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ARTICLE INFO ABSTRACT
Keywords: ACC deaminase producing Plant growth promoting rhizobacteria (PGPR) offers a great promise for ameliorating
Diversity index the negative impacts of salinity stress manifested on plants. In this context, 28 rhizospheric bacteria associated

ACC deaminase
PGPR
French bean

with ACC deaminase potential (198—1069 nmol a-ketobutyrate mg protein_1 h_l) were isolated from 5 different
islands of Lakshadweep, union territory, India- Agatti, Kavaratti, Bangaram, Kadmat, and Thinnakara islands
using DF-minimal medium. The diversity of cultivable ACC deaminase producing bacteria was analysed by PCR-
RFLP (Restriction Fragment Length Polymorphism) method using three endonucleases Alul, MspI and Haelll
which led to the grouping of these isolates into six clusters at 80 % similarity index. Subsequently, isolates were
functionally characterized for various PGP traits such that indole-3-acetic acid (IAA) production
(~10—80 pg mL~1); 16 isolates had phosphate solubilizing potential ranging from ~19 to 88P mg L' ; side-
rophore and ammonia production abilities were observed in 5 and 24 isolates, respectively while two strains
tolerated up to 8% NaCl. Phylogenetic analysis of 16S rRNA gene sequences of representative strain from each
cluster revealed that twenty-eight ACC deaminase producing PGPR belong to eight distinct genera: Pseudomonas,
Bacillus, Azospirillum, Azotobacter, Escherichia, Paenibacillus, Burkholderia, and Klebsiella. Two isolates, CO1
(Pseudomonas putida) and CO8 (Bacillus paramycoides) were evaluated for plant growth promoting effects on
French bean (Phaseolus vulgaris) under salinity (100 mM NaCl) stress. Both the selected isolates in consortium
form significantly increased the root length, shoot length, root fresh and dry weight, shoot fresh and dry weight
of French bean seedlings exposed to salinity stress, compared to non-inoculated control plants. The co-
inoculation with selected strains CO1 and CO8 has significantly improved chlorophyll concentration, relative
water content, membrane stability index, gas exchange parameters including net photosynthesis rate (Py), sto-
matal conductance (g;), transpiration rate (E) and water use efficiency of French bean plants by ~100 %, ~85 %,
~40 %, ~198 %, ~80 %, ~70 % and ~75 %, respectively under saline conditions in comparison with non-
inoculated plants. Moreover, the consortium treated French bean plants showed lower levels of stress-induced
ethylene by 38 %, electrolyte leakage and Malondialdehyde (MDA) content by ~15 % under salt stress
compared to non-inoculated ones. This study unveiled the potential of halotolerant strains, Pseudomonas putida
and Bacillus paramycoides as French bean biofertilizers in mitigating the adverse effects of salinity in plant growth
in sustainable agriculture.

1. Introduction Soil consists of diverse microscopic life forms which are very important
in maintaining ecological balance (Dubey et al., 2019). Among all re-

Biodiversity is an important component of environmental conser- gions of soil, the rhizospheric region of soil is highly rich in microbio-
vation and is key to agricultural production (Scherr and McNeely, 2008). logical flora due to the secretion of various nutrients by plants which
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attracts microbes towards it (Glick, 2014). The bacteria present in the
rhizospheric region are highly useful to plants as they directly or indi-
rectly enhance plant growth by various mechanisms such as nitrogen
fixation, inorganic or organic phosphate and zinc solubilization, pro-
duction of phytohormones such as auxin, cytokinin, gibberellin, disso-
ciation of stress generated ethylene precursor, ACC by ACC deaminase
activity, siderophore production, antagonism against phytopathogens,
improvement of root architecture thereby, enhancement of water uptake
potential of plants and soil fertility (Aeron et al., 2019). Among all
mechanisms involved in plant growth promotion, production of 1-ami-
nocyclopropane-1-carboxylate (ACC) deaminase is an important mech-
anism of plant growth promotion due to its ability to decay the ACC,
precursor of abiotic stress-induced ethylene hormone (Glick et al.,
2007). The minimal quantity of ethylene is required for proper meta-
bolism of plants, but when its concentration increases beyond a limit it
starts hampering plant growth under stress conditions such as salinity,
drought, waterlogging, or pathogen attack. Therefore, the role of ACC
deaminase is extremely important in mitigating the negative impact of
stress on plants induced by various factors (Gamalero and Glick, 2015).

Salinity is the severe problem in today’s agricultural system owing to
the problem of less rainfall, use of seawater for irrigation purposes and
improper application of agrochemicals in the fields due to which most of
the agricultural and cultivable land has been transformed into barren,
saline and unproductive one (Parihar et al., 2015). A high concentration
of salt induces ion toxicity, oxidative stress, nutritional imbalance and
disturbs the osmotic regulations in plants (Fahad et al., 2015). Apart
from this, it also increases the secretion of ACC as root exudates, leads to
the production of stress- mediated ethylene which in turn adversely
affect the physiological processes of plants such as photosynthesis, sto-
matal conductance, seed germination, mineral and water uptake, root
nodulation etc. in other words, adversely impact the overall growth and
development of plants (Zorb et al., 2019).

The ACC deaminase producing PGPR could be used as promising
agents replacing chemical biofertilizers to improve the growth and
enhance tolerance of plants to cope up with salinity stress (Gupta et al.,
2020; Santoyo et al., 2019). Therefore, it is essential to explore the di-
versity of ACC deaminase producing bacterial strains from a particular
agro-ecological region which could be used as bioinoculant for
combating the salinity stress conditions in sustainable agriculture.

Lakshadweep islands of India are one of the unexplored and less
disturbed areas as entry to these islands is restricted. The soils of these
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islands are made of corals and salinity is high. Coconut plants are one of
the most prevalent plant species grown naturally without much human
interference.

After taking due consideration of these facts, the present research
work was designed to isolate ACC deaminase producing bacteria from
the Lakshadweep islands of India. Diversity analysis and phylogenetic
profiling of these isolates were done based on PCR-RFLP. The isolates
were also evaluated for their other plant growth promoting potential.
Finally, the strains were tested for their efficiency to reduce the effect of
salinity in French bean plants and the ability to promote plant growth in
pot trials.

2. Materials and methods
2.1. Geographical profile of selected sites, soil sampling and analysis

The rhizospheric soil sampling of coconut (Cocos nucifera L.) plants
were carried out in the month of March 2018 from 5 different inhabited
islands of Lakshadweep, India — Agatti, Kavaratti, Bangaram, Kadmat
and Thinnakara (Fig. 1).

2 gm of rhizospheric soil was collected by carefully excavating the
soil around the coconut plant down to about 15—20 cm in depth from
five islands of Lakshadweep. A total of twenty-five samples, five from
each island were collected and mixed together to form one composite
pool of rhizospheric soil. The rhizospheric soil samples were sieved to
remove any debris and large particles, brought to the laboratory in the
Ziplock bags and stored at 4°C for further analysis.

2.2. Rhizospheric bacteria isolation and counts

The rhizobacteria were isolated from the composite soil sample by
standard serial dilution plating technique on 5 differential medium-
Ashby’s mannitol agar, Nitrogen free bromothymol blue agar, Piko-
vaskya’s Agar, King’s B media. 0.1 mL of appropriate dilution of soil
suspension in normal saline was plated on respective medium for
isolation of desired rhizobacteria- Azotobacter, Azospirillum, Pseudo-
monas, and phosphate solubilizing bacteria (PSB). The other non-
specific root associated bacteria were isolated on non-selective Luria-
Bertani medium. The plates were incubated for 24 h at 28°C and growth
was monitored. The total number of colonies were counted and
morphologically distinct colonies were purified by sub culturing the
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isolates.
2.3. Qualitative Screening of isolates for ACC deaminase activity

The morphologically distinct colonies were further characterized for
their potential to utilize 1-Aminocyclopropane-1-carboxylic acid (ACC,
Merck) as their sole nitrogen source. This was carried out by spot
inoculating the bacterial colonies on the sterile minimal DF (Dworkin
and Foster, 1958) salts media (DF salts per litre: 4.0 g KHoPOy, 6.0g
NaoHPO4, 0.2 g MgS04.7H50, 2.0 g Glucose, 2.0 g Gluconic acid and
2.0 g Citric acid with trace elements: 1 mg FeSO4.7H20, 10 mg H3BO3,
11.19 mg MnS0O4.H20, 124.6 mg ZnS04.7H20, 78.22 mg CuSO4.5H20,
10 mg MoOs, pH 7.2) amended with 3 mM ACC instead of (NH4)2SO4 in
accordance with Penrose and Glick (2003). The plates were incubated at
28°C for 3 days and growth was monitored on daily basis. Colonies
developing on the plates were inferred as ACC deaminase producing
microbes. Furthermore, the quantitative assessment of ACC deaminase
activity was done spectrophotometrically in terms of a-ketobutyrate
production at 540 nm by comparing with the standard curve of a-keto-
butyrate, which ranged from 0.1 to 1.0 mmol (Honma and Shimomura,
1978). The protein estimation of bacterial cells was done as per Bradford
methodology (Bradford, 1976) using bovine serum albumin (BSA) as the
standard protein to establish a standard curve. One unit of ACC deam-
inase activity was expressed as the amount of a-ketobutyrate liberated in
nmol per milligram of cellular protein per hour.

2.4. Functional characterization of isolates for plant growth promoting
attributes

The ACC deaminase producing isolates were analysed for production
of indole acetic acid for which they were grown in LB medium supple-
mented with 5 mM Tryptophan for seven days. The amount of IAA was
visualized by adding Salkowski reagent (35 % perchloric acid + 0.5 M
FeCl3) to culture supernatant and calculated spectrophotometrically at
530 nm against standard curve of IAA (Hi Media) in the range of
0-100 pg ml ! (Ahmad et al., 2008). The isolates were also assayed for
siderophore production on Chrome Azurol S (CAS) agar medium in
accordance with Schwyn and Neilands (1987). Furthermore, the ACC
deaminase producing isolates were also screened for the ability to sol-
ubilize inorganic phosphate complex, on Pikovaskya’s agar medium
supplemented with tricalcium phosphate (Ca3(PO4);). The isolates
producing clear halo zone around their colony on medium were
considered phosphate solubilizing bacteria (Nautiyal, 1999). The posi-
tive strains were furthermore subjected for quantative assessment of
phosphate solubilization using NBRIP (National Botanical Research In-
stitute’s Phosphate) medium. The solubilized phosphate (Soluble P
mg/L) was quantified spectrophotometrically at 420 nm against stan-
dard curve of KHyPO4 (HI-MEDIA) as per Fiske and Subbarow (1925).
The development of yellow to slight brown colour on addition of Ness-
ler’s reagent to bacterial culture grown in peptone water was the indi-
cation for ammonia production by the respective isolates (Kavamura
et al.,, 2013). The bacterial isolates were characterized for HCN pro-
duction on King’s B medium supplemented with 0.4 % (w/v) glycine. A
Whatman filter paper saturated with alkaline picric acid solution (2%
NayCOs in 0.5 % picric acid) was placed on the upper lids of petri plates
for 4 days and monitored for the development of red-brown color of
filter paper was designated as HCN producing isolates (Miller and Hig-
gins, 1970). Furthermore, the ACC deaminase isolates were screened for
salinity tolerance by observing their growth at 28°C on LB medium
amended with different concentration of 2 %-8 % NaCl.

2.5. 16s rRNA gene amplification and restriction fragment length
polymorphism analysis

The genomic DNA of potent ACC deaminase producing bacterial
isolates was isolated as per Pandey et al., 2013. The amplification of 16S
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rRNA (~1500 bp) from bacterial genomic DNA was carried out in a
polymerase chain reaction (PCR) using universal bacterial primers for-
ward (5’AGAGTTTGATCCTGGCTCAG3') and reverse
(5’AAGGAGGTGATCCAGCCGCA3') as per standard conditions. The
25 pL standard reaction mixture comprised PCR Buffer 2.5 pL; MgCl,
2pL; dNTPs (2mM) 1 pL; Primers 0.5 pL. each; Taq DNA polymerase
0.5 pL; Template DNA 2 pL; Sterile deionized water 16 pL. The PCR
amplified product was analysed on 1.2 % agarose gel with 1X TAE buffer
and further, purified with Qiaquick PCR purification kit (Qiagen,
Valencia, CA).

The purified PCR products were subjected to digestion with three
restriction endonucleases Alul, MspI and Haelll in a 25pl reaction
mixture using recommended buffer at 37 °C. The restriction fragments
were visualized on 3.0 % agarose gel by electrophoresis. Strong and
clear bands were scored in binary form (0 for absence; 1 for presence) for
similarity and clustering analysis undertaken by software DARwin
6.0.14 software (Dissimilarity Analysis and Representation for Win-
dows) in order to construct dendrogram by UPGMA (unweighted pair
grouping with mathematic averages) method. Isolates were grouped on
the basis of the restriction patterns obtained through 16S rRNA -RFLP
analysis.

2.6. Molecular identification by 16 s rRNA Sequencing and Phylogenetic
Analysis

The amplified 16S rRNA amplicon of the representative isolates from
each cluster was partially sequenced at Eurofins Genomics India Pvt.
Ltd. (Bengaluru, India) by Sanger’s di-deoxy nucleotide sequencing
method. Resulting 16S rRNA sequences were subjected to similarity
search program against closely related bacterial species available at
GenBank database through BLAST program provided in the website of
National Centre for Biotechnology Information (NCBI). The partial 16
rRNA sequences were submitted to NCBI GenBank database under the
accession number MN318320- MN318326. The 16S rRNA partial se-
quences were aligned using Clustal W program and the phylogenetic tree
was constructed by neighbour joining method with 1000 bootstrap
replicates in MEGA X.

2.7. Diversity analysis

The diversity profile of culturable and indigenous ACC deaminase
producing bacteria from coconut rhizosphere was characterized by
using plethora of indices as shown in Table 1 to estimate their richness,
diversity and distribution. Species richness (Margalef’s index and
Menhinick’s index), Species evenness (Shannon equitability (Eg), Pli-
eou’s evenness index (J) Sheldon index) and Species diversity (Shannon
Wiener index, Simpson’s index) were calculated based on the standard

Table 1
Different diversity, richness, evenness and similarity indices with their formulas.

Diversity Index Formula Used

Margalef’s Diversity Index
Menhinick’s index (Dy,)

S-1/ loge (N)
S/ N
Simpson’s Index of Diversity (D) 1- [{>°n; (n;-1)}/ N (N-1)]
Shannon Wiener Diversity index (H’) s

->_pi * loge (p)

i=1
Plieou’s evenness (J’)/ H’/Hmax= H’/ loge. (S)
Shannon’s equitability/evenness (Ey) index

Sheldon index e'/s

S, total number of species group; N, total number of individuals in a sample; n;,
number of individuals in particular iy, species group; p;, proportion of iy, spe-
cies =ni/N; a=number of common species between two regions; b and c,
number of species specific to each region; Hy,x, maximum value of Shannon
Wiener Diversity index representing maximum diversity (or, maximum
evenness).
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formula as per Staddon et al. (1997).

2.8. Pot experiments: ethylene estimation and plant growth promotion
under salt stressed and normal conditions

2.8.1. Experiment 1: Estimation of stress induced ethylene by Gas
chromatography

The pure cultures of bacterial strains were grown in DF-3 mM ACC
minimal medium and incubated for three days at 28 °C. The cells were
harvested and diluted with 0.03 M MgSO4 to the final concentration of
108 and 10° cfu mL™!. The French bean seeds were surface sterilized by
immersing in 70 % ethanol followed by in 1% sodium hypochlorite
which were subsequently washed with sterile distilled water for three to
five times. The surface sterilized seeds were then incubated with bac-
terial suspension of respective dilutions for 1h and three seeds were
then sown in each plastic pot filled with autoclaved soil. The pots were
arranged in randomized block design with three replicates in growth
chamber. They were maintained under optimum light and temperature
condition, i.e. 80 % relative humidity, 16:8 light: dark photoperiod at 25
°C and regularly irrigated with either sterile distilled water or saline
water (100 mM) for 10 days. The estimation of ethylene was evaluated
by uprooting and placing ~3 gm treated and non-treated French bean
seedlings inside 60 mL glass tubes. The test tubes were kept open for
30 min and then sealed with rubber septum and incubated for 4h at
room temperature. 1 mL of headspace gas was taken out using gas-tight
syringe with needle of diameter 0.5mm from each glass tube and
injected into the Gas Chromatograph (Bruker 450-GC, Bruker Corpora-
tion, United States) system equipped with Poropak-Q column (3 m
x3.175mm OD) at 70 °C and flame ionization detector (FID). The
operating parameters of Gas Chromatograph was adjusted to 45 °C, 150
°C, and 250 °C as oven, injection and detection temperature, respec-
tively while flow rates of Ny, Hy and air were fixed as 35, 30 and 300 ml
min’!, respectively. The amount of ethylene evolved was expressed as
UM ethylene g F.W~ ! h™'by comparing with the standard curve of pure
ethylene (Siddikee et al., 2011).

2.8.2. Experiment 2: plant growth promotion assay by pots trials

The surface sterilized French bean seeds were incubated with 0.03 M
MgSO4 (as control) and bacterial suspension in 0.03M MgSO4 of
respective treatment followed as: CO1, CO8 and CO1 + CO8. The bac-
terial consortia were prepared by inoculating CO1 and COS8 in nutrient
medium in the ratio of 1:1 and incubated overnight (Gupta and Pandey,
2019a).

The plant growth promoting assay under control and saline stressed
conditions was carried out in randomized block design with four treat-
ments in triplicates as shown in Table 2. The pot experiment study was
done in plastic pots of size 30cm x 30cm filled with autoclaved soil (3 kg
soil pot™1). The soil was characterized as sandy loam with pH 4.5, EC
0.0354dS m_l, 66 % sand, 9% slit, and 26 % clay. Three seeds of French
bean were sowed in pots and placed in the greenhouse chamber main-
taining optimum light and temperature conditions, i.e. 80 % relative
humidity, 16:8 light: dark photoperiod at 25 °C. For control, French
bean seedlings were irrigated with sterile distilled water and for stressed
conditions, French bean seedlings were irrigated with saline NaCl salt

Table 2
Treatment for evaluating the effects of CO1 and CO8 inoculation on French bean
plants under control and stressed conditions.

Growth Treatment 1 Treatment 2 Treatment 3 Treatment 4
Conditions
Normal Uninoculated ~ CO1 strain CO8 strain Consortia
inoculated inoculated (CO1 + CO8)
inoculated
Saline Uninoculated ~ CO1 strain CO8 strain Consortia
inoculated inoculated (CO1 +CO8)
inoculated
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solution (100 mM), twice a day for 30 days. After 30 days of salt expo-
sure, French bean plants were harvested.

2.9. Evaluation of morphological, physiological and biochemical
parameters of plants in response to salt stress and bacterial inoculation

2.9.1. Growth parameters and Relative water content

The French bean plants were harvested after 30 days and growth
parameters such as root length, shoot length, root fresh and dry weight,
shoot fresh and dry weight were recorded and analysed. The electrical
conductivity of soils was measured to test initial salinity and that of post-
harvest soil. Additionally, the relative water content of leaves was
measured in accordance with following equation to assess the water
status of normal, salt stressed and ACC deaminase producing bacteria
treated French bean plants (Jaemsaeng et al., 2018).

RWC= (Fresh Weight-Dry weight)/ (Turgid (saturated)weight-Dry
weight) *100

2.9.2. Parameters of photosynthesis

The Chl a and Chl b as well as total leaf chlorophyll content was
determined in accordance with Hiscox and Israelstam (1979) and
calculated in terms of mg g ! of Fresh weight (FW) as per Arnon (1949).
The net photosynthesis rate (Py), stomatal conductance (gs) and tran-
spiration rate (E) were evaluated on the fully expanded leaves of each
treatment from the top (adaxial side) by an infrared gas analyser (IRGA)
portable photosynthesis measurement system (LI-6400, LI-COR,
Lincoln, NE, USA) in the morning from 9:00AM to 11:00AM of Indian
Standard Time. The optimum conditions of leaf chamber equipped with
LED light source were as follows: 1000 pmol m'2 s~ PPFD, 80 % Relative
humidity, 28 °C leaf temperature and 400 pmol CO,mol!. The water
use efficiency was calculated as Py/E (Silva et al., 2018).

2.9.3. Oxidative stress markers: Malondialdehyde content and Membrane
stability index (MSI)

The lipid peroxidation in terms of Malondialdehyde (MDA), was
quantified in common bean leaves in terms of thiobarbituric acid reac-
tive substances (TBARS) as per Hodges et al. (1999). The amount of
MDA-TBAR complex was calculated at 532 nm, 660 nm, and 440 nm as
nmol g~! FW using the molar extinction coefficient of 155 mM ! em L.
The plant cell membrane permeability due to salinity stress can be
assessed through electrolyte leakage measurement using electrical
conductivity meter and calculated as per (Singh and Jha, 2016).

2.10. Data analysis

All quantitative data of PGP traits as well as plant morphological
related data were analysed with one-way ANOVA followed by Tukey’s
test. All the statistical analyses were carried out with help of SPSS
software. The experiments were performed in three replicates and the
mean, as well as standard deviation, were calculated using Microsoft
Excel 2016.

3. Results
3.1. Soil analysis and enumeration of rhizobacteria

The soil from five islands: Agatti, Kavaratti, Bangaram, Kadmat and
Thinnakara has derived from the disintegration of mainly coral lime-
stone including coral sands, lagoonal sands and muds. Hence, the sam-
pling soil was characterized as sandy loam having pH in the range from
6.958 to 7.300 and electrical conductivity (4.7 mS cm’l).

In order to obtain diverse rhizospheric bacteria, 5 different media
were used in this study named as Ashby’s mannitol agar, Nitrogen free
bromothymol blue agar, Pikovaskya’s Agar, King’s B media and LB
media. The isolates were entitled according the medium from which
they were isolated. The population density (cfu gm™* of rhizospheric
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soil) of culturable bacteria on Ashby’s mannitol agar (Mannitol utilizing
bacteria), Nitrogen free bromothymol blue agar (N, fixing bacteria),
Pikovaskya’s Agar (Phosphate solubilizing bacteria), King’s B media
(Pseudomonas) and LB media were found to be 1.27 x 108 + 0.02,
1.12x 107 + 0.02, 1.35x10'° +0.05, 1.71 x10'® 40.03 and
1.89 x 10'° +0.08 cfu gm™!, respectively. Majority of rhizospheric
bacterial population was observed on non-specific LB medium followed
by Kings’ B medium, indicating the presence of putative Pseudomonas
species. While low population of Ny fixing bacteria was found on NfB
medium from rhizosphere of coconut plants.

3.2. Screening of rhizospheric isolates for ACC deaminase activity and
estimation of ACC deaminase activity

A total of 75 morphologically distinct rhizobacterial isolates were
randomly selected from 5 differential medium for further characteriza-
tion for ACC deaminase activity. Total 75 isolates include: 8 isolates
from Ashby’s mannitol agar, 10 from Nitrogen free bromothymol me-
dium, 12 from Pikovaskya’s agar, 20 isolates from King’s B medium and
25 isolates from LB agar medium.

All 75 isolates were screened for ACC utilizing potential on DF
minimal medium amended with 3 mM ACC in place of (NH4)2SO4, as
sole nitrogen source. Around ~38 % (28 out of 75) of the isolates from
the rhizosphere of coconut plants showed growth on DF-ACC medium,
inferred as ACC deaminase producers. Out of total 28 isolates, 2 isolates
were Mannitol utilizing bacteria, 3 isolates were Ny fixing bacteria, 4
isolates each were Phosphate solubilizing bacteria and Pseudomonas
while 15 were other non-specific rhizospheric bacteria isolated on LB
medium, comprised bacterial diversity with ACC deaminating potential
from coconut rhizosphere. The ACC deaminase activities of all the
twenty-eight isolates was quantified ranged from 198 to 1069 nmol
o-ketobutyrate mg protein ' h~?.
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3.3. Functional characterization for plant growth promoting traits of ACC
deaminase producing isolates

All the twenty-eight ACC deaminase producing isolates were exam-
ined for multiple direct and indirect plan growth promoting traits such
as IAA production, phosphate solubilization, siderophore production,
ammonia and HCN production as shown in Table 3.

Rhizospheric bacterial isolates from coconut rhizosphere has shown
a very high occurrence of Indole acetic acid (IAA) producers. All the
isolates were observed to possessed IAA production trait producing
phytohormone in the range of 10.59 to 80.75 pg mL ! in the presence of
substrate, Tryptophan. Similarly, all the isolates, except CO4, CO6,
CO11, CO16, CO17, CO18, CO19, CO20, CO21, CO22, CO23 and CO28
showed halo zone around the bacterial colonies on Pikovaskya’s agar
indicating the ability to solubilize inorganic phosphate complex, tri-
calcium phosphate, both qualitatively as well as quantitively. The
phosphate solubilization of all the isolates was ranged from 11.97 to
87.98P mg L~! with strain CO1 showed highest phosphate solubiliza-
tion around ~88P mg L' in liquid NBRIP medium. The pH of the
NBRIP medium after 7 days of incubation with the respective strains was

s Soluble P (mg L-1) pH of spent medium
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Fig. 2. Phosphate solubilization by ACC
NBRIP medium after 7 days of incubation.

deaminase producing isolates in

Table 3
Functional characterization of ACC deaminase producing isolates based on direct and indirect plant growth promoting traits.
Isolate  ACC deaminase activity (nmol IAA production (pg Soluble Phosphate (P Siderophore HCN Ammonia Salt
a-ketobutyrate mg protein ' h™!) mL™1) mgL1) Production Production Production tolerance

Co1 965 + 4.04 80.75 +£0.96 87.98 +4.21 + - + +
Co2 345+ 4.08 31.93+0.47 26.92 +3.47 - - + -
CO3 389 + 3.07 33.38+0.68 39.25+2.19 - - - -
CO4 631 +7.05 24.21 £0.89 - + - - -
CO5 819+8.09 21.31+0.34 56.67 £1.12 - - + -
CO6 562+ 7.04 46.66 + 0.65 - - - - -
Co7 462 +9.04 15.14+0.88 19.15+4.52 - - - -
Co8 1069 +5.02 74.66 £ 0.36 77.58 £2.27 + - +

CO9 601 £+ 6.08 17.80 +0.07 20.68 +1.09 - - + -
CO10 675+ 8.04 11.49 +0.66 35.48 +£2.23 - - + -
COo11 396 +6.07 10.59+0.76 - - - + -
CO12 825+ 3.07 25.46 £ 0.86 23.67 +£3.21 - - + -
CO13 619 +1.57 26.99 +0.58 33.84 +5.09 + - + -
CO14 702 +9.04 30.87 +0.98 47.77 £1.52 - - + -
CO15 559 4+9.02 21.53+0.56 29.94 +£5.47 - - + -
CO16 736 +2.87 43.17 £0.53 - - - + -
CO17 461 +6.42 14.73 +0.69 - - - + -
COo18 304+1.08 39.97 £0.81 - - - + -
CO19 533 +8.77 41.59+0.58 - - - + -
C020 589+7.79 12.80+0.74 - - - + -
COo21 584 +2.36 25.84 +£0.69 - - - + -
C022 208 £5.61 13.97 £0.03 - - + -
C0O23 348 +2.95 35.48 +0.15 - - - + -
CO24 584 +5.04 21.19+0.89 27.66 + 3.84 - - + -
CO25 613+7.04 27.61 £0.09 23.51 +£4.82 - - + -
CO26 245 £+ 2.00 19.46 +0.43 16.11 +1.89 - - + -
Cco27 198 +9.04 25.64 +£0.93 11.97 +2.04 - - + -
CO28 301 +£1.04 38.73+£0.85 - - - + -

Values ae mean + SD of three replicates. +, presence, - absence of plant growth promoting trait.
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found to be acidic as shown in Fig. 2. Few isolates possessed the ability
to fix atmospheric Nitrogen, showed growth on semi-solid NfB medium,
while only five isolates out of 28 had the ability to produced Siderophore
on CAS agar medium. All the isolates except CO3, CO4, CO6 and CO7
showed ammonia production with Nessler reagent in peptone water
while none of the isolates was able to produce HCN.

3.4. Determination of molecular diversity by ARDRA

The molecular diversity of potent ACC deaminase producing bacteria
was determined by amplified ribosomal DNA restriction analysis
(ARDRA) using three restriction endonucleases Alul, Mspl, and Haelll,
which led to the grouping of 28 ACC deaminase producing isolates into 6
clusters with similarity index of 80 %. Majority of isolates fell in group 5
while remaining isolate constitute separate clusters. The PCR-RFLP
banding pattern based on binary data (0/1) was analysed by DARwin
6.0.14 software (Dissimilarity Analysis and Representation for Win-
dows) and dendrogram was generated based on UPGMA (unweighted
pair grouping with mathematic averages) method depicting the di-
versity among ACC deaminase rhizospheric isolates (Fig. 3). Eight iso-
lates were selected as representative bacterial strain from each PCR-
RFLP pattern for molecular identification through 16S rRNA gene
sequencing.

The phylogenetic tree based on partial sequence of 16S rRNA gene
sequencing analysis revealed that 28 bacterial strains belonged to 2
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phyla: proteobacteria and firmicutes of 8 distinct genera followed as
Pseudomonas, Bacillus, Azospirillum, Azotobacter, Escherichia, Paeniba-
cillus, Burkholderia, and Klebsiella based on BLAST search analysis. The
y-proteobacteria group of bacteria dominated the coconut rhizosphere.

Table 4
16S rRNA partial gene sequence identification of eight representative isolates of
ACC deaminase producing rhizospheric bacteria from each PCR- RFLP clusters.

Strain  Homology Class of Bacteria ~ Gram % Accession
Species Reaction identity ~ No.

COo1 Pseudomonas y-proteobacteria Positive 100 % MN318320
putida

CO2 Azospirillum a-proteobacteria  Negative 100 % MN318324
sp.

CO3 Burkholderia B-proteobacteria  Negative 100 % MN318325
cenocepacia

CO4 Escherichia y-proteobacteria  Negative 100 % MN318323
coli

Cco8 Bacillus Firmicutes Positive 100 % MN945369
paramycoides

CO10  Paenibacillus Firmicutes Negative 100 % MN318321
macerans

COo21 Klebsiella y-proteobacteria  Negative 100 % MN318326
oxytoca

CO024  Agzospirillum a-proteobacteria  Negative 100 % MN318324
sp.
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Fig. 3. Dendrogram based on UPGMA method using DARwin program was constructed with PCR-RFLP profiles of twenty-eight ACC deaminase producing bacterial
strains isolated from the rhizosphere of coconut plants. The PCR-RFLP profiles was obtained with restriction endonucleases Alul, Mspl, and Haelll. The scale at left

side of the figure represents similarity coefficient.
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The overall molecular characterization of ACC deaminase containing 8
isolates was shown in Table 4 with closet relative species, percent
identity and GenBank accession number. The phylogenetic tree was
constructed using MEGA X showing the relationship of 8 ACC deaminase
producing bacterial species with related bacterial strains (Fig. 4).

3.5. Plant growth promotion assay to evaluate the effect of bacterial
strains (CO1 and CO8) on growth attributes, relative water content and
ethylene level of French beans plants under normal and saline conditions

According to quantative evaluation of ACC deaminase activity and
plant growth promoting traits as well as ability to grow in the presence
of higher concentration of NaCl, the two most promising strains with
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high ACC deaminase activity were selected to investigate in vivo growth
promoting effects on French bean seedlings using pots experiments
under non-saline and saline stressed conditions (Fig. 5).

The higher concentration of ethylene ~56 % was observed in un-
treated plants irrigated with saline solution in comparison to uninocu-
lated plants grown in normal conditions. Therefore, the effect of ACC
deaminase producing strains CO1 and CO8 in reducing the ethylene
under salinity stress conditions was evaluated at two different inoculum
concentration of 10° and 10 cfu mL~! (Table 5). However, the strains
CO1 and CO8 either alone or in combined form do not exhibited sig-
nificant (P < 0.05) reduction in ethylene concentration under salinity
stressed conditions in comparison to control (uninoculated) French bean
plants when the inoculum concentration was 10° cfu mL™'. While,
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Fig. 4. Neighbour joining phylogenetic dendrogram based on 16 s rDNA sequence alignment of 8 ACC deaminase producing isolates from Coconut rhizosphere with
closely related bacteria, retrieved from NCBI GenBank databases. The numbers at branching points refers to bootstrap values based on 1000 replications; Bar 0.20
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Normal Conditions

frave
Uninoculated French Bean Seedlings

Consortia (CO1+COS8) inoculated
French Bean Seedlings
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Saline Conditions

French Bean Seedlings

Fig. 5. Effect of inoculation with two ACC deaminase producing PGPR bacterial strains, CO1 and CO8 on the growth of French bean under Normal and Saline

stress condtions.

Table 5
Effect of bacterial inoculum on stress induced ethylene from French bean
seedlings at two concentration under normal and saline conditions.

Growth Treatment Ethylene (umol g FW 1)
Conditions
10° CFU 108 CFU
mL~! mL~!
Uninoculated 0.54 +0.02% 0.54 +0.02%
CO1 strain inoculated 0.52 +0.04% 0.52 +0.04%
Normal CO8 strain inoculated 0.56 £ 0.02° 0.56 = 0.02°
Consortia (CO1 -+ COB) 050+0.04°  0.50+0.04°
inoculated
Uninoculated 0.84+0.07° 0.84 +0.07°
Saline (100 mM CO1 strain inoculated 0.79 + 0.05: 0.68 £0.01°¢
CO8 strain inoculated 0.77 £0.04 0.65+0.01¢
Nacl) Consortia (CO1 -+ CO8)
0.74+0.14° 0.52+0.04¢

inoculated

Data represent Mean values + Standard deviation (n =3 replicates per treat-
ment); Different letters indicate statistical difference between treatments
(Tukey’s Test, P < 0.05) under normal and saline conditions.

individual and consortium application of CO1 and CO8 strains with ACC
deaminase activity showed notable decrease in ethylene emission by 19
% and 38 %, respectively in comparison to uninoculated seedling under
saline conditions.

The inoculation with two bacterial strains CO1 and CO8 either in
consortia or in individual form at inoculum concentration 10® cfu mL’l,
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had significantly (P < 0.05) enhance the growth and morphological at-
tributes of plants both under control and saline stressed conditions
(Fig. 6). It was observed the application of both the strains in the con-
sortium form has increased the root length (16.7 cm) which was ~49 %
higher than the control in normal conditions. Likewise, other parameters
such as shoot length (32 %), fresh weight of roots and shoots (79 %, 110
%) and dry weight of roots and shoots (65 %, 30 %) were also increased
with the co-inoculation of CO1 and CO8 strains under normal condi-
tions. No significant (P < 0.05) difference was observed between treat-
ments of French bean seeds with individual bacterial suspension of
strains CO1 and CO8. The pot study showed that the impositions of
saline stress had retarded the growth of French bean plants. Under saline
conditions, the root length, shoot length, root fresh weight, shoot fresh
weight, root dry weight and shoot dry weight was drastically retarded by
47 %, 51 %, 34 %, 26 %, 35 % and 29 %, respectively in comparison to
control plants grown without NaCl stress. However, the combined
treatment of PGP strains with ACC deaminase activity has increased the
root length by 118 %, shoot length by 105 %, root fresh weight by 93 %,
shoot fresh weight by 75 %, root dry weight 124 % and shoot dry weight
by 49 %. Under normal conditions i.e. absence of NaCl stress, the RWC
content of inoculated French bean plants are numerically higher than
that of uninoculated plants but statistically similar to that of uninocu-
lated ones. The individual inoculation of CO1 and CO8 as well as their
consortium in French bean plants has showed significant increase rela-
tive water content under salt stressed conditions as compared to control.
Under saline stress conditions the RWC (~85 %) was markedly
increased in CO1 + CO8 consortium inoculated French bean plants as
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compared to uninoculated stressed plants. Additionally, the consortium
treatment has also significantly lowered the EC of salt stressed soil to
3.548dSm™! from 5.8dSm™! (untreated saline stressed soil) measured
through hand held electrical conductivity meter at the harvesting stage.
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Fig. 6. Different plant growth attributes
associated with roots and shoots (length,
fresh weight and dry weight) of French bean
seedlings with and without bacterial inocu-
lation in control and salt stressed conditions.
Data represent Mean values + Standard de-
viation (n=3 replicates per treatment);
Different letters indicate statistical differ-
ence between treatments (Tukey’s Test,
P < 0.05) under normal and saline condi-
tions. Orange Bar, Treatment 1 (Control);
Yellow Bar, Treatment 2 (CO1 strain); Green
Bar, Treatment 3 (CO8 strain); Brown Bar,
Treatment 4 (Consortia).

3.6. Evaluation of photosynthetic parameters of French bean in response
to bacterial inoculation under normal and saline conditions

Under normal conditions, consortia (CO1 + CO8) inoculated French
bean plants displayed increment of chlorophyll a (~117 %), chlorophyll
b (~40 %), and total chlorophyll (~42 %) in comparison to non-
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inoculated French bean plants. The 100 mM NaCl treatments lead to
~55 %, ~21 % and ~56 % reduction in contents of chlorophyll a,
chlorophyll b and total chlorophyll of French bean plants. The bacterial
inoculation of CO1 and COS8 significantly (P < 0.05) stimulated the
production of chlorophyll photosynthetic pigment under salt stressed
conditions (Fig. 7). Under saline conditions, individual and consortium

Journal of Biotechnology 324 (2020) 183-197

inoculation has significantly improved the chlorophyll a content by 2.9-
to 4.1-fold, chlorophyll b by 0.17- to 0.33- fold and 0.25- to 0.97- fold in
relative to control French bean plants. chlorophyll a/b ratio was
increased significantly (P < 0.05) in all CO1 and CO8 inoculated plants
as compared to non-inoculated salt exposed French bean plants. A
similar pattern in relation to gas exchange characteristics was also

0.016 0.05 Fig. 7. Photosynthetic parameters of French
c bean seedlings with and without bacterial
= = 0.04 inoculation in control and salt stressed con-
Z 0012 c g z O b ap ditions.
o o0 a I e f Data represent Mean values + Standard de-
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= 0.008 I = i d I Different letters indicate statistical difference
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.g: a z0.02 under normal and saline conditions. Orange
e g Bar, Treatment 1 (Control); Yellow Bar,
i 0004 d i 0.01 Treatment 2 (CO1 strain); Green Bar, Treat-
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observed by bacterial inoculated French bean plants under saline stress
conditions. In the absence of salt stressed conditions, the net photo-
synthetic rate and other gas exchange parameters of individually and
consortium inoculated French bean plants was higher in comparison to
non-inoculated French bean plants. The net photosynthesis rate (Py),
stomatal conductance (gs) and transpiration rate (E) of French bean
seedlings was significantly reduced by ~65 %, ~54 % and ~70 %
because of 100 mM NaCl salinity. The CO1 and CO8 applications either
individual or consortium has alleviated the negative impact of salinity
on photosynthesis parameters and significantly enhanced Py in the
range ~68—-200%, g in the range ~56 %-80 % and E in the range of ~
44 %-70 % at 100 mM NacCl in relative to non-inoculated plants. The
imposition of salt stress has increased the water use efficiency (Pn/E) of
French bean plants by ~12 % in comparison to normal plants. The
consortium application of COl and COS8 significantly (P < 0.05)
enhanced water use efficiency (Pn/E) under salt stressed conditions.

3.7. Evaluation of lipid peroxidation (MDA) levels and membrane
stability index of French bean in response to bacterial inoculation under
normal and saline conditions

Additionally, in absence of saline stress conditions, the bacterial
inoculation has decreased the MDA content in French bean plants but it
did not differ significantly between inoculated and uninoculated plants.
The salinity stress has significantly (P < 0.05) increased MDA content
by around ~34 % in comparison to untreated plant. The MDA content in
French bean leaves were significantly reduced by 9%, 8% and 15 % at
CO1, CO8 individual treatment as well as their consortium treatment,
respectively in comparison with non-inoculated treatment plants
(Fig. 8).

Furthermore, the consortium of ACC deaminase producing bacterial
strains CO1 and CO8 was found to be effective in lowering electrolyte
leakage and thus, increasing membrane stability in relation to uninoc-
ulated stressed plants under saline stress conditions (Fig. 8).

3.8. Analysis of species diversity

The diversity indices, species richness and species evenness indices
were calculated for the ACC deaminase producing PGPR obtained in the
present study and values are depicted in Table 6 below. It was observed
that higher the values of species richness (3.38, 2.82) and diversity
indices such as Simpson’s Index of Diversity (1/D), Shannon Wiener
Diversity index (H’) (1.00,2.07), more is the diversity. The higher the
values of evenness index (Plieou’s evenness (J’, 1.00) more uniform
distribution of individual species.

o
w
w0
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Table 6
Assessment of diversity indices for ACC deaminase producing isolates associated
with coconut rhizosphere.

Species Richness

e Margalef’s Diversity Index 3.38
e Menhinick’s index (Dm) 2.82
e Species Diversity

e Simpson’s Index of Diversity (1/D) 1.00
e Shannon Wiener Diversity index (H’) 2.07
o el 7.92
e Species evenness

e Plieou’s evenness (J’) 1.00
e Sheldon index 0.99

4. Discussions

The 1-Aminocyclopropane-1-Carboxylate (ACC) deaminase is an
inducive enzyme responsible for degrading the ACC, immediate pre-
cursor of ethylene, into a-ketobutyrate and ammonia. Under stress
conditions, the sudden rise in ethylene level confers deleterious effects
on plants such as inhibition of root development and formation of root
nodules, impairs the nutrient and water uptake efficiency, reduce
chlorophyll content and photosynthesis process leads to senescence and
abscission process in plants (Gupta and Pandey, 2019a, 2019b).
Therefore, ACC deaminase is the most significant and beneficial trait of
plant growth promoting soil bacteria that act as a sink for ACC released
as root exudate in response to stress conditions and subsequently,
regulated the ethylene level and its associated growth inhibition man-
ifested on growth and development of plants (Goswami and Deka,
2020).

The present study deciphers the diversity and plant growth pro-
moting traits of ACC deaminase containing rhizobacteria associated
with the rhizosphere of coconut plants, widely cultivated in the south-
western coastal region, especially Lakshadweep archipelago. The isola-
tion of plant growth promoting bacteria from the rhizosphere of coconut
plant and their functional characterization has been studied in previous
studies (Gupta and Pandey, 2019a; 2019b; George et al., 2012) but the
population dynamics of particularly, ACC deaminase producing bacteria
in coconut rhizosphere is less explored.

In this study, the rhizospheric bacterial population associated with
coconut plants were screened for the presence of putative ACC deami-
nase producing bacterial strains. Out of 75 isolates, 28 rhizobacteria
were referred as ACC deaminase producing isolates. PCR-restriction
fragment length polymorphism (RFLP)-based analysis is the pre-
liminary molecular genetic profiling tool for the assessment of microbial
diversity associated with the sample (Rasmussen, 2012). All the ACC
deaminase producing isolates from the rhizosphere of was grouped into

Fig. 8. MDA content and membrane stability
c index of French bean seedlings with and

b
0.9 ¢ ¢ 30 b b without bacterial inoculation in control and
= 0.8 J d :\5 - f salt stressed conditions.
= a vt a Data represent Mean values + Standard devi-
L:n 0.7 ? a a é 25 e ation (n=3 replicates per treatment);
2 0.6 L Z d € Different letters indicate statistical difference
E E 20 - between treatments (Tukey’s Test, P < 0.05)
TE' 0.5 . under normal and saline conditions. Orange
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six clusters based on RFLP profiles which indicates the diversity and
distinctness of ACC deaminase containing rhizospheric bacteria within
coconut plants. This technique was previously used for determining the
genetic diversity of nitrogen fixing and other plant growth promoting
rhizospheric and endophytic bacterial strains associated with different
crop plants such as rice, wheat, sugarcane, chickpea, maize, Faba bean,
etc. (Beneduzi et al., 2013, 2008; Upadhyay et al., 2009; Youseif, 2018;
Wang et al., 2014; Chen et al., 2018).

Based on 16S rRNA gene sequence analysis of representative strain
from each cluster, all the ACC deaminase producing isolates were
distributed among two phyla with proteobacteria (75 %) being most
dominant followed by firmicutes (25 %) which aligned with the previous
report (Kour et al., 2019). The phylum proteobacteria were classified
into three classes: Alpha-, Beta- and Gamma-proteobacteria represented
by six genera including Pseudomonas, Azotobacter, Escherichia, Azospir-
illum, Burkholderia, Klebsiella. While other genera Bacillus, Paenibacillus
was identified within phyla Firmicutes. It was also observed that the
rhizosphere of coconut was mainly colonized by Gram-negative bacteria
community while Gram-positive bacteria were represented by species of
Pseudomonas and Bacillus.

In similar research conducted by thirteen bacterial strains with ACC
deaminase activity belonging to eight genera followed as Bacillus,
Pseudomonas, Klebsiella, Serratia, Arthrobacter, Streptomyces, Isoptericola,
and Microbacterium were isolated from the coastal halophyte Limonium
sinense (Girard) Kuntze, China (Qin et al., 2014). The ACC deaminase
producing Burkholderia species was isolated from rhizospheric soil of
rice growing in the coastal region of Odisha, India which modulates the
growth and development of rice seedlings by undermining the effects of
ethylene produced in response to salt stress (Sarkar et al., 2018).

The ACC deaminase containing soil bacteria is known to possess
multifarious PGPR traits such as IAA production, tricalcium phosphate
solubilization, siderophore, HCN and ammonia production (Glick,
2014).

The bacterial strains Pseudomonas putida and Bacillus paramycoides
were shown to exhibit the highest potential for enhancement of indig-
enous pool of phytohormone, IAA (80.75 ug mL~! and 74.66 ug mL ™,
respectively) among the 28 ACC deaminase producing strains which are
in line with that reported by Manjunatha et al. (2019) and Akhgar et al.
(2014). The increased amount of Indole acetic acid will result in an
improved root system of plants, in turn, modulate water and nutrient
intake efficiency of plants from soil (Etesami et al., 2015; Kang et al.,
2019).

Because of phosphate being the limiting nutrient, phosphate solu-
bilization is the most beneficial trait of PGPR making phosphorous
available (PO4) ™ to the plants by lowering the pH or producing organic
acids such as oxalic acid, gluconic acid etc. (Kalayu, 2019). Most of the
ACC deaminase producing isolates of the current study ~57 % exhibited
inorganic phosphate (tricalcium phosphate) solubilization by decreasing
the pH of spent medium, similar to previous studies by Chauhan et al.
(2017), Xu et al. (2014) and Yu et al. (2011).

Siderophores are the iron-chelating agents secreted by bacteria for
making iron available to the plants under iron limiting conditions.
Moreover, siderophore producing bacteria play an important role in
plant growth promotion, biological control against phytopathogens
attack, bioremediation (Pahari et al., 2017). The ammonia production
was shown by most of the isolates while none of them exhibit HCN
production in the present study. Ammonia production promotes the
plant growth either directly or indirectly by increasing pH, making
unfavourable environment for the growth of phytopathogen (Richard
et al., 2018). Apart from PGP traits, the isolates were also screened for
invitro salinity tolerance up to 8% (w/v) NaCl concentration which
indicated two strains CO1(Pseudomonas putida) and CO8 (Bacillus para-
mycoides) as halotolerant PGPR strains.

To compute the diversity of cultivable ACC deaminase producing
microbes associated with coconut rhizosphere various species richness,
species diversity and evenness indices have been used. These indices
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were used in earlier reports also to calculate the species richness, di-
versity and evenness of bacterial species associated with different niches
(Jha et al., 2010; Azmi and Chatterjee, 2016; Verma et al., 2014).

It is revealed from Margalef’s and Menhinick’s index (3.38 and 2.82,
respectively) that rhizospheric soil sample from coconut plants has the
good richness of ACC producing bacterial species. The diversity of ACC
deaminase producing bacteria has been deduced by employing non-
parametric based heterogenicity indices such as the Shannon Wiener
index, Simpson’s index of diversity. The major difference between both
the indices is that the Shannon-Wiener index focused more on abun-
dance, rare species are equally represented provide information about
the actual distribution of species in the specific ecological niche while
Simpson’s diversity index emphasized more on dominant species with a
higher value indicating more dominance and less diversity. In the pre-
sent study, the value of the Simpson index (1/D) is 1.00, hence coconut
rhizosphere was colonized with less diverse species of ACC deaminase
producing rhizobacteria. In most of the cases, the Shannon Wiener index
has the limitation that it is difficult to compare the diversity among
communities with narrowly constrained Shannon index values. There-
fore, the concept of ey has been postulated which determines the
effective number of species found in the particular region, in another
way, calculates real biodiversity (Whittaker, 1972). In the present study,
the value of the Shannon index is 2.07 which can be converted to eH or
exp (2.07) =7.92 which means the sample with the Shannon index of
2.07 has an equivalent diversity as a sample with 7.92 equally common
species. The evenness indices including Plieou’s evenness index and
Sheldon index are mathematical measures that provide information on
how the abundance of individuals is distributed among all the species in
the specific locations. Furthermore, through evenness indices including
Plieou’s evenness index and Sheldon index (1.00 and 0.99), it has been
deduced that ACC deaminase producing bacterial species from coconut
rhizosphere were evenly distributed.

Furthermore, the plant growth promoting potential of two isolates
CO1 and CO8, selected based on PGP traits and salt tolerance assay was
evaluated in French bean plants under control and saline stressed con-
ditions. Both the isolates in consortium form were found to be effective
in alleviating the salinity stress which can be inferred from the improved
plant morphological parameters such as root length, shoot length, fresh
and dry weight of roots and shoots under saline stress condition in
comparison to the negative control. Because of dual culture assay and
pot experiment trials, it was found that both the strains were compatible
with each other and work synergistically and efficiently to improve
plant growth and development under stressed conditions. This is in
congruence with previous findings that demonstrated the positive
impact of a consortium of PGPR in comparison to the performance of
individual treatment under stressed conditions (Panwar et al., 2014; Xia
etal., 2020; Zafar-ul-Hye et al., 2019; Periasamy et al., 2019). Since both
the isolates possess sufficient ACC deaminase activity which in turn
minimizes the increased ethylene concentration in response to saline
stress, responsible for retardation of root development, inhibition of
seed germination, promotion of aging, senescence and abscission pro-
cess in plants. The improved root system consequently enhanced water
uptake potential of plants which in turn increased the relative water
status of the plants. This could also be attributed by the increased
amount of plasma membrane intrinsic protein (PIP) or channel proteins
in roots and leaves which in turn enhanced relative water content of
plants treated with a consortium of CO1 and CO8 in comparison to
control untreated under salt stress conditions (Kapilan et al., 2018; Gond
et al., 2015). This is in agreement with previous research demonstrating
the role of co-inoculation ACC deaminase producing Kocuria rhizophila
and Cronobacter sakazakii in enhancing the growth and conferring salt
tolerance to wheat crop plants (Afridi et al., 2019). The salt stress caused
significant reduction in stomatal conductance and CO5 assimilation rate
(Gomes et al., 2017); affect the electron transport system and gas ex-
change parameters (Huang et al., 2014); inhibit chlorophyll biosyn-
thesis, alter the structures of associated cell organelles like chloroplast
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by oxidative peroxidation (Sozharajan and Natarajan, 2016); hinders
photosystem (PSII) performance (Percey et al., 2016) which decreased
the overall photosynthetic efficiency of green plants. There was an
evident from our current study that Chlorophyll pigment content (Chl a,
Chl b, total chlorophyll and Chl a/ Chl b), Net photosynthetic rate (Py),
stomatal conductance (gs), and transpiration rate (E) was decreased in
the leaves of salt stressed uninoculated French bean plants. This might
be due to the decreased leaf stomatal conductance which contribute to
lowering leaf transpiration rate and photosynthetic rate (Muchate et al.,
2016). The results are in parallel with those (Bacha et al., 2017) who
also found significant reduction of chlorophyll content and gas exchange
parameters in salt stressed conditions. In our findings, ACC deaminase
producing CO1 and CO8 inoculation has improved the chlorophyll
biosynthesis, Py, gs and E and alleviated the salt stress induced reduction
in photosynthetic performance of French bean plants. This was in
agreement with the previous studies that inoculation with ACC deami-
nase producing PGPR Kocuria rhizophila Y1, Azospirillum lipoferum FK1,
Enterobacter sp. UPMR18 enhances the synthesis process of chlorophyll
(total chlorophyll, chlorophyll a, chlorophyll b, and the chlorophyll a/b
ratio) and other gas exchange attributes thus, improve the photosyn-
thetic potential of maize, chickpea and okra plants under salt stress
conditions (Li et al., 2020; El-Esawi et al., 2019; Habib et al., 2016).
Similarly, water use efficiency of all the inoculated French bean plants
with CO1 and CO8 were higher than that of control plants under normal
and saline stressed conditions, however, water-use efficiency was higher
under salinity stress conditions as reported by (Ansari et al., 2019;
Gandonou et al., 2018).

Furthermore, the combined inoculation of CO1 (Pseudomonas putida)
and CO8 (Bacillus paramycoides) has reduced the levels of malondial-
dehyde (MDA) in comparison to uninoculated plants which is in
consistent with the previous study that consortium treatment by
Ochrobactrum anthropic, Pseudomonas palleroniana, Pseudomonas fluo-
rescens and Pseudomonas palleroniana has enhanced the growth and
reduced the levels of malondialdehyde and its associated oxidative stress
in finger millet under water stressed conditions (Chandra et al., 2020).
Additionally, the Membrane stability index (MSI) of consortium treated
French bean plants was increased which suggested that the strains have
the potential to decrease the electrolyte leakage thus restoring the
membrane integrity and permeability (Tahir et al., 2019). Apart from
ACC deaminase activity, other direct PGP traits such as IAA production,
Phosphate solubilization as well as Indirect PGP traits such as side-
rophore, Ammonia and HCN production, has also contributed in an
overall enhancement of plant growth under stressed conditions. The
findings of the current study were in congruence with previous studies
which demonstrated the plant growth promotion of Barley, mustard,
Arabidopsis crops with ACC deaminase producing Pseudomonas fluo-
rescens, Pseudomonas argentinensis, P. azotoformans, Bacillus subtilis when
subjected to saline stress conditions (Azadikhah et al., 2019; Phour and
Sindhu, 2020).

5. Conclusion

In conclusion, the present investigation carried out the enumeration
and diversity analysis of ACC deaminase producing rhizobacteria from
sandy loamy soil of the coconut rhizosphere of the Lakshadweep islands.
Plant growth promoting characterization of isolates revealed that all
ACC deaminase producers were capable of producing phytohormone,
indole acetic acid, some could solubilize inorganic phosphate, produce
siderophore and Ammonia. In comparison to control treatments, the
application of consortium of (CO1 + CO8) has significantly enhanced
the French bean growth under salt stress. This showed the potential of
ACC deaminase producing CO1 and CO8 strain with multiple PGP traits
for the facilitation of growth enhancement in the stress environment.
However, further evaluation of these strains is needed to validate their
performance in curtailing the salinity effects with minimum use of
chemical fertilizers in actual field conditions.
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