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Alleviation of Submergence Stress in
Rice Seedlings by Plant
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With ACC Deaminase Activity

Himadri Bhusan Bal' and Tapan Kumar Adhya "2

" Laboratory of Soil Microbiology, Division of Crop Production, Central Rice Research Institute, Cuttack, Indlia, 2 School of
Biotechnology, KIIT University, Bhubaneswar, India

Submergence stress slows seed germination, imposes fatalities, and delays seedling
establishment in rice. Seeds of submergence susceptible rice variety IR 42 were
inoculated with four 1-aminocyclopropane-1-carboxylic acid (ACC) utilizing isolates
viz., Bacillus sp. (AR-ACC1), Microbacterium sp. (AR-ACC2), Methylophaga sp.
(AR-ACCS3), and Paenibacillus sp. (ANR-ACCS3) and subjected to submergence stress
under controlled conditions for 7 days. Seeds treated with Microbacterium sp.
AR-ACC2, Paenibacillus sp. ANR-ACC3, and Methylophaga sp. AR-ACCS significantly
enhanced the germination percentage (GP), seedling vigor index (SVI), and other
growth parameters like root and shoot length and total chlorophyll contents, when
compared with nonbacterized seeds submerged similarly. However, the values were
statistically at par when control seeds were treated with I-a-(2-aminoethoxyvinyl) glycine
hydrochloride (AVG), a known inhibitor of ethylene production. Results suggest that
stress ethylene production was significantly reduced by around 85% in seedlings treated
with Microbacterium sp. AR-ACC2 as compared with untreated control seeds under
submergence. Paenibacillus sp. ANR-ACC3 and Methylophaga sp. AR-ACC3 were
the next effective strains. Ethylene synthesis in seedlings was statistically at par with
seeds treated with AVG suggesting ACC deaminase can effectively reduce ethylene
levels in plants subjected to submergence. Bacillus sp. (AR-ACC1) was neither able
to significantly promote seedling growth parameters nor inhibit ethylene production as
compared with control seeds. Results suggest that flooded soil planted to rice harbor
microorganisms with plant growth-promoting properties that can be used effectively to
alleviate submergence stresses in susceptible rice varieties under field conditions.

Keywords: ACC deaminase, ethylene production, growth promoting rhizobacteria, rice, seed germination,
seedling growth, submergence stress

INTRODUCTION

Soil flooding is one of the most important abiotic constraints for rice yields, with complete
submergence of plants being particularly serious for rice farmers in the rainfed lowlands of humid
and semihumid tropics of Asia (Jackson and Ismail, 2015). Indeed, submergence affects more than
5 million ha of rainfed lowlands in India resulting into drastic reduction in rice growth and yield
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(Sandhu et al., 2019). Heavy rainfall and poor drainage causing
accumulation of water in the fields shortly after sowing, leads
to poor crop establishment and causes hindrance to widespread
acceptance of direct-seeded rice practices. This is due to the
inability of most rice varieties to geminate and reach water
surface under complete submergence. Submergence is also an
acute problem at the early growth stages which causes serious
damages of plants by uprooting of the seedlings particularly
at coastal lowland where traditional semidwarf varieties are
cultivated (Kato et al, 2020). Plants tolerant to submergence
stress exhibit morphological adaptations like shoot elongation,
formation of aerenchyma and adventitious roots, and metabolic
adaptations like activation of fermentation process, induction of
anaerobic proteins (ANPs), and hormonal regulation (Magneschi
and Perata, 2009; Jackson and Ismail, 2015).

Ethylene is an important plant growth hormone mediating
growth and development of plant only at optimal concentration.
Both indole acetic acid (IAA) and ethylene have ability to
promote plant growth in a coordinate fashion. TAA-induced
ethylene at lower concentration promotes initiation of root but
at higher concentration, inhibiting root growth (Ali and Kim,
2018). Complete submergence induces ethylene biosynthesis and
ethylene accumulation in most plant species (Khan et al., 2020).
In contrast to other stresses, gas diffusion is inhibited under
submergence because the diffusion coefficient of ethylene in
water is 10,000 times lower than in air. The excess ethylene
entrapped in the plant tissue and its effect under submergence
is crop species specific. Rice is the most studied crop for
submergence-tolerant species because it is an important crop in
humid tropic and areas affected by high rainfall (Jackson, 2008;
Khan et al., 2020).

During submergence, the increase in ethylene production is
due to an increase in the activity of both 1-aminocyclopropane-1-
carboxylic acid (ACC) synthase in the submerged roots and ACC
oxidase in the shoots. Induction of ACC synthase enhances ACC
level in root where as its oxidation to ethylene is blocked due
to anoxic condition. This accumulated and unmetabolized ACC
transport to the stem by the transpiration stream and convert to
ethylene by ACC oxidase enzyme in the presence of oxygen. This
boost in ACC oxidase activity in stem initiates the adventitious
root formation during submergence (Fukao and Bailey-Serres,
2008).

The growth inhibitory effect of the submergence stress on
crop plants can be alleviated by lowering the stress ethylene
level. Beside several harmful chemical ethylene inhibitors, plant
growth-promoting rhizobacteria (PGPR) having ACC deaminase
enzyme alleviate stress ethylene levels by cleaving ACC to a-
ketobutyrate and ammonia (Olenska et al., 2020). It has been
the subject of much research due to its biochemical properties,
action, substrate specificity, and even its genetic regulation and
mode of heredity. Lowering of stress ethylene level facilitates the
crop to substantially tolerate different environmental stresses, all
of which induce the plant to increase its endogenous level of
ethylene (Ali and Kim, 2018).

Grichko and Glick (2001a) studied the effect of inoculation
with ACC deaminase producing PGPR on tomato subjected
to flooding. Seeds of wild-type tomato plants were inoculated

either with Pseudomonas putida UW4, Enterobacter cloacae
CAL2, P. putida (ATCC17399/pRKACC), or P. putida
(ATCC17399/pRK415); the first three of these bacterial strains
were carrying and expressing the gene for ACC deaminase.
The inoculation of ACC deaminase containing PGPR resulted
in statistically significant differences in overall plant growth,
leaf chlorophyll content, and substantially decreased ethylene
production in leaf petiole tissue, thereby ameliorating some of
the damages to plants caused by flooding. Thus, the “protective
effect” of ACC deaminase-containing plant growth-promoting
bacteria on flooded tomato plants results from these bacteria
acting as a sink for ACC, thereby lowering the level of ethylene
that can be formed in the shoots.

Rice is the second most widely consumed cereal in the
world next to wheat and more often than not is subjected
to submergence stress during its growing period (Oladosu
et al.,, 2020). In the present study, we examined the efficiency
of ACC deaminase containing PGPR, isolated from rice field
soils, in alleviating the inhibitory effect of submergence stress
in germinating rice seeds and on seedling growth. Various
parameters of rice growth at the seedling stage were thoroughly
evaluated to understand their possible growth-promoting
activities on rice. We also assessed whether inoculation with
select PGPR would modulate the ethylene level in plant to
enhance its growth.

MATERIALS AND METHODS

Bacterial Strains and Their Plant

Growth-Promoting Traits

Bacillus sp. AR-ACC1 (HM063033), Microbacterium sp. AR-
ACC2 (HM063034), Methylophaga sp. AR-ACC3 (HQ222610),
and Paenibacillus sp. ANR-ACC3 (HMO063032) were isolated
from soil samples of Ganjam district of Orissa (19° 11" 04.7”
to 20° 06’ 48.7” N and 84° 48’ 06.3” to 85° 12’ 49.5” E) (Bal
et al., 2013). These bacterial strains were isolated based upon
their ability to utilize ACC, present in sterile DF salt minimal
medium, as the sole nitrogen source (Dworkin and Foster, 1958).
All the four strains were screened positive for IAA and ammonia
production and only two strains (Microbacterium sp. AR-ACC2
and Paenibacillus sp. ANR-ACC3) produced siderophore but
none of them were phosphate solubilizer and HCN producer (Bal
etal,, 2013). All the four isolates were believed to be plant growth-
promoting rhizobacteria based on their ability to promote the
elongation of rice roots under gnotobiotic conditions (Bal et al.,
2013). The isolates were grown on either solid or liquid tryptic
soy broth (TSB) medium at 30°C.

Alleviation of Submergence Stress in Rice
by PGPR Inoculation

Plant Materials and Experimental Set-Up

The seeds of two rice cultivars contrasting in their tolerance
to submergence stress namely, cv. IR42 which is a susceptible
cultivar and cv. Panikekua, resistant to submergence stress, were
collected from the Germplasm collection center of Central Rice
Research Institute, Cuttack. Seeds were surface sterilized by
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dipping in 95% ethanol and in 0.2% HgCl, solution for 3 min
followed by rinsing five times with sterile distilled water (Glick,
2020). Fifty seeds of each cultivar were placed on the field
soil (150g) surface in tall beakers (1,000 ml) and submerged
with sterile distilled water to a depth of 10cm. The beakers
were maintained in the laboratory (28 & 2 C) in diffuse light.
Germination was measured daily up to 7 days.

PGPR Inoculation to Rice Under

Submergence Stress

Bacterial suspensions of four isolates were prepared by growing
the strains in 250 ml conical flask containing DF salt minimal
medium at 28°C for 24h in an orbital shaking incubator at
100 rpm. The cultures were centrifuged at 8,000xg, and the
bacterial cell pellets of the strains were suspended in 0.5 ml sterile
0.03M MgSOy4 and the absorbance was adjusted to OD = 1 at
600 nm (Penrose and Glick, 2003). Surface sterilized rice seeds
(cv. IR42) were incubated for 1h at room temperature with the
appropriate treatment: sterile 0.03 M MgSO4 (negative controls),
107*M AVG (Sigma, India) in 0.03 M MgSO4 (positive control),
and fresh bacterial suspensions in sterile 0.03 M MgSO, (Penrose
and Glick, 2001).

The experiment was carried out in sterile 1,000 ml tall glass
beaker for 7 days. After incubation with each treatment, 25 seeds
were planted by sterilized forceps on the soil (150g) surface
in tall beakers and submerged with sterile distilled water to a
depth of 10 cm inside laminar airflow. The beakers were placed
in a growth chamber in completely randomized design with
five replications for each treatment. Maximum and minimum
temperatures were maintained at 28 and 20°C, respectively with
a cycle of 12 h dark/light (Sapsirisopa et al., 2009). The number
of seeds that sprouted and germinated was counted daily up to 7
days. After final count, germination percentage (GP) and seedling
vigor index (SVI) were calculated using the equations described
by Long et al. (2008). Plant growth parameters like root length
(RL), shoot length (SL), root fresh weight (RFW), shoot fresh
weight (SFW), root dry weight (RDW), and shoot dry weight
(SDW) of 10 randomly selected seedlings from each replication
were measured at the time of harvest. Chlorophyll concentrations
were determined by spectrophotometry in 80% acetone extracts
following the equation described by Porra (2002).

Estimation of Ethylene Level in Plant

Tissue

For ethylene estimation in rice seedlings by gas chromatography
(GC), five seedlings each from different treatments were kept in
tightly sealed vials in the dark for 1h at 30°C. Headspace gas
(I ml) was drawn by airtight syringe (2ml) and injected into
GC (Model-Ceres 800 plus, Thermo-Scientific) packed with a
Porapak-Q column (183 cm length and 0.3 cm internal diameter,
80/100 mesh) and equipped with flame ionization detector (FID).
The GC was adjusted to 100, 300, and 150°C for oven, injection,
and detection temperature, respectively. The carrier gas was N
at a flow rate of 30 ml min~!, and the combustion gas was Hj
at a flow rate of 30 ml min~! with air at the flow rate of 300 ml
min~!. The amount of ethylene emission was expressed as nmol

of ethylene gfw (fresh weight) ™! h=! by comparing the standard
curve of pure ethylene (9.12 ppm in nitrogen, Matheson Tri-Gas)
(FiSerova et al., 2008; Siddikee et al., 2011).

Statistical Analysis

Data on various character sets were subjected to statistical
analysis by using a statistical package (IRRISTAT version 3.1:
International Rice Research Institute, Los Banos, Philippines).
The mean difference comparison between the treatments
was analyzed by analysis of variance wherever necessary
and subsequently by Duncan’s multiple range test (DMRT)
at P < 0.05.

RESULTS

Screening Submergence Tolerance of Rice

Cultivars

The submergence susceptible rice cultivar, IR42, and tolerant
cultivar Panikekua had the same germination efficiency (100%)
after 3 days of growth under normal conditions, but GP of both
the cultivar decreased under submergence, with a substantially
greater reduction in the susceptible cultivar (54%) (Table1).
Moreover, the germinated seeds of the susceptible variety became
brown in color and died after 6 days of submergence (Figure 1).
Hence, for this study, susceptible variety, IR42 was selected to
screen the effect of ACC deaminase producing PGPR strains on
rice seedling growth under submergence.

Effect of PGPR Strains on Seed

Germination Under Submergence Stress

All the four ACC utilizing isolates identified as Bacillus sp.,
Microbacterium sp., Methylophaga sp., and Paenibacillus sp.
respectively, enhanced the overall plant growth under normal
condition (Bal et al., 2013) and were subsequently investigated
to quantify the effect of these rhizobacteria in ameliorating the
damage caused by submergence stress.

The effects of the bacterial strains on seed germination,
seedling vigor, and ethylene synthesis are summarized in
Table 2. Seeds treated with Microbacterium sp. AR-ACC2 and
Paenibacillus sp. ANR-ACC3 enhanced the GP by 48.15 and
40.74% over the negative control. These effects were, however,
statistically at par with that of the positive control of amendment
with AVG (Sigma, India), a known inhibitor of ethylene
production (44.4% more than negative control). Inoculation
with Microbacterium sp. AR-ACC2 also increased seedling vigor
when compared with the negative control. It was followed by
the vigor of seeds treated with Paenibacillus sp. ANR-ACC3
and Methylophaga sp. AR-ACC3 and was statistically at par
with the treatment by AVG (Table2). However, the isolate
Bacillus sp. AR-ACC1 was not able to enhance the seedling vigor
under submergence.

The effect of inoculation of ACC deaminase producing
PGPR on growth of flooded rice plants was assessed after
7 days of submergence (Figure 1). Seven days of continuous
submergence resulted in a decrease in all the growth parameters
studied (Table 3). However, inoculation with the ACC deaminase
containing PGPR strains noticeably stimulated the growth of
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TABLE 1 | Germination percentage of different rice cultivars during 7 days submergence.

Germination percentage (%)

Days of submergence?

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Rice cultivers NF F NF F NF F NF F NF F NF F NF F
IR-42 454423°087.24+29 50+0.9 100+ 0.0 25.4 + 3.0 100 + 0.0 54.4 + 4.7 100 + 0.0 54.4 +£ 4.7 100 + 0.0 54.4 £ 4.7 100 + 0.0 54.4 £ 4.7
Panikekoa 424419 090.24+2.4 24.44+1.6 1004+ 0.0 66.4 4+ 1.0 1004+ 0.0 79.4 + 1.4 100 + 0.0 85.4 4+ 0.9 100 + 0.0 85.6 + 0.8 100 + 0.0 85.6 + 0.8

2NF, non-flooded; F, Flooded submerged.
bMean of five replicates + SEM (standard error of mean).

control).

FIGURE 1 | Root and shoot growth of 7-day-old rice (cv. IR-42) seedlings exposed to submergence stress under gnotobiotic conditions. (A) 0.03 M MgSO, (negative
control); (B) Bacillus sp. (AR-ACC1); (C) Methylophaga sp. (AR-ACCQ); (D) Paenibacillus sp. (ANR-ACCJ); (E) Microbacterium sp. (AR-ACC2); (F) AVG (positive

the plants both under normal and submerged conditions. Under
submerged condition, seedlings treated with all bacterial strains
except Bacillus sp. AR-ACC1 significantly (P < 0.05) enhanced
all the plant growth parameters studied, as compared with the
negative control.

Seedlings treated with Microbacterium sp. AR-ACC2 showed
highest root elongation to 3.16 cm. The bacterium also caused
maximum shoot elongation (3.94 cm) followed by Methylophaga
sp. AR-ACC3 and Paenibacillus sp. ANR-ACC3. Data regarding
SFW and RFW showed that Microbacterium sp. AR-ACC2
caused maximum promotion to 14.94 and 5.33 mg, respectively.

Strain Methylophaga sp. AR-ACC3 and Paenibacillus sp. ANR-
ACC3 were the next effective strain to enhance fresh weights.
In the case of SDW and RDW, seedlings treated with the
three strains Microbacterium sp. AR-ACC2, Methylophaga sp.
AR-ACCS3, and Paenibacillus sp. ANR-ACC3 showed maximum
promotion. These were significantly (P < 0.05) higher than
the negative control but statistically at par with each other.
The ratio of SFW and SL of submerged plants was in the
following comparative order of Microbacterium sp. AR-ACC2 >
Paenibacillus sp. ANR-ACC3 > Methylophaga sp. AR-ACC3 >
AVG > Bacillus sp. AR-ACC1 > negative control. The ratios
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C2H4 (nmol CoHy
gfw=1 hr)

F
13.024
1.722
10.32¢
1.982
3.35°
3.140

1.08

NF
0.182
0.07@
0.062
0.062
0.06%
0.072

F
3.55%
3.518
3.472
3.628
3.492
3.432

Chl a/b
0.166

NF
3.512
3.592
3.542
3.692
3.612
3.542

F
0.17°¢
0.24°
0.17°¢
0.63?2
0.38°
0.40°

0.094

Chl a+b (mg.gm
fresh wt™)

NF
2.75°
2.624
2.79¢
3.46°
2.84°
3.06°

")

F
0.04¢
0.05°
0.04¢
0.122
0.09°
0.09°

0.024

Chl b (mg.gm fresh
wt

NF
0.61°
0.57¢9
0.61°
0.762
0.62°
0.67°

F
0.13°
0.19°
0.13°
0.412
0.30°
0.31°

Chl a (mg.gm fresh
wt)
0.073

NF
2149
2.05°
2474
2.712
2.22°
2.38°

F
83°
247°
75°
568°
293P
208P

78.52

Seedling vigor index
(svi)

NF
1858
18284
2190°
24862
2319P
2316°

F
54°
782
50°
80?2
74°
76

GP (%)
5.973

NF
1002
982
982
1002
1002
1002

TABLE 2 | Effect of select PGPR inoculation on Germination percentage (GP), Seedling Vigor Index (SVI), chlorophyll a and b contents and ethylene production by rice (cv IR-42) seedlings under submergence stress for

7 days.
Treatments

MgSO,4
AVG
AR-ACCH1
AR-ACC2
AR-ACC3
ANR-ACC3
LSD (5%)

Mean of five replicate observations.

In a column, means followed by a common letter are not significantly different (p < 0.05) by Duncan’s multiple range test.

of SDW and SFW of rice seedlings treated with Microbacterium
sp. AR-ACC2, Methylophaga sp. AR-ACC3, and Paenibacillus sp.
ANR-ACCS3 were statistically at par (Table 3).

Under submergence stress, the chlorophyll concentration
of rice seedlings significantly decreased compared with the
normal plants (Table 2). However, significant increase in total
chlorophyll and both Chl a and Chl b contents were observed
in the submerged plants that were treated with the rhizobacteria
excepting Bacillus sp. AR-ACC1 when compared with flooded
nonbacterized plants. Treatment with Microbacterium sp. AR-
ACC2 caused maximum increase in the concentration of
total chlorophyll (0.53mg) and also both Chl a (0.41 mg)
and Chl b (0.12mg), followed by Methylophaga sp. AR-ACC3
and Paenibacillus sp. ANR-ACC3 as the next effective strains.
However, seedlings treated with Bacillus sp. AR-ACC1 did
not show any significant enhancement of chlorophyll content
under submergence.

Effect of PGPR on Ethylene Production

The submergence stress resulted in a significant increase in the
production of ethylene as compared with the nonflooded plants
(Table 2). Highest amount of ethylene production was observed
in the negative control plants as compared with plants from
the positive control (treated with AVG) under submergence.
Ethylene synthesis was reduced by around 85% in seedlings
treated with Microbacterium sp. AR-ACC2 and was statistically at
par with the positive control plants. Paenibacillus sp. ANR-ACC3,
Methylophaga sp. AR-ACC3, and Bacillus sp. AR-ACC1 were the
next effective strains to reduce ethylene level by around 76, 74,
and 21%, respectively (Table 2).

DISCUSSION

The underlying postulate that was tested in this study was
to lower the stress ethylene level by the oxidation of ACC
with the help of ACC deaminase enzyme and subsequent
colonization of roots by PGPR strains having multiple plant
growth-promoting traits to stimulate the plant growth under
submergence stress. The four bacterial strains used in this
investigation belonged to Bacillus sp., Microbacterium sp.,
Methylophaga sp., and Paenibacillus sp. that were tested as PGPR
in earlier studies under normal conditions (Bal et al., 2013).
To study their role in the alleviation of submergence stress in
rice seedlings, the performance of the four ACC deaminase-
producing PGPR strains was monitored in plant growth chamber
under submergence stress.

Submergence stress slows seed germination, imposes
mortality, and delays seedling establishment in direct-seeded
rice (Kato et al., 2020). The primary experiment for selection
of rice cultivar to study the inhibitory effect of submergence
stress on rice seedling showed that the GP was decreased by
around 50% in the case of the susceptible variety, IR-42 whereas
the GP decreased by only 15% in the case of the tolerant
variety (Table 2) as reported earlier (Das et al.,, 2004). Hence,
the susceptible cultivar, IR-42 was selected for submergence
stress study.
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SDW/SFW
F
0.09°
0.10°
0.122
0.112
0.112
0.112
0.014

NF
0.102
0.112
0.10°
0.112
0.102
0.10°

1.464

2.26°
1,799

SFW/SL (mg.cm~1)
3.812
3.40P
3.682

0.352

NF
3.96°
3.920
4.06°
4212
4152
4.40°0

F
0.140
0.50°
0.21b
1.682
1.342
1.392

Shoot (SDW)
0.36

NF
3.61d
4.38¢
5.30°
6.072
5.40°
5.862

Dry weight (mg)

F
0.159
0.23°
0.19°¢
0.492
0.40?
0.422

Root (RDW)
0.19

NF
2.14¢
2.444
3.20°
4,008
3.44P
3.54P

1.54d
4.84°
1,759
14.942
8.44P°
6.80°

Shoot (SFW)
2.509

NF
37.86°
38.40°
52.14P
57.422
52.60°
56.492

1.00¢

Fresh weight (mg)
2.34°
0.95¢
5.332
4.01°
4,28

Root (RFW)
0.647

NF
22.204
22.60°
25.60°
26.782
25.64°

27.11°

F
1.069
2.16°

Shoot (SL)
1.00¢
3.942
2.50°
1.86°
0.578

NF
9.56¢

9.794

12.25¢
13.712
12.71P
12.85P

Length (cm)
F

0.48¢9

1.00°

0.509

3.162

1.920

2.06°

Root (RL)
0.254

NF
9.02¢

8.86¢°

10.10°
11.162
10.48°
10.32P

TABLE 3 | Effect of select PGPR on different growth parameters of submergence susceptible rice (cv. IR-42) seedlings exposed to submergence stress for 7 days.

Treatments
MgSO4

AVG
AR-ACC1
AR-ACC2
AR-ACC3
ANR-ACCS3
LSD (5%)

Mean of five replicate observations.

In a column, means followed by a common letter are not significantly different (p < 0.05) by Duncan’s multiple range test.

RL, root length; SL, shoot length, RFW, root fresh weight; SFW, shoot fresh weight; RDW, root dry weight; SDW, shoot dry weight; NF, non-flooded; F, flooded.

The inhibitory effect of submergence stress on plant growth is
directed by accelerated synthesis of ethylene (Kumar et al., 2020).
Hypoxia during submergence causes an increase in the synthesis
of ACCin roots due to both induction of ACC synthase genes and
arrest of ACC oxidation (Houben and Van de Poel, 2019). During
flooding, the concentration of ACC in roots increases and roots
release high amount of ACC to the soil. The enzyme-substrate
relationship demonstrates that ACC deaminase does not have a
particularly high affinity for ACC (Gamalero and Glick, 2015).
Moreover, ACC levels in plants are typically in micromolar range;
therefore, in most plant tissues, the ACC concentration will be
dramatically below the K;;, of ACC deaminase for this substrate.
Hence, based on the Michaelis—-Menten rate equation, an increase
in the ACC concentration due to flooding caused parallel increase
in the rate of ACC cleavage (Olanrewaju et al., 2017). In this way,
the conversion of ACC to a-ketobutyrate and ammonia is favored
over its oxidation to ethylene despite the fact that ACC oxidase
binds ACC with a much higher affinity than does ACC deaminase
(Glick et al., 1998).

The results obtained in the present investigation agree with
the abovementioned predictions. A simple correlation analysis
between in vitro ACC deaminase production and ethylene
synthesis reduction by the isolates indicated a positive correlation
(r =0.92, n = 4), suggesting a direct impact of ACC deaminase
activity on ethylene content under submergence. Similar to an
earlier report by Grichko and Glick (2001b) on flooded tomato
plants, this study revealed that inoculation with all the four
ACC deaminase-containing PGPR strains caused a significant
reduction in ethylene production compared with the negative
control plants under submergence (Table 2). The ethylene level
in plant tissue had significant negative correlation with GP (r
= —0.96, P = 0.05) and seedling vigor (r = —0.78, P = 0.05)
which suggested that ethylene content has direct negative impact
on germination rate. Inoculation with strain Microbacterium sp.
AR-ACC2 caused maximum reduction (around 85%) in ethylene
synthesis which was statistically at par with the plants treated
with ethylene inhibitor AVG (Table 2).

Waterlogging accelerates the synthesis of stress ethylene and
higher concentrations of ethylene have inhibitory effects on root
growth that may lead to significant reduction in plant height,
plant fresh and dry weights, and chlorophyll content (Loreti
et al., 2016). Hence, it is imperative to regulate the ethylene
production in the close vicinity of plant roots for normal growth
and development of the plants (Kumar et al, 2020). Earlier
studies (Grichko and Glick, 2001a; Ali and Kim, 2018) on
inoculation of tomato and Ocimum sanctum plants with ACC
deaminase producing PGPR showed substantial tolerance to
flooding stress implying that bacterial ACC deaminase lowered
the effects of stress-induced ethylene. Present study on rice
plant treated with ACC deaminase containing PGPR strains
also revealed that rice seedlings exhibited alleviation of stress
ethylene production and significantly increased tolerance to
submergence stress than the negative control plants (Figure 1).
Except Bacillus sp. AR-ACCI1 other three strains exhibited
significant (P < 0.05) growth-promoting activities in rice
seedlings under gnotobiotic conditions, including increased rate
of germination, root and shoot length, fresh and dry weight of
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root and shoot, and total chlorophyll content. Inoculation with
Microbacterium sp. AR-ACC2 enhanced the RL maximum up
to fivefold over the negative control plants. It was the most
promising strains to enhance other plant growth parameters:
SL (~3-fold), RFW (~4-fold), SFW (~9-fold), RDW (~2-fold),
SDW (~11-fold), SFW/SL (~2-fold), and SDW/SFW (~0.2-fold)
(Table 3). Inoculation with ACC deaminase-containing bacteria
promotes root growth of developing seedlings of various crops
(Glick, 2020). The differences in plant growth promotion among
the isolates are also attributed to their individual rhizospheric
competencies and hydrolyzing the ACC synthesized in roots.
The elongation of root system in submerged plant might be due
to the alleviation of ethylene inhibitory effect due to the ACC
deaminase producing PGPR treatment.

Regulation of stress ethylene level is not the only trait of PGPR
strains to enhance plant growth but other growth-promoting
mechanisms also contribute to growth promotion. IAA produced
by most of the PGPR strains play an imperative role as a
direct mechanism of plant growth enhancement (Kochar and
Srivastava, 2012). It is likely that IAA and ACC deaminase
stimulated root growth in a coordinated fashion (Nascimento
et al,, 2018). The complex cross-talk between IAA and ethylene
in plant growth promotion by PGPR suggested that ACC
deaminase producing PGPR might decrease the extent of IAA
signal transduction inhibition by ethylene (Glick et al., 1998;
Nascimento et al., 2018). Use of PGPR strains having multiple
plant growth-promoting traits is expected to help increase crop
productivity on a sustainable basis. All the bacteria used in
the present study enhancing seed germination and seedling
growth had the ability to produce IAA and ammonia (Bal et al.,
2013) which might have helped the plants to withstand the
submergence stress. Microbacterium sp. and Paenibacillus sp.
were also siderophore producers.

Enhanced ethylene synthesis in submerged plants could
promote chlorophyll degradation and leaf senescence that
may reduce photosynthetic carbon fixation during and after
submergence resulting in the depletion of carbohydrate reserves
with a consequent increase in plant mortality (Adak et al,
2011). Leaf chlorophyll content decreased in submerged plants
as compared with plants without submergence stress. However,
treatment with ACC deaminase containing strains (except
Bacillus sp. AR-ACC1) significantly increased the concentration
of total chlorophyll and both Chl a and b in submerged
plants in comparison with negative control plant (Table 2).
Microbacterium sp. AR-ACC2 enhanced the total chlorophyll
content by twofold over negative control plants. The increased
chlorophyll content and expanded root architecture resulting
from inoculation of PGPR strains would likely have improved
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