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ABSTRACT

In mycorrhizal associations, water transport properties of the fungal hyphae may
affect water transport of the host plants. The importance of aquaporins, water-
transporting members of the Major Intrinsic Protein (MIP) family, in facilitating water
transport has been widely acknowledged and extensively studied in plants. However,
the structure, function, and regulation of fungal MIPs are little understood. The rapid
increase in the number of sequenced fungal genomes, including Laccaria bicolor, has
enabled functional and comparative genomic investigations to delineate the role that

fungal MIPs play in water transport of mycorrhizal plants.

In this thesis project, phylogenetic analysis of 229 fungal MIPs from 88 species has
revealed that MIPs of mycorrhizal fungal species fall into four clusters delineated by
functionally characterized fungal MIPs: the orthodox aquaporins, the
aquaglyceroporins, the facultative fungal aquaporins, and the X intrinsic proteins
(XIPs). This comparative genomics analysis, together with in silico structural
characterization of predicted MIPs and recently published functional characterization
of MIPS from a small number of ectomycorrhizal and arbuscular mycorrhizal species,
provide new insight into MIP gene families of mycorrhizal fungi, and possible roles
for fungal aquaporins in water relations of mycorrhizal plant-fungus symbioses. To
further characterize mycorrhizal MIPs, in silico analyses and water transport
functional assay were conducted for six MIP genes cloned from ectomycorrhizal
(ECM) fungus L. bicolor strain UAMHS8232 which correspond to five of seven
putative MIP genes of the species, and their roles in two important mycorrhizal

processes — ECM root water transport and basidiocarp formation, were investigated.

The aquaporin-encoding JO585595 from L. bicolor was selected for its high water

transport capacity and high transcript abundance, and transgenic L. bicolor



overexpressing JO585595 was generated to test the role of this fungal aquaporin in
facilitating water transport in ECM-associated white spruce (Picea glauca). The
hypothesis was tested that root hydraulic conductivity of mycorrhizal plants would be
altered by overexpression of the L. bicolor aquaporin, reflecting the increased
contribution of water transport through fungal hyphae to water transport of the
mycorrhizal root system. In this study, P. glauca was inoculated with wild-type (WT),
mock transgenic, or L. bicolor aquaporin JO585595-overexpressing (OE) strains and
exposed to root temperatures ranging from 5°C to 20°C to examine the root water
transport properties, physiological responses and the plasma membrane intrinsic
protein (PIP) expression in colonized plants. Mycorrhization increased shoot water
potential, transpiration, net photosynthetic rates, root hydraulic conductivity, and root
cortical cell hydraulic conductivity in seedlings. At 20°C, OE plants had higher root
hydraulic conductivity compared with WT plants and the increases were accompanied
by higher expression of P. glauca PIP GQ03401 M1I8.1 in roots. Contrary to WT L.
bicolor, the effects of OE fungi on root and root cortical cell hydraulic conductivities
were abolished at 10°C and 5°C in the absence of major changes in the examined
transcript levels of P. glauca root PIPs. The results of this study provide evidence for
the importance of fungal aquaporins in root water transport of mycorrhizal plants.
They also demonstrate links between hyphal water transport, root aquaporin

expression and root water transport in ECM plants.

Mycorrhizal fungal aquaporins can transport not only water but also small neutral
molecules such as glycerol, ammonia, CO2 and NO, therefore may contribute to
substrate transport and cellular signaling, which is intensively required to drive rapid
cell differentiation, division and expansion in certain phases of fungal growth, such as
sporocarp initiation and maturation. It was hypothesized that some of these L. bicolor
MIPs involved in CO2 signaling or water transport may contribute to the primordium
initiation or rapid cell expansion during basidiocarp formation. Therefore, changes in
their transcript profiles during the initiation and development of the basidiocarps of L.
bicolor ECM with P. glauca were investigated; and morphological changes that took
place in each developmental stage were examined. Based on the previous
understanding of the transport capacities of L. bicolor MIPs, the involvement of the

most significantly upregulated MIPs JO585592 and JO585595 provided important



clues concerning their possible functions during the different stages of basidiocarp

development.

The significant involvement of JO585595 in ECM water transport, as well as
JO585592 and JO585595 in basidiocarp formation, highlights that fungal MIPs are of
great importance to fundamental processes taking place in ECM fungi and associated

plants.

Keywords: Aquaporin, basidiocarp formation, ectomycorrhiza-water relation,
fungal major intrinsic protein (MIP) clusters, mycorrhizal fungal aquaporin, plasma
membrane intrinsic protein (PIP), root hydraulic conductivity, root water transport

pathways, transmembrane facilitate transport
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1 GENERAL INTRODUCTION AND LITERATURE
REVIEW

1.1 Introduction

Major Intrinsic Proteins (MIPs) are a family of integral membrane proteins that
universally exist in eukaryotic and prokaryotic organisms (Gomes et al. 2009). MIPs
form pores in the phospholipid bilayer of cellular membranes, to facilitate the
transmembrane transport of water and small neutral (uncharged) molecules.
Phylogenetically, MIPs of organisms from different kingdoms are highly related,
sharing similar transmembrane secondary structures and well-conserved amino acid
motifs. Although MIPs also have kingdom-specific features, they are sometimes
broadly classified into two large groups - aquaporins and glyceroporins - according to
the specificity of transported substrates and phylogenetic distances (Gomes et al. 2009).
In this classification, aquaporins are defined as water channels, whereas glyceroporins
are considered to be channels for the transport of glycerol and other small neutral
molecules. Studies in the last two decades have characterized transport capacities,
subcellular localization, mechanisms of transcriptional and post-translational
regulations, and diverse physiological functions of MIPs in various species of plants
and animals (Chaumont ef al. 2005; Maurel ef al. 2008; Chaumont & Tyerman 2014).
Because MIPs are significant determinants of cellular and tissue hydraulics, efforts
have been made to elucidate the functions of MIPs in controlling plant-water relations,
especially root water transport and leaf transpiration (Javot & Maurel 2002; Maurel et

al. 2008).

The available information concerning MIPs in fungi is relatively limited, but it is fair
to assume that they are equally crucial to the life of fungi as to the other forms of life
(Pettersson et al. 2005; Nehls & Dietz 2014). In yeasts and filamentous fungi, most of
the described MIPs exhibit the canonical aquaporin structure, consisting of six
transmembrane domains, five loops and signature motifs (Soveral ef al. 2010). They
facilitate transmembrane transport of one or more substrates, including water, glycerol,
urea, boric acid, ammonia, and CO> (Navarro-Rddenas ef al. 2012; Li et al. 2013a;

Nehls & Dietz 2014). In the last decade, increasing attention has been drawn to fungal



MIPs in terms of their classification, functional characterization and contributions to
processes such as substrate transport, osmotic regulation and cross-membrane
signaling. As new sequencing platforms have been used to generate ever-larger
amounts of genomic resources, including whole genome sequences, comparative

genomics of fungi has become a powerful tool for fungal gene discovery.

Advances in fungal comparative genomics not only benefits microbiologists and
mycologists, but also provides exceptional advantages for plant biologists in the field
of plant-fungal interactions. Mycorrhizas are mutualistic plant-fungal associations that
develop between plant roots and certain soil-borne fungi (Smith & Read 2008). The
highly specialized structures of mycorrhizal roots can allow efficient substrate
exchanges between the plant and the fungus, and consequently enhance the growth of
both organisms. Due to its universal presence, the mutual benefits it may bring to the
associated species, and its remarkable ecological significance, mycorrhizal interactions
have been a research hotspot. Since the first mycorrhizal fungal genome was
sequenced and assembled in 2008, genomic resources of 33 mycorrhizal fungal species
have become available in less than a decade (van der Heijden et al. 2015). This has
substantially accelerated our understanding about crucial biological processes of
mycorrhizal interactions, such as molecular signaling during symbiosis recognition,
transport and exchange of nutrients and carbohydrates, stimulation of growth in plants

and fungi, etc.

Attributed to the superb power of comparative genomics, the resources for the study of
mycorrhizal fungal MIPs have also become plentiful. A remarkable number of putative
MIP genes in these species have become available for phylogenetic analysis, functional
characterization, and physiological studies (Nehls & Dietz 2014; Verma et al. 2014). It
can be expected that the studies on MIPs of mycorrhizal fungi will help elucidate the
distinct roles of fungal MIPs in resource requisition by the growing hyphae, in the
water relation of mycorrhizal association and in the water transport of mycorrhizal
roots, as well as in the developmental events involving drastic hyphal fusion, such as
fruiting body formation. These studies will enhance our understanding of both fungal

MIPs and mycorrhizal interaction.



1.2  Aquaporins and Other Major Intrinsic Proteins
1.2.1 Discovery and definition of aquaporins

Since the water-transporting function of Aquaporin-1 of Homo sapiens (Agre et al.
1993) and y-TIP (tonoplast intrinsic protein) of Arabidopsis thaliana (Maurel et al.
1993) being firstly reported in 1993, our understanding about these transmembrane
water channel proteins has been greatly expanded. Aquaporins belong to the Major
Intrinsic Protein (MIP) family of integral membrane proteins. In keeping with their role
as channels that facilitate diffusion of water and other small molecules such as urea,
glycerol, boric acid, ammonia and CO; (Uehlein et al. 2003; Wu & Beitz 2007; Gomes
et al. 2009), MIPs are localized in plasma and intracellular membranes (reviewed by
Maurel et al. 2008). They are also universal in all the other known kingdoms of
organisms (Zardoya 2005) and particularly well characterized in plants and mammals.
To avoid definition ambiguity, the terms “aquaporin” and “water channel protein” are
usually used to refer to functionally water-transporting MIPs, whereas “MIP” is used
more generally to refer to the proteins transporting both water and other small neutral

molecules.

X-ray crystallography shows highly conserved structural features of MIP homologues
across plants, animals and microbes. Typically, these 23-35 kDa proteins consist of six
hydrophobic transmembrane helical domains (TMD) connected by five hydrophilic
loops (Fig. 1.1). Three loops (A, C, E) are located on the extracytoplasmic side of the
membrane, while two loops (B, D) and both the N- and C- termini localize to the
intracytoplasmic side (Walz et al. 1997). The six transmembrane helices, and Loop B
and E, which extend from either side of the membrane and dip into the core of the
molecule, form a central aqueous pore through which a single file of water molecules
may pass. Loop B and E each possess a highly conserved NPA (Alanine-Proline-
Asparagine) motif (Fig. 1.1) that function in pore constriction and water molecule
dipole orientation (Murata ef al. 2000). In addition, an array of aromatic residues on
the extracytoplasmic Loop E and in the TMD 2 and 5 face an arginine residue to form
the aromatic/Arg site. This aromatic/Arg site is usually the narrowest site in the pore,
and is considered important for proton repulsion and selective filtering of molecules
(Mitani-Ueno ef al. 2011). Convenient in silico analysis tools such as SOSUI

(Hirokawa et al. 1998) and TMHMM (Krogh et al. 2001) are widely used to rapidly



predict transmembrane protein topology and classify membrane proteins, which largely

accelerates the discovery of new MIPs.
1.2.2 MIP phylogenetic classification and functional characterization
1.2.2.1 Phylogenetic classification

Although MIPs are well conserved in all organisms, their nomenclature differs
considerably between kingdoms. In animals and bacteria, MIPs are broadly classified

into aquaporins and glyceroporins (Gomes et al. 2009), as described in §1.1.

The classification of plant MIPs takes into account not only transport capacities and
phylogenetic distances, but also protein subcellular localizations; accordingly, plant
MIPs are categorized into plasma membrane intrinsic protein (PIP), tonoplast intrinsic
protein (TIP), nodulin-26 like intrinsic protein (NIP), small intrinsic proteins (SIP), X
intrinsic proteins (XIP), GlpF-like intrinsic protein (GIP) and hybrid intrinsic protein
(HIP) subfamilies, with the latter two subfamilies found only in the non-vascular moss
Physcomitrella patens (Gustavson et al. 2005; Danielson & Johanson 2008; Maurel et
al. 2008; Lopez et al. 2012). Phylogenetic analyses use different metrics to compare
nucleotide or deduced amino acid similarity between sequences, and can be used to
evaluate putative MIPs and categorize them into major clusters according to the
calculated inter-sequence distance (7Tamura et al. 2011). Based on position within a
tree, it is possible to infer subcellular localization due to the presence of distinctive
nucleotide targeting sequences that contribute to the differentiation between clusters
such as PIPs and TIPs. However, such inference is not always reliable, because
phylogenetic analysis takes into account the entire sequence for pairwise alignment,
whereas subcellular localization is largely determined by certain N-terminal motifs.
For more precise prediction, the in silico tool Target P uses the N-terminal sequence
motifs that are well-known for directing proteins to the secretory pathway,
mitochondria and chloroplasts as the sorting signals, to predict MIP subcellular
localization (Emanuelsson et al. 2007). Such in silico predictions can be tested by
visualization using techniques such as immunohistological fluorescence staining (Ma

et al. 2006; Laur & Hacke 2014a) and fluorescence protein fusion (Li et al. 2013Db).

In fungi, MIP classification was based mainly on analyses conducted with yeast MIPs,

and resembled the mammalian MIP nomenclature of two major groups — orthodox



aquaporins and aquaglyceroporins (Pettersson et al. 2005; Soveral et al. 2010). In the
first comprehensive phylogenetic analysis of 19 yeasts and three filamentous fungi
(two ascomycete and one basidiomycete), Pettersson et al. (2005) classified 55 fungal
MIPs into four groups: orthodox aquaporins, Fps-like aquaglyceroporins, Yl054c-like
aquaglyceroporins, and other aquaglyceroporins. Functional characterization of fungal
MIP transport capacity for water and small neutral molecules was limited to six yeast
species, i.e., Saccharomyces cerevisiae, Schizosaccharomyces pombe,
Zygosaccharomyces rouxii, Candida albicans, Kluyveromyces lactis and
Kluyveromyces marxianus. Subsequently, Gupta and Sankararamakrishnan (2009)
identified nine fungal XIP-like genes from the genomic sequences of eight fungal
species, based on sequence similarity with plant XIPs. More recently, Dietz et al.
(2011) took advantage of the rapidly expanding catalogue of fungal genome sequences
to conduct a phylogenetic analysis of 100 fungal MIPs sequences from 29 species
representing two phyla. Dietz et al. (2011) identified four groups, which they termed
classical aquaporins, Fps-like aquaglyceroporins, other aquaglyceroporins and fungal
XIPs. Based on about 400 putative fungal MIP sequences, Verma et al. (2014)
proposed a phylogenetic system consisting of four clusters — orthodox aquaporins,
aquaglyceroporins, XIPs and SIP-like fungal MIPs, in which the cluster of
aquaglyceroporins can be divided into subgroups of Fpsl1-like, Yfl054-like, a, B, y1, y2
and 6. With the facilitation of above-mentioned in silico analysis tools and
visualization techniques, it can be expected that the phylogenetic classification of
fungal MIPs will be continuously updated as more fungal genomic resources make

more MIP sequences available.

1.2.2.2 Functional characterization

Theoretically, a sequence remains a putative MIP until its transport capacity is
confirmed by functional assay. Xenopus oocytes and yeasts are the most commonly
used expression systems for functional assays of MIP transport capacities. In oocyte
expression system, the RNA corresponding to a candidate MIP ¢cDNA is microinjected
into oocytes. After incubation that allows gene incubation to occur, oocytes are placed
in hypotonic solutions in the swelling assay to examine the MIP transport capacity for
water (Zhang & Verkman 1991), glycerol (Hansen et al. 2002; Dietz et al. 2011), urea
(Hansen et al. 2002; Dietz et al. 2011) or boric acid (Mitani et al. 2008). Use of



radioactive substrates can be incorporated in oocyte assay to examine the transport
capacity of the expressed MIP gene for glycerol (Ma ef al. 2006), lactic acid (Choi &
Roberts 2007) and silicon (Ma et al. 2006; Mitani-Ueno et al. 2011).

The radioactive labeling techniques can also be incorporated in yeast system to
examine the transport of substrates such as arsenite (AsOs™), by counting the
radioactivity retained on the filter of a scintillation detector (Wysocki et al. 2001).
With use of advanced spectrometry techniques, such as graphite furnace atomic
absorption spectrometer or inductively coupled plasma mass spectrometer, arsenic
content in lysates of oocytes and yeast can be detected to determine the transport
capacity for arsenate (AsO4>) (Bienert et al. 2008; Mitani-Ueno et al. 2011). Another
technique used for detection with yeast expression system is the stopped-flow
spectrophotometry. The technique can detect the rapid change in scattered light
intensity of yeast protoplast and has been successfully used to examine water
permeability of the expressed MIP genes as an alternative for oocyte swelling assay
(Fischer & Kaldenhoff 2008). Stopped-flow spectrophotometry can also instantly
detect the change in fluorescence emitted during the reaction of carboxufluorescein and
carbonic anhydrase, which is triggered by the change in pH due to the influx of CO»,
and therefore it has been used with the yeast coexpression system to detect the MIP
transport capacity for CO2 (Prasad ef al. 1998). Presumably, similar approaches can be
used to examine the MIP transport capacities for other unconventional small neutral
molecules. In addition, nutrient or hypersensitivity mutant strains of yeasts can be used
to examine the transport capacity for NH3 in nutrient complementation assay (Dietz et
al. 2011), for methylamine in toxicity assay (Dietz ef al. 2011) and for antimonite in

hypersensitivity assay (Wysocki ef al. 2001).

Other less common expression systems have been used in transport assays of unusual

substrates. For example, animal cell transfection and fluorescent detection techniques

have been incorporated to examine the NO and H2O: transport by MIPs (Herrera ef al.
2006; Miller et al. 2010).

1.2.3 Roles of plant MIPs in plants

MIPs are important for the movement of water and other small neutral molecules

across membranes in the cell-to-cell pathway and abundant in various types of plant



cells (reviewed by Kaldenhoff & Fischer 2006; Maurel et a/. 2008; Chaumont &
Tyerman 2014). Plant MIPs are expressed differentially in actively dividing cells and
elongating cells in different tissues, and some are exclusively expressed in certain
tissues (Obroucheva & Sin’kevich 2010; Almeida-Rodriguez & Hacke 2012).
Transport assays, in silico simulation, transcript profiling, and physiological
experiments with transgenic plants have been integrated to study their transport
selectivity and physiological functions (Maural et al. 2008; Ludewig & Dynowski
2009). Many such studies on development-dependent or stress-induced expression of
MIP genes have been reviewed and compared between large varieties of regulation

profiles in different species (Maurel et al. 2008; Chaumont & Tyerman 2014).

PIPs are expressed in roots, shoots, leaves and reproductive parts (Kaldenhoff &
Fischer 2006). The subcellular localization of PIPs in the plasma membrane renders
them the crucial roles in facilitating water transport, determining tissue water
permeability (Kaldenhoft e al. 2008) and regulating cell hydraulic conductivity and
root water uptake (Javot & Maurel 2002; Javot et al. 2003; Ehlert et al. 2009; Aroca et
al. 2012; Gambetta et al. 2013) (See §1.3.2 & 1.3.3). PIPs regulate leaf hydraulic
conductivity, stomatal movement and transpiration (Fraysse et al. 2005; Maurel et al.
2008; Prado & Maurel 2013). For example, PIPs contribute to the response of leaf
hydraulic conductivity to change in light intensity in Quercus macrocarpa (Voicu et al.
2009) and in the recovery of leaf hydraulic conductivity from water stress in Populus
trichocarpa (Laur & Hacke 2014a). PIPs are also involved in needle water uptake in
Picea glauca (Laur & Hacke 2014b). Some PIPs are preferentially expressed in
vascular cell types such as xylem parenchyma cells and phloem-associated cells,
indicating their roles in sap transport through the whole plant and in the whole-plant
rehydration (Maurel et al. 2008). For instance, it has been shown that the up-regulation
of PIPs could contribute to embolism repair of stem xylem in walnut tree (Sakr et al.
2003) and P. glauca (Laur & Hacke 2014b). PIPs could also play roles in desiccation
and rehydration of reproductive parts, such as during water efflux from the anthers in
Arabidopsis (Bots et al. 2005), and seed imbibition and germination in Brassica napus
(canola) (Gao et al. 1999). In addition, CO»-transporting PIPs may play important roles
in carbon metabolism. It has been found that the expression of the PIP gene NtAQP1 in

Nicotiana tabacum (tobacco) was positively correlated with mesophyll conductance to



CO», maximal stomatal conductance and CO, assimilation capacity (Uehlein et al.

2003; Flexas et al. 2006).

TIPs are expressed in roots, leaves and seeds (Kaldenhoff & Fischer 2006). The main
subcellular localization of TIPs is the tonoplast membrane of plant vacuole that is
involved in turgor regulation, cell signaling and degradation (Kaldenhoftf & Fischer
2006). TIPs usually have multiple transport capacities for water, urea and glycerol.
Because of the similar transport capacity for water, the expression patterns of TIPs and
PIPs are often linked and they are both important to the processes related to water
exchange and cell volume regulation, including cell expansion in various plant tissues,
and water efflux from specialized cell types such as stomatal guard cells. Due to the
multifunctional capacities, TIPs are not only important to regulation of central
vacuoles, but can also contribute to vesicle trafficking, N requisition and carbohydrate

compartmentation (Maurel et al. 2008).

NIPs are preferentially expressed in roots. The first NIP soybean nodulin 26 was
discovered in symbiotic N fixing root nodules (Fortin et al. 1987). NIPs locate in
peribacteroid membranes (Kaldenhoff & Fischer 2006), plasma membranes and
endoplasmic reticulum (ER) membranes (Maurel et al. 2008). It is suggested that these
multifunctional transporters are involved in bidirectional exchange of water, gylcerol,
NHj3 and other small solutes between plant cytoplasm and symbiotic bacteroids
(Kaldenhoff & Fischer 2006) or mycorrhizal fungi (Giovannetti ef al. 2012). In
addition, A/NIP2;1 in Arabidopsis is a lactic acid transporter and is induced during
hypoxia stress, which suggests the roles of NIPs in cytosolic pH adjustment and plant
metabolic adaption to anoxia (Choi & Roberts 2007). Being the efficient transporters
for boric acid and silicon, some NIPs also significantly contribute to root uptake of

these nutrients in Arabidopsis (Takano et al. 2006) and rice (Ma et al. 2006).

Compared with other subgroups of plant MIPs, the physiological functions of SIPs and
XIPs are less understood. So far it has been confirmed that SIPs locate in the ER
membranes and are efficient water channels (Maeshima & Ishikawa 2008). Since the
first report in P. patens (Danielson & Johanson 2008), XIPs have also been found in
vascular plants P. trichocarpa (Gupta & Sankararamakrishnan 2009), Vitis vinifera
(Shelden et al. 2009), Gossypium hirsutum (Park et al. 2010) and Solanaceae (Bienert

et al. 2011). Locating on plasma membrane, they are not significant water transporters;



instead, they facilitate transport of glycerol, urea and boric acid (Gupta &
Sankararamakrishnan 2009; Bienert et al. 2011).

1.2.4 Transcriptional and post-translational regulation of MIPs

Transcription and post-translational modifications of plant MIPs are sensitive to
various environmental factors and plant hormones such as abscisic acid and salicylic
acid (Javot & Maurel 2002; Beaudette et al. 2007; Maurel et al. 2008; Ruiz-Lozano et
al. 2009; Gambetta et al. 2013; Prado & Maurel 2013). The abundance of MIPs is
largely determined by the transcription of MIP genes, whereas MIP activity and
membrane water permeability are regulated by post-translational regulation that
includes gating, heterotetramerization and membrane trafficking (Maurel et al. 2008).
It has been found that cytosolic pH, Ca®", high solute concentration, pressure pulses as
well as the presence of hydroxyl radicals and reactive oxygen species can affect MIP
gating. Gating of water flux can be achieved via protonation of a His residue in Loop D
or dephosphorylation of two conserved Ser residues situated in the consensus
phosphorylation sites of Loop B and the C-terminal region (Fig. 1.1), which results in a
closed conformation. Conversely, phosphorylation of Loop B renders an open
conformation (Hedfalk ef al. 2006). These two gating mechanisms have been described
for the spinach (Spinacia oleracea) aquaporin SoPIP2;1 by protein crystallization and
molecular dynamics simulations (Tornroth-Horsefield et al. 2006). The protonation of
the conserved His residue causes conformational change of Loop D that is relocated
close to Loop B and blocks the exit of the pore, and consequently leads to the
occlusion of the pore. Upon phosphorylation of Loop B, Loop D is unlocked,
permitting the open conformation. Most interestingly, phosphorylation of the C-
terminal tail would be able to prevent Loop D of an adjacent monomer from adopting a
closed-pore conformation, which partially explains how tetramerization would increase
the water transport capacity of each monomer in the aquaporin tetramer (Tornroth-
Horsefield et al. 2006). Divalent cations such as Ca®" are also proposed to function in
gating of the spinach SoPIP2;1 by facilitating ionic interactions and hydrogen bonds
that enable the closed conformation (T6rnroth-Horsefield et al. 2006).

Maurel et al. (2008), Li et al. (2013b) and Chaumont & Tyerman (2014) have
reviewed the studies on heterotetramerization and membrane trafficking of plant MIPs

and the advance in relevant techniques. The model of direct interaction between PIP1s



and PIP2s have been supported by the studies using affinity copurification,
coimmunopurification and Forster resonance energy transfer / fluorescence lifetime
imaging microscopy, suggesting that the heterotetramerizarion enhances the function
of water channels and facilitates PIP trafficking (Fetter et al. 2004; Zelazny et al.
2007). MIP trafficking has been observed as relocalization of TIPs and internalization

of PIPs during stress (Li ef al. 2011; Prak et al. 2008).

While the above-mentioned mechanisms have been relatively well investigated in plant
and animal MIPs, studies of post-translational regulation for fungal MIPs have so far
been limited to yeasts (Hub & Groot 2008). However, the gating mechanisms are likely
similar across eukaryotic species (Tornroth-Horsefield ef al. 2010). Given the degree
of sequence similarity and conservation of functional motifs shared between plant,
animal and fungal MIPs, similar secondary structure and regulatory mechanisms are
likely to be present in fungal MIPs.This assumption is supported by in silico prediction
of protein secondary structures of fungal MIPs, but it still remains to be tested
experimentally. Meanwhile, novel regulatory mechanisms may exist in fungal MIP
gating. For instance, a tyrosine residue in N-terminus in a yeast aquaporin was found to
form a H-bond with the water molecule in the pore of the channel and therefore caused
the closing conformation (Fischer ef al. 2009). Since the signature motifs for
phosphorylation and protonation can be identified in fungal MIP sequences, it will be
of interest to determine the extent to which these post-translational mechanisms
function in fungal MIP conformational change and gating, thus regulating MIP-
mediated water transport in fungi. It would be of particular interest to determine
whether post-translational modifications regulate water transport in mycorrhizal

associations in response to diverse environmental cues.
1.2.5 Roles of fungal MIPs in fungal biology

Much of the knowledge of MIP structure, function and regulation in fungi was based
on studies of the Ascomycota yeasts (Pettersson et al. 2005; Soveral et al. 2010).
Classic aquaporin secondary structures with six TMDs and two NPA motifs, as well as
water permeability, have been confirmed for ADC55543, ADC55259 and EGAS57700
of the yeast S. cerevisiae (Laizé et al. 1999; Soveral et al. 2010) and XP2492992 of
Komagataella pastoris (Fischer et al. 2009). These orthodox aquaporins mediate rapid

water transport across membranes and play important roles in cell osmotic regulation
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(Laizé et al. 1999; Soveral et al. 2010). Fps1 was the first reported osmogated glycerol
export channel in S. cerevisiae, facilitating transmembrane transport of other small
neutral molecules such as urea and charged arsenite (Wysocki et al. 2001). These
channels function in osmoregulation of intracellular glycerol levels in response to

changes in extracellular osmolarity (Bill ez a/. 2001).

Nehls & Dietz (2014) recently reviewed the studies on the roles of fungal MIPs in
fungal biology and pointed out their potential functions in water transport, solute
transport and cellular adaptations of yeasts, as well as water permeability, nutrient
transfer, osmolyte transfer and hyphal fusion of filamentous fungi. The significance of
MIPs for many biological processes of fungal growth and interactions between fungi
and other organisms is worthy of further investigation (See §1.4.5 for the roles of
fungal MIPs in mycorrhizas). For instance, it has been shown that aquaporin Aqyl in S.
cerevisiae was involved in sporulation (Sidoux-Walter et al. 2004). In addition to
relatively well-understood model fungal species, and in the species with application in
fermentation and other aspects of the food industry, there are a plethora of other fungi
that play key roles in diverse ecological processes. The post-genomic era heralds new
possibilities for examining how these fungi function in their environment, and
investigating the roles that the fungi play in their diverse ecological niches. For
instance, the lichen-forming fungi Cladonia grayi and Xanthoria parietina are
extremely drought resistant, and the marine yeast Debaryomyces hansenii inhabits a
highly hypertonic environment, indicating high efficiency or unique mechanisms of
MIP regulation. Along similar lines, members of the Basidiomycota rapidly absorb
water upon fruiting body formation, whereas their spores are usually highly dehydrated.
It is tempting to speculate on the significance of MIPs in these fascinating biological
processes of fungal growth, which can be understood by studying MIP expression and

regulation in different tissues and growth stages.
1.3 Root water transport

1.3.1 Root anatomy and the composite model of root water transport

pathways

Root water uptake along the water potential gradient is a fundamental process in plant

life. A typical primary root structure consists of epidermis, exodermis or hypodermis
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(not always present), cortex, endodermis, pericycle and vascular tissues of the primary
phloem and xylem (Taiz & Zeiger 2010). Root epidermal cells outgrow into
filamentous root hairs that greatly increase root surface area for water and nutrient
uptake. The zones near root tips absorb water most readily, whereas mature regions are
usually less permeable to water due to the presence of suberinized outer layers of cells,
which may include the epidermis, exodermis and/or hypodermis (Taiz & Zeiger 2010).

Therefore root tips play a determining role in root water permeability.

The passive transport process along the water potential gradient does not consume
energy. On its way from the rhizosphere via the epidermis, cortex, and endodermis to
the xylem, water transport in plant root tips involves apoplastic and cell-to-cell
(symplastic plus transmembrane) pathways, as demonstrated by the composite model
(Steudle & Peterson 1998) (Fig. 1.2). The apoplast is defined as the continuous system
of cell walls, intercellular air spaces and lumens of nonliving cells (Taiz & Zeiger
2010). In the apoplastic pathway, water travels across the root cortex in the
intercellular space and through the cell wall matrix without entering the cytoplasmic
space (Fig. 1.2). The symplast is defined as the entire network of cell cytoplasm
interconnected by plasmodesmata, through which water is transported from cell to cell
through the cortex via the symplastic pathway (Taiz & Zeiger 2010). In the
transmembrane pathway, water enters and exits a cell, presumably on different faces.
In this route, water passes each cell across the plasma membrane twice, through direct
diffusion in the phospholipid bilayer and by facilitated transport via transmembrane
water channels — the aquaporins (Fig. 1.2). The transmembrane pathway may also
involve the tonoplast (Taiz & Zeiger 2010). In the radial cell walls of the endodermis,
the Casparian strip of hydrophobic suberin blocks the apoplastic pathway, forcing
water to cross endodermis through the plasma membrane (Taiz & Zeiger 2010). The
hydrophobic substances of the exodermis cell wall may also form a variable barrier for

apoplastic water pathway in certain plants (Hose ef al. 2001).
1.3.2 Root hydraulic conductivity and roles of plant PIPs in root water
transport

Root hydraulic conductance (K:) is a measure of the ease and ability of the entire plant
root as an entity to conduct water. Root hydraulic conductivity (L) s a property of the

ability of the plant root to conduct water across specified dimensions, such as per unit
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of root length, surface area or volume (Martinez-Ballesta et al. 2011). Therefore, when
K is expressed by a specific root dimension, Ly is obtained. Ly, is one of the major
parameters of root water uptake ability in vascular plants. When expressed on the basis
of root surface area, higher L, indicates stronger water transport capacity per unit of
root surface area. Ly can be determined by hydrostatic methods (Riidinger et al. 1994;
Miyamoto et al. 2001), and techniques such as high pressure flow meter (HPFM; Tyree
et al. 1995) and root pressure probe (Frensch & Steudle 1989; Steudle 1993).

In the composite model of root water transport, Ly is the inverse of resistance and is a
function of apoplastic and cell-to-cell pathways (Steudle & Peterson 1998; Steudle
2000). Water flow follows the least resistance pathway. In apoplastic pathway,
Casparian bands and suberin lamellae in endodermis and exodermis form barriers to
water flow; the deposition of these hydrophobic substances causes increase in
resistance and decrease in Ly, (Steudle 2000; Aroca ef al. 2012). Environmental
stresses may cause increased suberin deposition, which decreases water fluidity in

these layers of cells, hinders apoplastic water transport and consequently decreases Lyp:.

The hydraulic resistance and L, are also determined by the transmembrane pathway
that is controlled by the transcriptional and post-translational regulation of MIPs
(Tornroth-Horsefield et al. 2006; Maurel et al. 2008). Because of their subcellular
localization in the plasma membrane, expression and regulation of root PIPs play
significant roles in determining transmembrane water transport of root cells (Javot &
Maurel 2002). Increased PIP abundance and enhanced phosphorylation in the root
cortex result in more open water channels, leading to higher root cortical cell hydraulic
conductivity Lyc (Lee et al. 2010). Ly is a crucial component of Ly (Steudle 1993).
Therefore, PIP expression and regulation in the cortex have significant impact on Ly
(Beaudette et al. 2007). The direct measurements of Lp. can be conducted by the cell
pressure probe technique, to determine the rate of water flow across the plasma
membrane of root cortical cells (Steudle 1993; Javot & Maurel 2002). In the
endodermis and exodermis, strong expression of PIPs has been observed in the mature
zone of maize roots (Zea mays) (Hachez et al. 2006) and in grapevine roots (Gambetta
et al. 2013), indicating the enhanced transmembrane pathway in these cell layers where

the apoplastic pathway is blocked by suberin.
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1.3.3 Role of PIPs in regulation of root hydraulic conductivity

Root water transport and L, readily respond to various external abiotic factors and
environmental stresses, such as drought, flooding, salinity, nutrients, pH, anoxia, low
temperature, light intensity and photoperiod (Fennell & Markhart 1998; Martinez-
Ballesta et al. 2011; Aroca et al. 2012). L, may change synchronously with diurnal
changes in environmental factors such as light intensity, whereas adverse external
stimuli usually lead to the decline in L. Many studies have shown that root PIP
regulation contributes to the change in Ly as the responses to environmental cues

(reviewed by Javot & Maurel 2002; Maurel et al. 2008).

Aerial abiotic and biotic factors can change L, by regulating the expression and post-
translational regulation of root PIPs. For example, the diurnal pattern in Ly, and its
response to nutrient stress could be correlated with PIP expression in Lotus japonicus
(Clarkson et al. 2000). In maize roots, PIP transcription responds to the diurnal pattern
of light intensity, and an increase in the transcript abundance of PIPs precedes the
diurnal peak of root water transport around midday (Lopez et al. 2003). In Populus,
root water hydraulics and PIP expression are regulated by transpiration demands
(Almeida-Rodriguez et al. 2011; Laur & Hacke 2013). A significant reduction in the
transcript abundance of root PIPs coincided with a decline in Ly due to defoliation in
Populus tremuloides (Liu et al. 2014) and shoot topping in maize, soybean and
grapevine (Vandeleur et al. 2014). These results indicate that xylem-mediated shoot-
to-root hydraulic signals are involved in root PIP regulation to achieve hydraulic

adjustment of the plants.

In soil, low temperature and anaerobic conditions repress root respiration and cause an
increase in intracellular pH. It has been found that at high pH, root PIPs switch to a
closed conformation, which significantly hinders transmembrane water transport in
roots and therefore inhibits root water permeability (Tournaire-Roux et al. 2003).
During prolonged chilling, however, phosphorylation modifies root PIPs into the open
conformation, which increases root water transport (Aroca et al. 2005), which explains
the recovery of Ly after longer period of chilling. Under salinity stress, PIP

internalization is found to be responsible for reduced Ly (Boursiac et al. 2005).
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The studies describing possible effects of rhizosphere microorganisms on root water
transport have been recently reviewed (Groppa et al. 2012). In the review, Groppa et al.
(2012) postulated that plant growth promoting microorganisms such as mycorrhizal
fungi, opportunistic symbiotic and saprophytic fungi, as well as growth promoting
rhizobacteria, improve Ly, alter plant MIP gene expression and alleviate abiotic
stresses. The effects are often complex, varying as a function of the interacting species
and environmental stresses. The effects of mycorrhizas on Ly and root MIP expression
are separately addressed in details in §1.4.4.1 & 1.4.4.2 due to their importance to this
study.

1.4 Mycorrhiza and plant-water relation
1.4.1 Overview of mycorrhizas and their functional types

As its original meaning in Greek indicates, mycorrhiza, the fungi-roots, refers to the
symbiotic association between a fungus and the roots of a vascular plant, which is
usually mutualistic, but occasionally weakly antagonistic to the plants especially in

nutrient-rich soil (Smith & Read 2008; Kivlin ez al. 2013).

The earliest fossil record shows at least 400-million-year-old history of mycorrhizal
associations that might start at the dawn of terrestrial lifestyle of plants (Taylor &
Osborn 1996; Brundrett 2002). This observation of the presence of mycorrhizas at the
very early stage of vascular land plant evolution has been supported by phylogenetic
studies based on DNA sequence data from living fungal taxa (Wang et al. 1999;
Brundrett 2002). Among the species that have been studied so far, 83% of dicots, 79%
of monocots, and all gymnosperms regularly maintain a mutualistic relationship with
mycorrhizal fungi (Smith & Read 2008). Mycorrhizas have been found in diverse
ecosystems ranging from boreal and temperate forests, to croplands and deserts (Smith
& Read 2008). The major fungal phyla involved are Basidiomycota, Ascomycota, and

Glomeromycota which have aseptate hyphae.

Based on the profound anatomical changes that arise in colonized root cells,
mycorrhizas can be broadly classified into two major groups: endomycorrhizas and
ectomycorrhizas (Smith & Read 2008). The most distinct difference between the two
groups is that the hyphae of endomycorrhizal fungi penetrate the cell wall and

invaginate the cell membrane, while the hyphae of ectomycorrhizal fungi expand only
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in the intercellular space without penetrating individual root cells (Bonfante & Genre

2010).
1.4.1.1 Endomycorrhizas

Endomycorrhizas develop intracellularly but do not penetrate the protoplasts. Due to
their high diversity, they are further categorized into arbuscular, ericoid, arbutoid,
monotropoid, and orchid mycorrhizas. Ericoid, arbutoid and monotropoid mycorrhizas
are found in the plant order Ericales, and orchid mycorrhizas are found in the plant
family Orchidaceae (Smith & Read 2008). These four groups are of variable
morphological characteristics and ecologically significant to specific plant species, but
less understood, while arbuscular mycorrhizal (AM) fungi have been relatively well

studied due to their universal presence in many plants (Hodge et al. 2010).

AM fungi belong to the division Glomeromycota (derived from the Zygomycota) and
usually have an asexual life history. However, the genetic diversity can be ensured by a
common phenomenon, heterokaryosis, which means that the individuals contain many
genetically different nuclei (Parniske 2008). The hyphae of AM fungi enter into the
plant root cells and produce structures of arbuscules (dichotomously-branching
invaginations of cell membrane) and often, vesicles (balloon-like structure). These
structures have been highly conserved since their first appearance in the fossil record
400-460 million years ago (Smith & Read 2008). AM is considered to be the ancestral
form of mycorrhizas. AM fungi are associated with about 80% of studied plant species,
including various crop plants. Therefore, AM is deemed as the most prevalent

symbiotic interaction found in the plant kingdom (Parniske 2008).
1.4.1.2 Ectomycorrhizas

Ectomycorrhizas (ECMs) are typically formed in the roots of more than 10% of plant
families, mainly involving fungi of the Basidiomycota and Ascomycota. The
association is mostly formed with woody plants (Kottke & Oberwinkler 1986).
Hundreds of ECM fungal species have been found in the upper layers of the soil in
boreal and temperate forests. They interact with species of trees belonging to the
Pinaceae, Fagaceae, Dipterocarpaceae and Caesalpinoidaceae families (Marjanovi¢ &
Nehls 2008; Smith & Read 2008), and function as a crucial component of forest

ecosystems. Fossil records show the evidence for a 180-million-year ECM symbiosis
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history in forest ecosystems. In the case of basidiomycete and some ascomycete ECM
macrofungi, spores are produced to complete the life cycle by aboveground or

underground fruiting bodies, often spotted as mushrooms or truffles grown in forest

soil (Yun & Hall 2004).

ECM fungi colonize the plant lateral roots in an extracellular manner. The typical
ECM structure consists of a mantle (hyphal sheath) that envelops the root tip, and an
intercellular Hartig net of hyphae surrounding the plant epidermal and outer cortical
cells (Smith &Read 2008; Taiz & Zeiger 2010) (Fig. 1.3). Outside the root, the free-
living fungal mycelia form an extensive network within the soil and leaf litter to absorb
nutrients and water (Smith & Read 2008). Free-living fungal hyphae extend in soil by
cell elongation and infinite cell division, and can develop into rope-like strands called
rhizomorphs. According to their patterns of morphological and anatomical
differentiation, and putative functional importance in terms of exploration of soil, ECM
mycelial systems can be classified into (1) contact exploration type with a smooth
mantle and only a few emanating hyphae, (2) medium-distance exploration type that
forms rhizomorphs, (3) long-distance exploration type with rather smooth mycelia and
few but highly differentiated rhizomorphs, and (4) “pick-a-back” exploration type that
grows within rhizomorphs and/or mantles and can become ectendomycorrhizal (Agerer
2001). It has been suggested that the distance exploration types of mycelia, especially
the most distal parts of rhizomorphal hyphae, exclusively perform acquisition and
transport of water and nutrients; whereas the mantle forms an outwardly sealed
compartment only for storage and exchange between the two ECM partners (Agerer
2001; Smith & Read 2008). Such exploration types are usually species- and strain-

specific.
1.4.2 Ecological significance of mycorrhizal associations
1.4.2.1 Overall ecological significance

Mycorrhizal association is considered to be highly beneficial from an ecological
perspective, because mineral nutrients, carbohydrates, amino acids and small secreted
proteins are frequently exchanged between mycorrhizal partners (Martin & Nehls 2009;
Bonfante & Genre 2010). Generally speaking, mycorrhizal fungi absorb resources

from the soil through their extensive extraradical network of fine hyphae, transporting
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them to the interface with root cells; meanwhile, plants translocate photosynthates to

roots and share them with fungal partners (Agerer 2001; Smith & Read 2008).

It has been frequently reported that mycorrhiza can substantially improve plant nutrient
conditions and alleviate the impacts of environmental stresses, such as drought, severe
pH, high salinity and heavy metal accumulation, on plant growth (Boyle &
Hellenbrand 1991; Schiitzendiibel & Polle 2002; Bois ef al. 2006; Calvo-Polanco ef al.
2008; Calvo-Polanco ef al. 2009; Lee et al. 2010; Turgeman et al. 2011; Navarro-
Rddenas et al. 2012; Navarro-Rodenas ef al. 2013). It has been suggested that ECMs
can activate stress-related genes and signaling pathways, which leads to priming of
pathways enhancing abiotic stress tolerance (Luo ef al. 2009). However, mycorrhizal
effect on plant growth varies a lot with the interacting species, the developmental
stages of the species and interaction, as well as environmental stresses imposed on the
associated species. Beneficial effects are not always significant, and in some cases,
effects can be detrimental (Boyle & Hellenbrand 1991; Smith & Read 2008; Kivlin et
al. 2013). For instance, it was reported that Hebeloma longicaudum improved the
growth of Picea mariana under drought, but had no effect on Pinus banksiana (Boyle
& Hellenbrand 1991). ECM fungal community had significant negative effects on
productivity of Pinus sylvestris in a high fertility substrate but no apparent effects in a

low fertility substrate (Jonsson et al. 2001).

As an important component in soil community, mycorrhizas can physically and
chemically alter the availability of nutrients and water. Consequently, they play a
crucial role in maintaining the balance of soil-borne microbial communities, and
therefore are important to ecosystem health and carbon sequestration. In practice,
mycorrhizas are widely used in agriculture, forestry, horticulture, land reclamation and
ecological restoration to improve plant growth and soil quality (Boyle & Hellenbrand

1991; Siemens & Zwiazek 2011).
1.4.2.2 Carbohydrate/mineral exchange

Carbohydrate acquisition from plants is an important resource for fungal growth, and
can be essential for some ECM species to complete their full life cycle of sexual
reproduction. The mutualistic association provides the mycorrhizal fungal partners

with consistent and direct access to carbohydrates (Fajardo-Lopez et al. 2008; Martin
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& Nehls 2009). In the associated plants, the disaccharides are translocated via phloem
from their source (usually leaves as the photosynthesis location) to root tissue, and
degraded into monosaccharides in form of glucose or fructose that are uptaken by
mycorrhizal fungi. Carbohydrate acquisition by mycorrhizal fungi can enhance carbon
assimilation by plant partners. For example, in spruce and aspen, the capacity of
sucrose synthesis in source leaves increases upon mycorrhization (Loewe et al. 2000).
Carbohydrates transferred into mycorrhizal fungi form a crucial component of
underground carbon sink in ecosystems. For example, the hyphae of AM fungi produce
the glycoprotein glomalin, forming one of the major stores of carbon in the soil

(Simard et al. 1997).

In exchange, the plants gain significant benefits from the mycelium because of its
higher absorptive capacity and larger absorptive area for nutrient (especially nitrogen
and phosphorus, and trace metals such as zinc and copper) and water uptake (Hodge et
al. 2010, Marjanovi¢ & Nehls 2008). The structures of the AM arbuscules and ECM
Hartig net largely contribute to the increase in the contact surface area between the
hyphae and the cell cytoplasm to facilitate the mutual nutrient transfer. It has also been
proven that nutrients and water can be horizontally redistributed between different
plants in the same community through the fungal network (Egerton-Warburton ef al.
2007, Mayor et al. 2009). Generally, the plant nutritional status can be largely

improved by mycorrhizal formation.

Under certain circumstances, such as in nutrient-limited or water-deficit soils,
mycorrhizal association can be crucial for plant survival and growth (Smith & Read
2008). For instance, mycorrhizal association enables plants to utilize soil water
resources that roots cannot directly access. For example, plant roots alone may be
incapable of taking up demineralized phosphate ions in soils with a basic pH value
(Smith et al. 2003). The mycelium of the mycorrhizal fungus can, however, access
these phosphorus sources and make them available to the plant partners. In addition,
ECMs have considerable saprotrophic capabilities. For instance, the ECM fungus
Laccaria bicolor has been found to be able to hydrolyse organic litter, obtain nitrogen
from microfauna, and transfer the nutrients to the mycorrhizal partner plants.
Furthermore, ECMs promote mineral weathering and enable plants to receive nutrients

from not-yet-decomposed and non-mineralized materials via the association (Taylor &
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Peterson 2005; Martin et al. 2008). Rhizosphere acidification by respiratory CO>
production and carbonic anhydrase promotes carbonate mineral weathering, which is
considered as one of the three key weathering mechanisms of mycorrhizal fungi
(Landeweert et al. 2001; Thorley et al. 2014). This process is enhanced by H"

extrusion of ECM and AM fungi (Koele et al. 2014). Mycorrhizal fungi can also
promote weathering of carbonate rocks by physically penetrating or trenching minerals,
and secreting organic acids and chelating cations to acidify rhizosphere and complex
metal cations (Thorley et al. 2014). However, sometimes, the loss of carbohydrates by

the plant outweighs the benefits, and some other times, the plant may not benefit at all.
14.2.3 Resistance to disease and toxicity

Mycorrhizal plants are often more resistant to soil-borne microbial pathogens and soil
toxicity due to heavy metal contamination. For instance, the ECM fungus L. bicolor
has been discovered to possess expanded multigene families associated with hydrolysis
of bacterial and microfauna polysaccharides and proteins, which may result in reduced
amount of soil-borne pathogens and enhanced plant resistance to relevant diseases
(Martin et al. 2008). Mycorrhizas can play a protective role in contaminated or acidic
soil, due to both the physical barrier the mycelia construct, and the binding of the metal
to the extramatrical mycelium of the fungus, without affecting the exchange of
beneficial substances (Smith & Read 2008). Attributed to the above-mentioned
ecological contributions of mycorrhizal fungi, the probability of successful survival of
plants in barren soils usually increases when plant roots are colonized by mycorrhizal
fungi (Smith & Read 2008; Onwuchekwa et al. 2014). By contrast, the absence of
mycorrhizal fungi may slow plant growth in early succession or in degraded

ecosystems.

The following sections review recent breakthroughs in understanding molecular

mechanisms involved in symbiosis establishment and nutrient and water exchange.
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1.4.3 Molecular biology studies on mycorrhizal symbiosis and nutrient

exchange
1.4.3.1 Molecular processes involved in ECM establishment

Since the genomes of two representative ECM fungal species, the basidiomycete L.
bicolor and the ascomycete Tuber melanosporum, were fully sequenced in 2008 and
2010 respectively (Martin et al. 2008, Martin et al. 2010), the physiological and
ecological research of mycorrhizas has entered a new era. The characteristics of their
genomes have shed new light upon the understanding of the fundamental molecular
events involved in symbiosis recognition and mycorrhizal establishment (Martin et al.

2008; Plett & Martin 2012; Hacquard et al. 2013).

Symbiotic lifestyle of ECM L. bicolor is achieved via the orchestration of elementary
processes in both plant and fungal partners through regulation of gene expression at
both transcriptional and post-transcriptional levels (Martin et al. 2008; Plett ef al. 2011,
Plett & Martin 2012). Firstly, the genome of L. bicolor possesses several expanded
multigene families, suggesting that the adaptation to symbiosis was preceded by gene
duplication largely due to the existence of enormous transposable elements (Martin et
al. 2008). The expanded multigene families involved in hydrolysis of bacterial and
microfauna polysaccharides and proteins not only contribute to enhance plant defence
against these negative soil microorganisms, but also, and more importantly, to ensure
the high saprotrophic capacity of the mycorrhizal fungus that enables it to grow in soil

in the absence of living plant roots.

Secondly, the genome lacks the genes coding enzymes involved in the degradation of
plant cell wall components of cellulose, hemicellulose, pectins and pectates, such as
fungal hydrolysase. This prevents the symbiotic fungus from degrading plant cells
during the root colonization and makes it distinct from the pathogenic fungi. Lack of
carbohydrate-hydrolysing enzymes enables mycorrhizal fungi to efficiently avoid
triggering plant chitinase gene expression and plant defense reaction, which is the

prerequisite for symbiosis establishment.

Thirdly, transcript profiling in different symbiosis developmental stages shows that a

dozen of genes are surprisingly upregulated exclusively in symbiotic tissues, with the
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extent of 100 folds higher than their regular expression levels (Martin et al. 2008). The
symbiosis is established upon the communication via extruded molecules from both
sides (Veneault-Fourrey et al. 2013). These protein products are released into the
apoplastic space, and are predicted to function either in the construction of the novel
symbiotic apoplastic interface, or in other relevant biological processes such as
increased hyphae mitotic division, auxin metabolism, stimulation of lateral root
formation, and cell wall synthesis and remodelling. These proteins are therefore
considered to be the “symbiosis toolkit”. Among these recently found proteins,
symbiosis-regulated protein SRAP32 contains an arginine-glycine-aspartic acid cell-
adhesion motif. Immunolocalisation experiment showed that when the motif contacts
the root surface, hyphae are attached to the electron-dense layer which breakdown can
be observed clearly afterwards (Martin et al. 2008). Other proteins that are likely
involved in the hyphae attachment on the root surface include lectins and hydrophobins.
However, further studies are needed to clarify their specific functions. Another
important contributor to hyphae attachment is the mycorrhiza-induced small cystein-
rich secreted proteins (MiSSPs). More than 300 species-specific MiSSP genes in L.
bicolor have been found to be upregulated in ECM root tips, which suggested the role
of MiSSPs in the communication between symbiotic partners. MiSSP7 is found to be
necessary for symbiosis development (Plett ef al. 2011) with its expression induced by
compounds secreted from plant roots (Plett ez a/. 2012). MiSSP7 is transported from
intrahyphal exosomes, to the symbiotic apoplastic space of the Hartig net and then into
the plant cortical cells where it plays a role in repressing jasmonic acid responsive
genes (Plett ef al. 2014). Jasmonic acid is a negative modulator during mycorrhizal
symbiosis, therefore MiSSP7 promotes symbiosis recognition by disarming the
jasmonic acid signaling. In addition, clitocypin and mycocypin, cysteine protease
inhibitors, are highly expressed in symbiotic tissues and are assumed to play a role in
the host protease inhibition which prevents plant defence reactions. By binding to plant
chitinases, clitocypin may protect chitin in fungal cell walls from degradation (Martin

et al. 2008).
1.4.3.2 Signaling in AM symbiosis

The discoveries in the last decade indicate that the plant and AM fungus can perceive

each other prior to their physical interaction (Harrison 2005; Parniske 2008; Harrison
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2012). Although the mechanisms of the diffusible signals require further explanation,
the abundant phosphate in root exudates has been suggested to be a signal candidate. It
is also found that AM fungi produce diffusible symbiotic signals of
lipochitooligosaccharides (Maillet ef al. 2011). It has been shown recently that AM
fungi secrete a mixture of sulphated and non-sulphated lipochitooligosaccharides
(referred to as Myc-LCOs) with structures very similar to Nod factors of the nitrogen-
fixing symbiosis formed between legumes and rhizobia, and AM symbiosis and
rhizobium-legume symbiosis both requires a signaling pathway - the Common
symbiosis signaling pathway (CSSP) (Harrison 2012). The hypothesis is that Myc-
LCO factors secreted by fungal partner are perceived by the Myc-LCO factor receptor
of host plants. Three downstream plant components of the pathway, a receptor kinase,
a putative ion channel, and a calcium/calmodulin-dependent protein kinase (CCaMK),
have been recently identified, which implicates calcium as a signal in the AM
symbiosis (Harrison 2005). Myc factor perception could trigger a rapid transient
elevation of cytosolic calcium. In Lotus japonicus, another membrane protein,
LjSYMRK, codes for a receptor-like kinase that has the potential to directly or
indirectly perceive AM fungal signals, and transduces the signal to the cytoplasm by
phosphorylating the kinase domain of an unidentified substrate (Bonfante & Genre
2010). The input signals to this pathway and the downstream events under its control
remain to be explored. The research on Medicago truncatula and AM fungus Glomus
versiforme (Zhang et al. 2010) suggests that STR (Stunted Arbuscule) is a
representative of a novel clade in the ABCG subfamily (ATP binding cassette
transporter). STR and STR2 are coexpressed constitutively in the vascular tissue (Zhang
et al. 2010). Their expression is induced in arbuscule-containing cortical cells, and
their protein products, the transporters, are located in the periarbuscular membrane (the
plant-derived membrane, which is continuous with the plant plasma membrane and
excludes the fungus from the plant cytoplasm) (Zhang et al. 2010). The activity of STR
and STR2 is required for normal arbuscule development and consequently a functional
AM symbiosis, and their silencing by RNA interference results in impaired arbuscule
development and the failure of AM symbiosis (Zhang et al. 2010). It is also found that
VAMP721 proteins are required for periarbuscular membrane formation, and
Vapryin/PAMI1 punctate bodies in the plant epidermal cells are a component in cellular

programming for accommodation of AM symbionts (Harrison 2012). These finding
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indicates that the development of the arbuscule—cortical cell interface is accompanied

by AM-specific gene expression in the root cortical cells.

Upon normal arbuscule development, complex gene regulation is triggered to achieve a
functional AM symbiosis interaction. For example, development of the AM symbiosis
leads to the increase in lateral root formation and a decrease in phosphate-starvation-

induced gene expression in a systemic signaling pattern (Harrison 2005).
1.4.3.3 Mineral nutrient transport from fungi to plants

The hyphal network allows mycorrhizal fungi to absorb mineral nutrients from
narrower soil pores and more extensive soil profiles. In addition, large glycosyl
hydrolase families, secreted proteases, and other secreted enzymes such as chitinases
and glucanases have been discovered in the genome of ECM fungus, suggesting a high

capacity for decomposing soil organic matter (Martin et al. 2008, Mayor et al. 2009).

Once the symbiosis surface is constructed, the nutrient exchange will be initiated in the
plant-fungus interface in AM arbuscules and ECM Hartig network. L. bicolor has
expanded groups of GTPases involved in transmembrane signaling transduction and
active transportation (Martin et al. 2008). Potential influx and efflux transporters for
organic and inorganic nitrogen (amino acids, ammonia and ammonium), sulphate and
potassium, as well as potential high-affinity transporters for inorganic phosphate, have
been found in the membranes of both fungal Hartig net and root cortical cells (Martin
et al. 2008). In the mantle sheath, expression of a high affinity ammonium influx
transporter is upregulated to trap the leaked ammonium, while it is repressed in Hartig
net to prevent re-import. Urease transcript level has been observed to increase in Hartig
net, followed by the release of ammonium (Martin et al. 2008; Lucic ef al. 2008). Such
differential expression suggests highly intense traffic of amino acids, oligopeptides and

polyamines via the symbiotic interface.

Transcript profiling in mantle and Hartig net also revealed functional heterogeneity of
the ECM compartments in 7. melanosporum (Hacquard et al. 2013). Laser
microdissection and microarray analysis shows the genes involved in soil nitrogen and
water acquisition, secondary metabolite synthesis and detoxification are upregulated in
the fungal mantle, while the expression of carbohydrate and nitrogen-derived

transporter genes is enhanced in the Hartig net (Hacquard et al. 2013).
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1.4.3.4 Carbohydrate transfer from plants to fungi

The other aspect of the ‘fair trade’ is fungal import of carbohydrates from plants.
Though litter and humus layers in forest soil are usually rich in cellulose, lignin and
other complex carbon sources, ECM fungi don’t seem to have cell wall degrading
enzymes to hydrolyse these polysaccharides; therefore most ECM fungi are highly
dependent on external monosaccharides, such as glucose and fructose. Therefore, they
have to largely rely on their host plants as a direct sugar source, due to the lack of both

sucrose influx transporter genes and invertase (Fajardo-Lopez et al. 2008).

In the genome of L. bicolor, 15 potential hexose transporter proteins are encoded, and
the transcripts of 14 of them are detectable. ECM formation resulted in a strongly
enhanced expression of six genes, and a function as hexose influx transporter was
proven for three of them (Fajardo-Lopez et al. 2008). Expression patterns and import
kinetics of these genes are different. One group of L. bicolor hexose transporters is
responsible for uptake of carbohydrates in soil-growing hyphae, to improve carbon
acquisition and reduce nutrient uptake competition with other soil microorganisms.
The other group is responsible for efficient hexose uptake at the plant—fungus
symbiotic interface, where precise regulation plays important role in maintaining the
balance between the mycorrhizal partners (Fajardo-Lopez et al. 2008). L. bicolor has
relatively lower exploitation efficiency of sugar source, because fructose can be taken
up only when external glucose concentration drops below the K, value (Michaelis
constant in kinetic reactions) of the high affinity hexose influx transporters (Martin et
al. 2008). This trade-off feature may be crucial for constructing a successful symbiosis

relationship.

It has been observed that plants exudate cell wall invertase into apoplastic symbiotic
interface in order to help their fungal partners to hydrolyse disaccharides (Martin ef al.
2008). In such a pattern, continuous host-derived carbohydrate feeding to the
mycobiont is maintained. In the Hartig net, for example, an increase in trehalose
synthesis was observed following an influx of glucose and fructose (Fajardo-Lopez et

al. 2008).
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1.4.4 Mpycorrhizas and plant-water relation
1.4.4.1 The effects of mycorrhizas on root hydraulic conductivity

Being the most water permeable zone in roots, root tips play a determinant role in root
water permeability (Steudle & Peterson 1998). Mycorrhiza usually forms at root tips,
therefore is assumed to have significant impact on root water flow (Smith & Read
2008; Lehto & Zwiazek 2011). Many studies have illustrated that mycorrhizal fungi
affect plant water relations and root hydraulic properties in the colonized host plants
(Muhsin & Zwiazek 2002a, b; Augé 2004; Marjanovi¢ et al. 2005; Uehlein ef al. 2007;
Aroca et al. 2009; Lee et al. 2010). The contribution of mycorrhiza formation to plant
water uptake has been well recognized on ecological and physiological scales
(Marjanovi¢ & Nehls 2008). Firstly, the extensive hyphal network of mycorrhizas
significantly increases absorbing surface and represents greater capability to take up
water from lower-water-potential soil and narrower soil pores, which can directly boost
plant water support by introducing additional water transport routes from the soil
towards the plant root. The contribution of extraradical fungal hyphae to root water
transport can be significant, as evidenced by decreased root hydraulic conductance K:
following removal of these hyphae (Muhsin & Zwiazek 2002b). Secondly, in an
indirect manner, mycorrhizas modulate plant water requisite by improved nutrition and
consequently reduced transpiration demand (Marjanovi¢ & Nehls 2008). For these
reasons, improved plant water relations have been frequently attributed to ECM
(Plamboeck et al. 2007; Lehto & Zwiazek 2011) and AM (Uehlein et al. 2007; Aroca
et al. 2009; Barzana et al. 2012). Increased Lpr and enhanced stress resistance
attributed to mycorrhization with different ECM fungi has been reported in many tree
species under various abiotic conditions, such as P. glauca (Landhéusser et al. 2002;
Mubhsin & Zwiazek 2002a, b), Populus tremula x tremuloides (Marjanovi¢ et al. 2005),
Ulmus americana (Calvo-Polanco et al. 2008, 2009), Populus balsamifera (Siemens &

Zwiazek 2008) and P. tremuloides (Marjanovi¢ & Nehls 2008).

Effects of mycorrhiza on root water transport may involve the root apoplastic pathway
(Nylund 1987; Muhsin & Zwiazek 2002a; Béarzana et al. 2012) and / or MIP-mediated
cell-to-cell water transport in roots (Marjanovi¢ et al. 2005; Porcel et al. 2006; Aroca
et al. 2007; Uehlein et al. 2007; Lee et al. 2010). On one hand, changes in root

anatomy and internal surfaces can substantially alter the properties of apoplastic
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pathway. Relative apoplastic flow in mycorrhizal plants could be determined using
apoplastic tracer dyes (Siemens & Zwiazek 2003; Barzana ef al. 2012) or inhibitors of
aquaporin activity (Muhsin & Zwiazek 2002a; Siemens & Zwiazek 2003; Barzana et al.
2012). However, these approaches can be problematic since they also potentially affect
hyphal water transport. On the other hand, mycorrhizal associations alter expression of
root MIPs in AM and ECM plants (Marjanovi¢ et al. 2005; Porcel et al. 2006; Aroca et
al. 2007; Uehlein et al. 2007; Dietz et al. 2011; Giovannetti et al. 2012; Navarro-
Rodenas ef al. 2013) and increase Ly (Lee et al. 2010), leading to a change in cell-to-
cell water transport and L. Lack of effect of mycorrhization on host plant root water
flow properties has also been reported in some species (Coleman et al. 1990; Nardini et
al. 2000; Calvo-Polanco et al. 2008; Siemens & Zwiazek 2008; Yi et al. 2008), which
might be caused by the inconsistent responses of transmembrane and apoplastic water

transport pathways in mycorrhizal roots.
1.4.4.2 The effects of mycorrhiza on plant root PIP expression

Extensive substrate exchanges occur in the interface between mycorrhizal partners,
therefore the presence of mycorrhizal fungi can be expected to have a significant
impact on membrane transporters of root cells. Numerous studies have demonstrated
that the expression levels of plant PIPs and TIPs change upon mycorrhizal formation;
and specific interacting species and environmental conditions may lead to different
profiling patterns of root MIPs (Marjanovic¢ ef al. 2005; Aroca et al. 2007; Uehlein et
al. 2007; Navarro-Rddenas et al. 2013).

AM development increases PIP transcript abundance in M. fruncatula (Krajinski et al.
2000). AM formation with the moderately salt-tolerant Glomus intraradices
upregulates LsPIP1 in Lactuca sativa under salt stress and alleviates salt stress injury
(Jahromi ef al. 2008). In addition, AM formation also upregulates the expression of
two putative plant MIP genes — LjNIPI and LjXIP1 in L. japonicus (Giovannetti et al.
2012). The water transporter LjNIP1 is expressed solely in arbuscule-containing root
cells and its protein products accumulate on the inner membrane system of

arbusculated cells, suggesting its involvement in water transport in these cells.

By contrast, a decrease in the expression of PIPs and TIPs induced by AM formation

and heavy metal stress has been also reported in tomato (Solanum lycopersicum)

27



(Ouziad et al. 2005). Porcel et al. (2006) observed that in Glycine max and L. sativa
plants, AM formation affected the responses of PIP expression to drought stress, and
proposed that the water loss of mycorrhizal root cells may be minimized by the
reduction of the PIP expression under stress. Mycorrhization with G. intraradices
reduced both K; and PIP2 expression and phosphorylation in Phaseolus vulgaris, but
prevented K; and PIP2 expression from further decrease during the drought, cold and
salinity stress (Aroca et al. 2007). Furthermore, the upregulation of G. intraradices
putative MIP GinAQP1 caused downregulation of AM host root PIP (Aroca et al.
2009). AM formation in maize also led to lower osmotic root hydraulic conductivity
and reduced expression of PIPs, and this effect became more prominent upon

application of abscisic acid (Ruiz-Lozano et al. 2009).

ECM formation also significantly influences root MIP expression. Inhibitory
experiment by HgCl, suggested that the mercury-sensitive, aquaporin-mediated water
transport was largely responsible for increased Lpc and Ly of P. banksiana seedlings
after ECM formation with fungus Suillus tomentosus (Lee et al. 2010). Differential
expression of PIPs was reported in P. tremula x tremuloides upon ECM formation with
Amanita muscarua (Marjanovi¢ et al. 2005). While the expression of PttPIP2;1,
PttPIP2;2 and P#tPIP2;4 is downregulated in mycorrhizal fine roots, the increase in
transcript abundance of PttPIP1; 1, PttPIP2,3 and PttPIP2;5 was proposed to be
responsible for a significant increase in Ly, as PttPIP2;5 demonstrated strong water
transport capacity (Marjanovic€ et al. 2005). Differential expression of four PIPs and
one TIP was also reported in both roots and leaves of Helianthemum almeriense upon
ECM formation with hypogeous desert truffle Terfezia claveryi and drought stress
(Navarro-Rodenas et al. 2013). HaPIP1;1 was downregulated by mycorrhizal
formation, whereas HaPIPI;2 was upregulated. Under drought stress, fungal MIP
TcAQPI (JFA91353) was upregulated, tuned with the downregulation in HaTIP1, 1 and
HaPIPs (including HaPIP2; 1 that encodes a strong water-transporting aquaporin). The
authors suggest that such MIP expression pattern helps enhance plant drought
resistance, as one of the beneficial effects brought by mycorrhizal symbiosis.
Interestingly, similar compensatory expression pattern was also observed in the G.

intraradices putative MIP GinAQP1 and the AM host root PIP (Aroca ef al. 2009).
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Based on the studies of AM associations, Ruiz-Lozano & Aroca (2010) suggested that
under drought stress, AM formation usually leads to PIP downregulation in
mycorrhizal host plants, but tends to cause PIP upregulation in most cases of salinity
stress. When stresses and AM have an interacting impact on a plant, the specific PIP
responses largely depend on intrinsic osmotic stress and endogenous ABA level in the
plant. The frequently observed outcome of PIP regulation by AM formation can be the
improved plant-water status and increased plant resistance to stresses (Ruiz-Lozano &
Aroca 2010). More species need to be studied in order to examine whether this rule
also applies to ECM interactions, as ECM and AM fungi cause distinct changes in root
structures that have likely different impacts on root water transport. However, based on
the above-mentioned studies, it can be generalized that, although root water flow can
be either increased or reduced in plants by mycorrhizal formation, and such interaction
can be further complicated by environmental stresses, the changes in Ly usually
coincide with the changes in root PIP expression. Systematic studies of environmental
factors are necessary to explain the plant MIP expression as response to the synergistic
regulation by mycorrhizal symbiosis and environmental stresses (Uehlein ez al. 2007,

Maurel et al. 2008).
1.4.4.3 Water transport in mycorrhizas

It has been well established that mycorrhizal formation improves mineral nutrition and
water relations in colonized plants via the uptake and transfer of nutrients and water
through the fungal hyphae (Egerton-Warburton et al. 2003, Egerton-Warburton et al.
2007). Water transfer between mycorrhizal fungi and associated trees has been directly
traced in several studies (Querejeta ef al. 2003, 2007; Egerton-Warburton et al. 2008).
These studies demonstrate the nocturnal water transfer from oak trees to the
mycorrhizal fungi during soil drying (Querejeta ef al. 2003) and the alleviation of the
severe soil drying effect on rhizosphere hyphae due to the hydraulic lift of oak trees
(Querejeta et al. 2003). Furthermore, hydraulically lifted water moves out of the
mycorrhizal fungal hyphae during imposed drought, which may improve the
surrounding moisture (Egerton-Warburton et al. 2008). These studies indicate that the

mycorrhizal plant roots and associated fungi are integrated in water transfer.

Given these observations, it is important to understand the mechanisms underlying

water transport processes from soil to fungal free-living mycelia, between different
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hyphal compartments, as well as at the hyphal-root interface. Abundant fungal hyphae
dramatically increase the surface and capacity of water and nutrient uptake from the
soil, which usually occur simultaneously (Lehto & Zwiazek 2011, Turgeman et al.
2011). Additionally, the small diameter of fungal mycelia allows them to penetrate
narrower soil pores where water and nutrients are present but inaccessible for plant
roots with wider diameter (Augé 2004). Theoretically, water can move in the
extracellular space of hyphal cells in a manner equivalent to the apoplastic pathway in
plant roots. In the cell-to-cell pathway, water and nutrients enter hyphal cells via an
array of membrane channels. The advantages of a symplastic pathway for hyphal water
transport include the possibility of hydraulic regulation by fungal MIPs as water enters
and subsequently leaves the hyphae. Both pathways influence the water status of
hyphae therefore have impact on water transport of each other. Once in the hyphal
protoplasts, these molecules can be transported between adjacent cells either via
individual hyphae or via rhizomorphs, which comprise multiple interconnected hyphae
(Agerer 2001; Peterson et al. 2004). Rhizomorphs show substantial hyphal
differentiation that may facilitate water transport. For example, vessel hyphae have
enlarged central hyphae with highly modified or absent septae for efficient water
movement, while some peripheral hyphae display thickened and pigmented cell walls

that may act to reduce water loss (Agerer 2001; Peterson et al. 2004).

Delineating the precise pathways for water transport from the fungal partner to the host
roots in mycorrhizal associations remains a challenge. Some studies support the view
that hydrophobic fungal cell walls in mantle may block the apoplastic water pathway
and hinder root water uptake (Duddridge ef al. 1980; Unestam & Sun 1995), whereas
others argue that fungal hyphae are more likely to form a water transport highway for
plant roots, which substantially increases water availability to the roots (Khalvati et al.
2005; Allen 2007; Egerton-Warburton et al. 2007; Lehto & Zwiazek 2011). Since
water can be transported in the cell walls of hydrophilic fungi, including L. bicolor
(Weatherley 1982; Agerer 2001; Lehto & Zwiazek 2011), it could be argued that this
route presents the least resistance and thus could be predominant pathway for water
transport to the root cortex. In the symplastic pathway, fungal MIPs regulate the entry
and exit of water through the hyphae, and influence water permeability of the hphae;

therefore they could impact water availability in root extracellular space.
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Increased water availability in root extracellular space was postulated to be a
significant factor triggering PIP transcriptional and post-translational regulation in root
cells (Steudle & Peterson 1998; Javot & Maurel 2002). Since the water transporting
capacity of mycorrhizal roots increases with the increasing volume of fungal hyphae
(Duddridge et al. 1980; Brownlee ef al. 1983; Plamboeck et al. 2007), it is plausible
that an increase in root hydration by the fungal hyphae may provide a positive
feedback mechanism regulating root MIP expression and/or function. Regulation of
aquaporin-mediated water transport involves changes in the abundance of aquaporins
in cell membranes and aquaporin gating which is affected by various factors including
protein phosphorylation and dephosphorylation (Johansson ef al. 1998; Kline et al.
2010), protonation (Tournaire-Roux et al. 2003; Fischer & Kaldenhoff 2008), divalent
cations (Gerbeau et al. 2002; Verdoucq et al. 2008), trafficking (Prak et al. 2008;
Maurel et al. 2009; Zelazny et al. 2009), heteromerization (Fetter et al. 2004), as well

as turgor pressure, solute gradients and temperature (Chaumont et al. 2005).

In the soil-fungus-plant pathway of water movement, it can be speculated that fungal
MIPs impact the symplastic water transport through hyphae, the water availability in
root extracellular space, and ultimately, the water uptake of the mycorrhizal roots. As
the mycorrhizal fungal MIPs become better understood, it is time to explore their roles

in mycorrhizal water transport.

1.4.5 Mpycorrhizal fungal MIPs and their potential roles in mycorrhizal

associations

In mycorrhizal fungi, MIPs could play distinct roles in resource requisition by the
growing front of substrate mycelia, in the water relation of mycorrhizal association, as
well as in the developmental events involving drastic hyphal fusion, such as fruiting
body formation (Nehls & Dietz 2014). Nehls & Dietz (2014) suggest the potential
functions of fungal MIPs in water permeability and hyphal fusion of the growing
mycelial front, and in water permeability and nutrient transfer of ECM. Efficient
osmoregulation via fungal MIPs may enable mycorrhizal roots to more effectively

cope with soil-associated stresses such as water deficit, high salinity or extreme pH.

Filamentous species in the Basidiomycota, Ascomycota and Glomeromycota that are

capable of forming mycorrhizal associations with plants have very different lifestyles
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than those of the budding yeasts. The rapidly expanding catalogue of sequenced fungal
genomes across the five phyla of Kingdom Mycota (Martin ef al. 2011; van der
Heijden et al. 2015), including a growing list of mycorrhizal fungal species, provides
an unprecedented opportunity to test the hypothesis that fungal MIPs mediate water
movement from soil to the plant partner. To date, ten MIPs from the mycorrhizal fungi
G. intraradices (AM), L. bicolor (ECM) and T. claveryi (ECM) have been functionally
characterized (Aroca et al. 2009; Dietz et al. 2011; Navarro-Rodenas et al. 2012; Li et
al. 2013a) (Table 1.1). The studies demonstrate strong to moderate capacity for
transporting water, urea, glycerol, ammonia and COz. The expression of these fungal
MIPs can be altered by mycorrhization or abiotic cues such as drought, salt, low
temperature, and pH (Aroca et al. 2009; Dietz et al. 2011; Navarro-Rodenas ef al. 2012;
Li et al. 2013a; Navarro-Rodenas et al. 2013), suggesting their multiple roles in plant-
fungal interactions, and their involvement in water transport and nutrient transfer of the

mycorrhizal partners (Maurel & Plassard 2011).

In T. claveryi, TcAQP1 facilitates water and CO> conductivity. Its expression increases
in vegetative mycelia grown on nutrient medium under moderate osmotic stress, and
also increases in mycorrhizal root tips along with the increase in root colonization rate
(Navarro-Rodenas et al. 2012). Navarro-Rdodenas et al. (2012) suggest that 7. claveryi
TcAQP1 may contribute to the adaptation of the mycorrhizal association to water
deficit, and may also function as a signal transduction channel during presymbiotic

phase of the fungal growth and in carbon metabolism.

In G. intraradices, MIP JQ412060 demonstrated water transport capacity; its transcript
abundance increased in mycorrhizal association with maize roots and under drought
stress (Li et al. 2013a). In addition, JQ412060 is predicted to be located in both the
plasma and intracellular membranes, supporting possible roles in regulating water flux
across plasma membrane and osmotic adjustment among cellular compartments.
JQ412059, the only fungal XIP with demonstrated water channel activity so far, was
also upregulated in arbuscule-enriched maize root cortical cells and extraradical
mycelia under drought stress, which suggests a role for this MIP in transporting water

to mycorrhizal plants, thereby increasing their drought tolerance (Li et al. 2013a).

Fungal MIPs may be involved in nutrient uptake due to their transport capacity for

small neutral molecules (Borgnia et al. 1999; Hohmann et al. 2000). In L. bicolor
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monokaryotic strain S238N, the expression of the MIPs responded to change in
temperature and mycorrhizal formation. Lacbhi2:443240 was upregulated at low
temperature. Mycorrhizal formation with P. tremuloides significantly alters the
expression of all analyzed L. bicolor MIPs (Dietz et al. 2011). Lacbi2:317173 and
Lacbi2:443240 show high water transport efficiency as well as permeability for NH3,
glycerol or methylamine (Dietz et al. 2011). In addition to their potential roles in ECM
water transport, the authors also suggest that the two MIPs with strong NH3 transport

capacity may contribute to N exchange between the fungus and the mycorrhizal root.

Another indication for the importance of fungal MIPs in mycorrhizas is their
differential expression in different types of hyphal cells. In ECM between the black
truffle 7. melanosporum and the hazel Corylus avellana, three putative fungal MIPs
(GSTUMTO00010663001, GSTUMT00003976001 and GSTUMT00004612001) were
upregulated in ECM root tips compared with free-living mycelium (Supplementary
Table 27 of Martin et al. 2010). GSTUMT00003976001 (a putative orthodox fungal
MIP, TmeAQP1) was significantly upregulated in the fungal mantle compared with in
the Hartig net, suggesting its differential involvement in transporting substrates in
mantle and Hartig net (Hacquard et al. 2013). GSTUMT00004612001 (a putative
fungal XIP, TmeAQP2) was significantly regulated in the Hartig net, indicating its
involvement in ammonia translocation into the apoplastic space as a predominant
nitrogen form present at the fungal/plant interface. Differential expression of fungal
MIPs was also reported in fruiting bodies, such as the upregulation of
GSTUMTO00010663001 in the truffles of 7. melanosporum (Martin et al. 2010,
Supplementary Table 27), the upregulation of a putative MIP (partial mRNA

AA 35507) in Agrocybe aegerita fruiting bodies (Table S6 of Wang et al. 2013), the
exclusive expression of a putative MIP (CC1G_11437T0, i.e., NCBI

XM _001837740.2) in primordium stage of Coprinopsis cinerea fruiting bodies
(Additional File 1 of Cheng ef al. 2013), and the upregulation of orthodox fungal MIP
Lacbhil:392091 in L. bicolor stipe (Nehls & Dietz 2014).

These studies suggest that the regulation of fungal MIPs may be important for
mycorrhizal symbiosis establishment and for mycorrhizal responses to environmental
stimuli such as altered nitrogen abundance, water availability and temperature.

Building upon the current phylogenetic analysis and functional characterization, in vivo
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studies on mycorrhizal associations under abiotic stresses or environmental variables
will be important to deepen the understanding of the physiological and ecological

importance of fungal MIPs in the mutualistic interactions.
1.5 Sporocarp formation of mycorrhizal fungi

1.5.1 Developmental stages and environmental factors of sporocarp

formation

The sporocarp, often referred as a fungal fruiting body, is a multicellular structure that
bears the spore-producing structures, such as basidia in basidiomycete fungi or asci in
ascomycete fungi. Sporocarps of basidiomycete and ascomycete fungi are hence
known as basidiocarps and ascocarps, respectively (Watkinson 2008). As one of the
tissue-like structures (pseudoparenchyma) of sporocarp-bearing filamentous fungi,
sporocarp is easily distinguishable from other commonly observed hyphal subnetworks,
such as the growing hyphal front, hyphal cords with long-distance transporting
capacities, and ECM hyphal structures (Nehls & Dietz 2014). Sporocarp formation and
spore production are crucial for many basidiomycete and ascomycete mycorrhizal
fungi that rely on sexual reproduction to complete their life cycle, maintain species
fitness and expand their ecological distribution (Smith & Read 2008; Watkinson 2008;
Fortin & Lamhamedi 2009), and are indicators of forest health (Egli 2011).

Previous research has addressed the processes of sporocarp initiation and development
from the perspectives of fungal reproduction, systematics, ecological distribution and
biodiversity as well as industrial production techniques and physiological mechanisms
in the fungal species with significant economic importance (Yun & Hall 2004; Fortin
& Lamhamedi 2009). Recent advances in fungal genomics and transcriptomics have
made it possible to study major molecular events during sporocarp initiation and
development of mycorrhizal fungi (Gabella ef al. 2005; Joh et al. 2007; Martin et al.
2008; Martin & Nehls 2009; Martin et al. 2010) and saprophytic macrofungi (Cheng et
al. 2013; Wang et al. 2013).

The sequence of events involved in basidiomycete sporocarp formation was described
to include hyphal knot formation, initial aggregation, bipolar fruiting body primordium
pinning, primordium differentiation with pileus and stipe, fruiting body maturation

with expanded cap and elongated stipe, and spore formation (Kiies & Liu 2000) (Fig.
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1.4). Initiating from the vegetative stage, the mycelial tissue undergoes a sequential
series of cell mitotic divisions, differentiation, elongation and meiosis to reach the final
stage of spore production (Massicotte e al. 2005). In the model species for sporocarp
studies, Agaricus bisporus, formation and early outgrowth of primordia are found to be
“supra-exponentially” growing and highly substrate-demanding stages (Straatsma et al.

2013).

Sporocarp formation is controlled by complex environmental factors, including the
relatively well-understood temperature, light, humidity, soil N and carbohydrates, and
host genotype, growth and photosynthate supply, and its phenological dynamics (Last
et al. 1984; Fortin & Lamhamedi 2009; Teramoto et al. 2012; Le Tacon et al. 2013). In
natural forest habitats, it has been reported that the formation of basidiocarps was
determined by climatic factors such as temperature, humidity and photoperiod, soil
factors such as soil water content and nutrient availability, and growth of the host
plants (Kiies & Liu 2000). Most sporocarps of ectomycorrhizal fungal species are
produced in late summer and autumn (Gévry & Villeneuve 2009). In many tree species,
this coincides with the cessation of shoot growth and the second peak of seasonal root
growth, which is characterized by the enhanced root respiration (Johnson-Flanagan &
Owens 1985b). Under controlled cultivation conditions, the decrease in CO> can serve
as signal for basidiocarp initiation of saprophytic macrofungi (Stamets 2000). With
regard to internal signaling, it has been found that cyclopropane fatty acid synthase
gene is essential for sporocarp initiation in C. cinerea (Liu et al. 2006). Sporocarp
development is regulated by chitin deacetylase gene in Flammulina velutipes (Yamada
et al. 2008) and by glyceraldehyde-3-phosphate dehydrogenase genes in Pleurotus
ostreatus (Tasaki et al. 2014).

1.5.2 Potential significance of MIPs in sporocarp formation

Recent genomic and transcriptomic studies have started unveiling profound changes in
gene regulation during sporocarp formation of several saprophytic (Nowrousian &
Kick 2006; Joh et al. 2007; Chum et al. 2011; Morin et al. 2012; Yu et al. 2012;
Cheng et al. 2013; Traeger et al. 2013; Wang et al. 2013; Rahmad et al. 2014) and
ECM fungi such as Tuber borchii (Gabella et al. 2005), L. bicolor (Martin et al. 2008)
and 7. melanosporum (Martin et al. 2010) (Nowrousian 2014). The regulated genes
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included clusters of transcription factor genes, mating-type genes and genes encoding

photoreceptors, small secreted proteases, and enzymes of sulfur metabolic pathways.

Strong upregulation was reported for genes encoding major facilitator superfamily
transporters (MFS), aquaporin-related MIPs, and amino acid permeases during
mycorrhizal establishment and in mycorrhizal structures of mantle and Hartig net
(Fajardo-Lopez et al. 2008; Lucic et al. 2008; Martin et al. 2010; Hacquard ef al. 2013).
Sporocarp formation, during which there is considerable hyphal fusion, is a resource-
demanding developmental process. Therefore, it can be speculated that these
membrane transporters are highly active during the process of sporocarp formation.
The upregulation of some MIPs has been reported in sporocarps compared with other
hyphal structures (Martin ef al. 2010; Cheng et al. 2013; Wang et al. 2013; Nehls &
Dietz 2014) (See §1.4.5). Based on the upregulation of water-transporting orthodox
fungal MIP Lacbil:392091 in L. bicolor stipe (Nehls & Dietz 2014), the upregulation
of a putative MIP in 4. aegerita fruiting bodies (Wang et al. 2013), and the exclusive
expression of a putative MIP in C. cinerea fruiting bodies (Cheng et al. 2013), Nehls &
Dietz (2014) suggest that high water influx through fungal MIPs drives cell expansion
to support exponential increase in fruiting body biomass. In addition, the multiple
transport capacities may confer these fungal MIPs with roles beyond water transport.
The impact of gene regulation of MIPs on sporocarp formation process remains a

fascinating area to be explored.
1.6 Studied species

To study the roles of fungal MIPs in mycorrhizal associations, a suitable model of a
pair of plant and fungal species is required. ECM between L. bicolor and P. glauca
provides such a model, because of the wealth of knowledge concerning the physiology
of these species and the availability of their genomic resources. In addition,
mycorrhizal associations between the two species have been well characterized, and
are easy to induce and maintain. Also, successful mycorrhization of P. glauca with L.
bicolor makes it possible to produce abundant mature basidiocarps in controlled

environments (Godbout & Fortin 1990).
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1.6.1 Biology and ECM studies of Laccaria bicolor

Laccaria bicolor (Maire) P.D. Orton is a basidiomycete fungus in Order Agaricales
(Bastide et al. 1994). Being a soil-borne filamentous fungus, its hyphal networks can
develop as growing hyphal front, hyphal cords for distance transport,
pseudoparenchyma-containing fruiting bodies and ectomycorrhiza (Nehls & Dietz
2014). The fungus forms ectomycorrhizal associations with roots of tree species in a
broad range of genera including Picea, Pinus, Pseudotsuga, Populus and Betula. The
ECMs of L. bicolor are commonly spotted as small, tan-colored mushrooms with lilac
gills in temperate and boreal forests of North America in late summer and autumn
(Mueller 1992; Bastide et al. 1994). The creamy white to light purple mycelium can be
easily cultivated from spores and hyphal plugs on growth medium in a relatively wide
range of temperatures, pH and nutrient availabilities and in the presence of osmotic
stress (Coleman et al. 1989). Its mycorrhizal viability can be well resumed after a long-
term storage in laboratory conditions. Although saprophytic capacity of L. bicolor
makes it possible for the hyphae to grow in soil without living roots, it is deemed as a
strictly symbiotic species because it produces basidiocarps only in the presence of the
host-derived carbohydrates (Fortin & Lamhamedi 2009). The initiation and
development of its basidiocarps follow the typical stages of a basidiomycete
macrofungus species, which are driven by the photoperiod and the photosynthate flow
from the host tree, and are influenced by the phenology of the host tree as well as
climatic and soil factors (Godbout & Fortin 1990; Fortin & Lamhamedi 2009). Under
controlled conditions, L. bicolor basidiocarp development was stimulated by short
photoperiod, and low level of nitrogen and phosphorus fertilization (Godbout & Fortin
1990; Fortin & Lamhamedi 2009). There was clearly a relationship between the
species involved in the mycorrhizal symbiosis and the production of basidiocarps, and
this relationship may be temperature-dependent: at 24°C/18°C, more basidiocarps were
produced in the association of L. bicolor with Pinus strobus than with P. glauca and
Pinus taeda, whereas at 18°C/12°C, basidiocarps were produced only in the

association with P. glauca and P. taeda (Godbout & Fortin 1990).

The impacts of L. bicolor on associated plants vary depending on plant species and
abiotic conditions imposed on the ECM. It has been reported that L. bicolor promotes
seedling growth of Pinus banksiana at moderate NaCl concentrations; but at severe

levels of salt stress, it causes more photochemical stress and dehydration of P.
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banksiana, and reduction in seedling biomass of P. glauca (Bois et al. 2006).
Mycorrhization of U. americana with L. bicolor was found to reduce the impact of soil
compaction on seedling growth, gs and K; (Calvo-Polanco et al. 2008) and to enhance
seedling salt tolerance by increasing Ly and alleviating chlorophyll reduction at low

and high soil pH (Calvo-Polanco et al. 2009).

L. bicolor was the first mycorrhizal fungus with a sequenced genome (Martin ef al.
2008). The availability of genomic resources has made L. bicolor an unprecedented
species for the study of the exchange of water, nutrients, carbohydrates and signaling
molecules on the interfaces between hyphal and root cells in mantle and Hartig net
(Fajardo-Lopez et al. 2008; Martin ef al. 2008; Dietz ef al. 2011; Plett et al. 2011; Plett
& Martin 2012). The genome of L. bicolor monokaryotic strain S238N is about 65
megabase, containing around 20,000 protein-encoding genes (Martin et al. 2008).
These include seven MIP genes predicted in the most recently released genome portal
of L. bicolor v2.0 (JGI portal version 7.14.2, released on February 5 2015, accessed on
February 22 2015, http://genome.jgi-psf.org/Lacbi2/Lacbi2.home.html), i.e.,
Lacbi2:456764, Lacbi2:671860, Lacbi2:568479, Lacbi2:443240, Lacbi2:317173,
Lacbi2:482072 and Lacbi2:576801. Mycorrhization with L. bicolor confers gene
regulations of cell wall modification and defence mechanisms in roots of Pinus
sylvestris (Heller et al. 2008). In ECM roots of Populus spp., L. bicolor led to
differential expression of auxin-related genes, causing auxin accumulation and
stimulating lateral root formation (Felten et al. 2009). L. bicolor is also an excellent
ECM model fungus to study the role of MIPs in sporocarp formation, since it readily
produces basidiocarps under controlled growth conditions with a variety of host plants
and the MIPs of strain S238N have been well characterized (Godbout & Fortin 1990;
Dietz et al. 2011). The dikaryotic strain UAMH8232, collected from the roots of P.
banksiana in Burt Lake, Ontario, Canada, was made available by the University of

Alberta Microfungus Collection and Herbarium.
1.6.2 Biology and ECM studies of Picea glauca

White spruce Picea glauca (Moench) Voss is one of the evergreen coniferous species
in Family Pinaceae. It is widely distributed in boreal, mountainous and temperate
forest regions throughout northern latitudes of North America (Hosie 1969). It grows

in northeastern United States, through the northern Great Lakes and into regions below
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Hudson Bay, west all the way into the northeastern region of British Columbia, and
northern Montana, and up into east of the coast mountain range in Alaska, and
becomes dominant species on a wide range of boreal plains (Grossnickle 2000). This
species is of great ecological and economic importance in forest management and
protection. Much of the early research effort has been made concentrated on
investigating its biology in natural stands and nurseries, and the responses of its water
relations, gas exchange, nutrition, dormancy, morphological development and stress
tolerances to various environmental cues including light, humidity, air and soil
temperature, wind, soil water and mineral nutrition (Goldstein ez al. 1985; Johnson-
Flanagan & Owens 1985a, b; Johnson-Flanagan & Owens 1986; Husted & Lavender
1989; Wang & Zwiazek 1999a, b; Grossnickle 2000).

P. glauca generally grows in well-drained, slightly acidic soils. Tolerance to low soil
fertility, freezing and moderate shading enables P. glauca to eventually form climax
canopy in many cases of boreal forest succession (Grossnickle 2000). In tree nurseries
and growth chamber conditions, the seedlings usually undergo a series of distinct
growth phases, including germination, early growth, rapid growth, bud initiation and

stem finishing (Roberts & Zwiazek 2001).

Like many boreal forest species (Malloch & Malloch 1982), P. glauca forms
mycorrhizal symbiosis with many basidiomycete fungi such as Thelephora americana
and Amphinema byssoides, and ascomycete fungi, such as Wilcoxina mikolae
(Kernaghan et al. 2003). Mycorrhization can be efficiently induced in controlled
conditions with many other fungal species including L. bicolor, Leccinum aurantiacum,
Hebeloma crustuliniforme and S. tomentosus, making P. glauca a popular choice for
many ECM studies. Complex impacts of ECM on P. glauca largely depend on the
interacting fungal species, and the nature and severity of stresses imposed. For instance,
it has been reported that L. aurantiacum and H. crustuliniforme increase K: under low
soil temperature of weeks, but had no effect on shoot water potential, transpiration or
dry mass (Landhdusser et al. 2002). S. tomentosus significantly improves seedling
growth under salt stress (Bois ef al. 2006). Under moderate salt stress, L. bicolor and H.
crustuliniforme lead to positive impacts such as limited sodium uptake to shoots,
enhanced K and increased seedling dry weight (Muhsin & Zwiazek 2002b; Nguyen et

al. 2006). In oil sands reclamation areas, the survival rate of P. glauca increased by
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mycorrhization with H. crustuliniforme, S. tomentosus and L. bicolor (Onwuchekwa et

al. 2014).

The EST database of ca. 200,000 expressed sequence tags that correspond to ca.
27,000 unique sequences of P. glauca, and the recent advancement in assembling its
whole draft genome of 20.8GB in 4.9 million scaffolds, have provided the researchers
with a valuable platform for gene identification (Birol et al. 2013). The improved
assembly contiguity allows us to discover more genes of function with higher accuracy
and to investigate the molecular processes in a wide range of biological events such as
apical bud formation (El Kayal ef al. 2011) and needle water uptake and xylem
refilling (Laur & Hacke 2014b). Taking advantage of the draft genome, researchers can
uncover P. glauca genes that are orthologs of many important genes in other plants,
such as MIPs (Laur & Hacke 2014b). With the previous in-depth studies on the
ecophysiology, the genomic and transcriptomic platforms has made P. glauca a strong

candidate species for the studies of ECM water relations.

1.7 Study objectives and hypotheses
1.7.1 Hypotheses

Based on the previous mychorrhizal studies and current understanding of fungal MIPs,
it can be speculated that fungal MIPs play important roles in crucial processes in ECM
fungi, associated plants and their interactions. Since one of the primary functions of

MIPs is water transport, fungal MIPs are expected to have significant impact on water

flow properties in the hyphae of the ECM fungus and of the ECM-associated roots.

The study presented in this thesis is based on the central hypothesis that MIP-mediated
transport plays important roles in hyphal water transport of the ECM fungus and,
consequently, has significant impact on fungal growth and on water transport in

associated roots.

Considering the advantages described in §1.6, L. bicolor and P. glauca were chosen for
this thesis project to test the formulated hypotheses. Based on in silico analysis, water
permeability assay and transcript abundance profiling of MIPs in L. bicolor
UAMHS232, the strongest water-transporting aquaporin was selected to study its role

in water transport of the mycorrhizal roots. It is hypothesized that higher transcript
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abundance of the fungal aquaporin will lead to increased root water transport, reflected
as higher root hydraulic conductivity and increased transcript abundance of major PIPs

in root tips.

Due to rapid cell division and expansion, water transport and substrate allocation are
especially important during the basidiocarp growth, one of the most drastically
developing phases in the life cycle of the filamentous fungi. Given the multifunctional
transport capacities of many fungal MIPs, it is hypothesized in this thesis that MIPs
will be involved and significantly regulated during this developmental event, which
can be revealed by transcript profiling in different stages of basidiocarp growth in L.

bicolor.
1.7.2 Study objectives

The primary goal of this research was to characterize the MIPs of the basidiomycete
fungus L. bicolor strain UAMHS8232, and to investigate their roles in: (1) hyphal
growth, (2) root water transport of the associated tree species P. glauca and (3)
basidiocarp formation. The specific objectives are: (1) to predict the putative MIP
genes in L. bicolor UAMHS8232 by conducting phylogenetic analysis and protein
secondary structure prediction; (2) to clone and functionally characterize MIPs for their
water permeability by conducting Xenopus oocyte swelling assays and analyzing their
transcript abundance in medium-grown mycelia by qRT-PCR quantification; (3) to
verify the transgenic strains that have been constructed to alter the transcript
abundance of the most significant water-transporting endogenous MIP gene, by
Southern blot, TAIL-PCR, transcript abundance quantification and morphological
observation; (4) to investigate the effects of altered JO585595 transcript abundance on
myecelial growth and water relation; (5) to examine the transcript abundance of L.
bicolor MIPs in induced ECM root tips of P. glauca seedlings, and evaluate the
effectiveness of transgenic approach in regulating transgene transcription in ECM in
vivo; (6) to examine the effects of mycorrhization and altered fungal MIP transgene
expression on seedling growth, root hydraulics and transcript abundance of putative
root PIPs; (7) to examine transcript profiles of L. bicolor MIPs during basidiocarp and
compare with that during vegetative growth, in order to provide implications for the

involvement of the MIP family in this important developmental event.
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In this thesis, the above-mentioned studies were presented as three research chapters,
i.e., Chapter 2, 3 and 4, respectively. Chapter 2 of the thesis presented the phylogenetic
analysis of fungal aquaporins and the discussion about their possible role in water
transport of mycorrhizal associations. Chapter 3 showed the study on the role of L.
bicolor aquaporin JO585595 in altering root water transport properties in
ectomycorrhizal P. glauca seedlings. Chapter 4 showed the study on the transcript
profiling of MIPs during basidiocarp development in L. bicolor ectomycorrhizal with P.

glauca. At last, general conclusions were given in the Chapter 5.
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Table 1.1 Functionally assayed fungal major intrinsic proteins

Cluster

Cluster I: orthodox
aquaporins

Cluster 11:
aquaglyceroporins

Cluster I1I:
facultative
aquaporins

Cluster IV: Fungal
XIPs

Canonical MIPs
Protein ID Fungal species and types # of amino NPA motifs Functions and subcellular
acids and Loop B Loop E localization (TargetP1.1°)
TMDs
ADC55259! Saccharomyces cerevisiae, 289aa, 6 NPA NPA Water transporter; plasma membrane
budding yeast
JF4913532 Terfezia claveryi, ECM 307aa, 6 NPA NPA Water and CO; transporter; plasma
desert truffle membrane

Lacbi2:4567643 Laccaria bicolor, ECM 311aa, 6 NPN NSA Water transporter; secretary pathway

CAA38096! S. cerevisiae 669aa, 6 NPS NLA Glycerol and methylamine
facilitators;
plasma membrane

Lacbi2:671860° L. bicolor 330aa, 6 NPC NSA CH;3NH», NH4*/NH3s; plasma
membrane

Lacbi2:4820723 343aa, 6 NPC NTA Glycerol, urea, CH;NH, NH4"/NH3,
limited water; mitochondrion

GAA23030! S. cerevisiae 646aa, 5 NPA NPA Unknown; plasma membrane

Lacbi2:443240° L. bicolor 312aa, 5 NPA NPA Glycerol, water, CH3NH,, NH4"/NH3;
plasma membrane

Lacbi2:3171733 332aa, 6 NPA NPA Water, CH3NH,, NH4*/NHj3; plasma
membrane

Lacbi2:568479° 263aa, 6 NPA NPA Water, CH3NHo; secretary pathway

JQ412060* Glomus intraradices AM 316aa, 6 NPA NAA Water; plasma membrane and
intracellular membranes (shown in
GFP-fusion analysis)

ACV52007° G. intraradices, 253aa, 6 NPA NPA No transport capacity detected;
plasma membrane

JQ412059* 276aa, 6 NPK NPA Water; plasma membrane (shown in

GFP-fusion analysis)

Note: Protein ID refers to the accession number for the sequence in the database from which the sequence was retrieved. AM, arbuscular mycorrhizal; ECM,
ectomycorrhizal; GFP, green fluorescent protein; MIP, major intrinsic protein; TMD, transmembrane domain; XIP, X intrinsic protein. ! Soveral et al. 2010; >
Navarro-Rédenas et al. 2012; > Dietz et al. 2011; * Li et al. 2013a; > Aroca et al. 2009; ¢ Subcellular localization was predicted according to the signal peptide on

N-terminus using TargetP1.1, unless noted otherwise.
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Figure 1.1 Classical transmembrane secondary structure and key residues of an aquaporin

The diagram was drawn based on the protein secondary structure predicted using SOSUI (Hirokawa et al. 1998). Key residues for selective
filtering and gating were distinguished (Murata et al. 2000; Hedfalk et al. 2006; Térnroth-Horsefield ez al. 2006; Mitani-Ueno et al. 2011).
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Figure 1.2 The schematic water transport pathways in root epidermis, cortex and

endodermis
The schematic diagram was drawn based on the composite model of root water transport

(Steudle & Peterson 1998).
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Figure 1.3 The schematic anatomical structures of ectomycorrhizal root

The diagram was drawn based on the cross section of a Picea glauca root tip colonized with
Laccaria bicolor (the image in grey in the upper right corner; M for mantle, Ep for epidermis,
C for cortex, and En for endodermis).
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Figure 1.4 The sequence of events involved in sporocarp formation

Sporocarp formation goes through hyphal knot formation from vegetative mycelia (a)
associated with tree roots, initial aggregation and bipolar fruiting body primordium pinning
(b), primordium differentiation with pileus and stipe (c-d), fruiting body maturation with
elongated stipe (e) and expanded cap (f), and full cap expansion (g) with spore production in
hymenium beneath the cap (h). The diagram was drawn according to the typical process of
basidiocarp formation (Kiies & Liu 2000).
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2 PHYLOGENETIC ANALYSIS OF FUNGAL
AQUAPORINS PROVIDES INSIGHT INTO THEIR
POSSIBLE ROLE IN WATER TRANSPORT OF
MYCORRHIZAL ASSOCIATIONS

2.1 Introduction and literature review
2.1.1 General introduction

Root water transport in plants involves apoplastic and cell-to-cell (symplastic plus
transmembrane) pathways (Steudle & Peterson 1998). Aquaporins, integral membrane
proteins with water channel activity belonging to the MIP family of integral membrane
proteins, are important for the movement of water across membranes in the cell-to-cell
pathway (Maurel ef al. 2008). It has been recognized that root aquaporins play a key
role in plant water flow regulation (Javot & Maurel 2002; Javot et al. 2003; Ehlert ef al.
2009; Lee et al. 2012). The processes of water flow have been extensively studied in
plant roots, and studies describing possible effects of rhizosphere microorganisms on
root water transport have been recently reviewed (Groppa ef al. 2012). In the review,
Groppa et al. (2012) postulated that plant growth promoting microorganisms such as
arbuscular mycorrhizal and ectomycorrhizal fungi, opportunistic symbiotic and
saprophytic Trichoderma fungi, as well as growth promoting rhizobacteria, improve
root hydraulic conductance, alter plant aquaporin gene expression and alleviate abiotic
stresses. The effects are often complex, varying as a function of the interacting species
and environmental stresses. Under natural conditions, most plant species form
mycorrhizal associations. Many studies have illustrated that ectomycorrhizal fungi
affect plant water relations and root hydraulic conductivity in the colonized host plants
(Muhsin & Zwiazek 2002; Marjanovi¢ et al. 2005; Lee et al. 2010). On one hand, it
has been demonstrated that this effect may involve the root apoplastic pathway
(Mubhsin & Zwiazek 2002; Barzana et al. 2012). On the other hand, ectomycorrhizal
establishment may trigger increases in the aquaporin-mediated cell-to-cell water
transport in roots (Lee ef al. 2010) and produce changes in root hydraulic conductivity
through their effects on the transcriptional levels of root plasma membrane intrinsic

protein (PIP) aquaporins (Marjanovi¢ et al. 2005). Similar responses were recorded for
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arbuscular mycorrhizal associations with roots of Lactuca sativa, Medicago truncatula,
Nicotiana tabacum and Phaseolus vulgaris (Uehlein et al. 2007; Aroca et al. 2009).
Given these observations, it is important to understand the mechanisms underlying
water transport processes from soil to fungal free-living mycelia, between different

hyphal compartments, as well as at the hyphal-root interface.

At each of these points in the soil-fungus-plant pathway of water movement, fungal
aquaporins could contribute to efficient water uptake of the mycorrhizal plant and
ultimately, to the success of the mycorrhizal association. Significant advances have
been made in understanding MIP structure, function and regulation in a number of
plant and animal species. However, the knowledge of MIP structure, function and
regulation in fungi is still fairly limited (Pettersson et al. 2005; Soveral et al. 2010;
Dietz et al. 2011; Navarro-Rdodenas et al. 2012; Li et al. 2013). Much of this
knowledge is based on studies of the yeast Saccharomyces cerevisiae, a member of the
Ascomycota. By contrast, most fungi capable of forming mycorrhizal associations with
plants are filamentous species in the Basidiomycota, Ascomycota and Glomeromycota,
and have very different lifestyles than those of the budding yeasts. The rapidly-
expanding catalogue of sequenced fungal genomes across the five phyla of Kingdom
Mycota (Martin ef al. 2011), including a growing list of mycorrhizal fungal species,
provides an unprecedented opportunity to test the hypothesis that fungal aquaporins

mediate water movement from soil to the plant partner.

This chapter reviews the current knowledge of water transport processes in

mycorrhizal fungal hyphae, water transfer via mycorrhizal fungal hyphae to plant roots,
as well as the overall impact of mycorrhizal symbiosis to plant water relations. The
current state of knowledge of the classification, structure and transport capacities of
fungal MIPs is also summarized based largely on in silico structural characterization of
mycorrhizal fungal MIPs and phylogenetic analysis of 229 presumed and functionally
confirmed fungal MIPs across four major phyla of Mycota. This comparative genomics
approach, together with results of recently published studies, is used to infer the fungal
MIPs that potentially play roles in water transport and osmotic adjustment of

mycorrhizal associations.
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2.1.2 Water transport in mycorrhizal associations

It has been well established that mycorrhizal formation improves mineral nutrition and
water relations in colonized plants via the uptake and transfer of nutrients and water
through the fungal hyphae (Egerton-Warburton et al. 2003, Egerton-Warburton ef al.
2007). Abundant fungal hyphae dramatically increase the surface and capacity of water
and nutrient uptake from the soil, which usually occur simultaneously (Lehto &
Zwiazek 2011, Turgeman et al. 2011). Additionally, the small diameter of fungal
mycelia allows them to penetrate narrower soil pores where water and nutrients are
present but inaccessible for plant roots with wider diameter (Augé 2004). Theoretically,
water can move in the extracellular space of hyphal cells in a manner equivalent to the
apoplastic pathway in plant roots. In the cell-to-cell pathway, water and nutrients enter
hyphal cells via an array of membrane channels. Once in the hyphal protoplasts, these
molecules can be transported between adjacent cells either via individual hyphae or via
rope-like strands called rhizomorphs, which comprise multiple interconnected hyphae
(Agerer 2001; Peterson et al. 2004). Rhizomorphs show substantial hyphal
differentiation that may facilitate water transport. For example, vessel hyphae have
enlarged central hyphae with highly modified or absent septae for efficient water
movement, while some peripheral hyphae display thickened and pigmented cell walls

that may act to reduce water loss (Agerer 2001; Peterson ef al. 2004).

In ectomycorrhizal (ECM) associations, extensive interfaces exist between plant root
cortex cells and the Hartig net of the ECM fungus. The ECM mantle is also likely an
important component of the plant-fungal interface. In arbuscular mycorrhizal (AM)
associations, the interfaces exist between root cortical cell membranes and the
specialized fungal structures known as arbuscules (Smith & Read 2008).
Ectendomycorrhizas exhibit both the Hartig net and intracellular hyphae that form soon
after the development of the Hartig net (Yu et al. 2001; Peterson et al. 2004); this
combination presumably further enhances the interfaces for substance exchange
between the symbionts and complicates the dynamics of their interaction. Other classes
of mycorrhizal associations, such as the ericoid, arbutoid, monotropoid, and orchid
mycorrhizas display further specialized interfaces, often involving branched or coiled
hyphal complexes within colonized plant cells (Peterson et al. 2004). Plant-fungal

interfaces can also be enhanced by modifications of root cells, for example by
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differentiation of transfer cells (Peterson et al. 2004).

Evidence exists for considerable molecular exchange occurring at these interfaces of
mycorrhizal symbionts with their plant hosts. For example, mycorrhizal fungi obtain
sugars from plant roots while providing mineral nutrients and water to plants
(Govindarajulu et al. 2005; Allen 2007; Parniske 2008; Martin & Nehls 2009;). While
transfer of mineral nutrients from mycorrhizal fungi to plants has received considerable
attention, comparatively little is known about water exchange from mycorrhizal fungi
to their plant host. Studies have demonstrated water uptake by mycorrhizal hyphae,
and quantified this contribution to plant-water relations using split-root hyphae
compartment system and stable isotopes (Khalvati et al. 2005, Plamboeck et al. 2007).
It has been shown that association with the AM fungal species Glomus intraradices
increases relative apoplastic water flow in roots (Barzana et al. 2012). However, there
is still some debate concerning a possible reduction of water movement by the
mycorrhizal structure due to increased cell wall hydrophobicity and additional
hydraulic resistance when water is transported across the fungal membranes (Lehto &
Zwiazek 2011). The contribution of aquaporins is likely to be significant to this
process (Maurel & Plassard 2011). Extensive studies have been carried out to
investigate the effect of mycorrhizal fungi on plant aquaporins (Marjanovic et al. 2005;
Uehlein ef al. 2007). However, so far, the question of the contribution of fungal
aquaporins to water transport of the mycorrhizal fungi themselves as well as to that of
the host plant-water relations has not been adequately addressed. Recently, it has been
shown that expression of specific mycorrhizal fungal aquaporins is enhanced upon
mycorrhizal association and under conditions of water limitation (Dietz ef al. 2011;
Navarro-Rodenas et al. 2012; Li et al. 2013), providing further evidence to support the
model that fungal aquaporins are important to water movement in mycorrhizal plants.
The results arising from the few studies conducted to date suggest that aquaporin-
mediated water movement in fungal hyphae could improve efficiency of water
transport to meet the plant’s hydraulic demand, especially when abiotic factors such as
water stress, low temperature, high salinity and hostile pH inhibit root water flow
(Muhsin & Zwiazek 2002; Calvo-Polanco et al. 2008, Calvo-Polanco et al. 2009, Lee
et al. 2010; Siemens & Zwiazek 2011; Barzana et al. 2012; Navarro-Rodenas et al.
2012; Liet al. 2013). However, at this point there is no clear understanding of how

root hydraulic properties and water transport are modulated by altering the abundance
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of mycorrhizal fungal aquaporins.
2.1.3 Agquaporins and water transport

Members of the MIP family, including aquaporins, have been well characterized in
many taxa, particularly plants and mammals (Zardoya 2005). In addition to their major
function in facilitating transmembrane water transport, MIPs are involved in the
transport of other small neutral solutes and gases (Gomes et al. 2009). MIPS classified
as orthodox aquaporins are generally considered to be water transporters, while other
MIPs may be channels that facilitate movement of urea, glycerol, or boric acid across

membranes (Maurel et al. 2008).

In plant and mammalian cells, MIPs are abundant. In keeping with their role as
channels that facilitate diffusion of small molecules, MIPs are membrane-spanning
proteins that are localized in plasma and intracellular membranes (Maurel et al. 2008).
X-ray crystallography shows highly conserved structural features of MIP homologues
across plants, animals and microbes. Typically, these 23-35 kDa proteins consist of six
hydrophobic transmembrane helical domains connected by five hydrophilic loops.
Three loops (A, C, E) are located on the extracytoplasmic side of the membrane, while
two loops (B, D) and both the N- and C- termini localize to the intracytoplasmic side.
The six transmembrane helices and loop B and E, which extend from either side of the
membrane into the core of the molecule, form a central aqueous pore through which a
single file of water molecules may pass. Loops B and E each possess a highly
conserved NPA (Asn-Pro-Ala) motif that function in pore constriction and water
molecule dipole orientation. In addition, an array of aromatic residues on the
extracytoplasmic Loop E and in the second and fifth transmembrane domains face an
arginine residue to form the aromatic/Arg site. This aromatic/Arg site is usually the
narrowest site in the pore, and is considered important for proton repulsion and
selective filtering of molecules (Mitani-Ueno et al. 2011). Gating of water flux can be
achieved via protonation of a His residue in loop D, which results in a closed
conformation (Hedfalk ef al. 2006). Conversely, phosphorylation of loop B renders an
open conformation (Hedfalk ef al. 2006). Given the degree of sequence similarity and
conservation of functional motifs shared between plant, animal and fungal MIPs

(described in the following sections), similar secondary structure and regulatory
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mechanisms may also be found for fungal MIPs, although this remains to be tested

experimentally.
2.1.4 Classification of fungal MIPs using comparative genomics

Although MIPs are well conserved throughout the tree of life, their nomenclature
differs considerably between major groups. Plant MIPs are classified into subfamilies
PIP (plasma membrane intrinsic proteins), TIP (tonoplast intrinsic proteins), NIP
(nodulin26-like intrinsic proteins), SIP (small basic intrinsic proteins) and XIP (X
intrinsic proteins) based on phylogenetic analyses of amino acid sequence similarities
and classical subcellular localization (Gupta & Sankararamakrishnan 2009; Maurel et
al. 2008). Water channel activity for MIPs belonging to each of these subclasses has
been demonstrated (Maurel et al. 2009; Lopez et al. 2012), and transport of small
neutral solutes has been shown for several MIPs (Maurel ef al. 2009). As such,
orthodox aquaporins, i.e., water channel MIPs, cannot be inferred by their phylogenetic
relationships. By comparison, mammalian MIPs are classified into two groups based
on sequence comparison and permeability studies: the orthodox aquaporins that
transport water, and the aquaglyceroporins that are permeable to water as well as
glycerol, urea and other small neutral solutes (Hara-Chikuma & Verkman 2006; Krane

& Goldstein 2007; Gena et al. 2011).

In fungi, MIP classification is based mainly on that of yeast species, and resembles the
mammalian MIP nomenclature (Pettersson et al. 2005; Soveral ef al. 2010). In the first
comprehensive phylogenetic analysis of 19 yeasts and three filamentous fungi (two
Ascomycota and one Basidiomycota), Pettersson et al. (2005) classified 55 fungal
MIPs into four groups: orthodox aquaporins, Fps-like aquaglyceroporins, Y{l054c-like
aquaglyceroporins, and other aquaglyceroporins. At the time of this analysis,
functional characterization of fungal MIP transport capacity for water and small neutral
molecules was mainly limited to six yeast species, i.e., S. cerevisiae,
Schizosaccharomyces pombe, Zygosaccharomyces rouxii, Candida albicans,
Kluyveromyces lactis and K. marxianus. Subsequently, Gupta and
Sankararamakrishnan identified nine fungal XIP-like genes from the genomic
sequences of eight fungal species, based on sequence similarity with plant XIPs (Gupta

& Sankararamakrishnan 2009).
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More recently, Dietz et al. (2011) took advantage of the rapidly expanding catalogue of
fungal genome sequences to conduct a phylogenetic analysis of 100 fungal MIPs
sequences from 29 species representing two phyla. Dietz ef al. (2011) identified four
groups, which they termed classical aquaporins, Fps-like aquaglyceroporins, other
aquaglyceroporins and fungal XIPs. Dietz et al. (2011) additionally conducted
functional analysis for six MIPs of the basidiomycete ECM fungus Laccaria bicolor
strain S238N. These authors demonstrated water transport capacity for five aquaporins,
with three of these exhibiting sufficient water transport capacity to be of physiological

relevance.

With sequencing of fungal genomes continuing at an ever-increasing rate and recent
publication of functionally characterized MIPs from additional mycorrhizal species
(Aroca et al. 2009; Dietz et al. 2011; Grigoriev et al. 2011; Navarro-Rodenas et al.
2012), it was timely to conduct an updated phylogenetic analysis of the suite of

functionally characterized and putative fungal MIPs available at the time of writing.

2.2  Materials and Methods

A total of 229 MIPs from 88 fungal species were included in this analysis, along with
eight well-characterized MIPs from other kingdoms (Appendix 1 provides details on
protein IDs, species names, and sequences used in this analysis). The fungal MIPs
included the most recently available gene models and annotations for sequences used
in previously published phylogenetic analyses (Pettersson ef al. 2005; Dietz et al.
2011), four functionally assayed MIPs from mycorrhizal fungi (Aroca et al. 2009;
Navarro-Rodenas et al. 2012; Li et al. 2013), six MIPs cloned from L. bicolor strain
UAMHS232 (Xu et al. unpublished), and 119 additional sequences from fungal species
obtained in early 2012 from databases at the Department of Energy’s Joint Genome
Institute and the National Center for Biotechnology Information (Matheny et al. 2006,
Martin et al. 2008, Martin et al. 2010, Grigoriev et al. 2012). Fungi from the
Basidiomycota, Ascomycota, Glomeromycota, and Zygomycota are represented in this
analysis, which includes the following mycorrhizal species: L. bicolor (Basidiomycota,
ECM), Terfezia claveryi (Ascomycota, ECM), G. intraradices (i.e., Rhizophagus

intraradices, Glomeromycota, AM) and Tuber melanosporum (Ascomycota, ECM).
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Deduced amino acid sequences of 229 fungal MIPs from 88 fungal species
representing four phyla (Appendix 1) were aligned using Clustal W, and phylogenetic
tree was constructed using neighborjoining (Felsenstein 1985; Saitou & Nei 1987) in
MEGA 5.2.1 (Tamura et al. 2011). A bootstrap consensus tree consisting of 1000
iterations was obtained. Evolutionary distances were computed using the JTT matrix-
based method (Jones et al. 1992). Secondary structure for these sequences was
determined using SOSUI, a programme for in silico analysis of predicted membrane

proteins (Hirokawa et al. 1998).
2.3  Results

Similar to the analysis of Dietz et al. (2011), the dendrogram resulting from this
analysis exhibits four distinct clusters (Fig. 2.1). Based on the identity of member
sequences, Clusters I to IV correspond to the orthodox fungal water channels, fungal

aquaglyceroporins, facultative fungal aquaporins, and fungal XIPs, respectively.
2.3.1 Cluster I: orthodox fungal water channels

This cluster includes aquaporins of species belonging to yeast Ascomycota,
filamentous Ascomycota, and Basidiomycota, but interestingly, does not contain
aquaporins from species of the Glomeromycota or Zygomycota. Among the 102
fungal aquaporins comprising Cluster I (Fig. 2.2), most deduced amino acid sequences
have six predicted transmembrane domains (TMDs) and five loops, although some
members of this cluster exhibit five or seven TMDs in in silico prediction. NPA
signature motifs are well conserved in Loop B and Loop E (or Loop D, depending on
the number of transmembrane domains), although occasional variants are observed
(Fig. 2.3 a). Asparagine (N) and proline (P) are strictly conserved in the Loop B motif,
and alanine (A) may be substituted for threonine (T), valine (V), serine (S), cysteine (C)
or N. In the last loop, N and A are strictly conserved with few exceptions such as NPV,
while P may alter into phenylalanine (F), V, T, S or tryptophan (W). A few highly
conserved domains can be observed; within these, glycine (G) in TMD2, glutamic acid
(E) in TMD4, and G and arginine (R, crucial for the aromatic/R selectivity site
formation) are conserved across all 101 sequences in Cluster I (Fig. 2.3 a) (Appendix 2
Note A2.1). A residue proximal to the NPA motif of Loop B is conserved as T or S,

with infrequent substitution of N or C. This is the presumed phosphorylation site.
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2.3.2 Cluster II: fungal aquaglyceroporins

Twenty-three sequences are found in Cluster II (Fig. 2.4). This cluster contains
CAA38096 (S. cerevisiae), AAS47031 (K. marxianus) and AAQO1788 (K. lactis).
Along with three other yeast MIPs, they form a subgroup of Ascomycota yeast

aquaglyceroporins within Cluster II.

The other subgroup of Cluster II contains genes from species belonging to the
Basidiomycota and filamentous Ascomycota. This subgroup-clustering pattern hints at
an interesting evolutionary relationship between Ascomycota yeasts, Ascomycota
filamentous fungi and Basidiomycota. No Glomeromycota or Zygomycota MIPs
belong to Cluster II. All the sequences in Cluster II are predicted to have five to seven
TMDs, relatively long termini and a total of 11 consensus residues among 53 well-
conserved positions (Appendix 2 Note A2.2). The NPA motif in Loop B is sometimes
replaced by SPA or NPC; within the last loop, the P in NPA is sometimes substituted
by N, L, S, M, T or A, while N and A are well conserved. Some MIPs in this subgroup
were characteristic of two fairly long termini. For example, Lacbi2:671860 from L.
bicolor strain S238N was predicted to have relatively long N-terminus of 39 amino

acids and C-terminus of 46 amino acids (Fig. 2.3 b).
2.3.3 Cluster III: facultative fungal aquaporins

There are 82 fungal MIPs that group into Cluster III (Fig. 2.5). The Cluster III form a
more disparate group that is clearly not monophyletic; within Cluster 111, three
subgroups were identified, designated a, B, and y. Escherichia coli GIpF is included in
Cluster III but does not fall within the a, B or y subgroups. In silico analysis by SOSUI
indicates that most MIPs in Cluster III have six TMDs (Fig. 2.3 ¢), although some
yeast MIPs may have as few as five or as many as seven. NPA motifs may vary as
NPA, NPS, NPV or NPT in Loop B, and NLA, NPA, NGA, NFA, NMA or NAA in
the last loop. Residues G in TMD1, W in TMD2, R in Loop B, G in TMD3, F in Loop
C,aswell as T, R, D, and R in Loop E are conversed across all sequences (Appendix 2

Note A2.3).

There are 65 sequences within the o subgroup of Cluster II1. Cluster III  consists of 11
Ascomycota MIPs of the species of Aspergillus or closely related species. Functional

analysis has not been conducted on any of the putative MIPs in subgroup . Cluster I1I
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vy includes six MIPs: five sequences from the Zygomycota (four in Phycomyces
blakesleeanus and one in Mucor circinelloides), and JQ412060 from G. intraradices of

the Glomeromycota.

Within Cluster III a, 30 Basidiomycota MIPs, 31 filamentous Ascomycota MIPs and
four ascomycete yeast MIPs tend to fall into distinct branches, reflecting the
evolutionary divergence of these phyla. The four yeast MIPs include GAA23030 in S.
cerevisiae and NP592788 in S. pombe, which were formerly classifed as Y1054-like
aquaglyceroporins, although their transport capacity had not been experimentally
determined. It is worth noting that the four yeast MIPs are predicted to have a
relatively long N-terminus containing the conserved sequence PVWSLNQPLPHVLD,
while the C-terminus contains the conserved sequence ESPVNYPDNGYIE is

conserved. Both motifs are pvostulated to play a role in regulation of protein function.
2.3.4 Cluster IV: fungal XIPs

Cluster IV comprises 22 putative fungal XIPs (Fig. 2.6). Most of these sequences,
which have not been functionally characterized, exhibit six TMDs and share eight
consensus residues at 37 relatively well-conserved positions (Appendix 2 Note A2.4).
Several variants of the NPA motif of Loop B are observed, e.g. NPA/T/L/M, NSM or
SPT, whereas the one in Loop D is more conserved, with occasional substitution of S

or T for A.

Phylogenetic distances indicate that Cluster IV of fungal MIPs is relatively close to
plant M1IPs, although the functions of this cluster remain mostly unclear. The main
branch of Cluster IV includes the representative plant XIP, TIP and SIP sequences
from Arabidopsis thaliana included in this analysis (Fig. 2.6). Nineteen XIPs of
filamentous Ascomycota localize to this branch. The branch is proximal to the branch
that includes the A. thaliana PIP and Mus musculus water transport channel AQP1,
suggesting a more recent evolutionary divergence of fungal XIPs from MIPs of species
from other kingdoms than for the other fungal MIPs, particularly the plant XIPs, TIPs
and SIPs. Interestingly, Zardoya et al. (2002) suggested that plant glycerol transporters
might originate from horizontal gene transfer and functional recruitment from other

kingdoms.
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Previous functional assays of G. intraradices MIP ACV52007 did not demonstrate a
transport capacity for water, urea or glycerol (Aroca et al. 2009). Recently, however,
Li et al. demonstrated that G. intraradices MIP JQ412059 increased water transport
across the plasma membrane of transformed yeast cells (Li et al. 2013). Given the
phylogenetic placement of these G. intraradices sequences relative to the fungal XIPs
of Cluster IV and the apparent differences in transport capacities between these closely
related genes, little can be inferred from this phylogenetic analysis regarding the
function of sequences in Cluster IV. As one of the three putative MIPs identified from
the ECM fungus 7. melanosporum, TmeAQP2 (GSTUMT00004612001) (Fig. 2.3 d) is
a putative mycorrhizal fungal XIP in Cluster IV, showing five secondary helices and a
long N-terminus. The transport capacity of TmeAQP2 has not been determined.
However, this gene was significantly regulated in Hartig net in ECM between T.
melanosporum and C. avellana, indicating that it might be required for ammonia
translocation into the apoplastic space as a predominant nitrogen form present at the
fungal/plant interface. Functional analyses of G. intraradices JQ412059 and T.
melanosporum TmeAQP2 may provide greater insight on the role of Cluster IV MIPs,
as well as reveal important understanding of the role for MIPs in transport processes

that occur in AM associations.

Sequences in the branches of filamentous Ascomycota, Glomeromycota and
Zygomycota might originate from different ancestors; however, due to approximity of
their locations on the main phylogenetic tree, they were included into the same cluster.
No MIP sequence from yeast in Ascomycota or Basidiomycota available at the time of
this analysis was grouped in Cluster IV. In this neighbor-joining analysis, ACV52007
(GintAQP1) and JQ412059 from G. intraradices (Glomeromycota), and
Mucci2|114802 from M. circinelloides (Zygomycota), form a related but distinct

branch that was not apparent in previous phylogenetic analyses.

2.4 Discussion

The currently available sequences of both well-characterized and putative fungal MIPs
can be classified into four clusters. Although the current understanding of fungal MIP

functions is still limited to several closely related model yeasts and a small number of

mycorrhizal species, this latest phylogenetic analysis suggests a rich and valuable

resource for the study of MIP structure, functions and phylogenetic evolution within
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this kingdom and across kingdoms. Understanding genetic, structural and functional
diversity of mycorrhizal MIPs will help to resolve the classification of fungal MIPs.
Similarly, a more mechanistic model of how mycorrhizal MIPs are regulated at the
transcriptional and post-translational level in response to complex environmental cues
will enable a better understanding of the fungal contribution to mycorrhizal
associations and the many underground ecological processes to which these

associations contribute.

To date, 16 MIPs from the mycorrhizal fungi G. intraradices, L. bicolor and T.
claveryi have been functionally characterized (Aroca ef al. 2009, Dietz et al. 2011,
Navarro-Rodenas et al. 2012, Li et al. 2013, Xu et al. unpublished). These data,
together with the phylogenetic and in silico structural analyses described above allow
us to make inferences about functional roles, regulatory mechanisms and ecological
significance of mycorrhizal fungal MIPs that translate into testable hypotheses for
experimentation. The release of more fungal genomes and the discovery of new fungal
MIPs will enable the refinement of the classification presented here, and shed new
light on the evolutionary relationship between fungal phyla as well as between
kingdoms. The features of fungal MIPs in Clusters I to IV are discussed, with

particular focus on the mycorrhizal aquaporins.
2.4.1 Water transporters in Cluster I, IIl and IV

Orthodox aquaporins mediate rapid cross-membrane water transport, playing
considerable roles in osmoregulation of hyphal cells as well as water uptake of

mycorrhizal association at a larger scale.

In Cluster I, functionally tested water-transporting aquaporins include yeast orthodox
aquaporins such as ADC55259, and mycorrhizal aquaporins JF491353 in T. claveryi,
and Lacbi2:456764 in L. bicolor (Table 2.1). Given the high degree of sequence
similarity and conservation of important motifs, putative fungal aquaporins within
Cluster I that have not been functionally characterized may be hypothesized to
preferentially transport water as these known aquaporins do. The proven or potential
water transport capacity of these Cluster I fungal aquaporins make them attractive
candidates for functional analysis of the role that they may play in water uptake by the

mycorrhizal plant system. This includes the putative aquaporin TmeAQP1
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(GSTUMTO00003976001) of 322 amino acids in the ECM truffle 7. melanosporum
(Appendix 1). In ECM between T. melanosporum and Corylus avellana, this gene was
significantly upregulated in the fungal mantle compared with in Hartig net, suggesting
its differential involvement in transporting substrates in mantle and Hartig net
(Hacquard et al. 2013). It should also be noted that water transport capacity of gene
products in this cluster might not be as exclusive as it had been thought to be, since
JF491353 has been proven to transport CO> (Navarro-Rodenas et al. 2012), an
molecule potentially important for mycorrhizal communication, symbiosis

establishment and sexual reproduction (Bahn & Miihlschlegel 2006).

Six aquaporins isolated from L. bicolor strain S238N show water transport capacity;
among these, Lacbi2:456764 (previously annotated as Lacbi1:392091) exclusively
transports water with a considerable water permeability coefficient of 62 um s™! (Dietz
et al. 2011). This L. bicolor aquaporin clusters with other obligate fungal aquaporins in
Cluster I, and possesses the typical secondary structure of the classic major intrinsic
protein, as predicted by SOSUI (Fig. 2.3 a). Both this aquaporin and the allele for this
locus (JQ585592) in L. bicolor strain UAMHS8232 are predicted to localize to secretary
pathways, based on analysis in TargetP1.1 (Emanuelsson et al. 2007). JQ585592 also

exhibits moderate water transport capacity (Xu et al. unpublished).

Another Cluster I mycorrhizal fungal aquaporin, 7. claveryi JF491353, facilitates water
and CO; conductivity (Navarro-Rodenas et al. 2012). Navarro-Rodenas et al. (2012)
suggested that 7. claveryi JF491353 might contribute to the adaptation of the
mycorrhizal association to water deficit, and might also function as a signal
transduction channel during presymbiotic phase of the fungal growth and in carbon
metabolism. Interestingly, a Cluster I MIP from the ascomycete ECM T.
melanosporum, TmeAQP1, is closely related to 7. claveryi JF491353. Considering the
predicted subcellular localization of the gene product to the plasma membrane
(TargetP1.1) and its hydrophobicity of 0.5 (SOSUI), attention should be given to its
potential role in water relation and symbiosis establishment with mycorrhizal tree

species in temperate forest ecosystems.

G. intraradices MIP JQ412060 from Cluster IV has demonstrated water transport
capacity; transcript abundance corresponding to this gene increased when the

mycorrhizal association between G. intraradices and maize roots was exposed to
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drought stress (Li ef al. 2013). In addition, JQ412060 is predicted to be located in both
the plasma and intracellular membranes (Li et al. 2013), supporting possible roles in
regulating water flux across plasma membrane and osmotic adjustment among cellular
compartments. L. bicolor strain S238N Lacbi2:317173 (Fig. 2.3 c¢) and Lacbi2:443240
from Cluster III of facultative aquaporins (Fig. 2.5) show high water transport
efficiency as well as permeability for glycerol or methylamine, suggestive of dual roles
in transporting both water and small neutral molecules (Dietz et al. 2011). The cDNAs
JQ585596 and JQ585597 isolated from L. bicolor strain UAMHS8232 are closely
related to Lacbi2:317173, but exhibit distinct expression patterns and water
permeability coefficients. It remains to be determined whether these sequences
represent distinct loci. The allelic variation exhibited by L. bicolor UAMH&8232
compared to the reference sequence of L. bicolor S238N is not unexpected given their
distinct geographic origins: UAMHS8232 was isolated in Ontario (Calvo-Polanco ef al.
2008), while S238N originated in Oregon (Di Battista et al. 1996). Observed
differences in transcript abundance for sequences from each strain putatively
corresponding to the same loci (Xu et al. unpublished) suggest some degree of
adaptive variation, possibly reflecting local adaptation to distinct environmental
pressures such as drought and cold, or interaction with different host plants. Ecological
implications of potential adaptive variation associated with fungal aquaporins may be
revealed by further functional and population genetics analyses of aquaporins and their

functions of different L. bicolor strains.

Although the transport capacity of most of the XIPs in Cluster IV is currently unknown,
their roles in mycorrhizal association should not be discounted. For instance,
JO412059, thus far the only gene in the fungal XIP group gene with demonstrated
water channel activity of its gene product, was up-regulated in arbuscule-enriched
maize (Zea mays) root cortical cells and extraradical mycelia under drought stress.
These findings suggest a role for this MIP in transporting water to mycorrhizal plants,
thereby increasing their drought tolerance (Li ef al. 2013). The putative XIP TmeAQP2
of T. melanosporum may play important roles in ECM association with trees, and its

characterization may provide insight into the novel functions of fungal XIPs in general.
2.4.2 Osmoregulators in Cluster Il and I11

Cluster II fungal aquaglyceroporins contains CAA38096 (S. cerevisiae), AAS47031 (K.

85



marxianus) and AAQO01788 (K. lactis), the first fungal MIPs to be functionally
characterized as glycerol efflux channels (Bill ez al. 2001) and methylamine (CH3NH>)
transport facilitators important for yeast osmoprotection (Hohmann 2002). Historically,
these yeast MIPs have been designated Fps1-like aquaglyceroporins, although their
function had nothing in common with farnesyl diphosphate synthase (Bill ez al. 2001).
Close phylogenetic distance between this cluster and E. coli AqpZ indicates the
possibility of horizontal gene transfer and functional recruitment across kingdoms (Fig.
2.4). It also contains Lacbi2:671860 and Lacbil:387054, two functionally analyzed
aquaglyceroporins from L. bicolor strain S238N (Dietz et al. 2011). Lacbi2:671860
showed no water permeability but rather a weak capacity for NH4"/NH3z and CH3NH,
transport (Dietz ef al. 2011). Subcellular location prediction suggests that the protein is
located on the plasma membrane. The other Cluster II L. bicolor gene, Lacbil:387054
(updated to Lacbi2:482072), exhibited weak water permeability but transported
NH4"/NH3, CH3NHa, glycerol and urea efficiently (Dietz ef al. 2011). These
substitutions may be related to the limited water permeability predicted for this group,
and enhanced capacity for glycerol or CH3NH> transport. Mycorrhizal genes falling
into this cluster are less interesting candidates to investigate for their role in water
movement within the mycorrhizal-plant symbiosis, but may play crucial roles in

osmotic adjustment.

Fps1 was the first reported osmogated glycerol export channel in S. cerevisiae,
facilitating transmembrane transport of other small neutral molecules such as urea and
some charged molecules arsenite (Wysocki ef al. 2001). These channels function in
osmoregulation of intracellular glycerol levels in response to changes in extracellular
osmolarity. This osmoregulation mechanism may also apply to filamentous fungi. In
the context of mycorrhizal associations, efficient osmoregulation via fungal MIPs may
enable plant roots to more effectively cope with soil-associated stresses such as water

deficit, high salinity or extreme pH.

In addition, fungal MIPs may be involved in nutrient uptake due to their transport
capacity for small neutral molecules (Borgnia ef al. 1999; Hohmann et al. 2000). In the
study of Dietz et al. (2011), two L. bicolor Cluster 11l MIPs showed differential
permeabilities to urea, glycerol, ammonium/ammonia or methylamine using a yeast

assay. These data, together with a high transcript abundance corresponding to these
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genes suggested their involvement in nitrogen nutrition exchange. Although
Lacbi2:671860 from Cluster II didn’t show significant transport capacity for either
water or other small neutral molecules, transcript abundance corresponding to this gene
increased considerably upon mycorrhizal symbiosis establishment, suggesting a
possible role in the symbiotic relationship other than transport of water or previously

reported small solutes (Dietz et al. 2011).

Cluster III includes E. coli GlpF, which is a classic glycerol facilitator with limited
permeability to water and polyols (Hénin et al. 2008). Among the 30 Basidiomycota
MIPs, Lacbi2:443240 (previously annotated as Lacbil:391485), Lacbi2:317173
(Lacbil:317173) and Lacbi2:568479 (Lacbil:247946) from L. bicolor strain S238N
showed varying degrees of water and methylamine transport capacity (Dietz ef al.
2011). The term “facultative fungal aquaporins” was proposed in place of the former
term “Yf1054-like” for this group to more accurately reflect their transport function.
Recently, the G. intraradices subgroup y MIP was demonstrated to exhibit water
transport capacity using a yeast osmotic shock assay, and translational fusions with
GFP showed that this G. intraradices MIP localizes to both plasma membrane and
intracellular membranes (Li ef al. 2013). This indicates that at least some Cluster I1I
fungal MIPs have water transport capacity. Taken together, these recent findings
suggest that further functional characterization of other fungal MIPs within this
subgroup will yield important insight for the role of these genes in plant-fungal

relationships.

In Cluster III a, Sporobolomyces roseus Sporol|13459 and Wallemia sebi
Walsel|59835, the two amino acid sequences deduced from their corresponding
putative MIP genes found in Basidiomycota genomes, share 68 residues with four
yeast MIPs. The placement of Wallemia MIP in this subcluster supports the previous
parsimony analysis by Matheny et al. (2006), who propose Wallemiomycetes to be an

early diverging lineage of Basidiomycota.
2.4.3 Transcriptional and post-translational regulation

Transcript abundance data suggests involvement of ECM and AM fungal partner MIPs
in water or nutrient transport of the symbiont association. Several recent studies have

identified ECM and AM fungal MIPs that exhibit differential transcript abundance
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upon mycorrhizal formation, as well as in response to abiotic stresses such as drought,
salt, low temperature, and pH (Aroca et al. 2009; Dietz et al. 2011; Navarro-Rodenas
et al. 2012). For instance, Lacbhi2:443240 in L. bicolor strain S238N was upregulated
at low temperature (Dietz et al. 2011), whereas JF491353 in T. claveryi was
upregulated upon mycorrhizal association (Navarro-Rodenas et al. 2012). These
studies suggest that transcriptional-level regulation of some MIPs may be important for
mycorrhizal responses to altered nitrogen abundance, water availability or temperature,
and possibly for mycorrhizal symbiosis establishment. Building upon these
phylogenetic and functional characterization investigations, in situ studies of
mycorrhizal associations exposed to diverse abiotic stresses or environmental gradients
will be important to enhance the understanding of the physiological and ecological

importance of MIPs in symbiont fungi under natural conditions.

In addition to the transcription of MIP genes, MIP activity is determined by post-
translational regulation, such as gating, heterotetramerization and membrane
trafficking (Maurel et al. 2008). However, while these mechanisms have been
relatively well investigated in plant and animal MIPs, studies of post-translational
regulation for fungal MIPs have thus far been limited to yeasts (Fischer et al. 2009). It
has been found that cytosolic pH, Ca**, high solute concentration, pressure pulses as
well as the presence of hydroxyl radicals and reactive oxygen species are all external
factors influential in MIP gating. Two gating mechanisms involving post-translational
modification have been described for the spinach aquaporin SoPIP2;1(T6rnroth-
Horsefield et al. 2006): protein crystallization and molecular dynamics simulations
revealed that channel closure is brought about by protonation of of a conserved His
residue in Loop D and dephosphorylation of two conserved Ser situated in the
consensus phosphorylation sites of Loop B and the C-terminal region (T6rnroth-
Horsefield ef al. 2006). The protonation of this conserved His residue causes
conformational change of Loop D which is relocated close to Loop B and blocks the
exit of the pore, and consequently leads to the occlusion of the pore. Upon
phosphorylation of Loop B, Loop D is unlocked, permitting the open conformation.
Most interestingly, phosphorylation of the C-terminal tail would be able to prevent
Loop D of an adjacent monomer from adopting a closed-pore conformation, which
partially explains how tetramerization would increase the water transport capacity of

each monomer in the aquaporin tetramer (Tornroth-Horsefield e al. 2006). Divalent

88



cations such as Ca*" are also proposed to function in gating of the spinach SoPIP2;1 by
facilitating ionic interactions and hydrogen bonds that enable the closed conformation
(Tornroth-Horsefield et al. 2006). Since the signature motifs for phosphorylation and
protonation can be identified in fungal aquaporin sequences, it will be of interest to
determine the extent to which these post-translational mechanisms function in fungal
aquaporin conformational change and gating, thus regulating aquaporin-mediated
water transport in fungi. Although challenging, it will be of particular interest to
determine whether post-translational modifications function to regulate mycorrhizal

water transport in response to diverse environmental cues.
2.4.4 Other ecological perspectives of fungal MIPs

In addition to relatively well-understood model fungal species and those species with
application in fermentation and other aspects of the food industry, there are a plethora
of other fungal species that play key roles in diverse ecological processes in forestry,
agriculture and extreme natural habitats. The post-genomic era heralds new
possibilities for examining how these fungi function in their environment, and
investigating the roles that they play in their diverse ecological niches. For instance,
the lichen-forming fungi Cladonia grayi and Xanthoria parietina are extremely
drought resistant, and the marine yeast Debaryomyces hansenii inhabits a highly
hypertonic environment, indicating high efficiency or unique mechanisms of MIP
regulation. Along similar lines, members of the Basidiomycota rapidly absorb water
upon fruiting body formation, whereas their spores are usually highly dehydrated. It is
tempting to speculate on roles that the MIPs may play in these fascinating biological

processes.

From a practical perspective, understanding the contribution of fungal MIPs to
mycorrhizal associations could be used in developing applications for use of
mycorrhizal symbiosis to combat various stress conditions in the scenarios of
agriculture, forestry, or land reclamation (Boyle & Hellenbrand 1991; Siemens &
Zwiazek 2011), as well as in cultivation of economically important species of the

Ascomycota and Basidiomycota.

Although the understanding of fungal MIP functions is still limited to several closely

related model yeasts and a small number of mycorrhizal species, this latest
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phylogenetic analysis suggests a rich and valuable resource for the study of MIP
structure, functions and phylogenetic evolution within this kingdom and across
kingdoms. Understanding genetic, structural and functional diversity of mycorrhizal
MIPs will help to resolve the classification of fungal MIPs. Similarly, a more
mechanistic model of how mycorrhizal MIPs are regulationed at the transcriptional and
post-translational level in response to complex environmental cues will enable a better
understanding of the fungal contribution to mycorrhizal associations and the many

underground ecological processes to which these associations contribute.
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Table 2.1 Functionally assayed fungal MIPs

Cluster Canonical MIPs
Protein ID' Fungal species # of amino NPA motifs Functions and subcellular localization
and types acids and Loop B Loop E (TargetP1.1%)
TMDs
Cluster I: orthodox aquaporins ADCS552593 S. cerevisiae, 289aa, 6 NPA NPA Water transporter; plasma membrane
budding yeast
JF491353* T. claveryi, 307aa, 6 NPA NPA Water and COz transporter; plasma membrane
ECM desert truffle
Lacbi2:456764° L. bicolor, ECM 311aa, 6 NPN NSA Water transporter; secretary pathway
Cluster II: aquaglyce-roporins CAA380963 S. cerevisiae 669aa, 6 NPS NLA Glycerol and methylamine facilitators; plasma
membrane
Lacbi2:671860° L. bicolor 330aa, 6 NPC NSA CH3NH2, NH4"/NH3; plasma membrane
Lacbi2:482072° 343aa, 6 NPC NTA Glycerol, urea, CH3NH>, NH4"/NHj3, limited
water; mitochondrion
Cluster III: facultative GAA230303 S. cerevisiae 646aa, 5 NPA NPA Unknown; plasma membrane
aquaporins Lacbi2:443240° L. bicolor 312aa, 5 NPA NPA Glycerol, water, CH3NH>2, NH4"/NH3; plasma
membrane
Lacbi2:317173° 332aa, 6 NPA NPA Water, CH3NH2, NH4"/NH3; plasma membrane
Lacbi2:568479° 263aa, 6 NPA NPA Water, CH3NH>; secretary pathway
JQ412060° G. intraradices 316aa, 6 NPA NAA Water; plasma membrane and intracellular
AM membranes (shown in GFP-fusion analysis)
Cluster IV: Fungal XIPs ACV520077 G. intraradices, 253aa, 6 NPA NPA No transport capacity detected; plasma membrane
JQ412059¢ 276aa, 6 NPK NPA Water; plasma membrane (shown in GFP-fusion

analysis)

Note: 1. Protein ID refers to the accession number for the sequence in the database from which the sequence was retrieved; 2. Subcellular localization was predicted
according to the signal peptide on N- terminus using TargetP1.1, unless noted otherwise; 3. Soveral et al. 2010; 4. Navarro-Rdodenas et al. 2012; 5. Dietz et al. 2011;

6. Lietal 2013; 7. Aroca et al. 2009.
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Figure 2.1 Phylogenetic analysis of 229 fungal MIPs from 88 fungal species representing four phyla shows clustering of these
sequences into four distinct groups
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nodes indicate bootstrap
support following 1000
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channels, Cluster II
comprises MIPs that
include putative
aquaglyceroporins
preferentially transporting
small neutral molecules,
Cluster III includes M1Ps
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both water and small
neutral molecule transport
capacities, and Cluster [V
includes fungal XIPs. PIP,
TIP, NIP and SIP in
Arabidopsis thaliana
(green open circles), XIP
in Nicotina sylvestris
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coli (red open circles) and AQP1 in Mus musculus (blue open circles) were used as reference MIPs. The branches corresponding to MIPs
which transport capacities have been functionally characterized are indicated in bold and color-coded green for filamentous Ascomycota,
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Figure 2.2 Cluster I of 102 orthodox fungal water channels
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mycorrhizal fungal MIPs
{ ?% : representative of the four
\ _fn’"% i, i st different phylogenetic

clusters show differences in
the number of
transmembrane secondary
helices, the length of
termini, and NPA signature
motifs

(a) Orthodox aquaporins
(cluster I) represented by
Laccaria bicolor
Lacbi2:456764; (b)
Aquaglyceroporins

(cluster II) represented

by L. bicolor
Lacbi2:671860; (¢)
Facultative aquaporins
(cluster IIT) represented

by L. bicolor
Lacbi2:317173; (d)

Fungal X intrinsic

protein (XIPs) (cluster

p =
£

(b} Cluster 11
Lachi2|671 860

~ —

o
%
&
:55
o’

%

|

oo
i
2
‘.
eaziﬁmi
g

SREE
ERERRR
e

PR

g

RS

SN
RN

I% -' _ﬁ ﬁ%""_ Bo B IV) represented by Tuber
fagg | j g?@ % Q% melanosporum

: ; o] &0 1 ic) Cluster 11 J i :fl ' td] Cluster IV TmeA P2

b % Luhiza;i?m % ok rm:m::z Q

101



Pospl1]|127849|Postia placenta
Wolco1|121322|Wolfiporia cocos

Trave1|113714|Trametes versicolor

Trave1|43473|Trametes versicolor

Phchr1|123853|Phanerochaete chrysosporium

023 Lacbi2|482072|Laccaria bicolor

020 100|
018 100]  Lacbi2|671860|Laccaria bicolor
JQ585593|Laccaria bicolor
053 100) 041
013 g2l Sporo1|24618|Sporobolomyces roseus

XP758316|Ustilago maydis
Mycfi2|165933|Mycosphaerella fijiensis

Mycfi1|27060|Mycosphaerella fijiensis
Xanpal|68791|Xanthoria parietina

Thite2|2114473|Thielavia terrestris
034

XP369584|Magnaporthe oryzae

Mycgr1|39363|Mycosphaerella graminicola

Trive1|66182 |Trichoderma virens
NP983336|Ashbya gossypii

CAA38096|Saccharomyces cerevisiae
64 021 99[ Kwal20572 |Kluyveromyces waltii
XP002553728|Lachancea thermotolerans
027 100 AAQ01788|Kluyveromyces lactis
015

AAS47031|Kluyveromyces marxianus

O AgpZ|Escherichia coli

Figure 2.4 Cluster II of 23 fungal aquaglyceroporins

The evolutionary distances were computed using the JTT matrix-based method in the
units of the number of amino acid substitutions per site (Jones et al. 1992). Protein ID,
species names, phyla, branch length longer than 0.1 (values above the branch) and
Bootstrap frequency (values at the node) are shown. The branches of the MIPs that
have been functionally assayed were strengthened and color-coded as orange for yeast
Ascomycota and cyan for Basidiomycota. AqpZ in Escherichia coli (red open circles)
was used as the reference outgroup MIP. Node markers were used to show which
phylum the species on the corresponding sub-trees affiliate to: green filled circle for
filamentous Ascomycota, orange filled circle for yeast Ascomycota, and cyan filled
circle for Basidiomycota.
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Figure 2.6 Cluster IV of 22 fungal XIPs

Cluster IV MIPs are closely related to plant MIPs (green open circles).
Deduced amino acid sequences were aligned with ClustalW and the bootstrap
consensus dendrogram was constructed using the neighbor-joining algorhithm
of 1000 replicates (Felsenstein 1985, Saitou & Nei 1987) in MEGAS (Tamura
et al. 2011). The evolutionary distances were computed using the JTT
matrix-based method in the units of the number of amino acid substitutions
per site (Jones et al. 1992). Protein ID, species names, phyla, branch length
longer than 0.1 (values above the branch) and Bootstrap frequency (values at
the node) are shown. The branches of the MIPs that have been functionally
assayed were strengthened and color-coded as yellow for Glomeromycota.
AqgpZ in E. coli (red open circles) was used as the reference outgroup MIP.
Node markers were used to show which phylum the species on the
corresponding sub-trees affiliate to: green filled circle for filamentous
Ascomycota, yellow filled circle for Glomeromycota, and rose pink filled
circle for Zygomycota.
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3 OVEREXPRESSION OF LACCARIA BICOLOR
AQUAPORIN JQ585595 ALTERS ROOT WATER
TRANSPORT PROPERTIES IN
ECTOMYCORRHIZAL WHITE SPRUCE (PICEA
GLAUCA) SEEDLINGS

3.1 Introduction

Ectomycorrhizal (ECM) fungi absorb water and nutrients through extensive
extraradical hyphal networks, transporting these resources to the mantle and Hartig net
where resources are exchanged with the host plant root (Agerer 2001). Processes
involved in water uptake by mycorrhizal plants have received less attention than
nutrient acquisition. Improved plant water relations have been frequently attributed to
ECM (Plamboeck et al. 2007; Lehto & Zwiazek 2011) and arbuscular mycorrhizas
(AM) (Uehlein et al. 2007; Barzana et al. 2012). The effects of mycorrhizal
associations often include increased root hydraulic conductivity (Muhsin & Zwiazek
2002a, b; Marjanovi¢ et al. 2005), which has been attributed to increased apoplastic
(Nylund 1987; Muhsin & Zwiazek 2002a; Béarzana ef al. 2012) and transmembrane
water transport (Marjanovi¢ et al. 2005; Porcel ef al. 2006; Aroca et al. 2007; Uehlein
et al. 2007; Lee et al. 2010). The contribution of extraradical fungal hyphae to root
water transport can be significant, as evidenced by decreased root hydraulic
conductance following removal of these hyphae (Muhsin & Zwiazek 2002b). Increased
relative apoplastic flow in mycorrhizal plants has also been determined by use of
apoplastic tracer dye (Barzana et al. 2012) and inhibitors of aquaporin activity (Muhsin
& Zwiazek 2002a; Barzana et al. 2012). However, use of apoplastic tracer dyes and
aquaporin inhibitors can be problematic because they also potentially affect hyphal

water transport.

Mycorrhizal associations have been reported to increase hydraulic conductivity of root
cortical cells (Lee et al. 2010) and alter the expression of root aquaporins in AM and
ECM plants (Marjanovi¢ et al. 2005; Porcel et al. 2006; Aroca et al. 2007; Uehlein et
al. 2007; Dietz et al. 2011; Giovannetti ef al. 2012; Navarro-Rodenas et al. 2013).

Plant aquaporins are categorized into PIP (plasma membrane intrinsic protein), TIP
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(tonoplast intrinsic protein), NIP (nodulin-26 like intrinsic protein), SIP (small intrinsic
proteins) and XIP (X intrinsic proteins) subfamilies, based on subcellular localization
and transport capacities (Maurel et al. 2008). PIPs play a crucial role in facilitating
water transport and regulating root (Javot & Maurel 2002; Aroca ef al. 2012; Gambetta
et al. 2013) and leaf (Maurel ef al. 2008; Prado & Maurel 2013) hydraulic conductivity.
Their expression and post-translational modifications are sensitive to various
environmental factors (Javot & Maurel 2002; Maurel ef al. 2008; Gambetta ef al. 2013).
The relative contributions of transmembrane and apoplastic water transport pathways

in mycorrhizal roots may partly explain the reported lack of effect of mycorrhization

on host plant root water flow properties (Coleman et al. 1990; Nardini et al. 2000;
Calvo-Polanco et al. 2008; Siemens & Zwiazek 2008; Yi et al. 2008).

Delineating the precise pathways for water transport from the fungal partner to the host
roots in mycorrhizal associations remains a challenge. Some studies support the view
that hydrophobic fungal cell walls in the mantle may block the apoplastic water
pathway and hinder root water uptake (Duddridge et al. 1980; Unestam & Sun 1995),
whereas others argue that fungal hyphae are more likely to form a water transport
highway for plant roots, which substantially increases water availability to the roots
(Khalvati et al. 2005; Allen 2007; Egerton-Warburton ef al. 2007; Lehto & Zwiazek
2011). Because water can be transported in the cell walls of hydrophilic fungi,
including Laccaria bicolor (Weatherley 1982; Lehto & Zwiazek 2011), it could be
argued that this route offers the least resistance and thus could be the predominant
pathway for water transport to the root cortex. However, the advantages of a
symplastic pathway for hyphal water transport include the possibility of hydraulic

regulation by fungal aquaporins as water enters and subsequently leaves the hyphae.

This study addressed the question of the contribution of aquaporin-mediated transport
in mycorrhizal fungal hyphae to water transport of the host plant. Fungal aquaporins
have been described from several fungal taxa, and can be classified into four distinct
groups: orthodox fungal water channels, fungal aquaglyceroporins, facultative fungal
aquaporins and fungal XIPs (Dietz ef al. 2011; Xu et al. 2013). Recent studies have
demonstrated the capacity for transport of water and other small molecules by several
aquaporins from ECM and AM fungi (Dietz ef al. 2011; Navarro-Rodenas et al. 2012;
Li et al. 2013), which may play multiple roles in plant—fungal interactions (Maurel &
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Plassard 2011). In L. bicolor strain S238N, five aquaporin genes heterologously
expressed in Xenopus laevis oocytes showed strong to moderate water transport
capacity; some of these were also permeable to urea, glycerol and ammonia (Dietz ef al.
2011). TcAQP1 from the hypogeous mycorrhizal desert truffle (Terfezia claveryi) also
showed water and CO» transport capacity (Navarro-Rddenas et al. 2013), whereas
GintAQPF1 and GintAQPF2 from the AM species Glomus intraradices showed
significant water permeability (Li et al. 2013). The expression of these fungal
aquaporins could be altered by mycorrhization or abiotic cues (Dietz et al. 2011; Li et
al. 2013; Navarro-Rodenas et al. 2013), suggesting their involvement in water

transport of the mycorrhizal partners.

One means to assess the relative significance of the different pathways for water
movement in mycorrhizal plants is to alter the aquaporin-mediated water transport
properties of the mycorrhizal fungus partner. Accordingly, the aquaporin- encoding
JO585595 (protein ID AFJ15558.1) was selected from L. bicolor strain UAMHS8232
for its high water transport capacity and high transcript abundance, and generated
transgenic L. bicolor overexpressing JO585595 to test the role of this fungal aquaporin
in facilitating water transport in ectomycorrhizal white spruce (Picea glauca [Moench]
Voss). P. glauca seedlings inoculated with wildtype (WT), JO585595-overexpressing
(OE) and mock-transformed strains were examined for the effect of these fungal
genotypes on water transport properties of the host plant. The study tested the
hypothesis that root hydraulic conductivity of mycorrhizal plants would be enhanced
by overexpression of the L. bicolor aquaporin, reflecting the increased contribution of
water transport through fungal hyphae to water transport of the mycorrhizal root

system.

3.2 Materials and Methods
3.2.1 Gene cloning of putative MIPs of Laccaria bicolor UAMHS8232

Laccaria bicolor (strain UAMHS8232, University of Alberta Microfungus Collection
and Herbarium) mycelia were grown on solid modified Melin-Norkans (MMN)
medium (Marx 1969; Pham et al. 2004) at 20°C with cellophane placed on the surface
for three weeks before mycelia were harvested and immediately frozen in liquid

nitrogen. Mycelia were ground in liquid nitrogen using a mortar and pestle. Total RNA
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was extracted using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA), and
used for first strand cDNA synthesis (Superscript II, Life Technologies, Carlsbad, CA,
USA). Six full-length cDNAs - designated according to their NCBI accession numbers
as JO585592, JO585593, JO585594, JO585595, JO585596, and JO585597 -
corresponding to five of the seven L. bicolor S238N MIPs reported by Dietz et al.
(2011), were amplified using gene-specific primer (Table 3.1), and ligated into pGEM-
T Easy (Promega, Madison, WI, USA). Primers for cloning were designed using
Primer 3 Plus (Untergasser et al. 2007). Sequences were confirmed by Sanger
sequencing and were deposited in GenBank (accession numbers JO585592 -

J0585597).

3.2.2 Secondary structure prediction of putative MIPs and inter-strain

deduced amino acid sequence alignment

Protein transmembrane secondary structure of the six putative MIPs was predicted
using SOSUI (Hirokawa et al. 1998) and TMHMM?2.0 (Krogh et al. 2001). Protein
subcellular localization was predicted using Target P (Emanuelsson et al. 2007).
Deduced amino acid sequences of the UAMH®8232 and S238N strains were aligned to

compare the inter-strain amino acid variations, using ClustalW2.1 (Larkin et al. 2007).
3.2.3 Oocyte assay for water transport capacity of Laccaria bicolor MIPs’

Full-length cDNAs were sub-cloned into the multiple cloning site of pXT7 containing
the 77 promoter and the 5” and 3’ UTR of Xenopus laevis B-globin gene (Dominguez
et al. 1995), between the restriction sites X#ol and Spel (Table 3.1). Correct insertion
orientation was confirmed by sequencing, then the expression vector was linearized at
the Ndel site located downstream of the Xenopus B-globin gene. The linearized vector
was used for in vitro synthesis of capped RNA (cRNA) using 77 RNA polymerase
(mMESSAGE mMACHINE 77 kit, Ambion, Austin, TX, USA).

For the X. laevis oocyte swelling assay, healthy Stage V-VI oocytes were treated with
collagenase and potassium phosphate (Cao et al. 1992). Ten ng of cRNA or nuclease-
free water (as the negative control) was microinjected into each oocyte using an

automatic nanoliter injector (Nanoject II, Drummond Scientific, Broomall, PA, USA).

"' The pXT7 vector, oocytes and the facilities for oocyte assay were provided by Dr.
Warren Gallin, Department of Biological Sciences, University of Alberta.
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After incubation in 200 mOsmol (Kg™! H,0) modified Barth’s solution (MBM) in
scintillation vials at 18°C for 48 hours, each injected oocyte was transferred into MBM
in one well of a four-well Petri dish and viewed under the 4x objective of an Olympus
compound microscope. An initial image was taken with an Olympus QCapture digital
camera; upon transfer of an oocyte into a well containing D = 0.2 hypotonic MBM (40
mOsmol Kg!' H,0), serial images were captured at 10 second intervals for three
minutes to track changes in oocyte volume due to water influx. The diameter and
surface area of oocytes were analyzed using ImageJ (V.1.440; Schneider et al. 2012).
The initial transmembrane volume flux and osmotic water permeability coefficiency
(Pr) were calculated based on Zhang and Verkman (1991) to represent the water

permeability of the oocytes injected with cRNAs of each putative aquaporin.

3.2.4 Quantitative RT-PCR for transcript abundance analysis of water-

transporting aquaporins in vegetative mycelia on pure culture

Transcript abundance of water-transporting aquaporins was quantified in L. bicolor
mycelia grown on solid MMN medium at 20°C for three weeks using the standard
curve method of absolute quantification, as described in Appendix 3 (Pfaffl 2004; El
Kayal et al. 2011). Three biological replicates representing independent mycelial
cultures were sampled. Total RNA was prepared as described in §3.2.1. First strand
cDNA was synthesized from 1 ug of total RNA using Superscript II (Life
Technologies, Carlsbad, CA, USA), and used for SYBR Green™ quantitative reverse
transcriptase polymerase chain reaction (QRT-PCR). Primers were designed using
Primer Express 3.0 (Applied Biosystems, Life Technologies) (Table 3.2). Each 10 pl of
the reaction consisted of 2.5 pl of 1.6 uM primer, 2.5 pl of 10 ng/ul cDNA and 5 pl of
gPCR Mastermix. The 2X qPCR Mastermix used in this study was a proprietary mix
developed by the Molecular Biology Service Unit in Department of Biological Science
at University of Alberta (Edmonton, Alberta, Canada), which contained Tris (pH 8.3),
KCl, MgCl,, glycerol, Tween 20, DMSO, dNTPs, ROX™ as a normalizing dye,
SYBR™ Green (Molecular Probes) as the detection dye, and an antibody inhibited Taq
polymerase. The qPCR mastermix and cDNAs were dispensed into each well of the
384-well reaction plate by an automated liquid dispenser (Biomek 3000). Thermal
cycling conditions were 95°C for 2 min followed by 40 cycles of 95°C for 15 s and
60°C for 60 s, and a dissociation step of 95°C for 15 s, 60°C for 15 s and 95°C for 15 s,
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carried out in ABI 7900HT qPCR System (Applied Biosystems). The transcript
abundance of target aquaporin genes was normalized against the transcript abundance

of reference gene translation elongation factor EF2 (XM_001887160).

3.2.5 Construction of transgenic strains using Agrobacterium-mediated

transformation to alter transcript abundance of aquaporin JQ585595

Transgenic L. bicolor strains overexpressing JO585595 were generated using the
pHg/pSILBAY- plasmid system under hygromycin B selection (Fig. 3.1) (Kemppainen
& Pardo 2010)2. The aquaporin cDNA was liberated from the pGEM-T Easy vector
with Apal/Pstl, blunt ends were generated with T4 DNA polymerase and the cDNA
fragment cloned into SnaBl/Stul-digested pSILBAY between the constitutive Agaricus
bisporus gpdIl promoter and Aspergillus nidulans trpC terminator. The correct cDNA
orientation in the expression cassette of pSILBAYy was confirmed by sequencing. The
full-length pSILBAY/JQ585595 -expression vector was cloned as a Sacl linearized
fragment into the Sacl site in the T-DNA of the pHg binary vector to generate the final
pHg/pSILBAY/J0O585595 transformation and overexpression construct. The vector was
introduced into the Agrobacterium tumefaciens strain AGL1 by electroporation. The L.
bicolor UAMH®8232 WT strain was transformed with pHg/pSILBAY/JQ585595 via
Agrobacterium according to Kemppainen ef al. (2005) with the following
modifications: the fungal colonies were pre-grown on cellophane membranes for three
days, co-cultivation with Agrobacterium lasted for three days and elimination of
Agrobacterium during transformant selection was carried out with 200 pg/mL of
ceftriaxone in the growth medium. To generate the mock transformant strains, L.
bicolor UAMH®8232 WT was Agro-transformed with pHg/pSILBAY. Thirteen and 12
independent transgenic strains were obtained for pHg/pSILBAY/JQ585595 and
pHg/pSILBAY transformation, respectively. Transformed strains that showed normal

phenotypes of the species were selected for further validation.

Transgenic L. bicolor strains aiming to downregulate JO585595 were generated by
RNA interference (RNA1) approach using the pHg/pSILBAY- plasmid system under

hygromycin B selection (Kemppainen et al. 2009). The inverted repeated sequence

2 Fungal transgenic strains were constructed through collaboration with Dr. Minna
Kemppainen and Dr. Alejandro Pardo, Laboratorio de Micologia Molecular,
Departamento de Ciencia y Tecnologia, Universidad Nacional de Quilmes, Argentina.
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arms in the tihpRNA expression cassette corresponded to 329 bp PCR amplicon
produced with JO585595 cDNA plasmid clone as template. The sequence arms were
cloned into SnaBl/Hindlll and Stul/Bgl11 sites in pSILBAYy. The RNAIi expression
cassette was further cloned as full-length Sacl linearized vector into Sacl site in pHg
vector. Transformation was conducted as described above. Twelve independent

transgenic strains were obtained for pHg/pSILBAY/JQO585595RNA..

3.2.6 Verification of transgenic Laccaria bicolor strains by Southern blot,

TAIL-PCR and qRT-PCR
3.2.6.1 Southern blot

Southern blot analysis was used to determine transgene copy number. Ten pg of
gDNA extracted using the DNeasy Plant Maxi Kit (Qiagen, Valencia, CA, USA) was
digested using Sacl or BamHI (FastDigest™, Fermentas). An 870 bp PCR product was
amplified using the 1026 bp hygromycin phosphotransferase gene (4ph) in the binary
vector as the template and gene-specific primers (Table 3.1), and used as both positive
control and probe. The digested gDNA was purified and denatured at 65°C for 3 min
before loading for electrophoresis using 0.8% agarose gel in 0.5x TBE buffer at 80V
for four hours. The gel was depurinated in 0.25M HCI for 15 min with gentle shake,
rinsed twice with deionized distilled water, and denatured in 0.5M NaOH for 30 min
with gentle shake. DNA in the gel was transferred onto H"-bond membrane (GE
Healthcare, Buckinghamshire, UK) using a vacuum blotter (Model 785, BioRad,
Richmond, CA, USA), by applying a constant 5 inch Hg vacuuming force for two
hours on the gel which was completely immersed in 1.5L of 10x SSC buffer during
transferring (Saline Sodium Citrate, pH = 7). Transferred membrane was washed in 2x
SSC buffer for 5 min, cross-linked at UV 254nm twice and baked at 80°C for 2 h.
Probe hybridization, stringent wash and detection reaction were conducted according
to the manufacturer’s protocol (Amersham AlkPhos Direct Labeling and Detection
System with CDP-Star™, GE Healthcare), as previously described (Kemppainen et al.
2008). Chemiluminescence generated via an alkaline phosphatase reaction was

detected by CCD sensor using a 30 min exposure time (BioRad ChemiDoc)’.

3 The BioRad ChemiDoc was provided by Dr. Jonathan Dennis, Department of
Biological Sciences, University of Alberta.
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3.2.6.2 TAIL-PCR

To reveal the insertion site of the transgenic cassette in the genome of L. bicolor,
TAIL-PCR (Thermal Asymmetrical Interlacing PCR) was conducted to amplify the
part of the T-DNA right border and its flanking sequence from the genome. The
gDNAs were the same as used in Southern blot analysis. The templates and primers for

each of the sequential reactions were listed in Table 3.3.

The three specific primers, RB1, RB2 and RB3, were designed to anneal to the region
close to the right border of T-DNA, allowing amplification towards the 3’ end of T-
DNA (in forward direction) in the interlacing pattern: the secondary primer (RB2) was
designed to anneal to the sequence amplified by the primary primer (RB1), and the
tertiary primer (RB3) was designed to anneal to the sequence amplified by RB2. The
arbitrary degenerate primer (AD) was used as the reverse primer in TAIL-PCR
reactions, aiming to anneal to the flanking sequence out of the T-DNA right border in
the reverse direction. The PCR conditions were programmed in the thermal
asymmetrical pattern to both ensure specific annealing of RB primers and allow
sufficient annealing of AD primer in the first three reactions (Table 3.3, modified
according to a study on Glomus intraradices [Liu 2012]). After the tertiary PCR
reaction, the quaternary PCR reaction was conducted with higher annealing
temperature for the primer RB3 and lower concentration of the AD primer to increase
amplification specificity (Table 3.3). PCR reaction was run in total volume of 50 pL,
including 0.5 pL of 5 U/uL recombinant 7ag DNA polymerase (Invitrogen), 1.5 puL of
50 mM MgCla, and 1 pL of 10 mM dNTP mix. Fifteen microliter of each PCR reaction
or 0.5ug of 1kb DNA ladder (Fermentas) was loaded in each lane of 1% agarose gel
stained by SYBR™ Safe DNA Gel Stain (Life Technologies). The electrophoresis ran
in 0.5x TBE buffer at 90 V for 45 min. After gel electrophoresis, the specific band of
quaternary PCR products were excised from 1% agarose gel, and DNA was extracted
using QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA) and sequenced by
Sanger DNA sequencing using the RB3 primer. By aligning the sequence result with
the last 100bp T-DNA at the right border, the flanking sequence was identified and
then used for BLASTn in L. bicolor S238N genome (JGI V2.0 masked assembly
database) to find the highest hit that indicated the T-DNA insertion site.
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3.2.6.3 Transcript abundance assay by qRT-PCR

Transcript abundance of JO585595 was quantified in transgenic L. bicolor mycelia
grown on solid MMN medium at 20°C for three weeks using the standard curve
method of absolute quantification, as described in §3.2.4 (Appendix 3). Three
biological replicates representing independent mycelial cultures were sampled for each
strain. The transcript abundance of JO585595 was normalized against the geometric
mean of that of reference genes EF2 and a-tubulin (XM_001876554), which did not
change significantly across all tested samples of mycelia in WT and transgenic strains

(P=0.76).
3.2.7 Growth characteristics of transgenic Laccaria bicolor strains

A thermocouple psychrometer (Decagon SC10A) with NT-3 Nanovoltmeter
thermometer (Luard & Griffin 1981) was used to measure total water potential Piotal
and osmotic potential ¥osmotic in the mycelia of selected L. bicolor strains which grew

on solid MMN medium at 5°C and 20°C for one month.

To determine Yiotal, the stripe of mycelium was taken from the surface of cellophane-
covered MMN medium and rolled along the inner wall of sample cup. The sample was
equilibrated in the sealed chamber for 30 min before collecting the microvolt reading
that corresponded to Piota. The stripe of mycelia was then taken out, wrapped in a
piece of Parafilm™, frozen in liquid N2 and quickly brought back to 20°C to break the
cell walls and plasma membranes in the freeze-thaw process. After the flash freeze-
thaw process, the sample was equilibrated in the sealed chamber for another 30 min
before collecting the microvolt reading that corresponded to Posmotic. Microvolt
readings were converted to ¥ data, according to the standard curve made from a serial
dilution of KCI solutions. The difference between Piotal and Posmotic Was calculated to
represent turgor potential Prurgor (Equation 3.1) (two mycelial stripes from each of three
plates of culture, n = 3). Six replications of individual culture were taken. Dry mass
was weighed after 48 h oven drying at 80°C (n = 6, six individual cultures). Phenotype
was photographed for each strain.

Equation 3.1 Calculation of mycelial turgor water potential
y/turgor: Priotal - Posmotic
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3.2.8 Growth and ectomycorrhiza inoculation of Picea glauca

3.2.8.1 Seedling growth and inoculation

Picea glauca seeds (National Tree Seed Centre, Canadian Forest Service, Fredericton,
NB, Canada) were surface sterilized with 1% (v/v) sodium hypochlorite and stratified
at 4°C according to Groome et al. (1991). Stratified seeds were germinated at 20°C on
sterile, moistened cellulose paper (Kimpak; Kimberly-Clark, Mississauga, ON) (Fig.
3.2 a). One week after germination, seedlings were transplanted into autoclaved peat
moss: vermiculite (2:1) in sterilized 170 mLSpencer-Lemaire root trainers (Spencer-
Lemaire Industries Ltd. Edmonton, AB, Canada) (Carlson 1983) covered with plastic
domes (Fig. 3.2 b). Seedlings were grown in a controlled environment growth room
with 16 h photoperiod, 22°C/18°C (day/night temperature), 400 pmol m™2 s°!
photosynthetic photon flux density, and 50-60% relative humidity.

Mycelia of L. bicolor strains grown on solid MMN medium (Fig. 3.2 ¢) were cut into
pieces and cultured in liquid MMN medium at 20°C with shaking at 0.8 x g for four
weeks (Fig. 3.2 d). Cultures prepared from the WT strain, one mock strain, or two
transgenic JO3585595-0E strains (designated OE1 and OE2) were homogenized in a
blender to make liquid inoculum of ODgoo= 1.5. Immediately after transplanting,
seedlings were inoculated by injecting 10 mL of homogenized liquid inoculum from
one of the four strains described above into the sterilized potting mix. Autoclaved
fungal-free liquid MMN was used to treat non-mycorrhizal control seedlings. After one
month, a second inoculation was conducted by applying 10 mL of the respective
inoculum to the potting mix (Fig. 3.2 e). Eighteen plants were maintained for each of
the five inoculation treatments for another two months before terminal buds set (Fig.
3.2 1, g). Spatial separation of plants minimized the possibility for cross-contamination.
Root trainer positions were re-randomized every three days to minimize the impact of

any growth chamber heterogeneity.

Two months after the second inoculation, seedlings were ready for mycorrhizal

examination and physiological measurements (Fig. 3.2 g, h).
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3.2.8.2 Inoculation rate and ectomycorrhizal root tip anatomy

Two months after the second inoculation, mycorrhizal colonization was examined by
directly estimating the number of mycorrhizal root tips (Brundrett et al. 1996; Peterson
et al. 2004) and observing extraradical hyphae around the root tips. This was followed
by microscopic examination of 30 root tips randomly sampled from five seedlings (six
root tips from each sampled seedling) for each type of mycorrhizal treatment (n = 5).
The root segments for microscopy were fixed in formalin-acetic acid-alcohol (FAA).
Fixed root tips were embedded in paraffin and sectioned using microtome (model
RM2125 RTS, Leica; Solms, Germany). Thin sections were stained with toluidine blue.
The sectioned samples were observed under ZEISS AXIO compound light microscope
(Carl Zeiss; Jena, Germany) with the MacroFire Digital Camera (Optronics; Goleta,
CA, USA). Inoculation rate for each examined seedling was calculated as the
percentage of the root tips with distinct ECM structure out of the total sectioned root

tips.
3.2.8.3 Gas exchange, shoot water potential and dry mass

Net photosynthetic (Pn) and transpiration (£) rates of lateral branches of three-month-
old seedlings were measured between 09:00 and 12:00 using a Li-6400 with a 2x3 cm?
red-blue light chamber (LI-COR, Lincoln, NB, USA). Subsequent to these
measurements, needles were collected, scanned and total surface area of needles
calculated using ImagelJ (V.1.440; Schneider ef al. 2012). P, and E were expressed as a
function of needle surface area. Measurements were carried out for six plants from

each inoculation treatment (n = 6).

Terminal shoots of 10-15 cm in length were excised at noon and immediately placed
into a Scholander pressure chamber (PMS instruments, Corvallis, OR, USA) for mid-
day shoot water potential (¥snoot) measurements (Scholander et al. 1965; Wan et al.
1999). The cutting section of the stem was observed under an illuminated magnifier
when pressure was increased steadily and slowly into the sample chamber. The reading
of the supplied pressure (in Bar) was recorded at the first sight of moisture emerging
from the cutting section, and converted to water potential (¥) in MPa (n = 6). Dry

mass was determined after oven drying at 80°C for 48 h (n = 6).
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3.2.9 Transcript profiling of Laccaria bicolor MIPs in mycorrhizal root tips

Three months after the first inoculation, root tip segments of about 1 cm in length were
collected, stored and ground in liquid N> with mortar and pestle, prior to total RNA
extraction using the RNeasy Plant Mini extraction method (Qiagen, Valencia, CA,
USA), with the addition of 20 mg of polyethylene glycol 8000/mL RLT buffer to
facilitate extraction of good quality RNA from the samples. First strand cDNA was
synthesized from 1 pg total RNA as described in §3.2.4, and cDNA of 10 ng/ul was
used as template for SYBR™ Green qRT-PCR as described in §3.2.4. Primers were
listed in Table 3.2. Thermal cycling conditions were 95°C for 2 min followed by 40
cycles of 95°C for 15 s and 60°C for 60 s, carried out in QuantStudio 6 Flex Real-Time
PCR System (Applied Biosystems, Life Technologies).

Transcript abundance corresponding to the six L. bicolor MIPs was quantified in roots
mycorrhizal with WT, mock and two OE strains of L. bicolor using the standard curve
method of absolute quantification (Pfaffl 2004; El Kayal et al. 2011) (Appendix 3).

EF2 was used as the reference gene, as it exhibited stable transcript abundance across

all tested samples at 20°C and 5°C (P = 0.81).
3.2.10 Root hydraulic conductivity and cortical cell hydraulic conductivity

3.2.10.1 Root hydraulic conductivity

A high pressure flow meter (HPFM; Tyree et al. 1995) was used to determine whole
root hydraulic conductivity (Lpr) of three-month-old seedlings immediately after gas
exchange measurements. The root with potting mix was removed from the root trainer
and kept in a plastic bag submerged in a circulating water bath set to 20°C (Thermo
Scientific, Hampton, NH, USA) for 30 min prior to the first measurement of root
hydraulic conductance (K;). Increasing pressure was applied to the root to obtain a
smooth linear regression between supplied pressure and flow rate. Slope was
calculated as K value. The temperature of the circulating water bath was then lowered
to 10°C for 30 min before the second measurement and to 5°C for 30 min before the
final measurement. To determine root volumes, the potting mix was gently washed off
from the roots immediately after K; measurements. Root volumes were determined
using the water displacement method. To calculate Ly, K: was divided by the root

volume (Equation 3.2) (Kamaluddin & Zwiazek 2002).
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Equation 3.2 Calculation of Lpr

Ly = K; / root volume

3.2.10.2 Root cortical cell hydraulic conductivity

A cell-pressure probe was used to determine hydraulic conductivity of individual
cortical cells (Lpc) in the roots of three-month-old mycorrhizal and non-mycorrhizal P.
glauca (Lee et al. 2010)*. Roots were collected from six plants per inoculation
treatment and kept in a circulating water bath at either 20°C or 10°C for 30 min before
measurement (n = 6). A single cortical cell was punctured at a distance of about 20
mm from the root tip with a silicon oil-filled micro-capillary (5 to 6 um tip diameter).
The position of cortical cell was estimated from the depth of the insertion of the micro-
capillary tip inside the root. The measurements of half-time of water exchange (71/2)
were carried out for up to 20 min as previously described (Lee et al. 2005). The
hydraulic conductivity of root cortical cells (Lpc) was calculated using Equation 3.3

(Steudle 1993).

Equation 3.3 Calculation of Lpc
Loc=VxIn )/ {AxTipx (e+ )}
Where ¢ is cell elastic modulus, ¥ is the cell volume, 4 is the cell surface area, and 7 is

osmotic cell pressure.

Cell dimensions for V" and 4 were examined microscopically in the root cortical cells
and 7' was estimated from the steady-state cell turgor. Cell elastic modulus (&) was
calculated from changes in cell volumes (A}) produced by the cell pressure probe and

corresponding changes in cell turgor (AP) (Equation 3.4) (Steudle 1993).
Equation 3.4 Calculation of ¢
e=VxAP/AV

3.2.11 In silico analysis and transcript assay of putative PIPs in Picea glauca

To identify putative P. glauca PIPs, phylogenetic analysis and protein secondary
structure prediction were conducted. Twenty-six full-length or near full-length P.

glauca cDNAs corresponding to putative MIP genes were identified from the large-

* Root cortical cell hydraulic conductivity data were collected by Dr. Seonghee Lee,
Department of Renewable Resources, University of Alberta.
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scale white spruce expressed gene resource (Rigault ez al. 2011) using BLASTx with
well-characterized plant MIPs in Arabidopsis thaliana (Johanson et al. 2001) and
Populus trichocarpa (Almeida-Rodriguez et al. 2010; Lopez et al. 2012) as queries
(Appendix 1). A neighbor-joining tree (Felsenstein 1985; Saitou & Nei 1987) was
generated with MEGA 5.2.1 (Tamura et al. 2011) using deduced amino acid sequences.
A bootstrap consensus tree of 1000 iterations was obtained. Protein secondary structure
of these putative MIPs was predicted on TMHMM2.0 server to confirm

transmembrane structure and aquaporin signature motifs.

Nine full-length putative PIPs, most of which were represented in sequenced cDNA
libraries of P. glauca root tissue (Rigault et al. 2011) (Appendix 5), were selected for
transcript profiling by qRT-PCR of P. glauca roots sampled at 20°C and one hour after
the treatment of placing root trainers in the circulating water bath at 5°C. RNA was
extracted as described in §3.2.1. The qRT-PCR conditions were as described in §3.2.4.
PgCDC2 (cell division cycle 2, GQ0197 L17.1, BT106071) was used as the reference
gene (Bedon et al. 2009), as its C; value did not change significantly across all tested
samples of mycorrhizal and non-mycorrhizal root tips at 20°C and 5°C (P = 0.84).
Primers for target PIP genes were designed using Primer Express 3 (Applied

Biosystems, Life Technologies) (Table 3.5).

Relative transcript abundance of these PIPs was calculated using the standard curve
method of comparative quantification (AAC; with efficiency correction, Appendix 3)
(Livak & Schmittgen 2001; Pfaffl 2004). To evaluate amplification efficiencies for
each primer pair, cDNAs of all samples were pooled to generate a 10x dilution series
used as the template for each pair of primers. The slope of standard curves for the
target and reference genes ranged between -3.01and -3.38, corresponding to the range
of the efficiencies between 114.9% and 97.8% used in the efficiency correction of
AAC; values. To assess the impact of mycorrhization on transcript abundance of these
P. glauca PIPs, the cDNA samples of non-mycorrhizal roots harvested at 20°C were
used as calibrator for ratio calculation. To assess the impact of 5°C temperature on
transcript abundance of the PIPs, the corresponding samples at 20°C was used as

calibrator.
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3.2.12 Statistical analysis

Descriptive statistics and ANOVA were conducted using Origin 8.0 (OriginLab,
Northampton, MA). Tukey test was used to compare means for statistically significant

differences (P < 0.05).

3.3 Results

3.3.1 Secondary structure prediction and clustering of six MIPs of Laccaria

bicolor UAMHS8232 in phylogenetic analysis of fungal MIPs

Taking advantage of the genome sequence of the L. bicolor model strain S238N, six
MIP genes from L. bicolor UAMH8232 were obtained. The deduced amino acid
sequences of the successfully cloned six putative MIP genes were included in
phylogenetic analysis of fungal MIPs. It demonstrated that JQ585592 grouped with
orthodox fungal water channels of Cluster I, JQ585593 grouped with fungal
aquaglyceroporins of Cluster II, and JQ585594, JQ585595, JQ585596, and JQ585597

all grouped with facultative fungal aquaporins of Cluster III.

3.3.1.1 Transmembrane domains, signature motifs and subcellular localization

The length of the six putative MIPs ranges from 254 to 332 amino acids (Table 3.4). In
silico analysis using TMHMMZ2.0 showed that these six MIPs exhibited canonical
aquaporin secondary structure: six transmembrane domains (TMD) and five loops (A-
E), with each of the two NPA signature motifs or their variations locating at Loop B
and E respectively (Fig. 3.3), possible aromatic/Arg sites at TMD2, TMDS5 and Loop E
to form the selective filter (Table 3.4), and two termini in cytosol. Loops B and E form
a seventh half-transmembrane helix and two NPA motifs form a pore for selective
transport. The signature motifs NPAs are well conserved in JQ585594-97 (Fig. 3.2 c-f),
clustering into Cluster III, while in JQ585592 (Fig. 3.3 a) and JQ585593 (Fig. 3.3 b),
NPA motif diverges into NPN or NPC in loop B and NSA in loop E (Table 3.4).

Target P predicted a plasma membrane subcellular localization for JQ585593, and 95-
97, whereas a subcellular localization in secretory pathway for JQ585592 and 94
(Table 3.4).
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3.3.1.2 Sequence variation between the strains S238N and UAMH2832

The alignment analysis reveals that although none of the MIP gene sequences in
UAMHS232 are 100% identical with their counterparts in the strain S238N (Table 3.4),
extremely high phylogenetic proximity exists (Appendix 4 Fig. A4.1). Single
nucleotide polymorphism causes seven nucleotide differences between JO585592 and
Lacbi2:456764 (Fig. A4.2), and 28 nucleotide differences between JO585593 and
Lacbhi2:671860 (Fig. A4.4). Differences between JO585594 and Lacbi2:568479 were
caused by both single nucleotide polymorphism and frame shifting due to alternative
splicing (Fig. A4.6). The deduced amino acid sequence of JO585595 was 94%
identical to that of Lacbi2:443240, exhibiting 16 amino acid substitutions over the 312
amino acids of the predicted protein (Fig. A4.7). The deduced amino acid sequences of
JO585596 and 97 were 90% and 95% identical to Lacbi2:317173, exhibiting 20 and

five amino acid substitutions over the 332 amino acids, respectively.

3.3.2 Water transport capacity of MIPs of Laccaria bicolor and transcript

abundance of water-transporting aquaporins
3.3.2.1  Water transport capacity of MIPs of Laccaria bicolor by oocyte assay

Four of the six MIPs, JQ585594-97, of L. bicolor UAMHS8232 showed significant
water transport capacity in the oocyte swelling assay (Fig. 3.4). The water permeability
coefficient (Pr) of oocytes microinjected with cRNAs corresponding to JO585595 was
significantly higher than that of oocytes injected with other L. bicolor MIPs (Fig. 3.4).

3.3.2.2 Transcript abundance of water-transporting aquaporins in vegetative

mycelia grown on pure culture and in mycorrhizal mycelia

Transcript abundance profiling by qRT-PCR was carried out for the three facultative
fungal aquaporins that showed the greatest water transport capacity (JO585595,
JO585596 and JO585597) as well as JO585592 that belonged to the cluster of
orthodox fungal water channel (Fig. 3.5). The transcript abundance of JO585595 was
significantly higher than the other three MIPs in both MMN-grown mycelium and
mycorrhizal tissue (Fig. 3.5). All the analyzed MIP genes were significantly
upregulated in mycorrhizal tissue, compared with mycelium grown on MMN medium,

with the most pronounced increase in JO585595 (Fig. 3.5). Accordingly, JO585595
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was considered to be of the highest physiological relevance and therefore selected for
generating transgenic L. bicolor, in order to investigate the role of mycorrhizal

aquaporins in ECM plant water relations.
3.3.3 Selection of transgenic strains for ectomycorrhiza-water relation study

Abnormal phenotypes may indicate the unfavorable insertion of the transgenic cassette
at crucial coding or regulating location in L. bicolor genome, therefore only
transformed strains that showed normal phenotypes of the species were selected for
further validation. The screening outcomes for JO585595 OE strains were shown in
this section. RNAI1 strains showed obvious knock-down effect on JO585595 transcript
abundance, but did not yield significant down-regulation of JO585595 expression in
mycorrhizal root tips (Appendix 6 Fig. A6.6), therefore could not be considered as a
different inoculation treatment from WT or mock strains. So instead of showing the
relevant data for RNALI strains in this chapter, they were summarized in Transcript

abundance

Seven L. bicolor strains transformed with JO585595 overexpression construct under
control of the constitutive 4. bisporus gpdIl promoter (Fig. 3.1) were tested for
transgene expression by qRT-PCR. OE1 and OE2 showed the highest levels of
JO585595 transcript abundance, with values about 1.5-fold higher compared with WT
(Fig. 3.6). Transcript abundance of JO585595 in mock strains as well as OES and OE7
strains was slightly lower than that of WT (Fig. 3.6). In the three mock strains, the
JO585595 transcript abundance of Mock 2 was closest to that of WT.

3.3.3.1 Southern blot

Southern blot analysis using a labeled probe targeting the 4ph gene confirmed that the
OE1, OE2, and Mock 2 strains each harbored a random single insertion of the

transgenic cassette, indicated by a single clear hybridization band (Fig. 3.7 a, b).

3.3.3.2 TAIL-PCR to identify T-DNA insertion site in the genome of

transgenic Laccaria bicolor

The genomic DNAs of the three transgenic strains, OE1, OE2 and Mock 2 (referred as
the mock strain below), were used as the template for the primary reaction of TAIL-

PCR. The gel electrophoresis for TAIL-PCR products showed that by using the
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corresponding tertiary PCR products as the template (Fig. 3.8 a), the quaternary PCR
reaction yielded specific amplification result for these three strains (Fig. 3.8 b). This
showed that the T-DNA was integrated into the genome as a single insertion,

consistent with the single hybridization signal in the Southern blot analysis (Fig. 3.7).

Sequencing and alignment analysis showed that the flanking sequence in the mock
strain was identical with the sequence at the loci 1775745-1776200 on Scaffold LG 9
of L. bicolor genome (E = 0.0), indicating that T-DNA was inserted between the loci
1775744 and 1775745 on Scaffold LG 9. The flanking sequence in the strain OE1 was
highly similar with the sequence at the loci 935396-935508 on Scaffold LG 1 (£ =
8.68x10%%), indicating that T-DNA was inserted between the loci 935395 and 935396
on Scaffold LG 1. The flanking sequence in the strain OE2 was highly similar with the
sequence at the loci 6869024-6869281 on Scaffold LG 3 (E = 2.86x107?), indicating
that T-DNA was inserted between the loci 6869023 and 6869024 on Scaffold LG 3.

This demonstrated that in OE1, OE2 and mock strains, the transgene cassette was
inserted into different scaffold locations of the genome. No ORF (open reading frame)
was predicted in these single insertion sites in JGI L. bicolor V2.0 database of Lacbi2
Assembly Scaffolds Repeat Masked, indicating that the insertion of T-DNA in the
genome of the mock, OE1 and OE2 strains did not disrupt any coding sequence of any
putative gene. Based on these analyses, OE1, OE2 and Mock 2 were chosen as the OE

strains and mock control, respectively.

3.3.4 The effect of low temperature on growth and mycelial water potential

of Laccaria bicolor strains grown on MMN medium

No obvious difference in phenotypes was observed between WT, mock and the two
OE strains at either 20°C or 5°C (Fig. 3.9). Hyphae expanded radically along the
surface of cellophane disc, and grew into a round mycelial mat of creamy white to light
purple color. For all the strains, mycelia radically expanded to cover the entire 9 cm
Petri dishes in four weeks at 20°C (Fig. 3.9 a), whereas the mycelia grew thicker but
stopped expanding at diameter of about 4-5 cm (Fig. 3.9 b). The dry mass of all the
strains was significantly higher at 20°C than at 5°C, but the difference between the
strains was not significant at either 20°C or 5°C (Fig. 3.10).
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WT and mock strains had similar Purgor at 20°C. The Phurgor of OE1 and OE2 was
similar and significantly higher than that of WT and mock strains (Fig. 3.11). At 5°C,
Pturgor did not change significantly in WT, but increased in mock and OE strains. The
increase in OE strains was more pronounced than in mock strain, indicating the
stronger water influx related with overexpression of JO585595. Although MMN
medium and potting mix are totally different growth environments for the hyphae,
these data may be used as an indication of turgidity of hyphal cells in ECM grown in

potting mix, which may influence the property of apoplastic pathway in the roots.

3.3.5 Mpycorrhizal structures and growth of Picea glauca inoculated with

different Laccaria bicolor strains

3.3.5.1 Inoculation rate and mycorrhizal structures

All seedlings treated with L. bicolor were successfully inoculated. Massive mycelia
grown in rhizosphere were observed two months after the second inoculation (Fig. 3.12
a). Evident and similar mantle and Hartig net structures were found in about 90% of
the 30 sampled root tips from inoculated plants (Fig. 3.12 b-e). There were no
significant differences between L. bicolor strains in terms of colonization rates: 93.3%
+4.1% (£ SE), 86.7% * 3.3%, 90% £ 4.1% and 93.3% + 4.1% for WT (Fig. 3.12 b),
mock (Fig. 3.12 ¢), OE1 (Fig. 3.12 d) and OE2 (Fig. 3.12 e), respectively. There was
neither extraradical mycelium in soil nor distinct ECM structures in thin sections of the

root tips observed in non-inoculated plants (Fig. 3.12 f).

3.3.5.2 Gas exchange, shoot water potential, dry mass

Seedlings inoculated with OE1 strain had lower dry mass compared with the non-
inoculated and mock-inoculated plants, and both OE1 and OE2 plants had also lower
dry mass compared with the mock-inoculated plants (Fig. 3.13 a). Mycorrhizal plants
had higher shoot water potential ¥midday (Fig. 3.13 b), net photosynthesis (Fig. 3.13 c)
and transpiration rates (Fig. 3.13 d) than non-inoculated plants. However, there was no
significant difference in these parameters between the different inoculation treatments

(Fig. 3.13).
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3.3.6 Transcript abundance of Laccaria bicolor MIPs in mycorrhizal root

tips of Picea glauca

Of the fungal MIPs, JO585595 exhibited the highest transcript abundance in
mycorrhizal root tips, followed by JO585593 and JO585594 (Fig. 3.14). The transcript
abundance levels of JO585592, JO585596 and JO585597 were 5- to 10-fold lower
than those of JO585595.

The transcript abundance of JO585592 in mycorrhizal root tips was low and not
significantly different between the different strains at each examined temperature, and
increased in all strains with the decrease in temperature from 20°C to 5°C (Fig. 3.14 a).
The transcript abundance of JO585593 was also low at 20°C and not significantly
different between mycorrhizal treatments; however, in all strains, it increased by more
than 10-fold with the decrease in temperature to 5°C (Fig. 3.14 b). Transcript levels of
JO585594 at 20°C were similar in all strains with the exception of a small, but
statistically significantly higher level in OE1 compared with the mock strain (Fig. 3.14
¢). In all strains, JO585594 levels were higher at 5°C compared with 20°C (Fig. 3.14 c).
Transcript levels of JO585595 were significantly higher in OE strains than in WT and
mock strains at 20°C (Fig. 3.14 d). In all strains, a decrease in temperature from 20°C
to 5°C induced a significant increase in JO585595 transcript abundance (Fig. 3.14 d).
All strains maintained low transcript abundance levels of JO595596 and JO585597 at
20°C and 5°C (Fig. 3.14 e, f). Temperature decrease from 20°C to 5°C had little effect
on transcript abundance of these MIPs with the exception of small, but statistically

significant decreases observed in OE2 (Fig. 3.14 e, f).

3.3.7 Root hydraulic properties of Picea glauca inoculated with Laccaria

bicolor strains of different JQ585595 transcript abundance

At 20°C, Ly in mycorrhizal seedlings of the WT and mock strains was about 2-fold
higher than L, in the non-inoculated control seedlings (Fig. 3.15). In the seedlings
inoculated with either of the OE strains, L, was more than 50% higher than in the
seedlings inoculated with WT or mock strains, and about 3-fold higher compared with

non-inoculated control (Fig. 3.15).
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When root temperature was decreased from 20°C first to 10°C and then 5°C, only
small decreases in L, were measured in non-inoculated plants and in the mock-
mycorrhizal plants (Fig. 3.15). There was no effect of the decreased temperatures on
Ly in WT plants (Fig. 3.15). However, in both OE lines, the decline in temperature
from 20°C to 10°C and 5°C resulted in a greater than 2-fold decrease in Ly, (Fig. 3.15).

At 20°C, Lpc was about 2-fold higher in WT-mycorrhized plants compared with non-
inoculated control and more than 3-fold higher in both OE lines (Fig. 3.16). There was
no significant effect on Ly in non-inoculated and WT plants when the temperature was
decreased to 10°C (Fig. 3.16). However, in both OE lines the decrease in temperature
from 20°C to 10°C lowered Lpc by more than 3-fold which brought the L. levels to

approximately those that were measured in non-inoculated plants (Fig. 3.16).

3.3.8 The effect of inoculation with Laccaria bicolor strains of different
JQ585595 transcript abundance on the transcript abundance of root PIPs of

Picea glauca
3.3.8.1 Characteristics of putative MIPs of Picea glauca

Thirteen full-length or near full-length PIPs, five TIPs, five NIPs, one SIP and no XIP
of P. glauca were identified in MIP phylogenetic analysis (Fig. 3.17). Two P. glauca
MIPs did not cluster clearly with any of these groups, although they were well
incorporated into the dendrogram, and thus cannot be assigned to a MIP subfamily
based on the outcome of the neighbor-joining tree. Four of them, GQ03610 A06.1,
GQO03401_M18.1, GQO02828 J14.1, and GQO02902 L1.14.2 clustered with previously
characterized poplar and Arabidopsis PIP1s. Eight PIPs, including GQ03010_E09.1,
GQO03011 G23.1, GQ03002_G07.1, GQ0O3001_P18.1, GQ0O3818 DO5.2,
GQO3111_EI12.1, GQ02901 B20.1, and GQ02905 E13.1, clustered with PIP2s.
GQO03703 HO7.1 did not group conclusively with the PIP2 cluster, but appeared to be
more closely related to PIP2s than PIP1s.

Most of the nine PIPs selected for transcript profiling were represented in sequenced
cDNA libraries of P. glauca root tissue, taken as evidence of being expressed in roots.
In silico analysis showed that the deduced amino acid sequences of the nine putative
PIPs exhibited the canonical aquaporin transmembrane structure of six TMDs and two

NPA signature motifs (Appendix 5). The most highly expressed PIPs among these nine
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genes in the non-inoculated roots at 20°C were GQ03401 M18.1, GQ03703 HO07.1
and GQ02905 E13.1, followed by GQ03610 _A06.1, GQ03010_E09.1,
GQ03001 P18.1 and GQ02901 B20.1; transcript levels of GQ03002_GO07.1 and
GQO03111 E12.1 were low (Fig. 3.18).

3.3.8.2 Transcript profiling of Picea glauca PIPs in inoculated roots

Transcript profiling of the nine P. glauca PIPs showed varying responses to
mycorrhization with WT, mock, OE1 and OE2 strains. Mycorrhization with WT and
mock strains resulted in an approximately 3- to 4- fold increase in GQ03401 M18.1
transcript abundance, while in both OE lines, GQ03401 M18.1 transcript abundance
increased by 40- to 56- fold (Fig. 3.19). Both OE lines also showed a strong increase in
GQ03703_HO07.1 transcript abundance, while the opposite was observed for transcript
abundance of GQ03610 _A06.1 (Fig. 3.19). Transcript abundance of GQ03001 P18.1

was decreased by mycorrhization (Fig. 3.19).

Transcript abundance of most of the P. glauca PIPs in roots was significantly
downregulated at 5°C compared with 20°C in all inoculation treatments (Fig. 3.20).
With the exception of a higher GQ03610 A06.1 transcript abundance 5°C to 20°C ratio
in both OE lines compared with the other inoculation treatments, there was no clear
pattern showing consistent differences in the temperature responses between the

inoculation treatments (Fig. 3.20).
3.4 Discussion

3.4.1 MIPs of Laccaria bicolor UAMHS8232

Taking advantage of the genome sequence of the L. bicolor model strain S238N
(Martin et al. 2008), six aquaporin genes were obtained from L. bicolor UAMHS8232.
Orthodox fungal aquaporins JQ585592 in L. bicolor strain UAMHS8232 and
Lacbi1:392091 in strain S238N both consist of six transmembrane helix domains and
five loops and share 99.04% amino acid sequence identity. However unlike
Lacbil:392091-a moderate water transporter (Dietz et al. 2011), JQ585592 was found
not to be significantly permeable to water (Fig. 3.4). Its aquaporin signature NPA
motifs altered into NPN (Alanine-Proline-Alanine) and NSA (Alanine-Serine-

Asparagine) in Loop B and E, respectively, which probably led to change in the
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conformation of the selective filter and decrease in water permeability of the pore. In
addition, its most possible subcellular localization was predicted in secretory pathways
with a weak prediction index (Table 3.4), indicating high mobility of trafficking
between different subcellular locations. This could also the reason for the low Prvalue
of JQ585592 in oocyte assay, since the osmotic swelling assay was primarily designed
to test the water permeability of microinjected aquaporins that are expressed and

localized on oocyte plasma membrane.

In S238N, Lacbil:392091 was not highly expressed in mycelium growth in liquld
culture at 15.5°C, but upregulated upon in vitro mycorrhization with Populus tremula x
tremuloides grown on MS medium (Dietz et al. 2011). Similarly, the transcript
abundance of JO585592 was low in mycelium of UAMH®8232 grown on solid culture
at 20°C (Fig. 3.5), and its upregulation in mycorrhiza was significant (Fig. 3.5).

JQ585593 in UAMHS8232 (Fig. 3.3) and Lacbil:307192 in S238N (Dietz ef al. 2011)
in Cluster II shared 98% sequence identity and the signature motifs of NPC/NSA.
Neither of them demonstrates significant water transport capacity, which again
suggests the conservation of NPA motifs may be an important prerequisite for a MIP to
maintain its water permeability. JQ585594 and Lacbil:247946 (Lacbi2:568479) shared
93% sequence identity. Both of them had significant but the lowest water permeability
in all the L. bicolor MIPs of Cluster III (Dietz et al. 2011; Fig. 3.4). The transcript
abundance of Lacbil:247946 was among the lowest in mycorrhizal tissue (Dietz ef al.

2011).

Of these six MIPs, JQ585595 demonstrated the highest water transport capacity in the
heterologous X. laevis oocyte expression system, and the highest transcript abundance
in mycelium grown on MMN medium. The 16 amino acid difference between
JQ585595 and Lacbil:391485 (Lacbi2:443240) (Appendix 4 Note A4.7) led to the 6
TMD conformation simulated in JQ585595 but not in Lacbil:391485 (Fig. 3.3 d). This
change in conformation might confer JQ585595 with enhanced water transport
capacity (Fig. 3.4). As the highest expressed MIP in mycelium grown on MMN
medium, JO585595 transcript abundance further increased significantly in mycorrhiza
and was significantly higher than that of other MIPs (Fig. 3.5), indicating the
significance of JQ585595 to the fungus under two distinct environments. The

corresponding MIP gene Lacbhil:391485 in strain S238N was also upregulated upon
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mycorrhization (Dietz et al. 2011), despite many differences in the experimental

conditions of the two scenarios.

JQ585596 and JQ585597 in strain UAMH®&232 are closely related to Lacbi2:317173 —
the MIP that showed the highest Pr in strain S238N. It is possible that Lacbi2:317173
in the monokaryotic strain diverged into two isoforms in the dikaryotic strain. This
change in amino acid sequence might cause decrease in water permeability of
JQ585596 and JQ585597, conferring JQ585595 to be the strongest water transporter in
UAMHS232, shown in the heterologous X. /aevis oocyte expression system (Fig. 3.4).
In another study carried out using the same X. laevis oocyte assay in the same time
frame, JQ585595 demonstrated 40% higher water-transporting capacity compared to
the maize ZmPIP2;8 aquaporin and about 160% higher water-transporting capacity
than ZmTIP2;2 aquaporin (Lawrence et al. 2013). A commonly used positive control,
such as AQP1 of Homo sapiens or y-TIP of Arabidopsis thaliana, should be included
in future oocyte assays to allow comparisons between the data sets of different

publications.

In S238N, Lacbhi2:317173 was the highest expressed MIP in liquld culture at 15.5°C,
followed by Lacbhil:391485. Interestingly, in UAMHS&232, although JO585595
transcript abundance was significantly higher than either JO585596 or 97, the sum of
transcript abundance of JO585596 and 97 was similar with that of JO585595 in
mycelium on pure culture at 20°C, indicating that these five MIPs may have

overlapping functions in L. bicolor.

It remains to be determined whether these sequences represent distinct loci in
monokaryotic and dikaryotic strains. The allelic variation exhibited by L. bicolor
UAMHS8232 compared to the reference sequence of L. bicolor S238N is not
unexpected given their distinct geographic origins: UAMHS8232 was isolated in
Ontario (Calvo-Polanco et al. 2008), while S238N originated in Oregon (Bastide et al.
1994; Di Battista et al. 1996). Interstrain differences were observed not only in the
number of MIPs and the deduced amino acid sequences of MIPs, but also in MIP gene
transcript profiling, for example, as responses to temperature. In strain S238N, the
transcript abundance of Lacbil:392091 and Lacbil:307192 decreased in mycelium
grown in liquid medium with temperature decline to 5°C (Dietz et al. 2011); in

contrary, the corresponding MIPs JO585592 and JO585593 in strain UAMH&8232 were
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both upregulated in mycorrhiza when root temperature dropped from 20°C to 5°C (Fig.
3.14). Besides the possible effects of many differences in cultivation conditions and
associated plants between Dietz’s work (Dietz et al. 2011) and this study, observed
differences in transcript abundance for sequences from each strain putatively
corresponding to the same loci also suggest some degree of adaptive variation, possibly
reflecting local adaptation to distinct environmental pressures such as drought and cold,
or interaction with different host plants. Ecological implications of potential adaptive
variation associated with fungal MIPs may be revealed by further functional and

population genetics analyses of MIPs and their functions of different L. bicolor strains.

3.4.2 Mpycorrhizal effect on seedling growth

Mycorrhizal effect on plant growth varies a lot with the interacting species, the
developmental stages of the species and interaction, as well as environmental stresses
imposed on the associated species. For instance, it was reported that Hebeloma
longicaudum improved the growth of Picea mariana under drought, but had no effect
on P. banksiana (Boyle & Hellenbrand 1991). In this study, mycorrhization with WT
and mock strains did not affect the total dry mass of P. glauca seedlings after three
months of growth. Mycorrhization with OE1 reduced seedling dry mass compared with
non-inoculated plants. Both OE1- and OE2-inoculated seedlings also showed reduced
dry mass compared with mock strain-inoculated seedlings (Fig. 3.13 a). The effects of
mycorrhization on plant growth vary, depending on mycorrhization stage and various
abiotic and biotic environmental factors (Smith & Read 2008). Growth reductions may
occur due to increased carbohydrate demand by the mycorrhizal fungus. Carbon use
efficiency theory stated that carbon demands of the fungus might counteract increase in
dry weight and growth enhancement in source-limited plants (Tinker ef al. 1994),
which indicated that stronger carbon demands from the fungal symbiont might
counteract more dry mass of the seedlings. Considering that in all inoculation
treatments, net photosynthetic rates were higher compared with non-mycorrhizal
seedlings, the differences in growth responses are likely related to higher carbohydrate
demands of the OE strains, likely caused by their higher growth rates or functional
demands. OE strains lowered the total seedling dry mass (Fig. 3.13 a) but not seedling
net photosynthesis (Fig. 3.13 c), which indicated that part of the photosynthates were
consumed or stored elsewhere. It showed that the JO585595 overexpression led to

significant higher tissue turgor potential of mycelium grown on MMN medium (Fig.
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3.11), however did not cause significant change in mycelial dry mass (Fig. 3.10),
probably because the glucose supply from the growth medium was depleted. Given
sufficient carbohydrate supply, the higher tissue potential would trigger faster growth
of fungal hyphae (Lew 2011). So it could be assumed that faster growth of OE strains
was initiated by increased tissue turgor potential due to JO585595 overexpression, and
consequently these strains functioned as a stronger carbohydrate sink which led to
reduced seedling dry mass. This suggests that although the positive impacts of
mycorrhization on plant-water relations could be enhanced under certain abiotic
stresses such as drought, salinity and low soil temperature (Landhéusser ef al. 2002;
Calvo-Polanco ef al. 2008; Lee et al. 2010; Barzana et al. 2012), mycorrhizal
association is not always mutual beneficial; given that the resource becomes depleted
or abiotic stresses are imposed, the balance of symbiosis may lean to favor one
particular side of the symbionts. This complicates the potential application of
transgenic mycorrhizal fungi in forestry and land reclamation, and requires more

specific studies prior to application in field.

Increased net photosynthetic rates of mycorrhizal plants were paralleled by increased
transpiration rates (Fig. 3.13 c, d), suggesting that stomatal factors were likely largely
responsible for differences in photosynthetic rates. Similar increases in transpiration
and photosynthetic rates of mycorrhizal plants were previously reported for ECM and
AM associations (Allen et al. 1981; Dosskey et al. 1990; Caravaca et al. 2003; Birhane
et al. 2012). In this study, shoot water potentials were higher in mycorrhizal plants
despite higher transpiration rates, likely due to higher L,:. Increased shoot water
potential and higher rates of gas exchange due to AM mycorrhization were also
observed in squash (Cucurbita L.), soybean (Glycine max) and maize (Subramanian et
al. 1997; Porcel & Ruiz-Lozano 2004; Augg et al. 2008). Leaf water potential was
stable despite increased transcription in Citrus jambhiri (Levy & Krikun 1980). This
indicated that water supply to photosynthetic tissues of mycorrhizal plants enabled
sufficient stomatal opening for gas exchange to meet carbon needs of both symbionts.
In future studies, needle water content can be determined by measuring fresh and dry
mass ratio or specific leaf area, to provide additional parameters to reflect the

mycorrhizal impact on plant water status.
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3.4.3 Mpycorrhizal effect on root hydraulics and PIP transcript abundance

Increase in Ly or root hydraulic conductance attributed to mycorrhization with
different ECM fungi has been reported in many tree species under various abiotic
conditions, such as U. americana (Calvo-Polanco ef al. 2008, 2009), P. glauca
(Landhéusser et al. 2002; Muhsin & Zwiazek 2002b) and Populus balsamifera
(Siemens & Zwiazek 2008). In this study, the increase in Ly, of P. glauca was

significant upon mycorrhization with all the L. bicolor strains (Fig. 3.15).

In the composite model of root water transport, Ly is a function of apoplastic and cell-
to-cell (transmembrane and symplastic) pathways (Steudle & Peterson 1998). Water
flow follows the least resistance pathway and this resistance is largely controlled by the
transmembrane pathway through the transcriptional and post-translational regulation of
PIPs (Tornroth-Horsefield ef al. 2006; Maurel et al. 2008). These changes can be
determined by the direct measurements of Ly in root cortical cells (Steudle 1993; Javot
& Maurel 2002). In this study, mycorrhization increased Lp: and Lyc by a similar
magnitude in P. glauca seedlings, suggesting that the decreased resistance of the
transmembrane pathway was likely responsible for the increased root water transport
capacity. Similar enhancements of Lp: and L, were previously reported for mycorrhizal
plants and may involve both apoplastic and cell-to-cell pathways (Muhsin & Zwiazek
2002a, 2002b; Marjanovi¢ & Nehls 2008; Lee ef al. 2010; Barzana ef al. 2012). For
instance, it was reported that ECM fungus Suillus tomentosus increased Lpr and Lpc of
P. banksiana, and enhanced the plant salt resistance by alleviating the impact of NaCl

and fluoride on Ly (Lee et al. 2010).

GQ03401 M18.1 was annotated as PIPI;1 in a recent study of the P. glauca MIP gene
family (Laur & Hacke 2014). The increase in its transcript abundance upon
mycorrhization, particularly with OE strains, was accompanied by increased Ly and Ly,
of mycorrhizal P. glauca. PttPIP1;1 and P#tPIP2;5 transcript abundance were
proposed to be the principal factors responsible for the increase in Ly of
ectomycorrhizal Populus tremula x tremuloides (Marjanovi¢ et al. 2005). However, the
signaling pathways leading to this response are not known. Regulation of aquaporin-
mediated water transport involves changes in the abundance of aquaporins in cell
membranes and aquaporin gating which is affected by various factors including protein

phosphorylation and dephosphorylation (Johansson et al. 1998; Kline et al. 2010),
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protonation (Tournaire-Roux et al. 2003; Fischer & Kaldenhoftf 2008), divalent cations
(Gerbeau et al. 2002; Verdoucq et al. 2008), trafficking (Prak et al. 2008; Maurel et al.
2009; Zelazny et al. 2009), heteromerization (Fetter ez al. 2004), as well as turgor
pressure, solute gradients and temperature (Chaumont et al. 2005). Increased water
availability in root extracellular space was postulated to be a significant factor
triggering PIP transcriptional and post-translational regulation in root cells (Steudle &
Peterson 1998; Javot & Maurel 2002). Since the water transporting capacity of
mycorrhizal roots increases with the increasing volume of fungal hyphae (Duddridge et
al. 1980; Plamboeck et al. 2007), it is plausible that an increase in root hydration by
the fungal hyphae may provide a positive feedback mechanism regulating root

aquaporin expression and/or function.

The high and sensitive transcript abundance of PIPI;2 in P. glauca (Fig. 3.19)
suggested its important role in symplastic water transport in root cells, probably not
only in cortex but also in other cells which are gateways to water transport, such as
endodermis. The increased transcript abundance of PIPI,;2 was relevant with the
increase in Ly, and might enhance symplastic water transport of other root cells which
were not measured in this study. Therefore, the contribution of ECM L. biolocr to root
water transport of P. glauca can come from the following approaches: (1) Hyphae lead
to the formation of an apoplastic water transport highway in the root intercellular space,
and Ly 1s increased due to increased water conductivity in the apoplastic pathway; (2)
Hyphae release water into apoplastic space of Hartig net so water availability to root
cortical cells is increased, leading to up-regulation of certain PIPs and increased Ly,
which further contribute to Lyr; (3) Enhanced PIP expression in other root cells, such as

endodermis, may be a contributor to increased Lpr.

3.4.4 The role of Laccaria bicolor JQ585595 in root water transport of Picea

glauca seedlings
3.4.4.1 The effects of JQS585595 overexpression

JO585595 was selected for construction of OE transgenic strains because of its highest
water transport capacity and transcript abundance in MIPs of strain UAMHS8232.
Similarly to earlier studies (Kemppainen et al. 2005; Kemppainen et al. 2008;

Kemppainen & Pardo 2010), Agrobacterium-meditated transformation was effective in
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yielding successful L. bicolor transgenic strains. In the transgenic cassette, the
constitutive A. bisporus gpdll promoter was used to drive expression of JO585595 (Fig.
3.1). Previous studies have demonstrated the effectiveness of gene expression induced
by this promoter in transgenic basidiomycete fungi (Burns et al. 2006; Kilaru et al.
2006; Ding et al. 2011). Compared with WT, the OE strains did not demonstrate a
multiple-fold increase in transcript abundance for JO585595 (Fig. 3.6), probably
because the transcript abundance for the endogenous aquaporin gene was already high
in WT grown on MMN medium at 20°C (Fig. 3.5). Two selected OE strains
demonstrated about 1.5-fold greater transcript abundance of JO585595 compared with
WT (Fig. 3.6). Considering the high transcript abundance of JO585595 in WT, the
50%-100% observed increase represents a considerable increase in transcript quantity
(Fig. 3.6). Importantly, the elevated level of transcript abundance was sustained in the
mycorrhizal root tips (Fig. 3.14 d) and sufficient to produce significant functional
effects (Fig. 3.15). In contrast, RNAi construction did not sufficiently suppress gene
expression in ECM in vivo (Appendix 6). Alternative transgenic systems can be tried to
achieve more effective overexpressing or silencing effect in basidiomycete dikaryotic
species (Kemppainen ef al. 2005; Burns ef al. 2006; Kilaru ef al. 2006; Kemppainen &
Pardo 2010; Ding et al. 2011). Meanwhile, the potential impacts of transgenic cassette

insertion sites in the genome should be carefully evaluated.

In general, the higher transcript abundance of JO585595 in OE strains did not cause
significant changes in transcript abundance of other L. bicolor aquaporins at 20°C
compared with the WT and mock strains, with exception of JO585594 in OEI (Fig.
3.14 ¢), and JO585596 and JO585597 in OE2 (Fig. 3.14 e, f). Transcript profiles of the
six L. bicolor MIPs responded differently to mycorrhizal treatments and temperature
decline (Fig. 3.14). At 20°C, transcript profiles were not significantly different between
WT and mock strains, indicating the mock strain behaved as an appropriate control. In
contrast, at 5°C, five of the six L. bicolor MIPs showed significantly higher transcript
abundance in the mock strain than WT. TAIL-PCR results demonstrated that no known
ORF was disrupted by the insertion in the mock; thus, this effect does not appear to be
due to unintended interruption of gene function. It remains unclear whether the
insertion sites had impact on gene expression at low temperature via possible
mechanisms such as chromatin modification, therefore more mock strains with

different insertion sites need to be examined in future studies. Interestingly, the
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enhanced expression of these L. bicolor MIPs - especially JO585595 - in the mock
strain at 5°C corresponded to a greater decrease in Ly of mock-inoculated roots at 5°C
compared to WT-inoculated roots (Fig. 3.15). This partly explained why the L, profile
of mock-inoculated roots was different than that of WT-inoculated roots, but similar to
that of the OE-inoculated roots as a function of temperature. The mechanism by which

J0585595 might contribute to this process remains to be explored.

Similar to the differences in L. bicolor MIP transcript abundance observed in WT- and
mock-inoculated seedlings, differences in transcript abundance of some P. glauca PIPs
were observed between WT- and mock-inoculated seedlings. While transcript profiles
of L. bicolor MIPs were not significantly different between OE1 and OE2 mycorrhizal
strains, greater differences were observed between transcript profiles of some P.
glauca PIPs in OE1 and OE2 strains. One possible explanation for these observations
is that there may have been differences in fungal-plant dynamics between plants
inoculated with OE1 versus OE2. Future studies should include longer-term low
temperature treatments and examine root tissue distribution of PIPs in response to
temperature to explain the reasons why the transcript profiles of some root PIPs were

not always consistent between the plants inoculated with different strains.

Overexpression of JO585595 led to significant increase in Ly at 20°C, however, the
change in Lpc was not statistically significant. On one hand, this suggested that L. had
reached its capacity when WT Hartig net developed in the apoplastic space between
cortical cells, therefore would not respond to more hydration brought by JO585595-
overexpressing hyphae; on other other hand, this indicated a greater contribution of
JO585595 overexpression to apoplastic water transport rather than cell-to-cell transport
in cortex. An increase in root hydration by the fungal hyphae may also regulate root
aquaporin expression in other types of root cells ranther than cortical cells. The
expected outcome of JO585595 fungal aquaporin expression was an increase in the
hyphal water flow likely leading to an increase in hydration at the hyphal-root
interphase. Evidence in support of this hypothesis is the increases in PIP
GQ03401_M18.1 root expression in OE-inoculated plants compared with the plants
mycorrhized with WT and mock strains. Tissue-specific PIP expression has been
reported in roots of grapevine, showing upregulation of certain PIP genes in

endodermis (Gambetta et al. 2013). The effect of mycorrhiza and JO585595
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overexpression on spatially differential expression of PIPs across root section would be

worthy of investigation.

344.2 The effects of low temperature

Interestingly, the stimulating effects of the OE mycorrhizas on Ly and Lpc were totally
abolished at low temperatures. Although low soil temperature inhibits root water
uptake in most plants, including many boreal tree species (Wan et al. 1999; Wan et al.
2001; Lee et al. 2005; Aroca et al. 2012; Lee et al. 2012), low temperature-tolerant
plants, including P. glauca, show little responsiveness of root hydraulic properties to
low temperature (Landhéusser ef al. 2002). In this study, when temperature was
decreased to 10°C, Lyr and Ly were little affected in the non-mycorrhizal and WT-
mycorrhizal seedlings. Similar tolerance of Ly to low temperature was reported for
chilling-tolerant figleaf gourd, contrary to chilling-sensitive cucumber (Lee et al. 2005).
The responses of Ly to low temperature have been explained by the aquaporin gene
expression and inhibition of aquaporin phosphorylation and/or dephosphorylation (Lee
et al. 2005; Lee et al. 2012). In this study, the Lpc in non-mycorrhizal and WT-
inoculated plants was not affected despite the reductions in the transcript abundance of
the examined PIPs, pointing to possible gating processes in P. glauca responsible for
low temperature tolerance of transmembrane water transport as in figleaf gourd (Lee et
al. 2005) and rice (Matsumoto ef al. 2009). The overexpression of fungal aquaporin
JO585595 increased the sensitivity of root water transport to low temperature. Since
the effect of low root temperature on root hydraulic properties was accompanied by
inconsistent differences in root PIP expression compared with the WT and mock lines,
it is possible that the overexpression of JO585595 could have affected root aquaporin
gating processes, as previously reported for chilling-sensitive plants (Aroca ef al. 2005;
Lee et al. 2005; Murai-Hatano et al. 2008; Lee et al. 2012). It is also worth noting that
contrary to root P. glauca PIPs, most of the L. bicolor MIPs exhibited increased
transcript abundance when subjected to low temperatures. It can be speculated that the
functionality of aquaporin-mediated transport is important to hyphal water transport,
and its protection under unfavorable environmental conditions is among the priorities

for the fungus.

The increase in PIP1;2 transcript abundance in WT-mycorrhizal roots was further

correlated with the increase in JO585595 transcript abundance in WT strain at 5°C.
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JO585595 was up-regulated to the level similar with that of OE lines at 20°C (Fig.
3.14), which might contribute to the increase in water released from hyphal cells
through JQ585595 into root intercellular space, offsetting negative impact of chilling
and consequently balancing root water transport. High transcript abundance at 5°C
suggested the importance of both Lachil 391485 (Dietz et al. 2011) and JQ585595
(Fig. 3.14 d) to the corresponding strains at low temperature, despite the difference in
growth medium and associated plant species. In addition to relatively high water
transport capacity, Dietz et al. (2011) also demonstrated that Lacbil:391485 had
capacity to transport glycerol and ammonia. Whether JQ585595 plays roles in
transporting similar substrates at mycorrhizal interfaces, is a fascinating topic to be
explored. In addition, MIPs JO585592, 93 and 94 were upregulated significantly (Fig.
3.14). Their contribution should be taken into account, although it might not be as

distinct as that of JO585595 because their absolute transcript abundance was low.

The increase in Ly in OE-mycorrhizal roots at 20°C was reversed at 5°C (Fig. 3.15),
accompanied with significant drop in L. (Fig. 3.16) and down-regulation of most of
the PIPs in the profile including PIP1;2 (Fig. 3.20). This indicated that root hydraulics
altered according to the change in surrounding water availability that was influenced
by the abundance of JQ585595 in the adjacent hyphae. The transcript level of
JO585595 further increased at 5°C beyond the level at 20°C (Fig. 3.14 d). This
suggested that increased JO585595 in OE lines at 5°C might facilitate hyphal cells to
recruit water from extracellular space. More water influx and less water efflux led to
decreased water availability in the apoplastic space for roots and rendered Ly and Ly

to drop back to the level similar with the WT-mycorrhizal roots (Fig. 3.15; Fig. 3.16).

The study has demonstrated the enhancement of L. and Ly: in P. glauca roots
mycorrhized with L. bicolor overexpressing aquaporin JO585595. It can be proposed
that the contribution of L. bicolor hyphae to root water transport in P. glauca involves
increased apoplastic water transport in the root intercellular spaces, which may lead to
increased hydration at the fungal-root interface and, consequently, impact aquaporin
expression and cell-to-cell water transport in mycorrhizal roots. During chilling, PIP
post-translational regulation may influence Ly in P. glauca roots mycorrhized with L.
bicolor strains overexpressing JO585595, as increased fungal aquaporin transcription

may alter hydration in the root intercellular spaces and, consequently, affect root PIP
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regulation and root hydraulic dynamics.
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Table 3.1 Polymerase chain reaction primers for gene cloning

Genes Application Primers in 5’- 3’ orientation
J0585592 Coding sequence  Forward: TCGATGCATCCACAAGTTGC; Reverse: TGAATAGACAGGCATTAGACC
JO585593 cloning Forward: ATGTCCGCTACTCCAATCATC; Reverse: TCATACAGGTTTCTCTTGCGATG
JO585594 Forward: ATGAAGTTAACCATCTCTCACCA; Reverse: CTACCGCCACTTGATTGGAC
JO585595 Forward: ATGGACGACAAATTCGACGACG; Reverse: TTAAGCTGGGGAGATGTGTATGTG
JO585596 Forward: ATGTCTGGCCAACATCAGATCAC; Reverse: TCAAACAACCTCAGCGAGC
JO585597 Forward: ATGTCTGGCCAACATCAGATCAC; Reverse: TCAAACAACCTCAGCGAGC
a-tubulin Forward: TTGATCTCGAACCGGGATG; Reverse: ATGGCGGTGGTGTTTGAC
EF2 Forward: ATGGAGGATATTGAATCCATTG; Reverse: TCATGATTGGCTCCAAAATAAC
Hygromycin Sequence Forward: ATGCAGCTGTCGGAGGGCGA;
phosphotransferase amplification for ~ Reverse: GCGCTTCTGCGGGCGATTTG
gene Southern blot
JO585592 Sub-cloning for ~ Forward: GTCGACGCCACCATGCATCCACAAGTTG;
oocyte assay Reverse: GTCGACGCCACCATGCATCCACAAGTTG
JO585593 Forward: GTCGACGCCACCATGTCCGCTACTCCAA;
Reverse: TCTAGATCATACAGGCTTCTCTTGC
JO585594 Forward: GTCGACGCCACCATGGCCGAATTTGTTG;
Reverse: TCTAGACTACCGCCACTTGATTGGA
JO585595 Forward: GTCGACGCCACCATGGACGACAAATTCG;
Reverse: TCTAGATTAAGCTGGGGAGATGTGT
JO585596 Forward: GTCGACGCCACCATGTCTGGCCAACATC;
Reverse: TCTAGATCAAACAACCTCAGCGAGC
JO585597 Forward: GTCGACGCCACCATGTCTGGCCAACATC;

Reverse: TCTAGATCAAACAACCTCAGCGAGC
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Table 3.2 Primers for qRT-PCR assay of Laccaria bicolor MIPs

Genes Primer 5’- 3’ sequence
orientation
JO585592 Forward TGGCCCTGCTGAAATCAACT
Reverse CCCATTGCGAGTCTCTTCGT
JO585593 Forward GTGACATTGGTTGCCGTTTG
Reverse ATCCTCCCGCAGCTGACTTT
JO585594 Forward TAATGGCGCACTCACAAACG
Reverse ATGCCCCAAGACCAATGAAC
JO585595 Forward TAACCCCGCTCGTGATCTTG
Reverse CCTGTCTTCCATAGCCAACCA
JO585596 Forward ACGCTTGTTCCTCGCTATGTC
Reverse TGCCCAGAGCCAATATTGACT
JO585597 Forward CGCCCTCACTGACAAACGTA
Reverse ATAAAGAGCGCAAATGGCAAAA
EF2 Forward GGCATGGGAGAACTTCAATCA
Reverse GCCAGAGACGCAATCAGTGTT
a-tubulin Forward CAGACAAGGCAAATCACGAACA
Reverse GCCATTTTCGAAGCAAGAGAA
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Table 3.3 TAIL-PCR conditions

Reaction Cycle Thermal Condition
No.
Primary (1%) 1 92°C, 3min
Template: About 100ng gDNA of the | 94°C, 3min
transgenic strains; 2 94°C, 1min; 60°C 1min; 72°C
Final concentration of primers: 3min
0.5 uM RB1 & 3 uM of AD 1 94°C, 1min
25°C, 2min
72°C, 3min

30 94°C, 30s; 60°C 1min; 72°C 3min
15 94°C, 30s; 43°C 1min; 72°C 3min
1 72°C, 5min

Secondary (2"9) 1 94°C, Imin
Template: 1 pl out of S0l primary 24 94°C, 30s; 57°C 1min; 72°C 3min
PCR reaction; Final concentration of 12 94°C, 30s; 45°C 1Imin; 72°C 3min
primers: 1 72°C, Smin
0.5 utM RB2 & 3 pM of AD

Tertiary (379 1 94°C, 1min

Template: 1 pl out of 50pl secondary 20 94°C, 30s; 45°C 1min; 72°C 3min
PCR reaction; Final concentration of 1 72°C, 30s
primers:
0.5 utM RB3 & 3 uM of AD

Quaternary (4t 1 94°C, 1min
Template: 1 pl out of S0ul tertiary 24 94°C, 30s; 54°C 1Imin; 72°C 3min
PCR reaction; Final concentration of 12 94°C, 30s; 45°C 1min; 72°C 3min
primers: 1 72°C, Smin
0.5 utM RB3 & 0.5 uM of AD
Primers:

RB1: 5 GCAGCCTGAATGGCGAATGCTAG 3’
RB2: 5 TGGATCAGATTGTCGTTTCCCG 3’
RB3: 5 ATATTGGCGGGTAAACCTAAG 3’
AD: 5 NTCGA(G/C)T(A/T)T(G/C)G(A/T)GTT 3’
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Table 3.4 Characteristics of six MIPs in Laccaria bicolor UAMHS8232

MIP Protein Length of TMHs? NPA ar/R Subcellular Phylogenetic Pt CO: Corresponding Inter-strain
accession ID! deduced motifs localization® cluster (ums*  transport MIPs in strain amino acid
number! amino acid capacity® S238N and their sequence

sequences transport capacity® identity,
positive rate
and gaps
JO585592  AFJ15555 311 6 NPN, FHAR Secretory I: Orthodox 25.8+2.1 Yes Lacbil:392091 Id 99%, P0s99%,
NSA RC5 fungal aquaporins (Lacbi2:456764) Gap0%
H,O
JO585593  AFJ15556 330 6 NPC, FGIR Plasma II: Fungal 46.6 £10.2 Yes Lacbil:307192 Id 98%, P0s99%,
NSA membrane aquaglyceroporin (Lacbi2:671860) Gap0%
RC5
JO585594  AFJ15557 254 6 NPA, WGYR Secretory III: Facultative 1240+ 11 No Lacbil:247946 Id 93%, P0s94%,
NPA RC1 fungal aquaporin (Lacbi2:568479) H,O  Gap3%
JQ585595 AFJ15558 312 6 NPA, WIYR Plasma III: Facultative 260.0 £ 8.9 No Lacbil:391485 Id 94%, P0s96%,
NPA membrane fungal aquaporin (Lacbi2:443240) Gap0%
RC1 H,O0, glycerol,
ammonia
JO585596  AFJ15559 332 6 NPA, WGYR Plasma III: Facultative 166.5+2.7 No Lacbil:317173 1d 90%, P0s94%,
NPA membrane fungal aquaporin (Lacbi2:317173)H,0, Gap0%
RC3 ammonia
JQ585597 AFJ15560 332 6 NPA, WGYR Plasma III: Facultative 1384+1.5 No Lacbil:317173 Id 95%, P0os97%,
NPA membrane fungal aquaporin (Lacbi2:317173)H,0, Gap0%
RC3 ammonia

Note: I GenBank accession number in NCBI. 2 The number of transmembrane helix domains was predicted by TMHMM server 2.0 (Krogh et al. 2001). * Subcellular localization
was predicted by Target P (Emanuelsson et al. 2007); 1 indicated strongest prediction and 5 the weakest. * Pr for negative control was 20.5 + 0.6 um s'. 3 The assay was conducted
in yeast heterologous expression system by Navarro-Rdodenas et al. (2015). & Functional assays were conducted by Dietz et al. (2011); Lacbi2 proteins were searched in JGI
Laccaria bicolor genome V2.0.
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Table 3.5 Primers for qRT-PCR assay of Picea glauca PIPs

Genes Primer 5’- 3’ sequence
orientation
GQ03610_A06.1 Forward GATTGT GGGCACATTTGTCCTT
Reverse AGTCTCTGGCGCTTCGTTTG
GQ03401 M18.1 Forward CCACCGATGCCAAAAGAAGT
Reverse TGCGAACCCTATGGGAAGTG
GQ03010_E09.1 Forward CCAACGGAGGAGGATCGAA
Reverse CTCCGCAAGAAGGGCACTT
GQ03002_G07.1 Forward GCTTTCGGCGGAATGATCT
Reverse GTTGACGTGACCCCCTGAAAT
GQ03001 _P18.1 Forward GCGGTATTCTTGGTCCATTTG
Reverse TGGCAGGATTGATGCTTGTG
GQO03111 EI12.1 Forward ACCTCCTGCTGCTCTCATTGA
Reverse GGCAACGAATTCTGCTATCAGA
GQ03703 HO7.1 Forward TCTTGGCTCCATTGCCTATTG
Reverse GTTGATGCCAGTCCCAGTGA
GQ02901 B20.1 Forward CATTTGTGGGACTGGATTGGT
Reverse GCTCCACCTCCATTTTGATCA
GQ02905_E13.1 Forward GCTGGGATTTCAGGTGGACAT
Reverse CCTTGCCAAAAACAGTCCAAA
PgCDC2 Forward GTGCAGAGAAAAAGTCGAAC

Reverse CCACACCATATGTTCCTTCT
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hygromycin
phosphotransferase Ampicillin
gene JQ585595 resistance gene

—(J=f= <-@l|j—

A

pCAMBIA1300
left border repeat
CaMV polyA signal
Agaricus bisporus
gpdll synthetic promoter
Aspergillus nidulans
trpC terminator
Agaricus bisporus
gpdll synthetic promoter
pCAMBIA1300
right border repeat

Figure 3.1 Construction of binary vectors for Agrobacterium-mediated
transformation to overexpress JQ585595

This transgenic cassette rendering JO585595 overexpression and hygromycin resistance
randomly inserted into the genome of L. bicolor UAMHS&232 via Agrobacterium-
mediated transformation.
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Figure 3.2 Picea glauca seedlings preparation and inoculation

(a) Seed germination on sterile, moistened cellulose paper; (b) Germinants
transplanted into potting mix in root trainers; (¢) Laccaria bicolor mycelium
grown on solid MMN medium at 20°C for two weeks; (d) L. bicolor
cultivated in liquid MMN medium at 20°C with shaking at 0.8 x g for four
weeks; (e) Seedling root inoculated with 10 mL homogenized liquid
inoculum after transplanting; (f) Seedlings, four weeks after transplanting; (g)
Seedlings and (h) inoculated roots, three months after transplanting.
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Figure 3.3 Canonical aquaporin
transmembrane-domain structure
and NPA signature motifs of
Laccaria bicolor MI1Ps
Deduced amino acid sequence of L.
bicolor JQ585592 (a), JQ585593
(b), JQ585594 (c), JQ585595 (d),
JQ585596 (e) and JQ585597 (f)
were predicted as a canonical

ot L e s o3 crpsErATAL P PAEKHsALTo s arerssss | AdUApOTIn with six-transmembrane-

domain structure and NPA signature

motifs in the in silico assay.
Transmembrane secondary structure
of the protein was predicted using

TMHMM. Deduced amino acid
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underlined in Loop B & E.
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Figure 3.4 Water permeability of oocytes microinjected with the cRNAs of
MIP genes of Laccaria bicolor UAMHS8232

Pt is the osmotic permeability coefficient value of Xenopus laevis oocytes in
which the corresponding L. bicolor MIP genes were heterologously

expressed; either cRNAs of each MIP gene or water (as negative control)

was microinjected into the oocytes. Means (n = 10) = SE are shown. Values

with different letters are significantly different at P < 0.05 (ANOVA,
Tukey’s test).
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Figure 3.5 Transcript abundance of water-transporting aquaporins and
orthodox aquaporin of Laccaria bicolor UAMHS8232 in vegetative mycelial
tissues grown on MMN medium and in mycorrhizal root tips of Picea glauca
Relative transcript abundance of selected MIPs in L. bicolor wild-type mycelia
measured by standard curve method of absolute quantification in qRT-PCR assay;
the transcript abundance of the aquaporin genes was normalized against that of
the reference gene, EF2. Means (n = 3) £ SE are shown. The different letters in
lowercase mean significantly difference between analyzed genes in the same type
of tissue at P <0.05 (ANOVA, Tukey’s test). The different letters in
UPPERCASE mean significantly difference of the same gene between the two
types of tissues at P < 0.05 (ANOVA, Tukey’s test).

158



i

-

LAA SNSIaA sulel)s
oluabsuel} Jo e||a2Aw Ul 8dsuepunge
iduosuel} G66G85oOr Jo abueyo pjo4

Laccaria bicolor transgenic strains

Figure 3.6 Transcript abundance of JO585595 in mycelia of Laccaria bicolor

transgenic overexpression (OE) and mock strains
Transcript abundance in transgenic strains was compared with that in wild type

(WT)(n = 3+ SE).
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Figure 3.7 Southern blot analysis of Laccaria bicolor genomic DNA digested by
restriction enzymes Sacl (a) or BamHI (b)

Southern blot showing the transgenic strains for single copy insertion events in the
genomic DNA digested by Sacl (a) and BamHI (b); one clear band of hybridization
indicating single copy insertion; DNA ladder and digested genomic DNA were
loaded in the following order: Lane 1 and 9 for 1Kb DNA ladder (GeneRuler™;
Fermentas); Lane 2 for WT; Lane 3 for Mock 1; Lane 4 for Mock 2; Lane 5 for
Mock 3; Lane 6 for OE1; Lane 7 for OE2; Lane 8 for 0.2 ng of 870 bp PCR
amplicon of hygromycin phosphotransferase gene as positive control.
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Figure 3.8 Gel electrophoresis of TAIL-PCR products to amplify the part of
the T-DNA right border and its flanking sequence from the genome of Laccaria
bicolor transgenic strains

(a) Products of the primary, secondary and tertiary PCRs; (b) Products of the
quaternary PCRs. Fifteen microliter of each PCR reaction or 0.5pg of 1kb DNA
ladder was loaded in each lane of 1% agarose gel stained by SYBR™ Safe DNA
Gel Stain (Life Technologies). The electrophoresis ran in 0.5x TBE buffer at 90 V
for 45 min.
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Figure 3.9 Phenotype of vegetative mycelia of Laccaria bicolor strains grown on
MMN medium at 20°C (a) and 5°C (b)
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Figure 3.10 Dry mass of mycelia of WT, mock and OE strains grown on MMN
medium at 20°C and 5°C for three weeks

Different letters indicate significant differences at P < 0.05 determined with
ANOVA, Tukey’s test (n = 6 = SE).
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Figure 3.11 Turgor water potential Ptwrgor of mycelia of WT, mock and OE
strains grown on MMN medium at 20°C and 5°C for three weeks

Different letters indicate significant differences at P < 0.05 determined with
ANOVA, Tukey’s test (n = 3 = SE).
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Figure 3.12 Morphologic characteristics of Picea glauca roots ectomycorrhizal with Laccaria bicolor
(a) Massive mycelia grown in rhizosphere were observed two months after the second inoculation, with mantle and Hartig net structure well
developed in root tips (b-e); (f) No such structures were observed in the roots of P. glauca seedlings that had not been inoculated.
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Figure 3.13 The effects of mycorrhization with Laccaria bicolor on (a) total dry
mass, (b) midday shoot water potential ¥midday, (¢) net photosynthetic rate P
and (d) transpiration rate E of Picea glauca seedlings

The treatments were non-inoculated (Non), and mycorrhized with wild-type L.
bicolor (WT), mock (Mock) and two JO585595-overexpression strains (OE1 and
OE2). Means (n = 6) = SE are shown. Different letters indicate significant
difference at P < 0.05 (ANOVA, Tukey’s test).
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Figure 3.14 The relative transcript level of Laccaria bicolor MIPs in roots of
Picea glauca mycorrhized with the wild-type (WT), mock (Mock), and two
overexpression (OE1 and OE2) strains of L. bicolor and exposed to root
temperature of 20°C and 5°C

The transcript abundance of target MIPs was normalized to that of the reference
gene EF?2. Different letters indicate significant differences at P < 0.05 determined
with ANOVA, Tukey’s test (n = 3 = SE).
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Figure 3.15 Root hydraulic conductivity (L,r) in non-inoculated (Non) Picea
glauca seedlings and in seedlings inoculated with the wild-type (WT), mock
(Mock), and two overexpression (OE1 and OE2) strains of Laccaria bicolor
Means (n = 6) £ SE are shown. Different letters indicate significant differences at P
<0.05 (ANOVA, Tukey’s test).
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Figure 3.16 Cell hydraulic conductivity of root cortical cells (L) in non-
inoculated (Non) Picea glauca seedlings and in seedlings inoculated with the
wild-type (WT), mock (Mock), and two overexpression (OE1 and OE2) strains
of Laccaria bicolor

Means (n = 6) £ SE are shown. Different letters indicate significant differences at P
<0.05 (ANOVA, Tukey’s test).
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Figure 3.17 Phylogenetic analysis of putative Picea glauca MIPs using 36 MIPs
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Putative PIPs of Picea glauca

Figure 3.18 Relative transcript abundance of nine Picea glauca PIPs in non-
inoculated root tips at 20°C

Comparative quantification of standard curve method was used to examine the
relative transcript abundance of PIPs normalized to that of the reference gene
PgCDC?2 for three biological replicates in SYBR™ Green qPCR assay. Different
letters indicate significant differences at P < 0.05 determined with ANOVA,
Tukey’s test (n = 3 = SE).
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Figure 3.19 Changes in transcript abundance of nine putative PIP genes in
Picea glauca root tips due to mycorrhizal inoculation with the Laccaria bicolor
wild-type (WT), mock (Mock), and two overexpression strains (OE1 and OE2)
Relative transcript abundance was measured in qPCR assay using standard curve
method of comparative quantification with PgCDC? as the reference gene. Fold
change is displayed on the log scale. Different letters indicate significant differences
at P <0.05 determined with ANOVA, Tukey’s test (n = 3 = SE). Letter “a”
indicates no significant difference from non-inoculated control.
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Putative PIPs of Picea glauca

Figure 3.20 Changes in transcript abundance of nine putative PIP genes in
Picea glauca non-inoculated (Non) root tips and in root tips mycorrhized with
the Laccaria bicolor wild-type (WT), mock (Mock), and two overexpression
strains (OE1 and OE2) due to temperature decrease from 20°C to 5°C
Relative transcript abundance was measured in qPCR assay using standard curve
method of comparative quantification with PgCDC?2 as the reference gene. Fold
change is displayed on the log scale. Different letters indicate significant
differences at P < (.05 determined with ANOVA, Tukey’s test (n = 3 = SE). Letter
“a” indicates no significant difference from 20°C control.
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4 TRANSCRIPT PROFILING OF AQUAPORINS
DURING BASIDIOCARP DEVELOPMENT IN
LACCARIA BICOLOR ECTOMYCORRHIZAL WITH
PICEA GLAUCA

4.1 Introduction

The sporocarp is a tissue-like structure (pseudoparenchyma) produced by filamentous
fungi that is easily distinguishable from other commonly observed hyphal subnetworks
and ectomycorrhizal (ECM) hyphal structures (Nehls & Dietz 2014). Sexual
reproductive processes involving sporocarp formation and spore production help
maintain species fitness and expand ecological distribution of many basidiomycete and
ascomycete mycorrhizal fungi (Smith & Read 2008; Watkinson 2008; Fortin &
Lamhamedi 2009). Sporocarps are also considered to be good indicators of forest
health (Egli 2011). Due to the ecological and commercial importance of fungal fruiting
bodies, the processes of sporocarp formation have been often investigated in
economically important species from the perspectives of fungal reproduction,
systematics, ecological distribution and biodiversity as well as industrial production

techniques (Yun & Hall 2004; Fortin & Lamhamedi 2009).

The sequence of events involved in sporocarp formation comprises hyphal knot
formation, initial aggregation, bipolar fruiting body primordium pinning, primordium
differentiation with pileus (young cap) and stipe, fruiting body maturation with
expanded cap and elongated stipe, and spore formation (Kiies & Liu 2000). The
vegetative mycelial tissue undergoes a sequential series of cell mitotic divisions,
differentiation, elongation and meiosis to reach the final stage of spore production
(Massicotte et al. 2005). Sporocarp formation is controlled by complex environmental
factors that include temperature, light, humidity, soil nitrogen and carbohydrates, and
growth, photosynthate supply and their phenological dynamics of host plants (Last et
al. 1984; Fortin & Lamhamedi 2009; Teramoto et al. 2012; Le Tacon et al. 2013).
Molecular approaches are providing new insight into processes that are important for
sporocarp development. For example, it was found that the gene encoding

cyclopropane fatty acid synthase was essential for sporocarp initiation in Coprinopsis
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cinerea (Liu et al. 2006), while sporocarp development was regulated by a gene
encoding chitin deacetylase in Flammulina velutipes (Yamada et al. 2008) and
glyceraldehyde-3-phosphate dehydrogenase genes in Pleurotus ostreatus (Tasaki et al.
2014).

Recent genomic and transcriptomic studies have unveiled profound changes in gene
regulation during sporocarp formation of several saprophytic (Nowrousian & Kiick
20006; Joh et al. 2007; Chum et al. 2011; Morin et al. 2012; Yu et al. 2012; Cheng et al.
2013; Traeger et al. 2013; Rahmad et al. 2014) and ECM fungi including Tuber
borchii (Gabella et al. 2005), Tuber melanosporum (Martin et al. 2010), and Laccaria
bicolor (Martin et al. 2008) (Nowrousian 2014). These studies identified key players
such as mating-type genes and genes encoding transcription factors, photoreceptors,
small secreted proteases, and enzymes of sulfur metabolic pathways. Genomic
investigations have also revealed that genes encoding major facilitator superfamily
transporters (MFS), aquaporin-related major intrinsic proteins (MIP), and amino acid
permeases were highly upregulated during mycorrhizal establishment and in the
mycorrhizal structures of the mantle and Hartig net (Fajardo-Lopez et al. 2008; Lucic
et al. 2008; Martin et al. 2010; Hacquard et al. 2013). Higher expression of some MIPs
also has been reported recently for sporocarp stipes relative to other hyphal structures
(Nehls & Dietz 2014). In mycorrhizal fungi, MIPs may play important roles in

resource acquisition by the growing front of substrate mycelia, in regulating water
relations of the mycorrhizal association (Xu et al. 2015), as well as in the resource-
demanding developmental events involving substantial hyphal fusion, such as
sporocarp formation (Nehls & Dietz 2014). The impacts of transcriptional regulation of
these transporters on sporocarp formation processes remain a fascinating area to be

explored.

Given the high demand of substrate translocation due to rapid cell division and
expansion, aquaporin-mediated transport is likely to play a major role in sporocarp
formation of mycorrhizal fungi. Fungal MIPs comprise four distinct groups: orthodox
fungal water channels, fungal aquaglyceroporins, facultative fungal aquaporins and
fungal XIPs (Xu ef al. 2013). Aquaporins of several mycorrhizal fungi demonstrated
versatile transport capacities, including the capacity to transport water, glycerol, urea,

ammonia, CO2, NO and H>O» (Dietz et al. 2011; Navarro-Rdédenas et al. 2012; Li et al.
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2013; Xu et al. 2015; Navarro-Rddenas et al. 2015). Relative transcript abundances
corresponding to these aquaporins were impacted by mycorrhizal formation (Dietz et
al. 2011; Navarro-Rodenas et al. 2012; Li et al. 2013; Hacquard et al. 2013), and their
functions in plant-fungal interactions included signaling during symbiosis
establishment (Navarro-Rodenas et al. 2015) and water transport in mycorrhizal roots

(Xu et al. 2015).

L. bicolor is an excellent ECM model fungus to study the role of aquaporins in
sporocarp formation since it readily produces basidiocarps under controlled growth
conditions with a variety of host plants (Godbout & Fortin 1990) and its aquaporins
have been well characterized (Dietz et al. 2011; Xu et al. 2015). ECM associations
between L. bicolor and trees of Picea, Pinus, Pseudotsuga, Populus and Betula species
are widely distributed in North American temperate forests (Mueller 1992). Although
L. bicolor has saprophytic capacity, it is considered to be a strictly symbiotic species
because it produces basidiocarps only from the host-derived carbohydrates
(Lamhamedi et al. 1994; Fortin & Lamhamedi 2009). The initiation and development
of its basidiocarps proceeds through the stages typical of a basidiomycete macrofungus
species, which can be driven by short photoperiod and photosynthate flow from the
host, and are influenced by phenology of the host tree as well as climatic and soil
factors such as low level of nitrogen and phosphorus fertilization (Godbout & Fortin
1990; Fortin & Lamhamedi 2009). Different stages of sporocarp formation involve
different cellular and molecular processes that require transcription of different suites
of genes. Since some of these stages are characterized by rapid growth, they likely
involve increased transport of water and other small molecules. In the present study,
we hypothesized that the aquaporins that are involved in transport of water and small
neutral signaling molecules such as CO2 and NO will be upregulated during the stages
of basidiocarp development involving rapid cell expansion. Therefore, we
characterized the different stages of basidiocarp formation in L. bicolor mycorrhizal
with Picea glauca and examined the responses of gas exchange in P. glauca seedlings
in response to mycorrhization. For each basidiocarp developmental stage, we
investigated changes in the transcript abundance of the genes encoding the aquaporin
family in L. bicolor. The transcript profiles corresponding to the aquaporins with

demonstrated transport properties enabled us to infer the relative degree of
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involvement and potential roles of these aquaporins at the different developmental

stage of basidiocarp formation.
4.2 Materials and Methods
4.2.1 Fungal and plant culture

Picea glauca (Moench) Voss seeds (National Tree Seed Centre, Canadian Forest
Service, Fredericton, NB, Canada) were surface-sterilized using diluted Tween-20
solution (ca. 1:1000 [v/v]) and 20% (v/v) commercial bleach (1% [v/v] sodium
hypochlorite) according to Groome et al. (1991). Seeds were stratified at 4°C for two
weeks and germinated at 20°C on sterile, moistened crepe cellulose paper (Kimpak;
Kimberly-Clark, Mississauga, ON, Canada). One week after germination, the seedlings
were transplanted into autoclaved peat moss: vermiculite (2:1) in sterilized 170 ml
Spencer-Lemaire root trainers (Spencer-Lemaire Industries Ltd., Edmonton, AB,
Canada) covered with plastic domes. The seedlings were grown in a controlled
environment growth room with 16 h photoperiod, 22 /18°C (day/night) temperature,
400 pmol m s photosynthetic photon flux density, and 50-60% relative humidity.

Laccaria bicolor (Maire) P.D. Orton strain UAMHS8232 was made available by the
University of Alberta Microfungus Collection and Herbarium, and cultured in liquid
modified Melin-Norkans (MMN) medium (Marx 1969; Pham et al. 2004) at 20°C with
shaking at 0.8 x g for four weeks. The culture was homogenized in a blender to make
the liquid inoculum of ODsgo = 1.5. Immediately after transplanting, seedlings were
inoculated by injecting 10 mL of homogenized liquid inoculum into the sterilized
potting mix. Autoclaved fungal-free liquid MMN was used to treat the non-inoculated
control seedlings. After one month, a second inoculation was conducted by applying
10 mL of the respective inoculum onto the roots that had developed along the inner
wall of the root container. Eighteen plants each were maintained for the inoculated and
non-inoculated treatments. The seedlings were spatially separated to minimize the
possibility of cross-contamination. The plants were grown in a completely randomized
design, with root containers randomly rearranged every three days to minimize the

impact of growth chamber heterogeneity on plant growth.

Two months after the second inoculation, mycorrhizal colonization was examined by

observing extraradical hyphae around the root tips and directly estimating the number
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of mycorrhizal root tips (Brundrett et al. 1996). This was followed by microscopic
examination of six root tips randomly sampled from each of the five inoculated and
five non-inoculated seedlings, respectively (n = 5). In total, 30 root tips were sampled
for each treatment. The root segments for microscopy were fixed in formalin-acetic
acid-alcohol (FAA), embedded in paraffin and sectioned with a microtome. The 5-pum-
thin sections were stained with toluidine blue. The sectioned samples were observed
under a Zeiss AXIO compound light microscope (Carl Zeiss Microscopy GmbH,
Gottingen, Germany) with a MacroFire Digital Camera (Optronics, Goleta, CA, USA).
Colonization rate for each examined seedling was calculated as the percentage of

mycorrhizal root tips out of the total root tips randomly selected for sectioning.
4.2.2 Basidiocarp development

About two months after the second inoculation, basidiocarps started to continuously
emerge in the containers with inoculated seedlings. Basidiocarps with normal
phenotype were randomly selected to track the growth. The duration of each
developmental stage and the height of the entire aboveground basidiocarp were
recorded (n = 10). Fresh mass and dry mass (oven-dried at 80°C for 72 hours) of
basidiocarps were measured at each stage to determine the tissue water content (n = 6).
Since a distinct structural separation of the cap and the stipe occurred in Stage 5 and 6,
caps and stipes were sampled separately for water content determinations at these two

stages.

Spore prints were collected by attaching a piece of gill from the mature basidiocarp
onto a glass microscope slide, covering with a slide cover and placing it in a sealed
plastic bag for 48 h. The images of spores were captured under a Zeiss AXIO

compound light microscope. Spore size and density were determined using Imagel

computer software (V.1.440; Schneider ef al. 2012).
4.2.3 Measurements of gas exchange

Net photosynthetic rate (Py), transpiration rate (£) and stomatal conductance (gs) of
lateral branches of P. glauca seedlings were measured at approximately 09:00-12:00
using a Licor-6400 portable photosynthesis system with a 2x3 cm? red-blue light
chamber (LI-COR, Lincoln, NB, USA). Subsequent to these measurements, needles

were collected, scanned and the total surface area of the needles calculated using
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Imagel. The Py, E and gs were expressed as a function of needle surface area. The Py
was divided by E to calculate transient water use efficiency (WUE) (Equation 4.1). The
measurements were carried out for six plants of non-inoculated control (Non-
inoculated), six associated with L. bicolor at ECM vegetative stage (ECM with
vegetative mycelia), and six associated with basidiocarp-bearing L. bicolor (ECM

bearing basidiocarps of Stage 3-5), respectively (n = 6).

Equation 4.1 Calculation of transient WUE
WUE =P,/ E

4.2.4 Quantification of transcript abundance of Laccaria bicolor MIPs

during basidiocarp development

Basidiocarps collected for quantitative RT-PCR (qRT-PCR) were flash-frozen in liquid
nitrogen and ground to a fine powder prior for total RNA extraction using the RNeasy
Plant Mini extraction method according to the manufacturer’s instructions (Qiagen,
Valencia, CA, USA), with RLC buffer. The samples were collected on days 1, 6, 9, 13,
15 and 22, representing Stages 1-6, respectively (n =4). At Stages 5 and 6, caps and
stipes were collected separately; hymenium tissue in caps was collected at Stage 6.
First strand cDNA was synthesized from 0.5 pg of total RNA using Superscript II (Life
Technologies, Carlsbad, CA, USA). Primers were designed using Primer Express 3.0
(Applied Biosystems, Life Technologies) (Table 4.1). Each 10 pL reaction consisted of
2.5 uL of 1.6 uM primer, 2.5 uL of 5 ng/uL cDNA and 5 pL of SYBR Green qPCR
Mastermix as outlined in Xu ef al. (2015). Final concentration for primers and cDNA
was 0.4 uM and 1.25 ng/uL, respectively. Thermal cycling conditions were 95°C for 2
min followed by 40 cycles of 95°C for 15 s and 60°C for 60 s, carried out in
QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems, Life Technologies).

Transcript abundance corresponding to the six L. bicolor aquaporins — JQ585592,
JO585593, JO585594, JO585595, JO585596, and JO585597 — was quantified in
basidiocarps at Stages 0 to 6 using the standard curve method (Pfaffl 2004), with
Translation Elongation Factor 2 (EF2) as the reference gene. EF2 was selected as an
appropriate reference gene as it showed statistically invariant transcript abundance
over all samples that were compared (P = 0.91). The standard curve template was

prepared as a series of dilutions of the mixture of the PCR amplicons of each analysed
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genes, with the template concentration ranging from 1.6x10? to 1.6x10® molecules mL-

! for each gene.
4.2.5 Statistical analysis

Descriptive statistics and ANOVA were conducted using Origin 8.0 (OriginLab,
Northampton, MA, USA). A Tukey test was used to compare means for statistically
significant differences (P < 0.05).

4.3 Results
4.3.1 Development of Laccaria bicolor basidiocarps

Two months after the second inoculation, all of the inoculated P. glauca seedlings had
become mycorrhizal with L. bicolor. Abundant mycelia grew in the rhizosphere, and
the mantle and Hartig net structures were well developed in the root tips of inoculated
seedlings (Fig. 4.1 a). The root tip colonization rate was 93.3 + 4.1% (mean = SE, n =
5). In contrast, no ECM structures were observed in the roots of non-inoculated P.

glauca seedlings.

Basidiocarps started to emerge in the containers with inoculated seedlings two months
after the second inoculation. Abundant mycelia were present in the upper soil layers

around the roots (Fig. 4.1 a).

The first visible structure was the initial aggregate of bipolar primordia (Fig. 4.1 b) at
the mean height of 2.9 mm (Fig. 4.2 a). On an average, it took five days for the initial
aggregate bipolar primordium (defined as Stage 1 in this study; Fig. 4.1 b, Fig. 4.2 a) to
develop into the primordium with distinct cap and stipe (Stage 2, Fig. 4.1 c) that was as
twice as tall as the initial bipolar primordium in Stage 1 (Fig. 4.2 a). After the pinning
primordium in Stage 1 (Fig. 4.1 b), bipolar growth led to the formation of distinct
pileus and stipe structures in Stage 2 (Fig. 4.1 c¢). Caps were orange-brown in color and
turned darker as they grew, whereas stipes were creamy white. It took another three
days to enter the next stages of maturation, distinguished by swollen stipe base that
stored a considerable amount of liquid in Stage 3 (Fig. 4.1 d), followed by rapid stipe
elongation in Stage 4 four days later (Fig. 4.1 ¢), and cap expansion and opening in

Stage 5 two days after Stage 4 (Fig. 4.1 f). The stipe consisted of elongated polarized
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tubular-structured cells (Fig. 4.1 ). The next day, the development reached Stage 6 —
the final stage — of basidiospore formation in the hymenium of a fully opened cap,
where the hymenium developed underneath with distantly spaced, smoothly margined
gills (Fig. 4.1 g). The stipe base became less swollen, but was distinctly bulbous. This
stage continued for more than 10 days until the basidiocarps dehydrated and wilted. No
veil was formed. The height of basidiocarps increased by 10-fold between Stage 2 (day
6) and the beginning of Stage 6 (day 16), and reached a maximum of ca. 92 mm on day
22 (Fig. 4.2 a). The diameter of caps expanded from about 3-5 mm at Stage 3 (Fig. 4.1
d) to 35-40 mm at Stage 6 after full expansion (Fig. 4.1 g). The majority of the
basidiocarps developed into maturity and produced spherical, light-colored spores (Fig.
4.1 g). The ornamented spore wall appeared smooth when examined under the light
microscope at 630 x magnification. The thickness of the protective walls was 0.08 -
0.15 pm, with two distinct layers (Fig. 4.1 g). The average diameter of the spores was
0.544 £0.013 pum (mean + SE, n = 30). The color of spore print was creamy white to
light purple. Spore density was higher than 5.5x10° mm™. Several basidiocarps stopped
growing at Stages 2 and 3, in cases where more than one basidiocarp was present per

container.

Tissue water content was about 85 - 86% at Stages 0-2, followed by an increase in
Stages 3-5, and a decrease at Stage 6 (Fig. 4.2 b). In the two latter stages, the stipes

contained less water than the caps, however the difference was not significant.

4.3.2 Transcript profiling of MIPs during the development of Laccaria

bicolor basidiocarps

The transcript profiles of L. bicolor aquaporins JO585592, J0585593, JO585594,
JO585595,J0585596 and JO585597 showed differential transcript abundance at
different developmental stages (Fig. 4.3). Of the aquaporins that were examined,
JO585595 was the most highly expressed in vegetative mycelia (Stage 0, Fig. 4.1 a),
followed by JO585594, JO585596 and JO589957; the expression levels of JO585592
and JO585593 were low (Fig. 4.3). All aquaporin genes were upregulated during Stage
1 of basidiocarp formation, with the most significant fold increase in JO585592,
JO585596 and JO585597 (Fig. 4.3 a, ¢). JO585592, the orthodox fungal aquaporin of
Cluster I, was upregulated 78-fold in Stage 1, 670-fold in Stage 2 and more than 1200-
fold in Stage 3 relative to Stage 0 (Fig. 4.3 a). The expression of JO585592 was
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maintained at a high level in Stage 4 and in cap tissues of Stage 5 and 6, but
significantly declined in the stipe tissues during the latter two stages. JO585593, the
fungal aquaglyceroporin of Cluster II, was upregulated to a lower extent compared
with JO585592, and the expression of this aquaporin was higher in the cap than in the
stipe at Stages 5 and 6 (Fig. 4.3 b). The three aquaporins of Cluster III (facultative
fungal aquaporins) — J0585595, JO585596 and JO585597 — showed similar
expression patterns through the basidiocarp development, with JO595595 being
consistently higher than the other two aquaporins (Fig. 4.3 c). The expression levels of
these three aquaporins declined in Stage 2 and increased again in Stage 3. The
expression of JO585595 and JO585596 was significantly higher in caps than in stipes.
The expression levels of JO585596 and JO585597 did not significantly change from
Stage 4 to the cap tissues of Stage 5 and 6, whereas JO585595 was upregulated in the
cap tissues of Stages 5 and 6, with the highest expression level in the hymenium tissue
of Stage 6 (Fig. 4.3 c). The expression of JO585594 did not change to as great an
extent as that of the other three facultative fungal aquaporins (Fig. 4.3 ¢). JO585592
and JO585595 were the two most highly expressed aquaporins in the later stages of the

basidiocarp development.
4.3.3 Seedling morphology and gas exchange

Basidiocarps emerged when the inoculated seedlings were three-month old and about
15.6 £ 0.78 cm high (mean = SE, n = 12), and the terminal buds had set in most of the
inoculated seedlings. The non-inoculated seedlings started to set terminal buds about
two weeks later and reached an average height of 16.7 £ 0.90 cm (mean + SE, n = 12),
which was not significantly different from the inoculated seedlings (P = 0.33). No clear
correlation was observed between the timing of bud set and the timing or amount of

basidiocarp formation.

Mycorrhization significantly increased P, and a further increase occurred after the
emergence of basidiocarps (Fig. 4.4 a). Compared with non-inoculated seedlings, gs
was higher in the seedlings that contained only vegetative mycelia (Fig. 4.4 b),

whereas WUE of seedlings with basidiocarp-bearing L. bicolor was significantly higher
compared with non-inoculated seedlings and the inoculated seedlings that contained

only vegetative mycelia (Fig. 4.4 c).
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4.4 Discussion

Basidiocarp formation is influenced by carbon flow from the host plant to the
mycorrhizal fungus and, therefore, must be strongly linked to the growth of the
associated host plants (Fortin & Lamhamedi 2009; Egli 2011). P. glauca seedlings
inoculated with L. bicolor had higher P, compared with non-inoculated seedlings,
suggesting higher carbon demand due to mycorrhization. The formation of
basidiocarps further enhanced Py, indicating the role of basidiocarps as a carbon sink.
In addition, the formation of basidiocarps also enhanced WUE (Fig. 4.4 c¢), supporting
the notion that more efficient plant photosynthesis could be an indicator for strong
carbohydrate demand of colonized roots (Nehls et al. 2010). Cessation of shoot
elongation in seedlings and setting of terminal buds likely resulted in increased
carbohydrate supply to L. bicolor to support greater fungal growth by shifting source-
sink dynamics in the plant to favor translocation of photosynthates to roots and
onwards to the fungal hyphae. The dependence of basidiocarp formation on
photosynthesis was also clearly demonstrated in L. bicolor mycorrhizal with P. strobus
(Lamhamedi et al. 1994). A more recent study using '*C-labeling showed that recently-
assimilated photosynthates were derived from the host plant, and then transferred and
translocated to the basidiocarp of ECM fungus Laccaria amethystina (Teramoto et al.
2012). Photosynthate supply from the host plant would allow sufficient hyphal growth
for the formation of hyphal knot and initial aggregation, which are two prerequisites
for initiation of basidiocarps and subsequently lead to primordium pinning and
differentiation. Future studies should evaluate the impacts of mycorrhization and
basidiocarp formation on plant growth, by examining dry mass accumulation and
allocation, total organic carbon reserve in different tissues, tissue density, as well as
carbon fixation efficiency. The exact amount of carbohydrates transferred to
mycorrhizal fungi and soil should also be investigated to better understand the roles of

mycorrhiza in ecosystem carbon sequestration.

In this study, the complete life cycle and basidiocarp morphology of L. bicolor
UAMHS8232 was consistent with those of the previously published L. bicolor strain
CRBF 0101 (Godbout & Fortin 1990). The change in morphological characteristics in
Stages 1 and 2 suggests that the basidiocarps underwent considerable cell division and

cell differentiation, which is known as the switch from mycelial extension to the
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successive development of basidiocarp primordia (Kiies & Liu 2000). Rapid cell
division likely contributed to the bipolar growth prior to cell differentiation in Stage 2,
during which cell differentiation led to the formation of distinct pileus and stipe (Fig.
4.1 ¢). Such cytological events have been reported during the fruiting of basidiomycete
model species for mushroom development such as Coprinus cinereus (Kiies 2000), and
also of Laccaria spp. (Massicotte et al. 2005). While cell expansion is thought to slow
or cease during bipolar primordium development, cells usually rapidly elongate in all
directions in the subsequent steps of fruiting. This likely leads to the increased volume;
in contrast, cell division probably becomes quiescent during this time (Kiies 2000;
Kiies & Liu 2000; Massicotte et al. 2005). Both the cap and stipe expanded further
during Stage 3, and the swelling at the base of the stipe coincided with a significant
increase in water content, which is commonly associated with turgor pressure buildup
that can act as a driving force for cell expansion. Under the controlled environment
conditions of our study, basidiocarp development was completed within 22 days.
Given the rapid growth that occurs at certain times during L. bicolor basidiocarp
formation, we hypothesized that aquaporin-mediated movement of water and other
small solutes may play important roles in these growth processes. Accordingly, we
conducted detailed transcript profiling of the L. bicolor aquaporin gene family over the
course of basidiocarp formation, in order to better understand possible roles for each of

these genes in the sequential steps of basidiocarp development.

In basidiomycetes, the switch from vegetative to reproductive growth and subsequent
fast growth of the basidiocarps requires a major shift in metabolism as well as an
efficient transporting system and therefore, presumably involves massive
reprogramming of gene expression (Martin ef al. 2008). In L. bicolor S238N, six
aquaporins have been described, some of which demonstrated transport capacity for
water, urea, glycerol or ammonia (Dietz et al. 2011, Table 4.1). Recently, it was
reported that Lacb1:392091, Lacbhil:247946 and Lacbil :391485 were upregulated in a
single mature sporocarp compared with the entire ECM mycelium (Nehls & Dietz
2014). In the dikaryotic strain L. bicolor UAMHS8232, we also reported six aquaporins,
JQ585592-97, which correspond to five of the six genes in L. bicolor S238N (Xu et al.
2013, Table 4.1). We demonstrated that most of these L. bicolor aquaporin genes were
upregulated at different points during basidiocarp development, suggesting their

involvement in water influx, nutrient uptake and potentially signaling during
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basidiocarp formation (Fig. 4.3). Transcript abundances corresponding to Cluster I, 1T
and III aquaporins (sensu Xu et al. 2013) differed between clusters, while the four
aquaporins within Cluster III showed considerable coregulation. These findings
suggest that Cluster I, II and III aquaporins play non-redundant roles in basidiocarp
development. This is consistent with their substrate transport capacities: whereas all
four Cluster III aquaporins demonstrate significant water permeability (Xu et al. 2015),
the Cluster [ JQ585592 demonstrates the most significant CO; transport capacity and is
also a strong channel for NO and a moderate channel for H>O3; it was shown to be
essential to the development of the mycorrhizal symbiosis (Navarro-Rodenas ef al.
2015). The Cluster I1 JQ585593 does not show significant water permeability, but

rather moderate CO> transport capacity.

JO585592 reached the peak of transcript abundance in Stage 3 and maintained
similarly high expression in caps during Stages 5 and 6 (Fig. 4.3 a). The corresponding
aquaporin in strain S238N, i.e., Labcil:392091, was also found to be the most highly
expressed aquaporin in the sporocarp (Nehls & Dietz 2014). The high expression level
of the CO; transporting JQ585592 could be related to the cell differentiation that takes
place in caps to produce the gilled spore-bearing hymenium. Many fungal species have
sensing mechanisms to determine the concentration of surrounding CO; and respond
effectively to this environmental cue (Cummins et al. 2014). CO- has been reported to
stimulate growth of AM fungi (Bécard & Piché 1989), increase hyphal extension rate
of mushroom mycelia (Wiegant et al. 1992) and regulate the timing of saprotrophic
mushroom formation (Stamets 2000). In natural conditions, most sporocarps of ECM
fungal species are produced in late summer and autumn (Gévry & Villeneuve 2009),
which may correspond with altered CO> levels in the ecosystem. In many tree species,
late summer and autumn coincides with the cessation of shoot growth as well as a
second peak of seasonal root growth, which is characterized by enhanced root
respiration (Johnson-Flanagan & Owens 1985). In spruce-dominated conifer forests, it
has been reported that declining air temperatures and litter fall also contribute to
increased ratio of soil respiration versus ecosystem respiration in the autumn
(Davidson et al. 2006). Under controlled cultivation conditions, the decrease in CO>
can serve as signal for basidiocarp initiation of saprophytic macrofungi (Stamets 2000),
which is used in practice to induce the growth of basidiocarps outside of the substrate

and to ensure the efficient spore dissemination. This suggests a possibility that the
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change in intercellular CO> concentration may serve as a signal for basidiocarp
development. The upregulation of JO585592 could contribute to the enhancement of
COs sensitivity as a signaling cue in carbonic anhydrase and fungal adenylyl pathways
during basidiocarp formation and maturation. CO; signaling is known to play crucial
roles in several pathways for fungal cell division and differentiation (Bahn &
Miihlschlegel 2006; Hall et al. 2010; Cummins et al. 2014). CO> and H>O, both of
which are likely to be transported through aquaporins, are converted into HCOs and H
in the presence of Zn>" and carbonic anhydrase. Adenylyl cyclase is activated by
HCOs™ and further catalyzes ATP to cAMP, which has been shown to promote hyphal
formation in Candida albicans, and capsule formation and sexual reproduction in
Cryptococcus neoformans (Bahn & Miihlschlegel 2006). The resulting H" lowers pH
of the compartment in which it is formed, which favored the late stage of mating (Bahn
& Miihlschlegel 2006). In addition, lower pH was an external acidifying stimulus for
modification and extension of the cell wall, which is essential for cellular growth and
differentiation, and also has key roles in intercellular communication and carbohydrate
storage (Latgé 2007; Ruiz-Herrera 2012). Furthermore, rhizosphere acidification by
respiratory CO> production and carbonic anhydrase promotes carbonate mineral
weathering, which is considered to be among the three key weathering mechanisms of
mycorrhizal fungi (Landeweert ef al. 2001; Thorley et al. 2014). This process is
enhanced by H' extrusion by ECM and arbuscular (AM) fungi (Koele et al. 2014).
Increased abundance of JQ585592 could lead to more CO; transported, inducing the
production of carbonic acid and H". One possible consequence would be promoted
mineralization and increased mineral availability for both symbiont partners during the
resource-demanding process of basidiocarp growth. JQ585592 is also capable of
transporting H>O> and NO, the two molecules that are considered to be important
regulators in mycorrhizal symbiosis (Puppo ef al. 2013; Navarro-Rddenas et al. 2015).
The upregulation of JO585592 indicates that the signaling of these molecules could
also play important roles in sporocarp formation and fungal sexual reproduction, which
mechanisms remain to be explored. In addition, the subcellular localization of
JQ585592 indicated the regulation could occur on not only plasma membrane but also
on the membrane of reticulum endoplasm or vesicles (Table 4.1; predicted using
TargetP, Emanuelsson ef al. 2007). This suggests a possible involvement of JQ585592
in the continuous flow of secretion vesicles from the hyphal cell body to the growing

hyphal tip in vigorously growing tissues, which is regulated by rearrangement of
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cytoskeleton and considered essential for cell wall and membrane extension (Fischer et

al. 2008).

JO585595 was another significantly upregulated aquaporin, particularly in Stage 4
entire basidiocarps, Stage 5 caps and Stage 6 hymenium (Fig. 4.3 c). The aquaporin
JQ585595 exhibits the highest water transport capacity of the L. bicolor aquaporins,
and has been demonstrated to affect water transport in mycorrhizal roots of P. glauca
(Xu et al. 2015). JO585595 was the most abundantly expressed aquaporin gene in the
vegetative mycelium prior to basidiocarp formation. Its differential expression in Stage
1 and 2 indicated that water transport via JQ585595 might be less engaged during
cellular events in Stage 2. The swelling of stipe base in Stage 3, the elongation of
stipes in Stage 3-6, and the expansion of caps in Stage 5-6 were accompanied with
higher tissue water content (Fig. 4.2 b) and upregulation of JO585595 (Fig. 4.3 ¢),
suggesting a correlation between cell expansion and water uptake via this aquaporin.
The increase in JO585595 expression could contribute to rapid water uptake, providing
sufficient intracellular hydrostatic pressures to drive stipe elongation, cap expansion
and opening during Stages 3-6. Moore-Landecker (2002) described that in the later
stages, basidiospores were actively discharged from sterigmata-producing basidia
when the drop of water had accumulated and reached its full size at the point where the
basidiospore and sterigma joined. The increased expression of water-transporting
JQ585595 in hymenium might contribute to this process of gill expansion and
basidiospore release. In addition, the amino acid sequence of this aquaporin is ca. 94%
identical with Lacbi1:391485, an aquaporin permeable to water, glycerol and ammonia
in strain S238N (Dietz et al. 2011). Lacbil:391485 was also upregulated in the
sporocarps (Nehls & Dietz 2014). This suggests that these aquaporins could play key
roles in facilitating translocation of substrates, such as glycerol and ammonia, required

for turgor pressure regulation, cell expansion and division.

JQ585594, and the pair of isoforms JQ585596 and 97 grouped into the same cluster of
facultative fungal aquaporins with JQ585595 (Xu ef al. 2013). All four Cluster II1
aquaporins showed coregulation, indicating the possibility of hetero-tetramerization.
Interestingly, transcription of these water-transporting aquaporins was upregulated in
Stage 1 but downregulated in Stage 2, in contrast to the CO2, NO and H>O»> -
transporting JO585592, which was strongly upregulated at Stage 2. This suggests the
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importance of transmembrane water transport to the initiation of primordium
development in Stage 1, and the importance of the movement of CO» and other small
neutral molecules to the events of cap and stipe differentiation in Stage 2. Although
JO585593 was significantly upregulated in basidiocarp tissues in comparison to Stage
0, its transcript abundance was consistently low (Fig. 4.3 b). This aquaporin belongs to
Cluster I aquaglyceroporins (Xu ef al. 2013). It shows high sequence similarity to
aquaporin Lacbil:387054 from strain S238N, which demonstrated capacity to transport
ammonium/ammonia, methylamine, glycerol, and/or urea (Dietz et al. 2011). It
remains to be explored whether these aquaporins contribute to signaling or osmosis
regulation as a transporter for glycerol or ammonia, or whether they play role in
equilibration and subcellular routing and compartmentation of both aquaporin-
transported substrates and carbohydrates to cell expansion and division as Maurel et al.

suggested for plant cells (2009).

The differential aquaporin expression in caps and stipes indicated transmembrane
transporting was more active in caps in Stage 5-6, and low expression of aquaporins
indicated that transport pathways other than aquaporin-mediated transmembrane
transport might dominate transport of water and other substrates in stipes (Fig. 4.3). In
contrast, the transcript level of aquaporins in strain S238N were higher in stipe than in
pileus of a single mature fruiting body (Nehls & Dietz 2014). To elucidate this
difference between the strains of L. bicolor, more research with a larger sample size

should be carried out to further refine and characterize developmental stages.

In conclusion, the significantly regulated transcript abundance of the L. bicolor
aquaporin gene family, particularly JO585592 and JO585595, implied their
contributions in fungal cellular processes during the basidiocarp formation of L.
bicolor mycorrhizal with P. glauca seedlings. Increased transcript abundance of
JO585592 suggests the importance of possible signaling molecules such as CO2 during
basidiocarp development. Enhanced water transport attributed to increased JO585595
transcript abundance may contribute to cell expansion during the later stages of
basidiocarp development. In-depth understanding of these fungal aquaporins can be
improved by future studies of their subcellular localization, post-translational
regulation as well as their precise roles in signaling and transporting processes in the

context of fungal and mycorrhizal development.
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Table 4.1 Characteristics of the six aquaporins of Laccaria bicolor UAMHS8232

Aquaporin' Protein  Length of TMHs> NPA Possible  Subcellular Phylogenetic Py CO,; transport Primers for qRT-PCR’ Corresponding aquaporins in strain S238N
ID! deduced motifs ar/R localization® cluster* (ums™) S capacity® and their transport capacity®
amino acid residues
sequences
J0585592 AFJ15555 311 6 NPN, FHAR Secretory I: Orthodox fungal 25.8+2.1 Yes F: TGGCCCTGCTGAAATCAACT Lacbil:392091 (Lacbi2:456764)
NSA RCS aquaporins R: CCCATTGCGAGTCTCTTCGT H,O
JO585593 AFJ15556 330 6 NPC, FGIR Plasma 1I: Fungal 46.6 +10.2 Yes F: GTGACATTGGTTGCCGTTTG Lacbil:307192 (Lacbi2:671860)
NSA membrane RC 5  aquaglyceroporin R: ATCCTCCCGCAGCTGACTTT
JO585594 AFJ15557 254 6 NPA, WGGR Secretory III: Facultative  124.0+11.0 No F: TAATGGCGCACTCACAAACG Lacbil:247946 (Lacbi2:568479) H,O
NPA RC1 fungal aquaporin R: ATGCCCCAAGACCAATGAAC
JO585595 AFJ15558 312 6 NPA, WGGR Plasma III: Facultative ~ 260.0 = 8.9 No F: TAACCCCGCTCGTGATCTTG Lacbil:391485 (Lacbi2:443240) H,O, glycerol,
NPA membrane RC 1  fungal aquaporin R: CCTGTCTTCCATAGCCAACCA ammonia
JO585596 AFJ15559 332 6 NPA, WGAR Plasma III: Facultative 166.5+2.7 No F: ACGCTTGTTCCTCGCTATGTC Lacbil:317173 (Lacbi2:317173) H,O, ammonia
NPA membrane RC 3 fungal aquaporin R: TGCCCAGAGCCAATATTGACT
JO585597 AFJ15560 332 6 NPA, WGAR Plasma III: Facultative 1384+1.5 No F: CGCCCTCACTGACAAACGTA Lacbil:317173 (Lacbi2:317173) H,O, ammonia
NPA membrane RC 3 fungal aquaporin R: ATAAAGAGCGCAAATGGCAAAA
Note:

1. GenBank accession number in NCBL

SIS - N VA N )

. Phylogenetic analysis was refereed to Xu et al. 2013.

. F and R referred to forward and reverse primers, respectively.

. The number of transmembrane helix domains was predicted by TMHMM server 2.0 (Xu et al. 2015).

The assay was conducted in yeast heterologous expression system by Navarro-Rodenas et al. (2015).
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. Subcellular localization was predicted by Target P (Emanuelsson ez al. 2000); 1 indicated strongest prediction and 5 the weakest.

. Pywas water permeability determined in Xenopus laevis oocyte assay (Xu et al. 2015); Py for negative control was 20.5 + 0.6 um s™.

. Functional assays were conducted by Dietz et al. (2011); Lacbi2 proteins were searched in JGI Laccaria bicolor genome V2.0.



Figure 4.1 Developmental stages of basidiocarp formation in Laccaria bicolor UAMH 8232 ectomycorrhizal with Picea glauca seedlings
(a) Stage 0: localized intense hyphal branching around the ectomycorrhizal roots (circled); massive extraradical forage hyphae growing around
the roots; mantle and Hartig net structures present; (b) Stage 1: formation of an initial aggregate bipolar primordium, i.e., pinning (circled); (c)
Stage 2: differentiation of primordium with cap and stipe; (d-f) Fruiting body maturation: (d) Stage 3-swollen stipe base, (e) Stage 4-rapid stipe
elongation and tubular-shaped hyphal cells, (f) Stage5-cap expanding; (g) Stage 6: basidiospore formation in hymenium of fully developed
basidiocarps; numerous spores were produced.
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Figure 4.2 Heights (a) and tissue water contents (b) of basidiocarps in Laccaria
bicolor UAMH 8232 at different developmental stages

Water content data in (b) for Stages 1-5 were collected on the same days as for heights
in (a), and the water content in Stage 6 was measured on day 22. The means (n = 10) +
SE are shown in (a) and » = 6 + SE in (b). Different letters indicate significant
differences at P < 0.05 determined with ANOVA, Tukey’s test.
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Figure 4.3 Transcript abundance of aquaporin genes in Laccaria bicolor
basidiocarps at different developmental stages

Relative abundance of the Cluster I fungal aquaporin JO585592 (a), Cluster 11
fungal aquaglyceroporin JO585593 (b) and Cluster III facultative fungal
aquaporins JO585594, JO585595, JO585596 and JO585597 (¢) in
basidiocarps at the different development stages. The QRT-PCR assay was
conducted using the standard curve method, and the transcript abundance of
each aquaporin gene was normalized to that of the reference gene EF2. Solid
lines represent the expression in the whole basidiocarp. Dashed lines represent
the expression in the caps in Stages 5 and 6. Hymenium tissue was collected in
Stage 6; Dotted lines represent the expression in the stipes in Stages 5 and 6.
The means (n = 4) + SE are shown. Different letters indicate significantly
different time points of the transcript abundance for each gene at P < 0.05
determined with ANOVA, Tukey’s test. Letters used for JO585594, JO585595,
JO585596 and JO585597 are lowercase, underlined uppercase, underlined
lowercase, and uppercase, respectively.
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transient water use efficiency (WUE) (¢) in non-inoculated -Picea glauca
seedlings and in seedlings associated with vegetative mycelium and
basidiocarp-bearing mycelium (Stages 3-5) of ectomycorrhizal Laccaria
bicolor UAMHS8232

Different letters indicate significant differences at P < 0.05 determined with
ANOVA, Tukey’s test (n = 6 + SE).
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S GENERAL DISCUSSION AND CONCLUSIONS

5.1 Outcomes of the studies

The studies in Chapter 2, 3 and 4 addressed the hypotheses and the seven objectives
introduced in §1.7. The verification of the hypotheses and the fulfillment of the
objectives deepen the understanding of the classification and transport capacities of
mycorrhizal fungal MIPs, and suggest their multiple roles in water transport of
mycorrhizal association and in signaling processes during basidiocarp growth. The

major outcomes of the studies are listed below.

- Phylogenetic classification of fungal MIPs: Fungal MIPs can be grouped into
four major phylogenetic clusters, i.e., Cluster I the orthodox aquaporins, Cluster
II the aquaglyceroporins, Cluster III the facultative fungal aquaporins, and
Cluster IV the fungal XIPs. The relationship between putative MIPs of
mycorrhizal fungal species and functionally characterized fungal MIPs provide
insight into MIP gene families of mycorrhizal fungi and their possible roles in

plant-fungus symbioses.

- Water permeability of Laccaria bicolor MIPs: In the six MIP genes cloned
from ECM fungus L. bicolor UAMHS8232 (Fig. 5.1), JO585592 and JO585593
encode an orthodox aquaporin and an aquaglyceroporin, respectively, which do
not demonstrate significant water transport capacity in the swelling assay of
oocyte heterologous expression. JQ585594, JQ585595, and the pair of isoforms
JQ585596 and JQ585597, are water-transporting facultative fungal aquaporins,
in which JQ585595 demonstrates the highest water transport capacity. In
addition, JQ585592 demonstrates permeability for CO2, NO and H>O», and
JQ585595 demonstrates permeability for NO in yeast expression systems
(Navarro-Rodenas et al. 2015). Transport capacity for more than one substrate

suggests that fungal MIPs may play multiple physiological roles.

- Transcript profiles of L. bicolor MIPs: The six MIP genes show different
transcript abundance in mycelia grown on pure culture, and demonstrate
significantly different transcript profiles in vegetative mycelia, in ECM root

tips at root temperature of 20°C and 5°C, and in each of the six developmental
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stages of basidiocarp formation. In general, the transcript abundance of these
MIPs is higher in ECM root tips than in vegetative mycelia, and higher at root
temperature 5°C than 20°C, with JO585595 being the highest expressed under
all these conditions. During development of the basidiocarp, JO585592 and
JO585595 show the greatest degree of upregulation. This indicates the
differential involvement of these MIPs in different tissues and phases of fungal

growth.

The contribution of L. bicolor MIPs to water transport in ECM water transport:
ECM fungus and fungal aquaporins can have significant impact on root water
transport pathways (Fig. 5.2; Fig. 5.3 a, b). As the conceptual model suggests
(Fig. 5.2), water can be transported through fungal hyphae by apoplastic
pathway and transmembrane pathway; in the latter pathway, the regulation of
fungal aquaporins plays a determining role. The presence of fungal hyphae as
mantle and Hartig net may directly alter the apoplastic pathway of root water
transport; by changing the hydration in the apoplastic space, it may have impact
on PIP regulation in different types of root cells in the cell-to-cell root water
transport pathways (Fig. 5.2). The study shows the increase in Ly and Lpc of
Picea glauca upon mycorrhization with L. bicolor and the enhancement of Ly,
in P. glauca roots mycorrhizal with L. bicolor overexpressing the aquaporin
JO585595. This indicates that the contribution of L. bicolor hyphae to root
water transport in P. glauca involves increased apoplastic water transport in the
root intercellular spaces, which may be attributed to water released from the
hyphae and may lead to increased hydration at the fungal-root interface, and
consequently impact PIP expression and fully load the transmembrane pathway
in mycorrhizal roots (Fig. 5.3 b). Moderate increase in JO585595 expression
may lead to a further increase in hydration in the root intercellular space;
therefore, apoplastic water transport in roots is further enhanced (Fig. 5.3 ¢).
However, at low root temperature, upregulation of fungal MIPs to a furthest
extent may lead to the increase in water influx into hyphal cells and the
decrease in hydration in the root intercellular space (Fig. 5.3 d), which
consequently affects PIP regulation and reduces Lpc and Ly in P. glauca roots
mycorrhizal with L. bicolor strains overexpressing JO585595. This suggests
that the role of fungal MIPs in ECM root water transport is highly dynamic.
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- The possible roles of L. bicolor MIPs during basidiocarp formation: The
significantly upregulated transcription of the studied MIPs, particularly
JO585592 and JO585595, suggests their contributions in fungal cellular
processes during the basidiocarp formation of L. bicolor ectomycorrhizal with
P. glauca seedlings. As a functional channel for CO>, NO and H>O» (Navarro-
Roédenas et al. 2015), upregulated JO585592 may serve as a channel for a
possible signaling molecule such as CO; during the basidiocarp initiation and
maturation. Enhanced water transport attributed to upregulated JO5855935, the
functional water channel, may contribute to cell expansion during the stipe

elongation and cap development.

- The involvement of L. bicolor MIPs in ECM water transport and basidiocarp
formation gives examples of the importance of fungal MIPs in fundamental
processes in the growth of ECM fungi and in their interactions with associated
plants, which invites future studies on their roles in important processes of

mycorrhizal and fungal biology.
5.2  Perspectives for future studies

To date, the genomes of ca. 400 fungal species, including 33 mycorrhizal fungi, have
been sequenced, assembled and released by the Joint Genome Institute (van der
Heijden ef al. 2015). These expanding genomic and transcriptomic resources will allow
researchers to improve the current fungal MIP classification, as the number of known
fungal MIPs increases (Verma ef al. 2014). These resources also provide a platform for
the research on subcellular localization and post-translational regulation of fungal
MIPs, as well as their refined roles in signaling and transporting in the context of
fungal developmental biology and mycorrhizas - an essential process in carbon and

nutrient cycling of temperate and boreal forests.

This study characterized six genes in the MIP family of L. bicolor dikaryotic strain
UAMHS232 by phylogenetic analysis and water transport assay, and examined their
transcript profiles in three distinct phases of fungal growth, i.e., medium-cultured
vegetative mycelia, ECM root tips and basidiocarps. This study also investigated the
role of a particular MIP JO585595 in ECM-associated root water transport using
transgenic strains. The contribution of the strongly upregulated JO585592 and
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JO585595 to basidiocarp formation was discussed, and should be further investigated
by examining the effects of altered gene expression on basidiocarp growth. The
contributions of other characterized MIPs to ECM root water transport and basidiocarp
formation have been briefly touched in this study, and may be examined in depth in

future study in similar approaches.

Certain inter-strain differences shown in sequence analysis and water transport assay
were found between the MIPs of the strain UAMHS8232 and their homologues of the
monokaryotic strain S238N. In addition, previous gene cloning in the strain
UAMHS8232 did not yield a homologue gene for Lacbi2:482072 of the strain S238N
(61.82% identical with JQ585593, grouped in Cluster II, containing a mitochondrial
targeting peptide) (Fig. 5.1). Recently released genome portal of L. bicolor v2.0 (JGI
portal version 7.14.2, released on February 5 2015, accessed on February 22 2015,
http://genome.jgi-psf.org/Lacbi2/Lacbi2.home.html) reveals a new putative MIP in the
strain S238N, i.e., Lacbi2:576801 (92.4% identical with JQ585596, grouped in Cluster
I11, containing a secretory pathway targeting peptide). The knowledge of the MIP
family of the species may keep expanding along with the update of the genome
platform. Therefore, research efforts should be made to clone and characterize the
homologues of the new putative MIP genes in the strain UAMH8232, and examine
their roles in important processes such as ECM water transport and basidiocarp

formation.

The contributions of mycorrhizal fungal MIPs to root-water relations can be further
investigated by using techniques such as qRT-PCR based on laser capture
microdissection RNA extraction and mRNA in situ hybridization, to examine the
transcript abundance of both fungal and plant MIPs in each important type of cells in
root water transport pathways (Almeida-Rodriguez & Hacke 2012; Giovannetti et al.
2012; Gambetta et al. 2013; Hacquard ef al. 2013), including fungal MIPs in
extraradical mycelium, mantle and Hartig net of the fungus, and plant PIPs in
epidermis, cortex and endodermis (Fig. 5.2). In addition, using antibody and
immunofluorescence techniques to examine protein phosphorylation and to verify the
in silico prediction of subcellular localization (Fig. 5.1), the MIP post-translational
modifications can be elucidated to link gating and trafficking of fungal MIPs and major

root PIPs to changes in root hydraulic conductivity (Javot & Maurel 2002; Maurel et al.
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2008; Chaumont & Tyerman 2014). Meanwhile, methods should be improved to
accurately track and quantify water transported in root apoplastic pathway (Muhsin &
Zwiazek 2002; Barzana et al. 2012). The application of stable isotopes and new
fluorescent dyes may shed light on this area. Efficient methods, such as a cell pressure
probe specialized for fungal cells, also need to be designed to directly measure
hydraulic status of fungal mycelia and individual hyphal cells. These studies will help
to examine the status of each pathway, in order to verify the proposed processes of
water transport at the interface of hyphal cells of and root cortical cells (Fig. 5.3). In
addition, the currently proposed model of ECM root water transport mainly addresses
the importance of hydraulic signal itself in regulating MIP-mediated processes. Many
other signals, such as plant hormones and fungal secreted metabolites, may play roles
in signaling at the plant-fungal interface and regulating both plant and fungal MIPs.
Therefore relevant consideration should be incorporated into future experimental

designs.

Other transport capacities and related physiological functions of fungal MIP family
would be very interesting areas to explore, as they may play multiple crucial roles in
fungal growth and reproduction as well as interaction with mycorrhizal plants (Nehls
& Dietz 2014; Verma et al. 2014). For instance, in addition to their direct contribution
to water transport, L. bicolor MIPs may be involved in important signaling pathways in
the processes of mutualism recognition and substrate exchanges, which consequently
shape the extracellular environment of root cells. Furthermore, it would be important to
examine the precise mechanisms by which MIPs regulate the transport of signaling
molecules such as COz to trigger the switch of fungal growth stages. These signaling
pathways remain unclear and should be paid attention to in future studies that involve
more mycorrhizal fungal and plant species. MIP regulations as responses to different
environmental cues should be considered as well, because the nature of mycorrhizal
interaction is often complicated by factors such as chilling, drought, and salinity. The
techniques proposed in the paragraph above can also be used to examine the spatially
differential expression and post-translational regulation of L. bicolor MIPs in these

contexts.

From a practical perspective, the knowledge of the roles of fungal MIPs in mycorrhizal

associations can help to guide the applications of mycorrhizal symbiosis in agriculture,
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forestry and land reclamation, as well as in sporocarp cultivation of economically
important macrofungi of Ascomycota and Basidiomycota. The general understanding
of fungal MIPs may provide insight for the research on fungal diversity, and for the
practice in plant protection against fungal pathogens, as well as in biocontrol and

biorefinery using beneficial fungal species.
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Figure 5.1 Known MIP proteins of Laccaria bicolor UAMHS8232 and their putative subcellular localization

Subcellular localization of the MIPs was predicted using TargetP (Emanuelsson et al. 2007). Phylogenetic analysis of MIP clustering
was conducted using MEGA 5 (Tamura ef al. 2011), as shown in Chpater 2. Water transport capacity of the MIPs was examined in
Xenopus oocyte swelling assay, as shown in Chapter 3. Transport capacity for CO>, NO and H>O» was examined in yeast expression
system (Navarro-Rddenas et al. 2015). The diagram of the fungal hyphal cell was drawn with reference to Fischer et al. (2008).
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Figure 5.2 A conceptual model of water pathways through ectomycorrhizal fungus-root association
The conceptual model was developed based on the composite model of root water transport (Steudle & Peterson 1998). The
diagram was drawn with reference to that of the ECM root water transport suggested by Lehto & Zwiazek (2011).
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Figure 5.3 Proposed processes of water transport at the ECM interface of hyphal cells of Laccaria bicolor and root cortical cells of Picea glauca
with emphasis on the roles of fungal and root aquaporins
(a) In non-mycorrhizal root tips, water is transported in apoplastic and cell-to-cell pathways in cortical cells; (b) In WT-mycorrhizal root tips, root
water transport in apoplastic and cell-to-cell pathways is enhanced by the presence of mycorrhizal hyphae, as water released from mycorrhizal hyphae
increases the hydration in the intercellular space of cortical cells, and fully loads the root aquaporins for transmembrane water transport; (¢) Transcript
abundance of the fungal aquaporins is up-regulated in OE-mycorrhizal root tips at 20°C and in WT-mycorrhizal root tips at root temperature 5°C, and
moderate increase in fungal aquaporins contributes to the increase in water efflux from hyphal cells and in hydration of root intercellular space, which
leads to further enhancement of root apoplastic water transport; (d) In OE-mycorrhizal root tips at 5°C, transcript abundance of fungal aquaporins is
further up-regulated, which causes more water influx into hyphal cells and less water in intercellular space available for root transport. The simplified
model was developed based on the study of root hydraulic dynamics of Picea glauca mycorrhizal with ECM fungus Laccaria bicolor. WT stands for
the L. bicolor strain UAMHS8232. OE stands for the strains overexpressing the endogenous fungal aquaporin JO585595.
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APPENDICES

APPENDIX 1 Deduced amino acid sequences used in phylogenetic
analysis on plant MIPs and fungal MIPs

Protein name and accession number in NCBI or JGI genome databases was listed for

each sequence, followed by the species name.

Plant MIPs

>PtPIP1;1 [POPTR 0010s19930][Populus trichocarpa]
MEGKEEDVRLGANKFNERQPLGTAAQSQDDKDYKEPPPAPLFEPSELTSWSFY
RAGIAEFMATFLFLYITVLTVMGVFKDTTKCTTVGIQGIAWAFGGMIFALVYC
TAGISGGHINPAVTFGLFLARKLSLTRAVFYMLMQCLGAICGAGVVKGFYGK
KNYELLNGGANMVSPGYTKGDGLGAEIVGTFVLVYTVFSATDAKRSARDSHV
PILAPLPIGFAVFLVHLATIPITGTGINPARSLGAAIIFNKDKAWDDHWIFWVGP
FIGAALAALYHQVVIRAIPFKK*

>PtPIP1;2 [POPTR 0008s06580][Populus trichocarpal
MEGKEEDVRLGANRFNERQPIGTAAQSLDDKDYKEPPPAPLFEPGELTSWSFY
RAGIAEFMATFLFLYITVLTVMGVVKDQTKCTTVGIQGIAWAFGGMIFALVYC
TAGISGGHINPAVTFGLFLARKLSLTRAVFYMVMQCLGAICGAGVVKGFYGK
TNYELHNGGANMVAHGYTKGDGLGAEIVGTFILVYTVFSATDAKRSARDSHV
PILAPLPIGFAVFLVHLATIPITGTGINPARSLGAAIIFNKDSAWDDHWIFWVGPF
IGAALAALYHQVVIRAIPFKK*

>PtPIP1;3 [POPTR 0003s12870][Populus trichocarpal
MEGKEEDVKLGANKFSERQPIGTSAQTDKDYKEAPPAPLFEPGELKSWSFYRA
GIAEFIATFLFLYITVLTVMGVTKPGTSKCSTVGIQGIAWAFGGMIFALVYCTA
GISGGHINPAVTFGLFLARKLSLTRAVFYIIMQCLGAICGAGVVKGLQGSHNYE
LQGGGANVVNHGYTKGDGLGAEIVGTFVLVYTVFSATDAKRNARDSHVPILA
PLPIGFAVFLVHLATIPITGTGINPARSLGAAIIFNKDHAWDDHWIFWVGPFIGA
ALAAVYHQIVIRAIPFKSRA*

>PtPIP1;4 [POPTR_0006s09920][ Populus trichocarpa]
MEEGEEDVKVGANRYGEGQPIGTAAQTQHGKDYTEPPPAPLYQPGEWLSWSF
YRAGIAEFVATFLFLYITVLTVMGVARSSTKCSTVGIQGIAWAFGGMIFVLVYC
TAGISGGHINPAVTFGLLLARKLTLTRAVFYMIMQCLGAICGAGVVKGFQKSP
YEILGGGANTVSTGYSKGSGLGVEILGTFVLVYTVFSATDAKRSARDSHVPVL
APLPIGFAVFLVHLATIPITGTGINPARSLGAALIYNKDKAWDDHWIFWVGPFI
GAALASLYHQIVIRAIPFKSK*

>PtPIP1;5 [POPTR _0016s12070][ Populus trichocarpa]
MEGREEDVRVGANKYGERQPIGTAAQAQDVKDYTDPPPAPLFEPGELSSWSF
YRAGIAEFVATFLFLYITVLTVMGVAKSPTKCSTVGIQGIAWAFGGMIFALVYC
TAGISGAVFYMLMQCLGAICGAAVVKAFQKSQYEMLGGGANTVSTGYAKGS
GLGAEIVGTFVLVYTVFSATDAKRNARDSHVPILAPLPIGFAVFLVHLATIPITG
TGINPARSLGAALIYNKDQAWDDHWIFWVGPFIGAALASLYHQIVIRAIPFKSK
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>PtPIP2;1 [POPTR 0009s13890][Populus trichocarpal

MSKDVIEEGQTHTKDY VDPPPAPLFDVGELKLWSFFRALIAEFIATLLFLYVTV
ATVIGHKKNQDACGGVGLLGIAWAFGGMIFILVYCTAGISGGHINPAVTFGLL

LARKVSLIRAVGYMVAQCLGAVCGVGLVKAFMKPYYNSLGGGANMVAPGY

STGTAVGAEIIGTFVLVYTVFSATDPKRSARDSHIPVLAPLPIGFAVFMVHLATI

PITGTGINPARSFGAAVIINDKKAWDDHWIFWVGPFVGALAAAAYHQYILRAG
AIKALGSFRSHPTN*

>PtPIP2;2 [POPTR 0004s18240][Populus trichocarpal
MSKEVSEVGQTHGKDYVDPPPAPLLDLGELKLWSFYRALIAEFIATLLFLYVT
VATVIGHKSNKDPCDGVGLLGIAWAFGGMIFILVYCTAGISGGHINPAVTFGLF
LARKVSLIRAVAYMVAQCLGAICGVGLVKAFMKKNYNSLGGGANTVAMGY
NTGTALGAEIIGTFVLVYTVFSATDPKRSARDSHVPVLAPLPIGFAVFMVHLAT
IPITGTGINPARSFGAAVIFNNEKAWDDHWIFWVGPFVGALAAAAYHQYILRA
AAIKALGSFRSNPAN*

>PtPIP2;3 [POPTR _0010s22950][ Populus trichocarpa]
MAKDMEVAEAGSFSAKDYHDPPPAPLFDAKELTKWSFYRALIAEFIATLLFLYI
TVLTVIGYKSQIDGSADSCGGVGILGIAWAFGGMIFVLVYCTAGISGGHINPAV
TFGLFLARKVSLIRAVMYMVAQCLGAICGVGLVKAFQKSYYKKYGGGANTL
ADGFSTGTGLGAENGTFVLVYTVFSATDPKRSARDSHVPVLAPLPIGFAVFMV
HLATIPITGTGINPARSLGAAVIYNQDKAWDGHWIFWVGPFAGAAIAAFYHQFI
LRAGAVKALGSFRSAQRF*

>PtPIP2;4 [POPTR 0008s03950][Populustrichocarpa]
MAKDTEVAEAGSFSAKDYQDPPPAPLIDAEELTKWSFYRALIAEFIATMLFLYI
TVLTVIGYKSQIDGNADPCGGVGILGIAWAFGGMIFVLVYCTAGISGGHINPAV
TFGLFLARKVSLIRAVMYMVAQCAGAICGVGLVKAFQKSYYTKYNGGANVL
ADGYSTGTGLGAEIGTFVLVYTVFSATDPKRSARDSHVPVLAPLPIGFAVFMV
HLATIPITGTGINPARSFGAAVIYNNKKAWHDQWIFWAGPFIGAAIAAFYHQFI
LRAGAIKALGSFRSNPNV*

>PtPIP2;5 [POPTR _0006s12980][ Populus trichocarpa]
MGKDIEVGGEFSAKDYHDPPPAPLIDAEELTQWSLYRAIIAEFIATLLFLYITVL
TVIGYKSQTDTTKNSDACGGVGILGIAWAFGGMIFVLVYCTAGISGGHINPAV
TFGLFLARKVSLVRAVLYMVAQCLGAICGCGLVKAFQKSYYTKYGGGVNEL
ATGFSKGTGLGAEINGTFVLVYTVFSATDPKRNARDSHVPVLAPLPIGFAVFMV
HLATIPITGTGINPARSFGAAVIYNEDKAWDDHWIFWVGPFIGAATIAALYHQY
VLRAAAVKALGSFRSSSNI*

>PtPIP2;7 [POPTR _0016s09090][ Populus trichocarpa]
MGKDIEVGGEFSAKDYHDPPPAPLIDAEEITQWSFYRAIIAEFVATLLFLYITVL
TVIGYKSQTDVNKNGDECGGVGILGIAWAFGGMIFILVYCTAGISGGHINPAVT
FGLFLARKVSLVRAILYMVAQCLGAICGCGLVKAFQKSYYTNYGGGANGLAN
GYSKGTGLGAEIIGTFVLVYTVFSATDPKRNARDSHVPVLAPLPIGFAVFMVHL
ATIPITGTGINPARSFGAAVIFNKEKAWDDHWIFWVGPFIGAAIAALYHQFILRA
AAVKSLGSFRSSPNI*

>PtPIP2;8 [POPTR _0009s01940][ Populus trichocarpa]
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MAKDIEVAEHGETVKDYQDPPPAPLIDAEELGQWSFYRALIAEFIATLLFLYVT
VLTVIGYKSQTDPDKGLDACGGVGILGIAWAFGGMIFVLVYCTAGISGGHINP
AVTFGLFLARKVSLIRAVLYMVAQCLGAICGCGLVKAFQKSYYNHYGGGANE
LQEGYNKGTGLGAEIIGTFVLVYTVFSATDPKRNARDSHVPVLAPLPIGFAVFM
VHLATIPITGTGINPARSFGAAVIFNQSKAWDDHWLFWVGPFIGAAIAAFYHQF
ILRAAAIKALGSFRSNA*

>PtPIP2;9 [POPTR 0005s11110][Populus trichocarpa]
MSTGGKDYRDPPPAPLLDMEELKQWSFYRALIAEFVATFLFLYIGVGTVVGYK
GVHNNLCDGAGYLGVAWAFGGMIFVLVYCTAGISGGHINPAVTFGLFVARKV
SLIRAVAYMMAQCLGAMLGVWMVMILTGIHYDQAGGAVNVVAPGYSKGTA
LGAEIIGTFVLVYTVLAATDPKRMARDSHVPVLAPLPIGFAVFVVHLALIPITGT
GINPARSLGAAVVKNAKEIWDDHWIFWVGPFVGALAAAVYHQYILGSGAAK
ALASFRSNPTS*

>PtPIP2;10 [POPTR_0005s11100][Populus trichocarpal
MSSEERNIERQHGRDYHDPPPAPLLDMGELKQWSFYRAAIAEFIATFLFLFFSV
STVVNYKEPNYTDQCSRVGHLGIAWANGGMIFVLVYCTSGISGGHLNPAVTF
GMLVARKMSLIRAAAYMLAQCLGAILGHLFVFLFMYADEQQSSVGVVNVVS
RNYSKGAGLGAEFIGTFVLVYTVFSATDPKRNARDSHVPVLAPLPIGFAVFVV
HLATIPITGTGINPARSLATNLLHRSTAEAMDDLWIFWVGPFLGALAAAVYHK
YVLRAGAVKTLKSFRALGSFGSQPPV*

> PtPIP2;11 [POPTR_0006s09910][Populus trichocarpal
MGKDVEVRGEFIAKDYHDPPPAPLIDAEELTQWSLYRAIIAEFIATLLFLYITVL
TVIGYKSQTDTTKNSDACGGVGILGIAWAFGGMIFVLVYCTAGISGGHINPAV
TFGLFLARKVSLVRAVLYMVAQCLGAICGCGLVKAFQKSYYTKYGGGANEL
ATGFSKGTGLGAEINGTFVLVYTVFSATDPKRNARDSHVPVLAPLPIGFAVFMV
HLATIPITGTGINPARSFGAAVIYNKDKAWDDHWIFWVGPFIGAAIAALYHQY
VLRAAAVKALGSFRSSSNI

>PtTIP1;1 [POPTR_0001s24200][ Populus trichocarpa]
MPITSIAFGSPAEAGQPDALRAALAEFISMLIFVFAGEGSGMAFNKLTDNGSSTP
AGLVAASLAHAFALFVAVSVGANISGGHVNPAVTFGAFIGGHITFIRSLLYWV
AQCLGSVVACLLLKLATGGQETSAFALSSGVGAWNAVVFEIVMTFGLVYTVY
ATAVDPKKGDIGITAPIAIGFIVGANILAGGAFDGASMNPAVSFGPAVVSWTWD
SHWVYWLGPFVGSAIAAIVYEVIFINPSTHEQLPSTDF

>PtTIP1;2 [POPTR _0009s03230][ Populus trichocarpal
MAITSIAFGSPAEVGQSDALKAALAEFISMLIFVFAGEGSGMAFNKLTDDGSST
PAGLVAASLAHAFALFVAVSVGANISGGHVNPAVTFGAFLGGHITFIRSILYWV
AQCLGSVVACLLLKLATGGLETSAFSLSSGVGVWNAVVFEIVMTFGLVYTVY
ATAVDPKRGDIGITAPIAIGFIVGANILAGGAFDGASMNPAVSFGPAVVSWTWD
NHWVYWLGPFVGSAIAAIVYEVCFISPTTHEQLTSSDF

>PtTIP1;3 [POPTR_0010s21700][Populus trichocarpa]

MPINRIAFGTPREASHPDALRAALAEFISMLIFVFAGSGSGMAFNKLTDNASTT
PSGLVAAALAHAFALFVAVSVGANISGGHVNPAVTFGALIGGNITLLRSILYWI
AQLLGSVVACLLLKFATGGLETPAFGLSSGVGAWNALVFEIVMTFGLVYTVY
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ATAVDPKKGNLGIIAPIAIGFIVGANILAGGAFDGASMNPAVSFGPAVVSWTW
TNHWVYWLGPFIGAATAALVYDNIFIGSGGHEPLPTNDF

>PtTIP1;4 [POPTR _0008s05050][ Populus trichocarpal
MPINRIAVGTPGEASHPDSLRAALAEFISTLIFVFAGSGSGMAFNKLTDSASTTP
AGLVAAALAHAFALFVAVSVGANISGGHVNPAVTFGALIGGNITLLRSILYWI
AQLLGSVVACLLLKFSTGGLETPAFGLSSGVGAWNAVVFEIVMTFGLVYTVY
ATAVDPKKGNLGIIAPIAIGFIVGANILAGGAFDGASMNPAVSFGPAVVSWTW
TNHWVYWLGPFIGAGIAALVYDNIFIGSGGHEPLPTNDF

>PtTIP1;5 [POPTR_0016s10780][Populus trichocarpal
MPIRNIAVGHYRETTQPDALKAALAEFISTLIFVFAGEGSGMAFSKLTDGASNT
PAGLIAAAIAHAFALFVAVSVGANISGGHVNPAVTFGAFIGGNITLFRGILYWIA
QLLGSTVACLLLKFVTGGLETSAFALSTGVGVWNAFVLEIVMTFGLVYTVYA
TAIDPKKGNLGITAPIAIGFIVGANILVGGAFDGASMNPAVSFGPALVSWSWTN
HWVYWAGPLVGGGLAGLIYELFFIGFGTHEQLPTTDY

>PtTIP1;6 [POPTR_0006s12350][ Populus trichocarpa]
MPIRNIAVGHYHEATQPDALRAALAEFISTLIFVFAGEGSGMAFAKLTDGAAN
TPAGLIAAAIAHAFALFVAVSVGANISGGHVNPAVTFGAFIGGNITLLRGILYWI
AQLLGSTVACLLLKFTTGGLETSAFALSSGVGVWNAFVLEIVMTFGLVYTVYA
TAVDPKKGNLGIAPIAIGFIVGANILAGGAFDGASMNPAVSFGPALVSWTWTN
HWVYWAGPLIGGGLAGLIYEFFFIGFGNHEQLPTADY

>PtTIP1;7 [POPTR _0009s01070][ Populus trichocarpal
MPNLIVIDRIAIGTVAADFHPNAFKAALAEFISTLIFVFAGQGSTMAYNKLTSNA
PTSPAGLIAVALAHAFGLFVAVATSANISGGHCNPAVTFGAFLGGNITLLRGIL
YWIAQLLGSTVACLLLKFATHYMTVSVFTLSSGVSVWNAFVFEIVMTFALVYT
VYATAIDAKKGDVGVIAPLAIGFVLGANILAGGAFEGAALNPAVPFGPALVSW
NWHHHWVYWAGPLIGGGLAGVVYELIFISHTHEPLAVVEY

>PtTIP1;8 [POPTR _0004s22600][ Populus trichocarpa]
MRNFHIERITIGRVEDDFHSNAFKAALAEFISTLIFVFAGQGSTMAYNKLTSNAP
TSPAGLIAVALAHAFGLFVGVAVSANISGGHVNPAVTFGAFIGGNISLLRGILY
WIAQLLGSTVACLLLKYTTHHMTVSVFTLSPGVTVWNAFVFEIVMTFALVYT
VYATAIDPKKGDVGVIAPLAIGFVLGANILVGGAFEGAALNPAVPFGPALVSW
NWYHHWVYWAGPLIGGGLAGIVYELIFMSHSTHEPLPGGEF

>PtTIP2;1 [POPTR _0001s18730][ Populus trichocarpal
MAGIAFGRFDDSFSLGSFKAYLAEFISTLLFVFAGVGSAMAYNKLTGDAALDP
AGLVAIAVCHGFALFVAVSVGANISGGHVNPAVTFGLALGGQITILTGIFYWIA
QLLGSIVACYLLKVATGGLAVPIHSVAAGVGAIEGVVMENITFALVYTVYATA
ADPKKGSLGTIAPIAIGFIVGANILAAGPFSGGSMNPARSFGPAVASGDFHDNW
IYWAGPLVGGGIAGLIYGNVFITDHTPLSGDF

>PtTIP2;2 [POPTR_0003s04930][Populus trichocarpa]

MARIAFGRFNDSFSLGSLKAYLAEFISTLLFVFAGVGSAMAYNKLTGDAALDP
AGLVAIAVCHGFALFVAVAVGANISGGHVNPAVTLGLALGGQMTILTGIFYWI
AQLLGSIVACYLLKVVTGGLAVPIHSVAAGVGAIEGVVMEIIITFALVYTVYAT
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AADPKKGSLGTIAPIAIGFIVGANILAAGPFSGGSMNPARSFGPAVASGDFHDN
WIYWVGPLIGGGLAGLIYGNLYITDHSPSSYEF

>PtTIP2;3 [POPTR _0003s07550][ Populus trichocarpal
MAKIAFGSLGDSFSLASIKAYLSEFIATLLFVFAGVGSAIAYSKLTTDAALDPPG
LVAVAVAHAFALFVGVSIAANISGGHLNPAVTFGLAIGGNITFLTGLLYWIAQC
LGSIVACLLLKVVTSAEGIPTHGVASGMSAIEGVVMEIVITFALVYTVYATAAD
PKKGSLGIIAPIAIGFIVGANILAAGPFSGGSMNPARSFGPAVVSGDFSQNWIYW
LGPLVGGGLAGLVYGGIFIGSYAPAPVSEDYA

>PtTIP2;4 [POPTR _0001s15700][ Populus trichocarpal
MVKIAFGSLGDSFSVGSLKAYLSEFIATLLFVFAGVGSAIAYSKLTTDAALDPP
GLVAVAVAHAFALFVGVSIAANISGGHLNPAVTFGLAIGGNITILTGLLYWIAQ
CLGSIAACLLLKFATSAESIPTHGVASGMSAVEGVVMEIVITFALVYTVYATAA
DPKKGSIGIIAPIAIGFIVGANILAAGPFSGGSMNPARSFGPAVVSGDFSQNWIY
WLGPLIGGGLAGLVYGDIFIGSYTAAPVSEDYA

>PtTIP3;1 [POPTR _0018s14910][Populus trichocarpa]
MPRRYAFGKADEATRPDAMRAALAELVSTFIFVFAGEGSILALDKLYKGTGPP
ASGLLVVALAHALALFSAVASSINISGGHVNPAVTFGSLVGGRISVIRAVSYWV
AQLLGSIFAALLLRLVTNGMIPAGFHVQSEVGEVHGLLLEMALTFGLVYTVYA
TAIDPKRGSLGIIAPLAIGFVVGANILVGGPFDGASMNPARAFGPALVGWRWR
NHWIYWVGPFLGGGLAALIYEYIVISAEPVAHHTHQHQPLAPEDY

>PtTIP3;2 [POPTR _0017s03540][ Populus trichocarpal
MRAALAEFVSTFVFVFAGEGSVLALDKLYKETGPLASGLVVVALAHALALFS
AVASSINISGGHVNPAVTFGSLVGGRISVIRAVYYWVAQLLGSIVAALLLRLVT
NGMRPVGFHVQSGVGEVHGLLMEMALTFGVVYTVYATALDPKRGSLGIIAPL
AIGFIVGANILVGGPFDGASMNPARAFGPALIGWRWRNHWIYWVGPFLGGGL
AALIYEYIVIPTEPVPRHAHQHQPLAPEDY

>PtTIP4;1 [POPTR_0006s25620][ Populus trichocarpa]
MTKIALGSRHEAAQPDCLKALVVEFVTTFLFVFAGVGSAMAADKLTGDALLG
LFVVAVAHAFVVAVMISAGHISGGHLNPAVTIGLLFGGHITVVRSILYWIDQLL
ASTAACFLLKYLTGGLATPVHTLASGMDYLQGVVWEIVLTFSLLFTVYATIVD
PKKGSIDGLGPMLTGFVVGANILAGGAFSGASMNPARSFGPALVSWDWTDH
WVYWVGPLIGGGLAGFIYENFFITRSHRPLPSEEEPF

>PtTIP5;1 [POPTR _0003s10800][ Populus trichocarpal
MASTSLTARFKQSVTPASLRAYLAEFISTFFYVFAVVGSAMASRKLLPDAAAV
PSSLVIVAIANAFALSSAVYIAANASGGHVNPAVTFGMAVGGRINVPTALFYWI
SQMLASVMACIFLKVATVGQHVPTNTIAEEMTGFGASLLEGVMAFGLVYTVY
AAGDPRRGSLGAIGPLAVGLTAGANVLAAGPFSGGSMNPACAFGSAVIAGRL
KNQAVYWVGPLIGAAVAGLLYDNVVFPTEAPDSLRGVSDDVGV

>PtTIPS;2 [POPTR_0001s00690][ Populus trichocarpa]

MAPTSLTARFQQSVTPASLRAYLAEFISTFFYVFAVVGSAMASRKLLPDAAAD
PSSLVIVAIANAFALSSAVYIAANASGGHVNPAVTFGMAVGGHINVPTALFYW
ISQLLASVMASIFLKVTTVGQHVPTYTIAEEMTGFGASLLEGVMTFGLVYTVY
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AAGDPRRSSLGAIGPLAVGLMAGANVLAAGPFSGGSMNPACAFGSAVIAGKF
KNQAVYWVGPLIGASVAGLLYDNVVFPTQAPDSVRRGVSEGVGV

>PtNIP1;1 [POPTR 0004s06160] [ Populus trichocarpal
MAEIDGTNGNGNHGGVVLDIKDNYPSSSSIKEVSVLNFY VPFMQKLVAEIAGT
YFLIFAGCSSVAVNLNFDKVVTLPGISITWGLAVMVLVYSVGHISGAHFNPAV
TLAFATCKRFPWKQVPAYVACQVIGATLAAGTIRLLFQGDQDHFTGTMPAGS
NLQSFVVEFIITFYLMFIISGVATDNRAIGELAGLAVGSTVLLNVMFAGPISGAS
MNPARSLGPAIVSHQYKGLWIYIVSPILGAQAGAWVYNLIRYTDKPLREITKSA
SFLNGKESS

>PtNIP1;2 [POPTR 0011s06770] [Populus trichocarpal
MAEIDGTNGNGNHGGVVLDIKDNYPSSSSIKEVSVLNFYVPFMQKLVAEIAGT
YFLIFAGCSSVAVNLNFDKVVTLPGISITWGLAVMVLVYSVGHISGAHFNPAV
TLAFATCKRFPWKQVPAYVACQVIGATLAAGTIRLLFQGDQDHFTGTMPAGS
NLQSFVVEFITFYLMFIISGVATDNRAIGELAGLAVGSTVLLNVMFAGPISGAS
MNPARSLGPAIVSHQYKGLWIYIVSPILGAQAGAWVYNLIRYTDKPLREITKSA
SFLNGKESS

>PtNIP1;3 [POPTR 0010s12330][Populus trichocarpa]
MPWNNEFGDDTEGGKKTESSDEDSPPETTVQIIQKITAEMIGTFFLIFMGCGSVV
VNQMYGSVTFPGVCVVWGLIVMVMVYSVGHISGAHFNPAVTVTFAIFRHFPY
KQVPLYIAAQLLGSLLASGTLSLLFSVTDEAYFGTIPVGPDIRSFVTEIIISFLLMF
VISGVATDNRAIGELAGIAVGMTIMLNVFVAGPVSGASMNPARSLGPAIVMRQ
FKGIWVYIVGPPIGTILGALCYNIIRFTDKPLREITKTASFLKSKN

>PtNIP1;4 [POPTR _0017s03060][ Populus trichocarpal
MARKSDGIESQEITSMEEGLATPTDPKENGKFDCCTSPAAVTITQKLIAEVIGTY
FVIFAGCGSVAVNNIYGSVTFPGVCVTWGLIVMVMIYSLGHISGAHFNPAVTIA
FAIFRRFPSWQVPLYIHAQLMGSILASGTLALALDVTPEAFFGTVPVGSDGQSLV
LEHISFLLMFVISGVSTDDRAVGDLAGIAVGMTILLNVFVAGPVSGASMNPARS
IGPAVVKHQFKGLWVYIVGPIIGAIAGAFACNLIRWTDKPLGELTKVGSFIKSG
SKNYAS

>PtNIP1;5 [POPTR _0002s09740][ Populus trichocarpal
MSSSNSITEPSPKFQLPTRRSIMAEAKAASPAPEWLSTRNAALSNFQKIVAELM
GTYILVFVGCGAALTDKVQRLNMLGIAIVWGAVLMAAIY ALGHVSGAHFNPA
VSIALAVVRKFSWKEVPMYILAQVLGSTLASLTLRMLFHEQGNIQPIVNQYSDP
TSDLEAIVWEFITFILMFTICGVATDPRASKDLSGVAIGGAVMFNAMIAGPITG
ASMNPARSLGPALVSGVYKNLWVYIVSPILGAMAAAAVYSVLRVPEPAKPED
TNKSTYNNLNLHADP

>PtNIP2;1 [POPTR _0017s11960][ Populus trichocarpal
MATVDQEMNISVESSRFHFVKLFREHYPSGFLRKVVAEVIATYLLVFVTCGAA
AISASDEHKVSKLGASVAGGLIVTVMIYAVGHISGAHMNPAVTTAFAAVLNFP
WKQVPFYAAAQLTGAISASFTLKVLLHPIRNVGTTSPSGTAVQALIMEIVVTEFS
MMFITSAVATDTKAVGELAGIAVGSAVCITSILAGPVSGGSMNPARTLGPAIAS
RYFKGVWVYLLGPVTGTLLGAWSYNLIRVTDKPVQAIPRRFSFGSRRTRAIDE
QSPSMGPLDAF
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>PtNIP3;1 [POPTR _0003s17930][ Populus trichocarpa]
MDNAEVPSVPSTPATPGTPGAPLFGGFKGERGVHGRKSLLRSCKCFSVEEWA
MEEGRLPPVSCSLPPPPVSLARKVGAEFIGTLILIFAGTATAIVNQKTQGSETLV
GLAASSGLAVMIVILATGHISGAHLNPSITIAFAALKHFPWKHVPVYIGAQVLA
SLCAAFALKGIFHPVMGGGVTVPSGGYGQAFALEFITSFILMFVVTAVATDTR
AVGELAGIAVGATVMLNIFIAGETTGASMNPVRTLGPAIAVNNYKAIWIYLTA
PILGALCGAGTYSAVKLPEEDGDSNEKTSAARSFRR

>PtNIP3;2 [POPTR _0001s14850][ Populus trichocarpa]
MDTEEVPSAPSTPATPGTPGAPLFGGFKGERGVHGRKSLLRSCKCFGVEEWA
MEEGRLPPVSCSLPPPPVSLARKLGAEFMGTLILIFAGTATAIVNQKTQGSEALI
GLAASTGLAAMIVILSTGHISGAHLNPSITIAFAALKHFPWKHVPVYIGAQVLA
SLCAAFALKVIFHPMMGGGVTVPSGGHGQAFALEFIISFILMFVVTAVATDTRA
VGELAGIAVGATVMLNILIAGETTGASMNPVRTLGPAIAANNYKAIWVYLTAP
ILGALCGAGTYSAVKLPEEDGDTNEKTSATRSFRR*

>PtNIP3;3 [POPTR _0001s45920][ Populus trichocarpal
MPESEAGTPAVSAPNTPGTPGGPLFTGLRVDSLSYSDRKIMPKCKCLPVTAPT
WGQPHTCFLDFPAPDVSLTRKLGAEFVGTFILIFAATAGPIVNQKYNNAETLIG
NAACAGLAVMIIILSTGHISGAHLNPSLTIAFAALRHFPWVQVPAYIAAQVSASI
CASFALKGVFHPFMSGGVTVPSVSTGQAFALEFLITFNLLFVVTAVATDTRAV
GELAGIAVGATVMLNILVAGPSSGGSMNPVRSLGPAVAAGTYKDIWIYLVAPT
LGALVGAATYTAVKLREEEADPPRQVRSFRR

>PtNIP3;4 [POPTR _0011s14990][ Populus trichocarpal
MPGPEEAGTPTVTAPNTPGTPGGPLFTGLRVDSLSYSDRKIMPKCKCLPVTAPN
WGQPHTCFLDIPSPDVSLTRKLGAEFVGTFILIFMATAGPIVNQKYDHAETLIG
NAACAGLAVMIILSTGHISGAHLNPSLTIAFAALRHFPWVQVPAYIAAQVSASI
CASFALKGVFHPFMSGGVTVPSVSTGQAFALEFFITFNLLFVVTAVATDTRAV
GELAGIAVGATVMLNILVAGPSTGGSMNPVRTLGPAIAAGNYKKIWIYLVAPT
LGAVVGAGAYTLVKLRDDETDPPRPVRSFRR

>PtNIP3;5 [POPTR _0008s20750][ Populus trichocarpal
MKHLLEEITSAHVPKTAVLPPASSSSSSTDDQEMGSNSMPMKRHIFIKKSSFCSF
LHGMDLNPARMVLAEMVGTFLLLFCVCGIVACTQILRGEVGLMEYASVAGLT
ITVVIFSIGSISGAHVNPAVTIAFATFGHFPWSKVPLYILAQTVGSVSATYVGSSV
YGVKTELMTTRPAIGCSSAFWVEFMATFMLMFLAASLTSQSRSIGPLSGFLYGI
AIGLAVLITGPVSGGSLNPARSLGPAIVSWDFKDIWVYITAPTIGAVAGALMFH
LLRIRPQACSANSSPDDDLLVHSIAFTES

>PtSIP1;1 [POPTR _0013s05030][Populus trichocarpa]
MGAVKAAIGDAVFTFMWVFVSSMFGLFTNVIVTALGLQTLVWAPVLANASLI
FAFVFLFNFLGEFLGGATFNPTGTASFYAAGVGGDSLFSMALRFPAQAAGSVG
GSLAILEVMPVQYKHMLGGPTLQVDLQTGGLAEGVLTFLMTFAVLVIILKGPR
SSLVQAWFLATVTVTLVSAGSTYTGPSMNPAFAFGWAYVNKWHNTWEQLYV
YWICPFIGAILAAWVFRVVFPPPAPKQKKT

>PtSIP1;2 [POPTR 0019s04640][ Populus trichocarpal

MGAIKAASGDAVLTFMWVFVSSMFGLFTNLIVTALGLQTLVWAPLVITTFIVF
TFVFLFENLIGEALGGASFNPTGTASFYAAGVGGDTLFSMALRFPAQAAGAVGG
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ALAIMEVMPVQYKHMLGGPTLQVDLHTGGLAEGVLTFLMSFAVLVIILKGPR
NPLVQTLFLAIATITLVVAGSTYTGPSMNPANAFGWAY VRKWHNTWEQLYV
YWICPFIGAILASWVFRAVFPPPAPKQKKA

>PtSIP1;3 [POPTR 0002s21410][Populus trichocarpal
MGAIKGAIVDGILTAMWVFSVPLLGVFSSIIATYVGVEAMSIAGLFISINVAALF
MLTFSLIGAAFGGASFNPATTITLYIAGLKPDASLLSMALRFPVQAAGGVGGA
MAIRGVMPKHYRHVLKGGPSLRVDLHTGAIAEGVLTFLICLTLHFLLLKGPKN
VVLKVWLLAVATVGLVMAGGKYTGPSMNPANAYGWAYLGNRHTTWDFFY
VYWICPFIGAILAAFVSKFLFKAAPIKEKKA

>PtSIP1;4 [POPTR 0014s15250][ Populus trichocarpa]
MGAIKGAIVDGILTCMWVFESVPLLGVFSSITATYVGVEAMSIAGLFITINVAALF
MLTFSLIGAACGGASFNPATTITLYTAGLKPDASLMSMALRFPVQAAGGVAGA
MAITEVMPKQYRYVLRGGPSLKGVLTFLICLALHFVLLKGPKNFVLKVWLLA
VATVGLVMAGGKYTGPSMNPANAYGWAYLSNRHTTWDFFYVYWICPFIGAT
LAALISKFLFKAPPIKDKKA

>PtSIP2;1 [POPTR _0016s02560][ Populus trichocarpa]
MVSKTRLILSDFVVSLMWVWSGSLIKIFVFKVLGMGHDSRGEFLKNSLSIMNM
FLFAFLGKVTKGGAYNPLTILSSAISGDFSQFLFTIGARIPAQVIGSITGVRLFIDT
FPEIGLGPRLTVDIHKGALTEGLLTFAIVTISLGLARKIPGSFFMKTWISSVSKLS
LHILGSDLTGGCMNPASVMGWAYARGDHITKEHILVYWLAPIEGTLLAVWTF
KLLFRPQKQDEKEKLKGKTE

>PtSIP2;2 [POPTR _0006s02800][ Populus trichocarpal
MVSKTRLIVSDFIVSIIWVWNGALIKMFVFKVLQMGHDSRGEFMRQSLTVVSL
FFFAFLAKVTKGASFNPLAVLSSAISGDFSHFLFTIGTRIPAQVIGSITAVRLLIDT
FPEIGRGPRLNVDIHKGALTEGLLAFGVVTISLGLARKIPGSFFMKTWISSISKLS
LHILGSDLTGGCMNPASVMGWAYARGDHITKEHILVYWLAPIQGALLAAYTF
KLLFRPQKQDEKEKLKGKTD

>PtXIP1;1 [POPTR _0009s13100][Populus trichocarpal
MAEALKNEGGKTKQITWREILGLEDLLSLTVWRASVAELLGTAVLVFALDTIV
ISTIQTGTNMPNLILSTLVAIITILLLATFPISGGHINPIITFAAFLTGLISLSKTFIYT
LAQCVGATFGALALKAVVNSEIENTYSLGGCTLTIVAPGPHGPTVIGLETNQAL
WLEIICGFVFLFASVWMAFDHRQAQGIGRVGVFIIGGIVLGLLVFVSTTVTTTK
GYAGAGLNPARCLGPAIVRGGHLWNGHWVFWVGPAVACVAFAVYTKIIPRQ
LAHTIE

>PtXIP1;2 [POPTR _0009s13080][ Populus trichocarpal
MPNLILSTLVAIITILLLATFPISGGHINPIITFAAFLTGLISLSKTFIYILAQCVGAI
FGALALKAVVNSEIEKTYSLGGCTLTIVAPGPHGPTVIGLETNQALWLEIICGFV
FLFASVWMAFDHRQAQGIGRVRVLIIVGIVLGLLVFVSTTVTATKGYAGAGLN
PARCLGPAIVRGGHLWNGHWVFWVGPAIACVAFAVYTKIIPRQLAHTIE

>PtXIP1;3 [POPTR _0004s17430][ Populus trichocarpal

MAGYPGSTVEDEESLYSGKKPQPSATTPMAKVVQNEGGIQKKKSPTLREILGL
EDLFSLTTWRASVAELLGTAVLVFALDTIVISTIQTQTKTPNLILSTLVAIIVTILL
LATYPISGGHINPIVTFAALLTGLISISKAFIYILAQCVGGIVGALALKAVVNSEIE
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RTFSLGGCTLTVVAPGPEGPTVVGLETGQALWLEIICGFVFLFASVWMAFDHR
QAKGLGRVNVLIIVGIVLGLLVYVSTTVTATKGYAGAGLNPARCLGPAIVRGG
HLWNGHWVFWVGPAIACVAFAIYTKVIPSQLSHTIE

>PtXIP1;4 [POPTR _0009s13070][ Populus trichocarpa]
MAGYTEGDEENLFRANKIQRFATTPTAEVVKNEKRMKKQKSTKLSEILGLEDL
VSLTVWRASVAELIGTAVLVFTLDTIVISTIRIETKIPNLILSILAAIIITILILATFPI
SGGHINPLVTFAALLTGLVSLSKAITYILAQCVGGIFGALALKAVVNREIQQTFS
LGGCTLTVVAPGPDGQTVIGLETSQALWLEIICGFVFLFASVWMAFDQRQAKA
LGRVNVFIIGIVVGLLVYISTTVTATKGYAGAGLNPARCLGPAIVRGGHLWDG
HWVFWVGPGIACVLFALYTKLIPPQLSHTIE

>PtXIP1;5 [POPTR _0009s13110][Populus trichocarpal
MAGNAGVVQDEEIGYGGNKVQPFASTPRPSKTERGKRDSSALSRILGLDELVS
LNVWRASLAEVFGTAVLVFAMDTIVISSYETQTKTPNLVMATLIAITIAILLLAT
FPISGGHINPAITLSAMFTGLITVSRAAIYILAQCIGAILGALALKAVVNSTIEQTF
SLGGCTLKIVAPGPSGPVAIGLETGQALWLEIICTFVFLFSSIYIAFDRRQAIALG
RVVFCSIIGLVVGLLVFISTTVTATKGYAGVGMNPARCLGPALVRGGHLWKG
HWVFWVGPIVASLTFSLYTKIIPREHLLGAESK

>PtX1P2;1 [POPTR _0009s13090][ Populus trichocarpal
MWRATLTELVATACLLFTLTTSIISCLESTTAEPKFLIPFAIFVIAFFFLLTTVPLS
GGHMSPVFTFIAALEGVITPVRALFYMSAQCVGSIVAYLVIKSVMDKNAEEKY
SLGGCMIDGNGEGISPTNAFILEFSCTFIVLFVGVTVAFDKRRCKELGLQMVCG
ILAGAMTLAFFVSISVTGRAGYAGAGLNPARCLGPSLLKGGRLWYGHWVFW
VGPFVACIVYYGFTLTLPTGTS

>AtPIP1;1 [At3g61430][Arabidopsis thaliana]

>PIP|[Arabidopsis thaliana] in fungal MIP phylogenetic analysis
MEGKEEDVRVGANKFPERQPIGTSAQSDKDYKEPPPAPFFEPGELSSWSFWRA
GIAEFIATFLFLYITVLTVMGVKRSPNMCASVGIQGIAWAFGGMIFALVYCTAG
ISGGHINPAVTFGLFLARKLSLTRALYYIVMQCLGAICGAGVVKGFQPKQYQA
LGGGANTVAHGYTKGSGLGAEIIGTFVLVYTVFSATDAKRNARDSHVPILAPL
PIGFAVFLVHLATIPITGTGINPARSLGAAIITYNKDHSWDDHWVFWVGPFIGAA
LAALYHVVVIRAIPFKSRS

>AtPIP1;2 [At2g45960][Arabidopsis thalianal
MEGKEEDVRVGANKFPERQPIGTSAQSDKDYKEPPPAPLFEPGELASWSFWRA
GIAEFIATFLFLYITVLTVMGVKRSPNMCASVGIQGIAWAFGGMIFALVYCTAG
ISGGHINPAVTFGLFLARKLSLTRAVYYIVMQCLGAICGAGVVKGFQPKQYQA
LGGGANTIAHGYTKGSGLGAEIIGTFVLVYTVFSATDAKRNARDSHVPILAPLP
IGFAVFLVHLATIPITGTGINPARSLGAAIIFNKDNAWDDHWVFWVGPFIGAAL
AALYHVIVIRAIPFKSRS

>AtPIP1;3 [Atlg01620][Arabidopsis thalianal]
MEGKEEDVRVGANKFPERQPIGTSAQTDKDYKEPPPAPFFEPGELSSWSFYRA
GIAEFIATFLFLYITVLTVMGVKRAPNMCASVGIQGIAWAFGGMIFALVYCTA
GISGGHINPAVTFGLFLARKLSLTRAVFYIVMQCLGAICGAGVVKGFQPNPYQT
LGGGANTVAHGYTKGSGLGAEIIGTFVLVYTVFSATDAKRSARDSHVPILAPLP
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IGFAVFLVHLATIPITGTGINPARSLGAAIITYNKDHAWDDHWIFWVGPFIGAAL
AALYHQLVIRAIPFKSRS

>AtPIP1;4 [At4g00430][Arabidopsis thaliana]
MEGKEEDVRVGANKFPERQPIGTSAQSTDKDYKEPPPAPLFEPGELSSWSFYR
AGIAEFIATFLFLYITVLTVMGVKRAPNMCASVGIQGIAWAFGGMIFALVYCT
AGISGGHINPAVTFGLFLARKLSLTRAVFYMIMQCLGAICGAGVVKGFQPTPY
QTLGGGANTVAHGYTKGSGLGAEIIGTFVLVYTVFSATDAKRSARDSHVPVW
TPLLVPILAPLPIGFAVFLVHLATIPITGTGINPARSLGAAIITYNKDHSWDDHWIF
WVGPFIGAALAALYHQIVIRAIPFKSKS

>AtPIP1;5 [At4g23400][Arabidopsis thaliana]
MEGKEEDVNVGANKFPERQPIGTAAQTESKDYKEPPPAPFFEPGELKSWSFYR
AGIAEFIATFLFLYVTVLTVMGVKRAPNMCASVGIQGIAWAFGGMIFALVYCT
AGISGGHINPAVTFGLFLARKLSLTRALFYIVMQCLGAICGAGVVKGFQPGLY
QTNGGGANVVAHGYTKGSGLGAEIVGTFVLVYTVFSATDAKRSARDSHVPIL
APLPIGFAVFLVHLATIPITGTGINPARSLGAAITYNKDHAWDDHWIFWVGPFIG
AALAALYHQIVIRAIPFKSKT

>AtPIP2;1 [At3g53420][Arabidopsis thaliana]
MAKDVEAVPGEGFQTRDYQDPPPAPFIDGAELKKWSFYRAVIAEFVATLLFLY
ITVLTVIGYKIQSDTDAGGVDCGGVGILGIAWAFGGMIFILVYCTAGISGGHINP
AVTFGLFLARKVSLPRALLYITAQCLGAICGVGFVKAFQSSYYTRYGGGANSL
ADGYSTGTGLAAEINGTFVLVYTVFSATDPKRSARDSHVPVLAPLPIGFAVFMV
HLATIPITGTGINPARSFGAAVIYNKSKPWDDHWIFWVGPFIGAAIAAFYHQFV
LRASGSKSLGSFRSAANV

>AtPIP2;2 [At2g37170][Arabidopsis thaliana]
MAKDVEGPEGFQTRDYEDPPPTPFFDADELTKWSLYRAVIAEFVATLLFLYITV
LTVIGYKIQSDTKAGGVDCGGVGILGIAWAFGGMIFILVYCTAGISGGHINPAV
TFGLFLARKVSLIRAVLYMVAQCLGAICGVGFVKAFQSSYYDRYGGGANSLA
DGYNTGTGLAAEIIGTFVLVYTVFSATDPKRNARDSHVPVLAPLPIGFAVFMV
HLATIPITGTGINPARSFGAAVIYNKSKPWDDHWIFWVGPFIGAAIAAFYHQFV
LRASGSKSLGSFRSAANV

>AtPIP2;3 [At2g37180][Arabidopsis thaliana]
MAKDVEGPDGFQTRDYEDPPPTPFFDAEELTKWSLYRAVIAEFVATLLFLYVT
VLTVIGYKIQSDTKAGGVDCGGVGILGIAWAFGGMIFILVYCTAGISGGHINPA
VTFGLFLARKVSLIRAVLYMVAQCLGAICGVGFVKAFQSSHYVNYGGGANFL
ADGYNTGTGLAAEINIGTFVLVYTVFSATDPKRNARDSHVPVLAPLPIGFAVFM
VHLATIPITGTGINPARSFGAAVIFNKSKPWDDHWIFWVGPFIGATIAAFYHQF
VLRASGSKSLGSFRSAANV

>AtPIP2;4 [At5g60660][Arabidopsis thaliana]
MAKDLDVNESGPPAARDYKDPPPAPFFDMEELRKWPLYRAVIAEFVATLLFL
YVSILTVIGYKAQTDATAGGVDCGGVGILGIAWAFGGMIFVLVYCTAGISGGH
INPAVTVGLFLARKVSLVRTVLYIVAQCLGAICGCGFVKAFQSSYYTRYGGGA
NELADGYNKGTGLGAEIIGTFVLVYTVFSATDPKRNARDSHVPVLAPLPIGFAV
FMVHLATIPITGTGINPARSFGAAVIYNNEKAWDDQWIFWVGPMIGAAAAAFY
HQFILRAAAIKALGSFGSFGSFRSFA
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>AtPIP2;5 [At3g54820][Arabidopsis thalianal
MTKEVVGDKRSFSGKDYQDPPPEPLFDATELGKWSFYRALIAEFIATLLFLYVT
IMTVIGYKSQTDPALNPDQCTGVGVLGIAWAFGGMIFILVYCTAGISGGHINPA
VTFGLLLARKVTLVRAVMYMVAQCLGAICGVALVKAFQSAYFTRYGGGANG
LSDGYSIGTGVAAEIGTFVLVYTVFSATDPKRSARDSHVPVLAPLPIGFAVFIV
HLATIPITGTGINPARSLGAAITYNKDKAWDHHWIFWVGPFAGAAIAAFYHQFV
LRAGAIKALGSFRSQPHV

>AtPIP2;6 [At2g39010][Arabidopsis thalianal
MTKDELTEEESLSGKDYLDPPPVKTFEVRELKKWSFYRAVIAEFIATLLFLYVT
VLTVIGFKSQTDINAGGGACASVGLLGISWAFGGMIFILVYCTAGISGGHINPA
VTFGLFLASKVSLVRAVSYMVAQCLGATCGVGLVKVFQSTYYNRYGGGANM
LSDGYNVGVGVGAEIIGTFVLVYTVFSATDPKRNARDSHIPVLAPLPIGFSVFM
VHLATIPITGTGINPARSFGAAVIYNNQKAWDDQWIFWVGPFVGAAIAAFYHQ
FVLRAGAMKAYGSVRSQLHELHA

>AtPIP2;7 [At4g35100][Arabidopsis thaliana]
SKEVSEEGKTHHGKDYVDPPPAPLLDMGELKSWSFYRALIAEFIATLLFLYVT
VATVIGHKKQTGPCDGVGLLGIAWAFGGMIFVLVYCTAGISGGHINPAVTFGL
FLARKVSLVRALGYMIAQCLGAICGVGFVKAFMKTPYNTLGGGANTVADGYS
KGTALGAEIIGTFVLVYTVFSATDPKRSARDSHIPVLAPLPIGFAVFMVHLATIPI
TGTGINPARSFGAAVIYNNEKAWDDQGIFWVGPFLGALAAAAYHQYILRASAI
KALGSFRSNATN

>AtPIP2;8 [At2g16850][Arabidopsis thaliana]
MSKEVSEEGRHGKDYVDPPPAPLLDMAELKLWSFYRAIIAEFIATLLFLYVTV
ATVIGHKNQTGPCGGVGLLGIAWAFGGMIFVLVYCTAGISGGHINPAVTFGLF
LARKVSLPRAVAYMVAQCLGAICGVGLVKAFMMTPYKRLGGGANTVADGY
STGTALGAEIGTFVLVYTVFSATDPKRSARDSHVPVLAPLPIGFAVFMVHLATI
PITGTGINPARSFGAAVIYNNEKAWDDHWIFWVGPFVGALAAAAYHQYILRA
AAIKALASFRSNPTN

>AtTIP1;1 [At2g36830][Arabidopsis thalianal
MPIRNIAIGRPDEATRPDALKAALAEFISTLIFVVAGSGSGMAFNKLTENGATTP
SGLVAAAVAHAFGLFVAVSVGANISGGHVNPAVTFGAFIGGNITLLRGILYWI
AQLLGSVVACLILKFATGGLAVPAFGLSAGVGVLNAFVFEIVMTFGLVYTVYA
TAIDPKNGSLGTIAPIAIGFIVGANILAGGAFSGASMNPAVAFGPAVVSWTWTN
HWVYWAGPLVGGGIAGLIYEVFFINTTHEQLPTTDY

>AtTIP1;2 [At3g26520][Arabidopsis thaliana]

>TIP|[Arabidopsis thaliana] in fungal MIP phylogenetic analysis
MPTRNIAIGGVQEEVYHPNALRAALAEFISTLIFVFAGSGSGIAFNKITDNGATT
PSGLVAAALAHAFGLFVAVSVGANISGGHVNPAVTFGVLLGGNITLLRGILYW
IAQLLGSVAACFLLSFATGGEPIPAFGLSAGVGSLNALVFEIVMTFGLVYTVYA
TAVDPKNGSLGTIAPIAIGFIVGANILAGGAFSGASMNPAVAFGPAVVSWTWT
NHWVYWAGPLIGGGLAGITYDFVFIDENAHEQLPTTDY

>AtTIP1;3 [At4g01470][Arabidopsis thaliana]
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MPINRIAIGTPGEASRPDAIRAAFAEFFSMVIFVFAGQGSGMAYGKLTGDGPAT
PAGLVAASLSHAFALFVAVSVGANVSGGHVNPAVTFGAFIGGNITLLRAILYW
TAQLLGAVVACLLLKVSTGGMETAAFSLSYGVTPWNAVVFEIVMTFGLVYTV
YATAVDPKKGDIGIIAPLAIGLIVGANILVGGAFDGASMNPAVSFGPAVVSWIW
TNHWVYWVGPFIGAAIAAIVYDTIFIGSNGHEPLPSNDF

>AtTIP2;1 [At3g16240][Arabidopsis thaliana]
MAGVAFGSFDDSFSLASLRAYLAEFISTLLFVFAGVGSAIAYAKLTSDAALDTP
GLVAIAVCHGFALFVAVAIGANISGGHVNPAVTFGLAVGGQITVITGVFYWIA
QLLGSTAACFLLKYVTGGLAVPTHSVAAGLGSIEGVVMEINITFALVYTVYATA
ADPKKGSLGTIAPLAIGLIVGANILAAGPFSGGSMNPARSFGPAVAAGDFSGH
WVYWVGPLIGGGLAGLIYGNVFMGSSEHVPLASADF

>AtTIP2;2 [Atdgl7340][Arabidopsis thalianal
MVKIEIGSVGDSFSVASLKAYLSEFIATLLFVFAGVGSALAFAKLTSDAALDPA
GLVAVAVAHAFALFVGVSIAANISGGHLNPAVTLGLAVGGNITVITGFFY WIA
QCLGSIVACLLLVFVTNGESVPTHGVAAGLGAIEGVVMEIVVTFALVYTVYAT
AADPKKGSLGTIAPIAIGFIVGANILAAGPFSGGSMNPARSFGPAVVSGDFSQIW
IYWVGPLVGGALAGLIYGDVFIGSYAPAPTTESYP

>AtTIP2;3 [At5g47450][Arabidopsis thalianal
MVKIEVGSVGDSFSVSSLKAYLSEFIATLLFVFAGVGSAVAFAKLTSDGALDPA
GLVAIAIAHAFALFVGVSIAANISGGHLNPAVTLGLAIGGNITLITGFFYWIAQC
LGSIVACLLLVFVTNGKSVPTHGVSAGLGAVEGVVMEIVVTFALVYTVYATA
ADPKKGSLGTIAPIAIGFIVGANILAAGPFSGGSMNPARSFGPAVVSGDLSQIWI
YWVGPLVGGALAGLIYGDVFIGSYEAVETREIRV

>AtTIP3;1[Atlg73190][Arabidopsis thaliana)
MATSARRAYGFGRADEATHPDSIRATLAEFLSTFVFVFAAEGSILSLDKLYWE
HAAHAGTNTPGGLILVALAHAFALFAAVSAAINVSGGHVNPAVTFGALVGGR
VTAIRAIYYWIAQLLGAILACLLLRLTTNGMRPVGFRLASGVGAVNGLVLEIIL
TFGLVYVVYSTLIDPKRGSLGIAPLAIGLIVGANILVGGPFSGASMNPARAFGP
ALVGWRWHDHWIYWVGPFIGSALAALIYEYMVIPTEPPTHHAHGVHQPLAPE
DY

>AtTIP3;2 [Atlgl7810][Arabidopsis thalianal
MATSARRAYGFGRADEATHPDSIRATLAEFLSTFVFVFAGEGSILALDKLYWD
TAAHTGTNTPGGLVLVALAHALALFAAVSAAINVSGGHVNPAVTFAALIGGRI
SVIRAIYYWVAQLIGAILACLLLRLATNGLRPVGFHVASGVSELHGLLMEIILTF
ALVYVVYSTAIDPKRGSIGIIAPLAIGLIVGANILVGGPFDGASMNPARAFGPAL
VGWRWSNHWIYWVGPFIGGALAALIYEYMIIPSVNEPPHHSTHQPLAPEDY

>AtTIP4;1 [At2g25810][Arabidopsis thaliana]
MKKIELGHHSEAAKPDCIKALIVEFITTFLFVFAGVGSAMATDSLVGNTLVGLF
AVAVAHAFVVAVMISAGHISGGHLNPAVTLGLLLGGHISVFRAFLYWIDQLLA
SSAACFLLSYLTGGMGTPVHTLASGVSYTQGIWEIILTFSLLFTVYATIVDPKK
GSLDGFGPLLTGFVVGANILAGGAFSGASMNPARSFGPALVSGNWTDHWVY
WVGPLIGGGLAGFIYENVLIDRPHVPVADDEQPLLN

>AtTIPS;1 [At3g47440][Arabidopsis thaliana
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MRRMIPTSFSSKFQGVLSMNALRCY VSEFISTFFFVLAAVGSVMSSRKLMAGD

VSGPFGVLIPAIANALALSSSVYISWNVSGGHVNPAVTFAMAVAGRISVPTAM

FYWTSQMIASVMACLVLKVTVMEQHVPIYKIAGEMTGFGASVLEGVLAFVLV
YTVFTASDPRRGLPLAVGPIFIGFVAGANVLAAGPFSGGSMNPACAFGSAMVY
GSFKNQAVYWVGPLLGGATAALVYDNVVVPVEDDRGSSTGDAIGV

>AtNIP1;1 [At4g19030][Arabidopsis thaliana)
MADISGNGYGNAREEVVMVNLKDEVEHQQEMEDIHNPRPLKKQDSLLSVSVP
FLQKLIAEFLGTYFLVFTGCASVVVNMQNDNVVTLPGIAIVWGLTIMVLIYSLG
HISGAHINPAVTIAFASCGRFPLKQVPAYVISQVIGSTLAAATLRLLFGLDHDVC
SGKHDVFIGSSPVGSDLQAFTMEFIVTFYLMFIISGVATDNRAKLNIGTKCCNIQ
IGELAGLAIGSTVLLNVLIAAPVSSASMNPGRSLGPALVYGCYKGIWIYLVAPT
LGAIAGAWVYNTVRYTDKPLREITKSGSFLKTVRIGST

>AtNIP1;2 [At4gl18910][Arabidopsis thalianal]
MAEISGNGGDARDGAVVVNLKEEDEQQQQQQAIHKPLKKQDSLLSISVPFLQ
KLMAEVLGTYFLIFAGCAAVAVNTQHDKAVTLPGIAIVWGLTVMVLVYSLGH
ISGAHFNPAVTIAFASCGRFPLKQVPAYVISQVIGSTLAAATLRLLFGLDQDVCS
GKHDVFVGTLPSGSNLQSFVIEFIITFYLMFVISGVATDNRAIGELAGLAVGSTV
LLNVIIAGPVSGASMNPGRSLGPAMVYSCYRGLWIYIVSPIVGAVSGAWVYNM
VRYTDKPLREITKSGSFLKTVRNGSSR

>AtNIP2;1 [At2g34390][Arabidopsis thaliana]

>NIP|[Arabidopsis thaliana] in fungal MIP phylogenetic analysis
MDDISVSKSNHGNVVVLNIKASSLADTSLPSNKHESSSPPLLSVHFLQKLLAEL
VGTYYLIFAGCAAIAVNAQHNHVVTLVGIAVVWGIVIMVLVYCLGHLSAHFN
PAVTLALASSQRFPLNQVPAYITVQVIGSTLASATLRLLFDLNNDVCSKKHDVF
LGSSPSGSDLQAFVMEFIITGFLMLVVCAVTTTKRTTEELEGLIIGATVTLNVIF
AGEVSGASMNPARSIGPALVWGCYKGIWIYLLAPTLGAVSGALIHKMLPSIQN
AEPEFSKTGSSHKRVTDLPL

>AtNIP2;2 [At2g29870][Arabidopsis thaliana)
MMCAARNTMSSSGSSPSGSDLQAFVMEFIITGFLMLVVCAVTTTKRTTEELEG
LIOGATVTLNVIFVGEVSGASMNPARSIGPALVWGCYKGIWIYLLAPTLGAVSR
ALIHKMLPSIPNAEPKFSKTGSSHKRVSDLPL*

>AtNIP4;1 [At5g37810][Arabidopsis thalianal
MSSHSDEIEEEQISRIEKGKGKDCQGGIETVICTSPSIVCLTQKLIAEMIGTYFIVF
SGCGVVVVNVLYGGTITFPGICVTWGLIVMVMIYSTGHISGAHFNPAVTVTFAI
FRRFPWHQVPLYIGAQFAGSLLASLTLRLMFKVTPEAFFGTTPADSPARALVAE
INISFLLMFVISGVATDNRAVGELAGIAVGMTIMVNVFVAGPISGASMNPARSL
GPALVMGVYKHIWVYIVGPVLGVISGGFVYNLIRFTDKPLRELTKSASFLRAVS
PSHKGSSSKT

>AtNIP4;2 [At5g37820][Arabidopsis thaliana)
MTSHGEEIEDEQISRIEKGNCKDSQGGMETAICSSPSIVCLTQKLIAEMIGTYFIIF
SGCGVVVVNVLYGGTITFPGICVTWGLIVMVMIYSTGHISGAHFNPAVTVTFA
VFRRFPWYQVPLYIGAQLTGSLLASLTLRLMFNVTPKAFFGTTPTDSSGQALV
AEIISFLLMFVISGVATDSRATGELAGIAVGMTIILNVFVAGPISGASMNPARSL
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GPAIVMGRYKGIWVYIVGPFVGIFAGGFVYNFMRFTDKPLRELTKSASFLRSV
AQKDNASKSDG

>AtNIP5;1 [At4g10380][Arabidopsis thaliana)
MAPPEAEVGAVMVMAPPTPGTPGTPGGPLITGMRVDSMSFDHRKPTPRCKCL
PVMGSTWGQHDTCFTDFPSPDVSLTRKLGAEFVGTFILIFTATAGPIVNQKYDG
AETLIGNAACAGLAVMIIILSTGHISGAHLNPSLTIAFAALRHFPWAHVPAYIAA
QVSASICASFALKGVFHPFMSGGVTIPSVSLGQAFALEFIITFILLFVVTAVATDT
RAVGELAGIAVGATVMLNILVAGPSTGGSMNPVRTLGPAVASGNYRSLWVYL
VAPTLGAISGAAVYTGVKLNDSVTDPPRPVRSFRR

>AtNIP6;1 [At1g80760][Arabidopsis thaliana]
MDHEEIPSTPSTPATTPGTPGAPLFGGFEGKRNGHNGRYTPKSLLKSCKCFSVD
NEWALEDGRLPPVTCSLPPPNVSLYRKLGAEFVGTLILIFAGTATAIVNQKTDG
AETLIGCAASAGLAVMIVILSTGHISGAHLNPAVTIAFAALKHFPWKHVPVYIG
AQVMASVSAAFALKAVFEPTMSGGVTVPTVGLSQAFALEFIISFNLMFVVTAV
ATDTRAVGELAGIAVGATVMLNILIAGPATSASMNPVRTLGPAIAANNYRAIW
VYLTAPILGALIGAGTYTIVKLPEEDEAPKERRSFRR

>AtNIP7;1 [At3g06100][Arabidopsis thaliana)
MNGEARSRVVDQEAGSTPSTLRDEDHPSRQRLFGCLPYDIDLNPLRIVMAELV
GTFILMFSVCGVISSTQLSGGHVGLLEYAVTAGLSVVVVVYSIGHISGAHLNPSI
TIAFAVFGGFPWSQVPLYITAQTLGATAATLVGVSVYGVNADIMATKPALSCV
SAFFVELIATSIVVFLASALHCDFVQLGNLTGFVIGTVISLGVLITGPISGGSMNP
ARSLGPAVVAWDFEDLWIYMTAPVIGAIIGVLTYRSISLKTRPCPSPVSPSVSSL
LR

>AtSIP1;1 [At3g04090][Arabidopsis thaliana]

>SIP|[Arabidopsis thaliana] in fungal MIP phylogenetic analysis
MMGVLKSAIGDMLMTFSWVVLSATFGIQTAAIISAGDFQAITWAPLVILTSLIF
VYVSIFTVIFGSASFNPTGSAAFYVAGVPGDTLFSLAIRLPAQAIGAAGGALAIM
EFIPEKYKHMIGGPSLQVDVHTGAIAETILSFGITFAVLLILRGPRRLLAKTFLL
ALATISFVVAGSKYTGPAMNPAIAFGWAYMYSSHNTWDHIYVYWISSFVGAL
SAALLFRSIFPPPRPQKKKQKKA

>AtSIP1;2 [At5g18290][Arabidopsis thalianal]
MSAVKSALGDMVITFLWVILSATFGIQTAAIVSAVGFHGITWAPLVISTLVVFV
SISIFTVIGNVLGGASFNPCGNAAFYTAGVSSDSLFSLAIRSPAQAIGAAGGAITI
MEMIPEKYKTRIGGKPSLQFGAHNGAISEVVLSFSVTFLVLLIILRGPRKLLAKT
FLLALATVSVFVVGSKFTRPFMNPAIAFGWAYIYKSHNTWDHFYVYWISSYTG
AILSAMLFRIIFPAPPLVQKKQKKA

>AtSIP2;1 [At3g56950][Arabidopsis thalianal
MGRIGLVVTDLVLSFMWIWAGVLVNILVHGVLGFSRTDPSGEIVRYLFSIISMFI
FAYLQQATKGGLYNPLTALAAGVSGGFSSFIFSVFVRIPVEVIGSILAVKHIIHVF
PEIGKGPKLNVAIHHGALTEGILTFFIVLLSMGLTRKIPGSFFMKTWIGSLAKLT
LHILGSDLTGGCMNPAAVMGWAYARGEHITKEHLLVYWLGPVKATLLAVWF
FKVVFKPLTEEQEKPKAKSE
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>PpXIP1;1 [ProteinID:71087][ Physcomitrella patens]
MGHSQAADVVVYQHTASAPGTPTLDEDRGTCKIPEPISAISASKFSSEVLHRAV
LRDLQNPEVWRAGVFECVASFAATFVGILCTISTLEAEFSHPVAVIACLQGLVL
SLCIFAAAPATGGHVNPCITWTEMLTGHISPVRGVLYIIGQILGSIVGSFMAKIV
VGNALATQYNLGGCYLQSRVSATSGMMGLGTGRALVLEIVLAFFVLFISYSVA
LDPPRLPRTGYTLAPFMIGGIVGLCIFAGAGLFSGYGGAGINPGRCIGPAVVLG
GSMWTGHWVFWVGPGLSGALMAALYRNIPPTHIQVYKLRKEARKGLVGGRK
NKPFFAKVNNLRLACGNEKDGERIRSDSSEDQSSSHHRGKPLTYGRDHAV

>PpXIP1;2 [ProteinlD:71489][ Physcomitrella patens]|
MHSLREPSENSTKGVLGNWVFTSGGLDSPNRPVNLAPIIGAPCFKRAFHDLIGV
TDEFASASERVELLVVVWFNVELSRIVSVEVLEVVNLVFKPEIVLQSCNRILCSF
SLSVFCGLGGIRSTAVPVEHLRTIESGIQSDWENFPQIQPSRVVRNDSVKGHYD
GSVVNVPLTRKVKVWIGLHDSRKADVWRAAAVEFVATAGLTFLSIGAYQQG
KSISVAAHVFIQALIYSLVILAATPISGAHLNPSITFTTFLTGQATLVRTILYVVA
QLLGGILGALGMWALTTHEMRREYSLGGCLLQKLPVEGTDLGLSTLSNKQGL
VAETVFTIMLFVVYGIGFDSRNVVVTFLISSPFIIGGIFGILIFISQGVGYTTAMN
PARCFGPAILHHNKLWGPLYIFIFGPLIAAGIVAIFQHIMHQKHAAEVEPVLPLN
FFHIVTPDHQRPGFGPRCPTMFYPSIDQEVDHSQQLVSGNIPTMMSSELLQQPS
NQLNSAANKINLVLQVKAFMQPRTGETRQASKTNIMDGARIDQNLLLQQYSN
SLGSSDGIAIHHSGDFEKDR

>XIP|[ Nicotiana sylvestris|
MASNASHVLGDEESQLSGGSNRVQPFSSTPKKNIDDEGKKHTSLTVAQRLGIS
DFFSLDVWRASMGELLGSAVLVFMLDTIVISTFESDVKMPNLIMSILIAIVITILL
LAVVPVSGGHINPVISFSAALVGIISMSRAITYMVAQCVGAILGALALKAVVSST
IAQTFSLGGCTITVIAPGPNGPITVGLETAQALWLEIFCSFVFLFASIWMAYDHR
QAKALGLVTVLSIVGIVLGLLVFISTTVTAKKGYAGAGMNPARCFGAAVVRG
GHLWDGHWIFWVGPTIACVAFYVYTKIIPPQHFHADGYKYDFIGVVKASFGLH
E

>GQ03610_A06.1[Picea glaucal
MEGKEEDVRLGANKYSERQPLGTAAQTREKDYKDSGPAPLFEPGELASWSFW
RAGIAEFMATFLFLYITILTVMGVKRSDDVCTGSVGIQGIAWAFGGMIFCLVYC
TAGISGGHINPAVTFGLFLARKLSLPRAVFYMICQCLGAICGAGVVKGFMESEY
EMDGGGANSVAHGYTKGDGLGAEIVGTFVLVYTVFSATDAKRSARDSHVPM
LAPLPIGFAVFLVHLATIPITGTGINPARSLGAAITYNKSHAWDDHWIFWVGPFL
GAGLAAFYHQMIIRAIPFKSRS

>GQ03401 _M18.1[Picea glaucal
MEGKEEDVKLGADKYSERQPLGTAAQTMEKDYKEPGPAPLFEPGEFRSWSFW
RAGIAEFMATFLFLYITILTVMGVKRSDNGSDGVCTGSVGIQGIAWAFGGMIFC
LVYCTAGISGGHINPAVTFGLFLARKLSLPRAVFYMVCQCLGAICGAGVVKGF
MESEYQMDGGGANVVAPGYTKGDGLGAEIVGTFVLVYTVFSATDAKRSARD
SHVPLLAPLPIGFAVFLVHLATIPITGTGINPARSLGAAIITYNRDHAWDDMWIF
WVGPFIGAALAAFYHVIIIRAIPFKTRS

>GQ03010_E09.1[Picea glaucal

258



MEMEGGDYEEHPPAPLLDSLELKLWSFYRAVIAEFVATLLFLYITMTTVVENK
QSKGTCGGVGLLGEAWAFGGMIFVLVYCISGISGGHVNPAVTFALFLARKVSL
PRAVLYVVAQCLGAVCGTALVKGIQGSFYASNGGGSNSVSPGYSKGSALLAEI
IGTFVLVYTVFSATDPKRKARDSHVPVLAPLPIGFAVFSIYLATNSITGTGINPA
RSFGPAVIYGHKKSRDDLWIFWIGPLIGAAVATAYHRYLLRAGAFGSKNLGSL
RSQPASAI

>GQ03002 GO7.1[Picea glauca]
MEMEGGEEQTRDYEEHPPAPLLDSLELKLWSFYRAVIAEFVATLLFLYITMTT
VVENKQSKGTCGGVGLLGEAWAFGGMIFVLVYCISGISGGHVNPAVTFALFL
ARKVSLPRAVLYVVAQCLGAVCGTALVKGIQGSFYASNGGGSNSVSPGYSKG
TALLAEIIGTFVLVYTVFSATDPKRKARDSHVPVLAPLPIGFAVFLVHLATIPITG
TGINPARSFGPAVIYGHEKSWDDLWIFWVGPLIGAAVAAAHHQY VLKASGFG
LKNLGSLRSHPASAT

>GQO03001 P18.1[Picea glauca]
MEAKEAEGIEQAKDYRDPPPAPLLDSLELKRWSFYRAAIAEFVATLLFLYITLT
TVVENNRNKVNCSGVGLLGEAWAFGGMIFVLVYCISGISGGHVNPAVTFALFL
ARKVSLPRAVLYIVAQCLGALCGTALVRGIQGSFYASTGGGSNSVSAGYSKGS
ALLAEINGTFVLVYTVFSATDPKRNARDSHIPVLAPLPIGFAVFLVHLATIPITGT
SINPARSFGPAVIYGHKKSWDDLWIFWVGPLVGAAIAAAYHQYVLRAGGLGL
KSLRSFRSQPTSLAI

>GQO03111 _E12.1[Picea glaucal
MTKEERRESEQQGFAPKDYTDPPPAALIETSEFKLWSFYRALIAEFVATLLFLYI
TIATVIGHSRTSTNCGSVGVLGIAWSFGGMIFVLVYCTAGISGGHINPAVTFGLF
LARKVSLPRAILYMIAQCLGAICGTGLVKAFQKSFYDRYGGGANYVHHGYTK
GVGLAAEINGTFVLVYTVFSATDPKRSARDSHVPVLAPLPIGFAVFMVHLATIPI
TGTGINPARSFGAAVIYGHKQSWDDHWIFWVGPFAGAALAAAYHQYILRAAA
IKALGSFRSNANV

>GQ03703 _HO7.1[Picea glaucal
MTKEEGKELEQQGFAPKDYTDPPPAALIDANEFKLWSLYRALIAEFIATLLFLY
ITIATVIGHSRTSADCGSVGVLGIAWSFGGMIFVLVYCTAGISGGHINPAVTFGL
FLARKVSLPRAILYMIAQCLGAICGAGLVKAFQKSFYDRYGGGANFVHPGYTK
GVGLAAEINGTFVLVYTVFSATDPKRSARDSHVPVLAPLPIGFAVFMVHLATIPI
TGTGINPARSFGAAVIYGHKQSWDDHWIFWVGPFVGAALAAAYHQYILRAAA
VKALGSYRSNVDV

>>GQ02901 B20.1[Picea glaucal
MTKEEGKEMEQQGFAPKDYTDPPPASFIDSGEFRLWSFYRALIAEFIATLLFLYI
TIATVIGHSRTSTNCGSVGVLGIAWSFGGMIFVLVYCTAGISGGHINPAVTFGLF
LARKVSLPRAILYMIAQCLGAICGTGLVKAFQKSFYDQNGGGANFVHPGYTK
GVGLAAEIIGTFVLVYTVFSATDPKRSARDSHVPVLAPLPIGFAVFMVHLATIPI
TGTGINPARSFGAAVIYGHKQSWDDHWIFWVGPFIGAALAAAYHQYILRAAAI
KALGSFRSNPHV

>GQ02905 _E13.1[Picea glaucal

MAKEGGKEVEQQGFAAKDYKDPPPAALFDVSEFKLWAFYRAIIAEFIATLLFL
YITVATVIGHKRNQAACGSVGLLGIAWAFGGVIFVLVYCTAGISGGHINPAVTF
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GLFLARKVSLPRAVLYMVAQCLGAICGCGLVKAFQKSYYDQYGGGANSVAH

GYTKGVGLSAEIGTFVLVYTVFSATDPKRNARDSHVPVLAPLPIGFAVFMVHL
ATVPITGTGINPARSFGAAVIYGHQKIWDEHWIFWVGPFLGAAGAAAYHQYIL

RAGAIKALGSFRSNPHV

>GQO03011 G23.1[Picea glauca]
MEMEGEDYEDHPPAPLLDSLELKLWSFYRAVIAEFVATLLFLYITMTTVVENK
QSKGTCGGVGLLGEAWAFGGMIFVLVYCISGISGGHVNPAVTFGMFLARKVS
LPRAVLYVVAQCLGAVCGTALVRGIQGSFYASNGGGSNSVSPGYSKGSALLA
EINGTFVLVYTVFSATDPKRKARDSHVPVLAPLPIGFAVFLVYLATNSITGTGIN
PARSFGPAVIYGHKKPRDDLWIFWVGPLIGAAVATVYHRYLLRAGAFGSKNL
GSLRSHPASAI

>GQO03818 DO05.2[Picea glauca]
MEMESGEEQTRDYEEHPPAPLLDSLELKLWSFYRAVIAEFVATLLFLYITMTTV
VENKQIKGTCGGVGLLGEAWSFGGMIFVLVYCISGISGGHVNPAVTFALFLAR
KVSLPRAVLYIVAQCLGALCGTALVKGIQGSFYASNGGGSNSVSPGYSKGSAL
LAEIIGTFVLVYTVFSATDPKRKARDSHVPVLAPLPIGFAVFLVHLATIPITGTGI
NPARSFGPAVIYGHEKSWDDLWIFWVGPLIGAAVAAAYHQY VLRAGGFGLKS
LGSLRSHPTSAT

>GQ02828 J14.1[Picea glaucal
MEDVSVGASKYSERQSLGISAQTQRESKDYNEPGPAPLFEPEELRSWSFWRAG
IAEFMATFLFLYVTILTVMGVKRSPSMCQSVGIQGIAWSFGGMIFALVYCTAGI
SGGHINPAVTFGLFLARKVSLPRTVFYMICQCLGAMCGAGVVKGMQKGMYE
VEGGGANLVAHGYSKGDGLGAEIVGTFVLVYTVFSATDAKRSARDPHVPVLA
PLPIGFAVFLVHLATIPITGTGINPARSLGVAIIYDRSHAWDDQWIFWVGPLVGA
ALAAIYHQLIIRAIPFKSRS

>GQ03915 MO4.1[Picea glauca)
MALGVAFGRFDEAFGLDGFKSYLAEFISTLLFVFAGVGSAMAYDKLTSSAALD
PAGLVGVAVCHGFALFVAVAIAANISGGHVNPAVTFGLVLGGQITVLKGIFYW
IAQLVGAIVACLLLKFVTGGLTTPTHNVAAGMSTIEGVVMEIVITFALVYTVYA
TAADPKKGSLGTIAPIAIGFIVGANILAAGPFSGGSMNPARSFGPAVVSGDFTNN
WVYWVGPLVGGGLAGAVYGDVFIGSHSHAPLSQDY

>GQ0201_M19.1[Picea glauca)
MAKIALGDRDEAARPDCVRAVFAELICTFLFVFAGVGSAMAMEQMSVPAKSP
AGLTVVALAHAFVVFAMSAGFNISGGHLNPAVTLGLAVGGHITLIRSLLYWIA
QLLASVLACFLLNFLTGGLATPVHTLSSGMTYFGVIMEIVLTFSLLFTVYATAV
DPKKGSVGITAPLCVGLVVGANILAGGPFSGASMNPARSFGPALVTGIKDHWV
YWVGPLVGGGLAGFVYENIFIYETHTPLPDVEF

>GQO0197_EI19.1[Picea glauca]
MPFRGIAVGRPEEATHPDALKAALAEGISTLIFVFAGEGSGMAFDKLTNDASTT
PAGLVAVALAHALGLVAVAVGANISGGHVNPAVTFGAFVGGHITLLRGILYW
FAQLIGATVACLLLKFTTGGLSTSAFSLSSGVVGNAVVFEIVMTFGLVYTVYAT
AIDPKKGSLGTIAPICIGFIVGANILAGGAFDGASMNPARAFGPALVWTWENH
WIYWVGPLLGGGLAGVIYELFMISPEPTHEPLPSNVY
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>GQ03207 _JO07.1[Picea glauca]
MDDESSYSQLVNISGEEIEDEEAGNVKEGSLFYKKDKQCPNGCMDFVPATLLQ
KITAEISTFILVFVTGSSILDHRSPQLVSELGGSVASGLIVMVMIYSVGHISGAH
MNPAVTIAFATVRHFPWKQVPPYITAQLGSIAACFALRVMLKAVSNTGITTPSG
TVLQALAMEVVVSFVLMFVTSAVATDSSAIGELAGIAVGSMVMISIFAGPISGG
SMNPARSLGPAIVSNNYKAIWVYLVGPIAGTVMGACSYSIIRLTDKPLQTISLG
RASSFSSKDGDSKSTVPNGLI

>GQ03122 A02.1[Picea glaucal
MALDNMPEQENVNAVRNIEEGRIESHVYTERTCRSFLPSVTFVQKVVAEIIGTF
FLIFIGCGSVVIDKKNGSITHLGVSIVWGLAVMIITY SIGHISGAHLNPAVTLAFA
AVRRFPWTQVPAYIGAQVFAAICAGFVLLMFGDVAYIAATVPSGSDMQSFVLE
IFVTFLLMFVISAVATDTRAIGELAGMAVGATITMNVAISGPISASMNPARTIGS
AVAGNKYTSIWIYMVAPVLGAIIGAMSYNMIRLTDKPVRELTKSGSFLKSQRS
SRSGSI

>GQO03810 B10.1[Picea glauca]
MTDCEDIPSAPQTPGTPGAPLFGVRVDKGSSGKRTLLQGCNSCLSMEAWAEER
MLSDLPAALPSASLAKVIAEFIGTFILIFAGTATAIVNQKTDGSVSLLGLAASGG
LAIMIVILSTGHISGAHVNPSLTLAFAALRFPWIQVPAYMGAQVLGSICASFTLK
LIFHPFMSGGVTIPSGSYGQAFALEFIITFNLMFVVTAVATDTRVGELAGIAVGA
TVMLNILIAGSNSGASMNPVRTLGPAIAAGNYKGIWIYLLAPVVGALCGAAGY
TVVRLGEDNQGRPTRSFRR

>GQ03414 P10.1[Picea glaucal
MGIVKLAIGDAAITFLWVFGASCLGAGTSIHASNLGVQGPMTLLITTSLLFLLVF
LFSFLGQVMGGATWPTASAAAFALGVGNDNLISMSIRFPAQAAGAVGGALAI
MELMPASYKHMLGGPSLKVDLHRGAIAEGVLFLISFMVLLIIMKGPKSSFWKS
WMISLVTIILVLAGSGYTGPSMNPANAFGWAYVNNRHNTWEQLY VYWTPFIG
SILAAWILRLISPPGSSKKEKKA

>GQO01310_I18.2[Picea glauca]
MGGKDRSSSSTAPIADESGLSGHRFQLSHNSVVKNYGIAAAGEFLGTFLFFTLA
YCATQAAKVAHAQAPASPIELLIYISLTFAISLTVNVWLFYRVSGGLFNPALTL
AFVLLQKMTPAKGALLALSQLLAGIAAAAVEALLPVPLEVQTGLGKGVSTAQ
GLFIELVLTAELALTVFMIAVEKHKSTFMAPLVIGSALGVGHLVGISTGASMNP
ARSFGPAVVAGKFNGDHWIYWIGPILGAAAAAGIYKLLLVVDYTSANPGQDS
DGSVVERGTRKVFVNPPVTDGPSRPCL

>WS0323 F18.1[Picea glauca]
MAYDKLTSDASLSPAGLVGVGVAHGLALFVAVSIAANISGGHVNPAVTFGLA
LGGHITLLRGVFYWIAQLGAIVACLLLKFTTGGLTTPIHSVASGMSTGEGVVM
EIVITFALVYTVYATAADPKKGDLGTIAPIAIGIVGANILAAGPFSGGSMNPARS
FGPAVVSGDFTDNWVYWVGPLIGGGLAGIVYGGIFIGDDLHVPLPVSF

>GQO01308 A24.2[Picea glaucal

MRDSLPSQMDLHHSSDRPYRFYSKLVVEFVGTLLFVFIGSLSALKSTPENVLTH
VAFAHGLTIFVLIASGHVSGGHFNPAVTFAVALSGKLNTVMVIPYWIAQLGGG
FAGALLVRAVTSQVEYDTILGGATILPSSENYQGLIVEVVLTVILTQTVLCAAV
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DTTENMLAPLAIGMAVTLDIFGAGSISGASMNPARSLGPCAAAAWFGINDKSLI
WTNHYIYWGGPLLGAAISTVLYRAVLGRGYNRVLP

>GQ04012 GO1.1[Picea glauca]
MVKIAVGRVEEATQADSIRATVAELVCTFLFVFAGVGSALTVDKLSESSALTP
GAGLVIALTHTFAVYMVSAGFHISGGHLNPAVTLGLAVGGHITLLRSILYWIA
QLLGSTLACFLLEFITGGMGIPVHTLAGGTGIEGVVMEMVLTFSLLFTVYATVV
DPKRGSMGVLMAPLCVALVVGANIMAGGPFSGASMNPARSFGPAFVWEWRD
HWVYWVGPLVGGGLAGALYENFFIRTYEPLTVCQ

>GQ02902 L14.2[Picea glaucal
MAKESETDMEPPAKDYTDPPPAPFFHFREFSLWSFYRALIAEFIATLLFLYITVA
TVIGHKRTQANCGSVGVLGIAWAFGGMIFVLVYCTAGISGGHINPAVTFGLFL
ARKVSFPRAVLYMIAQCLGAICGVGLVKAFQKSYYDKYGGGANVVAYGYTK
GVGLAAEIIGTFILVYTDFSATESQTQCSRFPCSCIGTFAYWVCCVHSAPGYHP
YNRNWYQPRKEFRCSCYLWSSKGLG

>GQO03114 _F15.2[Picea glauca]
MASSNNHLAHPQIPILTEQNYEIWSIKMKSLLRYEGVWDVVVGEYEETGEEAA
ENMKKDEKALCLIHNGLDDIVLLKISAAESSKKVWDILETNYKNNINESRMNN
NAAGSLVNLPAEIFVAICAGFVLRLLFGEVPSDSGMLPFVIIQVFAMALLIY VIY
KVAGLQITNDEFAAMAIGAGIGMIVAVYGPLLRASMNSAKTTGAVPSSSISIYM
ILGAILGAIYYDVINTTSPPARYN

>GQ03202 F22.1[Picea glaucal
MDAENGSSQLVNISGQEVQDQEAGNVGSLFYKKDKQCPNGCMDFVPPTLLQK
ITAETISTFILVFVTCGSSILDHASPPLVSKLGGSVASGLIVTVMIYSVGHISGAH
MNPAVTIAFATVRHFPWKQVPAYITAQLGGSLAACFALRVMLKAVSNTGITIP
SGTVLQALAMEVVVSFVLMFVASAVATDSSAVISLY

Fungal MIPs

>EGU78155|[Fusarium oxysporum]
MASAAEVHGANGFNGHHHHHKQQRTHLSEFGTHMVAASGEFVGTFFFLYFG
YAGNIIAVLQEPATGPNGTLANNTIIWIAMAYGFSLLVNVWAFYRISGGLFNPA
VTFGLCLAGQLPWMRALYLFPAQLIASMCAGGLVEAMFPGSASQANTTLGPN
TSIAQGVFLEMFFTAQLVFVVLMLAAEKSRDTFLAPIGIGLSVFVALIPGGSLNP
VRSFGCAVGGRDFPGYHWLYWVGPLLGGALAAGYFRLVKMMHYEEANPGQ
DSPVDV

>FOXG09680PO|[ Fusarium oxysporum)|
MASAAEVHGANGFNGHHHHHKQQRTHLSEFGTHMVAASGEFVGTFFFLYFG
YAGNITAVLQEPATGPNGTLASNTHIWIAMAYGFSLLVNVWAFYRISGGLFNPA
VTFGLCLAGQLPWMRALYLFPAQLIASMCAGGLVEAMFPGSASQANTTLGPN
TSIAQGVFLEMFFTAQLVFVVLMLAAEKSRDTFLAPIGIGLSVFVALIPGVFVTG
GSLNPVRSFGCAVGGRDFPGYHWLYWVGPLLGGALAAGYFRLVKVMHYEEA
NPGQDSPVDV

>EFQ30366|[ Glomerella graminicola]

MSTSEKPRGHDSANGEHHHHDMRKPHLSVVEGHLVAASAEFVGTFFFLFFGY
GGQLMVVLQGANSAPDGSLSAEGVVFIALTYGFSLLVNVWTFYRISGGLFNPA
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VSIGLSLGGQLPWMRSLFLIPAQLLASMCAGGLVEVMFPGKVFQANSLLGNKT
TVAQGLFLEMFFTAQLVIVVFMLAAEKSRDTFLAPIGIGLALFMIMIPGTFVTG
GSLNPARSFGCAVAGRQFPDYHWIYWLGPTLGAALAAAYYSWLEGMVAMG
YMVYMVYMD

>XP003043189|[ Nectria haematococcal
MATSDEAGVLDGPHHQQYQLSPVGRHLVAASGEFVGTFFFLYFGYAGNLMA
ALQAPDTAPNGGLASTTDIWIAVSYGFSLLVNAWAFYRISGGLFNPAVSLGLC
VGGQLSWTRAAFLFPAQVLGSICAGGLVDAMFPGRVEQANTLLGLNTSIAQG
VFLEMFFTAQLVFVVLMLAAEKSRDTFLAPVGIGLALFVALIPGVSVTGGSAN
PVRSFGCAVAGASFPGYHWIYWVGPALGATLAALYYRLVKRLHYEEANPGQ
DSPHEV

>XP383856|[ Gibberella zeae]
MADTYGMNGHNGHVKDRRSSSMNGRNRLYAQQEPQRTTHLSEFGKHMVAA
SGEFVGTFLFLYFGYAGNIVAVLQEPISGPNGTLANNTVMYIAMAYGFSLLVN
VWTFYRISGGLFNPAVTFGLCLSGQLPWIRALFLFPSQIIAAMCAGGLVNAMFP
GSASIANTTLGPNTSIAQGVFLEMFFTAQLVFVVLMLAAEKSRDTFLAPVGIGL
ALFVALIPGVFVTGGSANPVRSFGCAVGSRDFPGYHWIYWVGPLLGAALAAG
YFRLVKMMHYEEANPGQDSPVDV

>XP360471|[Magnaporthe oryzae]
MDETTPQHHKGAMLGHADGQAGPHRQTLRHHLVAALGEFVGTFLFLFFGYA
SHSMIATAERPTPEGLRDGYSAQATVFIALAYAMAILVTVWAMYRISGGLFNP
AITLGLGLAGQLPWIRIAVLFPTQLVASICAGAVIEAMLPGPISRVNTKLAPDVS
VTQGVFLEMFFTAYLLFVVLMVAAEKSKDTYIAPVAIGLAAFVALIPGAYYTG
ASLNPARSFGCAVAGLQFPENHWIYWVGPFLGSALGAGFYRLLKFLNYEEAN
PGQDSDYPLYNQRV

>XP001934329|[Pyrenophora tritici-repentis]
MSIRSPRPTTQNLSISSRRTASLESQKEPRSPMPRTASAFDVPAQSIKKISTLEGHI
VAASSEFVGSFMFLFFSFSGHLMITTQASDRSLQNGGTSSQQNIFIALVYGFSLL
VNSWAFFRISGGLFNPAVTFGMVVAGQLPTIRAIFLFPAQLLGAICAAALVEAL
FPGDVGVVNTSLSGGTTIVQGVFIEAFMTAELVFVVLMLAAEKSKSTYIAPIGI
GLALFVAMMGGVYFTGASLNPARSFGPAVASRTFIVYHWIYWIGPILGALFAA
LYYRFVKYFNYEQANPGQDSAGGDFNSH

>Mycti2|76398|[ Mycosphaerella fijiensis]
MEDKLSFGRPMAGIFQPREHAKQSPARNHFVAATGEFVGTFMFLFFAYLGHS
MSVATASDTSRIGTNSNSTHYISMSYGLSLLVTAWALYRVSGGLFNPAVTLGL
VITGQLPAVRGAIFFPTQIIGGIAAAAVASAIIPGDIAVTQTTLANGMNQAQGVF
LEMFLTAYLVFVILMLAAEKSKATFIAPIGIGMALFVAQIAGVYYTGASLNPAR
SFGPCVAAAKFQGYHWIYWIGPFLGAITAGGYFHFVKFFNYYEANPGQDSAGG
AFADDINVSVSLGR

>XP001934405|[ Pyrenophora tritici-repentis|
MALKNILPLHRKDPSSTSSRDARSSWKTANRWRIELIAATSEFAGTFMFLFFAF
GGTSIAQNSQEAMSSSGTAPNTSVLLYISLIFGFSLMVNVWIFFRVSGGLFNPTV
SLGLYLINIIPLPRAIFLTISQLLAGIAAAAVVSAILPGPLNASTTLQAGMTPAQG
VFLEMFMTSFLVFTIFMLAAEKHKATFLAPIGIGLSLFVAELLGAFYTGGSLNP
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ARSLGPAVVTRSFPSYHYVYWAGPVMGTLLAWAVYKLVKVGGYQTVNPGQ
DFDDNEMRMFDPPEHPQSEAQVERPNVAAEGVADALRVGSRSERGISEEGKE
NING

>CocheC5_3|106077|[Cochliobolus heterostrophus]|
MPLSNLLPFHKNDISPSQSHPGPPQTEPNKHHPDGSHGRHHIEAITHGHKGARV
RTTIISHNWHNRSVAALAEFAGTFMFLFFAFGGTSVANNSSQANQSNSNSNSD
EIVQVPDTSVLLYISLVFGFSLMINVWCFFRVSGGLFNPAVTLGLYLIGSVRLPR
AIMCFIAQILAGIAAAGVVHAIVPGPLSVSTTLSAGMSPARGVFLEMFLTSLLVF
TVFMLAAEKHKATFLAPVGIGMALFIAEMLGVFFTGGSLNPARSFGPCVITGDF
PSYHYIYWFGPIMGSLLACGVYKVVKAVDYETVNPGQDFDDHEAAAFQCPDY
PSSRDQVRRPIVARHLMRRGTLESEESEGEKNIERLDTNQTRV

>FOXG12750P0| Fusarium oxysporum]
MRDNSPEADSLPSNPALTPVITHGDNPSASNRNSEADTVVPLQPVISQDPSRVR
PGSRTGNFVTPKTARFSQDGGEPLQYSGGSMKSSRRRYRGEDYDFDQAADYP
TVSDYERYWRNEGRNDRYTARRGPYPPPTFMNRRRAHPHDSDEEFYSSDDPR
MPPTGGRRMMDEEMGYPHRPFHHRRASTLNGFNISTGKLEWSNLSPKEKSEI
MRLPLTQWMNSNFKNHFVASLGELIGTTMFLFFAFAGTEVANIQAQTDSKTTT
GESTGSLNVSKLLYISHHFGFSLMVNVWVFFRISGGLFNPAVTIAMLMVKAISMT
RAICLFLSQILGSMLASVMVRYLFPETFNVRTTLGGGASLVQGVFIEALLTAEL
VFTIFMLAKEKHRATFIAPVGIGLALFIAEMVGVQFTGGSLNPARSFGPCVITGT
FDSEHWIYWVGPGIGSLIAVCFYWFIKTLEYEMANPGADGDDLNDPTKNPEKR
AEIQSNAAPSIAFGGGKTPSIRS

>XP390992|[ Gibberella zeae]
MSSSILNNRSARSTPAGANPAFNPPAEASSSSTQSGVPYIRENSPEAESIPSNPAM
TPITHGDSLASPGGRNSEADTVVPLQPAVSQDAIRSRPGSRTGNFVTPKAARFS
QDGAEPIMQYSSGSVKSARRRTREREDYDFDQAADYAPMSEYERY YRNEGRN
DRDRYTRRGPYPPPTFMNRRRAPPLDSDEEFYSSDDPRIPPNDRRRMMDEEAG
YPGRPHAFRRTSTLNGFNITTGKLQWNELSRQEKSEIMRLPLTQWMNSNFKNH
FVAGVGEFIGTTMFLFFAFAGTEVANIQADTTNRTTTGESTGSLNVSKLLYISIIF
GFSLMVNVWVFFRISGGLFNPAVTMAMLMVKAISVTRAIVLFLAQILGSMLAS
VVVRYLFPETFNVRTTLGGGASLVQGVFIEALLTAELVFTIFMLAKEKHRATFI
APVGIGLALFIAEMVGVQFTGGSLNPARSFGPCVITGSFDTEHWIYWVGPAIGS
LIAVCFYWFIKTLEYEMANPGADGDDLNDPTKNPEKRAEIQASKPVPTAAFGS
GKTASILS

>XP003048190|[ Nectria haematococcal
MNQQLAKQQQHVTRSARSTPAANVSAYSPPGEAISSPNNESVPFAPPTSPLDQ
QPSRTSEADTIVPLQPAPSHEPIRSRPGSRTGAYATPKGAARFSHDVDPLQHSG
GSMKSQRRRFREDWDFDQEPRDHPTLSDYERYWRNEGRPERYTSRRSNCPSP
AFMNRRRTAAHDSDEDLYNDDLRYAKDPFEITRGRRLTDEEMGYHPGRINHQ
RRPSSSHGVNLASGRLEWNNLTAHEKAQVMRLPLTQWMNSEFKNHFVASLG
EFIGTTMFLFFAFAGTEVANIQSNTSAKTTTGESTGFSVSTLLYISIIFGFSLMVN
VWVFFRISGGLFNPAVTIAMLMVKAISLTRAICLFISQILGAMLASVVVLYLFPE
AFNVRTTLGGGASLVQGVFIEAILTAELVFTIFMLAKEKHRATFIAPVGIGLALF
IAEMVGVQFTGGSLNPARSFGPCVVTGTFDTEHWIYWVGPFIGSLIAVAFY WFI
KTLEYEMANPGADGDDANDPTKNPEKRAEIQASKPPSIQFGLGKSPSIRS
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>EFQ31514|[Glomerella graminicola]
MSGEQTGHLKAPEGEPSPVSPATAVDPHGYSDEENPVQSKFVSHSRQNSRGGS
RSARRANTNTGRGGRDSVEEPLRTGNSTKSNRALRDGGRFGEYEEDSDTDRY
WGPNDRHPDYSGGRAPRTRPPRAHLNRPQPYFNYDSHTDAKDYFEETRSYEP
GDYGGRPPSRRMYDEELAGYPRSGIAVRSTNGDQARIDWHNLSREEKAQVMR
LPLTQWMNSDLKNHFVASLGELVGTTMFLFFAFAGTEVANIKPAGSNGASAA
MNAGTLLYISHHFGFSLMVNVWIFFRISGGLFNPAVTLGMYLVKAINAARAVYL
FIAQLLGGMLASLIVRFLFPENFDVRTKLGGGATLVQGVFIEAILTAELVFTIFM
LAKEKHRATFIAPVGIGLTLFIAELVGVQFTGGSLNPARSFGPCVITATFEHEHW
IYWIGPFFGTLIAVVFYKFIKILEYEMANPGADGDAENDPTKNPAKMEELRLAR
TRSTKQG

>XP361430|[Magnaporthe oryzae]
MASNPDPGVLSPQEAIHASTQATSTVAASTVAASTQAPSPDLPISQPQPQPQQP
SPPLPTSPSQLEQAHAFAEPEVPPPLLPTPKSATFARSTQGGSSRRRRRSRSRNR
AGTATSANNPYFPGDQASTRRLRYSIDEYEDEGLRNEIGRHPDGRSMPRARPP
RAYLNHPAYANLDSPAKPYTEDPKGHREFDYEVDPNTRQQYEEEYAYGTGVS
HGPGMAGPQPFMRFGPTSNASHY GPDSQAPRINWKDLSREERTEVLRLPWTQ
WMNSNVKNHFVAMLGELIGTTMFLFFAFAGVEVANIGLPSSAPFNLAKQLYIS
LSFGFSLMVNVWIFFRISGAQFNPAVTLALWMTGAVDAVRGVCLVISQLCGG
MLASVIVRFLFPQRFSVRTSLSQNTSLVQGVFIEALLTSELVFTILMLAKEKHKA
TYMAPVGIGLALWIDHMVGVPFTGAGINPARSFGPCVVTATFEPEHWIYWVG
PGIGALIAVAFYKLIKVLEYEMANPGADGDADNDPTQNPAKRAELAAGRRFA
GGFDAK

>EGY 16427|[ Verticillium dahliae]
MADQNPVPVPGTAQHYPPPDAPAVLESNVYSDAEPSRNPHLRRGMMRSNGSV
SSRRGPNTPGAAFRRASSEEPINQSQRGAGGVRYETDEEYSDQYWDQYGSPRH
PDFQDPPHRPGTRQGPSHSRSQSRARPPRAHLNRPFNYEAQNEKGEATYVDEG
HEGSFLEARPRSSRRRNDEEMGGFAPRYIATNDSARRIDWNSLTRDERAEVMR
LPWTQWMNSEVKNHFVASMGEFVGTTMFLFFAFAGTEVANIQSNVTDSGGSD
SNTTTGETTGFDVGVLMYISVAFGFSLMVNVWIFFRISGGLFNPAVTLAMLLV
RAITPVRAACLFVAQMLGGLISSVMVRYLFPENFNVRTTLGGGASLVQGVFIE
AILTAELVFTIFMLAKEKHRATFIAPVGIGLALFIAELVGVQFTGGSLNPARSFG
PCVVTATFDKEHWIYWVGPLIGSLIAVVFYKFIKMLEYEMVSPGADGDPTNDP
TKNPEKRAEVAFSRSLTNAAKV

>CocheC5_3|1114516|[Cochliobolus heterostrophus]
MSRSSSTFRRFYTGQTPDRSIVDSPAPLNPTPSSESRQEFLRTPVQAYTGRLDPH
VENEPPSVPPLAPTRPRRASQTVPFNSSNHAVPSVEEYPEEDQKPRADSYRTNR
QHTRPPASYNNFPEQSARYGVMPRNNWDANTYPAYADIPSRPNYEMYYPYY
QDAYGRYSGAQGTGGGRGPPPPIPSAEVAMRLPWMIWMGSNAKNHFVAFVG
EFVGTTMFLFFAFSGTQVANIRSAAAPQDNTTTGEAAGFSPIVLLYIALVFAFSL
MVNVWVFFRISGGLFNPAVTFAMLLCRALSPIRAFLLFAAQMVGSIFASYLVS
VLFPTNFNVRTTLGQGTSLAQGTMIEAVLTAELVFTIFMLAKEKHKATFIAPVG
IGLALFIGELVGVYYTGGSLNPARSFGPCVITGVFDKDHWIYWVGPGVGAILA
LLFYQFIKILEYEVANPGQDDDGSSDQENAKDEWEKRDGSMDPELGNAQGPG
LAHSASSTMPLAQAASPMPMTAGGAAVPAAPGSIMNPGVARSASRVSTEGRK
SERSI
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>CocheC5_3|110751|[Cochliobolus heterostrophus]|
MIDFVAFVGEFVGTTMFLFFAFSGTQVANIRSAAAPQDNTTTGEAAGFSPIVLL
YIALVFAFSLMVNVWVFFRISGGLFNPAVTFAMLLCRALSPIRAFLLFAAQMV
GSIFASYLVSVLFPTNFNVRTTLGQGTSLAQGTMIEAVLTAELVFTIFMLAKEK
HKATFIAPVGIGLALFIGELVGVYYTGGSLNPARSFGPCVITGVFDKDHWIYWV
GPGVGAILALLFYQFIKILEYEVANPGQDDDGSSDQENAKDEWEKRDGSMDPE
LGNAQGPGLAHSASSTMPLAQAASPMPMTAGGAAVPAAPGSIMNPGVARSAS
RVSTEGRKSERSI

>XP001934794|[ Pyrenophora tritici-repentis|
MDPGSPAAAATRQSNNNLGITPMRPQRQSNAVPFSPGQQRMAYVEDYSDEDE
QERVIYRRRSNRPHQKPPASYNNYAEQNSRYGPLPRNSVDQSVHPGYSSPPSK
PNYEMYYPNYDDYGRRVIYTGGAGGGRPPPPPHRPESVMRLPWAIWMGSNA
KNHFVAFVGEFVGTTMFLFFAFSGTQVANIGSSAASSENTTTGQASGFSPIVLL
YIAIVFAFSLMVNVWVFFRISGGLFNPAVTFAMLLCRALSPIRAFLLLAAQILGS
IFASWLVSILFPTDFNVRTTLGSGTSLVQGVFIEAILTAELVFTIFMLAKEKHKA
TFIAPVGIGLALFIAELVGVYYTGGSLNPARSFGPCVITGVFDVEHWIYWIGPG
MGAIIAVVFYRSSRCSSTKSLTRARRRR

>XP001549298|[Botryotinia fuckelianal]
MSGEGTDLPTFQSSRTADGDVINRPGSSQQQLVPIAHTISSPSKAYQKDTAMW
SPPLSSHPIMSPPDLTPQHPVFSTEDLTRPAAGLRRRPSVPPPRRYSNGDYDPKL
SFTSDTGRALRAREDLYYSDRERENSMSSRTRARDDHPHPDYHERSRPPRTYR
NVVGWESGPQKSYFDDSSRSDLGKDRDLEKGMREAGAAPEWASGEKVRRKS
TDESIDGYNYESHKRNGTKGTIDLNNLTPEERAMVLRLPWTQWMNSNFKNHF
VATIGEFVGTTMFLFFAFAGTQVANIDSNTVNTTTGAATGFNIAVQLYIAVIFG
FSLMVNVWIFFRISGGLFNPAVTLGMVLVGAIPIPRAACLFFAQILGGIAASGM
VLGLFPTTFNVRTTLGASTSTVQGVFIEAILTAELVFTIFMLAKEKHKATFIAPV
GIGLALFIAEMVGVYYTGGSLNPARSFGPCVVSGSFDKEHWIYWIGPITGTFIA
VFFYKFIKMLEYEMANPGQDGDAKNDPTQNEKKREQILEERNRRYEKRNGSL
RPGSRLS

>XP001588484|[Sclerotinia sclerotiorum]
MSGEGTDLPIYRSSKTVDGDHMKPPGSSQSLVPVQSPSKVYQKDTVMWSPPLS
SHPIMSPHDTAPQHPVFSTEDLTRPGTGLRRRPSVPPPRRYSGGDYDTKPSFSSD
TGRALRAREELFYSEREREGSMSSRTRVRDDHPHPDYHERSRPPRTYRNVVG
WESGPQKSYFDDSSRSDLGKERDVEKGIREPGAAPEWASGEKVRRKSTDESID
GYNYESHRRGGTKGTIDLENLTPEERAIVMRLPWTHWMNSNFKNHFVATVGE
FVGTTMFLFFAFAGTQVANIDSNTVNTTTGAAAGFNVSVELYIAIIFGFSLMVN
VWIFFRISGGLFNPAVTLGMVLVGALPIVRAICLFFAQILGGIAASAMVLGLFPT
TFNVRTTLAASTSTVQGVFIEAILTAELVFTIFMLAKEKHKATFIAPVGIGLALFI
AEMVGVFYTGGSLNPARSFGPCVVSGAFDKEHWIYWIGPIMGTCIAVFFYKFI
KMLEYEMANPGQDGDAKNDPTQNEKKREQILEERQRRYEKRAMTGGSVMGS
LRPGSRMS

>XP965183|[Neurospora crassa]
MGAHTPVVSSAAVFEIDKSPPLSQQTTFLLSPPSEKKAGLHPVSVSITAIPPPTPT
TKYALSHTHSHQSSTLTAVGRGSSRGIMAPFAKMSQPMRTHLVFGIGEFVGTF
MFLFFAFAGTQVANTAPANAAKLPSTSNLLYIAFAFGFSLMVNVWAFFRVTG
GAFNPAVTLALVLVGGFPAVRAVIVIVAQILGATAAAGLVQVIFPGPLAVETTL
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GGGATVAQGFFIELFLTCELVFVILMMAVEKHQGTFVAPVAIGLALFLSELVG
VYFTGGSLNPVRSLGPAIVNRHFPGYHWIYWLGPVLGALLACGFFKLLQALRY
DDINSGADDDGRGDLEGARHAHQDGLKHTPTNLTQPLANGEAAALHNQPAQ
VPREEL

>XP001596860|[Sclerotinia sclerotiorum]
MSMRSPTITQHPQPLRASPVSNEDDEVQIRLDDSRYHIVAVIGELIGTTLFLFFG
YAGIEVTRLQGREPPDLEVLFYISATFGASLMVTAWIFFRISGGLFNPAVTLALA
LLKAVSPVRAVLLVITQLGASCLAAILVKEIFPNQLGVGTSLGSGTSTAQGFVIE
AITTAALIFTIMLAVEKHKATFVAPIGIGLALFVAHMVAVPFTGASLNPARSFG
PSAIVWNFPREHWIYWVGPLLGAGLAVLFFRLIKLLEYEMANPGQDGDPENDP
TOQNPEHDVAQHANEREEEVLGLSNGKSWYRDESTSGSMRRKGSVNSFIGNRR
SMDRMGEMWGRLDDVEAQWRRQQYGNFI

>Clagr2|68360|[Cladonia grayi]
MNTESPRSTTDTIRGLLRRLPTTVRGHVVAVLGEFVGTISFLFFAFAGTQVANIS
SNTNTGTMVVTTVQQKNPAELLYISLSFGFSLAVNAWVFFRISGGLFNPAVTV
GMVLIGAITWVRGVLLFIIQIVGGIVAAELVQALFQGDLAVSTTLGGGTTIAQG
VLIEFILTAQLVFTIFMLAAEKHPGNFIAPVGIGLSLFIAELVGVFWTGGSLNPA
RSFGPAVAIHKFHSTQWIYWVGPLCGSLLAVLIYALVKSLEYESANPDPELGPT
APAIPAAKDLEHQKSLQDGNGRA

>Mycgrl(42217|[Mycosphaerella graminicola]
MKKIPATARGHIVAVVGEAVGTFCFLFFAFTGTQSANVASNPNTGDTVITTTPQ
KNPAQLLYISLAFGFSLAVNAWVYFRISGGLFNPAVTLGMMLIQAITPVRAALL
FIAQMVGAIVAAYVVQALFTGGLNVSTTLSDTTTVAQGVIIEMLLTMQLVEFTIF
MLAAEKHTGNFIAPVGIGLSLFIAELTGVFWTGGSLNPARSFAPDVALASFSSD
QWVYWVGPFAGSILAVLLFKLVKSLEYDTANPDPEAALPPAGGPVNDGPRES
MNPGRSSDSDATAMKH

>Clagr2|95296|[ Cladonia grayi]
MCGEFAGTFLFLFFAFAGTQVANNQIQAPVDVNQGSNPAQLLYISLAFGFSLA
ANAWVFFRVSGGLFNPAVTFGLCLVGALDYVRGALIAVTQILGGITAAAVVSA
LFPGPLSVRTTLSARTSVSRGLFIEMFLTAQLVFTIFMLAAEKHKATFIAPVGIG
LSLFIAELSGVYYTGGSLNPARSLAPDVVLHKFDHYYWIYWLGPILGAVLASG
FYWLMKKLEYETANPGQDFNQEEKEHFDPKAHKSAPAVSFGPSEVLSHEKHE
GSDDMTERTVDTEYYDPVGVKASPGSHTAGLGSHTAAQETVKGPKKNGGRL
LAQEVSKTTNEASSNAYVTGPIEESGYHM

>Xanpal|56187|[Xanthoria parietina]
MTTNEPEGSMILNLPGLRSKKHHAIFLGRFRPASTGSHRSPFMGFLPDSFRNHFI
AMLGESAGTFLFLFFAFAGTQVANTKEPDAPIASAPDPASLLYIALCFGFSLAV
NAWVFFRISGGLFNPAGLIISKDSGEMSLDTYCVSLGMCLVGALSWIRGALLIL
SQILGGIISAAIVSALFPGPLNVRTSLAPTTTIAQGLFIEMFLTAQLVFTIFMLAAE
KHKGTFIAPVGIGLSLFIAELAGVYYTGGSLNPARSFGPSVVLHSFYNYDWIYW
LGPVLGSLLASGLYKFIKILEYETANPGQDFDEREQDFFDPSRGTNRPIVNLAPN
GAAFMEEENGRDGNAANRDGQSHDIKRDQTQKVVKLPQGNLGRCERTSR

>Clagr2|96071|[ Cladonia grayi]
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MQNPLRRPTGNASHNAPHRSRDLERNGPDKNDDGYLPKDYRGHLVAMSGEF

VGTFMFLFFALAATQIANTITPPDQPNLNQLLFISLAFGFSLAVTAWVFYRISGG
LFNPAVTFGMVLTGTLPALRGVLLFPAQILGGMVAAAVVSCLFPGTLAVETTL
TNGTSIAQGLFIEMFLTAELVFTVLMLAAEKTKATFIAPVGIGLSLFVAELAGV

YFTGGSLNPARSFGPCVANRNFQRYHWIYWVGPFLGALISGGYYKFVKFNNY
EEANPGQDDSHHPQDVAEKRR

>Xanpal|39605|[Xanthoria parietina]
MRGHFVAMTGEFVGTVMFLFFAFGGTQIANNVIPPDQASLDRLLFISLAFGFSL
ATTAWVFYRVSGGLFNPAVTLGLVLAGGLPPIRGALLFIPQMLGGMVAAALV
KCMFPGSLSVQTKLTGGTSIAQGLFIEMFLTAELLLTVLFLAAEKSKATFIAPVG
IGLALFVAELTGVYYTGGSLNPARSFGPDVANRQFDGYHYIYWIGPFLGAAIA
AGYHRFAKYLRYEEANPGQDAISEHEAEDAKSQ

>Mycgr1|49980|[Mycosphaerella graminicola]
MLSKQAMCGEFIGTILFLFFALGGTQVVNNLPVNPGADGKIQQLLYISLCFGFS
LAVNVWVFFRISGGLFNPAVTLGLCLIGAVPWVRGVLLGISQVLGGITAAALIS
CMLPGPLAAETTLGGGTSVAQGVFLEMILTAELVFTIIMLAAEKHKSTFIAPIGI
GLSLFIAELTGVFFTGGSLNPARSFGPAVVNHNFAKYHWIYWIGPLMGSLLAS
GFYKFIKVLEYE

>Mycgrl|52325|[Mycosphaerella graminicolal
MRIPFARRLPNNLRNHLVAMSGEYVGTVLFLFFALGGTQVANNIPSSAGRTVA
EAGSNPQQLQYIALCFGFSLAVNAWVFFRISGGLFNPAVTLGMCLIGALPWFR
GVLLFLVQILGGMTAAALIAAMLPGELSVQTTLGGGTSVAQGLFLEMFLTAEL
VFTIFMLAAEKHKSTFIAPVGIGLSLFVAELVGVYFTGGSLNPARSFGPALVNR
NFHGYHWIYWLGPMLGACLAAGFYKFIKALEYETANPDQDGDGR

>ACV52007|[Rhizophagus intraradices ]
MGLKDDFVTSLAEFIGTTYFIFIGLGGSDAIAAFSGKSLGDIKLFATAFSFGWSL
MINVWLWSDISGGVLNPAITIALMFTDDQELRIRRGIFYITAQFAGAILGSLLVK
LFLPAPIAALTTLSDGTTILQGLVIENTTSLLTLTVYTLAVNERGGFMKSFGMGT
SVLISVLVAGPYTGASLNPARTLGPAIVSGKISGDIWIYFIGPIIGSLLAASFHTYF
KKNFGALHLDRDRDDLDRDLDLDRENLGKD

>Mucci2|114802|[Mucor circinelloides]
MRPINDIFGCNKGSPPNLRADLKASLGEFFGMAIFIFLALAGVQGALEAPTFQS
VGAATGPTATQIQSIAFSFGVGITVALFICGAVSGGILNPAVLLSLMITGNINWL
RGIFFFIAEIVGAIIGAYFANFVTAHELQGVNLLNPGFNYAQGFFAECLLTCVLC
LTVLFIIVDKHLLADFAPFVVGSAVFICHMIGAPVDGTSINPARSFAASIVTGKW
ANHWIFWFGPLIGGIFAVMIYLAVKVITEESQEKALLQNAHNQAMIDADKNKE
QNQONPAQYTSVNV

>XP776423|[Cryptococcus neoformans|
MPDLVVTTQELRPSSPVYGHARTIIKNNFVAMAGEYVGTTLFMLCCLGGTHV
ALLPEKSVTGDLSQPLNTSSLFYISLSIGLSLTVNVWIFFRVSGGLFNPAVSLGM
VLAGCLPPMKGALLTVAQVLGGITGAAIINVLLPGELNAGTTLGGGASIAQGL
FIEAILTALLMLTVFFTAAEKNEATFLSPLAIGMALFIAEMVGVPYSGGALNPV
RSLGPAVVTHNFPGYHWIYWVGPALGSVLATCFYSLLKYLEYESVPGPGEAPH
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VPPFWRLPARGYLSTLSHPFAKRASTGTYSHEDDPEKGLRSGKDSQANTDNPT
RVNRPGSGDAEIQSPVEDTTMANARLDRIEMLLTQLMQVRTSEGTQKSPAV

>Sporol|13829|[Sporobolomyces roseus]
MTDFVAMVGEFVGSESLYPSTAIAGGTTRSDTADGADAVAAIVNTSNLLYIAL
SFSVSLATTVWIFFRVSGGLFNPAVTLAMWLIGAIKPLRAILLVFSQIAGGIAGS
ALVYGLLPGSFNVQTTLSANTSIVRGIFIEMFLTAMLLMAILMLAAEKNRSTFI
APLGIGMSLFIAEMLGVAFTGGAVNPARAFGPAVVTGSFVSYHYIYWVGPALG
AIIASGFYRFIK

>XP001937248|[ Pyrenophora tritici-repentis|
MKQKYTEDPQHPAEPRQPGCGWLPNRARHHLISFLGEYVGTFLFLFFAFAATQ
VANNLRGTRPMDVGTLLYISLAFGCSLAITVWVFFRISGGLFNPAVTFAMGLV
GAIGWVKVLLLILAQTLGAITAAAIVSGLFPGPLSVNTSLSKGTSVTRGLFIEMF
LTFMLLLTIFMLAAEKHRATFIAPLGIGLALFIAELAGVYFTGGSLNPARSFGPA
LITGKWPGHHWIYWLGPLLGAAMAAGFYRLLKTLGYETANPGADGDGREEY
STRASDRTPTRYQTGTMPLSTTDGTEEHDFVIQLQSGQIQPAKIHRQAMPALDG
TTSTITDSIEKPMTPTPVHMHNLDGHRSDTINHPEDRPRAHHKRGSSQHEMAS
DSSYRHGPNAESGSSES

>Sporo1|27302|[Sporobolomyces roseus]
MSELPTHVPAADTLQTNVHVPHRHRGGTYLRKHLGVGAHKGDRHAQRLLKS
HAIAFIGEFVGTTLFMFFAFSGTTVASLPATSVTNSGATSTQGAVQPSPNTSSLL
YVALSFGFSLSVNIQIFAGVSGGVFNPAISLGLALIGAHTPVRAIILTIAQILGGIA
GAAITSGLLPGPLNVRTTLVAGTNIARGLFIEMFLTTILMLTVLVLTVEESAIGA
KSAGASAAPISIGLALFLAELVGVFYTGGSLNPARSIGPDIVIGTFDNYHWIYWL
GPAMGAALAVVFWKGIQYVHFSVGPRAAGTPDASKMLLENPDEKSAGASGP
AGDQGKNGAALENSTSHYGDAGLARDDNDNQSMVSVIAPEPADRMTVLEQS
NHRIEAMLSQLMHGGGGSPLSTIGSSAGNSLSQRKISTEQTLHENELHGTDHLH
SVGSRPSQYSSR

>CocheC5_3|1086713|[Cochliobolus heterostrophus]
MSLTSKDQPPSLPLHEPPTPTPTTPSSQPPRAHHTLRTEAAAFLGEFIGTFMFLSL
AFTGTQIALNATGSKEPSSSDLPLPDLTKLLYISLAFGASLAINVAIFADISGGKF
NPAVTTALYLTRKIHWHRAAQTIFSQLVASIAASAFISGLVPGPLTIGTTLSADM
SVTRGMFLEALVTSQLVLTILMLEGGAAKPMYIGGALFVGHVCSVYYTGASL
NPARSFGAAVVVGFTGYHWIYWVGPLLGAGVASAVYGGVGWLRRERVVVV

>EGX96316|[ Cordyceps militaris]
MQIIQPEYPRQLVSAIPNKIRNHFVAAIGEFVGTFLFLFFAFSATQVANTALKGK
NAAQQQSQAADSQHAIADIPDTPTLLYIALAFGFSLAVNAWVFFRISGGLFNPA
VTLGLVLIGGLRPVRAVLIFLAQILGATSASAVVDALFPGELQIATALGGGTSV
AQGVWIEAFLTAELVFTIIMLAAEKHKGTFLAPIGIGLSLFIAEMTGVYFTGGSL
NPARSVGPCIVLHSFPSYHWIYWVGPGIGSVVAAGFYHLINILEYETANSGQDF
NEKEMDRFVFDEEAAHTGAHIVRPDATDVLDPIVSPVASPAASGDVHRGPCPG
GLASPAAPSLIPNGSLKKD

>XP001585953|[Sclerotinia sclerotiorum]

MNINEPRRGGGFVLPFFNDSKKSREPHAGRDSLQSNGNRFTGWIPGTVGYTTT
PLRHGHRWLHSHDKIRNHFVATTAEFAGTTLFLFFAFAGTQVALLAAPANNSN
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IVGTPSDPAQLLYIALSFGFSLAVNVWVFFRTNGGLFNPAVTVGMCLVGALPY
LRGLFLFIAQIVGGITAAALVSALFPGPITFRTTLGGGTSIVRGLFIEMFLTAQLA
LTIFMLAAEKHKGTFIAPIGIGLALFIAELTGLYFTGGSVNPARSFGPSVVSGQFP
GYHWIYWLGPFLGAILASAFYKFIKVLEYETANPGQDAGRVGESYEPQAHTTN
KVSFAEEGMVGRELDESGASHVHGTDKNLGTPKEYGTHRRPFSGSPAPSHPND
QFAGLNGGGMNGDEFAAGGNAGVGGVKRDKRDSEGTLVDNGKKGTMRGG
AGVMESRAGGSGGASG

>XP001825875|[Aspergillus oryzae]
MKFMNHGARADRAEHSGSTPVYSSTQKQLPMLHLKDTARNNVIAVIGEFVGT
FLFLFFSFAGTQVSNTPKPVDGAPPNTANLLYSALSFGFSLMVNVWAFYRVTG
GLFNPAVTLALCLVGGLSPIRGVLVFAAQIVAGIASAGVVSALFPGDLNVGTRL
GGGASISQGLFIEMFLTAQLVFVIIMLAVVKHKSTFLAPVGIGLVFFVTEMIGDY
YTGGSLNPARSLGPDVINRSFPGYHWIY

>XP002377476|[Aspergillus flavus]
MKFMNHGARADRAEHSGSTPVYSSTQKQLPMLHLKDTARNNVIAVIGEFVGT
FLFLFFSFAGTQVSNTPKPVDGAPPNTANLLYSALSFGFSLMVNVWAFYRVTG
GLFNPAVTLALCLVGGLSPIRGVLVFAAQIVAGIASAGVVSALFPGDLNVGTRL
GGGASISQGLFIEMFLTAQLVFVIIMLAVVKHKSTFLAPVGIGLVFFVTEMIGDY
YTGGSLNPARSLGPDVINRSFPGYHWIYWVGPLLGSLLACGFFGLLKMMEYTT
ANPGQDYNEWEAKNGPGSYDVSGNRPSVQLSDTSTLNRAHSPTNGHGVQPQ
HVNGAEQV

>AspniS5|125829|[Aspergillus niger]
MGPQQWFRKRNPDSQTAPMYRSSNNQLPMLHLADTTRNNFIAAVGEFVGTFL
FLFFSFAGTQVSNTPKPAPGSPPNTSNLLYSSLCFGFSLMVNVWAFYRVTGGLF
NPAVTLALCLVGGLSPIRGVILFGVQLIAGIASAGVVGALFPGDLNVGTRLGGG
ASISQGLFIEVFLTAQLVFIIIMLAVVKHKSTFLAPVGIGLVFFVTEMVGDYYTG
GSLNPARSLGPDVINRSFPGYHWIYWVGPLLGSLLACGFFTFLKMFQYTTVNP
GQDYNEWEAKMGSGGPGSWDMSMHRPSYNSEATTVEQPQSPSAGRRNHTPT
NSQPQNNPNIPNIPHGAEQV

>XP001262474|Neosartorya fischeri)
MLFGKRNGDERRVVRRSQSQLPMLGLADSARNNLIAVVGEFVGTFLFLFFSFA
GTQVSNTPKPVAGAPPNTSNLLYSALSFGFSLTVNIWAFYRVTGGLFNPVVSL
ALCLVGGMPPLRGVFVFAAQLVAGIAAAGVVSALFPGDLNVGTRLGGGASIS
QGLFIEMFLTAQLVFVIIMLAVVKHKSTFLAPVGIGLTFFVTEMIGDYYTGGSL
NPARSLGPDVINRSFPGYHWIYWVGPLLGSLLACGFYTFLRMFKYESVNPGQD
YDEWEAKRGPGSFDENGRDSTAFSDSTAGVRSHSPRGVNRPSGPVSGAEQV

>XP746526|[Aspergillus fumigatus|
MAFGKRNGEERRVLHRTQSQLPMLGLADSARNNLIAVVGEFVGTFLFLFFSFA
GTQVSNTPKPVAGAPPNTSNLLYSALSFGFSLTVNIWAFYRVTGGLFNPVVSL
ALCLVGGMPPLRGVLVFMAQLVGGIAAAGVVSALFPGDLNVGTRLGGGASIS
QGLFIEMFLTAQLVFVIIMLAVVKHKSTFLAPVGIGLTFFVTEMIGDYYTGGSL
NPARSLGPDVINRSFPGYHWIYWVGPLLGSLLACGFYAFLRMFKYESVNPGQD
YDEWEAKRNHGSFDGNGRESTAFSDSTAGAQSQSPRGVNRPVSGAEQV

>XP001825978|[Aspergillus oryzae]
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MPSWIHQRRGDMVNDPASRNVSTTSSTPIMQALAARIRSQPGGNTAPIVRSEK
GQLPMLHVPYTFQNTFVAVVGEFVGTFMFLFFAFAGGQVSNTPKPAEGAAPN
TSNLLYLSLSFGFSLLVNVWTFYRVTGGLFNPVVTLALCLCGGMHPVRGVLVF
ASQITAGIASAGVVSCLFPGPLSVGTRLGGGTSISQGLFIEMFLTAHLVFVVIML
AVVKQKSTFLAPVGIGLVLFVNQLVGTYYTGCALNPARALGPDVINRSFPGYH
WIYWVGPLLGSLLASGFYGFLSIFHYETVNPGQDFNQWEAAAGPGPWHEEIN
KHSGAPNHSHLSGDQPTLHQDNV

>XP002377624|[Aspergillus flavus]
MPSWIHQRRGDMVNDPASRNVSTTSSTPIMQALAARIRSQPGGNTAPIVRSEK
GQLPMLHVPHTFQNTFVAVVGEFVGTFMFLFFAFAGGQVSNTPKPAEGAAPN
TSNLLYLSLSFGFSLLVNVWTFYRVTGGLENPVVTLALCLCGGMHPVRGVLVF
ASQITAGIASAGVVSCLFPGPLSVGTRLGGGTSISQGLFIEMFLTAHLVFVVIML
AVVKQKSTFLAPVGIGLVLFVNQLVGTYYTGCALNPARALGPDVINRSFPGYH
WIYWVGPLLGSLLASGFYGFLSIFHYETVNPGQDFNQWEAAAGPGPWHEEIN
KHSGAPNHSHLSGDQPTLHQDNV

>XP002558264( Penicillium chrysogenum]|
MLFKKRHSSDTSTLEGTQTSGGNGQLPMLRLPDRMRYNLLCLMGEFVGTFLF
LFFSFAGTQVSNTPMPPPGSPPNTSNLLYSALSFGSALTVNVWAFFRVTGGLFN
PAVTLALCLTGGMPPLRGLFVFPAQLVAGIAAAGVVSALFPGPLNCATRLGGG
ASIVQGLFIEMFLTAQLVFVIIMLAVVKHKSTYLAPVGIGLAFFVAELIGDYYT
GGSLNPARSLGPDVINRSFPGYHWIYWVGPLLGSLLASAFYRLLCFVRWERINP
GQDYNEEEVARKESLLGSEHTITANVANPRRDIAPDEHV

>XP001274891|[Aspergillus clavatus)
MLHLAPSLRNNMIAMVGEFVGTFLFLFFSYAGTQVSNTPKPAPGSPPNLEALL
YSSLCFGFSLTVNVWAFYRVTGGLFNPSVTLALCLVGGMPPIRGVLVFAAQIV
GGIAAAGVVSALFPGPLNVTTRLGGGASISQGLFIEMFLTAQLVFVIIMLAVVK
QKSTFLAPVAIGLAFFVAEMIGDYYTGGSLNPARSLGPDVINRSFPGYHWIYW
VGPLLGSLLACGFYTFLRLFQYETVNPGQDNNEWEAEAKTRGESFDESNGRTS
TNFSESTFGGRNPSLTPAPTSGAPANFAPHGGIPNGAEQV

>CBF78938|[Aspergillus nidulans]
MRSRIPNILKPWGRQETQGDTPVVRRNRNQLPMLHLADTTRNNLIAMTGEFV
GTFLFLFFSFAGTQVANTPKPVEGAPPNTDALLYSALAFGFSLMVNIWAFYRV
TGLLFNPAVTLALCLVGGMPAYRGLFVFAAQIVGGIAAAGVVSALFPGDLNVS
TRLGGGASISQGLFIEMFLTAQLVFVIIMLAVVKHKGTFLAPVAIGIAFFVTEMI
GDYYTGGSLNPARSLGPDVINRSFPGYHWIYWVGPLLGSLLACGFYYFLTFFS
YESVNPGQDFNEWEAKWGPGPTSWDSSMRQHSHSDTTTLNRGMSPRDSRAA
RNGNGDWNGAHGAHVPPPPGEEQV

>EEH18381|[Paracoccidioides brasiliensis]
MSAPTPPITTNNDHGGSRPSAFRRFSTLSTRLPGGNIPDTFRNNFIATLGEFVGTF
LFLFFSFAGTQISNEPPPTPGAKPNHIALLYSSLAFGVSLAVNVWVFYRVTGGL
FNPSVTLALFLIGSLSPIRAVLVFAAQIVAGIAAAGVVSCLFPGPLVVYTRLGSG
TSITQGLFIEMFLTAQLVITIIMLAAVKHKATYLAPLGIGLAFFLTELCGDPFTG
GSLNPARSLGPDVINRQFPGYHWIYWVGPGLGSLLAVGMFYILKALHYQTCN
AHQDDDHEKLVETAAPPEQLGEHKAKEGHKGESGRTPLGAHG
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>XP002794333|[Paracoccidioides brasiliensis]
MSAPNPPITSNNNHGGSPPSAFRRFSTLSTRFPGGNLPDTFRNNFIATLGEFVGT
FLFLFFSYAGTQVSNDPPPNSGAKPNHIVLLYSSLAFGTSLAVNVWVFYRVTG
GLFNPSVTLALFLIGSLSPIRAVLVFAAQIVAGIAAAGVVSCLFPGPLVVFTRLG
SGTSIPQGLFIEMFLTAHCSREAQGDILGAIGIGLAFFLTELCGDPFTGGSLNPAR
SLGPDVINRQFPGYHWIYWVGPGLGSLLAVGMFYILKALHYQTCNPHQDDDH
EKLVETATPPGGHA

>XP002486574|[ Talaromyces stipitatus]
MRILSSYHRRSGQTEPNLSRLSTNRQAAQLPMLNLADNNRNNLIAVIGEFVGTF
MFLFWSFAGTQISNTPMPPAGSYPNTSNLLYASLAFGFSLTVNVWAFYRVTGG
LFNPSVTLALFLVGGIPAMRSVLIVIAQILGGICAAAVVSALFPGPLNVATTLGG
GANTAQGLFIEMFLTAQLVFVIIMLAVVKHKSTFLAPVGIGLTFFLTELCGIYYT
GGSLNFARSLGPAIVNHSFPHYFWIYFLGPLLGSGLASGFYYLLNKMRYETCNP
GQDADSMEAPTKESTGTSSFNQSIPSAYDRGAGNGVNGNVNGTGGAAGYGH
QRNISEATAVSPGYATTSEKNEPALSPTGHGEYPSTTSAGQYANTPANQPTGTY
TNQPSGNQPGSLNPVRERGESGQINQF

>XP002152841|[ Penicillium marneffei|
MGVLSTAYRRSDQGQADTELSHVSTNRQSTQLPMLSIADNLRNNMIAAIGEFV
GTFMFLFFGFVGAQVANTPAPEPGSGPDTSKLLYISLVFGFSLTVNVWAFYRV
TGGMFNPAVTLALFLVGGLPAIRGVFVVISQIVAGICAAAVVSALFPGPLNVEN
TLGGGTNVAQGLFIEMFLTSQLVFVIIMLAVVKHKSTFLAPVGIGLTLFLCHLT
GIYFTGASLNFARSLGPAVVNHSFPHYFWIYFLGPMLGSCLASSFYFFLNKMRY
ETCNPGQDAESLEDPAAAKERQLSSSTTGGDLGVSNGVSNGVSNGVNGDVNG
SDRTINEHQTNISETAAINSGYADKNKNEASGGDYQYSSNSASGHPYSNQSNA
N

>XP003009607|[ Verticillium albo-atrum]
MSAPESPDQRHFFSHLSSRQTSAAPGSPTAAAPPGAPPTRTTTNRLPILKAQSGA
RNNVTAVVGEFVGTFLFLFFSFAGTQLANTPASTSTEPNHTALIFIALSFGVSLT
ANVWVFYRITGGMFNPVVTLALVICGGLPITRALLIMPTQILAGMSAAGVISAL
LPGPLAVTNSLGGGANTAQGLFIEMFLTAQLVFTILMLAVEKHRSTFLAPVGIG
ASFFLAELVGCYWTGGALNPARAFGPAVATRTFPNYHWIYWLGPIMGSLLAS
GFYLLLKAMQYQECNPGQDASGADLERYEDRHAQHHTTTEEPKV

>EGY 16807|[ Verticillium dahliae]
MSAPESPDQRHFFSHLSSRQTSAAPGSPTAAVPAGAAPTRTTTNRLPILKAQSG
ARNNVTAVVGEFVGTFLFLFFSFAGTQLANTPASTSTEPNHTVLIFIALSFGVSL
TANVWVFYRITGGMFNPVVTLALVICGGLPITRALLIMPTQILAGMSAAGVISA
LLPGPLAVTNSLGGGASTAQGLFIEMFLTAQLVFTILMLAVEKHRSTFLAPVGI
GASFFLAELVGCYWTGGALNPARAFGPAVATRTFPNYHWIYWLGPVMGSLL
ASGFYLLLKAMQYQECNPGQDASGADLERYEDRHAQHHTTTEEPKV

>EFQ32034|[Glomerella graminicola]

MTIGRKPFGNSDVNQGSLPMLRVANTTRNNIVAVLGEFVGTFLFLLFSFAGTQ
VANTPPGAPDSDPNLPCIHFIALAFGVSLTANVWAFYRITGGMFNPVVTLALVV
CGGFSPLRALLIMPTQIIAGLCAAGVASALFPGPLAVTTTLGGGANVAQGFFIE
TFLTTQLVFVILMVAVEKHRSTFLAPVAIGLSFFLAELTGVYFTGGSLNPARSL
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GPAVVARQFTEYHWIYWLGPIFGSMMACGFYLLLHNLRYHECNPGQEADGQ
ETTSKTPLTSTA

>XP002629618|[Ajellomyces dermatitidis]
MESSPAQYADINPGPDQDHAPLDNYPSYSTTIVSSNSNPTGSPKYDTSRPRPRA
SFISDRINRIPDPLRNGIVATTGEFVGTFLFLFYPFASGIIANEVVLEPGEQADPTA
LLYTALGFGVSLTVNVWLFFRVTGGMLNPAVTLALYLLGLVPPVRAVFVIVA
QLIGGIAAAGLASAMFPNPLTVGTRLGNGVSIVQGLFIEVFLTALLVLAIIMLAV
VKHKATFIAPLGIGLAFFLAELVGIPFTGGSLNPARSLGPDVINRSFPGYHWIYW
LGPVLGALLAVGWYLFLRALRFETCSPGQDAEFESGAVFEGRRGGMAAATAT
GTGTGTGAGMGMGAEPRMRAGTGVGARGGDFDANV

>XP003666488|[Myceliophthora thermophila]
MNSSRRLRLFSFASDTANQNESSGRLPMLTRPLTARNNIVAALGEFVGTFLFLF
FSFAGTQIANTPPPTPPAGSDTPLPNTSNLMFIALAFGLSLMANVWAFYRVTGG
LFNPVVTEEEEEENKTFTLWLKQGVVKVALALFLVGGLSGIRVLVVVIAQFIG
GIAAAAVVSALFPGPMMVATTLGGGASISQGLFIEMFLTAQLVFVIIMLAAEKH
KSTFLAPIGIGIAFFLAELIGVYFTGGSLNPARSLGPAVVNHSFPGYFWIYWVGP
LLGSLLACAFYVLLKYLRWKECNPSQDWNEIEKQESERQLRNKASKNITERPS
TSPTDATHAADVQPQVQPQSNLD

>XP003235493|[ Trichophyton rubrum]
MGPLPSLFSSESNDSWKKSSVATFGEFVGTFMFLFLSYTGCQIANMSVDPKDSS
PEPNPTVLLYISLSFATALAINVWVFYRVTGGMFNPAVSLALALVGAISPIRAV
MVSIAQVVAGIAAAGVVSALFPGPLVVQTKLGGGTTTTQGLFIEMFLTAELIITI
LMLAIVKHRATFLAPLGIGLALFIAQLSGVYFTGGSLNPARSFGPDVIVGGFPG
YHWIYWVGPLLGSLLATGFYQALNFLRYQNVNPGQDFDGIGSELMGNPERSE

>EGD93004|[ Trichophyton tonsurans]
MGPLPSLFSSESNDSWKKSSVATFGEFVGTFMFLFLSYTGCQIANMSVDPKDS
APEPNPTVLLYISLSFATALAINVWVFYRVTGGMFNPAVSLALALVGAISPIRA
VMVSIAQVVAGIAAAGVVSALFPGPLVVQTKLGGGTTTTQGLFIEMLLTAELIL
TILMLAVVKHRATFLAPLGIGLALFIAQLSSVYFTGGSLNPARSFGPDVIVGGFS
GYHWIYWVGPLLGSLLATGFYQALNFLRYQNVNPGQDFDGIGSELMGNPERS
E

>XP 002848916.1|[Arthroderma otae]
MGPLPSIFSSESNDSWRKSLVATLGEFVGTFMFLFFSYAGCQIANMSVDPYDSG
TEPNPVVLIYISFSFAASLAINVWVFYRITGGMFNPAVTLALALVGAISPVRAG
MVAIAQIVGGIAAAGVVSALFPGPLVVQTKLGGGTTIVQGLFIEMFLTAELVITI
LMLAFVKHRATFLAPLGVGLALFIAELSGVYFTGGSLNPARSFGPDVIAGAFPG
YHWIYWVGPLLGSLLATAFYQGLNFLRYQTVNPGQDFDGIGSELMGNPERDD

>XP461517|[Debaryomyces hansenii|
MDSTLGSDSLEPEKRTTIDSEGLNHRNPERFEGENRLSPDLEAQGIEEEALAVN
PAREPLYKFTIFFTEDEKRVSIYGAEFFGTYVFLLSAYLVASVANSQAIAAEDGF
YAPRVYNISFGFGISLLVVAACTSNFSGGHLNPAVVWGLFLNGNISMFRFLLES
LVQVIAGMAAAGTASAMYPGPVTFANAKDASVSVSRGLFLEAFGVALLVFTV
LFTAIEVSPFGGMAYLPIGLSLFLGHMICVPTTGAGLNPARSFGPAIAARDFPGY
HWIYWLGPVIGGAVAVVAYKMIKLGHRGTILQEARMKSNS
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>CCE81314|[Millerozyma farinosa]
MSHSETNGSEISSHQKLANSDLEAQQHHPEVATDEASDKYKHALAVNPAKEP
LYKFSLNLAPEEREGSIYAAEFFGTFTFLLSAYLVASVANSGADGFDPSRVYNIS
FGFGISLLVVAATTSKFSGGHLNPAVAFGLFLNGDISLVRFLLESVVQVIAGMC
AAGVASALYPGAVSFSNAKDASVSVSRALFLEAFGVALLVFTVLFTAIEDSPFG
GLAYIPIGFSLFLGHLICVPTTGAGLNPARSFGPAVAARSFPGYHWIYWIGPIIGS
IVAVAAYKIVKITNNKHKLA

>EGAS7700|[Saccharomyces cerevisiae]
MMXALTTEPEGSHPGQLIMIALGFGFSVMFSIWCFAGVSGGALNPAVSLSLCL
ARAISPARCVVMWFPQIIAGMAAGGAASAMTPGKVLFTNALGLGCSRSRGLF
LEMFGTAVLCLTVLMTAVEKRETNFMAALPIGISLFMAHMALTGYTGTGVNP
ARSLGAAVAARYFPHYHWIYWIGPLLGAFLAXSVWQLLQILDYTTYVNAEKA
AGQKKED

>ADC55259|[Saccharomyces cerevisiae]
MSNESNDLEKNISHLDPTGVDNAYIPPEQPETKHSRFNIDRDTLRNHFIAAVGE
FCGTFMFLWCAYVICNVANHDVALTTEPEGSHPGQLIMIALGFGFSVMFSIWC
FAGVSGGALNPAVSLSLCLARAISPARCVVMWFSQIIAGMAAGGAASAMTPG
KVLFTNALGLGCSRSRGLFLEMFGTAVLCLTVLMTAVEKRETNFMAALPIGIS
LFMAHMALTGYTGTGVNPARSLGAAVAARYFPHYHWIYWIGPLLGAFLAWS
VWQLLQILDYTTYVNAEKAAGQKKEN

>ADC55543|[Saccharomyces cerevisiae]
MSSNDSNDTDKQHTRLDPTGVDDAYIPPEQPETKHHRFKISRDTLRNHFIAAV
GEFCGTFMFLWCAYVICNVANHDVALVAAPDGSHPGQLIMIAIGFGFSVMFSI
WCFAGVSGGALNPAVSLSLCLARAVSPTRCVVMWVSQIVAGMAAGGAASA
MTPGEVLFANSLGLGCSRTRGLFLEMFGTAILCLTVLMTAVEKRETNFMAALP
IGISLFIAHVALTAYTGTGVNPARSLGAAVAARYFPHYHWIYWIGPLLGSILAW
SVWQLLQILDYTTYVTAEKAASTKEKAQKKGETSSSSAVAEV

>XP445420| Candida glabrata]
METEHQADKNAELGYDSGSTVAPPNKYSTLRSRFNLGPDTMRNHVIAFFGEL
VGTFMFLWCAY VIANIANHDVLLDVYPDGSHPGQLIMIALGFGFSVMFSIWCF
AGVSGGALNPAVSLSLALSRTITPMRCIVMWVAQMLGGMAAGGAASGMTPG
PVLYANTLGNGCSRTRGLFLEMFGTTILCLTVLMTAVEKGESNFMCALPIGISL
FIGHLALTGYTGTGVNPARSFGAALAARSFPVYHWIYWIGPLLGAILAWFVWQ
VLQWLDYSSYVTREKEAAAKTKVMVEP

>XP444824| Candida glabrata]
MDSDLEIQNKTQVEHVDKMGDSDVPESVSNSANMLRSRFNIGPDSVRNHVIAF
MGELCGTFMFLWCAY VIANIANHDVSLKDSPPHGSHPGQLIMIALGFGFSVMF
SIWCFVGVSGGALNPAVSLSLALARAITPTRCVVMWIAQILGGMAAGGAASA
MTPGPVKFDNGLGLGCSRTRGLFLEMFGTAILCLTVLMTAVEKGESNFMCALP
IGISLFIGHLALTAYTGTGVNPARSFGAALAKRYFPHYHWIYWIGPLLGAILAW
FVWQVLQWLDYANYVAREKEAAEKAKTH

>Picst3|82575|[ Pichia stipitis]
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MTTENETFDQEAQQTYNPKLDATITASPLKNHLIAFLGEFFGTFIFLWTAFMIA
QIANQDPNIPEVGSEPQQLIMISFGFGFGVMMAVFMFYRISGGNLNPAVTLTLV
LAQAVPPVRGAIMMIAQMIAGMAAAGAASAMTPGPIAFANALGGGCSRSRGV
FIEAFGTAILCLTVLLLAVEKHKATFMAPFVIGVALFLGHLICVFYTGAGLNPA
RSFGPAVASKSFPDYHWIYWVGPILGSVIAFAIWKILKVLNYETCNPGQDADH

>XP001383665|[Scheffersomyces stipitis]
MTTENETFDQEAQQTYNPKLDATITASPLKNHLIAFLGEFFGTFIFLWTAFMIA
QIANQDPNIPEVGSEPQQLIMISFGFGFGVMMAVFMFYRISGGNLNPAVTLTLV
LAQAVPPVRGAIMMIAQMIAGMAAAGAASAMTPGPIAFANALGGGCSRSRGV
FIEAFGTAILCLTVLLLAVEKHKATFMAPFVIGVALFLGHLICVFYTGAGLNPA
RSFGPAVASKSFPDYHWIYWVGPILGSVIAFAIWKILKVLNYETCNPGQDADH

>XP001527487|[Lodderomyces elongisporus]
MTAAGSIAEPTPNEIEAQRPLYEPEYDGTVTNSDLKNHLIAFLGEFFGTFIFLWT
AFVIAQIANEDPTIPEPGQGSDPMQLIMISFGFGFGVMMGVFMFFRVSGGNLNP
AVTLTLMLARAVPPVRGVVMWIAQMIAGMAAAGAASAMTPGEIKFTNGLGG
GASRSRGVFLEAFGTFILCFTVLMMAVEKSRATFMAPFVIGISLMLGHLICVYY
TGAGLNPARSFGPCIAAKSFPDYHWIYWVGPILGAVLAWGVWRLLTFLGYKY
CNPGQDSDE

>XP715831|[Candida albicans]
MVAESSSIDNTPNDVEAQRPVYEPKYDDSVNVSPLKNHMIAFLGEFFGTFIFLW
VAFVIAQIANQDPTIPDKGSDPMQLIMISFGFGFGVMMGVFMFFRVSGGNLNP
AVTLTLVLAQAVPPIRGLFMMVAQMIAGMAAAGAASAMTPGPIAFTNGLGGG
ASKARGVFLEAFGTCILCLTVLMMAVEKSRATFMAPFVIGISLFLGHLICVYYT
GAGLNPARSFGPCVAARSFPVYHWIYWVGPILGSVIAFAIWKIFKILKYETCNP
GQDSDA

>XP002421855|[Candida dubliniensis]
MVAESSSIDNTANDVEAQRPVYEPKYDDSVNVSPLKNHMIAFLGEFFGTFIFL
WVAFVIAQIANQDPTIPDKGSDPMQLIMISFGFGFGVMMGVFMFFRVSGGNLN
PAVTLTLVLAQAVPPIRGLFMMVAQMIAGMAAAGAASAMTPGPIAFTNGLGG
GASKARGVFLEAFGTCILCLTVLMMAVEKSRATFMAPFVIGISLFLGHLICVYY
TGAGLNPARSFGPCVAARSFPVYHWIYWVGPILGSVIAFAIWKIFKILNYQTCN
PGQDSDA

>XP002492992|[Komagataella pastoris]
MPDIENQAADGQAEIKPEDAPYITNAYKPAYARWGFGSDSVRNHFIAMSGEFV
GTFLFLWSAFVIAQIANQAPETPDGGSNPAQLIMISFGFGFGVMVGVFITYRVS
GGNLNPAVTLALVLARAIPPFRGILMAFTQIVAGMAAAGAASAMTPGEIAFAN
ALGGGASRTRGLFLEAFGTAILCLTVLMLAVEKHRATWFAPFVIGIALLIAHLI
CIYYTGAGLNPARSFGPAVAARSFPNYHWIYWLGPILGAFLAYSIWQMWKWL
NYQTTNPGQDSDA

>XP451974|[Kluyveromyces lactis]
MATILHKQIWNSKFKQLMTALKLNKRLTGFKNETYRNHLVAAIGEFCGTFIFL
WSAFVIAQIANEDTSVSSPGSHPGQLIMIALGFGFSVMFAVFIFFRVSGGNLNPA
VTLTLVLTNVIPWPRALVMWISQMVAGMAAAGAASAMTPGEILFANGLGGG
ASRSRGVFLEAFGTAILCTTVLFMAVEKHKATPMAPFAIGIALFVGHLICVYYT
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GAGLNPARSFGPCIAAASFPNYHWIYWIGPGLGAIMSAALWHILKFLNYENCN
PGQDDIL

>Wicanl|83661|[ Wickerhamomyces anomalus|
MTAAEVQSGSNDIEAQSDAEYIPPYQPRSKILGLNDTLRNHFIAVVGEFCGTFL
FLWSAFMIAQIANQDTSVKQDGSHPPQLIMISLGFGVSVAVGVFIFFRVSGGNL
NPAVTLTLILARAVPPIRGALMMIAQMVAGMAAAGAASAMTPGEIAFANSLG
GGCSRSRGVFIEAFGTAILCLTVLFLAVEKHRATYIAPLAIGLALFIGHLICVYY
TGAGLNPARSFGPAVASRSFPNYHWIYWIGPILGSFISFGVWQLLKFLDYETAN
PGQDSDH

>XP504854|[ Yarrowia lipolytical

MTKESVHNLPTVSTSQPAEPVDAIPPTAY VPPDEAYTRSRPMGLGENMRNLFI
ACIGEFVGTFMFLLFAYLIATVANYDKTVAGPNAAKIMISFGFGFSLLVNVFIF
FRVSGGQFNPCVTLALTLVGAVPPVRALCLAITQLLAGMAAAGVADALTPGP
VTFINTLGDGVSRTRGMWIEMFCTAQLCLTVLFLAVEKHRATFMAPFPIGMSL
FIGHLVAVFPTGAGINPARSLGPCIVGKSFPHYHWIYWVGPILGSIFSVGLYHTL
KFLDYETSNPGQDNQD

>NP986401|[Ashbya gossypii]
MSELPQDVEPQVLHTQYVAPREAQTQYVAQEAHPHVQDSYYTNSVTTKTHST
RTHDTHDELDGSEDFGRNLLTAALGEFFGTIFFLWPAFVIAQIANHDETTAGPG
SHPGQLIMISLGFGLSVMVAVFIFYRVCGGNLNPAVTLTLILAGAVPLVRGLV
MMVAQVLGGMVAAGLVKAMTPGPVLFSNALGGGCSRSRGVFLEAFGTAILC
TTVLFLAVEKHRATYMAPFGIGMALLVAHLVCVFYTGAGLNPARSFGPAIAHL
SFPNYHWIYWIGPFLGSLIAWGVWKLFKVLHYETCNPGQDSDRE

>EFX01908| [ Grosmannia clavigera)
MAQGSSFAQRLPQTVKNHFVAGMAEFVGTFLFLFFALGGTNAVNSAGSQEKT
FVLASDPAELLYICICFGFSLAVTVWLFFRVSGGQFNPAVTLSLVLVGAVGPVR
GFVVFIAQLLGGMSAAGVLSALFPGALQASTTLRSDTSIARGLFIEVFATSILVL
AVLMMAVEKHRATSCAPLVIGLALFIAELVSIPYTGGSVNPARSLGPCVATRNF
THYHWIYWIGPFLGGLLATLYYKIIKVLEYETVNPGQDDDGLPRYMPKEHNN
GLFHPEEKRNGTAERKLSGDTRFGEGFRTAPGLEAGQNVANA

>FOXGO01152P0|[Fusarium oxysporum]|
MVQFTRADTGMSGLPTEEAVADRRAGSPIPNRVRNAIVIVLGEFCGTFMFLLLS
FIGAQTALVTNNPTNSTAPLEPFSLMYIAASFGTALAVNVWIFYRVSGGMFNP
AVTLGLVLVGAVPPLHALAIIPTQLVAAIAAAGVTDGLIPGPLLVTNSLGNGTSI
AQGVFLEMFLTAQLVLTVYFLAVEKHRSTHLAPVGIGISVFIAHICLTNWTGTS
INPARSLGPSVIAGFHGYDWIYYLGPFMGSFLAFGCYKIFKVLEYQTANPGQD
DDDLERGSKHHFFGHHEKEPISHSQTDTS

>XP380987|[ Gibberella zeae]
MVQFGSRANTNMTGLPTEQAVEDRRVGNPKRDRMRNALVIVLGEFCGTFMF
LLLSFIGAQTALVTNSPSDAGSPLLPFSLMYIAASFGTALAVNVWIFYRVSGGM
FNPAVTLGLVLVGAVTPIHALLIIPTQLVAAITAAGITDALLPGKLLVTNALGN
GTSVAQGVFIEMFLTSQLVLTVYFLAVEKHRSTHLAPIGIGISVFIAHICATNWT
GTSINPARSFGPSVVAGFHGYDWIYYIGPFMGSLLAFGCYKIFKVLEYQTANPG
QDDDNLDRSGHHHFFGHRKEPMPHTHTDNIEPKDHGVPQRNDSVIDDQMV
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>EFY84998|[ Metarhizium acridum]
MPMRNVFTDRGSSSHEPGSRRHMLGDSVRNLLIVVFGEFCGTFMFLMLSFAG
AQTAINNNQLDTPHGVLAPATLFYIACAFGTAIAVNVWVFYRVTGGMFNPAV
TLGLMLVGSVKPLRGLLIIPTQLVAAIAAAAVVDGLLPGPLTVANSLSNGTSKV
QGVFLEMFLTAQLVLTVYFLAVEKHKATYLAPIGIGIAVFIAHIVGTNYTGTSIN
PARSFGPACIQGFVGYHYIYWVGPLMGSLLAFAVYWVLKWLEYQSANPGQD
DDDVERGLPPVGATTSTQQQHQKPSHRSTNSEASDGTLPATGAKDHRYDPMP
PVSA

>EFY96089|[ Metarhizium anisopliae]
MTLRNVFNSRRSSSQEPGTRKHMFGDSVRNLLVVIFGEFCGTFMFLMLSFAGA
QTAINNNQPNIPGGPMAPATLFYIACAFGTAIAVNVWVFYRVTGGMFNPAVTL
GLMLVGAVKPLRGILIIPTQLVAAIAAAAVVDGLLPGPLTVTNSLSNGTSKVQG
VFLEMFLTAQLVLTVYFLAVEKHKATYLAPIGIGIAVFIAHIVGVNYTGTSINPA
RSFGPACIQGFVGYHYIYWVGPLMGSLLAFAVYWILKWLEYQSANPGQDDDD
DDVEKALPPVGTATSTQQHHQKNHRSTASEASDGTLPTPGSKEIRHDPMPHVA
A

>TriviGv29 8 2|39488|[Trichoderma virens]
MHRIASPRAPREGIRNEIVVVFGEFCGTFMFLLMSFIGAQAAIENNDPGNPNAP
LFPFSLLYIAASFGSALAVNVWVFYRVTGGMFNPAVTLGLVLVGAVKPLRGLF
IFPTQIVAGIAAAAVTDALLPGPLLVANKLSSGTSISRGLFIEMFLTSQLVITVYF
LAVEKHRATFLAPLGIGLAVFIAHICGTNFTGTGINPARSFGPAVVTDFTGYQW
IYWVGPFLGSLLAFAVYTILKWLEYHTANPGQDDDSTAKKTPAGFSIPTNDRQ
FGNSDAAKHRPPSEPRDSGVAQTNSTPQGFQAV

>JF491353|[ Terfezia claveryi]
MSSAFGTKESDNEAVTARGWRQSVGKNYAIAAVGEFLGTFLFLFFAFAGTQC
AKLAFDPLKKEQGLAEDAIPTVGFLLYVALAFGFSLAVNVWIFYRISGGIFNPA
VTLGVVLLGAMPPLKGVFLVAAQFTGGIFAAGMVELLLPGNLSVNTGLGGGI
NTAQGLFLEAFLTFELTLTIYMLAVEKHRATFMAPIGIGLALFIAHLCGIFFTGS
SLNPARSFGPAVITRDFPTYHWIYWVGPCLGSVAATGFYKLLLLLEYKTANPG
QDFDGLHHTGTGFEHSHASNSVSGGTMSRDEIQAIKGSESV

>XP361688|[Magnaporthe oryzae]
MALSPILRNHGTAALAELVGTFLFLFFAFSAAGVANAVPPEFSDGIAVPNIAAL
LYISFAFGISLMVNVFAFYRISGGQFNPAKFVKVSTALCLVGAIPPLRAGFCIVG
QIVGGITAAAAVDGLYPTFLNVETTLGSGVSPAQGVFIEMFLTTQLILVILLLAV
EKHRLTYLAPLGIGFALFVTHLAGVYFTGASLNPARSLGPAVINRSFPSYHWIY
WIGPMLGALLASGFYTLLDFCKWKQVNPGQDWDGIGEKEAQRDDFDGARDP
LTRVA

>TmeAQP1|GSTUMTO00003976001|[ Tuber melanosporum]
MAGHKSGTTSRTAPLEGADSENASLNVGSRVPLKQNIPRDYALAVFGEFLGTF
LFLFFAFGGTQAVKINHSGSGTLPKDPTSAIPSPDLLLYVSICFGFALTVNVWVF
YRVTGALFNPAITFGCVLVGGVPPLKGALIGIAQLVGGIAASGLVEGLTPGQLA
VGTALAKDVSIVQGLFIEVFLTAQLMITIFLVGNLHRATFIAPLGIGFSFFITQLF
GVYFTGGSLNPARSLGPAVVTGDFPGYHWIYWVGPGLGAALGAAVYKFLLL
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VNYKTLNPGQDDDGLAVVRCEVGRGGRSGETYDESQVVSGPSGIVPKGSDEN
A%

>CAD66431|[Blumeria graminis|
MPTDGIPPMLGQSSPLKLRKYEGRLSDDNFRNHVIAAIGEFLGTTLFLFYGFLA
AQIINSKPDNLSDAPSLLQLIFVASAFGVSGAVNVWLFYRVSGGHLNPAITIGLT
LIGAVPVTRALLLVSVQLLGGILAASLVLAVTPGSLNVQTALGNATSVKQGFF
LEMILTATLVLTVFMLAVEKHRTTPLAPLGIGLILFLDVLLAAQFSGGSLNPAR
SFGPAVVELNFATYHWIYWFGPIAGAVLAAAIFKVLKFLAYETAVAGQDHDG
LDVYRLIDDAGGHEVDREIQLEV

>XP756370| Ustilago maydis]
MSSVENTPPTVTAPPGSGGRLSTDSAFSQSRPRRLSMLRFERHKHHGASGNPLP
HRRHAFGKPSFSGFQQHFMAGLGELIGTTMFLFLAEGGAKTAQLSVSAAQNET
ATPLSNETIMFIALSFGMSLLVSAWMFYRITGGLFNPAITIALWWVGVLTSCRA
LVLFIAQILGGIAGAALVLGLTPTNSISQVTTTLQPGISLAQGFLIEMLLTSILVES
VLMLAVEKHRATYLAPVGIGLTLLAAHLFGVVWTGCGMNPARSFGPAVVAG
EFNSDHWIYWIGPLAGGILAVAYFSFLKVLKYNSVVMDQDSDKEITGLKPMH
VRIWNLVRHRQNPGALNPESSTHYDKSARQNFDKEETEAFEEREAIRKQMMD
KPVFDGHAHEAANGRMSERNNAELMSTSTGSTARLSSGGHQGAILPK

>CBQ67623|[Sporisorium reilianum]
MSMTETTPTTTNTGAPVSGGRLSTDTAYTKRRAHRISIPLHRHHKHHDALGRP
DPHRRRYFGKPKMSGFQPHFMAGLGEFIGTTMFLFLAEGGAKTAQLSATASQ
GQTATQLSNEQIMFIALSFGMSLLVTAWMFYRITGGLFNPAITIALWLVGVLTT
RRAVILFVSQVLGGIAGAALVLGLTPSNSVQQVTTTLQPGISIAQGFLIEMLLTSI
LVFSVLMLTVEKHRATYLAPVGIGLTLLAAHLLGAVWTGCGLNPARSFGPAV
VAASFNSDHWIYWAAPISGGVLSVCYFTFLKLLKYNSVVLDQDSDKEITGLKP
VHVRVWNLIRHGENPSALNPESSTHYDKKARETFDKEQQEAFEEREEIRREMM
DKPVFEGHASEAANGRLSEKRADVMSTSSGSTAAHSNGPILPQ

>Wolco1|120393|[ Wolfiporia cocos]
MRAATGTTTTERQTWLATFFDNWVDDSKAALLEYVGTTFFLLLAYGGIQAAQ
GETATSPSSSTSNVLHDMYIALSMGFSLLVSVWIFYRATGGVFNPNVSLALLLT
GIKPLRFVLYCIAQLVGGITAAALVLALTPGPLASNTFLQEGVNPAQGVFIEMF
ITVALVIAVLMLAAEKHFVTPFAPVGIGLTLFACHLWAVYYTGAGMNVARAF
GPAVVTSFPYGTQWVYWVGDGLGSLLGAAFYIVLKQNRYWRLNPGQDTMD
NEKSPQVPLQDASVPIPLPGRRSGSRSRRSLSLSTARSRSADAGRSEKGPQRDA
VDVGSAHASDADAGTGRRKTNDSPV

>EGN99308|[Serpula lacrymans]
MSTQPKKSKWSSESLFKDLRMDSKAAAVEFIGTTYFLVLGLGGIQAATGEAFA
SGSVIEHVLYISTCMGLSLLVSAWLFYRVTGGLFNPNISLALVLVGVIGPVRFV
LFCIAQLLGGIAAAALVFALTPGPLASNTFLQTGINSAQGVFIEMFITSALVLSV
LMLAAEKHTATPFAPVGIGLTLFACHLWAVFYTGAGMNTARSFGPAVISGFG
YPQHWVYWVGPFLGSLLGSAFYTILKVINYRELNPAQASVRPEDSPPVPIAVED
DDVQAKEVKATTKSPKDHQGNAGAEGQGKPGIAV

>Travel|126535|[ Trametes versicolor]
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MPIRGRQHAATPDPNFTFGSPPKLSYFAEIKDDLYAASLEFVGTTFFLMLAYGG
TQAAQGEALASGAQHSTIEQGMYISLCFGFSLLSSVWLFYRVTGGLFNPNVTL
ALLITGVIGPVRFVLYCIAQLLGGISAAAIILALTPGPLASNTFLANGVNRAQGV
FIEMFITTALVLAILMLAAEKHSATPFAPVGIGLTLFVCHLWAVFYTGAGMNT
ARSFGPAVVTGFPYDSHWVYWVGPFLGSLLGSAFYTLLKHMKYWRLNPGQE
SIDPRDSPGDPVTHIKSTVRRSISSASRGRSRSMDAGGGSGQFSEKPVAPHENR
MGSAGGGEPSRGRLLRPNDSAV

>Phchr1|137867|[Phanerochaete chrysosporium]
MEFLATVYRKRGQPGAAHADLESNTPPPECAAGPFAQLGADVHAAVQEFVGT
TLFLTLAFGGLQASAAEAGSAGAAVSTGVTRIMYIALCFGFSLLVSAWLFFRV
TGGLFNPNVSLALVLTGVVGPVRFVLYCIAQLAGGIAAAALVLAFTPGPLAAN
PVLADGINTAQGVFIEAFVTATLCLAVLMLAAEKHIATPFAPVGIGLTLFTCELF
SVYYTGGVCNTARAFGPAVVTGFPDSQQWVYWVGPGLGSLFAAAFYTVLKQ
CVSPSLYCPRHTFPADPPRARQLPLLAAEPRAGRDPRGAVARGPRRGAAHRVR
GRVARVAPHVLRRPDALRARPEREAAERRVGGGCAWGKLRRGRWGDRAGA
SRRDGGGAVLQGCMNARADASRLKRRDVAQAYYILWASHVHVTGQSVTSA
GISRGTSKQRHGRRGKATRAVQTTMYRQAG

>Phchr1|136831|[Phanerochaete chrysosporium]
MARFSRRNSPTNGNTSATGLTNNPPVRRGLFATIKDDVQAALLEFVGTTTFLM
LAFGGVQATIAEQTASGASGPSVSRVMYISLSFGLSLLISAWLFFRVTGGLFNP
NVTTALLLSGIIGPVRFVLFCIAQLAGGIAAAALVLALTPGPLASNTVLAPGINP
AQAVWMEAFMTAILCLAVLMLAAEKHIATPFAPVGIGLTLFACELFSVYYTGG
ALNTARSFGPAVVTGFPYGTHWVFWVGPGIGSLIAAALYAALKHYRYWRLNP
GQDTIDFEESPPDPVENVIRSRSSRSSRRSRSEERDRMEERDRMEKRRPQDGGA
RRPDGGDGYRPNDSPV

>GAA97501|[Mixia osmundae]
MGWNSHLKQDLICFVGEFVGTTLFLFLGLGGIKTAVASTTAAQTQTITTLSNTE
IQIISTSMGLSLLITAWIFYRITGGLFNPAVTFALYLVGAVAPFRSAILVIAQIAG
GIAGSGLIALLTPGGTKAFVVTLEPGMNTGQGLMLEAFLTAILVFSVLMLAAE
KHKATYLAPIGIGLTLFVCQLFGTLWTGCGMNPARALGPSVIQGSFVHYHWIY
HVGPFIGSLIAVGFYMMLKAFDYGSIVLGQDADTNVGPAPVPVPARIWAYSTH
GFSHSQRSALLRSGMQNDAIDQAEKGAVEAALAEHNLASAGSLTGEKSATDE
KVANGHTYGPNGHLNGPSGQSENAAHQPHASNATPGNGNLIAGGPLHRNHH
NEHVRVATPPHSTRASGEYHHARPSASTRTSSYNRAGNTGAAASSYPSMGSA
AQDVGGIGAPASKATGLASLGSLGNVLGHTGPKSDQA

>EGGO08399|[Melampsora larici-populinal
MKTKTQTQLDWPLLDWRPSQIFDDIENDIISASGEFFGTFLFLLVGLGGIQAAA
TSNQYTLAEAATKNTASAGSSGSVAINTVASIEQLTYISVSMGLSLLFSAWIFY
RATGAAFNPNVSLALMLIGVITPTRFVLYAIAQLTGAIVACAVLAGLLPGQLAV
TPALGAGTSLGQGLFIECFTTCGLVLSVLFLAVEKHRATFLAPVGIGIALFAGH
MFAVIYTGAAMNTARAFGPAVITGFSSDHWVYWLGPSLGSVVAVIVYTIMKR
FRYWKLNEGQDTDIGSKSPALFFQPDPERPVKKRSVDLEIEVEEEPKAVTCSHN
EKVQSNSSMDRQGKKANQSAPQEASEWV

>XP003320843|[ Puccinia graminis]
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MKAQNRPEASLSQYFKSFAEPHMFSQIKIDLIAAVGEFMGTFVFLLVGLGGIQA
GKTSNTDNSISTTGNSTVPNLNLLMY VSTSMGLSLLFSCWIFFRATGAAFNPNV
SLALLLIRIISPLRFVLYTTAQLLASIAASAVLQAILPGPLAVSTTLGAGTSAAQG
LFIEVFITCALVLSVLFLAVEKHKATFLAPIGIGITLFAGHLFAIVYTGAGMNTA
RSFGPAVVSGFSPEHWIYWIGPTLGSLLAVGIYAFMKLFKYWKLSEGQDTDIPS
KSPELFTQAAPPVIEVARPANPEKNEVGAQAGASKPAKVFWPPQSPSMTLSHQ
KNFSHDGAGMV

>CCAT75077|[ Piriformospora indica]
MALLRHWASHPRLNEDLRAASIELIGTTVFLLLALGAIQSAKLSVVATQGLQV
AEYGPHSIDHNVYISAAAGVALLGSAWMFYRTTGGLFNPSVSLALRLIGQISTR
RFVFYVVAQLIGAVVASALILGLTPGPLLVKNKLGEGVNMVQGLFIEVICTAIL
LLSILMLAAEKSQATPFAPVGISMTLFACHMFAVTFTGASLNPARSFGPSVVAG
FGKEHWIYWIGPLLGSCLSVAFYAWLKHTRYWTINPNQMETQHKYSPEDPINE
VERGVRDDEAKSGAKRHHGAPDA

>Lacbi2|456764|[Laccaria bicolor]
MHPQVASLFDNVYEDLAAATLEFIGTAFFLLFGLGGIQASTAEDTASGQPPASG
IEHVLYISTCMGLSLVVSAWLFFRVTGGLFNPNISFALLLVGGLKPLRFVLFCIA
QLTGAIAGAAIVRGLTSAPLSVNNVLQQGTSAAQGVFIEMFITAALVLSVLML
AAEKHEATPFAPVGIGLTLFACHLFAVYYTGAAMNSARAFGPAVISGFPEPQH
WVYWVGPFLGSLLGAGFYATLKHYKYWHLNPDQATSDYRKSPSDPVALLKS
TAETFINVGDEETRNGCASNEEGVRATGDEKSSNATSSRTNFSPV

>GAA96083|[ Mixia osmundae)
MGERPTWLTDVIAASGELLATTIFLLLGLGGIQAAALAQMNSNPPPSGLTVEQL
LYIATSMGLSLLFTCFIWFRVTGSVCNPNVALALVLTGVLTPLRFVLYVFAEIG
AITASALLSGLLPGPLMVTSTLSPGVGLAQGIFIEAFGTAALCLTVMFVAVEKH
AATPLAPVAIGLTLFAIHLWAVIYTGAAVNFARNFGPAVVTGFKSDFWIYFVG
DGIGSLIAVAFYSFFKYVDYWELTPGQDSQNMEDSPELPGAPSVATTRTNTRT
KSNAGSSRSDGDMEMRNYESHNSEYSSRNPLEKRGGGRQARPVGNGMHDMYV

>GAA95792|[Mixia osmundae]
MSDPTGGSLRQRAVADEKSLDNRSLKRNVVNDVKHKASDAKQAARHPKSML
GNWRNDCIAAVGEFLGTVLFLLLGLGGIQAAATSNSASLAAAASSAGQSDSSS
GAQAINTVASVEQLIYISTAMGLSLLIAAWCFYRVTGSVFNPNVGLALAMTGIL
SPFRFVLYVLAETTGAIAASAILDGLLPGPLAVTPALGAGTSNAQGVWIEAFIT
AALCLVVMFLAVEKHATTPLAPVGIGLTLFASHLWAVVYTGAAMNWARAFG
PSVVTGFSSDHWIYFVGDGIGSLIAVVIYYIFKSVNFYELNPGQDSSNVDDSPDL
LAPSDLLDVVRSQSDNPETQETTESVVVTSKKDASGKQINATSSDRLHPNDSM
A%

>CAA38096|[Saccharomyces cerevisiae]
MSNPQKALNDFLSSESVHTHDSSRKQSNKQSSDEGRSSSQPSHHHSGGTNNNN
NNNNNNNNSNNNNNGNDGGNDDDYDYEMQDYRPSPQSARPTPTYVPQYSVE
SGTAFPIQEVIPSAYINTQDINHKDNGPPSASSNRAFRPRGQTTVSANVLNIEDF
YKNADDAHTIPESHLSRRRSRSRATSNAGHSANTGATNGRTTGAQTNMESNES
PRNVPIMVKPKTLYQNPQTPTVLPSTYHPINKWSSVKNTYLKEFLAEFMGTMV
MIIFGSAVVCQVNVAGKIQQDNFNVALDNLNVTGSSAETIDAMKSLTSLVSSV
AGGTFDDVALGWAAAVVMGYFCAGGSAISGAHLNPSITLANLVYRGFPLKKV
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PYYFAGQLIGAFTGALILFIWYKRVLQEAYSDWWMNESVAGMFCVFPKPYLS
SGRQFFSEFLCGAMLQAGTFALTDPYTCLSSDVFPLMMFILIFIINASMAYQTGT
AMNLARDLGPRLALYAVGFDHKMLWVHHHHFFWVPMVGPFIGALMGGLVY
DVCIYQGHESPVNWSLPVYKEMIMRAWFRRPGWKKRNRARRTSDLSDFSYN
NDDDEEFGERMALQKTKTKSSISDNENEAGEKKVQFKSVQRGKRTFGGIPTIL
EEEDSIETRSLGATTTDSIGLSDTSSEDSHYGNAKKVT

>XP658434| Aspergillus nidulans]
MRLSLSRLSPRDLKPYAAEFLGTGLIOVIGDGVVAQALLSDYQYGTWLSINLA
WAAAVCLSGYLATPSPACNPAISIIMALIRPQPDQWKKIPGKLLAQFLGGFVGA
LLVYINYRSAILAWDPEYTIPGGSILSPRGHHSAGIFCTYPAAFFSSNWEAAFNE
VLGAAVLMFGVLSVSDPANAHRFQSPQLSMFLLLVAIGAALGWQTGYAINPA
RDFGPRLFSAFLYGQEVFTAANYYFVVPLFAPFIGCFVGASVYDSFLYEGSGSR
IADALDKAADRNGELRLD

>XP002843967|[Arthroderma otae]
MHNHNFGPLSRGSTEKGPNSPSLDGGNPLIHAFTGQSKVPLRSNIIVEDEIQPAE
ELLWPKIRTKLREPFAEFFGVFILILFGDGVVAQVVLSDSKKGDYQSISWGWGL
AVMLGVYCSGGISGGHLNPAVTFANCVFRKFPWRKFPVYMLAQVLGAFCAA
GVVYANYKSAITVFEGGPDIRTVGLDTSTAGIFCTYPAPFLTKTGQFFSEFIASTI
LMFCIFALADDKNLGAGNLMPLGLFFLIFGIGACFGWETGYAINLARDFGPRL
MTYFLGYGHEVWSAGGYYFWIPMVAPFFGCMFGGFLYDVFLYTGESPINTPW
MGLGRFMRPSQDVWSNTKTIDHDV

>GAA93674| Mixia osmundae)
MTGRPDLPRNLSAGNAESLGTASGLSPSSADPRAHLSRLEHVQTAEPGHHVGG
RTALASIADANSAPVTRAHSPTPHTQHEDITASDYALAPLAADVQVSSGLLEPL
QPTQVNVGGVTAPLTHQHQHQHHHRPGYPRQHTNEHPAFSLSGNRFEDPLVA
AAYGYGAYGQRPFESAQEALRRRRVQGLGRPLPSYAEMQVLKAQRDAMRHR
KANSKGPSRQNSWRAPDALPAPKSASLGPAIGQTWSHQIPTSSHRSADNFVVL
SPDQFQALTQGTSGQSSEKSEQSKAITAIENSSDPYADSKEKRPQSFTSSSSSSNS
DDEEDFPNPWSRIRHKAREPFAEFLGTIILITFGNGVNCQVTLSSSTAVSTSPKG
DYLSISFGWAMAVVFGIYASGGISGGHINPAVTISLAVFRGFPWRKVPIYIFAQI
LGAMCGALMVYATYHEAITIYEGGPNIRTHTGPTATAALFSTYPLTYVGAPVA
FENEIYGTAILMIIVLAVSDKANATPTEGMNPLIIGLLVLAIGACLGSQTAYCINP
ARDFGPRLATWIVGYGKGVWTFYSWYWIWTPIVATICGALLGSLAYDMLIYT
GLDSPVNQRWGTRWTRKEPNADHENQTQVNAPAGEIQEKRPNQQV

>XP002560691|[ Penicillium chrysogenum]|
MIHRRVLKPYAAEFLGTALLIVIGDGVVAQCLLSDYNYGTWLSINVAWAAAV
SLSSYLSDPSPTINPAVTLCLALVRPYEGQWKQVPGKLAAQFLGGFVGAAIVYI
NYRSAIKAWDPEYTIPGGSILSPVGHHSAGIFSTYPGAFFESNWEAVFSEMLGS
AVLMFGCLSISDPRNAHRLPAPQIALFLLLLMIGAALGWQTGYAINPARDFGPR
LFSAITYGREVFTAANCYFVVPLFAPIVGCVLGAATYDGMLFEGEGSRIADALD
EAENHGSLRLQ

>Walsel|32912|[ Wallemia sebi]
MRGLDRAYSNHNDERLAPAEAVEPSTPTTGILNKWALIKNAYREELAEFLSTF
VLIVIGAGVNCQYTLQGSGVALSVPLTWAFGVAGAVWIAGGISGGHLNPVVTI
SLAIFRGFPWRKVPSYTISQVLGCFAGACVAYANYHYSIDQFEDGLRTIHGPTA
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TGGLFFTMPQPYLPALNCFFDEFLGTAILVGLVFALSDKSNLSPPHGTMPFALF
LTIFGLGAALGGNTAGGFNPARDFGPRLMAWFMGYGNEVWSFFGQYWFWC
GWLAPISGGIAGAFVYDAFIYSGADSPVNTKKTHVYESGVIA

>EFQ30640|[ Glomerella graminicola]
MSARSSIHDPGDPSQPLLAQQRQRNGTFNFPMPSFGSHRRVSPLSIRRASLQEV
HPHHDDVEPVLPAAPVAAHHETRLHKAQWALSDRPPNTWAQIRHTWREEFA
EFWGTFMILLFGAGVECETRLNYRGPDIRENAGDFLQCRLAWAAGVSMAVWI
SGGVSGGHCNPTVTVVLALFRGFPWRKVPGFLAAQVLGAAFASLAVYLNYAT
SIAAYEGGTARSLVGRHATAGLFFTLPATGLPYAGAFYTEFLASATLVAIVFAL
ADKNNLAPPKGTQPFAMFLALLAIGSALGINTGYAMNGARDTGPRIALALVG
YGTVVFTHDYFYWLWAPWVAAIAGGVAGASVYDAFIYTGRDSPFNIPRKEDD
EVL

>CBQ71719|[Sporisorium reilianum]
MSRLTSHAHLSDQQVHPDPTSTDPLLPSSAPLPHQATPLHKPPRWWTPPAGSSS
PDYATGYEPNSWAKLRHLYREELAEFFGTFLILLFGAGVECQVNMHYHASAT
RDVAAYGSYFQGRLAWAAGVAMAGWVSGGISGGHCNPSVTVALALFRGFP
WRKVVPFVVAQTLGATVASLLVYANNVTNIERFQHAAAGGAGSRTVKGAGS
TAGFFFTLPAPELSFGSAFFSEFLATSVLVFVIFALADTANLKPPKGSQPFAMFIV
LLGIGASLGYNTGYAINGARDTGPRIALWLVGYGGEVWTHDGGYWAWGPW
VASVLGGAVGGAVYDVFLYTGRDSPVNRPKRSGYRVVADDEAEE

>XP757655|[ Ustilago maydis]
MTRLTSHSQLSEHQVHPDPTATAPLLPASAPLPHQATPLHKPPRWWSPAFGAH
TSSTGQSGYGLEPNSWAKLRYVYRQELAEFFGTFLILIFGAGVECQVNMHYHS
GETRDVAAYGSYFQGRLAWAAGVAMAVWVSGGISGGHCNPSVTIALALFRG
FPWSKVVPFIIAQTLGATFASLLVYANNVTNIDRFQGGIGGIRTVKGPGSTAGFF
FTLPAKELSFCSAFFSEFLATAILLFVVFALADTANLKPPKGTQPFAMFIVLLGI
GASLGYNTGYAINGARDTGPRIALWLVGYGSDVWTHDGWYWLWNPWLSSIA
GGAAGAAMYDAFLYTGQDSPFNRPKKVGRSAYASLVQEHAEEEQA

>Pospl1|114217|[Postia placenta]
MAPTVGRDHEMASTSLKDNPKHRRSLNNSNKASTEHVENSDAMIEDGASTTD
SDGTTIHYTKYPNRWSRVREVLREPAAEFFGTMILIIFGAGVDCQTVLSTSTKV
SASPKGDYLSLNFGWAAGTALGVWVSGGISGGHINPAVTVALATFRDFPWRK
VPVYIFAQLMGALCGAGITYANYIHAIDLFEGGRHIRTVPGTASLFSTYAAGYM
TSVSCWFDEFIGTAFLLIVVCAITDRKNGPPPPGLVPLVLFITILGIGAALGMQT
GYAINPARDFGPRLLTAMVGYGREVFNFRHQYWLWCPIIGPFVGALVGTFVY
DLFIFTGAESLLNRPDARARAHHERAMSAERQKPIAGAEIV

>Travel|121294|[ Trametes versicolor]
MDHERIEHVGIRDSPPSFAGSDEDLSEHYTRYPNRWSKYREYIREPAAEFFGV
MILIIFGAGVDCQVVLSSDTRVASSPKGDYLSLNFGWAVGTALGVWVSGGISG
GHINPAVTIALATFRDFPWRKVPAYIFAQVMGGLCGAGITYANYIHAIDLVEGG
RHIRTVPGTAGLFSTYAMDYMTSVSCFFDEFVGTAVLLIVVCAIGDARNGPPPP
GLAPLVLFIMILGIGASLGMQTGYAINPARDLGPRLLTAMVGYGSGVFTFRSH
YWLWCPVIAPIIGALFGVFVYDTLFFTGAESLLNRPDAKARAHHERARNQERG
RPIAGVENV
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>EGN98476|[Serpula lacrymans]
MSESISEKPIIQRRSDASSCSYSGKGDAAIVDVTECDHCTRYPNRWCRIREYLRE
PAAEFFGIMFLIIFGVGGDLQVVLSSNPNVAPTSKGSYLSLNFGWAVGVALGV
YVSGGISGGHINPAVTLALATVRNFPWKKVPIYMAAQLMGALCGAGIVYANY
FHAIDLYEGGPGVRTVPGTASLFSTYALDYMTPVSCFFSEFLASAALMMVILAI
TDKRNNPPAPGLVPVALFITILGIGASLGMETSYAINPARDLGPRLLTAMVGYG
RDVFTYRSQYWLWCPILAPFLGMQFGALFYDLFLFTGSESIINKPDAETQKRHL
HACPQQRNKVPAGADSV

>Phchrl|5155|[Phanerochaete chrysosporium]|
MSSSTEPSIVEYPIKRRAGSKEYTAEHLEDVQRDGSFVSSTTVEHYTKYPNWW
SRVREPIREYVAEFFGVMILIIFGAGVDCQVVLSGNPAVASSPKGDYLSINFGW
AVGTALGVWVSSGISGGHINPAVTIALATFRDFPWRKVPGYIFAQVMGGLCGA
GIIYANYIHAIDLVEGGRHIRTVPGTAGLFSTYAADYMTSVSCFFDEFLGTAVL
LIVVCALTDRNNGPPPAGLVPLALFITILGIGASLGFQTGYAINPARDLGPRILTA
MVGYGGAVFSFRNQYWLWCPVIAPIVGALVGMFLYDTFFFVGQESVINRPDA
NARRAHQQAIRAERQKPIAGTEGV

>Phchr1|5154|[ Phanerochaete chrysosporium]|
MASATRCDDGTLRMPAFDRAQSKASVPTTVVTELVPSESDYAVSKSRWLAIR
ELITEPAGEFFGTMILVIIGTGVNCQATLSSNASVSASPKGDYLSVCFGWAAGIA
LGVWVSGGISGGHINPAVTLAFATLRDFPWRKVPGYVLAQLLGGLCGAGITY
ANYIHAIDAVEGGRHARTVPGTAGLFATYAADYMTPVSCFFEEYLGTTILLLVI
CAVTDKRNAPPPAGLVPLVLFVTILGIAASLGMQTGFALNPARDFGPRILTAM
VGYGKEVFNFRSQYWLWCPIMAPILGALSGTFIYDLCFYKGNDSVLNKMEKD
LAQRDMRHSIAESSV

>Wolco1(23700|[ Wolfiporia cocos]
MPRAKNGTETTPGEGRVAVTRRALKPKGETEHVEHTPMDDISSTSTDVEDTY
YTKYPNRWSRVRELLRDAAAEFLGTMVLVIFGNGVDCQAVLSSNTAVASSAK
GGYYSINVGWAVGTALGVWISGGISGGHINPAVTIAMATMRDFPWRKVPVYI
AAQVLGGVCGAGVVYANYFHAINIYEGGPHIRSVPGTASLFSTYALDYMTNV
SCFFDEFVGTVCLLLVVCALNDRNNGPPPPGLVPLAMFIAVLGIGASLGMQTG
YAINPARDFGPRLLTAMVGYGKAVFTYRHQYWLWCPIIGPIVGAIVGVLIYDL
FIFRGKESVVNKPDARSRAANARAPSGERQKPPAGVDNV

>XP001837792|[ Coprinopsis cinereal
MAATNPSIEAGSAHAASPFSSTRLKNKGSHISDDIESHRIRVVDQIVDEPPRRST
LANIRNMIREPMAEFVGVALLVIFGAGSGCSVVLSSNSDVAPGSRGDFLSINLG
WAIGIAMGVWVSGGISGGHINPAITLTMAVWRGFPWKKVPAYIAAQVLGGLV
GAAIIYGSYFHAIEIFEGPGVRTQATAGIFATYALPYVPAATAFFVEFLATAILSL
MVLAMTDKRNMMPTADLLPLALFVLFVGFGTSLGMQTSWSLNPARDFGPRV
FLAMAGYGKDVFTYFNHYWIWCPIIAPFLGAQAGALLYDLFLNDGPTLFNRQ

>XP001838949|[ Coprinopsis cinereal
MSNRAAGVDTRSSLSASSSESKKFRVEHKEYTSPPYAERALDGTPPPPPGLSDQ
LGEAEHTTSNTDLVDPKGASGNLSRWMRFRAAMREPMAEFLGTACLIIFGNG
VNCQVVLSEDPGVAASPKGNYLSINVGWGVGVAMGVWLSGGISGGHINPAV
TLALATFRGFPWRKVPGYILAQILGGIAGAAVIYGNYFQAINIIEGGSHIRTELT
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RGLFATYPKNCPPPAGLAPLLLFFLVLGIGTSLGMQTGYAINPARDLGPRILTA
MAGYGRAVFNFRSQYWFWCPFLAPILGAQVAAVIYDGLLYTAEASRTTV

>Lacbi2|443240|[ Laccaria bicolor]
MDDKFDDDALPNSKTTPEDYGDKLAEYDYTNTFPNTWMRLREPFREYIAEFV
GVAVLIIFGVGADCQVVLSANTGVAPSPKGDYLSLNCGWAIGTAMGVWISGGI
SGGHINPAVTLALATWRGFPWRKVPGFLFAQLLGGIVGAGLVYVNYIHAIDIV
EGGRHVRTLDTAGLFATYAADHMTNVSCFFSEFLATAVLIVVIHAMNDKRNA
PPPAGLAPLVLFFLILGIGASLGMETGYAINPARDLGPRMLTAMVGYGRQVFA
FRNQYWIWCPVIAPFLGAQVGTIFYDLFFYKGQDNVFGRLGSHIHISPA

>Lacbi2|317173|[Laccaria bicolor]
MSGQHQITEQSSRNPLSRVSTLLPEKPLSPTSTYAGTQKHPEAPRQSSFLIQLQN
IRNAIRKPMAEFFGVALLIIFGAGSACQVVLSTNPDVASSARGSFLSINFGWAIG
IAMGVWVSGGISGGHINPAITIAMATYRGFPWRKVPSYILAQVLGGVVGAGLV
YANYIHAIDIFEGGHHIRTQATASLFATYALPYMTQASCFFSEFLATAVLSMMV
FALTDKRNHSPTNGLLPFALFILFVGLGASLGMETAYALNPARDFGPRLFLAM
AGYGKALFNYRSQYWLWAPIHAPVLGAQAGGLLYDTFLNDGDNSPIKWRCAS
SQEHQLAEVV

>Lacbi2|568479|[Laccaria bicolor]
MKLTISHHKCAIRKVMAEFVGVALLVIFGAGTACQVVLSTNPSSFLSINFGWAI
GIATGAWVSAGISGGHINPAITIAMATYRGFPWREVPGYIFAQALGGFVGAAL
VYANYFHAIDIFEGGHIRTQATASLFATFALPYMTQASCFFSEFLATAVLFIVFL
ALNDKHNGALTNGLLPFALFILFIGLGASLGMQTGYAVNPARDFGPRLFLAMA
GYGKAVFNYRRQYWIWAPIHHAPILGAQAGGLLYDTSIYNGDDSPIKWR

>Lacbi2|576801|[Laccaria bicolor]
MFTLAHHRHAIRKPMAEFFGVALLVIFGAGAACQVVLSTNPNSFLSINFGWAI
GIAMGAWISGSISGGHINPAITIAMATYRGFPWREVPSYILAQVLGGVVGAALV
YANYIHAIDVFEGGRHIRTQATASLFATYALPYMTQVSCFFSEFLATAVLAMM
VLALTDNRNGAPTNGLSPFALFVLFIGLGASLGMETAYALNPARDFGPRLFLA
MAGYGKALFNYRSQYWLWAPIHAPVLGAQAGGLLYDTFLYDGDDSPIKWR

>XP001257964|[ Neosartorya fischeri]
MTVLKQVLDNAEIQESAFVTMTASNKGGASMLENAFGSQGAQVMLPEPAWS
KVRTYCRDAFSEFFGTMILILFGDGVVAQVTLSKGEKGDYQSISWGWGIGVML
GVYASGISGAHINPAVTFANCVFRKFPWRKFPVYAIAQILGAMCGAAIVYGNY
RSAIDQFEGGAHIRTVPGYSPTATAGIFCTYPAEFMTRTGQFFSEFIASSILMFLI
FALKDDGNIGAGPLTPLALFFVIFGIGACFGWETGYAINLARDFGPRLVSYMIG
YGPEVWRAGNYYFWIPMVAPFIGCTFGGWMYDMFLYTGTDSPVNTPYAGLR
RLIQPVEKKSIDSQSQV

>XP750737|[Aspergillus fumigatus|
MTILKQTLDNAEIQESAIVTMTAGNKSGASMLENAFGSQGAQVMLPEPAWSK
VRTYCRDAFSEFFGTMILILFGDGVVAQVTLSKGEKGDYQSISWGWGIGVMLG
VYASGISGAHINPAVTFANCVFRKFPWRKFPVYAIAQILGAMCGAAIVYGNYR
SAIDQFEGGAHIRTVPGYSPTATAGIFCTYPAEFMTRTGQFFSEFIASSILMFLIF
ALKDDGNIGAGPLTPLALFFVIFGIGACFGWETGYAINLARDFGPRLVSYMIGY
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GPEVWKAGNYYFWIPMVAPFIGCTFGGWIYDMFLY TGTDSPVNTPYAGLRRL
FQPGEKKSIDSQSQV

>XP003004692|[ Verticillium albo-atrum]
MGADAHTEHAGASSEPSVTHEEHRNELWWSKVREYGQEFFSEFFGTMVLILF
GDGVVAQVVLSNGTKGDYQSISWGWGLGVMLGIYVAGKTGGHLNPAVTLSN
CIYRGHPWRKFPVYALAQILGAMAGAFIVYGNYRFAIDQFEGGSGIRTVGLET
STAGIFCTYPVDFVDTTAQWWSEFLSSAILQFIVYALIDKDSMAAGPLFPLAMF
FVIFGIGACFGWQTGYAINLARDFGPRLVSYILGYGHEVWSAGNYYFWIPMVA
PFFGCAFGGFLYDVFIYTGESPINTPYMGLQRFFKPKRSVWSNTYKSFESQV

>XP504820|[ Yarrowia lipolytical
MTDAIVHSPETPLWPRIRHQLREPFAEFWGCLILILLGDGVVAQVTLSGGKNG
DYQSISWGWGLGVMFGVYAAGGISGGHLNPAVTLCSCIYRGFPWRKFPIYLV
AQLLGCMTGAALVYGNHRSAIDVFEGGKGIRTVGLPTSTAGIFCTYPAEFMST
TGQFFSEVIASAVLQFAIFAINDQKNLAAGPLAPLILFFLIFAIGACLGWETGYAI
NLARDFGPRLVTAMIGYGSKVWTTGNYYFWVPIHAPFIGAALGGFFYDLFLYT
GDESPLNWPYMGFDRIFYLLGKKEAPRIEHDMGMVEEAPSKEEIAHFSNSPNV
SS

>XP503595|[ Yarrowia lipolytica]
MLNQPKKPLWPKVRHFLREPFAEFWGCVILIVLGDGSVAQVTLSNGEKGDYQ
SISWGWGLGVMFGVYVSGGISGGHLNPAVTLASCVYRGFPWRKFPGYMLAQ
TLGCMVGAAIIYGNYRSAIDTFEGCKGCRTVSGPKSTAGVFCTYPAPFMTRTG
QFFSEIVASAVLQFIIFAINDTKNIPAGPLAPLVLFFLIFAIGACLGWETGYAINFA
RDFGPRLVTAMIGYGSEVWSAGGYYFWVPIVAPFIGCLLGGFLYDFFMYTGDE
SPINWPWMGFDRFLNPHKRIEHDMGTVQQNVEAPMLVEAHPNMGSVQENPL
STGTDEPKVDMDPGFSSDSQTVHLGRNMRAADHEHVEQAHTPESATPPQPTG
AAQFLEFENLDDSDSS

>TriviGv29 8 2(196947|[Trichoderma virens|
MSHSEETSEFSLDKSAPLPLRNPNMGQSSLDDAPRMELLSPPVEEEQLAWSKIR
SNCQDFFSEFLGTMTLILFGDGVVAQVVLSGGTKGDYQSISWGWGIAVMLGV
YVGGKSGGHLNPAVTFANCLYRGHPWRKLPVYALAQLLGAMTGAAIVYANY
KSAFDMFEGGAGIRTVTGPTATAGVFCTYPAPFMTRTGMFFSEFIASSILMFCIF
ALADPNNIGAGNLMPLCLFFLIFGIGACFGWETGYAINLARDFGPRLVSFMIGY
GHEVWSAGGYYFWIPMVAPFCGCAFGGFLYDVFIFTGNSPINTPMLGLQRLM
RPRKSVWSNTHPSAIEAKV

>XP001408145|[Magnaporthe oryzae]
MAHVTEIYTVKTPDSATFPPGTIEKTNVLMSKEESSPDLTTKGSHHEDVADPRD
SVIPPGNGPVPPELAWTRVRTIWQDAFSEFIGTMVLILFGDGVVAQVVLSRGTK
GEYQSISWGWGIGVMFGVYCSMKSGGHINPAVTFANCVYRKFPWRRFPIYAIA
QILGAMVGAAIVYGNYKAAFDFFEGGEGIRTVVGENATAGVFCTYPAPFMTR
TGMFFSEVVASAILMLVIYALVDNDAGHLMPLALFFLIFGIGACFGWETGYAIN
LARDFGPRLVSYMIGYGDEVWSAGGYYFWIPMVAPFFGCLLGGFIYDAFLYT
GESPINTPWMGFKRLTQPRRDVWSNTYQRKEISNV

>XP002565260|[ Penicillium chrysogenum]|
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MATWKELELDSMSKVHRETLSSDTHDSGCGSLCLTDKNETAIHHINPEVESPY
TRPLVWFKVREYCHEAFSEFFGTMILILFGDGVVAQVLLSHGQKGDYQSISWG
WGLGVMLGVYASGASGGHINPAVTFANCVLRGFPWRKFPVYALAQVLGAMC
GAAIVYGNYKSAINVYEGGPNIRTVPGYSMTATGGIFCTYPAEFMTKAGQFFS
EFLASAVLMFMIFALKDDGNLGAGALTPLALFFVVFGIGACFGWETGYAINLA
RDFGPRLTSYMIGYGHEVWAAGDYYFWIPMVAPILGCTFGGLLYDLFLYTGM
DSPINTPWMGIKTLCGPFGRRRVALQSPV

>TriviGv29 8 2|184650|[Trichoderma virens]
MSHIEHIHVVEDDLKNRQEKSSLSQDGTSKDQHVPINIIVSEDRTTAWYKFRKV
MREPFSEFFGVMILVLFGDGSVAQVVLGKGAKGDWNNINWGWALGVMLGV
YCGGVSGAHLNPAVTLANCIFRKFPWKKLPIYALAQLLGAMVASLIVYGNYK
SAIDVFEGGHGIRTVGLDTSTAGIFCTYPAPFLTKSGQFFDEFIGSSILMFCLYAL
LDDGNIGAGNLTPLGLFFVIYGIGACFGSNTGYAINPARDLGPRIMSHAVGYGH
QVWTAGDYYFWIPVIAPFLGCTFGGFLYDAFIYTGDSPINAPYMGLTRFMGVR
AKAGRPAMV

>Mycgrl|55142|[Mycosphaerella graminicolal
MKKESNPGLAWPRWRHTMREAFSEFMGVFILILFGDGVVAQVVLSDGKKGD
YQSISWGWGIGVMLGVYASGISGGHINPAVTFANCVFRKFPWRKFPIYLIAQV
LGAMCASGVVYANYYSAIDQFEGGSGIRTMATAGIFCTYPAEFMTRTGMFFSE
FIASTILMFMIY AIKDDHNIGAKNLTPLVLFFIIFGIGACFGWETGYAINLARDFG
PRLMSYMLGYGTQVWSAGGYYFWIPMVAPFIGCVFGGFLYDLLVFTGESPINT
PYLGLYRLIPSKRQKYDGIMYEREEDSIV

>EFX02739|[ Grosmannia clavigeral
MSSSDGTGVHKDLDHARDIRVEGQITMHATMDEQEDSKEDLAWSRIRYALRE
PFAEFFGTFIILMFGDGSVAQVVLSDGAKGSYQSITWGWGLGVMLGVYTGGIS
GAHLNPAVTFANCVFRKFPWRKFPVYALAQLLGAMTASAIVYGNYRSAIDVF
EGGKGIRTVGLSTSTAGIFCTYPADFMTKTGMFFSEVIASSLLMFLIFAIGDNNN
IGAGNLAPLCLFFIIFGIGACFGWETGYAINLARDFGPRLVSYMIGYGHEVWSA
GGYYFWIPMVAPFIGTTLGGFLYDVFLYTGDSPINTPWMGLKRFLKPTRAVWS
NTAVDKV

>Mycfi2|133800|[ Mycosphaerella fijiensis|
MTAELKKEANSALTWSRIRRTWREPLSEFMGTFILIMFGDGVVAQVVLSRGTK
GDYQSISWGWGIGVMLGVYASGISGAHINPAVTFANCVFRKFPWKKFPVYAV
AQVLGAMCAAAVVYGNYKSAIDTFEGGAGIRTVPGYSENASAGIFCTYPAAF
MSNTGQFFSEFIASTLLMFLIY AIKDDHNIGAKNLTPLALFFIIFGIGACWGWET
GYAINLARDFGPRLVSYMVGYGPNVWRAGNYYFWVPMVAPFCGCTFGGFLY
DVLLFTGQSPINTPYWGFYRFIPSLRRQYKGMRWDEENAQEDEDVSVH

>XP003042931|[ Nectria haematococcal
MTASFNQDSISESSFNSPSSPAKVEMVQTKALKELPSDSTLQPHVGEREEVLLW
SRVRETCQDAFSEFFGTFVMILFGDGVVAQVVLSRGTKGDYQSISWGWGLGV
MLGVYVGGKSGGHLNPAVTLANCIFRGHPWRKLPIYAIAQTLGAMAAAAVV
YGNYKSAINAYEGGPGIRTVTGENATAGIFCTYPAAFMTRTGMVFSEFIASTIL
QFVIFALADSTNIGAGPLMPLALFFLIFGIGACWGWETGYAINLARDFGPRLVS
YMIGYGTEVWSAGGYYFWIPMVIPFLGTSFGGFLYDTFMYTGPSPMNTPYMG
LKRLVTPRRSVWSNTYDRALDSQV
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>EGU81740|[ Fusarium oxysporum]

MNDSISESSVHKSSIPTKVEMSQNEKY SEAPSEPPTIPPPPEQYAWSRVREYCQD
AFSEFFGTFILLLFGDGVVAQVVLSRGTKGDYQSISWGWGLGVMLGVYVGGK
SGGHLNPAVTLANCIFRGHPWRKFPVYAVAQVLGAMCAAAVVYGNYKSAFD
AYEGGPGIRTVIGENATAGVFCTYPAEFMTRTGMFFSEFIASTILQFVIFAMADS
ANIGAGPLMPLGLFFLIFGIGACFGWETGYAINLARDFGPRLVSYMIGYGSEVW
SAGGYYFWIPMVAPFMGCAFGGLLYDVFIYTGPSPINTPGMGLPRLLSPRRST
WSNTYSASSPV

>XP383424|[ Gibberella zeae]
MPISTINDSISESSVHKSSIPTKVEMSQNEKYSEAPSEAPTIPPPPEQYAWSRIREN
CQDAFSEFFGTFVLLLFGDGVVAQVVLSRGTKGDYQSISWGWGSSLTGLSLGV
MLGVYVGGKSGGHLNPAVTLANCLFRGHPWRKFPIYAVAQVLGAMAAAAV
VYGNYKSAIDAYEGGPGIRTVIGENATAGVFCTYPAEFMTRTGMFFSEFIASTI
LQFVIFAMADSANIGAGPLMPLGLFFLIFGIGACFGWETGYAINLARDFGPRLV
SYMLGYGSEVWSAGGYYFWIPMVAPFFGCAFGGFLYDVFIYTGPSPINTPGMG
FGRLVSPRRSTWSNTYNANSPV

>Clagr2|115933|[Cladonia grayi]
MAAAPISSATHDWLSNAKTEALEEEGSKDSRPKPSQQAKPRSRGETLSSVRSK
LGLHPDAPIDNEHEDLEHHELLWSRIKLALREPFAEFFGVFIMVMFGDGSVAQ
VVLSAGNTAAPGGDGYGNYQSISWGWGLGVMLGIYVAGDSGGFLNPAITFCF
CLYRGLPWRRFPVYLVAQFLGGFVAAGVVYANYVNAINNYEGHGIRTVPPSK
TATAGVFCTYPQPYLTKASQFFSEFITSTLLMFVIFALKDDSNPGAMGKTGAGP
LFPLALFFLIFGLGACFGVETGYAINLARDFGPRLMTYILGYGPEVWTAGNYYF
WVPIVASFLGCSFGAFLYDAFIYTGAESPVNTPWLGLKRLVRPDKSLRQKARK
GLE

>Mycfi2|58253|[Mycosphaerella fijiensis]
MLEPVRIPSGYTSNMATQPINTQRSLETLPNAAVQTPRHLRHSSSEEWSDKDH
KDGLQTPSTPSMAHLDNNLSPSPPQQNMFNPDGGHKHPHGHGLKKKASSTLQ
SPRAWMGLRPMATLDEELDHAGHNHLLWPKVKIALKEPIAEFWGTFILVLFG
DAATAQTMLSGTAAGRASSPGGAGFGAWDTISWAWGLGLMLGVYVAGDSG
AFLNPAICLASCIFRKLPWRRLPMYWLAEFLGAFVAAGVVYGNYVNGINQYE
GHGIRSVASADNPTGTAGIFATFPASDLTKASQFFDQFIGSALLVFLIWTLKDDS
NKGKFVASGAWFPLGLFFVMMGIATAFGWQTGFAINPARDLGPRVMIAAIGY
SGVWSAGGYYFWVPIVAPFCGAVVGAFLYDMSTHHGWVLRSCSTRREPSKN
ASSTRDSRALSKLCYCRGNSTRCSRWVAFSTIEQYWRRKEYFRIFYQ

>EGD95973|[ Trichophyton tonsurans]
MDIPAVSESWTIKPVKTGISSSHTLHTENIGNISQGTTEKEHSNPSLDGVHSNIPG
FSEPLKAQFTPRVVIEHEPQPVKELLWTKIRTKFREPFAEFFGVFIMILFGDGVV
AQVVLSDSKKGDYQSISWGWGLGVMLGVYCSGGISGGHLNPAVTFANCVFR
KFPWRKFPIYTLAQFLGAFGASGVVYANYKSAITTFEGGPDIRTVGLDTSTAGI
FCTYPAPFLTKTGQFFSEFIASTILMFCIYAMADDKNLGAGKLMPLGLFFLIFGI
GACFGWETGYAINLARDFGPRLMSYFLGYGHEVWSAGGYYFWVPMVAPFFG
CLFGGFLYDVFLYTGESPINTPWMGLDRFIRPNRDVWSNTKSIDGRV

>XP003237178|[Trichophyton rubrum]
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MDIPAVSEGWTIKPVKTGISSSHTLHTENIGTISQGTTEKELSSPSLDGVHSNIHG
FSEPLNAQFTPRVVIEHEPQPVKELLWTKIRTKLREPFAEFFGVFIMILFGDGVV
AQVVLSDSKKGDYQSISWGWGLGVMLGVYCSGGISGGHLNPAVTFANCVFR
KFPWRKFPIYTLAQFLGAFCAAGVVYANYKSAITTFEGGPDIRTVGLDTSTAGI
FCTYPAPFLTKTGQFFSEFIASTILMFCIYAMADDKNLGAGNLMPLGLFFLIFGI
GACFGWETGYAINLARDFGPRLMSYFLGYGREVWSAGGYYFWVPMVAPFFG
CLFGGFLYDVFLYTGESPINTPWMGLDRFIRPNRDVWSNTKSIDGRV

>XP003172410|[Arthroderma gypseum]
MDVPAVNESWPTNPVKNGISFSHTLHSENGRAISQGSTERGHNSPSLNGIGIHS
TIHGFPEKLQAPSTPHLVPEDVPKPAGQLLWTKIRTKFREPFAEFFGVFIMILFG
DGVVAQVVLSESKKGDYQSISWGWGLGVMLGVYCSGGISGGHLNPAVTFAN
CVFRKFPWRKFPIYMLAQLLGAFCAAGIVYANYKSAITIFEGGPDIRTVGLDTS
TAGIFCTYPAPFLTKTGQFFSEFIASTILMFCIYAMADDKNFGAGKLMPLGLFFL
IFGIGACFGWETGYAINLARDFGPRLMSYFLGYGHEVWSAGGYYFWVPMVAP
FFGCLFGGFLYDVFLYTGESPINTPWMGLDRFIRPNREVWSNTKSVDRQV

>XP_003072056|[ Coccidioides posadasii]
MAPTVEEIAAKTSADAGPETRDELVWSKIRRNLREPFGEFCGVFLLVLFGNGSI
AQVVLSKGEKGAFQSINWGWGIGAMLGVYAAGRSGGHINPAVTLAMCVYRK
FPWRKFPVYVLAQCLGGFIASAIVYANYITAIDFFEGGPGIRTVGLATSSAGIFA
TYPAPFVTRTSQFFSEFIASTILVFCLYALLDNKNLGAGNLTPLGVFFILFGIGAC
FGWETGYAINMARDFAPRLLSYILGYGPGVWSAGGYYFWIPIVAPFLGCVFGG
FLYDVFLYEGDSPVNTPLLGLKRLFHPTPEVWSNTKSEMYV

>XP002623249|[Ajellomyces dermatitidis]
MASVSPSHSSAPTQVVEKGAYSGEVHNGSYSQDKSILGEESHVTITQAQEPLW
CRIRYKLREPFSEFVGVFMIVLFGDGSVAQVILSNRKNGDYQSISWGWGLGVM
LGVYCSGISGAHLNPAVTLANCIFRKFPWRKFPIYVLAQTLGGFVASGVVYAN
YMSAIDVFEGGVGIRTVGLETSTAGIFCTYPVDFLNKTGQVFSEVIASAILMFCI
FALLDNDNNGARNLTPLGLFFVIFGIGACFGWETGYAINLARDFGPRLMSYIVG
YGHEVPMVAPFIGCTLGGFLYDVLLYTGPSPINAPWMGFDRLLRPTPEYPPYA
RGVTEDDGMISETAENRSAHHG

>EHKO98241|[Glarea lozoyensis]
MAESKAIHSYPSPAISHEEDIHEVNKGEDLSDHEQPLASPYAEHGPGIDHKIPQD
DVIPAAPDLAWSKIRRAMRDPFAEFFGVFILILFGDGVVAQVVLSRNANGAYQ
SISWGWGIGVMLGVYASGVSGAHLNPAVTFANCVFRKFPWRKFPEYLVAQVL
GAFIASGIVYANYKSAIDQYEGYGIRTVGQENSTAGIFCTYPAEFMTRTGMFES
EFIASTILMFCIYALQDNGNLGAGNLTPLGLFFVIFGIGACFGWETGYAINLARD
FGPRLMSYALGYGNEVWSAGGYYFWIPMVAPFFGCMFGGFLYDVFIFTGASPI
NTPWMGLKRLIRPNRQQEPNHLA

>XP002544073|[ Uncinocarpus reesii]
MAPVIEEMTVETTTQKDVVEREELVWSRIRHTFREPFAEFFGVFVLVLFGNGS
VAQVVLSKGEKGSYQSISWGWGLGVMLGVYTAGISGAHLNPAVTLANCIFRK
FPWRKFPIYSLAQILGGFCASGVVYANYITAIDFYEGGQGIRTVGLATSSAGIFC
TYPAPFVTRTAQFFSEFIASAILMFCIFALLDNGNY GAGKMTPLGLFFVIFGIGA
CFGWETGYAINLARDFGPRLMSFALGYGREVWSAGNWYFWVPIVAPFLGCVF
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GGFLYDVFLYTGDSPINTPWMGLKRLLRPTPAVWSNTKSDTKGMYNDFYPYE
IGY

>Phchrl|138757|[ Phanerochaete chrysosporium]
MRPLHGLLPSLTARREIREPAAEFVGMFVLMIFGLGNNCQVTLSTNTGVASSP
KGEYISTTLGWAAGKPLHPLRYVAVACGVWVSGGISGGHINPAVTIAFATMR
DFPWRKVPAFLLAQFLGAFVAAAINIYGNYLGAIDIVEGGGARTISGTAGLFATY
PLDYVTNIRAFFDEFLGTAMLLIVVCAVTDNNNGPPPPGLVPLCLFFTLVAIGS
ALGMQTGYAINPARDFGPRTFTAMAGYGRAVYNFRHQYWLWCPVIAPICGGI
VGVFFYDLFLYLGSESILNRPDKRARRVHAHAMAAERTKPGITGPELV

>EGG04320|[Melampsora larici-populina]
MSSNKFWDHTQKPSTPCQIDTLNSEFSKNPDDWITDTGTKY VVSRSISPNADDI
TPYLSSHPRTPSLIEAETPAYSLGRAFGVDQDIGHDLHHSFSQKHEASKNSDQR
KWSKHLPIPLTSFPRCKSLASIRDKYRHHNFHDTNHPNIPDSTSSPKYIIATPEML
QKLCLESQKMIKKTVSDSDDEEKFKSPENTDFEIKDLNKSHSIQLVPTKNGSVE
QIEYVNPSSPITDSVTLQSNSPGPEPLRSVPRNSYQNFKLATREFAAEFLGTCILI
LFGNGVNNQVTLNSSRAVSGTDKGDYLSISFGWGIGVMIGVYVAGRASNGHL
NPAVTLSMASFRGFSWKKVLPYWVAQVLGAWLGATLVQAIYSEALNLYEGA
KSLRTLTGPRSTGALFFTSPAEYMSDVNCFFQEFLNTAILLLVILAINDRKHSPS
PDGMNPFILLWVIVGLGACLGSQTAYAMNPARDFGPRIMASCFGYGTEVWSF
KHFYWIWTPWIATCGGGLFGSLVYDLFIYTGSDSPLNQDVHSKFMNWFKKDK
TKVIYDKNMC

>CBQ72167|[Sporisorium reilianum]
MRSHRSSIAADPPASTAADVAVPVEINIPRRGSATSSANNSQLDLTGHHIYLPDS
STTGSFAQGLFELTQVGANDPVTGEVVKDIKTGKHYKKIPVSKPAYSLGHTTG
APTVAGVANRTTGRIGLGHAFPTEEQNRQYKADKAARKSNNGSGTKSPSVAG
GSVSGHRNSMDVNTVEGRSQLFAQLRELIHEEFEKANRGQTEELRRHVHQAH
LEQRQHLEDHIDDVKEAIAEQPVPSELEVESTESDLKRTKGSDTTETAWATTD
DDKPLAFDRKGSEAGLTAVEGATVVKDPQPVERGYSDEQEISDDDEYEFPNK
WAAIRYKLREPFAEFLGCFMLMVFGNGINCQVVVSKLYDPSAAKGDYLSISFG
WGVGVAMGVWVAGGISGGMINPAVTIALAIFRKFPWKKVPIYIVAQILGCLM
GSLCIYGLYVNPIRVVDPNQTEVTASLFTTYPAEFLRQPSTRMSAFYNEFFASTI
LLIVILAIGDSSNTPPPDGLAPLVLLWLIWGLGACLGWQTAYAVNPARDLGPR
LMLYIVGYSPDILWTFNAWYWLWTPVLATISGAIMGCIVYDTLCYTGGDSPIN
RKAKNHAAALGPGSKQKMPAALSEA

>XP758077| [Ustilago maydis]
MRSRRSSLDADRSRRSSFATELPKPTAADVAVPIEINIPHRASTSASAKTSQIDL
TGHHIYLPDHTTAGSSTQGGMFELTQIGPSEKVTGEVIKDVKTGKHYKKMAVS
KPAYSLGHTTGAPVVTGVPNRTTGRIGLGHAFPTQEQTRQYKEDKAARKSNT
GSGTRSPSLAGGSVTSHRASMDVNTAEGRTQLFAQLRELIHEEFEKVNRGQTE
ELKNHVRQAHLEQRQHLKDHMEDVKEIVNADLPSHSEKGGYSNDTILKTTTD
TVVATADDDKQPYDRKGSEGTLTLDPNGNEVKDPRPVERGYTDNDVDSNQD
EYEFPNKWAAIRYKLREPFAEFLGCFMLMVFGNGINCQVVISQLYNSSDPKGS
YLSISFGWGVGVAMGVWVAGGISGGMINPAVTIALACFRKFPWKKVPIYIVAQ
ILGCLMGSLCIYGLYINPIRLVDPNQTETTAALFTTYPAEFLRQPSTRMSAFYNE
FFASAILLIVILAIGDSSNTPPPDGLAPLVLLWLIWGLGACLGWQTAYAVNPAR
DLDFVDLQRVVLALDAHHRHLLRCHHGMYHIRHALLYRW
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>XP003032759|[Schizophyllum commune]
MASQQKMNIETRLERVPTPNSDLYRSPTTAVGSSNYRPPSPIAPTYATYSPTRIS
RPRALLHEYAAEFFGVMVLVIFGCGVNCQAVLSSNTNASASPKGDFGSVTISW
GVALAFGGWISGGGHINPAVTIALATWRRFPWYKVPGY VISQLFGGLIGAAIL
YANYFHAIDVYEGGRGVRTLATAGLFGTYGADFMTNVSCFFSEFIGTALLMLG
VLSVLDPRNRVPSFLIPFALFFFLAGITAALGWETSFAVNPARDLGPRLLTSMV
GYGGQVYSYRNQYWIWCPHATILGAQVATIIYDIFLYKGGGDSVICQKLYGNN
FYEIDPQPELTEASRRRERGMSESKSPV

>Wolcol[22597|[ Wolfiporia cocos]
MILTVFGCGTDCQVILSANSKISPTAKGDYLSLTTGWAVGTALGVWFAGGSSG
GHINPAITLAMAAFRDFPWRQVPMYIIAQLLGALCGAAIVYANYLHAIDIYEG
GRHTRTIEGTAYLFSTYALDYMTNVSCFFDEVISSAALMLIVCALTDKNNGPPP
SGLVPLALFLALLGIGTALGMQTRYAINPARDLGPRILTAMVGYGEQVFTYRN
QYWLWCPIGPIVGAVLGTLIYDAFIFTGGESVLNKPDARSRAAHERVRMAQK
QKPPAGFDNCCENV

>Phchr1|2953|[ Phanerochaete chrysosporium]|
MSQRDSYPTKADEAKEDVSHIEEITNSDKISPTPEVAYVQPTQAERSGWFGRM
MGYFQEPAISPGEFITRYPNRWSRFREIIREPAAEFLGTMVLIVLGTGNNCQVTL
SQNTAVAPVPKGAYISTTMGWAAATACGVWVSGGISGGHINPAVTIAFATMR
DFPWRKVPVFILAQVLGAFCGAAFVYGNYLGAINIQEGGGNIRTVPGTASLFA
TYALDYMTNIRCFLNEFLATAILLIVVCAVTDNNGGAPPPGLVPLVLFCTIIAIG
SGLGMQTVQDLTLRPGYAINPARDFGPRTFTAMAGYGRAVYNYRDQYWLYT
PIIGPICGAIGSLS

>XP002384903|[Aspergillus flavus]
MFLNMSTLPRGVLKPYAAEFLGTALLIVLGDGVVAQCLLSDYQYGTWLSINM
SWAAAVCISGYLADPSPTINPAVTICTALIRPTPGQWKKLPGKLFAQFLGGFVG
AALVYINYRSAIESWDPEYTIPGGSILSPQGHHSAGIFSTYPASTLGSNWEAAFN
EVLGSAVLMFGGLTISDPANASRFYSPQLSSFLLLLAIGASLGWQTGYAINPAR
DFGPRLFSAITYGREVFTAANYYFVVPLFAPIIGCIVGAATYDSLLYEGEGSHITD
ALDKVGDRDGSLRLD

>XP001400456|[Aspergillus niger]
MFLNTGLSRKFLKPYVAEFLGTALLIVIGDGVVAQCLLSDYQYGTWLSINIAW
AAAVCISGYLSDPGPTINPAVTICMALVRPTPGQWRKLPGKLFAQFLGGFVGA
AIVYINYRSAIKDWDPEFTIPGGSILSPRGHHSAGIFSTYPAAFFESNWEAAFSEL
LGSAVLMFGILSISDPVNAVRFHSPQVTVFFLLTAIGAALGWQTGYAINPARDF
GPRLFSAFIYGREVFTAANYYFVVPIFAPIVGCIVGAATYDTFLYEGDGSRITDA
LDNVEDRDGALRLH

>GAA84320|[Aspergillus kawachii]
MFLNTGLSRKALKPYVAEFLGTALLIVIGDGVVAQCLLSDYQYGTWLSINIAW
AAAVCISGYLSDPGPTINPAVTICMALVRPTPGQWRKLPGKLFAQFLGGFVGA
AIVYINYRSAIKDWDPEFTIPGGSILSPRGHHSAGIFSTYPAAFFESNWEAAFSEL
LGSAVLMFGILSISDPVNAIRFHSPQVTVFFLLTAIGAALGWQTGYAINPARDF
GPRLFSAFIYGREVFTAANYYFVVPIFAPIVGCIVGAATYDSFLYEGDGSRITDA
LDNVEDRDGALRLH
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>AAQO1788|[Kluyveromyces lactis]
MSQTAQYEPVKDAGISNGDWQNDDFANVNHRYPTGSVDGNESRISGEGGYD
DDNDSADDGATVPVTAYVQQYLDEGSYFPVQEVVPNTSLNMNNYRRIRSNTV
TSNVMPPRPTEGPGSVMSRSTTGPNQNSQTAADPNDPSNVNGAVTMMVKPKT
LYQNPQTPTVLPSTYYPINKWSSFKYQHMKEFFGEFLGTMIMMMFGTAVNCQ
RKLSQONQINKFNQIIQLNNMESDQIAMLQYLATPDVAGNFATVAFGWAAAV
VMGYFAAGGSAISGAHLNPAITVSNFVYRGFPWRKLGVYFMGQYLGSYIGTL
LILWYYREVIEHVYPNWHLEESVLAMFSVVPLDYLSTSRQIIAEFLIGAMLQCG
IFSLTDPYTCLSTDLFPMMLFILMFILNAAGAYQTGAVLNPARDMGPRLALLTI
GMDKDVIFNTHHHFFWVPMVVPFVGSFTGGLVYDFCIYQGHESPLNLPLSAYT
DWFRRHWELLKVKTSSGFVGSDLETIGTNNTTSNVESHRSQTSENKQVHFKSV
LRNSKTRNPSTGIPTIFESEETTYSRPNFIQKHSDRSAS

>Kwal20572 |[Kluyveromyces waltii]
MSKKSLTDSQDGSQRKPQEYMNDYLAEAENTSNVSQDQQDSEEHYVPSRDFA
PQHRISASASYRPRGNSNSGYAVQQVIPNTHMGMGRSGSGTSSGGHSTSYRNR
AQSGVSSNHMNLRSVHSTTNSTQDVHQPEASDDPRENDVPMMVKPKTLYQN
PQTPTVLPSTYHPINTWSTLKQTYLKEFLAEFMGTLVMMFFGCTVVCQVRSGQ
QQQRVTFLKQLAGSTEVPDENKIAMLQYLMPVDITGTFDDIALIWGGAVVMG
YFAAGGSALSGGHLNPALTLSNCVFRGFPWRKVPVYWAGQLLGAFCGALIVFI
YYKPVIVNVYPDWNGNETVLSMFCTYPQEYLSSSRQFVSELICSAVLQIGIFAL
TDPYTCLRSDLFPLMLFVLIFCLIGATSLQTGAGLNPARDLGPRLALASIGFDSR
ALWKAHHHYFWVPIVAPFVGTLLGGTIYDICIYQGHESPLNWPYTLLKGKFKR
AWRQRPRFYRKRAGSDAAVSDWEYDNESNGASARDSANDDTPKTGFFQDSD
PQIQKQVQFKSVSKNFNGKRNPVSGIPTIFEEGDDDEEEENGADEGENDNVTE
KRPPLASKKTKSSDKKNKRY

>XP002553728|[Lachancea thermotolerans]
MSKKSLPDSQDGNQRKPQEYMNDFLSDAESGSNVSHDQQNGGDGGEHYIPSR
DFAPQHRISASASYVPRNGEGGGGSNYAVQQVVPNTHIPMSRSNSGNNGSGG
GGGGGGGSGHSTGYRNRAQSGVSSNYMNMRSVQSNSGSAQNVNQPEASADP
RDNDIPLMVKPKTLYQNPQTPTVLPSTYHPINTWSTLKQTYLKEFLAEFMGTM
VMIFFGCTVVCQVRSGQQQQRVTFLKELSASTQVPAENKIELLQYLMPVDQFG
TYDDVALIWGGAVVMGYFAAGGSALSGGHMNPALTLSNCVFRGFPWRKVPV
YWAGQLLGAYCGALIVFAYYMPVIKYVYPDWNGNETVLGMFCTSPLQYLDS
SRQFISELICSAVLQVGIFALTDPYTCLRSDLFPLMLFVLIFCLIGATALQTGAGL
NPARDLGPRLALATVGFESDTLWRAHHHYFWVPIVAPFVGTLLGGTVYDICIY
QGHESPLNWPYSLVKHKARRAWSNRPRFYRKRAGSDSAVSDWEYDNESNNA
SARDTDNEDTPKTGFFPESDPQIQKHVQFKSMSKNFNGKRNPVSGIPTIFEEGD
DDDVDDADEAASGNETEKRPPLKPKSSKSFDKKGKKQ

>NP983336|[Ashbya gossypii]
MSGKHKTEQGFAQDLEQQGPPHHGHRSEYVTGEFVESGAPFVMQEVVANSG
AVVSNLRQQELANARAKPHGEHVNERDYDDLMSASMVVKPKPLHQNPQTPT
VLPSNYQPINAWSQFKATYLREFFAEFLGTMVLVFFGDSVVVQTRMSSTARVT
AFLGQLESNGLSGSPVEYMRHLVTPDVAGSSISVNLCWASGVVMGYYAAGGP
AITGAHMNPAVTLANYCFRGLPAVKVLIYWAAQMLGGYMGGLTVFWYYAR
VIKTTFPDWKTNESVIGCFSTVPLPYLDSNRQFISEFVIGALLIGLIFALTDPYTC
LTTDFFPIMLFLLIFSLLACGSYQTGAILNPARDIGPRLAMWTVGFSRKALWED
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HHHYFWVALVGPCVGGLVGALIYDLLIFQGHESPVNQPAAHVLKRLKTRFTSF
GRKTASTGEYTFSDKELTDVSSNNASGKNINFRSVTRGESTNGVPTIYSQSNDP
KK

>XP002494229|[Komagataella pastoris]
MSYSKPQIQETEDSAHSIEKPFLGSSNQEPDFSAIEEELPEINNWLAKVRYEYRD
YLAEFIGTLVLVGFGDGVVAQKVTSGGTAGNYTTIVLSWGIAVTFGFMASGG
VSGGHLNPAVTLCAAIFRGFPWRKVPGYMFSQMLGGFMGAFVVYGTYIQAIA
HFEGGTQRTVFGENATAGIFCTYAQPYLHTKHQVVSELVASAFLQFGIFSLTDT
SNVSSSPFWFPFGLFLLIVGIGSSFGYQTGYAINAARDLAPRIASRALGYGPETF
TAYHNYAWVPAVIPFIGCILGGFLYDLFVFTGSVSPLNKPYFGFGKFFNKKSKA
PTIA

>AAS47031|[Kluyveromyces marxianus|
MSENTQYDNTRDSGGQSPVNNNNAWQESGFAHTRPRRYTTRSSVSERQSGLS
GLEEEDSDIDXSDNVPVTAYVQQYLDEGSYFPVQEVVPNTSLNMNMYRRKRG
NTVTSNVIASRPMEANYTGSVSSPDPALQNQNNEGGVPANDPNDPNNVNNAIT
MMVKPKTLYQNPQTPTVLPSTYYPINKWSSFKYQHMKEFFGEFLGTMIMMMF
GTAVVCQSKLSEQDKINQFNQILAMNHKSNDDISMLQYIATPNVAGNFVSIAF
GWAGAVVMGYFAAGGSAISGAHLNPAITVSNFIYRGFPFRKLGFYFMGQYVG
SYLGSLLMIWYYHKVIAHVYPNWPQEESVVAMFSVVPLDYLSTPRQIIAEFVIG
AMLQCGIFSLTDPYTCLSTDLFPVMLFILIFSLNASGAYQTGAVLNPARDMGPR
LALWTIGMDKDVILIPITSFGSQWLFHSLAVSAGGLVYDFCIYQGHESPLNLPL
SAYTDWFRRQWDTIKLKTSSGLKGTDLETIDSGHTLSHIESHRSQLSENKQVHF
KSVLRNSKLRNPSTGVPTIFESEETTYSRPNFEQKTSNGSI

>Sporol|24618|[Sporobolomyces roseus|
MSELARHVASTHSATTARNRRGLLLSKVAHNCAVPQLGLVLALAAFTKAGSL
LFSGLVPADISSQKFSPPTSTPRAQFWYKKTIGTDSEPWSELGSSQFALRRQGIF
YRFREEERERSAAVPELELRHFRPPEHLQFALRSKEARLLGHVSREMLTRFPNR
NRVPATDGGQQFIDSGSFPLSLPDRDLFLDHALPTDSFTFLRSSFSSSPSFLPISLF
SSTLRNFFTAMQAQRDHLNRNAGDVEVGVADLLRSNQVAEGTHQAAHLPAP
PKWLTTWERRRPPLLVECFAEFLGVGIYVFAGVGASATLLITTAAKESGFGSLF
TVGFAYALGIAFAIVCTAGTSGGHLSPAFTIAFCLFKGFPWRKAPYYIVSQILGA
MVGALIVAGIFHQQLTEVTAGFRALGLGDTGIFSAQGPAGLFGLMPAAGQELK
WAFFNEFVANIFLAILVFSVLDACNFFVSLATAPFVIGMGY AMIIWAFSINSVAL
NNARDMGGRMACGITYGSKCWTQHSGYTAIAALTTFPGTIVGAAIQTLLLSDS
ARMIVNAPPSHSAEVDMINESRGFQIPSRAVTRESVYNHPHPEKSGSSV

>Mycti2|165933|[Mycosphaerella fijiensis]
MSDNSHMERLQTLDLELGATEAVVQHYARHVVATKPVSQRKLNFERSRPRW
LRECMAEATGVFFYVFPGIAAVASMVLNKANPAYGSFFEVGWAFALGIAFAII
TCAPTSGGHFNPAITICFAVWQGFPWKKVPSYIFSQIFGAFIAGLFLMGLYHQQ
LSAFQAELRAAGESSVPTMSSILCAYPLPNQTNLGYLFLIEFFVDSYIGIITWACL
DPANPFITGASAPFVIGLAYAAMVWGFAPITISTNLARDLGTRIVAAIFYGGEAF
SYHEYSWIAILVNVPATLFATGYYEFLMRDSLAKIGKGAARHEHGEEGLGLHL
TKSGISRVRTEGNFKPGSSSTSEHEKV

>Mycfi1]27060|[Mycosphaerella fijiensis]
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MERLQTLDLELGATEAVVQHYARHVVATKPVSQRKLNFERSRPRWLRECMA
EATGVFFYVFPGIAAVASMVLNKANPAYGSFFEVGWAFALGIAFAIITCAPTSG
GHFNPAITICFAVWQGFPWKKVPSYIFSQIFGAFIAGLFLMGLYHQQLSAFQAE
LRAAGESSVPTMSSILCAYPLPNQTNLGYLFLIEFFVDSYIGIIWACLDPANPFIT
GASAPFVIGLAYAAMVWGFAPITISTNLARDLGTRIVAAIFYGGEAFSYHEYSW
TAILVNVPATLFATGYYEFLMRDSLAKIGKGAARHEHGEEGLGLHLTKSGISRV
RTEGNFKPGSSSTSEHEKV

>XP758316|[ Ustilago maydis]
MSQAATTPVYIPADQLHNDVRDKDGNSASSHHFQRAHRKNGELELGVTEVLQ
GRTDVPSAQVAQSAGLSNWSGRVRLEQSMPKLVPALIAEFMGTMFYCLAGE
MATAGVLVTTYAGSPQGNLTMIGFAYAFGITFAIIVCATTSGGQFHPAFTIAQV
VFKGFPIKLAPLYICAQVVGAMVASLIVVGSWHDELMKITHLLKATGKTATIF
TAEGPAGAIALFPTPGRSMGSIFVNEFFANILVGMIVWANLDAANPFTGPQAAP
YTIGLGFAVVVWCFSSSNVVANSARDIGARLVCSMFWGSECFPSRYSALAALT
NIPATLLGVGLYTFFLSDTRRPPATVALNHLHEEHVRSIERAETLHAEILDEKIA
QTLSRGGDATALQKQRTNLGVKNF

>XP369584|[Magnaporthe oryzae]
MSFTAAHKYPSPHDHHQVDQVVHSILDHHVENQLPPYPTISTRRLAFERHRPL
WLRECIAEATGVFFFVFAGLASIATFTLHHATDKNSVAGIGSIFQVGWGMGMG
VALAINITCAPTSGGHFNPAITICLAIWQHFPWRKVPRYIISQIFGAFLAALTIMVL
YWEQIQDFAATRRAAGLPLVGSHTPASIFCSYPHPDQNLGFVLTIEFVADAFIA
LVVWAALDPSNPFIHPAAIPFIIGIAY ADMIWGFGGITLSTNLARDLGARIVAGI
LFGGEAFTYHGYAPIGMLVNIPATLFGTAIYEFAFRDSLMIVGKGHANAEGGD
AALYAYFKKAKLIDEEQGIKA

>Thite2(2114473|[Thielavia terrestris]
MAEATGVFFYVLPGIASVANFTLSSASPTLVPLGVATFSSLFQIGWAFALGIAF
AIITCAPTSGGHFNPAITLSLAIWQGFPWRKVPYYIFSQIFGAFVAGLVLMGMY
WTQISEMKAAFIEAGKPLVANGAPASILCSFPNPDQTNLGY VFLIEFFVDAFLA
VVIWACLDPANPFVSPAGAPFAIGLAYGVMVWGFANVTISTNLARDLGTRIVA
AIFFGREAFSYMTYSPISILVNIPATLFATAYYEIVLKDSFMIIAKGHAQHRDGD
TGLVRHLSKVGMIENDEPGTDGGAAQTSAMSSDGVPVKR

>Xanpal|68791|[Xanthoria parietina]
MAGDEMHRLQTHDLEIGATEAVQRHYSRHVVATKPVSQRKLDFEHSRPRWL
RECMAEATGVFYYVFPGIAAIASFTLNLENEAGVAAFGSLFQIGWAFAIGIAFAI
ITCAPTSGGHFNPAITICFAIWQGFPWKKVPHYIFSQIFGAFVAGLLLVGMY WP
EIQAFKAESIAAGKGLVYNGGPASILCTFPNPNQTNLGYLFLTEFFVDSFIGLIIW
ANLDPANPFVSPTSAPFAIGLAYATMVWGFADIAISTNLARDLGTRIVAAIFFG
GESFTYLNYSWIAILVNIPATIFATGYYEFLMRDSLGKIAKGHAVHEHGEEGLR
RHITNTGHIETGAANALRSNQSGSDEYNLGKQA

>Mycgrl|39363|[Mycosphaerella graminicolal]
MADGSRIERLHTHDLELGATEVLQKHVSRHVVAEKRVSQRKLDFERSRPRWL
RECIAEATGVFFYVFPGIAAITAFTINKEDAAFGSLFSVGMAFAFGIAFAIITCGP
TSGGHFNPAVTISLATYQGFPWKKVPYYIFSQVFGSFMAGLLLMGMYHEQIQS
YTAGLLADGGREVMNGGPASFLVSFPTEDQQNLGYLFLIEFFVCSYLGIVIWA
VLDPANPFVSPAGAPFVIGLAYATMVWAFADITIGTNMARDLGARLVALIFYG
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REAFTYRSYSWIPILVNIPATVLAASFYELIMRDSLQVIGKGAALHEDGEEGLT
RHLTSTGMIRATGDVYFSNESDDSKRKN

>Trivel| 66182 |[ Trichoderma virens]
MAPTEQLNRLHTHDLELGTTDAVQKHITRNVVPPRRVSQRRLDFEHRRPRWV
RECIAEATGVFMYVLPGIGAIASFTVNATNPVGSTAFGSLFSIGFAFALGIAFAII
TCAPTSGGHFSPAVTICLCIWQGFPLKKVPHYILSQLFGGFIAALVLMGIYHQQ
LEEMKEVLLAAGKPLVANGAPASVLCSFPNPGQSMGYVFMTEFFCDCFVGLII
WACLDPANPFVSPSLAPLLIGLAYGAMAWAFGANTLTMNMARDFGPRVVAAI
FYGREAFSYMNYAAIGIFTSIPATLISSAFYEFVMRDSLSVIGTGHAVHADGDE
ALVRHITRTTTVEGMEERSGEYKS

>Lacbi2|482072|[Laccaria bicolor]
MSNAPLVHLSDLQKRLRVFAVWEKVRNDGKVHWAIECFAEMFGVFLYVYFG
LGSTAGWVIGNIIKETNLSSILQIGLAYAFGIWFAIGLCSSSSGGHFNPCVTLSFV
VFKGFPKLKACRYITAQILGAYIASALVYSQWNVLIEECTLGLIKAKAYDTTMF
TPNGPAGIFALYLVPGAQSVPRALLNEFVNSTLIGMIIWAALDPTNMMVPPAM
GPLFISLAYAAVIWGFATPAVALNTARDLGARLFAMSIWGTKAAGSGYSAIAC
LINIPATLLGVFLYEVFFTDSDRVVSPAALTIMNAHANHRRLHHGHGEADKRD
STEKPTITTYEHAGGNGVEVSHV

>Lacbi2|671860|[Laccaria bicolor]
MSATPIIHLRDVKKRTGVLNAWERVRNKPQVHWAMECFAEALGVFFYVYFG
LGSTAAWVIGNILKQSGLSSVFQIGFAYAFGILFAIGVCAATSGGHFNPCVTIAF
TIFRGFPPLKAVRYIVAQILGAYIASALVYNQWKVLIVESELLLKQAGVYETTM
FTPNGPAGIFALYLLPGAQTLPRAFLNEFVNCFVLALVIWAALDPTSFMIPPVM
APFITAAAYAGSIWGYAVPAISLNSARDIGCRLFALTIWGKSAAGGSYSAITALV
NIPATLLAAVVYELFLVDSDRVVAGSHLEFMNVAANHRRHRHQAEDDNHGD
ADDSSQEKPV

>Phchr1|123853|[ Phanerochaete chrysosporium]
MANQPDAAVLQIGFAYAFGILFALITCGSTSGGHFNPAVTICQVLYRGFPVYID
ASRPRYIVAQILGAFLAALFVYVQWRVNIRATEAALLAEGKWDSVMFTPQGL
AGIFALYAPAGSNLGQVLLNEFVCDFLIGLVIWSCMDPTNFLVPPAAGPWIVSF
SYSMCIWGYSPVGLSTNTARDLGTRLAVMAIWGTPAAGGSYAAIAALTNIPAT
LLAATFHEFFLADSSRGAFPPLGRRSCSFADSRICSDHAAACRRDGRPPCACGA
QRHRRTRAVVHCRASPARPARLAVAYIQER

>Pospl1|127849|[ Postia placenta]
MANWERRRHGHARWFVEFTAEAMGTFLYTFAGVGSTAGWVLGNILGLPSISS
LFQIGVAYAIGIVLALTICLPASKGHVNPAFTVYALVRGHCTPQRALMLIVAQI
LGAYIACLLIYAQYHTIIQEATEALMAKGVYDEIMFTSQGPGGIFGLYATPGAS
LGNIFVNEFVCDFILAVCVFGAIEPTNPFSPPTMAPWIIAFTYAIVIWGYAPVGL
AANSARDVGGRLAALTLWGLPASGGRYAAIAALTNIPATLLAGVFYEFVLND
SNRTLTPAYLEVAAAEKAHEERVQGVVPSDASLSSGDSKARVLPQ

>Wolcol|121322|[ Wolfiporia cocos]

MHAVSVSSKSAVVHLSDIKRQPQIYARLERYRRGNARYLIEFIAEATATFFYTF
AGGGSTASYVFGNLLGLPNLGSLFQVGVAYAIGIVMALAVCLPVSNGHANPA
FTIYAVIHGHCTSAKGLRLIVAQIFGAYIACLLIYAQYHNLFKEAEAALVAKGV
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YNELMFTTQGPAGVIGLYATPGANLGFIFLNEFICDFVLALAIFAAIEPTNAFMP
PAAAPWFIGFIYAVVIWGYAPVGLAANSARDVGGRLAALTLWGARASGGRY
AATAALTNIPATLLAGVFYELVFNDPDRTVTSAHLELTNGARAYEARCRGGDS
AESVESETFKQAP

>Travel|43473|[ Trametes versicolor]
MTAAAGTHHLRQREFVHLADIKPRSSGHIAWERRRHRQAHWLVECLAEFMG
VFFYVYAGVGSTASYLLANTAQLNGLGSLFQIGTAYAFGILFALIVCAPTSGGH
FNPAMTIAFTLMGRCTWKKALRYFVAQILGAYVACLLIYVQWHDLIEEASEIL
AAAGKLDAVMFTANGPAGVFALY VPPGTNLGRVFLNEFVCDFIIGLVIWSCM
DPTNFGASPVSAPWIVAFAYAVVVWGYSPVGVATNAARDVGSRLMAMTIWG
MPASGGSYAAIAALTNIPATLLAAVFYEVVLADSSRVVTPAHVDYLSGHLAHE
EHSQGIVRGGSVSPGLDEKSREQTIEHV

>Travel|113714|[Trametes versicolor]
MQHTAVYEVVPRPAVVAHWERRRNRRQVHWVVECIAEATGTFLYTFAGAGA
TAAYVLGNILELPGLGSLLQIGIAYAVGIALALAVCLPTSYGQFNPAITIHAAVF
HKLPPLKAVRYITAQIFGSYIACLLIYVQYKQLIHTAVSALQAKGVYDTVMEFTS
AGPGGIFGLYVNPGSDLGYVLLNEFVCDFILGIVIFSCTDPGNPISTPSTMPWLIA
LAYGVVVWGYSPIGLAANSARDLGGRFAALTLFGKAASGGNYAALAALTNIP
ATLLAGVFYELVFSDSTRSAYPSSASATAHTLTGSRVQRFTPSGSGSSTRGMPS
SSAKSTGPRRRRSMSLTPP

>Phybl2|141336|[Phycomyces blakesleeanus]
MPNNAGWKRSDAASSHNEELEPLVAVEYLLESSPLQTTGPIKFNNVNHQKNN
SLNLQDFPNYSDLENANEGGKYNRFLRTIKQWRFQHREFLAEFIGTFILVLLID
GVAAEQTLFGTKSWLTSSFGTGLAVLSGICLSGHISGGHINPAVTLAFWAFSGF
PTRKVPVYITAQIAGAFTAAAVLYSVILPAITEFDGGVRQIEGPLSTAGIFATYSP
LYVGTGAAVASEVVGTALLLLIMSSGHPNNLPFVTSQGFVIGIGVIICLSIGYT
SGFSLNPARDIGPRLFTALAGWGFDVFTVHNYYSLVPIFAPLLGAMIGALTFVIF
VDQ

>Phybl2|60581|[ Phycomyces blakesleeanus]
MPPSVLESSPLQTTGPIKFNNVNHQKNNSLNLQDFPNYSDLENANEGGKYNRF
LRTIKQWRFQHREFLAEFIGTFILVLLIDGVAAEQTLFGTKSWLTSSFGTGLAVL
SGICLSGHISGGHINPAVTLAFWAFSGFPTRKVPVYITAQIAGAFTAAAVLYSVI
LPAITEFDGGVRQIEGPLSTAGIFATYSPLYVGTGAAVASEVVGTALLLLIIMSS
GHPNNLPFVTSQGFVIGIGVIICLSIGYTSGFSLNPARDIGPRLFTALAGWGFDV
FTVHNYYSLVPIFAPLLGAMIGALTFVIFVDQ

>Mucci2|185371|[Mucor circinelloides]
MASRWKSNSSMSSSTLEEDNIATEQDPLLSIQNRLENRHNAVNGACGSTYRQG
NYNIKFNDDLNTSRKSRCATIVSHLRHFKQKHREFLAEFIGTMILILLTCGISAE
ETLQIGPHKSWLTSSLGSGLAVLVAVCVSGHVSGAHINPAVTITFCLFSGFPVR
KVPIYLAAQFMGAFTGAALLYTIIEPAITQFDHGQRHILGELGTAGIFGTYPPLY
VGIASAVASEIIGTALLLLVIMTSGHPNNLPFRTAQGIMIAVGVMTICLGLGYTS
GFSLNPARDLGPRLFTAVAGWGFEVFSVHHFYAFVPMLAPIFGAVLGGFIYTIF
ID

>XP002379878|[Aspergillus flavus]

295



MPEEQDLADGRQDRNNDLNTIQENRNESSTANEQQNNTRQDRQRPPLHYHNT
GSQRPARYSQLRRRQTNQTSRTNQTTHTNQTIPSLAGPREPDPNWTYVHPEYH
DMNPDYGKSNEEPVWGLAKPLPRVVRPGMRRHDGGGTTSAYPTGQKGESEP
VPELEATPDQGDEHGKEGQDVSSPGPGAHGDTMVHQEMSNADAPDRVSRPV
EDEVTEDASDPYGGEAEHFNKWSRVRHRLREPFAEWLGTTVAMLIGLCATLA
ISTGKGDAGNKLTLY WAWGLAITVGIYIAGGISGGHLNPAISISLWIYRGFPGR
RCIYYVIAQILGALTAGGLAYCIYRDSIFHSGSNSGTGITMGATGLGFYTEPLAY
VRNVTAFFNEFVAAAILICTIFAMGDDSNAPPGAGMHSFIIGLLIFVLAIGFGYN
TGGCFNPARDLGPRLVALMAGYGGSTFTERGGWWFWGAWLATISGALVGGA
MYDIFIFIGGESPINYPRTRRQRSKLKKEAKWRRRLNLGRQRLPSIEEGIKELDE

>XP001821574|[Aspergillus oryzae]
MPEEQDLADGRQDRNNDLNTIQENRNEPSTANEQQNNTRQDRQRPPLHYHNT
GSQRPARYSQLRRRQTNQTSRTNQTTHTNQTIPSLAGPREPDPNWTYVHPEYH
DMNPDYGKSNEEPVWGLAKPLPRVVRPGQKGESEPVPELEATPDQGDEHGKE
GQDVSSPGPGAHGDTMVHQEMSNADALDRVSRPVEDEVTKDASDPYGGEAE
HFNKWSRVRHRLREPFAEWLGTTVAMLIGLCATLAISTGKGDAGNKLTLYWA
WGLAITVGIYIAGGISGGHLNPAISISLWIYRGFPGRRCIYYVIAQILGALTAGGL
AYCIYRDSIFHSGSNSGTGITMGATGLGFYTEPLAYVRNVTAFFNEFVAAAILIC
TIFAMGDDSNAPPGAGMHSFIIGLLIFVLAIGFGYNTGGCFNPARDLGPRLVAL
MAGYGGSTFTERGGWWFWGAWLATISGALVGGAMYDIFIFIGGESPINYPRTR
RQRSKLKKEAKWRRRLNLGRQRLPSIEEGIKELDE

>Phybl2|143660|[ Phycomyces blakesleeanus]
MIPNPKTLQKSYLQEASTSTSSTEAQTVIDMDLCSHSTLHTEYCTPTLEEKYNH
HSNSNSSNNSNASGSGNRKKYHEDPIESKGSLRYNFIISYLLHKREKCREFLAEF
IGTFVLVLFINGVSAEQTLGVGGTKSWLVTSFGNGAALLFGQCISGHISASISTY
GAHLNPAVTLTFWTFSHFPTQKVLTYISAQILGAFVGAGVLYGIIQPAINEFDG
GVRQILGPQGTAGIFATYPPLY VGIGPAMGSEIVGTMLLLLIIMSSGKKNNMPY
QSMQGFVVSAGLFITLSLTYTSGFSLNPARDIGPRLFTLAAGWGVEVFTASDY
YALVPIFGPIVGGLFGGLLYKVFIDHQSIDDQVE

>Phybl2|166662|[ Phycomyces blakesleeanus]
MIIINILVPVPVPVPVPVPVLTLQKSYLQEASTSTSSTEAQTVIDMDLCSHSTLHT
EYCTPTLEEKYNHHSNSNSSNNSNASGSGNRKKYHEDPIESKGSLRYNFIISYLL
HKREKCREFLAEFIGTFVLVLFINGVSAEQTLGVGGTKSWLVTSFGNAVTLTF
WTFSHFPTQKVLTYISAQILGAFVGAGVLYGIIQPAINEFDGGVRQILGPQGTA
GIFATYPPLYVGIGPAMGSEIVGTMLLLLIIMSSGKKNNMPYQSMQGFVVSAG
LFITLSLTYTSGFSLNPARDIGPRLFTLAAGWGVEVFTASDYYALVPIFGPIVGG
LFGGLLYKVFIDHQSIDDQVE

>XP002566055|[ Penicillium chrysogenum]
MASLREPGRDAGVKDTVETPEREQPGGTEEKGSKNDGMGNIPSYSLAGSGAQ
NPNNNRGYADEEYKQYNPQYGKSDDEPTWSLAQPFPHIVRPGMRHGALPEDR
REDEGDMKESDQDLAQADEVRKLRSVERRMKRVNDPKEDGFFNTWSKIRHY
LREPLAEWLGTTMAMTIGLCATLSNFTSSSQAGSYPAQSVAWGFGFMAAIYTT
GGMSGGHLNPAITISLSVFRGFPARRCVIYTAAQLLGAITAGGISYALYHDAIVE
VANLAKVPQNASVAAQALLTLPKPFVRPATAFFTEFVGSAILVGSILALGDDTN
APPGAGMQAFIIGIIISIVILALGYNTGGCFNCARDFGPRLVALMAGWGGQVFR
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EYHAWWIWGPWVADITGALFGALLYDMAIFTGGESPVNYPPRRRKRAYRVR
ALNLRKKLRIGKRKVPDLEHSVAETER

>XP660426|Aspergillus nidulans]
MSRQHTASSRDLNNTSTSQARPRLDVRAGNGNSSGLNRSAMNANPAISNHSS
DRTISQNTFMTQADGSGGNPTLYSLAGPQYSRNQGAAYIDPNYRAHNPNYGK
AQDAPVWSLTSPLPHVVRNGRWGKRKKPRQDRPEEGDTQAGGEGTGGSYSR
PNANAPRQPASEEAPAFEPPDQADEEGKAEAQQATEDNREFFNYWGKIRHYV
RQELAEWLGMTVAMLLGICAGLSTFTSSNLAGSFPSLAAAWGFGFMVAIYLT
GGISGGHLNPAITISMWIWRGFPARRCLTYTIAQVIGAITAAGIAYALYHDAIVQ
LAASSQVPQPRTDAKQAMVVTPKPFVQPVAAFFTEFVGSAILIGTILALGDDSN
APPGAGMQAFIIGIMITVLVLALGYTTGGCFNPARDFGARVVTVMAGWGGGE
SPINYPPRRRKRAFILKNRNARARMGVGQDKIPDLERAAQEFE

>GAA86900|[Aspergillus kawachii]
MVHPVRSLNKELDQVETESKDYRSSDSTEDSSKADQDEESPQREPRKGVSRNK
SQGTQHSNFSRKKSHASHRTGVSQNQSYRSQPPATLRNQSYGSQAQFSLAGPN
AYYGPVPHQGAYMHPEYQSFNPQYGNTQGDKPVWSLAQPLPHVVRDGMRY
GALPEDRKEEREGGGRERPPPAAEEPPTDIPQTEEARQNGEEPQNEMGFFNKW
SKIRYYLREPLGEWLGTTLAITLGLCGGLATYTSDQQAGSWMSQSACWGFSF
MIGIYIVGGISGGHLNPAITISMSVWRGFPARRCVIYILAQLIGAITAGGIAYAILY
HDAIVNLSVESNLPQSETTASQAFLTLPKQFVSPATAFFNEFLGTAILVGTIMAL
GDDTNAPPGAGMOQAFIIGILITVLVLALGYNTGGAFNGPRDFGPRLVAVMAG
WGGHLFKEYHAWWIWGPWVADIFGGLFGAFITYDLVVFTGGESPINYPPRRRK
RALLIKEKNLRSKLRLGRRKIGDIERAVEENQD

>XP001396373|[Aspergillus niger]
MVHPVRSLNKELDQVDTESRGYRSSDTTEGGSSKVEDGDEPIEETSRRGVSRN
KSHGTQRTNFSRNKSHASHRTGVSQNQSYRSQPPATLRNQSYGSQAQFSLAGP
NAYYGPLPQQGAYMHPEYQSFNPQYGNMQGDKPVWSLAQPLPHVVRDGMR
YGALPEDRKEERDEDGRERPPPASEEPPTDIPKTDEARENGEEPQNEMGFFNK
WSKIRYYLREPLGEWLGTTIAITLGLCGGLSTYTSDGQAGSWMTQSACWGFSF
MIGIYIVGGISGGHLNPAITISMSLWRGFPARRCVIYILAQLIGAITAGGFAYAILY
HDAIVNLSVETNLPQSETTASQAFLTLPKQFVSPATAFFNEFLGTAILVGTIMAL
GDDTNAPPGAGMQAFIIGILITVLVLALGYNTGGAFNGPRDFGPRLVAVMAG
WGGHLFKEYHAWWIWGPWVADIFGGLFGAFIYDLVVFTGGESPINYPPRRRK
RALLIKEKNLRSKLRFGRRKIGDIERAVEENQD

>CocheC5_3|1030135|[Cochliobolus heterostrophus]|
MSHQQSNSPGNTQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQPE
ESASQRPTNLTYESRQPTTRSLASTVLHRGRSDAPSIGRHDTVHLTSRPQNART
STTATSMVPMGSIRNTPSNTATRENIRQEPPRRPEKKQQQVVEVDNDYFTLNP
WYNEQKQKPVFGLGAPLPRTVRPGMWWGRGDLRKSLYKIDQGDGVSRQDG
LHFDDGKVLEEGSEDSQETLNAGSDTNRQGNPDRFQTVVNGRRVNVKRVPTS
EANQVLGLDHNQDSHSHEHHGGQTRAPVNEHGLGYADGSGQQQHFGLQDGL
PPLQERATNETSQTKEEEKEIQKREEEEERDFYNQYRNPIARFRAKYPQAPAEF
LATFIYLLIGLCVNLSVATSQQSTGSFETQAWGWGFAVMIGIYLGGGVSGSHLS
PTVSISLSVFRGFPWKMAITYICMQLLAGLAAGAVAYAVYHDAIHEVDPGLTL
DMTGKALFPQGPIYSTATGFFNDFVYMAIFVCVVFALGDDQNSPPGQGMTAFI
VGLTGMVTMIGLGYNTGLGISPARDLGPRLVAYWVGYKDAFSSGYWAYGSW
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GASVSGALCGGLLYDTCIFVGGESPVNYRWPQPGDIKWRARQTKDLAKDKIQ
QVA

>XP383956| [Gibberella zeae]
MAGTQDQSQDYFSKPTTPSTPGQAHLGNVANRIPSTIPDRESGTERAKSTHSRH
RVLHGLPSTFMSYMSRRPVASSRGFSRVSSEGTASRPTAPQHSSHFHHYAPAE
DGYYQENPWFGEADKKPIFSLGKPLPHKVRRKVLKPVRPDGKVDEEMAIVKE
ETTNEPHPGYASRTTSGQPYRVETQSSLPSRDIQRQQSRTTAAGVAHNDRRND
AGQPVFEYIPGEATPTPGHRDPASRVQSKQDNGHSPPDFKVDGEPLGHQEKPC
VESGDTNANEMRNWWARLRARHPEPLAEFLATAVAIFLGLTGTLSVNLSATQ
SQPYGTYETSCWAWGFAWMFGIYLGGGVSGAHMNPAISVSLSIFRGFPWRQC
VIYVFVQFIASIVAGALAYAMYADSINHVDPDMTKMSMTFFSTPREWVTLKSA
FFNQVVGSAIMMIAVFALGDDQNNPPGAGMHALVLGFLVTTLKFTLGYNIGS
ALNPASDFGPRVIAYAVGFRGDNVFHSGWWFYGPWAATLIGSLLGCTLYDGF
VFVGSESPVNFRVDKRVKKLFN

>Myctil|35307|[ Mycosphaerella fijiensis]
MDSENETRGHNRTRSRSEAIPVRRAEDLSPHPESEPSRREPDQQSSNNDHAGQ
GGFGQPRRAATVAARRFRSPQRPSTALQPETSNHSSLRRRSTAASKRSQGAEA
RSSTAAGRSKLQTLAGPEITPQVEATYQPYVNPGYAELNPEYEQPANAKPVWS
LAKPLPRVVRPGMVPTSSEIFQSRQHPQLPGGNTQKLGIEADPNDLEAGRIQPAI
NPAKVSAQLKDSRAQREENFLSSQIGRRGTYQVSFGEPEKSHTQQGQDGKAGE
EVPLVSPGMERTPSAPDELGATPLEAIPERHEPPTRPASLAEGEDDDASQATLH
EDEEPDLWVDMDPIKPIDNPPLVAEVHNNHTWWSIVRTQHREFLAEFLATFVQ
LTTGFCADTQTTLNNNGNPNSTAWAWGFSTMIGIYISGGISGAHLNPAITLML
WFYRGFPKRKVPEYVLAQLLAAFLAALVAYGLYFAGIQNYINTSSTTDPASDI
LNGFVTSRRFTFIDTATAFFNEFLGIAFLGCTILALGDDQNAPPGAGMNSLIIGL
VITGLSLSFVYNTGLAMNPTRDLGPRLAMLALGYGKELFTNPYWFYGPIVAPI
LGAFAGGALYDIAIFTGGESPINYPWTRTKRSYRKGNAKWKRRLRLAKRDPIE
DTHWVGTTR

>Trivel|41159|[Trichoderma virens)
MSSSRRGLNESREDQDRGSLRRRSRASRRSTFRSAAPISTAGQGTQFNLAGPSD
NLQLRSAHEPFVHPGYSDLNPSYEQPNNAKPIWSLAKPLPRVVRPGMVPTKNE
LLENCVNAELPAENSQNLGLDVDPNEIEKGRIEKSADVRKMGAQVTDARLQR
ENNFIKTILAADAETTSNGVPQLVKTRSSQRRATIQRSSIQSPLYTVQEGLSEHT
SEQNKHSHESQRSEQGGEEFDPGQDELIEGNRSLETLRLDQDAYPEDLHPLVQ
ELVEDEIHNNHTVWSVIRTHHREALAESLAVFVQLTVGFCADLSVTVAKAGNP
NTTDWAWGFATMIGIYISGGVSGAHLNPTITTMLWFFRGFPKRKMPEYFLAQF
LGAFCACFVAYGVYYVSIKHYLLTGADDDIINCFVTSQRSSYINAPTALFNEFIG
TMCLTIVVLALGDDQNAPPGAGMNSLIGLITCLSMSFANQTGAALNPSRDFG
PRLALLALGYTSELFTNPYWFYGPWAGTLLGSFMGAFLYDFMIFTGGESPINY
PLERTQRALHKSHMKWQRRLRLTPKQEEDTVV

>Aspni5|201277|[Aspergillus niger]
MAGPEETPQLRLAHEPFVQPGYGDLNPSYEQPANSKPVWGLAKPLPRVVRPG
MVPTKEELLEARQNIQLPAENSQKLGLEVDPNDLELGQIEKTADPRKMAAQVE
DARIQRENNFMNKILSGDATTTRQGSRLSRTSSSRIRRPSAWDLPPENLSTVPEG
ETPAPSETHEEPPQMSSEEPLEPVLEEPELRADDGKDGMMDDLPNLEEIEAAYP
EDLHPLVQELVEEEVHNNHTTWSVIRTHHREALAESLGVFVQLFVGFCGDLA
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VTVANAGNPNTTDWVWGFATMMAIYVSGGVSGAHLNPTITIMLWFYRGFPK
SKMPEYFAAQFLGAFIAALAAYGLYYHSIQHYLLTNSTTGIITSFVTSQRETWIG
PGTAFFTEFLGTMILTVVVLALGDDQNAPPGAGMNSLIVGLMVTCNTMSFAY
QTGAALNPSRDFGPRLALLALGYGSSLFTNPYWFYGPWAGSLAGSFLGAFLY
DFMIFTGGESPVNYPWERTQRAMRKSRMKWGKRLHLSRRDRGEKTVR

>XP002551817|[Lachancea thermotolerans)]
MVGESIMPSSSSSSSISSSSSDVPRATREQRGREGETEQVKWSGNLKDSSQKTK
RGDRTSVDVGVARGVSSGRKATHTEGTKNVLSRLTPLNKPAAEDAQPRHQKR
HPVGTAFSSPNLKSLNTPLSREQARLMEYYLSTAVPRSNNNYVDPLYRHLNPS
VGSTKSRPVWSLNQPLPHVLDHSLAEKMLKKNTDVKSRASSRPESREMSRAG
SLASMNDWKKLIGRSGSWRKLNDVEAQIPGATKNSGLTRNRKHSQSQIEFAN
NQRRAHHAASFQLGDESCTPSLRGEDVPAQIQNQKQAGTAPTAEELLEKRFRS
SLDGATPLDGGRLGTGDSESEQLAFTNYWAKIRYRLREPFAEFLGTLILVIFGV
GGNLQATVTNGSGGSYESLSFAWGFGCMLGVYVAGGVSGGHINPAVTISMAI
FRKFPWKKVPVYIFAQIVGAFFGGAMAYGYFWSSITEFEGGTHIRTAASGACL
FINPKSYVTWRNAFFDEFIGASMLVGCLMALLDDSNSPPTNGMTALIVGFLVA
AIGMALGYQTSFTINPARDLGPRIFASMIGYGPHAFHLTHWWWTWGAWGGPI
AGGIAGALVYDIFIFTGCESPVNYPDNGYIEHRVSKILHAEFHPHDSPKSSEVVV
EEGSNSKDGSTKSNSAH

>GAA23030|[Saccharomyces cerevisiae]
MSYESGRSSSSSESTRPPTLKEEPNGKIAWEESVKKSRENNENDSTLLRRKLGE
TRKAIETGGSSRNKLSALTPLKKVVDERKDSVQPQVPSMGFTYSLPNLKTLNSF
SDAEQARIMQDYLSRGVNQGNSNNYVDPLYRQLNPTMGSSRNRPVWSLNQPL
PHVLDRGLAAKMIQKNMDARSRASSRRGSTDISRAGSTTSVKDWKRLLRGAA
PGKKLGDIEAQTQRDNTVGADVKPTKLEPENPQKPSNTHIENVSRKKKRTSHN
VNFSLGDESYASSIADAESRKLKNMQTLDGSTPVYTKLPEELIEEENKSTSALD
GNEIGASEDEDADIMTFPNFWAKIRYHMREPFAEFLGTLVLVIFGVGGNLQAT
VTKGSGGSYESLSFAWGFGCMLGVYVAGGISGGHINPAVTISMAIFRKFPWKK
VPVYIVAQIIGAYFGGAMAYGYFWSSITEFEGGPHIRTTATGACLFTDPKSYVT
WRNAFFDEFIGASILVGCLMALLDDSNAPPGNGMTALIIGFLVAAIGMALGYQ
TSFTINPARDLGPRIFASMIGY GPHAFHLTHWWWTWGAWGGPIAGGIAGALIY
DIFIFTGCESPVNYPDNGYIENRVGKLLHAEFHQNDGAVSDESGVNSNSNTGSK
KSVPTSS

>NP592788|[Schizosaccharomyces pombe]
MSVPLRFSTPSSSPSASDNESVHDDGPTTELDTFNTTDVPRRVNTTKARQMRP
KNTLKVAFSSPNLKGLDNTADSDSQPWLGGYLAGRLEDISGQSRRNYVDPYY
EELNAGRRPNKPVWSLNGPLPHVLGNSVVEKISQKNQEARSRANSRVNSRAN
SRANSSVSLAGMDGSPNWKRKMKSAVFGSRVKLNDEEAQLPRNKSSVSIAEQ
AASRPKVSFSLQSSRQPSIAEEQPQTQRKSSAITVEHAENAEPETPRNNVSFSRK
PSIAEQDSSQDITMPPNENAEESLDSGSDTETLYLNY WCKIRHFFREGFAEFLGT
LVLVVFGVGSNLQATVTNGAGGSFESLSFAWGFGCMLGVYIAGGISGGHVNP
AVTISLAIFRKFPWYKVPIYIFFQIWGAFFGGALAYGYHWSSITEFEGGKDIRTP
ATGGCLYTNPKPYVTWRNAFFDEFIGTAVLVGCLFAILDDTNSPPTQGMTAFI
VGLLIAAIGMALGYQTSFTLNPARDLGPRMFAWWIGYGPHSFHLYHWWWTW
GAWGGTIGGGIAGGLIYDLVIFTGPESPLNYPDNGFIDKKVHQITAKFEKEEEV
ENLEKTDSPIENN
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>Kwal15269 |[Kluyveromyces waltii]
MAGLSTSSSSSRPSFKEEGPQQTSVGKEGQTEFQKENPKGRITWTGKVKEPHG
LGESANSGGEPKMDWSSDQGRRAGNSGGFSKSGLAPLTPLAPAQGETRATAE
DREAVQGRRAYPTGHAYSSPNLKGLNNVSDAERQRLMEFLQSGAANQAKSG
YVDPVYEQLLPSRGNVRNGPVWSLNQPLPHVLDQSLADKVVRKSMDVRSRA
SSKPNSTSVSRTGSGTSINDWKRLVRRAGSKKKLNDVEAQLPSAAPSQASLRS
RQRRDQALRTDGHAKRHNARFSLESDSSPSMRDEEPSGFEKAQSRHSKSRHDS
AKSASRAQRVDSDYKDGAQTDDVIGKAASKITHDKPDEMSFPNYWAKIRYH
MREPFAEFLGTLILVIFGVGGNLQATVTNGSGGSYESLSFAWGFGCMLGVYVA
GGVSGGHVNPAVTISMAIFRQFPWKKVPVYIVAQIVGAFFGGAMAYGYFWSSI
TEFEGGAHIRTAASGACLFTNPKPYVTWRNAFFDEFIGSSILVGCLMAILDDNN
APPANGMAAFIVGLLVAAIGMALGYQTSFTINPARDLGPRIFASMIGYGPHAFH
LTHWWWTWGTWGGPIAGGIAGALVYDIFIFTGYESPVNYPDNGYIEDRVDKIL
HRDFIHHSEDSAETTDNSAEDNSNGKDISPKSDSA

>Sporol|13459|[Sporobolomyces roseus]
MNGDGGPPIRNYWGTIRYALREPMAEFLGTMILVVLGVGDLRHLHSSSVVCL
RVPQSTNTYFVWGFAVMISVYVAGGISGGHTNPAVTISLALFRGFPWKVCRRL
STLMIYGNYKRAIHSYDPYKLIHATAEPPRNASGTLFFTAPAPQIGTTPLGFAQE
ILAGGILMIAVLALGDENNAPPGAGLGAIVLGFVVVAIGMSNGWVSGYAINPA
RDLGPRFALWAVGYGTKVWTHDDCWWIFGVSLCRPTLSPDRSSFKCTDSWTL
SRFQPILGPLVGSVGGCLAYDMLIFNGPGS

>Walsel|59835|[ Wallemia sebi]
MSQDNHRAGQSHNEQQYSGRVEAMRPDAKAIHDERMRRVKSKPVFGVGGP
MPDRTDEKQEDKHPSVGENNDDSVRSPIGQTGGQVGGVITDATDEDKAQDID
NSKPDLTHQNTESTFKRMGDRELNENDGSTANENASPSGQIGGNLHSQWLDM
DETQEKFDNPNEPIYNFWFKWRENFREPLAEFLGACILINIGVGSTVQTLVYTKD
PTAAYSNLNWAWGVAVMTSVYISGGISGGHLNPALTTSLALFRGFPWKLVGL
YWIAQILGCFAGGLIVYAMYYQALDVFDPNKSVSQSGTAGLFVTMPATSLSH
VGLCVFQEIIASAVLSIAILALGDRDNTPPGAGLGALVIAFVIMAIGTSLGALSG
YAMNPARDLGPRIALSCVGYNARALWTHDRAWWVTGPVCGSLMGSFLGSM
VYDTLIYSGLGSPVNFTSKQWERLLTPHNMVKAGLEKRKREKAERQRNEESS
RKGDKAV

>XP002384305|[Aspergillus flavus]
MKPYLPEYEGHEPQSGLTLAVAPFAGRLGGNQDFVVDRSDPRNEKVLEKVPD
AAPWMSLSEIFDLRGFLSLDLWKFACLECIASMMNVFISAWVTLHEPAAVEAP
KTEVGIYHTVTFFSPLFGGLTNLLLTPLLIYTFAPSSGGHISPTITLATLFARIITFP
RAILYMAGQTLGGALAGFAIHTAYGSRDFTVGGCHVDTTLVPVNAALIIEFFA
CLVLIFLAFGVALDPRQAKIFGHAAGPWLVGVVLGVVCWATAFTRPGYIGASL
NPARCFGVYVASEFPGYHWVHWVAPLAAAVAHGLVYLIDPLWSDPRLE

>XP001390456|[Aspergillus niger]
MVVTYLPEYESDETHPQHHGLEPAIPPFAGRMGGNQDFVVDRTDPKNSKVLE
RVPDAAPCMTLKEIFDLRGFLSVDLWKFAVLECIASMMNVFITCWVTTHPLSA
TTSPKGQAGVYGTVTFFSPTFGGLTNLLLTPLLIYTFSPSSGGHISPTITLATFFA
RIITFPRMILYLAGQTLGGALAGFAMHSAYGTREFTVGGCHIDTTMVSAKDGL
VIEFFACLILIFLAFGVALDPRQAKVFGHAVSPWLVGVVLGIVTWGTAFTREGY
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IGASVNPARCFGAYVASDFPTYHWIHWVGPLAAAVAHGLVYFVDPLWKDPR
AE

>XP003190309|[Aspergillus oryzae]
MDAETAPVQETYHRQSRGIPYGQNDMPLRPVIYPFAGRIGGNQGLVLDRDDP
ANAELLKKVPDAAPLMSISEGFDPRGFLSIDHWKFGFIECIGTMLNVFVTAWISI
RHSSASQDAQAPSSASGVYSTATFLGPLFGGISNWLFLTLFIFSFSNVSGSHLNP
TITMATFFARLISLPRLVIYLASQTLGGALAGFMLRAAYGSRDYTVGGCYMNP
QLVPVNEGFLLEFVFTLLLIFLSFGVGLDPRQGRIYGAALSPFLVGLALGLVSW
GSAFSRAGYAGASLNPARCFGVYVATSFPGYHWIHWVAPAIASVGHGIAYFIV
PPWGRSM

>XP001396483|[Aspergillus niger]
MAGLLFRPQNDIDPSVNVQQLSCKPHVQPFVGRIGGNQGIVLDRADPDNAEYL
RKVPDAAPLMSARDAFNVRGFTDLDLWRFAVVECVGTMMLAFITAWAAATP
ANVAPPTPSTPAGIFATTAFLGPLVGAVTNWLLLTLFIFSFSSVSGSHLNPTITLA
TFFARLISLPRMVLYLCGQILGGALAGWILQSAFGSGQYSVGGCVVDTALVPV
REAFVLEFICSLTLIFLSFGVGLDPRQVRVYGAALSPWLVGMVLGAVSLGSAY
TREGYGGASLNPARCFGVYVGSSFPGYHWIHWVAPIAAAIGHGLVYYLVPPW
KA

>XP002149425|[ Penicillium marneffei|
MEPRSPPPDNEMGDTKIALPGRYESPITGALPAVQPFAGRIGGNQSLVLDRNDP
KNSDYLKAVPDAAPFMRISEALDLRGFLDLNLWKFAIVEGVASFLLIFITGWIAI
QPKPTSSSSASTAASSAGVFGTASFLGPLVGGITNWFFLTLFIYCFAPVSGGHIN
PTITLATFFARLISFPRMVLYLIGQTAGGALAGLVLKDVYGSSDFAVGGCLVET
NLVEVRQALVLEFMCTLILIFLAFGVALNPRQERIYGPALAPWLVGLALGLLS
WGSGYEKPGYAGASMNPARCFGVYVGSGFPGYHWIHWVGVICATLGHGVFY
QLLPPWISEKAK

>XP002484748|[ Talaromyces stipitatus|
MELHTLPPDHEKGETKFLRFRSWSTPLTGVHPAVQPFAGRIGGNQALVLDRND
PKNTEYLKAVPDAAPFMRVSEALDLRGFLDWNLWKFAIVEGVASFLLIFITGW
IAIRPRPASSTSSSTEPTAAGVFGTSTFLGPLIGGITNWLFLTLFIYSFAPISGGHIN
PTITLATFFARLISLPRMTLYLMGQTGGGALAGLVLHNLFGSSNFVVGGCFIET
NLVEVRQALLLEFMCTLTLVFIAFGVALNPRQERIFGPALAPWLVGLTLGLLS
WSSSYEKPGYAGASMNPARCFGVYVGSGFPGYHWIHWVGVFCATLGHGLFY
QLLPPWTTDKK

>XP002562918|[ Penicillium chrysogenum]
MASFLPQTHEQPRPLEGQNGGIRRRFQVESTPFAGRIGANQEFSVSPLEEAELL
RKTPDAAPLVPWSQMICPNQFIQLNIWKAAFVEGVVTCLLVYFTCFLAVGLGK
MAGHLATGPVVPSLIGGLLNTLTLPLFIFAAGPVSGGHVNPTITMATFFARLSTF
PRSILYISFQLLGATVAGYLLRGSFDTRSFVIPGCVIDTSVVSVGSAFTIEVTTDF
MLIFLSFSVGLDPRQREVFGPALGPVFVGIILGITSFGTGYSQVGYTGFGGNPAR
CFGAMVGSHFTSYHWIHWLGPIVASILHGIMY YFIPPYQYCV

>Trivel|42995|[Trichoderma virens)

MAPLLPHANFWTSRHDAEALPSPTNVIPFAGRIGANQEFSLEKNNCTQIELLQK
FPDAAPWIPLRDSLSLRPLLEAVLWKAAVVEAIGPIYILLRFAFDSELNISSVFAS
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GALVPSLLGGLTAILILPLFIFATGPVSGAHLNPAITFATFFARLATLPRCILYVG
FQTFGGAMAGLLLRASFDTRSFSVPGCYFDSTIVSTGSAFAIEFITDFALIFLSFG
VGLDPRQRSVFGPALGPIFVGLVLGMCTFVTGFSRVGYTGFSGNPARCFGAMV
GSHFAPYHWIYWVAPLSASAIHGMVYYLVPPYSRTRASCVSGGT

>EGX52763|[Arthrobotrys oligospora]
MSVAIEANPKRDEGAGEKMETTRHRTIRHSKSVPEPLRAAHIHTTPFAARLGG
NQEFVLDRADPKNAAVLEDIPDAATHMTVKQALDLRGFRQAILWKAAAVEG
VGTMLLVYATDWSTLSPAAYPPPPDPASESGVFSTASFLGPLVGGVTSAIFIAM
YIFCFGAVTGGHLNPLITIATFFTRLTSLPRAILYVSFQIIGASLAGLLIRASYDSR
EFKVGGCWLNPAEISVSSAFTNEFSASLVVLFMAFGVGLDPRQRQIFGPSLGPIF
VGLAVGTTAFSMAFTRPGYGGAAMNPARCFGAYVGSSFPTWHWIHWVATIA
ASVFHGIVYYMVPPWGGFAGKHERQLVSDEEK

>EGX93694|[ Cordyceps militaris]
MKATSHPSQARDLEGDARPGATQVDISPFIGRLGGSGTGCLSRDTANEELLKA
LPDAAPLMSLSDQFALRPFLTLGLWKAAVIEGVGSLMLVWVTVFANGSPLVL
PSAPTERWGVFNNATFVGPLVGGVLNFFYISLFIFCFGGVTGAHLNPAITIATLF
ARLCSLPRAVLYVGFQTGGAAVGGLLARVARGSREFKTGGCWLFSDIVPVQD
AFAIEFMACLIMLFFAFGTGLDPRQRETVGPTLGPFLVGLSVAGLTFGTGFARY
GYGGAGLNPARCFGAYVGSHFPGFHWIHWYTPPMMASAYQRWLTYTGWPTS
QLARFTLAFTIWRRRGKVGCSSPTVFLVLPILK

>EGU75229|[Fusarium oxysporum]
MAPSSEILASAQPDPDFLQILKSSSPPPLPTNVDIPTLRATSNKHKNEARDALGG
PPPNLTERDIEIPVRDGSSILAYVYSPSDVVPGDELPIFLFFHGGGFCLGTRHDD
MESNRILALKAGIIIVCLDYRLAPECPFPQAIHDGVDALQWIAQNPTQLHPSASP
SAGLIIGGTSAGANIANGVVYLNRDLGSSAKVTGQFLGVGPLLPPPFVPEKYKD
DYVSHEQNKHVTIPPEELARAFVAAYKPDPNSPIAVPAVHPSGHSGIPPTYFQV
CGLDGLRDESIYERILQHDNIPTRLDLYPGLPHHFWEFFPQLTKQVEKRTNDT
VEGIKCCNSEFGFSYGNFRRKDNLRKGRHSEYPLFPTDLLISTGIHLNLVESPFL
ANRRKARDSGDVEARPSSEPSGPHYQSYSQPFAGRLGANQAYVVEGGTSEDD
HLLHHAPDATPHMSFWELMDMRPIKNLDLWKAALIEGIGTLLFVYITIWVNISP
DIAPAAPTQRFGSFDNAAFLGPLIGGMTNLIFITLFITSFGAISGAHFNPLITFATF
CARLCSLPRLILYVAAQIGGGALAGLLVRASWGGRDFKVGGCWLFTDIVPPKE
IFVVELVSATLLLFLAFGVGLDPRQAKIIGPALGPFMVGLSVGTMSFASAFARY
GYGGAGLNPARCMGAFVGSRFPSWHWIHWVADGIACIIHGVCYYFIPPWTEV

RQ

>XP003042844|[Nectria haematococca]
MRMAGPVSQTTSYNGDVESRPPVELDSPEPTAPRYRSYSHPFAGRLGANQAFT
IDRRTSADEKFLEKEPDATPHMSFRELLDCRPILSPYLWKAALIEGMGTLMQA
YITIWIGISPPRLPTPPTAQLGNFDNAAFIGPLIGGITNIFFISLFISCFGPVSGAHFN
PLITFATFCARLCSLPRLILY VSAQIGGGALAGLLVRASYGTREFKVGGCWLDP
DIVPIREVFVVELIAATILLFLAFGLGLDPRQAQIVGPTLAPFLVGLASGTLAFST
GFTRYGYGGAGLNPARCMGAFVGTRFPTWHWIHWVGDGIACIIHGLVYYFVP
PWTKEN

>EGUS83709|[ Fusarium oxysporum]
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MRLESPAHQMSSYDGDVESRRPVELASSPERIIPRYRSSSHPFAGRVGANQAFT

VEGRTSEDGKLLEREPDATPHMPFRELMDLRPITNIHLWKTALIEGIGSLLLVYT
TTWASLSSAEVPAKPNVQLGSFNNAAFVPPLIGGITSFIFLSLFIVSFGAVTGAHF
NPLITFATFCARLCSLPRLILYISAQIGGSVLAGLLVRASFGSRDFKAGGCWLYV
DVIPAREAFVVELVSTTVLLFLAFGLGLDPRQAQVVGPTLAPFLVGLSFGTLAF

ATSYTRYGYGGPSFNPARCMGVFVGSRFPSWHWIHWAADGIACIIHGICYYFV
PPWVKRTD

>Clagr2|89221|[Cladonia grayi]
MEERLSPGQVANFAGSLVVNNLDVAPKAIVTRGNRGKAAVWAVYFTDGWD
DIGIWKSALVEMMATTCLCYTSGLIDTTIGNFGTAQSAAYAAVSSIFLLSLFILA
IAPGSGGHINPLITFATMITGLTGFSRGILYMTGQTIGAALAGGTLRGSFGAERA
TQWQGGGCFREPGTVTAGQALLIETMCCFVLLVLAFGVALDPRQQMLMGPVF
GPIAVGSSLGLVVFASGGLVPGYSGAGANPARCFAFAVARRNFKDQWIWWLG
PFCGSWLLAISYHIAPPYHSSSPP

>EFY92789|[Metarhizium acridum]
MPSYQSSRNSEHDPSPAAPNAYTRLRSVTKPHFCAPLPPPSYLGIAACKMSKRA
APSSPPPQSVMPSAPQTPDRVSEESKPTLERGMSVAAFDGSFAPLVRPTVRREK
PWYKDRDYFLAGWLSPAIWRAAVVEAIATSCLAYASLLAASTLVSYNTPRIGG
YIGIFNTILLAILIY ATSPASGGHMNPMITFSAILAGICPVPRGVLYLCAQLLGAS
LAGGILTGVWGEEKAAGIHGGGCFFTPSVTSAGQVFLNEAAASFVVLYLAYG
VGLDPRQAILFGPRLGPLLVGASLGLVSFASSGIAEGYGGAQANPARCFAAAIA
RKDMSYQWIWWFGPAAAAVLLAVFYNAIPPHHTDNQQPKERQHQSN

>EGR49911|[Trichoderma reesei]
MDLAAFDGSFAPAVRPREVRLAPWYRSRDYFVGQWLDVSVWKSAVVEMVA
TSCLVFLSGQITATIEGYGTPQVGGYIGISNIILLSTFIYATAPASGGHLNPMITFS
AILTGLCSVPRGILYMSAQTLGGALAGGLLLGVWGHERATSLQGGGCWYDPS
QASPGQVYLNEVFSSFVLLFLSFGVGLDPRQAALFGPRMGPLLVGASLGLVTF
SSSGIIPGYAGAQMNPSRCLAFGIARRNMSYQWVWWFGPAVGGLIEALLYNLI
PPHHTELVKKQGIGNDPDTMVGHTDIPTV

>TriviGv29 8 2|201141|[Trichoderma virens]
MESLQEKTLPAGNESTGARDQSAASTPRTATAKMDLAAFDGSFAPGVRPHAV
RLTPWYRSRDYYIGQWLDLSVWKSAVVEFIATCCMVFLSGQITATLESYGTPQ
VGGYIGISNILLSTFIYATAPASGGHLNPMISFSAILTGLCSVPRGILYMCGQTL
GGALAGGILLGVWGPERATSLKGGGCWYDPSQANPGQIYLNEVFASFVLLFLS
FGVGLDPRQAALFGPRMGPLLVGASLGLVSFSTSGIIPGYAGAQMNPSRCLAF
GIARQNMALDLVVWAGGGRSHDGRPIQSDPASSYGAVEAKEQRVPFKLDSW
AHRDTYGLRGRVHIRQSEREGRDTESNERALGMASIATVAGKRKKDGLMVNE
MRQARQPIETDCPAHRSRDSTHYLLRDARVQLGCYGAITPSEANETSSSRGDCI
GTAVGRAMEDTQRGERAKLPMPDQTLIQPRIQDIQVARAAARRKAALVFVHL
STTLLAITALFIAGTLAVPASSYPPPPPEYGDGHKGDVGYGGDHGGDHGKDHG
KDHGGHYPGDPNYPPPPPPGYHNGGSDKPPTDGDGYPSDGGDDGDDSDGGG
HGGDRENDPSDLCPTLLYSNPQCCSASVLNIADLDCEPPRKRPSRKHDFKQICA
AQGSDAKCCVLPLLGLGILCTDAIV

>EHK42605|[ Trichoderma atroviride]
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MEPLQEKPLPADRERGTTQARAASSAVSLSNSSTPAATHKMDLAAFDGSFAPL
VRPQAVRLTPWYRRRDYFVGQWFEPALWRSAVVELIATCCQVFVSGQIVATIS
TYGTPQLGAYIGISNLVLIATFIYAVAPASGGHMNPTITFAAVLTGLCSVPRGLL
YLVGQTAGGALGGGILLGIWGKERAIAVRGGGCWYDPSQANPGQIYLNETFA
SFVLLFLAFGVGLDPRQAALFGPRMGPALVGASLGLVSFSTSGIIPGYAGAQM
NPAKCFGNGIARMDLSYQWIYWFGPAVAGIMMGILYNLIPPHHAELCKRKSRE
MSREMTSDSMAERAEASVIASA

>TmeAQP2|GSTUMTO00004612001|[ Tuber melanosporum]
MANHGDSMEEVFPRNSYFDIGTNRRGSNADFRLSAFAGRIGGNQRFTISRFDPE
FQQIKKDRPDATTEGTWAELCDLRGLGKIEIWKSGFIEFWASLLMTFTTGAAAI
SLAKYGSAYSPVTLAAAGGMSILLTLPLFIHAAGPASGGHINSMITIATFTAKLA
ALPRTIVYVFLQSLGGVAGGFLLRAGLGEANTAVVPGCYWAPNAGITDLQAF
LIEFSSCCIVLFIAFGVGLDPRQRDIFGPALGPILIGLAIGIISFITGIMRTGYAGAS
MNPTRCLGLVAATQTFRGHWVTWAGGIAAACVNGLFYIVVPPYHAELPEDEE
RGDKRE

>JQ412059|[ Glomus intraradices]
MLDAEQKKNYVAGAFGEFVGTAYFLFMGVGGAVNFLNNAAGSPLPGFAIPFC
FGFSLFVNVFIWAPISGGVFNPSITIALMATNPKDFPWYRGILYIVSQFLGALFG
SWLIDLIQPEAPNAATLLADGVSVAQGLFMEMFATSVLTMAVLILAGERYGK
YLAPFGIGMSLFISALCAGPYTGASLNPARTLGPAIVANQYGRAHWIYYVGPTL
GSLLAAGYWHILRILNIDVVDLKNVLNKCKKCGKEDPRISLKHCEECLKDDPK
PEKYDIESQN

>JQ412060|[ Glomus intraradices]
MADERGPINKSGPSSTYGATENNGESGGTRGAPATEDVIVIQDSGWY YIKFRF
KEPFAEFLGTFILVAFGVGAIAQTVLSKGATGNWITIALGFGLGLALGIAVSGH
YSGGHLNPAVTITLAIYRKFPWVKVPVYITAQVLGAFVAAAVIYLNYLPAIYNF
AGDKRDVIGANATAGIFATYPQPFMSIGGAFFSEALGTFFLLFVILAMTDERNV
PTTRIVAPITIGLTLTAIAISLGFETGFSLNAARDFGPRLFTFFIGYGVEVFTAYKF
YFWIPLVAPIVGGLVAGFVYDSLLYWGEKSFLNKNVHHEHRAVA

>JQ585592|[Laccaria bicolor]
MHPQVASLFDNVYEDLAAATLEFIGTAFFLLFGLGGIQASTAEDTASSQPPASG
IEHVLYISTCMGFSLVVSAWLFFRVTGGLFNPNISFALLLVGGLKPLRFVLFCIA
QLTGAIAGAAIVRGLTSAPLSVNNVLQQGTSAAQGVFIEMFITAALVLSVLML
AAEKHEATPFAPVGIGLTLFACHLFAVYYTGAAMNSARAFGPAVISGFPEPQH
WVYWVGPFLGSLLGAGFYATLKHYKYWRLNPDQATSDYRKSPSDPVALLKS
TAETFINVGDEETRNGCASNEEGVRATGDEKSSNATSSRTNFSPV

>JQ585593|[Laccaria bicolor]
MSATPIIHLRDVKKRTGVLNAWERVRNKPQVHWAMECFAEALGVFFYVYFG
LGSTAAWVIGNILKQSGLSSVFQIGFAYAFGILFAIGVCAATSGGHFNPCVTIAF
TIFRGFPPLKAVRYIVAQILGAYIASALVYNQWKVLIVESELLLKQAGVYETTM
FTPNGPAGIFALYLLPGAQTLPRAFLNEFVNCFVLALVIWAALDPTSFMIPPVM
APFITAAAYAGSIWGYAVPAISLNSARDIGCRLFALTIWGKSAAGGSYSAIAAL
VNIPATLLAAVVYELFLVDSDRVVAGSHLEFMNVAANHRRHRQQAEDDNLV
EADDSSQEKPV
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>JQ585594|[Laccaria bicolor]
MAEFVGVALLVIFGAGAACQVILSTNPGVSPSERGSFLSINFGWAIGIATGAWV
STGMSEGHINPAITIGMATYRGFPWREVPGYIFGQVLGGFVGAALVYANYFHA
IDIFEGGHRTQATASLFATFALPYMTQASCFFSEFLATAVLFIVFLALNDKHNG
ALTNGLLPFALFILFIGLGASLGMQTGYAVNPARDFGPRLFLAMAGYGKAVFN
YRRQYWIWAPIIAPILGAQAGGLLYDTFIYNGDDSPIKWR

>JQ585595|[Laccaria bicolor]
MDDKFDDDALPNSKTTAKDYEDKLPEYDYTTTFPNTWMRLREPFREYFAEFV
GVAVLIIFGVGADCQVVLSANTGVASSPKGSYLSLNCGWAIGTAMGVWISGGI
SGGHINPAVTLAMATWRGFPWWKVPGFIFAQLLGGIVGAGLVYVNYIHAIDIV
EGGRHIRTLDTAGLFATYAADYMTNLSCFFSEFLATAVLIIVIHAMNDKRNTPP
PAGIVPFVLFFLILGIGASLGMETGYAINPARDLGPRMLTAMVGYGRQVFAFR
NQYWIWCPVLAPFLGAQVGTIFYDLFFYKGQDNVFGRLGSHIHISPA

>JQ585596|[Laccaria bicolor]
MSGQHQITEQPSGNPLSRTSTLIQEKPLTPTSSHAETQKHLEAPRQSSFLIQLQDI
RHAIRMPMAEFFGVALLIIFGAGSACQVVLSTNPNVASSDRGSFLSINLGWAIGI
AMGAWVSGGISGGHINPAITIAMATYRGFPWRRVPSYIFAQVLGGVVGAALV
YANYIHAIDIFEGGRHVRTQATASLFATYALPYMTQVSCFFSEFLATAVLSMM
VLALTDNRNGAPTNGLLPFALFVLFIGLGASLGMETAYALNPARDFGPRLFLA
MSGYGKALFNYRSQYWLWAPHAPVLGAQAGGLLYDTFLYDGDNSPIKWRRA
SSQECQLAEVV

>JQ585597|[Laccaria bicolor]
MSGQHQITEQPSGNPLSRTSTLIQEKPLTPTSSHAGTQKQPEAPRQPTFLIQLQNI
RHAIRKPMAEFFGVALLIIFGAGSACQVVLSTNPDVASSARGSFLSINFGWAIGI
AMGVWVSGGISGGHINPAITIAMATYRGFPWCKVPSYILAQVLGGVVGAALV
YANYIHAIDVFEGGHHIRTEATASLFATYALPYMTQASCFFSEFLATAVLSMM
VFALTDKRNHSPTNGLLPFALFILFVGLGASLGMETAYALNPARDFGPRLFLA
MAGYGKALFNYRSQYWLWAPIIAPVLGAQAGGLLYDTFLNDGDNSPIKWRC
ASSQEQQLAEVV

Bacterial MIPs

>AqpZ|[Escherichia coli]
MFRKLAAECFGTFWLVFGGCGSAVLAAGFPELGIGFAGVALAFGLTVLTMAF
AVGHISGGHFNPAVTIGLWAGGRFPAKEVVGYVIAQVVGGIVAAALLYLIASG
KTGFDAAASGFASNGYGEHSPGGYSMLSALVVELVLSAGFLLVIHGATDKFAP
AGFAPIAIGLALTLIHLISIPVTNTSVNPARSTAVAIFQGGWALEQLWFFWVVPI
VGGIIGGLIYRTLLEKRD

>GlpF|[Escherichia coli]
MSQTSTLKGQCIAEFLGTGLLIFFGVGCVAALKVAGASFGQWEISVIWGLGVA
MAIYLTAGVSGAHLNPAVTIALWLFACFDKRKVIPFIVSQVAGAFCAAALVYG
LYYNLFFDFEQTHHIVRGSVESVDLAGTFSTYPNPHINFVQAFAVEMVITAILM
GLILALTDDGNGVPRGPLAPLLIGLLIAVIGASMGPLTGFAMNPARDFGPKVFA
WLAGWGNVAFTGGRDIPYFLVPLFGPIVGAIVGAFAYRKLIGRHLPCDICVVEE
KETTTPSEQKASL

Animal MIP
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>AQP1|[Mus musculus]
MASEIKKKLFWRAVVAEFLAMTLFVFISIGSALGFENYPLERNQTLVQDNVKVS
LAFGLSIATLAQSVGHISGAHLNPAVTLGLLLSCQISILRAVMYITAQCVGAIVA
TAILSGITSSLVDNSLGRNDLAHGVNSGQGLGIEIIGTLQLVLCVLATTDRRRRD
LGGSAPLAIGLSVALGHLLAIDYTGCGINPARSFGSAVLTRNFSNHWIFWVGPF
IGGALAVLIYDFILAPRSSDFTDRMKVWTSGQVEEYDLDADDINSRVEMKPK

306



APPENDIX 2 CLUSTAL W 2.1 multiple sequence alignment shows
conservation and variation of aligned amino acid residues between

five mycorrhizal fungal MIPs in Cluster L, I1, III and IV

Note A2.1. CLUSTAL W 2.1 multiple sequence alignment shows conservation and
variation of aligned amino acid residues between the mycorrhizal fungal MIPs in
Cluster I of the orthodox fungal water channels. The similarity score between
putative TmeAQP1 of Ascomycota ECM Tuber melanosporum and functionally
characterized JF491353 of Ascomycota ECM Terfezia claveryi is 0.45, higher than the
one between TmeAQP1 and Lacbi2:456764 which is 0.36, and 80 residues are
completely conserved among these 3 aquaporins in Cluster I. The consensus symbol
asterisk “*” indicates positions which have a single, fully conserved residue among the
aligned sequences. The symbol colon “:” indicates conservation between groups of
strongly similar properties - scoring > 0.5 in the Gonnet PAM 250 matrix, and the
period “.” indicates conservation between groups of weakly similar properties - scoring
<0.5. Colors indicate physicochemical properties of the residues. AVFPMILW are
coded RED for small + hydrophobic (including aromatic -Y). DE are coded BLUE for
acidic. RK are coded MAGENTA for basic-H. STYHCNGQ are coded GREEN for
Hydroxyl + sulthydryl + amine + G. Others are coded Grey for Unusual amino/imino
acids, etc (Larkin et al. 2007).

JF491353|[T.claveryi]l == —————— MSSAFGTKESDNEAVTARG---WRQSVGKNYAIAAVGEFL 37
TmeAQP1| [T.melanosporum] MAGHKSGTTSRTAPLEGADSENASLNVGSRVPLKQNIPRDYALAVFGEFL 50
Lacbi2|456764| [L.bicolor] ——————-—-- MHPQVAS—-—=-—=——-—=————-— LFDNVYEDLAAATL-EFI 24
. . * * * Kk .
JF491353 | [T.claveryi] GTFLFLFFAFAGTQCAKLAFDPLKKEQGLAEDAIPTVGFLLYVALAFGFES 87
TmeAQP1| [T.melanosporum] GTFLFLFFAFGGTQAVKINHSGSGTLPKDPTSAIPSPDLLLYVSICFGFA 100
Lacbi2 456764 | [L.bicolor] GTAFFLLFGLGGIQASTAEDTASGQPP————-—-— ASGIEHVLYISTCMGLS 68
KA pRRLR L oR R . HE O
JF491353 | [T.claveryi] LAVNVWIFYRISGGIFNPAVTLGVVLLGAMPPLKGVFLVAAQFTGGIFAA 137
TmeAQP1| [T.melanosporum] LTVNVWVEFYRVTGALENPAITFGCVLVGGVPPLKGALIGIAQLVGGIAAS 150
Lacbi2 456764 | [L.bicolor] LVVSAWLFFRVTGGLENPNISFALLLVGGLKPLRFVLFCIAQLTGAIAGA 118
)<_)<__)<:)<:)<::)<_:)<)<)< IR :)<:)<_: )<)<: L )<)<:_)<_)< .
JF491353| [T.claveryi] GMVELLLPGNLSVNTGLGGGINTAQGLFLEAFLTFELTLTIYMLAVEKHR 187
TmeAQP1 | [T.melanosporum] GLVEGLTPGQLAVGTALAKDVSIVQGLFIEVFLTAQLMITIFLVG-NLHR 199
Lacbi2 456764 | [L.bicolor] AIVRGLTSAPLSVNNVLQQGTSAAQGVFIEMFITAALVLSVLMLAAEKHE 168
:)<_)< .. )<:)<__)< . . _)<)<:)<:)< )<:)< * s T, -)<_
JF491353| [T.claveryi] ATFMAPIGIGLALFIAHLCGIFFTGSSLNPARSFGPAVITRDFPTYHWIY 237
TmeAQP1| [T.melanosporum] ATFIAPLGIGFSFFITQLFGVYFTGGSLNPARSLGPAVVTGDFPGYHWIY 249
Lacbi2 456764 | [L.bicolor] ATPFAPVGIGLTLFACHLFAVYYTGAAMNSARAFGPAVISGFPEPQHWVY 218
* % :AA:AAA:::A :A .:::AA.::A.AA::AAAA:: AA:A
JF491353| [T.claveryi] WVGPCLGSVAATGFYKLLLLLEYKTANPGQDF-———=———— DGLHHTGTGE 279
TmeAQP1| [T.melanosporum] WVGPGLGAALGAAVYKFLLLVNYKTLNPGQDD-————-——— DGLAVVRCEV 291
Lacbi2 456764 | [L.bicolor] 268

JF491353 | [T.claveryi]
TmeAQP1| [T.melanosporum]
Lacbi2 456764 | [L.bicolor]

WVGPFLGSLLGAGFYATLKHYKYWHLNPDQATSDYRKSPSDPVALLKSTA

kkkKk Kk . * * -k * Kk K *

EHSHASNSVSG--GTMSRDEIQAIKGS-ESV-—-—-—-———————-— 307
GRGGRSGETYDESQVVSGPSGIVPKGSDENV-—————-——-———— 322
ETFINVGDEETRNGCASNEEGVRATGDEKSSNATSSRTNEFSPV 311

* *
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Note A2.2. CLUSTAL W 2.1 multiple sequence alignment shows conservation and
variation of aligned amino acid residues among 23 fungal aquaglyceroporins in
Cluster II. Fifty-three positions are well conserved among the aligned sequences,

including 11 completely aligned consensus residues. Lacbi2:671860 in L. bicolor strain
S238N and JQ585593 in strain UAMHS8232 are 98% identical, with only 5 residue

differentiation at underlined positions. The consensus symbol asterisk

6‘*”

indicates

positions which have a single, fully conserved residue among the aligned sequences.

(T3 H]

The symbol colon “:

indicates conservation between groups of strongly similar

properties - scoring > 0.5 in the Gonnet PAM 250 matrix, and the period “.” indicates
conservation between groups of weakly similar properties - scoring < 0.5. Colors
indicate physicochemical properties of the residues. AVFPMILW are coded RED for
small+ hydrophobic (including aromatic -Y). DE are coded BLUE for acidic. RK are
coded MAGENTA for basic-H. STYHCNGQ are coded GREEN for Hydroxyl +
sulthydryl + amine + G. Others are coded Grey for Unusual amino/imino acids, etc

(Larkin et al. 2007).

Lacbi2|671860]| [L.bicolor]
JQ585593 | [L.bicolor]

Lacbi2 482072 | [L.bicolor]
Pospll|127849| [P.placental
Wolcol|121322]| [W.cocos]
Travel|113714|[T.versicolor]
Travel|43473| [T.versicolor]
Phchr|123853| [P.chrysosporium]
Sporol|24618]| [S.roseus]
XP758316| [U.maydis]
Mycfi2|165933| [M.fijiensis]
Mycfil 27060 [M.fijiensis]
Xanpal|68791| [X.parietinal
Mycgrl|39363| [M.graminicola]
Thite2]2114473| [T.terrestris]
Trivel|66182]| [T.virens]
XP369584 | [M.oryzae]

Kwal20572| [K.waltii]
XP002553728 | [L.thermotolerans]
CAA38096| [S.cerevisiae]

AAQ01788| [K.lactis]
AAS47031| [K.marxianus]
NP983336| [A.gossypii]

Lacbi2| 671860 [L.bicolor]
JQ585593 | [L.bicolor]

Lacbi2 482072 | [L.bicolor]
Pospll|127849| [P.placental
Wolcol|121322]| [W.cocos]
Travel|113714| [T.versicolor]
Travel |43473| [T.versicolor]
Phchr|123853| [P.chrysosporium]
Sporol|24618]| [S.roseus]
XP758316| [U.maydis]

Mycfi2 165933 | [M.fijiensis]
Mycfil|27060| [M.fijiensis]
Xanpal|68791| [X.parietinal
Mycgrl|39363| [M.graminicola]
Thite2]2114473|[T.terrestris]
Trivel|66182]| [T.virens]
XP369584 | [M.oryzae]

Kwal20572| [K.waltii]
XP002553728]| [L.thermotolerans]
CAA38096| [S.cerevisiae]

AAQ01788| [K.lactis]
AAS47031 ] [K.marxianus]
NP983336| [A.gossypii]

7777777777777777777777777 MS--KKSLTD--------SQDGSQR
7777777777777777777777777 MS--KKSLPD--------SQDGNQR
————————————————————————— MSNPQKALNDFLSSESVHTHDSSRK
————————————————————————— MSQTAQYEPVKDAG-----ISNGDW
7777777777777777777777777 MSENTQYDNTRDSGGQS PVNNNNAW
———————————————————————————————————————————— MSGKHK

SLLFSGLVPADISSQKFSPPTSTPRAQFWYKKTIGTDSEPWSELGSSQFA
———————————————— MSQAATTP-—————=—=—————————————————
KPQE———————————————————— YMNDYLAEAENTSNVSQDQQ---DSE
KPQE———————————————————— YMNDFLSDAESGSNVSHDQONGGDGG
QSNKQSSDEGRSSSQPSHHHSGGTNNNNNNNNNNNNSNNNNNGNDGGNDD
QNDD————————————————— == FANVNHRYPTGSVDGNESRI SGEGGY
QESG-———==-————————————— FAHTRPRRYTTRSSVSE-RQSGLSGL
TEQG-————--—————==——--—— FAQD-————==-———————————— L
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Lacbi2|671860| [L.bicolor]
JQ585593| [L.bicolor]
Lacbi2|482072| [L.bicolor]
Pospll|127849| [P.placental
Wolcol|121322]| [W.cocos]
Travel|113714|[T.versicolor]
Travel|43473| [T.versicolor]
Phchr|123853| [P.chrysosporium]
Sporol|24618]| [S.roseus]
XP758316| [U.maydis]
Mycfi2|165933| [M.fijiensis]
Mycfil|27060]| [M.fijiensis]
Xanpal|68791| [X.parietinal
Mycgrl|39363| [M.graminicola]
Thite2]2114473|[T.terrestris]
Trivel|66182]| [T.virens]
XP369584 | [M.oryzae]

Kwal20572| [K.waltii]
XP002553728| [L.thermotolerans]
CAA38096| [S.cerevisiae]

AAQO01788]| [K.lactis]
AAS47031] [K.marxianus]
NP983336| [A.gossypii]

Lacbi2|671860]| [L.bicolor]
JQO585593 | [L.bicolor]
Lacbi2]482072| [L.bicolor]
Pospll|127849| [P.placenta]
Wolcol|121322]| [W.cocos]
Travel|113714 | [T.versicolor]
Travel |43473| [T.versicolor]
Phchr|123853]| [P.chrysosporium]
Sporol|24618]| [S.roseus]
XP758316] [U.maydis]

Mycfi2 165933 | [M.fijiensis]
Mycfil 27060 [M.fijiensis]
Xanpal|68791| [X.parietinal
Mycgrl|39363| [M.graminicola]
Thite2|2114473 ]| [T.terrestris]
Trivel|66182| [T.virens]
XP369584 | [M.oryzae]

Kwal20572| [K.waltii]
XP002553728| [L.thermotolerans]
CAA38096| [S.cerevisiae]

AAQ01788] [K.lactis]
AAS47031] [K.marxianus]
NP983336| [A.gossypii]

Lacbi2 | 671860 | [L.bicolor]
JQO585593 | [L.bicolor]

Lacbi2 482072 | [L.bicolor]
Pospll|127849| [P.placenta]
Wolcol|121322 ]| [W.cocos]
Travel|113714 | [T.versicolor]
Travel|43473| [T.versicolor]
Phchr 123853 | [P.chrysosporium]
Sporol|24618]| [S.roseus]
XP758316] [U.maydis]

Mycfi2 165933 | [M.fijiensis]
Mycfil 27060 [M.fijiensis]
Xanpall| 68791 [X.parietina]
Mycgrl|39363| [M.graminicola]
Thite2|2114473|[T.terrestris]
Trivel|66182| [T.virens]
XP369584 | [M.oryzae]

Kwal20572| [K.waltii]
XP002553728| [L.thermotolerans]
CAA38096| [S.cerevisiae]

AAQO01788] [K.lactis]
AAS47031] [K.marxianus]
NP983336| [A.gossypii]

EHYVPSRDFAPQHRIS-ASASYRPR---GNSNSGYAVQQVIPNTHMGMGR
EHYIPSRDFAPQHRIS-ASASYVPRNGEGGGGSNYAVQQVVPNTHIPMSR
DYDYEMQODYRPSPQSARPTPTYVPQYS-VESGTAFPIQEVIPSAYINTQD
DDDNDSADDGATVPVTAYVQQYLDE---——-— GSYFPVQEVVPNTSLNMNN
EEEDSDIDXSDNVPVTAYVQQYLDE-————-— GSYFPVQEVVPNTSLNMNM
EQQGPPHHGHRSEYVTG---EFVES———-—--— GAPFVMQEVVANSGAVVSN

SREMLTRFPNRNRVPATDGGQQFIDSGSFPLSLPDRDLFLDHALPTDSET
————————————————— DGN--=-=====—=--———-———————-SASSHH
SGSGTS-SGG--——--——- HSTSYRNRAQSGVSSNHMNLRSVHSTTNSTQ
SNSGNNGSGGGGGGGGGSGHSTGYRNRAQSGVSSNYMNMRSVQSNSGSAQ
INHKDNGPPS---—--- ASSNRAFRPRGQTTVSANVLNIEDFYKNADDAH
YRRIRSNTVT----—---— SNVMPPRPTEG--PGSVMSRSTTGPNONSQ-
YRRKRGNTVT-—==--—=~~ SNVIASRPMEANYTGSVSSPDPALONQONNEG
LRQQE-—===—====—===——-~ LAN-=--—==--——~ ARAKPHGEHVNER-
—————————————————————————————————————————————— MHAV
——————————————————————————————————————————— MTAAAGT
FLRSSFSSSPSFLPISLFSSTLRNFFTAMOAQRDHLNRNAGDVEVGVADL
FQR= == === == mmm e AHRKNGELELGVTEV
—————————————————————————————————— MSDNSHMERLQTLDLE
———————————————————————————————————————— MERLOTLDLE
——————————————————————————————————— MAGDEMHRLQTHDLE
—————————————————————————————————— MADGSRIERLHTHDLE
—————————————————————————————————— MAPTEQLNRLHTHDLE
——————————————————————————————— MSFTAAHKYPSPHDHHQVD
DVHQPEAS === == === === === == —————m e DDPRENDVP
NVNQPEAS — === === == === === m———mm e ADPRDNDIP
TIPESHLSRRRSRSRATSNAGHSANTGATNGRTTGAQTNMESNESPRNVP
~=TAADPND-——————————————— o PSNVNGAVT
GVPANDPND-—————————————————m oo PNNVNNAIT
————— DYDD-=—========—===———— ==~ ——— [ MSAS -~~~
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Lacbi2|671860| [L.bicolor]
JQ585593 | [L.bicolor]

Lacbi2 482072 | [L.bicolor]
Pospll|127849] [P.placenta]
Wolcol|121322 ] [W.cocos]
Travel|113714|[T.versicolor]
Travel|43473| [T.versicolor]
Phchr|123853]| [P.chrysosporium]
Sporol|24618]| [S.roseus]
XP758316] [U.maydis]

Mycfi2 165933 | [M.fijiensis]
Mycfil|27060| [M.fijiensis]
Xanpal|68791| [X.parietinal
Mycgrl|39363| [M.graminicola]
Thite2|2114473|[T.terrestris]
Trivel|66182]| [T.virens]
XP369584 | [M.oryzael

Kwal20572| [K.waltii]
XP002553728 | [L.thermotolerans]
CAA38096| [S.cerevisiae]

AAQ01788| [K.lactis]
AAS47031 ] [K.marxianus]
NP983336| [A.gossypii]

Lacbi2|671860| [L.bicolor]
JQ585593 | [L.bicolor]

Lacbi2 482072 | [L.bicolor]
Pospll|127849] [P.placenta]
Wolcol|121322 ]| [W.cocos]
Travel|113714|[T.versicolor]
Travel|43473| [T.versicolor]
Phchr|123853]| [P.chrysosporium]
Sporol|24618]| [S.roseus]
XP758316| [U.maydis]
Mycfi2|165933| [M.fijiensis]
Mycfil|27060| [M.fijiensis]
Xanpal|68791| [X.parietinal
Mycgrl|39363| [M.graminicola]
Thite2|2114473| [T.terrestris]
Trivel|66182| [T.virens]
XP369584 | [M.oryzae]

Kwal20572| [K.waltii]
XP002553728]| [L.thermotolerans]
CAA38096| [S.cerevisiae]

AAQ01788| [K.lactis]
AAS47031] [K.marxianus]
NP983336| [A.gossypii]

Lacbi2 | 671860 ]| [L.bicolor]
JQ585593 | [L.bicolor]
Lacbi2|482072| [L.bicolor]
Pospll]127849] [P.placenta]
Wolcol|121322]| [W.cocos]
Travel|113714| [T.versicolor]
Travel|43473]| [T.versicolor]
Phchr|123853]| [P.chrysosporium]
Sporol|24618] [S.roseus]
XP758316| [U.maydis]
Mycfi2|165933| [M.fijiensis]
Mycfil 27060 [M.fijiensis]
Xanpal|68791| [X.parietinal
Mycgrl|39363| [M.graminicola]
Thite2|2114473|[T.terrestris]
Trivel|66182]| [T.virens]
XP369584 | [M.oryzae]

Kwal20572| [K.waltii]
XP002553728 | [L.thermotolerans]
CAA38096| [S.cerevisiae]

AAQ01788| [K.lactis]
AAS47031| [K.marxianus]
NP983336| [A.gossypii]

--MSATPIIHLRDVKKRTGVLNAWERVRNKPQVHWAMECFAEALGVFFYV
--MSATPIIHLRDVKKRTGVLNAWERVRNKPQVHWAMECFAEALGVFEFYV
--MSNAPLVHLSDLQKRLRVFAVWEKVRNDGKVHWAIECFAEMFGVFLYV
———————————————————— MANWERRR-HGHARWFVEFTAEAMGTFLYT
SVSSKSAVVHLSDIKRQPQIYARLERYR-RGNARYLIEFIAEATATFEFYT
————— MOHTAVYEVVPRPAVVAHWERRRNRRQVHWVVECIAEATGTFLYT
HHLROQREFVHLADIKPRSSGHIAWERRR-HRQAHWLVECLAEFMGVFEFYV
LRSNQVAEGTHQAAHLPAPPKWL--TTWERRRPPLLVECFAEFLGVGIYV
LOG-RTDVPSAQVAQSAGLSNWSGRVRLEQSMPKLVPALIAEFMGTMEFYC
LGATEAVVQHYARHVVATKPVSQRKLNFERSRPRWLRECMAEATGVFEFYV
LGATEAVVQHYARHVVATKPVSQRKLNFERSRPRWLRECMAEATGVFEFYV
IGATEAVQRHYSRHVVATKPVSQRKLDFEHSRPRWLRECMAEATGVEYYV
LGATEVLQKHVSRHVVAEKRVSQRKLDFERSRPRWLRECIAEATGVFEFFYV
——————————————————————————————————————— MAEATGVFFEYV
LGTTDAVQKHITRNVVPPRRVSQRRLDFEHRRPRWVRECIAEATGVEFMYV
QVVHSILDHHVENQLPPYPTISTRRLAFERHRPLWLRECIAEATGVEFFFEV
MMVKPKTLYONPQTPTVLPSTYHPINTWSTLKQTYLKEFLAEFMGTLVMM
LMVKPKTLYQONPQTPTVLPSTYHPINTWSTLKQTYLKEFLAEFMGTMVMI
IMVKPKTLYQONPQTPTVLPSTYHPINKWSSVKNTYLKEFLAEFMGTMVMI
MMVKPKTLYQNPQTPTVLPSTYYPINKWSSFKYQHMKEFFGEFLGTMIMM
MMVKPKTLYQNPQTPTVLPSTYYPINKWSSFKYQHMKEFFGEFLGTMIMM
MVVKPKPLHONPQTPTVLPSNYQPINAWSQFKATYLREFFAEFLGTMVLV

YFGLGSTAAWVIG-—===——===—=—==——— == NILKQSG----
YFGLGSTAAWVIG-———-———-————-———————————— NILKQSG----
YFGLGSTAGWVIG-———-———-————-———————————- NIIKETN----
FAGVGSTAGWVLG-——====—====—==——————————— NILGLPS----
FAGGGSTASYVFG--—===——===———————— e NLLGLPN----
FAGAGATAAYVLG--——=--——=——-——————————————— NILELPG----
YAGVGSTASYLLA-———-————————————————————— NTAQLNG----
——————————— MA=======—===—————————— =~ _NQPD----——-
FAGVGASATLLIT--—===——===——==——————————— TAAKESG----
LAGEMATAGVLVT--———-————-——————————————— TYAG-SP----
FPGIAAVASMVLN--———-———————————————————— KANPA-—----
FPGTAAVASMVILN-———==——== === ———m e KANPA-—-—---
FPGTAATASFTLN-———= === === ————— LENEAGVAA--
FPGIAAITAFTIN--———-———————————————————— KEDAA-—---—
LPGIASVANFTLS--———-————-——————————————— SASPTLVPLGV
LPGIGATASFTVN-———==——=—==————————— e ATNPVG----S
FAGLASTATFTLH--——==——===——==——————————— HATDKNS---V

FFGCTVVCQVRSG---QQQQRVTFLKQLAGS-TEVPDENKIAMLQYLMPV
FFGCTVVCQVRSG---QQQQRVTFLKELSAS-TQVPAENKIELLQYLMPV
IFGSAVVCQVNVAGKIQQODNFNVALDNLNVTGSSAETIDAMKSLTSLVSS
MEGTAVNCQRKLS---QONQINKFNQIIQLN---NMESDQIAMLQYLATP
MEGTAVVCQSKLS---EQDKINQFNQILAMN---HKSNDDISMLQYIATP
FFGDSVVVQTRMS---STARVTAFLGQLESN---GLSGSPVEYMRHLVTP

--LSSVFQIGFAYAFGILFAIGVCA--ATSGGHENPCVTIAFTIFR---G
--LSSVFQIGFAYAFGILFAIGVCA--ATSGGHENPCVTIAFTIFR---G
--LSSILQIGLAYAFGIWFAIGLCS--SSSGGHEFNPCVTLSEFVVFK---G
-—-ISSLFQIGVAYAIGIVLALTICL--PASKGHVNPAFTVYALVRG---H
--LGSLFQVGVAYAIGIVMALAVCL--PVSNGHANPAFTIYAVIHG---H
--LGSLLQIGIAYAVGIALALAVCL--PTSYGQFNPAITIHAAVFH---K
--LGSLFQIGTAYAFGILFALIVCA--PTSGGHFNPAMTIAFTLMG---R
—-——-AAVLQIGFAYAFGILFALITCG--STSGGHEFNPAVTICQVLYRGFPV
—-—FGSLFTVGFAYALGIAFAIVCTA--GTSGGHLSPAFTIAFCLFK---G
--QGNLTMIGFAYAFGITFAIIVCA--TTSGGQFHPAFTIAQVVFK---G
--YGSFFEVGWAFALGIAFAIITCA--PTSGGHFNPAITICFAVWQ---G
—-—YGSFFEVGWAFALGIAFAIITCA--PTSGGHENPAITICFAVWQ---G
—-—FGSLFQIGWAFAIGIAFAIITCA--PTSGGHENPAITICFAIWQ---G
--FGSLFSVGMAFAFGIAFAIITCG--PTSGGHFNPAVTISLAIYQ---G
ATFSSLFQIGWAFALGIAFAIITCA--PTSGGHEFNPAITLSLAIWQ---G
TAFGSLFSIGFAFALGIAFAIITCA--PTSGGHFSPAVTICLCIWQ---G
AGIGSIFQVGWGMGMGVALAIITCA--PTSGGHENPAITICLAIWQ---H
DITGTFDDIALIWGGAVVMGYFAAGGSALSGGHLNPALTLSNCVER---G
DQFGTYDDVALIWGGAVVMGYFAAGGSALSGGHMNPALTLSNCVER---G
VAGGTFDDVALGWAAAVVMGYFCAGGSAISGAHLNPSITLANLVYR---G
DVAGNFATVAFGWAAAVVMGYFAAGGSAISGAHLNPAITVSNEFVYR---G
NVAGNEVSIAFGWAGAVVMGYFAAGGSAISGAHLNPAITVSNEFIYR---G
DVAGSSISVNLCWASGVVMGYYAAGGPAITGAHMNPAVTLANYCFR---G

310

48
48
48
29
53
45
56

68
68
68
49
73
65
76

318
118
84
78
87
84
35

90

241
257
317
242
251
180

111
111
111
92

116
108
119
51

361
161l
127
121
130
127
80

131
135
288
304
364
289
298
227



Lacbi2|671860]| [L.bicolor]
JQ585593| [L.bicolor]
Lacbi2|482072| [L.bicolor]
Pospll|127849| [P.placental
Wolcol|121322| [W.cocos]
Travel|113714|[T.versicolor]
Travel|43473| [T.versicolor]
Phchr|123853| [P.chrysosporium]
Sporol|24618] [S.roseus]
XP758316| [U.maydis]
Mycfi2|165933| [M.fijiensis]
Mycfil|27060]| [M.fijiensis]
Xanpal|68791| [X.parietinal
Mycgrl|39363| [M.graminicola]
Thite2|2114473]| [T.terrestris]
Trivel|66182| [T.virens]
XP369584 | [M.oryzae]

Kwal20572| [K.waltii]
XP002553728| [L.thermotolerans]
CAA38096| [S.cerevisiae]

AAQO01788]| [K.lactis]
AAS47031| [K.marxianus]
NP983336| [A.gossypii]

Lacbi2|671860| [L.bicolor]
JQ585593| [L.bicolor]

Lacbi2 482072 | [L.bicolor]
Pospll|127849| [P.placenta]
Wolcol|121322 ]| [W.cocos]
Travel|113714 | [T.versicolor]
Travel|43473| [T.versicolor]
Phchr|123853]| [P.chrysosporium]
Sporol|24618] [S.roseus]
XP758316] [U.maydis]

Mycfi2 165933 | [M.fijiensis]
Mycfil|27060]| [M.fijiensis]
Xanpal|68791| [X.parietinal
Mycgrl|39363| [M.graminicola]
Thite2|2114473| [T.terrestris]
Trivel|66182| [T.virens]
XP369584 | [M.oryzae]

Kwal20572| [K.waltii]
XP002553728| [L.thermotolerans]
CAA38096| [S.cerevisiae]

AAQ01788] [K.lactis]
AAS47031] [K.marxianus]
NP983336| [A.gossypii]

Lacbi2|671860]| [L.bicolor]
JQ585593 | [L.bicolor]
Lacbi2|482072| [L.bicolor]
Pospll]127849] [P.placenta]
Wolcol|121322]| [W.cocos]
Travel|113714| [T.versicolor]
Travel|43473]| [T.versicolor]
Phchr|123853]| [P.chrysosporium]
Sporol|24618] [S.roseus]
XP758316| [U.maydis]
Mycfi2|165933| [M.fijiensis]
Mycfil 27060 [M.fijiensis]
Xanpal|68791| [X.parietinal
Mycgrl|39363| [M.graminicola]
Thite2|2114473|[T.terrestris]
Trivel|66182| [T.virens]
XP369584 | [M.oryzae]

Kwal20572| [K.waltii]
XP002553728 | [L.thermotolerans]

FPPLKAVRYIVAQILGAYIASALVYNQWKVLIVESELLLKQAGVYETTMFE
FPPLKAVRYIVAQILGAYIASALVYNQWKVLIVESELLLKQAGVYETTMFE
FPKLKACRYIIAQILGAYIASALVYSQWNVLIEECTLGLIKAKAYDTTMFE
CTPQRALMLIVAQILGAYIACLLIYAQYHTIIQEATEALMAKGVYDEIMF
CTSAKGLRLIVAQIFGAYIACLLIYAQYHNLFKEAEAALVAKGVYNELMFE
LPPLKAVRYIIAQIFGSYIACLLIYVQYKQLIHTAVSALQAKGVYDTVMFE
CTWKKALRYFVAQILGAYVACLLIYVQWHDLIEEASEILAAAGKLDAVME
YIDASRPRYIVAQILGAFLAALEFVYVQWRVNIRATEAALLAEGKWDSVMFE
FPWRKAPYYIVSQILGAMVGALIVAGIFHQQLTEVTAGFRALGLGDTGIF
FPIKLAPLYICAQVVGAMVASLIVVGSWHDELMKITHLLKATGKTAT-IF
FPWKKVPSYIFSQIFGAFIAGLFLMGLYHQQLSAFQAELRAA---GESSV
FPWKKVPSYIFSQIFGAFIAGLFLMGLYHQQLSAFQAELRAA---GESSV
FPWKKVPHYIFSQIFGAFVAGLLLVGMYWPEIQAFKAESIAA---GKGLV
FPWKKVPYYIFSQVFGSFMAGLLLMGMYHEQIQSYTAGLLAD---GGREV
FPWRKVPYYIFSQIFGAFVAGLVLMGMYWTQISEMKAAFIEA---GKPLV
FPLKKVPHYILSQLFGGFIAALVLMGIYHQQLEEMKEVLLAA---GKPLV
FPWRKVPRYIISQIFGAFLAALTIMVLYWEQIQDFAATRRAA-—--GLPLV
FPWRKVPVYWAGQLLGAFCGALIVFIYYKPVIVNVYPDWNGN-—-——————
FPWRKVPVYWAGQLLGAYCGALIVFAYYMPVIKYVYPDWNGN-—-——-————
FPLKKVPYYFAGQLIGAFTGALILFIWYKRVLOEAYSDWWMN-———————
FPWRKLGVYFMGQYLGSYIGTLLILWYYREVIEHVYPNWHLE-——----—
FPFRKLGFYFMGQYVGSYLGSLLMIWYYHKVIAHVYPNWPQE-——--—--—
LPAVKVLIYWAAQMLGGYMGGLTVFWYYARVIKTTFPDWKTN--——————

* * .

TPNGPAGIFALYLLPGAQTLPRAFLNEFVNCEFVLALVIWAALDPTSEMIP
TPNGPAGIFALYLLPGAQTLPRAFLNEFVNCEFVLALVIWAALDPTSEMIP
TPNGPAGIFALYLVPGAQSVPRALLNEFVNSTLIGMIIWAALDPTNMMVP
TSQGPGGIFGLYATPGAS-LGNIFVNEFVCDFILAVCVFGAIEPTNPFSP
TTQGPAGVIGLYATPGAN-LGFIFLNEFICDFVLALATIFAAIEPTNAFMP
TSAGPGGIFGLYVNPGSD-LGYVLLNEFVCDFILGIVIFSCTDPGNPIST
TANGPAGVFALYVPPGTN-LGRVFLNEFVCDFIIGLVIWSCMDPTNFGAS
TPQGLAGIFALYAPAGSN-LGQVLLNEFVCDFLIGLVIWSCMDPTNFLVP
SAQGPAGLFGLMPAAGQE-LKWAFFNEFVANIFLAILVEFSVLDACNFEVS
TAEGPAGAIALFPTPGRS-MGSIFVNEFFANILVGMIVWANLDAANPETG
PT--MSSILCAYPLPNQTNLGYLFLIEFFVDSYIGIIIWACLDPANPEFIT
PT--MSSILCAYPLPNQTNLGYLFLIEFFVDSYIGIIIWACLDPANPEFIT
YNGGPASILCTEFPNPNQTNLGYLFLTEFFVDSFIGLIIWANLDPANPEVS
MNGGPASFLVSFPTEDQONLGYLFLIEFFVCSYLGIVIWAVLDPANPEVS
ANGAPASILCSFPNPDQTNLGYVFLIEFFVDAFLAVVIWACLDPANPEVS
ANGAPASVLCSFPNPGQS-MGYVFMTEFFCDCFVGLIIWACLDPANPEVS
GSHTPASIFCSYPHPDON-LGFVLTIEFVADAFIALVVWAALDPSNPEFTIH
-—-ETVLSMFCTYPQEYLS-SSRQFVSELICSAVLQIGIFALTDPYTCLRS
-—-ETVLGMFCTSPLQYLD-SSRQFISELICSAVLQVGIFALTDPYTCLRS
--ESVAGMFCVFPKPYLS-SGRQFFSEFLCGAMLQAGTFALTDPYTCLSS
--ESVLAMFSVVPLDYLS-TSRQITIAEFLIGAMLQCGIFSLTDPYTCLST
--ESVVAMFSVVPLDYLS-TPRQITAEFVIGAMLQCGIFSLTDPYTCLST
--ESVIGCFSTVPLPYLD-SNRQFISEFVIGALLIGLIFALTDPYTCLTT
. . * . . . .

PVMAPFITAAAYAGSIWGYAVPAISLNSARDIGCRLFALTIWGKSAAGGS
PVMAPFIIAAAYAGSIWGYAVPAISLNSARDIGCRLFALTIWGKSAAGGS
PAMGPLFISLAYAAVIWGFATPAVALNTARDLGARLFAMSIWGTKAAGSG
PTMAPWIIAFTYAIVIWGYAPVGLAANSARDVGGRLAALTLWGLPASGGR
PAAAPWFIGFIYAVVIWGYAPVGLAANSARDVGGRLAALTLWGARASGGR
PSTMPWLIALAYGVVVWGYSPIGLAANSARDLGGRFAALTLFGKAASGGN
PVSAPWIVAFAYAVVVWGYSPVGVATNAARDVGSRLMAMT IWGMPASGGS
PAAGPWIVSFSYSMCIWGYSPVGLSTNTARDLGTRLAVMAIWGTPAAGGS
LATAPFVIGMGYAMIIWAFSINSVALNNARDMGGRMACGIIYGSKCWTQH
POAAPYTIGLGFAVVVWCEFSSSNVVANSARDIGARLVCSMFWGSECFPSR
GASAPFVIGLAYAAMVWGFAPITISTNLARDLGTRIVAAIFYGGEAFSYH
GASAPFVIGLAYAAMVWGFAPITISTNLARDLGTRIVAAIFYGGEAFSYH
PTSAPFAIGLAYATMVWGFADIAISTNLARDLGTRIVAAIFFGGESFTYL
PAGAPFVIGLAYATMVWAFADITIGTNMARDLGARLVALIFYGREAFTYR
PAGAPFAIGLAYGVMVWGFANVTISTNLARDLGTRIVAAIFFGREAFSYM
PSLAPLLIGLAYGAMAWAFGANTLTMNMARDFGPRVVAAIFYGREAFSYM
PAATPFIIGIAYADMIWGFGGITLSTNLARDLGARIVAGILFGGEAFTYH
DLFPLMLFVLIFCLIGATSLQTGAGLNPARDLGPRLALASIGFDSRALWK
DLFPLMLEFVLIFCLIGATALQTGAGLNPARDLGPRLALATVGFESDTLWR
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161
161l
161l
142
166
158
169
101
411
210
174
168
177
174
127
178
182
330
346
406
331
340
269

211
211
211
191
215
207
218
150
460
259
222
216
227
224
177
227
231
3717
393
453
378
387
316

261
261
261
241
265
257
268
200
510
309
272
266
2717
274
227
2717
281
427
443



CAA38096| [S.cerevisiae]

[
AAQ01788| [K.lactis]
AAS47031] [K.marxianus]
NP983336| [A.gossypii]

Lacbi2|671860| [L.bicolor]
JQ585593 | [L.bicolor]

Lacbi2 482072 | [L.bicolor]
Pospll|127849] [P.placenta]
Wolcol|121322 ]| [W.cocos]
Travel|113714|[T.versicolor]
Travel|43473| [T.versicolor]
Phchr|123853]| [P.chrysosporium]
Sporol|24618]| [S.roseus]
XP758316] [U.maydis]

Mycfi2 165933 | [M.fijiensis]
Mycfil|27060| [M.fijiensis]
Xanpal|68791| [X.parietinal
Mycgrl|39363| [M.graminicola]
Thite2|2114473|[T.terrestris]
Trivel|66182]| [T.virens]
XP369584 | [M.oryzael

Kwal20572| [K.waltii]
XP002553728 | [L.thermotolerans]
CAA38096| [S.cerevisiae]

AAQ01788| [K.lactis]
AAS47031] [K.marxianus]
NP983336| [A.gossypii]

Lacbi2|671860| [L.bicolor]
JQ585593 | [L.bicolor]
Lacbi2|482072| [L.bicolor]
Pospll]127849] [P.placenta]
Wolcol|121322| [W.cocos]
Travel|113714 | [T.versicolor]
Travel |43473| [T.versicolor]
Phchr|123853]| [P.chrysosporium]
Sporol|24618] [S.roseus]
XP758316| [U.maydis]

Mycfi2 165933 | [M.fijiensis]
Mycfil|27060| [M.fijiensis]
Xanpal|68791| [X.parietinal
Mycgrl|39363| [M.graminicola]
Thite2|2114473]| [T.terrestris]
Trivel|66182| [T.virens]
XP369584 | [M.oryzae]

Kwal20572| [K.waltii]
XP002553728]| [L.thermotolerans]
CAA38096| [S.cerevisiae]

AAQ01788| [K.lactis]
AAS47031]| [K.marxianus]
NP983336| [A.gossypii]

Lacbi2|671860| [L.bicolor]
JQ585593 | [L.bicolor]
Lacbi2|482072| [L.bicolor]
Pospll]127849] [P.placenta]
Wolcol|121322| [W.cocos]
Travel|113714| [T.versicolor]
Travel|43473| [T.versicolor]
Phchr|123853]| [P.chrysosporium]
Sporol|24618]| [S.roseus]
XP758316| [U.maydis]

Mycfi2 165933 | [M.fijiensis]
Mycfil 27060 [M.fijiensis]
Xanpall| 68791 [X.parietina]
Mycgrl|39363| [M.graminicola]
Thite2|2114473|[T.terrestris]
Trivel|66182]| [T.virens]
XP369584 | [M.oryzae]
Kwal20572| [K.waltii]

DVFPLMMFILIFIINASMAYQTGTAMNLARDLGPRLALYAVGFDHKMLWV 503
DLFPMMLFILMFILNAAGAYQTGAVLNPARDMGPRLALLTIGMDKDVIFN 428
DLFPVMLFILIFSLNASGAYQTGAVLNPARDMGPRLALWTIGMDKDVILI 437
DFFPIMLFLLIFSLLACGSYQTGAILNPARDIGPRLAMWTVGEFSRKALWE 366

* kkk Kk Kk

----YSAITALVNIPATLLAAVVYELFLVDSDR-——---——————-————— 290
----YSAIAALVNIPATLLAAVVYELFLVDSDR--—---—-—-————-—-—-—-——— 290
----YSAIACLINIPATLLGVFLYEVFFTDSDR--—----—-—-———-—-—-———— 290
----YAATIAALTNIPATLLAGVFYEFVLNDSNR-——---——————————— 270
----YAATAALTNIPATLLAGVFYELVENDPDR-——---——————-————— 294
----YAALAALTNIPATLLAGVFYELVFSDSTRSAY---—-—————-—-—-——— 289
----YAAIAALTNIPATLLAAVFYEVVLADSSR-—-—--—-—-————-—-—-———— 297
----YAATAALTNIPATLLAATFHEFFLADSSRGAF----—————-—-—-——— 232
SG--YTAIAALTTFPGTIVGAAIQTLLLSDSAR-———--———————————— 541
----YSALAALTNIPATLLGVGLYTFFLSDTRR-—-—----—-————-—-—-———— 338
E---YSWIAILVNVPATLFATGYYEFLMRDSLA----—-————-—-——————— 302
E---YSWIAILVNVPATLFATGYYEFLMRDSLA----—————-—-—-————-— 296
N---YSWIAILVNIPATIFATGYYEFLMRDSLG----—-———————————— 307
S---YSWIPILVNIPATVLAASFYELIMRDSLQ-——-—-—-——————-————-— 304
T---YSPISILVNIPATLFATAYYEIVLKDSFM--————-—-—-—-—————-—-—— 257
N---YAAIGIFTSIPATLISSAFYEFVMRDSLS---—-—-—-——————————— 307
G---YAPIGMLVNIPATLFGTAIYEFAFRDSLM-————-=-—-—-—-—-——————— 311

AHHHYFWVPIVAPFVGTLLGGTIYDICIYQGHESPLNWPYTLLKGKFKRA 477
AHHHYFWVPIVAPFVGTLLGGTVYDICIYQGHESPLNWPYSLVKHKARRA 493
HHHHFFWVPMVGPFIGALMGGLVYDVCIYQGHESPVNWSLPVYKEMIMRA 553
THHHFFWVPMVVPEFVGSFTGGLVYDFCIYQGHESPLNLPLSAYTDWERRH 478
PIITSFGSQWLFHSLAVSAGGLVYDFCIYQGHESPLNLPLSAYTDWFRRQ 487
DHHHYFWVALVGPCVGGLVGALIYDLLIFQGHESPVNQPAAHVLKRLKTR 416

——————————————————————————————————————— VVAGSHLEFMN 301
——————————————————————————————————————— VVAGSHLEFMN 301
——————————————————————————————————————— VVSPAALTIMN 301
——————————————————————————————————————— TLTPAYLEVAA 281
——————————————————————————————————————— TVTSAHLELTN 305
—————————————————————————————————————— PSSASATAHTLT 301
——————————————————————————————————————— VVTPAHVDYLS 308
—————————————————————————————————————— PPLGRRSCSFAD 244
——————————————————————————————————————— MIVNAPPSHSA 552
——————————————————————————————————————— PPATVALNHLH 349
——————————————————————————————————————— KIGKGAARHEH 313
——————————————————————————————————————— KIGKGAARHEH 307
——————————————————————————————————————— KIAKGHAVHEH 318
——————————————————————————————————————— VIGKGAALHED 315
——————————————————————————————————————— TTAKGHAQHRD 268
——————————————————————————————————————— VIGTGHAVHAD 318
——————————————————————————————————————— TVGKGHANAEG 322
WRQRPRFY-RKRAGSDAAVSDWEYDNESNG-ASARDSANDDTPKTGFFQD 525
WSNRPRFY-RKRAGSDSAVSDWEYDNESNN-ASARDTDNEDTPKTGFFPE 541
WFRRPGWKKRNRARRTSDLSDFSYNNDDDEEFGERMALOKTKTKSSTSDN 603

WEL--—---- LKVKTSSGFVGSDLETIGTN-—~-——=~-— NTTSNVESHR 511
WDT-——---- IKLKTSSGLKGTDLETIDSG---——---——- HTLSHIESHR 520
FTS---——-- FGRKTAS--TG---EYTFSD----——---— KELTDVSSNN 444
V----AANHRRHRHQ--——--——---— AEDDNHGDADDSSQEKPV---—— 330
V----AANHRRHRQQ--———--——=---— AEDDNLVEADDSSQEKPV---—— 330
A----HANHRRLHHG--——=--—=--~ HGEADKRDSTEKPTITTYEHAGG 335
A----EKAHEERVQGV-—--——--—-— VPSDASLSSGDSKARVLPQ--——- 312
G-—--ARAYEARCRG-——--———--————~— GDSAESVESETFKQAP---——- 332
G----SRVQRFTPSGSGSSTR----GMPSSSAKSTGPRRRRSMSLTPP-- 341
G----HLAHEEHSQG-—--—--—-~— IVRGGSVSPGLDEKSREQTIEHV-- 342
SRICSDHAAACRRDGRPPCACGAQRHRRTRAVVHCRASPARPARLAVAYT 294
EVDMINESRGFQIP-—-—--——- SRAVTRESVYNHPHPEKSGSSV---——- 588
EEHVRSIERAETLHAEILDEKIAQTLSRGGDATALQKQRTNLGVKNF--- 396
GEEGLGLHLTKSGISR---——--——--— VRTEGNFKPGSSSTSEHEKV--—- 349
GEEGLGLHLTKSGISR---——--——--— VRTEGNFKPGSSSTSEHEKV---- 343
GEEGLRRHITNTGHIE----——---- TGAANALRSNQSGSDEYNLGKQA- 357
GEEGLTRHLTSTGMIR----——---— ATGDVYFSNESDDSKRKN---——- 349
GDTGLVRHLSKVGMIEN---—--- DEPGTDGGAAQTSAMSSDGVPVKR-— 309
GDEALVRHITRTTTVE-=---—=--—=---—~ GMEERSGEYKS—~--——~~ 345
GDAALYAYFKKAKLID=-=--——===—===——=——— EEQGTKA--——=---—~ 345

SDPQIQKQVQFKSVSKNENGKRNPVSGIPTIFEEGDDDEEEENGADEGEN 575

312



XP002553728 | [L.thermotolerans] SDPQIQKHVQFKSMSKNFNGKRNPVSGIPTIFEEGDDDDVDD--ADEAAS 589
CAA38096| [S.cerevisiae] ENEAGEKKVQFKSVQR---GKR-TFGGIPTILEEEDSIETRSLGATTTDS 649

AAQO01788| [K.lactis] SQTSENKQVHFKSVLRNS-KTRNPSTGIPTIFESEETTYSRPNFIQKHSD 560
AAS47031] [K.marxianus] SQLSENKQVHFKSVLRNS-KLRNPSTGVPTIFESEETTYSRPNFEQKTSN 569
NP983336| [A.gossypii] —---ASGKNINFRSVTRG--——--— ESTNGVPTIY-—-—----— SQSNDPKK--- 476

Lacbi2|671860]| [L.bicolor]
JQ585593| [L.bicolor]

Lacbi2 482072 [L.bicolor] NGVEVSHV---=-=-=-=----——————— 343
Pospll|127849]| [P.placenta] = ——------oooooooooooo———
Wolcol|121322]| [W.cocos] oo oooooooo——oo—————o— o
Travel|113714 | [T.versicolor] = ==
Travel|43473|[T.versicolor] = ——-—-————o—mmmmmmm oo
Phchr|123853| [P.chrysosporium] QFER-————— e 297

Sporol|24618]| [S.roseus]
XP758316| [U.maydis]

Mycfi2 165933 | [M.fijiensis]
Mycfil 27060 [M.fijiensis]
Xanpal|68791| [X.parietinal
Mycgrl|39363| [M.graminicola]
Thite2 2114473 ]| [T.terrestris]
Trivel|66182| [T.virens]
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DNVTEKRPPLASKKTKSSDKKNKRY 600
GNETEKRPPLKPKSSKSFDKKGKKQ 614

CAA38096]| [S.cerevisiae] IGLSDTS----SEDSHYGNAKKVT- 669
AAQO01788]| [K.lactis] RSAS—=———=————————— 564
AAS47031| [K.marxianus] GSI-—————— = ——— 572
NP983336| [A.gossypii]l 000 0o
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Note A2.3. CLUSTAL W 2.1 multiple sequence alignment shows conservation and
variation of aligned amino acid residues between five mycorrhizal fungal MIPs in
Cluster III. The similarity score between Lacbi2:576801 of Basidiomycota ECM
Laccaria bicolor and JQ412060 of Glomeromycota AM Glomus intraradices is 42.
The lowest score is 35, between Lacbi2:443240 and JQ412060; whereas the highest is
89, between Lacbi2:317173 and Lacbi2:576801. The consensus symbol asterisk “*”’
indicates positions which have a single, fully conserved residue among the aligned
sequences. The symbol colon “:” indicates conservation between groups of strongly
similar properties - scoring > 0.5 in the Gonnet PAM 250 matrix, and the period *.”
indicates conservation between groups of weakly similar properties - scoring < 0.5.
Colors indicate physicochemical properties of the residues. AVFPMILW are coded
RED for small + hydrophobic (including aromatic -Y). DE are coded BLUE for acidic.
RK are coded MAGENTA for basic-H. STYHCNGQ are coded GREEN for Hydroxyl
+ sulfhydryl + amine + G. Others are coded Grey for Unusual amino/imino acids, etc
(Larkin et al. 2007).

Lacbi2|317173| [L.bicolor MSGQHQITEQSSRNPLSRVSTLLPEKPLSPTSTYAGTQKHPEAPRQSSFL 50

[
Lacbi2 576801 | [L.bicolor] =  ———-——- oo M1
Lacbi2 568479 [
Lacbi2[443240| [L.bicolor] —————- MDDKFDDDALP-———-—-—-———— NSKTTPEDYGDKLAEYDYTNTFP 34

]
1
L.bicolor] =  ——mmmmm e MK 2
]
1

JQ412060] [G.intraradices] ~  ———-—- MADERGPINKSGPSSTYGATENNGESGGTRG-APATEDVIVIQD 43

Lacbi2|317173| [L.bicolor IQLONIRNAIRKPMAEFFGVALLIIFGAGSACQVVLSTNPDVASSARGSE 100

[ 1
Lacbi2 |576801| [L.bicolor] FTLAHHRHAIRKPMAEFFGVALLVIFGAGAACQVVLSTNP———-———— NSF 44
Lacbi2 | 568479 | [L.bicolor] LTISHHKCAIRKVMAEFVGVALLVIFGAGTACQVVLSTNP--—-—--—— SSF 45
Lacbi2 |443240| [L.bicolor] NTWMRLREPFREYIAEFVGVAVLIIFGVGADCQVVLSANTGVAPSPKGDY 84
JQ412060]| [G.intraradices] SGWYYIKFRFKEPFAEFLGTFILVAFGVGAIAQTVLSKGAT--———— GNW 87
. . :k**_k_ :*: k*_k: _*_k*k .
Lacbi2 317173 | [L.bicolor] LSINFGWAIGIAMGVWVSGGISGGHINPAITIAMATYRGFPWRKVPSYIL 150
Lacbi2 576801 | [L.bicolor] LSINFGWAIGIAMGAWISGSISGGHINPAITIAMATYRGFPWREVPSYIL 94
Lacbi2|568479| [L.bicolor] LSINFGWAIGIATGAWVSAGISGGHINPAITIAMATYRGFPWREVPGYIF 95
Lacbi2 |443240| [L.bicolor] LSLNCGWAIGTAMGVWISGGISGGHINPAVTLALATWRGFPWRKVPGFLE 134
JQ412060 | [G.intraradices] ITIALGFGLGLALGIAVSGHYSGGHLNPAVTITLAIYRKFPWVKVPVYIT 137
. ‘k:.:‘k * * :‘k. ****:***:*:::* :‘k * k% :‘k‘k
Lacbi2|317173| [L.bicolor] AQVLGGVVGAGLVYANYIHAIDIFEGGH--HIRTQATASLFATYALPYMT 198
Lacbi2 |576801| [L.bicolor] AQVLGGVVGAALVYANYIHAIDVFEGGR--HIRTQATASLFATYALPYMT 142
Lacbi2|568479| [L.bicolor] AQALGGFVGAALVYANYFHAIDIFEGG---HIRTQATASLFATFALPYMT 142
Lacbi2|443240]| [L.bicolor] AQLLGGIVGAGLVYVNYIHAIDIVEGGR--HVRTLDTAGLFATYAADHMT 182
JQ412060] [G.intraradices] AQVLGAFVAAAVIYLNYLPAIYNFAGDKRDVIGANATAGIFATYPQPFMS 187
* x ‘k‘k..‘k.‘k.::‘k ‘k‘k: * x . ‘k. . . ‘k‘k.:‘k‘k‘k:. .‘k:
Lacbi2|317173| [L.bicolor] QASCFFSEFLATAVLSMMVFALTDKRNHSPTNGLLPFALFILFVGLGASL 248
Lacbi2 576801 | [L.bicolor] QVSCFFSEFLATAVLAMMVLALTDNRNGAPTNGLSPFALFVLFIGLGASL 192
Lacbi2 | 568479 | [L.bicolor] QASCFFSEFLATAVLFIVFLALNDKHNGALTNGLLPFALFILFIGLGASL 192
Lacbi2|443240]| [L.bicolor] NVSCFFSEFLATAVLIVVIHAMNDKRNAPPPAGLAPLVLFFLILGIGASL 232
JQ412060| [G.intraradices] IGGAFFSEALGTFFLLFVILAMTDERNVPTTRIVAPITIGLTLTAIAISL 237
B T
Lacbi2 317173 | [L.bicolor] GMETAYALNPARDFGPRLFLAMAGYGKALFNYRSQYWLWAPIIAPVLGAQ 298
Lacbi2 576801 | [L.bicolor] GMETAYALNPARDFGPRLFLAMAGYGKALENYRSQYWLWAPIIAPVLGAQ 242
Lacbi2|568479| [L.bicolor] GMQTGYAVNPARDFGPRLFLAMAGYGKAVENYRRQYWIWAPITIAPILGAQ 242
Lacbi2 |443240| [L.bicolor] GMETGYAINPARDLGPRMLTAMVGYGRQVFAFRNQYWIWCPVIAPFLGAQ 282
JQ412060 | [G.intraradices] GFETGFSLNAARDFGPRLFTFFIGYGVEVFTAY-KFYFWIPLVAPIVGGL 286
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Lacbi2|317173| [L.bicolor]
Lacbi2 |576801| [L.bicolor]
Lacbi2 | 568479 | [L.bicolor]
Lacbi2|443240| [L.bicolor]
JQ412060| [G.intraradices]

AGGLLYDTFLNDGDNSPIKWRCASSQEHQLAEVV 332

AGGLLYDTFLYDGDDSPIKWR-—--—-—————=——— 263
AGGLLYDTSIYNGDDSPIKWR-—--—-——————-==— 263
VGTIFYDLFFYKGQDN-VFGRLGSHIHISPA--- 312
VAGFVYDSLLYWGEKS-FLNKNVHHEHRAVA--- 316

. kK . * . .
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Note A2.4. CLUSTAL W 2.1 multiple sequence alignment shows conservation and

variation of aligned amino acid residues among 22 fungal XIPs in Cluster IV.
Thirty-seven positions are well conserved among the aligned sequences, including 8
completely aligned consensus residues. The similarity score between Ascomycota
ECM Tuber melanosporum putative MIP TmeAQP2 and functionally characterized
JQ412059 of Glomeromycota AM Glomus intraradices is 18.8. The similarity score

between JQ412059 and ACV52007 is 41.5. The consensus symbol asterisk “*”
indicates positions which have a single, fully conserved residue among the aligned

sequences. The symbol colon

66,9

indicates conservation between groups of strongly

similar properties - scoring > 0.5 in the Gonnet PAM 250 matrix, and the period “.”
indicates conservation between groups of weakly similar properties - scoring < 0.5.
Colors indicate physicochemical properties of the residues. AVFPMILW are coded
RED for small+ hydrophobic (including aromatic -Y). DE are coded BLUE for acidic.
RK are coded MAGENTA for basic-H. STYHCNGQ are coded GREEN for Hydroxyl
+ sulfhydryl + amine + G. Others are coded Grey for Unusual amino/imino acids, etc
(Larkin et al. 2007).
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EGX93694 | [C.militaris]
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Trivel|42995| [T.virens]
TmeAQP2 | [T.melanosporum]
EGR49911| [T.reesei]
TriviGv29 8 2[201141|[T.virens]
EHK42605| [T.atroviride]
EFY92789| [M.acridum]
Clagr2|89221| [C.grayi]
ACV52007| [R.intraradices]
JQ412059| [G.intraradices]
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haematococcal]
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TmeAQP2 | [T.melanosporum]
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TriviGv29 8 22
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Clagr2(89221] [C
ACV52007| [R.int
JQ412059] [G.int
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.grayi]
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raradices]
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MAPSSEILASAQPDPDFLQILKSSSPPPLPTNVDIPTLRATSNKHKNEAR 50
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EFY92789]| [M.acridum]
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JQ412059] [G.intraradices]
Mucci2|114802| [M.circinelloide]
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EGU83709| [F.oxysporum]
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Clagr2|89221|[C.grayi]
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JQ412059| [G.intraradices]
Mucci2|114802]| [M.circinelloide]

XP003042844 ] [N.
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EGU83709 ] [F.oxysporum]
EGU75229| [F.oxysporum]
EGX93694 | [C.militaris]
EGX52763| [A.oligosporal

XP002384305] [A.
XP001390456] [A.
XP003190309] [A.
XP001396483]| [A.
XP002149425]| [P.
XP002484748]| [T.
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EPTAPRYRSYSHPFAGRLGANQAFTIDRRTSADEKFLEKEPDATPHMSEFR
ERIIPRYRSSSHPFAGRVGANQAFTVEGRTSEDGKLLEREPDATPHMPFEFR
EPSGPHYQSYSQPFAGRLGANQAYVVEGGTSEDDHLLHHAPDATPHMSFEW
--—--GATQVDISPFIGRLGGSGTGCLS-RDTANEELLKALPDAAPLMSLS
PEPLRAAHIHTTPFAARLGGNQEFVLDRADPKNAAVLEDIPDAATHMTVK
HEPQSGLTLAVAPFAGRLGGNQDFVVDRSDPRNEKVLEKVPDAAPWMSLS
HPQHHGLEPAIPPFAGRMGGNQDEVVDRTDPKNSKVLERVPDAAPCMTLK
GONDMPLRPVIYPFAGRIGGNQGLVLDRDDPANAELLKKVPDAAPLMSIS
-VQQOLSCKPHVQPFVGRIGGNQGIVLDRADPDNAEYLRKVPDAAPLMSAR
ESPITGALPAVQPFAGRIGGNQSLVLDRNDPKNSDYLKAVPDAAPFMRIS
STPLTGVHPAVQPFAGRIGGNQALVLDRNDPKNTEYLKAVPDAAPFMRVS
GGIRRRFQVESTPFAGRIGANQEFSVSP--LEEAELLRKTPDAAPLVPWS
DAEALPSPTNVIPFAGRIGANQEFSLEKNNCTQIELLQKFPDAAPWIPLR
NRRGSNADFRLSAFAGRIGGNQRFTISRFDPEFQQIKKDRPDATTEGTWA
——————————————————————— MDLAAFDGSFAPAVRPREVRLAPWYRS
TGARDQSAASTPR-——--- TATAKMDLAAFDGSFAPGVRPHAVRLTPWYRS
TQARAASSAVSLSNSSTPAATHKMDLAAFDGSFAPLVRPQAVRLTPWYRR
VMPSAPQTPDRVSEESKPTLERGMSVAAFDGSFAPLVRPTVRREKPWYKD

——————————————————————————————————————————— MLDAEQK
————————————————————————————— MRPINDIFGCNKGSPPNLRAD

ELLDCRPILSPYLWKAALIEGMGTLMQAYITIWIGIS--PPRLPTPP--T
ELMDLRPITNIHLWKTALIEGIGSLLLVYITTWASLS--SAEVPAKP--N
ELMDMRPIKNLDLWKAALIEGIGTLLEVYITIWVNIS--PDIAPAAP--T

DOQFALRPFLTLGLWKAAVIEGVGSLMLVWVTVFANGS--PLVLPSAP--T
QALDLRGFRQAILWKAAAVEGVGTMLLVYATDWSTLS--PAAYPPPPDPA
EIFDLRGFLSLDLWKFACLECIASMMNVFISAWVTLH----EPAAVEAPK
EIFDLRGFLSVDLWKFAVLECIASMMNVFITCWVTTH----PLSATTSPK

EGFDPRGFLSIDHWKFGFIECIGTMLNVEVTAWISIR-HSSASQDAQAPS
DAFNVRGFTDLDLWRFAVVECVGTMMLAFITAWAAA---TPANVAPPTPS
EALDLRGFLDLNLWKFAIVEGVASFLLIFITGWIAIQPKPTSSSSASTAA
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RDYFVGQWLDVSVWKSAVVEMVATSCLVFLSGQITAT—————————————
RDYYIGQWLDLSVWKSAVVEFIATCCMVEFLSGQITAT—————————————
RDYFVGQWFEPALWRSAVVELIATCCQVFVSGQIVAT—————————————
RDYFLAGWLSPAIWRAAVVEAIATSCLAYASLLAAST—————————————
--YFTDGWDDIGIWKSALVEMMATTCLCYTSGLIDTT-—-———————————
DDFVT-SLAEFIGTTYFIFIGLGGSDAIAAFSGKSLG-————————————
KNYVAGAFGEFVGTAYFLFMGVGG--AVNFLNNAAGS—————————————
LKASLGEFFGMAIFIFLALAGVQGALEAPTFQSVGAA—————————————

AQLGNFDNAAFIGPLIGGITNIFFISLFISCFGPVSGAHFNPLITFATFEC
VOLGSFNNAAFVPPLIGGITSFIFLSLFIVSFGAVTGAHFNPLITFATFEC
QRFGSFDNAAFLGPLIGGMTNLIFITLFITSFGAISGAHFNPLITFATEC
ERWGVENNATFVGPLVGGVLNFEFYISLFIFCFGGVTGAHLNPAITIATLE
SESGVFSTASFLGPLVGGVTSAIFIAMYIFCFGAVTGGHLNPLITIATFEFF
TEVGIYHTVTFFSPLFGGLTNLLLTPLLIYTFAPSSGGHISPTITLATLFE
GOAGVYGTVTFFSPTFGGLTNLLLTPLLIYTFSPSSGGHISPTITLATFEF
SASGVYSTATFLGPLFGGISNWLFLTLFIFSFSNVSGSHLNPTITMATFEFF
TPAGIFATTAFLGPLVGAVTINWLLLTLFIFSFSSVSGSHLNPTITLATFF
SSAGVFGTASFLGPLVGGITNWFFLTLFIYCFAPVSGGHINPTITLATFF
TAAGVFGTSTFLGPLIGGITNWLFLTLFIYSFAPISGGHINPTITLATFEF
KMAGHLATGPVVPSLIGGLLNTLTLPLFIFAAGPVSGGHVNPTITMATFEF
-ISSVFASGALVPSLLGGLTAILILPLFIFATGPVSGAHLNPAITFATFEFF
LAKYGSAYSPVTLAAAGGMSILLTLPLFIHAAGPASGGHINSMITIATET
----IEGYGTPQVGGYIGISNIILLSTFIYATAPASGGHLNPMITFSAIL
—-———-LESYGTPQVGGYIGISNIILLSTFIYATAPASGGHLNPMISFSAIL
————ISTYGTPQLGAYIGISNLVLIATFIYAVAPASGGHMNPTITFAAVL
—----LVSYNTPRIGGYIGIFNTILLAILIYATSPASGGHMNPMITFSAIL

—-———IGNFGTAQSAAYAAVSSIFLLSLFILAIAPGSGGHINPLITFATMI
—————— DIKLFATAFSFGWS—---LMINVWLWSDISGGVLNPAITIALMF
****** PLPGFAIPFCFGEFS----LEVNVFIWAPISGGVENPSITIALMA

—————— TGPTATQIQSIAFSFGVGITVALFICGAVSGGILNPAVLLSLMI
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EGX52763| [A.oligosporal
XP002384305| [A.flavus]

XP001390456| [A.niger]
XP003190309| [A.oryzae]
XP001396483| [A.niger]
XP002149425| [P.marneffei]
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AR--LCSLPRLILYVSAQIGGGALAGLLVRASYGTR---EFKVGGCWLDP 219
AR--LCSLPRLILYISAQIGGSVLAGLLVRASFGSR---DFKAGGCWLYV 220
AR--LCSLPRLILYVAAQIGGGALAGLLVRASWGGR---DFKVGGCWLFT 591
AR--LCSLPRAVLYVGFQTGGAAVGGLLARVARGSR---EFKTGGCWLFS 205
TR--LTSLPRAILYVSFQIIGASLAGLLIRASYDSR---EFKVGGCWLNP 226
AR--IITFPRAILYMAGQTLGGALAGFAIHTAYGSR---DFTVGGCHVDT 201
AR--IITFPRMILYLAGQTLGGALAGFAMHSAYGTR---EFTVGGCHIDT 205
AR--LISLPRLVIYLASQTLGGALAGFMLRAAYGSR---DYTVGGCYMNP 215
AR--LISLPRMVLYLCGQILGGALAGWILQSAFGSG---QYSVGGCVVDT 208
AR--LISFPRMVLYLIGQTAGGALAGLVLKDVYGSS---DFAVGGCLVET 218
AR--LISLPRMTLYLMGQTGGGALAGLVLHNLFGSS---NFVVGGCFIET 218
AR--LSTFPRSILYISFQLLGATVAGYLLRGSFDTR---SFVIPGCVIDT 201
AR--LATLPRCILYVGFQTFGGAMAGLLLRASFDTR---SFSVPGCYFDS 197
AK--LAALPRTIVYVFLQSLGGVAGGFLLRAGLGEAN--TAVVPGCYWAP 205
TG--LCSVPRGILYMSAQTLGGALAGGLLLGVWGHERATSLQGGGCWYDP 158
TG--LCSVPRGILYMCGQTLGGALAGGILLGVWGPERATSLKGGGCWYDP 191
TG--LCSVPRGLLYLVGQTAGGALGGGILLGIWGKERAIAVRGGGCWYDP 198
AG--ICPVPRGVLYLCAQLLGASLAGGILTGVWGEEKAAGIHGGGCFFTP 244
TG--LTGFSRGILYMTGQTIGAALAGGTLRGSFGAERATQWQGGGCFREP 172

TDDQELRIRRGIFYITIAQFAGAILGSLLVKLFLPAP----IAALTTLSDG 126
TNPKDFPWYRGILYIVSQFLGALFGSWLIDLIQPEA----PNAATLLADG 128
TG--NINWLRGIFFFIAEIVGAIIGAYFANFVTAHE-—---- LOGVNLLNP 145

* . . *

-DIVPIREVFVVELIAATILLFLAFGLGLDPRQAQIVGPTLAPFLVGLAS 268
-DVIPAREAFVVELVSTTVLLFLAFGLGLDPRQAQVVGPTLAPFLVGLSFE 269
-DIVPPKEIFVVELVSATLLLFLAFGVGLDPRQAKIIGPALGPFMVGLSV 640
-DIVPVQDAFAIEFMACLIMLFFAFGTGLDPRQRETVGPTLGPFLVGLSV 254
-AEISVSSAFTNEFSASLVVLFMAFGVGLDPRQRQIFGPSLGPIFVGLAV 275
-TLVPVNAALIIEFFACLVLIFLAFGVALDPRQAKIFGHAAGPWLVGVVL 250
-TMVSAKDGLVIEFFACLILIFLAFGVALDPRQAKVFGHAVSPWLVGVVL 254
-QLVPVNEGFLLEFVFTLLLIFLSFGVGLDPRQGRIYGAALSPFLVGLAL 264
-~ALVPVREAFVLEFICSLTLIFLSFGVGLDPRQVRVYGAALSPWLVGMVL 257
-NLVEVRQALVLEFMCTLILIFLAFGVALNPRQERIYGPALAPWLVGLAL 267
-NLVEVRQALLLEFMCTLTLVFIAFGVALNPRQERIFGPALAPWLVGLTL 267
-SVVSVGSAFTIEVTTDFMLIFLSFSVGLDPRQREVFGPALGPVEVGIIL 250
-TIVSTGSAFAIEFITDFALIFLSFGVGLDPRQRSVFGPALGPIFVGLVL 246
NAGITDLQAFLIEFSSCCIVLFIAFGVGLDPRQRDIFGPALGPILIGLAI 255
-SQASPGQVYLNEVEFSSEFVLLFLSFGVGLDPRQAALFGPRMGPLLVGASL 207
-SQANPGQIYLNEVFASEFVLLFLSFGVGLDPRQAALFGPRMGPLLVGASL 240
-SQANPGQIYLNETFASFVLLFLAFGVGLDPRQAALFGPRMGPALVGASL 247
-SVTSAGQVFLNEAAASEFVVLYLAYGVGLDPRQAILFGPRLGPLLVGASL 293
-GTVTAGQALLIETMCCEFVLLVLAFGVALDPRQOMLMGPVFGPIAVGSSL 221

~=-TTILQGLVIEIITTSLLTLTVYTLAVNER-~-~—=~-— GGFMKSFGM 164
---VSVAQGLFMEMFATSVLTMAVLTILAGERY ~~~——=~-— GKYLAPFGI 166
--GFNYAQGFFAECLLTCVLCLTVLFIIVDKH--——---- LLADFAPFVV 185
* . .
GTLAFSTGFTRYGYGGAGLNPARCMG-AFVGTRFPTWHWIHWVG-—--——- 311
GTLAFATSYTRYGYGGPSFNPARCMG-VFVGSRFPSWHWIHWAA--——-— 312
GTMSFASAFARYGYGGAGLNPARCMG-AFVGSRFPSWHWIHWVA-—-——- 683
AGLTFGTGFARYGYGGAGLNPARCFG-AYVGSHFPGFHWIHWYT——---— 297
GTTAFSMAFTRPGYGGAAMNPARCFG-AYVGSSFPTWHWIHWVA---——- 318
GVVCWATAFTRPGYIGASLNPARCFG-VYVASEFPGYHWVHWVA--—--— 293
GIVIWGTAFTREGYIGASVNPARCFG-AYVASDFPTYHWIHWVG-—--——- 297
GLVSWGSAFSRAGYAGASLNPARCFG-VYVATSFPGYHWIHWVA--——-— 307
GAVSLGSAYTREGYGGASLNPARCFG-VYVGSSFPGYHWIHWVA---——- 300
GLLSWGSGYEKPGYAGASMNPARCFG-VYVGSGFPGYHWIHWVG--—--— 310
GLLSWSSSYEKPGYAGASMNPARCFG-VYVGSGFPGYHWIHWVG-—--——- 310
GITSFGTGYSQVGYTGFGGNPARCFG-AMVGSHFTSYHWIHWLG---——- 293
GMCTFVTGFSRVGYTGFSGNPARCFG-AMVGSHFAPYHWI YWVA-————- 289
GIISFITGIMRTGYAGASMNPTRCLG-LVAATQTFRGHWVTWAG---——- 298
GLVTFSSSGIIPGYAGAQMNPSRCLA-FGIARRNMSYQWVWWEG-—-——- 250
GLVSFSTSGIIPGYAGAQMNPSRCLA-FGIARQNMALDLVVWAGGGRSHD 289
GLVSFSTSGIIPGYAGAQMNPAKCFG-NGIARMDLSYQWIYWFG-—-——- 290
GLVSFASSGIAEGYGGAQANPARCFA-AAIARKDMSYQWIWWEG-—--——- 336
GLVVFASGGLVPGYSGAGANPARCFA-FAVARRNFKDQWIWWLG-—-——- 264
GTSVLISVLVAGPYTGASLNPARTLGPAIVSGKISGDIWIYFIG---——- 208
GMSLFISALCAGPYTGASLNPARTLGPAIVANQYGRAHWIYYVG---—-- 210
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GSAVFICHMIGAPVDGTSINPARSFAASIVTGKWAN-HWIFWFG---——- 228
* KKk e . . . .
———————— DGIACIIHG--—---—---——---LVYYFVPP-——--——--- 328
———————— DGIACTTHG--—==---===-===-TCYYFVPP--——---—-- 329
———————— DGIACTTHG--—=--—========VCYYFIPP-——--——--= 700
———————— PPMMASAYQRW-—---——---—--LTYTGWPTSQLARFTLAF 326
———————— TIAASVFHG--—---—=---—---TVYYMVPPWGG------- 338
———————— PLAAAVAHG--------—=--—=-LVYLIDPL---------= 310
———————— PLAAAVAHG---—---——---——-LVYFVDPL--—-—---—--- 314
———————— PATASVGHG---—==--===--—==TAYFIVPP---—---——- 324
———————— PTIAAATGHG---—----—=--—=-LVYYLVPP---—---—-- 317
———————— VICATLGHG----—----—---—-VFYQLLPP----—---—— 327
———————— VFCATLGHG------=---—=--=-LFYQLLPP----——----— 327
———————— PIVASILHG---—=---—=---—=-IMYYFIPPYQ-—------ 312
———————— PLSASAIHG---—---——---——-MVYYLVPPYSRTR----- 311
———————— GIAAACVNG--—===--===-===-LFYIVVPP--—----—-- 315
——————— PAVG-GLIEAL------—==-=—==-LYNLIPP--——---—-~ 267
GRPIQSDPASSYGAVEAKEQRVPFKLDSWAHRDTYGLRGR--————-——- 329
——————— PAVA-GIMMGT-—-=--========-LYNLIPP---------- 307
——————— PAAA-AVLLAV------—=---——=--FYNATPP--—----—-- 353
——————— PFCG-SWLLAIS—-----—---——---—YHIAPP--—-—---—-- 281
———————— PTIGSLLAAS--—----—---FHTYFKKNFGALHLD------ 233
———————— PTLGSLLAAGY----------WHILRILNIDVVDLKNVLNKC 242
———————— PLIGGIFAV---—---——---—--MIYLAVKVITEESQEKAL 255
= W TKEN = = = = = = == = = 333
——WVKRTD— === === === === ——m oo 335
— —WTEVRQ= === === === == = mm e 706
TIWRRRGKVGCSSPTVELVLPTLK——===—=—==——===—————— - 350
- -FAGKHERQLVSDEEK—————————————————— oo 353
~—WSDPRLE === === === === m e 317
~ ~WKDPRAE — ==~ == = = = = = = —m e 321
——WGRSM—— == === — o 329
= KA = = = = 320
W SERAK= == == = = mm oo e 334
— W TDKK— ==~ === === == ——m oo 333
e () T 315
~ASCVSGGT— == === == mmmmm o m oo 319
--YHAELPEDEERGDKRE-—-——=--————————————————————————_ 331
- ~HHTELVKKQGIGNDP-DTMVGHTDI PTV-==-=—====—===—————— 294
--VHIRQSEREGRDTESNERALGMAS TATVAGKRKKDGLMVNEMRQARQP 377
--HHAELCKRKSREMSREMTSDSMAERAEASVIASA-—-————-—————— 341
~~HHTDNQQPKERQHQSN == === === == == —m— e 369
= YHSSS PP m———mm e 288
--RDRDDLDRDLDLDRENLGKD——-——==-——=————————————————— 253
KKCGKEDPRISLKHCEECTLKDDPKPEKYDIESQN-~——===——==——=~~ 276
LONAHNQAMT DADKNKEQNQONPAQYTSVNV - === == === ===~~~ 286
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APPENDIX 3 Quantification methods in qPCR assay in this study

Absolute quantification of standard curve was used in qPCR assay of Laccaria bicolor
major intrinsic proteins, as previously described (Pfaffl 2004; El Kayal et al. 2011).
Target genes were PCR amplified from GOI-containing pPGEM-T Easy vectors using
M13 primers. The purified PCR amplicons of each target gene were pooled and made
into a series of dilutions as templates for standard curve (1.6E® - 1.6E? molecules per
mL for each gene). The number of molecules was calculated from the mass (ng) and
the molecular weight (g/mol) of the PCR amplicons of each gene, given that the
fragment size (base pairs) of PCR amplicons was known, and the average molecular
weight of each base pair is 660 g/mol and there is 6.02 x 10?* of molecules/mol. Based
on Ct values of the assayed genes and the corresponding standard curves, the absolute
transcript quantity of each gene was calculated. The transcript abundance of target
genes was normalized against the transcript abundance of reference gene translation
elongation factor EF2 (XM _001887160) for mycelia grown on pure culture, and
against £F2 for mycorrhizal root tips.

Number of molecules = Mass x 6.02 x10'* / (Number of base pairs x 660) (1)

The AACt comparative quantification of standard curve method was used in qPCR
assay of Picea glauca major intrinsic proteins. The cDNAs of all the samples were
pooled and made into a series of dilution as the templates for standard curves to
evaluate the amplification efficiency of each pair of primers. The relative transcript
abundance of target PIP genes was normalized to that of the reference gene PgCDC?2.
For the gene expression change of the PIPs due to mycorrhizal treatments, non-
mycorrhizal root tips were used as the control. For the gene expression change of the
PIPs due to temperature decline, root tips at 20°C were used as the control. Gene
expression fold change was calculated using AAC; method with efficiency corrected in
Equation (3) (Livak & Schmittgen 2001; Pfaffl 2004).

Fold difference = (E target’ 2<% / (E normalizer) A€t normalizer ()
Where E is efficiency from standard curve.

E =10 C15slope)_1 3)
AC: target = Ctarge®™™ - C argeS™™1° 4)

1 1
control_ Ct normalizersamp ¢ (5)

ACt normalizer — Ct normalizer
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APPENDIX 4 Phylogenetic analysis and homologue sequence alignment of 13 MIPs in

the two strains of ECM fungus Laccaria bicolor, S238N and UAMHS8232

Figure A4. Phylogenetic relation of 13 MIPs in the two strains of ECM fungus Laccaria bicolor,
S238N and UAMHS8232. Deduced amino acid sequences were aligned with ClustalW and the bootstrap
consensus dendrogram was constructed using the neighbor-joining algorhithm of 1000 replicates
(Felsenstein 1985, Saitou & Nei 1987) in MEGAS (Tamura ef al. 2011). The evolutionary distances were
computed using the JTT matrix-based method in the units of the number of amino acid substitutions per site
(Jones et al. 1992). Bootstrap frequency values shown at the nodes indicate the similarity of the pairwise
amino acid sequences, and branch length values above the branches indicate the distance to the closest
common ancestor. These MIPs fall into Cluster I, II and III, respectively.
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Note A4. CLUSTAL W 2.1 multiple sequence alignment shows conserved amino acid residues and

conserved nucleotides of the homologues in each cluster. In amino acid sequence alignment, the consensus
symbol asterisk “*” indicates positions which have a single, fully conserved residue among the aligned

TRt

sequences. The symbol colon

indicates conservation between groups of strongly similar properties -

scoring > 0.5 in the Gonnet PAM 250 matrix, and the period “.” indicates conservation between groups of
weakly similar properties - scoring < 0.5. Colors indicate physicochemical properties of the residues.
AVFPMILW are coded RED for small+ hydrophobic (including aromatic -Y). DE are coded BLUE for acidic.
RK are coded MAGENTA for basic-H. STYHCNGQ are coded GREEN for Hydroxyl + sulthydryl + amine +
G. Others are coded Grey for Unusual amino/imino acids, etc (Larkin ef al. 2007). In nucleotide sequence

alignment, the symbol asterisk “*” indicates consensus nucleotides between aligned sequences. NPA motifs

are in bold and underlined.

Note A4.1 Amino acid sequence alignment between Lacbi2:456764 of strain S238N and JQS585592
of strain UAMHS8232 in Cluster 1.

Identity Score 99.04

Lacbi2| 456764 | [StrainS238N]
JO585592 | [StrainUAMHE8232]

Lacbi?2 456764 | [StrainS238N]
JQ585592 | [StrainUAMH8232]

Lacbi?2 456764 | [StrainS238N]
JQ585592 | [StrainUAMH8232]

Lacbi2 456764 | [StrainS238N]
JQ585592 | [StrainUAMH8232]

Lacbi2|456764| [StrainS238N]
JO585592 | [StrainUAMHE8232]

Lacbi2|456764| [StrainS238N]
JO585592 | [StrainUAMHB8232]

Lacbi?2 456764 | [StrainS238N]
JQ585592 | [StrainUAMH8232]

MHPQVASLEDNVYEDLAAATLEFIGTAFFLLEGLGGIQASTAEDTASGQP
MHPQVASLEDNVYEDLAAATLEFIGTAFFLLEGLGGIQASTAEDTASSQP

R i I I i S I e S e I S b e b I I e I S I I b b b b b b S 4

PASGIEHVLYISTCMGLSLVVSAWLFFRVTGGLENPNISFALLLVGGLKP
PASGIEHVLYISTCMGEFSLVVSAWLEFFRVTGGLFNPNISFALLLVGGLKP

Ak kA hkhkhkkhhhkkhhhkhkeoehkkhhhhhhhhhhhkdhkhrhkhhrhhhkhrhkkhhrhkkhhhhkhxx*k

LREVLFCIAQLTGAIAGAAIVRGLTSAPLSVNNVLOQOGTSAAQGVFEIEMFE
LREVLFCIAQLTGAIAGAAIVRGLTSAPLSVNNVLOQOGTSAAQGVFEIEMFE

Ak Ak hkAhhkhkhkhkhrhhhhhkhkhhkhhhkhhhrhkhhhkhdhhrhdhrhkhhhrhkkhhrhkkhhrkhkxx*k

ITAALVLSVLMLAAEKHEATPFAPVGIGLTLFACHLFAVYYTGAAMNSAR
ITAALVLSVLMLAAEKHEATPFAPVGIGLTLFACHLFAVYYTGAAMNSAR

R I I e I e S I e b S I b e b I I b e I I b e I I b b b b 4

AFGPAVISGFPEPQHWVYWVGPFLGSLLGAGEFYATLKHYKYWHLNPDQAT
AFGPAVISGFPEPQHWVYWVGPFLGSLLGAGEFYATLKHYKYWRLNPDQAT

Ak hkhhkhkhhkhkhkhkhkhkhhkhkhhkhkhkhhkhkhhkhkhkhhkhkrhkhkhhhkkhkhhkhkhkh o khkkhkxkh*k

SDYRKSPSDPVALLKSTAETEFINVGDEETRNGCASNEEGVRATGDEKSSN
SDYRKSPSDPVALLKSTAETFINVGDEETRNGCASNEEGVRATGDEKSSN

R I I e I e S I e b S I b e b I I b e I I b e I I b b b b 4

ATSSRTNFSPV 311
ATSSRTNFSPV 311

* ok ok ok kkkkkkk
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Note A4.2 Nucleotide sequence alignment between Lacbi2:456764 of strain S238N and JQ585592 of

strain UAMHS8232 in Cluster 1.

Lacbi2| 456764
JO585592 | [StrainUAMHE8232]

Lacbi2| 456764
JO585592 | [StrainUAMHE8232]

Lacbi2| 456764
JO585592 | [StrainUAMHE8232]

Lacbi2|456764
JQ585592 | [StrainUAMH8232]

Lacbi2|456764
JQ585592 | [StrainUAMH8232]

Lacbi2| 456764
JO585592 | [StrainUAMHE8232]

Lacbi2| 456764
JO585592 | [StrainUAMHE8232]

Lacbi2| 456764
JO585592 | [StrainUAMHE8232]

Lacbi2|456764
JQ585592 | [StrainUAMHB8232]

Lacbi2|456764
JQ585592 | [StrainUAMH8232]

Lacbi2| 456764
JO585592 | [StrainUAMHE8232]

Lacbi2| 456764
JO585592 | [StrainUAMHE8232]

Lacbi2| 456764
JO585592 | [StrainUAMHE8232]

Lacbi2|456764
JQ585592 | [StrainUAMH8232]

Lacbi2 456764
JQ585592 | [StrainUAMH8232]

ATGCATCCACAAGTTGCTTCACTCTTCGACAACGTCTACGAGGATCTGGC
ATGCATCCACAAGTTGCTTCACTCTTCGACAACGTCTACGAGGATCTGGC

R R e b e dh I e S S I S SR dh dh i S SR i S R S S R S S R i S R S b SR A I R S A R A dh R S dh O 4

CGCAGCTACCCTAGAGTTCATTGGCACGGCGTTTTTTCTTTTGTTCGGTC
CGCAGCTACCCTAGAGTTCATTGGCACGGCGTTTTTCCTTTTGTTCGGTC

R R e e d I e S I S IR A b i S SR B S R I S IR i S R i S SR S A S dh R S A R A dh R S dh 4

TGGGGGGTATTCAGGCTAGCACCGCGGAGGACACGGCGAGCGGTCAGCCA
TGGGGGGTATTCAGGCTAGCACCGCGGAGGACACGGCGAGCAGTCAGCCA

R R e I b S b e S b S b S b i S b B S b I b b I S R S R I b b 2b S S S 2h S 2 4

CCAGCCTCGGGCATCGAACATGTTCTCTATATCTCAACCTGCATGGGGTT
CCAGCCTCGGGCATCGAACATGTTCTCTATATCTCAACCTGCATGGGGTT

R R S b e S b e S b S S S b S b S b S b I S R S R I b I 2h R S 2 S 2b S dh b S 4

GTCTCTCGTTGTATCCGCCTGGCTCTTCTTCCGCGTCACTGGTGGACTCT
CTCTCTCGTTGTATCCGCCTGGCTCTTCTTCCGCGTCACTGGTGGACTCT

R R I R e I b S b I S 2 e S b S b S b I S b S b I S b I 2h b b b b b b S 2b b S b S

TCAATCCAAATATATCTTTTGCGTTGCTTCTAGTCGGGGGTCTCAAGCCA
TCAATCCAAATATATCTTTTGCGTTGCTTCTAGTCGGGGGTCTCAAGCCA

R R i e b e dh I B ah db I S b b b S SR i A S S R S S R S S R S i R A b R S i R A 2 R S I 4

CTTCGCTTCGTGCTGTTCTGCATTGCTCAATTGACTGGTGCGATCGCAGG
CTTCGCTTCGTGCTGTTCTGCATTGCTCAATTGACTGGTGCGATCGCAGG

R R i e b I a2 A S b I S b dh b i S b B b b S S R S S R S I R S i R A 2 R S b R A 2 S b 4

AGCTGCCATCGTTCGCGGTCTGACGTCGGCGCCCCTCTCTGTCAACAACG
AGCTGCCATCGTTCGCGGTCTGACGTCGGCGCCCCTCTCTGTCAACAACG

khkkhkhkhkhkhkkhkhhkkhkhhkkhhhkkhkhkhkhhkhkhhhkkhhhkhhhkh bk hkrhkhkrhkhkrkhkhrkhx%x%k

TTCTTCAGCAAGGGACGAGTGCCGCACAAGGCGTTTTTATTGAGATGTTT
TTCTTCAGCAAGGGACGAGTGCCGCACAAGGCGTTTTCATTGAGATGTTT

khkkhkhkkkhkhkkhkhhkkhkhkhkkhhkhkhkhkhkkhhkhkkhhkhkhhkhkhhrkhkkhhrkhkkhrkx *hkkhkrkkhrkkhx%x%

ATCACCGCGGCGCTTGTGCTTTCCGTTTTGATGTTAGCGGCAGAGAAACA
ATCACCGCGGCGCTTGTGCTTTCCGTTTTGATGTTAGCGGCAGAGAAACA

khkkhkhkhkhkhkkhkhhkkhkhhkkhhhkkhkhkhkhhkhkhhhkkhhhkhhhkh bk hkrhkhkrhkhkrkhkhrkhx%x%k

TGAGGCCACTCCTTTCGCTCCCGTCGGGATTGGTCTTACGCTCTTTGCTT
TGAGGCCACTCCTTTCGCTCCCGTCGGGATTGGTCTTACGCTCTTTGCTT

R R i A b e A b B S b S b A b i S b S b I S R S b A I R S b S A b R S b A S S b 4

GTCATCTTTTTGCGGTTTACTACACTGGCGCGGCTATGAATTCAGCAAGG
GTCATCTTTTTGCGGTTTACTACACTGGCGCTGCTATGAATTCAGCAAGG

khkkhkhkkhkkhkhkkhkkhkhkhkhkhkkhkhhkkhhkhkkdhhkkhhkhkkdhhkk rhk *AhkkdhhkkhkhhkhkhkhAhkhkhkhhkxk

GCGTTTGGACCAGCTGTAATCTCTGGATTCCCAGAGCCCCAACACTGGGT
GCGTTTGGACCAGCTGTAATCTCCGGATTCCCAGAGCCCCAACACTGGGT

Ak Ak hkhkkhkkhkhkhkhkhkhkhkhkhrhkkhkhhkhkhhkh ,hkhkhhrhkhhkrkhkhrhkhhrhkhrrkhkxkkxx

GTATTGGGTTGGGCCGTTCTTGGGATCACTCCTCGGTGCAGGCTTCTACG
GTATTGGGTTGGGCCGTTCTTGGGATCACTCCTCGGTGCAGGCTTCTACG

R i I I b I I I S S S I e b S b b b b b I 2h b b b S I S S b b 2h b b b 2b b I dh dh b dh e

CTACCTTGAAGCACTACAAGTATTGGCATCTCAATCCCGATCAAGCTACC
CTACCTTGAAGCACTACAAGTATTGGCGTCTCAATCCCGATCAAGCTACC
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Lacbi2| 456764
JO585592 | [StrainUAMH8232]

Lacbi2| 456764
JO585592 | [StrainUAMH8232]

Lacbi2| 456764
JO585592 | [StrainUAMHE8232]

Lacbi2| 456764
JO585592 | [StrainUAMH8232]

KAk hkkkhkhkkhkkhhkkhhkhkkhhhkkhkhkhkkhhkhkkhhkhkk kd *hhkArhkArhkhkrhkhkhrkkhkhkhrkhhxk%k

AGTGATTACAGGAAATCGCCTTCAGATCCAGTGGCCCTGCTGAAATCAAC
AGTGATTACAGGAAATCGCCTTCAGATCCAGTGGCCCTGCTGAAATCAAC

R R e I b e S b S b S b S b S S I S b I b b I S R i I I b I b R S b I 2h S dh S 4

TGCGGAAACCTTCATCAATGTCGGAGACGAAGAGACTCGCAATGGGTGTG
TGCGGAAACCTTCATCAATGTCGGAGACGAAGAGACTCGCAATGGGTGTG

R R b e dh I I S dh I S SR dh IR i S SR i S R I S R b R S A SR S b SR A S R S A R A dh R S dh i 4

CGTCAAATGAGGAAGGGGTCAGGGCGACGGGCGATGAAAAGTCGAGCAAC
CGTCAAATGAGGAAGGGGTCAGGGCGACGGGCGATGAAAAGTCGAGCAAC

R R e b e dh I S dh I S b dh IR S SR i S R S S R S S R S S R S b SR A S R S A R A SR R S dh O 4

GCTACCTCGTCACGCACGAATTTCAGCCCGGTCTAA 936
GCGACCTCGTCACGCACGAATTTCAGCCCGGTCTAA 936

Ak kkkhkhkkhkkhkhkkhkhkhk A kA Ak Ak Ak hk Ak hkrhkhkhkkk

328

800
800

850
850

900
900



Note A4.3 Amino acid sequence alignment between Lacbi2:671860 of strain S238N and JQS585593 of

strain UAMHS8232 in Cluster II.
Identity Score 98.48

Lacbi2 |671860| [StrainS238N]
JQ585593 | [StrainUAMH8232]

Lacbi2 | 671860| [StrainS238N]
JQ585593| [StrainUAMH8232]

Lacbi2 | 671860| [StrainS238N]
JQ585593| [StrainUAMH8232]

Lacbi2| 671860 [StrainS238N]
JO585593 | [StrainUAMHE8232]

Lacbi2| 671860 [StrainS238N]
JO585593 | [StrainUAMHE8232]

Lacbi2 |671860| [StrainS238N]
JQ585593 | [StrainUAMH8232]

Lacbi2 |671860| [StrainS238N]
JQ585593| [StrainUAMH8232]

MSATPITHLRDVKKRTGVLNAWERVRNKPQVHWAMECFAEALGVEFYVYF
MSATPITIHLRDVKKRTGVLNAWERVRNKPQVHWAMECFAEALGVEEYVYFE

Ak kA hkhkhkhhkhkhkhkhhhhrhkhhkhhdhhkhdhkhrhkdhohrkhkdhkhrhkkhhrhkhrrkhkhrkhkxx

GLGSTAAWVIGNILKQSGLSSVFQIGFAYAFGILFAIGVCAATSGGHENP
GLGSTAAWVIGNILKQSGLSSVFQIGFAYAFGILFAIGVCAATSGGHENP

hkhkhk kA hkhkhkkhhkhkhhkhhhhrhkhhkhhkkhhrhkhhkhrhkdhdrkhhkrhkhhrkhkkhkrhkkhkxkhkxx

CVTIAFTIFRGFPPLKAVRYIVAQILGAYIASALVYNQWKVLIVESELLL
CVTIAFTIFRGFPPLKAVRYIVAQILGAYIASALVYNQWKVLIVESELLL

R R I I R I I S I e I b S I e I e b S I e S b b b I e b b I b b i b b e

KOAGVYETTMFTPNGPAGIFALYLLPGAQTLPRAFLNEFVNCEFVLALVIW
KOAGVYETTMFTPNGPAGIFALYLLPGAQTLPRAFLNEFVNCEVLALVIW

LR R I I R I I S I I S I I I I R I e I b b b I e b b I b b i b b e

AALDPTSFMIPPVMAPFITAAAYAGSIWGYAVPAISLNSARDIGCRLFAL
AALDPTSFMIPPVMAPFITAAAYAGSIWGYAVPAISLNSARDIGCRLFAL

R R I b I e b b I b S i b b e

TIWGKSAAGGSYSAITALVNIPATLLAAVVYELFLVDSDRVVAGSHLEFM
TIWGKSAAGGSYSATIAALVNIPATLLAAVVYELFLVDSDRVVAGSHLEFM

Ak kA hkhkhkkhhkhkhhhkhoehkhhhkhhkkhhhkhhkhhkdhAhhhkhrhkkhhhkkhkhhrhkkhhhkhkxk

NVAANHRRHRHQAEDDNHGDADDSSQEKPV 330
NVAANHRRHRQQAEDDNLVEADDSSQEKPV 330

khkkhkkhhkhkhkkhk o kkkkkx ek k ok ok khkkkk kK
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Note A4.4 Nucleotide sequence alignment between Lachi2:671860 of strain S238N and JQ585593 of

strain UAMHS8232 in Cluster II.

Lacbi2| 671860 [StrainS238N]
JO585593 | [StrainUAMHE8232]

Lacbi2| 671860 [StrainS238N]
JO585593 | [StrainUAMHE8232]

Lacbi2|671860| [StrainS238N]
JQ585593 | [StrainUAMH8232]

Lacbi2 |671860| [StrainS238N]
JQ585593| [StrainUAMH8232]

Lacbi2 |671860| [StrainS238N]
JQ585593| [StrainUAMH8232]

Lacbi2| 671860 [StrainS238N]
JO585593 | [StrainUAMHE8232]

Lacbi2| 671860 [StrainS238N]
JO585593 | [StrainUAMHE8232]

Lacbi2 |671860| [StrainS238N]
JQ585593 | [StrainUAMHB8232]

Lacbi?2 |671860| [StrainS238N]
JQ585593| [StrainUAMH8232]

Lacbi2 |671860| [StrainS238N]
JQ585593| [StrainUAMH8232]

Lacbi2|671860| [StrainS238N]
JO585593| [StrainUAMH8232]

Lacbi2| 671860 [StrainS238N]
JO585593 | [StrainUAMHE8232]

Lacbi?2 |671860| [StrainS238N]
JQ585593| [StrainUAMH8232]

Lacbi?2 |671860| [StrainS238N]
JQ585593 | [StrainUAMH8232]

Lacbi2 | 671860| [StrainS238N]

ATGTCCGCTACTCCAATCATCCACCTGCGCGACGTGAAAAAGCGCACTGG
ATGTCCGCTACTCCAATCATCCACCTGCGCGACGTGAAAAAGCGTACTGG

R R b e d b e S S e S SR b b S SR i b R S S SR S S R S R S b SR S 2 R S A S R S dh 4

AGTCTTGAACGCATGGGAGAGGGTACGGAACAAGCCCCAGGTGCACTGGG
AGTCTTGAACGCATGGGAGAGGGTACGGAACAAGCCCCAGGTGCACTGGG

R R e b e dh b e S b I S S dh SR S SR S R S S IR S I R i I R S b R A I R S S R A SR S I 4

CGATGGAGTGTTTCGCTGAAGCTTTGGGCGTCTTTTTCTACGTGTACTTT
CGATGGAGTGTTTCGCTGAGGCTTTGGGCGTCTTTTTCTACGTATACTTT

Khkkhkhkkkhkhkkhkkhkhkkhkkhkhkkhkhhkkhkhhk *hkkhhhkk rhkkhrhkArhk Ak khkrkhkkhrk, *kkxk%

GGACTCGGATCTACCGCAGCTTGGGTGATTGGGAACATCTTGAAACAGTC
GGACTCGGATCTACCGCAGCTTGGGTGATTGGGAACATCTTGAAACAGTC

R R I b e S b S b S b S b S b S b S b b S I S I b I 2h R S 2 S 2h S dh b S 4

TGGGCTCTCCTCTGTCTTCCAGATCGGTTTTGCCTACGCATTTGGCATTT
TGGGCTCTCCTCTGTCTTCCAGATCGGTTTCGCCTACGCATTTGGCATTT

R R i e b e dh b B ah I S b i dh b i db S B S b S b b i S S I R S b SR A b R S A R A I S g 4

TGTTTGCCATCGGTGTATGTGCAGCGACTTCTGGTGGACACTTCAACCCC
TGTTTGCCATCGGTGTCTGTGCAGCTACTTCTGGTGGACACTTCAACCCT

kA khkhAkhkhkkhkhkhkkhkhkhkhkhhk hhkkhhhkkhhhk dhkdkhhkdhhAdkhhAhkhkhAhkhk Ak hkhrk

TGTGTTACCATCGCATTCACGATATTCAGAGGCTTTCCACCCCTGAAGGC
TGCGTTACCATCGCATTCACGATATTCAGAGGTTTTCCACCCCTGAAGGC

Ak KAk Ak A I Ak AhhkAIhkAhAAAIA A A A A A h A, AAxAdhAhk A hk Ak hAhhkk

TGTCAGATATATCGTTGCGCAAATTCTTGGAGCTTACATTGCGTCCGCCC
TGTCAGATATATAGTTGCGCAAATTCTTGGAGCTTACATTGCGTCCGCCC

Ak hkhkkhkhkhkhkkhhkhx Fhhhkhhhkhkkhhhkhhkhrhkhhrhkhhkrhkhkhrhkhhhrhkkhhrhkhkxkhkxx

TTGTATACAATCAATGGAAGGTCCTTATCGTGGAGTCGGAACTTCTCTTG
TTGTATACAATCAATGGAAGGTCCTTATCGTGGAGTCGGAACTTCTCTTG

khkAhhkhhkhkhkhkkhhkhhhkhhkhhkhhkkhkhhhhkhrhkdhrhkhhkhrhkkhhrhkhhkrhkkhhrhkhkrxkhkxx

AAACAAGCTGGCGTCTACGAAACGACGATGTTCACGCCCAATGGTCCGGC
AAACAAGCTGGCGTCTACGAAACGACGATGTTCACGCCCAATGGTCCGGC

R R e e b I dh b I S b I S b b dh i A b i g b B S R S S R S S R S B R A I R S I R A 2 S b i 4

CGGAATCTTCGCTCTTTATCTTCTTCCTGGAGCGCAAACTTTGCCTCGCG
AGGAATCTTCGCTCTTTATCTTCTTCCTGGAGCGCAAACTTTGCCTCGCG

R R A b S b S b S b I S 2R S S B S S R S S b S S S b S b S b e S b S b S

CTTTTCTTAATGAATTCGTTAATTGTTTTGTGCTCGCCTTGGTTATCTGG
CTTTCCTTAATGAATTCGTTAATTGTTTTGTGCTCGCCTTGGTTATCTGG

R R b a2 B S b S b I S b i S b S b S S b S b R B S R S b A b S b R A I S b 4

GCTGCTCTTGACCCTACTAGTTTCATGATTCCACCCGTTATGGCTCCTTT
GCTGCTCTTGACCCTACTAGTTTCATGATTCCACCCGTTATGGCTCCTTT

R b I b I I A I S S S I b b dh b b b b I 2h b b b b b S S b b I b b I 2h S I dh dh o b a1 e

CATCATCGCTGCGGCATACGCTGGCTCTATCTGGGGTTATGCGGTACCCG
CATCATCGCTGCGGCATACGCTGGCTCTATCTGGGGTTATGCGGTTCCCG

Ak Ak hkhhkhkhhkhhkhhhkhhkhhkhhhkhhkhhkrhkhhrhkhhkrhkhrhkhhrkhhrrk *khk%x

CGATTTCTTTGAATTCGGCCCGTGACATTGGTTGCCGTTTGTTCGCATTG
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JO585593 | [StrainUAMHE8232]

Lacbi2 | 671860| [StrainS238N]
JQ585593 | [StrainUAMH8232]

Lacbi2 | 671860| [StrainS238N]
JQ585593| [StrainUAMH8232]

Lacbi2| 671860 [StrainS238N]
JO585593 | [StrainUAMHE8232]

Lacbi2| 671860 [StrainS238N]
JO585593 | [StrainUAMHE8232]

Lacbi2| 671860 [StrainS238N]
JO585593 | [StrainUAMHE8232]

CGATTTCTTTGAATTCGGCCCGTGACATTGGTTGCCGTTTGTTCGCACTG

R R I b e S b e S b S 2 S b i S S S b I S b I S R I 2 R I b I 2h R S 2 A 2h b S S S 4

ACCATCTGGGGAAAGTCAGCTGCGGGAGGATCCTACTCGGCAATAACGGC
ACCATCTGGGGAAAGTCAGCTGCGGGAGGATCCTACTCGGCAATAGCGGC

R R e I b e S b S b S b S b S S I S b I S b I S R I 2 I b I 2h S 2 S 2b S 2 b S 4

ACTTGTGAACATTCCAGCCACTTTGCTCGCTGCGGTCGTCTATGAACTGT
ACTTGTAAATATTCCAGCCACTTTGCTCGCTGCGGTCGTCTATGAGCTGT

kkhkkhkhkkk kkhk KAhkhkkhAhhkAhhkAhhkA A hAhkAdA kA Ar kA kA ki hkkhkrhkkhx *xk%

TCCTCGTGGATTCTGATCGAGTCGTAGCTGGCTCACATCTTGAGTTCATG
TCCTCGTGGATTCTGATCGAGTTGTAGCTGGCTCACATCTTGAGTTCATG

R R b e dh b e S I I S SR dh b i S S S b S R S I R i I R S b R A b R S A R S I R S b 4

AATGTCGCAGCAAACCACCGAAGGCACCGTCATCAGGCCGAGGATGACAA
AACGTTGCAGCAAATCACCGAAGGCACCGTCAGCAGGCCGAGGATGACAA

Ak kkhk kAhkkhkAkkhkhkkhk KAAIAAIAAIA A I A A hhAk, AxhhAhk A hk b Ak kA hhkk

TCATGGTGATGCTGATGACTCATCGCAAGAGAAACCTGTATGA 993
CCTTGTCGAAGCTGATGACTCATCGCAAGAGAAGCCTGTATGA 993

* kK Ak kkhkkhkhkkhkkhkhkkhkkhkhkkhkhkhkkhhkhkA A rkhkAhkhhkk, *Ahkrkkhkhkkhk
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Note A4.5 Amino acid sequence alignment between Lacbi2:568479 of strain S238N and JQ585594 of
strain UAMHS8232 in Cluster 1V.

Identity Score 93.31
Lacbi2|568479| [StrainS238N] MKLTISHHKCAIRKVMAEFVGVALLVIFGAGTACQVVLSTNP—-———=— S 43
JQ585594 | [StrainUAMH8232]  —-——-——-——o——oo MAEFVGVALLVIFGAGAACQVILSTNPGVSPSERG 35
****************:****:*****
Lacbi2|568479| [StrainS238N] SFLSINFGWAIGIATGAWVSAGISGGHINPAITIAMATYRGFPWREVPGY 93
JQ585594 | [StrainUAMH8232] SFLSINFGWAIGIATGAWVSTGMSEGHINPAITIGMATYRGFPWREVPGY 85
********************:*:* *********.***************
Lacbi2|568479| [StrainS238N] IFAQALGGFVGAALVYANYFHAIDIFEGGHIRTQATASLFATFALPYMTQ 143
JQ585594 | [StrainUAMH8232] IFGQVLGGFVGAALVYANYFHAIDIFEGGH-RTQATASLFATFALPYMTQ 134
~k~k.~k.~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k LR R i S A e b b b b b b S S 2 b o g
Lacbi2|568479| [StrainS238N] ASCFFSEFLATAVLFIVFLALNDKHNGALTNGLLPFALFILFIGLGASLG 193
JQ585594 | [StrainUAMH8232] ASCFFSEFLATAVLFIVFLALNDKHNGALTNGLLPFALFILFIGLGASLG 184
LR R IRt S A b b b b b b Sh S S b b b b b b b dh e b b b b b b S S b b b b b b e dh a2 b b b b (b (S 4
Lacbi2|568479| [StrainS238N] MOTGYAVNPARDFGPRLFLAMAGYGKAVENYRRQYWIWAPIIAPTLGAQA 243
JQ585594 | [StrainUAMH8232] MOTGYAVNPARDFGPRLFLAMAGYGKAVENYRRQYWIWAPIIAPILGAQA 234
LR R It S I b b b b b b b S S b b b b b b b dh S b b b b b Sh S S b b b b b b ah dh a2 b b b b (b (S 4
Lacbi2|568479| [StrainS238N] GGLLYDTSIYNGDDSPIKWR 263
JQ585594 | [StrainUAMH8232] GGLLYDTFIYNGDDSPIKWR 254

kkhkhkkhkkhkk Kkhkkhkkhkhkkkhkkkkkk

332



Note A4.6 Nucleotide sequence alignment between Lacbi2:568479 of strain S238N and JQ585594 of

strain UAMHS8232 in Cluster IV.

Lacbi2|568479| [StrainS238N]
JO585594 | [StrainUAMHE8232]

Lacbi2|568479| [StrainS238N]
JO585594 | [StrainUAMHE8232]

Lacbi2 568479 | [StrainS238N]
JQ585594 | [StrainUAMH8232]

Lacbi2 568479 | [StrainS238N]
JQ585594 | [StrainUAMH8232]

Lacbi2 568479 | [StrainS238N]
JQ585594 | [StrainUAMH8232]

Lacbi2|568479| [StrainS238N]
JO585594 | [StrainUAMHE8232]

Lacbi2|568479| [StrainS238N]
JO585594 | [StrainUAMHE8232]

Lacbi2 568479 | [StrainS238N]
JQ0585594 | [StrainUAMHB8232]

Lacbi2 568479 | [StrainS238N]
JQ585594 | [StrainUAMH8232]

Lacbi2 568479 | [StrainS238N]
JQ585594 | [StrainUAMH8232]

Lacbi2|568479| [StrainS238N]
JO585594 | [StrainUAMH8232]

Lacbi2|568479| [StrainS238N]
JO585594 | [StrainUAMHE8232]

Lacbi2 568479 | [StrainS238N]
JQ585594 | [StrainUAMH8232]

Lacbi2 568479 | [StrainS238N]
JQ585594 | [StrainUAMH8232]

Lacbi2 568479 | [StrainS238N]

ATGAAGTTAACCATCTCTCACCACAAATGTGCAATCCGCAAAGTCATGGC

CGAATTTGTTGGTGTGGCACTCTTGGTTATCTTTGGCGCGGGGACTGCTT
CGAATTTGTTGGTGTGGCACTCTTGGTTATCTTTGGCGCGGGGGCTGCTT

R R i e b e dh b e S b S SR dh SR S SR i b R S S IR S S IR S S R S b SR A I R S A R S R g g 4

GCCAGGTTGTCCTCTCGACAAATCCAAGC—===—————————————————
GCCAGGTTATCCTCTCGACAAATCCAGGCGTCTCACCCTCCGAACGAGGT

kkhkkhkhkkhkkhkhkk KkAhkhkhkkhkhAkkAkrAkkAkhAkkkhkhkk k%

TCGTTTCTTTCGATCAATTTCGGATGGGCAATCGGTATCGCTACGGGTGC
TCGTTTCTTTCGATCAATTTCGGATGGGCAATCGGTATCGCTACGGGTGC

R R I b e S b S b S b S b S b S b S b b S I S I b I 2h R S 2 S 2h S dh b S 4

CTGGGTCAGCGCTGGCATATCTGGAGGACACATAAACCCCGCAATTACAA
CTGGGTCAGCACTGGCATGTCTGAAGGACACATAAACCCTGCAATTACAA

khkkkhkkhkkhkhkhkkhhk hhkkhkkhkhkhkhk K*hkhkk KAAxAhhkkhkhhkdhhbkdhhbkdh *hkhAhkhhkhhkk

TTGCAATGGCGACGTACCGCGGGTTTCCCTGGCGTGAAGTACCCGGCTAT
TTGGGATGGCGACGTACCGCGGGTTTCCCTGGCGTGAAGTACCCGGCTAT

* K K R i d b e dh b I dh b S SR S R i S R A S S S R S S S S R S S R S b R S i S i

ATTTTCGCCCAGGCGTTGGGTGGGTTTGTTGGTGCAGCGCTGGTGTACGC
ATCTTCGGCCAGGTGTTGGGTGGGTTTGTTGGTGCAGCACTGGTGTACGC

kkhk kkhkkk hhkkhkkhkhk hAhkAIAAIAAIAA A A A A I A A I A A h Ak, Ahkh Ak hhkhhkk

AAATTATTTCCATGCAATTGATATTTTCGAGGGAGGGCACATCCGCACGC
AAATTATTTCCATGCAATTGATATCTTCGAAGGAGGGCA---CCGCACGC

khkkhkhkhkhkhkhkhkkhhkhkhkkhkhhkkhkhkhkhkhhkhk, *hkhhk *hxkhkxkk%x * ok k ok ok ok ok k

AAGCCACTGCTTCTCTCTTTGCGACATTTGCTCTGCCGTACATGACACAA
AAGCCACTGCTTCTCTCTTTGCGACATTTGCTCTGCCGTACATGACACAA

khkAhhkhhkhkhkhkkhhkhhhkhhkhhkhhkkhkhhhhkhrhkdhrhkhhkhrhkkhhrhkhhkrhkkhhrhkhkrxkhkxx

GCATCATGTTTCTTTTCAGAGTTTTTAGCCACCGCCGTCCTTTTCATCGT
GCATCATGTTTCTTTTCAGAGTTTTTAGCCACCGCCGTCCTTTTCATCGT

R R e e b I dh b I S b I S b b dh i A b i g b B S R S S R S S R S B R A I R S I R A 2 S b i 4

GTTCTTGGCTCTCAACGATAAGCATAATGGCGCACTCACAAATGGGCTCC
GTTCTTGGCTCTCAACGATAAGCATAATGGCGCACTCACAAACGGGCTCC

R R e A b A b B S b S b A b i S b B S b S S R S b R B S R S b A b A 2 S 4 S b 4

TACCATTTGCCCTGTTTATTTTGTTCATTGGTCTTGGGGCATCGCTCGGC
TACCATTTGCCCTGTTTATTTTGTTCATTGGTCTTGGGGCATCGCTCGGC

R R i A b e A b B S b S b S b S b B S b S S R S I R B S S b A b A b A I S b 4

ATGCAAACAGGTTATGCCGTCAACCCAGCGAGAGACTTTGGACCGCGCTT
ATGCAAACAGGTTATGCCGTCAACCCAGCGAGAGACTTTGGACCGCGCTT

R b I b I I A I S S S I b b dh b b b b I 2h b b b b b S S b b I b b I 2h S I dh dh o b a1 e

GTTCCTTGCTATGGCAGGCTACGGAAAGGCCGTTTTCAACTATCGCAGAC
GTTCCTTGCTATGGCAGGCTACGGAAAGGCCGTTTTCAACTATCGCAGAC

R b I b b I b I I S S S I b b dh b b b b 2h b b b b b S 2h b b 2 b b 2 2h b I dh dh b a1

AATATTGGATTTGGGCACCCATAATTGCTCCAATCCTTGGCGCTCAAGCT
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JO585594 | [StrainUAMHE8232]

Lacbi2 568479 | [StrainS238N]
JQ585594 | [StrainUAMH8232]

Lacbi2 568479 | [StrainS238N]
JQ585594 | [StrainUAMH8232]

AATATTGGATTTGGGCACCCATAATTGCTCCAATCCTTGGCGCTCAAGCC

R R I b S b S b S b e S b i S S S I S b I S b I S b I b b I b e S b S b S b S

GGAGGCCTGCTCTATGATACCTCTATATATAATGGAGATGACAGTCCAAT
GGAGGCCTGCTCTATGATACCTTTATATATAATGGAGATGACAGTCCAAT

KKhkAkhAkKkAhkhkkhhhkkhkhkhkkhkhkhkkhhkhkk khhk *hkk dAhkAhArhkArhkdAkrhkhAkrhkhkhrkkhkhkrkhxk%k

CAAGTGGCGGTAG 792
CAAGTGGCGGTAG 765

kkkhkhkkkhkhkkkhkhkk kK
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Note A4.7 Amino acid sequence alignment between Lacbi2:443240 of strain S238N and JQS585595 of

strain UAMHS8232 in Cluster IV.
Identity Score 93.59

Lacbi2 |443240| [StrainS238N]
JQ585595| [StrainUAMH8232]

Lacbi2 |443240| [StrainS238N]
JQ585595| [StrainUAMH8232]

Lacbi?2 |443240| [StrainS238N]
JQ585595| [StrainUAMH8232]

Lacbi?2|443240| [StrainS238N]
JQ585595| [StrainUAMHB8232]

Lacbi2|443240| [StrainS238N]
JO585595| [StrainUAMHE8232]

Lacbi2|443240| [StrainS238N]
JO585595| [StrainUAMHE8232]

Lacbi2|443240| [StrainS238N]
JO585595| [StrainUAMHB8232]

MDDKEFDDDALPNSKTTPEDYGDKLAEYDYTNTEPNTWMRLREPFREYIAE
MDDKEFDDDALPNSKTTAKDYEDKLPEYDYTTTEPNTWMRLREPFREYFAE

hhkhkhkhkhkhkhkkhkhrhkhkhkhkhk okhk hkhkkx Khhkhkhkh dkhkhkrhkhkhrrkhhkrrkhhrkoxk

FVGVAVLIIFGVGADCQVVLSANTGVAPSPKGDYLSLNCGWAIGTAMGVW
FVGVAVLIIFGVGADCQVVLSANTGVASSPKGSYLSLNCGWAIGTAMGVW

Ak kA hkhkkhkkhhkhkhhkhhkkhhrhkhkhkhhkkhhhkhk *hd*x ,hkkhhrkhkhrrkhkhrkhkxx

ISGGISGGHINPAVTLALATWRGFPWRKVPGFLFAQLLGGIVGAGLVYVN
ISGGISGGHINPAVTLAMATWRGEPWWKVPGEFIFAQLLGGIVGAGLVYVN

Ak hkkhhkhkkhkkhkhkhkhhkhkhkkhhkoehhkhhkhhhkh dhkhhkoehkhhkhhkrhkhkrhkkhhhkhkxk

YIHAIDIVEGGRHVRTLDTAGLFATYAADHMTNVSCFEFSEFLATAVLIVV
YIHAIDIVEGGRHIRTLDTAGLFATYAADYMTNLSCFEFSEFLATAVLIIV

KAKXKAAKNKAKAKN KA K e kAKX KK AR K AA KA AAK e Ah ko kA A AKX I AX KA AKX KKk o %

THAMNDKRNAPPPAGLAPLVLFFLILGIGASLGMETGYAINPARDLGPRM
IHAMNDKRNTPPPAGIVPFVLFFLILGIGASLGMETGYAINPARDLGPRM

hhkhkhkhhkhkhkhkeoehkkhhkhkhe hehhhhhhkhkhkhbhhkhkhhkhkrhhkhkhhkkhkrhkhkhkhkxk

LTAMVGYGROQVFAFRNQYWIWCPVIAPFLGAQVGTIFYDLFEFYKGQODNVE
LTAMVGYGROQVFAFRNQYWIWCPVLAPFLGAQVGTIFYDLFEFYKGQODNVE

Ak hkhkhhkhhkhkhkhkhkhkhhkkhkrhkhkhkhrhkhhehkhkhhhkhkhhkhkrhkhkhkhhkkhkrhkhkhkhkxk

GRLGSHIHISPA 312
GRLGSHIHISPA 312

kkhkkkkhkkkhkkkk*k
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Note A4.8 Nucleotide sequence alignment between Lacbi2:443240 of strain S238N and JQ585595 of

strain UAMHS8232 in Cluster IV.

Lacbi2|443240| [StrainS238N]
JO585595| [StrainUAMHE8232]

Lacbi2|443240| [StrainS238N]
JO585595| [StrainUAMHE8232]

Lacbi2 |443240| [StrainS238N]
JQ585595| [StrainUAMH8232]

Lacbi?2|443240| [StrainS238N]
JQ585595| [StrainUAMHE8232]

Lacbi?2|443240| [StrainS238N]
JQ585595| [StrainUAMHB8232]

Lacbi2|443240| [StrainS238N]
JO585595| [StrainUAMHE8232]

Lacbi2|443240| [StrainS238N]
JO585595| [StrainUAMHE8232]

Lacbi?2|443240| [StrainS238N]
JQ585595| [StrainUAMH8232]

Lacbi?2|443240| [StrainS238N]
JQ585595| [StrainUAMHE8232]

Lacbi?2|443240| [StrainS238N]
JQ585595| [StrainUAMH8232]

Lacbi2|443240| [StrainS238N]
JO585595| [StrainUAMHE8232]

Lacbi2|443240| [StrainS238N]
JO585595| [StrainUAMHE8232]

Lacbi?2|443240| [StrainS238N]
JQ585595| [StrainUAMHE8232]

Lacbi?2 | 443240 [StrainS238N]
JQ585595| [StrainUAMH8232]

Lacbi2 |443240| [StrainS238N]

ATGGACGACAAATTCGACGACGACGCCCTCCCCAACTCGAAGACTACGCC
ATGGACGACAAATTCGACGACGACGCTCTCCCCAACTCAAAGACTACGGC

KAhkhkAhAhhhAhkhhAhkhkhAhkhkhAkhkhAhAk kb khhkhbkh Ahkhhkhkhhbkhhhdkd AhkhhAhkhhrx &

TGAGGACTACGGGGACAAGCTCGCAGAATATGATTATACCAACACATTCC
TAAGGACTACGAGGACAAGCTCCCAGAATATGATTATACCACCACATTCC

Kk khkkhkkhkAhkKhhkkhk AAhhkAkhkhAkhAhhk hhkkdhhkkhhhAkhhhAhkhkhAhkhhkh Ahhhkhhkk

CCAATACGTGGATGAGACTACGTGAACCCTTTCGTGAATATATCGCAGAG
CCAATACGTGGATGAGACTACGTGAACCCTTTCGTGAATATTTCGCAGAG

R R I b e S b S b S b S b i S b b b I S b I S R I 2 R S b I 2h b S SR A 2h S 2h S 4

TTCGTTGGCGTTGCGGTCCTTATCATCTTTGGTGTCGGTGCCGACTGTCA
TTCGTTGGTGTTGCGGTCCTTATCATCTTTGGTGTCGGTGCCGACTGTCA

khkkhkhkkhkkhhkk KAhkhhkkhhhkkhhhkkh kA hhhkhArkhk Ak Ak h Ak hkrhkhkrkhkrkhxk%

AGTCGTCTTGTCTGCAAACACTGGCGTTGCACCATCTCCGAAAGGTGACT
AGTCGTCTTGTCTGCAAACACTGGCGTTGCATCATCTCCGAAAGGTAGCT

R R A b e A I a2 I S b I dh SR i S S S S S S S S R S b S b R S dh R S b S i 4 * K

ATCTATCACTGAATTGCGGTTGGGCCATTGGCACGGCTATGGGCGTTTGG
ATCTATCACTGAATTGCGGTTGGGCCATTGGCACAGCTATGGGCGTTTGG

R R i e b e dh b B a2 I S b i dh b i S b B g S R b R S S S S R A b R S A R A I S I 4

ATCTCGGGCGGAATTTCAGGTGGTCACATTAATCCTGCCGTAACGTTGGC
ATCTCGGGCGGAATTTCAGGCGGTCATATTAACCCTGCTGTAACACTGGC

khkkhkhkkhkkhkhkkhkkhkhkkhkhkhkkhkhkhkkhhkhkk Kk khhkk  kk khkk* k*khkhkk K*Khhk%k * Kk Kk Kk

GTTGGCGACATGGCGCGGCTTCCCATGGAGGAAAGTTCCCGGTTTCCTCT
GATGGCGACATGGCGCGGCTTCCCATGGTGGAAAGTTCCCGGTTTCATTT

*k Ak khkAhk Ak hkAhkhkhk kA Ak kA hkhhkkhkhrhkhhhkhkh dhkhkhkhkkhkrhkhhkrkhkkhkrrkhkx * %

TCGCTCAGCTGCTAGGTGGTATCGTCGGAGCTGGACTGGTCTATGTGAAT
TCGCTCAGCTCCTAGGCGGAATAGTCGGAGCTGGACTGGTCTATGTGAAT

khkkhkhkhkkhkkhkhkhkh khkkhkhk Kk kk hAhkhkkhkhkhkhkkhkhkhkhkkhkhkhkkhkhkrkhkkhkrhkhkhkhkx

TACATTCACGCCATTGATATCGTAGAAGGCGGCCGCCATGTTCGAACACT
TACATTCACGCCATTGATATCGTAGAAGGCGGCCGCCATATCCGAACCCT

KAk khkAkkhkAhkhkhAhkhkhAhkhk Ak A A A A dA A xArA A xAd A xAhA A xk Ak Kk * K*khkhkk K%

CGATACCGCTGGATTGTTCGCAACGTATGCGGCTGATCACATGACCAACG
CGATACCGCTGGATTGTTCGCAACGTATGCAGCTGATTACATGACGAACT

khkkhkhkkhkkhkhkkhkkhhkkhkkhhkkhkhkhkkhkhhkkhhkhkkhhkhkkhhhkk k *hkhkk rk *Ahkk*khkhkkxkx *k%k

TGTCCTGCTTTTTCTCGGAGTTCCTCGCTACTGCCGTGCTTATCGTCGTC
TGTCTTGCTTTTTCTCAGAGTTCCTCGCTACTGCCGTGCTTATCATCGTC

khkkhk Khhkkhkkhkhkkhkkhkhkkhkhhk hhkkhhAhkkdrAhkkdArhkkhrhkkhrhkkxrhkkhkhkhkkhhhkx ,*Khhk%

ATCCACGCCATGAACGACAAGAGAAATGCCCCTCCTCCAGCCGGCCTCGC
ATCCACGCGATGAACGACAAGAGAAACACCCCTCCTCCAGCTGGCATCGT

*khkhkhkhkhkhk Khhkkkhkhkhkhkhkhhkhkxkhk*xx *hkhkhkhkhkkhkhrkhkhkhkrk KKxk Kk Kk

GCCATTGGTTCTCTTCTTCCTTATCCTTGGTATCGGTGCATCCCTTGGAA
ACCATTTGTTCTCTTCTTCCTTATCCTTGGTATCGGTGCATCCCTTGGAA

khkhhkh kA hkhhkhhhhhkhhkhhhhhkhhkhhhhhkhhkhhkhhr ki rhkhhrhkhkxkr*k

TGGAAACAGGTTATGCTATCAACCCCGCTCGTGATCTTGGCCCCCGCATG
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JO585595| [StrainUAMHE8232]

Lacbi2 |443240| [StrainS238N]
JQ585595| [StrainUAMH8232]

Lacbi2 |443240| [StrainS238N]
JQ585595| [StrainUAMH8232]

Lacbi2|443240| [StrainS238N]
JO585595| [StrainUAMHE8232]

Lacbi2|443240| [StrainS238N]
JO585595| [StrainUAMHE8232]

TGGAAACAGGTTACGCCATTAACCCCGCTCGTGATCTTGGCCCCCGCATG

khkkhkhkkhkkhkhkkhkkhkhkk ik *k Khk *hkAkhhkArAhkArA kA kA kA khAk Ak kA khhk%k

CTCACTGCTATGGTTGGCTATGGAAGACAGGTATTCGCTTTCCGGAATCA
CTCACTGCTATGGTTGGCTATGGAAGACAGGTTTTCGCTTTCCGGAATCA

R R e I b e S b S b S b S b i S b B S b I S b I 2 b I SR I b I b S 2 S 2h S 2h S 4

ATATTGGATCTGGTGTCCAGTCATTGCCCCGTTCCTGGGTGCTCAAGTTG
ATATTGGATCTGGTGTCCAGTTCTTGCCCCATTCCTGGGCGCTCAGGTTG

kkhkkhkkkhkhkkhkhk kA kA kA kA hkkhk*k kkhkkhkhkkhkkhkk Khhkkhkkhkkkhkkhk *kkhkkk kkkk

GAACGATTTTCTATGACCTGTTCTTCTACAAAGGACAAGATAATGTTTTC
GAACGATCTTCTATGACCTGTTCTTCTACAAAGGACAAGATAATGTTTTC

R R i d b S b e ah dh S SR dh b S SR i b R S S R S S R i S R S b SR A b R S A R S I R S A 4

GGGCGATTAGGGTCACACATACACATCTCCCCAGCTTAA 939
GGGCGATTAGGGTCACACATACACATCTCCCCAGCTTAA 939

R R i e b A g e ah db I dh SR I S R i S S S S S S S R S S R S 2 R S i i b
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Note A4.9 Amino acid sequence alignment of Lacbi2:317173 and Lacbi2:576801 in strain S238N, and
JQ585596 and JQ585597 in strain UAMHS8232 in Cluster IV.
317173 VS. JQ585596 Identity Score 90.06

317173 VS. JQ585597 Identity Score 94.88

JQ585596 VS. JQ585597 Identity Score 91.27

JQ585597| [StrainUAMH8232]
Lacbi2|317173| [StrainS238N]
JQ585596 | [StrainUAMH8232]
Lacbi2|576801| [Laccaria

JQ585597| [StrainUAMH8232]
Lacbi2|317173| [StrainS238N]
JQ585596 | [StrainUAMH8232]
Lacbi2 |576801| [Laccaria

JQ585597 | [StrainUAMH8232]
Lacbi2]317173| [StrainS238N]
JQ585596 | [StrainUAMH8232]
Lacbi2 |576801| [Laccaria

JQ585597 | [StrainUAMHB8232]
Lacbi2|317173| [StrainS238N]
JQ585596 | [StrainUAMH8232]
Lacbi2|576801| [Laccaria

JQ585597 | [StrainUAMHS8232]
Lacbi?2 | 317173 [StrainS238N]
JQ585596 | [StrainUAMH8232]
Lacbi?2|576801| [Laccaria

JQO585597| [StrainUAMH8232]
Lacbi?2|317173| [StrainS238N]
JQ585596 | [StrainUAMHB8232]
Lacbi2 | 576801 | [Laccaria

JQ585597 | [StrainUAMHB8232]
Lacbi2|317173| [StrainS238N]
JQ585596 | [StrainUAMH8232]
Lacbi2?2|576801| [Laccaria

MSGOHQITEQPSGNPLSRTSTLIQEKPLTPTSSHAGTQKQPEAPRQPTFEL
MSGQHQITEQSSRNPLSRVSTLLPEKPLSPTSTYAGTQKHPEAPRQSSFEL
MSGQHQITEQPSGNPLSRTSTLIQEKPLTPTSSHAETQKHLEAPRQSSFEL

IQLONIRHAIRKPMAEFFGVALLIIFGAGSACQVVLSTNPDVASSARGSF
IQOLONIRNATIRKPMAEFFGVALLITIFGAGSACQVVLSTNPDVASSARGSE

IQLODIRHAIRMPMAEFFGVALLITIFGAGSACQVVLSTNPNVASSDRGSE
FTLAHHRHAIRKPMAEFFGVALLVIFGAGAACQVVLSTNPN--—-—-—-—-- SF

* hekhkhk Khhkkhkhkhkhhkhkhkhkohkhkhkhkhkeohkhkhkhhkhkrhkhko * %

LSINFGWAIGIAMGVWVSGGISGGHINPAITIAMATYRGEFPWCKVPSYIL
LSINFGWAIGIAMGVWVSGGISGGHINPAITIAMATYRGFPWRKVPSYIL
LSINLGWAIGIAMGAWVSGGISGGHINPAITIAMATYRGEFPWRRVPSYIF
LSINFGWAIGIAMGAWISGSISGGHINPAITIAMATYRGEFPWREVPSYIL

hkhkhkkoekhkhkhkhkhkkhhkh ,ekhkkh hhkhkhkhkkhhkhkhhkhhkkhkhrhkkhhhkhkxk Kk kk kK .

AQVLGGVVGAALVYANYTHAIDVFEGGHHIRTEATASLFATYALPYMTQA
AQVLGGVVGAGLVYANYTHAIDIFEGGHHIRTQATASLFATYALPYMTQA
AQVLGGVVGAALVYANYTHAIDIFEGGRHVRTQATASLEFATYALPYMTQV
AQVLGGVVGAALVYANYTHAIDVFEGGRHIRTQATASLFATYALPYMTQV

khkhkhkkhhkhkhhh K hkhkhkhkhkhkkhhhkhohhkhhkokheohkhkeohkhkhkhkhhkhkhkhkhhhkhkik

SCFFSEFLATAVLSMMVEALTDKRNHSPTNGLLPFALFILEFVGLGASLGM
SCFFSEFLATAVLSMMVEALTDKRNHSPTNGLLPFALFILEFVGLGASLGM
SCFEFSEFLATAVLSMMVLALTDNRNGAPTNGLLPFALFVLFIGLGASLGM
SCFEFSEFLATAVLAMMVLALTDNRNGAPTNGLSPFALFVLFIGLGASLGM

Ak hkkhhkhkhkkhhkhkhkeoehkhhkeohhhkhkohh ohkhkhhh dhhkhkhkokhkeohkhkhkhkhkhkixk

ETAYALNPARDFGPRLFLAMAGYGKALENYRSQYWLWAPITIAPVLGAQAG
ETAYALNPARDFGPRLFLAMAGYGKALENYRSQYWLWAPITAPVLGAQAG
ETAYALNPARDFGPRLFLAMSGYGKALENYRSQYWLWAPITIAPVLGAQAG
ETAYALNPARDFGPRLFLAMAGYGKALENYRSQYWLWAPITAPVLGAQAG

BRI R e A I e S I e S I S I S b ERE b i b B S R S SR A S S S S S R S b R S db S b 4

GLLYDTFLNDGDNSPIKWRCASSQEQQLAEVV 332
GLLYDTFLNDGDNSPIKWRCASSQEHQLAEVV 332
GLLYDTFLYDGDNSPIKWRRASSQECQLAEVV 332
GLLYDTFLYDGDDSPIKWR-=-—==—==————— 263

khkhkkikhkhkk Kk Kkhkkokkkhkhkkk
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50
50
50

100
100
100
44

150
150
150
94

200
200
200
144

250
250
250
194

300
300
300
244



Note A4.10 Nucleotide sequence alignment of Lacbi2:317173 and Lacbi2:576801 in strain S238N, and
JQ585596 and JQ585597 in strain UAMHS8232 in Cluster IV.

JQ585596 | [StrainUAMHB8232]
Lacbi2 576801 | [StrainS238N]
Lacbi2 |317173| [StrainS238N]
JQ585597 | [StrainUAMHB8232]

JQ585596| [StrainUAMH8232]
Lacbi2 576801 | [StrainS238N]
Lacbi2]317173| [StrainS238N]
JQ585597| [StrainUAMH8232]

JO585596 | [StrainUAMHE8232]
Lacbi2|576801| [StrainS238N]
Lacbi2|317173| [StrainS238N]
JO585597 | [StrainUAMHE8232]

JO585596 | [StrainUAMHE8232]
Lacbi2|576801| [StrainS238N]
Lacbi2|317173| [StrainS238N]
JO585597| [StrainUAMHE8232]

JQ585596 | [StrainUAMHB8232]
Lacbi?2 | 576801 | [StrainS238N]
Lacbi2|317173| [StrainS238N]
JQ585597 | [StrainUAMHB8232]

JQ585596 | [StrainUAMHB8232]
Lacbi2 576801 | [StrainS238N]
Lacbi2 |317173| [StrainS238N]
JQ585597 | [StrainUAMHB8232]

JQ585596 | [StrainUAMH8232]
Lacbi2 576801 | [StrainS238N]
Lacbi?2|317173| [StrainS238N]
JQ585597 | [StrainUAMHB8232]

JO585596 | [StrainUAMHE8232]
Lacbi2|576801| [StrainS238N]
Lacbi2|317173| [StrainS238N]
JO585597| [StrainUAMHE8232]

JO585596 | [StrainUAMHE8232]
Lacbi2|576801| [StrainS238N]
Lacbi2|317173| [StrainS238N]
JO585597 | [StrainUAMHE8232]

JQ585596 | [StrainUAMHB8232]
Lacbi2 | 576801 | [StrainS238N]
Lacbi2|317173| [StrainS238N]
JQO585597| [StrainUAMH8232]

ATGTCTGGCCAACATCAGATCACTGAGCAACCGTCTGGAAACCCACTCTC

ATGTCTGGCCAACATCAGATCACCGAGCAATCGTCTCGAAACCCACTCTC
ATGTCTGGCCAACATCAGATCACTGAGCAACCGTCTGGAAACCCACTCTC

* Kk Kk Kk * Kk Kk Kk * ok * Kk Kk K

CAGAACTTCTACACTTATTCAAGAGAAACCGCTGACTCCCACATCGTCTC

CAGGGTTTCTACACTCCTCCCCGAGAAACCGCTGAGCCCCACATCGACCT
CAGAACTTCTACACTTATTCAAGAGAAACCGCTGACTCCCACATCGTCTC

* k

ACGCTGAGACTCAAAAACATCTCGAGGCCCCTCGACAGTCTTCTTTTCTT
ACGCTGGGACACAAAAACATCCAGAGGCCCCTCGACAGTCTTCTTTTCTT
ACGCTGGGACTCAAAAACAGCCCGAGGCCCCTCGACAACCTACTTTTCTT

ATCCAACTGCAAGATATTAGGCATGCAATCCGCATGCCCATGGCCGAATT
————————————————— CAGGCATGCAATCCGCAAGCCCATGGCTGAATT
ATCCAACTGCAAAATATTAGGAATGCGATCCGCAAGCCCATGGCCGAATT
ATCCAACTGCAAAATATTAGGCATGCAATCCGCAAGCCAATGGCCGAATT

khkk Akhkhkk KAk hkkhkkhkhk khkk Akhkhkhkk Akhkkkk

TTTCGGTGTGGCGCTCTTGATCATTTTCGGTGCAGGGTCTGCCTGCCAGG
TTTCGGTGTGGCGCTCTTGGTCATTTTTGGTGCAGGGGCTGCCTGCCAGG
TTTCGGTGTGGCGCTCTTGATCATTTTTGGTGCAGGGTCTGCCTGCCAGG
TTTTGGTGTGGCGCTCTTGATCATTTTCGGTGCAGGGTCTGCCTGCCAGG

khkkhk hkhkkhkhkhkkhkhkhkhkhkhhkkhhkh khhkkhhhkh *Ahkkhkhkhkhkkhkhk k(rxkhkkhkhrhkhkhkhkx

TTGTACTCTCGACAAATCCAAACGTCGCATCATCTGATCGAGGTTCATTT
TTGTACTCTCGACAAATCCAAAC-——=———=—————————————— TCGTTT
TTGTACTCTCGACAAATCCGGACGTTGCGTCATCTGCTCGAGGTTCGTTT
TTGTGCTCTCTACAAATCCGGACGTCGCGTCATCTGCTCGAGGTTCGTTT

*khkkhk hhkkkk kkhkkkkhkkkk * % * Kk kK k ok

CTCTCCATAAACCTCGGATGGGCCATCGGTATTGCCATGGGTGCCTGGGT
CTCTCTATAAATTTCGGATGGGCCATCGGTATTGCGATGGGTGCCTGGAT
CTCTCCATAAATTTCGGATGGGCCATCGGTATTGCGATGGGTGTTTGGGT
CTCTCCATAAATTTCGGATGGGCCATCGGTATTGCTATGGGTGTCTGGGT

*hkkhkk Kk kkkkk khkkhkhkhkkhkhkhkhkkhhkhkkhkkhkhrhkkhhhkhkhx K(hkhkhk*x*k * Kk Kk Kk

CAGCGGCGGCATCTCTGGAGGACACATTAACCCTGCGATAACAATCGCAA
CAGCGGCAGCATCTCTGGAGGACACATTAACCCTGCGATAACCATCGCAA
CAGCGGCGGCATCTCCGGAGGACACATTAACCCTGCAATTACCATCGCAA
CAGCGGCGGCATCTCTGGAGGACACATTAACCCTGCAATTACCATCGCAA

khkkhkhkkhkkhk Khhkkhkkhkhkkhk KhhkhkkhAhhkkdhhkkdrhkk rhkk rhkk k **k K,k K*hkkkhkkk%k

TGGCGACTTATCGCGGCTTTCCTTGGCGTAGAGTGCCCAGCTACATCTTC
TGGCGACTTACCGCGGCTTTCCTTGGCGTGAAGTGCCCAGCTACATCCTC
TGGCGACCTACCGCGGCTTTCCTTGGCGTAAAGTGCCCAGCTACATTCTT
TGGCGACCTACCGCGGCTTTCCTTGGTGTAAAGTGCCCAGCTACATCCTC
khkkhkhkhkkhk *khk KkhkkhkhkhkkhkhkhkkhkkhAkhAkhkAhAkkKx kK Kk Ahkkhkkhkkhkhkkkhkkkk*k *
GCCCAGGTGTTAGGTGGGGTCGTTGGTGCCGCGCTGGTATACGCGAATTA
GCCCAGGTGTTAGGTGGGGTCGTCGGTGCCGCACTGGTATACGCGAATTA
GCCCAAGTGTTGGGCGGGGTCGTCGGTGCCGGGCTGGTATACGCGAATTA
GCCCAAGTGTTGGGTGGGGTCGTCGGTGCCGCACTGGTATACGCGAATTA

kkhkkhkkk kkhkkhkkk kk kAkkAkkAkkAkkk KAAhkkkkhkkKk kkhkkhkhkkhkkhkhkkkhkhkkhkkhkhkkkhh*k
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50
18
50
50

100
20

100
100

150

150
150

200
53

200
200

250
103
250
250

300
132
300
300

350
182
350
350

400
232
400
400

450
282
450
450

500
332
500
500



JQ585596 | [StrainUAMHB8232]
Lacbi2 576801 | [StrainS238N]
Lacbi2 |317173| [StrainS238N]
JQ585597 | [StrainUAMHB8232]

JQ585596| [StrainUAMH8232]
Lacbi2 576801 | [StrainS238N]
Lacbi2]317173| [StrainS238N]
JQ585597| [StrainUAMH8232]

JO585596 | [StrainUAMHE8232]
Lacbi2|576801| [StrainS238N]
Lacbi2|317173| [StrainS238N]
JO585597 | [StrainUAMHE8232]

JO585596 | [StrainUAMHE8232]
Lacbi2|576801| [StrainS238N]
Lacbi2|317173| [StrainS238N]
JO585597| [StrainUAMHE8232]

JQ585596 | [StrainUAMHB8232]
Lacbi2 | 576801 | [StrainS238N]
Lacbi2|317173| [StrainS238N]
JQ585597 | [StrainUAMHB8232]

JQ585596 | [StrainUAMH8232]
Lacbi2 576801 | [StrainS238N]
Lacbi?2 | 317173 [StrainS238N]
JQ585597| [StrainUAMH8232]

JQ585596 | [StrainUAMH8232]
Lacbi2 576801 | [StrainS238N]
Lacbi?2|317173| [StrainS238N]
JQ585597 | [StrainUAMHB8232]

JO585596 | [StrainUAMHE8232]
Lacbi2|576801| [StrainS238N]
Lacbi2|317173| [StrainS238N]
JO585597| [StrainUAMHE8232]

JO585596 | [StrainUAMHE8232]
Lacbi2|576801| [StrainS238N]
Lacbi2|317173| [StrainS238N]
JO585597 | [StrainUAMHE8232]

JO585596| [StrainUAMHE8232]
Lacbi2|576801| [StrainS238N]
Lacbi?2 | 317173 | [StrainS238N]
JQ585597| [StrainUAMH8232]

TATCCATGCAATCGATATCTTTGAAGGCGGACGTCACGTCCGCACCCAAG
TATCCACGCAATCGATGTCTTCGAAGGCGGACGTCACATCCGCACCCAAG
TATCCATGCAATCGACATCTTCGAAGGCGGGCATCACATCCGCACCCAAG
TATCCATGCAATCGACGTCTTCGAAGGCGGGCACCACATCCGCACAGAAG

kkkhkkk Kkkhkkkkhkkk*k kkkk Kkhkkkhkkkkhkk K *kkk kkhkkkkkKk * kK

CTACTGCTTCTCTCTTCGCAACGTACGCTCTGCCATACATGACACAAGTA
CTACCGCTTCCCTCTTCGCAACGTACGCTCTGCCGTACATGACGCAAGTA
CTACCGCTTCCCTCTTCGCGACGTATGCTCTGCCATACATGACGCAAGCA
CTACCGCTTCCCTTTTCGCGACGTATGCTCTGCCGTACATGACGCAAGCA

kkhkkhkk Khhkkhkkhkk hk hkhkkhkkhkk khkkhkkhkk *AhkAkhAkhkAkhAkk kAhkkhkhkkkhAkhkk kkkk K

TCATGTTTCTTTTCGGAATTCTTGGCCACCGCCGTTCTTTCTATGATGGT
TCTTGTTTCTTTTCGGAATTCCTGGCCACCGCCGTTCTGGCTATGATGGT
TCATGTTTCTTTTCGGAATTCTTGGCCACCGCCGTTCTTTCTATGATGGT
TCATGTTTCTTTTCGGAATTCTTAGCCACCGCCGTTCTTTCTATGATGGT

Ak kAhkkhkkhkkhkhkAkhkhkkhAhkhkk Ak hkhkk Kk K AkhkhhAkhkhkhAhkh A hhkk *k Kk hkkkkkkk

TTTGGCCCTCACCGATAACCGCAATGGCGCTCCGACAAATGGGCTTTTAC
TTTGGCCCTCACCGATAACCGTAATGGCGCTCCGACAAATGGGCTTTCAC
TTTCGCCCTCACTGACAAACGTAATCACTCTCCGACAAATGGGCTTTTGC
TTTCGCCCTCACTGACAAACGTAATCACTCTCCGACAAATGGGCTTTTGC

khkk kAkhkhkkhkkhkhkkhkk Kk Kk Kk KkhkKk Kk kkkkhk Ak Kk Ak kA Kk kA Kk hk *

CATTTGCACTATTTGTTTTGTTCATCGGCCTTGGGGCGTCGCTCGGCATG
CATTTGCACTATTTGTTTTGTTCATTGGCCTTGGGGCGTCGCTCGGCATG
CATTTGCGCTCTTTATTTTGTTCGTCGGCCTTGGGGCGTCGCTCGGCATG
CATTTGCGCTCTTTATTTTGTTCGTCGGCCTTGGGGCATCACTCGGCATG

kkhkkhkhkkhkkhk Khhk khkhkk khkkkkhkkhkkk kK khkkhkhkkAkhkhkAkikk kk kAhkkhkikkhkk kK

GAAACAGCGTACGCCCTCAATCCTGCGCGAGACTTTGGACCACGCTTGTT
GAAACAGCGTACGCCCTCAATCCTGCGCGAGACTTTGGACCACGCTTGTT
GAAACAGCGTACGCCCTCAACCCCGCGCGAGACTTTGGACCACGCTTGTT
GAAACAGCGTACGCCCTCAACCCCGCGCGAGACTTTGGACCACGCTTGTT

khkkhkhkkhkkhkhkkhkhkhkkhkhkhkkhkhkhkkhhkhkk, *k KA hkhkkhhrhkAhrhkAhrhkkhrhhkrhhrkhxkx%k

CCTCGCTATGTCAGGTTACGGAAAGGCTCTCTTCAACTATCGCAGTCAAT
CCTCGCTATGGCAGGTTACGGAAAAGCTCTCTTCAACTATCGCAGTCAAT
CCTTGCTATGGCAGGTTACGGAAAAGCTCTCTTCAACTATCGCAGTCAAT
CCTTGCTATGGCAGGTTACGGAAAAGCTCTCTTCAACTATCGCAGTCAAT

kkhkkhk khkhkkhkkhk hhkkhkkhkhkkhkkhkhkkhkhkhkkhk KAhkhkAhAhhkArhkArhkhkrhkhkrhkhkhrkhx k%

ATTGGCTCTGGGCACCCATTATTGCTCCGGTCCTTGGCGCTCAGGCTGGA
ATTGGCTTTGGGCACCCATTATTGCTCCGGTCCTTGGCGCTCAGGCTGGA
ATTGGCTTTGGGCACCTATTATTGCTCCGGTCCTTGGCGCTCAGGCTGGA
ATTGGCTTTGGGCACCCATCATTGCTCCAGTTCTTGGCGCTCAGGCTGGA

khkkhkhkkhkkhk Khhkkhkkhkhkkhkkhk Khk kAhkkhkhkhkkhkrk *k *hkAkhAkhAkAkhAkhAkhAk Ak Ak Ak hkhh kK

GGCTTACTTTATGACACCTTTTTATACGATGGAGATAACAGCCCCATCAA
GGCTTGCTCTACGATACCTTTTTATACGATGGAGATGACAGCCCCATCAA
GGCTTACTCTATGATACCTTTTTAAACGATGGAGATAACAGCCCCATCAA

GGCTTACTCTATGATACCTTTTTGAACGATGGAGATAACAGCCCCATCAA
kkokkok kkx kk kk kkkokkokkk  kkkkkkkkkokk kkkkkokkokxokxokx

550
382
550
550

600
432
600
600

650
482
650
650

700
532
700
700

750
582
750
750

800
632
800
800

850
682
850
850

900
732
900
900

950
782
950
950

ATGGCGCCGCGCTTCCTCGCAAGAATGCCAGCTCGCTGAGGTTGTTTGA 999

ATGGCG-------———-- GTGA-———————————————————m— o=

792

ATGGCGCTGTGCTTCTTCGCAAGAGCACCAGCTCGCTGAGGTTGTTTGA 999
ATGGCGCTGTGCTTCTTCGCAAGAGCAACAGCTCGCTGAGGTTGTTTGA 999

* Kk ok ok ok k * *
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APPENDIX 5 In silico protein secondary structure prediction on
deduced amino acids of putative PIPs of Picea glauca analyzed in this

study
The NPA motifs were underlined.

>GQ03610_A06.1
MEGKEEDVRLGANKYSERQPLGTAAQTREKDYKDSGPAPLFEPGELASWSFW
RAGIAEFMATFLFLYITILTVMGVKRSDDVCTGSVGIQGIAWAFGGMIFCLVYC
TAGISGGHINPAVTFGLFLARKLSLPRAVFYMICQCLGAICGAGVVKGFMESEY
EMDGGGANSVAHGYTKGDGLGAEIVGTFVLVYTVFSATDAKRSARDSHVPM
LAPLPIGFAVFLVHLATIPITGTGINPARSLGAAIITYNKSHAWDDHWIFWVGPFL
GAGLAAFYHQMIIRAIPFKSRS*

Length: 288; Number of predicted TMHs: 6; Exp
number of AAs in TMHs: 128.51922; Exp T S - N ]
number, first 60 AAs: 6.66533; Total prob of N-in: ‘ l' il ‘ | |
0.89913; Inside 1-53; TMhelix 54-76; Outside 77- " |

90; TMhelix 91-113; Inside 114-133; TMhelix , il “ dlh
134-156; Outside 157-178; TMhelix 179-196; ' —
Inside 197-208; TMhelix 209-231; Outside 232-256; TMhellx 257 279 Ins1de 280 288

>GQ03401 M18.1
MEGKEEDVKLGADKYSERQPLGTAAQTMEKDYKEPGPAPLFEPGEFRSWSFW
RAGIAEFMATFLFLYITILTVMGVKRSDNGSDGVCTGSVGIQGIAWAFGGMIFC
LVYCTAGISGGHINPAVTFGLFLARKLSLPRAVFYMVCQCLGAICGAGVVKGF
MESEYQMDGGGANVVAPGYTKGDGLGAEIVGTFVLVYTVFSATDAKRSARD
SHVPLLAPLPIGFAVFLVHLATIPITGTGINPARSLGAAITYNRDHAWDDMWIF
WVGPFIGAALAAFYHVIIRAIPFKTRS*

Length: 292; Number of predicted TMHs: 6; Exp e ——— ——m—
number of AAs in TMHs: 130.07592; Exp Lol ) | ‘ ‘

number, first 60 AAs: 6.79745; Total prob of N-in:
0.91826; Inside 1-53; Mhelix 54-76; Outside 77- \
95; TMhelix 96-118; Inside 119-137; TMhelix ’ 7 "'" : w
138-160; Outside 161-182; TMhelix 183-200; “

Inside 201-212; TMhelix 213-235; Outside 236-260; TMhelix 261-283; Inside 284-292;

>GQO03010_E09.1
MEMEGGDYEEHPPAPLLDSLELKLWSFYRAVIAEFVATLLFLYITMTTVVENK
QSKGTCGGVGLLGEAWAFGGMIFVLVYCISGISGGHVNPAVTFALFLARKVSL
PRAVLYVVAQCLGAVCGTALVKGIQGSFYASNGGGSNSVSPGYSKGSALLAEI
IGTFVLVYTVFSATDPKRKARDSHVPVLAPLPIGFAVFSIYLATNSITGTGINPA
RSFGPAVIYGHKKSRDDLWIFWIGPLIGAAVATAYHRYLLRAGAFGSKNLGSL
RSQPASAT*

Length: 275; Number of predicted TMHs: 6; Exp
number of AAs in TMHs: 130.18762; Exp £

number, first 60 AAs: 21.69684; Total prob of N- L
in: 0.76810; Inside 1-25; TMhelix 26-48; Outside *
49-67; TMhelix 68-90; Inside 91-109; TMhelix n
110-132; Outside 133-151; TMhelix 152-171; Inside 172- 183 TMhehx 184 206
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Outside 207-231; TMhelix 232-254; Inside 255-275

>GQ03002_G07.1
MEMEGGEEQTRDYEEHPPAPLLDSLELKLWSFYRAVIAEFVATLLFLYITMTT
VVENKQSKGTCGGVGLLGEAWAFGGMIFVLVYCISGISGGHVNPAVTFALFL
ARKVSLPRAVLYVVAQCLGAVCGTALVKGIQGSFYASNGGGSNSVSPGYSKG
TALLAEIIGTFVLVYTVFSATDPKRKARDSHVPVLAPLPIGFAVFLVHLATIPITG
TGINPARSFGPAVIYGHEKSWDDLWIFWVGPLIGAAVAAAHHQYVLKASGFG
LKNLGSLRSHPASAT*

Length: 280; Number of predicted TMHs: 6; Exp
number of AAs in TMHs: 131.162; Exp number,
first 60 AAs: 21.39786; Total prob of N-in:
0.90159; Inside 1-30; TMhelix 31-53; Outside 54-
72; TMhelix 73-95; Inside 96-114; TMhehx 115-
137; Outside 138-156; TMhelix 157-176; Inside 177-188; TMhellx 189- 211 Out51de
212-236; TMhelix 237-259; Inside 260-280

>GQ03001 _P18.1
MEAKEAEGIEQAKDYRDPPPAPLLDSLELKRWSFYRAAIAEFVATLLFLYITLT
TVVENNRNKVNCSGVGLLGEAWAFGGMIFVLVYCISGISGGHVNPAVTFALFL
ARKVSLPRAVLYIVAQCLGALCGTALVRGIQGSFYASTGGGSNSVSAGYSKGS
ALLAEIIGTFVLVYTVFSATDPKRNARDSHIPVLAPLPIGFAVFLVHLATIPITGT
SINPARSFGPAVIYGHKKSWDDLWIFWVGPLVGAAIAAAYHQYVLRAGGLGL
KSLRSFRSQPTSLAT* » _—
ength: 283; Number of predicted TMHs: 6; Exp ‘ ‘,_ Y JI_ _|__ _:
number ofAAs in TMHs: 131.76741; Exp *\ | || | i

number, first 60 AAs: 21.34561; Total prob of N- Y | 'I ‘

in: 0.93711; Inside 1-32; TMhelix 33-55; Outside L LI
56-77; TMhelix 75-97; Inside 98-116; TMhelix
117-139; Outside 140-158; TMhelix 159-178; Inside 179- 190 TMhehx 191 213
Outside 214-238; TMhelix 239-261; Inside 262-283

>GQO03111_E12.1
MTKEERRESEQQGFAPKDYTDPPPAALIETSEFKLWSFYRALIAEFVATLLFLYI
TIATVIGHSRTSTNCGSVGVLGIAWSFGGMIFVLVYCTAGISGGHINPAVTFGLF
LARKVSLPRAILYMIAQCLGAICGTGLVKAFQKSFYDRYGGGANYVHHGYTK
GVGLAAEIIGTFVLVYTVFSATDPKRSARDSHVPVLAPLPIGFAVFMVHLATIPI
TGTGINPARSFGAAVIYGHKQSWDDHWIFWVGPFAGAALAAAYHQYILRAAA
IKALGSFRSNANV* . , , . , ‘
Length: 282; Number of predicted TMHs: 6; Exp ‘ e Y=
number of AAs in TMHs: 131.93621; Exp \ a [ "
number, first 60 AAs: 20.17461; Total probof N-  + - |l |} | ‘ | |
in: 0.91991; Inside 1-40; TMhelix 41-63; Outside = | 0l fia uibh |
64-72; TMhelix 73-95; Inside 96-115; TMhelix ' TR T
116-138; Outside 139-162; TMhelix 163-182;

Inside 183-194; TMhelix 195-217; Outside 218-242; TMhelix 243-265; Inside 266-282

>GQ03703_HO07.1

MTKEEGKELEQQGFAPKDYTDPPPAALIDANEFKLWSLYRALIAEFIATLLFLY
ITIATVIGHSRTSADCGSVGVLGIAWSFGGMIFVLVYCTAGISGGHINPAVTFGL
FLARKVSLPRAILYMIAQCLGAICGAGLVKAFQKSFYDRYGGGANFVHPGYTK
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GVGLAAEIIGTFVLVYTVFSATDPKRSARDSHVPVLAPLPIGFAVFMVHLATIPI
TGTGINPARSFGAAVIYGHKQSWDDHWIFWVGPFVGAALAAAYHQYILRAAA
VKALGSYRSNVDV*

Length: 282; Number of predicted TMHs: 6; Exp ]
number of AAs in TMHs: 132.20968; Exp S = N
number, first 60 AAs: 20.38604; Total prob of N- Al F | ‘ I {
in: 0.83345; Inside 1-40; TMhelix 41-63; Outside | f ‘! |l -
64-72; TMhelix 73-95; Inside 96-115; TMhelix L o
116-138; Outside 139-162; TMhelix 163-182;
Inside 183-194; TMhelix 195-217; Outside 218-242; TMhelix 243-265; Inside 266-282

>GQ02901 B20.1
MTKEEGKEMEQQGFAPKDYTDPPPASFIDSGEFRLWSFYRALIAEFIATLLFLYI
TIATVIGHSRTSTNCGSVGVLGIAWSFGGMIFVLVYCTAGISGGHINPAVTFGLF
LARKVSLPRAILYMIAQCLGAICGTGLVKAFQKSFYDQNGGGANFVHPGYTK
GVGLAAEINIGTFVLVYTVFSATDPKRSARDSHVPVLAPLPIGFAVFMVHLATIPI
TGTGINPARSFGAAVIYGHKQSWDDHWIFWVGPFIGAALAAAYHQYILRAAAI
KALGSFRSNPHV*

ength: 282; Number of predicted TMHs: 6; Exp s

number of AAs in TMHs: 131.8592; Exp number, ' \___j___?,___:
first 60 AAs: 20.19079; Total prob of N-in: § ol [ | r
0.89396; Inside 1-40; TMhelix 41-63; Outside 64- © .. I ‘ ‘ |
72; TMhelix 73-95; Inside 96-115; TMhelix 116-
138; Outside 139-162; TMhelix 163-182; Inside
183-194; TMhelix 195-217; Outside 218-242; TMhelix 243 265 Inside 266 282

>GQ02905 E13.1
MAKEGGKEVEQQGFAAKDYKDPPPAALFDVSEFKLWAFYRAIIAEFIATLLFL
YITVATVIGHKRNQAACGSVGLLGIAWAFGGVIFVLVYCTAGISGGHINPAVTF
GLFLARKVSLPRAVLYMVAQCLGAICGCGLVKAFQKSYYDQYGGGANSVAH
GYTKGVGLSAEIIGTFVLVYTVFSATDPKRNARDSHVPVLAPLPIGFAVFMVHL
ATVPITGTGINPARSFGAAVIYGHQKIWDEHWIFWVGPFLGAAGAAAYHQYIL
RAGAIKALGSFRSNPHV*

Length: 282; Number of predicted TMHs: 6; Exp P e ————————
number of AAs in TMHs: 133.00058; Exp o I
number, first 60 AAs: 21.29549; Total prob of N- ¢ * ‘} I || [
in: 0.10292; Inside 1-35; TMhelix 36-58; Outside -
59-78; TMhelix 79-101; Inside 102-115; TMhelix o ! e |
116-138; Outside 139-158; TMhelix 159-181;

Inside 182-200; TMhelix 201-223; Outside 224 242; TMhelix 243-265; Inside 266-282
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APPENDIX 6 Analysis of RNAI strains

Because the gene knockdown effect was more pronounced in RNAil and RNAi2
strains than in other RNAI strains, they were chosen for further studies (Fig. A6.1). In
Southern blot assay, one clear, strong signal of hybridization band using a labeled
probe targeting the iph gene indicates single copy insertion in the genomic DNA of
transgenic strains. It was confirmed that the mock, RNAil and RNAi2 strains each
harbored a random single insertion of the transgenic cassette, indicated by a single

clear hybridization band in Lane 3, 4 and 5, respectively (Fig. A6.2).

No obvious difference in phenotypes was observed between WT, mock and the two
RNAI strains at either 20°C or 5°C (Fig. A6.3). Growth at 20°C was significantly
faster than at 5°C for both RNAI strains. The dry mass of all the strains was
significantly higher at 20°C than at 5°C, but the difference between the strains was not
significant at either 20°C or 5°C (Fig. A6.4). The values of Piurgor Were not
significantly different at 20°C and 5°C between WT and two RNAI strains, with
exception that at 20°C RNAi2 strain had higher Prurgor. (Fig. A6.5).

JQ585595 was the highest expressed MIP in different mycorrhizal root tips at both
temperatures. The transcript abundance of JQ585592, JQ585593, JQ585594 and
JQ585595 was upregulated at 5°C, whereas JQ585596 and JQ585597 maintained at the
same level. Except JQ585594 in RNAIi1 at 20°C, and JQ585595 in RNAi2 at 5°C,
there was no significant difference in fungal MIP transcript abundance between WT-
and RNAi-inoculated root tips (Fig. A6.6). The similar transcript abundance of
JQ585595 in WT- and RNAi-inoculated root tips at 20°C showed that the expression
of this target gene was not efficiently suppressed in RNA1 mycorrhizal tissues,
indicating the knockdown effect of RNA interference transgenic construct, as observed
in mycelia grown for three weeks on MMN medium, was compensated in the
dikaryotic strain mycorrhizated in vivo with P. glauca roots for months. Gene
suppression is particularly challenging in dikaryotic fungi, particularly in case that the
transcript abundance of the target gene is high and it tends to be upregulated upon
mycorrhization. Consequently, RNA1 strains caused an increase in Ly compared with
non-inoculated seedlings, but did not cause significant difference in L, compared with
WT at 20°C, 10°C and 5°C (Fig. A6.7). Like WT strain, RNAI strains contributed to
the stability of L, when root temperature dropped to 10°C and 5°C (Fig. A6.7).
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Figure A6.1 Transcript abundance of JO585595 in mycelia of Laccaria bicolor
transgenic RNAI strains. Transcript abundance of JO585595 was quantified in
transgenic L. bicolor mycelia grown on solid MMN medium at 20°C for three weeks
using the standard curve method of absolute quantification of qRT-PCR assay.
Transcript abundance of JO585595 was normalized to the geometric mean of that of
reference genes EF2 and a-tubulin. Transcript abundance in transgenic strains was
compared with that in wild type (WT)(n = 3 + SE).
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Figure A6.2 Southern blot analysis of Laccaria bicolor genomic DNA digested by
restriction enzymes Sacl (a) or BamHI (b). DNA ladder and digested genomic DNA
were loaded as described below: Lane 1 and 7 for 1Kb DNA ladder (GeneRuler™;
Fermentas); Lane 2 for WT; Lane 3 for mock; Lane 4 for RNAil, Lane 5 for RNAi2;
Lane 6 for 0.2 ng of 870 bp PCR amplicon of hygromycin phosphotransferase gene as
positive control.

RNAI1 RNAI2

Fig. A6.3 Phenotype of vegetative mycelia of Laccaria bicolor RNAI strains grown
on MMN medium at 20°C (a) and 5°C (b).
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Figure A6.4 Dry mass of mycelia of WT, mock and RNAI strains grown on MMN
medium at 20°C and 5°C for three weeks. Different letters indicate significant
differences at P < 0.05 determined with ANOVA, Tukey’s test (n = 6 + SE).
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Figure A6.5 Turgor water potential Ytrgor of mycelia of WT, mock and RNAi
strains grown on MMN medium at 20°C and 5°C for three weeks. Different letters
indicate significant differences at P < 0.05 determined with ANOVA, Tukey’s test (n =
3+ SE).
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Figure A6.6 The relative transcript abundance of Laccaria bicolor MIPs in roots
of Picea glauca mycorrhized with the wild-type (WT) and two RNAI strains
(RNAil and RNAi2) of L. bicolor and exposed to root temperature of 20°C and

5 °C. The transcript abundance of target MIPs was normalized to that of the reference
gene EF2. Different letters indicate significant differences at P < 0.05 determined with
ANOVA, Tukey’s test (n = 3 + SE).
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Figure A6.7 Root hydraulic conductivity (Lpr) in non-inoculated (Non) Picea
glauca seedlings and in seedlings inoculated with the wild-type (WT) and two
RNAIi strains (RNAil and RNAi2) of Laccaria bicolor. Means (n = 6) + SE are
shown. Different letters indicate significant differences at P < 0.05 (ANOVA, Tukey’s
test).
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