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Abstract

Water stress is one of the major limitations to fruit production worldwide. Identifying
suitable indicators, screening techniques and quantifiable traits would facilitate the
genetic improvement process for water stress tolerance. In the present study, we
evaluated the ability of physiological parameters (Transpiration, E; Fv/Fm; leaf water
potential, wiesr; leaf temperature, LT; and, leaf relative water content, RWC) to
distinguish between contrasting Z. mauritiana clones subjected to a 30-d drought cycle.
Four field-grown clones Seb and Gola (tetraploid) and Q 29 and B 5/4 (diploid) were
studied. By 30 d after the onset of water stress treatment, the E, Fv/Fm, yieat and RWC
of drought-stressed plants had declined significantly in all genotypes compared to values
of well-watered treatments. However, the reductions were more severe in leaves of
diploid clones. Under drought stress, the Seb and Gola, maintained higher E (31.5%),
FV/IFm (6.28%), yiear; (11.2%), and RWC (9.3 %) than Q 29 and B 5/4 clones. In
general, LT of drought-stressed plants was higher (~4°C) than that of well-watered
plants but the relative increase was greater among later than former ones. Under
maximum drought stress, LT of Seb and Gola clones was on average 3.0°C lower than
that of Q 29 and B 5/4. Former clones yielded 20% more than later ones, mainly reason
being (14.8%) less fruit drop as an effect of water stress. The results indicate that
presented parameters can be reliable in screening for water stress tolerance ability, with
Fv/IFm, yieat, RWC and LT having the added advantage of being easily and quickly

assessed.
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Introduction:

Ber (Ziziphus mauritiana (Lamk.), Rhamnaceae is an important fruit crop in semi-
arid tropics. Z. mauritiana (Lamk.) is a fruit tree species native to the semiarid regions
of India, Pakistan, Australia, and South Africa. Efforts are being made to introduce this
important fruit crop in Israel to diversify fruit production and provide alternative crop to
farmers (Mizrahi and Nerd, 1996). Identifying suitable cultivars, growing conditions
under different agro climatic conditions is first step towards commercialization of newly
introduced fruit crops. Being arid zone, fruit growers in Israel relies heavily on irrigation
to meet production goals. As, water for irrigation is a limited resource, its efficient
utilization is critical in reducing production costs and for sustainable production.
Identification of water stress tolerant clones is thus crucial for commercial production in

arid zones of Negev desert in Israel where water supply is limited.

In Z. mauritiana, four distinct phonological phases have been characterized, namely
vegetative growth (June to August, flowering (September to October) and fruiting
(October to December) winter dormancy (February to May), under Negev desert
conditions (Kulkarni et al., 2008a). Flowering and fruit growth period is critical water
demand period (Katerji et al., 1993). Water relations and photosynthetic responses to
water stress during this growth stage could therefore be useful in identifying better

yielding clones with higher level of tolerance to water stress conditions.

Water stress adversely affects physiological processes such as stomatal conductance,
leaf water potential (LWP), relative water content (RWC), leaf temperature (LT),
transpiration(E), electron transport, photosynthesis and respiration which ultimately
determine yield (Qing et al., 2001; Brodribb et al., 2003). A close association between

photosynthesis, dry matter production and yield is reported with amount of water used
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by plant (Qing et al., 2001, Manoj and Swati, 2008). Genotypic variation for yield in
species exists under water stress conditions (Aguilera et al., 1999). Therefore, ability of
maintaining key physiological processes, such as photosynthetic ability during water

stress conditions indicates potential for sustained productive ability of genotype.

Rong-hua et al. (2006), working with barley, showed that indirect and faster methods of
measuring photosynthetic activity, such as chlorophyll a fluorescence technique,
particularly the maximum photochemical efficiency of photosystem Il — PSII (which can
be accessed via the variable-to-maximum chlorophyll a fluorescence ratio, Fv/Fm), can
be as effective as the more time-consuming gas exchange techniques in revealing
differences between drought tolerant and susceptible genotypes. Other physiological
parameters such as LT and relative water content (RWC) are also very responsive to
drought stress and have been shown to correlate well with drought tolerance (Jamaux et

al., 1997; Altinkut et al., 2001; Colom and Vazzana, 2003).

Different species uses different mechanisms for drought tolerance so it is essential to
check reliability of earlier reported parameters between tolerant and susceptible clones
in species under consideration (Colom and Vazzana, 2003; O’Neill et al., 2006; Rong-
hua et al., 2006). To our knowledge, no studies have evaluated these relationships in
these popular clones of Z. mauritiana. Careful selection of suitable physiological traits
and quantifying them would be very valuable in selecting clones with better water stress
tolerance. In the present study, we evaluated the ability of physiological parameters,
namely the E, Fv/Fm ratio, LT, LWP and RWC to distinguish between four Ziziphus

mauritiana clones for their water stress response.
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Materials and methods:

This study was conducted in Sede Boker (longitude 34.78 °N; latitude 30.78 °E; altitude
450 m; mean annual rainfall 91 mm), Negev Desert, Israel, during the 2007- 2008 in an
experimental field with a sandy clay loam soil type. The experiment was arranged in a
complete block design within a three-factor factorial, where the first factor was
composed of four Z. mauritiana clones; the second factor was composed by two
irrigation levels (wet and dry), and the third factor composed of three evaluation dates
(0, 15 and 30 d after water deficit imposition), with four replicates. Data were collected

from 6 trees per treatment per replication.

The four Z. mauritiana clones analyzed in this study were Seb, Gola, Q 29 and B 5/4.
Seb and Gola are moderately vigorous, with small (average size 14.3+1.1 sg.cm) and
thick leaves (average thickness 261+13um) whereas Q 29 and B 5/4 had vigorous
growth, with big (average size 25.6+£1.8 sg.cm) and comparatively thinner leaves
(average thickness 234+19 pm). Each clone was grafted on clonally propagated
rootstock (Z. nummularia) planted in two rows, 3 m long, and 1.5 m apart in June, 2005.
Chemical fertigation (Poly-Feed DRIP 23:7:23+2MgO with micronutrients, Haifa
Chemicals Ltd.) was supplied through a drip system. On regular basis, plants were
irrigated 56 L during the hot season (June to November) and 16 L during the cold wet

season (December to March)

Two irrigation treatments [well-watered (+W) and water stress (-W)] were initiated in
26" October, 2007 to 25" November, 2007, during the flowering and fruiting period.

The well-watered plots were irrigated at rate of 64 L/week, whereas in water stressed


https://doi.org/10.1101/077297
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/077297; this version posted September 25, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

plots irrigation was stopped completely for 30 days. Soil moisture depletion was

monitored periodically by monitoring % soil moisture on dry weight basis.

Flow cytometry analysis was performed as described by Garcia et al., (2008). Pisum
sativum cv. Citrad was used as standard genome size reported to be 9.39 pg by Johanson
et al. 1999. The absolute DNA content of samples was calculated based on values of M

peak means:

Sample 2C DNA content = [(Sample G1 peak mean) / (Standard G1 peak mean)]

x Standard 2C DNA content ( pg DNA)

- as per Dolezel and Bartos (2005). Z. mauritiana (cv. Seb) [2n=48] was reported to be
tetraploid (Mehetre and Dahat 2000) thus was used as internal standard to estimate

ploidy level of rest of clones.

Stomatal observations were taken with an Axiomagera 1 LED (Zeiss) microscope.
Length and width of fully opened stomata were measured using AxioVision Release
4.6.3.0 software (Carl Zeiss Imaging Solutions GmbH). Stomatal density was calculated
by counting the number of stomata on the leaf epidermis in 1 mm? microscopic field.
Stomatal pore area (SPA) was calculated using pore length and pore width
measurements. Four mature, fully expanded leaves located at the canopy's periphery at a
height of about 1.5 m above ground, exposed to full sunlight per tree from all trees under

evaluation were used for this analysis.

Physiological parameters were measured three times during the study: at 0, 15 and 30 d

after the onset of irrigation treatments (DAT) on cloudless days and between


https://doi.org/10.1101/077297
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/077297; this version posted September 25, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

approximately 1100 h and 1500 h. Leaf transpiration rate (m mol H20 m2 s?) was
measured with a LI-1600 Porometer (LI-COR, Nebraska, USA) on five mature leaves
per tree at 12:30-14:00 Hrs. Conversion of unit from pg H20 m?2 s to m mol H.0 m?2 s°
lwas done as given by Nobel, 2005. During each measurement date, at least five leaves
per tree were dark-adapted for 30 min using leaf clips (FL-DC, Opti-Science) before
fluorescence measurements. The Fv/Fm ratio parameter was determined following the
procedures of Maxwell and Johnson (2000), and used as to quantify the degree of
drought-induced photoinhibition. Leaf temperature readings were collected using a
hand-held infrared thermometer (Model OS530HR, Omega Engineering Inc., Stamford
CT, USA) with leaf emissivity set at 0.95. During each LT measurement, the natural leaf

orientation with respect to the sun was maintained to avoid shade effects.

Leaves used for E, Fv/Fm and LT were used for measurement of mid-day leaf water
potential (Wiear) and relative water content (RWC). Midday Wiear Was measured using a
pressure chamber (SOIL Moisture Corporation, Santa Barbara, CA, USA) after
Scholander et al. (1965) between 12:00 to 13:00 hrs for fully expanded outer canopy
leaves (five per tree). Our main aim was to check maximum effect of water stress on
plant water status so only mid-day water potential values were measured. To minimize
errors due to water loss during procedure, leaves were cut and transported in humified
polyethylene bags, and the base of chamber lines with moistened tissue. Leaf disks (1.3
cm diameter each) were collected with a cork borer and used to determine leaf relative
water content (RWC) following the method of Matin et al. (1989). Five disks per tree
were collected, immediately sealed in glass vials and quickly transported to the
laboratory in an ice-cooled chest. Leaf disk fresh weights were determined within 2 h

after excision. The turgid weight was obtained after rehydration in deionized water for
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24 h at room temperature. After rehydration, leaves were quickly and carefully blotted
dry with lint-free tissue paper before determining turgid weight. Dry weights were

recorded after oven-drying leaf samples for 48 h at 80°C.

After water stress treatment fruit yield was recorded as number of fruits per plant,

average fruit weight and Yield in Kg per tree was for all treatments.

Statistical analysis:

Analysis of variance (ANOVA) was performed with JMP software (release 5.0.1a, SAS
Institute Inc.) to determine significant differences (at p <05) between clones for all
measured parameters. Tukey HSD test was used to separate means. Differences between
cultivars for fruit yield per plant, number of fruits per plant, stomatal density and
stomatal pore area (SPA) were determined using one-way ANOVA, with cultivar as the
main effect and each parameter as a variable. All physiological parameters were
analyzed by multivariate analysis considering clones and irrigation treatments as fixed
effects and replication random effects. Evaluation dates were repeated observations in
the analysis. Linear correlation analysis was used to determine the association among E,

Fv/Fm, leaf RWC, SPA and fruit yield per tree.

Results and discussion:

Average air temperatures during the study period (September 2007 to October 2007)
ranged from ca. 17.5 to ca. 29.0°C (Figure 1) and cumulative relative humidity was
70%. There was no occurrence of rainfall during all experiment. Soli relative water
content decreased significantly up to 57.4 after 15 day drought and 42.3 after 30 days of

imposing water stress as compared to well-watered condition (P<0.001). The irrigation
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treatment received additional 64 L of water per week and water stressed plants utilized
only soil water which went down slowly with increasing time period. As plants were
only two years old possibility of roots to reach up to deeper moisture sources in soil are

negligible.
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Figure 1: Weekly maximum, minimum air temperature and relative humidity during
experimental period (September 2007 to October 2007). There was no occurrence of

rainfall during experiment period.

Ploidy level analysis

One dominant peak in all clones was obtained using flow cytometry analysis (FACS),
indicated their relative nuclear DNA content (Fig.2). Z. mauritiana clones Seb and Gola
samples were with significantly higher (2.19 - 2.35 pg) 2C nuclear DNA content than Q
29 and B 5/4 (1.70 - 1.79 pg) as shown in Table 1. These results indicated projected
ploidy level of Seb and Gola to be tetraploid whereas Q 29 and B 5/4 being diploid 2C

nuclear DNA content. These results supports our preliminary field study indicating Seb
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and Gola exhibiting better water stress tolerance under field condition than Q 29 and B
5/4 by maintaining better growth and vigor. Higher ploidy level with improved water
stress tolerance is reported in many plant species (Stutz, 1989; Nutli and Zoblo, 2008;

Kulkarni et al., 2008b).

Table 1 Genome size and expected ploidy based on FACS analysis

Clone Genome size (pg) Expected ploidy
Seb 2.35a Tetraploid
Gola 2.19a Tetraploid
Q29 1.70 b Diploid
B 5/4 1.79b Diploid
Q29 Seb
M, My Pea

My

Iy /

Number of Nuclei
Count

L B EE e T
0 200 400 600 800 1000

Fluorescence intensity

Figure 2: Representative flow cytometric histogram of nuclei isolated from leaves of

Z.mauritiana clones. Seb clone had M peak at gate 80 whereas Q 29 had My peak at
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gate 45. Clone Seb used as internal standard being known tetraploid and known standard

for nuclear DNA content in pg [Pea (Pisum sativum cv. Citrad)].

Fruit yield under water stress

According to Kumar (2005), a plant or a group of plants showing better growth and
productivity with limited soil moisture than other plants in a given set of similar
environments is understood to be tolerant to water stress. Bearing this definition in mind
and based on the last two years field performance under water stress conditions in south
of Negev, the genotypes Seb and Gola were considered water stress tolerant. However,
as Figure 3 shows, in the current experiment fruit yield for Seb and Gola differed
significantly under well-watered (6.54 and 5.43 kg plant™ respectievly) and drought-
stress conditions (4.91 and 3.90 kg plant™ respectievly), although the clones were able to
maintain relatively high yield under both watering conditions. The genotypes Q 29 and
B 5/4 could be considered water stress susceptible as fruit yield significantly decreased
in response to water deficit application (Figure 3 A). Interestingly, clone B 5/4 was high
yielding (at par with Seb) under irrigated condition but significantly higher reduction
was observed (44.9%) under water stress as compared to rest of the clones. Main reason
for reduction in yield was observed to be significantly high fruit drop in susceptible
clones (Fig 3[B]; P< 0.01). Significantly lower fruit drop under water stress as compared
to watered condition was observed in Seb ( 12.4%) and Gola(16.2%) whereas fruit drop
was higher in clones Q29 (32.3%) and B 5/4 (23.5%). Overall, average reduction in fruit
weight was observed to be (19.8%) but main reason for yield reduction under water

stress being fruit drop.
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Figure 3: [A] Fruit yield (Kg/tree) and [B] number of fruits/ tree under normal and
water stress condition in four clones of Z. mauritiana. Bars = SE. Different letters
indicate significant differences by a Tukey HSD test, with P <0.05.

Stomatal features

It was interesting to note that Seb and Gola (tetraploid clones) had significantly lower
stomatal density on abaxial leaf surface per square mm (average 739.5+68) as compared
to Q 29 and B 5/4 [diploid clones ( average 1081+93)] under control condition. Under

water stress condition, stomatal density increased significantly in all clones. Increase in
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stomatal density was significantly higher in clones Q 29 and B 5/4 as compared to Seb
and Gola (Table 2). Early reports showed an increase in stomatal density and a decrease
in cell size under water deficit, indicating that an adaptation to drought could occur

(Wang and Gao, 2003; Yang et al., 2007; Gazanchian et al.,2007; Martinez et al., 2007).

Lower stomatal density in drought tolerant rootstock (Z. nummularia) as compared to Z.
mauritiana is reported by Bankar and Prasad, 1992. Overall negative relation between
stomatal size and density was observed in four clones under study. Bigger stomatal size
and lower density was related to ploidy level in Z. jujube (Gu et al., 2005). Stomatal
density was also negatively correlated with stomatal size under different water
conditions in Z. jujube leaves (Zheng et al., 2006) and Platanus acerifolia leaves (Zhang
et al., 2004). Nevertheless, different effects of abiotic factors on stomatal size may
depend on plant species/varieties (Maherali et al., 2002; Liu et al., 2006). There was
significant effect of water stress on stomatal pore area in all clones under study but this
effect was with higher magnitude on Q 29 and B 5/4 as compared to Seb and Gola
(Table 2; Fig.4). Vincent et al. (2005) reported similar stomatal regulation in drought-
resistant Cocos nucifera: stomata were partially closed in tolerant tall cultivars and

completely closed in sensitive dwarf cultivars.
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Table 2. Stomata size, density and pore character variations on abaxial leaf epidermis in

Z. mauritiana clones.

Stomatal pore area (um?)

Density (No.mm-2)

-W +W -W +W Clone
75.8+7.1d 139.4+12.6 a 835+98b 665+32a Seb
63.2+5.3e 107.4+9.9b  1056+91cd 814+60b Gola
45.6+3.9f 71.8+7.3d 1368+112g 1164+27¢ Q-29
42.6+4.1f 81.3t6.2 ¢ 1243+105f  998+24c¢ B-5/4

Different letters indicate significant differences between cultivars at P< 0.05. (n=100 +
SE).

Figure 4 : Effect of water stress on abaxial stomata: (A) Seb and (B) Q 29 under normal

irrigation condition; (C) Seb (partially closed) and (D) Q 29 (Completely closed) under

water stress conditions (Scale bar =5 pm).
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Physiological indicators of water stress response

Significant genotype by irrigation (GxW), genotype by evaluation date (GxD) and
irrigation by evaluation date (WxD) interactions were observed for photosystem Il
(PSII) photochemical efficiency (Fv/Fm) measurements (Table 3). Under well- watered
conditions, tolerant as well as susceptible genotypes maintained high Fv/Fm values
(~0.76-0.77). Drought stress generally resulted in decreased Fv/Fm in all clones, but
proportionate decrease was more in diploid clones (Tables 4 and 5). PSII activity
reduction as an effect of photoinhibition due to water stress is indicated by Fv/Fm
reduction (Maxwell and Johnson, 2000). The ability to maintain higher Fv/Fm by Seb
and Gola under drought stress thus indicates a high efficiency of radiation use possibly
for photochemistry and carbon assimilation. Maintaining higher value of Fv/Fm under
water stress associated with water stress tolerance and reduction in these values
associated with susceptibility are reported in recent publications (Percivel and Sheriffs,
2002; Raveh et al., 1995; Yang et al., 2005; Colom and Vazzana, 2003). Clifford et al.,
1998 did not found significant difference for Fv/Fm value between normal and water
stressed Z. mauritiana plants during 13 day water stress experiment. But plants are
greater sink at flowering and fruiting phase which amplifies water stress effect could be
assumed to result in significant reduction in Fv/Fm values indicating sever water stress

under presented experimental conditions.
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Table 3. Analysis of variance (F values) for PSII photochemical efficiency (Fv/Fm),
transpiration (E), leaf temperature (LT), midday leaf water potential (yieaf) and leaf
relative water content (RWC) of four Z. mauritiana clones grown under well-watered

and drought conditions and measured on three dates. * P < 0.05; ** P < 0.01.

Physiological attributes Treatment

RWC Yleaf LT Transpiration Fv/Fm
29.62** 50.14** 2.64** 9.3** 10.86**  Genotype(G)
338.54**  107.52** 23.62** 5.8* 36.93**  Water condition (W)
96.43** 139.13** 12.86** 39.0** 20.67**  Evaluation date (D)
19.23** 6.91** 1.23™ 6.3** 4.23*%* GxW
12.43** 1.63™ 0.48™ 2.13* 2.06* GxD
110.29** 2.62** 5.86** 3.1* 10.65**  WxD

8.21** 0.24 0.59 0.29 1.18 GxWxD

3.15 4.21 9.84 7.54 3.65 CV%
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Table 4. PSII photochemical efficiency (Fv/Fm), Transpiration (E), leaf temperature
(LT), Leaf water potential (yiear) and leaf relative water content (RWC) of four Z.
mauritiana clones grown under well-watered (+W) and water stress (-W) conditions.
Measurements were taken at 15 days after the onset of irrigation treatments. Means for
tolerant and susceptible clones in a same row and within a same attribute column and

having the same letter are not significantly different at 0.05 probability level (Tukey’s

available under aCC-BY-NC-ND 4.0 International license.

test).
Physiological attributes Clone
RWC Yleaf LT Fv/Fm
-W +W -W +W -W +W -W +W -W +W
81.3b 881la -215c¢c -1.29b 320b 29.9a 3.1d 39c 0.72c 0.76a Seb
794b 882a -233d -l146a 325b 287a 29e 53b 0.71c 0.77a Gola
76.8c 883a -252e -134b 348c 276a 3.2d 6.0a 0.71c 0.77a Q29
771c 87.2a -248e -145a 351c 283a 26f 52b 0.69d 0.74b B5/4
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Table 5. PSII photochemical efficiency (Fv/Fm), Transpiration (E), leaf temperature
(LT), Leaf water potential (yieaf) and leaf relative water content (RWC) of four Z.
mauritiana clones grown under well-watered (+W) and water stress (-W) conditions.
Measurements were taken at 30 days after the onset of irrigation treatments. Means for
tolerant and susceptible clones in a same row and within a same attribute column and

having the same letter are not significantly different at 0.05 probability level (Tukey’s

available under aCC-BY-NC-ND 4.0 International license.

test).
Physiological attributes Clone
RWC Yleaf LT Fv/Fm
-W +W -W +W -W +W -W +W -W +W
78.7b 87.1a -2.39c -1.27b  336b 29.6a 2.6d 42c¢ 069c 0.78a Seb
76.3b 86.9a -2.52d -142a  343b 29.1a 24d 50b 0.68c 0.78a Gola
71.4c 87.3a -2.62e -1.36b 37.1d 274a 2.0e 6.1la 064d 0.77a Q29
70.3c 87.2a  -2.6% -143a  36.8c 28.1la 18e 51b 0.65d 0.76b B5/4
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Transpiration responses to water stress were similar to those obtained for Fv/Fm with
the exception that transpiration data varied more as compared to Fv/Fm. Transpiration
was significantly affected by GxW and WxD interactions (Table 3). Transpiration
declined progressively with exposure to drought but the decline was more severe in
clones Q 29 and B 5/4, as could be deduced from Tables 4 and 5. Q 29 had the highest
transpiration rate under normal conditions could be attributed to higher stomatal density
(Table 2). Transpiration rate values under drought conditions were maintained at higher
proportions as compared to control values by Seb and Gola (45.3%) but Q 29 and B 5/4
had the higher reductions (64.1%) as compared to respective control values at highest
water stress level i.e. 30 days after imposing water stress (Tables 5). It is known that the
maintenance of transpiration under conditions of water stress constitutes a mechanism of
water stress tolerance, as has been shown for Hevea brasiliensis, Psidium guajava and
Anacardium occidentale trees (Ozinaldo et al., 2007). Similar results were also reported
for Quercus coccifera, Ceratonia siliqua, Pistacia terebinthus, Olea oleaster (Sakcali

and Ozturk, 2004) and Hordeum vulgare (Rong hua et al., 2006).

Drought stress generally resulted in an overall increase in LT for all the clones,
regardless of tolerance susceptibility classification (Tables 3, 4 and 5). However, LT of
clones, Q 29 and B 5/4 responded sharper to drought stress (by 15 DAT) than that of Seb
and Gola (Table 4). The highest average increase in LT was observed in Q 29 whereas
the lowest average increase was recorded for Seb (Table 4). Overall, clones classified as
susceptible generally had higher average LT readings (~36.9°C) under drought stress

conditions than those classified as tolerant (~33.9°C; Table 5). The increase in LT was
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probably due to reduced evapotranspirational cooling, resulting from drought-induced
stomatal closure (Fig.4). As stomata close in response to water deficit stress,
transpirational cooling ceases, leading to a rise in leaf temperature (Luquet et al., 2003;
Jones, 2004). While stomatal closure under increasing water stress helps to prevent
development of lethal water deficits, but it can lead to lethal temperatures under high

radiation and temperature conditions.

It was evident from partial stomatal closure in tolerant clones under water deficit
conditions that they maintain better water status and have dynamic control over
stomtatal regulation leading to sustained transpirational cooling. This mechanism leads
to sustained CO; influx towards chloroplasts, maintained photosynthesis rate and crop
yield (Kumar, 2005). Although LT data varied more as compared to Fv/Fm, perhaps due
to reflection of solar radiation during measurement and changing wind conditions, water
stress induced differences between Seb, Gola (tetraploid) and Q29, B5/4 (diploid) clones
were still apparent. Possible error due to excessive reflection of solar radiation during
measurement may lead to overestimation of LT which could be avoided by temporary

shading of leaf before measurement (Leigh et al. 2006).

Trends in plant water relations during water stress

Relative water content (RWC) of leaves was determined along with measurements of
leaf water potential in the repeated measurements. Similar leaf water potential values
were obtained, which positively correlated with the RWC of the genotypes (Fig. 5,
r’=0.93). Significant decrease observed in RWC as well as lowered LWP under water

stress indicated level of water stress imposed after withholding irrigation.
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Figure 5: Relationship between leaf water potential and relative water content of leaves

of well-watered (dotted line) and water-stressed plants (solid line) of Ziziphus

mauritiana clones under study. (n =140, r>=0.93)

Leaf relative water content (RWC) was the only parameter for which the GxWxD
interaction was significant (Table 1). At the onset of differential irrigation treatments
RWC was similar (~88%) among all clones (Table 3) but water deficit stress resulted in
progressive decline in RWC (Tables 4 and 5). By 15 DAT, significant differences in
RWC had developed with clones from the tolerant tetraploid clones (Seb and Gola)
maintaining a relatively higher average RWC (~80%) than those in the susceptible
clones [(Q29 and B 5/4 (~76%, Table 4)]. This trend was more evident at 30 DAT

(Table 5).

On average, water stress-induced reduction in RWC occurred to a greater extent in the

water stress-susceptible clones Q 29 (19.3%) and B 5/4 (21.4%), and to a lesser degree
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in the tolerant Seb (9.7%). The average water stress-induced reduction in RWC was
12.9% for the tolerant clones and 20.3% for the susceptible clones. Clones in the tolerant
category in this study had relatively high RWC values compared to those in the
susceptible category thus confirming their empirical classification as water stress
tolerant. Clifford et al., 1998 reported reduction of 14% RWC content after a period of
13 day water stress cycle to Z. mauritiana clones Seb and Gola. Physiological
functioning and growth under water stress depends on degree of cell and tissue
hydration for which RWC is an important indicator. Maintaining relatively higher RWC
during water stress as an indicator of drought tolerance is reported in numerous earlier

studies (Jamaux et al., 1997; Altinkut et al., 2001; Colom and Vazzana, 2003).

Significant genotype by irrigation (GxW) and irrigation by evaluation date (WxD)
interactions were observed for mid-day LWP measurements (Table 3). Under well-
watered conditions, tolerant as well as susceptible clones maintained lower LWP (~ -
1.29 to -1.46 MPa). It was indicative that reduction in RWC was high enough to cause
reduction in LWP. It could be assumed that water stress led to significant drop in LWP
in transpiring leaves such that cells began to lose turgor, triggering stomatal closure

(Brodribb et al., 2003).

Midday values of LWP in full irrigation were higher than the drought treatment for the
entire experimental period (Table 4 and 5). Midday LWP started to decrease from 10
days after withholding irrigation reaching lowest values (MPa) of ~ - 2.69 in Q 29 and B
5/4 whereas significantly higher values of LWP were observed under similar stress level
(~ - 2.45) in Seb and Gola. Significantly lowered values of midday LWP in former
indicate higher magnitude of water stress as compared to later clones. Reduced midday

leaf water potential from -1.1 to -2.4 MPa during a water stress period of 13 days was
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reported by Clifford et al., 1998, as in our case plants were at flowering and fruiting
phase and duration of drought was almost double could impose a water stress of higher

magnitude.
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Table 6. Pearson’s correlation coefficients for association among chlorophyll PSII
photochemical efficiency (Fv/Fm), Transpiration (E), leaf relative water content (RWC),
stomatal pore area (SPA) and fruit yield of four Z. mauritiana clones grown under two
watering treatments measured on 0, 15 and 30 days after treatment imposition (DAT).
ns, not significant; * P < 0.05; ** P < 0.01. (Note: stomatal pore area (SPA) was

measured at initial and maximum water stress conditions only)

Fruityield  SPA RWC E

0 DAT
0.18™ 0.12" 0.78%* 0.24™ Fv/Fm
0.20™ -0.76**  0.08™ E
0.26™ 0.25" RWC
0.16" SPA

15 DAT
0.46% 0.72%* 0.44% Fv/Fm
0.22" 0.26" E
0.93** RWC

SPA

30 DAT
0.73** 0.75**  0.79%* 0.82%* Fv/Fm
0.78** 0.68%*  0.74** E
0.85%* 0.69%* RWC

0.77** SPA
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Before the onset of treatments there was no significant correlation between the
parameters, with the exception of a positive association between Fv/Fm and RWC,
whereas a significant negative correlation was observed between E and SPA (Table 6).
A modest, although significant, positive correlation was found among Fv/Fm, and E as
well at 15 DAT as at 30 DAT. The degree of association amongst these parameters

varied between 0.33 to 0.50 at 15 and 30 DAT, respectively.

On the other hand, stomatal pore area showed a significant negative correlation with E,
at under normal irrigation treatment (-0.66 to -0.81). Under water stress conditions this
correlation was found to be significant (0.68). It was interesting to note that, relation
between Fv/Fm and SPA was non- significant under unstressed condition but was found
significant under water stress conditions. These results indicate that stomatal pore area
may be more closely related to photosynthetic character, and water deficit may enhance

the correlations.

The fruit yield was found to be positively correlated with Fv/Fm, E, SPA and RWC
during the whole evaluation period under drought conditions. These results
demonstrated that all traits were affected mutually, positively, and were consistent in
response to water deficit condition. Therefore, these parameters might be used as a
selection criterion for fruit productivity in Ziziphus under water stress. This is in
accordance to Lutfur et al., (1999), Rong- hua et al., (2006), Manoj and Swati, (2008),

that worked with tomato, barley, hot pepper.
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Concluding remarks:

Water stress is one of the major reasons to fruit productivity worldwide and a possible
solution is to improve the water stress tolerance of fruit crops through genetic
improvement for water stress tolerance. To achieve this goal, a set of reliable traits that
can be easily screened is needed. Overall, the yield reduction after 30 days of water
stress observed for the tolerant clones (Seb and Gola) in lower proportion and the
considerable correlation with the parameters studied turns this approach quite promising.
Although all the traits and techniques evaluated in this study were reliable in
distinguishing between tolerant and susceptible Ziziphus mauritiana clones, Fv/Fm and
RWC seem to be the most promising for water stress tolerance screening. As Z.
mauritiana is relatively water stress tolerant fruit crop, the best responses for screening
for water stress tolerance could be achieved after 30 d under water limitation during the

flowering and fruiting phase.

Acknowledgement

Author is thankful to the Albert Katz Department of Dryland Biotechnologies,
Blaustein Institutes for Desert Research, Ben Gurion University of Negev for
Post-doctoral fellowship. The author thank Dr. Noemi Tel-Zur; Prof. Yoseph
Mizarhi for experimental plant material and Yossi Moyal's help for water stress

experiment.


https://doi.org/10.1101/077297
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/077297; this version posted September 25, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References:

Aguilera C, Stirling CM, Long SP (1999) Genotypes variation within Zea mays for
susceptibility to and rate of recovery from chill-induced photoinhibition of
photosynthesis. Physiol. Plant. 106:429-436.

Altinkut A, Kazan K, Ipekci Z, Gozukirmizi N (2001) Tolerance to paraquat is
correlated with the traits associated with water stress tolerance in segregating F2
populations of barley and wheat. Euphytica 121:81- 86.

Bankar and Prasad (1992) Relatiohship between stomatal distribution and growth of ber
rootstocks. Indian Journal of Horticulture 49(2): 169-171

Brodribb T J, Holbrook NM., Edwards E J., Gutierez MV (2003) Relations between
stomatal closure, leaf turgor and xylem vulnerability in eight tropical dry forest
trees Plant, Cell and Environment 26, 443-450.

Clifford, S.C., Arndt, S.K., Corlett, J.E., Joshi, S., Sankhla, N., Popp, M., Jones, H.G.,
1998. The role of solute accumulation, osmotic adjustment and changes in cell
wall elasticity in drought tolerance in Ziziphus mauritiana (Lamk.). Journal of
Experimental Botany 49, 967-977.

Colom MR, Vazzana C (2003) Photosynthesis and PSII functionality of drought-
resistant and drought sensve weeping love grass plants. Environ. Exp. Bot.
49:135-144.

Dolezel J, Bartos J (2005) Plant DNA flow cytometry and estimation of nuclear genome
size. Annals of Botany 95: 99-110.

Garcia RB, Schneider B, Tel-Zur N (2008) Androgenesis in the vine cacti Selenicereus
and Hylocereus (Cactaceae) Plant Cell Tiss Organ Cult ( In press)

Gazanchian A, Hajheidari M, Sima NK, Salekdeh GH. 2007. Proteome response of
Elymus elongatum to severe water stress and recovery. Journal of Experimental
Botany 58, 291-300.

Gu X. F. Yang A. F. Meng H. Zhang J. R. 2005. In vitro induction of tetraploid plants
from diploid Zizyphus jujube Mill. cv. Zhanhua. Plant Cell Rep (2005) 24: 671
676

Jamaux I, Steinmertz A, Belhassen E (1997) Looking for molecular and physiological
markers of osmotic adjustment in sunflower. New Phytol. 137:117-127.


https://doi.org/10.1101/077297
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/077297; this version posted September 25, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Johanson JJS, Bennett MD, Rayburn AL, Galbraith DW, Price HJ (1999) Reference
standards for determination of DNA content of plant nuclei. Am J Bot 86: 609—
613.

Jones HG (2004) Application of thermal imaging and infrared sensing in plant
physiology and ecophysiology. Adv. Bot. Res. 41:107-163.

Katerji, M., Mastrorilli, M., Hamdy, A., (1993) Effects of water stress at different
growth stages on pepper yield. Acta Hort. 335: 165-171.

Kulkarni Manoj, Borse Tushar and Chaphalkar Sushama (2008a) Mining anatomical
traits: A novel modeling approach for increased water use efficiency under
drought condition in plants. Czech Journal of Genetics and Plant Breeding, 44
(1):11-21.

Kulkarni Manoj, Bert Schheider, and Noemi Tel-Zur (2008b) Phenology, floral and
reproductive biology studies of Genus Ziziphus in Negev desert conditions.2"
International conference on Desertification, 2008.

Kumar D (2005) Breeding for drought resistance. In: Ashraf M, Harris PJC (eds),
Abiotic stresses: Plant Resistance through Breeding and Molecular Approaches,
pp.145-175. The Haworth Press, New York.

Leigh A, Close JD, Ball MC, Siebke K, Nicotra AB (2006) Leaf cooling curves:
measuring leaf temperature in sunlight. Funct. Plant Biol. 33:515-5109.

Liu S, Liu J, Cao J, Bai C, Shi R. 2006. Stomatal distribution and character analysis of
leaf epidermis of jujube under drought stress. Journal of Anhui Agricultural
Science 34, 1315-1318.

Luquet D, Begue A, Vidal A, Clouvel P, Dauzat J, Olioso A, Gu XF, Tao Y (2003)
Using multidirectional thermography to characterize water status of cotton.
Remote Sens. Environ. 84:411-421.

Lutfor RSM, Nawata E, Sakuratani T ( 1999) Effect of Water Stress on Growth, Yield
and Eco-Physiological Responses of Four Tomato (Lycopersicon esculentum
Mill.) Cultivars. Journal of the Japanese Society for Horticultural Science,
68(3):499-504

Maherali H, Reid CD, Polley HW, Johnson HB, Jachson RB. 2002. Stomatal
acclimation over a sub ambient to elevated CO2 gradient in a C3/C4 grassland.
Plant, Cell and Environment 25, 557-566.

Manoj. K., Swati P., Evaluating variability of root size system and its constitutive traits
in hot pepper (Capsicum annum L.) under water stress. Scientia horticulturae.
(2008) Doi: 10.1016/j.scientia.2008.10.007


https://doi.org/10.1101/077297
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/077297; this version posted September 25, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Martinez JP, Silva H, Ledent JF, Pinto M. 2007. Effect of drought stress on the osmotic
adjustment, cell wall elasticity and cell volume of six cultivars of common beans
(Phaseolus vulgaris L.). European Journal of Agronomy 26, 30—38.

Matin MA, Brown JH, Ferguson H (1989) Leaf water potential, relative water content,
and diffusive resistance as screening techniques for drought resistance in barley.
Agron. J. 81:100-105.

Maxwell, K., Johnson, G.N., 2000. Chlorophyll fluorescence—a practical guide. Journal
of Experimental Botany 51, 659-668.

Mehetre SS, Dahat DV (2000) Cytogenetics of some important fruit crops: A review of
Maharashtra Agricultural Universities, 25: 139-168.

Mizrahi, Y., Nerd, A., 1996. New crops as a possible solution for the troubled Israeli
export market. p. 37-45. In: J. Janick (ed.). Progress in New Crops. ASHS Press,
Alexandria, VA.

Nobel, P.S., 2005. Physicochemical and environmental plant physiology, third ed.
Elsevier Academic Press, Burlington.

Ntuli NR; Zobolo AM (2008) Effect of water stress on growth of colchicine induced
polyploid Coccinia palmata and Lagenaria sphaerica plants. African Journal of
Biotechnology, 7:3548-3652.

O’Neill PM, Shanahan JF, Schepers JS (2006) Use of chlorophyll fluorescence
assessments to differentiate corn hybrid response to variable water conditions.
Crop Sci. 46:681-687.

Ozinaldo, J.A. de S., Zaidan, H.A., and Castro, P.R. de C., 2007. Transpiration and
stomatal resistance variations of perennial tropical crops under soil water
availability conditions and water deficit. Brazilian Archives of Biology and
Technology 50, 225-230.

Percival, G.C., Sheriffs C.N., 2002. Identification of drought-tolerant woody perennials
using chlorophyll fluorescence. Journal of Arboriculture 28, 215-223.

Qing ZM, Jing LG, Kai CR (2001) Photosynthesis characteristics in eleven cultivars of
sugarcane and their responses to water stress during the elongation stage. Proc.
ISSCT 24:642-643.

Raveh, E., Gersany, M., Nobel, P.S., 1995. CO2 uptake and fluorescence responses for a
shade-tolerant cactus Hylocereus undatus under current and doubled CO:
concentrations. Physiologia Plantarum 93, 505-511.

Rong-hua L, Pei-guo G, Baum M, Grando S, Ceccarelli S (2006) Evaluation of
chlorophyll content and fluorescence parameters as indicators of drought
tolerance in barley. Agric. Sci. China 5:751-757.


https://doi.org/10.1101/077297
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/077297; this version posted September 25, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Sakcali, M.S., Ozturk, M., 2004. Eco-physiological behavior of some mediterranean
plants as suitable candidates for reclamation of degraded areas. Journal of Arid
Environments 57,141-153.

Scholander, P.F., Hammel, H.T., Bradstreet, E.D., Hemmingsen, E.A., 1965. Sap
pressure in vascular plants. Science 148, 259-270.

Stutz HC. 1989. Evolution of shrubs. In: McKell CM, ed. The biology and utilization of
shrubs. San Diego: Academic Press, 323-340.

Vincent S., Rajarathinam, S., Jayakumar, P., 2005. Studies on the physiological
parameters as selection criteria for drought tolerance among hybrid coconut
accessions. Madras Agricultural Journal 92, 699—-704.

Wang RZ, Gao Q. 2003. Climate-driven changes in shoot density and shoot biomass in
Leymus chinensis (Poaceae) on the Northeast China Transect (NECT). Global
Ecology and Biogeography 12, 249-259.

Yang J., Zhao, H., Zhang, T., 2005. A comparative study on heat and drought tolerance
between Salix gordejevii and Salix babylonica. Acta Phytoecol Sin. 29, 42-47.
(In Chienese)

Yang L, Han M, Zhou G, Li J. 2007. The changes of water-use efficiency and stoma
density of Leymus chinensis along Northeast China Transect. Acta Ecologica
Sinica 27, 16-24.

Zhang, J.Z., Creelman, R.A., and Zhu, J.K. (2004). From laboratory to field. Using
information from Arabidopsis to engineer salt, cold, and drought tolerance in
crops. Plant Physiol. 135: 615-621.

Zheng Shu-Xia; Shangguan Zhou-Ping; Xue Qing-Wu (2006) Changes of stomatal
parameters of four typical species in the Loess Plateau of China over the last
century Acta Agriculturae Scandinavica, 56: 284 - 291


http://www.informaworld.com/smpp/title~content=t713394126~db=all
http://www.informaworld.com/smpp/title~content=t713394126~db=all~tab=issueslist~branches=56#v56
https://doi.org/10.1101/077297
http://creativecommons.org/licenses/by-nc-nd/4.0/

