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Wood provides water transport and mechanical support of trees. Sap is transported under negative pres-
sure in plant xylem conduits, which can be subject to embolism during severe drought. Typically, denser
woods show thicker cell walls and stronger mechanical properties. Ten transgenic poplar lines modified
for expression of genes involved in lignin metabolism were produced from the female clone 717-1B4
of Populus tremula x Populus alba to test the hypothesis of a possible trade-off between hydraulic and
mechanical functions. Poplar lines underexpressed genes encoding for cinnamoyl alcohol dehydrogenase
(CAD), cinnamoyl CoA reductase (CCR) and caffeic acid 3-O- methyltransferase (COMT), while new poplar
lines underexpressed the CAD genes or overexpressed the MYB308 gene, encoding for a transcription fac-
tor repressing the phenylpropanoid metabolism. To maximize the contrast between line behaviors, these
plants were grown under two different water regimes, and the impact on their hydraulic traits and xylem
properties was analyzed to test for a link between water condition and mechanical and hydraulic prop-
erties. Our results show that the resistance to xylem cavitation was lower for the transgenic lines than
for the control line 717-1b4 while they show neither a positive nor a negative tendency for the longi-
tudinal Young’s modulus between the transgenic lines and the control line. ASOMT10b and ASOMT2b,
which possessed a down-regulated expression for all the genes, showed a lower value of the resistance
to implosion index (t/b)?. No difference for xylem hydraulic conductivity between the lines was found.
The changes in lignin metabolism in these transgenic lines did not affect the water transport, despite
the change in the lignin content. Our data on the transgenic poplar lines do not therefore support the
mechanical vs. hydraulic trade-off hypothesis and we point out that angiosperm trees have numerous
ways to acclimate their internal structure in order to adjust their mechanical properties without hydraulic
coupling. Moreover, we observed an acclimation to water stress for Pso but not for the Young’s modulus.
MYB308-25.1 showed better mechanical properties and vulnerability to cavitation than the control line
717-1b4. Finally, we present evidence that lignins are involved in the vulnerability to cavitation, probably
through modifications of pit structure and behavior.
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1. Introduction

Wood performs several functions in trees, the two most specific
being water transport and mechanical support. Sap is trans-
ported under negative pressure (tension) in plant xylem conduits
(Zimmermann, 1983). Under drought conditions, if the water
potential in a Xylem vessel drops below a threshold limit of pres-
sure, cavitation events occur and the vessel is embolized and can
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no longer transport water (Tyree and Dixon, 1986). Xylem cavi-
tation can affect plant productivity and plant survival (McDowell
et al., 2008; Brodribb and Cochard, 2009), and xylem vulnerability
to cavitation is correlated with drought tolerance (Maherali et al.,
2004; Pockman and Sperry, 2000; Tyree et al., 2003). However,
lower vulnerability to cavitation is correlated with lower hydraulic
conductivity (Cochard et al., 1992; Hacke et al., 2006). This trade-off
between safety and efficiency will depend on the pit area and the
pit membrane structure. Intervessel pits, which are composed of a
small and thin porous membrane with overarching secondary cell
walls, are the main pathway for the water flow, and they prevent
the passage of air bubbles from one embolized vessel to a conduct-
ing vessel. In addition to cavitation events, xylem vessels have to
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resist implosion under negative pressure. The structural parame-
ters that control this collapse involve the transversal mechanical
cell wall properties and the shape of the vessel: the higher the ratio
of the vessel wall thickness (t) to the lumen diameter (b), the more
mechanically resistant the cylinder is to transverse buckling (Hacke
et al., 2001; Cochard et al., 2004; Brodribb and Holbrook, 2005;
Awad et al., 2010). The fibre matrix surrounding the vessels also
appears to play a key role (Hacke et al., 2001; Jacobsen et al., 2005).
In support of this, drought resistance is positively correlated with
wood density, which is a mainly a function of wall thickness and
lumen diameter, actually their ratio. Drought resistance may thus
be associated with stronger wood (Hacke et al., 2001; Niklas, 1997).

Mechanical support can be enhanced at the tissue level by
a decrease in wood porosity, i.e. principally an increase in
wood density, and at the cell wall level, by microfibril angle
changes, arrangement of the cell wall layers or cell wall chem-
istry (Gindl, 2001; Mencuccini et al., 1997; Jagels et al., 2003;
Jagels and Visscher, 2006). Stems have also to be mechanically
resistant to cope with external forces such as wind, and at this
scale, their resistance depends mainly on microfibril angles and
wood density (Meylan and Probine, 1969; Lindstrém et al., 1998;
Lichtenegger et al., 1999). An increasing number of studies indi-
cate that there may be interrelations between hydraulic and
mechanical stress acclimation. These interactions are positive or,
on the contrary, trade-offs. Several studies have found a trade-off
between hydraulic conductivity and mechanical strength (Gartner,
1991a,b,c; Wagner et al., 1998; Jagels et al., 2003; Christensen-
Dalsgaard et al., 2007), while others have failed to find any trade-off
(Woodrum et al., 2003; Pratt et al., 2007; Rosner et al., 2008, 2007,
Utsumi et al.,2010). However, xylem safety (resistance to cavitation
and implosion) and mechanical strength have still been found to be
positively correlated (Rosner et al., 2008; Utsumi et al., 2010; Pratt
etal., 2007), possibly because both functions depend on wood den-
sity. According to Pratt et al. (2007), the stem mechanical strength
appears to be important in maintaining xylem transport under neg-
ative pressure and this could be a strategy both to prevent vessel
collapse and to withstand mechanical stresses caused by gravity
or wind. However, insights into the genetic control of both vulner-
ability to cavitation and resistance to implosion are still lacking,
which hinders the assessment of possible trade-offs between the
hydraulic and mechanical functions of wood.

Lignins are a characteristic feature of secondary cell walls and
account for 20-30% of the dry mass of wood. In angiosperms, they
consist of complex phenolic polymers resulting from dehydro-
genative polymerization (via radical coupling reactions) mainly
of three primary phenylpropanoid monomers, p-coumaryl (4-
hydroxy-cinnamyl), coniferyl (4-hydroxy-3-methoxy-cinnamyl),
and sinapyl (3,5-dimethoxy-4-hydroxy-cinnamyl) alcohols,
analogs varying in their degrees of methoxylation (Harkin, 1967,
Freudenberg and Neish, 1968). Lignins deposition is restricted to
certain cell types, such as tracheid elements (gymnosperms), fibres,
vessels (angiosperms) or ray cells in the xylem and sclerenchyma.
In these cells, lignins are mainly, in proportion, deposited in the
middle lamella and the primary wall, and to a lesser extent in
the secondary wall (Fromm et al., 2003). Ubiquitous in vascular
plants, lignins play important roles in structural support, provid-
ing additional rigidity and compressive strength (Niklas, 1992;
Chabannes et al., 2001). Transgenic tobacco plants with a lower
cinnamoyl alcohol dehydrogenase (CAD) activity produced lignins
with a reduced crosslink density and xylem with a reduced tensile
stiffness (Hepworth and Vincent, 1999). These plants compensated
for a reduced Young’s modulus by producing more xylem tissue
that ensures stem rigidity, suggesting that lignins are involved in
mechanical properties. The enzymes of lignins biosynthesis have
been studied for many years and several genes of the biosynthesis
pathway were cloned many years ago (Boudet et al., 1995; Whetten

and Sederoff, 1995). Many attempts at biotechnological modifica-
tion of lignification have been made to decrease the total quantity
of lignins in plant tissues, or modify its monomer constitution, for
the pulp and paper industries (Whetten and Sederoff, 1991; Dean
and Eriksson, 1992).

In this study, we used transgenic poplars with modified lignins
composition to evaluate the involvement of lignins in wood
hydraulic and mechanical properties, and to verify the hypothe-
sis of a trade-off between them. We used different poplar lines
underexpressing different genes from the monolignol biosynthesis
pathway either by antisense strategy or by co-suppression, encod-
ing for cinnamoyl alcohol dehydrogenase (CAD) (Baucher et al.,
1996; Lapierre et al., 1999; Pilate etal., 2002), cinnamoyl CoAreduc-
tase (CCR) (Leplé et al., 2007) or caffeic acid 3-O-methyltransferase
(COMT) (Lapierre et al., 1999; VanDoorsselaere et al., 1995; Pilate
et al., 2002). Transgenic poplars strongly down-regulated for CAD
activity had a slightly reduced lignin content (up to 10%), but no
major differences in S/G (syringyl/guaiacyl) ratio; however, their
lignins contained more free phenolic groups and also indene deriva-
tives resulting from the incorporation of cinnamaldehydes (mainly
sinapaldehydes) within the polymer (Lapierre et al., 1999; Ralph
et al,, 2001a,b; Kim et al., 2002; Lapierre et al., 2004). CCR down-
regulated transgenic poplars exhibited a patchy orange coloration
in the outer xylem: the patchy colored wood appeared associated
with up to 50% reduced lignin content, an increased S/G ratio and
the incorporation of ferulic acid in the lignin polymer. The cohesion
of the wall appears affected particularly at sites richer in S units
(Leplé et al., 2007). COMT down-regulated transgenic poplar lines
appeared more condensed with alower S/G ratio with fewer pheno-
lic groups on G units. This results from the significant incorporation
of 5-hydroxy-coniferyl alcohol monomers in place of sinapyl alco-
hol (VanDoorsselaere et al., 1995; Lapierre et al., 1999; Ralph et al.,
2001a,b; Pilate et al., 2002). All these changes have indeed potential
effects on the alteration in the physical wood properties. In addi-
tion, we produced new poplar lines overexpressing the AmMYB308
gene, encoding for a transcription factor known to repress the
phenylpropanoid metabolism: indeed, transgenic tobacco plants
over-expressing this transcription factor exhibited an inhibition
of monolignol production resulting in plants with at least 17%
less lignins in their vascular tissue (Tamagnone et al., 1998). The
transgenic plants used in our study exhibited a reduced secondary
growth. To maximize the contrast between lines, these plants were
grown under two different water regimes, and the impact on their
hydraulic traits and xylem properties was analyzed. This enabled
us to test the hypothesis that the effects of water conditions on the
mechanical and the hydraulic properties were linked.

2. Materials and methods
2.1. Plant materials and culture conditions

The study was performed on ten transgenic poplar lines modi-
fied for expression of genes involved in lignin metabolism. All the
lines were obtained from the female clone 717-1B4 of P. trem-
ula x P. alba using the procedure described in Leplé et al. (1998) and
using a disarmed Agrobacterium tumefaciens strain (C58pMP90).
In the SCAD1 line, the CAD (cinnamoyl alcohol dehydrogenase)
activity is down-regulated (Lapierre et al., 1999). In the CCR-FS3
and CCR-FAS13 lines, the CCR (cinnamoyl CoA reductase) activ-
ity is down-regulated (Leplé et al., 2007). In the ASOMT10b and
ASOMT2 lines, COMT (caffeic acid 3-O-methyltransferase) activity
is down-regulated (Lapierre et al., 1999).

Two other poplar transgenic lines (p70-ASCAD25.1 and p70-
ASCAD34.2), strongly down-regulated for CAD activity, were
obtained after cocultivation with a binary vector carrying the entire
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cad cDNA in antisense orientation under the control of the dou-
ble 35S promoter from CaMV (Lapierre et al., 2004). Likewise, two
independent transformants overexpressing the AmMMYB308 gene
under the control of the cauliflower mosaic virus 35S promoter
were produced using pJAM495 construct described in Tamagnone
etal. (1998). This transcription factor is known to inhibit both phe-
nolic acid metabolism and monolignol production, and transgenic
plants expressing MYB308 exhibit decreased lignin content in their
vascular tissues (Tamagnone et al., 1998).

The plants were multiplied clonally in vitro on Murashige and
Skoog medium (Murashige and Skoog, 1962). When they reached
4 cm in height, they were gradually acclimatized on a hydroponic
solution (Morizet and Mingeau, 1976) and grown in a controlled
environment room: 16h daylight, at 21-22°C, 40 wmolm—2s!
(day) and 18-19°C (night) with 70 & 10% relative humidity. After
they reached 57 days of age and 30 cm in height, they were trans-
ferred into 10-1 pots filled with a commercial soil (40% black, 30%
brown and 30% blond peat moss, pH 6.1, DUMONA-RN 75-3851
Arandon, Holland) and grown for 90 days in a greenhouse: 16 h day-
light, at 22 (+£1)°C, 350 pumolm~2s~! (day) and 19 (+1)°C (night)
with 70 £ 10% relative humidity.

Two experiments with different water regimes were succes-
sively conducted on the poplar lines, with 3-4 plants per line and
per experiment. In a first experiment (Exp. 1), plants were grown
with a soil water content ranging between 40% and 75% of field
capacity (FC). In a second experiment (Exp. 2), plants were grown
under a water-stressed condition so that the soil water content
ranged between 25% and 45% of FC. At the start of the experiment,
the soil water content was 100% of FC, so that each plant was set up
with an optimal water status. The soil water was evaluated by the
measurement of the weight of the pots, and the plants were then
watered every 3, 4 or 5 days depending on their assigned watering
regime.

2.2. Leaf water potentials

The midday and predawn leaf water potentials (Ym and ¥p)
were measured using a pressure chamber (Scholander et al., 1965).
Two leaves per plant were removed to gauge V¥, and ¥p. Predawn
water potential was recorded between 04:00 and 06:00 am solar
time and ¥/, was recorded between 12:00 and 14:00 pm solar time.
The measurements were made for Exp. 2 after 85 days from the
beginning of the experiment, just before watering and one day after
watering.

2.3. Vulnerability curves

Vulnerability to xylem cavitation was assessed with the Cavit-
ron technique (Cochard, 2002; Cochard et al., 2005). Its principle
is as follows: a centrifugal force progressively increases the water
tension in a xylem segment, and the resulting loss of hydraulic con-
ductance is measured at the same time. The curve of percentage
loss of xylem conductance (PLC) vs. Xylem water tension represents
the sample’s vulnerability to cavitation. Vulnerability curves were
determined on one 0.28 m long sample per plant; i.e. four samples
for each transgenic line. Xylem pressure (P) was first set to a ref-
erence pressure (—0.5MPa) and the maximal conductance (Kmax)
of the sample was determined. The xylem pressure was then set
to a more negative value for 3 min and the conductance (K) of the
sample was re-measured. The percent loss of conductance of the
sample was then computed as:

PLC = 100 x (1— K )

Kmax

The procedure was repeated for more negative pressures (with
—0.25 or —0.5MPa step increments) until PLC reached at least

90%. Rotor velocity was monitored with an electronic tachymeter
(10 rpm resolution). The PLC curves were fitted using the following
sigmoid function (Pammenter and Van Der Willigen, 1998):

100

PLC = 1 + es(P-Ps50)/25

where Psq is the xylem pressure causing 50% loss of conductance
and s is the slope of the curve at its inflection point.

2.4. Wood infradensity

Wood xylem density is defined as

_ Mo
-7

A 20 mm long segment was cut from the basal end of each sam-
ple used for analyses of vulnerability to cavitation. Its fresh volume
(Vs) was measured according to the Archimedes principle by water
displacement with an analytical balance. Its dry mass (Mg) was
determined after drying to constant weight for one night in an oven
at 104°C.

2.5. Mechanical behavior

Mechanical tests were performed on the same fresh samples
that had previously been characterized for their vulnerability to
cavitation. The bark was peeled to focus on the xylem properties.
The longitudinal Young’s modulus E; was measured by the three-
points bending method on a mechanical testing machine (INSTRON
5565). The distance between the external support points was set at
140 mm. The experiment was controlled by the displacement of the
central force application point. Its speed was set at 5mmmin~!. A
preload, controlled by a force limit (0.5 N), ensured the first contact
with the sample. Four load-unload cycles were then performed
in such a way that the strain never exceeded the elastic limit: the
maximum displacement was set at 1.8 mm. Force and displacement
were simultaneously recorded by Bluehill® software. The last three
load cycles were used for the evaluation of the linear slope o of
the displacement-force curves. The sample was assumed to be a
regular cylindrical beam, and its diameter was measured with a
laser beam micrometer for three points. The mean values were used
for the slope and the diameter to compute the longitudinal Young’s
modulus E|, from:

413
3nD4

where L is the distance between the external support points and D
is the mean diameter of the sample.

The specific Young’s modulus E,, is defined as the elastic modu-
lus per unit of mass density.

EL =

o

2.6. Anatomical traits

Anatomical traits were characterized for all the samples used
to measure the vulnerability to cavitation and mechanical proper-
ties. Sections were prepared from the basal part of the sample and
stained with Astra blue and Safranin dyes. Sections were exam-
ined under an optical microscope (Zeiss Axioplan 2, Zeiss, Jena,
Germany), and data were recorded using a digital camera (Axio-
Cam HR, Zeiss) with AxioVision digital imaging software. Images
were recorded for six sections per sample. After spatial calibration,
anatomical measurements were performed by image analysis using
Image] software (Rasband, 2009). Automatic segmentation enabled
us to isolate the vessels, and their diameters (jum), their numeri-
cal areal density (mm~2) and the area fraction they occupied (%)
were measured. We then measured the vessel wall thickness t (jum)
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Table 1

Gene ID, accession numbers and primer sequences used in QPCR analyses.

Gene ID Name Primer sequences Accession number (Genbank)
Caffeic acid 3-0O- methyltransferase COMT Forward 5 TGATGCGCCTGTCATG3’ CF234721
Reverse 5*CAAGGCCTATGGGATG3’
Pectin methylesterase PME1 Forward 5’ GAGATGGTTAGGGAGG3' Al164340
Reverse 5’AATTACAGTTCGCCGAG3'
PME2 Forward 5’ GAGTGGATGTCAGTAGC3' AI165089
Reverse 5'GCTAGCATGTCACACTC3’
Polygalacturonase PG 1 Forward 5'GGCAATCTCGAAATTGAG3' Al163516
Reverse 5TGAGGTTTTGACCATGG3'
PG 2 Forward 5'CAGTCTTACCAGCCAC3’ Al164358
Reverse 5’AAAGCTCCCTGGCCG3’
UDP glucose dehydrogenase UGDH1 Forward 5’ ACTGAAGTGCCCAGAC3’ Al163328
Reverse 5'CCCAATAAGCTAGGTCG3’
UGDH2 Forward 5'GCTTTCAAGAAAGACACG3’ Al162135
Reverse 5 TAACTTGCTCTATAGCTAC3’
UGDH3 Forward 5'ACTCAAGTGCCCGGAT3' Al166238
Reverse 5'CAGCACTCTCCCAGTAT3'
Xylan 1,4-B-xylosidase XYL 1 Forward 5’ GAGAGGCCAGGAAACTCCAGGG3’ Al164515
Reverse 5’GACACCAGAGAGGAGGTCTGGG3’
XYL 2 Forward 5’ GGGAGGACTTGTGAATGAGC3' Al163643

Reverse 5'GAACGATACGTCCATGCCC3’

between joining vessels and the conduit wall span b (um) separat-
ing them to calculate the transversal reinforcement index of the
bordered pit field (t/b)?, according to Hacke et al. (2001).

2.7. RNA isolation and cDNA synthesis

A 10 cm long stem segment was collected above the one used
for analysis of vulnerability to cavitation. The bark was peeled off
and the xylem was immediately frozen in liquid nitrogen and then
stored at —80°C. The xylem from each plant was ground. Equal
quantities of ground xylem from each plant were then pooled for
RNA extraction. RNA was isolated using CTAB extraction buffer as
described by Chang et al. (1993) and stored at —80 °C. First strand
cDNAs were synthesized by reverse transcription using 2 g of total
RNA in a final reaction volume of 20 .l using the Super Script™
Il first strand synthesis system for RT-PCR (Invitrogen, Paisley,
UK) according to the manufacturer’s instructions. PCR amplifica-
tions were performed as described by Mai et al. (2009) using the
primers indicated in Table 1. The PCR products were ligated into
PGEM-Teasy vector (Promega, Charbonniéres, France) and trans-
formed into DH5« Escherichia coli strain, and the sequences were
checked.

2.8. Expression analysis by quantitative real-time PCR

The single strand cDNA was used as a template in quantita-
tive real time PCRs (QPCRs) as described in Mai et al. (2009). The
cDNA was normalized in dependence of the level of constitutively
expressed 18S rRNA (Nualpun et al., 2005). QPCRs were carried out
with gene specific primers (Table 1) in the following 25 wl mix-
ture: 2 ul diluted cDNA, 0.25 pl of diluted SYBR Green (Sigma, St.
Louis, USA; 1:1000 in 25% dimethyl sulfoxide), 1 U of platinum Taq
DNA polymerase (Invitrogen, Paisley, UK) and 200 nM of each gene-
specific primer. QPCRs were carried out in a iCycler iQ™ (Bio-Rad,
Hercules, CA, USA). The PCR program was as follows: incubation for
5min at 95 °C, followed by 40 cycles of denaturing at 94°C for 155,
annealing at 55 °C for 20's and extension at 72 °C for 30s, followed
by a melting curve analysis to check the specificity of fragment
amplification. For each condition, three replicates were performed
for QPCR analysis. The method to calculate the relative expression
ratio is described by Pfaffl (2001):

ACPyarget (control—sample)

(Etarget + 1)

Ratio = (E f+ 1)ACPref (control—sample)
re

2.9. Statistical analysis

We carried out an analysis of variation (ANOVA) to determine
whether the means of Psg, Young’s modulus, wood density, specific
Young’s modulus, leaf water potential and anatomical parameters
were significantly different. When we found a significant differ-
ence, we referred to Tukey’s multiple range test at P<0.05 to
compare the mean values between the control line 717-1b4 and the
otherlines. All the measured and derived data underwent statistical
analysis using the Statgraphics plus 4.1 software package.

3. Results

The transgenic poplar lines were compared with the non-
transformed line in two experiments with different water regimes.
To check whether the water status in the transgenic poplar was
modified, a survey of leaf water potentials was conducted in Exp.
2, for which the water regime was the more restrictive (Table 2).
Before and after irrigation, i.e. when the soil water content was
respectively at its lowest and highest levels, the nine transgenic
lines showed no significant difference between them and the con-
trol line 717-1b4 for the vy, and ¥ values. At the end of the two
experiments, stem samples were collected and several physiolog-
ical, anatomical and molecular biological tests were performed.
Table 3 shows the P5y and Young’s modulus mean values for each
transgenic line in both Exp. 1 and Exp. 2. P59 values of trans-
genic lines were higher (lower resistance to cavitation) than the
control line 717-1b4 in the two experiments (Table 3). The differ-
ence became significant between the control line 717-1b4 and the
six transgenic lines ASOMT10b, ASOMT2b and MYB308-25.1, CCR-
52.3fs, 70ASCAD25.1, 70ASCAD34.2 in Exp. 2 and only CCR-52.3fs
in Exp. 1. For the longitudinal Young’s modulus we found neither
a positive nor a negative trend between the transgenic lines and
the control line. Nevertheless, the lines 70ASCAD25.1, CCR-62.13fas
and CCR-52.3fs showed statistically much lower stiffness than the
control line in Exp. 1, whereas only the line MYB308-25.1 showed
a higher Young’s modulus in Exp. 2. The results from Fig. 1 show no
correlation between Psg and Young’s modulus.

To explain variations in the Young’s modulus, we investigated
the two factors that could influence the mechanical property of the
wood: the specific Young’s modulus (Fig. 2A), which is a property of
the wall, and the wood density (Fig. 2B). The specific Young’s mod-
ulus was lower in the CCR-62.13fas and 70ASCAD25.1 lines than in
the control line in Exp. 1, whereas it was higher in 70ASCAD34.2 and



Table 2

Predawn and midday leaf water potentials (1, and v/,) of transgenic poplars in Exp. 2. The v, and ¥, values were measured on the 10 transgenic poplar lines at the end of the experiment. The measurements were made just
before irrigation, when the water soil content was minimal and the day after irrigation, when the water soil content was maximal. Each data point represents the mean value (£S.E.) from 4 to 5 leaves. There was no significant
difference between lines, according to an ANOVA analysis (P<0.05).

Line 717-1b4 CCR-62.13fas CCR- 52.3fs 70ASCAD 25.1 70ASCAD 34.2 ASOMT 10b ASOMT 2b MYB308- 25.1 MYB308-12.3 SCAD1
Before irrigation
Y¥p (MPa) —-0.86 + 0.25 —-0.88 + 0.36 -0.97 £ 0.17 —0.86 + 0.48 —-0.86 + 0.35 -0.91 £ 0.12 -0.86 + 0.14 -0.51 + 0.06 -0.93 £ 0.34 —-0.80 + 0.18
Ym (MPa) -1.18 £ 0.24 -1.22 £ 0.14 -1.27 £ 0.10 -1.37 £ 0.07 -1.22 £ 0.08 -1.16 £ 0.13 -1.24 £ 0.11 -1.15 £ 0.11 -1.27 £ 0.16 -1.20 +£ 0.15
After irrigation
Y¥p (MPa) —-0.02 + 0.01 —-0.03 + 0.01 —0.03 + 0.02 —0.04 + 0.01 —0.04 + 0.00 —-0.03 + 0.02 —-0.02 + 0.02 —-0.03 + 0.01 —0.01 + 0.00 —-0.05 + 0.02
¥m (MPa) —0.36 + 0.08 -0.34+£0.09 -0.38+£0.11 -0.30+0.02 —-0.40 + 0.07 -0.38 £0.13 -0.27 £ 0.04 -0.48 + 0.21 -0.34 + 0.01 —-0.27 +£ 0.04
Table 3

Vulnerability to cavitation and mechanical properties of the transgenic poplars in Exp. 1 and Exp. 2. The vulnerability to cavitation was evaluated by scoring the Psq values, xylem pressure inducing 50% loss of conductance, while
the mechanical properties were evaluated by the Young’s modulus. Each data represents the mean value (£S.E.) from 4 to 5 leaves. Data that are significantly different from the control line (T89) according to an ANOVA (P<0.05)
are indicated with an asterisk (*).

Line 717-1b4 CCR-62.13fas CCR-52.3fs 70ASCAD 25.1 70ASCAD 34.2 ASOMT 10b ASOMT 2b MYB308- 25.1 MYB308-12.3 SCAD1
Exp. 1
Pso (MPa) —2.05 + 0.04 -1.97 £ 0.11 —1.73 £ 0.08" -1.87 £ 0.13 -1.92 + 0.07 -1.92 + 0.08 -1.94 + 0.08 —2.03 + 0.08 -1.84 £ 0.19 -1.90 + 0.02
Young’s modulus (MPa) 10,634 + 571 8025 + 119 8691 + 251 7614 + 679 10,369 + 683 9773 + 304 9472 + 501 10,729 + 675 10,181 + 960 11,545 + 159
Exp. 2
Pso (MPa) —2.55 4+ 0.09 -2.35+0.12 —2.46 + 0.01 —2.36 + 0.06" —-2.33 £ 0.06" —2.23 +0.02° —2.18 + 0.04" —2.21 +£0.03" —2.43 + 0.05 -2.42 + 0.08
Young's modulus (MPa) 9909 + 408 8706 + 575 9872 + 624 8841 + 359 10,357 + 354 10,196 + 312 9004 + 440 11,417 + 607" 10,809 + 981 40,432 + 497
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Fig. 1. Correlation between Young’s modulus and Psq (xylem pressure causing 50% loss of hydraulic conductance) in the transgenic poplar lines, in Exp. 1 (A) and Exp. 2 (B).
Each dot represents data for one transgenic line for both the Young’s modulus and the Psy values. Data are mean values (4+S.E.) from 4 to 5 plants. The linear regression was
not significant at P<0.05. Data significantly different between transgenic lines and the control 717-1b4 line are indicated by an asterisk (*) for Pso and a cross (+) for Young's

modulus.

MYB308-12.3 in Exp. 2 (Fig. 2A). No difference was found between
the transgenic and the control lines for wood density, except in Exp.
1 for the SCAD1 line (Fig. 2A and B).

The difference found for Psg between ASOMT10b and ASOMT2b
and the control line 717-1b4 for Psg in Exp. 2 prompted us to
study their anatomical features and the regulation of their wall
metabolism at the gene expression level. The vessel diameters,
the area fractions they occupied and the vessel density showed no
significant difference between the three lines (Table 4). However,
ASOMT10b and ASOMT2b showed a lower value of the resistance
to implosion index evaluated by (t/b)? in both Exp. 1 and Exp. 2
(Table 4).

To explain this difference in (t/b)2, the expression of ten genes
involved in the wall metabolism (Table 1) was studied in xylem
tissue for the ASOMT10b and ASOMT2b lines and compared with
the control line 717-1b4 (Fig. 3). Since the difference in (t/b)? was
found in both Exp. 1 and Exp. 2, we investigated the gene expression
only for one experiment, Exp. 1. The ASOMT10b and ASOMT2b lines
showed a down-regulated expression for all the genes compared
with the control line, and these differences were significant in an
ANOVA test (Fig. 3).

4. Discussion

We used several lines of transgenic poplars to investigate trade-
off and causal links between hydraulic safety and the mechanical

properties of the wood. These different transgenic lines were dif-
ferently affected as regards the lignin metabolism: briefly, ASOMT
transgenic poplars exhibit a strongly decreased S/G ratio and
more condensed lignins (VanDoorsselaere et al., 1995; Lapierre
et al., 1999); ASCAD transgenic poplars appear to be modified in
the structure of the lignin polymer, which is likely to be more
fragmented than in control plants (Lapierre et al., 1999). CCR down-
regulated plants exhibit a patchy phenotype with orange spots
where lignin content appears to be strongly reduced (up to 50%),
whereas lignin content does not appear altered in wood areas
without this colored phenotype. Finally, MYB expressing trans-
genic poplars have not been characterized for their altered lignin
metabolism, but they exhibited a reduced growth, which we could
tentatively relate to the reduced lignin content generally observed
in tobacco expressing this same AmMYB308 gene (Tamagnone
et al,, 1998). Although these transgenic lines are not fully charac-
terized for their xylem features, the different modifications in the
lignins composition and structure offer many possibilities to test
the role of the lignins in the mechanical and hydraulic properties,
and especially the trade-off between the two traits.

Transgenic poplars with severe reductions in xylem lignin con-
tents were previously shown to have a reduced efficiency in water
transport (Coleman et al., 2008; Kitin et al., 2010). Here, no trans-
genic line showed any difference in water status, no difference for
Y¥m and Vp being detectable before and after watering. Likewise,
we found no difference for xylem hydraulic conductivity between
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Table 4

Anatomical parameters of the xylem from the ASOMT10b and ASOMT2b lines. Each data point represents a mean value (+S.E.) from 4 to 5 plants, with six stem sections per
plant. For each data line, values followed by different letters are significantly different according to an ANOVA analysis at P < 0.05. Vessel diameter, area fraction occupied by
vessels (Ay), vessel density and implosion resistance index (t/b)2.

Parameter Exp. 1 Exp. 2

717-1b4 ASOMT 10b ASOMT 2b 717-1b4 ASOMT 10b ASOMT 2b
Vessel diameter (jum) 21.39 + 0.36? 21.03 £ 0.59? 2142 +1.08? 21.10 £ 0.35? 21.46 + 1.04? 22.00 + 1.07 2
Ay (%) 7.90 £2.022 8.23 +£1.58° 859 £ 1332 7.76 £ 0.77 2 7.76 £ 0.77 2 8.77 £ 1.63?
Vessel numerical density (mm~2) 1230 +£3.022 13.10 £ 2392 13.57 £2.01° 12.14 £ 1.22° 12.26 £2.80° 13.86 +2.182
(t/b)? (1073) 9.7 +£332 7.0+ 17" 7.0 £22P 87 +29°? 49+ 1.6° 39+09°

the lines (data not shown). Thus it seems that the changes in lignin to modify the conductivity, the impact in our transgenic lines is

composition in our transgenic lines did not affect the water trans- not strong enough that we can enlighten it. Moreover, we can
port, despite a drastic change in the lignin content (Coleman et al., exclude any variation in the water availability between the poplars
2008; Kitin et al., 2010). If lignin metabolism changes are able lines in the course of the experiment, and thus any difference in
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Fig. 2. Specific Young’s modulus (A) and wood density (B) in transgenic poplar lines. Open bars represent Exp. 1 and closed bars Exp. 2. Data are mean values (+S.E.) from 4
to 5 samples. Data significantly different between transgenic lines and the control 717-1b4 line are indicated by an asterisk (*).
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Fig. 3. Quantitative real time PCR (QPCR) analysis of the relative transcript abundance of genes from wall metabolism in ASOMT10b and ASOMT2b lines. Relative transcript
abundance was expressed as the ratio of gene expression level in ASOMT10b (open bars) or in ASOMT2b (closed bars) compared with the control line 717-1b4 in Exp. 1.
The names of the genes investigated, with their accession numbers and the sequences primers are given in Table 1. Each data point represents a mean value (+S.E.) from 3

replicates.

acclimation to the water status between transgenic lines for vul-
nerability to cavitation. This had to be checked, since we previously
showed that vulnerability to cavitation varied according to the
water status of the poplar tree (Awad et al., 2010).

It has been hypothesized that stronger woods show higher
resistance to drought and to vessel implosion (Hacke et al., 2001;
Jacobsen et al., 2005). Also many studies have addressed the
relationship between the hydraulic and mechanical stress adap-
tations, especially the trade-off between hydraulic conductivity
(efficiency) and mechanical strength. Nevertheless, it can easily be
demonstrated that this simple trade-off cannot be explained by
physical considerations: according to the Hagen-Poiseuille law, the
hydraulic conductance scales with the fourth power of the vessel
radius and leads to large vessels. On the other hand, for a given
biomass production (the amount of cell walls), the best way to
increase the stem rigidity is to increase its diameter and not to
increase the local Young’s modulus of the material by way of thicker
cell walls. Thus on the contrary, the theoretical optimization of the
anatomical structure would lead to an increase in the stem diame-
ter by way of a very porous xylem made of very large conduits and
thin cell walls. It is clear that the key point cannot be this hydraulic
conduction - Young’s modulus trade-off (Kern et al., 2005) and
research work is accordingly now focused on the hydraulic safety
function (Rosner et al., 2008; Utsumi et al., 2010; Pratt et al,,
2007). Seeking a relation between resistance to cavitation (and/or
implosion) and mechanical strength, researchers found a positive
correlation at both within- and between-species levels. They also
found that the two parameters were positively correlated with the
wood density. However, our data on the transgenic poplar lines
do not support this trade-off, although we observed variations for
both traits at a similar range. They showed no relationship, neither
positive nor negative, between resistance to cavitation (Psg) and
longitudinal mechanical properties (Young’s modulus, Fig. 1). In the
first experiment (Exp. 1), we found significant differences between
lines for the mean of Young’s modulus, such as 70ASCAD25.1,
CCR-62.13fas13 and CCR-52.3fs, which showed lower elastic prop-
erties than the control line, but only the CCR-52.3fs showed a

statistically higher Psq value. By contrast, in the second experi-
ment (Exp. 2), the six lines that were significantly more vulnerable
to cavitation compared with the control line showed both more
or less favorable mechanical properties and clearly not necessarily
the worst mechanical properties. Only line MYB308-25.1 showed
better mechanical properties and vulnerability to cavitation than
the control line 717-1b4, at variance with the positive correlation
described by others (Rosner et al., 2008; Utsumi et al., 2010; Pratt
etal., 2007). To support the lack of trade-off between the two traits,
we observed an acclimation for P5y but not for the Young’s mod-
ulus between the two experiments (Fig. 1A and B). The P5o mean
value decreased significantly (P<0.001) from —1.91 MPa in Exp. 1
to —2.35MPa in Exp. 2, whereas the Young’s modulus mean values
inExp. 1(9495 MPa) and in Exp. 2 (9934 MPa) were not significantly
different (P=0.158). The correlation between Psg and Young’'s mod-
ulus was also tested per plant for each experiment (data and figures
not shown). There was no correlation, and the linear regression
was not significant. However, we have to distinguish between the
wood of conifers and that of angiosperms. In conifers, the same cells
have to deal with both mechanical and hydraulic considerations
and the cells that compose the surrounding material of a con-
ducting tracheid are similar. In angiosperms, cells are specialized,
with vessels that support hydraulic function and surrounding cells
that are responsible for most of the macroscopic wood mechanical
behavior. Hence the angiosperm xylem structure has many possi-
bilities and it is easy to conceive that a change of lignins structure
in the cell wall can affect hydraulic properties without modifying
the mechanical properties, and vice versa.

At the tissue level, longitudinal wood mechanical behavior is
mainly linked to material porosity, i.e. the ratio between the lumen
area and the cell wall area. Assuming, as is generally accepted, that
the cell wall density is constant, we arrive at the well-known posi-
tive relationship between density and wood elasticity that partially
contributes to the relationship between latewood percentage and
mechanical behavior. To a lesser extent, the density is also corre-
lated with the transversal mechanical properties of wood, but this
relationship is much more complex and involves the anisotropy of
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the cellular structure (Gibson and Ashby, 1999). Our results show
no significant difference between the transgenic lines for the wood
density, except for the line SCAD1 (Fig. 2B), nor any correlation
between the density and the Young’s modulus (data not shown).
Consequently, the mechanical behavior of the 70ASCAD-25.1, CCR-
62.13fas13, CCR-52.3fs and MYB308-25.1 lines can be explained by
a modification of their specific Young’s modulus (Fig. 2A), which
can be regarded as an intrinsic cell wall property. The cellulose
microfibril angle and cell wall chemistry are the main parame-
ters that determine the wall properties (Cave, 1968; Persson, 2000;
Gindl, 2001; Mencuccini et al., 1997; Jagels et al., 2003; Jagels and
Visscher, 2006). Lignins are randomly oriented in the polymer in the
form of a rigid amorphous polymer matrix that is responsible for
the stiffening of the cell wall and for the resistance to compression
(Gindl, 2002). Modifying lignins should necessarily modify the cell
wall properties in an isotropic way, i.e. the xylem properties in the
three directions, so leading to changes in longitudinal mechanical
properties. In agreement with our results, Hepworth and Vincent
(1998) showed that transgenic tobacco with a lower CAD activ-
ity modified lignins and reduced the Young’s modulus without
changing fibre diameter or length. Similarly, Bernard-Vailhe et al.
(1996) showed that changes in the type of lignins inter-unit link-
age could be responsible for reducing the mechanical properties
of the cell wall. Thus we can reasonably assume that the lignins
modification in the 70ASCAD-25.1, CCR-62.13fas13, CCR-52.3fs and
MYB308-25.1 lines changed the mechanical properties of the cell
walls.

Another interesting finding in this work is the increase in xylem
vulnerability to cavitation in some transgenic lines with modified
lignins composition compared with the control lines, without any
change in mechanical properties. Drought-induced cavitation in
xylem is thought to occur when an air bubble penetrates a pit wall
(Zimmermann, 1983; Cochard et al., 1992; Cochard, 2006). Hence
it is well-accepted that the vulnerability to cavitation relies on the
pit properties. However, studies on the molecular and genetic basis
of cavitation resistance are scarce. It has been demonstrated that
the pectin-bound calcium is important for xylem vulnerability to
cavitation (Herbette and Cochard, 2010) and a role of lignins has
been suggested in xylem vulnerability to cavitation (Coleman et al.,
2008). In this last study, a decrease in the xylem lignin content in
transgenic poplars resulted in an increase in vulnerability to cav-
itation. However, also in this work, large areas of the xylem were
observed as collapsed in these transgenic plants, and this could
probably constitutes a bias in the experimental measures of the
vulnerability to cavitation. Indeed, the vulnerability to cavitation
is experimentally estimated through the cavitation-induced loss of
conductance. And, the collapse of functional conduits geometrically
generates a drastic decrease of the conductance behavior. Thus, an
apparent loss of conductance can be measured regardless of cavi-
tation events and irreversible cessation of the functionality of the
conduits. Further, the xylem collapse can weaken the pit structure
and make it more vulnerable. Here, the ASOMT10b and ASOMT2b
lines exhibited an increase in vulnerability to cavitation compared
with the control line (Fig. 1B), but with no xylem collapse before
or after cavitation events (data not shown). This difference can be
explained by four non-exclusive hypotheses.

The first hypothesis relates to the pit membrane composition.
On the one hand, lignins have been detected in the pit membrane
of beech xylem (Fromm et al., 2003). The middle lamella in xylem
tissue contains much lignins (more than 60%), and the primary wall
has the highest concentration of lignins, the S2 layer containing in
proportion the lowest level (around 25%) (Navi and Heger, 2005).
On the other hand, there is experimental evidence for a role of the
mechanical properties of the pit membrane in the cavitation pro-
cess (Choat et al., 2004; Sperry and Hacke, 2004). Moreover, lignins
polymers are hydrophobic components (Sarkanen and Ludwig,

1971). This property could play a key role in the permeability of
the pits. Lastly, changes in the hydrophilic surface properties of
vessels could impact the adhesion of water to the wall that would
modify the contact angle with the wall at the air-water interface,
which influence the speed propagation of the air bubble in the con-
duit (Kohonen, 2006). Thus it is very plausible that a modification in
the lignins structure could affect the pit membrane behavior with
or without significant impact on the mechanical properties as for
ASOMT2b and ASOMT10D lines.

The second hypothesis relates to the pit membrane thick-
ness. The down-regulation of the COMT genes in these transgenic
poplars induced a down-regulation of many other genes involved
in the primary wall metabolism, especially in pectin and hemicel-
luloses metabolism (Fig. 3): two pectin methylesterases (PME), two
polygalacturonases, three UDP-gluocose dehydrogenases and two
xylan synthases. Each of the investigated isoforms has been found
to be specifically expressed during the xylogenesis (Hertzberg
et al,, 2001). We can also assume that this xylem-specific down-
regulation of the primary wall components could result in a
weakened pit membrane, i.e. one more vulnerable to cavitation
events, without affecting the longitudinal mechanical properties,
which rely mainly on the prevailing secondary wall. These two
hypotheses are the most likely.

The third hypothesis relates to the “rare pit” hypothesis, also
called the “pit area hypothesis”. It states that pits with pores of
air-seeding size are very rare compared with the great majority
of pits with much narrower air-tight pores (Hargrave et al., 1994;
Choat et al., 2003; Wheeler et al., 2005). Because of this, the vul-
nerability of a given conduit is heavily influenced by the area of
pit membrane it contains: the larger the pit membrane area, the
higher the probability that it contains a vulnerable pit; this leads
to the vulnerability of the complete conduit. Evidence supporting
this hypothesis includes the often observed rarity of pit membrane
pores of air-seeding size, the lack of consistent correlation between
indicators of mean membrane pore size and vulnerability to cavi-
tation, and a significant correlation between inter-conduit pit area
and vulnerability to cavitation (Hargrave et al., 1994; Choat et al.,
2003; Wheeler et al., 2005; Hacke et al., 2006; Jansen et al., 2009).
In the context of this “rare pit” hypothesis, we may venture the
hypothesis that the ASOMT10b and ASOMT2b lines have longer ves-
sels and/or larger pits, since vessel diameters were unchanged in
the poplar lines (Table 4). This would increase the vessel wall area
and thus the pit area, which would lead to plants that are more vul-
nerable to cavitation. Since the impact of lignin metabolism on the
vessel length is clearly a hazardous hypothesis we cannot support,
this “rare pit” hypothesis is rejected.

The fourth hypothesis involves transversal mechanical prop-
erties of the xylem. Hacke et al. (2001) suggest that plants that
exhibit a high degree of cavitation resistance and that experience
greater negative pressures, show thicker vessel walls relative to
their lumen diameter, i.e. a higher (t/b)? index, which would be
a way to resist transverse buckling of the conduits. Considering
an isolated vessel, its implosion resistance mechanically increases
with the decrease in vessel lumen diameter and/or an increase in
wall thickness, and its tangential wall properties. Our anatomical
measurements show that a large decrease in the (t/b)? index for
ASOMT10b, ASOMT2b is mainly due to the thinning of the wall and
not the increase in the vessel lumen diameter (Table 4). However,
at the xylem tissue level, the vessel resistance is related not only
to its diameter, but also to the transversal mechanical properties of
the surrounding tissues.

Modifications of the lignins composition in a number of trans-
genic poplars has enabled us to demonstrate that the correlation
usually observed between vulnerability to cavitation and the
mechanical properties does not rely on a trade-off, or only in
part. Further analyses of the macromolecular structure on these
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transgenic plants are needed to understand what changes of lignins
modifications could affect either the vulnerability to cavitation or
the mechanical properties. We report evidence that lignins are
involved in the vulnerability to cavitation, probably through mod-
ifications of the pits. To date, pit function in xylem hydraulics
has been exclusively restricted to the pectin components, and this
study opens new avenues of research in pit function related to the
lignins. To gain a better understanding of the role of pits in hydraulic
efficiency and safety, further research should address the composi-
tion of pits in relation to the hydraulic traits, and consider the role
of lignins.
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