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Abstract: Drought stress has become one of the most uncontrolled and unpredictable constraints
on crop production. The purpose of this study was to evaluate the impacts of two different Rhizo-
bium leguminosarum strains on terminal drought tolerance induction in two faba bean genotypes
cultivated in Algeria, Aquadulce and Maltais. To this end, we measured physiological parameters—
osmoprotectants accumulation, oxidative stress markers and enzyme activities—to assess the effect
of R. leguminosarum inoculation on V. faba under terminal water deficiency conditions in greenhouse
trials. Upregulation of anti-oxidative mechanisms and production of compatible solutes were found
differentially activated according to Rhizobium strain. Drought stress resilience of the Maltais variety
was improved using the local Rhizobium strain OL13 compared to the common strain 3841. Symbiosis
with OL13 strain leads in particular to a much better production of proline and soluble sugar in
nodules but also in roots and leaves of Maltais plant. Even if additional work is still necessary to
decipher the mechanism by which a Rhizobium strain can affect the accumulation of osmoprotectants
or cellular redox status in all the plants, inoculation with selected Rhizobium could be a promising
strategy for improving water stress management in the forthcoming era of climate change.

Keywords: faba bean; Rhizobium strains; drought stress; symbiosis; antioxidants; osmoprotectants

1. Introduction

Legumes are an important source of protein suitable for livestock feed and human
consumption [1]. Additionally, their ability to establish a symbiosis with specific Rhizobium
bacteria that enzymatically convert atmospheric nitrogen into organic form in the host
roots, provides the benefit of reduced fertilizer input and enhanced soil biological activity
which helps in improving and sustaining the soil productivity [2,3]. Faba bean (Vicia faba
L.) is one of the most important legume crops globally [2], owing to its high protein content
(up to 35% in dry seeds), carbohydrates, fiber, and vitamins [1,4]. Recently, interest in this
crop has increased, but it is reputed to be relatively more sensitive to drought than other
grain legumes, including common bean, pea and chickpea [5–7]. Due to global climate
change, drought has become one of the most uncontrolled and unpredictable constraints,
with adverse effects on crop production worldwide [8,9], and affecting roughly 64% of the
global land area [10].

The susceptibility of legumes to drought depends on many factors such as the
growth stage of the plant, genetic potential, duration and severity of the stress [11]. Al-
though drought hampers the productivity of grain legumes at all growth stages, in the
Mediterranean-type climates, where the rainfall is inadequate and erratically distributed
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during the year, the faba bean often faces drought at the terminal stages during reproduc-
tive and grain development [5,12,13]. Indeed, faba bean are strongly sensitive to drought
during flowering, early podding, and grain filling stages [2,14,15], but the early repro-
ductive phase is the most sensitive stage [16,17]. However, large differences in drought
tolerance are observed amongst the faba bean varieties [18–20].

Undeniably, drought stress induces a significant reduction in plant growth parame-
ters [21], shoot and root biomass [22]. Drought affects many aspects of plant physiology,
decreasing photosynthesis rates, chlorophyll and carotenoids content, stomatal conduc-
tance, and disturbs plant water relations leading to a reduction in plant growth and
productivity [23,24]. Furthermore, symbiotic nitrogen fixation is also particularly sensitive
to drought stress [25,26]. Among various defensive mechanisms, osmotic adjustment pro-
vided by the accumulation of osmoprotectants may confer tolerance to drought injuries by
maintaining high tissue water potential [27,28]. However, in faba beans, drought tolerance
through osmotic adjustment has not yet been demonstrated in the wide germplasm [13].
In addition, due to drought stress, whole plant metabolism is dramatically affected by
the over-production of reactive oxygen species (ROS) that are responsible for oxidation
of multicellular components like proteins, lipids, DNA and RNA, leading to cell necrosis
and cell death [29]. With evolution, plants have adjusted to the changing environments
and have learnt ways to counter the lethal effects of ROS through various enzymatic and
non-enzymatic antioxidants which operate in different cellular organelles to scavenge the
ROS [30]. Among the important ROS-scavenging enzymes we find superoxide dismutase,
peroxidases, and catalase [31].

Keeping in mind the importance of this crop for humans as well as animals and the
environment, the purpose of this study was to evaluate the influence of Rhizobium legumi-
nosarum strains on terminal drought tolerance of two faba bean genotypes grown in Algeria.
To this end, we measured physiological parameters—osmoprotectants accumulation, ox-
idative stress markers and enzymes activities—in leaves, roots and nodules from two
genotypes of V. faba—Aquadulce (AQD) and Maltais (MLT)—inoculated with a standard R.
leguminosarum bv. viciae 3841 strain or with the local strain OL13 isolated from the nodule of
Lens culinaris from a semi-arid Algerian region [32] and submitted or not to water deficiency
furing their terminal growth stages in greenhouse trials. Understanding the impact of
R. Legumunisarum strain on physiological and biochemical properties measured on plant
partners is important, in particular to identify symbiotic couples that are more efficient
under these conditions of abiotic stress.

2. Results
2.1. Growth Parameters Analyses on Vicia faba with Different Rhizobium leguminosarum Strains
under Drought Stress

Growth performances of two different faba bean genotypes coupled individually with
two different R. leguminosarum strains were analyzed under well-watered and limited-
water conditions applied at the terminal growth stage, during the reproductive and grain
development stages, a critical stage in legume grains. Inhibition of growth, which results
in reduced dry matter yield, is one of the most common symptoms of dehydration [33,34].
Under water deficit conditions, shoot and root DW were significantly reduced compared
to those achieved under control conditions (Figure 1). For shoot DW, the AQD genotype
showed the same biomass for both studied strains and this for both watering conditions. In
contrast, MLT genotype recorded a higher shoot DW when inoculated with OL13 under
well-watered conditions. For root DW, under well-watered conditions, AQD present a
higher biomass when inoculated with 3841 stain than with OL13 strain. Under drought
conditions, AQD did not show any difference between the two strains (Figure 1). However,
MLT root DWs were significantly enhanced by the OL13 strain compared to 3841 strain.
These results show that growth parameters were significantly affected by the Rhizobium
strain in the two considered organs for both genotypes, under well-water and water-limited
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conditions. OL13 strain produces a net improvement of root DW in the MLT genotype
under both watering conditions.
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Figure 1. Dry matter yield responses to water deficiency. Seventy day-old Vicia faba plants, previously
individually inoculated with Rhizobium strains (3841-light gray bars) and (OL13-dark gray bars), were
grown under control conditions (Noted: NS) or under water limited conditions (Noted: S). (A) Shoot,
(B) root plant dry weights (DWs) were measured after seventy day of growth. AQD: Aquadulce; MLT:
Maltais. The values shown are the mean ± SD of three independent replicates. Differences in the data
were considered significantly different at the 0.05 level of probability by Student-Newman-Keuls Test
(indicated by different letters).

2.2. Stomatal Conductance and Photosynthetic Pigments Responses to Water-Limited Conditions

Faba bean responses to water deficit were analyzed by measuring select physiological
and biochemical markers. Stomatal conductance is considered as an important physi-
ological marker for screening faba bean genotypes under water deficit conditions. As
biochemical markers, chlorophyll (Chl) and carotenoid (Car) contents were measured.

Stomatal conductance was not significantly different between the two cultivars and
between the different Rhizobium inoculations under both watering conditions (Figure 2).
Under limited-water conditions, the stomatal conductance decreased for both genotypes
and both bacterial treatments.

Figure 2. Stomatal conductance influenced by water deficit conditions. Seventy day-old Vicia
faba plants, previously individually inoculated with Rhizobium strains (3841-light gray bars) and
(OL13-dark gray bars), were grown under control conditions (Noted: NS) or under water limited
conditions (Noted: S). AQD: Aquadulce; MLT: Maltais. The values shown are the mean ± SD of three
independent replicates. Differences in the data were considered significantly different at the 0.05
level of probability by Student-Newman-Keuls Test (indicated by different letters).

Total Chl and Car contents were significantly reduced under water limited conditions
(Figure 3). Under well-watered conditions, a higher content of Chl was measured for
both genotype inoculated with 3841 compared to OL13. However, no significant changes
were recorded between the two strains for both studied genotypes under limited water
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conditions. For Car content, the higher value was recorded for AQD inoculated with the
strain 3841, however no significant differences were registered for MLT.

Figure 3. Photosynthetic pigments content in leaves. Seventy day-old Vicia faba plants, previously
individually inoculated with Rhizobium strains (3841-light gray bars) and (OL13-dark gray bars), were
grown under control conditions (Noted: NS) or under water limited conditions (Noted: S). (A) Total
Chlorophyll, (B) Total carotenoids. AQD: Aquadulce; MLT: Maltais. The values shown are the mean
± SD of three independent replicates. Differences in the data were considered significantly different
at the 0.05 level of probability by Student-Newman-Keuls Test (indicated by different letters).

2.3. Accumulation of Osmoprotectants in Response to Water Deficit

Proline and soluble sugar are important biochemical indicators of stress tolerance in
plants. Their accumulation by plant tissues under water-limited conditions is an adaptive
response [33,35]. We measured the content of proline in leaves, roots and nodules (Figure 4)
and the soluble sugar content in leaves and roots (Figure 5). Proline contents were not
significantly different in these organs of the two inoculated plants under well-watered
conditions. Under water deficit condition, proline content strongly increased in all organs
of the two genotypes (Figure 5). The highest accumulations of proline were observed in
roots and nodules for both genotypes. The highest accumulations were observed in MLT
inoculated by OL13 with 391%, 390% and 630% increases in leaves, roots and nodules,
respectively. MLT nodules from strain OL13 show practically double the proline content
compared to MLT nodules from strain 3841 and AQD nodules under the same water
stress conditions.

Accumulation of soluble sugars as osmolytes is another method of acclimatisation
towards osmotic adjustment under drought stress [36] and was also investigated in leaves
and roots of the two studied genotypes. In our study, a significant difference was observed
in the accumulation of sugar in plants under water deficit conditions in both inoculated
plants when compared with well-watered conditions (Figure 5A,B). In the leaves, intense
soluble sugar accumulation was observed under drought stress conditions in both geno-
types, being significantly higher in AQD than in MLT genotype. However, both studied
Rhizobium strains enhanced the sugar content in AQD genotype, when the OL13 showed a
significantly more sugar accumulation for MLT genotype (Figure 5A).

In roots, a similar induction of soluble sugar accumulation was observed under
drought conditions, with a slightly higher accumulation in MLT with OL13 strain compared
to 3841 strain and a reverse response in AQD genotype (Figure 5B). These results suggest
that under the experimental conditions used sugar metabolites contribute significantly to
the maintenance of osmotic potential in the shoot and roots under drought stress conditions,
with a difference between the two studied genotypes and the two studied strains.
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Figure 4. Proline content in leaves, roots and nodules. Seventy day-old Vicia faba plants, previously
individually inoculated with Rhizobium strains (3841-light gray bars) and (OL13-dark gray bars),
were grown under control conditions (Noted: NS) or under water limited conditions (Noted: S). (A)
Leaves, (B) Roots and (C) Nodules. AQD: Aquadulce; MLT: Maltais. The values shown are the mean
± SD of three independent replicates. Differences in the data were considered significantly different
at the 0.05 level of probability by Student-Newman-Keuls Test (indicated by different letters).

Figure 5. Soluble sugar content in leaves and roots. Seventy day-old Vicia faba plants, previously
individually inoculated with Rhizobium strains (3841-light gray bars) and (OL13-dark gray bars),
were grown under control conditions (Noted: NS) or under water limited conditions (Noted: S). (A)
Leaves and (B) Roots. AQD: Aquadulce; MLT: Maltais. The values shown are the mean ± SD of three
independent replicates. Differences in the data were considered significantly different at the 0.05
level of probability by Student-Newman-Keuls Test (indicated by different letters).

2.4. Measurement of Oxidative Stress Markers

Plants’ exposure to drought stress causes an increase in cellular level of reactive oxygen
species (ROS) like superoxide radical (O2

−), hydroxyl radicals (OH) and hydrogen peroxide
(H2O2), leading to oxidative damage to proteins, DNA and lipids [29,37,38]. The MDA and
H2O2 content are determinants of oxidative stress in plants under drought stress conditions,
hence we measured the content of MDA (Table 1) and H2O2 in leaves and roots (Table 2).
Under well-watered conditions, both inoculated plants showed similar levels of MDA
contents for both shoot and root, whereas a significant increase was recorded when plants
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were subjected to water deficit conditions (Table 1). Regarding MDA accumulation, almost
all measurements between the two genotypes were similar for the two Rhizobium except for
significantly lower content in leaves of AQD inoculated by OL13 strains.

Table 1. Malondialdehyde contents in leaves and roots.

MDA Content (nmol × g−1 FW)

Organs Leaves Roots

Genotype Rhiz-treatmnt 80% FC (NS) 40% FC (S) 80% FC (NS) 40% FC (S)

AQD
3841 2.75 ± 0.21 d 4.26 ± 0.28 b 1.68 ± 0.19 b 2.32 ± 0.20 a

OL13 2.69 ± 0.21 d 3.76 ± 0.23 c 1.65 ± 0.17 b 2.35 ± 0.10 a

MLT
3841 3.08 ± 0.10 d 4.86 ± 0.23 a 1.66 ± 0.16 b 2.69 ± 0.16 a

OL13 2.97 ± 0.13 d 4.56 ± 0.32 ab 1.61 ± 0.17 b 2.52 ± 0.23 a

Seventy day-old Vicia faba plants, previously individually inoculated with Rhizobium strains 3841 and OL13, were
grown under control conditions (Noted: NS) or under water limited conditions (Noted: S). AQD: Aquadulce;
MLT: Maltais. The values shown are the mean ± SD of three independent replicates. The different letters a–d are
the groups which are significantly different at the 0.05 level of probability by Student-Newman-Keuls Test (as
mentionned in legend).

Table 2. Hydrogen peroxide contents in leaves and roots.

H2O2 Content (nmol × g−1 FW)

Organs Leaves Roots

Genotype Rhiz.treatmnt 80% FC (NS) 40% FC (S) 80% FC (NS) 40% FC (S)

AQD
3841 32.62 ± 3.22 c 51.19 ± 2.30 b 15.95 ± 1.09 c 20.24 ± 1.49 b

OL13 29.05 ± 3.38 cd 50.24 ± 0.82 b 14.29 ± 0.71 cd 24.29 ± 3.11 b

MLT
3841 26.43 ± 1.89 d 60.71 ± 3.27 a 15.71 ± 0.71 d 31.90 ± 3.93 a

OL13 25.48 ± 2.30 d 57.14 ± 1.89 a 15.71 ± 2.47 d 26.43 ± 2.58 a

Seventy day-old Vicia faba plants, previously individually inoculated with Rhizobium strains 3841 and OL13, were
grown under control conditions (Noted: NS) or under water limited conditions (Noted: S). AQD: Aquadulce;
MLT: Maltais. The values shown are the mean ± SD of three independent replicates. The different letters a–d are
the groups which are significantly different at the 0.05 level of probability by Student-Newman-Keuls Test (as
mentionned in legend).

Under well-watered conditions, H2O2 content was similar in leaves and roots of both
genotypes and for both studied strains (Table 2). Under water deficit conditions, H2O2
content increased significantly in leaves and roots of both studied genotypes compared
to well-watered plants, independently of the Rhizobium strain. This increase was always
significantly lower in AQD than in MLT. Even if H2O2 content was lower in AQD with
3841 strain compared to OL13 strain and in MLT with OL13 strain compared to 3841, the
results were not statistically valid. Taken together, the results showed that strain 3841 or
OL13 did not lead to modification of MDA and H2O2 content in AQD or MLT under water
stress conditions.

2.5. Enzymatic Activities Responses to Water Deficit

In order to protect themselves against the effects of drought stress, plants develop
antioxidant defense systems constituted by both enzymatic and non-enzymatic compo-
nents [39]. The activities of the antioxidant enzymes SOD, CAT, APX and GaPX were
measured as parameters of antioxidant defense in leaves, roots and nodules. SOD is a key
enzyme in the regulation of intracellular concentrations of ROS; it converts superoxide
radicals into H2O2, then APX, CAT, and GaPX convert H2O2 to H2O [40,41]. Combined
action of SOD, APX, CAT, and GaPX is critical in mitigating effects of oxidative stress [42].
In the present experiment, no significant difference was recorded between the two studied
strains for the leaves and roots and between the two studied genotypes under well-watered
conditions (Figures 6–9). However, activity of all antioxidant enzymes in the three-studied
organs for both genotypes increased significantly under water-limited conditions.
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Figure 6. Superoxide dismutase activity in leaves, roots and nodules. Seventy day-old Vicia faba
plants, previously individually inoculated with Rhizobium strains (3841-light gray bars) and (OL13-
dark gray bars), were grown under control conditions (Noted: NS) or under water limited conditions
(Noted: S). (A) Leaves, (B) Roots and (C) Nodules. AQD: Aquadulce; MLT: Maltais. The values
shown are the mean ± SD of three independent replicates. Differences in the data were considered
significantly different at the 0.05 level of probability by Student-Newman-Keuls Test (indicated by
different letters).

Figure 7. Catalase activity in leaves, roots and nodules. Seventy day-old Vicia faba plants, previously
individually inoculated with Rhizobium strains (3841-light gray bars) and (OL13-dark gray bars),
were grown under control conditions (Noted: NS) or under water limited conditions (Noted: S). (A)
Leaves, (B) Roots and (C) Nodules. AQD: Aquadulce; MLT: Maltais. The values shown are the mean
± SD of three independent replicates. Differences in the data were considered significantly different
at the 0.05 level of probability by Student-Newman-Keuls Test (indicated by different letters).
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Figure 8. Ascorbate peroxidase activity in leaves, roots and nodules. Seventy day-old Vicia faba plants,
previously individually inoculated with Rhizobium strains (3841-light gray bars) and (OL13-dark
gray bars), were grown under control conditions (Noted: NS) or under water limited conditions
(Noted: S). (A) Leaves, (B) Roots and (C) Nodules. AQD: Aquadulce; MLT: Maltais. The values
shown are the mean ± SD of three independent replicates. Differences in the data were considered
significantly different at the 0.05 level of probability by Student-Newman-Keuls Test (indicated by
different letters).

For the leaves part, when comparing the studied enzymes activities in water-stressed
condition, the AQD genotypes exhibited a significant higher activity for SOD, APX and CAT
than MLT genotype. In contrast, MLT recorded a significant higher GaPX activity then AQD.
Moreover, under limited-water conditions, enzymes activities in the leaves were more highly
induced by 3841 strain for AQD genotype and by OL13 strain for the MLT genotype.

In the roots part, under water deficit stress, SOD activity was significantly induced
by the two studied strains for both genotype, but no significant differences were recorded
between the two strains (Figure 6). For CAT activity, under limited-water conditions,
the only significant difference was recorded for AQD genotype inoculated by 3841 strain
(Figure 7). For APX activity, under limited-water conditions, roots of MLT genotype
showed the highest activity compared with AQD. The highest activity was recorded for
MLT inoculated by the strain 3841, and no significant differences were recorded for AQD
between inoculated plants (Figure 8). In contrast with the three previous enzymes, higher
GaPX activity was measured in roots and nodules than in leaves (Figure 9). GaPX activity
was more strongly enhanced by OL13 strain for AQD and by 3841 strain for MLT, thus
showing a trend opposite to what was observed for the other three activities.

At the nodules level, AQD showed strong differences in function of the Rhizobium
strain contrary to MLT. Two-fold induction of SOD activity was observed in AQD nodulated
with 3841 strain submitted to drought stress. In case of MLT nodulated with OL13, high
level of SOD was observed in well-watered condition with significant decrease in stress
condition. Nodules from MLT genotype showed a higher catalase and GaPX activity
than AQD under both watering conditions. Furthermore, this induction was stronger if
inoculated with 3841 strain. A similar trend was also observed for GaPX activity. For APX
activity, no significant differences between the two studied strains were recorded.
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Figure 9. Guaiacol peroxidase activity in leaves, roots and nodules. Seventy day-old Vicia faba plants,
previously individually inoculated with Rhizobium strains (3841-light gray bars) and (OL13-dark
gray bars), were grown under control conditions (Noted: NS) or under water limited conditions
(Noted: S). (A) Leaves, (B) Roots and (C) Nodules. AQD: Aquadulce; MLT: Maltais. The values
shown are the mean ± SD of three independent replicates. Differences in the data were considered
significantly different at the 0.05 level of probability by Student-Newman-Keuls Test (indicated by
different letters).

3. Discussion

Drought stress constraints plants and rhizobia act symbiotically to perform opti-
mally [3]. Climate change is expected to aggravate the periods and intensity of water
stress, including drought stress. Relatively little information is available concerning how
drought affects the symbiotic relationship between nitrogen-fixing soil rhizobia and the
host plant [43]. However, to make the symbiosis effective under water deficit conditions,
legumes need to be combined with effective Rhizobium strains appropriate for each legume
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species to obtain the most effective combination [44]. In the present study, we compared
AQD, a drought tolerant genotype, with a local genotype, MLT, either inoculated with
a standard R. leguminosarum bv. viciae 3841 strain or with the local strain OL13 isolated
from the nodule of Lens culinaris from a semi-arid Algerian region [32], for their tolerance
to water deficiency during their terminal growth stages in greenhouse trials. Our results
showed that drought stress significantly affect the plant growth parameters for both studied
genotypes.

The effects of the Rhizobium strains were quite limited in the plant biomass analysis,
even though we observed that OL13 strain led to a significant improvement in the biomass
of the MLT genotype, allowing it to approach the biomass values of AQD under drought
stress conditions. Since it is known that AQD is recognized as resistant to drought stress [19],
these results demonstrate that the resistance of a genotype can be highly dependent on
the symbiont strain present. Our data indicated that symbiosis with different rhizobia
modified differently physiological and biochemical responses in faba bean under both
watering conditions. The Chl and Car content were higher in plants inoculated by 3841
strain compared to OL13 strain, suggesting that the 3841 strain had an efficient effect on
photosynthesis. However, the stomatal conductance under limited water condition was
similar, regardless of the Rhizobium strain. These findings suggest that the mechanism for
the control of stomatal conductance is not dependent of the symbiont.

In contrast, considering osmolyte accumulation and antioxidant response, we observed
significant differences between the two studied Rhizobia strains. Under water-limited con-
ditions, we observed proline accumulation in all studied organs of both studied genotypes
as expected from the literature [19,45,46]. Surprisingly, higher content of proline was
measured in MLT than in drought resistant AQD genotype, which is described to accu-
mulate this osmolyte more strongly than the Luz d’Otonio (LO) and Reina Mora (RM)
genotypes [19]. The accumulation of osmolytes such as proline, soluble sugars or other
amino acids is a plant strategy allowing them to regulate the osmotic potential of cells
under drought stress [47], and may help to stabilize proteins and cell structures, particu-
larly when the stress becomes severe or persists for longer periods [48]. Despite several
studies on proline, the role of proline accumulation is still controversially discussed as it is
described to function as a radical scavenger, antioxidant and as involved in the regulation
of apoptosis and seed development [49,50]. The most striking point was the effect of OL13
strain inoculation on the level of proline in the three studied organs in the MLT genotype;
nodules accumulated notably as much as twice as much proline than MLT nodules with
the strain 3841. Bacterial cells generally prevent dehydration by accumulating osmolytes,
including proline, which is one of the major osmolytes in rhizobial osmo-adaptation to
balance the internal and external water potential [51]. This result could be the consequence
of the higher tolerance of the strain OL13 to drought stress; a higher tolerance that could be
due to the capacity of OL13 strain to accumulate a higher concentration of proline in stress
situations. Moreover, a correlative study demonstrated that the nodules of drought-tolerant
soybean cultivar accumulated higher levels of proline compared to the sensitive cultivar [1].
Another striking feature was the fact that Rhizobium in nodules can influence the proline
concentration in roots and in leaves a mechanism that remains to be elucidated but that
has already been observed [52]. Indeed, Irshad et al. [52] observed higher compatible
solutes (proline, free amino acids, glycine betaine, soluble sugars, and proteins) on Med-
icago truncatula plant organs with active nodules compare to non-nodulated ones in the
salt stress tolerance process. The conclusion of the authors was that Rhizobium meliloti
inoculation play a key role against salt stress through induction of antioxidant system and
accumulation of compatible solutes was advise by the authors [52]. High proline level was
also positively correlated with the high level of H2O2 recorded for MLT genotype. Verslues
et al. [53] suggest that H2O2 can stimulate ABA-induced proline accumulation and may be
one factor in inducing the high levels of proline accumulation that can occur under low
water potential stress. On the other hand, the high level of H2O2 recorded in the MLT
genotype suggests that this genotype is more drought-sensitive.
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Regarding the soluble sugar content, we observed its accumulation in both genotypes.
Soluble sugar content was higher in leaves of AQD than in leaves of MLT. Furthermore,
under water deficit conditions, a significant increase of soluble sugar content was observed
in AQD roots inoculated with 3841 strain. On the contrary, in MLT roots and leaves, higher
soluble sugar accumulation was measured in plants inoculated with OL13 strain. Knowing
the importance of soluble sugar as an osmolyte and its role in plants’ metabolism and in
maintaining plant development under abiotic stress conditions, these findings support the
hypothesis that 3841 strain is more beneficial for ADQ whereas OL13 is more beneficial
for MLT under water deficit conditions. It should be noted that accumulation of soluble
sugars was described as more efficient than proline accumulation to counteract osmotic
stress and a putative interaction between proline and soluble sugars has been brought
forward [50,54].

Under water-limited condition, both genotypes showed a significant accumulation
of MDA and H2O2 in the two studied organs. However, MDA and H2O2 accumulation
were lower in roots than in shoot for both studied genotypes, showing that the stress
was more felt in leaves than in roots. On the other hand, significant lower accumulation
of H2O2 in both organs was detected in AQD compared to MLT. Results again in favor
of a higher tolerance of AQD to drought stress. When comparing Rhizobium effect, both
studied strains showed similar effect on MDA and H2O2 content. The fact that a lower
leaves level of H2O2 was associated with greater water deficit adaptation suggests that
detoxifying mechanisms in the AQD genotype are more efficient than those in the MLT
genotype. The activation of the cellular antioxidant machinery is critical for drought-
induced oxidative stress protection. In our experiments, SOD, CAT and APX activities
were significantly higher in leaves and roots of AQD than in MLT under water deficit.
Nevertheless, despite the important increase recorded for GaPX for both genotypes and in
all studied organs, this increase was significantly more important in MLT genotype than
in AQD genotype. According to Mhadhbi et al. [55,56], GaPX is an important enzyme in
the antioxidant defence of nodules under osmotic stress. The induction and protective
role of peroxidases under salt and water osmotic stresses, were widely reported in legume-
rhizobia nodules [55,57–59], and other plant tissues [60,61]. In addition, SOD, CAT, GaPX,
and APX activities, were reported to play an important role in symbiosis establishment
and nodule protection [62]. In Mhadhbi et al. [56] study, the same enzymes activities were
investigated in chickpea–rhizobia associations, and the result showed a high contribution
of the rhizobial partner to the total variance of antioxidant activities for all four enzymes
as we observed in our work. Similarly, Kumari et al. [63], studies showed that chickpea
inoculated by bacterial endophytes presented a significant upregulation of SOD and proline
gene expression, indicating that bacterial endophytes may help to protect plants under
drought stress conditions by upregulating gene expression at a molecular level.

The R. leguminosarum effect was noticed for AQD leaves inoculated with 3841 strain,
and MLT leaves inoculated by OL13 strain, showing the greater ability conferred by these
strains to improve enzyme activities to scavenge ROS under water-limited conditions. It
should be noted that the MLT genotype with 3841 strain accumulates less proline and
soluble sugar than with OL13 strain in which a higher catalase and GaPX activity was
observed. All together these results suggest that the Rhizobium strains affect differently
the two studied genotypes by enhancing their antioxidant enzymatic activity to cope with
drought stress conditions, results which further show the importance of the Rhizobium
strain in the plant’s response to water stress. This leads us to suggest that the choice of the
two symbiotic partners is critical for achieving greater drought tolerance in varieties which
tend to disappear because of their sensitivity and thus preserve a better biodiversity.

4. Materials and Methods
4.1. Biological Material and Growth Conditions

Two faba bean (Vicia faba L. var. major) genotypes, Aquadulce (AQD) and Maltais
(MLT), coupled individually with two Rhizobium leguminosarum strains were used in this
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study. The experiment was conducted under greenhouse conditions at the laboratory of
Plant Genetics, Biochemistry and Biotechnology (Mentouri Brothers-Constantine I Univer-
sity, Constantine, Algeria), during the winter of 2019 under natural light, air temperature
between 22 ◦C ± 4 ◦C (night/day), 50 ± 80% of relative humidity and 16 h of photoperiod.
Aquadulce (AQD) genotype was received from the National Center of Seeds and Plants
Control and Certification (CNCC, Constantine, Algeria), AQD is known to be a tolerant
water-deficit faba bean genotype [19]. The second genotype was a local Maltais (MLT) one,
which is one the most cultivated genotypes in Algeria.

Before sowing, seeds of the two genotypes were surface sterilized with 70% ethanol
for 2 min. After removing the ethanol solution, the seeds were immerged in 5% sodium
hypochlorite solution for 10 min, and then the seeds were rinsed three times with sterile
deionized water and left to germinate on sterile cotton at 23 ◦C for six days. Seedlings with
homogenous stages of development were selected and sown at 3-cm depth in 4.5 L plastic
pots, filled with 3.6 kg potting mix containing air dried sand and peat (4:1, v:v). One seed
was sown per 4.5 L pot. The soil moisture was kept at 80% field capacity (FC) in all pots by
applying water on alternate days to replace the loss of water due to evaporation until the
induction of water deficit treatment.

The two selected rhizobia strains were evaluated in a pot experiment for inducing
water deficit stress tolerance in faba bean. The first Rhizobial strain was Rhizobium legumi-
nosarum bv. viciae 3841, able to nodulates legumes in the Tribe Viciae—Vicia, Pisum, Lathyrus,
Lens. It was received from the Sophia Agrobiotech Institute (Nice, France). The second
rhizobial strain, OL13, was isolated from the nodules of Lens culinaris from a semi-arid
Algerian region [32]. Rhizobial cells were harvested by centrifugation at 5000× g for 20
min (twice 10 min) after culturing in yeast mannitol broth. Then, bacterial cells (pellets)
were washed and suspended in sterilized distilled water and uniform bacterial cell density
(108 CFU·mL−1) was achieved by maintaining the optical density at a wavelength of 600
nm by a spectrophotometer. This suspension of rhizobial cells was used as inoculum. Three
days after sowing the faba bean seeds in pots, 10 mL of each inoculum solution was added
individually for each plant. Total pots experiment was divided into two parts, whereby
half received inoculum 3841 and the other half inoculum OL13.

Water deficit was initiated at 50% flowering stage in half of the pots (40–45 days after
sowing), and it was applied by maintaining the soil moisture at 40% of field capacity (FC)
for the stressed plants, and 80% FC for the well-watered plants. The experimental pots
were arranged in a completely randomized design with twelve replicates per treatment per
genotype. Each pot was irrigated with Hoagland-nitrogen free solution [64] once a week
from sowing until the end of the experiment.

4.2. Assessment of Physiological and Biochemical Parameters

After 28 days of water deficit (seedling stage), plants were harvested for growth
assessment, physiological and biochemical analyses. Measurements were taken between
11:00 and 13:00 local time. Stomatal conductance was measured using a porometer (AP4
Delta-T Devices, Cambridge, UK) on the abaxial surface of the leaflets of the uppermost
fully expanded leaf once per plant.

Chlorophyll and carotenoid contents were measured as described by Takele [65]. 0.2 g
of leaf segments from fully expanded third leaves, from each treatment, were extracted in
4 mL of acetone (80%, v/v) for 48 h at 4 ◦C. The absorbance of the resulting solution was
read by a spectrophotometer at 663, 645 and 470 nm. The total chlorophyll content was
determined by using the Lichtenthaler and Wellburn [66] formula. Total chlorophyll was
determined using the following formula:

Chlorophyll a: Chl a = 12.21 × DO663 − 2.81 × DO645 (1)

Chlorophyll b: Chl b = 20.13 × DO645 − 5.03 × DO663 (2)

Total chlorophyll: Chl = Chl a + Chl b (3)
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Total carotenoids (xanthophils + β-carotenes):

Ca = (1000 × DO470 − 3.27 × Chl a − 104 × Chl b)/229 (4)

Four replicates per treatment were performed. For dry weight measurements, shoots
were removed above the collar region and roots were carefully removed from the soil
substrate. Both plant parts were washed and dried in a drying oven at 65 ◦C until obtaining
a constant weight. Six replicates for each treatment per genotype were performed.

4.3. Proline and Soluble Sugar Contents

After 28 days of water deficit, the fully expanded third leaf, roots and nodules were
collected for free proline measurements. Free proline was extracted from fresh plant
material samples according to the method of Troll and Lindsley [67], as modified by
Monneveux and Nemmar [68]. Fresh materials (0.1 g) from each part were extract in 40%
methanol for 1 h at 85 ◦C. Then acetic acid, ninhydrin and orthophosphoric acid were
added to 1 mL of the obtained extract and the reaction mixture was incubated at 100 ◦C
in a water bath for 30 min. After cooling the reaction mixtures, 5 mL of toluene were
added. After thorough mixing, the chromosphere-containing toluene was aspirated and
its absorbance read at 520 nm in spectrophotometer, against a toluene blank. Free proline
content in samples was estimated by referring to a standard curve and expressed as µmol
proline·g FW−1. Three replicates per genotype per treatment were performed.

Soluble sugar content was determined using the method described by Dubois et al. [69].
Fresh materials from each part (shoot and root, 0.1 g) were extracted in 80% ethanol for
48 h and subsequently dried under a hot air stream. The residue was homogenized with
20 mL of water. One milliliter of alcoholic extract was treated with 1 mL of 5% phenol (v/v)
and 5 mL of sulphuric acid. The mixture was kept for 20 min at 30 ◦C. The soluble sugar
content was revealed by measuring the absorbance at 485 nm. Soluble sugar content was
estimated by referring to a standard curve, constructed using glucose, and was expressed
as mg soluble sugar·g FW−1. Three replicates per genotype per treatment were performed.

4.4. Lipid Peroxidation and Hydrogen Peroxide Content

After 28 days of water stress, fully expanded third leaves and roots were harvested for
oxidative stress indicator measurements. Lipid peroxidation was determined by measuring
the amount of malondialdehyde (MDA) produced by the thiobarbituric acid (TBA) reaction
as described by Heath and Packer [70]. Leaves (0.1 g) were homogenised in a mortar and
pestle with ice-cold 0.1% (w/v) trichloracetic acid (TCA), and centrifuged at 12,000× g for
15 min. The supernatant was used for the determination of MDA content. 0.5 % (w/v)
(TBA) solution containing 20% (w/v) (TCA) was added to the supernatant. The mixture
was heated at 95 ◦C for 30 min, quickly cooled in an ice-bath, and then centrifuged at
5000× g for 5 min for clarification. The MDA concentration was calculated from the
absorbance at 532 nm (unspecific turbidity was corrected by subtracting the absorbance at
600 nm) by using an extinction coefficient of 155 mM−1. cm−1 and the results expressed as
nmol MDA. g−1 FW. Three replicates per treatment per genotype were performed.

Hydrogen peroxide (H2O2) was measured as described by Velikova et al. [71]. Fresh
leaves (0.1 g) were homogenized in 5 mL of TCA (0.1%) (w/v). The homogenate was
centrifuged at 13,000× g for 15 min at 4 ◦C. The supernatant was then added to 10 mM
potassium phosphate buffer (pH 7.0) and 1 M potassium iodide. The absorbance of the
supernatant was measured at 390 nm. The H2O2 content was calculated by its molar
extinction coefficient (0.28 µM−1·cm−1) and the results expressed as nmol H2O2·g−1 FW.
Each treatment included three replicates.

4.5. Determination of Antioxidant Enzymes Activities

After 28 days of water stress, crude enzyme extracts made from fully expanded third
leaves, roots and nodules were used to determine the activities of antioxidant enzymes.
Fresh plant tissue from 0.2 g was homogenized in extraction buffer (0.1 mM EDTA, 0.1 %
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(v/v) Triton X-100, 1 mM phenylmethanesulfonyl fluoride (PMSF), in potassium phosphate
buffer 50 mM, pH 7.8) [45]. The homogenate was centrifuged at 15,000× g for 30 min at
4 ◦C. Supernatant was used for enzyme activity and protein content assays. All extracts
were handled at 4 ◦C. Total protein content of the enzyme extracts was determined follow-
ing Bradford [72] using bovine serum albumin as a standard. All enzyme activities, except
the ·, were expressed as µM × min−1·× mg−1 of protein.

Superoxide dismutase (SOD, EC 1.15.11) activity was assayed using the nitroblue
tetrazolium (NBT) method of Beauchamp and Fridovich [73]. The assay reaction mixture
consisted of 50 mM of phosphate buffer (pH 7.8), 2 mM of EDTA, 9.9 mM of methionine,
55 µM of NBT, 2 µM of riboflavin and enzyme extract. The reaction was initiated by
illuminating the samples under a light source for 20 min, the samples were after put in
the dark for 20 min. Absorbance of the samples was measured at 560 nm. One unit of
SOD activity was defined as the amount of enzyme required to cause 50% inhibition of
the reduction of NBT photoreduction at 25 ◦C. Catalase activity (CAT) (EC 1.11.1.6) was
assayed by measuring the initial rate of disappearance of H2O2 by the method of Chance
and Maehly [74]. The decrease in absorbance at 240 nm was measured as a consequence of
H2O2 consumption [75]. In this assay, 25 mM phosphate buffer (pH 7.0) and 30 mM H2O2
were used in the reaction solution.

The ascorbate peroxidase activity (APX) (EC 1.11.1.11) was assayed using the method
of Chen and Asada [76], by measuring the decrease in absorbance at 290 nm caused by
ascorbic acid oxidation. In this assay, 50 mM phosphate buffer (pH 7), 0.1 mM EDTA,
5 mM H2O2 and 0.5 mM sodium ascorbate were used in the reaction solution.

Guaiacol peroxidase (GaPX, EC 1.11.1.7) activity was determined according to Fielding
and Hall [77] by the oxidation of guaiacol in the presence of H2O2 using a reaction solution
containing 25 mM phosphate buffer (pH 7.0), 9mM guaiacol, 5 mM H2O2 and enzyme
extract. The increase of absorbance due to formation of tetraguaiacol was assessed at
470 nm [78].

4.6. Statistical Analysis

Statistical analysis was performed using XLSTAT Version 2016.02.28451 software
(Addinsoft, Paris, France) and two-ways analysis of variance (ANOVA II). The data were
expressed as the mean ± standard error. Means were statistically compared using Student-
Newman-Keuls’s multiple-range test at the level of p < 0.05.

5. Conclusions

The present study demonstrated that R. leguminosarum could play a role in reducing
drought effect, however, the effect of differnt Rhizobia strains in alleviating drought stress
in the two studied V. faba genotypes was different. The results obtained indicate that higher
tolerance to drought stress in faba bean genotype is mainly dependent to upregulation
of different antioxidative mechanisms and consistent production of compatible solutes
which are differentially activated according to the Rhizobium nodulating the plant. The MLT
variety, widely cultivated in Algeria, proves to have a much better tolerance to water stress
in symbiosis with the local Rhizobium strain OL13. This OL13 strain leads in particular to
a much better production of proline and soluble sugar in MLT. This strain showed also
a significant improvement in AQD genotype, but not at the same level and for the same
parameters exhibited when inoculated with the 3841 strain. The use of the appropriate
R. leguminosarum strains appears to be a promising eco-friendly strategy to increase the
growth and drought tolerance of faba bean grown in the fore coming era of climate change.
However, here is a need to explore more to decipher the mechanism by which a Rhizobium
strain can affect the drought stress resilience in legumes plants.
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