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Preface

Soybean (Glycine max (L.) Merrill), with its countless and varied uses, is an important crop
at the global level. Its seeds are rich in oil (approximately 20%) and protein (approximately
40%). In 2007, the global area, production and productivity of soybean were 90.1 million ha,
220.5million t and 2.44t ha™, respectively. The USA, Brazil, Argentina, China and India are
the major soybean-producing countries.

Soybean is grown in various sequential and inter/mixed cropping systems. Many biotic
and abiotic stresses limit soybean production in different parts of the world. Much research
has been carried out worldwide on breeding, production, protection, processing and utiliza-
tion aspects of soybean. Vast information on all of these aspects is available in different jour-
nals, research reports, magazines and leaflets. There has been, however, a dire need to compile
this scattered information in one place in the form of a book.

A humble request was made to experts in their fields to contribute chapters to this
book. This book consequently contains 20 chapters written by eminent researchers from
different countries including Australia, Canada, China, India, Nigeria, South Africa, Tai-
wan and the USA. With the combined wisdom of so many reputable scientists from differ-
ent parts of the world, I hope this book will achieve the status of the world soybean
reference book.

The book has been divided into six sections. The first section on “History and Importance’
includes two chapters: the first on the origin and history of soybean and the second on the role
of soybean in agriculture. The second section on ‘Botany, Genetics and Physiology’ includes
four chapters on soybean growth and development, soybean genetic resources, varietal
improvement in soybean and soybean yield physiology. The ‘Production” section, third in the
series, includes six chapters on agro-techniques for soybean production, nutrient manage-
ment, water management, weed management, biological nitrogen fixation and storage of soy-
bean. Three chapters relating to diseases, insect pests and nematodes are included in a
‘Protection” section. The section on ‘Utilization” includes four chapters on soybean processing
and utilization, the nutritional value of soybean, uses of soybean and vegetable soybean. The
last section on ‘Marketing and Trade’ includes a final chapter on global soybean marketing
and trade. The chapters, therefore, address advanced and diverse topics covering almost all
aspects of soybean. Each chapter has a good number of references at the end to enable the
interested reader to go to the original source.

Xi



xii Preface

I'hope that this book will be useful to researchers, teachers, students, extension personnel
and others with an interest in soybean.

I would like to thank all of the contributors for their wonderful cooperation. All permis-
sions to reproduce copyright materials are gratefully acknowledged. Thanks are also due to
the CABI for publishing the book so well.

Gurigbal Singh
20 December 2009
Ludhiana, India



1 The Origin and History of Soybean

Li-Juan Qiu and Ru-Zhen Chang
The National Key Facility for Crop Gene Resources and Genetic Improvement/
Key Lab of Germplasm Ultilization (MOA), Institute of Crop Science,
Chinese Academy of Agricultural Sciences, Beijing, PR China

1.1 Introduction

The protein content in soybean (Glycine max (L.) Merrill) seed is approxi-
mately 40% and the oil content is approximately 20%. This crop has the
highest protein content and the highest gross output of vegetable oil among
the cultivated crops in the world. In 2007, the total cultivated area of
soybean in the world was 90.19million ha and the total production was
220.5million t (FAO, 2009).

The origin of soybean cultivation is China. China was the world’s
largest soybean producer and exporter during the first half of the 20th
century. In the 1950s soybean production developed rapidly in the USA,
and the USA is now the largest soybean-producing country in the world.
In the 1970s soybean production developed in Brazil, and this country is
now the second largest soybean-producing country. Since then, soybean
production developed rapidly in Argentina, now the third major soybean-
producing country. These soybean-producing countries use machines in
commercial production and the commodity rate of soybean is high. They
are therefore not only large producers of soybean, but also large export-
ers. Soybean production in India is developing rapidly and the cultivated
area of soybean is about the same as in China, but the yield per unit area
is still relatively low.

The cultivated area of soybean in China in 2007 was 8.90million ha,
the total production was 13.80million t and the yield per unit area was
1550kg ha™ (FAO, 2009). Compared with the large soybean-producing coun-
tries, the yield of soybean in China is obviously low. The main reasons for
this are that the scale of soybean cultivated by farmers is small and, therefore,
advanced cultural practices have not been adopted. Along with economic
developments and improvements in people’s living standards, the demand
for soybean in China is increasing rapidly and the domestic production of

© CAB International 2010. The Soybean: Botany, Production and Uses
(ed. G. Singh) 1



2 L.+. Qiu and R.-Z. Chang

soybean cannot meet these demands. China began importing soybean in 1996
and is now the largest soybean importer in the world.

The Chinese people are accustomed to eating soybean. Traditional soy-
bean products such as bean curd (tofu), soybean milk, dried rolls of bean
milk cream, soy sauce and so on are favoured foods to Chinese people. The
demand for soybean products and the amount of processed soybean prod-
ucts is continuously increasing. The raw materials used for processing soy-
bean products are non-transgenic soybean produced in China. Most of the
commercially imported soybean contains transgenics and is used for extract-
ing oil. The refined oil is used as edible oil; soybean cake is used as feed.

Because China has a long history of growing soybean and a rich array
of soybean germplasm has been bred through long-term natural and artifi-
cial selection, this provides a rich base for the selection and breeding of soy-
bean varieties and for making a great contribution to soybean production
and breeding in the world. China has made extensive improvements in soy-
bean varieties and the high-yield culture techniques of soybean continue to
improve. There is still, however, great potential for further improvements
in soybean yield.

1.2 The Origin
The evidences of origin of soybean in China

Scholars generally agree that the origin of soybean cultivation is in China.
First, the annual wild soybean (G. soja), the kindred ancestor of the current
cultivated soybean (G. max), is found throughout China. The distribution of
G. soja is limited to China, Japan, Korea and the Far East area of Russia in
East Asia, but its distribution in China is the most extensive, its numbers the
largest and its diversity of types the richest. Second, China has the earliest
written records of soybean cultivation. According to historical records, the
Emperor Xuanyuan Huangdi studied the climatic changes in the four seasons
and cultivated five kinds of crops: panicgrass (Panicum antidotale), broomcorn
millet (P. miliaceum), beans, wheat (Triticum aestivum) and rice (Oryza sativa).
This was about 4500 years ago. ‘Shu’, the name of soybean expressed in Chi-
nese characters in ancient times, can be found in many ancient Chinese books.
An initial word expressing soybean appeared in inscriptions on unearthed
bones and tortoise shells of the Yin and Shang Dynasties (3700 years ago).
Third, soybean has been found in unearthed artefacts. Carbonized soybean
seeds were found during the excavation of the 2600-year-old Dahaimeng site
in Yongji County, Jilin Province. The remains of soybean seeds have also been
excavated from the site of a primitive society in Damudan Tun Village, Nin-
gan County, Heilongjiang Province (3000 years old). In the site of the Eastern
Zhou Dynasty in Niucun Village, Houma City, Shanxi Province, the remains
of soybean seeds have been excavated from a cellar for storing foods. These
remains are estimated to be 2590 years old, based on carbon dating. These
soybean seeds are yellow in colour and are now preserved in the Beijing
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Museum of Natural History. The remains of soybean seeds have also been
excavated from the Shaogou Han Dynasty Tomb in Luoyang City, Henan
Province, from the Mawangdui Han Dynasty Tomb in Changsha City, Hunan
Province, and from the No. 168 Han Dynasty Tomb in Fenghuangshan Moun-
tain, Jiangling County, Hubei Province. Finally, soybeans cultivated in differ-
ent countries in the world were introduced directly or indirectly from China.
The pronunciation of the word of soybean in many countries is about the
same as the Chinese ‘Shu’; for instance, it is pronounced ‘soya’ in England,
‘soy’ in the USA, ‘Co4I’ in Russia and ‘¥ 1 =" in Japan.

While the origin of soybean cultivation may be China, scholars have
different viewpoints on the original areas of soybean domestication. The
evidence for each theory of origin is summarized and discussed below.

The theory that soybean originated from northeast China

Fukuda (1933), a Japanese scholar, thought that the origin of soybean is
northeast China, based on the observations that semi-natural wild soybeans
are extensively distributed in northeast China but not in other regions, that
there are many soybean varieties in this region and that many of them pos-
sess ‘original’ characteristics. In addition, a record has been found in the
ancient Chinese prose Guanzi-Jiepian of Qi Huangong obtaining ‘Shu’ (soy-
bean) from Shanrong when he sent a punitive expedition against the Shan-
rong nationality in the north of his state, and since then soybean has been
cultivated extensively. According to the dissemination of soybean from
Shanrong and the carbonized soybean seeds excavated from Jilin Province,
Li (1987, 1994) thought that the origin of soybean should be limited from
the northeastern Hebei Province to southeastern areas of northeast China.

Fukuda (1933) stated that the extensive distribution of semi-natural wild
soybeans in northeast China, while only few are known from other areas,
might well be influenced by differences in efforts to investigate and collect
materials. In fact, many small black soybean germplasm have ‘primitive’
traits, and these are extensively distributed in the lower and middle reaches
of the Yellow River, especially in North Shaanxi and North Shanxi provinces.
Therefore, their distribution area is much larger than northeast China alone.
Maliao Dou and Nidou (G. max L.), which are closely related to semi-natural
soybean, are even distributed as far south as the Yangtze River valley. As for
the large number of soybean varieties, Fukuda indicated that the number of
soybean varieties in the Yangtze River valley is also very large and that
Shanxi and Shaanxi provinces alone already have 3000 accessions of germ-
plasm resources of soybean, which is far more than from northeast China.
Next to these spring-type soybeans, the number of varieties of summer-
planting types of soybean in the Yangtze River valley is also very large.

As mentioned above, Qi Huangong (685-643 BC), a powerful leader of
feudal lords in the Spring and Autumn Periods (770476 Bc), obtained ‘Shu’
from Shanrong. However, this record of soybean is 400 years younger than
that in the records of the Western Zhou Dynasty. Other records also indicate
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that soybean from Shanrong was distributed across ancient China, but a
plausible explanation is that soybean from Shanrong was a good soybean
variety that also had good adaptability, which made it appropriate for
extensive distribution.

The theory that soybean originated from the Huanghuai region of China

Among the eight independent origin regions of major cultivated crops in
the world defined by Vavilov (1982), the largest is formed by the central
part of China and the mountainous areas of western China and their adja-
cent low-lying lands. Vavilov pointed out that the most important charac-
ters of origin of cultivated crops in China are the large amount of cultivated
crops and three species of cereal crops. The most important indigenous spe-
cies of the temperate region are buckwheat (Fagopyrum esculentum Moench),
soybean and various pulse crops. Several thousand genetic types with obvi-
ous differences can be identified for soybeans, persimmons and citruses.
For Vavilov it was clear that soybean is a temperate-zone species and that
its origin is the mountainous areas in central and western China and their
adjacent low-lying lands (i.e. the middle reach of the Yellow River).

Johnson (1980) stated in The Encyclopedia Americana that ‘The ancient
Chinese documents consider that soybean had been cultivated widely due to
its high nutritional value before recorded in detail in literature. Soybean was
treated as an important crop as early as 2000 Bc and it is one of the five cer-
eals of the base of Chinese civilization.” Cuzin (1976) wrote in Bolshaya Sovets-
kaya Entsiklopediya that “The origin of soybean is China. China began growing
soybean 5000 years ago and this crop is introduced from China to the south
and south east Asia, and then it is introduced into Europe in 18th century.’

Hymowitz (1970), a scholar from the USA, thought that the origin of soy-
bean was the eastern part of northern China, which he referred to as the win-
ter wheat (T. aestivum)-sorghum (Sorghum bicolor) growing region (i.e. the
lower reaches the Yellow River). He thought that wild soybean was cultivated
in this region and that wild soybean can be seen everywhere. He also made
researches on the ancient Chinese character ‘Shu’ (£). The earliest ancient Chi-
nese character ‘Shu’ was /¥, in which the horizontal stroke in the centre
means the ground, the vertical strokes on and above the horizontal stroke are
the stem and root of soybean and the dots mean the root nodules. The ancient
Chinese character ‘Shu’ () can be traced back to the 11th century BC.

The blooming dates of wild soybean and cultivated soybean are the
same at 35°N, but differ when going further north or south. Therefore, 35°N
is the turning point of the photoperiodic response of soybean and cultivated
soybean varieties may have been derived from local wild soybean at around
35°N. In addition, the protein content of cultivated soybean is close to that
of wild soybean at 34-35°N. The original cultivated soybean seems to be
evolved from wild soybean in the Yellow River valley.

Wang (1985) studied the origin of soybean by using ancient Chinese lit-
erature, inscriptions on bones and tortoise shells of the Shang Dynasty and so
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on, and concluded that the earliest region for cultivating soybean was around
the middle or downstream of the Yellow River. Chang (1989) stated that the
origin of soybean is the Yellow River valley, based on his study of the rela-
tionship between the origin of agriculture and the origin of soybean, in which
he unearthed cultural relics in archaeological studies and combined the evo-
lutionary process of soybean with plant ecology and botany. As a profes-
sional researcher in agricultural heritage, Guo (1993) systematically collected
literature related to soybean in past dynasties of China and wrote the book
The History of Soybean Cultivation in China. He analysed the arguments related
to the origin of soybean in ancient literatures and thought that the origin of
cultivated soybean in China is northern China, but that the exact origins of
soybean remain unknown. He gave various possible locations, including
northeast China, north China, the central Shaanxi plain and the Yellow River
valley. He thought that these arguments are not conclusive in pinpointing the
exact location and that, therefore, further research is needed.

The relationship between the origin of agriculture and the origin of soy-
bean is an important argument with regard to the origin of soybean in the
Yellow River valley. The ancient Chinese civilization originated along the
middle reaches of the Yellow River and is closely related to the occurrence
and development of dryland farming in northern China. In the Neolithic
Age, as we can deduce from painted pottery, the sites that mankind inha-
bited were concentrated in the foot hills or loess platform near the Yellow
River. The Yangshao and Banpo cultures were located in these areas and
panicgrass (P. antidotale), broomcorn millet (P. miliaceum), bast-fibre plant
(Linum usitatissimum and Cannabis sativa) and other dry crop seeds have
been unearthed from these sites. The civilization in the Yangtze River valley
is closely related to the appearance and development of wet farming. Rice
seeds have been unearthed from the sites of the Hemudu culture, Qujialing
culture and other sites of culture. All of these facts relate the dry crop soy-
bean to the origin of dry farming in northern China.

Scientific investigations on wild soybean in the Yellow River valley
have found an abundance of wild soybean in this area and much variation
in the seeds of wild soybean. Large-seeded wild soybean has been found in
investigations made along the Yellow River in Shanxi Province. For exam-
ple, one wild soybean accession collected on the banks of the Yellow River
in Yongji County had a 100-seed weight of 4-5g, clear differentiation of the
main stem and large leaves. In the investigations, wild soybeans with yel-
low, green, brown and black seed coats were collected, and also no-bloom
seeds. Thus, in this region the wild soybean has extensive variation, which
is a prerequisite for domestication of wild soybean into cultivated soybean.

The theory that soybean cultivation originated in south China
Based on the wide distribution of wild soybean in southern China, primi-

tive soybean varieties such as Nidou, Maliao Dou, Xiao Huangdou and oth-
ers cultivated in south China, the abundance of initial varieties of soybean
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in south China and the short-day character, which is considered to be the
initial physiological state of soybean, Wang (1947) thought that the origin of
soybean could be south China. After analysis of the photoperiod of wild
soybean of China, Wang et al. (1973) found that the wild soybeans in the
Yangtze River valley and its southern areas had the strongest initial short-
day character, and they therefore considered south China to be the centre of
the origin of soybean.

Gai et al. (2000) studied the origin and evolution of soybean by compar-
ing biological characteristics. They thought that the key is the typical sam-
ple (including the size of the sample) obtained; the selected characteristics
of the typical sample should reflect the whole process of evolution. They
therefore thought that the agronomic characteristics related to yield and
quality — which are the objectives of improvements by humans and which
are affected greatly by current artificial selection — cannot be used to trace
the conditions in ancient times. In a study that focused on 11 morphological
characteristics of wild soybeans that are less influenced by artificial selec-
tion, they compared 250 accessions of typical cultivated and wild soybeans
with local cultivated soybean varieties, representing the six geographical
and season-ecological populations. They also used isoenzymes and restric-
tion fragment length polymorphism (RFLP) markers of chloroplast and
mitochondrial DNA in the study. The results showed that cultivated soy-
beans in southern China, especially the later-maturing types, are much
closer to wild soybeans in genetic terms than cultivated soybeans in north-
east China or the Huanghuai region. Therefore, the wild soybean in south
China might be the common ancestor of cultivated soybeans, from which
the various early-maturing types have been derived during the process of
their dissemination to the north. Their further analysis of single sequence
repeat (SSR) data and botanical traits confirmed genetic differentiation
related to the geographic region of the sources, and genetic diversity of the
south China population was higher than that of both northern and Huang-
huai populations (Ding et al., 2008).

The theory of multiple origins

Lii (1978) provided three arguments as to why soybean might not have ori-
ginated from one region, but from several regions. First, both south and
north China have regions with early developed cultures, and he thought it
natural that the ancients in different areas used local wild soybean as food.
Therefore, it is not unlikely that they would have domesticated wild soy-
beans into cultivated ones. Second, there is evidence from the occurrence of
wild soybean and cultivated soybean in the same regions, and both species
have similarities in morphological characters. Third, the characters of strong
and weak short-day wild soybean enabled its cultivation in different regions
across China. In Lii’s opinion, the geographical distribution of the short-day
character of wild soybean indicates the possibility of multiple origins of cul-
tivated soybean.
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1.3 Evolution
Classification and distribution of perennial species

The genus Glycine is thought to be of ancient polyploid origin due to the
high chromosome number of the majority of the species (n = 20) compared
to closely related genera (mostly n = 10 or 11, one with n = 14; Goldblatt,
1981). Additional lines of evidence exist, including cytogenetic studies in
haploid G. max (Crane et al., 1982), supporting this hypothesis of polyploid
origin. Schuelter et al. (2004) found that the Glycine genome has gone
through two major rounds of duplication, the first estimated at 41.6 million
years ago and another at 14.5million years ago. Van et al. (2008) looked at
evolutionary events, revealing that the recent divergence of two soybean
homoeologous regions occurred at 60 and 12 million years ago, respectively.
The type of polyploidy was tested and discussed by Doyle et al. (2003). Clar-
indo et al. (2007) found that the karyograms support soybean’s tetraploid
nature (4x = 40), specifically for the presence of chromosomes with identi-
cal morphology, and suggested that chromosome rearrangements may have
occurred during the speciation of G. max.

The genus Glycine Willd. is divided into two subgenera, Glycine (peren-
nials) and Soja (Moench) F.J. Herm. (annuals). A list of species of the genus
Glycine is presented in Table 1.1.

The perennial species are extremely diverse in morphology, cytology
and genome composition. They grown in very diverse climatic and soil con-
ditions and have a wide geographic distribution. The species have been
screened for many physiological and biochemical traits as well as for
sources of resistance to economic pathogens. Some perennial Glycine spe-
cies are sources of resistance to soybean cyst nematode and a source of lack
of Bowman-Birk protease inhibitor (Hymowitz, 2004).

Distribution of annual wild soybean

Taxonomically, both the annual wild soybean (G. soja Sieb. & Zucc.) and the
cultivated soybean (G. max (L.) Merrill) are subgenera of Soja. The wild soy-
bean was named G. ussuriensis by Regel and Maack, and this name was
commonly used until 1979. Vordcourt advocated G. soja as the scientific
name for the annual wild soybean to conform to the formal procedure as
the name G. soja is older (Hymowitz and Newell, 1981).

The distribution of wild soybean in China is extensive. Results of inves-
tigations have shown that the distribution of the wild soybean is from Mohe
in Heilongjiang at 53°N in north China to Guangdong’s Shaoguan region at
24°N in south China; from Gansu’s Jingtai County at about 104°E in north-
west China to Tibet’s Chayu County at about 97°E in southwest China; and
from the banks of the Wusulijiang River at 135°E in northeast China to the
north part of Taiwan Province in the southeast. With regard to altitude, the
upper limit in northeast China is about 1300m, while it is 1500-1700m in
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Table 1.1. Species in the genus Glycine, together with the 2n chromosome number,
genome symbol and geographical distribution (reprinted with permission from
Hymowitz, 2004).

Species 2n  Genome? Distribution

Subgenus Glycine

1. G. albicans Tind. & Craven 40 |, Australia

2. G. aphyonota B. Pfeil 40 7 Australia

3. G. arenaria Tind. 40 HH Australia

4. G. argyrea Tind. 40 AA, Australia

5. G. canescens F. J. Herm. 40 AA Australia

6. G. clandestina Wendl| 40 AA, Australia

7. G. curvata Tind. 40 C,C, Australia

8. G. cyrtoloba Tind. 40 CC Australia

9. G. dolichocarpa Tateishi & Ohash 80 7 (Taiwan)

10. G. falcata Benth. 40 FF Australia

11. G. hirticaulis Tind. & Craven 40 HH, Australia
80 7 Australia

12. G. lactorirens Tind & Craven 40 L1 Australia

13. G. latifolia (Benth.) Newell & 40 BB, Australia

Hymowitz

14. G. latrobeana (Meissn) Benth. 40 AA, Australia

15. G. microphylla (Benth.) Tind. 40 BB Australia

16. G. peratosa B. Pferl & Tind. 40 7 Australia

17. G. pindanica Tind. & B. Craven 40 H,H, Australia

18. G. pullenii B. Pfeil. Tind. & Craven 40 ? Australia

19. G. rubiginosa Tind. & B. Pfeil 40 7 Australia

20. G. stenophita B. Pferl & Tind. 40 BgB, Australia

21. G. tabacina (Labill.) Benth. 40 B,B, Australia
80 Complex® Australia

22. G. tomentella Hayata 38 EE South Pacific Islands, south

China, Australia

40 DD Australia, Papua New

Guinea, south China
78  Complex® Australia, Papua New Guinea
80 Complex? Australia, Papua New
Guinea, south China

Subgenus Soja (Moench) F. J. Herm.

23. G. soja Sieb. & Zucc. 40 GG China, Russia, Japan, Korea
(wild soybean)
24. G. max (L.) Merr. 40 GG Cultigen (soybean)

aGenomically similar species carry the same symbols.

bAllopolyploid (A and B genomes) and segmental allopolyploid (B genomes).
Allopolyploid (D and E, A and E genomes or any other unknown combination).
dAllopolyploid (A and D genomes or any other unknown combination).
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the Yellow River and Yangtze River valleys. The uppermost limit of the dis-
tribution of wild soybean is 2650m in Yunnan’s Ninglang County. In an
analysis of four natural distributed wild soybean populations from north-
east China, the results indicated that genetic patches were on average
approximately 20 m? in size, while the effective neighbourhood sizes varied
between 10 and 15 m? (Jin et al., 2006).

Biology of domestication of wild soybean to cultivated soybean

The wild soybean was domesticated by ancient people under certain agri-
cultural conditions. The first piece of evidence is that the number of chro-
mosomes of both the cultivated soybean and the wild soybean is 2n = 40.
The chromosome set is GG. If we cross the cultivated soybean with the wild
soybean, the fertility and seed-setting percentage of the F, generation are
normal and there is no obvious difference as compared to crosses within
cultivated soybeans. This shows that there is no isolation between the culti-
vated soybean and the wild soybean and that they are (at the very least)
close relatives.

The second piece of evidence is that when the cultivated soybean is
crossed with the wild soybean, the seed size, plant height, lodging and
other traits are inherited as quantitative traits, with some intermediate types
occurring, which show that the two groups accumulated minor variants of
the underlying genes. Third, new variations always occur while growing
soybean in the field. For instance, early-maturing variants have been identi-
fied in late-maturing varieties. Investigations on wild soybean have found
that early-maturing variants with large seeds and thick stems are also minor
variations of quantitative traits. The fourth piece of evidence is that among
the rich germplasm resources in China there are wild soybeans, semi-wild
soybeans and highly evolved cultivated soybeans. All of these germplasm
resources of soybean, with different degrees of evolution, adapt to different
natural environments, cultural conditions and utilization requirements. The
evolution of soybean is clearly a continuous accumulation of minor varia-
tions and a continuing process from quantitative variation to qualitative
variation.

More evidence comes from molecular data. Within the wild species of
subgenus Glycine, considerable differences in repeat size occur in several
species, but no variation of ribosomal DNA-RFLP has been found in >40
accessions of the two species between the cultivated soybean and its wild
progenitor, G. soja (Doyle and Beachy, 1985). Both G. max and G. soja are
close in their genome structure, detected by simple repetitive sequences
(Yanagisawa et al., 1994). The subgenus Soja, comprised of two highly vari-
able species (G. max and G. soja), was confirmed by RFLP of chloroplast
DNA variation (Shoemaker et al., 1986; Close et al., 1989; Abe et al., 1999),
genomic DNA variation (Keim et al., 1989), random amplified polymorphic
DNA data (Chen and Nelson, 2004) and single nucleotide polymorphisms
of GmHs1P! (Yuan et al., 2008), as well as by SSR data (Powell et al., 1996).
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What about the process of the first domestication of soybean? To start
with, variation occurred in the ancestor of cultivated soybean, the wild soy-
bean, through natural selection under the natural environment. For instance,
in investigations on wild soybean, variants with large seeds, clear differen-
tiations of the main stem and early flowering have been found and these
variants have been differentiated from the typical wild soybean. Under arti-
ficial cultural conditions, according to the demands of usage, these minor
variations have probably been accumulated by people through continuous
selection. Artificial selection has further promoted the differentiation of
these traits into the soybean types we currently know.

People mainly use soybean seeds. In long-term production activity and
use, people have focused on the selection of large seeds. Selection of one
trait inevitably results in corresponding changes in other traits. While the
seed of soybean has been enlarged, correspondingly the pod has been
enlarged, the plant height reduced and the stem thickened. Reductions in
plant height have been favourable for the development from vine type to
vertical type. The vertical-type plant is easy to manage and good manage-
ment conditions have promoted the selection of strong and lodging-resistant
types, thus promoting further the evolution of traits.

Shu et al. (1986) have made comparative studies on the traits of wild, semi-
wild and cultivated soybeans. The results show that from the wild soybean to
the cultivated soybean, the most significant change of traits is in seed size. The
100-seed weight has increased from 1.61g for the wild soybean to 15.14 g for
the cultivated soybean: a 9.4-fold increase. But as the number of seeds per plant
has decreased by 8.24 times, the seed weight produced per plant is only 32%
more. The pod size and leaf area have increased by 4.7 and 2.6 times, respec-
tively. The plant height has decreased by 2.6 times and the number of branches
has decreased by 2.73 times, but the seed number per pod is practically
unchanged. The reproductive period has been lengthened, which is favourable
to the accumulation of dry matter, thus enlarging the seed (Table 1.2).

The genetic differentiation and diversity from wild soybean to culti-
vated soybean have been observed at DNA sequence level, including the
soybean Kunitz trypsin inhibitor (SKTI) gene (Wang et al., 2005, 2008b) and
acyl coenzyme A-dependent diacylglycerol acyltransferase (GmDGAT)
(Wang et al., 2006), 11S globulin molecular (Zakharova et al., 1989) and gly-
cinin subunit genes (Wang et al., 2008a). Variations in storage proteins
(Natarajan et al., 2006), major seed allergens (Xu et al., 2007) and Kunitz
trypsin inhibitors (Natarajan et al., 2007) in wild (G. soja) and cultivated
(G. max) soybean seeds has been observed using proteomic analysis. Most
of the above results appear to indicate higher genetic diversity in the wild
soybean than in the cultivated soybean.

Many elite traits in wild soybean (G. soja Sieb. & Zucc.) have been iden-
tified, such as tolerance to salt (Luo et al., 2005; Yang et al., 2007), chilling
stress and dehydration stress (Chen et al., 2006), a high lutein content (Kana-
maru et al., 2006) and so forth, which can be used in breeding programmes.
The wild soybean also can be used for producing fertile hybrids between
domestic and wild soybeans (Singh, 2007).
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Table 1.2. Comparison of the evolution of wild and semi-wild soybeans (reprinted with
permission from Shu ef al., 1986).

Comparison of three
types (ratio)?

Wild Semi-wild  Cultivated
Trait X X X Wild Semi-wild Cultivated
Leaf area (cm?) 28.9 56.45 85.62 1.00 2.00 3.00
Leaf length (cm) 7.45 10.28 11.42 1.00 1.38 1.53
Leaf width (cm) 3.63 5.43 7.27 1.00 1.50 2.00
Plant height (cm) 248.87 162.41 95.81 2.60 1.70 1.00
No. of nodes 35.41 25.90 18.88 1.87 1.37 1.00
No. of branches 18.60 12.19 6.81 2.73 1.79 1.00
Pod size (cm xcm) 2.14 x 0.45 3.21 x 0.67 4.53 x0.99 1.00 2.00 4.70
Pod no. per plant 1253.89 525.19 168.84 7.43 3.11 1.00
Seeds per plant 2304.61 930.58 279.86 8.24 3.33 1.00
Seed weight per 34.32 44.73 45.27 1.00 1.30 1.32
plant (g)
Seed no. per pod 1.89 1.83 1.81 1.04 1.01 1.00
100-seed weight (g) 1.61 5.37 15.14 1.00 3.34 9.40
Emergence: 92.67 62.45 68.19 1.48 1.00 1.09
flowering (days)
Flowering: 60.70 76.01 74.92 1.00 1.25 1.23
maturation (days)
Growing period 158.16 144.06 140.20 1.13 1.03 1.00
(days)

aThe ratio is calculated relative to the smallest value of the three groups.

1.4 Distribution

Asia

Data pertaining to area, production and yield of soybean in major soybean-
growing countries are presented in Table 1.3.

Asia has the longest history of growing soybean, and the cultivated area of
soybean in China is the largest in the world. Soybean is also cultivated in
Japan, the Republic of Korea (South Korea), the Democratic People’s Repub-
lic of Korea (North Korea), Indonesia, Thailand, Vietham and other coun-
tries. Most of the varieties of soybean in Japan are large-seed types and are
used as vegetable soybean, which is called edamame in Japan. The 100-
fresh-seed weight is >70g and the 100-dry-seed weight is >30g. The 100-
seed weight of another kind of small-seed soybean is <10g and is used for
the production of natts. Most of the varieties of soybean in Korea are
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Table 1.3. The area, production and yield of soybean in selected countries in 2006 and
2007 (adapted from FAQO, 2009).

Area (ha) Production (t) Yield (kg ha™)
Country 2006 2007 2006 2007 2006 2007
United States 30,190,680 25,960,000 83,510,000 72,860,400 2,766 2,806
of America
Brazil 22,047,349 20,565,300 52,464,640 57,857,200 2,379 2,813
Argentina 15,130,038 15,981,264 40,537,364 47,482,784 2,679 2,971
China 9,100,085 8,900,068 15,500,187 13,800,147 1,703 1,550
India 8,334,000 8,880,000 8,857,000 10,968,000 1,062 1,235
Paraguay 2,200,000 2,429,000 3,800,000 5,856,000 1,727 2,410
Canada 1,201,200 1,171,500 3,465,500 2,695,700 2,885 2,301
Bolivia 950,118 958,279 1,618,966 1,595,947 1,703 1,665
Ukraine 714,800 583,100 889,600 722,600 1,244 1,239
Russian 810,130 709,900 806,570 651,840 995 918
Federation
Indonesia 580,534 459,116 747,611 592,634 1,287 1,290
Uruguay 309,100 366,535 631,900 779,920 2,044 2,127
Nigeria 630,000 638,000 605,000 604,000 960 946
ltaly 177,909 132,604 551,292 442,151 3,098 3,334
South Africa 240,570 183,000 424,000 205,000 1,762 1,120
Serbia, 156,680 146,988 429,639 303,950 2,742 2,067
Republic of
Korea, 300,000 300,000 345,000 345,000 1,150 1,15
Democratic
People’s
Republic of
Romania 177,481 109,314 344,909 136,094 1,943 1,244
Vietnam 185,600 190,100 258,100 275,500 1,390 1,449
Iran, Islamic 81,775 110,000 184,967 260,000 2,261 2,363
Republic of
Japan 142,100 138,300 229,200 226,700 1,612 1,639
Thailand 137,640 128,872 214,773 203,973 1,560 1,582
Croatia 62,810 46,506 174,214 90,637 2,773 1,948
Korea, 90,248 76,267 156,404 114,245 1,733 1,497
Republic of
Uganda 145,000 147,000 175,000 176,000 1,206 1,197
France 45,263 37,000 122,995 102,000 2,717 2,756
Myanmar 122,000 123,000 120,000 122,000 983 991

medium- and small-seed types; the 100-seed weight is <15g and these
soybeans are used for the production of bean sprouts.

In Indonesia danbei, a food produced with fermented soybean, is popu-
lar. India and Nepal produce kinema with fermented soybean. Bean curd is
a popular food in China, Japan and Korea. Soybean used for production of
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bean curd should have a high protein content; in particular, the content of
water-soluble protein should be high.

Americas

Hymowitz (1984) pointed out that soybean was cultivated in the USA as
early as 1765, when Samuel Bowen, a sailor from the East India Com-
pany, brought soybean from China to Savennah (Georgia). Benjamin
Franklin was the second to introduce soybean to the USA by transporting
it from France to Philadelphia in 1770 when he was an ambassador to
France. During 1927-1931, the USA twice sent scientists to China, Korea
and Japan to collect soybean germplasm, and these scientists collected
several thousand accessions of soybean from these countries. Some of the
germplasms have become the primary parents of soybean breeding in the
USA. The earliest report on the introduction of soybean to South America
was in 1882.

The USA in North America and Brazil and Argentina in South America
rank in the first three positions for the cultivated area and production of
soybean. According to the latest statistics available (FAO, 2009), in 2007 the
cultivated area of soybean in the USA was 25.96 million ha and the produc-
tion of soybean was 72.86million t. In the same year, the cultivated area of
soybean in Brazil was 20.56 million ha and the total production of soybean
was 57.85million t. The cultivated area of soybean in Argentina was 15.98
million ha and the total production of soybean was 47.48 million t. The area
used for soybean cultivation in South America increased by about 50%
during the period 2000-2006, and production is now higher than that of
North America.

The rest of the world

Due to the climatic reasons the cultivated area of soybean in Europe is
not very large. Ukraine, Russia, Italy, Romania, Serbia, Croatia and
France are all soybean-producing countries, and the production of soy-
bean in these countries is >100,000t. The yield of soybean per unit area in
Italy is >3t ha™!. A small amount of soybean is produced in Australia
(50,000t year™).

The cultivated area of soybean in Africa is not large. Nigeria has a large
area under soybean, followed by South Africa, Uganda, Zimbabwe, Congo,
Zambia and others. Africa has great potential in the development of soy-
bean and needs support and help from the major soybean-producing coun-
tries. Supports should be given not only in the introduction of varieties and
cultural techniques, but also in the processing and utilization of soybean
and in the production of soybean foods suitable for consumption by the
local people.
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1.5 Soybean in China
Distribution

Three soybean growing regions in China can be distinguished according to
the cropping system. Within these, ten subregions can be identified accord-
ing to the climatic conditions and geographical features:

e  The north spring-sowing soybean subregion (the north region):
1. The northeast spring-sowing soybean subregion (the northeast
region).
2. The north plateau spring-sowing soybean subregion (the north
plateau subregion).
3. The northwest spring-sowing soybean subregion (the northwest
subregion).

¢ The Huang Huai Hai valleys summer-sowing soybean subregion (the
Huang Huai Hai subregion):
4. The central Hebei-Shanxi summer- and spring-sowing soybean
subregion (the central Hebei-Shanxi subregion).
5. The Huang Huai Hai valleys summer-sowing soybean subregion
(the Huang Huai Hai subregion).

e  The south China multiple-sowing soybean region (the south region):
6. The Yangtze River valley spring- and summer-sowing soybean
subregion (the Yangtze River valley subregion).
7. The southeast autumn- and spring-sowing soybean subregion (the
southeast subregion).
8. The central-south spring-, summer-, and autumn-sowing soybean
subregion (the central-south subregion).
9. The southwest plateau summer-sowing soybean subregion (the
southwest subregion).
10. The south China multiple-sowing soybean subregion (the south
China subregion).

The northeast spring-sowing soybean region is the largest soybean-
producing region in China. This region includes Heilongjiang, Jilin,
Liaoning and the greater part of Inner Mongolia. Soybean is sown here
in spring (from the last ten days of April to the first ten days of May)
and harvested in autumn (from the middle ten days to the last ten days
of September) (i.e. one crop year). The cultivated area in 2006 was
4.863 million ha, which accounted for 52.4% of the total area of soybean
in China. The total production of soybean was 8.548million t, which
accounted for 53.5% of the total production of the country. The cultivated
area and the total production of soybean in Heilongjiang province ranked
the first (37.0% and 37.3%, respectively).

The Huang Huai Hai summer-sowing soybean region is the second-
largest soybean-producing region. This region includes Shandong, Henan,
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the central-south part of Hebei Province, the north part of Jiangsu and
Anhui provinces, the central-south part of Shanxi Province and the Shaanxi
plain area. Soybean is sowed from the middle ten days to the last ten days
of June as the second crop after the harvest of winter wheat. Soybean is har-
vested from the last ten days of September to the first ten days of October
before winter wheat sowing. The cultivated area in 2006 was 2.735million ha
(29.5% of the total area of soybean in China), producing 4.254million t
(26.6% of China).

The south China multiple-sowing soybean region includes the prov-
inces south of the Yangtze River. This region has spring-, summer- and
autumn-sowing soybeans. The spring soybean is sown in the Yangtze River
valley from March to the first ten days of April and harvested from the first
ten days to the middle ten days of July. Late rice or winter wheat are planted
after the soybean harvest or summer soybean is sown after the harvest of
winter rapeseed (Brassica species). The summer soybean is sown from the
last ten days of May to the first ten days of June and harvested in October.
The autumn soybean is sown after the harvest of early rice from the last ten
days of July to early August and harvested in the first ten days of Novem-
ber. The cultivated area of soybean in the south region in 2006 was 1.502
million ha, producing 2.812 million t.

Data pertaining to area, production and yield of soybean in major soy-
bean-growing provinces in China are presented in Table 1.4.

Table 1.4. The cultivated area, total production and yield of soybean in provinces
with cultivated areas >0.15 million ha in 2006 (National Statistical Bureau in China,
2009, personal communication).

Cultivated area Total production Yield
Province (10,000 ha) (10,000t) (kg ha™")
The whole country 928.01 1596.7 1721
Heilongjiang 343.68 596.0 1734
Anhui 96.30 125.0 1298
Inner Mongolia 75.45 104.5 1385
Henan 51.63 64.9 1257
dilin 44.84 121.4 2707
Shaanxi 32.03 42.3 1321
Hebei 23.80 44.6 1874
Shanxi 22.61 27.7 1225
Shandong 22.40 62.1 2772
Liaoning 22.31 32.9 1475
Jiangsu 21.43 53.7 2506
Guangxi 20.55 30.4 1479
Sichuan 20.00 39.3 1965
Hunan 18.35 42.6 2322

Hubei 17.16 38.5 2244
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Utilization

The consumption of soybean in China was about 44 million t in 2006, but the
country produced 15.50million t only. That year China imported 28 million t
of soybean from America. Soybean used directly for food was about
8.5million t, mainly in the form of traditional soybean products such as bean
curd, soybean milk, soybean paste and bean curd stick. Less than 0.4 million t
was used for the production of modern processed products such as soybean
milk powder and soybean protein powder. Soybean used for foods is domes-
tically produced non-transgenic soybean. The largest amount of soybean
was used to extract oil — about 34.70million t, mainly from imported trans-
genic soybean. The amount of domestically produced soybeans used for oil
was only 6.3million t. Approximately 0.9 million t was used as seed soybean.
Nearly 0.3million t of non-transgenic soybean was exported.

Breeding and cultivation

Soybean varietal improvement in China began in 1913 when the Gongzhu-
liang Agricultural Experimental Station was established in Jilin Province
and began collecting local soybean varieties. The variety ‘Huanbaozhu” was
bred in 1923 through pure line selection, and then ‘Fengdihuang’, ‘Xiaojin-
huang No. 1" and other varieties were released. In the 1930s ‘Mancangjin’,
‘Mandijin’, “Yuanbaojin” and other varieties were bred using sexual hybrid-
ization. ‘Mancangjin” and ‘Xiaojinhuang No. 1" were the main cultivars in
northeast China in the 1950s. The cultivated area of ‘Mancangjin’ reached
1million ha.

Since 1949, along with the development of soybean production, research
on soybean was also strengthened and developed. Two large-scale collec-
tion activities were carried out in 1956 and 1980, in which 15,000 and 10,000
accessions of soybean germplasm were collected, respectively. Currently, a
large number of accessions of soybean germplasm, including improved
varieties, native varieties and annual wild soybeans, are stored in the
National Gene Bank. In addition, 2500 accessions of introduced varieties are
stored. This abundant germplasm resource of soybean provides the basis
for soybean breeding.

China has bred >1200 soybean varieties since 1949 and there are >100
scientific research institutions engaged in soybean breeding. In recent years,
seed companies have also started carrying out research on soybean breeding.
The main method for the improvement of soybean varieties is cross-breeding
and the main selection approaches are the pedigree and single-seed descent
methods. Regional experiments on soybean varieties are undertaken in each
province and the varieties are spread across the province through regional
experiments. The regional experiments on soybean varieties at state level can
be divided into 13 experimental groups according to the cultivation and
ecological regions of soybean. The varieties are released and used in produc-
tion after being approved by the National Crops Varieties Examination
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Committee. These regional experiments at state and provincial levels have
formed a system that has guaranteed the popularization and utilization of
improved varieties.

The improved varieties have high yield capacity, high disease resistance
and abiotic stress tolerance, and the quality of soybeans has also improved
greatly. “Yuejin No. 5, ‘Hefeng No. 25, ‘Zhonghuang 13’, ‘Suinong 14’,
‘Heihe 27’, “Yudou 22’ and other good varieties exhibit high yield capacity
and high stress tolerance. The accumulated cultivated area of ‘Hefeng No.
25" has reached >12million ha since its release in 1984, while the accumu-
lated cultivated area of ‘Suinong 14’, “Yuejin No. 5 and ‘Zhonghuang 13’
has also reached 0.6-0.7 million ha. Most of the improved varieties are resis-
tant to soybean mosaic virus and the spring soybean varieties in northeast
China are also resistant to soybean frogeye leaf spot. Varieties with drought
and salt tolerance include ‘Jindou 21" and ‘Zhonghuang No. 10’. Varieties
with a protein content >45% or an oil content >23% include “Yudou 12’
and ‘Chuandou No. 4’ (50.6-50.7% protein) and ‘Jihuang 13" and ‘Jiyu 67’
(23.6-24.1% oil). Variety ‘Wandou 12" combines 45.12% protein with a
22.98% oil content. Breeding of varieties with high isoflavones content and
the absence of lipoxygenase and non-trypsin inhibitor has also generated
improved varieties.

As for cultural practices, the sowing method and field management have
changed towards more intensive farming. Levels of mechanized farming
increase year by year; machines are extensively used in sowing and harvesting
and the yield of soybean has been improved. Model cultural techniques are
studied and practised in various soybean-cultivating regions. For instance, the
‘ridge three’ cultural technique is practised in the northeast region, in which,
under the conditions of mechanized farming, the three basic measures — deep
loosening, layer by layer fertilizing and precision sowing — are adopted in
combination with chemical weeding and disease and insect pest control. This
has increased the soybean yield by 15-20%. Dwarf varieties and close planting
have also resulted in yield increases of 215%.

Industry

The industrial chain of soybean in China has developed along with the
economy of the country. Soybean products have gradually changed from
crude oil and bean meal to high-value-added products. The traditional soy-
bean processed products are mainly bean curd, bean curd stick and bean
curd cheese. The processing of these products has moved to commercial
soybean product processing factories. The production of products has
increased and the quality of products improved. The production of modern
soybean processed products such as soybean milk flour, isolated soy pro-
tein, concentrated soy protein and structural protein has also continuously
increased, along with the production of functional soybean foods such as
phospholipid, saponins, isoflavones, oligosaccharides and edible fibre.
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Between 2001 and 2006, the soybean-processing capacity of China dou-
bled to >76million t. In 2005, there were 95 enterprises with a daily process-
ing capacity of >1000t. At present, five of the 11 enterprises with daily
soybean-processing capability >5000t in the world are in China. Most
soybean-processing enterprises are located in coastal areas and the soybeans
they process are mainly imported. The production of isolated and concen-
trated soy protein is increasing steadily; the process capacity is about
150,000t year™!. The change of the structure of processed soybean products
has also promoted the development of emulsified and soluble soybean
products such as meat, milk, flour, instant and fast-frozen food, candy and
drinks. Commercial production is realized in the extraction of high-value-
added phospholipids, saponins and isoflavones and these products can be
purchased as functional health foods.

1.6 Development of Soybean Production and Processing Globally

Development of soybean production

In ancient times, the production of soybean in China was mainly concen-
trated around the middle and lower reaches of the Yellow River. It
expanded to the south and north during the Qin and Han Dynasties and
then gradually across the whole country. The northeast of China has been
the major soybean-producing region since the 19th century. The peak of
soybean production was in the 1930s, with a total production of soybean in
China of 11.30 million t in 1936. However, production fell and it took half a
century for the total production of soybean to reach that level again
(11.6million t in 1986). From 1986 the production of soybean in China
increased year by year, reaching 15.5million t in 2006, although dropping
to 13.8 million t in 2007.

Soybean was introduced to Japan through Korea about 2000 years ago,
although soybean cultivated in the south of Japan was separately brought
by merchant ship from east China. Japan’s current demand for soybean is
nearly 5million t, of which 0.2million t is produced in Japan. About four-
fifths of soybean consumption is used for extracting oil and the amount of
soybean used for foods (bean curd, soybean milk, natto and so on) is nearly
1million t. The cultivated area of soybean in the Democratic People’s
Republic of Korea is 0.3million ha and the total production of soybean is
only 0.35million t. The cultivated area of soybean in the Republic of Korea
is <0.1million ha, which produces 0.15million t of soybean. The production
of soybean in India is developing rapidly and the cultivated area is cur-
rently about the same as that in China. The total production of soybean is
nearly 9million t, which makes India the fifth largest soybean-producing
country in the world.

The production of soybean in the USA has developed rapidly since the
1950s. The main producing areas are lowa, Illinois, Indiana, Missouri, Ohio
and some other states in central and western USA. In recent years, the



Origin and History of Soybean 19

cultivated area of soybean in the USA has grown to >28million ha, which
produces >80 million t.

In 1961, the cultivated areas of soybean in Brazil and Argentina were
only 240,000 and 1000ha, respectively, and the production of soybean was
0.27 million t and 1000t. Since then, production has expanded amazingly. In
2000, the cultivated areas of soybean in the two countries were 13.64 and
8.64million ha, respectively, producing 32.73 and 20.21 million t. Even more
recently, the production of soybean in Brazil and Argentina reached more
than 60 and 40million t, respectively. According to predictions made by the
US Department of Agriculture, the production of soybean in Argentina will
reach as much as 48.5million t in 2008.

Processing and utilization

Soybean has many uses. It is mainly pressed to extract soybean oil, after
which a soybean meal remains, which is a rich source of protein. Soybean
oil can be used for the production of edible oils such as kitchen oil, salad oil
and others through refining and deep processing. Soybean oil is also used
for the production of printing ink and biodiesel. Soybean meal is mainly
used for the production of compound feed. It is the main protein source in
feed for livestock farming. The native soybean meal produced under low-
temperature conditions is mainly used for the production of isolated soy
protein, concentrated protein and structural protein. These proteins are
added to various foods in the food-processing industry for the production
of soybean protein-rich foods. For instance, wheat flour is supplemented
with a certain amount of soybean protein for the production of bread and
cake. Soybean protein supplementation improves the water absorption of
meat and the palatability of sausages. Soybean protein can be used to pro-
cess protein fibre, which can be blended with cotton, wool or chemical
fibres. The texture of the resulting fabric is soft and of high quality.

Many soybean food products, including the traditional non-fermented
soybean products such as bean curd, soybean milk and bean curd stick, can
be processed by using soybean as a raw material. In China, soybean is used
to produce Bei bean curd (the coagulating agent is MgCl,), Nan bean curd
(the coagulating agent is CaCl,), lactone bean curd (the coagulating agent is
gluconolactone) and others through soaking, grinding, boiling and adding
different coagulating agents. The fermented soybean products are soy paste,
fermented soybeans, soybean cheese, soybean sauce and others. Small seed
soybean sprouts are used for making dishes or soup. Soybean sprout soup
is common in Korea, while soybean sauce soup is often eaten in Japan.

Along with the depth of research on the nutritional elements of soybean,
soybean functional foods such as soy peptide, isoflavones, saponins, phos-
phatides, sterol, oligosaccharide and edible fibre have been developed. Lacto-
serum waste water is produced during the processing of bean curd and other
products and 2-5t of lactoserum waste water can be produced from 1t of
soybean. Soybean protein content in lactoserum is 8.2%. Through filtration of



20

L.+J. Qiu and R.-Z. Chang

lactoserum waste water by using dynamic membranes, 85-93% of the protein
can be recovered. The lactoserum protein is a natural surface active agent and
can be used for cosmetics. Lactoserum protein is easily digested and assimi-
lated and has a high metabolic rate and biological value. Lactoserum waste
water can be used for the extraction of oligosaccharides, which can promote
intestinal peristaltics and ease constipation. It also promotes the growth of
Bifidobacterium and improves the structure of the intestinal bacterial flora.

Isoflavones also can be extracted from lactoserum waste water. Soybean
isoflavone consists of flavone glycoside (97-98%) and aglycones (2-3%). Agly-
cones have biological activity. Isoflavone glycoside is separated from agly-
cones by the actions of different isoflavone-glucosidases, and the genistein
with biological activity is then released. Genistein can attenuate postmeno-
pausal osteoporosis in humans. Isoflavones have inhibitory effects on the
early transformation and proliferation of cancer cells. They can effectively
inhibit the angiogenesis of a cancer structure and thus block the supply of
nutrients to cancer cells. Therefore, isoflavone is of therapeutic use in breast
cancer, colon cancer, lung cancer, prostate cancer, leukaemia and others.

Phosphatide, sterone and vitamin E can be extracted from the residues
that remain after soybean extraction. The main contents of soybean phos-
phatide are phosphatidylcholine, phosphatidylethanolamine, phosphati-
dylinositol, phosphatidylserine and phosphatidic acid. Soybean phosphatide
is a natural emulsifier and can be used to supplement the nutrient require-
ments of the human body; therefore, it is used extensively in the production
of candies, biscuits, chocolate, artificial cream and other food products. Soy-
bean phosphatide is a by-product of oil extraction, but as its source is rich
and the price is cheap, it has broad prospects for applications in food, medi-
cine and animal production.

Soybean polypeptide is a hydrolyzed product of protein through spe-
cial treatment. Generally, it consists of peptides of 3—6 amino acids. Soybean
polypeptide has a high nutritional value, high digestibility coefficient and
low antigenicity, and the results of experiments show that its digestibility
coefficient is much better than that of protein or amino acids. Soybean poly-
peptide can be used as a raw material for or additive to health foods. It has
a therapeutic effect on high blood pressure and cardiovascular and cerebro-
vascular diseases, and is safe and reliable. Soybean polypeptide also
decreases the deposition of subcutaneous fat and increases fat burning and
it is, therefore, a safe food for people who want to lose weight. Soybean
polypeptide also has an antioxidant effect, and it has been claimed that the
muscle cells of athletes recover faster when they imbibe a polypeptide-
containing drink (Wang et al., 2004).
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Soybean (Glycine max (L.) Merrill) is one of the most valued oilseed crops
in the world. As per the latest data available, soybean accounts for
36.65million t of oil (FAO, 2009), putting it far ahead of all other field crops
raised for oil extraction (Table 2.1). Although its cultivation dates back to
>5000 years ago in China, it came to prominence only during the last 200
years. It has been cultivated for varying purposes during different periods
of history in different parts of the world. Its earlier uses have varied from a
green manure crop to a forage crop and a nitrogen-fixing crop due to its
ability to fix substantial quantities of atmospheric nitrogen in association
with nodule-forming bacteria (Bradyrhizobium).

The face of the crop changed irreversibly with the increasing demand
for oil during the early 20th century, especially during the two World Wars
(1914-1918 and 1939-1945) and with the simultaneous realization of soy-
bean’s potential as a source of vegetable oil. Its success in the USA during
this period led to its introduction to South America, especially Argentina
and Brazil, and in the process helped expand its cultivation to an unprece-
dented level. At present, soybean is cultivated mainly for oil extraction and
for the protein-rich de-oiled cake, which is a very important by-product of
this crop with great commercial value.

In India, soybean was introduced as an oilseed crop in 1960s and has
borne great success. The area has increased from meagre 0.03million ha in
1970 to >9.6million ha in 2008 (DSR, 2009). As per 2007 data, soybean has
become a leading oilseed crop in India, leaving behind the traditional oil-
seed crops such as groundnut (Arachis hypogaea) and rapeseed mustard
(Brassica species) (FAO, 2009). Besides being a major source of edible oil,
soybean is established as a major foreign-exchange earner due to export of
de-oiled cake.

© CAB International 2010. The Soybean: Botany, Production and Uses
(ed. G. Singh)
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Table 2.1. Pattern of edible oil production from global field crops
during 2007 (adapted from FAO, 2009).

Crop Edible oil production (million t)
Soybean (Glycine max) 36.65
Rapeseed (Brassica spp.) 17.24
Sunflower (Helianthus annuus) 11.60
Groundnut (Arachis hypogaea) 5.52
Cotton seed (Gossypium spp.) 5.18
Maize (Zea mays) 2.19
Sesame (Sesamum indicum) 0.90
Safflower (Carthamus tinctorius) 0.15

Besides its stated purpose as oilseed crop, soybean has several signifi-
cant beneficial features. Its role in improving soil properties through its
deep and proliferated tap-root system, residue incorporation by way of
shedding leaves as well as green manuring crop, soil and moisture conser-
vation due to its thick and dense foliage, contribution to soil nitrogen
enrichment through biological nitrogen fixation (BNF) and improvement in
the soil biological health have been recognized from the beginning. Indeed,
it is one of the leading crops grown under rainfed conditions, exploiting the
limited moisture available for agriculture depending on the rainfall pattern
in a given locality. Its moisture stress tolerance, contribution to soil fertility,
lesser pest and disease incidence and leguminous nature have made
soybean suitable for many mixed and sequential cropping systems.

2.2 Soybean-based Cropping System

Cropping system refers to the spatial and temporal arrangement of differ-
ent crops to exploit natural resources and enhance productivity per unit
area and time. The spatial arrangement of crops helps in the effective utili-
zation of land, soil moisture, nutrients and solar radiation. This is brought
about by choosing appropriate crops of varying morpho-physiological
nature and planning their planting geometry to reduce mutual competition
for resources and enhance complementarities to increase overall prod-
uctivity. In general, this is achieved by mixed and intercropping systems.
On the other hand, the temporal arrangement aims at growing crops
one after another in sequence to exploit the congenial conditions of differ-
ent seasons. This is mostly achieved by sequential cropping systems. Thus,
both mixed/intercropping and sequential cropping systems are practised to
enhance the production of different crops to meet the ever-growing demand
for them. Soybean, being a leguminous crop, has been an important compo-
nent in both the cropping systems in different crop rotations. However, the
exact nature of mixed/intercropping or sequential cropping systems varies
from location to location and situation to situation, depending upon the
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prevalent agroclimatic conditions and growers’ needs. There are a large
number of cropping systems under both mixed/intercropping and sequen-
tial cropping systems in major soybean-growing areas worldwide.

Mixed/intercropping system

Soybean is often cultivated in mixed and intercropping systems when it is
grown under rainfed or dryland conditions. In mixed cropping systems, the
seeds are mixed in a desired ratio before sowing and then sown either in
rows or broadcast. There may not be any defined ratio of seed mixing. The
plant population of the crops grown together will be mixed and uneven. In
intercropping systems, the seeds of different crops are sown in defined row
proportions. The ratio depends on the component crops. The major objec-
tive of the mixed and intercropping systems is to ensure against the crop
failure due to uncertainties of weather or other factors that are detrimental
to achieving a good harvest. The assumption is that if one crop fails, the
other crop will provide some yield and total crop failure is thereby avoided.
Furthermore, the combined yield /net income of both the crops will be more
than the yield /net income of either of the sole crops. The selection of com-
ponent crops depends on their morphological features, rooting pattern,
growth phenology and type of economic yield. A number of mixed/inter-
cropping systems are followed in different soybean-growing areas. Inclu-
sion of a cereal in soybean-based cropping systems is a very common
feature in many areas. Some of the common mixed cropping/intercropping
systems involving soybean are listed in Table 2.2.

Table 2.2. Common mixed/intercropping systems involving soybean.

Country Mixed/intercropping system Reference(s)
Argentina  Soybean + sunflower Cerrudo et al. (2009)
China Soybean + tea (Camellia sinensis) Long et al. (2008)
Soybean + maize Ming and Ming (2004);
Nian and Cheng (2009)
Soybean + sugarcane (Saccharum Wen et al. (2004);
officinarum) Nian and Cheng (2009)
India Soybean + maize Bhatnagar and Joshi (1999)
Soybean + cotton Bhatnagar and Joshi (1999)
Soybean + pigeon pea (Cajanus cajan) Bhatnagar and Joshi (1999)
Soybean + sorghum (Sorghum bicolor) Bhatnagar and Joshi (1999)
Soybean + pearl millet (Pennisetum typhoides) Bhatnagar and Joshi (1999)
Soybean + sunflower Bhatnagar and Joshi (1999)
Soybean + finger millet (Eleusine coracana) Bhatnagar and Joshi (1999)
Soybean + groundnut Bhatnagar and Joshi (1999)
Iran Soybean + maize Mohammad (2009)
USA Soybean + maize Kanwar et al. (2005)
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Sequential cropping system

Soybean has become an important component crop in many traditional
sequential cropping systems worldwide. The timing of soybean in sequen-
tial cropping systems is mainly determined by the climatic conditions suit-
able for luxuriant growth and reduced occurrence of insect pests and
diseases, leading to bumper productivity. Sowing coinciding with the
beginning of the rainy season and maturity with the start of winter has been
found suitable in many soybean-growing areas the world over. However,
its cultivation has also been observed in other seasons where the distinction
between the seasons, especially with regard to the length of the photo-
period, is not very rigid (Bhatnagar and Joshi, 1999). Other important fac-
tors that determine the success of soybean in the sequential cropping
systems are the growing period available, soil moisture availability and
restrictions of other production parameters such as government legislation,
market trends, demand for the produce and so on.

When soybean is cultivated in a double-cropping system, a cereal either
preceding or succeeding is quite common. In addition, the introduction of
either an oilseed or fibre or another legume crop is not uncommon. Sequen-
tial cropping under rainfed situations is often limited due to a shortage of
moisture. However, under irrigated or assured rainfall conditions, such dif-
ficulties are easily overcome and double- or even triple-cropping involving
soybean is possible. Furthermore, sequential cropping is very common in
tropical and subtropical conditions rather than in temperate conditions due
to the short growing period available in the latter situation. Some of the
common sequential cropping systems involving soybean, followed in dif-
ferent agroclimatic situations, are listed in Table 2.3.

2.3 Biological Nitrogen Fixation by Soybean

One of the major features of soybean that makes it an attractive crop in
many cropping systems is its efficient BNF in association with Bradyrhizo-
bium in the root nodules; soybean thereby requires low nitrogen supplies in
the form of chemical fertilizers for meeting its own nitrogen requirement.
The quantum of nitrogen fixed varies with the climatic conditions experi-
enced during growing period, soil conditions, agronomic practices fol-
lowed, genotype and so on. There is a wide variation in the proportion of
nitrogen derived from nitrogen fixation and the quantum of nitrogen fixed
by soybean (Table 2.4), and this is clearly due to the diverse conditions
under which it is cultivated in different countries. Furthermore, the meth-
ods used to quantify the exact amount of nitrogen fixed by the crop are not
always accurate. The nitrogen fixation is often quantified by indirect meth-
ods rather than the most accurate methods such as ®N techniques. Each
method has its own merits and limitations (Unkovich and Pate, 2000; Her-
ridge et al., 2008). Nonetheless, all of these reports bring to the fore the
undisputed fact that the BNF is of great importance in soybean.
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Table 2.3. Common sequential cropping systems involving soybean.

Country Sequential cropping system Reference

Argentina  Wheat (Triticum aestivum)—soybean Monzon et al. (2007)
Groundnut-maize—soybean Meriles et al. (2006)

Australia Soybean—cotton Rochester et al. (1998, 2001)
Soybean—-maize Peoples et al. (2008)

Brazil Soybean—wheat Borkert (1990); Alves et al. (2003)
Oats (Avena sativa)—-soybean Alves et al. (2003)

China Wheat-maize—soybean Zhu and Yu (2007)
Maize—soybean relay cropping Zhu et al. (2007)
Cotton—soybean Jun et al. (2005)

India Central Zone Bhatnagar and Joshi (1999);
Soybean-rapeseed/mustard, Reddy et al. (2007); Nemade
soybean—chickpea (Cicer arietinum), et al. (2008); Singh et al.
soybean-lentil (Lens culinaris), (2008); Vyas et al. (2008)
soybean—wheat, soybean—potato
(Solanum tuberosum),
soybean—safflower

Southern Zone
Wheat-soybean—finger millet-French
bean (Phaseolus vulgaris),
oats—cowpea (Vigna sinensis)-barley
(Hordeum vulgare)-soybean,
soybean—wheat—groundnut,
soybean—tobacco (Nicotiana spp.)
North Zone
Soybean—wheat, soybean—chickpea,
soybean-safflower, soybean—mustard
North Hill Zone
Soybean—wheat, soybean—barley
Nigeria Soybean—maize Sanginga (2003); Okogun et al.
(2005)
USA Maize—soybean Zhu and Fox (2003); Jagadamma

Wheat-soybean
Soybean—-maize

Soybean—sorghum
Maize—wheat-soybean

et al. (2008)
Cordell et al. (2006)
Gentry et al. (2001); Varvel and
Wilhelm (2003)
Varvel and Wilhelm (2003)
Hong et al. (2004)

How much nitrogen soybean fixes is an important question, but it is
very difficult to give the ‘correct’ answer because nitrogen fixation is influ-
enced by many diverse factors. Unkovich and Pate (2000) compiled infor-
mation from the literature and reported that nitrogen in soybean shoot
could be 0-450kg ha™!, with the percentage of soybean nitrogen derived
from the atmosphere (%Ndfa) being 0-95%. These authors further sug-
gested that under irrigated conditions, average atmospheric nitrogen
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Table 2.4. Proportion of nitrogen derived from nitrogen fixation (P
soybean in different countries.

) and nitrogen fixed by

fix:

Py (%) Nitrogen fixed (kg ha™")
Country Mean Range Mean Range Reference
Australia 83 73-90 371 246-488 Rochester et al. (1998)
72 - - 290-364 Chapman and Myers (1987)
95 - - 289-312 Chapman and Myers (1987)
- 81-87 - 435-488 Rochester et al. (2001)
53 13-73 178 42-311 Peoples et al. (1995)
- 0-83 - 0-233 Herridge and Holland (1992)
- 49-83 - 41-117 Peoples et al. (2008)
Brazil - 70-85 - 70-250 Alves et al. (2003)
India - 13-81 - 7-53  Singh et al. (2004)
Nigeria - 6-81 - - Okogun et al. (2005)
- 26-64 - 24-168 Sanginga et al. (1997)
- 84-87 - 14-188 Eaglesham et al. (1982)
- - - 38-126 Sanginga (2003)
- 39-54 - 51-78 Osunde et al. (2003)
Switzerland - 24-54 - 150-260 Oberson et al. (2007)
Tanzania - 36-78 - 23-83  Okogun and Sanginga (2003)
USA 57 0-96 84 0-185 Russelle and Birr (2004)

fixation by soybean is around 175kg N ha™! for shoots (about 248 kg includ-
ing roots), whereas under rainfed conditions it is around 100kg N ha™
(142kg including roots). About 50-60% of the nitrogen demand of soybean
crop is met by BNF (Salvagiotti et al., 2008). The total nitrogen fixed by soy-
bean annually in four major soybean-producing countries (USA, Brazil,
Argentina and China) is estimated to be 16.44 Tg (Herridge et al., 2008), with
an average %Ndfa of 68%.

Earlier studies, based on root excavations, suggested that root nitrogen
represents only a small proportion of the total plant nitrogen (Bergersen
et al., 1989). However, recent studies with N feeding have clearly indicated
the much higher amounts of nitrogen in roots (Rochester et al., 1998;
Unkovich and Pate, 2000; Herridge et al., 2008; Peoples et al., 2008). Nodu-
lated roots and rhizodeposition of nitrogen during the growth of a legume
crop may account for 30-50% of the total nitrogen in the crop (Peoples et al.,
2008). This clearly shows that the earlier estimates of nitrogen fixation by
soybean published in the literature were underestimates.

The BNF efficiency depends on: (i) climatic factors (temperature and
photoperiod); (ii) the interaction between environmental factors and the
soybean plant, such as the efficiency of a soybean cultivar in fixing atmo-
spheric nitrogen, soil fertility conditions and macro- and micronutrient sup-
ply; and (iii) bacterial strain competitiveness, the amount and the quality of
the inoculant, the care in the inoculation process and the absence of antago-
nistic agrochemicals on the seed (Campo and Hungria, 2004). In Brazil,
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several efficient imported Bradyrhizobium strains have been found to be
unable to compete with native soil microflora and other previously intro-
duced Bradyrhizobium strains when they were introduced for the first time;
after some acclimatization, however, these strains became much more effi-
cient (Alves et al., 2003). Alves et al. (2003) further reported that the selection
of an appropriate strain of Bradyrhizobium is a prerequisite for increasing
BNF efficiency. Various other factors may also influence nitrogen fixation in
soybean, as described below.

Edaphic factors

Soil is the most important factor influencing the rate and amount of nitro-
gen fixation in soybean. The physical, chemical and biological characteris-
tics of soil have a profound influence on BNF activity. Among the physical
properties of soil, the type, texture and structure, having an effect on water-
holding capacity, groundwater table and so on, affect the nitrogen-fixing
microbes and thereby the amount of nitrogen fixed. In general, loamy and
clay soils favour better nitrogen fixation than sandy soils. This is attributed
to the poor microbial activity and lesser water-holding capacity of the latter
types of soil. On the other hand, soils with water pooling on the surface for
unusually longer periods after rains or heavy irrigations or shallow ground
water affect the aeration in the rhizosphere and consequently the microbes
involved in nitrogen fixation (Puiatti and Sodek, 1999). Soils rich in availa-
ble nitrogen tend to subdue the activity of nitrogen fixation (Bo et al., 1997).
In addition, soils inherently high in salts or acidity leading to either unusu-
ally high or low pH affect nitrogen fixation. Lack of organic matter in the
soil is often a major factor, resulting in little or no microbial activity and
rendering BNF less effective. Waluyo et al. (2004) reported that under acidic
soil conditions, calcium and phosphorus were limiting factors for BNF.

Crop factors

Among crop factors, the genetic constitution of the crop, its compatibility
with nitrogen-fixing microbes, crop duration, different phenological stages
and yield potential have all been found to affect the quantum of BNF
(Nicolas et al., 2006; Abaidoo et al., 2007). Reports indicate the variability of
varieties in influencing the nitrogen fixation activity of microbes (Farnia
et al., 2005). Furthermore, the duration of different phenological stages and
total crop duration also have an important role (Shiraiwa et al., 1994; Botha
et al., 1996). Since BNF starts only after the initial seedling growth stage, the
time taken for initiating the vegetative phase will determine the time period
available for BNF. Likewise, BNF tends to decline with the onset of pod-
ding and the grain-filling stage. Thus, the different phenological phases
decide the total amount of nitrogen fixed. Finally, high-yielding varieties
requiring rapid translocation of photosynthates as well as longer time
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periods tend to affect the rate and amount of nitrogen fixed by the crop
(Pandey, 1996; Chechetka et al., 1998).

Climatic factors

Climatic factors (i.e. temperature and rainfall) affect the activity of the
microbes involved in BNF. Very high or very low ambient temperatures
affect soil temperatures. In spite of soil’s great buffering capacity, there
seems to be sufficient fluctuation in the soil temperature to affect the effi-
cacy of nitrogen-fixing microbes (Shiraiwa et al., 2006). Rainfall, in terms of
both quantity and distribution, affects the normal functioning of the crop as
well as of the microbes. Heavy downpours resulting in waterlogging and
long dry spells leading to moisture stress equally influence the efficiency of
BNF activity and thus affect the amount of nitrogen fixed (Sung, 1993;
Sridhara et al., 1995; Jung et al., 2008).

Management factors

Various agronomic practices (i.e. time of sowing, depth of sowing, cropping
practices such as sole or intercropping, tillage operations, seed inoculation,
irrigation method and frequency, use of plant protection chemicals, inter-
cultivation practices and so on) have a profound influence on microbial
activity, rhizosphere aeration and crop performance. These, in turn, influ-
ence the rate of nitrogen fixation. Seed inoculation with efficient strains of
Bradyrhizobium, a starter dose of nitrogen through fertilizers, light irriga-
tions to avoid waterlogging and avoiding the use of plant protection chemi-
cals that harm the microbes, positively influence the BNF and lead to greater
amounts of nitrogen fixation. On the other hand, untimely sowing, a poor
or uneven plant stand, lack of seed inoculation, heavy doses of nitrogen
fertilizers and so on, result in shy nodulation and a lower amount of nitro-
gen fixation. In an experiment to study the impact of different residue man-
agement and tillage practices, no significant difference in soybean yield or
nitrogen accumulation was observed, but BNF was higher in zero tillage as
compared to conventional tillage (Alves et al., 2002). Hughes and Herridge
(1989) reported higher number of nodules, nodule dry weight, nitrogen fix-
ation and nitrogen balance in soil in a no-tilled condition than in a tilled
one. Tillage stimulates mineralization of organic matter in the soil; this
results in the availability of high levels of nitrate, which may depress nodu-
lation and nitrogen fixation. It implies that no-tillage conditions are pre-
ferred to repeated tillage operations as far as BNF is concerned.

2.4 Effects of Soybean on Soil Properties

Cultivation of soybean has been observed to influence the different proper-
ties of soil. This may be attributed to two major factors: (i) a deep and



32

G. Singh and B.G. Shivakumar

well-proliferated tap-root system; and (ii) the addition of a large quantity of
biomass by way of roots left in the soil after the harvest of the aboveground
portion and the addition of litter through leaf-shedding prior to harvest in
many cultivated varieties. Even assuming a modest 1:3 root to shoot ratio, a
crop yielding 2t of grain at a harvest index of 0.33 tends to add about 2t of
root biomass underground and another 1t of biomass in the form of litter.
The addition of this much biomass by a crop growing for around 4 months
will obviously influence soil properties. The effects of soybean cultivation
on different soil properties are described below.

Chemical properties

The important chemical properties influenced by soybean are related to the
status of different essential nutrients. As the crop is capable of fixing atmos-
pheric nitrogen in association with Bradyrhizobium, it is often observed to
influence the nitrogen balance in the soil. In addition, as soybean is usually
grown with a large dose of phosphorus and potassium, the status of these
elements in the soil also tends to be affected by the cultivation of soybean.
The addition of a sizeable quantity of crop residues is likely to influence
many other chemical properties of the soil. Gawande et al. (2007) reported
significant nitrogen, phosphorus and potassium build-up in soil in soybean-
based cropping systems. Shoko and Tagwira (2007) also observed signifi-
cant improvements in chemical properties with the introduction of soybean
to sugarcane production systems.

Organic carbon

In a soybean-wheat cropping system, over a period of 30 years, soil
organic carbon has been found to increase by 29% to 104% with the use
of different combinations of nitrogen, phosphorus, potassium and farm-
yard manure (FYM) (Bhattacharyya et al., 2008). Even in the unfertilized
control, soil organic carbon increased by 9% over 30 years, possibly due
to carbon addition through the roots and crop residues, as each year
about 124 kg ha™! leaf-fall biomass of soybean and 85kg ha™! stubble bio-
mass of wheat was added to the soil under this treatment. The organic
carbon content in soil has been found to be higher in a maize + soybean—
wheat cropping system than in a maize-wheat system (Sharma and
Behera, 2009).

Nitrogen

Nitrogen is one of the most dynamic nutrients present in the soil. Due to
several chemical reactions associated with this nutrient, it is difficult to
quantify the effect of soybean on this element. However, several studies
(Bhatia et al., 2001; Joon et al., 2005; Ho et al., 2008) have conclusively proven
the positive effect of soybean cultivation on nitrogen availability after the
harvest of soybean. Furthermore, the increased availability of nitrogen in
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the soil has also been linked to mineralization of soybean crop residues left
in the soil due to leaf shedding and root biomass (Toomsan et al., 1995).

The incorporation of soybean residues has been found to increase the
nitrogen content in the soil (Galal and Thabet, 2002). When soybean was
grown as a sole crop or intercropped with maize it added residues to the
tune of 4.84 and 1.75-2.36t ha™!, respectively, with corresponding nitrogen
addition of 60.0 and 21.7-29.3kg ha™! (Sharma and Behera, 2009). After two
years, the apparent nitrogen balance was positive (+59.4kg ha™!) in the case
of a maize + soybean-wheat cropping system and negative (-6.1kg ha™!) in
the case of a maize-wheat system (Sharma and Behera, 2009). In many areas,
soybean biomass is removed from the field after harvest. Under such situa-
tions, only the residual biomass of soybean is the source of nitrogen. In India,
the residual biomass of soybean, comprising leaf-fall, root, nodules and rhi-
zodeposition, contributes nitrogen in the ranges of 7.02-16.94, 11.65-28.83,
3.31-8.91, and 11.30-23.80kg N ha™!, respectively (Singh et al., 2004).

In a soybean-wheat cropping system, the total soil nitrogen has been
found to increase by 51-86% with the application of nitrogen, phosphorus,
potassium and FYM over a 30-year period, compared with a 23% increase
in an unfertilized control (Bhattacharyya et al., 2008). Ramesh and Reddy
(2004) reported that soybean-based cropping systems enrich the soil nitro-
gen, especially with the application of recommended doses of nitrogen.

Phosphorus

Phosphorus is another element that has been found to be influenced by the
cultivation of soybean. However, whether it is positive or negative balance
depends on the initial available status in soil and phosphorus added in the
form of fertilizers. Since a sizeable quantity of applied phosphorus in addi-
tion to a lot of crop residue remains in the soil, this element is likely to
become enriched in areas where regular fertilization has been in vogue.
Shoko and Tagwira (2007) observed a significant increase in soil phospho-
rus with soybean introduction as a break crop in sugarcane production sys-
tems. In a long-term trial with soybean-wheat, the available phosphorus
content was increased by 25-50% with the application of phosphorus ferti-
lizer and FYM (Bhattacharyya et al., 2008).

Potassium

The extent of the effect of soybean cultivation on potassium dynamics in
soil is variable and complicated. Since there is equilibrium in the different
types of potassium (i.e. fixed and available), it is often difficult to study the
minor fluctuations consequent to soybean cultivation. However, application
of suboptimal doses of potassium over a period of time may deplete the
total soil potassium (Bhattacharyya et al., 2006). The available soil potassium
content may not increase, despite the application of potassium fertilizer,
due to its removal by not only soybean but also by other crops in the rota-
tion (Kundu et al., 2007; Bhattacharyya et al., 2008). Gawande et al. (2007)
observed a higher build-up of potassium after a soybean—sorghum cropping



34

G. Singh and B.G. Shivakumar

sequence as compared to other grain legume-based cropping systems,
indicating a positive effect of soybean on potassium build-up in soil.

Other parameters

Other important chemical parameters that are likely to be influenced fol-
lowing cultivation of soybean are pH and electrical conductivity. A sub-
stantial quantity of biomass is added to the soil with every crop. This is
likely to increase the organic matter content. Furthermore, with this, the
increase in organic carbon content and other ions, cation exchange capacity
and electrical conductivity are also likely to be affected.

Physical properties

The deep and well-spread tap-root system of soybean, resulting in a tilling
effect to the soil, coupled with the addition of a large quantity of biomass
through the roots and leaf shedding, tends to improve the physical proper-
ties of the soil. The impact is more pronounced in the lighter soils and under
those conditions where the inherent organic matter content is less and its
degradation rate slow. In tropical conditions, however, the impact is less
owing to the faster degradation of organic matter due to high temperatures.
The effect could mostly be on the soil bulk density, aeration, infiltration and
water-holding capacity (Bhattacharyya et al., 2008). Soil strength, measured
as cone penetrometer readings during the cotton growing phase, has been
found to be significantly lower when cotton was sown after soybean as
compared with after continuous cotton (Rochester et al., 2001).

Biological properties

The biological properties of soil have been reported to be influenced by soy-
bean cultivation (Adeboye and Iwuafor, 2007; Bhattacharyya et al., 2008).
The micro- and macro-flora and fauna of the soil are benefitted by soybean
cultivation. This is possibly due to the rooting pattern, leading to good aera-
tion in the rhizosphere, and the addition of crop biomass, enriching the
organic matter content that forms the basis for biological activity in the soil.
In a cropping system experiment, higher nitrate-nitrogen, hydrolysable-
nitrogen, protease and microbial activities were detected in samples col-
lected at maize flowering and harvest from a soybean—-maize rotation than
from maize monoculture, indicating the existence of larger labile nitrogen
pools and higher capacity for nitrogen mineralization in soils under maize
rotated with soybean than under maize grown in monoculture (Conti et al.,
1998). In another experiment, Long et al. (2008) reported that soybean inter-
cropped with tea significantly improved the microecology of the tea planta-
tion by reducing weed growth and pest and disease occurrence, and
increased tea yield and improved the economics of the tea plantation.
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Allelopathic effects

Long-term continuous cultivation of soybean results in a decline in soybean
yield (Liu and Herbert, 2002; Kelley et al., 2003). This may be due to many
reasons, including root diseases, insect pests and nematodes, imbalance of
the soil environment or deterioration of soil properties, change of rhizo-
sphere microbes or toxicity of residual and root exudates. Decomposed root
material, due to the allelopathy phenomenon, may decrease the germina-
tion, growth and yield of soybean (Liu and Herbert, 2002). Crop rotations,
rather than continuous soybean cultivation, help in enhancing soybean
yields (Kelley et al., 2003). In a long-term (30-year) study with a soybean-
wheat cropping system, no allelopathic-related yield reduction in soybean
was observed (Kundu et al., 2007; Bhattacharyya et al., 2008). Soybean may
have allelopathic effects on weeds and, therefore, could help in weed man-
agement. For example, Rose et al. (1984) reported that soybean root exu-
dates reduced the dry weight of velvetleaf (Abutilon theophrasti), but did not
inhibit foxtail millet (Setaria italica).

The growth of double-crop soybean following winter wheat is adversely
affected due to wheat straw leachate (Hariston et al., 1987). Supplemental
application of nitrogen, however, overcomes depressed growth and yield
of soybean.

2.5 Effects of Soybean on Diseases, Insect Pests and Weeds

As with other crops, soybean has its own set of diseases and insect pests
specific to it. However, barring a few diseases and insect pests, the fre-
quency of occurrence and extent of damage is comparatively less than for
other crops. It has been observed that most of the diseases and insect pests
have their own hot spots, beyond which their prevalence and damage is by
and large limited. Prominent diseases such as yellow mosaic virus, soybean
mosaic virus and soybean rust and insect pests such as stem borers, defolia-
tors, leaf miners, pod borers and sap feeders are observed in this crop.

Diseases
Soybean per se may not have a great effect on the proliferation of diseases
of other crops. However, it has been found to check the spread of several
diseases by affecting their life cycle when used as a component crop in
cropping systems (Gil et al., 2008; Qun et al., 2008).

Insect pests

Many insect pests are crop-specific and, in the absence of such a specific
host, there is less likelihood of them occurring on a regular basis and
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Weeds

attaining threshold level. Soybean, if used appropriately as an inter/mixed
crop or in a sequential cropping system, has a positive role in preventing the
insect pest cycles of other crops. The effects of intercropping castor (Ricinus
communis) and black soybean on the biological prevention and control of
major pests have been investigated by Hua et al. (2003). They observed that
intercropping castor and black soybean had a significant effect on the pre-
vention and control of A. glycines and L. glycinivorella, but the effect
depended on the cultivar. When castor and black soybean 1, which had
weak resistance to pests, were intercropped, the number of aphids per plant
and the rate of pest damage decreased by 61.5% and 16.2%, respectively,
compared with single cropping. When castor and black soybean 2, which
had high resistance to pests, were intercropped, the number of aphids per
plant decreased by 32.4% compared with single cropping. When castor and
the two black soybean cultivars were intercropped with the same row
arrangement (2:4), the effect on the prevention and control of A. glycines
and L. glycinivorella was better. In another study, a significant difference in
the weight of maize earworm larvae, which were allowed to feed on differ-
ent genotypes of fodder soybean, was observed, indicating the positive
effect of fodder soybean in controlling the earworm larvae in maize (Javaid
et al., 2006).

Maize grown after soybean has been found to have lesser Striga hermonthica
parasitism as compared with maize grown after sorghum (Carsky et al.,
2000). However, more studies are required.

2.6 Residual Effects of Soybean on Succeeding Crops

Due to its deep and well-proliferated tap-root system conferring many posi-
tive features on the soil, capability to fix atmospheric nitrogen and provi-
sion of a large quantity of root biomass as well as litter by way of leaf
shedding, soybean is able to leave behind many beneficial residual effects
for the succeeding crop in sequential cropping systems. Because soybean is
partially independent of soil nitrogen, relying mostly on nitrogen from bio-
logical fixation, soil nitrogen may be left to be used for further cropping,
which may explain the benefits observed in the field in crop rotation sys-
tems with soybean.

Productivity

Soybean has several residual effects on the succeeding crop. These include
improved soil conditions, increased soil fertility, higher moisture conserva-
tion and a reduced incidence of insect pests and diseases. Many positive
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effects of soybean on companion crops in intercropping and succeeding
crops in rotation have been observed. Intercropping of soybean has
improved soil fertility and promoted larch (Larix decidua) growth in north-
east China (Wang et al., 2006).

Increased productivity of the succeeding crop represents the sum total
of all beneficial effects of previous soybean. Rotation between cotton and
soybean has considerable economic, ecological and social benefits (Jun et al.,
2005). After an experiment to study the residual effect of soybean on the
succeeding crop of maize, Osunde et al. (2003) reported significantly greater
plant height, shoot biomass, grain yield and nitrogen uptake of maize in
plots previously sown to soybean than in previously fallow plots. A late-
maturing genotype exhibited better residual effects than a medium-maturing
genotype. Grain yields of maize, when rotated with soybean, were observed
to be greater than with continuous maize, indicating a positive influence
of including soybean in the system (Carsky et al., 1997; Lamb et al., 1998;
Gentry et al., 2001). In Brazil, yields of winter cereal are higher after soybean
than after maize or a fallow, which may be due to nitrogen input through
BNF by soybean (Alves et al., 2003). In a wheat-soybean-wheat sequence, it
was noted that wheat planted after soybean produced a higher grain yield
than that grown before soybean (Kumbhar et al., 2007).

In the case of soybean, 90-100% of its leaves are shed at physiological
maturity, containing about 110kg N ha™'. This source of nitrogen might be
one of the factors responsible for the increase in maize yield that followed
soybean (20-24%) compared with a continuous maize plot (Okogun ef al.,
2007). Alves et al. (2002) opined that the benefit to the subsequent crop was
due to the release of nitrogen from extremely labile soybean residues of low
carbon to nitrogen ratio and not because of a net gain of nitrogen from BNF.
The grain yield of wheat has been found to be higher after maize + soybean
intercropping than after sole maize (Sharma and Behera, 2009), possibly
due to the incorporation of soybean residue, having 21.7-29.3kg N ha™..

Nitrogen economy

Soybean fixes a lot of atmospheric nitrogen with the symbiotic relationship
with Bradyrhizobium. A substantial portion of this is used by the growing
soybean, but some is left unused in the soil and some in the nodules. Once
soybean is harvested, this leftover nitrogen is available to the next crop. The
extent of this leftover nitrogen depends on the efficiency of BNF and utili-
zation by the crop. Furthermore, it is also influenced by the prevailing envi-
ronmental conditions and the ability of the succeeding crop to utilize
nitrogen. Some estimates of nitrogen balance/residual fixed nitrogen by
soybean are given in Table 2.5.

In long-term studies with soybean-maize and soybean-sorghum
cropping systems, it was found that maize and sorghum obtained 65 and
80kg N ha™! from soybean, respectively (Varvel and Wilhelm, 2003). Wheat
planted after soybean required 21kg N/ha™! less than wheat planted after
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Table 2.5. Estimates of nitrogen balance/residual fixed nitrogen by soybean.

Succeeding Nitrogen balance/residual

Country crop fixed nitrogen (kg ha™") Reference

Australia Cotton +73 to +284 Rochester et al. (1998)
Australia Pasture +55 to +110 Hughes and Herridge (1989)
Australia Soybean —75 to +109 Hughes and Herridge (1989)
Australia Cotton +243 to +266 Rochester et al. (2001)
Australia - —69 to +45 Herridge and Holland (1992)
Nigeria Maize +10 to +24 Sanginga (2003)
Switzerland - —140 to —300 Oberson et al. (2007)

grain sorghum (Staggenborg et al., 2003). At maturity, there may be 37kg
N ha™' in the roots and stem bases of soybean and 30-68kg N ha™! in above-
ground plant parts (excluding seed) (Chapman and Myers, 1987), which is
all available for use by the succeeding crop. In this study, soybean was
found to offer the possibility of a marginal reduction in the nitrogen ferti-
lizer need of the succeeding rice (Oryza sativa) crop, with greater benefits
when residues were incorporated. Maize crop sown after soybean required
about half of the nitrogen fertilizer required by continuously cropped maize,
as soybean added the equivalent of 150kg fertilizer N ha™! (Omay et al.,
1998). Fortuna et al. (2008) observed that soybean coupled with tillage
reduced the fertilizer nitrogen requirement of maize in maize-soybean
rotation.

2.7 How to Improve Contributions of Soybean in Agriculture?

BNF is beneficial to the environment (Jensen and Hauggaard-Nielsen, 2003)
and is an important source of nitrogen in agriculture, which needs to be
further enhanced by various means including agronomic, microbiological
and plant breeding (Hardarson and Atkins, 2003). However, the breeding
approach for enhanced atmospheric nitrogen fixation has not been a suc-
cess in soybean (Herridge et al., 2001).

Soybean has great potential. It has the capability to fix a large quantity
of atmospheric nitrogen. Nitrogen fixation has a large role in meeting the
nitrogen requirements of the crop as well as, to some extent, those of the
succeeding crop in the system. However, the present BNF realizations are
quite low and there are prospects for improving this. It requires an under-
standing of the production factors and ironing out the areas that are pulling
down the potential of this crop.

Very high seed yields (6000-8600kg ha™') of soybean have been reported
from various research studies and national soybean contests in the USA
(Cooper, 2003). Soybean seed is rich in protein, and therefore a very high
nitrogen requirement is expected for obtaining such high yields. Although
some amount of this nitrogen requirement may be met through soil nitrogen
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and fertilizer nitrogen, the role of BNF becomes more important due to the
high cost involved with fertilizer nitrogen, along with other environmental
considerations of fertilizer production and use.

Bradyrhizobium inoculation of soybean seed increases the seed yield of
soybean substantially and the response is further enhanced with the use of
Bradyrhizobium inoculation plus 26kg P ha™! (Ndakidemi et al., 2006). An
increase in nodulation, seed yield and seed nitrogen content is possible only
when seed is inoculated with effective and adequate number of rhizobia
(Albareda et al., 2009). Substantial losses of viability of inocula (94.0-99.9%)
may occur between inoculation and sowing (Brockwell et al., 1988); there-
fore, the inoculation method should be such that there are no or minimum
losses of rhizobia. It has now been amply established that there are wide
variations in the ability of Bradyrhizobium strains to affect BNF. Screening
for Bradyrhizobium strains appropriate for different soil conditions, agrocli-
matic conditions and cropping systems can improve BNF with no cost
involved. Furthermore, screening of native strains for their competitiveness
is another way of knowing if microbes are a limiting factor. The use of bio-
technological tools for incorporating the genes suitable for enhancing BNF
in Bradyrhizobium strains needs to be attempted.

Inappropriate production practices often hamper the potential of BNF
in the system. Genotypes/breeding lines of soybean differ in %Ndfa and
the amount of nitrogen fixed (Osunde et al., 2003; Sanginga, 2003; Houng-
nandan et al., 2008). Genotypes with a high BNF potential along with high
seed yields therefore need to be grown. Timely and appropriate methods of
sowing, the application of a starter dose of nitrogen and sufficient quantity
of other nutrients, irrigation practices devoid of waterlogging or moisture
stress, the use of plant protection measures less detrimental to microbes in
the soil and so on can pave way for improved BNF.

No-till sowing should be encouraged for enhanced nitrogen fixation. In
the Pampas region of Argentina, most of the soybean area (approximately
90% of a total 12 x 10°ha) is under no-till cultivation (Austin et al., 2006). In
Brazil, no-till is followed in almost 50% of soybean-based crop rotations and
the yields are similar to those of the conventional tillage system (Alves
et al., 2003). Under moderate levels of soil nitrate, the number and dry
weight of nodules, amount of nitrogen fixed, proportion of nitrogen fixed
and nitrogen balance by soybean are higher in no-tillage system than in cul-
tivated ones (Herridge and Holland, 1992).

Most soils used for soybean cultivation have 5-10pg N g7 in 0-30cm
depth. However, higher soil NO,~ levels (30ug N g™ in 0-30cm depth)
delay nodule initiation, retard nodule development, reduce the extent of
nodulation and consequently impair nitrogen fixation (Herridge et al., 1984).
Therefore, for obtaining high levels of nitrogen fixation, soils high in soil
nitrate should not be selected for soybean cultivation or soil nitrate should
be exhausted prior to sowing by including a nitrogen-demanding crop in
the cropping system. In areas where soybean nodulation is poor due to high
temperature, thermotolerant bradyrhizobial strains should be selected and
used (Rahmani et al., 2009).
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Nutrition should be optimum and balanced. Phosphorus deficiency
decreases plant growth, photosynthetic rate, nodule dry weight and BNF in
soybean (Chaudhary et al., 2008). An adequate supply of phosphorus will
enhance BNF by stimulating plant growth. An optimum dose of nutrients
should not be supplied to soybean only, but to all of the crops in the crop-
ping system through chemical fertilizers and organic manures such as poul-
try manure, vermicompost and FYM so that optimum nutrient status is
maintained in the soil (Behera et al., 2007; Behera, 2009), subsequently ensur-
ing higher rates of BNF.

2.8 Conclusions

Soybean is an important oilseed crop in the world. It can be grown in vari-
ous inter/mixed and sequential cropping systems. BNF is an important
source of nitrogen for the soybean crop. Nitrogen fixed by the soybean crop,
its roots, leaves shed during crop growth and residue at harvest contribute
greatly to improving the chemical, physical and biological properties of soil.
Improvements in such soil properties help in obtaining high yields of the
succeeding crops in the rotation. Furthermore, the nitrogen requirements of
the succeeding crops following soybean are reduced, thereby reducing the
costs of cultivation for raising the crops and consequently increasing the net
income to farmers. There are many means that can help in further improv-
ing BNF in soybean and, therefore, the soybean crop has the potential to
play an even greater role in sustainable agriculture.
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The process of plant growth and development is important to the successful
adaptation of a species to its geographic and climatic environment. Adapta-
tion of a species to the growing season of a region ensures the species’
reproductive success. In annual species, the seed must germinate, grow,
flower, set seed and mature within the growing season or risk reproductive
failure. The developmental process can also be important in improving a
crop’s yield potential. The yield potential of a crop can be improved by tai-
loring the occurrence of important developmental phases to coincide with
the occurrence of favourable ambient conditions.

Advances in plant breeding have resulted in the development of crop
species that are adapted to a number of geographic and climatic regions of
the world, thereby extending their area of production from the initial region
of adaptation. Geographical and historical evidence suggests that soybean
(Glycine max (L.) Merrill) first emerged as a domesticate in the eastern part
of northern China (c. 1500-100 Bc) (Hymowitz, 2004). From there, the crop
was introduced into other regions of Asia; soybean landraces have been
found in Japan, Indonesia, the Philippines, Vietnam, Thailand, Malaysia,
Myanmar, Nepal and north India. Interest in the crop grew in Europe and
the USA in the early 1900s. In the USA, soybean was grown predominantly
as a forage crop for many years, before it was grown for grain (Probst and
Judd, 1973). Today, the crop is produced throughout the world including
much of North America, South America and Asia. The USA and Brazil are
the world’s largest producers of soybean.

Soybean belongs to the family Fabaceae, genus Glycine and subgenus
Soja (Moench) F.J. Herm. This subgenus is comprised of the annuals of
the genus. The cultivated soybean has an erect, bushy and annual growth
habit. The form and structure of a soybean plant varies vastly. This
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variation is partly due to selection pressures during the development
of landraces in East Asia. In East Asia soybean has been grown for a vari-
ety of specialty uses such as for food, feed, medicinal, religious and cere-
monial purposes (Hymowitz, 2004). Researchers have detailed much of
the vegetative and reproductive morphological characteristics of the
soybean plant (Carlson, 1973; Carlson and Lersten, 2004; Lersten and
Carlson, 2004).

The growth and developmental processes of a crop can have important
implications on the success of the plant as a crop species. Soybean produc-
tion today includes production areas that are widely disparate from its
region of origin. This crop’s wide geographic adaptation, reproductive suc-
cess and yield potential are at least in part due to the nature of its growth
and development processes. The aim of this chapter is to give an overview
of the vegetative and reproductive structures of soybean and then discuss
the environmental and genetic factors that control soybean growth and
development from seedling to maturity.

3.2 Vegetative and Reproductive Morphology

Leaves

The soybean plant has four different leaf structures: seed (cotyledon)
leaves, primary (unifoliolate) leaves, trifoliolate leaves and prophylls.
The pair of seed leaves are oppositely arranged and occur first on the
plant. Next are a pair of ovate-shaped, oppositely arranged, primary
(unifoliolate) leaves. The node refers to the part of the stem where the
leaves attach. The first two leaf types occur on the first two nodes
(Fig. 3.1). All subsequent nodes have the alternatively arranged, trifolio-
late leaves. Individual leaflets have entire margins and range in shape
from oblong to ovate to lanceolate. On occasion, the alternatively arranged
leaves may have four to seven leaflets and lateral leaflets may fuse with
the terminal leaflets. Pulvini are found at the point of attachment of the
petiole to the stem of each primary and trifoliolate leaf (Fig. 3.1). Smaller
pulvini occur at the base of each petiolule. Changes in pulvinar osmotic
pressure allow for the diurnal movement of soybean leaves and leaflets
(Lersten and Carlson, 2004). Prophylls are the fourth leaf type. They occur
as small pairs of simple leaves, found at the base of lateral branches and
the lower part of the pedicel of each flower (Hicks, 1978). Prophylls lack
petioles and pulvini.

All commercial cultivars of soybean are pubescent. Trichomes can be
found on leaves, stems, sepals and pods. There is genetic variation for tri-
chome density, which includes glabrous genotypes, although these are not
generally commercially viable as they are prone to heavy insect damage.
Stomata are present on both the adaxial and abaxial leaf surfaces, with
significantly more stomata on the abaxial surface (Carlson, 1973).
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Fig. 3.2. Transverse section of an intact soybean stem (4x), with a large central pith, a
circular arrangement of vascular bundles and a narrow cortex below the epidermis. The
detailed vascular bundle (10x) shows the xylem region (primary and secondary xylem), the
cambium and the phloem region (phloem and phloem fibres).

Stems

The mature primary stem consists of a central pith of thin-walled paren-
chyma cells lacking chloroplasts, a zone of vascular bundles arranged in a
circular pattern and a cortex layer between the vascular bundles and the
epidermis (Fig. 3.2). The trichomes on the epidermis resemble those