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Abstract

Initial interaction between (Bradjl()rhizobia and legumes actually starts via encounters
of both partners in the rhizosphere. To explore this intefaction, in this thesis, the global
expression profiles of Bradyrhizobium japonicum in response to soybean (Glycine max)
seed extracts (SSE) and genistein, a major soybean-released 1soflavone which induce
nod genes of B. japonicum, were monitored with time at common growth (30°C) and
low (15°C) teﬁaperaﬁue.

First, at the common growth temperature, SSE markedly induced four predominant
genomic regions within a lai'ge symbiosis island (681kb), which includes type il
secretion system (TTSS) and various nodulation genes. In addition, SSE-treated cells
expressed many genomic loci containing genes for polygalacturonase (cell wall
degradation), exopolysaccharicie (EPS) synthesis, 1-aminocyclopropane-1- carboxyl
ate (ACC) deaminase, ribosome proteins family and enérgy metabolism even outside
symbiosis island. On the other hand, genistein-treated cells exclusively showed one
expression cluster including common rod gene operon within symbiosis island and six
expression loci including mﬁltidrug resistance, which were shared with SSE-treated
cells. Second, low temperature led to a potentially delayed expression of those
SSE—preferentially—induce’d genome loci including TTSS genés at 30°C compared
with those genistein-induced loci relevant to nodulation and multidrug resistance.
Finally, NodD2 was found to be a novel component required for the full induction of
TTSS genes and then a modified regulatory circuit for the TTSS genes was
proposed. '

- Taken together, this thesis originally captured genome-scale expression protiles of
B. japonicum in the initial interaction with soybean. The results can provide a
profound insight into 5. japonicum-soybeanv symbiosis, and also a basic knowledge

for screening novel genes relevant to this process.




CHAPTER 1

" Introduction

1.1 Biological Nitrogen Fixation

Nitrogen fixation, a process fixing the abundant unavailable N, in the form of
ammonium (NHy) or nitrate (NOs), is a vital component of the global nitrogen cycles
and agricultural practices. Higher plants and animals obtain nitrogen ultimately from
biological nitrogén fixation (BNF) (agricﬁltural land, forest, non-agricultural land
and sea) or non-biological nitrogen fixation (industrial, combustion zlmd lightning
strikes). The total biological nitrogen fixation is estimated to be twice as much as the
total nitrogen fixation by non-biological processes. Available soil nitrogen, which
originates from decomposing plant resiaues and microorganisﬁls,. is noﬁally
deficient for intensive crop production. Increasing pressure on food production and
growing concerns about the environment, energy, nutrition, and agricultural
sustainability make the need for BNF research more compelling,

All nitrogen-fixing organisms are prokaryotes (bacteria), so far as is known. Some
of them are free-living nitrogen-ﬁxiﬁg bacteria, including Azospirillum (Tarrand et
al., 1978), kebsiella (Wright et al., 1981), Azotobacter and Beijerinckia (Evans et‘
al., 1988). Others live in intimate symbiotic associations with plants, including

Rhizobia (Jordan, 1984) and Flankia.




1. 2 Rhizobia- Legume Symbiosis

Rhizobia  (Rhizobium, Sinorhizobium, Mesorhizobium, Azorhizobiuni and
Bradyrhizobium ) belongs to the a-proteobacterial Rhizobiaceae family and uﬁder the
condition of nitrogen limitation, they invade the root of leguminous plant, leading to the
formation of a highly specialized organ, the nitrogen-fixing root nodule. The body of
knowledge generated by studies over last 150 years has revealed that the successful
establishment of Rhizobia-legume symbiosis is ciuite complex and shows a high degree
of host specificity, e.g. only certain combination of legume and rhizobia are compatible

for establishing the nitrogen-fixing symbiosis.
1.2.1 Signal Exchanges between Rhizobia and Legume

Nodule formation is a complex multistep process with highly coordinateci exchange
of signals between the symbiotic partners. An early and essential event for the initiation
of rhizobia-plant interaétion in the rhizosphere involves bacterial chemotaxi toward
plant root exudates or wound saps. Diﬂ'erenf thizoia strains have been described to be
positively chemotactic to the chemical compounds present-in plants exudates such as
sugars, amino acids and various dicarboxylic acids (Barbour ef al., 1991). Chemotaxis
seem to not be required for nodulation but have an influence oﬁ competitioﬁ and

establishment in the rhizosphere. Subsequently, the rhizobia attaches to the plant root

~ surface. This attachment was proposed to be mediated by the specific binding of

bacterial exopolysaccharides (EPS) to host plant lectin (proteins,that posses at least one

noncatalytic domain that binds reversibly to mono- or oligosaccharides) and might




involve in the specificity of rhizobia-legume symbiosis (Hirséh, 1999).

The symbiotic interaction starts when plant surface-attached rhi.zobia cause root hair
branching, deforming, and curling (Schultze ef al., 1998) (Figure 1.1). Plant-derived
compounds (usually flavonoids) _activate the expression of the rhizobial nodulation (nod;
nol and noe) genes involved in tﬁe synthesis and secretion of Nod-factors (NF),
lipochito- oligosaccharides (LCO’s) that are recognized by the plant ( Figure 1.1), Nod
~factors together with additional microbial signals such as polysacchérides and secfeted
proteins allow bacteria to penetrate the root through a tubular structure called the
infection thread, which grows towards the root cortex where the nodule'primordia is
developing. When the thread reaches the primordia, the bacteria are released into the
plant cytoplasm, where they differentiate into their endosymbiot‘ié form, the bactéroids.
These bacteroids are able to reduce nitrogen into ammonia, which is used by the plant.
In return, the bacteria are supplied with carbohydrates in a protected env{ronment.

Rhizobial nodulation genes are hos_t-raﬁge determinants and divided into two kinds,
common n0dABC found in all Azo(Brady)Rhizobia strain and host-specificity nod genes
limited to- certain species. Enzymes encoded by the corﬁmon nodABC genes direct the
synthesis of the lipo-oligosaccharide backbone of the Nod-factors, while
host-specificity nod genes modify the basic Nod-factor’s structure. The induction of nod
genes requires flavonoids excreted from host plant, the lysR family transcriptional
activator NodD and NodD-binding cis-regulatory element nod-box. nod genes

frequently involves positive and negative control (Hanin ef al., 1999).




1.2.2 Genome of Rhizobia

Traditionally, studies involving rhizobia have focused on a limited number of genes

involved in root-nodule formation, symbiotic specificity and nitrogen fixation by using
mutational and biochemical approaches like transposon mutagenesis, RNA

fingerprinting, promoter probe assay and gene fusions to reporter genes (lacZ, gusA or

g/p) (Leveau et al., 2002). More recently, advance in the genome sequencing technology

followed by the genomic analyses.have made it possible to define and understand the
involvement of whole rhizobia genomes in the symbiotic process ((Ampe et al., 2003;
Uchiumi éi‘ al., 2004; Sarma and Emerich, 2005, 2006).

The genomes of seven rhizobia, namely S. meliloti (Galibert et al., 2001), M. loti
(Kaneko ez al., 2000), B. japonicum (Kaneko et al., 2002), R. leguminqsarwh bv viciae
(Young et al., 2006), R etli (Gonzélez et al, 2006) and two photosynthetic
Bradyrhizobium (Giraud er al., 2007), have already been sequenced. Genome sizes of
rhizobia tend to be larger and their genomic architectur;e varies considerably due to
additional genetic requirement presumably imposed by survival in two different niches,

in the rhizosphere and in their host plant (MacLean ef al., 2007). Symbiotically relevant

- genes that are likely to be required for Nod factor synthesis (nod genes), nitrogen

fixation (fix, nif genes) and DNA transmission (insertion sequence element and

'transposes) in rhizbia are often clustered on large plasmid (pSym), or within genomic

islands (referred to as symbiosis island), emphasizing the gene -acquisition via
horizontal gene transfer (HGT) in the adaptive evolution of rhizobia (Dobrindt et al.,
2004). Recently, an important genomic component for type I1I secretion system (TTSS),

which was first identified in plant and animal pathogens, have also been found present




in some but not in all rhizobia, suggesting a role for control of host compatibility in the
process of symbiotic interaction (Marie et al., 2001). The transcriptomic:and proteomic
analyses for rhizobia has been examined under a variety of conditions and provided
valuable insight into rhizobia-legume symbiosis (Ampe er al., 2003; Uchiumi et al.,

2004; Sarma and Emerich, 2005, 2006).
1.2.3 Bradyrhizobium-Soybean Interaction

Bradyrhizobium can form nodules on roots of tropical and some temperate zohe
leguminous plants. Bradyrhizobium are featured by slow growth (>8'hour generation
time¢) on yeast extract-mannitol medium and an alkahﬁe reaction in mineral
salts-mannitol medium (Bergey’s maual). Bradyrhizobium have two species, B.
Japonicum (USDAI110 and USDA135) and B. elkani (USDA61), and can nodulate
agronomically important crops, including soybean [Glycine max (L.) Merr], peanut
[Arachis hypogaea (L.)], cowpea [Vigna unguiculata (L.) Walp], mungbean [Vigna
raditata (L.) Wilcek] and pigeon pea [Cajanus Cajun (L.) Millsp]. B. Japonicum USDA
110 was originally isolated from soybean nodule; in Florida, USA, in 1957 and has been

- widely used for the purpose of molecule genetic, physiology, and ecology, because of its
superior characteristics regarding symbiotic nitrogen fixation (Kanéko et al., 2002).

Apparently, Bradyrhizobium-soybean interactions share some common features with
other rhizobia-legume interactions, while they possess unique characteristics with
respéct to the regulation of nodulation gene and genome structure. For example,
soybean produces two major groups of active nod-gene inducing isoflavonoids, the

5-hyroxyl series based on genistein and 5-deoxy series of daidzein conjugate. Besides




nodDI which encodes a positive transcriptional activator and responses to
plant-produced isoflavones (genisteiﬂ and daidzein), B. japonicum has other two
members of the family two-component regulatory systems involving the regulation of
nod genes induction. One is nodVW, which is essential for full isoflavone-mediated
expression of common nodYABC operons, and another is nwsAB \;‘Vhich is homologues
and cross-talks to nodViW (S?anjuan et al., 1994; Grob et al., 1994). Interestiﬁgly, two -
proteins encoded by the genes adjacent to nodDI, NolA and NodD2, form two
components in the repression of no.dulation genes through feedback as well as quorum
regulation (Loh and Stacey, 2003) (Eigure 1.2), suggesting that nodD]noch2nolA
region plays an important role in fine-tuning expression of nod genes which is required
for optimal nodulation.

Among rhizobia, B. japonicum has the largest chromosome size of approximately 9.2
Mb comprising 8317 potential protein-coding genes. A presurﬁptive symbiosis island
681 kb in length including genes relevant to symbiotic nitrogen fixation (i.e. nod, fix,
nif) and DNA transmission has been identified (Figure 1.3). In B. japonicﬁm, a large
genomic element for the TTSS was also found to be located in the symbiosis island and
a mode bf regulatory cascade controlling expression of the TTSS gene clustgr was
proposed (Krause ef al., 2002), Genome-wide transcript analysis in B. Japonicum
under a variety of conditions such .as minimal vs. rich medium, free-living vs.
bacteroids, aerobic vs. microaerobic, desiccation vs. osmotfic stress has also been
recently reported (Chang et al., 2007, Pessi et al., 2007, Cytry—n et al., 2007).
However, little is known about the comparative effects of SSE and genistein on the

genome-wide expression of B. japoricum in the initial symbiotic process.




1. 3 Objective of This Study

The objective of this study is to make a contribution to the understanding of the role
of Bradyrhizobium japonicum in the initial stage of Bradyrhizobium-soybean symbiosis
. by using functional genomic tools.

P

1.4 Organization of This Thesis

Chapter 2 provides a research into the comparative global expression profiling of B.
Japonicum USDA 110 in response to soybean—released compounds (SSE and genistein)
at 30°C, a common growth temperature. This _chaptér includes determination of
iﬁduction conditions, measurement of the genistein conténts in SSE, macroarray
analyses and validation of novel regulated genes by using quantitative real-time
RT-PCR. The results demonstrate that compared with genistein, SSE femarkably and
preferentially expresses B. japonicum génome loci, including TTSS genes cluster.

Chapter 3 presents a research on the genome-wide expression of B. japonicum in
. the piesence of the SSE and genistein at 15°C, a suboptimal oot Zone temperatures
(RZTs) which V\.ras reported to be strongly inhibit. nodulation, and makes a comparison
with resul"cs obtained in the chapter 2. The results show that low temperature leads to a
potentially delayed expression of SSE;exclusively-induced B. japonicum genomic loci
- including TTSS genes cluster found in the chaptﬁ?r 2 compared with those of
genistein-induced nod genes. |

In Chapter 4, based on fhe results of the chapters 2 and 3, it is described that the

induction of TTSS genes occurs simultancously with that of genes nold and nodD2 in




the presence of SSE, but not genistein. Another experiment is peﬁomed to test the
hypotheéis that the induction of TTSS genes is positively quorum-regulated. Besides,
array aﬁalysis is conducted to examine the effect of nodD2 and nold mutagenesis on the
expression of TTSS in the presence of SSE. Then, a new regulation pathway for the
induction of TTSS genes is proposed and discussed.

Finally, in Cha;oter 3, the work of previous chapters is summarized and discussed,

and then the conclusions of the thesis are presented.




legume

Figure 1.1 Signal exchange in the (Brady)rhizobium-plant symbiosis. Flavonoids, e.g.
genistein, induce the thizobial nod genes. This leads to the production of nodule-inducing (Nod)
factors, lipochitooligosaccharides (LCOs), that are differently modified depending on the
thizobium species. Possible substituents (other than hydrogen) are R1: methyl, R2, R3:
carbamoyl; R4: acetyl or carbamoyl; R5: sulfate, acetyl, D-arabinose or differently substituted
fucose. The insert shows an infection thread passing the root cortex toward a cluster of dividing
cells that will become a nodule primordivm (Schultze et al., 1998).
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Figure 1.2 Model illustrating the key components involved in B Japonicum nod gene
regulation. In response to genistein, the nod genes are activated by NodD1 and NodVW,
resulting in the synthesis of the Nod factors. Negative regulation of the nod genes is mediated
by NolA and NodD2. NolA regulates NodD2 which then represses the nod genes (Loh and
Stacey, 2003).
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Figure 1.3 Circular representation of the chromosome of Bradyrhizobium japonicum USDA
110. The scale indicates the location in bp starting from Pac I recognition site. The bars in the
first and second outermost circles show the positions of the putative protein-encoding genes in
the clockwise and counterclockwise directions, respectively. The innermost circle shows the
average GC percent calculated using a window-size of 10 kb. The chromosome comprises 8317
potential protein-coding genes and a presumptive symbiosis island, a 681 kb DNA region of
lower GC content at the coordinates 1.68-2.36 Mb, is indicated as a red area in the first
outermost circle ( Kaneko et al., 2002).
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CHAPTER 2
Comparative Expression Analyses of BradyrhizObiUm
Japonicum in Response to Soybean Seed Extracts

and Genistein at Common Growth Temperature

2.1 Introduction

The rhizobia are known to inhabit the soil as free-living cells or the nodules as
nitrogen-fixing endosymbiont with leguminous plants to convert atmospheric

dinitrogen (N,) into biologically usable ammonia (NH;). The symbiosis between

* rhizobia and leguminous plants is an unimaginably elaborated process and the

movement of rhizobia to the germinating seed and root of the host plant is
considered to be important in the early step of nodulation for colonization in
rhizosphere. Both chemotaxis and motility contribute to the colonization in
rhizosphere and were reported to\ correlate with the competition for the nodulation
between rhizobia, e.g., non-motile and non-chemotactic mutants required 10- to 30
-fold number of cells to form nodules at the same rate as the wild strain (Caetano et
al., 1988). Exﬁdates of soybean seed and root are known to contain a wide range of
organic compounds, and some of_ which showed attractive action to rhizobia
(Gaworzewska et al., 1982). Amino acids such as glutamate and dicarboxylic acids

such as succinate are reported to have a strong attractive action to Bradyrhizobium

Japonicum cells (Barbour et al., 1991; Kape et al., 1991).

13
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it has been well established that the leguminous plant-released iso/flavonoid
signals induce nod genes of rhizobia so that they can produce Ndd-factors, lipo-chito
éligosaccharides (LCOs), that specifically trigger various plant responses and
initiation of cell division to form the nitrogen-fixing root nodules (Denarie ef al.,
1996, Fischer et al.‘, 1994). Genistein anci daidzein are isoflavones present in exudates

of soybean seed and root and major nod-genes inducers in B. japonicum. Thus, they are

~ well used as inducers for expression analyses of symbiotic genes by using

transcriptional /acZ fusion (Kosslak et al., 1987; Banfalvi., er a/ 1988; Smit ef al., 1992;
Graham, 1991; Philips and rStr‘eit, 1996). Unlike the exuaates, however, these
isoflavones were not chemoattractant of B. japonicum cells, although Rhizobium cells
exhibited chemotaxis to their nod-genes inducer (Kape ef al., 1991; Aguilar et al., 1988).
Besides, the double mutant of two global regulatory families, nodD{ and nodW, was
reported to be unable to induce nodY-lacZ fusion in the presence of genistein or
daidzein, but still showed a two- to three-fold induction in the presence o‘f soybean seed
extracts (SSE) (Sanjuan et al., 1994). These reports suggest that the signal exchange in
the early stages of B. japonicum—spybean symbiosis can not be explaineci only by a
s;imple palradigm of flavonoid-Nod factors.

The whole genomic sequencing of B. japonicum USDA 110 (9.10Mb) has been
recently completed, and as in M. Joti MAFF303099, B. japonicum also carries a
symbiosis island of 681kb on genome, in which most of the key genes relevant to the
symbiotic nitrogen fixation (rod, nif and fix) are concentrated (Kaneko et al., 2000;
Kaneko et al., 2002). A oligonucleotide microarray for genome-wide transcript
analysis in B. japonicum under a variety of conditions such as minimal vs. rich

medium, free-living vs. bacteroids, aerobic vs. microaerobic, desiccation vs. osmotic

14
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stress has also been reported recently ( Chang ef al., 2007; Pessi et al., 2007; Cytryn
et al., 2007). However, little is known about the comparative effects of SSE and
genistein on the genome-wide expression of B. japonicum in the initial symbiotic
process. In tilis study, I used a DNA macroarray Ibased on the M13 clones of B.
Jjaponicum USDA 110 genome as a comprehensive tool to monitor the comparative
global expression of its genomic loci in response to SSE and genistein. Results revé:aled '
that SSE collectively and markedly induced four predominant genomic regions inside |
symbiosis island With some genomic loci outside, sﬁggesting thaf the SSE-induced B. |

Japonicum genomic loci are relevant to the initial interaction with soybean.

2.2 Materials and Methods

Design of Genomic 'bNA Macroarray

A DNA macroarray system of Bradyrhizobium  japonicum (Figure 2.1) was
constructed for monitoring the genome-wide expression profiling throughout tl_lé study.
To cover the entire genome of B. japonicum USDA 110 as widely as possible, a
minimally overlapping set of 3,739 clones with an average length of 2.7 kb from 10,718
of M13 candidates, which were automatically extracted from the total 52?000 of M13
clones of genomic libraries by using Phred/Phrap program (Kaneko et al., 2002), was
firstly | PCR-amplified. Then, 221 DNA fragments of 1.2 kb (oﬁ average) were
PCR-amplified with 442 PCR primers (http://orcal0.bio.sci.osaka-u.ac.jp/array02/) to
cover the gaps left on the genome by using cosmid clones as templates. The resultant
coverage of total 3,960 clones was more than 98.5% of the entire genome of B.

Japonicum USDA 110.

15




o g vt A e W e .
R A R P T R R CALS I

ST AL

LT

e ey e e
PRYSAACARINR AN B SY D

M13 phage supernatahts of the selected clones were used as templates for PCR
amplification reactions. PCR was performed using MI13 universal primer pairs
(5’-GGGTTTTCCCAGTCACGAC and 5’-TTATGCTTCCGGCTCGTAATGTTGTG)
in 30 cycles (97 °C for 20 s, 68 °C for 6 min) followed by a 7-min incubation at 72°C.
The insert of each clone was amplified by PCR in 100 ul of reaction mixture,
precipitated by addition df isopropyl alcohol, and then dissolved in 20 pl 10 mM
Tris-HCI buffer (pH 8.0) containing 1 mM EDTA. 10 ul of spotting dye solution
containing 0.25% bromophenol blue and 60% glycerol was added, and the amplified
inserts were singly spotted on nylon filters (80 mm x 120 mm, Biodyne-A, Japan Pail
Co. Ltd., Tokyo, Japan) by‘using é, spotting machine Biomek 2000 (BioRad, Tokyo,
Japan). In addition, the PCR products of the gene;s nodD1, nodD2, nodAB, nifDK, the
lamda and TE buffer were regularly spotted on the array merﬁbrane to control the
hybridization quality. To normalize signal intensity of spots, the gene sigd, one
housekeeping gene of B. japonicum (Becker et al., 1997), was also PCR-amplified and

spotted on the array membranes.

Bacterial Strains and Culture Conditions

B. japonicum USDA 110 was used, as a wild type strain for global expression
analysis throughout the experiment. B. japonicum ZB977 harboring a plasmid
(pZB32) with a lacZ fusion in nod¥ based on the background of B. japonicum USDA -
110 (Banfalvi ef al., 1988), was used as an indicator strain to determine the induction

conditions (Table 2.1). B. japonicum USDA 110 and ZB977 were maintained on the

- yeast extract-mannitol agar (YMA) with chloramphenicol (30 pg/ml) and

tetracycline (50 pg/ml) and cultured in yeast extract-mannitol broth (YMB) without

16




antibiotics for the induction (Jordan, 1984; Loh and Stacey, 2001).

B- Galactosidase Acti vity Assay

SSE used in the experiment was prepared according to tht;, previous report (Smit et
al., 1992), and the gem'steip content in SSE was quantified by high performance liquid
chromatography (HPLC). \Mid-log-phase cultures of B. japoricum ZB977 were
diluted to different cell densities (ODggo of 0.025, 0.05 and 0.1) with frésh
liquid-YMB containing no a.ntibio{:ics and induced with SSE of different
concentrations (10, 20, 30, and 40 pl /ml culture) at 30°C for 20 h. Induction was
carried out in the 2 ml of diluted culture, and the f-galactosidase activity was

assayed as described previously (Kosslak et al., 1987).

RNA Preparation, Hybridization and Image Capture

B. japonicum USDA110 cells were pre-cultured in 50 ml of YMB withoutr
antibiotics for three days at 30°C and then scaled up to 200 ml of YMB for growing
to mid to log-phase (ODgpp=0.3-0.5). The' cells were then diluted with fresh YMB to
ODs¢op of 0.1 and induced With SSE (20 pl/ml of culture) or genistein (5 uM) under
the conditions determined by B. japonicum ZB977. The cells were also induced with
0.5% (v/v) absolute ethanol for checking its influences on expression profiles
because it was the so’lvent of SSE. |

After the equal volume of ice-cold 5% (w/v) phenol/EtOH was quickly added into
the culture to minimize the degradation of mRNA, the cellg were immediétely
harvested and stored at —80°C (Inaba et al., 2003). Total RNA was isolated according

to the protocols provided by the manufacturer of ISOGEN-LS (Nippon Gene Co.,
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Tokyo, Japan) and tre‘ated with DNase I at 37°C for 30 min. After the mRNAs were
enriched with the MICROBExpress™ Kit (Ambion, Austin, TX, USA), ¢cDNA
labeling was carried out as described previously (Uchiumi et al., 2004).

Hybridization, image acquisition, and data analyses were done as described
previously (Uchiumi et af., 2004). Briefly, after pre-hybridization iﬁ Church’s
phosphate buffer at 55°C for at least 6 h, hybridization was carried out in the same
buffer containing probe cDNA at 55°C for at least 15 h. Then, washing was done
three times at room teﬁperature in 2xSSC containing 0.1% SDS for 5 min, twice at
room temperature in 0.3xSSC containing 0.1% (w/v) SDS for 10 min, and twice at
55°C in 0.3xSS8C containing ‘0.1% (W/v) SDS for 10 min, in this order. Array
membranes were exposed to the Phosphorimager and the hybridized signals were
captured as image files by using a Biolmaging analyzer (BASSObO, Fuji Film). At

least three independent sets of array analysis using duplicate array membranes were

- performed.

Data Analyses

The signal intensity of each spot was quantified by using ArrayVision software
(GE Healthcare Bio-Sci, NJ, USA) after the subiraction of the local background'
value and normalized based on the total sum of the signal intensities of spots on one
array sheet. The relative expression levels of each clone between
SSE/geﬁistein-treatment and untreatment were represented by the ratio of the
corresponding normalized signal intensity. The value of logjo (expression ratio) for

each clone was calculated to construct the genome-wide expression profiles. The

" logie (expression ratio) of all 3,960 clones complied normal distribution and the
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mean was approximately 0.0, indicating that any expression ratio is significant (95%
confidence) if the value of the logiy (expression ratio) is greater or lower than 1.96

standard deviations from the mean (0.0) (Han et al., 1999).

Quantitative Real-Time RT-PCR

‘The relative intensity of gene expgéssion was validated by quantitative real-time
RT-PCR. The primers were designed by Primer 3 (http://fokker. wi.mit.edu/primer3/
input.htm) (Rozen and Skaletsky; 2000). Three hundred ng of total RNA were used as
template and real-time RT-PCR reactions were performed with MiniOpticon™
Version 3.1(Bio-Rad, Hercules, CA,USA) in combination with the QuantiTect SYBR

Green RT-PCR (Qiagen GmbH, Hilden, Germany). Quantification was performed

using the Pfaffl method according to the real-time RT-PCR application guide

provided by Bio-Rad. The housekeeping gene of B. japonicum, sigd, was used as an
internal reference for quantitative r_eal—time RT-PCR as reported previously (Pessi et
al., 2007, Uchiumi er al., 2004). The expression levels of sigd gene, which was
regularly spotted on the array membranes, were also not significantly changed with

fhe SSE/genistein-treatment in this experimental condition.

Plant Infection Test

Glycine ﬁax (L.) cv. Enrei was used as a host plant for the inoculation test. Seeds
were surface-sterilized with 70% (v/v) EtOH for 1 min, rinsed with sterilized
distiiled water for three times, and then immersed in sodium hypochlorite solution
(available chlorine, O.S%j for 5 min. After Washihg with sterilized distilled water for

six times, seeds were put into glass bottles (300 ml) filled with vermiculite
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containing nitrogen-free medium (Norris and Date, 1976), and inoculated with Iml
of pre-treated cell suspension with SSE or genistein per seed. For the pre-treatment,
B.japonicum cells were diluted to an ODggq of 0.1 and then treated with SSE (20 pl
/ml culture) or genistein (5 pM) for 12 h. After washing with PBS (KH,PO4, 0.7 g;
Na,HPO4, 0.95 g; NaCl, 6.8 g pér 1. liter, pH 7.0) for three times, cells population

was adjusted to around 10° cfu/ml.

Plants were grown in a greenhouse and harvested appropriately for the

measurement of nodule number formed in the roots, the fresh weight of
above-ground and roots of the plant. To visualize the nodules in earlier stage, the

roots were fixed in FAA (70% EtOH: acetic acid anhydride: formalin=90:5:5, v/v/v)

and then stained with 0.003% toluidine blue O overnight. The developrrient of -

nodules was divided into three stages as shown in Figure 2.10, i.e., nodules of stagé
1 being very small at the initial formation stage, nodules of stage 3 being complete

mature stage and nodules of stage 2 being between stage 1 and 3.
2.3 Results

Determination of Induction Conditions
The SSE-induced nod¥-lacZ expressions at the different cell densities were

monitored by fS-galactosidase activity and the results are shown in Figure 2.2.

Although the maximal nodY expression was detected with 30 pl SSE/ml culture at

the cells density of ODgy=0.025, taking into consideration of the requirement of
enough cells for RNA isolation and the influences of alcohol, which is solvents of

SSE, on the expression of genes, initial cell density of ODggp=0.1, and 20 pl SSE/ ml
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culture. were determined as two induction conditions. Then, the induction periods
were invesﬁgated. As shown in Figure 2.3, the nodY expression reached maximal
levels at \i2 hour post induction (hpi). Thus, three inducing time points during the
elevation of nodY 'exp,ression, 0.5,6 and 12 hpi, were used for RNA. isolation.

Since the final concentration of genistein in the SSE-supplemented culture was

measured as 4.7 uM (Figure 2.4), a final concentration of 5 pM pure genistein in

parallel with SSE was used for induction.

One Giant Expression Region Corresponds to the Symbiosis Island

The genome-wide expression profiles were constructed as described in Materials
and Methods. As shown in Figure 2.5, one giant chromosomal region (1.68-2.36 Mb)
was markedly and collectively induced with time and reached maximum at 12 hpi in |
the presence of SSE or genistein. This region showed the similar expression profiles
between SSE- and genistein-treated cells. However, the levels induced by SSE were
much more conspicuous than those by genistein. The expression profile of cells
inducéd by EtOH, which was a solvent of SSE and geniétein, indicated that there
were no strongly induced loci except for one locus (covering genes from »//0330 to
bir0336) including a probable alcohol dehydrogenase precursor (b1/0333) (Figure
2.5), suggesting that the expression patterns were mainly obtained by the SSE or
geniétein in itself.

Surprisingly, we found that this giant SSE-induced chromosomal region at 12 hpi
corresponded very well to the symbiosis island. As shown in Figure 2.9B, among
139 significantly up-régulated clones (expression ratio, >2.2-fold) on the whole

genome, 68 (49%) were located inside the symbiosis island, whereas all significantly
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down-regulated clones (expression ratio, <0.4-fold) was outside this genomic island.
For genistein;treated cells at 12 hpi, however, arﬁong 89 significantly up-regulated
clones on the whole genome, only 14 (16%) were located inside symbiosis island,
and 5 (6%) were significantly down-regulated in this region. The results here show -
that genes in symbiosis island is induced by both SSE and ger_listein, but the

expression levels were much more intensive for SSE-treatment.

Symbiosis Island Functions as Great Expression Clusters (ECs)

Figure 2.6 shows the expression profiles of éymbiosis islana in a smaller window
size. In consequence, four predominant expression clusters were identiﬁéd and
designated as EC-I, II, III and IV, considering more than ten successively
up-regulidted (expression ratio, >1.0-fold) adjacent clones as a cluster. Among ECs,
the expression levels of EC-III and I'V were clearly greater thaﬁ thosé of EC- I and II
by covering more significantly up-regulated clones. A part of EC-I and II were also
induced with SSE and genistein at 0.5 and/or 6 hpi. However, their expression levels
induced by genistein were considerably weak as compared with those by SSE at 12
hpi. EC-III was strongly induced by SSE at 12 hpi. A stmilar profile was also found
in geniétein-treat_ed cells at 12 hpi, but the expression levels were considerably weak.

The profiles of EC-IV were very similar between SSE- and genistein-treated cells at

- 6and 12 hpi. The expression features of ECs and their covered genes are shown in

Figures 2.6, 2.7 and Appendix 1.

EC-I contained 13 clones covering 33 genes from blr1625 to birl657 (at the

| coordinate 1, 781, 581-1, 815, 640), and most of them encode putative transposase (7

genes) and unknown (or hypothetical) proteins (19 genes). One locus (clone 2-4)
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covering 5 genes that encode multidrug resistance protein (bIr1629), NolK (b111630),

NoeL (l11631), NodM (biri632) and NoeD (blr1633) was induced by SSE and

genistein at 6 hpi and then became weaker at 12 hpi. Downstream of this locus, two
other loci (clone 5-7, 11-12) covering 12 genes (5111634-bs11639, bir]1649-bsl]654)
were exclusively induced by SSE at 12 hpi. However, all these 12 genes were
aséigned into unknown or hypothetical protein-encoding genes.

EC-II contained twenty-three clones covering genes from blrl689 to blr1735 (at
the coordinéte 1, 845, 670-1, 898, 742), and two loci (clone 7-10 and 15-17) were
induced by SSE or/and genistein. The former locus covering 3 genes that encode
hypothetical (bllj 703, blr1704) or unknown proteins (b/r1705) was only ind1;ced by
SSE at 12 hpi. Whereas, .the latter locus covering 4 genes thai: encode
two-component response regulator (bs/1713), NodW (b/11714), NodV (bli1715) and
putative transposase (bir]716) was induced 2.1-8.6 fold by both SSE and genistein
during 12 h. NodWV was identified as a mo-(;omponent system which is unique to B.
Japonicum and directly induces nod¥Y4BC operon i'n response to genistein (Gottfer er
al., 1990; Sanjuan et al., 1994; Loh et al., 1997). The long-range expression manner
of nodWYV here supports its important roles in the early symbiotic process.

EC-III contained 29 clones covering genes from bII1796 to blrI867 (at the
coordinate 1, 953, 234-2, 020, 145) and 28 clones among them (69.0%) were
induced 2.4- to 20.7-folds by SSE at 12 hpi. On the other hand, most of the clones
(20 among 29 clones) also tended to be up-regulated by genistein,- but, only 5 c'lones
(clone 3, 5, 18, 20 and 28) exhibited the significant expression levels, indicating thz;.t
fhis cluster was significantly and preferentially induced by SSE (Figure 2.8A). These

SSE-induced clones were divided into three loci, the first locus (clone 1-13)

23



FT“T".?T :L.:‘.‘“" T

including genes from A/[1796 to bi/1832, the second (clone 17-21) from bir1839 to

blr1847 and the third (clone 27-29) from blri859 to bil1864. A genes cluster (¢s)

~ encoding recently identified type III secretion system (TTSS) of B. japonicum,

RheCyC,INQRSTUYVY (b111811-b111842-blr1813-blr1816-bir1818-blr181 9-bsr1820

-blr1821-biri822-bl11800) (Gc’ittfér et al., 2001; Kaneko er al., 2002), was
completely included within the former two loci. Recently, it has been reported that
mutations within rt& of B. japonicum affected the symbiosis in a host-dependent
manner (Krause et al.,l2002j. Besides,. seyeral genistein-inducible TTSS-secreted
proteins were identified in B. japonicum 110spe4, including three hypothetical
proteins encoded by genes b/r1649 (covered by clone 11 aI;d 12) in EC;I, blr1806
(covered by clone 4, first locus) and 5//1862 (covered by clone 27 and 28, third
locus) in EC-IIT (Sip et al., 2006). This experiment showed that clones covering
these genes were induced by SSE (Appendix 1). Among 6 genes covered by the third
locus, only 2 genes have putative functions, i.e. putative transposase (b//7861) and
citrate-proton symporter (5111864, citA). However, the presence of a nod box located
between /11862 and bsri863.as well asla o consensus between bI/71864 and

blr1865 (Gottfer er al., 2001) suggests that the third locus may play a role in

symbiosis.

The most strongly induced genes cluster on the génome was EC-IV covering
genes from bsr20] 0 to bil2067 (at the coc_)rdinate 2, 171, 906-2, 232, 429) (Figures
2.7 and 2.8B). Among the 23 clones covered in EC-1V, 16 clones (clone1-11, 15 and
20-23) (69.6%) were strongly induced by SSE at 12 hpi (2.8—52.3 fc;ld). The
induction of EC-IV occurred in advance of EC-III and its expression patterns,

particularly those of clone 2, 5-8, and 20, were very similar between SSE- and
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genistein- treated cells at 6 and 12 hpi (Figure 2.8B). Clone 1-11 covering 31 genes
from berO] 0 to 5112040 completely involved a great genes cluster, nolZY-[2genes]
-nol4-[1genes)-nodD2-[1genes]-nodD 1 Y4ABCSULJ-nolMNQ-nodZ-fixR-nifA-fixA
(bsi2015-bir2038) which was reported preﬁously (Kindig et al., 1993; Kaheké etal,
2002). The n0lZ¥-nolA-nodD2-nodD1YABCSULJ-nolMNO-nodZ has been identified
as a common rod gene operoﬁ involved in the biosynthesis, modification and
transport of Nod-factor and reported to be essential for the process of nodulation
(Loh and Stacey, 2003; Hanin et al., 1999). Downstream of this nod genes _operoﬁ,
clone 20 was induced at leasf 4.5-fold by both SSE and genistein during 12h,
suggesting thgt either or both of its covered two adjacent genes (bsr206/ and
bir2062) V\I/ere induced strongly. 512062 has been estimated to encode a nodulation
protein, Noel, although the function of bsr2061 is still unknown. These results
support that nod gene operon is an impdﬁant locus of B. japonic;zm in the initial
stage of the symbiotic process, and suggest that the genistein is one major nod genes
inducer in SSE.

Clbne 21 was induced more than 3.2-fold by both SSE and genistein at 6 and/or
12 hpi, suggesting that its covered singlé gene (b112063, nrgC) was induced strongly.
nrgC was reported to be NifA-regulated‘ but not essential for symbiosis (Nienaber et
al., 2000). The loci covered by clone 15 and 22-23 were also induced beyond 2.8
fold by SSE at 12 hpi, but only 3 genes 5112049, bl[2065 and b/I12067 have functions
as anthranilate phosphoribosyltransferase (¢rpD), carbonic anhydrase and nodulate
formation efficiency C protein (nfeC).

Clones covering a large gene cluster, nifDKENX-fer3-nifS-fixU-nifB-frxA-nifZ-

nifH-fixBCX (blr1743-bsr1775), which are located between EC-II and EC-II and
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likeiy to be required for nitrogen fixation under microaerobic conditions (Kaneko et
al., 2002), showed no potential expression changes in the presence of either SSE or
.gex:.listein except for one clone covering genes from bsr1749 to blr1752 (Figlure 2.6).
One operon composed of eight ORFs (bir2077-bsi2084), which was reported to be
likely involved in the biosynthesis of rhizobitoxine-like (RtxA) moiecule (Gottfer et
al., 2001), .as well as another five ORFs (blr2143-bir2147) for cytochrome
P450-family proteins did not also substantially respond to either SSE or genistein.
These results support the previous reports that rhizobitoxine production is confined
exclusively to génotype I strains of B. japonicum and cytochrome P450 are well

expressed in bacteroids (Minamisawa et al., 1992; Sarma et al.,72005).

Exclusively Expressed Genome Loci by SSE

Nine loci covered by 19 clones inside symbiosis island but outside ECs (LISs; LIS
1-9) were exclusively inauced by SSE at 12 hpi (Figure 2.6 and Appendix 2). The
LIS 7 covered by two clones (brb19974, brb02802) was induced 2.8-12.5 fold,
suggesting that either or both of the two adjacent genes encoding polygalacturonase
(bIr1993) aﬁd pectinesterase (b/r1994) were induced strongly. Beside;;, one clone
(brb06413) in LIS 6 was also ‘ind‘uced 3.9 fold, suggesting that putative sugar
hydrolase (biri964) was likely induced. These resﬁlts suggest that plant cell |
wall-degrading enzymes were preferentially induced by SSE. ﬁowever, the locus
covered by cl(_)ﬁe 13 in EC-I was not induced strongly, suggesting that a gene
encoding another putative sugar hydrolase (b/r/656), which was reported to be
strongly induced by the genistein in a nodW-dependent manner (Baumberger et al.,

2003), did not show the substantial expression change. For other LISs, genes
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encoding a TTSS-secreted protein similar to NopP of Rkizébium sp. NGR234
(bIr1752 in LIS 3) (SuP er al., 2006), alanine dehydrogenase (b/r/738 in LIS 3),
ferredoxin (bsr1739, bsr1750 in LIS 3), putative bacA (blr1902 in LIS 5), two NocE
homologs (b/r2073, bir2074 in LIS 8) and putative transketolase (5/r2168, blr2169
in LIS 9) were also putatively induced. HO\;VGVGI’, around 59.5% (25/42 genes) of the
products of putatively-induced genes covered by LISs were unknown or hypothetical
proteins.
In addition, nine loci outside symbiosis island (LOSs: LOS 1-6, 13-15) were also
' induced by SSE (Figure 2.5 and Appendix 3). The LOS 6 covered by_ 14 clones (from
bir2358 to blI2381 at the coordinate 2, 561, 229- 2, 595, 246) was located
downstream of the symbiosis istand and induced by SSE with time. This locus was
reported to.be likely involved in a gene cluster (exo) for exopolysaccharide (EPS)
synthesis and deletion mutants within exo caused a delaye@ nodule initiation
(Eggleston et al., 1996; Kaneko et al., 2002). LOS 15 (from 5115380 to bl15420 at the
coordinate 5,\ 925, 788 to 5, 964, 027) composed of 17 clones and 13 of them were
strongly induced with time by SSE. Among 39 putatively induced genes, 27 genes
(69.2%) encode ribosomal proteins. On the other hand, another large‘ locus, LOS 19
covered by 16 clones (from bér6843 to blr6883 at the coordinate 7, 540, 433-7, 575,
109), was potentially induced not by SSE but by genistein (Figure 2.5 and Appendix
'3). Among 15 putatively induced genes, 12 genes (80%) encoded flagella-related
proteins. Recently, it has been reported that abundant extracellulgr proteins from
- genistein-induced wild type B. japomicum were identified as flagellin and the
deletion mutant of b//6865 and biI6866 had a thick flagellum without thin flagella

(SuB et al., 2006; Kanbe et al., 2007).
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- Moreover, LOS 2 covered by four clones (from 5/r0232 to bll0242 at the -
coordinate 228, 013-237, 522) tended to be induced by SSE during 12 h. Oné clone

(brb07072) was induced 1.4-6.9 fold, suggesting that either or both of the two

adjacent genes (blr(240, blr0241) were induced strongly. The product of /70241 has

been reported to be 80% identical with 1-aminocyclopropane-1-carboxylate (ACC)
deaminase of M. loti (mir5932), which is likely involved in nodulation eﬁhancement
(Uchiumi et al., 2004). Other six loci covering genes related to energy metabolism,
transporter and regulator such as cytochrome O ubiquinol oxidase (b/r0149-bIr0152
in LOS 1), transporter family (bll0379-b/l038] in LOS 3), ATP synthase
(bl10439-b110443 in LOS 4, bll1185-b511189 in LOS 5), NADH ubiquinone
oxidoreductase (b//4904-b114919 Iin LOS 13), and transcriptional regulator and
dehydrogenase (5/15275-bIr5278 in LOS 14) were also induced by SSE. Contrarily,
two loci covering genes encoding two component sensor/regulator (bl-lél 84-bir6185
in LOS 18, b/[7306-b117307 in LOS 21) and alcohol dehydrogenasé (bIr6207,

blr6213, bir6215 and 5116220 in LOS 18) were repressed.

Expreséion Genome Loci Shared between SSE- and Genistein-treated
Cells

In addition to genomic loci covering nod genes, six loci outside symbiosis island
were inducéd with sharing between SSE- anci genistein-treated cells during 12 h
(LOS 7, 9-10, 12, 16 and 20) (Figure 2.5 and Appendix 4). Two adjacent clones
(brb11706, brb23885) in LOS 12 were induced 2.2-27.6 fold during 12 h, suggesting
that either or both of the two adjacent genes (DIr4773, blr4774) were induced

strongly. NwsAB (bir4773 and blr4774) was identified as a two-component system
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to function with NodWV in a cross-talk way and involved in the quorum regulation
of the nodulation genes (Grob er al., 1994; Loh et al., 2002b). Two adjacent clones
(brb17502, brb07789) ig LOS 10 were also. induced strongly during 12 h, suggesting
that 3 adjacent genes encoding a putative multidrug resistance protein (b//4319),

probable RND efflux membrane fusion protein (5//4320) and putative outer

" membrane channel lipoprotein (b//4321) may act as an efflux system.

Nine adjacent clones covering LOS 20 (b/I7018-b1]7032) were collectively and
strongly induced by genistein, especially at 0.5 hpi (3.8-57.3 fold). Two adjacent
clones (brb07276, brb06980) in this locus and 2 adjacent clones (brb06269,

brb14218) covering LOS 9 contained 10 putatively-induced genes during 12 h, and 5

among them (50 %) encode transcriptional régulatory protein. Six adjacent genes

(blr2437-blrl~2442)‘ covered by LOS 7 encode ABC transporter-related protein,
whereas, 5 of 6 putatively-induced genes (bir5790-bIr5795) in LOS 16 encode
unknown or hypothetical proteins.

Contrarily, four loci (LOS 8, 11, 17 and 22) were repressed by‘both SSE and
genistein during 12 h (Figure 2.5 and Appendix 4). Four adjacent géhes encoding
ABC transpoter-related proteins (blr4553, blr4555-blr4557 in LOS llj, 2 adjacent
genes encoding RhtB family transporter and two-component response regulator
(blI7341 and bl17342 in LOS 22) and putative monooxygenase component (b/r3679
in LOS 8) seemed to be repressed. However, all of six putatively-repressed genes

(bir5841- bi15846) in LOS17 encode hypothetical proteins.

Validation of Potentially Regulated Genes

The character of macroarray used in the experiment is that some clones are
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adjacenﬂy overlaijped and each clone contains at lleast one gene. Thus, the pﬁtatively
regulated genes were screened and validated with real-time RT-PCR according to the
following strategies: (i) stringent selection of significantly up-and down-regulated
clones whi-ch had an expression ratio of more than 2.2 and less than 0.4 fold,
respectively. The candidates were selected according to 7the distribution profiles of
scatter plots and the area corresponding to them was shown in Figure 2.9A (Scatter
plots for SSE- or genistein-treated cells at 0.5 and 6 hpi are shown in Figurr; 2.10).
(i) selection of putatively regulated genes from the clt:;nes as desﬁribed before
(Uchiumi ef al., 2004) and their validation by quantitative réal-time RT-PCR.

As a result, 12 representative genes frdm some substantially regulated genomic
loci (5 genes in ECs, 1 gene in LISs and 6 genes in LOSs) were selected and their
relative amounts of transcripts were quantified by using real-time RT-PCR (Table
2.2). The primers of these selected genes were designed and confirmed as described
in Materials and Methods (Zable 2.3). Among these 12 genes, genes encoding
unknown protein (b/r1649 in EC-I), RheN (biri816 in EC-II) and prol:;able
polygalacturonase (b/r1993 in LIS 7) were exclusively up-regulated by SSE at 12
hpi (5.3-18.9 fold). The gene encoding ACC deaminase (blr024f in the LOS 2). was -
ﬁlso induced by SSE but the levels were maintained higher during 12 h (2.4-4.2 fold).
Whereas, a gene encoding Ttsl (bl11843 in EC-IIT) was induced by both SSE and
genistein, but the levels were higher for SSE-treatment at 12 hpi (SSE: 10.1 fold;
genistein: 41 fold). Genes encoding NodW (b/[1714 in EC-II), NodC (b/r2027 in
EC-IV) and probable RND efflux membrane fusion protein (b//4320 in LOS10) were
strongly induced by both SSE and genistein during 12 h, and the expréslsion levels of

blr2027 was maximal at 6 hpi (218.1-252.9 fold). One gene encoding transcriptional
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regulatory protein TetR family (577023 in LOS 20) was mainly induced by
genistein. |

On the other hand, genes encoding a hypothetical protein (5//5843 in LOS 17) and
ABC transporter substrate-binding protein (5/r4553 in LOS 11) were significantly
downr-regulated by both SSE and genistein, particularly at 6 and 12 hpi. But, a gene
encoding thiB family transporter (51/7341 in LOS 22) was unsubstantially repressed
by using real time RT-PCR, although the clone covering this gene was significantly
down-regulated in macroarray analyses. Relative expression levels seem to differ
between real-time RT-PCR and macroarray analyses to some extent. Nevertheless,
the high correlation (R*=0.90) of the expression ratio between real-time RT-PCR and.
macroarray analyses showed the reliability of macroarray analyses with the validity

of selection method for putatively induced genes.
2.4 Discussion

In this experiment, the symbiosis island of B. japomicum was collectively
expressed as four predominant expression clusters (EC I-IV) in SSE-treated cells
(Figures 2.5 and 2.6). The syrﬁbiosis island of M. loti MAFF303099 was also
reported to be collectivelf expressed in bacteroids and function as clustered
expression island (EI) (Uchiumi et al, 2004). However, each symbiosis island
functions as different great expression clusters, such as nod and #ts induced by SSE

in this experiment, while nif, fix and fdx induced in bacteroids of AL loti MAFF

1303099. Genes cluster fixK2/fixLJ/fixNOPQ/fixGHIS (from blI2754 to bsr2773 at the

coordinate 3,032,744-3,050,922), whose pfoducts are .the oxygen-sensing cascade
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and the high-affinity terminal oxidase that are required for microaerobic respiration
and nitrogen fixation in nodules (Nellen-Anthamatten er al., 1998),' was not
potentially expressed in this experiment (Figure 2.5). Genome-wide gxpression

analyses on these two rhizobia clearly demonstrate that the rhizobia genome is a

vehicle for the symbiosis isiand, which functions in distinctive gene clusters in the

infection and differentiation stages of symbisois.

Despite approximately the same final concentlration of genistein between SSE-
and genistein-induction medium (4.7 and 5.0 uM) (Figure 2.4), SSE-treated cells
exhibited a distinctive genome-wide expression profiling as shown by the results that
a numbe;' of genomic loci were exclusively and strongly induced by SSE, e. g.,
genomic loci involved in TTSS, polygalactizronase, EPS synthesis, ACC deaminase,
ribosome proteins and energy metabolism. Unexpectedly, however, loci related to
chemotaxis such as  chedWYB | (bIr2192~bir2195) and  cheRIWA
(b110390-5110392-b110393) (Kaneko et al., 2002) were significantly repressed by SSE
as well as genistein with time in this experiment (Data not shown).

The foIloWing plant infection test demonstrated that the\-nufnber of the mature
nodules formed iﬁ the root inoculated with SSE pre-treated cells was significantly -
enhanced (up to 12), compared with those formed with genistein;preﬁeated (6 of
mature nodules) as well as untreated cells (4 of mature nodules) at 13 DAi (Figure
2.11). Besides, SSE-pretreated cells slightly promoted the fresh weight of both
above-ground and roots of soybean at 10 and 13 DAI, compared with genistein-
pretreated cells (Figure 2.12). It was reported that the infectiousness and
competitiveness of B. japonicum cells for nodulation wére stimulated by the

pre-treatment with soybean meal extract and the slow-to-nodulate phenotype of a B.
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japonicum mutant was reversed by pre-incubation with soybean root extract
(Halverson and Stacey, 1984; Lodeiroa et al.,, 2000). It is likely that these
SSE-induced distinctive gene expressions of B. japonicum are responsible for such
stimulation of nodulation abilities. o

It is clear that the expression of EC-III differed considerably between SSE-and
genistein-treated cells within symbiosis island and its covered #ts genes were induced
later than common rod gene operon tin EC-IV) and rodl¥ (in EC-IT) ( Figures 2. 6
and 2.7). The #s genes were first reported to be induced later than most nod genes in
R. sp. NGR234 and recently reported to be highly conserved in all Bradyrhizobium

strain belonging to genomic group II (Viprey ef al., 1998; Mazurier et al., 2006). A

- model of regulatory cascade for B. Japonicum has been recently proposed that many

tts genes, which particularly possess a tfs box upstream of each of them (Figure 2.

8A), are genistein-inducible under the indirect control of nodDInodD2nold and .

nodW through a transcriptional activator of the two-component regulatory lfamily
(TtsI encoded by-b111843), resulting in the expression of ¢#s later than most of nod
genes. (; max was also reported to form similar nodule numbers but exhibited a
delay in the nodule development with deletion mutants of several #s genes,
especially bl11843 (Krause et al., 2002). In this experiment, the expression profile of
nodW was similar between SSE-and genistein-treated cells (Table 2.2). However, the
locus covering gene nodDInodD2nolA (cione 3 and 4 in EC-IV) as well as a gene
bli1843 was induced stronger by SSE than genistein at 12 hpi (Figure 2.8B and Table
2.2), suggesting that higher expression of #s genes is likely a result of integrated
regulation of nodD1nodD2nolA rather than nodW by some compounds in SSE. It has

been reported that the expression of tts genes in some pathogenic bacteria is
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.controlled by environmental factors, such as temperature, nutrition, osmolarity and

quorum sensing (Hueck, 1998). These results suggest that the stronger éﬁpression of
fts .genes is one reason for the enhanced nodﬁle development of G max inoculated
with SSE-pretreated cells.

Gene b/r1993 encoding polygalacturonase, one of the plant cell wall-degrading
enzymes, was reported to be strongly induced by genistein in a NodW-dependent
manner, although the null mutant of this gene did not impair symbiosis with the host
(Baumberger er al., 2003). In this experiment, howelver, it was not sub_stantially induced
by genistein (1.4 fold) but induced strongly by SSE (18.9 fold) at 12 hpi, and its
expression occurred later than npd gene induction, suggestiﬁg thatrit seems to be tightly
regulated. Recently, the expressmn of genes encoding plant cell wall-degrading
enzymes mcludmg one polygalacturonase (pehB) as well as exopolysacchande in
Ralstonia solanacearum was reported to be regulated in concert with type III secretion

system (Valls er al., 2006). Another gene, blr0241, encoding ACC deaminase was

“induced by SSE during 12 h. This enzyme is likely involved in the reduction of

ethylene concentration by degrading ACC, the precursor of ethylene biosynthesis in

 plant, during the nodule formation process (Penmetsa et al., 1997, Uchiumi et al.,

2004). Recently, blr0241 was also found to be well-induced in bacterioid (Pessi ef al.,

2007), implying that this gene plays an important role during symbiotic process.
Higher ‘expression of genomic loci relevant to ribosomal protein synthesis and
energy metabolism by SSE seems to be reasonable, because SSE is rich in nutrients

such as amino acids, organic acids, sugars, vitamins, etc (Philips and Streit, 1996),

and advantageous to B. japonicum for the colonization in the rhizosphere of soybean.

The SSE-induced loci shared with genistein-treated cells seem to be mainly
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Vcaused by genistei'n in SSE. LOS 10 covering three adjacent genes for the muitidrug
resistance;related proteins (5//4319-b114321) was induced by both SSE and genistein,
in which 5//4320 encoding a probablel RND efflux membrane fusion protein was
induced 7.4-28.8 fold during 12 h (Taﬁle 2.2). Moreover, LOS 10 was also induced
by daidzein at 12 hpi (data not shown), suggesting that this locus is specifically
in§olved in the isoflavonoid-inducible resistance of B. japonicum. The resistance of
B. japonicum to phytoalexin such as glyceolin from soybean was reporteci to be
induced by genistein and daidzein (Parniske ef al., 1991).In LOS 20, gene bir7023
encoding transcriptional regulatory TetR family was mainly induced by genistein
during 12 h (3.6-8.0 fold). Besides, one clone (BJ7162) covering a single gene for a
AcrB/AcrD/AcrF family protein (bi/7019) was induced 2.6-33.3 fold by both SSE
and genistein at 0.5 hpi (Appendix 4), suggesting that this locus responds to

genistein at the early stage and is also involved in the multidrug resistance of B.

" japonicum. These two loci are located far away from symbiosis island, but seem to |

play an important role in the competition of B. japonicum in the rhizosphere of
soybean.
Since SSE-supplemented medium contained daidzein (around 6.8 pM), the

genome-wide expression of B. japonicum in response to daidzein (5 pM) at 12 hpi was

- also monitored (Appendix 1 and 2). Nine clones covering nod genes such as nodWV

(clone 15-16 in EC-II), common nodYABC operon (clone 2, 5, 6-8 in EC-IV) and

noel (clone 20 in EC-IV) inside symbiosis island were also induced by daidzein as
well as genistein, although the induction levels by daidzein tended to be slightly
lower than those by genistein. These results indicate that daidzein is also a natural

inducer of nod genes. It was reported that daidzein induced nod genes in B.
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japonicum (Kosslak et al., 1987). However, no potential regulation of LISs and

LOSs except for the LOS 8-10, 12, 16 and 19 was observed for daidzein-treated cells

(Appendix 3 and 4), indicating that the exclusively regulated loci by SSE are not
caused by daidzein.

In combination with the time course of induction and validation of real-time PCR,

the global expression profiles of loci in the presence of SSE were successfully

captured in the experiment and it will be useful to identify novel genes relevant to

the initial stage of symbiosis because bacterial genome are often organized into

functional units. Nevertheless, it is important to keep in mind that the composition of
SSE might be modified in the rhizosphere because it is known that microbes
inhabiting rhizosphere influence the compo_sition of plant-released compounds
(Philips and Streit, 1996). In conclusion, the genome-wide expression analysés in
this study reveal that symbiosis island functions as disﬁnctive expression clusters (ECs)
in the initial stage of symbiosis, and that there are several loci which are exclusively
regulated by SSE or shared between SSE--and genistein-treated cells. These findings
will provide an insight into the mechanism Qf plant-microbe interaction by
identifying the novel genes relevant to symbiosis. |

All information of the genes and clones described in this study is accessible in
the Web database;, RhizoBase, at http://www.kazusa.or.jp/rhizobase/, and http://orc

al0.bio.sci.osaka-u.ac.jp/brady/.
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2.5 Summary

Initial interaction between (Brady)rhizobia and legumes actually start via encounters
of both partners in the rhizosphere. In this study, the global expression profiles of
Bradyrhizobium j&ponicum USDA 110 in response to soybean (Glycine max) seed
extracts (SSE) and genistein, a major soybean-released isoflavone for nod genes
induction of B. japonicum, were compared. SSE inducea man“y genomic loci as
cdmpa.red with genistein (5.0 pM), nevertheless SSE-supplemented medium contained
4.7 uM genistein. SSE markedly induced four predominant genomic regions within a
large symbiosis island (681 kb), which include #s genes (type III secretion system) and
various npd * genes.  In addiﬁon, SSE-treated cells expressed many genomic loci
containing genes for polygalacturonase (cell wall degradation), exopolysaccharide
(EPS) synthesis, 1—aminocyclopropane-l-éarboxylate (ACC) deaminase, ribosome
proteins family and energy metabolism even outside symbiosis island. On the other
hand, genistein-treated cells exclusively showed one expression cluster including
common nod gene operon within symbiosis island ar}d six expression loci including
multidrug resistance, which were shared with SSE-treated cells. Twelve putatively
regulated genes were indeed validated By quantitative RT-PCR. Several SSE-induced
genomic loci likely participate in the initial interaction with legumes. Th,us; these -
results can provide a basic knowledge for screening novel genes relevant to thé B.

Japonicum-soybean symbiosis.
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2.6 Figures and Tables
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Figure 2.1 A DNA macroarry platform of Bradyrhizobium japonicum USDA 110
throughout this study.
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Genome-wide expression profiling of B. japonicum USDA 110 in response to SSE

and genistein (GEN) at 0.5, 6 and 12 h post induction (hpi). Expression profiles were
constructed as described in Materials and Methods. Expression levels of each clone were sorted

according to the genome coordinate and represented by a single bar. The symbiosis island is
located on the chromosome at coordinates 1.68-2.36Mb (Kaneko er al., 2002). Red- and
blue-colored arrows indicate some positions of strongly induced and reduced loci outside
symbiosis island (LOSs: LOS1-22), which cover genes as shown in Appendix 3 and 4,

respectively.
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Figure 2.6 Expression profiles of the symbiosis island of B. japonicum USDA 110 induced by
SSE and genistein (GEN) at 0.5, 6 and 12 hpi. Expression profiles were constructed as the
value of log;, (expression ratio) of 276 clones covering symbiosis island as described in
Materials and Methods. Expression levels of each clone were sorted according to the genome
coordinate andrepresented by a single bar. Four predominant expression clusters, which were
designated as ECs (EC-I to IV), are underlined with red bars. The SSE-induced loci inside
symbiosis island but outside ECs (LISs: LIS 1-9) at 12 hpi are shown by the red arrow heads.
The genes covered by ECs and LISs are shown in Appendix 1 and 2, respectively.
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Figure 2.8  Expression profiles of clones and their covered genes in (A) EC-III and (B)
EC-IV at 12 hpi after the treatment of SSE and genistein (GEN). Bars below the gene map
indicate M13 clone inserts for macroarray construction and the box charts under M13 clone
indicate differential expression of M13 clones in SSE/GEN-treated cells to untreated cells. The
solid boxes indicate clones with strong (expression ratio=2.2-fold, red) and mediate (1.5-fold
<expression ratio<2.2-fold, pink) hybridization signal, while the dotted boxes indicate weak
hybridization signal (expression ratio<l.5-fold). Genes rhcN (blr1816) and ttsI (bll11843) in
EC-III and nodC (blr2027) in EC-IV were selected for validation by real-time RT-PCR. #fs box
(tcGTCAGctTNtcGaa AGet-N3-ceNectA), nod box (ATCCA-N7-GATG-N6-ATCCAAACAAT
CGATTTTACCAATC) and 5™ consensus (TGGCAC-N5-TTGCT/A) are described previously
(Gottfert er al., 2001; Siip et al., 2006)
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Figure 2.9 Scatter plots for the genome wide expression of B. japonicum USDA 110 in
response to SSE and genistein at 12 hpi. (A) Log plots of the hybridization signals for
macroarry obtained in SSE/genistein-treated cells against those in untreated cells. The x and y
axes indicate the logy, values of the spot signal normalized based on sum of the signal
intensities. (B) The distribution of clones inside and outside symbiosis island of B, Jjaponicum
USDA 110, which were significantly up- and down-regulated by SSE and genistein at 12 hpi,
respectively. Black and white areas indicate the ratio (%) (number in parentheses) of clones
inside and outside symbiosis island, respectively. In this experiment, the thresholds of
significantly up- and down-regulated clones had a signal ratio of more than 2.2- and less

than 0.4-fold, respectively.
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Figure 2.10  Scatter plots for the genome-wide expression of B. japonicum USDA 110 in
response to SSE and genistein. Log plots of the hybridization signals for macroarray obtained in
SSE- or genistein-treated cells against those obtained in untreated cells (panels A-1, A-2 and
A-3: treated with SSE for 0.5, 6 and 12 h, respectively; panels B-1, B-2 and B-3: treated with
genistein for 0.5, 6 and 12 h, respectively).The x and y axes indicate the log values of the spots
signal normalized based on the sum of the signal intensities.
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Figure 2.11  Effects of pretreatment of B. japonicum USDA 110 cells with SSE or genistein
on the development of nodules formed in the root of Glycine max (L.) Merr. For the
pre-treatment, B. japonicum cells were diluted to an ODgy of 0.1 and then treated with (B)
SSE (20 ul/ml culture) or (C) genistein (5 pM) for 12h. Nodule number without the treatment
is shown in panel (A). Each box represents the mean value obtained from the nodule number
formed in at least 7 plant roots. To visualize the nodules in earlier stage, the roots were fixed
in FAA (70% ethanol: acetic acid anhydride: formaldehyde=90:5:5, v/v/v) and then stained
with 0.003% toluidine blue O overnight as described in Materials and Methods.

The development of nodules was divided into three stages, i.e., nodules of stage 1 being
very small at the initial formation stage (blue box), nodules of stage 3 being complete
mature stage (yellow box) and nodules of stage 2 (red box) being between stage 1 and 3 as
shown in panel (D). Nodule number corresponding to each stage was counted under a
stereomicroscope.
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Figure 2.12  Effects of pretreatment of B.japonicum USDA 110 cells with SSE or genistein on
the fresh weight of (A) above-ground and (B) root of Glycine max (L.). Seeds of Glycine max
(L.) cv. Enrei were inoculated with B. japonicum USDA 110 cells pre-treated with SSE (20
ul/ml of culture: yellow bars) or genistein (5 pM: red bars) for 12 h. Each bar represents the
mean value of at least 7 plants. Weight without the treatment is shown as blue bars. Different
letters above bars indicate a statistically significant difference among each treatment at the same
day after the inoculation (p<0.05).
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Table 2.1  Bacterial strains and plasmids used in the study

Strain and plasmid Relevant characteristics

Reference

B. japonicum

USDA 110 Wild type, Cm®
ZB977 USDA 110, pZB 32, Tc}
A370 nodD2 deletion mutation, Cm®, Km®
BjB3 nold insertion mutation, Cm"®, Sp®, Sm*
plasmid
pZB32 nodY-lacZ fusion

Kaneko et al., 2002
Banfalvi et al., 1988

Gottfert ef al., 1989

Garcia et al., 1996

USDA: U.S. Department of Agriculture.

Cm: chloramphenicol, Tc: tetracycline, Km: kanamycin, Sp: spectinomycin

Sm: streptomycin
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CHAPTER 3
Expression Analyses of Bradyrhizobium japonicuh‘.'
| in Response to Soybean Seed Extracts

and Genistein at Low Temperature

Introduction

Rhizobium-legume symbiotic interaction is an unimaginably elaborated process
controlled by the exchange of molecular signals between two partners. However, this
interaction is strongly affected by suboptimal environmental conditions such as salinity,
unfaﬁbrable soil pH, nutrient deficiency, mineral toxicity, desiccation and temperature
extremes (Zahrm, 1999). Bradyrhizobium japonicum is a nitrogen-fixing endosymbiont/
 associated with soybean (Glycine max). Most optimal soybean-B. japonicum symbiosis
requires root zone temperatures (RZTs) ranging from 25 to 30°C (Jones and Tisdale,
1921; Dart and Day, 1971). Studies involving B. japonicum are usually carried out
under laboratory rather than field conditions, typically with a growth temperature of
28°C, at which the bacteria .are considered to grow best. In fact, soil temperature in
the short-season soybean production areas is often below this range and the bacteria
have to adapt and continue to grow under this sw.;boptimal temperature condition.

Root zone temperature, particularly lower than 17.5°C, was reported to étro‘ngly
inhibit the piocess of nodulation and nitrogen< fixation due to the delayed initiation bf

infection threads, nodule development, the decreased biosynfhesis and secretion of
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genistein (Lynch and Smith, 1993; Zhang and Smith, 1994, 1996). Application of

. genistein to inocula and soil could overcome the low temperature inhibition of soybean

nodulation and nitrogen fixation (Zhang and Smith, 1997; Belkheir, er al., 2000;
Leibovitch ef al., 2001). However, these reports mainly focused on the investigations
of the nodule mass, various morphological changes (i.e. root-hair curling and infection |
thread), the Nod factor production and the selection of low telﬁperature—tolerant strain.
Comparatively little is known about the genetic and molecular mechanisms underlying
B. japonicum-soybean interaction at low temperature.

The accumulating evidences in the genomic analyses of B. japonicum suggest that
isoflavones (genistein and daidzein)-Nod factor relationship is important but not in full
to explain the signal-interaction during the early stage of symbiosis (Broughton ef al.,
2006; Krause ef al., 2002; Becker er al., 1998). Recently, genistemn has been also

reported to possess a much broader function than mere induction of nod genes (Lang et

-al., 2008). In chapter 2, the global expression profiling of B. japonicum genomic loci

in response to SSE and genistein were captured with time at common growth
temperature (30°C) by using an array system based on the M13 libraries generated by
the genome sequencing. The results revealed that compared with génistein, SSE
collectively and preferentially express many genomic loci such as TTSS,
polygalacturonase within symbiosis island of B. jaoinucm as well as some distinctive
loci such as EPS synthesis, ribosomal proteins family and ACC deaminase
outside the syinbiosis island,

In the present chapter, a study was conducted to monitor the genome-wide

expression profiles of B. japonicum in response to SSE and genistein at 15°C, a

- suboptimal RZT reported to strongly inhibit infection steps (Zhang and Smith, 1994),
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and compared with the results of the chapter 2. The results revealed that low
temperature leads to a potentiaily delayed exprc;ssion lag of genomic_ loéi
preferentially induced by SSE at 30°C, including TTSS gene cluster, whereas
nodplation gene loci were strongly and early induced, -suggesting that the
SSE-preferentially-induced genomic loci might be tightly regulated with integration

of a variety of environmental cues for the adaptive capabilities of B, japornicum.
3.2 Materials and Methods

Bacterial Strains and Culture Conditions
B. japonicum USDA 110 was used as a wild type strain for genome-wide
expression analyses. B. japonicum ZB977, a derivative of B. japonicum USDA 110

harboring a plasmid (pZB32) which carries a translational nodY-lacZ fusion

-(Banfalvi er al.; 1988), was used as an-indicator strain for the determination of the - - -~

induction conditions at 15°C. B. japonicum USDA 110 and ZB977 were
maintained on the yeast extract-mannitol agar (YMA) medium with
chloramphenicol (30 pg/ml) and tetracycline (50 ug/ml), respectively, and cultured

in yeast extract-mannitol broth (YMB) without antibiotics for the induction.

B-Galactosidase Activity Assay

SSE and genistein (4°, 5, 7-trihydroxyisoflavone, from soybean) were used as
described in the chapter 2. B. japonfcwn ZB977 cells grown to the log-phase were
diluted to 0.1 of ODggp with fresh YMB containing no antibiotics and induced with 20

1l SSE /ml culture or 5 uM genistein for 24 h at 15°C. Induction was carried out in 50
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ml of YMB and a portion of culture (2 ml) was withdrawn at 3 h interval for measuring

f-galactosidase activity as described previously (Banfalvi et a/., 1988).

RNA I.éolation, cDNA Synthesis and Macroarray Analyses

| DNA macroarray platform of B. japonicum was described in the chapter 2. B.

Japonicum USDA 110 celis were pre-cultured in 30 m! of YMB without antibiotics

for three days and then sc;,aled up to 200 ml of YMB for growing to mid- log-phase

(ODsgpp=0.3-0.5) at 30°C. The cells were then diluted with fresh YMB to ODggo of
0.1 and induced with SSE (20 pl/ml of culture) or genistein (5 QM) for periods

determined by B. japonicum ZB977 at 15°C. RNA isolatioln, hybridization, image

capture and data analyses ;were 'also performed as described in the chapter 2. Briefly,

the equal volume of ice-cold 5% (w/v) phenol/ethanol was added into the culture to
minimize the degradation of RNA. Total RNA was isolated with ISOGEN-LS (Nippon
Gene, Tokyo, Japan) and then treated with DNase 1. After removal of TRNA with the
MICROBEspress™ Kit (Ambion, Austin, TX, USA), the cDNAs were made by
reverse transcﬁptase with the incdrpofation of [0->P] dCTP and hybridized with DNA
array sheets at 55°C overnight. Hybridized signals were captured by using ‘a
BioImaging analyzer (BAS 5000, Fuji Film, Tokyo, Japan). The signal intensity of
each spot was quémtiﬁed by using Array Vision software (GE Healthcare Bio-Sci, NJ,
USA) and normalized on the basis of the total sum of the signal intensities of spots on

the array membrane and the data analysis was done as described in the chapter 2.

Quantitative Real-Time RT-PCR

Total RNA isolation was performed as described in the chapter 2 and the primers
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were designed by Primer 3 (http://fokker. wi.mit.edu/primer3/input.htm) (Rozen and
Skaletsky, 2000). One to three hundred ng of total RNA were used as template and
real-time RT-PCR reactions were performed with MiniOpticon™ Version 3.1
(Bio-Rad, Hercules, CA, USA) in combination with the QuantiTéct SYBR Green
RT-PCR (Qiagen GmbH, Hilden, Germany). Quantification was performed u‘singr
the Pfaffl method according to the real-time RT-PCR application guide provided by
Bio-Rad. A housekeeping gene of B. japonicum, sig4, which showed no significant
change in expression—level under the growth conditions in this experiment, was used

as an internal reference for quantitative real-time RT-PCR in the experiment.‘

3.3 Results

Determination of Induction Cohditions at Low Temperature

To compare the genome-wide expression profiling of B. japornicum in response to
SSE (20 pl/ml culture) and genistein (5 pM) at 30°C, the concentrations of both:
inducers were remained same, but the induction periods were determined using rodY
expression by a nod¥-lacZ transcriptional fusion at 15°C. As shown in Figure 3.1, the
nodY expression increased with time and reached maximum at 20 hpi in the presence
of SS8E and genistein at 15°C. Additionally, similar expression patterns were observed
between both treatments. Because the nodY expression reached maximum at 12 hpi
with SSE-treatment at 30°C, and three time points (0.5, 6 and 12 hpi) during elevating
pﬁase were chosen fér the global expréssion analyses (Figure 2.2 ), 12 and 20 hpi were
firstly used for RNA isolation at 15°C.

In addition to these two time poi‘nts determined by the nodY expression, a longer
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induction time up to 48 hpi was lately chosen for RNA isolation due to the reason .

which would be subsequently presented.

Nodulation Loci Are Strongly and Early Induced by Both SSE and
Genistein at Low Temperature

Firstly, the B. japonicum cells were induced with SSE and genistein for 12 and 20
hours at 15°C. The genome-scale expression profiling of B. japonicum were captured
and constructed with the value of logio (expression ratio) of each clone (a total of
3960 overlapped clones covering the whole genome), which represent the relative
expression levels between SSE/genistein-ireated and untreate& clones (Figure 3.‘2). ‘

In the chapter 2, compared with genistein, SSE colectively and remarkably induced
symbiois island of B. japonicum as four predominant expression clusters (ECs,
EC-I~IV) at 12 hpi at 30°C (Figures 2.5 and 2.6). However, such symbiosis island
with a similar expression profiling was not found in SSE-and genistein-treated cells
at either 12 or 20 hpi at 15°C. Looking closer at the expression profiles of symbiois
island revealed that it was very similar between the SSE- aﬁd genistein-treated cells
at 12 and 20 hpi, and displayed in a portrait of three distinguishably expressed
genoﬁle loci within it (Figure 3.3). It clearly showed that two of these distinguishably
expressed loci weré a part of EC-I and II, and one corresponded well with EC-IV.
Unexpectedly, EC-III was completely undetectable at 20 hpi at 15°C. The expression
portraits of symbiosis island at 12 and 20 hpi at 15°C were similar to those captured at
6 hpi at 30 °C.

Using the cut-off described in the chapter 2 (expression ratio> 2.2-fold and <

0.4-fold for strongly induced and repressed clones, respectively) identified 25 and 20
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strongly induced clones within symbiosis island in SSE-treated cells, while 31 and 19
for geniétein-treatment at 12 and 20 hpi, respectively. A comparison with the results
that 69 and 14 clones within symbiosis island Were strongly induced by SSE and
genist;ein at 12 hpi at 30°C, suggests that within symbiosis island, the expression of
many clones preferentially induced by SSE are susceptible to low temperature.
Furthennc;re, it was found that these three distinguishably expressed genomic loci

covered most of the known nodulation genes (Figure 3.3 and Appendix 1), i.e., the first

(at-the coqrdinate 1, 781, 581-1, 7943, 82 within EC-I) covering five genes birl 629/

blll 630(7?01K')/bll] 631(noel)blrl632(nodM)/bir1633(noeD), the second (at the
coordinate 1,875,786-1,883,701 -within EC-II) covering four genes bsi/ 713/
bll1714(nodW)/bll1715(nodV)/birl716, and the third (at the coordinate 2, 171,
906-2, 232, 429) corresponding well with EC-IV covering genes from bs/2015 to
blr2055, which involved a common nod genes  Operon,

nolZY-nolA-nodD2-nodD1YABCSUILJ-nolMNO-nodZ at the beginning and three

-genes bsr2061/bir2062 (noel)/bl12063 (nrgC) at the end.

The expression of clones within the three nodulation loci showed a generally
declining tendency with time from 6 to 12 hpi at 30°C and from 12 to 48 hpi at
iS"C (Appendix 1). However, the exception was observed for three clones within
EC-IV, clone 2 covering genes from bs/2074 to b1/2016 and clone 3 and 4 from 5112017
to blléO23. The expression of  clone 2 covering genes
bsI2014/bs12015(nolZyblI2016(nolY) was increased with time for both SSE and
genistein treatments, while that of clones 3 and 4 enhanced for only SSE-treatment
from 6 to 12 hpi at 30°C and 20 to 48 hpi at 15°C.‘ Interestingly, a

bli2019(nolA)/blI2021(nodD2)/bli2023(nodD1) genes region was found to be
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overlapped covered within clone 3 and 4. In B. japonicum, NodD1 responds to
genistein and functions as a positive transcriptional activator of common nod ABCSULJ
operon, whereas NolA and NodD2 form two key components in the feedback

regulation as well as quorum regulation of the nodulation genes (Loh and Stacey,

2003). The unusual expressionA patterns of this regulatory genome region imply that it
. may be involved in the regulation of some SSE-preferentially-induced genome loci at
12 hpi at 30°C and 48 hpi at 15°C.

Besides, two other loci outside ECs (at the coordinate 1, 940, 649-1, 945, 060 and
2, 328, 495-2, 335, 384) involved genes from b/r1781 to blrl785 and from bII2155
to bli21 61 were also strongly induced by SSE and genistein at 12 and 20 hpi (Figure
3.3). Interéstingly, these 12 genes encode unknown or hypc;thetical proteins as well
as two identical set of three putative transﬁosase . (bIr1781-blri783,
bll2159-bli2161). The induction of these two mobile-like loci simultaneously
occurred with that of nod genes, implying that they might play an important role in

the early stage of symbiosis.

Part of nod Genes Is Expressed Highér aft Low Température

A comparison of thg expression level of these nodulation loci at two time points (6
and 12 hpi) at 30°C with those (20 aﬁd 48 hpi) at 15°C demonstrated that clones ’
within loci covering genes bir/ 629/ bll163 O(nolK)/bll] 631(noel ) blri632(nodM)/
bir1633(noeD), bsll71 3/511 1714(rodWYbil1715(nodV)/birl716, and
bsr20611bir2062 (noel) had a higher expression level at 20 hpi, but their expression
dropped to a very low level at 48 hpi at 15°C for both SSE and genistein treatments

(Figures 3.5 and 3.6). A substantially higher expression level was actually observed
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for these loci during initial 12 h at 15°C (Appendix 1). Strikingly, clone 20 within
EC-IV covéring bsr2061/blr2062 (noel) was the most strongly induced clone on the
whole genome of both SSE- aﬁd genistein—indﬁced cells at 12 (173- and 200-fold)
and 20 hpi (101-and 82-fold) at 15°C, which would suggest that noel likely play an
important role in the early stage of B. japonicum-soybean symbiosis at low
temperature. On the conirary, loci covering common nod genes operon
nolZY-nolA-nodD2-nodD1YABCSUIJ-nolMNO-nodZ showed generally lower
expression levels at both 20 and 48 hpi, even as early at 12 hpi at 15°C. These results
-indicate that the nod genes are induced early and strongly at low temperature and part

of them was even induced higher level than at 30°C.

Expression of TTSS Loci Is Potentially Delayed at Low temperature

The disappearance of EC-III at 20 hpi at 15 °C led to the hypothesis that the TTSS |

gene cluster it covered may not be induced at all or has a longer expression lag at
15 °C. Therefore, B. japoniczim cells werevinducéd with SSE and genistein at various
higher temperatures (20, 25 and 30°C) and for a lbnger time (36, 48 a;nd 72 h) at 15°C,
| and the expression of TTSS was investigated with three representative genes, 51/1843,
biri816 and biri649, which respectivelyr encode a transcriptional ac;tivator (TtsD), a
core structural (RheN) and an unknown secreted protein of TTSS (Krause ef al., 2002;
Sub et al., 2006), by using real-time RT1-PCR.

As shown in Figure 3.7, in response to SSE, the expression of these three genes was
increased when the temperatures were elevated from 15 to 30°C. Although the
expression of these three genes was not detected at 20 hpi at 15°C, they showed a

strong induction at 12 hpi at 20°C and were significantly increased from 6 to 12 hpi
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at 30°C, suggesﬁﬁg thét the elevation of teinperature shortened the expression lag of
TTSS gene cluster. Interestingly, their induction was increased with time at certain
temperature, suggesting that the expression of TTSS genes is mbst likely cell growth
phase—dependenﬁ. On the other hand, no such similar temperature-dependent
expression manner was observed for genistein—treaunent. Although #s/ was
significantly induced at 20 hpi at 15°C and rﬁaintained a higher level at other
temperatures, the expression levels of other two genes were not substantially changed.
To determine whether the TTSS gene cluster has a longer expression lag at 15°C, the
induction periods ’wés extended up to 36, 48 and 72 hpi. As shown in Figure 3.8,
although rs7 started to be induced at 36 hpi, three genes were maximally induced by
SSE at 48 hpi. On the other hand, s/ was strongly induced by genistein from 36 h, and
the level was higher than that of genistein—treannént, However, the expression of rhcN
and blri649 was not substantially changed in genistein-treated cells untill 72 hpi.
These data here supported the hypotthesis that the induction of TTSS genes was
temperature-dependent and-acclimated in the presence of SSE, but not genjsteir;.
Subsequently, the cells were in&uced with SSE and genistein for up to 48 h at
15°C and the genome-wide expression profiles were constructed by using
macroaﬁay (Figure "3.3). Surprisingly, SSE expressed symbiosis island very similar
to that at 12 hpi at 30°C, on which EC-III covering TTSS genes was found to be
exclusively and strongly induced by SSE (Figure 3.2). Although the EC-III Was a
strongly induced region on the genome of SSE-treated cells at 48 hpi at 15°C,
cbmpared with that at 12 hpi at 30°C, the expression levels of the clones in this
region were slightly weaker, especially those of clone 7, 9, 11 and 29. As for

genistein treatment, a very lower expression level was observed, however, four
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clones (clone 16, 18, 19 and 28) still showed a significant expression level (Figures
.2.8 and 3.4) according to the cut-off of the chaptér 2 (expression ratio> 2.2-fold and
< 0.4-fold for strongly i'ndu'cc;,d and repressed clones, respectively). Among these
clones, clone 19 covers gene #s/, which has been reported to be essential for the
expression of other genes in the TTSS gene cluster in the presence of genistein
(Krause ef al., 2002).

Besides, other SSE—exclusively—iﬁduqed clones withjﬂ ECs at 12 hpi at 30°C
were also detected at 48 hpi at 15°C (Ai)pendix 1), i.e., clone 7 covering genes
bsl1639, clone 11 and 12 co;/ering genes from blri649 to bsli654 within EC-I,
clone 9 and 10 covering gene b/r/704 and blri705 within EC-II, Although the‘:&
products of these genés are still unpredictablle, three #s box motifs have recently
been found at the upstream of three genes (bir1649, bsi1652 and biri704) (Zehner
et al., 2008), suggesting that these likely TTSS-related gene also showed an
intensively delayed expression at low temperature..

These results suggest that low température leads to a more intensively delayed
expression lag of TTSS gene cluster compared with those of nodulation loci and
confirm the results of chapter 2 that an interaction with entire soybean-released
compounds (i.e., SSE) rathg:r than a single isofavonois (i.e., genistein) is critical for the
full induction of the B. japonicum TTSS genes at low temperature. The expression of
Yersinia spp type 1II secretion system was also reported to be positively controlled by
an increase in growth temperature from 26 to 37°C (Cornelis et al., 1987, Lambert de
Rouvroit et al.., 1992), likely suggesting that it is widely existed among many

bacteria species that the expression of TTSS is positively controlled by temperature.
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Other Genomic Loci with Delayed Expression at Low Temperature

Besides SSE-preferentiaily-expressed EC-III and several clones within EC-I and 1I
as described above, six of nine loci within symbiosis island but outside ECs (LISs:
LIS1-5 and 7), which were found to be induced By SSE at 12 hpi at 30°C, including
a locus (LIS7) for polygalacturonase (b/r/993) (Figure 3.3 and Appendix 2) were
also detected in the SSE-treated cells at 48 hpi at 15°C. Additionally, almost all
SSE-preferentially-induced genome loci outside symbiosis island (LOSs: LOSI1-6,
13-15) was also found to be strongly induced at 48 h at 15°C, including those for
cytochrome O ubiquinol oxidase (LOS1), ACC deaminase (LOS-2), ATP synthase
(LOS4 and LOS 3), synthesis of expolysaccharide (EPS, LOS 6), NADH
ubiquinéne oxidoreductase (b//4904-b114919 in 1LOS 13) and ribosome proteins
family (LOS 15). However, interestingly, a large géne cluster for flagellar-related

proteins (LOS 19), which was potentially induced by genistein at 12 hpi at 30°C,

.was found to be exclusively induced by SSE at 48 hpi at 15°C (Figure 3.2 and

Appenaix 3). These results strengthen the possibility that the expression of these
genomic loci is regulated in concert with TTSS gene cluster,

In contrast, LOSs (LOS-7, 9-10,'12, 16 and 20) including genes for multidrﬁg
resistant (LOS 10) (Figure 3.2 and Appendi;x 4), which were induced with sharing
between SSE- and genistein-treated cells during 12h at 30°C, were also found to be
induced at 12 or 20 hpi at 15 °C. These LOSs, as for nod genes, seemed to be
mainly induced by the genistein present in SSE and were not so sensitive to low

temperature.
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Correlation Analysis of Genome-Scale Express_ion Profiling of B.
jéponicum between 15 and 30°C |

Beside the significantly induced genomic loci as described above, correlation
analyses of the relaﬁve expression of a total of 3960 clones covering 98.5 % of whole
B. japonicum genome between 15 and 30 °C in the presence of either SSE or genistein
were made (Table 3.1). It clearly demonstrated that compared with
genistein-treatment, the correlation coefficient of genome-wide expression profiles
of B. japonicum cells were intensi'vely dispersed for the SSE-treatment. This
suggests that the B. japonicum cells upon exposure to SSE are very sensitive to the
low temperature. A high correlation coefficient of 0.66 was observed between
SSE-treated cells at 48 hpi at 15°C and those at 12 hpi at 30°C, whereas a
correlation-cbefficient of 0.46 found between genistein-treated cells at 20. hpi at
15°C and those at 6 hpi at 30°C, suggesting that it is reasonable to .rr.lake a

comparison of expression at 6 and .12 hpi at 30°C with those at 20 and 48 hpi at
’ 15 °C, respectively. ‘

Regardless of température factor, correlation analyses of genome-whole expression_
- were made between SSE- or genistein-treated cells (Table 3.2). The intensively wl/aried
correlation éoefﬁcient was also observed for SSE-treated cells, suggesting that
compared with genistein, addition of SSE stimulates distinguishably functional
states of metabolism of B. japonicum cells in a view of system biology. A
correlation coefficient of 0.35 and 0.38 at 6 hpi'at 30°C and 20 hpi at 15°C between

SSE and genistein treatment, respectively, was found.

66




3.4 Discussion

. Previous studies showed that when the RZT dropped from 25 to 17.5°C, infection
initiation of soybean was delayed 1 day, while a further dpcreasing from 17.5 to
15°C delayed infection initiation f(;r another 2 days (Zhang and Smith, 1994),
irndicating that the early stage of B. japonicum-soybean interaétion is very sensitive
to the RZT below 17.5°C. Thus, in this experiment, the global expression profiles of
B. japonicum were monitored in response to SSE and '.genistein at 15°C. In this
study, nod genes loci were induced strongly and early at 157°C, and part of them
even .showed a higher expression level -than at 30°C, ie., biri629/
bil1630(nolK)/bll1631(noel)/bir1632  (nodM)/blr1633(noeD) and especially
bsr2061/bir2062 (noel). Although it was addressed that the amount of Nod factor of
B. japonicum USDA 110 was markedly decreased at low temperature (15 and 17°C)
(Zhang ef al., 2002; Duzan et al., 2006), there are no reports on its structural
changes with the exposure to low temperature. Rhizobium leguminosarum was
reported to pfoduce larger relative amounts of nodX-mediated, acetylated LCOé at
12°C than at 28°C (Olsthoorn ef al., 2000), the product of noel was suggested to be
probably involved in the modification of Nod factor of B. japonicum with its
2-O-methylation of the fucosyl group (Géttfert ez al., 2001). Therefore, the results
here strongly sugg’ést thét a modified structure of LCOs of B. japonicum mediated
by these gene;s, especially noel, is likely activated for triggering early plant
responses such as root hair curling and induction of meristem fonﬁation at low
temperature.

On the other hand, the expression of genomic loci such as those for TTSS,

polygalacturonase and ACC deaminase at common groewth temperature was
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potentially delayed at low temperature (Figure 3.9). It suggests that these

components are very sensitive to low temperature and may be a main reason for the

delayed nodule development of soybean at low temperature. Genes for B. .
Jjaponicum TTSS were reported to be maximallj;r induced at 10 and 13 days post
inoculation (dpi) (Pessi ef af., 2007) and the pretreatment of B. japonicum cells with
. SSE greatly enhanced the number of mature nodule at the same dpi (Figure 2.11),
suggesting thgt the intermediate of nodule development (e.g. infection thread
clongation, release into plant cells, and bacterial differentiation into mature
bacteriods) is most likely sensitive to low temperature or other environmental
stresses such as salinity, unfavorable soil pH, nﬁﬁient deficiency, mineral toxicity.
Furthermore, the distinctly different expression lag between‘TTSS and nod gene
cluster in response to low temperature suggest that the acquisition of these two
genes cluster likely occurred through horizontal gene transfer in the different Stages

during the adaptive evolution of B. japonicum.
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3.5 Summary
(Brady)rhizobium-legume symbiotic interaction is an elaborated process controlled

by the exchange of molecular signals between two partners and strongly affected by

suboptimal énvironmental coﬁditions, including low temperature. In the present
chapter, an experiment was conducted to assess the effect of low temperature (15°C)
on the global gene expression portraits of this strain with time in response to SSE
and genistein, and a comparison was made with those at a common growth temperéture
(30°C). The results showed that a similar symbtosis island in a expression portrait
of nodu_lation (nod) loci was detected at 12 and 20 hpi at 15°C between both
inducers-treated cells, whereas the SSE-exclusively-induced loci for TTSS and
polygalacturonase, were detected at 48 hpi at 15°C, as well with EPS synthesis, ACC
deaminase, ribosome proteins family and energy metabolism-related proteins
outside symbiosis island. In addition, genome-scale expression profiling showed a
higher correlation coefficient of 0.66 between SSE-treated cells at 48 hours at 15°C
and at 12 hoursl at 30°C, while 0.48 betwpen genistein-treated cells at 20 hours at
15°C and at 6 hours at 30°C. Taken together, these results suggest that low
temperature leads to a potentially delayed expréssion lag of
SSE-preferentially-induced genomic -loci, which may be tightly regulated with
integration of a variety of environmental cues for the adaptive capabilities of B.

Japonicum.
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3.6 Figures and Tables
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Figure 3.1 Influence of induction periods on the nodY expression at 15°C. B. japonicum ZB
977 cells grown to the log-phase were diluted to 0.1 of ODg with fresh YMB culture medium
containing no antibiotics and induced with SSE (m, 20 pl/ml culture), genistein (A, 5 pM) or
without inducers (#) at 15°C for 24 h. A portion of the culture was withdrawn every 3 h during
incubation and [B-galactosidase activity was measured as described previously. Induction

periods used for the macroarray analyses are shown by the arrows (12 and 20 hours post
induction).
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Figure 3.2  Genome-wide expression profiling of B. japonicum USDA 110 in response to
SSE and genistein (GEN) at 12, 20 and 48 hpi at 15°C. Expression profiles were constructed as
described in Materials and Methods. The symbiosis island is located on the chromosome at
coordinates 1.68-2.36Mb. Red- and blue-colored arrowheads indicate positions of some
strongly induced and reduced loci outside symbiosis island (LOSs: LOS1-22), which
correspond to those in Figure 2.5 and cover genes as shown in Appendix 3 and 4, respectively.
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Figure 3.3 Expression profiles of the symbiosis island of B. japonicum USDA 110 induced
by SSE and genistein (GEN) at 12, 20 and 48 hpi at 15°C. Expression profiles were
constructed as described in Materials and Methods. Expression levels of each clone were
sorted according to the genome coordinate and represented by a single bar. Four SSE-induced
predominant expression clusters (EC-I to IV) at 12 hpi at 30°C are correspondingly underlined
with red bars for SSE-and genistein-treatment at 48 hpi at 15°C. The loci inside or outside
ECs.The SSE-induced loci inside symbiosis island but outside ECs (LISs) at 12 hpi at 30 °C
are shown by the red arrows (LISs) and their covered genes can be seen in Appendix 2.
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Figure 3.4  Expression profiles of clones and their covered genes in (A) EC-III and (B)
EC-IV after the treatment of SSE and genistein (GEN) at 48 hpi at 15°C. Bars below the genes
map indicate M13 clone inserts for macroarray construction and the box charts under M13
clone indicate differential expression of M13 clones in SSE / GEN-treated cells to untreated
cells. The solid boxes indicate clones with strong (expression ratio>2.2-fold, red) and mediate
(1.5-fold <expression ratio<2.2-fold, pink) hybridization signal, while the dotted boxes
indicate weak hybridization signal (expression ratio<1.5 fold). #ts box (tcGTCAGctTNtcGaa
AGct-N3-ccNectA), nod box (ATCCA-N7-GATG-N6-ATCCAAACAATCGATTTTACCAAT

C) and &* consensus (TGGCAC-N5-TTGCT/A) are described previously (Gottfert et al.,
2001; Siip et al., 2006).
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Figure 3.9 A dynamic comparisons of some potentially . expressed genome loci of B.
Japonicum in response to SSE and genistein at 30°C with those at 15°C. Genome loci colored
with black indicate a sharing of induction between SSE- and genistein-treatment. Genomic
loci colored with red and blue indicate exclusive induction with either SSE- or
genistein-treatment, respectively. The induction periods ‘are illustrated with assumed
corresponding stages of symbiotic development as described in picture above.
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Table 3.1 Correlation analyses of genome-scale expression profiles of

B. japonicum with either SSE- or GEN (genistein)

~treatment between 30 and 15°C

15°C

SSE

GEN

12h

20h

48 h

12k

20h

48 h

30°C
SSE GEN '
05h 6h 12k  05h  6h 12h
010 028 0.8
011 037 019
001 046 066
\ 040 031 026
uo.31 046 024
018 023 031

The number represents the correlation coefficient between the relative expressions of
total 3,960 clones covering 98.5% of B. japonicum genome at 30 and 15°C for

SSE or genistein treatment,
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Table 3.2 The correlation analyses of genome-scalé expression profiling of
B. japonicum between SSE and GEN (genistein) treatment at either
30 or 15°C '

GEN

30°C | 15°C

05h 6h 12h 12h 20h 48h

05h (027 018 0.03
30°C| 6h 008 035 0.04

12h 018 025 020

SSE ‘
12h | 030 024 011

15°C| 20h 029 038 020

48h 014 014 025

The number represents the correlation coefficient between the relative expressions of
total 3,960 clones covering 98.5% B. japonicum genome under different conditions.

80




CHAPTER 4
Expression Analyses of Bradyrhizobium japonicum

Type lli Secretion System Genes

4.1 Introduction

Type III secretion system (TTSS) is a needle-like molecular machine highly
conserved in Gram-negative bacteria to deliver bacterial effector proteins directly into
host cells and then modulate host cellular functions (Cornelis, 2006). TTSS first
attracted the attention of scientific community through its linklbetween viruience in
bacterial pathogens and animal and plant hosts (Hueck, 1998). Significant progresses
have been made in understanding of its structure, assembly and mode of operation over
the past few years. For example, the entire structure of Yersinia enterocolitica TTSS as
well as ATPase, which is responsible for energizing the export process, was visualized
at a resolution of approximately 1.6-1.7 nm (Cornelis, 2006). However, post-genomic
explosion of knowledge has been revealing the wide distribution of bacterial TTSS and
a rather broad role beyond universal virulence. For example, TTSS hasr been found in
several opportunistic- and non-pathogenic organisms and to mediate pathogenic effects
in a wide range of host (Pallen ef al., 2005). The expression of TTSS genes respondsr to
environmental factors that usually correspond to the conditions encountered during the
infection of a host, and is controlled by multicomponent regulatory networks which

integrate a variety of environmental cues such as temperature, osmolarity, availability of
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nutrients, divalent cations (in particular Ca®"), pH, and growth phase (Hueck, 1998).

~ Since the first identification of genome region for TTSS in Rhizobium sp. NGR234
(Freiberg et al., 1997), additional TTSS were found in a number of rhizobia, including B.
Jjaponicum, and depending on the host, symbiotic capacity of mutant strains is impaired,
improved and unaltered (Marie ef al., 2001). In NGR234, the TTSS locus was reported
. to be expressed later than‘most nod genes, leading to a model that in the presence of
plant-released ﬂavonoids, NodD1, a positive transcriptional gctivator of nod-genes,
activates Y4xI, which is a member of two components regulatory family and upstream
of Which a potential nod-box consensus sequence is present, and then the Y4xI in turn
" activates TTSS genes (Viprey ef al., 1998). |
| In B. japonicum, besides NodD1 and TtsI (a homologue of Y4xI), another positive
nod-genes reégulator, NodW, is required for the expression of TTSS gene cluster and 2
model of regulatory cascade was proposed in the presence of genistein (Krause et al.,
2002) (Figure 4.1). Recently, a conserved #s box upstream of TtsI-regulated genes has
been found to b_e an essential promoter element of TTSS genes and the TTSS is actiye in
early iﬁfection stages or in mature nitrogen—ﬁxing nodules depénding on the host plant
(Zehner et al., 2008).

- In the chapter 2 and 3, the genome-scale expression profiles of B .japonicum were
monitored with time in the presence of SSE and genistein_at common growth and low
temperature, respectively. The results demonstrated that compared with genistein, TTSS
genes were fully induced by SSE at common growth temperature, but showed a
relatively weaker and a potentially delayed expression lag at low temperature,
suggesting that besides flavonoids, other compounds yvithin SSE are essential to

coordinately induce TTSS genes and the expression of TTSS genes cluster is tightly

\u
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regulated.in response to environmental clues. These captured genome-wide expression

profiles with time allow a peer into the regulatory mechanism of B. japonicum TTSS

genes. In the present chapter, it was found that two regulatory genes rold and nodD2
were exclusively and significantly induced by SSE and occurred simultaneously with
the expression of TTSS genes. Furthermore, the expressioﬁ analyses demonstrated that
it ié the mutation of nodD2, but not #ol4, leading to the elimination of the expression of
TTSS genes, suggesting that NodD2 is a critical component for the full induction of

TTSS genes.
4.2 Materials and Methods

Bacterial Strains and Culture Conditions

Bacterial strains and plasmids are listed in Table 2. 1. B. japonicum strains were
maintained on the yéast extract-mannitol agar (YMA) medium supplemented with
chloramphenicol (30 pg/ml), tetracycline (50 pg/ml), kanamycin (100 pg/ml),
spectinomycin (100 pg/ml) and streptomycin (100 pg/ml). For pre-growth in the
yeast extract-mannitol broth (YMB), appropriate antibiotics were used with
following concentrations: chloramphenicol (30 ug/ml), tetracycline (25 pg/ml),
kanamycin (50 ng/ml), spectinomycin (50 pg/mi) and streptomycin (50 ug/ml).

Fér RNA isolation, B. japénicum cells were pre-cultured in 20 ml of YMB with
appropﬁate antibiotics for three days and scaled up to 200 ml of YMB without
antibioﬁcs for growing to log-phase (ODggo=0.3-0.5) at 30°C. The cell culture was
| then diluted with fresh YMB to ODgg of 0.1 and induced with SSE (20 pl/ml of

culture) or genistein (5 pM).
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pB-Galactosidase Activity Assay

The induction assay of nod¥-lacZ in the pfesence of SSE and genistein were
described in the chapter 2 and 3. For the preparation of conditioned medium (CM), B.
japonicum USDA 110 cells were cultured in 8500 ml of YMB and grown to an optical

density at 600 nm (ODsy) of 1.6-1.8 at 30°C. The cells were then harvested by

‘centrifugation (13,000 g). One half of the supernatant was 42.5-fold concentrated by

rotary evaporation and used as CM for induction assays (Loh et al., 2002a). Another
half was further 85-fold concentrated and extracted with ethyl acetate (1:1 v/v). After
the ethyl acetate layer was dried by rotary evaporation, the residues were dissolved into

50% ethanol and used as CDF (cell density factor) described previously (Loh er al,

- 2002b). To avoid the effect of the stress of high saline caused by the concentrating

process on the expression, 24 ul of CM and 12 ul of CDF per ml of induction medium

were used,

RNA Isolation, cDNA Synthesis and Macroarray Analysis

DNA macroa:;ray system of B. japonicum strain was described in the chapter 2. B,
Japonicum USDA 110 cells were pre-cultured in 30 ml of YMB without antibiotics
for three days and then scaled up to 200 ml of YMB for growing to mid- log-phase
(ODggo=0.3-0.5) at 30°C. The cells were then diluted with fresh YMB td_0D600 of
0.1 and induced with SSE (20 ul/ml of culture) or genistein (5 uM) for periods
determined by B Japonicum ZB977 at 15°C. RNA isolation, hybridfzation, image
capture and data analyses were performed as described in the chapter 2. Briefly, the

equal volume of ice-cold 5% (w/v) phenol/ethanol was ddded into the culture to
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minimize the degradation of RNA. Total RNA was isolated with ISOGEN-LS (Nippon
Gene, Tokyo, Japan) and then treated with DNase 1. After removal of rRNA with the
MiCROBExpreSSm Kit (Ambion, Austin, TX, USA), the cDNAs were made by reverse
transcriptase with the incorporation of [0-"P] dCTP and hybridized with DNA array
sheets at 55°C overnight. Hybridized signals were captured by using a BioImaging
analyzer (BAS 5000, Fuji Film, Tokyo, Japan). The signal intensity of each spbt was |
quantified by using ArrayVision softv.vare (GE Healthcare Bio-Sci, NJ, USA ) and
‘normalized on the basis of total sum of the signal intensities of spots on the array

membrane and the data analysis was done as described in the chapter 2.

Quantitative Real-Time RT-PCR

" Total RNA isolation was performed as described in the chapter 2 and the primers
were .designed by Primer 3 (http://fokker.wi.mit.edw/primer3/input.htm) (Rozen and
Skaletsky, 2000). Oné to thre_e hundred ng of total RNA were used as template and
real-time RT-PCR reactions were performed with MiniOpticon™ Version 3.1
(Bio-Rad, Hercules, CA,U'SA) in combination with the QuantiTect SYBR Green
RT-PCR (Qiagen GmbH, Hilden, Germany). Quantification was performed using the
Pfaffl method according to the real-time RT-PCR application guide provided by
Bio-Rad. A housekeeping gene of B. japonicum, sigd, which showed nb significant
change in expression level under the growth conditions, was used as an internal

reference for quantitétive real-time RT-PCR in the experiment. .
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4.3 Results

Both nodD2 and nolA Are Strongly Co-induced with TTSS Genes by SSE,
but not Genistein
As desc}ibed in the chapter 3, the expi'ession of clones covering nod genes showed
a tendency to decrease with time from 6 to 12 hpi at 30°C and 12 to 48 hpi at 15 °C
for both SSE and genistein treatments (Appendix 1). It is reasonable because the
expression of nodW and nodDI, which was feported to encode two positive
transcriptional activator of nod genes (Loh and Stacey, 2003), declined with time (Table -
| 4.1). However, the induction of clone 3 and 4 within EC-IV occurred from 6 to 12 hpi at
30°C and 20 to 48 hpi at 15°C in the presence of SSE, and clone 4 showed a ﬁigher
expression level than clone 3. On the contrary, the induction of these two clones
decreased with time for the génistein—treatment (Figure 4.2). ‘Although seven genes
from bII2017 to bl12023 were covered by these two overlapped clones, only three genes,
bli2023, bl12021 and bli2019, were reported to encode regulatory proteins as NodD1,
NodD2 and NolA, respectively. In B. japonicum, NodD1 respoﬁds to genistein and
functions as a positive tran;criptioné.l ﬁctivator of common roddBCSUIJ operon,
whereas NodD2 and NolA foﬁn two key components in the feedback regulation as well
e;s quorum regﬁlation Fof the nodulation genes (Loh and Stacey, 2003). The unusual
expression patterns of these two adjacent clones imply that the nodD1nodD2nolA gene
region may involve in the regulation of some SSE-exclusively-expressed genome loci
such as TTSS genes both at 12 hpi at 30°C and 48 hpi at 15°C. Thus, although the
roles of other genes covered by these two c.‘,lones might not be underestimated, here, a

focus was made on the regulatory role of nodDInodD2nold gene region for the
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iﬁduction of TTSS genes.

As shown in Figure 4.2, the induction of gene rodDI, which was individually
PCR-amplified and regularly spoited as controi clones on the array membrane,
decreased with time for both SSE and genistein treatments and a significantly
differential expression between ‘nodDI and clone 4 was observed only' for
SSE-treatment <at the condition of 30°C, 12 h and 1"5°C, 48 h. These results suggested
that both or either of nodD2 and rnold are strongly and exclusiveiy induced by SSE
because nold was covéred by only clone 3 but nodD?2 by both.

Consequently, the expression of nodD2 and nold was quantified by using real-time
RT-PCR. As shown in Table 4.1, both of nodD2 and nol4 were strongly and exclusively
induced by SSE at both 12 hpi at 30°Cl and 48 hpi at 15°C. A significantly higher
induction (26.1-fold) was observed for n.odDj at 12 hpi at 30°C, whereas the

induction of nol4 seemed not to be substantially influenced by low temperature,

Interestingly, significant induction of s/ was also observed for SSE-treatment at 12 '

hpi at 30°C (10.1-fold) and 48 hpi at 15°C (8.0-fold), suggesting that the induction of
- tts] may accompany with those of nodD2 and nolA.
On the other hand, the induction of #s/ by genistein scemed not to be substantially

changed, being with a range of 4.1- to 5.3-fold with time at either 30 or 15°C,

Besides, the genes nodW and nodDI were induced at a higher level by genistein at

both 6 hpi at 30°C and 20 hpi at 15°C, compared at 12 hpi at 30°C and 48 hpi at
15°C, respectively. Taking into consideratioln that the TTSS genes were observed to
be partially and Weaklﬂy induced by genistein under the conditions of 30°C, 12h and
15°C, 4811,‘ especially the former, suggesting that some undgtermined growth

phase-dependent components were required at the downstream of NodW and NodD1
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in the regulatory pathway proposed by Krause et a/ (2002) for the induction of TTSS

genes.

| Induction of TTSS Genes Positively Responds to Culture Population
Density

It has been established that the significant repression of nod genes. of B. japonicum at
high cell populatidn density occurs via NolA-NodD2-mediated quorum control '(Loh
and Stacey, 2003) (Figure 4.3). Compared with genistein, SSE significantly stimulated
the growth of B. japonicum cells at b(;th 30 and 15°C, especially the former (Figure 4.4).
In addition, the expression of three representative TTSS genes increased with time.at
certain temperature in the presence of SSE (Figure 3.7A), suggesting that TTSS genes
are likely cell growth phase-dependent. Therefore, it is possible that the induction of |
TTSS genes is positively regulated via NolA-NodD2-mediated quorum.

Although supernatant from arabinose-gl.!.lconate (AG) and defined minimal medium
were addressed to suppress nod genes expression in a density-dependent manner
(Jitacksorn and Sadowsky, 2008; Loh er al., 2001), there has been no report on YMB
medium used throughout this study. Therefore, the effect of cell-density dependent
factor (conditioned medium CM, see Materials and Methods) from YMB culture on the
induction of nod¥-lacZ in B. japonicum by SSE and genistein was firstly investigated.
As shown in Figure 4.5, when conditioned medium t24 pl/ml} from culture
tOD600=1.6-1.8) was added to B. japonicum culture with various populatibn densities
(ODgpp=0.1, 0.05 and 0.025), the level of nodY expression was redﬁced in the presence
of SSE, but increased upon exposure of genistein. Besides, regardiess of addition of CM,

the induction of nodY was significantly increased when cell density decreased from
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ODggo =0.1 to 0.025 for both treatments. Besides, addition of CDF also resulted in the
repression of nodY induction (data not shown). These results suggest that supernatants
from YMB culture grown 0 a high population density also contain a quorum-sensing
| factor that subsequently represses the expression of nod genes.

Subsequently, the effect of CM and CDF on ther expression of TTSS genes in the
presence of genistein, which was suggested to play a role in triggering thé induction of
TTSS genes thorough NodD1 and NodW as reported by Krause et af (2002) and shown
in Figure 2.6, was investigated. As shown in Figure 4.6, addition of CM and CDF to the
B. japonicum culture led té enhanced induction of two TTSS-related genes, #s/ and
rhcN, but lthe‘ induction of gene b/r/649 was not substantially changed. The result

suggests that the genes for the regulatory activator and core structures of TTSS, not the

secreted proteins, positively respond to culture population density (or quorum-activated).

Héwever, whether this activation is mediated by bradyoxetin, a recently reported unique
quorum-signal accumulated in culture medium of B. japonicum cells at high population

density (Loh et al., 2002), more experimental evidences are needed.

Mutagenesis of nodD2, not nolA, Leads to the Elimination of TTSS
Expression |
Since both nodD2 and nol4 were exclusively induced by SSE at 12 hpi 30°C and 48
hpi at 15°C, meanwhile the full expression of TTSS genes cluster was detected, Thus,
the expression of TTSS gene cluster in nodD2 (strain A370) and nold (strain BjB3)
in response to SSE under these two conditions were examined by using réal—time
RT-PCR and fnacroarry. Firstly, using real-time RT-PCR, it was found that the

induction of #s/ and rheN were completely undetectable in strain A370, while a
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higher expression level was observed in strain BjB3, compared with those in wild
type (Figure 4.7). In addition, the expression of these three TTSS-related genes were

also examined by addition of CM and CDF to the culture of the strain A370 in the

presence of genistein at 12 hpi at 30°C. Unexpectedly, the induction of genes #£s/ and

rheN were completely undetectable (Figure 4.6).
Subsequently, the array analyses was-conducted to look at the expression profiling
of EC-III which covered whole TTSS genes in responsé to SSE at 12 hpi at.30°C and

48 hpi at 15 °C. The results demonstrated that being consistent with the results of

real-time RT-PCR abové, the expression of EC-III was found in strain BjB3, but not

_in A370 (Figure 4.8). The result that mutagenesis of nodD2, not nold, led to the

elimination of the expression of TTSS gene cluster suggests that NodD2 is a critical

component involved in the full induction of B. japonicum TTSS genes.

4.4 Discussion
In the present study, both nold and nodD2 genes were found to be dramatically

induced with time in the presence of SSE, but not genistein, and accompanied with the

induction of TTSS gene cluster, leading to a hypothesis that the expression of TTSS

genes is positively regulated by the both or either of NolA and NodD2. Although there

~have no report on the direct interaction between NolANodD?2 and TTSS in the B.

Japonicum, the previous reports that i) TTSS genes as well as n0l4 and nodD2 were
maximally induced at the similar stage of symbiosis (e.g. bacteriods development)
(Pessi et al, 2007), ii) nol4 mutant showed a similar phenotype (e.g. a delayed nodule
development) to TTSS mutants (Garcia ef al., 1996; Krause et al., 2002) and iii) the

similar involvement in the host plant genotype-specific dependence for both nold and
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TTSS (Sadowsky er al., 1991; Krause et al., 2002), strengthened the hypothgsis that
nolA and nodD2 are involved the induction of TTSS genes. However, the following
experimental evidences revealed that the NodDi, not NolA, is a novel compound
| réquired for the full induction of B. japonicum TTSS genes and that the induction of
TTSS genes positively responds to culture population density. ‘

Important pathogenicity determinants like EPS, degradative exoenzymes and TTSS
were controlled in a cell—densi%y-dependent manner iﬁ several plant bathogen (Soto et
al., 2006). The expression of TTSS genes was also reported to be positively controlled
. by quorum sensing in enterohemorrhagic and enteropathogenic E. coli (Sperandio et al.,
1999). Since the induction of nod genes in B. japomicum was negatively
quorum-sensing contrélled and the induction of TTSS genes occurred later those of nod
genes, it is reasonable fhat quorum sensing positively control the expression of TTSS.

In the present chapter, the addition of CM and CDF enhanced the induction of TTSS
genes in wild type B. japonicum in the presence of genistein, but unexpectedly, the
induction of TTSS genes was completely undetected in nodD2 mutant. Krause et al.
(2002) proposed that in B. japonicum, the induction of TTSS genes cluster was
dependent oﬁ the transcriptional activator protein NodW as well as thie activation of
nodDInodD2nolA gene region, but in the same report, a part of TTSS genes having an’
| upstream of 7£s box were found to be controlied by NodW and NodD1, not NolA
NodD2 by using genistein as a inducer. As for genisteil}, the finding by Krause et al.
(2002) was supported by my resﬁlt that TTSS genes cluster was partiaily and weakly
induced by genistein af 12 hpi at 30;°C (Figure 2.6). It was considerably surprising,
because acqording to this model, TTSS genes should be induced by- genistein through

NodD1 and NodW, but the level not influenced by the addition of CM and CDF in
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nodDZ inutant. Thus, whether the genes s/, rhcN and bir1649 were damaged in strain
A370 was determined with the chromosome DNA as template by PCR amplification.
The result showed that all three genes were detected in strain A370 (data not shown),
raising the possibility tha_.t gven a weakef induction of nodD2 is essential for the
 activation of TTSS in genistein-treated wi_Id type cells. Actually, nodD2 showed an
~ induction of 2.4-fold in the genistein-treated cells at 12 hpi at 30°C and 48 hpi.at 15°C
iﬁ this study (Table 4.1) and this was also addressed in fhe previous report that nodD2 |
was expressed at a very lov-v level in B. japonicum USDA 110 efter incubation at 30°C
for about 2 weeks (Gottfert ef al., 1992).

Although TTSS gene cluster was strongly induced in the SSE-treated cells, which
showed a significantly rapid growth compared with genistein-treated cells, and the
induction of TTSS positively responded in culture population density, it is still unknown
whether the TTSS gene cluster is activated througﬁ the same pathway between these
two physiolo.gical conditions due to the lack of experimental evidence showing th.at
bradyoxetin, which is still not commercially available at the moment, accumulated in
the SSE-treated cells. Nevertheless, the ﬁnding that the expression of a gene blr1063
encoding a putative autoinducer synthase was strongly repressed by SSE at 12 hpi at
30°C and 48 hpi at 15°C (data not shown) and the resuit that it was the mutagenesis of
nodD2, not nolA, leading to the elimination of TTSS expression, raise the possibih'fy
that the induction of TTSS in the SSE-treated cell is regulated in a different pathway
with its i_nductien in cells with high density population as proposed by Loh and Stacey
(2003)(Figure 4.3).

Although a clear explanation can not be addressed why the expression of TTSS genes

is not substantially influenced in SSE-treated strain BjB3, it was reported that soybean
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moculated with BjB3 showed a slight day in nodulation.and the B. japonicum nolA
encodes three functionally distinct proteins (Garcia et al., 1996; Loh et al., 1999), which
suggest that the NolA play a more complex regulatory role in the B. japonicum-soybean
interac‘.cion. On the other hand, not only TTSS but other genomic loci including those
encoding polygalacturonase (b/r1993) and pectinesterase (blr/994) which are
preferentially induced by SSE in wild type was not detected in stain A370, suggesting
fhat NodD2 may play a widely regulatory role in the nodulation efficiency, not just
. the repress of nod genes. Undoubtedly, a further genetic analysis in the gene région
noldnodD2nodD], and probably othér genes with unknown products as well, which
were covered by clone 3 and 4 in the EC-1V, will provide a new insight into the B.

Japonicum-soybean interaction.
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4.5 Summary

In the present chapter, I provided experimental evidences that the induction of TTSS
by SSE was accompanied with dramatic expression of both genes nold and nodD2.
‘Then, the role these two | genes played in the induction of TTSS was 'initially
investigated.. The following experiment showed that the induction of TTSS genes was
enhanced by the addition of either conditioned medium or cell density factor, suggesting
expression of TTSS genes may be positively quorum-controlied. Finally, mufagenesis of
nodD2, not nol4, led to the elimination of TTSS expression, indicating that NodD2 is a

novel compound required for the full induction of TTSS.
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4.6 Figures and Tables

Genisteinf—\ P N In

Figure 4.1 Model of the regulatory cascade controlling expression of the TTSS gene cluster.
Open reading frames (ORFs) unique to B. japonicum are in black, and nod genes are shown in
white. ORFs with homologues in tts gene clusters of other rhizobia are gray. ORFs related to IS
elements are not shown. Gray arrowhead indicates the position of the nod box. Positions of tts
boxes are marked by black arrowheads. Cm = cytoplasmic membrane (Krause et a., 2002).
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Figure 4.2 Differential expression of two adjacent clones, clone 3 (brb17558, at the
coordinates 2,177,445-2,180,846) and 4 (brb00631, at the coordinates 2,180,444-2,182,985)
which cover a nodDI1nodD2nolA gene region, in the presence of SSE or GEN (genistein) with
time at 30°C (A) and 15°C (B). Bars below the gene map indicate M13 clone inserts for
macroatray construction and the box charts below them indicate differential expression of M13
clones in SSE/GEN-treated cells to untreated cells. Clone with a star indicate PCR-amplified
nodD] fragment with the chromosome as template, which is spotted regularly on the array
membrane. Genes encoding unknown or hypothetical proteins are colored gray
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Figure 4.3 A proposed hypothesis that the induction of TTSS genes is positively regulated via
NolA-NodD2-mediated quorum is illustrated as red pathway. The black pathway indicate a
proposed pathway involved in the population density-dependent regulation of the nod genes by
Loh and Stacey (2003). In response to bradyoxetin, a quorum signal accumulated with
increasing population density, NwsB regulates the expression of NolA and NodD2. The
expression of NodD2 leads to the repression of the nodYABC operon in B. japonicum.
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Figure 4.4 Growth of B. japonicum cells in the presence of SSE (20 pl/ml culture) and
genistein (5 pM) at 30 and 15°C. The B. japonicum cells were pre-cultured at 30°C, then after
the dilution of ODgsonm to 0.1, SSE or genistein was added to the culture and the cells were
grown at 30 and 15°C for 72 hours.
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Figure 4.5 The effect of conditioned medium (CM) on the induction of B. japonicum nodY by
the SSE (A) and genistein (B) at various initial cell densities. Conditioned medium was obtained
from B. japonicum cultures grown to a high optical density (see Materials and Methods). The
pre-grown. B. japonicum culture was diluted to ODgo=0.1, 0.05 and 0.025 with fresh YMB, and
then induced with SSE (20 ul/ml culture) or genistein (5 pM) at 30°C for 12 h.
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Figure 4.6 Effect of cell density-dependent: factor on the induction of three TTSS genes, s/,
rheN and blri649, in wild type (A) and nodD2-deteted strains A370 (B) by genistein (5 pM) at.
30°C for 12 h. CM, conditioned medium from B. japonicum culture (ODggy=1.6~1.8). CDF,
ethyl acetate-extracted CM described in Materials and Methods).
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Figure 47 The expression analyses of three representative TTSS genes, #sI, #heN and bir]649,
in the strains A370 and BjB3 upon exposure of SSE at 12 hpi at 30°C (A) and 48 hpi at 15°C
(B), respectively. Expressmn levels were determined by real-time RT-PCR and normalized on
the housekeeping gene of A. japomcum, sigd. B japonicum USDA 110 was used as wild
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Figure 4.8 Expression profiles of symbiosis island in strains A370 (A) and BjB3 (B) in the
presence of SSE at 12 hpi at 30°C and 48 hpi at 15°C, respectively. ECs (EC-I~IV) are
underlined with red bars.
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Figure 4.9 A modified regulatory circuit for the expression of TTSS genes cluster
based on the model proposed by Krause et al (2002) with SSE as an inducer.
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CHAPTER 5

General Discussion

5.1 .Global Expression Profiles of B. japonicum in the Initial Interaction
with Soybean, Glycine max (L..) merr, are Construéted

In present thesis, genome-wide expression profiles of B. japornicum in response to
SSE and genistein at common growth and low temperature are captured by using a
macroarray platform. These resuits provide a profound insight into the contribution of
B. japonicum during early stage of B. japoni;cum-soybean symbiosis at the level of
transcription and form a basic knowledge to screen the novel induced-genes, whwh are
most probably involved in the symbiotic process. Nevertheless, it should be
remembered that expression profiling only assays functionality in an indirect way,
extensive efforts should be devoted to analyses of proteome and metabolome, which
are the functional entities in B Jjaponicum. Furthermore, to understand the B.
Jjaponicum-soybéan interaction-dm’ing early stage of symbiosis, the molecular response
of soybean partner to the inoculation of B. japonicum should be simultaneously
analyzed by using functional tools. Recently, a dual-genome symbiotic chip was
developed for coordinate study of signal exchange.in S. meliloti-Medicago truncatula
interactioﬁ (Bamnett et al, 2004), suggesting- a unique tool to explore the
thizobia-legume symbiosis. Although the genome-wide expression portraits B.
Japonicum were captured with time and the expression of some novel genes were

quantitatively confirmed, it is unknown whether these genes are essential for the
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establishment of B. japom‘cum—sdybean symbiosis, or when and where they function in
the early stage of B.japonicum-soybean symbiosis. Analyses of mutant strains of these
genes (e.g. knockout, overexpression and fusion with reporter genes) by using genetic

method can provide important information on their functions in symbiotic association.

5.2 Expression Response of B. japonicum to the SSE Should be Viewed
as a “ System”, more than the Sum of Soybean-Released Compounds

This thesis revealed that compafed with genistein, daidzein and miﬁe of both,
SSE induced a distinctly differential genome-wide portrait of expression profiling of B.
Japonicum, suggesting that Iexpression response of B. japonicum to the SSE should be
viewed as a “ system”, more than the sum of soybean-released compounds. Most
compounds in root exudates are traditionally viewed as simply energy substrates,
building blocks for microbial protoplasm, or common growth cofactors (Philips and
Streit, 1996). Although the compounds profiles of SSE are not determined in the
present thesis, it may present the actual soybean-released compounds encountered by B.
Japonicum during initial infection process, leading to the coordinate expression of
genes of B. japoni.cum. The present thesis also demonstrate that isoflavones (gem’s“cein
and daidzein)—Nbd factor relationship is important but not iﬁ full to explain the
signal-interaction during the early stage of B. japonicum-soybean symbiosis. It is likely
that the SSE-preferentially-induced geﬁomic loci such as TTSS are involved in the
nodulation efficiency other than capability because the mutant of thcsé genes in the
previous studies often resulted in the delayed nodule development, not the grossly
defect in nodule formation. o

Previously, it was shown that the actual amount of inducer present in SSE (ethanol
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~extract of the seeds), root and seed exudate, which obtained after 4-h as well as after
18-h imbibition of seeds in sterile water, differed significantly, but the chromatogram
were very similar (Smit ef al., 1992). Soybean was chosen aé one of the legume host
plant B. japonicum in this study. Apparently, a further analyses of the genome-wide
expression response of B. japonicum to its other plant partner such as cowpea will
provide important information on genomic loci of B. japonicum involved in the

specificity of symbiotic association.

5.3 NolANodD2NodD1 May Play a “Turning Key” Role in Regulation of
Induction of nod to TTSS, Probably other Gene Clusterrs

NolANodD2NodD1 has been reported to be involved in regulation of the fine-tuning
expression of the nodulation genes (Loh and Stacey, 2003), yet,‘their regulatory
functions have been mainly focused on the nod genes in response to soybean-released
isoflavones (genistein and daidzein) by using classic genetic tools. By using
macroarray technique in'this study, it wés found that although #od genes were induced
early and did not show distinctly different expression patterﬁ between SSE- and
genistein—treated cells, clones 6overing noldnodD2rodD] and TTSS as well as other
genes loci were preferentially induced later by SSE, sﬁggesting that
NolANodD2NodD1 may play a “turning key” role in regulation of induction of nod to

TTSS, probably other gene clusters on the whole genome of B. japonicum.
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5.4 Conclusions
B. japonicum-soybean symbiotic interaction involve continued and reciprocal signal
exchanged, which is as complef( on the plant side as for the bacterial partner. In this
thesis, first, at the common growth temperature, SSE markedl& induced foﬁr
predominaht geﬁomic regions within a large symbios'is iS]and (681kb), which includes
“type III secretion system (TTSS) and various nodulation genes. In addition, SSE-treated
cells expressed many genomic loci containing genes for polygalacturonase (cell wall
degradation), exopolysaccharide (EPS) synthesis, 1-aminocyclopropane-1- carboxylate
(ACC) deaminase, ribosome proteins family and energy metabolism éven outside |
symbiosis, island. On the other hand, genistein-treated cells exclusively showed one
expression cluster including common nod gene operon within symbiosis islan_d and six
expression locﬁ including multidrug resistance, which were shared with SSE-treated
~ cells. Second, low temperature led to a potentially delayed expression of those
SSE-preferentially-induced genome loci including TTSS genés at 30°C compared with
those genistein-induced loci relevant to nodulation and multidrug resistance. Finally,
NodD2 was found to be a novel component required for the full induction of TTSS
genes and then a modified regulatory circuit for the TTSS genes was proposed.
Taken together, this thesis originally captured genome-scale expression profiles of B..
Japonicum 1n the initial interaction with soybean. The results can prbvide a profound
insight into B. japonicum-soybean symbiosis, and also a basic knowledge for screening

novel genes relevant to this process.
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