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Abstract

The effects of drought on growth and seed quality of oilseed crops are of crucial importance in edible oil production due to
its pivotal role in sustainable agriculture. Plant growth-promoting bacteria (PGPB) can improve crop yield by promoting
plant growth under various environmental conditions. In the present study, the physiological responses, growth, and seed
quality of three camelina doubled haploid lines (DHS51, DH69, and DH104) were assessed upon their exposure to two
irrigation regimes at the presence of Micrococcus yunnanensis during their reproductive phase. The results showed that the
investigated parameters of camelina were affected by genotype, irrigation regimes, and PGPB. Drought decreased crop
yield as measured by silique length, silique, and seed number and 1000-weight seed. PGPB significantly decreased the
adverse effects of stress consistent by increasing the branches per plant and root length. Drought also caused a significant
enhancement in the hydrogen peroxide and malondialdehyde contents, but the PGPB-inoculated plants showed lower
contents of both compounds. Relative water content significantly reduced in plant grown under stress but inoculation
enhanced the potential of water retaining in plants under stress and non-stress conditions. Drought stress and PGPB
elevated proline and total soluble carbohydrate content in genotypes. Drought stress had no significant effect on photo-
synthetic pigments content of genotypes while inoculation apparently moderated negative impact of drought with en-
hancement of pigments content. The obtained results were responsible for metabolic changes occurring in response to
stress. PGPB improved the plant drought-tolerance by enhancing its physiological traits. The fatty acid profile showed
some variations among camelina genotypes under drought stress and PGPB inoculation. Upon symbiosis association, an
increase was observed in major constituents of polyunsaturated acids, linoleic and linolenic acids, and a significant
increase in oleic acid as a main monounsaturated acid. They also altered another major constituent, gadeolic acid, under
water deficit stress and/ or with PGPB. Both drought stress and PGPB decreased the poly unsaturated fatty acids/mono
unsaturated fatty acids ratio. In general, there was a significant difference among camelina lines in terms of seed yield and
quality in response to drought. Also, it strongly suggested that PGPB application can be a positive strategy to mitigate
drought stress and increase crop yield.
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1 Introduction

Drought stress, the most major impending environmental fac-
tor, is the major cause of poor food production throughout the
world (You et al. 2019; Falaknaz et al. 2019). Water deficient
can markedly damage crop growth and yield. It is well docu-
mented that the severity of stress, the period of drought treat-
ment, and timing of stress application can affect the qualitative
and quantitative traits of most plants. The flowering and seed
filling stages are the most drought-susceptible stages. Drought
stress can substantially affect the photosynthesis process, as-
similate production and their transport to reproductive organs
altering seed size, number, weight, and composition (Sohrabi
et al. 2012; Akbarabadi et al. 2015; Sehgal et al. 2018).
Drought stress invariably induces oxidative stress due to the
accumulation of reactive oxygen species (ROS) such as H,O,,
OH  and O which can directly destroy the biological sys-
tems including lipid peroxidation, damage the nucleic acids,
degrade the photosynthetic pigments, and disturb the protein
structure and function (Huang et al. 2017; Li et al. 2019).
Acclimation mechanisms to long-term stress-induced physiol-
ogy, biochemical and morphology responses (such as activa-
tion of the antioxidant defense systems, osmotic potential
modulation and increase root- shoot growth) are rather com-
plex in plants (Zhou et al. 2015; Okunlola et al. 2017; Laxa
et al. 2019). Given the global expansion of drought in the last
decades, it is very critical to find a suitable approach to de-
crease the stress symptoms. The role of plant growth-
promoting bacteria (PGPB) in growth, development, and
management of biotic and abiotic stress has been very well
documented (Vurukonda et al. 2016). PGPB-mediated mech-
anisms for drought stress tolerance in plants include; (1) im-
provement of nutrient uptake; (2) modulation of phytohor-
mones level such as enhancement of gibberellins, auxins,
and cytokinins, and the decline of ethylene; (3) promoting
mineral accessibility; (4) induction of resistance to stresses
and (5) increase of plant metabolites (Vurukonda et al. 2016;
Oliveira et al. 2018). Reports of Sukweenadhi et al. (2015)
have shown that M. yunnanensis increased the tolerance of the
plant to salinity and drought through IAA production with
and/or without precursor, siderophore production and solubi-
lization of phosphate. Camelina (Camelina sativa L.Cranz)
plant is an annual oilseed crop from the Brassicaceae family.
It is originated from southeast Europe and southwest Asia but
nowadays is sporadically cultivated in various climates (Berti
et al. 2016). Genetically, the highly conserved and similarity
of Arabidopsis and Camelina genomes make C. sativa a suit-
able genetic model for researchers (Hutcheon et al. 2010;
Kahrizi et al. 2015).

This oil crop has great agronomical potential due to its
relatively short life period, low nutrient demand, and high
resistance to biotic and abiotic stresses (Soomni et al. 2017,
Yuan et al. 2017). Additionally, camelina could be used as a
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rotational crop, improving soil quality (Anderson et al. 2019).
Some studies showed that camelina seed contains at least 30%
total oil. Its oil contains 90% unsaturated fatty acid (Yuan and
Li 2020). The high level of unsaturated fatty acid has
highlighted the commercial value of camelina in different in-
dustries such as feedstock, biofuel production, medicine, and
oleochemical (Malik et al. 2018; Zatuski et al. 2020). Thus, it
is important to find the genotype and environmental effects on
the fatty acid compositions of camelina. PGPBs can alleviate
drought stress but there is limited information on PGPBs sym-
biosis with camelina and its influence on improving crop
yields under water deficit stress.

The aim of the present study is to evaluate the effect of
drought stress during the reproductive phase on growth, phys-
iological responses, seed quality, and fatty acid composition
for various genotypes of camelina upon symbiotic association
with PGPB.

2 Materials and methods
2.1 Plant material, soil and bacterial preparation

The study was carried out at the Research Greenhouse of
Biology Department, College of Sciences, Shiraz University,
Shiraz, Iran from December to February 2018. The plant ma-
terial included three doubled haploid (DH) lines of Camelina
sativa (L.) Crantz including (DH51, DH69, and DH104) were
supplied from Bisetoon Shafa Co., Kermanshah, Iran. These
DH lines have been derived from anther culture of different F1
hybrids (Table 1). The soil was selected at depth of 0 to 30 cm
from the Bajgah Agricultural Station of Shiraz University.
The soil samples were sieved to 2 mm, mixed thoroughly,
and sterilized by streaming (100° for an hour for 3 day) and
used for pot experiment. Physical and chemical properties of
the soil were as follows, sand of 25%, silt of 63.40% and clay
of 11% (Gee and Bauder 1986, pH of 7.9 (Thomas 1996),
electrical conductively (EC) of 0.64 dS m”!(Rhoades 1996),
total N of 0.04% (Bremner 1996), organic matter (OM) of
0.71% (Nelson and Sommers 1996), and Olson or available
—phosphorous (P) of 10.49 mg kg '(Olsen 1954), other ele-
ments such as ammonium acetate extractable of potassium (K)
of 345 mg kg-' K, diethylenetriaminepentaacetic acid (DTPA)
extractable of iron (Fe), manganese (Mn), copper (Cu) and
zinc (Zn) 1.40 mg kg ', 3.20 mg kg !, 0.72 mg kg ' and
3 mg kg '(Lindsay and Norvell 1978). Essential nutrient ele-
ments based on soil testing were added to all pots uniformly at
the rate of 75 mg N kg ' soil as urea, at the rate of 10 mg P
kgfl soil Ca (HPO,),), Fe, Zn and Mn at the rate of 5 mg kgf1
soil (as Fe-EDDHA, ZnS0,.7H,0, MnSO,. 4H,0,, respec-
tively) and Cu at the rate of 5 mg kg_1 soil (as CuSO,4.5H,0)
before sowing. Besides, urea was again applied at the rate of
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Table 1 List of cultivars used as
parents in crosses for production

Seed parents (9)

Pollen parents (3)

of doubled haploid lines

DH line Cultivar Origin Cultivar Origin

DHS51 Voronezskij 349 Russian Kirgizskij 1 Kyrgyzstan

DH69 Came Germany Volynskaja Former Soviet Union
DH104 Przybrodzka Poland Hoga Denmark

DH: double haploid

75 mg N kg ' 20 days after sowing as a top dressing (Pereira
et al. 2007).

The pure bacterium of Micrococcus yunnanensis was ob-
tained from the Department of Soil Sciences, Shiraz
University, and was cultured on nutrient broth (NB) medium
for 24 h at 28 °C. Upon sowing, the seeds were inoculated by
1.0 ml M. yunnanensis suspension (9 x 107 ¢ colony-forming
unit (CFU) ml™") in the treated group.

2.2 Growth, treatment conditions and data collection

The experiment was organized in a randomized experimental
design with three treatment groups. The groups were defined
as follows: Ty: control group (well-irrigated), T;: drought-
treated plants, T,: PGPB inoculated plants, and T3: PGPB
inoculated drought-treated plants. Three pots were set up for
each treatment which were daily monitored and irrigated
based on field capacity (FC 100%) before the flowering stage.
The drought treatment was conducted from the beginning of
the flowering stage at levels of 100% and 50% FC until full
maturity stage of the seed.

The leaves were collected 21 days after flowering and used
for the physiological analysis. At maturity, plants were har-
vested from each treatment and the following parameters were
determined: length of root and shoot, number of the lateral
branches per plant, number of silique in the plant, length of
silique, number of seed in silique and plant, and 1000 seed
weight. The biochemical analysis also, was conducted on ma-
ture seeds.

2.3 Determination of photosynthetic pigments

The value of photosynthetic pigments was determined accord-
ing to the Arone method (1949). Chlorophyll a (Chl a), chlo-
rophyll b (Chl b), total chlorophyll (Total Chl), and caroten-
oids (Car) contents were extracted from 100 mg of fresh
leaves in 10 ml 80% acetone. Homogenates were maintained
at 4 °C for 24 h in the dark tubes. The absorbance of pigments
was measured at 646, 652, 663, and 470 nm using Shimadzu
UV- Vis spectrophotometer, Japan. The concentration of pig-
ments was determined according to Lichtenthaler and
Wellburn method (1983).

2.4 Determination of relative water content, proline
content and total soluble carbohydrate

For relative water content (RWC) determination, the weight of
the leaves was measured immediately after collection (fresh
weight=FW) and placed into distilled water at 4 °C
(darkness) and then weighted after 24 h (turgor weight =
TW). Finally, dry weight (DW) of the samples was deter-
mined after 48 h at 70 °C. The RWC was measured according
to Dhopte and Livera (2002) through the following equation:

RWC = (FW-DW/TW-DW) x 100

Proline was estimated according to Bates et al. (1973).
Fresh leaves (100 mg) were homogenized with 3 ml 3% aque-
ous sulfosalicylic acid. The homogenate was centrifuged at
15000 g for 10 min, at 4 °C. Ninhydrin acid and glacial acetic
acid (2:2) were added to 2 ml extraction and maintained at
100 °C for 1 h. Then, 4 ml toluene was added to cooled
extraction and its absorbance was determined at 520 nm.
Proline content was reported as mmol g'fresh weight.

Total soluble carbohydrate (TSC) was extracted from
100 mg of fresh leaves and extraction solution in glacial acetic
acid, methanol, water 1:4:5 (v: v: v) was centrifuged for
10 min at 3000 rpm. Extraction was done thrice and its vol-
ume was finally increased to 50 mL using water. TSC was
determined according to Dubois et al. (1956). The mixture of
0.5 mL extraction with 0.5 mL of 5% (v: v) phenol solution
and 2.5 mL purred sulfuric acid were maintained at 90 °C for
30 min. The absorbance was read at 490 nm. TSC content was
recorded as mg ' g dry weight.

2.5 Determination of malondialdehyde and H,0,
content

To evaluate lipid peroxidation, malondialdehyde (MDA) con-
tent was measured using thiobarbituric acid assay (Velikova
et al. 2000). Fresh leaves (500 mg) were homogenized in 5 ml
0.1% trichloroacetic acid (TCA) and centrifuged at 10000 rpm
for 20 min. The supernatant (0.5 ml) was added to 1 ml of
thiobarbituric acid (TBA) in 20% TCA. The mixture was
heated at 95 °C for 30 min, then placed in an ice-water bath.
The extract was centrifuged at 10000 rpm for 5 min. The
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absorbance of the supernatant was recorded at 532 nm and
subtracted at 600 nm.

H,0, contents were measured as described by Velikova
et al., (2000). Fresh leaves (500 mg) were homogenized in
5 ml 1%TCA. Homogenates were centrifuged at 10000 g for
20 min and then to 0.05 ml extract, 0.5 ml of 10 mM phos-
phate buffer (pH 7.0), and 1 ml of 1 M iodide potassium were
added. The absorbance value of the mixture was read at
390 nm and H,O, content was calculated by a standard curve.

2.6 Fatty acid analysis

The fatty acid composition was determined using the modified
method of Xue et al. 2013. Briefly, 300 mg dried seeds were
mixed with 500 pl methanol and sulfuric acid (49:1 v,v) to
produce fatty acid methyl ester (FAME). The mixture was
vortexed for 30s and then heated at 80 °C for 2 h. When
cooled down to room temperature, 300 ul %0.9 NaCl and
150 pl Hexan were added to the mixture followed by 30 s of
vortexing and finally centrifugation at 3000 rpm for 5 min.
0.2 ul FAME at a split ratio of 1:20 was quantified by gas
chromatography (GC), using a DB-225 column (30 m x

250 um x 0.25 um) on Agilent 7890B. The FAME profile
for fatty acids was identified based on comparing the retention
time with standard library (NIST05a.L and wiley7n.1).

2.7 Statistical analysis

This experiment was conducted in a completely randomized
design with a factorial arrangement and three replicates. All
data were statistically analyzed by analysis of variance using
the SAS software 9.4. The least significant differences method
(LSD) was used for the interaction effect of three genotypes
upon two levels of irrigation and PGPB. Results were record-
ed as means + SE and significant differences were determined
at p<0.05.

3 Results
3.1 Growth

Drought stress reduced the number of branches, shoot, and
root length compared to the controls (Fig. 1). The significant
reduction in the number of branches was recorded by 70.35,
68.90, and 32% in DH69, DH104, and DH51, respectively,
compared to control. The decrease of root length associated
with a decrease of shoot length observed in drought- exposed
plants. In DH51 genotype, we found the lower alternation in
number branches, shoot and root length under drought stress
than DH104 and DH69. It is suggested better growth perfor-
mance of DH51 genotype under limited water condition.
PGPB inoculation of camelina exhibited the highest increase
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in the number of branches (86.42% for DH51), shoot length
(25.97% for DH104), and root length (27.33% for DH104)
compared to the control (Fig. 1). PGPB also, had the strongest
effect the number of branches in DH51 grown under drought
stress compared to control.

3.2 Photosynthetic pigments

The effect of drought stress on photosynthetic pigments con-
tent in genotypes are presented in Table 2. The highest content
of photosynthetic pigments (chlorophyll a, b and carotenoid),
respectively, related to DH104 > DH69 > DH51 genotype. In
general, Drought stress had no significant impact on geno-
types pigments. PGPB application increased chlorophylls
and carotenoid content and non- significantly mitigated the
adverse effects of drought stress. In DH104, PGPB had the
strongest of effect on carotenoid (19.04%) and total chloro-
phyll (48.17%) content as compared to controls.

3.3 Relative water content, proline and total soluble
carbohydrate contents

Significant differences in relative water content (RWC) were
no detected between genotypes at normal condition. RWC
significantly decreased under drought stress (Fig. 2). These
changes were ranged from 88.27 to 76.83 for DH51, 88.18
to 66.75 for DH69 and 92.42 to 79.06 for DH104 genotypes.
In contrast, in DHS51 genotype, the potential of water retaining
under drought stress was higher than DH69 and DH104.
Inoculation improved RWC in genotypes as compared to the
non-inoculated plants. The strongest effect of PGPB on RWC
was found in the non-stressed and stressed DH5 1 genotype by
17 and 10%, respectively, improvement while it partially af-
fected in DH69 and DH104 as compared to control.

There was a significant increase in proline content with
both of treatment of drought stress and PGPB. The strongest
proline increase under drought stress (up to 50%) was found in
DHS51genotype. PGPB markedly increased proline content
under stress and non-stress conditions. Compared to control,
proline content of PGPB-treated plants increased by 126.21,
211.2,and 73.06% in DH51, DH69, and DH104, respectively,
under stress condition (Fig. 2).

The total soluble carbohydrate (TSC) content no signifi-
cantly differed between genotypes (3.70, 3.62, and 2.96
mmolg ' FW for DH104, DH51, and DH69, respectively)
(Fig. 2). Drought stress significantly increased TSC content
in both non-inoculated (1.4, 2.4 and 2.5 fold) DH104, and
inoculated (3.1, 2.3, and 2.5) for DH51, DH69, and DH104,
respectively. The highest TSC content was found in PGPB-
treated DH51 genotype under drought stress while no signif-
icant difference was observed between DH69 and DH104 in
terms of TSC content under same condition (Fig. 2).
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Fig. 1 Effect of drought stress and PGPR on (a) shoot length, (b) root
length and (c) number of branches. Ty: control, Ty: drought stress, Tj:
PGPB, T;: drought stress with PGPB. Vertical bars indicate the standard

3.4 H,0, and MDA contents

The MDA and H»O, content significantly increased in geno-
types grown under drought stress as compared to genotypes
grown under normal condition. For each of the three geno-
types, H,O, content elevated 2.5 fold under drought stress as
compared to controls while no difference was observed in
H,0, content between genotypes under stress and non- stress
condition. Lipid peroxidation rate and MDA content increased
by 78, 55, and 64% in DH69, DH5 1and DH104, respectively,
as compared with the control plants. The level of MDA was
markedly modified with PGPB treatment under stress and
non-stress conditions while PGPB had no impact on H,O,
content (Fig. 3).

3.5 Seed and silique

The long-term drought stress (70 days) strongly affected the
seed and silique production. Silique length and number sig-
nificantly decreased in the three genotypes under drought
stress. The highest decrease of silique length (40.6%) was
found in DH69 and DHS51, respectively. Inoculation with
PGPB caused an increase in silique length under stress and
non-stress conditions. The number of silique per plant also
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S 25 b &
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8 10
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0
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error of the mean. The value with same letters have no significant
difference (p < 0.05) at LSD test

declined under drought stress (Table 3) and the highest de-
crease was observed in DH51 (33.02%). The number of seeds
in silique was significantly decreased in DH69 and DH51
under drought stress (25.15% and 28.14%, respectively) com-
pared to the controls. PGPB had no significant effect on the
number of seeds in DH69 and DH51 as compared with the
control samples, however, it significantly decreased in PGPB-
treated DH51 (11.28%) under drought stress. In general, a
reduction was detected by 12.41, 24.54, and 50.9% in the
number of seeds per plant of DH104, DH51, and DH69 under
drought stress, respectively. The results also showed that the
1000-seed weight of all genotypes decreased under drought
stress by 2% to 32% and inoculation with PGPB changed that
by +0.43% to +26.92% under the same condition (Table 3).
The application of PGPB significantly reduced the damage
percentage in DH51 under drought stress as the number of
silique, number of plant seeds and seed weight increased in
inoculated plants.

3.6 Fatty acid compositions
Several different fatty acid compositions were detected in the

oil of the maturated seeds (Table 4). There was a high vari-
ability between genotypes for fatty acids content under control
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Table 2 Effect of water stress and
PGPB on chlorophyll a (Chl. a),
chlorophyll b (Chl. b), total
chlorophyll (Total Chl.) and
carotenoid (Car) (mg g ' dry
weight) content in C.sativa
genotypes

Treatment

Chla (mg g ' DW)

Chl b (mg g' DW)

Total Chl (mg g 'DW)

Car (mg g ' DW)

To (Control)
DH51
DH69
DH104

T; (Drought)
DH51

1.06 %+0.001
1.33 34 1 0,021
1.46 % +0.003

0.924+0.017

DH69 1.05 % £0.010

DH104 1.31%°4+£0.009
T, (PGPB)

DH51 1.09 %% £ 0.005

DH69 1.41 %41 0.071

DH104 1.75*+0.011
T5(PGPB+Drought)

DH51 0.99 440.021

DH69 1.16 ¢+ 0.001

DH104 1.54 % +£0.003

0.754+0.075
0.80 4+0.076
1.00 < +0.056

0.86 4+ 0.060
0.79 4+0.023
0.91 *+0.003

0.86 “4+0.013
1.00 ©®+0.021
1.90 *+0.009

0.74 4+£0.008a
0.82°4+0.011c
1.11 ®£0.004

1.82+£1.01
2.14°+0.93
247°+0.79

1.73°+0.34
1.81°+0.11
1.89°+1.15

1.85+0.02
2424031
3.66 +0.52

1.73°+£19
1.99°+0.14
2324001

0.68 ©+0.002
0.67 ©+0.002
1.05 °+0.001

0.68 °+0.012
0.66 +0.023
0.98 °+0.001

0.70 ¢ +0.003
0.89 ©+0.001
1.252£0.002

0.66 ©+0.002
0.74 °4£0.000
0.83 4+£0.002

The values presented are mean = SE from three replicates of each treatment. Different letters indicate significant
differences at P<0.05

and drought stress conditions. Water stress non-significantly
increased palmitic acid (saturated fatty acid) composition of
DH104 and DH69 (4.4 and 4.07%, respectively) and caused a
non-significant reduction in DH51 (0.44%). PGPB caused a
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Fig. 2 Effect of drought stress and PGPB on (a) relative water content
(RWCQ), (b) proline content, (c) total soluble carbohydrate (TSC) in three
genotypes of Camelina sativa. Ty control, T drought stress, T; PGPB,
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significant decrease in palmitic acid (C16:0) content by 5.68,
9.13, and 12.94% in DH51, DH69, and DH104, respectively.
Oleic acid (C18:1) and linoleic acid (C18:2) levels were al-
most increased in all treatments. The oleic acid content ranged
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L d
g w3 d ed E
Q € -
Q
g f
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T,4. Vertical bars indicate the standard error of the mean. The value with
same letters have no significant difference (p <0.05) at LSD test
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Fig. 3 Effect of drought stress and PGPB on H,0O, and MDA content. T, control, T; drought stress, T, PGPR, T; drought stress with PGPB. The value

with same letters have no significant difference (p < 0.05) at LSD

from 16.38 (DH69) to 18.5% (DH51). PGPB increased oleic
acid content by 8.09, 14.57and 24.7% in DH51, DH104, and
DH69, respectively, under non-stress conditions. Compared
to the controls, the highest oleic acid content was recorded
in PGPB-treated plants under stress conditions by 6.6, 25.1,
and 27% for DH51, DH69, and DH104, respectively. Linoleic
acid content was 23.14, 21.52, and 19.40% in DH51, DH69,
and DH104, respectively. Linoleic acid content non- signifi-
cantly decreased under drought stress by 7.51 and 8.1% in
DHS51 and DH104, respectively. A higher linoleic acid con-
tents were also observed in PGPB-treated plants under stress
and non-stress conditions as compared to control samples.

The pattern of linolenic acid and linoleic acid was difference
between genotypes in the response to drought stress.
Linolenic acid (C18:3) was the most abundant polyunsaturat-
ed fatty acids as it ranged from 32.92 to 32.20%. The drought
alone and/or with PGPP decreased the linolenic acid compo-
sition in DH69 and DH104 but not in DH51 which showed a
significant increase upon drought treatment. However, the
highest decrease of linolenic acid (31.24%) content was ob-
served in PGPB-treated DH69 under stress conditions as com-
pared to the control plants. It confirmed previous results that
Linolenic acid was the most susceptible fatty acid against
drought stress. Generally, higher content of unsaturated fatty

Table 3  Effect of drought stress and PGPB on seed yield in C. sativa genotypes

treatment Silique length (mm) Number of siliques Number of seeds per silique Number of seeds per plant 1000 seeds weight
To (Control)
DH51 7.23 °£0.003 23.50°+0.012 15.10%+0.014 254.00 ©+0.001 763.66 ©*°+0.012
DH69 8.36 % +£0.004 19.91 °®+0.013 14.50 ®+0.016 277.00 ©£0.002 748.33 %¢410.029
DH104 723 °+0.001 12.75 M £0.032 11.22 °*£0.031 145.00 “°+0.009 832.00 ®*£0.003

T, (Drought)

DH51 4.51%+0.004 15.76 4 £0.051 10.85 ¢4 £0.049

DH69 4.96 °+0.000 12.66 2 £0.008 10.86 <4 £0.009

DH104 4.89 ©+0.002 10.26 ££0.005 12.14 €£0.007
T, (PGPB)

DH51 9.00 * £0.003 38.40 2£0.034 16.432+0.041

DH69 8.59 ®+0.001 23.76 °®+0.003 14.23 ®£0.002

DH104 8.38 ©+0.001 16.62 °4+0.009 9.58 f£0.009
T53(PGPB+ Drought)

DH51 6.36 9£0.003 26.39 °9+0.121 14.17 ®+0.098

DH69 5.03 ©+0.000 14.87°F+£0.016 11.88 %+0.023

DH104 4.51°+0.000 11.00 &+0.009 10.72 *+0.006

191.66 4£0.025
136.00 ©£0.011
127.00 €£0.015

558.33 *£0.008
338.00 °+0.002
158.00 4 +0.013

386.33 °+£0.004
150.00 4 +0.002
126.33 €£0.003

74132 %440.008
632.00 9+ 0.004
561.00 ©£0.003

816.00 ®*+£0.001
903.33 £0.025
879.66 *® +£0.006

760.33 ¢ +0.003
640.66 % +0.004
608.00 *4+0.001

The values presented are mean + SE from three replicates of each treatment. Different letters indicate significant differences at P <0.05
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Table 4 Effect of drought stress

and PGPB on fatty acid Treatment  C16:0 Cl18:1 Cl18:2 Cl18:3 C20:1 C20:2+C20:3 PUFAs/ MUFAs
composition. (C16:0) palmitic
acid, (C18:1) oleic acid, (C18:2) To (Control)
linoleic acid, (C18:3) linoleic DH51 892  1853° 23.14%  3232°  1297%  231° 1.83°
acid. (C20:1) gadeolic acid, DH69  81%¢  1638" 2152  3220°¢ 1427° 264 1.83°
(C20:2) eicosadienoic, (C20:3) ab " be b b
eicosatrienoic. PUFAs: total DH104 896 ™ 17.29 ¢ 1940 3292% 1337% 2899 1.79 @
polyunsaturated fatty acid T, (Drought)
(linolenic acid, linoleic acid, DH51 888%™  1933%  2140° 3441 13.14° 238" 1.78 %
cicosadienoic and cicosatrienoic), DH69 8434  [gg7bdec og4pa 99589 3343  p3bede 1.57
MUFAs: total monounsaturated c c
fatty acid (oleic acid and gadeolic DH104 936% 19.15° 17.82 2638°  13.74%  3.26° 1.42°¢
acid) T, (PGPB)
DH51 g44cd 2003>d  2325%  3247° (278 2320 1.76
DH69 7369 20.43% 22564 35597 13.65°%  24]°d 1.77®
DH104  7.80% 1981«  2157< 30309 13.14* 249°% 1.64 ®° ntd
T5(PGPB+Drought)
DH51 9.28° 19.75%  26.08°%  26.53° 10.98% 1.80° 1.87°¢
DH69 6.50 ¢ 20.50 ° 22.80°d 2214 ° 9444  158° 1.55 dee
DH104 7.00%  21.93° 20.80°¢  26.82°  1147% 1.96°% 1.48 ¢

acids belonged DH51 genotype under normal condition.
Drought stress also positively affected unsaturated fatty acid
content in particular linolenic acid and oleic acid suggesting
that DH51 is a drought stress tolerant genotype compared to
DH69 and DH104. There were three long-chain unsaturated
fatty acids including gadeolic acid (C20:1), eicosadienoic acid
(C20:2), and eicosatrienoic acid (C20:3). Gadeolic acid con-
tent for DH51, DH104, and DH69 under stress conditions was
12.97,13.37, and 14.27, respectively. It increased in drought-
exposed DH51 and DH104 compared to the control plants.
Inoculation with PGPB decreased gadeolic acid content under
non-stress (1.46, 4.34, and 1.72%) and stress (15.34, 33.84,
and 14.21%) conditions for DH51, DH69, and DH104, re-
spectively. Average of content total mono and polyunsaturat-
ed fatty acids content ranged from 30.65 to 31.5 and 55.21 to
57.77, respectively, in seeds oil. In genotypes, the monoun-
saturated fatty acids (MUFA) content increased under drought
stress while poly unsaturated fatty acids (PUFA) content de-
creased under similar condition except DH51. The ratio of
PUFAs/MUFAs was 1.83, 1.47, and 1.80% for DH51,
DH69, and DH104, respectively, under normal condition.
Both of drought stress and PGPB treatments altered PUFAs/
MUPFAS ratio. In DH51 and DH104, this ratio decreased with
treatment of drought alone and / or whit symbiosis association
but not in DH69 which showed an increase of PUFAs/
MUFAS ratio upon drought and symbiosis.

4 Discussion

The present study shows that camelina growth and yield are
significantly affected by genotype and environment. It is in

@ Springer

agreement with the results of Obour et al. (2017) reporting that
genetic background and drought stress differently affect the
camelina seed yield. It has been well been documented that
drought stress can influence the physiological, biochemical,
and morphological processes in plants, resulting in a consid-
erable growth reduction (Hussain et al. 2018). Water deficit at
the reproductive stage can severely impact fertilization and
flowering, as water-deficient stress in the onset of the duration
is conduced to inaccurate fertility, abortion of flower, and
reduced seed number (Rad and Zandi 2012; Sehgal et al.
2018). It has been revealed that drought-induced reduction
of seed yield is associated with cell membrane damage, phys-
iological disorders in photosynthetic organs and mineral up-
take, photoassimilates imbalance between the source (leave),
and sink (development seed) during the seed filling stage
(Sehgal et al. 2017). Furthermore, drought stress reduced the
seed-developing duration and ultimately influenced the size
and 1000-seed weight (Sehgal et al. 2018). Our findings are
in line with the report of Yang et al. 2019 on rice, Mi et al.
2018 on maize, Dreccer et al. 2018 and Hatzig et al. 2018 on
canola, and Singh et al. 2016 on safflower. It has been well
documented that symbiosis with PGPB improved the plant
growth, yield, and soil health by increasing the nutrients and
water uptake under stress and non-stress condition (Kumar
and Verma 2018; Pagnani et al. 2018). Our results are consis-
tent with those reporting an increase of seed number in PGPB-
inoculated Phaseolus vulgaris (Rezaei-Chiyaneh et al. 2019)
and Vigna radiate (Mogal et al. 2019). PGPB-induced root
elongation is in line with the PGPB effect on canola (Patten
and Glick 2002) and wheat (Khan et al. 2017). It was sug-
gested that PGPB-mediated increase of seeds weight can be
related to prolonged seed filling duration and mobilization of
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nutrients to develop the seeds. Drought stress-induced ROS
overproduction conduced to activation of an integrated de-
fense system that controlled ROS accumulation and reduced
oxidative damages in plants. Proline accumulation and stress-
associated proline reproduction in the plants are important
strategies to cope with the drought stress-induced oxidative
damage. As an important osmolyte, TSC improves plant tol-
erance against stresses. Drought stress during the reproductive
stage affected the TSC content of the leaves. Although
drought leads to lower production of photoassimilates, TSC
accumulation of leaves was consistent with the improvement
of drought tolerance in the studied genotypes. The results are
in agreement with Du et al. (2020) addressing the effect of
drought stress on the distribution of TSC content of soybean
leaves in early seed filling.

In the present research, we found that the proline level had
an increasing trend under stress conditions. Genotypes
showed various physiological responses under different con-
ditions. It was consistent with a previous study showing that
the genotypes have different mechanisms in response to stress
(Kabbadj et al. 2017). The enhancement of proline and total
soluble carbohydrate content could be due to the genotypes
but more increase was observed in the PGPB inoculated-
plants which can be assigned to their increased resistance
against water-deficient stress. The role of PGPB in ameliorat-
ing abiotic stresses with an increase in osmolytes can be relat-
ed to the upregulation of their synthesis, activity of enzymatic
antioxidants as well as, water stress-induced enhancement of
responsive gene expression (Bharti et al. 2016; Sarma and
Saikia 2014). Similar results were reported for PGPB effect
on the increase of proline and carbohydrate in Ocimum
basilicum (Agami et al. 2016), Triticum aestivum
(Khalilzadeh et al. 2016; Bharti et al. 2016) and Vigna radiata
(Sarma and Saikia 2014) under stress condition.

The relative water content (RWC) is a suitable indicator of
water stress, as the highest RWC belonged to water stress-
tolerant plants. Our results demonstrated that drought stress
caused a significant decrease in RWC of all genotypes. It has
been suggested that PGPB can considerably increase the
water-retaining and uptake ability by osmolytes accumulation,
promoting root growth and development (Talbi et al. 2015;
Khan et al. 2019). It is in agreement with our study and ob-
tained results from Kariuki et al. 2016; Vardharajula et al.
2011; and Yasmin et al. 2017.

In the plant cells, accumulation of ROS is related to the
reduction of O, during photosynthesis and respiratory pro-
cesses resulting in membrane lipid peroxidation-mediated
production of MDA (Islam et al. 2014; Raza et al. 2017).
Our findings showed a significant increase in the level of
H,0, and MDA under water stress. On the other hand,
PGPB modulated ROS levels and lipid peroxidation with in-
ducing enzymatic and non-enzymatic defense systems. In this
study, a decreased level of MDA and H,O, following PGPB

inoculation is parallel with those published by Ghanbarzadeh
et al. (2019) for Dracocephalum moldavica and Armada et al.
(2015) for Zea mays. Similarly, PGPB treatment has de-
creased ROS level and lipid peroxidation in Cicer arietinum
(Khan et al. 2019).

It is well documented that photosynthesis pigments will
decrease under drought stress. It is suggested that water
limitation—induced ROS production causes oxidation of pho-
tosynthesis system, pigments degradation and inhibition of chl
production (Moghadam et al. 2011; Khalilzadeh et al. 2016;
Wang et al. 2019). In PGPR-inoculated plants, the content of
the pigment increased in control condition as well as under
drought stress which might be related to higher availability of
particular elements such as Mg and Fe. The results are con-
sistent with reports on Phaseolus coccineus (Stefan et al.
2013), Vigna radiata (Sarma and Saikia 2014), Triticum
aestivum (Khalilzadeh et al. 2016), Vicia faba (Li et al. 2016
Cicer arietinum L. (Khan et al. 2019).

Water supply during the reproductive phase had a pro-
nounced effect on oil content. The remarkable reduction in
oil content is associated with the alternation of the fatty acids
profile (Sehgal et al. 2018). Drought stress-induced reduction
of requisite carbon for fatty acids biosynthesis is a possible
explanation for the changes in fatty acids profile. Elferjani and
Soolanayakanahally (2018) have reported that a major part of
the seed oil skeleton was accreted from carbon assimilation of
photosynthetic tissue and green silique. In developing seed,
interplant competition between oil and protein biosynthesis
for the achievement of essential nutrients is another possible
reason for the alternations in fatty acids profile (Si et al. 2003;
Bellalovi et al., 2013; Sehgal et al. 2018). Additionally,
drought stress varied the enzymatic activity in fatty acid bio-
synthesis related-pathway and increased the oxidation of fatty
acids (Upchurch 2008; El Sabagh et al. 2019) could change oil
content and fatty acid profile. Genetic variations as well as
environmental stresses could affect the fatty acids profile
(Cosge et al. 2007; Moghadam et al. 2011; Hatzig et al.
2018). It is similar to that reported in our study. The present
study found a shift in saturated fatty acid (palmitic acid) pat-
terns of genotypes while observing a positive correlation be-
tween drought and unsaturated fatty acid content. It is similar
to those reported for Helianthus annuus (Petcu et al. 2001),
Brassica napus (Hatzig et al. 2018), Brassica campestris
(Aslam et al. 2009) and Carthamus tinctorius (Fernandez-
Cuesta et al. 2014). It has been suggested that drought-
induced decrease in activation of oleate desaturase could re-
sult in high accumulation of oleic acid during the seed filling
stage (Wang and Frei 2011). Monounsaturated fatty acids
(MUFA), particularly, oleic acid are more prone to oxidation
as compared with polyunsaturated fatty acids (PUFA) (Ali
et al. 2010; EI Sabagh et al. 2019). A decrease was reported
in both linoleic acid and linolenic acid content (polyunsaturat-
ed acid) in DH51 and DH104 genotypes which is in
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agreement with the findings on soybean (Bellaloui et al.
2013) and Canola (Dawood and Sadak 2014). Such a decline
can be due to high sensitivity to oxidation during water stress
and altering activation of A’ desaturase and A'> desaturase
(Upchurch 2008; Yuan and Li 2020). Moreover, the increase
of linoleic acid upon a decline in linolenic acid in the DH69
genotype is similar to the results observed in the case of
Camelina sativa (Pavlista et al. 2016). Additionally, the
linolenic acid content reduction could be due to the drought
stress-induced decline in the time of seed filling. Gadeolic acid
content also varied among Camelina genotypes. In some
cases, the increase of gadeolic acid was associated with the
increment of linoleic acid content. Such a trend may be due to
coincide activation of fatty acid-desaturase and elongase dur-
ing the seed development stage (Abdullah et al. 2016).

The fatty acid content altered after PGPB inoculation.
Although the exact reasons are unclear, it can be due to the
impact of PGPB on augmenting the grain filling time (Sharifi
et al. 2017). In most cases, PGPB decreased saturated fatty
acid (palmitic acid) and increased oleic acid and linoleic acid.
Silva et al. (2013) reported that PGPB inoculation enhanced
the oleic acid due to PGPB possessing all the enzymes in-
volved in its synthesis. These results could be confirmed upon
comparison with the studies published by Sharifi et al. (2017)
on safflower and Silva et al. (2013) on soybean seeds. In the
present study, inoculated seeds were richer in linolenic acid as
compared to the controls which could be probably due to the
prolonged seed development period upon the use of PGPB.

Camelina oil is a rich source of unsaturated fatty acids
whose oxidation stability could be maintained by a balance
between polyunsaturated fatty acids (PUFA) and monounsat-
urated fatty acids (MUFA). In general, the low PUFAs/
MUFAS ratio is more preferable for vegetable oils, thus, it
has been tried to reduce this ratio (Abdullah et al. 2016). In
our study, PGPB decreased PUFAs content while increasing
MUFAs giving rise to lower PUFAs/MUFAS ratio which can
be assigned to enhanced monounsaturated acid accumulation
upon the application of PGPB.

5 Conclusion

Physiological and biochemical analysis of C. sativa genotypes
indicated that drought during the reproductive phase can affect
their growth and seed yield. Furthermore, PGPB inoculation
improved the growth and yield by decreasing the ROS while
enhancing proline, carbohydrate, and photosynthetic pig-
ments. In general, the variations in seed quality and fatty acid
contents corresponded well with genetic variation and differ-
ent responses to various environmental conditions.
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