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Introduction:

The world's plants, animals, fungi, and microbes are the working parts of Earth's
life-support systems. Losing them imposes direct economic losses, lessens the
effectiveness of nature to serve needs of human beings and carries significant economic
losses. At least 40% of the world’s economy and 80% of the needs of the poor are
derived from biological resources (Dow and Downing, 2007). Soil is a biologically,
physically, and chemically diverse entity that forms the basic substrate of terrestrial
ecosystems, supports many human activities and provides a multitude of highly valuable
ecosystem services (Dominati et al., 2010). The ‘interface between the atmosphere and
lithosphere, the outermost shell of the Earth' is defined as Soil by Bardgett (2005) which
is formed over time. Soil microorganisms drive the biogeochemical processes that are the
basis for life by interacting with plant roots and soil constituents at the root-soil interface,
where root exudates and decaying plant material provide sources of carbon compounds
for the heterotrophic biota. The number of bacteria in the rhizosphere (the narrow region
of soil that is directly influenced by root secretions and associated soil microorganisms)
and rhizoplane (the external surface of roots together with closely adhering soil particles
and debris) is higher than in the soil devoid of plants (Russo et al., 2012). Diverse group
of soil microorganisms live in harmony amongst each other and with plants resulting into
enhanced plant growth. Soil and its biota are essential for agricultural production,
providing human beings with approximately 94% and 99% of protein and calories,
respectively (FAOSTAT, 2003).

Plants are predominantly made up of carbon, oxygen and hydrogen which are
supplied by air and water. Beyond these three elements, nitrogen is required in greatest
quantity. The source of soil nitrogen is the atmosphere where nitrogen gas occupies about
79% of the total atmospheric gases. Living organisms that can fix nitrogen either
symbiotically or free living are present in the soil and show profound effect on N content
of soil. Rhizobium species are well known soil microorganisms which fixes nitrogen

symbiotically with legumes by forming nodules (Shridhar, 2012).
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1.1 Rhizobium : The Wonder Microbe

By the end of the 19th century, it was realized that atmospheric nitrogen was
being assimilated through the root-nodules of legume plants. In 1888, Beijerinck reported
isolation of the root nodule bacteria and established that they were responsible for this
process of nitrogen fixation. He named these bacteria Bacillus radicicola. Later, Frank
changed the name to Rhizobium with originally just one species, R. leguminosarum. They
were the first biofertilizers produced and allowed savings of millions of dollars in
chemical fertilizers which contaminate soil and water (Santos et al ., 2006).

1.1.1 General Taxonomy

In Bergey’s original manual, bacteria showed nodulation capacity were termed as
rhizobia, while bacteria with the same morphological characters that did not nodulate
were excluded. Later rhizobial classification was based on growth and behavior with
different host, further it was classified as either fast growing or slow growing
(Vela'zquez et al., 2010). Recently, increased use of rhizobial species as microbial
inoculants for legumes productivity has received a renewed attention for the
identification from various hosts and locations. The current taxonomy of rhizobia consists
of several genera in the subclass Alpha- and Beta- Proteobacteria. Rhizobium,
Mesorhizobium, Ensifer (formerly Sinorhizobium), Azorhizobium, Methylobacterium,
Bradyrhizobium, Phyllobacterium, Devosia and Ochrobactrum are genera that belong to
rhizobial Alpha-Proteobacteria. Rhizobial Beta-Proteobacteria includes the following

genera: Burkholderia, Herbaspirillum and Cupriavidus (Dudeja and Narula, 2012).

1.1.2: Host Specificity and Nodulation

Rhizobium strain establishes a symbiosis with only a limited set of host plants,
thus restricted number of bacteria nodulates leguminous plants (Mabrouk and Belhadj,
2010). Plants mutually compatible with the same species of rhizobia were listed in earlier

years as cross inoculation groups (Table 1.1).
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Table 1.1: Cross-inoculation group and Rhizobium-legume association (Morel et al.,
2012).

Rhizobia Legume Cross-inoculation group

Ensifer meliloti Alfalfa Group: alfalfa (Medicago sativa), sweet clover
(Melilotus spp.) (yellow and white), fenugreek (Trigonella

spp.)
R. leguminosarum | Clover Group (Clover I, I1, 11l and 1V): clovers (Trifolium
bv trifolii spp.)
B. japonicum Soybean Group: soybean (Glycine max)
Bradyrhizobium Cowpea Group: pigeon pea (Cajanus cajan); peanut
spp. (Arachis hypogaea); cowpea, mungbean, black gram, rice

bean (Vigna spp.); lima bean (Phaseolus lunatus); Acacia
mearnsii; A. mangium; Albizia spp.; Enterlobium spp.,
Desmodium spp., Stylosanthes spp., Kacang bogor
(Voandzeia subterranea), Centrosema sp., winged bean
(Psophocarpus tetragonolobus), hyacinth bean (Lablab
purpureus), siratro (Macroptilium atropurpureum), guar
bean (Cyamopsis tetragonoloba), calopo (Calopogonium

mucunoides), puero (Pueraria phaseoloides)

R. leguminosarum | Pea Group: peas (Pisum spp.), lentil (Lens culinaris),

bv viciae vetches (Vicia spp.), faba bean (Vicia faba)

R. leguminosarum | Bean Group: beans (Phaseolus vulgaris), scarita runner

bv phaseoli bean (Phaseolus coccineus)

Mesorhizobium loti | Chickpea Group: chickpea (Cicer spp.), Birdsfoot trefoil

(Lotus corniculatus L.)

Rhizobium lupini Group Lupines

Rhizobium spp. Crown vetch

Establishment of effective symbiosis, between rhizobium and its host partner
requires considerable amount of molecular communication for the development of

nodules. Nod-factors or lipochito-oligosaccharide signaling molecules are central to the
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initial establishment of legume- rhizobial symbiosis (Oldroyd and Downie, 2008; Madsen
et al., 2011). Nod-factors are end products of the expression of the rhizobial nod genes.
Many rhizobia produce more than one Nod-factor type molecule; probably a combination
of Nod-factors is required for host recognition. Production of Nod-factors is activated by
release of plant phenolic signals, predominantly flavonoids which activates set of nod

genes in the compatible rhizobial strain (Fig. 1.1 and 1.2).
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Fig. 1.2: EPS, phytohormones, endo-duplication, differentiation and development

of functional nodules.
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Nod factors are key molecules for legume symbiotic signaling and nodule
organogenesis, additionally other rhizobial systems such as exopolysaccharide excretion,
ethylene biosynthesis regulation, protein secretion systems and BacA are often required
for the establishment of symbiosis with legumes as they help bacterial release into the
host cytoplasm and bacteroid development (LeVier et al., 2000; Okazaki et al., 2004;
Skorupska et al., 2006; Gresshoff et al., 2009; Deakin and Broughton 2009; Kouchi et al.
2010).

Legumes mainly develop two types of root nodules. Indeterminate nodules of
legumes such as Medicago truncatula and Pisum sativum have a persistent meristem and
are continuously infected. These nodules can be divided into four major zones (Popp and
Ott, 2011). By contrast, determinate nodules (e.g. in legumes like Lotus japonicus and
Glycine max) have a defined lifespan and lose their central meristem as well as the ability
to be continuously infected upon maturation (summarised in Fig. 1.3).

indeterminate nodule determinate nodule
o0 - 1" %
-,
symbiosome defects symbiosome defects
dnft (NCRs) ign1
-

fen?
bacterial release
K

X

3 @) B =)

bacterial relcase
alby

latd (nip)
=) 7

DAMIZ-RNA
SYMRAEMT-RNAI

IT arrested in cortical celis
HMGR-RNAI

api

IT arrested in epidermal cell 1
LYK3-ANAI m?

IT arrested in
epidermal cell
crinide

i nin
#d1.23.4  hat
napifpirt  nsAING-ANAI
FLOT-ANAI cerberus  CIP73-RNAI
SYMREMT-RNAI

| = 0 7 O O ) ) () () 0 T A (0 R, 1 6 1 S S ) (0

no IT lri:’nlfon‘ 1 e - no IT initiation
~ LH nup133 castor
- - nspt symk
e sl = nzp2 nfe?
PyvRsbAZ-ANA T N~ ] cyclops  nfrS
cornex va_soular epidermis
pericycle SSU€  gndodermis

17 O 5 0 5 O O ) [ R ) D V5D S (0 B ) i 58 59 (5 o

Cusrent Opinion in Plant Biclogy

Fig. 1.3: Development of determinate and indeterminate root nodules (Popp and Ott,
2011).

Development of determinate and indeterminate root nodules and phenotypical
stages associated with genes involved in rhizobial infection. In legumes that develop

indeterminate nodules, Nod Factor perception induces periclinial cell divisions in the
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pericycle followed by inner cortical cell proliferation during rhizobial infection.
Development of a nodule primordium is accompanied by the presence of a persistent
meristem leading to a zonation of an indeterminate nodule with the meristem (zone 1), the
infection zone (1), an interzone (I1-111), the fixation zone (I11) and the senescence zone
(V). By contrast, determinate nodules derive from cell divisions in the outer root cortex
where meristematic activity is lost in mature nodules. A number of mutants in M.
truncatula (indeterminate) and L. japonicus (determinate) have been identified that are
impaired in perception of Nod Factors (NFs), rhizobial infection, bacterial release from
infection threads (IT; red) or symbiosome formation (Popp and Ott, 2011). In the
Rhizobium-legume symbiosis, the process of N, fixation strongly depends on the
physiological state of the host plant. A competitive and persistent rhizobial strain will not
be able to express its full N,-fixation activity in presence of limiting factors or adverse
environmental conditions (Mabrouk and Belhadj, 2010).

1.1.3: Rhizobium as nitrogen-fixer

Atmospheric N is the main natural source of nitrogen, which makes up about
10% of the dry mass of biological matter. Biological Nitrogen fixation (BNF), is done by
Rhizobium species, by enzyme Nitrogenase which converts atmospheric nitrogen into
ammonia and thus breaks the strongest chemical bond in nature. The reaction it catalyzes
is (Fig.1.4).

N, +8e +8H"+16 ATP — 16 ADP + 16 P; + 2 NHz + H;

'\7/ '\_/ \r/ )

Fig. 1.4: Nitrogenase enzyme mechanism.
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About 3.86 x 10'® kg nitrogen exists in the Earth’s atmosphere. Every year N
returned to the earth microbiologically is 1.39 x 10™ kg , where 65% (8.9 x 10" kg) is
contributed by legumes nodulated with Rhizobium species, remaining is by autotrophs or
heterotrophs ‘free’ fixers (Shridhar, 2012). Along with N fixation rhizobium additionally
enriches soil fertility through phosphate solubilization, improvement in nutrients and
water uptake, synthesis of hormones, siderophores, to enhance plant growth and
alleviate agro environmental problems (Badawi et al., 2011; Mader et al., 2011). The
different N fixing organisms and symbioses found in agricultural and terrestrial natural

ecosystems are shown in Fig. 1.5.
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Fig. 1.5: The different N,-fixing organisms and symbioses found in agricultural and

terrestrial natural ecosystems (Herridge et al., 2008).

The use of legumes in crop rotations has been in use for centuries and is a major
source of N in areas where the cost of fertilizer is too high or import is difficult (Bohlool
et al., 1992; Crews and Peoples, 2004). Legumes allow other plants to benefit from this N
obtained from the atmosphere. During the normal turnover and decomposition of legume

roots, surrounding vegetation can access fixed N faster than through the breakdown of
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above-ground plant tissues (Hardarson and Atkins, 2003). Based on this nitrogen-fixing
symbiosis, legume crops require 35-60% less fossil-based energy than conventional, N-
fertilized crops (Jensen et al., 2012). Thus, legumes are agriculturally and ecologically

very important and account for 25% of the world’s primary crop production (Ferguson et
al., 2010).

1.1.4: Plant Growth Promoting Rhizobzcteria (PGPR )

The microorganisms of the rhizosphere include both deleterious and beneficial
components that have the potential to influence plant growth and crop yield significantly.
The beneficial rhizobacteria include the symbiotic rhizobia, certain actinomycetes and
mycorrhizal fungi and free-living bacteria, increase the availability of nutrients or plant
growth substances to plants and/or suppress parasitic and non-parasitic pathogens
(Persello-Cartieaux et al., 2003). Plant growth promoting rhizobacteria (PGPR) are a
group of free-living bacteria that colonize the rhizosphere and contribute to increased
growth and yield of crop plants (Kloepper and Schroth, 1978). PGPR can affect plant
growth by different direct and indirect mechanisms (Glick 1995; Gupta et al., 2000).
Some examples of these mechanisms, which can probably be active simultaneously or
sequentially at different stages of plant growth, are, increased mineral nutrient
solubilization and nitrogen fixation, making nutrients available for the plant; repression
of soil borne pathogens (by the production of hydrogen cyanide, siderophores, antibiotics,
and/or competition for nutrients); improving plant stress tolerance to drought, salinity,
and metal toxicity; and production of phytohormones such as indole-3-acetic acid (IAA)
(Gupta et al. 2000). Moreover, some PGPR have the enzyme 1l-aminocyclopropane-1-
carboxylate (ACC) deaminase, which hydrolyses ACC, the immediate precursor of
ethylene in plants (Glick et al., 1995). By lowering ethylene concentration in seedlings
and thus its inhibitory effect, these PGPR stimulate seedlings root length (Glick et al.
1999) (Fig. 1.6).
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Fig.1.6: Properties of associative/endophytic bacteria for plant growth improvement
(Jhaetal., 2012).

1.1.4.1: Rhizobium as PGPR for non-legumes.

Rhizobia also have an excellent potential to be used as PGPR and PSM with non-
legume plants (Chabot, 1996). Beyond nitrogen fixation, rhizobia also colonize roots of
non-legume species and promote their growth without forming any nodule-like structure
(Mehboob et al., 2009; Mia and Shamsuddin, 2010). Inoculation with Rhizobium had
significant effect on the plant height, number of branches, root and shoot dry weight,
number of nodule, seed and biomass yields, number of pod, crude protein rate and
phosphorus content of seed (Erman et al., 2009). Increased rice production was seen by
inoculation with a Rhizobium leguminosarum bv. trifolii strain (YYanni and Dazzo, 2010).
R. leguminosarum PETPO1 and TPVO08 are excellent biofertilizers for tomato and pepper
in different production steps leading to increased yield and quality (Garci'a-Frailel et al.,
2012). Rhizobia strains establish endophytic relationships with rice plants to promote

shoot growth and enhance grain production (Biswas et al., 2000a, b; Mia and
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Shamsuddin, 2010; Costa, et al., 2013). One native rhizobia, POA3 isolated from the
Porto Alegre locality promoted growth of white clover (Trifolium repens) and rice plants
(Oryza sativa) (Granada, et al., 2013).

The symbiotic rhizobia isolated from leguminous plants also promote plant
growth via their inherent PGP capacities: siderophores and indolic compound production
and nutrient solubilization (Ashraf et al., 2013; de Souza et al., 2013; Jida and Assefa,
2013). Indolic compounds production was the most common characteristic of the rhizobia
species isolated from Cajanus cajan (Dubey et al., 2010). Crop enhancement, plant
nutrients like P, K, Ca, Mg and even Fe accumulation and biofertilizer attributes were
observed in cereal crops due to rhizobial inoculation (Mia and Shamsuddin, 2010).
Rhizobia also promote plant growth by synthesis of vitamins, phytohormones and
enzymes, producing siderophores, dissolving phosphates and other nutrients and
prevention deleterious effects of phytopathogenic microorganisms besides biological
nitrogen fixation (Boiero et al., 2007; Hayat et al., 2010; Ahemad and Khan, 2011).

The effects of Rhizobium inoculation, lime and molybdenum supply on yield and
yield components of Phaseolus vulgaris L. significantly improved the number of pods
per plant, number of seeds per plant, 100-seed weight and seed yield (Bambara and
Ndakidemi, 2010). On average, an increase of 4-5% in crop yield has an important

impact in agricultural production.

1.1.5: Effect of P on nodulation

Next to nitrogen, phosphorus is the most important element for adequate grain
production. The evolution of science, particularly in the past century, has clearly
demonstrated the significance of phosphorus for all animal and plant life on the earth
(Ryan et al., 2012). Calcium increased root growth, number of nodule primordia, nodules,
and growth of the soybean plant (Waluyo et al., 2013). Ca and P had a synergistic effect
on BNF of soybean in acid soils. Ca is important for the establishment of nodules, whilst

P is essential for the development and function of the formed nodules. P increased
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number of nodule primordia, thus it also has an important role in the initiation of nodule
formation. This effect of P supply on nodule formation is because P supply affects the
production of root-exudates including flavonoids that trigger nod-gene expression to form
nodules, and also plays a role in nodule cell metabolism that affects nodule development
(Raghothama et al., 1999; Abel et al., 2002). Improved soil P status enhanced the positive
effect of elevated [CO;] on grain yield, biomass and shoot total N and P contents of the
legumes tested (Lam et al., 2012). Besides contributing to plant growth by making
soluble phosphorus more available, the legume-nodulating strains increased levels of
soluble phosphate, thus improving the efficiency of biological nitrogen fixation (Silva et
al., 2006). A positive correlation is observed between BNF and P availability in natural
soils (Pearson and Vitousek, 2002; Labidi et al., 2003). Wherever soil P availability is
low, elevated CO, does not increase BNF, and pasture quality decreased because of a
reduction in above ground; at low P availability, there is a limited response of biomass

production by grass community (Edwards et al., 2005; 2006).

Crop growth and yield reduce greatly due to low P availability especially for
legumes, since legume nodules responsible for N, fixation have high P requirements
(Sulieman and Tran, 2012). P is often the limiting element for biological productivity
(Sato and Miura, 2011; Lopez-Arredondo and Herrera-Estrella, 2012). P deficiency is one
of the critical limiting factors, adversely affecting nodulation and N, fixation, and thus
legume growth and productivity, worldwide (Tesfaye et al., 2007). M. truncatula plants
inoculated with either the S. meliloti 102F51 or 2011 strain but due to P deficiency
severely inhibited plant growth and development of nodules as well as N and P
assimilation (Sulieman and Schulze, 2010a). Plants engaged in symbiotic N, fixation
have high P demand (Vance et al., 2003; Sulieman et al., 2013a). Low levels of
phosphorus affected symbiosis by decreasing the supply of photosynthates to the nodule,
which reduced the rate of bacterial growth and the total population of legume-nodulating
microorganisms (Moreira et al., 2010). P availability dominantly controlled free-living N
fixation in tropical rain forest (Reed et al., 2013). Thus, the efficiency of nitrogen fixation
by the strains approved as inoculants may be related to a greater ability to solubilize low

soluble phosphates.
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1.1.6: Phosphorus deficiency and Nitrogen fixation

Phosphorus deficiency is commonly reported along with AI**

toxicity as 40% of
the world’s arable soil is considered acidic. Phosphorus deficiency and Aluminium (AI**)
toxicity are associated with each other in acid soils, and they both have major effects on
legume plant growth and function and are collectively considered as inseparable factors
that limit crop productivity on such soils (Ward et al., 2008). Nodule biomass is strongly
correlated to P availability to plants as about 3 times more P is required by nodules than
the surrounding root tissues. An increase in P supplied to host legume plants led to a 4-
fold increase in nodule mass (Olivera et al., 2004). P deficiency in soil severely limits
plant growth productivity, in legumes, and this has a deleterious effect on nodule
formation, development and function (Haque et al., 2005). Nodule construction cost and
growth respiration of soybeans increased with P deficiency (Andrews et al., 2009). In the
case of legumes, more P is required by symbiotic than non-symbiotic plants. Symbiotic
nitrogen fixation (SNF) has a high demand for P, with up to 20% of total plant P being
allocated to nodules during N fixation. The process consumes large amounts of energy,
such that the energy generating metabolism is depended upon the availability of P
(Schulze et al., 1999; Schenk, 2012). The effects of P deficiency may be direct, as P is
needed by nodules for their growth and metabolism, or indirect. The high requirement of
P are linked to its role in nodule carbon and energy metabolism, therefore as the
deficiency may affect the supply of carbon to the nodules, the bacteria will have greater
respiratory demand on the host plant during nitrogen fixation (Sar and lIsrael, 1991,
Valentine et al., 2011).

1.1.7: Rhizobium- PSM co-inoculation

Considering the main limitations to the biological N, fixation with soybeans and
common beans inoculated with rhizobia and the benefits to crop growth attributed to
Azospirillum, co-inoculation with both microorganisms might improve plant’s
performance. This approach is current with modern demands of agricultural, economic,

social and environmental sustainability (Chaparro et al., 2012). Many evidences are there
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to show that co-inoculation with Rhizobium and PSM have additive or synergistic effect
on plant growth and crop yield (Table 1.2) (Morel and Brana, 2012). The results confirm
the feasibility of using rhizobia and PSM such as azospirilla as inoculants in a broad
range of agricultural systems, replacing expensive and environmentally unfriendly N-

fertilizers (Hungria et al., 2013).

e —
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Table 1.2: Ten years of studies on legume co-inoculation (2002-2012). Increase in legume symbiotic parameters and yield by co-inoculation

compared to single-inoculation with rhizobia. Abbreviations are as follows: RDW: root dry weight; SDW: shoot dry weight; RL: root length;
NN: nodule number; NFW: Nodule fresh weight; PDW: plant dry weight; PFW: plant fresh weight (Morel et al., 2012).

D293 and AM fungi

activity, increased significantly total P content in plant tissues
and percentage of root colonization.

Rhizobium and PSM | Host plant Observation (% increase) Reference
Rhizobium and PSB chickpea enhanced nodulation, plant growth, yield and nutrient uptake | Rudresh et al., 2005.
R. leguminosarum | Pea increased plant biomass, nodulation parameters, N, fixation | Stancheva et al., 2006.

Bradyrhizobium sp.
(Vigna) and B. subtilis

green gram plants

increased dry matter yield, chlorophyll content in foliage and
N and P uptake

Zaidi and Khan, 2006

(Vigna radiata

Bradyrhizobium  spp./ | legumes increased root and shoot biomass, nodule dry matter, | Elkoca et al., 2008.
Rhizobium and PGPR nitrogenase activity, N,-fixation, and grain yield.
B. japonicum -P. putida | Mung bean Increase in total Biomass and in Nodule Number Shaharoona et al.,

2006

Rhizobium  sp.  -P.
putida/ P. fluorescens/

B. cereus

Pigeon pea

(Cajanus cajan)

Increase in Nodule Number

Tilak et al., 2006

Rhizobium sp.-Bacillus

spp.

Pigeon pea

(Cajanus cajan)

Increase in plant fresh weight and in Nodule Number

Rajendran et al., 2008

R. leguminosarum-

B. thuringeinsis

Lentin (Lens

Culinaris L.)

Increase in plant fresh weight and in Nodule Number

Mishra et al., 2009

Page 14
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R. leguminosarum-

B. thuringeinsis

Pea (Pisum sativum

L. cv. Capella

Increase in plant fresh weight and in Nodule Number

Mishra et al., 2009

R. leguminosarum bv

viceae -P. fluorescens

Pea (Pisum sativum

L. cv. Capella

Increase in plant dry weight

Kumar et al., 2001

R. leguminosarum bv.
viciae - A. brasilense
30

Vetch
(Vicia sativa)

Increase in SDW, nod gene induction and decrease in indoles

content

Star et al., 2011

R. galegae bv.
orientalis -

Pseudomonas spp.

Galega (Galega

orientalis)

Increase in SDW RDW and in Nodule Number

Egamberdieva et al.,
2010

S. meliloti - Delftia sp.

Alfalfa (Medicago

sativa)

increase in SDW and in nodulation rate

Morel et al., 2011

Bradyrhizobium sp. -
Pseudomonas sp./

Ochrobactrum cytisi

Altramuz (Lupinus

luteus)

66 in SDW and 20-40, 25, and 30-50 decrease in Cd, Cu and

Zn — accumulation in roots, respectively

Dary et al., 2010

R. leguminosarum
bv.trifolii - P.

fluorescens

Clover (Trifolium

repens)

20 in SDW; 100 in Nodule Number

Marek-Kozaczuk and
Skorupska, 2001

R. leguminosarum

bv. trifolii - Delftia sp

Clover (Trifolium

repens)

50 in SDW and 80 in nodulation rate

Morel et al., 2011

Rhizobium sp. -

Peanut (Arachis

50 in PDW:; 80 in Nodule Number

Anandham et al., 2007
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Thiobacillus sp. hypogaea)
M. ciceri - Azotobacter | Chickpea  (Cicer | 15 in Nodule Number; 25 in P-soil availability Qureshi et al., 2009
chroococcum arietinum)
M. ciceri - | Chickpea  (Cicer | 20 in PDW; 30 in Nodule Number; 100 in P-uptake Wani et al., 2007
Pseudomonas sp/ | arietinum)
Bacillus sp
Mesorhizobium sp. | Chickpea  (Cicer | 70 in Nodule Number; 30 in SDW, 30 in Nuptake Goel et al., 2002
Cicer - Pseudomonas | arietinum)
spp.
Mesorhizobium sp. | Chickpea  (Cicer | 1,2-1,86 in Nodule Number; 1,3-2,11 NFW, Malik and Sindhu,
Cicer  -Pseudomonas | arietinum) 1-2,93 in PDW 2011
spp.
Rhizobium -B. subtilis/ | Chickpea  (Cicer | 18 in SDW; 16-30 in RDW, 14 in total Elkoca et al., 2008
megaterium arietinum) biomass yield
Rhizobium spp. -A. | Common bean | 30 total yield Remans et al., 2008b
brasilense (Phaseolus

vulgaris)
R. tropici - | Common bean | 50 in Nodule Number; 40 in N uptake in non-drought Figuereido et al., 2008
Paenibacillus (Phaseolus stress
Polymyxa vulgaris)
R. tropicifetli - A.| Common bean | 18-35 and 20-70 in RDW; 29 and 28 in SDW under non | Dardanelli et al., 2008
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brasilense (Phaseolus saline and saline conditions, respectively.
vulgaris)
R. etli - C. balustinum | Common bean | 35 in SDW; 35 in Nodule Number under non-saline | Estevez et al., 2009
(Phaseolus conditions; and 39 in SDW,; 63 in RDW under saline
vulgaris) conditions
Rhizobium spp. - P. | Common bean | 30 in Nodule Number; 20 in SDW; 30-45 in Remans et al., 2007
putida /B. subtilis/A. | (Phaseolus RDW
brasilense vulgaris)
Rhizobium spp. - A. | Common bean (P. | 70 in Nodule Number Remans et al., 2008a
brasilense vulgaris)
R. tropici - | Common bean | 50 in Nodule Number; 40 in N uptake in non-drought stress Figuereido et al., 2008
Paenibacillus (Phaseolus
polymyxa vulgaris)
Rhizobium spp. - P. | Common bean | 25 in Nodule Number; 13 in SDW; 74 in seed yield Yadegari et al., 2010
fluorescens /A. | (Phaseolus
lipoferum vulgaris)
S. meliloti B399 and | alfalfa plants increase in root /shoot dry weight, length, surface area of | Guifiazi et al., 2010;
the Bacillus sp. M7c roots, number, and symbiotic properties Lorena et al 2010.
E. fredii - | Soybean (Glycine | 56 and 44 in SDW; 100 and 200 in RDW; 155 and 286 in | Estevez et al., 2009
Chryseobacterium max) Nodule Number
balustinum

Page 17
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B. japonicum - P.|Soybean (Glycine | 40 in SDW; 80 in Nodule Number; 45 in RDW Rosas et al., 2006
putida max)

B. japonicum - B.|Soybean (Glycine | 12 in SDW; 10 in P-uptake Han and Lee, 2005
subtilis/ S. | max)

proteamaculans

B. japonicum - Soybean (Glycine | 47 in Nodule Number Cassan et al., 2009

A. brasilense max)

Rhizobium and PSB grass enhanced nodulation and increased the number and weight of | Abusuwar and Omer,
nodules 2011.

Pseudomonas Common Increased nodule number and dry weight, shoot dry weight, | Yadegari et al., 2010

fluorescens P-93 | bean seeds amount of nitrogen fixed as well as seed yield and protein

[Azospirillum content.

Lipoferum S-21,

Rhizobium strains Rb-
133 and Rb-136

B. japonicum RCR | Common influence plant growth, vitality, and the ability of the plant to | Elkoca et al., 2010;
3407 strain B. subtilis | bean seeds cope with pathogens Tsigie et al., 2012
Rhizobium /PSB faba bean plants increased yield and seed quality decreased seeds carbohydrate | Rugheim and
content Abdelgani, 2012
Pseudomonas and | common bean improved growth and yield production Samavat et al., 2012

Rhizobium isolates
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Rhizobium and AM | Chick pea plant Significantly increased fresh and dry weights of shoot and | Moradi et al., 2013
fungi root..

P. chlororaphis and A. | Walnut Highest plant height, shoot /root dry weight, P / N uptake of | Xuan Yu et al., 2012
pascens  amendment walnut seedlings, the maximum amounts of available P and N

with RP in soils.

B. japonicum with A. | Soybean and | increased seed yield, improved nodulation Hungria et al., 2013
brasilense common bean

tetra inoculants Common Significant nodulation, grain yield, and nutrient uptake. Varma and Yadav,
R. leguminosarum + A. | bean seeds 2012

chroococcum + P.
aeruginosa + T.
Harzianum,

tri inoculants of

R. leguminosarum +

A. chroococcum +

P. aeruginosa and

R. leguminosarum + A.

chroococcum +

T. harzianum
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1.1.8: Phosphate solubilization by Rhizobium spp.

The phosphate-solubilizing activity of Rhizobium is associated with the production
of 2-ketogluconic acid, indicating that phosphate-solubilizing activity of the organism is
entirely due to its ability to reduce pH of the medium (Halder and Chakrabarty, 1993).
Since 1950s it is reported that P-solubilizing bacteria release phosphorus from organic and
inorganic soil phosphorus pools through mineralization and solubilization (Fig. 1.7) (Khan
et al., 2009).
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Fig.1.7: Schematic diagram of soil phosphorus mobilization and immobilization by
bacteria (Khan et al., 2009)

P solubilization and mobilization in soils has been shown in Fig. 1.8. A wide range
of microbial P solubilization mechanisms exist in nature and much of the global cycling of
insoluble organic and inorganic soil phosphates is attributed to bacteria and fungi (Banik
and Dey, 1982). Phosphatic rocks are solubilized by acid producing microorganisms to
release more P for plant uptake (Gyaneshwar et al., 2002). A few strains or species of
Rhizobium are involved in phosphate solubilization also along with symbiotic nitrogen
fixation (Deshwal et al., 2003). Lowering of soil pH by microbial production of organic
acids such as acid phosphatases, lactate, citrate, and succinate, gluconic and 2-ketogluconic
acids etc. and proton extrusion is the main principal mechanism of mineralization of
organic form of phosphorus (Goldstein, 1995; Deubel et al., 2000). Phosphate availability
in soil is greatly enhanced through microbial production of metabolites leading to lowering
of pH and release of phosphate from organic and inorganic complexes (Alikhani et al.,
2006). Many phosphate-solubilizing bacteria (PSB) are found in soil and in plant
rhizospheres and potentially represent 40% of the culturable population (De Freitas, et al.,

1997; Richardson, 2000; Chen et al., 2006). PSB produce a range of organic acids such as
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citrate, lactate, and succinate that solubilize mineral phosphates. To make P available for
plant nutrition Bacillus, Pseudomonas, Klebsiella and Enterobacter spp. are involved in the
stepwise degradation of phytate to lower phosphate esters of myo-inositol and phosphorous
by means of acid and alkaline phosphatase enzymes (Podile and Kishore, 2006). Bacteria
also enhance phosphorus availability to crops by solubilizing precipitated forms of
phosphorus (Chen et al., 2006). Single and dual inoculation with Rhizobium along with P
fertilizer is 30-40% better than only P fertilizer for improving grain yield of wheat, where
Rhizobium with non-legumes could act as phosphate solubilizer, hormone producer and to
some extent as N-fixer (Afzal and Bano, 2008). Bacteria assimilate soluble phosphorus,
and make it available by preventing it from adsorption (Khan and Joergensen, 2009).
Phosphate solubilization activity of rhizobia is related with the production of 2-
ketogluconic acid, due to its ability to reduce pH of the medium (Hayat et al., 2010).
During phosphate solubilization, the nature of organic acid produced by rhizobia is more
important than the quantity.

Rhizobium ciceri inoculation and phosphorus application in combination increased
growth rate and P utilization of chickpea cultivars as compared to the control, greatly
affected the P Efficiency Index (El) and P utilization performance of chickpea cultivars.(
Karaman et al., 2013). Certain strains of R. leguminosarum (bv. viciae, bv. phaseoli, bv.
trifolii), R. leguminosarum sp, B. japonicum, Mesorhizobium ciceri, Mesorhizobium
mediterraneum and S. meliloti are good P-solubilizers (Antoun et al., 1998; Peix et al.,
2001; Alikhani et al., 2006; Daimon et al., 2006; Rivas, 2006; Boiero et al., 2007). B.
japonicum 518 strain showed the ability to solubilize insoluble tricalcium phosphate
(Marinkovic et al., 2013).

1.1.9: Phosphorus in agriculture

Phosphorous is going to be plant nutrient that will limit the agricultural production
in the next millennium. It is a major growth-limiting nutrient, and unlike the case of
nitrogen, there is no large atmospheric source that can be made biologically available
(Ezawa et al., 2002). As regards the role of P, it stimulates root development and growth,
gives plant rapid and vigorous start leading to better tillering, essential for many metabolic
processes in plant life and for seed formation and organization of cells, encourages earlier

maturity. In most soils, its content is about 0.05% of which only 0.1% is plant available
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(Achal et al., 2007). About 20-25% of total phosphorous in arid soils of India is organic in
nature and 68% organic phosphorous in the soil is present as phytin (YYadav and Tarafdar,
2007), which are not directly available to plants. Phosphorous is taken up from soil in the
form of soluble orthophosphate ions; H,PO,", HPO,2 and PO4° and generally the
availability of these ions to the plants is in the order of H,PO,*>HPO,? > PO4>. Only
about 20% of the phosphorus used in agriculture reaches the food we consumed, most of
the rest is lost in inefficient steps along the phosphorus cycle (Cordell et al, 2011) (Fig.
1.8).

0.5 Mt
human residues
{(10% recoverad)

g Mt
animal residues
(51% recovered)

2 Mt
crop
residues
(12%
recovered)
Arable land Crops Food Humans

8 Mt 3 Mt 7 Mt 1 Mt 2.7 Mt
lost lost lost lost lost

‘l.,‘ $

Fig. 1.8: Simplified cycle of phosphorus in agriculture (based on data from Cordell et
al., 2009 and 2011). Red arrows represent losses into water systems ultimately, and green
arrows represent current recoveries into arable land from the different subsystems. The
percentages under the red arrows represent the percentage losses from each subsystem, and
shown in brackets are the percentage losses relative to the total input into agriculture land.

For example, the livestock system loses about 45% of the phosphorus entering the livestock
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system itself, and this represents about a 29% loss of the phosphorus entering the

agriculture system overall.
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Fig. 1.9: P dynamics in the soil/rhizosphere-plant continuum C-P, Carbon- P; NO,
nitric oxide; OA, organic acids (Shen et al., 2011).

Rhizobacteria secrete organic acids as end products or by-products of primary
metabolism. In most cases, sugars are catabolized by glycolytic or Entner-Doudroff
pathway. The amount of the organic acid secretion differs between members of the same
genus and sometimes between strains of the same species due to presence or absence of
enzymes (Vyas and Gulati, 2009; Buch et al., 2010). Organic acids of aerobic or anaerobic

“Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization” Page 23



Chapter 1: Review of Literature and Introduction

respiration such as gluconic acid, 2-ketogluconic acid are directly formed extracellularly or

in the in the periplasm by the membrane bound enzymes (Fig. 1.10) (Archana et al., 2012).

However, organic acids formed by intracellular enzymes require specific transport proteins

that aid in their extracellular secretion. Mono-, di- and tri-carboxylate transporters are

located in the plasma membrane mediate their secretion.
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Fig. 1.10: Pathways and enzymes involved in organic acid biosynthesis by

rhizobacteria (Archana et al., 2012). The organic acids secreted are depicted in boxes. The

diagram depicts a comprehensive set of pathways — all may not be present in any given
organism. Abbreviations: GDH glucose dehydrogeanse, GADH gluconate dehydrogenase,
GA-5-DH gluconate-5-dehydrogenase, glk Glucokinase, zwf Glucose-6-phosphate

dehydrogenase, gntk Gluconate kinase, edd 6-phosphogluconate dehydratase, eda 2-keto-3-
deoxy-6-phosphogluconate aldolase, ppc phosphoenolpyruvate carboxylase, pyc pyruvate

carboxylase, gltA citrate synthase, acnB Aconitase, icdA Isocitrate dehydrogenase, icl

Isocitrate lyase, sucABa ketoglutarate dehydrogenase, sucDC succinyl-CoA synthetase,

sdhABCD succinate dehydrogenase, fumABC Fumarase, frdABCD fumarate reductase,
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mdh Malate dehydrogenase, sfcA malic enzyme, aceA Isocitrate lyase, aceB/glcB Malate

synthase, GOE Glyoxalate oxidizing enzyme, Idh Lactate dehydrogenase, aceEF-IpdA

pyruvate dehydrogenase, pta phosphotransacetylase, ackA acetate kinase A, poxB pyruvate

oxidase, pfl pyruvate formate lyase.

Table 1.3: Organic acids involved in P-solubilization and produced by PS bacteria

(Zaidi et al., 2009).

Bacterial communities Organic acids | References
produced

Burkholderia cepacia DA23 Gluconic Song et al. (2008)

Pseudomonas corrugata Gluconic, Trivedi and Sa

(NRRL B-30409)

2-ketogluconic

(2008)

Citrobacter sp. DHRSS

Acetic, gluconic

Patel et al. (2008)

Burkholderia, Serratia, Ralstonia and Gluconic Elizabeth et al.
Pantoea (2007)
Bacillus, Rhodococcus, Arthrobacter, Citric, gluconic, Chen et al.
Serratia and one Chryseobacterium, lactic, succinic, (2006)

Delftia, Gordonia, Phyllobacterium,
Arthrobacter ureafaciens,
Phyllobacterium myrsinacearum,

Rhodococcus erythropolis and Delftia sp.

propionic

Enterobacter intermedium

2-ketogluconic

Hwanghbo et al.

(2003)
B. amyloliguefaciens, B. licheniformis, Lactic, itaconic, Vazquez et al.
B. atrophaeus, Penibacillus macerans, isovaleric, acetic | (2000)
Vibrio proteolyticus, xanthobacter agilis, isobutyric
E. aerogenes, E. taylorae, E. asburiae,
Kluyvera cryocrescens, P. aerogenes,
Chryseomonas luteola
Pseudomonas cepacia Gluconic, Bar-Yosef et al.
2-ketgluconic (1999)
Bacillus polymyxa, B. licheniformis, | Oxalic, citric Gupta et al. (1994)
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Bacillus spp.

Table 1.4 Organic acids produced by phosphate solubilizing fungi (Zaidi et al 2009)

Organism

Organic acids produced

References

Aspergillus niger

Gluconic, oxalic

Chuang et al. (2007)

Penicillium oxalicum

Malic, gluconic, oxalic

Shin et al. (2006)

Aspergillus flavus, A. niger,

Penicillium canescens

Oxalic, citric, gluconic

succinic

Maliha et al. (2004)

Penicillium rugulosum

Citric, gluconic

Reyes et al. (2001)

A. niger Succinic Vazquez et al. (2000)
Penicillium variabile Gluconic Fenice et al. (2000)
Penicillium rugulosum Gluconic Reyes et al. (1999)
Penicillium radicum Gluconic Whitelaw et al.(1999)
P. variabile Gluconic Vassilev et al. (1996)
A. niger Citric, oxalic, gluconic Iimer et al. (1995)
A. awamori, A. foetidus, A. | Oxalic, citric Gupta et al. (1994)
tamari, A. terricola, A.

amstelodemi,

A. japonicus, A. foetidus Oxalic, citric  gluconic | Singal et al. (1994)

succinic, tartaric
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Fig. 1.11: Mechanisms of P-solubilization by phosphate solubilizing bacteria (Zaidi et
al., 2009).

PS microbes are well known for making soluble P accessible for uptake by plants.
They can also facilitate growth and development of plants by producing essential nutrients
(Thomas et al., 2005) or by changing the concentration of plant growth promoting
substances including phytohormones such as indoleacetic acid (Wani et al., 2007a, b),
through asymbiotic or symbiotic N, fixation (Zaidi, 2003; Zaidi and Khan, 2007), soil
conditioning, exhibiting bio-control activity (Pandey et al., 2006), by synthesizing
siderophores (Vassilev et al. 2006), antibiotics, and cyanide (Lipping et al., 2008), by
synthesizing an ACC deaminase that can modulate plant ethylene levels (Anandham et al.,
2008; Poonguzhali et al., 2008), and by solubilizing or reducing the toxicity of metals
(bioremediation) (Khan et al., 2009).

1.2: Glucose metabolism in Various Organisms.

1.2.1: Glucose catabolic pathways in pseudomonads

In pseudomonads although organic acids are the preferred carbon sources presence
of glucose as the sole carbon source does induce the glucose metabolizing pathways.
Pseudomonads do not catabolize glucose to triose phosphate via the traditional EMP

pathway as they lack the key glycolytic enzyme PFK (Lessie and Phibbs, 1984). Unlike E.
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coli, pseudomonads generally lack PEP-PTS system for glucose uptake (Romano et al.,
1970). Instead, pseudomonads catabolize glucose by two different routes: the direct
oxidative pathway which acts on glucose extracellularly and the simultaneously operating
intracellular phosphorylative pathway. Pseudomonads glucose oxidation occurs in two
successive reactions forming D-gluconate and 2-keto-D-gluconate (2-KG) catalyzed by a
membrane-bound PQQ-GDH and gluconate dehydrogenase (GADH) respectively (Lessie
and Phibbs, 1984; Fuhrer et al., 2005) (Fig.1.12).
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Fig. 1.12: Carbohydrate metabolism in pseudomonads. Key to the pathway: Blue
lines/arrows=Pathway operating in presence of glucose; Bold Black arrows=Reactions
occurring when carbon source is other than glucose; Blue dashed arrow=Flux through that
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reaction is very low; Brown arrows=Occurrence of those genes is highly variable from

strain to strain; Red dashed arrows=Reactions specific to Pseudomonas cepacia.

1.2.2: Glucose Metabolism in Bacillus subtilis

B. subtilis is a gram positive spore forming bacterian and is the second most
intensively studied bacteria after E. coli. Glucose is internalized via PTS and metabolizes a
large proportion of it to pyruvate and acetyl CoA, and subsequently converts these
compounds to lactate, acetate and acetoin as by-products of metabolism which are excreted
into the extracellular environment. The overall flux distribution done by *3C metabolic flux
analysis suggested glycolysis as the main catabolic pathway for glucose, acetate secretion,
significant anaplerosis, and absent gluconeogenesis (Fig. 1.13) (Martin et al., 2011).

Glucose  345:09
35.3 £ 0.3

‘ 1341+ 0.8

Pyruvate
68.7 £ 1.2
68.7+ 1.1
AcetylCoA
N
i +241+28
Oxaloacetate Citrate Ay
10.8+27 *
13.6 + 3.1
Malate a-Ketoglutarate

211.6 £ 2.9
° 13.8 + 3.0
Succinate

Fig. 1.13: Glucose Metabolism in Bacillus subtilis (Martin et al., 2011). Shown are
relative flux values normalized to the glucose uptake rate of 8.2mmol g-1 h-1. Black arrows
depict maximum and inner white arrows the minimum estimated flux value based on the
Monte Carlo bootstrap error estimates with a confidence interval of 95%.

1.2.3: Glucose Metabolism in Rhizobium (Stowers et al., 1985).

The mechanism of glucose transport is established in both fast and slow-growing

rhizobia, neither fast nor slow-growing rhizobia possessed a phosphoenolpyruvate
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phosphotransferase system and the uptake of glucose proceeded via an active process
requiring an energized membrane state (Stowers et al., 1977; Mulongoy et al., 1978;
DeVries et al., 1982). Carbohydrate supply is a major factor limiting nitrogen fixation by
the Rhizobium-legume symbiosis (Bethlenfalvay and Phillips, 1977; Hardy, 1977; Pate,
1977). Both fast- and slow-growing species possess the Entner-Doudoroff pathway
(Katznelson and Zagallo, 1957; Keele et al., 1969; Martinez-de Drets and Arias, 1972;
Mulongoy and Elkan, 1977 a). Fast-growing rhizobia also possess NADP*-dependent 6-
phosphogluconate dehydrogenase the key enzyme of the pentose phosphate pathway, but it
was not found in slow-growing rhizobia (Katznelson and Zagallo, 1957; Keele et al., 1969;
Martinez-de Drets and Arias, 1972; Mulongoy and Elkan, 1977a, b). The tricarboxylic acid
cycle also operated in hexose catabolism in B. japonicum (Keele et al., 1969; Mulongoy
and Elkan, 1977a). ED pathway was established as the presence of 6PG dehytratase (EC 4.
2. 1. 12) and 2-keto-3-deoxy-6-phosphogluconate aldolase (EC 4.1.2.14) activities were
observed in glucose-grown cells (Keele et al.,1970; Stowers et al., 1985).
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Fig. 1.14: Pathways of glucose and fructose catabolism available to R. trifolii strain
7000 (Ronson and Primrose, 1979). The mutants are blocked at the steps indicated: glk,
strains 7009, 7013 and 7039; fup, strain 7039; pyc, strain 7049. Strain 7028 is blocked at
one of the two steps labelled edp. Abbreviations: GLC, glucose; FRU, fructose; G6P,
glucose 6-phosphate; F6P, fructose 6-phosphate; 6PG, 6-phosphogluconate; KDPG, 2-
keto-3-deoxy-6-phosphogluconatGe;A P, glyceraldehydes 3-phosphate; RUSP, ribulose 5-
phosphate; X5P, xylulose 5-phosphate; R5P, ribose 5-phosphate; S7P, sedoheptulose 7-
phosphate; E4P, erythrose 4-phosphate; PYR, pyruvate; AcCoA, acetyl-CoA; OAA,
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oxaloacetate; CIT, citrate; ISOCIT, isocitrate; 20G, 2-oxoglutarate; SUCC, succinate;
FUM, fumarate; MAL, malate; TCA, tricarboxylic acid.

Rhizobium trifolii strain 7000 contained key enzyme activities of the ED and PP
pathways (Fig. 1.14). The lack of phosphofructokinase indicated that the EMP pathway
was absent (Ronson and Primrose, 1979).
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Fig. 1.15: Outline of Possible pathways of Carbohydrate metabolism in R. meliloti
(Arias et al., 1979).

1.2.4: Direct oxidative pathway.
1.2.4.1: Gluconic and 2-ketogluconic acid secretion.

Phosphorous is second macronutrient required by plant for the growth and
development, in soil phosphorous is present in form of (organic and inorganic forms) (Zou
et al., 1992; Vance, 2001). Worldwide crop production is decreasing due to P deficiency
(Arcand and Schneider, 2006). Phosphorous gets re fixed in large proportion and rapidly
precipitated , in the form of Fe—P and AI-P complexes, which becomes unavailable to
plants (Johnson and Loepper, 2006; Rengel and Marschner, 2005). As an alternative
strategy, to make free P available to plants is the mineral phosphate solubilizing (MPS) by
microorganisms. Microorganisms are known to solubilize mineral phosphate by secreting
variety of low molecular weight organic acids such as gluconic, 2-ketogluconic, citric and

oxalic.
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In many Gram-negative bacteria’s the MPS mechanism is well characterized, as it
involves gluconic acid secretion by a direct oxidation pathway, which is mediated by the
membrane-bound glucose dehydrogenase (GDH) (Kim et al., 1997; Liu et al., 2006; Patel
et al. 2008). GDH enzyme requires Pyrroloquinoline quinone (PQQ) as a cofactor, for
glucose oxidation to convert glucose to gluconic acid. Katznelson et al. (1962) provided
first evidence of Direct Oxidative pathway in MPS. Gluconic acid in periplasmic space
undergoes for oxidations to produce 2-ketogluconic acid which is mediated by gluconate
dehydrogenase (GADH) (Anderson et al. 1985). Amongst the organic acids secreted into
the extracellular medium by bacteria,gluconic and 2-keto gluconic acids are strongest
(Duine 1991). These acids act as Ca**chelators under suitable conditions and attribute for
acidification and make free P available, from calcium phosphates such as tri calcium
phosphate (TCP) or hydroxyapatite (HAP) (Krishnaraj and Goldstein 2001).

Pseudomonads are significant due to their plant growth promoting and phosphate
solubilizing abilities. Under P-limitation, due to compromised metabolic status,
intracellular phosphorylative pathway of glucose oxidation in both the pseudomonads
was subdued while enhanced direct oxidative pathway which could benefit the metabolic
status since GDH activity is directly coupled to electron transfer and generation of proton
motive force (van Schie et al, 1985). This may also explain why most of the rhizospheric
MPS bacteria employ direct oxidation pathway mediated gluconic or 2-ketocgluconic
acid secretion for P-solubilization. Compromised metabolic status of P. fluorescens13525
under P-deficient conditions was overcome in Pseudomonas P4 by shifting the
metabolism towards direct oxidation pathway producing high gluconic acid levels which
facilitated ATP generation as a consequence of improved Pi availability. Metabolic
flexibility/rigidity behind gluconic acid secretion in P-solubilizing pseudomonads could
facilitate metabolic engineering strategies for enhancing the MPS ability of Pseudomonas

strains.

Pseudomonads catabolize glucose by two different routes: the direct oxidative
pathway which acts on glucose extracellularly and the simultaneously operating
intracellular phosphorylative pathway. Early glucose dissimilation studies showed that in
most of the pseudomonads glucose oxidation occurs in two successive reactions forming
D-gluconate and 2-keto-D-gluconate (2-KG) catalyzed by a membrane-bound PQQ-GDH
and gluconate dehydrogenase (GADH) respectively, in the periplasm (Lessie and Phibbs,
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1984). Since then direct oxidative pathway has been demonstrated to occur in
Pseudomonas fluorescens 52-1C (Fuhrer et al., 2005), P. putida U (Schleissner et al.,
1997), P. putidaKT2442 (Basu and Phale, 2006) and P. aeruginosa 2F32 (Midgley and
Dawes, 1973). Although the direct oxidation pathway was not found in P. putidaKT2440
(Lessie and Phibbs, 1984; Fuhrer et al., 2005), its genome sequence showed the presence
of the PQQ-GDH encoding gcd gene (Nelson et al., 2002).
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Fig. 1.16: Direct oxidative pathway in Pseudomonads (Archana et al., 2012).

1.2.4.2: Importance of Pyrroloquinoline quinone in abiotic stress.

Hauge (1964) predicted Pyrroloquinoline quinone (PQQ) as a bacterial cofactor
which was confirmed as methoxatin by Salisbury (1980; 1981) (Fig.1.17). Under proper
conditions, PQQ is water soluble and heat stable and can catalyze ~20000 redox cycling

(continues oxidation and reduction reactions) events (Rucker et al., 2009) (Fig.1.18).
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Structure of PQQ

PQQ is depicted In Its oxidized (OX) and reduced
(RED) forms. Note at pH 7.0, PQQ Is anionic (has a
negative charge) owing to the dissociation of [H+]
from its carboxylic acid moleties (-[C=0O]-O[H]).

Fig. 1.17: Structure of PQQ (Rucker et al., 2009).
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Fig. 1.18: PQQ as a redox cycling agent (Rucker et al., 2009).

PQQ biosynthesis in bacteria involves varying number of genes present in clusters
(Fig. 1.19) (Choi et al., 2008). PQQ biosynthesis is not completely understood but a
putative biosynthetic pathway has been proposed on the basis of the functions of
conserved genes in bacteria (Puehringer et al., 2008). Klebsiella pneumonia possesses
pggqABCDEF genes which are involved in PQQ biosynthesis (Meulenberg et al., 1992).
pggA gene encodes for 23-24 amino acid polypeptide which a substrate for a set of
enzymes modifying the glutamate and tyrosine residues leading to PQQ formation
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(Goosen et al. 1992; Meulenberg et al. 1992; Velterop et al. 1995). PqgB belongs to
metallo-B-lactamases and has been suggested to help in the transport of PQQ into
periplasm (Velterop et al., 1995). PqqC is a cofactor less oxidase, activates oxygen, and
catalyzes the final step of ring closure reaction (Magnusson et al., 2004). PqgD has been
shown to interact with PgqE possesses reductively cleavage activity of S-adenosyl
methionine to form 5’ deoxyadenosine and methionine (Wecksler et al., 2010). PqqE
catalyzes the first step of linking glutamate and tyrosine residues of PqgA peptide.
Additionally, PggF, G, H, I, J, K and M are found in some bacteria possessing putative
Zn dependent peptidase, non-catalytic subunit of peptidase, transcriptional regulator,
aminotransferase, cytosolic protein, DNA binding and prolyloligopeptidase, respectively
(Choi et al., 2008).

Sr. No | Genes Function

1 PggA 18-22 amino acid peptide and serves as the precursor
substrate for PQQ

2 pgqB Carrier for PQQ and responsible for its transport across
the plasma-membrane into the periplasm,

3 pgqC Catalyzes final step of the PQQ biosynthesis,

4 pgqD Interacts with PqgE and possesses reductive cleavage
activity.

5 pPqqE Catalyzes the first step of linking glutamate and tyrosine
residues of PqgA peptide.

6 pqqF Zn dependent peptidase,

7 pqqH Transcriptional regulator, LysR family

8 pgql Aminotransferase

9 pgqJ Putative cytoplasmic protein

10 pggqK Probable DNA-binding protein

11 pgqM Peptidase

Table 1.5: Functions of pqqg genes (Choi et al., 2008; Puehringer et al., 2008; Wecksler et
al., 2010).
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Fig. 1.19: PQQ biosynthesis pathway (Schwarzenbacher et al., 2008; Caspi, 2010).

PGPR promote plant growth which is mediated by antibiotics or siderophores,

phytohormones production, inhibition of pathogenic microorganisms and MPS in soil
(Leong, 1986; Sivan and Chet, 1992;Xie et al., 1996; De Freitas et al., 1997). PQQ has
been found in various foods in nanogram range but plants and animals do not produce
PQQ (Kumazawa et al., 1992, 1995; Choi et al., 2008). PQQ directly neutralizes reactive
oxygen species (ROS) (Misra et al., 2004). PQQ — GDH are involved in production of

anti-pathogen compounds (James and Gutterson 1986; Schnider et al. 1995; Han et al.

2008; de Werra et al. 2009; Guo et al. 2009; Ahmed and Shahab, 2010).
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Fig. 1.20 : Comparison of pgq gene clusters of P. fluorescens B16, P. fluorescens Pf0-1,
Klebsiella pneumoniae, Acinetobacter calcoaceticus, Gluconobacter
oxydans ATCC9937 and Methylobacterium extorquens AM1 (Choi et al., 2008).
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Fig. 1.21: Structures of Pqq genes. A- PqgA, B- PqgB, C- PqqC, D- PqgD and E-
PqqgE (Shen et al., 2012).

“Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization” Page 37



Chapter 1: Review of Literature and Introduction

Rationale of Study

Microorganisms as biofertilizers assist plants to grow by increasing the quantity of
nutrients. The living microorganisms that co-exist with the plants, promote the supply of
important nutrients and, consequently are crucial for the overall productivity of the soil.
Using biofertilizers offers a better option in reducing agrochemical inputs and maintain soil
fertility and strength. Various free living soil bacteria that are capable of exerting beneficial
effects on plants and can lead to increased yields of a wide variety of crops, are known as
plant growth promoting rhizobacteria (PGPR). PGPR can promote growth by various
mechanisms like production of phytohormones, asymbiotic nitrogen fixation, solubilization
of mineral phosphates and other nutrients and antagonism against phytopathogens by
production of siderophores, chitinases, antibiotics, and by lowering endogenous levels of
plant hormone ethylene in roots. PGPR strains may use one or more of these mechanisms

in the rhizosphere.

There is a mutualistic symbiotic association between legumes and rhizobia, which
results in the formation of nodules (nitrogen fixing sites) on the roots of legumes. Seed
inoculation of pulse crops with effective Rhizobial strains prior to sowing is a
recommended practice, as it improves nodulation and N-fixation, which in turn is translated
into enhanced growth and grain yield. Phosphorus is an essential ingredient for Rhizobia to
convert atmospheric N (N2) into an ammonium (NHs) form usable by plants. Phosphorus
becomes involved as an energy source for nitrogen fixation. Phosphorus influences nodule
development. Inadequate P restricts root growth, the process of photosynthesis,
translocation of sugars, and other such functions which directly or indirectly influence N
fixation by legume plants. Phosphorus (P) is a major growth-limiting nutrient, and unlike
the case for nitrogen, there is no large atmospheric source that can be made biologically
available. Efficiency of P fertilizer throughout the world is around 10-25 %, and
concentration of bio-available P in soil is very low reaching the level of 1.0 mg kg soil.
Soil microorganisms play a key role in soil P dynamics and subsequent availability of
phosphate to plants. Inorganic forms of P are solubilized by a group of heterotrophic
microrganisms excreting organic acids that dissolve phosphatic minerals and / or chelate

cationic partners of the P ions directly, releasing P into solution.
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Direct periplasmic oxidation of glucose to gluconic acid is considered as the
metabolic basis of inorganic phosphate solubilization by many Gram-negative bacteria as a
competitive strategy to transform the readily available carbon sources into less readily
utilizable products by other microorganisms Gluconic acid is the principal organic acid
produced by Pseudomonas spp., Erwinia herbicola, Bacillus spp., Burkholderia spp.,
Rhizobium spp. Other organic acids such as lactic, isovaleric, isobutyric, acitic, glycolic,
oxalic, malonic and succinic acids are also generated by the different phosphate
solubilizing bacteria.

Researchers have demonstrated that an efficient mineral phosphate solubilizing
phenotype in Gram-negative bacteria resulted from extracellular oxidation of glucose to
gluconic acid via Quinoprotein glucose dehydrogenase equipped with Pyrroloquinoline
quinone (PQQ) as a cofactor and gluconic acid oxidation to 2-ketogluconic takes place via
the FAD linked gluconate dehydrogenase (GADH) (Buurman et al.1994; Buch et al. 2008).
Both enzymes are in the outer face of the cytoplasmic membrane, thus acids are formed in
the periplasmic space, with the resultant acidification of this region and, ultimately, the
adjacent medium as well. Gluconic acid seems to be the most frequent agent of mineral
phosphate solubilization, along with 2-ketogluconic acid as another organic acid identified

in strains with phosphate solubilizing ability.

Carbohydrate metabolism in Rhizobium is different from that of model
microorganisms, E. coli and Pseudomonas. In E. coli, glycolysis and tricarboxylic acid
(TCA) cycle are the main catabolic pathways for sugars while Entner Duodroff pathway,
pentose phosphate pathway and TCA cycle operate in Pseudomonas. Along with these
direct oxidation pathway of glucose to gluconic acid, 2-ketogluconic acid is observed in
Pseudomonas. Carbohydrate metabolism in Rhizobium is similar to Pseudomonas but
differs in its capacity for direct oxidation of glucose to gluconic acid and 2-ketogluconic
acid. Some species of Rhizobium have PQQ dependant Glucose dehydrogenase (apo-GDH)
or Gluconate dehydrogenase (GADH) present but the enzyme PQQ synthase which is

required for GDH is absent thus does not allow glucose oxidation in the periplasm.

Genetic manipulation by recombinant DNA technology offers a feasible approach
for obtaining improved strains. Cloning of genes involve in mineral phosphate
solubilization (mps), such as those influencing the synthesis of gluconic and 2-ketogluconic

acids would be the first step in such genetic manipulation program. Since, some species of
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rhizosphere competent Rhizobium possess apo-GDH and/or GADH, it would be interesting
to transfer the genes involved in PQQ biosynthesis, GDH and GADH to strains of
Rhizobium which lack these enzymes and transform Rhizobium into a PSM.

Immunological and molecular techniques have been used to quantify and identify
inoculated strains on plant roots (Benizri et al., 2001). Immunological techniques such as
ELISA and immunofluorescence colony staining have helped in quantification and
visualization of the strain on the plant roots. Molecular techniques also aid in quantification
and visualization. Tagging bacteria with marker or reporter genes facilitates identification
of the strain on the plant roots. Colorimetry is used for detection of gene products of lacZ
and xylE (Benizri et al. 2001). Other markers, which are observed with the help of
charge-couple device cameras and confocal laser scanning microscope (CLSM), are the
Lux (luciferase) and GFP (green fluorescent protein) gene products.

Aequorea victoria Green fluorescent Protein (GFP) and its variants and homologs
of different colors are used in a variety of applications to study the organization and
function of living systems , to observe localization, movement, turnover, and even “aging”
(i.e., time passed from protein synthesis). GFPs targeted to cell organelles by specific
protein localization signals enable visualization of their morphology, fusion and fission,
segregation during cell division, etc. GFPs are essential tools for individual cell labeling
and tissue labeling to visualize morphology, location, and movement (e.g., during
embryonic development and tumorigenesis), mitotic stages, and many other important cell
characteristics. Finally, whole organisms can be labeled with GFPs to discriminate between

transgenic and wild-type individuals (Lukyanov et al., 2010).
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Enhanced green fluorescent protein in conjunction with CSLM has been used in
studying the pattern of root colonization by strain WCS365 on tomato roots (Lugtenberg et
al., 2001). Azospirillum-wheat interactions were monitored using the gfp and gusA genes
(Pedrosa et al., 2002). Charcoal based bioformulation of Rhizobium species using GFP
showed enhanced growth and root colonization in Cajanus cajan (Maheshwari et al.,
2009). Studies on Colonization of sugarcane and rice plants by the endophytic diazotrophic
bacterium Gluconacetobacter diazotrophicus were studied using gfp and gusA reporter
genes (Schwab. et al., 2010). The use of GFP fluorescently tagged bacteria and CLSM
demonstrated that P. fluorescens PICF7 effectively colonizes roots in invitro propagated
olive plants under gnotobiotic conditions (Gonzalez et al., 2011).

Vitreoscilla sp. hemoglobin (VHb) is an oxygen-binding protein, heterologous
expression of vgb gene in recombinant bacterium shows an increase in chemical energy
content, and expression of the nitrogen fixation gene nifH. Plants inoculated with the
engineered Rhizobium strain showed significantly enhanced nitrogenase activity and total
nitrogen content compared with plants inoculated with the wild-type strain (Ramirez et al.,
1999). VHb synthesis stimulated the respiratory efficiency of free-living rhizobia as well as
of symbiotic bacteroids leading to higher levels of nitrogen fixation and improves

symbiotic performance.

The bacterial chromosome may be used to stably maintain foreign DNA in the
mega-base range. Integration into the chromosome circumvents issues such as plasmid
replication, plasmid stability, plasmid incompatibility, and plasmid copy number variance.
Stable integration of expression cassettes into bacterial chromosomes would prevent the
need of antibiotic selection for the expression of recombinant proteins. An integration
system, known as the Tn7-based broad-range bacterial cloning and expression system
integrates recombinant DNA fragments into a specific site on the bacterial chromosome,
known as the attTn7 site. The attTn7 site has been localized in the intergenic region in
several gram-negative bacteria, including, notably, Escherichia coli, Klebsiella
pneumoniae, Serratia marcescens, P. putida, Rhizobium and Yersinia pestis. The
Tn7 system does not cause insertional inactivation of host genes and therefore permits
construction of isogenic strains that differ only in the nature of the added DNA
(Lambertsen, 2004).
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This transgenic Rhizobium having P solubilizing activity could be effective as N and P
biofertilizer. Thus the objective of the present study involves:

1. Determining the MPS ability of Rhizobium strains (B. japonicum and M. loti) by
incorporating pgqqE gene and Acinetobacter calcoaceticus pqq gene cluster.

2. Determining the MPS ability of Rhizobium strains containing pgq cluster and
Pseudomonas putida gad operon.

3. Genomic integration of pqq cluster and gad operon with vhb-gfp in Rhizobium strains
and determining the MPS ability.

4. Plant growth promotion study of integrants.
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2: Materials and Methods

2.1 Bacterial strains / Plasmids

All the plasmids use in the present study and their restriction maps are given in Table
2.1, Fig. 2. 1 The wild type and genetically modified E. coli and Rhizobium strains
(Bradyrhizobium japonicum USDAZL110; Mesorhizobium loti MAFF303099 and
Sinorhizobium freddi (NGR234) are listed in Table 2.1 E. coli DH10B was used for
all the standard molecular biology experiments wherever required. Rhizobium strains
used in all this study is generous gift from (Dr Poole, U.K. John Innes Center). The
pgqE gene was gifted by Goldstein Department of Biology, California State
University at Los Angeles, State University Drive, Los Angeles, California. pqq gene
cluster of Acinetobacter calcoaceticus was gifted by (Dr. Goosen, Molecular
Genetcis, University of Leiden, Netherland).
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Table 2.1: List of plasmids used in the present study.

Plasmid/Bacte | Characteristics Source/Reference

rial strains

E. coli DH10B | Used to maintain plasmids for routine use | Invitrogen, USA

pBBR1MCS-2 | Broad-Host-Range vector; Km' Kovach et al., 1995

pUCPM18 pUC18  derived  Broad-Host-Range | Hester et al., 2000
vector; Ap" (100pug/ml)

pINK1 pBBRIMCS-2 Km" with 1.8 kb E. | Wagh, 2013
herbicola pqgE gene

pJNK5 pUCPM18, Gm" (20ug/ml) with 5.1 Kb | Wagh, 2013
pqq gene cluster of A. calcoaceticus.

Rhizobium

strains

Bradyrhizobiu | NC_004463.1 NCBI

m  japonicum

USDA110

Mesorhizobium | NC_002678.2 NCBI

loti

MAFF030669

Sinorhizobium | NC _012587.1 NCBI

fredii NGR234

Bj pUCPM18 | B. japonicum with pUCPM18, Gm' | Chapter 3
(control vector)

Bj pJNK1 B. japonicum with pBBR1IMCS-2 Km' | Chapter 3
with 1.8 kb E. herbicola pqgE gene

Bj pJNK5 B. japonicum pUCPM18, Gm' (20pug/ml) | Chapter 3
with 5.1 Kb pqg gene cluster of A.
calcoaceticus.

MI pUCPM18 | M. loti with pUCPM18, Gm"' (control | Chapter 3
vector)

MI pIJNK1 M. loti with pPBBR1IMCS-2 Km" with 1.8 | Chapter 3
kb E. herbicola pqqE gene

MI pINK5 M. loti with pUCPM18, Gm' (20ug/ml) | Chapter 3
with 5.1 Kb pgq gene cluster of A.
calcoaceticus.

SfpUCPM18 | S. fredii with pUCPM18, Gm" (control | Chapter 3
vector)

Sf pINK1 S. fredii with pBBR1MCS-2 Km' with | Chapter 3
1.8 kb E. herbicola pgqE gene

Sf pJNK5 S. fredii with  pUCPM18, Gm' (20ug/ml) | Chapter 3
with 5.1 Kb pgq gene cluster of A.
calcoaceticus.

pUCPM18 pUC18  derived  Broad-Host-Range | Hester et al., 2000
vector; Ap" (100pg/ml)

pJNK6 pINK5, Gm" (20pug/ml) with gad operon | Wagh, 2013
3.8 Kb of P. putida KT 2440

Bj pUCPM18 | B. japonicum with pUCPM18, Gm' | Chapter 4
(control vector)
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Bj pJNK6 B. japonicum with pJNK6Gm' (20ug/ml) | Chapter 4

MI pUCPM18 | M. loti with pUCPM18, Gm" (control | Chapter 4
vector)

MI pJNK6 M. loti with pJNK6Gm' (20pg/ml) Chapter 4

Sf pUCPM18 | S. fredii with pUCPM18, Gm' (control | Chapter 4
vector)

Sf pJNK6 S. fredii with pJNK6Gm' (20ug/ml) Chapter 4

pGRG36 Intergration vector (Tn7) McKenzie et al.,

2006

pUCPM18 pUC18  derived  Broad-Host-Range | Hester et al., 2000

vector; Ap'

E. coli DH10B | Str" F endAl recAl galE15 galK16 nupG | (Invitrogen)
rpsL AlacX74 ®80lacZ AM15 araDI139 | USA
A(ara,leu)7697 mcrA  A(mrr-hsdRMS-
mcrBC) A

pJNK6 pUCPM18Gm" with pqgq gene cluster of | Wagh, 2013
Acinetobacter calcoaceticus and gad
operon of P. putida KT2440 under plac;
Ap', Gm'

pJIPgv pGRG36 with pqgg gene cluster of | Chapter 5
Acinetobacter calcoaceticus and gad
operon of P. putida KT2440 under plac;
Ap', vgb gene and egf gene Ap'

Bj intPgv Genomic integrant of B. japonicum | Chapter 5
containing lac-pqq,gad, vgb, egfp Ap'

Ml intPgv Genomic integrant of M. loti containing | Chapter 5
lac-pgq,gad, vgb, egfp Ap'

Sf intPgv Genomic integrant of S. fredii containing | Chapter 5

lac-pga,gad, vgb, egfp Ap'
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pBBRIMCS-2

Generous gift from Dr. Kovach M. E., Houm
Louisiana State University Medical Center, pBBR1MCS2 containing pgqgE of E.
USA herbicola
=

pPUCPM18Gm
vector
7111 bp

moh

Amp
PUCEMIS plasinilll conialig siatotay i pUCPM18 plasmid containing gentamycin resistance

resistance gene (Buch et al., 2008) Pqq gene cluster of pSS160 A cinetobacter calcoaceticus

EcoRt PaqABCDE

PromoterSuc2 MESR

B pPSCI01 ori

pGRG36 e
12500 Kb
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pUCPM1S8 pla smi(lx:;nmining gentamycin
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calcoaceticus and gad cl of Pseud s pretid
KT2440

ORF

Amp
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Fig. 2.1: Restriction maps of the plasmids used in this study. All plasmids are broad host- range
vectors used for expression of heterologous overepression of genes under lac promoter in Rhizobium
strains (Bradyrhizobium japonicum USDA 110; Mesorhizobium loti MAFF303099 and Sinorhizobium
freddi (NGR234)
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2.1.1: pUCPM18 plasmid is derived from a pUC-derivative, pUCP18 plasmid which
is stably maintained in both E. coli and Pseudomonas species (Schweizer, 1991).
pUCPM18 was developed from pUCP18 (GenBank accession number: U07164) by
incorporating a 750bp mob fragment from pLAFRI (broad host range vector used for
genetic analysis of gram-negative bacteria; Vanbleu et al., 2004), in order to enable
convenient mobilization within Pseudomonas species (Hester et al, 2000). It replicates
in E. coli using ColE1 origin of replication (ori) while in Pseudomonas it replicates
owing to a pRO1614 derived DNA fragment encoding a putative ori and a

replication-controlling protein (West et al., 1994).

2.1.2: pBBR1MCS-2 (GenBank accession number: U23751) plasmid conferring
kanamycin resistance is originally derived from pBBR1 plasmid of Bordetella
bronchiseptica (Kovach et al., 1995). This plasmid facilitates cloning due to
availability of unique restriction sites and direct selection of recombinant plasmids
based on blue white selection strategy. pPBBR1MCS based vectors are mobilizable
when the RK2 transfer functions are provided in trans, are compatible with IncP,
IncQ and IncW group plasmids, as well as with ColE1- and P15a-based replicons, can
stably replicate in a variety of hosts including E. coli, P. fluorescens, P. putida,
Rhizobium meliloti and R.leguminosarum bv. Viciae and are stably retained in vivo for

more than 4 weeks in absence of antibiotic selection (Kovach et al., 1995).

2.2: Media and Culture conditions

The E. coli strains and pseudomonads were cultured and maintained on Luria
Agar (LA) and Pseudomonas Agar respectively (Hi-Media Laboratories, India). E.
coli cultures were grown at 37°C while all Rhizobium strains (Bradyrhizobium
japonicum USDA 110; Mesorhizobium loti MAFF303099 and Sinorhizobium freddi
(NGR234) cultures were grown at 30°C. For growth in liquid medium, shaking was
provided at the speed of 200rpm. The plasmid transformants of both E. coli and
pseudomonads were maintained using respective antibiotics at the final concentrations
as mentioned in (Table 2.2) as and when applicable. Both E. coli and Rhizobium
strains (Bradyrhizobium japonicum USDA 110; Mesorhizobium loti MAFF303099
and Sinorhizobium freddi (NGR234) wild type strains and plasmid transformants
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grown in 3ml Luria broth (LB) containing appropriate antibiotics were used to prepare
glycerol stocks which were stored at -20°C.

Antibiotic Rich medium Minimal medium
Nalidix acid 15 pg/ml 3 pg/ml
Gentamycin* 20ug/ml 5 ug/ml
Tetracycline 30ug/ml 7.5ug/ml
Kanamycin 50pg/ml 12.5ng/ml
Streptomycin 10pg/ml 2.5ug/ml
Trimethoprim 60pg/ml 15ug/ml
Ampicillin* 50pg/ml 12.5ng/ml
Erythromycin 100ug/ml -
Chloramphenicol* 20ug/ml -
Spectinomycin 50pug/ml -

The compositions of different minimal media used in this study are as described
below. Antibiotic concentrations in all the following minimal media were reduced to
1/4th of that used in the above mentioned rich media (Table 2.2).

Table 2.2: Recommended doses of antibiotics used in this study (Sambrook and
Russell, 2001). The antibiotic dozes were maintained same for both E. coli and
pseudomonads. All the antibiotics were prepared in sterile distilled water or
recommended solvent at the stock concentrations of 1000x or 2000X (for antibiotics

marked with *) and were used accordingly to have the desired final concentrations.

2.2.1: M9 minimal medium

Composition of M9 minimal broth was according to Sambrook and Russell
(2001) including Na,HPO, 7H,0, 34g/L; KH,PO,, 15g/L; NH4CI, 5g/L; NaCl,
2.5g/L; 2mM MgSO4; 0.1mM CaCl, and micronutrient cocktail. The micronutrient
cocktail was constituted of FeSO,.7H,O, 3.5 mg/L; ZnSO,.7H,0, 0.16 mg/L;
CuS0O4.5H,0, 0.08 mg/L; H3BO;, 0.5 mg/L; CaCl,.2H,0, 0.03 mg/L and
MnS0,4.4H,0, 0.4 mg/L. Carbon sources used were glucose, xylose, fructose and
lactose as and when required. For solid media, 15g/L agar was added in addition to

above constituents. 5X M9 salts, micronutrients (prepared at 1000X stock
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concentration) and carbon source (2M stock) were autoclaved separately. Fixed
volumes of these were added aseptically into pre-autoclaved flasks containing
distilled water to constitute the complete media with the desired final concentrations.
Volume of water to be autoclaved per flask was calculated by subtracting the required

volumes of each ingredient from the total volume of the media to be used.

2.2.2: TrisCl buffered medium

The media composition included TrisCl (pH=8.0), 100 mM; NH,4CI, 10 mM;
KCI,10 mM; MgSO,, 2 mM; CaCl,, 0.1 mM; micronutrient cocktail; Glucose,
100mM and phosphate (P) sources (Sharma et al., 2005). 1mg/ml Senegal Rock
phosphate (RP) or KH,PO,4 were used as insoluble and soluble P sources respectively.
Each ingredient was separately autoclaved at a particular stock concentration and a
fixed volume of each was added to pre-autoclaved flasks containing sterile distilled

water (prepared as in Section 2.2.3) to constitute complete media.

2.2.3: Pikovskaya's (PVK) Agar

The media composition included Ammonium sulphate, 0.5g/L; Calcium
phosphate, 5.0g/L; Dextrose, 10.0g/L; Ferrrous sulphate, 0.0001g/L; Magnesium
Engineering the glucose metabolism of Rhizobium spp. by heterologous expression of
pgq gene cluster, gad operon and vgb gene sulphate, 0.1g/L; Manganese sulphate,
0.0001g/L; Potassium chloride, 0.2g/L; Yeast extract, 0.5g/L and agar, 15.0g/L.
Dextrose was substituted by same amount of xylose and fructose as and when
mentioned. The readymade media was obtained from Hi-Media Laboratories, India,

and was used according to manufacturer’s instructions.

2.2.4: Murashige-Skoog’s Medium

Murashige-Skoog’s (MS) medium was composed of macro elements and
micro elements. The macro elements included CaCl,.2H,0, 0.440g/L; KH,PO,,
0.17g/L; KNOg, 1.9¢/L; MgS0,4.7H,0, 0.37g/L; NH4;NOg3, 1.65g/L and 10g/L agar.
The micro elements included the essential trace elements. Micronutrients and desired
carbon source (autoclaved separately), were added aseptically to reconstitute the

complete media. The readymade micronutrient was obtained from Hi-Media
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Laboratories, India, and was used according to manufacturer’s instructions while the

macronutrients were reconstituted as and when required.

2.2.5: YEMA medium for Rhizobium strains

Yeast Mannitol Agar with congo red was used to maintain Rhizobium species
on plates, YEMA medium contains ingredients gms/ L. Yeast extract 1.000, Mannitol
10.000, Dipotassium phosphate 0.500, Magnesium sulphate 0.200, Sodium chloride
0.100, Congo red 0.025, Agar 20.000, Final pH ( at 25°C) 6.8+0.2 (Vincent, J.M.
1970).

2.2.6 Tryptone Yeast Extract Medium (TYE)

TY medium contained 0.5 % (w/v) Difco Bacto-Tryptone, 0.3 % (w/v) Difco
Bacto-Yeast Extract and 7 mM-CaCl, Liquid PA medium contained 0.4 % (w/v)
Difco Bacto-Peptone and 2 mM-MgSQq, (Hirsch et al., 1980)

2.3: Molecular biology tools and techniques
2.3.1: Isolation of plasmid and genomic DNA

2.3.1.1: Plasmid DNA isolation from E. coli and Rhizobium strains.

The plasmid DNA from E. coli and Rhizobium was isolated by the boiling
alkali lysis method, (Sambrook and Russell, 2001). Engineering the glucose
metabolism of Rhizobium strains by heterologous expression of and pgq gene clusters

and gad operon.

2.3.1.2: Genomic DNA from Rhizobium strains.

The plasmid DNA from E. coli and Rhizobium strains was isolated by the method,
(Sambrook and Russell, 2001).
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2.3.2: Transformation of plasmid DNA
2.3.2.1: Transformation of plasmid DNA in E. coli

The transformation of plasmids in E. coli using MgCl,-CaCl, method and blue
white selection of the transformants using IPTG and X-Gal (as and when applicable)

was carried out according to Sambrook and Russell (2001).
2.3.2.2: Electroporation of plasmid DNA in Rhizobium strains.

Plasmid transformation in Rhizobium strains was done by electroporation as
described by (Unge et al., 1998) Rhizobium strains cells grown till early stationary
phase, cells were harvested (at 4°C) in sorvall washed 4 times with sterile distilled
water and resuspended at 10™° cells mI™. Plasmid DNA of 0.5 pg pl™ was added in
competent cells in electroporation cuvette. After 10 min of incubation on ice, the
DNA was electroporated into cells using Eppendorf Electroporator system. System
was adjusted to 2.5 kV ans 186 Q. The cells were immediately transformed to 1 ml
LB and incubated for 45 min at 30°C, and then cells were plated on respective

antibiotic for the selection of plasmid.
2.3.3: Agarose gel electrophoresis

The DNA samples were mixed with appropriate volume of 6X loading buffer
(0.25% bromophenol blue, and 40% sucrose in water) and subjected to
electrophoresis through 0.8% agarose (containing 1pg/ml ethidium bromide) gel in
Tris-acetate-EDTA (TAE) buffer at 5v/icm for 0.5-2h. The DNA bands were

visualized by fluorescence under the UV-light using UV transilluminator.
2.3.4: Restriction enzyme digestion analysis

0.5-1.0png DNA sample was used for each restriction enzyme digestion. 1-3U
of the restriction endonuclease (RE) was used with the appropriate 10X buffers
supplied by the manufacturer in a final reaction volume of 10ul. The reaction mixture
was incubated overnight at 37°C. The DNA fragments were visualized by ethidium

bromide staining after electrophoresis on 0.8% agarose gels and were subsequently
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photographed. In case of double digestion, a compatible buffer for the two REs was
essentially checked. If not available, digestion with one enzyme is performed
followed by purification and subsequent digestion with the other enzyme, using

respective buffers.

2.3.5: Gel elution and purification

The DNA fragments of desired sizes were recovered from the gel by cutting
the agarose gel slab around the DNA band. The agarose piece was weighed in a sterile
microcentrifuge tube and was solubilized in 2.5 volumes of 6M sodium iodide (Nal,
freshly made) [e.g. for 200mg of agarose piece, 500ul of Nal was added]. Once
completely dissolved, 15ul of silicon dioxide suspension (50% w/v, stored at 4°C)
was added and was incubated at room temperature for 15-20 minutes. The DNA
bound to silica was recovered by centrifuging at 9, 200x g for 2 minutes; the pellet
was washed twice with 70% ethanol, dried, and finally re-suspended in 20-30ul sterile
double distilled water. The microcentrifuge tube was incubated at 55°C for 10
minutes to allow complete dissociation of DNA from silica beads into the solution
and then was subjected to centrifugation at 9,200x g for 2 minutes. The resultant
supernatant was gently recovered using sterile micropipette tip and was transferred to
fresh sterile tube. The purification efficiency was checked by subjecting 2ul DNA
solution to gel electrophoresis and visualizing the sharp DNA band of desired size.
The purified DNA was used for ligation experiments only if >50ng/ul DNA was

recovered after purification.

2.3.6: Ligation

The ligation reaction was usually done in 10ul volume containing the
following constituents: Purified vector and insert DNA (volume varied depending on
the respective concentrations); 10X T4 DNA Ligase buffer, 1ul; T4 DNA ligase (MBI
Fermentas), 0.5- 1.0U and sterile double distilled water to make up the volume. The
cohesive end ligation reaction was carried out at 16°C for 12-16h. The vector to insert
molar ratio (molar concentrations calculated by the under mentioned formula) of 1:4

was maintained, with a total of 50-100ng of DNA in each ligation system.
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Amount of DNA (ng) x 1, 515
pmMoles Of DNA = oo
Size of the DNA fragment (no. of base pairs)

2.3.7: Polymerase Chain Reaction (PCR)

The PCR reaction set up was based on the guidelines given in Roche
Laboratory Manual. The assay system and the temperature profile used are described
in Table 2.6.

Assay system used Temperature Profile
Sterile DDW 38 ul Initial 94°C- 5 min
denaturation

dNTP(10mM with 2.5mM | 3 ul Denaturation 94°C- 30 sec

each)

Reverse Primer 20pmoles | 1 pl Annealing Varies from 55-62°C
for 30sec.*

Forward Primer 20pmoles | 1 pl Elongation 72°C  for  45sec-
2.5min*

Template DNA (100ng/ul) | 1 ul

Tag/20A PCR buffer (10X) | 5 ul Final 72°C- 10 min
Elongation

Taq DNA/XT20 | 1.0 ul For plasmid (30 cycles)

Polymerase (1 unit/pl)#

Total System 50 nl For  genomic | (40 cycles)
DNA

Table 2.3: PCR conditions used in the present study.

PCR amplifications were performed in Techne TC-312 thermal cycler. *Exact
primer annealing temperature and primer extension time varied with primers
(designed with respect to different templates) and has been specified in the text as and
when applicable. Processivity of Tag polymerase is ~1000 bases per min. Tag DNA
polymerase and its buffer, dNTPs and primers were obtained respectively from
Bangalore Genei Pvt. Ltd., India, Sigma Chemicals Pvt. Ltd. and MWG Biotech. Pvt.
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Ltd, India, respectively and were used according to manufacturer’s instructions. The
theoretical validation of the primers with respect to absence of intermolecular and
intramolecular complementarities to avoid primer-primer annealing and hairpin
structures and the appropriate %G-C was carried out with the help of online primer
designing software Primer 3. The sequence, length, and %G-C content of primers are
subject to variation depending on the purpose of PCR and will be given as and when
applicable in the following chapters. The PCR products were analyzed on 1.0%

agarose gel along with appropriate molecular weight markers (Section 2.4.4)

2.3.8: Genomic Integration.

Integration of genes in genome was done by using miniTn7 based transposon
integration vector, which is temperature sensitive. After electroporation of plasmid in
Rhizobium strains culture was allowed to grown on YEMA plate and kept at 42°C for
24 h for integration of genes at att sites of genome. (Nancy et al., 2006) confirmation
of integrants was done by PCR amplification from genomic DNA.

2.4: P-solubilization phenotype

Fresh culture of Rhizobium strains transformants obtained by growing a single
colony inoculated in 3ml LB under shake conditions at 30°C was dispensed in 1.5ml
sterile centrifuge tubes, pelleted at 9, 200x g and washed thrice with sterile normal
saline and used to characterize P-solubilizing ability of the native as well as the H.
seropedicae transformantswere monitored for (i) di-calcium phosphate (DCP)
solubilziation on Pikovaskya’s (PVK) agar (Pikovskaya, 1948),(ii) TrisCl buffered
RP-Methyl red as pH indicator dye and 1.5% agar (TRP) agar plates with addition of
yeast extract 0.1% (Gyaneshwar et al., 1998). Culture was aseptically spotted on the
TRP agar plates and was allowed to dry completely followed by incubation at 30°C
for 2-4 days. P solubilization was determined by monitoring the zone of clearance on

PVK agar and red zone on the TRP Methyl red agar plates.
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2.5: Physiological experiments
The physiological experiments were carried out using various WT and
transformant Rhizobium strains which included growth, pH profile and enzyme

assays.

2.5.1: Inoculum preparation

The inoculum for M9 and HEPES minimal media containing rock phosphate
were prepared by growing the Rhizobium strains overnight at 30°C in 3ml LB broth.
Inoculum for the buffered RP broth (HRP) was prepared by growing the Rhizobium
strains overnight at 30°C in 10ml of M9 minimal medium. Cells were harvested
aseptically, washed twice by normal saline, and finally re-suspended in 1ml normal
saline under sterile conditions. Freshly prepared inoculum was used for all the

experiments.

2.5.2: Growth characteristics and pH profile

Growth parameters and pH profile of the native as well as Rhizobium strains
transformants were determined using TRP medium with RP as P source (Gyaneshwar
et al., 1998). Growth curve and pH profile was carried in 150ml conical flasks
containing 30ml of relevant media. The initial O.D.600nm was about 0.09-0.15. The
batch culture studies were performed under aerobic conditions in Orbitek rotary shaker
maintained at 30°C with agitation speed kept constant at 200 rpm. 1ml samples were
aseptically harvested at regular intervals and were subjected to analytical techniques.
Microaerobic condition was maintained in flask by addition of % volume of medium in
150 ml flask as per the method of Bert and Priefer (2004). Flasks were sealed with
rubber septum and incubated at 30°C by shaking at 200 r.p.m. and the syringe was used
to take out samples.

2.6: Estimation of Plant growth promoting factors

2.6.1: Culture conditions for EPS production and quantification

Fresh overnight grown culture of Rhizobium strains transformants as well as
native obtained by growing a single colony inoculated in 3ml LB under shake

conditions at 30°C was dispensed in 1.5ml sterile centrifuge tubes, pelleted at 9, 200x g
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and washed thrice with sterile normal saline and used to for inoculation in 150ml flask
containing 30ml M9 minimal medium supplemented with 50mM glucose as sole carbon
source, cultures were grown at 30°C for 24h used to examine the EPS production. EPS
was extracted using (EDTA) method described by (Tapia et al., 2009). Bacterial cells
were centrifuged at 14,000 rpm for 20min supernatant was used for EPS extraction.
EDTA (2% v/v) was added to supernatant for precipitation and kept at 4°C for 2h, EPS
obtained in each extraction were separated by centrifugation from solution and under
4°C. EPS containing free cells solution was obtained by filtrated using nitrocellulose of
0.22 mm of pore size (Millipore). Filtered solution was used for EPS estimation. The
phenol-sulphuric method was followed for total EPS estimation EPS (expressed as
pg/ml) (Dubois et al., 1956) reaction mixture contained 1ml of EPS solution,1ml of
aqueous phenol and 5ml of concentrated H,SO,4 was mixed properly and kept for 15-
20minutes, absorbance was measured at 490nm, the amount of EPS was determine

against glucose as standard.
2.6.2: Biofilm assay

Samples were inoculated in test tube containing 3ml M9 minimal medium
containing 50mM glucose concentration, Bacterial cultures were incubated under
aerobic conditions in Orbitek rotary shaker maintained at 30°C for 24h with agitation
speed kept constant at  200rpm. Growth medium was discarded after 24h from each
test tube; to remove the unattached bacteria with test tubes were washed with Phosphate
Buffer Saline (PBS). Biofilm were fixed with 2 ml of 99% methanol, tubes were left
empty to dry. Crystal violet 2 ml of 1% was used for staining of adhered cells with 5
minutes incubation. Surplus stain was rinsed by distilled water for 5 times. Tubes were
air dried and the dye attached to cells was dissolved in 1.5 ml of 33% glacial acetic
acid. Biofilm formation was detected by simple tube method and estimated by
measuring optical density (OD) at 570nm spectrophotometer assay described by
Mathur et al., (2006).

2.6.3: Indole acetic acid (IAA) production and estimation

Overnight grown all cultures were pulled in sterile 1.5ml eppendorff in laminar,
aspetic conditions were maintained , samples were washed 3 times by normal saline,
these samples were used for inoculation of IAA production, cultures were inoculated in

150ml conical flask containing 30mlI M9 minimal medium with L-tryptophan (0.1%)
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and one set without L-tryptophan with 50mM glucose as carbon source , flask were
incubated at 30°C orbital shaker 200rpm shaking for 24h, further samples were
screened for IAA production, experiment was carried out in triplicates. Cell-free
supernatant was obtained by centrifugation at 9000 x g for 20 minutes; supernatant was
used for IAA extraction method described by (Sinha and Basu, 1981). To the 10 ml of
supernatant, 2 ml of salkowski's reagent (1 ml of 0.5 M FeCl; + 50 ml of 35%
perchloric acid) was added and incubated for 30 mintues under darkmess. Pink colour

formed was determined colorimetrically at 540 nm as IAA production.
2.7: PQQ determination

PQQ production was estimated using the method of Rajpurohit et al., (2008).
Rhizobium strains transformants and were grown for 36 h on M9 minimal medium
containing 50 mM glucose. Cell supernatant was digested with 50% acetonitrile at
65°C for 2 h. The mixture was centrifuged at 15,000 g for 10 min; the clear
supernatant was collected and dried with a concentrator under a vacuum. The residue
was dissolved in 50% n-butanol at 1 mg/ml, and PQQ was extracted at 50°C
overnight. The clear supernatant was dried under a vacuum and dissolved in 100%
methanol The identity of the PQQ was ascertained by comparing the with standard

PQQ on spectrofluorometer Fluorescence was monitored at ex 360 and em 480 nm.

2.8: Analytical techniques

Modified Lowry’s method (Peterson 1979) was used for total protein
estimation. Rhizobium strains native as well as transformants increased in cell growth
density were determined at OD600 (spectrophotometer). Increase in culture growth,
pH drop indicates organic acid secretion and phosphate solubilisation from rock
phosphate in medium, End point culture supernatants samples were filtered through
0.2 um nylon membranes further they were used for Phosphate estimation by the
ascorbate method (Ames 1966) same samples were used for HPLC analysis to detect
organic acid levels, retention time of acids were determined under above mentioned
conditions. Standards organic acids were used for quantification (equipment from
Shimadzu , India) HPLC was performed using a C18 column operated at room
temperature with 0.01 M H,SO, as mobile phase at a flow rate of 0.7 ml min*, while

for citric acid estimation the same column was operated at room temperature using
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mobile phase of 20mM Na,HPO, with 2.5% acetonitrile at a flow rate of 1.0 ml min™*
and the column effluents were monitored using a UV detector at 210 nm (Buch et al.,
2009, 2008) and measuring left over glucose using the GOD-POD kit (Enzopak,
Reckon Diagnostics Pvt. Ltd., India). Physiological parameters were calculated like
growth rate, biomass yield on glucose and specific glucose reduction rate as described
by (Buch et al., 2009, 2008). Graph Pad Prism (version 3.0) and Microsoft Excel were
used for statistical analysis of the parameters. Each parameter has been represented as

mean £ SD or mean + SEM as specified in the figure legends.
Q) Specific growth rate (h-1):

(Log10Nt1-Logl0Nt2) x 3.3
k= e where,
(t1-t2) (h)

N1 and N2 are the number of cells at time t1 and t2 respectively and (t1-t2) is the
corresponding time interval in hours. 3.3 is the factor derived from the formula-
number of generations (n) = (Logl0ON-Log10NO)/Log102. The number of cells was
calculated from O.D.600nm using the correlation 1 O.D.600nm = 1.5x109 cell/ml
(Koch et al., 2001)

(i) Specific total glucose utilization rate (QGlc):
AGlucose (t1-t2) (g/L)
QGIc = e e where,
Adcw (t1-t2) (g/L) x Time interval (t1-t2) (h)

AGlucose (t1-t2) is the amount of glucose consumed over the time interval t1-t2;
Adcw (t1-t2) is the difference in the dry cell weight (dcw) of the cells over the time
interval t1-t2. QGlc is expressed as g glucose utilized/g dcw/h). Dry cell weight was

calculated using the correlation 1 O.D.600nm = 0.382mg/ml (Bugg et al., 2000).
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(iii) Biomass yield
Adcw (t1-t2) (g/L)
YACW/GIC = —mmmmmmm e where,
AGlucose (t1-t2) (g/L) x Time interval (t1-t2) (h)

All the parameters were as described for Specific glucose utilization rate. Ydcw/Glc is

expressed as g of dry cell weight produced/ g glucose utilized/h.

(iv) Organic acid yield
Amount of organic acid produced (g/L)

Organic acid yield = —-=-m-mmmmm e where,

Total glucose utilized (g/L) x dcw (g/L)

The amount of total glucose utilized was obtained by deducting the value of
residual glucose concentration from the initial glucose concentration supplied in the
medium. The difference between the total glucose utilized and gluconic acid produced
was considered as glucose consumed. Hence, the total glucose utilized and not
glucose consumed was taken into account for calculating specific glucose utilization
rate. The statistical analysis of all the parameters was done using Graph Pad Prism

(version 3.0) software and microsoft Excel.

Dry cell mass (dcw) = O.D600nm x 0.382, where 0.382 is the factor correlating
0.D600 was with dry cell weight (Bugg et al., 2000)

2.9: Enzyme assays

2.9.1: Preparation of cells and cell free extracts

Glucose grown cells under above mentioned minimal media conditions were
harvested in appropriate growth phase from 30ml of cell culture. The whole cell
preparation for GDH assay was done by washing the harvested cells (mid-late log
phase cultures) thrice with normal saline to remove the residual glucose of the
medium and resuspending in 0.01M phosphate buffer (pH 6.0) with 5mM MgCI2.
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2.9.2: Enzyme Assay Protocols
2.9.2.1: GDH (1.1.99.17) assay

GDH (D-glucose phenazine methosulphate oxidoreductase, (EC 1.1.5.2) was
determined spectrophotometrically by following the coupled reduction of 2,6-
dichlorophenolindophenol (DCIP) at 600 nm (Quay et al., 1972). Molar absorbance of
DCIP was taken as 15.1 mM™ cm™ at pH 8.75. The reaction mixture included: Tris-Cl
buffer (pH 8.75), 16.66 mM; D-glucose, 66 mM; DCIP, sodium salt, 0.05 mM;
phenazine methosulfate, 0.66 mM; sodium azide, 4 mM; whole cells, and distilled
water to 3.0 ml.

2.9.2.2: Gluconate dehydrogenase assay (GADH) (1.1.99.3)

Rhizobium strains natives as well as transformants were grown on M9 and
RP-containing minimal medium with 50 mM D-gluconate as the C source, Additionally
RP-containing minimal medium contains 50mM HEPES buffer, pH 8.0, Cells were
harvested (5000g for 10 min) after the pH dropped below 5.5, washed with sterile
saline, and resuspended in 50 mM Tris-HCI, pH 8.75, and the whole-cell suspension
was used as the source of enzyme in GADH assays. Spectrophotometrically method
was followed for estimation of GADH activity according to Matsushita et al., (1982).
Substrate of the GADH enzyme was done with D-gluconate, in the assay mixture.
GADH activity was defined as nanomoles of 2, 6-dichlorophenolindophenol (DCIP)
reduced per minute using D-gluconate, as substrates, respectively. Enzyme activity is
defined as one unit of specific enzyme activity was defined as the amount of protein

required to convert one nanomole of substrate per minute per milligram of total protein.

All the enzyme activities were determined at 30°C and were expressed per mg
total protein. Total protein concentration of the crude extract as well as whole cell
suspensions was measured by modified Lowry’s method (Peterson, 1979) using
bovine serum albumin as standard. Corrections were made for Tris buffer. Enzyme

activities were calculated using following formula
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AAy nm/min

Specific enzyme activity (U) = --- S

where, € x enzyme (sample) aliquot (ml) x Total protein (mg/ml)

AAy nm is the difference in the absorbance at any given wavelengths (y nm) and € is

the millimolar extinction coefficient at y nm.

One unit of enzyme activity was defined as the amount of protein required to convert

1 nmole of substrate per minute unless stated in the figure legend.
2.10: Pot experiments - Interaction with (Mung bean).
2.10.1: Plant Inoculation Experiments:

Pure bacterial cultures were grown in nutrient broth at 30°C, centrifuged, and
diluted to a final concentration of 102 CFU/ml in sterile distilled water. Mung bean
seeds were surface sterilized in 70% ethanol for 1 min and in 1% sodium hypochlorite
(NaClO) for 20 min, and then rinsed 5- 6 times with sterile distilled water and then
allowed to germinate for 24 h on moist filter paper in petriplates kept in the dark at
30°C.and then immersed in a bacterial suspension for 5 h. Germinated seeds were
sown in pot with 10Kg of unsterilized locally collected soil. Before sowing seeds in
pots initial physical and chemical properties in experimental of soil is presented in
(Table. 2.4 ).The plants were grown at 30°C in Green house and were irrigated with
50 mL of sterile distilled water every day. The experiment was conducted on six
replicates (three pots per replicate, two plants per pot) for each treatment and was
completely randomized. The plants were harvested after 45 days and growth
parameters (plant height and plant biomass) were recorded. Total N, was measured by
micro Kjeldahl’s method, by Vepodest- Automatic Digestion, Distillation and titration
system. Total P content was measured by Vanadomolybdo phosphoric acid yellow
color method, and Total K content was measured by Flame photometer.
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Leaf area

Leaf area of 3™ leaf was calculated according to method described by
Khalilzadeh et al., 2012.

2.10.2. Acetylene Reduction Assay (ARA): Measuring Nitrogenase Activity

ARA assay was performed on GC at SICART method described by Castle
2010. Nitrogenase assays were conducted by acetylene reduction, using 0.1-mL
samples injected into a PerkinElmer Clarus 680 Gas Chromatograph (GC) with dual
flame ionization detectors (FID) were used in these experiments. Elite-U PLOT

column. Acetylene was generated from calcium carbide and using 10% (w/v)

2.10.3. Chlorophyll Content:
Total cholophyll content of fresh leaves were estimated by using method
described by (Khaleghi et al., 2012)

Table 2.4: Physical and chemical properties of experimental soil used for

Rhizobium strains integrants

pH P Kg/hac™ N Kg/hac™ K Kg/hac™
8 12.9 158.7 338.7

2.10.4.1: Antioxidant Enzymes / ROS scavenging enzyme activity:

(1) Superoxide Dismutase (SOD)

Two hundred mg of leaves were homogenized in a pre-chilled mortar and
pestle under ice cold condition using 3.0 ml of extraction buffer, containing 50 mM
sodium phosphate buffer (pH 7.4), 1 mM EDTA and 1% (W/V) polyvinylpyrolidone
(PVP). The homogenates were centrifuged at 10,000 rpm for 20 minutes and the

supernatants used for the assay (Costa et al., 2002).

Total SOD (EC 1.15.1.1) activity was measured spectrophotometrically based on

inhibition in the photochemical reduction of nitroblue tetrazoilum (NBT). The 3 ml
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reaction mixture contained 50 mM sodium phosphate buffer (pH 7.8), 13 mM
methionine, 75 uM NBT, 2 uM riboflavin, 0.1 mM EDTA and 0.1 ml enzyme extract,
riboflavin was added last (Van Rossun et al., 1997).After addition of all these
components and mixing, test tubes were placed on stand 30 cm below a light source
consisting of four 15-w fluorescent lamps. The photochemical inhibition was allowed
to happen for 10 minutes and stopped by switching off the light source. The
photoreduction in NBT was measured as increase in absorbance at 560 nm. Blanks
and controls were run the same way but without illumination and enzyme,
respectively. One unit of SOD was defined as the quantity of enzyme required to
inhibit the reduction of NBT by 50% in a reaction mixture. Enzyme unit of SOD was

calculated according to formula given by Giannopolitis and Ries (1977).

Control O.D. (without enzyme) 1
SOD UNit = —-mmmmmmmm e e G
Sample O.D. (9) conc. Enzyme
SOD unit

SOD U/g protein = ---------------
protein mg/g

(2) Catalase

Two hundred mg of acetone powder homogenized with a pre-chilled mortar
and pestle under ice cold condition in 2.0 ml of extraction buffer, containing 0.1 M
sodium phosphate buffer (pH 7.2) with the addition of 1 mM EDTA and 1% (w/v)
polyvinylpyrolidone (PVP) and a pinch of activated charcoal. The homogenates were
centrifuged at 10,000 rpm for 20 minutes and the supernatants were used for the assay
(Mahatma et al., 2011). Total catalase (EC 1.11.1.6) activity was determined in the
supernatants by measuring the decrease in absorption at 240 nm as H,0, (¢ = 39.4
mM™ cm™) got consumed according to the method of Aebi (1984) and enzyme
activity expressed as mmol H,O, oxidized min™ g™protein. The 3 ml assay mixture
contained 50 mM sodium phosphate buffer (pH 7.0), 30mM H,0, and 50 pul enzyme

extract. Enzyme unit of CAT was defined as:
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Mmol/min/g protein = SEE—

€ X protein mg/g x Enzyme conc. (g)
Where, ¢ = Extinction coefficient, Enzyme conc. (g) = Amount of enzyme in 3 ml

reaction mixture.

Guaiacol Peroxidase (POX)

Two hundred mg of leaves were homogenized in a pre-chilled mortar and
pestle under ice cold condition in 2.0 ml of extraction buffer, containing 0.1M sodium
phosphate buffer (pH 7.2) with the addition of 1 mM B-mercaptoethanol and 1% (w/v)
polyvinylpyrolidone (PVP). The homogenates were centrifuged at 10,000 rpm for 20

minutes and the supernatants used for the assay.

POX (EC 1.11.1.7) activity was determined in the supernatants of centrifuged
homogenates by measuring the increase in absorption at 470 nm due to the formation
of tetraguaiacol (€=26.6mM™ cm™) in a reaction mixture containing 50 mM sodium
phosphate buffer pH 7.0, 0.1 mM EDTA, 0.05 ml enzyme extract, and 10 mM H,0;
(Costa et al., 2002).

(4) Ascorbate peroxidase (APX)

Mung bean leaf samples were crushed with chilled acetone in pre-chilled
mortar-pestle. To obtain fine acetone powder the homogenates were filtered and
stored immediately at - 200 C. Hundred mg of acetone powder was then homogenized
in a pre-chilled mortar and pestle under ice cold condition using 2.0 ml of extraction
buffer, containing 0.1 M sodium phosphate buffer (pH 7.2), and 1% (w/v)
polyvinylpyrolidone (PVP). The homogenates were centrifuged at 10,000 rpm for 20
minutes and the supernatants used for the assay (Mahatma et al., 2011).

APX (EC 1.11.1.11) activity was measured immediately in fresh crude extracts and
assayed by procedure described by Nakano and Asada (1981). Three ml of the
reaction mixture contained 50 mM sodium phosphate buffer pH 7.0, 0.1 mM H,0,,
0.5 mM ascorbic acid, 0.1 mM EDTA and 0.1 ml enzyme extract. The hydrogen
peroxide dependent oxidation of ascorbate was followed by a decrease in the
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absorbance at 290 nm (¢ = 2.8 mM™ cm™). The enzyme unit of APX was defined

similar to that of CAT activity as described.

2.10.4.2: Estimation of Water Soluble Protein Content
Protein concentration of each enzyme extract was estimated by method of
Lowry et al., (1951).

(a) Reagents for Lowry’s Method
(1) Solution A: 2% Na2CO3 in 0.1 N NaOH
(i1) Solution B: (a) 1% CuS0O4.5H20 solution
(b) 2% sodium potassium tartarate solution
Working solution of
B : Prepared fresh before use by mixing equal volume of solution B (a) and B (b).
(iii) Solution C: Prepared fresh before use by mixing 50 ml of solution A and 1 ml of
working solution of B.
(iv) Solution D: Folin & Ciocalteu reagent (1N).

(b) Procedure (Folin Lowry’s Method)

Enzyme extracts (25 ul) were taken in test tube and volume was made up to 1
ml with millipore water. A tube with 1 ml of water served as blank. Five ml of
solution C was mixed by vortexing and kept for 10 min. Then 0.5 ml of solution D
(Folin & Ciocalteu reagent) was added and vortexed. The tubes were allowed to stand
at room temperature for 30 min. Absorbance was read at 660 nm. A standard curve

was prepared using bovine serum albumin (BSA) in the concentration range of 10-80

ng.
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cluster.

3.1: Introduction:

The source of soil nitrogen is the atmosphere where nitrogen gas occupies
about 79% of the total atmospheric gases. Living organisms that are present in the soil
have profound effect on transformation, which provides food and fiber for an
expanding world population. It is stated that nitrogen returned to the earth every year,
microbiologically is of the order of 139 x 10° kg of which about 65% (89 x 10° kg) is
contributed by nodulated legumes (Rashid et al., 2008; Shridhar, 2012). Symbiotic
nitrogen fixation by rhizobia in legumes has a profound impact upon agriculture and
human endeavour. Phosphorus has a key role in the energy metabolism of all plant
cells and particularly for nitrogen fixation in legume crops (lIsrael, 1987; Erman et al.,
2009). Plant available nitrogen is present in millimolar amounts, while the plant

available phosphorous is usually in micromolar amounts (Anthony et al., 2009).

Nitrogen fixation by Rhizobium in field depends on soil P levels and dual
inoculation of Rhizobium with PSMs improves crop productivity (Gull et al., 2004;
Elkoca et al., 2007; Valverde et al., 2007; Kumar and Chandra, 2008). Co-application
of Rhizobium isolates and phosphate solubilizing microorganisms in soils with low
available phosphorus improved yield production of mung beans (Perveen et al., 2002).
Higher number of nodules and dry weight were seen in soybean and alfalfa under co-
inoculation with Rhizobia strains and phosphate solubilizing Pseudomonas strains
(Rosas et al., 2006). Increased nodulation ability of Rhizobium isolates on bean plants
was observed as a result of phosphate solubilizing PGPR co-application (Remans et
al.,, 2007). Dual inoculation of soybean seeds with Bradyrhizobium japonicum
USDA110 and PSB significantly increased plant height, nodule fresh weight per plant,
number of pods per plant, number of seeds per pod and per plant, seed yield, total N,
and P compared to the other treatments (Argaw, 2012). Rhizobium and phosphate
solubilizing bacteria significantly increased yield of faba bean and a synergetic effect
was observed when the two types of microorganisms were combined (Rugheim and
Abdelgani, 2012).

Phosphate solubilizing Rhizobium species showing high ability to nodulate
and fix nitrogen was isolated from common bean Phaseolus vulgaris (Abril et al.

2003). Increase in growth of maize and lettuce was observed with P- solubilizing
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cluster.

Rhizobium leguminosarum (Chabot et al.,, 1996). Phosphate solubilizing
Mesorhizobium meditteraneum increased growth, N, P, Ca, Mg, and K in chick pea
and barley (Peix et al., 2001). Mineral phosphate solubilisation (MPS) is mediated by
organic acids such as gluconic, 2-ketogluconic, citric, lactic, oxalic and succinic
(Hwangbo et al., 2003; Qureshi et al., 2011; Archana et al., 2012). Gram Negative
bacteria utilize direct oxidation glucose pathway to produce gluconic and 2-
ketogluconic acids (Krishnaraj and Goldstein 2001). Conversion of glucose to
gluconic acid is facilitated by pyrolloquinoline quinone-dependent glucose
dehydrogenase (PQQ-GDH) (Buch et al. 2008; Castagno et al., 2011). Enzyme is
present in the outer face of the cytoplasmic membrane, so acids are formed in the
periplasmic space, with the resultant acidification of this region and, ultimately, the
adjacent medium as well (Babu-Khan et al. 1995 ; Shashidhar and Podile 2009).
Gram Negative bacteria like E. coli, Azospirillum , Herbaspirillum show presence of
apoGDH and lack pgq genes ; while Acinetobacter, Gluconobacter, Pseudomonas,
Erwinia species possess both pgq and gcd genes. Number of genes required for PQQ
synthesis varies from species to species (Choi et al., 2008). PQQ biosynthesis is not
completely understood but a putative biosynthetic pathway has been proposed on the
basis of the functions of conserved genes in bacteria (Puehringer et al., 2008).
Klebsiella pneumonia possesses pqqABCDEF genes which are involved in PQQ
biosynthesis (Meulenberg et al., 1992). pqgA gene encodes for 23-24 amino acid
polypeptide which is a substrate for a set of enzymes modifying the glutamate and
tyrosine residues leading to PQQ formation (Goosen et al. 1992; Meulenberg et al.
1992; Velterop et al. 1995). PqgB belongs to metallo-p-lactamases and has been
suggested to help in the transport of PQQ into periplasm (Velterop et al., 1995). PqqC
is a cofactor less oxidase, activates oxygen, and catalyzes the final step of ring closure
reaction (Magnusson et al., 2004). PqgD has been shown to interact with PqgE which
possesses reductively cleavage activity of S-adenosyl methionine to form 5’
deoxyadenosine and methionine (Wecksler et al., 2010). PqqE catalyzes the first step
of linking glutamate and tyrosine residues of PqgA peptide. Additionally, PqgF, G, H,
I, J, Kand M are found in some bacteria possessing putative Zn dependent peptidase,
non catalytic subunit of peptidase, transcriptional regulator, aminotransferase,
cytosolic protein, DNA binding and prolyl oligopeptidase, respectively (Choi et al.,
2008).
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Expression of Erwinia herbicola pqgE gene alone in E. coli HB101 and
Azospirillum resulted in secretion of gluconic acid by converting apoGDH to active
form (Liu et al., 1992; Vikram et al, 2007). Incorporation of Rahnella aquatilis
PqgED genes in E. coli resulted in gluconic acid secretion (Kim et al., 1998). The
mechanism of PQQ biosynthesis either in pqgE or pqqED gene transformants of E.
coli is not clear as pqqABCDE genes are necessary for PQQ biosynthesis (Choi et al.,
2008; Shen et al., 2012). E. coli was genetically modified by cluster of pgq genes
from different bacterial species to confer MPS ability (Goosen et al.,, 1989;
Meulenberg et al., 1990; Khairnar et al., 2003; Yang et al., 2010; Mounira et.al.,
2013). Out of five phosphates solubilizing bacteria isolated from naturally colonizing
limonitic crust, three isolates secreting gluconic acid contained gcd and pqg genes
(Perez et al., 2007). pggE and gcd gene was detected in gluconic acid secreting
sunflower colonizing phosphate solubilizing Enterobacter sp. Fs-11 (Shahid et al.,
2012).

Bacteroids and free living form of R. leguminosarum oxidized glucose to
gluconic acid when supplemented with PQQ (Van Schie et al., 1987). Gluconate
production and GDH activity was observed in R. leguminosarum, R. etli, and
B. japonicum strains when grown in medium containing PQQ, whereas S. meliloti
102F34 showed holoenzyme synthesis and gluconate production in absence of PQQ
(Boiardi et al. 1996). PQQ synthesis in S. meliloti RCR2011 is constitutive while R.
tropici CIAT899 was unable to synthesize it (Bernardelli et al., 2001). This shows that
PQQ synthesis in Rhizobium species containing apoGDH is strain dependant. GDH
mutant of S. meliloti showed impaired symbiotic phenotype and altered nodulation
efficiency and competition ability relative to the wild-type strain (Bernardelli et al.,
2008). Rhizobium species like R. leguminosarum and M. loti lack pgq but shows
presence of gcd genes, while both the genes are found to be present in species like B.

japonicum and S. fredii.

3.1.1: Rational of study

Bradyrhizobium japonicum USDA110, M. loti MAFF030669 and S. fredii
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NGR234 contain apo GDH enzyme. M. loti does not possess pgq genes while B.
japonicum and S. fredii NGR234 possess paq genes which encode for the cofactor of
GDH for gluconic acid production through direct oxidative pathway. Wild type B.
japonicum, M. loti and S. fredii NGR234 secretes very low amount of organic acid
and thus does not show MPS ability. Thus, the present study investigates the effect of
incorporation of E. herbicola pgqE gene and A. calcoaceticus pgq gene cluster in B.
japonicum, M. loti and S. fredii NGR234for gluconic and PQQ secretion. These

transformants were also monitored for MPS ability.

3.2 EXPERIMENTAL DESIGN
The experimental plan of work includes the following-
3.2.1: Bacterial strains used in this study

All wild type and genetically modified E. coli and Rhizobium strains used in
this study are listed in Table 2.1 the plasmids used in the present study and their
restriction maps are given in Fig. 2.1. E. coli DH10B was used for all the standard

molecular biology experiments wherever required.
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Table 3.1: Bacterial strains used in this study

Plasmid/Bacterial Characteristics Source/Reference

strains

E. coli strains

E. coli DH10B Used to maintain plasmids for | Invitrogen, USA
routine use

pBBR1IMCS-2 Broad-Host-Range vector; Km' Kovach et al.,

1995

pUCPM18 pUC18 derived Broad-Host-Range | Hester et al., 2000
vector; Ap" (100pg/ml)

pINK1 pBBRIMCS-2 Km" with 1.8 kb E. | Wagh, 2013
herbicola pqgE gene

pIJNK5 pUCPM18, Gm" (20pg/ml) with 5.1 | Wagh, 2013
Kb pqgg gene cluster of A,
calcoaceticus.

Rhizobium strains
Bradyrhizobium | Accession number NC_004463.1 NCBI

japonicum
USDA110
Mesorhizobium Accession number NC_002678.2 NCBI
loti

MAFF030669
Sinorhizobium Accession number NC_012587.1 NCBI
fredii NGR234
Bj pUCPM18 B. japonicum with pUCPM18, Gm'| This study

(control vector)

Bj pJNK1 B. japonicum with pBBR1IMCS-2 Km" | This study
with 1.8 kb E. herbicola pgqE gene
Bj pJNK5 B. japonicum pUCPM18, Gm' (20pg/ml) | This study

with 5.1 Kb pgq gene cluster of A.

calcoaceticus.
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MI pUCPM18 M. loti with pUCPM18, Gm" (control | This study

vector)

MI pIJNK1 M. loti with pBBR1IMCS-2 Km" with 1.8 | This study
kb E. herbicola pqqE gene

MI pINK5 M. loti with pUCPM18, Gm' (20pg/ml) | This study

with 5.1 Kb pgq gene cluster of A.
calcoaceticus.
Sf pUCPM18 S. fredii with pUCPM18, Gm" (control | This study

vector)

Sf pJNK1 S. fredii with pBBR1IMCS-2 Km" with | This study
1.8 kb E. herbicola pqqE gene

Sf pINK5 S. fredii with pUCPM18, Gm' | This study

(20pg/ml) with 5.1 Kb pqq gene cluster

of A. calcoaceticus.

Table 3.1: List of bacterial strains used. Detailed characteristics of these strains are
given in Table 2.1. Parent strains and the transformants of E. coli and Rhizobium were
respectively grown at 37°C and 30°C with variations in kanamycin, genatmycin and

erythromycin concentrations for rich and minimal media as described in Section 2.2.

3.2.2 : Development of B. japonicum , M. loti and S. fredii strains harboring E.

herbicola pgq E gene (pJNK1) and A. calcoaceticus pqq gene cluster (pJNKD5)

The recombinant plasmids pUCPM18 Gm (control), pJNK1 and pJNK5 were
transformed in B. japonicum, M. loti and S. fredii by electroporation (Section 2.4.2.2).
The transformants were selected on gentamycin selection plates and were confirmed

by RE digestion pattern.

3.2.3: Growth and MPS phenotype of transformant strains of Rhizobium

The MPS ability of B. japonicum USDA110, M. loti MAFF030669 and S.

fredii and its transformants were monitored on Pikovaskya’s (PVK) agar and 100 mM
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Tris buffered RP (TRP) agar as described in Section 2.4.

3.2.4. Effect of heterologous E. herbicola pgqg E gene (pJNK1) and A.
calcoaceticus pgq gene cluster (pJNK5) overexpression on the physiology and

glucose metabolism.

B. japonicum USDA110, M. loti MAFF030669 and S. fredii NGR234
transformants were subjected to physiological experiments involving growth and
organic acid production profiles on TRP medium with 50 mM glucose as carbon
source (Section 2.5). The samples withdrawn at regular interval were analyzed for
0.D.600nm, pH, extracellular glucose and organic acid (Section 2.8). The
physiological parameters were calculated as in the enzyme assays were performed as

described in Section 2.9.

3.3: Results:

3.3.1: Heterologous overexpression of E. herbicola pgqq E gene (pJNK1) and

A. calcoaceticus pgq gene cluster (pJNKS5) in Rhizobium strains.

The plasmids incorporated in B. japonicum, M. loti and S. fredii NGR 234
transformants were isolated from the transformants and were confirmed based on

restriction endonuclease digestion pattern (Fig. 3.1 and 3.2).

~1.3 Kb
Pqq E

Fig. 3.1: Restriction endonuclease digestion pattern for Rhizobium
transformants containing pJNK1: Lane 1 and 2 Bj pJNK1 and MI pJNK1 BamH1
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digested (5.1kb and 1.3 kb), Lane 3. pJNK1 undigested(6.4 kb), Lane 4. EcoR1/Hind
[l Marker and Lane 5. pJNK1 (6.4 kb) digested with EcoR1.

~6.5Kb
~5.1Kb pgq
gene cluster

Fig. 3.2: Restriction endonuclease digestion pattern for Rhizobium
transformants containing pJNK5 (Lane 1, 2 and 4 Bj pJNK5, Ml pJNK5 and Sf
pJNK5 EcoR1- BamH1digested (6.5 kb and 5.1 kb), Lane 3- EcoR1/Hind 111 Marker)

3.3.2 Effect of overexpression of E. herbicola pqgE and A. calcoaceticus pgq gene
cluster (pJNK5) on GDH activity in B. japonicum, M. loti and S. fredii NGR
234.

GDH activity in Bj (pJNK1) and Ml (pJNK1) was found to be ~18 U and ~19
U, respectively, which is ~1.2 to ~1.6 fold compared to native strain (Fig. 3.3.A, B
and C). On the other hand, Bj (pJNK5), Ml (pJNK5) and Sf (pJNKS5) had ~177 U, ~
144 U and ~ 210 U of GDH activities, respectively, which is ~14, ~10 and ~15 fold

higher compared to native strains.
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Fig 3.3: GDH activity of Rhizobium transformants containing pqq gene cluster
(A) B. japonicum, (B) M. loti (C)S. fredii NGR 234. The results are expressed as
Mean = S.E.M of six independent observations. * P<0.05, ** P<0.01 and ***

P<0.001.
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3.3.3: Growth and MPS ability of Rhizobium transformant of pgq E and pqq

cluster genes.

Bj (pJNK1) and MI (pJNK1) showed no significant difference compared to
native and control both on PVK and TRP plates after 3 days of incubation at 30°C
(Fig. 3.4). However, Bj (pJNK5), Ml (pJNK5) and Sf (pJNKS5) transformants showed
good phenotype. The pJNK5 transformants of B. japonicum, M. loti and S. fredii
showed maximum zone of clearance as compared to the control pUCPM18 and
pJNK1 transformants (Table 3.2).
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Bj pUCPM18 Bj pJNK5

(@ Bj
(b) Bj BjpUCPMI8 Bj Bj pJNK5
(c)

MIpUCPM18 MIpINK1  MI pINK5

quedrec ,-/.‘

(d) Ml MIpUCPM18  MIpIJNKL MIpINK5

() Sf  SfpUCPMI18 Sf pINK5

L

(f) Sf SfpUCPM18 Sf pINK5

Fig 3.4: MPS phenotype of B. japonicum, M. loti and S.fredii strains harboring
pJNKS5 plasmid. (a), (¢) and (e) on Pikovskaya’s agar and (b), (d) and (f) Tris rock
phosphate agar containing 50 mM glucose and 100 mM Tris HCI buffer pH 8.0. The
results were noted after an incubation of 3 days at 30 °C. Media composition and
other experimental details are as described in Sections 2.4.
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Rhizobium Diameter of zone | Diameter  of | Phosphate
Strains of clearance | colony (mm) | Solubilizing Index
(mm)

Bj 12.17 £0.29 11.17 £ 0.29 1.09
Bj pUCPM18 11.17 £0.29 9.50 + 0.50 1.22
Bj pJNK1 11.17 £ 0.29 10.50+ 0.50 1.06
Bj pJNK5 14.50 £ 0.50 10.17 £0.29 1.44
Ml 12.83 £0.29 11.50 + 0.50 1.09
MI pUCPM18 12.17 £ 0.29 10.17 £ 0.29 1.22
MI pJNK1 12.83 £0.29 11.17 £0.29 1.14
MI pIJNK5 12.50 £ 0.50 9.17£0.29 1.36
Sf 12.17 £ 0.29 10.50 £ 0.50 1.20
Sf pUCPM18 12.17 £ 0.29 10.17 £0.29 1.22
Sf pIJNK5 14.50 £ 0.50 11.17 £0.29 1.29

Table 3.2: P solubilization index on Pikovskyas agar of B. japonicum, M. loti and
S. fredii transformants. Bj, Ml and Sf: wild type strain; Bj p18, Ml p18 and Sf p18 :
B. japonicum, M. loti and S. fredii with vector control and Bj (pJNK1 and pJNKS5), Ml
(pJNK1 and pJNKS5) and Sf (pJNK1 and pJNKS5) : B. japonicum with pgg E and pqq
gene cluster, M. loti with pqqg E and pqq gene cluster and Sf with pqg E and pqgq
gene cluster. The results were noted after an incubation of 3 days at 30°C and are
given as mean = S.D. of three independent observations as compared to native Bj, Ml
and Sf.

3.3.3: Effect of E. herbicola pggq E gene (pJNK1) and A. calcoaceticus pgq gene
cluster (pJNKD5) overexpression on growth pattern and pH profile in presence of
50mM glucose concentration.

Growth profile and pH drop of Native, control and pJNK1 transformants of B.
japonicum and M. loti on 50 mM glucose in TRP medium showed no significant
growth and pH change between them. But pJNK5 transformants of B. japonicum, M.
loti and S. fredii showed maximum growth and pH drop of 4.2, 4.1 and 4.34
respectively within 16 h compared to around pH 6.5 to 6.7 of native and control at 20
h (Fig 3.5 and Fig 3.6).
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Fig. 3.5: Effect of pgq gene cluster overexpression on extracellular pH (o, A, V,0)
and growth profile (m, A, V,¢) of (A) B. japonicum and (B) M. loti, on TRP
medium with 50 mM glucose .(o, m, Bj, Ml wild type); {A, A, Bj (pbUCPM18Gm"),
MI (pUCPM18GM)}; {V, ¥, Bj (pINK1), MI (pINK1)}; {0, &, Bj (pINK5), MI
(PINK5)}. ODggo and pH values at each time point are represented as the mean £ SD

of six independent observations.
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0O.D6oonm
Hd

Time (h)

Fig 3.6: Effect of pgq gene cluster overexpression on extracellular pH (o, A, o)
and growth profile (m, A,e) of S. fredii on TRP medium with 50 mM glucose .(O,
m, Sf wild type); {A, A, Sf (pUCPM18Gm"), {o, e, Sf (pJNK5). ODggo and pH values
at each time point are represented as the mean + SD of six independent observations.
3.3.4: Physiological effects of A. calcoaceticus pgq gene cluster overexpression on
B. japonicum, M. loti and S. fredii in TRP medium with 50mM glucose.

In presence of 50 mM glucose, increase in GDH activity significantly affected
growth profile. The total glucose utilization rate at the time of pH drop remained
unaffected but there was ~ 2 fold decrease in glucose consumed due to increase in
gluconic acid secretion. However, the Specific Glucose Utilization Rate Qgic (9.9
dew™.h™) decreased by ~1.2 to ~1.9 fold in pJNK5 transformants. Additionally, the
increase in GDH activity increased the specific growth rate by ~1.0 to ~2.22 fold, and
improved the biomass yield by ~1.0 to ~ 1.6 fold in pJNK5 transformants compared
to control (Table 3.3).
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Rhizobium Specific Growth | Total Glucose | Glucose Biomass Yield Specific  Glucose
Strains Rate Utilized Consumed Y dewiGlc Utilization Rate
K(h™® (mm)° (mm)° (9/9)° Qalc
(9.9 dew™.h™h)?
Bj 0.186 + 0.026 46.20 £ 0.20 38.23 £1.33 1.78 +0.14 0.14 £0.01
Bj pUCPM18 0.280 + 0.051 48.30 + 0.46 40.65 + 0.30 1.21+0.16 0.21+£0.02
Bj pJNK5 0.413 £ 0.04*** | 49.20 £ 0.20 18.80 +1.43 247 £0.27*** 1 0.10+0.01
MI 0.221 £0.03 45.91 +0.64 37.07 £ 0.55 1.36 +£0.26 0.19 £ 0.04
Ml pUCPM18 | 0.265 £ 0.02 48.40 +0.36 40.38 £ 0.02 1.0 +0.04 0.26 £ 0.01
MI pJNK5 0.398 + 0.06*** | 49.30 £ 0.31 18.62 + 3.64 1.61+0.22* 0.16 £ 0.02
Sf 0.260 + 0.02 46.10 £ 0.42 37.17 £ 0.55 1.69 +0.22 0.15+0.02
Sf pUCPM18 0.311 +£0.02 48.10 £ 0.10 40.67 +0.40 1.85+0.10 0.14£0.01
Sf pJNK5 0.543 £ 0.02*** | 48.07 £ 0.60 17.08 £ 2.49 2.63 £ 0.06** 0.08 £ 0.02

Table 3.3: Physiological variables and metabolic data from of B. japonicum, M. loti and S. fredii pgq transformants grown on
TRP medium 100mM Tris-Cl buffer pH 8 and 50mM Glucose containing Rock Phosphate 1mg/ml. The results are expressed as
Mean + S.E.M of six independent observations. a Biomass yield Y 4cwicic, Specific growth rate (k) and specific glucose utilization rate
(Qaic) were determined from mid log phase of each experiment. b Total glucose utilized and glucose consumed were determined at the
time of pH drop. The difference between total glucose utilized and glucose consumed is as explained. * P<0.05, ** P<0.01 and ***
P<0.001.
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3.3.5 : P solubilization and organic acid secretion in 100mM Tris-Cl Buffer pH 8
and 50mM Glucose containing Rock Phosphate 1mg/ml.

There was no significant increase in P release by pJNK1 transformants of B.
japonicum and M. loti compared to control and native while ~5, ~9 and ~10 fold
increase in P release was seen by pJNKS5 transformants of B. japonicum, M. loti and S.

fredii respectively (Fig. 3.7).

On TRP medium in presence of 50mM glucose and 100mM Tris Cl Buffer pH
8.0, the organic acids identified were mainly gluconic and 2-ketogluconic acids.
Extracellular medium of pJNK5 transformants of B. japonicum, M. loti and S. fredii
contained ~14, ~10 and ~15 folds higher amounts of gluconic acid, respectively, with
its specific yield (Y¢s) increasing by ~2.2, ~2.7 and ~1.7 fold. Levels of 2-

ketogluconic acid were unaltered as compared to native and controls (Table.3.4).
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Fig.3.7: Phosphate released by Rhizobium transformants containing pqq gene
cluster (A) B. japonicum (B) M. loti and (C) S. fredii. The results are expressed as
Mean = S.E.M of six independent observations. * P<0.05, ** P<0.01 and ***
P<0.001.
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Rhizobium Strain GA mM Specific Yield
YciG
Bj 6.26 £ 0.23 1.39+0.12
Bj pUCPM18 5.72 £ 0.06 1.39+£0.08
Bj pJNK5 28.33 + 0.88*** 3.11 £ 0.15***
Ml 6533 +0.18 1.01+£0.21
M| pUCPM18 5.80 + 0.10 0.98 +£0.03
MI pIJNK5 28.43 + 2.14%** 2.75 £ 0.19***
Sf 6.760 + 0.10 1.59 + 0.05
Sf puCPM18 550 + 0.30 1.10£0.11
Sf pIJNKS5 29.00 +£ 1.73*** 2.77 £ 0.27***

Table 3.4: Organic acid Secretion and Organic acid yield from of B. japonicum,
M. loti and S. fredii pgq transformants grown on TRP medium 100mM Tris-ClI
buffer pH 8 and 50mM Glucose containing Rock Phosphate 1mg/ml. The results
are expressed as Mean £ S.E.M of six independent observations. * P<0.05, ** P<0.01
and *** P<0.001.

3.3.6: Effect of E. herbicola pgq E gene (pJNK1) and A. calcoaceticus pgq gene
cluster (pJNKS5) overexpression on PQQ secretion in Rhizobium transformants.

Bj (pJNK1) and MI (pJNK1) secreted ~0.315 puM and ~0.159 uM PQQ in
medium, respectively, while Bj (pJNK5), Ml (pJNK5) and Sf (pJNK5) secreted ~7.30
UM, ~7.00 uM and ~8.75 uM PQQ (Fig. 3.8) lot of variation is found in PQQ
secretion in bacteria (Table 3.5). There was no significant increase in PQQ secretion
of Bj (pJNK1) and MI (pJNK1) compared to native and control, while in Bj (pJNK5),
MI (pIJNKS5) and Sf (pJNKS5) ~ 28, ~70 and ~ 40 fold increase in PQQ secretion was
found.
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Fig. 3.8: PQQ secreted by Rhizobium transformants containing pqq gene cluster
(A) B. japonicum (B) M. loti and (C) S. fredii. The results are expressed as Mean *
S.E.M of six independent observations * P<0.05, ** P<0.01 and *** P<0.001.
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Table 3.5: Variation of PQQ secretion in bacteria.

Host Nature of the Amount of PQQ Ref.
genes in the medium
incorporated
E. coli K12 A calcoaceticus| Very Low Goosen et al., 1989
pgq gene cluster
E. coli Klebsiella 0.18 uMm Meulenberg et al.,
pneumoniae pqq 1995
gene cluster
E. coli (JM109, G.oxydans M5 6 uM* Yang et al., 2010
BL21) pgqABCDE gene
cluster
Methylovorus  sp. 45 pyM* Geetal., 2013
MP688
P. aeruginosa - 0.455 pM* Gliese et al., 2010
ATCC 17933
H. seropedicae Z67 |Erwinia herbicola| 0.011 + 0.002 uM | Wagh 2013
pagE
H. seropedicae Z67 |Acinetobacter 1.10£0.64 uM Wagh 2013
calcoaceticus  pqq
gene cluster
H. seropedicae Z67 |Pseudomonas 2.55+0.10 uM Wagh 2013
fluorescens  B161
pgq gene cluster
E. asburiae PSI3 - 4.52 £ 0.84 uM Wagh 2013
P. aeruginosa P4 - 141 £0.12 pyM Wagh 2013
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3.3.7: Effect of A. calcoaceticus pqq gene cluster (pJNKS5) overexpression on
Biofilm, EPS and IAA secretion in Rhizobium transformants.

Biofilm and exopolysaccharide synthesis on an average showed significant
increase by ~2.5 fold, while ~ 1.8 fold increase in IAA secretion in Bj (pJNKS5), Ml
(pJNK5) and Sf (pJNKS5) transformants in 100 mM Tris-Cl buffer pH 8.0, 50 mM

glucose and rock phosphate 1 mg/ml in comparison to native and control (Table 3.5).

Rhizobium Biofilm EPS IAA
Strains O.D.at 550nm (9/200ml) (ng/ml)
Bj 1.39+ 0.02 11.48+0.1 20.14 +1.33
Bj pUCPM18 1.45+0.03 1256 +0.2 22.32 £1.65
Bj pJNK5 3.89 £ 0.04*** | 2454 +0.3*** | 39.53 + 1.86***
Mi 1.51 £ 0.06 11.34 £ 0.05 28.17 +£1.35
Ml pUCPM18 1.81 +£0.05 11.89+0.1 29.67+1.81
Ml pJINK5 4.21 + 0.04*** | 28.33 + 0.5*** 42.16 £ 2.00***
St 1.61+£0.10 1253 +1.54 32.79+£1.87
Sf puCPM18 2.10 £0.16 13.43+1.11 34.10+1.32
St pINKS5 452 +0.2*** | 30.31+ 1.88*** | 52.12 + 1.22***

Table 3.6: Biofilm, Exopolysaccharide and Indole acetic acid production by Bj
(pINKD5), Ml (pINK5) and Sf (pJNKD5) transformants in TRP medium The results
are expressed as Mean + S.E.M of six independent observations. * P<0.05, ** P<0.01
and *** P<0.001.

Discussion
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Gram Negative bacteria like E. coli, Azospirillum, Herbaspirillum show
presence of apoGDH and lack pgg genes ; while Acinetobacter, Gluconobacter,
Pseudomonas, Erwinia species possess both pgg and gcd genes. Addition of
exogenous PQQ, or incorporation of pqq gene/genes cluster reconstitutes apoGDH to
active form in many Gram negative bacteria like E. coli, R. leguminosarum, A. lwoffi,
Pseudomonas sp., Burkholderia, Azospirilluim brasileinse (Van Schie et al., 1986;
Goldstein and Liu, 1987; Liu et al. 1992; Vikram et al., 2007).

Diverse numbers of genes are found in bacteria for PQQ synthesis (Goldstein
and Liu, 1987; Goosen et al., 1992; Liu et al. 1992; Vikram et al., 2007; Choi et al.,
2008; Shen et al., 2012). Genome of Rhizobium species such as B. japonicum, S.
fredii, S. meliloti encode for pgq genes, whereas it is absent in M. loti and R.
leguminosarum. Overexpression of E. herbicola pqqE and R. aquatilis pqgED in E.
coli HB101 conferred MPS ability, whereas in our studies overexpression of E.
herbicola pqgE (pJNK1) in apoGDH harboring B. japonicum and M. loti did not show
significant release of GA and PQQ secretion compared to native and control. Similar
effects are seen in overexpression of pqqE gene in H. seropedicaea Z67. A reason for
the variations upon pqgE overexpression in different bacteria is not clear (Wagh,
2013).

B. japonicum, M. loti and S. fredii NGR234 transformant containing pJNK5
with A. calcoaceticus pgq genes in pUCPM18Gm" under Plac promoter showed
increase in GDH activity by ~ 13 fold on M9 medium. This demonstrates that
apoGDH present in Rhizobium strains is functional and constitutive Plac is a strong
promoter giving significant overexpression. Similar results were found with Hs
Z67(pJNK5) which showed 221 U of GDH activity while control plasmid
transformant had no detectable activity (Wagh, 2013) .

Overexpression of pgq gene clusters of A. Iwoffi , D. radiodurans, E.
intermedium and S. marcescens in E. coli showed GA secretion and MPS ability
(Krishnaraj and Goldstein 2001; Apte et al., 2003; Kim et al., 2003). Overexpression
of A. calcoaceticus pgq gene cluster (pJNKS5) in B. japonicum USDA110, M. loti
MAFF030669 and S. fredii NGR234 led to secretion of ~ 25 mM GA and solubilized
~0.27 mM P on 100 mM Tris-Cl pH 8.0 buffered rock phosphate medium containing
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50 mM glucose. Similar results were found with transformant Hs (pJNKS5) which
secreted 23.47 mM GA and solubilized 0.24 mM P on 100 mM HEPES RP medium

containing 50 mM glucose.

All Rhizobium transformants secreted ~7.5 uM of PQQ, which is significantly
higher than Hs (pJNKS5) transformant which secreted 1.10 uM, natural phosphate
solubilizing rhizobacteria E. asburiae PSI3 and P. aeruginosa secreted 4.5 uM and
1.4 uM PQQ, respectively (Wagh, 2013). 1 uM of synthetic PQQ shows 25 %
increase in fresh weight of cucumber, increase in fresh and dry weights of
Arabidopsis and the size of the cotyledons of hot pepper treated with 25 nM PQQ was
seen (Choi et al., 2008). Increase in root and shoot weight of mung plant by 25 % was
observed between wild type and pgq mutant CMG860 (Ahmed and Shahab, 2010). It
would be interesting to check plant growth promoting activity of PQQ producing
genetically modified Rhizobium strains.

S. meliloti GDH mutant showed impaired symbiotic phenotype and inefficient
nodulation ability (Bernardelli et al., 2008). Our study shows apoGDH of Rhizobium
strains reconstituted into active form by overexpression of A. calcoaceticus pgq gene
cluster (pJNK5) in B. japonicum, M. loti and S. fredii NGR234. Functional GDH of
Rhizobium strains along with PQQ will play signifcant role in Nitrogen fixation and

plant growth.

Overexpression of A. calcoaceticus pgq gene cluster in B. japonicum, M. loti
and S. fredii NGR234 enhanced EPS production. Phosphate plays as a positive
regulator of EPS production, EPS production increased when supplemented with 0.1-
20 mM P (Janczarek et al., 2011). S. meliloti produces two types of EPS, and the
concentration of phosphate in the medium regulates the production of one type of EPS
at the expense of the other. Under low-phosphate conditions EPS Il predominates, and
the colonies of these bacteria have a more mucoid morphology. Under normal
conditions, S. meliloti produces EPS I, with less mucoid colonies (Zhan et al., 1991,
Mendrygal & Gonzalez, 2000). EPS has been shown to play an essential role for the
effective establishment of the symbiosis between Rhizobium sp. NGR234 and L.

leucocephala or M. atropurpureum (Bomfeti et al., 2011). EPS mutant strains did not
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show nodule formation with Glycyrrhiza uralensis (Wang et al., 2008). The strains
with high levels of EPS production tend to be more tolerant to acidic conditions and
salinity than strains that produce low EPS levels (Cunningham and Munns, 1984;
Eaglesham et al., 1987; Xavier et al., 1998; Freitas et al., 2007; Xavier et al., 2007).
Thus ~2.5 fold increase in EPS production will help in enhancing the movement of
rhizobium infection thread and symbiosome formation. EPS along with LPS and
BacA increase the competitiveness of Rhizobium nodulation. PGPR function of

Rhizobium transformants.

Overexpression of A. calcoaceticus pqqg gene cluster in B. japonicum, M. loti
and S. fredii NGR234 enhanced Biofilm formation. Biofilm formation in S. meliloti is
altered by changes in environmental conditions and the nutritional status of the
medium (Rinaudi et al., 2006). Biofilm formation by Pseudomonas aureofaciens
PA147-2 requires a threshold concentration of extracellular inorganic phosphate
(Monds et al., 2001). Phosphate starvation in P. aureofaciens PA147-2 shows a phoB-
dependent decrease in biofilm while, phosphorus limitation and phoB overexpression

increase the density of A. tumefaciens biofilms (Danhorn and Fuqua, 2007).

EPS I and Il of S. meliloti strain nodulating alfalfa showed a correlation
between EPS and biofilm production for cell-cell interactions and surface attachment
(Sorroche et al., 2012). Many species of beneficial soil bacteria, including rhizobia,
form microcolonies or biofilms when they colonize roots (Bogino et al., 2013). The
production of EPSs on plant surfaces or tissues allows bacterial colonization and
biofilm formation (Rinaudi et al., 2009). The beneficial roles of bacteria on plants are
related to these abilities. S. meliloti Exo-(exoY) mutants elicit on alfalfa roots
ineffective (Fix’), meristemless nodules that are not colonized internally by rhizobia
and biofilming ability of the exoY strain Rm7210 was ~ 57-60% reduced compared
to wild-type Rm1021 strain (Fujishige et al., 2006). Our study shows ~2.5 fold
increase in EPS as well as Biofilm formation along with P release; this will give a
stimulatory effect to transformed Rhizobium strains for root colonization and MPS
ability.

Direct promotion of growth occurs when PGPR provide compounds that affect
plant metabolism. Besides biological nitrogen fixation, the most important direct
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PGPR mechanism is synthesis of phytohormones or plant growth regulating
compounds. Examples are production of indole- 3-acetic acid (IAA) by A.
diazotrophicus, H. seropedicae, zeatin and ethylene by Azospirillum spp., gibberellic
acid (GA3) by A. lipoferum strain op33 and abscisic acid (ABA) by A. brasilense
strains Cd and Az39 (Boiero et al., 2007). The ability to synthesize phytohormone is
widely distributed among plant associated bacteria. 80% of the bacteria isolated from
plant rhizosphere are able to produce IAA. IAA play a role in one or more aspects of
nodule growth and development and it is detected in increased levels in nodule tissue
(Sahasrabudhe, 2011). IAA enhances root proliferation in A. brasilense and P. putida
GR12-2 (Faure et al., 2009). Inoculated biofilm of Penicillium spp.—Bradyrhizobium
spp. showed increased 1AA release which increased root growth of soybean (Glycine
max) (Jayasinghearachchi and Seneviratne, 2004a). S. meliloti strain overproducing

IAA showed enhanced P solubilization (Bianco et al., 2010).

Our studies show that, with increased release of P in TRP medium, EPS and
Biofilm increased by 2.5 fold compared to native and control, IAA secretion increased
by ~ 2 fold. This shows that overexpression of A. calcoaceticus pqq gene enhanced
MPS ability of B. japonicum, M. loti and S. fredii NGR234, and augments its role as
PGPR.
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Chapter 4: Determining the MPS ability of Rhizobium strains containing  A. calcoaceticus pqq cluster and P. putida gad
operon.

4.1. Introduction

Genetic modification of apoGDH containing Bradyrhizobium japonicum,
Mesorhizobium loti and Sinorhizobium fredii NGR234 with Acinetobacter
calcoaceticus pgq gene cluster resulted in secretion of ~ 28 mM GA and released P
0.25 mM when grown on 50mM Glucose RP buffered medium. For phosphate
solubilization, 2-KGA with pKa 2.6 is known to be much better as compared to GA
with pKa 3.86. In addition to acidification, 2KGA can also chelate calcium in soils
(Moghimi and Tate, 1978; Moghimi et al., 1978). GA is oxidized to 2-KGA by
Gluconate dehydrogenase (GADH) in the periplasm (Yum et al., 1997; Toyama et al.,
2007; Saichana et al., 2008). 2GA is secreted by many bacteria and fungi (Webley
and Duff 1965; Yum et al., 1997; Walker et al., 2003; Saichana et al., 2008; Vyas and
Gulati 2009; Gulati et al., 2010; Park et al., 2010). GADH was isolated and
characterized from different species like  Pseudomonas, K. pneumoniae, S.
marcescens, and E. cypripedii ATCC 29267 (Matsushita and Ameyama, 1982; Yum
et al., 1997; Toyama et al., 2007; Saichana et al., 2008). Three subunit containing
FAD-dependent gluconate dehydrogenase (GADH) enzyme, is encoded by gad
operon comprising of three genes namely FAD dependent gluconate dehydrogenase,
cytochrome ¢ and smallest third subunit of unknown function. Overexpression of E.
cypripedii ATCC 29267 gad operon in E. coli led to secretion of high amount of 2-
KGA (Yum et al, 1997). Tomato and wheat seedlings inoculated with G.
diazotrophicus PAL5 showed GADH and GDH activity, showed intense acidification
and phosphate solubilization (Crespo et al., 2011). Phosphate solubilizing new
species Enterobacter oryziphilus sp. nov. and Enterobacter oryzendophyticus sp. nov.
from rice endosphere secretes 2-KGA (Hardoim, et al., 2013). Enhanced P
solubilization phenotype due to increased secretion of 2-KGA was observed in E.
asburiae PSI3 when overexpressed with Pseudomonas putida KT 2440 gad operon
(Kumar et al., 2013). Similarly, genetically modified H. seropedicae Z67 with P.
putida gad operon and A. calcoaceticus pgq genes showed efficient P and K
solubilisation and increase in Fresh weight, Dry weight N, P, K content upon

inoculation to rice plants (Wagh, 2013).

Most of the Rhizobium species lack gadh operon thereby do not secrete 2-

KGA. Thus, the present study investigates the effect of heterologus overexpression of
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A. calcoaceticus pqq gene cluster along with Pseudomonas putida gad operon in B.
japonicum, M. loti and S. fredii NGR234 for 2-KGA and its effect on MPS ability.

4.2: EXPERIMENTAL DESIGN
The experimental plan of work includes the following-
4.2.1: Bacterial strains used in this study

All wild type and genetically modified E. coli and Rhizobium strains used in
this study are listed in Table 2.1. The plasmids used in the present study and their
restriction maps are given in Fig. 2.1. E. coli DH10B was used for all the standard
molecular biology experiments wherever required.

Table 4.1: Bacterial strains used in this study

Plasmid/Bacterial | Characteristics Source/Reference

strains

E. coli strains

E. coli DH10B Used to maintain plasmids for | Invitrogen, USA
routine use

pUCPM18 pUC18 derived Broad-Host-Range | Hester et al., 2000
vector; Ap" (100pg/ml)

pJNK6 pIJNK5, Gm" (20pg/ml) with gad | Wagh, 2013
operon 3.8 Kb of P. putida KT
2440

Rhizobium strains

Bradyrhizobiu | Accession number NC_004463.1 NCBI

m  japonicum

USDA110

Mesorhizobium | Accession number NC_002678.2 NCBI

loti

MAFF030669

Sinorhizobium | Accession number NC_012587.1 NCBI

fredii NGR234

Bj pUCPM18 | B. japonicum with pUCPM18, Gm' | This study
(control vector)

Bj pJNK6 B. japonicum with This study
pINK6GmM' (20ug/ml)

MI pUCPM18 | M. loti with pUCPM18, Gm' (control | This study
vector)

MI pINK6 M. loti with pJNK6Gm' (20pg/ml) This study

Sf pUCPM18 | S. fredii with pUCPM18, Gm' (control | This study
vector)

Sf pIJNK6 S. fredii with pJNK6Gm' (20ug/ml) This study
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Table 4.1: List of bacterial strains used. Detailed characteristics of these strains are
given in Table 2.1 Parent strains and the transformants of E. coli and Rhizobium were
respectively grown at 37°C and 30°C with variations in gentamycin and erythromycin

concentrations for rich and minimal media as described in Section 2.2.

4.2.2: Development of B. japonicum, M. loti and S. fredii strains harboring

A. calcoaceticus pqq gene cluster and P. putida gad operon (pJNK®6).

The recombinant plasmids pUCPM18 Gm (control) and pJNK6 were
transformed in B. japonicum, M. loti and S. fredii by electroporation (Section 2.4.2.2).
The transformants were selected on gentamycin selection plates and were confirmed

by Restriction endonuclease digestion pattern.

4.2.3: Growth and MPS phenotype of pJNKG6 transformant strains of Rhizobium

The MPS ability of B. japonicum, M. loti and S. fredii and its transformants
were monitored on Pikovaskya’s (PVK) agar and 100 mM Tris buffered RP (TRP)
agar as described in chapter 2

4.2.4: Effect of heterologous A. calcoaceticus pqqg gene cluster and P. putida gad
operon (pJNKG6) overexpression on the physiology and glucose

metabolism.

B. japonicum, M. loti and S. fredii transformants were subjected to
physiological experiments involving growth and organic acid production profiles on
TRP medium with 50 mM glucose as carbon source.The samples withdrawn at
regular interval were analyzed for O.D.600nm, pH, extracellular glucose and organic
acid as mentioned in chapter2. The physiological parameters were calculated as
mentioned in chapter 2. The enzyme assays were performed as described chapter 2.
4.3: Results

4.3.1: Heterologous overexpression of A. calcoaceticus pgq gene cluster and

P. putida gad operon (pJNK®6) in Rhizobium strains.
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The pJNK6 plasmid was incorporated in B. japonicum, M. loti and S. fredii
NGR 234 strains and the transformants were confirmed based on restriction

endonuclease digestion pattern (Fig. 4.1).

~3.8
~3.8 Kb gad Kb gad

operon

Fig. 4.1: Restriction endonuclease digestion pattern for Rhizobium transformants
containing pJNK6 (Lane 1- EcoR1/Hind Ill Marker, Lane- 2, 4 and 6 Bj pJNK6, Ml
pJNK6 and Sf pJNK6 BamH1/ Xbal digested (12.1 kb and 3.8 kb).

4.3.2 Effect of heterologous overexpression of A. calcoaceticus pgq gene cluster
and P. putida gad operon (pJNKG6) in Rhizobium strains on GADH and GDH
activity in B. japonicum, M. loti and S. fredii NGR 234.

In Bj (pJNKG6), Ml (pJNK6) and Sf (pJNK6) GADH activity was found to be
340.9 U, 438.4 U and 326.3 U, respectively, which is 42, 73 and 36 fold increase
compared to native strain. In transformants, GDH activity was found to be 182.8 U,
151.2 U and 219.0 U, respectively, with a fold increase of 14.51,10.10 and 15.24
compared to native strains, which is similar to Rhizobium strains transformed with
pJNKS5 alone
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Fig 4.2: GDH and GADH activity of Rhizobium transformants containing pqq
gene cluster (A) B. japonicum, (B) M. loti (C) S. fredii NGR 234. The results are
expressed as Mean = S.E.M of six independent observations. * P<0.05, ** P<0.01 and
*** P<0.001.

4.3.3: Growth and MPS ability of Rhizobium transformants of A. calcoaceticus

pgq gene cluster and P. putida gad operon (pJNKG6)

Bj (pJNK6), Ml (pJNK6) and Sf (pJNK6) transformants showed good
phenotype compared to native and control both on PVK and TRP plates after 3 days
of incubation at 30°C. The pJNKG6 transformants of B. japonicum, M. loti and S. fredii
showed maximum zone of clearance as compared to the control pUCPM18 and
pJNKS5 transformants (Table 4.2).
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Bj pUCPM18 Bj pINK5 Bj pIJNK6

290

Bj pUCPM18 Bj pINK5 Bj pIJNK6

MI pINK5 MI pINK6

M pUCPM18 MI pINK5 MI pINK6

Sf pUCPM18 Sf pINK5 Sf pINK6

©
B
=
&3
-

Sf pUCPM18 Sf pINK5 Sf pINK6

Fig. 4.3: MPS phenotype of B. japonicum, M. loti and S. fredii strains harboring
pJNK®6 plasmid. (a), (c) and (e) on Pikovskaya’s agar and (b), (d) and (f) Tris rock
phosphate agar containing 50 mM glucose and 100 mM Tris HCI buffer pH 8.0. The
results were noted after an incubation of 3 days at 30 °C. Media composition and
other experimental details are as described chapter 2.
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Rhizobium Diameter of zone | Diameter  of | Phosphate
Strains of clearance | colony (mm) Solubilizing
(mm) Index

Bj 12.17 +0.29 11.17+0.29 1.09
Bj pUCPM18 11.17 £ 0.29 9.50 £ 0.50 1.22
Bj pJNK5 14.50 + 0.50 10.17 +0.29 1.44
Bj pJNK6 14.17+ 0.29 9.50+0.50 1.55
MI 12.83 +0.29 11.50 + 0.50 1.09
Ml pUCPM18 12.17 £ 0.29 10.17 £ 0.29 1.22
MI pIJNK5 12.50 + 0.50 9.17+0.29 1.36
MI pIJNKG6 12.83 £ 0.29 8.83+0.29 1.45
St 12.17 £ 0.29 10.50 £ 0.50 1.20
Sf puUCPM18 12.17 +0.29 10.17 +0.29 1.22
Sf pJNK5 14.50 + 0.50 11.17 £ 0.29 1.29
Sf pJNK6 14.50 + 0.50 10.17 £ 0.29 1.42

Table 4.2: P solubilization index on Pikovskyas agar of B. japonicum, M. loti and
S. fredii transformants. Bj, Ml and Sf: wild type strain; Bj puCPM18, MI pUCPM18
and Sf pUCPM18: B. japonicum, M. loti and S. fredii with vector control and Bj
(pJNK®6), MI (pJNK6) and Sf (pJNKB6) : B. japonicum with pgg and gad gene cluster,
M. loti with pgq and gad gene cluster and Sf with pqg and gad gene cluster. The
results were noted after an incubation of 3 days at 30 °C and are given as mean = S.D.
of three independent observations as compared to native Bj, Ml and Sf. The results are
expressed as Mean £ S.E.M of six independent observations. * P<0.05, ** P<0.01 and
*** P<0.001.

4.3.4: Effect of A. calcoaceticus pqq gene cluster and P. putida gad operon
(pPINKG6) overexpression on growth pattern pH profile and physiological effects

in presence of 50mM glucose concentration.

pJNKG6 transformants of B. japonicum, M. loti and S. fredii showed maximum
growth and pH drop of 4.21, 4.21 and 4.23 respectively within 16 h compared to
around pH 6.5 to 6.7 of native and control at 20 h (Fig 4.4).
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Fig. 4.4 : Effect of pgg gene cluster and gad operon overexpression on
extracellular pH (o, A, o) and growth profile (m, A,e) of (A) B. japonicum and
(B) M. loti, (C) S. fredii on TRP medium with 50 mM glucose .(o, m, Bj, MI, Sf wild
type); {A, A, Bj (pbUCPM18Gm'), MI (pUCPM18Gm"), Sf (pUCPM18Gm')}; {o, e,
Bj (pJNKG6), Ml (pJNKB6), Sf (pJNKG6)};. ODggo and pH values at each time point are
represented as the mean £ SD of six independent observations.

In presence of 50 mM glucose, increase in GDH and GADH activity
significantly affected growth profile. The total glucose utilization rate at the time of
pH drop remained unaffected but there was ~ 2 fold decrease in glucose consumed
due to increase in GA and 2-KGA acid secretion. However, the Specific Glucose
Utilization Rate Qg (9.9 dew™.h™) decreased by ~1.2 to ~1.9 fold in pIJNK6
transformants. Additionally, the increase in GDH and GADH activity increased the
specific growth rate by ~1.8 to ~2.0 fold, and improved the biomass yield by ~1.3 to ~
1.6 fold in pJNKG6 transformants compared to control (Table 4.3).
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Rhizobium Specific Total Glucose Biomass Specific Glucose
Strains Growth Rate | Glucose Consumed Yield Utilization Rate
K(h™)? Utilized (mM)°® Y gewiclc Qoaic
(mMm)° (9/9)* (9.9 dew™.h )
Bj 0.186 £0.026 | 46.20+0.20 | 38.23+1.33 | 1.78+0.14 0.14+0.01
Bj pUCPM18 | 0.280+0.051 | 48.30+0.46 | 40.65+0.30 | 1.21+0.16 0.21+0.02
Bj pJNK6 0.363 + 2.39+
007w 49.10+£0.26 | 14.20+1.57 . 0.11+0.02
MI 0.221+0.03 | 4591+0.64 | 37.07+055 | 1.36+0.26 0.19+0.04
MIpUCPM18 | 0.265+0.02 | 48.40+0.36 | 40.38+0.02 | 1.0+0.04 0.26 +0.01
MI pJNK6 0.438+ .05 | 49.67+0.12 | 15.89+0.22 | 1.96+0.18* 0.13+0.01
Sf 0.260+0.02 | 46.10+0.42 | 37.17+055 | 1.69+0.22 0.15 + 0.02
Sf pUCPM18 | 0.311+£0.02 | 48.10+£0.10 | 40.67+0.40 | 1.85+0.10 0.14+0.01
Sf pJNK6 0.468+ .03 | 49.03+0.06 | 16.10+0.21 | 2.68+0.25 0.09 +0.01

Table 4.3: Physiological variables and metabolic data from of B. japonicum , M.
loti and S. fredii pqq transformants grown on TRP medium 100mM Tris-Cl
buffer pH 8 and 50mM Glucose containing Rock Phosphate 1mg/ml. The results
are expressed as Mean = S.E.M of six independent observations. * Biomass yield Y
dowicle, Specific growth rate (k) and specific glucose utilization rate (Qgic) were
determined from mid log phase of each experiment. ® Total glucose utilized and
glucose consumed were determined at the time of pH drop. The difference between
total glucose utilized and glucose consumed is as explained. * P<0.05, ** P<0.01 and
*** P<0.001.

4.3.6 : P solubilization and organic acid secretion in 100mM Tris-Cl Buffer pH 8
and 50mM Glucose containing Rock Phosphate 1mg/ml.

Significant increase was seen in P release by pJNK6 transformants of B.
japonicum, M. loti and S. fredii compared to control and native, 13, 12 and 12 fold,
respectively, in TRP medium in presence of 50mM glucose and 100mM Tris Cl
Buffer pH 8.0 (Fig. 4.5).
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Fig.4.5: Phosphate released by Rhizobium transformants containing pgq gene
cluster and gad operon (A) B. japonicum (B) M. loti and (C) S. fredii. The results
are expressed as Mean + S.E.M of six independent observations. * P<0.05, ** P<0.01
and *** P<0.001.

Extracellular medium of pJNKG6 transformants of B. japonicum, M. loti and S.
fredii had 6, 5.27 and 6.83 folds higher amounts of 2-ketogluconic acid, respectively,
with its specific yield (Y¢c) increased by 4.06, 3.07 and 2.74 fold whereas levels of
gluconic acid were 3.31, 3.07 and 2.64 folds higher with specific yield (Ycie)
increased by 2.02, 1.82 and 1.13 fold compared to native and controls (Table 4.4)
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Rhizobium GA mM 2-KGA mM Specific Specific Yield
Strain Yield 2-KGA Y6
GA Ycie
Bj 6.26 £ 0.23 2.37 £0.47 1.39+0.12 0.49 +0.09
Bj pUCPM18 5.72 £ 0.06 1.93+0.07 1.39+0.08 0.46 £ 0.05
Bj pJNK6 20.73+ .82*** | 14.17 + 0.23*** | 3.11 £0.15*** | 1.99 +£0.12***
Ml 653+ 0.18 2.60 £0.20 1.01+£0.21 040x0.1
MI pUCPM18 | 5.80+0.10 2.21+0.13 0.98 £0.03 0.36 £ 0.04
MI pJNK6 20.06% .24*** | 13.72 £ .22*%** 1.84 £ 0.03** | 1.23 £0.04***
St 6.760 + 0.10 2.20+£0.15 1.59 £ 0.05 0.54+0.10
Sf pUCPM18 550 + 0.30 1.92 +£0.03 1.10+£0.11 0.37+£0.01
St pJNK6 17.90£0.17*** | 15.03 £ .05*** 1.81 £ 0.12** | 1.48 £0.07***

Table 4.4: Organic acid Secretion and Organic acid yield from of B. japonicum ,

M. loti and S. fredii pgqq transformants grown on TRP medium 100mM Tris-Cl

buffer pH 8 and 50mM Glucose containing Rock Phosphate 1mg/ml. The results

are expressed as Mean + S.E.M of six independent observations. * P<0.05, ** P<0.01
and *** P<0.001.

Bj (pJNK6), MI (pJNK6) and Sf (pJNKG6) also secreted ~7.30 puM, ~7.00 uM and
~8.75 uM PQQ, which is similar to Rhizobium strains transformed with pJNK5

alone (Fig. 4.6).
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Fig. 4.6: PQQ secreted by Rhizobium transformants containing pgq gene cluster
and gad operon (A) B. japonicum (B) M. loti and (C) S. fredii. The results are
expressed as Mean = S.E.M of six independent observations. * P<0.05, ** P<0.01 and
*** P<0.001.

4.3.8: Effect of A. calcoaceticus pgq gene cluster and P. putida gad operon
(pJNK®6) overexpression on Biofilm, EPS and IAA secretion in Rhizobium

transformants.

Biofilm and EPS synthesis on an average showed significant increase by ~2.5
fold, while ~ 1.8 fold increase in 1AA secretion in Bj (pJNK6), Ml (pJNKG6) and Sf
(pJNK®6) transformants in 100 mM Tris-Cl buffer pH 8.0, 50 mM glucose and rock

phosphate 1 mg/ml in comparison to native and control (Table 4.5).
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Rhizobium Biofilm EPS IAA
Strains O.D.at 550nm (9/100ml) (ng/ml)
Bj 1.39+ 0.02 11.48+0.1 20.14 +1.33
Bj pUCPM18 1.45+0.03 1256 +0.2 22.32 £1.65
Bj pJNK6 4.67 £ 0.03*** | 28.45 + 0.2*** 42.69 £ 1.34***
M 1.51 £ 0.06 11.34 +0.05 28.17 +£1.35
Ml pUCPM18 1.81 +£0.05 11.89+0.1 29.67+1.81
Ml pJNKG6 5.64 £ 0.04*** | 33.33 £ 0.5*** 47.22 £ 2.12%**
St 1.61+£0.10 1253 +1.54 32.79+£1.87
Sf pUCPM18 2.10 £0.16 13.43+1.11 34.10+1.32
Sf pIJNK6 6.12 £ 0.2*** | 38.11+ 1.88*** | 52.12 +£ 1.22***

Table 4.5: Biofilm, EPS and IAA production by Bj (pJNKG6), Ml (pJNKG6) and Sf
(PINK®6) transformants in TRP medium. The results are expressed as Mean *
S.E.M of six independent observations. * P<0.05, ** P<0.01 and *** P<0.001.
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Discussion

Rhizobium species lack GADH enzyme which converts GA to 2-KGA.
Transformation of B. japonicum, M. loti and S. fredii NGR 234 strains with
pUCPM18 Gm' containing A. calcoaceticus pgq gene cluster under constitutive Plac
promoter along with P. putida KT2440 gad operon with its own promoter showed
GADH activity ~390 U, while GDH activity was ~190 U with 50 mM glucose in
M9 medium. Incorporation of E. cypripedii ATCC 29267 gad operon in E. coli
increased GADH activity from ~410 U to ~2150 U in presence of gluconate (Yum et
al., 1997). Similar increase in GAD activity (1738 U) was found in E. asburiae PSI3
gad transformant in presence of gluconate (Kumar et al., 2013). GADH activity of H.
seropedicae Z67 when overexpressed with A. calcoaceticus pgq gene cluster along
with P. putida KT2440 gad operon (Hs pJNK6) was ~414 U, in HRP minimal
medium which is similar to E. asburiae PSI3 gad transformant (438 U) in TRP
medium (Wagh, 2013). Bj (pJNK6), Ml (pJNK6) and Sf (pJNK6) showed similar
expression of P. putida KT2440 gad operon as with E. asburiae PSI3 and Hs
(pJNK®), this shows that P. putida KT2440 gad operon is functional in Rhizobium

strains.

Hs pJNKG6 secreted 15.83 mM 2-KGA along with 3.79 mM GA, when grown
on 100 mM HEPES containing 50 mM Glucose (Wagh, 2013). Overexpression of P.
putida KT2440 gad operon alone in E. asburiae PSI3 possessing high level of PQQ
biosynthesis secreted 11.63 mM 2-KGA along with 21.65 mM GA (Kumar et al.,
2013). E. cypripedii ATCC 29267 gad operon in E. coli could secrete ~ 13mM 2KGA
in LB containing 100mM glucose (Yum et al., 1997).Our study shows similar results
as seen in different species, Rhizobium strains secreted up to 15 mM 2-KGA along
~21 mM GA, respectively, when grown on 50 mM glucose on TRP medium.
Rhizobium strain oxidizes glucose chiefly using ED pathway, overexpression of pqq
cluster and gad operon channelized glucose towards direct oxidation pathway,
resulting in to secreting higher amounts of GA and 2-KGA, this change in glucose

flux in no way affected growth rate and biomass yield .

Hs pJNKG released 0.457 mM P and ~1.1 uM PQQ (Wagh, 2013). E. asburiae
PSI3 gad transformant could solubilize 0.84 mM rock phosphate in presence of 45

mM glucose while native stain requires 75mM glucose to solubilize rock phosphate in

“Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization” Page 104



Chapter 4: Determining the MPS ability of Rhizobium strains containing  A. calcoaceticus pqq cluster and P. putida gad
operon.

TRP medium (Kumar et al., 2013). Our study showed similar results as Hs pJNKG®,
but P release was less compared to E. asburiae PSI3 gad transformant. The reason for
this variation in P release in different species is not clear.

Increase in EPS, Biofilm and IAA secretion of Rhizobium pqg-gad
transformants was similar to that of pgq transformants which could improve the

nodulation, nitrogen fixation and plant growth promotion by Rhizobium strains.

Studies show that, genetic modification of Rhizobium species were
predominantly done to increase nitrogen fixing ability or nodule formation (Vieira, et
al., 2010). Using biotechnology tools, soil inhabiting indigenous species or Non PSMs
can be converted to PSM. Most of the genetic modifications carried out till date is to
enhance gluconic acid secretion, very few studies are there for 2-KGA secretion
(Table 4.6) (Kumar et al., 2013). Rhizobium strains expressing A. calcoaceticus pgq
cluster and P. putida gad operon togather for 2-KGA secretion would make
Rhizobium strains very efficient P solubilzer. For stable genetic modification,

genomic integration of pgg-gad operon is desirable in Rhizobium strains.

“Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization” Page 105



Chapter 4: Determining the MPS ability of Rhizobium strains containing

A. calcoaceticus pqqg cluster and P. putida gad

operon.
Table 4.6 Genetic modifications for enhanced MPS by bacteria

Gene/Function Source Host Mineral P | Organic acid | References

solubilized

PQQ biosynthesis S. marcescens E. coli TCP GA Krishnaraj and Goldstein (2001)

pgqE E. herbicola Azospirillum sp. TCP GA? Vikram et al. (2007)

pqqED genes R. aquatilis E. coli HAP GA Kim et al. (1998)

Unknown E. agglomerans E. coli GA? Kim et al. (1997)

pggABCDEF genes E. intermedium E. coli DH5a HAP GA Kim et al. (2003)

Ppts-gcd, P gnlA-gcd E. coli A. vinelandii TCP GA Sashidhara and Podille (2009)

gabY Putative PQQ | P. cepacia E. coli HB101 GA Babu-Khan et al. (1995)

transporter

Unknown Erwinia herbicola E. coli HB101 TCP GA Goldstein and Liu (1987)

gltA/ citrate synthase E. coli K12 P. fluorescens ATCC 13525 | DCP Citric acid Buch et al (2009)

Unknown Synechocystis  PCC | E. coli DH5a RP Unknown Gyaneshwar et al 1998

6803
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NADH insensitive cs E. coli /S.typhimurium | Genomic integration in P. | RP Citric acid Adhikary, 2012
/Na" dependent citrate fluorescens PfO-1
transporter operon
gad [ Gluconate | P. putida KT2440 E. asburiae PSI3 RP GA and | Kumar et al 2013
dehydrogenase 2KGA
pgg/gad A. calcoaceticus H. seropedicae Z67 RP GA and | Wagh, 2013
) 2KGA
PQQ/ GADH /P. putida KT2440
pgg/gad PQQ/ GADH | A. calcoaceticus /P. | B.japonicum. M. loti and S. | RP GA and | This Study
putida KT2440 fredii NGR234 2KGA

GA- Gluconic acid, 2KG- 2 ketogluconic acid, DCP- Dicalcium phosphate, TCP- Tricalcium phosphate, RP- Senegal rock phosphate,

HAP- Hydroxyapatite.
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5.1 Introduction

Presence of plasmids in Azotobacter vinelandii, Azospirillum brasilense, and
Pseudomonas putida GR12-2 showed impaired growth, phosphate solubilization,
nitrogen fixation, siderophore production, and indole acetic acid biosynthesis, under
various experimental conditions (Glick 1995). Diverse effects were found in
physiology, cellular metabolism, alteration in ATP biosynthesis as well as
perturbations in host DNA replication, transcription, and translation in E. coli due to
presence of plasmid (Rozkov et al. 2004; Wang et al. 2006; Chou 2007; Ow et al.
2006; 2009). P. fluorescens WCS365 and P. putida GR12-2 containing plasmid
showed reduced stability and competitiveness under rhizospheric conditions,
respectively (Simons et al. 1996; Schmidt-Eisenlohr et al., 2003). Additionally,
presence of antibiotic marker and plasmid instability impose problem to use
genetically modified organism for field studies (Neubauer et al, 2003; De Gelder,
2007). Previous reports from our laboratory showed overexpression of genes in
plasmids exerted greater metabolic alterations on P. fluorescens ATCC 13525
metabolism despite of low copy number (Buch et al., 2010). Similarly, presence of
plasmids adversely affected  growth and gluconic acid secretion of phosphate
solubilizing E. asburiae PSI3 under phosphorus limited condition (Sharma et al.,
2011). Thus to overcome the drawbacks of plasmid mediated genetic manipulation,
incorporation of genes into the genome becomes an attractive strategy (Sibley and
Raleigh, 2012).

Genomic integration by additional copies of nifA and dctABD in Rhizobium
meliloti increased, root colonization, nodule occupancy and alfalfa yield in the field
condition (Bosworth et al., 1994). B. cepacia G4 TOM- (toluene 0-monooxygenase )
was stably integrated in chromosome of Rhizobium strains (ATCC 10320 and ATCC
35645), engineered bacteria degraded trichloroethylene and were competitive against
the unengineered hosts in wheat and barley rhizospheres (Shim et al., 2000).
Sphinomonas CAR-1.9-dioxygenase gene constitutively integrated in R. tropici,
degraded 48 % dioxin within first 3 days in field condition (Saiki et al., 2003).
Genetic manipulation of R. leguminosarum bv. trifolii containing multiple copies of
rosR and pssA genes responsible for EPS production, resulted in increased growth

rate, EPS production and number of nodules (Janczarek et al., 2009). ACC deaminase
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gene integrated in to M. loti expressing ACC deaminase only in nodules, expressed
the gene constitutively and showed more number of nodules and competitiveness

compared to wild type on L. japonicus (Conforte et al., 2010).

Majority of genetic manipulations in Rhizobium species are done to enhance
its nodulation competitiveness, nitrogen fixation ability, biocontrol activity , with
stand biotic-abiotic stresses and rhizoremediation (Rengel, 2002; Archana et al., 2010;
Mabrouk and Belhadj 2010; Singh et al., 2011). There are no reports of genetic
manipulation of Rhizobium species for mineral phosphate solubilization. Our studies
show that genetic modification by heterologus overexpression of A. calcoaceticus pqq
gene cluster along with Pseudomonas putida gad operon in B. japonicum, M. loti and
S. fredii NGR234 expressed in pUCPM18 Gm' plasmid under Plac promoter secreted,
~ 20 mM GA and ~15 mM 2KGA, 2.5 fold increase in P release compared to pJNK5
transformants was observed. Higher 2KGA secretion increased MPS efficiency of
Rhizobium transformants. It would be interesting to study genomic integration of A.
calcoaceticus pqq gene cluster , Pseudomonas putida gad operon , Vitreoscilla
hemoglobin (vgh) and egfp using Tn7 based integration system at att site in B.
japonicum, M. loti and S. fredii strains and characterize the biochemical, growth and

MPS abilities of the integrants.

Single copy tagging of bacteria without, any deleterious effects at neutral and
unique site is carried out by using mini-Tn7 transposon system. The Tn7 transposon
was originally discovered by Barth et al. (1976) on the plasmid R483 (Incla) as an
element carrying the resistance genes trimethoprim (TmR) and streptomycin/
spectinomycin (SmR/ SpR), which could be transposed to other replicons. These
genes are flanked by the ends of the transposon, named the left (Tn7L) and the right
(Tn7R) end (Lichtenstein and Brenner, 1982; Rogers et al., 1986). Tn7 inserts into
specific location named the attTn7 site with high efficiency and unique orientation in
E. coli, located downstream of the coding region of enzyme glucosamine synthetase -
glmS gene and thereby does not disrupt the gene (Gringauz, et al., 1988; Peters et al.,
2001). Glucosamine synthetase is required for cell wall synthesis and it is conserved
among many bacteria and, therefore Tn7 is likely to have the same specific insertion
site in many different bacteria (Volger et al., 1989). The transposon genes require
Trans functioning tnsABCD for specific insertion into the attTn7 site. Thus, sequences
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located in the 3“end of the coding region of glmS are recognised by transposase
proteins directing the actual insertion into the attTn7 site, down-stream of the glmS
gene. However, if this site is unavailable the transposon can insert into other sites with

low frequency.

Gene complementation, gene expression analysis, strain construction, and
reporter gene-tagging of Pseudomonas aeruginosa and Yersinia pestis, particularly in
biofilm and animal model studies were done using mini-Tn7 transposon. Tn7-based
delivery system was used to integrate genes encoding for different fluorescent protein
and luciferase protein along with promoter into the chromosomes of Erwinia
chrysanthemi, P. fluorescens, P. syringae, P. putida and many gram negative bacteria
by te (Koch et al., 2001, Lambersten et al., 2004; Hee et al.,2008). Thus mini Tn7
transposition is a powerful technique for the single-copy integration or excision of a
gene of interest at chromosomal level to carry out protein functional studies, gene
expression analysis, insertional random mutagenesis, or gene-tagging of bacteria in

living organisms.

Function of Vitreoscilla hemoglobin (VHb) is to enable the organism to
survive in oxygen-limited environments by acting as an oxygen storage-trap or to
facilitate oxygen diffusion to terminal oxidases under hypoxic conditions
(Wakabayashi et al., 1986). Several cloning experiments showed that the presence and
expression of VHb can improve not only cell growth but also productivity of
recombinant protein (Khosravi et al, 1990; Geckil et al, 2004; Chung et al., 2009).
Cell-free extracts of A. calcoaceticus showed low levels of GDH activity when
grown on acetate-glucose mixture in oxygen-limited condition, activity got restored
with introduction of oxygen (Van Schei etal., 1988). Genetically modified Rhizobium
with vgb overexpression has enhanced the growth of Rhizobium and also increased
nitrogen content in bean plants (Ramirez et al., 1999). In soil and nodules, amount of

oxygen plays an important role for growth, nitrogenase activity, colonization etc.

The present study describes the genomic integration of A. calcoaceticus pqq
gene cluster and P. putida gad operon, V. hemoglobin (vgb) and egfp using Tn7 based
integration system at att site in B. japonicum, M. loti and S. fredii strains and

compares its effect to plasmid based expression on growth amd MPS ability.
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5.2 Experimental design

5.2.1: Bacterial strains used in this study

Plasmid/Strains Characteristics Source or
Reference

pGRG36 Intergration vector (Tn7) Gregory et
al., 2006

pUCPM18 pUC18 derived Broad-Host-Range vector; Ap" | Hester et al.,
2000

E. coli DH10B Str" F~ endAl recAl galE15 galK16 nupG rpsL | (Invitrogen)
AlacX74 D80lacZ AM15 araD139 | USA
A(ara,leu)7697 mcrdA A(mrr-nsSdRMS-mcrBC)
e

pINK6 pUCPM18Gm' with pgg gene cluster of A. | Wagh, 2013
calcoaceticus and gad operon of P. putida
KT2440 under plac; Ap', Gm'

pJIPgv pGRG36 with pgqg gene cluster of | This study
Acinetobacter calcoaceticus and gad operon of
P. putida KT2440 under plac; Ap', vgb gene

and egf gene Ap'

Bj intPgv Genomic integrant of B. japonicum containing | This study
lac-pqq, gad, vgb, egfp Ap'

MI intPgv Genomic integrant of M. loti containing lac- | This study
pqg, gad, vgb, egfp Ap’

Sf intPgv Genomic integrant of S. fredii containing lac- | This study

pga, gad, vgb, egfp Ap'

Table 5.1: Bacterial strains used in this study. The details of the plasmids and the

concentration of the antibiotics used are given in the Table 21 and 2.2.

5.2.2: Cloning of pgqg- gad operon in integration vector.

Construction of artificial pqq gad operon containing constitutive lac promoter,
of A. calcoaceticus and gad operon of P. putida KT2440, vhb gene and gfp was done
as per the following strategy. XT-20 polymerase was used for PCR amplification
(Bangalore Genei, India) from plasmid pJNK6. Sequence of forward (lac)
rimerTCCGAAATGTGAAATACGAAGGCCGAGCATACAACACACAGGA

GGACGCATG GAATTCCACCATAAGTTTTGAC3  and reverse primer of gad
operon 5> AGT CGC TTCGCTGAA ATGTAGTGG3’ was used to amplify pgq- gad
operon. Plasmid pGRG36-mini-Tn7-Amp-egfp was digested with Smal, gel purified
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and ligated with 9 kb amplicon containing artificial pqqg- gad operon was ligated with
pGRG36 containing vgb and egfp (Fig. 5.1). Clone was confirmed by restriction
digestion and PCR amplification. Resultant construct of 17.9 kb, named as pJIPgv
consisted of artificial pgq- gad operon.

mcsv PBAD
ALl L '

FTTTTTTTTITTT
LLLLLLLLLLLL
Digested with Smal / p —_—

pqq gad PCR fragment

with blunt ends ) _ \

Ligation

l N

/

‘\,z

Fig. 5.1: Strategy used for cloning of pgg-gad gene cluster in pGRG36 containing

vhb, egfp resulted in pJIPgv.

5.3: Results.
5.3.1: Construction of Genome integrants of B. japonicum M. loti and S. fredii

PCR amplification of pqg gene cluster along with gad operon under
constitutive lac promoter was done from pJNK6 plasmid containing pgg-gad by using
specific primers as mentioned above. This PCR amplicon was used for ligation with
integration vector (Fig. 5.2). For further confirmation, the recombinant plasmid
pJIPgv plasmid containing pgg gene cluster and gad operon under constitutive lac
promoter was confirmed by restriction enzyme digestion. pJIPgv was digested with
Pvull and pGRG36vhb, egfp plasmid digested with Pvull (Fig. 5.3).
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Fig. 5.2: PCR amplification of pqq, gad with constitutive lac promoter

Lanel- Marker BstEll Digest, Lane2- PCR amplification with constitutive lac
promoter

A

Fig.5.3: Restriction enzyme digestion pattern of pJIPgv plasmid containing pqq
gene cluster and gad operon under lac promoter. (A-B) Lanel- pJIPgv digested
with Pvull, Lane2- control plasmid pGRG36vgb, egfp digested with Pvull, Lane3 - A
DNA- Hind Il Molecular weight marker.

B. japonicum, M. loti and S. fredii integrants were confirmed based on PCR

amplification of pgg-gad from genomic DNA (Fig. 5.4).
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amplicon of
qqgad

Fig. 5.4: Confirmation of Genome integrants by PCR amplification of pgq and
gad from B. japonicum, M. loti and S. fredii integrants: Lanel,2 and 4 - PCR
amplicon of pqg,gad from genomic DNA of B. japonicum, M. loti and S. fredii
integrants.. Lane 3- A DNA BstEIl Molecular weight marker

5.3.2: GDH and GADH activity of B. japonicum, M. loti and S. fredii integrants.

In B. japonicum M. loti and S. fredii integrants GADH activity was found to
be ~193.06 U, ~200.10 U and ~162.9 U, respectively, which is 24, 34 and 18 fold
increase compared to native strain (Fig. ). In integrants, GDH activity was found to be
129.83 U, 80.23 U and 147.03 U, respectively, with a fold increase of 10, 5 and 10
compared to native strains, respectively. GADH and GDH activity decreased by 1.5 -
2.0 fold compared to pJNK6 Rhizobium transformants.
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Fig. 5.5: GDH and GADH activity of Rhizobium integrants of pgq gene cluster
and gad operon, vgb gene. (A) Bj intPgv (B MI intPgv (C) Sf intPgv. Results are
expressed as Mean = S.E.M of 4-6 independent observations. * P<0.05, ** P<0.01
and *** P<0.001.

5.3.3: Growth and MPS ability of B. japonicum, M. loti and S. fredii integrant on
50 mM Tris-Cl buffer pH 8 and 50 mM glucose containing rock phosphate.

B. japonicum M. loti and S. fredii integrants showed good phenotype
compared to native and control both on PVK and TRP plates after 3 days of
incubation at 30°C. Integrant showed compared to pJNK6 transformant decreased
MPS phenotype on 50 mM Tris-Cl buffer pH 8 and 50 mM glucose containing rock
phosphate, while on PVK plates integrant showed stronger Ca-P solubilization (Fig. ;
Table 5.2).
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Bj pJNK6 Bj intPgv

(®) Bj  Bj pJNK6 Bj intPgv

MI pJNK6 Ml intPgv

0

Ml intPgv

Sf intPgv

(f) Sf Sf pINK6 SfintPgv

MI pINKS6

Sf pIJNK6

Fig. 5.6: MPS phenotype of B. japonicum M. loti and S. fredii integrants (a), (b)
Zone of clearance formed by Rhizobium integrants on Pikovskaya’s agar and (c), (d)
zone of acidification Tris rock phosphate agar containing 50 mM glucose and 50 mM
Tris CI buffer pH 8.0. The results were noted after an incubation of 3 days at 30 °C.
Media composition and other experimental details are as described in Sections 2.2.4
and 2.7.
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Rhizobium Diameter of zone of | Diameter of Phosphate
Strains clearance (mm) colony (mm) | Solubilizing Index
Bj 12.17 +0.29 11.17 +0.29 1.09
Bj pINK6 14.17+0.29 9.50 +0.50 1.55
Bj intPgv 14.50+ 0.50 8.17+0.29 1.77
Ml 12.83 +0.29 11.50 +0.50 1.09
MI pIJNKG6 12.83 £ 0.29 8.83+0.29 1.45
Ml intPgv 14.50 + 0.50 9.17+£0.29 1.58
Sf 12.17 +0.29 10.50 + 0.50 1.20
Sf pJNK6 14.50 + 0.50 10.17 £ 0.29 1.42
Sf intPgv 20.83+0.29 6.50 + 0.50 3.20

Table 5.2: P solubilization index on Pikovskyas agar of B. japonicum, M. loti and
S. fredii integrants during 3 days of growth on 50 mM Tris-Cl buffer pH 8 and
50 mM glucose containing rock phosphate. Bj, Ml and Sf : wild type strain; and
Bj intPgv, Ml intPgv and Sf intPgv: B. japonicum, M. loti and S. fredii integrants. The
results were noted after an incubation of 3 days at 30 °C and are given as mean + S.D.

of three independent observations as compared to native Bj, Ml and Sf.

5.3.4: Growth pattern and pH profile of B. japonicum, M. loti and S. fredii
integrants on 50 mM Tris-Cl buffer pH 8 and 50 mM glucose containing rock

phosphate.

The growth of Bj intPgv, Ml intPgv and Sf intPgv on 50 mM Tris-Cl buffer
pH 8 and 50mM glucose reached to a maximum of 1.8 O.D. within 12 h in integrants
compared to 20 h of the native B. japonicum, M. loti and S. fredii strains. pH of the
medium dropped to 6.8, 6.8 and 5.7 within 20 h in the native B. japonicum, M. loti
and S. fredii while pH drop to 4.1, 5.1 and 4.2 was seen within 12 h in B. japonicum,
M. loti and S. fredii integrants, respectively (Fig. 5.7 A,B,C).
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Fig. 5.7: Extracellular pH (o, A,) and growth profile on glucose 50 mM, Tris-Cl
50 mM rock phosphate medium (m, A,) of B. jap, M. loti and S. fredii integrants
containing pgq gene cluster and gad operon, vgb, egfp. o, m, B. jap, M. loti and Sf
(wild type); A, A, B. jap, M. loti and Sf intPgv. ODggo and pH values at each time

point are represented as the mean £ SD of six independent observations.
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5.3.5: Physiological effect of genomic integration on 50 mM Tris-Cl buffer pH 8

and 50 mM glucose containing rock phosphate.

In presence of 50 mM glucose, genomic integration showed ~1.73, ~1.72 and
~2.2 fold increase in growth profile by Bj intPgv, Ml intPgv and Sf intPgv, respectively.
The total glucose utilization rate at the time of pH drop remained unaffected and the
total amount of glucose consumed at the time of pH drop showed ~1.15, ~1.10 and
~1.4 fold decrease in Bj intPgv, Ml intPgv and Sf intPgv respectively, and Specific
Glucose utilization Rate Qgc (9.9 dew .h™) decreased ~1.6, ~2.1 and ~1.9 fold.
Increase in enzyme activity improved the biomass yield by ~1.5, ~2.1 and ~2.1 fold in
the integrants of B. japonicum, M. loti and S. fredii, respectively, compared to native
B. japonicum, M. loti and S. fredii (Table 5.3).

Rhizobium Specific Total Glucose Biomass Specific
Strains Growth Rate Glucose Consumed Yield Glucose
K(h'l) a Utilized (mM) b Y dew/Gle Utilization
(mM)° (9/9)* Rate Qg
(9.9 dew™.hhy?
Bj 0.186 +0.03 46.20 +0.2 38.23 +1.33 1.78 +0.14 0.14 +0.01
Bj intPgv,
0.417 +0.01 49.37 +0.12 20.80 +0.63 5.18 +0.81 0.05 + 0.001
Ml 0.221 +0.03 45,91 +0.64 37.07 £0.55 1.36 +0.26 0.19 +0.04
Ml intPgv
0.471 +0.02 49.60 +0.17 24.47 +0.37 3.13+£0.07 0.08 + 0.001
Sf 0.260 +0.02 | 46.10 +0.42 37.17 +0.55 1.85+0.1 0.15 +0.02
Sf intPgv
0.38340.01 | 49.57+0.06 | 18.57 +0.35 299+01 | 006+0001

Table 5.3: Physiological variables and metabolic data of B. japonicum, M. loti
and S. fredii integrants grown on 50 mM Tris-Cl buffer pH 8 and 50 mM glucose
containing rock phosphate. The results are expressed as Mean + S.E.M of 6-10
independent observations. a Biomass yield Y gewaic, Specific growth rate (k) and
specific glucose utilization rate (Qgic) were determined from mid log phase of each
experiment. b Total glucose utilized and glucose consumed were determined at the
time of pH drop. The difference between total glucose utilized and glucose consumed
is as explained in Section 2.9.3. * P<0.05, ** P<0.01 and *** P<0.001.
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5.3.6: P solubilization and organic acid by B. japonicum, M. loti and S. fredii
integrants in 50 mM Tris-Cl buffer pH 8 and 50 mM glucose containing rock
phosphate.

There was significant increase in release of P by ~8.28, ~6.79 and ~7.86 fold
by Bj intPgv, Ml intPgv and Sf intPgv, respectively, compared to wild type when
grown on 50 mM Tris-Cl Buffer pH 8 containing 50 mM glucose containing Rock
Phosphate 1mg/ml (Fig. 5.9).
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Fig. 5.8: P Solubilization by Rhizobium integrants.(A)- ==, Bj,==, Bj. intPgv) (B)-
==, M|, ==, Ml. intPgv and (C) &=, Sf, &=, Sf. intPgv; on 50 mM Tris-Cl buffer pH
8 and 50 mM glucose containing rock phosphate. Results are expressed as Mean *
S.E.M of 4-6 independent observations. * P<0.05, ** P<0.01 and *** P<0.001.
Extracellular medium of integrants of B. japonicum, M. loti and S. fredii had 3.32,
2.81 and 3.90 folds higher amounts of 2-KGA, respectively, whereas levels of GA
acid were 3.28, 3.07 and 2.64 folds higher compared to native and controls (Table
5.4). Bj intPgv, Ml intPgv and Sf intPgv also secreted ~3.4 uM , ~3.64 uM and ~4.26
MM PQQ, there is ~2 fold decrease compared to pJNK®6 transformants (Fig. 5.9 ).
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Rhizobium GA mM 2-KGA mM | Specific Yield Specific
Strain GA Y¢ie Yield
2-KGA Ycie
Bj 6.26 + 0.23 2.37 £0.47 1.39 £ 0.12 0.49 +0.09
Bj intPgv 20.69+ .27 |7.87+.20 1.04 +0.06 0.40 £ 0.12
MI 6.53+0.18 2.60 +0.20 1.01+0.21 0.40+0.1

MI intPgv 1840+0.47 |6.73+.25 0.88 +0.02 0.31 +0.03

Sf 6.760 + 0.10 2.20+0.15 1.59 + 0.05 0.54 +0.10
Sf intPgv 2241+ 427 8.6+0.23 1.22+0.03 | 0.46+0.02

Table 5.4: Organic acid secretion and organic acid yield of B. japonicum, M. loti
and S. fredii pgq integrant grown on TRP medium 100mM Tris-Cl buffer pH 8
and 50mM Glucose containing Rock Phosphate 1mg/ml. The results are expressed
as Mean + S.E.M of six independent observations. * P<0.05, ** P<0.01 and ***
P<0.001.
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Fig. 5.9: PQQ secreted by Rhizobium integrants. (A)- ==, Bj,==, Bj. intPgv) (B)-
==, M|, ==, ML. intPgv and (C) ==, Sf, ==, Sf. intPgv; on 50 mM glucose in M9
medium Results are expressed as Mean + S.E.M of 4-6 independent observations. *

P<0.05, ** P<0.01 and *** P<0.001.
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5.4: DISCUSSION

High-level expression of a target gene may be achieved by employing a high
copy number vector. However, gene expression systems based on high copy number
vectors have a number of drawbacks, such as , instability of recombinant plasmids,
loss of the desired traits, formation of insoluble protein aggregates , decreased growth
rate, metabolic perturbations (Han. 2004). Hence, genetic manipulations need to be
directed towards chromosomal integration as it would lead not only to increased
stability but also decrease the metabolic load caused by the presence of the plasmids
or to nullify the adverse effect on the host metabolism. The present study describes
the genomic integration of A. calcoaceticus pgq gene cluster and P. putida gad
operon, V. hemoglobin (vgb) and egfp using Tn7 based integration system at att site in
B. japonicum, M. loti and S. fredii strains and compares its effect to plasmid based

expression on growth amd MPS ability.

In our study, pqq cluster under constitutive lac promoter and gad operon with
its own promoter were integrated in to genome of B. japonicum, M. loti and S. fredii
NGR 234. GADH and GDH activities in M9 medium were decreased by ~ 2 and ~ 1.5
fold, respectively compared to plasmid overexpressed strain. It appears that higher
level of overexpression of genes by more copy number of plasmid is more favourable
for growth and P solubilization in laboratory condition than single copy on

chromosome.

Integrants showed increased PSI on PVK plates compared to MPS phenotype
on TRP medium containing 50 mM Tris pH 8.0 while corresponding plasmid
transformants showed phenotype even on 100 mM Tris pH 8.0 medium. Hence
integrants by releasing ~ 21 mM GA and ~ 7 mM 2-KGA, can solubilize Ca-P
efficiently compared to pJNKG6 transformants. This shows that multiple copies of
pUCPM18 does not have any effect on metabolic load in Rhizobium strains.

Specific growth rate, biomass yield increased in genomic integrant of
Rhizobium strains, which was contrary to E. asburaie PSI3 results where growth and

gluconic acid secretion decreased (Sharma et al., 2011).

Activity of A .calcoaceticus GDH in micro-aerobic condition on glucose-

acetate mixture was lost due to loss of PQQ activity, which was restored by addition
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of oxygen (Van Schei et al., 1988). In this study along with pqgq cluster and gad
operon, vgb is integrated in Rhizobium genome to improve the recombinant protein
production and better survival of host under microaerobic conditions (Frey and Kallio,
2003). Effect of vgbh on growth, GA and 2-KGA secretion and MPS ability in

microaerobic condition is remains to be investigated.

Genetic modification either by plasmid or chromosomal integration resulted in
conferring MPS and PGPR attributes to Rhizobium strains. This is a novel study as till
now, role of P in BNF and effect on growth and yield of plants were studied by co
innoculation of Rhizobium species with PSMs. It would be interesting to see effect of

P solubilizer - Nitrogen fixer Rhizobium on plant growth.
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6.1: Introduction

Legume crops are important as food, nutrition, and energy sources, accounting
for over 30% of crop yields in the world (Graham and Vance, 2003). Most legumes
form symbioses with soil nitrogen (N)-fixing bacteria (Lindstrom et al., 2010). The
amount of organic N produced in legume-rhizobia symbiosis totals 20 to 22 million
tons each year (Herridge et al., 2008). The average proportion of crop N derived from
atmospheric Ny is nearly 70% worldwide (http://faostat.fao.org/) considering this
legume N, fixation is the most important N source in the agro ecosystems. Nitrogen
contribution by legumes to other crops in the system depends on the legume species,
biological N, fixation and the growth of the legumes, as determined by climate, soil
and the management of residues. Grain legumes contribute less nitrogen than
herbaceous legumes to subsequent crops in rotation, because most of the nitrogen
fixed biologically by grain legumes is translocated to the grain and both the grain and
the residues are constantly removed by humans and livestock (Rao and Mathuva,
1999). As legumes access atmospheric N, through the symbiotic relationship with
rhizobia, they require minimal N fertilizer inputs (Van Kessel and Hartely, 2000).
Nitrogen fixation by bacteria is costly to the legumes in terms of energy, still they are
benefited considerably from this association when confined to soils that lack nitrogen

compounds (Raven et al., 2008; Taiz and Zeiger, 2010).

Nitrogen fixation by rhizobium not only helps its host legumes, but fixed N
present in legume remnants helps to increase the soil fertility and thereby growth and
yield of subsequent crops (Dakora, 2003). Inoculation of legumes with efficient
strains of rhizobia has often resulted in significant increases in yields of various
legume crops (Thies et al. 1991; Wani et al. 2007; Franche et al. 2009). The
inoculation of seeds with Rhizobium increase nodulation, nitrogen uptake, seed
protein (Solaiman, 1999; Rudresh, 2005). Rhizobium inoculant significantly increased
number of pods, nodule dry weight compared to uninoculated control in chickpea
(Solaiman, 1999; Togay et al., 2008). Inoculation of chickpea (Cicer arietinum) seeds
with R. ciceri showed significant effect on seed yield, plant height, first pod height,
number of pods per plant, number of seeds per plant, harvest index and 1,000 seed

weight. But, nitrogen doses (applied at 0, 30, 60, 90, and 120 kg ha™ level as
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ammonium nitrate) had no significant effect on yield and yield components (Karasu et
al., 2009).

The effect of phosphorus on BNF has been extensively studied as the effect is
localized to specific soil, climate, legume variety and rhizobial strain (Plenchette and
Morel, 1996; O'Hara, 2001; Hardarson and Atkins, 2003; Bowatte et al., 2006;
Zaman-Allah et al., 2007). The number of nodules and plant growth of groundnut
directly corresponded to plant available P (Lekberg and Koide, 2005). In a direct P
rate response study using three varieties of cowpea (Vigna unguiculata cv. Amantin,
It81D and Soronko), it was found that P application increased the size and number of
nodules indicating the amount of BFN-N was increased (Ankomah et al., 1996). P
addition significantly increased the total N in Crotalaria micans plants while the ratio
of soil N uptake to BNF-N was not significant (Somado et al., 2006). These variable
responses to P may be attributed to cultivar differences, including P uptake and
assimilation (Sanginga, 2003).

The plant-growth-promoting rhizobacteria (PGPR) may induce plant growth
promotion by direct or indirect modes of action (Lazarovits and Nowak 1997). On
basis of activities they carry out, they are classified as as biofertilizers (increasing the
availability of nutrients to plant), phytostimulators (plant growth promoting, usually
by the production of phytohormones), rhizoremediators (degrading organic
pollutants), and biopesticides (controlling diseases), mainly by the production of
antibiotics and antifungal metabolites. Many PSMs along with  phosphate
solubilisation exhibit, number of activities such as production of plant stimulants,
enzyme production, biocontrol activity and organic acid production (Vassilev et al.
2006; 2007a;b; 2008; 2009b). The beneficial effects of PGPR seen under greenhouse
conditions are often not seen under field conditions and the results in terms of crop
growth and yields are highly variable (Gyaneshwar et al., 2002; Martinez-Viveros et
al., 2010). Environmental factors influence the level and reliability of PGPR in field
condition (Dutta et al., 2010).

A large number of PGPR representing diverse genera have been isolated over
past 50 years. Lately studies are done where strains having inherent plant growth

promotion ability are genetically modified because of their inconsistent performance
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and requirement of uneconomically high dose application (Carmen, 2011).
Additionally, several plant growth promoting traits can be combined in a single
organism for long-term cell survival under a variety of environmental conditions
(Bianco, 2006). Inoculation of Medicago tranculata plant with indole-3-acetic acid-
overproducing mutant strain of S. meliloti improved both the shoot and root fresh
weight, nitrogen fixation ability, P mobilization, oxidative damage and salt tolerance
(Imperlini et al.,, 2009; Bianco and Defez, 2009; 2010a,b). Hence, genetic
modification of native strains may help them to survive, adapt and function better in
the rhizosphere and improve plant nutrition.

Over-expression of genes involved in soil inorganic phosphate solubilization
in natural PGPR can improve the capacity of microorganisms when used as inoculants
(Vazquez et al., 2000). Studies carried out so far have shown that following
appropriate regulations, genetically modified microorganisms can be applied safely in
agriculture (Morrissey et al., 2002). Chromosomal insertion of the genes is one of the
tools to minimize the risks of using genetically modified microbes in agricultural
filed.

In addition to the nutrient availability and soil properties, oxygen limitation
plays an important role in governing the MPS ability of bacterial transformants in
field conditions (Ramirez et al., 1999). Oxygen is present in limited amounts in the
rhizosphere which could limit the colonization and survival of rhizobacteria.
Expression of vgb gene encoding VHb protein in heterologous hosts often enhances
growth and metabolism by facilitating oxygen transfer to the respiratory membranes
(Stark et al., 2011). Genetically modified Rhizobium with vgb overexpression has
enhanced the ATP, ADP, NADH and NADPH generation, plasmid bearing vgb gene
generated 0.624 nmoles of ATP, which significantly enhanced the nitrogenase activity
up to ~170 umol at low concentration of oxygen, while nitrogen content increased
upto ~56 mg/plant in bean plants (Ramirez et al., 1999). Loss of MPS ability under
low aeration conditions was seen in case of Citrobacter sp. DHRSS containing citrate
operon with a concomitant loss of citric and gluconic acid secretion. Presence of vgb
gene restored the citric and gluconic acid secretion along with MPS ability under

microaerobic conditions (Yadav, 2013).
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Present work deals with the effect of vgb and egfp gene integrated in S. fredii
NGR234 along with A. calcoaceticus pqq cluster and P. putida gad operon (Sf
intPgvv), vgb to improve the recombinant protein production and better survival of
host under microaerobic conditions and egfp for bacterial tagging (Frey and Kallio,
2003).

6.1.2: Rationale of the Study

S. fredii NGR 234 can form nodule and carry out nitrogen fixation with 120
different species of legumes. S. fredii NGR234 having wide host range for nodulation
and its integrant gave better results compared to the integrants of Bradyrhizobium
japonicum USDA110 and Mesorhizobium loti MAFF030669. Thus, S. fredii NGR234
integrant, Sf intPgv, has been selected to monitor its efficacy in providing P and
promoting the growth of mung bean (Vigna radiata) plants. The objectives of this
study is to determinate the effects of Sf intPgv on plant height and weight, leaf area,
chlorophyll content, number and size of pods, and grain yield and different enzyme

activities on mung bean plant.
6.2 Experimental design
6.2.1: Bacterial strains used in this study

Table 6.1: Bacterial strains used in this study.

Plasmid/Strains | Characteristics Source or
Reference
Sinorhizobium Accession number NC_012587.1 NCBI
fredii NGR 234
St intPgv Genomic integrant of S. fredii containing lac- | This study
pag-gad, vgb, egfp Ap' Chapter 6

6.2.2 Plant Inoculation Experiments

Pure bacterial cultures were grown in nutrient broth at 30°C, centrifuged, and
diluted to a final concentration of 10 CFU/ml in sterile distilled water. Seeds of mung
bean obtained from local market and were washed repeatedly with autoclaved

distilled water and soaked in distilled water for 10 minutes. Later seed directly soaked
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into respective cultures. For uniform treatment of the seed with culture, flasks were
kept in an orbital shaker at 500 rpm for 2 h. Seeds were treated with Rhizobium strains
each containing native strain (N), and pgg-gad operon genomic integrant (Int). In the
experiment, one control was used, where no inoculum was added and designated as
control (C).

6.2.3 Greenhouse experiment

Bacteria coated Mung bean seeds were sown in pots containing unsterile field
soil and reared in a green house (25-30 °C). The pots were irrigated time to time to
maintain the moisture level in green house. The growth parameters were recorded out
at 20 days and 45 days after sowing and biochemical characterization was carried out
at 45 days after emergence. Each treatment had 5 replications (6 seeds per replicate).

6.2.4 Growth parameter assessment

All the plant growth parameters were estimated at 20 days and 45 days after
sowing (DAS).

6.2.5 Biochemical characterization

SOD, Catalase, Ascorbate Peroxidase, Guaicol Peroxidase and Nitrogenase
enzyme activities were estimated at 45 days after sowing (DAS). Experimental details

for the preparation of sample and enzyme assays have been given in Section .....

6.2.6 PQQ determination

PQQ production was estimated using the method of Rajpurohit et al. (2008).
Fresh leaves and nodules were crushed using liquid nitrogen. Acetonitrile 50% was
added to powder and kept for digestion at 65°C for 2 h. The mixture was centrifuged
at 15,000 g for 10 min; the clear supernatant was collected and dried with a
concentrator under a vacuum. The residue was dissolved in 50% n-butanol at 1
mg/ml, and PQQ was extracted at 50°C overnight. The clear supernatant was dried
under a vacuum and dissolved in 100% methanol. The identity of the PQQ was
ascertained by comparing the with standard PQQ on spectrofluorometer. Fluorescence

was monitored at ex 360 and em 480 nm.
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6.2.7 Isolation of bacteria from rhizospheric soil and nodules.

Bacteria isolated from rhizospheric soil and nodules from mung bean plants of
45 days and were isolated on agar plate with appropriate dilutions. Further, total
bacterial count was mentioned in CFU.

6.2.8 Statistical analysis

The experiments were carried out in a completely randomized design (CRD)
for mung bean. The experimental data was analyzed statistically using Prism 3.

6.3 RESULTS

6.3.1 Effect of S. fredii NGR234 genomic integrant, Sf intPgv, on bacteria of

rhizospheric soil and bacteroids of mung bean nodules.

Fluorescent colonies under UV light were only seen in the rhizospheric soil
and nodules of mung bean plants inoculated with S. fredii NGR234 integrant, Sf
intPgv (Fig.6.1). Mucoid colonies of Rhizobium were seen in the control and native
plates while fluorescent colonies of S. fredii NGR234 with the integrant were seen in
the plate from nodules from the inoculated mung bean plant. There was increase by
26 fold and 160 fold in CFU count from the rhizospheric soil and bacteroids from

nodules of mung bean plant, respectively, inoculated with the integrant (Table 6.2).
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Bacteria isolated from nodules Bacteria isolated from

of mung bean plant experimental soil

Control Control

Native Native

Integrant Integrant

Fig. 6.1: Effect of S. fredii NGR234 genomic integrant, Sf intPgv, on bacteria of
rhizospheric soil and bacteroids of nodules.
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Table 6.2: Effect of S. fredii NGR234 genomic integrant, Sf intPgv in the

rhizospheric soil and in nodules from 45 days old mung bean plants.

Total bacterial Total bacterial Wit. of 10
count. count. nodules (mg)
CFU /mg of soil CFU / nodule
Control 6 x 10° 1.1x10°* 13.9
Native 1.6 X 10°* 1.7 X 10° 14.2
Integrant 4.2 X 10° (2.6) 2.7 X 10° (1.6) 46.3

6.3.2: Effect of S. fredii NGR234 genomic integrant, Sf intPgv on nitrogenase
activity, available soil P, N, and K content.

There was a ~5.4 fold and ~2.8 fold increase in nitrogenase activity of
integrant and native, respectively, compared to control. Compared to native, integrant

inoculation showed ~2 fold increase in activity (Fig. 6.2).
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Fig. 6.2: Effect of S. fredii NGR234 genomic integrant, Sf intPgv on nitrogenase
activity of mung bean at 45 Days after sowing. * represents comparison with the
control and  represents comparison of the integrant with the native. The values are
depicted as Mean £ S.E.M of 3 independent observations. ** P<0.01 and *,{ P<0.05.

Inoculation with Sf intPgv integrant increased ~7.9 fold soluble P as compared
to the uninoculated control and ~2.5 fold increase compared to native (Table 6.3).
The native strain inoculation resulted in ~3.1 fold increase in soil P while N and K

levels remained unaltered compared to control. Also there was ~1.28 fold and ~3.53
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fold increase in N and K content of the soil from plant inoculated with integrant
compared to control.

Table 6.3: Effect of S. fredii NGR234 genomic integrant, Sf intPgv, on the N, P
and K content of rhizospheric soil from mung bean plants of 45 days old.

SOIL N Kg/hac P,Os kg/hac K70 kg/hac
Control 156.7 12.9 336.7
Native 161.6 40.0 3.1 364.9
Sf intPgv 203.5 101.4 1197.5

6.3.3 Effect of S. fredii NGR234 genomic integrant, Sf intPgv on N P K content

in plant and pods

Significant increase in N, P, K and protein content was observed in plants
inoculated with the native (S. fredii NGR234) and the integrant (Sf intPgv) (Table
6.4). N, K and protein showed ~1.5 fold increase in plants inoculated with the
integrant compared to control and ~ 1.2 fold increase compared to native while P
content increase was ~3.23 fold and ~1.64 fold, respectively, compared to control.
Integrant also showed ~1.92 fold increase in P and ~1.2 fold increase in N, K and

Protein content compared to native strain.

Significant increase in N, P, K and protein content was observed in pods from
plants inoculated with the integrant (Sf intPgv) (Table 6.5). All parameters showed
~1.3 fold increase in pods from plants inoculated with the integrant compared to

control and ~1.2 fold increase in pods compared to native.

Table 6.4: Effect of S. fredii NGR234 genomic integrant, Sf intPgv, on total plant
N, P, K and protein content of 45 days old mung bean plants.

Bacterial
Protein %o
inoculation N % P % K %
- 1.39 0.34 1.02 6.71
Native 1.65 0.57 1.25 10.30
Sf intPgv 2.14 1.10 1.58 13.38
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Table 6.5: Effect of S. fredii NGR234 genomic integrant, Sf intPgv , on N, P, K
and protein content of pods from 45 days old mung bean plants.

Pods from plants
with bacterial Protein %
inoculation N % P % K %
- 2.61 1.40 1.05 16.29
Native Sf 3.05 1.51 1.24 19.08
Sf intPgv 3.48 1.89 1.36 21.76

6.3.4 Growth parameters

6.3.4.1. Effect of S. fredii NGR234 genomic integrant, Sf intPgv on growth

parameters of mung bean plant.

Sf intPgv showed significant increase in all the growth parameters. 20 day
plants showed ~1.2 fold increase in shoot length and ~2.6 fold increase in root length,
~2.3 fold increase in plant weight, ~2.8 and ~1.5 fold increase in leaf number and leaf
area (Table 6.6; Fig. 6.3). Increase was also seen in all the above parameters in plants
inoculated with genomic integrant compared to plants inoculated with native S.
fredii.NGR234.

In 45 days plant, ~1.5 fold increase in shoot length and ~1.4 fold increase in
root length, ~2.6 fold increase in plant weight, ~2.2 and ~1.36 fold increase in leaf
number and leaf area was seen (Fig. 6.4 ). In addition, there was ~1.8 fold and ~1.4
fold increase in chlorophyll content in the leaves of plants inoculated with integrant

and native, respectively, compared to control (Fig. 6.5).
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Fig. 6.3: Effect of S. fredii genomic integrant on shoot length and root length of
mung bean at 20 Days after sowing.
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Fig.6.4: Effect of S. fredii genomic integrant on shoot length and root length of

mung bean at 45 Days after sowing.
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Fig. 6.5: Effect of S. fredii NGR 234 genomic integrant on chlorophyll content of
mung bean at 45 Days after sowing. * Represents comparison with the control and
represents comparison of the integrant with the native. The values are depicted as
Mean + S.E.M of 3 independent observations. ***, P<0.001, **, { 1 P<0.01.
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6.3.4.2 Effect of S. fredii NGR234 genomic integrant, Sf intPgv on Pod

formation.

There was ~2.4 fold, ~1.47 fold and ~1.6 fold increase in number, length and
number of grains per pod, respectively from plants treated with integrant, compared to
control. Fresh weight and dry weight of pods also showed ~2.32 and ~3.1 fold

increase, respectively in integrant, compared to control.

Sf intPgv genomic integrant in 20 days old plants showed, ~3.17 increase in
number of nodules and ~4.9 fold increase in weight of 10 nodules compared to the
control. Plants treated with native culture showed nodules having double weight
compared to untreated plants and nodule number was increased by ~1.35 fold. (Table.
6.6).

45 days old plants treated with integrant showed less increase compared to
increase seen in 20 days old plants. There was ~2.8 increase in number of nodules and
~3.34 fold increase in weight of 10 nodules compared to the control. Nodules from 45
days old integrant plants were ~3.3 times heavier than those of native plant. (Table.
6.7 and Table. 6.8).
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Table 6.6: Effect of S. fredii NGR234 genomic integrant, Sf intPgv , on growth
parameters of mung bean at 20 Days after sowing.

Details of 20 Days old Plants Parameter | Control | Native | Integrant
Plant fresh
weight in 2.20 3.72 5,23+
gm +0.26 | £0.10 0.51
No of
6.33 10.00

leaves 17.66x

+1.52 +1.73 1 52

Leaf area 21.66 25.66

2 17.33

cm 1208 +2.08 +15

Moo | 2333 | 3166 | 74.00

plant +3.51 +3.08 +2.00

v
e ® ¢ Weight of

e © o9 10 nodules | 21.66 46.00 106.33+

B  * inmg | £208 | 3.0 4.04

[
- ,
Control Sf Native SfintPgv
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Table 6.7: Effect of S. fredii NGR234 genomic integrant, Sf intPgv on growth

parameters of mung bean at 45 Days after sowing.

Details of 45 Days old Plants Parameter | Control | Native | Integrant
Fresh 29.08 4493 | 75.43
weight in | £522 | +167 | %751
g
Dry weight | 0.25 0.33 1.40
ing +0.13 |[+£0.04 |+0.20
No of 18.00 23.00 | 39.66
leaves +3.00 |+ 435 |+6.80
Leafarea | 26.33 27.00 | 36.00
in cm? +2.08 |+£1.00 |£2.00

Contd...
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Table 6.8: Effect of S. fredii NGR 234 genomic integrant on growth parameters of mung
bean at 45 Days after sowing (contd.)

Details of 45 Days old Plants Parameter | Control | Native | Integrant

No of 10.33 15.00 | 24.66
pods/ plant | +1.52 | +3.00 | £3.05

Pod length | 6.26 6.60 9.20
incm +0.25 |+£0.26 | +£0.19

No of | 8.66 10.00 | 14.00
grains +15 + +2.00
per/pod 1.00

Pod fresh | 1.176 1.33 2.32
weight +0.10 |£0.15 | £0.05

Pods dry 0.14 0.25 0.45
weight/mg | £0.04 | £0.04 | £0.05

No of 12.33 13.66 | 34.66
nodules / +251 +2.05 | +4.16
plant

L
» -
s~ o *o %% | Weightof |13.86 |14.20 |46.33+
S e Mel.n .| e 10 nodules | +1.95 |+1.11 | 152
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6.3.6. Effect of S. fredii NGR234 genomic integrant, Sf intPgv on PQQ secretion.

Table 6.9: Effect of S. fredii NGR234 genomic integrant, Sf intPgv, on PQQ
secretion from leaves and nodule of 45 days old mung bean plants.

Bacterial
PQQ PQQ
inoculation (Leaves) (Nodules)
- 1.73+0.25 3.26x 0.40
Native 2.43+0.32 5.23+ 0.51
sfintPgv | 35.33+4.04 86.100.20

6.3.5. Effect of S. fredii NGR234 genomic integrant, Sf intPgv antoxidant enzyme

activities.

To determine the effect of S. fredii genomic integrant treatment on the
antioxidant status of mung bean plant, the specific activities of antioxidant enzyme
Superoxide Dismutase (SOD), Catalase, Guaiacol Peroxidase (POX) and Ascorbate
peroxidase (APX) were monitored at 45 days after sowing. All these enzymes showed
significant decrease in the integrants as well as in the plants inoculated with native
culture compared to the control (Fig. 6.9). There was ~3.8 fold, ~2.0 fold, ~2.75 fold
and ~ 2.6 fold decrease in POX, SOD, CAT and APX, respectively, in the plants
inoculated with integrant compared to control. Significant decrease in all the
antioxidant enzymes was also seen in the native plant compared to control. Compared

to native, the integrants showed ~2 fold decrease in the enzyme activities.
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Fig. 6.9: Effect of S. fredii NGR234 genomic integrant, Sf intPgv on enzyme
activities of mung bean at 45 Days after sowing. * represents comparison with the
control and  represents comparison of the integrant with the native. The values are
depicted as Mean = S.E.M of 3 independent observations. ***, P<0.001, ** P<0.01
and *,{ P<0.05.
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Discussion

Mung bean [Vigna radiata (L.) Wilczek], is one of the important and well-
known economic crops extensively cultivated in Asia during warm season. Soil
bacteria rhizobia generally associated with legumes (Appunu et al., 2009; Melchiorre
et al., 2010). N fixation requires greater P requirement (Israel, 1987). Productivity of
legumes are severely affected by P limitation, as both the plants and their symbiotic
bacteria require P for nodule formation. Symbiotic effectiveness of rhizobial
inoculants for a wide variety of legumes can be improved by co-inoculation with
suitable non-rhizobial plant growth promoting bacteria (PGPB) (Lazdunski et al.,
2004). Release of organic acids and enzymes by PSMs converts unavailable P to
readily available form which can be taken by plants. Co-inoculation of PSMs with
crop specific rhizobia improves root infection which results in better nodulation and
grain yield. Co-inoculation of Pseudomonas with rhizobia enhance nodulation,
nitrogen fixation, plant biomass and grain yield in various leguminous crops such as
alfalfa, pea, soybean, green gram and chickpea (Mishra et al., 2009). Co-inoculation
of rhizobia with Bacillus, specifically Bacillus thuringiensis, Bacillus megatrium and
Bacillus cereus significantly promotes nodulation, plant growth and grain yield
(Halverson and Handelsman, 1991; Mishra et al., 2009). Co-inoculation of arbuscular
mycorrhizae with Bradyrhizobium sp. proved to be very helpful in improving mung

bean growth (YYasmeen et al., 20123, b).

Rhizobium species are host specific in nodule formation, S. fredii NGR234 can
form nodule formation with 120 species, considering this attribute of S. fredii we
carried out studies to determine the effect of S. fredii integrant on growth and yield of

mung bean (Pueppke et al., 1999).

Presence of PQQ and GADH in S. fredii NGR234 genomic integrant, Sf
intPgv, resulted into increased GDH and GADH activity which resulted into release
of high amount of GA and 2-KGA on TRP medium. Although S. fredii native strain
contains apoGDH, it does not secrete these organic acids as it lacks complete set of
genes required for PQQ biosynthesis. S. fredii integrant was efficient in releasing P
from RP which could account for the increased number of S. fredii integrant in the
rhizospheric soil. Secretion of GA and 2-KGA by this integrant could increase in P,

and K content of the soil as organic acids are known to also solubilize K minerals
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(Barker et al., 1998 ). More number of genome integrants in the rhizosphere coupled
with increased EPS and biofilm formation may have facilitated better infection and
nodule formation leading to the increased number of nodule and bacteroids per
nodule. Similar results of increased number of nodules were also found with
coinoculation of Rhizobium strain and PSM in chick pea and soybean (Argaw, 2011;
Singh and Sharma, 2011). Additionally, inoculation of genome integrant increased the
P and K status of plants which may have played an important role in nodule formation
and nitrogen fixation as nitrogen fixation is high energy consuming process, 16 ATP

molecules to fix one molecule of N».

Enhanced nitrogenase activity observed is associated with the increase in
number of nodules and number of bacteroids per nodule in plants inoculated with  S.
fredii NGR234 genomic integrant, Sf intPgv. Improvement in nodulation due to
inoculation of P solubilizers was seen in chick pea and other leguminous plant (Tang
et al., 2001). Enhanced nodulation after inoculation of the rhizobium strain suggested
an increase in available P for the plant as leguminous plant require high amount of P
for nodule formation and maintenance of high rate of bacterial activity inside the
nodule (Leidi et al., 2000; Zaman et al., 2007, Singh et al., 2011).

Increased nitrogenase activity, led to increase in N, P, K and Protein content of
whole plant. Similar results were found with co inoculation of legumes and crops with
Rhizobium and different PSMs (Yazdani et al., 2011, Sharma et al., 2012 ; Tahir and
Sarwar 2013). Additionally, increase in NPK content of plant resulted into increase in
chlorophyll content and all growth parameters like fresh weight, dry weight, length of
root, shoot and pod. Barley and chick pea when grown in soil treated with insoluble
phosphate and PSM Mesorrhizobium mediterraneum PECA21 where the P content
was significantly increased by 100 and 125%, respectively as compared to control
(Peix et al., 2001). P deficiency is one of the critical limiting factors, adversely
affecting nodulation and N, fixation, and thus legume growth and productivity,
worldwide (Tesfaye et al., 2007). M. truncatula plants inoculated with either the S.
meliloti 102F51 or 2011 strain but due to P deficiency severely inhibited plant growth
and development of nodules as well as N and P assimilation (Sulieman and Schulze,
2010a). Similar results were seen with co inoculation studies with Rhizobium, PSMs,

supplementation with fertilizers on Zea mays, cow pea, walnut, mung bean, chick pea
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( Gulati et al., 2010; Deepa et al., 2010; Yu et al., 2011; Jha et al., 2012, Verma et al.,
2013).

ApoGDH of S. fredii NGR234 genomic integrant, Sf intPgv, is reconstituted
into active GDH. S. meliloti gcd was shown to be expressed at very early stages of
plant/bacteria interactions at the rhizosphere level, and was maintained throughout
subsequent symbiotic stages, while gcd mutant of S. meliloti showed delay in nodule
emergence and a reduced ability for nodulation (Bernardelli et al., 2008). Similarly,
Myo-inositol mutants of S. fredii and R. leguminosarum showed diminished
nodulation competitiveness with the wildtype (Fry et al. 2001; Jiang et al. 2001),
while mutants of R. leguminosarum unable to catabolize rhamnose showed altered
competitive behaviour (Oresnik et al. 1998). Bernardelli and his co-workers
speculated that GDH mutant showed decreased EPS production, which plays a
prominent role in first step of root colonization for nodule formation. Thus, higher
GDH activity of genome integrant could have contributed to improved infection and

nodule numbers in mung bean plant.

Plants have different enzymes and mechanisms to decrease the concentration
and deleterious effect of ROS species (Taiz and Zeiger, 2010). Presence of A.
calcoaceticus pqq gene cluster is integrated in genome of S. fredii could release PQQ
in nodules which in turn may have been transported to leaves of S. fredii inoculated
plants. This is supported by the fact that Arabidopsis, tobacco and cucumber plants
inoculated with P. fluorescens B16 showed the presence of micromolar levels of PQQ
in leaves which contribute towards growth while pggq mutant bacterial strain
inoculation did not have PQQ (Choi et al., 2008). Significant decrease in SOD, POX,
CAT and APX activities integrant inoculated plants in compared to the native
inoculant plants could be attributed to the strong antioxidant activity of PQQ which is
better than that of ascorbate and other antioxidants (Rucker et al, 2009; Misra et al.,
2012). PQQ is known increase growth and scavenging of ROS and hydrogen peroxide
(Choi et al., 2008; Ahmed and Shahab, 2010; Misra et al., 2012). Inoculation of
PGPR reported to reduce oxidative stress in plants (Sgherri et al., 2000; Upadhyaya et
al., 2010). Increased PQQ levels could also help the plants to tolerate abiotic stress
conditions as cause increase in ROS formation such as superoxide radical (O),

hydrogen peroxide, and hydroxyl radicals (OH) increase. Al toxicity and P deficiency
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both increased SOD and POD activities in maize and rice plants (Tewari et al, 2004;
Sharma and Dubey, 2007). Induction of antioxidant enzymes (catalase, SOD, APX,
GR and POX) is involved in the alleviation of salinity stress in lettuce plants
inoculated with PGPR strains (Bianco and Defez, 2009; Kohler et al., 2010). In
contrast, PGPR inoculated plants showed significantly lower activity of antioxidant
enzymes as compared to uninoculated plants (Omar et al., 2009; Sandhya et al.,
2010). Significant increase of catalase and peroxidase activities is found in salt-
stressed leaves of two barley cultivars differing in salinity tolerance after inoculation
with Azospirillum brasilense (Omar et al., 2009). In contrast, the mRNA expression of
SOD, CAT, DHAR, GR and APX in bacteria-inoculated considerably increased in
plants grown under stress conditions when compared with that of unninoculated
stressed plants (Gururani et al 2012). Thus, S. fredii NGR234 genomic integrant, Sf
intPgv, may also be helpful in alleviating abiotic stresses in plants. Thus, present
study demonstrates that S. fredii integrant, is efficient nitrogen fixer and phosphate
solubilizer, and contributes significantly for plant growth. S. fredii NGR234 has a
broad host specificity, thus, the genomic integrant, Sf intPgv, could also be effective
in many legumes. However, further studies on determining the effect of vgb gene on
growth, comparing the plant growth promoting ability of plasmid transformants vs
genomic integrant vs chemical N and P fertilizers are necessary for their potential

benefit in agriculture.
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Rhizobium species are well known for its nitrogen fixing ability in legumes
through nodule formation. There is interplay of many factors responsible in nodule
formation and symbiotic nitrogen fixation contributed by specific legume host and its
symbiont Rhizobium species (Ref). one of it being available levels of phosphate in
rhizosphere. Phosphate solubilizing microorganisms in rhizosphere increases levels of
phosphorus by secreting organic acids like gluconic acid, citric acid, oxalic acid etc. In
Gram Negative bacteria like Pseudomonas and Rhizobium carbohydrate is metabolized
through direct oxidation and ED pathway as EMP pathway is absent. In Rhizobium
species, gluconic acid synthesis is mediated by periplasmic PQQ dependant glucose
dehydrogenase enzyme. Mesorhizobium loti and Rhizobium leguminosarum show the
presence of apoenzyme form of glucose dehydrogenase, but lack certain genes or whole
cluster of pgg operon, while both genes are present in Bradyrhizobium japonicum,
Ensifer meliloti and Sinorhizobium fredii NGR234.

Two plasmids containing 1.3 kb E. herbicola pqgE (pJNK1) and 5.1 kb pqqg gene
cluster of Acinetobacter calcoaceticus (pJNK5) were constructed in  pUCPM18Gm'
under Plac promoter and transformed in B. japonicum (Bj), M. loti (MI) and S. fredii
NGR 234 (Sf). Bj (pJNK1) and MI (pJNK1) secreted ~0.315 uM and ~0.159 uM PQQ in
medium, while Bj (pJNK5), MI (pJNK5) and Sf (pJNKS5) secreted ~7.3 uM, ~7.0 uM and
~8.75 uM PQQ in medium. GDH activity was found to be ~18 U and ~19 U in Bj
(pJNK1) and MI (pJNK1), respectively, while in Bj (pJNK5), Ml (pJNK5) and Sf
(pIJNKD) it was ~177 U, ~ 144 U and ~210 U, respectively. Bj (pJNK1) and Ml (pJNK1)
did not show significant phenotype on Pikovskaya and TRP plate, while Bj (pJNKS5), Ml
(pIJNK5) and Sf (pJNKS5) showed significant phenotype on both the plates. Bj (pJNK5),
MI (pJNKS5) and Sf (pJNKD5) secreted ~27mM, ~28 mM and ~29 mM of gluconic acid,
respectively. Under aerobic condition, Bj (pJNK1) and Ml (pJNK1) solubilized ~60 uM
and ~ 64 pM P on 100 mM Tris-Cl pH 8.0 buffered rock phosphate medium containing
50 mM glucose, while Bj (pJNK5), Ml (pJNKS5) and Sf (pJNK5) solubilized ~0.253 mM,
~0.213 mM and ~ 0.310 mM P, respectively. Thus, incorporation of pgq gene cluster, and
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not pqqE, confers mineral phosphate solubilization ability in Rhizobium transformants by

solubilizing rock phosphate even under buffered medium.

Gluconic acid (GA) is produced via direct oxidation pathway by membrane bound
pyrroloquinoline quinone (PQQ)-dependent glucose dehydrogenase (GDH). Apo protein
of PQQ-GDH is found to be present in Rhizobium species, which oxidizes glucose to GA
in periplasmic space. Genetic modification of apoGDH containing Bradyrhizobium
japonicum, Mesorhizobium loti and Sinorhizobium fredii NGR234 strains with
Acinetobacter calcoaceticus pqq gene cluster secreted ~ 28 mM GA and released P when
grown on 50mM Glucose TRP medium. GA can be further oxidized to 2-ketogluconic
acid (2-KGA\) in the periplasm by FAD-dependent gluconate dehydrogenase (GADH),
encoded by gad operon. 2-KGA (pKa 2.6) is much stronger than GA (pKa 3.86) and
efficiently chelates calcium in soil and helps in mineral phosphate solubilisation. Many

bacteria are known to secrete 2KGA.

Genome sequences indicated that B. japonicum and M. loti lack gad genes and
putative genes are present in S. fredii NGR234. Plasmid harboring 5.1 kb pgq gene
cluster of A. calcoaceticus along with 3.8 kb P. putida KT 2440 gad operon were
constructed in pUCPM18Gm' under Plac promoter (pJNK6) and transformed in B.
japonicum, M. loti and S. fredii NGR234 strains. GADH activity in Bj (pJNK6), Ml
(pJNK®6) and Sf (pJNK6) was found to be 340.9 U, 438.4 U and 326.3 U, respectively,
while GDH activity was 182.8 U, 151.2 U and 219.0 U, respectively. Bj (pJNKG6), Ml
(pJNK®6) and Sf (pJNKG6) secreted 21 mM, 20 mM and 18 mM of GA, respectively,
along with 14 mM, 13.7 mM and 15 mM of 2-KGA. Transformants secreted 7 uM, 7 uM
and 9 uM PQQ in medium and also released 0.642 mM, 0.534 mM and 0.609 mM P on
TRP minimal medium containing 50 mM glucose. Thus, heterologus overexpression of
gadh gene and pqqg gene cluster (pJNK6) together significantly enhanced the MPS

efficacy of Rhizobium strains.

Co-inoculation of Rhizobium strains with PSMs have led to remarkable increase

in nitrogen fixation, plant growth and yield. Genetic modification of Rhizobium species is

“Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization” Page 147



Summary

largely carried out to enhance, its nitrogen fixation ability, nodule occupancy, multiple
host infection, withstand biotic - abiotic stress and biocontrol activity. Our studies show
that genetic modification by heterologus overexpression of A. calcoaceticus pqq gene
cluster along with Pseudomonas putida gad operon in B. japonicum, M. loti and S. fredii
NGR234 expressed in pUCPM18 Gm" plasmid under Plac promoter secreted,~ 20 mM
GA and ~15 mM 2KGA , ~32 fold increase in 2KGA and P release compared to pJNK5
transformants was observed. Higher 2KGA secretion increased the MPS efficiency of
Rhizobium transformants. Heterologous overexpression of genes using plasmids in
Rhizobia known to affect growth, organic acid secretion, loss of genes, nodulation and
nodule occupancy. Our present study is to achieve stable chromosomal integration of
Vitreoscilla hemoglobin (vgb), egfp, A. calcoaceticus pqq gene cluster along with
Pseudomonas putida gad operon in B. japonicum, M. loti and S. fredii NGR234 using
Tn7 based integration system at att site and check its growth and MPS abilities. GADH
activity in Bj intPgv, Ml intPgv and Sf intPgv was found to be 193.06 U 200.10 U and
162.9 U, respectively, while GDH activity was 129.83 U, 80.23 U and 147.03 U,
respectively. Bj intPgv, Ml intPgv and Sf intPgv secreted 20.69 mM, 18.40 mM and
22.41 mM of GA, respectively, along with 7.87 mM, 6.73 mM and 8.6 mM of 2-KGA.
Transformants secreted 3.4 uM, 3.64 uM and 4.26 uM PQQ in medium and also released
0.406 mM, 0.394 mM and 0.393 mM P. Integrant showed MPS ability on 50 mM Tris-Cl
RP minimal medium containing 50 mM glucose, thus there is decrease in MPS ability by

integrant compared to overexpression through plasmid.

Symbiotic effectiveness of rhizobial inoculants for a wide variety of legumes can
be improved by co-inoculation with appropriate plant growth promoting bacteria).In this
study, mung bean plants were inoculated with S. fredii NGR234 genomic integrant, Sf
intPgv. Presence of PQQ and GADH in Sf intPgv resulted into increased GDH and
GADH activity which resulted into release of high amount of GA and 2-KGA on TRP
medium. Secretion of GA and 2-KGA by the plant inoculated with the integrant showed
~7.9,~3.5 and ~1.3 fold increase in P, K and N, respectively, from plant inoculated with
integrant compared to the untreated plant . Availabilty of these micronutrients facilitated
better infection and nodule formation leading to the increased number of nodule and
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bacteroids per nodule. Better root colonization was evident by increase in nitrogenase
activity. Significant (~5.4 fold) enhancement in nitrogenase activity compared to the
control plant, observed is associated with ~2.5 and ~3.3 fold increase in number and
weight of nodules, respectively in plants inoculated with  S. fredii NGR234 genomic
integrant, Sf intPgv. Number, length, weight of pods and number of grains per pod
showed ~2.0 to ~2.5 fold increase in the integrant treated plant, compared to control
plant. Increase in PQQ levels by ~---fold by the presence of PQQ in the integrant helped
in increase in activity of anti oxidant enzymes by ~2 to ~4 fold compared to control. This
suggests decrease in abiotic stress of the plant. Thus, present study demonstrates that S.
fredii integrant, is efficient nitrogen fixer and phosphate solubilizer, and contributes
significantly for plant growth. S. fredii NGR234 has a broad host specificity, thus, the

genomic integrant, Sf intPgv, could also be effective in many legumes.

L
“Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization” Page 149



Bibliography



Bibliography

Abel, S., Ticconi, C. A., Delatorre, C.A., (2002Phosphate sensing in higher plants.
Physiol Plantl151-8.

Abril, A., Zurdo-Pineiro, J. L., Peis, A., Rivas, R and Velazquez E (2007)
Solubilization of phosphate by a strain Bhizobium leguminosariurbv trifolii
isolated fromPhaseolus vulgarigh EI Chaco Arido soil (Argentina). In Velazquez E,
Rodriguez-Berrueco C (eds) Book Series: DevelopsanPlant and Soil Sciences.
Springer, The Netherlands. 135-138.

Achal, V., Savant, V.V., Reddy S.M., (2007Phosphate Solubilization by Wide
Type Strain and UV-induced mutants A$pergillus tubingensisSoil Biology and
Biochemistry.39, (2) 695-699, ISSN 0038-0717

Afzal, A. and Bano, A. (2008)Rhizobiumand Phosphate Solubilizing Bacteria
Improve the Yield and Phosphorus Uptake in Wheatititum aestivum
International Journal of Agricultural Biolog$0 (Suppl 1): 85-88

Ahemad, M., and Khan, M. S. (2011)Functional aspects of plant growth promoting
rhizobacteria: recent advancements. Insight Miabhi(3), 39-54.

Ahmed, N., and Shahab, S. (2010)nvolvement of bacterial pyrroloquinoline in

plant growth promotion: A novel discoven)orld App. Sci. J8, 57-61.

Alikhani, H.A., Saleh-Rastin, N. and Antoun, H. (206) Phosphate solubilization
activity of rhizobia native to Iranian soils. Ple&®wil. 287, 35—-41.

Ames, B. N. (1966)Assay of inorganic phosphate, total phosphatepliodphatases.
Methods Enzymo8, 115-118.

Ames, B. N. (1966)Assay of inorganic phosphate, total phosphatepliodphatases.
Methods Enzymo8, 115-118.

Anandham, R., Gandhi, P. I.,, Madhaiyan, M., & Sa, T (2008). Potential plant
growth promoting traits and bioacidulation of rqakosphate by thiosulfate oxidizing

bacteria isolated from crop plang&urnal of basic microbiolog48(6), 439-447.

Anderson, G. M. and Burnham, W. C. (1985 Feldspar solup#itd the transport of

aluminium under metamorpghic conditions. AmerichrScience283A, 283-297

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 150



Bibliography

Andrews, M., Lea, P. J., Raven, J. A., and Azeved®. A. (2009).Nitrogen use
efficiency. 3. Nitrogen fixation: genes and cogtsnals of Applied Biologyl551),
1-13.

Ankomah, A. B., Zapata, F., Hardarson, G., and Darg S. K. (1996).Yield,
nodulation, and N2 fixation by cowpea cultivars different phosphorus
levelsBiology and fertility of soils22(1-2), 10-15.

Anthony, A. O., and Kloepper, J. W. (2009).Plant—microbes interactions in
enhanced fertilizer-use efficiencpplied microbiology and biotechnolgdg85(1), 1-
12.

Antoun, H., Beauchamp, J., Goussard, N., Chabot, R.Lalande, R. (1998)

Potential of Rhizobium and Bradyrhizobium speciess pdant growth promoting
rhizobacteria on non-legumes: Effect on radishespffanus sativus L.). Plant Soil,
20457-67.

Appunu, C., Sasirekha, N., Prabavathy, V. R., & Nai S. (2009).A significant
proportion of indigenous rhizobia from India assbed with soybean (Glycine max
L.) distinctly belong to Bradyrhizobium and EnsifgeneraBiology and fertility of
soils, 46(1), 57-63.

Arcand, M. M. & Schneider, K. I. M. D. (2006) Plant- and microbial-based
mechanisms to improve the agronomic effectivendsphosphate rock: a review.
Anais Da Academia rasileira De Ciencia8: 791-807.

Archana, G. (2010). Engineering Nodulation Competitiveness of Rhizbbia
Bioinoculants in Soils. IMicrobes for Legume Improvemdi67-194). Springer

Vienna.

Archana, G., Buch A., Naresh Kumar G (2012)Pivotal role of organic acid
secretion by rhizobacteria in plant growth promefim: Satayanarayan T, Johri BN,
Prakash A, editors. Microorganisms in Sustainabigiculture and Biotechnology.

Springer, pp. 35-53.

Argaw, A. (2011). Evaluation of Co-inoculation of Bradyrhizobium gpcum and
Phosphate Solubilizing Pseudomonas spp. Effectoybean (Glycine max L. Merr.)
in Assossa Arealournal of Agricultural Science and Technolp@(1), 213-224.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 151



Bibliography

Arias, A ., Cervenansky, C ., Gardiol,A . , Marthez-Drets , G . 1979J. Bacteri-
01.137:409-19

Ashraf, M. A., Asif, M., Zaheer, A., Malik, A., Ali, Q., and Rasool, M. (2013).
Plant growth promoting rhizobacteria and sustamaddriculture: A reviewAfr J
Microbiol, 7(9), 704-709.

Awasthi, R., Tewari, R., and Nayyar, H. (2011)Synergy between Plants and P-
Solubilizing Microbes in soils: Effects on Growthnda Physiology of
Cropslnternational Research Journal of Microbiolgdd(12), 484-503.

Azziz, G., Bajsa, N., Haghjou, T., Taulé, C., Valvee, A., Igual, J. M., and Arias,
A. (2012).Abundance, diversity and prospecting of culturgiilesphate solubilizing
bacteria on soils under crop—pasture rotations innatillage regime in
Uruguay.Applied Soil Ecology6l, 320-326.

Babu-Khan, S., Yeo, T.C., Martin, W.L., Duron, M.R, Rogers,R.D. and
Goldstein, A.H. (1995) Cloning of a mineral phosphate-solubilizing gement
Pseudomonas cepacia. 2012 Appl Environ Microbipl972—-978.

Badawi, F. S. F., Biomy, A. M. M., & Desoky, A. H(2011).Peanut plant growth
and yield as influenced by co-inoculation with<Bradyrhizobium</i> and some
rhizo-microorganisms under sandy loam soil condgiénnals of Agricultural
Sciences56(1), 17-25.

Bambara, S., and Ndakidemi, P. A. (2010)Phaseolus vulgaris response to
Rhizobium inoculation, lime and molybdenum in stddclow pH soil in Western
Cape, South AfricaAfrican Journal of Agricultural Research(14), 1804-1811.

Banik, S. and Day, B.K. (1982Available Phosphate Content of an Alluvial Soil as
Influenced by Inoculation of Some Isolated Phospt&adlubilizing Microorganisms.
Plant and Soilg9, (3), 353-364, ISSN 1573-5036.

Bardgett, R. D., Bowman, W. D., Kaufmann, R., & Schidt, S. K. (2005). A
temporal approach to linking aboveground and betowgd ecologyTrends in
Ecology & Evolution20(11), 634-641.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 152



Bibliography

Barker, W. W., Welch, S. A., Welch S. C., and Banfield, @£998) Experimental
observations of the effects of bacteria on alumiimage weathering. Amer. Mineral,
83: 1551- 1563.

Barth, P. T., Datta, N. A. O. M. |., Hedges, R. W.and Grinter, N. J. (1976).
Transposition of a deoxyribonucleic acid sequenoceoding trimethoprim and
streptomycin  resistances from R483 to other repBcdournal of
bacteriology125(3), 800-810.

Basu, A. and Phale, P. S. (2006) Inducible uptake aethbolism of glucose by the
phosphorylative pathway iPseudomonas putid€SV86. FEMS Microbiol. Lett.
2592), 311-316

Benizri, E., Baudoin, E., & Guckert, A. (2001).Root colonization by inoculated
plant growth-promoting rhizobacteriBiocontrol Science and Technolog¥(5), 557-
574.

Bernardelli, C. E., Luna, M. F., Galar, M. L., and Boiardi, J. L. (2001).
Periplasmic PQQ-dependent glucose oxidation in -livéeg and symbiotic
rhizobia.Current Microbiology 42(5), 310-315.

Bernardelli, C. E., Luna, M. F., Galar, M. L., and Boiardi, J. L. (2008). Symbiotic
phenotype of a membrane-bound glucose dehydrogenasant of Sinorhizobium
meliloti. Plant and soil 313(1-2), 217-225.

Bert, Boesten. and Ursula, B. Priefer. (2004)he C-terminal receiver domain of the
Rhizobium leguminosaruntov. viciae FixL protein is required for free-living

microaerobic induction of the fnrN promoter Microlmgy 150: 3703-3713

Bianco, C., and Defez, R. (2009Medicago truncatula improves salt tolerance when
nodulated by an indole-3-acetic acid-overproduciignorhizobium meliloti
strain.Journal of experimental botan§0(11), 3097-3107.

Bianco, C., and Defez, R. (2010)Auxins upregulate nif and fix gend3ant
signaling and behavig5(10), 1290-1294.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 153



Bibliography

Bianco, C., and Defez, R. (2030 Improvement of phosphate solubilization and
Medicago plant vyield by an indole-3-acetic acidgveducing strain of

Sinorhizobium melilotiApplied and environmental microbiolagi6(14), 4626-4632.

Bianco, C., Imperlini, E., Calogero, R., SenatoreB., Amoresano, A., Carpentieri,
A. and Defez, R. (2006)Indole-3-acetic acid improves Escherichia colédehces to
stressArchives of microbiologyl85(5), 373-382.

Biswas, J.C., Ladha, J.K., Dazzo, F.B., (2000&Rhizobia inoculation improves
nutrient uptake and growth of lowland rice. Soil Soc Am J 64,1644-1650.

Bloemberg, G. V., & Lugtenberg, B. J. (200l Molecular basis of plant growth
promotion and biocontrol by rhizobacter@urrent opinion in plant biology4(4),
343-350.

Bogino, P. C., Oliva, M. D. L. M., Sorroche, F. G.and Giordano, W. (2013).The
Role of Bacterial Biofilms and Surface Componenta Plant-Bacterial

AssociationsInternational journal of molecular sciengeisl(8), 15838-15859.

Bogino, P. C., Oliva, M. D. L. M., Sorroche, F. G.and Giordano, W. (2013).The
Role of Bacterial Biofilms and Surface Componenta Plant-Bacterial

AssociationsInternational journal of molecular sciengegl(8), 15838-15859.

Bohlool, B. B., Ladha, J. K., Garrity, D. P., & Geage, T. (1992).Biological
nitrogen fixation for sustainable agriculture: Argeective. IrBiological nitrogen
fixation for sustainable agriculturgpp. 1-11). Springer Netherlands.

Boiardi, J., Galar, M. L. and Neijssel, O. M. (1995 PQQ-linked extracellular
glucose oxidation and chemotaxis towards this dofadn rhizobia. FEMS
Microbiology Letters140 179-184.

Boiero, L., Perrig, D., Masciarelli, O., Penna, C.Cassan, F., and Luna, V. (2007).

Phytohormone production by three strains of Bradgiium japonicum and possible
physiological and technological implicatiodgplied microbiology and

biotechnology74(4), 874-880.

Bomfeti, C. A., Florentino, L. A., Guimaréaes, A. P. Cardoso, P. G., Guerreiro,
M. C., and Moreira, F. M. D. S. (2011).Exopolysaccharides produced by the

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 154



Bibliography

symbiotic nitrogen-fixing bacteria of leguminos&wvista Brasileira de Ciéncia do
Solq 35(3), 657-671.

Bosworth, A. H., Williams, M. K., Albrecht, K. A., Kwiatkowski, R., Beynon, J.,
Hankinson, T. R., ... and Triplett, E. W. (1994). Alfalfa yield response to
inoculation with recombinant strains of Rhizobiunelioti with an extra copy of
dctABD and/or modified nifA expressioApplied and environmental
microbiology 60(10), 3815-3832.

Bowatte, S., Tillman, R., Carran, A., and Gillinghan, A. (2006).Can phosphorus
fertilisers alone increase levels of soil nitrogen New Zealand hill country
pasturesMutrient Cycling in Agroecosystem(1-3), 57-66.

Buch , A., Archana, G. and Naresh Kumar, G. (2008Metabolic channeling of
glucose towards gluconate in phosphate-solubiliztsggudomonas aeruginosa P4

under phosphorus deficiency. Res Microldib, 635—-642.

Buch, A. D, Archana, G. Naresh Kumar G (2010aHeterologous expression of
phosphoenolpyruvate carboxylase enhances the phtesolubilizing ability of
fluorescent pseudomonads by altering the glucosgbobsm to improve biomass
yield. Bioresour. TechnolL01: 679-687.

Buch, A. D., Archana, G. and Naresh Kumar, G. (2018). Broad-host-range
plasmid-mediated metabolic perturbations in Pseuwt@s fluorescens 13525.

Applied microbiology and biotechnolo§g, 209-18.

Bugg, T., Foght, J. M., Pickard, M. A. and Gray, M.R. (2000)Uptake and active
efflux of polycyclic aromatic hydrocarbons B\seudomonas fluorescenB6a. Appl.
Environ. Microbiol.66, 5387-5392

Buurman, E. T., Gerald, J., & de Mattos, M. J. T. 994). The physiological
function of periplasmic glucose oxidation in phoatghlimited chemostat cultures of
Klebsiella pneumoniae NCTC 418licrobiology, 140(9), 2451-2458

Carmen, B., and Roberto, D. (2011)Soil Bacteria Support and Protect Plants

Against Abiotic Stresses.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 155



Bibliography

Caspi, Ron., Tomer Altman., Joseph M. Dale., Kate Drel@arol A. Fulcher., Fred
Gilham., Pallavi Kaipa., Athikkattuvalasu S. Kakiyan., Anamika Kothari., Markus
Krummenacker., Mario Latendresse., Lukas A. Muelle Suzanne Paley, Liviu
Popescul, Anuradha Pujar, Alexander G. Shearer, Pein Zhang and Peter D.
Karp, (2010) The MetaCyc database of metabolic pathways angineez and the

BioCyc collection of pathway/genome databasesNo@eids Researclg8.

Castagno, L. N., Estrella, M. J., Sannazzaro, A. |Grassano, A. E., and Ruiz, O.
A. (2011). Phosphateolubilization mechanism and in vitro plant grovgitomotion
activity mediated by Pantoea eucalypti isolatedanfdootus tenuis rhizosphere in the
Salado River Basin (Argentina)ournal of Applied Microbiologyl10(5), 1151-1165.

Castel Abell, G. C., Revill, A. T., Smith, C., Bisstt, A. P., Volkman, J. K., &
Robert, S. S. (2010)Archaeal ammonia oxidizers and nirS-type dengrdfidominate
sediment nitrifying and denitrifying populationsarsubtropical macrotidal
estuary.The ISME journal4(2), 286-300.

Chabot, R., Antoun, H. Cescas, M. P., (1996krowth promotion of maize and
lettuce by phosphate-solubilizirfghizobium leguminosaruimiovar. Phaseolj Plant
and Soil.184, 311-321.

Chabot, R., Antoun, H., and Cescas, M. P. (1996krowth promotion of maize and
lettuce by phosphate-solubilizing Rhizobium leguosi@arum biovar. phaseokRlant
and Soi) 184(2), 311-321.

Chanchal Kumar, Kavita Yadav, G. Archana and G. Miresh Kumar (2013)2-
Ketogluconic Acid Secretion by Incorporation of Bdemonas putida KT 2440
Gluconate Dehydrogenase (gad) Operon in Enterabadeuriae PSI3 Improves
Mineral Phosphate Solubilization Curr Microbi6l:388—-394

Chaparro, J. M., Sheflin, A. M., Manter, D. K., & Vivanco, J. M. (2012).
Manipulating the soil microbiome to increase sabhh and plant fertilityiology
and Fertility of Soils48(5), 489-499.

Chen, Y. P., Rekha P. D., Arunshen A. B., Lai W. A.and Young C. C., (2006)
Phosphate solubilizing bacteria from subtropical and their tricalcium phosphate
solubilizing abilities.Appl. Soil Ecol34, 33-41

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 156



Bibliography

Choi O, Kim J, Kim JG, Jeong Y, Moon JS, Park CS ad Hwang | (2008
Pyrroloquinoline quinone is a plant growth promaotidactor produced by
Pseudomonas fluorescens B16. Plant Phyi€i6l.657-668

Choi, K. H., and Kim, K. J. (2009).Applications of transposon-based gene delivery
system in bacterida. Microbiol Biotechnal19(3), 217-228.

Choi, K. H., Trunck, L. A., Kumar, A., Mima, T., Ka rkhoff-Schweizer, R. R.,
and Schweizer, H. P. (2008)b Genetic tools for Pseudomon&seudomonas:

genomics and molecular biology, ed. P. Cornelis

Chou, C. P. (2007).Engineering cell physiology to enhance recombinauatein
production in Escherichia coli. Appl Microbiol Biotechnol76, 521-532.
doi:10.1007/s00253-007-1039-0.

Chudakov, D. M., Matz, M. V., Lukyanov, S., & Lukyanov, K. A. (2010).
Fluorescent proteins and their applications in im@g living cells and
tissue?hysiological Review90(3), 1103-1163.

Chung, C. N., Jun, W. J., and Park, I. H. (2000 Articles: Chemistry and Food,;
Introduction of a Bacterial Hemoglobin Gene for hongng Bacterial Growth under
Hypoxic Condition.43(6), 77-84.

Cordell, D., Drangert, J. O., and White, S. (2009)The story of phosphorus: Global
food security and food for thougt@lobal environmental chang&9(2), 292-305.

Cordell, D., Rosemarin, A., Schroder, J.J. and SmitA.L.(2011). Towards global
phosphorus security: A systemsframework for phogghcecovery and reuse options.
Chemosphere4: 747-758

Costa, H., Gallego, S. M., and Tomaro, M. L. (20Q2Effect of UV-B radiation on
antioxidant defense system in sunflower cotyled®tent Sciencgl62(6), 939-945.

Costa, P.B., Beneduzi, A., Souza, R., Schoenfeld,, argas, L.K., Passaglia,
L.M. (2013) The effects of different fertilization conditioos bacterial plant growth
promoting traits: guidelines for directed bactepabspection and testing. Plant Soll
368,267-280.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 157



Bibliography

Crespo, J. M., Boiardi, J. L., and Luna, M. F. (201). Mineral phosphate
solubilization activity of Gluconacetobacter dianpthicus under P-limitation and

plant root environmenfgricultural Science2(1), 16-22.

Crews, T. E., & Peoples, M. B. (2004).egume versus fertilizer sources of nitrogen:
ecological tradeoffs and human  neeMigriculture, Ecosystems &
Environment1023), 279-297.

Cunningham, S. D., and MuNNS, D. N. (1994 The correlation between
extracellular polysaccharide production and acldrémce in RhizobiunSoil Science
Society of America Journad8(6), 1273-1276.

Daimon, H., Nobuta, K., Ohe, M., Harada, J. and Na&yama, Y. (2006)
Tricalcium phosphate solubilization by root nodblecteria ofSesbania cannabina
andCrotalaria juncea Plant Prod S, 388-389.

Dakora, F. D. (2003. Defining new roles for plant and rhizobial malés in sole
and mixed plant cultures involving symbiotic leguedéew Phytologisi58(1), 39-
49.

Danhorn, T., and Fuqua, C. (200). Biofilm formation by plant-associated
bacteriaAnnu. Rev. Microbiol 61, 401-422.

De Freitas, J.R., Banerjee, M.R., and Germida, J.J.(1997) Phosphate
Solubilizing Rhizobacteria Enhance the Growth aneld but not Phosphorous
Uptake on Canola (BrassioapusL.). Biology and Fertility of Soils24, (4) 358-364,

ISSN 1432-0789

De Gelder, L., Ponciano, J. M., Joyce, P., and Tofk. M. (2007. Stability of a
promiscuous plasmid in different hosts: no guamantéor a long-term
relationshipMicrobiology, 153(2), 452-463.

de Souza, R., Beneduzi, A., Ambrosini, A., da Cost®. B., Meyer, J., Vargas, L.
K., ... and Passaglia, L. M. (2013).The effect of plant growth-promoting
rhizobacteria on the growth of rice (Oryza sativa ¢ropped in southern Brazilian
fields. Plant and Soil 1-19.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 158



Bibliography

de Werra. P, Pechy-Tarr M, Keel C, Maurhofer M (20®) Role of gluconic acid
production in the regulation of biocontrol traits Bseudomonas fluoresce@$AO.
Appl Environ Microbiol75: 4162-4174.

Deakin , W.J. and Broughton , W.J. ( 2009 )Symbiotic use of pathogenic
strategies: rhizobial protein secretion systeiat. Rev. Microbiol7 :312 — 320 .

Deepa, C. K., Dastager, S. G., and Pandey, A. (201Bolation and characterization
of plant growth promoting bacteria from non-rhizbspc soil and their effect on
cowpea (Vigna unguiculata (L.) Walp.) seedling gitoM/orld Journal of
Microbiology and Biotechnologg6(7), 1233-1240.

Deshwal, V.K., Dubey, R.C., and Maheshwari, D.K.,2003) Isolation of plant-
growth promoting strains dBradyrhizobium(Arachig sp. with biocontrol potential
againstMacrophomina phaseolineausing charcoal rot of peanut. Curr 384, 443—
448

Deubel, A.; Gransee, A. and Merbach, W. (2000)Transformation of Organic
Rhizodeposits by Rhizoplane Bacteria and its Imftigeon the Availability of Tertiary
Calcium PhospatelJournal of Plant Nutrition and Soil Scienc#63 (4),387-392,
ISSN 1436-8730

DeVries, G. E., van Brussel, A. A. N . ,Quispel, A 982 J. Bacterial. 149:872-79

Dominati, E., Patterson, M., & Mackay, A. (2010).A framework for classifying
and quantifying the natural capital and ecosystarnvises of soilsEcological
Economics69(9), 1858-1868.

Dow, K. & Downing, T. E. The Atlas of Climate Change. 1-112 (University
California Press, 2007).

Dubey, R., and Olenyuk, B. (2010)Direct organocatalytic coupling of carboxylated
piperazine-2, 5-diones with indoles through conjagaddition of carbon nucleophiles
to indolenine intermediate$etrahedron letterH1(4), 609-612.

Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith F (195 Calorimetric
method for the determination of sugars and relatdstances, Anal. Cher28: 350 -
356.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 159



Bibliography

Dudeja S.S and Narula, N. (2008)Molecular diversity of root nodule forming
bacteria (Review) In: Agriculturally important mamrganisms Vol Il (Eds George G.
Khachatourians; Dilip K. Arora ; T. P. Rajendrardailok K. Srivastava) Academic
World International. 1l. pp1-24.

Duine H (1991) Quinoproteins enzymes containing the quond cofactor
pyrroloquinoline quinone, topaquinone or tryptopingptophan quinine. Eur. J.
Biochern. 2000 271-284

Dutta, S., and Podile, A. R. (2010)Plant growth promoting rhizobacteria (PGPR):
the bugs to debug the root zo@zitical reviews in microbiology36(3), 232-244.

Eaglesham, A. R. J., Stowers, M. D., Maina, M. LGoldman, B. J., Sinclair, M.

J., and Ayanaba, A. (1987)Physiological and biochemical aspects of diversity
Bradyrhizobium sp.(Vigna) from three West Africaroils.Soil Biology and
Biochemistry19(5), 575-581.

Edwards, E. J., McCaffery, S., and Evans, J. R. (Z®). Phosphorus status
determines biomass response to elevated CO2 in gumk C4 grass
community.Global Change Biologyl1(11), 1968-1981.

Elkoca E., Kantar, F. and Sahin, F. (2007)Influence of nitrogen fixing and
phosphorus solubilizing bacteria on the nodulatipignt growth, and yield of
chickpea. J. Plant NutritioBl: 157-171.

Elser, James J. (2012): "Phosphorus: a limiting nutrient for humanityCurrent

opinion in biotechnolog®3, no. 6 833-838.

Erman, M., Yildirim, B., Togay, N., and Cig, F. (2@9). Effect of phosphorus
application and Rhizobium inoculation on the yiglddulation and nutrient uptake in
field pea (Pisum sativum sp. arvense 0dgurnal of Animal and Veterinary
Advances8(2), 301-304.

Erman, M., Yildirim, B., Togay, N., and Cig, F. (2@9). Effect of phosphorus
application and Rhizobium inoculation on the yielddulation and nutrient uptake in
field pea (Pisum sativum sp. arvense 0dgurnal of Animal and Veterinary
Advances8(2), 301-304.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 160



Bibliography

Ezawa, T., S. E. Smith and F. A. Smith., (2008 metabolism and transport in AM
fungi. Plant Soik44.221-230

FAOSTAT. Food and Agriculture Organization of the United iNias, Statistical
Databases, Online at http://faostat.fao.org (2003).

Farhat, Mounira Ben, Amin Fourati, and Hichem Chouayekh(2013..
"Coexpression of the Pyrroloquinoline Quinone arldc@se Dehydrogenase Genes
from Serratia marcescens CTM 50650 Conferred Higinekdl Phosphate-
Solubilizing Ability to Escherichia coli.Applied biochemistry and biotechnologyy
13.

Faure, D., Vereecke, D., and Leveau, J. H. (200%lolecular communication in the
rhizospherePlant and soil 321(1-2), 279-303.

Ferguson, B. J., Indrasumunar, A., Hayashi, S., LinM. H., Lin, Y. H., Reid, D.
E., & Gresshoff, P. M. (2010). Molecular analysis of legume nodule depelent
and autoregulatiordournal of integrative plant biolog%2(1), 61-76.

Franche C, Lindstro'm K, Elmerich C (2009 Nitrogen-fixing bacteria associated

with leguminous and non-leguminous plants. Planit $2i:35-59

Frey, A. D., and Kallio, P. T. (2003) Bacterial hemoglobins and flavohemoglobins:
versatile proteins and their impact on microbiologyd biotechnologyrEMS
microbiology reviews27(4), 525-545.

Fry, J., Wood, M., & Poole, P. S. (2001)nvestigation of myo-inositol catabolism in
Rhizobium leguminosarum bv. viciae and its effectn onodulation

competitivenesdMolecular plant-microbe interactiond4(8), 1016-1025.

Fuhrer, T., Fischer, E. and Sauer, U. (2005Experimental identification and
guantification of glucose metabolism in seven héatespecies. J. Bacteriol87,
1581-1590

Fujishige, N. A., Kapadia, N. N., De Hoff, P. L., ad Hirsch, A. M. (2006).
Investigations of Rhizobium biofilm formatioREMS microbiology ecology6(2),
195-206.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 161



Bibliography

Garci’a-Fraile P., Carro, L., Robledo M., Ferna'nde M., Mateos P., Rivas R.,
Igual J., Peix A., Vela'zquez E.,(2012Rhizobium Promotes Non-Legumes Growth
and Quality in Several Production Steps: Towarddddertilization of Edible Raw
Vegetables Healthy for Humans. PLOS Oiie(5)

Geckil, H., Z. Barak, D. M. Chipman, S. O. Erenler,D. A. Webster, and B. C.
Stark. 2004. Enhanced production of acetoin and butanediol eesombinant
Enterobacter aerogenes carrying Vitreoscilla heotmglgene. Bioproc. and Biosys.
Engin.26: 325-30.

Giannopolitis, C. N., and Ries, S. K. (1977Buperoxide dismutases I. Occurrence in
higher plantsPlant physiology59(2), 309-314.

Glick, B. R. (1995).Metabolic load and heterologous gene expresBiotechnology
advancesl3(2), 247-261.

Goldstein, A. H., and Liu, S. T. (1987).Molecular cloning and regulation of a
mineral phosphate solubilizing gene from Erwinia rbiela.Nature
Biotechnology5(1), 72-74.

Goldstein, A.H. (1995).Recent Progress in Understanding the MoleculareGen
and Biochemistry of Calcium Posphate Solubilizatlon Gram-negative Bacteria.
Biological, Agriculture and Horticulturel2,(1), 185-193,ISSN 0144-8765.

Goosen, N., Horsman HP, Huinen RG and van de Putte (1989 Acinetobacter
calcoaceticusgenes involved in biosynthesis of the coenzyme gbgrquinoline-
guinone nucleotide sequence and expressidastherichia coliK-12. J. Bacteriol.
171 447-455

Goosen, N., Huinen, R. G and van de Putte P (1998)24-amino-acid polypeptide
is essential for the biosynthesis of the coenzymeofp-quinoline-quinone. J.
Bacteriol.174 1426-1427

Graham, P. H., and Vance, C. P. (2003Legumes: importance and constraints to
greater usePlant physiology131(3), 872-877.

Granada, C. E., Arruda, L., Lisboa, B. B., Passagh, L. M., & Vargas, L. K.

(2014). Diversity of native rhizobia isolated in south Bitaand their growth

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 162



Bibliography

promotion effect on white clover (Trifolium repensgnd rice (Oryza sativa)
plantsBiology and Fertility of Soils50(1), 123-132.

Gresshoff , P.M. , Lohar, D., Chan, P. , BiswasB. , Jiang , Q. , Reid , D. , et al
.( 2009 )Genetic analysis of ethylene regulation of legumadulation Plant Signal.
Behav4 : 818 — 823 .

Gringauz, E., K. A. Orle, C. S. Waddell, and N. L.Craig (1988. Recognition of
Escherichia coli attTn7 by transposon Tn7: Lackmécific sequence requirements at
the point of Tn7 insertianl. Bacteriol 170, 2832-2840.

Gulati, A., Sharma, N., Vyas, P., Sood, S., Rahi, FPathania, V., and Prasad, R.
(2010). Organic acid production and plant growth promotias a function of
phosphate solubilization by Acinetobacter rhizogpha strain BIHB 723 isolated
from the cold deserts of the trans-Himalayashives of microbiolog$92(11), 975-
983.

Gull, M., Hafeez, F. Y., Saleem, M. and Malik, K. A (2004) Phosphorus uptake
and growth promotion of chickpea by co-inoculatiai mineral phosphate
solubilizing bacteria and a mixed rhizobial cultudest. J. Exp. Agric44: 623-628.

Guo, Y. B., Li J, Li L, Chen F, Wu W, et al. (2009) Kations that disrupt either the
pgq or the gdh gene é&tahnella aquatilisabolish the production of an antibacterial
substance and result in reduced biological condfograpevine crown gall. Appl
Environ Microbiol 75: 6792—-6803.

Gupta, A., Gopal, M., & Tilak, K. V. B. R. (2001).Rhizobacteria from field grown
mungbean: Plant growth Promoting potentiadlian Journal of Agricultural
Research35(1), 31-35.

Gururani, M. A., Upadhyaya, C. P., Baskar, V., Venlatesh, J., Nookaraju, A., &
Park, S. W. (2013).Plant growth-promoting rhizobacteria enhance abistress
tolerance in Solanum tuberosum through inducinghgba in the expression of ROS-
scavenging enzymes and improved photosyntheticopedanceJournal of Plant
Growth Regulation32(2), 245-258.

Gyaneshwar, P., Kumar, G. N., Parekh, L. J., and Rae, P. S. (2002 Role of saill
microorganisms in improving P nutrition of plan®ant and soil 245(1), 83-93.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 163



Bibliography

Halder, A. K. and Chakrabarty, P. K. (1993) Solubilization of inorganic phosphate
by Rhizobium Folia Microbiol 38, 325-330.

Halverson, L. J., & Handelsman, J. (1991)Enhancement of soybean nodulation by
Bacillus cereus UWS85 in the field and in a growthamberApplied and
environmental microbiologyp7(9), 2767-2770.

Han, L. (2004). Genetically modified microorganisms. Tine GMO Handbodkp.

29-51). Humana Press.

Han, S. H, Kim CH, Lee JH, Park JY, Cho SM, et al.(Q&p Inactivation of pqq
genes of Enterobacter intermedium 60-2G reducefuagal activity and induction
of systemic resistance. FEMS Microbiol L282 140-146.

Haque, N. A. and Dave, S. R., (200%)cology of phosphate solubilizers in semi-arid
agricultural soils. Indian J Microbidl5, 27-32.

Hardarson, G., and Atkins, C. (2003).Optimising biological N2 fixation by
legumes in farming systenBlant and soil 252(1), 41-54.

Hardoim, P. R., Nazir, R., Sessitsch, A., ElhottoyaD., Korenblum, E., van
Overbeek, L. S., and van Elsas, J. D. (2013)he new species Enterobacter
oryziphilus sp. nov. and Enterobacter oryzendoghgtsp. nov. are key inhabitants of
the endosphere of ricBMC microbiology 13(1), 164.

Hardy, R. W. F., Havelka, U. D. 1978n Symbiotic Nitrogen Fixation, IBP, ed.P. S.
Nutman, 6:421-39. Oxford: Cambridge Univ.

Hauge J. G. (1964) Glucose dehydrogenase of Bacternitratum: an enzyme with
a novel prosthetic group. J Biol Che289 3630-3639.

Hayat, R., Ali, S., Amara, U., Khalid R., Ahmed, I, (2010)Soil beneficial bacteria
and their role in plant growth promotion:a reviédmn. Microbiol. 60 (4): 579-598.

Herridge, D. F., Peoples, M. B., and Boddey, R. M(2008). Global inputs of
biological nitrogen fixation in agricultural systen®lant and Soil311(1-2), 1-18.

Hester, K. L., Lehman, J., Najar, F., Song, L., RageB. A., MacGregor, C. H.,
Hager, P. W.,Phibbs, P. V. Jr. and Sokatch, J. R.2000) Crc is involved in

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 164



Bibliography

catabolite repression control of the bkd operonsPstudomonas putidand
Pseudomonas aeruginash Bacteriol182 1144-1149

Hirsch, P. R., Van Montagu, M., Johnston, A. W. B.Brewin, N. J., & Schell, J.
(1980).Physical Identification of Bacteriocinogenic, Nodtibn and Other Plasmids
in Strains of Rhizobium leguminosardournal of General Microbiologyl2((2),
403-412

Hungria, M., Nogueira, M. A., and Araujo, R. S. (2@3). Co-inoculation of
soybeans and common beans with rhizobia and a#ltaspstrategies to improve

sustainabilityBiology and Fertility of Soilsl-11.

Hwangbo, H., Park, R. D., Kim, Y. W., Rim, Y. S., Rrk, K. H., Kim, T. H., ...
and Kim, K. Y. (2003). 2-ketogluconic acid production and phosphate sitation
by Enterobacter intermediur@urrent Microbiology 47(2), 0087-0092.

Igual, J. M, Valverde A, Cervantes E, Velazquez K2001) Phosphate-solubilizing
bacteria as inoculants for agriculture: use of tedanolecular techniques in their
study. Agronomie21 (Suppl 6-7): 561-568.

Imperlini, E., Bianco, C., Lonardo, E., Camerini, S, Cermola, M., Moschetti, G.,
and Defez, R. (2009)Effects of indole-3-acetic acid on Sinorhizobiurelioti
survival and on symbiotic nitrogen fixation andrstdry weight productiodpplied
microbiology and biotechnolog®3(4), 727-738.

Islam, M. T., and Hossain, M. M. (2012 Plant probiotics in phosphorus nutrition in
crops, with special reference to rice. Bacteria in Agrobiology: Plant
Probioticq325-363). Springer Berlin Heidelberg.

Israel, D. W. (1987).Investigation of the role of phosphorus in symigialinitrogen
fixation. Plant Physiology84(3), 835-840.

James, D. W Jr, and Gutterson NI (1986)Multiple antibiotics produced by
Pseudomonas fluorescens HV37a and their diffederggulation by glucose. Appl.
Environ. Microbiol.52 1183-1189

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 165



Bibliography

Janczarek, M. (2011).Environmental signals and regulatory pathways ithfiience
exopolysaccharide production in rhizodisternational journal of molecular
sciencesl12(11), 7898-7933.

Janczarek, M., JaroszukSciset, J., and Skorupska, A. (2009 Multiple copies of
rosR and pssA genes enhance exopolysaccharide gbitu symbiotic
competitiveness and clover nodulation in Rhizobiulaguminosarum bv.
trifolii. Antonie Van Leeuwenhqed6(4), 471-486.

Jayasinghearachchi, H. S., and Seneviratne, G. (200 A bradyrhizobial-
Penicillium spp. biofilm with nitrogenase activitmproves N2 fixing symbiosis of
soybeanBiology and fertility of soils40(6), 432-434.

Jensen, E. S., Peoples, M. B., Boddey, R. M., Greeff, P. M., Hauggaard-
Nielsen, H., Alves, B. J., & Morrison, M. J. (2012) Legumes for mitigation of
climate change and the provision of feedstock fmfuels and biorefineries. A

review.Agronomy for Sustainable Developme#(2), 329-364.

Jha, A., Sharma, D., & Saxena, J. (2012Effect of single and dual phosphate-
solubilizing bacterial strain inoculations on oJeragrowth of mung bean
plantsArchives of Agronomy and Soil Scies8(9), 967-981.

Jha, P. N., Gupta, G., Jha, P., & Mehrotra, R. (203). Association of
rhizospheric/endophytic bacteria with plants: aeptial gateway to sustainable
agriculture Greener J. Agric. ScB(2), 73-84.

Jiang, G., Krishnan, A. H., Kim, Y. W., Wacek, T. J, & Krishnan, H. B. (2001)

A functional myo-inositol dehydrogenase gene isumegl for efficient nitrogen
fixation and competitiveness of Sinorhizobium frddSDA191 to nodulate soybean
(Glycine max [L.] Merr.)Journal of bacteriologyl838), 2595-2604.

Jida, M., and Assefa, F. (2011).Phenotypic and plant growth promoting
characteristics of Rhizobium leguminosarum bv. aacfrom lentil growing areas of
Ethiopia.Afr. J. Microbiol. Res5, 4133-4142.

Johnson, S. E., & Loeppert, R. H. (2006)Role of organic acids in phosphate
mobilization from iron oxideSoil Science Society of America Jourd@l1l), 222-
234.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 166



Bibliography

Karaman, M. R., Sahin, S., Duzdemir, O., and Kandemir, N. (2013)Selection of
chickpea cultivars with agronomic phosphorus (Rization characters as influenced
by Rhizobium inoculationScientific Research and Essa8€l7), 676-681.

Karasu A, O " z M, Dog'an R (2009)The effect of bacterial inoculation and
different nitrogen doses on yield and yield compusef some chickpea genotypes
(Cicer arietinum L.). African J Biotechn8159—-64

Katznelson H. and Bose, B. (1959) Metabolic activity and gpioate dissolving
capability of bacterial isolates from wheat roots the rhizosphere and non
rhizosphere soil. Can. J. Microbiét. 79-85.

Katznelson, H., Zagallo, A . C . 1957Can. J. Microbial. 3:879-84
Keele, B. B ., Hamilton, P. B . , Elkan , G.H. 195 J. Bacteriol. 97: 11 84--91
Keele, B. B . , Hamilton, P. B . , Elkan, G. H .970 1. Bacterial. 1 0 1 :698-704

Khairnar, N. P., Misra, H. S., & Apte, S. K. (2003) Pyrroloquinoline—quinone
synthesized iftscherichia colby pyrroloquinoline—quinone synthasel@inococcus
radioduransplays a role beyond mineral phosphate solubibraBiochemical and
biophysical research communicatio342(2), 303-308.

Khairnar, N. P., Misra, H. S., and Apte, S. K. (208). Pyrrologuinoline—quinone
synthesized in Escherichia coli by pyrroloquinoligainone synthase of Deinococcus
radiodurans plays a role beyond mineral phosphaiigbsization.Biochemical and

biophysical research communicatioi342(2), 303-308.

Khaleghi, E., Arzani, K., Moallemi, N., & Barzegar, M. (2012) Evaluation of
Chlorophyll Content and Chlorophyll Fluorescencaaf@eters and Relationships
between Chlorophyll a, b and Chlorophyll Conterdten under Water Stress in Olea
europaea cv. DezfubDezful. World Acad Sci Eng Techne8, 1154-1157.

Khalilzadeh, R., Tajbakhsh, M., & Jalilian, J. (2012). Effect of foliar application of
bio-organic fertilizers and urea on yield and yietdnponents characteristics of mung

bean.International Journal of Agriculture: Research aReéview 2(5), 639-645.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 167



Bibliography

Khan, A.A., Jilani G., Akhtar,.M. S., Saglan, S. M, Rasheed, N. M.,(2009)
Phosphorus Solubilizing Bacteria: Occurrence, Maims and their Role in Crop
Production.J. Agric. Biol. Scil, (1) 48-58.

Khan, K. S., and Joergensen, R. G., (2009Jhanges in microbial biomass and P
fractions in biogenic household waste compost am@mwdth inorganic P fertilizers.
Bioresource Technology.100, 303-309.

Khosravi, M., D. A. Webster, and B. C. Stark. 1990Presence of the bacterial
hemoglobin gene improves a-amylase production mdcambinant Escherichia coli
strain. Plasmi@4: 1-5.

Kim KY, Jordan D, Krishnan HB (1998) Expression of gefremRahnella aquatilis
that are necessary for mineral phosphate solubdizan Escherichia coli FEMS
Microbiol Lett 159 121-127.

Kim KY, Jordan D, Krishnan HB (1998) Expression of genes frorRahnella
aquatilis that are necessary for mineral phosphate solubdizan Escherichia coli
FEMS Microbiol Lett159 121-127.

Kim, C. H., Han, S. H., Kim, K. Y., Cho, B. H., Kim, Y. H., Koo, B. S., and Kim,
Y. C. (2003).Cloning and expression of pyrroloquinoline quindR€Q) genes from
a phosphate-solubilizing bacterium Enterobacter ermediumCurrent
microbiology 47(6), 457-461.

Kloepper, J.W., Leong, J., Teintze, M. & Scroth, MN., (1980) Enhanced plant
growth by siderophores produced by plant growthymting rhizobacteriaNature
286, 885-886.

Koch, B., Jensen, L. E. and Nybroe, O. (20017 panel of Tn7-based vectors for
insertion of the gfp marker gene or for deliveryctdned DNA into Gram-negative

bacteria at a neutral chromosomal sitaurnal of Microbiological Methods.

Koch, B., Worm, J., Jensen, L. E., Hojberg, O. andNybroe, O. (2001)Carbon
limitation inducessS-dependent gene expressiorPseudomonas fluoresceimssoil.
Appl. Environ. Microbiol.67: 3363-3370.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 168



Bibliography

Kohler, J., Caravaca, F., & Roldan, A. (2010).An AM fungus and a PGPR
intensify the adverse effects of salinity on thebgity of rhizosphere soil aggregates

of< i> Lactuca sativa</i>Soil Biology and Biochemistrg2(3), 429-434.

Kouchi, H. , Imaizumi-Anraku , H. , Hayashi , M. , Hakoyama , T. , Nakagawa ,
T., Umehara , Y. , et al . ( 2010 How many peas in a pod? Legume genes
responsible for mutualistic symbioses undergrouwidnt Cell Physiol51 : 1381 —
1397 .

Kovach, M. E., Elzer, P. H., Hill, D. S. Robertson, G, Farris, M. A., Roop, R. M.
Il and Peterson, K. M. (1995) Four new derivatie¢ghe broad-host-range cloning
vector pPBBR1MCS, carrying different antibiotic-retsince cassettes. Gedég. 175-
176.

Krishnaraj, P. U. and Goldstein, A. H. (2001)Cloning of aSerratia marcescens
DNA fragment that induces quinoprotein glucose diebgenase-mediated gluconic
acid production inEscherichia coliin the presence of stationary phaSerratia
marcescensFEMS Microbiol. Lett205 215-220.

Kumar R. and Chandra R. (2008) Influence of PGPR and PSB d®hizobium
leguminosarumbv. viciae strain competition and symbiotic performance intilen
World J. Agricultural Science$ 297-301.

Kumar Tewari, R., Kumar, P., Tewari, N., Srivastava S., & Sharma, P. N.
(2004). Macronutrient deficiencies and differential antdtant responses—influence
on the activity and expression of superoxide disseit in maiz€lant
Sciencel66(3), 687-694.

Kumazawa T, Seno H, Suzuki O. (1993) Failure to verify hidéavels of
pyrroloquinoline quinone in eggs and skim milk. &em Biophys Res Commun.
193 1-5

Kumazawa, T, Sato K, Seno H, et al. (1995) Levels of pysgulinoline quinone in
various foods. Biochem 307: 331-333.

Labidi, M., Dahmane, A. B., Mansour, H. B., Khiari, L., & Ahmad, D. (2003)
Soil P-status and cultivar maturity effects on pazobium symbiosisPlant and
soil, 2522), 339-348.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 169



Bibliography

Lam, S. K., Chen, D., Norton, R., & Armstrong, R. 2012). Does phosphorus
stimulate the effect of elevated [CO2] on growtld aymbiotic nitrogen fixation of

grain and pasture legume€#op and Pasture Sciencg3(1), 53-62.

Lambertsen, L., Sternberg, C. and Molin, S. (2004Mini-Tn7 transposons for site-
specific tagging of bacteria with fluorescent pneseEnvironmental microbiolog,
726-32.

Lazarovits, G., and Nowak, J. (1997)Rhizobacteria for improvement of plant
growth and establishmeriortScience32(2), 188-192.

Lazdunski, A. M., Ventre, I., & Sturgis, J. N. (20@). Regulatory circuits and
communication in Gram-negative bacteN&ture Reviews Microbiologg(7), 581-
592.

Leidi, E. O., & Rodriguez-Navarro, D. N. (2000) Nitrogen and phosphorus
availability limit N2 fixation in beanNew Phytologistl472), 337-346.

Lekberg, Y., and Koide, R. T. (2005).Arbuscular mycorrhizal fungi, rhizobia,
available soil P and nodulation of groundnut (Afachhypogaea) in
Zimbabwe Agriculture, ecosystems and environméa0(3), 143-148.

Leong, J. (1986)Siderophores: their biochemistry and possible iolie biocontrol
of plant pathogen®\nnual Review of Phytopatholo4(1), 187-209

Lessie, T. G. and Phibbs, P. V. Jr. (1984Alternative pathways of carbohydrate

utilization in pseudomonads. Annu. Rev. Microbi&#: 359—-388

LeVier , K. , Phillips , R.W. , Grippe , V.K. , Rogp , R.M. and Walker , G.C. (
2000 ) Similar requirements of a plant symbiont and a mairan pathogen for

prolonged intercellular survivalScience287 : 2492 — 2493 .

Lichtenstein, C. and S. Brenner (1981)Site-specific properties of Tn7 transposition
into theE. colichromosomeMol. Gen. Genetl83 , 380-387.

Lindstrom, K., Murwira, M., Willems, A., and Altier , N. (2010).The biodiversity
of beneficial microbe-host mutualism: the case dfizobia.Research in
microbiology 161(6), 453-463.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 170



Bibliography

Lipping Y, Jiatao X, Daohong J, Yanping F, Guoging L. Fangcan L (2008)
Antifungal substances produced Bgnicillium oxalicunstrain PY-1-potential

antibiotics against plant pathogenic fungi. Worldigrobiol Biotechnol 24:909-915

Liu, S. T., Lee, L. Y., Tai, C. Y., Hung, C. H., Clang, Y. S., Wolfram, J. H., ... &
Goldstein, A. H. (1992) Cloning of an Erwinia herbicola gene necessaryfaconic
acid production and enhanced mineral phosphatebifiaation in Escherichia coli
HB101: nucleotide sequence and probable involvemenbiosynthesis of the

coenzyme pyrroloquinoline quinondournal of bacteriology 74(18), 5814-5819.

Lopez-Arredondo, DL., Herrera-Estrella, L., (2012 Engineering phosphorus
metabolism in plants to produce a dual fertilizatand weed control system. Nature
Biotechnology30, 889-893.

Lowry O.H., Rosenbrough N.J., Farr A.L., Randall RJ. (1951) Protein
measurement with folin-phenol reagent. J. Biol. i8h493 265-275.

Lugtenberg, B. J., Dekkers, L. and Bloemberg, G. V. (2001)l&talar determinants
of rhizosphere colonization B3seudomonasAnnu. Rev. PhytopathdB9: 461-490.

Mabrouk Y., and Belhadj, O. (2010).The Potential Use of Rhizobium—-Legume
Symbiosis for Enhancing Plant Growth and ManagemehtPlant Diseases.

In Microbes for Legume ImprovemgdB5-514). Springer Vienna.

Mader, P., Kaiser, F., Adholeya, A., Singh, R., Upgl, H. S., Sharma, A. K., ... &
Fried, P. M. (2011).Inoculation of root microorganisms for sustainabeeat—rice
and wheat—black gram rotations in Indsmil Biology and Biochemistr¢3(3), 609-
619.

Madsen, E.B., Antoll’'n-Llovera, M., Grossmann, C.,Ye, J., Vieweg, S.,
Broghammer, A., Krusell, L., Radutoiu, S.,Jensen, ON., Stougaard, J., and
Parniske, M. (2011).Autophosphorylation is essential for the in viem¢tion of the
Lotus japonicusNod factor receptor 1 and receptor-mediated siggah cooperation
with Nod factor receptor 5. Plant@b.404-417.

Magnusson, O. T, Toyama H, Saeki M, Schwarzenbach®, Klinman J. P (2009

The structure of a biosynthetic intermediate ofrphaquinoline quinone (PQQ) and

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 171



Bibliography

elucidation of the final step of PQQ biosynthedisurnal of the American Chemical
Society126(17):5342-5343.

Mahatma, M. K., Bhatnagar, R., Mittal, G. K., and Mahatma, L. (2011).
Antioxidant metabolism in pearl millet genotypesidg compatible and incompatible
interaction with downy mildew pathogeftchives of Phytopathology and Plant
Protection 44(9), 911-924.

Maldonado-Gonzalez, M., Bakker, P. A., & Mercado-Banco, J. (2011).
Involvement of Induced Systemic Resistance in abntf Verticillium wilt by

fluorescent Pseudomonas sppBC/wprs Bulletin71, 73-76.

Marinkovic, J., Dordevic, V., Svetlana, (20130smotic stress tolerance, PGP traits
and RAPD analysis @radyrhizobium Japonicurstrains 45, (1),75-86.

Martin Buescher, J.., Liebermeister, W., Jules, M.Uhr, M., Muntel, J., Botella,
E., ... & Aymerich, S. (2012).Global network reorganization during dynamic
adaptations of Bacillus subtilis metabolisgtience3356072), 1099-1103.

Martin, C. H, Nielsen, D. R., Solomon, K. V. and Pather, K. L. J. (2009).
Synthetic metabolism: engineering biology at thetgin and pathway scaleShem
Biol 16:277.

Martinez-Drets, G ., Arias, A. 1972 J. Bacterial. 109:467-70

Martinez-Viveros, O., Jorquera, M. A., Crowley, D.E., Gajardo, G., and Mora,
M. L. (2010). Mechanisms and practical considerations involvedlant growth
promotion by rhizobacteridournal of soil science and plant nutritiol0(3), 293-
3109.

Mathur, T., Singhal, S., Khan, S., Upadhyay, U.P.Fatma, F. and Rattan, A.,
(2006 Detection of biofilm formation among the clinidgablates of staphylococci: an
evaluation of three different screening methodsdiam Journal of Medical
Microbiology 24 (1):25-29.

Matsushita, K. and Ameyama, M. (1982) D-glucose-dehydrogenase from
Pseudomonas fluorescemsembrane bound. Methods Enzyn@%: 149-154.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 172



Bibliography

McKenzie G.J, Craig N.L., (2006)Fast, easy and efficient: site-specific insertdn
transgenes into enterobacterial chromosomes usi@gwithout need for selection of
the insertion event. BMC Microbiof:39-46

Mehboob, I., Naveed, M., Zahir, A. Z., 2009 Rhizobial association with non-

legumes: mechanisms and applications. Crit. RentF8ci.28, 432—456.

Melchiorre, M., Quero, G. E., Parola, R., Racca, R.Trippi, V. S., & Lascano, R.
(2009). Physiological characterization of four model< i>otus</i> diploid
genotypes:< i> L. japonicus</i>(MG20 and Gifu),< > filicaulis</i>, and< i> L.
burttii</i> under salt stres®lant sciencel776), 618-628.

Mendrygal, K. E., and Gonzalez, J. E. (2000)Environmental regulation of
exopolysaccharide production in Sinorhizobium nodélibournal of
bacteriologyl182(3), 599-606.

Meulenberg JJ , Sellink E, Loenen WAM, Riegman NHVan Kleef M, Postma
PW (1990) Cloning of Klebsiella pneumoniapqq genes and PQQ biosynthesis in
Escherichia coliFEMS Microbiol Lett71:337—-344.

Meulenberg JJ, Sellink E, Riegman NH, Postma PW (B2) Nucleotide sequence
and structure of the Klebsiella pneumonia pqq apeiol Gen Gene232284-294

Mia, M. A., Shamsuddin, Z. H. (2010)Rhizobium as a crop enhancer and

biofertilizer for increased cereal production. AfBiotechnol9, 6001-6009

Midgley, M. and Dawes, E. A. (1973) The regulation of $f@ort of glucose and
methyl aglucoside iPseudomonas aeruginaddiochem. J132141-154

Mishra, P. K., Mishra, S., Selvakumar, G., Bisht, JK., Kundu, S., & Gupta, H.
S. (2009). Coinoculation of Bacillus thuringeinsis-KR1 with Rbbium
leguminosarum enhances plant growth and nodulatiggea (Pisum sativum L.) and
lentil (Lens culinaris L.)World Journal of Microbiology and Biotechnolgd%(5),
753-761.

Misra, H. S., Rajpurohit, Y. S., and Khairnar, N. P. (2012). Pyrroloquinoline-
quinone and its versatile roles in biological pssmsJournal of bioscienceg37(2),
313-325.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 173



Bibliography

Moghimi, A., & Tate, M. E. (1978).Does 2-ketogluconate chelate calcium in the pH
range 2.4 to 6.45oil Biology and Biochemistrg0(4), 289-292.

Moghimi, A., Tate, M. E., and Oades, J. M. (1978)Characterization of rhizosphere
products especially 2-ketogluconic acshil Biology and Biochemistri0(4), 283-
287.

Monds RD, Silby MW, Mahanty HK. 2001 Expression of the Pho regulon
negatively regulates biofilm formation lBseudomonas aureofacieR&147-2. Mol.
Microbiol. 42.4142—- 426.

Morel M.., Victoria Brafia and Susana Castro-Sowinsk (2012). Legume Crops,
Importance and Use of Bacterial Inoculation to éase Production, Crop Plant, Dr
Aakash Goyal (Ed.), ISBN: 978-953-51-0527-5,

Morrissey, J. P., Walsh, U. F., O'Donnell, A., Moéne-Loccoz, Y., and O'Gara,
F. (2002). Exploitation of genetically modified inoculantsrfandustrial ecology
applicationsAntonie Van LeeuwenhqgeXi(1-4), 599-606.

Mulongoy, K ., Elkan, G. H. 1 978 Curro Microbial. 1 :335-40
Mulongoy, K ., Elkan, G. H. 1977. J.Bacteriol. 1 31 : 1 79-87

Nakano, Y., and Asada, K. (1981)Hydrogen peroxide is scavenged by ascorbate-
specific peroxidase in spinach chloroplaBisint and Cell Physiology2(5), 867-
880.

Nelson K. E., et al. (2002) Complete genome sequencecanmparative analysis of
the metabolically versatilPseudomonas putidéT2440. Environ. Microbiol (12),
799-808

Neubauer, P., Lin, H. Y., and Mathiszik, B. (2003)Metabolic load of recombinant
protein production: inhibition of cellular capaesi for glucose uptake and respiration
after induction of a heterologous gene in EschaicboliBiotechnology and
bioengineering83(1), 53-64.

O'Hara, G. W. (2001). Nutritional constraints on root nodule bacterideeting

symbiotic nitrogen fixation: a reviewAnimal Production Scien¢dl(3), 417-433.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 174



Bibliography

Okazaki , S., Nukui, N. , Sugawara , M. and Minansawa , K. ( 2004 Rhizobial
strategies to enhance symbiotic interactions: @hite@ine and 1-aminocyclopropane-

1-carboxylate deaminasdlicrobes Environ19 : 99 — 111 .

Oldroyd, G.E., and Downie, J.A. (2008). Coordinating noduiderphogenesis with
rhizobial infection in legumes. Ann.Rev. Plant Bi59:519-546.

Olivera, M., Tejera, N., Iribarne, C., Ocana, A., ad Lluch, C. (2004). Growth,
nitrogen fixation and ammonium assimilation in coombean (Phaseolus vulgaris):
effect of phosphoru$hysiologia Plantarunil21(3), 498-505.

Omar, M. N. A.,, Osman, M. E. H., Kasim, W. A., & ElDaim, I. A. (2009).
Improvement of salt tolerance mechanisms of barigfvated under salt stress using
Azospirillum brasilense. ISalinity and Water Stregpp. 133-147). Springer
Netherlands.

Oresnik, I. J., Pacarynuk, L. A., O'Brien, S. A., Yost, C. K., & Hynes, M. F.
(1998). Plasmid-encoded catabolic genes in Rhizobium legosarum bv. trifolii:
evidence for a plant-inducible rhamnose locus iwedl in competition for

nodulation.Molecular plant-microbe interactiond1(12), 1175-1185.

Ow, D.S. W, Lee,D. Y, Yap, M. G. S., and Oh, &. W. (2009).Identification of
cellular objective for elucidating the physiolodicatate of plasmidbearing
Escherichia coli using genonrseale in silico analysi®iotechnology progres2s(1),
61-67.

Ow, D. S. W., Nissom, P. M., Philp, R., Oh. S. K. WYap, M. G. S. (2006)Global
transcriptional analysis of metabolic burden due glasmid maintenance in
Escherichia coli DH5 during batch fermentation. ¥ine Microb TechnoB9, 391—
398. doi:10.1016/j.enzmictec.2005.11.048.

P. Conforte, V., Echeverria, M., Sanchez, C., A. Wide, R., B. Menéndez, A.,
and C. Lepek, V. (2010)Engineered ACC deaminase-expressing free-livitig o
Mesorhizobium lotishow increased nodulation efficiency and competitess on
Lotusspp.The Journal of General and Applied Microbiolo§g(4), 331-338.

Pandey, A., Trivedi, P., Kumar, B., & Palni, L. M. S. (2006) Characterization of a
phosphate solubilizing and antagonistic strain sélRlomonas putida (BO) isolated

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 175



Bibliography

from a sub-alpine location in the |Indian Central midlaya.Current
microbiology 53(2), 102-107

Pandey, P., ARORA, S., SOOD, A., BISHT, S., & MAHEBWARI, D. (2009,

October). FORMULATION OF AN EFFECTIVE RHIZOBIUM BIDIOCULANT

USING GREEN FLUORESCENT PROTEIN REPORTER SYSTEMCHemical,
Biological and Environmental Engineering-Proceedingpf the International
Conference on Cbee 20Q9. 462). World Scientific.

Park KH, Lee OM, Jung HI, Jeong JH, Jeon YD, HwangDY, Lee CY, Son HJ
(2010) Rapid solubilization of insoluble phosphate bycwvel environmental stress-
tolerant Burkholderia viethamiensis M6 isolatedhirginseng rhizospheric soil. Appl
Microbiol Biotechnol86:947—-955

Park, K. H., Lee, O. M., Jung, H. I., Jeong, J. H.Jeon, Y. D., Hwang, D. Y., ... &
Son, H. J. (2010). Rapid solubilization of insoluble phosphate by avel
environmental stress-tolerant Burkholderia vietreamais M6 isolated from ginseng

rhizospheric soilApplied microbiology and biotechnolgd6(3), 947-955.

Pate, J. S. 1975 In Encyclopedia of Plant Physiology (NS), ed. luittge,M. G.
Pitman , 1 :451-73. Berlin:Springer-Verlag

Patel, D. K., Archana G. and Naresh Kumar G. (2008) &tawn in the nature of
organic acid secretion and mineral phosphate dadabon by Citrobactersp. in the
presence of different sugars. Curr. Microbtf(2), 168-174

Pearson, H. L., & Vitousek, P. M. (2002)Soil phosphorus fractions and symbiotic
nitrogen fixation across a substrate-age gradrehlawaiiEcosystem$(6), 587-596.

Peix, A. Rivas-Boyero, A.A. Mateos, P.F. RodrigueBarrueco, C., E.
Mart6Anez-Molina and E. Velazquez (2001)Growth promotion of chickpea and
barley by a phosphate solubilizing strain Mesorhizobium mediterraneunmder
growth chamber conditions. Soil Biology and Biochs&ny 33 103-110.

Peix, A., Lang, E., Verbarg, S., Spro“er, C., RivaR., SantaRegina, |., Mateos,
P.F., Marti'nez-Molina, E. et al. (2009)Acinetobacterstrains IH9 and OCI1, two
rhizospheric phosphate solubilizing isolates ablpromote plant growth, constitute a

new genomovar oAcinetobacter calcoaceticuSyst Appl Microbiol32, 334-341

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 176



Bibliography

Perez, Elizabeth, Miguel Sulbaran, Maria M. Ball, &ad Luis Andres
Yarzabal(2007):. "Isolation and characterization of mineral phosptsnlubilizing
bacteria naturally colonizing a limonitic crust the south-eastern Venezuelan
region.'Soil Biology and Biochemist89, no. 11 2905-2914.

Persello-Cartieaux F, Nussaume, L, Robaglia, C. (2003). Tales frohe t
underground, molecular plant-rhizobacteria inteoast Plant Cell Environ26, 189—
199.

Perveen, S., M. S. Khan and A. Zaidi. 200ZEffect of rhizospheric microorganisms
on growth and yield of green grarRHaseolus radiatys Ind. J. Agric. Sci.72421-
423.

Peters, J. E. and Craig, N. L. (2001)In7 : Smarter Than we thougl@ell 2, 806-
814.

Peterson, G. L. (1979)Review of the Folin phenol quantitation methodLofwvry,
Rosenberg, Farr and Randall. Anal BiochEpg: 201.

Pikovskaya, R. I. (1948)Mobilization of phosphorus in soil in connectionthwvital

activity of some microbial species. Mikrobiologiy& 362—-370.

Pirhofer-Walzl, K., Rasmussen, J., Hggh-Jensen, H., Eriksen,gggdard, K., &
Rasmussen, J. (2012). Nitrogen transfer from folagemes to nine neighbouring

plants in a multi-species grasslaftant and soil 350(1-2), 71-84.

Plenchette, C., and Morel, C. (1996).External phosphorus requirement of
mycorrhizal and non-mycorrhizal barley and soybpkmts.Biology and fertility of
soils 21(4), 303-308.

Podile, A. R., and Kishore, G. K. (2006 Plant growth-promoting rhizobacteria.
InPlant-associated bacteri@ 195-230). Springer Netherlands.

Poonguzhali S, Madhaiyan M, Sa T (2008Jsolation and identification of phosphate
solubilizing bacteria from chinese cabbage and &i#ect on growth and phosphorus
utilization of plants. J Microbiol Biotechnol 18:3%777

Popp, C., & Ott, T. (2011).Regulation of signal transduction and bacteriédation
during root nodule symbiosi€urrent opinion in plant biologyl4(4), 458-467.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 177



Bibliography

Puehringer, S., Metlitzky M, Schwarzenbacher R. (208) The pyrroloquinoline
guinone biosynthesis pathway revisited: a strutapproach BMC Biochen®: 8.

Pueppke, S. G., & Broughton, W. J. (1999)Rhizobium sp. strain NGR234 and R.
fredii USDA257 share exceptionally broad, nestedth@ngesMolecular plant-
microbe interactionsl2(4), 293-318.

Quay, S. C., Friedman, S. B. and Eisenberg, R. C. (L&l8conate regulation of

glucose catabolism iRseudomonas fluorescerds Bacteriol112 291-298.

Qureshi, M. A.., M. A. Shakir, A. Igbal, N. Akhtar and A. Khan (2011) CO-
Inoculation of phosphate solubilizing bacteria anidobia for improving growth and
yield of mungbean\(igna radiatal.) The Journal of Animal and Plant Sciences,
21(3):, Page: 491-497.

Raghothama, K.G., Muchhal, U.S., Kim, D.H., Bucher,M. (1999 Molecular
regulation of plant phosphate transporters. In: daynJ. P., Deikman, J. (eds)
Phosphorus in plant biology: regulatory roles inlecalar, cellular, organismic, and

ecosystem processes, American society of planti@gssts, Maryland. 271-280

Rajpurohit, Y. S., Gopalakrishnan, R, and Misra, H. S (2008)Involvement of a
protein kinase activity inducer in DNA double stuldoreak repair and radioresistance
of Deinococcus radiodurans. J. Bacterd®l0. 3948-3954

Ramirez, M., Valderrama, B., Arredondo-Peter, R., 8beron, M., Mora, J., and
Hernandez, G. (1999).Rhizobium etli genetically engineered for the haltegous
expression of Vitreoscilla sp. hemoglobin: effectsn free-living and

symbiosis Molecular plant-microbe interactiond2(11), 1008-1015.

Ramos, H. J., Roncato-Maccari, L. D., Souza, E. M.Soares-Ramos, J. R.,
Hungria, M., & Pedrosa, F. O. (2002)Monitoring Azospirillum-wheat interactions
using theigfp and gusAgenes constitutively expressed from a new brazsi-fange

vector.Journal of Biotechnology®7(3), 243-252.

Rao, M. R., and Mathuva, M. N. (2000)Legumes for improving maize yields and
income in semi-arid Keny#griculture, ecosystems and environm&g(2), 123-
137.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 178



Bibliography

Rashid, H.K., M.D. Mohiuddin and M. Rahman( 2008)Enumeration, isolation and

identification of nitrogen fixing bacterial strairsg seedling stage in rhizosphere of
rice grown in non-calcareous grey flood plain swil Bangladesh. Journal of the
Facultyof Environmental Science and Technti, 97-101.

Raven, P.H., Johnson, G. B. (2008Biology. 8th ed. McGraw- Hill Companies,
Inc., NY.Remans, R.; Croonenborghs, A.; Torres Gugrrez, R.; Michiels, J. and
Vanderleyden, J. Effects of plant growth-promoting rhizobacteria modulation of
Phaseolus vulgaris L. are dependent on plant mutritEuropean Journal of Plant
Pathology, Voll119 pp.341-351,

Remans, R., Croonenborghs, A., Gutierrez, R. T., Mhiels, J., & Vanderleyden,

J. (2007).Effects of plant growth-promoting rhizobacteriarmdulation of Phaseolus
vulgaris L. are dependent on plant P nutritionNew Perspectives and Approaches
in Plant Growth-Promoting Rhizobacteria Reseafpp. 341-351). Springer
Netherlands.

Rengel, Z. (2002 Breeding for better symbiosiBlant and Soil245(1), 147-162.

Rengel, Z., & Marschner, P. (2005)Nutrient availability and management in the
rhizosphere: exploiting genotypic differencBgw Phytologist16§2), 305-312.

Renilla, S., Bernal, V., Fuhrer, T., Castafio-CerezdS., Pastor, J. M., Iborra, J. L
and Cénovas, M. (2012)Acetate scavenging activity in Escherichia calterplay of
acetyl-CoA synthetase and the PEP—glyoxylate dyclthemostat culturespplied
microbiology and biotechnolog93(5), 2109-2124.

Richardson, A. E., Hadobas, P. A. & Hayes, J. E. 2000). Acid
phosphomonoesterase and phytase activities of whiedtum aestivum L.) roots
and utilization of organic phosphorus substrates segdlings grown in sterile
culture.Plant, Cell & Environment23(4), 397-405.

Rinaudi L, Fujishige NA, Hirsch AM, Banchio E, Zorreguieta A and Giordano
W (2006) Effects of nutritional and environmental condigoon Sinorhizobium
meliloti biofilm formation. Res Microbiol57. 867-875.

Rinaudi, L. V., and Giordano, W. (2010).An integrated view of biofilm formation
in rhizobia.FEMS microbiology letter304(1), 1-11.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 179



Bibliography

Rinaudi, L. V., Sorroche, F., Zorreguieta, A., andGiordano, W. (2010. Analysis
of the mucR gene regulating biosynthesis of exagaudgharides: implications for
biofilm formation in Sinorhizobium meliloti RmM102EEMS microbiology
letters 302(1), 15-21.

Rivas, R., Peix, A., Mateos, P. F., Trujillo, M. E. Martinez-Molina, E., and
Velazquez, E. (2006Biodiversity of populations of phosphate soluliig rhizobia
that nodulates chickpea in different Spanish s&ilant Soil.287,23-33.

Rodriguez, H., and Fraga, R. (1999Fhosphate solubilizing bacteria and their role
in plant growth promotiorBiotechnology advance$7(4), 319-339.

Rogers, M., N. Ekaterinaki, E. Nimmo, and D. Sherrét (1986). Analysis of Tn7
transpositionMol. Gen. Gene05 550-556.

Romano, A. H., Eberhard, S. J., Dingle, S. L. and EDowell, T. D. (1970)
Distribution of the phosphoenolpyruvate:glucose gptmtransferase system in
bacteria. J. Bacteriol04, 808-813.

Ronson, C. W . and Primrose, S. B. (1979).Gen. Microbial112:77-88

Rosas SB, Andres GA, Rovera M, Correa NS, 2006hosphate solubilizing
Pseudomonas putida&an influence the Rhizobia legume symbiosis. Saibl B
Biochem.38: 3502-3505.

Rouws, L. F. M., Meneses, C. H. S. G., Guedes, H.,¥idal, M. S., Baldani, J. I.,
& Schwab, S. (2010)Monitoring the colonization of sugarcane and ptants by the
endophytic diazotrophic bacterium Gluconacetobadiazotrophicus marked with
ofp and gusA reporter gendstters in applied microbiologyp1(3), 325-330.

Rozkov, A., AvignoneRossa, C. A., Ertl, P. F., Jones, P., O'Kennedy, FD.,
Smith, J. J. and Bushell, M. E. (2004)Characterization of the metabolic burden on
Escherichia coli DH1 cells imposed by the presewica plasmid containing a gene

therapy sequencBiotechnology and bioengineerif®g(7), 909-915.

Rucker Robert; Winyoo Chowanadisai; Masahiko, Nakano. @O0@Potential
Physiological Importance of Pyrroloquinoline QuieoAlternative Medicine Review
14:(3)

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 180



Bibliography

Rudresh, D. L., Shivaprakash, M. K., and Prasad, R.D. (2005). Effect of
combined application ofRhizobium phosphate solminif bacterium and
Trichoderma spp. on growth, nutrient uptake amdidyof chickpea ( Cicer aritenium
L.). Applied soil ecology28(2), 139-146.

Rugheim AME, Abdelgani, ME, 2012. Effects of microbial and chemical
fertilization on yield and seed quality of faba bd¥iciafaba). Int Food Res 19(2):
417-422

Russo, A., Carrozza, G. P., Vettori, L., Felici, C.Cinelli, F., & Toffanin, A.
(2012) Plant Beneficial Microbes and Their Application Rlant Biotechnology.
Innovations in Biotechnology,Dr. Eddy C. Agbo (EdSBN: 978-953-51-0096-6

Ryan, J., lbrikci, H., Delgado, A., Torrent, J.,, Sonmer, R., and Rashid, A.
(2012). 3 Significance of Phosphorus for Agriculture am@ tEnvironment in the
West Asia and North Africa RegioAdvances in Agronom$14, 91.

Sahasrabudhe, M. M. (2011).Screening of rhizobia for indole acetic acid
production. Ann Biol Res2(4), 460-468.

Saichana, I., Ano, Y., Adachi, O., Matsushita, K.,and Toyama, H. (2007).
Preparation of enzymes required for enzymatic qfieetion of 5-keto-D-gluconate
and 2-keto-D-gluconat®ioscience, biotechnology, and biochemistry0),
0709070545.

Saiki, Y., Habe, H., Yuuki, T., Ikeda, M., Yoshida,T., Nojiri, H., and Omori, T.
(2003). Rhizoremediation of dioxin-like compounds by aambinant Rhizobium
tropici strain expressing carbazole 1, 9a-dioxygenaonstitutivelyBioscience,
biotechnology, and biochemisti§7(5), 1144-1148.

Saiki, Y., Habe, H., Yuuki, T., Ikeda, M., Yoshida,T., Nojiri, H., and Omori, T.
(2003). Rhizoremediation of dioxin-like compounds by aambinant Rhizobium
tropici strain expressing carbazole 1, 9a-dioxygenaonstitutivelyBioscience,
biotechnology, and biochemist§7(5), 1144-1148.

Sambrook, J. and Russell, D. W. (2001¥olecular Cloning: a Laboratory Manual,
3rd edn. Cold Spring Harbor, NY: Cold Spring Harhaboratory.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 181



Bibliography

Sanchez-Calderon, L., Chacon-Lopez, A., Pérez-Torse C. A., and Herrera-
Estrella, L. (2010). Phosphorus: plant strategies to cope with itsc#garinCell
Biology of Metals and Nutrien{pp. 173-198). Springer Berlin Heidelberg.

Sandhya, V., Ali, S. Z., Grover, M., Reddy, G., & énkateswarlu, B. (2010).
Effect of plant growth promoting Pseudomonas spp. @mmpatible solutes,
antioxidant status and plant growth of maize undeyught streslant growth
regulation 62(1), 21-30.

Sanginga, N. (2003)Role of biological nitrogen fixation in legume ledscropping
systems; a case study of West Africa farming syst&tant and Soil252(1), 25-39.

Santos, M. A. D., Nicolas, M. F., & Hungria, M. (206). Identification of QTL
associated with the symbiosis of Bradyrhizobium ojapum, B. elkanii and
soybeanPesquisa Agropecuaria Brasileird1(1), 67-75.

Sar, T. M., Israel, D. W. (1991).Energy status and functioning of phosphorus-
deficient soybean noduleBlant Physiology7, pp 928-935.

Sato, A., & Miura, K. (2011). Root architecture remodeling induced by phosphate
starvationPlant signaling & behaviqr6(8), 1-5.

Schenk, P. M., Carvalhais, L. C., and Kazan, K. (2IR). Unraveling plant—microbe
interactions: can multi-species transcriptomicgpfelrends in biotechnolog§0(3),
177-184.

Schenk, P. M., Carvalhais, L. C., and Kazan, K. (2IR). Unraveling plant-microbe
interactions: can multi-species transcriptomicgRelrends in biotechnolog30(3),
177-184.

Schleissner C., Reglero, A. and Luengo, J. M. (1997) Catamolof D-glucose by
Pseudomonas putidd occurs via extracellular transformation into gpnic acid

and induction of a specific gluconate transportesys Microbiol.143 1595-1603

Schmidt-Eisenlohr, H. and Baron, C. (2003)The competitiveness of Pseudomonas
chlororaphis carrying pJP4 is reduced in Arabidopsis thalianahizosphereAppl
Environ Microbiol69,1827-1831. doi:10.1128/AEM.69.3.1827-1831.2003.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 182



Bibliography

Schnider, U., C. Keel, C. Voisard, G. De’fago, anD. Haas. (1995)In5- directed
cloning of pqq genes fromPseudomonas fluoresce@$1A0: mutational inactivation
of the genes results in overproduction of the amtitb pyoluteorin. Appl. Environ.
Microbiol. 61:3856—3864.

Schulze, E. D., Scholes, R. J., Ehleringer, J. RHunt, L. A., Canadell, J., Chapin
I, F. S., & Steffen, W. L. (1999).The study of ecosystems in the context of global
changeThe Terrestrial Biosphere and Global Change: imggiens for natural and

managed ecosystenid-44

Schwarzenbacher, R, Stenner-Liewen F, Liewen H, RdeJC, Liddington RC
(2004) Crystal structure of PqqC fromlebsiella pneumoniat 2.1 A resolution.
Proteins56(2):401-403.

Schweizer, H. P. (1991)Escherichia-Pseudomonas shuttle vectors derivad f
pUC18/19.Geng 97(1), 109-112.

Sgherri, C. L. M., Maffei, M., & Navari-lzzo, F. (2000). Antioxidative enzymes in
wheat subjected to increasing water deficit and ateving.Journal of plant
physiology 157(3), 273-279.

Sgherri, C. L. M., Maffei, M., & Navari-lzzo, F. (2000). Antioxidative enzymes in
wheat subjected to increasing water deficit and ateving.Journal of plant
physiology 157(3), 273-279.

Shahid, M., Hameed, S., Imran, A., Ali, S., and varklsas, J. D. (2012)Root
colonization and growth promotion of sunflower (ldathus annuus L.) by phosphate
solubilizing Enterobacter sp. Fs-M/orld Journal of Microbiology and
Biotechnology28(8), 2749-2758.

Sharma, M. P., Jaisinghani, K., Sharma, S. K., an8hatia, V. S. (2012) Effect of

Native Soybean Rhizobia and AM Fungi in the Improeat of Nodulation, Growth,
Soil Enzymes and Physiological Status of Soybeandedn Microcosm
Conditions Agricultural Researchl(4), 346-351.

Sharma, P., & Dubey, R. S. (2007)Involvement of oxidative stress and role of
antioxidative defense system in growing rice segdli exposed to toxic

concentrations of aluminurRlant cell reports26(11), 2027-2038.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 183



Bibliography

Sharma, V., Archana, G., and Naresh Kumar, G. (2011 Plasmid load adversely
affects growth and gluconic acid secretion abitifymineral phosphate-solubilizing
rhizospheric  bacterium Enterobacter asburiae Psi3der P limited
conditions.Microbiological Researchl66(1), 36-46.

Sharma, V., Kumar, V., Archana, G., & Kumar, G. N. (2005) Substrate
specificity of glucose dehydrogenase (GDH) of Ewibecter asburiae PSI3 and rock
phosphate solubilization with GDH substrates asoGreesCanadian journal of
microbiology 51(6), 477-482.

Shashidhar, B, Podile A. R (2009Transgenic expression of glucose dehydrogenase
in Azotobacter vinelandii enhances mineral phosplsatubilization and growth of
sorghum seedlings. Microb Biotechrbb21-529

Shen, Yao-Qing., Florence Bonnot., Erin M. Imsand.JJordan M. RoseFigura.,
Kimmen Sjo lander, and Judith P. Klinman. (2012)Distribution and Properties of
the Genes Encoding the Biosynthesis of the Batt€adactor, Pyrroloquinoline
Quinone Biochemistrl: 2265-2275

Shim, H., Chauhan, S., Ryoo, D., Bowers, K., Thoma$§. M., Burken, J. G., and
Wood, T. K. (2000). Rhizosphere competitiveness of trichloroethyleagrdding,
poplar-colonizing recombinant bacterfgplied and environmental
microbiology 66(11), 4673-4678.

Shridhar, B. S. (2012) "Review: Nitrogen Fixing Microorganismitl. J3.1, 46-
52.

Shridhar, B. S. (2012). Review: Nitrogen Fixing kéiorganismsinternational

Journal of

Sibley, M. H., and Raleigh, E. A. (2012)A versatile element for gene addition in

bacterial chromosomeBlucleic acids researgi0(3), e19-e19.

Silva, V.N.; Silva, L.E.S.F.; Figueiredo, M.V.B. (B06). Co-inoculation of cowpea
seeds witlBradyrhizobiumand?aenibacillusand its efficiency on calcium, iron and
phosphorus plant absorption. Pesquisa Agropectiarj@ical 36: 95-99.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 184



Bibliography

Simons, M., Van Der Bij, A. J., Brand, I., De WegerL. A., Wijffelman, C. A.,
and Lugtenberg, B. J. (1996). Gnotobiotic system for studying rhizosphere
colonization by plant growth-promoting PseudomorexteriaMPMI-Molecular
Plant Microbe Interactions9(7), 600-607.

Singh Y., and Sharma, A. (201 Effect of sources of phosphorus and microbial
inoculation on productivity, nutrient availabilityn soil and uptake of nutrients by
chickpea (Cicer arietinum) grown on sandy loam .9die Indian Journal Of

Agricultural Sciences31(9).

Singh, J. S., Pandey, V. C., and Singh, D. P. (2Q1Efficient soil microorganisms:
a new dimension for sustainable agriculture and irenmental

developmentAgriculture, Ecosystems and Environma#d(3), 339-353.

Singh, R. K., Rai, A., Sharma, S., Singh, S. P., dnSrivastava, D. K. (201}
Effect of Biofertilizer on Nodulation of Pea (Pisu@ativum L.) in Alluvial
Soil. Annals of Horticulture4(2), 147-150.

Sinha, B. K, Basu P. S (1981)ndole-3-acetic acid and metabolism in root nosue
Pongamia pinnatd.. Pierre.Biochem Physiol Pflanzeh76. 218-227.

Skorupska, A., Janczarek, M., Marczak, M., Mazur, A, & Krol, J. (2006).
Rhizobial exopolysaccharides: genetic control amdisotic functiongMicrobial Cell
Factories 5(1), 7.

Solaiman, A. R. M. (1999)Influence of Rhizobium inoculant, nitrogen anddmopon
nodulation, dry weight and grain yield of chickp@an Bangladesh Agrig(1), 75-
84.

Solaiman, A. R. M., and Habibullah, A. K. M. (1990) Responses of groundnut to

rhizobium inoculation [in BangladestBangladesh Journal of Soil Sciené.

Somado, E. A., Sahrawat, K. L., and Kuehne, R. F.2006). Rock phosphate-P
enhances biomass and nitrogen accumulation by legumupland crop production
systems in humid West Afric8iology and Fertility of Soils43(1), 124-130.

Sorroche, F. G., Spesia, M. B., Zorreguieta, A., ahGiordano, W. (2012). A

positive correlation between bacterial autoaggiegaind biofilm formation in native

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 185



Bibliography

Sinorhizobium meliloti isolates from Argentindpplied and environmental
microbiology 78(12), 4092-4101.

Sridevi, M., and Mallaiah, K. V. (2009. Phosphate solubilization by Rhizobium
strains.Indian journal of microbiology49(1), 98-102.

Stark, B. C., Dikshit, K. L., and Pagilla, K. R. (D11). Recent advances in
understanding the structure, function, and biotetdmical usefulness of the

hemoglobin from the bacterium VitreoscilBiotechnology letters33(9), 1705-1714.

Stefan, M., Munteanu, N., and Dunca, S. (2012)PLANT-MICROBIAL
INTERACTIONS IN THE RHIZOSPHERE-STRATEGIES FOR PLAN
GROWTH-PROMOTIONAnNalele Stiintifice ale Universitatii" Alexandru do
Cuza" din lasi Sec. Il a. Genetica si Biologie Mulara, 13(1), 87-96.

Stowers Mark D. (1985).Carbon Metabolism In Rhizobium Species. Ann. Rev.
Microbiol. 39:89-108.

Sulieman S, Tran LS (2012)Asparagine: an amide of particular distinctiontlie
regulation of symbiotic nitrogen fixation of legumeCrit Rev Biotechnol.

Sulieman, S., & Schulze, J. (2010Y.he efficiency of nitrogen fixation of the model
legume Medicago truncatula(Jemalong Al7) is low compared tbledicago
sativa Journal of plant physiology679), 683-692.

Tahir, M., and Sarwar, M. A. (2013. Plant Growth Promoting Rhizobacteria
(PGPR): A Budding Complement of Synthetic Fertilzefor Improving Crop
ProductionGroup.

Taiz, L., Zeiger, E. (2010)Plant Physiology, 5th ed. Sinauer Associates, UnS.A.
pp 354-357.

Tang, C., Hinsinger, P., Drevon, J. J., & Jaillard,B. (2001).Phosphorus deficiency
impairs early nodule functioning and enhances protease in roots of Medicago
truncatula LAnnals of Botany88(1), 131-138.

Tapia, J., Munoz, J., Gonzalez, F., Blazquez, M., d8ki, M.,and Ballester, A.
(2009) Extraction of extracellular polymeric substancesnf the acidophilic
bacteriumAcidiphilium 3.2 Sup (5). Water Sci Technbb: 1959-1967.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 186



Bibliography

Tesfaye, M., Liu, J., Allan, D. L., & Vance, C. P.(2007). Genomic and genetic
control of phosphate stress in legunf@ant physiology144(2), 594-603.

Thies JE, Singleton PW, Bohlool BB (1991)nfluence of the size of indigenous
rhizobial populations on establishment and symbigerformance of introduced
rhizobia on field grown legumes. Appl Environ Mibiol 57:19-28

Thomas, J.Sims and Pierzynski, Gary M.(2005) Editor(s): Tabatabali,
M.A.Sparks, D.LChapter: Chemistry of Phosphorus in Soils In Chemical Psees
in Soils 2005. p. 151-192.d0i:10.2136/sssabooks2r8SSA Book Series 8 Soil
Science Society of America

Tiessen, H. (2008)Phosphorus in the global environmentThe ecophysiology of
plant-phosphorus interactior(pp. 1-7). Springer Netherlands.

Togay, N., Togay, Y., Cimrin, K. M., and Turan, M. (2008). Effects of rhizobium
inoculation, sulfur and phosphorus applications yeeld, yield components and
nutrient uptakes in chickpea (Cicer arietinum Rfyican Journal of

Biotechnology7(6).

Toyama H, Furuya N, Saichana I, Ano Y, Adachi O, Mésushita K (2007)
Membrane-bound, 2-keto D-gluconate-yielding D-ghamte dehydrogenase from
Gluconobacter dioxyacetonicus IFO 3271, molecutaperties and gene disruption.
Appl Environ Microbiol73:6551-6556

Unge, A., Tombolini, R., Davey, M.E., de Bruijn, RJ., Jansson, J.K., (1998,FP
as a marker gene. In: Akkermans, A.D.L., Van ElskB,, de Bruijn, F.J. (Eds.),
Molecular Microbial Ecology Manual. Kluwer AcademiRublishers, Dordrecht, pp.
6.1.131-6.1.13 16.

Upadhyaya, C. P., Akula, N., Young, K. E., Chun, SC., Kim, D. H., & Park, S.
W. (2010). Enhanced ascorbic acid accumulation in transgemtato confers

tolerance to various abiotic stresgmtechnology letters32(2), 321-330.

Valentine, A. J., Benedito, V. A., Kang, Y. (2011)Legume nitrogen fixation and
soil abiotic stress: from physiology to genomicsl &reyond. Annual Plant Reviews
42, 207-248.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 187



Bibliography

Valverde, A., Burgos, A., Fiscella, T., Rivas, R.Velazquez, E., Rodriguez-
Barrueco, C. and Igual, J. M. (2006).Differential effects of coinoculations with
Pseudomonas jessenii PS06 (a phosphate-solubibziagrium) and Mesorhizobium
ciceri C-2/2 strains on the growth and seed yidldhickpea under greenhouse and
field conditions Plant and soil 287(1-2), 43-50.

Van Kessel, C., and Hartley, C. (2000)Agricultural management of grain legumes:
has it led to an increase in nitrogen fixatioRield Crops Researghb(2), 165-181.

van Rossum, M. W., Alberda, M., and van der Plas, LH. (1997). Role of
oxidative damage in tulip bulb scale micropropagatiPlant Sciencegl30(2), 207-
216.

Van Schie, B. J., De Mooy, O. H., Linton, J. D., aDijken, J. P., and Kuenen, J.
G. (1987%). PQQ-dependent production of gluconic acid by n&tobacter,
Agrobacterium and Rhizobium speci@surnal of general microbiology.33(4), 867-
875.

van Schie,B. J., Hellingwerf, K. J., van Dijken, J. P., Elféf, M. G., van Dijl, J. M.,
Kuenen, J. G. and Konings, W. N. (1985) Energyddaiction by electron transfer via
a pyrrolo-quinoline quinone-dependent glucose defgehase irEscherichia coli
Pseudomonas aeruginosad Acinetobacter calcoaceticysar. Iwoffi). J. Bacteriol.
163 493-499

Van Schie, B. J., Van Dijken, J. P., and Kuenen, J5. (1989).Effects of growth
rate and oxygen tension on glucose dehydrogenaswityacinAcinetobacter
calcoaceticus LMD 79.4Antonie van Leeuwenhqddb(1), 53-65.

Vanbleu, E., Marchal, K. and Vanderleyden, J. (2004Genetic and physical map
of the pLAFR1 vector. DNA Sed.x(3), 225-227

Vance, C. P. (2001)Symbiotic nitrogen fixation and phosphorus acduisi Plant
nutrition in a world of declining renewable resasdlant physiologyl272), 390-
397.

Vassilev, N., Nikolaeva, |., and Vassileva, M. (2@%b. Indole-3-acetic acid
production by gel-entrapped Bacillus thuringierigishe presence of rock phosphate

ore.Chemical Engineering Communicatioi94(4), 441-445.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 188



Bibliography

Vassilev, N., Nikolaeva, I., Jurado, E., Reyes, AEenice, M., and Vassileva, M.

(2008). Antagonistic effect of microbially-treated mixtucé agro-industrial wastes
and inorganic insoluble phosphate to Fusarium wiliseaseProgress in

environmental microbiology. Nova Publishers, 323-234.

Vassilev, N., Requena, A. R., Nieto, L. M., Nikolag, |., and Vassileva, M.
(2009).Production of manganese peroxidase by< i> Phanaetelthrisosporium</i>
grown on medium containing agro-wastes/rock phaspaiad biocontrol properties of
the final productindustrial Crops and Produci30(1), 28-32.

Vassilev, N., Vassileva, M., and Nikolaeva, I. (26). Simultaneous P-solubilizing
and biocontrol activity of microorganisms: poteltticand future trend#\pplied
microbiology and biotechnology1(2), 137-144.

Vassilev, N., Vassileva, M., Bravo, V., Fernandeze®ano, M., and Nikolaeva, I.
(2007)a. Simultaneous phytase production and rock phospkatebilization by
Aspergillus niger grown on dry olive wast&sdustrial Crops and Product26(3),
332-336.

Vazquez, P., Holguin, G., Puente, M. E., Lopez-Caes, A., and Bashan, Y.
(2000). Phosphate-solubilizing microorganisms associateith wie rhizosphere of
mangroves in a semiarid coastal lagddiology and Fertility of Soils30(5-6), 460-
468.

Vela’zquez E, Garci'a-Fraile P, Rami'rez-Bahena MHRivas R, Marti'nez-
Molina E (2010 Bacteria involved in nitrogen-fixing legume symsbis: current
taxonomic perspective. In: Khan MS et al (eds) Bl@s for legume improvement.
Springer, Heidelberg, pp 1-25

Velterop, J. S, Sellink, E., Meulenberg, J. J., Dad, S., Bulder, I., Postma, P. W.
(1995) Synthesis of pyrroloquinoline quinone in vivo andvitro and detection of an
intermediate in the biosynthetic pathway. J Baoter77:5088—5098

Verma, J. P., Yadav, J., Tiwari, K. N., and Kumar,A. (2013. Effect of indigenous
Mesorhizobium spp. and plant growth promoting obacteria on vyields and
nutrients uptake of chickpea (Cicer arietinumL.) den sustainable
agriculture Ecological Engineeringsl, 282-286.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 189



Bibliography

Vieira, R. F., Mendes, I. C., Reis-Junior, F. B., @d Hungria, M. (2010).
Symbiotic Nitrogen Fixation in Tropical Food Grairegumes: Current Status.

In Microbes for Legume Improvemepp. 427-472). Springer Vienna.

Vikram A, Algawadi AR, Krishnaraj PU, Mahesh KKS (2007 Transconjugation
studies in Azospirillum sp. negative to mineral gbloate solubilization. World J
Microbiol Biotechnol23: 1333-1337

Vincent, J. M. (1970).A manual for the practical study of the root-nadbbcteriaA

manual for the practical study of the root-noduseteria

Vogler, A. P., Trentmann, S. T. E. F. A. N., and Legeler, J. W. (1989.
Alternative route for biosynthesis of amino sugaré&scherichia coli K-12 mutants
by means of a catabolic isomera¥eurnal of bacteriologyl71(12), 6586-6592.

Vyas, P., and Gulati, A. (2009)Organic acid production in vitro and plant growth
promotion in maize under controlled environment phosphate-solubilizing

fluorescent Pseudomon@&MC microbiology9(1), 174.

Wakabayashi, S., H. Matsubara, and D.A.Webster. 198 Primary sequence of

dimeric bacterial haemoglobin from Vitreoscilla.tie 322 481-483.

Walker, T. S., Bais, H. P., Grotewold, E. and Vivaoo, J. M. (2003 Root
exudation and rhizosphere biology. Plant Phy4i82 44-51.

Waluyo, S. H., and Lie, T. A. (2013)Effect of phosphate on nodule primordia of
soybean (Glycine max Merrill) in acid soils in rbitron experimentdndonesian
Journal of Agricultural Scien¢&(2).

Wang, P., Zhong, Z., Zhou, J., Cai, T., and Zhu, J(2008). Exopolysaccharide
biosynthesis is important for Mesorhizobium tiansd@se: plant host
interaction.Archives of microbiologyl89(5), 525-530.

Wang, Z., Xiang, L., Shao, J., Wgrzyn, A., Wegrzyn, G. (2006)Effects of the
presence of ColE1 plasmid DNA in Escherichia cali tbe host cell metabolism.
Microb Cell Fact5, 34. doi:10.1186/1475-2859-5-34.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 190



Bibliography

Wani PA, Khan MS, Zaidi A (2007) Synergistic effects of the inoculation with
nitrogen fixing and phosphate-solubilizing rhizoteai@a on the performance of field
grown chickpea. J Plant Nutr Soil SG10:283—-287

Ward, J. T., Lahner, B., Yakubova, E., Salt, D. E.,and Raghothama, K. G.
(2008). The effect of iron on the primary root elongatioh Arabidopsis during
phosphate deficienclant physiology147(3), 1181-1191.

Webley, D. M, Duff, R. B. (1965)The incidence, in soils and other habitats of aicr
organisms producing 2-ketogluconic acid. Plant 3&i807-313

Wecksler, S. R, Stoll, S., lavarone, A. T., Imsands. M., Tran, H., Britt, R. D,
Klinman, J. P. (2010)Interaction of PqqE and PqqgD in the pyrroloquinelguinone
(PQQ) biosynthetic pathway links PqgD to the radiSAM superfamily. Chem
Commun (Camb)6 (37):7031-3.

West, S. E., Schweizer, H. P., Dall, C., Sample, K., Runyen-Janecky, L. J.

(1994) Construction of improvedscherichia-Pseudomonahuttle vectors derived
from pUC18/19 and sequence of the region required their replication in
Pseudomonas aeruginasaenel481), 81-86

Xavier, G.R.; Martins, L.M.V.; Neves, M.C.P. & Rumjanek, N.G.(1998)Edaphic
factors as determinants for the distribution ofrindic antibiotic resistance in a
cowpea, rhizobia population. Biol. Fert. Soils,386-392,

Xavier, J. B., and Foster, K. R. (2007).Cooperation and conflict in microbial
biofilms. Proceedings of the National Academy of Scier®K3), 876-881.

Xie, H., Pasternak, J. J., & Glick, B. R. (1996)lsolation and characterization of
mutants of the plant growth-promoting rhizobacteriBseudomonas putida GR12-2
that overproduce indoleacetic aditlrrent Microbiology 32(2), 67-71.

Yadav, B. K., and Tarafdar, J.C., (2007)Ability of Emericella rugulosato

Mobilize Unavailable P Compounds during Pearl Mil{Pennisetum glaucurh.)

Crop under Arid Condition. Indian Journal of Micrology, 41, (1), 57-63, ISSN
0046-8991.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 191



Bibliography

Yang Xue-Peng, Gui-Fang Zhong, Jin-Ping Lin, Duo-Bi Mao and Dong-Zhi
Wei (2010) Pyrroloquinoline quinone biosynthesis mscherichia colithrough
expression of thé&luconobacter oxydans pqgABCRJENe cluster. J Ind Microbiol
Biotechnol37:575-580.

Yanni, Y. G., and Dazzo, F. B. (2000 Enhancement of rice production using
endophytic strains of Rhizobium leguminosarum bwfolti in extensive field
inoculation trials within the Egypt Nile deltBlant and soil 336(1-2), 129-142.

Yasmeen, T., Hameed, S., Tarig, M., & Ali, S. (20)2Significance of arbuscular
mycorrhizal and bacterial symbionts in a tripartisssociation with Vigna
radiata.Acta Physiologiae Plantarun34(4), 1519-1528.

Yasmeen, T., Hameed, S., Tariq, M., & Igbal, J. (2I2). Vigha radiata root
associated mycorrhizae and their helping bacter@ fmproving crop
productivity.Pak. J. Bat44(1), 87-94.

Yazdani, M., Bagheri, H., and Ghanbari-Malidarreh, A. (2011). Investigation the
Effect of Biofertilizers, Phosphate Solubilizatidmicroorganisms (PSM) and Plant
Growth Promoting Rhizobacteria (PGPR) on Improvene¢iQuality and Quantity in
Corn (Zea mayz L.)Advances in Environmental Biolgdy(8), 2182-2185.

Yu, X., Liu, X., Zhu, T. H., Liu, G. H., and Mao, C. (2011). Isolation and
characterization of phosphate-solubilizing bactdéraan walnut and their effect on
growth and phosphorus mobilizatiddiology and Fertility of Soils47(4), 437-446.

Yum DY, Lee YP, Pan JG (1997 loning and expression of a gene cluster encoding
three subunits of membrane-bound gluconate dehgdesg frontErwinia cypripedii
ATCC 29267 in Escherichia coli. J Bacterddl9 179%6566—6572

Zaidi, A., & Khan, M. S. (2007). Stimulatory effects of dual inoculation with
phosphate solubilising microorganisms and arbuscuteycorrhizal fungus on
chickpea Animal Production Scien¢d7(8), 1016-1022.

Zaidi, A., Khan, M. S., Ahemad, M., Oves, M., and Vdni, P. A. (2009a).Recent
advances in plant growth promotion by phosphatakslizing microbes. IMicrobial

strategies for crop improvemef#3-50). Springer Berlin Heidelberg.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 192



Bibliography

Zaidi, A., M.S. Khan and M. Amil. (2003) Interactive effect of rhizotrophic
microorganisms on yield and nutrient uptake of kpe&a Cicer arietinumL.).

European Journal of Agrononi: 15-21.

Zaman-Allah, M., Sifi, B., L'Taief, B., El Aouni, M. H., and Drevon, J. J. (2007).
Rhizobial inoculation and P fertilization response common bean (Phaseolus
vulgaris) under glasshouse and field conditidgerimental Agriculturg43(1), 67-
78.

Zhan, H. J., Lee, C. C., and Leigh, J. A. (1991)Induction of the second
exopolysaccharide (EPSb) in Rhizobium meliloti SU4¥ low phosphate
concentrationsJournal of bacteriologyl73(22), 7391-7394.

Zou, X., Binkley, D., & Doxtader, K. G. (1992).A new method for estimating gross
phosphorus mineralization and immobilization ratesoils.Plant and Soil147(2),
243-250.

Zucca, S., Pasaotti, L., Politi, N., De Angelis, MG. C., and Magni, P. (2013)A
standard vector for the chromosomal integration elmakacterization of BioBrick™

parts in Escherichia collournal of biological engineering(1), 1-13.

Genetic manipulation of carbohydrate catabolism in Rhizobium spp. for mineral phosphate solubilization Page 193





