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Abstract Faba bean (Vicia faba L.) is the major food
legume crop in Tunisia. However, its growth and yield is
strongly affected by water-limited environments. In this
study, osmotic stress exhibited a negative effect on Bachar
and Badii cultivar. Nevertheless, the deteriorating effects
of osmotic stress were relatively low on studied parameters
of Bachar due to its better efficiency to reduce oxidative
damage by increasing enzymatic activities such as catalase
(CAT), superoxide dismutase (SOD) and ascorbate perox-
idase (APX), accumulation of total chlorophyll (Chlt),
soluble sugars and leaf relative water content (RWC). GC—
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MS analysis determined a total of 11 soluble carbohydrates
induced by osmotic stress and differentially accumulated in
the both cultivars. Bachar showed elevated levels of
mannose, glucose, galactose, ribose, rhamnose and myo-
inositol which might help to maintain osmotic adjustment,
membranes and proteins protection from the damaging
effect of reactive oxygen species. Sugar metabolism related
genes (VfNINV3, VfPHS2, VfFRK4, VfHXKI, VfGPII,

VASTPI.1,  Vf{GIcTL.1,  VfSTPS.1,  VfpGIcTl.2,
VASWEET2.1, VfVINV2, VfSUSI, VfPGMI, VfSUTI.I,
VfGPTI, VfSPSI1, VfSPPI, VfPHSI, VfSUT4.] and

VfTMTI.1) were differentially expressed in both cultivars
demonstrating their important roles in sugar accumulation.
Most of these genes were upregulated in the leaves of
Bachar under moderate and severe stress, which could lead
to increase glycolysis and tricarboxylic acid cycle in order
to accelerate energy production, necessary to increase
osmotic regulation and consequently enhancing the osmo-
tic stress tolerance in that cultivar. Overall, sugars accu-
mulation ability can be used as a useful indicator for the
osmotic stress tolerant potential in faba bean breeding
programs.

Keywords Faba bean - Gene expression - GC-MS -
Osmotic stress - Sugar metabolism - qRT-PCR

Introduction

Faba bean (Vicia faba L.) is a major food legume crop
grown and consumed in Tunisia because it represents an
important source of proteins for animal feed and human
nutrition. It is also incorporated in crop rotation systems
with cereals in semi-arid regions in order to provide sub-
stantial benefits such as increasing and maintaining soil
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fertility due to its high capacity for nitrogen fixation. This
could lead to reducing fertilizer input, pests and soil-borne
disease incidence in cereals and consequently a potential
increases in the yield (Karkanis et al. 2018). In 2018, the
amount of land dedicated to faba bean was 54,907 ha with
64,508 tons of yield (FAOSTAT 2018). Indeed, the
national average faba bean production is low (1.12 t/ha)
and unstable, characterized by wide fluctuations compared
to the worldwide average harvest (2.26 t/ha) (FAOSTAT
2018) due to the lack of suitable genetic material with
stable yield and reasonable tolerance to biotic (prevalent
diseases and pests) and abiotic (mainly water deficit)
stresses. Recently, the production of faba bean in Tunisian
semi-arid regions is likely to be drastically affected by the
gradual increase of global temperature and the reduced
precipitation, due to the negative effect of hot and dry
climate conditions on the growth of this crop, thus reducing
the interest of the farmers to produce it (Ouji et al. 2017). It
is well known that Vicia faba is more sensitive to heat and,
in greater manner, to water deficit compared to other grain
legumes like common bean, pea and chickpea (Khan et al.
2010).

It is well known that carbohydrates such as starch,
glucose, sucrose, fructose, trehalose, raffinose, stachyose
and inositol are commonly synthesized in plants by pho-
tosynthesis. These carbohydrates are essential for many
processes including energy transference, signal transduc-
tion, osmoprotection and tolerance (Sami et al. 2016).
Soluble carbohydrates (sugars) are considered as important
metabolites and osmolytes in plants under environmental
stresses including drought (Arabzadeh 2012). The accu-
mulation of soluble sugars under abiotic stresses (mainly
drought and salt stress) plays not only a leading role in
osmoprotection and osmotic adjustment but also helps in
stabilizing membranes, regulation of gene expression and
signaling (Rosa et al. 2009). Moreover, the roles of sugars
as signaling molecules, especially in plant microbe inter-
actions and systemic role as modulators of plant immunity
are reported (Trouvelot et al. 2014).

Several reports on sugars accumulation in different parts
of plant during drought stress in various species such as
maize (Mohammadkhani and Heidari 2008), soybean
(Sarkar et al. 2015), pepper (Okunlola et al. 2016), faba
bean (Abid et al. 2017) and wheat (Abid et al. 2018) have
been published. In this context, soluble sugar accumulation
was strongly positively correlated with productivity of
common bean (Andrade et al. 2016) and wheat (Marcek
et al. 2019) under drought conditions, making this com-
ponent potentially useful indicator for drought tolerance
and biochemical marker for selection of genotypes for
breeding programs. Interestingly, previous studies reported
that soluble sugars content increased as a result of drought
stress for all studied faba bean genotypes, however, the
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highest increases were observed mainly in drought-tolerant
genotypes (Abid et al. 2017). Similar results have been
reported by other authors in wheat (Yang et al. 2007).
Moreover, drought-resistant genotypes of rice were char-
acterized by higher soluble sugar accumulation compared
to the susceptible ones (Xu et al. 2015). These data suggest
a crucial role of sugars in plant drought stress tolerance.

It has been reported that diverse carbohydrates accu-
mulation depends on the level of drought stress, plant
species, and plant organs and, also, depends on the used
genotype or cultivar. For example, application of drought
stress to Luohan7 (LH7), a higher wheat drought resistant
cultivar and Xinong979 (XN979), a lower drought resistant
cultivar, resulted in the differential accumulation of total
soluble sugars (sucrose, glucose, fructose, and fructan) in
peduncle, penultimate and lower internodes (Hou et al.
2018). In the leaves and roots of soybean cultivars Shen-
nong8 and Shennong12, drought induced the accumulation
of soluble sugars, but reduction in starch content observed
(Du et al. 2020). In potato, drought challenge led to the
accumulation of sucrose in the source leaves of cultivars
with contrasting drought responses (Aliche et al. 2020).
Moreover, Legay et al. (2011) found that the potato
drought tolerant accession (397,077.16) and the sensitive
variety (Canchan) exhibited an increase in galactinol, raf-
finose, galactose and inositol content in leaves. However,
drought reduced the level of fructose, galactose and
sucrose.

It is worth to notice that several members of various
gene families encoding key enzymes including invertase
(INV), cell wall invertase (CWINV) sucrose synthase
(SUS), sucrose phosphate synthase (SPS), phosphoglu-
coisomerase (GPI), phosphoglucomutase (PGM) and
UDPG-pyrophosphorylase (UGP) are key determinants
involved in sugar metabolism, biosynthesis and composi-
tion. Moreover, transporters like sucrose-will-eventually-
be-exported-transporter (SWEET), sucrose transporter
(SUT) and monosaccharide transporter (MST) are impli-
cated in sugar accumulation (Li et al. 2012). According to
Kang et al. (2019), MST family comprises seven groups
such as sugar transport protein (STP), polyol/monosac-
charide transporter (PLT), inositol transporter (INT), vac-
uolar glucose transporter (VGT), tonoplast membrane
transporter (TMT), plastidic glucose transporter (pGlcT)
and early-responsive to dehydration six-like (ESL).

The aim of this research was to study the effect of
osmotic stress on soluble carbohydrates (sugars) and
expression profiles of twenty corresponding metabolism-
related genes in leaf tissues under osmotic stress in two
faba bean genotypes (Bachar and Badii) with contrasting
levels of drought tolerance. These findings will provide
useful information for genetic improvement of faba bean to
environmental stress challenge.
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Materials and methods

Plant material, growth conditions, treatments
and experimental design

The research was conducted in a growth chamber under
controlled conditions (temperature of 23 + 2 °C, relative
humidity 55-65%, light 270 pmol of photons m™ % s~
photosynthetic active radiations and a 14/10 h day/night
photoperiod) during the period of 2019-2020 at the
Experimental Station of Biotechnology Center of Borj
Cedria (35 km South-east of Tunis; 36° 42’ N, 10° 28’ E).
Two faba bean (Vicia faba L. var. minor) cultivars Bachar
and Badii were used in the study. A previous field exper-
iment was conducted by Ouji et al. (2017) in Tunisian
semi-arid zone in order to determine drought tolerant and
sensitive genotypes on the basis of faba bean yield. The
obtained results showed that Bachar has low drought sus-
ceptibility index (DSI) value than Badii and consequently
has a better ability to tolerate drought stress. The seeds,
obtained from plants grown in the National Institute of
Agricultural Research in Tunisia, were surface sterilized
with 5% sodium hypochlorite (NaClO) solution for 5 min,
thoroughly washed with sterile distilled water and germi-
nated on perlite at 23 £ 2 °C. Two weeks old seedlings
(corresponding to four fully expanded leaves) were
uprooted from the perlite and transplanted in plastic boxes
(height 10 cm, width 17 cm, length 40 cm) filled with 5L
of Hoagland nutrient solution (Hoagland and Arnon 1950)
and oxygenated by oxygen pumps. Therefore after the
transfer, faba bean seedlings were grown hydroponically
with density of 15 seedlings per box for one week (ac-
climatization period) before subjecting to three different
levels of osmotic stress namely, mild osmotic stress (Mild
0OS), moderate osmotic (Moderate OS) and severe osmotic
stress (Severe OS) induced by polyethylene glycol (PEG-
6000), corresponding to final osmotic potentials of
— 0.30 MPa (10% PEG), — 0.51 MPa (15% PEG) and
— 0.80 MPa (21% PEG), respectively (Muscolo et al.
2014). Untreated seedlings in nutrient solution were used
as controls. Three replicates (3 boxes) for each treatment
were executed and repeated three times under the same
conditions. Two days after treatments, the seedlings were
harvested and all physiological, biochemical and chemical
parameters were measured. For molecular analyses, leaf
tissues were snap frozen in liquid N,, and stored at
— 80 °C until further analysis.

Measurement of gas exchange parameters

The net CO, assimilation rate (A), stomatal conductance
(gs), transpiration rate (E), and intercellular CO,

concentration (Ci) of the youngest fully expanded attached
leaves and uniform in terms of age were measured using a
Portable Photosynthesis System (LCpro+ , Inc., UK). The
measurements were taken between 10 and 12 AM using
five leaves for each treatment. The photosynthetically
active radiation in the leaf chamber was set at
980 pmol m~2 s™' during the monitoring.

Measurement of relative water content (RWC)

The third fully developed leaf from the top was used for
RWC measurement. Leaf RWC was determined according
to the method proposed by Barrs and Weatherleyt (1962).
The RWC was calculated through the formula: RWC
(%) = (fresh weight — dry weight)/(turgid weight — dry
weight) x 100.

Measurement of proline, soluble carbohydrates,
chlorophyll (Chl), hydrogen peroxide (H,0,)
and malondialdehyde (MDA) content and leaf
electrolyte leakage (EL) level

To determine the Chl content, 0.1 g of fresh leaf samples
were ground in 80% acetone to extract total Chl. After
centrifugation at 12,000 rpm for 15 min, the absorbance
was read spectrophotometrically at 663 and 646 nm. Total
chlorophyll (Chlt), Chl a and Chl b were calculated
according to Lichtenthaler (1987).

Proline content was determined according to the method
of Bates et al. (1973). Dry leaf samples (0.1 g) were
extracted in 3% (w/v) sulfosalicylic acid solution. After
centrifugation at 12,000 rpm for 10 min, 2 ml of super-
natant was homogenized with 2 ml of glacial acetic acid
and ninhydrin reagent. The mixture was incubated at
100 °C in water bath for 1 h and then cooled on ice. The
homogenate was extracted with 4 ml of toluene and the
upper phase was read spectrophotometrically at 520 nm.
Calibrations were made with L-proline.

H,0, concentration was measured using the method of
Velikova et al. (2000). Briefly, leaf samples (0.5 g) were
extracted with 5 ml of 0.1% (w/v) trichloroacetic acid
(TCA) and the centrifuged at 12,000 rpm for 10 min. One
ml of 10 mM potassium phosphate buffer (pH 7.0) and
2 ml of 1 M KI was added to 1 ml of the supernatant. The
absorbance of supernatant was read at 390 nm and the
H,0, level was calculated using a standard calibration
curve and expressed as pmol g~ FW.

The concentration of MDA was determined based on the
protocol described by Dhindsa et al. (1981). Leaf samples
(0.5 g) were homogenized in 5 ml of 0.1% (w/v) tri-
chloroacetic acid (TCA). After centrifugation at
12,000 rpm for 10 min, 4 ml of 0.5% (w/v) thiobarbituric
acid (TBA) containing 20% (w/v) TCA was added to 1 ml
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of supernatant. The absorbance of the supernatant was
recorded at 532 and 600 nm. MDA was quantified by its
extinction coefficient of 155 mM™' cm™ and expressed as
nmol g~ FW.

For electrolyte leakage (EL) level, the method of Mur-
ray et al. (1989) was applied. Leaf samples (0.1 g) were
introduced in distilled water and initial conductivity (Ci)
was measured. Samples were later autoclaved to determine
the final conductivity (Cf). Electrolyte leakage rate was
then calculated by the following formula: EL (%) = (Ci/
Cf) x 100%.

Soluble sugars were analyzed by the method of phe-
nolsulfuric acid (Dubois et al. 1956). Dry leaf samples
(0.1 g) were homogenized with deionized water. One ml of
extract was treated with 0.5 ml of 5% phenol solution and
2.5 ml of 98% sulphuric acid. Samples were incubated for
1 h and then absorbance at 490 nm was determined by
spectrophotometer. Content of sugars was expressed as |g
g_1 DW.

Antioxidant enzyme activities

Enzyme extract was prepared by homogenizing 1 g of
fresh leaf tissues under ice-cold condition in 1 ml of
50 mM potassium phosphate buffer (0.1% (v/v) triton
X-100, 1% (w/w) polyvinylpyrrolidone (PVP), 1 mM
phenylmethylsulfonyl fuoride (PMSF) and 2 mM EDTA,
pH 7.8). APX was extracted in the same manner except the
buffer contained 2 mM ascorbic acid. The homogenates
were centrifuged at 12,000 rpm for 15 min at 4 °C and the
supernatant was used for enzymatic assays. Protein content
was determined according to the Bradford (1976).

The activity of CAT was assayed as described by Cak-
mak and Marschner (1992) by measuring the decrease in
absorbance at 240 nm due to the consumption of H,O, for
2 min calculated using an extinction coefficient of
(e =394 mM ' cm™") and was expressed in pmol H,O,
min~! mg~" protein.

Activity of SOD was estimated based on the inhibition
of nitro blue tetrazolium (NBT) photoreduction at 560 nm
according to the method of Del Longo et al. (1993). One
unit of SOD was defined as the amount of enzyme which
caused a 50% decrease in the SOD-inhibited NBT reduc-
tion at 25 °C. The reaction mixture (3 ml) comprises 1 uM
riboflavin, 12 mM L-methionine, 0.1 mM EDTA, 75 uM
NBT, 50 mM K phosphate buffer (pH 7.8) and 20 pl of
plant homogenate. The activity of SOD has expressed in
Units SOD min~' mg™' protein.

The activity of APX was determined using Nakano and
Asada (1981) protocol. The decrease in absorbance at
290 nm during 1 min was recorded using an extinction
coefficient of (¢ = 2.8 mM ™' cm™'). The reaction mixture
contained 1 mM H,0, in 50 mM phosphate buffer (pH
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7.8), 1 mM EDTA-Na, and 20 pl of enzyme extract. APX
activity was expressed in pmol HO, min~' mg ™" protein.

Activity of GPX was determined as described by Polle
et al. (1994). The increase in absorbance at 470 nm during
1 min due to guaiacol oxidation was recorded using
an extinction coefficient of (¢ =25.5 mM ™' cm™"). The
reaction mixture contained 10 mM H,O, in 100 mM
phosphate buffer (pH 7.8), 16 mM guaiacol and 40 pul of
enzyme extract and GPX activitywas expressed in pmol
guaiacol min~' mg~" protein.

Sample preparation for mass spectrometry analysis
of sugars

Frozen-ground leaf samples (5 g) were transferred to 50 ml
plastic tubes and 10 ml sterile deionized water was added.
The homogenate was heated at 70 °C on water bath for
100 min. The precipitates that formed were collected by
centrifugation at 4000 rpm for 15 min. The supernatant of
each sample was transferred to a new tube and evaporated
in a Speed-Vac concentrator until approximately 1/3 of
initial volume remained in the tube. The samples were
deproteinized using Sevag reagent (1:4 n-butanol/chloro-
form, v/v). Two volumes of cold absolute ethanol were
added to the aqueous phase, and were incubated at 4 °C
overnight. Then, the samples were centrifuged for 15 min
at 4000 rpm. After washing with acetone and centrifuga-
tion at 4000 rpm for 10 min, the organic layer containing
total soluble sugars was recovered and dried under a stream
of nitrogen. Total soluble sugars extraction was performed
in triplicate. The dried extract was derivatized for 2 h at
37 °C with 40 pl of freshly prepared methoxyamine
hydrochloride in anhydrous pyridine (20 mg ml™"), fol-
lowed by incubation with 50 ul of N-methyl-N-
(trimethylsilyDtrifluoroacetamide (MSTFA) for 30 min at
30 °C. Each derivatized sample was then transferred into a
GC vial, capped with moisture-proof parafilm and directly
stored at — 20 °C prior to analysis. A sample volume of
1 ul was injected into the gas chromatograph column for
analysis.

GC-MS analysis

Sugars were analyzed using Agilent GC-MS system (GC
with 7890A, mass detector 5975C with Triple-Axis, insert
XL MSD). The temperature of the oven was programmed
at 70 °C for 2 min, raised to 230 °C for 20 min and raised
again to 270 °C for 25 min. Electron ionization (EI) mass
spectra were collected at 70 eV and mass spectra were
recorded at 4 scans per second with an m/z 50-550 scan-
ning range. The identification of sugars was done with
Wiley 09 NIST2011 library. The percentage determination
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was based on peak area normalization without using cor-
rection factors (El Ayed et al. 2017).

Total RNA extraction and cDNA synthesis

Total RNA was extracted according to the protocol of
Chang et al. (1993). The residual genomic DNA was
removed by RNase-free DNase I (Biomatik) according to
the manufacturer’s recommendations. RNA integrity and
concentration were confirmed using gel electrophoresis and
Nanodrop spectrophotometer. The first strand cDNAs were
synthesized using a First Strand cDNA Synthesis Kits
(Biomatik) following manufacturer’s protocol.

Real-time reverse transcription-PCR (qRT-PCR)

Gene transcript abundance was quantified with Maxima
SYBR Green/ROX gPCR Master Mix (2X) kit (Biomatik)
in a 7300 Real-Time PCR Detection System (Applied
Biosystems, Foster City, USA). The 30 pl reaction mixture
contained 15 pl Maxima SYBR Green/ROX qPCR Master
Mix (2X), 200 uM each of gene specific primers (Sup-
plementary file Table S1), 2 pl (100 ng) of the template
(reverse transcription reaction product) and 12 pl DEPC-
treated sterile H,O. Thermocycler conditions for all real-
time analyses were 95 °C for 10 min, followed by 40
cycles of 95 °C for 30 s, 60 °C for 1 min. All reactions
were performed in triplicate. Melting curves were obtained
by slow heating from 65 to 95 °C at 0.5 °C/s and contin-
uous monitoring of the fluorescence signal. The VfELFA-1
gene from Vicia faba was used as an internal control to
normalize amounts of template cDNA. Relative expression
was calculated using the 2722 method (Schmittgen and
Livak 2008). The heat map was generated using R package
(http://www.r-project.org/) based on the log2 fold
change (log2(FC)) values (treated/control) to compare the
expression profiling of the transcriptome in both faba bean
cultivars under different stress treatments.

Statistical analysis

All the data are presented as means =+ standard deviation
(SD) of at least three independent experiments. Statistical
significance between different treatments was examined by
one-way analysis of variance (ANOVA) and Tukey’s
honestly significant difference (HSD) test (p < 0.05) using
Statistical Package for Social Sciences (SPSS 16.0) soft-
ware (SPSS Inc., Chicago, Illinois, USA).

Results
Leaf gas exchange

Leaf physiological traits like net CO, assimilation rate (A),
stomatal conductance (gs), transpiration rate (E) and
intercellular CO, concentration (Ci) contents were signifi-
cantly altered in osmotic stress-treated plants compared to
control (Fig. 1) and varied significantly between cultivars
(Bachar and Badii). Under osmotic stress, A significantly
decreased by 32% and 55% in Bachar and by 40% and 72%
in Badii for moderate (15% PEG) and severe osmotic stress
(21% PEGQG), respectively, when compared to control plants
(Fig. 1A). Decrease in A was accompanied by sharp
decreases in gs, ranging from 45 to 81% in Bachar and 41
to 82% in Badii under 15% PEG and 21% PEG, respec-
tively (Fig. 1B). In parallel with the A and gs decreases,
remarkable reductions in E by 53% and 75% in Bachar and
by 40% and 79% in Badii were observed in water-stressed
plants for 15% PEG and 21% PEG, respectively (Fig. 1C).
Indeed, the gs variations were more intense when com-
paring with the E and A data under 21% PEG. In general,
Ci did not show statistical differences between the treat-
ments (Fig. 1D).

Leaf relative water (RWC), total chlorophyll (Chlt),
proline, hydrogen peroxide (H,0,),
malondialdehyde (MDA) and soluble sugars content
and electrolyte leakage (EL) level

RWC was significantly reduced under moderate and severe
osmotic stress (Fig. 2A). RWC decreased by about 12%
and 9% in Bachar and by 8% and 21% in Badii under 15%
PEG and 21% PEG, respectively. However, mild stress
(10% PEG) increased by 15% RWC in Badii osmotic-
stressed plants compared to controls. On the other hand,
10% PEG could not affect RWC in Bachar.

Total chlorophyll (Chlt) content decreased significantly
at 21% PEG by 24% and 22% in Bachar and Badii,
respectively (Fig. 2B). The results showed that the differ-
ence in Chlt content between controls and osmotic-stressed
plants under 15% PEG treatment in Bachar and 10% PEG
treatment in Badii was not significant. Treatment with 15%
PEG increased significantly by 16% Chlt content in Badii
plants. However, a smaller decrease by 9% was showed in
Bachar under 10% PEG challenge.

Leaf proline level significantly decreased by 89% and
27% in Bachar plants at 10% PEG and 21% PEG,
respectively, when compared to the controls (Fig. 2C). In
Badii, 21% PEG significantly increased proline content by
50%, while 10% PEG could not affect proline content in
Badii. Proline accumulation in Bachar was found to be
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Fig. 1 Effects of drought stress on net CO, assimilation rate (A), stomatal conductance (B), transpiration rate (C) and intercellular CO,
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more significant than Badii under moderate osmotic stress.
An increase of 77% was observed in Bachar in response to
15% PEG, whereas proline content decreased by 59% in
Badii when compared to the control plants.

Hydrogen peroxide (H,O,) content augmented in the
studied genotypes in response to osmotic treatments
(Fig. 2D) with higher increase observed in Badii. Consis-
tently, osmotic stress elevated leaf H,O, concentration by
5%, 25% and 26% in Bachar and by 68%, 51% and 78% in
Badii at 10% PEG, 15% PEG and 21% PEG, respectively.

In Bachar, no significant difference was found in leaf
malondialdehyde (MDA) level between the osmotic-stres-
sed plants under 10% and 21% PEG and controls (Fig. 2E).
However, the leaf MDA content was 7% higher under 15%
PEG. Similar to Bachar, 10% PEG could not induce MDA
accumulation in the leaves of Badii. On the other hand,
MDA was significantly decreased by 10% under 15% PEG
and increased by 12% under 21% PEG.

The electrolyte leakage (EL) level showed significant
elevation in Badii plants by 76%, 38% and 80% under
10%, 15% and 21% PEG, respectively, as compared to
controls (Fig. 2F). The EL level was also significantly
augmented by 25% in Bachar only at 21% PEG. Statistical
analysis showed that the difference in EL level between
controls and Bachar osmotic-stressed plants under 10% and
15% PEG was not significant.

Imposition of different PEG treatments to the studied
faba bean genotypes significantly increased total sugar
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content in their leaves (Fig. 2G). There was no significant
difference in leaf soluble sugar content between Bachar
and Badii control plants. However, increase of soluble
sugar content in Bachar osmotic-stressed plants was higher
than in leaf tissues of Badii. Mild, moderate and severe
osmotic stress significantly increased leaf soluble sugar of
Bachar by 39%, 95% and 51% compared to control,
respectively. Similarly, osmotic stress lead to a remarkable
augmentation of soluble sugars in leaves of Badii by 18%,
60% and 56%.

Leaf antioxidant enzyme activities

CAT activity increased dramatically with increasing PEG
concentration in Bachar and Badii, and it was much higher
at 21% PEG treatment than in the others (Fig. 3A). In
general, CAT activity was higher in Badii than in Bachar
under all osmotic stress treatments. CAT activity increased
in Bachar osmotic challenged plants by 68%, 80% and
242% at 10%, 15% and 21% PEG respectively compared to
controls. However, this increase was by 195%, 283% and
445% in Badii osmotic-stressed plants.

Osmotic pressure resulted in lower SOD activity in
leaves of Bachar (Fig. 3B). The decrease in SOD activity
was 54%, 64% and 24% in the 10%, 15%, and 21% PEG
treatment, respectively, as compared to controls. Similarly,
a significant reduction in SOD activity was observed in
Badii leaf tissues only under 10% and 15% PEG treatment.
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Fig. 2 Effects of drought stress on RWC (A), total chlorophyll (B), proline (C), H,O, (D), MDA (E), EL (F) and soluble sugars (G). Values are
means £+ SD of three replicates. The same letter indicates no significant difference (p < 0.05)

However, Badii leaves showed increased SOD activity
under 21% PEG treatment by 91%.

PEG treatments significantly raised APX activity in
leaves of the two genotypes (Fig. 3C). But, the APX
activity of Bachar leaves was higher compared to Badii. In
Bachar, 10%, 15% and 21% PEG treatment increased APX

activity by 150%, 23% and 89%, respectively. However, it
increased by 21%, 83% and 71%, respectively, in Badii.
In contrast to APX activity, PEG treatment significantly
dropped GPX activity in leaves of Bachar and Badii as
compared to control plants (Fig. 3D). GPX activity
decreased in leaf tissues of Bachar by 15%, 30% and 6% in
the 10% PEG, 15% PEG and 21% PEG treatment,
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respectively. Similarly, it was decreased by 31%, 40% and
43% in Badii.

Carbohydrate changes in response to osmeotic stress
treatments

Under osmotic stress treatments, 11 and 10 sugars in leaves
of Bachar and Badii were significantly changed (Table 1).
Chromatographic compounds analysis showed that the

major sugars in the leaves of unstressed Bachar and Badii
plants, respectively, are o-D-mannopyranose (40.10% and
23%), B-p-(+)-mannopyranose (3.50% and 19.20%),
D-glucopyranose (10.50% and 47%) and B-p-galactopyra-
nose (8.20%). Osmotic stress increased the accumulation of
most sugars (o-D-mannopyranose, [-D-(+)-mannopyra-
nose, D-glucopyranose, D-(-)-ribofuranose and myo-inosi-
tol) in leaves of Bachar, whereas were decreased in leaves
of Badii. Some sugars (3-p-(-)-ribopyranose, rhamnose and

Table 1 GC-MS data of carbohydrates compounds found in leaves of Bachar and Badii under drought stress treatments

Carbohydrates Relative abundance (%)

Bachar Badii

Control 10% PEG 15% PEG 21% PEG Control 10% PEG 15% PEG 21% PEG
o-D-Mannopyranose 40.10 56.90 47.40 43.30 23.00 16.60 18.90 11.30
B-b-(4)-Mannopyranose 3.50 21.90 32.30 33.50 19.20 13.50 18.00 10.20
p-Glucopyranose 10.50 34.60 32.40 41.40 47.00 27.50 23.50 23.50
B-p-Galactopyranose 8.20 31.10 24.90 34.00 ND ND ND ND
o-D-(-)-Ribopyranose 3.00 ND ND 0.70 0.60 ND ND ND
D-(-)-Ribofuranose ND ND 2.20 1.00 2.50 0.60 0.60 ND
p-Xylose 1.63 ND ND ND 2.00 ND ND ND
B-b-(-)-Ribopyranose 0.56 ND 2.33 0.99 ND 0.60 0.66 0.41
Myo-Inositol ND 2.10 ND 2.00 4.5 1.70 2.30 0.90
Rhamnose ND 0.70 0.80 0.80 0.50 0.20 2.10 1.60
a-L-Mannofuranose ND 0.70 0.71 0.70 0.50 ND 2.20 1.10
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o-L-mannofuranose) showed elevated levels in leaves
Bachar and Badii. However, o-p-(-)-ribopyranose and
D-xylose were diminished. On the other hand, B-p-galac-
topyranose which was detected only in Bachar leaves was
markedly increased under osmotic stress challenge.

Candidate genes involved sugars metabolism

An in silico analysis was performed in order to identify
genes involved in faba bean soluble carbohydrates (sugar)
metabolism. Using the BLASTn program, the coding
regions of the different genes from Medicago truncatula,
Pisum sativum, Medicago sativa and Cicer arietinum were
used as queries to search on the Transcriptome Shotgun
Assembly (TSA) database available from Vicia faba for
homology. A total of 20 genes showed significant homol-
ogy with their homologs in Medicago truncatula (NINV3,
PHS2, FRK4, HXK1, GPII, STPI1.1, pGlicTI.1, STPS.1,
pGlcTl.2 and SWEET2.1), Pisum sativum (VINV2, SUSI,
PGM1, SUTI.1 and GPTI), Medicago sativa (SPSI) and
Cicer arietinum (SPP1, PHSI1, SUT4.1, TMTI.1) were
identified. Specific primers were designed for each of the
20 selected genes (Table S1).

Expression patterns of faba bean genes involved
in sugars metabolism

In order to elucidate the possible roles of faba bean iden-
tified genes involved in soluble carbohydrate metabolism
in osmotic stress tolerance, the expression profiles of
VININV3, VfPHS2, VfFRK4, VfHXKI, VfGPII, VfSTPI.1,
VIpGlcTI.1, VfSTP5.1, VfpGlcTl.2, VfSWEET2.1,
VIVINV2, VfSUSI, VfPGM1, VfSUTI.1, VfGPTI, VfSPSI,
VfSPP1, VfPHSI, VfSUT4.1 and VfTMTI.I in response to
osmotic stress treatments (10%, 15% and 21% PEG) were
conducted in leaf tissues of Bachar and Badii by qRT-PCR.
The expression analysis of the selected genes showed dif-
ferential transcript accumulation between the two con-
trasting genotypes and between PEG treatments (Fig. 4)
and according to the expression profiles they could be
grouped into six clusters. Cluster 1 contains 7 (35%)
members which are divided into 2 sub-clusters. The first
sub-cluster  (VfNINV3, VfSTP5.1, VfSUT4.1 and
VfpGlicT1.2) showed upregulation in Badii and signifi-
cantly downregulation in Bachar under the 10% PEG
treatment. Under 15% PEG and 21% PEG treatment, these
genes were downregulated in leaves of Badii, while
upregulated in Bachar. The gene members of the second
sub-cluster, which comprises VfSUTI1.1, VfSPPI and
VfPHS1, were upregulated in Badii and downregulated in
Bachar under the 10% PEG treatment. The mRNA accu-
mulation of these genes showed an upregulation in Bachar
and downregulation in Badii under the 15% and 21% PEG

challenge. Cluster 2 mainly consists of 4 (VfPGMI,
VISPS1, VipGlcTI.1 and VfSWEET2.1, 20%) genes, which
were upregulated in Badii, but in contrast, downregulated
in Bachar under the 10% PEG treatment. On the other
hand, these genes were widely upregulated by 15% PEG
treatment in Bachar and weakly downregulated in Badii.
All members of this cluster showed markedly low tran-
script abundance profiles in leaf tissues of Bachar and
Badii under severe osmotic stress. Cluster 3 has only 1
(VfSTP1.1, 5%) member showing upregulation in Badii and
downregulation in Bachar at 10% PEG application.
Moderate osmotic stress weakly induced the expression of
VFHXT1 in the leaves of Badii, however the expression of
VfSTPI1.1 was not affected by 15% PEG treatment. Under
severe osmotic stress VfSTPI.l showed weak downregu-
lation in Bachar and more significant downregulation in
Badii.

Cluster 4 contains six genes (VfPHS2, VfFRKA4,
VfHXK1, VfGPII, VfVINV2 and VfSUTI.1, 30%), which
were significantly upregulated in leaf tissues of Bachar
under the 15% and 21% PEG treatment. However, in this
genotype, these transcripts were unaffected or downregu-
lated under the 10% PEG. Under mild and moderate
osmotic stress, members of cluster 4 were slightly upreg-
ulated, while under severe osmotic stress, their expression
was unchanged or downregulated. Cluster 5 has one
member (VfGPT1, 5%), which was mainly downregulated
in Bachar under osmotic stress treatments. The expression
of VfGPTI was downregulated in leaf tissues of Badii only
under moderate stress but was upregulated under mid and
severe stress. The VfTMTI1.1 of cluster 6 (5%) was down-
regulated in Badii and Bachar under mild stress. VfTMT]I.1
mRNA was significantly accumulated in the leaves of
Badii under moderate stress and it was downregulated in
Bachar. The VfTMTI.I gene showed no variation in
expression in the leaves of Bachar under severe stress as
compared to control. On the other hand, it showed mark-
edly low transcript abundance profiles in Badii.

Discussion

Plants have evolved various mechanisms to cope with
osmotic stress induced by environmental constraints such
as water-deficit including drought escape via a short life
cycle, enhanced water uptake and reduced water loss,
osmotic adjustment, increased antioxidant capacity and
desiccation tolerance (Fang and Xiong 2015). The current
study carried out physiological, biochemical, molecular
and metabolic analyses to investigate sugars metabolism
regulation in response to osmotic stress in Vicia faba leaf
tissues which are considered the most drought sensitive
part of the plant (Kang et al. 2019). Moreover, according to
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Fig. 4 Heat map representation
of the effects of drought stress
on the genes expression in the
leaf tissues of Bachar and Badii.
The heat map was generated
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Lemoine et al. (2013) as much as 80% of the CO, assim-
ilated during photosynthesis is employed for synthesis of
sugars mainly sucrose which is the major transport form of
organic carbon exported from the photosynthetic source
(leaves) to sink organs (roots and seeds).

Osmotic stress treatments decreased photosynthetic
parameters (A, E and gs), photosynthetic pigments (Chlt)
and leaf relative water content (RWC) in faba bean plants
compared to controls. These data are in agreement with
previously published results (Abid et al. 2017), further
supporting that photosynthesis, photosynthetic capacity
and RWC decrease in Vicia faba undergoing water deficit
stress. Therefore, the RWC level, the amount of Chlt
content and photosynthetic capacities strongly depend on
the species’ physiological responses and their ability to
tolerate stress. According to Marcek et al. (2019) a higher
RWC accompanied with better photosynthetic activity,
more open stomata and higher transpiration rate indicated
occurrence of active metabolic re-arrangements in osmotic-
stressed plants, which enabled the plants to maintain nor-
mal cellular function and growth. The relationship between
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physiological traits such as RWC, Chlt, photosynthetic
parameters and osmotic stress tolerance has already been
reported for various species including wheat and barley
(Sallam et al. 2019). Indeed, in drought-tolerant wheat
cultivar exhibited a lower reduction of A, RWC and Chlt
after exposure to drought compared to drought-sensitive
cultivar (Marcek et al. 2019). Similar results were reported
in faba bean (Ali et al. 2013), chickpea (Saglam et al. 2014)
and apple (Bai et al. 2019). In this study, A, E, gs, Chlt and
RWC of leaves of Bachar and Badii significantly decreased
under osmotic stress treatments to avoid water loss. Com-
paring the two genotypes, the most pronounced decrease of
RWC, Chlt, A, E, and gs was observed in Badii, particu-
larly under the 21% PEG treatment. On the other hand, a
low gs in Bachar which might cause low A under control
condition compared to Badii is probably a way to conserve
water when plants under osmotic stress (Kholova et al.
2010). Thus, we suggested that Bachar with a low decrease
in leaf RWC has a higher photosynthetic rate under
osmotic stress and may have better ability to resist osmotic
stress compared to Badii.
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In Bachar and Badii, EL level and content of MDA and
H,O, increased under different PEG treatments compared
to controls. However, all the three oxidative stress indica-
tors were found to be almost lower in osmotic-stressed
Bachar plants compared to osmotic-stressed Badii, espe-
cially under the 21% PEG. This indicated that Bachar
showed better tolerance to osmotic stress than Badii. These
data are in agreement with the results of Ali et al. (2013),
Siddiqui et al. (2015) and Abid et al. (2017). The lowest
level of EL and content of H,O, in Bachar osmotic-stressed
plants under the 15% PEG could be due to the highest
accumulation of proline that acts as an antioxidant and
reduces the generation of free radicals and lipid peroxida-
tion. Moreover, tolerance of Bachar under severe osmotic
stress could be positively related to leaf RWC and Chlt
accumulation (Jiang and Huang 2001; Siddiqui et al. 2015).

The formation of reactive oxygen species (ROS) under
osmotic stress is prevented by an antioxidant system
that includes antioxidant enzymes which lead to overcome
oxidative damage (Laxa et al. 2019). In the present study,
activities of antioxidant enzymes (CAT and APX) were
significantly augmented under PEG treatments in Bachar
and Badii compared to controls. The highest APX activity
was observed in Bachar, while the highest CAT activity
was measured in Badii. On the other hand, the activities of
SOD and GPX were decreased in Bachar and Badii under
osmotic stress. Moreover, the magnitude of decrease in
GPX activity in Bachr was lower than Badii and SOD
activity in Bachar osmotic-stressed plants at the 10% and
15% PEG displayed higher rate than Badii. Overall,
activities of CAT, SOD, APX and GPX suggested that
antioxidant protection in faba bean plants under osmotic
stress conditions could be linked mainly to CAT and APX
and the highest activity of these enzymes might help
Bachar to cope better with osmotic stress than Badii.

Several authors (Sharma et al. 2019) reported the
accumulation of soluble carbohydrates (sugars) under
drought stress. Sugar accumulation acts as an important
osmolyte to maintain the turgidity of leaves, leaf water
content and osmotic potential during drought conditions
(Fabregas and Fernie 2019). This could lead to stabilizing
membrane integrity by scavenging ROS and cell turgidity
in drought-stressed plants (Kozminska et al. 2019). More-
over, sugars activate expression of stress-linked genes and
also functions as an energy source in plants to stand the
drought stress (Sheen et al. 1999). The accumulation of
sugars (such as sucrose, fructose, glucose, mannitol, sor-
bitol, and trehalose) has been reported widely in many
plant species exposed to drought like wheat (Hou et al.
2018; Marcek et al. 2019), potato (Aliche et al. 2020;
Legay et al. 2011) and soybean (Du et al. 2020). According
to Bohnert and Jensen (1996), accumulation of sugars in
various plant species is related to high tolerance to drought

stress. Various genes are associated with sugars biosyn-
thesis, transport and accumulation (Wang et al. 2016).
Several transgenic plants were produced with genes of
mannitol, fructan, trehalose and sorbitol biosynthesis and
showed more tolerance to drought stress than wild type
control (Khan et al. 2015). Ectopic overexpression of apple
MASWEETI7, a sugar transporter, promotes the accumu-
lation of soluble sugar and enhances drought tolerance in
tomatoes (Jing et al. 2019). Moreover, overexpression of
AtTPPF, a trehalose-6-phosphate phosphatase family gene
show increased levels of soluble sugars in transgenic plants
and improves the drought tolerance of Arabidopsis thaliana
(Lin et al. 2019).

Soluble sugars rate increased in Bachar and Badii plants
in response to PEG treatments and these biochemical
changes induced osmotic adjustment in osmotic-stressed
plants (Amede and Schubert 2003). Under mild and mod-
erate osmotic stress, soluble sugar content augmented with
increasing the level of the osmotic stress. However, the
highest soluble sugar content was reported in Bachar. In
this study, some sugars including mannose remarkably
increased in Bachar under osmotic stress. But, this sugar
decreased in response to osmotic stress in Badii. Changes
in mannose have been reported in drought-stressed cotton
(Loka and Oosterhuis 2014). Moreover, Guo et al. (2018)
reported that mannose content increased in wheat drought
tolerant genotype (JD17) while decreased in drought sen-
sitive genotype (JD8). Mannose was increased in the leaves
of Bachar subjected to osmotic stress mainly because of the
enhanced VfSTPI.1 expression (Wenzel et al. 2015).

Glucose plays a key role in stomatal closure and
enhances plant adaptability under drought conditions
(Osakabe et al. 2014). Indeed, the sugar content such as
glucose, galactose, myo-inositol and rhamnose was
increased in leaves in Bachar under osmotic stress. It is
evident that the drought-tolerant plant species have more
carbohydrates than the sensitive species. However, up-
regulated sugar transporters (VfSTPI1.1, VfpGlcTI.1,
VISTPS.1, VfpGlcT1.2, VfSWEET2.1, VfSUTI.I and
VfSUT4.1) in Bachar could enhance phloem loading, and
more soluble sugar segregation are the important mecha-
nisms behind the osmotic stress tolerance (Ferner et al.
2012). On the other hand, ribose and xylose in leaves of
Bachar were decreased. It is possible that those sugars are
hydrolyzed to fructose, which is used more in glycolysis
and TCA cycle as plant endogenous antioxidants to
enhance plant metabolism and resist drought stress (Bog-
dan and Zagdanska 2006). Here, we found that under
severe osmotic stress, various carbohydrates in leaves of
Badii were significantly decreased compared to other
treatments. Yang et al. (2017) suggested that carbohydrates
have an osmotic regulatory role in plants under mild and
moderate  stress; however, under severe stress,
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carbohydrates are not the main osmotic regulators, and
more carbohydrates are used to synthesize amino acids,
organic acids, and other substances that are more effective
for regulating osmotic balance.

In general, sugars were differentially accumulated in
leaves of Bachar and Badii under osmotic stress treatments.
This could indicate that the changes are mainly associated
with adaptation of faba bean plants to osmotic stress which
leads to gain in synthetic activity, carbohydrate content and
other changes associated with them.

A large number of stress responsive genes and genes
corresponding to enzymes of carbohydrate metabolism
have been reported to be induced by sugars like glucose,
sucrose and fructose under abiotic stresses including
drought, indicating the role of sugars in plant metabolism
and drought stress responses (Gupta and Kaur 2005).

Sucrose (Suc) is the main photosynthetic product in
higher plants and is the principal carbohydrates translo-
cated from source leaves to sink organs such as developing
seeds. Suc can be brought into sink cells by sucrose
transporters (SUTs and SWEETSs) or enter through plas-
modesmata (Stein and Granot 2019). Inside the cell, Suc
can be stored in the vacuole or hydrolyzed by VINV. In the
cytosol, Suc can be hydrolyzed by cytosolic INV to yield
glucose (Glc) and fructose (Fru), or cleaved by cytosolic
SUS to yield Fru and UDP-glucose (UDPG). Wang et al.
(2020) found that in the cell wall space Suc can be con-
verted to Fru and Glc by cell wall invertase (CWINV), and
then transported into the parenchyma cells by monosac-
charide transporters (MSTs). Moreover, according to
Claeyssen et al. (2013) the hexoses (Fru and Glc) can be
phosphorylated to hexose phosphates: glucose 6-phsophate
(G6P) and fructose 6-phosphate (F6P) by monosaccharide
transporter (MST) and fructokinase (FK, specific for Fru).
The conversions between F6P, G6P, G1P, and UDPG can
be catalyzed by phosphoglucoisomerase (GPI), phospho-
glucomutase (PGM), and UDPG-pyrophosphorylase (UGP)
in readily reversible reactions (Rolland et al., 2006). UDPG
can be used for cellulose synthesis or combined to re-
synthesize Suc via sucrose phosphate synthase (SPS)
and sucrose phosphate phosphatase (SPP). According to Li
et al. (2012), most of the Fru, Glc and Suc that have not
been metabolized are transported by special tonoplast
transporters (TMTs) into vacuole for storage.

The effects of osmotic stress on sugar metabolism were
investigated using qRT-PCR analysis of genes involved in
sugar metabolism in leaves. This study showed that there
are differences between the expression patterns of the
tested genes of two faba bean cultivars under osmotic
stress. In general, compared to the control, osmotic stress
significantly increased the expression levels of V/NINV3,
VfPHS2, VfFRK4, VfHXKI, VfGPII, VfSTPI.I,
VipGicTI.1,  VfSTP5.1, VfpGlcTl.2, VfSWEET2.1,
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VIVINV2, VfSUS1, VfPGM1, VfSUTI.1, VfSUT4.1, VfSPSI,
VfSPP1 and VfPHSI in Bachar leaves, especially under
moderate (15% PEG) and severe (21% PEG) osmotic
stress, while the transcripts of these genes were downreg-
ulated or unchanged in leaves of Badii. On the other hand,
all these genes were downregulated in leaves of Bachar
under mild stress (10% PEG). However, the expression
levels of these genes were slightly upregulated in leaves of
Badii. Interestingly, this result indicated that osmotic stress
enhanced the sucrose metabolism related-genes in Bachar
leaves. Therefore, we suggest that the sucrose metabolism
pathway in leaves is involved in osmotic stress response in
Vicia faba. Previous studies have shown that the capac-
ity of sucrose transport in higher plants was correlated by
the expression levels of sucrose transporter genes (such as
SWEETs and SUTs) in source and sink organs (Durand
et al. 2016).

Osmotic stress significantly upregulated the expression
levels of VfSUTI.1, VfSUT4.1 and VSWEET2.1 in Bachar
leaves, which suggests that the capacity of sucrose loading
in leaves was enhanced under osmotic stress. Enhancing
the sucrose transport from leaves to other tissues could lead
to maintaining faba bean plant growth under osmotic stress.
Similar results were also reported by Du et al. (2020),
which reported that in soybean drought stress significantly
upregulated the expression levels of GmSUT2,
GmSWEET6, and GmSWEETI5. Moreover, drought stress
upregulated the expression levels of AtSUT2 and AtS-
WEETI11/12 in Arabidopsis leaves and promoted carbon
flow from leaves to sink tissues (Durand et al. 2016). Here,
we found that that osmotic stress upregulated the expres-
sion VfSUSI, VfVINV2, VfNINV3 and VfSPSI in Bachar
leaf tissues at the 15% and 21% PEG. These results suggest
that upregulation of these genes in osmotic-stressed leaves
could be considered as a mechanism for increase in
osmotic stress-induced accumulation of soluble sugars such
as glucose and fructose. These results were in agreement
with previous studies, which reported that drought stress
upregulated the expression levels of TaSPSIla, TaSPSIID,
TaSPSIlc, TaSPSV, TaSPSVI, TaSuS2, TaSuS4, TaSuS5,
TaSuS10, TaNInvl and TaNInv2 in wheat leaves, and
promoted accumulation of glucose and fructose (Xue et al.
2008). Among the studied genes, VfpGlicT1.2, VfSTPI.1,
VipGicTI.1 and VfSTP5.1 are coding for hexose trans-
porters, showed differentially expressed under osmotic
stress in Bachar and Badii. These data were in accordance
with previous studies reporting that VvSTPI and VvSTP5
are differentially expressed under osmotic stress in grape-
vine leaves (Medici et al. 2014). These facts suggested the
prevalence of sugar signaling in the transcriptional regu-
lation of these glucose transporters by their proper sub-
strate, the glucose. The significant increase in VfFRK4
expression in Bachar under moderate and severe stress
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Fig. 5 Proposed model of the
sugar regulation in faba bean
leaves in response to osmotic
stress. Upregulated sugar
metabolism related-genes are
displayed in black ellipses
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could be important to ensure the phosphorylation of high
levels of fructose and that more carbon is allocated to TCA
or glycolysis for energy production (Yang et al. 2019). In
this study, several key enzymes in glycolysis/gluconeoge-
nesis metabolism were differentially expressed in Bachar
and Badii under osmotic stress. Indeed, genes encoding
VfHXKI, VfGPII and VfPGMI showed upregulation in
Bachar under osmotic stress. The upregulation of these
genes is expected to be critical to the cellular levels of
glucose and fructose, and the reactions catalyzed by these
genes lead to hexoses entering the glycolytic pathway. In
cereal crops, it has been shown that HXK is upregulated in
maize (Hayano-Kanashiro et al. 2009) under drought, but
downregulated in wheat and rice (Lenka et al. 2011; Xue
et al. 2008). Osmotic stress induced starch recycling and
promoted soluble sugar accumulation in leaves of Bachar
by upregulating VfPHSIand VfPHS2 expression levels
under moderate and severe osmotic stress which degraded
starch to glucose-1-phosphate (G1P) and then indirectly
converted to trehalose-6-phosphate (T6P) by trehalose
phosphatase (TPP). According to Krasensky and Jonak
(2012), by action of trehalose phosphate synthase (TPS) the
T6P was converted to trehalose which plays important
roles in plant osmotic adjustment under abiotic stresses.
VfGPTI encoding a glucose-6-phosphate/phosphate
translocator responsible for the transport of Glucose
6-phosphate (G6P) into plastids and it can be used as a
carbon source for starch biosynthesis (Kunz et al. 2010).
VFGPT1 expression levels were significantly reduced in the
Bachar osmotic-stressed leaves. This result indicated that
osmotic stress diminished starch biosynthesis and faba
bean plants could remobilize starch to provide energy and
carbon at times when photosynthesis may be potentially
limited. Leaf starch content was reported to decrease in
response to abiotic stress, independently of the analyzed
species such as barley, broad bean, soybean (Thalmann and
Santelia 2017) and rice (Dien et al. 2019). VfTMTI.I
showed a marked reduction in expression in Bachar
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osmotic-stressed leaves, indicating a reduction in the total
VfTMTI1.1 mRNA level. Thus indicating a reduced accu-
mulation of sucrose and suggests that osmotic stress
induced a general increase of sucrose conversion into
glucose and fructose in faba bean osmotic-stressed plants
which can lead to improving the osmotic regulation ability
under osmotic stress.

Conclusion

This study showed that Bachar has a better ability to tolerate
osmotic stress compared to Badii. Both cultivars showed
genotypic variations due to their differential responses for
physiological, biochemical and molecular characteristics
under osmotic stress. Bachar displayed a better capacity to
retain more RWC and accumulation of total chlorophyll and
soluble sugars. Also, Bachar was relatively more efficient to
reduce oxidative damage by increasing activities of CAT,
APX and SOD. The comparison of sugars in Bachar and
Badii under control and osmotic stress conditions showed
that the levels of some sugars differed between the two
genotypes. Indeed, leaves of Badii contained lower levels of
mannose, glucose, ribose, galactose and myo-inositol under
osmotic stress. The results indicated that Bachar revealed
higher capability of sugars synthesis than Badii. Sugar
biosynthesis and accumulation-related genes showed dif-
ferentially expressed in response to osmotic stress in Bachar
and Badii with different expression levels. In conclusion,
VININV3, VfPHS2, VfFRK4, VfHXKI, VfGPIlI, VfSTPI.1,
VIpGlcT1.1, VfSTP5.1, VfpGlcT1.2, V{SWEET2.1, VfVINV2,
VSUSI, VfPGM1I, VfSUTI.1, VfGPTI, VfSPS1, VfSPPI,
VfPHSI, VfSUT4.1 and VfTMTI.1 play important roles in
sugar metabolism in faba bean. Moreover, higher content of
sugars in leaves of Bachar, as well as higher expression of
sugars biosynthesis and accumulation genes enhance
osmotic stress tolerance of faba bean cultivar Bachar
(Fig. 5).
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