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Understanding drought tolerance mechanisms requires knowledge about the induced weakness that leads to tree death. Bud 
survival is vital to sustain tree growth across seasons. We hypothesized that the hydraulic connection of the bud to stem 
xylem structures was critical for its survival. During an artificial drastic water stress, we carried out a census of bud metabolic 
activity of young Populus nigra L. trees by microcalorimetry. We monitored transcript expression of aquaporins (AQPs; plasma 
membrane intrinsic proteins (PIPs), X intrinsic proteins (XIPs) and tonoplast membrane intrinsic proteins (TIPs)) and measured 
local water status within the bud and tissues in the bearer shoot node by nuclear magnetic resonance (NMR) imaging. We 
found that the bud respiration rate was closely correlated with its water content and decreased concomitantly in buds and 
their surrounding bearer tissues. At the molecular level, we observed a modulation of AQP pattern expressions (PIP, TIP and 
XIP subfamilies) linked to water movements in living cells. However, AQP functions remain to be investigated. Both the bud 
and tree died beyond a threshold water content and respiration rate. Nuclear magnetic resonance images provided relevant 
local information about the various water reservoirs of the stem, their dynamics and their interconnections. Comparison of 
pith, xylem and cambium tissues revealed that the hydraulic connection between the bud and saturated parenchyma cells 
around the pith allowed bud desiccation to be delayed. At the tree death date, NMR images showed that the cambium tissues 
remained largely hydrated. Overall, the respiration rate (Rco2) and a few AQP isoforms were found to be two suitable, comple-
mentary criteria to assess the bud metabolic activity and the ability to survive a severe drought spell. Bud moisture content 
could be a key factor in determining the capacity of poplar to recover from water stress.

Keywords: aquaporins, cavitation, 3D imaging, hydraulic, metabolic activity, NMR, respiration, water content, tree.

Introduction

Global climate changes are expected to exacerbate the nega-
tive effects of water deficiency by increasing the temperatures 
worldwide and changing the rainfall patterns (IPCC 2007). 
Among the predicted effects, the increasing frequency and 
intensity of extreme climatic events such as drought are 
expected to impact trees and forests. Drought stress leads to 

numerous physiological effects on several traits related to 
water transport in trees, such as stomatal behaviour (Sperry 
et al. 1998, Hacke 2000, Domec et al. 2006), photosynthetic 
capacity (Brodribb and Feild 2000), turgor loss point of leaf 
cells (Alder et al. 1996, Brodribb et al. 2003) and water trans-
port efficiency of the xylem (Tyree and Zimmermann 2002, 
Holbrook and Zwieniecki 2005). Because of the tensions 
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under which it operates, the xylem is potentially sensitive to 
water deficit and the danger of cavitation (Grace 1993). Xylem 
cavitation is a physical phenomenon that leads to embolism of 
the hydraulic system. Xylem conduits become air-filled and lose 
their functionality (Sperry et al. 1996, Tyree and Zimmermann 
2002). As a direct consequence, the hydraulic system can no 
longer supply water properly to leaves and other tissues, 
including the meristematic zones. Within these zones, aquapo-
rins (AQPs) may play a major role in cell membrane regulation 
of water permeability (Kaldenhoff et al. 2008).

Temperate trees develop terminal and axillary buds during 
the summer to protect the meristematic zone and leaf primor-
dia against unfavourable winter conditions and allow the pro-
duction of new shoots in spring. The success of new organ 
development depends on the firm establishment of efficient 
pathways for the supply of carbon, water and mineral nutrients 
that are delivered to the growing tissues through the phloem 
and xylem (Wardlaw 1990). The production of such structures 
is controlled by growth regulators (Ye 2002). Consequently, 
any adverse factor that impairs bud vitality may be life-threat-
ening for the tree.

Bud break quality is strongly dependent on the previous 
year’s environmental conditions (Herter et al. 1988, Escobedo 
and Crabbe 1989, Egea and Burgos 1994, Cook and Jacobs 
2000). Thus drought stress, which affects the development of 
buds, may impact their survival capacity (Marks 1975, 
Lavender 1991). Brodribb and Cochard (2009) demonstrated 
the major roles that stem and leaf hydraulics play in determin-
ing the drought tolerance of conifers, but did not consider the 
fate of buds during and after water deprivation. Bud connec-
tions with the xylem network have rarely been addressed in 
trees, and hydraulic conductance data at the base of buds are 
limited. A recent study on Fagus sylvatica L. showed a positive 
correlation between the number of leaf primordia in the bud 
before budburst and the hydraulic conductance of the xylem 
vascular system connected to this bud (Cochard et al. 2005) 
without establishing the nature of the bud water feeding path-
way. We still lack detailed information on how the buds are 
supplied with minerals and water from the bearer stem and on 
the impact of drought on bud survival.

Although buds are fed through connections with the stem, 
they are generally considered to be relatively independent 
appendages because their vascular connections to the xylem 
are non-functional until near bud break (Aloni 1987, Bartolini 
and Giorgelli 1994), and because the symplasmic pathway is 
blocked during winter (van der Schoot and Rinne 1999). The 
recent review on vascular development by Ye (2002) intro-
duced molecular approaches in plant models. Works on 
Arabidopsis improved knowledge of the dynamics of this devel-
opment and the location of connections (Berleth et al. 2000, 
Grbic and Bleecker 2000, Kang et al. 2003), the role of auxin 
produced by leaf primordia in the bud (Bennett et al. 2006), 

the role of auxin sink strength of the stem (Ongaro et al. 2008) 
and the role of cytokinin (Aloni et al. 2005). However, there 
are a few specific studies on the buds of trees. In particular, the 
mechanisms of water storage and water transport that may be 
involved in their drought resistance through apoplastic and 
cell-to-cell pathways are poorly documented (Rinne et al. 
1994, Bréda et al. 2006).

At the cellular level, AQPs play a central physiological role in 
the regulation of the plant–water relations because of their bio-
logical membrane location and their functional involvement in 
the water transport across these membranes (Kaldenhoff et al. 
2008). The AQPs belong to the ubiquitous superfamily of 
major intrinsic proteins (MIP) (Maurel et al. 2008). In plants, 
they typically fall into four main homologous subfamilies, of 
which plasma membrane intrinsic proteins (PIPs) and tonoplast 
membrane intrinsic proteins (TIPs) are the most abundant in 
the plasma and tonoplast membranes, respectively. Recently, a 
fifth uncategorized subfamily, designated X intrinsic proteins 
(XIP), was characterized in some plant species (Danielson and 
Johanson 2008). Populus encompasses this subfamily, with 
nine members. Knowledge of the XIPs remains partial; some 
XIP members are located in the plasma membrane and show 
water transport capacity (Danielson and Johanson 2008, 
Bienert et al. 2011, Lopez et al. 2012). Because biological 
membranes are potential barriers to passive transcellular water 
flow, PIPs and TIPs (and possibly XIPs) can control a large part 
of the cell water permeability and tissue hydraulic conductivity 
(Kaldenhoff et al. 2008). Their activity is finely regulated at the 
transcriptional and translational levels (Maurel et al. 2009), 
particularly in response to environmental factors, such as water 
deficit (Maherali et al. 2004, Alexandersson et al. 2005, Lopez 
et al. 2012). The steady-state level of AQP transcripts offers a 
suitable marker for monitoring any tissue–water relations 
involved in the cell-to-cell pathway. However, the functional 
roles of AQPs in water transport toward the buds are still poorly 
documented.

Here, we hypothesized that bud behaviour was a key factor 
for tree survival during a drastic water stress. We investigated 
the behaviour of the buds during a drastic water stress of pop-
lars for several weeks. We hypothesized that the rapid xylem 
embolism would break the hydraulic connections to the buds 
and that this process would lead to the interruption of the water 
and nutrient supply to the buds. These buds would rapidly 
become isolated, dry and die, preventing the tree from sprout-
ing again. Assuming that a bud respiration decrease would be 
one of the first indicators predicting plant death, we investi-
gated whether this loss of vitality might be related to the lack of 
availability of water for the bud. Thus we monitored the axillary 
bud metabolic activity by measuring respiration rate by micro-
calorimetry. We investigated the local water distribution and sta-
tus in buds and other surrounding bearer tissues using nuclear 
magnetic resonance (NMR) imaging. Moreover, we assessed 
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the responses of buds and their surrounding tissues in terms of 
water permeability by studying the expression and modulation 
of PIP, XIP and TIP AQP transcripts using quantitative real-time 
polymerase chain reaction (qPCR).

Materials and methods

Plant material, growth conditions and experimental 
design

We chose poplar (Populus nigra L.) as a model tree because of 
its fast growth rate and pronounced responses to environmen-
tal conditions, notably drought and other abiotic factors, and its 
worldwide research status (Bradshaw et al. 2000). We planted 
a single cutting of P. nigra per pot in a total of 64 black plastic 
20-l pots in a glasshouse at Blaise-Pascal University (Clermont-
Ferrand, France) on 13 November 2009. We filled the pots with 
a 2 : 1 v/v mixture of homogenized clay loamy soil and peat. We 
watered the plants to field water capacity every day for 3 
months with tap water using a timer-controlled drip irrigation. 
We then split the trees into eight groups of six individuals each 
plus a single set of 16 control plants. From February to April 
2010 we stopped watering the plants in the eight groups 
selected for the treatment to induce a drastic water stress, and 
we continued to water the control plants every day as before to 
field water capacity throughout the experiment.

Every 30 min we recorded night and day air temperatures 
(20 °C/22 °C) and relative humidity in the glasshouse. Night-
time air relative humidity was high (up to 94%) but it could 
decrease to 55% when lights came on at ~4 a.m. Diurnal 
 photosynthetically active radiation (PAR) in the glasshouse 
was ~1000 µmol m−2 s−1 over the waveband 400–700 nm and 
was provided by 400 W Master son-T Pia Hg Free lamps 
(Philips Lighting France, Suresnes, FRA). The photoperiod was 
8/16 h night and day. We measured PAR every 5 s (an Li-190SA 
quantum sensor, Li-Cor Inc., Lincoln, NE, USA), and stored 
10 min average values in a 21X data logger (Campbell 
Scientific, Shepshed, UK).

Experimental protocol during water stress

During the period of water deprivation, we conducted eight 
samplings 0, 14, 18, 21, 25, 28, 32 and 61 days after the start 
of treatment. At each date, we focused on a set of six water-
stressed plants and two control plants. We measured the pre-
dawn leaf water potential and then harvested the sprouts from 
the sampled trees. We cut the stem at 50 mm above the soil 
and divided it into four parts. From the proximal to the distal 
end, we used a first 20-mm-long segment, which bore one 
bud, for NMR observations, a second 20-mm-long segment, 
which bore also one bud, for molecular analyses, a third seg-
ment with 10–15 buds, which was 200 mm long, for heat flow 
and respiration rate measurements, and a last 50-mm-long 
segment to evaluate the percent conductivity loss. Finally, we 

re-watered the stumps of the sampled trees to field capacity 
every day. Four weeks after the sampling date we evaluated 
the total tree survival rate as the number of stumps from 
stressed trees that were still able to re-sprout.

Predawn water potential measurements

We measured predawn leaf water potential for fully exposed 
healthy undamaged leaves borne on sprouts. We used a 
Scholander-type pressure chamber (PMS, Corvallis, OR, USA) 
to assess plant water status (Scholander et al. 1965, Hinckley 
et al. 1992). We collected two bagged leaves per stressed and 
control tree to determine their predawn leaf water potential 
(Ψp). We wrapped these leaves in an aluminium foil and sealed 
them in a plastic bag the evening before sampling to prevent 
transpiration and promote water tension equilibrium between 
the sprout axis and root zone overnight. At the sampling time 
we removed the bagged leaf from the sprout and promptly 
placed it in the pressure chamber without removing the plastic 
bag (Turner 1988, Ameglio et al. 1999). We completed Ψp 
measurements every sampling date until the plants had shed 
almost all their leaves in 3–4 weeks.

Nuclear magnetic resonance imaging

We wrapped both end-cuts of each sampled stem segment in 
Parafilm©, placed them in a sealed NMR tube to prevent sample 
water loss, and took them immediately to the NMR facility (INRA, 
Clermont-Ferrand/Theix, France). We performed proton magnetic 
resonance imaging (MRI) experiments at 400 MHz in a 9.4 T 
vertical wide-bore (89 mm diameter) spectrometer equipped 
with Micro2.5® micro-imaging accessories (Bruker Biospin, 
Ettlingen, Germany). We used a 15 mm 1H-imaging birdcage coil 
in the imaging probe for the radio frequency (RF) transmission 
and signal reception. To reduce transpiration during the imaging 
process, we wrapped the sample a few centimetres beyond its 
proximal end with a plastic film. We then inserted the bud in the 
13 mm diameter NMR tube. For calibration purposes we inserted 
a 0.5 mm glass capillary filled with 500 µmol l−1 MnCl2-doped 
water (allowing a water proton T2 relaxation time of 40 ms at 
400 MHz) into the NMR tube close to the sample. We centred 
each sprout in the RF coil using foam supports. We performed all 
the experiments at room temperature (~21 °C).

We applied two kinds of imaging sequence to map the local 
water distribution in different tissues and collect information 
about the degree of binding of water. We acquired T2-weighted 
images using a multi-spin multi-echo (MSME) pulse sequence 
on a volume of 10 contiguous slices, 0.75 mm thick, centred on 
the bud location to generate the map of the T2 relaxation times 
(T2 parametric map). For each slice, we recorded six echo times 
(TE) ranging from 11 to 66 ms; 11 ms with the following param-
eters: time to repetition (TR) 2000 ms, field of view (FOV) 
10 mm and matrix size 256 × 256 allowing an in-plane resolu-
tion of 39 µm2. We performed these  acquisitions on both 
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 transverse and longitudinal planes for a total acquisition time 
of 13 min.

For structure analysis, we selected a region of interest of 
10 × 10 × 10 mm for 3D anatomical imaging that covered the 
bud and its surroundings. We used a 3D proton density rapid 
acquisition with relaxation time enhancement pulse sequence 
with the following parameters: TR/TE 1300/9 ms, acceleration 
factor (AF) 4. The final volume image was 256 × 256 × 256 
voxels with a resulting isotropic voxel resolution of 39 µm3. We 
performed two scans per sample and averaged the data.

We carried out NMR measurements on two individuals per 
sampling date: 0, 21, 28, 32 and 61 days after water stress 
onset (total 10 individuals). We computed the parametric 
images (proton density and T2 maps) by fitting the decay of the 
signal intensity (S) with echo time (TE) to ln(S) = −TE/T2 using 
linear regression. The local proton density (signal intensity 
extrapolated for TE = 0 ms) and the T2 maps were then pro-
cessed by image analysis using ImageJ software (Rasband 
1997–2009) on radial-tangential cross sections and on radial-
longitudinal sections. We calibrated the proton density images 
using the glass capillary content as a reference. Diametrical 
540 µm (15 pixels) thick profiles were then plotted in the mid-
dle plane, which included the centre of the bud. We used these 
profiles to extract the variations in bark, xylem, cambium (which 
includes here the living cells of xylem), pith (for convenience, 
we use the term ‘pith’ for the central part, which comprises the 
pith and its surrounding parenchyma cells) and bud proton den-
sities. Finally, we extracted the maximum and mean values of 
proton density. In the same way, we extracted the maximum 
and mean of the characteristic relaxation time of water from the 
T2 parametric image. For these T2 measurements, we focused 
on exactly the same regions of interest as for proton images.

Native state embolism measurements

Native state embolism refers to the percent loss of conductivity 
(PLC) that occurs as a consequence of the water stress expe-
rienced by an intact plant in situ. We measured the native state 
percent embolism with a xylem embolism meter (XYL’EM, 
Bronkhorst, Montigny-les-Cormeilles, France; http://www.
bronkhorst.fr/files/br_fr/xylem2.pdf) on the specimens and 
control plants. We collected the sprouts in the morning, put 
them in wet black plastic bags and brought them immediately 
to the laboratory for hydraulic conductance measurements. We 
cut the 5 cm stem segments under water from the sprouts and 
fitted them to water-filled tubing. We connected one end to a 
tank of a de-gassed, filtered (0.2 µm) solution containing 
100 mmol KCl l−1 and 10 mmol CaCl2 l−1. We recorded the flux 
of this solution through a stem segment section under low 
pressure (6 kPa) as initial hydraulic conductance (kini). We then 
perfused the stem segments at least twice with the same 
 filtered solution at 0.2 MPa for 2 min to remove air from embo-
lized vessels and determined maximum hydraulic conductance 

(kmax). Percent loss of conductivity (PLC) was determined for 
each stem segment as PLC = 100 × (1 − kini/kmax) (1).

Bud metabolic heat rate and respiration rate 
measurements

Plant calorimetry offers an approach for assessing the meta-
bolic activity of living tissues (Hansen et al. 1997, 2004, Llamas 
et al. 2000). We used this approach to carry out a census of 
dry-down impacts on bud ability to burst in re-watering stressed 
plants. For each sampling date, we measured the metabolic 
heat rate (Rq) and respiration rate (Rco2) of buds at 20 °C. We 
collected 10–15 buds depending on their size, as a minimum of 
fresh matter is required to run the micro-calorimeter. We 
 measured their fresh weight and inserted them into a 1 cm3 
micro-calorimeter cell. The measurements were made with 
 differential scanning calorimeters (micro DSC VII, SETARAM, 
Caluire, France). Micro-calorimetric procedures are described in 
Criddle et al. (1991). Briefly, the operating method involved 
three steps. Firstly, a heat flow was generated in the cell (con-
tinuously recorded) until a steady state (q1) was reached in 
roughly 20 min. Secondly, we inserted a small capsule with 
20 µl of 1 N NaOH into the measurement cell. The NaOH reacts 
with the CO2 released by the respiration of the tissues. This 
reaction resulted in an additional heat flow, which led to a new 
steady state (q2). Thirdly, we removed the capsule and the heat 
flow decreased to a new steady state (q3; equal or close to q1 
if no alteration of the living system occurred during the mea-
surement process). Lastly, we estimated the metabolic heat 
flow as the mean values of q1 and q3, and the respiration flow 
as the difference between q2 and the metabolic heat flow value.

We retrieved, dried at 70 °C for 24 h and weighed the sam-
ples to determine their dry masses (Dw). Finally, we calculated 
the metabolic heat rate and respiration rate according to 
Hansen et al. (1989) and Hansen and Criddle (1990). The 
metabolic heat rate corresponding to the metabolic heat flow 
per unit dry mass (Eq. (2)) was expressed in µW mg−1, and the 
respiration rate as the flow of CO2 per second and per dry 
mass unit and expressed in nmol CO2  g−1  s−1 (Eq. (3)):

 
Rq q1 q3 2Dw= +( ) ( )/

 (2)

 
Rco q2 Dw Rq 1 8 52 = −( )/ / .0

 (3)

We carried out five replicates at each sampling date and we 
recorded the mean values. We also measured the bud moisture 
content as weight of water divided by dry mass.

Total RNA isolation, cDNA synthesis and amplification

We performed molecular investigations at Day 28. We extracted 
the total RNA from buds, bark (including phloem and cambium 
tissues) and wood (i.e., xylem without cambium) at the 
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 intermediate part of the stem using CTAB extraction buffer 
according to Chang et al. (1993). First-strand cDNA was syn-
thesized from 1 µg of total RNA using SuperScript III (Invitrogen, 
Carlsbad, CA, USA) following the manufacturer’s instructions. 
We performed the real-time PCR amplification using a MyiQ 
thermocycler (Bio-Rad, Hercules, CA, USA) with MESA GREEN 
qPCR MasterMix Plus (Eurogentec, Seraing, Belgium) contain-
ing 2 µl of 40-fold diluted cDNA according to the manufactur-
er’s protocol. The thermal profile of the reaction was: 94 °C for 
3 min, 40 cycles (94 °C for 20 s, 54 °C to 58 °C for 20 s and 
72 °C for 20 s). We verified the specificity of amplicons by melt-
ing curve analysis, and checked them by gel electrophoresis. 
We deduced PCR efficiencies for each gene from series of 
diluted cDNA (Pfaffl 2001). The crossing cycle number (Ct) was 
automatically determined for each reaction by the iCycler iQ 
v2.0 software with default parameters. Normalization of the tar-
get gene abundance was achieved using the geometric mean of 
three reference genes (18SrRNA, EF1α, SAND for a final geo-
metric mean of Ct ± standard deviation = 18.02 ± 0.83). We 
chose these candidates from different protein families to reduce 
the possibility of co-regulation. We assessed the MIP transcript 
steady-state levels in each vegetative tissue by comparison of 
their mean of Ct after normalization with the geometric mean of 
the reference gene Ct. Expression levels were graphically repre-
sented after distribution and scoring on an arbitrary range 
between 0 and 100. A Ct of 20 was assigned an arbitrary value 
of 100 (corresponding to the highest MIP expression level in 
our condition, here PIP1;2); a Ct of 40 was given an arbitrary 
value of 0 (no expressed gene). We then assigned all the other 
Ct values between 0 and 100, scaled based on their relative 
distributions. For the evaluation of the differential expression of 
MIP transcript in response to stresses in each tissue, we com-
puted the relative changes using the equation log2(2−ΔΔCt) equa-
tion according to the procedure of Pfaffl (2001). The mean Ct 
value was determined from two independent biological 
 replicates for each sample, and every PCR reaction was carried 
out in triplicate. All the primers used for this study were 
designed with Primer3plus application (http://www.bioinformat-
ics.nl/primer3plus) (Rozen and Skaletsky 2000) and are listed 
in the Supplemental Data available at Tree Physiology Online 
(Table S1).

Data analysis

Aquaporin steady-state levels for each biological assay were 
computed by one-way analysis of variance (ANOVA) followed 
by a Tukey’s honestly significant difference (HSD) post hoc 
test (P < 0.05). Data of heat flows and respiration rates are 
given as mean ± standard error (SE). The comparisons of pre-
dawn water potential of the plants, bud heat flows and 
 respiration rates over time were computed with the repeated 
data collected on each sampling date using the non- parametric 
test of Kruskal–Wallis. We computed ANOVA and the  

non- parametric tests using the R software package (R 
Development Core Team 2011; R Foundation, http://www.r-
project.org/) and made non-linear curve fittings using the 
SigmaPlot 9.0.1 software package (SigmaPlot, Systat Software 
Inc., Point Richmond, CA, USA; Systat Software, http://www.
systat.com/).

Results

Variation in predawn leaf water potential, PLC, bud 
respiration rate, proton density and bud moisture  
content during water stress

The predawn leaf water potential Ψp decreased significantly 
(P = 0.003) within the first 14 days after the onset of water 
deprivation (Figure 1a). In a second phase, Ψp kept a stable 
value for 7 days. Meanwhile, the stem segments lost their 
water transport ability. The plants shed almost all their leaves 
within 2 days, 3 weeks after water stress inception. 
Consequently, no further measurement of the predawn leaf 
water potential was possible. Stem segment PLC increased 
with time in a sigmoid pattern from the start of the water stress 
treatment (Figure 1b). The loss of conductivity reached 50% 
after 16 days of water stress and 90% after 4 weeks of water 
deprivation. Bud metabolic heat and respiration rates showed 
similar patterns (Figure 1c). They decreased significantly 
(P = 0.009) during the first 18 days, respectively, from 
29.1 ± 2.8 (SE) to 11.8 ± 0.5 nmol CO2 g−1 s−1 for bud respira-
tion and from 7.7 ± 0.4 to 4.9 ± 0.1 µW mg−1 for metabolic 
heat rate. This weak respiration rate remained at a steady state 
(P = 0.46) for at least 14 days before decreasing to 
1.8 ± 1.5 nmol CO2 g−1 s−1. Measurements on NMR images 
showed that the proton density could reliably discriminate 
among the different components of the stem segment at the 
bud level (Figures 1d and 2). Proton density was higher in bud 
tissues than in pith, cambium, xylem and bark. For all the tis-
sues studied, a decrease in proton densities occurred over 
time: the decrease was very low for both the bark and the 
xylem, but was marked for the bud, pith and cambium. The bud 
moisture content ranged from 0.4 ± 0.3 to 2.1 ± 0.1. However, 
the moisture content of most of the buds was close to 1.3. We 
found a close relationship between bud moisture contents and 
respiration rates (Figure 3a) and also between proton density 
values (Figure 3b). After watering for 4 weeks, all the stumps 
recovered from their dry-down episode (data not shown). Only 
the trees that had experienced 61 days of water stress died.

Local water availability and its distribution in bud 
and shoot bearers

Three weeks after the inception of the water stress treatment, 
the xylem tissues were largely embolized (Figure 2), while all 
the other stem tissues remained consistently hydrated. In the 
next steps, proton imaging showed that the bud remained 
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highly hydrated despite the almost complete embolism of the 
xylem. The base of the bud seemed hydraulically connected to 
the cambial area, which showed the highest proton density. 
Similarly, the base of the bud was hydraulically connected to 
the pith (Figure 4, white arrowhead). This connection crossed 
the xylem, even when parts were fully embolized. The central 
part of the pith appeared water-free, but a layer of surrounding 
tissue was strongly hydrated (Figure 2, white arrow).

The maximum proton density was found in the peripheral 
zone of the stem where the living cells are located. This zone 

includes the cambium area where the cell divisions occur. This 
area also showed the highest values for T2 (Table 1) at 
> 30 ms, indicating a low degree of binding of water, which 
was therefore easily movable and usable. The pith area was 
also highly hydrated. Nevertheless, it showed a lower T2 than 
cambium area (~20 ms). Thus although water was present, it 
seemed to be less movable and so less usable by surrounding 
tissues. Other tissues such as bud and xylem showed lower 
moisture content. Even though all the tissues of stressed plants 
remained highly hydrated compared with the control (Figure 1), 
their proton density clearly decreased during the first 3 weeks 
of the treatment. They then remained stable for at least 12 
days. Finally, the proton density decreased to zero from Day 
32 to Day 61. It reached zero in the bud and in the pith areas. 
However, water remained in the peripheral tissues of the stem, 
including the cambium and bark tissues, which were the last to 
keep water.

Whether we used the mean or the maximum value (data not 
shown), the patterns of proton density and T2 curves over time 
were similar. The high value of the relaxation time in the cam-
bium area decreased steadily over time. The value of the T2 
became very low (~10 ms), and three times lower than before 
the water stress treatment. The T2 value was initially lower for 
the bud than in the cambium area, but it remained fairly stable 
(~14 ms) until Day 32, i.e., for 4–5 weeks under water-stressed 
conditions. At the end of the experiment, the T2 value of bud 
decreased to a very low value of around 4 ms. This value 
needs careful analysis because the proton density was close to 
zero in this area. In the pith, the relaxation time remained sta-
ble (between 15 and 19 ms) until Day 32 and then decreased 
to zero on the last date. At this date, the proton density also 
became nil. In the bark, the time course was quite similar, 
showing a first stable plateau until Day 32 followed by a 
decrease to zero at the end of the experiment.

Expression pattern of AQP transcripts

The steady-state levels of transcript accumulation for the PIP, 
XIP and TIP subfamilies were simultaneously traced in the axil-
lary buds and their immediate stem surroundings in wood 
(including xylem and pith) and bark (including phloem) from 
plants either well-watered or exposed to 28 days of the 
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Figure 1.  Patterns of predawn leaf water potential (a), percent loss of 
conductivity of the stem (b), bud heat rate and respiration rate (c) and 
normalized proton density (d) over the sampling periods of time. 
Symbols represent means and error bars are standard errors (SE) of 
the means (n = 5) at each sampling date. The alphabets are used to 
split the differences in water potential over time. Values with different 
letters are significantly different at the 0.05 level (Kruskal–Wallis’ test). 
Leaf water potential was not available after the leaves had fallen. 
Values of control plants are merged in the 0 date.

Table 1.  Relaxation time T2 obtained by NMR imaging using an MSME 
pulse sequence. Values are expressed in milliseconds and reflect 
locally the degree of binding of water in the tissues. Values of control 
plants are merged in the 0 column.

Elapsed 
time (days)

0 21 28 32 61

Pith (ms) 21.5 ± 0.9 18.3 ± 0.7 15.3 ± 0.7 17.5 ± 0.7 0.0 ± 0.0
Cambium 
(ms)

33.0 ± 0.9 31.0 ± 0.6 22.5 ± 0.9 19.5 ± 0.8 11.0 ± 1.0

Bud (ms) 18.5 ± 0.8 14.6 ± 0.8 13.5 ± 0.5 14.2 ± 0.6 4.1 ± 0.7
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described drastic water stress constraint (Figure 5). Of the 15 
PIP, 9 XIP and 17 TIP members observed in the Populus genus 
(Lopez et al. 2012), all PIPs, 3 XIPs and 14 TIPs showed 
detectable expression in P. nigra. No XIP1s, XIP3;3, TIP1;2, TIP 
5;1 and TIP5;2 transcripts were detected (data not shown). 
With the exception of XIP3;1 and XIP3;2, which were exclu-
sively expressed in wood, all the other AQPs were ubiquitously 
expressed in buds, wood and bark in both control and stressed 
plants (data in boldface are significant and those not sharing 

the same letters are significantly different; Tukey’s HSD, 
P < 0.05, Figure 5). However, no clear organ specificity expres-
sion emerged, except for PIP2;5 and PIP2;8, which were pref-
erentially expressed in wood and bud, respectively. Among the 
highly expressed AQPs (>50%), we observed all the PIP1s, 7 
PIP2s (PIP2;1, PIP2;2, PIP2;3, PIP2;4, PIP2;6, PIP2;7, PIP2;10) 
and 7 TIPs (TIP1;3, TIP1;5, TIP1;6, TIP1;7, TIP2;1, TIP2;2, 
TIP4;1). Conversely, 4 AQPs (TIP1;1, TIP1;8, TIP3;1 and TIP3;2) 
were marginally accumulated (<25%). The XIP subfamily 

Bud survival during water stress-induced embolism 7

Figure 2.  Three-dimensional MRI mapping of the shoot segments containing the bud. Grey levels are inversely proportional to the normalized 
proton density that reflects the water content. Bright discs show the capillary glass filled with doped water that allows the grey level calibration. 
The radial–tangential plane (left) and radial–longitudinal plane (right) were used for proton density measurements of tissues. The parenchyma tis-
sues close to the pith and the cambium areas showed very high moisture contents. At the last step, the cambium remained hydrated, while the bud 
was already dry and dead. Spatial resolution is 39 µm.
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showed the most sharply contrasted accumulations between 
organs where XIP2;1 and XIP3;2 were notably expressed in 
buds and wood, respectively, whereas XIP3;1 remained mar-
ginally expressed.

Among all the AQP members we monitored, only PIP1;1 
remained constant whatever the organs under water stress, 
whereas all the other members presented differential accumu-
lation when plants were under water stress constraints. Overall, 
bark tissue presented the strongest response to water stress, 
with the significant modulation of 23 AQPs, among which 6 
AQPs were upregulated (PIP2;1, PIP2;9, TIP1;6, TIP2;3, TIP3;2, 
TIP3;1) and 17 AQPs were downregulated. Wood tissue encom-
passed 13 modulated AQPs with two upregulations (PIP1;3 
and TIP1;5) and 11 downregulations, including the tissue-spe-
cific AQP, XIP3;2. For bud tissue, 15 AQPs were modulated: 
eight were upregulated and seven were downregulated. All 
were distributed over the three MIP subfamilies.

Discussion

Water stress impacts on plant water status and bud 
respiration rate

Severe water stress (8 weeks without watering) generated 
changes in some physiological processes for our juvenile 
 poplar plants: predawn water potential, reduction in stem con-
ductance or in respiration rate were observed and were typical 
responses for progressive stages of water stress (Figure 1a–c).

We found that our young poplar trees displayed an ability to 
keep their Ψp relatively constant for at least 2 weeks after a 
substantial drop, which occurred during the first 14 days after 
the inception of the water stress. This stabilization of Ψp may 
be under stomata control (Schulze 1993, Flexas et al. 2004, 
Thapa et al. 2011) or the ongoing leaf abscission (Munné-
Bosch and Alegre 2004, Bréda et al. 2006). Our physiological 
observations are in line with those of Braatne et al. (1992), 
Hinckley et al. (1992) and Rood et al. (2000) who underlined 
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Figure 3.  Relationship between bud moisture content, bud respiration 
rate (a) and normalized proton density (b) in P. nigra. Solid and dotted 
lines represent the regression line and confidence interval at 95%.

Figure 4.  Three-dimensional visualization of the normalized proton density (MRI measurements) in the bud and the stem of poplar (P. nigra) during 
a water stress event (4 weeks). The proton density reflects the quantity of water contained in the tissues. These observations enlighten a large 
hydraulic connection between the bud and the parenchyma tissue (white arrowhead) that surrounds the pith (left) and the connection of the bud 
with the cambial area (right). The cambium was the most highly hydrated tissue, as the xylem area was almost fully embolized: the remaining water 
was concentrated around its peripheral zone, close to the cambium where living cells are located.
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the substantial vulnerability of black poplars to prolonged 
drought. Our trees shed their leaves within 3 weeks after water 
stress inception. This could be due to the inability of the sto-
matal closure to maintain a favourable water balance, as leaf 
abscission is an effective, rapid reaction to temporary drought 
(Kozlowski and Pallardy 1997, Taiz and Zeiger 1998). In our 
case, leaf shedding seemed to delay fatal desiccation, as only 
plants deprived of water for >4 weeks failed to recover after 
re-watering.

The widespread embolism that occurred within the sprouts 
in a sigmoid-like pattern towards 100% water conductivity loss 
was expected (Tyree and Sperry 1988, Rood et al. 2000). 
Meanwhile, the total loss of conductivity seemed to coincide 
with total leaf shedding in the study plants (Figure 1a, b). This 
suggests a close relationship between embolism and leaf 
abscission and might be analysed as a physiological strategy 
of the plant to reduce the transpiration process. Reducing 
water loss may preserve the internal tissues, particularly the 
meristematic ones, from excessive desiccation (Blum 2009) 
and cessation of cellular metabolism.

According to de Faÿ et al. (2000) and Monserrat-Marti et al. 
(2009), water stress alters bud formation, growth and burst. 
However, we did not observe any severe water stress effect on 
bud survival in this study, except for the trees that experienced 
>32 days of water shortage. Therefore, we suggest that there 
is a safety mechanism that allows the trees to slow down the 
lethal desiccation of their buds during a water shortage period 
by preserving part of their available water for vital living tissues 
including buds. The NMR images (Figure 2) provide new 
insights into a compartmentalization of the available water in 
the different tissues. They reveal that buds contained high free 
water density while xylem tissue became rapidly embolized 
during the water stress. Nuclear magnetic resonance images 
and conductivity measurement (PLC) were consistent with this 
finding (Figure 1b). The inner part of the xylem became rapidly 
non-conductive, while the peripheral zone still contained water 
for 4 weeks. In addition, the hydraulic connections of buds with 
highly hydrated tissues suggest possible mutual water 
exchanges. In particular, the bud seems to be hydraulically 
connected to the cambium area and to a ring of parenchyma 
cells located around the pith (Figures 2 and 4). Both areas are 
fully saturated with water. Also, the moisture content of the 
cambium and pith areas decreases in the same way as the 
bud. Again, this supports the hypothesis of functional hydraulic 
connections between those tissues even during a water stress 
event. The cambium area and the ring of parenchyma cells 
located around the pith remain hydrated at least as long as the 
buds. We therefore hypothesize that these structures may act 
as internal safety water reservoirs. Our observations are con-
sistent with the diffusion-weighted images of poplar buds 
reported by Kalcsits et al. (2009). Cytological observations 
(Figure 6) show a large bundle of parenchyma cells that are 

mainly oriented along the radial direction. This anatomical 
structure may allow an efficient radial transfer pathway of water 
between an inner reservoir and the bud. These results invali-
date our initial hypothesis that the xylem embolism would lead 
to the rapid desiccation and death of the bud.

From Figure 1b and c, the embolism expansion pattern in 
the sprouts appears to be closely related to bud respiration 
rate limitation. We also found that bud respiration rate was 
closely correlated (R2 = 0.85, P < 0.0001) with water content 
(Figure 3). Thus we suggest that the bud respiration rate and 
their water content are strongly coupled and not independent 
as previously reported by Huang et al. (1975), who underlined 
a rapid decline of respiration rate as a consequence of a devel-
oping water stress event. For Amthor (1994) and Gibon et al. 
(2009), the decrease in respiration rate was a result of reduced 
resource availability and substrate protein content. It has been 
reported that the metabolic heat rate and the respiration rate 
rely on tissue metabolic activity (Hansen et al. 1997, 2004, 
Llamas et al. 2000) and on bud growth capacity (Trejo-
Martinez et al. 2009).

The steady-state pattern we observed for the respiration 
rate 2 weeks after the water stress inception could reflect the 
‘maintenance’ cost of a basic bud metabolism. Thus we can 
reasonably hypothesize that any failure in sustaining the basic 
bud metabolism requirement will lead to vanishing bud meta-
bolic heat and respiration rates and ensuing bud death. To our 
knowledge, there are no reported data in the literature on the 
bud maintenance respiration rate. Matheson et al. (2004) 
reported values ranging between 20 and 30 nmol CO2 g−1 s−1 
for shoots of Verbascum thapsus L., Convolvulus arvensis L., 
Helianthus tuberosus L. and Avena sativa L. seedlings. These 
values are closely correlated with the number of living cells in 
their samples. It is therefore likely that the low value we found 
in our experiment (12.2 nmol CO2 g−1 s−1) for the bud mainte-
nance respiration rate could result from the presence of the 
protective scales, which are composed of a tiny amount of liv-
ing tissue. In addition, the associated metabolic heat rate 
(4.7 µW mg−1) we record for poplar buds is close to that of 
dormant Larix laricina (Du Roi) K. Koch buds (Hansen et al. 
1989) and Vitis vinifera L. buds (Gardea et al. 1994). Atkin and 
Macherel (2009) show how the dark respiration maintenance 
plays a major role in plant survival under water stress condi-
tions and its rapid recovery of productivity after re-watering. 
Flexas et al. (2005) report that photosynthesis can stop com-
pletely in severe water shortage, while the respiration rate may 
either increase or decrease under stress, but never becomes 
totally impaired. Our results also show a close correlation 
between bud respiration rate and water content. Several mech-
anisms are probably involved in the maintenance of a minimum 
threshold level of bud moisture content to ensure a minimal 
activity and a maintenance respiration rate to keep the bud 
alive during increasing water stress duration. The survival of 
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Figure 5.  Expression patterns of PIP, TIP and XIPs isoforms in bud, wood and bark of P. nigra after 28 days of water stress exposure. Changes in 
expression levels for the three tissues are presented as expression ratio (water stressed vs. well-watered control). Steady-state level representation 
for each biological assay is given in the Materials and methods. Transcript expression levels were determined by real-time quantitative RT-PCR using 
specific primer sets for each isoform. The geometric mean of three reference genes was used as the endogenous control. Data correspond to the 
means of three technical replicates from two independent biological experiments, and bars represent standard error (n  =  2). Three plants were 
pooled per biological sample. Data in boldface are significant and those not sharing the same letters are significantly different (Tukey’s HSD, P < 0.05).
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the meristematic cells is strongly dependent on the capacity to 
use carbohydrates to produce energy and the capacity to 
maintain minimally sufficient hydration in this structure 
(McDowell 2011). This capacity depends not only on the over-
all response of the plant through stomatal regulation, but also, 
at the tissue level, on the compartmentalization of the bud and 
the functional integrity of vascular connections between other 
tissues of the stem and the bud.

Aquaporin expression and water transport

Aquaporin expression patterns can be linked to our physiologi-
cal and NMR imaging data. Stem xylem was the first embolized 
and showed the lowest reactive molecular responses. Hence 
living cells within the xylem seem unable to preserve their 
hydraulic reservoir. Conversely bark, and to a lesser extent 
buds, show the most marked molecular response together with 
the greatest number and magnitude of modulated AQP 
 isoforms. This is consistent with the hypothesis that bark (as a 
reservoir) and bud (as a vital organ) both need to react to 
maintain their moisture content.

The Populus genus encodes 15 PIP, 9 XIP and 17 TIP mem-
bers (Lopez et al. 2012). Although these isoforms are numer-
ous, most of them are constitutively expressed and modulated 
in our experiment (Figure 5). It would nevertheless be unsafe 
to make any functional interpretations of each isoform pattern 

in the different biological assays. However, an overall reading 
of PIP2s and PIP1s may offer us some physiological insight. 
PIP1s and PIP2s were predominantly upregulated or slightly 
modulated in buds, whereas both were essentially downregu-
lated in the bark. This might reflect their ability to draw water 
upward and hold water. We still know very little about the 
physiological function of PIPs in woody plants: PIP1 isoforms 
are thought to have weaker water channel activities than PIP2 
isoforms, but PIP1s probably play a substantial role in control-
ling water permeability, since coexpression of PIP1 with PIP2 
 isoforms potentiates water transport (Fetter et al. 2004, 
Secchi and Zwieniecki 2010). However, little information is 
available about the functions of TIP subfamily members which 
are known to attenuate plant susceptibility to water stress 
(Wang et al. 2011). Our results show that most modulated 
TIPs are downregulated during water stress, although some 
isoforms are upregulated, but in tissue-specific ways. 
Tonoplast membrane intrinsic proteins also provide osmotic 
potential balance for the cytoplasm by exchanging water with 
the vacuole. Thus the apparently conflicting patterns we 
observed could be explained by the different locations in 
which the isoforms are expressed. However, further investiga-
tion is still needed to clarify AQP involvement in these physi-
ological processes. This investigation could be done using 
mutants or transgenic resources in which the expression of 
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Figure 6.  Cytological observations of the stem anatomy. Transverse slice (25 µm thick) shows the large connection between the bud and paren-
chyma tissue that surrounds the pith. The connection is made of a large bundle of parenchyma cells (white arrowhead) and allows a radial transfer 
of water between an inner reservoir (grey arrowhead) and the bud. The double staining method with safranin/astra blue was applied to micro-
scopic sections. Red stain with Safranin is the indicator for lignin. Astra blue tints cellulose.
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specific AQPs is silenced or upregulated (Kaldenhoff et al. 
2008).

Local water availability and its distribution in bud 
and shoot bearer

At the tree scale, Vilagrosa et al. (2003, 2012) found on 
Mediterranean shrubs that higher resistance to cavitation was 
not necessarily correlated with higher survival behaviour 
under field conditions. This result is in line with our observa-
tions since all the trees were able to re-sprout after >4 weeks 
of water shortage, even if the xylem became completely 
embolized. Hence we can conclude that a temporary total 
embolism of the xylem does not necessarily imply immediate 
death of the plant. Moreover, we suggest that cavitation events 
in the xylem can be a mechanism that would allow availability 
of free water for vital tissues like buds. This mechanism can 
contribute to the maintenance of the bud moisture content 
that is necessary to ensure a minimal metabolic activity during 
water stress events.

Comparison between microcalorimetry and MRI measure-
ments showed similar patterns (Figures 1c and d): both are 
quite sensitive and show a slight increase between Day 28 and 
Day 32. Moreover, the proton density and the relaxation time 
T2 followed the same pattern (Table 1). This demonstrates that 
the free water is extracted first when water is removed 
(Bottemley et al. 1986). It is commonly accepted that the lower 
water content leads to higher proportion of bound water and a 
decrease in mean T2.

Since the cambium contains meristematic cells we can 
assume that it is a key compartment that must be protected 
from drying to ensure the tree survival. The cambium proton 
density is high and shows high T2 values. This observation sug-
gests that the water contained in this area is movable and could 
be used locally or by the surrounding connected tissues. 
However, at the end of the experiment, the cambium was still 
partly hydrated although the bud got completely dehydrated 
and died. Nevertheless, the T2 values became low, this being a 
typical feature of bound water that is not movable or usable. In 
the same time, none of the study trees have been able to 
recover after re-watering. We conclude that the hydration of the 
secondary meristem is not a sufficient condition for tree 
survival.

Conclusion

This study presents a quantitative evaluation of P. nigra tree 
bud survival during a severe water stress event. We followed 
the progress of bud behaviour and that of close surrounding 
tissues by combining 3D imaging, molecular tools and physio-
logical measurements. The results reveal that the bud is a very 
resistant organ able to withstand several weeks of prolonged 
water deprivation. We find a close correlation between bud 

 respiration rate, water content and proton density. Bud mois-
ture content can be taken as a bud mortality tipping point even 
in leafless trees. Moreover, 3D RMN imaging shows that this 
bud resistance to water stress could be due to hydraulic con-
nections with highly hydrated tissues located in the stem and 
around the pith.

Overall, this study provides the first insights into a possible 
water distribution between connected tissues within water-
stressed plants, hydraulic trade-offs between the meriste-
matic zone integrity and the hydration of the bud and its 
surrounding tissues. It also reveals the implication of molecu-
lar actors during water stress events. Combining 3D NMR 
imaging, molecular tools and physiological measurements 
opens up new perspectives to understand the roles played by 
each tissue and their interactions in plant drought 
resistance.

Supplementary data

Supplementary data for this article are available at Tree 
Physiology Online.
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