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Photosynthetic responses and acclimation of two castor bean cultivars to repeated
drying–wetting cycles
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aState Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Institute of Soil and Water Conservation,
Northwest A&F University, Yangling 712100, PR China; bCollege of Life Sciences, Huaibei Normal University, Huaibei

235000, PR China

(Received 14 April 2014; accepted 15 July 2014)

To investigate the responses of castor bean to repeated drying–wetting cycles (RDWC), morpho-physiological
parameters of two cultivars (Jiaxiang 2 and Hangbi 8) were determined by a pot experiment under well-watered control
and RDWC. RDWC inhibited plant growth and leaf development, decreased water loss rate (WLR), and enhanced leaf
mass per area (LMA) and chlorophyll content as indicated by spectral reflectance indices for both cultivars.
Photosynthesis was inhibited by progressive drought stress but quickly recovered after rewatering for each cycle. Both
cultivars exhibit a similar pattern of acclimation to RDWC: (1) higher LMA and lower WLR, (2) increased photosyn-
thetic capacity under drought stress with increasing cycle numbers, (3) quick recovery and over-compensation for
photosynthesis after rewatering, and (4) increased chlorophyll content. Jiaxiang 2 shows a high capacity for water
preservation under drought stress and an over-compensation for photosynthesis after rewatering compared with
Hangbi 8.

Keywords: Ricinus communis L.; repeated drying–wetting cycles; cultivar difference; morpho-physiological responses;
acclimation

Introduction

The morpho-physiological responses of crops to persist-
ent water deficit and their recovery after rewatering have
been extensively reported (Lauriano et al. 2004; Oukar-
roum et al. 2007; Kang et al. 2011; Zegada-Lizarazu &
Monti 2013). However, little information is available on
the responses of plants to repeated dry periods with inter-
mediate watering or repeated drying–wetting cycles
(RDWC). In comparison with the continuous drought,
RDWC is the more realistic soil water condition that
crops face either in rain-fed or in irrigation agricultural
areas (Galle et al. 2011). Understanding the morpho-
physiological responses of crops to RDWC provides sci-
entific basis and useful guidelines to farmers on how to
optimize water-saving irrigation technology for sustain-
able crop production.

Castor bean (Ricinus communis L.) is an indeterm-
inate, non-edible oil seed crop grown throughout the
world. Castor oil is the only commercial source of
ricinoleic acid (over 85% of oil) that is used for manu-
facturing of surfactants, coatings, greases, fungistats,
pharmaceuticals, cosmetics, and a variety of other pro-
ducts (Pinheiro et al. 2008; Babita et al. 2010). Castor oil
enjoys tremendous demand worldwide at an estimated
220,000 tons per annum, of which only 60% can be met
with the current production (Babita et al. 2010). To
satisfy the industrial demand for seeds, plantations of
castor bean require expansion of marginal lands, where
the plants often suffer from drought stress. Even in the
major production regions (i.e. India, China, and Brazil),

castor bean is almost entirely grown in arid and semi-
arid tracts.

Castor bean has long been recognized to have a
drought hardy nature and exhibits a high developmental
and physiological plasticity to drought stress (Vijaya
Kumar et al. 1996; Heckenberger et al. 1998; Schurr
et al. 2000). With regard to photosynthetic responses,
Dai et al. (1992) reported that under increased vapor
pressure deficits, stomatal limitation may be responsible
for the inhibitory effect of drought on photosynthesis in
castor bean plants. Sausen and Rosa (2010) suggested
that drought resistance of the castor bean could be related
to a pronounced early growth response, an efficient
stomatal control, and a capacity to keep high net CO2

fixation. However, little is known about the physiolo-
gical responses of castor bean to RDWC. These
responses are important in assessing its ability to adapt
to varying low-water conditions.

Plastic responses include both inevitable effects of
environmental limits on growth and physiology and
adaptive adjustments that enable a given genetic indi-
vidual to withstand sudden environmental changes
(Sultan 2000). Plants respond to drought stress by
altering a range of leaf characteristics, such as stomatal
closure, leaf area reduction, and osmotic adjustment
(Marron et al. 2002). The stomatal closure and the
decreased leaf area limit water loss but inevitably inhibit
photosynthesis. These responses may not be considered
as adaptive plasticity for plants. Therefore, the question
arises whether there is some compensatory mechanism
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in drought-tolerant plants that enables them to maintain
a high photosynthesis while limiting transpiration under
RDWC.

To answer this question, a pot experiment was
performed on two cultivars of castor bean under two
water regimes: well-watered conditions and repeated
drought and wet cycles. The cultivar difference in the
morpho-physiological responses of castor bean plants to
RDWC and the potential of RDWC for enhancement of
water productivity were also investigated.

Materials and methods

Plant materials and experimental setup

The pot experiment was conducted in a growth cham-
ber at Huaibei Normal University, Huaibei, China.
The average temperature throughout the test period
was 27.2°C (daytime)/21.7°C (nighttime), and the
average relative humidity was 44.3% (daytime) and
66.1% (nighttime). A blackland soil (sand:silt:clay ratio
of 23.8%:20.3%:55.9%) used in this study was col-
lected from a farmland in Huaibei, which was char-
acterized as follows: pH, 7.08; total N, 1.02 g kg−1;
available P, 14.5 mg kg−1; available K, 121.7 mg kg−1;
organic matter, 28.6 g kg−1; CaCO3, 65.6 g kg−1; and
electrical conductivity, 23.6 µs cm−1. The soil was
air-dried and passed through a 2-mm sieve and then
fertilized with 5 g kg−1 of NH4NO3 and 1 g kg−1 of
KH2PO4. Measured 4.0 kg soil was placed in each pots
(16 cm × 18 cm).

Two cultivars of castor bean, cv. Jiaxiang 2 and cv.
Hangbi 8, were used for this study. Jiaxiang 2 has been
demonstrated to be a drought-resistant cultivar (Bi
2009). However, the behavior of the cv. Hangbi 8
toward drought is unknown. Seeds of similar weight
per cultivar were submerged in a water bath for about
24 h at room temperature and then directly sown in
pots. The moisture content in the soil was maintained at
75% of water-holding capacity (WHC) using tap water.
After emergence, the seedlings were thinned, and two
uniform seedlings were retained at uniform spacing.
When the seedlings were grown at the three-leaf stage,
they were subjected to RDWC. For each cultivar, there
were two water supply treatments: (1) the well-watered
conditions (control) and (2) RDWC (three cycles). In
total, there were four treatments (2 cultivars × 2 water
supplies) in three replicates arranged in a completely
randomized design. For control, the soil was main-
tained at 75% of WHC (17.8%) and watered daily at 6
pm to compensate for the full evapotranspiration water
loss during the previous day. For RDWC, water was
withheld until the leaf stomatal conductance (Gs) during
mid-morning dropped below 0.05 mol m−2 s−1 (Flexas &
Medrano 2002; Galle et al. 2011) and rewatered to the
initial water content (75% of WHC). During the experi-
ment, pots were randomly moved daily to minimize
position effects.

Plant growth measurement

At the end of each drying–wetting cycle (DWC), leaf
length and width were recorded. Seedlings were harvested
at the end of experiment, and then, they were separated
into roots and shoots. After oven-dried for 30 min at 105°
C, plant materials were dried at 65°C to a constant weight
and weighed. The root/shoot ratio was calculated as the
ratio of dry root weight to dry shoot weight.

Determination of leaf area, leaf mass per area (LMA),
and water loss of excised leaves

The water loss rate (WLR) of excised leaves was
determined by using the method of Araghi and Assad
(1998) with some modification. The first fully expanded
leaves from the tip were excised, and their areas and
fresh weight (W0) were immediately taken. Subse-
quently, they were hung in a controlled environment
room at 25°C and 50% relative humidity for 6 h. The
leaves were weighed at 2, 4, and 6 h (W2, W4, and W6,
respectively), dried in an oven at 70°C (until a constant
weight was achieved), and then weighed (Wd). WLR was
calculated as follows:

WLR ¼ W0 �W6ð Þ
6�Wd

The LMA was calculated as follows:

LMA ¼ dryweight

leaf area

Leaf gas exchange and chlorophyll fluorescence

During the experimental period, net photosynthetic rate
(Pn), Gs, intercellular CO2 concentrations (Ci), and
transpiration rate (E) were measured daily on the first
fully expanded upper canopy leaves from 10 am to
12 pm with the LiCor-6400 photosynthesis system
(LiCor Inc., Lincoln, NE, USA) and a LED light source
(6400-02). The light intensity, leaf temperature, and CO2

concentration inside the leaf chamber were maintained
at 1000 µmol m−2 s−1, 28 ± 0.8°C, and 380 ± 5 µmol
CO2 mol−1, respectively.

The chlorophyll fluorescence parameters of the first
fully expanded leaves from the tip were measured every
day using the Mini PAM (Walz, Effeltrich, Germany).
After dark-adapted for 30 min, the leaves were used to
record the minimum (F0) and maximum fluorescence
(Fm), the variable to maximum fluorescence ratio
(Fv/Fm) were calculated. The effective quantum yield
of PSII (ΦPSII) was monitored under ambient irradiation
(500 µmol quanta m−2 s−1). The intensity of the light
pulse for Fm and Fm′ measurements was 5000 µmol
quanta m−2 s−1 (Liu et al. 2011).

Spectral reflectance determination

The spectral features of the adaxial leaf surface were
measured every day using a UNIspec spectral analysis
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system (PP Systems, Haverhill, MA, USA) according to
the method described by Poulos et al. (2007). Three
indices based on the spectral reflectance (R) at a
particular wavelength were calculated as follows: (1)
the structure independent pigment index (SIPI) was
calculated as SIPI = (R800 − R445)/(R800 − R680)
(Penuelas et al. 1995), (2) the normalized difference
vegetation index (chlNDI) as chlNDI = (R705 − R445)/
(R750 + R445) (Datt 1999), and (3) the modified red
edge simple ratio index (mSR705) as mSR705 = (R705 −
R445)/(R750 − R445) (Datt 1999).

Statistical analysis

Analyses were carried out in SPSS for Windows (Version
13.0; SPSS, Inc., Chicago, IL, USA). The one-time meas-
ured data were subject to analysis of variance (ANOVA).
For the repeated measured data, we first conducted a
repeated-measures ANOVA, with the days after treat-
ment as the within-subjects factor and cultivars and
water supply as the between-subjects factors. Statistical
significance of the means was compared using Duncan’s
multiple range test at the 5% probability level.

Results and discussion

Effects of RDWC on plant growth and leaf morphology
in two cultivars of castor bean

Results revealed that, morphologically, the castor bean
showed a high plasticity to RDWC in both plant growth
and leaf development (Tables 1 and 2; Figure 1). At the
whole-plant level, RDWC inhibited plant growth as
indicated by a decrease in root and shoot biomass
(Table 1). At the leaf level, RDWC decreased leaf length
(Figure 1A), leaf width (Figure 1B), and leaf area but
enhanced LMA (Table 2). Less and smaller leaves with
high LMA decreased evaporative water losses, thus
enhancing water availability.

Although the responses of most morphological traits
to RDWC were similar to those results obtained from
continuous drought experiments (Jaleel et al. 2009), the
root/shoot ratio was not affected by RDWC for both
cultivars (Table 1). The result disagrees with the com-
mon knowledge that drought induces an increase in root/
shoot ratio in various plant species (Xu et al. 2010).

In the case of cultivars, no significant difference was
observed for root and shoot biomass, root/shoot ratio,
leaf area and LMA between Hangbi 8 and Jiaxiang 2
(Tables 1 and 2). However, there were significant inter-
active effects of treatment and cultivar on leaf length
(p < 0.05) and width (p < 0.05), indicating RDWC-
induced inhibition in leaf development was more
pronounced in Hangbi 8 than in Jiaxiang 2 (Figure 1).

Effects of RDWC on WLR in two cultivars of
castor bean

Low WLR is indicative of drought resistance, and its
assessment has shown promise for characterizing the

drought resistance of wheat genotypes (Araghi & Assad
1998; Dhanda & Sethi 1998). In the present study,
although the final WLR decreased by RDWC for both
cultivars, the reduction was more notable in Jiaxiang 2
than in Hangbi 8 (Table 2). This observation suggests
that RDWC may induce physiological acclimation in
plants of Jiaxiang 2, enabling them to prevent water loss
under drought stress.

Effects of RDWC on gas exchange in two
cultivars of castor bean

The data of Pn, Gs, Ci, and E in stressed plants were
expressed as a percentage of the corresponding control
values to reveal the patterns and motifs of gas exchange
responses to RDWC (Figure 2). All parameters of gas
exchange exhibited large plasticity under RDWC treat-
ment, showing a gradual decrease under progressive
drought stress and then a quick recovery after rewatering
for each cycle (Figure 2A–D). The simultaneous change
in Pn, Gs, and Ci, along with RDWC, may indicate that
stomatal closure was the main factor that limited the
photosynthetic activity under water deficit. However,
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Figure 1. The length (A) and width (B) of leaves at different
position along the base-to-apex axis in cv. Hangbi 8 (circles)
and Jiaxiang 2 (triangles) under well-watered control (black)
and RDWC (open). Values are mean ± SE (n = 6). ns, not
significant, *p < 0.05, **p < 0.001.

Journal of Plant Interactions 785



under drought stress, the minimal Pn was averaged at
38% and 25% of the corresponding control for Hangbi
8 and Jiaxiang 2, respectively, and the minimal Ci was
averaged at 84% and 86% of the control for Hangbi 8
and Jiaxiang 2, respectively (Figure 2A and C). These
results suggest that both stomatal and non-stomatal
limitation are involved in the response of castor bean
to RDWC. Previous studies have demonstrated that sto-
matal limitations could largely decrease photosynthesis
under mild to moderate drought stress, whereas non-
stomatal limitation could account for a larger part under
more severe drought (Chaves et al. 2003; Flexas et al.
2004; Grassi & Magnani 2005; Flexas et al. 2009;
Signarbieux & Feller 2011).

Interestingly, the minimal Pn under drought stress
for each cycle increased when the number of RDWC
increased, and this was accompanied by a decline in Ci

(Figure 2A and C). The reverse changes in Pn and Ci

suggest that the increased Pn under drought stress may
result from the elevated CO2 fixation, which may be a
mechanism for castor plants to compensate for the
inhibition in photosynthesis induced by stomatal closure.
Cramer et al. (2007) found that during the acclimation to
water stress, some genes encoding Calvin cycle enzymes,
including Rubisco activase, and PSI- and PSII-related
genes are conversely up-regulated.

In general, plants subjected to mild stress recover fast
(within 1 or 2 days) after stress is alleviated (Chaves

et al. 2009). However, under severe stress, only 40–60%
of the maximum photosynthesis rate was recovered
during the day after rewatering, and although reco-
very continued during the next days, the maximum
photosynthesis rates never recovered (Chaves et al.
2009). In the present study, Pn was recovered to 51%
and 40% of the control for Hangbi 8 and Jiaxiang 2,
respectively, during the day after rewatering in the first
cycle. The recovery continued to 96% and 101% of the
control for Hangbi 8 and Jiaxiang 2, respectively, during
the next days (Figure 2A). Furthermore, during the last
two cycles, Pn recovered immediately to the control
values for both cultivars during the day after rewatering
(Figure 2A). These results disagree with the previous
observations (Chaves et al. 2009), as a quick and
complete photosynthetic recovery was observed after
rewatering. This recovery may be another acclimation
mechanism to RDWC in castor bean.

The over-compensation for plant growth upon
rewatering after the drought has been confirmed by
many experimental investigations (Liu et al. 2001;
Siopongco et al. 2006). In the present study, Pn was
higher in the RDWC treatment than in the control for
both cultivars after rewatering. The increasing DWCs
increased the maximal values of Pn after rewatering,
whereas the maximal values of Ci decreased (Figure 2A
and C). These data indicate that over-compensation for
photosynthesis occurs upon rewatering after drought.

Table 1. Biomass of roots and shoots, and root/shoot ratio in two cultivars of castor bean under well-watered condition (control) and
RDWC.

Cultivars Water regimes Root biomass (g plant−1) Shoot biomass (g plant−1) Root/shoot ratio

Hangbi 8 Control 0.59 ± 0.02a 2.89 ± 0.04a 0.20 ± 0.01a
RDWC 0.32 ± 0.01b 1.73 ± 0.14b 0.19 ± 0.01a

Jiaxiang 2 Control 0.47 ± 0.06a 2.90 ± 0.31a 0.16 ± 0.00a
RDWC 0.34 ± 0.04b 2.06 ± 0.07b 0.17 ± 0.02a

ANOVA (F values)
Treatment 28.6* 33.0** 0.3 ns
Cultivar 1.4 ns 1.0 ns 5.1 ns
Treatment × cultivar 3.3 ns 0.8 ns 0.8 ns

*p < 0.01, **p < 0.001.
Note: Values (mean ± SE, n = 6) with different letters in a column indicate significant differences between treatments at the 0.05 level.
ns, not significant.

Table 2. Leaf area (LA), LMA, and WLR of excised leaves in two cultivars of castor bean under well-watered condition (control) and
RDWC.

Cultivars Water regimes LA (cm2) LMA (mg cm−2) WLR (g g−1 h−1)

Hangbi 8 Control 263 ± 8a 1.70 ± 0.09b 0.215 ± 0.009b
RDWC 189 ± 15b 1.80 ± 0.06ab 0.184 ± 0.002c

Jiaxiang 2 Control 241 ± 10a 1.72 ± 0.05b 0.247 ± 0.010a
RDWC 185 ± 13b 1.95 ± 0.04a 0.197 ± 0.009bc

ANOVA (F values)
Treatment 26.3** 7.8* 25.5**
Cultivar 1.0 ns 1.8 ns 7.7*
Treatment × cultivar 0.5 ns 1.0 ns 1.2 ns

*p < 0.05, **p < 0.001.
Note: Values (mean ± SE, n = 6) with different letters in a column indicate significant differences between treatments at the 0.05 level.
ns, not significant.
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Despite this phenomenon, the final biomass and leaf
size in stressed plants for both cultivars were consider-
ably lower than those of the control (Tables 1 and 2),
which could be caused by the short time for plant
recovery compared with that in other studies (Liu et al.
2001; Siopongco et al. 2006). Similarly, Xu and Zhou
(2007) and Xu et al. (2009) found that the final biomass
or leaf area in plants subjected to long-term or severe
drought could not reach the level of the control
treatment. Whether or not plant growth completely
recovers following rewatering may depend on the pre-
drought intensity or duration, the frequency of DWCs,
and the time for recovery.

Results of the repeated measures ANOVA revealed
that there were generally significant difference in Pn

(F = 9.807, p < 0.05) and Gs (F = 5.955, p < 0.05)
between the cultivars of castor bean, whereas no
significant difference was observed in Ci (F = 1.483,
p = 0.258) and E (F = 4.407, p = 0.069). Interactions of
cultivar and water regimes on gas exchange were not
significant (p > 0.05). Overall, Hangbi 8 showed a
higher Pn and Gs than Jiaxiang 2. However, Jiaxiang 2
exhibited a slightly greater plasticity in Pn and Gs than
Hangbi 8. Under drought stress, the minimal Pn and E
were lower in Jiaxiang 2 than those in Hangbi 8,
implying that Jiaxiang 2 has a higher capacity for water
preservation under drought stress at the cost of loss of

photosynthesis. However, after rewatering, Jiaxiang 2
showed a higher Pn, Gs, and E than Hangbi 8 in terms
of the percentage of control values, suggesting that
photosynthetic compensation after rewatering was more
efficient in Jiaxiang 2.

Effects of RDWC on chlorophyll a fluorescence in two
cultivars of castor bean

Chlorophyll a fluorescence as a non-invasive measure-
ment of photosynthesis reflects plant performance in
response to drought. Results reported in previous studies
demonstrate that chlorophyll fluorescence parameters,
such as Fv/Fm and ΦPSII, exhibit a smaller plasticity in
response to water deficit. In C3 plants, both Fv/Fm and
ΦPSII are usually unaffected by mild drought stress
(Dias & Brüggemann 2010). Moreover, some species
have been reported to die under intense drought with
unaltered Fv/Fm (Morales et al. 2006; Peguero-Pina et al.
2009; Vilagrosa et al. 2010). The results of repeated
measures ANOVA indicated that Fv/Fm was similar
between the two cultivars (F = 0.602, p = 0.447), while
it shows a slight but significant increase (F = 11.2, p <
0.01) in RDWC treatment compared with the control
(Figure 3A and B). The Fv/Fm ratio indicates the poten-
tial photochemical efficiency of PSII, and the increased
Fv/Fm in RDWC treatment with respect to control
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suggests that the photosynthetic electron transport was
not blocked by drought.

By contrast, ΦPSII decreased under severe drought
stress during the first DWC for both cultivars (Figure 3C
and D). The reduction in ΦPSII indicates a decrease in
capacity for carbon metabolism or a low utilization of
ATP and NADPH in a dark phase of photosynthesis.
The stronger decrease in ΦPSII than in Fv/Fm indicates
the presence of a second inhibition target besides PSII,
such as the inhibition of electron transfer after PSII or
the inhibition of the water-splitting complex, as postu-
lated earlier (Liu et al. 2011). Nevertheless, during the
second and third DWCs, no significant difference was
observed in ΦPSII between the RDWC and the control
treatment for both cultivars. Unaltered ΦPSII between
treatment (F = 2.304, p = 0.145) was also demonstrated
by the result of repeated measures ANOVA.

Effects of RDWC on spectral reflectance in two
cultivars of castor bean

Photosynthetic pigments provide valuable information
about the physiological response to environmental stress,
including water deficit. The reflectance spectra technique
has been extensively used to estimate pigment contents
in many plants (Carter & Knapp 2001; Thorhaug et al.
2006; Poulos et al. 2007; Liu et al. 2011) because it is an
accurate, quick, and non-destructive tool that can meas-
ure in situ. In the present study, the results of repeated
measures ANOVA showed that RDWC significantly

increased the mSR705 (F = 438.2, p < 0.001) and
chlNDI (F = 403.6, p < 0.001) for both cultivars of the
castor bean, but SIPI (F = 0.769, p = 0.384) remained
unaffected (Figure 4). The two cultivars differed from
each other in mSR705 (F = 9.133, p < 0.01) and SIPI
(F = 40.1, p < 0.001), while in chlNDI (F = 3.453,
p = 0.067), no significant difference was detected
(Figure 4). Given that the mSR705 is generally con-
sidered an effective index in describing changes in
chlorophyll content and chlNDI is usually correlated
with chlorophyll a concentration (Sims & Gamon 2002;
Su et al. 2013), these results indicate that RDWC can
enhance the leaf chlorophyll content of castor bean
plants. Considering that SIPI is positively correlated
with the carotenoid/chlorophyll a ratio (Penuelas et al.
1995), the unchanged SIPI indicates that the pigment
composition never changed by RDWC, even if the
chlorophyll increased.

The effects of water stress on the pigment contents
are highly species dependent (Morales et al. 2006). Most
previous observations indicate that drought induces the
reduction in pigment contents and the alteration of their
composition (Jaleel et al. 2009; França et al. 2012; Batra
et al. 2014; Maksup et al. 2014). However, some crop
species, such as barley, coffee, grapevine, and others,
maintain a high leaf chlorophyll content under water
stress, despite having a decreased photosynthetic capa-
city (Morales et al. 2006). Although reduced photosyn-
thetic pigments may decrease the light harvesting, thus
preventing the accumulation of potentially harmful
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photosynthetic products that may be harmful to PSII
(França et al. 2012). Therefore, increased chlorophyll
contents, as indicated by mSR705 and chlNDI, seem to
suggest that additional photoprotective mechanisms may
exist in castor bean plants under RDWC.

Conclusion

Castor beans show various responses to RDWC and
develop a wide range of acclimation mechanisms from
the morphological to the physiological aspects. RDWC
considerably suppressed plant growth and leaf develop-
ment, decreased WLR, and enhanced LMA, chlorophyll
content (mSR705 and chlNDI), and Fv/Fm. The root/
shoot ratio, SIPI, and ΦPSII were not affected by
RDWC. Photosynthesis was inhibited by progressive
drought stress but quickly recovered after rewatering for
each cycle. The acclimation of castor bean to RDWC has
the following features: (1) higher LMA and lower WLR,
(2) increased minimal Pn (drought period) when cycle
numbers increased, (3) quick recovery and over-
compensation for photosynthesis after rewatering, and
(4) increased chlorophyll content as indicated by
mSR705 and chlNDI. Two cultivars differ from each
other in their response to RDWC. Jiaxiang 2 shows a
high capacity for water preservation under drought stress
and an over-compensation for photosynthesis after
rewatering compared with Hangbi 8.
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