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ABSTRACT
In the current study, wildtype and transgenictobacco constitutively over-expressing
Arabidopsisaquaporins PIP 1;4and PIP 2;5 were grownin association with the
endophyte Piriformospora indica. Root hydraulic conductivity along with various
physiological parameters and aquaporin expression were studied in conjunction with
growth. Growth promotion was observed ininoculated wildtypeand PIP 2;5 over-
expression plants, while water relation parameters were not observed to change in any
of the genotypes. Quantified expression levels of fouraquaporins were not changedin
inoculated wildtype plants; howeverimmunolocalization techniques revealed a possible
increase in PIP 1 aquaporinsin exodermal tissues of the associated plants. It was
concludedthatthe growth promoting benefits of the fungus were due to factors other
than influencing water relations and modulation of aquaporins studied. Moreover, it
was interpreted that PIP 1,4 over-expression may inhibit growth promotionin

inoculated plants, although the mechanisms of that role remains unclear.

Key words: Piriformospora indica, aquaporins, hydraulicconductance, waterrelations
mycorrhizae, growth
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1 Introduction

In a world where plant biomass shortages are prevailing, demands for plant products
are continuallyincreasing, and land suitable foragricultureis limited,itis becoming
evermore importantthat sustainable solutions are found to meet needs. Voiced
concernsregarding current meansto improve crop quality and yields are urging the
desire foralternate, environmentally sound practices. Conventional agriculture
employing mineral fertilizers contributes to eutrophication (Carpenter etal. 1998),
whereasirrigation can induce soil salinization (Rengasamy 2006). Moreover, the use of
genetically modified food is viewed as dangerous by 56.5% of Europeans surveyed
(Eurobarometer2001), indicating that asignificant proportion of the consumerbase can
have an aversion toemploying genetictools toimprove crops. With increased research
devotedto understanding fungi, microbes, and plant physiology as a whole, the
proposed use of natural tools to sustainably increase yields and augment plant

tolerance tovarious stressesis becoming more practical.

It is estimated that approximately 80% of plantslive in close association with
mycorrhizal fungi (Wangand Qui 2006), and the nature of those associations can be
quite complex, especially undervarious conditions. In spite of this, research into specific
plant-fungiinteractionsis providing information into which associations prove to be
beneficialand which do notin respecttoimproving plant quality. Thereis ample
evidence suggesting some mycorrhizalassociations canimprove hosttolerance to
various stressesincluding cold stress (Zhu et al. 2010), drought (Porcel et al. 2006, Aroca
et al. 2007), and salinity (Aroca etal. 2007). Some mycorrhizal symbioses have also been
linked toimprovement of root water uptake and/or flow (Kothari et al. 1990a, Muhsin
and Zwiazek 2002, Siemens and Zwiazek 2008), uptake of nutrients (Kothari etal. 1990b,
Hodge et al. 2001), and growth of the host (Ruiz-Lozano et al. 1995a, Ruiz-Lozano etal.
1995b). Itislikely thatthese benefits are initiated by altered polypeptide patternsin the
symbionts (Dumas-Gaudot et al. 1994,), and aquaporin protein expression patterns have
been observedtochange insome cases (Marjanovi¢etal. 2005, Porcel etal. 2006,

Aroca etal. 2007, Arocaet al. 2009).



The damaging effects of fertilizers and conventional farming on arbuscularfungi
diversity (Oehl etal. 2004), the varied responses of different plant species to
mycorrhizal fungi (Helgason et al. 2002), and the fact that arbuscular mycorrhizal fungi
are obligate symbionts (Peterson and Bonfante 1994, Tunlid and Talbot 2002) making
them difficult to propagate synthetically, have presented barriers to using fungi as
possible biofertilizers. However, with the discovery of Piriformospora indica inthe late
1990s (Vermaetal. 1998), the use of an endophyte as a suitable biological tool has been
revitalized. This endophyticfungus which displays characteristics most similarto
arbuscular mycorrhizal fungi can be axenically cultured (Vermaetal. 1998), associates
with various plant species (seeVarmaetal. 1999, Rai et al. 2001, Deshmukh et al. 2006,
Shende etal. 2006, Druege et al. 2007), promotes host growth (Varmaet al. 1999, Rai et
al. 2001, Peskan-Berghoferetal. 2004, Druege et al. 2007), increases survival (Varma et
al. 1999), and enhances planttolerance to drought (Sherametietal. 2008 ),
salinity(Waller et al. 2005), and various pathogens (Waller et al. 2005, Schaferet al.
2007, Serflingetal. 2007, Stein etal.2008). Since mycorrhizal fungi can be involvedin
plantaquaporin modulation (Porcel etal. 2006, Aroca et al. 2007) and evidence suggests
that P. indica is beneficial to many plant speciesin many regards, the goal of the current
study was to seeif the endophyte hasarole in adjusting plant water relations as seen by
various other mycorrhizal fungi (Kothari etal. 1990a, Muhsin and Zwiazek 2002,
Siemensand Zwiazek 2008). It was hypothesized that P. indica would change aquaporin
expressionintobacco roots and increase plant water uptake. It was hypothesized that
the fungus would induce agreater alteration in aquaporin expression in wild-type
tobacco than in PIP over-expression plants under favourable conditions, in turn, causing
a greaterincrease in hydraulicconductivity of wild-types than transgenic plants. It was
thoughtthat the increase in hydraulicconductivity could then be a possible factor
contributing to increasesin overall plant biomass. A basic model of hypotheses and

expected outcomes canbe seeninFigure 1.1.



Figure 1.1: Model depicting hypotheses and expected outcomes when three Nicotiana
tobacum lines are inoculated (+P. indica) or not inoculated (- P. indica) with
Piriformosporaindica. The three N. tobacum lines are wild-type (WT), over-expression
of aquaporin PIP 1;4 (PIP1;4), and over-expression of aquaporin PIP2;5(PIP2;5).



2 Literature Review
2.1 Water Relations

2.1.1 Root Anatomy
Root hair
___— Epidermis
Exodermis

Cortex
(Cortical cells)

Xylem \ % ——— Endodermis

Phloem Pericycle

Figure 2.1.1: Cross section of an angiosperm root.

Knowledge of root anatomy allows one to develop a better understanding of how plants
are able to procure waterfrom the soil interface. Generally, the root hairzoneis
primarily responsible for water and nutrientabsorption from the soil and this zone can
normally be found within 10mm of the roottip (Bramley etal. 2007, Segal et al. 2008).
The pivotal role of root hairsin water uptake can be demonstrated through modeling
and ithas been estimated that root hairs 0.5 mmin length canincrease soil water
extraction by 30%, whereas root hairs 1 mm inlength canincrease extraction by 55%
when compared toroots completelylacking hairs (Segal et al. 2008). Root hairs arise
fromindividual epidermal cells and their overall quantity and longevity depends on both
the plantspecies and the surrounding soil environment (Bramley et al. 2007). In many
species of angiosperms, alayer of exodermal cells lines the interior of the epidermal
cells. Following absorption through the epidermis, water flows radially through and

around a series of cortical cells. The number of cortical cells can vary with species, stage



of root development and environmental conditions (Bramley et al. 2007). Previousto
passingintothe vasculartissue of the plantfrom the cortex, water must pass through
the endodermis. Both the exodermis and endodermis actas an apoplasticbarrierto
water movement due tothe Casparian strips foundin these cellular layers
(Zimmermann etal. 2000). Casparian strips may be described as band-like portions of
cell wallsthat are saturated with suberin, where the suberin acts as a barrierto water
movement because of its hydrophobic properties (Raven etal. 2005). Thus, water must
penetrate the exodermis and endodermis through the cell-to-cell pathways (which will
be discussedinSections 2.1.3.2and 2.1.3.3). It has been generally found that radial
water movement encounters greater resistance than axial water movement, especially
insmaller plants (Tyree 2007, Steudle and Peterson 1998).Hence, it can be said that
whole root conductance is dependent on root surface area (Tyree 2007). Upon entering
the vascularbundle, wateris axially transported to the rest of the tissuesviathe xylem

inside vessel ortracheid elements.

2.1.2 Water Properties

There are three important properties that have allowed water movement processes to

take shapein plants (reviewed in Passioura 2001).

i. Water forms hydrogen bonds.
ii. Wateris a polar molecule.
iii. Water has differentviscosities at different temperatures which influences the

rate of waterflow.

The ability of waterto form hydrogen bonds in combination with its polar nature
rendersita good solventforionsand molecules, inturn allowing osmoticpressures to
arise inside cells with the formation of ion solutions (reviewed in Passioura 2001). In
addition, hydrogen bond formationis responsible for high cohesive and adhesive
strength of water, which makes it possible for waterto be transported through the

xylem elements due to the principle known as capillarity (Taizand Zeiger 2010).



2.1.3 Transport Theories and Pathwaysin Plants

In general, water can be said to move through tracheary elements in passive,
uninterrupted pathways characterized by the tensile strength of waterdue toiits
cohesive and adhesive properties (Mohrand Schoper 1995). The cohesion-tension
theory substantiates that wateris able toascend in plants underthis tensile strength
and the drivingforce forthe ascentis generated by surface tension atthe evaporating
surfaces of the plant (Tyree 1997). Because water movementisdriven by surface
tension, xylem tension will increase with drying conditionsin turn triggering self-
regulated oscillations in plant transpiration rates as a response to the gap between
evaporative demand and water availability (Wallach et al. 2010). There is some
discussioninliterature, however, questioning the validity of the cohesion-tension
theory. Benkertetal. (1995) observed tension gradients opposite to those expected
fromthe cohesion-tension theory when measuring xylem pressures of Tetrastigma
voinierianum. Xylem pressures measured 5m above the ground were positive; whereas
at the groundlevel, they were slightly negative (Benkertetal. 1995). In lieu of tension
gradients driving water ascent, the authors suggested alternate theories to water
movementincluding solute-supported water ascent, watertransportin distinct vertical
stepsinasegmented xylem, and gel supported ascent. In gel supported ascent, it was
suggested awatercolumn could be established by a concentration gradient ratherthan
a pressure gradientin stationary gel-like structures along the xylem conduit (Benkert et
al. 1995). It was theorized that gel-like viscous material observedin cut leaf tissue would
contain mucosubstances that would allow buoyancy driven waterascent through a
density gradient (Benkertetal. 1995). Another theoryforsap ascent explaining the
development of low pressuresinthe xylem includes pressure from surrounding tissues

driving sap ascent (reviewed in Tomos and Leigh 1999).

Despite alternate theories to sap ascent, the cohesion-tension theory appearsto be
sound whenthere is continuous transpiration under optimal conditions; yet one must
ask what happens when transpiration diminishes to the point where tensile strengthiis

no longersufficientto maintain waterascent. Does water movementcometoa



complete standstill? Plants are able to maintain water flow because ascentis not
entirely dependent on the tensile strength of wateralone. Some plants are able to
maintain waterascent by the active pumping of solutes into root cells (Javot and Maurel
2002). When solute concentrationsinthe cytoplasm are greater than those found
outside of the cell, waterwill osmotically enter the cell totry and balance out the solute
gradients. The act of balancing out the gradients will thus drive water movement.
Dehydrationtolerance mechanisms, such asincreasing potassium and sugar contents
through osmoticadjustment, have been observedin sorghum, thus allowing plants to
withstand dry soils and maintain water pressures necessary for water movement
(Premachandraetal. 1992). Discussion of this osmoticgradient then brings forth the
notion of various pressuresinside the cell. As water osmotically enters the cell, the cell
wall is stretched due tothe water build-up and accordingly cell contents are pressed
causinga positive pressureto developinthe cell (Boyer 1995). This build-up of pressure
iscalled turgor pressure, whereas osmotic pressure can be described by the osmotic
gradient formed. Tomos and Leigh (1999) discuss that higher plants have several

mechanismsin place to adjustturgor pressure whichinclude:

i. Exchangingsolutes with otherplantorgansthrough plasmodesmata.
ii. Minimizingturgorchanges by adjusting cell wall elasticity.
iii. Changingosmoticpressure through polymerization and de-polymerization

reactions.

As stated above, the ability to adjust turgor pressure isimportantasitallows plants to
continue watertransport processes, to a certain extent, when transpiration ceases. It is
alsoimportantto note that osmoticand turgor pressures come hand-in-hand, as
osmoticpressure will generate the development of turgor pressure. This was
demonstratedin transpiring wheat and maize plants, where both osmoticand turgor
pressure gradients were observed to increase inwards in root cortical cells, with osmotic
pressure values exceeding turgor pressure values (Rygol etal. 1993). When transpiration
was prohibited, both gradients were nolonger produced indicating to the authors that

both active membrane transport and radial solvent drag are importantintranspiring



roots (Rygol etal. 1993). Similarresults were obtained by Zimmermann et al. (1992)

with Aster tripolium roots.

The extenttowhich an osmoticpressure gradient will drive water flow across a
membrane can be expressed by areflection coefficient, which may have avalue
betweenOand 1 (Tomosand Leigh 1999). A gradient with avalue of 0 indicatesthatan
osmoticpressure gradient of asolute across a membrane will not drive water flow
(Tomos and Leigh 1999), whereas avalue of 1 will indicateagradient will yield complete
waterflow acrossa membrane. It has been suggested that reflection coefficient values
should always be around 1 (Knipferand Fricke 2010). Thisis because the simple
existence of pressure developmentin rootsindicates atleast one cellular membraneis
crossed, and any value smallerthan 1is an experimental artifact (Knipferand Fricke

2010).

When describing the development of osmotic pressure and complemental turgor
pressure in plants, the idea of potential must be addressed. Potential represents the
free energy per mol of a componentina mixture of many such components, and
through the knowledge of water potential one can predict how water will move withina
system (Mohrand Schoper 1995). Water potential is generated by the sum of three
partial potentials: osmotic potential, turgor potential and gravitational potential (Taiz
and Zeiger 2010). If water becomes diluted with the addition of particles, the mole
fraction will decrease along with the associated energy content (Mohrand Schoper
1995). Thus, the active pumping of solutes acrossa membrane into a cell will resultina
lowerwater potential. Itisimportant to realize water will move from an area of high
energy potential toan areaof lower energy potential (Mohrand Schoper 1995, Tyree
2007). Hence, with the decrease in energy potential resulting from solute build-up
across a membrane, water will move to the area of low energy where the solute
concentrationis higher. The idea of potentials helps to explain the mechanism behind

osmosis and why the act of balancing out solute gradients willdrive water movement.



As mentioned above, there are different pathways through which water can flow
throughtissues, and these pathways are largely driven by osmoticand turgor pressures.
There are three pathways which will be discussed in detail: the apoplastic, the
symplasticand the transmembrane pathways. Usually, the symplasticand the
transmembrane pathways are grouped togetherand considered the cell-to-cell pathway
as there few measurable ways to distinguish the two. However, for the purpose of this
thesis, they will be separated and discussed as two distinct pathways. Beingable to
identify the contribution of different pathways to water movementisimportant for
understandingthe nature of resistances to root watertransport (Bramley etal. 2007).
Furthermore, beingable toidentify the type of pathway dominantin watertransport
withinaplant providesthe opportunity to regulate water flow by changing the influence
of a pathway without anatomical changes (Bramley et al. 2007). Then again beingable
to identify the dominant pathway is rather difficult, as water flow follows different

radial pathways when influenced by different driving forces (Bramley et al. 2009).

Apoplast

» Transmembrane

- Symplast

Cell wall

Cytoplasm
\— Plasmodesmata

Figure 2.1.3: The apoplastic, the symplastic and the transmembrane pathways.



2.1.3.1 The Apoplastic Pathway

The apoplastic pathway (Figure 2) may be described as water movement restricted
withinintercellularspaces and cell walls. Apoplasticmovementis believed to involve
eitherapurely apoplastic pathway ora predominantly apoplastic pathway (Knipfer and
Fricke 2010). In the former, waternevercrosses a cellularmembrane whereasin the
latter, watertravelsintercellularily to the endodermis where it passes through
endodermal membranes (Knipferand Fricke 2010). In the purely apoplastic pathway,
membranes are not crossed, thus the reflection coefficient gradient of the root would
be approximately Obecause osmoticgradients drive very little water transport ( Steudle
and Peterson 1998, Bramley et al. 2007). The possibility of a purely apoplastic pathway
existingis questionable, asroots develop turgor pressure indicating that atleast one
cellularmembraneis crossed (Knipferand Fricke 2010). Furthermore hydrophobic
Casparianstripsinthe exodermis and endodermis fine-tune the movement of waterin
the apoplastic pathway by inhibiting wateradvancement (Steudle and Peterson 1998),
inturn forcing waterthrough membranes. Thus reflection coefficients even through the

apoplasticpathways should be closerto 1.

2.1.3.2 The Symplastic Pathway

The symplastic pathway may be described asthe movement of waterfrom cell-to-cell
through the continuum of cytoplasm interconnected by plasmodesmata (Steudleand
Peterson 1998). Plasmodesmataare described as narrow strands of cytoplasm that
interconnect the protoplasts of neighbouring plant cells (Raven et al. 2005). In order for
waterto enterthe symplast, one plasma membrane must be crossed, and in order for
waterto exitthe symplastanother plasmamembrane must be traversed. Therefore,
changesin plasma membrane water channel activity help to regulate water movement
inthe symplastic pathway (Steudle and Peterson 1998). Plasma membranes will be
describedin furtherdetail in Section 2.1.5. Osmoticforces will drive water flowthrough
the symplast, hence the reflection coefficient of the root would be around 1 (Steudle

and Peterson 1998, Bramley et al. 2007). During transpiring conditions, itis argued that
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waterand solute flow cannot traverse plasmodesmatainwardly due to the development
of increasing pressure gradients from the root surface to the vascular bundle (Rygol et
al. 1993). Thusthe mechanisms directing symplasticwater flow require furtherstudy as
the pressure gradients developed in transpiring roots would seemto direct flow

outwards through plasmodesmata (Rygoletal. 1993).

2.1.3.3 The Transmembrane Pathway (The Transcellular Pathway)

Similarly to symplasticwater movement, the transmembrane pathway refersto water
passage through plasma membranesto get from one cell to the next; howeverunlike
the symplastic pathway plasmodesmataare not required for this kind of water
movement (Steudleand Peterson 1998). In some cases, the transcellular pathway is
specifically referred to as the transport of water withinthe cytoplasminto avacuole and
then across the vacuole (Oertli 1991). Nonetheless, a multitude of membrane channels,
termed aquaporins, are required so that water may pass from cell to cell, or across the
tonoplast. Aquaporins will be described in furtherdetailin Section 2.1.5. Like in the
symplastic pathway, osmositicand turgor pressures are the primary forces driving water
through the membrane, so the reflection coefficient of the root would be more or less

equivalentto 1 (Steudle and Peterson 1998, Bramley et al. 2007).

2.1.4 Influences on Hydraulic Conductance

Water flow rates will fluctuate depending on plant structure and internal mechanisms as
well as on external conditions. It has been demonstrated that various root tissues will
have differentradial hydraulic conductivity values depending on the conditions to which
the plantis exposed and the age of the root. For instance, during wet conditions neither
the endodermis northe periderm of Opuntia ficus-indica roots were the main limitation
to radial water movement (North and Nobel 1996). Contrarily, after 30 days of drought,
radial hydraulicconductivity was most limited across endodermal, peridermaland
conductingtissues; however decreases attributed to those tissues were offset by
increasesinradial conductivity across dead cortical tissue (North and Nobel 1996).

Similarly, resistanceto radial waterflow is greatestin the cortex of grape root tips, but
11



resistance progressively decreases in the cortex further away from the apex due to
cortical breakdown andincreased suberization, consequently shifting resistance to
endodermal cells (Mapfumo and Aspinall 1994). Eve n though suberizationis more
prevalentinthe upperregions of the root, itis speculated that most radial water flow
would occurinthe upperregions because xylem tissues are more mature, therefore
offering considerably less axial resistance which would offset the increased radial
resistance (Mapfumo and Aspinall 1994). Notonly is water flow dependantonthe
resistances of various tissues, itis highly dependent on diameter of the conducting
channel. Hydraulic conductivity can differimmensely within a given plant species
because large diameter stems are more conductive than smaller diameter stems due to
the fact they can transport more volume (Tyree 1997). The ability of largervessels to
increase water flow was demonstrated when comparing axial conductivity of two lupin
speciestothat of wheat (Bramley et al. 2009). The lupins had considerably higher axial
flow and this was attributed to lupin xylem diameterand numbers increasing with root
maturity, whereas wheat xylem arearemained more orless constantalongthe whole
root length with few increases (Bramley etal. 2009). Furthermore, most of the
variability in hydraulicconductance inaplantis thoughtto be due to the switching
between the cell-to-cell pathways (and the use of aquaporins) and the apoplastic
pathway (Steudle 2000). Switching between pathways has been demonstratedin
Opuntia ficus-indica roots, where lateral root emergence resultsinincreased apoplastic
uptake, inturn, increasing radial conductivity of tissues outside the vascularbundle
(Northand Nobel 1996). Furthermore, use of the symplastictracer carboxyfluorescein
has demonstrated that water movement can change from being predominantly
symplastic(thus flowing through plasmodesmata) in developing maize roots to
transmembranal (thus aquaporin mediated) in mature roots (Hukin etal. 2002). Itis
important to note that aquaporins can influence the hydraulicconductivity only if the
cell-to-cell pathways offer less resistance than the apoplastic pathway (Bramleyetal.

2007). The role of aquaporinsinwaterflow is furtherdiscussedin detailin section 2.1.5.

Upon comparison of species, hydraulicconductivity can be more pronounced. When

comparinga Schefflera stem, a Thuja stem, and an Acer stem, all of the same diameter,
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the Schefflera stem can be 3 to 10 times more conductive than Acer, and Thuja can be
10 to 20 timeslowerthan the othertwo species (Tyreeetal. 1991). Hydraulics of
species can be greatly different from one another because each species hasits own
mechanismsin place to achieve abalance between root diameter, hydraulic

conductivity and the ability to adapt to changing conditions (Bramley et al. 2009).

2.1.5 Aquaporins

2.1.5.1 Aquaporin Classification and Structure

Generally speaking, aquaporins may be described as water channel proteins that

mediate increases ordecreasesin water permeability (Javot and Maurel 2002) and are
able to dothis by providinga “molecularbasisforthe fastand reversible” transport of
wateracross a membrane (Maurel and Chrispeels 2001). The capability of membrane

channelstotransport water across cellular membranes was first described in human

erythrocyte and renal tubulesin the early 1990s (Preston and Agre 1991, Prestonetal.

1992). Thereis argument, however, that Bengaetal. (1986) were actuallyfirstto
suggestthateitheror both band 3 and 4.5 proteins had a role in forming channels for
watertransportacross a membrane. To date, four major classifications of aquaporins

have been described in plants: plasma membrane intrinsic proteins (PIPs), tonoplast

intrinsicproteins (TIPs), nodulin 26-like intrinsic proteins (NIPs), and small basicintrinsic

proteins (SIPs). Thereis also discussion of anewly discovered fifth aquaporin group

referredtoas X intrinsic proteins (XIPs) thatappearto be absentin monocots (Danielson

and Johanson 2008, Almeida Rodriguez 2009, Sade et al. 2009). The names of the

proteins can be attuned to where they are located in the plant cell; forexample PIPs are

located inthe plasmamembrane, and TIPs are found in the tonoplast membrane.

Aguaporin names canalso be attuned to theirorgan of discovery (NIPs) ortheirrelative

molecularsize (SIPs) (Fricke and Chaumont 2006). The majoraquaporin classes can be
furthercharacterized into subclasses, forinstance PIP aquaporins may be subdivided

intotwo cladesreferredtoasPIP1and PIP2 (Wudick etal.2009). Anaqguaporin
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belongingtoaPIP3 subfamily hasalso been described inthe moss Physcomitrella patens

(Danielson andJohanson 2008).

Generally, aquaporin proteins are formed by polypeptide subunits comprising of six
linked a-helical transmembrane domains (Preston and Agre 1991, Preston etal. 1992,
Murata etal. 2000) that comprise a monomer. Each monomerhasan N terminusthat is
located on the cytoplasmicside of the membrane (Preston and Agre 1991, Murata etal.
2000). Monomersinteract with the a-helices of neighbouring monomersto form
tetramers which are stabilized by a network of hydrogen bonds in addition to
interactions among loops of monomers (Murata et al. 2000). PIP1s and PIP2s
structurally differ from one anotherin amino and carboxy terminilength, in addition to

some amino acid substitutions (Chaumont et al. 2000).

2.1.5.2 Aquaporin Function

Through the creation of transgenic plants either over-expressing or under-expressing
selected aquaporins, scientists have been ableto begin exploring the functional realm of
water channels. Quantitative reverse transcription PCR has also allowed more insight
into how aquaporins are regulated under various conditions. What is more, scientists
have been able to study particularsubgroups and/or individual aquaporins through the
use of frog oocytes and yeast cells. Selected aquaporin RNA fragments are inserted into
eitheroocytes oryeastcells, and transport capabilities are then observed. Through the
advances of these technologies, among others, it has been proposed that aquaporins
can belongto one of three functional groups: Those that transport only water, those
that transport solutes and water, and those that transport only solutes (Reviewed in
Chaumontetal. 2000). Nicotiana tabacum NtAQP1has the capability to transport water
(Mahdeih etal. 2008) as wellas CO,, and itis able toswitchitsfunctionfroma water
channeltoa CO,channel dependingonitslocationinthe cell and on the membrane’s
permeability to CO, within whichitisfound (Uehlein et al. 2008, Sade et al. 2010).
Aquaporins belonging to the first two above groups are required so that water may pass

through plasma membranesinthe symplasticand transmembrane pathways. Maurel

14



and Chrispeels (2001) discuss how studies have shown between 20and 80% of root
watertransportis under metaboliccontrol and likely involves the activity of aquaporins.
Moreover, there is evidence that suggestsaquaporins play animportantrole in plants’
ability torespond to changing environmental conditions. Some aquaporin groups
appearto be more involved in watertransport when subjected to particular stimuli. This
isdemonstrated by aquaporin expression changing temporally with environmental
conditions and aquaporin gating beinginitiated by phosphorylation (Johansson etal.
1998), cytoplasmicpH (Fischerand Kaldenhoff2008) in addition to calcium (Allevaetal.
2006), and heavy metals such as gold and silver(Niemietzand Tyerman 2002). Thus, the
study of aquaporinfunctionis vital to understanding how plants are able to maintain

waterflow and overcome stresses.

Water molecules are believed to move through aquaporinsin asingle chain due tothe
nature of the narrow pore and it has been shown that mercury can block the water
channels by bindingto cysteine residue inthe pore (Preston etal. 1992, reviewed in
Vandeleur et al. 2005). Knowledge of aquaporin blocking hasled scie ntiststo gaina
betterunderstanding of the role of aquaporinsin water movement, although definitive
roles of individual water channels still remain unclear. Ithas been proposed that
aquaporins can considerably affect water flow at the cellularlevel, howeverat the root
level, control of conductivity by aquaporinsin some plant species can be limited due to
water predominantly following the apoplastic pathway (Bramley et al. 2009). Moreover,
control of water movement by aquaporins may be limited to certain root tissues, for
instance endodermaltissuesin wheat (Bramley et al. 2009). This having beensaid, there
are two general ways aquaporins can control flow across a cell membrane (Bramley et al.

2007):

1. Theabundance of aquaporins can be changed withinamembrane.

2. Therate of flow through the aquaporin can be changed.
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The conductance of aquaporinsis additive, therefore more aquaporins will create more
parallel pathways for water flow and effectively hydraulic conductance should

theoretically be increased (Bramley et al. 2007).

Availability of complete genome sequences makes it possible to identify all the
aquaporingenes fora number of plant species, and the pioneering study for plant
aquaporinidentification was that of Johanson et al. (2001) where 35 aquaporins were
foundin Arabidopsis. The existence of large aquaporin families, as seenin Arabidopsis,
have led Bots et al. (2005) to theorize thatthe redundancy of aquaporinsinlarge
families assures afavourable water balance atthe cellularlevel. It has however, been
concludedthatthe two PIP subgroups are not necessarily redundant since temporaland
spatial expression patterns of NtPIP1; 1 and NtPIP2; 1 are not identical inreproductive
tissues (Bots etal. 2005). Alternatively, it has been proposed thatindividualaquaporins
inlarge families may functionally transport water differently or may be functionally
identical, but are ratherexpressed differently in time and space allowing the plantto
betteradaptto stimuli (Bots etal. 2005). This notionis supported by findings where Zea
mays PIP expression appears to be developmentally regulated, where some isoforms
are more expressed in developingtissues and others are more prominentin mature

tissues (Hachezetal. 2006, Hachez et al. 2008).

Oocyte studies have demonstrated that PIP2s have the ability to enhance membrane
permeability more than PIP1s, further enforcing the theory thataquaporins have
differentfunctions orare differently regulated (Chaumont et al. 2000, Bots et al. 2005,
Mahdieh etal. 2008). To further complicate matters, when PIP1s and PIP2s are
expressedin conjunction with one another, a co-operative effect has been described
(Fetteretal.2004, Mahdieh etal. 2008). It has been suggested that heterotetramers
resultin betterstability and/ orfolding of the proteins, inturn resulting in more effident
transport of wateracross a membrane (Fetteretal. 2004). However, it has been found
that not all aquaporin subgroups are activated by forming heterotetramers (Fetteretal.
2004). This may be demonstrated by analysis of aquaporin expression patterns

wherePIP2s are notfoundinall tissues of plants. Chaumontetal. (2000) found that Zea
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maysZmPIP2a (in a subsequent paperreferred toas ZmPIP2; 5, see Fetteretal. 2004)
was lackingin shoottissues of maize, and Bots etal. (2005) found NtPIP2 was lackingin
tobacco stigmas. This lack of expression makes it appear heterotetramers may notbe

absolutely necessary for efficient watertransportin all planttissues.

As stated before, regulation of waterflow appearsto be a complex process thatinvolves
meticulous synchronization of aquaporin expression, particularly when plants are
subjectedtovarious stresses. Toillustrate, adeclineintobacco NtPIP1;1 and NtPIP2;1
transcripts during severe drought was observed, however NtAQP1expression was
increased duringthe stress (Mahdieh et al. 2008). Despite the increase in NtAQP1
expression, the water permeability of roots at the cellularlevel still decreased as a
response to drought (Mahdieh et al. 2008). Over-expression of NtAQP1intomato
plants, however, resulted inanincreased photosyntheticrate andincreased stomatal
aperture, while root hydraulic conductivity was maintained during salt stress (Sade et al.
2010). Under favorable conditions, antisense tobacco plants exhibitinga decrease inthe
aquaporin NtAQP1had a hydraulicconductance 42% of that of controls (Siefritzetal.
2002). In all studies, hydraulicconductance was either decreased or maintained, yet
NtAQP1expression was very different. Regarding NtAQP1as an example demonstrates
the complexrole individual aquaporins play in waterregulation, and how thatrole
becomes further complicated undervarious conditions in tandem with expression of
otheraquaporin types. Over-expression of PIP1b aquaporin in tobacco was found to be
disadvantageous during drought and salt stress (Arahon etal. 2003). Contrarily, over-
expression of Brassica napus BnPIP1intobacco proved to be beneficial during drought
(Yu etal. 2005). Moreover, broccoli plants subjected to high salinity stress were able to
modify lipid membrane composition, in turnincreasing the accumulation of PIP1and
PIP2 aquaporins (Lépez-Pérez et al. 2009). Consequently, the broccoli plants were able
to control membrane permeability and bettertoleratesalinity (Lopez-Pérez et al. 2009).
In oxygen deficient environments, such as during waterlogging, anincrease in
aquaporins has been found to generate faster watertransportto shoots and to
contribute to changesin plant growth during the recovery period (Bramely et al. 2007).

The results of the previously mentioned studies illustrate how over-expression of some
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aquaporins may become detrimental in some plants likely due of the risk of water
backflow into soil (Bramely etal. 2007) while in other plantsthe same aquaporin type
appearsto beinvolvedin mechanisms of stress resistance. That beingsaid, there are
two schools of thought of the function of aquaporins during water stress (Yu etal.
2005): Aquaporinlevelsincreasein orderto provide plants an additional ability to
withstand water deficiencies, oralternatively plants are able to avoid excessive water
loss through the down regulation of some aquaporins. Arahon et al. (2003) suggest that
enhanced watertransport through over-expressed aquaporins found in cells that do not
normally contain aquaporins expressed at higherlevels may resultin detrimental
effects, especially during drought. One must always take into account that the function
of one aquaporinstudied intransgenicplants willbe influenced by its interaction with

many other processes (Arahon etal. 2003).

2.1.6 Measuring Hydraulic Conductivity

2.1.6.1 Hydrostatic Method

Root hydraulic conductivity (L,) may be measured on excised root systems through
means of the hydrostatic pressure method (Markhart etal. 1979, Wan and Zwiazek
1999, VoicuandZwiazek 2004). Roots are immersed in aerated nutrient solutionina
pressure chamberandthe pressureisincreased at predeterminedintervalsfromOto up
to 0.6 MPa. The steady-state flow rate (Q,) is measured at the increasing pressures. The
volume flow density (J,) may be calculated by dividing Q, by eitherroot volume (Voicu
and Zwiazek 2004), root surface area (Wan and Zwiazek 1999), or root weight
(Vysotskayaetal. 2010). Scaling Q, to obtain J,is necessaryin orderto normalize for
plantsize (Tyree 2007). L, may then be calculated from the slope of J, versus the

pressure.
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2.1.6.2 PTS;

Apoplasticflux through aroot system has been quantified through the use of
fluorescent dyessuch asrhodamine B (RB) (Skinnerand Radin 1994, Wan and Zwiazek
1999), trisodium, 3-hydroxy- 5,8, 10- pyrenetrisulfonate (PTS;) (Hanson et al. 1985,
Skinnerand Radin 1994, Voicuand Zwiazek 2004, Siemens 2008), rhodamine 6G (RG),
1,3,6,8 pyrenetetrasulphonicacid trisodium salt (PTS, ), lucifer yellow CHdipotassium
salt(LY), and 4- acetoamido 4’-isothiocyanostilbene-2,2’- disalphonicacid (SITS)
(Skinnerand Radin 1994). Additionaly, the non-fluorescent tracer light green SF
yellowish can be used to measure water movementin the apoplastic pathway (Lopez-
Pérezetal.2007). Asreviewed by Hanson etal. (1985), PTS; is a watersoluble marker
that is excluded from the symplast. The contribution of the apoplastic pathway may be
quantified by comparingthe PTS; concentration of the exudates of a pressurized root
systemto the known PTS; concentration of the bathing solution. There is debate,
however, that apoplasticbarriersinthe roots may retain dyes more than water which
would lead to a substantial underestimation of apoplasticwater flow (Zimmermann and
Steudle 1998). Additionally, PTS tracers have beenfound to enterthe cytoplasmand/ or
vacuoles of cortical cells in Opuntia ficus-indica plants (North and Nobel 1996), thus
prompting further questions regarding the ability of these dyes to truly trace apoplastic

flow.

2.1.6.3 Cell Pressure Probe (CPP)

Direct measurements of cell turgor, cell wall elasticity, and hydraulicconductivity of
single cells are fundamental for the evaluation of waterrelationsin plants (Husken etal.
1978) andthese measurements may be accomplished with the aid of the cell pressure
probe (CPP). The theory underlyingthe CPP relies on the notionthatin orderto
understand the functioning of the whole organism, itis necessary to have a description
of the activities of its component cells (Tomos and Leigh 1999). The CPP can measure
the cell-to-cell component of water movement (Steudle and Peterson 1998), meaningit

can measure water flow through the symplast and transmembrane pathways, butit
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cannot distinguish between the two. Additionally, the location of principal resistancesto
water movementthrough roots can be estimated since the cell pressure probe provides

real-time measurements of hydraulicconductivity (Bramley et al. 2007).

The pressure probe consists of a microcapillary, a pressure chamber containing the
pressure transducer, and a motor driven metal rod (Husken et al. 1978). Manufacturing
microcapillariesinvolves pulling borosilicate glass capillaries into afine point with a
pipette puller (Franks 2003). The diameter of the microcapillary’s opening will be
governed by the plantspecies used, the person using the instrument, and the desired
cellstobe punctured. The probe s filled with silicone oil and the movement of the
metal piston within the probe allows pressureto be adjustedin the probe (Franks 2003).
The electrictransducerallows pressure within the probe to be directly measured and

recorded bya computer.

CPP measurements can be performed on avariety of cells, depending on the objectives
of the experiment. Forexample, Tyerman etal. (1989) conducted measurements on
excised roots of Nicotinana tobacum where measurements were taken onthe root hair
zone on eitherthe cortical or epidermal cells; whereas Lee et al. (2009) conducted
measurements on the bundlesheath cells of intact and excised leaves of N. tobacum
plants. With the objective of measuringaquaporins’ role in root hydraulicconductivity,
it can be speculated that measurement of endodermal cellsinroots will provide the
most accurate measurement as water from the apoplastic pathway is completely
annulled. The probeis used to puncture a desired cell, and the turgor pressure inside
the cell pushes cytoplasminto the probe (Boyer1995), in turn causing formation of a
meniscus. The meniscus can be brought close tothe cell wall by pushing the pistoninto
the oil reservoir which allows the original cellvolumeto be restored (Tomos and Leigh
1999), and thus allows half-times of water exchange (T,,,), turgor pressure (P,) and cell
elasticity (g) to be measured (Lee et al. 2005). Anelectricpressure transducer converts
the pressure signal into avoltage that can then be read by the computerto allow
calculation of the aforementioned variables (Lee et al. 2005). It must be noted, thatthe

pressureinthe cell is measured by creating an opposing pressure in the silicone oil of
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the probe and that measured pressures are relative to atmospheric pressure (Boyer
1995). These three measured variables can consequently be used to estimate hydraulic
conductivity of the cell if cell volume (V) and cell surface area (A.) are also known,

accordingto Azaizeh etal. (1992):

Le=VxLn(2)/[AcxTypx(e+ )] (1)

2.2 Mycorrhizal Associations

2.2.1 Types of Mycorrhizal Associations

Approximately 10% of fungi live in close associations with other organisms and some of
these associations may be parasitic, leading to disease, or mutualistic, procuring
benefitsforboth fungiand host(Tunlid and Talbot 2002). In some cases, the association
may be described as neutral when neitherharm nor benefitto either symbiontis
observed. Forinstance, the associations between a mycorrhizal Glomus sp.and
perennials grown underlow nitrogen supply have been described as neutral, notably
because little effect on biomass and nitrogen acquisition was observed (Reynolds et al.
2005). Plant-fungusinteractions are thought to have commenced when plantsfirst
originated andtodate it is estimated that approximately 80% of plant species and 92%
of plantfamilies are mycorrhizal (Wangand Qiu 2006). There are various kinds of fungi
that can form associations with plants and mycorrhizal organizationis divided on the
basis of fungal associates: There are aseptate fungi in Glomeromycota, and septate
fungi thatcan be foundin either Ascomycetes or Basidiomycetes phyla (Smith and Read
2008). Arbuscular mycorrhizal (AM) fungi are members of Glomeromycota, whereas
most ectomycorrhizal (ECM), Ericoid, Orchid, Ectendomycorrhizal, Arbutoid, and
Monotropoid fungi belongtothe latter group of septate mycorrhizal fungi mentioned
above (Tunlid and Talbot 2002, Wang and Qui 2006, Smith and Read 2008). ECM fungi
are thoughtto have evolved from AMfungi, whereas Ericoid and Orchid mycorrhizal

fungi are believed to have been derived from ECM fungi (Wangand Qiu 2006).
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Plants can be furtherdescribed as being obligately mycorrhizal, implying they have been
foundto always form associations, facultatively mycorrhizaliif associations can be
formedinone habitatbut not another, or nonmycorrhizal (Wangand Qiu 2006, Smith
and Read 2008). Some families that are considered to be nonmycorrhizalinclude
Chenopodiaceae, Polygonaceae, Juncaceae, Proteaceae, and Caryophyllaceae (Smith
and Read 2008), while roughly half of the Brassicaceae and Crassulaceae species are

believed to be nonmycorrhizal (Wangand Qiu 2006).

Plant-fungiinteractions have provento be quite complex and their ecologyis not fully
understood. There is evidence to suggest, however, fungi-host associations may lead to
a cascade of events, including possible alterations at the cell and tissue level in both
symbionts (Gianinazzi-Peason and Gianinazzi 1989). AM and ECM interactions will be

discussedinfurtherdetail.

2.2.1.1 Ectomycorrhizae

Ectomycorrhizal roots are characterized by fungi that structurally forma mantleand a
Hartig netaround the plant’sroot while not physically penetrating cortical cells
(Peterson and Bonfante 1994, Smith and Read 2008). It can be said thatthe interaction
between the environment, the fungal genome, and the host genome control mantle
formation (Peterson and Bonfante 1994). The Hartig netisa network of hyphae thatare
usually confined to eitherthe epidermis, asin the case of mostangiosperms, or
permeate the cortex without penetrating the cells, as in the case of some conifer
species (Peterson and Bonfante 1994). Due to the branching nature of the Hartig net,
symplasticand apoplasticexchange between the plantroots and the fungusis thought
to increase (Peterson and Bonfante 1994). The transfer of material within the symplastic
and apoplasticregionsisviewed to be facilitated by the permeability of the symbionts’

cellwallsinthe Hartignet region (Peterson and Bonfante 1994).
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2.2.1.2 Arbuscular Mycorrhizae

AM fungi may be described as endophytes due to the nature of theirinteraction with
planthosts. Endophytes are broadly referred to as “fungi that live forall, or at leasta
significant part, of theirlife cycle internally and asymptomically in plant parts”
(Saikkonen etal. 1998). Endophytes are usually found in the above -ground tissues, or
occasionallyinthe roots of plants, and they may be distinguished from ECMfungi by
theirlack of external hyphae and mantles (Saikkonen et al. 1998). Two major groups of
endophytes have been recognized: 1) clavicipitaceous endophytes thatinfect the shoots
of some grasses, and 2) non-clavicipitaceous endophytes thatinfect above and below
ground tissue of non-vascular plants, ferns, conifers, and angiosperms (Rodriguez et al
2009). Based on the aforementioned, AMfungi may specifically be considered non-
clavicipitaceous endophytes as the hyphae penetrate roots, growing within and
between cortical cells. As previouslystated, AM fungi are members of Glomeromycota,
and they likely are asexual organisms ableto acquire variation from mutations and

possibly heterokaryosis (Smith and Read 2008).

When fungal spores contact the root, they germinate to form appressoria which give
rise to interandintracellularhyphae (Bonfanteetal. 1996). As intracellular hyphae
develop, branched structures called arbuscules are formed in the cortical cells (Peterson
and Bonfante 1994). Due to this growth pattern, a very large and dynamicinterfaceis
formed between the two symbionts (Duan et al. 1996). The ability to formarbuscules
while maintaining mutual symbiosis with a host plant differentiates AM fungi from all
otherdescribed mycorrhizal associations (Smith and Read 2008). Some AM fungi also
have the ability to form vesicles, and are therefore often referred to as vesicular-
arbuscular mycorrhizal fungi. In this thesis, all AMfungi, whether they form vesicles or
not, will be referred toas AM fungi. Arbuscules are regarded as majorsites fornutrient
exchange (Peterson and Bonfante 1994), specifically being sites of carbon acquisition by
fungi (Smith and Read 2008). While fungi rely on carbon and photosynthates from plant

hosts, external hyphal myceliuminthe soil increase plants’ availability to
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macronutrients such as phosphorus and nitrogen and the micronutrients copperand

zinc(Kothari etal. 1990b, Smith and Read 2008).

Itisunderstood that AM fungi are obligate symbionts (Peterson and Bonfante 1994,
Tunlidand Talbot 2002) meaningthey require a host plantforsurvival. Most AM fungi
that have been studied show little or no specificity to plant host (Kapulnik et al. 1996)
likely becausethey are obligate symbionts. Itis believed that AM fungi are unable to
grow on syntheticmedia forone of two reasons (Reviewed by Singh et al. 2000 with

referencestherein):

i) They have nutritional requirements that are not fulfilled by media due to
our lack of knowledge, or
i) They have lost a significant part of their genomic material thus requiring

theirhostto supplytheinducerfornucleicacid translation.

2.2.2 Effects of Mycorrhizal Associations on Plants

It has beenfoundthatendophytes can bring upon benefits to the host speciesincluding
droughttolerance, growth enhancement, adaptationsto pH, temperature and salinity
(Rodriguez etal.2009), and defenses against herbivores and plant pathogens by altering
host physiology, morphology and allelochemistry (Saikkonen et al. 1998). Specific
modificationsin host cell morphologyhave been observedin arbuscular mycorrhizal
plantsincludinginvagination of plant plasmalemma, fragmentation of vacuoles, and
increasesin organelles (Peterson and Bonfante 1994). Moreover, stomatal gas exchange
in cowpea (Vigna unguiculata) inoculated with the endophytic mycorrhiza Glomus
intradices tended to be higherininoculated plants during drought because it was
thought that concentration and delivery rates of abscisicacid to leaves were lowerin
mycorrhizal plants (Duan etal. 1996). In another experiment, Zea mays plants
inoculated with Glomus etunicatum had higher water conservation and water use
efficiency under cold stress (Zhu etal. 2010). The authors suggest that the

improvements in water status due to AM symbiosis could, inturn, cause indirect
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increasesin nutrientuptake, osmoticadjustment, gas exchange and photosynthetic
capacity. In a different study, infection with mycorrhizae was found to alter plantfitness
by influencing reproductive components, in turn, increasing fecundity, and improving

seed quality and seedling vigor (Koide 2000).

It isimportant to note that the interaction may not always be beneficial to both
symbionts, and can vary alonga continuum from pathogenicto mutualistic (Saikkonen
et al. 1998). Modjo and Hendrix (1986) found that the AM fungus Glomus macrocarpum
can cause tobacco stunt disease, and there was evidence that G. microcarpum can cause
slightstunting as well. Further, in a case study performed by Kageyamaetal. (2008), it
was found that, most often, randomly collected endophytes tend to have a negative
effect on plant host biomass. This being said, the endophytes may procure other

benefitstothe host.

2.2.3 Biology of Piriformospora indica

The characteristics of Piriformospora indica renderit an intriguing mycorrhizal fungus, as
it does notclearlyfitintoa pre-described mycorrhizal group. P. indica is an endophyte
that was discovered by Vermaetal. (1998) inthe sandy desert soils of Rajasthan, in
northwestIndia. P. indica belongs to the Hymenomycetes (Basidiomycota) (Vermaetal.
1998), while further phylogeneticanalyses have shown thatthe fungus belongstothe
orderSebacinales (Schaferetal. 2007). P. indica is very closely related tothe endophyte
Sebacina vermifera (Barazani etal. 2005, Desmukh et al. 2006), while deduced amino
acid sequences of the PitEF1gene from P. indica were found to be significantly similarto
the elongation factor-1a of Schizophyllum commune and Filobasideilla neoformans of

the Hymenocytes and Puccinia graminis of the Urediniomycetes (Blitehorn etal. 2000).

P. indica asexually forms pear-shaped thick walled spores called chlamydospores at the
tips of hyphae (Vermaetal. 1998). Hyphae are thin-walled and range in diameterfrom
0.7-3.5 um, whereas the chlamydospores range between 16-25 um in length and 10-17

pum in width (Vermaetal. 1998). It is unknown whether P. indica has a sexual state
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(Shende et al. 2006). Due to the lack of host specificity, the endophyticand asexual
nature of P. indica, itis temptingto prescribe the fungus asa member of the AM group.
However, the endophyte differs from AMfungiin the following ways (Shendeetal.

2006):

i) P.indicasporesand hyphae are fourto five timessmallerand thinnerin
diameter.
ii) P. indica can be easily cultured while arbuscular mycorrhizal fungiare obligate

endosymbionts, rendering them uncultivable in laboratory.

This beingsaid, the fungusis able to grow on a wide range of syntheticand complex
mediasuch as MMN1, modified aspergillus, aspergillus, malt-yeast extract, and MS
medium (Vermaetal. 1998, Pham et al. 2004). As mentioned before, the endophyteiis
able to form associations with awide variety of plant hostsincluding Zea mays,
Nicotiana tobacum, Populus tremula, Petroselinum crispum, Bacopa monnieri (Varma et
al. 1999), Pisum sativum, Artemesia annua (Shendeetal. 2006), Hordeum vulgare
(Deshmukh et al. 2006), Pelargonium sp., Euphorbia pulcherrima, Petunia hybrida
(Druege etal. 2007), Spilanthes calva and Withania somnifera (Rai etal. 2001). It has
alsobeenfoundto form associations with plant species that were not previously
thoughtto be able to form associations, forinstance Arabidopsis,amember of the
Brassicaceae (Deshmukh 2006). Once colonizing the plant, hyphae do nottraverse the
endodermis, nordo they penetrate the aerial tissues of the plant; the hyphae rather
enterandtraverse cortical cells (Shende etal. 2006). In orderto form associations with
the host plant, itisreported that P. indica interferes with host cell deathsoasto
penetrate cells (Deshmukh et al. 2006). It is reported that P. indica causes reduced
expression of Bl-1, acell death suppressor protein which is often activated during various
stresses (Deshmukh et al. 2006). Reduction of this protein allows the endophyteto

proliferate dead cells while causing no stress to the host plant (Deshmukh et al. 2006).
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2.2.4 Effects of P. indica on Plants

Potential use forthe root colonizing endophyte P. indica in tissue culture industries as
wellasinagriculture looks promising (Shende etal. 2006). Co-culture with the fungus
has beenfoundtoincrease plant biomassin most cases. Ina study conducted by Varma
et al. (1999), the root and shoot biomasses of plants treated with P. indica were roughly
twice of those of the controls. Similarly, Arabidopsis seedlings were found to have
slightly largerleaves, to produce more leaves, to grow fasterand to flowerearlierwhen
inoculated with the fungus (PeSkan-Berghofer et al. 2004). Inoculation with P. indica was
foundto increase shootlengths, basal stem, leaf areas, number of flowers, seed count,
as well as root and shoot fresh and dry weights of both Spilanthes calva and Withania
somnifera plants (Rai et al.2001). It was not clear however, if the mentioned increases
inyield of the Rai etal. study were significant. Growth promotion was found to occur
before the fungus grew around orinside the root system, thus it has been hypothesized
that the growth promoting effectis due to early signaling events by the endophyte
(Peskan-Berghoferetal. 2004). It has been specifically found that ethylene signaling
components are required toinduce growth promotionin P. indica associated
Arabidopsis (Camehletal. 2010). It has also been found that auxin diffused by the
fungus contributes tothe host’s increased growth, while the production of other growth
factors by the fungus should not be overlooked (Sirrenberg et al. 2007). Moreover,
ethylene signaling components may be required to balance the beneficial and non
beneficial traits of the symbiosis while also beinginvolved in repression of defense
responsesinthe plant. The authors suggest the control of the defense gene playsa

critical role in establishments and/or maintenance of the endophytic symbiosis.

Contrary to the above studies, Stein et al. (2008) found that P. indica-colonized
Arabidopsis plants had reduced main root lengths and no visible differencesin shoot
development or weight. It was proposed that this reductionin rootlength may be due
to the ability of colonized plants to acquire nutrients and water more effectively than

the controls, inturn requiringlessroot tissue.
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Additionally, the endophyte has been found toincrease overall plant survival, notably
during adverse conditions. After transplantation, the survival rate of plants colonized
with the fungus was 95%, whereas the controls only had a survival rate of 57% (Varma
et al. 1999). Furthermore, P. indica was found toimprove barley’s tolerance to mild salt
stressinadditionto conferring resistance to some root and leaf pathogens (Walleretal.
2005). The mutualisticinteractionis believed to induce systemic protection against leaf
pathogens by restricting microbial invasions to early infection sites, in turn protecting
unaffected planttissues (Schéferetal. 2007). It has also beenfound thatthe endophyte
can conferdroughttolerance in Arabidopsis by priming the aerial parts of the plants for
the expression of stress-related genes, and this mechanismis likely not plant-specific
due to the fact the fungus forms associations with many plant species (Sherameti et al.
2008). Despite all the evidence, P. indica associations may not always prove beneficial
for a plant. It hasbeenfound thatthe fitness benefitacquired by the plant host during
association with P. indica may come at the cost of decreased resistance against
herbivores (Barazani et al. 2005). Furthermore, mycorrhizae have beenfound to
parasitize importantagricultural plants such as citrus, wheatand maize in phosphorous-
rich soils (Pham et al. 2004), thus one should regard the benefits of P. indica with
caution. That beingsaid, since P. indica associations have beenfoundto be
advantageous under many circumstances, one must notignore the possible use of P.
indica as a model to help clarify the mechanisms of host growth and fitness promotion

(Kageyamaetal. 2008).

It has beensuggestedtimeand time againthat thisendophyte may be usedasatool in
sustainable agriculture (Walleretal. 2005, Deshmukh et al. 2006, Shende et al. 2006,
Kageyamaetal. 2008), in agro-forestry (Varmaetal. 1999, Singh et al. 2000), and in
horticulture applications (Sahay and Varma 1999, Singh et al. 2000, Druege et al. 2007).
Kageyamaetal. (2008) offeraprecautionary note stating thatalthough P. indica
appearsto be the bestexample of atruly beneficial endophyte, itis difficult to predict
how an inoculated plant will compete with native flora. Whatis more, the possibility
that the growth promotion of the endophytic biofertilizer will become short lived and

may even become invasiveif introduced under natural conditionsis of concern.
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2.3 Biology of Tobacco

2.3.1 Wild-type Varieties

It can be said that tobaccois the most studied speciesin plant sciences, physics,
chemistry, and bioengineering technologies (Tso 1999). Tobacco is a member of
Solanaceae, commonly referred to as the potato or nightshade family, and within the
Nicotiana genus established by Linnaeusin 1753 (Tso 1972, Akehurst 1981). Depending
on taxonomy and nomenclature, the number of regarded tobacco species varies. Tso
(1972) statesthat there are 63 different species of tobacco, whereas Akehurst (1981,
with references therein) divides Nicotiana into three species: 1) N. rustica, 2) N.
tobacum, and 3) N. petuniodes. Akehurst (1981) goes on to explainthat N. tobacum may
furtherbe subdivided into several varieties instead of considering all the varieties as
separate species due N. tobacum’s ability to produce different products underavariety
of environmental conditions. With thisin consideration, during the year 1999, there
were approximately 1500 tobacco varietiesin the United States Department of
Agriculture’sinventory (Tso 1999). Varieties differin the shape, texture, size, colourand
number of leaves, inthe length of the internodes, inthe size, shape, and colour of the
plant, and finally the shape of the flower (Tso 1972). N. tobacum, the species commonly
usedintobacco production, has neverbeen found growing naturallyinthe wild, thus it

isassumedthat itarose as a natural hybrid (Akehurst 1981).

Tobacco most often produces an extremely fibrous root system with many horizontal
lateral roots (Tso 1972, Akehurst 1981, Tso 1999). Leaf shapescan be ovate to oblong-
lanceolate with amattsurface (Tso 1999, Akehurst 1981). Atomically, asingle layer of
epidermal cells are found on the upperand lower surfaces of the leaves where stomata
may be found on both leaf surfaces (Akehusrt 1981). Often, there are between one and
two layers of palisade cells below the upperepidermis with spongy mesophyll cells
filling the remaining space to the lower epidermis (Akehusrt 1981). The leavesand
stems of N. tobacum plants are covered with gland-like trichomes that usually secrete a

sticky liquid (Tso 1999, Akehurst 1981). The sticky liquid contains precursorsto the
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compounds that contribute to tobacco’s aroma and taste and may also playa part in

insect susceptibility and resistance (Tso 1999).

Flowers are terminally located at the end of the stalk, borne in panicles (Tso 1972,
Akehurst 1981, Tso 1999). Flowers are pink, with the calyx divided into five lobes and an
asympetalous, five-lobed corolla (Tso 1972, Akehurst 1981, Tso 1999). The five stamens
are approximately the same length as the style, lending themselves to self-fertilization

(Tso 1972, Akehurst 1981, Tso 1999).

The growth curve of tobacco (total mass plotted againsttime) is sigmoidal (Tso 1972).
Reports of environmental effects on growth vary, stating soil, light, temperature and
moisture have significant sway (Tso 1972) to reports where various environmental
conditions have little effect (Akehurst 1981). There is general consensus that further
physiological researchis required to fully understand influences on growth. Alarge
amount of research has been completed on the effects of irrigation on tobacco growth;
however, physiological plant-water relations have not been fully investigated (Flower
1999). Despite this, itis known tobaccois sensitive to waterlogging as gas exchange is

inhibited causingadecrease in available oxygen to root surfaces (Flower 1999).

2.3.2 TransgenicVarieties

Tobacco can be used as a good model plant forstudies onaquaporins because of its

large size and relative ease with whichitcan be transformed (Siefritzetal. 2001).

2.4 Objectives and Hypotheses

Withincreasingagricultural demands and decreasing available landbase with which to
meetthose demands, itis becoming more importanttofind means to maximize plant
biomass production. Due to growth promoting benefits, it has suggested that the
endophyte Piriformospora indica can be used as a possible tool in sustainable

agriculture (Walleretal. 2005, Deshmukh et al. 2006, Shende et al. 2006, Kageyama et
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al. 2008), inagro-forestry (Varmaetal. 1999, Singh et al. 2000), and in horticulture
(Sahay and Varma 1999, Singh etal. 2000, Druege et al. 2007).To gain a better
understanding of how this particularendophyte procures benefits toits host, growth,
physiology and water relations of wild-type and transgenictobacco (Nicotiana tobacum)
grownin association with the fungus were observed. Transgenic plants constitutively
over-expressed plasmaintrinsicproteins PIP 1;4 and PIP2;5 from Arabidopsis. Specific

objectives of the studies were to:

1. Studythe effects of Piriformospora indica on leaf water relations of tobacco by
examiningtranspiration, net photosynthesis, stomatal conductance, and leaf
water potential.

2. Studythe effects of Piriformospora indica on root water relations of tobacco by
tracing apoplasticflow, measuring root hydrostatic hydraulic conductivityand
hydraulicconductivity at the cellularlevel.

3. StudyPIPaquaporin expressionthrough RT-PCRand immunolocalization
techniques.

4. Studythe effects of Piriformospora indica on plant growth by measuring root

and shoot mass, plant height and root system length.

The following hypotheses were examined:

1. Piriformosporaindica has a greater effect on waterrelations and growth of the
wild-type plants compared with those over-expressing the aquaporins.
2. Piriformospora indica alters PIP aquaporin expression in wildtype plants.

3. Plantbiomassincreases with increasing hydraulicconductivity of the roots.

For furtherclarification, abasicmodel depicting hypotheses and expected outcomes can

be seeninFigure 1.1.
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3 Materials and Methods

3.1 Study 1: Effects of Piriformospora indica on Biomass and Water Relations of

Tobacco

3.1.1 Plant Materials and Growth Conditions

Previously described tobacco (Nicotiana tobacum cv. Xanthi) genotypes generously
donated by Dr. H. Kang (Department of Plant Biotechnology, Agricultural Plant Stress
Research Center and Biotechnology Research Institute, College of Agriculture and Life
Sciences, Chonnam National University) consisting of a wild-typevariety and two T,
generationto T, generation homozygous transgenicvarieties constitutively over-
expressing PIP 1;4 and PIP 2;5 from Arabidopsis thaliana were used. Transformation

procedures used A. tumefaciens GV3101 and are described in detail by Jang et al. (2007).

Seedswere surface-sterilized by soakingin 1mL 70% ethanol for2 minutes, followed by
10 minutesin 1 mL 2.5% sodium hypochlorite, and then 2x 1 minute in ImL autoclaved
milliQwater. Seeds were subsequently soaked in milliQ waterat4°C for 48 hoursin
orderto induce stratification. Following sterilization, seeds were germinated on half
strength MS medium (Pham etal. 2004) in 9 cm Petri dishes and keptinthe dark for 48
hours at roomtemperature. Germinates were then submitted to the following
controlled growth conditions: 16 hour photoperiod, 22°C/18°Cday/night temperature,
relative humidity of 65 +10%, and an irradiance level of 300+ 50 pmol m™?s™ at the
seedlinglevel . Aftertwo weeks, seedlings were transplanted to 3"’ pots (Kord Products,
Toronto, Canada) with sterilized filter sand (Target Silica Sand Products, Morinville,
Alberta, Canada). The sand was sterilized by autoclaving for 30 to 60 minutes at 121°C.
Plants were watered twice aweek with 50% Hoagland’s nutrient solution (Epstein 1972)

and once weekly with distilled waterto flush out accumulatedions.
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3.1.2 Fungal Inoculation

Pure culture of Piriformospora indica was obtained from Dr. K-H. Kogel (Justus Liebig
University, Geissen, Germany). The endophyte was cultured on an adapted solid
modified Melin-Norkans (MMN) medium (Mason 1980) in 9 centimeter Petri dishesand
inadapted MMN liquid medium in 500mL Erlenmeyer flasks. The MMN medium
composition was as follows per 1liter of milliQwater: 2.0 g maltextract, 1.0 g yeast
extract, 10.0 g glucose, , 0.5 g KH,P0,,0.25 g (NH,),HPO,, 0.15 g MgS0,- 7H,0, 5 mL
CaCl;, (1% solution), 2.5ml NaCl (1% solution), 1.2 mL FeCl; (1% solution), and 15.0 g agar

(forsolid media). The pH of the media was not adjusted.

Seven days after germination on the half-strength MS medium, a2-4 mm MMN plug
containing P. indica was placed at the root base of treated plantsand a blank MMN plug
was placed at the base of control plants. Following transplantationinto the pots, the
plantswere re-inoculated by applying 0.5-1mL of liquid MMN slurry with the fungus

into the sand. The MMN slurry was homogenizedinablender priortoapplication.

3.1.3 Methods

3.1.3.1 Mycorrhizal Staining and Quantification

Detection of P. indica was performed by dying the roots using a Shaefferinkand vinegar
stainingtechnique described by Veirheiligetal. (1998). This particular staining method
was modified fortobacco. Six samples were randomly taken from each plantin orderto
geta good representation of infection across anindividualroot systemandfixedin
ethanol: glycerol: H,0 (4:3:3, by volume). Roots were then rinsed for 20 minutesto
remove the fixativeand cleared by boilingin 10% (weight/volume) KOH for 3 minutes.
The roots were subsequently rinsed in distilled water for two minutes and placed in a 5%
ink-vinegar solution for eight minutes. Destaining was accomplished by rinsingin

distilled waterfor 20 minutes. Following staining, roots were mounted on microscope

slidesinlactoglycerol (lacticacid: glycerol: H,0, 1:1:1, by volume) and observed undera
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light microscope (CH30RF100, Olympus Optical Co., Japan). Fungal colonization was
quantified using the slide method described by Giovannettiand Mosse (1980). Root
samples fromsixtoten plants per treatment were used to determine root colonization
rates. In orderto meetassumptions of ANOVA, datawere transformed so that

Colonization’=SQRT (Colonization).

3.1.3.2 Root Hydraulic Conductivity

Root hydraulicconductivity using the hydrostatic pressure technique has previously
beendescribed by Wan and Zwiazek (1999), and Voicu and Zwiazek (2004). The excised
root system of a plantwas sealedin apressure chamber (PMS Instrument Co. Corvalis
OR. USA) while immersed in 50% Hoagland nutrient solution. The entire pressure
chamberwas then placed on a stirrerto rotate a stirbar inthe chamberin orderto

continually aerate the nutrient solution.

Initially, chamber pressure was increased and maintained at 0.3 MPa for five minutesto
flush water flow through the system. Pressure was next decreased to 0.10 MPa and
incrementally augmentedto 0.5 MPa in 0.1MPa increases. At each pressure, flow was
allowedto stabilizefor 5 minutes, and then steady-state flow rate (Q,) was measured

for 15 minutes, every five minutes. Water flux density (J,) was then determined at each
pressure by dividing Q, by the root volume. Rootvolume in m*> was determined by the
volume displacement method as described by Kamaluddin and Zwiazek (2002). The

slope of the regression line of J, versus pressure isequal to the hydraulic conductivity (L,)
of the root system. Hydraulicconductance (K,;) was also calculated from the slope of Q,

versus the pressure. Six to seven plants pertreatment wereused forall measurements.

3.1.3.3 Apoplastic Water Movement

Apoplasticwater movement was quantified through the use of the tracer dye trisodium,
3-hydroxy- 5,8, 10- pyrenetrisulfonate (PTS;). PTS; is a fluorescent dye believed to travel

exclusively through the apoplastic pathway (Hanson et al. 1985).
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Excised roots were attached to the pressure chamberinthe same mannerin whichthey
were attached for hydrostatic pressure measurements. The bathing solution comprised
of 0.01% (wt/vol) of PTS;. Rootsystems were then pressurized and maintained at0.3
MPa for 0.5 to 1.5 hours. PTS; concentrations from the exudates were collected,
appropriately diluted and analyzed with a Sequoia-Turner 450 fluorometer (Apple
Scientific, Chesterland, OH, U.S.A.) and compared to known standardized PTS;
concentrations of the original bathing solution. An excitation wavelength of 405 nm and
an emission wavelength of 515 nm were used. Six to seven plants pertreatment were

used forall measurements.

3.1.3.4 Cell Hydraulic Conductivity

Half-times of water exchange (T,/,), turgor pressure (P,) and cell elasticity (&) of
individualcells can all the measured with the aid of acell pressure probe (CPP). In order
to determine the previously mentioned parameters, a probe was filled with silicone oil
(Type AS4, Wacker, Miinchen, Germany). Microcapillaries pulled to afine pointusinga
pipette puller (Kopf Vertical Puller, Model 72, Tujunga, California, USA) and
subsequently ground to openings ranging from of 8-10 um were attached to the probe.
A root section attached to a metal sledge was covered with papertowel and bathedin
one-half strength Hoaglands solution (Epstein1972). The probe was inserted 20mm
fromthe rootapexinto the third to fifth cortical layers of eight toten week old plants.
The distance of exposed microcapillary was subtracted from the total distance of a
previously marked reference point on the microcapillary to determinewhat depth the
capillary wasinsertedinto the root. Knowingthe distanceinserted in combination with
the average cell diameter of each cortical layer of the root, it was possible to estimate
which cortical layer was punctured. Uponinsertion, ameniscus was formedin the
capillary, and the meniscus position could be adjusted through pressurization and
depressurization of the probe. Resultantly, the hydraulic parameters of the cell could be
determined as described previously (Zimmermann et al. 2000). Turgor pressure was

recorded aftereight minutes once itbecame stable. Freehand cross and longitudinal

46



sections were taken 20 mm from the root apex so that mean dimensions of each cortical
layer could be determined. The hydraulicconductivity (L,.) of anindividual cell may be

calculated asfollows (Azaizeh et al. 1992):

Le=VxLn(2)/[AcxTy, x(e+ )] (1)

The osmotic pressure of the cell (1) can be estimated by the relationship v’ =P, + 1°,
where i’ is equal to the external osmotic pressure of the growth solution (Azaizeh et al.
1992). With nt° attaining small values ranging between 0.02and 0.04 MPa (Lee etal.
2010), it can be assumed that P,= 1t Cell elasticmodulus (&) can be estimated from V

and changesin cell volume caused by pressurization of the probe, so that:

€ =V x AP,/AV (2)

Four to six plants pertreatment were used for all measurements and eight to ten week

old plants were used for measurement.

3.1.3.5 Plant Biomass

Freshroot and shoot weights were measured immediately following hydrostaticand
apoplasticmovement measurements. Shoot height was also measured from the root-
steminterface tothe top of the main stem. Dry root and shoot weights were measured
following drying of planttissue ina60°C oven. Six toten plants pertreatment were used
for all measurements and plants were between 9 and ten weeks old. In orderto meet
assumptions of ANOVA, root to shoot data were transformed so thatroot : shoot’ =1/

(root: shoot+0.75).

3.1.3.6 Transpiration and Leaf Water Potential

Leaf transpiration rates (E) were measured with the aid of aninfrared gas analyzer (LCA-

4, ADC Bioscientific, England) on afully expanded leaf located in the midregion of the
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stem. Measurements were taken between 8:30and 11:00 inthe morningatroom
temperature with anirradiance level of 450+ 50 umol m™s™. Leaf areas were
determined using Sigma Scan 5.0 scanning software (Systat Software Inc., San Jose,
California) so that measurements could be adjusted accordingly. Measured plants were
between9and 10 weeksold. Inorderto meetassumptions of ANOVA, datawere

transformed so that Transpiration’=Log (Transpiration +0.0514).

To measure leaf water potential, afully expanded leaf located in the midregion of the
stem was excised and was sealedin apressure chamber (PMS Instrument Co. Corvalis
OR. USA) so that the end of the petiole was easily visible from the exterior of the
chamber. Chamber pressure was thenincreased to the point sap exuded from the
excised petioleand balance pressure was recorded. The leaf potential measuredin this
described mannerwould be an average of the total potential throughout the whole leaf
(Reviewed by Tuner 1988 with references therein). In orderto meetassumptions of

ANOVA, datawere transformed to Potential’=Log (Potential).

3.1.3.7 Net Photosynthesis and Stomatal Conductance

Net photosynthesis (A) and stomatal conductance (g;) were measured withthe aid of a
infrared gas analyzer (LCA-4, ADC Bioscientific, England) on the same fully expanded |leaf
located onthe midregion of the stem that was used for transpiration measurement
mentionedinsection 3.1.3.6. Both measurements were taken between 8:30 and 11:00
inthe morning at room temperature with anirradiance level of 450+ 50 pmol m?s™. In
orderto meetassumptions of ANOVA, stomatal conductance values weretransformed

so that stomatal conductance’ =(1/Stomatal conductance + 0.05).

3.1.4 Statistical Analysis

Two-way analysis of variances (ANOVA) using Proc Mixed in the statistical program SAS

9.2 (SAS, Toronto, Ontario, Canada) were performed to determine if significant
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differences existed between treatments. The following model was used to analyze the

data:

Yii= 1 + Genotype;+ Inoculation;+Genotype; x Inoculation; + Day, + e

Where:

Y= Value of interest

p= meanvalue

Genotype;(Fixed effect) =Effect of the genotype (Wild-type, PIP 1;4, or PIP 2;5).

Inoculation (Fixed effect) = Effect of inoculation with P. indica (Yes or no).

Genotype;x Inoculation;(Fixed effect) = Effect of the interaction between genotype and
inoculation.

Day, (Random effect) =Effect of the day of measurement.

e;u= Randomerror

Differences between means were considered significantat p < 0.05.

3.2 Study 2: Effects of Piriformospora indica on tobacco aquaporin expression and

localization

3.2.1 Plant Materials and Growth Conditions

Wild-type tobacco (Nicotiana tobacum cv. Xanthi) generously donated by Dr. H. Kang
(Department of Plant Biotechnology, Agricultural Plant Stress Research Centerand
Biotechnology Research Institute, College of Agriculture and Life Sciences, Chonnam
National University) was used to evaluate known PIP aquaporin expression patterns.

Growth conditions forthe tobacco are already described in Study 1 of this thesis.

3.2.2 Fungal Inoculation

Treated plants were inoculated in the same manner as described for Study 1 (Section

3.1.2).
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3.2.3 Methods

3.2.3.1 Primer Design for Real-time PCR

Complete coding sequences (cds) of N. tobacum aguaporin and reference genes were
acquired fromthe National Centre for Biotechnology Information (NCBI,
http://www.ncbi.nlm.nih.gov/). Sequence homogeneities were compared using NCBI
BLAST and aquaporin specificprimers were then developed using the onlinetool
Primer3 (http://frodo.wi.mit.edu/primer3/). The online program Clustal W2 was used to
perform multiplesequence alignment of developed primers to ensure selected

sequencesdid notoverlap. Primer pairs may be foundin Table 2.2.3.1.

Table 3.2.3.1 Primers used for quantitative RT PCR. Selected aquaporin transcripts are
as follows: aquaporins belonging to the PIP1clade (NtPIP1aand NtPIP1a), aquaporin PIP
1;1 (NtPIP1;1), and aquaporin PIP 2;1 (NtPIP2;1). NtTUB2 depicts the tobacco reference
gene alpha-tubulin 2

Gene Primer Size of cDNA
Fragment
NtPIP1a Forward 5'- GTT TCC TCA AGA AGC CTT AAT C-3' 121 bp
(AF024511) Reverse 5'- GAC ATT TGA ACA CAA GAA AAT CC-3'
NtPIP1b Forward 5'- ATA ATC ATC AGA GCC ATT GCA TTC-3' 102 bp
(U62280) Reverse 5'-GGT ACA GGA GTC TTG AAA TAT AAC-3'
NtPIP1;1 Forward 5'- GCT AAG ATT CTC CTG CCA TTT GC-3' 84 bp

(AF440271) Reverse 5'- GAA ATT ACA CAT TTG ACA GAC ACC-3'
NtPIP2;1 Forward 5'-GCA TTC ATC TGT CCA AAT TAT C-3'
(AF440272) Reverse 5'-ATA CAT CCA AGG TTA ACA TTA AGG-3'
NtTUB2 Forward 5'-GTG TTT GTT TIT GTG TTG TTT GG-3'
(AJ421412) Reverse 5'- ACA GCA TAC TAC AGT TTA GAA G-3'

110 bp

99 bp

NtPIP1laand NtPIP1b are undefined aquaporins belonging to the PIP1clade of tobacco.
Alpha-tubulin 2 (NtTUB2) is a reference gene against which the relative expression of
selected aquaporins can be compared. Specificprimers fortobacco actin (forward: 5'
TGG ACT CTG GTG ATG GTG TC-3', and reverse:5' CCT CCA ATCCAA ACACTG TA-3")

described by Jangat al. (2007) were also used to check the validity of actin as a possible

50



reference gene. Guidelines usedin primerdesign as well as specific properties of each

primercan be viewedin AppendixB.

3.2.3.2 Tissue Harvesting, cDNA Synthesis and Real-time Quantitative RT PCR

Root tissue was harvested from 4-week-old seedlings and immediately frozen with
liquid nitrogen. Approximately 100 mg of frozen tissue was subsequently ground using a
mortar and pestle. Total plantand fungal RNA was extracted using the RNAeasy Plant
Mini Kit (Product number 74904, Qiagen Inc. Germantown, MD, USA) accordingto the
manufacturer’sinstructions. Specifically, buffer RLT was added to the ground tissue to
produce a lysate solution and two 20 pl washes with RNAase —free waterwere
performed duringthe elution step. RNA extracts were checked for quality
spectrophotometrically using the nanodrop ND-1000 spectrophotometer (Thermo
Scientific, Wilmington, DE, USA) and by electrophoresis at 80 volts for 20 minutes,

followed by storage at-80°C until further use.

cDNA was synthesized from extracted RNA and genomic DNA was removed using a
QuantiTect reverse transcription kit (Product number 205311, Qiagen Inc. Germantown,
MD, USA) accordingto manufacturer’s guidelines. Reverse transcription mastermix was
incubated for 30 minutestoincrease cDNA yields. The concentrations of cDNA were
determined through the use of a nanodrop ND-1000 spectrophotometer (Thermo

Scientific, Wilmington, DE, USA).

In orderto evaluate optimal PCR conditions, the validity of developed aquaporin
primers, and the validity of possible reference genes, standard curves were developed
using assay cDNA concentrations diluted from 10™ to 10° ng/pl. In accordance to the

% method of calculating gene expression, it was determined if

assumptions of the 2°
amplification of the reference genes were approximately equal to the amplification
efficiencies of the PIP genes (Livak and Schmittgen 2001). Details envolving the
calculations to compare the amplifications can be found in Appendix C. An

electrophoresis using PCR products of diluted cDNA concentrations was also run at 50
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voltsfor40 minutesona1.6% agarose gelin 1x TAE bufferto determinevalidity of

candidate referencegenes.

A mastermix of 120 ng of cDNA, 10 pl of Quantitect SYBRgreen (Product number
1017340, Qiagen Inc., Germantown, MD, USA), 10 pmol of each primer, and RNase free
wateraddingto a final volume of 20 ul was used for amplification. Two replications
were performed persample, three samples pertreatment. The 7500 Fast Real-Time PCR
System (Applied Biosystems, Inc., Foster City, CA, USA) was programmed to the
following conditions: 95°Cfor 15 minutes, 50cycles (95°C for 15 seconds, 55°C for 30
seconds, 72°C for 30 seconds), 95°C for 15 seconds, 60°C for 1 minute, and 95°C for 15
seconds. Following amplification, standard curves were analyzed to determine cycle
threshold (ct) and mean ct-values were determined foreach sample. Act was then
calculated by subtractingthe mean ct-value of the control samples fromthe ct-value of
inoculated samples. Expression levels were determined by calculating 2" and data

were normalized with the actinand NtTUB2 housekeeping gene.

3.2.3.3 Checking Inoculation with PCR

Presence orabsence of P. indica in roots was monitored using the Pitefl gene which
encodesforthe elongation factor EF-1a of the endophyte (Bilitehorn et al. 2000). The
equivalent of 200 ngof synthesized cDNA from extracted RNA was used for PCR with 7l
Redtract-N-Amp PCR readymix (Product number R4775, Sigma-Aldrich, St, Louis, MO,
USA), 10 pmol each of Pitef1 specificprimers (tefGSPa: 5'- CTT GAC CTC CTT CGA CCA
TC-3'and tefGSPd: 5'- AACATG ATT ACC GGT ACCTCG CAG-3') described by Biitehorn
et al. (2000), 0.5 ul Tween201%, and 2 ul of RNase free water. Amplification was carried
out usinga Mastercycler Pro S (Eppendorf AG, Hamburg, Germany) underthe following
conditions: 95°Cfor 1 minute, 55°C for 90 seconds, 72°C for 2 minutes, 35 cycles (94°C
for 30 seconds, 56°C for 30 seconds, 72°C for 1 minute), 72°Cfor 15 minutes. PCR
conditions were modified from those described by Kawasaki (1990). An electrophoresis
was run on reamplified PCR products ona 1% agarose gel using 1x TAE bufferand 1.5 pl

SYBRsafe (Product numberS33102, Sigma-Aldrich, St, Louis, MO, USA). Electrophoresis
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was conducted ata constant 80 volts for 40 minutesin 1x TAE buffer. Bands were

viewed under UV light.

Remaining primersand nucleotides were removed from PCR products using ExoSAP-it
(Affymetrix/USB Corporation, Santa Clara, CA, USA) byincubating at 37°C for 15 minutes.
Enzymes were theninactivated by incubating cleaned products at 80°C for 15 minutes.
Followingcleanup, 40to 100 ng of cDNA, 5 pMol of Pitef1 specificprimers (5 and 3’in
separate reactions), 2 ul of Big Dye, 4ul of 3x Big Dye sequencing buffer (Applied
Biosystems, Life Technologies Corporation, Carlsbad, CA, USA) and RNase free water to
total 20 pl were combined forsequencing. The mixture wasincubated at 96°C for 1
minute, 35 cycles (96°C for 15 seconds, 50°C for 20 seconds, 60°C for 2 minutes), and
held at 10°C for 10 minutes. A final clean-up of samples was performed using ethanol
precipitation accordingtothe Molecular Biology Services Unit (MBSU, Biosciences,
University of Alberta) protocol. Samples were sequenced by MBSU and compared to the

Pitef1 cDNA sequence (Bltehorn et al. 2000) using Clustal W2 and NCBI BLAST.

3.2.3.4 Immunofluorescence

Localization of the expression of PIP aquaporins was performed by immodetection
approaches described by Hachez et al. (2006). Free hand cross sections were taken 20
mm from the root apex of sixweek old seedlingsand PIP1 (ZmPIP 1, R-4445) and PIP2
(ZmPIP 2, R-2493) aquaporins were subsequently localized through the use of a diluted
1/100 anti-PIP antiserum (primary antibody) developed by Hachez et al.(2006). After
several washesin blocking solution, sections wereincubated in diluted 1/100
fluorescein-coupled goat anti-rabbit IgGantibodies (Secondary antibody; Product
number F2765, Molecular Probes, Eugen, Oregon, USA). Sections were viewed under UV
light (Excitation: 450-4905nm, Emission: 510 nm) at at the same exposure usingaLeica
DMR RXA microscope (Leica Microsystems, Concord, Ontario, Canada). Controls
included untreated sections, sectionsincubated in only pre-immune serum, and sections
incubatedinonly the secondary antibody. More details concerning the development of

antibodiesand the role of controlsinimmunofluorescence can be foundin AppendixE.
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3.2.4 Statistical Analysis

One-way analysis of variances (ANOVA) using Proc Mixed in the statistical program SAS
9.2 (SAS, Toronto, Ontario, Canada) were performed to determine if significant
differences existed between treatments. The following modelwas used to analyze the

data:

Yii= 1+ Inoculation; + ey

Where:

Y= Value of interest

KM= meanvalue

Inoculation (Fixed effect) =Effect of inoculation with P. indica (Yes orno).
e;n=Randomerror

Differences between means were considered significant at p < 0.05.

4 Results

4.1 Study 1: Effects of Piriformospora indica on Biomass and Water Relations of

Tobacco

4.1.1 Root Colonization

Control plants had mean colonization rates ranging between 2.03% and 4.23% of the
root length, whereasinoculated plants had colonization rates ranging between 22.29%
and 24.65% of the root length (Fig. 4.1.1). Despite the highest precautions, sand of the
control treatments could not remain sterile throughout the entire experimentand some
plants became infected with fungi, although it was not determined if contamination was
P. indica or anotherfungus. Significant differences werefound for the overall
inoculation effect, however, no significant differences were found when looking at

interaction or at genotypiceffects.
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Figure 4.1.1: (A) Mean percent colonization of Piriformospora indica roots in three
Nicotiana tobacum lines. The three N. tobacum lines were wild-type (WT), over-
expression of aquaporin PIP 1;4 (PIP1;4), and over-expression of aquaporin PIP2;5
(PIP2;5). Significant differences between controls and inoculated plants are indicated by
the asterisk (P <0.05) and error bars represent the standard error of the mean (n=6-10).
(B) Cross section stained with toluidine blue, and (C) lateral section stained with
Schaefferink. P. indica chlamydospores are indicated by arrows.

4.1.2 Root Hydraulic Conductivity (L)

Combined control plants had agreater mean hydrostaticL,, value of4.12 x 10°m?s™

cm™ MPa™, compared to combined inoculated plants with avalue of 2.87 x 10"°m>s™
cm”™ MPa™ (Figure 4.1.2B). Significant differences were found for the overall inoculation
effect (p-value of 0.0272); however nosignificant differences were found when looking
at interaction or at genotypiceffects (p-values of 0.7503 and 0.9212 respectively). No
significant differences were found between Krvalues when looking atinoculation,

genotypic, orinteraction effects (p-values ranged between 0.2506 and 0.4436). Figure
A.4.1.2. of Appendix A depicts meanvalues of K..
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Figure 4.1.2: Root hydraulicconductivity (Lp,) determined by the hydrostatic method in
Nicotiana tobacum linesinoculated (+P. indica) and notinoculated (- P. indica) with
Piriformosporaindica. L,.was determined for (A) all treatment groups, and (B)
combined +P. indica and - P. indica plants regardless of genotype. The three N.
tobacum lines were wild-type (WT), over-expression of aquaporin PIP 1;4 (PIP1;4), and
over-expression of aquaporin PIP2;5(PIP2;5). Significant differences are indicated by the
asterisk (P < 0.05) and error bars represent the standard error of the mean (n=6-7).

4.1.3 Xylem Sap PTS; Concentrations

Means and standard errors of % PTS; (trisodium, 3-hydroxy-5,8, 10- pyrenetrisulfonate)
are depictedin Figure 4.1.3. The percentage represents the concentration of apoplastic
dye exuded through the root system compared to that of the bathing solution, where a
greater percentage indicates more water movement within the apoplastic pathway.
Significant differences were notfound between treatments when comparing Tukey

adjusted p-valuesto an alpha of 0.05.
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Figure 4.1.3: Effects of Piriformospora indica on trisodium, 3-hydroxy- 5, 8, 10-
pyrenetrisulfonate (PTS;) concentration in the xylem sap of three Nicotiana tobacum
lines. The three N. tobacum lines were wild-type (WT), over-expression of aquaporin PIP
1;4 (PIP1;4), and over-expression of aquaporin PIP2;5 (PIP2;5). Significant differences
are indicated by lower case letters (P <0.05) and error bars representthe standard error
of the mean (n=6-7).

4.1.4 Cell Water Relations

An example of the pressure output from pressure relaxations, and rapid pressurizations
and depressurizationsis shownin Figure 4.1.4.1. No significant differences in cell turgor
pressure (P) (p-valuesranging between 0.5784 and 0.6699) or half-times of water
exchange (Ty.,) (p-values ranging between 0.4904 and 0.7660) were found. Mean P and
Ti, valuescanbe seeninFigure 4.1.4.2. There were no significant differencesin cell
hydraulicconductivity (L,c) for the inoculation, genotypic, orinteraction effects with p-

valuesranging between 0.7512 and 8826.
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Figure 4.1.4.1: (A) Constant cell turgor. (B) Half-times of water exchange were
determined by rapid pressurization or depressurization of the cell pressure probe and
observingthe resulting half-time it took for cell turgorto revertto normal levels. (C) Cell
elasticity determined from rapidly changing the cell volume and observing
corresponding changesin pressure.
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Figure 4.1.4.2: (A) Cell turgor pressure (P),and (B) half-times of cell water exchange (T 1)
inroot cortex cells of Nicotiana tobacum lines inoculated and notinoculated with
Piriformosporaindica. The three N. tobacum lines were wild-type (WT), over-expression
of aquaporin PIP 1;4 (PIP 1;4), and over-expression of aquaporin PIP2;5(PIP2;5). Error
bars represent standard error of the mean (n=4-6).
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Figure 4.1.4.3: Effects of Piriformospora indica on root cell hydraulicconductivity (L) of
three Nicotiana tobacum lines. The three N. tobacum lines were wild-type (WT), over-
expression of aquaporin PIP 1;4 (PIP1;4), and over-expression of aquaporin PIP2;5
(PIP2;5). Parameters used to calculate L, were measured with the cell pressure probe.
No significant differences were found (P £0.05), n=4-6. Error bars represent standard
error of the mean.
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Table 4.1.4: Significance values forcell turgor pressure (Turgor), half-times of water
exchange (T+), and cellular hydraulicconductivity (L,.). ANOVAresults indicate p-values
for the genotypic, inoculation and interaction effects where three N. tobacum
genotypes were inoculated and notinoculated with Piriformospora indica. No significant
differences were found (P <0.05)

Effect Turgor (Pf>F) T, (Pf>F) L, (Pf>F)
Genotype 0.6505 0.5454 0.7512
Inoculation 0.6699 0.4904 0.8333
Genotype * Inoculation 0.5784 0.766 0.8826

4.1.5 Plant Biomass

An inoculation effect was found for mean fresh and dry root weights, mean fresh and
dry shoot weights, and mean shoot height. There was ageneral trend that P. indica
increased root and shoot dry weights in both wild-typeand PIP 2;5 over-expression
plants, but notin PIP1;4 over-expression plants. There was a respective 28.7% and 36.8%
increase in mean fresh root weight of inoculated wild-typeand PIP 2;5 plants compared
to controls. A 40.2% increase in mean fresh shoot weight of PIP 2;5 inoculated plants
was observed when compared to the controls. Similarly, dry root weight of inoculated
wild-type plants wasincreased by 53.4% and dry shoot weight was increased by 29.6%
and 47.1% inwild-typeand PIP 2;5 plants respectively. Mean shoot height of PIP 2;5
overexpression plants was increased by 35.0% upon inoculation. No significant
differences were found forthe inoculation, genotypic, orinteraction effects for mean

root system length and mean root to shootratio.
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Figure 4.1.5.1: Effects of Piriformospora indica on (A) fresh root weight(g), and (B) fresh
shoot weight (g) of three Nicotiana tobacum lines. The three N. tobacum lines were
wild-type (WT), over-expression of aquaporin PIP 1;4 (PIP1;4), and over-expression of
aquaporin PIP2;5(PIP2;5). Significant differences within genotypes are indicated by the
asterisk (P < 0.05). Error bars represent standard error of the mean (n = 6-10).
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Figure 4.5.1.2: Effects of Piriformospora indica on (A) dry shoot weight(g), and (B) dry
root weight (g) of three Nicotiana tobacum lines. The three N. tobacum lines were wild-
type (WT), over-expression of aquaporin PIP 1;4(PIP1;4), and over-expression of
aquaporin PIP2;5(PIP2;5). Significant differences within genotypes are indicated by the
asterisk (P < 0.05). Error bars represent standard error of the mean (n=6-10).
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Figure 4.5.1.3: Effects of Piriformospora indica on (A) shoot height (mm), and (B) root
length (mm) of three Nicotiana tobacum lines. The three N. tobacum lines were wild-
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type (WT), over-expression of aquaporin PIP 1;4(PIP1;4), and over-expression of
aquaporin PIP2;5(PIP2;5). Significant differences within genotypes are indicated by the
asterisk (P < 0.05). Error bars represent standard error of the mean (n=6-10).
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Figure 4.5.1.4: Effects of Piriformospora indica on root to shoot ratio of three Nicotiana

tobacum lines. The three N. tobacum lines were wild-type (WT), over-expression of

aquaporin PIP 1;4 (PIP1;4), and over-expression of aquaporin PIP2;5(PIP2;5). Error bars
represent standard error of the mean (n=6-10).
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Table 4.1.5: Significance values for dry root weight, dry shoot weight, fresh root weight, fresh shoot weight, shoot height, root system length,

and root to shootratio. ANOVA results indicate p-values for the genotypic, inoculation and interaction effects where three N. tobacum

genotypes were inoculated and notinoculated with Piriformospora indica. Significant differences are indicated by asterisks (P <0.05); “n/a

indicates comparison was not possible due to a lack of significant difference of the main fixed effect

n

Dry Root Dry Shoot Fresh Root Fresh Shoot Shoot Root Root :

Effect Weight Weight Weight Weight Height Length Shoot

(Pf>F) (Pf>F) (Pf>F) (Pf>F) (Pf>F) (Pf>F) (P> F)

Genotype 0.3796 0.0768 0.2228 0.0501 0.2202 0.5744 0.5856

Inoculation 0.0024* 0.0034* 0.0011* 0.0075* 0.0060* 0.4816 0.1652

Genotype * Inoculation 0.1679 0.3291 0.3495 0.1083 0.3435 0.0784 0.3839
WT Control vs.WT Inoculated 0.0024* 0.0264* 0.0148* 0.1006 0.1673 n/a n/a
PIP 1;4 Control vs.PIP 1;4 Inoculated 0.5615 0.5252 0.3932 0.9353 0.4004 n/a n/a
PIP 2;5 Control vs.PIP2;5 Inoculated 0.0802 0.0220* 0.0129* 0.0045* 0.0100* n/a n/a
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4.1.6 Transpirationand Leaf Water Potential

Transpiration rates were found to be higherin control plants at 0.3857 mmol m™s™
versus 0.2689 mmol m™s ™ ininoculated plants (Figure 4.1.6.1).The inoculation effect on
leaf transpiration was significant with a p-value of 0.0413, whereas the genotypicand
interaction effects were not significant with respective p-values of 0.2106 and 0.8050.
Differences intranspiration rates were notsignificant when comparing controls and

inoculated plants within the same geneotype.

Leaf water potential and standard errors of the mean are presentedinFigure 4.1.6.2. P-
values of 0.8154 forthe genotypiceffect, 0.3242 for the inoculation effect, and 0.1840
for the interaction effectindicate that no significant differences were found between

leaf water potentials of all treatment levels.
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Figure 4.1.6.1: Effects of Piriformospora indica on leaf transpiration rate (mmol m?s™) of
three Nicotiana tobacum lines. The three N. tobacum lines were wild-type (WT), over-
expression of aguaporin PIP 1;4 (PIP1;4), and over-expression of aquaporin PIP2;5
(PIP2;5). Significant differences are indicated by the asterisk (P <0.05). Means (n=6-10)
+ standard errors are shown.
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Figure 4.1.6.2: Effects of Piriformospora indica on leaf water potential (MPa) of three
Nicotiana tobacum lines. The three N. tobacum lines were wild-type (WT), over-
expression of aquaporin PIP 1;4 (PIP1;4), and over-expression of aquaporin PIP2;5
(PIP2;5). Means (n=6-10) * standard errors are shown.

Table 4.1.6: Significance values forleaf transpiration rates (E) and leaf water potential
(Wle). ANOVA results indicate p-values for the genotypic, inoculation and interaction
effectswhere three N. tobacum genotypes (wild-type (WT), _over-expression of
aquaporin PIP 1;4 (PIP1;4), and _over-expression of aquaporin PIP2;5(PIP2;5)) were
inoculated and notinoculated (control) with Piriformospora indica. Significant
differencesare represented by asterisks (P <0.05); “n/a” indicates comparison was not
possible due to alack of significant difference of the main fixed effect

Effect E (Pf>F) Wiear (Pf>F)
Genotype 0.2106 0.8154
Inoculation 0.0413* 0.3242
Genotype * Inoculation 0.8050 0.1840
WT Control vs. WT Inoculated 0.0855 n/a
PIP 1;4 Control vs.PIP 1;4 Inoculated 0.1921 n/a
PIP 2;5 Control vs.PIP2;5 Inoculated 0.5071 n/a

4.1.7 Net Photosynthesis and Stomatal Conductance

Means and standard errors for net photosynthesis and stomatal conductance arein
Figure 4.1.7. The interaction effect for net photosynthesis was found to be significant

with a p-value of 0.0089. Control PIP 2;5 over-expression plants were observed to have

65



a net photosyntheticrate 2.94 times higherthanitsinoculated counterpart, whereas all

othertreatmentlevels were notfound to be significantly different from each other.

For the stomatal conductance, the inoculation effect was significant with a p-value of
0.0045, whereas the genotypicandinteraction effects were not significant with p-values
of 0.1415 and 0.6563 respectively. P. indica had an effect on stomatal conductance only
when comparing PIP 2;5 over-expression controls to treated PIP 2;5 over-expression

plants. In general, stomatal conductance was higherin control plantsthanininoculated

plants.
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Figure 4.1.7: Effects of Piriformospora indica on (A) net photosynthesis (umol m™s™) and,
(B) stomatal conductance (mol m™s™) of three Nicotiana tobacum lines. The three N.
tobacum lines were wild-type (WT), over-expression of aquaporin PIP 1;4 (PIP1;4), and
over-expression of aguaporin PIP2;5(PIP2;5). Significant differences between all
treatmentlevels are indicated by lowercase letters and significant differences within
genotype are indicated by the asterisk (P <0.05). Means (n=6-10) + standard errors are
shown.
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Table 4.1.7: Significance values for leaf net photosynthesis (A) and stomatal
conductance (g,). ANOVA resultsindicate p-values for the genotypic, inoculation and
interaction effects where three N. tobacum genotypes (wild-type (WT), over-expression
of aquaporin PIP 1;4 (PIP1;4), and over-expression of aquaporin PIP2;5(PIP2;5)) were
inoculated and notinoculated with Piriformospora indica. Only significant differences
are shown and are represented by the asterisk (P <0.05); “n/a” indicates comparison
was not possible due to a lack of significant difference of the main fixed effect

Effect A (Pf>F) gs (Pf>F)
Genotype 0.1217 0.1415
Inoculation 0.0791 0.0045*
Genotype * Inoculation 0.0089* 0.6563
WT Control vs.WT Inoculated 1.000 0.0982
PIP 1;4 Control vs.PIP 1;4 Inoculated 0.9683 0.2288
PIP 2;5 Control vs.PIP2;5 Inoculated 0.0130*%* 0.0312*
PIP 1;4 Control vs.PIP 2;5 Control 0.0133* n/a

4.2 Study 2: Effects of Piriformospora indica on Tobacco Aquaporin Expression and

Localization
4.2.1 Primer Design for Real-Time RTPCR

Standard curves and electrophoresis using assay cDNA concentrations diluted from 10™
to 10” depicted NtActin as asuitable reference gene due toits amplification efficiency
being approximately equal to that of the targetgenes. Assumptions of the 2 method
for determining gene expression levels as well as comparison of amplification

efficiencies can be foundin Appendix C. Assay PCRalso confirmed primers were

functional.
4.2.2 Tissue Harvesting, cDNA Synthesis, and Quantitative Real-time PCR

Total RNA was successfully extracted from tobacco roots and RNA concentrations
ranged between 57.85 ng pl™" and 419.22 ng ul™. Electrophoresis of RNA products
revealed two distinct bands, aheavier band depicting plantRNA, and alighter band

depicting fungal RNA (Data notshown). Genomic DNA was removed from the RNA
productand cDNA was synthesized to a total of 500 ng.
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Quantitative real-time PCRwas thus performed and relative abundances of four N.
tobacum aquaporins compared to NtActin are in Figure 4.2.2. No significant differences
inindividual aguaporin expression levels were observed upon inoculation as p-values
between mycorrhizal and nonmycorrhizal plants ranged between 0.1328 and 0.6832.
Surprisingly NtPIP1;1levels were found to be quite high with relative expression levels
of 754.82 in control plantsand 954.77 ininoculated plants, whereas relative expression
levels of NtPIP2;1were low with levels below 13. Relative abundances of the four .
tobacum aquaporins compared to the reference NtTUB2 can be seenin Figure D.4.2.2.

of AppendixD.
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Figure 4.2.2: Effects of Piriformospora indica on relative expression patterns of four
aquaporin transcriptsin wild-type Nicotiana tobacum roots. Selected aquaporin
transcripts are as follows: aguaporins belonging to the PIP1 clade (NtPIP1a and NtPIP1a),
aquaporin PIP 1;1 (NtPIP1;1), and aquaporin PIP 2;1 (NtPIP2;1). Relative transcript
abundance is described as the fold change of mean cDNA expression of the aquaporin
generelative tothe reference gene (Actin, NtActin). Quantification was determined by
the standard curve of quantitative RTPCR. There were three plants pertreatmentand
two replicates per plant. No significant differences were found between aquaporin
expression patterns when comparing inoculated plants to control plants (P <0.05). Error
bars represent the standard error of the mean.
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Table 4.2.2: Significance values foraquaporin relative expression levels between control
wild-type N. tobacum roots and rootsinoculated with Piriformospora indica. Fold
change of mean cDNA expression of the aquaporin gene was relativeto the reference
gene actin (NtActin). ANOVA results indicate p-values of the inoculation effect

Aquaporin (Pf>F)
NtPIP 1a 0.6724
NtPIP 1b 0.6832
NtPIP 1;1 0.5012
NtPIP 2;1 0.1328

4.2.3 Fungal DNAin Roots

Synthesized cDNA from two inoculated samples weresent to MBSU for sequencingin
orderto check the validity of the P. indica reverse (tefGSPa) and forward (tefGSPd)
primers used. Sequenced cDNA strands selected by the primers fromthe two samples
can be observedin Figure 4.2.3.1. Homogeneity of selected cDNA sequences from the
roots comparedtothe coding sequence (cds) of the Piriformospora indica EF1-a gene
indicated that the primers were correctly selecting for the endophyte as queried
sequenceswere between 97 and 100% homologoustothe EF1-a gene (Figures4.2.3.2
and 4.2.3.3). Furthermore, electrophoresis of PCR samplesindicated the controls did not
containany P. indica intheirroots whereas aband of approximately 350bp indicated

the treated roots were inoculated with the fungus.
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A

Sample 1 forward sequence:
NNNNNNNNNNNNNNNNNNNNNNNNNNNCCNGNGGNNNNGTGAGTTCGAGGNTNGTNNCTCCANGA
TGGCCAGACTNNNNNNNNNNNNNNGCTCGCCTTTACCCTCGGTGTCCGACAGCTCNNCNTNNCTG
TCAACAAGATGGACACCACCAACTGGTCTGAGGCCCGCTTCAACGAAATCGTCAAGGARACCTCC
AACTTCATCAAGAAGGTCGGATACAACCCCAAGACGGTCGCCTTCGTCCCCATCTCTGGCTGGCA
CGGTGACAACATGCTCGAGCCCTCCACCAACATGCCCTGGTACAAGGGATGGTCGAAGGAGGTNN
AGNNNNNNNNGAAGGAGGTCAAGATGGTCGAAGGAGGTCAAGATGGTCGAAGGAGGTCAAGATGG
TCNAANGANGTCAAGATGNNCNANNNNNNNNNNNNNNNNNNNNNNTTTTTTNTNN

Sample 1 reverse sequence:
NNNNNNNNNNNNNNNNNNNNGGNTCGNGCATGTTGTCACCGTGCCNGCCAGAGATGGGGACGAAG
GCGACCGTCTNNGNNNNGTATCCGACCTTCTTGATGAAGTTGGAGGTTTCCTTGACGATTTCGTT
GAAGCGGGCCTCANACCAGTTGGTGGTGTCCATCTTGTTGACAGCGACGATGAGCTGTCGGACAC
CGAGGGTAAAGGCGAGCAAAGCATGCTCACGAGTCTGGCCATCCTTGGAGATACCAGCCTCGAAC
TCACCGGTACCACCGGCGATGATGAGGATAGCGCAATCAGCCTGCGAGGTACNNNNNNNCATNNN
NNNNNNGAAGGAGGTCAAGATGGTCGAAGGAGGTCAAGATGGTCGAAGGAGGTNAAGANGGTCGA
AGGAGGTNNNGATGGTCGAAGGAGGTCNNGANNNCCGNNNNNNGTNNNTANNNNNNNTNNNANNN
NNNNNNCNNNNTNNNNNGNNNGTNNNNANNNNCNCNNNNNTN

B

Sample 2 forward sequence:
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGNNNNGNNNNTTNNNNNNNNNNTCNCCNNGATGG
CCAGACNNNNNNNNNNNNNGCTCGCCTTTACCCTCGGTGTCCGACAGCTCNNNNNNNCTGTCAAC
AAGATGGACACCACCAACTGGTCTGAGGCCCGCTTCAACGAAATCGTCAAGGAAACCTCCAACTT
CATCAAGAAGGTCGGATACAACCCCAAGACGGTCGCCTTCGTCCCCATCTCTGGCTGGCACGGTG
ACAACATGCTCGAGCCCTCCACCAACATGCCCTGGTACAAGGGATGGTCGAAGGAGGTCAAGAGT
TAA

Sample 2 reverse sequence:
NNNNNNNNNNNNNNNNNNNGNNANNNNNNNNNNGNNNNNNNNGNNNNNNGATGGGGACGAAGGNN
ANGNNNNNNNNNNNNNNACCTTNTNGATGAAGTTGGAGGTTTNNNNNNNNNNNNNNTTGAAGCGG
GCCTCAGACCAGTTGGTGGTGTCCATCTTGTTGACAGCGACGATGAGCTGTCGGACACCGAGGGT
AAAGGCGAGCAAAGCATGCTCACGAGTCTGGCCATCCTTGGAGATACCAGCCTCGAACTCACCGG
TACCACCGGCGATGATGAGGATAGCGCAATCAGCCTGCGAGGTACCGGTAATCATNNNNNN

Figure 4.2.3.1: Sequenced cDNA from the EF1-a gene of Piriformospora indica using
extracted RNA from (A) sampleland, (B) sample 2 inoculated with the fungus. The
forward primer (tefGSPd) and reverse primer (tefGSPa) used were those described by
Blitehorn etal. (2000).
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Piriformospora indica mRNA for EF-l-alpha (tef gene)
Length=1617

Score = 501 bits (271), Expect = 3e-138
Identities = 280/289 (97%), Gaps = 0/289 (0%)
Strand=Plus/Plus

Query 645 GTACCTCGCAGGCTGATTGCGCTATCCTCATCATCGCCGGTGGTACCGGTGAGTTCGAGG 704

Frrrrrrerrerrerrerrrerr e et e rr e e et et r e e
Sbjct 367 GTACCTCGCAGGCTGATTGCGCTATCCTCATCATCGCCGGTGGTACCGGTGAGTTCGAGG 426

Query 705 CTGGTATCTCCAAGGATGGCCAGACTCGTGAGCATGCTTTGCTCGCCTTTACCCTCGGTG 764

Crrerrrrrrerrerr e et et r e e e e e e e e e e e e e e
Sbjct 427 CTGGTATCTCCAAGGATGGCCAGACTCGTGAGCATGCTTTGCTCGCCTTTACCCTCGGTG 486

Query 765 TCCGACAGCTCATCGTCGCTGTCAACAAGATGGACACCACCAACTGGTNTGAGGCCCGCT 824
FEEErrrrrrerr e e e et r e e e e e re e e e e
Sbjct 487 TCCGACAGCTCATCGTCGCTGTCAACAAGATGGACACCACCAACTGGTCTGAGGCCCGCT 546

Query 825 TCAACGAAATCGTCAAGGAAACCTCCAACTTCATCAAGAAGGTCGGATACNNNNCNNAGA 884

FEEETEEEE e et e e e e et e e e b e e I
Sbjct 547 TCAACGAAATCGTCAAGGAAACCTCCAACTTCATCAAGAAGGT CGGATACAACCCCAAGA 606

Query 885 CGGTCGCCTTCGTCCCCATCTCTGGCNGGCACGGTGACAACATGCNCGA 933

FEEETEEEE T rrr e re e e et rerr e b et e el
Sbjct 607 CGGTCGCCTTCGTCCCCATCTCTGGCTGGCACGGTGACAACATGCTCGA 655

Score = 414 bits (224), Expect = 5e-112
Identities = 229/234 (98%), Gaps 0/234 (0%)
Strand=Plus/Plus

Query 97 GCTCGCCTTTACCCTCGGTGT CCGACAGCTCNNCNTNNCTGTCAACAAGATGGACACCAC 156

RN e e e N A N N N R R R RN
Sbjct 467 GCTICGCCTTTACCCTCGGTGTCCGACAGCTCATCGTCGCTGTCAACAAGATGGACACCAC 526

Query 157 CAACTGGTCTGAGGCCCGCTTCAACGAAATCGTCAAGGARACCTCCAACTTCATCAAGAA 216

FETETT Rt e e re et ettt e e et e e e e el
Sbjct 527 CAACTGGTCTGAGGCCCGCTTCAACGAAATCGTCAAGGAAACCTCCAACTTCATCAAGAA 586

Query 217 GGTCGGATACAACCCCAAGACGGTCGCCTTCGTCCCCATCTCTGGCTGGCACGGTGACAA 276

FErerrrrrrrrrerr e e et r e e e e re et e e e e
Sbjct 587 GGTCGGATACAACCCCAAGACGGTCGCCTTCGTCCCCATCTCTGGCTGGCACGGTGACAA 646

Query 277 CATGCTCGAGCCCTCCACCAACATGCCCTGGTACAAGGGATGGTCGAAGGAGGT 330

CEEEEr e rr et e e e et e e e e e e e e e e e
Sbjct 647 CATGCTCGAGCCCTCCACCAACATGCCCTGGTACAAGGGATGGTCGAAGGAGGT 700

Figure 4.2.3.2: Nucleotidesequence homogeneities of sample 1were comparedto the
complete coding sequence (cds) of the Piriformospora indica EF1-a gene using (A) the
complementary reverse sequence of cDNA selected with the reverse primer (tefGSPa),
and (B) cDNA sselected usingthe forward primer (tefGSPd). Nucleotides were aligned
using the NCBI BLAST tool (NCBI, http://www.ncbi.nlm.nih.gov/).
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Piriformospora indica mRNA for EF-l-alpha (tef gene)
Length=1617

Score = 414 bits (224), Expect = 3e-112
Identities = 231/238 (97%), Gaps = 0/238 (0%)
Strand=Plus/Plus

Query 92 GCTCGCCTTTACCCTCGGTGTCCGACAGCTC nnnnnnnCTGTCAACAAGATGGACACCAC 151

FETEEE Rt e e e et et FEEEETEE e el
Sbjct 467 GCTCGCCTTTACCCTCGGTGTCCGACAGCTCATCGTCGCTGTCAACAAGATGGACACCAC 526

Query 152 CAACTGGTCTGAGGCCCGCTTCAACGAAATCGTCAAGGAAACCTCCAACTTCATCAAGAA 211

CErrrrrrrrrrrerrrr et re et rer et re e et e e e e
Sbjct 527 CAACTGGTCTGAGGCCCGCTTCAACGAAATCGTCAAGGAAACCTCCAACTTCATCAAGAA 586

Query 212 GGTCGGATACAACCCCAAGACGGTCGCCTTCGTCCCCATCTCTGGCTGGCACGGTGACAA 271
Sbjct 587 GGTCGGATACAACCCCAAGACGGTCGCCTTCGTCCCCATCTCTGGCTGGCACGGTGACAA 646

Query 272 CATGCTCGAGCCCTCCACCAACATGCCCTGGTACAAGGGATGGTCGAAGGAGGTCAAG 329

NN AN NN RN NN N R R RN
Sbjct 647 CATGCTCGAGCCCTCCACCAACATGCCCTGGTACAAGGGATGGTCGAAGGAGGTCAAG 704

Score = 359 bits (194), Expect = 2e-95
Identities = 194/194 (100%), Gaps = 0/194 (0%)
Strand=Plus/Plus

Query 349 ATGATTACCGGTACCTCGCAGGCTGATTGCGCTATCCTCATCATCGCCGGTGGTACCGGT 408
N RN AN R RN AN NN R R
Sbjct 357 ATGATTACCGGTACCTCGCAGGCTGATTGCGCTATCCTCATCATCGCCGGTGGTACCGGT 416

Query 409 GAGTTCGAGGCTGGTATCTCCAAGGATGGCCAGACTCGTGAGCATGCTTTGCTCGCCTTT 468

CEEETEEEr e et e e et e et e et e e e e e e e e e e e
Sbjct 417 GAGTTCGAGGCTGGTATCTCCAAGGATGGCCAGACTCGTGAGCATGCTTTGCTCGCCTTT 476

Query 469 ACCCTCGGTGTCCGACAGCTCATCGTCGCTGTCAACAAGATGGACACCACCAACTGGTCT 528

Frrerrrrrrerrerrerrer et r e e et e e e e e e e
Sbjct 477 ACCCTCGGTGTCCGACAGCTCATCGTCGCTGTCAACAAGATGGACACCACCAACTGGICT 536

Query 529 GAGGCCCGCTTCaa 542
FETEEEEEr i
Sbjct 537 GAGGCCCGCTTCAA 550

Figure 4.2.3.3: Nucleotidesequence homogeneities of sample2were comparedto the
complete coding sequence (cds) of the Piriformospora indica EF1-a gene using (A) cDNA
selected with the forward primer (tefGSPd), and (B) the complemented reverse cDNA
sequence selected usingthe reverse primer (tefGSPa). Nucleotides were aligned using
the NCBI BLAST tool (NCBI, http://www.ncbi.nlm.nih.gov/).

4.2.4 Immunolocalization

Plate 4.2.4 (Cthrough F) depictslocalization of PIP1and PIP2 aquaporinsin wild-type
control and inoculated roots. Plates 4.2.4 A and B demonstrate the antibody controls of
the procedure, showing nofluorescence when eitherthe primary orsecondary
antibodieswereused alone. In control roots, PIP1and PIP 2 aquaporins (Plates 4.2.4, C

and D respectively)were found in the exodermis, throughout the root cortex, and in the
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stele tissue. Uponinoculation with P. indica, localization of PIP 1aquaporins (Plates
4.2.4, E) appeared to shift with aconcentration of the aquaporins increasinginthe root
exodermal and endodermal cells and low localization patternsin the cortical cells. In
inoculated wild-type roots, PIP 2aquaporins (Plates 4.2.4, F) still spanned the entire
exodermal, cortical, and endodermal regions, however, with less intensity asin control
roots. There was a slightly higher concentration of PIP 2aquaporins within the Casparian
strips between exodermal cellsininoculated roots. The intensity of PIP signals differed
between samples from each treatment, but expression patterns remained similar within
treatment groups and within aquaporin clade. Differences in aquaporinintensities may
be attributed to maintaining exposure levels and variations in root cross-section

thicknesses.

PlatesE.4.2.4.1and E.4.2.4.2 in Appendix E depict respective localization of PIP

aquaporinsinPIP 1; 4 and PIP 2;5 over-expression plants with similar results.
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Plate 4.2.4: Expression patterns of PIP 1and PIP 2 aquaporin subgroupsin wild-type
Nicotiana tobacum 20 mm from the root apex. (A) Primary antibody control displayinga
lack of autofluorescence fromthe pre-immune serum (x 20), (B) Secondary antibody
control demonstrating no autofluorescence from the secondary antibody, (C) PIP 1
localizationin control plants, (D) Localization of PIP 2 aquaporinsin control plants (x 40),
(E) PIP 1 localizationin wild-typeinoculated with Piriformospora indica, (F) Localization
of PIP 2 aquaporinsininoculated roots. Scale bars represent 50 um.
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5 Discussion

5.1 Expression and Localization of Tobacco Aquaporins in Tobacco Plants Inoculated

with Piriformosporaindica

Using quantitative RT PCR approaches, individual aguaporin expression was not
observedto change in wild-type plants uponinoculation with P. indica. A means of
communication between plant host and mycorrhizal fungi can bringupon changesin
gene expressionin both symbionts undervarious conditions (Dumas-Gaudot et al. 1994,
Porcel etal. 2006, Aroca et al. 2009), however, itappears P. indica did not affect
expression of the aquaporins studied here. Lack of plantaquaporin modulation by AM
fungi has been previously reported, where no differences were found between Daucus
carotaTIP1; 1 gene expressionin AMand non AM roots under control conditions (Aroca
et al. 2009). However, DcTIP2; 1 expression was down-regulated with inoculation (Aroca
et al. 2009). In many AM associations, itis thought specific proteins are produced either
as a stress reaction of the roots to inoculation, oras a mechanism of symbiotic
mycorrhizal establishment (Dumas-Gaudot et al. 1994). Since aquaporin expression was
not observed to change using quantitative RTPCRtechniques, itcan be interpreted that
modulation of these aquaporins as a stress reaction did not occur. Thisis supported by
evidence that P. indica reduces expression of BI-I, acell death suppressor protein which
isoften activated during plant stress (Deshmukh et al. 2006). Reduction of this protein
allows endophyticestablishment while causing no stress to the host plant (Deshmukh et
al. 2006), which would explainno needforchanges inaquaporin patterns by tobacco as
stressistheoretically not perceived by the plant uponinoculation. Moreover, barley
roots inoculated with P. indica have not displayed induction of other defence-related
genes(Walleretal. 2007), further supporting the notion that P. indica causes little stress
to its host plant. It may be furtherinterpreted thatalteration of aquaporin abundance
was notrequired formycorrhizal establishmentin tobacco roots underfavorable
conditions since no changes were observed. That being said, modulation of other
tobacco aquaporins not studied here may occur, as synthesis and modification of

various membrane proteins, though not all identified, has been observedin Arabidopsis
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inresponse toinoculation with P. indica (Peskan-Berghofer et al. 2004). In addition, PIP
1;3 and PIP 1;2 have been observed to be down-regulated in barley rootsinoculated
with the endophyte, and the regulation was speculated to be eithera cause or
consequence of fasterroot developmentininoculated plants (Waller etal. 2007).
Furthermore, alteration of aquaporin expression during other growth conditionsis
feasible, particularly since different fungal species alteraquaporin expressionin
contrasting ways which allows oppositestrategies to be adopted during symbiosis. For
instance, Glomus intraradices increases the rate of water uptake during drought by
increasing the expression of plant PIP genes, whereas Glomus mosseae directs water
conservation during drought by causing adown regulation of plant PIP genes (Porcel et
al. 2006). Knowingthe different ways fungi can affectaquaporin expression, as
demonstrated by the two Glomus species, furtherresearchisrequired todetermine if
and how P. indica alters the expression of aquaporins underless than optimal conditions

as a meansto adapt to stress.

Alternatively, itis possiblethat that aquaporin expression and function reached a state
of acclimation by the time roots were sampled for quantitative RTPCR, resultingin no
detectable differencesin expressioninthe root system. Aquaporin acclimation has been
previously observed by Lee and Chung (2005) following cold stress. Even though
expression was notstudied, it was interpreted that activity of aquaporinsin cold
stressed figleaf gourd roots was able to return to normal levels within one day after the
stress (Lee and Chung 2005). Itis viable to speculate that wild-typetobacco roots had
become acclimatized to the fungal presence, and if expression and function of
aquaporins changed uponinoculation, they wereable to return to control levels. When
considering fungal mycorrhizal effects on host plants, itis crucial to rememberthat
expression, modulation and function of aquaporinsisacomplex process still little
understood and will vary when plants are submitted to various external stimuli (Jang et
al. 2004). Studyingthe expression levels of some but notall aguaporinisoforms can lead
to difficulty ininterpreting results and the endophyte’s role in modulation of tobacco
aquaporins cannot be fully understood until the tobacco genome is mapped allowing a

complete analysis of aquaporin expression levels during symbiosis. Moreover, analysis
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of aquaporin expressionin different root zones may have provided betterinsightinto
the involvement of P. indica in aquaporin modulation. Itis possible that differences
were not detected due to the fact that root tissues were analyzed collectively inturn

masking possible expression differencesinindividual zones.

On anothernote, it was surprising that NtPIP 1; 1 expression was higherthan NtPIP 2; 1
expression forboth control and inoculated wild-type plants. It has been demonstrated
that PIP2s have the ability to enhance membrane permeability more than PIP1s
(Chaumontetal. 2000, Bots et al. 2005, Mahdieh et al. 2008), and that stability of
formed heterotetramers resultsin more efficient transport of wateracross a membrane
(Fetteretal.2004). Previous research has demonstrated PIP 2;1, PIP 2;2, and PIP2;4 to
be among the most highly expressed isoformsin Arabidopsis roots (Javot et al. 2003),
and PIP 2;5 to account for 30% of PIP expression in primary maize roots (Hachezetal.
2006). Thus, higher NtPIP 2; 1 expression compared to NtPIP 1,1 was expected. The
higher NtPIP 1;1 expression found in this particular study, however, isin agreement with
results obtained by Chaumontetal. (2000) where transcripts for ZmPIP 1 (laterto be
identified ZmPIP1;1in a subsequent publication, see Fetteretal. 2004) were found to
be highly expressedinthe roots, more so than ZmPIP 2 (laterto be identified as ZmPIP
2;5). Again, PIP 1;1 was found to belongto the high expression group inthe aerial parts
and roots of Arabidopsis, whereas PIP 2;1 belonged tothe low expression group (Jang et
al. 2004). Similarly, avery weak signal was obtained fromaPIP 2 probe when studying
the cells of the circular cell clusterin the anther of tobacco; whereas signal with the PIP
1 probe was stronger (Bots et al. 2005). One must not ignore that expression of PIP
isoforms not studied in this experiment may follow expected trends wherePIP 2
aquaporins dominated expression patterns. If the abundance of N. tobacum aquaporin
isoformsisanythinglike Arabidopsis, there is likely to be upwards of at least two dozen
tobacco PIP aquaporins where some could follow the above mentioned expected
expression levels. Withthe tobacco genome notbeingcompletelymapped, | studied

expression levels of fouraquaporins that had been characterized to some extent.
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Regardingimmunolocalization results, the role of tobacco PIP 2 aquaporins appears to
follow expected trends under both control and inoculation treatments. Upon looking at
Plate 4.2.4 (Cthrough F) PIP 2 aquaporins were found to be pronounced in exodermal,
cortical and endodermal cells regardless of treatment. Comparatively, PIP 1expression
patternschangedininoculated roots toan increased localization along the root
exodermisand endodermis, with less expression in cortical cells. Taking these results
into account with quantitative RTPCR results, itappears that P. indica could modulate
the expression of some aquaporins, but not NtPIP 1;1 nor NtPIP2;1. Alternativelyitcan
be interpreted thataquaporin expression may not have changed asa whole, but rather
there was a simple relocalization of aquaporinsin cells of exodermaland endodermal
tissues. Aquaporins allowplants to alter water permeability, particularly to overcome
apoplasticbottlenecks (Hachez etal. 2006). The localization pattern of PIP 1 aquaporins
in P. indica associated roots suggeststhat PIP 1 proteins may have some role in bypasses
to apoplasticbarriersin exodermalcells, perhaps more sothan PIP 2s. It is possible that
the exodermal cells become more suberized in the associated roots, in turn requiring
enhanced PIP 1 expression orrelocalization to overcome these apoplasticbarriers.
There are two possible explanations forthe apparentincrease of apoplasticbarriersin
mycorrhizal tobacco. The first explanationis suberization of cells as a plantresponse to
the fungus. Suberization of exodermal cells has been shown to be eitherlacking
(Massicotte et al.2010) or enhanced (Massicotte et al. 1993) in various kinds of
mycorrhizal symbioses, respectively promoting or discouraging hyphal penetrationinto
cortical cells. Inregards to AM hyphal penetration, suberization of radial cell walls acts
as a barrier forcing hyphae to enterthe root complex via passage cells (Smith and Read
2008). Itis possible that suberization of P. indica associated tobaccoroots, if it did occur,
was initiated by indirect hormonal regulation. SDIR1, an ubiquitin E3ligase that
positively regulates abscisicacid signaling (Zhang et al. 2007), has been shownto be
upregulatedin P. indica associated roots during drought and even slightly upregulated
before the onslaught of drought (Sherameti et al. 2008). Increased ABA levels have been
shown to resultin augmented suberization of both potato tubersand Arabidopsis roots
(Cottle and Kolattukudy 1982, Efetova et al. 2007), particularly upon wounding (Lulai et

al. 2008). Since P. indica induces host cell death by interfering with the host cell death
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program (Deshmukh et al. 2006) ABA levelsin P. indica associated plants could increase
due to SDIR1 over-expression and cell death. Moreover, PIP aquaporin upregulation has
beenlinked to ABA dependent pathways (Mariaux et al. 1998). Hence suberization of
root cells triggered by death of neighbouring cells may be feasible and consequent
upregulation of PIP1 proteinsas aplantresponse to overcome the apoplasticbarriersis

alsofeasible.

A second possible explanation forthe apparent formation of more apoplastic barriersin
mycorrhizal rootsis the presence of hydrophobins foundinthe cell wall of fungal
mycelia. Hydrophobin genes have been isolated from Ascomycetes, Deuteromycetes
and Basidiomycetes, andithasbeen suggested thatthey playarole in attachment of
ectomycorrhizal hyphae to plant hosts (Reviewed in Wosten and Wessels 1997). The
hydrophilicsides of hydrophobin membranes face the fungal cell wall, whereas the
hydrophobicside is exposed bestowing hydrophobicityto hyphae (Reviewed in Wésten
an Wessels 1997). Though water movement has not been directly observed to change
across the fugal sheaths of ectomycorrhizal roots, movement of certainions such as
calcium, magnesium, and potassium can be hindered across sheaths, hypothetically by
hydrophobins (Bucking etal. 2002). Hydrophobins have been speculated to exclude
waterfrom lichen surfaces during cycles of wetting and drying (Reviewed in Wosten an
Wessels 1997) and from mycorrhizal roots developed in the air (Vesk etal. 2001). Since
P. indica displays some characteristics attributed to ectomycorrhizalfungi, such as the
ability to be axenically cultured (Vermaetal. 1998), there is the possibility hydrophobins
in P. indica mycelia preventsolute and waterflow into the apoplast of the root, in much
the same mannerdescribed above. Upregulation orrelocalization of PIP 1 isoformsin
the plantexodermal cells may have occurredin order for waterto overcome the
apoplasticbarriers caused by P. indica hydrophobins and to ultimately allow
maintenance of the symbiosis. One must note that these hypotheses are speculative, as
ABA levels, the permeability of P. indica hydrophobins if present, and analyses of
exodermal cell walls to determine suberization were not performed to either affirmor

revoke these presumptions. Moreover, interpretation of immunolocalization resultsis
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prone to error as handcut cross-sections were not consistent in thickness and exposure

levels were controlled, ultimately leading to over-exposure of one of the photographs.

5.2 Biomass and Water Relations of Tobacco Grown in Association with

Piriformospora indica

In the current study, inoculation of tobacco plants with the endophyte was found to
increase shootand root weights by 29.6% to 53.4% in both wild-type and PIP 2;5 over-
expression plants. Thisincreasein overall plant biomass as result of inoculation with P.
indica confirmsthe results of other studies (Varmaetal. 1999, Bitehorn etal. 2000, Rai
et al. 2001, Walleretal. 2005). It is speculated that no observable differencesinrootto
shoot ratios were due to roughly proportional increasesin root and shoot biomass from
inoculation effects. It was interesting to note however, that none of the biomass

parameters wereincreasedin PIP 1;4 over-expression plants uponinoculation.

Cortical hydraulicconductivity, as determined by the cell pressure probe, was not found
to be significantly different between both inoculated and non-inoculated plants, nor
between genotypes. Genotypiceffects were not expected under control circumstances
as growth conditions did not direct a water use beyond that whichis normal. Previous
studies using the exact genotypes found similarresults where no differencesin growth
and hydraulic conductivity were observed between genotypes under optimal conditions
(Janget al. 2007, Lee etal. 2009). Differencesin L,. may not have been detected due to
the fact cell pressure probe measurements were performed on cortical cells ratherthan
exodermal orendodermal cells where symplasticmovement would theoretically be
truly represented. Alternatively, lack of detectable differencesin L,. may be due to
acclimation of aquaporin activity and/orexpression to the fungal presence, as
previously discussed in Section 5.1. Though L, remained the same betweenall
treatmentlevels, hydrostaticL,, was lowerininoculated plants regardless of genotype
and, and stomatal conductance was lowerininoculated PIP 2;5 over-expression plants.
Looking at hydraulicconductivitydataalone, assuming L, remained unchanged

between mycorrhizal and non mycorrhizal plants, it can be interpreted that apoplastic
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waterflow was decreased in associated plants since L, decreased. In contrast to this
interpretation, PTS; results do notindicate any differencesin apoplasticflow. One must
considerthe drawback of apoplastic dyes adheringto cell walls (Zimmermann and
Steudle 1998), thusit is possible apoplasticflowwas not truly represented by the dye in
this particularexperiment. The interpreted lower apoplastic rates contradict previous
research where watertransportthrough the apoplastic pathway has been found to be
largerin both ecto and arbuscular mycorrhizal roots (Muhsin and Zwiazek 2002, Aroca
et al. 2007) or unchanged (Siemens and Zwiazek 2008). However, one must take into
considerationthat Arocaetal. (2007) observed adecrease in both exuded sap flow rates
and in osmoticroot hydraulicconductance in mycorrhizal roots of bean plants while
transpiration rates remained constant between treatments, thus eliciting an
interpretation of higherapoplasticrates. Comparatively, it has been found that AM
associations can have no effect on wateruptake rates or on conductance of root tissue
and exuded sap flow rates (Bryla and Duniway 1997, Ruiz-Lozano et al. 2009) whichis
more alongthe lines of the results presented here. Likewise, hyphal penetration of
cortical cells by ectoendomycorrhizae, fungi that display characteristics to AMfungi,
have been observedto have littleeffecton L, (Siemens and Zwiazek 2008). Thus the
lack of differences foundin L,. between mycorrhizal and nonmycorrhizal tobacco roots
are within the range of normal trends. Lack of differences detected in hydraulic
conductivity can be attributed to the ideathat undersaturated conditions itis unlikely
mycorrhizae would directly increase plant watertransport as surface area for hyphal

transportis smallin comparison to total root surface area (Allen 2007).

P. indica inoculation brought upon adecrease in stomatal conductance of PIP 2;5 over-
expression plants. It has been suggested that underlying biochemical and mole cular
mechanisms may be responsible forthe differencesin effects of various fungion plant
responses (Siemens and Zwiazek 2008). The decrease in stomatal conductance could
possibly be explained by P. indica indirectly modulatinghormones in the PIP 2;5 over-
expression plants. Sherametietal. (2008) observed arelative 2-fold increasein SDIR1
expressionin P. indica associated plants even beforeinduction of drought. As plants

underwentdroughtstress, the relative levels of SDIR1 were much higherina shorter
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period of time ininoculated plantsthanin controls (Sherameti et al. 2008). SDIR1 is a
ubiquitin E3ligase involved in abscisicacid (ABA) stress signal transduction and its over-
expression leads to enhanced drought tolerance and induced stomatal closure (Zhanget
al. 2007). Since the tobacco plants were grown underwell-watered conditions, the
upregulation of the stressinduced SDIR1seems conflicting. Itis possiblethe fungus’
affinity to program cell death in the host by reducing expression of Bl-I (Deshmukh et al.
2006) or possible competition with the plant for nutrients and waterresultsin stress-
induced upregulation of SDIR1. Reducing expression of Bl-linthe plant by the fungusis
believed to cause nostressto the plantupon establishment (Deshmukh etal. 2006), so
programming cell death should not be stressful to the host plant. Whatis more, typical
defense related genes have not been observed to be up-regulatedin P.indica
established plants (Waller etal. 2007). Nonetheless, increases in ABA levels would help
explain lower stomatal conductance ininoculated PIP 2;5 over-expression plants, while
cellularL,. was maintained. Knowing ABA |levels have been observed to remain constant
(Colemanetal. 1990, Ruiz-Lozano et al. 2009), to decrease (Allen etal. 1982), or to
increase (Murakami-Mizukami etal. 1990, Dannebergetal. 1992, Schmidtetal. 2008) in
fungal-associated plants, the indirectinvolvement of P. indica in ABA regulation requires

study and should not be overlooked.

Collectively, the abovementioned results indicate that biomassin P. indica associated
tobacco does not exdusively increase with increasing hydraulic conductivity of the roots.
It has beensuggested that P. indica is able to promote plantgrowth either by
influencing ethylene signalling components (Camehl et al. 2010), by increasing an
unidentified active compoundin the fungal cell wall which initiates a signaling cascade
by augmenting cystolicand nuclear calcium levels (Vadassery et al. 2009), or by
influencing N-linked glycosylation in the endoplasmicreticulum (Peskan-Berghdferetal.
2004). Additionally, thereis evidence that the growth promotionislinked to auxin, but it
isunclearwhether P. indica interferes with expression of auxin related genesinthe
plant(Lee etal. 2011) or if diffused auxin by the endophyte promotes growth
(Sirrenbergetal. 2007). Nonetheless, itappears that the fungus could be involvedin

many mechanisms that encourage growth, and one or a combination of the
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abovementioned mechanisms may explainthe increasesin growth observed here.
Furthermore, Sirrenbergetal. (2007) imply other growth promoting factors produced by
the fungus that have notyet been studied should be considered as well. It has been
shown that mycorrhizal fungi can increase uptake of macro and micro-nutrients such as
phosphorous, zinc, copper, and nitrogen in exchangefor some of the host plant’s carbon
(Kothari etal. 1990, Smith and Read 2008, Allen 2007), and the possibility of P. indica
increasing plant availability to certain nutrients may explain the observed increasesin
growth parameters, though this matterrequires furtherstudy. Ithas already been
observedthat P. indica can increase the uptake of iron, although results have not been
published (Peskan-Berghoferetal. 2004). Increasesin nitrogen contentin the aerial
parts of N. tobacum plants have also been observed (Sherameti et al. 2005); while shoot
nitrogen and phosphorous status were unchangedin N. atenuataassociated with P.
indica (Barazani etal. 2005). It appearsthe fungus’ role in plant waterrelations, if any
role, did not contribute to growth promoting effects; howeverfutureresearch
concerningthe endopyte’s role in nutrient uptake may prove particularly beneficial to

unravelingthe mechanism(s) behind its growth promoting properties.

It seems puzzling that photosynthetic rates were not observed to be higherin
inoculated plants even though increasesin growth were observed in wild-type and PIP
2;5 over-expression plants. Increases in photosyntheticrates should be required to fulfill
energy and carbohydrate demands necessary forincreases in growth. One may argue
that no increasesin photosyntheticrates were observed here because conditions during
photosyntheticmeasurement were slightly betterthan actual growing conditions.
Consequently astressincurred during growing conditions may have been better
tolerated by inoculated plants resultingin higheryields, and at the time of
measurement true differences in photosynthesis may not have been detected due to
better conditions. Had tobacco plants been submitted to less than optimal growing
conditions, agenotypiceffectamongunassociated plants likely would have been
observed. Tobacco plants overexpressing PIP 1;4 and PIP 2;5 have been shown to have
different waterflow compared to wildtype plants during various stresses including rapid

waterlossduringdroughtand increased water flow during cold stress (Jang et al. 2007).
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No genotypicdifferences were observed here forany of the measured parametersin
unassociated plants, giving some indication that plants were not stressed. Moreover, P.
indica has been documented several timestoincrease growth in host plants during
favorable controlled conditions (Varma et al. 1999, Bitehorn etal. 2000), while Fv/Fm
values, which reflect photosynthetic efficiency of photosystem Il, have notbeen
observedto differbetween associated and control plants during stress-free conditions
(Peskan-Berghoferetal. 2004, Sherameti etal.2008). Increasesin growth while no
significant change in photosyntheticactivity have been previously reported in other
mycorrhizal associations. Lactuca sativa inoculated with Glomus occultum were found to
have increased rootand shoot dry weights (Ruiz-Lozano et al. 1995a), while inoculation
with either G. occultum, G. mosseae, or G. caledonium increased leaf area and total
root length (Ruiz-Lozano etal. 1995b) with noincreasesin photosynthetic efficiency. No
explanation was provided by the authors as to why this physiological response occurred.
As inthe case of the Glomus species described above, itappears that the growth
promoting benefits of P. indica are not produced specifically during stress and higher
photosyntheticrates may not be continually required forthe increasesin growth,
particularlyin older plants. Root colonization by P. indica has been characterized by
fasterroot developmentin young barley plants (Waller etal. 2007), so it can be
speculated photosyntheticrates returnto control levels once the initial boostin tissue
development occurred. Moreover, itappears that the growth promoting effect of the
fungusis complemented by stimulation of the starch breakdown enzyme glucan-water
dikinase (Sherameti et al. 2005). Thus the endophyte appears to have some involvement
insupplying carbohydrates essential forincreased growth by enhancing breakdown of
stored starch, ratherthan increasing photosyntheticrates continuously overtime. More
studies will be required to explain the relationship between the photosyntheticrates
and increased growth rates observed here, as well as provide insightinto the starch
breakdown pathways that occur in mycorrhizal tobacco. To add, photosynthesis perunit
leaf area may not vary much under controlled light conditions as seen here, but
photosynthesis per unitleaf mass may. Hence, differencesin photosynthesis per unit
mass would provide betterinsightinto photosyntheticreturn on biomassinvestedin

leaf tissues.
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The fact that wild-type and PIP 2;5 plants showed increases in growth, but PIP 1;4 plants
did not indicates that upregulation of the PIP 1;4 aquaporin possibly negates the growth
promoting qualities of the fungusin some manner. Then again, over-expression of PIP
1,4 may have caused alterationsin expression patterns of other genesthatcould have
affected fungal growth promotion. Jangetal. (2007) observed this sort of eventwhen
transcriptlevels of 13 PIP genes were varied by the over-expression of PIP 1,4 and PIP
2;5 underdiverse stress conditions. Whatis more, major intrinsic proteins (MIPs) can be
permeable tosolutes otherthan waterincluding boricacid, hydrogen peroxide,
ammoniaand carbon dioxide (reviewed by Tyerman etal. 2002, Jahn et al. 2004, Loqué
et al. 2005), and transport of nitrous oxide, ethylene and undissociated organicacids
through MIPs should also be considered (Tyerman et al. 2002). It is possible thatthe
over-expression of PIP 1;4 eitherdirectly orindirectly interfered with solute transport
which led tointerference of the growth promoting effects of the fungus. One must note
that thistheoryis entirely speculative as solute transport across PIP 1; 4 has not been
studiedtothe knowledge of the author. Allinall, eitherdirect over-expression of PIP 1;4
or indirect change in expression of othergenes asaresult of PIP 1,4 over-expression

appears to have halted of the growth inducing effects of the fungus.

6 Conclusion

6.1 Review of Resultsin Relation to Tested Hypotheses

P. indica has demonstrated in numerous regards thatitisa unique mycorrhizal fungus. It
doesfitintoa previously described mycorrhizal classification group due to its combined
characteristics of forming endophyticassociations while being capable of growingin
axenicculture. P. indica is able to procure many benefitsto the host plant, including
growth promotion (Varmaetal. 1999, Bitehornetal. 2000, Rai etal. 2001, Peskan-
Berghoferetal. 2004, Walleretal. 2005), resistance to pathogens, and tolerance to
salinity (Waller et al. 2005) and drought (Sherameti et al.2008). The fungusis able to
forma mutualisticrelationship with the plant by interfering with the host cell death

program (Deshmukh et al. 2006), an interaction attributed exclusively to P. indica
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(Schaferetal. 2007). Since the combined characteristics of P. indica are not typical of
any one classified mycorrhizal group, its effects on the physiology and growth of

tobacco do notseem representative of any one mycorrhizal association type.

This study demonstrates that P. indica appears to either have little effect ortoreduce
water relation parameters of tobacco given cortical hydraulicconductance remained
unchanged while whole root hydraulicconductivity decreased regardless of genotype
and stomatal conductance decreased uponinoculationin PIP 2;5 over-expression plants.
Thisindicates that over-expression of PIP 1;4 and PIP 2;5 are not required by eitherthe
fungus or the tobacco host to maintain water status. Furthermore, symbiosis with the
fungus did not change aquaporin expression levels of NtPIP 1;1, nor NtPIP 2;1 inwild-
type plants, indicatingthe endophyte either does not modulate those particular
aquaporins underfavorable conditions, oraquaporin expression becomes acclimatized
afterinoculation. In spite of this, expression and /orlocalization of atleastone PIP1
isoform changedin wild-type plants. Due to possible suberization and decrease inthe
above mentioned water status parameters, it wasinferred that the fungus interferes
with the phytohomone balance in the plant which could change PIP1 expression
patternsas a meansto overcome apoplasticbarriers. The apparentinfluence of the
endophyte decreasing some of the measured water relation parameters did notseemto
influencegrowth promotion in atleast wild-typeand PIP 2;5 over-expression plants.
Growth promotion was not observedin PIP 1;4 plantsindicating thatthe over-
expression of PIP 1;4 may interfere with the growth promoting mechanism of the fungus,
thoughit remains unclearin what mannerthe mechanismisimpeded. Sincethe water
relation parametersinassociated PIP 1;4 plants were not different from associated
wildtype and PIP 2;5 plants, itis speculated that lack of growth promotionin PIP 1;4

plantsis not linked to changed water relationsresultingfrom PIP 1;4 over-expression.

In conclusion, P. indica did not have a greater effect on water relations of wild-type
plants compared to the plants over-expressing aquaporins. Furthermore, expression of
PIP aquaporins studied was not altered in associated wild-type plants, indicating those

aquaporins were notinvolved in maintaining water status during favorable conditions.
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Biomassincreases may not be directly linked toincreases water transport since cell
hydraulicconductivity remained unchanged and root hydraulic conductivity decreased
withinoculation. Takinginto consideration results published in previous literature, it
appears other mechanisms are involved in the growth promotion by the fungusand

furtherstudyis needed.

6.2 Suggested Future Research

Transcriptlevels of Arabidopsis PIP 1;4 and PIP 2; 5 have beenshowntoincrease up to
five-fold during drought treatment (Jang et al. 2004). Furthermore, transgenic plants
over-expressing PIP 1; 4 and PIP 2; 5 have displayed rapid waterloss during drought
stress (Jangetal. 2007). Knowing that P. indica can conferdroughttolerancein
Arabidopsis (Sherameti etal. 2008), it would be interesting to note if the fungus could
induce water conservationin the transgenicplants during drought by down-regulating
PIP genes as observed by Porcel et al. (2006) in Glomus mosseae inoculated plants. This
experiment would allow for betterinterpretation of the role that the fungus playsin

droughtresistance in plants.

Since an increase in growth was observed uponinoculationin both wild-type and PIP 2;
5 plants and the exact mechanism causing the increase remains unclear, the fungus’
contribution to nutrient uptake is worth investigating. Moreover, itappears the
aquaporin PIP 1;4 isinhibitory to the growth promoting process, possibly as a direct
transporter of solute(s) thatinhibit the fugal benefits, or by promoting alterated

expression of another gene involved in the growth promoting mechanism.

Finally, since it was inferred that an apoplasticbarrier wasformedinthe exodermis of
mycorrhizal roots, investigation into this apparent barrieris worth merit. Future
research can reveal whetherornotan apoplasticbarrieris actually formed upon
inoculation with P. indica, and if so whetherthe barrieris due to suberization of
exodermal cells as a protective response from the plant, orif hydrophobins presentin

mycelia block apoplasticflow. Looking at ABA levelsin various tissues will also shed
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some lightontothe plant’sresponse tothe endophyteand whetherornotincreased

ABA levels contributeto the formation of the perceivable apoplasticbarriers.
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Figure A.4.1.2: Root hydraulicconductance (K, ) determined by the hydrostatic method
in Nicotiana tobacum linesinoculated (+P. indica) and not inoculated (- P. indica) with
Piriformosporaindica. The three N. tobacum lines were wild-type (WT), over-expression
of aquaporin PIP 1;4 (PIP1;4), and over-expression of aquaporin PIP2;5(PIP2;5). Means
(n=6-7) * standard errors are shown.
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Appendix B

Primer Design Guidelines

When designing primers fortobacco aquaporin genes and the reference gene NtTUB2,

the following recommendations (Premier Biosoft International 2012) were considered:

e The primerswere gene specificto avoid mistakenly amplifying other genes.

e Primerlengthshouldideally be between 18 and 22 base pairs. Some of the
designed primers had lengths up to 24 base pairs.

e The primer meltingtemperatures (T,,) were no higherthan 65°C in orderto
avoid secondary annealing. Paired forward and reverse primers had closely
matched melting points.

e GCcontentof primersshouldideally be between 40% and 60%. GC content of
the designed primersranged between 33.3% and 47.8%. NtActin (Designed by
Jang etal. 2007) had a GC content of 55.0%.

e GorCbaseswithinthelastfive basesfromthe 3’ end were presentinorderto
promote specificbinding. More thanthree G or C bases were avoidedinthe last
five bases.

e Repeatsof dinucleotides occurring consecutively many times as well as runs of
single bases were avoided where possible.

e Thetarget length of the cDNA fragmentamplified was 100 base pairs. Amplified
lengths ranged between 84 base pairs for NtPIP1;1 and 120 base pairs for
NtPIP1a.

e Possible formation of secondary structures within and between paired primers
(suchas hairpins, self dimmers, and cross dimmers) was analyzed. The lowest
foldingfree energies (AG) of secondary structures were calculated using
Oligoanalyzer3.1(Integrated DNA Technologies, Coralville, lowa, USA,

http://www.idtdna.com) to ensure they were nottoo negative.

Specificproperties and analysis output regarding each of the designed primers may be

seeninTableB.3.2.3.1
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Table B.3.2.3.1 Primers used for quantitative RTPCR. Selected aquaporin transcripts are as follows: Aquaporins belongingtothe PIP1clade

(NtPIP1laand NtPIP1a), aquaporin PIP 1;1 (NtPIP1;1), and aquaporin PIP 2;1 (NtPIP2;1). NtTUB2 depicts the tobacco reference gene alpha-tubulin

2 and NtActin depicts the tobacco referencegene actin. Properties such as primerlength, percent GC content, and meltingtemperatures are
depicted, aswell as lowest folding free energy (AG) of secondary structures. “n/a” indicates no value was calculated

Gene Primer Primer GC Melting AG AG Self AG Cross

Length Content Temperature Hairpins Dimers Dimers
(bases) (%) (°C) (kcal/mole) (kcal/mole) (kcal/mole)

NtPIP1a Forward5'- GTT TCC TCA AGA AGC CTT AAT C-3' 22 40.9 51.5 -0.01 -4.85 547

(AF024511) Reverse 5'- GAC ATT TGA ACA CAA GAA AAT CC-3' 23 34.7 50.9 0.73 -5.36

NtPIP1b Forward5'- ATA ATC ATC AGA GCC ATT GCA TTC-3' 24 37.5 53.7 -0.99 -7.05 353

(U62280) Reverse 5'- GGT ACA GGA GTC TTG AAA TAT AAC-3' 24 37.5 50.9 -0.07 -3.91

NtPIP1;1 Forward5'- GCT AAG ATT CTC CTG CCA TTT GC-3' 23 47.8 56.4 -0.56 -5.36 536

(AF440271) Reverse 5'- GAA ATT ACA CAT TTG ACA GAC ACC-3' 24 37.5 52.5 041 -3.17

NtPIP2;1 Forward5'-GCA TTC ATC TGT CCA AAT TAT C-3' 22 36.3 49.8 0.99 -5.36 342

(AF440272) Reverse 5'-ATA CAT CCA AGG TTA ACA TTA AGG-3' 24 333 50.8 0.99 -7.53

NtTUB2 Forward5'-GTG TTT GTT TTT GTG TTG TTT GG-3' 23 34.8 52.3 271 n/a 330

(AJ421412) Reverse 5'- ACA GCA TAC TAC AGT TTA GAA G-3' 22 36.4 49.7 -0.68 -3.14

NtActin Forward5' TGG ACT CTG GTG ATG GTG TC-3', 20 55.0 56.5 0.02 -2.92 6.60

Reverse 5' CCT CCA ATC CAA ACA CTG TA-3' 20 45.0 52.1 0.61 -1.95
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Appendix C

Act

Assumptions of the 2™ method when determining gene expression levels

In orderfor the 2

calculation of relative gene expressions to be valid, the efficiency of
the target amplification and the reference amplification should be approximatelyequal
(Livak and Schmittgen 2001). To asses if the amplifications have the same efficiency,
cycle thresholds (ct) were first determined for each target and reference gene at
different diluted cDNA concentrations (diluted from 10™to 10° ng/ul). The differences
between ctvalues of the target and reference amplifications at each dilution were
calculated (Act). A plotofthe log cDNA dilution versus Act was made foreach target
and reference comparison and the absolute value of the slope was determined. If the
absolute value of the slope was close to zero, the efficiencies of the target and
reference genes were considered similar (Livak and Schmittgen 2001). Further details

““method are descrbed in Livak and

concerningassumptions and calculations of the 2
Schmittgen (2001). Absolute values of slopes from plots of the log cDNA dilution versus
A ct for each target and actinreference comparison can be seeninTable C.4.2.1. All
slopes had absolute values closeto zero indicating the efficiencies of the target genes

were similarto the efficiency of the actin gene.

Table C.4.2.1: Absolute values of slopes from plots of the log cDNA dilution versus A
Ct(Ct target~ Clreference) - S€lected aquaporin transcripts of targetgenes are as follows:
aquaporins belongingtothe PIP1clade (NtPIPlaand NtPIP1a), aquaporin PIP 1;1
(NtPIP1;1), and aquaporin PIP 2;1 (NtPIP2;1). Amplification efficiencies of the target
geneswere compared to that of the reference gene actin ( NtActin)

Aquaporin Absolute slope

NtPIP 1a 0.0371
NtPIP 1b 0.0622
NtPIP 1;1 0.0562
NtPIP 2;1 0.0527
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Figure D.4.2.2: Effects of Piriformospora indica on relative expression patterns of four
aquaporin transcriptsin wild-type Nicotiana tobacum roots. Selected aquaporin
transcripts are as follows: aquaporins belonging to the PIP1 clade (NtPIP1a and NtPIP1a),
aquaporin PIP 1;1 (NtPIP1;1), and aquaporin PIP 2;1 (NtPIP2;1). Relative transcript
abundanceis described asthe fold change of mean cDNA expression of the aquaporin
generelative tothe reference gene (Tubulin 2-a, NtTub). Quantification was determined
by the standard curve of quantitative RTPCR. There were three plants pertreatment
and tworeplicates per plant. No significant differences were found between aquaporin
expression patterns when comparing inoculated plants to control plants (P <0.05). Error
bars representthe standard error of the mean.

Table D.4.2.2: Significance values foraquaporin relative expression levels between
control wild-type N. tobacum roots and roots inoculated with Piriformospora indica.
Fold change of mean cDNA expression of the aquaporin gene was relativeto the
reference gene tubulin 2-a (NtTub). ANOVA results indicate p-values of the inoculation
effect

Aquaporin (Pf>F)
NtPIP 1a 0.8074
NtPIP 1b 0.6506
NtPIP 1;1 0.5535
NtPIP 2;1 0.2057
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Appendix E

Negative Controls forImmunolocalization

In this particularexperiment, primary and secondary antibodies were employed to
depictthe localization of PIP 1and PIP2 aquaporinsinfreshroot cross sections of
tobacco. An antibody thatrecognized the targetantigen (the antigen being the PIP
aquaporinsinthiscase) istermed the primary antibody (Thermo Fisher ScientificInc.
2011). The primary antibody was developed by Hachez et al (2006) by immunizing
rabbits with prepared forms of PIP aquaporins from maize. A serum containing specific
antibodiesto the PIP aquaporins could then be harvested from the rabbits (anti-PIP
antiserum). In ordertoview the localization patterns of the primary antibody attached
to the antigen, asecondary antibody labeled with a detectable tag which probesforthe
primary antibody is required (Thermo Fisher Scientificlnc. 2011). The secondary
antibody (goat anti-rabbitIgGantibody) was developed in the same mannerasthe
primary antibody. Antibodies produced by agoat inresponse to some injected rabbit
protein was harvested and then labelled with fluorescent moleculesin orderto be

viewed underafluorescent microscope.

Forimmunolocalizationitisimportant that negative controls are performed to
demonstrate that neither of the antibodies cause positive false signals. Pre -imune
serumwas employedinthis experimentto ensure that the primary antibody was
probingfor PIP aquaporins and not other planttissues. The pre-imune serum does not
containthe specificantibodies to the PIP aquaporins, thereforeit should not fix to the
aquaporins uponincubation. Rather, the pre-imune serum should be entirely washed
away with blocking solution priortoincubation with the secondary antibody. To ensure
the secondary antibody does not have an affinity to attach itself to proteins otherthan
the primary antibody, a control involving incubation of the sections without the primary
antibody must be performed. In both controls, there should be no fluorescence as PIP

aquaporins are not perceived by either of the antibodies.
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Plate E.4.2.4.1: Expression patterns of PIP 1 and PIP 2 aquaporinsubgroupsinPIP 1;4
over-expression Nicotianatobacum 20 mm from the root apex. (A) Primary antibody
control displaying alack of autofluorescence from the pre-imune serum, (B) Secondary
antibody control demonstrating a lack of autofluorescence from the secondary antibody,
(C) PIP 1 localization in wild-type control plants, (D) Localization of PIP 2 aquaporinsin
wild-type control plants, (E) PIP 1localization in wild-type inoculated with
Piriformosporaindica, (F) Localization of PIP 2aquaporinsininoculated wild-type plants.
Scale bars represent adistance of 50 um.
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Plate E.4.2.4.2: Expression patterns of PIP 1 and PIP 2 aquaporin subgroupsinPIP 2;5
over-expression Nicotianatobacum 20 mm from the root apex. (A) Primary antibody
control displaying alack of autofluorescence from the pre-imune serum, (B) Secondary
antibody control demonstrating a lack of autofluorescence from the secondary antibody,
(C) PIP 1 localization in wild-type control plants, (D) Localization of PIP 2aquaporinsin
wild-type control plants, (E) PIP 1localization in wild-type inoculated with
Piriformosporaindica, (F) Localization of PIP 2aquaporinsininoculated wild-type plants.
Scalesrepresent distances of 50 um.
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