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To investigate the genetic diversity of rhizobia isolated from various ecosystems in
Thailand, soil samples were taken from Central, North and North Eastern part of Thailand. The
soil samples in each part were collected from 11 different type of ecosystems to investigate the
native population of rhizobia. Enumeration of rhizobial population was conducted by MPN plant
infection method using host index plant (siratro). Only 4 isolates from each type of ecosystem
were randomly selected for studying as follow, 1) population number of rhizobia 2) morphological
and physiological aspects 3) nodule formation and N,-fixing ability with host index plant (siratro)
4) antibiotic resistant profiles 5) host-dependent cross-inoculation group and 6) DNA
amplification by using primer such as RAPD. The results obtained from this study indicated that
a high level of rhizobial population was found in rainy season especially at the foot hill of
mountain and rice in rotation with other crops areas. However, found that most of rhizobia in
Thailand were belonged to slow-grower group and 37% of total isolates were able to produce
indole acetic acid (IAA). Most of rhizobial isolates could nodulate plant index and performed
broad range of N -fixing efficiency. The antibiotic resistant profies using 8 kinds of antibiotic
could differentiate them into 123 groups. By using host dependent cross-inoculation group with 3
plants found that rhizobial isolates could nodulate with cowpea more than other plants. DNA
characterization using PCR-RAPD products showed that there were closely related among
rhizobial isolates. The results indicated that major rhizobial population in Thai soil was most

likely belonged to genus BradyrhiZObium rather than other genera in Family Rhizobiaceae.
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1. INTRODUCTION

1.1 Biological Nitrogen Fixation (BNF)

The complex biochemical reactions whereby the inert atmospheric nitrogen is
enzymatically reduced into a utilizable form for the plant by the nitrogenase enzyme complex of
the bacteroids is called biological nitrogen fixation (BNF). BNF on the other hand, play an
importance role by maintain the life because it involves the enzymatic reduction of N, to
ammonia. The ammonia produced then can be incorporated by enzymatic means for the growth
and maintenance of the cell. N, fixing is unique to bacteria; animals and plants that fix must do so
in association with bacteria. An understanding of biological N, is essential to elucidate the
dynamics of the global nitrogen cycle. With the exception of water, nitrogen is generally
considered the most limiting nutrient for growth of plants in their natural environment; therefore,
input of nitrogen via biological N, fixation often has profound ecological effects. Capability of
fixing N, is recognized as a process of great agronomic importance, and a variety of leguminous
plants and some nonleguminous plants can obtain their nitrogen from the air by symbiotic
association with microorganisms. In addition to these rather practical applications of research on
biological N, fixation, there has been a considerable development of new technology and
information from research on N, fixation that is benefiting other areas of hiological research. The
main compartments were the atmosphere, the soil, the aquatic environment and the biomass,
prokaryotes, plants and animals. The microorganisms that could fix nitrogen from atmosphere as
summarized in Table 1. However, in this thesis a nitrogen fixing hacteria, rhizobia were selected
for study their genetic diversity under different ecosystems.

The process of BNF by rhizobia consist of the infection, the nodule formation, the N,
fixation (Nitrogenase gene and leghemoglobin), the N, assimilation and the translocation were
explained in the next title.
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Table 1. Genera of nitrogen-fixing bacteria (Spent, J.I. and Spent, P. 1990)

Fam Gy
enus | General comments
Species
Acetobacteriaceae
Acetobacter Isolated from sugar cane: %rows at low pH and on high
diazotrophicus concentrations of sucrose: Can form acetate from ethanol
(Gillis et al, 1989
Azotobacteraceae Soil, water, leaf and rogt surfaces; al| species fix N,-
aerobically, but generally more efficiently at low pb
Azotobacter _
bel IJermckn
ocococcum o _
) @g%%%h vinelandii Alkaline soils: generally produce some extracellular slime
Az
|n3|%n|s , macrocytogenes
Azotocqeeus
agilis
Beijerinckia o _ _
derxii, fluminensis, Acid soils: not temperate regions: produce abundant slime
indica, mobilis
Derxia
ummosa |
Xanthobacter May fix N, autotrophically (H,, CO,) and heterotrophically
autotrophicus (sucrose)
flavus
Bacillaceae
Bacillus Widespread: aerobic or facultatively anaerobic
macerans Fixation less common
olymyxa Mast strains fix N, anaerobically
clos r|d|un Soil, fresh and salf water, sediments, intestines, faeces:
12:spp some strains fix N, anaerobically or microaerophilically:;
some reduce Fe
Desulfotomaculum. Intestines, rumens: strict anaerobes; convert SO; t0S;
orientis, ruminis some strains fix N,
Beggiatoaceae Marine and freshwater gliding, filamentous, sulphide
oxidizing bacteria
Begglatoa Fixes micro-aerophilically (Polman and Larkim, 1988)
Thlothrlx Preliminary reports onl
Vitreoscilla ] Y IERBETY
Chlorobiaceae Green sulphur bacteria
Chlorobium .
thiosulfatophilium,
limicola, Moist and muddy soils, salt and freshwater. Strict
phacobacteroides anaerobes: fixation of N, rare
Pelodictyon
|utedlum

Copyright 2000 Suranaree University of Technology



Table 1. (continued)

Famil
G%nus _
Species

General comments

Chloroflexaceae
Chloroflexus
auranticus

Chromatiaceae
Amoghobacter
roseus
Chromatjum
racile, minus,
inutissimunm,
vinosum, violescens,
warmmgu, Weissel
Ectothiorhotlospira
_ shaposhnikovil
Thiocapsa . y
_ pfennigii, roseopercicina
Thiocystis
violacea

Corynebacteriaceae
Arthrobacter
fluorescens

Enterobacteriaceae
Citrobacter
freundii
Enterobacter
aerogenes, agglomerans,
cloacae

Enterobacteriaceae (cont.)
Escherichia .
Intermedia
Klebsiella .
aerogenes, pneumoniae
Erwinia |
herbicola

Methanomonadaceae
Methylobacter
Methylococcus
Methylocystis
Methylonionas
Methylosinus

trichosporum

hacteria

CLATETioLs green glldln%Gallon and Chaplin, 1987)

Can fix N, anaerobically

Purple sulphur bacteria

Habitats as for Chlorobiaceae. Strict anaerobes:
fixation of N, rare

Soils, myd: several strains shown to fix N, autotrophically
H,, CO,), as well as heterotrophically (sucrose) in
résence of O,

Al ongmall isplated from intestinal flora, now reported
from variou$ habitats mcludm? leaf, nodule and bark
surfaces: onlg a few strains acfively fix N,, N|trogienase
synthesis and activity anaerobic ormicro-aerophilic

A soil or plant pathogenic organism

Soil, water: utilize methane: growth and N, fixation
aerobic
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Table 1. (continued)

Famil
G%nus _
Species

General comments

Pseudomaonadaceae
Pseugomonas
diazotrophicus,
pseudoflava, _
saccharophila, stutzeri

Rhizobiaceae
Azorhizobium
Bradyrhizobium
Rhizobium
Mesorhizobium
Sinorhizobium

Rhodospirillaceae.
Rhodomicrobium
vannieliy
Rhodopseudomonas
acidophila, capsulata,
elatinosa, globiformis,
alustris, sphaeroides,
virdps,
Rhodospirillum =~
fulvum, molischianum,
Photometncum, rubrum,
enue

Spirillaceae, .
Aquasgmllum _
fascjculus, perigrenum
Azospirillum _
mazonica, braslense,

halopraeferans, lipoferum

Herbaslomllum
Campylobacter

Streptomycetaceae
Frankia

Thiobacteriaceae

Thiopacillus.
ferro-oxidans

Vibrionaceae
Vibrig ,
diazotrophicus,
natriegens, sp

] See Jenni et al. (1989)

_ Purple non-sulphur bacteria

Predominantly aquatic, facultative anaerobes; generally
mlcrq-aer,o%hlllc Wwhen grown on combined nitrogen.
Require light if grown dnaerobically: under these
conditions some'strains fix N,

Oblilgate aerobe associated with rqts of grasses etc.,
where it may fix N, micro-aerophilically

Some strains may fix N, in association with roots

Acid waters with high iron content. Chemolithatrophic
Oxidizing Fe* and'S compounds: growth aerobic and N,

fixation micro-aerophilic

Marine, proably haloé)hytic: Mmay Use agar as sole
C source (Shieh; Simidu‘and Maruyama, 1987, 1988)
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Table 1. (continued)

Famgy
enus General comments
Species
Uncertain family _ -
AIca|I|%enes Soil, hydrogen-oxidizing
alus, . - .
Desulfoviprio Wet soils, fresh water and salt water with high organic
delsgéfru?cans, gigas, content. Not all strains actively fix N,
vulgari

1.2 Infection and Nodule Formation

Rhizobia are soil bacteria belonging to the alpha subdivision of the Proteobacteria. The
reason for the great interest in this group of bacteria is their capability to form nitrogen-fixing
symbiosis with leguminous plants. Fixation of atmospheric dinitrogen into ammonia takes place in
specific organs, root nodules, or in special cases, between the symbiotic partners (Fisher and long
1992; Spaink 1995; van Rhijn and Vanderleyden 1995; Denarie et al. 1996). The free-living
rhizobia in the soil could infect into roots by 3 ways, hairs, wounds or cracks and between cells of
Intact epicermises.

1.2.1 Hair infection

This occurs in the most widely studied crop plants and has frequently been
reviewed (e.g. Bauer, 1981). Methods are now being developed to study root hairs separately from
their parent roots. These should allow rapid progress to be made in defining those features of
legume hairs which are necessary for infection. It has been shown by Mort and Grover (1987) that
walls of legume hairs may have a higher pectin content than those of other plants studied. In order
to penetrate these walls there is good circumstantial evidence that localized digestion must take
place (Callham and Torrey, 1981). However, in spite of much effort, there is little evidence to
suggest that the cellulases and pectinases familiar in plant pathogenic bacteria have a major role to
play. Indeed, these enzymes applied artificially may destroy specificity (Al-Mallah, Davey and
Cocking, 1987). A much more subtle process is indicated, spatially confined within the curl of a
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root hair and closely associated with hair metabolism as suggested by an enlarged nucleus which
moves near to the point of rhizobial entry and rapid protoplasmic streaming.

Once the hair wall is breached a tubular structure, the infection thread, is formed.
This consists of newly synthesized host cell wall material surrounding the rhizobia which are
themselves embedded in a matrix which may by partly of bacterial origin but which has been
shown by Bradley et al. (1998) also to contain host glycoproteins. The whole structure is
surrounded by a host membrane continuous with the root hair plasma-lemma. In root hairs where
infections have been observed, micrographs indicate that only primary wall layers are present. The
thread wall has often been thought to be of primary structure, but evidence from use of wall
degrading enzymes is accumulating to show this may not be the case (Higashi, Kushiyama and
Abe, 1987). Indeed, if rhizobia produce enzymes which degrade wall components as part of the
entry procedure (Callaham and Torrey, 1981) it may necessary for infection threads to contain
nonprimary elements if their integrity is to be retained (Sprent and Faria, 1988).

1.2.2 Wound (crack) infection

Detailed studies have been made for Arachis and Stylosanthes (Chandler, 1978;
Chandler, Date and Roughley, 1982). In both plants, rhizobia gain entry at the point where lateral
roots emerge. Nodules appear macroscopically to be in the axils of lateral roots, a location
common in most general of the legume tribe Dalbergieae and all those examined from the
Aeschynomeneae (Sprent, Sutherland and Faria, 1989). Since all these nodules share a similar
internal arrangement of cells, notably the absence of uninfected (interstitial) cells in the infected
region, it is reasonable to inter they share a common mode of entry. Collapse of cell walls, as seen
in Stylosanthes, may represent a hypersensitive reaction on the part of the plant, more like
parasitism than symbiosis in the mutualistic sense.

Wound entry may be common in nature especially in some legume tribes. This
alone suggests it is a property principally of the host, a point of view supported by the observation
that the same rhizobial strain nodulates Vigna species via hairs and Arachis via wounds (e.g. Sen
and Weaver, 1984). However, genetically engineered agrobacteria and rhizobia may obtain entry
by wounds and induce fix (non-nitrogen-fixing) nodules, usually lacking intracellular rhizobia, in
plants which normally have a root hair infection. These ohservations underling similarities
between agrobacteria and rhizobia - the former always enter via wounds. However, the tumours
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resulting from these engineered changes do not differentiate into functional nodules, indicating
that some other plant and/or rhizobial limitation has been invoked. Whereas agrobacteria can gain
entry via artificially induced wounds, this has not so far been shown for rhizobia. It is possible that
the natural changes which take place when a lateral root emerges will involve modifications to cell
walls which predispose them to rhizobial attack.

A slightly different type of wound infection is found in the non-legume
Parasponia. Here infection also occurs through a ruptured epidermis, the rupture in this case
results from division of root cortical cells (Bender et al. 1987).

1.2.3 Epidermal infection

There have been sporadic reports of direct infection through undamaged
epidermises of legumes normally infected via hairs (Dart, 1977). Many nodulating legumes,
especially woody species, do not regularly produce hairs, nor do they have nodules associated
with lateral roots (Sprent, Sutherland and Faria,1987; 1989). Since nodules develop on young and
apparently undamaged roots, epidermal infection seem likely and this has been confirmed in
Mimosa scabrella by Faria, Hay and Sprent (1988). Here rhizobia penetrate between epidermal
cells in a manner similar of the non-legume Elaeagnus. The mode of infection is host controlled.
Direct epidermal infection is probably common among legumes which have neither ‘typical’ root
hairs nor wound infections.

After infection process, the nodule formation was occurred. There are at least three ways
in which cells may become infected.

1. Each individual cell in a young nodule becomes infected by a branch of the infection
thread. Some cells (called interstitial cells) remain uninfected. This pattern is seem in nodules of
indeterminate growth such as those of pea (Newcomb, 1981; Fig. 1). The infection process
continues throughout the life of the nodule, in cells newly formed by the nodule meristem.
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Figure 1. A typical sequence of events leading to the formation of an indeterminate nodule as
found Jn legumes such as peas and’ clovers. Not drawn to an exact scale. At the
time of emelrjgence nodules vary (with species) from 1-3 mm in diameter (Sprent, J.|
and Sprent, P- 1990).

2. A limited number of cells may become infected by branches of the infection thread.
These cells and the bacteria contained within them divide and then enlarge, forming a nodule of
limited growth of the soybean/Vigna type (Newcomb, 1981; Sprent and Thomas, 1984). Infected
cells tend to occur in- groups interspersed with interstitial cells (Fig. 2).
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Figure 2. Staﬁes in infection and formation of mtro en fixing cells in a t}/}plcal lequme’ A,
urled root hair with infectjon thread. B ransverse section of ecortex re%non of
a 1oot to show branchm? of infection thread and its association with cell nucler. C.
and D. show release of bacteria from infection thread. The thread matrix may
contain host-generated glycoprotein (Sprent, J.I and Sprent, P. 1990).

3. One or a few cells may be infected by an undefined ‘zoogloea” (not an organized
infection thread). A number of infection attempts may abort (the host cell die) before infection is
achieved. Infected cells divide repeatedly but neither infection threads nor interstitial cell occur.
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The consequent uniformity of infection central tissue is seen typically in nodules of the
aeschynomenoid type described by Sprent and Faria (1998) and found in such genera as Arachis,
Stylosanthes, Aeschynomene and Dalbergia. This implies that infection threads are not an
essential stage in nodule formation.

1.3 Nitrogen Fixation

The components of N,-fixation process were nitrogenase enzyme and leghemoglobin, in
nodules of soybean and pea, nitrogenase synthesis normally follows very shortly after bacteria are
released from infection threads. The enzyme nitrogenase is a complex of two enzymes, an Fe-
containing protein and an Fe-Mo protein (Gallon and Chaplin 1987). It is responsible for the
conversion (reduction) of atmospheric N into NH', and is synthesized in the cytosol of the
bacteroids. The legume utilizes NH,” to convert certain precursor metabolites (e.g.,a-
ketoglutarate, phosphoenpyruvate) into amino acid, which, in turn, are synthesized into proteins
(Haaker and Klugkist 1987). At approximately the same time leghaemoglobin is produced in host
cells giving active nodules adistinct pink colour. Leghaemoglobin acts to maintain a high flux of
0, ata low concentration (Appleby, 1984). The process of nitrogen fixation as below.

3H,+N,+ 8H™+8¢ +16ATP — 2NH,+H,+16ADP+16Pi

1.4 Nitrogen Assimilation

The assimilation of N, fixed in the bacteriods is exported through the inner and outer
membrane of the microsymbiont and through the peribacteroid membrane into the host plant
cytosol. The pathways of ammonium assimilation was occured in the host plant cytoplasm. The
major enzymes involved catalyze the following reactions:
NH, Assimilation
Glutamine synthetase

2NH,+2L-glutamate+2ATP — 2L- glutamine+2ADP+2Pi
Glutamate synthase

2-oxaloglutarate+L-glutamine+NADH+H" — 2L-glutamate+NAD’
Asparate aminotransferase

L-glutamate+oxaloacetate — L-asparate+2-oxoglutarate
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Asparagine synthetase

L-aspatate+L-glutamate-ATP — L-asparagine+L-glutamate+AMP-PPi
Overall reaction

2NH,+3ATP+oxaloacetatetNADH+H" — L-asparagine+AMP+2ADP+2P, +NAD*+PPi

The overall costs for the fixation and assimilation of 1 mol N, is thereby 19 ATP.
Compared to the 3 mol ATP per mol CO, fixed in C3 plant photosynthesis or 5 ATP in C4 plant
photosynthesis, and to assimilation of other inorganic anions, N, fixation is by far the most costly
primary fixation process in terms of energy.

Glutamate synthetase (GS) is an octameric enzyme with a molecular weight of 860,000.
Four different subunits (alpha, beta, gramma, and delta) have been identified in nodules of
Phaseolus vulgaris (Bennett et al 1988). The subunit delta is a plastidic form, the three others
are cytosolic subunits. From these subunits two different nodule GS forms are synthesized,
whereas roots contain only a single GS. Leaves also contain two isoenzymes, the cytosolic GS 1
and the chloroplast-associated form GS2. Reguratory compounds for GS (e.g., GTP and AMP)
affect both enzymes in the same way, whereas glucosamine-6-phosphate only inhibits GS2 (Hirel
et al. 1980 and Lara et al. 1984). Compared to roots, GS activity in nodules is about 15 times
greater and represents more than 2% of the soluble nodule protein (Mcdermott et al. 1976). GS1
was expressed normally in nodules formed by Bradyrhizobium strains defective in nitrogenase
activity, indicating that GS1 induction is not dependent on  nitrogenase. The data on subunits of
GS in soybean nodules are less clear than those for Phaseolus beans.

The next enzyme in the assimilation pathway is glutamine-2-oxoglutarate-amino-
transferase (GOGAT); two NADH-dependent forms have been found in nodules of Phaseolus
vulgaris, whereas in alfalfa nodules only one isozyme was detected (Anderson, M. P., et al. 1965).
In contrast to GS, GOGAT seem to be a monomer with a high molecular mass of about 230 kDa.
The K., values for glutamine, 2-oxogultarate and NADH are 446 uM, 33 pM, and 42 uM,
respectively (Anderson et al. 1989). Expression of the nodule NADH - GOGAT in other plant
organs is very low. Antibodies against the ferredoxin-dependent GOGAT do not cross-react with
the NADH-dependent GOGAT, indicating that these enzymes are distinctly different. Besides the
NADH-dependent GOGAT there is also a soybean nodule ferredoxin-dependent GOGAT that is
readily recognized by antibodies against rice leaf ferredoxin-GOGAT.
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The enzyme for formation of aspartate from glutamate is the aspartate aminotransferase
(AAT). Two immunologically different forms have been detected in nodules of alfalfa (AAT-1
and AAT-2) with molecular masses of 42 and 40 kDa (Farnham et al. 1990). AAT form 2 is a
dominant form in nodules. In roots about 60% of activity is present in AAT-1. Two forms of AAT
have also been found in soybeans (Ryan et al. 1972) and in peas (Appels et al. 1989). AAT-2 is
not a nodulin, but a nodule enhanced protein with about a six-fold increase from root to nodules
on a fresh weight basis (Vance et al. 1990). The nodule-enhanced form of AAT (synonymous with
glutamate oxaloacetate transaminase/GOT) has much higher K., values for glutamate (27 mM),
oxaloacetate (0.14 mM), and aspartate (4.9 mM) as compared with the root form with 7.9 mM,
0.019 mM for the three substrates (Appels et al. 1989).

The central role of asparagine Synthetase in amide-exporting nodules can be easily
demonstrated by determination of amino acid concentrations in the cytosol (Ta et al. 1986). The
concentration of asparagine in the host plant cytosol was 44 mM. Ammonia concentration was 4.3
mM, glutamate concentration, 0.2 mM; and alanine concentration, 2.2 mM. The concentration of
all amino acid was below 1 mM. Asparagine synthetase activity increased 170-fold in nodules of
soybeans compared to cortex tissue (Huber et al. 1984). The apparent K., values for the substrate
aspartate Mg-ATP, and glutamine are 0.24 mM, 0.076 mM, and 0.16 mM, respectively. The K,
for ammopnium ionsasa N donor is 40 times larger than that for glutamine.

In ureide-exporting legumes (e.g., soybeans and Phaseolus beans) glutamine, glycing,
and aspartate are used for purine synthesis in plastids of the infected cells. Puring nucleotide is
transformed to xanthine and uric acid, which is transformed by peroxisomes in neighboring
uninfected cells to allantoin. This is further transformed in the smooth ER of uninfected cells to
allantoic acid (Mellor et al. 1990). The nodulin uricase 1, located in the peroxisomes of the
uninfected cells, is involved in this metabolism (Nguyen et al. 1985). There is a strong correlation
between N,-fixation rates and the total N and ureides in soybeans. It is interesting that allantoin
amino hydrolase responds to inhibition of N,-fixation and urate transport by NH,NO, (Blevins et
al. 1988).

Copyright 2000 Suranaree University of Technology



&
it 13

< i

1.5 Rhizobial Characteristics

Rhizobia or root nodule bacteria are medium-sized, rod shaped cells, gram-negative, 0.5-
0.9 um in width and 1.2-3.0 um in length. They do not from endospore and mobile by single polar
flagellum or two to six peritrichous flagella. Uneven gram is frequently encountered with rhizobia,
depending on the age of the culture. Cells from a young culture and nodule bacteroids usually
show even gram staining while older and longer cells give a banded appearance with unstained
areas. These unstained areas have been identified to be large granules of polymeric beta-
hydroxybutyric acid (PHBA). The PHBA is refractile under phase-contrast microscopy. Rhizobia
are predominantly aerobic chemoorganotrophs and are relatively easy to culture (Allen, 1980).
They grow well in the presence of O, and utilize relatively simple carbohydrates and amino acid
compounds. With the exception of a few strains, they have not been found to fix atmospheric
nitrogen in the free-living form except under special conditions. Optimal growth condition are of
most strains at a temperature range of 25°-30°C and pH of 6.0-7.0. Despite their usual aerobic
metabolism, many strains are able to grow well under microaerophilic conditions at O, tensions of
less than 0.01 atm (Graham and Parker 1964). Generally, most rhizobia produce white colonies,
but those that nodulate Lotononis bainesii produce a characteristic red nonheme carotenoid
pigment when cultured in yeast-mannitol (YM) medium. Most rhizobia only absorh congored
(diphenyldiazo-his-a-nephthylaminesulfonate) dye, which is included in culture media for
isolating rhizobia. However, if the culture medium is not buffered, acid-producing rhizobia cause
the dye to turn purple. Other interesting and useful characteristics of rhizobia are other growth
reactions in the standard YM medium containing bromthymol blue (BTB) as the pH indicator. Fast
growing rhizobia produce an acid reaction in the YM medium containing bromthymol blue (pH
6.8) while slow growers produce an alkaline reaction (Date, 1979).

The basic knowledge on the rhizobial identification by different standards such as 1) some
morphological and physiological aspects 2) serological marker 3) antibiotic resistant profile 4)
nitrogen fixation potential 5) host-dependent cross-inoculation group 6) molecular hiology
techniques, etc. For instant of some morphological and physiological aspects as growth rate that
Rhizobium was fast-grower and Bradyrhizobium was slow-grower, colony type, acid-base reaction
on YM medium containing bromthymol blue. This technique could segregate only 2 groups were
fast-grower that could produce acid while slow-grower that could produce base, and 1AA
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production which could use for separate only soybean nodulation rhizobia (Somasegaran et al.
1965 and Norris, 1964). The serology, indirect procedures for identifying rhizobia by antigen-
antibody reaction are highly reacts only with the antigen that elicited its formation. Bacterial
strains contain naturally occurring mutants which are resistant to certain antibiotics. This resistant
may be used for the recognition of rhizobial strains. The cross inoculation group system of
classifying rhizobia has been subjected to much criticism, because it is not a taxonomic one, it is
the hest practical system currently available (Burton, 1965). The molecular biology techniques, the
new technique for study genotypic and phylogeny of rhizobia also has been developing from time
to time.

Eventually, with the development of molecular sequencing technique especially of the
16S rRNA gene, the situation has changed. The most prominent person in initiating this revolution
study of microbial phylogeny and evolution was Carl Woese who from the Sixties on has
relentlessly worked towards defining the natural order of microbial life (Woese 1987; Woese 1994;
Morell 1997).

The current status of rhizobial taxonomy as shown in Table 2, a few years after the work
of Young et al. (1996), the first phylogenetic trees based on close to full-length 16S sequences
were published for rhizobia and related organisms (Willems and Collins, 1993; Yanagi and
Yamasato 1993). These trees showed that rhizobia can be devided into three clusters: 1) the fast- or
moderate-growing rhizobia in the genera Rhizobium, Sinorhizobium, Mesorhizobium and R.
galegae, which is located in the branch containing serveral Agrobacterium species, 2) the slow-
growing Bradyrhizobium and 3) the stem nodulating Azorhizobium. Sequencing of the full length
of the 165 rRNA gene is now required for the description of new species. The correlation between
full-length sequences and various shorter fragments has in general proved to be good and very
useful when used for nitial strain recognition and screening of large numbers of isolates (Oyaizu
et al. 1993; Laguerre et al, 1993; So et al. 1994; van Rossum et al. 1995; Hernandez-Lucas et al,
1995; Urtz and Elkan 1996).
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Table 2. Currently described species of rhizobia ( Young and Haukka, 1996)

Species

Representative strains

Rhizobium

Rhizobium leguminosarum

bv. viciae, trifolii and phaseoli

Rhizobium tropici type B
type A

Rhizobium etli

Rhizobium hainanense

Sinorhizobium

Sinorhizobium meliloti
Sinorhizobium fredii
Sinorhizobium teranga
Sinorhizobium saheli
Sinorhizobium medicag

Mesorhizobium

Mesorhizobium loti
Mesorhizobium huakuii
Mesorhizohium ciceri
Mesorhizobium mediterraneum
Mesorhizobium tianshanense

[Rhizobium]

[Rhizobium] galegae

Bradyrhizobium

Bradyrhizobium japonicum
Bradyrhizobium elkanii
Bradyrhizobium liaoningense

Azorhizobium

Azorhizobium caulinodans

ATCC 10004

CIAT 899
CFN 299

CFN 42, CE-3
CCBAU 5/015

ATCC 9930
USDA 205
ORS 1009
ORS 609

A 321, CC169

NZP 2213
CCBAU 2609
UPM-Ca7
UPM-Ca36
CCBAU 3306

HAMBI 540
ATCC 10324
USDA76
2281

ORS 571
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Before the development of molecular methods, bacteria used to be classified according to
their phenotypic features. Nowadays, however, the taxonomy and phylogeny of bacteria is based
increasingly on genotypic characteristics, that is on the genetic constitution of the organism. The
bacterial genome can be divided into two parts: chromosomal DNA and plasmid DNA. It has
become apparent that the phylogenies of these two components do not necessarily agree. This is
especially interesting, because in fast-growing rhizobia the symbiotic genes commonly reside in
plasmids, which can transfer between strains. Thus instead of being a permanent association, the
chromosomal background-plasmid combinations can vary. However, also symbiotic genes located
in the chromosome have been shown to be transferable. There are many techniques that have been
uesed for studying the chromosomal diversity of rhizobia, for example multilocus enzyme
electrophoresis (MLEE), whole-cell protein analysis, pulsed-field gel electrophoresis(PFGE),
DNA-DNA hybridization, DNA restriction fragment length polymorphism (RFLP), 16S rRNA
gene sequencing restriction fragment length polymorphism of PCR-amplified DNA fragments
(PCR-RFLP), PCR with random or arbitrary primers (RAPD, AP-PCR) etc. In this thesis, The
PCR-RAPD wias selected to study phylogenetic tree-hiodiversity for distinguish rhizobial isolates
from soil samples.

1.6 Genes Involving in Nodulation and Nitrogen Fixation
1.6.1 Nodulation genes

Nodulation genes nod (also nol and noe) are essential for the first steps of
infection and nodule formation in a rhizobium-legume symbiosis. Plant secreted flavonoid
compounds first activate reguratory nodD, which in turn controls the transcription of the other
rhizobial nod genes. The nod genes products are involved in the synthesis of lipo-
chitooligosaccharide (LCO) signal, or Nod factors (Truchet et al.1991; Denarie et at. 1996;
Debelle et al. 1997). Nod factors, in turn, induce various root responses including root hair
deformation and cortical cell division. The structural nod genes responsible for production of Nod
factors can be classified into two groups, the common and host specific genes. The common
nodABC have been found in all rhizobia studied and they are structurally and functionally
conserved. In most species the nodABC genes are part of a single operon (van Rhijn and
Vanderleyden 1996). However, in R. etli, nodA is separated by 20 Kb from the nodBC genes

Copyright 2000 Suranaree University of Technology



i
e 17

< i
(Vazquez et al. 1991) and in Mesorhizobium loti nod B is found on an operon separate from nod
ACIJ (Scott et al. 1996). Studies on nodABC genes have led to the following model of how Nod
factors are synthesised (Ritsema et al. 1996). NodC is involved in the biosynthesis of a chitin
oligosaccharide backbone from UDP-N-acetylglucosamine precursors. Subsequently, the non-
reducing terminal saccharide of the chitin oligosaccharide is de-N-acetylated by NodB, resulting in
a free amine. The role of NodA in the transfer of fatty acids resulting in a core LOC. The host
specificity of NodA in the Nod factor synthesis was recently reported by several groups (Debelle
et al. 1996; Ritsema et al. 1996; Roche et al. 1996). Their studies showed that the common nod
genes can not be freely exchanged hetween species without affecting the host-range, which is
contrary to what was previously believed. Thus allelic variation in nodA, as well as in nodB and
nodC, contribute the control of host range via variation in the Nod factor structure (Relic et al.
1994).

In addition to the common nod genes, the host-specific nod genes play an important role
in Nod factor synthesis. These genes, which include nodEF, nodH, nodQ, nodSU etc., add
particular ‘decoration’ to the LCO backbone. The substitutions can take place both at the
nonreducing and reducing end and they include, for example, methylation, fatty acid substitutions,
acetylation, carbamylation (Denarie et al. 1996). Mutation and complementation experiment have
been used to study the role of particular host-specific nod genes in nodulation of certain legumes.
For example, several studies have been published where the host-range of a rhizobial strains has
been extended to a tropical tree species Leucaena leucocephala. In nodulation of this tree species
nods, coding for a methyltransferase, seems to be an essential gene (Lewin et al. 1990; Krishnan et
al. 1992; waelkens et al.1995). However, van Rhijn et al. (1996) found that in Rhizobium sp.
BR816 (Brazilian isolate from L. leucocephala) nodO might have the same function as nodsS in
Sinorhizobium sp. NGR234 and in R. tropici, and when nodO was transferred to R.etli CE-3 this
gained the ability to nodulate L. teucocephala.

Thus, the host-range of any rhizobial species seem to be, at least partly, determined by the
range of produced Nod factors it produces. The board host range of Sinorhizobium sp. strain
NGR234 has been found to be mediated by the synthesis of a whole family of LCO signals, with
differing ‘decoration” of the hackbone (Price et al., 1992). However, all strains produce a mixture
of Nod factors, and whether this diversity is important to broadening the host range or to
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diversification of signalling to the same host is unknown. Reciprocally, the ability of plants to be
nodulated by a narrow or broad spectrum of rhizobia can be a consequence of the plant’s capability
to recognize different types of bacterial signals. For example, efficient infection of alfalfa requires
rhizobia that produce Nod factors with three precise substitutions, whereas, in contrast, Phaseolus
can he nodulated by various Rhizobium species that produce quite different Nod factors (Denarie et
al. 1996).

The regulatory NodD protein plays an important roles in activation of other nod genes. In
the presence of plant flavonoid signals, The NodD hinds to conserved DNA sequences, called nod
boxes, located upstream of the inducible nod operon and acts as transcriptional activator of these
genes (Rostas et al. 1986; van Rhijn and Vanderleyden 1995). The domain topology of NodD
suggests that the N-terminus of the protein (corresponds to the 5 end in the DNA sequence) hind
to the nod box, whereas the C-terminus interacts with the flavonoid inducer (Gyorgypal et al.
1991a). Consequently, the 5 end of NodD is more highly conserved than the 3 end.

1.6.2 Nitrogen fixation genes

The genes coding for and controlling the nitrogen-fixing apparatus in rhizobia are
designated as nif and fix. The nif genes are structurally homologous to the Klebsiella pneumoniae
genes, which were the first characterised nitrogen fixation genes. The fix genes are essential for
nitrogen fixation in rhizobia, but do not have homologous counterparts in K. pneumoniae (Fischer
1994). In rhizobia, the nif and fix genes are organized in distinct clusters whose structure and
genomic location are species specific. The recently published complete nucleotide sequence of the
Sinorhizobium sp. NGR234 symbiotic plasmid pNGR234a reveals a single large cluster, which
contains all 43 nif and fix genes, but no nod genes (Freiberg et al. 1997). In S. meliloti the nitrogen
fixing genes are divided into two clusters | and II, which are both located on the same
megaplasmid. Cluster | is interrupted by a cluster of nod genes, including nodABC (Fisher 1994).
B. japonicum, on the other hand, has no plasmids and thus the symbiotic genes are located on the
chromosome. Its nif and fix genes are divided into four clusters, which can contain also nod genes
and are dispersed along about 1,000 Kb of the chromosome (Fisher 1994). The study by Barbour
et al. (1985) on S. fredii suggested that the species might have both plasmid- and chromosome-
borne multiple nif genes.
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Phylogentic studies have been conducted on different nitrogen-fixation genes e.g. nifD
(Ueda et al.1995b), but nifH has been the one most commonly used. nifH is often part of a niftHDK
operon, where nifD and nifK code for the o and B subunits of component | in nitrogenase,
respectively, and nifH codes for two identical subunits of component I1, nitrogenase reductase.
The nitrogenase enzyme complex, comprising the components | and 11 is responsible for the actaul
dinitrogen fixation. nifHDK genes are highly conserved, nifH might be even the most conserved
translated gene in bacteria (Ruvkun and Ausubel 1980; Norel and Elmerich 1987). In rhizobia nifH
can exist in multiple copies: R. etli has three (Quinto et al. 1985), A. caulinodans two (Norel and
Elmerich 1978) and Sinorhizobium sp. NGR234 two copies (Badenoch-Jones et al. 1989).
However, sequencing the multiple copies has shown that they were or closely related. Several
studies conducted on R. etli strain CFN42 have indicated that recombination between nif gene
reiterations can lead to high-frequency amplification and deletion events taking place in the pSym
plasmid (Quinto et al. 1982; Martinez et al 1985; Quinto et al. 1985; Brom et al. 1991; Romero et
al. 1991; Flores et al. 1993; Romero et al. 1995). Possibly this ability to rearrange can facilitate
rapid and reversible adaptation to environmental factors that require expression of the specific
genes, like nif, carried in tandem amplifications. Although reiteration of the Rhizobiaceae genome
reiterated sequences have been found to enhance the frequency of rearrangements in the rhizobium
genome and thus produce variation between rhizobial line ages descending from a common
ancestor (Flores et al. 1987, 1988; Martinez et al. 1990).

1.7 Impact of Rhizobial Biodiversity

Rhizobium is one of nitrogen-fixing microorganism that was found in the most of area. It
showed the crucial role in BNF which very important in agricultural field especially the food
legume. Study of range of nodules out with the normal group of economically important crop and
forage legumes has not only given new insights into primitive features of nodule structure, but
parallel studies on their rhizobia are beginning to give clues as to how rhizobia may have evolved
their endosymbiotic life-style. Currently, the basic knowledge on the diversity, taxonomy and
phylogeny of the rhizobia has been very scared, in the other hand, a lot of research tried to
study biodiversity in term of phylogeny that can be defined simply as an evolutionary history of
organism or gene.
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1.7.1 Identification rhizobia in term of genotypic diversity and phylogeny

The research by Young and Haukka (1996), who study diversity and phylogeny
of rhizobia that used the sequence of gene for the 16S or small subunit of ribosomal RNA (SSU
rRNA) to classified rhizobia. The result from this study support the well-established subdivision of
rhizobia into three genera: Rhizobium, Bradyrhizobium and Azorhizobium and these all lie within
the alpha subdivision of the Proteobacteria. The backbone of phylogenetic picture that just
represented i the comparison of SSU rRNA sequence. This approach has revolutionized our
understanding of bacteria evolution and classification over the last few years. However, any
method has limitations, and in the case of SSU sequences the limitations are particularly apparent
at the find end of phylogenetic scale. The sequence are very useful for assigning species to genera
and for defining the relationships among genera, but frequently do not have the power to sort out
the relationships between close species. Some of the sources of this limitation are illustrated by the
following cases.

It is usually assumed that ribosomal rRNA genes are not transferred between species, and
that their evolution in different lineages is therefore indestructing valid phylogenies. However,
Sneath (1993) presented a detailed analysis of a set of sequences that showed clear evidence for
recombination between SSU genes in different lineages of the genus Aeromonas, and similar
phenomena are apparent in the data for rhizobia. Either there has been substantial parallel
evolution in different lineages or, more likely, recombination has generated ‘hibrid’ sequences. In
either case, the result is anomalously short branch lengths on the tree and reduced confidence in
the phylogeny.

There is a substantial number of differences between the SSU sequences of the type
strains of R. leguminosarum and R. etli. Eardly et al. (1995) used restriction enzymes to distinguish
these two types in a large sample of bean rhizobia that were also characterized for other
chromosomal genes by multilocus enzyme electrophoresis. They found that some strains that had
an enzyme type that clustered with R. etli nevertheless had the SSU pattern typical of R.
leguminosaum, and vice versa. Thus the differences in SSU sequence do not necessarily indicate a
correspondingly large divergence of the genome as a whole. Either the two SSU types have hoth
been inherited by both species from their common ancestor, of there is still some gene exchange
within this group.
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The rhizobia have for many years been placed, with the agrobacteria and phyllobacteria,
in their own family, the Rhizobiaceae. However, it is now clear that this family, defined almost
entirely by the interactions of these bacteria with plants, is not natural. DNA sequence comparisons
indicate that each of recognized rhizobial genera has close relatives that are placed in quite
different ‘families’.

Several authors have constructed phylogenies base on nod gene sequences and have
concluded that they are not congruent with those based on SSU rRNA (Gyorgypal, Kiss and
Kondorosi, 1991; Dobert, Breil and Triplett, 1994; Lindstrom et al., 1995a). For example, the
nodABC and D genes of S. fredii and S. meliloti are not closely related: they are closer to those of
B. japonicum on the one hand and to R. leguminosarum biovars trifolii and viciae on the other.
This makes sense in terms of their respective host plant ranges, and is more likely to reflect lateral
transfer than convergent evolution since this genes the so-called * common nod genes’ are not
major determinants of host range. Analysis of nifH sequences indicated that they, too, do not
necessarily reflect the phylogeny of the rhizobia that carry them (Eardly, Yound and Selander,
1992), Strengthening genes have move between bacterial lingages. If they often move together,
this would explain why nif genes and nod genes are often tightly linked, even though there no
functional necessary for this. The history of these genes will have to be worked out separately from
that of the bacteria that now carry them.

1.8 Aims of the Study

The objectives of this thesis were to find the answer to the solutions were the suitable of
environment and ecosystem for rhizobia to maintain sustainably, the effect on the
population of rhizobia after that environment and ecosystem were changed and polygenetic
diversity and dominant native strains of rhizobia under diversed ecosystems.

The answers receiving from this study would be able to bring about the management for
proper utilization of nitrogen fixing microorganisms in increasing soil fertility in sustainable
agriculture and forestry.
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2. MATERIALS AND METHODS

2.1 Materials
2.1.1 Rhizobial isolates
Rhizobial isolates were obtained from soil samples which were collected from
11 areas in the Central, the North and the North Eastern part of Thailand. Only 4 isolates from
each area were randomly selected for further study.
2.1.2 Culture media
Composition per litre of each medium was as following ;

A. Yeast manitol medium (YM)

The medium containing :  Na,HPO, 059
: D-manitol 10.0¢
 Yeast extract 049
- NaCl 109
: MgS0,.7H,0 029
pH 6.8

B. Tryptone yeast extract medium (TY)

The medium containing :  Tryptone 5.0¢
 Yeast extract 309
: CaCl,.2H,0 0.1g
: MgS0,.7H,0 029
pH 6.8

C. HM medium

The medium containing :  Na, Glutamate 109
: Na,HPO, 01259
:NaSO, 0.25¢
:NH,C 0.32¢
: MgS0,.7H,0 189
 FeCl, 0.004 ¢

Copyright 2000 Suranaree University of Technology



o

< i

: CaCl,.2H,0 0.013¢
- HEPES 1.3¢
' MES 119
 Yeast extract 109
:L- arabinose 109
pH 6.8

D. N-free medium

The medium containing: KH,PO, 0.1g
‘MgS0,.7H,0 0129
‘KH,PO, 0.1¢g
:Na,HPO,.2H,0 0.15¢
:Ferric citrate 0.005¢
‘Mn, Cu, Zn, B, Mo traces

(From stock containing : 0.5% Bo, 0.05% Mn,
0.005% Zn, 0.005% Mo and 0.002% Cu)

PH 6.5

E. Tris-TMRT medium

The medium containing :  D-manitol 10.0¢
 Yeast extract 0.2¢
: CaCl, 2H,0 029
: MgS0O,.7H,0 0.25¢
: Tris hase 121g
: L-tryptophan 0.061¢
pH 6.8

2.1.3 Chemical

Al chemicals used were laboratory grade, or otherwise specified.
A. For morphological and physiological aspect
- Bromthymol Blue (BTB) : Stock solution 0.5 /200 ml ethanol
Add 5 ml stock/ liter YMA
Final concentration of BTB ;
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25 ppm.
- CongoRed (CR) : Stock solution 0.25 ¢/100 ml distilled water
Add 10 ml stock/ liter YMA
Final concentration of CR;
25 ppm.
- 0.0L M FeCl, in 35% HCIO,
B. For acetylene reduction assay (ARA measurement)

- Calcium carbide

- gases:  Compresser air From Thai Industrial Gas Limited.
Hydrogen From Thai Industrial Gas Limited.
Ethylene standard From Thai Industrial Gas Limited.
Nitrogen From Thai Industrial Gas Limited.

Calcium carbile
- Column: Porapak N
C. For antibiotic resistant profiles
- YMA containing congored
- Antibiotics (as summarized in Table 3)
Table 3 The 8 kinds of antibiotic and suspension used in this study

Antibiotic Concentration in medium (ug/ml) Suspended in
Carbenicillin (Car) 500 pg/ml Distilled water
Chloramphenicol (Chl) 500 pg/ml Distilled water
Erythromycin (Ery) 250 pg/ml 50% ethanol
Kanamycin (Kan) 100 pg/ml Distilled water
Nalidixic (Nal) 50 pg/ml 0.35N NaOH
Tetracycline (Tet) 100 pg/ml 50% ethanol
Trimetroprim (Tmp) 50 pg/ml 70% ethanol
Streptomycin (Str) 100 pg/ml Distilled water

D. For PCR-RAPD amplification
- 20% NaClO
- IMNaCl
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- Reagent for PCR reaction :10X buffer production from Promega
:ANTP mixture production from Promega
:MgCl, production from Promega
:Tag polymerase production from Promega
:primer production from Bioservice unit
- Reagent for gel running gel of PCR product
‘TBE huffer
:Ethidium bromide for gel staining
‘Agarose gel
Table 4 Preparing of TBE buffer

Buffer Concentration ~ Amount of chemicals for prepared TBE 1 L

Tris-borate, pH8.3 89 mM Tris OH 10X: 108 g Tris base
(TBE) 89 mM boric acid 55 ¢ boric acid
2.5mMEDTA 30 Na,EDTA

E. For the host-dependent cross-inoculant group

- HM medium

-H,0, 20%

- Alcohol 70%

2.1.4 Other materials

- Growth pouch
- Growth rack
- Siratro seed
- Soybean seed
- Cowpea seed
- Seshania seed
- Petridish and petridish box
- Test tube
- Plastic bag
- |ce hox
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2.1.5 Other equipments

2.2 Methods

- Gas chromatography
- UV transilluminator
- Hot air oven

- Incubator

- Autoclave

- Electrophoresis set

- Gel documentation

- Refrigerator 4°C

- Freezer -20°C

- Deep freezer -70°C

- Larminar flow

- Shaking and shaking water bath
- Water bath

- Microwave oven

- Centrifuge

- Light shelf

2.2.1 S0il samples collection
The soil samples were collected from three regions, the North, the North Eastern
and the Central part of Thailand. In each region, soil samples were collected from highest
elevation as on the top of the mountain, in the middle and at the foot hill of mountain. Soil
samples were also collected from the flat area of agricultural practice as field crop cultivation, rice
cultivation, rice in rotation with other crops, uncultivated area, undisturh forest, forest clearance
for crop cultivation for 1-2 years, 3 years and in the areas where intensive agricultural production
using high rate of pesticides and fertilizers. Soil samples were collected from rainy season and dry
season for further analysis. The information of temperature in air and soil, the character of the

environment and the type of plant around site selection were recorded.
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2.2.2 Enumeration of rhizobia
The most-probable-number (MPN) count by using index plant as siratro was
used to determine the number of viable and infection rhizobia from soil sample in four fold
dilution (Somasegaran and Hoben, 1994). The amount of soil sample, 250 g was weighted and
separated into 2.0 litre flask containing steriled water 750 ml and shake vigorously for 5 min after
close flask with a steriled rubber stopper. This give 4" dilution of rhizabial inoculant in steriled
water. Continue the serial dilutions using 1.0 ml aliquots of inoculant suspension and 3.0 ml
sterile water in tubes to obtain dilutions 4° to 4°. The inoculant was inoculated on seeding of
siratro on growth pouches 1 ml of each dilution (from 4o 4*) to each one of four replicates in
each set. Nodulation may be evident after 2 weeks. Make the final observation after 3 weeks and
record presence(+) or absence (-) of nodules. The four fold dilutions was using for estimation of
the number of rhizobia by log number of cell at 1-5% level by DMRT.
2.2.3 Rhizobial isolation
The nodule from enumeration rhizobia process was selected for isolated
rhizobial strains by surface sterilized and crushed the nodule. Bacteroid from nodule was streaked
on YMA+congored medium and purified before further study.
2.2.4 Characterization of rhizobia
A. Some morphological and physiological aspects
- Colony and acid-hase production characteristics
Each rhizobial isolates was streaked on YMA containing bromthymol
blue and incubated at 30°C. The colony type was observed after single colony occurring such as
large colony (diameter of colony more than 2 mm.), medium colony (diameter of colony between
1-2mm.) and small colony (diameter of colony less than 1 mm.), including the other characters as
dry colony ( gum and surface) and wet colony (Slimey)(Mpepereki et al.1996). The fast-grower
rhizobia can produced acid (change the color of agar from green to yellow color) and colony
forming within 2-4 days, while the slow-grower can produced alkaling (change the color of agar
from green to blue color) and formed colony within 4-8 days (Somasegaran et al.1982).
- Indole Acetic Acid (IAA) production assay
Strains were grown at 28°C in the dark cultured for 10 days on Tris-
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TMRT broth. 1AA accumulated in the culture was determined by adding 2 ml of 0.01 M FeCl; in
35% HCIO, to 1 ml of supernatant of the culture. The color reaction was detected after 30 min
incubation in the dark at 30° C, and compared with positive control (pink to orange) and negative
control (yellow).

B. Nodulation and N,-fixing ability with index plant (siratro)

Siratro seeds were surface-sterilized by hot water at 85-90° C and
waiting for the swelling of seed treatment. Seeds were placed on wet sterilized cotton plate and
kept in the dark for 1-2 days. Seedlings were grown in sterilized growth pouches supplemented
with N-free medium. The rhizobial inoculants were inoculated to seedlings at the amount of 1 ml
(10°-10" cells)/seed and moved to the light-shelf that set up 12 h in light and 12 h in the dark.
After 45 days the root nodules were detected and nitrogen fixing activity by using acetylene
reduction assay. The value of plant dry weight, nodules weight and amount of nodules were also
collected.

C. Antibiotic resistant profiles

Each rhizobial strain was grown in YMB until the mid of log phase

(ODgur=0.4-0.6). The strains were tested in YMA-congored medium containing 8 kinds of
antibiotic (Table 2). The 10 pl of cultures were dropped on every antibiotic medium and
observed after 4-7 days of incubation at 30° C, after that compared with the control condition
(without additional of antibiotics). The results were reported in the form of resistant (r) if colony
was usually grown, susceptible if colony could not be grown (s) and susceptible with mutation
(s,,) I colony was unusually grown.

D. The host-dependent cross-inoculation group

The rhizobial isolates were cultured in HM medium about 5 days, while
3 seedplants as soybean, cowpea and Seshania seed were surface-sterilized by 20% H,0,, 70%
alcohol and rinsed with sterilized DW. The seed were cultured on petridish with wet cotton in the
dark about 2 nights. Seedlings were grown in sterilized growth pouches that filled with N-free
medium. The rhizobial inoculants were inoculated to seedings at amount of 1 ml (10%-10°
cells/seed) and moved to the light-shelf that set up 12 hvin light and 12 h in the dark in each day.
The data were recorded after the plants were nodulated by rhizobial inoculants.
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E. PCR-RAPD amplification and phylogenetic tree
DNA template was extracted from 1.5 ml of HM broth rhizobial culture

Inmicrocentrifuge tube 1.5 ml, centrifuged at 12,000 rpm 5 min and removed the Supernatant.
The pellet was cleaned by suspended in 300 pl of sterile distilled water, centrifuged at 12,000
rpm 5 min and removed supernatant once more. The pellet was resuspended in 100 ul of sterile
distilled water, boiling for 5 min for and put in ice immediately for 3 min. The last step was
centrifuged at 12,000 rpm for 5 min once again and the supernatant was used for DNA template 1
2 l followed by the final volume of PCR reaction (about 50 ng). The PCR component and
condition were shown in Table 5

Table 5 Primer sequence and condition of the PCR-RAPD reaction

Component Condition

10X buffer (1X) 1) 94°C 1 min, 2) 36°C 1 min,
dNTP mixture (0.25 mM each) 3) 72°C 2 min, and 4) recycle step
MgCl, (1.5 mM) 1-3 44 cycles

Primer RAPD (50 pmol) (*GTT TCGCTCC?)

Tag-polymerase (L unit)

The PCR products were separated by gel electrophoresis, using 1.2% agarose gel at 80-
100 volt.
Phylogenetic tree was constructed from PCR-RAPD hand of rhizobial isolates by using
Neighbor-joining and UPGMA methods by Nei and Saitou 1987.
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3. RESULTS

3.1 Determination Rhizobial Population Number
To investigate the kind of environment suitable for rhizobial establishment, population
dynamics of rhizobia in undisturbed and agricultural practice conditions. Site selection was
conducted in three regions, the Central, the North and the North Eastern. In each region, soil
samples were collected from highest elevation as on the top of mountain, in the middle and at the
foot hill of mountain, The another group of collected soil sample were from flat area of
agricultural practice as field crop cultivation, rice cultivation, rice in rotation with other crops and
uncultivated area. Soil samples were collected every two months until completion for 3 years. On
the other hand, to elucidate the occurrence of rhizobial population upon changing the
environment and cropping System, soil samples were collected from undisturb forest, forest
clearance for crop cultivation for 1-2 and 3 years and in the areas where intensive agricultural
production using high rate of pesticides and fertilizer. Rhizobial number from all collected soil
was enumerated from number of nodule forming in siratro on the basis of MPN-plant infection
approach,
3.1.1 The number of rhizobia in the Central region
The result obtained from this region found that population number of rhizobial
isolates in rainy season higher than in dry season. In highest elevation areas showed high amount
of rhizobial number at foot hill of mountain in both of seasons. Because this area also found
legume plant as leucaena, the normal plant in area. However, low rhizobial population at highest
mountain and middle mountain was observed in particular dry season. These results could be
concluded that the suitable environment in highest elevation area was the foot hill of the
mountain. In flat area of agricultural practice, high number of rhizobia at rice in rotation with
other crops in both of seasons were found. The other areas where shown low number of rhizobial
isolates as rice cultivation from both of seasons and uncultivated in dry season were indicated the
unsuitable environment in these areas. For comparison among field crop cultivation, rice
cultivation, rice in rotation with other crops and uncultivated areas found that in rice in rotation
with other crops showed high rhizobial population even in dry season. This area always cultivated
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legume plant as mung bean indicated that the influence by legume plant could maintain rhizobia
in ecosystem. In Table 7, to study the effect on the population of rhizobia after environment and
ecosystem changed, the majority of rhizobial population in both of cropping system and undisturb
forest were not different. The rhizobial population in rainy season was higher than dry season,
except in forest clearance for crop cultivation for 1-2 years hecause this area was cultured mung
bean only in dry season. The intensive agricultural production using high rate of pesticides and
fertilizers area was not be found rhizobial population. This area where the leguminous plant had
never been cultivated and always used pesticides and fertilizers suggested that the environment
changed by using high rate of pesticides and fertilizers was high effect to rhizobial population if
did not cultivate legume plant to rotated with normal plants. The data in Table 6 and 7 could
confirm that the suitable season for rhizobial population in natural was rainy season and using
leguminous plant in agricultural system could maintain rhizobial isolates in ecosystems.

Table 6 Rhizobial population in soil from the Central region (log number of cell/g soil)

Areas Rainy season Dry season
(September/1997) (January/1998)
1. Highest mountain 1.32 cd” 040
2. Midale mountain 2.05hc 0.98Db
3. Foot hill of mountain 3454 2452
4. Field crop cultivation 1.80 bed 1.01b
5. Rice cultivation 0.73d 0.45b
6. Rice in rotation with other crops 2.68 ab 2.374
7. Uncultivated 2.56 ab 0.57b
CV(%) 314 46.7

1/ Values followed by the same letter are not significantly different at 1% and 5% level

by DMRT.
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Table 7 Rhizobial po PraPmatlon from cr%) gz/stem and undisturb forest areas

Inthe Central region (log nu f Celllg soil)
Areas Rainy season Dry season
(September/1997) | (January/1998)
1. Undisturb forest 1.56h" 0.75a
2. Forest clearance for crop cultivation for 1-2 years 2.08a 2.46a
3. Forest clearance for crop cultivation for 3 years 2.53a 2.00a
4. Intensive agricultural production using high rate 0 0
of pesticides and fertilizers
CV(%) 117 25.4
1 b flg?\ﬁ Fi; ollowed by the same letter are not significantly different at 1% and 5% level

3.1.2 The number of rhizobia in the North region

The rhizobial population in soil from the North region was summarized in Table
8. The highest elevation area was displayed highest population at the foot hill of mountain in
rainy season and in this season was mostly higher population than in dry season. This data
showed the suitable environment in rainy season and indicated the critical condition, the highest
mountain was draught. The flat area of agricultural practice was shown highest population in rice
in rotation with other crops which increased even the dry season. This area showed high effect by
crop rotation with legume plant as soybean could maintain rhizobial population. While the other
areas found that in rainy season promoted higher population than in dry season. Among the
agricultural practice area, rice cultivation system seemed to be the most inadequate ecosystem
since less rhizobial population number was established. From Table 9 which displayed rhizobial
population from cropping system and undisturb areas in the North region, the high population was
found in dry season especially in undisturb forest. The data from this area not clear. Without any
rhizobial population in these areas was found in forest clearance for crop cultivation for 1-2 years.
This data showed that the effect from cropping system for 1-2 years in dry season to rhizobial
distribution was found. Rhizobial populations in forest clearance or crop cultivation for 3 years
and intensive agricultural production using high rate of pesticides and fertilizers were maintained
in these areas.
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Table 8 Rhizobial population in soil from the North region (log number of cell/g soil)

Areas Rainy season Dry season
(September/1997) (January/1998)

1. Highest mountain 142 cd” 0

2. Middle mountain 1.82 bed 2.01h

3. Foot hill of mountain 3.02a 1.56 he

4. Field crop cultivation 2.19 abc 181D

. Rice cultivation 1.09d 0.62¢

6. Rice in rotation with other crops 2904 313a

7. Uncultivated 2.38 ab 207D
CV(%) 284 3.7

1/ Values followed by the same letter are not significantly different at 1% and 5% level
by DMRT.

Table9  Rhizobial Populaﬂon from croppi gC Mstem and undisturb forest areas

In the North region (log number of cell/g soil)
Areas Rainy season Dry season
(September/1997) | (January/1998)

1. Undisturb forest 1.0234" 3804

2. Forest clearance for crop cultivation for 1-2 years 1480 a 0

3. Forest clearance for crop cultivation for 3 years 0.930a 0.98 b

4. Intensive agricultural production using high rate 11074 1.50b

of pesticides and fertilizers
CV(%) 52.3 24.8

1/ Values followed by the same letter are not significantly different at 1% and 5% level
by DMRT.
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3.1.3 The number of rhizobia in the North Eastern region

The results of rhizobial population in the North Eastern region were displayed in
Table 10. In highest elevation area showed higher population in rainy season than dry season.
Generally, in rainy season the population number of rhizobia in each area was not significantly
different. However, less population found from rice in rotation with other crops and uncultivated
areas in dry season was not significantly reduced when compared with in rainy season. This data
could explain the effect by leguminous plant as mung bean that rotated with rice in rice in
rotation with other crops area could maintain rhizobial population but the data of uncultivated
area not clear. In Table 11, displayed the effect by cropping system and undisturb forest, the
results suggested that in rainy season higher population than dry season was found. The forest
clearance for crop cultivation for 1-2 years in dry season not found rhizobial population because
the legume was cultivated only in rainy in this area. On the other hand, the forest clearance for
crop cultivation for 3 years showed closely amount of rhizobial since this area cultivated mung
bean in hoth of seasons.

Table 10 Rhizobial population in soil from the North Eastern region (log number of cell/g soil)

Areas Rainy season Dry season
(September/1997) (January/1998)
1. Highest mountain 1.70 8 0974
2. Middle mountain 1564 0.61a
3. Foot hill of mountain 1964 0.71a
4. Field crop cultivation 1744 1.06a
. Rice cultivation 111a 0.574a
6. Rice in rotation with other crops 1824 1284
7. Uncultivated 1674 141a
CV(%) 34.6 58.8
1 \ flg?\ﬁ Fi; ollowed by the same letter are not significantly different at 1% and 5% level
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Table 11 Rhlzob|al hoEuIatlon from croppmg system and undisturh forest areas

In the North Eastern region (log number of cell/g soil)
Areas Rainy season Dry season
(September/1997) |  (January/1998)
1. Undisturb forest 2.453" 0.41b
2. Forest clearance for crop cultivation for 1-2 years 2.53a 0
3. Forest clearance for crop cultivation for 3 years 1.62ah 1.11a
4. Intensive agricultural production using high rate 1.42b 0.15b
of pesticides and fertilizers
CV(%) 212 58.9

1/ Values foIIowed by the same letter are not significantly different at 1% and 5% level

Va

by DMRT

The comparision among 3 regions found that the suitable area in highest elevation of
rhizobial distribution was the foot hill of mountain in rainy season and high average number was
found in rainy season more than dry season, except some areas as middle mountain in North
Eastern region. To compare about 1.5-2.5 Km from highest to foot hill of mountain in every
region found that the majority of rhizobial population varied by level of the height. Rhizobial
population from foot hill of mountain was found highest and reduced in middle and highest
mountain, respectively. These results indicated the influence by moisture in highest elevation
areas. While the flat area of agricultural practice also found different patterns of rhizobial
population as highest population area particularly in Central and North. The total amount of
rhizobial population in every region displayed that the North Eastern region was lowest than
other regions. In the rice in rotation with other crops area was less effect by environment than
other areas in every regions because this area cultivated leguminous plant in rotation crop system.
Rhizobial population from cropping system and undisturb forest areas were shown the high
average in rainy season than dry season and the undisturb area not along with season in every
region. Focusing into clearance for crop cultivation for 1-2 years in dry season found that these
areas very high effect to population especially in the North and the North Eastern region. While in
clearance for crop cultivation for 3 years was not effect. Rhizobial population in intensive
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agricultural production using high rate of pesticides and fertilizers showed low average population
in every region especially in the central not found rhizobia in both of seasons. This result
indicated that using high rate of pesticides and fertilizers without rotation with legume plant were
high effect to rhizobial population.

3.2 Isolation and Characterization of Rhizobia

The 200 rhizobial isolates were obtained from various soil samples in different seasons
in Thailand. In this experiment, rhizobia were roughly characterized in term of morphological and
physiological aspects. Colony characteristic, acid-base production and Indole Acetic Acid (IAA)
was conducted to preliminary determine diversity of rhizobia group from soil in Thailand as
shown in Table 12,

3.2.1 Colony and acia-base production characteristics

The colony forming characteristic such as medium wet, small dry, medium dry

and small wet (Mpepereki et al. 1997) were used to distinguish among strains. Most of the strains
able to form colony within 3-8 days, but mainly found in 5™ day of cultivation. The results of
acid-base reaction indicated that 99% of rhizobia in Thailand were classified into Slow-grower
group (Bradyrhizobium) (Fig. 3) and the color reaction of fast-slow grower on medium as shown
in Fig. 4 (slow-grower) and Fig. 5 (fast-grower). Along with this criteria, all rhizobia could be
grouped into 2 genera, Rhizobium and Bradyrhizobium.
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Table 12. The percentage of some mophological and physiological aspects of rhizobia in rainy season

and dry season
Areas Type of Fast/Slow IAA
colony grower population
1. Highest mountain
- Intne Central 51 H8 Slow grower 1w | + 1%
W 14%
MO 14%
MW 14Y%
- In he Nortn SI 100% SIOW grower  1Uu% | + 100%
- In e NOrtN Eastern S0 b3 SIow grower 1u% | +  3/%
MO 3%
2. Middle mountain
- In e Lentral 51 b4v SIOW grower 8% + 0%
W 1% FasLQrower  12%
MW 12Y%
LW 1%
- In e Nortn MW 5UY% SIOW grower 1u% | +  38%
MO 2%
51 2%
- I Tne NortN eastern 51 58 SIOW grower 1u% | + 8%
MO Z9%
W 13
3. Foot hill of mountain
- inthe Central Mw  75% Slowgrower 100% | + 13%
MO 1%
- In e Nortn MW 5UY% SIOW grower 1u% | +  38%
MO 38
W 1%
- I Tne NOrtN eastern 515U Slow grower 1u% | + 2%
MW 62Y%
MO 1%
W 1%
4. Field crop cultivation
- inthe Central Mw  38% Slow grower  100% 100%
MO 2%
51 2%
W 1%
- In e Nortn MO (oY Slow grower 1u% | + 0%
MW 12Y%
51 1
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Table 12. (continued)

AT | ypt‘ Ul FdUIUW IARA
colony grower population
- in the North Eastern Mw  76% Slow grower  100% + 13%
Md  12%
St 1%
5. RICE cuTmvaton
- In the Central SW o 43% SIOW grower  LUu% + 43%
MW 2%
MO 19%
St 19%
- In e Nort MW (2% SIOW grower  LUu% + 1%
Sw o 14%
SO 14%
- In e NOrth Eastern MW 86% SIOW grower  LUu% + 9%
SWo 14%
. RICE TN TOTAIoN WITT OTer Crops
- In the Central SO 38% SIOW grower  LUu% + 5%
MW 38%
MO 4%
- In the Nort St HU% SIOW grower  LUu% + 03%
MO Z9%
MW 9%
- in the North Eastern Md  50% Slow grower  100% + 25%
Mw  25%
SWo 2%
7. UNCUMIVated
- In the Central SO 43% SIOW grower  LUu% + %
MO 43%
MW 14%
- In e Nort MO 0% SIOW grower  LUu% 100Y%
SU - Z9%
MW 9%
- in the North Eastern Mw  50% Slow grower  100% + 3%
Md  25%
SWo 2%
8. UNaIStrun Torest
- In the Central MO Z9% SIOW grower  LUu% + %
MW 2%
SU - Z9%
SWo 2%
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Table 12. (continued)

AlTdd Fypeul Fast/ JIuW 1AA

colony grower population

- in the North Md  50% Slow grower  100% + 5%
Mw  25%
51 2%

- In The NOrth Eastern MO b/Y% Slow grower 100% | + 3%
51 38%

J. FOrest Clearance 1or crop
curtivation Tor 1-£ years

- In e Lentral MW 100% Slow grower 1w | + 2%

- in the North Md  50% Slow grower  100% + 100%
515U

- I Tne NOrtN eastern MO 100% Slow grower 1u% | + 0%

1U. FOrest Clearance Tor Crop

CUITIVATION TOr 3 years
- In ne Central MO 5UY% Slowgrower 100% |+ [9%
MW 5%
51 2%
- In Tne Norm MW 50% Slowgrower 100% | +  5U%
MO 25%
Sd - 25%
- In the North Eastern Mw  75% Slowgrower 100% | + 25%
MO 25%
TT TNTENSIVE agrTcuTurar proauction
USINg NIgN rate oT Pesticices ana
Terunzers
- In Tne Norm MO 38% Slow grower 100% | + 9U%
oW 33
MW L1%
W L%
- in the North Eastern Md  60% Slow grower  100% + 20%
Mw  20%
S U

S0 =smalrary Sw=omall wet Mw = Meaium wet  vid = Meaium ary
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Slow-grower
99%
Fast-grower
1%

Figure 3. The percentage of fast and slow-grower rhizobial population isolated from soil in
Thailand.

Figure 4. The alkaline reaction by slow-grower rhizobia on YMA + BTB medium.
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Figure 5. The acid reaction by fast-grower rhizobia on YMA + BTB medium.

3.2.2 Indole Acetic Acid (IAA) production assay
The 37% out of total isolates of rhizobia were able to produce IAA and number
of slow grower isolates could produce IAA rather than fast-grower and found 1AA from this group
only 1% while found rhizobia unable to poduced IAA 63% (Fig. 6). However, 1AA production
was used for separated soybean nodulation isolates as Bradyrhizobium elkanii from B. japonicum
due to B. elkanii could be produced higher IAA as shown in Fig. 7. This information also used for
identify soybean nodulation rhizobial isolates in the next experiment,
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Rhizobia unable |AA from

to produced 1AA fast-grower
63% 1%

|AA from
slow-grower 36%

Figure 6. The percentage of IAA production from fast-grower and slow-grower rhizobial strains.

Figure 7. IAA production from rhizohial strains.
1. control gwnhout rhizonia)
2. |AA productjon +++
3. 1AA production ++
4. 1AA production +
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3.3 Nodulation and N,-Fixing Ability with Index Plant (Siratro)

In this experiment, every rhizobial strains could nodulate and showed N,-fixing ability
with the plant index (Fig. 8, 9). The acetylene reduction assay (ARA) was used to investigate N,-
fixing efficiency and wide range in N,-fixing efficiency (0.01-258.68 umol C,H, /g nod/h) was
detected. The maximum average of ARA which showed in this data found only 2 isolates (= 100
umol C,H, /g nod/h). While the medium average (10-99 umol C,H, /g nod/h) found 31 rhizobial
strains. Almost rhizobia about 179 rhizobial strains could detected ARA in minimum range (< 9
umol C,H, /g nod/h). Main population of rhizobia could reduce C,H, in range between 1 to 20
mol C,H, /g nod/h. The results obtained from this study was used for confirming the activity of
rhizobia that isolated from soil samples and provision the data of N,-fixing ability in further
experiment. The range of ARA was summarized in Figure 10.

Figure 8. Rhizobial inoculation with plant index (siratro) growing in growth pouches.
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Figure 9. A. contral ((jwithqut rhizobia).
B. plant index with rhizobial inoculant.
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-~ “ARA-range (amol C,H /g nod/h)

Figure 10. The range of ARA from rhizobial isolates.

Copyright 2000 Suranaree University of Technology



o ;

< i

3.4. Antibiotic Resistant Profiles

The intrinsic antibiotic resistant profiles of rhizobial isolates against 8 kinds of antibiotic
exhibited highly diversification and almost of them could be differentiated into 123 groups. The
result obtain from this study showed high resistant in trimetroprim, high susceptible in kanamycin
and high susceptible with mutated colony in chloramphenicol. If classify between season, they
could differentiate into 65 patterns in rainy season and 58 patterns in the dry season as shown in
appendix A in Table 5A, 6A. In rainy season, found highly resistant in trimetroprim 73%, highly
susceptible in erythromycin 33%, and highly susceptible with mutated colony in chloramphenicol
87% while in dry season, found highly resistant in trimetroprim 69%, highly susceptible in
kanamycin 40%, and highly susceptible with mutated colony in chloramphenicol 72%.

3.5 The Host-Dependent Cross-Inoculation Group

The host-dependent cross-inoculation group by rhizobial isolates from dry season and
rainy season with 3 plants were displayed in Table 7A, 8A (appendix A). From 197 isolates found
that 175 isolates could nodulate with cowpea, 23 isolates could nodulate with soybean and
Seshania rostrata. These results indicated that almost rhizobial isolates were belong to
Bradyrhizobium sp. Since their nodulation in particular plant as cowpea (Fig. 11). From this
result, soybean nodulated rhizobia might be able to separate into 2 groups by IAA production.
The soybean nodulated rhizobia could produce higher IAA were B. elkanii while the common
soybean nodulated rhizobia were B. japonicum (Fahrmam, 1993). This study might be able to
identify rhizobia into 3 groups : 1) Bradyrhizobium sp. 88% 2) B. japonicum 8% and 3) B. elkanii
4% (Fig. 12).
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Figure 11. The host-dependent cross-inoculation group by rhizobial isolates.

. Soybean _
B. Cowpea (nodulation)
C. Sesbaniarostrata

Soybean Seshania rostrata
nodulation nodulation
10% 2%

Cowpea
nodulation
88%

Figure 12. The percentage of host-cependent cross-inoculation group.
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3.6 PCR-RAPD Amplification and Phylogenetic Tree

To analyze the rhizobial diversification among group, the DNA fingerprint approach was
applied in this study on the basis of DNA amplification with random primer. Prior to application
PCR-RAPD to rhizobial isolates, the PCR-RAPD products from various reference strains R.
leguminosarum, R. tropici, B. japonicum and Azorhizobium sp. were compared with an isolate
from this study strain 1ICM,-1 as shown in Fig. 13,

- 1,500 bp

Figure 13. PCR-RAPD pattern of rhizobial reference strains and some isolates from Thai soil.
M 100 bg Ladder marker, lane 2; Rhizobium Iegummo_sarum, lane 3; R. tropici,
Lane 4; Bradyrhizobium japonicum, lane 5; Azorhizobium sp. and lane 6; ICM,-1.

The results of PCR-RAPD patterns of rhizobia from 11 areas were compared between
rainy season and dry season as following discribed.
3.6.1 PCR-RAPD of rhizobia from the highest mountain area
The PCR products were mainly found in size of 150-390 bp. For comparison of
PCR-RAPD patterns from rhizobial strains established in 2 seasons among 3 regions, the Central,
the North and the North Eastern found that there were 9 different types from 9 randomly selected
strains in the rainy season ( Fig. 14) and found 8 different types from 9 strains in the dry season as
shown in Fig 15. The similar strains was found 1 strain as lane 6 in rainy season with 1 strain as
lane 9 in dry season and found the similar strains in dry season as lanes 6 and 7. The
phylogenetic tree of rhizobia from rainy season and dry season in Central region also displayed in
Fig. 16, that could explain almost of rhizobial strains were closely related and strain I11CM,-2 was
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different from the group. However, rhizobia in this area were separated from B. japonicum. In
Figure 17, phylogentic tree of rhizobia in the North showed most distinct among strains while in
Fig. 18, phylogenetic tree in the North Eastern, found the similar strain in dry season as IINEM,-
1 and HINEM,-3 and found strain INEM,-1 in rainy season was similar to strain IlINEM,-4 from
dry season. This results could illustrate that some rhizobial strain such as INEM,-1 could be the
dominant native strain which able to persisted across the season.

Figure 14. PCR-RAPD patterns of rhizobial isolates from highest mountain area in rainy season.
M, 100 bp Ladder marker; Lane 1, ICM,-L; Lang 2, ICM,-4; Lane 3, INM-L; Lane

" INM,-2; Lane 5, INM,-4: Lane 5, INEM,-1, Lane 7, INEM,-2; Lane 8, INEM_-3 and
Lane'9, INEM,-4.

—-27201p

Figure 15. PCR-RAPD patterns of rhizobial isolates from highest mountain area in dr
M, 100 bF Ladoer marker; Lane L, [ICM,-1: Lane 2, IICM,-2; 3
Lane 4, [ICM,-4: Lane 5, ITINEM,-L: Lane 6, IIINEM,-2; Lane 7, ITINEM
Lane 8, I1INEM,-4.
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Figure 16. Phylogenetic tree_of rhizohial isolates compared between the rainy season and
dry season in the Central region, highest mountain.

| B. japonicum

‘, R . INM -4

S — INM -2

|
|
|

0.1 = INM -1

Figure 17. Ph quenetic tree of rhizobial isolates in the rainy season in the North region,
highest mountain.
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Figure 18.  Phylogenetic tree of rhizobial isolates compared befween the rainy season and
dry season In the North Eastern region, highest mountain.

3.6.2 PCR-RAPD of rhizobia from the middle mountain area

The PCR-RAPD pattern at middle mountain from 3 regions were compared
between 2 seasons as shown in Fig. 19 and 20. Many strains of rhizobia were closely related
especially in Fig. 20 found highly similar among strains. The phylogenetic tree of rhizobial
isolates between rainy and dry season in the Central (Fig. 21) indicated that only 1 strain was
different from group such as strains ICM,-3, and 1 strain (ICM,-4) was closer to B. japonicum
than other strains. In dry season strains such as 11ICM,-1, I1ICM,-3, ICM,-4 which were closly
related supposed to be the dominant strain in this period of time. Figure 22, phylogenetic tree of
rhizobial isolates between rainy and dry season in the North was found that strain INM,-3 was
different from the group and almost rhizobia in this group were closely related, and different from
B. japonicum. The similar strains were found in both of seasons as INM,-1, INM,-2 and INM,-4
from rainy season and strains I1INM,-2 and 11INM,-4 from dry season. This result could be
described that rhizobia in rainy season and dry season were closely related in each group. Figure
23, phylogenetic tree of rhizobial isolates between rainy and dry season in the North Eastern
found nearly strain with B. japonicum as INEM,-2. The similar strains were found in dry season
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as strains [IINEM,-2 and I1INEM,-4 and found different strain from group as INEM,-1. The
isolates from dry season were closely related among group more than isolates in rainy season.

M1 2 3 4 5 6 7 8 9 10 11 12 M

Flgure PCR RAPD patterns of rhizobial isolates from middle mountain area in rainy season

, Obp add rmarker Lanel ICM21 Lane2 ICM2 2, Lane 3, ICM,-3; Lane 4,
Lane 6, INM,-2: Lane 7 Lane 8, INM24 Lane 9
21 ik 10 INEM 2 Lané 11, IREM,-3 and Lane712 INEM,4.

mountain area in dr season
M,-2: Lane 3, I[IC Lane
IfINM,-3: Lane 8, | iu\lM

EM,-4.

Figure

20. PCR-RAPD patterns of rhizobial |so|ates from midl
ﬁ/l, 100 bp Ladder marker Lanel 1] Mﬁl Lane2 Il

g
C
, 1ICM,-4: Lane Lane 6 Lane 7
Lane 9, ITINEM 2 Lane 10 II1NEM23and Lane 121N
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Figure 21, Ph{log‘gnetic tree of rhizobjal isolates comgared between rainy season and dry season
In the Central region, middle mountain area.

INM,-3
B. japonicum
| INM -4
I INM -1
| INM_2
[ IINM -3
| 1 HHINM. - |

l HHINM -2

b 1HINM -4
0.1

Figure 22. Ph{lo%netic tree of rhizobial isolates compared between rainy season and dry season
In the North region, middle mountain area.
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SFigure 23. Phylogenetic tree 02 rhizobial isolastes compared bgtween rainy sere]lson and dry
in the North Eastern, middle mountain area.

3.6.3 PCR-RAPD of rhizobia from foot hill of mountain area

The PCR patterns of rhizobia isolated from foot hill of mountain in rainy season
was found different strains among 3 regions, except lanes 6 and 8 were closely related (Fig. 24)
while PCR-patterns in dry season also found similar strains as lanes 1 and 2 and lanes 9 and 12
(Fig. 25). For comparison between 2 seasons, similar strains were found such as lanes 7 and 10 in
rainy season with lane 7 in dry season and lane 10 in rainy season with lane 10 in dry season. The
phylogenetic tree of rhizobia in the Central (Fig. 26) showed the comparison between 2 seasons
and found that almost rhizobia separated from B. japonicum and found only 1 isolate as ICM-1
was different from the group while another isolate was closely related. This dendrogram
displayed closely related strains as 11ICM,-1 and 1ICM,-2 in dry season and found the similar
strains from different seasons as strains ICM,-4 and 111CM-3 that could explain the persistence
over the season isolate. Figure 26, phylogenetic tree in the North indicated that the strain
I1INM,-4 was close B. joponicum and found some strains as INM,-2 and INM-4 were similar to
strain 11INM,-3 and could illustrate its establisment over the season isolate in this area. Fig. 27,
the phylogenetic tree of rhizobia in the North Eastern found that strain INEM,-1 was near to B.
japonicum while the other strains were closely related among group and found similar strains as
[INEM;-1 and IHINEM,-4 in the dry season and strain INEM,-2 was similar to strain HINEM,-2
that could explain the persist over the season isolate as well.
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Figure 24, PCR RAPD patterns of rhizobial isolates from foot hill of mountain area in rainy
M 100 bp Ladder marker Lanel ICM31 Lane2 ICM32 Lane 3, ICM-3; Lane 4,

Lane 5 Lane 7 Lane 8 INM;-4! Lane 9
|NEr€rr 1; Lane 10 rnérvr 2 b 11 nEn 3and Lane312 INEM4,

M1 2 3 4 5 6 7 8 9 10 11 12 M

Figure 25. PCR RAPD patterns of rhizobial isolates from foot hill of mountain area in dry
M, 100 bp Ladder marker Lane 1, IIICMﬁl Lane2 HICM.-2: Lane 3, IIICM1 Lane

-0 |
4, 1ICMy-4- Lane 5, T1INM;-L: Lane 6, INNM;-2; Lane 7. [fINM.-3: Lane §, N4
Lane 9, IfINEMSZ Lane 10; II’INEM33and Lane 11, IIINEM34
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Figure 26. Phylogenetic tree of rhizobial isplates compared between rainy season and dry
sedsort In the Central region, foot hill of mountain.
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Figure 27. Phylogenetic tree of rhizobial isplates compared between rainy season and dry
sedsort In the North region, foot hill of mountal
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Figure 28, Phylogeenetic tree of rhizaobial isolates corrgpared between raény season and dr%/
inthe North Eastern region, foot hill of mountain.

3.6.4 PCR-RAPD of rhizobial from the field crop cultivation area

PCR patterns of rhizobia in field crop cultivation area in the riany season was
found close to strains as in lanes 4 and 8 (Fig. 29) while in dry season found many similar strains
in every regions as in lanes 1, 3 and 4 and lanes 5, 6 and 7 and lanes 10 and 11 (Fig. 30). The
phylogenetic tree in the Central region showed closely related among group and found that many
rhizobial strains was high similarity such as strains ICC4, 11ICCL, HICC3 and 11ICC4 (Fig. 31).
In Figure 32, phylogenetic tree in the North was found that rhizobial strains were closely related
and found similar strains as IINCL, IINC2 and I1INC3. The last, Fig. 33, phylogenetic tree in
the North Eastern found closely related rhizobia in dry season more than in rainy season and
found similar strains as INEC2, IIINEC3 and [INEC4. The phylogenetic tree in this area could
be explained the less diversity of rhizobia group than in rainy season and found the dominat
native strain as ICC4 and INEC2.
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Figure 29, PCR RAPD patterns of rhizobial isolates from field crop cultivation area in rainy
M, 100b Ladder marker: Lane 1, ICCL: Lane 2, ICC2; Lane 3, ICC3: Lane 4, ICC4;

Lane 5, INCL: Lane 6, INC2: Lane 7, INC3; Lane 8, INC4: Lane 9, INECI: Lane 10,
INEC2: Lane 11 INEC3 and Lane 12, INECZ,

M1 2 3 4 5 6 7 8 9 10 11 12 M

Figure 30. PCR RAPD patterns of rhizobial isolates from field crop cultivation area in dry
,100 bp Ladder marker Lang 1, I1ICCL; Lane2 IIICC2 Lane 3, IIICC3 Lane 4,

I1ICC4: Lane 5, IINCL: Lane 6, 1INC2: Lane 7, HINC3: Lane 8, IINC4; Lane 9,
IIINECY: Lane 10, IIINECZ Lane 11, I1INEC3 and'Lane 12, [IINECA,
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Figure 31. Phylogenetic Tree of rhizohial isolates compared hetween rainy season and dry
sedsort in the Central regoin, field crop cultivation area,
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Figure 32. Phylogenetic Tree of rhizobial isolates compared between rainy season and dry
sedsort in the North region, field crop cultivation area.
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Figure 33. Phylogenetic Tree of rhizobial isolates compared between rainy season and dry
sedsort in the North Eastern region, field crop cultivation area.

3.6.5 PCR-RAPD of rhizobia from rice cultivation area

PCR patterns of rhizobial isolates from rice cultivation area in the rainy season
were compared between 3 regions and found that there were closely related strains as in lanes 6
and 7 (Fig. 34) while in the dry season found the similar strains as in lanes 9 and 10 (Fig. 35).
The phylogenetic tree in the Central region showed the similar strains as ICR2, 11ICR3 and
|1ICR4 that indicated the persistence of strains over season in this region and another strain was
separated from group as strain 11ICR2 (Fig. 36). The phylogenetic tree in the North region
indicated the similar strains as INR2 and I1INR?2 that displayed the persistence of strains over the
season in this area (Fig. 36) and the last phylogenetic tree from the North Eastern found that some
strains was somewhat nearly related to B. japonicum and this area was shown the closely related
strains in dry season as HINERZ and IIINER4 as well as strains in rainy season as INER3 and
INER4 (Fig. 38).
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Figure 34, PCR RAPA gatterns of rhrzobral isolates from rrce cultrvatron arearn ram season
ﬁ der marker: Lane 1, ICRL: ane2 ICR?: Lane 3, ICR4: Lane 4, INR1:
I1_8n|eN5 INR2: Lane 6, INR4: Lane 7, INERT: Lane 8, INER2: Lane 9, INER3 and Lane
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Figure 35,
I
I

PCR RAPApatternsof rhrzobralr olates from rice ¢ uItrv ation area in dry season
, 00 bp adder marker Lane 1, I Cl ane2 IICR2; Lane 3, IlICR3; Lane 4,
ICR4 4 Lane 5, 1INRL: Lane 6, I1INR?: 'Lane 7, lINR3; Lane 8, IINR4; Lane 9,
INER1: Lane 10, IIINER3andLan 11, TNINER4.
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Figure 36. Phylogenetic tree of rhizobial isqlates compared between rainy season and winter
sedsort in the Central, rice cultivation area,
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Figure 37. Phylogenetic tree of rhizobial isolates compared hetween rainy season and dry
sedsort In the North, rice cultivation area.
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Figure 38. Phylogenetic tree of rhizobial isolates compared between rainy season and dry
sedsort in the North Eastern region, rice cultivation area.

3.6.6 PCR-RAPD of rhizobia from rice in rotation with other crops area

PCR patterns from this area was shown closely related strains in the rainy season
as in lanes 9 and 10 (Fig. 39) while in the dry season found closely related strains as lanes 2 and 4,
lanes 5, 7 and 8 (Fig. 40). The phylogenetic tree of rhizobia in the Central region found that the
similar strain as ICCR4 from the rainy season that could persist over the new season and was
similar to strains 11ICCR2 and [ICCR4 in the dry season (Fig. 41) while the phylogenetic tree in
the North was found the similar strains as INC2, IIINCRL, I1INCE3 and IIINCR4. This result
showed the closely related strain in dry season more than rainy season and could explain the
dominant native strain as INC2 that was high consistency in dry season (Fig. 42). The last
phylogenetic tre in the North Eastern found the dominant native strain that could persist over the
season as strain INECR4 and found the similar strains as INECR1 and INECR?2 in rainy season
(Fig. 43).
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Figure 39. PCR-RAPD patterns of rhizobial isolates from rice in rotation with other crops in

rainy season
M, 100 pLadder marker Lane 1, ICCR1: Lane_2, ICCR?; Lane 3, ICCR3; Lane 4,
ICCR4: Lane 5, INCRL: Lane 6, INCR?: Lane 7,'INCR3: Lane 8, INCR4: Lane 9,
INECRY: Lane 10, INECRZ Lane 11, INECR3 and Lane 12, INECR4,

M1 2 3 4 5 6 7 8 910 11 2 M

22,720 bp

- 1,500 bp

- 1400 bp
1300 bp
w111
-~ 1,000 bp

L ghotp
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- 700 bp
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3000

- 200bp

L _100tp

Figure 40. PCR-RAPD patterns of rhizobial isolates from rice in rotation with other crops in

winter season.
M, 100 bp Ladder marker: Lane 1, [IICCRL: Lane 2, IIICCR2 Lane 3, lIICCR3: Lane 4,

IIICCR4: Lane 5, IIINCRL: Lane 6, IINCR2: Lane 7, ITINCR3: Lane 8. IIINCR4: Lane
9, IIINECRl Lane 10, IIINECRZ Lane 11, IIINECR3 and Lane 12, IINECRA.
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Figure 41, Phylogenetic tree of rhizobial isolate compared between rainy season and dry
sedsort In the Central region, rice In rotation with other crops.
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Figure 42. Phylogenetic tree of rhizobial isolate compared between rainy season and dry
sedsort In the North region, rice in rotation with other crops.
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Figure 43. Phylogenetic tree of rhizobial isolate. compared between rainy season and dry
seasort In the North Eastern region, rice in rotation with other crops.

3.6.7 PCR-RAPD of rhizobia from uncultivated area

The PCR patterns from this area was compared among 3 regions from the rainy
season found that there were many closely strains as lanes 1 and 3, lanes 6 and 7 and lanes 9 and
12 as shown in Fig. 44 while PCR patterns from rhizobia dry season showed closely strains as
lanes 1 and 4, lanes 5 and 7 and lanes 11 and 12 (Fig. 45). The phylogenetic tree in the Central,
found that the similar strains as 11ICF1 and I1ICF4 in dry season were similar to strain ICF2 in
rainy season that could be assumed as dominant native strain (Fig. 46). The phylogenetic tree in
the North found the similar strains as INF1 and INF 2 in rainy season and strains IHINFL, INF2
and 11INF3 in dry season that could implied that less rhizobial diversity than other. (Fig. 47).
The last phylogenetic tree as shown in Fig. 48 that showed closely related among rhizobia group
and found the dominant native strains as INF2 which similar to strains IIINEF3 and [IINEF4 in
the new season.
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Figure 46. Phylogenetic tree of rhizobial isolates compared hetween rainy season and dry
sedsort In the Central region, uncultivated area.
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Figure 47. Phylogenetic tree of rhizobial isolates compared hetween rainy season and dry
sedsort In the North region, uncultivated area.
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Figure 48. Phylogenetic tree of rhizobial isolates compared hetween rainy season and dry
sedsort In the North Eastern region, uncultivated area.

3.6.8 PCR-RAPD of rhizobia from undisturb forest

The PCR patterns from this area found that almost rhizobia in the rainy season
were closely related among as in lanes 5 and lane 6 (Fig. 49A) while PCR patterns in dry season
indicated high diversity among rhizobial strains (Fig. 49B). The phylogenetic tree from the
Central was shown strains ICAL was closely related with strain 11ICA2 (Fig. 50) and the
phylogenetic tree in the North in dry season, strains as INAL and INA2 were closely related in the
group (Fig. 51). The last phylogenetic tree in the North Eastern was found similar strains in rainy
season as INEAL and INEA2 (Fig. 52).
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Figure 49 SA BJ PCR-RAPD Batterns of rhizobial isolates from undisturb forest in rainy season
A) and winter season (

100 bp Ladder marker Lane 1, ICAL; Lane2 ICA2; Lane 3, INAL Lane 4,

I A2 Laned, INEAL and Lane 6, INEA?. B h bp Ladder marker Lane 1, ICAL;

Lane 2, 11ICA2; Lane 3, ITINAL Lane4 IINA2 and Lane5 [IINEAL
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Figure 50. Phylogenetic tree of rhizobial isolates compared hetween rainy season and dry
sedsort In the Central region, undisturh forest.
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Figure 51. Phylogenetic tree of rhizobial isolates compared hetween rainy season and dry
sedsort In the North region, undisturb forest,
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Figure 52. Phylogenetic tree of rhizobial isolates compared between rainy season and dry
sedsort In the North Eastern region, undisturb forest,
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3.6.9 PCR-RAPD of rhizobia from forest clearance for crop cultivation for 1-2 years

The PCR patterns in this area was found closely related strains as lanes 7 and 8
from dry season and on the other hand, different strains were found in rainy season. This patterns
were found high diversity in rainy season (Fig. 53). The phylogenetic tree in the Central found
only 2 closely related strains as 11ICB1 and 11ICB2 in the dry season (Fig. 54) while the
phylogenetic tree from the North found only 2 different strains were observed (Fig. 55). The last
phylogenetic tree (Fig. 56) showed similar results as other regions.

M 1 2 3 4 5

6 M 7 8

2,720 bp----

1,500 bp----
100 bp--—-

100 bp--

Figure 53. PCR-RAPD patterns of rhizobial isolates from forest clearance for crop cultivation
or 1-2 byears In ramX season (Lanes1-0), winter season (Lanes7-8).
M, 100 bp Ladder mérker: Lane 1, ICBT: ICB2: Lane 3, INB1: Lane 4, INB2;
Lane 5, INEBL: Lane 6, INEBZ; Lane 7, 11ICB1 and Lane 8, 111CB2.
| HICBI
| HICR2
1CB2

l
i B. japonicum
l

‘ 1CB1

0.1

Figure 54. Phylogenetic tree of rhizobial isolates compared hetween rainy season and dry
season in the Central region, forest clearance for crop cultivation for 1-2 years.
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Figure 55. Phylogenetic tree of rhizobial jsolates in rainy season in the North region, forest
clearance for crop cultivation for 1-2 years.
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Figure 56. Ph(ylogenetic tree of rhizobial isqlates in rainy season in the North Eastern region,
forest clearance for crop cultivation for 1-2 years.
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3.6.10 PCR-RAPD of rhizobia from forest clearance for crop cultivation for 3 years
The PCR patterns in this area was shown closely strains in both of seasons, the
rainy season (Fig. 57A) and dry season (Fig. 57B). The phylogenetic tree from the Central
showed close strians as ICC*1 and I1ICC*1 in this region (Fig. 58) while the phylogenetic tree in
the North found close strains as [IINC*2 and INC*1 (Fig. 59). The phylogenetic tree in the North
Eastern found closed strains in the group as INEC*1 and INEC*2 in rainy season (Fig. 60).
A B

1 2 3 4 5 6 M

1,500 bp--=

Figure 57 (A,B). PCR-RAPD patterns of rhizobial isolates from forest clearance for crop
cyltivation for3 years in rainy season (A).and dry season @
A) M, 100 bp Ladder marker: Lane 1, ICC*L: Lane 2, |CC*2: Lane 3, INC*1:

Lane 4, INC*2: Lane 5. INEC*1 and Lane b, INEC*2. (B)' Lane 1, I1]CC*L;
Lane 2. I1ICC¥2: Lane 3, IINC*1: Lane 4, I1INC*2; Lane 5, IlINEC*1: Lane b,
IINEC*2 and M, 100 b Lacder marker.
——— —— - e ——— - — 1ICC*2
| M - 1CC*1
| I — 1CC*2
i
j).l } ) = HICC*]

Figure 58. Phylogenetic tree of rhizobial isolates compared hetween. raingf season and dry
sedsort in the Central region, forest clearance for crop cultivation for 3 years.
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Figure 59. Phylogenetic tree of rhizobial isolates compared between rainy season and dry
sedsort in the North region, forest clearance for crop cultivation for3 years.
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Figure 60. Phylogenetic tree of rhizobjal isolates compared between rainy season and dry
sedsort in the North Eastern, forest clearance for crop cultivation for 3 years.
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3.6.11 PCR-RAPD of rhizobia from intensive agriculture production using high rate of
pesticides and fertilizers
The PCR products obtained from rhizobia in this area showed some closely
related strains in rainy season as in lanes 4 with 6 and Lanes 3 with 5 (Fig. 61A). The
phylogenetic tree of rhizobial isolates in the North were very near among group and found similar
strains as IND1 in rainy season with I1IND1 in dry season (Fig. 62). This data indicated its
establisment over the season isolate in this area. While the phylogenetic tree of rhizobia in the
North Eastern region (Fig. 63) found closely related strains in the same area as INED1 and
INED3,
A C
M 1 2 3 4 5 6 M

2,720 p

1,500 bp----|

1,200 bp----

1g§§ EE::::
600 bp::
500 bp--—-
400 bp---—-
300 bp----

200 bp---

100 bp----

Figure 61. (A,B,C,D). PCR- Dpa terns of rhrzobral |soIates from intensive a %rrcultural
productron usr | rate estrcr es and fertr rzers In rarn{season
season (C 10 a er mar er: Lane 1 ane ,I D,Lane
IND3; ane I DL Lare 5, INED? and Lane6 100 bp Ladd er
marker: Lane’ ,I Nb Lane I1IND2 and L C)b Lane
rrlrlarkerlandM’ 100 bp Ladder marker (D) Lane 1,I D3andM,10 pLadder
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Figure 62. Phylogenetic tree of rhizobial jsolates compared between rainy season and dry
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Figure 63. SPehaysl.ogenetic tree of rhizobial isolates compared between ra_in%/us_eason and dry

o n the North Eastern region, intensive agriculture production using high rate of
pesticides and fertilizers.
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4. DISCUSSIONS

The number of rhizobial population from different soils was observed previously
(Mendes and Bottomley, 1998) and they found that soil were complex environments in which it
was generally recognized that change in crop system in variably cause changes in soil physical
properties that influence for rhizobial population. However, the information from these results
were the first to illustrate that the population of rhizobia could be distributed in various soils. The
dynamics population and diversity of rhizobia from diversed ecosystems in Thai soil were scarce
and very interesting to distinguish. The data showed that rice in rotation with leguminous crop
was suitable for rhizobia to maintain sustainably. This was evident by leguminous plant that
rotation with rice in this area was mung bean in the Central and North Eastern and soybean in the
North region. The report supported this solution by Mendes and Bottomley (1998) who studied
distribution of a population of Rhizobium leguminosarum bv. trifolii among different size classes
of soil agregates and found that the population of nodulation Rhizobium organisms would be
greater in a legume cover crop soil than either the cereal of follow soil. The area which showed
high effect on the population of rhizobia after environment and ecosystem changed was intensive
agricultural production using high rate of pesticides and fertilizers area in the Central region.
Because this area never cultivated leguminous plant which could maintain rhizobial population in
soil. The soil were complex environments in which it was generally recognized that changes in
crop systems invariably cause changes in soil physical properties that influence microbial activity.
However, to what extent physical properties control the distribution of bacteria and influence their
growth activities and turnover. The interest of microbiologist to gain and understanding of how
soil management might influence the activities of soil microorganism by modifying soil structural
properties.

The biodiversity of rhizobia in this thesis were studied by many methods. The first was
some morphological and physiological aspects. It was found from 200 rhizobial strains that there
were 99% of slow-grower or Bradyrhizobium. The slow-growing isolates were more diverse,
production IAA and alkaline reaction. This result confirmed invalidity of linking slow growth to
alkaline production (Hernandez and Focht, 1984) and was in agreement with similar observation
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made on cowpea rhizobia from Nigerian soils (Eaglesham et al., 1987). IAA production by
rhizobia from this experiment found that slow-grower could exhibit higher IAA than fast-grower
and the work by Fuhrman (1993) and Nuntagij et al. (1997) who studied IAA production in
Bradyrhizobium strains isolated from soybean nodulate also support this study. Almost
Bradyrhizobium from this experiment could not produce IAA indicated that rhizobia from Thai
soil were not B. elkani. The results obtained from this study could be explained that inoculation of
B. japonicun has still been important for agricultural field in Thailand.

The nodulation and N-fixing with index plant (siratro) was selected to characterize
rhizobial isolates and found wide range in N,-fixing efficiency. Lawn and Bushy (1982), reported
that host plant was the first important factor but the high efficiency of symbiosis process could
occur by joint other factors together. However, the genotypic of plant and rhizobia was shown
crucial role with N,-fixing ability under the effect by environment (Miller and Fernandez, 1987;
Holl and La Rue, 1976; Nambia et al., 1981).

Antibiotic sensitivity of rhizobial strains has been intensively used for general
characterization (Beynon and Josey, 1980; Rupela et al., 1982; Eaglesham, 1987; Mueller et al.,
1988; Date and Hurse, 1991). In this study found that the resistant of rhizobial isolates to
antibiotics varied in the number and type of antibiotics. This observation agreed with results of
other studies that showed slow-growing rhizobia to be less sensitive to antibiotic (Elkan, 1992).
Mueller et al. (1988) observed that sensitivity of rhizobia might be low for those antibiotics that
might be routinely produced by other soil organisms. This results showed high diversification in
rhizobia group and also corresponded to the results previously reported by Teaumroong et al.
(1996) who studied on 38 strains of Bradyrhizobium sp. and B. japonicum for mung bean,
groundnut and soybean.

The host-independent cross-inoculation group system for classifying rhizobia was
selected to determine possibility of some interested genera. However, this technique has been
subjected to much criticism because it is not a taxonomy one it is the best practical System
currently available (Burton, 1965).

Classification of rhizobia is becoming increasingly complex because of new findings, e.g.
some soybeans are now known to be nodulated by a distinct group of fast-growing acid-
production rhizobia. A new system of classification has been formulated to classify rhizobia.
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This new system recognizes only two genera for the Rhizobiaceae. All fast-growing acid-
producing rhizobia now fall under the new genus Rhizobium and all slow-growing alkali-
producing rhizobia under the new genus Bradyrhizobium. Also, under this system, R. trifolii, R.
phaseoli, and R. leguminosarum are combined as one species, designated as Rhizobium
leguminosarum, comprising three biovars (trifolii, phaseoli and viceae). R. meliloti remains as
before and R. loti has been assigned to the fast-growing Lotus rhizobia. Genetically related to R.
loti are rhizobia from Lotus corniculatus, Lotus tenuis, Cicer arietinum, Leucaena leucocephala,
Sophora microphylla etc. The soybean rhizobia are now R. japonicum (fast-growing and acid
producing) and B. japonicum (Slow-growing and alkali-producing). ~ Rhizobia from Vigna,
Arachis, Desmodium, Macroptilium, Stylosanthes etc. are still unclassified, but grouped as
Bradyrhizobium sp. The non-legume Parasponia (called Trema previously) is also nodulated by
Bradyrhizobium sp. Besides Leucaena, whose rhizobia are now R. loti, there are othe legumes
(Seshania, Neptunia, Calliandra, Acacia) which are nodulated by fast-growing acid-producing
rhizobia and the taxomic status of these organisms may by resolved in the future (Somasegaran et
al 1982).

Rhizobia from different areas were isloated to analyze the genetic diversity that using
PCR-RAPD technique. The UPGMA method was used to analyze the RAPD variation within
rhizobial population. The result obtained from this study showed the majority of genetic diversity
of rhizobial isolates was closely related hetween each area and region. The dominant native strain
was found in the areas which showed high population number as foot hill of mountain and rice in
rotation with other crops. The data Supported the first objective of this study. The development of
randomly amplified polymorphic DNA (RAPD) provided a new tool for investigating genetic
polymorphisms in many different organisms, including bacteria (Cancilla et al, 1992; Fani et al,
1993; Jayrao et al, 1992) and recently this method has been used for Rhizobium identification and
Bradyrhizobium genetic analyses. The PCR-RAPD technique which selected to study genetic
diversity of rhizobial population that support the findings of De Bruijn (1992), that PCR with a
suitable primer could be applied for molecular genetic characterization of rhizobia. Nishi et al.
(1996) and Lung et al. (1994) reported of Bradyrhizobium strains, thus this RAPD technigue
could be used for classification of Bradyrhizobium group, the majority population of rhizobial
isolates in this study.
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The phylogenetic tree constructed from PCR-RAPD patterns could separate rhizobia into
3 groups were the similar strains, dominant native strains and other different strains. The
biodiversity of rhizobial isolates from this study found that some areas as highest mountain,
undisturb forest and forest clearance for crop cultivation for 3 years showed high diversity among
rhizobia group. These data indicated the influence by undisturb ecosystems to rhizobial diversity
in natural areas. Only forest clearance for crop cultivation for 3 years area showed high effect by
agricultural system. The other areas which found similar strains and dominant native strains could
elucidate that the influence by agricultural system was a crucial factor to control rhizobial
diversity in soil especially, the rotation by leguminous plant.

The dominant native strains of rhizobial isolates from this study were displayed in
Table 13.

Table 13. Dominant native strains of rhizobia from different soils in Thailand

Dominant native strains |  Areas/Regions Host plant Antibiotic groups
1. INEM,-1, IlINEM -4 HMINE cowpea | g.19(T.5A), 0. 3(T. 6A)
2.1CM-4, 111CM,-3 FMIC cowpea | g.9(T.5A), g.4(T.6A)

3. INM2, [1INM,-3 FMIN cowpea | g.40(T.5A), g.16 (T. 6A)
4, INEM,:3, 1INEM,-2 FMINE cowpea [ g.1(T.5A), 9.47(T.6A)
5.1CC4, 111CC3 FCIC cowpea | g.12(T.5A), g. 12(T.6A)
6. INR, I1INR2 RCIN cowpea | g.12(T.5A), g.38(T.6A)
7.1CCR4, 1lICCR2 RRCIC cowpea | g.10(T.5A), g. 14 (T.6A)
8. INCR, IlINCR1 RRCIN cowpea | g.8(T.5A), 9.6(T.6A)

9. INECR4, IIINECR4 RRCINE cowpea | g.23(T.5A), g.7(T.6A)
10. INEF2, I1INEF3 UCIC cowpea | g.23(T.5A), g.53(T.6A)
HM = Hi%hest mountain FM = Fogt hill of mountain ~~ FC =Field crop cultivation
RC = Rice cultivation RRC = Rice In rotation with other crops

UC = Uncultivated C=Central  N=North NE = North Eastern
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5. CONCLUSION

The objectives of this reserch were to investigate the suitable environment and ecosystem for
rhizobia to maintain sustainably, the effect on population of rhizobia after environment and
ecosystem changed and biodiversity of rhizobia under diversed ecosystems. To reach these
objectives, soil samples were collected from various ecosystems in the Central, the North and the
North Eastern region to isolate rhizobia. To distinguish rhizobial isolates from diversed ecosystems
different methods such as 1) MPN plant-infection method for rhizobial enumeration 2) isolation and
characterization of rhizobia 3) nodulation and N,-fixing ability with index plant (Siratro) 4) antibiotic
resistant profiles 5) host-dependent cross-inoculation group and 6) PCR-RAPD amplification and
phylogenetic tree were employed.

The result obtained from these studies indicated that rhizobial persistence and their
population dynamic somewhat depend on the type of crops in particular area. It was found that rice
in rotation with other legumes could maintain rhizobial population better than other areas. The effect
by environment and ecosystem changed on decreasing rhizobial population found in intensive
agricultural production using rate of pesticides and fertilizers in the Central region. The decreasing in
rhizobial population in this area was mainly due to the leguminous plant had never been cultivated
which areas also supported this phenomenon.

The biodiversity of rhizobial isolates were analysed by different means. The rhizobial
isolates were characterized on the basis of acid-base production and colony forming time. Most of
them were most likely belong to genus Bradyrhizobium. By using antibiotic resistant profiles, most of
the strains performed highly resistant to trimetroprim and highly susceptible to kanamycin that was
one of the characteristic of Bradyrhizobium. By using host-dependent cross-inoclation group found
that about 88% of rhizobia could nodulate with cowpea, the common host plant of Bradyrhizobium
sp. and about 12% could nodulate with soybean, the host plant of B. japonicum and B. elkani.
However, about 2 % of rhizobia could nodulate only root of Sesbania rostata. The information from
PCR-RAPD and phylogenetic tree could explain the diversification of rhizobia in each ecosystem and
found that most of rhizobial strains from Thai soil have close relation among group. The areas where
mostly found dominant native rhizobial strains which able to persist across every season were foot
hill of mountain and rice in rotation with other crops areas.
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Isolate Single coloy Type of colony Reaction in |AA production
(days) YMA+BTB media
[CM,-T 5 Medium wet Alkaline +
IUM-3 8 Small ary AlKaling
IUM -4 5 Veaium ary AlKaling
IUM,-L / Large wet ACI0
IUM,-2 5 Small ary AlKaling
IUM,=3 b SMall wet AlKaling
ICM,-4 b Small ary AlKaling
ICM-L 5 IVIeaIum wet AlKaling
ICVlg-2 5 IVIeaIum wet AlKaling
ICVIg-3 5 IVIeaIum wet AlKaling
ICVIg-4 b Veaium ary AlKaling +
ICCL 5 IVIeaIum wet AlKaling
ICLZ 5 IVIeaIum wet AlKaling
(0] 5 Veaium ary AlKaling
ICL4 [ Small ary AlKaling
ICKL 5 IVIeaIum wet AlKaling +
ICRZ 5 IVIeaIum wet AlKaling
ICR4 [ Small ary AlKaling
ICUKL 5 IVIeaIum wet AlKaling
ICURZ 5 IVIeaIum wet AlKaling
ICUK3 b Veaium ary AlKaling
ICUK4 5 Vieaium ary AlKaling
ICFL b Small ary AlKaling
ICHZ 5 IVIeaIum wet AlKaling
ICF3 b Small ary AlKaling
ICH4 b Veaium ary AlKaling +
ICAL b Small ary AlKaling
ICAZ b SMall wet AlKaling +
IUBL 5 IVIeaIum wet AlKaling
ICBZ 5 IVIeaIum wet AlKaling
ICL™1 b Small ary AlKaling +
ICL™2 5 IVIeaIum wet AlKaling
INM;-1 5 Vieaium ary AlKaling +
INM;-Z b Vieaium ary AlKaling +
INV-4 5 Veaium ary AlKaling +
INM,-1 5 IVIeaIum wet AlKaling +
INM,-Z b Small ary AlKaling +
INM-3 5 IVIeaIum wet AlKaling
INV,-4 5 IVIeaIum wet AlKaling
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Table 1A. (continued)
Isolate Single coloy Type of colony Reaction in |AA production
(days) YMA+BTB media
INM,-T 5 Medium wet Alkaline
INM;-Z 5 IVIeaIum wet AlKaling
INM;-3 b Veaium ary AlKaling
INM;-4 5 IVIeaIum wet AlKaling
INCL 5 IVIeaIum wet AlKaling
INCZ 5 Veaium ary AlKaling
INC3 b Veaium ary AlKaling
INC4 b Small ary AlKaling
INKL 5 IVIeaIum wet AlKaling
INKZ b SMall wet AlKaling
INK4 5 IVIeaIum wet AlKaling
INCKL [ Small ary AlKaling
INCKZ b Small ary AlKaling
INCR3 5 Veaium ary AlKaling
INCR4 8 Small ary AlKaling
INFL b Small ary AlKaling
INFZ b Veaium ary AlKaling
INF3 b Veaium ary AlKaling
INF4 8 Small ary AlKaling
INAL 5 IVIeaIum wet AlKaling
INAZ 5 Veaium ary AlKaling +
INBL 5 Vieaium ary AlKaling +
INBZ b Small ary AlKaling +
INC™L 5 IVIeaIum wet AlKaling +
INC™Z 5 Veaium ary AlKaling +
INDL [ SMall wet AlKaling +
INDZ 5 Veaium ary AlKaling +
IND3 5 Veaium ary AlKaling +
INEMy-L b Small ary AlKaling +
INEMy-2 5 Vieaium ary AlKaling
INEM;-3 8 Small ary AlKaling
INEM -4 5 Veaium ary AlKaling
INEM,-L 5 Vieaium ary AlKaling
INEM,-2 b SMall wet AlKaling
INEM,-3 5 Veaium ary AlKaling
INEM,-4 8 Small ary AlKaling
INEM;-L [ Small ary AlKaling
INEV3-Z 8 Small ary AlKaling
INEV3-3 [ Small ary AlKaling
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Table 1A. (continued)
Isolate Single coloy Type of colony Reaction in |AA production
(days) YMA+BTB media

TNEVT;-2 5 IVIECTUTT Wet ATKalme

INECL b Smatl ary AlKaline

INECZ 5 IVIEaIum Wet AlKaline

INEC3 5 IVIEaIum Wet AlKaline

INECA 5 IVIEaIum Wet AlKaline

INERL 5 IVIEaIum Wet AlKaline

INERZ 5 IVIEaIum Wet AlKaline

INEKS 5 IVIEaIum Wet AlKaline

INER4 5 IVIEaIum Wet AlKaline

INEUKL b Small wet AlKaline

INEUKZ 4 IVIEaIum Wet AlKaline

INEUKS 5 Small wet AlKaline

INECK4 5 Vieaium ary AlKaline

INEFL 5 Vieaium ary AlKaline

INEFZ 5 IVIEaIum wet AlKaline

INEF3 5 IVIEaIum wet AlKaline

INEF4 5 IVIEaIum Wet AlKaline

INEAL b Vieaium ary AlKaline

INEAZ b Small ary AlKaline

INEBL 5 Vieaium ary AlKaline

INEBZ 5 Vieaium ary AlKaline ¥
INEC™L 8 Small ary AlKaline

INEC™Z b Vieaium ary AlKaline ¥
INEDL 5 IVIEaIum Wet AlKaline

INEDZ 5 IVIEaIum Wet AlKaline

INED3 5 Vieaium ary AlKaline ¥
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Isolate Single coloy Type of colony Reaction in |AA production
(days) YMA+BTB media
MCM,-T b Small wet Alkaline +
ICM-2 8 Small ary AlKaling
ICM-3 [ Small ary AlKaling
UM -4 8 Small ary AlKaling
1ICM,-L [ Small ary AlKaling
ICM,2 [ Small ary AlKaling
1ICM,-3 5 IVIeaIum wet AlKaling
ICM,-4 [ Small ary AlKaling +
11UV~ b Veaium ary AlKaling
1ICNI5-2 b IVIeaIum wet AlKaling
1ICV3-3 5 IVIeaIum wet AlKaling
11UV 5 IVIeaIum wet AlKaling
1Ll 5 IVIeaIum wet AlKaling
[[[&W b SMall wet AlKaling
NICL3 [ Small ary AlKaling
NICL4 5 Veaium ary AlKaling
1ICKL [ SMall wet AlKaling
NICKZ b SMall wet AlKaling
ICK3 5 SMall wet AlKaling
IICK4 5 Vieaium ary AlKaling
ICUKL b Small ary AlKaling
ICUKZ b Small ary AlKaling +
LUK 5 IVIeaIum wet AlKaling +
ICUK4 b Small ary AlKaling
NICkL 5 IVIeaIum wet AlKaling
NICHZ 5 Vieaium ary AlKaling
HNICHS b Small ary AlKaling
NICH4 5 Vieaium ary AlKaling
ICAL 5 Veaium ary AlKaling
NICAZ 5 IVIeaIum wet AlKaling
ILBL 5 IVIeaIum wet AlKaling
LB 5 IVIeaIum wet AlKaling
nICL™L 5 Veaium ary AlKaling
HICL™2 5 Vieaium ary AlKaling
IHINM,-1 b Vieaium ary AlKaling
IHINM,-Z [ Small ary AlKaling
HINM-3 5 Vieaium ary AlKaling +
IHINM,-4 5 IVIeaIum wet AlKaling
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Table 2A. (continued)
Isolate Single coloy Type of colony Reaction in |AA production
(days) YMA+BTB media
[TTNM,-T 5 Medium wet Alkaline
I1INMy-2 b Veaium ary AlKaling +
I1INMy-3 5 Veaium ary AlKaling
IHINMy-4 b SMall wet AlKaling
NINCL b Veaium ary AlKaling +
NINCZ 5 Veaium ary AlKaling
NINC3 5 Veaium ary AlKaling +
NINC4 5 Veaium ary AlKaling
NINKL 5 IVIeaIum wet AlKaling +
NINKZ 5 IVIeaIum wet AlKaling
HINK3 [ Small ary AlKaling
HINR4 5 IVIeaIum wet AlKaling
NINCRL b Small ary AlKaling +
NINCRZ b Vieaium ary AlKaling +
NINCR3 5 IVIeaIum wet AlKaling
NINCR4 5 IVIeaIum wet AlKaling
HINFL 5 IVIeaIum wet AlKaling
NINFZ [ IVIeaIum wet AlKaling
HINF3 b Veaium ary AlKaling
HINF4 b Vieaium ary AlKaling
HINAL 5 Vieaium ary AlKaling
HINAZ b Small ary AlKaling
HINC™L b Small ary AlKaling
HINC™Z 5 IVIeaIum wet AlKaling
NINDL 4 IVIeaIum wet AlKaling
NINDZ b SMall wet AlKaling
HIND3 b Small ary AlKaling
HINEM,-L [ Small ary AlKaling
HINEMy-Z 8 Small ary AlKaling
HINEM-3 b Veaium ary AlKaling
HINEM -4 b Small ary AlKaling
HINEM,-Z [ Small ary AlKaling
HINEM,-3 8 Small ary AlKaling
HINEM,-4 8 Small ary AlKaling
I1INEM-1 b Vieaium ary AlKaling
IHINEM-Z b Small ary AlKaling
IIINEM-3 b IVIeaIum wet AlKaling
I1INEM -4 b SMall wet AlKaling
NINECL 5 IVIeaIum wet AlKaling +
NINECZ b IVIeaIum wet AlKaling
NINECS b Vieaium ary AlKaling
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Table 2A. (continued)
Isolate Single coloy Type of colony Reaction in |AA production
(days) YMA+BTB media

TMNECE 5 IVIECTUTT Wet ATKalme

I1INERL b Small wet AlKaline ¥
I1INERS 5 IVIEaIum Wet AlKaline

I1INERS 5 IVIESIUM Wet AlKaline
I1INEUKL 5 Vieaium ary AlKaline
IIINEUKZ 5 IVIEaIum Wet AlKaline
I1INEUKS 5 Vieaium ary AlKaline ¥
IIINECK4 5 Vieaium ary AlKaline

IINEFL [ Small wet AlKaline ¥
IIINEFZ 5 IVIEaIum Wet AlKaline ¥
IIINEFS b Small wet AlKaline

I1INEF4 b Vieaium ary AlKaline

IIINEAL b Vieaium ary AlKaline

IINEC™L 5 IVIEaIum wet AlKaline

IINEC™Z 5 Vieaium ary AlKaline

I1INEDL 5 IVIEaIum wet AlKaline

IIINED3 b Smatl ary AlKaline
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Table 3A. Nodulation and N,-fixation efficeincy of rhizobia with index plant (Siratro)
In rainy season.

Isolate Weigh of dry ARA Amount of nodules | Weigh of nodules

plants (g/plant) mmol C,H,/gnod/h | (nodules/plant) g/plant
ICM,-1 0.80 0.35 47 0.58
1M -4 U.Lo 14,2 28 U.U4
ICM-L V.44 L1V o V.23
ICMy-Z N NV NU [
ICM-3 NU NV NU NV
ICM-4 V.31 U.Ub 82 U.2L
ICM-L V.42 V.29 4 V.3V
ICM3-Z V.95 V.4 4 V.32
ICM3-3 V.31 U.0Y 0% V.31
ICM3-4 V.41 UL/ 4 V.32
ICUL V.28 19,1/ 53 U.LU
[ U.Lb (.90 53 U.U4
ICU3 U.1Y 42.14 30 VU2
ICC4 v.U8 VU2 23 u.Ug
ICKL V.34 V.48 41 V.22
ICKZ V.34 451 b9 V.24
ICR4 V.32 V.58 4 V.18
ICURL VU3 15,1 8 VU2
ICURZ 5.0 U4/ o4 U.43
ICURS V.12 0.33 33 V.12
ICUR4 V.24 1051 30 V.13
ICFL NU NV NU NV
ICH, 0.3 V.45 88 V.34
ICH3 V.2 V.99 30 U.2U
ICH4 V.42 UL/ Y V.33
ICAL V.39 190 3 U.2L
ICAZ 0.3 U.Lb o Vbl
ICBL V.2 V.3l bb U.2L
IUBZ V.24 154 o V.23
(W0 0.3 v.U8 4o V.12
[0 0.3 389 iy V.2
INM;-1 U.L8 4.1 4o U.U3
INM;- VU2 U.UL 13 U.U3
INM ;-4 V.39 244 o V.23
INM,-L U.1Y 1553 33 v/
INM,~Z V.41 V.42 44 V.29
INM,-3 V.4Y 13,10 bZ U.40
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Table 3A. (continued)
[Sofate Weigh of dry ARA Amount of nodules T Weigh of nodules
plants (g/plant) mmol C,H,/gnod/h | (nodules/plant) g/plant
INM,-4 0.22 2.54 67 0.17
INM,-1 0.40 158 39 0.25
INMy-Z V.28 U.LU b3 V.29
INMy-3 UL/ 3.4 3 U.Ud
INMy-4 V.3 V.53 Y9 U.43
INCL U.b/ U.Lo 4o V.38
INCZ V.56 199 4 V.33
INC3 V.2 3.3 15 U.2L
INC4 0.3 18,2 28 U.LU
INKL U.1Y VU3 3L UL/
INKZ V.41 V.4 8 v.41
INK4 V.31 L b3 V.2i
INCKL U.L8 V.56 3L UL/
INCKZ V.26 4,05 53 U.U3
INCK3 U.L8 4116 A U.U3
INCK4 V.12 Lbf A U.LL
INFL NU NV NU NV
INFZ U.Lo V.22 3Y V.2i
INF3 V.39 3.10 3 V.22
INF4 V.3 V.19 30 V.22
INAL V.22 19.21 4 U.LU
INAZ NU NV NU NV
INBL U.LU 19.00 iy VU2
INBZ 0.3 2L 41 u.Ug
INC™L U.1Y 4.38 15 V.12
INC™Z UL/ 20.11 A VUL
INUL U.Lo V.53 31 V.13
INUZ V.2 V.45 o4 U.Uo
INU3 U.UL V.48 A V.15
INEM;-L U.L8 298.08 31 V.13
INEM;-Z V.24 14,09 o V.18
INEM;-3 V.14 V.99 3 V.15
INEM,-4 NU NV NU NV
INEM,-L 0.33 14,09 30 U.2L
INEM-Z U.Ud VU3 4 U0y
INEM-3 NU NV NU NV
INEM,-4 V.26 b.34 3Y v/
INEM;-L V.2 3.13 0% U.LU
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Table 3A. (continued)

[Sofate Weigh of dry ARA Amount of nodules T Weigh of nodules

plants (g/plant) mmol C,H,/gnod/h | (nodules/plant) g/plant
INEM;-2 0.24 1.90 64 0.15
INEM;-3 0.22 0.10 62 0.17
INEM;-4 V.2 10.0Y 1 U.2L
INECL V.2 288 1 U.U3
INECZ V.39 U.86 o4 V.3V
INEL3 V.26 v/ 3 V.14
INEU4 0.3 V.42 4 V.31
INERL V.2l 4.33 43 U0y
INERZ V.2 129 3 V.22
INER V.14 U/ bl V.14
INER4 U.Ub U3 3L U.LU
INEUKL V.22 V.3 o V.3V
INEUKZ U.bL U.L8 b4 V.44
INEUKS V.2 18U o UL/
INEUK4 V.2l 3. 44 V.14
INEFL Vb1 V.3 41 V.3
INEFZ V.42 U.bb 44 V.31
INEF3 V.48 U.Lb 88 V.44
INEF4 U.63 1.24 29 V.45
INEAL U.1Y 4213 31 U.U3
INEAZ U.Lo U8/ 33 U.Lo
INEBL V.3l V.3l 4 V.33
INEBZ V.42 L4 b9 V.29
INEC™L V.56 U.5U bl Vb1
INEC™Z V.24 29.83 b/ U.U4
INEDL V.28 199 34 V.18
INEDZ V.24 19.93 b4 v/
INED3 U.Lo U.5U 2o V.24

1/ ND = NOT DETeCt
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Table 4A. Nodulation and N,-fixation efficeincy of rhizobia with index plant (Siratro)
in dry season.
Isolate Weigh of dry ARA Amount of nodules | Weigh of nodules
plants (g/plant) | mmol C,Hy/gnod/h | (nodules/plant) g/plant
[11CM,-1 0.11 349 69 0.14
11CM;-Z U.oU LW iy U.1Y
11CM;-3 N NV NU ND
UM, -4 UL/ 182 53 V.24
11CMy-L V.1 10.88 i U.Uo
I1CM-Z V.1 V.46 28 U.Lo
11CM-3 V.12 1.8 by U.LL
1ICM-4 U.2L AN Y UL/
I1CMg-L UL/ 182 53 V.24
I1CM-Z U.LU 158 11 V.2
I1CM-3 U.1Y 4.4/ 3Y V.1
UM -4 V.20 2.8 Y V.1
Heel U.Lo 189 4y U.Lo
[/[& U.20 231 09 V.42
1CL3 V.24 243 iy V.3V
[][ee NU NV NU NU
UKL V.15 b5.80 iy U.UL
1IURZ V.12 301 iy U.Lo
1IR3 u.Ug V.58 b1 U.LL
I1IUR4 U.LU 149 53 V.12
I1ICUKL U.LL 298 bU U.0Y
I1ICURZ V.23 LW 09 U.Lo
I1ICUKS UL/ 4,34 U UUd
I1ICCK4 UL/ 113 34 V.1
1CFL V.14 V.99 34 V.29
U NU NV NU NU
1[0 V.29 3.14 b1 V.1
Uk U.20 290 19 U.2i
IIICAL V.18 29.24 29 U.Ud
I1CAZ V.23 14,58 bU U.Uo
neBl V.12 A b1 V.12
[][6:7: U.0Y 14.28 i U.Uo
(][00 V.29 48,5 84 U.UL
1[0 V.12 14,22 43 U.LU
11INM,-L U.1Y 3.0 4 U.L1
11INM,-Z v.2i Vo8 bZ V.22

Copyright 2000 Suranaree University of Technology



101
. I[aﬂslﬁ
< i "
Table 4A. (continued)
[Sofate Weigh of dry ARA Amount of nodules | Weigh of nodues
plants (g/plant) | mmol C,Hy/gnod/h | (nodules/plant) g/plant
[1INM,-3 0.19 231 2 0.14
I1INM,-4 0.18 1.64 35 0.12
11INM-L U.20 8.99 4o U.Lo
11INM-Z V.3V 3.4 3 U0y
11INMy-3 U.2L UYL 4 V.18
11INM3-4 V.22 2905 31 VU2
I1INCL V.18 149 53 V.14
I1INCZ V.13 A 4y V.12
I1INC3 UL/ 281 3 V.13
I1INC4 NU NV NU NU
I1INKL V.22 3.0 4 U.Lo
I1INKZ U.2L [51 o V.12
I1INK3 UL/ 254 i V.14
I1INK4 V.14 4.9 15 U.LU
IIINCKL U.LU 391 bl U.Lo
IINCKZ V.20 4.5 31 U0y
IINCK3 NU NV NU NU
IIINCR4 U.20 V.24 3L V.18
I1INFL u.Ug 331 31 u.Ug
1INFZ V.15 Yh( 3L U0y
I1INF3 V.29 24 2o U.1Y
1INF4 U.2L 5.2l 3 V.14
I1INAL NU NV NU NU
I1INAZ U.1Y 4.11 3 U.20
IIINC™L V.23 V.39 2o V.1
I1INC™Z U.1Y LU4 U U.Lo
IINEM;-1 V.15 8.3¢ 3 U.LL
IINEM;-Z U.LL 8.48 iy u.Ug
IINEM;-3 V.2 113 33 U.Lo
IINEM -4 U.20 V.39 bl V.12
IINEM,-Z NU NV NU NU
IINEM,-3 U.1Y 4.2 41 U.LU
IINEM,-4 V.13 U.L8 4o V.23
IINEM;-L V.14 165 3Y U.2L
IINEM;-Z V.13 108 3 V.13
IINEMy-3 U.U3 U.UL 16 u.Ug
IINEM,-4 U.U4 AN 25 U.Uo
I1INECL V.95 5.1Y iy V.2
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Table 4A. (continued)

[Solate Weigh of dry ARA Amount of nodufes | Weigh of nodules

plants (g/plant) | mmol C,Hy/gnod/h | (nodules/plant) g/plant
IIINEC2 0.03 0.16 8 0.02
IIINEC3 0.24 13.75 13 0.17
IIINEC4 V.3 V.95 2o V.2
IIINERL V.21 342 3y V.2
I1INER3 V.28 U.Ug 4 U.23
IIINER4 V.32 Y.3Y 3 V.2
IIINECRL V.3l 13.60 4 U.14
IIINEURZ U.LY 3.1 Rl U.14
IIINEURS V.40 V.U o8 V.18
IIINEUR4 U.24 159,60 Rl V.12
IHINEFL V.02 UL 3 VUL
I1INEFZ V.42 342 0y V.29
I1INEFS U.L3 2.4 29 U.Lb
I1INEF4 U.3 U.1Y 4 V.22
IIINEAL U.0Y 30 29 0.4
HINEC™L ND [ ND ND
HINEC™Z U.14 13.54 3 0.4
IIINEDL V.28 4.0/ Y U.U8

1/ ND = NOt Detect
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Table 5A. Antibiotic resistant profiles of rhizobial isolates in rainy season.

group Antibioltic resistant profiles Rhizobial isolates
Car Chl Ery Nal Kan Tmp Tet Str

Lfr S Sy Sy s r 1 S, [INEM;-2 INEM,-3, INEM,-4,
INEM3-L, INEM;-Z, INEM3-3,
INEAL, INEC™Z

Zlr oS, Sy Sy Sy I Sy Sy [|ICURL INDL, INUS, INEBZ

Sy Sy Sy o r 1S, S [ICBLICUT INEM-Z, INERZ

411 S Sy Sy S I 1Sy |ICMyL, INM;-L, INBL

Sl r S, S, S, Sy S |INFL INAZ INEM-4

b | r S, S S, I 1 5, |ICURZ ICH, INEF4

]S So So Sp Sp Sn Sy Sy |ICCL ICLZ, INDZ

8 | S Sn Sm Sn Sn I Sy Sy |ICMp4, INURZ

Yl S Sp Sp Sy Sy I TS |ICMy4, INF4

WSy Sy Sy Sy S IS S [ICUSICCR4

WSy S S I S r r s [ICKLICHL

s S S S Sy S S [IU4INRL

Sy S S Sy S IS S, |ICK4, INAL

4 Sy S Sp I Sy Sy Sy Sy [ICURL INFZ

Ll s S S I S S5, S [IUFICAL

| r S S5 I S S S [ILBZINCTL

Ul Sy Sp Sp Sp S S I Sy [INM&Z INMy4

Bl s S S S S T S [INM&4 INMy4

YlS S Sp Sn Su S I Sy [INCLINEM-L

A0S Sy S I S ISy S |INCZINEDL

0[Sy Sy S o r r 1 s |INEKL INEKS

Z1 S Sy S Sy S ISy S |INEURL INECKZ

LS, S 1 S, r S, S |INEUR4, INEFZ

L r S, S 1 1 S, Sy |INEFS, INEDZ

Ll oS, s S S r 1 s |limpel

oS S S, S S S, S S |ICMy3

Sy S, Sy, S, S [IMyl

Bl S, S S S r 1§ [IUMyZ

1S Sy Sn Sy S TSy [IkMy

VLS, s S, Sy Sy, |IiMy4

R T T e O e e [

B0 S Sy S, 1Sy S [IkMg

Bl r S, s r 5 r 1 s |ILKe

Bl r Sy, S, r S, r S, I |ICUKS

B S Sp S S, S, S, S5, |ICAZ

o[ r Sy S, Sy Sy S, T [INMyL

3L Sy Sy Sp T Sy Sy I Sy [INMyZ
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Table 5A. (continued)

group Antibioltic resistant profiles Rhizobial isolates
Car Chl Ery Nal Kan Tmp Tet Str
B! Sy Sa s S S, r S, [INMy3
ML s S S o S, r 1 s [INMyL
WS S S S Sy Sy S S |INMgZ
411 S, Sy Sy S, 1 s |INMy3
a0 r S, Sy oS, 118, |INGS
4315, r Sy S, S, S, I |INv4
4 1S S, S S, S, I 15, |INRL
1S Sy S S, IS, S, |INR4
4| S S, S S, I S, S |INCRL
401 S S, Sy Sy Sy I I T |INURS
4 1 S Sp Sp Sy S5 S S S |INUR4
1S S S S Sy S 1 |INKS
0 [ Sy Sy Sy S, S, T [INBZ
L[Sy S, Sy S r 1y, |INCTL
20 S Sy, Sy S S S, IS |INEMyL
BT S, Sy Sy Sy I Sy |INEMy
[ Sy S S, Sy o r S, S |INEMg4
M S S S S, S, 5, S |INELL
[ S Sy S 1 1S, [INECZ
SO S, S, r 1S, Sy |INEUS
Ml r oS, S o r 1 1 1y, |INECs
Ml S Sp Sn Sy Sy I IS, |INER4
U [ r S, S, S, S |INEK3
oL [ Sy Sy S S, r 1 1 |INEKL
02 [ Sy S, Sy S S, I S [INEAZ
b3 r S, Sy Sn Sp Sy Sy |INEBL
o4 [ Sy S, IS S, S, Sy |INECTL
by [ rr S, Sy S I 1 [INEDS
bo [ S S S r S r S S [Rleguminosarum
o/ | S S S S S r s S |R.cern
B S S S r S S, S 1 |[Rem
Y [ S S S r S S, S S, |R Huakn
nfir s s S S r s S |RImom
mfr s s r s r s s [Ruopcl
(s r s r S r 1 1 [B]aponicum
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Table 6A. Antibiotic resistant profiles of rhizobial isolates in dry season.

group Antibioltic resistant profiles Rhizobial isolates
Car Chl Ery Nal Kan Tmp Tet Str

LISy So So So So Sy Sy Sy [IMCRL HINM,-2, ITINFL, HINF2,
HINECRZ, HINEFL, HINFU™L

S, Sy Sy Sy T Sy Sy |HMICKZ IICKS, HHNKL, IINCRZ,
HINECL, HINEM3-3

30 S Sn Sm Sn S Sy TS [IICMyZ NINM-L, HINMy-3,
IINEM;-Z, HINEM ;-4

401 S Sy Sy ISy Sy [INCMy3, HIUNRS, IHINEM,-3,
I1INEM,-4

5 [ S Sm Sm Sm Sp TSy Sy |MICMg4, 1INCZ, IHINECS

b | r Sy Sy Sy Sy I T |HINMZ HINUKL, IHINERS

[ r r Sy Sy ISy, |ININF4, HINECKL, HINECR4

s s s s s s S S [HNEM:L HINEM;-3, HINERS

Yl r S, Sy Sy Sy I TSy |HICMyL G4

WSy Sy Sy Sy Sy TSy [ICMy3, HICCL

Wlr s S5 S S I r S [HCMsL IINERL

Sy Sy S Sy S TSy Sy [IMCLZ meLs

]S Sy Sy S, TS, Sy [IHMCR4, LKL

Wl r S S S 1 S [HMCLRZNCCRY

LSy S S I S 1S [IIINMy4, HINFS

| r r S, r s r 1 S [IINMgyL HINMs-3

Ul r S Sy S S 1Sy [ININMyg4, HINCS

Bl r r S, S S I S [NNCKS INEM,Z

WS S Sp I Sy S I Sy [MNCTL HINC™Z

A0S Sy S I 5 S |HeMeL

L0 Sy Sy Sy Sy Sy Sy Sy [HICMyZ

Zs s s S S 1 S S [lCM4

50 Sy Sn Sy TSy r Sy Sy |HICMgZ

40 s S s S 11y, |

Hfro oS, s o o r 1 1 [lIICCRS

o[ S S S S, S, r r s |lCkL

200S Sy S S, S, S, S |l

Bl r S, S S, S 1Sy, Sy |ICkHS

Y S S Sp Sy Sy S, S |lICH

[ Sy Sy S TSy S, 9y |HICAL

sLfr r s oS r r 1 s |lCAL

B0 Sy r S Sy S, Sy, Sy |HeBL

Bl ror s oS, 1y, |l

Bl roroS, r s or 1y, [Imeetl

B[Sy r S S, S, TS, S, |IeeT
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Table 6A. (continued)
group Antibioltic resistant profiles Rhizobial isolates
Car Chl Ery Nal Kan Tmp Tet Str
%] s s s S s S s s |lNC
3L r Sy Sy Sy ST Sy Sy |HINC4
L r r oS5, S 1 S S |IHNRL
¥ S S S § s s s s |NKS
s r oS, oS, IS, S |HINR4
a0 s S, S S S r 1 s |lHNAL
415 Sy Sy S S, Sy Sy [HINAZ
430 S, Sy Sy S, 1S, |HINUL
4 1S, Sy S, S S, Sy S |HINDZ
1S Sy S S 1 S, I |HNUL
o | r r 1 S, S S, S |HINEMyL
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Table 7A. The host dependent cross-inoculation group of rhizobia in rainy season.

Isolate Host plant
ICM,-1 Cowpea
IV -4 Cowpea
ICM-L Cowpea
ICMy-2 Cowpea
ICM-3 Cowpea
IV Cowpea
ICM5-L Cowpea
ICM-2 Cowpea
ICM3-3 Cowpea
ICV3-4 Cowpea
ICCL Cowpea
ICC2 Cowpea
ICC3 Cowpea
ICC4 Cowpea
ICKL Cowpea
ICKZ Cowpea
ICR4 Cowpea
ICCKL Cowpea
ICCRZ Cowpea
ICCK3 Cowpea
ICCR4 Cowpea
ICFL Cowpea
ICHZ Cowpea
ICH3 Cowpea
ICH4 Cowpea, S0y nean
ICAL Cowpea
ICAZ Cowpea
IUBL Cowpea
IUBZ Cowpea
1™ Cowpea
ICC™2 Cowpea
INM;-L Cowpea
INM;-Z Cowpea
INM ;-4 Cowpea
INM,-L Cowpea
INM,-Z Cowpea
INM,-3 Cowpea, S0y nean
INM,-4 Cowpea
INM,-L Cowpea
INM;-2 Cowpea
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Isolate Host plant
INM;-3 Cowpea, Soy bean
INMy-4 Cowpea
INCL Cowpea
INCZ Cowpea
INC3 Cowpea
INC4 Cowpea
INKL Cowpea
INKZ Cowpea
INK4 Cowpea
INUKL Cowpea
INURZ Cowpea
INUK3 Cowpea
INUR4 Cowpea
INFL Cowpea
INFZ Cowpea
INF3 Cowpea, Soy bean
INF4 Cowpea
INAL Cowpea
INAZ S0y Dean, vesnania rostaia
INBL Cowpea
INBZ Cowpea
INC™L Cowpea
INC™Z Cowpea
INUL Cowpea
INUZ Cowpea
INU3 Cowpea, Soy bean
INEM;-L Cowpea
INEM;-2 Cowpea
INEM;-3 Cowpea
INEM;-4 Cowpea
INEM,-L Cowpea
INEM,-2 Cowpea
INEM,-3 Cowpea
INEM-4 Cowpea
INEM;-L Cowpea
= S0y bean
INEM3-3 Cowpea
INEM -4 Cowpea
INECL Cowpea
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Isolate Host plant
INEC2 Cowpea
INEC3 Cowpea
INEC4 Cowpea
INEKL Cowpea
INERZ Cowpea
INEK3 Cowpea
INER4 Cowpea
INECKL S0y bean
INECKZ S0y bean
INECK3 Cowpea
INECR4 Cowpea
INEFL Cowpea
INEFZ Cowpea
INEF3 Cowpea
INEF4 Cowpea
INEAL Cowpea
INEAZ Cowpea
INEBL Cowpea
INEBZ Cowpea
INEC™L Cowpea
INEC™Z Cowpea
INEDL Cowpea
INEDZ Cowpea
INED3 Cowpea
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Table 8A. The host dependent cross-inoculation group of rhizobia in dry season.

Isolate Host plant
I1ICM,-1 Cowpea
UM, -2 Cowpea
O3 Cowpea
UM -4 Cowpea
UM~ Cowpea
UM~ Cowpea
1ICM-3 Cowpea
1ICV-4 Cowpea
UM~ Cowpea
UM~ Cowpea
1CM5-3 Cowpea
11ICV3-4 Lowpea, S0y bean

el Cowpea

1[[¥W Cowpea

Hees Cowpea

HICC4 Cowpea

UKL Cowpea

HICKZ S0y bean

HICKS Cowpea

HICK4 Cowpea
ICCURL Cowpea
ICCRZ Cowpea
ICCUR3 Cowpea
ICCR4 Cowpea

HICkL Cowpea

HICHZ Cowpea

HICHS S0y bean

ICH Cowpea
HICAL Cowpea
ICAZ Lowpea, S0y bean
HeBL Cowpea
1[[¥:72 Cowpea
nee=L Cowpea
e Cowpea
IHINM,-L Cowpea
I1INM,-2 Cowpea
I1INM,-3 Cowpea , S0y bean
IHINM,-4 Cowpea
I1INMy-L Cowpea
I1INMy-2 Cowpea , S0y bean
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Table 8A. (continued)

Isolate Host plant
[1INM;-3 Cowpea
I1INMy-4 Cowpea, Soybean

HINCL Cowpea

HINCZ Cowpea

HINC3 Cowpea

HINC4 Cowpea

HINKL Cowpea

HHINKZ Cowpea

HINK3 Cowpea

I1INK4 Cowpea
I1INCKL Cowpea
IHINCKZ Cowpea
I1INCKS Cowpea
I1INCR4 Cowpea

HINFL Cowpea

HINFZ Cowpea

HINF3 Cowpea

I1INF4 Cowpea

IHINAL Cowpea , S0y bean

HINAZ Cowpea , S0y bean
IHINC™L Cowpea
HINC™Z Cowpea

HINEM;-1 LOWpea , Sesnania rostata
HINEM;-Z Cowpea
HINEM;-3 Cowpea
IHINEM;-4 Cowpea
IHINEM,-Z LOWpea , Sesnania rostata
IHINEM,-3 Cowpea
IHINEM,-4 Cowpea
IHINEM-1 Cowpea
IHINEM-Z Cowpea
IHINEM-3 Cowpea

IHINEM -4 Cowpea , S0y bean
HINECL Cowpea
HINECZ Cowpea
HINECS Cowpea
IHINECA Cowpea , S0y bean
IHINERL Cowpea, Soybean
IHINERS Cowpea
I1INER4 Cowpea , S0y bean
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Table 8A. (continued)

.J;Six_

. bl
& i "

"

Isolate Host plant
[IINECR1 Cowpea
IHINECRZ Cowpea
IHINECRS Cowpea
HINECR4 Cowpea

IIINEFL Cowpea
IIINEFZ Cowpea
IIINEF3 Cowpea
IIINEF4 Cowpea
IHINEAL Cowpea
IIINEC™L Cowpea
IIINEC™Z Cowpea
IINEDL Cowpea
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