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CHAPTER |
INTRODUCTION

1. Soybean rhizobia

Soybean rhizobia are Gram negative, rod-shaped non-spore forming, motile
bacteria which fix nitrogen in root nodules of soybean Glycine max (L.) There are two
categories of soybean rhizobia : Fast-growing soybean rhizobia and slow-growing
soybean rhizobia. At present, six species of soybean rhizobia are recognized as

follows:

Fast-growers :
Sinorhizobium fredii (Chen et al., 1988)
Sinorhizobium xinjiangense (Peng et al., 2002)

Slow-growers :
Bradyrhizobium elkanii (Kuykendall et al., 1992)
Bradyrhizobium japonicum (Jordan, 1982)
Bradyrhizobium liaoningense (Xu et al., 1995)
Bradyrhizobium yuanmingense (Appune et al., 2008)

Some differences between fast-and slow-growing soybean rhizobia are shown in
Table 1.1.



Table 1.1 Some differences between fast- and slow-growing soybean rhizobia (Elkan

& Bunn, 1992; this study).

Properties

Soybean rhizobia

Fast-growers

Slow-growers

1. Doubling time

Less than 6 hours

More than 6 hours

2. Type and 2-6 peritrichous flagella 1 subpolar flagellum
number of
flagella
3. nifHDK nifHDK are in the same operon nifH and nifDK are on separate
operons
P e Y/ nitD K E N X nifS _ nifBinch nif
L)
4.Colony
morphology

NKL09114

5.Bromothymol
blue (BTB) reactions

NKL09114

STB8 B.elkanii




So far, considerable amounts of research have been conducted in Thailand
and other leading soybean exporting countries, notably the US, People’s Republic of
China, Argentina, and Brazil, on the isolation and characterization of soybean rhizobia.
However , despite great diversity of soybean rhizobia including different abilities to
secrete either acidic or alkali products (Bromothymol Blue reactions), different
abilities to utilize carbon and nitrogen sources, different patterns of growth at
different temperatures, different RAPD-PCR fingerprints, polyphasic taxonomy
including the use of 16S rDNA sequences to identify isolated soybean rhizobia strains
only revealed 4 different species of slow-growing soybean rhizobia worldwide. One
reason for the recognition of only 4 species is because 16S rDNA sequences which
are conserved are mostly used in the identification process. This practice hinders the
progress in soybean rhizobial taxonomy. Therefore, this thesis aims to employ
Multilocus Sequence Analysis using sequences of four housekeeping genes and one
symbiotic gene, namely 16S rDNA, dnak, ¢lnll, recA and nifH, respectively, to identify
and determine phylogenetic relationships amongst soybean rhizobia isolated from

Nongkula subdistrict, Phitsanulok province.



CHAPTER Il
LITERATURE SURVEY

2.1 Research work on identification of soybean rhizobia in Thailand

Research on identification of soybean rhizobia in Thailand is not as extensive
as those conducted in soybean exporting countries such as USA, Brazil, and

Argentina(http://www.rizobacter.com.ar/risoja.html, http://www.americasbestinoculant.

com/,http://www.beckerunderwood.com/en/inoculants), Appunu et al., 2008; Menna

et al, 2006). Research work on the characterization by 16S rDNA sequences of
soybean rhizobia in Nan and Phitsanulok provinces has shown that only slow-growing
soybean rhizobia Bradyrhizobium elkanii, B. japonicum, B. liaoningense and B.
yuanmingense have been isolated from Thailand (Ando and Yokoyama, 1999;
Chanthapetch, 2009; Maruekarajtinplaeng, 2010 ). In 2012 Maruekarajtinplaeng et al.,
isolated soybean rhizobia from 16 subdistricts of Phitsanulok province and used
polyphasic taxonomy including the wuse of 16S rDNA sequences to identify
Bradyrhizobium spp. The researchers reported the detection of B. yuanmingense for
the first time in Thailand. In addition, the researchers found that the identified B.
elkanii strains STB8, STB119, STB120, STB147, STB173, STB220, and STB245 had
different RAPD-PCR fingerprints when the arbitrarily GC rich CRL-7 was used as the
primer.  However, the 7 B. elkanii strains were found to have different abilities to
secrete either acidic or alkali products, different abilities to utilize 95 different carbon
and nitrogen compounds, different patterns of growth at different temperatures.
Therefore, it was suggested that the 7 strains were natural variants of B. elkanii.
Similarly, strains STB30, STB54, STB67, STB96, STB250, and STB310 were found to be
natural variants of B. japonicum. Hence, the use of polyphasic taxonomy as
described by Vandamme et al. (1996) is not sufficient to refine the identification of
slow-growing soybean rhizobia up to either the species or strain levels. Slow-growing
soybean rhizobia might contain more than the 4 species presently recognized
worldwide which are Bradyrhizobium elkanii (Kuykendall et al., 1992), B. japonicum
(Jordan, 1982), B. liaoningense (Xu et al., 1995), and B. yuanmingense (Appunu et al,,
2008). In this thesis, Multilocus Sequence Analysis (MLSA) as described by Gevers et
al. (2005) will be employed to identify soybean rhizobia for the first time in Thailand


http://www.rizobacter.com.ar/risoja.html
http://www.americasbestinoculant.com/
http://www.americasbestinoculant.com/

by using sequences of the following 4 house-keeping genes and one symbiotic gene,
respectively: 16S rDNA, dnaK;, ¢lnll, recA, and nifH. All these genes have been used
extensively in Multilocus Sequence Analysis of rhizobia (Menna et al., 2009; Ribeiro et
al., 2009; Vinuesa et al., 2008). The following section describes properties of some of

the genes used in this thesis.

Soybeans are grown as rotational crop in rotation with economic plants such
as rice, corn and sugarcane in the northern, northeastern, upper central and eastern

parts of Thailand as shown in Figure 2.1
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Figure 2.1 Map of Thailand showing different areas of soybean cultivation (Source:
Statistics on Agriculture in Thailand in the years 2003 to 2007. Office of Agricultural

Economics).



Soybean rhizobia are Gram negative bacteria which fix nitrogen in root

nodules of soybeans as shown in the following equation:

nitrogenase

N, + 8H  +8e + 16ATP— = 4, ONH; + H, + 16 (ADP + PO, )

The breakdown of the triple bond in the atmospheric nitrogen molecule is
energy-intensive. The 16 ATP molecules used in fixing one molecule of atmospheric
nitrogen to two molecules of ammonia are supplied by soybeans. Soybean rhizobia
inhabit soybean roots symbiotically with energy supplied by soybeans and ammonia
obtained from nitrogen fixation by soybean rhizobia is utilized by soybeans in the
synthesis of amino acids such as Glutamine, Glutamic acid, Alanine, and Aspartic acid.
Two equations in the utilization of the ammonium molecule in the production of

Glutamine and Glutamate are shown in Equations (1) and (2) respectively.

Equation 1:
o )
- [NY
cl:—o c|:—o
+ +
H?_NH3 Glutamine H?_NHa
CH, synthetase oH
| + NHS + ATP ———— | 7+ ADP + P, + H*
1" i
o =0
o NH,
Glutamate Glutamine
Equation 2:
i i
T 7
C=0 Glutamate HC—NH;
C|:H dehydrogenase £|3H
[ 2 +NHs" + NADPH + HY —/—= | 4+ NADPY + H,0
(e CH,
i i
0 0
c-Ketoglutarate Glutamate

http://www.dinatec.com/Dinodornox.htm

In addition, other amino acids such as Alanine and Aspartic acid are

synthesized by transamination reactions with the general equation as follows:


http://www.dinatec.com/Dinodornox.htm

Ol-keto acid, + amino-acid,

Cl)H
Oo=C
o HC-NH>
1l
CH3—C|)('|J—C—OH CH,
CH>
pyruvate
0-¢
OH
gutamate
OH
0=C
| OH
HC-NH> Ozf.l')
‘ CH,
CH,  * o
&
0=C
Bt OH
OH
glutamate oxaloacefate

amino transferase

ALT

AST

» amino acid, + O-keto acid,

CI)H
0=¢
C=0
Q
CH;—GH-C-OH +
NH> (i:H2
lani
alanine O=(I3
OH
c-Ketoglutarate
QH
or o
0=C (‘3=O
C-NH +  CH,
GH GH
0=C 0=C
OH OH
aspartate a-ketoglutarate

The genes encoding the enzymes Glutamine synthetase and Glutamate

dehydrogenase are ¢lnll and gdh respectively.

Another gene commonly used in Multilocus Sequence Analysis (MLSA) is nifH

which encodes the Fe protein of nitrogenase.

According to Voet and Voet (1995), The enzyme nitrogenase consists of two

proteins, the Fe protein and the MoFe protein. nifH encodes the Fe protein which is a
dimer of approximately 60 kDa which contains binding sites for ATP. nifD and nifK

encode the Ol and B subunits of the MoFe protein which is approximately 220 kDa

of subunit structure OL2B2 that contains the binding site for the substrate N,. The

overall process of nitrogen fixation in a bacterioid of rhizobia is shown in Figure 2.2


http://themedicalbiochemistrypage.org/amino-acid-metabolism.html

Mg
N, + 16ATP +8¢™+10H *~—— 2NH, + H, + 16 ADP +16ip.

(LHb), | fOLHB) -
Sugars
5
I(' r-:hig“* L3 * Fy
J Mg-ATF HH yg, HO
Foridaxin Fe-protein Ma-Fe-protein
C{mmu}* (Reduced) Lﬂﬂdi:@dl i
Fermido :-plﬁtein anhpru!.ein—-"'r

(Reduced) {Oxidized) {Reducsd)

Bacterieid

Figure 2.2 The overall process of nitrogen fixation in a bacterioid of rhizobia.

Figure 2.3 Ribbon structure of the nitrogenase MoFe protein from Azotobacter

vinelandlii.
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Molvbdenum Nitrogenase

MN,+ 8+ G H 16 ATP —  2NH+H+ 16 ADP+ 16
Rnom temperature, stmospheric pressure

MoFe protein

Figure 2.4 MoFe protein-Fe protein complex involved in nitrogen conversion to

ammonia.

http://www.chem.cmu.edu/groups/achim/research/magneto.html

Figures 2.3 and 2.4 show ribbon structures of the nitrogenase MoFe protein
and MoFe protein-Fe protein complex involved in nitrogen conversion to ammonia.

Figure 2.5 shows arrangement of the five genes used in MLSA in this thesis.

165 rDNA 523,326-523,847
dnak T25,067-726,968

nif H 1,928,567-1,929,451

chr omogone =
Y10SE2E bp = I e o s pristhciis racss ek mwbars
s

ginll 4,607,187-4,608,221

Bradyrhizobium japonicum USDA 110

Figure 2.5 Whole genome of the slow-growing soybean rhizobium B. japonicum
USDA110 (Kaneko et al., 2002) showing positions of the five genes proposed for use
in Multilocus Sequence Analysis. All the genes in the genome are color-coded

according to their functions.


http://www.chem.cmu.edu/groups/achim/research/magneto.html

11

recA encodes RecA enzyme which functions in homologous recombination.
When a double-stranded DNA is nicked at the site where homologous recombination
occurs, monomers of RecA will polymerize to form a filament with one set of sites
attaches to the resultant single-stranded DNA and another set of sites attaches to the
double-stranded DNA. Hence, a filament of RecA polymer surrounds both the single-
and double-stranded DNA for DNA repair to take place according to complementary
base pairing reaction. Figure 2.6 shows ribbon structure of a RecA monomer

(http://www.callutheran.edu/BioDev/omm/reca/recamast.htm). The monomer is

approximately 38 kDa.

Figure 2.6 Ribbon structure of a RecA monomer.

(http://www.callutheran.edu/BioDev/omm/reca/recamast.htm).



http://www.callutheran.edu/BioDev/omm/reca/recamast.htm
http://www.callutheran.edu/BioDev/omm/reca/recamast.htm
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dnaK encodes an approximately 70 kDa heat shock protein which is a
molecular chaperone in all organisms including Bradyrhizobium spp. Figure 2.7
shows the protein product of dnaK consists of three domains : the ATP-binding
domain of approximately 358 amino acids, the peptide-binding domain of
approximately 225 amino acids and the GC- rich region of approximately 33 amino
acids. Under physiological temperature, DnaK, Dnal, GrpE, and Sigma 32 form a
complex. However, under heat shock conditions, the complex separates into DnaK,
Dnal, and GrpE which function as molecular chaperones by binding to partially-
denatured proteins to prevent formation of aggregates. When heat shock conditions
are removed, the molecular chaperones dissociate from the partially-denatured
proteins so the latter could fold back to their functioning conformation. During heat
stress, Sigma 32 binds to the core enzyme of RNA polymerase to form the
holoenzyme which binds to -10/-35 promoters for the transcription of genes of other
heat shock proteins such as GroESL1 which aids in protein folding during heat stress

as shown in Figure 2.8 (Chansa-ngavej, 2005 ; Minder et al, 1997).

Heat shock Proteins : DnakK, DnadJ, GrpE

« DnakK 70 Kda

ATPase domain Peptide GI/IC
- binding rich
domain region

*» DnaJ 40 Kda
» GrpE 20 Kda

Figure 2.7 Approximate sizes of DnaK, DnalJ, and GrpE (Minder et al., 1997)
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GrpE. Dnak __DnaJ
_‘"-""'"'""‘"‘/”:;32
Control of Heat Dnak/Dnal/GrpE o 32 complex
Shock Gene Heat stress
Expression
Dnak. DnaJ, GrpE o
dnaK operon l J"%EB'

Molecular chaperones RNA polymerase

\-‘r 0/-35 promoter

Transcription of ¢ * -dependent
(Minder et al, 1997) gene expression e.g. groESLA

Y Py pem—l s

Figure 2.8 Function of DnaK in the control of gene expression under heat shock

condition in Bradyrhizobium spp.
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2.2 Molecular diversity of soybean rhizobia in other countries

Molecular characterization of soybean rhizobia in other countries consists of
PCR-RFLP of several genes and spacer regions. For example, Chen et al.(2004)
reported the characterization of 25 strains of soybean rhizobia from Shennongjia
forest reserve, People’s Republic of China, where soils from collection sites of
different altitudes (500m, 1060m, 1500m, 1950m, 2400m, and 3100m) were acidic
with pHs ranging from 4.6 to 5.6. No soybean rhizobia were collected from 500m and
1060m sampling sites. All isolated strains were found to be fast-growing soybean

rhizobium Sinorhizobium fredli with mean generation time between 2.0 h to 3.4 h.

In 2008, Vinuesa et al. used MLSA to analyse 33 reference strains and 76
rhizobial strains isolated from root nodules of soybean grown in soil samples from
Myanmar, India, Nepal, and Vietham. The phylogenetic tree constructed with
concatenated sequences of atpD-glnll-recA-rhoB showed 15 Myanmar strains were in
the same cluster as B. elkanii, 18 strains isolated from soil samples from Nepal were
found in the same cluster as B. japonicum strainla, one Myanmar strain was found to
be a novel lineage, 9 strains from soil samples from Vietnam and 4 strains isolated
from soil samples from Myanmar formed the same cluster as B. liaoningense. Finally,
6, 21, and 2 strains isolated from soil samples from Myanmar, India, and Vietnam,
respectively, were found in the same cluster as B. yuanmingense. Most of the
phylogenetic relationships were supported by high bootstrap numbers between 0.8-
1.0.

In 2009, Binde et al. used nucleotide sequences of 16S rDNAs to identify 54
strains of rhizobia including soybean rhizobia Bradyrhizobium elkanii, B. japonicum,
B. liaoningense, and B. yuanmingense . Construction of a phylogenetic tree using the
16S rDNA sequences revealed B. elkanii , B. japonicum, B. liaoningense, and B.
yuanmingense indicating close genetic relationships amongst these four soybean

rhizobial species.

Multilocus Sequence Analysis had also been used to delineate species in
other microsymbionts of legumes other than soybean rhizobia. In 2009, Rivas et al,,
employed Multilocus Sequence Analysis to determine if concatenated sequences of
five house-keeping genes, namely, atpD-recA-gyrB-rpoB-dnaK could be used to
delineate species for 16 newly-isolated strains from leguminous plants Lupinus albus,
Arachis hypogaea, and Ornithopus compressus from Spain. Primers were designed to

amplify each gene from 45 strains which consisted of reference strains representing
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named species and the 16 isolated strains. Phylogenetic trees obtained from partial
sequences of each gene and from concatenated sequences as shown in Figure 2.9
did not group Bradyrhizobium spp. MCLAO7, MCLA12, MCLA22 and MCLA23 isolated
from Lupinus albus from Salamanca, Spain, into the same cluster as the 4
Bradyrhizobium spp. RLAO8, RLA09, RLA10, and RLA11 which were isolated from L.
albus from Ledn, Spain. However, the following 8 Bradyrhizobium strains were
grouped into separate clusters : 4 Bradyrhizobium strains MCAHO03, MCAHO06, MCAH12,
and MCAH13 isolated from Arachis hypogaea in Salamanca, Spain, and 4
Bradyrhizobium strains MCOC04, MCOC05, MCOC23, and MCOC24 isolated from the
host plant Ornithopus compressus in Salamanca, Spain. From the phylogenetic tree
constructed from the concatenated sequences, the 12 Bradyrhizobium strains
isolated from Salamanca, Spain, were identified as Bradyrhizobium canariense, while
the other 4 Bradyrhizobium strains RLA08, RLA09, RLA10, and RLA11 which were
isolated from L. albus from Leon, Spain, were found to be closely related to B.
Jjaponicum. The results seemed to indicate Mutilocus Sequence Analysis could not
yet be used in place of DNA-DNA hybridization to delineate the 16 newly-isolated
Bradyrhizobium species. However, Rivas et al. (2009) suggested that with more
sequencing data and the future inclusion of more reference strains, MLSA could

eventually be used to delineate species.
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Figure 2.9 Phylogenetic tree, calculated using the maximum likelihood method,
based on the concatenated sequence data for the genes atpD, recA, gyrB, rpoB and

dnakK (Rivas et al, 2009).



CHAPTER Il
MATERIALS AND METHODS

3.1 Bacterial strains

150 bacterial strains in YM slant culture which were previously isolated in
Laboratory 404, Tab Building, Chulalongkorn University, from root nodules of soybean
(Glycine max L.) CV. Chiangmai2 grown in a 15X24 sg.m. experimental plot in

Nongkula district, Phitsanulok province in August 2009 were used in this study.

3.2 RAPD-PCR DNA fingerprinting of bacterial isolates from Nongkula subdistrict

One loop of each root nodule bacterial isolate was spread onto an agar plate
containing yeast extract mannitol medium (YM) with 0.25 pl.mtfl final concentration
of congo red. (mannitol 10 g, K;HPO4 0.5 g, MgSO,.7H,0 0.2 g, NaCl 0.1 g, yeast extract
0.5 g, deionized water 1 liter). Plates were incubated at 30°C. If colonies were
observed after 1-day incubation, the isolates were reported as fast-growers. On the
other hand, if colonies were observed after 5-day incubation, the isolates were
recarded as slow-growers. RAPD-PCR DNA fingerprints of slow-growing isolates were
obtained as follows : One loop of each slow-growing root nodule bacterial isolate
was inoculated into 50 ml of YM in a 250 ml Erlenmeyer flask. Cells grown at 30 °C,
200 rpm, for 4 days were harvested by centrifugation at 8000 rpm, 4 °C, 5 min,
washed once with 0.85% NaCl to get rid of polysaccharides. Cells were broken by
incubation for 1 h with lysozyme in 100 ul saline-EDTA (2.5 mg.ml_1), 400 ul TE buffer,
20 pl 10% SDS followed by freezing and thawing at —20°C, 5 min and 80°C, 5 min,
twice. RNA was hydrolyzed by adding 250 pl of DNAzol™ (Molecular Research
Center). DNA was precipitated with 30 pl 3M sodium acetate and 500 pl ice-cold
absolute ethanol with incubation at -80°C for 15 min., washed with 70% ethanol, air
dried, and dissolved in sterilized distilled water overnight. Quantity and quality of
chromosomal DNA preparation were determined by OD260, OD260/0D280 and 1.25%

agarose gel electrophoresis (Sambrook et al., 1989).

DNA fingerprints of each root nodule bacterial isolate were obtained by RAPD-
PCR using either RPO1 (Richardson et al.,, 1995) or CRL-7 (Mathis and McMillin, 1996)
as the primer. PCR mixture consisted of 10 pl 2X Tag Master Mix (1.25 unit Tag DNA
Polymerase, 1X ViBuffer A, 0.2mM dNTPs and 1.5mM MgCl,), 0.5 pl (100 pmole. pl_l)
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primer RPO1 or 0.5 pl (100 pmole. ptfl) primer CRL-7, DNA 200 ng, and sterilized
distilled water to 20 pl. PCR program was 95 °C 15 seconds, 55 °C 30 seconds, 72 °C
90 seconds for 5 cycles, 95 °C 15 seconds, 60 °C 30 seconds, 72 °C 90 seconds for 25
cycles, followed by 72 “C 10 minutes. PCR products were separated by 1.25%
agarose gel electrophoresis (Sambrook et al., 1989), stained in 0.5 pg/ml Ethidium
bromide and photographed under UV light on Bio-rad UV transilluminator equipped
with Polaroid camera using FUJI 3000 B Polaroid film.

3.3 Grouping of isolates and dendrogram construction from DNA fingerprints

Root nodule isolates with identical RAPD-PCR DNA fingerprints using either
RPO1 or CRL-7 as the primer were assigned to the same strains. Dendrograms of
RPO1-DNA fingerprints and CRL-7- DNA fingerprints of the isolated strains as well as
some soybean rhizobial STB strains as reported by Maruekarajtinplaeng, (2010) were
constructed with DNA Fingerprinting Il Informatix software version 3.0 provided by
the Bio-Rad Laboratories (Thailand) Co., Ltd.

3.4 Selection and authentication of bacterial strains

Five strains were selected from the dendrogram constructed from the DNA
fingerprints. Each strain was grown in YM broth for 4 days as described in section 3.1.
Five ml of each bacterial suspension were added onto germinating seeds (Glycine
max cv Chiangmai 60) in Leonard jars as described by Somasegaran and Hoben
(1994). Leonard jars were placed in a randomized complete block design experiment
ina 28 °C-32°C temperature-controlled greenhouse for 28 days before the
observation of root nodules when soybean plants were at R4 stage with 50% of

soybean plants had at least one flower  (www.natres.psu.ac.th/Department/

PlantScience). If root nodules were observed, the bacterial strains were determined
to be soybean rhizobia. On the contrary, if root nodules were not observed, the
bacterial strains were not soybean rhizobia. Total nitrogen of the whole soybean
plant as grown in Leonard jars as described by Somasegaren and Hoben (1994) was
determined by the Kjeldahl method using the service of the Food Testing Center of
Chulalongkorn University. At least 5 strains of soybean rhizobia which yielded
relatively high total nitrogen content and large numbers of crown nodules with pink

tissue were selected for Multilocus Sequence Analysis.

3.5 Flagella staining
One loop of each selected soybean rhizobial strain was grown in 3 ml of YM

broth at room temperature for 48 h. Sample was dropped onto a copper grid of a


http://www.natres.psu.ac.th/Department/%20PlantScience
http://www.natres.psu.ac.th/Department/%20PlantScience
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Transmission  Electron Microscope. Cells were stained with 0.1% Phosphotungstic
acid and dried overnight before observing under the Transmission  Electron
Microscope at the Research Technology and Equipment Center of Chulalongkorn

University.

3.6 Multilocus Sequence Analysis in selected soybean rhizobia

Partial nucleotide sequences of 5 genes, namely, 16S rDNA, dnaK, ¢lnll, nifH
and recA were obtained for 5 soybean rhizobium strains isolated from Nongkula
subdistrict, Phitsanulok province. All the selected 5 soybean rhizobium strains had
different DNA fingerprints. Primers 27f and 1492r for the amplification of 16S rDNA
were as described by Dorsch and Stackerbrandt (1992). Primers for the amplification
of partial nifH were as described by Siras Chulanpakorn (2007). Primers for the
amplification of partial fragments of the remaining genes were designed by
downloading sequences of the genes from GenBank to do multiple alignments and
conserved sequences were used as forward and reverse primers as shown in

Appendix D.

Composition of PCR mixture and PCR program for the amplification of 16S
rDNA were as follows: 10 pl 2X Tag Master Mix (1.25 unit Tag DNA Polymerase, 1X
ViBuffer A, 0.2mM dNTPs and 1.5mM MgCl,), 0.5 pl (100 pmole. ptfl) primer 27f and
0.5 pl (100 pmole. pl_l) primer 1492r, DNA 200 ng, and sterilized distilled water to 20
ul. PCR program was as follows: 95°C 30 minutes, 48°C 1 minute, 72°C 2 minutes (30
cycles) followed by 48°C 1 minute, 72°C 5 minutes (1 cycle).

Sequences of the primers 27f and 1492r were as described by Dorsch and
Stackebrandt (1992) : 27f (9-27)* : 5’GAGTTTGATCCTGGCTCAG3’, 1492r (1492-1512)* :
5’ACGGCTACCTTG TTACGACCT3’

* Positions of nucleotides on consensus sequence of 16S rDNA of E. coli

Composition of PCR mixture and PCR program for amplification of partial
fragments of each of the other four genes were as described for RAPD-PCR

fingerprinting in section 3.1

PCR products were sent to the Faculty of Medicine, Ramathibodi Hospital
Research Center, for sequencing by thermal cycler (Applied Biosystem 2002, using
BigDye® Terminator V3.1), Cycle Sequencing protocol and DNA Sequencer using DNA
Sequencer ABI 3100 Genetic analyzer. Nine primer (27f,1241f, 1492r, 1385r, 1110r,
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907r, 787r, 509r, and 343r) as described by Dorsch and Strakerbrardt (1992) were used
as sequencing primers for 16S rDNA. Each set of forward and reverse primers for the
amplification of the other forward genes were also used as the sequencing primers.
AUl primers were synthesized by Macrogen (Korea). In addition, nucleotide sequences
of the five genes of reference strains deposited in the GenBank database

(http://www.ncbi.nlm.nih.gov/genbank/) as shown in Table 3.1 were used in

Multilocus Sequence Analysis (MLSA) with freeware programs including BioEdit

(http://www.mbio.ncsu.edu/BioEdit/bioedit.ntml). Construction of phylogenetic trees

were obtained by using program MEGA5.2 (http://www.megasoftware.net/mega.php).

Table 3.1 GenBank accession numbers for the sequences downloaded used in MLSA

in this study.

Strain 16S rDNA dnaK alnll recA nifH
BGA-1 AJ558024 FJ970202 AY386772 AY591558 AY386784
CB15 AJ227757 AE005673  AE005673 AE005673
CCBAU 10071 AY386780 AY591566 EU818927
CCBAU 23283 HM107163 HM107247 HM107229 HM107279
CCBAU 25551 HQ231447 HQ231623 HQ231579 HQ231535
CCBAU 45291 HM107158 HM107242 HM107224 HM107274
CCBAU 45394 HM107164 ~ KC508989  HM107248 HM107230 HM107280
DSM 19922 GU256451
SEMIA 511 FJ390901 FJ390982 FJ391022 FJ391142 HQ259527
SEMIA 587 AF234890 FJ390985 FJ391025 FJ391145 HQ259549
SEMIA 5011 FJ390893 FJ390989 FJ391029 FJ391149 HQ259551
SEMIA 5025 FJ390935 FJ390991 FJ391031 FJ391151 HQ259552
SEMIA 5026 FJ390894 FJ390992 FJ391032 FJ391152 HQ259532
SEMIA 5045 FJ390924 FJ390994 FJ391034 FJ391154 HQ259533
SEMIA 5062 FJ390900 FJ390995 FJ391035 FJ391155 HQ259554
SEMIA 5079  AF234888 FJ390996 FJ391036 FJ391156 HQ259534
SEMIA 5080  AF234889
SEMIA 6319  AY904774 FJ391018 FJ391058 FJ391178 HQ259545
SR69 EU818928  EU818932 EU818936
SR135 FJ514049 FJ514061 FJ514055 FJ514070
USDAT76 HQ233240 AY328392  AY599117 AY591568
USDA94 AF363152 AY328393  AY599118 AY599092
USDA110 BA000040 BA000040  BA000040 BA000040 BA000040



http://www.ncbi.nlm.nih.gov/genbank/
http://www.mbio.ncsu.edu/BioEdit/bioedit.html
http://www.megasoftware.net/mega.php

CHAPTER IV
RESULTS

4.1 RAPD-PCR fingerprinting of bacterial isolates from Nongkula subdistrict

Table 4.1 showed codes of 150 bacterial isolates obtained from root nodules

of soybean cv. Chiangmai 2 grown in a 15 x 24 sg. m. experimental plot in Nongkula

subdistrict, Phitsanulok province. 116 isolates which were found to be slow-growers

were used in RAPD-PCR fingerprinting using either RPO1 or CRL-7 as the primer. All

the fingerprints are shown in Figures 4.1-4.7.

Table 4.1 Determination of fast- or slow-growing property of bacteria isolated from

root nodules of soybean cv. Chiangmai 2 grown in an experimental plot in Nongkula

subdistrict, Phitsanulok province in August 2009.

Code of Fast(F) or Code of Fast(F) or Code of Fast(F) or

bacterial slow(S) bacterial slow(S) bacterial slow(S)

isolates growers isolates growers isolates growers
NKL09064 F NKL09192 S NKL09232 S
NKL0O9065 F NKL09194 S NKL09233 S
NKL09066 F NKL09195 F NKL09237 S
NKLO9073 F NKL09196 S NKL09239 S
NKLO9074 F NKL09197 F NKL09240 S
NKL09083 F NKL09203 3 NKL09243 S
NKL09096 F NKL09207 S NKL09244 F
NKL09106 F NKL09210 S NKL09246 S
NKL09107 F NKL09212 S NKL09248 S
NKL09110 F NKL09213 S NKL09250 S
NKL09112 F NKL09215 F NKL09251 S
NKL09113 S NKL09216 S NKL09252 S
NKLO9114 F NKL09217 S NKL09253 S
NKL09115 F NKL09219 S NKL09255 S
NKL09116 F NKL09220 F NKL09256 S
NKLO9114 F NKL09225 S NKL0O9257 S
NKL09119 S NKL09226 S NKL09259 S
NKL09125 F NKL09229 S NKL09260 S
NKL09126 F NKL09231 S NKL09262 S
NKL09264 F NKLO9677 S NKL091011 S
NKL09266 S NKL09679 S NKL091012 S
NKL09269 S NKL09683 S NKL091013 S




22

Code of Fast(F) or Code of Fast(F) or Code of Fast(F) or

bacterial slow(S) bacterial slow(S) bacterial slow(S)

isolates growers isolates growers isolates growers
NKL09270 S NKL09686 S NKL091017 S
NKL09271 S NKL09689 S NKL091018 S
NKL09272 S NKL09690 S NKL091019 S
NKL09273 S NKL09691 S NKL091020 S
NKL09276 S NKL09692 S NKL091021 S
NKL09278 F NKL09693 S NKL091022 S
NKL09279 S NKL09694 S NKL091023 S
NKL09280 S NKL09699 S NKL091024 S
NKL09282 S NKL09701 S NKL091044 S
NKL09283 S NKL09703 S NKL091045 S
NKL09284 S NKLO9706 S NKL091046 S
NKL09288 S NKLO9707 S NKL091047 S
NKL09652 S NKL09812 F NKL091048 S
NKL09653 S NKL09813 S NKL091049 S
NKL09659 S NKL09816 S NKL091050 S
NKL09660 F NKL09818 S NKL091051 S
NKL09662 S NKL09819 S NKL091052 S
NKL09666 S NKL09820 F NKL091053 S
NKL0O9667 S NKL09821 F NKL091054 S
NKL09668 S NKL09822 F NKL091055 S
NKL09669 S NKL09823 F NKL091056 S
NKL09670 S NKL09824 S NKL091057 S
NKL09671 S NKL091005 F NKL091091 S
NKL09672 S NKL091007 F NKL091095 S
NKL09674 S NKL091008 S NKL091096 F
NKL09675 S NKL091009 S NKL091099 F
NKL09676 S NKL091010 S NKL091101 S
NKL091103 S NKL091106 S NKL091136 S
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Figure 4.1 RAPD-PCR fingerprints of slow-growing bacterial isolates obtained from
root nodules of soybean cv. Chiangmai 2 grown in an experimental plot in Nongkula
subdistrict, Phitsanulok province in August 2009. Identical fingerprints showed the
following isolates were the same strains NKL09119=NKL09229, NKL09192=NKL09194
= NKL09207= NKL09210= NKL09212.

RPOIL CRL-T

NKLOP2S
MELDF25S

Figure 4.2 RAPD-PCR fingerprints of slow-growing bacterial isolates obtained from
root nodules of soybean cv. Chiangmai 2 grown in an experimental plot in Nongkula
subdistrict, Phitsanulok province, in August 2009. Identical fingerprints showed the
following isolates were the same strains: NKL09233=NKL09251=NKL09257,
NKL09239=NKL09248, NKL09240=NKL09246= NKL09250, NKL09252=NKL09253=
NKL09255, NKL09260= NKL09262.
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Figure 4.3 RAPD-PCR fingerprints of slow-growing bacterial isolates obtained from
root nodules of soybean cv. Chiangmai 2 grown in an experimental plot in Nongkula
subdistrict, Phitsanulok province, in August 2009. Identical fingerprints showed the
following isolates were the same strains: NKL09269=NKL09270=NKL09272,
NKL09288=NKL09662.

103
16
il
Wi 71

Tk LOERG 4
ML
MELFO

12, (MK 12 DRHY

£ 00K

2,100
1,650 1.6

1000 1.0HM3

Figure 4.4 RAPD-PCR fingerprints of slow-growing bacterial isolates obtained from
root nodules of soybean cv. Chiangmai 2 grown in an experimental plot in Nongkula
subdistrict, Phitsanulok province, in August 2009. Identical fingerprints showed the
following isolates were the same strains: NKLO9669=NKL09670, NKL09671=NKL09672
=NKL09674=NKL09691=NKL09692, NKL09677=NKL09679, NKL09683=NKL09686=
NKL09689=NKL09690= NKL09694.
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Figure 4.5 RAPD-PCR fingerprints of slow-growing bacterial isolates obtained from
root nodules of soybean cv. Chiangmai 2 grown in an experimental plot in Nongkula
subdistrict, Phitsanulok province, in August 2009. Identical fingerprints showed the
following  isolates were the same strains: NKLO9701=NKL09813,  NKL09703=
NKLO9706=NKL091011=NKL091012, NKL09818=NKL09824= NKL091009= NKL091023,
NKL091010=NKL091013.

12 (WK} 12 00

% [HM} hRLCH

£, CHEE 2000
1,650

1 AKH
850

Figure 4.6 RAPD-PCR fingerprints of slow-growing bacterial isolates obtained from
root nodules of soybean cv. Chiangmai 2 grown in an experimental plot in Nongkula
subdistrict, Phitsanulok province , in August 2009. Identical fingerprints showed the
following isolates were the same strains : NKL091022=NKL091045, NKL091024=
NKL091044, NKL091046=NKL091047, NKL091048= NKL091049, NKL091051=
NKL091052.
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Figure 4.7 RAPD-PCR fingerprints of slow-growing bacterial isolates obtained from
root nodules of soybean cv. Chiangmai 2 grown in an experimental plot in Nongkula
subdistrict, Phitsanulok province, in August 2009. Identical fingerprints showed the
following isolates were the same strains :NKL091056=NKL091106=NKL091136 ,
NKL091057=NKL091091, NKL091095= NKL091101= NKL091103.

Since RAPD-PCR fingerprints of some isolates which were shown in different
gels were identical, these isolates were also the same strains. Table 4.2 summarized
all the 43 isolates that were found to be 43 strains.
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Table 4.2 Summary of all the slow-growing bacterial isolates obtained from the

experimental plot in Nongkula subdistrict, Phitsanulok province, that were the same

strains.
Strains Isolates Strains Isolates Strains Isolates
NKL09113 NKL09113 NKL09818 NKLO9676
NKL091048 NKL09824 NKL091054
NKL091049 NKL091009 | NKL09243 NKL09243
NKL09119 NKL09119 NKL091023 | NKL09252 NKL09252
NKL09229 NKL09225 NKL09225 NKL09253
NKL09192 NKL09192 NKL091008 NKL09255
NKL09194 NKL001053 NKL09283
NKL09207 NKL09226 NKL09226 | NKL09259 NKL09259
NKL09210 NKL09240 NKL09269
NKL09212 NKL09246 NKL09270
NKL091056 NKL09250 NKL09272
NKL091106 NKL091051 NKL091024
NKL091136 NKL091052 NKL091044
NKL09196 NKL09196 NKL091057 | NKL09260 NKL09260
NKL09671 NKL091091 NKL09262
NKL09672 NKL09231 NKL09231 NKL09653
NKLO9674 NKL091019 | NKL09266 NKL09266
NKL09691 NKL09232 NKL09232 NKL09271 NKL09271
NKL09692 NKLO9701 NKL09273 NKL09273
NKL09203 NKL09203 NKL09813 NKL09276 NKL09276
NKL091020 | NKL09233 NKL09233 NKL09279 NKL09279
NKL09213 NKL09213 NKL09251 NKL09816
NKL09256 NKL09257 NKL09280 | NKL09280
NKL09703 NKL091010 | NKL09282 | NKL09282
NKLO9706 NKL091013 | NKL09284 | NKL09284
NKL091011 NKL091055 | NKL09288 NKL09288
NKL091012 NKL09237 NKL09237 NKL09662
NKL09216 NKL09216 NKL09239 NKL09239 NKL091050
NKL09217 NKL09217 NKL09248 NKL09659 NKL09659
NKL09219 NKL09219 NKL09652 NKL091018
NKLO9666 NKLO9666 NKLO9670 NKL091021




Strains Isolates Strains Isolates Strains Isolates
NKLO9667 NKLO9667 NKLO9675 NKLO9675 | NKL091022 | NKL091022
NKL09683 NKL09699 NKL091045
NKL09686 NKLO9677 NKLO9677 NKL091046 | NKL091046
NKL09689 NKLO9679 NKLOO1047
NKL09690 NKL09693 NKL09693 | NKL091095 | NKL091095
NKL09694 NKLQO9707 NKLO9707 NKL091101
NKL09668 NKL09668 NKL09819 NKL09819 NKL091103
NKL09669 NKL09669 NKL091017 NKL091017

4.2 Authentication of bacterial strains

All the 43 slow-growing strains were authenticated to find out if they were
soybean rhizobia. Authentication results of all the 43 slow-growing strains were
shown in Appendix E. Results of total N of the whole plant (¢/100 ¢ plant) of all the

soybean plants inoculated with each of the 43 strains were shown in Appendix E.

4.3 Dendrogram construction from RAPD-PCR fingerprints
RAPD-PCR  fingerpints using either RPO1 or CRL-7 as the primer for the 43

slow-growing soybean rhizobial strains were used to construct two dendrograms as

shown in Figures 4.8 and 4.9.
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Figure 4.8 Dendrogram constructed with RPO1 RAPD-PCR fingerprints of the 43 slow-
growing soybean shizobial strains isolated from an experimented plot in Nongkula
subdistrict, Phitsanulok province, using DNA Fingerprinting Il Informatix software
version 3.0 provided by the Bio-Rad Laboratories (Thailand) Co., Ltd. Some reference
STB soybean rhizobia strains (Maruekarajtinplaeng, 2010) were also used in the

construction of the dendrogram. (* strains selected for MLSA).
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The dendrogram constructed with RPO1-RAPD-PCR fingerprints as shown in Figure 4.8

showed six distinct groups as follows :
Group | : NKLO9119, NKL09196, NKL09279, NKL09273, NKL09271
Group Il = NKL09252, NKL09243, NKL09669, NKL09260, NKL09259, NKL091022

Group Il = NKL091046, NKL09216, NKL09113, NKL09192, NKL09213, NKL09225,
NKL09203, NKL09219, NKL09217

Group IV @ NKL091095, NKL09276, NKL09659, NKL09288, NKL09667, NKL09693,
NKL09282, NKL09284, NKL09666, NKL09280

Group V' : Byuanmingense STB169, NKL0O9707, NKL09668, NKL09266, B.liaoningense
SK26, B.liaoningense SK3, NKL091017, NKL09819

Group VI = NKL09677, NKL09226, NKL09232, NKL09231, NKL09233, NKL09239,
NKL09237, B.elkanii STB220, NKL09675, B.elkanii STB176, B.elkanii STB179, B.elkanii
STB119, B.elkanii STB8, B.elkanii STB327, B.japonicum STB96, B.japonicum STB310,
B.japonicum STB250, B.japonicum STB30, B.yuanmingense STB264, B.japonicum
STB54, B.japonicum STB6T.

Since most of the isolated soybean rhizobial strains were clustered in
Groups |, II, 1ll, and 1V, it was relatively difficult to select five soybean rhizobial strains
from the Groups to do MLSA. The dendrogram showed NKL09707 and NKL09668 had
a close relationship with B.yuanmingense STB16 while NKL09266, NKL091017,
NKL09819 had a close relationship with B.liaoningense strains SK26 and SK3.
NKL09675 was found to have a close relationship with B.elkanii STB220. In addition
all the reference strains that were either B.elkanii or B.japonicum were found to have
a close relationship and were grouped in GroupVI while B.yuanmingense STB169 and

STB264 were found to have a relatively distant relationship.
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Figure 4.9 Dendrogram constructed from CRL-7 RAPD-PCR fingerprints of the 43
slow-growing soybean rhizobial strains obtained from an experiment plot in Nong
kula subdistrict, Phitsanulok province. Some STB soybean rhizobial strains obtained
from Maruekarajtinplaeng (2010) were used in the construction of the dendrogram
using DNA Fingerprinting Il Informatix software version 3.0 provided by the Bio-Rad
Laboratories (Thailand) Co., Ltd. (* strains selected for MLSA).
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The CRL-7 RAPD-PCR dendrogram as shown in Figure 4.9 showed the soybean

rhizobial strains could be grouped into eight distinct groups as follows :

Group | @ NKL09707, NKLO91017

Group I = NKL09237, NKL091022, NKL09219, NKL09280, NKL09279, NKL09196,
NKL09284, NKL09276

Group Il = NKL09282, NKL09288, NKL09232, NKL09113, NKL09233, NKL09239,
NKL09192, NKL09266, NKL09252, NKL09271, NKL09119, NKL09243

Group IV : B.elkanii STB327, NKL09273, NKL0O9675, NKL09260, NKL09216, B.elkanii
STB220

Group V Bjaponicum  STB67, B.japonicum STB250, B.,japonicum STB30,
Bjaponicum  STB54, B.japonicum STB96, B.japonicum  STB310, NKL09693,
B.yuanmingense STB264, B.yuanmingense STB169, B.elkanii STB8, B.elkanii STB179,
B.elkanii STB119

Group VI @ NKL09668, NKL091046, NKL09231, B.liaoningense SK3, B.liaoningense
SK26, NKL09666, B.elkanii STB176

Group VI = NKL09259, NKL091095, NKL09819, NKL09659, NKL09669, NKL09677,
NKL09213, NKL09217

Group VIl : NKL09203, NKL09225, NKLO9667, NKL09226

The two B.elkanii STB327 and STB220 reference strains were found to be
closely related in Group IV while B.elkanii reference strains STB179 and STB119 were
found to be closely related in the same Group V with Bjaponicum and
B.yuanmingense strains while B.elkanii STB176 was found to be closely related to
B.liaoningense reference strains SK3 and SK26 in Group VI. In addition, the CRL-7
RAPD-PCR fingerprints dendrogram showed a close relationship between B.japonicum
and B.yuanmingense reference strains in Group V and a close relationship between

B.liaoningense SK3 and SK26 in Group VI.
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Five bacterial strains were selected for Multilocus Sequence Analysis (MLSA)
based on the ability to identify strains from CRL-7 RAPD-PCR fingerprints. For
example, NKL09273 was selected because the strain was found to have a close
relationship with B.elkanii STB327;, NKL09216 was chosen because of its close
relationship with B.elkanii STB220; NKL09693, NKL09231, and NKL09666 were chosen
because of their close relationships with B.yuanmingense STB264, B.liaoningense SK3
and B.elkanii STB176 respectively. In addition, it is interesting to note that NKL09273,
NKL09216, and NKL09666 which were predicted to be B.elkanii by CRL-7 fingerprints
were find to have relatively distant relationships. It was expected that MLSA would

help explain the distant relationships.

4.4 Polyphasic taxonomy of the five selected soybean rhizobial strains

4.4.1 Colony morphology

NKL09231 NKLO9273

NKLO9666 NKL0O9693

Figure 4.10 Colony morphology of the five selected soybean rhizobial strains on YMA
with congo red incubated at 30°C for 5 days.

Figure 4.10 showed all the five selected soybean rhizobial strains were slow-
growing with less than 0.1 mm colony diameter after 5-day incubation at 30°C. All

colonies did not absorb congo red as expected (Somasegaran and Hoben, 1994).
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Colony morphology of the rest of the 43 isolated strains was shown in Appendix F.

Colony morphology was found to be similar in all the 43 isolated strains.

4.4.2 Bromothymol blue reactions

Table 4.3 showed bromothymol blue reactions of the five selected soybean
rhizobial strains. All the five strains were found to secrete acidic products after 5- and
10- day incubation at 30°C. Strain NKL09273 showed on unusually high amount of
polysaccharides after 10- day incubation. Bromothymol blue reactions of the rest of
the strains revealed acidic products were secreted as shown in Appendix G. In
addition, some other strains (NKL09271, NKL09659, NKL09819, and NKL091095) were
found to secrete unusually high amounts of polysaccharides as observed in the

selected strain NKL09273 after 10- day incubation at 30°C.
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Table 4.3 Bromothymol blue reactions of the five selected soybean rhizobial strains.

Strains

days

5 days

NKL09216

NKL09231

NKLO9273

NKLO9666

NKLO9693

10 days
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4.4.3 Authentication tests of the five selected soybean rhizobial strains

Table 4.4 showed the averages of total soybean plant dry weight when each
of the five selected soybean rhizobial strains was used in the authentication test.
Results of total soybean plant dry weight as determined by the Kjeldahl method
when each of the 43 strains was inoculated into Leonard jars were given in Appendix
E. The results showed the total soybean plant by weight ranged from 0.01-1.00
g/100g plant. The selected strains yielded total plant dry weight in relatively high

range values.

Table 4.4 Total nitrogen of the whole soybean plants as determined by the Kjeldahl

method.
Total Nitrogen of the whole soybean plants as determined by
the Kjeldahl method
Determination Strains Total Nitrogen ¢/100g | Average SD
1 0.67
NKL09216 0.605 0.092
2 0.54
1 0.76
NKL09231 0.843 0.114
2 0.92
1 0.61
NKL09273 0.685 0.106
2 0.76
1 0.73
NKL09666 0.73 0
2 0.73
1 0.89
NKL09693 0.84 0.071
2 0.79
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4.4.4 Negative staining for type and number of flagella

Figure 4.11 showed each of the five selected soybean rhizobial strains had

one subpolar flagellum of different lengths.

NKL09216 NKL09231 NKL09273

V 4 -

-

NKLO9666 NKLO9693

&

4

Figure 4.11 Type and number of flagella of the five selected soybean rhizobial

strains as obtained by negative staining.
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4.4.5 Multilocus Sequence Analysis in selected soybean rhizobia

In this thesis, identification of selected five strains of slow-growing soybean
rhizobia was obtained by using partial sequences of genes 16S rDNA, dnak, ¢lnll, nifH

and recA.

4.4.5.1 Identification by 16S rDNA partial sequences

Figure 4.12 showed the isolated 16S rDNA of the five selected soybean rhizobial

strains were approximately the same size of 1,500 bp.
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Figure 4.12 Isolated 16S rDNA of the five selected sobean rhizobial strains. All strains
were found to contain 16S rDNA of approximately 1,500 bp

Table 4.5 showed identification of the 5 slow-growing soybean rhizobia NKL
strains by using the Blast program to compare the obtained 16S rDNA sequences with
those sequences in the GenBank database. The Blast program indicated the following
results for the identification of the selected NKL strains using partial sequnces of 16S
rDNA.

NKL09216 (determined length 1452 bp) could be related to Bradyrhizobium
yuanmingense strain TTC4 or Bradyrhizobium liaoningense strain LYG2, All the
compared sequences had the following homology: identities = 1447/1452 (99%), gap
= 1/1452.
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NKL09231 (determined length 1452 bp) could be related to Bradyrhizobium
yuanmingense strain TTC4 or Bradyrhizobium liaoningense strain LYG2. All the
compared sequences had the following homology: identities = 1447/1452(99%), gap
= 1/1452.

NKL09273 (determined length 1339 bp) could be related to Bradyrhizobium elkanii
strain STB179 or Bradyrhizobium elkanii strain STB120. All the compared sequences
had the following homology: identities = 1339/1340(99%), gap = 1/1340.

NKL09666 (determined length 1451 bp) could be related to Bradyrhizobium
yuanmingense strain TTC4 or Bradyrhizobium liaoningense strain LYG2. All the
compared sequences had the following homology: with identities = 1450/1451(99%),
gap = 0/1451.

NKL09693 (determined length 1451 bp) could be related to Bradyrhizobium
yuanmingense strain TTC4 or Bradyrhizobium liaoningense strain LYG2. All the
compared sequences had the following homology: identities = 1451/1451(100%), gap
= 0/1451.

The number of nucleotides of 16S rDNA of NKL09273 was found to be 1339
bp which was much lower than these of the other four strains. The reason was
because the PCR products obtained during sequencing using 27f or 1241f, or 1492r as
the primer were contaminated as seen in the overlapping sequencing peaks for
NKL09273 using one of the above-mentioned three primers as the sequencing primer

as shown in Appendix H.
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Table 4.5 Summary of the identification of the 5 slow-growing soybean rhizobia NKL

strains based on partial 16S rDNA sequences.

Strain Size of 16S Percent homology with Identification
rDNA product sequences in GenBank
(bp)

NKLO9216 | 1452 1447/1452(99%) with 1 gap Bradyrhizobium
yuanmingense strain
TTC4 or B. liaoningense
strain LYGZ2

NKL0O9231 | 1452 1447/1452(99%) with 1 gap B.yuanmingense strain
TTC4 or B. liaoningense
strain LYG2

NKL09273 | 1339 1406/1410(99%) with 3 gaps B. elkanii strains STB179
or STB120

NKLO9666 | 1451 1450/1451(99%) with no gap B.yuanmingense strain
TTC4 or B. liaoningense
strain LYG2

NKLO9693 | 1451 1451/1451(100%) with no gaps | B.yuanmingense strain

TTC4 or B. liaoningense

strain LYG2

Table 4.5 indicated that the 5 NKL strains consisted of B.yuanmingense strain
TTC4 or B. liaoningense strain LYG2 (NKL09216, NKL092231,NKL09666 and NKL09693)
; and one B. elkanii strain (NKL09273).
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4.4.5.2 |dentification of slow-growing soybean rhizobia using partial

dnaK sequences

Figure 4.13 showed the isolated dnaK products of the five selected soybean
rhizobial strains. The products were found to be the same size of approximatly 370
bp.
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Figure 4.13 Isolated dnaK products of the five selected soybean rhizobial strains. All
the isolated PCR products were found to be approximately 370 bp

Table 4.5 showed identification of the 5 slow-growing soybean rhizobia NKL
strains by using the Blast program to compare the obtained partial dnaK sequences
with those sequences in the GenBank database. The Blast program indicated the

following results for PCR products of dnaK of the NKL strains:

NKL09216 (determined length 326 bp) could be related to Bradyrhizobium
yuanmingense strain  SR33 or B.yuanmingense strain SR88 with identities =
315/323(98%), gap = 3/323.

NKL09231 (determined length 348 bp) could be distantly related to either
Bradyrhizobium yuanmingense strain SR33 or B.yuanmingense strain SR88 with
identities = 292/322(91%), gap = 23/322. Since the percent homology was found to
be less than 99%, NKL09231 could not be identified as B.yuanmingense.

NKL09273 (determined length 341 bp) could be distantly related to Bradyrhizobium
elkanii strain USDA 46 with identities = 309/345(90%), gap = 22/345. Strain NKL09273
could not be identified as B.elkanii USDA46 because the percent homology was
much less than 99%.
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NKL09666 (determined length 327 bp) could be distantly related to Bradyrhizobium
yuanmingense strain SR94 with identities = 313/323(97%), gap = 2/323.

NKL09693 (determined length 312 bp) could be distantly related to Bradyrhizobium
yuanmingense strain  SR33 or B.yuanmingense strain SR88 with identities =
287/295(97%), gap = 7/295.

Table 4.6 Summary of identification of the 5 slow-growing soybean rhizobia NKL

strains based on partial dnaK sequences.

Strain Size of dnaK Percent homology with Identification
product (bp) sequences in GenBank
NKL09216 | 326 315/323(98%) with 3 gaps Could not be identified
NKL09231 | 348 292/322(91%) with 23 gaps Could not be identified
NKL09273 | 341 309/345(90%) with 22 gaps Could not be identified
NKL09666 | 327 13/323(97%) with 2 gaps Could not be identified
NKL09693 | 312 287/295(97%) with 7 gaps Could not be identified

Table 4.6 indicated that no identification was obtained from partial sequnces
of dnaK of the 5 NKL strains because the percent homologies were found to be less
than 99%.

4.4.5.3 |dentification of slow-growing soybean rhizobia using partial

sequences of glnl/

Figure 4.14 showed the isolated ¢ln/l products of the five selected soybean
rhizobial strains. The products of strains NKL09216, NKL09231, NKL09666, and
NKL09693 were found to be approximately 400 bp while that of strain NKL09273 was
found to be approximately 500 bp. The reason was because a new set of forward and
reverse primers had to be designed for use in the PCR amplification of gln/l product
when chromosomal DNA of strain NKL09273 was used as the target DNA. The
previously-designed set of primers could anneal to the chromosomal DNA of the

remaining four selected strains.
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Figure 4.14 Isolated ¢lnll products of the five selected soybean rhizobial strains. gln//
product of strain NKL09273 was obtained with a different set of forward and reverse

primer as explained in the text.

Table 4.7 showed identification of the 5 slow-growing soybean rhizobia NKL
strains by using the Blast program to compare the obtained partial sequences of glnl/
with those sequences in the GenBank database. The Blast program indicated the
following results from partial sequences of ¢lnll of the five soybean rhizobial NKL

strains:

NKL09216 (determined length 406 bp) could be related to Bradyrhizobium
yuanmingense strain CCBAU 45370 with identities = 405/407(99%), gap = 1/407.
NKL09231 (determined length 408 bp) could be related to Bradyrhizobium
yuanmingense strain CCBAU 45370 with identities = 404/408(99%), gap = 1/408.
NKL09273 (determined length 509 bp) could be related to Bradyrhizobium elkanii
CCBAU 23090 or B.elkanii strain BUMiT9 or B.elkanii strain USDA46 with identities =
507/509(99%), gap = 0/509.

NKL09666 (determined length 407 bp) could be related to Bradyrhizobium
yuanmingense strain  CCBAU 45534 or B.yuanmingense strain CCBAU25575 or
B.yuanmingense strain CCBAU 4551 or B.yuanmingense strain CCBAU051018 or
B.yuanmingense strain CCBAU05623 or B.yuanmingense strain CCBAU10040 or
B.yuanmingense CCBAU43003 or B.yuanmingense SR135 with identities =
406/407(99%), gap = 0/407.
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NKL09693 (determined length 401 bp) could be distantly related to Bradyrhizobium
yuanmingense strain SR42 or B.yuanmingense strain SR33 or B.yuanmingense strain
SR88 with identities = 391/408(96%), gap = 8/408.

Table 4.7 Summary of identification of 5 slow-growing soybean

based on partial sequences of glnll.

rhizobium NKL strains

Strain

Size of glnll
product (bp)

Percent homology with

sequences in GenBank

|dentification

NKL0O9216

406

405/407(99%) with 1 gap

Bradyrhizobium
yuanmingense strain

CCBAU 45370

NKL09231

408

404/408(99%) with 1 gap

B.yuanmingense strain

CCBAU 45370

NKLO9273

509

507/509(99%) with no gap

B. elkanii strains CCBAU
or BuMiT9 or USDA46

NKLO9666

a07

406/407(99%) with no gap

B.yuanmingense strain
CCBAU25575  or
CCBAU4551  or
CCBAUO051018 or
CCBAU05623  or
CCBAU10040  or

CCBAU43003 or

strain
strain
strain
strain

strain

B.yuanmingense SR135

NKL09693

401

391/408(96%) with 8 gaps

Could not be identified

Table 4.7 indicated that the 5 NKL strains consisted of B.yuanmingense strains
(NKL09216, NKL092231,NKL09666 and NKL09693) and B. elkanii strain (NKL09273). In
addition, there were partial sequences of ¢glnl// of about 8 B.yuanmingense strains in
the GenBank database.
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4.4.5.4 |dentification of slow-growing soybean rhizobia by using partial nifH

sequences.

Figure 4.15 showed the isolated PCR products of nifH of the five soybean

rhizobial strains with the same size of approximately 360 bp.
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Figure 4.15 Isolated nifH products of the five selected soybean rhizobial strains.

Table 4.8 showed identification of the 5 slow-growing soybean rhizobia NKL strains
by using the Blast program to compare the obtained partial nifH sequences with those
sequences in the GenBank database. The Blast program indicated the following results for

products of nifH of the five selected NKL strains:

NKL09216 (determined length 364 bp) could be related to Bradyrhizobium
yuanmingense strain JNVU TF17 or B.yuanmingense strains SR42 or B.yuanmingense
strain CCBAU65826 with identities = 362/364(99%), cap = 0/364.

NKL09231 (determined length 363 bp) could be related to Bradyrhizobium
yuanmingense strain JNVU TF17 or B.yuanmingense strains SR42 or B.yuanmingense
strain CCBAU65826 with identities = 361/364 (99%), cap = 1/364.

NKL09273 (determined length 364 bp) could be related to Bradyrhizobium elkanii
strain S127 with identities = 359/364 (99%), gap = 0/364.
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NKL09666 (determined length 366 bp) could be related to Bradyrhizobium
yuanmingense strain JNVU TF17 or B.yuanmingense strains SR42 or B.yuanmingense

strain CCBAU65826 with identities = 361/366 (99%), cap = 2/366.

NKL09693 (determined length 364 bp) could be related to Bradyrhizobium
yuanmingense strain JNVU TF17 or B.yuanmingense strains SR42 or B.yuanmingense

strain CCBAU65826 with identities = 361/364 (99%), cap = 0/364.



47

Table 4.8 Summary of identification of the 5 slow-growing soybean rhizobia NKL

strains based on partial sequences of nifH.

Strain Size of nifH Percent homology with Identification
product (bp) sequences in GenBank

NKL09216 | 364 362/364(99%) with no gap Bradyrhizobium
yuanmingense strains
JNVUTF17 or SR42 or
CCBAU65826

NKL09231 | 363 361/364 (99%) with 1 gap Bradyrhizobium
yuanmingense strains
JNVUTF17 or SR42 or
CCBAU65826

NKL09273 | 364 359/364 (99%) with no gap B. elkanii strain S127

NKL09666 | 366 361/366 (99%) with 2 gaps Bradyrhizobium
yuanmingense strains
JNVUTF17 or SR42 or
CCBAU65826

NKLO9693 | 364 361/364 (99%) with no gap Bradyrhizobium
yuanmingense strains
JNVUTF17 or SR42 or

CCBAU65826

Table 4.8 indicated that the 5 NKL strains consisted of B.yuanmingense strains

(NKL09216, NKL092231,

NKL09666 and NKL09693) ; and one B. elkanii strain

(NKL09273). Partial sequences of nifH of B.yuanmingense indicated that the four
selected soybean rhizobia were the same strains JNVUTF17 or SR42 or CCBAU 65826.
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4.4.55 |dentification of slow-growing soybean rhizobia using recA

sequences

Figure 4.16 showed the isolated recA products of the five selected soybean

rhizobial strains. The products were approximately the same size of 260 bp.
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Figure 4.16 Isolated products of recA from the amplification of chromosomal

DNA of the five selected soybean rhizobial strains.

Table 4.9 showed identification of the 5 slow-growing soybean rhizobia NKL
strains by using the Blast program to compare the obtained partial recA sequences
with those sequences in the GenBank database. The Blast program indicated the

following results for products of recA of the five selected NKL strains:

NKL09216 (determined length 258 bp) could be related to Bradyrhizobium
yuanmingense strain CCBAU 45370 or B.yuanmingense strain SR88 with identities =
257/259(99%), gap = 2/259.

NKL09231 (determined length 258 bp) could be distantly related to Bradyrhizobium
yuanmingense strain CCBAU 45370 or B.yuanmingense strain SR88 with identities =
255/259(98%), gap = 2/259.

NKL09273 (determined length 262 bp) could be Bradyrhizobium elkanii strain
Pop306 or B. elkanii strain SBR2B or B. elkanii strain SBR5A or B. elkanii strain SBR5B
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or B. elkanii strain SBRTA or B. elkanii strain SBR8A or B. elkanii strain SBR8B or B.
elkanii strain SBR8C with identities = 248/258(96%), Gaps = 2/258.

NKL09666 (determined length 258 bp) could be related to Bradyrhizobium
yuanmingense strain CCBAU 65799 with identities = 210/212(99%), cap = 1/212.

NKL09693 (determined length 260 bp) could be related to Bradyrhizobium
yuanmingense strain SR42 or B.yuanmingense strain SR33 or B.elkanii strain BuMiT9
with identities = 259/259(100%), cap = 0/259.

Table 4.9 Summary of identification of the 5 slow-growing soybean rhizobia NKL

strains based on recA sequences.

Strain Size of recA Percent homology with Identification
product (bp) sequences in GenBank
NKL09216 | 258 257/259(99%) with 2 gaps Bradlyrhizobium
yuanmingense strains

CCBAUA45370 or SR88

NKL09231 | 258 255/259(98%) with 2 gaps Could not be identified

NKLO9273 | 262 248/258(96%), with 2gaps Could not be identified

NKLO9666 | 258 210/212(99%) with 1 gap Bradyrhizobium
yuanmingense strains

CCBAU45370 or SR88

NKL09693 | 260 259/259(100%) with no gap B.yuanmingense  strains

strain BUMiT9

Table 4.9 indicated that the 5 NKL strains consisted of some B.yuanmingense
strains (NKL09216, NKL09666 and NKL09693) while strains NKL09231 and NKL09273
could not be identified due to relatively low percent homology with sequnces in the
GenBank database. It is noted that only the partial sequence of recA of strain
NKL09693 suggested this strain could be B.elkanii strian BuMiT9 while partial
sequence of other gene such as nifH revealed the strain was closely related to

B.yuanmingense.

SR42 or SR33 or B.elkanii
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4.4.5.6 Dendrograms for the identification of the five selected slow-growing
soybean rhizobia by using partial sequences of 16S rDNA, dnak, ¢lnll, nifH and
recA

Figures 4.17-4.22 showed phylogenetic trees or dendrograms obtained from
partial nucleotide sequences of 16S rDNA, dnaK, nifH, ¢lnll, recA and concatenated
partial sequences of the 5 genes of the five selected soybean rhizobial strains and
some reference strains. The boot strap numbers were found to be satisfactory in
some nodes and unsatisfactory in other nodes of the trees or dendrograms. Other
methods for constructing the dendrograms were used such as the Maximum
likelihood method, the Neighbor-joining method with less satisfactory results as
showen in Appendix J. However, when UPGMA method was used to construct all the
dendrograms, the results were relatively satisfactory because Caulobacter crescentus
CB15 which was used as the outgroup was found to be distantly related to all the
soybean rhizobial strains used in the construction of the dendrograms. In addition,
the bootstrap numbers were mostly in the acceptable range which was close to 100

for most of the dendrograms’ nodes.
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Figure 4.17 showed the dendrogram obtained by using partial sequences of
16S rDNA could not delineate the five selected soybean rhizobial strains into
different species of Bradyrhizobium spp. Instead, the five selected strains were found
to be in the same cluster which was related to B.elakanii, B.japonicum and relatively
distantly related to B.yuanmingense and B.liaoningense. Previously Blast results of
partial sequences of 16S rDNA, dnaK;, ¢lnll, nifH, and recA did not reveal any of the

five selected strains as B.japonicum.

- Bradyrhizobium kscningense CCBALI4S291
= —'£ Bradyrhizobiim Goningenss SEMLA 5025
= . Bratiyrhiz Obium jmpanicum SEMLA 5045
Bracyrhizobium jasanicum SEMIA 511

Bragyrhizobivm japonicum SEMLA 5079

55 Bracyrhizobium haoningense SEMIA 5062
[—— Braiyrhizabium yuanminganse SEMLA 6310
ml Badyhizetium juanmingenss CCRAL 23238

Bradyridzobwum fapomcim SEMIA S080
] , o7 e BciyrhiZobivm apomcum CCBALI 45304
b Bragyrhizoebium [acamcum USDA 110

Bradyrhizobivm alkani LSDA T6

Bragymhiobivm aikani SEMLA 5011

a . BB PRI OEHLT Bik@N SEMIA 5026
_g‘__l: Bradyrhizebium slans CCBAL 25851
-+ Bragyrhizobium etkany USDa94

NILOS2TS 165 fOMA
NELIS216 165 DA
MELDGEST 165 DA

= MELOSZ3T 165 rOMA
_SFC HIKLO9GES 165 rDNA

Cauvlabacier crescanius CR1S

]

Figure 4.17 UPGMA dendrogram constructed from partial nucleotide sequences of
16S rDNA of soybean rhizobial strains. Caulobacter crescentus CB15 was used as the

outgroup.
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Figure 4.18 showed UPGMA dendrogram constructed with partial sequences of
dnaK of soybean rhizobial strains with Caulobacter crescentus CB15 as the outgroup.
The results showed relatively satisfactory bootstrap numbers with distantly-related
outgroup. Strain NKL09273 was found to be in the same cluster as B.elkanii . Strains
NKL09216, NKL09231, and NKL09693 were found to be in the same cluster and were
found to be closely related to B.liaoningense and B.japonicum USDA110. Strain

NKL09666 was found to be related to B.yuanmingense strain CCBAU23238 and SR69
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Figure 4.18 UPGMA dendrogram constructed from partial nucleotide sequences of
dnaK of soybean rhizobial strains. Caulobacter crescentus CB15 was used as the

outgroup.
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Figure 4.19 showed UPGMA dendrogram constructed from partial nucleotide
sequences of nifH of soybean rhizobial strains with the free-living N,-fixaing
Azospirillum picis DSM19922 as the outgroup because Caulobacter crescentus CB15
had no nifH. The dendrogram showed NKL09231 was related to B. elkanii strain
USDA94 and B. yuanmingense CCBAU10071 with a relatively low bootstrap value of
44. In addition, strains NKL09666, NKL09216, NKL09693 and NKL09273 were closely
related to B. yuanmingense SR135.

Bradyrhizobium aponcum SEML, 511
Bradyrhizobium faponicum SEMLA 5079

Bradyrfuzobium japoncum SEMLA 5045
Bradyrhizobiwm faoningense SEMIA 5025
i — Bradyrhizobium faomngense SEMLA 5062

- Eragyrhizobim yuanmingense SEMLA 6319

b

Bradyrhizobium eland SEMIA 5011

Bradyrhizobium ekand SEMIA 5026

Bradyrhizobium @ponicum USDA 110

n EBradyrhizobium fiseningense CCBALIM5291
Eradyrhizobium alkand CCBAL 25551

% L—"|: Bradgyrhizobium japonicum CCBAL 45384

] Bradyrhizobium yuanmingenss CCBAL 23238

Sradyrhizobium aporveum BGA-1

NHLDS2T3 nifd

Bradyrfuzobium yuanmingens SR135

WNHLDSEEE nif

NELOS2 16 niH

NKLOSE93 nifd

= Bradyrivzobium elkand USDADS

EBradyrhuzobium yuanmingens CCBAL 10071

NELD9231 nifH

45 Aragpiniium picis DEM 19922

]
@
8

23

s

Figure 4.19 UPGMA dendrogram constructed from partial nucleotide sequences of
nifH of soybean rhizobial strains. Azospirillum picis DAM 19922 was used as the

outgroup.

The dendrogram constructed from partial sequences of ¢lnll as shown in
Figure 4.20 showed strain NKL09693 was related to B.yuanmingense SEMIA6319, while
the three strains NKL09216, NKL09231, and NKL09666 were related to
B.yuanmingense SR135, strain NKL09273 was found to be related to four strains of
B.elkanii. The outgroup Caulobacter crescentus CB15 was found to be distantly

related to the soybean rhizobial strains.
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Figure 4.20 UPGMA dendrogram constructed from partial nucleotide sequences of
glnll of soybean rhizobial strains. Caulobacter crescentus CB15 was used as the

outgroup.

Figure 4.21 showed the UPGMA dendrogram obtained by using partial
sequences of recA. In this dendrogram, the outgroup Caulobacter crescentus CB15
recA partial sequence was found to be relatively closely related to those of rhizobial
strains. The reason is because recA which encodes an enzyme involved in
homologous recombination, as briefly explained in the Literature Survey section of
the thesis, is an important enzyme in micro-organisms and hence the sequences
would be well-preserved. The results as shown in Table 4.10 showed all the 5

selected rhizobial strains were related to B.japonicum strain CCBAU 45394 and 45291.
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Figure 4.21 UPGMA dendrogram showing relationships amongst soybean rhizobial

strains using partial sequences of recA.

Figure 4.22 showed a dendrogram constructed with concatenated partial
sequnces of the five genes (16S rDNA, dnakK, ¢lnll, recA, and nifH). There are no
outgroup since Caulobacter crescentus CB15 did not contain nifH. The results as
shown in Table 4.10 indicated that NKL09216, NKL09231, NKL09666, and NKL09693
were closely related with the bootstrap numbers of 100 and these four strains were
found to be related to B.elkanii strain USDA94, B.yuanmingense strains CCBAU10071
and SR135, B.japonincum strains USDA110, although the bootstrap numbers were
low. Moreover, the results showed strain NKL09273 was related to B.elkanii strain

CCBAU25551 and B.yuanmingense strain CCBAU23283.
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Figure 4.22 UPGMA dendrogram constructed from concatenated partial sequences
of 16S rDNA-dnak- nifH- ¢lnll- recA of rhizobial strains

The UPGMA dendrogram constructed from concatenated partial sequences of
16S rDNA-dnaK- nifH- ¢lnll- recA of rhizobial strains had no outgroup because
Caulobacter crescentus CB15 does not contain nifH.  The results showed
bradyrhizobial strains were divided into two distinct clusters, the upper and the lower
clusters.  The lower cluster showed that the reference strains B. japonicum, B.
liaoningense, and B. elkanii , were closely related with the bootstrap numbers of 100.
On the contrary, the upper cluster showed less reliable results with the bootstrap
numbers of less than 50 for the reference strains. However, the results showed that
the four selected strains NKL09216, NKL09231, NKL09666, and NKL09693 formed a
subcluster with very closely related phylogenetic relationships with the bootstrap
numbers of 100. Strain NKL09273, though belonged to the upper cluster, was found
to be in a separate subcluster. Although the bootstrap number of 99 was obtained
for the reference strains B.elkanii strain CCBAU 25551 and B. yuanmingense strain
CCBAU 23283 in the upper cluster, all the other nodes in the upper cluster were
found with bootstrap numbers of less than 50. Hence, it was identified with less
confidence that the four soybean rhizobial strains in the first subcluster were related
to B.elkanii USDA94 and B.yuanmingense SR135 and B.japonicum USDA110 and B.
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yuanmingense CCBAU10071 . Strain NKL09273 which was found in a separate
subcluser in the upper cluster was found to be related to B. elkanii strain
CCBAU25551 and B. yuanmingense strain CCBAU23283. Table 4.10 summarized the
findings obtained from the dendrogram constructed with concatenated partial
sequences of the five genes : 16S rDNA-dnaK- nifH- glnll- recA of rhizobial strains.



Table 4.10 Identification of five soybean rhizobial strains by using dendrograms
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constructed from CRL-7 RAPD-PCR fingerprints and Multilocus Sequence Analysis.

Strains CRL-7 RAPD- | 16S rDNA dnakK alnll nifH recA Concatenated
PCR sequences
dendrogram

NKL09216 | B.elkanii B.elkanii or B.japonicum | B.yuanmingen | B.yuanming | B.japonicum B.japonicum

B.japonicum or B. se SR135 ense SR135 CCBAU 45394 or | USDA110 or

or B. liaoningense B. liaoningense B.yuanmingense
yuanmingense CCBAU 45291 SR135 and

or B. CCBAU10071 or

liaoningense B.elkanii USDA94

NKL09231 | B.liaoningen | B.elkanii or B.japonicum | B.yuanmingen | B.elkanii B.japonicum B.japonicum
ese or B.japonicum or B. se SR135 USDA94 or CCBAU 45394 or | USDA110 or
B.elkanii or B. liaoningense B. B. liaoningense B.yuanmingense

yuanmingense yuanmingen | CCBAU 45291 SR135 and
or B. se CCBAU10071 or
liaoningense CCBAU1071 B.elkanii USDA94

NKL09273 | B.elkanii B.elkanii or B. elkanii B. elkanii B.yuanming | B.japonicum B.yuanmingense

B.japonicum (four strains) ense SR135 | CCBAU 45394 or | CCBAU 23238 or
or B. B. liaoningense B.elkanii CCBAU
yuanmingense CCBAU 45291 25551

or B.

liaoningense

NKLO9666 | B.elkanii or B.elkanii or B.yuanming | B.yuanmingen | B.yuanming | B.japonicum B.japonicum
B.liaoningen | B.japonicum ense se SR135 ense SR135 CCBAU 45394 or | USDA110 or
se or B. B. liaoningense B.yuanmingense

yuanmingense CCBAU 45291 SR135 and
or B. CCBAU10071 or
liaoningense B.elkanii USDA94

NKL09269 | B.yuanming | B.elkanii or Bjaponicum | B.yuanmingen | B.yuanming | B.japonicum B.japonicum

3 enese B.japonicum or B. se SEMIA6319 | ense SR135 CCBAU 45394 or | USDA110 or

or B. liaoningense B. liaoningense B.yuanmingense
yuanmingense CCBAU 45291 SR135 and

or B.

liaoningense

CCBAU10071 or
B.elkanii USDA94




CHAPTER V
DISSCUSSION

RAPD-PCR fingerprinting

In this research , identical RAPD-PCR fingerprints were used to initially group
bacteria isolated from root nodules into the same strains. Primer RPO1 was chosen for
use in the DNA fingerprinting because it annealled to the 20 conserved nucleotide
sequence in the promoter of nifH of the fast-growing Rhizobium trifolii strains Rt 329, Rt
RS1 and R. meliloti RmP1 (Schofield and Watson,1985). In addition, Richardson et al.
(1995) reported that the primer RPO1 could be used in PCR-fingerprinting to
differentiate among different strains of fast-growing Rhizobium spp. Primer RPO1 was
chosen for use in this research because it was expected that the presence of a PCR
product due to the extension of a DNA fragment after the annealling of the primer
would be a confirmation for the presence of nifH which encodes the Fe protein
subunit of the enzyme nitrogenase. In this research, RPO1-PCR fingerprinting was
obtained at least twice. The PCR fingerprints were not always reproducible. Sometimes
one PCR product band was obtained, other times more than one PCR product band

were obtained for the same strains (results not shown).

Figure 5.1 Nucleotide sequence of the REP and ERIC primers. (A) REP consensus
sequence and nucleotide sequence of the two REP primers (REP1R-I and REP2-I),
positioned relative to the REP consensus sequence. The I's denote inosines. (B) ERIC
consensus sequence and nucleotide sequence of the two ERIC primers (ERICIR and
ERIC2), positioned relative to the ERIC consensus sequence. The arrows denote the

direction of Tag polymerase extension (de Bruijn, 1992).
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De Bruijn (1992) reported that enteric bacteria such as £. coli and Salmonella
typhimurium and several other Gram negative bacteria including Bradyrhizobium spp.
contained several short intergenic repeated sequences with highly conserved central
inverted repeats known as the repetitive extragenic palindromic elements (REPs) and
the enterobacterial repetitive intergenic consensus (ERIC) sequences. When all the
available REP and ERIC sequences were aligned, the REP and ERIC consensus
sequences as shown in Figure 19 were obtained. These sequences have been used
in PCR-DNA fingerprinting of several soybean rhizobia including the rhizobium strains
used in the commercial production of inoculants in Spain (Binde et al. 2009). But for
the purpose of grouping soybean rhizobia with identical fingerprints into the same
strains which was part of the topic for this thesis, the use of RPO1 or CRL-7 as the
primer in the PCR-DNA fingerprinting was satisfactory.

Bromothymol blue reactions in slow-growing soybean rhizobia

According to Somasegaran and Hoben (1994), the indicator dye bromothymol
blue was green on an agar plate with YM medium (YMA) at pH 6.8. Slow-growing
soybean rhizobia turn the color of bromothymol blue to blue due to the secretion of
alkali product(s). Other researchers reported that fast-growing soybean rhizobia
showed an acid bromothymol blue reaction while slow-growing soybean rhizobia
showed an alkali bromothymol blue reaction (Alberton et al., 2006). In this research ,
it was not found out that two types of bromothymol blue reactions were found in
slow-growing soybean rhizobia as reported by Maruekarajtinpleng (2010). The
experimental results showed that during growth on YMA with bromothymol blue at
the initial pH of 6.8, no soybean rhizobial strains secreted alkali product(s) which
turned the medium blue throughout the 10-day incubation time. All the 43 isolated
soybean rhizobial strains were found to secrete acidic product(s) during the first 5-day

incubation and secrete acidic product(s) during the 10-day incubation.
Average total nitrogen (g/100g plant)

The average total nitrogen content of soybean would have been much more
accurately expressed as the average of total nitrogen of soybean plant (g/100g plant)
multiplied by the average dry weight of soybean in each Leonard jar (Wipa Homhual,

personal communication).
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Multilocus Sequence Analysis in the identification of five selected slow-growing
soybean rhizobia

The average length of the isolated 16S rDNAs of the five selected soybean
rhizobial strains was 1450 bp which was in the same range as those reported by
Binde et al. (2009) and Menna et al. (2006). However, the length of the PCR products
of the other four genes were about three times less than those reported in GenBank
(results not shown). In retrospect, it was thought that use of the relatively short
concatenated partial sequences of the genes might be one reason the dendrogram
obtained from the concatenated sequences did not have bootstrap numbers higher
than 50 as shown in the upper cluster in Figure 4.22. In addition, the shorter
concatenated sequences used in the dendrogram construction might explain the high
bootstrap number of 100 which showed a very close relationship amongst the four
selected soybean rhizobial strains (NKL09216, NKL09231, NKL09666, and NKL09673)
and a relatively distant relationship of the remaining strain NKL09273 which was
found to belong to a separate subcluster in the upper cluster as shown in Figure
4.22. Taking into consideration the overall results obtained from the dendrograms of
partial sequences of the genes including the use of the concatenated partial
sequences as shown in Tables 4.9 and 4.10, the four strains in the first subcluster
seemed to belong to either B . japonicum or B. yuanmingense ; and the strain
NKL09273 seemed to be B. elkanii. It is very interesting to note that B.japonicum
USDA110 could be detected in some of the selected strains since B.japonicum
USDA110 was used in the rhizobium biofertilizer which was developed and

distributed to farmers for use in 1960s (Wipa Homhaul, personal communication).

The results as shown in Tables 4.9 and 4.10 showed MLSA using either partial
sequences of one or concatenated partial sequences of 16S rDNA-dnaK-nifH-¢glnll-
recA genes could not differentiate amongst the 4 selected strains (NKL09216,
NKL09231, NKL09666, and NKL09693). However, MLSA results could be used to state
that strain NKL09273 was likely B.elkanii or B.yuanmingense . It is interesting to note
that dendrograms constructed with either 165 rDNA or dnaK partial sequences
revealed the four strains NKL09216, NKL09231, NKL09666, and NKL09293 could also
be B.liaoningense. It can be noted from the results that the design of primers for the
amplification of genes for use in MLSA is very important. If primers yield short
products of genes which are relatively well-conserved, such as 16S rDNA. glnll, recA,
nifH for use in MLSA, the ability to resolve various species into distinct species may

not be possible.
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In 2008, Vinuesa et al used partial sequences of atp D, recA, ¢lnll and rhoB to
resolve 76 Bradyrhizobial strains isolated from the nodules of Glycine max trap
plants inoculated with soil samples from Myanmar, India, Nepal, and Vietnam. In this
case MLSA could resolve all the 76 strains which were used with 33 reference strains
into the four-slow growing soybean rhizobia. Hence, It is recommended from the
results of this thesis that new primers for the amplification of longer PCR products
and more isolated strains as well as reference strains be used in future research on

the use of MLSA in soybean rhizobial taxonomy.



CHAPTER VI
CONCLUSION

In this research 150 bacterial isolates obtained from root nodules of soybean
cv. Chiangmai 2 grown in a 15 x 24 m’ experimental plot in Nongkula subdistrict,
Phitsanulok province, Thailand, were categorized as fast- or slow-growing isolates. A
total of 116 slow-growing bacterial isolates were obtained for RAPD-PCR fingerprinting
using either RPO1 or CRL-7 as the primer. 43 different strains were obtained by
grouping bacterial isolates into the same strains. Authentication tests showed the 43
slow-growing bacterial strains were soybean rhizobia with total nitrogen of the whole
plant as determined by the Keldjahl method ranging from 0.1 to 1.0 ¢/100 ¢ plant.
Two dendrograms were constructed with either RPO1-RAPD-PCR fingerprints or CRL-7-
RAPD-PCR fingerprints.  Five soybean rhizobial strains were selected for use in
polyphasic taxonomy and Multilocus Sequence Analysis using partial sequences and
concatenated partial sequences of the following five genes: 16S rDNA, dnak, nifH,
alnll, and recA. The five selected soybean rhizobia were found to have very small
colonies of less than 0.1 mm when grown on plates containing YM medium with
congo red. All the five strains were found to secrete acidic products when grown on
YM containing bromothymol blue agar plates. Each of the selected soybean
rhizobial strains was found to have one subpolar flagellum as revealed by negative
staining and observing under the Transmission Electron Microscope. Using the BLAST
program to compare homology between the obtained partial sequences of each
gene with those deposited in GenBank as well as using dendrograms constructed
from partial sequences of each of the following five genes and the partial
concatenated sequences to construct dendrograms revealed that NKL09216,
NKL09231, NKL09666, and NKL09693 were closely related to each other with
bootstrap numbers of 100 and they could be either B. japonicum, or B.
yuanmingense while the other selected soybean rhizobial strain was found to belong
to a separate subset and could be B. elkanii. It is suggested from the results of this
research that primers should be designed to yield large PCR products for longer

nucleotide sequences for use in MLSA . Use of a large number of isolated strains and
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type and references strains should also be used to construct dendrograms that could

resolve soybean rhizobia into species or strain levels.
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APPENDIX A
BACTERIAL GROWTH MEDIA AND PLANT NUTRIENT SOLUTIONS

Preparation of all bacterial growth media and plant nutrient solutions are as

described by Somasegaran and Hoben (1994) unless otherwise stated.

Yeast Extract Mannitol Broth (YMB)

Mannitol 10.0 ¢
KoHPO4 0.5¢
MgSQ4.7H,0 0.2¢
NaCl 0.1¢g
Yeast extract 0.5¢
Deionized water 1.0 liter

pH of medium was adjusted to 6.8 with 0.1 N NaOH The medium was

autoclaved at 121°C for 15 min.

Yeast Extract Mannitol Agar (YMA)
YMB 1 liter
Agar 15¢

Agar was added to 1 liter of YMB. The solution was shaken to suspend the
agar then autoclaved at 121°C for 15 min. After autoclaving, the medium was shaken
to ensure even mixing of melted agar with medium before pouring onto petri dishes
and left to solidify.
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YMA with Congo Red

Congo Red stock solution: 250 mg of Congo Red dissolved in 100 ml of

deionized water. 10 ml of Congo Red stock solution were added to 1 liter of YMA.

The final Congo Red concentration was 25 ug.ml_l. The medium was autoclaved at
121°C for 15 min.

YMA with Bromthymol Blue (BTB YMA)

Bromthymol Blue stock solution: 0.5 ¢ of Bromthymol Blue were dissolved in

100 ml of ethanol. 5 ml of Bromthymol Blue stock solution were added to 1 liter of

YMA. The final Bromthymol Blue concentration was 25 Mg.mlfl. The medium was
autoclaved at 121°C for 15 min.

N-free Nutrient Solutions

Stock Solutions Chemicals g¢/liter
1 CaCl,.2H,0 294.1
2 KH,PO,4 136.1
3 FeC4H507.3H,0 6.7

MgSQ,4.7H,0 123.3
K;SOq4 87.0
MnSQO4.H,0 0.338
a4 H3BO, 0.247
ZnS04.7H,0 0.288
CuSO4.5H,0 0.100
CoS0O,.7H,0O 0.056
Na, MoO,.7 H,0O 0.048

Warm water was used to prepare stock solutions to get the ferric-citrate into
solution. Ten liters of full-strength plant culture solution were prepared as follows:

® To 5 liters of water, add 5 ml of each stock solution and mix,
e Adjust pH to 6.8 with 1 N HCl

® Dilute to 10 liters by adding water

® For nutrient solution, 0.05% KNOs was added to give final N

concentration of 70 ppm.




APPENDIX B
CHEMICALS AND SOLUTIONS

1. Solutions for DNA extraction
Saline-EDTA solution
15 mM NaCl, 10 mM EDTA, pH 8.0
0.09 ¢ NaCl, 0.29 ¢ EDTA

were added to distilled water. The final volume was made to 100 ml. 0.1 N NaOH

was used to adjust pH to 8.0 before autoclaving at 121°C for 15 min.

DNAzol

DNAzol solution (Molecular Research Lab, MRL) was used according to the

manufacturer's instruction.

2. Electrophoresis Buffer
50X Tris Acetate Buffer (TAE buffer)
Tris base 242 Q.
glacial acetic acid 57,1 ml
0.5 MEDTApH8.0 100 ml

were added to double distilled water. 6 N HCl was used to adjust pH to 8.0. The final

volume was added to 1000 ml.
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Figure C.1 The same strain:
NKL09113=NKL091048=NKL091049.
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APPENDIX C
GROUPING OF BACTERIAL ISOLATES WITH IDENTICAL RAPD-PCR FINGERPRINTS
INTO THE SAME STRAINS
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Figure C.3 The same strain:
NKL09192=NKL09194=NKL09207=NKL09210=
NKL09212=NKL091056=NKL091106=NKL091136.
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Figure C.2 The same strain:
NKL09119=NKL09229.
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Figure C.4 The same strain:
NKL09196=NKL09671=NKL09672=
NKLO9674=NKL09691=NKL09692.
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Figure C.7 The same strain: Figure C.8 The same strain:
NKL09219=NKL09818=NKL09824= NKL09225=NKL091008=NKL091053.
NKL091009=NKL091023.
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Figure C.9 The same strain:
NKL09226=NKL09240=NKL09246=NKL09250=
NKL091051=NKL091052=NKL091057=NKL091091.

Figure C.10 The same strain:
NKL09231=NKL091019.
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Figure C.11 The same strain:

Figure C.12 The same strain:
NKL09232=NKL09701=NKL09813.

NKL09233=NKL09251=NKL09257=
NKL091010=NKL091013=NKL091055.
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NKL09239=NKL09248=NKL09652
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Figure C.15 The same strain:
NKL09259=NKL09269=NKL09270=
NKL09272=NKL091024=NKL091044.
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Figure C.14 The same strain:
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Figure C.16 The same strain:
NKL09260=NKL09262=NKL09653.
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Figure C.17 The same strain: Figure C.18 The same strain: Figure C.19 The same strain:
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Figure C.20 The same strain: Figure C.21 The same strain:
NKL09667=NKL09683=NKL09686= NKL09669=NKL09670.
NKL09689=NKL09690=NKL09694.
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Figure C.22 The same strain:
NKLO9675=NKL09699.
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Figure C.25 The same strain:
NKL091022=NKL091045.

78

RPLH CRL-T Ris CRI-T
ca P =
! = =
58 2g
w ol M g
P | b
12,000 {2 000
5 (W00 % ()
2,00
1650
1, (HHK
BH
(il
(M)
A}
T
2[Mp
10y

Figure C.23 The same strain:
NKLO9677=NKL09679.

Figure C.24 The same strain:
NKL091017=NKL091021.
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Figure C.26 The same strain:
NKL091046=NKL091047.

Figure C.27 The same strain:
NKL091095=NKL091101=NKL091103.
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Figure C.28 Bacterial isolates with different RAPD-PCR fingerprints were different

strains.



APPENDIX D
PRIMER SEQUNCES

Primers 5’-3’ sequences PCR products %GC T, (°C)
(bp)

dnaK

Forward primer 5’ GTGTTGGTCTTGGCCTTGAT 3’ (20 bases) 372 50.00 58.38

Reverse primer 5" CGGCATCGTCAACGTCT 3’ (17 bases) 58.82 57.36

olnll

Forward primer 5 GATGCCGTACTTCTCGGTCA 3’ (20 bases) 407 55.00 59.55

Reverse primer 5" TGCTGGTGATGTGCGAAGTC 3’ (20 bases) 55.00 60.95

glnll (NKL09273)

Forward primer  5” GCCATCCACATTTCGTCAGC 3’ (20 bases) 509 55.00 59.90

Reverse primer  5” GAATTCGCGTCGTTCCCGA 3’ (19 bases) 57.89 60.80

nifH

Forward primer 5" AGCCACCGCAAACAACGTCG 3’ (20 bases) 363 60.0 629

Reverse primer 5" ATCGGCAAGTCCACCACTTC 3’ (20 bases) 550  60.8

recA

Forward primer 5’ CACCGAATCGACCACCAGAA 3’ (20 bases) 260 55.00 60.04

Reverse primer  5” GCATCGTCGAGATCTACGGG 3’ (20 bases) 60.00 60.11




APPENDIX E
AUTHENTICATION TESTS
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Results of Total Nitrogen by Kjeldahl Method

Strains Determination Total Nitrogen ¢ /100g | Average SD

1 0.73

NKL09113 0.54 0.269
2 0.35
1 0.28

NKL0O9119 0.35 0.092
2 0.41
1 0.54

NKL09192 0.61 0.099
2 0.68
1 0.44

NKL09196 0.45 0.007
2 0.45
1 0.45

NKL09203 0.52 0.092
2 0.58
1 0.69

NKL09213 0.60 0.127
2 0.51
1 0.67

NKL09216% 0.61 0.092
2 0.54
1 0.38

NKL09217 0.43 0.064
2 0.47
1 0.86

NKL09219 0.56 0.421
2 0.26
1 0.38

NKL09225 0.36 0.035
2 0.33
1 0.47

NKL09226 0.43 0.057
2 0.39
1 0.76

NKL09231* 0.84 0.114
2 0.92
1 0.50

NKL09232 0.425 0.106
2 0.35
1 0.14

NKL09233 0.190 0.071
2 0.24
1 0.86

NKL09237 0.51 0.502
2 0.15
1 0.41

NKL09239 0.42 0.007
2 0.42

92



Results of Total Nitrogen by Kjeldahl Method

Strains Determination Total Nitrogen ¢ /100g | Average SD

1 0.51

NKL09243 0.52 0.014
2 0.53
1 0.57

NKL09252 0.51 0.080
2 0.45
1 0.31

NKL09259 0.36 0.064
2 0.40
1 0.40

NKL09260 0.47 0.092
2 0.53
1 0.41

NKL09266 0.49 0.106
2 0.56
1 0.69

NKL09271 0.52 0.247
2 0.34
1 0.61

NKL09273* 0.69 0.106
2 0.76
1 0.66

NKL09276 0.65 0.021
2 0.63
1 0.58

NKL09279 0.75 0.240
2 0.92
1 0.45

NKL09280 0.45 0.000
2 0.45
1 0.57

NKL09282 0.46 0.156
2 0.35
1 0.74

NKL09284 0.65 0.134
2 0.55
1 0.49

NKL09288 0.44 0.071
2 0.39
1 0.39

NKL09659 0.39 0.007
2 0.40
1 0.73

NKLO9666* 0.73 0.000
2 0.73
1 0.42

NKLO9667 0.41 0.021
2 0.39
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Results of Total Nitrogen by Kjeldahl Method

Strains Determination Total Nitrogen ¢ /100g | Average SD

1 1.02

NKL09668 0.85 0.247
2 0.67
1 0.69

NKL09669 0.60 0.127
2 0.51
1 0.42

NKLO9675 0.41 0.007
2 0.41
1 0.58

NKLO9677 0.75 0.240
2 0.92
1 0.89

NKL09693* 0.84 0.071
2 0.79
1 0.59

NKLO9707 0.50 0.134
2 0.40
1 0.51

NKL09819 0.50 0.014
2 0.49
1 0.27

NKL091017 0.38 0.156
2 0.49
1 0.40

NKL091022 0.44 0.057
2 0.48
1 0.45

NKL091046 0.41 0.057
2 0.37
1 0.42

NKL091095 0.55 0.177
2 0.67

*Strains selected for identification by Multilocus sequence Analysis.
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APPENDIX F
COLONY MORPHOLOGY AFTER 7-DAY INCUBATION AT 30°C

NKLO9113 NKLO9119 NKL09192 NKL09196

NKL09203 NKL09213 NKLO9216% NKLO09217

NKL09219 NKL09225 NKL09226 NKL09231*

NKL09232 NKL09233 NKL09237 NKL09239
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NKL09243 NKL09252 NKL09259 NKL09260

NKL09266 NKLO9271 NKLO9273* NKLO9276

NKL09279 NKL09280 NKL09282 NKL09284

NKL09288 NKL09659 NKLO9666* NKLO9667
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NKLO9668 NKLO9669 NKLO9675 NKLO9677

NKL09693* NKLO9707 NKLO9819 NKLO91017

NKL091022 NKL091046 NKL091095

* Strains selected for identification by Multilocus Sequence Analysis.



APPENDIX G
BROMOTHYMOL BLUE REACTIONS AFTER 5-DAY AND 10-DAY INCUBATION AT 30°C

NKLO09113 NKL09192

NKLO09216 NKLO9217

NKL09232 NKL09233 NKLO9237 NKL09239
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NKL09252 NKL09259 NKL09260

NKLO9273* NKLO09276

NKL09279 NKL09282 NKL09284

NKL09288 NKLO9659 NKLO9666* NKLO9667
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NKLO9668 NKLO9677

NKLO9707 NKLO9819 NKLO91017

NKL091022 NKL091046 NKL091095
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NKL09192 NKL09196

NKLO9217

NKL09219 NKL09225 NKL09231*

NKL09232 NKL09233 NKLO9237 NKL09239
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NKL09243 NKL09252 NKL09259 NKL09260

NKL09266 NKLO9271 NKLO9273* NKLO09276

NKLO9279 NKL09280 NKL09282

NKL09288 NKLO9659 NKLO9666* NKLO9667
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NKLO09669 NKLO9675 NKLO9677

NKLO9693* NKLO9707 NKLO9819 NKLO91017

NKL091022 NKL091046 NKL091095

* Strains selected for identification by Multilocus Sequence Analysis.



APPENDIX H
SEQUENCING OF 16S rDNA, dnaK, glnll, recA AND nifH
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Figure 1.1 16S rDNA sequence of NKL09216 with sequences of primers in boxes.
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Figure 1.2 16S rDNA sequence of NKL09231 with sequences of primers in boxes.
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Figure 1.3 16S rDNA sequence of NKL09273 with sequences of primers in boxes.
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Figure 1.4 16S rDNA sequence of NKL09666 with sequences of primers in boxes.
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Figure 1.5 16S rDNA sequence of NKL09693 with sequences of primers in boxes.
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Figure 1.6 dnaK sequence of NKL09216 with sequences of primers in boxes.
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Figure 1.7 dnaK sequence of NKL09231 with sequences of primers in boxes.
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Figure 1.8 dnaK sequence of NKL09273 with sequences of primers in boxes.
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Figure 1.9 dnaK sequence of NKL09666 with sequences of primers in boxes.
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Figure 1.10 dnaK sequence of NKL09693 with sequences of primers in boxes.
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Figure 1.11 nifH sequence of NKL09216 with sequences of primers in boxes.
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Figure 1.12 nifH sequence of NKL09231 with sequences of primers in boxes.
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Figure 1.13 nifH sequence of NKL09273 with sequences of primers in boxes.
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Figure 1.15 nifH sequence of NKL09693 with sequences of primers in boxes.
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310 3zo 330 340 350 360 370 380 :9:1 l"'” for 4oc

Figure 1.16 glnll sequence of NKL09216 with sequences of primers in boxes.
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Figure 1.18 glnll sequence of NKL09273 with sequences of primers in boxes.
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Figure 1.19 glnll sequence of NKL09666 with sequences of primers in boxes.
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Figure 1.20 glnll sequence of NKL09693 with sequences of primers in boxes.
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Figure 1.21 recA sequence of NKL09216 with sequences of primers in boxes.
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Figure 1.22 recA sequence of NKL09231 with sequences of primers in boxes.
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Figure 1.24 recA sequence of NKL09666 with sequences of primers in boxes.

m:-l:rﬂ 10 zn .'m a0 0 8 10 l:u 80 160
el ar S A0 e i Al st | it s ey R

1o 170 130 1IU 1’55 16-]} 'I.'ﬂ] pE: s} 150 i)
B R [Ny 15 s sl sl A RIARGAT -2 o B s em s I s a o] I T L .
mmAmﬂmmmmmmﬁmmm

a1 =R 230 Hﬂ Mﬁ-lftr 280 260
- FFLE I

Figure 1.25 recA sequence of NKL09273 with sequences of primers in boxes.



APPENDIX J
PHYLOGENETIC TREES OF 16S rDNA, dnaKk, glnll, recA AND nifH GENES BY
MAXIMUM LIKELIHOOD AND NEIGHBOR-JOINING METHOD

MAXIMUM LIKELIHOOD METHOD

- Bradyrhizobium japonicum SEMIA 5080
49-|£ Bradyrhizobium japonicum USDA 110
= Bradyrhizobium japonicum CCBAU 45384
Bradyrhizobium jsponicum SEMIA 5045
Bradyrhizobium fizoningense SEMIS 5062
Bradyrhizobium japosicum SEMIA 511
= Bradyrhizobium zeningsnse COBAU4E221
{ Bradyrhizabium lzoningsnse SEMLA 5025
Bradyrhizobium japenicum SEMIA 5073
Bradyrhizobium yuanmingsnss SEMIA 6319
t5l Bradyrhizobium yuenmingense CCBAL 23238
Bradyrhizobium elkani SEMIA 5026
Bradyrhizobium elkani SEMIA 5011
- Bradyrhizobium slkani CCBAU 25551
= Bradyrhizobium slkani USDA T6
E Bradyrhizobium slkani USDHS4
MKLOF231 165 DA
NKLOSGEE 165 DA
MKLOF216 165 DA

=
S B
43 MELISEE3 165 rDnA

Cauwebacier crescenfus CE15

Figure J.1 ML dendrogram showing relationships amongst soybean rhizobial strains

using partial sequences of 16S rDNA.



Bragyrhizobm iaooncum LISDA 110

{ Bradyrhizobwm Baoningenss SEMIA 5025
ar Bradyrhizobium laoningense SEML 5062

Bradyrhizobium faooncum SEMLS 5079

Bragyrhobium alkany SEMLA 5011

Caulobacter crescenius CHAS

Figure J.2 ML dendrogram showing relationships amongst soybean rhizobial strains

using partial sequences of dnak.

p=3 Brachyrhizobium yuanmingens CCBALN 10071

Bradyrhizobium yuanmingense SEMLA 8319
Bradyrhizobium yuanmingense CCBAL 23238

os —— Bradyrhizobium japonicum CCBAL 45394

L Bradyrzobium faponicum USDA 110
Bradyrhizabirm japonicum SEMLA 5045
Bradyrhzobum japonicum BGA-1
Bradyrhizobium japonicurm SEMIA 511

L Bradyrhizobium [ponicum SEMLA 5079

o Bradyrhizobium faoningense CCBALMS2E81
Bradyrhizotvum laonngense SEMLA 5025
Bracyrhizobium baoningense SEMLA 5062
Bradyrhizobium afand US0ASE

r NKLO927T3 ginll
Bradyrhizobium elkani SEMLA 5026
Bradyrhizobium elkani USDA T8
Bragyrhizobium elkany CCBAL 25551

b -4 Bradyrhnzobium aikant SEMIA 5011

Caulobacter crescenius CB15

Figure J.3 ML dendrogram showing relationships amongst soybean rhizobial strains

using partial sequences of glnll.

206



Fid

“® Bradhrhizobium japonicum SEMLA 511
fnd Braciyrhuzobium japorcum SEMIA 5079
Bradyrhuzobium fapemcum SEMLA 5045
Bradyrhizobium yuanmingense SEMIA 6318
" Sradyrhizobium haoningense SEMIA 5025
5] Bracyrhzobium haoningense SEMLA 5062
Bradyrizobium eikani SEMLA 5011
Bragyrhizobium elkani SEMIA 5026
Bradyrhirobium elkand CCBAL 25551

Cawlobacter crascenius CB15

Braclyrhizobium yuanmingense CCBAL 23238

Bradyrhizobium japericum USDAT10

Bragyrhrobium yuanmingens CCBAL 10071

*

Bradyrhizebium japoricum BGA-1

rm Braclyrhizabium slkani USDA T8
™ Braclyriezobium edkani USDaSY

w2 Bracyrhizobium japoricum CCBAL 45304

Bragyrhizobium Kaoningenss CCBALIMEZS1

MELO9666 recA

™ T NELOS216 recA

Wil NKLO9231 reca
Bradyrhizobium yuanmingens SRES

b

NKLDS9653 recA
o
n Bragyrhizobium yuanmingens SR135

Figure J.4 ML dendrogram showing relationships amongst soybean rhizobial strains

using partial sequences of recA.

l_wnm SEMA 5011

vl Arsenrrirotim sians SEMILA 5026
Bradyrhizobium juanmingense SEMLA 6319

Bradymizobism ksoninganse CCRALIAS2S1
Brachyrhizoburm ekans CCBALN 25551

Brachyrhirabum japomncim LISDA 110

Bradiyrhorobium japoncum CCBAL 45394
Be Bragyrxzobiem yuanminganse CCBALN 23238
Bragyrharabium japomncum BGA-1

=

HELOS2TI et

BraqyThirobiam yulnmngens SRS

HEQLOSSES it
MELDD218 re
a5 MELDSEET mt

_m: Brayrhizatvam eikan LUSDASY
Badyrhizablum yuanmingens CCBALN 10071

L _: NELOSZ3 nd?d
AT Arasprfum oics DEM 18802

Figure J.5 ML dendrogram showing relationships amongst soybean rhizobial strains

using partial sequences of nifH.
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= NKL0S2T3
_|: Bradyrhiobium yuanmingons CCBAL 10071

: KL OGBS
_I _¢|: NKLOD6E3

e  MELMEN
L - - MELD22 16
5 — Bragyrhizabam japoncum LISOA 110
—' sl Bragyrhezobium yuanmingens SR135
Bradyrierobam aponicum SEMLA 5079

[ Cawbbacier crascentus CB1S
| wl - Bradyridrobium afand USDASY
g7 [~ Bracyrhizabium elkan CCRAL 23551
| L Bragyrivzabuwm yuanmingense COBAL 23238
Bragyrhizablum afan LISDA T8

™ Bradyrhizolvum apomcim SEMLA 5045
™ 4“|£ Eradyrhizobium aponicum BGA-1
Bragyrhirobium baonmpenss SEMLA 5062
" o |: Bragythizabium japonicum SEMLA 511
- Bradyrhzobéum kaonnpense SEMIA 5025
Erafyrhizobium puanmingense SEMLA 6316

oo e Brmyrhizobaam adand SEMLA 5011
0 [—-a-rawmm i alkand SEMIA 5026

Figure J.6 ML dendrogram constructed from concatenated partial sequences of 16S
rDNA-dnak- nifH- glnll- recA of rhizobial strains

NEIGHBOR-JOINING METHOD

Bradyrhizobium japonicum SEMIA 5080
Bradyrhizobium japonicum USDA 110
Bradyrhizobium japonicum CCBAU 45334
Bradyrhizobium japonicurm SEMIA 5045
Bradyrhizobium Fiaoningsnss SEMIA 5062
Bradyrhizobium japonicum SEMIA 511
Bradyrhizobium Faoningsnss CCBALME291
Bradyrhizobium fiaoningsnss SEMIA 5025
Bradyrhizobium yuanmingsnzs SEMLA 6319
Bradyrhizobium yuanmingsnse CCEAL 23238
Bradyrhizobium jsponicurm SEMIA 5073
Bradyrhizobium elkani CCBAL 25554
Bradyrhizobium sliami USDAS4
Bradyrhizobium slkani USDA 76
Bradyrhizobium elkani SEMIA 5026
Bradyrhizobium elkani SEMIA 5011

MELD231 185 DA
MELDISSEE 165 rDMA

NKLO%216 165 rDNA
NKLOET3 165 rDNA

MELISEE3 165 rDMA
Cawlobacler crescenfus CE15

Figure J.7 NJ dendrogram showing relationships amongst soybean rhizobial strains

using partial sequences of 16S rDNA.
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Bragyrhirobam siar SEMIA 5011
Bradyrrarobium (poncurm SEMLA 511
Brachrharobium (agovcum SEML, 5045
Braclymazobm aponcum SEMLA 5078
Bradly vurm faponvcum BGA-1

Braty Juanmingense SR13S
MELOE23 cnai

NELODESS anak

Bradiyizobium yuanmingense SEMIA 319

Bradymyzodim Laonngense SEMEA 5025
Srachyrhizobium japanicum USOA 110
HELDE2 16 dnak

Caviobacher crascentus CRI1S

Figure J.8 NJ dendrogram showing relationships amongst soybean rhizobial strains

using partial sequences of dnak.

Bradyrhirobwm edand SEMLA 5011

Bragyrheraborn slkane CCRAL 25551

Figure J.9 NJ dendrogram showing relationships amongst soybean rhizobial strains

using partial sequences of glnll.
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F7] Bradyrhizobium japancum SEMIA 511
4 Bradyrhizobium japonvcum SEMLA 50T
Fid Bragyrhizobiwm japomcim SEMIA 5045
5 {WM%MIAWH
] Bradyrhizobium elany SEMIA, 5026
Bragyrhizobium laoningense SEMIA 5062
Bradyrhirobium yuanmingenss SEMIA 6319
Bradyrhizobium Saoningenss SEMLA 5025
Bracyrhirobwrn alani CCBAL 25551
Bragyrhizobiem yuanmingense CCBAL 2323
w Bragyripobium aponcum CCRAL 45394
= 4 Bradyrhizotwum kaoningense CCBALIAE2S
Cawobacter crescenius CB15
E] ————— Bradyrhizobivm yuanmingens CCBALN 10071

e Bracyrhirobium iaponicum BGA-1
j[_?&mmmmm
n Bradyrhizobium elann USDAS

m MKLOS2TS reca
NHLOSEE3 recd
F) MKLOGZ16 recA
" HKLD9231 recd
™ NELOOEEE recd

— Bragyrhizobium yuanmingens SRS
[ -
" Bradyrhizobivm japosicum USDAT10
a2 Bradyrhizobwm yuanmingens SR135

Figure J.10 NJ dendrogram showing relationships amongst soybean rhizobial strains

using partial sequences of recA.

¥ Bractyrhizabivim japonicarm SEMIA 511
m l—WWSEHmM
= [—— Brackfhizatuum japonicim SEMIA 5079
= 16 L Bragymizobium haoninganse SEMLA 5025
Bradyrhizobivm ywanmingense SEMLA 6318
o] &0 Bradiyrhizobium alcand SEMLA 5011
at T Bradyrhizobium eland SEMIA 5026
Bracimurotvum lsonnpanse SEMLA 5062
Bradyrhizobium ksaningense CCBALMEZS
Bragyrhaobum japonscum US0DA 110

L Bracyrhizobwum japonicum BGA-1
" [ Bracyrhizotium japonicum CCBAU 45384
W L Badyrhizabium puanmingense COBAL 23238
Bradyrhizobium elkani CCRAL 25551
NELDS2TS ni
Braghyrhirobium yuanmingens SR135
NELI9666 i
MEL09216 neH
a NELOSEAT el
100 Bradyrhizotuum elicany USDKM0S
Brachyrhizobium yuanmingens CCBAL 10071
NELOSZ3T
Arpsparifium picis DSM 19622

7 |

[q

b

Figure J.11 NJ dendrogram showing relationships amongst soybean rhizobial strains

using partial sequences of nifH.
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5 — Bradyrhizobium elkani SEMIA 5011
o L— Bragyrhizobium elkani SEMIA 5026
= Bradyrhizobium yuanmingense SEMIA 6319

e Bradyrhizobium japoricum BGA-1
Bradyrhizobium japonicum SEMIA 5045
Bradyrhizobium aoningense SEMIA 5025
Bradyrhizobium japonicum SEMIA 511
Bradyrhizobium liacningense SEMIA 5062
15 Bradyrhizobium alkaniy USDA 76

— Bradyrhizobium eikand CCBAL 25551
L Bragyrhizobium yuanmingense CCBAL 23238
— Bradyrhizobium jfapomnicum USDA 110
8L Bragyrhizobium yuanmingens SR135
Bradyrhizabium japonicum SEMLA 5079
Bracyrhizabium aikany USDASS
Catlobacter crescentus CB15
¥ WNKLOZ2T3
1 L Bragyrhizobium yuanmingens CCBAL 10071
g1 (—— NKL08216

L wKLO9231

E ‘ MELOSEEE
_wE NKLO9603

24

Figure J.12 NJ dendrogram constructed from concatenated partial sequences of 16S
rDNA-dnaK- nifH- glnll- recA of rhizobial strains
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