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Chapter 1. Introduction 
 
Soybean (Glycine max) is one of the most important crops in the world. It is highly suitable for human 

and animal diets and is the source of 30% of the world’s oil derived from processed crops. From 2010 

to 2014, its planted area increased from 111 to 124 million ha and its production quantity increased 

from 280 to 320 million tons. The current largest producers are the USA (34%), Brazil (27%) and 

Argentina (17%) (http://www.faostat.fao.org/, 2017). The use of legumes in biofuel production will 

further increase the economic impact of soybean. Its rising economic importance has led to increased 

efforts over the past several years to improve soybean productivity. Enhancing the efficiency of 

biological nitrogen fixation by improving legume-rhizobium symbiotic relationships is the most 

efficient way, as it has the lowest cost and smallest environmental impact, to increase the productivity 

of legumes including soybean (Chianu et al., 2011).  

Soybean plants establish symbiotic relationships with soil rhizobia to fix atmospheric nitrogen. The 

establishment of such relationships involves complex mechanisms starting with the secretion by the 

host plant roots of particular chemical signaling compounds, mainly isoflavonoids, that are recognized 

by a compatible rhizobium and that induce the nod genes in that rhizobium (Geurts and Bisseling, 

2002). In response, the rhizobium produces Nod factors, lipochitooligosaccharides that initiate nodule 

formation (Kouchi et al., 2010). The principal signals originating from the host plant and perceived by 

rhizobia in the soil are derived from luteolin, daidzein and genistein (Gibson et al., 2008). The 

isoflavonoids genistein and daidzein in soybean have been shown to be the primary inducers of nod 

gene expression in Bradyrhizobium japonicum (Banfalvi et al., 1988; Kosslak et al., 1990, 1987; Lang 

et al., 2008). Soybean isoflavonoids secreted in plant roots have been shown to induce nod gene 

expression in a specific rhizobium leading to nodulation (Subramanian et al., 2006). Genistein alters 

the composition and molecular mass distribution of extracellular polysaccharides produced by 

Rhizobium fredii USDA193. A comparison of the competitiveness of two B. japonicum strains for 

nodulation has shown that a large proportion of proteins associated with nodulation are up-regulated 

in the highly competitive B. japonicum 4534 treated with daidzein and extracellular materials from the 

less competitive B. japonicum 4222 (Li et al., 2011). In addition, rhizosphere daidzein and genistein 

change the microbial community structure of mono-cropped soybean soil in field and controlled 

conditions(Guo et al., 2011a). 

Nodulation is a strictly controlled process because it not only consumes energy but also requires the 

tight control of a bacterial invader (Tjepkema and Winship, 1980). Rj(s) or rj(s) genes have been 

identified as controlling nodulation traits upon inoculation with compatible Bradyrhizobium and 
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Ensifer/Sinorhizobium species. Among them, Rj4, found in cultivars Hill, Dunfield, Amsoy 71, 

Akisengoku and Fukuyutaka, induces inefficient nodulation with strains B. japonicum Is-34 and B. 

elkanii USDA61. Rj2/Rfg1 gene restricts nodulation with the fast-growing S. fredii strains USDA257 

and USDA205 (Hayashi et al., 2012). A wide variety of bacterial strains with considerable diversity 

can nodulate with soybean plants in nature. For instance, B. japonicum USDA123 is predominant in 

soil from the northern USA, whereas B. elkanii USDA46, USDA76 and USDA94 are predominant in 

the southern USA (Shiro et al., 2013). Sinorhizobium fredii USDA205 and CCBAU114 and 

Sinorhizobium xinjiangensis CCBAU105 are the most effective strains in Brazilian field soil (Chueire 

and Hungria, 1997). The representative clusters of the isolated bradyrhizobia change from B. 

japonicum strains USDA123, USDA110, and USDA6T to B. elkanii strain USDA76T as one moves 

from north to south within Japan (Saeki, 2011). Furthermore, there are drastic changes in the bacterial 

community, including Bradyrhizobium, of soybean rhizospheres during growth in the field (Sugiyama 

et al., 2014). Because of the variety of strains involved, it is yet not fully understood how the different 

indigenous rhizobial strains interact with all soybean genotypes or what genetic factors control their 

compatibility and affinity with a specific soybean cultivar. 

Although many scientific works have underlined the connection between nodule rhizobia and 

isoflavonoids, none of them have been able to provide detailed genetic information about this 

relationship. Understanding this genetic interrelationship is important for developing strategies to 

improve the agronomic potential of root nodule symbiosis in agriculture. The current study sought to 

identify the genetic factors regulating soybean-rhizobium compatibility in the natural bacterial 

population and to determine the involvement of isoflavonoids in this compatibility using 93 RILs 

originating from Peking/Tamahomare (PT-RILs). For that purpose, firstly, the main indigenous 

rhizobia that have affinity with Peking, Tamahomare, Enrei and Tambaguro cultivars were identified 

by PCR-RFLP analysis targeted to the 16S-23S rRNA gene ITS region of the bacterial type of each 

root nodule. Composite interval mapping analyses from three independent experiments were 

performed to identify the QTLs controlling soybean-rhizobium compatibility. I tracked the evolution 

of compatibility of 93 PT-RILs with indigenous Bradyrhizobium throughout three continuous 

monoculture cycles. Finally, I cross-checked those QTLs with analyses of isoflavonoids from roots of 

93 PT-RIL young seedlings and inferred the relationships between the genetic factors controlling 

soybean-rhizobium compatibility and isoflavonoids genistein and daidzein. 

 

  



 3 

Chapter 2. Symbiotic relationship of soybean 

with a specific Rhizobium 
2.1. Introduction 

Legumes have the remarkable ability to establish a symbiotic relationship with nitrogen-fixing 

rhizobia. Among legumes, the current study focused on soybean genotypes. Soybean has been the 

subject of a great deal of research in an effort to identify unique traits and to isolate superior cultivars 

offering improved growth and yields. It also represents an excellent model species for legumes in 

general, with outcomes frequently extrapolated to the other important food and feed legume crops, 

such as bean, pea, chickpea (Ferguson and Gresshoff, 2009).   

A number of genes in legumes that are required for proper nodule formation have been elucidated 

(Ferguson, 2013; Ferguson et al., 2010) regardless the specific rhizobium strain and the host plant 

genotypes. However, establishment of a root nodule symbiosis requires mutual recognition of multiple 

molecular signals between the host plant and a compatible rhizobium, which starts with host perception 

of bacterially derived lipo-chitooligosaccharides known as nodulation Nod factors (Deakin and 

Broughton, 2009; Oldroyd et al., 2011). Therefore, some bacteria can nodulate a wide range of hosts, 

while others have strict host selectivity. Specific rhizobial species or strains nodulate only a few group 

of legume species or genotypes (Broughton et al., 2000; Perret et al., 2000; Wang et al., 2012). This 

symbiotic specificity can be regulated by multiple factors at different stages of the nodule development 

(Liu et al., 2014; Perret et al., 2000; Wang et al., 2012). This chapter gives details the specific 

rhizobium strains that can nodulate four soybean genotypes Peking, Tamahomare, Enrei and 

Tambaguro, and the genetic factors which control that symbiotic relationship. 

 

2.2.  Method 
2.2.1. Plant materials 

Four soybean genotypes were used: a Chinese landrace cultivar Peking, and three Japanese cultivars 

Tamahomare, Enrei and Tambaguro. The sets of experiments were carried out with 93 soybean 

(Glycine max) RILs from Tamahomare and Peking cultivars which presumably have high 

compatibility with B. japonicum and B. elkanii respectively. Tamahomare is a high yield but low 

protein content (Zhao et al., 2014). Peking has been extensively used as a genetic resource in soybean 
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breeding and exhibits resistance to many nematodes and plant diseases (Baker et al., 1999; Demski 

and Kuhn, 1975; Keeling, 1982; Yang et al., 2001). 

 

Fig 1. Seeds of Peking, Tamahomare, Enrei and Tambaguro cultivars 

 

2.2.2.  Experiments and bacterial nodule sampling 
Three independent experiments were performed. In the first two experiments, which were conducted 

in a greenhouse, six three-day pre-germinated soybean seeds of each line were sown in a pot (10cm x 

20cm x 15cm) filled with field soil (70%) mixed with S sized pumice Kanuma soil (10%) to improve 

the soil structure. The field soil was taken from a Kyoto University experimental farm field rotated 

between soybean fields and paddy fields every year. For these first (Exp1) and second (Exp2) 

experiments, the field soils were sampled after harvest of rice and soybean, respectively. Prior to the 

experiments, the soils were air dried and sieved (<5 mm sieve size). The seedlings were watered every 

two days and thinned to four plants two weeks after sowing. The two best seedlings of each line were 

harvested at the fourth to fifth trifoliolate stage.  
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Fig 2. a) PT-RILs seedlings of Exp1 and Exp2 in a greenhouse. b) Tambaguro, Enrei, Peking and Tamahomare 

at the fourth to fifth trifoliolate stage of Exp1 and Exp2 

 

The third experiment (Exp3) was carried out in an incubator set at 28 °C with a 18/6 h photoperiod 

using the method described by Shiro and colleagues (Shiro et al., 2013) with some modifications. 

Soybean seeds were sterilized by being soaked in 70% ethanol for 30 s and in a 2.5% sodium 

hypochlorite solution for 3 min. They were rinsed with sterile distilled water and air dried. They were 

sown in seedling plug trays (5cm x 5cm x 5cm per cell) filled with autoclaved (121°C for 20 min) 

vermiculite at 80% (v/v). Soybean seeds along with 2 g of soil from the Tambaguro soybean field were 

placed in the vermiculite soil at a depth of 1 to 1.5 cm. The soil from the Tambaguro soybean field 

was provided by Kyoto Prefecture Department of Research. The seedlings were moisturized daily with 

sterile distilled water for the first week and subsequently with sterile N-free nutrient solution 

containing 0.48 mM MgSO4, 1.2 mM KNO3, 0.168 mM KCl, 0.26 mM KH2PO4, 0.48 mM Ca(NO3)2, 

4 µM Fe-EDTA, 9 µM KI, 52 µM MnCl2, 18 µM H3BO3, 4.6 µM ZnSO4, 1 µM CuSO4, and 0.006 µM 

Na2MoO4, pH 6.0, in 1 L of solution. The seedlings were harvested at the fourth trifoliolate stage. In 

all experiments, 12 nodules per plant were sampled from two seedlings of each PT-RIL and four 

seedlings from each of the Peking, Tamahomare, Enrei and Tambaguro cultivars. 
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Fig 3. a) PT-RILs seedlings of Exp3. b) Tambaguro, Enrei, Peking and Tamahomare at the fourth trifoliolate 

stage of Exp3 

 

2.2.3.  Bacterial DNA analysis from nodules and PCR-RFLP 
The nodules were washed thoroughly to remove soil, surface sterilized with 70% ethanol for 1 min 

and 50% sodium hypochlorite for 3 min and rinsed three times with sterilized distilled water. They 

were transferred into a microplate (1 nodule/well) and crushed. After adding 10 – 25 µL TE buffer and 

0,5 – 1 µL RNase to each well depending on nodule size, the microplate was heated at 99°C for 40 

min. 5 – 10 µL bacterial lyse buffer and 1 – 2 µL Proteinase K was added and boiled the microplate 

again at 99°C for 40 min. The samples were diluted 5 to 10 times with TE buffer for DNA templates. 

0.5 µL DNA templates were mixed with 5 µL EmeralAmp Max PCR Master, 0.5 µL DMSO, 2.5 µL 

sterilized distilled water and 1.5 µL ITS primer set for PCR analysis (Saeki et al., 2004). The ITS 

primer sets used for the amplification of the 16S−23S rDNA ITS region of bradyrhizobia for the PCR 

reaction were: (ITS-F: 5’-CTGGGGTGAAGTCGTAACAAGG-3’, ITS-R: 5’-

ACGTCCTTCATCGCCTCTCAG-3’); (ITS512F: 5’-GTCGTAACAAGGTAGCCGT-3’, 

ITSLS23R: 5’-TGCCAAGGCATCCACC-3’); and (ITS-320_F: 5’-TGGGGTGAAGTCGTAA-3’, 

ITS-320_R: 5’-GGCCTGGGAAGACTTGAACT-3’). The PCR cycle consisted of a pre-run at 96°C 

for 2 min, denaturation at 96°C for 1 min, annealing at 55°C for 1 min and extension at 72°C for 2 min 

30s. This was repeated for a total of 35 cycles and was followed by a final post-run at 72°C for 5 min.  

For PCR-RFLP analysis of the 16S−23S rDNA ITS region, amplicons were digested with restriction 

enzyme HaeIII (TaKaRa Bio Incorporated, Shiga, Japan). Five microliters of each PCR product were 

digested with the restriction enzyme at 37°C for 6 h in a 10 µL reaction. The restricted fragments were 

electrophorased using submerged gel and stained with 1.5% ethidium bromide.  
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2.2.4.  QTL analysis 
Phenotypic data analysis was conducted using SPSS Statistics 20.0 (SPSS, Chicago, IL, USA). One-

way ANOVA for the analysis of each phenotype was performed.  

The linkage map for 93 RILs (F14) was reconstructed using 227 polymorphic SSR (simple sequence 

repeat) markers with MAPMAKER/EXE v. 3.0 software (Lander et al., 1987) based on the linkage 

map for F8 plants consisting of 344 polymorphic SSR markers (24). Quantitative trait locus mapping 

was performed by means of composite interval mapping (CIM) executed with WinQTL Cartographer 

2.5 (WANG, 2007). A QTL was declared significant when it had logarithm of odds ratio (LOD) 

threshold of 2.5 and permutation tests of 1000 times at a significance level of P = 0.05 (Churchill and 

Doerge, 1994). Common QTL were verified for co-localization based on overlapping confidence 

intervals, defined as the range of a one-LOD drop on either side of the QTL peak. 

 

2.3. General tendency of bacterial affinity of four soybean 

genotypes 
 

PCR-RFLP analysis of the 16S−23S rDNA ITS region of bradyrhizobia in each nodule was conducted 

in order to identify the bacterial strains capable of forming nodules with Peking, Tamahomare, Enrei 

and Tambaguro cultivars. Based on the PCR-RFLP patterns of amplicons (Akao, 2004), I identified 

three groups of Bradyrhizobium strains: B. japonicum USDA110 (USDA110-type), B. elkanii 

USDA94 (USDA94-type) and Bradyrhizobium sp. (unidentified species, U-type) (Fig 4, Fig 5). 
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Fig 4. Schematic representation of amplicon patterns based on PCR-RFLP analysis of the l6S-23S rDNA 

internal transcribed spacer (ITS) region of B. japonicum USDA110, B. elkanii USDA94, and Bradyrhizobium 

sp. (unidentified species) when digested with HaeIII, HhaI and XspI. 

 

   

Fig 5. PCR-RFLP results of Tamahamore and Peking from Exp2 using restriction enzyme HaeIII 

 

The proportions of the bacterial types found in each nodule were compared within and between 

genotypes and the three different field soil samples. The results indicated a highly significant 

difference in the proportions of USDA110-type, USDA110-type and U-type between genotypes 

(p<0.001). Peking was highly compatible with USDA94-type while the Japanese cutlivars 

Tamahomare, Enrei and Tambaguro were highly compatible with USDA110-type (Fig 6). Among the 

Japanese cultivars, Enrei showed the highest compatibility with USDA110-type. U-type did not 

establish a symbiotic relationship with Peking at all, while it displayed higher proportion with 

Tamahomare, Enrei, Tambaguro and PT-RIL in Exp1.  
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Fig 6. Proportion (%) of bacterial types in nodules from Peking, Tamahomare, Enrei, Tambaguro and RILs 

from the three independent experiments 

 

The proportions of USDA110-type bacteria found in association with Tamahomare, Enrei, Tambaguro 

and PT-RIL were not significantly different between the experiments. The proportions of USDA94-

type bacteria, however, were significantly higher (p<0.001) in Exp2 and Exp3 in all genotypes. 

Notably, the soil samples used in Experiments 2 and 3 were both from soybean fields, specifically, 

from an experimental farm at Kyoto University after a soybean harvest for Exp2 and from a soybean 

field at Kyoto Prefectural experimental farm for Exp3. In Exp3, the proportion of U-type was zero 

with Peking and Tamahomare and significantly lower than the proportions of the other types with RIL. 

This was due to the low rhizobial density of the soil used in Exp3, as only 2 g of soybean field soil 

was used in each pot in Exp3. Therefore, the symbiotic relationship with U-type was highly affected 

by genotype x environment. 
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2.4. QTL controlling bacterial compatibility of 93 PT-RIL  
24 QTLs controlling the compatibility of the indigenous USDA110-type, USDA94-type and 

unidentified U-type rhizobia strains with soybean were detected in ten linkage groups (LG) (Table 1). 

The QTLs regulating the three nodule bacterial types were present in each experiment in different 

quantities. In Exp1, Exp2 and Exp3 I found eight, ten and six QTLs, respectively. In Exp3, 2 g of soil 

sampled from the Kyoto Prefectural experimental farm was mixed with vermiculite soil. In Exp1 and 

Exp2, soil samples (70%) taken from the Kyoto University experimental farm were mixed with 

Kanuma soil (10%). The lower number of identified QTLs in Exp3 was caused by the lower bacterial 

density in the soil sample used. 

In Exp1, two QTLs controlling symbiotic relation with USDA110-type (qBJ_11) and USDA94-type 

(qBE_11) were overlapped on Chr.13. In Exp1, the QTLs controlling symbiotic relation with 

USDA94-type (qBE_21) and U-type (qBsp_22) were located on Chr.2. At this same position we can 

find qBsp_11, which was shown to regulate symbiosis with U-type in Exp1. In Exp2 and Exp3, four 

QTLs controlling symbiotic relation with USDA110-type (qBJ_23 and qBJ_31) and USDA94-type 

(qBE_24 and qBE_31) coincided at almost the same position on Chr.3. These common QTLs were 

identified in both Exp2 and Exp3 because the soil samples used in both experiments had both been 

taken from cultivated soybean fields. qBsp_21 of Exp2 and qBsp_31 of Exp3, both controlling 

symbiotic relation with U-type, were located at the same position on Chr.1. Likewise, qBsp_11 of 

Exp1 and qBsp_22 of Exp2 were found at the same position on Chr.2. QTLs located on Chr.18 were 

found in all three experimental conditions at almost the same position with contributions up to 68% of 

phenotypic variance. Thus, the QTL located on Chr.18 should be derived from the significant genetic 

factor(s) that determine the compatibility of soybean plants with USDA110-type, USDA94-type 

and/or U-type bacterial species.  

Overall, QTLs controlling symbiosis with the USDA110 type and the USDA94 type were often located 

at the same position as evidenced by the inversely correlated proportions of the USDA110 type and 

the USDA94 type. The effects of the Tamahomare-type allele increase compatibility with USDA110-

type and decrease compatibility with USDA94-type.  
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Table 1. Identified QTLs of B. japonicum, B. elkanii, Rhizobium sp. in the PT-RIL population from 

three independent experiments 

Experiment Trait QTL Chr (LG) Near Marker Peak 
position 

LOD Additive 
effect 

Exp1 USDA110-
type 

qBJ_11 13 (F) Satt335 122.2 3.65 9.30 t 

qBJ_12 18 (G) Sat_064 143.6 5.12 4.02t 

USDA94-
type 

qBE_11 13 (F) Satt335 125.2 2.57 8.06 p 
qBE_12 18 (G) Sat_064 144.2 5.82 10.23 p 

U-type-
type 

qBsp_11 2 (D1d) Satt282 86.0 2.61 3.15 p 
qBsp_12 18 (G) Sat_064 145.0 6.12 4.82t 
qBsp_13 7 (M) Satt150 9.4 3.17 4.39t 
qBsp_14 10 (O) Sat_282 73.7 2.60 3.79t 

Exp2 USDA110-
type 
 

qBJ_21 18 (G) Sat_064 146.0 11.96 14.56 t 
qBJ_22 20 (I) SOYLBC_0 92.0 2.56 6.65 t 
qBJ_23 3 (N) Satt641 32.5 2.56 6.01 p 

USDA94-
type 

qBE_21 14 (B2) Satt577 0 4.11 8.95 p 
qBE_22 2 (D1d) Satt282 86.0 2.60 3.38 p 
qBE_23 18 (G) Sat_064 146.0 14.32 18.11 p 
qBE_24 3 (N) Satt641 32.5 3.43 7.79 t 

U-type qBsp_21 5 (A1) Satt276 32.3 3.38 2.24 t 
qBsp_22 2 (D1d) Satt282 83.7 4.05 2.25 p 
qBsp_23 18 (G) Sat_064 144.0 11.47 3.56 t 

Exp3 USDA110-
type 

qBJ_31 3 (N) Sct_195 5.2 2.83 12.10 p 
qBJ_32 18 (G) Sat_064, Sat_117 130.0 12.42 >35.5 t 

USDA94-
type 

qBE_31 3 (N) Sct_195 5.2 2.73 12.48 t 
qBE_32 18 (G) Sat_064, Sat_117 130.0 13.87 >35.5 p 

U-type qBsp_31 5 (A1) Satt258 97.3 5.18 0.27 t 
qBsp_32 11(B1) Satt665 160.8 4.08 1.69 p 

t Relative effect of Tamahomare-type allele compared with Peking-type allele. 

p Relative effect of Peking-type allele compared with Tamahomare-type allele. 

 

2.5.  Discussion 
Of the identified 24 QTLs, eight QTLs coincided at the same position on Chr.18 near Sat_064 in all 

three experimental conditions. Accordingly, this is regarded as the most relevant QTL region of the 

current research. No previous report has mentioned this chromosomal region or its vicinity in 

connection with nodulation. Therefore, these alleles, which are derived from both Tamahomare and 

Peking varieties, are considered to be novel QTLs controlling the compatibility of soybean plant with 

indigenous rhizobia (USDA110-type, USDA94-type and/or U-type bacterial species). The 
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Tamahomare alleles increase the compatibility with USDA110-type, and the Peking alleles increase 

the compatibility with USDA94-type. 

The chromosomal region in the vicinity of Sat_064 on Chr.18 is related to soybean cyst nematode 

resistance genes in Peking (Concibido, 1997; Guo et al., 2005) according to the integrated map of 

GmComposite2003_G (www.soybase.org). The genes that restrict nodulation with specific rhizobial 

strains resemble those encoding plant-pathogen resistant proteins (R) because symbiosis 

incompatibility is controlled in a manner similar to gene-for-gene resistance against plant pathogens 

(Devine and Kuykendall, 1996; Sadowsky et al., 1991). Rj2 and Rfg1 genes encode a typical Toll-

interleukin receptor/nucleotide-binding site/leucine-rich repeat resistance protein that prevents 

nodulation with specific strains of B. japonicum and S. fredii, respectively (Yang et al., 2010). Rj4 

encodes a thaumatin-like pathogenesis-related protein that restricts nodulation by specific strains of B. 

elkanii (Tang et al., 2015). Besides, plant growth-promoting rhizobacteria not only support plant 

growth but also provide systemic protection against diseases (Zhang et al., 2004). Moreover, during 

the initial phases of nodulation, rhizobia are often recognized as pathogens and the roots respond with 

a weak and transitory plant defense response(Mithöfer, 2002). The rhizobia-induced defense response 

has also been suggested to play an important role in regulating the nodule number (Vasse et al., 1993). 
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Chapter 3. Secreted flavonoids from soybean 

roots  
3.1. Introduction 

Soybean is very appropriate for human diet and animal. The human health benefits from soybean is 

mainly related to its high isoflavonoids content (Messina and Messina, 2010). Soybean seeds contain 

12 isoflavones that can be divided into 4 groups: aglycones (daidzein, genistein, and glycitein), 

glycosides (daidzin, genistin, and glycitin), malonyl glycosides (malonyldaidzin, malonylgenistin, and 

malonylglycitin), and acetyl glycosides (acetyldaidzin, acetylgenistin, and acetylglycitin) (Wang and 

Murphy, 1994). Isoflavonoids are found in all organs and tissues of soybean plants. However, their 

levels vary depending on tissue types and developmental stages. Mature seeds and leaves accumulate 

the highest levels of isoflavonoids compared to other tissues (Dhaubhadel et al., 2003). Isoflavonoids 

are also secreted by soybean roots into the surrounding environment (D’Arcy-Lameta, 1986; Graham 

et al., 2007). Three isoflavonoids  daidzein (7, 4’- dihydroxyisoflavone), genistein (5, 7, 4’- 

trihydroxyisoflavone) and glycitein (4’ , 7-dihydroxy-6-methoxyisoflavone) are found in soybean 

tissues and root exudates of different cultivars and during different growth stages (Graham, 1991; Shi 

et al., 2010). 

Many efforts have gone into identifying isoflavonoids and their biosynthesis in soybean tissues. MYB 

transcription factors (TFs) play important roles in the regulation of flavonoid/isoflavonoid biosynthesis. 

GmMYB176 was found to be able to trans-active the expression of CHS8 in soybean embryo 

protoplasts, and reduce isoflavonoid contents when was silenced in soybean hairy roots (Yi et al., 

2010). GmMYB12B2 could activate the expression of CHS8 in soybean callus and significantly 

promoted the expression levels of PAL1 (Phenylalanine Ammonia Lyase), CHS, and FLS (Flavonol 

Synthase), resulting in the accumulation of flavonoids in transgenic Arabidopsis thaliana (Li et al., 

2013). Two negative regulators GmMYB39 and GmMYB100 were found to inhibit flavonoid 

biosynthesis in soybean hairy roots (Liu et al., 2013; Yan et al., 2015). As far as the root-secreted 

isoflavonoids, although Sugiyama and co-workers (Sugiyama et al., 2008, 2007) have given the details 

of their underlying mechanisms, the genes involved in this root exudation are not fully understood. In 

this chapter, the amount of secreted isoflavonoids from roots of Peking, Tamahomare, Enrei, 

Tambaguro and 93 PT-RIL were analyzed, and the QTLs controlling this mechanism were identified. 
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3.2. Method 
Extraction of Isoflavonoids 

Seeds of Peking, Tamahomare, Enrei, Tambaguro and 93 PT-RIL were surface sterilized with 70% 

ethanol for 1 min, then 10% bleach for 3 min, followed by four washes with sterilized distilled water. 

Surface sterilized seeds were sown in vermiculite-containing water and grown for six days at 25 °C in 

the dark. Seedlings were removed, rinsed thoroughly and transferred into a hydroponic culture system 

containing 0.48 mM MgSO4, 1.2 mM KNO3, 0.168 mM KCl, 0.26 mM KH2PO4, 0.48 mM Ca(NO3)2, 

4 µM Fe-EDTA, 9 µM KI, 52 µM MnCl2, 18 µM H3BO3, 4.6 µM ZnSO4, 1 µM CuSO4, and 0.006 µM 

Na2MoO4, pH 6.0, in 1 L of solution. The soybeans were grown in an incubator at 28 °C with a 16/8 h 

photoperiod for 48h and isoflavonoids secreted into the hydroponic medium were collected.  

 

Fig 7. 93 PT-RILs seedlings grown into hydroponic medium for collection of isoflavonoid exudates 

 

Medium containing root exudates was filtered through Omnipore membrane filters (Millipore, 

Darmstadt, Germany), and its pH was adjusted to 3.0 using HCl. The medium was passed through a 

Sep-pak C18 Plus short cartridge (Waters, Milford, MA, USA), which was washed with 3 mL water 

and eluted with 2 mL MeOH (Sugiyama et al., 2016).  

HPLC analysis 
HPLC analysis was conducted using a modification of the method described by Sugiyama and 

colleagues (Sugiyama et al., 2016). Isoflavonoids were analyzed with an HPLC machine (LC-10A, 
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Shimadzu, Kyoto, Japan) under the following conditions: solvent A, 0.1% (v/v) acetic acid in filtered 

distilled water; solvent B, 0.1% (v/v) formic acid in acetonitrile; detection, 264 nm. Elution was at 0.8 

mL/min with the solvent system A (water containing 0.1% (v/v) acetic acid) and B (acetonitrile 

containing 0.1% (v/v) acetic acid) with a linear gradient program from 15 to 22% B in 40 min, followed 

by a linear gradient from 22 to 35% B in 40 min, and a linear gradient from 35 to 70% B in 5 min.  

 

3.3. Amount of isoflavonoid secretions of soybean genotype 
We performed HPLC analysis of isoflavonoids of the root exudates of two plants per line from Peking, 

Tamahomare, Enrei, Tambaguro cultivars and the 93 PT-RILs in order to quantify the amount of 

daidzein and genistein secreted from each line. We did not detect glycitein secretion except in trace 

amounts from a few lines. The amount of daidzein secreted was 100 times the amount of genistein 

secreted. Tambaguro had the highest amount of daidzein secretion, followed by Peking, while Enrei 

had the highest amount of genistein secretion, followed by Tamahomare. This implies that black coated 

seeds had high amount of daidzein secretion and Japanese cultivars had high amount of genistein 

secretion. 

Daidzein and genistein secretions from RIL plant roots range from 0.25 to 222.03 𝜇g and from 0.18 to 

1.37 𝜇g, respectively (Table 2). The mean amount of daidzein secreted from the RIL was significantly 

higher than that secreted from Peking or Tamahomare. The mean amount of genistein secreted from 

the RIL, however, was significantly higher than that secreted from Peking but not significantly 

different from that secreted from Tamahomare.  

Table 2. Means and ranges of daidzein and genistein secretion from roots of the PT-RIL population 

and four varieties 

Genotype Tamahomare Peking Enrei Tambaguro PT-RIL 

Max Min Average 
Daidzein 
(𝜇g) 

14.24 43.60 20.31 124.93 222.03 0.25 66.03 

Genistein 
(𝜇g) 

0.73 0.28 0.91 0.67 1.37 0.18 0.69 
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3.4. QTL controlling isoflavonoid secretions 
Six QTLs controlling isoflavonoid secretions of roots were identified on five different chromosomes 

(Table 3). Daidzein and genistein exudates were regulated according to chromosomal position. The 

QTL with the largest effect on genistein was detected on Chr.13, while that with the second largest 

effect on genistein was detected on Chr.18. At each of these QTLs, the allele associated with very high 

genistein secretion was derived from Tamahomare. The QTL with the largest effect on daidzein was 

detected on Chr.10. The alleles affecting daidzein on all chromosomes were derived were 

Tamahomare. 

Table 3. Identified QTLs controlling daidzein and genistein secretions from roots detected by means 

of composite interval mapping in the PT-RIL population  

Trait QTL Chr 

(LG) 

Marker Peak 

position 

LOD Additive effect Contribution 

(%) 

Daidzein qDZS1 8 (A2) Sat_162 51.4 3.14 21.27 t 12 

qDZS2 8 (A2) Sat_377 106.8 2.66 18.30 t 10 

qDZS3 10 (O) Sat_282 70.5 2.86 20.28 t 13 

Genistein qGNS1 6 (C2) Satt520 38.2 2.55 0.07 t 8 

qGNS2 13 (F) Satt335 102.9 6.88 0.15 t 38 

qGNS3 18 (G) Sat_064 144.3 4.01 0.14 t 20 

t Relative effect of Tamahomare-type allele compared with Peking-type allele.  

 

3.5. Discussion 
The current results revealed six QTLs controlling daidzein and genistein secretion levels from soybean 

roots. The current QTLs are in accordance with the results of previous measurements of isoflavonoid 

contents of soybean seeds. qDZS1 on Chr.8, qGNS1 on Chr.6 and qGNS3 on Chr.18 have been 

reported by Yoshikawa and colleagues (Yoshikawa et al., 2010), while qDZS3 and qGNS2 have been 

reported by Wang and colleagues (Wang et al., 2015). This indicates that the isoflavonoid contents in 

seeds and their secretions from roots of soybean are regulated by the same genetic factors. Daidzein 

and genistein levels in seeds are not very different among Peking, Tamahomare and RIL; in all of these 

genotypes each constitutes about 40 – 45% (2 – 3mg/g of seed weight) of total seed isoflavonoid 

content (Yoshikawa et al., 2010). In the roots of RIL plants, however, we found that daidzein secretions 

were nearly 100 times greater than genistein secretions in the early stage of growth (seven days after 

sowing). Most isoflavonoids in root exudates in the early stages of soybean plant growth were daidzein 

derivatives as well (Sugiyama et al., 2016).  
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There are large differences in the quantity of iso/flavonoid exudation at different positions along the 

root, with larger amounts reported to be exuded from the root tip (Graham, 1991). The secretion of 

isoflavonoids from soybean roots involves an ATP-binding cassette-type transporter(Sugiyama et al., 

2007). Using membrane vesicles isolated from soybean roots, Sugiyama and co-workers (Sugiyama et 

al., 2008, 2007) showed that genistein was transported in an ATP-dependent manner. The transport 

activity was inhibited by sodium orthovanadate, but not by other transporter inhibitors, suggesting that 

an ABC-transporter was responsible for the transport. Furthermore, they demonstrated that the 

transporter activity was constitutive, and was not induced as a response to nitrogen deficiency: the 

transport activity in vesicles of N-starved roots was only slightly enhanced in comparison with the 

vesicles of N-sufficient roots. The transporter was shown to mediate the transport of daidzein in 

addition to genistein. Finally, competitive transport experiments indicated that the transporter had a 

strong preference for aglycones, even though genistin (7′-O-glucoside of genistein) inhibited the 

transport of genistein in a competitive transport assay.  

Yoshikawa and co-workers (Yoshikawa et al., 2010) could not find a significant difference of total 

isoflavonoid contents of seeds among the four groups black-, yellow-, brown- and red-coated seeds. 

However, the results displayed that the coated seeds Tambaguro and Peking had higher amount of 

daidzein secretion. The seed coat contributed 90% of the total antioxidant capacity, including 

isoflavonoids, of black soybean(Xu and Chang, 2008). Although, the black pigmentation of soybean 

seeds is due to accumulation of anthocyanins in the epidermis palisade layer of the seed coat (Choung 

et al., 2001; Todd and Vodkin, 1993). 
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Chapter 4. Symbiotic relationship of soybean 

under successive cultivation 
4.1. Introduction 

Soybean is cultivated in many regions around the world due to its great health and economic benefits. 

For climatic and other technical reasons, soybean is commonly grown continuously in monoculture 

which results in yield decline and quality deterioration (Liu and Herbert, 2002). The problem of soil 

sickness developed from continuous crop monoculture is common around the world (Utkhede, 2006). 

The reduced yield in continuous monoculture soybean fields is mainly attributed to intraspecific 

allelopathy and the build-up of pathogens and other pests (Liu and Herbert, 2002; Qu and Wang, 2008). 

However, changes in microbial communities, especially beneficial microbes, may also be important 

and require further investigation. The concentrations of root exudates in the soybean rhizosphere 

include phenolic acids and isoflavones (daidzein and genistein) in rhizophere soil might be critical 

factors influencing changes in microbial communities (Cesco et al., 2010; Guo et al., 2011b; Qu and 

Wang, 2008). Phenolic acids are the main responsible for the autotoxicity and the shift in soil microbial 

communities (Colpas et al., 2003; Qu and Wang, 2008). 

In the previous experiments (Chapter 1), it appears that the two experiments (Exp2 and Exp3) carried 

out with soil samples from soybean field had more similarities compared to that from rice field (Exp1). 

This implies the influences of the previous culture and the cropping system in the symbiotic 

relationship of soybean with indigenous rhizobium in the field. According to Sugiyama and colleagues 

(Sugiyama et al., 2014),Bradyrhizobium was shown to be abundant in rhizosphere soil, presumably 

due to its chemotaxis to the root exudates of soybean, and amongst the highly changed bacteria during 

the soybean growth in the field. However, it is still known the specific bacterial strains which are most 

beneficial for soybean and most influenced by the growth and/or successive cultivation of soybean. 

Therefore, this chapter mains to investigate the effects of previous cropping system on bacterial affinity 

by performing a simulation of three continuous cycle of mono-cropping system. 

 

4.2. Method 
In Exp2, after harvesting the first seedlings, namely the 1st cycle, I remixed the soil, refilled it into the 

same pot (10cm x 20cm x 15cm), and sowed again soybean seeds of Peking, Tamahomare, Tambaguro 

and Enrei for the 2nd time (2nd cycle). After harvesting the 2nd cycle, the same method for the 3rd cycle 
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was processed. Throughout the growth of seedlings, the soil was moisturized with tap water every two 

days. 

Likewise in Exp3, Peking, Tamahomare, Tambaguro, Enrei and 93 PT-RIL seeds were sown again for 

the 2nd time (2nd cycle) on the same trays, after harvesting the 1st cycle. Prior to sowing the 2nd cycle, 

the soil of the previous monoculture cycle was gathered, added with a small amount of sterilized 

vermiculite, mixed together, and refilled into the seedling plug trays (5cm x 5cm x 5cm per cell). 

Throughout the growth of seedlings, the soil was moisturized daily with N-free solution culture. The 

same approach was undertaken for the 3rd cycle.  

At the stage four trifoliolate, 12 nodules per plant were sampled from two seedlings of each PT-RIL 

and four seedlings from each of the Peking, Tamahomare, Enrei and Tambaguro cultivars for bacterial 

DNA extraction. The type of rhizobium that formed each nodule was identified by PCR-RFLP analysis 

targeted to the 16S-23S rRNA gene ITS region. The shoot dry weight of the four cultivars was 

measured. 

 

4.3. The dominance of B.elkanii in continuous mono-cropping 

system  
The proportions of the bacterial types found in each nodule within and between genotypes and the 

three cycles of continuous mono-cropping system of the two experiments were compared. The results 

(Fig 8) indicated a highly significant increase of USDA94-type and highly significant decrease of 

proportions of USDA110-type, and U-type of Tamahomare, Enrei, Tambaguro and PT-RILs between 

cycles of Exp2 and Exp3 (p<0.001). However, with Peking cultivar the proportions of USDA110-type 

displayed no significant difference between cycles in Exp3 and slightly decrease in between cycles in 

Exp2, while there the proportions of USDA110-type displayed no significant difference between 

cycles in all experiments.  

Regarding the difference between the Japanese genotypes of all experiments, from 1st cycle to 3rd cycle 

the proportions of USDA94-type of Tamahomare, Enrei and Tambaguro increased from 10%, 8% and 

14% to 75%, 77% and 60% respectively. These suggest the less susceptibility of dominance of 

B.elkanii of Tambaguro compared to Tamahomare and Enrei. In other word, USDA110-type was more 

competitive with Tambaguro compared to Enrei and Tamahomare at 3rd cycle. 



 20 

From 1st cycle to 3rd cycle, the proportions of USDA94-type of Japanese cultivars Tamahomare, Enrei 

and Tambaguro increased from 16% to 60% in Exp2 and from 10% to 75% in Exp3. This implies the 

B.elkanii was more dominant in soil samples of Exp3 than of Exp2. The proportions of U-type in Exp2 

were higher than of in Exp3. This confirms the higher density of rhizobia in Exp2 compared to Exp3. 

 

Fig 8. Proportions of the three nodule bacterial types found in each nodule of Peking, Tamahomare, Enrei, 

Tambaguro and PT-RILs throughout the three continuous mono-cropping cycles of Exp2 and Exp3. 
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4.4. QTL related to the competitiveness of B.japonicum USDA110 
Since the proportion of U-type with PT-RIL was none at the 2nd and 3rd cycles, only USDA110-type 

was use as traits for QTL analysis to avoid redundancy. Five QTLs were found to be related to the 

competitiveness of USDA110-type at the 2nd and 3rd cycles of successive cultivation of soybean on 

four chromosomes (Table.4). All of these QTLs were already found in above experiments Exp1, Exp2 

and Exp3. qBJ_2c2 on Chr.20 and qBJ_2c3 on Chr.3 at 2nd cycle were found at the same position with 

qBJ_22 and qBJ_23 in Exp2, respectively, which control the compatibility of soybean with USD110-

type in Exp2. Likewise, qBJ_3c2 on Chr.10 at 3rd cycle was found at the same position with qBsp_14 

which controls the compatibility of soybean with U-type in Exp1. QTLs located on Chr.18 were found 

in all cycles at nearly the same position contributions up to 75% of phenotypic variance. This 

confirmed that the QTLs located on Chr.18 are regarded as the most relevant QTL region of the current 

research. 

 

Table 4. Identified QTLs of B. elkanii, in the PT-RIL population from 2nd and 3rd cycles of continuous 

mono-cropping system of soybean 

Cycle Trait QTL Chr (LG) Near Marker Peak 

position 

LOD Additive 

effect 

2nd cycle USDA110

-type 

qBJ_2c1 18 (G) Sat_064, Sat_117 130.0 16.44 >35.5 t 

qBJ_2c2 20 (I) Satt292 86.7 5.12 1.69 t 

qBJ_2c3 3 (N) Satt641 31.5 2.51 2.45 p 

3rd cycle USDA110

-type 

qBJ_3c1 18 (G) Sat_064 142.7 8.22 3.74 t 

qBJ_3c2 10 (O) Satt345, Sat_282 66.5 4.00 2.43 t 

t Relative effect of Tamahomare-type allele compared with Peking-type allele. 

p Relative effect of Peking-type allele compared with Tamahomare-type allele. 

 

4.5. Shoot dry weight of seedlings in continuous mono-cropping 

system  
The shoot dry weight within and between four genotypes and the three cycles of continuous mono-

cropping system of the two experiments also were compared. The results (Fig 9) showed a highly 

significant decrease of shoot dry weight between cycles of Exp2 and Exp3 (p<0.001) notably of 

Tamahomare, Enrei and Tambaguro. Among the shoot dry weight of the four cultivars, Peking had the 
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lowest and Tambaguro had the highest. These were due to the seed size; Peking seed is the smallest 

and Tambaguro seed is the biggest. 

As for the difference between experiments, the decreases of root dry weight from 1st cycle to 3rd cycle 

of the seedlings in Exp3 were lesser than of in Exp2. These were due to the decrease of micronutrients 

of soil samples in Exp2 as seedlings were repeatedly cultivated into the same soil samples without 

providing fertilizers. In Exp3, however, the seedlings were moisturized daily with sterile distilled water 

for the first week and with sterile N-free nutrient solution subsequently. 

 
Fig 9. Root dry weight (mg) of Peking, Tamahomare, Enrei and Tambaguro throughout the three continuous 

mono-cropping cycles of Exp2 and Exp3. 
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Fig 10. PT-RIL seedlings from 1st and 3rd cycles of Exp3 

 

 

4.6. Discussion 
Along the continuous monoculture cycles, the higher proportion of indigenous rhizobium in the field 

that can nodulate soybean, especially the Japanese genotypes, shifted from USDA110-type to 

USDA94-type, even if those soybean genotypes have a high compatibility with USDA110-type. 

Bradyrhizobium japonicum USDA110 have greater N2 fixation potential, resulting in greater biomass 

production compared with unselected strains (Schubert et al., 1977). The current results showed that 

the shoot dry weights of Tamahomare, Enrei and Tambaguro were highly decreased as the number of 

times of cultivation increased (Fig 9). Besides, Rj2, Rj3, Rj4 conferred improved nodulation when 

inoculated with B. japonicum USDA110 (Yamakawa et al., 2003). B.japonicum USDA110 is used in 

many countries as an inoculant to increase soybean yield (Htwe et al., 2015). In contrast, B. elkanii 

strains produce rhizobitoxine, a compound that induces chlorosis in the host plant, and are relatively 

inefficient symbionts for soybean (Devine et al., 1988). The current results confirmed this statement 

as well (Fig 10).  

Plant-associated shifts in soil microbial community have been attributed to the presence of molecular 

communication between the hosts and specific microbial groups, the differences in root-derived 

organic materials, and both mutualistic and parasitic interactions among soil communities in the 

rhizosphere soil (Lambers et al., 2009). There are two zones of soil during the plant growth: the 

rhizosphere soil where plants and millions of microbes interact with each other and the bulk soil 

(Mendes et al., 2013). During the soybean growth, bacteria in rhizosphere soil highly change and those 

in bulk soil are relatively intact (Sugiyama et al., 2014). The density of bacteria in bulk soil of Exp2 

was higher than of Exp3, because we cultivated the seedlings in pot (10cm x 20cm x 15cm) in Exp2 

and in seedling plug trays (5cm x 5cm x 5cm per cell) in Exp3. This implies that rhizobial communities 

of Exp3 were all almost in rhizosphere soil and highly shift compared to of Exp2. 
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The results displayed that the shoot dry biomass of seedlings of Exp2 were highly decreased along the 

continuous monoculture cycles than of Exp3, although they established symbiosis with soil rhizobia 

in both experiments. These are attributed the decrease of micronutrients of soil sample Exp2. 

Symbiosis with nitrogen-fixing rhizobia enables legume plants to grow under low nitrogen conditions; 

however, soybean plants require greater quantities of some micronutrients, such as Malybdenum (Mo), 

Iron (Fe) and Nickel (Ni), to maintain the symbiosis. Molybdenum (Mo) is one of the most important 

micronutrients of symbiosis. Mo is a cofactor of enzyme nitrate reductase that is involved in nitrogen 

assimilation (Hänsch and Mendel, 2009). Application of molybdenum was shown to increase the yield 

and nitrogen content in legume crops in both laboratory and field conditions (Vieira et al., 1998; Yanni, 

1992). It is also reported that a B. japonicum strain deficient in molybdenum transport showed impaired 

nitrogen fixation activity when inoculated to soybean roots (Delgado et al., 2006). Iron (Fe) is an 

important element in photosynthesis because up to 80% of the cellular iron is found in the chloroplasts 

(Hänsch and Mendel, 2009), but in legume plants iron plays an essential role for leghemoglobin 

formation, which is the most abundant protein in the nodules (Johnston et al., 2001). Nickel plays 

crucial roles in hydrogenase activity in nodules (Brito et al., 1994). 

The shift of bacterial affinity could be due to the mutation of type III secretion system (T3SS) of 

rhizobia, which was cause by the environment changes. Nodulation of soybean can be induced by 

various rhizobial strains that possess a T3SS. Mutation of the T3SS of B.Japonicum USDA110 leads 

to a delay in nodule formation by Glycine max (Krause et al., 2002). 
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Chapter 5. Relationship between symbiotic 

compatibility and root-secreted iso/flavonoids 
 

5.1. Introduction 
Nodule formation is initiated via a highly specific signal exchange between compatible rhizobia 

bacteria and legume plants (Ferguson et al., 2010; Ferguson and Mathesius, 2003; Hayashi et al., 2013). 

Flavonoids are released into the soil by the plant, attracting compatible rhizobia species to the host 

plant. They also trigger the expression of rhizobia nodulation (Nod) genes, which leads to the 

production of novel Nod Factor (NF) signals that are recognized by the host plant (Dénarié et al., 1996). 

There is a wealth of information on the role of soybean isoflavonoids in root-colonizing symbioses, 

including rhizobia, arbuscular mycorrhizal fungi and plant growth promoting rhizobacteria (Biate et 

al., 2015; Cooper, 2007; Larose et al., 2002; Liu and Murray, 2016; Ng et al., 2015; Ramos-Solano et 

al., 2010). Despite of the extensive evidence accumulated over the years stressing the role of 

iso/flavonoids in nodulation, none has reported the genetic factors involved in this relationship. 

In the Chapter 2, we have noted that the daidzein and genistein were the main isoflavonoids secreted 

from roots at the early stage of soybean plants. In this chapter, the relationship between symbiotic 

affinity and soybean isoflavonoids will be given in details by compiling all identified QTLs controlling 

the symbiotic affinity of soybean with a specific indigenous rhizobium with those controlling the root-

secreted isoflavonoids and by comparing the percentages of USDA110-type and UDSA94-type strains 

in Exp1, Exp2 and Exp3 with levels of root-secreted genistein and daizein. 

 

5.2. Relationship between genistein and symbiotic compatibility 
The results revealed that the eight overlapping QTLs controlling the affinity of indigenous rhizobia 

strains with soybean on Chr.18 coincided with a QTL controlling genistein secretion from soybean 

roots. In other words, there is a genetic interrelationship between genistein and the compatibility of 

indigenous rhizobia strains with soybean.  

The percentages of USDA110-type and UDSA94-type strains in Exp1, Exp2 and Exp3 were compared 

with levels of genistein secretion in order to confirm their relationship, and found that the genistein 

secretion trait was positively correlated with USDA110-type traits and negatively correlated with 
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USDA94-type traits in all experiments (Fig. 2). Although these correlations and regressions appeared 

to be stronger in Exp2 and Exp3, both conducted in soybean field soil, than they were in Exp1, 

conducted in rice field soil, suggesting that the compatibility of indigenous rhizobia strains with 

soybean was highly correlated with genistein levels in soybean field soil as compared to rice field soil.   

 

Fig 11. Relationship between genistein secretion and percentage of UDSA110-type and USDA94-type nodules 

from all experiments. 

  

Furthermore, Fig. 11 shows a segregation of the samples into two groups derived from Peking and 

Tamahomare, respectively; this segregation is clear in Exp2 and even clearer in Exp3. In Exp2 and 

Exp3, the segregated group derived from Tamahomare had a higher proportion of USDA110-type 

nodule bacteria and the segregated group derived from Peking had a higher proportion of USDA94-

type nodule bacteria. Therefore, the results of the experiments using soybean field soil and rice field 

soil displayed different distribution patterns of association with genistein secretion from roots. And as 

the number of times of successive cultivation increased, the Peking group lost its association with 

genistein secretion from roots. 
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5.3. Relationship between daidzein and symbiotic compatibility 
On Chr.10, QTL controlling daidzein secretion from soybean roots was found nearly at the same 

position with QTL controlling the competitiveness of USDA110 with soybean at the 3rd. This suggests 

a genetic interrelationship between daidzein and the competitiveness of rhizobia strains with soybean 

at 3rd of monoculture cycles. The comparison of the percentages of USDA110-type and UDSA94-type 

strains in Exp1, Exp2 and Exp3 with levels of daidzein secretion confirmed this relationship (Fig 12). 

There was no correlation between daidzein and soybean compatibility with any nodulating bacteria 

strain at the 1st cycle. However, daidzein secretion was positively correlated with USDA110-type traits 

and negatively correlated with USDA94-type traits at 2nd and 3rd cycle. These correlations and 

regressions appeared to be stronger at the 3rd cycle than at the 2nd cycle.  

 

Fig 12. Relationship between daidzein secretion and percentage of UDSA110-type and USDA94-type nodules 

from all experiments. 

 

The Figures showed also a segregation of the samples into two groups derived from Peking and 

Tamahomare, respectively in Exp2 and Exp3, as well as the loss of association with daidzein secretion 

from roots with a Peking group along with the increase of the number of successive cultuvation. The 

segregation of the lines derived from Peking from those derived from Tamahomare was regulated by 
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the five QTLs located at almost the same position on Chr.3 near Sct_195 and Satt641 (Table 1 and 

Tabble 2), controlling symbiotic relation with the USDA110-type and USDA94-type in Exp2 and 

Exp3. Alleles at these QTLs that were derived from Tamahomare are associated with high symbiotic 

compatibility with USDA110-type bacteria, while those that were derived from Peking are associated 

with high symbiotic compatibility with USDA94-type bacteria. 

 

5.4. Discussion 
Amongst the QTLs of isoflavonoid traits, one that controls genistein secretion from soybean roots was 

located in the vicinity of Sat_064 on Chr.18. The latter is also the most relevant chromosomal region 

related to the regulation of soybean-rhizobium compatibility as highlighted above. This implies that 

genistein is one of the major factors controlling the compatibility of indigenous rhizobia strains with 

soybean. The results showed that daidzein was not correlated with the soybean-rhizobium symbiotic 

relationship; genistein, on the other hand, Genistein at a concentration of 1 µM changed 

exopolysaccharide concentration and composition in Rhizobium fredii cultures (Dunn et al., 1992). 

Also, several of the protein spots were detectable only after the addition of genistein to a B. japonicum 

culture (Süß et al., 2006). Moreover, pre-incubation of the B. japonicum inoculant with genistein 

probably contributed to growth in soybean through enhancement of nodulation and nitrogen fixation 

and alleviation of salt and drought stresses (Dolatabadian et al., 2012; Miransari and Smith, 2009; 

Muñoz et al., 2014; Nápoles et al., 2009). Iso/flavonoid perception in the rhizobia is mediated by NodD, 

a protein that promotes transcription of bacterial nod genes involved in synthesis and secretion of Nod 

factors (Spaink et al., 1989). Genistein is a precursor for prunetin which is symbiotically induced and 

is a relatively strong and selective nod gene-inducer in Bradyrhizobium, activating NodD from B. 

japonicum but not B. elkanii (Yokoyama, 2008).  

QTL controlling daidzein secretion from soybean roots was found nearly at the same position with 4 

QTLs the affinity of indigenous rhizobia strains with soybean and its shift in 2nd and 3rd cycles on 

Chr.10 near Satt345. Daidzein regulates the expression of hopanoid synthesis genes in rhizobia 

(Kobayashi et al., 2004). Hopanoids are pentacyclic triterpenoid lipids widely occurring in bacteria, 

which act as membrane reinforcers conferring resistance to different environmental stresses. In 

bradyrhizobia, these compounds can account for nearly a half of the total cell lipid fraction 

(Kannenberg et al., 1998). Daidzein also have been considered as a type of signaling molecule 

associated with competitiveness (Dusha et al., 1999). A comparison of the competitiveness of two B. 

japonicum strains for nodulation has shown that a large proportion of proteins associated with 
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nodulation are up-regulated in the highly competitive B. japonicum 4534 treated with daidzein and 

extracellular materials from the less competitive B. japonicum 4222 (Li et al., 2011). When treated 

with daidzein, large proportion of proteins associated with nodulation, metabolism of energy and 

material were up-regulated in B. japonicum USDA110-A, which may be the reason for its good 

symbiotic matching for nodulation, while nodulation-related proteins and defensive proteins were 

down-regulated in B. japonicum 2178 (Guan et al., 2012).  

Both isoflavonoids daidzein and genistein were positively correlated with the proportion of USDA110-

type nodule bacteria and negatively correlated with the proportion of USDA94-type nodule bacteria. 

Daidzein and genistein have been known as nod gene expression inducers (Banfalvi et al., 1988; 

Kosslak et al., 1990, 1987; Lang et al., 2008). Different isoflavonoids in root exudates can act 

synergistically as nod gene inducers, but also in an antagonistic manner as anti-inducers (Cooper, 

2007). Inducers in one species or strain of rhizobium are frequently anti-inducers in another species; 

thus, one type of isoflavonoid can have opposing effects on different bacteria, and both functions 

(induction or anti-induction) can co-occur in the exudates of the same plant. Exudation patterns can 

change during plant development. The ratio of inducers to anti-inducers in root exudates may be 

involved in determination of host recognition. Differential release in special root zones (Kape et al., 

1993) may characterize the optimal sites for infection by rhizosphere bacteria. Apart from chemo-

attraction, resistance, and nod- gene induction, isoflavonoids are also involved in the modification of 

bacterial surface polysaccharides, which in turn can influence isoflavonoid exudation of the host plant. 

Endogenous root flavonoids may have an impact on regulation of auxin transport during nodule 

development and differentiation (Eckardt, 2006; Subramanian et al., 2006).  

The other QTLs regulating genistein and daidzein secretions from roots are located in a chromosomal 

position not related to the compatibility of indigenous rhizobia strains with soybean. The existence of 

these QTLs indicates that secreted isoflavonoids from roots are related to more than one factor. The 

results show that plants grown in soybean field soil and plants grown in rice field soil exhibit different 

distribution patterns of association between soybean genotype and secreted isoflavonoids from roots, 

implying that the relationship between isoflavonoids and symbiotic compatibility of indigenous 

rhizobia with soybean depends on environment and soybean genotype. In addition, the average 

genistein secretion among the RILs was not significantly different from that of Tamahomare but higher 

than that of Peking, while the average daidzein secretion among the RILs was higher than of 

Tamahomare and Peking. Isoflavonoids are strongly influenced by genotype and environment (Hoeck 

et al., 2000; Lozovaya et al., 2005; Murphy et al., 2009; Wang et al., 2015; Yoshikawa et al., 2010).  
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Chapter 6. Conclusion 
 

The specific challenge the current study addressed is the identification of the genetic factors controlling 

the symbiotic relationship between compatible rhizobium strains and soybean genotypes. Many 

scientists have sought ways to improve the symbiotic relationship between rhizobia and host plants 

and to identify the best rhizobium strains for each legume plant by identifying the genes controlling 

the symbiotic relationship. An interesting and informative way to dissect the genetic architecture is to 

map QTL, the broadly used in soybean to identify traits of interest. To date, however, no previous 

study has conducted a QTL analysis of nodules on legumes such as soybean with a specific bacterial 

strain. 

 

A new method was developed to determine the bacterial type of soybean by directly extract DNA and 

use it as bacterial DNA template for the PCR-RFLP of 16S−23S rDNA ITS region to discover the 

rhizobial type of each nodule. This approach revealed that main indigenous rhizobia which have 

efficient compatibility with the Chinese cultivar Peking, and the Japanese cultivars Tamahomare, Enrei 

and Tambaguro are USDA94-type and USDA110-type, respectively. This symbiotic compatibility is 

controlled by several genetic factors, the most relevant among them located on Chr.18 which is also 

related to the genistein secretion from soybean roots. Genistein has been known for two decades as an 

inducer of nod gene expression in Bradyrhizobium japonicum. In successive cultivation of soybean, 

nodulating bacterial type in the field is dominated by USDA94-type. Besides genistein, daidzein 

secretion from soybean roots could be one of the major factors regulating the competitiveness of 

USDA110-type to form nodules in successive cultivation of soybean. 

 

The current work is not only a first step toward an efficient way to investigate the genes regulating the 

symbiotic relationships of legumes with compatible bacterial strains, but also has some potentially 

interesting consequences for sequence analysis. While we frame the paper primarily in terms of QTLs 

regulating the nodulation of soybean with compatible rhizobia strains, we also introduce an efficient 

way to investigate and directly analyze the bacterial DNA in plant cells. This research revealed a novel 

QTL that warrants further study as a source of information about the genes controlling nodulation in 

soybean, while also developing a new and efficient approach to investigating the rhizobium-legume 

symbiotic relationship of the soybean core collection of the world or of the other legume species. Thus 

I believe that this work opens up many new avenues for research. 
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