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To all beautiful trees



Abstract:

Variation in xylem structure and function has begtensively studied
across different species with a wide taxonomicggaohical and ecological
coverage. In contrast, our understanding of howemybf a single species can
adjust to different growing conditions remains bedi. In this thesis, | studied
phenotypic plasticity in xylem traits in hybrid dap (Populus trichocarpa<
deltoide$. Clonally propagated saplings were grown und@eexental drought,
nitrogen fertilization and shade for >30 days. Tigdraulic and anatomical traits
of secondary xylem were subsequently examined.t&otial variation in the
dimensions of xylem cells and wood density was nlege The changes in xylem
structure were paralleled by differences in xylgydriaulic conductivity and
vulnerability to drought-induced cavitation. In erdo gain insights into the
molecular underpinnings of different xylem phen@&typl conducted a microarray
analysis of gene expression in the developing xyépiants receiving high
versus low nitrogen (N) supply. | found 388 genigfeckntially expressed (fold
change £1.5P < 0.05), including a number of genes putatively imed in
nitrogen and carbohydrate metabolism and variopsas of xylem cell
differentiation. The results of this study provigdewith gene candidates

potentially affecting xylem hydraulic and structiuraits.

Furthermore, the results presented in this thediamce our knowledge of
the mechanisms underlying xylem vulnerability towlyht-induced cavitation.
Using scanning and transmission electron microscogtydied the structure and

chemical composition of pit membranes in saplingswgp under shade and



control light conditions. | found that pit membrara shade plants were thinner
and showed an increased tendency for pore enlargeineng membrane
dehydration compared to control plants. This défexe in pit membrane structure
is consistent with greater xylem vulnerability imasle plants. | furthermore
showed that pectic homogalacturonans are not abtimdéhe intervessel pit
membranes of hybrid poplar. In a follow-up studgotroborated this surprising
result. Using immunolabeling and two specializestdiogical methods, |
demonstrated that homogalacturonans and calciumestected only to a limited
region around the edges of the membrane in foupnapgrm species including
poplar. This finding has important implications tmr understanding of pit

membranes.
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1. General Introduction

In this thesis, | examine long-distance water fpanisin the ecologically
and economically important genBspulus | focus on variability in xylem
anatomy and hydraulic function in response to gngvgonditions and | aim at
better understanding the mechanism of drought-iedxylem dysfunction.
Members of the geniRBopulus commonly referred to as poplars, play a
prominent role in the boreal forest and prairiekfzard regions of Canada and in
similar biomes across the Northern Hemisphere (E@Rood, 2007). Poplars
also provide a valuable source of wood, fiber ailodniass for forest and bio-
energy industries (Sannigrahi, Ragauskas & Tusk@hQ, Balatinecz,
Kretschmann & Leclercq, 2001).

The fast growth and high productivity of poplarpéed on an ample
water supply. In the last decade, large-scale drbrejated mortality events
occurred in stands &fopulusacross western North America (Hogg, Brandt &
Michaellian, 2008, Michaelian, Hogg, Halt al, 2011, Rood, Mahoney, Re&d
al., 1995, Worrall, Egeland, Eaget al, 2008), representing a significant concern
for both forest conservation and the forest progluadustry. It has been shown
that xylem dysfunction plays a prominent role dgrihe decline oPopulus
stands (Anderegg, Berry, Smigh al, 2012, Tyree, Kolb, Rooet al, 1994).
Therefore, a better understanding of how the hyaraetwork operates and how
it can adjust to changing environmental conditi@specially in terms of its
resistance to drought, is highly desirable. In fddj studying variability in
hydraulic function in a single genotype of poplanconveniently complement
previous studies at the interspecific level andaggle our understanding of long-
distance transport in plants.

Before outlining the specific objectives of my rassh, | will start with
providing background information on the basic piples of water ascent in trees
and then elaborate in greater detail on the meshaof xylem cavitation and its
functional and ecological significance.

1.1Water transport in trees — xylem structure and thecohesion-tension
theory

The physiological mechanisms of water transpoplamts are remarkable.
Water can be extracted from the soil and liftedauthe leaves of a 100 m tall tree
passively, along a gradient of decreasing watesrdi@t. From this point of view,
plant water transport substantially differs frorheattransport systems known

1



from living organisms such as phloem transportlam{s or circulation of blood

in animals. These two processes depend on activepgmg’ mechanisms,
requiring a constant supply of direct metabolicrggeThe key to water transport
in plants is that it couples the simple physicalgaeiss of evaporation with an
ingenious anatomical design of xylem conduits (€y&eZimmermann, 2002).

In order to effectively move water across largeatises, a specialized
low-resistance hydraulic system has evolved in Mas@lants — the xylem. The
xylem can be envisioned as an efficient, highlggnated network of pipelines.
Xylem conduits consist of axially elongated cefiattare at functional maturity
dead and void of cellular content. In trees, shrabs even some herbs, a
substantial volume of secondary xylem (i.e., was@roduced by the activity of
the vascular cambium (Evert, 2006). Besides its moWwater conduction, wood
performs other important functions in plants, sastthe mechanical support of
the plant body and storage of water, carbohydrateegen compounds and
special defense metabolites.

Poplar exhibits a wood structure characteristici@any angiosperm
species. The principal water-conducting cells iplapare vessel elements that
are embedded in a matrix of fibers and living pahgma. Individual vessel
elements are joined end-to-end. The end-walls erivtiee vessel elements are
completely hydrolyzed, thereby forming a long nudtiular vessel. Vessels are
further interconnected in a complex three-dimeralioetwork via intervessel
pitting. Intervessel pits are fascinating microstawes of paramount functional
significance (Choat, Cobb & Jansen, 2008). Thedstsiicture of pits involves
two components — the pit membrane and the pit bofides pit membrane is a
more or less porous and permeable interface betadjasent conduits and is
derived from the compound middle lamella. The pénnbbrane is positioned in
the center of a pit chamber; the chamber is crdagexth overarching secondary
wall (pit border). The border is incomplete, leayan aperture on both sides of
the pit chamber (Evert, 2006). Poplars have homagepit membranes, i.e., the
membrane is uniformly thick and microporous (asas®al to torus-margo pits
which are characteristic for conifer wood).

The transport efficiency of xylem scales with tlhensof conduit diameters
(D) to the fourth power following the Hagen-Poiseugiquation:



Eqgn. 1-1

whereKy is the xylem hydraulic conductivity of a bundlepdpes of
different diameters; is the temperature-dependant dynamic viscositysm
sap and is the number of conduits transporting water irajpal. The actual
measured values of xylem hydraulic conductivityMaetween 20% to 100% of
the theoretical conductivity (Tyree & Ewers, 19%&rause of additional
resistances, such as those imposed by perfordatespand pitted end-walls. In
poplars which have simple perforation plates, rneddif long vessels and highly
porous pit membranes, | found that the measuredalnlid conductivity
represents 60-70% of the theoretical value (unphbt results).

Having described the basic structure of xylem, Il @laborate on the
mechanism driving water uptake and transport intslalrhe basic principles of
sap ascent in plants are summarized by the coh&sision (C-T) theory. The C-
T theory was formulated at the end of"*@®ntury by Dixon and Joly (1894) and
corroborated later by van den Honert (1948), Mattmmerman (1983) and
others (Angeles, Bond, Boyet al, 2004, Sperry & Tyree, 1988, Tyree &
Zimmermann, 2002). According to this well supportieeory, evaporation from
nanometer-scale cell wall pores in the leaf meslpgjeyerates capillary suction
which is transmitted throughout continuous watduims in the xylem. This
pulling force is ultimately transmitted to waterthre soil. An important
implication of the C-T theory is that the xylem samunder negative (i.e., less
than atmospheric) pressure (Tyree & Zimmermann220@nder typical
conditions, the xylem pressure of many well watdradspiring plants is around
-1 MPa (Nobel, 1991). However, plants in drier ogg experience more negative
xylem pressures. Extremely negative xylem pressueésy -10 MPa have been
measured in some drought adapted species (Jacdisen,Pratet al, 2009).

The metastable state of water under tension rais@sportant challenge.
Once the cohesive forces between the moleculedisgted, an abrupt phase
change from liquid to vapour occurs. This procedeiiown as cavitation. The
ultimate result of xylem cavitation is an air-fdl€i.e., embolised) conduit that is
permanently or temporarily blocked for water trasspThus, xylem cavitation



represents a serious threat for plant performafich@t, Chamaillard, Depardieu
et al, 2011, Sperry, 2000) and in some cases even slifinderegget al,

2012, McDowell, Pockman, Alleet al, 2008, Rood, Patino, Coombsal,
2000). Two common causes of xylem cavitation ageZe-thaw cycles of xylem
sap and drought stress (Tyree & Sperry, 1989hikthesis, | focus on drought-
induced cavitation.

1.2 The air-seeding mechanism of xylem cavitation anche role of pits

Drought-induced xylem cavitation occurs when agrawn into a water
filled vessel as a result of increasingly negatiylem pressure. When soill
desiccates, its water potential and hydraulic cotidiy decline. In order to keep
extracting water that is now more tightly boundhe soil particles (Sperry,
Hacke, Oreret al, 2002), the xylem pressure of a plant must drdpvbéhe soil
water potential. As the xylem pressure becomes megative, air can aspirate
into a functional conduit from an adjacent airddlconduit. The critical pressure
difference between xylem sap and atmospheric pressquired to induce
cavitation APg) is inversely proportional to the largest poreserd in the
conduit wall Dp), following the equation

4T cosa
APcrit = D
P
Eqgn.1-2

whereT is the surface tension of xylem sap and the contact angle
between sap and pore wall material, which is ugwsumed to be zero (i.e.,
total wetting) for a hydrophilic cell wall.

Being the most porous part of the conduit walleiobnduit pits are the
most likely sites for air-seeding to occur (Spe&ryyree, 1988, Zimmermann,
1983). While the factors that influence pit permikigiio air are not completely
understood, a growing body of evidence suggeststtisaa combination of the
guantitative and qualitative parameters of pit meanbs that determines the
cavitation threshold.

Pit membranes are composed of modified primarywealls and consist of
an intricate meshwork of cellulose microfibrils eadlled in an amorphous
material that is often apparent at the membranfaseiunder a scanning electron
microscope (SEM). The pit membranes of at leastesspecies including poplar
display resolvable pores (Jansen, Choat & Plet26(9). However, it is not clear



if such conspicuous pores are present in vivo tiraf are artifacts resulting from
pit membrane dehydration during sample prepardflansen, Pletsers & Sano,
2008).

It has been suggested that cell wall matrix polgsaddes such as pectins
fill in the space between the cellulose microfirgiving the native membranes a
relatively non-porous appearance and propertieshyidrated gel (Nardini, Salleo
& Jansen, 2011, Pesacreta, Groom & Rials, 2005e&ecki, Melcher &
Holbrook, 2001). Nevertheless, even such a gébia,certain degree, permeable
to air. It is therefore likely that air will gettimthe vessel through spaces between
the cellulose microfibrils, regardless of the exmste of true physical pores or the
presence of a gel-like matrix filling these por&s.additional question is how the
pressure difference exerted on the pit membrargsaéng an air- and a water-
filled vessel affects the pit membrane permeabibtgir. The mechanical
properties of pit membranes may be critical fordireseeding threshold because
pores may enlarge and gel strength may weakereas¢mbrane stretches and
deflects (Cochard, Herbette, Hernaneéal, 2010).

An important tenet of the air-seeding hypothesiha the cavitation
threshold of a vessel is determined by the largest at the air-water interface.
Thus, while many thousands of pit membranes argepten the wall of an
average vessel, the vessel’s cavitation thresisadiétermined by a single pit, the
one containing the largest pore. Experimental datgyest that pores allowing air-
seeding at physiological xylem pressures are @he4t, Ball, Lulyet al, 2003,
Christman, Sperry & Adler, 2009, Jarbeau, EwersaiB, 1995). More
specifically, the frequency of pits allowing aireskng at a pressure close to the
species-specificdg has been predicted to be 0.01%Aterand 7% inQuercus
(Christmarnet al, 2009, Christman, Sperry & Smith, 2012).

Based on substantial experimental evidence, ibkas argued that a
larger total area of intervessel pit membranes (oigher number of pits) renders
xylem more vulnerable to drought-induced cavitatpossibly because there is a
higher probability for rare leaky pits to occur (geave, Kolb, Ewergt al, 1994,
Wheeler, Sperry, Hacket al, 2005). This concept is known as the ‘pit-area’ or
‘rare pit’ hypothesis. Following the recommendatairChristman et al. (2009), |
will hereafter use the term ‘rare pit’ hypothesis.

However, it is becoming increasingly obvious ttret tifferences in pit
area alone cannot fully explain the differencesyilem vulnerability observed



across species. Recent work using scanning anshtiasion electron microscopy
has revealed that pit structural traits such ampinbrane thickness, porosity, and
texture vary greatly across different angiospereces (Janseet al, 2009,

Lens, Sperry, Christmaet al, 2011, Schmitz, Jansen, Verheyagral, 2007).
Such differences in pit properties can affect tkelihood of air-seeding
independently form the total area of pit membraiégrefore, the rare pit
hypothesis needs to be coupled with detailed kndgdeof pit membrane

structure and chemistry in order to gain a betteleustanding of factors driving
xylem vulnerability.

Studies linking differences in pit structure witliv@tation resistance in
angiosperms are rare but intriguing (Choat, Janderenieckiet al, 2004,
Janseret al, 2009, Jarbeaet al, 1995). In a survey of 26 hardwood species of
wide taxonomic and geographical origin, more th&d-dold variation in pit
membrane thickness and porosity has been obselaaddret al, 2009). Both
pit thickness and porosity were correlated witheasel air-seeding pressure. A
highly vulnerable cottonwooRopulus fermontiwas included in this study and
indeed showed very thin and extremely porous prmbranes. However, much
remains to be learned about intervessel pits agidrible in protecting xylem
against cavitation. In particular, poor knowleddéh@ir chemical composition
impedes our understanding of pit functioning.

1.3Vulnerability curves

Xylem vulnerability to drought-induced cavitatiohstem and root
segments can be assessed using vulnerability c(dedsr Pockman, Sperrgt
al., 1997, Tyree & Sperry, 1989). Vulnerability cungrsow a decreasing xylem
hydraulic conductivity as a function of increasingkegative xylem pressure.
Xylem hydraulic conductivity is often expressedaa®lative number representing
percent loss of conductivity (PLC) due to cavitati®LC-based vulnerability
curves often have a sigmoidal shape, especiattpmifer xylem which is made
up of relatively homogeneous conduits (Hacke, Spé&werset al, 2000).
Curves that show a steep initial increase in Plid, leence have an r-shape, are
sometimes observed, especially in roots (Haatka, 2000) and ring-porous
species (Christmaet al, 2012, Hacke, Sperry, Wheeletral, 2006, Jacobsen &
Pratt, 2012). The xylem pressure at which 50% efrttaximal hydraulic
conductivity is lost, referred to agoPcan be derived from the vulnerability
curves and is commonly used as a measure of xyl#nesability to cavitation
(e.g., Meinzer, Johnson, Lachenbrwthal, 2009, Pockman & Sperry 2000).



Other coefficients, such as the air entry poig} @® the full embolism point
(Pmay, can be also obtained from the vulnerability esrand used to characterize
the cavitation resistance of xylem (Domec & Gart2€01).

1.4 Trade-offs in xylem structure and function

In the last three decades, researchers have gederdherability curves
for several hundred plant species growing in varitypes of environment. These
measurements have revealed that plant species gliffatly in the magnitude of
negative xylem pressure they can withstand befabstantial cavitation occurs
(Maherali, Pockman & Jackson, 2004). In generacis-specific i values
tend to be more negative than the xylem presshegsypically develop (Meinzer
et al, 2009, Pockman & Sperry, 2000) indicating thata’s hydraulic system is
well adapted to prevent extensive ‘run-away’ cdwotain their natural habitat. A
California chaparral shrulgeanothus crassifoliysvith its RBo of -9 MPa, is one
of the most resistant plants measured (Sperry,)20i tontrast, poplars, and
riparian cottonwoods in particular, are some ofrttast vulnerable species of
woody angiosperms. Cottonwoods typically exhiy ¢tose to -1.5 MPa (Hacke
& Sauter, 1996, Pockman & Sperry, 2000, Tyeeal, 1994), while aspen tends
to be more resistant withsgvarying between -2 and -2.5 MPa (Schreiber, Hacke,
Hamannret al, 2011, Sperry, Perry & Sullivan, 1991).

While a number of strategies to cope with watertsige have evolved in
plants, cavitation resistance is arguably a trigtawamount significance for
drought tolerance in long lived woody plants (Mattiegt al, 2004, Sperry,
2003). In order to maintain sufficient water supfdythe leaves, trees have to
prevent excessive cavitation in their xylem. Eveouigh stomatal closure
(Brodribb, Holbrook, Edwardst al, 2003), hydraulic redistribution (Nadezhdina,
Steppe, De Pauet al, 2009) and the water storage capacitance of pkstes
(Meinzeret al, 2009) can to a certain degree prevent catastadpgiraulic
failure, xylem pressures more negative than thé@atan threshold cannot be
completely avoided. Thus, it would seem advantagdoall trees had xylem that
can withstand highly negative pressures (e.g.MP@) before cavitation occurs.
In reality, however, cavitation resistance coretatell with the aridity of
environment (Maherakt al, 2004).

The fact that xylem is not overly resistant in @amments with a plentiful
water supply suggests that cavitation resistanogesat a certain cost.
Significant carbon expenditures, which could besothse allocated towards



growth and reproduction, seem to be associatedhigti cavitation resistance.
Conduits need strong mechanical support to prawgpibsion under highly
negative xylem pressure (Hacke, Sperry, Pocketai, 2001, Jacobsen, Ewers,
Prattet al, 2005). More negativespvalues are indeed associated with greater
conduit reinforcement and higher wood density (Heastkal, 2001, McCulloh,
Johnson, Meinzeet al, 2012, Pittermann, Sperry, Wheestral, 2006). The
strong correlation between wood density and xylesistance to cavitation in
angiosperms is rather surprising considering th@dvdensity in angiosperms is
mainly driven by fiber properties which are noteditly involved in water
conduction (Hacket al, 2001).

Previous studies showed that there is a tradeetffden safety against
drought-induced cavitation and efficiency of watansport (Hacke, Jacobsen &
Pratt, 2009, Hacket al, 2006). The safety versus efficiency trade-offdmees
apparent when comparing species that display cstiigawater use strategies.
For instance, many desert shrubs have xylem thagidy resistant to cavitation
but also shows very low xylem-specific conductiiBockman & Sperry, 2000).
The opposite situation (i.e., highly efficient mxtremely vulnerable xylem) is
typical for species adapted to moist, nutritiorirr@vironments. It has been
proposed that the safety versus efficiency tradésat corollary of the rare pit
hypothesis, because wide and long vessels, whichearessary to achieve high
transport efficiency, have a large total pit memilerarea (Hargravet al, 1994,
Wheeleret al, 2005). In support of this hypothesis, it has beleserved that
wider vessels embolize before the narrower ondsinvé single stem (Cai &
Tyree, 2010, Hargravet al, 1994, LoGullo, Salleo, Piaceat al, 1995). The
trade-off between safety and efficiency can behrenhanced at the level of pit
structure as thin and porous pit membranes wilidelow resistance to water
flow but will be more prone to air-seeding (Wheaderl, 2005).

Taken together, xylem resistance to drought-indwesdtation is
associated with high construction costs and reduadti transport efficiency.
These trade-offs are apparent when a comprehedataset encompassing a high
number of diverse species is examined. Howeveretisealso considerable
scatter around the global trends, reflecting thex#gities of a particular xylem
anatomy. Consequently, the trade-offs can appeak weambiguous when
evaluated using a limited selection of species éf®ack & Holbrook, 2007,
Pratt, Jacobsen, Ewegs al, 2007).



1.5Interspecific vs. intraspecific variability in xylem traits

Most of the structure-function relationships inexyl, including the two
above mentioned trade-offs, have been obtained émmparisons conducted
across different species. These studies have tkeantage of the vast diversity
of xylem structure and function that reflects tlagious ecological strategies and
evolutionary histories of woody plants. The restribsn these surveys are
valuable as they highlight the effective combinasiof traits that passed through
the sieve of natural selection over the coursesofugion. However, xylem
hydraulic and anatomical parameters vary to a icegtetent even within a single
species (Fichoet al, 2011, Holste, Jerke & Matzner, 2006, Martinezalfd,
Cochard, Mencucciret al, 2009). Intraspecific variability in xylem traikeas not
been extensively studied, although there are seraasons why it is important to
document and understand this type of variation.

Intraspecific variability of functional traits idasely coupled with a
species’ ability to cope with variable environmef\{golle, Enquist, McGillet al,
2012). In the next couple of decades, the Eartiisate will likely continue to
change (IPCC, 2007). More frequent and more selrengght events are expected
to occur in many parts of the world (IPCC, 200@C@ 2012). Hence, hydraulic
acclimation that involves adjustment in xylem pndigs might be critical to
maintain stand productivity and prevent forest dedbunder reduced moisture
availability. While changes in stomatal apertureo@ibb et al, 2003) and root
hydraulic conductance (Almeida-Rodriguez, Hackeaut, 2011) allow for
dynamic adjustments of water flow through the plahinges in xylem structure
can become important over a longer period of tiydem transport efficiency
and vulnerability to cavitation of a stem can badyrally changed by producing a
new set of water-conducting cells. The developmaiteticity of xylem in
response to environmental clues is exemplifiedrioyual growth rings in trees.
While traditional tree-ring variables such as ngth (e.g., Esper, Cook &
Schweingruber, 2002) or the isotopic compositiorydém biomass (e.g., Kress,
Saurer, Siegwolét al, 2010) have been used as powerful tools for rénactsng
past climate, additional environmental informatemuld be gained by conducting
a finer-scale anatomical characterization of xytats (Fonti, von Arx, Garcia-
Gonzalezt al, 2010). However, a thorough understanding of dgwekental
processes and detailed knowledge of how specific@mmental clues influence
xylogenesis is an essential prerequisite for tleeessful application of such
techniques.



Studying variability in xylem traits observed aétimtraspecific level
might help to shed more light on the mechanismardyithe trade-offs in xylem
structure and function that are apparent from gptecific comparisons. Testing
for the presence of functional trade-offs withigiagle species, as opposed to a
diverse array of species, is convenient becawsentnates the confounding
effects arising from phylogenetic and ecologic#fledlences between diverse plant
taxa. On the other hand, the narrower range dftaaiation within a single
species may make it challenging to detect cledepe.

1.6 The scope of the thesis

In this thesis, | analyze phenotypic plasticitiyiem hydraulic and
anatomical traits in hybrid poplaP@pulus trichocarpa< deltoides clone H11-
11) (Chapter 2, Chapter 3, and Chapter 4). The sapkar genotype has
previously been used in our laboratory (Hacke, &da#, Almeida-Rodrigueat
al., 2010) as well as in laboratories of other poptaearchers (Courtois-Moreau,
Pesquet, Sjodiet al, 2009, Pitre, Cooke & Mackay, 2007a) to study &oo
formation. This genotype exhibited substantial dgweental plasticity in
response to nitrogen availability (Haakeal, 2010, Pitreet al,, 2007a, Pitre,
Pollet, Lafarguettet al, 2007b,). In this thesis, | therefore examine the
developmental plasticity of its xylem in responseitrogen fertilization and two
other environmental cues (drought, shading). | tethe observed variability in
xylem traits to learn more about the air-seedinghmaism of drought-induced
xylem cavitation. This interest in xylem cavitatimad me to study pit membranes
in greater detail (Chapter 4, Chapter 5). In thielgton the chemical composition
of pit membranes (Chapter 5), | use field-growrshal poplarRopulus
balsamifera along with three other co-occurring hardwoodsrider to confirm
that the patterns observed in the young hybridrsa@alings grown in a growth
chamber are consistent with the situation occurnngature individuals growing
under field conditions.

The main objectives of my research were:

a) to document the variability in xylem anatomy anditaulic function in
response to experimental drought, nitrogen fediion and shading, and
to discuss the potential functional significancehaf observed changes
under a given environmental constraint (Chapt&tgpter 3, Chapter 4)
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b) to study the molecular basis underlying differeyler phenotypes by
analyzing changes in gene expression (Chapter 3)

c) to gain a better understanding of the mechanisrdenying xylem
vulnerability by analyzing relationships betweernanability and other
structural and functional xylem traits (Chaptea8}l by assessing the
structural and chemical properties of pit membrg@dmpter 4, Chapter
5)

1.7Poplar as a model plant for my research

Poplar represents a suitable model plant for shgidyiood structure and
function and has been chosen for this researcbefegral reasons. There are
numerous practical benefits of using poplar to gtagdem phenotypic plasticity.
The natural ability of hybrid poplar to propagatgetatively from rooted cuttings
allowed me to generate genetically homogenouso$gtiants for experiments,
and thus to assess the true phenotypic plastititylem traits (Chapter 2). In
2006, the genome &fopulus trichocarpavas made publically available (Tuskan,
DiFazio, Janssoat al, 2006), greatly accelerating research on mole@adpects
of wood formation. | took advantage of modern molactools to shed light on
genes that are differentially expressed in xylermfag under contrasting
environmental conditions in order to identify catette genes that might underlie
particular xylem traits (Chapter 3). In additioppar represents a suitable
species for studying intervessel pits. Pit memisangoplar are numerous, large
in diameter and highly porous; and therefore, paldrly convenient for electron
microscopy observations (Chapter 4, Chapter 5).

Poplar was also chosen for this research becautegbminent role in
the Canadian landscape and because of its sigmgcfor the Canadian forest
products industry. An increased understanding @f poplar wood acclimates
under different environmental conditions is valgatar future management and
conservation of both natural and commercial pogiands, especially in the light
of climate change. In addition, better knowledg&obd anatomical properties is
useful for the wood processing industry. For insg&tiber length governs the
mechanical strength of pulp (Horn, 1978) and pitkience the penetration of
liquids, preservatives and gases into wood (CorksfoCote, 1968).
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2. Phenotypic and developmental plasticity of xylem irmybrid
poplar saplings subjected to experimental droughtitrogen
fertilization and shading'

2.1INTRODUCTION

Light, nutrients and water are primary resourcesiired by plants for
their growth and reproduction (Larcher, 2003). Oier course of evolution, plant
species have acquired a suite of traits allowiegrtho utilize these resources and
persist under environmental conditions characterist their habitat. This
process is known as adaptation (Lambers, Chapio& P1998). However, the
availability of the resources can be rather vaaahlring a plant’s life time. For
instance, periods of sufficient soil moisture sypgdn be interrupted by drought
(Hogg, Brandt & Michaellian, 2008). Irradiance gapidly increase when the
surrounding vegetation is removed or decrease @h@ant becomes shaded by
faster-growing neighbors (Lieffers, Messier, Steidal, 1999). The availability
of inorganic nutrients such as nitrogen or phosptiwican become altered as a
result of competition, flood pulse inundation ocreased runoff from fertilized
fields (Rennenberg, Wildhagen & Ehlting, 2010).r$aare, to a certain extent,
able to adjust to such changes because plant dmadtiraits exhibit phenotypic
plasticity. This adjustment of physiological ancustural properties during a
plant’s life time in order to optimize life processunder new environmental
constrains is known as acclimation (Lambetral, 1998).

Long-distance water transport in plants is a pHggioal process of
paramount importance which is intimately linkedhwiihe acquisition and use of
all three resources mentioned above. Both adaptideacclimation processes can
be seen in xylem structure and function. In thedasades, xylem structure and
function has been studied in a wide range of dfiespecies (e.g., Carlquist,
1988, Carlquist, 2001, Wheeler, Baas & Rodgers7p@ad vast adaptive
variation has been demonstrated (e.g., Chave, Cyalaaseet al, 2009,
Maherali, Pockman & Jackson, 2004, McCulloh, Spdrachenbruclet al,

2010, Sperry, Hacke & Pittermann, 2006). Amongrtiost important xylem
hydraulic traits are xylem-specific conductivitydavulnerability to drought-

! A version of this chapter has been submitted for publication. Plavcova L & Hacke UG,
2012. Journal of Experimental Botany.
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induced cavitation. While the former is a measuneytem transport efficiency,
the later characterizes xylem safety. Both traitslat large interspecific
variation. The xylem-specific hydraulic conductydiffers ~100 fold across
diffuse porous angiosperms reflecting differencethe size and number of
vessels (McCullofet al, 2010, Sperret al, 2006). The vulnerability to
cavitation measured as the pressure at 50% |dsgdodulic conductivity (P50)
spans from -1.25 MPa to -10 MPa reflecting the degf aridity of a species’
natural habitat (Sperry, 2011). Moreover, thesetiaidls seem to be in a trade-off
relationship, such that xylem of a given speciegmoabe both highly transport
efficient and highly resistant to cavitation (Hackperry, Wheeleet al, 2006,
Maheraliet al, 2004). Wood density with values ranging from®@.1.2 g criis
another functionally important trait (Chaeeal, 2009). Wood density has been
linked not only with wood mechanical strength (M| 1992), but also with the
resistance of xylem to cavitation (Hacke, Sperggkmanet al, 2001a).

The structure and hydraulic function of xylem césoavary within a
single species in response to growing conditiohg. fact that xylem anatomy
changes in response to environmental cues is wellvk and routinely used by
paleoclimatologists, dendrochronologists and edstegnalyzing tree rings (for
review see Fonti, von Arx, Garcia-Gonzakdzl, 2010). Such studies often use
the measurements of ring widths (Savva, Schweirggribagano\et al, 2003),
conduit diameters (Gea-lzquierdo, Fonti, Cherubtral, 2012) or wood densities
(Hogg, Hart & Lieffers, 2002) to reconstruct infaation about past
environmental conditions and to infer the hydratuiection of xylem. While
xylem anatomy can provide a good proxy of xylemcfion in some cases, solid
knowledge of how specific growing conditions infle xylem anatomy and how
patterns in xylem structure link with xylem fungatics an essential prerequisite
for such approaches. Changes in xylem-specificdwldr conductivity and
vulnerability to cavitation in response to enviramtal conditions such as
drought (Fichot, Barigah, Chamaillaed al, 2010, Beikircher & Mayr, 2009),
irradiance (Cochard, Lemoine & Dreyer, 1999), sgli(Stiller, 2009), nutrient
availability (Hacke, Plavcova, Almeida-Rodriguetzal, 2010, Harvey & van den
Driessche, 1997), and soil type (Mayr, Beikirch@bkircheret al, 2010, Hacke,
Sperry, Ewert al, 2000) have been shown. However, a broader rainggecies
and environmental conditions should be testedderoto gain a better
understanding of the acclimation potential of xylem
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In this study, we assessed phenotypic plasticityytgm traits using
clonally propagated saplings of hybrid poplopulus trichocarpa< Populus
deltoides clone H11-11). Given its parentage, we expedaidohtl highly
vulnerable and highly conductive xylem in this hglpoplar. The xylem of
riparian cottonwoods such BstrichocarpaandP. deltoidess among the most
vulnerable of all woody angiosperms studied sq$aerry, 2011, Tyree, Kolb,
Roodet al, 1994). Cottonwood xylem is also highly efficiewhich corresponds
with its fast growth and high productivity (Bradsha&Ceulemans, Daviet al,
2000). These xylem characteristics are well suedhe exploitive ecological
strategy of cottonwoods in their natural environim&fuvial floodplains that
represent their primary habitat are characterizegdod availability of water,
nutrients and light. Riverine floodplains are adsbighly dynamic environment
that is continuously modified by repeated distudesn(Braatne, Rood &
Heilman, 1996). Therefore, we expected to find guigal phenotypic plasticity
in our hybrid poplar in response to experimentaldht, nitrogen fertilization
and shading.

Variation in the anatomical and hydraulic parangetdrxylem in response
to treatments was assessed in stem segments sanoptetivo vertical positions
along a plant’s main axis. Based on the literatweanticipated to find increased
vulnerability to cavitation in saplings subjectedértilization (Hackeet al, 2010,
Harvey & van den Driessche, 1997) and shade (Cda&tal, 1999) and
increased resistance in response to drought (Fethedt 2010, Beikircher &

Mayr, 2009). Xylem-specific hydraulic conductivityas expected to increase in
fertilized plants (Hacket al, 2010) and decrease in drought-stressed (Beikirche
& Mayr, 2009) and shaded (Schultz & Matthews, 1989ants. Furthermore, we
wanted to test whether the hydraulic and anatontiaét are coupled in a similar
way as observed at the interspecific level. Ifvge,would expect to find
correlations between vulnerability of xylem to dation and xylem transport
efficiency as well as between vulnerability and walensity. Such a comparison
of results at the interspecific and intraspeciéiedls may help to better understand
the mechanisms that underlie xylem vulnerabilitgawitation.

2.2METHODS
2.2.1 Plant material and experimental conditions

Saplings of hybrid poplaiPopulus trichocarpa« Populusdeltoides clone
H11-11) were grown under drought (DR), nitrogertilization (F) and shading
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(SH) in order to evaluate the effect of thesetineats on growth and
xylogenesis. Due to logistical concerns and a échemount of space in our
growth facility, the experimental treatments wargosed one at a time in three
independent, temporally separated experimentse&adnr experiment, hybrid
poplar saplings were produced from rooted cuttarg$ maintained in a growth
chamber under the following standard growing coodg: 16/8 hour day/night
cycle, 24/18 °C day/night temperature, ambientiaace 350 pmol fhs™.
Saplings were grown in 6 L pots (1 plant per pibigd with a commercial potting
mix (Sunshine Mix LA4, Sun Gro Horticulture Canddd., Vancouver, BC,
Canada). Plants were kept well-watered and feztlliwith a complete water
soluble fertilizer (20-20-20 N-P-K, Plant Produddsampton, ON, Canada) in

1 g/L dilution on a weekly basis. After a 7-9 wdekg period of sapling
establishment, plants were randomly assigned bee# treatment (DR, F, SH) or
a control (DRC, FC, SHC) group. At least 12 plam&se grown per each group.
Plants subjected to the DR treatment received ®0A200f water every other day.
This limited irrigation resulted in repeated wilfibbut did not cause severe
desiccation damage and extensive leaf die-offoltrast, control plants (DRC)
were kept well-watered at all times, receiving 3@WO ml of water daily. Plants
subjected to the F treatment were supplied withm006f 7.5 mM NHNO3 in 0.5
x Hocking’s complete nutrient solution (Hocking,719 every other day while
control plants (FC) received 0.75 mM ¥O3 in 0.5 x Hocking’s complete
nutrient solution. These two fertilization protogeVere previously shown to
provide high (F) and low (FC) levels of nitrogen) (§r the growth of this hybrid
poplar genotype (Hacket al, 2010, Pitre, Cooke & Mackay, 2007, Pitre, Pollet,
Lafarguetteet al, 2007). In order to keep plants well watered, {davere
irrigated with tap water on the days when the lieer solution was not applied.
The SH treatment was imposed by enclosing plargbade boxes made of
gardening fabric. The shade boxes reduced ambiradiation by 80%, from 350
pmol m? stin control plants (SHC) to 70 umolns*in shaded plants (SH).
Experimental treatments were imposed for about &weThe exact duration of
the three individual experiments (i.e., the petbetiveen planting the rooted
cuttings and plant harvesting) and the duratiothefexperimental treatments
(i.e., the period between the onset of a treatraedtplant harvesting) are
indicated in Table 2-1.
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2.2.2 Sampling strategy

After measuring a plant's final height and stenmukéer at a height of 10
cm above the root collar ¢, plants were cut at their base, placed in a dark
plastic bag with a moist paper towel and immediataiought to the lab. Bags
with the plant material were stored at 4 °C infagerator until they were used
for hydraulic measurements. For these measurenstats,segments 20-25 cm in
length were sampled from two different positionsngl the plant’s main stem.
The first set of segments was sampled from a lvagan of the stem at a fixed
height of 5-30 cm above the root collar. These saumare hereafter referred to
as ‘basal’. The second set of segments was takemdrposition closer to the
apex of a plant, and hence these segments aresgkteras ‘distal’. The height at
which the distal segments were collected diffenadrg the three experiments,
reflecting the different growth rates of plants esged to different experimental
treatments. Distal segments were located at ~608tedinal plant height. Hence,
distal segments were sampled at a height of 4036@lmwve pots in DR, 60-85 cm
in DRC, 95-120 cm in F, 85-110 cm in FC, and 6580in both SH and SHC
plants. Distal segments underwent their entire gnamd development under
treatment conditions. Basal segments, by contrastpleted primary growth and
initiated secondary growth under control conditibe$ore experimental
treatments began. Nevertheless, a significant@odf secondary xylem was
formed after the onset of treatments.

2.2.3 Xylem pressure

Xylem pressure was measured using equilibrated nnétaves attached
between the Band &' node counted from the top of a plant. One leafptent
was measured, from five plants per treatment grbeaves were sealed in a
plastic bag covered with aluminum foil the nightdse harvesting to inhibit
transpiration and to ensure equilibration of wataientials. Immediately prior to
harvesting, bagged leaves were excised and xylesspre was measured using a
Scholander-type pressure chamber (Model 1000; RigBument Company,
Albany, OR, USA). Xylem pressure measurements wenelucted for F and DR
experiments only.

2.2.4 Growth measurements

Final height and stem basal diametegd of each sapling were assessed
with a measuring tape and calipers, respectivedgf larea (A) was measured
with an area meter (LI-3100, Li-Cor, Lincoln, NESH). A plant’s total A and
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the A_supported by basal stem segments were deternoneac¢h plant. The
supported A was calculated as the sum qf distal to the segment and half of the
A directly attached to the segment. All leaves pfamt were subsequently oven-
dried at 70 °C for 3 days to determine the totaf ¢y weight (DW) for each

plant. The leaf weight to leaf area ratio (LWA) waadculated as D\Wdivided by
total A..

2.2.5 Hydraulic measurements

Segments used for hydraulic measurements were &drunderwater to a
final length of 14.2 cm. To measure native hydi@abnductivity Knatve), Stem
segments were fitted to a tubing apparatus andrénety-induced water flow rate
through the segments was recorded with an electtmiance (CP225 D;
Sartorius, Goéttingen, Germany) interfaced with enpater. A pressure head of
4-5 kPa was used to induce the flow. Stem hydraaiductivity was then
calculated as the flow rate for a given pressuaglignt. Subsequently, segments
were flushed with standard measuring solution (20 KCI +1 mM CaC}
filtered at 0.2 um) for 15-20 min at 50 kPa in artteremove native embolism.
Conductivity measurements were repeated to deterimidraulic conductivity
after flushing Knusr). Stem segments were then attached in a custoln-bui
centrifuge rotor and spun to progressively moreatieg pressures with the
incremental steps of 0.25 or 0.5 MPa. Hydraulicdtanivity was measured after
each pressure increment until it dropped below 80%eKs,sn value. The
percentage loss of hydraulic conductivity (PLChatiele toKs,shwas plotted
against the corresponding xylem pressure to gengtderability curves. Data
points were fitted with a Weibull function and tkydem pressure corresponding
to 50% loss of conductivity ¢g) was determined for each segment.

After hydraulic measurements were completed, stgmgnts were
sectioned near the middle of their length. The erpacross-sectional surface was
captured with a digital camera attached to a stei@oscope (MS5; Leica
Microsystems, Wetzlar, Germany) at 10-16 x magatfan. Xylem cross-
sectional area (A excluding pith and bark was measured with imaggyais
software (ImagePro Plus version 6.1, Media Cyb&sgeSilver Spring, MD,

USA). Xylem-specific hydraulic conductivit)Kg) was subsequently calculated as
the maximal hydraulic conductivitK{ay of a stem segment divided by the
corresponding A In the majority of stems, hydraulic conductivibgreased after
flushing. However, in few instanc&s,sh was slightly (i.e., less then 5%) lower
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thenKative pOSssibly due to a wounding response. ThusKthgof a stem was
determined as eithéf,sh Or Knaiive Whichever value was higher.

2.2.6 Vessel diameter and wood density measurements

The same stem segments previously used for megdwydraulic
conductivity and cavitation resistance were usedfeasuring vessel diameter
and wood density. Stem cross-sections (~40-60 pcR)thiere prepared from the
middle portion of basal and distal segments usialidang microtome (SM2400,
Leica) or by hand with a fresh single-edge razdddaSections were stained with
toluidine blue for 3 min to increase contrast, ethsn water for 1 min, mounted
on slides in glycerol and observed with a light rmgcope (DM3000, Leica).
Images were captured at 100 x magnification usidgyial camera (DFC420C,
Leica). Vessel diameters were measured in compeial sectors delimited by
xylem rays spanning from the pith to the cambiumtvigen three to ten different
sectors were selected for each stem providingah 6300 to 500 vessel diameter
measurements per stem. The average vessel diaiDgiger stem was
subsequently calculated. Five to six stems werg/aea for each treatment and
position.

For measuring wood density,(d samples 2 cm in length were excised
from stem segments and split longitudinally int@tsubsamples. The bark was
peeled off and the pith was carefully removed. Wspecimens were then
submersed in a beaker filled with water placedmelactronic balance (CP224 S,
Sartorius). The displaced water weight was recoedebconverted into fresh
wood volume. Specimens were then oven-dried aCrfof 2 days. g was
calculated as the ratio between specimen dry weigthtts fresh volume. The,d
of each stem segment was finally determined byaagneg the values of the two
subsamples. Five to eight stems were analyzedafdr #eatment and position.

2.2.7 Statistical analyses

Since the three experimental treatments were intbas¢hree
independent and temporally separated experimdr@gftects of treatments were
statistically evaluated by comparing treated plavite their controls within a
single experiment. In order to evaluate the eftéd¢teatments on plant growth
parameters, independent two sample t-tests weferpexd. Analysis of variance
was carried out in order to dissect the effectedtiment and stem segment
position on xylem hydraulic and structural paramse(éy, Dy, dy, Ks and P50).
The following linear model was used to fit the meas data:
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var = f[treat + pos+ (treat x po9 ]

wherevar represents the tested varialiteat andposare the fixed effect factors
‘treatment’ and ‘position’, antteat x posis the interaction term. In preliminary
analyses, a more complex linear regression modethancluded a random
effect factor ‘plant’ in which the fixed effect fexr ‘position’ was nested, was
used for the F and SH experiments because in thesexperiments basal and
distal segments were sampled from the same planteker, based on an Akaike
information criterion (AIC) comparison (Smilauef@), introducing the random
effect factor ‘plant’ did not substantially improttee model fits in comparison
with a simple linear model and hence, this factas wemoved. Planned
comparisons between means of treated versus cqtdrtl within the same stem
segment position (i.e., either basal or distal) lagidveen means of basal and
distal stem segments within either treated or abmifiant groups were carried out
using the least significance difference proced&akél & Rohlf, 1995). In
addition to the formal statistical analysis, boatplare presented for each variable
tested with ANOVA in order to provide more detailatbrmation on the
magnitude of differences and variability within ametween groups. Lastly, to
elucidate potential relationships between selegtedith, hydraulic and
anatomical parameters, we tested for significargdr correlations between the
group means across all three experiments. Thetsesfudll statistical analyses
were deemed significant Bt< 0.05. Probability®) values for the planned
comparisons were adjusted to 0.0125 using the Bamfecorrection procedure
for multiple comparisons (Sokal & Rholf, 1995). Té$tatistical software package
R 2.10.1 (R Development CoreTeam 2009, AucklandyZXéaland) was used to
perform the analyses. Throughout this chapter,groaans are cited with their
standard errors.

2.3RESULTS
2.3.1 Plant growth

The growth characteristics of hybrid poplar sa@idgfered between
treated and control plants as well as between empats (Table 2-2). The
average final height ranged from 77.1 £+ 0.7 cmt.2 £ 2.2 cmin DR and F
plants, respectively. Similarly, the stem basahditer (Qi ) was smallest in DR
(6.3 £ 0.1 mm) and largest in F (9.5 + 0.1 mm).tReimore, total leaf area (total
A.) exhibited substantial differences ranging froi70t 0.01 Mto 0.99 +
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0.03 nf. The total A co-varied with total leaf dry weight (D\/as indicated by a
relatively constant leaf weight per area ratio (LYWRWA ranged from
0.043+0.001 to 0.054 + 0.001 kgawith the exception of a substantially lower
LWA (0.025 + 0.0004 kg ff) in SH plants. As for the effect of treatments, DR
plants exhibited reduced growth in height and garild had smaller Aand DW
as well as slightly lower LWA compared with congol'he opposite trend in
growth was observed in F relative to FC plantscalgh their LWA ratios were
not different from each other. The height growttr@ment was higher in SH,
while their radial growth was reduced in comparigotin controls. Although
there were no significant differences in thed SH and SHC plants, DWWvas
significantly lower in SH plants, resulting in stéostially lower LWA in SH
plants.

2.3.2 Leaf area, xylem area and stem hydraulic conductity

The supported Ascaled linearly with A across all plant groups
(R°=0.933,P=0.002) (Fig. 2-1a). Awas tightly correlated with a stem’s maximal
hydraulic conductivity Kmay) (R*=0.976,P<0.001). The level of native embolism
was low in most basal stem segments; therefore, Khgx corresponded well
with their native hydraulic conductivityK{aive). AS a result, the supported was
positively correlated with botKpagve(R?=0.921,P=0.002) (Fig. 2-1b) anmax
(R°=0.921,P=0.002).

2.3.3 Variation in stem morphology and xylem anatomy

The structure and the amount of xylem differed leetwtreated and
control plants and between the two stem segmeitiqgres (Table 2-3, Fig. 2-2,
Fig. 2-3). Variation in A in response to treatments reflected changes it pla
radial growth (Fig. 2-2a-c). In basal segmentgd&creased in DR and SH plants
and increased in F plants in comparison with tbentrols. Similar patterns in
xylem formation were observed in distal segmerttsoalgh there was no
significant difference in A between SH and SHC plants. The & distal
segments was 45-60% smaller compared with basalesgg, even though the
external stem diameters of distal and basal segwegrie often similar. The
difference in A was mainly caused by a substantially larger pigaan distal
segments compared with their basal counterpargs 2F8). Furthermore, the
vascular cylinder in distal segments had an ir@g{rather than more or less
cylindrical) shape and the patterns associated pvithary growth were still
apparent in stem cross-sections. For instancetectusf primary xylem could be
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readily distinguished adjacent to the verticeshefpentagonal pith (arrowheads
in Fig. 2-3b). Despite these signs of juvenilitye transition from primary to
secondary growth was clearly completed and a sotist@amount of secondary
xylem was produced along the entire length of dstgments.

Differences in overall xylem morphology were pagkdt by differences in
xylem anatomy. In basal segments, mean vessel thesn(®),) ranged between
35.2 £0.3 um and 43.4 £ 0.3 um in SHC and DR@tplaespectively (Fig. 2-
2d-f). In basal segments, Decreased in DR while it increased in F plantsrwhe
compared with their controls.,vas not significantly different between SH and
SHC plants. In distal segments, $howed even more variation in response to
treatments. The smallest (30.1 + 0.5 um) and tlye& ) (48.6 £ 0.5 um) were
measured in DR and F plants, respectively. Thdivelahanges in Pin response
to treatments were consistent with the trends eksen basal segments. With the
exception of DR plants, distal segments exhibitdestantially wider vessels than
their basal counterparts.

Large differences were also observed in wood dgldi) with values
ranging from 0.244 + 0.006 g ¢hin the distal segments of F plants to 0.404 +
0.004 g critin the basal segments of SHC plants (Fig. 2-2Bdsal segments
typically showed highergthan the corresponding distal segments. In basal
segments, gwas significantly lower in F and SH plants in caripon with their
respective controls, while it did not substantialiffer between DR and DRC
plants. In distal segments, @as lower in F and SH segments relative to their
controls, following the same pattern as in basgirents. In contrast, the distal
segments in DR exhibited denser wood than DRC plant

2.3.4 Xylem-specific hydraulic conductivity

Changes in xylem structure were paralleled by bfiees in xylem
hydraulic parameters (Table 2-3, Fig. 2-4). Xylepedfic hydraulic conductivity
(Ks), which represents a measure of xylem transpbdiexicy, varied ~3-fold,
from 2.7 + 0.1 kg nf s> MPa’ to 8.3 + 0.3 kg i s* MPa' in DR and F plants,
respectively (Fig. 2-4a-c). In basal segmeltswas lower in DR and SH plants
in comparison with their control&s tended to be higher in F than in FC plants;
however, the difference was not statistically digant. TheKs of basal segments
scaled with their R(R*= 0.803,P=0.016) (Fig. 2-5). In distal segmenits; was
higher in SH and did not substantially differ in BRd F plants with respect to
their respective controls (Fig. 2-4a-c). TReof distal segments was not
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significantly linearly correlated with their,[as observed in basal segments
although there was a tendency for lower condugtivisegments with narrower
vessels. In addition, thes of distal segments tended to be lower than in basal
segments with comparable,Dndicating that other factors aside from vessel
diameter alone had a significant effect on thedpant efficiency of the distal
segments (Fig. 2-5).

2.3.5 Xylem vulnerability to drought-induced cavitation

Cavitation resistance varied profoundly in respdsexperimental
treatments and segment location (Fig. 2-4d-f). PB@ of basal segments differed
less than 0.5 MPa across all three treatmentsimaufigpm -1.14 MPa in both SH
and F plants to -1.53 MPa in SHC. While the vulbéity of basal stem segments
did not significantly change in response to thetBftment, stems of SH and F
plants were more vulnerable than their controlgistal segments, P50 values
exhibited a large variation of 1.5 MPa betweenrtiwst vulnerable (F plants,
-0.15 £ 0.03 MPa) and the most resistant plants fl2Rts, -1.71 =+ 0.09 MPa).
With the exception of the DR treatment, distal segta were more vulnerable
than their basal counterparts. In fact, distal sagsiof DR plants had the most
resistant xylem across all the plant groups anchseg positions tested in this
study.

The differences in P50 between basal and distaheats were associated
with a marked change in the shape of their vulngtaburves. While all basal
segments showed typical sigmoidal-shaped vulnénabiirves, the shape of the
curves of distal segments varied from sigmoidabuigh linear to r-shaped
depending on the treatment (Fig. 2-6). The distghgents of F plants were
extremely vulnerable. These segments exhibited P5% at a modest xylem
pressure of -0.25 MPa, resulting in an r-shapedenability curve (Fig. 2-6¢). In
distal segments of DR plants, by contrast, embotigimot exceed 20% at xylem
pressures less negative than -1.25 MPa (Fig. 2v&dierability curves generated
by our centrifuge method were in good agreemertt thié native PLC values
plotted against the native xylem pressures measnrbeg F and DR experiments
(square symbols in Fig. 2-6). Xylem pressure wasmeasured for the SH
experiment.

P50s of both basal and distal segments scaledytigith d, (basal: B=
0.928,P=0.002 distal: B= 0.925,P=0.002) (Fig. 2-7a). In contrast, P50 was not
correlated withKs (Fig. 2-7b). P50 was significantly correlated within distal
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segments (distal: R 0.766,P=0.023); however, this correlation was mainly
driven by the two extremely different distal segtsan DR and F plants
(Fig. 2-7c).

2.4DISCUSSION

Plant growth and development were greatly affeatben saplings of
hybrid poplar were grown under experimental drog), shade (SH) or
nitrogen fertilization (F) for >30 days (Table 2Hig. 2-1). This study
particularly focused on changes in xylem anatond/faydraulic function. Across
all treatments, the ;Awas tightly correlated with the supported (kig. 2-1a).
Since A represents the principal anatomical basis of m’steapacity to
transport water, the allometric relationship betwég and A translates into
tight scaling between Aand a stem’s hydraulic conductivit{{ive (Fig. 2-1b).
These relationships, reflecting a well-establisakaimetric relationship between
stem basal diameter and leaf area (e.g., HarringtBawnes, 1993, McCulloh,
Johnson, Meinzeet al, 2012), arguably help to maintain an adequatelgugp
water from roots to transpiring leaves (Shinozakigda, Hozumiet al, 1964).

A tight correlation between ,Aand A would in principle not be required
if a plant could radically change the hydraulicgraeters of its xylem. For
instance, if the xylem could become much more iefficfor water transport, a
smaller A per unit A would be sufficient to provide an adequate waigpsy.
Such a situation has been documented in a receht @ackeet al, 2010).
Using the same hybrid poplar clone and similar erpental conditions, we
previously observed that stems with a comparakleduld support almost twice
as much A in plants receiving high versus low N fertilizatidl his difference
was attributed to a higher xylem-specific hydraglimductivity Ks) exhibited by
high N plants. Despite an almost 2-fold variatioki values across the basal
segments in the current dataset, these differandesnsport efficiency did not
significantly alter the overall linear relationshptween A and A across the
experimental group averages. However, it is posslhmt the relative importance
of changes in xylem transport efficiency woulgtrease over a longer period of
acclimation or when evaluated within a single et with a broader within-
group variation as in Hacke et al. (2010).

29



The changes iKs observed in response to individual experimental
treatmentsvere largely consistent with our initial hypothedesbasal segments,
Ks values were lower in resource-limited DR and Sahfd in which the
requirements for water transport were reduced dwedught-induced stomatal
closure and lower evaporative demand. In contthsthighest value dfswas
found in basal segments of F plants that receiegibas amounts of nitrogen and
were kept well irrigated. These findings are inesgnent with changes Ks
observed in other studies in response to low watailability (Beikircher &

Mayr, 2009), shade (Raimondo, Trifilo, Lo Gubltal, 2009) and high nutrient
supply (Hackeet al, 2010).

For basal segments, the valuegshowed a significant positive
correlation with the mean vessel diametey) (Big. 2-5). Such a relationship is
expected based on the Hagen-Poiseuille equatiorsarmhsistent with results
from interspecific comparisons (Hacke, JacobserratP2009, Sperrgt al,
2006). The relationship betwets and 0 was more variable in distal segments.
In addition, distal segments generally showed ldsigevalues than basal
segments although their vessels diameters wereamaile or even larger (with
the exception of DR plants) than those of basainssgs. Thus, it seems that
other factors such as vessel density, vessel lepdtphroperties, overall xylem
network connectivity and stem taper may have agftheKs of the more
juvenile distal segments.

In agreement with our initial hypothesis, xylemnetability to drought-
induced cavitation changed in response to expetah&eatments. More
vulnerable xylem in comparison with controls wasrfd in both basal and distal
segments of SH and F plants. Cavitation resistgietx requires significant
carbon investments (Haclet al, 2001a) and F and SH plants preferentially
allocated their carbon resources into growth agiak inception. These findings
are in line with results obtained in other speaie®sponse to similar
environmental cues (Barigah, lbrahim, Bogatdl, 2006, Cochareét al, 1999,
Harvey & van den Driessche, 1999). P50 was nottanbally different between
DR and DRC plants in basal segments; however,dbgation resistance
increased in distal segments of DR saplings. As/tiravas significantly reduced
in DR plants, the amount of xylem produced undeaittnent conditions was
small in basal segments, and hence did not atiecbterall vulnerability of the
bulk xylem tissue. However, the increased resigamdistal segments of DR
plants indicates that their xylem adjusted to sndtaver xylem pressures and
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prevent excessive cavitation. An increase in ctigiaesistance in response to
low water availability has been previously docuneennh several species,
including poplar, exposed to various levels of gfutuseverity (Awad, Barigah,
Badelet al, 2010, Beikircher & Mayr, 2009, Fichet al, 2010), while only a
limited change has been found in three willow ck(&ikberg & Ogren, 2007).

Across the three experiments conducted in the oustedy, the average
difference in P50 between treated and control plaats 0.3 MPa and 0.6 MPa
for basal and distal segments, respectively. Evetadively subtle change in P50
may have important implications for plant hydrayderformance because the loss
of conductivity due to embolism increases very@iearound the P50 value. The
smaller variation in P50 observed in basal segmartemparison with distal
segments is not surprising given the experimerdsigh. The basal segments
completed their primary growth and started thetoselary growth under the
same conditions prior to the commencement of treatrin distal segments, by
contrast, the entire growth and development toakelinder treatment
conditions.

With the exception of DR plants, distal segmentsawaore vulnerable
than their basal counterparts. The difference betvibasal and distal segments
across the treatment groups was on average 0.6AMP¢he largest difference of
almost 1 MPa found in F plants. Age-related diffees in xylem vulnerability
have been previously studied using branches af-tiebwn trees. While some
studies found that younger branches and roots mere vulnerable to cavitation
(Choat, Lahr, Melcheet al, 2005, Sperry & lkeda, 1997), others studies do no
support this trend (Hacke & Sauter, 1996, Speriyafiendra, 1994). Based on
the vulnerability segmentation hypothesis (TyreBwers, 1991, Zimmermann,
1983) it has been proposed that more distal orgadis as leaf petioles and
terminal branches should be more vulnerable tharktkylem in mature trees.
Distal plant parts are arguably expendable; tregriBce can help to maintain
favorable plant water balance by reducing the to#alspiring surface (Rood,
Patino, Coombst al, 2000). This strategy might be particularly vitapoplar,
which is well-known for its ability to regeneratg toot suckering and
re-sprouting from auxiliary buds (Galvez & Tyre®08, Lu, Equiza, Dengt al,
2010). Nevertheless, it is questionable if suclsoamg is relevant to the
relatively young saplings measured in this curstutly.

The increased vulnerability of the distal segmeotdd be potentially
linked with their juvenility. In distal segmentgjmpary xylem represented a
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substantial proportion of the bulk xylem. Primagyem has been shown to be
more vulnerable than secondary xylem in one-yedbohnches of sugar maple
(Choatet al, 2005). However, we found little evidence for &sed vulnerability
of primary xylem in hybrid poplar in the currentidy. When native and

artificially induced embolism was visualized by fosing distal stem segments
with safranin dye, more embolised vessels werectiden secondary xylem

while the clusters of primary xylem vessels werge#y functional (Fig. 2-8).
Thus, the increased proportion of primary xylendlistal segments cannot explain
their increased vulnerability.

The distal segments of F plants appeared partigutamerable as
indicated by their r-shaped vulnerability curveg(R2-6c¢). r-shaped vulnerability
curves have been sometimes regarded as measurantiiacts (Choat, Drayton,
Broderseret al, 2010, Cochard, Herbette, Barigathal, 2010). However, it now
becomes obvious that such curves are valid andibgtare associated with the
presence of extremely vulnerable vessels that ar#hat near-atmospheric
pressures (Christman, Sperry & Smith, 2012, JacoBderatt, 2012, Sperry,
Christman, Torres-Ruiet al, 2012). r-shaped curves have been typically
measured in large-vesseled plants such as oakgrapevine (Jacobsen & Pratt,
2012, Taneda & Sperry, 2008); however, similar earliave been observed in
poplar under distinct conditions of cavitation date (Hacke, Stiller, Sperst al,
2001b) and xylem senescence (Sperry, Perry & Sulit991). In the current
study, native PLC measured in distal segmentspméfts plotted against the
values of native xylem pressure corresponded widl tie vulnerability curves
(Fig. 2-6c¢), providing support that these curves\alid. According to the air-
seeding hypothesis, the population of particuladinerable vessels is
characterized by extremely leaky pits. Thus, tlhen@mbranes in distal segments
of F plants might have been inherently more pomusore susceptible to pore
enlargement during pit membrane deflection. Alteuady, it is possible that the
low mechanical reinforcement of vessels, as evieéy low wood density,
resulted in an irreversible damage to some of theapmbranes rendering them
extremely permeable for air.

In fact, the correlation between wood density) @nd P50 was
remarkably strong across all basal and distal saggmeeasured in this study
(Fig. 2-7a). Hence, it can be argued that the goitibathat pit membranes will be
leaky to air is proportional to the mechanical feioement of xylem cells. This
finding agrees with previous studies that idendifeetrade-off between
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vulnerability and xylem construction cost at theemspecific level (Hacket al,
2001a, Jacobsen, Ewers, PHital, 2005, Pratt, Jacobsen, Ewetsal, 2007).
Results from intraspecific comparisons are lesglesive regarding this trade-
off. No relationship between,cand P50 was found in a recent study comparing
eight different genotypes &fopulus deltoides Populus nigragrown under two
levels of irrigation (Fichoet al, 2010). However, a significant correlation
between P50 and another parameter related to xyleahanical strength, the
double vessel wall thickness, was found in the sstody. Similarly, Awad et al.
(2010) found that increased vulnerability scalethwliecreasing cell wall
thickness and vessel thickness-to-span ratio imtplaf a singld’opulus tremula

x Populus albaclone grown under three contrasting water regiméde no
significant correlation was found between P50 apdrdthe current study,
saplings were maintained in a controlled environiwath their stems secured to
supporting stakes. In plants supported by stakesdwiensity may strongly
reflect demands arising from cohesion-driven watersport while the
mechanical function of xylem is likely to be leagportant than in plants growing
in a natural environment. This might have controlto the tight correlation
observed between P50 anglid this study.

The mean values &s and P50 across all basal segments were
6.7 kg m' s* MPa'and -1.3 MPa, respectively, which ranks hybrid popimong
diffuse-porous species that are relatively transefficient in water transport but
vulnerable to cavitation. Thus, these data supperhotion that xylem cannot be
superior in both cavitation resistance and trartsgificiency (Hackeet al, 2006,
Lens, Sperry, Christmaet al, 2011, Maheralet al, 2004). However, within our
dataset, there was no significant correlation betw50 ands in either basal or
distal stem segments (Fig. 2-7b). A correlatiomieein  and P50, which can
also be regarded as an indicator of a safety vefflagency trade-off, was
significant only in distal segments, and this trevas mainly driven by two
extreme data points (Fig. 2-7c). Thus, these figslindicate that increased
resistance to cavitation is not necessarily astetiaith reduced transport
efficiency. This is good news for tree breedersabee it suggests that there is
some limited room for simultaneous improvementaththydraulic efficiency
and drought resistance. In the current datasebdbkal segments were closer to
this optimum than the distal ones (Fig. 2-7). legtingly, basal segments under
treatments in which either water or light resounvese severely limited (i.e., DR
and SH plants) appeared less hydraulically optichzampared with the basal
segments of F and all three control plant groups.
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2.5CONCLUSIONS

Hybrid poplar used in this study inherited a gembtueprint from the
riparian cottonwood®opulus trichocarpandPopulusdeltoides which defines
the general characteristics of its anatomy, momuipobnd physiology. This study
has specifically focused on the anatomy and hydréuhction of xylem. Our
data show that the xylem of hybrid poplar is e#fidi and highly vulnerable to
drought-induced cavitation, as expected givenareptage. While these general
properties of xylem cannot be radically changed,data demonstrate that the
xylem structure and function is, to a certain eiteariable. Differences in xylem
cross-sectional area, mean vessel diameter, watgitgexylem-specific
hydraulic conductivity, and vulnerability to cauitan were detected not only in
response to experimental treatments (drought,getrdertilization and shade),
but also in stem segments sampled from differeritocad positions along a plant’s
main axis (basal and distal segments). Such devadofal and phenotypic
plasticity in xylem traits can be potentially useccope with different and
changing environmental conditions. However, itifi@ult to predict what xylem
phenotypes would be produced under field conditions

Our results also provide insights into xylem stauetfunction trade-offs
and can help to elucidate mechanistic underpinnbhg®@me of these patterns.
The close correlation between wood density andd®s@rved in this study is
intriguing and suggests that there might have laeteae functional link between
these two traits in this study. It is likely thatager cell walls helped to stabilize
the pit fields thereby protecting pit membranesrfnmechanically induced
damage. More research is necessary to show i§itiigtion is unique to this
highly vulnerable hybrid poplar clone grown witlests structurally supported by
stakes or if it can be extrapolated to a broad@yasf species and growing
conditions. In contrast, we did not find a cortiela between P50 arisacross
our dataset, indicating that the safety versusiefiicy trade-off is not, within
certain bounds, inevitable.
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2.6 TABLES

Table 2-1: An overview of the experimental design. Saplingbylfrid poplar Populus trichocarpa< deltoides clone H11-11) were
grown under three experimental treatments — drouminbgen fertilization and shading. Three indegent, temporally separated
experiments were conducted. For each experimantiplvere randomly assigned to an experimentahtesd, while a second group
of plants was maintained as control. Thus, threes pé treated versus control plants were generd®4- plants subjected to drought
treatment, DRC—control well-watered plants; F -ndaeceiving high levels of N fertilization, FQcentrol plants receiving low
levels of N fertilization; SH — plants grown undew light conditions, SHC — control plants growingder sufficient irradiance).
Treatments were imposed after the initial periodayiling establishment during which plants werevgrander the same reference
conditions. The duration of experimentgdti.e., the number of days from the date when kbotgtings were planted to the date of
sapling harvesting), the duration of treatmentsy(te., the number of days from the onset of treatrteesapling harvesting) and a
brief description of the treatment conditions f@ated (DR, F, SH) and control (DRC, FC, SHC) @are indicated.

experiment dp(days) fea(days) treatment treatment conditions

DR 175 -700 ml water per week
Drought 81 37 DRC 1750 - 3500 ml water per week
L F 7.5 mM NHNOgsin 0.5x Hocking solution
Fertlization 101 33 FC 0.75 mM NHNOsin 0.5x Hocking solution
2 1
Shade 96 40 SH 70 pmol rif s 1PhAR
SHC 350 pmol i s* PhAR
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Table 2-2: Group means + SE and t-test probabilRy yalues for growth-related parameters of hybriglaposaplings grown under
drought (DR), nitrogen fertilization (F), shade (Shd control conditions (DRC, FC, SHC).

Drought Fertilization Shade
DR DRC P value F FC P value SH SHC P value
height (cm) 77.1+0.7 116.6 £1.1 <0.001 171.322 160.0+2.3 0.003 118.0+2.2 109.3+£1.3 0.007
Dsgten (MmM) 6.3+0.1 8.3%0.1 <0.001 95+0.1 8.920. 0.016 6.8+£0.1 8.1+0.1 <0.001
total A_ (m?) 0.27 £0.01 0.60 +0.01 <0.001 0.99 + 0.03 0.6803 <0.001 0.47 +£0.02 0.49+0.01 ns
DW,_ (9) 12417 30.1+2.0 <0.001 42.8+6.1 28462 <0.001 11.7+15 26.3+x1.0 <0.001
LWA (kg m?  0.046 +0.001 0.050+0.001 0.029 0.043 + 0.001046+ 0.002 ns 0.025 £ 0.000 0.054 + 0.001<0.001

Abbreviations:height — sapling final height measured from th&t+aollar, Diem— Stem basal diameter measured at 10 cm above the

root collar, total A — plant total leaf area, DW- plant total leaf dry weight, LWA — leaf weiglut leaf area ratio, ns — non-significant
result £>0.05)
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Table 2-3 Analysis of variance (ANOVA) results. Variatiom xylem structural and hydraulic parameters in easp to treatment
(treat) and stem segment position (pos) was eveduat

Drought Fertilization Shade
treat pos treat X pos treat pos treat X pos treatos p treat X pos
Ax (mn) <0.001 <0.001 <0.001 <0.001 <0.001 ns 0.012 <0.001 <0.001
Dy (um) <0.001 <0.001 <0.001 <0.001 <0.001 ns ns <0.001 0.023
dw (g cni®) ns <0.001 <0.001 <0.001 <0.001 0.039 <0.001 <0.001 <0.001
Ks (kg m's*MPa-1) <0.001 <0.001 0.002 ns ns 0.006 ns <0.001 <0.001
P50 (MPa) 0.011 ns <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 ns

Abbreviations:Ax — xylem cross-sectional area, P mean vessel diametet, € wood densityKs — xylem-specific hydraulic
conductivity, P50 — the pressure at 50% loss ofdwyltc conductivity
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2.7FIGURES
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Figure 2-1: Relationship between supported leaf areg ghd a stem’s capacity
to transport water measured as (a) xylem crossesatiarea (4) and (b) native
hydraulic conductivity Knative in hybrid poplar saplings grown under drought
(DR), nitrogen fertilization (F), shade (SH) andtrol conditions (DRC, FC,
SHC).
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Figure 2-2: Variation in xylem structure: (a-c) xylem crosstsenal area (A),
(d-f) mean vessel diameter and (g-i) wood dendityasal (capital letters) and
distal (lower case letters) stem segments in hyfwjglar saplings grown under
drought (DR, dr), nitrogen fertilization (F, f),athe (SH, sh) and control
conditions (DRC, drc; FC, fc; SHC, shc). In each ptot, the median (50th
percentile) is represented with a heavy line ingitiihe central box. The
horizontal borders of the box represent the 25th#sth percentiles. Whiskers
indicate the 10th and 90th percentiles with oulgnown as circles. Non-
significant (ns) results for a specified comparisbmeans are indicated=5-8.
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Figure 2-3: Representative cross-sections of (a) basal andigtgl stem

segments from one of the control plants (FC). &nlibsal segment (a), secondary
xylem (X) represents the majority of stem crosdieaal area, while the area of
pith (p) is relatively small. In contrast, a laggentagonal pith is surrounded by a
relatively narrow layer of secondary xylem in thstal segment (b). Signs of
juvenility are apparent in the distal segment. @rssof primary xylem and
secondary xylem formed early after the transitmsdcondary growth are
apparent in the distal segment cross-section (&r@ads). Scale bars =1 mm
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Figure 2-4: Variation in xylem hydraulic function: (a-c) xylespecific hydraulic
conductivity Ks) and (d-f) the pressure at 50% loss of condugti®50) of basal
(capital letters) and distal (lower case lettetejrssegments in hybrid poplar
saplings grown under drought (DR, dr), nitrogenilieation (F, f), shade (SH,
sh), and control conditions (DRC, drc; FC, fc; SKB@c). In each box plot, the
median (50th percentile) is represented with a éiae inside of the central box.
The horizontal borders of the box represent tha 2Bt 75th percentiles.
Whiskers indicate the 10th and 90th percentileb wiitliers shown as circles.
Non-significant (ns) results for a specified congam of means are indicated.
n=5-8.
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Figure 2-6: Vulnerability curves (circles) and native valuépercent loss of
conductivity (PLC) plotted against the native xylpnessure (squares) for basal
(filled symbols) and distal (open symbols) sternseugts in saplings grown under
(a) drought (DR) and (b) well-watered condition®(@), and under (c) high N

(F) and (d) low N (FC) fertilization. Note the poaindly different shape of the
vulnerability curves in distal segments (open eisg] ranging from (a) sigmoidal
through (b,d) linear to (c) r-shaped.
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Figure 2-7: Relationship between P50 and (a) wood densityx\l®m-specific
hydraulic conductivityKs) and (c) mean vessel diameter for basal (filledes,
capital letters) and distal (open circles, lowesecketters) stem segments in hybrid
poplar saplings grown under drought (DR, dr), mjgo fertilization (F, f), shade
(SH, sh) and control conditions (DRC, drc; FC,S¢&|C, shc). Means + SE. Solid
and dashed lines represent significant linear taroms for basal and distal
segments, respectively.
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Figure 2-8: Cross-section of a distal stem segment perfusddsaifranin dye to
visualize functional and embolised xylem conduksiumber of non-stained,
presumably embolised, vessels (arrows) occursarséicondary xylem region
(2X), while primary xylem (1X) vessels appear mgstinctional. Scale bar = 100

pum.
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3. Gene expression patterns underlying changes in xyte
structure and function in response to increased nibgen
availability in hybrid poplar *

3.1INTRODUCTION

Wood (i.e., secondary xylem produced by cambialég) of poplars
represents an important raw material of great ecnnwalue (Balatinecz,
Kretschmann & Leclercq, 2001). In the last few dkxs the importance of
poplars further increased as their biomass provade@®mising bioenergy
feedstock that could help to reduce our dependendgssil fuels (Sannigrahi,
Ragauskas & Tuskan, 2010). From a biological petsge wood serves three
main functions that are fundamental for plant gfowthese functions are 1) long
distance transport of water and nutrients fromgaottranspiring leaves, 2)
providing mechanical support to the plant body, @8nhdtorage of carbohydrates,
water and various other specialized compounds typiaal hardwood such as
poplar, these three functions are divided amonggthlifferent cell types — vessel
elements, fibers and living parenchyma, respegtivel

Vessel elements and fibers represent 85-90% (Mpkd¥anature wood in
poplar (Mellerowicz, Baucher, Sundbezgal, 2001). Hydraulic and mechanical
properties of wood are closely associated withptingsical structure of these
cells. For instance, xylem hydraulic conductivéyproportional to the vessel
diameter to the fourth power as predicted by thgddaPoiseuille equation (Tyree
& Zimmermann, 2002), and mechanical parameters aschodulus of rupture
have been linked with wood density and fiber lurdeameters (Onoda, Richards
& Westoby, 2010, Pratt, Jacobsen, Ewaral, 2007, Woodrum, Ewers &
Telewski, 2003). Moreover, hydraulic and mechanigattions appear to be
closely integrated as strong mechanical suppoéqgsired to prevent implosion
of xylem conduits under high xylem tension (Hacgperry, Pockmaet al,

2001, Jacobsen, Ewers, Prttal, 2005, Pittermann, Sperry, Wheedtral,

2006). Furthermore, wood density and fiber lengtiether with the chemical
composition of wood are critical factors that detere its material properties and
hence its suitability for a specific end use inwWeod processing industry.

2 A version of this chapter has been accepted for publication. Plavcova L, Hacke UG,
Almeida-Rodriguez AM, Li Eryang & Douglas CJ 2012. Plant, Cell & Environment.
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Wood structure is established during xylogeness @sult of cambial
activity. Wood is formed through a series of preljisegulated developmental
steps that include cell division, cell expansi@tandary cell wall deposition and
programmed cell death (Samuels, Kaneda & RensDbi@f)2 Many genes
influencing xylem differentiation in poplar havedrerecently identified,
including several key regulatory and structuralege(e.g., Aspeborg, Schrader,
Coutinhoet al, 2005, Groover, Nieminen, Helariugal, 2010, Zhong,
McCarthy, Leeet al, 2011). The process of xylogenesis and the regLitylem
phenotype are strongly affected by environmentatldmns such as water
(Arend & Fromm, 2007), nutrient (Hacke, PlavcovénAida-Rodriguezt al,
2010, Lautner, Ehlting, Windeiset al, 2007) and light availability (Plavcova,
Hacke & Sperry, 2011). The developmental progravingirise to specific
physiological and anatomical xylem phenotypes ewpinned by changes in
gene expression as demonstrated by recent stuekesling transcriptional
changes in developing xylem of poplars subjectedtdoight (Berta, Giovannelli,
Sebastianet al, 2010) and high salinity (Janz, Lautner, Wildhageal, 2012).
However, more research is needed to better undergt@ molecular mechanisms
underlying xylem phenotypic plasticity as it isdli that expression of different
genes is altered by different environmental trigger

In this study, we used nitrogen (N) fertilizatiangerturb the xylem
phenotype of hybrid poplaPopulus trichocarpa¢ deltoides clone H11-11)
saplings and investigated corresponding changgene expression. Nitrogen
fertilization has a profound effect on poplar grovand development including
xylogenesis (Hacket al, 2010, Harvey & van den Driessche, 1999, Pitregk€o
& Mackay, 2007a, Pitre, Pollet, Lafarguegteal, 2007b). The influence of
nitrogen supply on the expression of selected geasdeen evaluated in poplar
leaves, roots, phloem and bulk xylem (Cooke, Brown,et al, 2003, Cooke,
Martin & Davis, 2005, Ehlting, Dluzniewska, Diethiet al, 2007, Hackeet al,
2010). To our knowledge, there is only one genondewstudy focused on the
expression of nitrogen availability-related gemethie cambial region of poplar
(Pitre, Lafarguette, Boylet al, 2010), and this study was specifically desigred t
compare the effects of nitrogen fertilization atehs leaning on wood formation.
In contrast, our study was designed to explore ghsim gene expression that
may underlie traits related to xylem water transpOur goal was to identify
candidate genes that may be linked with increagé@lrgrowth, wide vessel
diameters and decreased wood density that we egperbe differentially
expressed in poplars growing under high N availkgbil
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3.2METHODS
3.2.1 Plant material

Saplings of hybrid poplaiPopulus trichocarpa deltoides clone H11-
11) were produced from rooted cuttings and maiethin a growth chamber
under the following conditions: 16/8 hour day/nightle, 24/18 °C day/night
temperature, ca. 75% daytime relative humidity,tphdlux density of ca.
400 pmol nf s*. During the initial phase of sapling establishmetents were
kept in 6 L pots filled with a commercial pottingxr{Sunshine Mix LA4, Sun
Gro Horticulture Canada Ltd., Vancouver, BC, Canadal fertilized once a
week with 500 ml of N-P-K: 20-20-20 fertilizer (1Lgdilution) (Plant Product
Brampton, Ontario, Canada). After 6 weeks, whersdings were ca. 70 cm in
height, plants were randomly assigned to eitherdowigh nitrogen (N)
treatment. The fertilizer was applied every othay ds either 0.75 mM or
7.5 mM NHNOs in 0.5 x Hocking’s complete nutrient solution (Howd, 1971)
for low and high N plants, respectively. To avordught stress, plants were
irrigated with tap water on the days when the lieetr was not applied. The
fertilization treatment was applied for 33 day®afvhichplants were harvested.
Final height and stem basal diametegB of each sapling were assessed with a
measuring tape and calipers, respectively. Leaf @& was measured with an
area meter (LI-3100, Li-Cor, Lincoln, NE, USA). eBt segments ca. 25 cm in
length were excised 5 cm above the root collaGgaan a dark plastic bag with a
wet paper towel and stored at 4 °C until hydramigasurements were conducted.
The same stem segments were later used for anaiome@surementsor RNA
extraction, developing xylem tissue was collectetnf50 cm long stem segments
distally adjacent to the segments used for hydrauid anatomical
measurements. In both treatments, the secondasyyias well developed and
no obvious differences in stem maturation were ggan this region of the
stem. To collect the tissue, the bark was peelaa the stem and discarded.
Subsequently, the exposed secondary xylem tissaes@vaped using a fresh razor
blade until resistance could be felt and the cofdhe scraping changed,
indicating that fully mature xylem cells were readhThe tissue was immediately
frozen in liquid nitrogen and stored at -80 °C. €ak preliminary observations
using a light microscope revealed that the barlassgps from the stem in the
cambial region. Thus, the tissue scraped from thiermost layer of the exposed
xylem contained newly formed expanding xylem cafid cells that underwent
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secondary wall thickening. Although this samplingthod did not allow
sampling specific developmental stages, it has leéely used to analyze
transcript and protein levels in developing secondglem (Bertaet al, 2010,
Gray-Mitsumune, Mellerowicz, Abet al, 2004, Song, Xi, Sheet al, 2011).

3.2.2 Xylem anatomy

Xylem anatomy was analyzed using light microscapgescribed
previously (Plavcovét al, 2011). Five or six individual stems were meastoed
each treatment. Exposed cross-sectional surfasenfs was captured with a
digital camera attached to a stereomicroscope (M&86a Microsystems,
Wetzlar, Germany) at 10-16 x magnification. Xylernss-sectional area {}\
excluding pith and bark, was measured with an inzaggysis software
(ImagePro Plus version 6.1, Media Cybernetics,e8ipring, MD, USA). Vessel
lumen diameters were measured in two radial seotostem cross-sections
prepared with a sliding microtome and stained wothidine blue. Between 300-
400 vessels observed at 200 x magnification werasored from each stem.
Since fibers are much narrower than vessels, emslvedded samples and 400 x
magnification were used to produce reliable measargs of fiber lumen
diameters. 200-300 fibers from at least 3 differamdomly selected areas were
measured for each stem. In addition, measureméfiteeo double wall thickness
were conducted on at least 80 fiber pairs. OnlgrBlihat did not have a
conspicuous gelatinous layer were selected for unreagents of lumen diameters
and double wall thickness. Vessel element and fdregth measurements were
conducted on macerated xylem tissue. At least A8®@idual cells were
photographed under 100 x magnification and meadoresach stem. Vessel
length was assessed using the silicone injectidhadg Sperry, Hacke &
Wheeler, 2005). Finally, wood density was measimethe water displacement
method. Debarked stem segments ca. 2 cm in length ngitudinally split with
a razor blade and the pith was removed. Samples sudrmersed in a beaker of
water on a balance to measure the wood fresh volBaraples were then oven-
dried at 70 °C for 48 hours and weighed. Wood dgngas expressed as a dry
weight per fresh volume. For statistical analyarsjndependent two sample t-test
was used to compare the differences in means betimedreatments. Prior to the
analysis, normality and homogeneity of variancesevggaphically checked.
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3.2.3 Hydraulic measurements

Stem hydraulic conductivity and vulnerability tovgation were measured
following the standard methodology described iradiéh Hacke et al. (2010).
Stem segments 14.2 cm in length were flushed éthdsird measuring solution
(20 mM KCI +1 mM Cadffiltered at 0.2 um) for 20 min at 50 kPa.
Subsequently, the gravity-driven flow through tlegreents was recorded using
an electronic balance (CP225, Sartorius, GoéttinGammany) interfaced with a
computer. The value of maximal conductivity wasmalized by xylem cross-
sectional area (A to calculate the xylem-specific hydraulic conadvuity (Ks).
After measuring maximal conductivity, stem segmevese fixed into a custom-
built centrifuge rotor and spun to progressivelyrenoegative pressures with the
incremental steps of 0.25 or 0.5 MPa. Hydraulicduanivity was measured after
each pressure increment. The percentage loss dddiiclconductivity was
plotted against the corresponding xylem pressugen®rate vulnerability curves.
Data points were fitted with a Weibull function atfeé xylem pressure
corresponding to 50% loss of conductivitgdf)Rvas calculated for each segment.

3.2.4 Microarray analysis

Total RNA was extracted from six individual pop$aplings per treatment
using the hexadecyltrimethylammonium bromide (CTA&R)raction protocol of
Chang et al. (1993). Total RNA quality for eachiwdual sample was assessed
with an Agilent 2100 bioanalyzer prior to microari@nalysis. Samples with a
RNA integrity number (RIN) value of greater thanegual to 8.0 were deemed to
be acceptable for microarray analysis. Samples preared following
NimbleGen's Arrays User Guide (Gene Expression ysimalersion 3.2). 10 ug
of each total RNA was converted to double strar{dsyicDNA with the
Invitrogen SuperScript Double-Stranded cDNA Synih&st, 1 pug of each ds
cDNA was fluorescently labeled using the Nimble@are-Color DNA Labeling
Kit, and 4 pg of each Cy3-labeled sample was hyagttion Roche NimbleGen
poplar gene expression microarrays (Design NamelBs135K EXP HX12
090828). These arrays target 55,794 gene modealscfeéd in thePopulus
trichocarpagenome with each gene model represented by 3 &G@uner probes.
Arrays were scanned at gub resolution with a Molecular Devices GenePix
4200AL scanner. NimbleScan version 2.5 was usedudantitation and robust
multichip average (RMA) normalization of data whialcluded quantile
normalization and background subtraction. AgileG&neSpring 7.3.1 was used
to analyze the normalized data. To find signifitadifferentially regulated
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genes, fold changes between the compared group aades gained from
t-tests between the same groups were calculatexP Vhlues were further
corrected for multiple testing (MTC) using the had of Benjamini and
Hochberg (1995). The t-tests were performed on abred data that had been
log-transformed and the variances were not assumled equal between sample
groups. The genes with MTEvalue <0.05 and fold change £1.5 were
considered to be significantly differentially regtédd. The robustness of the
selected cut-off criteria was validated with queative real time-PCR (QRT-PCR)
analysis. The gene model names and annotatiorsesllmn the Phytozome v2.2
version of thePopulusgenome ffp://ftp.jqi-
psf.org/pub/JGI_data/phytozome/v7.0/Ptrichocarpadtation).

3.2.5 Microarray qRT-PCR validation

One microgram of total RNA was treated with DNagkvitrogen,
Burlington, ON, Canada) and used for first straDiNA& synthesis using
oligo(dT)23VN (IDT, Coralville, IA, USA) and Supec8pt Il reverse
transcriptase (Invitrogen) according to the mantwiige’s protocols. Four
potential reference genes were identified by séngetme microarray data for
cDNAs whose signals remained apparently unchanfoédidifference ratios
between 0.97 and 1.05). Eight candidate genes alsoeselected in the
microarray and included in the validation assay&specific gRT-PCR primers
were designed mainly in the 3’ untranslated (UT&Jion using Primer Express
v3 (Applied Biosystems, Foster City, CA, USA) (Tald-1). For each gene, PCR
efficiency (E) was determined from a four point c®Nerial dilution, according
to: E = 10 [-1/slope]. The stability of the gengoeession profile of the four
potential reference genes was evaluated in thadedical replicates for each of
the two fertilization treatments. The two most &aleference genes were
selected for the gRT-PCR ass&ydtein phosphatase 2fRP2A),
POPTR_0010s1376@ndYellow-leaf-specific gene(§LS§,
POPTR_0007s07660Real-Time PCR was performed on a 7900 HT Faat-Re
Time PCR system (Applied Biosystems). Assays warded out in 384-well
plates. Three biological replicates, each withehechnical replicates, were
assayed for high N and low N nitrogen treatmentaegative control (no cDNA
template) was included for every gene. PCR wasethaut in a final volume of
10l including a final concentration of 20 ng of cDN&4uM of each primer
(IDT), 1 x master mix containing 0.2 mM dNTPs, Q®latinum Taq polymerase
(Invitrogen), 0.25 x SYBR Green and 0.1 x ROX. P&Rditions were as
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previously described (Almeida-Rodriguez, Cooke, ¥ehl, 2010). Samples
were subjected to auto Ct (cycle threshold) folyamis, and dissociation curves
were verified for each of the genes. Changes i gapression of nine target
genes (includiny LS§ were calculated according to Pfaffl (2001), rekato the
reference genBP2A

3.3RESULTS AND DISCUSSION

3.3.1 Nitrogen availability affects xylem structure and tunction in hybrid
poplar

We exposed clonally propagated hybrid poplar rarffpulus
trichocarpax deltoides clone H11-11) to either low or high levels of aomum
nitrate. As expected, nitrogen fertilization enheshgrowth of poplar saplings in
both height and girth (Table 3-2). High N avail#ilnfluenced not only the
amount but also the structure of the secondaryxyleoduced. Substantial
differences in xylem cell dimensions and wall rencEment were identified when
low versus high N plants were compared (Table Big, 3-1). More specifically,
vessel and fiber lumens were significantly widdg(B-2) and the average vessel
element length was higher in high N plants (TabR).3n contrast, the mean
vessel length was not significantly different (T@B}3), although a slight
tendency towards longer vessels was identifiedgh N plants (Fig. 3-3).
Similarly, the average fiber length did not sigeceintly differ between the
treatments (Table 3-3); however, a decrease ipribygortion of fibers longer than
700um was apparent in high N plants (Fig. 3-3). Lowieer length in high N-
treated plantbas been previously reported as one of the hallnafrkitrogen
fertilization in this hybrid poplar genotype (Piteal, 2007a, Pitreet al, 2010).
These studies have also reported the increasedrenca of fibers with thick
secondary cell walls resembling a gelatinous laygical for the reaction wood in
high N-treated plants of this genotype. While wécea the gelatinous fibers in
our plant material as well, we found such layerplants treated with both high N
and low N. Furthermore, the gelatinous fibers wetmd only in certain regions
of cross-sections usually forming a distinct bar@bad the stem. In regions
where fibers lacked the gelatinous layer, the rgsgcondary cell wall was
thinner in high N in comparison with low N plantsd. 3-1, Table 3-3). In
agreement with these results, lower secondarya@llthickness has been
reported in three poplar species subjected togetndertilization (Luo,
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Langenfeld-Heyser, Calfapietet al, 2005). Thus, while nitrogen fertilization
may stimulate gelatinous layer production (Pdtel, 2007a, Pitreet al, 2010),

it also negatively affects the deposition of thgular secondary cell wall.
Increased vessel and fiber lumen diameters and loatk reinforcement in fibers
translated into lower wood density in high N plafitable 3-3).

The changes in xylem structure were paralleledifigrdnces in hydraulic
properties, which have important implications ftarj water use. High N plants
with larger vessel diameters transported water rafirgiently, as measured by
average xylem-specific conductivity (Fig. 3-4ajrtiow N plants with narrower
vessel diameters. More efficient water transpocbiselated with the necessity to
sustain the larger areas of transpiring leavesgh N treated plants (Table 3-2).
However, high N plants were more vulnerable to tediin than low N plants, as
shown by the less negativggRalues in high N plants (Fig. 3-4b). Thus, althoug
more efficient, water transport in high N plantsswaore prone to dysfunction
under drought conditions. This finding is in agrestwith previous work (Hacke
et al, 2010, Harvey & van den Driessche, 1999).

3.3.2 Nitrogen availability evokes transcriptional change in developing
xylem

To investigate the molecular basis for the develepia changes leading
to the xylem phenotypes described above, we caouédene expression
profiling of developing xylem isolated from highadwhd low N treated plants.
RNA was isolated from developing secondary xylexposed by peeling bark
from stem segments adjacent to segments used doallic and anatomical
measurements, and hybridized to NimbleGen poplag&nome microarrays. Six
biological replicates per treatment were analyEeghression of 49,476 gene
models was detected; of those 388 non-redundamisggrowed statistically
significant <0.05) 1.5-fold or greater changes in transcriptnalamce between
the treatments. Out of these genes, 243 were wpi4h down-regulated. We
used quantitative gRT-PCR to independently asspyession of nine selected
genes, which confirmed the reliability of the miaray analysis (Fig. 3-5).

Microarray results suggest that extensive remodedirthe poplar
transcriptome accompanies changes in xylem devedopand secondary cell
wall deposition associated with increased nitrogealability. The potential
functional roles played by differentially regulatgenes in xylem development
were further analyzed based on the annotationseodiifferentially regulated
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poplar genes or their presum&rhbidopsisorthologs. Genes of particular interest
that might be associated with various aspectsenh gfrowth and development
including xylem and secondary wall developmentpesented in Table 3-4 and
discussed below.

Nitrogen metabolism: Several poplar genes with a putative function as
amino acid transporters were differentially regedbin this study. Amino acids
and amides represent the principal long-distararesport form of organic
nitrogen. They are abundant in phloem and xylemo$ayoody plants (Sauter &
Van Cleve, 1992, Weber, Stoermer, Gesstal, 1998), from which they can be
translocated radially into the cambial zone whiaeg/tare required for protein and
lignin biosynthesis. Among the differentially regtéd genes encoding amino
acid transporters were an uncharacterized aminbtessisporter, a homolog of
Arabidopsisamino acid exporte€6LUTAMINE DUMPER 3GDU3) and a
homolog ofBIDIRECTIONAL AMINO ACID TRANSPORTERBATY). The
importance ofDU3 andBAT1genes in vascular tissue physiology is reinforced
by the fact that they are highly expressed inArebidopsisvasculature (Dundar,
2009, Pratelli, Voll, Horset al, 2010). Two other amino acid transporter genes,
namely genes homologousAoabidopsis LYSINE HISTIDINE TRANSPORTER 1
(LHT1) andAMINO ACID PERMEASE RAP3, were down regulated in high N
plants. The specific role of the differentially tégted transporters cannot be
elucidated from this study; nonetheless, thesege@esent interesting
candidates for future research on xylogenesis @&mpen metabolism in poplar.
Increased expression during secondary xylem foonati poplar has been
already demonstrated for tEDU3 andAAP3homologgDharmawardhana,
Brunner & Strauss, 2010).

Furthermore, we found several genes involved imigacid metabolism
up-regulated in high N plants. Organic acids six&malate, citrate, and
oxoglutarate are required as carbon skeletonsmioam@acid synthesis. The genes
up-regulated in this study included two genes emgpgdlucose-6-phosphate
dehydrogenase of the pentose phosphate pathwageaadhl other enzymes
(phosphoenolpyruvate carboxylase, phosphoenolptgwaboxykinase, alanin
aminotransferase and NADP-malic enzyme) relatextdanic acid metabolism.
In agreement with our findings, an increased retgtpply has been previously
shown to induce genes involved in the synthes@@énic acids irabidopsis
(Scheible, GonzalezFontes, Laueseanl, 1997, Stitt, 1999). The observed
patterns in gene expression suggest that dueitweeased need for nitrogen
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assimilation and amino acid synthesis, relativebrercarbon is channeled
towards the synthesis of organic acids in high &htd relative to controls,
potentially leaving less carbon for polysacchabaesynthesis. Organic acid
metabolism hence represents an important intecsebgtween nitrogen and
carbon metabolism with possible implications fdf e&ll formation.

Carbohydrate metabolism: The microarray analysis revealed extensive
changes in the transcription of genes involvedairbchydrate metabolism.
Sucrose synthas@i-SUS2.2and plant neutral invertase genes were up-regilat
in high N plants. These enzymes break down suecnbsdructose and glucose
monomers (Koch, 2004) and are important in cagsotitioning into cellulose
biosynthesis during secondary wall develoment (@ale, Yan & Mansfield,
2009, Hauch & Magel, 1998). Furthermore, a gen@@ing hexokinaseRt-
HXK1.1), an enzyme required for activation of non-phospladed sugar
monomers, was up-regulated. Thus, these three eswzgould act together to
provide free phosphorylated sugar monomers fobibgynthesis of cellulose
and/or hemicellulose. Enhanced expression of engynwelved in sucrose
metabolism is expected in fast growing high N pgfitable 3-2), considering
that the developing xylem acts as a major carbak and carbohydrates for the
production of new cells are delivered from photdbkgtic source organs via the
phloem, mainly in the form of sucrose.

Simple sugars such as hexoses originating fronosearleavage represent
effective signaling molecules, and a pivotal rdiswgar-mediated signaling
during many developmental processes has been rigedgiiRolland, Baena-
Gonzalez & Sheen, 2006). Aside from its enzymattovdy, hexokinase acts as a
glucose sensor, evoking changes in a variety aflaggry networks including
several important hormone-related pathways (JaegnlZhowet al, 1997).
Similarly, trehalose has been implicated as a nsigglaling molecule, and links
between hexokinase and trehalose signaling pathleayes been established
(Smeekens, Ma, Hansat al, 2010). Three trehalose-phosphatase genes showed
increased expression in high N plants. Up-regutatibgenes involved in
trehalose metabolism in response to increasedenailability was previously
reported inArabidopsis(Scheible, Morcuende, Czechowskial, 2004, Wang,
Okamoto, Xinget al, 2003), and it has been suggested that trehatngd act as
a regulator of the pentose phosphate pathway (\Waalfj 2003). To our
knowledge, the role of sugar sensing and signalurghg xylogenesis has not yet
been investigated. Nevertheless, it might provigecenising avenue for future
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research considering the complex dynamics of su§atsrader & Sauter, 2002),
hormones (Tuominen, Puech, Fiekal, 1997) and transcription factors (Du &
Groover, 2010) and their interplay that occurshim tambial zone of trees.

The poplar genes potentially involved in metabolshaell wall
polysaccharides have been previously studied (Aspedi al, 2005); however,
the specific functions of many of them still remaiansive. Only a few genes
encoding polysaccharide synthases and glycos\dfeeases, enzymes
responsible for cell wall polysaccharide synthesese differentially expressed in
our dataset. Among them, two closely related cedlelsynthase-like D gendt{
ATCSLD5.1Pt-ATCSLD5.2both showed more than 2-fold up-regulation irhhig
N plants. These genes are likely involved in tresnthesis of xylan (Aspeborg
et al, 2005, Bernal, Jensen, Harhettal, 2007), which represents a
hemicellulosic polysaccharide that is abundantispnt in poplar wood.
Furthermore, two putative UDP-glucosyl transfergsees and a homolog to an
Arabidopsisgene encoding plant glycogenin-like starch initiatprotein 1
(PGSIP2) were down-regulated in high N plants. The proticoded by poplar
PGSIP1may have a priming function for cell wall polysaacdkles (Aspeboret
al., 2005). The fact that only a few polysaccharidesinthetic genes, and
especially no genes related to cellulose synthesige down-regulated in high N
plants is surprising, considering the thin cell vpddenotype of high N plants.
However, the faster radial growth in high N plafitable 3-2) could lead to
thinner cell walls even under constant biosynthatiivity. Alternatively, other
processes such as polysaccharide remodeling onatitens in lignin metabolism
can drive the lower cell wall thickness in high Brsus low N plants.

Up-regulation of a plethora of glycoside hydrolés#l) genes in high N
plants was one of the most apparent patterns ey@akhis study. Five 1,8-D-
glucan endohydrolases (GH17 family), taealactosidase, three endo-BD-
glucanase (GH9 family, cellulase)xylosidase-glucosidase and xyloglucan
endotransglucosylase/hydrolase all showed incretagescript abundance in high
N plants. High activity of GH enzymes is typicaf firowing and expanding
tissue (Cosgrove, 2005). The wide lumen diametevessels and fibers in high
N plants (Fig. 3-2) indicate that more intensivi eepansion took place in the
cambial region of high N treated plants. Thus,la of at least some of these
genes in primary cell wall loosening conferringreesed cell wall extensibility
can be implied. Three-L-arabinofuranosidases, two glycosyl hydrolases ai
putative function of end--mannanases and one endo{1-B-glucanase (GH9)
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showed lower expression levels in high N plamtk-arabinofuranosidases are
most likely involved in the modification of the tamhydrate moieties of
arabinogalactan proteins (AGPs) (Geisler-Lee, @ei§toutinhcet al, 2006,
Kotake, Tsuchiya, Aoharat al, 2006). AGPs in turn are involved in a number of
developmental processes and their importance dsgongndary cell wall
deposition has been reported in poplar (Dharmavesrat al, 2010) and pine
(Zhang, Brown, Whetteat al, 2003). In our dataset, two genes encoding
fasciclin-like AGPs (FLAs) were differentially exggsed, one up- and the other
down-regulated. SeverBLAshave been previously shown to be involved in
tension wood formation (Andersson-Gunneras, Mel&ep, Loveet al, 2006,
Lafarguette, Leple, Dejardiet al, 2004). Gelatinous layer formation is affected
by nitrogen fertilization (Pitret al, 2007a); hence, it is possible that the two
genes differentially expressed in this study avelved in this process.

Substantial changes in pectin composition occuindutylogenesis
(Guglielmino, Liberman, Jauneat al, 1997a, Hafren, Daniel & Westermark,
2000). We found two pectin methyl esteraB®E) genes up-regulated and one
rhamnogalacturonate lyase gene down-regulatedgimMiplants. PMEs catalyze
de-esterification of pectin molecules. In the cashbone of poplar, PME activity
has been localized predominantly in cell cornensgl&Imino, Liberman,
Catessoret al, 1997b) and a role of PMEs in xylem cell expansiod fiber
elongation has been demonstrated (Siedlecka, WiklBaronnest al, 2008).
Previous studies have shown that nitrogen fertibraresults in shorter length of
fibers in this hybrid poplar (Pitret al, 2007a, Pitreet al, 2010). Our results also
suggest changes in fiber intrusive growth (Fig).3TBus, it is possible that the
increased activity of PME resulting from up-regigdatof the twoPME genes
leads to calcium-mediated stiffening of the intdtdar matrix and inhibited the
intrusive growth of fiber tips. Alternatively, sonoéthe genes encoding GH and
PME enzymes may play a role in the secondary calldeposition or production
of gelatinous fibers as extensive remodeling ink@\carbohydrate hydrolysis
occurs during the secondary cell wall biosynthasisvell.

Lignin-related genes:Surprisingly, only a few genes with a predicted
function in secondary cell wall lignification wedéferentially regulated in this
study. Among the few were three laccds&{) genes that were down-regulated
in high N plants. These included two homolog®\cdbidopsisLAC17and a
closely related homolog @fAC2 LAC17 is known to be directly involved in
lignin monomer polymerization, arldc17 mutants have reduced lignin
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deposition (Berthet, Demont-Caulet, Poketal, 2011). Thus, a major
mechanism underlying reduced lignin depositionighiN treated plants (Pitret
al., 2007b) may be reduced polymerization activity.

Transcription factors: A number of transcription factors were
differentially expressed in high N versus low Nrgkindicating extensive
changes in regulation of gene transcription in oesp to fertilization. A gene
homologous t& ATERAL ORGAN BOUNDARY DOMAIN @&LBD38 showed
3.2-fold up-regulation in high N plants. ExpressadiitLBD38is strongly
induced by nitrate addition israbidopsisand an important regulatory role for
this and two other closely related gengd BD37, AtLBD39 in response to
nitrate availability has been reported (Rubin, g@hMatsudaet al, 2009). These
three LBD transcription factors act as repressbraany N-responsive genes
such as nuclear factor Y subunit A-MH-YA1Q (Rubinet al, 2009). In
agreement, we found two poplar genes homologod$Né&-YAlOstrongly down-
regulated in high N plants. At least some membéteeoLBD family of
transcription factors have been recently identiisdegulators of secondary
growth in poplar (Yordanov, Regan & Busov, 2010hdmolog ofAtLBD15that
was down-regulated in high N plants in this studyld fulfill such function as its
paralog has been recently characterized to beop#he transcriptional network
involved in secondary xylem patterning (Zhaetcal, 2011).

Furthermore, three genes encoding NAC domain trgotgm factors,
PtrNAC157, PtrNAC105, and PtrNAC150, and, a zimgdr transcription factor
PtrZF1were down-regulated in high N plants. Themgeg have been implicated
as intermediate regulators in a transcriptionalvoet governing secondary cell
wall biosynthesis in poplar (Zhoreg al, 2011). Thus, their lower transcript
abundance could be correlated with the signifigethiihner secondary cell walls
observed in fibers of high N plants. WorkAnabidopsisand poplar showed that
expression of many regulatory and structural geelesed to xylem
differentiation, including several genes differati{i expressed in this study, is
under the control of NAC domain transcription faatwaster regulators such as
SND1, NST1, VND6 and VND7 (Kubo, Udagawa, Nishikudial, 2005,
Yamaguchi, Mitsuda, Ohtaeit al, 2011) and their homologs in poplar (Ohtani,
Nishikubo, Xuet al, 2011, Zhonget al, 2011). These regulators are
characterized by the ability to ectopically actevaecondary cell wall
biosynthesis and deposition in vessels, fibers,ahdr secondarily thickened
cells (Ohtankt al, 2011, Yamaguchi, Goue, Igaraghial, 2010). Five genes
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encoding these master regulators, narWNSO1/PtrWwWND5A
PtVNSO3/PtrWND4APtVNSO04PtrWND4B PtVNS06/PtrWWND3BPtVNS10/
PtrWwWND2B(gene names according to Ohtabil, 2011, Zhonget al, 2011)
showed more then 1.5-fold down-regulation in higplahts, but did not meet our
criteria for significanceR < 0.05). Nevertheless, it is reasonable to expextt th
even such potentially subtle changes in their esgpo@ are biologically
significant, considering the central position aégh transcription factors in the
regulatory cascade controlling secondary cell walsynthesis. Also down-
regulated in high N plants was the poplar homolbgrabidopsisWRKY21a
gene of undefined function that is regulatedAbgbidopsisVND7 in transgenic
poplar (Ohtanet al, 2011). A homolog of thArabidopsisKNOTTED-likegene
KNAT3was also down-regulated in high N plants. Whike filmction ofKNAT3
is unknown, this poplar gene is up-regulated ipoese to osmotic stress
treatments (Bae, Lee, Letal, 2010), suggesting that it could play a role in
adjustment of xylem to water stress.

Cell division, expansion, and deathThe processes of cell division, cell
expansion, and programmed cell death and theirrdigsaare important during
xylem development. The increased radial stem grafitiigh N plants suggests
that increased cell proliferation may have occuiretthe cambial region, leading
to more cambial derivatives. Transcription of salgenes encoding important
cell cycle regulators was elevated in high N plamtgo cyclin CYQ genes were
strongly up-regulated. In addition, two m@&@& Cand two cyclin-dependent
kinase CDK) genes showed more than a 2-fold higher transaliphdance in
high relative to low N plants, although this difece was not significant
according to our criteriaP~0.075). At least some popl@y CandCDK genes
have been previously shown to have specific expmessaxima on the xylem
side of the cambium; and hence, have been linkédxylem cell proliferation
(Schrader, Nilsson, Mellerowic al, 2004).

Another gene strongly up-regulated in high N plams an apyraséf-
APY1.3. Apyrases displaying nucleoside triphosphate asphohydrolitic
activity are involved in cell growth regulation aack highly expressed in rapidly
growing tissues and/or tissues that accumulatenaabdnigh levels (Clark &
Roux, 2011). Interestingly, we also found threegge®ncoding acid phosphatases
strongly up-regulated in high N plants. While agltbsphates are involved in a
variety of physiological functions, they are alsgolved in xylem development.
Their specific functions during xylem differentiai are not clear, but putative
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roles in secretion and resorption of sugars, seaynekll wall deposition
(Charvat & Esau, 1975), and/or degradation of tallcontent (Gahan, 1978)
have been proposed.

Water uptake is essential to drive cell expansitmee genes encoding
aquaporins of the tonoplast intrinsic protein (T¢RYss were up-regulated in high
N plants,PtTIP1;3 PtTIP1;4andPtTIP2;1 In contrast, three other aquaporin
genes were down-regulated, a plasma membranesistproteinPtPIP1;4, a
small basic intrinsic proteiRtSIP1;2and a nodulin-like intrinsic protein
PtNIP3;3(gene names according to Gupta & Sankararamaknsi2099).
Expression oPtTIP2;1andPtSIP1;2in response to high N availability was
previously studied in the bulk xylem of poplar see(Hlackeet al, 2010) and the
change in expression was in the same direction #eeipresent study. Expression
of several aquaporin genes has been shown to peh& radial expansion zone of
poplar cambium (Schradet al, 2004) and it has been speculated that aquaporins
may play a role in xylogenesis by facilitating ftav of water into the zone of
expanding cells (Grooveat al, 2010, Hackeet al, 2010). Following this
hypothesis, the up-regulation of the three TIP®oled in this study may be
linked with the wider vessels in high N plants. ManPs and PIPs have been
functionally characterized as water channels (AttadRodriguez, 2009,
Chaumont, Barrieu, Hermaet al, 1998, Sade, Vinocur, Dibet al, 2009,

Secchi, Maciver, Zeidadt al, 2009). In a recent study, an elevated hydraulic
conductance of root tips was associated with aedsed expression BtPIP1;4
suggesting that thetP1P1;4 may not be a water channel (Almeida-Rodriguez,
Hacke & Laur, 2011). Similarly, NIPs usually displaw water permeability but
are permeable to small solutes such as urea andrglyGomes, Agasse,
Thiébaudet al, 2009) and the transport specificity of SIPs igédy unknown.
Thus, it is reasonable to expect that the downieegd aquaporins may fulfill
roles other than water transport within the devielgpxylem region.

Programmed cell death (PCD) is a crucial procesmguxylogenesis, as
xylem vessels and fibers are dead and hollow atirityat Two genes homologous
to ArabidopsisXYLEM SERINE PEPTIDASE(XSP2 and a homolog oKYLEM
CYSTEIN PEPTIDASE (AXCP2, known to be involved in PCD during xylem
differentiation in Arabidopsis (Funk, Kositsup, £het al, 2002) showed
significantly lower expression in high N plants.dddition, two other PCD-
related genes, homologs AfabidopsisSSERINE CARBOXYPEPTIDASE-LIKE
and49 (SCPL45%and49), were down-regulated in high N plants indicatihgt
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cell maturation and death were suppressed. The -deguiation of genes
involved in PCD in high N plants supports previduaslings that nitrogen
fertilization results in wood with more juvenilearacteristics (Pitret al, 2007b)
and supports a recent notion that PCD and secomednyall formation are
correlated and governed by common regulatory mesheninvolving
PtVNS/PtrWND transcription factors (Bollhéner, Reds & Tuominen, 2012).

3.4CONCLUSIONS

In this study, we showed that fertilization with @onium nitrate evokes
changes in growth, anatomy, and hydraulic propedfesecondary xylem in
hybrid poplar stems. These anatomical and physicdbgifferences were
underpinned by changes in transcription of hundoédgenes in the developing
xylem region. Our results revealed that severalstteptional patterns previously
observed irArabidopsisroots and shoots in response to high nitrate alviitly
are also elicited in the developing secondary xytémoplar. An example of such
common responses is increased expression of ganedieg the transcription
factorLBD38and enzymes involved in organic acid and trehatestbolism.
Such comparisons between a short lived annualdretia relatively long lived
perennial tree as well as between the differeregygf tissues suggest that
metabolic and regulatory pathways controlled bydateesponding proteins may
represent evolutionarily conserved aspects of plspgonses to high N
availability. However, future studies are neededdofirm this finding in a
broader range of species and experimental condiaod to better understand the
specific roles of these genes and processes ih q@gponses to high N.

Furthermore, the data presented in this study Bbgletdlon molecular
mechanisms that underlie the phenotypic plastafityylem hydraulic and
structural traits. We identified gene candidated thay affect xylem cell
dimensions and cell wall thickness, although detbilinctional characterization
of these genes in poplar is required to corrobdregroposed function. Based
on our results, wider lumens of vessels and fibelsgh N plants might be linked
with increased expression levels of genes encamkiigvall loosening enzymes,
such as various glycoside hydrolases and geneslieigcaquaporins that may
facilitate increased water uptake into expandinigmycells. Our results also
suggest that the changes in xylem developmentecwhdary wall deposition in
response to N availability may, at least in pagtniediated by the differential
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expression of several transcription factors thatpart of a core transcriptional
cascade governed by the recently characterizecenrasjulators of xylem cell
differentiation, the NAC domain transcription faddPtVNS/PtrWND). Future
research will reveal if the same genes that westified in this study underlie
changes in xylem phenotype under different enviremial conditions, or if
distinctly different suites of genes are reguldigd/arious environmental clues,
yet result in a similar xylem phenotype.
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3.5TABLES

Table 3-1 List of gRT-PCR gene-specific primers used is $tudy. Gene names were given according to ammmoté&ene models
correspond to the Phytozome database (http://wwyxogbme.net/search.php).

Given
name Gene model ID Forward primer Reverse primer TAR best hit Annotation
CSLD5 POPTR_0014s12000 GTGTAGCTTTTGTGTAAGCAGATGAAG AGAABCGATGAAACTAAACAGTGA  AT1G02730 Cellulose synthasi&é D5
GH9C2 POPTR_0003s13940 ACGAGCCTACGAGTGCTTTCTT TTGCAGATATBACAATCCAAAA AT1G64390 Glycosyl hydrolase 9C2
XSP1 POPTR_0002s15330 AAGGTTGTGGTCAAGGCAAAA CATACGAGTGARETGACAACATTT AT4G00230 Xylem serine peptidase 1
NAC150 POPTR_0018s06790 CCTTTCTATAAGAGAACCAAGAGATCATC  CCBGCCCAAGAGAAAATAA AT4G29230 NAC domain containing
protein 75
WND2B  POPTR_0002s17950 AACAACTGGGTTGCCCTTGA AGGTTTCAGCG3IGCATT AT2G46770 No apical meristem (NAM)
protein
MYB26 POPTR_0005s06410 CAAGGAGATCATGGAGGTCAAGT TCCCCACABRGAAAGTCTATAAA AT4G33450 Myb-like binging domain
LBD15 POPTR_0013s15220 CCGTGTCCATTTCAACACCAT CTGAAGGAGGBEGGTTGTG AT2G40470 LOB domain-containing
protein 15
BNF1 POPTR_0011s04430 TCATGAAACGCATTGCTCAAG CCCCAAAAATGATTCAAGA AT1G11190 Bifunctional nuclease |
YLS8 POPTR_0007s07660 GGTGCCCTGGTTAATTCAAAATC TCCAAAGCBTGAACTGGTTATC AT5G08290 Yellow-leaf-specific gene 8
PP2A POPTR_0008s19590 ACGCTGCTTACTCTACCCTGA TTTCTGCAAGBECAACAC AT1G59830 Serine/threonine protein

phosphatase 2A
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Table 3-2:Growth characteristics of poplar saplings recg\in/5 mM (low N)
versus 7.5 mM (high N) levels of ammonium nitrate.

low N high N
height (cm) 160 + 2.3 171.3 £ 2.2**
Dsten (Mm) 8.9+0.2 9.5+0.1*
Ax (mn?) 40.3+1.3 51.3+1.8*
AL (md) 0.63 + 0.03 0.99 + 0.03**

Abbreviations height - final height of saplings,slon- stem diameter at 10 cm
above the root collar, A- xylem cross-sectional area at ~10 cm above tbe ro
collar, A_- plant total leaf area. Mean + SE=@). Results of independent two-
sample t-tests, testing for differences betweendad high N plants, are
indicated (P < 0.05, *P <0.01).
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Table 3-3: Xylem characteristics of poplar saplings receivings mM (low N)
versus 7.5 mM (high N) levels of ammonium nitrate.

low N high N

vessel lumen D (um) 38.9+0.2 42.6 £ 0.7*
vessel element length (um) 234 +2 255 + 4**
vessel length (cm) 52+0.2 58+0.2ns
fiber lumen D (um) 95+04 11.2 + 0.5*
fiber length (um) 5799 561 +7ns
fiber double wall thickness (um) 3.3x0.1 2.7 290.
wood density (g/cr) 0.37 £0.01 0.31 £ 0.01**

Mean + SE 1(=5-6). Results of independent two-sample t-tesiijrig for
differences between low and high N plants, arecaugid (P < 0.05, **P < 0.01),
ns — non-significant resulP(> 0.05.
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Table 3-4: Genes differentially expressed in the developiyigm of hybrid poplar growing under high N versawIN availability.
The poplar gene names indicated in the brackets algiained from 1- Phytozomigp(//ftp.jqi-
psf.org/pub/JGI_data/phytozome/v7.0/Ptrichocarpadtation), 2- Zhong et al. (2011), 3- Gupta and Sankarakaistenan (2009).
Fold change values represent a ratio between timeatiaed averaged values of high N relative to Mylants. Multiple testing
corrections adjustedP values of t-tests comparing low and high N plamesindicated.

Populus trichocarpa Arabidopsisthaliana TAIR Description Fold P value
Phytozome v2.0 gene name homologous gene change
amino acid transport
POPTR_0008s03620 At2g39130 Transmembrane amino acid transporter family protein  4.75 0.014
POPTR_0006s18790 At5g57685 (GDU3)  glutamine dumper 3 2.35 0.021
POPTR_0008s12400 At2g01170 (BAT1) bidirectional amino acid transporter 1 1.69 0.031
POPTR_0001s36330 (Pt-LHT1!2)  At5g40780 (LHT1) lysine histidine transporter 1 -1.87 0.037
POPTR_0002s07960 (PtrAAPS) Atlg77380 (AAP3) amino acid permease 3 -3.10 0.041
organic acid metabolism
POPTR_0008s11330 At1g68750 (PPC4) phosphoenolpyruvate carboxylase 4 2.52 0.015
POPTR_0001s13510 (Pt-G6PD'2) At5g13110 (G6PD2) glucose-6-phosphate dehydrogenase 2 2.51 0.032
POPTR_0001s16300 (Pt-ALAATL.1) At1g72330 (ALAAT2) alanine aminotransferase 2 1.82 0.037
POPTR_0013s00660 At1g09420 (G6PD4) glucose-6-phosphate dehydrogenase 4 1.69 0.028
POPTR_0007s14250 At4g37870 (PCK1) phosphoenolpyruvate carboxykinase 1 1.68 0.047
POPTR_0006s25280 At5g25880 (NADP-ME3YADP-malic enzyme 3 1.57 0.032
carbohydrate metabolism
POPTR_0006s06460 At5g20250 (DIN10)  Raffinose synthase family protein 5.21 0.018
POPTR_0011s00480 At1g11580 (PMEPCRAethylesterase PCR A 3.84 0.017
POPTR_0007s05670 At5g65140 Haloacid dehalogenase-like hydrolase (HAD) 3.42 0.029
superfamily protein / trehalose-phosphatase family
protein
POPTR_0014s12000 (Pt- At1g02730 (CSLD5) cellulose synthase-like D5 2.88 0.015
ATCSLD5.1)
POPTR_0002s21700 At2g05790 O-Glycosyl hydrolases family 17 protein 2.74 0.030
POPTR_0002s20130 (Pt- At1g02730 (CSLD5) cellulose synthase-like D5 2.46 0.045
ATCSLD5.2)
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Table 3-4 (Continued)

Populus trichocarpa Arabidopsisthaliana TAIR Description Fold P value
Phytozome v2.0 gene nhame homologous gene change
POPTR_0009s01210 (Pt-XTR8.1)  At2g36870 (XTH32) xyloglucan endotransglucosylase/hydrolase 32 2.46 .02
POPTR_0008s20870 At5g18670 (BMY3)  beta-amylase 3 2.42 0.029
POPTR_0008s13200 (Pt-CEL1:3)  Atlg70710 (GH9B1) glycosyl hydrolase 9B1 2.07 0.042
POPTR_0008s09380 (Pt- At1g26560 (BGLU40)  beta glucosidase 40 2.06 0.023
HIUHASE.1}
POPTR_0003s07040 (Pt-PE3.4) At3g14310 (PME3) pectin methylesterase 3 2.05 0.033
POPTR_0004s03830 At5g08370 (AGAL2) alpha-galactosidase 2 2.01 0.019
POPTR_0006s08030 At5g58090 O-Glycosyl hydrolases family 17 protein 1.99 0.023
POPTR_0010s13560 (Pt-XYLT-1)  At1g68560 (XYL1) alpha-xylosidase 1 1.98 0.011
POPTR_0011s09660 At5g55180 O-Glycosyl hydrolases family 17 protein 1.94 0.048
POPTR_0019s09740 At1g71380 (CEL3) cellulase 3 1.86 0.032
POPTR_0002s20340 (Pt-SUS2.2)  At4g02280 (SUS3) sucrose synthase 3 1.79 0.049
POPTR_0010s26170 At5g08380 (AGAL1) alpha-galactosidase 1 1.75 0.046
POPTR_0002s09450 Atlg78060 Glycosyl hydrolase family protein 1.73 0.022
POPTR_0008s10090 At3g06500 Plant neutral invertase family protein 1.69 0.043
POPTR_0018s09560 (Pt-HXK1'1)  At4g29130 (HXK1) hexokinase 1 1.69 0.014
POPTR_0018s14730 At5g58090 O-Glycosyl hydrolases family 17 protein 1.65 0.041
POPTR_0013s05620 Atlg64760 O-Glycosyl hydrolases family 17 protein 1.61 0.021
POPTR_0010s11510 At1g68020 (ATTPS6) UDP-Glycosyltransferase / trehalose-phosphatase 1.58 0.015
family protein
POPTR_0008s13590 At1g68020 (ATTPS6) UDP-Glycosyltransferase / trehalose-phosphatase 1.56 0.042
family protein
POPTR_0003s13940 At1g64390 (GH9C2) glycosyl hydrolase 9C2 1.50 0.033
POPTR_0005s06280 At3g18660 (PGSIP1) plant glycogenin-like starch initiation protein 1 1.55 0.023
POPTR_0004s06840 At3g16520 (UGT88A1)UDP-glucosyl transferase 88A1 -1.62 0.023
POPTR_0006s11040 At5g01930 (MAN6)  Glycosyl hydrolase superfamily protein -1.76 0.029
POPTR_0004s06910 At3g16520 (UGT88A1)UDP-glucosyl transferase 88A1 -1.79 0.009
POPTR_0016s02640 At3g10740 (ASD1) alpha-L-arabinofuranosidase 1 -1.79 0.009
POPTR_0016s14550 At5g01930 (MAN6)  Glycosyl hydrolase superfamily protein -1.85 0.023
POPTR_0002s11090 At1g09890 Rhamnogalacturonate lyase family protein -1.95 0.04
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Table 3-4 (Continued)

Populus trichocarpa Arabidopsisthaliana TAIR Description Fold P value
Phytozome v2.0 gene nhame homologous gene change
POPTR_0016s02620 At3g10740 (ASD1) alpha-L-arabinofuranosidase 1 -1.95 0.040
POPTR_0001s08750 At1g11260 (STP1) sugar transporter 1 -2.02 0.025
POPTR_0002s02550 At1g19940 (GH9B5) glycosyl hydrolase 9B5 -2.02 0.025
POPTR_0016s02690 At3g10740 (ASD1) alpha-L-arabinofuranosidase 1 -2.04 0.011
POPTR_0005s27680 At4g35300 (TMT2) tonoplast monosaccharide transporter2 -2.07 0.047
fasciclin-like arabinogalactan
POPTR_0014s16610 At4g12730 (FLA2) FASCICLIN-like arabinogalactan 2 2.07 0.010
POPTR_0073s00210 At5g06390 (FLA17) FASCICLIN-like arabinogalactan protein 17 precursor -1.67 0.047
laccase
POPTR_0004s16370 At5g03260 (LAC11) laccase 11 2.65 0.026
POPTR_0011s12090 At5g60020 (LAC17) laccase 17 -1.67 0.045
POPTR_0011s12100 At5g60020 (LAC17) laccase 17 -1.91 0.040
POPTR_0009s03940 At2g29130 (LAC2) laccase 2 -4.98 0.045
transcription factor
POPTR_0009s01110 At5g22920 CHY-type/CTCHY-type/RING-type Zinc finger 3.37 0.035
protein
POPTR_0009s09270 At3g49940 (LBD38) LOB domain-containing protein 38 3.21 0.019
POPTR_0003s12240 At1g63100 GRAS family transcription factor 2.52 0.028
POPTR_0001s08850 At1g63100 GRAS family transcription factor 2.5 0.009
POPTR_0017s06590 At4g26400 RING/U-box superfamily protein 2.38 0.011
POPTR_0018s10510 At5g57660 (COLS5) CONSTANS-like 5 2.35 0.036
POPTR_0014s11940 At5g49300 (GATAL16) GATA transcription factor 16 1.82 0.029
POPTR_0005s05470 (Pt-BZ02.3)  At5g28770 (BZO2H3)  bZIP transcription factor family protein 1.69 0.040
POPTR_0005s20890 (Pt-SCLE.1)  Atlg21450 (SCL1) SCARECROW:-like 1 -1.61 0.021
POPTR_0017s12740 (PtrZF1) At1g26610 C2H2-like zinc finger protein -1.63 0.041
POPTR_0018s06790 (PtrNAC150) At4g29230 (NAC075)  NAC domain containing protein 75 -1.65 0.028
POPTR_0006s27570 At5g25220 (KNAT3) KNOTTED1-like homeobox gene 3 -1.68 0.032
POPTR_0011s05740 (PtrNAC165) At4g28500 (NAC073)  NAC domain containing protein 73 -1.72 0.023
POPTR_0003s11120 At2g30590 (WRKY21) WRKY DNA-binding protein 21 -1.73 0.022
POPTR_0006s04770 (Pt-HSFB3.1) At2g41690 (HSFB3) heat shock transcription factor B3 -1.73 0.011
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Table 3-4 (Continuted)

Populus trichocarpa Arabidopsisthaliana TAIR Description Fold P value
Phytozome v2.0 gene nhame homologous gene change
POPTR_0010s22320 At2g28550 (RAP2.7) related to AP2.7 -1.83 0.017
POPTR_0013s08040 At2g40470 (LBD15) LOB domain-containing protein 15 -1.83 0.041
POPTR_0009s16590 At1g08320 (TGA9) bZIP transcription factor family protein -1.89 0104
POPTR_0004s04900 (PtrNAC157) At4g28500 (NAC073)  NAC domain containing protein 73 -1.91 0.033
POPTR_0005s14860 At2g01275 RING/FYVE/PHD zinc finger superfamily protein -2.01 0.018
POPTR_0009s03240 (Pt-MYB111.1) At3g46130 (MYB48) myb domain protein 48 -2.28 0.038
POPTR_0006s21640 At5g06510 (NF-YA10) nuclear factor Y, subunit A10 -2.91 0.010
POPTR_0016s06860 At5g06510 (NF-YA10) nuclear factor Y, subunit A10 -4.12 0.022
cell cycle

POPTR_0001s27890 At2g26760 (CYCB1,;4) Cyclin B1;4 3.26 0.041
POPTR_0009s16730 Atlg76310 (CYCB2;4) Cyclin B2;4 2.87 0.047
phosphatases

POPTR_0019s04670 (Pt-APY1.2)  At5g18280 (APY2) apyrase 2 5.97 0.023
POPTR_0001s19180 At4g25150 HAD superfamily, subfamily 111B acid phosphatase .25 0.020
POPTR_0012s09940 (Pt-PPD3'2)  At5g50400 (PAP27) purple acid phosphatase 27 3.82 0.023
POPTR_0004s16720 (Pt-PAP-2) At2g16430 (PAP10) purple acid phosphatase 10 1.64 0.018
aguaporins

POPTR_0010s21700 (PtTIP1%3) At4g01470 (TIP1;3) tonoplast intrinsic protein 1;3 2.26 0.047
POPTR_0008s05050 (PtTIP1%) At4g01470 (TIP1;3) tonoplast intrinsic protein 1;3 2.25 0.041
POPTR_0001s18730 (PtTIP2%1) At3g16240 (DELTA-TIP) delta tonoplast integral protein 1.87 0.029
POPTR_0019s04640 (PtSIP132) At3g04090 (SIP1A) small and basic intrinsic protein 1A -1.70 0.033
POPTR_0001s45920 (PtNIP3%3) At4g10380 (NIP5;1) NOD?26-like intrinsic protein 5;1 -1.80 0.040
POPTR_0006s09920 (PtPIP1%4) At4g00430 (PIP1;4) plasma membrane intrinsic protein 1;4 -3.27 0.040
programmed cell death

POPTR_0008s03480 At3g10410 (SCPL49) serine carboxypeptidase-like 49 -1.53 0.032
POPTR_0002s00720 At1g20850 (XCP2) xylem cysteine peptidase 2 -1.69 0.043
POPTR_0014s07050 At4g00230 (XSP1) xylem serine peptidase 1 -1.85 0.030
POPTR_0001s13140 At1g28110 (SCPL45) serine carboxypeptidase-like 45 -1.99 0.040
POPTR_0002s15330 At4g00230 (XSP1) xylem serine peptidase 1 -2.56 0.023

74



3.6 FIGURES

Figure 3-1: Cross-sections of stem xylem from (a) low N andhiigh N plants.
High N plants had wider fibers and vessels andhémriiber walls than low N
plants. Scale bars = 20n.
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Figure 3-5: gRT-PCR validation of microarray results for nsedected genes:

(1) Xylem serine peptidase X$P1 POPTR_0014s12000), (2) LOB domain-
containing protein 15.8D15 POPTR_0013s15220), (3) Bifunctional nuclease |
(BFN1, POPTR_0011s04430), (4) NAC domain containinggnot5 NAC150
POPTR_0018s06790), (5) No apical meristem (NAM}giro\WND2B
POPTR_0002s17950), (6) Myb-like binging domauivB26
POPTR_0005s06410), (7) Yellow-leaf-specific gen& 8L8
POPTR_0007s07660), (8) Glycosyl hydrolase 9GRYC2
POPTR_0003s13940), and (9) Cellulose synthasebltk@CSLDY
POPTR_0014s12000).
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4. Linking irradiance-induced changes in pit membrane
ultrastructure with xylem vulnerability to cavitati on’

4.1INTRODUCTION

In the majority of terrestrial plants, a large ambof water is lost by
transpiration as stomata open to facilitate,@@take. The ability of plants to
acquire and transport water to leaves is thereforenportant factor which often
limits their productivity and survival (McDowell,dekman, Alleret al, 2008,
Sperry, 2000). Water transport in the xylem is @nivy a gradient in negative
pressure. Water columns are in a metastable sidtara prone to being disrupted
by the phenomenon of cavitation. Cavitation resualsn embolized (air-filled)
conduit which is no longer available for water spart. According to the air-
seeding hypothesis, cavitation occurs when airideiis water-filled conduit is
aspirated into the conduit through pores in thewall. The pores will retain an
air-water meniscus until the difference betweendin@ressureR;) and xylem
pressurely) exceeds a critical pressure differenB;;), according to:

4Tcosa

APgpe = D

P
Eqgn. 4-1

whereAP =P, — Py, T is the surface tension of xylem sap and the
contact angle between sap and pore wall materfathwis usually assumed to be
zero (i.e., total wetting). The value &P is inversely related to the pore
diameter D). The largest pores in conduit walls appear ttobated in the pit
membranes that permit water flow between cond@itchard, Cruiziat & Tyree,
1992, Sperry, Saliendra, Pockmetral, 1996, Sperry & Tyree, 1988)he air-
seeding threshold is therefore determined by thetsire of pit membranes, and
pits represent a weak link in the protection ofttla@spiration stream against air
entry (Choat, Cobb & Jansen, 2008).

Cavitation resistance can vary even within a sgeaiegenotype in
response to factors such as water status (e.terS2009), nitrogen fertilization
(Hacke, Plavcova, Almeida-Rodriguetral, 2010), and shading (Cochard,
Lemoine & Dreyer, 1999). Lower irradiance is usyalsociated with lower

* A version of this chapter has been published. Plavcova L, Hacke UG & Sperry JS 2011. Plant, Cell
& Environment. 34:501-513.
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evaporative demand and stomatal conductance, whdralleled by a decreased
need for water transport. Hence, xylem-specific la@adl specific conductivity

tend to be lower in shade (Caquet, Barigah, Cocéiad, 2009, Shumway,
Steiner & Kolb, 1993). The risk of drought-inducsmbolism is also usually
lower in shade environments, implying reduced neaents for xylem safety. As
a result, the xylem might be more vulnerable stheesafety features are costly
and shaded plants have limited carbon resourceshveine preferentially allocated
to promote light capture (Schoonmaker, Hacke, Landkeeet al, 2010). Indeed,
the majority of studies found increased vulnerapdis a result of shading
(Barigah, Ibrahim, Bogardt al, 2006, Cochareét al, 1999, Schoonmakeit al,
2010). However, others found no change (Raimondélol Lo Gullo et al,

2009) or increased resistance (Holste, Jerke & Mat2006) in shaded plants.
Thus, there is still some ambiguity in the effeiclight on cavitation resistance.

The main objective of this study was to evaluatedfiect of contrasting
light availability on cavitation resistance andtbe ultrastructure of intervessel
pits in poplar xylem. Based on previous findingse(sbove) and considering the
potential of poplar xylem for phenotypic plastic{tyackeet al, 2010) we
expected that shaded plants will be more vulner@btavitation. Given the
central role of intervessel pits in determiningitation resistance, we expected to
find larger pores in the pit membranes of shadadtpl Observations of
homogeneous pit membranes in angiosperm speciegdisgnificant variation
in their structure (Jansen, Choat & Pletsers, 208%] correlations betwedr.;
and pore size as well as pit membrane thickness been observed. However,
the potential for structural acclimation at therpgmbrane level within a single
angiosperm species or genotype remains to be ggdlua certain degree of
phenotypic plasticity in the structure and functainnter-vessel pits can be
expected as acclimation at the pit level has alréen described in conifers
(Domec, Lachenbruch, Meinzet al, 2008, Schoonmaket al, 2010).

In order to test our hypothesis, we used scant8idM) and transmission
(TEM) electron microscopy. Both methods have ofiean used to study pit
membrane ultrastructure (e.g., Janseal, 2009, Sano, 2005, Schmid &
Machado, 1968) even though there are valid condeatsartifacts due to sample
preparation may occur. This is especially trueSBM during which the delicate
pit membranes are not supported by any embeddimgume(Jansen, Pletsers &
Sano, 2008). Previous studies relating measuretdgnibrane pore sizes to the
corresponding air-seeding presshawe reinforced these concerns. In at least two
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cases, membrane pores were much smaller than thatesould allow air-
seeding at realistic xylem pressures (Choat, Bally et al, 2003, Shane,
McCully & Canny, 2000). It has been proposed thatlarge pores that allow air-
seeding are very rare and therefore not likelygaétected with SEM (Choat

al., 2008, Hargrave, Kolb, Eweet al, 1994, Wheeler, Sperry, Hackeal,

2005). This concept is also known as the ‘rarelpipothesis. Recently,
Christman et al. (2009) developed a model thatallprediction of the frequency
of pits with a certain porosityased on stem-level air-seeding experiments. Here
we used this model to test how pit porosity datseobed with SEM agree with
measured proxies of cavitation resistance. Thepihbrane structure of poplars
is particularly suitable for this approach, becamsenbranes bear many large,
easily resolvable pores (Janssral, 2009).

Pit membranes may also differ in their chemical position. It is difficult
to elucidate what chemical compounds are presaheipit membrane
considering the small size of pit membranes andatiethat their surface is
usually obscured by an overarching secondary cll Wis generally assumed
that their chemical nature is similar to that & firimary cell wall from which the
pit membranes are derived. Pectins, and specifitdadir subgroup
homogalacturonans (HG), are believed to be impbdamponents of pit
membranes (Cochard, Herbette, Hernaretesd, 2010, Zwieniecki, Melcher &
Holbrook, 2001). HG can differ in the degree of ny&esterification, which has
consequences for the flexibility and extensibibfythe primary cell wall
(Goldberg, Morvan & Roland, 1986, Guglielmino, Lib®an, Jauneaet al,

1997, Willats, McCartney, Mackiet al, 2001). The flexibility of pit membranes
might influence the vulnerability to cavitation peres may enlarge when pit
membranes deflect during the process of air-sed@hgat, Jansen, Zwieniecki
et al, 2004, Cocharet al, 2010). We therefore asked whether plants growing
under contrasting light levels differed in the atbance of pectins and/or the
degree of their esterification by using monoclaaibodies, JIM5 and JIM7,
which recognize HG with low and high degrees ofhleesterification,
respectively (Knox, Linstead, Kingt al, 1990).

Saplings of hybrid poplar were grown under coningsirradiance for 40
days. The resulting changes in xylem traits wesessed with light and electron
microscopy as well as physiological measurements.n@ain hypothesis was that
shaded saplings will exhibit increased vulneraptiit cavitation along with larger
pores in their pit membranes. Differences in lighvel can have a profound effect
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on other aspects of hydraulic architecture, ineigdionduit size and transport
efficiency (Schoonmakest al, 2010). Our second hypothesis was that decreased
evaporative demands will correspond with narrovessels and lower xylem-
specific and leaf-specific conductivities in shagéahts. Since carbon resources
tend to be more limited in shaded plants, we finedpected that xylem cells of
shaded plants will exhibit thinner cell walls aogiver wood density than in plants
growing at higher light level.

4.2METHODS
4.2.1 Plant material and sampling strategy

Saplings of hybrid poplaiPopulus trichocarpa deltoides clone H11-
11) were produced from rooted cuttings. The saplingre maintained in a
growth chamber from December 2008 to February 20@r a 16/8 hour
day/night cycle, 24/18 °C day/night temperaturel amaytime relative humidity
of 75%. Plants were kept in 6 L pots filled witik@mmercial potting mix
Sunshine Mix LA4 (Sun Gro Horticulture Canada Lidancouver, BC,
Canada)and fertilized once a week with 500 ml cbmplete water soluble
fertilizer (20-20-20 N-P-K, Plant Products, Brampt®N, Canada) in 1 g/L
dilution. After 8 weeks of sapling establishmemiading structures were built
over 11 randomly selected plants. The shading texsirh 80% reduction in
irradiance from 35@mol m? s*(control, C) to 7Qumol m? s*(shade, SH).
Plants were harvested 40 days after the beginritigeshade treatment.
Hydraulic measurements and silicone injections/&ssel length measurements
were conducted within 4 days after harvesting.tRese measurements 25 cm
long stem segments were cut from the basal padheoplant (5 cm above the root
collar). After the hydraulic measurements were cletepl, stem segments were
stored at -4 °C and later used for vessel dianatdmwood density
measurements.

4.2.2 Vulnerability to cavitation, xylem and leaf speciftc conductivity

Stem segments trimmed to a final length of 14.2x@e used to generate
vulnerability curves. The hydraulic conductivitythe stems was measured using
a method originally described in Alder et al. (1RBriefly, a filtered (0.23um)
measuring solution (20 mM KCI + 1 mM CalWas perfused through stem
segments under a pressure head of 4-5 kPa. Flowghithe segments was
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recorded with an electronic balance (CP225D, Sagp6o6ttingen, Germany),
which was interfaced with a computer. Maximum hytitaconductivity Kmay)
was determined after flushing the segments for ttban50 kPa. Xylem-specific
conductivity Ks) and leaf-specific conductivity() were calculated by dividing
Kmax by cross-sectional xylem area and leaf area distile measured segment,
respectively (Tyree & Zimmermann, 2002). Vulnerapiturves were generated
by spinning segments in a centrifuge to progressivire negative pressure and
measuring the loss of hydraulic conductivity atrepessure. After fitting the
curves to a Weibull function, cavitation resistam@es expressed as the mean
cavitation pressureMCP). TheMCP is the mean of the Weibull probability
density function. In perfectly sigmoidal curvess MCP equals the xylem
pressure associated with 50% loss of hydraulic goindty (P50). Six stems per
group were measured for each light treatment.

4.2.3 Transmission electron microscopy (TEM) and immunol&eling of
pectin epitopes

TEM was used to study the effect of light levelphmembrane
thickness, cell wall thickness and on the presamckedistribution of
homogalacturonans (HG) in cell walls and pit membga For the regular TEM,
small blocks of xylem tissue (1x1x2 mm) were fixadrnight at room
temperature in a fixative containing 2% paraforreligie and 2.5%
glutaraldehyde in 0.05M phosphate buffer. The feitgy day, samples were
repeatedly buffer-washed, postfixed in osmium tette for 2 hours, 3x buffer-
washed and dehydrated in a graded ethanol sefie3020-60-80-90-100-100%
for 15 min each). The dehydrated samples were edauokith Spurr resin.
Ultrathin sections (80 nm) were sectioned with Bramicrotome (Ultracut E,
Reichert-Jung, Vienna, Austria), collected on coppes and contrasted in
uranyl acetate and lead citrate.

Immunolabelling with JIM5 and JIM7 antibodies, kindlonated by Prof.
J. P. Knox (University of Leeds, UK), was used é&bedt pectic HG in xylem
samples. JIM5 and JIM7 are well-characterized mimmad antibodies that have
been previously used to detect differently-estedifiG in various plant tissues
(Guglielminoet al, 1997, Guillemin, Guillon, Bonniet al, 2005, Hafren &
Westermark, 2001). Typically, JIM5 binds to HG wiéw or no esters, whereas
JIM7 recognizes highly methyl-esterified pectintepes (Knoxet al, 1990). In
our experiment, we followed a preparation procedi@scribed by Michelt al.
(2002). Atfter fixation in 4% paraformaldehyde anédSP6 glutaraldehyde in
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0.05 M phosphate buffer for 1.5 hour at room terapge, samples were
dehydrated in an ethanol series as described aBaveples were then embedded
in LR White resin. Ultrathin sections collectedminkel grids were
immunolabeled by floating the grids on drops ofcassively changing solutions
as described below. Sections were preincubateti0fonin on a drop of 0.05 M
Tris-buffered saline (pH= 7.6) with 0.1% Tween 2@ &.1% bovine serum
albumin, blocked for 20 min with goat serum (Sig&idrich Corp., St. Louis,

MO, USA) diluted 1:30 (v/v) in the same buffer,ated with the primary

antibody JIM5 or JIM7 (diluted 1:45) for 4 hoursuf times buffer-washed and
stained with a secondary antibody, goat-anti r& ¢gnjugated with 10 nm gold
particles (Sigma-Aldrich Corp., St. Louis, MO, US#y 1 hour. The grids were
then extensively washed with buffer and filteredewand finally contrasted with
1% uranylacetate for 25 min. All these steps weredacted at room temperature.

Regular and immunolabeled samples were examineer antansmission
electron microscope (Morgagni 268, Fei Companyishidro, OR, USA). About
20 individual pit membranes from five individuaésts were photographed at
20,000-45,000 x magnification and used for pit meanb thickness
measurements in both light treatments. For cell thadkness measurements, a
region of a vessel and a fiber adjacent to eacratias randomly selected and
photographed. The thickness of the electron demsgound middle lamella (a
layer composed of the middle lamella and primatiwealls of two adjacent
cells) was measured together with the thicknesseofess electron dense
secondary cell wall of fibers and vessels. Fivéedént vessel-fiber regions were
measured in each stem; five stems were measutethirfor each light treatment.
Three grids were prepared for immunostaining wétbheantibody for both SH
and C samples.

4.2.4 Scanning electron microscopy (SEM)

Two sample preparation procedures were used ta@gensamples for
SEM. Initially, fresh stem segments 1.5 cm in l&éngere air-dried on a bench for
several weeks. Samples were split longitudinallthwei razor blade and mounted
on aluminum stubs using conductive silver paste Jplit was made about 1 mm
from the surface of the stem to expose pits thetldped under treatment
conditions. Although air-drying without any chenmlit@atment was recently
recommended for observing pit membranes (Jaesah 2008), we experienced
difficulties finding undamaged pits in our plant texdal. We attributed this to the
capillary forces caused by the high surface tensfomater. Therefore, we
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gradually exchanged water for pure ethanol (with surface tension) before air
drying the samples. Frozen stem samples were thang soaked for 5 days in
distilled water. Samples were subsequently dehgdrétrough an ethanol series
(30-50-70-90%) for 30 min in each solution, immerse 100% ethanol
overnight, and finally air-dried. Splitting and nmding was conducted as
described above. Samples were sputter coated witmium and carbon. The
thickness of the coating was approximately 5-10 8amples were observed with
a field-emission scanning electron microscope (630EOL, Tokyo, Japan)
under 2 kV accelerating voltage. Pictures of pintheanes were taken at 8,000-
15,000 x magnification. In shade samples prepayealridrying from water it
was difficult to find undamaged exposed membrahbsrefore, about 15% of
pictures were taken through the aperture in thersdary cell wall in these
samples. In the rest of the images, at least hakfeofully exposed membrane
area was analyzed to provide a reliable estimapit ohembrane porosity. Pore
size was measured using image analysis softwarg@fro Plus version 6.1,
Media Cybernetics, Silver Spring, MD, USA). Poreas were converted into
diameters assuming a circular shape of pores. Baraler than 20 nm in
diameter could not be accurately distinguished frandom pixel noise and were
excluded. MaximumDmay) and average pore SizBea) Was determined for
each pit membrane. About 100 individual pit membgafiom at least 30
different pit fields were measured for each lightitment and each preparation
technique. Individual pit-level measurements wereraged for each stem
segment analyzed.

4.2.5 ‘Rare pit’ model

Details of the model have been described previoi@yistmaret al,
2009). According to the air-seeding hypothesis cnatation threshold for a
given vessel is determined by the size of the Ergere that can be present in
any of the pits in the vessel. An assumption ofrlte pit hypothesis is that there
are few pits with large pores and with relativedylair-seeding pressure,
compared with the majority of ‘air-tight’ pits. Aumulative distribution function
(cdf) Fm(p) can be used to describe the cumulative frequehoyervessel pits
that air seed at progressively greater pressutereéifce ). Assuming that pits
are independently distributed among vessel endwhbi$-,(p) can be used to
calculate the cumulative frequency of vessel enldsvilaat air seed at increasing
pressure differences (end wall cBE(p)):

Foe(p) =1—[1-E,(p)]*
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(Eqn. 4-2)

whereu is the number of intervessel pits per vessel. Ay cdf can be
converted into the corresponding probability dgnkihction (pdf). The mean
pressure of this distribution represents the meavell air-seeding pressure
(MCPg). This value should be a proxy for thECP of the xylem.

From SEM porosity measurements, we obtained enapFig(p)
distributions. First, the Young-Laplace equatioqr{E4-1) was used to convert
the Dmax Of individual pits to the corresponding air-seedpressureRy). Second,
the empirical data were fitted with a Weibull cdf

E,(p) =1- e'(%)c
(Eqn. 4-3)

whereb is the scale, andis the shape fitting parameter of the Weibull
distribution. Then, we used the fitted distributieg(p) in Eqn. 4-2 to calculate
MCPe. Initial calculations based dbyax yielded high (less negativ&)CPe in
comparison to the measurBICP. It is likely that dehydration of the membranes
resulted in enlargement of the pit pores from thative state because of
shrinkage of the membrane matrix. To account f%; the also represented the
Dmax per pit by averaging the top percentile of poantkters per pit, and finding
the percentile that provided the best fiMEP. to MCP.

4.2.6 Xylem anatomy

Stem cross-sections were prepared with a slidimmgatome (SM2400,
Leica Microsystems, Wetzlar, Germany) from the eenf segments previously
used for hydraulic measurements. The sections staneed with toluidine blue
for 3 minutes, rinsed in water, mounted on slides abserved with a light
microscope (DM3000, Leica). Three radial transeaee selected in a cross-
section. Images were captured with a digital cani@RC420C, Leica). The
diametersD) of vessels in each radial sector were measuried usage analysis
software (ImagePro). The hydraulic diametey)(@as then calculated as
Dr=(ZD°)/(ZD%. A total of 300 to 500 vessel diameters was meakper stem;
six stems were analyzed for each light treatmemé. Vessel double wall thickness
(tn) was measured on vessel pairs in which at leasbbthe vessels fell within
+3 um of Dy,. A total of 15 vessel pairs was measured per stenstems were
analyzed for each light treatment.
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Vessel length was measured using the siliconetinjeenethod (Sperry,
Hacke & Wheeler, 2005). Stems 14 cm in length vileished for 15 min at 50
kPa. Silicone (Rhodorsil RTV-141, Bluestar Silicendistributed by Skycon,
Toronto, ON, Canada) was mixed with a fluorescemtening agent (Uvitex OB,
Ciba Specialty Chemicals, Tarrytown, NY, USA), angcted into the stems at a
pressure of 50 kPa for 24 hours. The silicone didpenetrate vessel end walls.
Therefore, a progressively decreasing number felesvas filled with silicone
as the distance from the injection surface increéashkis relationship can be fitted
with an exponential decay function, and the velesejth distribution can be
estimated. The mean of log-transformed vessel fedgta was used to represent
the vessel length distribution of a stem. Fiveixastems per light treatment were
analyzed. Vessel element length as well as theHesngd diameter of wood fibers
were measured on macerated wood tissue, usingtantigroscope and image
analysis software. At least 100 cells were measfioed each individual stem;
six stems were analyzed for each light treatmeime. fumber of pits per vessel,
theu parameter of the rare pit model, was calculatathi@sotal pit membrane
area per vessel (Adivided by the area of individual pit membranag.(To
measure Alongitudinal sections of stem xylem were prepaed observed
under 1000 x magnification. Theg,Avas estimated as the product of average
vessel area (4, contact fraction and pitfield fraction (see dlstan Wheeleret
al., 2005).

4.2.7 Wood density

Wood density (¢) was determined on six segments per group by water
displacement. Debarked stem segments approxiniaty in length were split
longitudinally and the pit was removed. Samplesevgeriomersed in a beaker of
water on a balance to determine the fresh volunweooid. Samples were then
oven-dried at 70 °C for 48 hours. Wood densityaifresample was calculated as
dw = dry weight/ fresh volume.

4.2.8 Statistics

Prior to the analysis, normality and homogeneityarfiance were
graphically checked. Independent two sample t-t@ste used to compare the
differences in means between SH and C. Two-way AN@¥d Tukey's HSD
post hoc comparison tests were used to disseefffinet of light treatment and
sample preparation technique on porosity data.stétestical software package R
2.10.1 was used to perform the analysis.

95



4. 3RESULTS
4.3.1 Plant growth

Hybrid poplar is a fast growing tree with a highrdend for light. When
shaded, the saplings exhibited a typical respofiskaile avoiders. They
enhanced shoot elongation and developed thinneedda order to increase light
interception (Table 4-1). Average daily height erents were 2.2 + 0.1 and 2.0
+ 0.1 cm (mean = SD), leading to a final heighl®8 + 5.3 and 109.3 + 3.2 cm
in SH and C plants, respectively. The radial groeitSH plants was reduced,
which resulted in thinner stems in this plant grfDgem= 6.8 + 0.3 vs. 8.1 £ 0.2
mm in SH and C plants, respectively). Total le&iaafA ) was the same, but leaf
dry weight was much larger in C plants implying@sg difference in leaf
weight per unit leaf area (LWA). For the stem segtaeised for hydraulic
measurements, the ratio between supported leafakaross-sectional xylem
area (A/Ax) was significantly higher in SH plants.

4.3.2 Xylem vulnerability and hydraulic conductivity

Differences in light level had an effect on vulrzligy of stems to
cavitation (Fig. 4-1a). SH plants were more vulb&avith aMCP of -1.13 +
0.10 MPa, compared with -1.51 + 0.06 MPa in C stdmaddition to being more
resistant to cavitation, stems of C plants showghdr transport efficiency than
those of SH plants. The specific conductivity val(€s) were 6.6 + 0.6 and
4.7 +0.4 kg em*MPa' in C and SH stems, respectively (Fig. 4-1b). Leaf-
specific conductivity was almost twice as high ipl@nts (Fig. 4-1c).

4.3.3 Pit membrane ultrastructure and immunolabeling

TEM micrographs revealed that intervessel pit memés in SH plants
were thinner (162.1 + 20.3 nm) than in C plant9(32 28.8 nm) (Fig. 4-2a).
Differences in pit membrane thickness were paedidly a similar trend in
compound middle lamella thickness (Fig. 4-2b).nRembranes appeared granular
and less electron-dense than the adjacent compuiddle lamella layer (cml).
The annulus (the periphery of the pit membrane) ugaslly more electron-dense
than the rest of the pit membrane, and could ctdmldistinguished at the
transition between primary cell wall and the acjuaimembrane (Fig. 4-3b).
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The immunolocalization pattern for both antibodi#$/5 and JIM7, was
similar in SH and C xylem. JIM7 provided a slighstyonger signal than JIM5.
The distribution of immunogold particles indicatbedt HG were present in the
compound middle lamella. The strongest labeling fwasd in cell corners (Fig.
4-3a). Most importantly, neither JIM5 nor JIM7 léihg were evident in the pit
membranes, with an exception of the annulus whitdnshowed stronger
labeling than seen in compound middle lamella (Ei§b).

In SEM micrographs, resolvable pores were obseirvélte vast majority
of pit membranes, but their number and size vasidabtantially. Measurements
of membrane porosity gave contrasting results dgipgron the sample
preparation method. In water-dried samples (aedlffom water), pores
appeared to be larger than in ethanol-dried sanfpledried from pure ethanol).
Drying from water tended to produce a high numbgritomembranes with a non-
microfibrilous texture and large, round, and wedkided pores (Fig. 4-4a). In
contrast, the surface of ethanol-dried pit memisarsially displayed an
extensive meshwork of randomly oriented microfgodbnnected with amorphous
filling material. The pores were generally sma#dad not as clearly
distinguishable as in water-dried samples (Figb}-th a few instances, pit
membranes with no visible pores were observed add miembranes also lacked
a resolvable microfibrilous texture. In some casegelatinous layer was
observed. This layer seemed to be detached alengdipes of the pit membrane,
thereby forming a distinct white ring (Fig. 4-4c).

The influence of the drying method on pore size mase pronounced in
the thinner pit membranes of SH samples (Fig. 4Fb¢ maximal pore diameter
per pit Dmay, the mean diameter of the largest 10% of porepp€¢D104), and
the mean pore diameter per f@k.{a) were all significantly larger in water-dried
samples than in ethanol-dried SH samples (compack land grey bars on the
left hand side of Fig. 4-5a-c). In water-dried séemspall measures of pore size
tended to be larger in SH than in C plants. By &=t} in ethanol-dried samples,
pore size did not vary in response to light le¥d(4-5, compare grey bars).

4.3.4 ‘Rare pit’ model

Given the fact that the different preparation teghas had a larger effect
on pit porosity than the light treatments, we pddi and C data while
distinguishing between ethanol- and water-dried@aswhen calculating the
expected mean cavitation press(MEP,) using the rare pit model. For both
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preparation methods, the predictd@P. was substantially higher (less negative)
than the value obtained from vulnerability curvdseewD . was used (Fig. 4-6a-
b, solid thick curves). In ethanol-dried samplesgasonable agreement between
modeled and measur®iCP was found when averages of the largest 7.5% of
pores were used instead of the single largestdliareeters (Fig. 4-6a, dashed
curve). In water-dried samples, the best agreeivemieen modeled and
measuredCP was achieved when the average of the largest 5@%res was
used (Fig. 4-6b). The Weibull parameters for curtivggpit frequency
distributions and the correspondiN§CP. predicted by the model for various pit
porosity data are presented in Table 4-2.

4.3.5 Vessel and fiber anatomy

Shading resulted in significant changes in the dstans of xylem cells.
Vessels in SH stems were narrower (Fig. 4-7a) angdr (Fig. 4-7b) than in C
stems. Hydraulic vessel diameterg)ivere 41.1 + 1.2 and 43.1 + 1ué in SH
and C plants, respectively. Mean vessel lengthe @& + 0.4 cm in SH and 3.1 +
0.2 cmin C stems. The increased length of vegs&$i plants was in agreement
with a higher average vessel element length (288.6.8um in SH vs. 226.3 +
7.2um in C) (Fig 4-7c). Secondary cell wall thicknesyessels measured from
TEM micrographs did not significantly differ betwe&H and C plants although
the wall tended to be thinner in SH plants (Fi®aj- The double vessel wall
thickness measured with light microscopy was sigaiftly lower in SH than in C
plants (Fig. 4-8b). While fiber diameters did nbainge in response to light level,
fiber length was significantly reduced in SH plaitable 4-3). Analysis of TEM
images showed that shading also resulted in sggmifiy thinner secondary cell
walls in fibers, a trend that was paralleled bydowood densities in stems of SH
plants (Table 4-3).

4.4DISCUSSION

In agreement with our main hypothesis, hybrid popégplings exhibited
increased xylem vulnerability when grown under gh@eg. 4-1a). This finding
is consistent with previous results on other trgecees (Barigalet al, 2006,
Cochardet al, 1999, Schoonmaket al, 2010). Increased vulnerability was
associated with thinner pit membranes. This findiggees with a recent study on
angiosperm species, which found correlations batvp#emembrane thickness
and membrane porosity as well as vulnerabilityawitation (Jansest al, 2009).
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Species with thinner, more porous membranes shmildore vulnerable than
species with thicker membranes (Janseal, 2009), and such interspecific
correlations may also occur within a single genetyfhinner pit membranes in
SH plants (Fig. 4-2a) probably represented a welad&ater between air and
water-filled vessels, and allowed air-seeding ateidAP,,i: than in C plants with
thicker pit membranes. The link between membramegity and thickness
remained somewhat ambiguous in our study (Fig., 4¥Bich may be due to
artifacts resulting from sample preparation (asuised below). Several
experiments have also suggested that pores beadarged when the membrane
deflects during air-seeding (Chagttal, 2004, Cochareét al, 2010). Such
enlargement would presumably be more pronouncétkithinner membranes of
SH plants and would contribute to the lower aireseg threshold observed in SH
plants, despite similar porosity under relaxed ¢omak. In any case, pit
membrane thickness appears to be an importantathastic influencing
cavitation resistance.

The factors determining pit membrane thicknessatdully understood.
In this study, reduced pit membrane thickness irs&idples was paralleled by a
thinner primary cell wall and middle lamella lay€ig. 4-2b). Since pit
membranes are derived from this compound middieliamnsuch a correlation is
not unexpected. In shaded samples, there was nificigt difference between
the compound middle lamella and pit membrane tlasknin control samples, pit
membranes were on average 50 nm thicker than theaend middle lamella. It
is possible that some material is deposited ompith@embrane surface as
suggested by the observation that pit membranes alerost twice as thick as the
compound middle lamella in some angiosperm spédasseret al, 2009).

The SEM-based measurements of pit porosity in SH@samples
produced different results depending on the samaparation method (compare
Fig. 4-4a-b, Fig. 4-5). When samples were watezeti(air-dried from water),
pores appeared larger in SH than in C plants, wivehin agreement with our
initial hypothesis. However, there was no significdifference in pore sizes
between SH and C when ethanol-drying was used.i§enswith the rare pit
hypothesis, the vast majority (95%) of pores dewdetith SEM were smaller
than the pore size allowing air-seeding atM@P. This result is in agreement
with previous SEM work (Choat al, 2003). However, when we used the pit
porosity data in the ‘rare pit’ model to preddCP, the results suggested that
pore sizes measured from SEM images overestimalt@aoeosity (Table 4-2, Fig.
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4-6), especially in the water-dried samples. Thendd be several possible
reasons for this finding, and most likely a combimraof them contributed to this
result. First, sample dehydration may have resuitedgeneral enlargement of
pores as the gelatinous material filling the sgzet®veen the microfibrils shrank.
It is possible that the effect of such shrinkage webre dramatic in thinner pit
membranes, which might explain the larger porosityater-dried samples in SH
plants. Second, some of the large pores that weunead were probably artifacts
or resulted from local damages to the membranenbet caused as some of the
microfibrils ruptured during the desiccation prazedccasionally, some pores in
an individual pit membrane were suspiciously lattpan the rest of the pores,
similar to the pattern found by Sano (2005, his BjgHowever, it was difficult

to draw a distinct line between pores that coulddresidered real and those
resulting from artificial damage. The fact that mabpredictions based on the
averages from 7.5% of the largest pores alreadyigied a reasonable agreement
with the measureMCP in ethanol-dried samples (Table 4-2) is encouragince
it indicates that the porosity measurements agdively close to expected reality.
Nonetheless, the exact magnitude of pore enlargeduento the sample
dehydration method is difficult to quantify becaudehe inherent difficulty of
locating the rare pits with the largest pores, tmessuring the real range Df,ax
values.

Based on our results from poplar xylem, ethanolydedtion seems to be a
better alternative for preparing pit membrane sas\for SEM-imaging in
comparison to air-drying, as it produced a highenher of intact pit membranes
with more reasonable porosity. Air-drying from petbanol was presumably less
disruptive than air-drying from water and henceserved pit membrane
structure closer to its natural state. This findbogtrasts with conclusions of
Jansen et al. (2008) who got better results witterarying of samples prior to
SEM observations. It is possible that some premara¢chniques are more
suitable for certain species. Notably, Jansen. etsaéld species with thicker pit
membranes than those found in poplar. Thicker mands are probably more
resistant to the negative effects of air-dryingriravater.

Although ethanol-drying provided better resultsy@s probably far from
being free of artifacts. In a few instances, weeobsd a layer that tended to
detach around the perimeter of the pit membramaticrg an apparent white ring
as the edges of the layer rolled up (Fig. 4-#itkeveral angiosperm species (e.g.,
Goniorrhachis Salix Betulg, pit membranes were shown to consist of multiple
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layers of microfibrils that can be peeled off dgrihe sample preparation (Jansen
et al, 2009, Sano, 2005, Schmid & Machado, 1968). Inreshto these SEM
studies, in our case this upper layer appeared@mas with no visible fibrils. In
addition, we observed several pits that displayadraogenous surface texture
with no resolvable pores and microfibrils. In am@ering study using atomic
force microscopy for investigating the structuredgerties of pit membranes,
Pesacreta et al. (2005) found a microfibrillar oagaat the surface of pit
membranes obapium sebiferunT.he coating was homogenously thick when
non-dried samples were observed, while air-driedpdas showed variability in
the thickness of this coating. The coating was\@rage thinner when compared
with non-dried samples. Thus, it is possible thatlayer shown in Fig. 4-4c
represents a similar coating. Although the chermmedalire of this coating is not
known, Pesacreta et al. (2005) suggested that pehgdics or pectins might be
present.

Strikingly, our TEM immunolabeling procedure usihg antibodies JIM5
and JIM7 failed to detect homogalacturonans (HG@dplar pit membranes with
a notable exception of the annulus region (Figa<h8 These results should be
verified in naturally grown mature poplar treescsitit is possible that the young
age of the saplings influenced the chemical contioosof the pit membranes and
compound middle lamella. Nevertheless, the ovetliern of labeling in the
compound middle lamella in our experiment was sintib the pattern found in
mature wood of Scots pine (Hafren, Daniel & Westm2000). However, in
the case of pine, the torus of the pit membranela@sed as well. In poplar, the
labeling suggests that HG were removed or modifiedn the compound middle
lamella developed into a pit membrane. It has lseggested that non-cellulosic
polysaccharides are hydrolyzed in the pit membran&salix (O'Brien, 1970). In
a recent study, Herbette and Cochard (2010) showataemoval of calcium
from the conduit cell wall resulted in increasedexy vulnerability in eleven tree
species while no effect of calcium removal was fbimSalixandBetula The
effect of calcium removal on vulnerability was #itited to the disruption of the
supermolecular structure of HG polymers presetiieénpit membranes, allowing
air-seeding under less negative pressure. The ebsémn effect of calcium
removal on cavitation resistanceSalixandBetulasuggests that HG might not
be present in the pit membranes of these highlyerable species. In further
support of our results, Nardini et al. (2007) dal find any differences in the ion-
mediated effect on stem hydraulic conductivityabadcco plants with reduced
HG content when compared to control plants withitened composition. We
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suggest that the current paradigm about the geperaténce of HG in mature pit
membranes needs to be reconsidered. To date,ishaoédirect evidence that
pectins are present in mature angiosperm pit memebréChoatt al, 2008),

even though there is clear evidence for the ocooe®f pectins in pit membranes
of conifers (Hafreret al, 2000).

Some kind of filling material in which cellulosicianofibrils are
embedded is clearly present but the question atsocthemical nature remains
unresolved. Given the dramatically different appeae of pit membranes in
different species (Jansenal, 2009), variability in their chemical composition
may be expected. While HG may be present in thepihbranes of some species
(Perez-Donoso, Sun, Ropetral, 2010), they may be absent or masked in other
species like poplar, willow or birch. Hemicellulesand two other groups of
pectin (rhamnogalacturonan | and Il) are commomnésent in primary cell walls
(Fry, 2004), and are probably also present in gitroranes. In addition, Schmitz
et al. (2008) reported a low but detectable ligtontent in pit membranes of two
mangrove species. The presence of hydrophobicautes such as lignin in pit
membrane would have an important effect on xylemenability as a non-zero
contact angle in Eqn. 4-1 would result in loweritation pressure for a given
pore size (Meyra, Kuz & Zarragoicoechea, 2007). dasearch addressing pit
membrane chemistry is clearly required for a betteterstanding of intervessel
pit functioning.

The xylem of SH grown poplars was not only moreneuable, but also
exhibited lower transport efficiency (Fig. 4-1bhése observations are in line
with earlier results (Lemoine, Jacquemin & GranifQ2, Raimondet al,

2009). LowerKs can be explained by significantly narrower vessalsd in SH
plants (Fig. 4-7a). However, the vessels in SHiglarere also longer (Fig. 4-7b)
which should result in smaller end wall resistaasexylem sap crosses fewer end
walls in series. This decrease in end wall restsamas probably not big enough
to compensate for the effect of narrower vessdis.Xlylem of SH plants

therefore appears less optimized from a hydratdicdpoint. This study also
reinforces the point that higher xylem vulnerabpilg not always associated with
increased xylem transport efficiency; especiallyewlooking at the intraspecific
level (Fichot, Barigah, Chamaillaet al, 2010, Martinez-Vilalta, Cochard,
Mencucciniet al, 2009).

Despite smaller xylem areas and lower xylem trartsggfticiency, the
total leaf area was comparable between SH andr@sp(@able 4-1). This implies
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thatK_ was lower in SH plants compared with their C ceymdrts (Fig. 4-1c).
LowerK_ in plants growing under shade has been previaeglgrted from both
controlled and field conditions (Caquadtal, 2009, Schoonmakeit al, 2010,
Schultz & Matthews, 1993). In shade conditions,whpor pressure difference
between the leaf and ambient atmosphere is usoallyWell-watered plants can
maintain large leaf areas even though their xylemdport is less efficient. A
large leaf area in shade is desirable as it helpapture more light which
represents the main limiting factor in such an eamment. However, low, can
represent a risk to the plant under high evapaatemands as insufficient water
supply to the leaves may result in stomatal cloame/or xylem cavitation.

As is obvious from the lower wood densities andrler cell walls in both
vessels and fibers (Fig. 4-8a-b, Table 4-3), theharical function of xylem was
suppressed in SH plants, probably due to limitiadpon availability. The lower
wood density in SH plants was driven mainly by ltheer fiber cell wall
thickness, because the diameter of fibers as weleasel density were not
significantly different between SH and C plantdgslalso worth noticing that the
fiber length was lower in SH plants (Table 4-2),ethcontrasts with the pattern
found with vessel and vessel element length. Duxiiggenesis, the future vessel
elements and fibers have the same length untihi@msive intrusive growth of
fiber tips is initiated (Siedlecka, Wiklund, Pereret al, 2008). Hence, our data
suggest that the intrusive growth of fibers washitbd in SH plants relative to C.
Consistent with our results, lower wood densityc¢kta Sperry, Pockmaet al,
2001) and decreased double wall thickness (CocBantigah, Kleinhentet al,
2008) are often associated with increased xylemerability. The link between
these characteristics and xylem safety has be&vedias indirect and based on
the fact that strong mechanical reinforcementdsiired in cavitation-resistant
conduits to prevent their collapse when they algestied to highly negative
xylem pressure (Hacket al, 2001). However, there may be a coordination
between compound middle lamella (and hence pit man&) thickness and
overall cell wall thickness which could influenceed density as suggested by
Jansen et al. (2009). The results presented irstihdy (Fig. 4-2) are in agreement
with their hypothesis. However, more researchdgiired to further verify this
proposed link between wood density and xylem viab#ity.
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4.5CONCLUSIONS

This study provides new insights into homogenotusngimbrane
functioning. The results presented here indicaaétthe structure of homogenous
pit membranes in poplar is affected by growing ¢baods. The thinner pit
membranes that developed in SH plants served @&akewrprotection against air-
seeding resulting in more vulnerable xylem. By gdime empirical pit porosity
data in conjunction with the ‘rare pit’ model, werg able to evaluate how SEM-
based porosity estimates compared with the poresipgcted based on the air-
seeding theory. To the best of our knowledge,ithike first study using
carbohydrate-specific antibodies to dissect inegsel pit membrane chemistry in
poplar. Pectic HG are believed to be responsibienany physiological processes
associated with pit functioning such as the ion-iaed changes in hydraulic
conductivity or calcium-dependant changes in xylerimerability. Our finding
that HG are not universally present in all angiosppit membranes highlights
the need for a better characterization of pit memérstructure and function.
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4.6 TABLES

Table 4-1: Growth characteristics of poplar saplings growdemshade (SH) or
control light conditions (C).

SH C P value
height (cm) 118.0+53  109.3+3.2  0.007
Dsten (MM) 6.8+0.3 8.1+0.2 < 10
total A_ (m°) 0.47 +0.04  0.49+0.02 ns
DWL (g) 11.7+1.5 26.3+1.0 < 10
LWA (g/m?) 24.7+1.1 53.6 2.9 < 10

AUAx (cnf/mn?) 2140498  170.3+157 <70

Abbreviations:height - sapling final height, - stem diameter at 10 cm above
the root collar, A- total leaf area, D\\- total leaf dry weight, LWA - leaf weight
per unit leaf area and M x - supported leaf area to xylem area ratio of the
measured stem segment. Means + 15D 6. P values show results of independent
two-sample t-tests, testing for differences betwibertwo light treatments; ns =
non-significant differenceR> 0.05).
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Table 4-2:Fitted Weibull constants of empirical pit distribaris and mean
cavitation pressure from the ‘rare pit’ model faiferent pit pore diameter data.
TheD datacolumn indicates what data was assumed as anieatiit
distribution (max-the largest pore from an indi\adipit or the average from the
indicated percentage of the largest pores perithgd/ pit). b andc represent the
Weibull parameters providing the best fit of EqB tb empirical pit distribution
data.MCP, is mean end wall air seeding pressure predictetidoynodel.

Weibull parameters

MCPe

D data b (MPa)

Ethanol-dried max 4.08 3.14 -0.43
1% 4.27 4.12 -0.73

25% 4.59 4,76 -0.98

5% 4.95 5.16 -1.18

75% 5.21 5.61 -1.38

10% 5.44 5.84 -1.52

Water-dried max 3.04 2.84 -0.27
1% 3.19 3.23 -0.37

10% 4.17 3.81 -0.63

15% 4.48 3.99 -0.72

30% 5.21 4.40 -0.98

50% 5.99 4.83 -1.29
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Table 4-3: Properties of xylem cells and wood density of poglaplings grown
under shade (SH) or control light conditions (Ciareter and length of fibers
(measured from macerations, grand meams=06 stems), thickness of secondary
cell wall of fibers (measured from TEM micrograpgsand means af = 5

stems), and wood density € 6). Means 4SD.P values show results of
independent two-sample t-tests; ns = non-signifiddference.

SH C P value
Fiber diameter (mm) 19.5+0.9 19.8+0.8 ns
Fiber length (mm) 531.1 +23.3 580.7 £+ 15.7 0.001

Secondary cell wall thickness762 5+ 653 10316 + 163.2 <0.01
of fibers (nm) T T ' '

Wood density (g cif) 0.32 +0.01 0.40 +0.01 <10
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4.7FIGURES

0.0

-0.5

-1.0 F

15 F

Mean cavitation pressure (MPa)

K (kg m* s™ MPa™)
~

K_(x10"kgm™s* MPa™)

SH Cc

Figure 4-1: The (a) mean cavitation pressure, (b) xylem-s$igegnd (c) leaf-
specific conductivity of stem segments of poplalisgs grown under shade (SH,
black bars) or control light conditions (C, opems)aError bars show SIh£6).

** indicates significant differences &< 0.01 (independent two-sample t-test).
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Figure 4-2: (a) pit membrane and (b) compound middle laméilekhess in
plants grown in shade (SH, black bars) or contghiticonditions (C, open bars).
The bars represent grand mearS8B-(=5). * and ** indicate significant
differences aP < 0.05 and 0.01, respectively (independent two-sarif#st).

109



3U9nm
 —

Figure 4-3: Immunogold localization of homogalacturonans irtunaxylem
with the monoclonal antibody JIM7 with transmissglactron microscopy.

(a) JIM7 labeled the compound middle lamella (ctol)t, not the mature pit
membrane (pm), suggesting that homogalacturonares mag present in the pm.
(b) Gold particles were frequently located in tlitenpembrane annulus
(arrowhead marked ‘a’). Plants were grown in (gd&hand (b) control light
conditions. scw- secondary cell wall
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Figure 4-4: Scanning electron micrographs of exposed pit mends.aPorosity
and texture of the pit membranes differed dependimthe drying method used
for sample preparation. (a) Pit membranes from mdiied (i.e., air-dried from
the fully hydrated state) samples displayed latgarty resolvable pores and no
visible microfibrils. (b) Pit membranes from eth&daed samples showed
smaller pores embedded in a readily visible meskwbrandomly oriented
microfibrils. The outline of the pit aperture ispgpent as a lighter area in the
center of the pit membrane. (c) Close-up view efgili membrane showing
amorphous material (arrowhead) being detached fhenedges of the pit
membrane revealing a layer with visible pores aimatafibrils (asterisk). The
pictures were taken in samples from (a, b) shatltpand (c) plants grown
under control light conditions.
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Figure 4-5: Scanning electron microscopy based measuremeptsroembrane
porosity. (a) maximal pore diamef,y (b) average diameter of the 10% largest
poresDioy, and (c) mean pore diamei@y.anmeasured per pit in water-dried
(black bars) or ethanol-dried (gray bars) SEM sasplhe bars represent grand
means = SD from six individual stems. Bars withigtters in common were
statistically different aP < 0.05 (two-way ANOVA and Tukey HSD test).
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Figure 4-6: Fitted cumulative frequency distribution for the-seeding pressure
(Py) of individual pits En(p)) and pitted end-walld=¢(p)) as calculated from the
‘rare pit’ model for (a) ethanol-dried and (b) watkied samples. The mean of
the F¢(p) distribution provides an estimate of the meantaion pressureMCP).
Results obtained when maximal pore diameter pevithaal pit was used to
generate cumulative pit frequency distribution sttewn together with the results
providing reasonable agreement with meas&dP. This occurred when the
average from 7.5% and 50% of the largest pore diensmi@er pit were used to
generatd-(p) for ethanol- and water-dried samples, respegtiv@losed and
open circles show vulnerability curves from plagtswn in shade and control
light conditions, respectively.
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Figure 4-7. (a) mean hydraulic vessel diameter, (b) meaneldssgth and (c)
mean vessel element length in shaded (SH, blac) bad control plants (C, open
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and ** indicate significant differences Bt< 0.05 and 0.01, respectively
(independent two-sample t-test).

114



800

= (a)
- T
BE 600 f . -
o=
T »
T & 400 | -
o C
Q X
Q.0
TS 200 -
]
%]
O]
>
0
5
(7]
@ (b)
C
g 4 . —
'_E *%
SE 3 1
T =
@ 2t -
<))
>
(0]
s 17 1
=2
o
S

SH C
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5. Heterogeneous distribution of pectin epitopes andatcium in
different pit types of four angiosperm species

5.1INTRODUCTION

Water and nutrients move through a complex netwbrkylem conduits
that, when mature, are dead and void of cellulatert. Water movement is
driven by a gradient in negative pressure thatresalt of evaporation from the
tiny menisci localized in the cell walls of leafrpachyma. Consequently, xylem
sap is in a metastable state and hydraulic fadarereadily occur (Tyree &
Zimmermann, 2002). As the xylem pressure decrediseso increased
evaporative demand or lack of soil moisture, theme higher risk of water
columns essentially ‘breaking’ and xylem conduigediming air-filled (i.e.,
embolized). Embolized conduits are temporarily @empanently disconnected
from the transpiration stream and hydraulic conditgt(K;) decreases.

Interconduit pits connect adjacent conduits to pewater flow while
preventing the spread of air from embolized corgdigitadjacent functional ones
(Choat, Cobb & Jansen, 2008, Sperry & Hacke, 26pérry & Tyree, 1988).
According to the air-seeding hypothesis, micropsrpit membranes will support
an air-water interface until the pressure diffeeeacross the membrane
overcomes the capillary forces (Sperry, Saliendokmaret al, 1996). The air-
seeding threshold is inversely related to the paameter, such that higher pit
membrane porosity will result in more vulnerabléexy (Choatet al, 2008,
Jarbeau, Ewers & Davis, 1995). A consequence afdlieeof interconduit pits as
safety valves is that they provide a significamstoaint to water flow. In both
conifer tracheids and angiosperm vessels, intergbpds contributed on average
more than half of the total conduit resistivity @ta, Sperry, Wheeleaat al,

2006, Pittermann, Sperry, Hackeal, 2005).

Pits are also found between (axial and ray) pangnalcells and xylem
conduits, thus providing an interface between ithiad and dead components of
the xylem. Controlled fluxes of various soluteduniing ions (De Boer &
Volkov, 2003, Nardini, Grego, Trifilet al, 2010), sugars (Salleo, Trifilo,
Espositoet al, 2009, Sauter, Iten & Zimmermann, 1973), and araitids (Sauter

* A version of this chapter has been published. Plavcova L & Hacke UG 2011. New Phytologist.
192: 885-897.
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& Van Cleve, 1992) occur between ray cells and eles3hese exchange
processes are most likely influenced by the progedf vessel-ray pit
membranes. In addition, vessel-ray pits may plegi@in embolism refilling as
water appears to enter refilling vessels througittierface (Braun, 1970,
Brodersen, McElrone, Choat al, 2010).

The permeability of pit membranes in both intereéssd vessel-ray pits
is critical for their function. The porosity andrpeeability of pit membranes are
likely to be affected by the chemical compositidrihe membrane. However, our
knowledge of pit membrane chemistry is limited.rRémbranes develop from the
compound middle lamella (cml) (Evert, 2006), and tisually assumed that their
chemical composition resembles that of a typicathary cell wall. However, this
assumption awaits further testing because of thensike remodeling and
hydrolysis of the original primary wall that takglsce during pit membrane
differentiation (Morrow & Dute, 1998, O'Brien, 1978chmid & Machado,

1968). According to the current paradigm, pit meanieis are composed of
multiple layers of cellulose microfibrils embeddeada matrix of hemicellulose
and pectins (Choat al, 2008). Structural proteins that are common in the
primary cell wall (Cassab, 1998, Valentin, Cercli®éeneixet al, 2010) may also
occur in pit membranes (Harrak, Chamberland, Plangt, 1999).

Experimental evidence suggests that pectins plagitant roles in pit
membrane functioning (Boyce, Zwieniecki, Coelyal, 2004, Cochard, Herbette,
Hernandezt al, 2010, Nardinet al, 2010, van leperen, 2007, Wisniewski,
Davis & Arora, 1991, Zwieniecki, Melcher & HolbropR001). Pectins are a
highly complex and heterogeneous group of polysaidés rich in galacturonic
acid (GalA). Different domains of pectins can bstidiguished based on their
biochemical properties; namely homogalacturonan)(H@mnogalacturonan-I
(RG-I), and rhamnogalacturonan-1l (Willats, McCaynMackieet al, 2001)

HG are linear polymers of 1,4-linkedD-GalA and are the most abundant pectic
domain in the primary cell wall comprising up td%6@f total pectin (O'Neill &
William, 2003). The pectic polymers extensivelyeiract with each other as well
as with the other cell wall components (MacDoudatktt, Morriset al, 2001a,
Ryden, MacDougall, Tibbitst al, 2000, Valentiret al, 2010), but the

complexity of these connections is not fully undeosl.

Due to the presence of numerous carboxyl grouptinseexhibit
properties of polyelectrolytes and have an overadjative charge (Valentet al,
2010). Calcium pectin gels tend to swell when them@n imbalance in the
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distribution of mobile counterions between thea®d surrounding solution,
which results from the Donnan effect (MacDougalhl, 2001a). Crosslinking of
the polymer network constrains the swelling tendesy@MacDougalkt al,
2001a). The hydrogel behavior of pectins has bsed to explain why thi;, of
stem segments is higher when measured with saitigol(typically 10-100 mM
KCI solution) compared with perfusion with distdlevater (Gasco, Nardini,
Gortanet al, 2006, Lopez-Portillo, Ewers & Angeles, 2005, v@peren, 2007,
Zwienieckiet al, 2001).

In addition to the ionic effect, calcium-mediatedss-links between
pectins have been proposed to influence the vubilgyeof xylem to embolism
(Sperry & Tyree, 1988). Perfusion of stems withlmxacid and calcium solution
induced greater vulnerability in sugar maple, ppshay disrupting calcium-
mediated cross-links in the pectins of the pit meamb, which could make the
membrane more flexible and allow for transient psi@gening (Sperry & Tyree,
1988). Herbette and Cochard (2010) also founddhdiolism vulnerability
increased after perfusing stems with a calciumathwg solution. In the presence
of >10 consecutive unmethyl-esterified GalA resgjwalcium may interact with
the negative charges of the GalA residues to faahles gels based on the ‘egg-
box’ model (Caffall & Mohnen, 2009). While othenkages exist in the pectin
network, calcium cross-linking of HG is known tontobute to wall strength
(Caffall & Mohnen, 2009, MacDougadit al, 2001a, Micheli, 2001). The
presence of low methyl-esterified HG in interveggemembranes may therefore
be associated with shifts in vulnerability to em&wl and may even explain
differences in vulnerability between various spe¢iderbette & Cochard, 2010).

Both the ionic effect and the magnitude of thetshifvulnerability vary
greatly among species (Cochatdal, 2010, Herbette & Cochard, 2010, Jansen,
Gortan, Lenst al, 2011). While the factors influencing the ioni¢eet have
been previously investigated (Gortan, Nardini, &adit al, 2011, Janseet al,
2011), the factors affecting the magnitude of therability shift after calcium
removal are poorly understood. Herbette and Coct2&ti0) noted that the shift
was greater in more embolism-resistant specieth&thirteen species tested in
their study, two $alix albaandBetula pendularemained unaffected by the
treatments. It seems possible that pectins werpnesent in the intervessel pit
membranes of these species. Alternatively, if psottere present, they may not
have been capable of forming calcium mediated dinks, possibly due to a
high degree of esterification. The fact that moonal antibodies did not
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recognize HG in intervessel pit membranes of hypaglar saplings (Plavcova,
Hacke & Sperry, 2011) supports the hypothesissbate highly vulnerable
species do not possess pectinaceous intervesse¢pibranes. The absence of
HG would also prevent an increase in vulnerabditgr calcium removal. To test
this hypothesis, we measured the shift in vulnditglin two relatively vulnerable
speciesBetula papyriferaandPopulus balsamiferaand two more resistant
speciesPrunus virginianaandAmelanchier alnifoliaWe hypothesized that HG
will be absent in the intervessel pit membranetheftwo vulnerable species, and
that the vulnerability of these species will therefremain unaffected by calcium
removal. We expected the opposite pattern in tleerégistant species.

One of the most powerful ways to study pectin smpitysiological context
is by using anti-pectin antibody probes (Willatsal, 2001, Wisniewski & Davis,
1995). However, this tool has rarely been usechtervessel pit membranes of
woody angiosperms. In this present study, we useaunogold labeling with
monoclonal antibodies raised against primary call polysaccharides (HG, RG-
I, and xyloglucan) to probe the chemical compositid pit membranes. We
asked if the pattern of HG labeling correspondeth wie presence of calcium in
pit membranes. To do this, we used an antimonatgptation technique and
compared the distribution of HG and calcium attthesmission electron
microscopy level. Our final objective was to conmg#re structure and chemistry
of different pit types. Although intervessel andgsel-ray pits may occur in the
same vessel element, they have very different fometand may therefore differ
in their chemical composition.

5.2METHODS
5.2.1 Plant material

Branches (approx. 1 cm in diameterBstula papyriferaMarsh.,Populus
balsamiferalL., Prunus virginiana.., andAmelanchier alnifoliaNutt. were
collected in the vicinity of the University of Ald@ campus in Edmonton
(53°50N 113°52W). These species were selected to cover a widgeraf
xylem vulnerability. The trees used for samplingeweature individuals growing
in a river valley. For the measurements of vulngitglio embolism, branches
were sampled from different randomly selected iithligls. The plant material
was used immediately or wrapped in plastic bagks wet paper towels and
stored at 4°C for no longer than 3 days beforentbasurements were carried out.
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For electron microscopy work, xylem samples welkected from the same trees
used for the hydraulic measurements. In this caples were processed
immediately. Samples for hydraulic measurementsTdid immunolabeling
were collected in October and November 2010, sasrfpleSEM observations
and TEM calcium localization were collected in kedry 2011, and samples for
ruthenium red staining were taken in May 2011.ddi&on, a limited set of
hydraulic measurements was carried out in Febrigaverify that vulnerability to
embolism did not undergo seasonal shifts.

5.2.2 Shifts in vulnerability to embolism

To evaluate the effect of calcium removal on vulidity to embolism,
vulnerability curves were obtained for control sseamd stems perfused with a
calcium chelating sodium phosphate solution (Heéeb&tCochard, 2010). Stem
segments were trimmed under water to a length & d#h. Segments were
flushed with the treatment (pH 10) or control (pHL® mM NaPQ solution for
30-40 min at 20 kPa. At least 5 ml of solution weeefused through each stem.
At pH 10, the phosphate occurs mainly in the fofriiBO,* anions that readily
precipitate C& cations. In contrast, at pH 4 the predominant iéoim of
phosphate is H#PO,, which does not bind calcium. The same solutisexfor
flushing were used during th&, measurements. After flushing, stem segments
were fitted to a tubing apparatus and the maxirgdtdulic conductivity Kmay
was measured as the flow rate per pressure grg@Eavcovéet al, 2011). The
standard centrifuge method (Alder, Pockman, Spetrgl, 1997, Li, Sperry,
Tanedeet al, 2008) was used to generate vulnerability curCesves were
constructed by plotting the negative xylem pressg@nst the percent loss of
conductivity as described previously (Plavcetal, 2011). Curves were fitted
with a Weibull function and the xylem pressure esponding to 50% loss of
conductivity (Ro) was calculated for each stem segment. Six stemspgecies
were measured for each NaPgdlution.

5.2.3 Scanning electron microscopy

Scanning electron microcopy (SEM) was used to etalwhether
perfusion with the calcium chelating solution caliseanges in pit membrane
structure. To prepare the samples for SEM obs@mvastem segments 5 cm in
length were perfused with the treatment (pH 1®amtrol (pH 4) NaP®solution
at a pressure of 20 kPa for 1 h. Then, samples sgaked in the same solution
for 24 h at room temperature. Subsequently, segwesrte rinsed with distilled
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water and dehydrated through a gradual ethanass8€-50-70-90% (30 min
each) and placed in 100% ethanol overnight. Finatbgments were air-dried for
24 h, split with a razor blade and mounted on atwmm stubs using conductive
silver paste. Samples were sputter-coated withnshmm and carbon and
observed with a field-emission scanning electroorasicope (6301F, JOEL,
Tokyo, Japan) using 2 kV acceleration voltage. Flbffierent stems of.
balsamiferawere observed for each NaPsylution (pH 4 and 10, respectively).
P. balsamiferavas selected for these SEM observations, becaiberiiervessel
and vessel-ray pits were relatively easy to findadangential surface plane in
comparison with the other three species studieserii-quantitative elemental
analysis via SEM coupled X-ray spectrometry (PriocegGamma-Tech Inc,
Princeton, NJ, USA) was used to assess the cheodogbosition of conspicuous
particles that were abundant in the specimensetleaith NaPQ at pH 10. An
acceleration voltage of 50 kV was used for thidysis.

5.2.4 Polysaccharide localization with transmission elecbn microcopy

For immunolabeling, blocks of xylem tissue 1 fimsize sampled from
the outer part of the stems were fixed in a mixtufr6.2% glutaraldehyde and
3.7% paraformaldehyde in 25 mM piperazine-Npié$ (2-ethanesulfonic acid)
(PIPES) for 4.5 h at room temperature. Specimems Wen buffer washed,
dehydrated and embedded in LR White resin (LondesirRCo., London, UK).
Our embedding procedure closely followed the spepsiously described by
Chaffey (2002), with the modification that we udesght polymerization at 60°C
for 24 h. Ultrathin sections (70-90 nm) were cuhgsan ultramicrotome
(Ultracut E, Reichert-Jung, Vienna, Austira) eq@gpmvith a diamond knife.
Sections were collected on pioloform-coated nigkals and immunolabeled.
Four monoclonal antibodies (JIM5, JIM7, LM6 and LM PlantProbes, Leeds,
UK) raised against different cell wall polysacclarepitopes were used in this
study. JIM5 and JIM7 bind to HG with low and highgiee of methyl-
esterification, respectively (Guillemin, GuillonpBninet al, 2005, Knox,
Linstead, Kinget al, 1990, Willatset al, 2001). LM6 recognizes arabinan side
chains of RG-I (Ermel, Follet-Gueye, Cibettal, 2000, Guillemiret al, 2005,
Willats et al, 2001). LM15 is targeted against the XXXG motifxgfoglucan
(Marcus, Verhertbruggen, Heret al, 2008). Immunolabeling was performed by
floating the grids on drops of successively chaggolutions. Sections were
preincubated for 10 min on a drop of 0.05 M Tridkéred saline (pH 7.6) with
0.1% Tween 20 and 0.1% bovine serum albumin, bidé&e20 min with goat
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serum (Sigma-Aldrich Corp., St. Louis, MO, USA)udédd 1:30 (v/v) in the same
buffer, treated with the primary antibody (JIMSVT, and LM6 diluted 1:4,

LM15 diluted 1:3) overnight at 4 °C, four times farfwashed and stained with a
secondary antibody, goat-anti rat IgG conjugateiti W® nm gold particles
(Sigma-Aldrich) for 1 h. The grids were then exiealy washed with buffer and
filtered water and finally contrasted with 4% urbhagetate for 25 min and with
Reynolds’ lead citrate for 2 min. Sections wereneixeed under a transmission
electron microscope (Morgagni 268, Fei Companyisbidro, OR, USA).

The immunolabeling experiment was conceived asaditgtive study
aiming to describe the pit membrane chemical comtipasas well as differences
between species. Given our interest in the occaereh HG in pit membranes, we
assessed the labeling density of JIM5 and JIMbadies in the pit membrane
annulus. We counted the gold particles in thisaegihe labeling density in pit
membrane annuli was estimated based on six totd per species and antibody.
In addition, the length of the annulus was measaeetthe distance from the edge
of the pit (following the plane of the cml) to theea where the annulus
transitioned into the main portion of the pit mear®. This transition zone could
be clearly identified based on the difference m¢hectron density of the
membrane. In addition to these measurements, pitbramne diameter was
calculated from the pit area assessed in tangesgcdions with a light microscope
at 1000 x magnification assuming a circular shdg@tanembranes.

To verify the immunolocalization pattern, a hisgitmal detection of
pectins was performed via ruthenium red stainirgetdaon methods described
previously (Gortaret al, 2011, Micheli, Ermel, Bordenawet al, 2002). Xylem
tissue was fixed in Karnovsky’s fixative containidd % (w/v) ruthenium red for
1.5 h and post-fixated in 1% buffered osmium tetrde® with 0.1% ruthenium red
for 1.5 h at room temperature. Subsequently, saswpéze dehydrated and
embedded in Spurr’s resin. As osmium tetraoxidé-peation provides some
contrast to the tissue, control samples were pegpasing the same solutions
without ruthenium red. Sections were mounted onezbaopper grids and
examined without further staining.

5.2.5 Calcium localization

Calcium was localized within the wood tissue usangantimonate
precipitation technique (Slocum & Roux, 1982, W&lKepler, 1980). This
method has been successfully used to localizevadllbound calcium in the
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cambial zone of poplar (Baier, Goldberg, Catesstaad, 1994, Guglielmino,
Liberman, Jauneaet al, 1997) and European ash (Funada & Catesson, 11991).
this study, small blocks (1 minof mature xylem were fixed in a mixture of 2%
glutaraldehyde, 2.5% formaldehyde, 0.1% tannic,aoid 2% potassium
antimonate in 0.1 M potassium phosphate buffeHat {6 for 6 h at room
temperature in the dark. Specimens were then wasleetimes for 15 min in
antimonate buffer (2% KSb(OKlin 0.1 M potassium phosphate at pH 8),
postfixed in 1% Os@in antimonate buffer for 2 h, three times buffersived for
10 min, washed for 30 min in 0.01 M potassium plhasp buffer without
antimonate at pH 7.6, and finally gradually dehyellaand embedded in Spurr’s
resin. Ultrathin sections were collected on coatggber grids and observed
without further staining.

5.2.6 Statistical analysis

The statistical environment R (R Development Cagani, 2009) was
used to perform the statistical analysis. Analg$igariance followed by Tukey’s
HSD post hoc comparison test was conducted to atetlifferences among the
species and perfusion solutions. For all testéedihces were considered
statistically significant aP < 0.05.

5.3 RESULTS
5.3.1 Shifts in xylem vulnerability to embolism

Vulnerability to embolism was significantly highierstems perfused with
NaPQ solution at pH 10 in comparison with the same tsmtuat pH 4 in three
out of four species studie®<0.05) (Fig. 5-1). The dgvalues at pH 4 did not
differ from values previously measured in our latory for these species using a
regular measuring solution (20 mM KCIl and 1 mM Ga@stead of NaP©
(data not shown). Therefore, perfusion with NaROpH 4 does not affect xylem
vulnerability and the £ at pH 4 reflects the ‘native’ xylem vulnerabilifyhe
difference in By (APsg) in stems infiltrated with solutions of differepid was
largest in the most resistant specisalnifolia (APsp = 2.12 £ 0.16 MPa). The
magnitude of the shift inspwas proportional to the native vulnerability of
species, with more resistant species shifting nieige 5-2). Although their £
values at pH 4 did not diffeP(= 0.945),P. balsamiferaexhibited a significant
shift in vulnerability P=0.020) whileB. papyriferadid not £=0.998). The
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correlation betweeAPspand the B, at pH 4 closely followed the relationship
observed by Herbette and Cochard (2010), althowghsed different species and
a different centrifuge method to measure the valpiity curves.

5.3.2 Scanning electron microcopy

SEM was used to test if perfusion with calcium ehialy solution caused
visible changes in pit membrane structure. Sphlep@dicles were often found in
the vessel lumens of samples treated with Ne®®@H 10, but were rare in
samples treated with NaR®olution at pH 4 (Fig. 5-3). Semi-quantitative
elemental analysis with an X-ray analysis systeaptad with the SEM
microscope revealed that the particles were righhimsphorus, calcium, sodium
and magnesium. At pH 10, but not at pH 4, thestgbes were consistently
found in high concentrations on the surface of @essy pit membranes (Fig. 5-
3b). At pH 10, precipitate was occasionally foumdtioe surface of intervesssel
pit membranes (images not shown). However, compaitdvessel-ray pit
membranes, intervessel pit membranes had far fparéicles, and precipitate was
only sporadically observed in different samplese @istribution of these particles
within the intervessel pit membrane seemed faahdom. However, in several
instances more particles were found around th@bpery of the pit membrane,
i.e., the annulus region.

5.3.3 Distribution of high and low methyl-esterified homagalacturonan

None of the antibodies used in this study showstilang signal in the
entire pit membrane of interconduit pits. Neventiss| several labeling patterns
could be distinguished (Table 5-1). JIM7 labelingswnore or less evenly
distributed in the cml (Fig. 5-4a). In contrast tHM5 epitope was only rarely
found in the cml between two cells, but was moegfiently present in the cml of
cell corners. This pattern indicates that the H@&acml was largely esterified.
Pit membranes of all species showed a distinctlasnue., an electron dense
area near the periphery of the pit membrane. Thealas was substantially
shorter inB. papyriferain comparison with the other species. Importarttiis
region was strongly labeled with both JIM5 and JI{#iQ. 5-4a-c). Whereas
JIM7 labeling was usually evident throughout thérerannulus region (Fig. 5-
4a), the JIM5 epitope was often confined to theofiphe annulus (Fig. 5-4Db,c).
The number of gold particles per annulus for JIMB aIM7 varied on average
from five to 15 between the species (Table 5-2gsEhcounts provide an estimate
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of the ratio between low and high methyl-esterifi¢@ in the annulus. This ratio
was highest ifB. papyrifera

The pit annuli of imperforate tracheary elementR.inirginiang A.
alnifolia andB. papyriferashowed the same HG labeling pattern that was
observed in intervessel pits (Fig. 5-5a). We usetéihm ‘imperforate tracheary
element’ in the all-inclusive sense outlined bylQaist (1986). Pits of
imperforate tracheary elementsHnvirginianaandA. alnifolia were distinct in
that they often had pseudotori thickenings. Thacatinent of the cap-like
thickenings to the membrane varied. Sometimes dls prere closely attached to
the membrane. In those cases, strong labelingJdAilii was found throughout
the inner membrane layer, i.e., the part of the brame located between the pads
(images not shown). In other cases, the thickenivege somewhat disconnected
and formed hollow horseshoe- or cap-like structtinas overarched the
membrane (Fig. 5-5a). Strong labeling with both 3ldhd JIM7 was seen on the
inner surface of the cap-like thickenings (Fig.&-arrows).

In contrast to intervessel pit membranes, the mamds of vessel-ray pits
consistently exhibited strong labeling for both 3lihd JIM7 (Fig. 5-5c¢). JIM5
was localized closer to the surface of the membfaciag the vessel lumen (Fig.
5-5¢), whereas the density of JIM7 labeling wasertaymogenous across the pit
membrane. JIM5 and JIM7 labeling was also detectélse amorphous cell wall
layer of ray parenchyma cells. A alnifolia, JIM5 labeling was enriched in a
darker band that traversed the amorphous layer H4g).

The HG distribution patterns as detected with antibs were verified
using ruthenium red staining. Electron dense regindicated a positive staining
reaction with ruthenium red. In agreement withithenunolabeling results,
staining was consistently observed in the annuluistervessel pits (Fig. 5-6a,b),
vessel-ray pit membranes, the amorphous layer ), and in pseudotori
(Fig. 5-6d). The pattern described above was natddn control samples
prepared without ruthenium red, indicating that msmtetraoxide alone was not
responsible for the differential contrast. The maant of intervessel pit
membranes could be distinguished in samples apaities as a very faint, almost
electron-transparent granular layer. No increasgdantron density of the main
part of intervessel pit membranes was apparerdrmptes stained in ruthenium
red.
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5.3.4 Calcium localization with TEM

The antimonate technique was used to localizerelectense calcium
precipitate in TEM-samples. In agreement with thkeiom chelating experiments
described above (Fig. 5-3b), the precipitates dibemed a thin layer of clumps
along the inner vessel walls. In contrast, preatpg were less common in fiber
lumens. A distinct layer of precipitate was coresisiy observed in the annulus
region of interconduit pits (Fig. 5-4d, Fig. 5-5Bhis pattern matched the
labeling with JIM5. The distribution of calcium pipitate also matched the JIM5
labeling patterns found in pseudotori (compare 5i§a,b). Precipitate was
consistently found on the surface of vessel-raymatmbranes (Fig. 5-5d, arrows).
While the distribution of calcium precipitate clbsenatched the distinct JIM5
labeling patterns described above, there was eement with JIM7 labeling.
Calcium precipitate was not found throughout théremnnulus or the entire
vessel-ray pit membrane. Instead, the precipittidormed a lining around the
annulus (Fig. 5-4d) and was restricted to the sertd vessel-ray pit membranes
(Fig. 5-5d).

5.3.5 Distribution of rhamnogalacturonan | and xyloglucan

The signal for the other antibodies, LM6 and LMtEnded to be weaker
and more variable than the patterns seen for JiMBJEV7. Nevertheless, both
antibodies were localized in the cml. Weak labebh@nti-RG-I LM6 occurred in
vessel-ray pit membranes. The LM6 epitope was mmshdant in the amorphous
layer of ray cells (Fig. 5-7a), where it providedteong signal in all species.
While LM6 labeled pseudotori (Fig. 5-7¢), the LM@rsal was not enriched in
annuli. Intervessel pit membraneshofvirginianashowed weak labeling with
LM®6, but this pattern could not be confirmed in tiker species.

The LM15 xyloglucan epitope was consistently foumthe cml (Fig. 5-
7b) and in the outer layer of cell corners (Fig.dj- Weak labeling was also
found in intervessel pit membranesRofvirginianaandA. alnifolia (Fig. 5-7b,
dark grey arrow). LM15 labeling was not observeg@seudotori, vessel-ray pit
membranes, and in the amorphous layer (Table 5-1).
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5.4DISCUSSION

A significant increase in xylem vulnerability afgeerfusion with calcium
chelating solution was found in three out of fopeaes studied (Fig. 5-1). The
magnitude of the shift was proportional to the vatrulnerability of the species
with the more resistant species showing largetsfiig. 5-2). These results are
in agreement with previous findings of Herbette @uthard (2010). In addition,
our data indicate that at least some highly vulblerapecies can become even
more vulnerable after calcium removal, as evidermethe 0.6 MPa shift seen in
P. balsamiferaThe shift in vulnerability after calcium remowaés highly
reproducible, suggesting that it was caused byutfolled’ change in pit
membrane properties rather than a complete losdegjrity of the pit
membranes. Sperry & Tyree (1988) and Herbette &@mt (2010) suggested
that the shift in vulnerability is caused by digiaps of calcium-HG crosslinks in
intervessel pit membranes that would change theitygand stretching properties
of the membranes.

The pectin localization experiments conducted is $tudy showed that
the main part of intervessel pit membranes in@ll species contained very little
or no HG. Thus, our original hypothesis that thsra link between the presence
or absence of HG in the pit membrane and the madmiof the vulnerability shift
was not supported. The only portion of the membthaewas rich in HG was the
marginal annulus region. The pit membrane annglasdonspicuous feature of
the pit membrane and has often been noted by woaidists. A distinct
annulus occurs both in interconduit pits of angevaps (Gortaret al, 2011,
Jansen, Choat & Pletsers, 2009, Schmid, 1965, SckrMachado, 1968) as well
as in torus-margo pits of gymnosperms (Dute, HaglBtack, 2008, Liese, 1965,
Pittermann, Choat, Jansehal, 2010). Under the TEM, the annulus typically
appears more electron-dense than the rest of thebra@e. However, the
opposite pattern has also been found in a few epéGortaret al, 2011, Jansen
et al, 2009, Schmitz, Jansen, Verheyatral, 2007). To the best of our
knowledge, it is not known whether the annulus playhysiological role or if it
simply relates to pit development (e.g., the enzythat remodel the pit
membrane may have restricted access to the margerabrane region).

A high HG content in the annulus was consistentiyesved in all four
species studied and agrees with our previous oasens on hybrid poplar
saplings (Plavcovat al, 2011) as well as earlier reports (O'Brien, 1970).
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Furthermore, the anti-RG-1 antibody did not dispdeyincreased labeling density
in the annulus, indicating that it is specificalye HG domain of pectins that is
enriched in the annulus. HG are known for theicicah binding capacity
(MacDougall, Rigby, Rydest al, 2001b, Proseus & Boyer, 2008) and this
premise was confirmed by our calcium localizati@peximent. Hence, it is
possible that the effect of calcium removal on ryleulnerability is realized
through the disruption of the HG-calcium superstite within the annulus. The
fact that the magnitude of the shift in the foue@ps studied was proportional to
the length of the annulus further supports thisdtlyesis.

Based on our findings, we propose that the pit mamdshould not be
viewed as an isotropic material. Instead, therevaoechemically and structurally
distinct domains (the pit membrane annulus andrthie part of the membrane)
that likely exhibit different mechanical propertidsgrowing body of evidence
suggests that the large pressure difference tleadeiged on the pit membrane
prior to air seeding results in pit membrane shietg, and that the extent of
membrane deflection influences the cavitation tho&k Features that minimize
pit membrane deflection such as vestures (Choaseda Zwieniecket al, 2004)
or shallow pit chambers (Hacke & Jansen, 2009, L8psrry, Christmaet al,
2011) were found in embolism-resistant xylem. Altgb calcium crosslinks can
substantially enhance cell wall strength (Cybulgldynek & Konstankiewicz,
2011, Parre & Geitmann, 2005), cellulose microfgomost likely represent the
main load-bearing component of pit membranes and the degree of
membrane deformation (Petty, 1972, Sperry & Ha2k@4). The orientation of
microfibrils is critical for mechanical propertieBhe wall is more pliable in the
direction perpendicular to the prevailing orierdatdf the microfibrils. In the pit
membrane, the microfibrils seem to be oriented oamg. However, it is not clear
whether the same pattern of microfibril orientatismaintained in the annulus.
Observations of developing pits suggest that miioriié are deposited in a
circular fashion near the pit border (Chaffey, Bdt& Barlow, 1997, Imamura &
Harada, 1973, Wardrop, 1954). This deposition paiteusually interpreted as an
initial step in the formation of the pit border. Wever, Imamura (1973) states:
“...the circularly oriented microfibrils have beemndalown making the periphery
of the pit area, called the pit annulus”.

If microfibrils in the annulus are oriented in actilar fashion, the annulus
would extend more than the rest of the membraneglair seeding as the
cellulose microfibrils would move apart. When stenese perfused with the
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calcium chelating agent, the annulus region may lieecome looser and even
more extensible. Thus, it is possible that calcremoval led to the formation of
small pores or micro-cracks within the annulusher annulus-membrane interface
through which air could penetrate and cause entholdternatively, calcium
removal from the annulus may allow for increasedr@mbrane deflection,

which in turn would lead to a widening of membraoges. A more extensible
annulus would allow the pit membrane to deflectifer and aspirate sooner
against the pit border. As the membrane continmieletiect through the pit
aperture, the pores will start to enlarge even mockair seeding will occur at
less negative xylem pressure (Sperry & Hacke, 2004)

B. papryriferawas the only species in this study that did noirsh shift
in vulnerability after calcium removal. Although Hiad calcium were present in
the pit membrane annulus, annuliBfpapyriferawere significantly shorter than
those of the other three species. This may explanthe effect of calcium
removal was less pronouncedBnpapryrifera In addition, intervessel pits &f
papyriferawere much smaller than those of the other spedidb. all other
parameters being equal, smaller pits should shesvrieembrane deflection than
larger ones (see Eqn.8 in Sperry & Hacke, 2004)mbtane deflection iB.
papyriferamay therefore be minimal. On the other hand, gibrrane diameter
alone does not have a strong effect on xylem valnbty (Janseret al, 2009,
Lenset al, 2011). Pit membrane thickness can also playea kbre detailed
knowledge of the overall pit geometry and mechdrpoaperties is necessary to
decipher if and how pit membrane deflection infleesthe air seeding threshold.
Our results also indicate that HG in annulBofpapyriferaexhibited a relatively
low degree of methyl-esterification (Table 5-2) w.esterified HG bind calcium
more tightly in comparison with high methoxyl pec(iribbits, MacDougall &
Ring, 1998). It is possible that calcium was lassceptible to sequestrationBn
papyriferaand that the annulus consequently retained iggnai strength.
However, the data on labeling density shown in &&bsP should be interpreted
with caution as they originate from only one or tndependent immunolabeling
experiments per species.

The proposed hypothesis that changes in the ekibtysof the annulus
can induce increased vulnerability is speculathre alternative explanation
would be that a low amount of HG and calcium isspre in interconduit pit
membranes, and that this small amount was not eetdy the methods
employed in this study. Following this argumente avould expect that HG and
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calcium were completely removed during pit develeptrinB. papyrifera

(which did not shift), but not in the other specwbich did shift. This seems
unlikely and none of our data supported this viéihe different methods
employed in this study all indicated that the ansus the region of the pit
membrane with the highest HG and calcium contéseeéms improbable that the
treatment with calcium chelating agents would reatéhany effect on it.

Our results highlight the differences in intercon@und vessel-ray pit
membrane chemistry. In contrast to intervesse) fhitssentire surface of vessel-
ray pit membranes was rich in pectins (Fig. 5-5g, 5-6¢) and calcium (Fig. 5-3,
Fig. 5-5d). Vessel-ray pit membranes lacked an lsn@rhe transitional region
between cml and pit membrane did not show enhaH&dhbeling, further
supporting that the annulus might have a speafi in interconduit pit
functioning. Pectins were previously found in végag pit membranes d?runus
persica(Wisniewski & Davis, 1995). It has been suggeshed pectinaceous
vessel-ray pit membranes effectively isolate irghatar water from extracellular
ice, thereby conferring the ability of the tissaauhdergo supercooling.

This study also provides information on pseudotbinie function, if any,
of these peculiar structures is unknown. Pseudotamirr in tracheary elements of
several woody taxa including Rosaceae, EricaceaeQOdeaceae (Jansen, Sano,
Choatet al, 2007, Rabaey, Lens, Huysmaaisal, 2008). Pseudotori develop as
secondary thickenings following the formation ciggthodesmata-associated
primary thickenings. Later in development, aut@ynzymes remove the primary
thickenings leaving the pseudotori intact, andttheheary cell undergoes
programmed cell death (Rabagtyal, 2008). Our immunolabeling experiments
complement this description with some chemistraddte often observed a non-
hydrolyzed portion of the pit membrane that wadgmted by pseudotorus caps.
This finding further highlights the substantial reeeling and hydrolysis that
affects most of the non-cellulosic components dytire development of
interconduit pit membranes (Czaninski.Y, 1972, @Br1970). In addition, the
co-localization of HG and calcium (Fig. 5-5a,b) derstrates that calcium
abundantly occurs in association with HG in theeryl

A different pattern in pectin distribution was ratdg found in pit
membranes of four Lauraceae species (Gatad, 2011). In these species,
intervessel pit membranes strongly reacted withewium red, while annuli and
vessel-ray pit membranes showed a negative rea&awgtins were also present in
the pit membranes of grapevine (Sun, Greve & LabhyP011) and conifers
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(Hafren, Daniel & Westermark, 2000). Thus, it ivmlus that substantial
variability in pit membrane chemistry exists acrdgterent plant taxa. Future
research will likely highlight the functional andaogical significance of these
differences in pit chemistry. A comparative studyng angiosperm species with
high and low pectin content in their pit membranesild provide further insights
into the role of pectins in pit membrane functianifor instance, it would be
helpful to see whether a similar shift in vulnetipiafter calcium removal occurs
in Lauraceae species and whether the high pectiteobin pit membranes of
Lauraceae is associated with high pit resistandenatt the ability to trap solutes
within refilling vessels (Hacke & Sperry, 2003, Neni, Lo Gullo & Salleo,
2011).

In addition, the relationship between shifts innarability and the ion-
mediated increase in hydraulic conductivity (Gastal, 2006, Zwieniecket al,
2001) needs to be evaluated as both phenomenérévatad to the presence of
HG in the pit membranes. However, there are alstndt differences that may
partially uncouple these two phenomena. For ingaadroader spectrum of
pectin types can be responsible for the ionic ¢fidtle only the long linear
stretches of GalA that are typical for the HG damaie capable of substantial
calcium cross-linking. All four species in this dgjushowed a relatively weak
ionic effect between 5 to 16% (data not shown). Magnitude of the ionic effect
did not correspond withPso. It is not clear whether the hydrogel behavior of
pectins in the annulus could influen€g However, it is possible that the tension
of the annulus as determined by the ionic inteoastitransmits to the cellulosic
matrix of the pit membrane, thereby stretching eetaxing the membrane pores.

5.5CONCLUSIONS

This study enhances our knowledge of the chemaalposition of pit
membranes, which is a prerequisite for a betteerstdnding of the role of these
micro-valves in xylem functioning. Our results saggthat there is no link
between the general presence or absence of H@envassel pit membranes and
the shift in vulnerability after calcium removal.e@frovide evidence that pectic
HG are not homogenously distributed in intervepsenembranes. In the four
species studied, the main part of the membranetwt very little or no pectins
whereas the annulus showed substantial enrichmet&ilabeling. Calcium
precipitation experiments confirmed that calciurdaecalizes with HG in the
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annulus. We therefore hypothesize that the dissapif HG-calcium crosslinks
within the annulus can lead to increased vulnetgho cavitation. Our results
also highlight differences in chemical compositi@iween interconduit and
vessel-ray pit membranes. Observed differencekemcstry likely reflect the
different biological functions of these pit typ&ghile intervessel pits facilitate
water flow, vessel-ray pits may be designed to ji®wa selective barrier between
living ray cells and dead vessel elements.
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5.6 TABLES
Table 5-1: The intensity and localization of immunogold labglifor polysaccharide specific antibodies JIM5, 3)JMM6 and LM15.

antibody JIMS JIM7 LM6 LM15
epitope low methyl-esterified/ methyl-esterified HG  (1-5¢-L-arabinan of XXXG motif of XG
non-esterified HG RG-I
Intervessel pit membrane - - -[+ -[+
Annulus ++ ++ -+ -+
Vessel-ray pit membrane ++ ++ + -[+
Amorphous layer of ray cells ++ ++ ++ -/+
cml-between two cells -+ + + +
cml-cell corners + + + +
Pseudotori - -+ ++ -
Membrane under pseudotorus ++ ++ -+ -

Abbreviations ++ strong signal/enrichment in labeling; + weainal; - no signal; cml-compound middle lamella; HG
homogalacturonan; RG-I-rhamnogalacturonan I; XGaghdcan.
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Table 5-2: Pit membrane diameteD{,), annulus length and intensity of homogalacturda@eling in the annulus . papyrifera
(Bp), P. balsamifergPhb), P. virginiana(PVv) andA. alnifolia (Aa). The intensity of the labeling was assessed byitog the number
of gold patrticles localized in the annulus. The SIMM7 ratio is indicative of the ratio of low mettresterified to high methyl
esterified homogalacturonans. Values represent sne&k, the number of individual pits and annuédifor these measurements is
indicated in brackets. Different letters indicatiest the means were significantly different betwdenspecies, one-way ANOVA
followed by Tukey HSD tesP<0.05).

number of gold particles

species Dy, (um) annulus length (nm) JIM5 JIM7 JIM5/JIM7
Bp 2.3+0.03(86) 141 +8 (24 12+1(13) 5+1 (13§ 2.49
Pb 6.8+ 0.06 (85) 275 + 24 (20) 9+2(16f 10+2 (6§ 0.82
Pv 4.6+0.05 (87 331+27(20) 5+0 (6f 10 + 2 (15) 0.48
Aa 4.8 +0.05(76) 351+ 23 (20) 6 +1 (159 15 +1 (9% 0.44
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5.7FIGURES
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Figure 5-1: The effect of calcium removal on xylem vulneralyilio embolism.
Vulnerability curves of (aBetula papyrifera(b) Populus balsamifergc) Prunus
virginiana and (d)Amelanchier alnifoliain stems perfused with sodium
phosphate solution at pH 10 (open circles) or pleldsed circles). The phosphate
solution at pH 10 is capable of chelating calciwhile the solution at pH 4 is a
non-chelating control. Error bars show standardresf mean (n=6). * and **
indicates that the xylem pressure at which sterowvetd 50% loss of conductivity
(Pso) differed atP<0.05 andP<0.001, respectively, between stems perfused with
treatmentwersuscontrol phosphate solution (Tukey HSD test).
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Figure 5-2: Relationship between vulnerability to cavitatiomahe magnitude of
vulnerability shift APsg) in four angiosperm species. The xylem pressuvehath
stems showed 50% loss of conductivitygffneasured in stems perfused with
sodium phosphate solution at pH 4 represents titevai xylem resistance. The
APsowas calculated as the difference between theneasured at pH 10 and pH
4. Data points are means + SE Bmtula papyriferaBp), Populus balsamifera
(Pb),Prunus virginiana(Pv) andAmelanchier alnifolialAa). The solid line

shows a linear regression through data pomt8.05,P<0.05). The dashed line is
the regression line obtained by Herbette and Caoc{2Zf10) and demonstrates the
close correspondence between our data with theasda
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Figure 5-3: Scanning electron micrographs of vessel-ray pitstéms oPopulus
balsamiferaperfused with sodium phosphate solution at (aypt (b) pH 10. Pit
membranes are viewed from the vessel lumen thraugé apertures in the
secondary cell wall. Conspicuous spherical pagiglere often found in the
vessel lumen of samples perfused with the solwtqrH 10 and were especially
abundant on the surface of vessel-ray pit membraiese particles were rich in
phosphorus, calcium, magnesium and sodium as exv@ath a semi-quantitative
elemental analysis. Scale bars = 1um.
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Figure 5-4: Transmission electron micrographs of the pit memém@nnulus
region showing the distribution of (a, b, ¢) homlagturonan (HG) and (d)
calcium precipitate as revealed by (a, b, ¢) imngat labeling and (d) an
antimonate precipitation technique. (a) JIM7 latglis indicative of high methyl-
esterified HG and was evident throughout the emtmeulus region. (b, c) JIM5
labeling shows the distribution of low methyl-effted HG and was often
restricted to the tip of the annulus. (d) Electdemse calcium precipitates in the
annulus closely resembled the JIM5 labeling patteompare b and d).
Micrographs show pits of (&). balsamiferdabeled with JIM7, (bP. virginiana
labeled with JIM5, (cB. papyriferalabeled with JIM5, and (d). alnifolia after
antimonate precipitation. Arrow heads point to dnmmml = compound middle
lamella; pm = pit membrane; scw = secondary cell. \8aale bars represent 0.2
pm in (a), (b), (c) and 0.5 um in (d).
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Figure 5-5: Corresponding patterns of (a, ¢) JIM5 immunolaigeand (b, d)
calcium localization in (a, b) pseudotori and (cyessel-ray pits oA. alnifoliaas
observed with transmission electron microscopyd@airticles and calcium
precipitate were localized on the inner surfacpsgfudotori (arrows in a, b) of
imperforate tracheary elements. Precipitates wiseevident in the annulus
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(arrowheads in b). JIM5 epitopes were abundartenvessel-ray pit membrane
(pm in c¢) and in the amorphous layer (al) of rajsog). The highest labeling
density within the vessel-ray pit membrane was €bciose to the surface of the
membrane, near the vessel lumen (v, arrows). Gmurekngly, a distinct layer of
precipitates was observed lining the outer vessepit membrane surface in
samples treated with antimonate (d). Precipitate®walso found around the
periphery of the vessel lumen. al = amorphous lagrat = compound middle
lamella; pm= pit membrane; pt = pseudotorus; ry=cell; scw = secondary cell
wall; v = vessel lumen. The scale bars represénfit.
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Figure 5-6: Ruthenium red staining of acidic pectin in the xylef (a)Betula
papyriferg (b, c)Populus balsamiferand (d)Prunus virginiana Dark, electron-
dense regions (arrowheads, arrows) show a positarneing reaction. Ruthenium
red staining was apparent in the pit membrane asr(@rrowheads in a, b and d),
in the vessel-ray pit membrane (pm), the amorpleyges (al) (arrows in c), as
well as the inner surface of pseudotori (pt, arrond). There was a very close
correspondence between ruthenium red staining Idtslidnmunolabeling
(compare this figure with Figs. 3 and 4). al = aptmus layer; cml = compound
middle lamella; pm = pit membrane; pt = pseudotprusray cell; scw =
secondary cell wall, v = vessel lumen. The scats bee 0.5 um in (a), (c), (d)
and 0.2 um in (b).
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Figure 5-7 Immunogold labeling of cell walls with (a, c) aRis-1 antibody LM6
and (b, d) anti-xyloglucan antibody LM15. (a) Vdsss pit of A. alnifolia. LM6
epitopes were abundant in a dark band which wdasop#re amorphous layer (al,
arrow) near the edge of the pit. A strong LM6 sigmas also evident in the
compound middle lamella near the pit (cml, arrofl).Periphery of an
intervessel pit irfP. virginiana.LM15 epitopes were present in the compound
middle lamella (arrow); weak labeling was obserwethe pit membrane (pm,
dark grey arrow), but not in the annulus (arrowd)eéc) Pseudotorus iA.
alnifolia labeled with LM6. Labeling occurred in the electaense pseudotori
(black arrow); a weak signal was found in the p&mirane region between
pseudotorus caps (dark grey arrow). (d) Cell cobeéween fibers dP.
virginiana, labeled with LM15. The antibody was mainly lochie the region of
the cell corner adjacent to the secondary cell (gallv). Scale bars are Quin.
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6. General Discussion and Conclusions

6.1 The scope of the thesis

The research presented in this thesis focusedeostthcture and function
of xylem. Xylem is the primary water-conducting ®ms in plants and its
function is closely coupled with nutrient acquisitiand leaf gas exchange. As
plant growth and survival depend on efficient andnpaired xylem functioning
(McDowell, Pockman, Alleret al, 2008, Tyree, 2003b), a thorough
understanding of xylem physiology is a valuablegueisite for various practical
applications in forestry, agriculture and plant @envation.

The water transport capacity of xylem is mainlydn by the number and
size of functional conduits. Following the Hagerideaille equation (Eqgn. 1-1),
sapwood hydraulic conductivity scales positivelyhathe sum of conduit
diameters to the fourth power. However, a signifideaction of all available
conduits may be permanently or temporarily blockedvater transport due to
xylem embolism. It is well known that the structiuaad functional properties of
xylem, including xylem-specific hydraulic condudtivand xylem vulnerability
to embolism, vary greatly across different spefi®beeler, Baas & Rodgers,
2007). Studies focusing on this interspecific Vaility have been very useful in
shaping our understanding of the functional andoggcal significance of various
xylem traits (Hacke, Sperry, Wheelgtral, 2006, Jansen, Choat & Pletsers, 2009,
Maherali, Pockman & Jackson, 2004). By comparisaunch less research has
been conducted at the intraspecific level, althosigth studies can provide
additional valuable insights (Fichot, Barigah, Cladtard et al, 2010, Holste,
Jerke & Matzner, 2006, Lamy, Bouffier, Burlettal, 2011, Martinez-Vilalta,
Cochard, Mencucciret al, 2009, Sperry & Hacke, 2002).

Thefirst objective of my PhD research, therefore, was to enhance our
knowledge of within-species variability in the apraical and hydraulic traits of
xylem. In my thesis, | assessed the phenotypidipigsof xylem traits using 3-
month old saplings of hybrid popld®d@pulus trichocarpa< deltoides clone H11-
11) subjected to experimental drought, fertilizatemd shading. Furthermore, |
discussed the functional and ecological implicatiohthese changes for plant
acclimation. | also studied patterns in gene exgioesthat were associated with
the different xylem phenotypes.
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Thesecond objectiveof my PhD project was to expand our knowledge
about intervessel pits, which are the cellulargtrees that presumably lie at the
heart of xylem vulnerability to cavitation. Whilleg prominent role of pits in
xylem cavitation has been widely accepted (ChoahbC& Jansen, 2008, Sperry
& Tyree, 1988), there are still a number of unresdlquestions regarding the
exact mode of their functioning. In this thesigskd electron microscopy to study
the structure and chemical composition of pit meanbs in hybrid poplar, balsam
poplar and three other hardwood species. Obseiffedethices in pit membrane
structure and chemical composition were linked wlifferences in xylem
vulnerability. This provided novel insights intovadhese peculiar safety valves
operate in protecting the transpiration streamresjalrought-induced cavitation.

6.2 Variability in xylem traits in hybrid poplar saplin gs

The results of my experiments showed that xylemamnal and
hydraulic parameters in hybrid poplar saplings ¢feain response to experimental
drought, fertilization and shading (Chapter 2, Gba, Chapter 4). Considerable
variability in two of the most important hydrautiaits, xylem-specific hydraulic
conductivity and vulnerability to drought-induceavidation, was observed. The
changes in xylem hydraulic function were parallddgdchanges in the
dimensions of vessels and fibers as well as i tiei wall reinforcement. Such
adjustments in xylem structure and function mayntygortant for the ability of
trees to optimize their performance under prevgiénvironmental constraints
(Beikircher & Mayr, 2009, Sperry & Hacke, 2002) dod their ability to cope
with variable and changing climate conditions (Bori2008). It is not likely that
the plasticity of xylem alone would be enough taigaite the impacts of reduced
water availability on plant performance. Nevertslechanges in xylem transport
safety and efficiency in conjunction with adjustrtseim root-to-shoot and leaf-to-
xylem area ratios as well as changes in leaf gelsaarge and water use efficiency
(Fichot, Chamaillard, Depardieat al, 2011, Martinez-Vilaltaet al, 2009,
Wikberg & Ogren, 2007) may contribute to the ovigo&nt hydraulic
acclimation.

Based on the results presented in this thesis, Venwit is difficult to
draw more specific conclusions about the poteefiaicts of xylem acclimation
on the performance of this hybrid poplar genotypéau field conditions. In my
studies, young saplings grown under controlled e in a growth chamber
were used, and the experimental treatments weresetpone at a time and for a
relatively short period of time (30-40 days). Thituation is very different from
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the complex and variable network of biotic and #bitactors which shapes the
performance of trees potentially growing for seldecades in natural and
commercial stands. Nonetheless, knowledge of heingle environmental cue
affects xylem structure and function is an esséptirequisite for understanding
the more complex situations common in nature. &feoto assess intraspecific
variability in the field, future studies could tadvantage of poplar genotypes
growing in common gardens (Schreiber, Hacke, Haneqmah, 2011,
Soolanayakanahally, Guy, Siligt al, 2009). A number of common garden field
sites have been established as part of a reciptt@replant series planted across
Canada and the United States (Schregbed, 2011, Soolanayakanahaby al,
2009). Such experimental design provides an extedeportunity to study
intraspecific variability because it allows separgthe contributions of genetic
adaptation and phenotypic plasticity to the ovdralt variability at the
intraspecific level.

The results of my experiments should also be iné¢ed with caution
when the behavior of other species grown undetdairakperimental conditions
is predicted. Poplars are fast-growing pioneeriggetharacterized by a high
demand for water and nutrients (Blake, Sperry, @pthskiet al, 1996,
Rennenberg, Wildhagen & Ehlting, 2010). It has bagued that phenotypic
plasticity is particularly high in species with dsgpative resource-use strategies
(Crick & Grime, 1987, Grassein, Till-Bottraud & Larel, 2010). It is therefore
possible that some of the changes in xylem stracnd function described in
this thesis, or the magnitude of these changespaeific to poplar or species
with a similar ecological strategy.

6.3 Changes in gene expression underlying different xgin phenotypes

Because clonally propagated plant material was ursBt/ experiments,
the observed variability in xylem traits was solalyesult of phenotypic
acclimation as opposed to genetic adaptation. gétiotype being the same, it
can be concluded that the differences in the xydbenotype exhibited by the
saplings in response to experimental treatments diven by changes in gene
expression. Using microarray analysis, | have detealmost 400 differentially
expressed genes (fold change £P£0.05) in the developing xylem of fertilized
and control saplings (Chapter 3). By analyzinggcauptional changes in
conjunction with observed differences in xylem pbtgpe, | identified potential
gene candidates that may underlie particular xylaits, such as vessel diameter
or cell wall thickness. Clearly, an in-depth fuoctal characterization of specific
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genes is now required in order to confirm theimgaeed functions. Nevertheless,
studies like mine conveniently complement work gsieverse genetic
approaches and contribute to the ongoing effortsitavel the molecular basis of
wood formation in trees. In 2005, Andrew Groovere @f the pioneers in the
molecular biology of forest trees, called the vdmcaambium “the least
understood plant meristem” (Groover, 2005). | thilmis label is still valid despite
the substantial amount of work that has been doll@ifing the release of the
Populusgenome sequence in 2006 (Tuskan, DiFazio, Jaretsan 2006).
Research combining molecular biology with tradiibrylem functional anatomy
holds great potential for many exciting discovefiesns, Smets & Melzer, 2012,
Spicer & Groover, 2010). | therefore hope that ssidringing together the fields
of wood physiological anatomy and molecular bioleglf be more common in
the future.

6.4 The role of intervessel pits in xylem vulnerability

My research greatly enhanced our knowledge of nreéshes that underlie
xylem vulnerability to cavitation by providing navaformation about intervessel
pits. In this thesis | demonstrated that xylem eudility in hybrid poplar
saplings i) changes in response to growing contsti@hapter 2, 3, 4), ii)
changes along a developmental gradient (Chaptanag)iii) is correlated with
wood density (Chapter 2). Furthermore, | have shthahvulnerability increases
after the perfusion with a calcium chelating agarthree out of four angiosperm
species (Chapter 5). According to the air-seedyppthesis, the difference in
xylem vulnerability should be associated with diffieces in the permeability of
pit membranes to air. Consequently, | could hartles®bserved differences in
xylem vulnerability to better understand the fastpotentially influencing the
cavitation threshold.

6.4.1 Chemical properties of pit membranes

In my opinion, poor knowledge of the chemical cosipon of pit
membranes has been the major limitation in our tgtdieding of pit membrane
function in terms of water transport. My researobved novel information on
the chemical composition of pits (Chapter 4, Chiapjel showed that
homogalacturonans, which are the most abundantafypectins in plant cell
walls, are not distributed homogenously in the memeé of intervessel pits.
While the main portion of the membrane did not eantletectable amounts of
homogalacturonans, these pectic polysaccharides spercifically enriched
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around the edge of the pit membrane, called thalaanl consistently detected
the same pattern in homogalacturonan distributiciour different species of
woody angiosperms by two independent detection odaksthl also showed that
calcium co-localizes with homogalacturonans inghiénembrane annulus. To
my knowledge, these results are the first to shmndistribution of
homogalacturonans in pit membranes with such hpglia resolution, and the
first to describe the localization of calcium witlpit membranes.

The heterogeneous distribution of homogalacturomaadscalcium within
pit membranes has ramifications for xylem vulndrghiTwo studies previously
showed that calcium removal leads to increasedwxylalnerability (Herbette &
Cochard, 2010, Sperry & Tyree, 1988). Both studeculated that this increased
vulnerability is a result of the disruption of calm-pectin cross-links within the
pit membranes. However, my results demonstratddccieium accumulates
exclusively in the pit membrane annulus. This legltmspeculate that the
properties of the annulus may affect the cavitatiwashold, likely by influencing
pit membrane deflection and stretching (Chapte€dhsistent with the circular
orientation of cellulose microfibrils, the annulusy serve as a ring of springs
that dissipate the impacts of the pressure dift@ethereby preventing
enlargement of pores in the main portion of the ineme. Alternatively, the
annulus may influence the magnitude of membranlectedn, in turn affecting
whether and when a pit membrane aspirates to thmpler. These hypotheses
are novel and need to be tested. The effect ofuralcemoval on pit membrane
aspiration could be conveniently studied in cosifi@rwhich pit aspiration is
associated with decreasing hydraulic conductanedalthe sealing action of pit
membrane tori (Cochard, Hoelttae, Herbettal, 2009). Thus, it would be
possible to test if a lower pressure differencduged as a pressurized water flow
through a stem segment, is sufficient to inducagtiration in stems treated with
a calcium chelating agent, in comparison with aargtems in which calcium was
not removed.

My findings on the distribution of homogalacturoreeo have substantial
implications for the hypothesis that xylem hydrawonductivity is affected by
the putative hydrogel properties of pit membrarzasgiéniecki, Melcher &
Holbrook, 2001). Assuming that pectins are majongonents of pit membranes,
this hypothesis proposes that changes in hydraahductivity in response to
varying ionic strength of xylem sap are a resultlodnges in pit porosity. The
change in porosity has been attributed to the swgetind shrinking of pit
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membrane pectins (Gasco, Nardini, Gortdal, 2006, Jansen, Gortan, Lests
al., 2011, Zwieniecket al, 2001). This hypothesis seems questionable itight
of some previous findings (Nardini, Gasco, Cervehal, 2007) and my current
results showing that homogalacturonans are restrict a very limited region of
the pit membrane (Chapter 4, Chapter 5). Indeeekraltive hypotheses to
explain ion-mediated increases in xylem conductikidve been recently offered
(Espino & Schenk, 2011, van Doorn, Hiemstra & Fankis, 2011). While van
Doorn et al. (2011) suggested that the ion-medielethges in conductivity may
be linked with polyelectrolyte properties of otleetl wall polymers such as lignin
and hemicelluloses, Espino and Schenk (2011) lygtdd potential
methodological problems with the hydraulic measw@ets.

More research on the chemical composition of pinfmenes is clearly
required. Further studies examining pit membraresrobtry in a broad array of
species with a wide taxonomical and ecological cayge should be conducted.
Differences in the membrane chemical compositionamanticipated
considering the conspicuously different appearariceembranes in different
species (Jansest al, 2009, Schmitz, Koch, Schmgt al, 2008).
Immunolabeling and specialized histological methedsh as ruthenium red
staining or antimonate precipitation techniquesaatar 5), carried out at the
electron microscopy level represent powerful waysxamine the chemical
composition of pit membranes. In addition, modenaging methods such as
atomic force microscopy (Pesacreta, Groom & R20€5), Fourier transform
infrared spectroscopy (Gorzsas, Stenlund, Perssah 2011) and UV
microspectrophotometry (Schmigt al, 2008) might be extremely useful as soon
as reliable protocols for sample preparation akeld@ed.

If pectic homogalacturonans are not abundant impinbranes of (at
least) some species, then what are the main comfgoaotthe membrane matrix?
Pectins other than homogalacturonans, hemicellslasd lignins are obvious
candidates (van Dooret al, 2011). Using immuno-gold labeling, | detected a
weak and variable signal for rhamnogalacturongettin) and xyloglucan
(hemicellulose) in some pit membranes (Chaptein8)¢ating that these
polymers might be present. However, more researaioloorating these findings
is needed. In addition, a future study investigatime distribution of cell wall
proteins would be very interesting. To my knowledpere is only one study
demonstrating that cell wall proteins are preseihe pit membranes of tomato
plants (Harrak, Chamberland, Plaeteal, 1999). Structural proteins are
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important for the mechanical properties of celllar@osgrove, 1999, Lamport,
Kieliszewski, Cheret al, 2011). Hence, they may also influence the stne¢ch
and deflection of pit membranes.

6.4.2 Structural properties of pits

Aside from their chemical composition, the struatyroperties of pit
membranes may also substantially influence thetatan threshold. It is likely
that thinner and more porous pit membranes are suseeptible to air-seeding.
In Chapter 3, | showed that pit membranes in shadgtar saplings were
significantly thinner than in control plants grownder full-light conditions. The
thinner membranes of shaded plants also showeeased porosity when water-
dried wood samples were used to carry out the pignoeasurements. These
differences in pit membrane structure might pro\adeexplanation for the greater
vulnerability of shaded plants. My results cleatgmonstrate that pit membrane
structure changes in response to growing conditidosvever, more research is
needed to test whether differences in the thickaadsporosity of pit membranes
always result in altered xylem vulnerability, or @ther additional mechanisms
influence vulnerability at the intraspecific level.

Future studies could also assess pit border gepmmegiddition to
measurements conducted on the pit membranes. énftes in pit border
geometry translating into shallower or deeper p#robers have recently been
linked with differences in xylem vulnerability dtd interspecific level (Hacke &
Jansen, 2009, Lens, Sperry, Christreaal, 2011), suggesting that the pit
chamber depth affects vulnerability by controllpigmembrane deflection. It is
possible that the secondary cell wall depositionndupit border formation is
relatively easily modified by external and interfedtors. Indeed, the secondary
cell wall deposition underlying overall vessel wihlickness is highly variable and
responsive to growing conditions (Fichedtal, 2010, Junghans, Polle, Duchting
et al, 2006).

In Chapter 2, a very tight correlation between B&60 wood density was
shown. This finding is consistent with similar réswbtained from interspecific
comparisons (Hacke, Sperry, Pockneal, 2001a, Jacobsen, Agenbag, Esler
al., 2007). Such a strong association between theséras is rather surprising
considering their seemingly unrelated underpinniigkile xylem vulnerability
is presumably determined by pit membrane permegaldiair, wood density is
mainly driven by the structural properties of xylébers. It has been proposed
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that strong mechanical reinforcement is requireprévent the implosion of
xylem conduits (Hacket al, 2001a). According to this hypothesis, cavitation
resistant plants that experience highly negativemypressures tend to have
thicker cell walls in order to prevent conduit egse. In contrast, strong vessel
reinforcement is not needed in vulnerable spea@ealse their conduits cavitate
before reaching a xylem pressure capable of induegssel implosion. Such
reasoning may explain the association between xyechanical strength and
cavitation resistance on an evolutionary scale.

However, the close association between P50 and wenosity found in
my study using a single clone of hybrid poplar (ftlea2) may suggest a more
direct link between these two traits. First, ip@ssible that primary and secondary
cell wall thickness are correlated, and becauseai cell wall thickness
translates into pit membrane thickness, this @stiip could result in a
correlation between wood density and P50. Someastifigr such an explanation
has been provided at the interspecific level (Jaesal, 2009). Alternatively, |
hypothesize that the mechanical support measuregby density could be
proportional to the probability of pit membrane#faiing irreversible damage.
Delicate pit membranes may be prone to tearing figdds are not sufficiently
stabilized by a strong cell wall. r-shaped vulndiigtcurves measured in the
distal segments of fertilized plants support thipdthesis. r-shaped curves have
been previously measured for drought-stressed @ &itler, Sperret al,
2001b) and senescent poplar xylem (Sperry, PerBulivan, 1991) in which pit
membrane damage was expected or even documen&iaNdySperryet al,
1991). In order to study the structural basis eflilgh vulnerability observed in
distal stem segments, | examined their xylem usdevl; however, | could not
detect any intact pit membranes. The observatianttie majority of pit
membranes were damaged in the distal segmently bk artifact associated
with sample preparation; however, it also highlgthte fragile nature of pit
membranes and the fact that strong mechanicabregient from the bulk
xylem tissue is important to prevent their damatjaile preparing the samples
for SEM observations, | noticed that the wood specis curled and deformed as
the samples were drying out, which likely causedgih membranes to rupture.
This situation observed during sample dehydratscemni extreme and artificial
case. Nonetheless, it is possible that the integfipit membranes can be, to a
certain extent, compromised by natural mechanieglpbations such as wind,
hail or herbivore attack. A future study examinpigmembranes in species that
characteristically show r-shaped vulnerability @gve.g., oak, grape vine) would
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be interesting. Such work could test whether tiees: increased number of
membranes that appear torn or contain extremelyuysaregions. More broadly,
further research is needed to determine whethky lgiés are intrinsic
developmental mistakes (Jansen, Lamy, Buee#l, 2012) or whether they
result from induced damage (Speetyal, 1991).

Taken together, my findings contribute to a growlogly of literature
linking qualitative characteristics of intervespab with cavitation resistance. In
order to explain differences in cavitation resisgmore emphasis has
previously been placed on quantitative parameteirgerevessel pitting such as
the total pit membrane area per vessel (Hargraoty, Ewerset al, 1994,
Wheeler, Sperry, Hacket al, 2005). However, it now becomes increasingly
apparent that the differences in pit porosity,kh&ss and chemical composition
are equally, if not even more, important (Janseal, 2009, Lenst al, 2011). A
number of noteworthy studies on pits (e.g., ChrastnSperry & Adler, 2009,
Christman, Sperry & Smith, 2012, Jans#ral, 2009, Janseet al, 2011, Lenst
al., 2011, Pittermann, Choat, Jangtral, 2010) have been published over the
course of my PhD program, indicating that it issayvtimely and attractive topic.
However, considerably more work will need to beetmfully understand these
minute safety valves that are critical for prevegtand mitigating the detrimental
effects of xylem cavitation.

6.5 Conclusion and outlook

The research that | carried out during my PhD @oyghas provided novel
insight into the phenotypic plasticity of xylemitsaand mechanisms that underlie
drought-induced xylem cavitation. | demonstrateat ttylem anatomy and
hydraulic function in hybrid poplar saplings vagnsiderably in response to
experimental drought, nitrogen fertilization anédimg. Furthermore, | described
patterns in gene expression associated with cdimgasylem phenotypes of
fertilized versus control plants. This work expath@er understanding of
molecular mechanisms that underlie xylogenesisalinmy work substantially
enhances our knowledge of the structure and chéoooaposition of pit
membranes, which is a prerequisite for deciphenmg they function in
preventing xylem cavitation and modifying hydrawdmnductivity. The findings
of my research have raised a number of interesfurggtions for future
investigations.
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Xylem is a fascinating and truly unique plant tessand the mechanisms
of xylem transport are unparalleled in other biadagtransport systems. It is
staggering to think about all the physical, anataihand physiological features
that enable the transport of large amounts of watder metastable conditions
(Tyree, 2003a). Aside from the areas tackled is thesis, a number of other
unresolved issues in the area of long-distancexytansport and wood
physiology remain to be addressed. | have recéeitpme intrigued with the
living cells that are present in wood. Living pacbyma cells are intimately
associated with xylem conduits and have severabitapt and well recognized
functions such as storage of carbohydrates, nitracgenpounds, water, and
special defense metabolites (Evert, 2006, Spickiodbrook, 2007). Other
functions, such as their involvement in the refdliof embolised conduits, are less
understood despite their putative significancehls thesis, | studied the
conspicuous pits (Chapter 5) that occur at thefexte between ray and vessel
cells. The ultrastructure and chemical compositibnessel-ray pits may play an
important role in the dynamics of refilling (Broden, McElrone, Choatt al,

2010, Salleo, Lo Gullo, Trifileet al, 2004). | have shown that the membranes of
vessel-ray pits are structurally and chemically\different from the extensively
hydrolyzed intervessel pit membranes. In the fytuveould like to study the role
of living cells in xylem transport in more detail.
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