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CHAPTER |

INTRODUCTION

Symbiotic I\I2 fixation by legumes is generally expected to be dbeninant

source of biological nitrogen input in the earthafld and Eric, 1992). Bacteria are
capable of invading and proliferating in plantseythare likely to interact more
intimately with the plant than bacteria from rhipbsre or root surface (Balandreau,
1986). When physical barriers are overcome by imgadbacteria, a selective
enrichment of certain genotypes of bacteria intleeplant and thus a lower diversity
than in the surrounding soil will be achieved. ®iere, microorganism living
endophytically will face less competition for nemi. Another advantage of living
inside a plant might be a partial protection fromamges in the environment, such as
osmotic stress due to lowered water activities. élstudied example is the legume-
nodule symbiosis, in which the bacteria fix nitrogas endosymbionts inside the
plant, in nutrient-rich, oxygen controlled microsmmmment (Mylona et al., 1995).
Therefore, the emphasis was on endophytic badtersgveral groups searching for
diazotrophs that able to contribute to the nitrogeguirements of gramineous plants
(Reinhold-Hurek and Hurek, 1998a).

Gramineous plants differ in their capacity to suppassociated nitrogen
fixation. For example, sugar cane which was showsupport biological nitrogen
fixation (BNF) was traditionally carried out withblarge amounts of N-fertilizer

(Lima et al., 1987). Moreover, nitrogen fixation ynlae variety-specific, depending



on the plant genome: only some of the Brazilianasugane cultivars tested gained
high amounts of their nitrogen content from biotadi nitrogen fixation in
uninoculated Brazilian soil (Lima et al., 1987)aRts that were likely to support BNF
were among the first that were screened succegdstullthe presence of endophytic
diazptroph bacteria. In non-legume agrosystergsculturally important grasses such
as sugar caneSfccharum sp.), wheat Triticum aestivum) sorghum $orghum
bicolor), maize Zea mays), contain numerous diazotrophic bacteria, such as
Gluconacetobacter  diazotrophicus, Herbaspirillum spp., Azospirillum spp.
Endophytic diazotroph bacteria do not usually cadisease symptoms in the plants
with which they are associated and the more nunseobthem.There are capable of
invading inner tissues including xylem vessels ahdystemic spreading (James and
Olivares, 1998). However their functions for thargk are still disputed (Reinhold-
Hurek and Hurek, 1998a). Wild rice species ardyike harbor unique populations of
nitrogen-fixing bacteria that differ from thoseentensively bred modern varieties of
cultivated rice (Elbeltagy et al., 2000).

Cultivated Rice Qryza sativa) is the most important staple crop in the

developing world. It is well known that a remarl@bliversity of I\%—fixing bacteria is

naturally associated with field-grown rice (Balaga, 1986). However, in the case of
wetland rice, even when specific varieties havenb&®wn to fix N (Ladha et al.,
1997), it will be extremely difficult to isolate ¢horganisms responsible, because
approximately 90% of the bacteria isolated fronfae-sterilized rice plants (several
species and varieties, plus some related genenay D&defficient media are non-
diazotrophs (Barraquio et al., 1997). And the aaltle diazotrophic population is

extremely varied, and so far virtually uncharactedi (Stoltzfus et al., 1997). Also the



rhizosphere of rice may also contain an enormoug#ehal population that has yet to
be cultured (Ueda et al., 1995). Therefore, cuitigarice fields are considered to be

ideal niches for BNF, especially endophytic diaaplr bacteria.



CHAPTER Il

REVIEW AND LITERATURE

2.1 Endophytes definition

The term endophyte is defined as an organism itihgbplant organs that at
some time in its life, can colonize internal pléssue without causing apparent harm
to the host (Petrini, 1991). Endophytes have bastodered in high numbers within
different tissues of various plants. In principédl, the bacterial endosymbionts of
plants fit well within the endophytic definitiorhey usually are considered as a group
of their own. Differing from endosymbionts, endopds/ are not necessarily
symbiotic, and some of them may even become patthogeder defined conditions
(James et al., 1997). Various endophytic nitrogeimd bacteria, named endophytic
diazotrophs have most frequently been detectekdeimonsymbiotic root and vascular
tissues of several nonleguminous plants (Hallmamhnale 1997). Endophytic
diazotrophs have been proposed to be responsibtedsupply of biologically fixed
nitrogen to their host plant (Boddey et al., 1999)hese endophytes do not cause
damage to the host organism but they promote giawth by one or more of three
factors; the production and secretion of plant dgroregulators (Verma et al., 2001),
antagonistic activity against phytopathogens (Daygreand Thomson, 2000) and the

supply of biologically nitrogen fixation (Ladha &t, 1997).



Diazotrophs are bacteria that fix atmospheric ge&ro gas into a more usable
form such as ammonia. Diazotrophs are scatterembsdracterial taxonomic groups
(mostly in the Eubacteria but also a couple of Aed). Even within a species that
can fix nitrogen there may be strains that do nohitrogen. Fixation is shut off when
other sources of nitrogen are available, and, fanyrspecies, when oxygen is at high
partial pressure. Bacteria have different ways edlidg with the debilitating effects
of oxygen on nitrogenases. For example, anaerdibess are obligate anaerobes that
cannot tolerate oxygen even if they are not fixmitgogen. They live in habitats low
in oxygen, such as soils and decaying vegetabléeem&tacultative anaerobes, these
species can grow either with or without oxygen, liéy only fix nitrogen
anaerobically. Often, they respire oxygen as rgpall it is supplied, keeping the
amount of free oxygen low. Examples inclu#iéebsiella pneumonae, Bacillus
polymyxa, B. macerans and Escherichia intermedia (Postgate, 1998). Aerobes, these
species require oxygen to grow, yet their nitrogenia still debilitated if exposed to
oxygen. Phototrophs, photosynthetic bacteria gémenaygen as a by-product of
photosynthesis, yet some are able to fix nitrogerwall (www.en.wikipedia.org).
Baldani and colleagues (1997) proposed to dividestidophytic diazotrophs into two
groups: facultative and obligate. Facultative enogs are described as those
bacteria that survive in the soil and or on plamtffaces as well as being able to
colonize the interior of some plants. Most endojghy&zospirillum strains are
regarded as being facultative endophytes. HowevEerbaspirillum sp.,
Gluconacetobacter diazotrophicus, Burkholderia sp. and other endophytes are
obligate endophytes, as they survive poorly in #odl and appear to have a

requirement for living within a host plant. On tbéer hand, Olivares and team



(1997) had reported that. rubrisubalbicans would clearly live for some time on leaf
surface. The scope for nitrogen fixation in cerdalsmeans of endophytic nitrogen
fixation has been increased, the endophytic associaf Azorhizobium caulinodans
for nodulation and nitrogen fixation in cereal csowas reported (Kannaiyan and
Kumar, 2003).

The search of natural association and endophyteraantion of diazotrophs
with rice is considered very promising, especialyprimitive rice varieties not bred
to efficiently respond to N fertilizer (Barraquia al., 1997; Stoltzfus et al., 1997).
Therefore, endophytic bacteria-plant interactiors laapotential role in developing

sustainable systems of crop production (Sturz.e2@00).

2.2 Plant-associated bacterial endophytes

Bacteria belonging to the generaAzospirillum, Herbaspirillum,
Gluconacetobacter, and Azoarcus are found as endophytes of many graminaceous
plants mostly from the tropical regions. The abpilib colonize the root interior, to
survive only poorly in the soil, and to fix nitragén association with these plants is a
characteristic of all these bacteria.

Azospirillum has been found in association with many cereals farabe
grasses grown both in temperate and tropical ceméBaldani et al., 1997). Although
these bacteria are regarded more as being rhizosfdaeteria colonizing mainly the
elongation and root hair zones of roots, some reraf bothA. lipoferum and A.
brasilense are either facultatively or obligately endophytiBa(dani et al., 1997;
James et al., 1997). StrainsAfbrasilense can colonize plant tissues differentially;

some strains live only on root surfaces, wherehsretcolonize cortical intercellular



spaces or even the vascular tissue (James and&3lj\vE098). Besides the ability of
fixing nitrogen, bothA. brasilense and A. lipoferum can produce auxin (Costacurta
and Vanderleyden, 1995).

G. diazotrophicus is another restricted bacterium found in high nurabe
mainly in the roots, stems, and leaves of sugae.camliazotrophicus has also been
detected inPennissetum purpureum, sweet potatol pomoeabatatas), coffee Coffea
arabica), and pineappleAnanas comosus) (Jimenez-Salgado et al., 1997; James and
Olivares, 1998)G. diazotrophicus is a nitrogen-fixing bacterium which, as with the
two Azospirillum species, produces the phytohormones auxins andergitihs
(Bastian et al., 1998). Because the bacterium gesvpoorly in soil, it is considered
an obligate endophyte, colonizing the intercellubgraces of sugar cane stem
parenchyma tissue (Baldani et al., 1997). It has &ken detected within the xylem
vessels (James et al., 1996).

Nitrogen-fixing bacteria belonging to the gerAmarcus are found mainly in
roots of Kallar grasd_gptochloa fusca) in the intercellular spaces, xylem vessels, and
dead root cellsAzoarcus has been demonstrated to spread systemically wiki@n
plant via the xylem vessels (Hurek et al., 1994)adldition to the plant roots, this
bacterium has been discovered in close interaettim a rhizosphere fungus (Hurek
et al., 1997).

The genusHerbaspirillum contains an unusual group of endophytes in the
respect that these bacteria may become pathogenitheir host under certain
conditions.H. rubrisubalbicans has been identified in association with sugar cane,
sorghum, rice, palm trees, and a C4 gr&bksseropedicae has been demonstrated

within roots of 13 members of teramineae, as well as in the stem of sugar cane



(James et al., 1997M. seropedicae is another root-associated bacterium capable of
producing auxins and gibberellins (Bastian et H98). H. seropedicae strain Z67
colonized mainly subepidermal regions of rice ra®encato-Maccari et al., 2003).
H. seropedicae B501 colonized mainly intercellularly in wild riggants Q. officialis)
and express the ability to fix nitrogen endophytycéElbeltagy et al., 2001).

There are several bacterial species, in additiothéomost well studied root
endophytes, which have been isolated from grammeuaants. Whereas certain
species are less studied, but connected by thdityaio fix nitrogen (James and
Olivares, 1998). GenerBurkholderia and Klebsiella are preferentially regarded as
endophytes (Palus et al., 1996; Baldani et al.,0R0Recently, the isolation of
presumptive endophytic diazotroph bacteria frone have been reported, including
K. oxytoca and Enterobacter cloacae have been isolated from the rhizosphere of
wetland rice (Fujii et al., 1987%erratia marcessens IRBG500 was observed within
rice roots, stems, and leaves and could also iseré@ root length and root dry
weight of the inoculated plants (Gyaneshwar et24lQ1). Teaumroong and colleges
(2001) found five endophytic bacteria isolates frohai rice have been shown a high
N,-fixation potential and three out of the straingevable to produce the plant growth
promoting substance as IARantoea agglomerans (Remus et al., 20007l caligenes
faecalis (You and Zhou, 1989), and a few other bacteria gty to the genera
Pseudomonas, Enterobacter and Bacillus (Watanabe and Lin, 1984; Lindberg et al.,
1985; Persello-Cartieaux et al., 2003) are consitlendophytic bacteria.

For cultivated rice, a considerable amount of wak been published on the
interaction with endophytic bacteria (Table 1). Thwost studied belong

Herbaspirillum sp,Azospirillum sp, Azoarcus sp andSerratia marcesens.



Table 1. Endophytic diazotroph colonization site in rice

Strain Colonization site Reference

Azoarcus sp.BH72 Intercellular in root (Hurek and Reinhold-

Hurek, 2003)

Azospirillum sp. root hair / elongation zones (Bashan et al., 1991)

Azospirillum brasilense Emerging zone in 20 roots (Bacilio-Jimenez et al.,
2001)

Herbaspirillum seropedicae rice roots (Roncato-Maccari et al.,
2003)

H. seropedicae 267 Subepidermal region of roots  (Barraquio gt1£197)

H. seropedicae Z67 Intercellular spaces, (James et al., 1997)

aerenchyma, and xylem of the
roots and aerial parts
Herbaspirillum sp.B501 Intercellular in root (Elbeltagy et al., 2001
Serratia marcesens Intercellular spaces and (Gyaneshwar et al., 2001)
aerenchyma in root, stem,

leaves

In addition to the root endophytes of gramineouanpldiscussed above,
endophytic bacteria have been detected in citresstrand grapevine. Bacteria
belonging to the genem@seudomonas, Enterobacter, Bacillus and Corynebacterium
were found in the xylem of lemon roots, and theeryltissues of grapevine stem
contained bacteria belonging to the gerfeseaudomonas, Enterobacter, Pantoea and
Rhodococcus (Gardner et al., 1982; Bell et al., 1995). Sometlodse bacteria

exhibited antagonistic effects towards other ba@rtefE. agglomerans, Rahnella



10

aquatilis and P. corrugata isolated from grapevine were able to control
phytopathogenic strains digrobacterium vitis (Gardner et al., 1982; Bell et al.,

1995).

2.3 The endophytic role

Microbial promotion of plant growth may be the autte of several additional
factors besides the nitrogen fixation. For examaieindirect plant growth promotion
is the production of phytohormones, which has beensidered to be the main
function in the symbioses. Almost all root endo@sytix also nitrogen (Baldani et al.,
1997). However, the benefit of their nitrogen figimbility for the plant has not
indisputably been demonstrated (James, 2000)agglomerans can infect and
colonize in the rice roots and producing IAA andrdndeen shown to be potent
biological control agent against fungal diseaserif\e et al., 2001). Production of
auxins and gibberellins is also typical for mangtrassociated endophytic bacteria
such asAzospirillum sp.,G. diazotrophicus, andH. seropedicae (Bastian et al., 1998).
The flavonoids, quercetin and diadzein, signifibanincreased the endophytic
colonization ability ofSerratia sp. than growth hormones. The induced colonization
of Serratia sp. due to quercetin proportionally increased ith@lanta nitrogenase
activity which reflected in the increased plantgigj protein and chlorophyll contents
of rice seedlings (Sandhiya et al.,, 2005). Howewgart from the roots, the
importance of the microbial production of phytohomes has been evaluated to be
low, and the significance of these products for ptent has remained ambiguous
(Zinniel et al., 2002). Therefore, endophytic fuantwhich is considered distinctively

beneficial for the plant appears to be the provectf the host against pathogens.
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Because not all endophytes are responsible of pneg@ntagonistic substances, their
role is yet to be discovered. Nevertheless, it appthat the function of an endophyte
may be composed of several diverse factors that toggther have a positive

influence on the plant.

2.4 Colonization sites and infection pathways

According to Dobereiner (1997), endophytic diazph®, by inhabiting the
interior of the plants, can avoid the competitiothwhizospheric bacteria and derive
nutrients directly from the host plants. In retuas, the plant interior may provide an

environment conducive to 2Nixation by being low in (;and relatively high in
carbon, the bacteria can fix2N10re efficiently to the host (James and Olivar€88).

The stele of plants has been considered to be izeldiy pathogens only (Campbell
and Greaves, 1990) or by saprophytes (Gagné et%7). Vessels of non-diseased
plants were thought to be sterile. This is not fiareendophytic diazotrophs, as first
shown Azoarcus sp. BH72 in Kallar grass and rice. It was demonstrahat the
bacteria were present in vessels of roots in gnotiolc cultures by immunogold-
labeling using genus-specific antibodies (Hurekakt 1991; Hurek et al., 1994).
Microscopical studies using immunological approactad reporter genes have
clearly shown similar colonization patterns for el nitrogen-fixing grass
endophytes, such asoarcus sp. BH72 (Hurek et al., 1994). seropedicae (James
and Olivares, 1998)G. diazotrophicus (Olivares et al., 19963and certain strains of

Azospirillum spp. (Schloter and Hartmann, 1998) (Figure 1).
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Figure 1. Possible sites of colonization and infection @ztitrophic endophytes in
roots, shown in a sketch of a longitudinal (leftplaa transversal (right)

section of rice roots (Reinhold-Hurek and Hureko@ls).

In plants showing no symptoms of disea&earcus sp. BH72 colonizes the
original host Kallar grass and also rice seedlimga similar way. Outer cell layers
(exodermis, sclerenchyma) and the root cortex al@nzed inter- and intracellularly
within 2—-3 weeks, the aerenchyma which forms inewagged plants being the main
site for large microcolonies (Hurek et al., 1994eker et al., 1999). The mainly
intercellular colonization pattern raises questiams the delivery of nutrients,
especially carbon sources for the bacteria (Hutelll.e 1994). Rarely, the bacteria
penetrate deeply into plant roots into the stelbene they may occur in the
parenchyma and in xylem vessels. The detectionAnfarcus sp. in stelar

parenchymatic cells of the culm and in vessels alfaf grass and rice (Hurek et al.,
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1991; Hurek et al., 1994) suggested that systemieasling into shoots may be
mediated through the transport in vessels (Figlréd@wever, shoot colonization of
Gramineae appears to be more obvious @ diazotrophicus (James and Olivares,
1998) andH. seropedicae (Gyaneshwar et al., 2002).

Endophyte microorganisms differ remarkably from hiyg developed root
nodule symbioses, in which rhizobia enter the glahtough root hairs via infection
threads. The infection of grasses by endophytesrigar to the crack entry. One site
of primary colonization is the points of emergemddateral roots, where bacterial
microcolonies can readily be detected, and batteels have been found between
the cell layers of the lateral root and the coréxhe main root. Another route of
entry is the root tip at the zone of elongation differentiation. The bacteria can
invade intercellular and intracellular and may geate into the central tissues (Hurek
et al., 1991; Hurek et al., 1994). With the exaaptof Azospirillum spp. which is
mainly regarded as a rhizoplane colonizer (Steedihand Vanderleyden, 2000). The
entry of bacteria into the root is most likely aatige process, which might be
mediated by enzymes degrading plant cell wall passnTwo types of cellulolytic
enzymes, cellobiohydrolase afidglucosidase have been detectedAmoarcus sp.
BH72 (Reinhold-Hurek and Hurek, 1998a). Furtherights into the cellular
machinery for plant invasion, and a comparison \péthogens and symbionts, will

be fostered by the genome analysis.

2.5 Microbial community study

The microbial community in rice is inherently comp] and assessments

performed with such a complex population do not agsv reveal its specific
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components. Moreover, cultivation biased methodsn#ted because they do not
assess the unculturable and unidentified fractBallés et al., 2002). In a recent study
published by Minamisawa and colleges (2004) repotte existence of anaerobic
nitrogen-fixing consortia (ANFICOs) consisting ob-Rixing clostridia and diverse
non-diazotrophic bacteria in many gramineous plafitseir work indicated that
clostridia are naturally occurring endophytes iangineous plants and thag Nxation
by the clostridia arises in association with nomdteophic endophytes in culture. The
detection of ANFICOs in plants indicates that dliosa should be candidates for
diazotrophic endophytes in grasses and also dematesta new principle in
environmental microbiology, namely that consortivof bacteria, rather than
monocultures, may be responsible for a particutdividy within a very complex
environment. Seghers and colleages (2003) foundide wliversity of bacteria
associated with the roots @f mays L. It was suggested that the bacteria associated
with maize roots were a subset of the larger salwobial community. This viewpoint
postulates that a certain subpopulation of the msd# community prospers in the
root endophytic zone, suggesting that the root phgiic population composition is
due to interactions of plant-specific and soil-sfledactors. In a recent study of
Seghers and colleges (2004) by accessed the inBueinlong-term applications (20
years) of herbicides and different fertilizer typas the endophytic community of
maize plants grown in different field experimeniibey results indicate that the effect
of agrochemicals is not only limited to the bulkcnebial community but also
includes the root endophytic community. It is nigtac if this effect is due to a direct
effect on the root endophytic community or is doe&hanges in the bulk community,

which are then reflected in the root endophytic camity.
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As well as Dalton and colleges (2004) suggestet rébspiratory activity by
large population of non-diazotrophic bacteria witlthe cell wall of dune grasses
(Amophila arenaria and Elymus molis) may create microaerobic condition favoring
nitrogen fixation. However, they are not suitabide monitoring large numbers of
sample e.g., for monitoring shifts in microbial aoemities during different stage of
plant growth. Although such studies provided nesights into the genetic diversity
of nitrogen-fixing bacteria, the cloning and seqieg strategies used were rather
cumbersome and time-consuming. PCR has been addptetthe analysis of
environmental DNA samples using denaturing gradgattelectrophoresis (DGGE).
PCR-amplified fragment afifH genes are separated by electrophoresis on the basi
of nucleotide distribution, adapting DGGE to inwvgate DNA from samples, were
able to observe different band patterns for DNAxfrdifferent sites and DGGE can
detect a 1% segment of the total community, inclgdtulturable and unculturable
stage (Bowman and Sayler, 1996). This technique deesn extensively used to
examine the complexity and stability of the diaaptr assemblage found in the
rhizosphere of smooth cordgraSpartina alterniflora (Piceno et al., 1999). And
sequence analysis of the DGGE bands has been asddtérmine phylogenetic
relationships of the diazotrophic organisms represe (Lovell et al., 2000), and
recovery and phylogenetic analysis mfH sequences from diazotrophic bacteria
associated with dead aboveground biomas$Spatina alterniflora (Lovell et al.,
2001). PCR-DGGE has also been used to study thesilly of nifH gene sequences

in Paenibacillus azotofixans and soil samples (Rosado et al., 1998).
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2.6 nifH gene study

Nitrogen fixation is catalyzed by the enzyme nigngse complex. More than
20 genes have been identified as controlling thecstre and function of the
nitrogenase system, and much functional detail legen defined (Figure 2). The
phylogenetic analysis of molecular sequencesiftf, which encodes the Fe protein
component of nitrogenase are useful for identifyingpknown diazotrophs.
Dinitrogenase reductase gene sequencill)(have been amplified and sequenced
from a number of environments, including rice ro&sil, oceans, and invertebrates

such as zooplankton and termites.

Nitrogenases

Mo-Fe protein
Fe-protein

| Electron transport |

Regulator

-— —p — — e —p —>

= HEEBET U5 THT T IDOHESEE -
Q

J HD KTYENXUS VKwZMF L A B

Physical associations of nNif genes
Figure 2. nif genes map irKlebsiella pneumoneae and their roles (www.asahi-

net.or.jp).

A substantial molecular diversity ole‘ﬁxing bacteria has been detected in

field grown rice based on retrieval niffH gene fragments from root DNA (Ueda et

al., 1995). Palus et .al(1996) used PCR amplification for the identifioat of an
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endophytic diazotroph bacterid]ebsiella, isolated from the stems d@f mays L. by
amplifying portions ofnifH and 16SrRNA genes from this organism. Cabellero-
Mellado and Martinoz-Romero (1994) used multiloenzymes profiles, plasmid and
nifHDK restriction enzyme patterns of isolates in Mexand Brazil to determine that
populations ofG. diazotrophicus are clonal. Based on genomic fingerprinting using
BOX, ERIC, and REP-PCR provide more evidence far #xistence of greater
genetic diversity irG. diazotrophicus isolates (Sevilla et al., 1998). Nitrogen fixation
by diazotrophic bacteria is a significant source ngw nitrogen in salt marsh
ecosystems. Five hundred and twenty-one isolatbisated from the rhizoplanes of
salt marsh grasses likleincus roemarianus, Spartina patens andS. alterniflora were
screened for the presence of plasmids. AnalysiseoRAPD-PCR patterns usingH
primer indicated as many different plasmid genosymescurring in diazotroph
bacterial assemblages within and between the fatfereht salt marsh grass
rhizoplane habitats investigated (Beeson et aD2P0The diazotrophic endophyte of
rice, Serratia sp. was marked with enhance green fluorescenceipr@egfp)-Km
marker gene by biparental mating and used for coédion studies in rice. The
conjugants established themselves endophyticallgice root, stem and leaves, of
which the stem was preferentially colonized (Sayall@t al., 2005). The interactions
between maize, sorghum, wheat and rice plants lnderopedicae were also
examined microscopically following inoculation withe H. seropedicae LR15 strain,
a Nif+ (Pnif::gusA) mutant strain. The expressidnnif genes occurred in roots,
stems and leaves as detected by the GUS repostemsyMoreover, the colonization
of plant tissue byH. seropedicae did not depend on the nitrogen-fixing

ability.(Roncato-Maccari et al., 2003). To deteetfiXing bacteria in a plant without
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using culture methodsifH gene segments were amplified with degenerate psime
from DNA extracted from stems of and leave of pppa. Sequences of thefH
clones were homologous to those of bacteria irgdreeraBradyrhizobium, Serratia,
and Klebsiella but no nifH sequence related t®. diazotrophicus, which is an
endophytic diazotroph and had been isolated fromamane, was detected in
sugarcane. This indicates the absence or the mesdériewG. diazotrophicus in the
stems of the sugarcane plants used in the curtady Ando et al., 2005). To
demonstrate the extent of phylogenetic diversitydiazotrophic bacteria associated
with rice roots by characterized phylogeneticalB¥H gene sequences obtained by
PCR amplification of mixed organism DNA extractacedtly from rice roots without
culturing the organisms. The results shown thatteagvel NifH types, which appear
to be a variety of significant components of thazdtrophic community, dominated
mainly by proteobacteria (Ueda et al., 1995).

However, the only presence of nitrogenase gene maeisdicate that bacteria
are actively fixing nitrogen (James, 2000). AlthbugN or acetylene reduction
techniques are available for detecting nitrogenatfon activity, they involve
incubation of samples, can have limited sensithatyd do not provide information on
which microorganism are actively fixing nitrogenul@iring techniques have been
used to determine the type of individual species@nts, but these techniques yield
biased results and a misrepresentation of the typbacterial species that are active
in the environment. The reverse transcriptase PRRRCR) makes it possible to
assay for cells that are actively expressing sjgegéne at the time of sampling, and it
has been used recently to deteifH expression in the freshwater plankton (Zani et

al., 2000),A. vinelandii in soil (Burgmann et al., 2003)zoarcus sp BH72 in Kallar
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grass and rice (Hurek et al., 2002), a&habaspirillum sp. B501 associated in shoot
(leaf and stem) of wild rice (You et al., 2005).uBmifH gene has provided a strategy
to address the diversity of nitrogen fixation geimelsacteria of interest.

The hypothesis of this study is endophytic diazatrdacteria community
might present their establishment within rice tesgua symbiotic relationship as well
asnif genes expression. Therefore, prior to apply apmatgendophytic diazotroph
as inoculum, the native bacterial community strreetwould be determined. The
diversity of endophytic bacteria in rice as elutadaboth of diazotrophic and non-
diazotrophic bacteria on the basis of DGGE techmigsingnifH and 16S rRNA
genes. The actively fixing nitrogen was also deteeh by RT-PCR usingifH gene

in conjunction with culturable-based approach.

2.7 Research objectives

1. To determine the bacterial community structure redaphytic diazotroph
bacteria within each part and growing stage of rice
2. To determine the expression ifH gene within each part and growing

stage of rice
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CHAPTER Il

MATERIALS AND METHODS

3.1 Apparatuses

Autoclave:

Balance:

Compound microscope:

Deep freezer -7CC:

DGGE machine:

Freezer -20°C:

Gas Chromatography:

Gel Document set:

Gel electrophoresis

apparatus:

Hiclave HA-3000MIV, Hirayama, Japan

Precisa 205A, Precisa Instruments, Switzerland
Precisa 3000C, Precisa Instruments, Switzerland
Olympus SZ2-LGCL, Olympus, Japan

Olympus CX 31-RBSF, Olympus, Japan

Heto, Ultra Freeze, Denmark.

BIO RAD DCode™ Universal Mutation Detection
System

Heto, HLLF 370, Denmark.

MyBio LFT420, DAIREI, Denmark

AutoSystem XL Gas Chromatography, Perkin Elmer,
USA

White/Ultraviolet Transilluminator GDS7500, UVP,
USA

Digital Graphic Printer UP-D890, Sony, Japan.
MyRun Mini Gel Migration Trough, Cosmo Bio,

Japan
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Heat Box: HB1, Wealtee Corp., USA

Incubator shaker: C24 Incubator shaker, New Brunswick Scientific,
USA

Incubator: Memmert, BE 500, WTB Binder BD115,

Shel-Lab 2020 Low Temperature Incubator, Sheidon,
USA

Laminar hood Holten LaminAir HBB 2448, Denmark.
BH2000 Series Classll BiologicalSafety Cabinets,
BHA120 & BHA180, Clyde-Apac,

Microcentrifuge: Hereaus, Labofuge 400R
Eppendorf 54154, Eppendorf, Germany

Mortar and pestle -

pH meter: Hanna instruments 8519, Italy
Shaker: Innova 2300 platform shaker, New Brunswick
Scientific, UK

Certomat TC2, B. Braun Biotech International,
Germany
Stirrer: Variomag Electronicrihrer Poly 15, Germany

Magnetic stirrer MSH300,USA

Thermocycler: Px2 Themal Cycler, Thermo Electron Corporation,
USA
Vacuum dryer pump: Glaswerk, Werthem, GL 32

Vortex: Vortex-Genie2 G506, Scientific Industries, USA
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Water bath: SWB 5050, National Labnet Company,

Comfort Heto Master Shake, Heto-Holten,

3.2 Methods

3.2.1 Rice resource

The cultivated rice Qryza sativa cultivar KDML105) seeds were surface
sterilized with 70% ethanol for 1 min and shaked®3% (w/v) NaOCI solution for 30
min. Seeds were then washed three times with igesildistilled water with shaking
(15 min each). Surface sterilized seeds were gimtioally germinated on wet tissue
paper. After 7 days, rice seedlings were transfiemné cement pots (diameter 120
cm, high 60 cm) containing 3 soil types in threplicate pots; Paddy soil mixed,
paddy soil mixed add with chemical fertilizer, anddisturbed soil or forest soil.
Paddy soil mixture was obtained from 7 sites in IiNak Ratchasima rice fields. Soll
samples were analyzed by Department of Soil ScjeReeulty of Agriculture,
Kasetsart University, Thailand (soil characterstite presented in Table 2). In paddy
soil mixture with chemical fertilizer experimentlapts was fertilized according to
local custom; Seven days after transplantation, d.@t* [N:P:K (16-20-0)] were
added into the pots and after 15 and 50 days, 5§-p6t" urea [N:P:K (46-0-0)]
were applied. Plants were grown under outdoor d¢mmdi in cement pot and all
experiments were watered twice a week. Plants wardied in 3 growing stages
(seedling stage, vegetative stage, and reprodusti¥ge). Three rice plants were
sampled in each pot as random and experimenteldrbeyg tlifferent tissue parts: root,

stem and leaf.
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Table 2. Chemical and physical properties of soils usedita cultivation.

Organic
Soil Texture Phosphorus Potassium Calcium Magnesium
Original  pH matter

%Sand %Silt %Clay Texture % Rate ppm rate ppm Rappm Rate ppm Rate

Paddy
soil 7.8 65 16 19 SL 09 VL 39 H 70 L 3520 H 420 H
Forrest
soil 7.7 51 14 35 SC 2 M 11 M 330 VH 7600 H 1180 H

Texture; SL = sandy loam soil, SC = sandy clay soil

Rate; VH = Very high; H = high; M = Medium; L = LqWL = Very low

3.2.2 Morphological and biochemical characteristies of cliurable
endophytic diazotroph bacteria

For isolation and maintenance of endophytic diagitrbacteria, a modified
version of Rennies medium supplemented with malR&R medium) was used
(Elbeltagy et al., 2001). RMR medium was prepdireh solutions A and B. Solution
A consisted of 0.8 g of ¥KIPQ, 0.2g of KHPQ, 0.1g of NaCl, 28 mg of
NaoFeEDTA, 25 mg of NaMoO,-2H,0, 100 mg of yeast extract, 3.0 g of mannitol,
5.0g of sucrose, 0.5 ml of 60% (v/v) sodium lactat®), @ of sodium malate, 2.0 g
(for semisolid medium in test tubes) ord &or agar medium for plates) of agar, and
900 ml of distilledwater (the final pH of solution A was adjusted td® Before
autoclaving).Solution B was consisted of 0.2 g of MgSO7H0, 0.06 g of CaGl
- 2H0, and 100 ml of distilled water. The solutions evautoclavedeparately and
mixed after cooling. Filter-sterilized biotin apdra-aminobenzoic acid (100 ul each)

were added at final concentratiarfss and 10 pg/l, respectively.
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3.2.2.1 Surface sterilization

Freshly collected plants were carefully washed weih water and separated
into leaf, stem, and root parts. They were cut isgations about 7 cm long. The
samples were rinsed with 70% ethanol, flame stedliand cut at the end of section.
To ensure the complete surface sterilization ofplh@t materials, several sterilization
conditions: 1% NaOCI for 0.5 min for leaves, and REOCI for 15 min for stems
and roots were conducted. After surface sterilimgtthe plant materials were washed
3 times with sterilized 0.1% Tween 80 and 2 timathsterilized distilled water.
CaOCl-treated 5-cm-long sections of leaves, steamspots samples were rolled on
Nutrient agar (NA) (Difco, Detroit, Mich.) platesTo ensure the sterilization
efficiency, NA plates were aerobically incubated 3@°C for one week and no
bacterial growth was observed and used for fushety (Miyamoto et al., 2004).

The surface-sterilized plant materials were mealyi macerated with 0.8%
saline solution and quartz sand and then decindhlited in 0.8% saline solution.
The dilutions were used to seed N-free RMR sendsokedium for determinations of
the N-fixing bacteria. The tubes were monitored for gitown the form of subsurface
pellicles 5 days after inoculation. Growth-posititigboes were tested for nitrogen

fixation ability on the basis of acetylene reductassay (ARA).

3.2.2.3 Acetylene Reduction Assay (ARA)
The nitrogen-fixing activity of the bacterial culeuwas examined by acetylene
reduction assay in a 21-ml test tube containing I7o0mRMR semisolid culture.
Acetylene gas was injected into the head atmospbtithe test tubes at a final

concentration of 5% (v/v) and incubated for 24 B@RC. Ethylene concentration was
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assayed on a gas chromatograph machine with a flanieation detector and PE-

Alumina column equipped0m x 0.32mm x 0.38n (Perkin Elmer, USA).

3.2.2.3 Bacterial morphology and biochemistry properties

The pellicles from acetylene reduction-positivedsibivere streaked on RMR
agar plates. The Gram reaction was performed aicgprtb Hucker's method
(Doetsch, 1981).

The ability of the bacteria to grow on various @arlsubstrates was assayed in
M70 minimal medium supplemented with 1% (wt/vol) thle appropriate carbon
substrate (lactose, xylose, rhamnose, manitol, egbJc glucose, sorbitol, myo-
inositol, arabinose, tartaric acid and fumaridaci

Antibiotic resistance profile was tested individyabn RMR agar plates
containing antibiotics at the following concentoais: kanamycin, chloramphenicol,
tetracycline, streptomycin, ampicillin, spectinonmyand erythromycin 25 and %@
ml™. Bacterial isolates were plated onto RMR agar wdth without antibiotic
supplementation. All of antibiotics were purchadenim Sigma- Aldrich (USA).
Bacteria were considered sensitive to an antibiatithe concentration tested if no

visible growth was observed on plates containirgathtibiotic when there was visible

growth on control plates after 3-5 d of incubatair80°C.

3.2.2.4 1AA production Assay
Production of indole acetic acid was colorimetiicaletermined as described
by Minamisawa et al., (1992). The isolates werewgroin RMR medium

supplemented with 10 mM NJ&l and 100 ug tryptophan thiat 30°C with shaking
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for 48 h in dark. IAA produced milculture was estimated by mixing 5 ml Salkowsky
reagent (0.01M Fegln HCIO, ) with 1 ml culture supernatant followed by visaal
the color changes (Costacurta et al., 1998). Pudele-3-acetic acid (Sigma, USA)

was used as standard.

3.2.2.5 Plant polymer hydrolyzing activities

Cellulase and pectinase activities were assaydtemdicator plates. For the
cellulase assay, NFb plates supplemented with 0.23%hoxymethyl cellulose
(CMC) were spotted with bacterial cells. After ibating for 48 h at 30 °C the plates
were overlayed with congo red (1 mg flsolution for 30 min. Congo red solution
was then poured off followed by washing the surfatehe plate with 1 M NaCl
solution (Andro et al., 1984). For the assay oftipase, bacterial isolates were
spotted on nutrient agar supplemented with 0.5%mpe&fter incubating the plates at
30 °C for 5 days the surface of the medium was layed with 2% hexadecyl
trimethyl ammonium bromide (CTAB) solution for 3drmCTAB solution was then
poured off and the surface of the plate was wastidd 1 M NacCl to visualize the

halo zone around the bacterial growth (Mateos.efl8b2).

3.2.3 Mornitoring of localization endophytic diazotoph bacteria in rice
tissue
3.2.3.1 Recombinant plasmid

Plasmid pBBRnifHGUS was obtained from Prof. Y. Murooka (Department

of Engineering, Osaka University, Japan) and the mas depicted in Fig. 3. This
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7,600 bp plasmid encodes kanamycin resistance g@god taanslational fusion of the

nifH gene derived frorviesor hizobium huakii.

Mt SBBR nifH GUS

7600 bp

SD linker
Gus

Sacl

Figure 3. Diagram of recombinant plasmid pBBRfHGUS containing GUS gene,

nifH promoter, Mob gene and Kgene.

3.2.3.2 Bacterial growth condition and plasmid
Escherichia coli DH5a donor strains (harboring plasmid pBBRIHGUS)
and HB101 helper strains (haboring plasmid pRK2@&8tainingtra gene) which
resistant to kanamycin were grown in Luria-Bert@dB) broth contained the following
components dissolved in 1 liter of water (pH 7-Dyptone, 10 g; yeast extract (Difco),

5 g; NaCl, 10 g containing kanamycin (88 mI™*) at 37°C for overnight.

3.2.3.3 Triparental mating
Each of 1 ml of donor, helper and recipient mixtstein was pelleted by
centrifugation at 3,000 rpm for 2 min. Cells mixsarwere washed twice with RMR

broth and resuspened in 0.5 ml in the same med@et. suspension from donor,
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helper and recipient were mixed in 3:2:1 ratio,pessively and 100ul of cell
suspension were applied onto a membrane filteredlamn RMR plate. The filters
were then incubated at 28°C for 3 days. The calrglwas scraped and transferred
into a microcentrifuge tube before 1 ml RMR brothsnadded. The cell slurry was
mixed with RMR and then 10@l of cell suspension was plated on RMR agar
containing 50pg/ml of kanamycin, 5Qug m* X-gluc and 50ug mr* amplicillin.
After incubation at 28°C for 5-7 days, blue formimglonies were selected as

transconjugants.

3.2.3.4 Rice cultivation and inoculation with endophytic
diazotroph bacteria
Seeds of cultivated rice were surface sterilizeith W% ethanol for 1 min and
shaken in 10% (w/v) CaOCI solution for 30 min. Seacre then washed three times
with sterilized distilled water with shaking (15 meach). Surface sterilized seeds
were gnotobiotically germinated on wet tissue papéer 7 days, rice seedlings were
transferred into the culture tubes containing 20nitogen-free medium. Nitrogen-
free medium (Elbeltagy et al., 2001) was used @omzation and nitrogen fixation
studies. The medium contained the following: 0.6 MEdH,PO,. 2H,0O, 0.3 mM
K,SOy, 0.3 mM CaGl.2H,0, 0.6 mM MgC}.2H,O, and 0.045 mM FeEDTA as
macroelements; 50 uMzBO3;, 9 uM MnSQ.5H,0, 0.3 UM CuSQ@5H,0, 0.7 uM
ZnSQ,.7H0, and 0.1 uM NaMo0O,.2H,0O as microelements; and 0.325% (w/v) agar.
The pH was adjusted to 5.5. The macroelement amdosiement solutions were
sterilized separately and then poured into tubésréesolidification. Three days after

the transfer of seedling into the growth mediums®gged bacteria were inoculated
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into the growth medium to a density 01@ cell mi. Roots, stems and leave of 5,
15 day old seedling were examined for bacteriabmiaation by GUS staining based

histochemical staining.

3.2.3.5 Gus staining

For the detection g8-glucuronidase (GUS) expression of endophyte imtpla
tissue, the tissues were immersed in a microtitatepcontaining the GUS assay
solution (40ul X-Gluc 20mg/ml in N, N-Dimethylformamide, 20 mgDS, 2 mi
methanol, 0.2 ml 1M sodium phosphate buffer an@ mvdistilled water), in vacuum
for 120 min before incubated for overnight at 28After the development of color,
plant tissues were rinsed with phosphate bufferiemdersed in commercial bleach
for 30 sec to improve the contrast, followed bysimg with water three to four times
for 10 min each. The plant sample was then direothgerved under a sterio

microscope.

3.2.4 Analysis of community structure of rice endophyticbacteria
3.2.4.1 Extraction of endophytic bacterial DNA from rice tissue

Total DNA was extracted using a modified potassiaecetate method
(Dellaporta et al., 1983)he sterilized rice samples were homogenized midid\;
and transferred into sterilized 1.5-ml tube contgyn720 ul pre-heated extraction
buffer (100 mM Tris-HCI, 50 mM EDTA, 500 mM NaCl @ni.25% (w/v) SDS). The
samples were mixed prior to incubated at 65 °CL¥omin.Proteins were precipitated
by adding 225 5M potassium acetate and were incubated on ic@amin before

decanting supernatant into new tube. The DNA piedgd by adding 2/3 volume
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cold isopropanol and any remaining inhibitors wesmoved by reprecipitating the
DNA with 300 pl 70% cold ethanol before resuspending it in d0TE buffer and

stored at -20°C.

3.2.4.2 PCR amplification of 16S rRNA gene andcifH gene
fragment

Amplification of 16S rRNA gene was performed usingiversal primers
PBA338F (forward primer) and PRUN518R (reverse primand GC-clamps were
added to the 5'end of PBA338F as summarized inet&bl Each PCR reaction
contained 50 ng of DNA template, 0.5 pmol of eadmer, 0.2 mM of dNTP, 10X
PCR buffer, 0.1 mg/ml BSA, 3 mM Mg&PH,O and 0.05 U Tag DNA polymerase
(Promega, USA). The PCR reaction condition was @asefbllows; 94°C for 5 min 1
cycle, 94°C for 30 sec, 55°C for 45 sec, 72°C forséc 35 cycle and final 73°C for
10 min 1 cycle. The PCR products were analyzedléstrephoresis in a 1 % (w/v)
agarose gel in 1X TAE buffer. When necessary, prtedwere stored at -20°C before
DGGE analysis.

The nifH DNA sequences from divergent nitrogen-fixing miaigenisms
were amplified using a nested PCR to increasedhsitvity. The primers used were
originally developed by Polgt al. (2001) androeschet al. (2006)(Table 3). The first
PCR was performed with the forward primer PolF #r&lreverse primer PolR. The
amplification product was ~317 bp. The second PGR performed with the forward
primer nifHFor containing the GC clamp and the rseeprimer nifHRev. The
amplification product was ~320 bp including the @&mp sequence. The final PCR

cocktails contained 5 pl of 10X PCR buffer (100 nikis-HCI, pH 9; 500 mM KCI),
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1.5 mM MgC}h, 0.5 mM each degenerated oligonucleotide priméf) &M each
deoxynucleoside triphosphate, and 2.5 U of DA polymerase (Promega, USA).
For the first PCR, 5 pl volume of the DNA was arfiptl. For the second PCR, 3 ul
of the first PCR product was used as a templateh Baxture was adjusted to a final
volume of 50 pl with sterilized water. The cycliegnditions used are: 30 cycles
consisting of denaturation at®@for 45 sec, annealing for 45 sec afG5or the first
and at 48C for the second PCR, primer extension af@Zor 2 min, with a final
extension at 72C for 5 min. The presence of PCR products as datednon 1%
agarose gels, staining with ethidium bromide andmarison with a molecular weight

marker. PCR products were stored at -20°C befor&B@nalysis

Table 3. Summary of primers used in this study

Primers Sequences (5’ to 3") References
16S rRNA
PBA338F: ACTCCTACGGGAGGCAGCAG (Olivares et al.,
PRUN518R ATTACCGCGGCTGCTGG 1997)

GC-clamp GCGCCGCCGCGCGCGGLCGGGLGGGGLGGGEEE

CACGGGGGG
nifH
setl PolF TGCGAYCCSAARGCBGACTC (Poly et al.,
PolR ATSGCCATCATYNTCRCCGGA 2001)
Set2 nifHFor ACCCGCCTGATCCTGCACGCCAAGG (Roesch et al.,
nifHRev ACGATGTAGATTTCCTGGGCCTTGTT 2006)

GC-Clamp CGCCCGCCGCGCCCCGLCGLLCeGTCCCGLeaeee

CCGCCCGACCCGCCTGATCCTGCACGCCAAGG

R=A/G:N=A/G/CIT;H=TIC/IA; Y =CIT; S=G/C.
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3.2.4.3 Analysis of PCR Product by Denaturing Gradient Gel
Electrophoresis (DGGE) analysis
All reagents were prepared as described in theRBid-D Gene Instruction
Manual and Applications Guide (Bio-Rad, Hercule8) MGGE gels were run using
a BIO RAD DCode™ Universal Mutation Detection System (Bio-Rad, Hees,
CA). Three hundredl of the PCR product were pooled, precipitated mestdispended
in 30 ul of TE buffer. Before loading to the DGGE geletPCR products were
incubated at 9% for 5 min and gradually cooled t6@& to avoid non-complementary
annealing of DNA. Gels for DGGE were 10% polyacnyide gel (40%-acrylamide
and N, N-methylenebisacrylamide solution (37.5/),v40% (v/v) formamide, 7 M
urea and 1X TAE) containing a linear gradient oé ttlenaturant concentration
ranging from 40% to 60% with 1 mm thick,. The demiag gradient gel was run for
300 min at 60C and 120V. After completion of electrophoresi® ¢els were stained
in an ethidium bromide solution (Og/ml) and documented on Gel documentation

and analysis (Ultra Violet Product, USA).

3.2.4.4 Sequencing from DGGE products
The interesting band of DNA was excised from DGGHs@nd placed into
sterilized vials. Twenty pl of sterilized distilledater were added to each of the vials,
which were then kept af@ overnight to allow the DNA to passively diffusetdrom
the gel strips. Two pl of eluted DNA were used d3NA template along with each
primer and PCR conditions as previously mentiofdte resulting DNA fragments

were sequenced by Macrogen Corp., South Korea.hik study, to search for
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homologous sequence in the data bank, Gene Banleriéam), BlastN 2.0.13 was

employed.

3.2.5 Detection ofnifH gene expression by RT-PCR

3.2.5.1 RNA extraction
Total RNA were directly isolated from rice sampking RNeasy Plant Mini
Kit (QIAGEN, USA) according to the manufacturersofmcol. RNAs were treated
with DNase to prevent contamination of genomic DiEAd finally resuspended in

diethylpyrocarbonate-treated water.

3.2.5.2 Reverse Transcription PCR (RT-PCR)

Reverse-transcription polymerase chain reactionPRR) was performed on
RNA sample, using primers designed to target omi sequences. The total RNA
was treated with 1 U of RNase free DNase (Promeé&a#) and incubated at 37°C for
30 min. One microliter of stop solution (20 mM E&TpH8.0] at 25°C) was added
and incubated at 70°C for 15 min. Two step RT-R@R chosen for this study. The
target RNA was combined with either 25 ng/ul ofgolidT)s primer or 2.5 ng/ul of
random hexamers. The combined RNA was preheatéd®&t for 5 min and kept on
ice until the reverse transcription reaction wadead Reverse transcription reaction
mixture containing 4 ul of ImPromIM 5X reaction buffer, 3 mM MgG| 0.67 mM
dNTP mix, 20 U of ribonuclease inhibitor, 1 pl ehfProm-1™ reverse transcriptase
(Promega, USA) was adjusted with nuclease-freertaté5 pl. Five microliters of

RNA and primer mix were added into reverse trapsiom reaction mixture, giving a
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final reaction volume of 20 ul. The solution wasnealed at 25°C for 5 min,
extended at 42°C for 60 min and inactivated reveesescriptase at 70°C for 15 min.
Two microliters of the cDNA were amplified by PCR same condition as DNA
amplification. The 16S rRNA gene was used as adstanto calibrate the amount of
RNA. All RT-PCR were performed in Thermal cycletheir GeneAmPPCR System

9700 (Perkin Elmer, USA) and GeneAMPCR System 2400 (Perkin Elmer, USA)
and products were visualized using 1% agarose lgetrephoresis and stained with
0.5 pg/ml of ethidium bromide, then documented @h ddcumentation and analysis

(Ultra Violet Product, USA).
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CHAPTER IV

RESULTS AND DISCUSSIONS

4.1 lIsolation and characterization of endophytic hcteria from rice

The culturable endophytic diazotroph bacteria wsodated from rice using
Rennie Modified Rice (RMR) medium. The differentogth patterns of various
single isolates in RMR semi-solid medium was shawrfigure 4, culture tubes
showed evidence of bacterial growth as turbid ghothitoughout the tube, a pellicle

or subpellicle floats on the top of the tubes ohissolid medium.

Figure 4. Growth Patterns in RMR semi-solid Medium: A d@dpellicle float; C, E

and F, subpellicle float; D, turbidity.

Many researches have isolated diazotrophic bactkema gramineous plants
using nitrogen-free media such as Burk or Nitrogee-(NFb) media (Baldani et al.,

2000; Dalton et al., 2004). Rennie medium was psedas a more efficient nitrogen-
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free medium for isolation of nitrogen-fixing badter(Rennie, 1981). Dobereiner
(1995) reported that the use of semi-solid N-freedim was useful for isolating
nitrogen-fixing endophytes because bacteria wihf@ subsurface pellicle depending
on their oxygen requirements. Thus, use of a mediiRennie medium in this study

probably enabled us to isolate appropriately engtpliazotroph bacteria.

Table 4. Quantification of endophytic bacteria isolateahfrfresh rice tissue.

CFU g+ CFU ¢g* CFU g+

Sample fresh weight Sample fresh weight Sample fresh weight

Root
SFR 1.09x10  VFR 5.10 x 18 RFR 2.65 x 10
SNR 225x19 VAR 3.51x 16 RNR 1.81x 10
SUR 1.11x1®  VUR 1.42 x 16 RUR 1.27 x 18
Stem
SFS 1.02x10  VFS 1.01x 16 RFS 2.11x 10
SNS 3.03x10 VNS 1.39x 16 RNS 1.51 x 19
sus 228x10  VUS 3.71x 16 RUS 243 x1b
Leaf
SFL 2.40x 10 VFL 2.10 x 16 RFL 1.66 x 16
SNL 2.72x 16 VNL 3.78 x 16 RNL  2.58x18
SUL 6.06 x 16 VUL 1.28 x 16 RUL  2.62x18

Abbreviations, First letter is growing stage of rice (S; seegllistage, V; vegetative stage, R;
reproductive stage), second letter is soil typeféRjlizer amendment, N; no-fertilizer experimebt,

undisturbed experiment), and third letter is riegt §R; root, S; stem, L; leaf)
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The population size of the endophyte was detectatid range of 0to 10
CFU g* of rice tissue (fresh weight) in surface sterifizeaves, stems, and roots of
rice (Table 4). Irrespective of growing stage aferiand soil type, the majority of
endophytic bacteria were recovered from root (D%-13 x 18 CFU g' fresh weigh)
as compared to other part of rice plant. While @hgtic bacteriapopulation number
in stem was 4 x 0- 3 x 16 CFU ¢* fresh weigh. The lowest population density
occurred in the leaf with 1 x 10 2.72 x 10 fresh weigh. This suggests the most
densely colonized of endophytic bacteria were reced from a sterilized sample of
root.

Sterilization by treating with ethanol, NaOCI anddflaming was effective
in removing most of the microbes from the plantfacesEven the conditions used
for the surface sterilization by NaOCI| were effeetienough to completely avoid
contamination by epiphytic bacteria. Furthermoheytmay have underestimated the
population levels of endophytic because NaOCI is &b penetrate the plant tissues
and cause partial sterilization of endophytic (Mo et al., 2004). Significant
variations in the populations of both native anttaduced endophytes have been
reported. These variations are attributed to antce, plant age, tissue type, time of
sampling, and environment.

Similar results were obtained by Zinniel and te&00@) generally, bacterial
populations are larger in roots and decrease irstii@s and leaves. The number of
colonies of bothG. diazotrophicus and Acetobacter peroxydans, isolated from the
surface sterilized roots and stems of rice vasetidtivated in flooded fields in South
India, was in the range of 40L0° CFU ¢* fresh weight of rice (Muthukumarasamy et

al., 2005). A similar study in South Korea indicatbatG. diazotrophicus is naturally
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associated with South Korean rice variety Hwsantipeow numbers (1DCFU g*
fresh tissue) (Muthukumarasamy et al., 2007). Ndtendophyte concentrations can
vary between 10to 1¢ CFU g* for alfalfa, sweet corn, sugar beet, squash, optto
and potato (Kobayashi and Palumbo, 2000). Simiksults were obtained for
endophytic bacteria inoculated by root or seed arey, with the population levels
reaching between ¥@o 1¢ CFU g* of plant tissue for tomato and potato (Kobayashi
and Palumbo, 2000). The levels of colonization bgpathogenic endophytes tend to
be far less than the levels of colonization by pgémic bacteria; the concentrations of
the latter organisms range from ‘1 10° CFU g fresh weight of tissue in

susceptible infected plants (Zinniel et al., 2002).

4.2 Nitrogen fixing ability of rice endophytic strains

The nitrogen fixing ability of bacterial isolatesogvn in tubes containing
RMR semisolid medium was assessed on the basigawetreduction assay (ARA).
They consistently showed ARA in the medium durisgjation steps (Table 5).

Though the ability to reduce acetylene is an iraddireeasure of Nfixation, it
is specific for monitoring functional nitrogenasetiaity, and is indicative of K
fixing potential (Andrade et al., 1997). Hence, fiather identification, screening and
selection of prospective strains, ARA was used &sstafor diazotrophy. Out of the
135 isolates from the primary selection procesy; 88 isolates with an ARA activity
of above 10 nmol &4 h''tube® were qualified further (Table 5). Sixthy isolatesre
showed negative ARA, so in culturable isolates haeth of diazotrophic and

nondiazotrophic strain.
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Table 5. Example ofN,-fixing activity of endophytic cultured (Consortiuaulture)

in RMR semi-solid medium.

Seedling N-fixing Vegetative N -fixing Reproductive N -fixing
stage Activity stage Activity stage Activity
Root
SFR5-1 527.44 VFR6-3 4,270.64 RFR5-2 1,276.70
SFR4-2 290.37 VFR5-3 3,859.50 RNR3-1 529.31
SFR2-3 254.78 VFR2-2 2,657.38 RNR4-2 43.4
SFR3-2 162.8 VFR3-3 1,842.81 RUR4-2 557.97
SNR2-1 936.84 VFR3-1 565.7 RUR2-2 328.93
SNR2-2 585.34 VNR3-3 355.84
SNR4-3 287.9 VNR3-2 316.52
SNR5-2 245.16 VNR6-1 132.13
SNR5-3 142.85 VNR5-1 56.89
SURS5-3 2,136.40 VNR4-1 53.45
SUR6-2 1,662.14 VURG6-3 1,436.29
SUR2-3 644.32 VUR4-1 1,069.52
SURS3-2 487.24 VUR4-3 937.09
SUR2-1 481.58 VUR3-3 635.04
SUR5-1 149.2 VUR3-1 458.86
Stem
SFS3-2 3,817.33 VFS2-3 3,683.45 RFS3-3 991.75
SFS2-2 2,201.67 VFS4-1 295.24 RNS2-3 911.3
SNS3-1 5,840.07 VFS2-1 181.24
SNS2-3 3,735.68 VNS3-3 926.84
SuUS2-1 2,905.17 VNS3-2 759.22
SuUS2-2 217.32
Leave
VFL2-1 315.12 RUL2-2 949.24
VUL3-1 817.25

N,-fixing activity = Ethylene concentration (nmobl€, h'tube®)

Abbreviations, First letter is growing stage of rice (S; seegllistage, V; vegetative stage, R;

reproductive stage), second letter is soil typeféRjlizer amendment, N; no-fertilizer experimebt,

undisturbed experiment), and third letter is riegt §R; root, S; stem, L; leaf)
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N,-fixing activity during isolation steps showing tleapability of consortia,
they showed Mfixing activity in coculture from each part of ecRoot consortium
were showed highest number of samples and showedj@nase activity in the range
between 40 to 4,000 nmoki, h'tube?, following was the stem consortium (180—
5,800 nmol GH, h'tube®) and leaf consortium (300— 900 nmopHG; h'tubel),
respectly. Among the 75 isolates, the isolate SHSBhich was isolated from
seedling stage growing in no-fertilizer soil on mstgpart was exhibited highest
nitrogenase activity (5,840.07 nmobtL; hi'tube’). However, the lowest number of
ARA activity occurred in the leaf consortium whiakso showed weak activities of
No-fixation, suggesting that rice leaf are not as mo€ N,-fixing potential. This
result correlated with the population size of tloe rendophytic bacteria (Table 4). It
is not surprising that endophytic bacteria residethie leaf or aerial parts of rice
tissues, which are exposed to the air andtproduced by photosynthesis. The plant-
inhabiting endophytic bacteria probably sometimediferate in anoxic microzones
produced by consortium or plant respiration, whileey under higher ©
concentrations (Minamisawa et al., 2004).

No-fixing ability was re-measured using subculturentr the two different
colonies of the first positive ARA tubes that shdweither positive or negative
interaction (Table 6). The mixed or consortium wrds always exhibited the
capability for N-fixation. The single isolate in consortium cultusé the SUR2-3
expressed no Nfixing activity. This suggested the presenceafigiazotroph culture
facilitated N—fixation activity in consortium culture. Similagsults were obtained by
Minamisawa (2004), the existence of anaerobic gémsfixing consortia (ANFICOSs)

consisting of NMNHixing clostridia and diverse nondiazotrophic kG in
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nonleguminous plants. They found that a few ANFIC@sndiazotrophic bacteria

specifically induced nitrogen fixation of the clodia in mixed culture.

Table 6. No-fixing activity of endophytic cultured (Consortiuoalture and Single

culture) in RMR semi-solid medium.

N,-fixing Activity (nmol C ,H, h''tube™)

Sample
Consortium culture Single isolate (1) Single isolate (2)

Root

SUR2-3 644.32 - 72.05

VFR3-1 565.70 180.04 7,966.40
Stem

SFS2-2 2,201.67 1,738.50 7,395.70

SNS3-1 5,840.70 18.34 23,319.17

SNS2-3 3,735.68 33,184.27 19,735.12
Leave

RUL2-2 949.24 6,123.88 6,355.32

N,-fixing activity = Ethylene concentration (nmobl€, h'tube®)
Abbreviations, First letter is growing stage of rice (S; seegllistage, V; vegetative stage, R;
reproductive stage), second letter is soil typeféRjlizer amendment, N; no-fertilizer experimeb,

undisturbed experiment), and third letter is riegt §R; root, S; stem, L; leaf)

The N-fixing activities of other single cultures occudran higher than those
of the original combinations (VFR3-1, SFS2-2, SNA3SNS2-3, and RUL2-2). This
suggests the presence of the accompanying bapradaced specific metabolites of

consortium that induced/reduced the,-fixation as well as association of
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nondiazotrophic endophytes in culture. One of thestmwidely used methods to
determine the susceptibility of microorganisms dinisolate (1)) to antimicrobial
agents of other strain (single isolate (2)) is ¢th#ure filtrate. The inhibition of cell
growth was shown by formation of a clear zone adotive spotted culture filtrate

(Figure 5).

Figure 5. Antimicrobial activities of culture filtrate oftrsin VFR3-1 corresponding

to bacterial growth as show as the inhibition zonleacterial layer.

Single culture (2) of VFR3-1 consortium exhibitddar zone on the surface of
single culture (1). This result suggests that angle isolate affected to other single
isolate in the same consortium by producing agéwt ttan Kkill the bacteria
(bactericidal effect). However, SFS2-2, SNA3-1, 2N& and RUL2-2 consortia do
not show any clear zone around the spotted culfilirate of each single isolate.
Perhaps one single isolate of this consortium predwagents that can inhibit onlg-N
fixing activity (bacteriostatic effect).

Similarly, a major feature of ANFICOs is that-Nixation by the anaerobic
clostridia is supported by the consumption of oxygg the accompanying bacteria in
the culture (Minamisawa et al., 2004). The reaswrtHis is unclear but it is possible

that the N-fixing ability of endophyte is localized on extrmomosomal elements
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present. Such extrachromosomal nitrogenase has Oetatted in other enteric
bacteria such asnterobacter agglomerans (Singh et al., 1983) aridahnella aquatilis
(Berge et al., 1990).

Some interested isolates were identified at speleesl based on the full

sequence analysis of 16S rRNA gene (Table 7).

Table 7. 16S rRNA gene full length sequence analysis of souteirable N-fixing

endophytic bacteria in rice.

Isolate N -fixing activity
% Similarity

Sample (nmol C,H,4 h''tube™)
SFS2-2(1) 1,738.50 99% Enterobacter dissolvens LMG 2683
SFS2-2(2) 7,395.70 98% Brevundimonas aurantiaca
VNS3-1(1) 18.34 99% Pantoea agglomerans WAB1927
VNS3-1(2) 23,319.17 99% Enterobacter dissolvens LMG 2683
RUL2-2(1) 6,123.88 99% Pseudomonas sp. BWDY-42
RUL2-2(2) 6,355.38 99% Enterobacteriaceae bacterium ZHS050721

The results showed that the diazotrophic isolat&S2SE1) had highest
similarity of 99% to a type strain @nterobacter dissolvens LMG 2683. The nameg.
cloacae subsp.dissolvens comb. nov. is proposed for the group of bactesrankerly
referred to a€. dissolvens which has high similarity to SFS2-2(1) (Hoffmannakt
2005). This bacterial strain was characterizedraoghytic strain from citrus plant
(Araujo et al., 2002) and rice (Fujii et al., 198%FS2-2(2) has high similarity to

Brevundimonas aurantiaca which was isolated and characterized as nitrogengf
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root nodule bacteria which collected from endemge tspecies oDalbergia in
Madagascar (Rasolomampianina et al., 2008)S3-1(1) has high similaritipantoea
agglomerans which is a member of Enterobacteriaceae family lizs been isolated
endophytically and epiphytically from a wide vayiatf crops. Ruppel et al., (1992)
observed thaP. agglomerans colonized the intercellular spaces in root codéxorn
and stem mesophyll of wheat. Asis and Adachi (200did the stem of sweet potato
cv. Koganesengan was colonized by diazotrophic gmgte P. agglomerans. This
strain was also isolated from sugarcane stem tiggneing in Cuba without chemical
fertilizers application (Loiret et al., 2008seudomonas sp, was isolated and used as
biocontrol strains for Tomato foot and root rot RE) in stonewool (Roper and
Ladha, 1995a). Daltoret al., (2004) presented evidence that sand duasses
(Ammophila arenaria andElymus mollis) from Oregon also contain non-diazotrophic
pseudomonads, with authentic diazotrophs probadmypeising a minor proportion of
the population. The evidence fog fixing andnif gene diversity irPseudomonas sp

from rice fields along the Yangtze Rivielainwas also discovered (Xie et al., 2006).

4.3 Biochemical characterization

4.3.1 Carbon source utilization

Culturable endophytic diazotroph bacteria were rd@teed on the basis of
various carbon sources utilization (Appendix IDut of 14 carbon substrates tested,
all 51 endophytic diazotroph isolates could utilizebinose and glucose as sole
carbon sources. Suggesting that arabinose andsgliweere prefered as carbon source
for rice endophytic diazotroph bacteria while rhas® sorbitol, mannose, and

tartaric acid were not favored (80.39, 74.51, 80.3&d 76.47% utilization,
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respectively). Different results were found by Kukumarasamy and colleages
(2007), diazotrophic bacteria from Korean wetlaiwg mwere high in numbers when
malate and azelaic acids were used as carbon sdurckess when sucrose was used
as a carbon substrate. Given such characteristose strains which could multiply
both in sugars (sucrose, glucose, etc.) as enexgyges, those are present abundantly
in root environment as exudates, will aid the hifeer research
(Muthukumarasamy et al., 2002). These nutritioreats indicated that it is seemingly
suitable to bacterial life in plants (Minamisawaatt, 2004). However, arabinose,
rhamnose, and tartaric acid were not favoured leir tgrowth Arabinose can be
efficiently used as carbon sources®ydiazotrophicus but not byG. johannae andG.
azotocaptans (Muthukumarasamy et al., 2002)jiethyl obacterium populi, a methane-
utilizing bacterium isolated from poplar trees atsmld not utilize Arabinose (van
Aken et al., 2004). But a diazotrophic bacteriad@rhyte isolated from stems Héa
mays L. andZea luxurians were capable of utilizing arabinose and rhamnBsdu§ et

al., 1996). Diazotrophs from Korean rice varietised arabinose as a carbon source
while rhamnose and tartaric acid did not, but l#een sucrose was used as a carbon
substrate (Muthukumarasamy et al., 2007) Rseudomonas spp. (Vlassak et al.,

1992).

4.3.2 Plant polymer hydrolytic enzyme production
The production of pectinase and cellulase from iraldke endophytic

diazotroph bacteria were determined (Figure 6).
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A

Figure 6. Production of cellulase (A) and pectinase (B) tge endophytic

diazotroph bacteria.

Out of 51 endophytic diazotroph isolates in thisidgt 60.8% showed
pectinase and 96.08% showed cellulase activitieppéAdix Ill). Figure 6
demonstrates the production of cellulase and pestirof some endophytic strains.
The plant polymer hydrolyzing enzymes were sigaifiity presented in the most of
endophytic strains. Pectinase is a key enzymediomeation which degrades pectic
substances present in the plant cell wall. Mosbphgitic strains also showed evident
pectinase and cellulase activity, indicating thelaahytic nature of these isolates.
Plant cell walls consist mainly of cellulose, wresemiddle lamella, which connects
the cells, consists mainly of pectin. Pectinolyaictivity has been proposed to be
responsible for invasion o&zospirillum spp. in roots by the penetration of middle
lamella and points of emergence of lateral rootek(Bet al., 1999). Although
pectinases might play an important role in plantrobe interactions and intercellular
colonization of roots they have not yet been sulidiethe endophytic diazotrophs
(Reinhold-Hurek and Hurek, 1998a). Besides gairengy into the plant through
natural openings and wounds, endophytic bactetiae®¢ go through plant tissues

using hydrolytic enzymes like cellulase and peanéSince these enzymes are also
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produced by pathogens, more knowledge on theidaggn and expression is needed

to distinguish endophytic bacteria from plant pgts.

4.3.3 Indole acetic acid production from the rice endophtic bacteria
Out of 51 endophyic diazotroph isolates, 32 isald62.75%) in the minimal

medium supplemented with tryptophan as precursamdymed significant amounts of

IAA (Figure 7 and Table 8) such as SUR5-3, SNRant VNS3-3.

IIII
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Figure 7. Indole Acetic Acid (IAA) production by rice endoytic bacteria.

Different strains ofE. cloacae, E. agglomerans, and P. agglomerans have
been shown to convert tryptophan to indole acetid éCostacurta et al., 1998). The
capacity to synthesize IAA is widespread among aod plant-associated bacteria.
The ability to synthesize 1AA helps in plant patkagsis byPseudomonas syringae,
Agrobacterium tumefaciens and A. rhizogenes (Verma et al.,, 2001). It is also
considered responsible for plant growth promotignbeneficial bacteria such as
Azospirillum spp.,Alcaligenes faecalis, Klebsiella, E. cloacae, G. diazotrophicus, H.

seropedicae, symbioticRhizobium andBradyrhizobium (Costacurta et al., 1998). The
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plant growth promoting effect is brought about bgusing root elongation and
proliferation which leads to enhanced water andemshuptake by the host plant.
Some of strains highly produced cellulase, pectinasd IAA were identified at
species level based on the full sequence analf/4i8®rRNA gene as summerized in

Table 8.

Table 8. Biochemical characteristics and 16S rRNA full ldngequence analysis of

isolates containing highestNixing activity.

No-fixing activity Antibiotic

Sample (nmole/tube/h) I1AA Cellulase  Pectinase resistant % Similarity
VFR5-3 3,859.5 +++ ++++ + Amp 99% Rheinheimera sp. J3-AN42
SUR5-3 2,136.4 ++++ + + Amp 98% Brevundimonas sp. FWC30
SNR2-1 936.8 ++++ ++++ + Amp 99%Citrobacter freundii strain 11
RNS2-3 911.3 ++ + ++++ Amp 99%C Citrobacter freundii SSCT56
VNS3-3 926.8 ++++ + + Km 99% Pseudomonas mendocina

++++, very good growth; +++, good growth; ++, notrgeowth; +, slight growth

VFR5-3 has 99% similarity t&heinheimera sp. J3-AN42Rheinheimera is a
recently named bacterial genus, ddoaltica is a novel, blue pigmentdshcterium
that was isolated from the Baltic S@rettar et al., 2002) anttie deep Pacific Ocean
(Romanenko et al., 2003). The other strain®Rladinheimera have been reported as
bacteria associated with spores of the arbusculgromhizal fungi (Roesti et al.,
2005) and root-associated of the tomato plant (ktral., 2006) but never been
reported as diazotrophic strainBrevundimonas sp., a potato-associated bacteria
showed a production of indole-1,3-acetic acid (IAf§essitsch et al., 2004).
Brevundimonas sp. and Pseudomonas sp. have been reported &acterial endophytes

in processing carrotdD@ucus carota L. var. sativus) and effected on plant growth



49

(Surette et al., 2003). mendocina strains produced enzymes, phytohormone auxin
(IAA), and were antagonist against plant pathogdaimi in in vitro experiments
(Egamberdiyeva, 2005). Some of tAssudomonas sp. have been found to increase
the growth of cotton and sweet corn (Mclnroy anddfiper, 1995)Citrobacter
freundii was reported as a,Nixing bacteria have been isolated from the guts o
several termites (Lilburn et al., 2001), fruit fBeratitis capitata (Behar et al., 2005)

but never been reported as endophytic bacteria.

4.4 Monitoring of endophytic diazotroph bacteria

Since isolate/FR5-3 was the most dominant type among the iselatieich
showed the ability to fix nitrogen, produce indaleetic acid and moderate levels of
cellulase and pectinase which might be involvedhe spreading throughout rice
tissues. Hence, we decided to use it for furthedies on the colonization of rice. The
localization of endophytic diazotroph bacteria ilanp tissue could be detected by
virtue of GUS activity which forming a blue colorand use as transcojugant for
inoculated to rice seedling under gnotobiotic ctos. Thus, GUS-marked endophyte in

plant tissue could be detected (Figure 8, and 9).
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Figure 8. Light micrographs of GUS-stained roots, stems, laaves of rice at 5 days
after inoculation with strain VFR5-3 marked with SU Control
uninoculated plants; root (A), stem (B) and leaj.(GGUS activity was
observed on roots with the most intense color agreent on the lateral
roots (D) and root junction (E). GUS staining wésoaobserved on rice

stems (F), and leaf (G).

At 5 days after inoculation (DAI), uninoculated tah plants did not show
any blue coloration with X-Gluc (Figure 8A, B, afij. The localization ohifH gene
occurred in roots, stems and leaves as detectedebGUS reporter system (Figure
8D, E, F, and G). The results of 15 DAI were simitathat of 5 DAI (Figure 9).

Staining of the whole rooshowed that the GUS activity was most intense on
some of the youngéateral roots, and it is possible that the bacteritered thesat
their junctions with the primary roots. This typkinfectionhas also been observed
with other diazotrophic endophytes, suchGasliazotrophicus in sugarcane (James
and Olivares, 1998)%zoarcus spp. in rice anéallar grass (Hurek et al., 1991), and

Herbaspirillum spp. in sugarcane amge (James and Olivares, 1998; James, 2000;
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James et al., 2002). James and Olivares (11898 suggested that stem could be a

suitable nichdor Ny-fixation because it can provide the low p@quired forthe

expression and function of nitrogenase.

Figure 9. Light micrographs of rice roots, stems, and leaaesl5 days after
inoculation with strain VFR5-3 marked with GUS. @mh uninoculated
plants; root (A), stem (B) and leaf (C). GUS adfiwvas observed on
roots with the most intense color development enlaiteral roots (D) and
root junction (E). GUS staining was also observedioe stems (F), and

leaf (G).

Strain VFR5-3 has 99% similarity eheinheimera sp., proteobacteria, gram
negative and rod shape. Although this is the fepbrt of endophytic diazotrophy by
Rheinheimera sp. as detected by the GUS reporter system. Theobiner report of
diazotrophy in the genuBheinheimera is that of anR. baltica that wasassociated
with spores of the arbuscular mycorrhizal fungi éRo et al., 2005) and root-

associated of the tomato plant (Kim et al., 20@6)major drawback of in situ GUS
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staining is that the presence of blue color do¢sinequivocally confirm the location,
or even the presence, of the GUS-labeled bacteriaubedhe colocan diffuse into
bacterium-free plant material (Hurek et al., 19Réjnhold-Hurek and Hurek, 1998a).
Thereforeto prove that bacteria is genuinely endophyiticice, tissues stained for
GUS activity were fixed with glutaraldehydembedded in resin, and sectioned for
optical and microscopylhis also reduced the possibility that the bactebaerved
within the plants had accidentally moved into them frora #xternalpopulation
(Reinhold-Hurek and Hurek, 1998a; James, 2000kolmtrast to the root, the stems
and leaves showed little sign of degradation aasediwith bacterial colonization. A
possible reason for the lack of an obvious defeasponse from the stems and leaves
could be that the bacteria were primarily localizaedhin intercellular spaces or
within already dead cells, such as xylem and aéngna, and were not observed

penetrating intact host cells (Gyaneshwar et 8D12.

4.5 Analysis of community structure of rice endopitic diazotroph

bacteria
4.5.1 Amplification of 16S rRNA gene fragments by a PCR-DGGE
approach
In this study a PCR approach was characterizeddbtate the analysis of the

16S rRNA gene fragments of rice endophytic bacténigure 10).
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Figure 10. 16S rRNA primer PCR amplification of rice endophytiliazotroph
bacteria. R, root; S, stem; L, leaf, +4zotobacter sp.; +2,Azospirillum

spp.; -, hegative control; M, 100 bp hyper ladder.

The PCR-DGGE analysis incorporating with 16S rRN#ner was elucidated
endophytic bacterial communities. The results warmahstrated in Figure 11 indicate

the simple community structure of rice endophy#cteria.
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Figure 11. PCR-DGGE of 16s rRNA gene banding patterns fraza endophytic
bacteria. Arrows show excised and sequenced baaed). (Azt.,

Azotobacter sp.; Asp.Azospirillumsp.; R, root; S, stem; L, leaf
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Almost of the samples contained 2 major bands ofGBEG’CR products
except from reproductive stage of rice. The resshisw that almost of samples have
same major band. In seedling stage, the bandingrpashow only two identical
major bands in every soil sample. This could intpigt no effect from environment to
community structure of rice endophytic bacteria tms stage of growing. In
vegetative stage of rice, the results were sintdaseedling stage except in the root.
The DGGE-PCR products generated from root sampliElgmwt be detected except in
the sample from chemical fertilizer amendment. Amthe reproductive stage of rice,
this stage has more effected on microbial commustitycture especially in leaf of
fertilizer soil was less detected. This candoamcluded that soil condition have less
effect than stage of growing and part of rice plant

Sequences retrieved from the bands a—d were sityilar different strain,
while a band (a) is high similarity nterobacter dissolvens. Band (b) is similarity to
Brevundimonas aurantiaca, band (c) toPantoea agglomerans, and band (d) to
Pseudomonas sp. E. dissolvens is associated with a rhizome root of ediable ginge
Hawaii (Nishijima et al., 2004)jn cereal strawas Biological N, fixation by
heterotrophic and phototrophic bacteriéRoper and Ladha, 1995b)The
Enterobacteriaceae strainswere most commonlassociated with maize roots and
rhizosphere on different French sofBerge et al., 1991), in additi®seudomonas sp
was also found.The stem of sweetpotato cv. Koganesengan was izelbrby
diazotrophic endophytP. agglomerans and nondiazotrophic endophyie asburiae
(Asis and Adachi, 2004).

The PCR-DGGE analysis using 16s rRNgimer was conducted for

investigating endophytic bacterial communities. Tiesult in several bands that
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matched those from the bacterial isolates (cullerapproach), indicating that DGGE
profiles can be used to detect some endophytiebaatf rice plants. However, some
bands do not match with any isolates, suggesting dlccurrence of other,
nonculturable or as yet uncultured, endophytic dréet In the present study, the most
isolates were detected both by culturable appreachby DGGE, suggesting that the
molecular approach directly reported culturableopinyte bacteria. However, some
isolates such as from leave with no-fertilizer sxdibll stages of growing (SNL, VNL,
RNL) and SFL, RFS, RFL, SUL, and RUS were not dettdy ARA procedure,
suggesting that these endophytic bacteria are fiongble (or not yet cultured)
endophytic bacteria from rice plants.

The plant-associated habitat is a dynamic envirartnmewhich many factors
affect the structure and species composition of rniierobial communities that
colonize roots, stems, and leaves. It has prewobsken shown that endophytic
communities vary spatially in the plant (Fishemakt 1992) or may be dependent on
the interaction with other endophytic or pathogebacteria (Araujo et al., 2002).
Fingerprinting of endophytic bacterial communiti®g separation of amplified 16S
rDNA fragments by DGGE provides the opportunity dompare the community
structure features of multiple plant samples. Biualy of Reiter and team (2002), the
endophytic community of potato plants was evaluddtgd®CR-DGGE and the data
obtained validated this approach to the analysisufurable and nonculturable
endophytic communities. The 16S rDNA pattern sugggtsat bacterial diversity was
lower at the root than the leaf in fertilizer soilhis observation contrasts with the
hypothesis that the roots are initially colonizedrenor less randomly by rapidly

growing, opportunistic bacteria due to a temporacgumulation of organic acid,
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sugars and other root exudates (Burgmann et @5)20he example band patterns
showed that many bacteria groups appear to be itdugubut differ in abundance in

the different environment. That can also be obskimethe DGGE band patterns in

other studies, e.g. (Yang et al., 2001; Araujd.e802; Dar et al., 2005; James et al.,
2006).

The number and intensity of bands in a DGGE gehalonecessarily give an
accurate picture of the number and abundance afdlvesponding species within the
microbial community. One organism may produce mtran one DGGE band
because of multiple, heterogeneous rRNA operon®éNet al., 1996). On the other
hand, partial 16S rDNA sequences do not alwayswalltiscrimination between
species, such that one DGGE band may representtspecies with identical partial
16S rDNA sequences (Vallaeys et al., 1997). In tamdi in a mixture of target
rDNAs present at very different concentrations, lgss abundant sequences are not
amplified sufficiently to be visualized as bands anDGGE gel. Therefore, the
banding pattern reflects only the most abundant ADfypes in the microbial
community. Because of these shortcomings inhereni@S rDNA DGGE, the
diversity index calculated from the DGGE bandingtgras of amplified 16S rDNA
sequences must be interpreted as only an indicatonnot an absolute measure of
the degree of diversity in a bacterial communityugider et al., 1993). Muyzer et al.,
(1993) also showed that the presence of a few damhiapecies leads to a simple
pattern, and that species of less than 1% of tredyzed community were not
represented in the microbial community pattern.sTwill also be true for PCR-
DGGE for certain very diverse bacterial groups:ydielw species that are dominant

within this specific group will be visible. For sgioups that still contain a large
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number of different 16S rRNA types, further subsiiwn using more specific primers
could be useful if more detailed analysis is desita this studynifH gene primer,

that specific for diazotrophic species was usetherbasis of nested PCR-DGGE.

4.5.2 Amplification of nifH gene fragments by using a nested PCR-
DGGE approach
A nested PCR approach performed with degeneratedem was used to

amplify nifH gene fragments from the total DNA (Figure 12).
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Figure 12. Agarose gel electrophoresis of nested-PCR predfcifH primer £ set:
polF and polR (A), and" set: nifHFor and nifHRev (B). R, root; S,

stem; L, leaf, -, HO; M = 100 bp hyper ladder.

The first amplification was performed withfH PCR primers polF and polR

and usually yielded lesswell- resolved backgroumearing (Fig. 12A). The nested
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PCR amplification was performed withifH PCR primersifHFor andnifHRev; for

all three parts of rice (root, stem and leaf) thmsplification yielded single product
bands at the expectenifH gene fragment size, about 370 bp (Fig. 12B). This
specificity permitted us to perform DGGE analysesedaly with the nifH PCR

products and thus facilitated evaluation of the kfrad gene pools.
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Figure 13. Nested PCR-DGGE ohifH banding patterns from rice endophytic

bacteria. R, root; S, stem; L, leaf.

The fingerprinting ohifH primer are somewhat correlated to 16S rRNA gene
fingerprinting which have 2-3 bands in each growstgge. Fertilizer has effect to
root of every growing stage. Normally in wetlanderior flood field provides good
condition fornif gene expression due to less amount £fBDt in this study, it seems
to be N from chemical fertilizer has more effecarththat of Q. Without chemical
fertilization amendment, the diazotrophic bactepapulation in the roots was
changed (Figure 13). The endophytic diazotrophdssgctommunity in rice cultivars

varied during plant development, increasing pragwedy during the seedling stage,
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reaching a maximum during the vegetative stage, dadreasing during the
reproductive stage. During the seedling stagedtheotrophic bacterial population in
the roots of fertilization and undisturbed soil wasver but higher in root of no-

fertilizer soil. But in stem and leave of everylsoonditions were not changed. In
vegetative stage, DGGE bands of stem from all@mlditions could not be detected.
Root of this stage was similarly to seedling statgspite in leaf which higher than
seedling stage in no-fertilizer and undisturbed. dateresingly, reproductive stage
has different pattern from seedling and vegetasitage in leaf of all phase and soil
condition.

However, the endophytic populations of diazotropbécteria in the part of
rice plant have no significant changes in size mduihe different ontogenic plant
stages of rice cultivars. There was no significaatiation in the diazotrophic
population in rice during the times of samplingeTédndophytic population present in
the stem presumably suffered from less competidh other microorganisms, and
in plant tissues, carbon sources probably were ravadable (Olivares et al. 1997).
The increase of endophytic bacterial populationejoroductive stage are opposite of
the study of Munoz-Rojas and Caballero-Mellado @08hich found the decrease of
bacterial population related to the age of the tpleas a general characteristic @f
diazotrophicus in association with sugarcane. These authors stegethat
physiological and metabolic changes during the agee growth might modify the
establishment and even the endophytic permanenGe diazotrophicus or that the
endophytic population decreases as a result ofglast defense. According to Reis et
al. (2000), variations in diazotrophic bacteriahmhers can also be explained by the

changes in environmental factors like hydric stieass$ seasonal variation.
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The nifH diversity pattern was less in fertilizer amendmand undisturbed
soil than that of no-fertilizer amendment soil. doot of all stage of growing in
fertilizer amendment soil were found no evidenceitfl diversity. Also in vegetative
stage, stem of all condition were not fouméH diversity while leaf of every phase
were foundnifH diversity. Indeed, as many of the endophytic bateere presented
in leaf. Perhaps they may actually have been adreh on the plant’s resources.
These results show that rice plants that can peoautitional carbon to diazotrophs
may not necessarily result in a drain on their ueses. Another possibility is that the
growth increases shown by these varieties are duge ¢ongruence between plant
nitrogen demand and supply, resulting in an entanc&bon sink and hence
increased photosynthesis (Gyaneshwar et al., 2®@nbiotic N-fixing bacteria
often show a largestimulation of growth and photosynthetic rate teveted
atmospheriacarbon dioxide concentration ([GR One explanatiorior the greater
stimulation in the growth of Nfixing specieggrown at elevated [Cis a smaller
tendency toward photosyntheticclimation, i.e. down-regulation of photosynthetic
capacityin leaves developed in elevated [§@Ainsworth et al., 2003). Moreover,
the light and/or presumably photosynthesis in raspao that light enhances rather
than represseasfH transcription (You et al., 2005).

Interestingly, ARA-positive isolates were not caepending to nifH
community DGGE profiles. For example, the root wkrin seedling stage which
treated with chemical fertilizer amendment (SFR3ER4-2, and SFR3-2) which
have N-fixing activity as 527.44 290.37 and 162.80 nmol GH, h'tube?,
respectively) could not be detected by unculturadpgroach. Despite the high

sensitivity of this method, some distinct specié®veed similar band migration
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position, as previously reported in other PCR-DG&Hdies (Salles et al., 2002)
Indeed, DGGE has a theoretical resolution of 1 ifferénce between two amplicons
(Muyzer et al., 1993; Muyzer, 1999), but this satian power will largely depend on
the length and sequence of the products. In fadias been shown that multiple
nucleotide differences do not always produce dffiees in electrophoretic mobility
(Hayes et al., 1999). Moreover, amplicons obtaifrech two different species can
migrate at a similar position even if their sequenare largely dissimilar (Muyzer,
1999; Sekiguchi et al., 2001). To overcome thesdtdtions, band migrating at
positions that are known to be common to more transpecies potentially present in
a sample, should always be excised and sequenoédsdne interested DGGE bands
were selected for further analysis by sequencing, this analysis showed that the
strongest bacterial band. Large numbers of bands e@mmon to all growing stage,
part of rice plant and solil types, but varied itatige band intensity. The diversity of
the endophytic bacterial community was significamilgher in the sandy soil and the
clay, but not in the loamy sand (Javier and KI&0€)6). It seems that the community
structure was significantly affected by soil typ&ant species and part of rice, but not
by nitrogen fertilizer. Since chemical fertilizeadino significant effect on community
structure, no differentiation was made between $asrfpom with or without fertilizer
in which the interaction between parts of rice plgnowing stage would examined in
more detail. The finding that variation in nitrogempply had no significant effect on
the bacterial community composition in rice plargsassomewhat surprising and it is
contrast to the shift in community composition aled by Seghers and colleages
(2004) indicate that the effect of agrochemicalsas limited to the bulk microbial

community but also includes the root endophytic camity.
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Chi et al.,(2005) reported endophytic plant-bacterium assiocids far more
inclusive, invasive, and dynamic including disseation in both below-ground and
above-ground tissues. But similarly, Liljeroth (D99eported an overall increase in
bacterial population densities with nitrogen fezél. Although simple difference is
population densities would not be detected by DG&GHEs unlikely that nitrogen
fertilizer would uniformly influence the growth o$oil bacterial species. The
endophytic community compositions examined in thesent study were also shown
to be affected by soil type, plant location, stajegrowing, and by interactions of
these variables. The relative importance of thieiht variables differed between the
plant parts. The relative importance of soil typemicrobial community structure is
still difficult question, and there are no genemngples that have emerged yet.
Comparisons of the different soils require consilen of many variables including
difference in mineral nutrient, soil texture, pthdaorganic matter, as well as physical
structure and management history (SchmalenbergérTabbe, 2003). All of these
variables may affect the composition of the micablsommunity in plant. However,
examination of this hypothesis will require furttstudy in which single variables are
adjusted in a controlled manner.

When interpreting DGGE patterns a few points sthdaé noted. Part of
the DNA extracted may derive from DNA released frdead cell and therefore the
band pattern does not only reflect the current camty composition. In PCR not all
bacterial species may be amplified as primer sexpgeare based on known sequence
and some not yet identified bacterial species ntatain other sequences. Since the
bands are separated out by their denaturation desistics and GC content, the band

may contain more than one species, thus underdstgnspecies number. On the
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other hand some species contain several copieteofamplified section and can
generate several bands leading to an overestimatitime species numbers. Usually
band intensity difference between species cannatskd as an indicator for species
abundance (Muyzer, 1999). However if the intensifya given band increase or
decrease in different samples this does indicatelaive increase or decrease in
abundance of this species. Despite these point’;[PGGE and nested PCR-DGGE
are a powerful method foe assessing shift in miatalmmunity composition since

the ability to use small amounts of sample allowangination of rice microsite

effects, and it is possible to quickly analyze éargumbers of samples without the
artifacts of culture based techniques. In accoreamth previous research, this study
showed that soil type (Tan et al., 2003) stageroWgg (Feng et al., 2006; Green et
al., 2006; Roesch et al., 2006) and plant parteceff (James et al., 1997) all
contributed to the development of distinct micréltammunities. By comparing

these factors simultaneously, this research fudhervs that there is also a complex
interaction between growing stage of rice, partaad plant and soil types that might
not readily be discerned by studying each of themmmeters as fully independent

variables.

4.6 Detection ohifH gene expression by RT-PCR

The study of endophytic diazotroph bacteria in i&@ampered by the great
diversity of endophyte communities and the diffigubf relating nitrogen-fixation
activities to individual members of the diazotrgpbpulation. Total RNA extraction

was performed with direct extraction (Figure 14).
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Figure 14. Total RNA extraction fronseedling stage of rice, R; root, S; stem, L;
leaf, +; rice inoculated witlAzotobacter sp. as positive control, M; 1 kb

ladder.

The RNA extracts were of high purity, free of DNAntamination and
allowed highly sensitive and specific detectionndH gene by use of RT-PCR. It
must be noted here that the existenceiftd genes does not always mean the activity
of nitrogenase, since this enzyme is regulatedtt pre- and posttranslational levels
(Dean and Jacobson, 1992). It must also be notmdtitle distribution of clones in
final PCR products may not match the distributidralb nifH genes in the original
rice DNA because of differences in amplificatioricéncy. The nitrogen fixation
activity of endophytic diazotroph bacteria coulddetected with the primers specific
for nifH gene using RT-PCR procedure (Figure 15). In thigdyst reverse
transcription (RT) and amplification @ifH cDNA by PCR from total RNA extracts
of rice allowed an assessment as to whether nitesge genes were expressed at

detectable levels in and on rice plant.
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Figure 15. Gel electrophoresis analysis of RT-PCR fofH gene expression.
Reverse transcription and nested PCR amplificati@s performed
usingnifH primers (A). The 16S rRNA gene was used as a atdro
calibrate the amount of RNA (B). R, root; S, stely;leaf; Azt.,
Azotobacter sp.; +1, rice inoculated witAzotobacter sp. as positive

control; +2, Positive Control; -, negative contfob-template).

The expression of this gene could be detected lateréen the different part
and growing stage of rice plant. In root of fer@ir amenmented soil of all stages of
growing were found no expression mfH gene while leaf of all stages of growing
even with or without fertilizer have an expresswdrthese gene. Furthermore, stem of
all stage of growing except without fertilizer ardement in reproductive stage was
expressed afifH gene. Nitrogen-fixing endophytes in rice were régabto be higher
in stems than in roots, indicating that rice st@mubably provide a suitable niche.

These results were related tofH DGGE fingerprinting and culturable
approach. Interestingly, ARA-positive isolates wamet corresponding taifH
community DGGE profiles. For exampleifH gene expression in the root of rice in

seedling stage which treated with chemical fedilizould not be detected by
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unculturable approach while diazotroph strainslER%1, SFR4-2, and SFR3-2 were

detected using culturable approach.

4.7 Effect of chemical-fertilization, growing stag and part of rice

plant on endophytic diazotroph bacteria community

The results of community structure of endophytiazdiroph bacteria within
each part, growing stages of rice and soil condlitising culturable and unculturable
approach were summarized in Table 9. In three @xget soils, the diazotrophic
bacterial population was detected in the stem aafldf rice plants during all stage of
growth even chemical fertilizer was added whiletraiofertilizer amendment was not
detected. Differ from report of Muthukumarasamtyal (2006) that the negative
correlation between mineral nitrogen and the abtifiging nitrogen of endophytic
diazotroph bacteria showed that during the firsigstof growth, the diazotrophic
bacterial population was decreased by increasimggan fertilization. However, after
the reproductive stage, there was a non-significeagative correlation detected
between N-fertilization and the diazotrophic popiola Also, there was an increase
in the diazotrophic bacterial population in roots all treatments, even when the
amount of mineral nitrogen in the soil was highe3é results demonstrated that the
colonization of rice plants by diazotrophic badefvas inhibited by high N-
fertilization during the first stages of growth bubt during the subsequent stages.
Since the N-fertilization did not affect the diazghic bacterial population in all
stages of growth, the observed effect does not d4edme a direct negative effect of

the fertilizer on the bacteria.



Table 9. Summary results of culturable and non-culturahleysof rice endophytic diazotroph bacteria.

Seedling stage

Vegetative stage

Reproductive stage

Root Stem Leaf Root Stem Leaf Root Stem Leaf
1. Culturable +++ ++ - +++ ++ + ++ + +
N,- fixating
2. Non- F NF U F NF U F NF U F NF U F NF U F NF U F NF U F NF U F NF U
Culturable
e 16STRNA  ++ ++ ++ ++ ++ ++ ++  ++  ++ + T = T = T S S s s s = 4+
e N, - fixing T T S =+ - T = - = + + + + VA i
e nifH gene
T T = T = T = R S S S S S +H+ o+ o+ + + A At et s R = = s
expression

Abbreviations, F; fertilizer amendment, NF; no-fertilizer expaent, U; undisturbed experiment;

+++, good growth; ++, m&al growth; +, slight growth; -, no growth

16S rRNAis include positive ARA data and non-diazotropbtbea data

N.-fixing is include population of endophytic bacteria aifth gene expression in each part of rice plant



The nitrogen alters the physiological state of phant, and this subsequently
affects its association with the diazotrophic baatepopulation (Muthukumarasamy
et al., 1999; Reis et al., 200Berbaspirillum spp. was found to occur both in N
fertilised and unfertilized samples. The fact ti\atis not the limiting factor for
Herbaspirillum spp. was evidenced in a similar study of its gropdktern in different
N sources (Muthukumarasamy et al., 1999).

A poor relationship betweemifH community structure and nitrogenase
activity at this site, factors that control the tdisution of genotypes may not be
directly related to the expression mwfH genes. Similarly, in &partina saltmarsh,
acetylene reduction rates increased in N and N &nfended plots 2 weeks post
fertilization although no corresponding changenifH community DGGE profiles
were observed (Piceno and Lovell, 2000).

Each of the soils varied with respect to soil textypH, nutrient and organic
matter concentration (Table 2), all of which may as potential selection factors
affecting rhizo-deposition, plant growth, and rlepbere communities. Additionally,
the physical structure of the soils varied, witle ttlay soil having a higher bulk
density and poorer aeration. Even low concentratioh combined nitrogen as
ammonium or nitrate lead to repression of nitrogengenes (Egener et al., 1999) and
to an inactivation of nitrogenase activity (Marind Reinhold-Hurek, 2002) in most
bacteria. Consequently, nitrogen fixation in saifgl agricultural systems, especially
in N2 - fixing symbioses with legumes, often decreasegesponse to nitrogen
fertilizer (Peoples et al.,, 1995; Limmer and Drak®97). In contrast, in aifH
DGGE-based study onn situ grown Spartina alterniflora, the population of

diazotrophs in the rhizosphere soil appeared tofdidy stable after short-term
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addition of combined N and P while long-term féztitions treatment applied every 2
weeks for 8 weeks did elicit community change. Toatrasting results might be
explained by the application of less of nitrogertha case ofpartina, which did not
lead to inhibition of nitrogen fixation but even &m increase (Piceno and Lovell,
2000). In a 16S rRNA-based study of soil bactecammunities in response to
grassland successions, the population was remarkstalble in fertilized and
unfertilized plots (Felske et al., 2000). Howewdgifa on root-associated diazotrophs
are consistent with results on the endophytic drapb G. diazotrophicus, which
showed a severe decrease in numbers of culturabteicside sugar cane fertilized
with high levels of nitrogen (Fuentes-Ramirez et B999). The diazotrophs abundant
in rice plants may have been either rapidly deaayin overgrown by others after
fertilizer application. This suggests that the wmrdd) diazotrophic community
consisted mainly of autochtonic bacteria for whiktdepletion conferred a selective
advantage. These results also demonstrate thatremesent a highly dynamic
microenvironment for bacteria. In addition to feztition with combined nitrogen,
variation of the growing stage and part of ricenpland the environmental conditions
caused large differences of the population strectufr endophytic diazotrophs, as
demonstrated in a culturable approach. Under cledra@onditions in undisturbed
soil, the DGGE patterns of prevalemfH genes were dependent on the plant parts
(root, stem and leave). An impact of the rice ggpeton microbial diversity has also
been demonstrated for root-associated communitiesitofyers at theO. sativa
cultivar level (Briones et al., 2002). Species- andironmentally-dependent shifts of
nifH pools were also corroborated by the analysis &f semmples taken in Nepal and

Philippines, the influence of environmental factars the population structure of
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diazotrophs appeared to be greater than the irdaiehthe plant species (Tan et al.,
2003). The observation that the biodiversity ofzdtaophs may be higher in modern
rice cultivars than in wild rice (Engelhard et &000). In 16S rRNA-based studies on
the microbial community of rhye, clover, bean affdla roots, significant variations
were found, however, the plant type had a strongi#uence than the soil type
(Miethling, 2000; Wieland et al., 2001). These casting results might be due to
plant specie specific effects or to the experimesgtup, as different plant genera and
not species were compared, and similar soils flioenseame regions were used under
otherwise identical environmental conditions.

Interestingly, Azospirillum sp. which had been isolated from rice roots
(Engelhardet al., 2000) and can often be cultured from rice (Sfo# et al., 1997,
Tran Van et al., 1997) could not be detected in @y root sample by this study.
This might indicate thatAzospirillum is not among the prevalent diazotrophs
associated with rice roots when unculturable s¢rare also taken into account; it
underlines that some diazotrophs, although abtgdw rapidly on laboratory culture
media, may not play an important role in the ndteraironment. We were unable to
detect changes in diazotroph communities from ligation treatments. Higher
photosynthetic rates in plants from plots may disad to allocation of excess
carbohydrate to roots and rhizosphere organismgsedised exudation of labile carbon
compounds by plant roots may select for certéid genotypes, and this mechanism

may have been important in causing structuralsimfthe diazotroph community.
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CHAPTER V

CONCLUSION

The culturable endoophytic diazotrophic bacterial@¢de isolated from rice
and significantly demonstrated »ixing activity. Fingerprinting of endophytic
bacterial communities by separation of amplifiedS16RNA and nifH genes
fragments by DGGE able to compare the community rgnthe rice plants
investigated differ present in the different pamtdagrowing stage of rice. With the
16S rRNA primer and PCR-DGGE analysis could be usedbserve both of
diazotroph and nondiazotroph endophytic bacteoaimmunities.

Nested PCR-DGGE usingfH genes as primer could be explored to compare
the community among the rice plants. The activetyn§ nitrogen of endophytic
bacteria was no relations to growing stages, darnte plant and soil types. While it
seems fertilizer has effected tofH gene expression in root of rice. The results
presented in this study have shown that monitooingfH mRNA in rice is a suitable
and promising approach to link population structuesd activities of diazotroph
communities. This approach could be used to stimy dynamics of microbial
communities. Therefore, the combination dataitifl gene expression is fundamental
to understanding how and when endophytic communéssociate in rice plant. The
knowledge of this interaction is an essential toestigate ability of endophytic

diazotroph bacteria especially culturable strainctmmpete with other endophyte
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strains and contribute nitrogen to host plant ptmrapply as rice biofertilizem

Thailand
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Table 10 Growth pattern in RMR semi-solid medium of endaphybacteria

consortium and colony morphology

Growth on RMR semi-solid medium No. of Colony morphology
Sample
Surface Sub-surface  Growth Colony Form Elevation Margin Color
SNR5-2 - turbid/clear + 3 circular convex entire white
irregular convex lobate clear
irregular convex undulate light blue
SNR5-3 - turbid/clear + 1 circular convex entire white
SNS2-3 - turbid +++ 2 circular convex entire white
circular convex entire beige
SNS3-1 pellicle 1 cm turbid +++ 2 circular convex entire hite
irregular convex lobate clear
SUR2-1 - turbid +++ 2 irregular convex lobate clear
punotiform convex entire orange
SUR2-3 - turbid +++ 2 circular convex entire beige
punotiform convex entire orange
SUR3-2  subpellicle turbid +++ 2 circular convex entire vehi
irregular convex lobate clear
SUR5-1  subpellicle - + 2 circular convex entire White
circular convex  undulate pink
SUR5-3  subpellicle slime ++ 1 circular convex entire white
SURG6-2 pellicle/foam turbid + 1 circular convex entire wehi
SUS2-1 foam slime, green +++ 1 circular convex entire whit
SUS2-2 foam slime, green +++ 2 circular convex entire whit
irregular convex lobate clear
VFL2-1 foam (small) slime ++ 1 irregular convex lobate atle

Abbreviations, First letter is growing stage of rice (S; seegllistage, V; vegetative stage, R;
reproductive stage), second letter is soil typeféRijlizer amendment, N; no-fertilizer experimeb,
undisturbed experiment), and third letter is rieet §R; root, S; stem, L; leaf)

+, little growth; ++, normal growth; +++, Very goapgowth
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Table 10 Growth pattern in RMR semi-solid medium of endaphybacteria

consortium and colony morphology (Continued)

Growth on RMR semi-solid medium No. of Colony morphology
Sample
Surface Sub-surface  Growth Colony Form Elevation Margin Color
VFR2-2 - turbid +++ 1 circular convex entire beige
VFR3-1 foam (big) turbid +++ 2 circular convex entire whit
irregular convex lobate clear
VFR3-3 - turbid +++ 1 circular convex entire white
VFR4-2 pellicle/foam turbid + 1 circular convex entire Wehi
VFR5-3 pellicle turbid ++ 2 circular convex entire white
irregular umbonate undulate  yellow
VFR6-3 pellicle turbid ++ 1 circular convex entire white
VFS2-1 - slime, green +++ 2 circular convex entire white
irregular raised lobate yellow
VFS2-3 - slime, green +++ 1 circular convex entire white
VFS4-1 pellicle turbid + 1 irregular convex lobate clear
VNR3-2 - turbid +++ 2 circular convex entire white
irregular umbonate undulate  yellow
VNR3-3 foam turbid +++ 1 circular convex entire white
VNR4-1 foam turbid ++ 1 circular convex entire white
VNR5-1 - slime/clear + 2 circular convex entire white
irregular convex lobate clear
VNR6-1 - slime/clear + 2 circular convex entire beige
irregular convex lobate clear
VNS3-2 pellicle clear +++ 2 irregular convex lobate clear
circular raised entire white

Abbreviations, First letter is growing stage of rice (S; seegllistage, V; vegetative stage, R;
reproductive stage), second letter is soil typeféRjlizer amendment, N; no-fertilizer experimeb,
undisturbed experiment), and third letter is riegt §R; root, S; stem, L; leaf)

+, little growth; ++, normal growth; +++, Very goagpowth
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Table 10 Growth pattern in RMR semi-solid medium of endaphybacteria

consortium and colony morphology (Continued)

Growth on RMR semi-solid medium No. of Colony morphology
Sample
Surface Sub-surface  Growth Colony Form Elevation Margin Color
VNS3-3 foam turbid +++ 2 circular convex entire white
irregular convex lobate clear
VUL3-1 pellicle turbid +++ 1 circular convex entire white
VUR3-1 - turbid +++ 2 circular convex entire white
irregular convex lobate clear
VUR3-3  subpellicle turbid +++ 2 circular convex entire vehi
irregular convex lobate clear
VUR4-1 pellicle turbid ++ 1 circular convex entire white
VUR4-3 pellicle turbid ++ 2 circular convex entire white
punotiform convex entire orange
VURG6-3  pellicle/foam turbid + 1 circular convex undulate inlp
RFR5-2 pellicle turbid ++ 1 circular convex entire white
RFS3-3  subpellicle turbid + 2 circular convex entire white
circular convex entire beige
RNR2-3 foam turbid +++ 2 circular convex entire white
irregular convex lobate clear
RNR3-1 - turbid +++ 2 circular convex entire white
circular convex entire beige
RNR4-2 foam turbid ++ 2 circular convex entire white
irregular convex lobate clear

Abbreviations, First letter is growing stage of rice (S; seegllistage, V; vegetative stage, R;
reproductive stage), second letter is soil typeféRjlizer amendment, N; no-fertilizer experimebt,
undisturbed experiment), and third letter is riegt §R; root, S; stem, L; leaf)

+, little growth; ++, normal growth; +++, Very goagpowth



124

Table 10 Growth pattern in RMR semi-solid medium of endaphybacteria

consortium and colony morphology (Continued)

Growth on RMR semi-solid medium No. of Colony morphology
Sample
Surface Sub-surface  Growth Colony Form Elevation Margin color
SFR2-3 - turbid +++ 1 circular convex entire white
SFR3-2 foam turbid +++ 1 circular convex entire white
SFR5-1 - turbid ++ 1 circular convex entire white
SFS2-2 - turbid, green +++ 2 circular convex entire white
circular convex entire beige
SFS3-2  subpellicle turbid + 1 circular convex entire white
SNR2-1 foam turbid +++ 2 circular convex entire white
irregular convex lobate clear
SNR2-2 foam turbid +++ 2 circular convex entire white
irregular convex lobate clear
SNR4-3 - turbid +++ 1 circular convex entire white
RUL2-2 foam slime, green +++ 2 circular convex entire whit
irregular convex lobate clear
RUR2-2 - turbid +++ 2 circular convex entire beige
irregular convex lobate clear
RUR4-2  subpellicle turbid ++ 2 circular convex entire keig
punotiform convex entire orange

Abbreviations, First letter is growing stage of rice (S; seegllistage, V; vegetative stage, R;

reproductive stage), second letter is soil typeféRjlizer amendment, N; no-fertilizer experimebt,

undisturbed experiment), and third letter is rieet §R; root, S; stem, L; leaf)

+, little growth; ++, normal growth; +++, Very goapglowth
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SNR2-1 SNR2-1 (2) SNR2-2
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SNS2-3 SNS2-3 (2) SNS3-1

Figure 16 Endophytic diazotroph bacteria cell morphology
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Figure 16 Endophytic diazotroph bacteria cell morphology
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Figure 16 Endophytic diazotroph bacteria cell morphology
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Figure 16 Endophytic diazotroph bacteria cell morphology



129

RNR2-3 (2) RNR3-1 RNR3-1(2)
RNR4-2 RNR4-2 (2) RUL2-2
RUL2-2 (2) RUR2-2 RUR2-2 (2)

RUR4-2 RUR4-2 (2)

Figure 16 Endophytic diazotroph bacteria cell morphology
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Table 11 Ny-fixing activities and biochemical characteristicd endophytic

diazotroph bacteria isolates from rice

SFR2-3 SFR3-2 SFR4-2 SFR5-1 SFS2-2 SFS3-2 SNR2-1SNR2-2

No-fixing activity 254.78 162.8 290.37 527.44 2,201.67 3,817.33 936.84585.34
Carbon source

Xylose ++ ++ +++ + 4+ + ++ T+
Lactose + + + ++ ++++ + + +
Glycerol ++ ++ +++ + + + ++ T+
Fructose +++ ++++ +++ ++ +H++ ++ + ++
Arabinose ++ + +++ ++++ + + + +
Rhamnose + +++ - + ++ + + +
Glucose +++ +++ +++ +++ ++ ++ + +
Manitol ++ +++ ++++ +++ ++ + + +
Sorbitol ++ +++ - - ++ + + ++
Sucrose - ++++ ++++ + +++ ++ + ++
Myo-Inositol ++++ + ++ +4+++ + ++ + +4++
Mannose - ++ ++ - +++ ++ + +
Tartaric acid - + + - + ++ + +
Fumaric acid - ++ + - ++ ++ + ++
Cellulase - - + ++ + ++ +4+++ ++
Pectinase + - +++ ++ +++ + + +
IAA - + - +++ ++++ - ++++ ++

Antibiotic resistant

Kanamycin S R S S S R S R
Tetracyclin S S S S S S S S
Chloramphenicol S S S S S S S R
Streptomycin S R S S R S S S
Ampicillin R R R R R R R S
Erythromycin S S S S R R S S
Spectinomycin S R S S S R S S

Abbreviations, First letter is growing stage of rice (S; seegllistage, V; vegetative stage, R;
reproductive stage), second letter is soil typeféRjlizer amendment, N; no-fertilizer experimeb,
undisturbed experiment), and third letter is rieet §R; root, S; stem, L; leaf)

N,-fixing activity = Ethylene concentration (nmobl€, h''tube?)

Duplicate plates were used for each test isolate

+, little growth; ++, normal growth; +++, Very goagulowth; -, No growth

R, resistant; S, sensitive



131

Table 11 Ny-fixing activities and biochemical characteristicd endophytic

diazotroph bacteria isolates from rice (Continued)

SNR4-3 SNR5-2 SNR5-3 SNS2-3 SNS3-1 SUR2-1 SUR2-3SUR3-2

No-fixing activity 287.9 245.16 142.85 3,735.68 5,840.07 481.58 644.32487.24
Carbon source

Xylose - - +++ + + + - -
Lactose + - ++++ +++ ++ + - ++
Glycerol +++ - ++ ++ ++ ++ - +
Fructose +++ - +++ + + +++ + +++
Arabinose ++ + +++ + + ++ + ++++
Rhamnose - ++ - + + + + .
Glucose +++ + +++ ++ + ++4+ ++ 4+
Manitol +++ + ++++ ++ + +++ ++ ++
Sorbitol ++ ++ +++ + + +++ ++ ++
Sucrose - +++ ++++ + ++ +H++ ++++ -
Myo-Inositol +++ + - + + . ++ Tt
Mannose ++ + ++ + + - + ++
Tartaric acid - + + + + - + -
Fumaric acid + + + ++ ++ - ++ +
Cellulase +++ ++ + ++ ++ + ++ e+
Pectinase - + +++ +++ - ++ - -
IAA ++ - - ++ - ++ +++ ++

Antibiotic resistant

Kanamycin S S S R S S S S
Tetracyclin S S S S S S S S
Chloramphenicol S S S S S S S S
Streptomycin S S S R S S R S
Ampicillin R R R R S R R R
Erythromycin S R S S S S S S
Spectinomycin S S S S S S S S

Abbreviations, First letter is growing stage of rice (S; seegllistage, V; vegetative stage, R;
reproductive stage), second letter is soil typeféRjlizer amendment, N; no-fertilizer experimeb,
undisturbed experiment), and third letter is rieet §R; root, S; stem, L; leaf)

N,-fixing activity = Ethylene concentration (nmobl€, h''tube?)

Duplicate plates were used for each test isolate

+, little growth; ++, normal growth; +++, Very goagulowth; -, No growth

R, resistant; S, sensitive
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Table 11 Ny-fixing activities and biochemical characteristicd endophytic

diazotroph bacteria isolates from rice (Continued)

SUR5-1  SURS5-3 SURG-2 SUS2-1 SUS2-2  VFL2-1 VFR2-2 VFR3-1
No-fixing activity 149.2 2,136.40 1,662.14 2,905.17 217.32 315.12 72385 565.7
Carbon source

Xylose - - - o+ 4+ - ++ e+
Lactose ++++ +4++ ++ ++ + ++ ++ ++
Glycerol ++ - ++ ++ ++ +++ +++ ++++
Fructose +++ ++ + ++ +++ +++ +++ ++
Arabinose ++ + + + ++++ ++ + +
Rhamnose + + + +++ - + o+ +
Glucose +++ + +++ ++ ++ +++ ++ +++
Manitol ++++ + +++ ++ +++ ++ ++++ ++
Sorbitol - - ++ ++ +++ - +++ ++
Sucrose + + ++++ ++++ - - ++++ ++
Myo-Inositol + + ++ ++ ++++ +++ + ++
Mannose - ++ +++ +++ ++ ++ +++ ++
Tartaric acid + + + + - + ++ +
Fumaric acid + ++ ++ ++ - + ++ ++
Cellulase ++++ + + 4+ + ++ ++ bt
Pectinase + + +++ - +++ ++ + 44
1AA +++ ++++ +++ + - ++ + +

Antibiotic resistant

Kanamycin S S R R S S R R
Tetracyclin S S S S S S S S
Chloramphenicol S S R R S S R S
Streptomycin S S S S S S R S
Ampicillin R R S S R R R R

Erythromycin S S R S S S R S
Spectinomycin S S S R S S R S

Abbreviations, First letter is growing stage of rice (S; seegllistage, V; vegetative stage, R;
reproductive stage), second letter is soil typeféRjlizer amendment, N; no-fertilizer experimeb,
undisturbed experiment), and third letter is rieet §R; root, S; stem, L; leaf)

N,-fixing activity = Ethylene concentration (nmobl€, h''tube?)

Duplicate plates were used for each test isolate

+, little growth; ++, normal growth; +++, Very goagulowth; -, No growth

R, resistant; S, sensitive
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Table 11 Ny-fixing activities and biochemical characteristicd endophytic

diazotroph bacteria isolates from rice (Continued)

VFR3-3 VFR5-3 VFR6-3  VFS2-1 VFS2-3 VFS4-1 VNR3-2 VNR3-3

No-fixing activity 1,842.81 3,859.50 4,270.64 181.24 3,583.45 295.24 16.52 355.84
Carbon source

Xylose ++ ++++ ++ +++ - ++++ ++ +
Lactose +H++ + ++++ + ++++ ++ + +
Glycerol + ++ + +++ ++ ++++ ++ ++
Fructose +++ ++ ++ ++++ +++ ++++ ++++ +
Arabinose + + + ++ + + + +
Rhamnose ++++ + ++ + +++ + + +
Glucose + + +4+++ ++++ ++ +++ +4+++ +
Manitol + ++++ + ++++ ++ +++ ++4+ +
Sorbitol + + + +++ ++ ++ ++ +
Sucrose ++++ +++ ++++ ++ ++++ ++++ ++ +
Myo-Inositol +++ + + +++ ++++ +++ +++ +
Mannose +++ ++ ++ + 4+ +++ + +
Tartaric acid + ++++ + + + + + +
Fumaric acid ++ ++ ++ ++ ++ ++ ++ +
Cellulase + ++++ ++ ++ +++ ++ ++ ++
Pectinase - + - - - + +++ -
IAA +++ +++ - - - ++++ - ++

Antibiotic resistant

Kanamycin S S S S S S S R
Tetracyclin S S S S S S S S
Chloramphenicol S S S S S S S S
Streptomycin S S S R R S R R
Ampicillin R R R R R S R R
Erythromycin R S S R R R R
Spectinomycin R S S S R R R S

Abbreviations, First letter is growing stage of rice (S; seegllistage, V; vegetative stage, R;
reproductive stage), second letter is soil typeféRjlizer amendment, N; no-fertilizer experimeb,
undisturbed experiment), and third letter is rieet §R; root, S; stem, L; leaf)

N,-fixing activity = Ethylene concentration (nmobl€, h''tube?)

Duplicate plates were used for each test isolate

+, little growth; ++, normal growth; +++, Very goagulowth; -, No growth

R, resistant; S, sensitive



Table 11 N-fixing activities and biochemical

diazotroph bacteria isolates from rice (Continued)

134

characteristicd endophytic

VNR4-1  VNR5-1 VNR6-1  VNS3-2  VNS3-3 VUL3-1 VUR3-1 VUR3-3
N-fixing activity 53.45 56.89 132.13 759.22 926.84 817.25 458.86 0835.
Carbon source
Xylose - - - + - +++ - +++
Lactose ++ +H++ + ++ ++ ++ + +++
Glycerol + + + + + ++ + +++
Fructose + +++ +++ ++ + +++ +++ +H++
Arabinose + ++ +++ + + ++++ +++ +
Rhamnose + - + +++ + + - +++
Glucose + +++ +++ +++ + +++ +++ +++
Manitol + ++ ++++ +++ + ++ ++++ +++
Sorbitol - ++ - +++ - +++ ++ +++
Sucrose + ++ +H++ +H++ + ++ +++ +++
Myo-Inositol + ++ ++++ ++ + + +++ +
Mannose + - - +++ + ++ - ++++
Tartaric acid + - - ++ + + - +
Fumaric acid ++ - + +++ ++ - + ++
Cellulase + +++ +++ ++ + + +++ +++
Pectinase + - + - + +++ - +++
IAA ++ - +++ +++ +H++ - ++ -
Antibiotic resistant
Kanamycin S S S R S S S S
Tetracyclin S S S S S S S S
Chloramphenicol S S S S S S S S
Streptomycin S S S R S S S S
Ampicillin R R R R S R R R
Erythromycin S S S S R S S S
Spectinomycin S S S S S S S

Abbreviations, First letter is growing stage of rice (S; seegllistage, V; vegetative stage, R;
reproductive stage), second letter is soil typeféRjlizer amendment, N; no-fertilizer experimeb,
undisturbed experiment), and third letter is rieet §R; root, S; stem, L; leaf)

N,-fixing activity = Ethylene concentration (nmobl€, h''tube?)

Duplicate plates were used for each test isolate

+, little growth; ++, normal growth; +++, Very goagulowth; -, No growth

R, resistant; S, sensitive



Table 11 N-fixing activities and biochemical

diazotroph bacteria isolates from rice (Continued)

135

characteristicd endophytic

VURA4-1 VUR4-3 VURG6-3 RFR5-2 RFS3-3 RNR3-1 RNR4-2 RNS2-3
N-fixing activity 1,069.52 937.09 1,436.29 1,276.70 991.75 529.31 4 43. 09113
Carbon source
Xylose ++ ++ +++ ++ ++ - ++ +
Lactose +++ ++ +++ ++++ ++++ + +++ ++
Glycerol + +++ ++ + ++ +4++ + +
Fructose +++ + +++ +++ ++ +++ +++ +
Arabinose + + ++ ++++ + +++ ++ +
Rhamnose + ++ - + + - + +
Glucose ++++ ++ +++ +++ + +4++ +4++ +
Manitol +++ ++ ++ ++ + ++ ++ +
Sorbitol ++ ++ - - + - R +
Sucrose ++++ ++ +++ - ++++ + o+ et
Myo-Inositol ++ + ++ ++++ + ++ + +
Mannose +++ +++ +++ - ++ +++ o+ +
Tartaric acid + + + - + + _ +
Fumaric acid ++ ++ + + ++ - + ++
Cellulase +++ ++ +++ ++ ++ +++ + +
Pectinase - +++ + - - - + o+
IAA - +H++ +++ - - ++ - ++
Antibiotic resistant
Kanamycin S R S S S S S R
Tetracyclin S S S S S S S S
Chloramphenicol S R S S S S S R
Streptomycin R S S S R S S S
Ampicillin R R R R R R R R
Erythromycin S S S S S S S S
Spectinomycin S R S S

Abbreviations, First letter is growing stage of rice (S; seegllistage, V; vegetative stage, R;

reproductive stage), second letter is soil typeféRjlizer amendment, N; no-fertilizer experimeb,

undisturbed experiment), and third letter is rieet §R; root, S; stem, L; leaf)

N,-fixing activity = Ethylene concentration (nmobl€, h''tube?)

Duplicate plates were used for each test isolate

+, little growth; ++, normal growth; +++, Very goaulowth; -, No growth

R, resistant; S, sensitive



Table 11 Ny-fixing activities and biochemical characteristicd endophytic

diazotroph bacteria isolates from rice (Continued)

RUL2-2 RUR2-2 RUR4-2
N-fixing activity 949.24 328.93 557.97
Carbon source
Xylose + - -
Lactose ++++ - +
Glycerol + - ++
Fructose ++ - +++
Arabinose + + ++++
Rhamnose + - +
Glucose ++ + +++
Manitol ++ - +++
Sorbitol + - ++
Sucrose +++ + +
Myo-Inositol - - ++++
Mannose ++
Tartaric acid + ++
Fumaric acid ++ ++ +
Cellulase ++ ++ +++
Pectinase - ++
IAA ++++ - ++
Antibiotic resistant
Kanamycin R S S
Tetracyclin R S S
Chloramphenicol R S S
Streptomycin R S S
Ampicillin R R R
Erythromycin S S S
Spectinomycin S S S

Abbreviations, First letter is growing stage of rice (S; seegllistage, V; vegetative stage, R;
reproductive stage), second letter is soil typeféRjlizer amendment, N; no-fertilizer experimeb,
undisturbed experiment), and third letter is rieet §R; root, S; stem, L; leaf)

N,-fixing activity = Ethylene concentration (nmobl€, h''tube?)

Duplicate plates were used for each test isolate

+, little growth; ++, normal growth; +++, Very goagulowth; -, No growth

R, resistant; S, sensitive
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