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Field weathering is the main limitation for producing high quality soybean seeds in the
tropics. The purpose of this study was to identify DNA markers linking to the field weathering
resistance genes, and to use the developed markers for assisting selection in breeding programs.
The field weathering resistance of soybean Chiangmai 60 (CM60) and GC10981 was tested by
seven treatments. The modified incubator weathering (yellow pods were incubated at 30C for 7
days) and controlled deterioration (dry seeds were soaked in distilled water for 60 minutes and
then incubated at 41C for 3 days) showed wide-range differences in germination and viability
between CM60 and GCI10981. These two methods were further used to evaluate the field
weathering resistance of 139 F, progenies derived from the cross CM60/GC1098]1. The
germination and viability of the seeds subjected to both treatments showed a normal distribution.
This result revealed that field weathering resistance might be controlled by polygene. According to
the germination and viability of the treated F, seeds, six resistant F, plants and seven susceptible
F, plants were pooled for bulk segregant analysis (BSA). The genotypic difference of the DNA
pools could not be identified by 198 RAPD primers. However, five field weathering resistance
linked polymorphic DNA bands were identified from 2,162 AFLP markers. The S DNA fragments
were cloned and sequenced. PCR primers were designed from the sequences to amplify the related
DNA fragment from the soybean genomic DNA of 139 F, progenies. It was found that marker
Eaag/Mcac-233 and Eact/Mctt-157 were in the same linkage group with a genetic distance of 25.8
cM. A major QTL controlling the field weathering resistance was identified between these two
markers located at 14 cM from marker Eaag/Mcac-233. This QTL explained 29.7% of the
variation in weathering resistance. Seven F, plants were selected by marker assisted selection
(MAS) for backcrossing to CM60. The germination and viability of 18 BC,F, progenies were
higher than the mean of CM60 and GC10981 by controlled deterioration test. The DNA markers
developed in this study were used for MAS efficiently.
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DEVELOPMENT OF DNA MARKERS FOR ASSISTING
SELECTION OF SOYBEAN RESISTANT TO FIELD
WEATHERING IN BACKCROSS PROGENIES

INTRODUCTION

Cultivated soybean [Glycine max (L.) Merrill] belongs to family Leguminosae,
subfamily Papilionoideae, genus Glycine. It has been domesticated from Glycine soja
Sieb & Zucc. in northeast China where first written record dated back to 2328 B.C.
(Hymowitz and Newell, 1980; Shimamoto, 2001; Smith and Huyser, 1987). It has
been cultivated at broadly diverse geographical locations and under many different

growing conditions, particularly in the America and Asia.

Soybean proteins have high nutritional quality and good functionality for
foods. Soybean is also the lowest-cost producer of vegetable oil. Soybean seed
contains approximately 37-41% protein, 18-21% oil, 30-40% carbohydrate, and 4-5%
ash (Hulse, 1996). It’s one of the world’s leading sources of vegetable oil and plant
protein, both of which are very well adapted to the nourishment of human beings. The
increase in soybean production and uses as human food has been very rapid during the
last few decades compared with that of many other major crops, and continuous
growth is considered very important for stabilizing the world food supply. Its capacity
for protein and oil production makes it a significant contributor to human nutrition,
and its characteristic symbiosis with root bacteroids makes it a very important crop in

research.

Historically, the soybean seed was mainly produced in the temperate zone of
the world, where environmental stress was relatively minimal. However, as the world
demand for vegetable oil and protein meal continue to increase, soybean production
has been spread rapidly into hot and humid production areas, and more recently into

the tropical regions (Moore, 1966b; Tekrony et al., 1987). Following the expansion,



weather conditions have become the major factor, which affect the soybean seed
quality and production in tropical and subtropical regions. Unfavorable weather
conditions (mainly temperature and moisture) during the post-maturation and pre-
harvest period increase difficulty in consistently producing soybean seed with high
quality. The germinablility and vigor of the matured seed decrease rapidly under such
conditions. This obstacle in producing good quality seed may be the factor that most

limits the distribution of soybean production in the tropics, such as Thailand.

It is well known that soybean seed vigor and viability reach its highest
potential quality at physiological maturity (maximum seed dry weight) (Ching et al.
1972; Delouche, 1974; Wahab and Burris, 1971). The moisture content of
physiological maturated seed is about 50-55%. Due to the high moisture content, the
seed cannot be harvested commercially at this growth stage and must remain in
storage on the plant through a desiccation period. This period may vary from a few
days to over 3 weeks before the seed reaches a harvestable moisture level (about 14%)
at which they can be effectively threshed (i.e. harvest maturity). Weather conditions
during this post-maturation pre-harvest period have a great influence on the quality of
the harvested seed (Delouche, 1980). The soybean seed deteriorates rapidly in the

field prior to harvest in hot and humid tropical growing regions.

The detrimental effects of allowing soybean seed to remain in the field after
reaching physiological maturity have been known for many decades. As early as 1950,
Moorse et al. reported that exposure to periods of dampness caused soybean seeds to
deteriorate. The deterioration of seed vigor, as well as viability, due to high
temperature and high relative humidity during the post-maturation and pre-harvest
period is referred to as field weathering (Bhatia et al., 1993; Tekrony et al., 1980a).
Environmental conditions that contribute to field weathering include high temperature
and relative humidity, and frequent or prolonged rainfall. These conditions play a
critical role affecting soybean seed quality in the tropics (Keigly and Mullen, 1986;
Mondragon and Potts, 1974; Nangju, 1979; Tekrony et al., 1987).



The severity of weathering and the limitation imposed on seed quality by
weathering generally increases from cool to warm areas. The worst situation is in the
hot and humid tropics. Tropical weather conditions during the post-maturation and
pre-harvest period cause severe seed quality problems in soybean, and the seed
deterioration continues at a rapid rate due to the high temperature and humidity. Thus,
the quality of soybean seed produced in the tropics is generally low. To overcome the
problem, numerous researches have been done on morphological, physiological,
biochemical, environmental and genetic aspects of the field weathering of soybeans.
However, it is still an urgent task to look for ways to solve the field weathering

problems.

In the recent years, as the development of molecular technology, major
advances have been recently made in our understanding of soybean genetics and of
the application of new technologies to soybean improvement. Many reports of the
construction of soybean genetic linkage maps using various markers have been
published (Keim et al. 1990, 1997; Lark et al. 1993; Cregan et al. 1999; Song et al.
2004). Based on the construction of soybean genetic maps, quantitative trait loci
(QTLs) for a number of agronomic traits in soybean have been mapped. For example,
there are at least 53 QTL associated with oil content, 61 with protein concentration,
and 66 with seed size have been mapped using various population types and different
marker-based mapping techniques (Hyten et al. 2004). There were also some reports
on environmental stress resistance of soybean such as chilling tolerance (Furatsuki et
al., 2005). Technically, it is possible to identify the QTLs controlling the field
weathering resistance. However, genetic analysis of the field weathering resistance
using molecular markers has not been reported yet. The purpose of this research was
to detect the molecular markers linking to the genes controlling field weathering
resistance of soybean, and to make further application of the markers for assisting

selection in soybean breeding programs.

In Thailand, Many soybean varieties were found to be resistant to the field

weathering (Kaowanant, 2003). Based on the prior researches and a well-designed



study plan, Chiangmai 60 (CM60) and GC10981 were chosen as susceptible and
resistant variety for genetic analysis in this study. Efficient testing methods have been
established to evaluate the field weathering resistance of their F, progenies. RAPD
and AFLP markers combining with BSA were used to identify the markers linking to
the field weathering resistance. Furthermore, the obtained markers were used for

MAS in a backcross breeding program.

Objectives

Overall Objective

To develop DNA markers associated with field weathering resistance for

assisting selection in soybean backcross breeding program.

Specific Objectives

1. To identify DNA markers linking to the soybean field weathering
resistance genes by RAPD and AFLP primers;

2. To use the developed DNA markers for assisting selection in backcross

breeding program to increase field weathering resistance of soybean.



LITERATURE REVIEW

Origin, Uses and Distribution of Soybean

Soybean is one of the oldest cultivated crops. It is widely believed that
soybean originated in northern China where it has been domesticated from 4000 to
5000 years ago (Hymowitz and Newell, 1980; Shimamoto, 2001). The first written
record dated back to 2328 B.C. (Morse, 1950; Smith and Huyser, 1987). In 2838 B.C.,
Chinese emperor Sheng-Nung described the soybean in his book Pen Tsao Kang Mu
[Materia Medica] — the first written record of soybean cultivation. In that record, he
named five sacred plants: soybeans, rice, wheat, barley, and millet. Of them, soybeans
were noted as being valued for their medicinal properties. From then on, soybean
were domesticated in the eastern half of China and spread into Japan, Korea and the
rest of Southeast Asia. Chinese farmers have grown this legume and fed it to their
families as well as to their livestock for centuries. The soybean production was more
or less localized in China until after the Chinese-Japanese War (1894-1895), when the

Japanese began to import soybean oil cake for use as fertilizer (Morse, 1950).

Soybeans were grown for centuries in Asia mainly for their seeds. The
soybean seeds were used in preparing a large variety of fresh, fermented and dried
food products that were considered indispensable to oriental diets. Soybeans are high
in protein and fiber, low in carbohydrates and are nutrient-dense. Scientific studies
show that compounds in soybeans may help heart disease, osteoporosis, cancer and
diabetes. Soybeans, compared with other legumes, are higher in essential fatty acids,
and are a good source of calcium, magnesium, lecithin, riboflavin, thiamin, fiber,
folate (folic acid), and iron. It was also used as a specific remedy for the proper
functioning of the heart, liver, kidneys, stomach and bowels (Probst and Judd, 1973).
In 1904, the famous American chemist, George Washington Carver discovered that
soybeans are a valuable source of protein and oil. This significant breakthrough led to
the development of what would become soybeans’ two main uses — edible oil and

meal (Carlson, 1973). Today, soybeans can be found in a wide variety of products,



ranging from soybean sprout, tofu, soymilk and soy sauce to plywood, particle board,
printing inks, soap, candy products, cosmetics, and antibiotics. More and more
researchers are developing new uses for soybeans. Recent developments include soy
diesel, building materials, candles, road dust suppressants, hand cleaners and soy

crayons (Probst and Judd, 1973; Smith and Huyser, 1987)

Hymowitz (1970) researched the distribution of Glycine max and concluded
that historical and geographical evidence points to the eastern half of North China as

the area where the soybean was first domesticated around the 11™

century B.C. He
also indicated that perhaps Manchuria should be designated as a secondary gene
center and the eastern half of north China as the primary center. Nagata (1959, 1960)
suggested that the cultivated soybean was introduced into Korea from north China
about 2000 to 2500 years ago, and then disseminated to Japan sometime between 200
B.C. and the 3" century A.D. A second route of dissemination may have been from
central China to southern Japan. The earliest Japanese reference to the soybean is in
the classic Kojiki (Records of Ancient Matters) which was completed in 712 A.C.
Soybeans were introduced to Europe in 1712 by Englebert Kaempfer, a German
botanist who had studied in Japan. Later Swedish botanist Carl von Linne made the
first scientific study of the soybean in the West and named it Glycine max because of
the unusually large nitrogen-producing nodules on its roots. Soybean was first grown
in France in 1740, in England in 1790, in America in 1765, and in Thailand in 1931
(Benjasil et al., 1994; Hymowitz and Harlan, 1983; Morse 1950; Probst and Judd,
1973). During the first three decades of the 20™ century, soybean production was
largely confined to the orient. China, Indonesia, Japan and Korea were the major
producers of soybean (Hittle, 1975). Now, soybean has a very broad distribution and
is cultivated at broadly diverse geographical locations and under many different
growing conditions, particularly in the America and Asia. At present, the world
leading producers of soybeans are USA, Brazil, Argentina, China and India (Soystats,
2005).



World Soybean Production and Trade with Emphasis on Thailand

Although soybeans are native to China, and China led the world soybean
production until 1954, but after George Washington Carver discovered that soybean is
a valuable source of protein and oil in 1904, the U.S. government paid great attention
to the soybean production. In the early 1950s, the USA overtook China and eventually
the entire orient in soybean production. The USA dominated world soybean
production through the 1950's, 60's, and 70's, growing more than 80% of the world
soybean production in 1987 (Sun and Xu, 1993). A worldwide shortage of feed
protein in the early 1970's led to the initiation of large-scale soybean production in
several South American countries, most notably Argentina and Brazil. By 1992, the
United States accounted for 51% of the world’s soybean production, and soybean
became America’s second largest crop in cash sales and the number one export crop.
In 2001, the world soybean production shared to U.S. 42%, Brazil 24%, Argentina
16%, China 8%, India 3%, Paraguay 2% and other country 5%. By 2003, the U.S.
share of the world's soybean production had shrunk to 34%, while Argentina's and
Brazil's had increased to 18% and 28%, respectively. However, it was notable that the
adoption of biotech-enhanced soybean in these countries was 85%, 99.3% and 34% at

the same time (Soystats, 2005).

In 2003, the export value of soybeans in the U.S. was more than 9.7 billion
dollars, or about one-sixth of all agricultural exports. About 40 percent of the world's
soybean trade originates from the U.S. At the same time, the first time China imported
soybeans exceeded domestic production. China has become the largest single country
customer for U.S. soybeans with purchases totaling 20.74 million tons (about 3 billion
USD). In 2004, the United States exported 29.94 million metric tons of soybeans,
which accounted for 48% of the world's soybean trade. The United States, Argentina
and Brazil shared more than 93 percent of the world's soybean exports. Some of the

leading soybean producers are listed in Table 1.



Table 1 The world’s leading soybean producer in 2005.

Country Area (Ha) Yield (Kg/Ha) Production (Mt)
USA 28,842,260 2,872 82,820,048
Brazil 22,895,300 2,192 50,195,000
Argentina 14,037,000 2,729 38,300,000
China 9,500,135 1,779 16,900,300
India 7,000,000 857 6,000,000
Paraguay 1,935,700 1,815 3,513,000
Canada 1,158,300 2,589 2,998,800

World total 91,386,421 1,482 (mean) 209,531,278

Source: FAO statistical database (FAOSTAT, http://faostat.fao.org).

Soybean is also one of the most important grain legume crops in Thailand. It
has been cultivated from 1930s in the upper north of the country following the rice
harvest. The planted area has expanded to the lower part of the northern area, and was
later extended to the northeastern region and central plains. In Thailand, soybean is
grown in three main seasons. i.€. early rain season (40% of the total planted area), late
rain season (35%) and dry season (25%) (Shrivastava, 1997). The average planted
area during 1988-1991 was 422,000 ha and this decreased to 251,000 ha during 1996-
1999. The average annual soybean production during 1988-1991 was 539,000 tons.
Annual production during 1996-2000 decreased due to the decrease in the planted
area, it has just been able to supply only 20-30% of the domestic demand. In the
earliest years of the 21* century, the Thai soybean production has decreased to nearly
half of the 1990s (see Table 2). To meet the country’s demand, Thailand imported
about 1.0-1.5 million tons of soybean cake at a cost of approximately 9,000-11,000
million Baht during 1997-1998 (Field Crops Research Institute, 2001). The USA
share of the Thai soybean market has grew from 0 to 100 percent in the 1990s. The
USA soybean exports to Thailand jumped from nothing in 1991 to 53 million USD in
1995 and 126 million USD in 1996. Thailand ranked as the seventh -largest market
for U.S. soybeans at the end of 1996 (www.fas.usda.gov). Although soybean was
consider as a crop with high potential for expansion in Thailand, but except in its

northern region, most area of Thailand is too hot for growing soybeans. With its
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limited production capacity and growing needs, Thai soybean demand regularly
outstrips supplies. One of the main reasons is the soybean production often meets
weathering damage for the tropical and subtropical climate. The tropical and
subtropical weather conditions with high temperature and relative humidity prior to
harvest result in rapid decrease in germination and vigor of soybean seeds. It also
results in decreasing the quality of seed produced, and not conductive to production of

high quality seed necessary to establish acceptable stands in Thailand.

Table 2 Thai soybean production and import in the recent years.

Year Harvest area  Production Yield ;rrgg grrltt I‘I::ﬁ)ggt
(ha) (Mo) (Ke/ha) "y (1000USD)
2001 176,446 260,696 1,478 1,363,224 278,668
2002 174,838 259,863 1,486 1,528,557 324,309
2003 158,412 238,561 1,506 1,689,649 442,007
2004 159,680 244,968 1,534 1,435,803 471,439
2005 160,000 245,000 1,531 - -

Source: FAO statistical database (FAOSTAT, http://faostat.fao.org).

Weather Requirement for Soybean Cultivation

Soybean development is sensitive to environmental factors. Photoperiod,
temperature and water are the main changing soybean productivity in time and space.
Mathematical models to express soybean sensitivity to these factors have been
developed (Summerfield et al., 1989; Wilkerson et al., 1989). Hodges and French
(1985) studied the climatic effect of different soybean growth stages, their model
indicated that the growth stage from planting to emergence is temperature dependent,
from emergence to the end of the juvenile phase is temperature dependent, from the
end of juvenile phase to floral induction is daylength dependent, and the floral
development phase is temperature dependent. The rate of development was also

assumed to be sensitive to water stress.
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Soybean develops well under a wide range of temperatures, although regions
in which the warmest mean monthly temperature below 20°C are considered
inappropriate for soybean. Soybeans seed germination occurs at temperature from 5°C
to 40°C. However, for rapid germination the temperature should be around 30°C.
Generally, soybean begins germination when the soil temperature reaches 10°C. At an
average soil temperature of 12°C emergence takes 12 days. At 15.5°C emergence
occurs in 7 to 10 days. However, in tropical and subtropical areas (soil temperature
above 20°C) the seedling emergence is in 3 to 5 days. The major world soybean
producing areas have average mid-season temperature of 23°C to 25°C. Soybean
vegetative growth is slow or nil at temperature of 10°C or less and optimum at 30°C,
and then decreases as the temperature increases. Soybean growth is the best with
summer temperatures of 22°-27°C. Temperatures above 40°C are known to have
adverse effect on growth rate, flower initiation and pod-set. Temperature below 22°C
decrease pod initiation and no pods are formed when temperatures are lower than
14°C (Hesketh at al., 1973; Thomas and Raper, 1981). At the seed developing stage,
cool and dry conditions during maturation and harvest are optimum. As a general rule,
maturation of soybean seeds should occur when average temperature is 22°C or lower
(Franca Neto at al., 1994). Soybean seed quality is usually good when produced under
favorable environment. However, in many counties, especially in tropical and
subtropical countries, the environmental conditions are unfavorable and often
detrimental to the production of high quality soybean seed. In many cases, the
environment becomes implicated as a major contributing to the rapid deterioration of

the seeds (Andrews, 1982).

Soybean Seed Development

Biological and cytological changes in developing soybean seeds have been
fine studied. Soybean fertilization occurs within 8-10 hours following the pollination.
Fertilization initiates cell division to form the embryo, which occurs about 32 hours
after pollination. After 6-7 days, localized division at the opposite side of the embryo

results in the initiation of the cotyledons. At the same time, the hypocotyls and the



11

epicotyls tissues are also differentiated. During early development (15-18 days after
flowering), the cells of cotyledon appear to form plastids, mitochondria, and other
membranous structures. Only ribonucleo protein particles and nuclei are seen inside
the 15-day cells. By 26 days after flowering, many mitochondria, immature
chloroplasts, and starch grains are present. A relatively high respiration rate is also
observed. Lipid granules and protein bodies begin to appear in the cytoplasm.
Subsequently, the lipid and protein structures increase in size and the mitochondria
and chloroplasts decrease in number. Dry weight of the developing seed increases
slowly until about 20 to 30 days after flowering, while moisture content slowly
decrease from about 90% to 80%. Beginning from about 25 to 35 days after flowering,
dry matter begins to accumulate rapidly in the seed and reaches a maximum at about
65 to 75 days after flowering. During the period of rapid dry matter accumulation,
seed moisture content decreases rather slowly to 40 to 50 % at the time maximum dry
weight is attained (Delouche, 1975). When the fresh weight of the developing seed
reaches a maximum, the cells of the cotyledon are filled with numerous starch grains,
lipid bodies, and protein bodies. The starch grains are converted to other components

and disappear during the last few days of seed maturation (Andrews, 1966).

The process of soybean maturation can be divided into many stages. Fehr et al.
(1971) developed a model to describe the maturating stages of soybean (see Table 3).
It has been widely used till now. The maximum length of the pod is reached rather
early in development, about 20 to 25 days after blooming. The maximum width and
thickness of the pod is reached about 30 days after blooming. This corresponds with
the time that the seed reaches its maximum size in all dimensions. The maximum
fresh weight of the seed and maximum seed size may be obtained 5 to 15 days later
(Andrews, 1966). The seed reaches a maximum dry weight at about 65 to 75 days
after flowering; this stage (R7) is also called physiological maturity. After that, the
seed loses its moisture and the pods change its color into brown till R8 (harvest
maturity). Several researchers have reported that soybean seed attains its highest
potential quality (including seed vigor and viability) at physiological maturity
(maximum dry seed weight) (Andrews, 1966; Ching et al. 1972; Delouche, 1974;
Trammell 1983; Wahab and Burris, 1971), although harvesting at 3 weeks prior to
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physiological maturity did not cause any appreciable loss in seed viability

(Dharmasena, 1982).

Table 3 Description of reproductive stages of soybean (single plant).

Stage Description

R1 One flower at any node on the main stem

R2 Open flower at one of the 2 uppermost nodes on the main stem with a
fully developed leaf

R3 Pod 0.5 cm long at one of the 4 uppermost nodes with a completely

unrolled leaf

R4 Pods 2 cm long at one of the 4 uppermost nodes with a completely
unrolled leaf

R5 Seeds 3 mm long in a pod at one of the 4 uppermost nodes on the main
stem with a completely unrolled leaf

R6 Pod containing full-size green beans at one of the 4 uppermost nodes
with a completely unrolled leaf

R7 One normal pod on the main stem that has reached its mature pod color

R8 95% of the pods are brown

Source: Gazzoni (1994) adapted from Fehr and Caviness (1977).

Causes of Soybean Field Weathering

Historically, soybean was produced in the northern regions of the temperate
climate zones of the world, where environmental stress were relatively minimal.
However, as the world demand for vegetable oil and protein continued to increase,
soybean production spread rapidly into the hot and humid production areas, and more
recently into the tropical regions (Moore, 1966b; Tekrony et al., 1987). Since
maximum seed quality is acquired by physiological maturity, it is desirable to harvest
the seed as soon as possible thereafter. Practically, however, due to high moisture

content (about 55%), the seed can not be harvested commercially at this growth stage
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and must remain in storage on the plant through a desiccation period till moisture
levels are sufficiently low to permit mechanical harvest without causing undue
damage to the seed. This period may vary from a few days to over several weeks
before the seed reaches a harvestable moisture level (about 14%). Field conditions are
seldom favorable for such storage, especially in the tropics (Delouche, 1971).
Deterioration of seed in the field prior to harvest (field weathering) begins when the
seed reaches physiological maturity, and it continues until the seeds are harvested.
Soybean seed quality can be reduced by a wide range of environmental factors during

this period (Delouche 1974; Tekrony et al., 1980b).

The deterioration of seed vigor, as well as viability, due to high temperature
and high relative humidity during the stages of the post-maturation and pre-harvest
period is referred to as field weathering (Bhatia et al., 1993; Tekrony et al., 1980a).
Exposure to hot and humid conditions is the major cause of seed quality loss
following physiological maturity (Delouche 1980; Nangju 1980; Worrell 1982).
Weathering is the major cause of seed quality loss following physiological maturity
(Delouche 1980; Nangju et al. 1980). Such weathering not only lower seed
germination, but also increase susceptibility to mechanical damage (Green et al.,
1966), and disease infection (Wilcox et al., 1974; Tedia, 1976; Paschal and Ellis,
1978). High temperature, humidity, and precipitation play a critical role in field
weathering (Mondragon and Potts, 1974; Nangju, 1979; Tekrony et al., 1980a; Keigly
and Mullen, 1986). The rate of seed quality loss after physiological maturity depends
on the degree of unfavorable environmental conditions surrounding the seed. Poor
seed quality is an important constraint to soybean production in the humid tropics and

subtropics.

Harvest delays beyond optimum maturity extend field exposure and intensify
field deterioration (Pashal and Ellis, 1978). Green et al. (1965, 1966) reported that
when the rain delayed soybean harvest after the seeds had initially declined to 13.5%
moisture content, seed quality declined, germination and field emergence

subsequently reduced. Mondragon and Potts (1974) reported that seeds subjected to
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ambient environmental conditions in the field declined significantly in germination 4
weeks after physiological maturity. Tekrony et al. (1980a) reported similar declines in
vigor when seeds were harvested 30 days after harvest maturity, especially if hot and
humid conditions prevailed, and indicated that soybean seed quality was reduced by
environmental factors such as temperature, precipitation, relative humidity and wind
during maturation period. Bangwaek (1985) studied the delayed harvest and seed
deterioration of 4 soybean varieties and found that the seeds of soybean deteriorated
drastically as harvesting date were delayed. Ratanaubol (1988) studied the effect of
delayed harvest on soybean seed quality and found that the seed harvested at 30 days
after physiological maturity showed the lowest quality among the 3 harvesting times
(10,20 and 30 days after physiological maturity). Sanguansat (1996) studied the seed
deterioration of 4 soybean varieties and indicated that delayed harvest resulted in a
serious reduction in seed quality especially in early rainy growing season in Thailand.
The high relative rate of deterioration of soybean seeds makes it difficult to produce
high quality seeds in the humid subtropics and tropics, and even in warmer areas of
the temperate zone. Indeed, the difficulty in maintaining the viability of soybean seeds
from harvest to the next planting season is one of the major impediments to extension

of soybean production into the subtropics and tropics (Delouche, 1974).

Environmental Factors and Field Weathering

Soybean seed quality can be reduced by a wide range of environmental factors
during pre-harvest period. Environmental moisture, particularly intermittent rainfall,
is quite detrimental to seed quality and, in fact, cause rapid deterioration. Soybean
seeds are very susceptible to extremes of wetting and drying (rehydration and
dehydration) during intermittent rainy days. Frequent or prolonged precipitation
during the post-maturation and pre-harvest period results in alternate wetting and
drying of the seed in the pod and severe deterioration (Delouche, 1975). Howell et al.
(1959) concluded that rain in the field or a simulated rain on intact pods increased the

moisture content of the seeds, which delayed dehydration and prolonged rapid



15

respiration that was of a magnitude to reduce the amount of sugars and other stored

materials in seeds leading to lower seed quality.

The primary factors that influence the rate of deterioration of seeds are
inheritance, temperature, and seed moisture content (Delouche et al., 1973; Dickson,
1980; Harrington, 1972). As soybean seeds are hygroscopic, their moisture content is
conditioned by the moisture in the surrounding environment. The quality of soybean
seed is very much affected by climatic conditions from the time the seeds have dried
to below 25 to 30% moisture content during the post-maturity drying phase until the
seed is harvested. When exposed to humid conditions, dry seeds will gain moisture
and consequently expand in volume. In some extreme situation, such as after a heavy
rain, dried seeds can absorb enough moisture to reach 27 percent (Queiroz et al.,
1978). At this moisture level, seed respiration is accelerated. Cotyledonary reserves
will be consumed, not only by the seed itself, but also by fungi associated with the
seed. These processes are temperature related, the rate of deterioration increases as
temperature and seed moisture content increase. The actions and interactions of all
these physiological, physical, entomological and pathological factors contribute to a

common result — seed deterioration.

Both high temperature and relative humidity in tropical and subtropical
environments make the production of quality soybean seed and the maintenance of
seed vigor during storage difficult (Pashal and Ellis, 1978). Mondragon and Potts
(1974) reported that adverse weather conditions during the post-maturation and pre-
harvest period cause severe seed quality problems in soybean. Fluctuations in
temperature and relative humidity determined the degree of soybean seed weathering.
High temperature coupled with high moisture exerts severe stresses upon developing
soybean seeds. Moorse et al. (1950) stated that hot weather during seed maturation
often resulted in seed coat wrinkling which reduced germination. Costa (1987)
evaluated 18 soybean lines in Brazil, and found that an alternation of rain and hot
weather accelerated deterioration, and high temperature during final stages of seed

maturation caused green seeds that were low in quality.
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In addition, tropical and subtropical climates with high temperature and
moisture are also favorable for rapid development of disease and insect pests, and
obviously lead to a reduction in seed quality. Some insect pests pierce the pod wall
and subsequently the seed coat; they may either transmit diseases directly to the seeds
or provide openings, which allow pathogens and moisture to penetrate into the pod
cavity, causing deterioration (Kilpatrick and Hartwig, 1955). Several pathogens also
affect soybean seed quality. Phomopsis spp., Colletotrichum dematium var. truncate,
Cercospora kikuchii and Fusarium spp. are among the fungi most frequently
associated with soybean seed (Henning, 1988). The increase infection obviously leads
to a reduction in seed quality. It has been pointed out that delay in harvest results in an
increase in seed borne fungi and subsequently a reduction in germination (Hepperly
and Sinclair, 1978; Nangju, 1979). Nicholson and Sinclair (1971) reported that the
incidence and severity of fungal invasion of seeds was increased by weathering.
Hepperly and Sinclair (1978) demonstrated that germination decreases were
accompanied by increases in the incidence of Bacillus subtilis and Phomopsis sojae,
and concluded that seeds infected by Phomopsis sojae were low in quality, since they
were distorted in size and shape, covered by fungal mycelium, and low in seed weight.
Wilcox (1974) showed that a loss in seed quality was due to increased incidence of
Phomopsis sojae and other fungi when soybean harvest was delayed. Paschal and
Ellis (1978) determined the effect of fungal infection on seed viability of 24 soybean
varieties under tropical conditions, the results showed that the incidence of fungi
increased from 9% on seed harvested at maturity to 45% for seed harvested 4 weeks

later.

Soybean Seed Deterioration by Field Weathering

Seed quality in soybean encompasses several important attributes including
genetic purity, physical purity, germination and vigor. Seed quality is influenced by
several factors that occur in the field before harvesting and during harvesting, drying,
processing, storage, transit and planting. These factors include extreme temperature

during maturation, fluctuations in moisture (including drought), weathering, nutrient
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deficiencies, occurrence of insects and diseases, and improper handling, drying and
storage. The tropical and subtropical weather conditions with high temperature and
relative humidity prior to harvest result in rapid decrease in germination and vigor of
soybean seeds. Weathering not only lowers seed germination, but also increases
susceptibility to mechanical damage (Delouche, 1972; Franca Neto et al., 1984; Green
et al., 1966), and to disease infection (Wilcox et al., 1974; Pashal and Ellis, 1978). It
also results in decreasing the quality of seed produced, such as purple stained seeds
(contaminated by fungi), wrinkled seeds, fissures in the seed coat, discolored seed,
insect damaged seeds, which are typical symptoms of field deterioration (Moore,
1973; Wolf et al., 1981; Pereira and Andrews, 1985). Embryonic tissues just beneath
the seed coat become damaged during wrinkling, which may result in reduced seed
germination and vigor, and a higher percentage of pathogen-infected, abnormal
seedlings (Moore, 1972). Moore (1971) proposed that exposure of mature soybean
seed to alternate wetting and drying in the field resulted in embryo destruction and

lower quality.

Seed deterioration is a natural process that involves cytological, physiological,
biochemical and physical changes in each seed. These changes reduce viability and
eventually cause death of the seed. The process has been described as progressive,
irreversible and inexorable (Delouche, 1973). Deterioration of soybean seed has been
widely studied but the exact process of deterioration remains unexplained. Such a
process is characterized by a complex of mechanisms and theories, each involving a

different facet of the process.

One of the earliest theories about seed deterioration was that food reserves
were depleted in the seed. This theory is not valid, however, since non-viable seeds
usually have ample food reserves (Roos, 1986). That there are problems associated
with the mobilization of these food reserves to the embryonic axis is a theory that is

still widely accepted. Other potential causes of seed deterioration include:
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o Quantitative and qualitative alterations of the chemical composition of
the seed, including storage and functional lipid degradation (oxidation), nucleic acid

and protein changes and nucleotide alteration.

. Alterations of membrane systems, such as the tonoplast, plasmalemma
and endoplasmic reticulum, which may result in impairment of normal cell function
and energy production. Membrane deterioration and loss of permeability occur at an
early stage during the seed deterioration (Abu-Shakra and Ching, 1967; Byrd and
Delouche, 1971; Delouche and Baskin, 1973).

o Enzyme alterations, such as reduced activity of lipase, ribonuclease,
acid phosphatase, protease, catalase, diastase, peroxidase, o and f amylase, DNase, or
dehydrogenase enzymes. It is unclear whether loss of enzyme activity is the cause of
seed deterioration or if enzyme activity is lost as a result of seed deterioration (Cheah

and Osborne, 1978; Petruzzelli and Taranto, 1990; Roos, 1986).

o Genetic damage may lead to seed disfunction. Deteriorating seeds have
been reported to produce chromosomal aberrations in root tips during germination
(Roos, 1986). Undesirable mutations may lead to metabolic malfunctions, as well as

to problems related to the preservation of the genetic identity of germplasm.

J Microorganisms that interact with several of the above-mentioned
processes and may cause faster rates of seed deterioration. Microorganisms produce
exocellular enzymes and toxins (Halloin, 1986) that may cause damage to membranes,
inhibition of chlorophyll action, reduced germination and seedling elongation,
degranulation of the endoplasmic reticulum or enhanced solute leakage from the

imbibing seeds.

The most widely accepted and useful index to measure seed deterioration is
reduction in ability to germination. Based on available evidence and concepts that
deterioration of seeds is progressive and that loss of germinability is the final
consequence, Delouche (1969) inferred a probable sequence of deteriorative changes

in seeds as follows:

1. Degradation of cellular membranes and loss of permeability control;
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2. Impairment of energy-yielding and biosynthetic mechanisms;

3. Reduced respiration and biosynthesis;

4. Reduced rate of germination and early seedling growth;

5. Reduced storage potential;

6. Reduced rate of plant growth and development;

7. Decreased uniformity of growth and development within the
population;

8. Increased susceptibility to environmental stresses, especially during

germination, emergence, and early seedling development;

9. Decreased yield;

10. Decreased emergence percentage;
11.  Increased percentage of abnormal seedling; and
12.  Loss of the capacity to germinate.

The postulated sequence of deteriorative changes in seeds emphasized the
increasing severity of the changes, or rather their consequences, as related to
performance capabilities of the seeds. The consequence of deterioration is less
disastrous than loss of germinability fall within the providence of vigor (Delouche and

Baskin, 1973).

Symptoms of Seed Deterioration

Seed deterioration is an irreversible degenerative change in the quality of a seed after
it has reached its maximum quality level (Abdul-Baki and Anderson, 1972). It is an
inexorable, irreversible process that progressively impairs the capabilities and
performance of the seed and culminates in loss of the germinative capacity (Delouche
and Baskin, 1973). Deterioration of seed is usually initiated during the period

following the physiological maturity while the seeds continue to dry down to the
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harvest maturity stage (Delouche, 1974, 1980; Tekrony et al., 1980a). Field
weathering of seed in terms of causes and effects is essentially the same as
deterioration after harvest because field weathering is actually a kind of storage

(Delouche, 1982). Some of the symptoms of the deteriorated seed are as follows:

J Morphological changes Seed coat color changes are presumably
due to oxidative reactions in the seed coat that are accelerated under conditions of

high temperature and relative humidity (Hughes and Sandsted, 1975).

. Ultrastructural changes By electron microscopy examination,
two general patterns of coalescence of lipid bodies and plasmalemma withdrawal
from the cell wall associated with deterioration have been observed. Both of these

events influence cell membrane integrity (Villiers, 1980).

) Cell membrane changes As seeds deteriorate, their inability to
retain cellular constituents decreased which was attributed to cell membrane
disruptions associated with the loss of membrane phospholipids (Powell, 1986;
Powell and Matthews, 1981a; Priestly and Leopold, 1983). Bewley and Black (1982)
listed the consequence of membrane damage, which include (1). breaks in the
structure of plasmalemma and its contraction from the cell wall, (2). fragmented
endoplasmic reticulum devoid of polyribosomes, (3). monosomes randomly dispersed
in the cytoplasm, (4). absence of dicytosomes, (5). disintegration of mitochondria and
plastids, (6). condensation of chromatin and lobed nucleus, (7). coalescence of lipid

droplets, and (8). lyses of membranes of lysomic structures.

. Loss of enzyme activity The most sensitive test for measuring
incipient seed deterioration are the tetrazolium test and the glutamic acid
decarboxylase activity test (Saxena and Maheshwari, 1980). Other enzymes that have
been correlated with seed deterioration are the oxidases such as catalase, peroxidase,

amylase and cytochrome oxidase.

. Reduced respiration As seeds deteriorate, respiration becomes
progressively weaker, and ultimately leads to loss of germination. It appears that

reductions in the rate of respiration are closely associated with seed deterioration

(Woodstorck and Feeley, 1965; Woodstock et al., 1984, 1985).
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. Increase in seed leachates A frequently observed symptom of
deteriorated seeds is their increased leachate content when soaked in water. The
leachate concentration has been measured by electrical conductance methods and by
determines the soluble sugar content of the leachate (Abdul-Baki and Anderson,
1970). The degree of deterioration is associated with the concentration of seed
exudates that may be found in the steep solution. These exudates are a reflection of
amount of membrane degradation that has occurred. Ferguson et al. (1990) indicated
that increases in conductivity of leachate from isolated axes were an early symptom of

soybean deterioration.

) Increase in free fatty acid content  The hydrolysis of phospholipids
leads to the release of glycerol and fatty acids, and this reaction accelerates with
increasing seed moisture content (Harrington, 1973). The continual accumulation of
free fatty acids culminates in a reduction in cellular pH and is detrimental to normal

cellular metabolism.

Eventually the deterioration of seeds is observable in their lowered
performance during germination such as delayed seedling emergence followed by a
slower rate of seedling growth and development. Deteriorated seed is also decreased
resistance to environmental stresses during germination and early seedling growth
(Isely, 1957; Woodstock and Pollock, 1965). Loss of the capacity to germinate was
the final phase of the process of deterioration in soybean seeds and the final indication
of vigor loss (Byrd, 1971; Heydecker, 1972). The ultimate performance of seed

deterioration is the complete loss of germinability and death of the seed.

Possible Causes of Seed Deterioration

The effects of field weathering or deterioration are physiological,
morphological, biochemical, microbiological and mechanical. The field weathering or
seed deterioration is a complex process including many aspects. Darkening of seed
coat was due to oxidative reactions in the seed coat which are accelerated under

conditions of high temperature and relative humidity (Hughes and Sandsted, 1975;
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Saio et al, 1980). Cell membrane disruption and inability to retain cellular
constituents because the loss of membrane phospholipids (Priestley and
Leopold,1983), loss of enzyme (amylase, dehydrogenase, oxidases, phospholipase,
glutamic acid decarboxylase) and protein activity (Saxena and Maheshwari, 1980),
reduced respiration (Woodstock et al., 1984, 1985), increases in seed leachates and

free fatty acid content (Harrington, 1973).

The mechanism of soybean seed deterioration under high temperature and
humidity has not been completely understood. It is now commonly believe that lipid
peroxidation plays an important role in initiating the seed aging process. Lipid
peroxidation can result in not only destruction of the lipid itself, but also damage to
cell membranes and other cellular components (Wilson and McDonald, 1986b).
Lambrecht et al. (1996) observed that a soybean mutant lacking lipoxygenase
isozymes 2 and 3 were more resistant to changes during adverse storage than soybean
with all the isozymes. This indirectly supports the theory that lipid oxidation plays a
role in increasing cell membrane permeability (Stewart and Bewley, 1980). Smith and
Berjak (1995) suggested that the following events are basic to seeds deterioration: (1)
chromosome aberrations and damage to the DNA; (2) changes in the synthesis of
RNA and protein; (3) changes in the enzymes and food reserves; (4) differences in
respiratory activity and ATP production; and (5) membrane alterations. There are still
several theories that have been suggested as basic causes of seed deterioration. Such
as lipid peroxidation (Bewley, 1986; Harrington, 1973; McDonald, 1999; Stewart and
Bewley, 1980; Wilson and McDonald, 1986b), degradation of functional structures
(Delouche, 1982; Duke et al., 1986; Parrish and Leopold, 1978; Schoettle and
Leopold, 1984; Seneratna and McKersie, 1983), inability of ribosomes to dissociate
(App et al., 1971; Weidner and Zalewski, 1982), enzyme degradation and inactivation
(Walter, 1963), formation and activation of hydrolytic enzymes (Elder, et al., 1993;
Copeland and McDonald, 2001; Vazquez et al., 1991), breakdown in mechanisms for
triggering germination (Harrington, 1973; Petruzzelli and Taranto, 1985; Takayanagi
and Harrington 1971), starvation of meristematic cells (Abdul-Baki and Anderson,
1973; Anderson, 1977, 1986; Ching, 1973; Harrington 1973; Leopold and Musgrave,
1980; Yaklich and Abdul-Baki, 1979), and accumulation of toxic compounds



23

(Harrington, 1973; Mukhopodhyay et al., 1983; Sreeramulu, 1983; Stewart and
Bewley, 1980; Wilson and McDonald, 1986b; Woodstock and Taylorson, 1981a,
1981b).

Many physiological and biochemical changes occur in deteriorating seeds, but
it is presently difficult to discriminate between primary and secondary events because
our researches are too limited to reveal a common pattern of the events. The
conclusions from seed deterioration studies are often difficult to evaluate critically
because all seed lots are composed of individual seeds, each possessing its own
unique capability and the deterioration probably does not occur uniformly, total
population studies of seed deterioration do not represent what is occurring in
deteriorating soybean seeds (Lawrence and McDonald, 2001). Since the effects of
field weathering on seed deterioration are physiological, morphological, biochemical
and microbiological, we only have a poor catalog of the adverse metabolic and other
events associated with the seed deterioration. In no instance, there are still no any
general conclusions can be drawn about the importance of particular process in seed

deterioration, for there are too many different events going on at the same time.

Methods for Testing Seed Quality and Field Weathering Resistance

Seed viability test

Seed quality encompasses several important attributes including genetic purity,
physical purity, germination and vigor. In a standard germination, the percentage of
seeds germinating is a quantitative measure of viability of the seed lot. Seed viability
is the property of the seed that enables it to germinate under favorable conditions
(ISTA, 1999). Numerous testing methods have been developed for determining seed

viability such as:

. Germination test Seed viability is used synonymously with

germination capacity. Germination is the emergence and development from the seed
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embryo of those essential structures that, for the kind of seed in question, are
indicative of the ability to produce a normal plant under favorable conditions (AOSA,
2000). A germination test is an analytical procedure to evaluate seed germination
under standardized, favorable conditions that are seldom encountered in the field. The
AOSA rules for testing seeds described the standard germination testing details such
as media, temperature, moisture, light, dormancy breaking and germination counting
standard for various crop seeds. These procedures lead to standardized interpretations

in routine seed testing.

. Tetrazolium (TZ) test The tetrazolium test is widely recognized
as an accurate mean of estimating seed viability. This method was developed by
Professor Georg Lakon in the early 1940s. Today the test is used throughout the world
as a highly regarded method of quick estimating seed viability and is a routine test in
many seed testing laboratories (Copeland and McDonald, 2001). The tetrazolium test
distinguishes between viable and dead tissues of the embryo on the basis of their
relative respiration rate in the hydrated state. Handbooks of instructions for
performing TZ tests and interpretation instructions have been published by the AOSA
(2000) and International Seed Testing Association (ISTA, 1999).

. Electrical conductivity test  This method is based on the premise that
as seed deterioration progresses, the cell membranes become less rigid and more
water permeable, allowing the cell contents to escape into solution with the water and
increasing its electrical conductivity. It provides a rapid indication of seed viability

for seed lots (McDonald and Wilson, 1979).

J Vital coloring test ~ The principle of this method is the differential
coloration of live versus dead tissues when exposed to certain dyes such as sulfuric
acid, indigo carmine and aniline dyes. These dyes stain the dead tissue blue and the
live tissue remains unstained. Gadd (1950) stated that this method is particularly

useful for determining viability of tree seeds.

o Enzyme activity tests These methods measure enzyme activity (such
as lipase, diastase, amylase, catalase, peroxidase and dehydrogenase) of imbibed

seeds as an indication of their viability.
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o Other tests  There are still many testing methods such as free fatty
acid test, Hydrogen peroxide test, ferric chloride test, indoxyl acetate test, fast green
test, sodium hypochlorite test, excised embryo test, and X-ray test. These methods

were discussed by Copeland and McDonald (2001).

Seed vigor test

Most people are familiar with the concept of germination testing of seed and
have come to recognize a percentage value assigned to a seed lot as one of the
indicators of the quality of the seed in the bag. However, under certain conditions in
the field, it is often noted by producers that the laboratory germination results often
overestimates seedling emergence of the seed lots (Delouche and Caldwell, 1960;
Johnson and Wax, 1978; Tekrony, 1983; Tekrony and Egli, 1977; Tao, 1978; Yaklich
and Kulik, 1979). As Perry (1973) pointed out, it is largely the lack of consistent
relationships between laboratory germination test and field emergence that has led to
the development of the concept of seed vigor. It is now increasingly recognized that
seed vigor tests can more accurately reflect the ability of a seed to perform in the field.
Vigor test is a sensitive index of seed quality; it is also a wide used characteristic to

estimate seed deterioration.

Seed vigor refers to both the ability and strength of a seed to germinate
successfully and establish a normal seedling. As stated by the Seed Vigor Test
Committee of the Association of Official Seed Analysts, seed vigor is those seed
properties that determine the potential for rapid, uniform emergence and development
of normal seedlings under a wide range of field conditions (McDonald, 1980, 1985;
AOSA, 1983). The underlying reason for testing for vigor is to determine the true
value of a seed lot. Any of the events that precede loss of germination could serve as a
basis for vigor test. The basic premise behind most vigor test is to subject seeds to
stress, causing weak seeds to perform poorly. A variety of vigor tests under various
kinds of stress have been suggested (Delouche, 1960; Heydecker, 1972; Isely, 1957;
Perry, 1972; Wilson and McDonald, 1986a; Woodstock, 1973), however, only a few
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have attained acceptance by seed analysts and seed testing organizations (AOSA,

1983; Perry, 1981). Commonly used stress conditions for vigor test are as follows:

. Seed storage (natural aging) By this method, seeds are subjected to
prolonged storage, for example about 6 to 12 months for soybean seeds. If the time is
not a limitation, prolonged storage is perhaps the best way to determine seeds with the

best storability.

. Accelerated aging  This method was proposed by Byrd and
Delouche (1971) involved keeping seeds at 42 °C and 100% relative humidity (RH)
for 48 hours, followed by a laboratory germination test. In this approach, vigor is
interpreted as a consequence of normal deterioration, which is being mimicked by the
test conditions (Tekrony, 1985, 1993, 2005). Parrish and Leopold (1978) reported
physiological changes in seeds subjected to accelerated aging is similar to those
prolong stored under normal conditions. Accelerated aging can also be applied to
freshly harvested seeds to distinguish which lines have the best inherent seed quality
and storability. In regard to soybean seed lots, accelerated aging under the conditions
of 40 °C and 100% relative humidity for 48 hours or 72 hours followed by regular
germination test have produced results that correlated closely with field emergence.
However, difference in initial seed moisture should be considered when interpreting
this test (McDonald, 1977). Delouche and Baskin (1973) found that germination after
accelerated aging and periods of storage were closely associated. Similarly, Tekrony
and Egli (1977) found that accelerated aging could predict how well different seed

lots would emerge when planted in the field.

. Controlled deterioration This test was proposed by Matthews in
1980. It allows the seeds to absorb moisture to a certain degree before treated by
accelerated aging (AA). The controlled deterioration test avoids some of the AA test
variables by bringing the seeds to a constant moisture content before being exposed to
high artificial aging conditions. Some good correlations have been obtained with field
emergence and commercial storage potential on a range of species (Powell and
Matthews, 1981b, 1984a, 1984b, 1985). Recent refinements have included the use of
saturated salt solutions to control humidity during the test (McDonald, 1998).
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o Cold stress  This stress test involves sowing seeds into soil-filled
boxes equilibrated at 10 °C and held at this temperature for 7 days, then transferring
the boxes to 25 °C for additional 4 to 7 days for recording the emergence of the
seedlings. Although cold stress is very useful for evaluating the seedling emergence
ability in the field, the test is undesirable for screening tropical soybeans because the
stress is actually not exist in the tropics. Further, it would be difficult to handle a large

number of seed samples for the limitation of the cold room facilities.

o Hot water pregermination  In this method, seeds are soaked in 75 °C
hot water for 70 seconds and then rinsed in tap water before evaluating by
germination or emergence. Kueneman (1982) found that some soybean lines
performed well under ambient storage but poorly under hot water stress. However,
lines tolerant to hot water stress also were tolerant to ambient storage. Thus, hot water

stress would be an acceptable method for fast screening for seed storability.

o Osmotic stress Since standardization of soil conditions is difficult to
achieve, a solution system is preferred. Hadas (1977) suggested that germination of
seeds in polyethylene glycol solutions might provide an indication of seed vigor.
Seeds are germinated in solutions such as sodium chloride, glycerol, sucrose,
polyethylene glycol, and mannitol with specific osmotic potentials. Osmotic stress
would not be likely to provide the breeder a test for inherent storability, but it could

be a more accurate test for predicting seed vigor.

. Thermo-stress during germination  Cole (1972) developed a seed
vigor index based on the rates of germination at different temperatures by planting
seeds across a thermo-gradient. The vigor index score gave similar ranking of seed
lots of Zea mays L. as the accelerated aging test. Thermo-stress during germination
might provide valuable information about cultivars that have been aged because it
would subject the seeds to a temperature stress that is frequently imposed on soybean

sown in the tropics.

. Methanol stress This method based on the fact that soaking seeds
in 15 to 20 % methanol for 2 hours caused physiological changes in seeds similar to

those caused by accelerated aging. Kueneman (1982) compared 51 soybean lines with



28

unstressed germination greater than 80%, and found a good relationship between
emergence following methanol stress and following accelerated aging. It appears that

the methanol stress test may provide a rapid screen for inherent storability.

Following the stress treatment, several methods can be used to evaluate the vigor of

the seed or seedling:

. Laboratory germination test A laboratory germination test is
very frequently used to access the effects of stress applied during vigor tests. The
germination test has the advantage of providing uniform conditions for all seeds under
evaluation. However, for a large number of seed samples, many germination
incubators are required. As an expansion of the routine germination test, the normal
seedling can be classified into “strong” and “weak” seedling to determine the seed
vigor. However, this is a subtle task and can introduce additional variability to the

results.

o Field emergence test The field emergence test is a good way
to evaluate the actual performance of the stressed seeds and large number of seed
samples can be performed at the same time. However, the variability of soil
characteristics and other environmental conditions in the field can have rather large
effects on the seed emergence because the seeds are very weak after stress treatment.
It is preferred to perform the test in an artificial seedling bed in a screening house

which providing a uniform conditions.

o Tetrazolium (T2Z) test Lakon (1942) first reported on the use of
tetrazolium salts to seed test. This test relies on the action of the TZ molecular to react
with hydrogen atoms released as a result of dehydrogenase enzyme activity in living
tissue, and results in the formation of a water insoluble red pigment called formazan.
It involved soaking stressed seeds in tetrazolium, cutting the soaked seeds and
evaluating individual seeds for their staining patterns. The TZ test is most widely used
to rapid estimate the germination percentage of seed lots. It is equally applicable for
evaluating vigor of seed as has long been advocated by Moore (1962, 1966a, 1985).
When conducted by an experienced analyst, it is probably the most informative of all

tests for evaluating the physiological quality of seed.
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J Seedling growth rates Vigorous seeds are able to efficiently synthesize
new materials and rapidly transfer these new products to the emerging embryonic axis,
resulting in increased dry weight accumulation. This test is generally conducted
according to the standards for the routine germination test. After germination
evaluations are made, the growing segments of the seedlings are excised from storage
organs (cotyledons and endosperm), dried and weighed to determine their increases.
Seedling dry weight may reflect general vigor of stressed seeds. However, differences
in seedling weight among various genotypes may reflect genotypic difference not
related to seed quality because seedling growth can be genetically controlled in

specific cultivars (Burris, 1975).

. Electrical conductivity of seed leachate It has been well known
that cell contents of deteriorated seeds will leach out when soak the seeds, and the
amount of solute leached is related to the degree of seed deterioration. Consequently,
measuring the electrical conductivity of leachate has been proposed as a vigor test and
has been shown to be inversely related to field emergence for soybean (Yaklich and
Kulik, 1979, Hampton and Tekrony, 1995). Takayanagi and Murakami (1969)
proposed measuring the sugar quantities in leachate using urine sugar analysis paper
to detect differences in seed vigor among seed lots. While this method may have merit
for within-cultivar comparisons of different seed lots, it would not likely be very
efficient for between-cultivar evaluation because of inherent differences in seed

composition unrelated to seed vigor.

o ATP and GADA tests Abu-shakra and Ching (1967) found
evidence of considerable uncoupling of oxygen uptake and ATP synthesis in
mitochondria extracted from aged soybean. Oxygen uptake was higher and ATP
production was lower than in isolates from high vogue material. Initial ATP
production was correlated with seed vigor and was a sensitive index of seed
deterioration (Yaklich et al., 1979; Lun and Madsen, 1981). Glutamic acid
decarboxylase activity (GADA) is important in seed germination because glutamic
acid comprises a high percentage of total amino acids in seeds, for example 19% in
soybean. GADA test measures the evolution of CO, as glutamate is enzymically

converted to amino butyric acid. Studies showed a direct relationship between seed
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vigor and GADA (Burris et al., 1969; Delouche and Baskin, 1973; Ram and weisner,
1988; Van de Venter et al., 1989).

The importance of seed vigor as an attribute of seed quality in soybean and
other crops has been proposed by seed scientists for many years (Heydecker, 1972;
Pollock and Roos, 1972). Several laboratory tests have been proposed to evaluate seed
vigor in soybean and the tests have been standardized by seed analysts (AOSA, 1976;
McDonald et al., 1978). Preliminary results from extensive studies conducted with the
objective of establishing a vigor rating system for soybean seed lots showed that three
vigor tests are especially promising for soybean: the accelerated aging (AA) test, the
tetrazolium (TZ) test and the rate of seedling growth evaluation interpreted for vigor
(AOSA, 1976). Deterioration and vigor are essentially antonymous. They represent
the negative and positive aspects of the seed physiological conditions. Most of the
methods used to evaluate seed vigor are the same as those used in research on seed
deterioration (Abdul-Baki and Anderson, 1973; AOSA, 1976; Johnson and Wax,
1978; Pinthus and Kimel, 1979; Tekrony and Agli, 1977; Yaklich and Kulik, 1979;
Yaklich et al., 1979). Indeed, a substantial portion of the information on seed

deterioration derives from studies of seed vigor.

Field weathering resistance test

To improve field weathering resistant cultivars, screening methods that can
distinguish resistance are required. Since the field weathering is caused under the hot
and humid field condition after the seed physiologically matured, the most common
procedure for evaluating resistance to seed weathering is to leave plants in the field
beyond the normal harvest period and then access the quality of the seed by visual
score, examining seed borne fungi, seed vigor test, or use a combination of these
assessment methods. This delayed harvest technique has several limitations, for
example, genotypes maturating at different times will be subject to different

environmental weathering stress and different period of weathering. A major
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difficulty in using the delayed harvest approach is applying the same environmental

stress conditions to cultivars of different maturities.

In an attempt to overcome the limitations of delayed harvest, Kueneman (1982)
developed spreader row and overhead irrigation techniques to accelerate weathering
based on the delayed harvest method and found the cultivar differences were highly
significant. Artificial seed weathering methods, such as incubator weathering, can
minimize the effects of variable pod maturity. Kueneman (1982) harvested the yellow
pods from test plants and placed on a metal incubator tray with 1 cm apart, then
incubated at 30°C and 85-90% RH for 7days before final drying and germination test.
He found the emergence score decrease significantly after one week incubation.
Dassou and Kueneman (1984) compared unweathered seeds with three weathering
treatment, i.e. incubator weathering (pods at physiological maturity were detached
from the plant and kept at 30 C and 90-95% relative humidity for 10 days), wet-
burlap-bag weathering (plants at physiological maturity were placed in wet burlap
bags for 10 days) and field weathering (seeds were harvested 3 weeks after
physiological maturity). They concluded that the incubator weathering treatment
minimized intraplant variability and environmental effects that would confound
comparisons among genotypes of different maturity. The incubator weathering
method promised a practical screening procedure for identification of resistance to
field weathering of soybean seeds and has been widely used since then. However, the
incubator conditions are conductive to the rapid growth of pathogens, which is likely
to encourage deterioration, thereby neglecting physiological factors (Balducchi and
McGee, 1987). Horlings et al. (1994) modified the treatment to incubate the pods at
27 C and 90-100% relative humidity for 4 days and indicated that the modified
incubator treatment had the most detrimental effect on seed quality with a wide range

in germination.

In breeding programs, visual selection, such as rating of defective seed coat,
wrinkled seed coat, shriveled cotyledons and green cotyledons may be effective in

eliminating the poorest progeny and could be used routinely (Green et al., 1971).
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Non-visual screening to identify lines with superior quality characteristics usually
involves accelerated aging test. It consisted of submitting soybean seeds to 42 °C and
100% relative humidity (RH) for 48 hours prior to evaluation for vigor or viability.
For use in breeding programs, more severe stress, such as controlled deterioration, is
necessary. Wien and Kueneman (1981) evaluated an aging period of 72 hours, but had
problems with fungal growth and subsequent contamination. These problems were
overcome by lowering the RH to 75% and extending the aging period to 6 weeks.
Kaster et al. (1989) treated the seeds at 42°C and 95% RH for 96 hours, the best
results were obtained. For seeds recently harvested (up to 3 months), increasing the

aging period to 120 hours also produced good results.

Soybean Seed Characters and Field Weathering Resistance

In soybean, some seed characters found to be beneficial under tropical
conditions (resistant to field weathering) are hard seed coat (Hartwig and Potts, 1987;
Potts et al., 1978; Rungsarid, 1982; Suriyon, 2003), small seed size (Dassou and
Kueneman, 1984; Edwards and Hartwig, 1971; Horlings et al., 1991; Nangju, 1979;
Paschal and Ellis, 1978; Tiwari and Joshi, 1998; Wangkam, 1999), and black seed
coat (Dassou and Kueneman, 1984; Horlings et al., 1994; Kueneman and Costa, 1987,
Starzinger and West, 1982). Among these characteristics, hardseedness has been
extensively studied because it was also considered to be related to seed dormancy and
seed longevity. Gilioli and Franca Neto (1982) studied the effects of weathering on 13
breeding lines with impermeable seed coat. Seeds were severely aged in the
greenhouse for 14 days after harvest maturity and then scarified and planted. Seeding
emergence of the impermeable lines ranged from 70.5 to 93.5 percent, compared to
14% for the check cultivar Panana (permeable). This result showed that the

permeability of the seed coat plays an important role on seed weathering.

Hardseedness is the inability of seeds to absorb water due to seed coat
impermeability. Impermeability reduces the fluctuation in seed moisture that can

occur with alternating wetting and drying conditions in the field, making seeds less
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susceptible to weathering (Potts et al., 1978; Hartwig and Potts, 1987). The hard seed
coat helps to prevent viability loss by limiting the exchange of water and gas between
the seed and the environment. The seed coat also has a relevant role in preventing the
entry of pathogenic microorganisms. Physiological changes of the seed coat, with or
without pathological interactions, generally play a primary role in seed deterioration
(Kueneman, 1983). Hard-seeded line also had a lower incidence of seed borne
pathogens, higher storage potential, less mechanical damage during harvest and
reduced damage by stink bugs (Dassou and Kueneman, 1984; Franca Neto and Potts,
1979; Franca Neto et al., 1983; Miranda, 1977; Hill et al., 1985; Potts et al., 1978).
Dassou and Kueneman (1984) found that most lines resistant to field weathering were

also resistant to deterioration in post harvest storage.

Seed coat permeability is caused by both genetic and environmental factors,
thus, a potential exists for fast selective changes in hardseedness as an adaptation to
xeric environments. However, the structural and chemical changes involved in these
mutations have not been elucidated. During the late stages of seed maturation, the loss
of water and the subsequent shrinkage of cells result in a closer packing of cells, and
even in cell collapse and lumen obliteration in the testa. This mechanical compaction
of cells drastically reduces water uptake (Kigel, 1995). Hardseedness has been
attributed to small-elongated pores and a high density of waxy material embedded in
the testa epidermis (Calero et al., 1981; Tully et al., 1981; Yaklich et al., 1986;
Mugnisjah et al., 1987). However, the role of the cuticle and waxy surface layers is
also doubted since their removal by organic solvents or superficial scratches did not
improve the water uptake (Rolston, 1978). Climatic conditions during seed
development influence seed coat structure and permeability of the seeds. The
incidence of hardseedness is greatest when seed maturation occurs under high
temperature and dry conditions (Dassou and Kueneman, 1984; Hill et al., 1986; Potts
et al., 1978). Hill et al. (1986) concluded that high soil moisture availability during
soybean seed fill reduced seed coat impermeability. Reduces supply of cytokinins and
minerals to the developing soybean seeds, which may occur under water stress, causes

the development of thicker and less permeable seed coat (Nooden et al., 1985).



34

Temperature fluctuations also result in the fracture of the strophiole and in subsequent
water uptake by the seed (Hagon, 1971), which may lead to faster loss of
impermeability (Kigel, 1995).

Although soybean cultivars with high percentages of impermeable seed coats
are less prone to weathering, however, there are some undesirable attributes that may
restrict its use. Expression of this character is influenced by several environmental
factors. Water stress, seed size and field environment all have marked effects on seed
coat permeability (Hartwig and Potts, 1987; Hill et al., 1986a, 1986b; Minor and
Paschal, 1982). Hard seed coat is also not desired in commercial soybean varieties
because it causes un-uniform germination and emergence. Disadvantages include an
increased number of volunteer plants in later crops, a reduced rate of stand
establishment and the need to scarify seed lots having high levels of hardseedness
(Potts et al., 1978). Small seed size and black seed coat are also not desired in the
market even they are not influence yield (Hartwig and Edwards, 1970). There are also
some restrictions on the physical characteristics of the seed. For example, yellow seed
coat and cotyledon color are considered essential. Colorless hilum is also desirable
since there is a tendency for hilum pigments to diffuse into the seed coat resulting in
mottled seed coat color. Special carefulness is needed to use these characteristics in

breeding programs.

Heredity of Soybean Field Weathering Resistance

Genotypic differences in resistance to field weathering have been observed
(Green and Pinnel, 1968a; Pashal and Ellis, 1978, Potts et al., 1978; Ndimande et al.,
1981; Korte et al., 1983; Kadhem et al., 1985). Some cultivars of soybean do appear
to be inherently more susceptible to field deterioration than others. Nangju (1977) and
Paschal and Ellis (1978) reported that soybean variety Improved Pelican was resistant
to purple seed and field weathering. Korte et al. (1983) and Kadhem et al. (1985)
found that soybean EIf, Will and Hobbitt exhibited better visual seed quality than
Nebsoy and Amcor. Ndimande et al. (1981) found two blackseeded accessions of

Indonesian origin, TGM685 and TGMG686, are also resistant to field weathering.



35

Lassim et al. (1982) compared the rate of field deterioration of 3 soybean varieties
(Mack, Dare and Forrest), the germination of Mack seeds dropped from over 90% to
80% at three weeks after maturity and further dropped to 68% at six weeks after
maturity. However, Dare and Forest seeds remained above 80% germination until
over 6 weeks after maturity under the same field conditions. The results clearly
indicated that certain cultivars possess differential rates of deterioration even they
maturated at the same time and exposed to the same weathering stresses, the seed of
Mack decreased much more rapidly in germination than other varieties, and the Mack
seeds were more adversely affected by delays in harvest and weathering than Dare
and Forrest seeds. It appears that the seed of Mack cultivar is inherently more
susceptible to weathering than the seed of Dare and Forrest. Paschal and Ellis (1978)
and Costa (1987) provided additional evidence that substantial genetic variation exists
in different cultivars for seed quality characteristics measured under tropical
conditions. Cultivars with small seed size appear to be better adapted to some tropical
climates and to be resisted weathering and invasion by pathogens. Kaowanant (2003)
also found that smallseeded GC10981 and GC10848 are more resistant to field

weathering than Chiangmai 60. This is the material basis of this study as well.

Genetic variability for resistance to deterioration exists. Genetic studies on
components of resistance to field weathering have already been mentioned. Kilen and
Hartwig (1978) studied the heritability of impermeable seed coat and assumed that the
trait was controlled by maternal tissue. They also concluded that at least three major
genes control the permeability characteristics. Green and Pinnel (1968a and 1968b)
evaluated the inheritance of resistance to field weathering by crossing the resistant
cultivars with the susceptible cultivars; they also assumed maternal control of the
resistance. Broad sense and narrow sense heritability estimates based on field
emergence and laboratory germination were very low. Their results also showed low
narrow sense heritability for wrinkled seed coats, shriveled cotyledons, green
cotyledons, average visual rating and overall visual rating. However, genetic
differences appeared to be small in comparison with the effect of environmental stress
(Tekrony, 1980b). A significant genotype and environment interaction was detected

following selection of 20 cultivars for improved seed germination ability (Unander et
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al., 1983). Genetic variability for seed quality exists but degree of potential
improvement is small in comparison with the main effect of environment. Like some
other environmental stress resistance in plants, the field weathering resistance of

soybean may also be controlled by polygene (QTLs).

Reducing Field Weathering Damage by Breeding and Field
Management

Historically, breeders have used selection and crossing techniques to enhance
the agronomic performance of soybean. The basic methods used in breeding for
improved varieties of soybeans are the same as used in other crops including pedigree,
bulk-population, and various modifications of pure line methods of plant breeding.
However, breeding objectives have changed from the initial primary emphasis on
yield to include other traits believed necessary for wider adaptability to expanding
production. Progress has come mainly from breeding for resistance to disease and
shattering and to suitability to mechanical harvesting. Improvement in physical and
chemical attributes of the seed has also been attained. As in other crop species,
continued improvement in yield appears to be more and more difficult to attain. Some
argue that further progress must come from increase emphasis on disease resistance,
insect resistance, and environmental stress resistance (Brim, 1973). To improve seed
quality in subtropical and tropical soybean production areas, breeding programs
should incorporated resistance to unfavorable conditions while continuing to stress the

necessity for improved management and production practices (Andrews, 1982).

Soybean breeders in the tropics have made significant efforts towards
developing adapted cultivars with genetically improved seed quality. This task has
received greatest emphasis at the International Instituted of Tropical Agriculture
(IITA) in Nigeria and at the National Soybean Research Center of the Brazilian
Agricultural Research Enterprise. At the IITA, several soybean lines from Southeast
Asia with small, black seeds were found to have good seed quality. Eight months after

ambient storage reduced the emergence of the cultivar Bossier to nearly zero, whereas



37

the selected lines maintained at least 50% emergence (Wien and Kueneman, 1981).
Researches in IITA have confirmed the possibility of selecting for improved seed
quality among soybean lines, and several sources of high seed quality have been
identified (Gilioli et al, 1982; Paludzyszyn et al., 1987; Kaster et al., 1989a, 1989b).
Doko, released in 1980 in Brazilian, is an example of a tropically adapted cultivar
with good seed quality. Fungicide-treated seeds of this cultivar could overcome severe
accelerated aging condition (41°C for 96 hours) without any decrease in germination

(Franca Neto et al., 1985).

As mentioned above, several attributes of soybean that may contribute to
improved seed quality are seed-coat properties, pod-wall permeability, resistance to
fungi, seed size and cell-wall permeability. To increase the soybean seed production
and quality in the tropics, cultivars with inherently good seed quality should be used.
In low-latitude tropical areas, it is practical to import good quality seeds from higher
latitude location, where environmental conditions are favorable for seed production.
Regions best suited for seed production should be selected. The best areas are
characterized by cool and dry conditions during maturation and harvest, These
conditions are not easily found in the tropics, but they may be achieved in areas of
higher altitude (above 800 m) or sometimes, by adjusting planting dates. As a general
rule, maturation of soybean seeds should occur when average temperatures are 22°C
or lower. Clearly, as suggested by TeKrony et al. (1980b), predicting the effects of
alternating wetting and drying in the field on seed quality must take into consideration

with the temperature at which it takes place.

Altering planting dates to allow the critical stages of seed maturation to
coincide with favorable segments of the field environment may prove feasible (Green
et al., 1965). In the tropics, there can be distinct planting dates for the production of
grain and seed. For grain production, planting dates should be adjusted so that
maximum yields of good quality grain are obtained. For seed production, however,
quality comes before quantity and yields must often be sacrificed to produce seeds of

high quality. By carefully matching cultivar maturity with rainfall patterns, planting
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dates that will minimize field deterioration can often be selected (Franca et al., 1994).
In the low-latitude tropics, where soybean can be planted at any time of the year, there
are also specific periods for production of high quality seeds. Seasons in many of
these areas are often characterized by the extent of the rainy period. In West Africa,
where a bimodal rainfall pattern exists, soybean should be planted in the major rainy
season for grain production and the minor rainy season for seed production. Although
yields are higher in the major season, seeds produced are frequently purple-stained,

cracked and discolored (Nangju et al., 1980).

Seeds should be harvested promptly when their moisture content first reaches
12 to 15%. A delay in harvest will result in reduced germination and vigor of the
seeds, especially when weather conditions are adverse (Costa et al., 1983).
Additionally, seed infection by pathogenic and saprophytic microorganisms will
increase with harvest delay. Several practices can be suggested to lessen the
deleterious consequences of field deterioration. Foliar fungicides may improve the
quality of soybean seed. The application of defoliants may permit earlier harvest, and,
theoretically, if soybean seeds are removed earlier from adverse field conditions, seed
quality should be better. Andreoli and Ebeltoft (1979) reported that by applying
defoliants that could speed up the plant maturation and the dry-down time of soybean
seeds, which resulted in better seed quality. Nevertheless, Costa et al. (1983) found no
substantial increase in soybean seed germination and vigor and so did not recommend
the use of defoliants. In fact, they reported greater losses during harvest, since some
plants were run over by the tractor tyres while the defoliant was being applies.
Durigan (1979) also found no improvement in seed quality and detected paraquat
residues in the seeds, making them unsuitable for use by humans or animals. Others
(Bovey, 1969; Metcalfe et al., 1956) have warned about the risk of residue and about
the possibility of a decrease in seed germination, depending on the desiccant and
dosage used. The use of systemic fungicide also provides some degree of protection

against weathering pathogens.



39

Genetic Markers and Marker Assisted Selection in Crop Breeding

Genetic markers

Genetic markers are those biological characteristics indicate the genetic
diversity of organisms. A genetic marker must be polymorphic, that is, it must
exist in different forms so that chromosome carrying the mutant gene can be
distinguished from the chromosome with normal gene by the form of marker it
also carries (Chawla, 2004). Genetic markers include morphological marker,

cytological marker, biochemical marker and DNA marker.

o Morphological markers are mainly the visible characteristics of
organisms such as plant height, flower color, and seed color. Morphological
markers are easy to be detected, but they are also easy to be effected by the

environment and just limited number of characteristics can be found and used.

o Cytological markers are the characteristics of chromosomal
variation. Cytological markers include the nucleic pattern (the structure and
number of chromosomes) and the banding pattern (C-band, N-band and G-band)
of chromosomes. They are not affected by the environment, but it’s difficult to

develop marked materials (such as triploid material).

o Biochemical markers are the pattern of proteins. They include
enzyme markers (isozymes and allozymes) and non-enzyme markers (storage
proteins). There are more than 50 enzyme systems (about 100 gene loci) have
been identified and widely used (Vallegos and Chase, 1991). Morphological
attributes and protein loci (isozymes) were typically used in linkage studies in
many crop species. However, the number of biochemical marker is still not
enough for further researching and breeding. The usefulness has been limited
because of the limited number of loci and limited level of polymorphism

associated with them.

o The era of DNA markers began two decades ago when Bostein et

al. (1980) highlighted the potential of DNA markers and unleashed the
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possibility of innumerable restriction length fragment polymorphism (RFLP)
markers due to variation of restriction sites in natural populations. Soon after the
discovery of RFLP, numerous marker types were recognized and widely
reviewed for their competence in crop improvement (Tanksley et al., 1989;

Paterson et al., 1991; Burrow and Blake, 1998; Joshi et al., 1999).

o The most recent additions for DNA markers are single nucleotide
polymorphism (SNP) (Brookes, 1999; Marshall, 1997; Rafalski, 2002) and the
markers based on miniature inverted repeat transposable element (MITE) (Casa

et al., 2000).

DNA markers

DNA markers are the DNA fragments that can detect the genetic diversity
between organisms at DNA level. DNA markers include DNA-DNA
hybridization based markers, polymerase chain reaction (PCR) based markers,

and target sequence based markers.

o DNA-DNA hybridization based markers are DNA fragments that
can be used denatured and hybridized with genomic DNA or other sources of
DNA fragments, including restriction fragment length polymorphism (RFLP)
(Botstein et al., 1980), variable number of tandem repeats (VNTR) and in situ

hybridization probes.

o PCR based DNA markers are primers using for PCR or PCR
amplified DNA fragments, including random primers and sequence specific
primers. Random amplified polymorphic DNA (RAPD) (Williams et al., 1990),
Arbitrarily primed polymerase chain reaction (AP-PCR) (Welsh and McClelland,
1990), DNA amplification fingerprinting (DAF) (Caetano-Anolles et al., 1991,
1993, 1994), arbitrarily primed polymerase chain reaction (AP-PCR) (welsh and
McClelland, 1990) and inter-simple sequence repeat (ISSR) primers are random
primers. Simple sequence repeat (SSR) (Litt and Luty, 1989; Zietiewicz et al.,
1994), amplified fragment length polymorphism (AFLP) (Vos et al., 1995),
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random amplified microsatellite polymorphism (RAMP) (Wu et al., 1994),
selective amplification of microsatellite polymorphism loci (SAMPL) (Vogel
and Morrante, 1995), random amplified hybridization microsatellite (RAHM)
(Cifarelli et al., 1995), single strand conformation polymorphism (SSCP) (Orita
et al., 1989) and resistance gene analog (RGA) primers are sequence specific

markers.

o Target sequence based markers are DNA markers developed from
specific DNA sequence, including sequence targeted site (STS) (Olson et al.,
1989), sequence tagged microsatellite (STM) (Litt and Luty, 1989), sequence
characterized amplified region (SCAR) (Martin et al., 1991) and cleaved
amplified polymorphic sequence (CAPS) (Konieczny and Asubel, 1993).

AFLP technology and bulk segregant analysis

Among the DNA markers, AFLP has proven its advantages in many aspects of
genome analysis as a high throughput marker. AFLP is a method that combines PCR
and RFLP technology developed by Zabeau (1993) and Vos et al. (1997). By
combining different restriction enzymes and the number of selective nucleotides in
the primers for PCR, the AFLP method offers a larger number of genetic markers
from a single PCR than previously available methods. Thus, it is a more efficient and
less costly method. The level of polymorphism detected by AFLP is lower than those
with other mapping techniques, such as RFLP and SSR. However, because of its
robustness, reliability, and efficiency, it is gaining popularity among researchers for
many types of investigation, including mapping, fingerprinting, positional cloning and
phylogenetics (Ridout and Donini, 1999). The AFLP technology, generally used for
the fingerprinting of genomic DNA, can also be used with cDNA preparations for
transcript profiling. This cDNA AFLP technology permits the display and
quantification of transcripts based on AFLP fingerprinting of double-stranded cDNA.
The transcript profile obtained by using this technique is a reliable and efficient tool
for the identification of differentially expressed mRNAs. The AFLP marker system

appears to be a useful approach for generating high-density genetic maps in soybean
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(Keim et al., 1997). It was concluded that, among the RFLP, RAPD, and AFLP
techniques, AFLP is the most useful (Lin et al., 1996).

Bulked segregant analysis (BSA) has been widely used as a tool to find
markers linked to target genes or linked to other markers since Michelmore et al.
(1991) described the technique. BSA is effective for high-resolution mapping to find
genes controlling simple inherited traits, such as disease resistance genes. Indirectly,
BSA can be used to saturate linkage maps and to screen for markers linked to QTLs.
In BSA, the samples from different individual progeny in a family are pooled into
bulked samples by genotypic class or by phenotypic class. A specific target allele will
occur in one bulked sample, but not the other. It is a strategy to select individuals
from a segregating population that are homozygous for a trait of interest. In the
pooled DNA sample, most of the genomic region will be homozygous, only the
genomic region encompassing the trait or marker of interest will be polymorphic,
which can be used as a target for screening DNA markers rapidly (Michelmore et al.,
1991; Giovanonni et al., 1992). A polymorphic marker which shows a clear
difference between the two bulks is likely to be linked to the target genes or nearby
markers. This means that any trait that can be scored in an F2, backcross, or RI
population can be rapidly targeted with DNA markers by BSA (Zhang et al., 1994).
However, the success of bulking by phenotypes is dependent on the correspondence
of genotype and phenotype. PCR based markers have been commonly used in BSA.
The BSA used in conjunction with AFLP markers, make it possible to identify large

number of DNA markers in a region of interest in a short time.

Molecular marker assisted selection in plant breeding

Breeders have traditionally improved plant varieties by selecting on the basis
of phenotype. Although it is possible to undertake breeding programs using only
phenotypic selection, however, the phenotype of a plant is determined not only by its
genotype but also by the environment in which it is grown. To circumvent such

problems, plant breeding techniques based on detailed statistical inference have been
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developed. Molecular marker technology-empowered genome analysis offers a new
level of resolution to crop improvement efforts. It has been well accepted as a
valuable adjunct to classical breeding tools (Burr et al., 1983; Beckmann and Soller,
1986; Tanksley et al., 1989; Paterson et al., 1991; Young, 1992, 1999a, 199b;
Paterson, 1996, 1998). Molecular markers can facilitate selection for both single gene
traits as well as polygenic inherited traits for agronomic crop improvement (Bent and
Yu, 1999; Kumar, 1999). Molecular markers have been rapidly adopted by crop
improvement researchers globally as an effective and appropriate tool for basic and
applied studies addressing biological components in agricultural production systems
(Jones et al., 1997; Mohan et al., 1997; Prioul et al., 1997) as they offer specific
advantages in assessment of genetic diversity and in trait-specific crop improvement
(Edwards, 1992; Paterson et al., 1991). It was stated that the molecular markers can
mask the effect of minor linked genes making it possible to identify desirable linkages

for selection (Tanksley et el., 1989).

Integration of novel techniques and methodologies into conventional breeding
programs is needed to facilitate the identification, the characterization, and the
manipulation of genetic variation for continued and accelerated progress (Wilson,
1993; Sorrels and Wilson, 1997). Biotechnology offers two new ways for improving
crops: one through the development and application of molecular markers, and the
other through genetic engineering. Molecular markers technology offers a novel
approaches to improve efficiency of selection, and have become a critical tool in
studies of genetic variation in crops. The development of comprehensive genetic maps
by molecular markers has enormously improved the power of genetic analysis (Snape
et al., 2001). In addition, the use of marker assisted selection (MAS) will enhance
selection efficiency not only for Mendelian traits for which individual phenotypes
provide large information about the underlying genotypes, but also for most of the
complex traits of agronomic interest for which phenotypes are less informative about

the underlying genotypes (McCouch, 2001).
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Use of markers in applied breeding programs can range from facilitating
appropriate choice of parents for crosses, to mapping and tagging gene blocks
associated with economically important traits (Doerge et al., 1997). Tanksley et al.
(1989) have developed application in backcross breeding programs where effective
selection for the recurrent parental background genotype can be accelerated. Gene
tagging and QTL mapping in turn permit marker assisted selection (MAS) in
backcross (Frisch et al., 1999a, b; Ribaut et al., 1997, 2002) and pedigree programs
(Mohan et al., 1997). An understanding of the number and location of quantitative
trait loci controlling performance for a target trait can markedly enhance the
efficiency of breeding. Marker assisted selection appears to be especially useful for
crop traits that are otherwise difficult or impossible to deal with conventional means
(Moreau et al., 1998). Near-Isogenetic products of a marker assisted backcrossing
program in turn provide genetic tools for crop physiologists and crop protection
scientists to use in improving understanding of the mechanisms of tolerance to various
abiotic stresses such as extreme of temperature and water availability (Jones et al.,
1997; Prioul et al., 1997). The primary challenge faced by plant breeders today is how
to develop superior cultivars by transferring a repertoire of useful genes in a cost
effective, timely, and precise manner. Although the greatest benefit of using
molecular markers in breeding is the considerable savings in time required to attain a
certain genetic gain for the agronomic traits that are difficult to evaluate (Burr et al.,
1983; Tanksley et al., 1989). Marker assisted selection is definitely useful to
manipulate chromosomal regions and rapidly design new genotypes combining

favorable QTLs or genes.

The most interesting use of molecular markers is in the more efficient
selection that they make possible for polygenic characters controlled by quantitative
trait loci or QTLs. The use of molecular markers such as isozymes and RFLP has
made it possible to differentiate the quantitative effects of different loci on the same
character (Stuber, 1992, 1995), and recent advances in plant molecular genetics have
eventually allowed the accurate mapping, cloning and transferring of QTL (El-Assal
etal., 2001; Frary et al., 2000; Johanson et al., 2000; Lin et al., 2000; Takahashi et al.,
2001; Van Berloo et al., 2001; Yano et al., 2000). The detection and location of
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quantitative trait loci enables the use of MAS for attributing difficult to manage by
conventional breeding approaches, leading to a potentially more reliable, quick, and
efficient selection. However, unless the mapping population sizes are very large, the
confidence intervals associated with QTL location can also be large. The lower the
heritability of the trait and the smaller affect of the QTL, the larger the confidence
interval. For typical population sizes of 100 to 200 RILs, the confidence intervals for
detectable QTL are seldom less than 5 ¢cM and often 20 ¢cM or more (Kearsey and
Farquhar, 1998). Currently, the development of chromosome substitution lines, near
isogenic lines and stepped aligned inbred recombinant strains enable QTL to be
mapped to a relative small region of a chromosome, and such a accuracy may be

adequate for marker assisted selection (Kearsey, 2002; Koumproglou et al., 2002).

The identification and fixation of some economic important QTLs have been
successfully studied on tomatoes (Tanksley et al., 1982), maize ((Stuber et al., 1987),
rice (McCouch and Doerge, 1995) and potatoes (Bradshaw et al., 1998). The
identification of molecular markers linked to traits of economic importance has
allowed the development of strategies for manipulating the genotypes or introducing
genes that enable the plant to tolerate stress (Snape et al., 2001). Functional genomics
has the potential to reveal the genetic basis phenotypic response to the environment
and, hence, open up the possibility for genetic improvement by transformation.
However, adaptation to stress at the whole plant level involves the interaction of many
genes that are expressed at multiple levels. The challenge now is to shift through the
massive database to identify genes associated with QTLs for stress tolerances (Forster
et al., 2000). A deeper crop ecophysiological understanding is required to take full
advantage of biotechnology on crop breeding (Araus et al., 2003; Slafer, 2003). The
rapid pace of changes and innovation in the field of molecular biology will
undoubtedly result in faster, more efficient and more informative methods applicable

to improving the speed and precision of plant breeding.

Although the application of the marker assisted selection in crop Improvement

has not been striking for complex quantitative traits. It has been largely limited to
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simply inherited traits (Hittalmani et al., 1995; Huang et al., 1997; Mudge et al., 1997;
Davierwala et al., 2001; Wang et al., 2001). Since QTLs are affected by the degree of
linkage disequilibrium between the QTL and the markers, and the environment x
genotype interaction (Gillespie and Turelli, 1989). Therefore, the direct application of
molecular markers in constructing desirable QTL allelic combinations, across a wide
range of genotypes and environment, is probably quite limited. The difficulty of
manipulating quantitative traits is related to their genetic complexity, principally the
number of genes involved in their expression and interactions between genes. As
several genes are involved in the expression of polygenic traits, they generally have
smaller individual effects on the plant phenotype and are cross- dependent. This
implies that several regions must be manipulated simultaneously to have a significant
impact, and that the effect of individual regions is not easily identified. Hospital et al.
(1997, 2000) studied selection on marker pairs flanking 50 QTL identified in a F2
population and concluded that the efficiency of marker based selection is bounded by
the recombination taking place between the markers and the QTL. Current progress in
mapping consistent QTL for yield and stress tolerance characteristics can potentially

lead to successful MAS for complex traits in the future (Subudhi and Nguyen, 2004).

Molecular Biological Researches on Soybean

Soybean genetic mapping

The soybean genome contains an estimated 1.1 x 10° bp for 1n DNA content
(Arumuganthan and Earle, 1991). In soybean, several genetic linkage maps including
various molecular markers have been constructed since the early 1990s (Akkaya et al.,
1995; Cregan et al. 1999; Diers et al., 1992; Keim et al. 1989, 1990a, 1997, 2000;
Kim et al. 2000; Lark et al. 1993; Mansur et al. 1996; Morgante et al., 1994; Palmer
and Shoemaker 1998; Rafalski et al., 1993; Shoemaker et al. 1992, 1996a, 1996b;
Shoemaker and Olson 1993; Shoemaker and Specht 1995; Song et al. 2004). The first
soybean genetic linkage map of molecular markers was reported by Keim et al.

(1990a). This map consisted of 26 genetic linkage groups containing 150 RFLP loci.
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Later, more markers were added into this map, and it includes 252 RFLP markers
with a map length of 2147¢cM (Diers et al., 1992; Shoemaker and Olson 1993). Lark
et al. (1993) constructed a genetic map containing 132 RFLP, isozyme, protein and
morphological markers with a map length of 1550 c¢M. Rafalski et al. (1993) and
Morgante et al. (1994) developed a genetic map containing 600 RFLP and SSR
markers with a map length of 2679 cM. Akkaya et al. (1995), Shoemaker and Specht
(1995) and Palmer and Shoemaker (1998) developed a map containing 530 RAPD,
RFLP, SSR, and morphological markers with a map length of 1486 cM. Mansur et al.
(1996) developed a map containing 220 RFLP, SSR, and morphological markers with
a map length of 2000 cM. Keim et al. (1997, 2000) developed a map consisting 840
markers (165 RFLP, 25 RAPD, and 650 AFLP markers), which spread over 28
linkage groups representing 3,441 cM distance. Cregan et al. (1999) constructed a
map of twenty consensuses molecular linkage groups based on three mapping
populations contain 689 RFLP, 606 SSR, 79 RAPD, 11 AFLP, 10 isozyme and 26
classical loci. The resulting map was about 2400 cM in length. Recently, Song et al.
(2004) combined 5 maps into an integrated genetic map spanning 2523.6 cM of
Kosambi map distance across 20 linkage groups that contained 1849 marker,
including 1015 SSR, 709 RFLP, 73RAPD, 6 AFLP, 10 isozyme, 24 classical traits

and 12 other markers.

Soybean QTL identification

Saturated genetic maps allow us to evaluate genetic regulation and interactions
of genes or chromosome regions that affect complex agronomic traits. A broad range
of studies have been conducted to identify quantitative trait loci (QTLs) affecting
agronomically important traits in soybean. Based on the construction of soybean
genetic maps, quantitative trait locus (QTL) for a number of agronomic traits in
soybean have been mapped (Arahana et al. 2001; Brummer et al. 1994; Concibido et
al., 1994; Csanadi et al. 2001; Diers et al. 1992a,b,c; Funatsuki et al. 2005; Guo et al.
2005; Hyten et al. 2004; Igbal et al. 2001; Keim et al. 1990b; Kim and Diers 2000;
Landau-Ellis et al. 1991; Lewers et al. 1999; Mansur et al., 1993; Nickell et al. 1994;
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Njiti et al. 1998; Panthee et al. 2005; Polzin et al. 1994; Schuster et al. 2001;
Tamulonis et al. 1997a,b; Zhang et al. 2004). For example, there are at least 53 QTL
associated with oil content, 61 with protein concentration, and 66 with seed size have
been mapped using various population types and different marker-based mapping
techniques currently (Hyten et al. 2004). QTLs have been identified for resistance to a
number of soybean diseases including brown stem rot (Lewers et al., 1999),
Sclerotinia stem rot (Kim and Diers, 2000; Arahana et al., 2001); soybean cyst
nematode (Schuster et al., 2001); sudden death syndrome (Njiti et al., 1998; Igbal et
al., 2001), and root knot nematodes (Tamulonis et al., 1997a,b). During the last
decade, several research groups, using various population types and different marker-
based mapping techniques, have also identified many QTLs governing soybean seed
hardness, seed protein, oil, and yield (Diers et al., 1992; Keim et al., 1990). Some of
the identified QTLs are listed in Table 4.

Rapidly growing soybean EST database (Shoemaker et al., 2002) and mapping
of these ESTs onto the soybean genetic map (Matthews et al., 2001) promised to be a
valuable public resource for efficient gene discovery, study of evolution, and
comparative analysis between genera to identify candidate genes for important

biological functions.

Application of identified QTLs in soybean breeding program

DNA marker technology has been developed and integrated into soybean
breeding programs (Boerma and Mian, 1999; Cregan et al., 1999). Increasing
emphasis in breeding programs to produce high quality soybean seed with specific
protein or oil content for specialty markets demands more efficient manipulation of
the traits were achieved. A number of QTL affect these traits and the markers could
potentially be used in breeding programs (Brummer, 1997). Diers et al. (1992)
identified two QTLs for protein and oil concentration in G. soja. These QTLs were
subsequently transferred to the background of G. max and their effect on protein and

oil concentration and on other agronomic traits was reexamined (Sebolt et al., 2000).
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The effect of increased protein concentration of the QTL on chromosome 1 was
confirmed in three out of four genetic backgrounds. However, the QTL was also
associated with negative effects on oil concentration and yield. Recently, a QTL for
increased yield originated from G. soja was identified and mapped in linkage group
B2 (Concibido et al., 2002). Heterozygous BC2F1 lines containing the wild allele at
the QTL had 9.3% yield increase (an average of 10 locations) compared to
homozygous BC,F; lines containing the cultivated parent allele. The QTL was
subsequently transferred to 6 additional commercial soybean cultivars. In two
backgrounds, the wild QTL allele showed 5% and 9% yield increase over haplotype
containing the cultivated parental allele. Despite the limited adaptability of the QTL
across genetic backgrounds, this study demonstrated the potential of using exotic
germplasm for yield improvement in soybean. The use of markers in breeding for
resistance to the soybean cyst nematode is also widely spread in soybean breeding

programs (Young, 1999a, 199b).

Table 4 Some identified QTLs in soybean genome.

Trait Linkage group Reference
Chlorimuron ethyl E Mian et al., 1997
sensitive
Canopy height Dl1a/Q, F Keim et al., 1990
Drought tolerance G,H,J Mian et al., 1996
Fe efficiency Al, A2,Dla/Q, G,H, Linetal., 1997; Diers etal., 1992
I,L, N, p/B2
First flower (R1) C2,L, M, p/B2 Keim et al., 1992; Mansur et al., 1993, 1996
Hardseededness A2, L Keim et al., 1990
Leaf ash D2,G,]J Mian et al., 1996
Lodging A2,C1,C2,G,J,L, Leeetal, 1996; Mansur et al., 1993, 1996
Leaf area (mm?) A2,C2,E,F,H,M, Mian et al., 1998; Mansur et al., 1993, 1996
Leaf weight (dw/If area) B1,C2,H, L Mian et al., 1998

Leaf length (mm) Dl1a/Q,G,L, N Keim et al., 1990; Mansur et al., 1996
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Trait Linkage group Reference

Leaf width (mm) A2,E,F,H, M, Keim et al., 1990; Mansur et al., 1996
W/DI1b

Linoleate (% of oil) Al,B1E Diers and Shoemaker, 1992

Linolenate (% of oil) E,K,L Diers and Shoemaker, 1992

Oil (% of seed dw) Al, A2,B1,E,G,H, Mansuretal., 1993, 1996; Brummer et al.,
LK, L, p/B2 1997; Diers et al., 1992

Oleate (% of oil) Al E, p/B2 Diers and Shoemaker, 1992

Palmitic (% of oil) J, p/B2 Diers and Shoemaker, 1992

Plant height (cm) B1, Cl1, C2, D1a/Q, Lee et al., 1996; Mansur et al., 1993, 1996;

Pod dehiscence

Pod maturity (R8)

Protein(%of seed dw)

Beginning seed (R5)
Reproductive period
Seed filling (R1-R8)
Seed number

Seed weight

Seed yield

Stearate (% of oil)

Stem diameter

H,J,L, M, w/ DI1b

E,J
Al,B1,Cl, C2,
Dl1a/Q,K, L, M

Al, A2, B1,Cl,
D1a/Q,E, G, 1, L
C2,L

L, M

C2,1,M

C2,M

Al, A2, BI1,Cl, C2,
D2,E,G,J, L

C2,M, N

L

Lark et al., 1995

Bailey et al., 1997
Lark et al., 1994; Lee et al., 1996; Keim et
al., 1990; Mansur et al., 1993, 1996

Mansur et al., 1996; Brummer et al., 1997;
Diers et al., 1992

Mansur et al., 1993

Mansur et al., 1996

Keim et al., 1990; Mansur et al., 1993
Mansur et al., 1996

Mansur et al., 1996; Manghan et al., 1996;
Mian et al., 1996

Mansur et al., 1993, 1996; Chang et al.,
1996

Diers and Shoemaker, 1992
Keim et al., 1990

Source: sorted out from Shoemaker et al., 2001.
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Summary

As reviewed above, the importance of soybean production has pushed its
cultivation from the temperate zone into the subtropical and tropical areas during the
last century. Weather conditions, especially high temperature and humidity that cause
serious seed weathering, have become the major factors affecting the soybean
production and seed quality in the tropics. Although great amount of researches have
been done on the mechanism of soybean seed deterioration by weathering, our present
knowledge would only indicate that no one aspect of seed metabolism is likely to
provide a clear universal index of seed deterioration. Many seed testing methods have
been developed to evaluate the seed quality and weathering, but for a specific
breeding program, the seed test should be modified to adapt the local conditions and
the germplasm used. It is well known that we can reduce the damage of field
weathering by choosing resistant varieties, adjusting the planting date and enhancing
the field management. Among these ways, breeding new resistant varieties is the most
important and essential way to solve the field weathering problem. At present, the
field weathering breeding is limited by the lack of genetic resources because just a
few resistant varieties have been identified. It is important to identify and to create
more gene sources for breeding programs. As the development of molecular biology,
genetic marker systems have improved dramatically. Significant progress has been
made in soybean genomics to target important genes, which provides a deeper insight
into its genome structure and organization. DNA marker technology has also been
developed and integrated into soybean breeding programs. Theoretically, it is possible
to analyze the genes related to the field weathering resistance and to make more
efficient manipulation of this trait. However, up to now, very little work has been
done on the actual mechanism of the seed damage in the field, and there is no any
molecular analysis of soybean field weathering has been previously reported. To solve
the problem of field weathering, more researches are expected to seek the mechanism
of the seed deterioration caused by weathering, to identify DNA markers associated
with field weathering resistance genes, and to make further application of the markers

for soybean breeding programs.
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MATERIALS AND METHODS

Plant Materials, Equipments and Chemicals

Plant materials

Soybean Chiangmai 60 (CM60), GC10981 and their progenies were used as
plant materials in this study. CM60 (Williams x SJ.4) was released by the Department
of Agriculture, Ministry of Agriculture and Co-operatives in 1987. It is widely
adaptable in Thailand with high yield. GC10981 was an early maturing line developed
by the breeders of Asian Vegetable Research and Development Center (AVRDC).
Kaowanant (2003) had evaluated the field weathering resistance of these two varieties

and indicated that CM60 was susceptible and GC10981 was resistant to field

weathering.
Equipments
I. Extra low temperature freezer (-80 C) and common refrigerator

2. Centrifuge

3. Water bath (37 C and 65 C)

4. Autoclave
5. Pestles and mortars
6. Microwave oven

7. PH meter
8. Magnetic mixer
0. Electrophoresis apparatus

10. Incubator



1. Shaker

12. Thermocycler (PCR apparatus)

13. Ultraviolet lamp and gel photography apparatus
14. Scanner, computer,

Chemicals

1. CTAB (Cetyltrimethyl ammonium bromide)

2. EDTA (Disodium ethylenediaminetetra-acetate.2H20)
3. Tris Base (Tris [hydroxymethyl] aminomethane)
4. Chloroform

5. Isoamyl alcohol

6. Ethanol

7. NaAcO (Sodium acetate)

8. KAcO (Potassium acetate)

0. SDS (Sodium dodecyl sulfate)

10.  Isopropanol

1. Agarose

12.  Polyacrylamide

13.  APS(ammonium persulfate),

14. TEMED

15. BPB (Bromophenol blue)

16. EtBr (Ethidium bromide)

17. Urea

18.  PCR kit

53
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19.  AFLP primers

20. pGEM®-T Easy Vector Systems (Promega)

Methods

Hybridization and F; hybridity identification

Soybean CM60 and GC10981 were grown in the greenhouse at the
Department of Agronomy, Kasetsart Univewrsity, Bangkok as parents for pollination.
The pollination was done by removing the anthers from CM60 and receiving pollens
from GC10981. The obtained F, seeds along with their parents were grown in a field
at National Corn and Sorghum Research Center, Nakorn Rachasima Province. Three
weeks after planting, leaf samples were collected from each F; plant for checking the
hybridity using SSR primers. The plants that showed DNA bands from both CM60
and GC10981 were regarded as real hybrid. The pods from each hybrid plants were
harvested separately at harvest maturity for developing F, population. The pods of
CM60 and GC10981 were harvested at physiological maturity for confirming their

difference in field weathering by a serial of treatments as follows.

Field weathering test on parents and testing method establishment

The yellow pods harvested at physiological maturity from CM60 and
GC10981 were submitted to the following 7 treatments (3 for incubator weathering, 1
for accelerated aging and 3 for controlled deterioration) to evaluate the difference in

field weathering resistance between these two varieties.

1. Incubator weathering: Fresh yellow pods (36 pods for each treatment)
were placed upright in the cells of a grid to avoid pod contact, and then sealed in a

plastic box with 1 cm water under the grid to ensure a high relative humidity (90-
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100%) during the incubation. The boxes with pods inside were incubated by three
treatments as follows:

e 30C for 10 days;

e 35C for 7 days;

e 30C for 7 days.

After the incubation, the pods were dried, threshed and germinated between

wet papers at 25°C for 5 days.

2. Accelerated aging test and Controlled deterioration: Fresh yellow
pods were dried and threshed. The seeds obtained (50 seeds for each treatment) were
subjected to the following four treatments:

e Seeds were put in a wire-mesh tray. The trays were then sealed in a plastic
box with 1 cm water under the trays to ensure a high relative humidity (90-100%)
during the incubating. The boxes with seeds inside were incubated at 41°C for 3 days
(standard AA test);

e Seeds were soaked in distilled water for 15 minutes, and then put in wire-
mesh tray and sealed in plastic box with 1 cm water under the trays. The boxes with
seeds inside were incubated at 41°C for 7 days;

e Seeds were soaked in distilled water for 30 minutes, and then put in wire-
mesh tray and sealed in plastic box with 1 cm water under the trays. The boxes with
seeds inside were incubated at 41°C for 4 days;

e Seeds were soaked in distilled water for 60 minutes, and then put in wire-
mesh tray and sealed in plastic box with 1 cm water under the trays. The boxes with

seeds inside were incubated at 41°C for 3 days.

After the treatment, the seeds from each treatment and 50 non-treatment seeds
(control) were germinated between wet papers at 25 C for 5 days. The normal
seedlings, abnormal seedlings, fresh ungerminated seeds, hard seeds and dead seeds
were counted (AOSA, 2000). The field weathering resistance of the variety was
evaluated by germination (percentage of normal seedlings and hard seeds) and

viability (percentage of normal seedlings, abnormal seedlings, fresh ungerminated and
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hard seeds) of the treated seeds. According to the germination and viability of the
field weathering tests, the treatments that showed wide-range difference between
CM60 and GC10981 was selected for evaluating the field weathering resistance of

their F, progenies.

F, population development and sampling

The F, seeds from hybrid F; plant were grown in a field at National Corn and
Sorghum Research Center, Nakorn Rachasima Province. Water, fertilizer, pesticide
and fungicide were applied when it is necessary. After 3 weeks from planting, every
F, plant was numbered and about 1g leaves of each F, plant were collected for DNA
extraction. At the physiological maturity, yellow pods of each F; plant were harvested

separately for field weathering test. The plant height was measured at the same time.

Field weathering test on F, population

Based on the tests on CM60 and GC10981, the field weathering resistance of
the F, progeny was evaluated by incubator weathering and controlled deterioration

method as follows.

1. Incubator weathering test: Eighteen fresh yellow pods harvested from
each F, plant were placed upright in the cells of a grid to avoid pod contact, and then
sealed in a plastic box with 1 cm water under the grid to ensure a high relative
humidity (90-100%) during the incubation. The boxes with pods inside were
incubated at 30C for 7 days. After incubation, the pods were dried and threshed, and

then the seeds were germinated between wet papers at 25 C for 5 days.
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2. Controlled deterioration test: The yellow pods were harvested, dried
and threshed. Twenty-five seeds from each F, plant were soaked in distilled water for
60 minutes, and then the seeds were put in a wire-mesh tray. The trays with seeds
inside were sealed in a plastic box with 1 cm water under the trays to ensure a high
relative humidity (90-100%) during the incubation. The boxes were then incubated at
41°C for 3 days. After incubation, the seeds were germinated between wet papers at

25°C for 5 days.

After germination, the normal seedlings, abnormal seedlings, hard seeds, fresh
ungerminated seeds and dead seeds were counted. The field weathering resistance was
evaluated by the germination and the viability of the treated seeds. According to the
germination and viability of the seeds from incubator weathering and controlled
deterioration test, equal amount of leaf tissue from extreme resistant F, plants
(0.2g/plant) were pooled as bulked resistant sample, while the same equal amount of
leaf tissue from extreme susceptible F, plants were pooled as bulked susceptible

sample for DNA extraction.

DNA extraction

Total genomic DNA of CM60, GC10981, bulked samples and each F2 plants
were extracted using a SDS extraction protocol modified from that described by Keim

et al. (1988) and Doyle et al. (1990).

1. 0.5g leaf tissue was freezed rapidly by liquid nitrogen in a mortar,
grinded with a pestle till the tissue became powder. A little more liquid nitrogen was

added, if necessary, to keep the powder from thawing while grinding.

2. The frozen powder transferred into a micro centrifuge tube containing
1 ml DNA extraction buffer (100mM Tris, S0OmM EDTA, 500mM Nacl, 1.25% SDS

and 10mM fB-mercaptoetanol).

3. The mixture was incubated at 65 C for 30 minutes with inverting tubes

a few times every 10 minutes.
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4. 300ul 5SM KAcO was added and the mixture was incubated on ice for 1

hour.

5. The mixture was centrifuged at 12,000 rpm for 15 minutes. The

supernatant was transferred into a new micro centrifuge tube.

6. 300l chloroform / isoamyl alcohol (CIA, V/V=24:1) was added to the
supernatant and mixed. The mixture was centrifuged at 12,000 rpm for 15 minutes,

and then the supernatant was transferred into a new 15 ml tube.

7. Same volume of cold isopropanol was added to the supernatant and

mixed. The mixture was placed at room temperature for 1 hour or at 4 C overnight.

8. The DNA was hooked into a new micro centrifuge tube and washed 3

times by 75% alcohol to remove salts.

0. The DNA was dried at room temperature for 30 minute and then

dissolved in 200ul TE buffer (10mM Tris-Cl, pH8.0 and ImM EDTA, pH 8.0).

10. 3ul DNase free RNase (10mg/ml) was added to the DNA, mixed and

incubated at 37 C for 30 minutes.

11.  200ul phenol was added, mixed and centrifuged at 12,000 rpm for 15

minutes, and then the supernatant was transferred into a new micro centrifuge tube.

12.  200ul chloroform / phenol (24:1, V/V) was added to the supernatant,
mixed and centrifuged at 12,000 rpm for 15 minutes, and then the supernatant was

transferred into a new micro centrifuge tube.

13.  200ul chloroform was added to the supernatant, mixed and centrifuged
at 12,000 rpm for 15 minutes, and then the supernatant was transferred into a new

micro centrifuge tube.

14. 20ul 3M NaAcO and 500ul ethanol was added to the supernatant,
mixed and placed at -20 C for 30 minutes.

15. The DNA was hooked into a new micro centrifuge tube and washed

with 65% alcohol for 1 time and 85% alcohol for 2 times.
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16. The DNA was dried at room temperature and 100ul TE buffer was
added to dissolve the DNA.

17. The presence of DNA was monitored by subjecting 1ul of each DNA
sample to 1% agarose gel and electrophoresed in 1XTBE buffer. The gel was stained
in ethidium bromide (0.1g/ml) and the visual bands under UV lamp were compared
with standard DNA marker by photography. The DNA concentration was adjusted to
100ng/ul, and then stored at -20 C for further using.

SSR procedure

SSR analysis was conducted to check the hybridity of the F; plants. The
procedure was the same as described by Yu et al. (1994) and Cregan et al. (1999).
PCR reaction was performed in a volume of 12.5ul containing 10xPCR buffer1.25pl,
2.5mM dNTPs 0.5ul, 25mM MgCl, 1.0ul, 1uM forward primer 1.25ul, 1uM reverse
primer 1.25ul, 5U/ul Taq Polymerase 0.1ul, 50ng/ul template DNA 1.0pl and ddH,O
6.15ul. The mixture were put in a thermocycler and the following temperature profile
was run: 3 minutes for denaturation at 94 C; 35 cycles of 30 seconds for denaturation
at 94 C, 30 seconds for annealing at 55 C (vary with primer), 1 minutes for extension

at 72 C; and 10 minutes for final extension at 72 C, then hold at 4 "C.

PCR products were separated by denatured 6% polyacrylamide gel and
visualized by the method described by Saghai Maroof et al., 1994. A 6% (w/v)
polyacrylamide gel (19:1 crosslinking ratio) with 7M urea was pre-run in 1xXTBE
buffer (89mM Tris, 89mM boric acid, 2,0mM EDTA, pH8.3) at 1500V for 30 minutes.
Then a mixture including 10ul denatured PCR production and 2ul loading buffer was
loaded into the well of the polyacrylamide gel. The gel was electrophoresed at 1500V
for 3 hours. After the electrophoresis, the gel was soaked in the following solutions
and shaken gently: distilled water for 5 minutes, 0.1% CTAB for 30 minutes, 0.3%
ammonia for 15 minutes, 0.2% silver staining solution for 20 minutes, distilled water

for 30 seconds, developing solution for 10~20 minutes (till the bands are clear), stop
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solution for Sminutes, distilled water for 30 minutes, and then dried at room

temperature.

RAPD procedure

RAPD technique was used to identify the polymorphism among CMG60,
GC10981, resistant DNA pool and susceptible DNA pool. The PCR was performed in
a volume of 12.5ul containing 10 X PCR buffer 1.25ul, 2.5mM dNTPs 0.625ul,
25mM MgCl, 0.625ul, 1uM RAPD primer 1pl, 5U/ul Taq Polymerase 0.1ul, 50
ng/ul template DNA 1.0ul and ddH,O 7.9ul. The mixture were put in a thermocycler
and the following temperature profile was run: 3 minutes for denaturation at 94 C; 40
cycles of 30 seconds for denaturation at 94 C, 30 seconds for annealing at 36 C, 1
minutes for extension at 72 C; and 5 minutes for final extension at 72 C, then hold at
4 " C. The PCR products were separated by 1.5% agarose gel electrophoresis and

visualized under UV lamp by ethidium bromide stain.

AFLP procedure

AFLP analysis was conducted to identify the polymorphism among CMG60,
GC10981, resistant DNA pool and susceptible DNA pool. The used procedure was
the same as described by Vos et al. (1995) and Maughan et al. (1996). For restriction
enzyme digesting and adapter linking, the following solution were added into a micro
centrifuge tube: Sul OnePhorAll (10xOPA), 2ul Msel (4U/ul), 4ul EcoRI (10U/ul),
10ul Msel buffer (10ug/ul), 1ul EcoRI adapter, 1ul Msel adapter, 1ul T4 DNA ligase
(3U/ul), 2ul T4 DNA ligase buffer (10x), 10ul bulked genomic DNA (50ng/ul) and
19ul ddH,0. The mixture was incubated at 37 "C for 3 hours and then stored at 4°C or

—20°C for pre-amplification.



61

Pre-selective PCR was set up with 1ul E-A oligo (50ng/ul), 1ul M-C oligo
(50ng/ul), 2.5ul ANTPs (2mM), 2.5ul 10xPCR buffer, 0.1ul Taq polymerase (5U/ul),
0.75ul MgCl, (50mM), 2ul template DNA from restriction-ligation and 15.15ul
ddH,O. For amplification the following cycle profile was used: 2minutes for
denaturation at 94°C; 25 cycles of 30 seconds for denaturation at 94°C, 1minutes for
annealing at 60°C and 1min for extension at 72°C; then final extension at 72°C for 5
minutes and hold at 4°C. To verify successful amplification, 10 pul of the PCR product
was separated on a 1% agarose gel. The remaining 15 pl PCR product was diluted 20-
fold by adding 285ul of ddH,O and stored at 4°C or —20°C for selective amplifying.

Selective PCR was carried out using 1ul E-ANN oligo (50ng/ul), 1ul M-CNN
oligo (50ng/ul), 2ul dNTPs (2mM), 2ul 10xPCR buffer, 0.1ul Taq polymerase
(5U/ul), 0.6ul MgCl, (50mM), 5ul diluted template DNA from pre-selective PCR and
8.3ul ddH,0O. High selectivity was obtained with the following cycle profile: 2
minutes for denaturation at 94 C; one cycle of 30 seconds for denaturation at 94°C, 30
seconds for annealing at 65°C, 1 minutes for extension at 72°C, followed by 12 cycles
of a 0.7°C decreasing annealing temperature per cycle; and then 35 cycles of 30
seconds for denaturation at 94°C, 30 seconds for annealing at 56°C, Imin for
extension at 72°C; and 10 minutes for final extension at 72 C, then hold at 4 "C. The

PCR products were stored at 4 “C for polyacrylamide gel electrophoresis.

PCR products were separated by denatured 6% polyacrylamide gel as
described above for SSR procedure. After the electrophoresis, the gel was soaked in
the following solutions and shaken gently: 10% acetic acid for 20 minutes, distilled
water for 30 minutes, 0.2% silver staining solution for 30 minutes, distilled water for
30 seconds, developing solution for 10~20 minutes (till the bands were clear), stop
solution for 5 minutes, distilled water for 30 minutes, and then the gel was dried at

room temperature.
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DNA cloning, sequencing and marker designing

Based on the bulk segregant analysis, DNA band of interest which appeared to
be linked to the field weathering resistance was excised from the gel and eluted in
20ul of ddH,O or TE buffer by incubating in a water bath at 55 C for at least 3 hours
(Upender et al., 1995; Hayes and Saghai Maroof, 2000). The cluate was re-amplified
by PCR using the primers that generated the polymorphic product under the same
conditions as the selective amplification. After confirming the correct size of the re-
amplified DNA, the PCR product was then cloned into the pGEM"-T Easy Vector
Systems (Promega) and transformed into E.coli XL-1 competent cell following the
manufacturer's protocols. The white clones were selected by culture on LA medium
with ampicillin, X-Gal and IPTG. The selected clones were proliferated by LB
medium culture and the plasmid DNA was isolated by standard alkaline-lyses method
(Birnboim and Doly, 1979). Subsequent PCR was conducted on plasmid DNA using
the same AFLP primers to confirm that the proper band was cloned. The recombinant
plasmid DNA was then sequenced using ABI3100 DNA sequencer (Bioservice Unit,
Thailand). Sequence characterized amplified region (SCAR) primers were designed
from the sequence of the clone to check the relationship between the marker and the
field weathering resistance by screening all the F, progenies. The SCAR primers were

synthesized by KU-VECTOR Custom Synthesis Service Unit (Kasetsart University).

Marker assisted selection, backcross and efficiency evaluation

The SCAR primers were used for selecting field weathering resistant plant
from F, progenies. The PCR was performed in a volume of 12.5ul containing
10xPCR bufferl.25ul, 2.5mM dNTPs 0.75ul, 25mM MgCl, 0.75ul, 1uM forward
primer 0.8ul, 1uM reverse primer 0.8ul, 5U/ul Taq polymerase 0.1ul, 50ng/ul
template DNA 0.5ul and ddH2O 7.55ul. The mixture was put in a thermocycler and
the following temperature profile was run: 3 minutes for denaturation at 94 C; 40

cycles of 30 seconds for denaturation at 94 C, 30 seconds for annealing at 50 C
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(depend on the primer), 30 seconds for extension at 72 C; and 5 minutes for final
extension at 72 C, then hold at 4 ~C. The PCR products were separated by 6%
polyacrylamide gel and visualized by silver nitrate stain as described above for AFLP

procedure.

Based on the band pattern of the DNA amplified by SCAR primers, the F;
plants that showed same DNA pattern as GC10981 were considered to be resistant to
field weathering. By comparing the field weathering resistance (germination and
viability) of and the DNA pattern of these plants, the seeds from those F; plants with
high germination and viability were grown in a greenhouse as male parent to cross

with CM60.

The obtained BC,F; seeds along with CM60, GC10981 and relative F5 lines
(CM60/GC10981) were grown in a field to compare the field weathering resistance of
BC/F; plants and their parents. The physiological mature pods were harvested from
each plant for field weathering test. The pods from each BC,F; plant were treated
separately; the pods from each F; line were mixed as one sample. The pods were dried
and threshed, and then 50 seeds of each line (or BC,F; plant) were treated by
controlled deterioration (dry seeds were soaked in water for 60 minutes and then
incubated at 41C for 3 days) as described above. The efficiency of the marker assisted
selection was evaluated by comparing the backcross progenies to CM60, GC10981

and corresponding F3 lines.

Data analysis and QTL identification

The frequency distribution, Chi-square test, t-test, one way ANOVA and
correlation analysis of data for germination and markers were carried out by using
Microsoft Excel and SPSS 11.5 for Windows (SPSS Inc.). Genetic map distances
were calculated using Mapmaker/EXP 3.0 computer program (Lander et al., 1987,

Lincoln et al., 1993). Information from Mapamker was used in windows QTL
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Cartographer V2.5 (Wang et al., 2005) to verify the candidate QTL by composite
interval mapping (CIM). A standard model (model 6) in the CIM procedure with a 10
cM window size and a 2 cM walking speed were used to identify the related QTL.
Threshold value of LOD for the trait was set ata minimum of 3.0. The location with a
LOD score greater than this level was considered to identify QTL significantly

associated with the trait.

RESULTS AND DISCUSSION

Agronomic Characters of Parents and F1 Plants

Soybean CM60, GC10981 and their hybrid seeds were grown in a field at
National Corn and Sorghum Research Center on March 2, 2004. The growing habits
of the parents and F; plants were investigated. CM60 was 29 cm higher than
GC10981. GC10981 was 12 days later to flowering and 15 days later to harvest than
GC10981. Some of their agronomic characteristics are shown in Table 5. The
agronomic characteristics of F; plants were intermediate between their parents except
the color of seed coat. The seed color of F; seeds were same as their maternal parents
(green). Basically, the hybridity of the F; plants can be determined by these
agronomic characteristics. However, it is also possible to check the hybridity at early
growing stage by some codominant DNA markers, such as SSR markers. In this study,
the hybridity of F; plants were confirmed by SSR primer soypro-1 (Figure 1). All the
F, plants showed the DNA bands from both parents. It was clear that all plants were
hybrid.



65

CM60 GCl0981 F1-1 F1-2 F1-3 F1-4 F1-5 F1-6 Marker

was carried out by SSR primer soypro-1. PCR products were separated by
6% denatured polyacrylamide gel and visualized by silver stain.

Table 5 Some agronomic characters of the parents and the F1 plants

Name ;;1 {agrgt Days .to Daysto Flower Podsper 1 OQ seeds  Seed
(cm) flowering harvest  color plant weight (g)  color

CM60 57 41 105  White 97 21.2 Yellow
GC10981 28 29 90 White 31 12.7 Green
Fi-1 43 35 96 White 85 16.5 Green
F,-2 46 35 96 White 91 15.5 Green
F;-3 41 34 98 White 76 17.3 Green
Fi-4 40 33 95 White 43 15.1 Green
Fi-4 42 33 97 White 61 17.1 Green

Fi-6 45 34 98 White 78 18.4 Green
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The Efficiency of Different Weathering Treatment

To find out optimum test methods for evaluating the field weathering
resistance of soybean varieties, the seeds of CM60 and GC10981 were subjected to
seven treatments. The germination and viability of the seeds of CM60 and GC10981
after being subjected to seven treatments are shown in Table 6. For incubator
weathering, after the pods were incubated, the germination of CM60 and GC10981
seeds was 0~9.2% and 0~42.9%, and the viability of CM60 and GC10981 seeds was
19.5~41.5% and 27.3~72.5%. The most serious seed deterioration was caused by
incubating the pods at 30 C for 10 days due to a serious pathogen infection and
germination during incubation. The seeds of both varieties/lines had lost their
germinability (0% germination). By incubating the seeds at 35 C for 7 days, the
pathogen infection and germination during incubation were controlled, but the
difference between CM60 and GC10981 was still small (8.6 for germination and 11.2
for viability). Decrease in both treating temperature and time could increase the
germination and viability of the treated seeds. After incubating the pods at 30 C for 7
days, the difference between CM60 and GC10981 in germination (33.7%) and
viability (31.0%) were greater than the other two treatments. Therefore, this treatment
was considered to be more efficient to distinguish the seed weathering of CM60 and

GC10981 than the other two treatments.

For the standard accelerated aging (AA) test, the germination of CM60 and
GC10981 were decreased (from 92% to 60% and from 94% to 84%, respectively), but
the viability was only decreased slightly (from 100% to 92%) for CM60 comparing
with the control. For controlled deterioration treatments, soaking the seeds in distilled
water prior to incubation further decreased the germination and viability of the treated
seeds. The lowest germination and viability were caused by soaking the seeds in
distilled water for 15 minutes and incubating at 41 C for 7 days. Soaking the seeds in
distilled water for 60 minutes and then incubating at 41 C for 3 days showed the
widest difference in seed germination (38.0%) and viability (17.0%) between CM60
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and GC10981. Thus, this treatment was considered to be an optimum one to

distinguish the seed weathering of CM60 and GC10981.

Since the incubator weathering at 30 C for 10 days could not identify the
difference between CM60 and GC10981 (both 0% germination). If ignore this
treatment and compare the means of the other 6 treatments (paired t-test), there was
significant difference between CM60 and GC10981 (ts=5.825, p=0.002 for
germination and ts=4.083, p=0.01 for viability). It was clear that the field weathering
resistance of CM60 and GC10981 is significantly different. They could be used for

mapping the field weathering resistance genes.

Table 6 The germination and viability of CM60 and GC10981 by different treatment.

. Germination (%) Viability (%)
Treatment
CM GC Dif CM GC Dif
IW: 30 C, 10 days 00 00 00 195 273 78
IW: 35 C, 7 days 6.6 152 86 356 468 112
IW: 30 C, 7 days 9.2 429 337 415 725 310

CD: Water 15 min. + 41 C, 7 days 80 320 240 520 600 80
CD: Water 30 min. +41 C, 4 days 28.0 480 200 64.0 760 12.0
CD: Water 60 min. +41 C,3 days 32.0 70.0 38.0 68.0 850 17.0
AA:41C, 3 days 60.0 84.0 240 92.0 100.0 8.0
Control (no treatment) 92.0 94.0 20 100.0 100.0 0.0

*  IW= incubator weathering, CD= controlled deterioration, AA= accelerated aging;
** CM= CM60, GC= GC10981, Dif.=difference= GC-CM.

Since the field weathering occurs under the hot and humid conditions in the
field after the seeds are physiologically mature, the most common procedure for
evaluating seed resistance to field weathering is to leave the plants in the field beyond
the normal harvest period and then assess the quality of the seed by visual score,

examining seed-borne fungi, seed vigor, or use a combination of these assessment
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methods. However, this delayed harvest technique has several limitations, for
example, genotypes matured at different times are subjected to different
environmental weathering stresses and different periods of weathering. It is difficult
to apply the same environmental stress conditions to cultivars of different maturity by
delayed harvest. In an attempt to overcome the limitations of delayed harvest,
Kueneman (1982) developed spreader row and overhead irrigation techniques to
accelerate weathering based on the delayed harvest method and found the cultivar
differences were highly significant. Artificial seed weathering methods, such as
incubator weathering, can minimize the effects of variable pod maturity. In this study,
three incubator weathering treatments were carried out to identify the difference in
seed quality between susceptible variety CM60 and resistant variety GC10981. After
the fresh yellow pods were incubated at 30 C and 90-100% relative humidity for 10
days, a serious pathogen infection occurred, and some seeds even germinated during
the incubation. The remaining seeds had lost their germinating ability (0%
germination) and showed a very low viability (19.5% and 27.3% abnormal seedlings).
Increasing the temperature and shortening the incubating time (35 C, 7 days) reduced
the pathogen infection and seed germination during incubation, but the treatment still
caused serious damage to the seeds. This treatment had been successfully used to
identify the field weathering difference between CM60 and GC10981 by Kaowanant
(2003). However, the constant temperature at 35 C practically does not occur in the
soybean field. By shortening the incubating time (30 C, 7 days), the pathogen growth
and seed germination during incubation were controlled. The germination and
viability of the treated seeds showed an obvious difference between CM60 and
GC10981 which could be used to identify the field weathering resistance of these

varieties.

On the other hand, since the ability of seed coat to absorb moisture from the
environment is a decisive factor of field weathering, the faster the seed absorbs
moisture from the environment, the more serious the weathering may be. Based on
this hypothesis, the controlled deterioration test method developed by Matthews
(1980) was modified to compare the seed weathering. The modified treatments

emphasized the relationship between seed moisture absorbing speed and seed
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weathering. The original controlled deterioration method was modified into three
combinations of water soaking time and incubating time to compare with the standard
accelerated aging test. Soaking the seeds in distilled water for 60 minutes and
incubating at 41 C under 90-100% relative humidity for 3 days showed a wide-
ranging difference in germination and viability between CM60 and GC10981. Since
the different field weathering resistances of these two soybean varieties had been
stated by Kaowanant (2003), the treatments that showed more difference between
these varieties should be more efficient for distinguishing the field weathering
resistance of soybean varieties. Thus, this treatment was considered to efficient for

field weathering resistance test.

The modified incubator weathering (pods at physiological maturity were
incubated at 30C for 7 days) and the controlled deterioration (dry seeds were soaked
in water for 1 hour and then incubated at 41C for 3 days) showed a wide-range
difference in seed germination and viability between CM60 and GC10981. By
comparing the field weathering resistance of CM60 and GC10981 from controlled
deterioration and that from incubator weathering with the results from Kaowanant
(2003), the difference on field weathering resistance of these two soybean varieties
was further confirmed. In practical application, both methods may be used to
determine the field weathering resistance of soybeans. However, it is difficult to treat
a great number of pods at the same time due to the laboratorial limitation, especially
in the large-scale breeding programs. The modified controlled deterioration method
makes it possible to harvest the pods at physiological maturity, dry to a similar
moisture content level, and then store for testing. This will be very benefit to large-
scale screening in breeding programs. This method emphasized the relationship
between seed moisture absorbing speed and seed weathering. It is a new applicable

way to evaluate the field weathering resistance of soybean varieties.
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Field Weathering Resistance of F, Progenies

The field weathering resistance of 139 F, plants was evaluated by modified
incubator weathering and controlled deterioration methods established upon their
parents. The germination and viability of the treated seeds were used as indicator for
field weathering resistance (Appendix Table A). For incubator weathering test, the
germination of the F, plants ranged from 21.3 to 81.6%, whereas those of CM60 and
GC10981 were 34.7% and 75%, respectively; the viability of the F, plants ranged
from 47.8 to 95.6%, whereas those of CM60 and GC10981 were 59.7% and 93.4%,
respectively. For controlled deterioration test, the germination of the F, plants ranged
from 20 to 82%, whereas those of CM60 and GC10981 were 32% and 72%,
respectively; the viability of the F, plants ranged from 44 to 90%, whereas those of
CM60 and GC10981 were 54% and 94%, respectively. The distribution of the
germination and viability of the F, progenies are shown in Table 7, Figure 2 and
Figure 3. All the indicators showed normal distribution. The field weathering

resistance of soybean appeared to be a quantitative trait controlled by polygene.

Table 7 Statistical description of the germination and viability of 139 F, progenies.

Indicator Minimum Maximum Mean Variance Skewness Kurtosis
IW 21.3 81.6  50.2 168.7 0.079  -0.523
IW viability 47.8 95.6  70.5 78.2 0.199  0.656
cb 20.0 820 524 204.4 0319 -0.742
CD viability 44.0 90.0  70.3 78.2 -0.395  0.721
Mean* 36.5 83.6  60.9 78.7 -0.006  0.526

* Mean is the average of the germination and viability of both treatments.

By comparing the means of the germination and viability of the two treatments
(paired t-test), there is no significant difference between two treatment (t138=1.685,
p=0.094 for germination and t138=0.174, p=0.862 for viability). However, a highly
significant correlation was also observed between the incubator weathering and the
controlled deterioration (germination r=0.331**, viability r=0.425** n=139,

P<0.001). The efficiency of using the modified controlled deterioration method for
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evaluating the field weathering resistance of soybeans was further confirmed. Both

testing methods worked well for evaluating the field weathering resistance of F,

progenies.
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Figure 2 The distribution of the germination and viability of the seeds of F,

progenies after being subjected to incubator weathering (IW) and

controlled deterioration (CD).
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Figure 3 Boxplots of the germination and viability of 139 F2 progenies by incubator
weathering and controlled deterioration treatment. IW=incubator
weathering, CD=controlled deterioration. Mean is the average of the
germination and viability of both treatments.

According to the germination and viability of the F, progenies following the
field weathering tests, six F, plants with extremely high germination and viability
were bulked as resistant pool, while seven susceptible F, plants with extremely low
germination and viability were bulked as susceptible pool for bulk segregant analysis.
The germination and the viability of the pooled F, plants are shown in Table 8. There
were significant differences on germination and viability between the two bulked

pools (p<0.001).
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Table 8 The germination and viability of the pooled F; plants.

IW* test (%) CD test (%)

Bulking no.  F; plant no.
Germination  Viability  Germination Viability

RI** A10 67.7 80.6 82.0 90.0
R2 All 72.7 90.9 74.0 86.0
R3 A35 75.0 93.2 76.0 90.0
R4 A63 77.1 85.4 72.0 90.0
R5 C2 70.4 90.7 76.0 90.0
R6 G20 81.6 94.7 70.0 82.0
S1 A8 25.7 543 22.0 44.0
S2 Al4 28.2 64.1 32.0 44.0
33 Al6 26.7 60.0 26.0 48.0
S4 A38 32.3 58.1 32.0 68.0
S5 C26 273 48.5 20.0 54.0
36 C37 213 61.7 28.0 66.0
s7 G4 29.8 74.5 28.0 64.0

Independent tiy 20.030 7.475 19.671 7.248

samples t-test P value <0.001 <0.001 <0.001 <0.001

*  IW= incubator weathering, CD= controlled deterioration;

** R =resistant; S = susceptible.

Polymorphism Detection by RAPD Primers

To seek for the DNA markers linked to the field weathering resistance of
soybean, total 198 RAPD primers were used to detect the polymorphism between
parental varieties, thirty-nine of them amplified polymorphic bands between CM60
and GC10981 (Table 9). The polymorphic markers were further used to detect the
polymorphism between bulked resistant and susceptible DNA pool of F, progenies,
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no difference could be found between the bulked DNA pools. This might be due to

the low polymorphism between the bulked DNA pools.

Table 9 Polymorphic RAPD bands between CM60 and GC10981.

Primer no.  Primer Primer sequence Polymorphic band size (bp)
1 OPAO5 5-AGGGGTCTTG-3' 950
2 OPA1l6 5-AGCCAGCGAA-3' 650, 1120
3 OPB06 5-TGCTCTGCCC-3' 450
4 OPCO07 5-GTCCCGACGA-3' 650
5 OPDO1 5'-ACCGCGAAGG-3' 800, 1180
6 OPDO04 5-TCTGGTGAGG-3' 850
7 OPD11 5-AGCGCCATTG-3' 250, 1100
8 OPD12 5-CACCGTATCC-3' 350
9 OPD15 5-CATCCGTGCT-3' 400, 900
10 OPD16 5-AGGGCGTAAG-3' 350, 650
11 OPD19 5-CTGGGGACTT-3' 980
12 OPE10 5'-CACCAGGTGA-3' 480, 1120
13 OPE11 5-GAGTCTCAGG-3' 300, 500
14 OPE16 5-GGTGACTGTG-3' 400, 600, 850
15 OPE20 5-AACGGTGACC-3' 350, 700
16 OPFO03 5-CCTGATCACC-3' 1000
17 OPFO05 5'-CCGAATTCCC-3' 480
18 OPFO7 5'-CCGATATCCC-3' 450, 800
19 OPFO09 5'-CCAAGCTTCC-3' 420, 1100
20 OPF10 5-GGAAGCTTGG-3' 900
21 OPF16 5-GGAGTACTGG-3' 250
22 OPHO2 5-TCGGACGTGA-3' 850
23 OPI104 5-CCGCCTAGTC-3' 900
24 OPIl14 5-TGACGGCGGT-3' 600
25 OPN3 5-GGTACTCCCC-3' 890
26 OPX05 5'-CCTTTCCCTC-3' 750, 1250
27 OPAA16 5'-GGAACCCACA-3' 1300
28 OPAA19 5-TGAGGCGTGT-3' 750, 1200
29 OPABO1 5-CCGTCGGTAG-3 800
30 OPACO02 5-GTCGTCGTCT-3' 600, 700, 1100, 1150
31 OPACO03 5-CACTGGCCCA-3 500, 650
32 OPACO05 5-GTTAGTGCGG-3' 300, 1100
33 OPAC15 5-TGCCGTGAGA-3' 650
34 OPAC19 5-AGTCCGCCTG-3' 900
35 OPADO5 5'-ACCGCATGGG-3' 1100
36 OPAFO07 5-GGAAAGCGTC-3 750, 1200
37 OPAIO8 5-AAGCCCCCCA-3 850
38 OPAI12 5-GACGCGAACC-3' 1100
39 OPAI13 5-ACGCTGCGAC-3' 1250
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Polymorphism Detection by AFLP

The AFLP technology was used to detect DNA markers linked to the field
weathering resistance. Parental and bulked DNA samples were digested by restriction
enzyme ECOR I and Mse I. Sixty-four E(ANN)-M(CNN) marker combinations were
used to amplify DNA fragments from the digested DNA samples. Totally 2,162 DNA
fragments were amplified, 120 of them (5.6%) were polymorphic fragments between
CMG60 and GC10981 (Table. 10). Based on the bulk segregant analysis (BSA), five
DNA fragments appeared to be related to the field weathering resistance. One of the

linked polymorphism is shown in Figure 4.

Table 10 The number of AFLP amplified DNA bands and polymorphic bands (in
brackets).

Marker M-caa M-cac M-cag M-cat M-cta M-ctc M-ctg M-ctt

E-aac 31(0) 20(2) 27(1)  41(2)  29(2)  26(0) 22(2)  27(0)

E-aag 17(0)  47(3)  37(2) 37(2) 38(0) 30(00) 24(2)  47(4)
E-aca 38(0)  52(0) 31(2)  36(1)  44(0)  24(0)  36(1) = 42(2)
E-acc 37(1)  39(0)  29(1) 9(0)  27(3)  25(2) 29(3)  28(4)
E-acg 21(5)  30(0)  18(0)  36(9)  18(1)  25(0)  18(0)  47(2)
E-act 52(5)  51(5)  40(4)  45(4)  48(1)  37(2)  24(2)  34(1)
E-agc 47(2)  42(2)  38(4)  350) 33(2) 32(1) 15(0)  43(2)
E-agg 37(1)  44(5)  38(3)  52(7)  44(6)  45(0)  26(0)  21(2)

Although BSA is effective for high resolution mapping to find genes
controlling simple inherited traits, such as disease resistance genes (Michelmore et al.,
1991; Giovanonni et al., 1992). Any trait that can be scored in a segregating
population can be rapidly targeted with DNA markers by BSA (Zhang et al., 1994).
The BSA used in conjunction with AFLP markers, make it possible to identify large
number of DNA markers in a region of interest in a short time. However, the success

of bulking by phenotypes is dependent on the correspondence of genotype and
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phenotype. There is a contradiction between the number of the bulked progenies and
the polymorphism of the bulked pools. When too many progenies are bulked, the
polymorphism between the pools is low, only some of the major genes or QTLs can
be identified. However, if too few progenies are bulked, a higher polymorphism
between the pools can be observed, but some of the polymorphisms may not be
related to the target genes. In this study, the AFLP analysis showed a low
polymorphism (5.6%) between the parents and a very low linked polymorphism
(0.2%) between the pools. The low linked polymorphism may also be due to the low
polymorphism between the parents. The low polymorphism between the bulked DNA
pools also explained the reason that the difference could not be identified by RAPD.

Figure 4 An example of detecting linked polymorphism by bulk segregant analysis
using AFLP primer combination Eagg/Mcac. Lanes from the left to right
are GC10981, CMG60, resistant bulk and susceptible bulk. The arrow
indicates the linked polymorphism that GC10981 and resistant bulk
showed DNA band, but CM60 and susceptible bulk showed no band.
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DNA Cloning and Sequencing

The 5 DNA fragments showed linked polymorphism with the field weathering
resistance were cloned and sequenced. The sequence of the 5 cloned DNA fragments
are shown in Table 11. The sequence data were compared with the soybean sequence
data from DNA Database of Japan (DDBJ) by BLAST (Altschul et al., 1997) and
FASTA (Pearson and Lipman, 1988) analysis. By BLAST searching, only accession
BU765372 and BU549864 were found to have 102 bp same as marker Eact/Mctt-157
within 118 bp overlap (86.4%). By FASTA searching, accession AF180335 and
AF186186 were found to have discontinuous similarity (80bp and 129bp) with marker
Eaag/Mcac-233, accession AF243378 has partly discontinuous similarity (46bp) with
marker Eact/Mctt-157 (Table 12). An example of the sequence similarity is shown in
Figure 5. No sequence was found similar to marker Eaag/Mcag-180, Eagc/Mcag-104
and Eagg/Mcac-115 by both BLAST and FASTA. All the found accessions are cDNA
clones from soybeans. It was clear that these sequences were not same as the existed
sequences in the database. The sequences of 5 cloned fragments were then registered
to DDBJ. The database accession numbers and the sequence of the clones are shown

in Table 13.

Marker Development and Application

According to the sequence of the cloned DNA fragments, Sequence
characterized amplified region (SCAR) primers were designed from the sequence data
(Table 14) to amplify the related DNA fragment from the soybean genomic DNA.
The primers from Eaag/Mcag-180 and Eagg/Mcac-115 showed a very small
difference with a co-amplified band, which made it difficult to check the segregation
among F, progenies. The primers from Eagc/Mcag-104 could not amplify the correct
fragment. The primers from Eaag/Mcac-233 and Eact/Mctt-157 showed a very clear
polymorphic band with a co-amplified band, and then these two markers were used to

check the segregation of all the F, progenies.
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The genomic DNA from 139 F, progenies were amplified by SCAR primer
from Eaag/Mcac-233 and Eact/Mctt-157. For the primers from Eaag/Mcac-233, 108
F, progenies showed the same genotype as CM60 (presented band), the other 31 F;
progenies showed the same genotype as GC10981 (no band) (3.48:1). For the primers
from Eact/Mctt-157, 102 F, progenies showed the same genotype as CM60 (presented
band), the other 37 F2 progenies showed the same genotype as GC10981 (no band)
(2.76:1). These two SCAR markers developed from AFLP markers were inherited in
a Mendelian manner with dominant segregation patterns (3:1; x*=0.540, p=0.463 for
Eaag/Mcac-233 and y°=0.194, p=0.659 for Eact/Mctt-157). A t-test was carried out to
compare the means of the germination and viability between the two genotypes, the P
values for all tests were less than 0.001. There was a significant difference between
the two genotypes. The germination and viability of the GC10981 genotype were
higher than the CM60 genotype.

Table 11 The sequence of the cloned DNA fragment.

Clone name Sequence

5' gaattcaaggaccctttactttagccttcccacacctatttatagcaaaacaaggcatttgg
gatgaaggtagctcgectgggegagetggttacttcatcatgaagttatctaggtggticagg
ggctgaaaaatgccccaagagtgacccttttcceccattttgggtattttgegtatttacttccaa
aacgtcaaaaaaccttacggaatgcacgacaattggtgttaa 3'

Eaag/Mcac-233

5' ttaacagcagctgcaacaacaataaactceccttctgecgtagattgagcaacaatgtctt
Eaag/Mcag-180  gttttttgagctccatgagaaacacctgatccaaagctaaaacaataccctaaagtactcttcat
atcatcaattgaaccaccccaatcactgccagagaaacttgttagcttgaattc 3

5' ttaacttgtccagcatgataaacactcatgaaataatgttagtagtttcactttatagacaac
Eact/Mctt-157 aaggcaattatagaaagggttcttgtatagctatcatgeggcetgttgacaggacacaaattgtt
ggtgatatcaatgtaacagctgagtgaattc 3'

5' gaattcagcccttcttcgtgactctagatgatttcataaatattctcagcataaageagttca

Eagc/Mcag-104 taggaatgcgtcgatgtttgaaatgtaccttttcctgttaa 3'

5' ttaacaccataagaggttataatatcatagattcatcattcatatgttcatcacagatcatga

Fagg/Mcac-115 atccacagtatagttcaataggtatagcaagacatttcaacaccctgaattc 3'
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Table 12 Sequence similarity of the cloned DNA fragments and the accessions
searched from the database by BLAST and FASTA.

Clone name aligned accession Overlap location (bp)  Similarity (%)
AF180335 107-224 67.2
Eaag/Mcac-233
AF186186 3-225 54.9
AF243378 1-59 78.0
Eact/Mctt-157 BU549864 1-118 86.4
BU765372 1-118 86.4

Table 13 Registering information of cloned and sequenced DNA fragments.

Clone name Origin Length (bp) Database accession no.
Eaag/Mcac-233 CM60 233 AB213662
Eaag/Mcag-180 CM60 180 AB213663
Eact/Mctt-157 CM60 157 AB213664
Eagc/Mcag-104 GC10981 104 AB213665
Eagg/Mcac-115 GC10981 115 AB213666

>BUTE5372 |BUTE5372.1 =sasl7d06.vyv]l Gm-cl080 Glycine max cDMA clone
SOYBEAN CLONME ID: TRANSFERASE, GST 10B ;, mRMNA sequence.
Length = 617

Score = 83.8 bit=s (42), Expect = Ze-14
Identities = 102/118 (86%), Gaps = 3/118 (2%)
Strand = Plus / Plus

Query: 1 gaattcactcagetgttacattgatatcaccaaaatttgtgtoctgtcaacageoogeoatg 60

PEererereerer reeerntrnd FErerererntretr vl I T
Skbjct: 260 gaattcactcagoc-gttacattggoatcaccaaaatttgogtoctag-agoagotgoate
317

Query: 61 atagctatacaagaaccctttctataattgocttgttgtotataaagtgaaactacta 118

PEEEer te rererererer toreererr e rrerererrreened
Sbijct: 318 atagctctaaaagaacccocttt-tgtaattgoattgttgtoctagasagtgaaactacta 374

Figure 5 An example of the sequence similarity compared by BLAST. The sequence
(1-118) of Eact/Mctt-157 is overlapped with the sequence (260-374) of
BU765372. One hundred and two bases (86%) are the same.
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Table 14 SCAR markers designed from the sequence of cloned DNA fragments.

Marker Primer Sequence

Forward 5’- ttaacaccaattgtcgtgcat -3’
Eaag/Mcac-233 gieets

Reverse 5’- gaattcaaggaccctttact -3’

Forward 5’- gaattcaagctaacaagtttctct -3’
Eaag/Mcag-180 8 8 8

Reverse 5’- ttaacagcagctgcaacaacaat -3’

Forward 5’- gaattcactcagctgttacat -3’
Eact/Mctt-157

Reverse 5’- ttaacttgtccagcatgat -3’

Forward 5’- ttaacaggaaaaggtacat -3’
Eagc/Mcag-104 ggaaaage

Reverse 5’- gaattcagcccttct -3’

Forward 5’- gaattcagggtgttgaaat -3’
Eagg/Mcac-115 8 SEEIEHE

Reverse 5’- ttaacaccataagaggttat -3’

According to the DNA band pattern of the two SCAR markers, among the 139
tested F2 progenies, 91 progenies presented bands by both markers (AABB, AABD,
AaBB or AaBb), 28 progenies presented bands by only one marker (AAbb, Aabb,
aaBB or aaBb), and 20 progenies showed no band by either marker (aabb). By one-
way ANOVA test (Table 15), all the P values were less than 0.05, most of the P
values were less than 0.001. There was a significant difference in germination and
viability among these three genotypes. In both treatments, the aabb genotype had a
higher germination and viability than other heterozygotes and homozygotes. A

boxplot of the different genotype is shown in Figure 6.

The main limitation of AFLP markers was the difficulty of using this
technology on large segregating population. By transferring the AFLP markers to
SCAR marker could overcome this limitation, but the procedure was more complex
and time consuming. Meksem et al. (2001b) had successfully converted AFLP band
into STS, which provides an efficient tool for genomic mapping, and marker assisted
breeding. Stackelberg et al. (2003) reported a simplified procedure to convert AFLP
bands into STS markers and named the loci as sequence specified AFLPs (ssAFLPs).
These methods offer a simple and reliable way to focus on the interesting
polymorphism, which allowed us to analyze these markers as single bands in normal

agarose gel, instead of the time-consuming and costly AFLP polyacrylamide gels.
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Table 15 One way ANOVA test on marker segregation and field weathering

resistance of 139 F2 progenies.

\?lliﬁt:;if)irfig pl«:l/‘fgrlile: w Minimum Maximum Mean One way AROVA
F2.136 P value
1 21.3 66.7 47.7
IW germination 2 26.3 72.5 51.9 7.762 0.001
3 29.2 81.6 59.6
1 47.8 81.0 67.9
IW viability 2 51.4 85.0 71.7 22.549 <0.001
3 583 95.6 80.6
1 20.0 66.0 48.7
CD germination 2 26.0 72.0 56.2 12.272  <0.001
3 38.0 82.0 64.0
1 44.0 80.0 67.0
CD viability 2 54.0 82.0 74.9 26.803 <0.001
3 54.0 90.0 78.9
1 36.5 70.8 57.8
Mean 2 47.6 76.9 63.6 25.969 <0.001
3 48.7 83.6 70.8

* IW=incubator weathering; CD=controlled deterioration; Mean is the average of the
germination and viability of both treatments.

** 1=both markers presented bands (AABB, AABb, AaBB or AaBb); 2= one of the
markers presented bands (AAbb, Aabb, aaBB or aaBb); 3=neither markers

presented bands (aabb).

In this study, though we successfully identified five polymorphic AFLP

markers linked to the field weathering resistance of soybean in this study, the AFLP

analysis showed a low polymorphism (5.6%) between the parent and a very low
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linked polymorphism (0.2%) between the pools. The loss of the original
polymorphism during generation of the STS and loss of the locus specificity of the
STS is also an experimental challenge in generating sequence-specific STSs from
AFLP bands (Meksem et al., 2001b). Only two of the five sequenced fragments were
successfully transfer into SCAR markers. The segregation and linkage analysis
indicated that the SCAR markers developed from AFLP markers were inherited in a
Mendelian manner with dominant segregation patterns. The segregate ratio was
3.48:1 for marker Eaag/Mcac-233 and 2.76:1 for marker Eact/Mctt-157. Dominant
heterozygotes and homozygotes could not be distinguished by these markers.
However, since the recessive homozygotes were considered to be resistant to field

weathering, it is possible to select the resistant homozygotes by these markers.

90
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Figure 6 Boxplot of the field weathering resistance of different genotype of marker
Eact/Mctt-157 and Eaag/Mcac-233. Mean 1is the average of the
germination and viability of incubator weathering and controlled
deterioration treatment. Genotype 1 indicate both markers presented bands
(AABB, AABb, AaBB or AaBb); 2 indicate one of the markers presented
bands (AAbb, Aabb, aaBB or aaBb); 3 indicate neither markers presented
bands (aabb). N is the number of the F, progenies in same genotype.
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By checking the segregation of the bulked F, progenies, it was found that both
markers were co-segregated. For marker Eact/Mctt-157, all the 6 resistant F, plants
showed no DNA band which were the same as GC10981, and all the 7 susceptible F
plants showed a DNA band which were the same as CM60. For marker Eaag/Mcac-
233, all the 6 resistant F, plants showed no DNA band which were the same as
GC10981, but only 6 susceptible F, plants showed a DNA band which were the same
as CMG60, one susceptible F; plants (S4) showed no DNA band (Figure 7). However,
since only one plant (S4) was bulked with the F2 plants that presented DNA bands,
the possibility to identify the polymorphism between the resistant and susceptible
DNA pool was not affected.

CM GC S1 S2 S3 S4 S5 S6 S7 RlI R2 R3 R4 RS R6

s s

-
—— - ——

Figure 7 The co-segregation of the bulked F, progenies by marker Eaag/Mcac-233.
CM = CM60, GC = GC10981, S = Susceptible plant, R = Resistant plant.

Genetic Mapping and QTL lIdentification

By analysis the genotypic segregation of the two SCAR markers in F;
population, the segregation and linkage analysis indicated that the developed SCAR
markers were inherited in a Mendelian manner with dominant segregation patterns,
the segregating ratio was 3.48:1 for marker Eaag/Mcac-233 and 2.76:1 for marker
Eact/Mctt-157. The genetic map distances were calculated using Mapmaker/EXP 3.0.
The marker Eaag/Mcac-233 and Eact/Mctt-157 were in the same linkage group. The

genetic distance between the two markers was 25.8 cM.

To identify the location of the markers on the chromosome and to develop
more markers for mapping QTL, Michelmore et al. (1991) suggested that BSA can be

made for “genomic walking” to develop markers for genetic mapping. In order to look
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for more markers linked to the two markers developed from this study for QTL
analysis of the field weathering resistance of soybean, the sequence data from this
study were compared with the soybean sequence data from DDJB by BLAST
(Altschul et al., 1997) and FASTA (Pearson and Lipman, 1988) analysis. No similar
continuous sequence was found. Database accessions BU765372, BU549864 and
AF243378 were partly similar to marker Eact/Mctt-157; AF180335 and AF186186
were partly similar to marker Eaag/Mcac-233. All these accessions are cDNA clones
from soybeans, but there is no chromosomal information about these clones. And
further information was not available due to the low map density and limited
sequence database. Thus, the chromosomal positions of the markers developed from

this study could not be identified by current searching from the database.

Mapping information from Mapmaker was used to verify the QTLs controlling
the field weathering resistance (germination and viability) by composite interval
mapping (CIM). The location with a LOD score greater than 3.0 was considered to
identify QTL significantly associated with the trait. A QTL was identified by all the
four field weathering resistance indicators, i.e. IW germination, CD germination, IW
viability and CD viability. The distribution of LOD scores are shown in Figure 8 and
the position and genetic effect of the QTLs are shown in Table 16. The QTL
explained 29.2% and 31.8% of the variation in the viability of the two weathering
treatments; it was higher than those in the germination of these treatments (11.9% and
18.7%). This QTL might contribute more for seed viability than for seed germination.
If the average score of IW germination, CD germination, IW viability and CD
viability was considered to be a composite index for field weathering resistance, a
QTL also could be identified to be located at 14 ¢cM from marker Eaag/Mcac-233 with
a LOD score of 9.4 (Table 16). This QTL explained 29.7% of the variation in

weathering resistance.
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Table 16 QTL position and the genetic contribution for the field weathering
resistance. The map distance was 25.8 c¢cM beginning from marker
Eaag/Mcac-233 (0.0 cM) to marker Eact/Mctt-157 (25.8 cM), and the
QTL position is the peak LOD score from marker Eaag/Mcac-233.

. TL Position
Weathering Q LOD Additive effect R* (%)

indicator* (cM) score
IW germination 18.0 34 -5.518 11.9
CD germination 10.0 5.1 -7.850 18.7
IW viability 16.0 9.0 -6.002 29.2
CD viability 12.0 9.0 -6.270 31.8
Overall resistance 14.0 9.4 -6.107 29.7

* [W=incubator weathering; CD=controlled deterioration; Overall resistance is the
mean of the germination and viability of both treatments.

Though BSA was considered to be limited in its application to QTL mapping
(Mansur et al., 1996). Michelmore et al. (1991) stated that BSA could be extended to
the analysis of genetically complex traits, such as QTL. If a quantitative trait is
controlled by a few major genes (QTL), comparison of the bulks of extreme
individuals could rapidly identify markers linked to QTL. AFLP combined with bulk
segregant analysis has been effective to identify unknown genes in materials with low
genetic diversity. By using this technique, BSA combined with AFLP has been
successfully used to target some genes for simple traits. Hayes and Saghai Maroof
(2000) bulked 12 homozygous resistant and susceptible progenies of a F, population
to target the soybean mosaic virus resistance gene (Rsv1) using modified AFLP. They
found four markers tightly linked to the Rsv1 gene within 6 cM, the closest one is just
0.4 cM. Meksem et al. (2001a) identified molecular markers closely linked with the
two major QTL associated with soybean cyst nematode resistance. In this study, by
QTL analysis using two SCAR markers developed from AFLP markers, Eaag/Mcac-
233 and Eact/Mctt-157, a QTL was identified for all the four indicators of field
weathering resistance. The resistant allele of QTL derived from parent GC10981
because all the detected QTLs had a negative additive effect. The R? for all indicators

were greater than 10, it might be a major QTL between the marker Eaag/Mcac-233
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and Eact/Mctt-157 which controlled the field weathering resistance with a quite high
effect. Even though the QTL for each indicator was located in a different position, if
the mean of germination and viability of both treatments was considered to be an
overall resistance for field weathering, a QTL was also found located at 14.0 cM from
marker Eaag/Mcac-233. The QTL explained 29.7% of the variation. By combining
the germination, viability and band pattern of the SCAR markers, it is possible to use

these markers to assist selection in breeding programs.
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Figure 8 The LOD score distribution of the field weathering resistance along the
genetic map. Map distance is from Eaag/Mcac-233 (0.0 cM) to marker
Eact/Mctt-157 (25.8 cM). LOD threshold = 3.0.

Marker Assisted Selection and Backcrossing

By using marker Eaag/Mcac-233 and Eact/Mctt-157 to screen the F, progenies,
it was found that dominant homozygotes and heterozygotes could not be distinguished
by these markers. However, since the recessive homozygotes were considered to be
resistant to field weathering, it was possible to select the resistant homozygotes from

the F, progenies. There were 20 F, progenies absented DNA band by both markers
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(Table 17). These progenies showed a higher resistance to field weathering by
considering the seed germination and viability of incubator weathering and controlled
deterioration treatment. By combining the germination, viability and DNA band
pattern of the SCAR markers, seven F2 plants were selected for backcrossing. Some

agronomic characters of these 7 selected F2 progenies are shown in Table 18.

Dudley (1993) outlined the steps in marker assisted selection as identifying
associations between marker alleles and QTL and using the associations to develop
improved lines or populations. However, most of the reports in the literature have
moved to the second step in the process without developing a saturated genetic map,
and without establishing strong relationship between marker alleles and QTL by
adequately measuring the phenotype, like the procedures in this study. Furthermore, a
selection index that includes both phenotypic measurement and a molecular marker
score can increase the selection response relative to phenotypic selection alone,
particularly if much of the additive genetic variance in a character can be explained
using the molecular markers (Lander, 1992). Although it is possible to use either
markers or agronomic character for assisting selection in breeding programs,
especially at an earlier stage, but sometimes quite large number of progenies could be
selected by only one indicator. If the marker assisted selection is used in backcrossing
program, when too much progenies were selected, it is difficult to make a successful
pollination, especially for those plants with a low hybrid seed production, such as
soybean. In this case, if combine the genotype selection (marker) and phenotype
selection (agronomic characters) for a complex screening, the candidate progenies
will be reduced. As same as in this study, when use only the markers for selection, 20
F, progenies were selected. But if combine the marker selection with the field
weathering resistance (germination and viability) selection, the F, progenies with low
or medium resistance were removed, only seven progenies that highly resistant to the

field weathering were selected for backcrossing.



Table 17 Some agronomic characters and the field weathering resistance of the F;
progenies selected by marker Eaag/Mcac-233 and Eact/Mctt-157.
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F,  Plant Plant > W W CD CD
plant height yield (gs/lf(e) 0 germinatio  viability germinatio viability
no.  (cm)  (g)* seeds) n (%) (%) n (%) (%)
A3 29 27.49 14.76 53.7 75.6 54 72
Al10 37 22.39 15.16 67.7 80.6 82 90
All 42 27.33 15.32 72.7 90.9 74 86
A35 33 34.51 14.84 75.0 93.2 76 90
A39 26 26.48 13.12 44.4 58.3 38 54
A49 34 25.01 12.44 29.2 62.5 76 86
A50 35 27.56 13.84 39.0 75.6 74 82
A63 25 42.13 14.52 77.1 854 72 90
C2 43 38.5 16.00 70.4 90.7 76 90
C3 20 15.26 12.64 58.3 72.9 46 78
C9 32 17.13 12.52 50.0 69.0 74 80
C15 48 29.04 14.16 60.5 76.7 62 76
C19 23 17.88 11.12 57.4 87.2 66 74
C29 36 11.9 10.40 75.8 84.8 46 76
C33 37 28.42 12.48 52.5 77.5 62 68
C36 44 37.24 14.56 44.7 83.0 70 80
C45 36 36.03 13.72 31.8 75.0 62 74
G20 52 20.18 12.72 81.6 94.7 70 82
G21 46 20.12 14.88 70.0 82.0 62 86
G23 42 29.55 15.8 80.0 95.6 38 64

* Plant yield = total seed weight of the F; plant.
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Table 18 Some agronomic characters and the field weathering resistance of the F,
progenies selected for backcross.

Plant Plant Seed size

height yield (g/100 IWG I\\AY CDG CDV
F; no. (cm) (g)* seeds) (%) (%) (%) (%)
Al10 37 22.4 15.2 67.7 80.6 82.0 90.0
All 42 27.3 15.3 72.7 90.9 74.0 86.0
A35 33 34.5 14.8 75.0 93.2 76.0 90.0
A63 25 42.1 14.5 77.1 85.4 72.0 90.0
C02 43 38.5 16.0 70.4 90.7 76.0 90.0
G20 52 20.2 12.7 81.6 94.7 70.0 82.0
G21 46 20.1 14.9 70.0 82.0 62.0 86.0

* Plant yield = total seed weight of the F, plant.

Efficiency Evaluation of the Marker Assisted Selection

The F; seeds from seven selected F, plants were grown in the greenhouse as
male parent to backcross with the recurrent parent CM60. The obtained BC,F; seeds
and the seeds from their parents were grown in a field in the same greenhouse. Totally
43 BC,F; plants were developed. The yellow pods from the 43 BC,F; plants were
harvested separately for field weathering evaluation by controlled deterioration test.
The germination and viability of the BC,F; plants are listed in Appendix Table B. The
germination of BC,F; plants ranged from 28 to 78%, while those of CM60 and
GC10981 were 30% and 74%, respectively. The viability of the BC,F; plants ranged
from 58 to 94%, while those of CM60 and GC10981 were 56% and 90%, respectively.
A boxplot of the germination and viability of different BC,F, family is showed in
Figure 9. The average germination and viability of the BC,F; plants derived from the
same F, plant (F3/CM60) were calculated and compared with the germination and
viability of the relative F, progenies and F3 lines (Table 19). By paired t-test (Table
20), the correlation between the different generations was not significant (p> 0.05).
The difference between F, progenies and F; lines was not significant (ts=2.228,

p=0.067 for germination and t=0.834, p=0.436 for viability), but the difference
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between F, progenies and BCF, families was significant (ts=7.862, p<0.001 for
germination and t=4.948, p=0.003 for viability). There was also a significant
difference between F3 lines and BCF; families (t,=6.992, p<0.001 for germination
and t=3.744, p=0.010 for viability). The germination and viability of the treated
BC/F; seeds were lower than those of F, progenies and F; lines. By comparing the
germination and viability of different generations, the field weathering resistance of
F5 lines was weaker than the relative F, progenies due to the segregation (Table 19).
After the F; plants derived from the selected F, progenies were backcrossed to CM60,
the field weathering resistance of BC,F; families (mean) further decreased due to the
permeation of the CM60 background. However, 41 of the 43 BC,F; progenies still
showed higher germination and viability than CM60. The germination and viability of
18 BC,F,; progenies were higher than the mean of CM60 and GC10981. Consequently,
it has a high potential to develop field weathering resistant lines by carrying out

further selections.

A marker-facilitated method for detecting specific genotypes in segregating
populations is very useful during backcrossing, not only to expedite the introgression
of a donor parent gene into the recurrent parent, but also to accelerate the recovery of
the recurrent parent’s genome (Specht and Graef, 1996). In this study, after
backcrossing, the field weathering resistance of the BCF; progenies was still
maintained at a high level. It is obvious that using the markers developed in this study
for MAS is efficient. For further usage, it is desirable to use these markers to screen
the progenies from the resistant BC,F; plants, and then select the resistant progenies
to backcross with CM60 to improve the agronomic characters and the field weathering
resistance of the progenies, and finally, to develop field weathering resistant pure

lines with good agronomic characters similar to the recurrent parent CM60.
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Table 19 A comparison of the germination and viability of the F; line and the BC,F,
family derived from the same F, plant. All the seeds were treated by
controlled deterioration method.

F2 plant F, Fs BC,F, (average)
o P Germination Viability Germination Viability Germination Viability
' ) (%) ) ) k()
Al0 82 90 56 78 493 77.7
All 74 86 66 88 56.8 85.2
A35 76 90 68 82 50.0 78.5
A63 72 90 70 88 53.1 77.8
C2 76 90 58 84 453 73.3
G20 70 82 72 92 50.3 77.1
G21 62 86 62 86 50.0 74.9
CM60 32 54 26 58 30.0 56.0
GC10981 72 94 76 96 74.0 90.0

Table 20 Paired t-test of the germination and viability of the F; lines and the BCF,
families derived from the same F, plants.

Paired samples* N  Correlation P value t df P value
F,G & FsG 7 -0.374 0.409 2.228 6 0.067
F,G & BC/F|G 7 -0.139 0.767 7.862 6 <0.001
F3G & BCF,G 7 0.508 0.244 6.992 6 <0.001
F,V & F3V 7 -0.754 0.050 0.834 6 0.436
F,V & BC|F,V 7 -0.178 0.702 4.948 6 0.003
F;V & BC|F,V 7 0.170 0.715 3.744 6 0.010

* G= germination, V= viability.
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Figure 9 Boxplot comparison of the germination and viability of the seeds of
different BC,F; family after being subjected to controlled deterioration
treatment.
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CONCLUSIONS

The field weathering resistance of CM60 and GC10981 were evaluated by 7
treatments; the results confirmed that the field weathering resistance of CM60 and
GC10981 was obviously different. GC10981 was more resistant to field weathering
than CM60. The modified incubator weathering (pods at physiological maturity were
incubated at 30C and 90-100% RH for 7 days) and controlled deterioration (dry seeds
were soaked in water for 60 minutes and then incubated at 41C and 90-100% RH for
3 days) methods used in this study could distinguish this difference efficiently. The
distribution of the germination and viability of the F, progenies revealed that field
weathering resistance was controlled by polygene. The genetic polymorphism
between CM60 and GC10981 was low. In this study, only 5 field weathering
resistance linked polymorphic DNA bands were identified by 198 RAPD primers and
64 pairs of AFLP primer combinations. The AFLP markers were more efficient to
detect this polymorphism than the RAPD markers. The AFLP combining with BSA
could be used for fast identifying the field weathering resistance genes. By
transferring the AFLP markers to SCAR markers could also simplify the genetic
mapping procedure of AFLP markers. The SCAR markers developed in this study
(Eact/Mctt-157 and Eaag/Mcac-233) were successfully used to identify a major QTL
controlling the field weathering resistance of soybean. The QTL explained 29.7% of
the variation in field weathering resistance. By marker assisted selection and
backcrossing. The field weathering resistance of the backcross progenies (BC,F;) also
showed that the markers developed in this study could be used for marker assisted
selection efficiently. However, the mapping position of these markers on the soybean
genome was still unknown. This approach will be reached by further genetic mapping
and genomic sequencing of soybean. The present study is the first attempt to identify
the genes controlling the field weathering resistance of soybean, detailed genetic
mechanism of the field weathering resistance of soybean was not verified for the
limited time and available markers. Further studies on this topic should be proposed to

develop more markers on genetic mapping and QTL analysis of this trait.



94

LITERATURE CITED

Abdul-Baki, A.A. 1980. Biochemical aspects of seed vigor. Hort. Sci. 15: 765-771.

. and J.D. Anderson. 1970. Viability and leaching of sugar for germinating
barley. Crop Sci. 10: 31-34.

. 1972. Physiological and biochemical deterioration of seeds, pp 283-315. In
T.T. Kozlowski, ed. Seed Biology. Academic Press, New York.

. 1973. Vigor determination in soybean seed by multiple criteria. Crop Sci. 13:
630-633.

Abu-Shakra, S.S. and T.M. Ching. 1967. Mitochondrial activity in germinating new
and old soybean seed. Crop Sci. 7: 115-118.

Akkaya, M.S., A.A. Bhagwat and P.B. Cregan. 1992. Length polymorphisms of
simple sequence repeat DNA in soybean. Genetics 132: 1131-1139.

Akkaya, M.S., R.C. Shoemaker, J.E. Specht, A.A. Bhagwat and P.B. Cregan. 1995.
Integration of simple sequence repeat DNA markers into a soybean linkage map.

Crop Sci. 35: 1439-1445.

Altschul, S.F., T.L. Madden, A.A. Schaffer, J. Zhang, Z. Zhang, W. Miller, and D.J.
Lipman 1997. Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res. 25:3389-3402.

Anderson, J.D. 1977. Adenylate metabolism of embryonic axes from deteriorated

soybean seed. Plant Physiol. 59: 610-614.



95

. and K. Gupta. 1986. Nucleotide alterations during seed deterioration, pp 47-63.
In M.B. McDonald and C.J. Nelson, eds. Physiology of Seed Deterioration.

Crop Science Society of America, Madison.

Andreoli, C. and D.C. Ebeltoft. 1979. Pre-harvest desiccation on yield and seed
quality of soybeans. Pesqui. Agropecu. Bras. 14: 135-139.

Andrews, C.H. 1966. Some aspects of pod and seed development in Lee soybean.
Diss. Abst. Sec. B 27(5): 1347.

. 1982. Preharvest environment: weathering, pp 19-25. In J.B. Sinclair and J.A.
Jackobs, eds. Soybean Seed Quality and Stand Establishment. International

Agriculture Publications. University of Illinois, Urbanna-Champaign.

App, A.A., M.G. Bulis and W.J. McCarthy. 1971. Dissociation of ribosomes and seed
germination. Plant Physiol. 47: 81-86.

Apuya, N.R., B.L. Frazier, P. Keim, E.J. Roth and K.G. Lark. 1988. Restriction
fragment length polymorphisms as genetic markers in soybean. Theor. Appl.
Genet. 75: 889-901.

Arahana, V.S., G.L. Graef, J.E. Specht, J.R. Steadman and K.M. Eskridge. 2001.
Identification of QTLs for resistance to Sclerotinia sderotiorum in soybean.
Crop Sci. 41: 180-188.

Araus, J.L., J. Bort, P. Steduto, D. Villegas and C. Royo. 2003. Breeding cereals for
Mediterranean conditions: ecophisyological clues for biotechnology application.

Ann. Appl. Biol. 142: 129-141.

Arumuganthan, K. and E. Earle. 1991. Nuclear DNA content of some important plant
species. Plant Mol. Biol. Rep. 9: 208-218.



96

Association of Official Seed Analysts (AOSA). 1976. Progress report on the seed
vigor testing handbook. AOSA newsl. 50: 1-78.

. 1983. Seed Vigor Testing Handbook. 32: 1-88.

. 2000. Rules for testing seeds. Proc. Assoc. Off. Seed Anal. 60(2): 1-39.

Austin, R.B. 1972. Effect of environment before harvesting on seed viability, pp 114-
149. In E.H. Roberts, ed. Viability of Seed. Syracuse Univ. Press, NewYork.

Bailey, M.A. M.A.R. Mian, T.E. Carter, D.A. Ashley and H.R. Boerma. 1997. Pod
dehiscence of soybean: identification of quantitative trait loci. J. Hered. 88:

152-154.

Bangwack, C. 1985. Effect of Defoliation, Foliar-fertilization, Solar Intensity and
Delayed Harvest on Soybean Seed Quality. Master Thesis. Kasetsart
University, Bangkok.

Baskin, C.C. 1977. Vigor test method: accelerated aging. AOSA Newsl. 51: 42-52.

Beckmann, J.S. and M. Soller. 1986. Restriction fragment length polymorphisms and

genetic improvement of agricultural species. Euphytica 35: 111-124.

Bent, A.F. and 1. Yu. 1999. Applications of molecular biology to plant disease and
insect resistance. Adv. Agron. 66: 251-298.

Bewley, J.D. 1986. Membrane changes in seeds as related to germination and the
perturbations resulting from deterioration in storage, pp27-46. In M.B.
McDonald and C.J. Nelson, eds. Physiology of Seed Deterioration. Crop

Science Society of American. Madison.



97

. and M. Black. 1982. Physiology and Biochemistry of Seeds. Springer Verlag,
Berlin. 359 p.

Bhatia, V.S., S.P. Tiwari, O.P. Joshi and A.N. Sharma. 1993. Effect of field
weathering on soybean ac. Punjab 1 and JS 71-05. Seed Res. 21(2): 92-93.

Birnboim, H.C. and J. Doly. 1979. A rapid alkaline extraction method for screening
recombinant plasmid DNA. Nucl. Acids Res. 7: 1513-1523.

Boerma, H.R. and M.A.R. Mian. 1999. Soybean quantitative trait loci and marker-
assisted breeding. Proc. World Soybean Res. Conf. VI: 68-83. Chicago.

Botstein, D., R.L. White, M. Skolnick and R.W. Davis. 1980. Construction of a
genetic linkage map in man using restriction fragment length polymorphisms.

Am. J. Hum. Genet. 32: 314-331.

Bovey, R.W. 1969. Effects of foliarly applied desiccants on selected species under
tropical environment. Weed Sci. 17: 79-83.

Bradshaw, J.E., R.C. Meyer, D. Milbourne, J.W. McNicol, M.S. Phillips and R.
Waugh. 1998. Identification of AFLP and SSR markers associated with
quantitative resistance to Globodera pallida (Stone) in tetraploid potato with a
view to marker assisted selection. Theor. Appl. Genet. 97: 202-210.

Bramlage, W.J., A.C. Leopold and D.J. Parrish. 1978. Chilling stress to soybeans
during imbibition. Plant Physiol. 61: 525-529.

Brim, C.A. 1973. Quantitative Genetics and Breeding, pp 155-186. In B.E. Caldwell
ed. Soybean: Improvement, Production, and Uses. American Society of

Agronomy Inc. Publisher. Madison.

Brookes, A.J. 1999. The essence of SNPs. Gene 234: 177-186.



98

Brummer, E.C., A.D. Nickell, J.R. Wilcox and R.C. Shoemaker. 1994. Mapping the
fan locus controlling linolenic acid content in soybean oil. J. Hered. 86: 245-

247.

Brummer, E.C., G.L. Graef, J. Orf, J.R. Wilcox and R.C. Shoemaker. 1997. Mapping
QTL for seed protein and oil content in eight soybean populations. Crop Sci.
37(2): 370-378.

Buchvarov, P.Z. and T. Gantcheff. 1984. Influence of accelerated and natural aging
on free radical levels in soybean seeds. Physiol. Plant. 60:53-56.

Burr, B., S.V. Evola and F.A. Burr. 1983. The application of restriction fragment
length polymorphism to plant breeding, pp 45-59. In J.K. Setlow and A.
Hollaender, eds. Genetic Engineering, Principle and Methods. Vol. 5. Plenum
Press, New York.

Burris, J.S., O.T. Edje and A.H. Wahab. 1969. Evaluation of various indices of seed
and seedling vigor in soybean. Proc. Assoc. Off. Seed Anal. 59: 73-81.

Burrow, M.D. and T.K. Blake. 1998. Molecular tools for the study of complex traits,
pp 13-29. In A.H. paterson, ed. Molecular Dissection of Complex Traits. CRC

Press, Boca Raton.

Byrd, H.W. and J.C. Delouche. 1971. Deterioration of soybean seed in storage. Proc.
Assoc. Off. Seed Anal. 61: 41-57.

Caetano-Anolles, G. 1994. MAAP: a versatile and universal tool for genome analysis.

Plant Mol. Biol. 25: 1011-1026.

, B.J. Bassam and P.M. Gresshoff. 1991. DNA amplification fingerprinting
using very short arbitrary oligonucleotide primers. Biotechnology 9: 292-305.



99

1993. Enhanced detection of polymorphic DNA by multiple arbitrary
amplicon profiling of endonuclease digested DNA: identification of markers
tightly linked to the supernodulation locus of soybean. Mol. Gen. Genet. 241:
57-64.

Cai, HW., Z.S. Gao, N. Yuyama, and N. Ogawa. 2003. Identification of AFLP
markers closely linked to the rhm gene for resistance to southern corn leaf blight
in maize by using bulked segregant analysis. Mol. Genet. Genomics 269: 299-
303.

Calero, E., S.H. West and K. Hinson. 1981. Water absorption of soybean seeds and
associated causal factors. Crop Sci. 21: 926-933.

Carlson, J.B. 1973. Morphology, pp 17-95. In B.E. Caldwell, ed. Soybean:
Improvement, Production, and Uses. American Society of Agronomy Inc.
Publisher. Madison.

Casa, A.M., C. Brouwer, A. Nagel, L. Wang, Q. Zhang, S. Kresovich and S. Wessler.
2000. The MITE family heartbreaker (Hbr): molecular markers in maize. Porc.
Natl. Acad. Sci. USA. 97: 10083-10089.

Chapman, A., V.R. Pantalone, A. Ustun, F.L. Allen, D. Landau Ellis, R.N. Trigiano
and P.M. Gresshoff. 2003. Quantitative trait loci for agronomic and seed quality
traits in an F2 and F4:6 soybean population. Euphytica 129: 387-393.

Chawla, H.S. 2004. Introduction to Plant Biotechnology. 2™ ed. Science Publisher,
Inc., Enfield, NH. 358p.

Cheah, K.S.E. and D.J. Osborne. DNA lesions occur with loss of viability in embryos
of aging rye seed. Nature 272: 593-599.



100

Ching, C.C., H. Andrews, C.C. Baskin and J.C. Delouche. 1972. Influence of quality
of seed on growth development and productivity of some horticultural crops.

Proc. Int. Seed Test. Assoc. 37: 923-936.

Ching, T.M. 1973. Adenosine triphosphate content and seed vigor. Plant Physiol. 51:
400-402.

Chung, J., H.L. Babka, G.L. Graef, P.E. Staswick, D.J. Lee, P.B. Cregan, R.C.
Shoemaker and J.E. Specht. 2003. The seed protein, oil and yield QTL on
soybean linkage group I. Crop Sci. 43: 1053-1067.

Cifarlli, R.A., M. Gallitelli and F. Cellini. 1995. Random amplified hybridization
microsatellites (RAHM): isolation of a new class of microsatellite containing

DNA clones. Nucl. Acid. Res. 23: 3802-3803.

Cole, D.F. 1972. Use of the thermo-gradient plate as an aid in determining the relative
vigor of sweet corn. Agron. J. 64: 749-751.

Concibido, V.C., R.L. Deeny, S.R. Boutin, R. Hautea, J.H. Olf and N.D. Young. 1994.
DNA marker analysis of loci underlying resistance to soybean cyst nematode.

Crop Sci. 34: 240-246.

Concibido, V.C., B. La Vallee, P. Mclaird, N. Pineda, J. Meyer, L. Hummel, J. Yang,
K. Wu and X. Dalannay. 2002. Introgression of a quantitative trait locus for
yield from Glycine soja into commercial soybean cultivars. Theor. Appl. Genet.
106: 575-582.

Copeland, L.O. and M.B. McDonald. 2001. Principles of Seed Science and
Technology. Kluwer academic publishers. Boston. 330p.



101

Costa, N.P., J.B. Franca Neto, L.A.G. Pereira and A.A. Henning. 1987. Evaluation of
the quality of soybean seed produced in Parana. Pesq. Agropec. Bras. 22: 1157-
1165.

, L. Turkiewicz and M.C.L. Dias. 1983. Harvest anticipation of soybean by the
use of preharvest desiccants. Rev. Bras. Sem. 5: 183-198.

Cregan, P.B., J. Jarvik, A.L. Bush, R.C. Shoemaker, K.G. Lark, A.L. Kahler, N. Kaya,
T.T. VanToai, D.G. Lohnes, J. Chung and J.E. Specht. 1999. An integrated
genetic linkage map of the soybean genome. Crop Sci. 39: 1464—1490.

Csanadi, G, J. Vollmann, G. Stift and T. Lelley. 2001. Seed quality QTLs identified in
a molecular map of early maturing soybean. Theor. Appl. Genet. 103: 912-919.

Dassou, S. and E.A. Kueneman. 1984. Screening methodology for resistance to field

weathering in soybean seed. Crop Sci. 24: 774-779.

Davierwala, A.P., A.P.K. Reddy, M.D. Lagu, P.K. Ranjekar and V.S. Gupta. 2001.
Marker assisted selection of bacterial blight resistance genes in rice. Biochem.

Genet. 39: 261-278.

Delouche, J.C. 1971. Deterioration of seed quality. Short Course for Seedman. 14:

53-58. Mississippi State University. Mississippi State, MS.

. 1972. Harvesting, handling and storage of soybean seed. Short Course for

Seedman. 15: 97-122. Mississippi State University. Mississippi State, MS.

. 1973. Precepts of seed storage. Short Course for Seedman. 16: 97-122.
Mississippi State University. Mississippi State, MS.

. 1974. Maintaining soybean seed quality. Tenn. Val. Auth. Bull. 69: 46-62.



102

. 1975. Seed quality and storage of soybean, pp 86-107. In D.K. Whigham, ed.
Soybean Production, Protection and Utilization. International Agriculture
Publications. IL.

1980. Environmental effects on seed development and seed quality.

HortScience 15(6): 775-780.

. 1982. Physiological changes during storage that affect soybean seed quality,
pp 57-66. In J.B. Sinclair and J.A. Jackobs, eds. Soybean Seed Quality and
Stand Establishment. International Agriculture Publications. University of

Illinois, Urbanna-Champaign.

..and W.P. Calwell. 1960. Seed vigor and vigor tests. Proc. Assoc. Off. Seed
Anal. 50: 124-129.

Delouche, J.C. and C.C. Baskin. 1973. Accelerated aging tests for predicting the
relative storability of seed lots. Seed Sci. and Tech. 1: 427-452.

Delouche, J.C., R.K. Matthes, G.M. Dougherty and A.H. Boyd. 1973. Storage of seed
in subtropical and tropical regions. Seed Sci. and Tech. 1: 663-692.

Dharmasena, C.D. 1982. Soybean seed maturation at different levels in the plant
canopy and viability of seed harvested at different stages, pp 11-18. In J.B.
Sinclair and J.A. Jackobs, eds. Soybean Seed Quality and Stand
Establishment. International Agriculture Publications. University of Illinois,

Urbanna-Champaign.
Dickson, M.H. 1980. Genetic aspects of seed vigor. Hort. Sci. 15: 771-774.
Diers, B.W., S.R. Cianzio and R.C. Shoemaker. 1992a. Possible identification of

quantitative trait loci affecting iron efficiency in soybean. J. Plant Nutr. 15:
2127-2136.



103

Diers, B.W., P. Keim, W.R. Fehr and R.C. Shoemaker. 1992b. RFLP analysis of
soybean seed protein and oil content. Theor Appl Genet. 83: 608-612.

Diers, B.W., L. Mansur, J. Imsande and R.C. Shoemaker. 1992c. Mapping of
phytophthora resistance loci in soybean with restriction fragment length

polymorphism markers. Crop Sci. 32: 377-383.

Diers, B. w., V. Beilinson, N. Nielson and R.C. Shoemaker. 1994. Genetic mapping
of the Gy4 and Gy5 glycinin genes in soybean and the analysis of a variant of
Gy4. Theor Appl Genet. 89: 297-304.

Doerge, R.W., Z.B. Zeng and B.S. Weir. 1997. Statistical issues in the search for
genes affecting quantitative traits in experimental populations. Stat. Sci. 12:

195-219.

Doyle, L.J. and J.J. Doyle. 1990. Isolation of plant DNA from fresh tissue. Focus
12:13-14.

Dudley, J.W. 1993. Molecular markers in plant improvement: manipulation of genes

affecting quantitative traits. Crop Sci. 33: 660-668.

Duke, S.H., G. Kakefuda, C.A. Henson, N.L. Loeffler and N.M. Vanhulle. 1986. Role
of the testa epidermis in the leakage of intracellular substances from imbibing

soybean seeds and its implications for seedling survival. Plant Physiol. 60: 716-
722.

Edwards, C.J. and E.E. Hartwig. 1971. Effect of seed size upon rate of germination in
soybean. Agron. J. 63: 429-430.

Edwards, M. 1992. Use of molecular markers in the evaluation and introgression of

genetic diversity for quantitative traits. Field Crop Res. 29: 241-260.



104

Egli, D.B. and D.M. Tekrony. 1995. Soybean seed germination, vigor and field
emergence. Seed Sci. and Tech. 23: 595-607.

El-Assal, S.E., C. Alonso-Blanco, A.J.M. PetersV. Raz and M. Koorneef. 2001. A
QTL for flowering time in Arabidopsis reveals a allele of CRY2. Natur. Genet.
29: 435-440.

Elder, R.H. and D.J. Osborne. 1993. Function of DNA synthesis and DNA repair in
the survival of embryos during early germination and in dormancy. Seed Sci.

Res. 3: 43-53.

Ellis, M.A. and J.B. Sinclair. 1976. Effect of benomy! field sprays on internally borne
fungi, germination, and emergence of late-harvested soybean seeds.

Phytopathology 66: 680-682.

Fasoula, V., D. Harris and H. Boerma. 2004. Validation and designation of
quantitative trait loci for seed protein, seed oil and seed weight from two

soybean populations. Crop Sci. 44: 1218-1225.

Fehr, W.R., C.E. Caviness, D.T. Burmood and J.S. Pennington. 1971. Stage of
development descriptions for soybean. Crop Sci. 11: 229-231.

Ferguson, J.M., D.M. Tekrony and D.B. Egli. 1990a. Changes during early soybean
seed and axes deterioration: I. seed quality and mitochondria respiration. Crop

Sci. 30: 175-179.

. 1990b. Changes during early soybean seed and axes deterioration: II. Lipids.
Crop Sci. 30: 179-182.

Ferraz, de Toledo J.F., L. Alves de Almeida, R.A. de Souza Kiihl, M.C. Carrao
Panizzi, M. Kaster, L.C. Miranda and O.G. Menosso. 1994. Heretics and



105

breeding, pp 19-36. In Tropical Soybean: Improvement and Production.

FAO plant production and protection series No. 27. FAO, Rome.

Forster, B.P., R.P. Ellis, W.T.B. Thomas, R. Waugh, V. Ivandic, R. Tuberosa, V.
Talame, D. This, B. Teulat-Merah, R.A. Ei-Enein, H. Bahri and M. Ben Salem.
2000. Research developments in genetics of drought tolerance in barley, pp 233-
237. In S. Logue, ed. Proc. 8" Int. Barley Genet. Sympos. Vol. 1. Adelaide
University. Adelaide.

Franca Neto, J.B., N.P. Costa, A.A. Henning A.M.R. Almeida and J.N. Barreto. 1984.
Effect of foliar fungicides on the physiological maturity of soybean seeds, pp
1035-1055. In An. 3. Sem. Nac. de Pesq. de Soja. Campinas, Londrina, Pr.

Brasil.

Franca Neto, J.B., A.A. Henning and F.C. Krzyzanowski. 1994. Seed production and
technology for the tropics, pp 217-240. In Tropical Soybean: Improvement
and Production. FAO plant production and protection series No. 27. FAO,

Rome.

Frary, A., T.C. Nesbitt and A. Frary. 2000. FW2.2: A quantitative trait locus key to

the evolution of tomato fruit size. Science 289: 85-88.

Frisch, M., M. Bohn and A.E. Melchinger. 1999a. Minimum sample size and optimal
positioning of flanking markers in marker assisted backcrossing for transfer of a

target gene. Crop Sci. 39: 967-975.

. 1999b. Comparison of selection strategies for marker assisted backcrossing of

a gene. Crop Sci. 39: 1295-1301.

Funatsuki, H., K. Kawaguchi, S. Matsuba, Y. Sato and M. Ishimoto. 2005. Mapping
of QTL associated with chilling tolerance during reproductive growth in

soybean. Theor Appl Genet. 111: 851-861.



106

Gadd, 1. 1950. Biochemical tests for seed germination. Proc. Of the ISTA. 16: 235-
253.

Gazzoni, D.L. 1994. Botany, pp 1-12. In Tropical Soybean: Improvement and
Production. FAO plant production and protection series No. 27. FAO, Rome.

Gillespie, J.H. and M. Turelli. 1989. Genotype environment interactions and the

maintenance of polygenic variation. Genetics 121: 129-138.

Giovanonni, J., R. Wing and S.D. Tanksley. 1992. Isolation of molecular markers
from specific chromosomal intervals using DNA pools from existing mapping

populations. Nucl. Acids Res. 19: 6553-6558.

Green, D.E. and E.L. Pinnel. 1968a. Inheritance of soybean seed quality. I.

Heritability of laboratory germination and field emergence. Crop Sci. 8: 5-11.

. 1968b. Inheritance of soybean seed quality. II. Heritability of visual ratings of
soybean seed quality. Crop Sci. 8: 11-15.

, L.E. Cavanaugh and L.F. Williams. 1965. Effect of planting date and maturity
date on soybean seed quality. Agron. J. 57: 165-168.

Green, D.E., L.E. Cavanaugh and E.L. Pinnell. 1966. Effect of seed moisture content,

field weathering, and combine cylinder speed on soybean quality. Crop Sci. 6:
7-10.

Green, D.E., V.D. Luedders and B.J. Morghan. 1971. Heritability and advance from
selection for 6 soybean seed quality characters. Crop Sci. 11: 531-533.

Guo, B., D.A. Sleper, P.R. Arelli, J.G. Shannon and H.T. Nguyen. 2005.
Identification of QTLs associated with resistance to soybean cyst nematode

races 2, 3 and 5 in soybean P190763. Theor. Appl. Genet. 111: 965-971.



107

Hadas, A. 1977a. A simple laboratory approach to test and estimate seed germination

performance under laboratory conditions. Agron. J. 69: 582-587.

. 1977b. A suggested method for testing seed vigor under water stress in

simulated arid conditions. Seed Sci. and Tech. 5: 519-525.

Hagon, M.W. 1971. The action of temperature fluctuations on hard seeds of
subterranean clover. Australian J. of Experi. Agri. and Anim. Husb. 11: 440-
443,

Halloin, J.M. 1983. Deterioration resistance mechanisms in seeds. Phytopathology
73:335-339.

. 1986. Microorganisms and seed deterioration, pp 89-99. In M.B. McDonald Jr.
and C.J. Nelson, eds. Physiology of Seed Deterioration. Crop Science Society

of American Spec. Pub. Madison.

Hampton, J.G. and D.M. Tekrony. 1995. Handbook of Vigor Test Methods. 3™ ed.

International Seed Testing Association. Zurich.

Harman, G.E. and L.R. Mattick. 1976. Association of lipid oxidation with seed aging
and death. Nature 260: 323-324.

Harrington, J.F. 1972. Seed storage and longevity, pp 145-240. In T.T. Kozlowski ed.
Seed Biology. Vol.3. Academic Press. New York.

. 1973. Biochemical basis of seed longevity. Seed Sci. and Tech. 1: 453-461.

Hartwig, E.E. and C.J. Edwards. 1970. Effects of morphological characteristics upon
seed yield in soybeans. Agron. J. 62: 64-65.



108

Hartwig, E.E. and H.C. Potts. 1987. Development and evaluation of impermeable
seed coat for preserving seed quality. Crop Sci. 27: 506-508.

Hayes, A.J. and M.A. Saghai Maroof. 2000. Targeted resistance gene mapping in
soybean using modified AFLPs. Theor. Appl. Genet. 100: 1279-1283.

Henning, A.A. 1988. Seed treatment and fungal pathogens they are designed to
control, pp 14-21. In T.D. Wyllie and D.H. Scott, eds. Soybean Diseases of the
North Central Region. Phytopathology Society. St Paul.

Hepperly, P.R. and J.B. Sinclair. 1978. Quality losses in Phomopsis infected soybean
seeds. Phytopathology 68: 1684-1687.

Heydecker, W. 1969. The vigor of seeds: a review. Proc. ISTA. 4(2): 201-219.

. 1972. Vigor, pp 209-252. In E.H. Roberts, ed. Viability of Seeds. Syracuse

University Press. Syracuse, New York.

. 1977. Stress and seed germination: an agronomic review, pp 237-281. In A A.
Khan, ed. The Physiology and Biochemistry of Seed Dormancy and

Germination. Elsevier/north Holland, Amsterdam.

Hill, H.J., S.H. West and K. Hinson. 1986a. Effect of water stress during seed-fill on

impermeable seed expression in soybean. Crop Sci. 26: 807-812.

. 1986b. Soybean seed size influences expression of the impermeable seed coat

trait. Crop Sci. 26: 634-637.

Hittalmani, S., M.R. Foolad, T. Mew, R.L. Rodriguez and N. Huang. 1995.
Development of a PCR based marker to identify rice blast resistance gene Pi-

2(t), in a segregating population. Theor. Appl. Genet. 91: 9-14.



109

Hittle, C.N. 1975. Soybean around the world, pp 6-15. In D.K. Whigham, ed.
Soybean production, protection and utilization. International Agriculture

Publications. Illinois.

Hnetkovsky, N., S.J.C. Chang, P.T. Doubler-Gibson and D.A. Lightfoot. 1996.
Genetic mapping of loci underlying field resistance to soybean sudden death

syndrome. Crop Sci. 36: 393-400.

Hoecka, J.A., W.R. Fehr, R.C. Shoemaker, G.A. Welkea, S.L. Johnson and S.R.
Cianzioa. 2003 Molecular marker analysis of seed size in soybean. Crop Sci. 43:

68-74.

Horlings, G.P., E.E. Gamble and S. Shanmugasundaram. 1991. The influence of seed
size and seed coat characteristics on seed quality of soybean in the tropics: field

weathering. Seed Sci. and Tech. 19: 665-685.

. 1994. Weathering of soybean in the tropics as affected by seed characteristics
and reproductive development. Trop. Agric. (Trinidad): 71(2): 110-115.

Hospital, F. and A. Charcosset. 1997. Marker assisted introgression of quantitative

trait loci. Genetics 147: 1469-1485.

Hospital, F., I. Goldringer and S.J. Openshaw. 2000. Efficient marker based recurrent

selection for multiple quantitative trait loci. Genet. Res. 75: 357-368.

Howell, R.W., F.I. Collins and V.E. Sedgwick. 1959. Respiration of soybean seed as
related to weathering losses during ripening. Agron. J. 51: 677-679.

Huang, N., E.R. Angeles, J. Domingo, G. Magpantay, S. Singh, G. Zhang, N.
Kumaravadivel, J. Bennett and G.S. Khush. 1997. Pyramiding of bacterial blight
resistance genes in rice: marker assisted selection using RFLP and PCR. Theor.

Appl. Genet. 95: 313-320.



110

Hughes, P.A. and R.F. Sandsted. 1975. Effect of temperature, relative humidity and
light on the color of ‘California Light Red Kidney’ bean seed during storage.
Horti. Sci. 10: 421-423.

Hulse, J.H. 1996. Soybean: biodiversity and nutritional quality. Proc. 2d Int.
Soybean Proces. Util. Conf.: 13. Bangkok.

Hymowitz, T. 1970. On the domestication of the soybean. Econ. Bot. 24: 408-421.

. and C.A. Newell. 1980. Taxonomy, speciation, domestication, dissemination,
germplasm resources and variation in the genus Glycine, PP. 251-264. In R.J.
Summerfied and A.H. Bunting, eds. Advances in Legume Science. Kew Royal

Botanic Garden. London.

Hymowitz, T. and J.R. Harlan. 1983. Introduction of soybeans to north American by
Samuel Bowen in 1765. Econ. Bot. 37: 371-379.

Hyten, D.L., V.R. Pantalone, C.E. Sams, A.M. Saxton, D. Landau-Ellis, T.R.
Stefaniak and M.E. Schmidt. 2004. Seed quality QTL in a prominent soybean
population. Theor. Appl. Genet. 109: 552-561.

International Seed Testing Association (ISTA). 1985. Handbook on Tetrazolium
Testing. ISTA, Zurich. 72 p.

. 1999. International rules for seed testing. Seed Sci. and Tech. (Suppl.). 27: 1-
131.

Igbal, M.J., K. Meksem, B.N. Njiti, M.A. Kassem and D.A. Lightfoot. 2001.
Microsatellite markers identify three additional quantitative trait loci for

resistance to sudden-death syndrome (SDS) in Essex x Forrest RILs. Theor.
Appl. Genet. 102: 187-192.



111

Isely, D. 1957. Vigor tests. Proc. Assoc. Off. Seed Anal. 47: 176-182.

Johnson, R.R. and L.M. Wax. 1978. Relationship of soybean germination and vigor
tests to field performance. Agron. J. 70: 273-278.

Jones, N., H. Ougham and H. Thomas. 1997. Markers and mapping: we are all
geneticists now. New Phytol. 137: 165-177.

Joshi, S.P., P.K. Ranjekar and V.S. Gupta. 1999. Molecular markers in plant genome
analysis. Curr. Sci. 77: 230-240.

Kadmen, F. A., J.E. Specht and J. H. Williams. 1985. Soybean irrigation serially
timed during stage R1 to R6. I. Agronomic Responses. Aron. J. 77: 291-298.

Kaowanant, R. 2003. Varietal Differences of Soybean in Quality and Physical
Characteristics of Seeds in Resistance to Field Weathering. M.S. thesis. King

Mongkut’s Institute of Technology Ladkrabang. Bangkok.

Kearsey, M.J. 2002. QTL analysis: problems and (possible) solutions. Plant J. 31:
355-364.

. and A.G.L. Farquhar. 1998. QTL analysis in plant: where are we now?
Heredity 80: 137-142.

Keigley, P.J. and R.E. Mullen. 1986. Changes in soybean seed quality from high
temperature during seed fill and maturation. Crop Sci. 26: 1212-1216.



112

Keim, P., T.C. Olson and R.C. Shoemaker. 1988. A rapid protocol for isolating
soybean DNA. Soy. Genet. Newsl. 15: 150-152.

Keim, P., R.C. Shoemaker and R.G. Palmer. 1989. Restriction fragment length
polymorphism diversity in soybean. Theor. Appl. Genet. 77: 786-792.

Keim, P., B.W. Diers, T.C. Olson and R.C. Shoemaker. 1990a. RFLP mapping in
soybean: association between marker loci and variation in quantitative traits.

Genetics 126: 735-742.

. 1990b. Genetic analysis of soybean hardseedness with molecular markers.

Theor. Appl. Genet. 79: 465-469.

Keim, P., J.M. Schupp, S.E. Travis, K. Clayton, T. Zhu, L. Shi, A. Ferreira and D.M.
Webb, 1997. A high-density soybean genetic map based on AFLP markers.
Crop Sci. 37(2): 537-543.

Kigel, J. 1995. Seed germination in arid and semiarid regions, pp 645-699. In J. Kigel
and G. Galili, eds. Seed Development and Germination. Marcel Dekker, Inc.
Madison, New York.

Kilen, T.C. and E.E. Hartwig. 1978. An inheritance study of impermeable seed in
soybean. Field Crop Res. 1(1): 65-70.

Kilpatrick, R.A. and E.E. Hartwig. 1955. Fungus infection of soybean seed as
influenced by stink bug injury. Plant Dis. Rep. 39(1): 77-80.

Kim, H.S. and B.W. Diers. 2000. Inheritance of partial resistance to Sclerotinia stem

rot in soybean. Crop Sci. 40: 55-61.



113

Kim, H.S., H.L. Suk and H.L. Yeong. 2000. A genetic linkage map of soybean with
RFLP, RAPD, SSR and morphological markers. Korean J. of Crop Sci. 45(2):
123-127.

Korte, L. L., J. H. Williams, J. E. Specht and R. C. Sorensen. 1983. Irrigation of
soybean genotypes during reproductive ontogeny. I. Agronomic Responses.

Crop Sci. 23: 521-527.

Koumproglou, R., T.M. Wilkes and P. Townson. 2002. STAIRS: a new genetic
resource for functional genomic studies of Arabidopsis. Plant J. 31: 355-364.

Kueneman, E.A. 1982. Genetic differences in soybean seed quality screening methods
for cultivar improvement, pp 31-41. In J.B. Sinclair and J.A. Jackobs, eds.
Soybean Seed Quality and Stand Establishment. International Agriculture

Publications. University of Illinois, Urbanna-Champaign.

. 1983. Genetic control of seed longevity in soybean. Crop Sci. 23: 5-8.

. and A.V. Costa. 1987. Effect of seed color on seed deterioration. Soybean

genet. newsl. 14: 71-72.

Kumar, L.S. 1999. DNA markers in plant improvement: An overview. Biotech. Adv.
17: 143-182.

Lakon, G. 1942. Topographical determination of the viability of cereal seed by
tetrazolium salts. Ber. Dfsch. Bot. Ges. 60: 299-305.

Lambrecht, H.S., S.S. Nielsen, B.J. Liska and N.C. Nielsen. 1996. Effect of soybean
storage on tofu and soymilk production. J. Food Qual. 19: 189-202.



114

Landau-Ellis, D., S. Angermuller, R.C. Shoemaker and P.M. Gresshoff. 1991. The
genetic locus controlling supernodulation in soybean co-segregates tightly with

a cloned molecular marker. Mol. Gen. Gent. 228: 221-226.

Lander, R. 1992. Marker assisted selection in relation to traditional methods of plant
breeding, pp 437-451. In H.T. Stalker and J.P. Murphy, eds. Plant Breeding in
the 1990s. CAB International. Wallingford.

Lander, E.S., P. Green, J. Abrahamson, A. Barlow, M.J. Daly, S.E. Lincoln and L.
Newburg. 1987. MAPMAKER: an interactive computer program for

constructing genetic linkage maps of experimental and natural populations.

Genomics 1: 174-181.

Lark, K.G., J.M. Weisemann, B.F. Matthews, R. Palmer, K. Chase and T. Macalma.
1993. A genetic map of soybean using an intraspecific cross of two

cultivars ’Minsoy’ and ‘Noir 1°. Theor. Appl. Genet. 86: 901-906.

Lark, K.G., J. Orf and L.M. Mansur. 1994. Epistatic expression of QTL in soybean
determined by QTL association with RFLP alleles. Theor. Appl. Genet. 88:
486-489.

Lark, K.G., K. Chase, F. Adler, L.M. Mansur and J. Orf. 1995. Interactions between
QTL in soybean in which trait variation at one locus is conditional upon a

specific allele at another. Proc. Natl. Acad. Sci. USA. 92: 4656-4660

Lassim, M.B.M. 1982. Comparison of rates of field deterioration of Mack, Dare and
Forrest soybean seeds, pp 189. In J.B. Sinclair and J.A. Jackobs, eds. Soybean
Seed Quality and Stand Establishment. International Agriculture Publications.

University of Illinois, Urbanna-Champaign.

Lawrence, O.C. and M.B. McDonald. 2001. Principles of Seed Science and
Technology. 4™ Ed. Kluwer Academic Publishers, Massachusetts. 230P.



115

Lee, M. 1995. DNA markers and plant breeding programs. Adv. Agron. 55: 265-344.

Lee, S.H., M.A. Bailey, M.A.R. Mian, T.E. Carter, D.A. Ashley, R.S. Hussey, W.A.
Parrott and H.R. Boerma. 1996a. Molecular markers associated with soybean

plant height, lodging and maturity across locations. Crop Sci. 36: 728-735.

Lee, S.H., M.A. Bailey, M.A.R. Mian, E. Shipe, D.A. Ashley, W.A. Parrott, R.S.
Hussey, and H.R. Boerma. 1996b. Identification of QTL for plant height,

lodging and maturity in a soybean population segregating for growth habit.

Theor. Appl. Genet. 92: 516-523.

Leopold, A.C. and M.E. Musgrave. 1979. Respiratory changes with chilling injury of
soybeans. Plant Physol. 64: 702-706.

. 1980. Respiratory pathway in aged soybean seeds. Physol. Plant. 49: 49-54.

Lewers, K.S., E.H. Crane, C.R. Bronson, J.M. Schupp, P. Keim and R.C. Shoemaker.
1999. Detection of linked QTL for soybean brown stem rot resistance in 'BSR

101" as expressed in a growth chamber environment. Mol. Breed. 5: 33-42.

Lin, H.X., T. Yamamoto, T. Sasaki and M. Yan. 2000. Characterization and detection
of epistatic interactions of 3 QTLs: Hd1, Hd2 and Hd3, controlling heading date
in rice using near isogenic lines. Theor. Appl. Genet. 101: 1021-1028.

Lin, J. 1996. Identification of molecular markers in soybean comparing RFLP, RAPD
and AFLP DNA mapping techniques. Plant Mol. Biol. Rep. 14: 156-169.

Lin, S., S. Cianzio and R. Shoemaker. 1997. Mapping genetic loci for iron deficiency
chlorosis in soybean. Mol. Breed. 3: 219-229.

Lincoln, S.E., M.J. Daly and E.S. Lander. 1993. Constructing genetic linkage maps
with MAPMAKER/EXP Version 3.0: a tutorial and reference manual.



116

Third edition (Beta distribution 3B). Whitehead Institute for Biomedical

Research. Cambridge.

Litt, M. and J.A. Luty. 1989. A hyper variable microsatellite revealed by in vitro
amplification of a dinucleotide repeat within the cardiac muscle actin gene. Am.

J. Hum. Genet. 44: 397-401.

Lunn, G. and E. Madsen. 1981. ATP levels of germinating seeds in relation to vigor.

Physiol Planta. 53: 164-169.

Manghan, P.J., M.A. Saghai Maroof and G. Buss. 1996. Molecular marker analysis of
seed weight: genomic locations, gene action and evidence for orthologous

evolution among the three legume species. Theor. Appl. Genet. 93: 574-579.

Mansur, L.M., K.G. Lark, H. Kross and A. Oliveira. 1993a. Interval mapping of
quantitative trait loci for reproductive, morphological and seed traits of soybean.

Theor. Appl. Genet. 86: 907-913.

Mansur, L.M., J.H. Orf and K.G. Lark. 1993b. Determining the linkage of quantitative
trait loci to RFLP markers using extreme phenotypes of recombinant inbreds of

soybean. Theor. Appl. Genet. 86: 914-918.

Mansur, L.M., J.H. Orf, K. Chase, T. Jarvik, P.B. Cregan and K.G. Lark. 1996.
Genetic mapping of agronomic traits using recombinant inbred lines of soybean

[Glycine max (L.) Merr.]. Crop Sci. 36: 1327-1336.

Marek, L.F. and R.C. Shoemaker. 1997. BAC contig development by fingerprint
analysis in soybean. Genome 40: 420-427.

Marek, L.F., J. Mudge, L. Darnielle, D. Grant, N. Hanson, M. Paz, Y. Huihuang, R.
Denny, K. Larson, D. Foster-Hatnett, A. Cooper, D. Danesh, D. Larsen, T.
Schmidt, R. Staggs, J.A. Crow, E. Retzel, N.D. Young and R.C. Shhoemaker.



117

2001. Soybean genomic survey: BAC-end sequences near RFLP and SSR
markers. Genome 44: 572-581.
Marshall, E. 1997. The hunting of the SNP. Science 278: 2047.

Martin, G.B., J.G.K. Williams and S.D. Tanksley. 1991. Rapid identification of
markers linked to a Pseudomonas resistance gene in tomato by using random

primers and near-isogenic lines. Proc. Natl. Acad. Sci. USA. 88: 2336-2340.

Matthews, S. 1980. Controlled deterioration: A new vigor test for crop seeds, pp 647-
660. In P.D. Hebblethwaite, ed. Seed Prod. Butterworths. London.

.and A.A. Powell. 1981. Controlled deterioration test, pp 49-52. In D.A. Perry,
ed. Handbook of Vigor Test Methods. International Seed Testing Association.
Zurich.

Matthews, B.F., T.E. Devine, J.M. Weisemann, H.S. Beard, K.S. Lewers, M.H.
MacDonald, Y.B. Park, R. Maiti, J.J. Lin, J. Kuo, M.J. Pedroni, P.B. Cregan and
J.A. Aaunders. 2001. Incorporation of sequenced cDNA and genomic markers
into the soybean genetic map. Crop Sci. 41: 516-521.

McCouch, S.R. 2001. Genomics and Synteny. Plant Physiol. 125: 152-155.

.and R.W. Doerge. 1995. QTL mapping in rice. Trend. in Genet. 11: 482-487.

McDonald, M.B. 1977. The influence of seed moisture on the accelerated aging vigor

test. J. of Seed Tech. 2(1): 19-28.

. 1980. Assessment of seed quality. Hort. Sci. 15: 784-788.

. 1985. Physical seed quality of soybean. Seed Sci. and Tech. 13: 601-628.

. 1998. Seed quality assessment. Seed Sci. Res. 8: 265-275.



118

. 1999. Seed deterioration: physiology, repair and assessment. Seed Sci. and
Tech. 27: 177-237.

. and B.R. Phaneendranath. 1978. A modified accelerated aging seed vigor test
for soybean. J. of Seed Tech. 3(1): 27-37.

McDonald, M.B. and D.O. Wilson. 1979. An assessment of the standardization and
ability of the ASA-610 to rapidly predict potential soybean germination. J. of
Seed Tech. 4(2): 1-12.

Meksem, K., D. Leister, J. Peleman, M. Zabeau, F. Salamini, and C. Gebhardt. 1995.
A high-resolution map of the vicinity of the R1 locus on chromosome V of
potato based on RFLP and AFLP markers. Mol. Gen. Genet. 249: 74-81.

Meksem, K., P. Pantazopoulos, V.N. Njiti, L.D. Hyten, P.R. Arelli, and D.A.
Lightfoot. 2001a. ‘Forrest’ resistance to the soybean cyst nematode is bigenic:
saturation mapping of the Rhgl and Rhg4 loci. Theor. Appl. Genet. 103: 710-
717.

Meksem, K., E. Ruben, D. Hyten, K. Triwitayakorn, and D.A. Lightfoot. 2001b.
Conversion of AFLP bands into high-throughput DNA markers. Mol. Genet.
Genomics 265: 207-214.

Metcalfe, D.S. S.C. Wiggans and H.E. Thompson. 1956. Desiccant sprays for brome
grass seed harvest. Agron. J. 42: 429.

Mian, M.A.R., M. Bailey, J. Tamulonis, E. Shipe, T. Carter, W. Parrott, D. Ashley, R.
Hussey and H.R. Boerma. 1996a. Molecular markers associated with water use

efficiency and leaf ash in soybean. Crop Sci. 36: 1252-1257.

Mian, M.A.R., M. Bailey, D. Ashley, R. Well, T. Carter, W. Parrott and H.R. Boerma.
1996b. Molecular markers associated with seed weight in two soybean

populations. Theor. Appl. Genet. 93: 1011-1016.



119

Mian, M.A.R., E. Shipe, E. Alvernaz, J. Mueller, D. Ashley and H.R. Boerma. 1997.
RFLP analysis of chlorimuron ethyl sensitivity in soybean. J. Hered. 88: 38-41.

Mian, M.A.R., R. Well, T. Carter, D. Ashley and H.R. Boerma. 1998. RFLP tagging
of QTLs conditioning specific leaf weight and leaf size in soybean. Theor. Appl.
Genet. 96: 354-360.

Michelmore, R.W., I. Paran and R.V. Kesseli. 1991. Identification of markers linked
to disease resistance genes by bulked segregation analysis: a rapid method to
detect markers in specific genome regions by using segregating populations.

Proc. Natl. Acad. Sci. USA. 88: 9828-9832.

Minor, H.C. and E.H. Paschal. 1982. Variation in storability of soybeans under
simulated tropical conditions. Seed Sci. and Tech. 10: 131-139.

Mohan, M., S. Nair, A. Bhagwat, T.G. Krishna and M. Yano. 1997. Genome mapping,
molecular markers and marker assisted selection in crop improvement. Mol.

Breed. 3: 87-103.

Mondragon, R.L. and H.C. Potts. 1974. Field deterioration of soybeans as affected by
environment. Proc. Assoc. Off. Seed Anal. 64:63-71.

Moore, R.P. 1962. Tetrazolium as a universally accepted quality test of viable seed.

Proc. Int. Seed Test Assoc. 27(3): 795-805.

. 1966a. Tetrazolium — best method for evaluating seed life — advises

consideration. Seedsman’s Dig. 17(11): 38-40.

. 1966b. Weather fractured hypocotyls in great northern bean seed. Seed tech.
newsl. 35(3): 7-8.



120

. 1971. Effects of mechanical injuries on viability, pp 94-113. In E.H. Roberts,
ed. Viability of Seeds. Syracuse University Press. Syracuse, New York.

. 1972. Mechanism of water damage to mature soybean seed. Proc. Assoc. Off.
Seed Anal. 61: 112-118.

. 1973. Tetrazolium staining for assessing seed quality, pp 347-366. In W.
Heydecker, ed. Seed Ecology. Pennsylvania State University Press.

Pennsylvania.

. 1985. Handbook on Tetrazolium Testing. International Seed Testing

Association. Zurich. 99p.

Moreau, L., A. Charcosset, F. Hospital and A. Gallais. 1998. Marker assisted

selection efficiency in population of finite size. Genetics 148: 1353-1365.

Morgante, M., A. Rafalski, P. Biddle, S. Tingey and A.M. Oliveri. 1994. Genetic
mapping and variability of seven soybean simple sequence repeat loci. Genome

37:763-769.

Morse, W.J. 1950. History of soybean production, pp 3-59. In K.S. Markley, ed.
Soybeans and Soybean Products. 1. Interscience Publisher Inc., New York.

Mudge, J., P.P. Cregan, J.P. Kenworthy, W.J. Kenworthy, J.H. Orf and N.D. Young.
1997. Two microsatellite markers that flank the major cyst nematode resistance

locus. Crop Sci. 37: 1611-1615.

Muehlbauer, G.J., P.E. Staswick, J.E. Specht, G.L. Graef, R.C. Shoemaker and P.
Keim. 1991. RFLP mapping using near isogenic lines in the soybean. Theor.
Appl. Genet. 81: 189-198.



121

Mugnisjah, W.Q., I. Shimano and S. Matsumoto. 1987. Studies of the vigor of
soybean seeds. II. Varietal differences in seed coat color and swelling

components of seed during moisture imbibition. J. of Fac. of Agr. of Kyushu

Univ. 31: 227-234.

Mukhopadhyay, A., M.M. Choudhuri, K. Sen and B. Ghosh. 1983. Changes in

polyamines and related enzymes with loss of wviability in rice seeds.

Phytochemistry 22: 1547-1551.

Murray, M. and W.F. Thompson. 1984. Rapid isolation of high molecular weight
plant DNA. Nucl. Acid. Res. 8: 4321-4325.

Musgrave, M.E., D.A. Priestley and A.C. Leopold. 1980. Methanol stress as a test of

seed vigor. Crop Sci. 20: 626-630.

Nagata, T. 1959. Studies on the differentiation of soybeans in the world with special
regard to that of Southeast Asia. Proc. Crop Sci. Soc. Japan. 28: 79-82.

. 1960. Studies on the differentiation of soybeans in Japan and the world. Mem.

Hyogo Univ. Agr. 4: 63-102.

Nangju, D. 1977. Effect of date of harvest on seed quality and viability of soybeans. J.

Agr. Sci. 89: 107-112.

. 1979. Seed characteristics and germination in soybean. Expl. Agric. 55: 385-

392.

, H.C. Wien and B. Nndimande. 1980. Improved practices for soya bean seed
production in the tropics, pp 427-448. In P.D. Hebblethwaite, ed. Seed

Production. Butterworths. Boston.



122

Ndimande, B. N., H. C. Wien and E. A. Kueneman. 1981. Soybean seed deterioration
in the tropics. Field Crop. Res. 4(2): 113-121.

Nicholson, J.F. and J.B. Sinclair. 1971. Amsoy soybean germination inhibited by
Pseudomonas glycinea. Phytopathology 61: 1390-1393.

Nicholson, J.F., O.D. Dhingra and J.B. Sinclair. 1972. Internal seed borne nature of
Sclerotinia sclerotiorum and Phomopsis spp. And their effects on soybean seed
quality. Phytopathology 62: 1261-1263.

Nickel, A.D., J.R. Wilcox, L.L. Lorenzen, J.F. Cavins, R.G. Guffy and R.C.
Shoemaker. 1994. The Fap2 locus in soybean mps to linkage group D. J. Hered.
85: 160-162.

Njiti, V.N., T.W. Doubler, R.J. Suttner, L.E. Gray, P.T. Gibson and D.A. Lightfoot.
1998. Resistance to soybean sudden death syndrome and root colonization by

Fusarium solani f.sp. glycine in near-isogenic lines. Crop Sci. 38: 472-477.

Nooden, L.D., K.A. Blackley and J.M. Grzybowski. 1985. Control of seed coat
thickness and permeability in soybean: a possible adaptation to stress. Plant

Physiol. 79: 543-545.

Olson, M., L. Hood, C. Cantor and D. Botstein. 1989. A common language for
physical mapping of the human genome. Science 245(4925): 1434-1435.

Orita, M., H. Iwahana, H. Kanazawa, K. Hayashi and T. Sekiya. 1989. Detection of
polymorphisms of human DNA by gel electrophoresis as single-strand
conformation polymorphisms. Proc. Natl. Acad. Sci. USA. 86: 2766-2770.

Palmer, R.G. and B. Hedges. 1993. Linkage map of soybean, pp 139-148. In S.J.
O’Brien, ed. Genetic Maps: Locus Maps of Complex Genomes. 6™ ed. Cold

Spring Harbor Laboratory Press. New York.



123

Palmer, RG, T. Hymowitz and R.L. Nelson. 1996. Germplasm diversity within
soybean, pp 1-24. In D.P.S. Verma and R.C. Shoemaker, eds. Soybeas:
Genetics, Molecular Biology and Biotechnology. CAB International,
Wallingford.

Palmer, R.G. and R.C. Shoemaker. 1998. Soybean genetics, pp 45-82. In M. Hrustic,
M. Vidic and D. Jockovic, eds. Soybean Institutes of Field and Vegetable
Crops. Novi Sad, Yugoslavia.

Panthee, D.R., V.R. Pantalone, D.R. West, A.M. Saxton and C.E. Sams. 2005
Quantitative trait loci for seed protein, oil concentration and seed size in

soybean. Crop Sci. 45: 2015-2022.

Parrish, D.J. and A.C. Leopold. 1978. On the mechanism of aging in soybean seeds.
Plant Physiol. 61: 365-368.

Paschal, E.H. and M.A. Ellis.1978. Variation in seed quality characteristics of tropical
grown soybeans. Crop Sci. 18: 837-840.

Paterson, A. H. 1996. DNA markers assisted crop improvement, pp 69-81. In A.H.
Paterson, ed. Genome Mapping in Plants. RG Landes Co., Austin.

. 1998. QTL mapping in DNA markers assisted plant and animal improvement,
pp 131-143. In A.H. Paterson, ed. Molecualr Dissection of Complex traits.
CRC Press. Boca Raton.

, S. D. Tanksley and M. E. Sorrells. 1991. DNA markers in plant improvement.
Adv. Agron. 46: 39-89.

Pereira, L.A.G. and C.H. Andrews. 1985. Comparison of non-wrinkled and wrinkled
soybean seed coats by scanning electron microscopy. Seed Sci. Tech. 13: 853-
859.



124

Perry, D.A. 1972. Seed vigor and standard establishment. Hort. Abstr. 42: 334-342.

1973. Interacting effects of seed vigor and environment on seedling
establishment, pp 311-335. In W. Heydecker, ed. Seed Ecology. Butterworth,

London.

. 1981. Handbook of Vigor Test Methods. International Seed Testing
Association. Zurich. 72p.

Petruzzelli, L. and G. Taranto. 1985. Effects of permeations with plant growth
regulators via acetone on seed viability during accelerated aging. Seed Sci. and

Tech. 13: 183-191.

. 1990. Amylase activity and loss of viability in wheat. Ann. Bot. 66: 375-378.

Pinthus, J.J. and U. Kimel. 1979. Speed of germination as a criterion of seed vigor in

soybeans. Crop Sci. 19: 291-292.

Pollock, B.M. and E.E. Roos. 1972. Seed and seedling vigor, pp 314-318. In T.T.
Kozlowski, ed. Seed Biology. Vol.1. Academic Press. New York.

Polzin, K.M., D.G. Lohnes, C.D. Nickel and R.C. Shoemaker. 1994. Rps2, Rmd and
Rj2 are integrated in to linkage group J of soybean molecular map. J. Hered. 85:
300-303.

Potts, H.C., J. Duangpatra, W.G. Hairston and J.C. Delouche. 1978. Some influences
of hardseedness on soybean seed quality. Crop Sci. 18: 221-224.

Powell, A.A. 1986. Cell membranes and seed leachate conductivity in relation to the

quality of seed for sowing. J. Seed Tech. 10: 81-100.



125

. and S. Matthews. 1981a. Association of phospholipids changes with early
stages of seed aging. Ann. Bot. 47: 709-712.

. 1981b. Evaluation of controlled deterioration, a new vigor test for crop seeds.

Seed Sci. and Tech. 9: 633-640.

. 1985. Detection of differences in the seed vigor of seed lots of kale and swede

by the controlled deterioration. Crop Res. 25: 55-61.

. and M. deA. Oliveira. 1984a. Seed quality in grain legumes. Adv. Appl. Biol.
10: 217-285.

Powell, A.A., R. Don, P. Haigh, G. Phillips, J.H.B. Tonkin and O.E. Wheaton. 1984b.
Assessment of repeatability of the controlled deterioration vigor test both within

and between laboratories. Seed Sci. and Tech. 12: 421-427.

Priestley, D.A. and A.C. Leopold. 1979. Absence of lipid oxidation during accelerated
aging of soybean seeds. Plant Physiol. 53: 726-729.

. 1980. Alcohol stress on soybean seeds. Ann. Bot. 45(1): 39-45.

. 1983. Lipid changes during natural aging of soybean seeds. Physiol. Plant. 59:
467-470.

Priestley, D.A., B.G. Werner and A.C. Leopold. 1985a. Organic free radical levels in
seeds and pollen: the effects of hydration and aging. Physiol. Plant. 64: 88-94.

. 1985b. The susceptibility of soybean seed lipids to artificially enhanced
atmosphere oxidation. J. Exp. Bot. 36: 1653-1659.



126

Prioul, J.L., S. Quarrie, M. Causse and D. Vienne. 1997. Dissecting complex
physiological functions through the use of molecular quantitative genetics. J.

Exp. Bot. 48: 1151-1163.

Probst, A.H. and R.W. Judd. 1973. Origin, U.S. History and Development, and World
Distribution, pp 1-15. In B.E. Caldwell, ed. Soybean: Improvement,

Production, and Uses. American Society of Agronomy Inc. Publisher. Madison.

Puntalaro, S. and A. Boveris. 1990. Effect of natural and accelerated aging on the

hydroxide metabolism of soybean embryonic axes. Plant Sci. 68: 27-32.

Rachie, K.O and W.K.F. Plarre. 1974. Breeding methodology for tropical soybeans,
pp 29-47. In D.K. Whigham, ed. Soybean Production, Protection and

Utilization. University of. Illinois. Urbana.

Ram, C. and L.E. Weisner. 1988. Glutamic acid decarboxylase activity (GADA) as an
indicator of field performance of wheat. Seed Sci. and Tech. 16: 11-18.

Rafalski, A. 2002. Application of single nucleotide polymorphisms in crop genetics.
Curr. Opin. in Plant Biol. 5: 94-100.

. and S. Tingey. 1993. RFLP map of soybean, pp 149-156. In S.J. O’Brien, ed.
Genetic Maps: Locus Maps of Complex Genomes. Cold Spring Harbor
Laboratory Press. New York.

Ratanaubol, A. 1988. The Effect of Delay Harvesting, Threshing Methods and
Storage Condition on Seed Quality of Soybean. Master Thesis. Kasetsart
University, Bangkok.

Ribaut, J.M., X. Hu, D. Hoisington and D. Gonzalez de Leon. 1997. Use of STSs and
SSRs as rapid and reliable preselection tools in a marker assisted selection

backcross scheme. Plant Mol. Biol. Rep. 15: 154-162.



127

Ribaut, J. M., C. Jiang and D. Hoisington. 2002. Simulation experiments in
efficiencies of gene introgression by backcrossing. Crop Sci. 42: 557-565.

Richardson, T., S. Cato, J. Ramser, G. Kahl and K. Weising. 1995. Hybridization of
microsatellites to RAPD: a new source of polymorphic markers. Nucl. Acid.
Res. 23: 3798-3799.

Ridout, C.J. and P. Domini. 1999. Use of AFLP in cereals research. Trend. Plant Sci.
4:76-79.

Rolston, P. 1978. Water impermeable seed dormancy. Bot. Rev. 44: 365-396.

Roos, E.E. 1980. Physiological, biochemical and genetic changes in seed quality
during storage. Hort. Sci. 15: 781-784..

. 1986. Precepts of successful storage, pp 1-25. In M.B. Macdonald Jr. and C.J.
Nelson, eds. Physiology of Seed Deterioration. Crop Science Society of

American Spec. Pub. Madison.

Roy, K.W. and T.S. Abney. 1976. purple seed stain of soybeans. Phytopathology 66:
1045-1049.

Rungsarid K. 1982. Inheritance of Hardseededness in Soybean. Master Thesis.

Department of Agronomy, Kasetsart University, Bangkok.

Saio, K., I. Nikkuni, Y. Ando, M. Otsuru, Y. Terauchi and M. Kito. 1980. Soybean
quality changes during model storage studies. Cereal Chem. 57: 77-82.

Sanguansat, B. 1996. Seed Deterioration during Field Storage in Some Cultivars
of Soybean and Effect of Drying Methods on Seed Quality. Master Thesis.
Department of Agronomy, Kasetsart University, Bangkok.



128

Saxens, O.P. and D.C. Maheshwari. 1980. Biochemical aspects of viability in soybean.
Acta Bot. Indi. 8: 229-234.

Schoettle, A.W. and A.C. Leopold. 1984. Solute leakage from artificially aged
soybean seeds after imbibition. Crop Sci. 24: 835-838.

Schuster, L., R.V. Abdelnoor, S.R.R. Marin, V.P. Carvalho, R.A.S. Kiihl, J.F.V. Silva,
C.S. Sediyama, E.G. Barros and M.A. Moreira. 2001. Identification of a new

major QTL associated with resistance to soybean cyst nematode (Heterodera

glycines). Theor. Appl. Genet. 102: 91-96.

Sebolt, A.M., R.C. Shoenaker and B.W. Diers. 2000. Analysis of a quantitative trait
locus allele from wild soybean that increases seed protein concentration in

soybean. Crop Sci. 40: 1438-1444.

Seneratna, T. and B.D. McKersie. 1983. Characterization of solute efflux from

dehydration injured soybean seeds. Plant Physiol. 72: 911-915.

Seneratna, T., J.F. Gusse and B.D. McKersie. 1988. Age-included changes in cellular

membranes of imbibed soybean seed axes. Physiol. Plant. 73: 85-91.

Shimamoto, Y. 2001. Polymorphism and phylogeny of soybean based on chloroplast
and mitochondrial DNA analysis. JARQ. 35(2): 79-84.

Shoemaker, R.C., R.D. Guffy, L.L. Lorenzen and and J.E. Specht. 1992. Molecular
genetic mapping of soybean: map utilization. Crop Sci. 32: 1091-1098.

Shoemaker, R.C. and T.C. Olson. 1993. Molecular linkage map of soybean (Glycine
max L. Merr.), pp 131-138. In S.J. O'Brien, ed. Genetic Maps: Locus Maps of
Complex Genomes. Cold Spring Harbor Laboratory Press, New York.



129

Shoemaker, R.C. and J.E. Specht. 1995. Integration of the soybean molecular and
classical genetic linkage groups. Crop Sci. 35: 436-446.

Shoemaker, R.C., K.M. Polzin and L.L. Lorenzen. 1996a. Molecular genetic mapping
of soybean, pp 37-56. In D.P.S. Verma and R.C. Shoemaker, eds. Soybean:
Genetics, Molecular Biology and Biotechnology. CAB international.
Wallingford.

Shoemaker, R.C., K. Polzin, J. Labate, J. Specht, J. Brummer, T. Olson, N. Young, V.
Concibido, J. Wilcox, J. Tamulonis, G. Kochert and H.R. Boerma. 1996b.
Genome duplication in soybean. Genetics 144: 329-338.

Shoemaker, R.C., D. Grant and M. Imsande. 2001. RFLP map of soybean, pp 357-378.
In R.L. Phillips and LK. Vasil, eds. DNA-based markers in Plants. 2" ed.

Kluwer Academic Publishers. Dordrecht.

Shoemaker, R.C., P. Keim, L. Vodkin, E. Retzel, S.W. Waterston, D. Smoller, V.
Coryell, A. Khanna, J. Erpelding, X. Gai, V. Brendel, C. Raph-Schmidt, E.G.
Shoop, C.J. Vielweber, M. Schmatz, D. Pape, Y. Bowers, B. Theising, J. Martin,
M. Dante, T. Wylie and C. Granger. 2002. A complication of soybean ESTs:

generation and analysis. Genome 45: 329-338.

Shrivastava, A.C. 1997. Yield Gap Analysis in Soybean Production. Master Thesis.
Department of Agronomy, Kasetsart University. Bangkok.

Singh, B.B. 1976. Breeding soybean varieties for the tropics, pp 11-16. In R.M.
Goodman, ed. Expanding the Use of Soybeans. University of Illinois. Urbana-

Champaign.

Slafer, G.A. 2003. Genetic basis of yield as viewed from a crop physiologist’s
perspective. Ann. Appl. Biol. 142: 117-128.



130

Snape, J.W., R. Sarma, S.A. Quarrie, L. Fish, G. Galiba and J. Sutka. 2001. Mapping
genes for flowering time and frost tolerance in cereals using precise genetic

stocks. Euphytica 120: 309-315.

Smith, K.J. and W. Huyser. 1987. World distribution and significance of soybean, pp.
1-22. In J.R. Wilcox, ed. Soybean: Improvement, Production, and Uses. 2™
ed. American Society of Agronomy, Inc., Crop Science Society of America, Inc.,

and Soil Science Society of America, Inc., Madison.

Smith, M.T. and P. Berjak. 1995. Deteriorative changes associated with the loss of
viability of stored desiccation tolerant and desiccation sensitive seeds, pp 701-
746. In J. Kigel and G. Galili, eds. Seed Development and Germination.
Marcel Dekker, Inc. Madison, New York.

Song, Q.J., L.F. Marek, R.C. Shoemaker, K.G. Lark, V.C. Concibido, X. Delanay, J.E.
Specht and P.B. Cregan. 2004. A new integrated genetic linkage map of the
soybean. Theor. Appl. Genet. 109: 122-128.

Specht, J.E. and G.L. Graef. 1996. Limitations and potentials of genetic manipulation
of soybean, pp 91-106. In D.P.S. Verma and R.C. Shoemaker, eds. Soybean:
Genetics, Molecular Biology and Biotechnology. CAB international.
Wallingford.

Sreeramulu, N. 1983. Germination and food reserves in bambarra groundnut seeds

after different periods of storage. Ann. of Bot. 51: 209-216.

Stackelberg, M.V., S. Lindemann, M. Menke, S. Riesselmann, and H.J. Jacobsen.
2003. Identification of AFLP and STS markers closely linked to the def locus in
pea. Theor. Appl. Genet. 106: 1293-1299.

Starzinger, E.K. and S.H. West. 1982. An observation on the relationship of soybean

seed coat color to viability maintenance. Seed Sci. and Tech. 10: 301-305.



131

Stewart, R.R.C. and D. Bewley. 1980. Lipid peroxidation associated with accelerated
aging of soybean axes. Plant Physiol. 65: 245-248.

Stuber, C.W. 1992. Biochemical and molecular markers in plant breeding. Plant
Breed. Rev. 9: 37-61.

Stuber, C.W. 1995. Mapping and manipulating quantitative traits in maize. Trend. in
Genet. 11: 477-482.

Stuber, C.W., M.D. Edwards and J.F. Wenzel. 1987. Molecular marker facilitated
investigations of quantitative trait loci in maize. II. Factors influencing yield and

its component traits. Crop Sci. 27: 639-648.

Subudhi, P.K and H.T. Nguyen. 2004. Genome mapping and genomic strategies for
crop improvement, pp 403-451. In H.T. Nguyen and A. Blum, eds. Physiology
and Biotechnology Integration for Plant Breeding. Marcel Dekker, Inc., New
York.

Sun, H. and B. Xu. 1993. The history of soybean in the orient, pp 196-200. In N.
Chomchalow and P. Laosuwan, eds. Soybean in Asia. Rapa Publication.
Bangkok.

Suriyon, S. 2003. A Study on Traits Related to Seed Quality with the Application
to Selection for Seed Longevity in Soybean. Master Thesis. Department of

Agronomy, Kasetsart University. Nakhon Pathom.

Takahashi, Y., A. Shomura, T. Sasaki and M. Yano. 2001: Hd6: a rice quantitative
trait locus involved in photoperiod sensitivity, encodes the alpha subunit of

protein kinase CK2. Proc. Nat. Acad. Sci. USA. 98: 7922-7927.

Takayanagi, K. and K. Murakami. 1969. Rapid method for testing seed viability by
using urine sugar analysis paper. JARQ. 4: 39-45.



132

Takayanagi, K. and J.F. Harrington. 1971. Enhancement of germination rate of aged

seeds by ethylene. Plant Physiol. 47: 521-524.

Tamulonis, J.P., B.M. Luzzi, R.S. Hussey, W.A. Parrott and H.R. Boerma. 1997a.
DNA marker analysis of loci conferring resistance to peanut root-knot nematode

in soybean. Theor. Appl. Genet. 95: 664-670.

. 1997b. RFLP mapping of resistance to southern root-knot nematode in

soybean. Crop Sci. 37: 1903-1909.

Tanksley, S.D., H. Medina-Filho and C.M. Rick. 1982. Use of naturally occurring
enzyme variation to detect and map genes controlling quantitative traits in an

interspecific backcross of tomato. Heredity 49: 11-25.

Tanksley, S.D., N.D. Young, A.H. Paterson and M.W. Bonierbale. 1989. RFLP
mapping in plant breeding: new tools for an old science. Biotechnology 7: 257-
264.

Tanksley, S.D. and J.C. Nelson. 1996. Advanced backcross analysis: a method for the
simultaneous discovery and transfer of valuable QTLs from unadapted

germplasm into elite breeding lines. Theor. Appl. Genet. 92: 191-203.

Tao, K.J. 1978a. Effect of soil water holding capacity on the cold test for soybean.
Crop Sci. 8: 979-982.

. 1978b. Factors causing variations in the conductivity test for soybean. J. Sci.

Tech. 3(1): 10-18.

Tekrony, D.M. 1983. Seed vigor testing. J. Seed Tech. 8: 55-60.

. 1985. An evaluation of the accelerated aging test for soybeans. AOSA newsl.
59: 86-96.



133

. 1993. Accelerated aging test. J. Seed Tech. 17:110-120.

. 2005. Accelerated aging test: principles and procedures. J. Seed Tech. 27(1):
135-146.

. and D.B. Egli. 1977. Relationship between laboratory indices of soybean seed
vigor and field emergence. Crop Sci. 17: 573-577.

. and A.D. Phillips. 1980a. Effect of field weathering on the viability and vigor
of soybean seed. Agron. J. 72: 749-755.

Tekrony, D.M., D.B. Egli and J. Balles. 1980b. The effect of the field production
environment on soybean seed quality, pp 403-425. In P.D. Heblethwaite, ed.

Seed Production. Butterworths, Boston.

Tekrony, D.M., D.B. Egli and G.M. White. 1987. Seed production and technology, pp
295-353. In J.R. Wilcox, ed. Soybean: Improvement, Production and Uses.

American Society of Agronomy. Madison.

Tiwari, S.P., and H.J. Joshi. 1998. Correlation and path-analysis for seed quality
characters in soybean. J. Oilseed Res. 6: 51-57.

Tully, R.E., M.E. Musgrave and A.C. Leopold. 1981. The seed coat as a control of
imbibitional chilling injury. Crop Sci. 21: 312-317.

Unander, D.W., JJW. Lambert and J.H. Orf. 1983. Cool temperature soybean
germination: genetic and environmental components. Amer. Soc. Agron.

Abstr.: 83-84.

Van Berloo, R., H. Aalbers, A. Werkman and R.E. Niks. 2001. Resistance QTL
confirmed through the development of QTL NILs for barley leaf rust resistance.
Mol. Breed. 8: 187-195.



134

Van de Venter, H.A., D.F. Grabe and S.P. Currans. 1989. Analysis of gas exchange in
the manometric GADA seed vigor test for wheat. S. Afr. Sci. 85: 524-525.

Vazquez, E., F. Montiel and J.M. Vazquez-Ramos. 1991. DNA ligase activity in
deteriorated maize embryonic axes during germination: a model relating defects

in DNA metabolism in seeds to loss of germinability. Seed Sci. Res. 1: 269-273.

Villiers, T.A. 1973. Aging and the longevity of seeds in field conditions, pp 265-288.
In W. Heydecker, ed. Seed Ecology. Pennsylvania State University Press.

Pennsylvania.

. 1980. Ultra structural changes in seed dormancy and senescence, pp 39-66. In

K.V. Thimann, ed. Plant Senescence. CRC Press. Boca Raton, Florida.

Vos, P., R. Hogers, M. Bleeker, M. Reijans, T. van de Lee, M. Hornes, A. Frijters, J.
Pot, J. Peleman, M. Kuiper and M. Zabeau. 1995. AFLP: a new technology for
DNA fingerprinting. Nucl. Acid. Res. 23: 4407-4414.

Wahab, A.H., and J.S. Burris. 1971. Physiological and chemical differences in low
and high quality soybean seed. Proc. Assoc. Off. Seed Anal. 61: 58-67.

Walters, H. 1963. Chemical reactivity of a macromolecule as a function of its age.

Biochem. et Biophysi. Acta. 69: 410-411.

Wang, J.Y., K. Fujimoto, T. Miyazawa, Y. Endo and K. Kitamera. 1990. Sensitivities
of lipoxygenase lacking soybean seeds to accelerated aging and their

chemiluminescence levels. Phytochemistry 29: 3739-3742.

Wang, S., C. J. Basten and Z.-B. Zeng (2005). Windows QTL Cartographer 2.5.
Department of Statistics, North Carolina State University, Raleigh, NC. (
http://statgen.ncsu.edu/qtlcart/ WQTLCart.htm)


http://statgen.ncsu.edu/qtlcart/WQTLCart.htm
http://statgen.ncsu.edu/qtlcart/WQTLCart.htm

135

Wang, X.Y., P.D. Chen and S.Z. Zhang. 2001. Pyramiding and marker assisted
selection for powdery mildew resistance genes in common wheat. Acta

Genetica Sinica 28: 640-646.

Wangkam, C. 1999. Physical Characteristics of Seed and Seed Coat in Relation to
Seed Quality in Soybean. Master Thesis. Department of Agronomy, Kasetsart
University. Bangkok.

Weidner, S. and K. Zalewski. 1982. Ribonucleic acids and ribosomal protein
synthesis during germination of unrope and aged wheat caryopses. Acta Soc.

Bot. Poland. 51: 291-300.

Welsh, J. and M. McClelland. 1990. Fingerprinting genomes using PCR with arbitrary
primers. Nucl. Acid. Res. 18: 7213-7218.

Wien, H.C. and E.A. Kueneman. 1981. Soybean seed deterioration in the tropics. II.
Variety differences and techniques for screening. Field crop. Res. 4: 123-132.

Wilcox, J.R., F.A. Laviolette and K.L.. Athow. 1974. Deterioration of soybean seed
quality associated with delayed harvest. Plant Dis. Rep. 58: 130-133.

Wilcox, J.R., F.A. Laviolette and R.J. Martin. 1975. Heritability of purple seed stain
resistance in soybeans. Crop Sci. 15: 525-526.

Williams, J.G.K., A.R. Kubelik, K.J. Livak, J.A. Rafalski and S. Tingey. 1990. DNA
polymorphisms amplified by arbitrary primers are useful as genetic markers.

Nucl. Acid. Res. 18: 6531-6535.

Wilson, D.O. and M.B. McDonald. 1986a. A convenient volatile aldehyde assay for
measuring soybean seed vigor. Seed Sci. and Tech. 14: 259-268.



136

. 1986b. The lipid peroxidation model of seed aging. Seed Sci. and Tech. 14:
269-300.

Wilson, R.F. 1993. Practical biotechnological strategies for improving the quality and
value of soybeans. Inform. 4: 193-200.

Wolf, W.J. and F.L. Baker. 1972. Breaks in the seed coat provide potential site of

entrance and colonization. Cereal Sci. Today 17: 125.

. and R.L. Bernard. 1981. Soybean seed coat structural features: pits, deposits

and cracks. Scan. Elect. Microscop. 3: 531-544.

Woodstock, L.W. 1965. Physiological predetermination: imbibition, respiration and
growth of lima bean seed. Science 150: 1031-1032.

. 1973. physiological and biochemical test for seed vigor. Seed Sci. and Tech.
1: 127-157.

. and K-L.J. Tao. 1981. Prevention of imbibitional injury in low vigor soybean

embryonic axes by osmotic control of water uptake. Physiol. Plant. 51: 133-139.

Woodstock, L.W. and R.B. Taylorson. 1981. Ethanol and acetaldehyde in imbibing
soybean seeds in relation to deterioration. Plant Physiol. 67: 424-428.

Woodstock, L.W., K. Furman and T. Solomos. 1984. Changes in respiratory
metabolism during aging in seeds and isolated axes of soybean. Plant Cell

Physiol. 25: 15-26.



137

Woodstock, L.W., K. Furman and H.R. Leffler. 1985. Relationship between
weathering deterioration and germination, respiratory metabolism, and mineral

leaching from cotton seeds. Crop Sci. 25: 459-466.

Wu, K.S., R. Jones, L. Danneberger and P.A. Scolnik. 1994. Detection of
microsatellite polymorphisms without cloning. Nucl. Acid. Res. 22: 3257-3258.

Yaklich, R-W. and M.M. Kulik. 1979. Evaluation of vigor tests in soybean seeds:
relationship of the standard germination test, seedling vigor classification,
seedling length and tetrazolium staining to field performance. Crop Sci. 19:
242-252.

Yaklich, R.W. E.L. Vigil and W.P. Wergin. 1986. Pore development and seed coat
permeability in soybean. Crop Sci. 26: 616-624.

Yang, S.F. and Y.B. Yu. 1982. Lipid peroxidation in relation to aging and loss of seed
viability. Search 16(1): 2-7.

Yano, M., Y. Katayose and M. Ashikari. 2000. Hd1: a major photoperiod sensitivity
quantitative trait locus in rice, is closely related to the Arabidopsis flowering

time gene constants. Plant Cell 12: 2473-2483.

Young, N.D. 1992. Restriction fragment length polymorphisms (RFLPs) and crop
improvement. Exp. Agric. 28: 385-397.

. 1999a. A cautiously optimistic vision for marker assisted breeding. Mol.

Breed. 5: 505-510.



138

. 1999b. The genetic architecture of resistance. Curr. Opin. Plant Biol. 3: 285-
290.

Zhang, Q.F., B.Z. Shen, X.K. Dai, M.H. Mei M.A. Saghai-Maroof and Z.B. Li. 1994.
Using bulked extremes and recessive class to map genes for photoperiod
sensitive genic male sterility in rice. Proc. Natl. Acad. Sci. USA. 91: 8675-
8679.

Zhang, W.K., Y.J. Wang, G.Z. Luo, J.S. Zhang, C.Y. He, X.L. Wu, J.Y. Gai and S.Y.
Chen. 2004. QTL mapping of ten agronomic traits on the soybean genetic map
and their association with EST markers. Theor. Appl. Genet. 108: 1131-1139.

Zietkiewicz, E., A. Rafalski and D. Labuda. 1994. Genome fingerprinting by SSR
anchored PCR amplification. Genomics 20: 176-183.



139

APPENDIX

Appendix Table A Some agronomic characters, germination, viability and marker
segregation of the F, progenies

F, Plant 100 Incubat.or ConFrolle;d Marker Marker

plant  height segds .we.atherlng _ .det.erloratlo.n _ Eaag/ Eact/

o, (cm) weight  Germination  Viability =~ Germination  Viability Mcac Mctt

(8 (%) (%) (%) (%) -233*  -157
Al 30 13.60 63.6 75.0 66 78 1 1
2 26 14.80 36.7 65.3 56 70 1 1
3 29 14.76 53.7 75.6 54 72 0 0
4 36 16.08 53.8 74.4 56 68 1 1
5 31 18.20 42.5 55.0 66 78 1 0
6 24 13.72 63.0 73.9 68 74 1 0
7 31 14.52 54.5 72.7 58 70 1 1
8 32 16.52 25.7 54.3 22 44 1 1
9 37 13.72 60.8 72.5 66 76 1 1
10 37 15.16 67.7 80.6 82 90 0 0
11 42 15.32 72.7 90.9 74 86 0 0
12 39 10.52 323 54.8 34 58 1 1
13 28 14.28 52.5 72.5 34 70 1 1
14 36 14.24 28.2 64.1 32 44 1 1
15 41 14.00 57.8 71.1 52 70 1 1
16 32 16.44 26.7 60.0 26 48 1 1
17 30 15.52 41.3 60.9 38 58 1 1
18 32 13.36 47.9 68.8 50 74 0 1
19 33 13.12 54.9 74.5 58 66 1 1
20 30 14.92 72.5 85.0 72 78 0 1
21 27 14.92 57.8 75.6 52 72 1 1
22 22 15.28 61.8 70.6 66 78 1 1
23 28 13.40 48.8 65.1 46 62 1 1
24 30 14.60 41.2 70.6 62 74 1 1
25 35 15.12 55.1 69.4 62 76 1 1
26 33 12.84 54.9 72.5 40 54 1 1
27 38 17.48 52.5 65.0 54 66 1 1
28 31 11.92 61.4 72.7 62 70 1 1
29 37 15.20 45.7 60.0 54 68 1 1
30 41 14.68 43.9 70.7 54 70 1 1




Appendix Table A (Continued)

140

F, Plant 100 Incubat'or Con.trollc.ed Marker Marker

plant  height segds .We.athermg _ .det.erloratloln _ Eaag/ Eact/

o, (cm) weight  Germination ~ Viability =~ Germination  Viability Mcac Mctt

() (%) (%) (%) (%) 233 -157
31 38 13.48 65.1 74.4 34 62 1 1
32 38 13.84 72.5 85.0 72 78 0 1
33 29 12.12 52.1 68.8 64 72 1 1
34 25 15.08 66.7 76.2 52 66 1 1
35 33 14.84 75.0 93.2 76 90 0 0
36 24 15.44 63.4 78.0 56 66 1 0
37 35 14.72 42.2 66.7 66 76 1 1
38 25 14.60 32.3 58.1 32 68 0 1
39 26 13.12 44.4 58.3 38 54 0 0
40 27 15.04 63.8 74.5 62 70 1 1
41 33 13.72 68.9 77.8 60 78 1 0
42 31 14.28 48.7 69.2 56 72 1 1
43 27 17.24 514 62.9 46 62 1 1
44 31 12.80 66.7 76.5 66 74 1 1
45 25 11.16 40.5 514 60 74 1 0
46 31 12.08 46.5 69.8 58 70 1 1
47 32 17.68 46.3 58.5 24 48 1 1
48 28 11.88 46.3 68.5 72 82 0 1
49 34 12.44 29.2 62.5 76 86 0 0
50 35 13.84 39.0 75.6 74 82 0 0
51 34 11.40 34.9 55.8 46 66 1 1
52 34 12.80 39.1 67.4 54 72 1 1
53 22 14.60 43.9 61.0 54 76 1 1
54 36 10.08 36.1 66.7 66 74 1 1
55 32 16.96 353 55.9 48 78 1 0
56 26 12.76 50.0 70.5 68 82 1 0
57 35 14.36 59.6 70.2 32 62 1 1
58 28 12.92 56.3 72.9 66 74 1 1
59 38 14.08 26.3 63.2 70 82 0 1
60 30 12.28 42.0 52.0 66 76 1 1
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F, Plant 100 Incubat'or Con.trollc.ed Marker Marker

plant  height segds .We.athermg _ .det.erloratloln _ Eaag/ Eact/

o, (cm) weight  Germination ~ Viability =~ Germination  Viability Mcac Mctt

() (%) (%) (%) (%) 233 -157
61 33 16.84 54.3 71.4 54 66 1 1
62 28 13.64 51.2 68.3 42 66 1 1
63 25 14.52 77.1 85.4 72 90 0 0
Cl 32 14.08 31.7 70.7 54 62 1 1
2 43 16 70.4 90.7 76 90 0 0
3 20 12.64 58.3 72.9 46 78 0 0
4 34 16.16 41.3 47.8 58 74 1 1
5 22 11.64 60.4 72.9 66 74 1 1
6 42 12.88 39.2 58.8 42 62 1 1
7 41 13.88 56.4 74.4 62 70 1 1
8 21 13.08 50.0 69.6 24 62 1 1
9 32 12.52 50.0 69.0 74 80 0 0
10 31 12.64 53.1 65.6 58 74 1 1
11 40 12.96 52.4 66.7 52 68 1 1
12 38 15 45.8 64.6 44 62 1 1
13 41 12.64 40.7 69.5 54 70 1 1
14 29 13.6 52.9 64.7 66 74 1 1
15 48 14.16 60.5 76.7 62 76 0 0
16 43 12.24 55.3 74.5 48 70 1 1
17 44 14.12 55.8 73.1 54 74 1 1
18 33 10.76 52.4 71.4 50 70 1 1
19 23 11.12 57.4 87.2 66 74 0 0
20 34 15.56 52.5 72.5 48 58 1 1
21 40 13.16 35.6 60.0 66 74 1 1
22 39 13.64 47.5 67.5 72 82 0 1
23 46 11.44 34.1 80.5 32 70 1 0
24 26 11.6 46.3 68.3 42 52 1 1
25 31 16.24 514 73.0 26 70 1 0
26 27 14.48 27.3 48.5 20 54 1 1
27 26 17.12 44.7 68.4 26 62 1 1
28 31 15.28 59.1 68.2 28 56 1 1
29 36 10.4 75.8 84.8 46 76 0 0
30 34 14.08 51.2 68.3 46 66 1 1
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F, Plant 100 Incubat'or Con.trollc.ed Marker Marker
plant  height segds .We.athermg _ .det.erloratloln _ Eaag/ Eact/
o, (cm) weight  Germination ~ Viability =~ Germination  Viability Mcac Mctt
() (%) (%) (%) (%) 233 -157
C31 37 13.36 48.0 72.0 52 66 1 1
32 34 15.64 59.5 71.4 32 64 1 1
33 37 12.48 52.5 77.5 62 68 0 0
34 37 12.84 43.8 64.6 54 66 1 1
35 49 14.32 37.2 74.4 64 74 1 1
36 44 14.56 44.7 83.0 70 80 0 0
37 33 14.76 213 61.7 28 66 1 1
38 32 12.08 333 68.9 62 74 1 1
39 36 12.72 44.4 68.9 42 68 1 1
40 37 12.4 36.5 61.5 56 78 0 1
41 38 11.2 524 71.4 56 74 1 1
42 32 15.24 68.8 79.2 40 54 1 0
43 35 15.56 27.7 66.0 34 66 1 1
44 22 14.24 37.2 72.1 46 70 1 1
45 36 13.72 31.8 75.0 62 74 0 0
46 31 13.64 35.6 60.0 28 58 1 1
Gl 39 17.2 39.6 62.5 42 66 1 1
2 36 14.12 69.4 77.6 40 70 0 1
3 38 13.12 62.7 82.4 72 82 1 0
4 27 13.52 29.8 74.5 28 64 1 1
5 38 12.2 37.5 66.7 54 62 1 1
6 43 14.2 57.4 72.3 64 74 1 1
7 44 14.12 51.0 69.4 54 70 1 1
8 47 14.68 60.5 72.1 36 64 1 1
9 32 15.8 51.2 68.3 62 74 1 1
10 27 13.56 48.8 68.3 56 70 0 1
11 40 13.64 44.7 66.0 36 64 1 1
12 36 14.16 43.8 77.1 46 74 1 0
13 41 12.76 40.0 67.5 34 64 1 1
14 41 12.04 61.7 76.6 64 70 1 0
15 43 14.52 56.1 82.9 44 76 1 0
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F, Plant 100 Incubat'or Con.trollc.ed Marker Marker

plant  height segds . W§atherlng _ .det.erloratloln _ Eaag/ Eact/

o, (cm) weight  Germination ~ Viability =~ Germination  Viability Mcac Mctt

() (%) (%) (%) (%) 233 -157
16 37 15.32 32.6 63.0 44 74 0 1
17 33 12.08 51.0 60.8 50 66 1 1
18 42 14.96 66.7 81.0 46 66 1 1
19 45 13.72 63.2 81.6 60 76 1 0
20 52 12.72 81.6 94.7 70 82 0 0
21 46 14.88 70.0 82.0 62 86 0 0
22 32 14.72 52.5 72.5 72 82 1 0
23 42 15.8 80.0 95.6 38 64 0 0
24 23 13.6 38.7 64.5 42 66 1 1
25 34 17.44 31.4 62.9 30 64 1 1
26 28 11.6 62.3 79.2 52 80 1 1
27 33 14.56 62.7 74.5 34 66 1 1
28 28 15.44 60.9 71.7 46 68 1 1
29 34 13.64 53.2 72.3 56 78 1 0
30 36 14.16 31.7 65.9 62 74 1 1
Cé\él) 52 19.24 34.7 59.7 32 54 1 1

GC1

0981 18 11.6 75 93.4 72 94 0 0

* 1 = showed band; 0 = no band.
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Appendix Table B Germination and viability of the BC,F, plants by controlled

deterioration test.

Plant BCIF1 Normal Abnormal Hard Dead Germination Viability

no. (F3/CM60)  seedlings seedlings seeds seeds (%) (%)
1  A10/CM60-1 32 10 0 8 64 84
2 2 25 18 0 7 50 86
3 3 28 10 0 12 56 76
4 4 17 21 4 8 42 84
5 5 20 19 0 11 40 78
6 6 22 7 0 21 44 58
7  Al11/CM60-1 21 16 8 5 58 90
8 2 21 17 0 12 42 76
9 3 37 8 2 3 78 94
10 4 30 11 0 9 60 82
11 5 23 19 0 8 46 84
12 A35/CM60-1 30 11 2 7 64 86
13 2 14 23 0 13 28 74
14 3 37 8 0 5 74 90
15 4 17 15 0 18 34 64
16 A63/CM60-1 23 12 0 15 46 70
17 2 21 17 0 12 42 76
18 3 27 14 0 9 54 82
19 4 25 10 0 15 50 70
20 5 28 13 0 9 56 82
21 6 34 10 0 6 68 88
22 7 31 14 2 3 66 94
23 8 26 2 2 20 56 60
24 9 25 13 0 12 50 76
25 10 22 15 0 13 44 74
26 11 24 16 2 8 52 84
27 C2/CM60-1 30 5 0 15 60 70
28 2 15 20 0 15 30 70
29 3 23 17 0 10 46 80
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Appendix Table B (Continued)

Plant BCIF1 Normal Abnormal Hard Dead Germination Viability

no. (F3/CM60)  seedlings seedlings seeds seeds (%) (%)
30  G20/CM60-1 27 12 0 11 54 78
31 2 28 12 0 10 56 80
32 3 22 23 0 5 44 90
33 4 17 19 0 14 34 72
34 5 23 10 0 17 46 66
35 6 34 6 0 10 68 80
36 7 25 12 0 13 50 74
37  G21/CM60-1 26 6 0 18 52 64
38 2 30 13 0 7 60 86
39 3 26 18 0 6 52 88
40 4 20 12 0 18 40 64
41 5 18 20 0 12 36 76
42 6 25 11 1 13 52 74
43 7 27 7 2 14 58 72
P1 CM60 15 13 0 22 30 56
P2 GC10981 35 8 2 5 74 90




