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Abstract The growth and morphophysiological responses
of wild watermelon (C. lanatus var. citroide) M20 and
Chinese domesticated watermelon (C. lanatus var. lanatus)
Y34 to drought stress and subsequent re-watering were
compared. Wild watermelon is drought-tolerant, whereas the
domesticated watermelon is susceptible. Irrigation was
withheld from seedlings for 10 days and the seedlings were
then allowed to recover for 1 day. Drought treatment resul-
ted in the wilting and yellowing of leaves in both genotypes,
but symptoms occurred earlier and more visibly in Y34.
Drought stress inhibited the growth of both genotypes but
increased the root/shoot ratio more pronouncedly in M20
than in Y34. Under drought conditions, M20 maintained a
higher leaf water status than Y34 due to its denser trichomes
and more sensitive stomatal control, which minimized the
transpiration rate. Y34 was more vulnerable to drought,
resulting in larger decreases in photosystem II efficiency,
initial Rubisco activity and chlorophyll concentration. H,O,
O,", and MDA contents were significantly increased in both
genotypes; however, these increases were smaller in M20,
possibly due to a greater enhancement of antioxidant enzyme
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activities and related-gene expression levels. Moreover,
M20 accumulated soluble sugars and proline to greater levels
to counter reduced soil moisture. These adaptive mecha-
nisms enabled M20 to recover more rapidly after re-water-
ing. Our findings provide guidance for improving the
drought tolerance of Chinese watermelon cultivars.
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Abbreviations

P, Photosynthetic rate

RWC Relative water content

SWA  Soil water availability

C; Intercellular CO, concentration
T, Transpiration rate

G, Stomatal conductance

qP Photochemical quenching
NPQ  Nonphotochemical quenching
F,/F,, Maximum photochemical efficiency of PSII
@PSIT  Actual photochemical efficiency of PSII
ETR Electron transport rate

H,O, Hydrogen peroxide

0, Superoxide anion radical
MDA  Malondialdehyde

SOD  Superoxide dismustase

CAT  Catalase

APX  Ascorbate peroxidase

GR Glutathione reductase

AsA Ascorbate

DHA  Dehydroascorbate

GSH  Glutathione

GSSG  Oxidized glutathione

PAO  Pheide a oxygenase
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PPH Pheophytin pheophorbide hydrolase
Introduction

Water is among the most important factors for normal plant
growth and development. Particularly in arid and semiarid
regions, plants are often challenged with periods of soil and
atmospheric water deficits (drought stress) during their life
cycles; these periods are known to hamper growth and pro-
ductivity by affecting a variety of vital biochemical and phys-
iological processes (Talbi et al. 2015). Due to recent climate
change, drought stress is an increasingly serious environmental
constraint that is predicted to worsen (Posch and Bennett 2009),
even affecting drought-resistant species. To survive under such
harsh conditions, plants will initiate several self-protection
responses at the molecular, cellular or even whole organism
levels. Plants differ in their ability to withstand drought stress,
and the induced responses vary among and within species
(Jaleel et al. 2009). Understanding the various adaptive strate-
gies that enable plants to address stress is of great importance
for improving water management and clarifying the breeding
goals for improving intolerant cultivars.

In higher plants, photosynthesis is among the physio-
logical processes that are most drought-sensitive (Zhang
et al. 2013). When water availability is reduced, many
plants suffer a reduced photosynthetic rate (P,). It has been
concluded that reduced photosynthetic CO, assimilation
results from the low CO, availability caused by limited
diffusion through the stomata and mesophyll or from
alterations in metabolism (Hu et al. 2010). Under early or
mild water deficits, stomatal limitation is generally con-
sidered the main cause for reduced photosynthesis; how-
ever, under late, more severe conditions, metabolic and
biochemical limitations become the predominant driver of
the decline in photosynthesis, a process involving pigment
loss, the deactivation of photosynthesis-related enzymes
(Zhang et al. 2013), and inhibition of the functional activity
of photosystem II (PSII) (Posch and Bennett 2009).
Chlorophyll fluorescence kinetics analysis is a rapid and
nonintrusive probe that can be used to monitor and quantify
the changes that are induced in the photosynthetic apparatus
by drought and provide information about the extent to
which PSII uses the energy absorbed by chlorophyll and the
extent to which it is damaged by excess light (Maxwell and
Johnson 2000). This technique, coupled with gas-exchange
measurements, has been widely employed in photosynthetic
research on different plant species under drought (Zhang
et al. 2015), flooding (Du et al. 2012), salt (Hunsche et al.
2010) and many other environmental stresses.

Exposure of plants to drought usually triggers the
enhanced generation of reactive oxygen species (ROS) and
other oxidizing agents, resulting in oxidative stress (Liu
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et al. 2012). To minimize the effects of induced peroxida-
tion damage, plants have evolved an highly efficient
detoxification system comprising enzymatic and non-en-
zymatic antioxidants (Boaretto et al. 2014). Increased
antioxidant enzyme activity is a well-known adaptive
mechanism for responding to drought (Wang et al. 2012),
and drought-tolerant cultivars have a much higher consti-
tutive or induced antioxidant capacity than sensitive culti-
vars, as shown for sugarcane (Boaretto et al. 2014), apple
(Wang et al. 2012) and maize hybrids (de Souza et al. 2014).

Watermelon [Citrullus lanatus (thunb.) Matsum. &
Nakai] is an economically important fruit crop worldwide
(Zhang et al. 2011). In China, approximately 1,839,750
hectares were planted with watermelon in 2013, rendering it
the top watermelon producer worldwide (FAO 2015).
However, most Chinese watermelon cultivars are intolerant
to drought stress due to traditional selection and breeding
pressure for productivity and quality under irrigated field
conditions (Zhang et al. 2011). Wild germplasms from dry
desert areas are attractive sources of useful genetic traits for
improving the drought resistance of domesticated water-
melons because these plants exhibit considerable ability to
combat drought stress (Kawasaki et al. 2000; Si et al. 2009).
Several studies have described the responses of wild water-
melon to drought stress (e.g., electron transport regulation,
citrulline accumulation, and changes in the proteome and
transcriptome) (Kawasaki et al. 2000; Sanda et al. 2011; Si
et al. 2009); however, no reports have compared the beha-
viour of wild and domesticated watermelons under condi-
tions of reduced water supply and their capacity to recover
from water deficit. In our previous work, genotypic variation
regarding drought resistance was examined among 12
watermelon varieties; the wild watermelon germplasm (C.
lanatus var. citroide, M20) was identified as the most tolerant
genotype, and the Chinese domesticated watermelon (C.
lanatus var. lanatus, Y34) was identified as the most sus-
ceptible genotype. In this study, we compared the effects of
growth and morphophysiological changes on the drought
stress response and subsequent recovery of the two geno-
types. The aims of this study were (1) to evaluate the harmful
effects of drought stress, particularly on the photosynthesis
and ROS metabolism of watermelon plants, and (2) to elu-
cidate genotypic differences in the mechanisms that affect
the tolerance of both genotypes to drought and the degree of
recovery upon rehydration.

Materials and methods
Plant materials, growth conditions and treatments

Two watermelon germplasms were studied: ‘M20°, a
drought-resistant variety, and ‘Y34’, a drought-sensitive
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inbred line; these germplasms were provided by the
Watermelon and Melon Research Group at Northwest A&F
University, Yangling, Shaanxi, China.

The experiment was conducted in a greenhouse at
Northwest A&F University (34°283’N, 108°067'E). Seeds
were sterilized with 2 % (v/v) sodium hypochlorite for
10 min, rinsed with distilled water and soaked for 4—6 h,
then being put in a dark growth chamberat at 30 °C for
germination. Uniformly germinated seeds were directly
sown in plastic pots (10 cm x 8.5 cm x 7 cm), which
were filled with a homogenous mixture of sand and a
commercial peat-based compost (1:1 by volume), one seed
per pot. All pots initially contained the same weight of dry
growth media (353.18 g). Seedlings were pre-cultured in
the greenhouse under natural light at a temperature ranging
from 18.0 to 36.0 °C and under a relative humidity range of
65-80 %. Before the experiments began, all plants were
well watered each day and fertilized weekly with 1/2
Hoagland’s solution (pH 6.5). When the plants reached the
4- to 5-leaf stage, morphologically uniform healthy seed-
lings of each genotype were randomly assigned (50:50) to
control and treatment groups. The control plants were well-
watered to 75 £+ 5 % field capacity (FC) every evening on
the basis of weight, whereas the treated plants were unwa-
tered for 10 days until the leaves of Y34 showed extreme
wilting, at which point they were re-watered to the control
level for 1 day (recovery). Samples were harvested on days
0, 2, 4, 6, 8, and 10 during the drought stress and on day 11
(1 day post-drought). Leaf sampling was randomly con-
ducted: the second topmost fully expanded leaves from four
plants per treatment were sampled in each biological sam-
ple, and at least three biological replicates were used.

Leaf water status and soil water status

Five pots were randomly selected per treatment, and the
leaf relative water content (RWC) and soil water avail-
ability (SWA) were recorded. Leaf RWC was determined
according to Barrs and Weatherley (1962), and SWA was
determined according to Sanda et al. (2011). Soil water
availability was calculated using the following equation:
SWA (%FC) = (soil weight — dried soil weight)/(fully-
watered soil weight — dried soil weight) x 100 (%).

Growth measurements

After 10 days of drought treatment, plant heights were
measured (ten plants per treatment). Then, all seedlings
were harvested, washed carefully and divided into shoots
and roots. Root length was recorded, and the samples were
oven-dried for 72 h at 80 °C to determine the dry weights.
The root/shoot ratio was calculated on the basis of dry
mass.

Scanning electron microscopy (SEM) observation
of epidermal trichome and stomata

Four leaves were collected per genotype per treatment on
days 0, 2, 4, and 8 of drought treatment for SEM pro-
cessing. Specimens were prepared as described by Wu
et al. (2014). The surface of the lower leaf epidermis was
observed and photographed under a JSM-6360LV micro-
scope (JEOL Ltd., Tokyo, Japan). Epidermal trichomes and
stomata were counted in 15 randomly selected microscope
visual fields, and stomatal apertures were measured from
15 randomly selected stomata on the same specimen using
Image J software.

Gas exchange and chlorophyll fluorescence
measurements

All measurements were performed on the second fully
expanded intact leaves obtained from five plants per
treatment. Leaf gas exchange parameters were measured
using an LI-6400 portable photosynthesis system (Li-6400;
Li-Cor, Lincoln, NE, USA) equipped with an LED red/blue
light source (6400-02B). The photosynthetic photon flux
density was set at 500 pmol m~2 s~ '. Photosynthesis rate,
intercellular CO, concentration (C;), transpiration rate (7;)
and stomatal conductance (G,) were recorded automati-
cally. Chlorophyll fluorescence was measured using a
portable PAM-2500 fluorometer (Walz, Germany) equip-
ped with computer-operated PAM-control software
(PAMWin 3.0). The photochemical quenching (qP =
(F' — FOI(F', — F9), nonphotochemical quenching
(NPQ = (F, — F')/F'1,), maximum photochemical effi-
ciency of PSII (F,/F,, F,=F, — Fy), actual photo-
chemical efficiency of PSII (OPSII = (F',, — F)/F',,,) and
electron transport rate [ETR, ETR = ®PSII x 0.
5 x PPFD x 0.84] were calculated according to Maxwell
and Johnson (2000).

Chlorophyll concentration and analysis of initial
Rubisco activity

The total chlorophyll content (Chl a + b) was assayed
spectrophotometrically according to Lichtenthaler and
Wellburn (1983). Initial Rubisco activity was quantified
using a modified version of the method described by Zhang
et al. (2013).

Lipid peroxidation and H,O, and O, accumulation
assays

Lipid peroxidation was estimated as equivalents of

malondialdehyde (MDA) according to Guo et al. (2012).
Two milliliter crude extract was mixed with the same
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volume of a 0.5 % (w/v) thiobarbituric acid (TBA) solution
containing 5 % (w/v) trichloroacetic acid. The mixture was
heated at 99 °C for 15 min, cooled quickly, and cen-
trifuged at 10,000 rpm for 10 min. The supernatant was
used to measure the absorbance at 532, 600, and 450 nm.
Hydrogen peroxide (H,O,) and superoxide anion radical
(O,7) generation was measured according to Bai et al.
(2010). Leaves were homogenized in cold (—20 °C) ace-
tone at a ratio of 1.0 g sample to 2 mL acetone and cen-
trifuged at 12,000g for 10 min at 4 °C. One milliliter
extract supernatant was mixed with 0.1 mL 2 % TiSO,4 and
0.2 mL of 17 mM ammonia solution. After a second cen-
trifugation, the precipitate was washed five times with cold
acetone to disappear the pigment, then drained and dis-
solved in 3 mL of 2 M H,SO,. Absorbance of the solution
was measured at 410 nm against blanks, and the amount of
H,0, production in leaves was calculated based on an
H,0, solution-derived standard curve. For the determina-
tion of O, generation rate, 0.2 g leaf tissue was ground
with 4 mL 50 mM cold phosphate buffer solution (PBS;
pH 7.8) and centrifuged at 12,000g for 10 min. Afterwards,
09mL 50mM PBS (pH 7.8) and 0.1 mL 10 mM
hydroxylamine hydrochloride were added into 1 mL of
extract. Mixture then incubated at room temperature for
20 min. After the following addition of 2 mL 17 mM
sulfanilamide and 2 mL 7 mM a-anaphthylamine, the
resulting mixture was incubated for 20 min again. Then,
light absorbance was measured at 530 nm, and a standard
curve with nitrogen dioxide radical (NO,) was used to
calculate the production rate of O, .

Antioxidant enzyme extraction and activity assay

Lyophilized leaf samples (0.5 g each) were pulverised and
suspended in 8 mL ice-cold 50 mM PBS (pH 7.8) con-
taining 0.1 mM EDTA and 1 % (m/v)
polyvinylpolypyrrolidone (PVPP) in a chilled mortar. The
homogenates were centrifuged at 12,000g for 20 min at
4 °C, and the resulting supernatants were used to assay the
enzyme activities.

Superoxide dismustase (SOD) activity was measured as
described by Bai et al. (2010). A 3-mL reaction mixture
contained 50 mM Na-phosphate buffer (pH 7.3), 13 mM
methionine, 75 mM NBT, 0.1 mM EDTA, 4 mM ribo-
flavin, and 0.02 mL of enzyme extract. All of the reaction
mixtures in the glass test tubes were mixed well in the dark,
then being irradiated for 15 min at 200 pmol m™2 s~ '
photon flux density. Absorbance was read at 560 nm.
Blanks or controls were run in the same manner but
without illumination or enzyme, respectively. One unit of
SOD was defined as the amount of enzyme that inhibit the
reduction of NBT by 50 % under assay conditions. Cata-
lase (CAT), ascorbate peroxidase (APX), and glutathione

@ Springer

reductase (GR) activities were determined according to
Guo et al. (2012). CAT activity was evaluated by moni-
toring the decrease in absorbance at 240 nm owing to
decomposition of H,0, (extinction coefficient of
394mM 'cm™"). A 1-mL reaction mixture contained
50 mM PBS (pH 7.0), 10 mM H,O, and 20 pL super-
natant. The reaction was initiated by adding H,O,. APX
activity was determined by tracking the oxidation of ASA
at 290 nm (extinction coefficient of 2.8 mM ™' cm™'). The
1 mL reaction mixture contained 50 mM Hepes—KOH (pH
7.6), 0.1 mM EDTA-Na,, 0.5 mM ascorbate (ASA), 1 mM
H,0; and 20 pL enzyme extract. The reaction was initiated
by adding H,O,. GR activity was estimated from the
absorbance change at 340 nm caused by NADPH oxidation
(extinction coefficient of 6.2 mM~! cm™!). A 1 mL reac-
tion mixture contained 100 mM Tris—HCI buffer (pH 7.5),
1 mM EDTA-Na,, 0.1 mM NADPH, 0.25 mM oxidized
glutathione (GSSG) and 20 pL. enzyme extract. The reac-
tion was initiated by the addition of NADPH.

AsA and GSH determination

Reduced AsA and dehydroascorbate (DHA) concentrations
were measured according to Logan et al. (1998). Reduced
glutathione (GSH) and GSSG contents were determined as
described by Guo et al. (2012). DHA and GSH contents
were estimated from the differences between total AsA and
AsA and between total GSH and GSSG, respectively.

Proline and soluble sugar content determination

Total soluble sugar content was determined according to
the anthrone sulphuric acid method, and free proline con-
tent was estimated using the ninhydrin method according to
Gao (2000).

Total RNA extraction and gene expression analysis

Eight genes including WRKY70-like, MYB96-like, pheide
a oxygenase (PAO), pheophytin pheophorbide hydrolase
(PPH), Cu-Zn SOD, CAT, APX and GR were searched
from the Watermelon Genome Database (http://www.icugi.
org) for time-course gene expression analysis. The primers
are listed in Table S1. Total RNA from leaves was isolated
with the TRIzol Reagent (Invitrogen, USA). Dnase-treated
RNA (1 pg) was used for reverse transcription. gqRT-PCR
was performed with an iCycler iQ TM Multicolor PCR
Detection System (Bio-Rad, Hercules, CA, USA) using the
SYBR Premix ExTaq II (2x) Kit (Takara). The PCR
conditions consisted of pre-denaturing at 95 °C for 3 min,
followed by 40 cycles of denaturation at 95 °C for 30 s,
annealing at 58 °C for 30 s and extension at 72 °C for 30 s.
Melting-curve analysis of the products was conducted at
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the end of each PCR cycle to verify that a single product
was amplified. These qRT-PCR experiments were repeated
three times, based on three separate RNA extracts from
three samples. The relative gene expressions were analyzed
using the 27T method (Livak and Schmittgen 2001).
Watermelon B-actin gene (CIACT) was used as the internal
control (Kong et al. 2014).

Statistical analysis

Statistical analysis was conducted using the PASW
Statistics 18.0 program. All data were analysed using a
one-way analysis of variance (ANOVA), and differences
between means were assessed using Duncan multiple range
tests (P < 0.05). The results are presented as the
mean =+ standard deviation (SD) of 3-10 independent
biological replicates.

Results

Changes in soil water availability, leaf relative water
content and plant growth parameters

Watermelon seedlings were normally watered (control) or
subjected to drought stress for 10 days followed by a 1-day
re-watering. Soil water availability in the well-watered
controls remained constant at 74.4-76.45 %, while those in
pots with stressed plants declined over time to the mini-
mum value by day 10 (Fig. la). After re-watering, the
SWA of both genotypes returned to the control levels.
Drought stress progressively decreased leaf RWC
(Fig. 1b). Compared with M20, the RWC decrease was
more marked in Y34. On days 4, 6, and 10, RWC had
decreased by 2.80, 19.23, and 48.71 %, respectively, for
Y34; these values compare with 1.65, 10.13, and 16.13 %,
respectively, for M20. Following the re-watering, leaf
RWC in M20 plants exhibited an almost complete recov-
ery; however, leaf RWC in Y34 plants was only partially
restored.

Watermelon seedling growth was significantly inhibited
by drought stress, and dramatic decreases in plant height,
root length and biomass production were observed for both
genotypes at final harvest; however, root/shoot ratios were
significantly greater in stressed plants than in non-stressed
plants (Fig. 1c—f). Both in control and stressed plants, no
significant differences in dry weight were found between
the genotypes; nonetheless, M20 exhibited a much higher
root/shoot ratio and also a much longer root length, indi-
cating that the root system was more developed in M20
than in Y34.

Lower leaf epidermal morphology and stomatal
behaviour

The lower epidermal surfaces of M20 and Y34 leaves were
scanned after exposure of the seedlings to 0, 4, 6 and
8 days of drought treatment. Tissues from M20 plants had
greater trichome densities but lower stomata numbers than
thoes from Y34 plants (Fig. 2a, b). During drought pro-
gression, both genotypes showed similarities in general
stomatal behaviour, including sinking of the stomata below
the epidermal surface, narrowing of stomatal aperture, and
increasing closed stomata numbers (Fig. S1); however,
these behaviours differed slightly between the genotypes.
As expected, M20 presented a smaller stomatal aperture in
response to drought stress than Y34, and the closed stomata
ratio was also higher in M20 than in Y34; though the
differences were only significant during early drought
stress (day 2) (Fig. 2c, d).

Gas exchange response and chlorophyll fluorescence
index

Drought significantly decreased net photosynthetic rate,
stomatal conductance and leaf transpiration rate (Fig. 3a—
¢). The pattern of the change in P, over the experiment was
similar in both genotypes; however, G, and T; decreased
more rapidly in M20 than in Y34 during the first 2 days.
After re-watering, the value of P, in M20 recovered to
45.36 % of that seen in the control, whereas the value of P,
in Y34 was restored to only 12.71 % of that seen in the
control.

Leaf F,/F,, under drought treatment were similar to
those observed in the control plants during the first 4 days
and then declined in both genotypes, although the values in
M20 decreased to a lesser extent (Fig. 3d). ®PSII was also
negatively affected by drought stress, declining gradually
and showing reductions of 51.86 and 64.08 % in M20 and
Y34 plants, respectively, at the end of the drought stress
(Fig. 3e). Identical patterns of decrease were observed for
ETR and gP (Fig. 3f, g). On day 11, F,/F,, ®PSII, ETR
and qP were restored to 97.77, 79.04, 79.71 and 87.02 % of
the background levels in M20, respectively, values that
were much higher than those found in Y34 (91.56, 58.58,
58.55 and 74.055 %, respectively) (Fig. 3e-g). NPQ was
significantly increased by drought stress and was higher in
M20 than in Y34 from day 6 to day 10 (Fig. 3h).

Production of H,O, and O, and lipid peroxidation
In both genotypes, levels of O,~, H,O, and MDA remained
stable and low under the control conditions (Fig. 4). The

imposition of water deprivation resulted in obvious O,
H>O, and MDA accumulation in the leaves in both
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Fig. 1 Soil water availability (SWA), leaf relative water content
(RWC) and growth performance in M20 (M) and Y34 (Y) grown
under well-watered conditions (CK) and drought stress conditions for
10 days, followed by a 1-day re-watering (DS). a Soil water
availability, b leaf relative water content, ¢ plant height, d root
length, e total dry weight, f ratio of root/shoot. SWA and RWC were

genotypes, but the extent of this accumulation was much
greater in Y34 than in M20. By day 10, O,~, H,0O, and
MDA contents in Y34 were 1.62, 1.37 and 1.39 times thoes
contents in M20, respectively.
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measured on days 0, 2, 4, 6, 8, 10, and 11 of the treatment; data
represent mean = SD for five replicates. Growth parameters were
measured at the end of the stress period (day 10); data represent
mean = SD of 10 individual plants; different letters represent
significant differences at P < 0.05 according to Duncan’s multiple-
range test

Antioxidant enzyme activities

Antioxidant enzyme activities changed significantly during
the period of water withholding (Fig. 5a—d). SOD activity



Plant Growth Regul (2016) 79:229-241

235

15 1200
(a)z M20 I Y34 i (b)
2 1l . be b a {1000 <
» B £
5 . £
° de 1800
(] 9 f ef =
£ ~ 2
27 de 1600 &
E E 6t =
s {400 ®
©
: :
g 3r {200 &
=
w
0 0
c _
(c) (d) . <
~ 4r 5
3 a ®
S b ® b g
® 3| ab be »
3 cd °
® d d 3
g 2L e d d %
s e -
© [e]
o
§ 1t 2
» o
0
0 2 4 8 0 2 4

Days of treatment (d)

Fig. 2 Changes in lower leaf surface morphology in M20 and Y34
after exposure to 0, 2, 4, and 8 days of drought stress. a Epidermal
trichome density, b stomatal density, ¢ stomatal aperture, d ratio of

increased steadily in both genotypes and reached maximum
levels on day 8 (Fig. 6a). CAT activity was greater in
stressed M20 than in stressed Y34 throughout the experi-
mental period (Fig. 5b). APX activity increased rapidly in
M20, but this increase was more delayed and gradual in
Y34 (Fig. 5¢). GR activity increased from day 4 to a
maximum on day 6 in Y34 and from day 4 to a maximum
on day 8 in M20 (Fig. 5d).

Expression profiles of drought responsive genes

To provide more insights into the molecular regulations
controlling the drought tolerance in wild watermelon, the
relative expressions of drought tolerance-related tran-
scription factors (WRKY70-like and MYB96-like),
chlorophyll degradation related genes (PAO and PPH) and
ROS scavenging systems related genes (Cu—Zn SOD,
CAT, APX and GR) were determined by qRT-PCR. As
shown in Fig. 6a, b, drought stress down-regulated
WRKY70-like but up-regulated MYBO96-like transcript
levels in both genotypes. The responses of the two genes
were earlier and more marked in M20 than in Y34. Drought
stress induced the transcripts of PAO and PPH genes, with
the effects more pronounced in the sensitive genotype
(Fig. 6¢, d). Transcriptions of antioxidative enzyme genes

closed stomata. Data represent the mean = SD of 40 images.
Different letters represent significant differences at P < 0.05 accord-
ing to Duncan’s multiple-range test

were also up-regulated after drought treatment, but those
were soon down-regulated by prolonged water deficit,
particularly for Y34 (Fig. 6e-h). Following the re-water-
ing, transcript levels of all tested genes were partially or
fully restored to the control levels (Fig. 6).

Discussion

Two watermelon genotypes of contrasting drought-stress
tolerance were used to characterize the morphophysiolog-
ical changes that occur in response to progressive water
restriction and subsequent re-watering. The wild water-
melon M20 presented less leaf damage during and after
drought stress than the domesticated watermelon Y34
(Fig. S3). Drought treatment had reduced the growth of
both genotypes by the end of the experiment; however, the
root to shoot ratios had increased (Fig. 1c—f). Plants will
react to water deprivation by increasing the flow of
assimilates to their roots, leading to an increased proportion
of root mass (Bray 1997). Such a redistribution of pho-
toassimilates is considered an efficient adaptive mechanism
that enables the minimization of the evaporative canopy
surface area (Diaz-Lopez et al. 2012) while improving
water uptake from dry soil (Bray 1997). In this study, the
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phyll fluorescence parameters in M20 (M) and Y34 (Y) grown under
well-watered conditions (CK) and subjected to drought stress for
10 days, followed by a 1-day re-watering (DS). a Photosynthetic rate
(P,); b stomatal conductance (G;); ¢ leaf transpiration rate (7});

biomass allocation was more distinct in the drought-stres-
sed M20 plants than in the drought-stressed Y34 plants.
The better phenotypic performance together with the

@ Springer

d maximum photochemical efficiency of PSII (F,/F,); e actual
photochemical efficiency of PSII (®PSII); f electron transport rate
(ETR); g photochemical quenching (qP); h nonphotochemical
quenching (NPQ). Values represent mean + SD (n = 5)

allocation of a greater portion of the dry weight to the roots
but less to the shoots suggests that the variety M20 exhibits
a higher adaptive capacity to drought stress than the variety
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has been reported that WRKY70 and WRKY54 cooperate
as negative regulators of stomatal closure in response to

further demonstrated by the extent of the

Y34. This was

rate of water loss from the leaves, in that a large decline in

osmotic stress in Arabidopsis (Li et al. 2013). In this study,

RWC was observed in Y34, but a much lower decline was

the expression of watermelon WRKY70-like gene (ho-
mologous to AtWRKY70) was down-regulated by drought

b).

Leaves from M20 had greater numbers of trichomes
than Y34 under both control and drought conditions

observed in M20 under the same SWA (Fig. 1a,

stress, and the transcription levels were lower in M20 than
in Y34 over the whole treatment period (Fig. 6a). Seo et al.

(Fig. 2a). Similar findings have been reported in the

(2009) found that AtMYB96 mediated abscisic acid (ABA)

chrysanthemum (Sun et al. 2013). Leaf trichomes are

signaling in drought stress response by reducing stomatal
opening. Here, we observed that MYB96-like in both

genotypes showed increased expression after drought

considered effective barriers to the diffusion of CO, and

H,O through their role in increasing the leaf boundary
layer resistance (Guerfel et al. 2009), thus a thick trichome

covering might act as a drought resistance feature to protect
watermelon plants against excessive water loss. WRKY is
a gene family which is highly induced by abiotic stresses. It

treatment, but the rise in M20 was more sharp and earlier
(Fig. 6b). The gene expression data correlates well with the

observation that the M20 genotype exhibited smaller

pringer
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Fig. 5 Changes in the activities of a superoxide dismutase (SOD),
b catalase (CAT), ¢ ascorbate peroxidase (APX), and d glutathione
reductase (GR) in leaves of M20 (M) and Y34 (Y) grown under well-

stomatal apertures and more closed stomata in response to
drought stress, although the difference was not significant
after day 2, as shown in Fig. 2c, d. These results suggest
that the higher leaf water status in M20 plants is likely to
be related to the greater trichome density and more sensi-
tive stomatal control under drought stress.

Stomatal closure to minimise water loss would lead to
the restriction of CO, diffusion into the leaf photosynthetic
parenchyma (Zhang et al. 2013). For this reason, the
decline in G was accompanied by notable decreases in T
and P, (Fig. 3a—c). In general, the drought-induced inhi-
bition of photosynthesis is attributed to two factors, i.e.,
stomatal and non-stomatal limitation (Zhang et al. 2013);
stomatal limitation is characterized by a daily maximum
value of G; of greater than 0.05-0.10 mmol H,O m2 s~
whereas non-stomatal limitation is characterized by a value
of G of less than that threshold, as suggested by Flexas
et al. (2009). In our results, during the initial stages of
dehydration (to day 4), G; was >0.05 mmol H,O m2s!
in both genotypes (Fig.3b), and the photosynthetic
machinery remained intact because F,/F,, did not sub-
stantially change (Fig. 3e); thus, the reduction in P, was
probably due to stomatal limitation alone. With more
severe dehydration, the value of G, continued to decrease
to below the threshold level by day 6. F./F,, was also

s
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watered conditions (CK) and subjected to drought stress for 10 days,
followed by a 1-day re-watering (DS). Data represent mean £+ SD for
three replicates

significantly reduced from day 6 on until the end of the
stress, suggesting that prolonged drought stress might
inhibit photosynthesis through non-stomatal limitations in
the watermelon genotypes. It has been claimed that non-
stomatal limitations not only inhibit the activity of enzymes
related to the Calvin cycle but also destroy the PSII system
and adversely affect its efficiency (Sapeta et al. 2013).
Consistent with this conclusion, our study showed that
drought negatively affected initial Rubisco activity in both
genotypes (Fig. S4a). Significant decreases in F,/F,
@PSII, ETR and qP were also observed in the genotypes,
but the effects were more dramatic in the drought-sensitive
variety (Fig. 3e—g), a finding that implies that the meta-
bolic impairment of photosynthesis was more severe in
Y34 than in M20. Thermal energy dissipation, as indicated
by an increase in NPQ, is a typical response that protects
the leaf photosynthetic apparatus from light-induced dam-
age from drought stress (Sheng et al. 2008). In the present
study, M20 showed higher increasement in NPQ than Y34
under severe water stress (Fig. 3h), thus dissipating heat at
a much greater rate and thereby protecting its leaves better
from photodamage. Chlorophyll content is closely related
to P,. Under drought stress, the susceptible variety Y34
experienced an earlier and greater loss of leaf chlorophyll
(Fig. S4b). PAO and PPH are two key genes in the pathway
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Fig. 6 Relative expression levels of a WRKY70-like, b MYB96-like,
¢ PAO, d PPH, e Cu—Zn SOD, f CAT, g APX and h GR genes in M20
(M) and Y34 (Y) grown under well-watered conditions (CK) and
subjected to drought stress for 0, 2, 6, and 10 days, followed by a

of chlorophyll breakdown that could be highly up-regu-
lated under drought, osmotic stress, and in response to
challenge by several pathogens (Hortensteiner and Krautler

1-day re-watering (DS). Expression level of gene in Y34 at day 0 was
used as the control with a nominal value of 1. Data represent
mean £ SD for three replicates

2011). In this study, drought treatment induced higher
transcripts of PAO and PPH genes in Y34 than in M20
(Fig. 6¢c, d), indicating that the greater loss of leaf
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chlorophyll in the susceptible variety might be a conse-
quence of faster chlorophyll degradation.

The stomatal closure-induced lack of CO, also promotes
photo-oxidative stress in the chloroplasts, leading to the
excessive generation of ROS (Posch and Bennett 2009).
High ROS levels increase lipid peroxidation, thereby
causing oxidative damage that can normally be seen by
monitoring changes in MDA concentration (Wang et al.
2012). Our data showed that drought induced more serious
oxidative damage in Y34 than in M20, as manifested by its
much greater accumulation of MDA upon both water
deprivation and rehydration (Fig. 4c). ROS detoxification
is important for cellular survival; therefore, plants employ
antioxidant defence systems to protect cells from oxidative
damage (Gill and Tuteja 2010). This was also supported by
our results that SOD, CAT, APX and GR activities were all
positively regulated in watermelon seedlings to response to
water deprivation; but severe water stress downregulated
the elevations in the enzyme activities (Fig. 5). A possible
explanation of these trends might be that the increased
generation of ROS caused by the early drought stress
stimulates the cellular protective enzymes to mitigate
damage; however, as ROS production increases further
under severe drought, beyond the control of the protective
enzymes, ROS might interact with the enzymes, leading to
their oxidation and inactivation (Sharma and Dubey 2005).
In the control plants, the constitutive activities of the
enzymes (except GR) analysed in this study did not sig-
nificantly differ between the genotypes (Fig. 5). Nonethe-
less, in the treated plants, these four enzyme activities were
all enhanced more markedly in the drought-tolerant geno-
type than in the drought-sensitive genotype. Moreover,
expression levels and accumulation rates of their encoding
genes (except APX) were also significantly higher in
stressed M20 than in stressed Y34 (Fig. 6e-h). Higher
increased enzyme activities under drought stress were
associated with a more efficient antioxidant system
response, assisting in providing tolerance against drought
stress (Boaretto et al. 2014). This might explain why M20
was able to maintain relatively low levels of ROS and
MDA induced by drought. The non-enzymatic antioxidants
ascorbate and glutathione provide cellular protection by
acting as substrates in the AsA—GSH cycle for maintaining
the redox status of cells (Sharma and Dubey 2005).
Drought induced an increase in the concentrations of AsA
and GSH followed by a subsequent decline in both geno-
types (Fig. S2a, b). According to Gill and Tuteja (2010)
and Sharma and Dubey (2005), such a decline during the
late stage of drought stress can be partially attributed to the
inhibition of the regeneration ability; here, we found that
the observed decrease in GR and APX activities was
accompanied by an increasing shift in the cellular AsA and
GSH pools toward their oxidized forms (Fig. S5c, d;
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Fig. S2). Therefore, we conclude that drought stress sig-
nificantly affected ascorbate and glutathione redox home-
ostasis and that watermelon Y34 plants grown under
drought were more susceptible than M20 plants. Under
drought conditions, a significant increase in the total sol-
uble sugar and proline content was observed in both
genotypes and higher concentrations accumulated in M20
(Fig. S5a). The increase in soluble sugar and proline con-
tent was considered a typical response to water stress in the
attempt of plants to quench ROS (Moustakas et al. 2011),
stabilize membranes and maintain turgor at low leaf water
potential (Ramachandra Reddy et al. 2004).

In conclusion, drought stress caused wilting and leaf
chlorosis in watermelon plants and inhibited photosynthesis,
finally decreasing growth. The higher tolerance of M20 to
water deficit was associated with a greater dry mass alloca-
tion to the roots, a greater trichome density and more sen-
sitive stomatal control. Coupled with a better ability to
regulate the energy bifurcation between photochemical and
non-photochemical events, M20 also exhibited a more effi-
cient antioxidant response and osmoregulation to withstand
drought stress. All of these adaptive mechanisms contributed
to the rapid recovery of this variety after re-watering. Thus,
we consider this wild watermelon genotype very promising
for use in the improvement of domesticated watermelons.
Further work is encouraged to identify the candidate genes
associated with drought tolerance in wild watermelon M20.
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