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Abstract

Background: Incidences of heat stress due to the changing global climate can negatively affect the growth and
yield of temperature-sensitive crops such as soybean variety, Pungsannamul. Increased temperatures decrease crop
productivity by affecting biochemical, physiological, molecular, and morphological factors either individually or in
combination with other abiotic stresses. The application of plant growth-promoting endophytic bacteria (PGPEB)
offers an ecofriendly approach for improving agriculture crop production and counteracting the negative effects of
heat stress.

Results: We isolated, screened and identified thermotolerant B. cereus SA1 as a bacterium that could produce
biologically active metabolites, such as gibberellin, indole-3-acetic acid, and organic acids. SAT inoculation improved
the biomass, chlorophyll content, and chlorophyll fluorescence of soybean plants under normal and heat stress
conditions for 5 and 10 days. Heat stress increased abscisic acid (ABA) and reduced salicylic acid (SA); however, SAT
inoculation markedly reduced ABA and increased SA. Antioxidant analysis results showed that SAT increased the
ascorbic acid peroxidase, superoxide dismutase, and glutathione contents in soybean plants. In addition, heat stress
markedly decreased amino acid contents; however, they were increased with SA1 inoculation. Heat stress for 5 days
increased heat shock protein (HSP) expression, and a decrease in GmHSP expression was observed after 10 days;
however, SA1 inoculation augmented the heat stress response and increased HSP expression. The stress-responsive
GMLAX3 and GmAKT2 were overexpressed in SAT-inoculated plants and may be associated with decreased reactive
oxygen species generation, altered auxin and ABA stimuli, and enhanced potassium gradients, which are critical in
plants under heat stress.

Conclusion: The current findings suggest that B. cereus SA1 could be used as a thermotolerant bacterium for the
mitigation of heat stress damage in soybean plants and could be commercialized as a biofertilizer only in case
found non-pathogenic.
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Background

Changes in the climate with increases in the temperature
are major problems in many parts of the world [1]. Ac-
cording to the Intergovernmental Panel on Climate
Change (IPCC, 2007) report, an estimated increase of
0.20 °C/year for the next two decades will be detrimental
to agricultural growth and yield [2]. Similarly, an increase
in the temperature from 3 to 4 °C can cause a decrease in
agricultural crop productivity up to 15-35% in Asia and
Africa and 25-35% in the Middle East [3]. Therefore, the
current trends in global warming, which can affect various
ecosystems and pose a considerable threat to future food
security and staple food production.

Increased temperature or heat stress affects various
characteristics of agricultural crop plants, including ger-
mination and fruiting patterns [4, 5]. Heat stress causes
biochemical, physiological, molecular, and morpho-
logical changes that can adversely affect plant growth,
biomass, productivity, and yield either individually or in
combination with other abiotic stresses [4—6]. Biochem-
ical changes include changes in the fluidity of mem-
branes, organizational changes in the cellular structure,
structural changes in amino acids, an increase or de-
crease in the concentration of metabolites and osmo-
lytes, an increase in stress hormones such as abscisic
acid (ABA), a decrease in defense hormones such as sali-
cylic acid (SA), and the production of harmful reactive
oxygen species (ROS) and antioxidants [7]. ROS gener-
ation leads to membrane damage (lipid peroxidase), trig-
gering stress responses in the defensive antioxidant
system and inducing oxidative damage through glutathi-
one (GSH), ascorbic acid peroxidase (APX), and super-
oxide production [8, 9]. Molecular changes include the
alteration of genes involved in the protection against
heat stress. These genes are responsible for the expres-
sion of osmoprotectants, detoxifying enzymes, and trans-
porters and upregulate the expression of heat shock
proteins (HSPs), stress-induced proteins, or stress pro-
teins, playing a key role in conferring stress tolerance
when the plants are exposed to stresses [10—12]. Simi-
larly, the auxin influx carrier LAX3 (GmLAX3) and po-
tassium channel AKT2 (GmAKT?2) genes also enhance
antioxidant defense, increase photosynthesis in plants,
and protect plants under various environmental stress
conditions such as heat stress [13].

Heat stress tolerance may be improved through gen-
etic engineering, breeding programs, tissue culture
methods, and chemical fertilizer applications, which are
time consuming and costly and have adverse effects on
the environment [12, 14-16]. The use of plant growth-
promoting endophytic bacteria (PGPEB) is an alternative
and ecofriendly approach for improving agriculture crop
production by ameliorating the negative effect of high
temperatures on economically important plant species
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worldwide [17-20]. Previously, a number of researchers
have reported the use of plant growth-promoting endo-
phytic bacteria to enhance tolerance to heat stress in plants
such as sorghum [19], chickpea [21], wheat [20, 22], tomato
[23], and potato [24]. Furthermore, PGPEB can synthesize
phytohormones that help increase tolerance against heat
stress by enhancing biofilm formation, reducing ABA levels,
and increasing HSP levels [17, 19-22, 25].

Globally, soybean is an important commercial crop,
and 120.48 million hectares of land are used for soybean
cultivation throughout the world [26]. Nutritionally, soy-
bean contains vitamins, minerals, fibers, and antioxidant
compounds [27]. Soybean were used in various products
like tofu, soy sauce, bean paste, soybean oil and soy milk
[28]. Lipid and protein are the major components of soy-
bean and about 92-100% of soybean protein is easily di-
gest by human [29]. In current study soybean verity
Pungsannamul, the most favored sprout cultivar in
Korea contain 348 mg amino acid per gram, 2556 pg/g
of isoflavone, and rich source of 3-carotene, lutein and
vitamins [30]. Soybean is sensitive to high temperatures,
which can cause changes in metabolomics [31] and anti-
oxidant production [32]. Heat stress adversely affects soy-
bean growth, photosynthesis, and productivity, especially
in tropical and semi-arid tropical regions [17, 33]. A 1%
increase in the average growing season temperature has
been reported to lead to a 3.1% decrease in soybean yield
[34]. Several studies such as those of Srivastava et al. [21],
Park et al. [17], Abd El-Daim et al. [22], and Ali et al. [19,
20] have emphasized the use of beneficial microorganisms,
which can tolerate heat stress and augment the growth
and productivity of crop plants. However, further studies
are needed to elucidate the effect of PGPEB on the growth
attributes, chlorophyll contents, and HSPs of soybean
plants under heat stress. Therefore, the present study
aimed to (i) isolate and identify plant growth-promoting
and thermotolerant bacteria that can mitigate heat stress
and enhance plant growth and (ii) analyze antioxidant
components such as APX, superoxide dismutase (SOD),
lipid peroxidation (LPO), reduced GSH, and phytohor-
mones (ABA and SA) and the transcription of responsive
genes (GmHSP, GmLAX3, and GmAKT?2) in soybean with
or without inoculation of bacterium during heat stress.

Results

Isolation of competent bacteria, screening for IAA,
phosphate solubilization, and siderophore production,
and bioassay assessment

From the roots of O. biennis, C. ficifolium, A. princeps,
and E. crus-galli, 59 endophytic isolates were isolated
(Supplementary Table 1). These isolates were screened for
different plant growth-promoting traits, i.e., IAA, GA, and
siderophore production and phosphate solubilization.
However, only 13 isolates showed multiple plant growth-
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promoting traits (Supplementary Table 1). Based on their
plant growth-promoting traits, thirteen isolates were fur-
ther applied to Waito-C rice for measuring their germin-
ation/seedling potential. A total of 8 isolates were found
to increase growth attributes significantly.

Screening for thermotolerant bacteria

All the selected isolates were examined for their abil-
ity to grow at 25°C, 30°C, 35°C, 40°C, and 45°C on
solid and in liquid LB media. The results showed that
the growth of the isolates was normal at 35°C on
solid and in liquid media; however, increasing the
temperature to 40 °C hampered the growth of all iso-
lates. Furthermore, an increase in the temperature to
45 °C reduced the growth rate of all isolates, and only
SA1l (isolated from the root of E. crus-galli) showed
tolerance against heat stress (S. Fig 1 and S. Fig. 2).
Therefore, isolate SA1 was selected for further inves-
tigation. For molecular identification and phylogenetic
analysis of strain SA1, the 16S rRNA gene was ampli-
fied, sequenced, and compared with the database of
known 16S rRNA gene sequences and BLAST search
tool of NCBI data base/EzTaxon was used to deter-
mine the nucleotide sequence homology of the tar-
geted bacterial isolate. Our results revealed that SA1l
exhibited a high 16S rRNA gene sequence identity
(99%) to Bacillus cereus. The SA1 16S rRNA gene se-
quence was submitted to NCBI with the GenBank ac-
cession no. MH032605 (Fig. 1).

In vitro IAA, GA, and organic acid production from
bacterial isolates and GC/MS-SIM analysis

Phytohormones (IAA and GAs) in the culture filtrate
(CF) of isolate SA1 was quantified by GC/MS, and or-
ganic acids were quantified by HPLC. The selected iso-
late SA1 produced significant amounts of IAA (2.4 +
0.4 pg/ml) and GA [bioactive: GA4 (1.3 £ 0.2 ug/ml) and
GA7 (1.04 £0.1 pg/ml); non-bioactive: GA15 (0.48 +
0.4 pg/ml) and GA36 (2.35 £ 0.5 pg/ml)] (Fig. 2a&b). Or-
ganic acid analysis revealed that the CF of SA1l con-
tained lactic acid (0.84 + 0.4 pg/ml), butyric acid (2.5 +
0.6 pug/ml), formic acid (2.6 £ 0.8 pg/ml), and succinic
acid (1.4 + 0.5 pg/ml) (Fig. 2c).

Plant growth conditions

In comparison with the control, bacterial inoculation
significantly enhanced the thermotolerance of soybean
plants as demonstrated by changes in the leaf ultra-
structure, and soybean biomass (fresh/dry weight,
root/shoot length) after 5 and 10days of heat stress
(Fig. 3; Table 1). Under heat stress, a decrease in the
shoot length (40.55%), root length (14.53%), fresh and
dry weight (38 and 24%, respectively) were observed.
Similarly, SAl-inoculated plants showed significant
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Fig. 1 Phylogenetic tree based on 16S rRNA sequences. A
phylogenetic tree based on the 16S rRNA sequences of the
endophytic bacterial strain SA1 isolated from the roots of
Echinochloa crus-galli (L) Beauv was constructed

increase in shoot length (15.08%), root length
(14.63%), fresh and dry weight (27.28 and 12.39%, re-
spectively) after 5days under normal conditions as
compared to control in control as well as heat treated
plants (Table 1) A similar pattern was observed after
10days of soybean growth with SA1 inoculation
under heat stress (Table 1; Fig. 3). A significant dif-
ference were observed in the root, shoot length and
fresh/dry biomass, of inoculated and non-inoculated
soybean plants at 10days under normal and stress
conditions.

Chlorophyll analysis results revealed heat stress sig-
nificantly decreased Chl a (26%), Chl b (34%), and ca-
rotenoid (43%) after 5days. However inoculation of
thermotolerant SA1 mitigated heat stress and increased
Chl a (11.20%), Chl b (11.90%), and carotenoid
(12.12%) compared with heat stressed control plants. A
similar pattern was observed after 10 days for SA1l-
inoculated soybean plants grown under heat stress
(Table 2). Furthermore, chlorophyll fluorescence results
revealed that heat stress significantly decreased chloro-
phyll fluorescence from 11 to 40% after 5 and 10 days
of heat stress compared with control plants. Inoculation
with SA1 markedly increased the chlorophyll fluores-
cence (6.94 to 25%) of soybean plants (Table 2).
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Fig. 2 Quantification of indole-3-acetic acid (IAA), gibberellins (GAs) and organic acids produced by the endophytic bacterial strain SAT. a Indole-
3-acetic acid, b Gibberellins, ¢ Organic acid. Each data point is the mean of three replicates. Error bars represent standard errors. The bars with
different letters are significantly different from each other as evaluated by DMRT analysis

Quantification of plant endogenous phytohormones and 7-folds after 5 and 10days of heat stress, respect-
There was no significant difference in the endogenous ively (Fig. 4a). Inoculation with the thermotolerant iso-
ABA and SA content of SAl-inoculated soybean plants late SA1 markedly reduced ABA to 2.1-folds and 5.4-
compared with control soybean plants. However, when  folds, respectively. In contrast to endogenous ABA, a de-
the soybean plants were exposed to heat stress (5 and crease in the SA of soybean plants exposed to heat stress
10 days), ABA was increased, and SA was decreased. En-  was observed after 5 and 10 days. Endogenous SA was
dogenous ABA was significantly increased by 3-folds significantly reduced from 53 to 67% after 5 and 10 days;

I

1

Cont. Isolate SA1 HS HS+SAl Cont. Isolate SA1 HS  HS+SAl Cont. Isolate SA1 HS HS+SA1

Fig. 3 Effect of the bacterial strain SA1 on soybean plant growth. The effects of the selected endophytic bacterial isolate (SA1) on the growth of
soybean plants with and without SAT inoculation under heat stress were determined at different time points (0, 5, and 10 days)
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Table 1 Demonstrate the effect of heat stress on shoot length
(SL), root length (RL), fresh weight (FW) and dry weight (DW) in
soybean plants with and without inoculation of SA1 at different
time point (0, 5 and 10 Days. Each data point is the mean of
three replicates. Error bars represent standard errors. The bars
represented with different letters are significantly different from
each other as evaluated by DMRT analysis

Cont. SAT HS HS + SA1
0 Days
SL(cm) 492 +04>  485+04°  5+085° 492 +04°
RL(cm) 656 +05°  732+05® 706+ 06® 783+07°
FW(g) 513+£04° 64106 709+06°  665+03
DW (g) 070 +009°  086+009° 090+ 007" 075+ 006°
5 Days
SL(cm) 2202 £05° 2593405 1309+06° 1508+ 06°
RL(cm) 2614+ 12%° 2772+20° 2234+19° 2561 +23°
FW(g) 1081 +07° 1317+08 667 +05% 849+ 05
DW (g) 161 +02° 183+127  121+14°  136+12°
10 Days
SL(cm) 253 +22° 304428 1574179 189+ 14°
RL(cm) 293 +32°  334+41% 1914219 232414
FW(g) 182+ 16° 213+15° 65+ 15 70+ 18
DW(g) 264+18>  31+19° 139+09% 165+ 08°

Table 2 Demonstrate the effect of heat stress on different
chlorophyll contents and chlorophyll fluorescence in soybean
plants with and without inoculation of SAT at different time
point (0, 5 and 10 Days). (A) Chlorophyll fluorescence (Fv/Fm) (B)
Chl'a (O) Chl b and (D) carotenoid. Each data point is the mean
of three replicates. Error bars represent standard errors. The bars
represented with different letters are significantly different from
each other as evaluated by DMRT analysis

Fv/Fm Chla Chl b Carotenoid
0 Days
Cont. 084 +007%° 1783 +25% 2339+25° 284+ 06°
SA1 093 £004° 1979+37% 2418 +£30° 272 +04°
HS 0.8 + 0.06° 1837 £27% 2379+ 41% 299 +05°
HS+SAT 081 + 002%™ 1898 +33% 2439+32° 286+ 05°
5 Days
Cont. 081 £008° 1938+ 147 2487 +£42° 293 +06°
SA1 083+ 006" 1997+ 16 2501 +33% 3.4+ 04°
HS 072+007¢ 1428 +09° 1638+25° 165+ 03°
HS+SA1 077 +006° 1588+08° 1833 +44> 185+03°
10 Days
Cont. 081 £090° 2059+31% 2561 +49° 332+07°
SA1 084 +098  2199+26% 2601 +52° 391+06°
HS 048 +004% 686+ 14° 1421 +21° 094 + 059
HS+SA1 06 + 003° 925+ 1.1% 1528 +30° 126+ 02°
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however, inoculation with SA1 augmented the heat
stress response and reduced the SA content from 30 to
649% (Fig. 4b).

Antioxidant enzyme regulation during heat stress

To assess the extent of LPO, the malondialdehyde
(MDA) content in soybean plants under normal and
heat stress conditions was evaluated. Heat stress led to
the generation of MDA, which in turn led to the induc-
tion of LPO. The results revealed that there was no sig-
nificant difference in the MDA content of inoculated
and non-inoculated soybean plants under controlled
conditions. However, under heat stress, a higher MDA
level was observed in non-inoculated plants (4.3-fold)
compared with SAl-inoculated plants (3.5-fold) after 5
days. A similar pattern was observed after 10 days for
soybean plants inoculated with SA1 and exposed to heat
stress (Fig. 5a). Similarly, the APX content of inoculated
and non-inoculated plants was different. Heat stress for
5 and 10 days induced an increase in APX up to 59 and
120%, respectively, in non-inoculated soybean plants.
However, SA1 inoculation resulted in a considerable in-
crease in APX after 5 and 10 days (3-fold and 4-fold, re-
spectively) (Fig. 5b). In addition, SOD and GSH analysis
results revealed an increase in the SOD and GSH con-
tents of soybean plants exposed to heat stress and those
inoculated with SA1 compared with normal control
plants. Soybean plants exposed to heat stress had en-
hanced SOD (2.6-fold) and GSH (49%) contents after 5
days. However, inoculation with SA1 greatly increased
SOD (3.1-fold) and GSH (129%) contents. A similar pat-
tern was observed after 10 days for soybean plants inoc-
ulated with SA1 and exposed to heat stress (Fig. 5c&d).

Effect of heat stress and PGPEB on amino acid synthesis

Amino acid contents were determined to analyze the
regulation of physiological functions under normal and
heat stress conditions with SA1 inoculation. Under nor-
mal conditions, SA1 inoculation increased aspartic acid
(1.30%), glutamic acid (3.73%), and proline (3.11%) and
slightly decreased alanine (0.23%), phenylalanine (1.02%),
and arginine (0.84%). For non-inoculated plants under
heat stress for 5 and 10 days, glutamic acid (27.82 and
38.69%, respectively), alanine (15 and 28%, respectively),
and phenylalanine (18.97 and 48.55%, respectively) were
decreased, and only aspartic acid (2.07 and 8.09%, re-
spectively) and proline (26.58 and 56.18%, respectively)
were higher. However, under heat stress for 5 and 10
days, the amino acids aspartic acid (8.23 and 10.57%, re-
spectively), glutamic acid (9.57 and 11.38%, respectively),
alanine (9.28 and 11.51%, respectively), phenylalanine
(12.09 and 11.81%, respectively), arginine (36.56 and
30.25%, respectively), and proline (41 and 85%,
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Fig. 4 Endogenous abscisic acid (ABA) and salicylic acid (SA) quantification in SAT-inoculated soybean plants. a ABA and b SA contents under
heat stress were determined at different time points (0, 5, and 10 days). Each data point is the mean of at least three replicates. Error bars
represent standard errors. The bars with different letters are significantly different from each other as evaluated by DMRT analysis

respectively) were increased in SAl-inoculated plants
compared with non-inoculated plants (Table 3).

Gene expression during heat stress and bacterial
inoculation

The transcriptional level of HSPs in response to heat
stress was evaluated. There was no significant difference
in the GmHSP expression of SAl-inoculated soybean
plants compared with control soybean plants. However,
when non-inoculated plants were exposed to heat stress
for 5days, HSP expression was significantly increased
(2.5folds) compared with the expression of control
plants whereas inoculation with isolateSA1 markedly re-
duced HSP expression (2folds) after 5 days of heat stress.
In contrast, HSP expression was reduced to 1 fold after
10 days of heat stress in non-inoculated plants, and in-
oculation with SA1 augmented the heat stress response
and increased the expression of HSPs up to 1.9 folds
compared with control plants (Fig. 6a). Similarly, the
role of GmLAX3 and GmAKT2 was determined by ana-
lyzing their expression level in soybean plants under

normal and heat stress conditions. Under normal condi-
tions, there was no significant difference in GmLAX3;
however, heat stress for 5 and 10 days decreased the ex-
pression of GmLAX3 up to 0.68 and 0.5folds, respect-
ively. On the other hand, inoculation with SA1 mitigated
heat stress and increased the expression of GmLAX3 to
0.88folds and 0.68folds after 5 and 10 days, respectively
(Fig. 6b). The higher expression of GmAKT2 markedly
increased K' levels in both control plants and heat-
stressed plants inoculated with SA1l. The expression of
GmAKT2 was increased up to 1.18folds and 1.2 folds
after 5 and 10days, respectively, in SAl-inoculated
plants compared with control plants. After exposure to
heat stress for 5 and 10 days, the expression of GmAKT2
was decreased to 0.58 and 0.38 folds, respectively; how-
ever, inoculation with SA1 increased the expression up
to 0.8folds and 0.47folds, respectively (Fig. 6¢).

Discussion
High temperatures directly affect the photosynthesis and
transpiration process, consequently affecting Soybean
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yield [35]. Currently, the robust nutritional properties
and different beneficial characteristics of soybean con-
stituents have contributed to its increased demand
worldwide. Therefore, there is a need to boost soybean
production under heat stress conditions. Accordingly,

there has been increased interest in the use of PGPEB as
a promising alternative to alleviate plant heat stress, and
the role of microbes in the management of abiotic and
biotic stresses has been recognized. Based on plant
growth-promoting traits and thermotolerant activities,

Table 3 Quantification of different amino acids at different time points (0, 5 and 10 Days). Each data point is the mean of at least
three replicates. Error bars represent standard errors. The bars represented with different letters are significantly different from each

other as evaluated by DMRT

Aspartic acid Glutamic acid Alanine Phenylalanine Arginine Proline
0 days
Cont. 29.89 + 46° 2246 + 25° 1249 + 15° 1075 + 1.3° 1061 + 237 1242 +16°
Isolate SA1 3028 £ 2.7° 2330 £ 27° 1247 £ 16° 1064 + 1.9° 1052 + 14% 1290 + 1.8°
HS 2893 + 35° 2297 #22° 1385 + 2° 09.37 +1.1° 1000 + 1.5° 1381 +2.1°
HS + SA1 2954 + 38° 2301 + 30° 1273 + 2.0° 1125+ 22° 1174+ 16° 1214 +23°
5 days
Cont. 3050 + 2.9° 2144 +£27° 12,07 + 23%® 806 + 1.5° 1060 + 1.0° 1399 + 1.7°
Isolate SA1 3113 + 44° 2158 + 35° 1294 +1.8° 1001 +1.7° 1184 +2.1° 1339 + 16°
5 day HS 33.05 + 16° 1696 + 1.4° 1089 + 1.9° 965+ 1.7° 1394 + 252 1576 + 2.2°
5day HS+ SA1 3505 + 2.5° 2039 + 30° 1122 +25%® 931+ 12° 1370 + 4.0° 17.59 + 34°
10 days
Cont. 3233 + 309° 2099 + 0.7° 11,66 + 14° 976 + 05° 11,65 + 24> 1443 + 2.1°
Isolate SA1 3238 + 48° 2262 +39° 11.01 +02° 9.14 + 29°° 1032+ 1.7° 1356 + 2.1¢
10day HS 36.14 + 39° 1349 + 26° 991 + 13° 813 +10° 12,99 + 2.3° 1948 + 1.5°
10 day HS+ SA1 4487 +53° 1893 + 16° 1059 + 1.2° 929 +1.1° 1519+ 1.7° 2303 £ 28°
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SA1 was selected for the experiments with soybean
plants under heat stress (Fig. 3; Table 1). Different stud-
ies have revealed that various strains in onion, barely,
felty germander, and wheat [36—38] have plant growth-
promoting traits and phytohormone production (IAA
and GA). The isolate used in the present study showed
the capability for IAA, GA, and organic acid production
and phosphate solubilization (Fig. 2a&b). Organic acids
are considered as an important source of carbon and are
rich in energy. Our results revealed that the CF of isolate
SA1 contained succinic acid, lactic acid, formic acid, and
butyric acid (Fig. 2c). In addition, organic acids can
enhance the degree and rate of metal dissolution, pH
homeostasis, and plant growth [39]. Phosphate-solubilizing
plant growth-promoting bacteria have been reported to
produce organic acids, facilitating phosphorus and essential

nutrient uptake from the soil [40, 41]. The microbes used
in this study showed an innate ability to produce organic
acids (Fig. 2c), and the phosphate-solubilizing activity of
these microbes may affect the growth and development of
the plants. Similar results have been reported by several re-
searchers who found that organic acid-producing and
phosphate-solubilizing bacteria mitigated the adverse effects
of abiotic stress and enhanced plant growth [42—45].

Heat stress can affect the biochemical and molecular
aspects of plant growth and lead to physiological and
morphological disorders in plants [4—6]. In this study,
heat stress was found to inhibit plant growth and devel-
opment; however, inoculation with the thermotolerant
isolate SA1 markedly alleviated the adverse effects of
heat stress after 5 and 10 days (Table 1). Similar results
were also reported by various studies showing that the
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use of thermotolerant plant growth-promoting bacteria
could increase thermotolerance in sorghum, chickpea,
tomato, potato, and canola plants [19-24]. Several plant
species have evolved several mechanisms to guard the
photosynthetic apparatus against damages from heat
stress by encoding for the production of HSPs that bind
to thylakoid membranes and protect the PSII complex
and whole chain of electron transport [3, 6, 46, 47].
However, under severe heat stress, these protective
mechanisms may be inadequate for ensuring plant via-
bility. Our findings showed that when the plants were
subjected to heat stress, a decrease in the Chl a, Chl b,
carotenoid and chlorophyll fluorescence contents was
observed; however, inoculation with SA1 mitigated heat
stress and increased the chlorophyll and carotenoid con-
tents (Table 2). Similar results were also reported by
previous studies showing that the use of thermotolerant
bacteria could increase the total chlorophyll content in
wheat and canola plants under heat stress [19, 48]. The
increase in the chlorophyll content may also be ex-
plained by the increased photosynthetic leaf area of
plants inoculated with bacteria compared with that of
non-inoculated plants, which was reduced due to heat
stress [18-20, 23].

Phytohormones respond to changing environmental
conditions by regulating plant growth and stress toler-
ance to maintain the viability of the plants. Previous
studies have demonstrated that phytohormones are ac-
tively involved in the response to heat stress [49-51].
IAA is a key phytohormone that plays a vital role in the
growth and developmental process of plants [52]. Add-
itionally, IAA can mediate the tolerance of plants to heat
stress through the activation of antioxidant enzymes,
gene expression regulation, osmoprotectant (proline)
synthesis, and enhancement of photosynthetic pigment
accumulation [52]. [AA-producing bacteria have been
found to increase the length and root surface of plants,
and the plants have better access to available nutrients
in the soil [17, 53]. In agreement with these findings, our
bacterial isolate (SA1l) was observed to produce IAA
(Fig. 2b) and greatly mitigate the adverse effects of heat
stress on soybean plants. GAs also play a prominent role
in the alleviation of abiotic stress [54, 55]. Some studies
have described the protective role of GAs in the plant
adaptation to abiotic stresses and detoxification of heavy
metals [54-58]. Stavang et al. [59] also reported that
GAs play a role in the thermoperiodic response in peas.
Microbes could produce GAs, which are involved in
plant growth promotion. The capability for GA produc-
tion is an important microbial trait that could greatly
mitigate the adverse effects of heat stress on plants and
promote their growth and development [17]. GAs have
been reported to ameliorate heat stress and enhance
plant growth and development [17, 59, 60]. Despite the

Page 9 of 14

existence of several forms of GAs, biologically active
GAs are limited to GA;, GA3, and GA, in different mi-
croorganisms [61, 62]. These biologically active GAs can
promote plant growth by reducing stress hormones such
as ABA [63-65]. As plants perceive stress conditions,
they regulate stress hormones such as ABA through ac-
tive chemical signals, which contribute to the extreme
sensitivity of stomatal conductance [65, 66]. Plant-
microbe interaction has been reported to mitigate the
adverse effects of abiotic stress by reducing ABA levels
[17, 18, 67]. Similar results were observed in our study
where SA1 inoculation reduced ABA and increased plant
growth parameters (Fig. 4a). Similarly, SA is another
plant hormone that plays an important role in various
physiological processes and biochemical reactions. Ac-
cording to Zhang et al. [68], in mutualistic plant-
microbe interaction, SA can induce systemic resistance
in plants. In agreement with this, Wang et al. [69] indi-
cated that SA can ameliorate abiotic stress by inducing
ROS generation. The accumulation of SA has been asso-
ciated with heat stress tolerance in various plants includ-
ing Kentucky Bluegrass [16], grapevine [70], potato [71],
bean and tomato [72], Arabidopsis [73], and grape plants
[74]. In the present study, SAl inoculation greatly en-
hanced endogenous SA levels in soybean plants under
heat stress and normal conditions (Fig. 4b). Our findings
are in agreement with those of previous studies showing
the ability of bacterial inoculums to enhance endogenous
levels of SA and contribute to the growth and develop-
ment of plants under abiotic stress [75, 76]. Further-
more, heat stress leads to the generation of ROS such as
superoxide anion, H,O,, and singlet oxygen, which cause
cellular toxicity and damage to cell structures in plants.
However, plants may develop a complex antioxidant
defense system consisting of MDA, SOD, glutathione re-
ductase (GR), and APX, which can protect the plants
against cellular stress, remove free radicals, and scavenge
excess ROS. In comparison with non-inoculated soybean
plants under heat stress, soybean plants inoculated with
SA1 produced less ROS and exhibited an increase in
antioxidant SOD, MDA, GR, and APX activity (Fig. 5).
Similar results were reported by Ali et al. [20], Abd El-
Daim et al. [22], and Park et al. [17], who found that
PGPB could enhance the activity of different ROS-
scavenging enzymes under heat stress.

Amino acids play a prominent role in the physiological
and biochemical functions of plants by modulating
membrane permeability, osmolytes, ion uptake, and en-
zymatic activity and enhancing abiotic stress tolerance
[77, 78]. A rescue effect and significantly enhanced key
amino acid contents were observed in soybean plants in-
oculated with SA1 compared with non-inoculated soy-
bean plants under heat stress (Table 3). Several studies
have demonstrated that an increase in amino acid
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contents could increase the tolerance to abiotic stress by
inoculating plant growth-promoting bacteria [79-83].
Heat stress was found to decrease the accumulation of
proline; however, proline levels were enhanced in SA1-
inoculated soybean plants under control and heat stress
conditions. Proline accumulation is considered as an
adaptive mechanism under heat stress [84-87]. In
addition, plants could alter the expression of heat-stress-
dependent regulatory proteins such as heat shock tran-
scription factors (HSFs) and HSPs, which may enhance
tolerance and protect protein functions under heat
stress. HSPs are essential for maintaining and restoring
protein structures and stabilizing the condition of plants
under heat stress [11, 88]. Islam et al. [22] reported the
upregulated expression of HSPs; however, in inoculated
wheat seedlings, a decrease in HSP transcript levels was
observed during heat stress. Similar HSP transcriptional
levels were observed in SAl-inoculated soybean plants
after 5 days of heat stress; however, after 10 days, an op-
posite effect was observed (Fig. 6a). The induction of
HSPs is usually accompanied by the induction of toler-
ance to heat and other stresses. Previous studies have re-
vealed that HSPs could act as “molecular chaperones”,
and their overexpression is well known to enhance ther-
motolerance [10, 12, 89]. Furthermore, genome-wide
transcriptomic analysis of soybean revealed that some
hormone-related genes were expressed differentially
under abiotic stress. GmLAX3 and GmAKT2 are among
the key genes involved in the regulation of the ABA-
dependent pathway, decreasing ROS generation, and en-
hancing the transport of K" under abiotic stress. The
present results revealed that GmLAX3 and GmAKT2
were downregulated; however, SA1 stimulated the ex-
pression of GmLAX3 and GmAKT2 under heat stress
after 5 and 10 days (Fig. 6b&c). Similar results were also
reported by previous studies showing that that GmLAX3
and GmAKT2 may be involved in the plant stress re-
sponse by modulating auxin and ABA stimuli, decreas-
ing ROS generation, and enhancing potassium gradients,
which are critical in plant vascular tissues under abiotic
stress [90-92].

Conclusion

In conclusion, the present study demonstrated the ability
of B. cereus SA1 to produce biologically active metabo-
lites such as GAs, [AA, and organic acids. B. cereus SA1
inoculation enhanced the chlorophyll fluorescence and
photosynthetic pigments of soybean plants under normal
growth conditions as well as under heat stress. This im-
provement in plant growth was coupled with changes in
the endogenous levels of several phytohormones (ABA
and SA), essential amino acids, and GmHSP, GmLAX3,
and GmAKT2 expression. Active plant growth-
promoting strains such as SA1 could be used to develop
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biofertilizers, and further studies with a focus on HSPs
are needed to understand their function in heat stress
tolerance in soybean plants.

Methods

Isolation and screening of endophytic bacterial strains
For isolation of endophytic bacteria, we collect four
plants samples (Artemisia princeps, Chenopodium ficifo-
lium, Oenothera biennis, and Echinochloa crus-galli)
from the sand dunes at Pohang beach, Republic of Korea
as preciously described by Khan et al. [27, 93]. Further-
more all isolate were screened for the production of
indole-3-acetic acid (IAA) using Salkowski reagent [94],
phosphate solubilization potential using trypticase soy
agar medium supplemented with Caz(PO,), [95] and
siderophores production using Chrome Azurol S (CAS)
agar plates [96]. For bioassay assessment, the selected
bacterial isolates, which revealed distinct plant growth-
promoting traits in the initial screening, were also
screened with Waito-C (GA-deficient) rice seedlings.
The test seeds were grown using Hoagland solution for
14 consecutive days under controlled environmental
conditions [97].

Screening for thermotolerant and molecular identification
For thermotolerant screening; multiple PGP traits
producing bacteria were grown in LB media at 30°C,
35°C, 40°C, and 45 °C in rotary shaker for 6 days and
there growth was recorded using a spectrophotometer
(600 nm). For molecular identification, the method of
Sambrook and Russell [98] was used for genomic
DNA extraction and 16S rRNA-specific primers were
used and amplified according to the protocol of Khan
et al. [93]. The NCBI BLAST program was used to
determine nucleotide sequence homology of selected
isolate, and MEGA 6.1 software was used for phylo-
genetic analysis [99].

Quantification of in vitro IAA, gibberellin (GA), and
organic acid production of isolate SA1

Isolate SA1 was grown in LB media and centrifuged at
5000xg for the quantification of IAA, GA, and organic
acid production. Following the method of Khan et al
[100], the culture broth was analyzed for IAA produc-
tion through GC/MS-SIM. Similarly for GA content, a
previous method of Khan et al. [101] was used, and the
data were calculated as ng per ml. For organic acid ana-
lysis, the method of Kang et al. [102] was used by centri-
fuging the culture broth of isolate SA1, the supernatant
was filtered through a 0.22 pm Millipore filter paper and
10 ul sample was injected into a high-performance liquid
chromatography (HPLC) system (Waters 600; Waters
Corp., Milford, MA, USA). All of the samples were ana-
lyzed in triplicate.
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Plant-microbe growth and heat stress conditions

Soybean seeds (variety, Pungsannamul) were collected
from the Soybean Genetic Resource Center at Kyung-
pook National University (Daegu, Republic of Korea)
and tested for viability. For surface sterilization of the
seeds, sodium hypochlorite (2.5% for 30min) was
used followed by rinsing with sterilized distilled water.
After 10days of germination in trays, uniform seed-
lings were selected and were grown individually in a
sterilized plastic pots (10 cm x 9 cm) at V1 stage. Plas-
tic pots filled with autoclaved horticulture soil con-
sisting of peat moss (10-15%), zeolite (6—-8%), coco
peat (45-50%), perlite (35-40%), NH," (~0.09 mg/g),
NO;~ (~0.205mg/g), P,Os5 (~0.35mg/g), and K,O
(~0.1mg/g) were used for the growth of soybean
plants. Two days after transplantation, 50 ml of
freshly diluted bacterial culture (10° CFU/mL) was in-
oculated to each pot; this was repeated further two
time after 5days, while autoclaved double distilled
water were used for control soybean plants. At V3
stage plants were exposed to heat stress and plants
sample were collected at 0day, 5days and 10 days.
The experimental design included the following
groups: (a) control (normal soybean), (b) soybean with
SA1l, (c) soybean with 5-day heat stress treatment
with or without SA1, (d) soybean with 5-day heat
stress treatment with or without SA1, and (e) soybean
with 10-day heat stress treatment with or without
SA1 in a growth chamber (for normal soybean plants:
24 hcycles consisting of 28°C for 14h and 25°C for
10h with a relative humidity of 60-70%; for heat
stress plants: 24 h cycles consisting of 40°C for 14h
and 30°C for 10h with a relative humidity of 60-
70%). After stress completion, growth attributes
(shoot and root length, fresh and dry weight, and
chlorophyll content) were recorded, and the plants
were immediately harvested in liquid nitrogen and
stored at —-80°C until further biochemical analyses.
For chlorophyll estimation, 500 mg of soybean leaves
were ground, and the photosynthetic pigment was ex-
tracted with acetone (80%). The contents of chloro-
phyll a and b (Chl a and Chl b) were estimated as
described by Khan et al. [100] using a spectrophotometer
with an absorbance of 663 nm and 465 nm. The total ca-
rotenoid was estimated at 480 nm as described by Vimala
and Poonghuzhali [103]. A chlorophyll fluorometer (FIM
1500; ADC Bioscientific Ltd., Hoddesdon, UK) was used
for the measurement of chlorophyll fluorescence. The effi-
ciency of photosystem II (Fv/Fm) was calculated as de-
scribed by Genty [104].

Plant endogenous phytohormone quantification
The endogenous phytohormones of plant samples were
analyzed and quantified in a controlled environment.
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Endogenous ABA was quantified according to the
method of Khan et al. [105]. On the other hand, SA was
quantified following the method of Seskar et al. [106].
Freeze-dried aerial parts were quantified using a HPLC
system equipped with a fluorescence detector (excitation
and emission at 3005 and 365nm, respectively; Shi-
madzu RF-10AXL; Shimadzu, Kyoto, Japan) and fitted
with a C18 reverse phase HPLC column (particle size 5
m, pore size 120 A; HP Hypersil ODS; Waters Co., Mil-
ford, MA, USA) at a defined flow rate (1.0 ml/min).

Antioxidant analysis

Lipid peroxidation (LPO) in soybean were measured
spectrophotometrically according to the method of Khan
et al. [107]. Similarly the activity of APX in soybean was
measured following the method of Kim et al. [108]. The
method of Marklund and Marklund [109] was adapted
for SOD activity assay. To determine the reduction in
GSH concentration, the detail method of Ellman [110]
and Asaf et al. [111] were used. All experiments were
performed in triplicate.

RNA extraction, cDNA synthesis, and qRT-PCR analysis
Total RNA was extracted from soybean leaves using
TRIzolTM reagent following the protocol of Chan et al.
[112]. RNA quality was examined by nano drop ma-
chine; while qPCRIBO c¢DNA synthesis Kit was used for
cDNA synthesis. qRT-PCR were performed using
qPCRBIO SYBR Green Kit as described previously by
Jan et al. [113], and actin was used as a reference gene.
A 20 pl volume was maintained by using 7 ul ddH20,
1 pl primer, 10 pl SYBR green and 1 pul DNA templet for
each reaction (Supplementary Table 2).

Amino acid quantification

The method of Asaf et al. [111] was used for amino acid
analysis. Frieze-dried plant samples (100 mg) were hy-
drolyzed under vacuum in 6 N HCl in an ampulla tube
for 24h at 110°C followed by 24 h at 80°C. The solid
residues were homogenized in 0.02N HCI and filtered
with a 0.45 m filter membrane. The amino acids were
then analyzed using an automated amino acid analyzer
(L-8900; Hitachi, Tokyo, Japan). The concentration was
determined by comparison with specific standards.

Statistical analysis

The experiments were performed in triplicate, and the
obtained results were used for further analysis. The dif-
ference among the mean values was compared with
Duncan’s multiple range test (DMRT) using SAS 9.2
statistical software (SAS Institute, Cary, NC, USA). The
graphical presentation was made in GraphPad Prism.
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Each data point is the mean of three replicates.
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