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Abstract

While Arabidopsis thaliana has been proposed as a model species for wood development, the potential of this tiny 
herb for studying xylem hydraulics remains unexplored and anticipated by scepticism. Inflorescence stems of A. thali-
ana were used to measure hydraulic conductivity and cavitation resistance, whereas light and electron microscopy 
allowed observations of vessels. In wild-type plants, measured and theoretical conductivity showed a significant 
correlation (R2 = 0.80, P < 0.01). Moreover, scaling of vessel dimensions and intervessel pit structure of A. thaliana 
were consistent with structure–function relationships of woody plants. The reliability and resolution of the hydraulic 
methods applied to measure vulnerability to cavitation were addressed by comparing plants grown under different 
photoperiods or different mutant lines. Sigmoid vulnerability curves of A. thaliana indicated a pressure corresponding 
to 50% loss of hydraulic conductance (P50) between –3 and –2.5 MPa for short-day and long-day plants, respectively. 
Polygalacturonase mutants showed a higher P50 value (–2.25 MPa), suggesting a role for pectins in vulnerability to 
cavitation. The application of A. thaliana as a model species for xylem hydraulics provides exciting possibilities for (1) 
exploring the molecular basis of xylem anatomical features and (2) understanding genetic mechanisms behind xylem 
functional traits such as cavitation resistance. Compared to perennial woody species, however, the lesser amount of 
xylem in A. thaliana has its limitations.
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Introduction

Xylem functional traits play an important role in understand-
ing plant distribution, primary productivity, growth rate, 
resistance to abiotic factors (e.g. drought and frost), and the 
capacity of plants to adapt to changing environmental condi-
tions over time (Tyree and Zimmermann, 2002; McDowell 
et al., 2008; Brodribb and Cochard, 2009; Pittermann, 2010). 
Not surprisingly, there is a considerable amount of homoplasy 
in xylem anatomy of plants as a result of ecological adapta-
tions for efficient water transport, hydraulic safety against 
embolism, and mechanical support (Sperry, 2003; Rowe and 
Speck, 2005). Ecological adaptations that determine these 

major xylem structure–function relationships are reflected 
in the large anatomical variation of the hydraulic network 
(Carlquist, 2001; Choat et al., 2008).

Understanding of functional traits associated with long-
distance water transport in plants requires not only integra-
tion of hydraulics with anatomy and ecology, but also with 
plant genetics. However, genetic aspects of hydraulic parame-
ters remain little studied. Firstly, there are practical problems 
impeding the study of genetic mechanisms in trees, in particu-
lar their slow growth and long generation times, which make 
the production and isolation of mutants laborious and time 
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consuming (Chaffey et  al., 2002; Groover, 2005). Secondly, 
it remains difficult to link gene function with quantitative 
physiological traits such as hydraulic efficiency or drought 
tolerance, because these physiological traits are the result of 
integrated and balanced genetic processes. Besides, compari-
son of genotypic variability and phenotypic plasticity of cavi-
tation resistance among natural populations show frequently 
high phenotypic plasticity and a lack of genetic differentia-
tion across populations (Lamy et al., 2011; Wortemann et al., 
2011), although others have shown that there is no pheno-
typic plasticity in cavitation resistance of stem wood (Alder 
et al., 1996; Kolb and Sperry, 1999) and genetic differentia-
tion in some species (Mencuccini and Comstock, 1997). As 
a result, insights into the genes controlling vulnerability to 
cavitation and xylem hydraulic conductivity are still lacking, 
despite their physiological importance in trees.

Transgenic trees make it possible to study the function of 
genes identified by genomic approaches and provide useful 
models to understand the genetic basis of xylem functional 
traits (Mellerowicz et  al., 2001; Chaffey et  al., 2002; Awad 
et al., 2012). Nevertheless, investigations on the genetic basis 
of xylem hydraulic traits using transgenic trees are rare 
and the approach by gene overexpression shows limitations 
in research on the genetic bases of traits. In order to over-
come the above-mentioned problems associated with trees, 
Arabidopsis thaliana has been proposed as a model plant to 
investigate the genetic basis of wood formation (Chaffey et al., 
2002; Nieminen et al., 2004; Zhang et al., 2011). Chaffey et al. 
(2002) emphasized the strong similarities in anatomy and 
development of secondary xylem between A.  thaliana and 
Populus tremula L. × P.  tremuloides Michx. A.  thaliana has 
also been suggested as a model species for many other wood 
traits (Boerjan et al., 2003; Flaishman et al., 2003; Ko et al., 
2004; Wyatt et  al., 2010; Haughn and Western, 2012; Lens 
et al., 2012b). Thus, it seems reasonable to question whether 
the inflorescence stem of A.  thaliana can also be used as a 
model for xylem hydraulics despite its herbaceous and minus-
cule nature. Since there are strong differences in habit between 
perennial plants and short-living herbs, the xylem hydraulic 
characteristics of A. thaliana deserve special attention.

The main goal of this paper is to investigate if standard 
techniques applied in the field of xylem hydraulics are practi-
cally appropriate to inflorescence stems of A. thaliana, which 
are thought to have similar functions as stems of woody 
plants. Indeed, the inflorescence stem shows secondary growth 
(Altamura et al., 2001; Ko et al., 2004), allows long-distance 
water transport from the roots to leaves, flowers, seeds and 
fruits, and is also subject to similar mechanical constraints as 
a tree canopy, namely their weight, gravitropism, and various 
external perturbations (Telewski, 2006). Additionally, special 
attention is paid to hydraulically significant structures such as 
xylem vessels and bordered pits to evaluate the hydraulic proper-
ties of A. thaliana. Given various similarities in xylem structure 
between A. thaliana and woody eudicots (Chaffey et al., 2002; 
Lens et al., 2012b), the present study hypothesized that inflores-
cence stems of A. thaliana show a similar hydraulic behaviour 
as many shrubs and trees. If this assumption was correct and if  
measuring hydraulic parameters was feasible, a wide range of 

genetic techniques and approaches could be applied to facilitate 
links between xylem physiology, anatomy, and genetics.

The reliability and resolution of the hydraulic techniques 
were verified by measuring the effect of growth conditions and 
genetic differences on cavitation resistance. An interesting aspect 
of this annual herb is that xylem development is controlled by 
flowering time, which can be influenced by several environmen-
tal cues such as photoperiod (Melzer et al., 2008; Sibout et al., 
2008). Differences in secondary xylem development between 
short-day plants and long-day plants were hypothesized to 
parallel differences in cavitation resistance. Overall, such work 
could offer new opportunities for understanding functional 
hydraulic traits (safety vs. efficiency) regarding the developmen-
tal and evolutionary shift form primary xylem towards second-
ary xylem. Moreover, this study explored potential differences 
in cavitation resistance in three mutant lines modified for genes 
involved in the primary wall metabolism.

Materials and methods

Plant material
Seeds from wild-type (WT) A. thaliana (L.) Heynh. Columbia (Col-
0) and T-DNA insertion mutant lines were provided by the NASC 
(Nottingham Arabidopsis Stock Centre). The sequence-indexed 
A.  thaliana T-DNA insertion mutant sequences were provided by 
the Salk Institute Genomic Analysis Laboratory. The polygalacturo-
nase mutant (PG, SALK_100709, on locus At1g19170) was chosen 
because its locus had a stem-specific expression pattern (Kim et al., 
2006) and it is an orthologue of the Populus tremula × tremuloides 
POPTR_0006s14170 gene encoding for a polygalacturonase and 
upregulated during xylem maturation (Hertzberg et al., 2001). The 
choice for the pectin methylesterase loci (PME3, SALK_059908 on 
locus At2g45220 and PME5, SALK_012478 on locus At3g59010) 
was based on the availability of SALK mutants on PME genes 
and expression patterns. PME3 showed an inflorescent stem xylem 
expression that responded to changes in lignin biosynthesis in cin-
namyl alcohol dehydrogenase (CAD) mutant lines (Sibout et  al., 
2005). PME5 (At3g59010) was expressed in inflorescent stem xylem 
(Winter et al., 2007) and was upregulated while promoting second-
ary growth (Koizumi et al., 2009). Insertion and T-DNA zygosity 
were checked in PG, PME3, and PME5, based on screening for 
kanamycin resistance.

Seeds were sown on a commercial soil mixture (Humustar, 
Champeix, France) and grown in a growth chamber under long-day 
(16/8 light/dark) or short-day (12/12 light/dark) conditions. A sec-
ond set of WT plants with PG and PME mutants were grown in 
long-day conditions. The plants were cultivated at 22/20 °C under 
light intensity 100–200 μmol m–2 s–1 and with relative humidity 60%. 
Phenotypes and genotypes were randomly distributed in the growth 
chamber in order to limit potential variability in light intensity. As 
soon as inflorescence stems showed a first silique ripening (i.e. after 
7–8 weeks), they were harvested and immediately used for analysis.

Xylem anatomy
Light microscopy
Anatomical analysis was performed on long-day plants. Transverse 
sections (thickness 0.5 μm) were sectioned and stained with toluidine 
blue (0.5% in 2.5% carbonate buffer, pH 11). Toluidine blue stains 
vessels in blue and fibres and parenchyma cells in purple. The sec-
tions were examined under an optical microscope (Axioplan 2, Zeiss, 
Jena, Germany), and images of whole sections were recorded using a 
digital camera (AxioCam, HR, Zeiss) and AxioVision digital imag-
ing software. After their hydraulic conductivity was measured, vessel 
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areas were measured on 50 μm cross-sections of basal inflorescence 
stems from eight plants. After spatial calibration, the surface area of 
vessels was calculated using ImagePro Plus 6.1 (Media Cybernetics, 
Silver Spring, MD, USA). For each sample, a graphic tablet (Wacum 
Technology, Vancouver, WA, USA) was used to measure each ves-
sel area. The circle diameter (D) with a surface area corresponding 
to the vessel surface area was then deduced (Christman and Sperry, 
2010). A hydraulically weighted vessel diameter (Dh) was calculated 
following Sperry et  al. (1994) as Dh  =  ΣD5/ΣD4. Metaxylem and 
secondary xylem were defined according to Altamura et al. (2001). 
Theoretical hydraulic conductivity (Kht) of the lumen was calculated 
as Kht = ΣπD4/128η, where η was the viscosity at 20 °C. The total 
theoretical specific conductivity (Khts) was obtained by dividing Kht 
by the total lumen area. This approach was chosen because it com-
pensated for differences in vessel size and number, and it removed 
the contribution of non-conducting cells in xylem tissue of herba-
ceous plants (Kocacinar and Sage, 2003).

To determine the proportion of open vessels in stem segments of 
different lengths, the vessel-length distribution of three A. thaliana 
inflorescence stems grown under long-day conditions was measured. 
Stems were fixed in a solution containing (v/v) 3.7% formaldehyde, 
5% acetic acid, and 50% ethanol, gradually dehydrated using solu-
tions from 50 to 100% ethanol, and dried at 65 °C overnight. Then, 
one end of the stem segments was injected with the silicone Rhodorsil 
RTV-141 (Rhodia, Cranbury, NJ, USA), which was mixed with the 
fluorescent dye Uvitex OB (Ciba UK, Bradford, West Yorkshire, 
UK). Injection was conducted basipetally with a vacuum pump at 
0.2 MPa for 30 min. After drying, thin sections were cut with a cryo-
microtome at various distances from the injection point, and the 
ratio of vessels filled with silicone per total number of vessels (NL) 
was determined for each distance. The conduit length distribution 
was calculated according to Sperry et al. (2005) as NL = N0 e

(–kL), 
where N0 is the ratio between the number of silicon-filled vessels and 
the total number of vessels at the injection surface, L the distance 
from the injection point, and k the best fit extinction coefficient.

Electron microscopy
Samples for transmission electronic microscopy (TEM) were prepared 
according to Jansen et al. (2009). Observations were carried out on 
transverse sections using a JEM1210 microscope (Jeol, Tokyo, Japan) 
at an accelerating voltage of 80 kV. Digital images were taken using 
a Mega View III camera (Soft Imaging System, Münster, Germany) 
and analysed using ImageJ software (Rasband, 1997–2012).

For scanning electron microscopy (SEM), several inflorescence 
stems of A. thaliana were cut into 0.5–1 cm segments, split longitu-
dinally, and dried at 65 °C overnight. Samples were fixed to alumin-
ium stubs and coated with platinum using an BAF100 sputter coater 
(Balzers, Dietenheim, Germany) for 3 min. Samples were observed 
with a S-5200 field-emission scanning electron microscope (Hitachi 
High Technologies, Tokyo, Japan) at an accelerating voltage of 2 kV.

Xylem hydraulics
Experimental specific conductivity
The hydraulic conductivity (Kh) was measured on 1-cm-long seg-
ments of basal inflorescence stem in order to decrease the pit 
resistivity and compared with Kht. Kh was measured from eight 
plants grown under long-day conditions using a Xyl’em apparatus 
(Bronkhorst, Montigny-les-Cormeilles, France). Stem segments 
were cut under water and gently sealed to a tubing system using 
thread seal tape (polytetrafluoroethylene film) to avoid leaking 
and crushing of samples with clamps. A  solution containing KCl 
(10 mM) and CaCl (1 mM) was used to perfuse stems basipetally 
and flush them at 21 °C for 5 min under 0.1MPa. The flow rate was 
measured 10 minutes after starting the perfusion under 6–9 kPa. The 
specific hydraulic conductivity (Khs) was obtained by dividing Kh by 
the total vessel lumen area.

Kh was also measured on 5-cm-long basal inflorescence stems 
from six other plants grown under long-day, in order to evaluate the 

sample length effect on Kh. Perfusion was performed following the 
same methods as above. Stem segments were perfused basipetally 
and shortened every 0.5 cm.

Xylem vulnerability to cavitation
The vulnerability to cavitation of inflorescence stems was assessed 
using the centrifugal technique (Alder et al., 1997; Cochard, 2002) on 
14-cm-long samples. For this purpose, the embolism rate was meas-
ured using a XYL’EM apparatus following procedures described for 
woody species (Sperry et al., 1988; Cruiziat et al., 2002). This tech-
nique involved measuring the hydraulic conductance of segments 
before and after flushing (ki and kmax, respectively). Two stem seg-
ments 1–2 cm long were cut under water from the middle part of the 
stem. The basal cut end was then connected to the hydraulic appa-
ratus. A  solution containing KCl (10 mM) and CaCl2 (1 mM) was 
used to perfuse the stem segments. ki and kmax were measured under 
6–9 kPa on both segments separately in order to increase the num-
ber of repetitions for each plant. Before measuring kmax, samples 
were flushed for 5 min at 0.1 MPa to remove embolism. To draw a 
single vulnerability curve, 15–46 samples from 15–24 different stems 
were required. This study also tentatively applied the bench dry-
ing method (Sperry et al., 1988), the Cavitron technique (Cochard, 
2002; Cochard et al., 2005), and the single-ended pressure chamber 
approach (Cochard et al., 1992). The PLC curves were fitted using 
the sigmoid function of Pammenter and van der Willigen (1998), 
PLC = 100/(1+e(S/25 × (P–P

50
))), where P50 is the pressure causing 50% 

loss in conductance, and S the curve slope at this point.

Results

Anatomy of xylem vessels and pits

The xylem of A. thaliana was organized in vascular bundles 
(Fig. 1A), with (mean ± SE) 9.4 ± 0.9 bundles per transverse 
section and 19.5 ± 1.7 vessels per vascular bundle (Fig. 1B). 
The vessels can be distinguished from other cell types because 
of differences in the staining reaction of cell walls with tolui-
dine blue (Fig. 1B). Additional evidence for vessel identifica-
tion was based on silicon injection (Fig. 1C). Vascular bundles 
included both primary metaxylem and secondary xylem with 
differences in their respective proportions across vascular 
bundles (Fig. 1A). Primary xylem consisted of relatively wide 
vessels (16.0 ± 0.6 μm), while secondary xylem was character-
ized by narrower vessels (11.8 ± 0.2 μm) in combination with 
xylem fibres. Ray cells were absent in the xylem of the sam-
ples studied. The mean vessel diameter D was 11.9 ± 1.4 μm 
(Fig.  2A), with mean Dh of 17.7 ± 0.5 μm and mean vessel 
length (L) of 1.2 ± 0.2 cm (Fig. 2B).

Neighbouring vessels were connected to each other via 
bordered pit fields (Fig. 1D–H). Three different pit types that 
were associated with vessels occurred in A. thaliana: interves-
sel pits (Fig. 1E), vessel-fibre pits (Fig. 1D), and vessel-paren-
chyma pits (not shown). The pit dimensions are summarized 
in Table 1. A. thaliana had vestured pits (Fig. 1E, F, H), show-
ing branched protuberances from the secondary cell wall of 
the pit chamber. The vestures partly occluded the pit aperture 
(Fig. 1F, H).

Xylem hydraulics

Hydraulic conductivities (Kh) were in the range of 1.10–11 
to 12.10–11 m4 MPa–1 s–1. Kh was linearly correlated to the 
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theoretical hydraulic conductivity (Kht) predicted from the 
Hagen-Poiseuille equation (R2 = 0.80). Kh was on average 41% 
lower than Kht predicted for ideal capillaries. The measured 
(Khs) and theoretical (Khts) specific conductivities showed a 
strong linear relationship (P < 0.01; Fig. 3A). Fig. 3B showed 

no significant change in Kh when shortening samples from 5 
to 1 cm (ANOVA, P < 0.05).

This study was unable to obtain vulnerability curves 
following the bench drying or the single-ended cavitation 
chamber approach. Samples were flattened because of 

Fig. 1.  Anatomical features of the xylem in the inflorescence stem of A. thaliana. (A) Transverse sections showing xylem organization in 
vascular bundles: the closed arrow shows a vascular bundle with secondary xylem dominance and the open arrow shows a vascular 
bundle with metaxylem dominance. (B) Detail of a vascular bundle with metaxylem and vessels marked by asterisks: toluidine blue stains 
vessels in blue and fibres and parenchyma cells in purple. (C) Transverse section of a vascular bundle from a stem injected with silicone: 
conductive vessels are filled with silicone mixed with the fluorescent dye Uvitex. (D) Transverse section of xylem vessels observed by 
TEM: the closed arrow shows an intervessel pit and the open arrow shows a vessel-fibre pit. (E) Intervessel pit observed with TEM: 
arrows show vestures. (F–H) SEM images of inner vessel wall with four vestured pit apertures (F), pit membrane (G), and pit chamber 
bearing vestures near the outer aperture (H): closed arrows show vestures and the open arrow shows a small part of the aspirated 
pit membrane. F, fibre; IPA, inner pit aperture; PB, pit border; Phl, phloem; Proxyl, protoxylem; V, vessel. Bars, 100 μm (A), 10 μm (B), 
50 μm (C), 1 μm (D–H).
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dehydration of  the pith parenchyma, which made hydrau-
lic measurements impossible because of  leaks. This study 
was also unable to determine cavitation resistance using the 
Cavitron technique because the conductance of  the inflo-
rescence stems was too low to be measured accurately with 
this method.

Vulnerability curves were successfully obtained with the 
centrifuge approach (Fig.  4). A.  thaliana had PLC values 
decreasing with xylem pressure, following a sigmoidal curve. 
Some PLC values appeared negative because of the centrifuge 
method employed (e.g. Adler et al., 1997). The sigmoid regres-
sion analysis provided a strong fit with R2 > 90%. A.  thali-
ana WT plants showed a P50 value of –2.53 ± 0.053 MPa and 
–2.98 ± 0.139 MPa when grown under long-day and short-day 
conditions, respectively, with a significant difference between 
both conditions (Student’s t-test, P < 0.05).

The second set of WT plants grown under long-day con-
ditions showed a P50 value of –2.54 ± 0.080 MPa. This value 
was not significantly different from the values obtained for 
PME3 and PME5 plants grown in same conditions, which 
were –2.49 ± 0.137 MPa and –2.44 ± 0.108 MPa, respectively 
(Fig. 4C, D). On the contrary, PG mutants showed a P50 value 

of –2.25 MPa ± 0.033, significantly different from WT plants 
(Student’s t-test, P < 0.05, Fig. 4B).

Discussion

This study demonstrates that inflorescence stems of A. thali-
ana can be used to measure specific conductivity and cavitation 
resistance in an accurate and reliable approach. The hydraulic 
data obtained support this study hypothesis that A. thaliana 
shares both structural and functional xylem characteristics 
with many eudicots, which opens important opportunities to 
utilize this species for investigating xylem hydraulics. While 
there are various advantages of using A. thaliana for study-
ing water transport in plants, its limitations also need to be 
considered.

Given the small size of the inflorescence stems of A. thali-
ana, the hydraulic pathway of the xylem can more easily 
be studied in its totality on a cross-section as compared to 
trees with large sapwood areas that include various growth 
rings. Indeed, theoretical conductivities can be performed on 
the total number of vessels and shows a strong linear rela-
tionship with measured conductivities (Fig.  3A). This also 
demonstrates that the vessels that contribute to hydraulic 
conductance can accurately be identified on transverse stem 
sections. Silicone injection (Fig. 1C) and dye perfusion (data 
not shown) also confirmed the conductive nature of vessels in 
the primary and secondary xylem.

Measured conductivity includes lumen and end-wall con-
ductivity, whereas theoretical conductivity estimates only 
lumen conductivity. Based on the silicone injection experi-
ments, 80% of the vessels are not open at both ends in the 1-cm 
stem segments used for measuring conductivity (Fig.  3A), 
and thus there would be an end-wall resistance to the flow. 
In order to evaluate the contribution of this resistance on 
1-cm stem segments, stem-shortening experiments were per-
formed on six samples (Fig. 3B). The maximum vessel length 

Fig. 2.  Vessel diameter and vessel length distribution for inflorescence stem of A. thaliana. (A) Vessel diameter distribution analysed from 
eight plants. (B) Vessel length distribution analysed from three plants. Data are means ± SE. Solid line indicates the average frequency of 
vessel length (Sperry et al., 2005).

Table 1.  Intervessel pit morphology of A. thaliana infloresence 
stem. Transverse sections of stems were observed under TEM 
and bordered pit characteristics and double intervessel wall 
thickness measured with image analysis. Values are mean ± SE 
for n pits observed.

Pit character n Size (μm)

Aperture diameter (Da) 19 0.69 ± 0.23
Membrane diameter (Dp) 17 3.55 ± 0.53
Membrane thickness (Tm) 20 0.17 ± 0.01
Chamber depth (Dc) 18 0.93 ± 0.66
Double intervessel wall thickness (Tw) 20 1.67 ± 0.69
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measured with silicon injection (Fig.  2B) was smaller than 
5 cm, meaning that all vessels had at least one end wall in 5-cm 
long samples. No significant difference in conductivity was 
found between 5- and 1-cm segments, suggesting that the spe-
cific conductivity can be estimated by working with 1-cm seg-
ments. In shorter segments, flow rates were higher and more 
precise compared to the theoretical specific conductivity. The 
41% hydraulic efficiency of A. thaliana is in line with findings 
of both woody and herbaceous angiosperms, with measured 
conductivity values less than half  of the theoretical values of 
ideal capillaries (Tyree and Zimmermann, 2002). Therefore, 
sap flow in A. thaliana seems to follow the Hagen–Poiseuille 

efficiency model developed on woody plants (Sperry et  al., 
2005; Hacke et  al., 2006). End-wall resistivity generally 
accounts for 50% of the total hydraulic resistivity (Lancashire 
and Ennos, 2002; Sperry et al., 2005; Choat et al., 2008) and 
thus can explain the lower conductivity measured. Although 
measuring the xylem conductivity of inflorescent stems can 
be achieved easily, quantification of the end-wall resistivity 
remains a technical challenge in A.  thaliana because of the 
very short (<1 cm) sample length that would be required for 
such measurements.

The reliability and resolution of the vulnerability curves 
obtained are supported by the differences found between the 
growing conditions or the mutant lines of A. thaliana (Fig. 4). 
A Significant difference was observed in vulnerability to cavi-
tation between plants grown under long days and short days 
(Fig.  4A). Changes in the photoperiod from long to short 
days were shown to stimulate and prolong xylem develop-
ment in the hypocotyls and inflorescence stems (Lev-Yadun, 
1994; Chaffey et al., 2002). According to the present findings, 
an increase in wood production would enhance the resistance 
to cavitation of the inflorescence stem. Since secondary xylem 
is characterized by narrower vessels than metaxylem vessels, 
the secondary xylem would be less vulnerable to cavitation 
than metaxylem. Indeed, wider vessels would show a larger 
pit area, which may increase the likelihood of air-seeding via 
the largest pit-membrane pore (Wheeler et al., 2005; Hacke 
et al., 2006; Christman and Sperry, 2010; Christman et al., 
2012). Differences in vessel grouping between primary and 
secondary xylem could offer an additional explanation (Lens 
et al., 2011), as well as potential differences in pit characters.

The vulnerability curves for A.  thaliana (Fig.  4) showed 
P50 values ranging from –2.25 to –3 MPa. Meyre et al. (2001) 
showed that A. thaliana plants grown under short days were 
able to maintain an optimum transpiration rate for a soil 
water potential of –0.28 MPa and observed a complete decline 
in transpiration rate for a soil water potential of –1.3 MPa. 
In the present study, the predawn leaf water potential was 
–0.06 MPa and therefore within range of the optimal transpi-
ration rate. Moreover, the pressure for stomata closure was a 
long way from the P50 values found in here, which suggests 
that the plant has a high safety margin (Cochard et al., 2002).

Some mutant lines were analysed to test if  the A. thaliana 
stem is suitable and the technique is reliable to investigate the 
genetic bases for the vulnerability to cavitation. Mutant lines 
for pectin genes represent good candidates because they have 
an important role in elongation processes, determining cell 
size, shape, and stiffness (Kim et al., 2006). PG and PME are 
known to catalyse disassembly and structural modification of 
pectins (Wolf and Greiner, 2012). Changes in expression of 
these enzymes could thus have an effect on conduit dimensions 
and thus on pit density (Christman et al., 2009). Moreover, 
they could be involved in pit-membrane maturation and thus 
in its properties, especially its porosity. Pectin methylesterases 
catalyse the demethylesterification of homogalacturonan 
(HGA). These demethylesterified HGA can form calcium 
bonds, promoting an ‘egg-box’ model structure, or become a 
target for pectin-degrading enzymes, affecting the texture and 
rigidity of the cell wall (Pelloux et al., 2007). Herbette and 

Fig. 3.  Hydraulic conductivity of the inflorescence stem of 
A. thaliana. (A) Plot of the experimental (Khs) versus theoretical 
(Khts) hydraulic specific conductivity. Khs was measured on 
1-cm-long basal inflorescence stems from eight plants, then 
Khts was calculated by measuring vessel diameters and 
applying the Hagen–Poiseuille law. Values are for each plant. 
The black line represents a linear correlation between Khts and 
Khs (Khts = 1.0043Khs + 0.0048; R2 = 0.8044) and the grey 
line represents the 1:1 line. (B) Hydraulic conductivity (Kh) 
versus segment length. Kh was measured on 5-cm-long basal 
inflorescence stems that were perfused basipetally and shortened 
every 0.5 cm. Data are means ± SE from six plants. There was no 
significant difference between means (ANOVA, P < 0.05).
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Cochard (2010) proposed that the observed calcium effect on 
vulnerability to cavitation was due to calcium bridges in pec-
tin chains of the pit membrane. Although no significant effect 
of the PME3 and PME5 mutations were detected, the pre-
sent study cannot exclude PME as candidate genes involved 
in vulnerability to cavitation, especially when considering the 
size of this multigene family (67 genes, Micheli, 2001) and a 
potential compensation effect between isoforms. On the con-
trary, mutation of PG (multigene family of 66 genes, Kim 
et  al., 2006) showed a clear effect on cavitation resistance. 
Anatomical observations remain to be performed to under-
stand the role of PG.

The P50 values for A. thaliana fall within the range of many 
tree species with a temperate distribution area. Quercus robur, 
for instance, has a P50 around –2.7 MPa (Cochard et  al., 
1992). Although P50 values have not been determined for 

many herbaceous species (Rosenthal et al., 2010), the xylem 
of A. thaliana is rather cavitation resistant compared to other 
herbaceous plants, which could be explained by the distribu-
tion of A. thaliana on dry and sandy soils (Koornneef et al., 
2004). Examples are Phaseolus vulgaris L., which showed P50 
values from –0.46 to –0.99 MPa (Mencuccini and Comstock, 
1999), and Epilobium angustifolium L. with a P50 value around 
–1.6 MPa (Maherali et  al., 2009). Although both species 
show vestured pits (Jansen et al., 2008), which are assumed 
to increase resistance to cavitation (Jansen et al., 2003, 2004; 
Choat et  al., 2004), A.  thaliana shows a higher cavitation 
resistance than these two species.

The hydraulic behaviour in A. thaliana appears to be par-
alleled by many similarities in xylem anatomy and ultras-
tructure between this species and woody eudicots. Despite 
the small scale of vessel dimensions in A.  thaliana, the 3/2 

Fig. 4.  Xylem vulnerability to cavitation of A. thaliana plants depending of the photoperiod or the genetic background. (A) Vulnerability 
curves of WT Col-0 plants grown under short days (SD, open circles) show a significant difference (Student’s t-test, P < 0.05) with that 
of plants cultivated under long days (LD, closed circles). (B–D) Vulnerability curves of WT plants and mutants grown under long days. 
Vulnerability curves of WT (closed circles) show a significant difference (Student’s t-test, P < 0.05) with PG mutants (open circles) (B), 
but no significant differences were found with PME3 (C) and PME5 (D) mutants (open circles). Values are means ± SE from 2–8 stem 
samples, and 15–24 plants were required for each curve. Grey lines represent regression curves according to Pammenter and Vander 
Willigen (1998). WT, wild type.
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scaling between average vessel length (L) and vessel diame-
ter corresponding to mean lumen resistivity (DRL), reported 
by Hacke et  al. (2006) on 29 woody angiosperm species, is 
also found for A. thaliana. Vessel dimensions of A. thaliana 
indicate a scaling of L = 0.044 DRL

3/2. This finding is in line 
with previous observations that narrow vessels are generally 
short, while wide vessels range from short to long (Sperry 
et al., 2005; Hacke et al., 2006; Christman and Sperry, 2010). 
However, Jacobsen et al. (2012) showed recently no relation-
ship between these vessel traits among 130 species, and ves-
sel length was hypothesized to be dependant of the species 
habit and diameter of samples. The low vessel dimensions in 
A. thaliana could then be explained by the narrow diameter 
of the inflorescence stem.

Other structural similarities between A. thaliana and woody 
plants include the presence of simple perforation plates and 
bordered pits. Simple perforation plates are characteristic of 
Brassicaceae and very common in eudicots (Schweingruber, 
2006; Wheeler et al., 2007). The mean pit-membrane thick-
ness of A. thaliana (170 nm) is within the range observed for 
angiosperms (Jansen et  al., 2009; Lens et  al., 2011). These 
observations suggest similar structure–function relationships 
between A. thaliana and woody angiosperms at the pit-mem-
brane level (Choat et al., 2008).

The xylem of A. thaliana shows a rather limited amount of 
fibres, while woody plants generally show a high proportion 
of lignified ground tissue in their xylem. Based on pit micro-
morphology and silicon injection data, this study assumes 
that the fibres in A. thaliana are hydraulically non-functional 
(Sano et al., 2011). Moreover, the lack of rays in xylem of 
A.  thaliana confirms observations by Chaffey et  al. (2002), 
although ray cells have been detected in A. thaliana plants in 
which secondary growth was induced (Mazur et  al., 2012). 
Hence, A.  thaliana has the genetic potential to develop ray 
cells, while rayless wood could be associated with paedo-
morphosis and secondary woodiness (Carlquist, 1962, 2009; 
Dulin and Kirchoff, 2010). Since the development of rays is 
delayed in a small number of eudicots, raylessness should 
be interpreted as a juvenile character and an example of 
heterochronic shift in xylem organization (Carlquist, 2009). 
Lens et  al. (2012b) described paedomophic wood features 
in woody double mutants of A. thaliana such as a continu-
ously decreasing length-on-age curve of vessel elements and 
delayed periderm formation.

A.  thaliana provides many advantages as a model plant. 
Environmental effects on hydraulic parameters can be more 
easily applied from a practical point of view to small plants 
than large trees. Knock-out mutants of A. thaliana allow the 
screening a large number of genes putatively involved in xylem 
hydraulics. The irregular xylem (irx) A. thaliana mutants have 
already brought various insights into the biochemical and 
genetic aspects of xylem structure (e.g. Turner et al., 1997). 
The A. thaliana genome sequence (The Arabidopsis Genome 
Initiative, 2000) provides novel avenues for identification and 
systematic analysis of genes involved in cell-wall metabolism 
(Liepman et  al., 2010). Plant cell walls are extremely com-
plex in their composition, biosynthesis, assembly, and post-
assembly modifications (Popper et al., 2011). Genes involved 

in cell-wall synthesis or modification represent 10% of the 
genes in A.  thaliana and they mainly belong to multigene 
families (Farrokhi et al., 2006). Thus, A. thaliana is an excel-
lent plant model for screening the functional significance of 
genes involved in xylem hydraulics by working on already 
characterized genes and ready-to-use mutant lines.

Given the short-life cycle of A.  thaliana, its role as an 
ecophysiological model for trees remains questionable. 
Annual weeds with a short life cycle are often characterized 
by stress avoidance and show strong ecological differences 
with a tree habit. Considering the wide geographical range 
of A.  thaliana, it is not surprising that this species shows a 
large variation in physiological processes in order to deal with 
contrasting environments worldwide (Pigliucci, 2002). Meyre 
et al. (2001) proposed, for instance, an adaptive drought-tol-
erance strategy for the Columbia ecotype in contrast to the 
escape strategy of the Langsberg ecotype, which has a short-
ened life cycle. Moreover, the woody double mutant soc1 ful 
of  A. thaliana shows extensive secondary growth perennial-
like features with prolonged plant lifetime (up to 18 months), 
co-occurrence of vegetative and reproductive meristems, and 
recurrent flowering cycles, and thus strong similarities with 
the habit of a tree (Melzer et al., 2008; Lens et al., 2012b). 
The use of such mutant could be of special interest for eco-
physiological modelling. However, the use of xylem from 
reproductive organs is potentially problematic because genes 
affecting reproductive tissues could change the characteristics 
of the inflorescence xylem without being important for the 
systemic xylem of the vegetative part of the plant.

The ‘hidden woodiness’ of A. thaliana is found in many line-
ages of herbaceous plants, which frequently retain the capacity 
to develop secondary meristems and xylem following similar 
developmental patterns as woody trees, without special inno-
vations of their bauplan or hydraulic plumbing system (Spicer 
and Groover, 2010; Lens et al., 2012a; Rowe and Paul-Victor, 
2012). A fuzzy boundary between morphological categories is 
common in many organisms, especially in plants (Sattler and 
Rutishauser, 1997), which has implications in the functional 
understanding of processes such as water transport. The tra-
ditional view of classifying species and features into mutually 
exclusive categories such as herbaceous or woody ignores the 
dynamic continuum of growth forms, and similarities in struc-
ture–function. From a functional and anatomical point of 
view, size does not matter and should not prevent the use of 
A. thaliana as a hydraulic model species, although the limited 
amount of xylem in combination with its short life cycle and 
low hydraulic demands do have some limitations. Therefore, 
validation on transgenic trees will certainly be needed.

Acknowledgements

The authors thank the electron microscopy section of Ulm 
University for assistance with TEM and SEM, and Pierre 
Conchon, Christian Bodet, Christelle Boisselet (UMR_A 
547 PIAF INRA) and Elisabeth Allain (UMR 6247 GRED) 
for advice and technical assistance. The Botanical Garden 
of Ulm University is acknowledged for cultivating plant 

 at IN
R

A
 A

vignon on M
ay 24, 2013

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


Investigate xylem hydraulics in Arabidopsis  |  2303

material. This research was founded in part by the PitBulles 
project (ANR no. 2010 Blan 171001). The authors also thank 
the Salk Institute Genomic Analysis Laboratory for pro-
viding the sequence-indexed Arabidopsis T-DNA insertion 
mutants and the NASC Institute for providing seed material.

References

Alder NN, Pockman WT, Sperry JS, Nuismer S. 1997. Use 
of centrifugal force in the study of xylem cavitation. Journal of 
Experimental Botany 48, 665–674.

Alder NN, Sperry JS, Pockman WT. 1996. Root and stem 
xylem embolism, stomatal conductance, and leaf turgor in Acer 
grandidentatum populations along a soil moisture gradient. Oecologia 
105, 293–301.

Altamura MM, Possenti M, Matteucci A, Baima S, Ruberti 
I, Morelli G. 2001. Development of the vascular system in the 
inflorescence stem of Arabidopsis. New Phytologist 151, 381–389.

Awad H, Herbette S, Brunel N, Tixier A, Pilate G, Cochard H, 
Badel E. 2012. No trade-off between hydraulic and mechanical 
properties in several transgenic poplars modified for lignins 
metabolism. Environnement and Experimental Botany 77, 185–195.

Boerjan W, Ralph J, Baucher M. 2003. Lignin biosynthesis. Annual 
Review of Plant Biology 54, 519–546.

Brodribb TJ, Cochard H. 2009. Hydraulic failure defines the recovery 
and point of death in water-stressed conifers. Plant Physiology 149, 
575–584.

Carlquist S. 1962. A theory of paedomorphosis in dicotyledonous 
woods. Phytomorphology 12, 30–45.

Carlquist S. 2001. Comparative wood anatomy: systematic, 
ecological, and evolutionary aspects of dicotyledon wood , 2nd edn. 
Berlin: Springer-Verlag.

Carlquist S. 2009. Xylem heterochrony: an unappreciated key 
to angiosperm origin and diversifications. Botanical Journal of the 
Linnean Society 161, 26–65.

Chaffey N, Cholewa E, Regan S, Sundberg B. 2002. Secondary 
xylem development in Arabidopsis: a model for wood formation. 
Physiologia Plantarum 114, 594–600.

Choat B, Cobb AR, Jansen S. 2008. Structure and function of 
bordered pits: new discoveries and impacts on whole-plant hydraulic 
function. New Phytologist 177, 608–625.

Choat B, Jansen S, Zwieniecki MA, Smets E, Holbrook NM. 
2004. Changes in pit membrane porosity due to deflection and 
stretching: the role of vestured pits. Journal of Experimental Botany 
55, 1569–1575.

Christman MA, Sperry JS. 2010. Single-vessel flow measurements 
indicate scalariform perforation plates confer higher flow resistance 
than previously estimated. Plant, Cell and Environment 33, 431–443.

Christman MA, Sperry JS, Adler FR. 2009. Testing the ‘rare pit’ 
hypothesis for xylem cavitation resistance in three species of Acer. 
New Phytologist 182, 664–674.

Christman MA, Sperry JS, Smith DD. 2012. Rare pits, large vessels 
and extreme vulnerability to cavitation in a ring-porous tree species. 
New Phytologist 193, 713–720.

Cochard H. 2002. A technique for measuring xylem hydraulic 
conductance under high negative pressures. Plant, Cell and 
Environment 25, 815–819.

Cochard H, Bréda N, Aussenac G, Granier A. 1992. Vulnerability 
to air embolism of three european species (Quercus petraea (Matt) 
Liebl, Q. pubescens Willd, Q. robur L). Annals of Forest Science 49, 
225–233.

Cochard H, Coll L, Roux XL, Ameglio T. 2002. Unraveling the 
effects of plant hydraulics on stomatal closure during water stress in 
walnut. Plant Physiology 128, 282–290.

Cochard H, Damour G, Bodet C, Tharwat I, Poirier M, Améglio 
T. 2005. Evaluation of a new centrifuge technique for rapid 
generation of xylem vulnerability curves. Physiologia Plantarum 124, 
410–418.

Cruiziat P, Cochard H, Améglio T. 2002. Hydraulic architecture 
of trees: main concepts and results. Annals of Forest Science 59, 
723–752.

Dulin MW, Kirchoff BK. 2010. Paedomorphosis, secondary 
woodiness, and insular woodiness in plants. Botanical Review 76, 
405–490.

Farrokhi N, Burton R, Brownfield L, Hrmova M, Wilson SM, 
Bacic A, Fincher GB. 2006. Plant cell wall biosynthesis: genetic, 
biochemical and functional genomics approaches to the identification 
of key genes. Plant Biotechnology Journal 4, 145–167.

Flaishman MA, Loginovsky K, Lev-Yadun S. 2003. Regenerative 
xylem in inflorescence stems of Arabidopsis thaliana. Journal of Plant 
Growth Regulation 22, 253–258.

Groover AT. 2005. What genes make a tree a tree? Trends in Plant 
Science 10, 210–214.

Hacke UG, Sperry JS, Wheeler JK, Castro L. 2006. Scaling of 
angiosperm xylem structure with safety and efficiency. Tree Physiology 
26, 689–701.

Haughn GW, Western TL. 2012. Arabidopsis seed coat mucilage is 
a specialized cell wall that can be used as a model for genetic analysis 
of plant cell wall structure and function. Frontiers in Plant Science 3, 
1–5.

Herbette S, Cochard H. 2010. Calcium is a major determinant of 
xylem vulnerability to cavitation. Plant Physiology 153, 1932–1939.

Hertzberg M, Aspeborg H, Schrader J, et al. 2001. A 
transcriptional roadmap to wood formation. Proceedings of the 
National Academic of Sciences, USA 98, 14732–14737.

Jacobsen AL, Pratt RB, Tobin MF, Hacke UG, Ewers FW. 2012. 
A global analysis of xylem vessel length in woody plants. American 
journal of botany 99, 1583–91.

Jansen S, Baas P, Gasson P, Lens F, Smets E. 2004. Variation 
in xylem structure from tropics to tundra: evidence from vestured 
pits. Proceedings of the National Academic of Sciences, USA 101, 
8833–8837.

Jansen S, Baas P, Gasson P, Smets E. 2003. Vestured pits: do 
they promote safer water transport? Journal of Experimental Botany 
164, 405–413.

Jansen S, Choat B, Pletsers A. 2009. Morphological variation 
of intervessel pit membranes and implications to xylem function in 
angiosperms. American Journal of Botany 96, 409–419.

 at IN
R

A
 A

vignon on M
ay 24, 2013

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


2304  |  Tixier et al.

Jansen S, Pletsers A, Rabaey, D, Lens F. 2008. Vestured pits: a 
diagnostic character in the secondary xylem of myrtales. Journal of 
Tropical Forest Science 20, 328–339.

Kim J, Shiu SH, Thoma S, Li WH, Patterson SE. 2006. Patterns of 
expansion and expression divergence in the plant polygalacturonase 
gene family. Genome Biology 7, R87.

Ko JH, Han KH, Park S, Yang J. 2004. Plant body weight-induced 
secondary growth in Arabidopsis and its transcription phenotype revealed 
by whole-transcriptome profiling. Plant Physiology 135, 1069–1083.

Kocacinar F, Sage RF. 2003. Photosynthetic pathway alters xylem 
structure and hydraulic function in herbaceous plants. Plant, Cell and 
Environment 26, 2015–2026.

Koizumi K, Yokoyama R, Nishitani K. 2009. Mechanical load 
induces upregulation of transcripts for a set of genes implicated in 
secondary wall formation in the supporting tissue of Arabidopsis 
thaliana. Journal of Plant Research 122, 651–659.

Kolb KJ, Sperry JS. 1999. Differences in drought adaptation 
between subspecies of sagebrush (Artemisia tridentata). Ecology 80, 
2373–2384.

Koornneef M, Alonso-Blanco C, Vreugdenhil D. 2004. Naturally 
occurring genetic variation in Arabidopsis thaliana. Annual Review of 
Plant Biology 55, 141–172.

Lancashire JR, Ennos AR. 2002. Modelling the hydrodynamic 
resistance of bordered pits. Journal of Experimental Botany 53, 
1485–1493.

Lamy JB, Bouffier L, Burlett R, Plomion C, Cochard H, Delzon 
S. 2011. Uniform selection as a primary force reducing population 
genetic differentiation of cavitation resistance across a species range. 
PloS One 6, e23476.

Lens F, Eeckhout S, Zwartjes R, Smets E, Janssens SB. 2012a. 
The multiple fuzzy origins of woodiness within Balsaminaceae using 
an integrated approach. Where do we draw the line? Annals of Botany 
109, 783–799.

Lens F, Smets E, Melzer S. 2012b. Stem anatomy supports 
Arabidopsis thaliana as a model for insular woodiness. New 
Phytologist 193, 12–17.

Lens F, Sperry JS, Christman MA, Choat B, Rabaey D, Jansen 
S. 2011. Testing hypotheses that link wood anatomy to cavitation 
resistance and hydraulic conductivity in the genus Acer. New 
Phytologist 190, 709–723.

Lev-Yadun S. 1994. Induction of sclereid differentiation in the pith of 
Arabidopsis thaliana (L.) Heynh. Journal of Experimental Botany 45, 
1845–1849.

Liepman AH, Wightman R, Geshi N, Turner Simon R, Scheller 
HV. 2010. Arabidopsis, a powerful model system for plant cell wall 
research. The Plant Journal 61, 1107–1121.

Maherali H, Walden AE, Husband BC. 2009. Genome duplication 
and the evolution of physiological responses to water stress. New 
Phytologist 184, 721–31.

Mazur E, Kurczynska EU. 2012. Rays, intrusive growth, and storied 
cambium in the inflorescence stems of Arabidopsis thaliana (L.) 
Heynh. Protoplasma 249, 217–220.

McDowell N, Pockman WT, Allen CD, et al.  2008. Mechanisms 
of plant survival and mortality during drought: why do some plants 

survive while others succumb to drought? New Phytologist 178, 
719–739.

Mellerowicz EJ, Baucher M, Sundberg B, Boerjan W. 2001. 
Unravelling cell wall formation in the woody dicot stem. Plant 
Molecular Biology 47, 239–274.

Melzer S, Lens F, Gennen J, Vanneste S, Rohde A, Beeckman 
T. 2008. Flowering-time genes modulate meristem determinacy and 
growth form in Arabidopsis thaliana. Nature Genetics 40, 1489–1492.

Mencuccini M, Comstock J. 1997. Vulnerability to cavitation in 
populations of two desert species, Hymenoclea salsola and Ambrosia 
dumosa, from different climatic regions. Journal of Experimental 
Botany 48, 1323–1334.

Mencuccini M, Comstock J. 1999. Variability in hydraulic 
architecture and gas exchange of common bean (Phaseolus vulgaris) 
cultivars under well-watered conditions: interactions with leaf size. 
Australian Journal of Plant Physiology 26, 115–124.

Meyre D, Leonardi A, Brisson G, Vartanian N. 2001. Drought-
adaptive mechanisms involved in the escape/tolerance strategies of 
Arabidopsis Landsberg Erecta and Columbia ecotypes and their F1 
reciprocal progeny. Journal of Plant Physiology 158, 1145–1152.

Micheli F. 2001. Pectin methylesterases: cell wall enzymes with 
important roles in plant physiology. Trends in Plant Science 6, 414–419.

Nieminen KM, Kauppinen L, Helariutta Y. 2004. Update on xylem 
development a weed for wood? Arabidopsis as a genetic model. Plant 
Physiology 135, 653–659.

Pammenter NW, Vander Willigen C. 1998. A mathematical and 
statistical analysis of the curves illustrating vulnerability of xylem to 
cavitation. Tree Physiology 18, 589–593.

Pelloux J, Rusterucci C, Mellerowicz EJ. 2007. New insights into 
pectin methylesterase structure and function. Trends in Plant Science 
12, 267–277.

Pigliucci M. 2002. Ecology and evolutionary biology of Arabidopsis. 
The Arabidopsis book. American Society of Plant Biology 1, e0003.

Pittermann J. 2010. The evolution of water transport in plants: an 
integrated approach. Geobiology 8, 112–139.

Popper ZA, Michel G, Hervé C, Domozych DS, Willats WGT, 
Tuohy MG, Kloareg B, Stengel DB. 2011. Evolution and diversity of 
plant cell walls: from algae to flowering plants. Annual Review of Plant 
Biology 62, 567–590.

Rasband WS. 1997–2012. ImageJ. National Institutes of Health, 
Bethesda, MD, USA. Available at: http://rsbweb.nih.gov/ij/ [accessed 
November 2011].

Rosenthal DM, Stiller V, Sperry JS, Donovan L. 2010. Contrasting 
drought tolerance strategies in two desert annuals of hybrid origin. 
Journal of Experimental Botany 61, 2769–2778.

Rowe N, Paul-Victor C. 2012. Herbs and secondary woodiness – 
keeping up the cambial habit. New Phytologist 193, 3–5.

Rowe N, Speck T. 2005. Plant growth forms: an ecological and 
evolutionary perspective. New Phytologist 166, 61–72.

Sano Y, Morris H, Shimada H, Ronse De Craene LP, Jansen 
S. 2011. Anatomical features associated with water transport in 
imperforate tracheary elements of vessel-bearing angiosperms. Annals 
of Botany 107, 953–964.

 at IN
R

A
 A

vignon on M
ay 24, 2013

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://rsbweb.nih.gov/ij/
http://jxb.oxfordjournals.org/


Investigate xylem hydraulics in Arabidopsis  |  2305

Sattler R, Rutishauser R. 1997. The fundamental relevance of 
morphology and morphogenesis to plant research. Annals of Botany 
80, 571–582.

Schweingruber FH. 2006. Anatomical characteristics and ecological 
trends in the xylem and phloem of Brassicaceae and Resedaceae. 
IAWA J 27, 419–442.

Sibout R, Eudes A, Mouille G, Pollet B, Lapierre C, Jouanin 
L, Séguin A. 2005. Cinnamyl alcohol dehydrogense C and D are 
the primary genes involved in lignin biosynthesis in the floral stem of 
Arabidopsis. The Plant Cell 17, 2059–2076.

Sibout R, Plantegenet S, Hardtke CS. 2008. Flowering as a 
condition for xylem expansion in Arabidopsis hypocotyl and root. 
Current Biology 18, 458–463.

Sperry JS. 2003. Evolution of water transport and xylem structure. 
International Journal of Plant Sciences 164, 115–127.

Sperry JS, Donnelly JR, Tyree MT. 1988. A method for measuring 
hydraulic conductivity and embolism in xylem. Plant, Cell and 
Environment 11, 35–40.

Sperry JS, Hacke UG, Wheeler JK. 2005. Comparative analysis of 
end wall resistivity in xylem conduits. Plant, Cell and Environment 28, 
456–465.

Sperry JS, Nichols K, Sullivan J, Eastlack S. 1994. Xylem 
embolism in ring-pourous, diffuse-porous, and coniferous trees of 
northern utah and interior Alaska. Ecology 75, 1736–1752.

Spicer R, Groover A. 2010. Evolution of development of 
vascular cambia and secondary growth. New Phytologist 186, 
577–592.

Telewski FW. 2006. A unified hypothesis of mechanoperception in 
plants. American Journal of Botany 93, 1466–1476.

The Arabidopsis Genome Initiative. 2000. Analysis of the genome 
sequence of the flowering plant Arabidopsis thaliana. Nature 408, 
796–815.

Turner SR, Somerville CR. 1997. Collapsed xylem phenotype of 
Arabidopsis identifies mutants deficient in cellulose deposition in the 
secondary cell wall. The Plant Cell 9, 689–701.

Tyree MT, Zimmermann MH. 2002. Xylem structure and the ascent 
of sap . New York: Springer-Verlag.

Wheeler EA, Baas P, Rodgers S. 2007. Variations in dicot wood 
anatomy: a global analysis based on the insidewood database. IAWA 
J 28, 229–258.

Wheeler JK, Sperry JS, Hacke UG, Hoang N. 2005. Inter-vessel 
pitting and cavitation in woody Rosaceae and other vesselled plants: a 
basis for a safety versus efficiency trade-off in xylem transport. Plant, 
Cell and Environment 28, 800–812.

Winter D, Vinegar B, Nahal H, Ammar R, Wilson GV, Provart NJ. 
2007. An ‘electronic fluorescent pictograph’ browser for exploring and 
analyzing large-scale biological data sets. PLoS One 2, e718.

Wolf S, Greiner S. 2012. Growth control by cell wall pectins. 
Protoplasma 249, 169–175.

Wortemann R, Herbette S, Barigah TS, Fumanal B, Alia R, 
Ducousso A, Gomory D, Roeckel-Drevet P, Cochard H. 2011. 
Genotypic variability and phenotypic plasticity of cavitation resistance 
in Fagus sylvatica L. across Europe. Tree Physiology 31, 1175–1182.

Wyatt SE, Sederoff R, Flaishman MA, Lev-Yadun S. 2010. 
Arabidopsis thaliana as a model for gelatinous fiber formation. Russian 
Journal of Plant Physiology 57, 363–367.

Zhang J, Elo A, Helariutta Y. 2011. Arabidopsis as a model for 
wood formation. Current Opinion in Biotechnology 22, 293–299.  at IN

R
A

 A
vignon on M

ay 24, 2013
http://jxb.oxfordjournals.org/

D
ow

nloaded from
 

http://jxb.oxfordjournals.org/

