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Morphological, physiological and biochemical responses to
soil water deficit in seedlings of three populations of wild
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Water shortage limits the production of fruit orchards, such as pear, in arid and semi-arid regions. The identification of wild
pear germplasm for potential use as rootstock would be valuable for pear cultivation in semi-arid regions. The relative drought
tolerance of wild pear germplasm (Pyrus boisseriana) from three different populations distributed along an elevational gradient
(‘semi-arid 1,000, ‘semi-wet 1,350° and ‘semi-wet 1,600’ populations) was evaluated in a greenhouse trial. Established
container-grown seedlings were exposed to 18 days of simulated drought, or not, followed by a seven day recovery period.
Biomass allocation and accumulation, physiological (stomatal conductance, photosynthesis, transpiration, xylem water
potential) and biochemical parameters (leaf pigments, free proline, malondialdehyde and hydrogen peroxide production)
were evaluated. Although all populations were able to recover from water shortage, thereby proving to be relatively drought
tolerant, some differences between populations were detected for gas exchange parameters, biomass accumulation and proline
concentration in favor of the ‘semi-arid 1,000’ elevation population, which was more drought tolerant. This population showed
the most rapid and complete recovery of physiological activity (stomatal conductance and carbon fixation). In addition, all
populations showed an increase in carotenoid content in the leaves. Overall, we showed that plants from the ‘semi-arid
1,000’ elevation had greater tolerance to drought than those from the higher elevations (semi-wet populations). It therefore
appears that plants from the ‘semi-arid 1,000’ elevation represent a promising source of material to be tested as rootstock for
commercial scions of pear in field conditions in areas prone to suffer from water deficit.
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Réponses morphologiques, physiologiques et biochimiques au déficit en eau chez les jeunes plants de trois populations
de poiriers sauvages (Pyrus boisseriana). En régions arides et semi-arides, la disponibilité en eau est le facteur limitant
des vergers de production, comme en culture de poirier, par exemple. A cet égard, 1’évaluation d’une collection de poiriers
sauvages pourrait mettre en évidence du matériel potentiellement utilisable comme porte-greffe et tolérant a la sécheresse
dans ces régions. Des poiriers sauvages (Pyrus boisseriana) originaires de trois populations différentes selon leur répartition
en altitude (populations « semi-aride 1000 m », « semi-humide 1350 m » et « semi-humide 1600 m ») ont été évalués pour
leur tolérance a la sécheresse dans un essai en serre. Des semis cultivés en pots ont été soumis a 18 jours de sécheresse, puis
a une reprise de sept jours de croissance en conditions normales d’irrigation. La répartition et I’accumulation de la biomasse,
les parametres physiologiques (conductance stomatique, photosynthése, transpiration, potentiel hydrique du xyleme) et
biochimiques (teneurs en pigments des feuilles, proline libre et malondialdéhyde ; production de peroxyde d’hydrogene)
ont été évalués par rapport a des témoins non soumis au stress hydrique. Bien que toutes les populations de poirier aient pu
se rétablir apres la période sans irrigation et présentent de ce fait une certaine tolérance a la sécheresse, certaines différences
de comportement entre celles-ci ont été détectées pour ce qui concerne les échanges gazeux, I’accumulation de la biomasse
et la concentration de la proline dont les valeurs étaient en faveur de la population établie en zone semi-aride a une altitude
de 1000 m. Celle-ci a d’ailleurs montré une reprise plus rapide et plus complete de son activité physiologique (conductance
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stomatique et fixation du carbone). A noter que le taux de caroténoides dans les feuilles a augmenté dans toutes les populations
soumises au stress hydrique. De maniere générale, nous avons montré que les plantes appartenant a la population établie en zone
semi-aride a 1000 m d’altitude présentaient une plus grande tolérance a la sécheresse que celles appartenant aux populations
des altitudes plus élevées (populations semi-humides). Ces plantes constituent donc un matériel prometteur comme candidats
porte-greffe pour les greffons commerciaux de poiriers destinés a la culture dans les régions soumises fréquemment a des

déficits hydriques.

Mots-clés. Pyrus, stress dii a la sécheresse, germplasm, plante sauvage, tolérance a la sécheresse.

1. INTRODUCTION

Alteration of historical precipitation patterns and soil-
water availability are some of the tangible effects of
global warming. It is predicted that the percentage
of droughty terrestrial areas will double by the end
of the current century (Deeba et al., 2012). Water
is commonly the most limiting resource for fruit
production worldwide (Sircelj et al., 2007). Besides
developing new thrifty and novel irrigation schedules
(Jones, 2004), the use of less water-demanding or more
drought resistance genotypes is a promising solution
for fruit tree culture in arid and semi-arid regions
(Cruz et al., 2012). Wild germplasm in natural arid
ecosystems evolved in response to a plethora of stressful
conditions, such as extreme temperatures, salinity and
drought (Frankel, 1989; Zhou et al., 2013). In addition,
neighboring populations from different elevations may
represent locally specialized ecotypes (Snaydon et al.,
1982; Mollard et al., 2010; Chapolagh et al., 2013). For
that reason, evaluating wild germplasm from several
local sites can be useful in discovering locally adapted
populations.

Pear (Pyrus spp.) is the third most important fruit
produced in temperate regions after grapes and apples
(Chevreau et al., 1992). The mountains of Iran provide
varied habitats occupied by wild pear germplasm
(Vavilov, 1994), with lower elevation sources
being better adapted to stressful arid environmental
conditions, and thus, be an important resource for pear
breeding programs seeking drought resistant traits
(Sisko et al., 2009).

Drought is a major stress that disrupts metabolic
processes and constrains plant growth (Pustovoitova
et al., 1996; Chaves et al., 2003). Woody plants
have developed various mechanisms to cope with
water deprivation (Gholami et al., 2012). The
negative effects of drought include reduced plant
growth (Delgado et al., 1992; Ohashi et al., 2000),
photosynthesis (Boyer, 1970; Ogen et al., 1985), cell
growth (Bohnert et al., 1995; Nonami et al., 1997) and
hormone production (Munns et al., 1996). The active
accumulation of solutes (such as proline) allows plants
to maintain positive turgor pressure, a requirement
for maintaining stomata aperture and gas exchange
(White et al., 2000). Drought stress often leads to the
accumulation of reactive oxygen species (ROS), which

might initiate destructive oxidative processes such as
lipid peroxidation, chlorophyll bleaching and protein
oxidation (Terzi et al., 2006). Plants have evolved
both enzymatic and non-enzymatic defense systems
for scavenging and detoxifying ROS, resulting in
antioxidant defense capacity that is a useful criterion for
the screening of resistant genotypes (Faize et al.,2011).

Besides the non-enzymatic antioxidants (e.g. ascorbic

acid and glutathione), carotenoids are pigments with

a protective role for dissipating the excess of energy

necessary to avoid ROS generation (Sircelj et al.,

2007). Thus, there are three general types of responses

to drought stress including (Sircelj et al., 2005):

— mechanisms to avoid water loss (e.g. osmotic
adjustment),

— mechanisms for protection of cellular components
(e.g. qualitative and quantitative changes of
pigments),

— mechanisms of repairing against oxidative damage
(e.g. antioxidant systems).

Some researchers have placed the wild pear species
among xerophytic woody plants according to their
relative low demand for soil moisture (Boucek, 1954).
Nevertheless, there are no comprehensive studies of
drought tolerance and the presumably intra-specific
variation of responses in populations of a wild pear
species. On the other hand, most researchers have
focused the study of plant responses to drought
during the period of stress, while there has been much
less attention to the recovery process after the stress
(Miyashita et al., 2005; Striker, 2012).

The relative responses of three wild Pyrus
boisseriana populations to water deficit were explored.
The two objectives were to examine the presumable
existence of locally adapted ecotypes of P. boisseriana
populations along an elevational gradient, a surrogate
for aridity, and to identify the traits and mechanisms of
tolerance to soil water deficit.

2. MATERIALS AND METHODS

2.1. Plant material

In autumn 2011, fruits of P. boisseriana were collected
from a natural forest in northeastern Iran (Khorasan
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province, near the city of Boojnord) where the species
is extensively distributed from 1,000 to about 2,000
m.a.s.l. We set an elevational gradient in this range and
collected the seeds from three different populations
(see table 1 for details about populations). Collected
seeds from each population were cold stratified at
4° C for three months. After stratification, most of
the seeds began to germinate. Germinated seeds were
sown in black nylon pots when the radicle reached
1-2 cm length. After four months, 100 uniformly
sized seedlings per population were transplanted to
plastic pots (4 1) containing a mixture of forest brown
soil, river sand and clay (2:1:1, v/v/v). So, a total of
300 seedlings were prepared for this experiment and
the pots were moved to the main greenhouse (Tarbiat
Modares University, Faculty of Natural Resources,
Mazandran, Noor, Iran). All the seedlings were equally
irrigated (500 ml per pot) three times per week until
the middle of summer 2012, when half of the plants
in each population were subjected to drought stress by
suspending irrigation.

2.2. Treatments and experimental set up

A factorial experiment was carried out following a fully
randomized design with two fixed factors: source (three
levels: sources named as “semi-arid 1,000, “semi-wet
1,350 and “semi-wet 1,600) and irrigation treatment
(two levels: control well irrigated, and no-irrigation
followed by a recovery period). The experiment started
on July 22", 2012, when 100 seedlings of each three
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populations were subjected to two following water

treatments (Echevarria-Zomeio et al., 2008):

— irrigated (control): seedlings were irrigated and
maintained near field capacity during the 25 days of
experiment,

— non-irrigated: seedlings were watered to field
capacity on day 0, and then maintained unirrigated
for 18 days until leaf rolling occurred. From day 19
of experiment, seedlings were irrigated similarly
to the control plants for seven days to assess the
degree of recovery for physiological and biochemical
parameters. This procedure simulated a short sudden
drought (Poorter et al., 2008).

2.3. Measurements of physiological parameters

Net photosynthesis (A, pmol-m?s'), stomatal
conductance (g, mmol-m?2.s') and transpiration (E,
mmol-m?-s') were measured during the drought
stress period (at days 7, 10, 13 and 18) and during the
recovery period on same plants using three randomly
selected mature leaves per plant (at days 19,22 and 25)
using a portable infrared gas analyzer (Model LCpro+,
ADC BioScientific Ltd., Hertfordshire, UK). Xylem
predawn stem potential ({_ ., MPa) was measured
between 04:00 and 06:00 on day 18 and day 25 with
a pressure chamber system (Skye, SKPM 1400, UK).
Leaf relative water content (RWC) was determined
according to following formula:

RWC = (Mf - Md) / (Mt - Md) x 100

Table 1. Characteristics of the sites of origin of the populations utilized in the experiment — Caractéristiques des sites

d’origine des populations utilisées dans [’expérimentation.

Population 1 (semi-arid)

Population 2 (semi-wet 1,350) Population 3 (semi-wet 1,600)

Latitude (N) 37°25 243 37°25 8.5 37°24 384
Longitude (W) 56°42 404 56°42° 48.8 56°43° 26.8
Elevation (m) 1,000 1,350 1,600
Precipitation (mm) 350 365 372
Average temperature (°C) 17.4 142 11.8
Soil characteristics

Texture Loam Silty, loam Silty, loam

C/N ratio 6.09 5.74 521

pH 579 5.88 6.25

EC (ds'm™) 294 244 2.32

Plant community

Acer monspessulanum,

Juniperus sabina,
Cotoneaster suavis,

Paliurus spina-christi,

Ephedra sp.,
Salsola iljini,

Onobrychis ptychophylla

Quercus castaneifolia
(small tree),

Cornus australis,
Crataegus sanguinea

Quercus castaneifolia
(tall tree),

Mespilus germanica,
Brumus diandrus
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where M, is leaf fresh mass, M, turgid mass and
M,, dry mass (Munns et al., 2010). To estimate the
electrolyte leakage, fresh leaf samples were rinsed
3 times (2-3 min) with distilled water and leaf discs
of 0.5 cm? were floated in 10 ml of distilled water for
24 h and electrical conductivity of the solution was
measured using a conductimeter (EC meter- PC 300,
Eutech instrument Pte Ltd/ Oakton instruments, USA).
Total conductivity was obtained after boiling the
samples in a bath (90 °C) for 2 h and results expressed
as a percentage of the total conductivity (Campos et al.,
2003) after adjusting for the EC value of the distilled
water.

2.4. Assessment of biomass and morphology

Half the plants from each population and treatment
combination were randomly selected and harvested on
day 18 with the rest harvested on day 25. Samples of
leaf tissue were taken at days 18 and 25 from randomly
selected plants within each treatment combination
for biochemical analysis (see below). At harvest,
individual plants were separated into leaves, stems and
roots and oven-dried at 70 °C for 72 h, and weighed to
obtain their dry weight.

2.5. Measurements of biochemical parameters

On days 18 and 25, leaf areas of leaf samples were
determined as described before and then covered
with aluminum foil, frozen in liquid nitrogen and
stored at -85 °C until used for biochemical analysis.
Chlorophylls and carotenoids were extracted from
leaf samples in 80% acetone and their concentrations
were determined by spectrophotometry according to
Gholami et al. (2012). Free proline content in leaves
was quantified following the procedure proposed by
Bates et al.' (1973), which was cited by Nikolaeva
et al. (2010). Soluble carbohydrates were estimated
by the anthrone reagent method (Yemm et al., 1954).
The lipid peroxidation was measured in terms of
malondialdehyde (MDA) concentration (Dhindsa
et al., 1981) according to the original methodology
Heath and Packer method? (1968) as cited in Bian et
al. (2009). Hydrogen peroxide was assessed through
spectrophotometric analysis after reaction with
potassium iodide (KI) (Velikova et al., 2005).

All physiological, biochemical and morphological
parameters utilized to compare the responses of the

! Bates L.S., Waldran R.P. & Teare I.D., 1973. Rapid
determination of free proline for water stress studies. Plant Soil,
39,205-208.

2 Heath R.L. & Packer L., 1968. Photoperoxidation in isolated
chloroplasts. I. Kinetics and stoichiometry of fatty acid
peroxidation. Arch. Biochem. Biophys., 125, 189-198.
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populations of P. boisseriana to water deficit are
summarized in table 2.

2.6. Statistical analysis

At each harvest, equal numbers of irrigated and non-
irrigated plants were randomly selected for harvest.
Biochemical and physiological data were analyzed
using a two-way ANOVA, where “population” and
“water stress” were the fixed factors. Variations in leaf
gas exchange parameters during the experiment were
evaluated by two-way repeated measures ANOVA
with “population” and “water stress” as the between-
subject main factors, and time as the within-subject
factor. Mauchly’s test of sphericity was performed to
verify the hypothesis of sphericity of the covariance
matrices (Von Ende, 1993). As the assumption about
the covariance matrix was met (Mauchly’s test was no
significant, P > 0.05), we used the “Sphericity Assumed
test” to analyze the within-subjects effects. Before
analyses, normality and homoscedasticity of the data
were checked to satisfy ANOVA assumptions. These
statistical analyses were performed with SPSS 16.0
(SPSS Inc., Chicago, IL). In addition, Standardized
Major Axis regressions (SMA) were performed to study
if there were allometric changes in the relationships
of biomass between shoots and roots caused by water
stress (see Falster et al., 2006). Slope tests of the fitted
regression between treatments were executed for each
population by using “smatr” package (Warton et al.,
2012) for R 2.10.0 statistical platform (R Development
Core Team 2011).

3. RESULTS

3.1. Effects of drought on gas exchange parameters

Stomatal conductance (g ), transpiration (E) and net
photosynthesis (A) of unirrigated seedlings for all
populations, relative to control seedlings, during
the 25 day experiment are shown in figure 1. The
interaction “treatment” x “population” x “time” was
significant for all gas exchange variables excepting E
(Table 3), indicating that physiological behavior
of plants when facing drought depended on the
origin of the plants and varied during the course
of the experiment. The effects of “population” and
“treatment” as single factors were significant for all
variables: stomatal conductance (g ), photosynthesis
rate (A) and transpiration (E) (Figure 1; Table 3).
Irrigated seedlings for the semi-arid population had
highest average rate of stomatal conductance, and
photosynthesis during days O to 18, while seedlings of
the “semi-wet 1,600 m” provenance had the highest
transpiration rates (see values in caption of figure 1).
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Table 2. Summary of the parameters measured to assess the effects of drought on Pyrus boisseriana populations — Résumé
des parametres mesurés pour estimer les effets de la sécheresse sur les populations de Pyrus boisseriana.

Parameters Abbreviation  Unit Description

Photosynthesis rate A pmol-m?s! Useful to determine how drought stress affects carbon
fixation, and thereby biomass accumulation of plants

Stomatal conductance g, mmol-m?s! It reflects the degree of opening of stomata. Low values
under drought indicate reduction of water loss via
transpiration but it also might involve limitations in the
CO, diffusion into leaves, thus reducing photosynthesis
rate

Transpiration rate E mmol-m2-s’! It indicates the loss of vapor of water through leaves. Its
reduction allows plants to conserve and/or maintain a
better water status under drought

Xylem predawn water Yoo MPa Useful to describe the water status of plants before sunrise

potential and the consequent starting of plant transpiration

Leaf relative water content RWC % It indicates the relative degree of hydration of leaf tissues
with respect to the maximum hydration potential. It is a
complement of xylem stem water potential to assess the
water status of plants

Electrolyte Leakage IEIL % Ion leakage from plant tissues as indicative of damage in
cell membranes

Shoot biomass - g per plant Dry weight

Leaf biomass - g per plant Dry weight

Root biomass - g per plant Dry weight

Photosynthetic pigments - pg-g' FW Chlorophylls indicate leaf greenness degree in relation to

(chlorophylls and senescence-yellowing triggered by drought. Carotenoids

carotenoids) are important antioxidants that help to prevent the
accumulation of reactive oxygen species

Free proline pmol-g' FW It is a compound used as general indicator of stress at
cellular level

Malondialdehyde MDA pmol-g' FW It is an indicator of lipid peroxidation related to stress
symptoms

Hydrogen peroxide H,0, pmol-g' FW It is a major reactive oxygen species contributing to

oxidative damage. It is also an indicator of stress at
cellular level

Table 3. F values for repeated ANOVA measures of photosynthesis (A), stomatal conductance (g) and transpiration
(E) — Valeurs F pour des mesures ANOVA répétées de photosynthese (A), conductance stomatique (g ) et transpiration (E).

A (pmol-m2-s) g (mmol-m=-s™) T (mmol-m?-s)

Between-subjects effect

Population 12.324%* 112.780* 4.491%*

Treatment 908.895* 21.329* 58.058%*

Population x Treatment 1.092%* 111.142% 1.079 ns
Within-subjects effect

Time 38.336* 120.945% 92.994%*

Time x Population 3.296* 107.753%* 3.082*

Time x Treatment 4.734% 131.849%* 1.236 ns

Time x Population x Treatment 1.890* 121.717* 0.444 ns

*: P<0.05;ns: P>0.05.
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Figure 1. Gas exchange parameters of three populations of
Pyrus boisseriana (see table 1) relative to their respective
controls — Parameétres d’échange de gaz de trois populations
de Pyrus boisseriana (voir tableau 1) par rapport a leurs
témoins respectifs.

Stomatal conductance of controls (in mmol-m?-s') was 166.5 +
20.9 (semi-arid), 141.7 £ 17.7 (semi-wet 1,350) and 1354 + 14.3
(semi-wet 1,600). Transpiration rate of controls (in mmol-m?-s™)
was 2.58 +0.37 (semi-arid), 2.43 + 0.32 (semi-wet 1,350) and
2.70 £ 0.42 (semi-wet 1,600). Photosynthesis of controls were

(in umol'm2-s) 6.29 £ 0.57 (semi-arid), 5.92 + 0.66 (semi-wet
1,350) and 5.44 £ 0.71 (semi-wet 1,600). Values are means +
standard error of 10-12 replicates — La conductance stomatique
des témoins (en mmol-m?-s"') était de 166,5 + 20,9 (semi-aride),
141,7 + 17,7 (semi-humide 1350) et 135,4 + 14,3 (semi-humide
1600). Le taux de transpiration des témoins (en mmol-m?-s) était
de 2,58 +0,37 (semi-aride), 2,43 + 0,32 (semi-humide 1350) et
2,70 +0,42 (semi-humide 1600). La photosynthése des témoins
(en umol-m>-s') était de 6,29 + 0,57 (semi-aride), 5,92 + 0,66
(semi-humide 1350) et 5,44 + 0,71 (semi-humide 1600). Les
valeurs sont des moyennes + erreur standard de 10-12 répétitions.
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For all populations, relative stomatal conductance of
unirrigated seedlings decreased during the imposed
stress period (days O to 18) and increased during the
recovery period (days 19 to 25). The decrease ranged
from 40 to 50% with respect to control (P<0.01
in all cases). By day 25, stomatal conductance of
seedlings from the semi-arid provenance recovered
to 98%, relative to irrigated seedlings, while those
from the “semi-wet 1,350” population recovered only
slightly from the lowest rate (45%) which occurred on
day 18. Relative transpiration rates declined and were
similar for all populations through day 18, except for
seedlings from “semi-wet 1,350 population, which
were slightly lower than those of the other provenances
(P <0.07). By day 22, relative transpiration recovered
for all populations, with significantly greater recovery
exhibited by seedlings from the semi-arid population
(P<0.01). Relative net photosynthesis followed
a pattern similar to that of relative transpiration,
decreasing equally among the population as irrigation
was withheld and recovering greatest for seedlings
from semi-arid population as irrigation was restored
(higher A in comparison to the other origins; P < 0.01).

3.2. Effects of drought on biomass and
morphology

The wild pear seedlings treated with drought stress
showed no significant changes in leaf area and specific
leaf area (P > 0.4). There was a significant “population”
x “irrigation” treatment interaction for stem, leaf
and root dry mass at the end of the drought period
(P=0.021, P=0.033 and P=0.036, respectively);
therefore comparisons were made between treatments
within populations. For the semi-arid source, the
unirrigated seedlings showed the same leaf, stem and
root dry mass as irrigated ones (P =0.49; Figure 2,
right panel). For the “semi-wet 1,350” and “‘semi-
wet 1,600” populations, unirrigated seedlings had
lower leaf, stem and root dry mass than their respective
controls (P < 0.05). Interestingly, the control seedlings
from the three provenances had similar leaf, stem and
root dry weights, whereas root dry mass was decreased
by approximately 25% and leaf dry mass by 30% in
unirrigated seedlings of the “semi-wet 1,350 and
“semi-wet 1,600” populations (P <0.01 in all cases).
Stem dry mass decreased in seedling subjected to
drought by 43% and 31% for “semi-wet 1,350” and
“semi-wet 1,600” populations, respectively (P < 0.05
in all cases; figure 2, right panels).

Allometric analyses through Standardized Major
Axis (SMA) regressions showed important differences
among populations for the relationships between
shoot and root dry mass (Figure 2, left panels). Plants
belonging to the semi-arid population maintained
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Figure 2. Relationships between shoot dry mass
and root dry mass (left panel) and average shoot
(stem and leaf) and root dry masses (right panel)
of three populations of Pyrus boisseriana (see
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the shoot to root biomass ratio unchanged and near
to 1 irrespective of the treatment applied (slope
test P=0.56, slopes not different from 1; P=0.33
and P=0.78 for plants under control and drought
treatments, respectively). By contrast, plants from
both semi-wet populations showed a decrease in the
slope of the relationship between shoot and root dry
mass when subjected to drought stress (slopes under
control conditions 1.16-1.43 vs slopes under drought
conditions 0.70-0.79; slope test between treatments:
P < 0.001 for both cases), which means that for a same
root mass a low shoot mass was obtained under water
deficit as symptom of stress (compare slopes of the
adjusted regressions in figure 2, left panels).

différentes indiquent des différences significatives
parmi les populations et les traitements basés sur
les tests de Tukey (P < 0,05). Les valeurs moyennes
correspondent aux moyennes + erreur standard des
15-20 répétitions.

3.3. Effects of drought on xylem water potential,
relative water content and electrolyte leakage

On day 18, unirrigated plants had lower leaf water
potential than control plants (Figure 3, upper panel)
irrespective of the origin-population of the plants
(interaction “population” x “treatment”: P> 0.25).
After the recovery period, the leaf water potential in
previously unirrigated plants increased significantly,
but it was still lower than for irrigated plants (P < 0.05 in
all cases). There was no difference among populations
in the degree of leaf water potential recovery or in the
leaf water potential of the irrigated plants (Figure 3,
upper panel). The observed pattern in relative water
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Figure 3. Xylem stem water potential, leaf relative water
content and electrolyte leakage of plants belonging to three
populations of Pyrus boisseriana (see Table 1) subjected
to control and drought conditions during 18 days, and after
7 days of recovery at well watered conditions — Potentiel
hydrique de la tige de xyleme, contenu en eau relatif de la
feuille, libération d’électrolytes des plantes appartenant
aux trois populations de Pyrus boisseriana (voir Tableau 1)
soumis aux conditions témoin et de sécheresse durant
18 jours et apres 7 jours de réhydradation.

Different letters indicate significant differences among
populations and treatments based on Tukey’s tests (P < 0.05) —
Les lettres différentes indiquent des différences significatives
parmi les populations et les traitements basés sur les tests

de Tukey (P < 0,05); Values are means + standard error of

8-10 replicates — les valeurs sont des moyennes + erreur
standard de 8-10 répétitions.
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content (RWC) of leaves was similar to that of leaf
water potential. On day 18 irrigated plants had higher
leaf RWC above 80% while unirrigated plants had
only 35-40% of RWC but with a significant recovery
(RWC ranging from 75 to 80%) at day 25 (“treatment”:
P <0.001; “population”: P> 0.05; Figure 3, middle
panel). In all cases no differences among populations
were detected for RWC (“treatment” x “population”:
P=0.23). Similarly, leaf electrolyte leakage was
lower in irrigated control plants of all populations in
comparison to unirrigated plants (“treatment”: P < 0.01;
Figure 3, lower panel). Interestingly, electrolyte
leakage was lower in plants from the semi-arid origin
than the registered for plants from both semi-wet origins
(“semi-wet 1,350 and “semi-wet 1,600”) as indicated
the significant “population” x “treatment” interaction
(P <0.01; Figure 3, lower panel). After seven days of
recovery of plants previously subjected to water deficit,
the differences in electrolyte leakage registered on
day 18 were no more apparent when comparing with
those of plants growing under control well-watered
conditions (P> 0.05). Also, no differences were
detected among populations for this parameter after the
recovery period (“population”: P =0.14).

34. Effects of drought on biochemical parameters

There were no statistical differences in the biochemical
parameters between the control plants at the two
harvests on days 18 and 25 (P> 0.2). Therefore, only
the data of irrigated (control) plants harvested on
day 25 were included in figures 4 and 5. Hydrogen
peroxide concentration in leaves was quite similar in
plants under either treatment (control, drought, or those
allowed to recover from the stress) and irrespective
of the origin of plants (Figure 4, upper panel). The
slightly lower H,O, concentration in leaves registered
in control plants of the semi-arid and “semi-wet 1,350”
(2.25 vs 2.5-2.7 ymol-g"!' of fresh weight), although
were statistically different with respect to all other
treatment-population combinations, did not appear
to have biological significance. Similarly, there were
no differences in malondialdehyde concentration
among populations or irrigation treatments (P> 0.05
in all cases; Figure 4, middle panel). Free proline
concentration in leaves was higher in unirrigated plants
from semi-arid and “semi-wet 1,600 populations at
day 18 after drought (P <0.05) without differences
between irrigation treatments in plants from the “semi-
wet 1,350” origin (P=0.4) (Figure 4, lower panel).
After the recovery period, free proline concentration
of previously water-stressed plants was similar to
those observed in control irrigated plants (P> 0.05
in all cases) without evidence of differences among
populations (Figure 4, lower panel).
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Figure 4. Hydrogen peroxide, malondialdehyde and free
proline concentrations on leaves of plants belonging to three
populations of Pyrus boisseriana (see Table 1) subjected to
control and drought conditions during 18 days,and after 7 days
of recovery at well watered conditions — Concentrations en
peroxide d’hydrogéne, malondialdéhyde et proline libre sur
les feuilles des plantes appartenant aux trois populations de
Pyrus boisseriana (voir Tableau 1) soumis aux conditions
témoin et de sécheresse durant 18 jours et apres 7 jours de
réhydradation.

Different letters indicate significant differences among
populations and treatments based on Tukey’s tests (P

<0.05) — Les lettres différentes indiquent des différences
significatives parmi les populations et les traitements basés sur
les tests de Tukey (P < 0,05); Values are means + standard error
of 8-10 replicates — les valeurs sont des moyennes + erreur
standard de 8-10 répétitions.
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Figure 5. Carotenoid concentration in leaves of plants
belonging to three populations of Pyrus boisseriana (see
table 1) subjected to control and drought conditions during
18 days, and after 7 days of recovery at well watered
conditions — Concentration en caroténoide dans les
feuilles des plantes appartenant a trois populations de
Pyrus boisseriana (voir tableau 1) soumis aux conditions
témoin et de sécheresse durant 18 jours et apres 7 jours de
réhydradation.

Different letters indicate significant differences among
populations and treatments based on Tukey’s tests

(P<0.05) — Les lettres différentes indiquent des différences
significatives parmi les populations et les traitements basés sur
les tests de Tukey (P < 0,05); Values are means + standard error
of 8-10 replicates — les valeurs sont des moyennes + erreur
standard de 8-10 répétitions.

Total chlorophyll (TC) in leaves ranged between
70.5 pg-g' FW and 1194 pg-g' FW. This parameter
was not affected by the origin of plants (“population”:
P =0.24) or when control plants and plants subjected
to water deficit were compared at day 18 (“treatment’:
P> 0.05). However, in plants of all populations there
was an unexpected trend towards low values of TC
when evaluated after their recovery from drought (data
not shown). Interestingly, carotenoids concentration in
leaves differed among populations and treatments as
it was indicated by a significant interaction between
these factors (P <0.05; FigureS). Under drought
stress all plants tended to increase the leaf carotenoids
concentration with respect to control although in a
different magnitude according to their origin: increases
of 16% were observed in plants from semi-arid origin,
40% in plants from the “semi-wet 1,350 origin and
of 7% in plants from the *“semi-wet 1,600 origin
(Figure 5). The magnitude of the increase in carotenoids
concentration was opposite to their constitutive values
registered at control conditions (compare control
values of “semi-wet 1,350 and “semi-wet 1,600”).
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4. DISCUSSION

In mountainous habitats, sharp changes in ecological
conditions can occur over short distances, leading to
major changes in the selection pressures acting on
plant morphology and physiology (Vitasse et al.,2009).
Therefore, along an altitudinal gradient, intra-specific
variation among populations of a same species can be
found in a small area (Still et al., 2005). In this study, we
found inter-population variation in plant performance
among wild pear plants from three different origins.
At first glance, it was observed that plants from the
semi-arid origin were the most tolerant ones to drought
stress than plants from both semi-wet populations
(1,350 and 1,600). Interestingly, the differences among
populations were not related with their physiological
behavior registered during the stress period but
during the recovery after drought. In this respect, all
populations showed progressive reductions in stomatal
conductance under water deficit, which were effective in
decreasing water loss by transpiration but with coupled
costs associated with decreases in photosynthesis.
These responses are in line with previously reports on
this topic, where stomatal closure is considered the
primary short-term mechanism used by plants under
drought stress to reduce water loss by transpiration,
with the concomitant decrease in photosynthesis
(Chaves, 1991). Importantly, the differential tolerance
to drought among populations was evident during the
recovery period where the semi-arid population showed
the highest recovery of their physiological parameters
after re-watering, while the plants from both semi-wet
populations (1,350 and 1,600) showed relatively low
recovery ability from water deficit (Figure 1). This
highlights the importance of considering a recovery
period after the stress to assess the true drought
tolerance of plants of each population. In addition,
the variation in photosynthetic performance registered
among our wild pear populations could be related to
their different positions along the elevational gradient.
The inter-population variation in photosynthetic rates
in tree species is associated with their geographical-
altitudinal distribution (e.g. Benowicz et al., 2000;
Soolanayakanahally et al., 2009).

As discussed before, gas exchange limitations
during drought did not lead only to a reduced water
loss, but also to a reduction in whole-plant carbon
assimilation, and consequently, a reduced growth and
biomass accumulation could be expected (Bafion et al.,
2006). In this regard, we showed that under drought
stress all wild pear plants from semi-wet origins had
lower shoot and root biomass than the well-watered
plants (controls), but this response was not significant
for plants belonging from semi-arid origin (Figure 2).
These results again confirm our claim that populations
of semi-arid are more tolerant to drought than those from
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semi-wet origins. Interestingly, dry mass partitioning
(between shoots and roots) was differentially affected
by drought when comparing populations. The semi-
arid population was able to maintain unaltered the
shoot to root ratio when analyzed through an allometric
approach, while in plants of both semi-wet populations
this parameter was reduced (see slope values in
figure 2, left panels). Accordingly, shoot biomass
(leaf and stem) of populations of semi-wet origin was
much more depressed than root biomass compared to
the semi-arid population. In this respect, Gibson et al.
(1995) suggested that plants from low rainfall regions
are able to allocate greater proportion of dry matter to
roots than plants from high rainfall regions when water
is not limiting. Although drought stress is able to reduce
both root and shoot growth (Liu et al., 2004), the roots
had some mechanisms — like osmolyte accumulation
in root tips — that might led to less negative effect of
water deficit (Sharp et al., 1979) as we observed in
plants of all wild pear populations in this experiment.
Moreover, plants belonging to the semi-arid origin did
not registered any detrimental effect on root dry mass
accumulation.

Leaf water potential is a primary indicator of the
degree of plant’s stress under water deficit (McCutchan
et al., 1992). Taking into consideration that leaf water
potential reflects soil moisture levels (Elfving et al.,
1972; Sellin, 1996), the highest (-0.66 MPa) and
lowest (-2.12 MPa) values of xylem water potential
were recorded in well-irrigated and stressed wild
pear plants, as expected (Figure 3). According to
Hsiao’s classification, the wild pear plants in our
experiment — irrespective of the origin of the plants
(populations) — were under moderate drought stress
(i.e. when the difference in leaf water potential
between stressed and control plants ranges within
0.5 and 1.5 MPa sensu Hsiao, 1973). For the plant
to acclimate to water deficit and survive drought, its
roots have to maintain a flow of water along the xylem
(Costa e Silva et al., 2004), so undoubtedly there
is a threshold value for each species to maintain an
adequate water absorption. For apple, this threshold
value ranges between -1.8 and -2.2 MPa (Lakso,
1979). Our data showed that after a drought period of
18 days, xylem water potential was slightly lower than
-2.1 MPa, but that after 7 days of re-watering, plants
of all populations reached a well degree of recovery of
their water status (Figure 3, upper panel), although it
was not a full recovery if the values are compared with
the ones of never-stressed control plants. Such water
status recovery is in line with the increases in stomatal
conductance, and presumably high cell turgor related
to recovered values for RWC (Figure 3, middle panel),
and recovery of photosynthesis. Nevertheless, the
plants of semi-arid origin exhibited a high recovery in
physiological variables that was not linked to a better
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water status of the plant according to the measurements
we made (water potential, RWC and osmotic
adjustment inferred from proline accumulation). So,
the mechanisms by which this population manifested
a better physiological behavior when subjected to
drought deserve further experimental investigation.

Under water deficit, cell membranes are subjected
to changes such as increase in permeability and
decrease in selectivity, which can be viewed through
the increase in electrolyte leakage (Blokhina et al.,
2003). On this note, we found a general increase of
electrolyte leakage under water deficit for all three
populations, which suggest the occurrence of damage
to cell membranes (see also Campos et al., 2003).
However, a less damage to cell membranes — viewed
through a lower value of electrolyte leakage — was
registered on the more drought-tolerant population of
semi-arid origin (Figure 3, lower panel). Importantly,
all populations showed an almost complete recovery
of membrane function-integrity as evaluated by
the electrolyte leakage values that returned to the
ones of control plants. In addition, the accumulation
of osmolytes, like proline and soluble sugars, is
considered as part of the suite of adaptive mechanisms
that plants develop when dealing with drought. This
is because such osmolyte accumulation allows plants
to continue with water absorption through osmotic
adjustment, and thereby helps to maintain (or to have
less impact on) cell turgor (Sofo et al., 2004; Munns
et al., 2008). In this regard, as we did not register
differences between treatments/populations for soluble
leaf sugar concentration (data not shown), we focused
our attention in the concentration of free proline in
leaves (Figure 4, lower panel). Small but significant
accumulations of proline were found in leaves of
stressed plants of semi-arid and “semi-wet 1,350
origins that might be related with a certain degree
of osmotic adjustment capacity of these populations
(see also Errabii et al., 2006; Monreal et al., 2007 for
sugarcane and sugarbeet species).

Previous research has shown that drought stress
eventually provokes oxidative stress (Larson, 1995), so
that the oxygen scavenging system is a very important
defense response to cope with water deficit (Arndtetal.,
2001; Pinheiro et al., 2001). Injury of plants as a result
of oxidative stress is driven by the overproduction of
reactive oxygen species (ROS) such as H O, (Wise et
al., 1987). Ourresults suggested that the wild pear plants
did not experience evident oxidative stress during the
imposed drought stress period of 18 days taking into
account that the levels of H,O, were not modified, a
response that was unaffected by the origin of the plants
(Figure 4, upper panel). This idea was also supported
by the lack of increase in malondialdehyde (MDA) as
it is a good indicator of oxidative damage to membrane
lipids (Ozkur et al., 2009). Finally, the typical decrease
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in the chlorophyll content as a symptom of oxidative
stress (Egert et al., 2002) did not occur for any
population, which added further evidence to suggest
that the antioxidative defense system was effective
in preventing the oxidative damage under drought
stress. On the other hand, carotenoids as recognized
pigments for their antioxidant activity (Niyogi, 1999)
significantly increased their concentration in all
populations under drought stress (Figure 5), which
suggest that these pigments might play an important
role in the mechanisms of ROS detoxification in wild
pear.

5. CONCLUSIONS

Fruit tree culture in arid and semi-arid areas must be
directed towards the use of less water-demanding and
more drought-tolerant plant materials (Cruz et al.,
2012). On the other hand, it is known that the use
of wild material is a useful way to improve drought
tolerance in different crops (Ashraf, 2010). In this
study, we focused on wild pear tree (P. boisseriana)
as a drought-tolerant promising rootstock by
evaluating the responses of three populations from
an elevational gradient when subjected to water
deficit. The results indicated that pear trees conserve
water through early stomatal closure, to reduce water
loss through transpiration during the drought period
(water conservative behavior). Moreover, there is a
fast recovery of the physiological activity (stomatal
conductance and photosynthesis) after the stress. In
addition, we found that increasing the carotenoid
content appears to be an effective antioxidant system
for this species (Figure 5). We proved that plants
from semi-arid origin, which experience harsh
environmental conditions, had more resistance to
drought stress than those distributed in semi-wet
and wet habitats. The differences were particularly
notorious for the physiological responses (Figure 1),
final biomass and carbon allocation (Figure 2). In
the last case, plants from semi-arid origin were the
only ones that did not change the shoot to root ratio
(compare slopes among treatments/populations in
figure 2, left panel) when subjected to water deficit.
Finally, we conclude that the use of P. boisseriana, in
particular plant material belonging to semi-arid origin,
appears as a promising rootstock for commercial pear
in areas suffering from water deficit and/or for orchards
where the irrigation schedule restricts the frequency of
plant watering (e.g. every two weeks). However, future
experimental investigation on grafting studies at field
conditions is desirable in order to confirm our results at
experimental garden as well as to test the behavior of
the promissory plant material from semi-arid origin as
rootstock of commercial scions of pear trees.
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