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a  b  s  t  r  a  c  t

Tolerance  to  drought  remains  poorly  described  for Jatropha  curcas  accessions  from  different  geograph-
ical  and  climatic  origins.  To  address  this  issue  we  studied  the  response  of  two  J. curcas  accessions,  one
from Indonesia  (wet  tropical  climate)  and the  other  from  Cape  Verde  islands  (semi-arid  climate).  Potted
seedlings  (with  71  days)  of both  accessions  were  subjected  to continuous  well  watered  conditions  (con-
trol) or  to  a drought  stress  period  followed  by re-watering.  To  mimic  natural  conditions  in  which  drought
stress  develops  gradually,  stress  was imposed  progressively  by  reducing  irrigation  (10%  reduction  every
2  days,  on  a weight  base),  for a period  of  28  days,  until  a  field  capacity  of 15%  (maximum  stress)  was
achieved,  followed  by  one  week  under  well-watered  conditions.  We  measured  soil  and  plant  water  sta-
tus, growth  and biomass  partitioning,  leaf  morphology,  leaf  gas  exchange  and  chlorophyll  a fluorescence.
Both  accessions  maintained  high  leaf  relative  water  content  (70–80%)  even  at maximum  stress.  Net  pho-
tosynthesis  (An)  was  not  affected  by mild  to  moderate  stress  but it abruptly  dropped  at  severe  stress.  This
was due  to  reduced  stomatal  conductance,  which  showed  earlier  decline  than  An. Plant  growth  (stem

elongation,  leaf  emergence  and  total  leaf  area)  was  reduced,  minimizing  water  loss,  but  no  significant
differences  were  found  between  accessions.  Drought  stress  did  not  reduce  chlorophyll  contents  but  led
to  reduced  chlorophyll  a/b.  Both  accessions  showed  fast recovery  of both  stomatal  and  photochemical
parameters  suggesting  a good  tolerance  to water  stress.  Both  J. curcas  accessions  showed  a-dehydration-
avoidant  behaviour,  presenting  a typical  water  saving  strategy  due  to strict  stomatal  regulation,  regardless

of their  provenance.

. Introduction

Crop losses resulting from abiotic stresses such as drought or
alinity can reduce crop yield by as much as 50% (Boyer, 1982;

haves and Oliveira, 2004). Climate changes are expected to exacer-
ate this situation due to the increasing incidence of more extreme
limate events. In this context, plants with improved performance

Abbreviations: An , net photosynthesis; C, control conditions; Ci , internal CO2

oncentration; CVi, Cape Verde islands accession; DW,  dry weight; E, transpiration
ate; ETR, electron transport rate; FC, field capacity; gs , stomatal conductance to
ater vapour; Ind, Indonesia accession; PPFD, photosynthetic photon flux density;
,  re-watering period; RWC, relative water content; S, drought stress conditions;
:R, shoot to root dry mass ratio; SLA, specific leaf area; SWA, soil water availability;
LA,  total leaf area; WUEi, intrinsic water use efficiency (An/gs); �PSII , photosystem
I  operating efficiency.
∗ Corresponding author. Tel.: +351 214469647; fax: +351 214411277.

E-mail address: mmolive@itqb.unl.pt (M.M.  Oliveira).

098-8472/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.envexpbot.2012.08.012
© 2012 Elsevier B.V. All rights reserved.

under sub-optimal environmental conditions, or with increased
tolerance to severe abiotic stress, are potential sources of genes
for breeding of agricultural and forestry crops.

Jatropha curcas (purging nut) is a soft-woody oil-seed bearing
plant of the Euphorbiaceae family that has emerged as a potential
source of biodiesel (Fairless, 2007). The species has been described
as drought tolerant and capable of growing in marginal and poor
soils (Heller, 1996; Fairless, 2007; Divakara et al., 2010). J. cur-
cas has potential to be cultivated under semi-arid and poor soil
conditions without competing with food production for land use
(Fairless, 2007; Divakara et al., 2010).

Outside Meso-America, its centre of origin, J. curcas has low
genetic diversity (Kumar et al., 2008a,b; Pamidimarri et al., 2008a,
2008b; Popluechai et al., 2009). However, phenotypic variations

are described for physiological and biochemical traits (Heller, 1996;
Ginwal et al., 2004; Kaushik et al., 2007; Rao et al., 2008; Popluechai
et al., 2009). Recent studies also suggest that phenotype variation
is epigenetically controlled (Popluechai et al., 2009; Yi et al., 2010;

dx.doi.org/10.1016/j.envexpbot.2012.08.012
http://www.sciencedirect.com/science/journal/00988472
http://www.elsevier.com/locate/envexpbot
mailto:mmolive@itqb.unl.pt
dx.doi.org/10.1016/j.envexpbot.2012.08.012
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anchanaketu et al., 2012). However, little is known about physio-
ogical traits and the adaptation capacity of J. curcas to changing and

ore adverse climate conditions. These knowledge gaps restrict
ur capacity to properly evaluate and predict the agronomic perfor-
ance of J. curcas in response to extreme environments, especially

n terms of growth (biomass) and seed yield traits. Until now, selec-
ion of J. curcas genotypes has focused on oil traits instead of on
hysiological traits, such as carbon and water use efficiency or
ater stress response. This is particularly surprising if we  consider

hat the major cultivation areas of J. curcas are often characterized
y frequent soil water deficit and excessive salinity (Fairless, 2007;
ivakara et al., 2010). Therefore, improved knowledge on J. cur-
as physiology is needed to support breeding programs, selecting
uperior genotypes and optimization of crop management.

In different crops, physiological responses to drought vary
ith the genotype (Anyia and Herzog, 2004; Bacelar et al., 2007;
entritto et al., 2009; Costa et al., 2012). The study of stress/recovery
esponses contributes to a better understanding of the plant’s abil-
ty to adapt to different environments and climatic conditions. The
ecovery is an important component of plant’s response, and in the
articular case of drought, carbon balance depends not only on the
ate and degree of photosynthetic decline under water depletion,
ut also on the capacity for photosynthetic recovery after water
upply (Chaves et al., 2003; Flexas et al., 2004, 2007; Miyashita
t al., 2005).

The ability of J. curcas to grow in marginal and dry soils
as been poorly explored. Several studies have been published
escribing plant performance (biomass production and partition-

ng, plant–water relationships, leaf gas exchange and osmotic
djustment) under conditions of limited water availability (Maes
t al., 2009; Achten et al., 2010; Pompelli et al., 2010; Silva et al.,
010a,b; Díaz-López et al., 2012). Two studies have compared the
ehaviour of accessions from different provenances (Maes et al.,
009; Achten et al., 2010).

In order to better understand the putative impact of the geo-
raphic origin on plant responses to water stress, we followed
he drought/re-watering response of two J. curcas accessions
ith distinct geographical and climatic provenances (Cape Verde

slands–arid climate, versus Indonesia – wet tropical climate) under
emi-controlled conditions. Growth and morpho-physiological
esponses of the two accessions along drought stress and re-
atering are described with focus on growth morphology and
hotosynthetic and stomatal responses.

. Material and methods

.1. Plant material and growing conditions

We  tested two accessions of J. curcas from two distinct cli-
ate regions, one from a wet tropical region and the other from

n arid climate. The first accession was originary from Indonesia
Ind, GPS coord: S3◦ 14′ 28.82′′, E102◦ 57′ 44.95′′) while the sec-
nd one was from Cape Verde islands (CVi, GPS coord: N14◦ 57′

6.11′′, W23◦ 36′ 19.68′′). Seeds from both accessions were used
n Cape Verde islands to produce the mother plants from which

e obtained the seeds used in this work. Seeds were germinated
n clean sand, and 10-day-old homogeneous seedlings were trans-
lanted to 7.5 L pots containing a soil mixture of sand, peat and soil
3:1:1) and supplemented with a commercial fertilizer (Osmocote,
cotts, Netherlands) (10.5 g/pot) (N:P:K:Mg, 16:9:12:2.5). Plants
ere grown in a climatic chamber with daily irrigation until
he beginning of the treatments. Experiments were carried out
n a growth chamber (3 m × 6 m × 2.8 m)  with a day/night tem-
erature of 28 ± 2 ◦C/20 ± 4 ◦C, and day/night relative humidity
f 35 ± 5%/75 ± 5%. A photoperiod of 12 h was  used, with a light
erimental Botany 85 (2013) 76– 84 77

intensity at plant level of 172 ± 66 �mol  photons m−2 s−1, pro-
vided by a mixture of high-pressure sodium (SON/T-Agro 400 W,
Philips, Belgium) and metal-halide (Master HPI/T Plus 400 W,
Philips, Belgium) lamps. Pots were randomly moved every week
to minimize position effects.

2.2. Treatments

Potted 71-day-old plants of the two accessions were subjected
to drought stress (S) or continuously grown under well-watered
conditions (C, control). Drought stress was imposed by subjecting
plants to a gradual decrease of soil water availability (10% reduction
every 2 days on a weight base) for a maximum period of 28 days
(S), followed by a 7-day re-watering period (R).

2.3. Parameters

2.3.1. Soil and plant water status
Soil water availability (SWA) was  calculated as

SWA  = [(Pot weight − Minimum Pot Weight)/(Maximum Pot
Weight − Minimum Pot Weight)] × 100. Minimum pot weight was
considered to be pot’s weight containing a totally dry soil mixture.
For this measurement soil was  spread in a fine layer and air-dried
in the glasshouse until a constant weight was  achieved. Maximum
pot weight was  measured when soil was  at field capacity (FC).

Leaf relative water content (RWC) was determined at maxi-
mum stress (day 28) and at the end of the experiment (day 35).
For this purpose, six leaf discs (Ø = 19 mm)  were collected for each
plant from the three youngest expanded leaves (2 discs per leaf).
Five plants were analysed per treatment. RWC  was calculated
according to Barrs and Weatherly (1962) using the formula: RWC
(%) = [(FW − DW)/(TW − DW)] × 100, where FW,  DW and TW are
fresh, dry and turgid weight, respectively.

2.3.2. Growth and morphology
Stem growth characteristics were weekly monitored by mea-

suring length (from substrate surface to the apical meristem) and
diameter (at the base) and by counting the number of leaves longer
than 2 cm.  The relative increase in stem length, stem diameter and
number of leaves was  calculated. Fresh weight of leaves, roots and
shoots was  determined at the end of the experiment (day 35). Dry
weight (g) was determined after drying plant material at 70 ◦C (until
a constant weight was  achieved). Shoot to root dry mass ratio (S:R)
was calculated. The specific leaf area (SLA) was  calculated as leaf
area per unit dry mass (cm2 g−1). Total leaf area (TLA) was  deter-
mined with a colour image analysis system (WinDIAS 2, Delta-T
Devices, Cambridge, UK).

2.3.3. Leaf gas exchange, Chla fluorescence and Chl content
Leaf gas exchange was  assessed with a portable infrared gas

analyzer (LI-6400; LI-COR Inc., Lincoln, USA) equipped with a
fluorometer (LI-6400-40, LI-COR Inc., Lincoln, USA). Before the
experiments, light response curves were performed 5–11 h after
photoperiod initiation, using fully expanded leaves of 71 days-old
plants under good illumination. We  used a block temperature of
28 ◦C, with CO2 concentration at 400 ppm and an air flow rate of
500 �mol  s−1. Photosynthetic photon flux density (PPFD) was  grad-
ually decreased from 2000 to 0 (2000; 1750; 1500; 1200; 900; 700;
500; 250; 100; 70; 50 and 0 �mol  photon m−2 s−1) in order to avoid
limitation of photosynthesis at high light due to insufficient stoma-
tal opening, caused by the initial lower light intensities (Singsaas
et al., 2001). A 2–3 min  acclimation period was  performed between

the measurements of the 12 light levels.

Along the experiments, we  monitored net photosynthesis
(An, �mol  CO2 m−2 s−1), transpiration (E, mol  H2O m−2 s−1),
stomatal conductance to water vapour (gs, mol  H2O m−2 s−1)
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Fig. 1. Soil water availability along the experiment for two  Jatropha curcas acces-
sions from Indonesia (Ind) and Cape Verde islands (CVi), continuously grown under
well-watered control conditions (C) or subjected to drought stress (S) for 28 days
followed by a 7-day re-watering period. Background colour indicates: non to mild
stress (100–70% FC) (grey); mild to moderate stress (70–30% FC) (light grey); severe
s
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Fig. 2. Effect of drought stress and re-watering on (A) stem diameter, (B) stem length
and (C) leaf number (values represent the % of increase, relative to day 0) measured
for two  accessions of Jatropha curcas from Indonesia (Ind) and Cape Verde islands

RWC  (Table 1), we  found that CVi maintained a higher water con-
tress (30-15% FC) (dark grey); no stress (dashed). The arrow at day 28 indicates
e-watering start. Values are means. Bars represent ± SE (n = 5).

nd internal CO2 concentration (Ci, ppm). Data was periodi-
ally collected from the youngest fully expanded leaf (5–9 h
fter photoperiod initiation), never extending a total period of
0 min. Block temperature was set at 28 ◦C, light intensity was
et at 300 �mol  photons m−2 s−1 (based on the light curves
esponses Fig. 3) and CO2 concentration was kept at 400 ppm with
n air flow rate of 500 �mol  s−1. Intrinsic water use efficiency
WUEi = An/gs, �mol  CO2 mol−1 H2O) and instantaneous carboxyla-
ion efficiency (An/Ci, �mol  CO2 m−2 s−1 ppm −1) were calculated
s well. By simultaneously measuring Chla fluorescence we could
lso evaluate the photosystem II operating efficiency (�PSII), which
ranslates photochemistry efficiency (Genty et al., 1989; Maxwell
nd Johnson, 2000). PSII operating efficiency was calculated as
Fm’ − Fs)/F’m (Genty et al., 1989). Fs and Fm’  represent the
teady state and maximum fluorescence measured under light
dapted conditions. We  estimated the electron transport rate
ETR = �PSII × PPFD × 0.5 × 0.84, �mol  electron m−2 s−1) (Bjökman
nd Demmig, 1987), where the PPFD is the photon flux density
f photosynthetically active radiation (400–700 nm), 0.84 is the
ssumed light absorbance of the sample, and 0.5 is the fraction
f excitation energy diverted to the photosystem II. The contents
mg  g−1 DW)  of chlorophyll a (Chla) and chlorophyll b (Chlb) were
etermined according to Lichtenthaler (1987) at maximum stress
day 28) and at the end of the experiment (day 35). Three leaf discs
Ø = 19 mm)  were collected for each plant from the three youngest
xpanded leaves (1 disc per leaf). Five plants were analysed per
reatment. Absorbance was  measured with a spectrophotometer
DU-70 Spectrophotometer, Beckman, USA) at 663.2 and 646.8 nm.
hla/b was also calculated.

.4. Statistics

Data collected were subjected to Analysis of Variance (ANOVA)

sing the statistical software SPSS Statistics (v20, SPSS an IBM
ompany, Chicago, USA). Mean comparison was carried out using
ukey’s multiple comparison test using the statistical software
(CVi), continuously grown under well watered control conditions (C) or subjected
to  drought stress (S) for 28 days followed by a 7-day re-watering period. Arrows at
day 28 indicate re-watering start. Values are means. Bars represent ± SE (n = 5).

package SIGMAPLOT 11.0 (Systat Software Inc., Chicago, USA). Sig-
nificant results were assumed for p ≤ 0.05.

3. Results

3.1. Soil and plant water relations

Soil water availability decreased 10% every 2 days along the
imposed drought period reaching a minimum of 15% by day
28 (maximum stress) for both accessions (Fig. 1). Based on the
observed decrease of SWA  we  have considered the existence of
three major soil water deficit categories: (1) non to mild stress
(100–70% FC; day 0–9); (2) mild to moderate stress (70–30% FC; day
10–20) and (3) severe stress (30–15% FC, day 21–28). Regarding leaf
tent than Ind, in both control and maximum stress conditions. Both
accessions at maximum stress showed higher RWC  than the con-
trol. However, at the end of the re-watering period no differences



H. Sapeta et al. / Environmental and Experimental Botany 85 (2013) 76– 84 79

Table  1
Leaf relative water content (RWC) and water content (leaf, stem, root and total) measured for two Jatropha curcas accessions original from Indonesia (Ind) and Cape Verde
islands  (CVi), continuously grown under well-watered conditions (Control) or drought stress (Stress) for 28 days followed by 7 days of re-watering. RWC  was  measured at
maximum stress (day 28) and at the end of the experiment (day 35). Leaf, stem and root water content were determined at day 35. Values are means ± SE (n = 5). Different
letters within the same column indicate significant differences according to the Tukey’s test (p < 0.05).

Leaf RWC  (%) Water content (% H2O)

Maximum stress End of recovery End of recovery

Accession Leaf Stem Root Total
Ind Control 66.4 ± 0.6b 72.4 ± 1.8a 94.4 ± 0.1a 83.9 ± 1.7a 85.1 ± 0.3ab 89.5 ± 0.4a

Stress 73.5 ± 2.6ab 71.9 ± 3.6a 93.9 ± 0.9a 85.9 ± 0.7a 86.2 ± 1.1a 89.6 ± 0.9a

w
f
v
d
R
r
8

3

d
s
(
l
f
f
2
w
l
r
l
t
s
g
A
a
n
n
t
r
n
(
T
T
a
a
p

3

i
i
(
m
a
t
s
1
r

CVi Control 75.6 ± 2.5ab 75.7 ± 1.3a 

Stress 82.9 ± 3.3a 69.9 ± 1.1a 

p-value 0.002 0.348 

ere observed between treatments or accessions (p = 0.348). We
ound high levels of water content in leaves, stems and roots with
alues equal or above 80% (Table 1). Moreover, we  found significant
ifferences between accessions for root water content (p = 0.02).
oots from Ind plants had significantly higher water content than
oots from CVi plants after the re-watering period (83.1 against
6.2%, for CVi and Ind respectively).

.2. Growth and morphology

The relative increase of stem diameter was not much affected by
rought (p = 0.048) (Fig. 2A). Values were identical in both acces-
ions and no differences were found until day 14 of the experiment
p = 0.122). From day 21 onwards, the Ind control plants presented
arger stems (p = 0.036) compared to the other plants. Although
rom day 21 onwards stem diameter enlargement was  arrested,
or both stressed and non-stressed plants, at maximum stress (day
8) the arrest was more pronounced for the Ind stressed plants
hen compared with its control (p = 0.007). Drought arrested stem

ength and leaf number relative increase (p < 0.001) (Fig. 2B and C). A
eduction was observed for the relative increase of stem length and
eaf number from day 7 onwards (p = 0.008 and p = 0.028, respec-
ively), with stem elongation and leaf emergence being arrested at
evere stress (30–15% SWA, days 21 to 28). Nevertheless, stem elon-
ation was rapidly resumed after re-watering (Fig. 2B, day 28–35).
long the experimental period stem diameter varied between 1.2
nd 1.8 cm and stem length varied between 36 and 50 cm (data
ot shown). The number of leaves varied between 13 and 20 (data
ot shown). No differences were observed between treatments at
he end of the experiment for leaves (p = 0.150), stem (p = 0.356),
oots (p = 0.516) or total biomass (p = 0.446) (Table 2). Similarly
o differences existed between accessions or treatments for S:R
p = 0.221) (Table 2). We  found however, marginal differences for
LA (p = 0.054) and SLA (p = 0.068). Drought led to a reduction of
LA for both accessions. Moreover the CVi plants present higher leaf
rea both in control and drought conditions. Despite the high vari-
tion between SLA values, no specific trend was  observed between
rovenances or imposed treatments.

.3. Leaf gas exchange, Chla fluorescence and Chl content

Net photosynthesis response to increasing light was  sim-
lar for both accessions (Fig. 3A). For both accessions An

ncreased rapidly as PPFD increased to 250 �mol  photon m−2 s−1

the linear phase), slowly increasing thereafter to a maxi-
um  of 1200 �mol  photon m−2 s−1 (the light saturation point),

nd remaining constant during light intensity increase up

o 2000 �mol  photon m−2 s−1 (Fig. 3A). The light compen-
ation point was estimated to be approximately 1.6 and
.2 �mol  photon m−2 s−1 (for the Ind and the CVi accessions,
espectively). The internal CO2 rapidly decreased until an irradiance
94.2 ± 0.5a 86.1 ± 0.5a 85.8 ± 0.3a 90.0 ± 0.5a
92.9 ± 0.5a 85.3 ± 0.3a 83.1 ± 0.6b 88.2 ± 0.4a

0.296 0.393 0.020 0.194

level of 250 �mol m−2 s−1 (Fig. 3B), slowly increasing afterwards
until the maximum light level was reached (2000 �mol  m−2 s−1).
The Ci response pattern was  identical for both accessions, although
from 1200 �mol  m−2 s−1 the Ind accession presented slightly lower
Ci values.

Values and variation of net photosynthesis along the experi-
ment were similar in both accessions (Fig. 4A). An values under
drought were similar to those observed for control plants until day
20, declining thereafter. Both accessions presented a fast decrease
of An under severe water deficit (30–15% of SWA, days 23–28), with
a reduction of 77% and 78% in Ind and CVi plants respectively at
maximum stress (SWA of 15%) as compared to control (p = 0.009).
Values of An for control varied between 8 and 12 �mol  CO2 m−2 s−1

in both accessions. Stomatal conductance to water vapour had a
different pattern from An as it showed an earlier decrease (Fig. 3A
and B). Stomatal conductance was  reduced by 42% (in Ind) and 33%
(in CVi) at day 11 (SWA of 60%) while at maximum stress (15% SWA,
reached by day 28), the reduction was of 96% and 99% respectively
as compared to the control (p < 0.001). The pronounced decrease
of gs and the maintenance of net photosynthesis, caused a strong
reduction in Ci, from day 11 to 23 (60–30% of SWA), with minimum
values of about 180 ppm (data not shown). An identical reduction
pattern was  observed for leaf transpiration (E) (data not shown).

Increased WUEi for stressed plants was observed since day
11 (Fig. 4E). Instantaneous carboxylation efficiency (An/Ci) also
increased in both accessions until day 23 (Fig. 4F) but the marked
reduction in An at severe stress, decreased An/Ci to values close
to 0 by day 26 of the experiment. Concerning Chla fluorescence
parameters, we observed an abrupt reduction of the PSII operating
efficiency (�PSII) since day 26 (20% of SWA) until day 28 (maximum
stress) (Fig. 4C). Identical behaviour was observed for ETR (Fig. 4D).
Regarding recovery after re-watering, leaf gas exchange (An, gs)
and photochemical (�PSII and ETR) parameters revealed a complete
recovery within 24 h (day 29) (Fig. 4). WUEi and instantaneous car-
boxylation efficiency (Fig. 3E and F) of water stressed plants also
fully recovered to control values after 3 days of re-watering.

At maximum stress (day 28), a higher content of Chla and Chlb
appeared to occur in stressed plants, although this was not sup-
ported by statistical analysis. This tendency was  especially evident
for the Ind accession (Fig. 5A and B). Although the increase of Chlb
was not significant, it resulted in a significant reduction of the Chla/b
(p = 0.005) (Fig. 5C). After the 7-day re-watering period we  observed
the full recovery of Chla/b values and no differences existed between
stressed and control plants of both accessions.

4. Discussion
We  have characterized J. curcas physiology and growth in
response to water stress using seedlings of two accessions orig-
inating from contrasting climatic conditions. We found no, or
only minor, effect of the accession on the morpho-physiological
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Table 2
Effect of drought stress and re-watering on biomass (DW) partitioning, total leaf area (TLA, cm2), specific plant leaf area (SLA, cm2 g−1) and shoot to root dry mass ratio (S:R)
of  two Jatropha curcas accessions from Indonesia (Ind) and Cape Verde islands (CVi), continuously grown under well-watered conditions (Control) or drought stress (Stress)
for  28 days followed by 7 days of re-watering. Measurements were performed at the end of the experiment (day 35). Values are means ± SE (n = 5), comparison within the
same  column was  performed with Tukey’s test.

Biomass (g) TLA (cm2) SLA (cm2g−1) S:R

Accession Leaf Stem Root Total

Ind Control 14.7 ± 1.7 10.6 ± 1.6 6.1 ± 0.7 31.4 ± 4.0 3510 ± 349 241.2 ± 5.4 2.7 ± 0.1
Stress  11.1 ± 0.7 9.6 ± 1.3 5.2 ± 1.0 25.9 ± 2.8 2808 ± 99 254.1 ± 8.3 3.0 ± 0.2
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CVi Control 13.3 ± 0.7 9.4 ± 0.6 5.9 ± 0
Stress  12.7 ± 0.5 12.2 ± 1.1 6.7 ± 0
p-value 0.150 0.356 0.516 

esponses to drought and on the recovery following re-watering.
his agrees with previous studies for J. curcas where growth con-
itions appeared to have larger influence on plant performance in
esponse to stress than the respective genetic background (Maes
t al., 2009; Achten et al., 2010). In our experimental conditions net
hotosynthesis was only significantly reduced when SWA  dropped
elow 30%. Meanwhile, stomatal conductance to water vapour
howed to be quite sensitive to soil water availability and a strict
tomatal regulation in J. curcas was evident by reduced gs since day
1. The maintenance of An values under moderate stress resulted

n increased WUEi. This water conservation strategy can justify the
aintenance of high leaf relative water contents even under severe

tress (15% of SWA). It is also possible that the osmotic adjust-
ent capacity has contributed to maintain a high water content of

issues, as previously suggested by Silva et al. (2010b) for J. curcas.

.1. Morphological adaptations to drought

Photosynthesis and growth (biomass production) are the pri-
ary processes to be affected by drought (Chaves and Oliveira,

004). In our study growth reduction was observed under mod-
rate and severe stress. This suggests that even at reduced soil
ater availability, J. curcas plants are able to grow. Our results agree
ith the findings of Achten et al. (2010) who have observed that
ater withhold would arrest growth but maintaining plants at low

WA  (40%) would allow them to continue growing, although at a
lower rate than fully irrigated plants. According to our data, the
mposed stress period was not long enough to cause any signif-

cant differences in biomass at harvest. No differences were also
ound in biomass partition. However, drought resulted in a reduc-
ion of total leaf area in both accessions at the end of the experiment
Table 2, p = 0.054). Reduction of canopy size is a water conservation

ig. 3. Light response curves for two Jatropha curcas accessions from Indonesia (Ind) an
oncentration (Ci). Values are means ± se (n = 5).
28.7 ± 1.7 3645 ± 202 257.3 ± 14.0 2.6 ± 0.1
31.6 ± 2.1 3129 ± 101 247.2 ± 3.4 2.9 ± 0.1

0.446 0.054 0.068 0.221

mechanism that allows plants to minimize transpiration area
(Boyer, 1970). At the end of our experiments, SLA values ranged
between 240 and 260 cm2 g−1 independently of the treatment or
accession (Table 2). This differs from observations by Díaz-López
et al. (2012) who  found an increase in SLA from 200 to 300 cm2 g−1

in J. curcas.  It is possible that the absence of marked plasticity we
observed relates to a constitutively higher SLA in the two tested
accessions as compared to those studied by Díaz-López et al. (2012).
Moreover, and contrary to Díaz-López et al. (2012),  our experi-
ments included a re-watering/recovery period, which could have
contributed for the different results.

Reduction in S:R has been described for Jatropha in response to
drought (Díaz-López et al., 2012). However, in the way we have
imposed water deficit, we did not observe this effect, probably
because plant acclimation may  have occurred with proportional
reductions in plant size or/and no pronounced aerial growth arrest,
as can be assumed by the absence of significant biomass differences
between control and stress plants at harvest.

4.2. Leaf gas exchange, Chl fluorescence and Chl content

Leaf relative water content was kept stable along the trial, and
even at maximum stress, which suggests a rapid adjustment of
plants to avoid water loss. Similar findings have been described
for J. curcas grown under drought (Silva et al., 2010a,b; Díaz-López
et al., 2012) and salt stress (Silva et al., 2012). However, Arcoverde
et al. (2011) have showed that under severe water stress leaf RWC
was moderately reduced. Reduction of stomatal conductance was

not related to a decrease in leaf water content (Pompelli et al., 2010;
Silva et al., 2010a; Arcoverde et al., 2011), suggesting that stomata
are responding to other factors such as hormones (e.g. abscisic acid
(ABA) with origin in the drying roots) (Wilkinson and Davies, 2002;

d Cape Verde islands (CVi): (A) Net photosynthesis (An) and (B) intercellular CO2
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Fig. 4. Effect of drought stress and re-watering on (A) net photosynthesis (An) , (B) stomatal conductance to water vapour (gs), (C) photosystem II operating efficiency (�PSII),
(D)  electron transport rate (ETR); (E) intrinsic water use efficiency (An/gs) and (F) instantaneous carboxylation efficiency (An/Ci), measured for two accessions of Jatropha curcas
from  Indonesia (Ind) and Cape Verde islands (CVi), continuously grown under well-watered control conditions (C) or subjected to drought stress (S) for 28 days followed by a
7-day  re-watering period. Measurements were done adjusting the LI-COR block temperature to 28 ◦C, light intensity to 300 �mol  photons m−2 s−1 and CO2 concentration to
4 stered
s

C
o
r
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d
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00  ppm. In E and F, values for stress treatment on days 26 or/and 28 were not regi
tart.  Values are means. Bars represent ± SE (n = 5).

haves et al., 2003) to prevent water loss by transpiration. More-
ver, there is strong evidence that gs responds to soil water content
ather than leaf water content/turgor (Jones, 1985, 1992). How-
ver, further studies are needed to test the influence of signalling
olecules and their role in this tight stomatal control (e.g. treating

eaves of well irrigated plants with ABA). In line with previous find-
ngs, our data supports that the main strategy of J. curcas to endure
rought stress is via a strict stomatal control (Pompelli et al., 2010;

ilva et al., 2010a,b; Díaz-López et al., 2012). This also holds true for
ther Euphorbiaceae species such as Ricinus communis (Sausen and
osa, 2010), Hevea brasiliensis and Manihot esculenta (El-Sharkawy,
007).
 due to lack of sensitivity of the equipment. Arrows at day 28 indicate re-watering

Interestingly, despite the tight stomatal regulation that we
observed under mild and moderate water stress, stomatal limita-
tions to photosynthesis only occurred under severe stress (30–15%
SWA). Although stomatal closure is a fast mechanism that reduces
water loss in this species, increasing the resistance of CO2 diffu-
sion in to the mesophyll, carboxylation efficiency is only affected
after a reduction of stomatal conductance of approx. 50% (days
23–26, Fig. 4B and F). This shows the resilience of the photosyn-

thetic apparatus to drought and points to CO2 limitation being the
main factor responsible for the decrease of An. This also suggests
that this species can be grown under mild to moderate water deficit
maintaining high photosynthetic capacity with reduced water loss
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Fig. 5. Effect of drought stress and re-watering on chlorophyll (Chl) content. (A) Chla
content, (B) Chlb content and (C) Chla/b ratio measured for leaves of two  Jatropha
curcas accessions from Indonesia (Ind) and Cape Verde islands (CVi) for plants con-
tinuously grown under well-watered control conditions (C) or subjected to drought
stress (S) for 28 days, followed by a 7-day re-watering period (R). Sampling points
were performed at maximum stress (day 28) and at the end of the 7-day recov-
e
a
t
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W
t
r
s
s
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2
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h
W
a
e
d

r
r
n

ry period (day 35). Values are means. Bars represent ± SE (n = 5). Different letters
bove the SE-bar indicate significant differences between both treatments according
o  Tukey’s test (p < 0.05).

nd without a significant reduction of biomass, due to an increased
UEi. The high water use efficiency is a direct consequence of

he decrease in gs prior to the decrease in An, which is a typical
esponse observed in other species when subjected to mild drought
tress (Medrano et al., 2010) and also for the closely related Manihot
p. (Euphorbiaceae family) (El-Sharkawy, 2007). However, several
uthors (Silva et al., 2010a,b; Pompelli et al., 2010; Díaz-López et al.,
012) reported a synchronized reduction of stomatal conductance
nd net assimilation. In our experimental conditions, we observed
igher WUEi under mild to moderate water deficits. Moreover,
UEi was higher in stressed plants with SWA  values between 60

nd 20% (Fig. 4E), which is contrasting to the results of Díaz-López
t al. (2012),  who observed that reducing soil water content to 50%
ecreased water use efficiency.
�PSII decrease occurred after the net assimilation decrease,
einforcing that stomatal limitations have primarily limited An

ather than photochemistry. Reduced CO2 supply is expected to
egatively affect the Calvin cycle, which in turn would limit PSII
erimental Botany 85 (2013) 76– 84

efficiency. The sequential declines of An and �PSII under drought
have been described in the literature (Chaves and Oliveira, 2004),
and are thought to be caused by the close linkage between the
activity of ETR/�PSII and photosynthesis (Genty et al., 1989).

Under severe drought stress leaf chlorophyll contents often
decline due to chlorophyll degradation (Martínez-Ferri et al., 2004;
Jaleel et al., 2009; Anjum et al., 2011). This has also been reported
for J. curcas (Pompelli et al., 2010). However, in the present experi-
mental conditions we  found no reduction in Chla or Chlb contents,
not even at maximum stress (Fig. 5A and B). In fact, some increase
was observed which however was  not significant. An increase in
Chla/b ratio during drought has been reported for several species
(e.g. Guerfel et al., 2009; Liu et al., 2011), however, in J. curcas we
observed a reduction of the Chla/b ratios during drought (Fig. 5C,
maximum stress). Pompelli et al. (2010) also found a reduction of
the Chla/b ratio for J. curcas although this was  accompanied by a
decrease in total Chl content, especially of Chla. In our experiments,
the reduction of Chla/b ratio was  due to an increase in Chlb contents.

We  observed that after re-watering Chla/b was found to increase
in stressed plants up to the control values, suggesting that reduction
of Chla/b ratio is a specific response to drought. It is known that
Chla/b ratio is inversely related to the antenna size (Tanaka et al.,
2001). Although large antennas are particularly described for low
light conditions, it might be interesting to investigate their putative
correlation with Chla/b content in response to drought stress in J.
curcas.

4.3. Recovery following re-watering

The recovery of photosynthetic rates after water stress depends
on the intensity of stress imposition. After a moderate stress it can
be fast and complete, but after severe stress recovery of photosyn-
thesis can last from days to weeks and sometimes is never complete
(Boyer, 1971; Miyashita et al., 2005; Flexas et al., 2006; Chaves
et al., 2009, 2011). In our trial, plants of both accessions needed
only one day to recover to normal functioning and reach control
levels, despite a severe reduction in leaf gas exchange and photo-
system II operating efficiency at maximum stress (An reduction to
77%, gs to 98% and �PSII to 65%). Such recovery efficiency suggests
that the imposed water stress caused no permanent damage to the
leaf photochemical system. It also shows the high resilience of both
accessions to drought stress as described for other species (Chaves
et al., 2009, 2011).

The absence of marked differences between the two accessions
studied could be explained by the low genetic diversity observed
in J. curcas outside their Meso-American centre of origin (Sun et al.,
2008; Basha and Sujatha, 2007; Ranade et al., 2008; Pamidimarri
et al., 2009). Moreover, the fact that in our study the mother-plants
from which seeds were harvested were growing side-by-side in
Cape Verde must also be accounted for, since at epigenetic level this
could have reset the Indonesia seed-derived material to Cape Verde
climatic conditions. Such putative re-adjustment could attenu-
ate putative differences in drought stress response between both
accessions. Although further studies are needed to test this hypoth-
esis, it is interesting to verify that there is increasing evidence
that epigenetics plays a relevant role in J. curcas phenotypic diver-
sity (Popluechai et al., 2009; Yi et al., 2010; Kanchanaketu et al.,
2012). The findings of Kanchanaketu et al. (2012) are particularly
interesting, since these authors showed, by methylation-sensitive
amplified fragment length polymorphism (MS-AFLP), that popu-
lations with low genetic diversity have high epigenetic variability
and a population of J. curcas growing in saline areas has specific

DNA methylation patterns.

Field trials with J. curcas are still needed to evaluate physi-
ological and agronomical behaviour and assess yield under soil
water deficit conditions. This is especially important to compare
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ccessions from the centre of origin where a higher genetic
iversity is available. These studies are particularly rel-
vant for the ongoing breeding programs of J. curcas,
esigned to achieve improved oil production in drought-prone
nvironments.

. Conclusions

The two accessions of J. curcas here compared, originating from
ape Verde islands and Indonesia, showed no marked morpho-
hysiological differences in response to drought stress. Our results
how that, under a gradual reduction of soil water availability along

 28 days period followed by one week recovery, plants of both
ccessions are able to maintain a final biomass similar to plants
rown under well irrigated conditions. Net photosynthesis was
aintained during water deficit, dropping fast only after 30% of

WA  was reached, due to reduced stomatal conductance. Drought
tress did not reduce chlorophyll contents but led to decreased
hlorophyll a/b. Furthermore, this species has shown to improve
ts water use efficiency along mild to moderate stress keeping a
easonable growth under soil water conditions up to 30% of SWA
nd resisting severe drought with a good recovery capacity after re-
atering. Our results support the idea that J. curcas is appropriate

or cultivation in areas with limited water availability.
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ia e a Tecnologia (FCT) (projects PTDC/AGR-GPL/101435/2008
nd PEst-OE/EQB/LA0004/2011). JM Costa and T Lourenç o were
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