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Global warming negatively affects plant growth due to the detrimental effects

of high temperature-induced heat stress. Rhizobium inoculation (RI) and

exogenous melatonin (MT) have shown a positive role in resisting abiotic

stress. However, their synergistic effect on avoiding heat-induced damages

in Medicago truncatula has not been studied yet. Hence, the objective of

the present study was to evaluate the impact of these amendments (RI and

MT) to ameliorate the heat damages in Medicago truncatula. The study was

comprised of two factors: (1) heat-induced stress: (i) optimum temperature

(26 ± 1◦C): (23 ± 1◦C) (day: night), (ii) moderate heat (35 ± 1◦C): (28 ± 1◦C),

and (iii) severe heat (41 ± 1◦C): (35 ± 1◦C) for 72 h, and (2) amendments: (i) no

RI + no MT (NRI + NMT), (ii) Rhizobium inoculation (RI), (iii) 60 µM melatonin

(MT), and (iii) RI + MT. Results showed that the combined application of RI and

MT was better than their individual applications, as it prevented heat-induced

membrane damages by declining the hydrogen peroxide (34.22% and 29.78%),

superoxide anion radical (29.49% and 26.71%), malondialdehyde contents

(26.43% and 21.96%), and lipoxygenase activity (44.75% and 25.51%) at both

heat stress levels as compared to NRI + NMT. Moreover, RI + MT treated plants

showed higher antioxidative and methylglyoxal detoxification enzymes (Gly I

and Gly II) activities under heat stress. While, NRI + NMT treated plants showed

a higher level of methylglyoxal contents (47.99% and 46.71%) under both

levels of heat stress. Relative to NRI + NMT plants, RI + MT pretreated plants

exhibited improved heat tolerance as indicated by higher chlorophyll (37.42%
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and 43.52%), carotenoid contents (32.41% and 47.08%), and photosynthetic

rate (42.62% and 64.63%), under moderate and severe heat stress, respectively.

Furthermore, RI + MT pretreated plants had considerably higher indole-3

acetic acid and abscisic acid concentrations under moderate (54.02% and

53.92%) and severe (68.36% and 64.61%) heat stress conditions. Similarly, plant

dry biomass, NPK uptake, nitric oxide, and nitrate reductase activity were high

in RI + MT treated plants, under both levels of stress. Therefore, this study

advocates the positive synergistic effect of RI and MT pretreatment against

moderate and severe heat-induced stress and for possible maintenance of

plant growth under changing scenarios of global warming.

KEYWORDS

abscisic acid, indole-3-acetic acid, methylglyoxal detoxification system, osmolytes
accumulation, oxidative damage

Introduction

Global air temperature is expected to rise at the rate of
0.2◦C per decade, which will lead to temperatures of 1.8–4.0◦C
higher than the current level by 2100 (IPCC, 2007). The global
warming-driven rise in temperature has adverse effects on plant
growth, mainly due to harmful consequences of heat stress on
plant development (Ohama et al., 2017). Rising concerns of heat
stress threaten global food security due to its negative impacts
on crop growth and productivity (Li et al., 2021; Moghaddam
et al., 2021).

Temperatures exceeding the plant-specific optimal range
may weaken photosynthetic capacity, leading to a decrease
in the photosynthetic area, leaf photochemical efficiency,
photosynthetic rate, and ultimately the yield decline in plants
(Wassie et al., 2020). Several studies have reported that
heat-induced stress damaged cell division, seed germination,
root and stem growth, loss of leaf water content, and leaf
senescence, resulting in lower plant growth and biomass
production (Xu et al., 2016; Jahan et al., 2019). Plants exposed
to high temperatures can elevate reactive oxygen species (ROS)
accumulation, including hydrogen peroxide (H2O2), singlet
oxygen (1O2), and superoxide radicals (O−•2 ), thereby causing
damage to carbohydrates, lipids, proteins, and DNA that
eventually lead to oxidative stress (Buttar et al., 2020).

Plants have developed over time-efficient various metabolic
mechanisms against temperature-induced harmful effects of
ROS (Hasanuzzaman et al., 2020). Among many possible
strategies, one includes the accumulation of osmolyte that
will enable the plant body to maintain cellular turgidity,
organize cellular structures, stabilize the proteins, and improve
the enzymatic and non-enzymatic antioxidant system to
ameliorate the cellular redox balance and homeostasis in
response to heat stress (Hasanuzzaman et al., 2020). Several
management strategies like pre-treatment of stressed plants
with chemicals, microorganisms, and plant hormones have been

extensively applied in agriculture to improve stress tolerance
in plants (Zhang et al., 2019; Buttar et al., 2020; Irshad
et al., 2021a). Similarly, phytohormones including cytokinins,
brassinosteroids, jasmonates, gibberellin, salicylic acid, indole-3
acetic acid (IAA), abscisic acid (ABA), and melatonin (MT) also
have been reported to play a crucial role in the improvement of
antioxidant defense system under abiotic stress thus keeping the
damages to the barest minimum level (Wani et al., 2016; Li et al.,
2018; Wassie et al., 2020).

Among many plant hormones, melatonin (N-acetyl-5-
methoxytryptamine) has recently received ultimate attention
owing to its defensive roles and contribution to mitigating
various abiotic stresses caused by the sudden fluctuation
in temperature (heat and cold), salinity, heavy metals, UV
radiation, drought, and oxidative stress (Huang et al., 2019;
Buttar et al., 2020; Zahedi et al., 2021). In addition, it
has been reported that foliar treatment of MT induces seed
germination, flowering, ripening, photosynthetic pigments,
modulates antioxidant capacity, and leaf senescence, thus
enhancing growth and yield in various crops (Xu et al., 2016;
Zhang J. et al., 2017).

Plant growth-promoting rhizobacteria (PGPR) – found near
the rhizosphere plane have been reported as a novel growth
regulator with the potential to colonize and improve yield and
productivity through biological N2 fixation (BNF) (Lindström
and Mousavi, 2020). In recent times, PGPR has been reported
to improve stress tolerance in several crop species, including
but not limited to legumes (Liu et al., 2019; Chea et al.,
2021). Similarly, Irshad et al. (2021a) reported that Rhizobium
inoculation (RI) showed higher photosynthetic efficiency, better
uptake of nutrients, and osmolytes accumulation in Medicago
truncatula plants under cold stress. However, information on its
response to ameliorate heat stress is still a question.

Legumes play an important role in addressing the world
food security challenge and are a major component of managing
soil health and fertility in sustainable agricultural systems.
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Among legumes, Medicago truncatula is an important model
forage legume for breeding, genomics, and genetics due to
its high nitrogen fixation capacity, self-fertility, diploid, and
small genome size (Mollinedo et al., 2016). M. truncatula is
widely used to feed livestock as fresh forage and hay in
Mediterranean countries and in Australia and is central to
ecology and evolution dynamics of forage species in grassland
agricultural systems. The optimum growth temperature for
M. truncatula ranges from 23 to 28◦C with annual rainfall
between 275 and 400 mm (Irshad et al., 2021b). The extreme
temperature adversely affects the yield and productivity of
legumes, including M. truncatula driven by a decrease in
soil moisture content, and disruption in soil biogeochemical
properties, which altogether negatively impact nutrients uptake,
gaseous exchange, photosynthetic efficiency, and plant water
relations (Farooq et al., 2017). Numerous studies have reported
a severe loss of quality and productivity in many leguminous
plants like Pisum sativum (Shahzad et al., 2015), Medicago sativa
(Wassie et al., 2019),Glycinemax (Campobenedetto et al., 2020),
and Vicia faba (Siddiqui et al., 2015) as a result of heat-induced
stress.

Individual treatment of RI or MT has been well documented
for its positive role in ameliorating oxidative stress in various
crops (Lee et al., 2020; Lindström and Mousavi, 2020; Alam
et al., 2021; Chea et al., 2021), however, the effect of their
combined application is still not clear. Therefore, it was
hypothesized that RI and MT can induce thermotolerance
against oxidative damage. To the best of our knowledge, the
physiological responses of Medicago truncatula against heat
stress have not been fully explored. This study sought to evaluate
the physiological response of Medicago truncatula against heat-
induced stress and the co-application of RI and MT on
enhancing thermotolerance by improving antioxidant enzyme
activities and scavenging ROS. Antioxidant enzymes, osmolytes,
nitro-oxidative homeostasis, endogenous plant hormones,
growth, and yield were comprehensively evaluated under heat
stress with RI and MT.

Materials and methods

Seed germination and growth
conditions

The experiments were conducted at the research
facility of Northwest Agriculture and Forestry University
(34◦18′N, 108◦05′E), located in Yangling, China. Medicago
truncatula (Jemalong A-17) seeds with more than 90%
germination rate were soaked in concentrated H2SO4

for 5-6 min, washed with distilled water, and surface-
sterilized in sodium hypochlorite (5%) for 18-20 min for
disinfection. The seeds were thoroughly rinsed five to six
times using distilled water to remove the chemical residues.

After sterilization, the seeds were kept to vernalization on
wet filter papers in Petri dishes at 4◦C under dark stage
photosynthesis to break the seed dormancy. After 48 h, the
dishes were transferred to a growth chamber and kept at
23◦C for 48 h with relative humidity (RH) of 65-75% for
seed germination.

Preliminary experiment

About 7-days before the induction of heat stress, 20 pots
of 56-days-old seedlings were treated with variable melatonin
(MT) concentrations for selecting the optimal melatonin
concentration. The MT concentrations applied were as follows:
No melatonin (C), 30 µM melatonin (30-MT), 60 µM
melatonin (60-MT), and 90 µM melatonin (90-MT). Seedlings
were exposed to (35 ± 1◦C): (28 ± 1◦C) (light: dark) for 72 h
to induce heat stress. For the melatonin treatments, the pots
were hand sprayed with 30 ml of 30 µM, 60 µM and 90 µM
melatonin per pot, until the whole plants become wet. The
non-melatonin treatments involved pretreatment with similar
amounts of water. Each treatment contained five replications,
and each replicate was comprised of 4 pots of seedlings. The time
duration of 72 h was sufficient to induce heat stress as indicated
through significant changes in plant dry biomass (g), electrolyte
leakage (%), leaf photochemical efficiency (Fv/Fm), and relative
water content (%), which were determined following the
methods of Irshad et al. (2021a,b). The prolonged duration
of heat stress was not chosen in order to avoid permanent
wilting.

Main experimental design and
treatments

For the main experiment with optimized amendments,
young seedlings (five-days-old) were transplanted into a total of
60 pots (12 seedlings/pot) of size 30 × 45 × 10 cm containing
3.5 L Hoagland nutrient solutions (Hoagland and Arnon, 1950;
recipe in Supplementary material) and were allowed to grow
for 15 days. The nutrient solution was constantly ventilated and
renewed at an interval of every two days consecutively until
the end of the experiment. A total of 30 pots with uniform
seedlings (15 days old) were allowed to grow naturally in
Hoagland solution (containing nitrogen), while the remaining
30 pots were treated with Rhizobium meliloti (Dormal strain)
in Hoagland solution (nitrogen-free) of 1/4 strength to allow
nodule formation; since the presence of nitrogen hinder the
nodule development. The seedlings were randomly arranged
and subjected to a growth chamber by maintaining a 16:08 h
light/dark cycle, (26 ± 1◦C): (23 ± 1◦C) day: night temperature
cycle, with an RH of 65 ± 3%. The seedlings (15 days old)
were randomly divided into four treatments: (1) no RI + no
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MT (NRI + NMT), (2) Rhizobium inoculation (RI); (3) foliar
spray with 60 µM of melatonin (MT); and (4) RI + MT. All
treatments were exposed to three temperature regimes for 72 h:
(1) optimum temperature at (26 ± 1◦C): (23 ± 1◦C) (light:
dark), (2) moderate heat at (35 ± 1◦C): (28 ± 1◦C), and (3)
severe heat at (41± 1◦C): (35± 1◦C). Melatonin concentration
of 60 µM with moderate heat at (35 ± 1◦C): (28 ± 1◦C) (light:
dark) was based on the preliminary analysis and applied one
week prior to heat stress induction (Supplementary Figure 1).
There were five biological replicates for each treatment. After
the completion of heat stress (72 h), seedlings were instantly
harvested and exposed to liquid nitrogen and stored at -
80± 1◦C for further laboratory analyses.

Determination of chlorophyll contents,
carotenoids contents, photosynthesis, and leaf
photochemical efficiency (Fv/Fm)

For the determination of carotenoids and chlorophyll
contents, 0.1 g of fresh plant tissues were macerated in 80%
acetone using a sterilized pestle and mortar, followed by
centrifugation at 12,300 × g for 11 min. Optical densities (480,
645, and 663 nm) were measured using a spectrophotometer
(Irshad et al., 2021b). Leaf net photosynthesis was measured
using Li-6400 (LI-COR Inc., USA). Seedlings were kept in the
dark for 30 min to determine leaf photochemical efficiency
(Fv/Fm) using a fluorometer (MINI version imaging PAM,
Walz, Germany) (Irshad et al., 2021b). Measurements were
repeated twice for each plant by taking two fully expanded
leaves.

Evaluation of oxidative damage and antioxidant
enzyme activities

For the evaluation of malondialdehyde content, the
thiobarbituric acid method was used, and absorbance was
measured at 532 and 600 nm (Irshad et al., 2021a). Hydrogen
peroxide was measured by employing the potassium iodide
method. For the quantification of H2O2, 0.1 g leaves were
homogenized in 0.1% trichloroacetic acid and centrifuged at
11,500 × g for 13 min, and the supernatant was thoroughly
mixed with buffer (potassium phosphate; pH 7.0) and potassium
iodide (1 ml). After vigorously shaking, optical density was
read at 390 nm (Wassie et al., 2019). Elstner’s method was
used for the quantification of O−•2 concentration and optical
density was taken at 530 (Liu et al., 2019). Lipoxygenase
activity was evaluated as described by Ahanger et al. (2019)
with minor modifications. Linoleic acid (an essential fatty acid)
was considered as a substrate of lipoxygenase enzyme and an
increase in the absorbance was measured at 234 nm.

For the measurement of enzyme activities, 0.5 g of frozen
tissues were macerated with potassium phosphate buffer (0.1
M; pH 7.8) in a pre-chilled pestle and mortar. The homogenate
was centrifuged at a low temperature at 12,500 × g for 18 min
and the final supernatant was further used for the evaluation of

enzyme activities. For peroxidase (POD) activity, guaiacol (1-
hydroxy-2-methoxybenzene, C7H8O2) was used as an electron
donor (Buttar et al., 2020). Superoxide dismutase activity was
calculated based on the ability to inhibit the reduction of
nitroblue tetrazolium (NBT) by superoxide anion generated by
the riboflavin system under 4000 W (light intensity) at 25◦C (Liu
et al., 2019). Catalase activity was estimated by measuring the
conversion rate of H2O2 to water and oxygen molecules (Buttar
et al., 2020). Ascorbate peroxidase activity was determined by
the method of Ahanger et al. (2019) and H2O2-dependent
ascorbate-oxidation was observed at 290 nm for 3 min.

Ascorbate content was determined by homogenizing 0.1 g
of frozen leaves in trichloro-acetic acid (6%) and centrifuged
at 13,500 × g for 2 min. The supernatant was thoroughly
mixed with thiourea (10%) and dinitrophenyl hydrazine (2%).
The mixture was incubated in water bath (18 min), followed
by ice-cooling. After the samples were cooled, 5 ml of chilled
80% sulfuric acid was added and absorbance was measured
at 530 nm (Ahanger and Agarwal, 2017). The estimation of
reduced glutathione content was assessed according to Irshad
et al. (2021b). Samples (0.1 g) were macerated in phosphate
buffer solution (pH 8.0), and the supernatant was treated with
5, 5-dithiobis 2-nitrobenzoic acid, and absorbance was taken at
412 nm.

Measurement of the methylglyoxal
detoxification system

Frozen leaf samples were macerated in perchloric acid
(5.5%) and centrifuged at 11,200 × g. The supernatant was
mixed with sodium dihydrogen phosphate and N-acetyl-L-
cysteine, and the reaction mixture was incubated at room
temperature for 10 min. Finally, absorbance was measured at
288 nm to determine the methylglyoxal (MG) content (Li et al.,
2019). Enzymatic activities of Glyoxalase I and II (Gly I and Gly
II) were measured by the methods of Li et al. (2017, 2019).

Determination of compatible solutes and
nutrients uptake

Glycine betaine, proline, soluble proteins, and sugars were
determined in powdered dry samples (Ahanger et al., 2019),
and measurements were recorded at 365 nm, 520 nm, 595 nm,
and 620 nm, respectively. Nitrogen contents were determined by
using the Kjeldahl method, phosphorous by spectrophotometric
method (Zhang R. et al., 2017), and potassium by a flame
photometer (microflow analyzer III, Systea, Italy) (Ahanger
et al., 2019).

Measurement of nitric oxide and nitrate
reductase activity

Homogenates of frozen samples were prepared in a pre-
chilled Na-acetate buffer having pH 3.6, following the method
of Kaya et al. (2020). Activities of nitrate reductase (NR) were
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elucidated as suggested by Ahanger et al. (2021), and absorbance
was measured at 540 nm.

Measurement of endogenous melatonin,
abscisic acid, and indole acetic acid contents

Pape and Lüning method was used for the extraction of
endogenous MT in acetone and methanol solution, according
to Irshad et al. (2021b). Endogenous MT was calculated
according to plant melatonin using an ELISA kit as per
the recommendation of the manufacturer (Jiwei Biological
Technology Co., Ltd., Shanghai, China). Abscisic acid and acetic
acid levels were measured using an ELISA kit (Rapid bio, USA)
according to the manufacturer’s instructions. Abscisic acid and
acetic acid absorbance were taken at 270 nm using a microplate
reader.

Statistical analyses

This experiment was carried out using a complete
randomized design, while Tukey’s HSD test – a statistical model
of evaluating analysis of variance (ANOVA) was used to test
pairwise comparison of the treatments at p ≤ 0.05.

Results

Optimization of melatonin
concentration for heat stress tolerance

Heat stress negatively impacted the growth of Medicago
truncatula, however, exogenous MT application significantly
improved plant dry biomass, relative water content (RWC),
electrolyte leakage, and Fv/Fm. Compared to control, the MT
applications at 30-MT, 60-MT, and 90-MT increased plant
dry biomass and leaf photochemical efficiency by 5.16% and
3.11%, 11.89% and 6.47%, and 1.58% and 1.46%, respectively
(Supplementary Figures 1A,B).

Moreover, a substantial increment of 7.60%, 65.07%,
and 14.94% were observed in the electrolyte leakage at 30-
MT, 60-MT and 90-MT treated plants, respectively. RWC
remained consistent in all the treatments regardless of MT
rates (Supplementary Figures 1C,D). Bearing in mind the
above observation, this preliminary study thus recommended
60-MT as the optimal MT concentration for the investigation
of Medicago truncatula heat-induced stress.

Oxidative damage

The generation of hydrogen peroxide (H2O2) was increased
by 63.74% and 106.6%, and superoxide anion radical (O−•2 ) by
48.63% and 79.45% in NRI + NMT plants under moderate and

severe heat stress, thereby, resulting in enhancement of MDA
content (31.87% and 50.51%) and lipoxygenase (LOX) activity
(90.45% and 136.17%), respectively, compared to plants without
stress (Figures 1A–D). On the other hand, RI and MT pretreated
plants significantly (p ≤ 0.05) decreased H2O2, O−•2 , MDA,
and LOX contents under moderate and severe heat-stressed
conditions. A significant decline was observed in H2O2 (34.23%
and 29.79%), O−•2 (29.49% and 26.72%), MDA (26.43% and
21.96%), and LOX (44.75% and 25.51%) contents in RI + MT
treated plants when compared with NRI + NMT plants under
moderate and severe heat stress conditions.

Enzymatic and non-enzymatic
antioxidant activities

Relative to control (NRI + NMT), the individual and co-
application of RI and MT significantly enhanced the activities
of superoxide dismutase (SOD), peroxidase (POD), catalase
(CAT), and ascorbate peroxidase (APX) under moderate and
severe heat stress (Figures 2A–D). Under control conditions, a
significant increase of 14.77% 26.98%, 31.62%, and 30.2% were
observed in SOD, POD, CAT, and APX activities, respectively, in
RI + MT pretreated plants as compared to NRI + NMT plants.
Similarly, the enzymatic activities of SOD, POD, CAT, and APX
in NRI + NMT plants were reduced by 58.05%, 10.94%, 10.11%,
and 8.96% under severe heat stress conditions, respectively.
On the other hand, RI + MT pretreated plants substantially
enhanced the enzymatic activities of SOD (36.28% and 14.19%),
POD (35.39% and 32.2%), CAT (21.6% and 22.91%), and APX
(36.83% and 55.41%) under moderate and severe heat stress as
compared to NRI + NMT plants, respectively.

The ascorbate (AsA) and reduced glutathione (GSH)
contents were significantly increased with RI and MT treatments
as compared to NRI + NMT. The RI + MT pretreated plants
showed maximum AsA and GSH contents which were 5.1− and
6.8-times higher when compared with unstressed NRI + NMT
(Figures 2E,F).

Methylglyoxal detoxification system

Decreased activities of Gly I and Gly II were observed
under moderate heat stress, while a record low activity was
recorded when subjected to severe heat stress. Gly I and Gly
II activities were significantly increased in heat-stressed plants
supplemented with co-application RI and MT, as compared
to control (NRI + NMT) heat-stressed plants (Figures 3A,B).
Levels of methylglyoxal were increased by 23.11% and 36.29%
following exposure to moderate and severe heat stress when
compared with NRI + NMT plants. On the other hand,
methylglyoxal levels decreased by 48% and 46.7% in moderate
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FIGURE 1

The individual and combined effects of Rhizobium inoculation and exogenous melatonin pretreatment on malondialdehyde (A), hydrogen
peroxide (B), superoxide anion radical (C), and lipoxygenase activity (D) in Medicago truncatula under heat stress conditions. Control (26 ± 1◦C):
(23 ± 1◦C) (light: dark), moderate heat (35 ± 1◦C): (28 ± 1◦C) (light: dark), severe heat (41 ± 1◦C): (35 ± 1◦C) (light: dark), NRI + NMT (no
Rhizobium inoculation, no melatonin), RI (Rhizobium inoculation), MT (pretreated with 60 µM of melatonin), and (4) RI + MT (Rhizobium
inoculation and pretreatment with 60 µM of melatonin).

and severe stressed plants following the co-application of RI and
MT (Figure 3C).

Osmolytes accumulation

There was no significant difference between the NRI + NMT
and RI-treated plants regarding the osmolyte accumulation
under control conditions (Supplementary Table 1). In
comparison with NRI + NMT plants, proline content was
markedly increased by 31.3% in RI + MT treated plants under
control conditions (Supplementary Table 1). Overall proline
accumulation is affected by heat stress; however, it increased in
RI + MT treated plants by 50.27% and 37.98% under moderate
and severe heat stress as compared to NRI + NMT treated
plants, respectively. Similarly, relative fluctuation in glycine
betaine content exhibited an identical trend to proline, and a
significant concentration loss was observed in NRI + NMT
plants by 39.03% in comparison with RI + MT-treated plants
exposed to severe heat stress conditions (Supplementary
Table 1). The soluble sugar contents of RI + MT plants were
significantly escalated by 51.23% and 36.7% under moderate

and severe heat, respectively, as compared to NRI + NMT
stressed plants. Likewise, a significant increase was observed
in the contents of soluble protein of RI + MT-treated plants
under control, moderate, and severe heat stress conditions
(Supplementary Table 1).

Photosynthetic pigments and
Photosystem II activity

Under control conditions, the co-application of RI and MT
pretreatment significantly improved carotenoid and chlorophyll
contents by 39.58% and 18.82% compared to NRI + NMT plants,
respectively. RI and MT plants subjected to moderate and severe
heat showed conspicuous carotenoid and chlorophyll contents
due to the individual pretreatments of RI and MT. Meanwhile,
RI + MT pretreated plants significantly mitigated the decline in
carotenoid and chlorophyll contents under stressed conditions
(Figures 4A,B). Photosynthesis rate declined in NRI + NMT
plants under moderate and severe heat stress by 62.21% and
421.7% and was significantly increased in RI + MT treated
plants by 6.93% and 84.54%, respectively, as compared to
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FIGURE 2

The individual and combined effects of Rhizobium inoculation and exogenous melatonin pretreatment on superoxide dismutase (A), peroxidase
(B), catalase (C), ascorbate peroxidase (D), ascorbate (E), and reduced glutathione (F) activities in Medicago truncatula under heat stress
conditions. Control (26 ± 1◦C): (23 ± 1◦C) (light: dark), moderate heat (35 ± 1◦C): (28 ± 1◦C) (light: dark), severe heat (41 ± 1◦C): (35 ± 1◦C)
(light: dark), NRI + NMT (no Rhizobium inoculation, no melatonin), RI (Rhizobium inoculation), MT (pretreated with 60 µM of melatonin), and (4)
RI + MT (Rhizobium inoculation and pretreatment with 60 µM of melatonin).

NRI + NMT plants (Figure 4C). RI + MT pretreated plants
significantly enhanced photosystem II activity (Fv/Fm) relative
to NRI + NMT plants and mitigated the decline induced by
moderate and severe heat stress. Relative to NRI + NMT plants,
RI + MT pretreated plants exhibited a maximum increase of
12.84% in Fv/Fm, under control conditions (Figure 4D).

Plant hormones and nutrients uptake

Our results revealed that MT pretreatment had no
significant impact on the accumulation of endogenous MT
under control conditions (Figure 5A). However, a significant

increase was found in RI + MT pretreated by 34.29% and
32.85% over NRI + NMT plants under moderate and severe
heat stress, respectively. The IAA levels showed an increasing
trend in M. truncatula seedlings under moderate and severe
heat stress (Figure 5B). ABA contents increased under moderate
heat stress which was further accelerated under severe heat
stress (Figure 5C). RI + MT pretreated plants increased the
ABA and IAA levels under moderate (68.36% and 64.6%) and
severe (54.02% and 53.92%) heat stress, compared to stressed
NRI + NMT plants.

Plant dry biomass was reduced by 29.26% and
131.7% when exposed to moderate and severe heat stress,
respectively, as compared to unstressed NRI + NMT plants.
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FIGURE 3

The individual and combined effects of Rhizobium inoculation and exogenous melatonin pretreatment on glyoxalase I (A), glyoxalase II (B), and
methylglyoxal content (C) in Medicago truncatula under heat stress conditions. Control (26 ± 1◦C): (23 ± 1◦C) (light: dark), moderate heat
(35 ± 1◦C): (28 ± 1◦C) (light: dark), severe heat (41 ± 1◦C): (35 ± 1◦C) (light: dark), NRI + NMT (no Rhizobium inoculation, no melatonin), RI
(Rhizobium inoculation), MT (pretreated with 60 µM of melatonin), and (4) RI + MT (Rhizobium inoculation and pretreatment with 60 µM of
melatonin).

However, the co-application of RI and MT significantly
increased plant dry biomass under both levels of heat stress
(Figure 6A). Noticeable decreases in NPK at both levels
of heat stress were observed while RI + MT treated plants
significantly regulated NPK uptake in the heat-stressed plants
(Figures 6B–D).

Nitro-oxidative homeostasis

Nitric oxide (NO) was significantly increased in RI treated
plants under moderate (25.91%) and severe (15.47%) heat stress,
which was further enhanced under combined pretreatment
(RI + MT), imparting maximally the NO accumulation of
42.47% (moderate heat) and 34.92% (severe heat) under both
heat stress levels NRI + NMT plants (Figure 7A). Under
control conditions, RI + MT plants significantly up-regulated
the NR activity unlike in NRI + NMT plants. The NR activity
of NRI + NMT plants was significantly reduced by 41.36%
(moderate heat stress) and 90.97% (severe heat stress) as
compared to RI + MT control plants (Figure 7B). On the other
hand, RI + MT pretreated plants exhibited significantly higher

activity of NR by 31.57% and 37.48% as compared to their
respective NRI + NMT plants under stress conditions.

Discussion

Selection of melatonin concentration
under heat stress

Melatonin is actively involved in diverse plant physiological
functions and thereby acts as a defensive player to a range
of abiotic stressors under capricious environments (Banerjee
and Roychoudhury, 2017; Irshad et al., 2021b). Its efficacy
in combating abiotic stress varies at different concentrations
in different crops (Huang et al., 2019; Jahan et al., 2019;
Alam et al., 2021). In this study, variable concentrations of
MT (0, 30, 60, and 90 µM) were preliminarily tested in
Medicago truncatula plants under heat-stressed conditions and
60 µM was the most effective, showing higher dry biomass,
photochemical efficiency (Fv/Fm), and lower electrolyte leakage
(Supplementary Figure 1). The higher biomass accumulation
with MT might be due to enhancement in carbon assimilation
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FIGURE 4

The individual and combined effects of Rhizobium inoculation and exogenous melatonin (MT) pretreatment on carotenoids (A), chlorophyll (B),
Photosynthesis (C), and leaf photochemical efficiency (D) in Medicago truncatula under heat stress conditions. Control (26 ± 1◦C): (23 ± 1◦C)
(light: dark), moderate heat (35 ± 1◦C): (28 ± 1◦C) (light: dark), severe heat (41 ± 1◦C): (35 ± 1◦C) (light: dark), NRI + NMT (no Rhizobium
inoculation, no melatonin), RI (Rhizobium inoculation), MT (pretreated with 60 µM of melatonin), and (4) RI + MT (Rhizobium inoculation and
pretreatment with 60 µM of melatonin).

resulting from the improved photosynthetic capability of plants
under stress conditions (Liu et al., 2018). Our results confirmed
the previous reports on tomato (Xu et al., 2016), wheat (Buttar
et al., 2020), and tall fescue (Alam et al., 2021) arguing that
MT foliar applications alleviate the effects of heat stress and
improved plants growth.

Amelioration of antioxidant enzyme
mechanism and heat-induced
oxidative damage

The current study demonstrated that heat stress strikingly
increased MDA content which is a lipid peroxidation biomarker
(Figure 1A). Increased lipid peroxidation level due to heat-
induced ROS production has been previously described in wheat
and sunflower plants (Buttar et al., 2020; Xing et al., 2021).
ROS-induced oxidative damage may occur due to insufficient
induction or inhibition of MG and ROS detoxification systems,
thereby reducing membrane stability under stressed conditions.
Meanwhile, the co-application of RI and MT was more
effective in mitigating the negative effects of oxidative stress by

reducing MDA, ROS, and MG, as compared to NRI + NMT
stressed plants (Figures 1, 3C).Rhizobium inoculation enhanced
the production of biomass and decreased ROS and lipid
peroxidation under stress conditions as opposed to the non-
inoculated plants (Jian et al., 2019; Liu et al., 2019). Rhizobium
symbioses protect plants by hindering the ROS production
pathways and maintain membranes integrity by protecting the
proteins and enzymes (Irshad et al., 2021a). Similarly, MT can
also protect against oxidative damages to the cell membrane
and decrease the ROS generation in stressed maize plants
(Jiang et al., 2016). Therefore, reduction in oxidative damage in
RI + MT treated plants can be attributed to the regulation of the
antioxidant enzyme system resulting in the removal of excess
ROS under stressed conditions.

Plants respond to heat stress by employing an efficient
antioxidant defense system through enzymatic and non-
enzymatic activities to keep ROS release at a minimum (Wassie
et al., 2019). Ascorbate is a key factor of the AsA-GSH
pathway that directly or indirectly scavenges the ROS and
its products (Anjum et al., 2010). In the present study, the
AsA activity decreased in NRI + NMT treated plants which
might be as a result of its inefficient restoration of AsA
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FIGURE 5

The individual and combined effects of Rhizobium inoculation and exogenous melatonin (MT) pretreatment on endogenous melatonin (A),
indole acetic acid (B), and abscisic acid (C) in Medicago truncatula under heat stress conditions. Control (26 ± 1◦C): (23 ± 1◦C) (light: dark),
moderate heat (35 ± 1◦C): (28 ± 1◦C) (light: dark), severe heat (41 ± 1◦C): (35 ± 1◦C) (light: dark), NRI + NMT (no Rhizobium inoculation, no
melatonin), RI (Rhizobium inoculation), MT (pretreated with 60 µM of melatonin), and (4) RI + MT (Rhizobium inoculation and pretreatment with
60 µM of melatonin).

recycling enzymes under both control and stressed conditions
(Figure 2E). Glutathione (GSH), however, acts as a cofactor for
some enzymes like GST, GPX, and Gly I and thus eliminated
free radicals in plants under stressed conditions and participates
in the removal of MG, ROS, and other endogenously produced
toxic compounds (Buttar et al., 2020). GSH contents were
increased in NRI + NMT treated plants under both heat stress
levels, while RI + MT treated seedlings had higher GSH levels
than the seedlings treated with RI and MT alone under stressed
conditions (Figure 2F), which might be due to improved
GSH synthesis that was induced by RI and MT. Rhizobium
inoculation accelerated the GSH recycling by the regulation of
GR activity which is consistent with our recent findings (Irshad
et al., 2021a).

The antioxidants AsA, GSH, SOD, POD, CAT, and APX
regulated the defense mechanism of plants under abiotic
stress cues. As a first-line enzyme in the defense mechanism,
SOD is a key antioxidant enzyme that converts O−•2 to
H2O2 (Kaya et al., 2019). This H2O2 is counteracted by
POD and CAT at the membranes and cytosol, respectively.
APX and GR eliminate H2O2 and O−•2 in mitochondria and
chloroplasts by activating the AsA-GSH cycle (an intriguing

pathway) (Ahanger and Agarwal, 2017). RI + MT pretreated
plants exhibited higher SOD, POD, CAT, and APX activities
as compared to alone treatments (RI and MT) under both
stress and control conditions (Figures 2A–D) the same was
previously noted in M. truncatula under cold stress conditions
(Irshad et al., 2021b). However, Rhizobium inoculation enhances
the antioxidant defense mechanism, alleviating abiotic stress-
induced oxidative stress (Liu et al., 2019; Irshad et al., 2021a).
Melatonin treatment has been considered a crucial antioxidant
in plants that effectively quenches free radicals (Wei et al., 2015).
Our results corroborated the findings of earlier studies such as
tomato (Jahan et al., 2019), alfalfa (Wassie et al., 2020), ryegrass
(Zhang J. et al., 2017), and rapeseed (Liu et al., 2018) that
MT treatment enhanced the antioxidant enzymes activities in
heat-stressed plants.

Followed by the ROS, the accumulation of another cytotoxic
compound is MG, and its homeostasis must be regulated
by its detoxification system (Gly I and Gly II) and GSH
(Hasanuzzaman et al., 2020). As GSH is involved in both AsA-
GSH and MG detoxification pathways, GHS may, however, be
suggested as a point of interaction between MG detoxification
system and antioxidant defense system (Li, 2016). In addition
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FIGURE 6

The individual and combined effects of Rhizobium inoculation and exogenous melatonin (MT) pretreatment on plant dry biomass (A), nitrogen
(B), phosphorus (C), and potassium (D) in Medicago truncatula under heat stress conditions. Control (26 ± 1◦C): (23 ± 1◦C) (light: dark),
moderate heat (35 ± 1◦C): (28 ± 1◦C) (light: dark), severe heat (41 ± 1◦C): (35 ± 1◦C) (light: dark), NRI + NMT (no Rhizobium inoculation, no
melatonin), RI (Rhizobium inoculation), MT (pretreated with 60 µM of melatonin), and (4) RI + MT (Rhizobium inoculation and pretreatment with
60 µM of melatonin).

to the activation of antioxidant defense mechanisms by co-
application of RI and MT (Figure 2), MG detoxification system
(Gly I and Gly II) was found to be improved under control
conditions in RI + MT treated plants and maintained their
higher activities and GSH level than NRI + NMT plants at
both heat stress levels (Figures 2, 3). These activities showed
an important adaptive mechanism to heat stress tolerance by
decreasing oxidative and MG stress. Our results about enhanced
Gly I, Gly II activities and antioxidant defense mechanism
to mitigate the ROS, MG, and MDA content confirmed the
findings of Li et al. (2019) who reported the similar observations
in maize seedlings.

Maintenance of plant growth, nutrient
uptake, and nitro-oxidative
homeostasis

Heat stress reduced root growth and its biomass, and
thus affected the aboveground plants’ growth by restricting
the transport of mineral nutrients and water, disturbing
hormone production in roots and its supply to shoots

(Farooq et al., 2017). The water and nutrients transport
are very important in maintaining the structural integrity
and up-regulation of physiological processes and functions
(Dumlupinar et al., 2007). Numerous studies have reported
that PGPR inoculation increased nutrient uptake and provided
tolerance against abiotic stress cues (Chea et al., 2021). The
growth and yield of leguminous plants are dependent on N
fixation by nodules (Lindström and Mousavi, 2020), which is
greatly affected by inhibiting the bacterial adherence to root
hairs, development of new root hairs, and infection thread
formation under heat stress (Alexandre and Oliveira, 2013).
Heat stress at both levels decreased nutrients (N, P, and K)
uptake, and their acquisition was improved with individual
treatments of RI and MT (Figure 6). RI + MT treated plants
benefited from the synergistic effect, as depicted by a substantial
increase in the uptake of NPK unlike the individual treatment
of RI or MT, or NRI + NMT at either level of heat stress. The
increases in nutrient uptake might result from the improvement
in root structure and size (Postma and Lynch, 2012). Foliar
application of MT increased nutrient uptake in apple, wheat,
and cucumber seedlings under abiotic stresses (Zhang R. et al.,
2017; Liang et al., 2018; Buttar et al., 2020).
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FIGURE 7

The individual and combined effects of Rhizobium inoculation and exogenous melatonin (MT) pretreatment on nitric oxide (A) and nitrate
reductase activity (B) in Medicago truncatula under heat stress conditions. Control (26 ± 1◦C): (23 ± 1◦C) (light: dark), moderate heat (35 ± 1◦C):
(28 ± 1◦C) (light: dark), severe heat (41 ± 1◦C): (35 ± 1◦C) (light: dark), NRI + NMT (no Rhizobium inoculation, no melatonin), RI (Rhizobium
inoculation), MT (pretreated with 60 µM of melatonin), and (4) RI + MT (Rhizobium inoculation and pretreatment with 60 µM of melatonin).

The increase in N absorption observed under RI + MT
treated plants was a result of the enhanced activity of NR
(Figure 7B). NR is a key enzyme and its activity evaluates the
status of N content in plants which subsequently participates in
the growth and development of plants. Activities of NR convert
nitrate into ammonium and up-regulate the biosynthesis of
various amino acids, thus it plays a crucial role in N assimilation
in plants (Hirel et al., 2011). NR activity significantly reduces
under stress conditions (Bashir et al., 2021) that hinder the
N uptake in plants. Lee et al. (2020) have observed that
PGPR inoculation significantly increased the N assimilation
and use of nitrate in wheat and lettuce plants, unlike in non-
inoculated plants. Similarly, Zhang R. et al. (2017) suggested
that exogenous MT improved NR capacity, ammonium
assimilation, and biomass production in cucumber seedlings.
It also participates in the synthesis of nitric oxide (NO) in
plants cultivated under stress conditions (Kaya et al., 2020). NO

maintains cellular homeostasis in stressed plants to repair the
negative effects of oxidative damage and thus works as a
hallmark of nitrosative stress (Groß et al., 2013). NO acts as
a strong antioxidant when the ROS concentration becomes
toxic under heat stress (Santisree et al., 2015). RI + MT
treated plants strongly increased NO content under both
heat stress levels (Figure 7A). The increased NO content
in RI + MT treated plants mitigated heat-induced damages
probably by two processes: (1) Slowing-down of cellular
redox homeostasis by defusing the harmful impacts of ROS;
and (2) NO up-regulated the protection mechanisms in the
heat-stressed plant by moderating the carotenoid contents
(Parankusam et al., 2017). Furthermore, MT treatment alone
or in combination with RI-treated plants increased NO content
in M. truncatula plants under stress conditions (Figure 7B).
It is reasonably possible that MT treatments might generate
endogenous NO, which affects electron transport pathways
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in mitochondria thereby activating the antioxidant defense
mechanisms that will improve plants’ stress tolerance (Shi
et al., 2015). Iqbal et al. (2022) also reported that NO
could enhance heat tolerance in wheat plants by synergistic
interaction with other plant hormones and regulate osmolyte
content and antioxidant level. Kaya et al. (2019) elucidated
that the MT-mediated endogenously produced NO works as
an antioxidant to enhance the stress amelioration in wheat.
ABA and NO synergistically interact to reduce the heat stress
effects on photosynthesis and growth via reducing the content
of H2O2.

Improvement in plant hormones and
photosynthetic efficiency

Plant hormones, ABA, and IAA play critical roles
by triggering plant defense mechanisms against adverse
environmental stresses, including heat stress (Abdelrahman
et al., 2017; Zhang J. et al., 2017). Under stress conditions,
ABA is a key regulator of phytohormone which acts as an
endogenous messenger that is involved in the regulation
of transcript expression during heat stress (Li et al., 2018).
While, IAA is involved in cell elongation, vascular tissue
differentiation, and enhances root growth, it also plays an
important role in contributing to efficient water and nutrient
uptake under salt stress (Liu et al., 2015). In this study, moderate
and severe heat stresses increased ABA and IAA accumulations
in all plant groups (RI, MT, RI + MT, and NRI + NMT);
however, RI + MT treated plants led to higher accumulation
of ABA and IAA as compared to other groups of stressed
plants (Figures 5B,C). The higher accumulation of ABA in
RI + MT treated plants might be correlated to the beneficial
impact of both RI and MT, leading to improved photosynthetic
activity, photosystem II activity, and photosynthetic pigments,
as well as its direct involvement in boosting the antioxidant
defense system (Irshad et al., 2021a,b). Castillo et al. (2013)
reported that Arabidopsis plants inoculated with A. brasilense
produced ABA content two-fold as compared to uninoculated
plants. Zahedi et al. (2021) reported that exogenous MT
increased the accumulation of IAA and ABA in olive plants
under stress conditions. The increase in IAA production
in RI + MT treated plants, however, may be a result of
the fact that both MT and IAA have structural similarities,
common biosynthetic pathways, and use tryptamine as the
common precursor (Banerjee and Roychoudhury, 2017).
Previously, exogenous MT has been reported to induce a higher
accumulation of endogenous IAA in tomato and Brassica
juncea plants (Wen et al., 2016). Various PGPRs, including
Bradyrhizobium japonicum and Azospirillum brasilense can
produce endogenous IAA at sufficient concentrations to induce
morphological and physiological fluctuations in young plants
(Boiero et al., 2007).

Endogenous MT production is one of the key features
of stress responses in plants, with a similar effect on
protection against abiotic stress cues as IAA (Nawaz et al.,
2021). Our results revealed that individual or combined
application of RI and MT pretreatment has no significant effect
on the endogenous MT concentration. However, maximum
endogenous MT accumulation was observed in plants that
were treated with exogenous MT (MT, RI + MT), under both
heat stress levels (Figure 5A). This result indicates endogenous
MT may offer a potential role in heat stress tolerance in
plants thus supporting the findings of Buttar et al. (2020)
where exogenous MT was reported to increased tolerance in
wheat plants under heat stress. Melatonin is thought to be
synthesized and metabolized in mitochondria and chloroplasts
of plants. The higher production of MT protected the rate
of photosynthesis by maintaining chloroplast integrity (Huang
et al., 2019). Chloroplasts are the major sites for the free
radical generation which are produced in excess under stress
conditions. Hence, it requires a strong protection mechanism
against oxidative stress (such as free radicals), which can be
partially supported by endogenously produced MT.

Unlike other physiological processes, photosynthesis is the
most heat-sensitive photoreaction. Photosynthesis improves
plant growth and subsequently promotes stress tolerance
capacity under hostile environments (Wassie et al., 2020). Heat
stress causes chlorophyll breakdown and reduces chlorophyll
biosynthesis because of decreased nutrient uptake (Efeoglu
and Terzioglu, 2009), which results in inhibited photosynthesis
and photosystem II activity (Buttar et al., 2020) and thus
directly impacts plant growth and yield. Heat stress decreased
leaf photochemical efficiency (Fv/Fm), net photosynthetic rate,
carotenoid, and chlorophyll contents, however, RI + MT treated
plants hampered this decline efficiently against moderate and
severe heat stresses (Figures 4A–D). This might be due to
exogenous MT enhancing the endogenous MT concentration
and biosynthesis gene expression, which might regulate the
optimal chlorophyll content under heat stress (Jahan et al.,
2019). Another reason could be RI, which increases N supply
due to N fixation, stimulated the root activity in both treatments
(RI and MT), and increased the nutrient uptake (such as N
and Mg2+), which are an integral part of chlorophyll (Yousaf
et al., 2021). The co-application of RI and MT pretreatment may
significantly improve photosystem functioning and mitigate the
refrainment of photosynthesis in NRI + NMT plants under
moderate and severe heat stress. The damage in Fv/Fm might
be due to an increase in ROS production under heat stress
(Dolatabadian and Jouneghani, 2009), however, RI + MT treated
plants scavenged ROS which in turn cause less damage to
chloroplasts and photosystem. These findings are consistent
with our recent studies, that the alone or co-application of
RI and MT pretreatment in Medicago truncatula enhanced
the photosynthesis rate and Fv/Fm under salt and cold stress
conditions (Irshad et al., 2021a,b).
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Regulation of osmolytes accumulation

Osmolyte accumulation is one of the mechanisms adopted
by plants that have a protective role against temperature
stress (Sharma et al., 2019). Osmolytes (such as glycine
betaine, proline, soluble sugar, and proteins) were enhanced
significantly due to individual or co-application of RI and MT
pretreatments (Supplementary Table 1). Plants enhanced the
accumulation of various osmolytes inside the cell (cytosol)
to hamper the harmful impacts of osmotically induced stress
(Latef and Miransari, 2014). Maintenance of water potential
and turgor pressure in plant cells is a key strategy to mitigate
osmotic stress damage by reinforcing the plants’ osmoregulation
system (Iqbal et al., 2015). Our results are in line with the
findings of Li et al. (2019) who reported that exogenous MT
could increase the accumulation of the compatible solutes
(proline, total soluble sugar, and trehalose) in maize plants
under heat stress. Proline, amino acids, and soluble sugar
work as an energy reservoir for immediate stress release
and support the functional and structural integrity of major
cellular compartments like membranes (Meena et al., 2019).
Nitrogen-derived osmolytes such as proline and amino acids
were involved in stimulating antioxidant defense mechanisms
for stress-bearing in plants (Sharma et al., 2022). Besides this,
the accumulation of glycine betaine is associated with the
protection of photosynthesis by up-regulating the activities of
Rubisco under different kinds of stress (Khan and Hakeem,
2014).

Conclusion

Global warming and the rise in adverse climatic conditions
are inevitably degrading crop productivity thereby threatening
global food security. Medicago truncatula is a thermo-sensitive
crop and its growth is severely affected due to moderate
and severe heat stresses. RI + MT treated plants maintained
better NPK uptake, NO activity, membrane functioning, and
endogenous hormonal levels under heat stress conditions.
The surge in redox components and subsequent decreases
in oxidative damage (MDA, H2O2, O−•2 , and LOX) by
keeping ROS release at minimum by up-regulating enzymatic
activities (POD, CAT, APX, and SOD), modifying methylglyoxal
detoxification system and markedly accumulation of osmolytes
(proline, glycine betaine, soluble sugar contents, soluble protein
contents) protected plants from heat-induced damages and
maintained structural and functional stability. These findings
provide novel insight into the crosstalk among RI and MT
to inhibit the effects of heat stress under rapidly changing
global climate and rising temperature. To understand these
interactions, further investigation is required to determine how
these molecules collectively collaborate to alleviate heat stress-
induced oxidative damage.
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