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INTRODUCTION

Intercropping

Intercropping is a form of sustainable agricultural system involving the cultivation of two or
more crop species together in a same field. The most common advantage of intercropping is
to produce a greater yield on a given piece of land by achieving more efficient use of the
available growth resources that would otherwise not be utilized by each single crop grown
alone. (Lithourgidis et al., 2011) Intercropping in practice is been undertaken by farmers
practising high labour, low-yield farming on small lands, and is particularly common in
countries with high amounts of subsistence agriculture and low amounts of agricultural
mechanization. (Ngwira et al., 2012)

Legume-cereal intercropping systems have been widely studied in the context of diversity,
ecosystem function and high vyield, because Nitrogen (N2) fixation by legumes increases
ecosystem nitrogen supply. (Fujita et al., 1992) This facilitation is important to agriculture on
a large scale, because dependence on chemical N fertilizer decreases over biological N>
fixation by legumes. (Li et al., 2016) Legume-cereal intercropping not only allows crops to
take up more nutrients than in mono-cultures but also reduces disease occurrence. (Gao X et
al., 2014)

Pigeon pea (Cajanus cajan) as model legume plant enriches soil through symbiotic nitrogen
fixation. It is primarily grown in tropical and subtropical areas of Asia, Africa and Latin
America, and about 82% of all pigeon pea production takes place in India. (Kanoeka et al.,
2015) Among cereal plants, maize (Zea mays) serves as model for intercropping studies as it
is often intercropped with various legumes.

There are two pathways for N> transfer to non-nodulating plants: one is a direct transfer that
N fixed by legumes is transferred to associated non-N; fixed plants via arbuscular
mycorrhizal fungal (AMF) hyphae network and other way is an indirect transfer, wherein the
residual and root exudates of legumes associated with symbiotic rhizobia release N to the soil
system. (Sierra and Nygren, 2006) The former has been demonstrated in the soybean/maize
intercropping system and improved the N fixation efficiency of soybean and promoted N
transfer from soybean to maize. (Meng et al., 2015) Introduction of pigeon pea in maize
based cropping systems resulted in a high proportion of N-derived-from-air (%Ndfa) (> 90%)
in maize and thereby improved N budget. (Adu-Gyamfi et al., 2007)

Plant growth-promoting rhizobacteria:

Plant growth-promoting rhizobacteria (PGPR) are naturally occurring soil bacteria that
aggressively colonize plant roots and benefit plants by providing growth promotion. The
beneficial effects of these rhizobacteria on plant growth can be direct or indirect. To exert
their beneficial effects, bacteria usually must colonize the root surface efficiently. Examples
of direct plant growth promotion include biofertilization, stimulation of root growth,
rhizoremediation, plant stress control. Mechanisms of biological control by which
rhizobacteria can promote plant growth indirectly are by reducing the level of disease,



include antibiosis, induction of systemic resistance, competition for nutrients and niche.
(Lugtenberg and Kamilova 2009)

The ability of rhizobia to promote the growth of non-leguminous cereals plants such as
maize, barley and rice is well known. (Hayat et al., 2010) Report suggested that the nodD1
gene product of NGR234 responds to activation by phenolic compounds isolated from wheat
extracts. (Le Strange et al., 1990) Other organisms like Enterobacter sp. strain FD17 showed
both the highest growth-promoting activity under axenic conditions as well as colonization
capacity. (Naveed et al., 2014)

Role of root exudates in rhizosphere colonization:

Below ground plant roots release a broad variety of chemical compounds to attract and select
microorganisms in the rhizosphere. Among plant root exudates, flavonoids act as chemo-
attractant to draw rhizobia towards root. Rhizobia are known to nodulate via regulation of
nod genes involved in nodulation on legume plants in response to flavonoids. (Huang et al.,
2014) In mono-culture studies, legume—rhizobia symbiosis requires extensively a complex
signal exchange between host plants and rhizobia. Adhesion of rhizobia to roots and root hair
tips, the targets of infection, constitutes a very important stage in the initiation of symbiosis.
This process involves both bacterial surface polysaccharides and secreted proteins. (Downie,
2010) Some rhizobial strains designated as “broad-host- range” have evolved to nodulate a
larger variety of legume plants than others. Among those strains, Sinorhizobium (Ensifer)
fredii NGR234 (here called NGR234) nodulates more than 120 genera of legumes and the
non legume Parasponia andersonii.(Krysciak et al., 2014)

Efficient root colonization by plant-beneficial rhizobacteria is assumed to be essential for
their role as biofertilisers as well as biocontrol of root pathogens. Root exudates are important
carbon and energy sources for colonizing microorganisms. They are implicated as a key
determinant of rhizosphere microbial community structure.

The ability to secrete a vast array of compounds into the rhizosphere is one of the most
remarkable metabolic features of plant roots, with nearly 5% to 21% of all photosynthetically
fixed carbon being transferred to the rhizosphere through root exudates. Root exudates have
traditionally been grouped into low- and high-Mr compounds. However, low-molecular
weight exudates such as amino acids, organic acids, sugars, phenolics, and various other
secondary metabolites are believed to comprise the majority of root exudates, whereas high-
molecular weight exudates primarily include mucilage (high-Mr polysaccharides) and
proteins. (Oburger et al., 2013)

Root exudates are engaged in positive or negative interactions of plant-plant, plant microbe in
the complex rhizosphere. Flavonoids found within the plant also constitute a large part of
root exudates causes chemo-attraction of rhizobia towards the root, inhibit root pathogens.
(Hassan et al., 2011)

Quantities and quality of root exudates depends on plant age, plant species, environmental
conditions, level of chemical, physical and biological stress and also microbial population.



Upon inoculation of AMF with Fusarium, root exudate analyses revealed an increase in
sugars and organic acid (chlorogenic acid) in inoculated plants as compared with plants
inoculated with AMF only. (Hage-Ahmed et al., 2013)

Plants can sense and respond to the presence of different plant neighbors and that the level of
relatedness is perceived upon initial interaction. (Badri DV et al., 2012) This suggests that
neighbouring plants could influence the quantity and quality of root exudates of the host
plants. In the rhizosphere of intercropped plants, a greater diversity of microbial community
and organic compounds could be expected if there are differences in root exudate
composition between the intercropped species. In that case, the microbial community of
intercropped species would not be a simple mixture of the communities of each of the two
species. So far, effects of intercropping on microbial community structure are limited.

Endophytes role in secondary metabolite production:

Endophytic bacteria play a role for the metabolic potential of plants. Two indirect ways exists
first, bacterial endophytes may strongly influence the performance, growth and stress
tolerance of plants. Second, some metabolites are not only produced by a single organism,
but might be produced by a plant in combination with associated bacteria. (Brader et al.,
2014)

H. seropedicae is a known diazotrophic endophytic bacterium that colonizes plants of the
family Poaceae (Baldani et al., 1986), as well as plants from other groups. The complete
genome of H. seropedicae has been sequenced, allowed the identification of an operon
containing 10 ORFs, whose proteins contain conserved domains with similarities to domains
found in proteins involved in aromatic compound metabolism. This operon was named fde
and is located upstream from a gene encoding a LysR-type transcriptional activator, which is
divergently transcribed and it has been reported that this operon is involved in the
degradation of naringenin and that its expression is regulated by flavonoids. (Marin et al.,
2013)

Inoculation of Azospirillium resulted in early, strain-dependent modifications in the
biosynthetic pathways of benzoxazine derivatives in maize in compatible interactions. This
was the first study documenting a PGPR effect on plant secondary metabolite profiles, and
suggests the establishment of complex interactions between Azospirillum PGPR and maize.
(V.Walker et al., 2011)



RATIONALE:

During mixed intercropping, it is reasonable to hypothesize that when roots of the plants
come into closer contact below ground, the effect of root exudates of the different plants may
not only have consequences on each other but also the microorganisms associated in the
rhizosphere. The influence that intercropping has on the root exudate composition and on the
subsequent colonization of rhizobacteria is not clearly understood. Among rhizobia, E.fredii
NGR234 is a well-studied model organism because of its broad host range and mutants have
been created considering strain roles in attachment, infection and nodulation on legume
plants. However mechanism of rhizobia interaction with cereals in intercropping system is
unknown. Hence, it would be interesting to know molecular interactions of rhizobia with
non-legume in an intercropping system. Endophytes also have an influence on root exudates
and it would be interesting to study the effect of endophyte colonization on rhizobacteria
through modulation of root exudate composition.

OBJECTIVES:

1. Influence of root exudates on chemotaxis and colonization of diverse plant growth
promoting rhizobacteria in Cajanus cajan — Zea mays intercropping system

2. ldentification of primary metabolites from the root exudates Cajanus cajan — Zea
mays intercropping system and their influence on Ensifer fredii NGR234

3. Molecular effects of C. cajan & Z. mays root exudates on NGR234 and its

interactions with monocropped and intercropped maize plants

WORK DONE:

Present work deals with rhizobia and non rhizobia interaction in an intercropping system.
Among rhizobia, E.fredii NGR234 was considered as it is a well-studied model organism
and exhibits PGPR properties like broad host range in legumes for nodulation and nitrogen
fixation also apart from it IAA production is also observed. (Theunis et al., 2004) Among
non-rhizobia, Enterobacter sp. C1D was studied as it posseses PGPR properties like metal
tolerance, ACC deaminase and phosphate solubilization. (Subrahmanyam et al., 2018)

To fulfil these objectives, work was divided into following three chapters:

Chapter 1: Influence of root exudates on chemotaxis and colonization of diverse plant
growth promoting rhizobacteria in Cajanus cajan — Zea mays intercropping system

Strain exchange between cereal —legume intercropping cross colonization was studied in the
presence of barrier to prevent the root —root interaction and in the absence of barrier which
allow the root-root interactions.

In cross colonization studies sterilized seedlings of C.cajan and Z.mays were taken. For
studying cross colonisation in intercropping system in sann culture system two types of
setups were designed. In first case, C.cajan seedlings were bacterized with log phase culture



and Z.mays seedlings were uninoculated. Both seedlings were grown at a distance of 5¢cm in
pot containing sand system in the presence and after 30 days plants were harvested and
CFU/qg of root was calculated. It was observed that E.C1D and NGR234 cross colonized even
in the presence of mesh barrier and colonized on Z.mays plant

In second case, Z.mays seedlings were bacterized with log phase culture and C.cajan
seedlings were uninoculated. Like in first case, both plants were grown in pot containing sand
and in the presence and absence of mesh barrier and after 30 days plants were harvested and
CFU/qg of root were calculated.

It was observed that like in previous case both organisms cross colonized in the presence of
mesh barrier. By performing this experiment we observed that above both organisms cross
colonized in the presence of barrier. So it might be the role of root exudates in cross
colonization in an intercropping system.

To confirm the role of root exudates in cross colonization sodium orthovanadate, an ATPase
inhibitor to block secretion of root exudates from ABC transporter (Sugiyama et al, 2007)
was used. It was observed that at 30pM concentration the plants root-root interactions
between the two plants was reduced, therefore our results confirmed that interspecific
recognition was partly attributable to root exudates especially soluble substance.

Further to affirm cross colonization studies in 0.8 % Hoagland medium in presence of
inhibitor, NGR234 strain was inoculated on one plant and cross colonization was observed at
10 DAS. Interestingly, we could observe cross colonization after elimination of root-root
interaction which indicates root exudates playing a role in cross colonization.

To know the compositional difference in the root exudates of monocrops and intercrops,
collection of monocrops- C.cajan and Z.mays and intercrops root exudates were collected
from monocrops and intercropped plants at 30 DAS followed by extraction in methanol.
Analysis of the metabolites was carried out by GC-MS, identification and quantification of
metabolites was based on the measurements of reference compounds using characteristic
fragment ions. Results indicated several differences in the root exudates of monocrops and
intercrops plants with the release of new allelochemicals upon interspecific facilitation.
Compounds like Aconitic acid and myoinositol were distinctly present in the root exudates of
Z.mays while glycerol and 3-Mannobiose were unique in the intercrop Z.mays root exudates.
In case of intercrop C.cajan root exudates fatty acids like arachidic acid, margaric acid and
sugars like mannose were unique, however no unique metabolites were observed in
monocrop C.cajan root exudates.

Capillary chemotaxis assay was performed to determine the response of NGR234 and E.C1D
towards the root exudates of monocrops and intercrops. Organisms were grown up to late log
phase in minimal media with 0.5% glucose (E.C1D) and 1% mannitol (NGR234). After 2 hrs
of incubation, CFU/ml was counted. Negative control was taken as water and positive control
was taken as 10mM glucose and 0.2uM Daidezin as a flavonoid. Differences in number of
organisms migrated towards root exudates of monocrop and intercrop reflected difference in
their preference for the compounds.



Chapter 2: Identification of primary metabolites from the root exudates Cajanus cajan —

Zea mays intercropping system and their influence on Ensifer fredii NGR234

Root exudates released from plant roots are known to be key mediators for their attachment.
To decipher the molecular mechanisms involved in the interactions of NGR234 with the
cereal plants, the relative gene expression studies of NGR234 through quantitative Real time
polymerase chain reaction (QRT-PCR) was carried out. From strain NGR234, 13 genes were
selected on the basis of their chemical signalling involved in attachment and nodulation with
host plant legume. These included 3 housekeeping genes (rpoD, gyrA, recA) and other 10
genes (nodA, cmrp, cheA, rhcN, virB, ngrl, flgB, exol, cpaE, ndvB) which are likely to be
based on studies involved in the interactions with cereal plants. The differential response of
NGR234 was observed by growing the strain in Rhizobium minimal glutamate (RMG) broth
in absence and presence of root exudates at a concentration (0.5 mg/ml) of C.cajan and
Z.mays for 6 h and 24 h.

Results demonstrated the chemotaxis gene (cheA) induction significantly at 6 hours both in
Z.mays and C.cajan plants compared to flavonoid (Apigenin) used as a positive control. The
critical finding from our gPCR results showed that root exudates of Z.mays stimulates
nodulation gene (nodA) to a similar level compared to C.cajan (host) plant which indicates
the presence and release of flavonoids from root exudates from Z.mays plants. In addition, to
the induction of nod genes, it is known that the production of quorum sensing molecules by
rhizobia was enhanced when they were cultured in the presence of flavonoids. (Pérez-
Montafio, F. et al., 2011) Our data also suggest that autoinducer (Al) synthase gene (ngrl) for
quorum sensing is significantly induced with the root exudates of Z.mays plant. Consequently
it induces transcription of exol gene responsible for the succinoglycan biosynthesis gene
which is known to enhance the transcription of the exo cluster in the presence of Al
molecules. (Krysciak et al., 2014) Root exudates of Z.mays induced genes involved in Type
I11 secretion system (rhcN) and Type 1V secretion system (virB) which suggests their role in
the infection of Z.mays plants as observed similar in rice- Bradyrhizobia interactions.
(Piromyou, P. et al., 2015) Hence, the results from gPCR studies signify that rhizobia interact
with the root exudates of maize through mechanisms like chemotaxis, secretion systems,
quorum sensing in response to flavonoids like genistein (Li et., 2017) found in the root
exudates of Z.mays which are likely to present in the samples.

To support our findings, construct of promoter fusion (nodA) with green fluroscent protein
gfp gene, and for gene deletion (exol) were performed using standard techniques. Cloning for
promoter fusions were carried out in pFAJ vector having tetracycline antibiotic selection and
gene deletion was carried out in pJQSK200 suicide vector having gentamycin antibiotic as
selection marker.(Kelly, S. J., 2013)

Further, NGR234 strain carrying PnodA:: gfp construct was inoculated on both the C.cajan
and Z.mays plants at 5 day post inoculation and were visualised under confocal laser scanning
microscopy (CLSM). NGR234 carrying PnodA:: gfp expressed on root hairs of both C.cajan
and Z.mays plants indicating its expression in presence of metabolites released from roots of
both plants.



It has been reported that flavanoids like genistein are been found in the root exudates of
Z.mays had concentration of genistein in the solution grown with maize root exudates alone
similar to that of faba bean exudates alone. However, the genistein concentration in root
exudates collected from a mixture of maize and faba bean was 73% greater than that of the
mean of the two crops grown alone. (Li et al., 2016) These results suggests us to check the
phenotypic difference in the expression of genes (nodA. ngrl, exol, cheA,rhcN,virB). Also, it
will be interesting to check mechanism of colonization of NGR234 with Z.mays plants
mediated through quorum sensing autoinducer (ngrl) mutant and succinoglycan (exol)
mutant.

Chapter 3: Molecular effects of C. cajan & Z. mays root exudates on NGR234 and its

interactions with monocropped and intercropped maize plants

Endophytes induces host secondary metabolism through bilateral metabolite production and
thereby endophytes modulates plant secondary metabolite synthesis. (Brader et al., 2014)

Depending on the type of endophyte, metabolites could also be reduced or remain unchanged.
In our studies, Herbaspirillum seropedicae is used as model organism as it is a broad- host-
range endophyte that colonizes sugarcane, rice, wheat, sorghum, and maize, and has been
used as a biofertilizer. (Canellas.L. et al., 2013)

To study NGR234 interactions in presence of an endophyte in an intercropping system,
flavanoids were extracted from the root extracts of Z.mays inoculated and uninoculated
plants. Spectrophotometric studies were carried out to analyse the flavonoids at preliminary
level, results demonstrated reduction in the flavonoid compared to the uninoculated plants
probably it's due to presence of fde operon involved in degradation of flavonoids present in
the H. seropedicae strain. (Marin et al., 2013)

Further, LC/MS/MS analysis will be carried out to know the qualitative and quantitative
levels in the secondary metabolite production. For the relative gene expression studies with
NGR234 in presence of the root extracts, genes selected are with respect to nodulation,
chemotaxis, quorum sensing. With the root extracts of inoculated and un-inoculated plants,
chemotaxis capillary assay and biofilm assay will be performed. Plant growth promotion by
NGR234 in the presence of the endophyte in an intercropping system will be done.
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