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Abstract. Global climate change is expected to induce a dramatic increase in the frequency and intensity of drought events
in the Mediterranean region. Their effects might be particularly severe in short rotation forestry systems, such as poplar
plantations, with high water demands. The aim of this study was to examine the clone-specific reaction of plant-water
relations and growth to a dry-down cycle in two parental clones of Populus nigra L.: Poli, which is adapted to the dry/hot
climatic conditions of southern Italy, and 58–861, which prefers the cooler and moister conditions typical in northern Italy.
Plants were grown in controlled conditions in an airconditioned greenhouse, under three different irrigation regimes for
44 days. Drought stress resulted in a general decrease in plant size and predawnwater potential in both clones. Although the
control trees grew somewhat taller and retained leaves longer than those in other treatments, the two clones responded
differently to water stress. Under severe stress conditions, Poli showed proline accumulation in old leaves to preserve plants
from drought damage, without reduced stomatal activity, as shown by low values of d13C. In 58–861, the accumulation of
ABA in roots during drought probably stimulated stomatal control, increasing drought avoidance in this drought-sensitive
clone.Although in58–861 the expressionof aquaporin genesPIP1–2 andTIP1–3was enhanced, inPoli gene expressionwas
downregulated.We analysed only part of the aquaporins genes, but we assume that these clones exhibited contrasting water
transport strategies duringdrought.Clone58–861 seems to increase thepermeability of thevascular tissuebyoverexpressing
aquaporin genes, probably in order to facilitate water transport, and Poli appears to increase water conservation in the root
cells by downregulating aquaporins.

Additional keywords: ABA, aquaporins, carbon isotope composition, proline, water stress.

Introduction

The greenhouse effect is expected to increase global mean
temperatures by 1.4–5.8�C by the middle of this century.
Although fresh water resources may not be seriously limited
under such future global warming (Betts et al. 2007), there is still
an increased risk of drought in some regions because of reduced
soil moisture caused by enhanced evapotranspiration from soil
under a warmer environment. One tree that may be particularly
affected by increased drought is the poplar.

Poplars are fast growing trees that are highly susceptible to
water deficit. However, significant variation in poplar’s drought
response has been recorded (Ceulemans et al. 1978; Gebre and
Kuhns 1991; Marron et al. 2002). This variation between
genotypes affects several physiological and morphological
traits (Harvey and van den Driessche 1997; Marron et al.
2002), in particular: plant growth and leaf area (Souch and
Stephens 1998; Ren et al. 2007); potential for osmotic
adjustment (Gebre et al. 1998); sensitivity of leaf expansion,

extent of leaf abscission and adjustment of the root : shoot ratio
(Liu and Dickmann 1992; Chen et al. 1997; Tschaplinski et al.
1998) and vulnerability of xylem to cavitation (Cochard et al.
2007). Poplars under water-stress conditions have been found to
vary biochemically in terms of accumulation of carbohydrates
(Bogeat-Triboulot et al. 2007) as well as proline and ABA
(Ren et al. 2007).

Proline is an important amino acid that plays a role in plants’
response and adaptation to drought stress (Bates et al. 1973).
Its concentration has been found to increase in the leaves and
roots of Mediterranean shrubs under water-stress conditions
(Ain-Lhout et al. 2001; Shvaleva et al. 2006), as well as in
poplars under osmotic stress (Watanabe et al. 2000). Proline is an
osmoprotectant, capable of mitigating the impacts of drought
(Stewart and Larher 1980) and salt (Dix and Pearce 1981) in
higher plants. Indeed, the proline accumulation process may
preserve the structure and activity of enzymes while protecting
membranes from damage from the reactive oxygen species that
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are produced in response to drought (Hare and Cress 1997; Hong
et al. 2000). However, until now the variability of proline content
in poplar clones from the Mediterranean region subjected to
drought conditions has never been studied.

Different poplar genotypes appear to differ in their
responsiveness to water stress mediated by ABA (Cochard
et al. 1996), and clonal differences in d13C have been found
for gas-exchange and stem-growth traits in poplar (Voltas et al.
2006). Plant d13C values reflect isotope fractionation processes at
the leaf level, which are correlated with intrinsic water-use
efficiency (WUE), i.e. the amount of water transpired per unit
carbon gain (Farquhar et al. 1982; Farquhar et al. 1989). Stable
carbon isotopes are increasingly being used as a powerful tool for
investigating the balance between photosynthesis and stomatal
conductance in C3 plants. The positive relationship between
WUE and d13C arises through their independent linkages to
the ratio of internal to ambient CO2 concentrations (Ci/Ca)
(Farquhar et al. 1989; Guehl et al. 1995). Stomatal closure in
water-stressed poplars may be elicited by ABA, which has been
proposed as the principal factor in the signalling cascade
that operates between roots and shoots triggered by drought
(Davies et al. 1994).

Aquaporins are essential for water transport within plants
and are differentially expressed during water stress. Plant
aquaporins are classified into four subgroups: plasma-
membrane intrinsic proteins (PIPs), tonoplast-intrinsic proteins
(TIPs), Nodulin26-like intrinsic proteins (NIPs) and small basic
intrinsic proteins (SIPs) (for a review, see Kaldenhoff et al.
2007; Katsuhara et al. 2008). In poplar, more than 60 genes
encoding aquaporins have been annotated (http://genome.jgi-
psf.org/Poptr1_1/Poptr1_1.home.html). In the roots of poplar,
the functions of aquaporins have, however, hardly been
investigated and, to our knowledge, the regulation of
aquaporins during drought has never been studied. Thus, in
this study, we analysed the expression of six aquaporins genes
in poplar roots. ThePIP andTIP genes are the closest homologues
to the aquaporin genes of other plants, which have been shown
to be important during drought and other osmotic stress (Pih
et al. 1999; Aharon et al. 2003).

We hypothesised that reduced water availability would
increase the proline and ABA contents as well as WUE in
poplar, and that the magnitude of responses induced by
drought stress would differ in clones with distinct geographic
origins. In addition, the expression pattern of aquaporin-encoding
genes was assumed to be downregulated in roots under water
stress, with differences between genotypes: the lower gene
expression in stressed plants being associated with higher
hydraulic resistance (Secchi et al. 2007).

For a successful breeding program for poplars with drought
tolerance in areas with recurrent drought spells, the first
requirement should be to identify poplar genotypes that show
functional adaptation (including gene expression) with an
acceptable yield under water deficit. The objectives of this
study were, therefore: (1) to analyse the impact of recurrent
water deficits on plant ecophysiological performance and
aquaporin gene expression patterns in the roots of two parental
clones of Populus nigra L. with different geographic origins;
(2) to highlight the relationships between growth traits and
water relations, and (3) to evaluate the relationships between

drought tolerance and proline, ABA and carbon isotopic
composition.

Materials and methods
Plant material and experimental design

The two Populus nigra L. genotypes originated from Italian
populations. The female parent 58–861 comes from northern
Italy (45�090N, 7�010E), near the Dora Riparia River close to The
Alps at 597m above sea level. It is adapted to the cool and moist
conditions of the area, opening its buds later and setting the apical
bud earlier than the Poli clone, and may be considered ‘drought-
sensitive’. The male parent Poli comes from Southern Italy
(40�090N, 16�410E), near the Sinni River in the plain beside
the Ionio Sea at 7m above sea level. It is adapted to the dry/
hot climatic conditions of the area and may be considered
‘drought-tolerant’ (Gaudet et al. 2008).

In early March 2007, 18 2-year-old woody cuttings of two
clones were planted separately into 10 L plastic pots filled with a
mixture of 42% crust humus, 42% wood fibre, 4% clay, 1.25 g
Floranid permanent and 1.25 g NP 20 : 20 with a pH of 5.5–6.2
and grown in an air-conditioned greenhouse under well watered
(control plants) conditions. The plants were exposed to extra
light (400mmolm–2 s–1 photon flux density) for 15 h day–1, and
temperature and humidity were kept constant (20�C at night
and 25�C during daytime, with 40–60% RH). After 6 weeks of
growth, plants of similar height were selected for the experiment.
The experimental layoutwas a randomised block designwith two
factors (clone andwatering regime) and three replicates per clone-
treatment combination. At the beginning of the experiment on
18 April 2007, all pots were watered to field capacity. The pots
were weighed weekly to determine the amount of water loss,
which was completely replenished for the control plant pots.
From pots assigned to water stress, water was withheld for
3 weeks followed by 2 weeks watering with 25% of the
amount of water added to the control plants.

Soil water tension

Soil water tension (Ysoil) was monitored daily throughout the
experiment with two tensiometers for each clone-treatment
combination (TS1 Self Refilling Tensiometer, UMS, München,
Germany), placed at the same depth and in substrates with
identical physical structure and chemical composition.

Pre-dawn leaf water potential

Pre-dawnwater potential (Ypd) wasmeasured once aweekwith a
pressure chamber (PMS Instruments Co., Corvallis, OR, USA)
during thewhole experiment tomonitor plant water status. For all
the clones and treatments,Ypd measurements were performed on
fully expanded leaves (n = 3), located halfway from the crown
along the stem. The evening beforeYpd was measured the plants
were enclosed in black polyethylene bags to stop transpiration.
Measurements were made the following day in the early morning
with the leaves still enclosed in the plastic bag and considered
predawn.

Stem and leaf morphology

The number of leaves and the stem height were measured (n= 3)
once a week to evaluate the growth responses of trees with
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different watering regimes. Prints were taken weekly of the first
fully expanded leaf from the apex (leaf plastochron index,
LPI = 8). LPI is based on the leaf rank from the first fully
open, but not yet completely expanded, apical leaf (Dickmann
1971). Printsweremeasuredwith an areameter (Li-3100, Li-Cor,
Lincoln, NE, USA).

Proline determination

At the end of the experiment, the plantswere harvested and leaves
and roots separated. The plant material was immediately put into
liquid nitrogen, and stored at �80�C until proline analysis.
Proline concentrations were determined by the acid-ninhydrin
procedure of Bates et al. (1973). Leaf and root samples (0.5 g)
were ground and then homogenised with 3% sulfosalicylic acid
(10mL). The homogenised sample was filtered through filter
paper (595 1/2) (Whatman, Kent, UK). The supernatant (2mL)
was mixed equal volumes of acid-ninhydrin and acetic acid. The
mixturewas incubated in a boilingwater bath (100�C) for 1 h, and
the reaction then stopped in an ice bath. The reaction mixture
was extracted with toluene (4mL) and absorbance was read at
520 nm using toluene as a blank. The proline concentration was
determined froma standard curve and calculatedona freshweight
basis. Three replicates were measured for each sample.

ABA measurement

Leaves and roots were harvested, immediately put into liquid
nitrogen then stored at �80�C until extraction. Twenty
milligrams of leaf (without midribs) and root tissues were
extracted overnight in 1.5mL distilled water in the dark at 4�C
on a shaker (Barta and Loreto 2006). The extracts were
centrifuged at 10 000g for 25min. The ABA content of the
supernatants was then quantified in an enzyme-linked
immunosorbent assay (ELISA) using the Phytodetek-ABA kit
(AGDIA, Elkhart, IN, USA) according to the indications of the
manufacturer. All assays were made in triplicate. The hormone
concentrations were calculated using a standard curve of ABA
and the relative optical density, according to the ELISA
technique.

Carbon isotope composition
An aliquot of the freeze-dried material was weighed into tin
capsules for carbon isotope analyses of the leaves and roots. The
samples were combusted in an elemental analyser and the
evolving CO2 measured on an isotope-ratio mass spectrometer
(delta-S, Finnigan MAT, Bremen, Germany). The isotope ratio

13C/12C is expressed as a relative deviation from the international
standard VPDB as a d13C-value in per mil.

RNA extraction and first strand cDNA synthesis

Frozen fine roots were ground to a powder in liquid nitrogen.
RNA was extracted using the Agilent plant RNA isolation
mini kit according to the manufacturer’s instructions (Agilent
Technologies AG, Basel, Switzerland). RNA concentration was
measured using a NanoDrop ND-1000 Spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA) and RNA
quality was assessed using the Agilent Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). First strand cDNA
synthesis was performed with the QuantiTect Reverse
Transcription Kit (Qiagen AG, Hombrechtikon, Switzerland),
using 200 ng total RNA. The quality of the first strand cDNAwas
tested via PCR using primers for actin and elongation factor 1, b
subunit (Table 1). Absence of genomic DNA in the samples was
verified by choosing an intron-spanning amplicon for elongation
factor 1, b subunit.

Primer design and real-time RT–PCR

Primers for aquaporin genes (NIP1–2 and 5–1, TIP1–1 and 1–3,
PIP1–2 and SIP 1–2) (Table 1) were designed using Primer 3
software (Rozen and Skaletzki 2000) for amplification of gene
fragments around 100 bp in length and annealing temperature of
60�C. Sequences for primer design were downloaded from the
Populus trichocarpa Torr. & Gray v1.1 database at the Joint
Genome Institute (http://genome.jgi-psf.org/Poptr1_1/Poptr1_1.
home.html; Tuskan et al. 2006). Primer sequences are shown in
Table 1. Primer specificity was tested against the genome
sequence via insilico PCR, available at http://www.popgenie.
db.umu.se (Sjödin et al. 2009).

Real-time RT–PCR was performed using the FastStart
Universal SYBR Green Master Mix (Roche Diagnostics,
Mannheim, Germany) on an ABI 7500 fast real-time PCR
system (Applied Biosystems Inc., Foster, CA, USA).
Reactions of 15mL total volume contained 5mM of forward
and reverse primers and 1mL of 1 : 10 or 1 : 100 diluted
cDNA. PCR efficiencies were determined using the program
LinRegPCR (Ramakers et al. 2003). Relative gene expression
was calculated with qBase software (Hellemans et al. 2007),
using transcripts of actin2, ubiquitin and elongation factor1 and
b subunit as references. This software allows multiple reference
genes to be included to calculate the relative gene expression.
Three technical replicates were performed for each of the three
biological replicates.

Table 1. Sequences of the primers used in real-time RT–PCR
Primers were designed on Joint Genome Institute gene models as denoted

Gene Abbreviated forward primer Reverse primer JGI gene model ID

Nodulin-intrinsic protein NIP1–2 ATT TCA ACC CTG CTG TCA CC GTT GCT CCG ATG ACT TGA CA gw1.IV.2596.1
Nodulin-intrinsic protein NIP5–1 CCT TGA TTT TCC TGC TCC TG TAT TGG TCC TGC TGT TGC TG estExt_Genewise1_v1.C_LG_I5715
Plasmamembrane-intrinsic

protein
PIP1–2 CAA GCC CAG TTT GTT CCA TT GGC CCT TGA AGA AAT ACA CG grail3.0049030302

Small intrinsic protein SIP1–2 TAG GCA CAC CAC TTG GGA TT ATT GGT GGT GCC TTG AAA AG eugene3.00141013
Tonoplast-intrinsic protein TIP1–1 CTC CAC TGT CGC TTG CTT G TTC CAT ACA CCA ACC CCA GT grail3.0025002201
Tonoplast-intrinsic protein TIP1–3 TTT GGT CCT GCT GTT GTG AG ATA GAC AAG GGC AGC AAT GG estExt_fgenesh4_pg.C_LG_X1886
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Statistical analysis
The experiment was set up in a completely randomised block
design with three replicates for each clone-treatment combination.
Datawereaveragedonaplantbasisandtheindividualmeanswereused
for the analysis. The effects of watering treatments on the water
potential and growth parameters were tested with the statistical
package Statistica (StafSoft Inc., Tulsa, OK, USA), using repeated-
measures analyses of variance. Proline, ABA, carbon isotope values
and enzyme activities refer to the last sampling only. Data were
subjected to ANOVA, without considering the effects of time of
exposure. Statistical comparisons were considered significant at
P< 0.05.

Results

Dry-down cycle

Control pots had the highest water content, whereas the severely
stressed ones had the lowest. Interaction ‘clone’� ‘watering

treatment’ was not significant, whereas ‘day of treatment’�
‘watering treatment’ (P < 0.001) was significant.

Aconsiderable degree of agreement betweenYsoil and the dry-
down course induced by differential water supply was observed,
with a consistent reduction in Ysoil after irrigation events
(Fig. 1). There were significant differences in Ysoil between
clones (P < 0.001) and between days of experiment (P < 0.001)
and watering treatments (P < 0.001). There were significant
interactions ‘clone’� ‘watering treatment’ (P< 0.001) and
‘day of treatment’� ‘watering treatment’ (P < 0.001). There
was no significant ‘clone’� ‘watering treatment’ interaction in
the daily analyses. However, significant differences between
watering treatments were observed.

Leaf water relations

In both clones, theYpd of control plants ranged around –0.4MPa
throughout the experiment, whereas the Ypd of moderately
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Fig. 1. Tensiometer readings, asYsoil, forPopulus nigra clones (a) Poli and (b) 58–861 during thewater-stress experiment. The graphs show, for eachmeasure,
the values for the mean and s.e. (three replicates).

Table 2. ABA, proline and carbon isotope measures at the end of the experiment (day 44 of the experiment, on 31 May 2007)
For each measure, significant differences between clones, treatments and leaf ages, and interactions among variables (ANOVA test)

are indicated: *, P< 0.05; **, P< 0.01; ***, P < 0.001; NS, not significant

Plant part Measure Clone (C) Treatment (T) Leaf age (L) C�T T�L C�L

Leaves ABA *** * *** *** * NS
Proline NS NS * NS NS NS

Carbon isotope *** NS *** ** NS *
Roots ABA *** ** NA * NA NA

Proline NS NS NA NS NA NA
Carbon isotope *** NS NA NS NA NA
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stressed plants declined to about –0.7 and that of severely stressed
ones to about –0.9MPa (Fig. 2). Differences in water availability
between clones were related to the course of Ypd during the
experiment. In Poli, water-stressed plants responded promptly to
the beginning of water stress andmaintained a relatively lowYpd

thereafter. In 58–861, water-stressed plants experienced a major
reduction inYpd only towards the end of experiment. Significant
differences in Ypd were observed between clones, and
between days of experiment and irrigation treatments (Fig. 2).
‘Clone’� ‘day of treatment’ (P< 0.01) and ‘day of
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Fig. 2. Water consumption,Ypd, stem height and leaf number for Populus nigra clones Poli and 58–861 during the water-stress experiment. The graphs show,
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treatment’� ‘watering treatment’ (P < 0.01) interactions were
also significant.

Plant structure

The leaf area of the two clones differed significantly. Poli had
smaller leaves than 58–861 at all measured stem heights. Poli
showed only minor differences between treatments, and its leaf
area was between 2.8 and 17.7 cm2, whereas 58–861 had leaf
areas between 7.1 and 73.1 cm2. The leaf area of Poli did not vary
markedly throughout the stem length at any measurement time.
Both severe and mild exposure to drought stress resulted in no
significant reductions in the surface area of the first fully
developed leaf from the apex in either clone. The decrease in
surface area of the eighth leaf from the top of severely stressed
58–861 was not significantly different from that in other
treatments. In contrast, the leaves of the same node in Poli
showed a consistent decline in surface area for the duration of
experiment: 52% in well watered plants, 61% in moderately
stressed plants and 43% in severely stressed plants.

By the end of experiment, the stem height of the two clones
showed no significant differences between treatments (Fig. 2).
The control plants grew somewhat taller and retained leaves for
longer than those in other treatments. Significant differences in
stem height (P < 0.0001) were observed between clones,
and between day of experiment and watering treatments in
leaf number of 58–861 (Fig. 2). ‘Clone’� ‘day of treatment’
(P < 0.001), ‘clone’� ‘watering treatment’ (P < 0.001) and ‘day
of treatment’� ‘watering treatment’ (P < 0.01) interactions were
significant for the number of leaves, while only the interaction
‘clone’� ‘watering treatment’ (P < 0.05)was significant for stem
height. Intra-diurnal analyses revealed significant differences
between clones for the whole experimental period and highly
significant differences between watering treatments towards the
end of the experiment for leaf number (Fig. 2). Significant
differences between clones were also found for stem length in
the inter-diurnal analysis (Fig. 2).

Plant biomass was affected marginally by treatments in
Poli. In 58–861, the effect of increasing water stress was
significant on root biomass, with a marked reduction from
control to severe-stress treatments. Significant differences in
leaf (P< 0.001), stem (P< 0.001) and root (P< 0.001) biomass
were found between clones (data not shown).

Proline content

Proline content did not vary significantly among the different
treatments in young leaves of Poli (Table 2; Fig. 3), but in old
leaves (the first formed) proline content increased consistently
from that of the control to that in severely stressed plants.
In 58–861 (Fig. 3), the proline content in young leaves was
higher in control plants than in other treatments, although in old
leaves there were no significant differences due to the watering
regime. No significant differences were found between clones,
watering treatments, or leaf ages (Table 2); but there were
significant ‘clone’� ‘watering treatment’, ‘clone’� ‘leaf-age’
and ‘watering treatment’� ‘leaf-age’ interactions. No
significant differences in the proline content in roots between
watering treatments were found in either clone (Table 2).

ABA concentration

ABA concentrations in roots, and young and old leaves were
significantly higher in 58–861 than in Poli (Fig. 4). Moreover,
significant differences in leaves were found according to leaf age
and treatments, whereas ABA measurements in roots revealed
significant differences between clones and treatments
(Table 2). There were significant ‘clone’� ‘treatment’ and
‘treatment’� ‘leaf-age’ interactions for leaf ABA
concentration, and ‘clone’� ‘treatment’ interactions for root
ABA (Table 2).

d13C Values

Poli had more negative values than 58–861 (Fig. 4). Carbon
isotope composition was altered by watering regimes in both
clones (the interaction ‘clone’� ‘treatment’ was significant,
Table 2). In 58–861, plants under moderate and severe water
stress had more enriched d13C than control plants, whereas we
found the opposite in Poli. According to the ANOVA analysis,
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Fig. 3. Changes in proline content in the leaves and roots of Populus nigra
clones submitted to three water treatments. Data are means� s.e. (n= 3).
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there were significant clone and leaf-age differences for d13C in
leaves and significant clone differences in roots. The interactions
‘clone’� ‘treatment’ and ‘clone’� ‘leaf-age’ were significant
for leaf carbon isotope (Table 2), whereas the interaction
‘clone’� ‘treatment’ was not significant for root carbon
isotopes (Table 2). The d13C values in the leaves and roots of
Poli were more negative than in those of 58–861 by an average of
2.56‰ (Fig. 4). The relatively low d13C values in plant tissues
(less than –30‰) suggested that greenhouse conditions enhanced
the CO2 concentration or the concentration was altered by CO2

regulation in the chamber. This was considered negligible,

however, because we were interested in differences between
genotypes and treatments.

Aquaporin genes

Aquaporin genes showed no consistent expression patterns in
roots. Expression of NIP5–1 differed in the two clones. In
58–861, it was >2-fold higher in control plants than in plants
that were severely water stressed, whereas in Poli the expression
was twice as low in the control plants as in severelywater-stressed
plants. In contrast, severe water stress induced the expression of
PIP1–2 andTIP1–3 in 58–861, but downregulated the expression
of these genes in Poli (Fig. 5).

Discussion

Because poplar hybrids grow fast, their demand for water
increases as they grow larger. This may induce drought stress
under dry conditions (Gebre et al. 1998). We chose highly
contrasting parental clones (Gaudet et al. 2008), collected
from divergent environments, to elucidate genotypic responses
towater stress.Water stress resulted in a decrease in plant growth,
leaf number, biomass and predawnwater potential in both clones.
All growth parameters decreasedwith reducedwater availability.
The variation in the pot water contents from the beginning to the
end of experiment showed that 58–861 required more water than
Poli in all treatments, probably because its biomasswas greater on
average. In both clones, water stress had a negative effect on root
biomass (data not shown). Prolonging the water supply beyond
the early developmental stages could result in progressively
different growth rates between treatments and between clones,
due to clone-specific drought sensitivity and biomass allocation.
Higher values of Ysoil were recorded in well watered than in
severely stressed pots, following temporal variation in soil water
availability (Whalley et al. 2007). The decline in Ysoil and Ypd

throughout the experiment may also be related to declining
growth rates (Arend and Fromm 2007).

Our data suggests that Poli is more reactive to water stress,
whereas 58–861 is more tolerant of drought conditions. The
intensity of drought stress was uniform over the whole
experiment and significant differences between treatments
were measured only at the end of experiment in both clones.
In any case Ypd dropped below –1MPa (see also, Giovannelli
et al. 2007). Therefore, tissue hydration was relatively stable
under fluctuating environmental conditions, validating the
isohydric behaviour of these poplar clones. Johnson et al.
(2002) found that Ypd decreased with increasing water stress
conditions in poplar clones, whereas variations inmiddayYwere
much less affected by drought.

Different growth traits between the two parental clones
(e.g. stem height, leaf number) in unconstrained water
conditions might indicate specific adaptation to native
environmental conditions, affecting water consumption and
early survival in a dry environment (e.g. Xu and Zhou 2006).
During the experiment, only 58–861 showed senescence
symptoms in the leaves of severely stressed plants
(e.g. Bogeat-Triboulot et al. 2007). A clone-specific regulation
of leaf number, and, thus, of transpiring surface, could indicate
differences between genotypes in the skill of controlling
water loss through foliage shedding under drought conditions.
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The genotypically developed ability to increase agronomic
WUE (biomass production/water consumption) is considered a
necessary characteristic to increase drought resistance. However,
explaining the genotypic diversity of drought tolerance found
among poplar hybrids as arising from their specificWUEmay be
misleading (Monclus et al. 2006).

At the end of experiment, the proline content did not appear to
vary in the young leaves of either clone in response to drought.
Proline generally accumulates in leaves of plants subjected to
water stress (Ain-Lhout et al. 2001; Shvaleva et al. 2006; Ren
et al. 2007). Inconsistent proline accumulation in leaves under

water stress (with rather highYpd) could be related to the lack of
a marked response to short-term drought stress in both clones,
and may be a feature only partially involved in early plant
establishment. A low proline response to drought stress was
found by Griffin et al. (1991) for Populus tremuloides. The
influence of drought on proline contents in these clones,
indeed, may reflect the duration of the water stress imposed
during the experiment and the specific organ accumulation,
taking leaf age into consideration. Differences found in young
and old leaves could depend on age-specific responses (more-or-
less fast) to stress conditions. In these poplar clones, proline was
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found in lower concentrations than in other tree species subjected
to water deficits, namely, Pinus taeda (Newton et al. 1986) and
Eucalyptus globulus (Shvaleva et al. 2006).

One of the most fundamental roles of ABA in water-stressed
plants is to directly induce stomatal closure and to prevent water
loss, thereby slowing growth (Zhang and Davies 1990). The
response to drought in these clones in terms of changes in ABA
concentration was not, however, very strong even though it was
statistically significant. Genotypic differences in the timing of
ABA responses to water stress were nevertheless still found. Poli
accumulated more ABA during the onset of water stress than in
the second part of experiment, and the old leaves containing
more ABA than young leaves. The absence of leaf abscission
in this clone could be explained by its tolerance to ABA
(Chen et al. 1997). In 58–861, the concentration of ABA in
leaves was constantly high, regardless of leaf age. In this clone,
the leaf shedding observed at the end of experiment was probably
associated with the accumulation of ABA that restricted the
transpiring surface in stressed plants. Temporal differences in
ABA production could imply a genotypic sensitivity of roots to
soil-water content (Chen et al. 1997). Roots of both clones might
accumulate ABA as the soil dries (Zhang and Davies 1987). Yin
et al. (2004) observed that foliar applications of ABA decreased
dry-matter accumulation, specific leaf area and gas exchange,
and increased dry-matter allocation to the root, endogenous
ABA contents and d13C in poplar species. Ridolfi et al. (1996)
also found that the drought control of stomatal conductance
was ABA-independent in a hybrid clone of Populus
koreana� trichocarpa.

The two clones had different carbon isotope compositions.
The southern clone (Poli), supposedly acclimatised to
Mediterranean conditions, had lower d13C than the northern
clone (58–861), from the temperate Piedmont area. Isotope
values for 58–861 slightly increase with increasing water
stress, which suggests that in this clone stomata closed earlier
than in Poli in response to drought stress (Guehl et al. 1995)
and also displayed slower growth rates. In Poli, conversely, d13C
did not vary across treatments, suggesting that this clone could
not perceive these conditions as involving marked water stress.
Changes in d13C were observed in poplar species under
drought-stress conditions by Yin et al. (2004). The comparison
between the ‘drought-tolerant’ Poli and the ‘drought-sensitive’
58–861 clones revealed that the latter clone used water with
greater efficiency. An increase in d13C in 58–861, interpreted
as an improvement in WUE in the Farquhar model, could be
the result of either reduced stomatal conductance (at constant
photosynthesis), or increased photosynthesis (at constant
stomatal conductance). These poplar clones showed higher
d13C values in younger leaves. Age-related effects on carbon
isotope discrimination might be attributed to physiological
changes related to structural development during leaf
maturation (Marshall and Monserud 1996).

Differences in the clone’sABAcontent and d13C composition
might reasonably be ascribed to a contrasting stomatal behaviour.
The ABA-d13C relationship highlighted clone-specific WUE.
In fact, the lower (more negative) d13C in Poli might be
explained by an increase in stomatal conductance and
intercellular CO2 concentration, with consequently lower
WUE, which can also inferred by the lower content of ABA in

leaves. The reduced water availability might have elicited the
progressive enrichment in 13C, related to a decrease in
photosynthesis, and, indirectly, to an increase in WUE
(Farquhar et al. 1989; Brugnoli and Farquhar 2000).

Transcripts of the aquaporins PIP1–2 and TIP1–3 were
upregulated by water stress in 58–861 but downregulated in
Poli. We assume that in poplar, these genes might be
important for water transport, as we chose the closest
homologues to genes which are known to be functional in
Arabidopsis. However, because we analysed only about one
tenth of the aquaporin genes annotated in the poplar genome,
we cannot exclude the possibility that we missed some other
genes that are also regulated during drought. In contrast, the
expression ofNIP5–1was repressed in the roots ofwater-stressed
58–861 and induced in water-stressed Poli. In poplar, expression
of aquaporins in the roots has been investigated only during root
development (Kohler et al. 2003) and in the context ofmycorrhiza
formation (Marjanovi�c et al. 2005). Until now, no research has
been done on changes in aquaporin gene expression in the roots of
poplar during drought, but for other plants there are conflicting
descriptions of the role of aquaporins under drought stress.
Several studies, of both annual and perennial plants, have
shown that many of the aquaporin genes are downregulated by
drought (Smart et al. 2001; Alexandersson et al. 2005; Secchi
et al. 2007). This may reduce membrane permeability, allowing
water conservation in the cells, especially when the soil-water
potential is low. However, upregulation of some aquaporin genes
during water stress has also been reported (Yamada et al. 1997;
Montalvo-Hernández et al. 2008). Upregulation should enhance
membrane permeability and facilitate water transport between
cells. If expressed in the vascular systems of roots, aquaporins
could support water transport to aerial tissues. It is possible that
58–861 and Poli might follow these contrasting strategies of
optimising their water relations under water-limited conditions.
58–861 might increase the permeability of the vascular tissue by
overexpressing aquaporins genes PIP1–2 and TIP1–3, probably
in order to ease water transport, Poli might increase water
conservation in root cells by downregulating these aquaporins.
To test this hypothesis, these genes should be further
characterised and the expression patterns analysed in situ.

This study was conducted to determine how two parental
clones of P. nigra, from contrasting environments, differ in their
drought-tolerance responses to different water-stress levels
during early stages of plant establishment in an airconditioned
greenhouse. Plants induced mechanisms of internal regulation in
response to external conditions, and these were related to the
morphological characteristics of the clone. When drought stress
became severe, the 58–861 female clone shed leaves, probably
due to its delay in recognising stress conditions and in order for it
to adjust osmotically to cope with drought. Growth parameters
showed a close link between stem height and leaf number, on the
one hand, and plant development and water availability, on the
other. Reduced growth could be a strategy to control energy
dissipation so that the plant has enough energy to trigger drought-
tolerance mechanisms. Since the degree of adjustment between
well watered and severely stressed plants was ~0.4MPa, we
conclude that Poli responded promptly to stress conditions by
activating drought-tolerance mechanisms, whereas 58–861 was
unable to avoid damage in time, undergoing leaf shedding and
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accumulatingABA in roots. The quick recognition ofwater stress
in Poli could be related to the plant’s strategy to reduceYpd early
and to accumulate proline to preserve plants from drought
damage. Proline protects cell membranes and proteins and
enhances dehydration tolerance without the need to reduce
stomatal activities, as shown by very negative values of d13C
in Poli, even in severely stressed plants. Our results indicate
different drought-tolerance mechanisms in these two clones,
which may be used for breeding purposes.
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