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1. Introduction:

Plants undergo continuous exposure to various biotic and abiotic stresses in their
natural environment. Both of these factors can adversely affect plant growth and development
and final yield performance of a crop. Drought, salinity, nutrient imbalances (including
mineral toxicities and deficiencies) and extremes of temperature are among the major
environmental constraints to crop productivity worldwide. Among these abiotic stresses, soil
salinity is becoming one of the most serious problems in irrigated agriculture (Hassani et al.,

2020).

1.1. Abiotic Stress factors:

Soil salinization describes the presence of elevated levels of different salts in the soil. Na+ &
Cl- are the most prevalent soluble salt, but a range of other dissolved salts, such as Na>SOg,
MgSO4, CaS04, MgCl,, KCI, and Na,COs, can also contribute to salinity stress in soil and
water (Essington, 2020; Kumar & Sharma, 2020). Sources of primary salinity may arise from
weathering of rocks and minerals that releases soluble salts, precipitation that washes these salts
downstream, wind-borne salts from oceans and sand dunes that are deposited inland, and influx
of seawater followed by subsequent retreat (Singh & Nair, 2012), along with human activities.
Furthermore, the salinized areas are increasing at a rate of 10% annually for various reasons,
including low precipitation, high surface evaporation, irrigation with saline water, and poor

cultural practices.

Soil salinization initially results in loss of soil productivity, but with increase in salinity, it leads
to loss of all vegetation, causing barrenness of soil, loss of habitat and reduced microbial activity
(Ramani et al., 2003). Soils are classified as saline when the electrical conductivity of a saturated
paste soil extract (ECe) is 4dS/m or more. This is equivalent to approximately 40 mM (0.23%)
NacCl, and severely affects yield of most of the crops (Zaman et al., 2018). It has been estimated
that worldwide 20% of total cultivated and 33% of irrigated agricultural lands are afflicted by
high salinity. It has been estimated that more than 50% of the arable land would be salinized
by the year 2050 (Etesami & Adl, 2020). It will then be a challenge to provide sufficient food

for this population when environmental stresses affecting crop production are increasing.

Use of traditional breeding and plant genetic engineering with production of transgenic plants to
improve crop yields is limiting. An alternative strategy to improve crop tolerance towards salinity
could be to introduce salt-tolerant microbes that enhance crop growth. Soil microbes colonizing

various tissues of the plants, are known to promote the growth in several crop species could also



prove to be useful in developing strategies to facilitate plant growth in salt stress as well (Etesami

& Maheshwari, 2018).

1.2. Biotic Stress factors:

The fungal pathogens affect a wide variety of hosts (Goswami et al., 2016). They
generally develop symptoms such as wilting, chlorosis, necrosis, premature leaf drop,
browning of the vascular system, stunting, and damping-off. Fusarium oxysporum, F. udum
are well known to cause the fusarium wilt disease in the pigeon pea plant which is a serious
infection causing severe yield loses (up to 90%).

Rhizoctonia solani is well known to cause the web blight disease in pigeon pea along
with a wide range of other crops. The disease is minor but is capable of causing serious losses
under favorable conditions, especially during rains.

Thus, the fungal pathogens chosen for the present study were: F. udum (obtained
from the Anand agriculture university, Vadodara, Gujarat) and R. solani (available in the

department).

1.3. Plant Growth Promoting Rhizobacteria:

Plant growth promoting rhizobacteria (PGPR) represent a wide variety of soil bacteria,
which when grown in association with a host plant, result in growth stimulation. These are
known to confer beneficial effects on plant growth directly, through production of plant
growth regulators like IAA, gibberellic acid, asymbiotic nitrogen fixation, or indirectly
through enhancing bioavailability of bound minerals ions, antagonism against plant
pathogens by producing antibiotics and cyanide etc., and the ACC deaminase activity, which

reduces the stress responses exerted by ethylene on the plants (Jiao et al., 2021).

Several PGPR’s under saline stressed conditions, have shown positive effects on plants, by
improving plant-water relations, ion homeostasis and photosynthetic efficiency etc. thus,
increasing the overall plant growth. Mechanisms of these PGPR traits are regulated by a complex
network of signaling events occurring during the plant—microbe interaction and consequently

result in stress alleviation (Ilangumaran & Smith, 2017).

1.4. Microbial Consortium:

Many different types of bacteria are found in the rhizosphere, and one bacterium in
itself cannot be sufficient to fulfill all the requirements of a PGPR. Several studies have shown
that co-inoculation of rhizobia with other plant-growth-promoting bacteria (PGPB) increases

nodulation activity, biocontrol activity, nutrient acquisition, plant growth & survival against



various other stress factors in a wide variety of crops (Fuentes et al., 2016; Samaddar et al.,
2019). Thus, it is always beneficial to work with a consortium where we can get several
benefits from different organisms which act in a synergistic manner to promote the plant

growth and also alleviate stress under unfavorable conditions. Thus, in the present study, this

concept of combined use of plant-growth-promoting rhizobacteria is an effort to shift

microbiological equilibrium in favor of increased plant growth production, nutrient uptake, and

protection.

1.5. Cajanus cajan.

Also known as the pigeon pea or the tropical green pea, it is a woody, short-lived
perennial shrub that is cultivated widely in the tropics and subtropics, often as an annual. It is
a drought-tolerant crop frequently grown in semiarid regions on poor soil (Nadeem et al.,
2019). In some countries, it is also used as forage for animals or as a green manure or cover
crop.

About 82% of the total world produce is cultivated in India being the 2"¢ most
important (Narayanan et al., 2018). Though it grows well in areas with an annual rainfall of
less than 650mm and abhors water-logging, legumes are highly salt sensitive, especially
during the symbiotic stage (Garg & Bhandari, 2016; Kurdali et al., 2019). Pigeon pea is an
important pulse crop in India and cultivated to a larger extent in Gujarat. Also, the rhizobia
strains RST1 and RIC3109 are specific for the pigeon pea plant, while NGR234 is a highly
nodulating strain with broad range specificity for a wide range of legume crops.

Fungal species known to affect C. cajan severely are Fusarium udum & Fusarium

oxysporum (Fusarium wilt), Rhizoctonia solani (Web blight), Aspergillus niger & Aspergillus

flavus, (seedling rot) etc.

2. Rationale:

A consortium provides the benefit of having multiple PGPR traits which can
supplement the effect of each other and promote plant growth and development. The
biocontrol properties of Pseudomonas spp., heavy metal tolerance along with mineral
solubilization activity in Enterobacter sp. C1D and the bioinoculant property in Rhizobium

spp. can be used to supplement each other under stressed conditions.



3. Objectives:

o Effect of salt stress on PGPR traits of PGPR strains individually and in consortium.

o Functioning and compatibility of the PGPR consortia in presence of multiple abiotic
stresses using PCR based approach.

o Plant inoculation studies with PGPR consortia for salinity and biotic stress with

Cajanus cajan.
4. Details of the Work Done:

Three different groups of PGPR’s, each with specific type of PGPR properties, were chosen
for the present study.

Members of Consortium:

» Enterobacter sp. C1D (EC1D): It is a lab isolate (collected from a sediment sample, at an
Industrial Waste Effluent settling lagoon situation near Sarod, Mahi river estuarine area,
Gujarat, Western India) is known to alleviate heavy metal stress in plants as a PGPR. It is
an efficient Phosphate solubilizer (Subrahmanyam et al., 2018)

» Pseudomonas spp. : Lab isolates Pseudomonas sp. G16, G19, G22, G38 (Chaubey et al.,
2015; Patel & Archana, 2018) and 2 standard strains P. protegens CHAOQ (Haas et al.,
1991) & P. fluorescence Pf-5 (Howell & Stipanovic, 1979), were used in this study.
These are known to have good PGPR traits along with the biocontrol properties.

» Rhizobium spp. : Rhizobium sp. 1C3109 (RIC3109) has been obtained from Indian
Agricultural Research Institute, Delhi, India and is known to be a good nitrogen fixer
strain, while Rhizobium sp. ST1 (RST1) is a lab isolate (Geetha et al., 2009).
Sinorhizobium fredii NGR234: A unique alpha-proteobacterium (order Rhizobiales) that
forms nitrogen fixing nodules with more legumes than any other microsymbiont (here
called as NGR234). It known to be capable of forming nodules more than 120 genera of

legumes and the nonlegume Parasponia andersonii. (Saldaia et al., 2003).

> Effect of salt stress on PGPR traits of PGPR strains individually and in consortium

The 10 bacterial strains as mentioned above were confirmed for their biochemical properties
including gram nature, motility, carbohydrate utilization, citrate utilization, and Triple sugar iron
test; and the PGPR traits which included phosphate solubilization, HCN production, ammonia
production, IAA production, siderophore production and antifungal activity. The PGPR traits

were then evaluated under saline stress at different concentrations ranging from 0 — 5% NaCl



(w/v). EC1D and NGR234 were found to have the highest salinity stress tolerance in the growth
medium (5%), followed by the Pseudomonas spp. (4%), Rhizobium spp. (3%) and NGR234
(~2%). 16S rDNA sequencing was done and the isolates G16, G19, G22, & G38 were confirmed
to belong to the pseudomonads group and were identified as P. putida (G16, G19, G22) and P.
Sfluorescens (G38).

It was observed that ECID exhibits most of the PGPR traits, including phosphate release
from rock phosphate, IAA production, biofilm production and siderophore production all of
which are also the highest among all the strains under study. The pseudomonads also exhibited
the PGPR traits such as phosphate solubilization, IAA production, biofilm production and
siderophore production which are however less as compared to EC1D. The Pseudomonas spp.
also exhibited ammonia production and HCN production and showed antifungal activity against
the fungi F. udum and R. solani, ranging from highest in the order PG19 followed by PG22,
PG38 and Pf-5. HCN production was observed only among some pseudomonads which was the
highest to least in the order PCHAO, PG22, Pf-5 and PG38. In the Rhizobium spp., the PGPR
traits such as IAA, biofilm and ammonia production were observed which are higher as
compared to pseudomonads, however, no phosphate solubilization and low level of siderophore
production was observed. Rhizobium spp. also had high exopolysaccharide (biofilm) production
which was a characteristic of only this bacterial group among all the PGPR’s under study. By
using the thin layer chromatography method, the siderophores were characterized as

hydroxamate type (pseudomonads) and catecholate type (EC1D, Rhizobia).

Antibiotic sensitivity was also checked for all the strains to establish a particular
antibiotic resistance for each group of PGPR so as to evaluate survival of each strain in a
consortium. However, selective screening on the basis of antibiotic sensitivity could not be
established. No antagonistic effect among the PGPR’s was observed during the compatibility

study on solid medium.

Effect of salt stress on the PGPR traits: Salt in the range of 0 — 5% (w/v) NaCl, was applied to

the growth medium for checking the effect of saline stress on the bacteria and their PGPR traits.
IAA production was observed only till 3% salt stress, there was a decrease in phytohormone
production with an increase in the saline stress. Highest siderophore production was found in
ECI1D which was consistent till 3% salinity, though the siderophore production decreased with
increasing salt stress among the others with no siderophores at 3% salt stress although the

isolates PG16, PG19 and PG38 showed a substantial level of siderophore production till 2% salt



stress. Biofilm production seemed to be elevated with increasing salt stress except ECI1D.
Although the maximum biofilm was observed at 1% salinity in all the strains, the maximum salt
tolerance was found at 4% salinity. Phosphate solubilization, under salt stress, decreased among
all the strains except EC1D, there was no zone of clearance but only slight growth was observed.
ECI1D is able to solubilize phosphate till 2% salinity and grows with zone of clearance till 4%
salinity. Under saline stress, the HCN production decreased but was present till 3% salinity.
Ammonia production seen in PCHAO, Pf-5, PG22, PG38, RST1 & RIC3109, decreased with
increasing salt stress and was absent till 2% salt stress. Antifungal activity of the pseudomonads
increased under increasing salt concentrations, which was maximum in PG19 and Pf-5 at high

salt concentrations.

PGPR traits of consortia in presence of salt stress:

For consortia studies, combinations of 18 different consortia were prepared by mixing equal cell
counts of three strains from each group and PGPR traits of consortia were studied under different
salt concentrations. A few PGPR traits such as biofilm formation showed higher than 2-fold
increase in production as compared to the individual strains, and there was an increase in
concentration with increasing saline stress, maximum being at 4% salinity. IAA production
among the consortia did not show any significant increase when compared to few individual
strains such as EC1D and the Rhizobium spp., but the consortium containing Pf-5 showed the

maximum [AA production which was at 2% salinity.

Under iron deficiency stress, it was seen that the consortia displayed an increased siderophore
production under salt stress tolerance compared to individual strains. The consortia having
strains PG19, PG22, and PG38 produced siderophores till 3% salinity. The siderophore cross
utilization studies also revealed that most of the strains were able to utilize the siderophores from
other strains, with the exception of RIC3109 and PG16 while NGR234 was able to utilize
siderophores from Pf-5 and PG38 only. Siderophore cross utilization could be an important trait

for establishing synergism among the consortial members during various stressed conditions.

> Functioning and compatibility of the PGPR consortia in presence of multiple abiotic

stresses using PCR based approach

Based on the previous experiments, consortium consisting EC1D + 3 rhizobia (RSTI,
RIC3109 & NGR234) + 3 Pseudomonas spp. (Pf-5, PG22 and PG38) were narrowed down for

further studies and a total of 9 consortia were formulated using the selected strains.



Phosphate starvation under saline stress: Using rock phosphate as the sole source of
phosphorous in the medium in buffered conditions, the bacteria were tested to observe their
ability to solubilize this bound form of phosphate so as to release the soluble inorganic form
which can be easily taken up by the plants (Ames, 1966; Buch et al., 2008). It was observed
the among all the strains, EC1D shows the fastest P-solubilization ie., within 12h, but PG22
and PG38 show the highest P-release followed by EC1D. But under saline stress, EC1D gives
highest p-solubilization followed by, Pf-5, PG22 and PG38. At 4% salinity, P-solubilization
was observed only in EC1D and some in Pf-5. The rhizobia did not grow beyond 2% salinity
and there was no P-solubilization found in the Rhizobium spp., even though high turbidity
was seen in the growth medium, which can be intimidated as the result of high EPS
production due to stressed conditions. The overall phosphate production however, increased
by more than 2 folds, under salt stress, in the consortia. No P-solubilization was observed at

4% salt stress in the consortia.

In consortia, the amount of P-released increased by 200% of that observed in individual
strains. The consortia containing PG22 and PG38 showed a higher P-solubilization compared
to Pf-5. Growth was observed at 4% salinity as well, and the delay in attaining log phase was
also reduced in consortium. The 24h and 48h samples from each were collected for genomic
DNA extraction for further experiments, to understand the factors responsible for an
increased P-solubilization and if there is any synergistic effect on the growth of weaker

constituents of the consortium members in order to survive the dual stressed conditions.

Semi-Quantitative PCR study: Genus specific primers were developed using the 16s rRNA

sequence information specific for a particular group of the bacteria such as Enterobacter spp.,
Pseudomonas spp. Rhizobium spp. and Sinorhizobium fredii NGR234. The primers were
verified for specificity to the respective strains and absence of cross specificity with those of
other groups. Using these primers, 24h & 48h samples were collected, following DNA
extraction, these were used as the template for PCR amplification. The assessment of the
survival and population density experiments for individual strains in the consortium was
done. It was observed that rhizobia, which had the least salt tolerance (2-3% salt) were
present at higher saline concentrations (5% salt) as well, in consortia and under phosphate
limited environment. RST1 was able to create a more stable consortium compared to
RIC3109 as the mixed cultures containing RST1, showed the most intense bands and at

almost all the salt concentrations. Among the pseudomonads, PG22 formed the most intense



bands. Thus, by semi-quantitative PCR technique it was confirmed that the high P-release
was a result of the combined effect of the EC1D and the pseudomonads, while the formation

of consortium also enabled growth of the RAizobium spp. at higher salt stressed conditions.

Quantitative studies by Real Time PCR method for estimating the growth and survival of

individual members of a consortium under saline stress: Growth studies in Luria broth were

conducted by applying saline stress ranging from 0 — 5 % NaCl (w/v), wherein individual
strains as well as the consortia were subjected to growth till 24h time period in continuous
shaking at 30°C. As seen previously, only EC1D were able to grow at 5% salt stress, while
the pseudomonads could grow only till 4% salt stress. The growth in individual cultures
decreased with increasing salt concentrations, while in the consortium, growth equivalent to
control conditions was observed at 5% salinity as well. Other key points observed include

shorter log phase and the stationary phase was achieved early (24h).

For quantitative studies by Real time PCR method, the samples from each growth
experiment were collected at 12h and 24h and genomic DNA extracted, which was then used
as template for the amplification. The g-DNA collected at 12h was considered to be the
growth phase samples, while those collected at 24h were taken for survival phase samples.
Standard cycle threshold (Ct) value charts were prepared based on amplicon concentrations to
be obtained using of each of the primes, so as to quantitate each of the member strains from a
consortium. Among the consortia prepared using NGR234, it was observed that
pseudomonads had grown in highest numbers and the growth of EC1D was higher at 4%
salinity compared to the control. Only in the consortia C3N, the growth of both EC1D and
PG38 was found to be most.

> Plant inoculation studies with PGPR consortia for salinity and biotic stress with

Cajanus cajan

Seed germination in C. cajan was reduced to 50% at 1% salt stress in water agar medium,

however, plants grew only till 0.2% salt stress in the pot conditions.

Abiotic stress alleviation: Pot studies were conducted with C. cajan, under salt stress

using the PGPR and their consortia as the bioinoculant, also confirmed the inability of pigeon
pea to tolerate salinity beyond 0.2% NaCl, while treatment with most of the PGPR and their
consortia alleviated the salt stress in plants but only till 0.3% NaCl concentration. Stress

alleviation was evaluated based on the various physical (including shoot/root development,



biomass content, salt tolerance index, biomass allocation, moisture content and soil electrical
conductivity) as well as biochemical (including (total proteins, sugars, proline, carotenoids
and chlorophyll content) growth parameters in the plants. The strains PG22, RST1 and
consortia C2S, C2I showed maximum effect of salt stress alleviation in the plant growth

parameters.

Biotic stress: Fungal spores were mixed with sterile soil and allowed to incubate for 10d
for establishment of the infection. Germinated seedlings inoculated with pseudomonads and
their respective consortia, which were then maintained in isolated conditions and watered
regularly to maintain the moisture conditions. The growth and stress alleviation were
evaluated based on the disease incidence and the infection symptoms observed on the plants
and the number of plants survived. Under biotic stress in the form of Fusarium udum
infection, PG22 along with consortia C3I, CIN showed the maximum stress alleviation of

biotic stress on pigeon pea plants.

Thus, in the present study it was observed that the effectiveness of the consortium varied with
the members of the consortia indicating strain specific interactions. The impact of population
density led to the dominance in phenotype expression and consortial synergy enhanced the
microbial sustenance. The consortium having EC1D, Pf-5, PG22, PG38, RST1, RIC3109 and

NGR234 were most suitable for biotic and salt stress alleviation in pigeon pea.
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