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Chapter 1

General Introduction

Soybean (Glycine max (L.) Merrill) is an important commercial crop. It has high

nutritional values, briefly 100 grams of mature soybean seeds contain 36.49 g of protein,

1-1) according to nutrient database of USDA (2016).
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Fig. 1-1. Nutritional value per 100 g of mature soybean seed.

Source: USDA, 2016



Besides, soybeans are an exceptional source of vitamins, minerals and some functional
elements of human body for instance isoflavones, lecithin and polysaccharide. It is
important as cow feed (soybean meal and roasted soybean) to rise the meat and milk
production as well as it is an ingredient of poultry and fish feed. It is also used to make
industrial materials, i.e. biodiesel, printing ink, waxes, lubricant, fiber and textile, and
adhesive. Thus, soybean has become a major goods for the world trade market (Sonka et

al., 2004).

Linguistic, geographical, and historical evidence recommended that soybean is
originated in China (Li et al., 2008). However, the United States (117.2 million of tons),
Brazil (96.3 million of tons) and Argentina (58.8 million of tons) are the world's largest
soybean producers (Fig. 1-2) and represent more than 80% of global soybean production

(FAO, 2016).
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Fig. 1-2. Major soybean production countries of the world in 2016.

Source: FAO, 2016.



It is worthwhile noting that the demand for soybean in tropical Asia as a major protein
resource for food, feed, and industrial uses has been increasing gradually. However, the
self-sufficiency in most Asian countries are 40% in Bangladesh, 35% in Indonesia, 16% in
China, 11% in Korea, 11% in Vietnam, 8% in Japan, and 6% in Thailand, which is
inadequate to meet their high demand (Fig. 1-3). Therefore, it is necessary to increase

soybean production area and yield for keeping pace with growing demand in tropical Asia.
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Fig. 1-3. Soybean self-sufficiency in some Asian countries.

Source: FAO, 2014.



In addition, seed yield is extremely low in some Asian countries

Vietnam) compared to Argentina, Brazil, USA (Fig. 1-4).

Seed yield (ton/ha)

Countries

Fig. 1-4. Soybean seed yield in some countries.
Source:

(India, Indonesia,

FAO 2016

The main reason of low seed yield in tropical areas could be insufficient vegetative

growth caused by early flowering. Early flowering is generally brought by short

photoperiod and high temperature in soybean (Board and Hall, 1984). Th

photoperiod and high temperature are prime yield limiting factors in tropi

erefore, both short

cal areas. Inthese

case, strong photosensitive genotypes could be useful in tropical areas. Another major

concern to soybean production in tropical areas is juvenile growth phase (JGP, being the

period of growth which no flower initiation is possible). The genotyp
could maintain long vegetative growth even at short photoperiod (Fig.
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Long JGP could maintain long vegetative growth even
at short photoperiod and produce high seed vield.

Genotypes with short JGP Genotypes with long JGP

Fig. 1-5. Hypothetical sketch showing the influence of JGP on vegetative growth
under short photoperiod.

Moreover, the less photosensitive and long JGP genotypes are extremely important to
produce suitable genotypes for tropical areas through breeding programs. The better
knowledge about the responses to photoperiod and temperature on soybean growth and
development as well as identification of long JGP genotypes of soybean will be a key

breakthrough in overcoming yield limiting problem in tropical areas.



Generally, degree of latitude affects photoperiod and consequently photoperiod
influence soybean growth and development. Besides, photoperiod not only regulates the
duration of flowering, but also affect the stage development after flowering. Previous
reports showing that soybean development responds quantitatively to photoperiod after
later stage of flowering (Grimm et al., 1994; Summerfield et al., 1998). Several studies
indicated that photoperiod controls plant development and seed yield in soybean (Johnson
etal., 1960; Mann and Jaworski, 1970; Raper and Thomas, 1978). As a result, a quantitative
description of different growth stages and yield traits based on different photoperiod may

allow selection of desirable genotypes for specific location.

On the other hand, temperature is another environmental factor which shows daily and
seasonal fluctuations. These fluctuations in temperature also affect soybean plant growth
and development. Many reports concerned about the effects of temperature on soybean
flowering under natural or controlled environments (Major et al., 1975: Wang et al., 1987;
Hadley et al., 1984; Hatfield and Prueger, 2015). Garner and Allard (1930) studied four
soybean cultivars for eight years and concluded that summer temperatures below 25°C
delayed flowering two to three days for 1°C in the average temperature. Steinberg and
Garner (1936) reported that increasing temperature shortened flowering time in soybean
up to an optimum temperature of 28°C, above which flowering time was delayed. Brown
(1960) reported that growth and development of soybean plant stopped at temperature
below 10°C and slowed at more than 30°C. It has also been documented that early maturing
genotypes are more sensitive to temperature rather than photoperiod (Champman, 1986).
However, it is not clear if temperature just accelerate the growth stage or trigger the flower

initiation.



Although soybean is originated in temperate region, nowadays it is grown widely from
low to high latitude regions. Broad growing condition has been facilitated by the
identification of different level of photosensitive and JGP genotypes. For example, Low
photosensitive genotypes could be grown comprehensively from low to high latitude areas.
Additionally, long JGP extend vegetative phase and improve seed yield in tropical areas.
Integration of long JGP into soybean breeding program is leading to improvement in
soybean production in low latitude area. Brazilian researchers first introduced the long JGP
and subsequently enabled step-up of soybean production to regions below 15° latitude

(Neumaier and James, 1993; Destro et. al., 2001).

While more attention has been paid to the photosensitivity and JGP for the expansion
of soybean production, particularly in tropical areas, very little is known about the JGP
estimation in a physiological way and its relationship with photosensitivity.

As reported facts, this study was undertaken to provide crucial information for the
enhancement of soybean production in tropical areas. To achieve this purpose, we have
discussed about the genotypic variation of response to photoperiod in different growth
stages and seed yield in the soybean world mini-core collections (GmWMC) in Chapter 2.
Then, we have discussed about the flowering response of the soybean plant to temperature
in chapter 3. Afterward, we provided useful technique to evaluate the photosensitivity and
JGP and necessary information for the selection of adaptable genotypes, especially for

tropical areas in chapter 4. Finally, a general discussion is exhibited in Chapter 5.



Chapter 2

Variation of Response to Photoperiods in Different Growth Stages and
Seed Yield in GmWMC Genotypes

1. Introduction

The demand for soybean has been increasing as a result of growing populations and
rising incomes, particularly in tropical Asia. Soybean production in those areas face many
problems, including short photoperiod, drought, and high temperature. The growth period
is shortened with short photoperiod and high temperature in soybean due to earlier
flowering time. This phenomenon reduces the vegetative growth (Egli et al., 1987) and
produces lower seed yield (Boerma and Ashley, 1982). This is a major problem in soybean
production in tropical areas. However, Fatichin et al. (2013) reported that seed yield in late
sowing (short photoperiod and high temperature) could be increased by choosing of
adaptive genotypes based on larger seed number and/or longer seed filling periods. This
implies that soybean seed yield reduction by late sowing could be overcome by proper
genotype selection. A better concept is needed about yield-limiting factors, i.e. various

yield components and time of different growth stages, which are affected by late sowing.

Photoperiod sensitivity limits farmers to select suitable genotypes, determine the best
planting date, and predict seed yield as well as to identify areas that are generally adaptable
in soybean. Moreover, several reports indicated the existence of photoperiod-insensitive
genotypes based on flowering dates by changing photoperiod in a controlled environment
(Criswell and Hume, 1972; Huxley et al., 1974; Cregan and Hartwing, 1984). Photoperiod-

insensitive genotypes help to expand soybean production in tropical areas.
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Shanmugasundaram and Tsou (1978) reported that photoperiod controls plant size, dry
matter production, and seed yield potentiality in soybean. In addition, photoperiod
regulates the duration of most development phases of soybean (Raper and Kramer, 1987).
In particular, post flowering phases are considered extremely important for soybean seed
yield production. Nico et al. (2016) reported photoperiod extension delayed the duration
from flowering to pod elongation. It is also reported that short photoperiod and high
temperature stimulated pod formation in soybean (Thomas and Raper, 1976; Raper and
Thomas, 1978). Han and Wang (1995) reported that the responses to photoperiod after
flowering in soybean existed with different growth stages. Besides, several other aspects
of soybean are also influenced by photoperiod such as vegetative growth, dry matter
partitioning towards pods and seeds. However, less information is known about genotypic
analysis in the response to photoperiod on post flowering stages in soybean.

From this background, there is a major impact on the pattern of responses to photoperiod
in soybean growth, development and yield productivity. Thus, a systematic investigation
is needed for better understanding of genotypic variations in the response of soybean
growth development to photoperiod. Therefore, the performance of plant growth

development and seed yield was tested under field condition by changing sowing time.



2. Materials and methods

Experimental design

The experiments were conducted during 2015 to 2017 in the experimental field at Saga
University, Saga of Japan (33° 14'32" N and 130° 17' 28" E). The plants were grown in the

field at early sowing (long photoperiod) and late sowing (short photoperiod).

Plant materials and growth conditions

Eighty-two genotypes of the soybean world mini-core collections (GmWMC) provided
by the NARO gene bank of Japan were used as plant materials in Table 2-1 (Kaga, et al.,
2012). The collections consist of a wide variation in the origin, maturing earliness, and
some other growth habits. The seed color and size were shown in Fig. 2-1. The seeds were
sown on 28 May (2015), 23 May (2016) and 24 May (2017) for early sowing, and 4 August
(2015 and 2017) and 5 August (2016) for late sowing. The plants would be exposed to long
photoperiod in early sowing, whereas to short photoperiod in late sowing. The contents of
early and late sowing were shown in Fig. 2-2 and Fig. 2-3. Five seeds were sown in each
hill (5 hills / genotype), which were arranged at 20 cm intervals with 70 cm row spacing.
A basal chemical fertilizer, at a rate of N : P, Os: K,O =3: 10 : 10 g m*, and agricultural
lime (100 gm2) were applied before plowing. Seedlings were thinned into two plants per
hill when the first trifoliate leaf appeared. Weeding was done by hand tractor or hand and

pesticide was applied when necessary.

10
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Fig. 2-1. Seed color and size of the soybean world mini-core collections (GmWMC).



Fig. 2-2. The contents of early sowing in 2016.

Fig. 2-3. The contents of late sowing in 2016.
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Measurement and data collection

Photoperiod and temperature

Daily photoperiodic hours were recorded from sunrise to sunset according to Saga
weather station; and 30 min each was added before sunrise and after sunset. Daily average
temperature was measured at a standard weather station located approximately 100 m from

the experimental field.

Phenological stages

The date of emergence (50% of plants with cotyledons above soil surface), first
flowering (50% of plants with one flower at any node, R1), first pod appearance (Pod 5
mm long on one of the four uppermost nodes on the main stem, R3), the start of seed filling
(Seed 3 mm long in a pod on one of the four uppermost nodes on the main stem, R5), and
beginning maturity (one pod anywhere with its mature color, R7) were determined
according to Fehr et al. (1971), contents of these stages were shown in Fig. 2-4 and Fig. 2-
5. Additionally, node number for randomly selected three plants were recorded at first

flowering stage.

13



Pod appearance (R3) Start of seed filling (R5)

Fig. 2-4. The contents of emergence, pod appearance, and start of seed filling in soybean.
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Beginning maturity (R7) Full maturity (R8)

Fig. 2-5. The contents of beginning maturity and full maturity in soybean.

Measurement of yield component at full maturity (R8)

Stem height, node number in main stem, total node number plant™, number of branches,
stem weight, and seed weight plant™ were recorded for five randomly selected plants under

late sowing in 2015.

Statistical analysis

The correlations with significant level were measured by using data analysis tool of

Microsoft Excel (version 2016).
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3. Results

Daily photoperiodic hours and mean air temperature for the entire growing season in
the field experiment over 3 years are shown in Fig. 2-6. The average values of photoperiod
and temperature were 15.13 h and 25.7°C in early sowing and 14.08 h and 28.2°C in late
sowing from first emergence to the average date of flower open over 3 years in the field

experiments.
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Fig. 2-6. Daily photoperiod and mean air temperature during experiment time over three years.

Source: http://www.nao.ac.jp/
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Table 2-1 shows the variation in origin, DEF, days of R1-R3, R3-R5, and R5-R7 in early and late
sowing as well as seed weight plant™in late sowing among the GmWMC genotypes. The DEF differed
greatly from 23-92 d in early sowing, whereas it was 19-63 d in late sowing. The days of R1-R3 were
7-48 d in early sowing but 6-15 d in late sowing. In addition, the days of R3—R5 were 5-15 d in early
sowing and 5-10 d in late sowing, whereas days of R5—R7 were 22—77 d in early sowing and 13—-40 d
in late sowing. The seed weight plant™ differed greatly from 1.4-39.5 g. More than 2/3 genotypes
provided poor seed weight plant?® (< 20g plant?), whereas 16 genotypes produced 20—39.5 g seed
weight plant?. Besides, there was no relation between origin of genotypes and seed weight plant*

(Table 2-1).
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Table 2-1. duration of different growth stages and seed weight plant* (SEW) in GmWMC.

1D number Genotypes Origin DEFes DEF.s R1-R3es R1-R3Ls R3-R5es R3-R5.s R5-R7es R5-R7.s SEW
(d) (d) (d) (d) (d) (d) (d) (d) (9)
GmWMCO001 Fiskeby V Sweden 23 19 8 6 5 5 60 27 5.4
GmWMCO006 Ks1034 Malaysia 32 23 13 8 10 5 57 28 9.3
GmWMCO011  Seita Rep. Korea 40 25 26 9 5 5 50 40 6.4
GmWMC012 Manshuu China 37 25 14 7 8 5 51 30 5.8
GmWMC014 Kils 203 Rep. Korea 78 40 20 12 6 5 29 25 11.8
GmWMCO015  Chuuhoku 2 Rep. Korea 43 25 19 8 11 5 37 29 5.8
GmWMCO018 Rigai Seitou China 73 39 23 10 7 6 27 18 15.3
GmWMCO019  Chousenshu (Cha) Korea 30 20 9 8 15 6 46 21 3.4
GmWMC020  Pochal Taiwan 47 28 14 8 9 10 52 32 16.2
GmWMC022  Nezumi Meta Korean 77 37 19 10 9 5 36 28 -
Peninsula
GmWMC024  Chieneum Kong Rep. Korea 41 26 15 6 7 5 58 29 3.8
GmWMCO027  Kongnamul Kong Rep. Korea 43 26 19 7 11 5 48 29 9.3
GmWMCO029  shirosota korean 40 27 13 7 7 5 55 25 153
Peninsula
GmWMCO035  Pekin Dai Outou China 34 21 7 7 8 5 - 31 59
GmWMC036  Masshokutou (Kou 502) China 30 21 9 7 9 5 - 28 1.4
GmWMCO038  Ichiguuhou China 78 36 18 9 6 7 34 19 17.8
GmWMC042  Masshokutou (Kou 503) China 30 22 9 7 15 5 - 21 3.9
GmWMC045  Okjo Rep. Korea 45 26 13 10 9 6 45 35 15.1
GmWMC046 Ke 32 Philippines 24 20 10 7 10 5 64 23 7.8
GmWMC048 Heamnam Rep. Korea 78 36 20 10 6 6 45 21 18.0
GmWMC066  Heukdaelip Rep. Korea 31 23 15 10 10 7 60 33 10.7
GmWMCO070  Choyoutou China 28 22 16 9 8 6 - - -
GmWMCO071 Pk 73-54 India 48 27 31 9 9 7 52 40 8.9
GmWMC072 M581 India 56 31 24 10 7 5 37 26 149
GmWMCO73  uUronkon Korean 38 26 23 8 7 7 46 39 8.8
Peninsula
GmWMCO075  Cheongye Myongtae Rep. Korea 37 23 15 6 9 7 44 31 8.9
GmWMC083  Keumdu Rep. Korea 39 28 14 7 8 5 52 34 6.0
GmWMC084  Peking China 46 26 14 8 8 5 39 26 45
GmWMC086  Anto Shoukokutou China 26 20 11 7 9 5 - 24 5.4

18



1D number Genotypes Origin DEFes DEFLs R1-R3es R1-R3.s R3-R5es R3-R5.s R5-R7es R5-R7.s SEW
(d) (d) (d) (d) (d) (d) (d) (d) (9)

GmWMCO089  Bongchunbaekjam China 37 24 11 7 9 6 47 28 14.9
GmWMC094  Jeokgak Rep. Korea 50 30 22 9 5 6 39 25 15.7
GmWMC103  Senyoutou China 78 40 24 14 6 5 33 20 19.1
GmWMC107  Hakka Zashi China 29 22 12 6 7 6 - 21 7.7
GmWMC108 Karasumame China 41 29 18 8 9 10 25 21 17.0
GmWMC113 Baritou3 A Indonesia 43 28 11 6 8 7 37 31 16.4
GmWMC115  Williams 82 USA 31 24 27 8 5 6 38 24 19.1
GmWMC118 Oudu Rep. Korea 31 22 20 10 10 6 57 32 5.2
GmWMC119 Hakubi China 33 24 15 9 8 5 48 29 14.4
GmWMC120 U 1416 Nepal 62 32 25 7 - 6 47 31 7.1
GmWMC122  Gapsanjaelae(l) Rep. Korea 34 23 24 11 8 6 41 24 15.7
GmWMC123 N 2295 Nepal 65 32 30 10 7 5 46 29 19.4
GmWMC125 Bhatmas Nepal 67 33 31 10 6 5 46 29 20.0
GmWMC129  Aoki Mame China 74 35 28 9 6 6 47 34 12.5
GmWMC132 L 2a Philippines 41 29 17 8 9 5 43 24 27.1
GMWMC136  Local Var (Seputih Raman)  Indonesia 83 43 21 9 6 6 29 13 226
(Sumatra)

GmWMC138  Col/Pak/1989/Ibpgr/2326(1)  Pakistan 60 28 32 9 6 7 49 27 16.8
GmWMC141  Petek Indonesia 71 38 24 10 6 10 26 18 15.2
GmWMC142 Javas Indonesia 88 48 19 9 9 7 25 24 249
GmWMC143 M 44 India 65 32 28 9 6 5 37 29 13.8
GmWMC144 MO918 India 7 36 20 10 7 5 35 31 24.7
GmWMC146 Hm39 India 69 35 28 11 8 6 38 31 19.4
GmWMC147  Col/Thai/1986/Thai-78 Thailand 58 35 28 11 11 6 39 32 229
GmWMC148 M 42 India 88 36 22 11 5 6 34 33 -

GmWMC150 U 1042-1 Nepal 76 35 33 13 - 7 27 31 6.5
GmWMC151 Java7 Indonesia 79 35 19 11 6 6 30 25 13.8
GmWMC152 U 1290-1 Nepal 74 37 24 9 7 6 39 22 244
GmWMC154  Manshuu Masshokutou China 66 35 23 11 9 5 40 25 255
GmWMC156 U 8006-3 Nepal 60 33 48 13 5 7 36 24 10.6
GmWMC159  Col/Pak/1989/Ibpgr/2323(2)  Pakistan 49 24 36 12 6 7 41 27 8.2
GmWMC160 N 2392 Nepal - 50 - 14 - 8 - 22 5.6
GmWMC162  Col/Thai/1986/Thai-80 Thailand 57 37 32 12 10 7 50 31 21.8
GmWMC163 N 2491 Nepal 91 47 21 11 5 10 37 34 235
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ID number Genotypes Origin DEFes DEFs R1-R3es R1-R3.s R3-R5gs R3-R5.s R5-R7gs R5-R7.s SEW
(d) (d) (d) (d) (d) (d) (d) (d) (9)
GmWMC165  Karasumame (Shinchiku) Taiwan 41 31 15 9 9 6 55 21 14.1
GmWMC166  Merapi Indonesia 64 41 25 14 8 5 35 22 162
(Sumatra)

GmWMC168 L 317 India 80 42 16 11 9 5 33 23 20.9

GmWMC169  Hakuchikou China 31 22 16 7 8 6 77 30 9.4

GmWMC170 M 652 India 70 37 36 10 5 6 30 30 6.8

GmWMC171  U-1741-2-2 No.3 Nepal 44 32 36 13 6 7 44 25 15.8

GmWMC173  Karasumame (Naihou) Taiwan 74 51 21 10 7 6 33 36 39.5

GmWMC175  Bishuu Daizu China 63 32 24 9 - 5 42 26 19.3

GmWMC176  Sandek Sieng Cambodia 92 47 23 10 7 5 23 26 14.9

GmWMC181  Chiengmai Palmetto Thailand 67 35 29 12 6 5 34 18 28.8

GmMWMC182  Local Var. (Tegineneng) Indonesia 86 48 18 9 11 6 32 23 142
Purple Flower (Sumatra)

GmMWMC182  Local Var. (Tegineneng) Indonesia 72 39 17 11 11 6 40 30 257
White Flower (Sumatra)

GmMWMC183  Karasumame (Heitou) Taiwan 41 27 14 8 9 5 44 29 9.8
Yellow Seed

GmMWMC183  Karasumame (Heitou) Taiwan 44 31 14 9 10 9 34 22 105
Black Seed

GmWMC186  Ringgit Indonesia 72 45 16 9 9 6 39 21 158

(Sumatra)

GmWMC187  Kadi Bhatto Nepal 83 38 22 14 5 6 28 - 8.5

GmWMC188 E C 112828 India 84 45 19 11 6 7 22 23 23.0

GmWMC190 San Sai Thailand 84 51 18 6 6 6 24 - 215

GmWMC191  Miss 33 Dixi Philippines 85 63 25 10 5 5 - - -

GmWMC192 U 11554 Nepal 61 38 41 15 - 6 34 20 19.8

DEFes and DEF s are the days from emergence to first flower open in early and late sowing; R1-R3gs and R1-R3.s are
the days from R1 to R3 in early and late sowing; R3—R5gs and R3—R5, s are the days from R3 to R5 in early and late
sowing; R5—R7gs and R5-R7,s are the days from R5 to R7 in early and late sowing. The genotypes are arranged in based
on ID number. The values of DEF were the average of three years; the values of R1-R3 were the average of two years;
the values of R3—R5 and R5—R7were from 2017 and 2015; and the values of seed weight plant* were from late sowing

in 2015.
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Fig. 2-7 shows the relationship of DEF between early and late sowing from 2015 to
2017. The relationship of DEF between early and late sowing was highly positive (r =
0.8755 (2015); r = 0.8826 (2016) and r = 0.8821 (2017); p < 0.001) and DEFs were shorter

in late sowing in all genotypes in all years.
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Fig. 2-7. Relationships of the days from emergence to first flower open (DEF) between early
and late sowing in 2015 (A), 2016 (B) and 2017 (C). *** denotes significant at P < 0.001 and

line represents the 1:1 ratio.
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Fig. 2-8 shows the relationship in days of R1-R3 (pod formation) between early and

late sowing. A significant positive relationship was found in the days of R1-R3 between

early and late sowing in both 2016 (r = 0.63, p < 0.001) and 2017 (r =0.50, p < 0.001).

Besides days of R1-R3 were shorter in late sowing in most of the genotypes in both years.
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Fig. 2-8. Relationship between days of R1-R3 (duration for pod formation) in early and late sowing

in 2016 (A) and 2017 (B). *** denotes significant at P < 0.001.
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Fig. 2-9 shows the relationship in the days of R3—R5 (pod elongation) between early
and late sowing. There was no significant relationship in days of R3-R5 between early and

late sowing, which was contrary with that of days of R1-R3 (Fig. 2-9).
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Fig. 2-9. Relationship between days of R3—R5 (duration for pod elongation) in early and late
sowing in 2017. ns denotes not significant (P > 0.05) and *** denotes significant at P < 0.001. In

this Figure some of the points overlapped.
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Fig. 2-10 shows the relationship in the days of R5—R7 (seed filling) between early and
late sowing. There was a significant positive relationship of the days of R5-R7 (seed

filling) between early and late sowing (r = 0.39, p < 0.001) (Fig. 2-10).
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Fig. 2-10. Relationship between days of R5—R7 (duration of seed filling) in early and late sowing
in 2015. ns denotes not significant (P > 0.05) and *** denotes significant at P < 0.001.

Fig. 2-11 shows the relationship between seed weight plant! and duration of different
growth stages. The seed weight plant™! was significantly correlated with DEF (r = 0.61, p
>0.01) and whole growing period (r = 0.50, p > 0.01) (Fig. 2-11 A and D), however was
not correlated with duration from first flower open to start of seed filling (r = 0.17, p >

0.05) and seed filling period (r = -0.12, p > 0.05) (Fig. 2-11 B and C).
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Fig. 2-11. Relationship between seed weight plant™ and A. the days from emergence to first flower
open (DEF); B. days from R1-R5 (first flower open to start of seed filling); C. days from R5-R7
(seed filling); D. days from emergence — R7 (whole growing period). *** and ns denote significant

at P <0.001 and not significant (P > 0.05), respectively. The data are the late sowing in 2015.
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Fig. 2-12 shows the relationship between nodes number at flowering and seed weight
plant!. Node number at flowering differed greatly from 7 to 15 and it showed positively

correlation with seed weight plant™ (r = 0.49, p > 0.01).
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Fig. 2-12. Relationships between seed weight plant?® and node number at flowering. *** denotes

significant at P < 0.001. The data are the late sowing in 2015.
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Fig. 2-13 shows the relationship between seed weight plant™® and various yield relating
parameters at R8 stage in soybean GmWMC genotypes. Seed weight plant™ was positively
correlated with total node number plant™ (r = 0.66, p < 0.001), number of branch (r = 0.59,
p < 0.001), node number in main stem (r = 0.59, p < 0.001), stem height (r = 0.55, p <
0.001), and stem weight (r = 0.53, p < 0.001), indicating seed weight was clearly related
with vegetative growth. On the other hand, 100 seed weight was not associated with seed

weight plant™ (r = 0.00ns, p > 0.05).

Moreover, soybean genotypes such as Karasumame ‘Naihou’ (39.53 g plant?),
Chiengmai Palmetto (28.80 g plant™), Local Var. ‘Tegineneng’ (25.68 g plant™), Manshuu
Masshok (25.47 g plant™!) and Java 5 (24.9 g plant™) produced higher seed weight plant
compared to the other genotypes (Table 2-1 and Fig. 2-13). These genotypes hold large
total node number plant™ such as Karasumame ‘Naihou’ (137), Chiengmai Palmetto (54),

and Local Var. ‘Tegineneng’ (44), and Java (50) as well as hold longer DEF (Fig. 2-13 D).
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4. Discussion

Understanding of photosensitivity in soybean provides an indication of the proper
management to maximize yield potential and for wide geographic adaptability. Several
studies indicated that photoperiod controls many aspects of soybean growth, such as plant
development and yield (Johnson et al., 1960; Mann and Jaworski, 1970; Raper and
Thomas, 1978). Board (2002) reported that a 29-276% increase in soybean seed yield
through appropriate genotype selection based on vegetative growth for late sowing in
Rouge, Louisiana, USA (30° N). Hence, there is a tremendous opportunity to improve
soybean production in some regions by selecting appropriate genotypes based on sowing

dates.

In this experiment, field data sets with sowing date treatments have obvious problem of
photoperiod and temperature changing daily and interact each other. However, plants were
exposed to longer photoperiod and lower temperature (15.13 hand 25.7°C) in early sowing,
but shorter photoperiod and higher temperature (14.08 h and 28.2°C) in late sowing (Fig.
2-5). The variation in DEF were found to be larger in early sowing (23-92 d) than in late
sowing (18-68 d) between 2015 and 2017 (Table 2-1). The reduction in DEF in late sowing
might be caused by both the shorter photoperiod and higher temperature. Board and Hall
(1984) reported that high temperature (27°C) shortened the flowering period compared
with low temperature (21°C), particularly in short day condition. Additionally, in some
early flowering genotypes in our study, the DEF were near to 1:1 line between early and

late sowing (Fig. 2-7), indicating that the early flowering genotypes were less sensitive to
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sowing time (photoperiod) compared with late flowering genotypes, which is similar with
the indication of several reports (Cregan and Hartwing, 1984; Criswell and Hume, 1972;

Polson,1972; Major 1975).

It is known that soybean plants respond to photoperiod even at the post flowering stage.
Han et al. (2006) reported that pod appearance was delayed in long photoperiod condition.
Zheng et al. (2003) showed that a lag period of pod growth (the period from flowering to
the time a pod reached a length of 10 mm) in soybean was shortened by late sowing or
short photoperiod. Heitholt et al. (1986) also observed notable variations in the duration of
pod growth between genotypes in different photoperiodic conditions. Our result showed
great variation in days of R1-R3 in early sowing, whereas there was less variation in days
of R1-R3in late sowing (Fig. 2-8), indicating that late sowing (short photoperiod) hastened
pod appearance. Similarly, Khaliliagdam (2014) stated that the duration of pod appearance
decreased along with a decrease in photoperiod. In order to confirm the longer days of R1-
R3 in early sowing, we set tags on the early opening flowers in selected genotypes and
observed that vegetative growth continued vigorously even after the start of flowering,
consequently most flowers that opened early aborted, then new flowers initiated. Baba et
al. (2003) reported more than two-thirds of the vegetative organs develop after flowering
in soybean. A considerable reason for the abortion of early opening flowers may be the
competition for assimilate supply between pod development and vegetative growth after

flowering.

Compared with the days of R1-R3, variation in days of R3—-R5 between early and late
sowing did not show a positive correlation (Fig. 2-9). Khaliliagdam (2014) reported that

variation in the duration of R3—R5 with sowing time was limited and insignificant. Han et
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al. (2006) reported that pod elongation (R3-R5) was delayed slightly by long day
condition. From the above discussion, the duration of pod elongation (R3-R5) may not be
responsive to photoperiod. However, the physiological basis of the response in this phase
remains unclear. Additionally, days of R5—R7 showed significant relationship between

early and late sowing (Fig. 2-10).

Present study pointed out that seed weight plant* was significantly related with DEF
(Fig. 2-11 A), whereas insignificantly related with duration from first flower open to start
of seed filling (Fig. 2-11 B). Similar result reported by Akhanda et al. (1981) and Nelson
(1987). Moreover, several studies indicated that seed-filling period is positively correlated
with seed weight (Hanway and Weber, 1971; Gay et al., 1980; Smith and Nelson, 1986).
However, in our study seed-filling period showed insignificant correlations with the seed
weight plant™® (Fig. 2-11 C), which is contrast with previous reports. It is also found that
seed weight plant™ was positively correlated with whole growing period (Fig. 2-11 D),

which is consistent with previous research (Fatichin et al., 2013).

Several previous studies identified the importance of node number in plant to yield
formation (Board et al., 1990; Board and Tan, 1995; Board et al., 1997). In the present
study, node number at flowering showed positive correlation with seed weight plant™ (Fig.

2-12).

Some vegetative growth relating parameters (node number in main stem, total node
number in plant, stem height, stem weight, and number of branches) showed significant
and positive correlation with seed weight plant® (Fig. 2-13). Furthermore, vegetative

growth increased with delayed flowering time. Therefore, delayed flowering genotypes

31



keep large vegetative growth, consequently produced high seed weight plant? in late

sowing.

Soybean GmMWMC genotypes exhibited a wide variation in seed weight plant* under
short photoperiodic condition. More than two third genotypes showed less than 20 g plant
! yield. However, some genotypes, i.e. Karasumame ‘Naihou’, Chiengmai Palmetto, Local
Var. ‘Tegineneng’, Manshuu Masshok and Java 5 exhibited higher seed weight plant?
(Table 2-1). These genotypes generally have longer DEF and large total node number.
Large node number could be caused by the larger vegetative growth. As former genotypes
give satisfactory seed weight plant® even under short photoperiodic condition (late
sowing), these genotypes may adapt to tropical areas. Previous research has been reported
genotypes of soybean such as Caviness, Parana, IAS-5, Akisengoku, and Akiyoshi showed
higher productivity by late sowing in Saga, Japan. These genotypes generally have larger

number of pod and seed filling periods but medium seed size (Fatichin et. al., 2013).

In conclusion, the results revealed that the duration of DEF, pod formation, and seed
filling greatly declined by late sowing, but not on the pod elongation in GmWMC soybean.
Additionally, late flowering genotypes produced large vegetative growth and higher seed
weight plant? in soybean GmWMC, suggesting seed weight plant? of soybean could be
enhanced by selecting genotypes in the late sowing based on longer DEF and vegetative
growth. These results provided distinct information of the characteristics of GmWMC
genotypes. However, the key problem with this research was that photoperiod and
temperature changed daily and interact each other in the natural condition. Therefore,
further experiment should be needed to find out the exact effect by either temperature or

photoperiod in following chapters.
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5. Summary

Short photoperiod could be causal factor for the low productivity of soybean in tropical
areas. In order to increase soybean production in tropical areas, we tested the effect of
photoperiod (sowing time) in different growth stages and investigated the yield potentiality
by late sowing in the world soybean mini-core collections (GmWMC) including 82
genotypes provided by NARO gene bank of Japan. Seeds were sown in late May (early
sowing) and early August (late sowing) from 2015 to 2017 in the field at Saga University,
Japan. The daily average temperatures and photoperiodic hours were collected from
weather stations. The average values of photoperiod and temperature were 15.13 h and
25.7°C in early sowing and 14.08 h and 28.2°C in late sowing from first emergence to the
average date of flower open. The dates of emergence, first flowering (R1), first pod
appearance (R3), the start of seed filling (R5), and beginning maturity (R7) were recorded.
Additionally, seed weight plant™ and some yield relating parameters at R8 stage were also
recorded using five randomly selected plants under late sowing in 2015. The days from
emergence to first flower open (DEF) were shortened by late sowing in all genotypes. The
days of R1-R3 (for pod formation) and R5-R7 (seed filling) responded to the sowing time
similarly to that for flowering. However, there were no such responses observed for days
of R3-R5 (for pod elongation). Seed weight plant™ varied from 1.4-39.5 g in GmWMC
genotypes. More than 2/3 genotypes produced less seed weight plant™® (< 20 g). Seed
weight plant* was high and significantly correlated with DEF and days from emergence to

R7 (whole growing period), whereas insignificantly correlated with the days from R1 — R5
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(first flower open to start of seed filling) and days from R5 — R7 (seed filling). However,
seed weight plant™ showed positive correlation with node number in main stem, total node
number in plant, stem height, stem weight, and number of branches per plant. Soybean
genotypes, i. e. Karasumame ‘Naihou’ (39.53 g plant!), Chiengmai Palmetto (28.80 g
plant™), Local Var. ‘Tegineneng’ (25.68 g plant™') and Manshuu Masshok (25.47 g plant™)
produced higher seed weight plant™. These genotypes have sufficient vegetative growth
such as larger total node number, longer stem height, and more branch number. These
results indicated that delayed flowering and large vegetative growth increased seed yield

in late sowing and result also provided distinct information of 82 GmWMC genotypes.
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Chapter 3

The Impact of Temperature on Flowering in GmWMC Genotypes

1. Introduction

Soybean is a warm season crop and temperature is one of the most influential aspect to
regulate soybean flowering. It is well known that the growth and development of soybean
are affected by temperature (Hatfield and Prueger, 2015). Besides, temperature affect
soybean seed yield. Duration between emergence and flowering has been known in Chapter
2 to be regulated by the interaction of photoperiod and temperature in the natural condition.
It is reported that the involvement of a photoperiod and temperature interaction in the
soybean flowering (Garner and Allard, 1930; Lawn and Byth, 1973). The problem could
be outlined that determination of the effect of temperature in the natural condition is hard,

since temperature and photoperiod regularly changed and interact each other.

In the field experiment (Chapter 2), the days from emergence to first flower open (DEF)
was shortened by late sowing (short photoperiod and high temperature). However, the
effects of photoperiod and temperature on soybean flowering were not possible to
differentiate in the field experiments. In that case, the shortcoming of the results in Chapter
2 are the unclear causes by either photoperiod or temperature. In this Chapter the effect of
temperature on soybean flowering has been extensively studied in the controlled

environment to overcome this obstacle.
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On the other hand, Constable and Rose (1988) used a multiple regression calculation
technique to separate the effect of photoperiod and temperature from the natural condition
and revealed that DEF was affected by photoperiod and temperature. Wu et al. (2015)
calculated the independent and interactive photo-thermal effects on soybean flowering in
the natural condition using a model, and reported that effect of photoperiod was greater
under long-day than short-day condition as well as effect of temperature was greater under
low temperature than high temperature. Both reports indicated that they used a model
calculation to separate the photo-thermal effect, however in this study, an attempt was

made to separate those effect.

Temperature has a positive influence on the rate of crop development. Liu et al. (2008)
reported the favorable temperature for soybean flowering is 20-22°C. It has also been
documented that high temperature stimulates flowering in soybean (Rahman et al., 2006;
Kantolic and Slafer, 2007; Setiyono et al., 2007; Gaynor et al., 2011) and increases the rate
of crop development (Craufurd and Wheeler, 2009). Roberts (1943) reported that

temperature during the dark period is more important than temperature in the light period.

From this background, there is a major impact on the pattern of responses to temperature
in soybean flowering. Chapter 2 revealed that DEF could be shortened by late sowing,
which is caused by the interaction of short photoperiod and high temperature. Hence, it is
necessary to make clear the independent effect by either photoperiod or temperature on
soybean flowering in the natural condition. A series of growth chamber experiments were

conducted to make clear the effect of temperature on flowering in soybean.
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2. Materials and methods

Plant materials and growth conditions

Plants were grown in a growth chamber (KG-50 HLA, Koitotron Co., Ltd., Japan) (Fig.
3-1) in controlled temperatures and light system. In the first experiment, the photoperiod
was set at 12 h, and the day/night temperatures were set as 25/18°C, 28/22°C, and 33/28°C
for low, medium, and high temperature treatments, respectively. Cool white fluorescent
and incandescent light (FPR96EX-D/A, Panasonic Co., Ltd., Japan) were used that
produced 450 umol m-s* photosynthetic photon flux density at about 1 m above the plants.
Same plant materials with those in Chapter 2, eighty-two genotypes of the soybean world
mini-core collections (GmWMC), were used. Five seeds were sown in the pots (15 cm
diameter and 20 cm height) filled with sand and vermiculite (1:1 by volume) as the
medium. Two plants were allowed to grow in each pot for each genotype, and the
experiment were repeated two times. Standard nutrient solution which established in
previous research (Zhao et al., 2014) in Table 3-1, was applied two times per week. Water

was applied to prevent drying.
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Table 3-1. Content of nutrient solution established by Zhao et al. (2014).

Nutrient Concentration (ppm) Reagents
N 50 NH4NO3
P 70 KH2PO4
K 110 K2S04, KH2PO4
Mg 90 MgSOg4
Ca 35 CaCl;

Fe 3.5 NaFeEDTA
Mn 0.3 MnSo4

B 0.06 H3BO3
Zn 0.009 ZnS0Oq
Cu 0.009 CuSOq4
Mo 0.009 MoOs3

Modified from Matsunaga et al. (1983).

The second experiment was conducted to determine the temperature effect widely from
20-34°C using 8 selected genotypes. The photoperiod was set at 10 h in order to accelerate
flowering early. Two plants were allowed to grow in each pot for each genotype and the

experiment was replicated three times.

Furthermore, the effect of fluctuated day/night temperature was also tested in the third
experiment. Temperature were maintained at 26/26, 28/24, 30/22 and 34/18°C (day/night).

Plant materials and replication were same as in second experiment.
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Data collection

In all three experiments, the date of emergence (50% of plants with cotyledons above
soil surface), first flowering (50% of plants with one flower at any node, R1) were

determined according to Fehr et al. (1971).

Accumulated temperature and effective accumulated temperature

Accumulated temperature from emergence to first flower open (ATEF) was calculated.
Effective accumulated temperature from emergence to first flower open (EATEF) for each
genotype was determined by subtracting 10°C from the daily mean temperature and
accumulated those from emergence to first flower open. The reason of subtracting 10°C is

that soybean plant may not develop below this temperature.

Statistical analysis

Same correlations with significant level were measured like Chapter 2.
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Fig. 3-1. The contents of used growth chamber.
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3. Results

Effect of different temperature regime on soybean flowering

To determine the effect of temperature on flowering in soybean, first experiment was
conducted with a 12 h photoperiod using three temperature conditions. The DEFs were 29—
72 d at 25/18°C, 24-47 d at 28/22°C, and 19-40 d at 33/28°C, indicating clear shortening
with increasing temperature (Fig. 3-2 A, D, and G). However, there were less-pronounced
differences in ATEF (623-1548°C, 600-1187°C, and 579-1235°C at 25/18°C, 28/22°C,
and 33/28°C, respectively) (Fig. 3-2 B, E, and H), and almost no apparent differences in
EATEF (333-828°C, 360-712°C, and 389-830°C at 25/18°C, 28/22°C, and 33/28°C,
respectively) (Fig. 3-2 C, F, and 1) among three temperature conditions. Furthermore, the
slopes of relationships between the three temperature conditions were closer to the line of
1:1 for ATEF and EATEF compared with DEF, indicating the ATEF or EATEF were less

affected or unaffected by temperature in the most of the GmWMC genotypes.
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Fig. 3-2. Relationship among the days from emergence to first flower open (DEF), the accumulated
temperatures during emergence to first flower open (ATEF) and the effective accumulated
temperature from emergence to first flower open (EATEF) at low (25/18°C), medium (28/22°C)
and high (33/28°C) day/night temperature. A, D, G: relationship for DEF; B, E, H: relationship for
ATEF and C, F, I: relationship for EATEF. *** denotes significant at P < 0.001 and line represents
the 1:1 ratio.



Additionally, some genotypes showed large ATEF (Sandek Sieng: 1118°C, 1175°C,
and 1067°C; Miss 33 Dixi: 1548°C, 1150°C, and 1220°C at 25/18°C, 28/22°C, and
33/28°C, respectively) with a 12 h photoperiod (Fig. 3-2 B, E, and H), which could be
caused by strong photosensitivity or a long juvenile growth phase, or both. Overall, the
results of the growth chamber experiments showed that ATEF and EATEF varied widely
between genotypes; however, they did not differ between the three temperature conditions

within an individual genotype.
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Effect of different constant temperature on soybean flowering

Fig. 3-3 shows the response of flowering to a range of temperatures from 20°C to 34°C
with a 10 h photoperiod in eight selected genotypes. The DEF was shortened gradually by
the increased temperature till 30°C, indicating higher temperature stimulates soybean

flowering. However, DEF increased at more than 30°C in all genotypes.
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Fig. 3-3. Days from emergence to first flower open (DEF) at different temperatures under 10 h

photoperiod in eight selected soybean genotypes.
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On the other hand, ATEF of all genotypes were almost constant against the changes in
temperature from 22 to 30°C (Fig.3-4), which is contrast that for DEF. This result was

supported the previous result that ATEF is unaffected by temperature.
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Fig. 3-4. Accumulated temperatures from emergence to first flower open (ATEF) at different

temperatures under 10 h photoperiod in eight selected soybean genotypes.

In addition, temperatures of 20°C or 34°C caused higher ATEF values in all genotypes
(Fig. 3-4), indicating slower rates of growth and development in these temperature

conditions.
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Effect of fluctuated day/night temperature on soybean flowering

In order to clarify the effect of fluctuated day/night temperature, response of flowering
to three temperature regimes (26/26, 28/24, 30/22, 34/18°C, day/night) at 10 h photoperiod
was exhibited in Fig. 3-5. The variation of ATEF in each genotype did not differ notably
with the fluctuated day/night temperature, indicating soybean flowering was almost
unaffected by fluctuated day/night temperature in the case that accumulated temperatures

were same.
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Fig. 3-5. Accumulated temperatures from emergence to first flower open (ATEF) under 26/26,
28/24, 30/22 and 34/18°C (day/night) temperature at 10 h photoperiod in eight selected genotypes.
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Comparison between DEF and ATEF in the field experiment

Fig. 3-6 shows the relationship of DEF and ATEF between early and late sowing from
2015 to 2017. DEF was shorter in late sowing in all genotypes (Fig. 3-5 A, C, and E)
whereas ATEF showed similar values in some early flowering genotypes (e.g. 596 and
596°C in Ke 32, 568 and 572°C in Fiskeby V, and 691 and 663°C in Choyoutou) between
early and late sowing (Fig. 3-6 B, D, and F), indicating that these genotypes could be
insensitive to photoperiod. Therefore, the differences in ATEF were smaller than those in

DEF.
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4. Discussion

The field experiments in Chapter 2 indicated a problem that evaluation of the
independent effect of photoperiod and temperature on soybean flowering was not feasible
to separate in the natural conditions. This experiment was undertaken to evaluate the

independent effect of temperature on soybean flowering.

Crop development of soybean basically depends on temperature. High temperature
stimulates the growth rate of development, consequently decreasing the duration required
to complete the developmental phase (Slafer and Rawson, 1994). It has been reported that
higher temperatures alter plant phenology and accelerate flowering onset (Han et al., 2006).
Our first experiment confirmed that high temperature shortened the DEF, but it had less
effect on ATEF; however, there was almost no effect on EATEF regardless of the
temperature conditions (Fig. 3-2). This implied that there were no differences in EATEF
in most genotypes among the three temperature conditions tested. Thus, it could be
considered that temperature affects soybean growth and development quantitatively;
however, it may not have a triggering effect on flowering initiation. This indication was
also illustrated in second experiment under a wide range of temperature (22 — 30°C) (Fig
3-4). Tacarindua et al. (2013) also reported that soybean flowering time could not be
significantly affected by increasing temperature approximately 2-3°C from the natural

temperature (25.9°C mean).

In addition, temperatures of 20°C or 34°C caused higher ATEF values in all genotypes

(Fig. 3-4), indicating slower rates of growth and development in these temperature

49



conditions. Previous report also indicated that excessive low and high temperature reduced
growth and development in soybean (Tacarindua et al., 2013). However, the main

downside of the second experiment is that we used only constant temperature.

In the third experiment, day/night temperature of 26/26, 28/24, 30/22 and 34/18°C were
imposed from emergence to flowering. Result obtained from this experiment that
fluctuated day/night temperatures have almost no affect soybean flowering (Fig. 3-5).
Ultimately, in the view of above three experiments, it can be confirmed that temperature
affects soybean growth and development quantitatively and suggested that ATEF was
preferable than DEF to evaluate temperature effect on flowering regardless of the

conditions.

In the field experiment, the DEF values delayed by late sowing in all genotypes between
2015 and 2017 (Fig. 3-6 A, C, and E). The reduction in DEF in late sowing might be caused
by both the shorter photoperiod and higher temperature. However, the ATEF values were
the same in some early flowering genotypes between early and late sowing (Fig. 3-6 B, D,
and F), indicating that the temperature effects could be minimized by using ATEF values
in the field experiments. Major et al. (1975) observed that photoperiod was the dominant
factor that affected flower opening in high temperature conditions. It has also been reported
that early maturing genotypes responded more to temperature than photoperiod
(Champman, 1986). Therefore, it could be stated that the use of ATEF could identify the
effect of photoperiod independently from fluctuated temperature in natural conditions.
Eventually, ATEF could be used instead of DEF to evaluate the sensitivity of soybean

flowering to photoperiod in field experiments.
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In addition, some genotypes, i.e. Sandek Sieng, Miss 33 Dixi, Hakuchikou, have higher
ATEF with 12 h photoperiod in all temperature conditions (Fig. 3-6 B, D, and F), and these
genotypes might maintain a long juvenile phase or strong photosensitivity even to 12 h

photoperiod. Next Chapter may answer this question by an essential experiment.

Summary

In previous Chapter, there was a problem that photoperiod and temperature interact each
other and changed seasonally at field experiment. Therefore, it was needed to identify
separation effect by either photoperiod and temperature in soybean flowering. Our aim is
to find out the effect of temperature on soybean flowering. As a result, in the first
experiment we evaluated the variation in responses to temperature of soybean flowering in
the world mini-core collections (GmWMC) including 82 genotypes provided by NARO
gene bank of Japan. Seeds were sown in the growth chamber at Saga University, Japan.
The temperatures were set as 25/18°C, 28/22°C, and 33/28°C (day/night) for low, medium,
and high temperature treatments, respectively with 12 h photoperiod. The dates of
emergence, first flowering (R1) were recorded. Effective accumulated temperature from
emergence to first flower open (EATEF) for each genotype was calculated by subtracting
10°C from the daily mean temperature and accumulated those from emergence to first
flower open. This experiment clearly demonstrated that the DEF was longer at lower
temperature (25/18°C) than those at medium (28/22°C) and high (33/28°C) temperature;
however, the ATEF and EATEF (effective ATEF) did not respond to the change in

temperature. Moreover, some genotypes represented large ATEF (Sandek Sieng: 1118°C,
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1175°C, and 1067°C; Miss 33 Dixi: 1548°C, 1150°C, and 1220°C at 25/18°C, 28/22°C,
and 33/28°C, respectively) with a 12 h photoperiod, which could be resulted from strong
photosensitivity or a long juvenile growth phase, or both. Second experiments confirmed
that ATEF was not affected from 22 to 30°C temperatures. Afterward, for conformation
the effect of fluctuated day/night temperature on soybean flowering we conducted another
experiment using 26/26, 28/24, 30/22, 34/18°C, day/night temperature at 10 h photoperiod
and result revealed that soybean flowering was unaffected with fluctuated day/night
temperature. Above three experiments suggested that ATEF better than DEF to evaluate
the effect of temperature on soybean flowering in field experiments. Finally, we evaluated
the field data using accumulated temperature and result concluded that ATEF would be
used to remove the effect of temperature on soybean flowering in field experiments. These
results suggested that temperature might affect plant development quantitatively in

soybean.
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Chapter 4

Variation of Photosensitivity and Juvenile Growth Phase in GmWMC

Genotypes

1. Introduction

Soybean originated in temperate regions between 32° and 40° N latitude in China (Li et
al., 2008). Nowadays, it is grown widely throughout tropical, subtropical, and temperate
regions as one of the world's most important economic crops. A wide range of adaptation
conditions were made easier mainly by the discovery of low photosensitive and long
juvenile genotypes. The results in Chapter 3 demonstrated that some genotypes might
maintain a long JGP or exhibit strong photosensitivity. However, conclusion was

ambiguous whether genotypes show accurate JGP or strong photosensitivity.

It is generally accepted that soybean is a typical short-day crop. As a consequence,
photosensitivity is a key factor for determining latitudinal adaption. It has also been
recognized that photosensitivity of soybean genotypes controls the plant size, thereby
affecting vegetative mass and yield potentiality (Shanmugasundaram and Tsou, 1978). Lu
et al. (1967) reported that the variation in photosensitivity of soybean genotypes adapted
to not only different location but also different season. Besides, photoperiod-insensitive
genotypes could be grown regardless of photoperiod. Many researchers have introduced
photoperiod-insensitive genotypes (Criswell and Hume, 1972; Huxley et al., 1974; Cregan

and Hartwing, 1984).
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Since Garner and Allard (1920) have found that the flowering in soybean plants respond
to photoperiod, thereafter, there are a large number of studies on the photosensitivity of
flowering in soybean, e.g., Criswell and Hume (1972) tested 111 soybean genotypes
(maturity Group 00) with four photoperiods (12, 22, 23 and 24 h ); Huxley et al. (1974)
evaluated four soybean genotypes under 11:40 and 13:20 h photoperiod;
Shanmugasundaram (1979) examined 40 genotypes under 16 h and 10 h photoperiod; Niwa
(1985) tested seven soybean genotypes with four photoperiod (12, 12:40, 13:20 and 14 h).
They all reported a wide variation between the genotypes, however, there was no specific
method to evaluate photosensitivity standardly. Therefore, exact photosensitivity
determination is very difficult for large number of genotypes, because the effective

photoperiod differs among the genotypes.

Soybean cultivation in a large scale was difficult in tropical areas due to the lack of
potential genotypes until the end of 1960s. Afterwards, this barrier was overcome with the
identification of long JGP genotypes (Neumaier and James, 1993). These long JGP
genotypes were first identified in Brazil and subsequently expanded the soybean
production in regions of low latitude (Destro et al., 2001). Although 40% of soybean
production areas are located below 24° S, Brazil has become the second largest soybean
producer in the world and this has depended on the invention of long JGP genotypes
(Spehar, 1995; Destro et al., 2001). Incorporation of the long JGP genotype into soybean
germplasm adapted to one location may help the transfer of advantageous traits to

genotypes adapted to another location. Moreover, JGP gives guidance to choose an
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adaptable genotype for a specific latitude belt and supports soybean growers with more
management adjustability in response to climatic conditions and crop rotation schemes.
Since, the JGP is extremely important for the expansion of soybean production, particularly

in tropical areas.

Most previous research focused mainly on genetic control of JGP. Ray et al. (1995)
reported that long JGP is controlled by single recessive J/j locus. A later review described
up to five genes that can control the JGP (Destro et al., 2001). To date, very little is known
about JGP estimation in physiological way. Wilkerson et al. (1989) developed a method by
moving plants from short- to long-photoperiod or the reverse to determine the JGP of
soybean. However, this method is time consuming and laborious in cases where large
number of genotypes are being studied. Therefore, it is necessary to establish a simple

technique to evaluate the JGP in soybean.

On the other hand, in order to produce a genotype with certain vegetative growth that
will be suited in tropical areas, either high photosensitivity or long JGP would be

considered. However, the relations between photosensitivity and JGP are not well known.

Because both photosensitivity and juvenile growth could play a major role in expanding
soybean adaption and enhance seed vyield, the present study aimed to investigate the

variation in photosensitivity and JGP in a wide range of genotypic backgrounds.
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2. Materials and methods

Experimental design and growth conditions

A preliminary experiment was conducted to choose an effective photoperiod for
evaluating photosensitivity in the growth chamber at Saga University, Japan. The control
photoperiod was 8-14 h (2 h intervals) at 28/22°C (day/night) temperature. Two plants
were allowed to grow in each pot for each genotype and replicated three times. The
facilities and growth conditions throughout all the experiment in this Chapter were similar

with in Chapter 3.

In the optimized conditions from a preliminary experiment, 82 genotypes of the World
Mini-Core Collections (GmWMC) provided by the NARO gene bank of Japan (Table 4-1)
were tested under long (13 h) and short (10 h) photoperiods at 28°C. We have chosen 28°C
which is nearly similar condition in tropical areas, since our previous experiment (Chapter
3) concluded that temperature may do not have a triggering effect on flowering initiation
but affect soybean growth and development quantitatively. The variations in

photosensitivity and JGP were estimated in this experiment.

Data collection
Dates of emergence and first flowering were recorded like Chapter 3.

Index of photosensitivity of flowering (IPF)

The photosensitivity is measured in various ways depend on the aim of the experiment.
In the present chapter, the photosensitivity of flowering in each genotype was calculated

based on the difference in the accumulated temperature from emergence to first flower
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open (ATEF) between long- (13 h) and short- (10 h) photoperiods at 28°C using the
following equation:

IPF = 1-ATEF1on/ ATEFu3n

where ATEF10nand ATEF13h are the accumulated temperatures from emergence to first
flower open under short- and long- photoperiods. Here, we used ATEF instead of the days
from emergence to first flower open (DEF) because our previous work (Chapter 3) proved

that ATEF could represent photosensitivity better than DEF.

Estimation of relative JGP

DEEF could be divided into three phases: A) pre-inductive phase, which is the JGP and
insensitive to photoperiod; B) inductive phase, which is sensitive to photoperiod; and C)
post-inductive phase, which is the duration for flower organs development and insensitive
to photoperiod (Roberts and Summerfield, 1987; Ellis et al., 1992). We attempted to find
out the most effective photoperiod (photoperiod which induction phase of most genotypes
would be minimized) to get minimum DEF, and the variation in the minimum DEF was
supposed to be caused by the JGP. Based on the above consideration, we evaluated that
the differences in ATEF at the most effective photoperiodic conditions is the relative JGP
(Fig. 4-1). Consequently, the relative JGP for each genotype was estimated by following
equation:

Relative JGP = ATEF — Minimum ATEF (ATEF of the earliest flowering genotype).
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Fig. 4-1. Concept of juvenile growth phase (JGP) evaluation in soybean.
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Statistical analysis

Single factor analysis of variance (ANOVA) and Tukey's HSD (honest significant
difference) test were used for the analysis of significance (p<0.05) in eight selected
genotypes among the different photoperiod in Table 4-1. Additionally, the correlations with

significant level were measured at different figures.

3. Results

Flowering responses to a range of photoperiods

Table 4-1 shows the response of flowering to photoperiod from 8 to 14 h in selected 8
genotypes. The ATEF values were higher when the photoperiod was longer except for three
insensitive genotypes (Fiskeby v, Ke 32, and Hakuchikou). However, the ATEF values
were the lowest in 8 to 10 h photoperiod in all genotypes, implying that flowers opened
earliest in these conditions. This result crucially suggested that an 8 or 10 h photoperiod

could minimize the differences in the effect of photoperiod on flowering in all genotypes.
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Table 4-1. Effect of different photoperiod on DEF at 28/22°C (day/night) temperature among eight

selected soybean genotypes.

Photoperiod  Fiskeby V Nezumi Ke 32 Karasumame L 2a Hakuchikou  Sandek Miss 33 Dixi
(h) Meta Sieng
8 625+0b 625+0¢c 600+ 0ab 750+0d 625+25¢c 600x0ab 850+25b 875+25¢
10 625+0b 650+0c 625+0a 825+0c¢ 650+0c 625+ 0ab 875+25b 950+0b
12 675+25a  725+x25b 625+x25a 900x0b 750+0b  650+25a 1125+ 25a 1200+0a
14 675+25a 1425+25a 650+25a 950+25a 875+25a 650+25a no flowering  no flowering

Data expressed as mean values = SD of three replication. In a column, means followed by same

letter are not significantly different at p<0.05 by Turkey Kramer test.

In addition, two genotypes (Sandek Sieng and Miss 33 Dixi) did not open flowers until

75 days after emergence at 14 h photoperiod (Table 4-1), indicating that these two

genotypes might have a critical photoperiod lower than 14 h or it takes an extremely long

time for the flowers to open.
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Variation of photosensitivity

To evaluate photosensitivity comprehensively in all genotypes, the ATEF was tested
under 10 and 13 h photoperiod at 28°C. Ten h was set for short photoperiod because the
earliest flowering time was observed, as well as 13 h for long photoperiod because all
genotypes opened the flower under this condition. ATEF varied notably from 560°C to
1372°C under 13 h photoperiod, whereas it was from 560°C to 868°C under 10 h
photoperiod. Furthermore, the IPF differed greatly from 0.00-0.47 d at growth chamber

condition (Table 4-2).
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Table 4-2. ATEF, relative juvenile growth phase (JGP) and index of photosensitivity of flowering (IPF) in GmWMC

genotypes.

1D number Genotypes Origin ATEF;,,(°C)  ATEF;3(°C) RIGP IPF
GmWMCO001  Fiskeby V Sweden 588 588 28 0.00
GmWMCO006  Ks 1034 Malaysia 560 588 0 0.05
GmWMCO011  Seita Rep.Korea 588 756 28 0.22
GmWMCO012  Manshuu China 602 728 42 0.17
GmWMCO014  Kls 203 Rep. Korea 728 - 168 -

GmWMCO015  Chuuhoku 2 Rep.Korea 560 644 0 0.13
GmWMCO018 Rigai Seitou China 602 896 42 0.33
GmWMCO019  Chousenshu (Cha) Korea 588 588 28 0.00
GmWMCO020  Pochal Taiwan 602 784 42 0.23
GmWMCO022  Nezumi Meta Korean Peninsula 574 952 14 0.40
GmWMCO024  Chieneum Kong Rep.Korea 560 672 0 0.17
GmWMCO027  Kongnamul Kong RepKorea 560 672 0 0.17
GmWMCO029  Shirosota korean Peninsula 602 644 42 0.07
GmWMCO035  Pekin Dai Outou China 588 588 28 0.00
GmWMCO036  Masshokutou (Kou 502) China 588 588 28 0.00
GmWMCO038  Ichiguuhou China 644 1064 84 0.39
GmWMCO042  Masshokutou (Kou 503) China 588 588 28 0.00
GmWMCO045  Okjo Rep.Korea 616 672 56 0.08
GmWMCO046  Ke 32 Philippines 560 560 0 0.00
GmWMC048  Heamnam Rep.Korea 616 896 56 0.31
GmWMCO066  Heukdaelip Rep.Korea 602 644 42 0.07
GmWMCO070  Choyoutou China 588 616 28 0.05
GmWMCO071 Pk 73-54 India 588 784 28 0.25
GmWMCO072 M 581 India 602 728 42 0.17
GmWMCO073  Uronkon Korean Peninsula 588 644 28 0.09
GmWMCO075  Cheongye Myongtae Rep.Korea 588 616 28 0.05
GmWMC083  Keumdu Rep.Korea 588 672 28 0.13
GmWMCO084  Peking China 560 616 0 0.09
GmWMCO086  Anto Shoukokutou China 560 616 0 0.09
GmWMCO089  Bongchunbaekjam China 616 672 56 0.08
GmWMCO094  Jeokgak Rep.Korea 602 812 42 0.26
GmWMC103  Senyoutou China 700 1120 140 0.38
GmWMC107  Hakka Zashi China 560 672 0 0.17
GmWMC108  Karasumame China 742 812 182 0.09
GmWMC113  Baritou 3 A Indonesia 602 672 42 0.10
GmWMC115  Williams 82 USA 588 644 28 0.09
GmWMC118  Oudu Rep.Korea 602 812 42 0.26
GmWMC119  Hakubi China 672 672 112 0.00
GmWMC120 U 1416 Nepal 644 812 84 0.21
GmWMC122  Gapsanjaelae(l) Rep. Korea 602 672 42 0.10
GmWMC123 N 2295 Nepal 560 868 0 0.35
GmWMC125 Bhatmas Nepal 560 812 0 0.31
GmWMC129  Aoki Mame China 630 - 70 -

GmWMC132 L 2a Philippines 588 644 28 0.09
GmWMC136  Local Var (Seputih Raman) Indonesia (Sumatra) 742 1148 182 0.35
GmWMC138  Col/Pak/1989/lbpgr/2326(1)  Pakistan 560 728 0 0.23
GmWMC141  Petek Indonesia 602 980 42 0.39
GmWMC142 Java5 Indonesia 742 1260 182 0.41
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1D number Genotypes Origin ATEF;,,(°C)  ATEF;3(°C) RIGP IPF
GmWMC143 M 44 India 560 812 0 0.31
GmWMC144 M 918 India 616 1092 56 0.44
GmWMC146 Hm 39 India 602 868 42 0.31
GmWMC147  Col/Thai/1986/Thai-78 Thailand 602 812 42 0.26
GmWMC148 M 42 India 672 1260 112 047
GmWMC150 U 1042-1 Nepal 602 952 42 0.37
GmWMC151 Java7 Indonesia 602 924 42 0.35
GmWMC152 U 1290-1 Nepal 616 1036 56 0.41
GmWMC154  Manshuu Masshokutou China 616 1008 56 0.39
GmWMC156 U 8006-3 Nepal 644 1036 84 0.38
GmWMC159  Col/Pak/1989/lbpgr/2323(2)  Pakistan 560 644 0 0.13
GmWMC160 N 2392 Nepal 644 - 84 -
GmWMC162  Col/Thai/1986/Thai-80 Thailand 616 924 56 0.33
GmWMC163 N 2491 Nepal 686 924 126 0.26
GmWMC165  Karasumame (Shinchiku) Taiwan 700 700 140 0.00
GmWMC166  Merapi Indonesia (Sumatra) 644 952 84 0.32
GmWMC168 L 317 India 672 1092 112 0.38
GmWMC169  Hakuchikou China 560 616 0 0.09
GmWMC170 M 652 India 868 1176 308 0.26
GmWMC171  U-1741-2-2 No.3 Nepal 616 840 56 0.27
GmWMC173  Karasumame(Naihou) Taiwan 812 1372 252 0.41
GmWMC175  Bishuu Daizu China 602 812 42 0.26
GmWMC176  Sandek Sieng Cambodia 840 1176 280 0.29
GmWMC181  Chiengmai Palmetto Thailand 672 1036 112 0.35
GmWMC182  Local Var. (Tegineneng) Indonesia (Sumatra) 742 1372 182 0.46

Purple Flower
GmWMC182  Local Var. (Tegineneng) .

. Indonesia (Sumatra) 644 1120 84 0.43

White Flower
GmWMC183  Karasumame (Heitou) Taiwan 644 728 84 0.12

Yellow Seed
GmWMC183  Karasumame (Heitou) Taiwan 714 784 154 0.09

Black Seed

GmWMC186 Ringgit Indonesia (Sumatra) 630 1148 70 0.45
GmWMC187  Kadi Bhatto Nepal 714 1288 154 0.45
GmWMC188 E C 112828 India 728 1316 168 045
GmWMC190  San Sai Thailand 812 1148 252 0.29
GmWMC191  Miss 33 Dixi Philippines 840 1344 280 0.38
GmWMC192 U 1155-4 Nepal 756 1092 196 0.31

ATEF10n is the accumulated temperatures from emergence to first flower open under 10 h photoperiod at
28°C temperature. ATEF13h is the accumulated temperatures from emergence to first flower open under 13 h
photoperiod at 28°C temperature. IPF is the index of photosensitivity of flowering at growth chamber.

Genotypes are arranged based on ID number. — denotes failed to collect data.
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Variation of relative JGP

According to Table 4-1, the most effective photoperiod (photoperiod which induction
phase of most genotypes were minimized) was found at 10 h because it produced the
earliest flowering time. At this condition, the lowest ATEF (the ATEF of the earliest
flowering genotypes) in Gm WMC was 560°C (20 days at 28°C) in 14 genotypes. Therefore,
the relative JGP for each genotype was evaluated by subtracting the critical lowest ATEF
(560°C) from their ATEF value. Of note, the relative JGP varied from 0°C to 308°C in AT
(0—11 days at 28°C) in GmWMC genotypes (Table 4-2). Furthermore, the frequency
distribution pattern showed that the relative JGP did not vary so much and more than half
of the genotypes were less than 60°C (not longer than two days) among the Gm WMC (Fig.

4-2).

60 -

Number of genotypes

0-60 61-120 121-180 181-240 241-300 >300

Relative JGP (°C)

Fig. 4-2. Distribution of relative juvenile growth phase (JGP) among the GmWMC genotypes.
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Relationship between IPF and relative JGP

There was a positive significant relationship between IPF at growth chamber and
relative JGP (r = 0.39, p < 0.001) (Fig. 4-3); however, a wide distribution range was also

observed in both IPF and relative JGP.

1000 y = 196.43x + 587.41
r=0.39%%*

750

500

250 |

ATEF at 10 h photoperiod

0 L L L L J
0.00 0.10 0.20 0.30 0.40 0.50

IPF at growth chamber

Fig. 4-3. Relationship between the accumulated temperatures from emergence to first flower open
(ATEF) at 10 h photoperiod and index of photosensitivity of flowering (IPF) in the growth

chamber. *** denotes significant at P < 0.001.
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In addition, the most remarkable result from the data was that some genotypes exhibited

special traits, namely low IPF with short relative JGP (Fiskeby V, Ke 32, Ks 1034), low

IPF with medium relative JGP (Karasumame, Karasumame (Heitou) Black Seed), medium

IPF with long relative JGP (M 652, Sandek Sieng), high IPF with short relative JGP

(Nezumi Meta, M 918), and high IPF with long relative JGP (Miss 33 Dixi, Karasumame

‘Naihou’) (Table 4-3). These genotypes are originated from Sweden, Malaysia, Korea,

China, Philippines, Taiwan, Thailand, Nepal, India, and Indonesia.

Table 4-3. Classification of GmWMC genotypes based on IPF and relative JGP.

1D number Genotypes Origin IPF ATEF0n (°C) RJGP  Classification

GmWMCO001  Fiskeby V Sweden 0.00 588 28 low IPF with short RIGP
GmWMCO006  Ks 1034 Malaysia 0.05 560 0 low IPF with short RIGP
GmWMCO019  Chousenshu (Cha) Korea 0.00 588 28 low IPF with short RIGP
GmWMCO036  Masshokutou (Kou 502) China 0.00 588 28 low IPF with short RIGP
GmWMCO042  Masshokutou (Kou 503) China 0.00 588 28 low IPF with short RIGP
GmWMCO046  Ke 32 Philippines  0.00 560 0 low IPF with short RIGP
GmWMC108  Karasumame China 0.09 742 182 low IPF with medium RIGP
GmWMC165  Karasumame(Shinchiku) Taiwan 0.00 700 140 low IPF with medium RIGP
GmWMC183  Karasumame (Heitou) Black Seed Taiwan 0.09 714 154 low IPF with medium RIGP
GmWMC170 M 652 India 0.26 868 308 medium IPF with long RIGP
GmWMC176  Sandek Sieng Cambodia  0.29 840 280 medium IPF with long RIGP
GmWMC190  San Sai Thailand 0.29 812 252 medium IPF with long RIGP
GmwWMC192 U 1155-4 Nepal 0.31 756 196 medium IPF with long RIGP
GmWMCO022  Nezumi Meta Korean 0.40 574 14 high IPF with short RIGP

Peninsula
GmWMC144 M 918 India 0.44 616 56 high IPF with short RIGP
GmWMC152 U 1290-1 Nepal 0.41 616 56 high IPF with short RIGP
GmwWMC182 Local Var. (Tegineneng) Purple Indonesia 0.46 742 182 high IPF with long RIGP
Flower (Sumatra)

GmWMC173  Karasumame(Naihou) Taiwan 0.41 812 252 high IPF with long RIGP
GmwWMC191 Miss 33 Dixi Philippines  0.38 840 280 high IPF with long RIGP

IPF is the index of photosensitivity of flowering at growth chamber. ATEF0, is the accumulated temperatures
from emergence to first flower open under 10 h photoperiod at 28°C temperature. RIGP is the relative juvenile
growth phase.

66



4. Discussion

Both photosensitivity and JGP are major factors that regulate latitudinal adaption of
soybean. Optimal growth, development and seed yield are obtained when soybean is grown
in its region of optimum adaptation. Long JGP genotypes facilitates the adaptability in
tropical areas. The previous Chapter exhibited some long JGP or strong photosensitive
genotypes, however there was a dilemma that whether those genotypes exactly maintain
long JGP or strong photosensitivity. In this Chapter, the variation of photosensitivity and

JGP were tested in all GmWMC genotypes.

Eight genotypes exhibited distinct variation of ATEF by different photoperiod responses.
Furthermore, data also showed the shortest ATEF between 8 and 10 h photoperiod in all
genotypes (Table 4-1), indicating 8 — 10 h were the photoperiod to get the earliest flowering.
Cober (2011) tested four genotypes i.e. Parana, Paranagoiana, Pl 159925, and X5063-39
with 3, 4, 5, 6, 8, and 12 h photoperiod at 25°C (day/night) temperature and reported that

days from emergence to flowering were the shortest at 6 to 8 h photoperiod in all genotypes.

In addition, two genotypes (Sandek Sieng from Cambodia and Miss 33 Dixi from
Philipines) did not initiate flowers until 75 days after emergence under 14 h photoperiod
(Table 4-1). It could be considered that these two genotypes might have critical
photoperiod lower than 14 h or take long time to initiate flower.

The range of IPF varied from 0.00 to 0.47 at growth chamber, and this variation was not
affiliated with the origin of the genotypes (Table 4-2). This genotypic diversity may be
associated with their genetic backgrounds and could be useful for crop improvement as

well as for efficient management and conservation of germplasm resources. With the same
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conception, the IPF at field condition was also calculated based on differences in ATEF
between early sowing (long photoperiod) and late sowing (short photoperiod). Although
strongly positive correlation (r=0.81, p<0.001) was found in IPF between field and growth
chamber, there were some variations, such as Pekin Dai Outou, Okjo and Ringgit
genotypes showed 0.00, 0.08 and 0.45 in IPF at growth chamber, whereas showed 0.24,
0.34 and 0.36 at field, respectively (Table 4-2 and Fig. 4-4). Variation in the same genotype
between field and growth chamber could be caused by different photoperiod. Additionally,
result (- 0.01 to 0.58) was almost same and well responded to the results in growth chamber
(Fig. 4-4). However, the key problem with the field experimental research was that
photoperiod and temperature changed daily. The range of photosensitivity for each

genotype at growth chamber showed little discrepancies compared with field study.
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Fig. 4-4. Relationship between index of photosensitivity of flowering (IPF) in growth chamber

and field conditions.
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Furthermore, our results at growth chamber also showed that there are 8 genotypes with
very low photosensitivity (IPF=0.00), and 10 genotypes with high photosensitivity
(IPF>0.40) (Table 4-2). The former genotypes are originated mainly from Sweden, Korea,
China and Philippines, and later from India, Indonesia, and Nepal. These high genotypic
diversities would be potential source to expand the genetic base of soybean for wide
adaptation areas, particularly tropical areas.

JGP is the limiting factor for soybean seed yield in tropical areas. It is hard to determine
exact JGP because of the difficulty to separate the effects on emergence to flowering by
individual phase. However, Wilkerson et al. (1989) developed a method by transferring
plants from short to long photoperiod or the reverse to determine the JGP of soybean. This
method had limitations related to photoperiod selection. For instance, Davis soybean was
transferred from long (22 h) to short (9 h) photoperiod and vice versa at a constant
temperature of 26°C, it showed 4 d of JGP (Wilkerson et al., 1989). When it was transferred
from (16-18 h) to 12 h photoperiod and vice versa at a mean temperature of 25°C, it
exhibited an 18 d of JGP (Ellis et al., 1992). The variation in JGP (4 d vs 18 d) could be
observed for the same soybean genotype, caused by different photoperiod selection (9 h vs
12 h). Collinson et al. (1993) used a similar method and transferred four genotypes from a
11.5-h to 13.5-h photoperiod and vice versa at a mean temperature of 25°C and identified
that JGP varied from 11 d to 33 d among four genotypes. Wang et al. (1998) used
Hutcheson soybean and transferred from a 22-h photoperiod to 8-, 10-, 12-, or 14-h
photoperiods at a constant temperature of 26°C and concluded that there was no JGP in
Hutcheson soybean. Cober (2011) worked with four genotypes using a wide variation in

photoperiod (2-16 h) at a constant temperature of 25°C and reported that Paranagoiana
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soybean may have a 5 d JGP by comparing genotypes based on photoperiod response. All
these reports indicated that there is a wide variability in JGP, which causes complexity with
estimation processes, especially for appropriate photoperiod selection. Therefore, the
considerable differences among reports could be caused by different estimation methods.
Consequently, we tried to provide an easy technique for JGP evaluation. When the
inductive phase is shortened in maximum, DEF is consisted of pre-inductive and post-
inductive phases, however post inductive phase is considered less varied among the
genotypes. Therefore, the DEF under short photoperiod in this experiment could be
resulted mostly by JGP. The estimated relative JGP varied from 0 d to 11 d from emergence
at 28°C in 82 GmWMC genotypes (Table 4-2). Indeed, the existing variability indicated
the presence of genotypic differences in JGP. Several reports have also stated that the
duration of the JGP could be varied by genotypes. (Shanmugasundaram and Tsou, 1978;
Board and Settimi, 1988; Wilkerson et al., 1989; Upadhyay et al., 1994). Considering the
evidence that there is no JGP in some genotypes, we predicted that the earliest flowering
genotypes with 560°C AT in 82 GmWMC genotypes might not have a JGP. As a result, the
ATEF of the earliest flowering genotypes (560°C or 20 days at 28°C) could be considered
as a post- inductive period. Saitoh et al. (1999) also reported that this phase is around 20
days. Therefore, compared with others, our experiment may be easier to conduct when

examining large numbers of genotypes.

Moreover, even there was a positive relationship between IPF and relative JGP, but this
relative JGP was not always associated with IPS (Fig. 4-3). It implies that relative JGP may
be partially independent of photosensitivity in soybean. Additionally, data provided

important insight into the introduction of several special genotypes, namely low IPF with
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short relative JGP (Fiskeby V, Ke 32, Ks 1034), low IPF with medium relative JGP
(Karasumame, Karasumame (Heitou) Black Seed), medium IPF with long relative JGP (M
652, Sandek Sieng), high IPF with short relative JGP (Nezumi Meta, M 918), and high IPF
with long relative JGP (Miss 33 Dixi, Karasumame ‘Naihou’) (Table 4-3). These genotypes
may have unique genetic backgrounds and be useful in the development of new genotypes.
Furthermore, as above mentioned, some long relative JGP genotypes may be good
resources to broaden the adaption in tropical areas by ensuring sufficient vegetative growth

even in short photoperiod condition.
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5. Summary

Photosensitivity and juvenile growth phase (JGP) are the main yield limiting factors for
soybean production in tropical areas. Previous Chapter showed that some genotypes might
maintain a long JGP or strong photosensitivity even to 12 h photoperiod. Objective of this
Chapter was to evaluate the variation in photosensitivity and JGP in the World Soybean
Mini-Core Collections (GmWMC) including 82 genotypes. A preliminary experiment was
conducted to choose an effective photoperiod for evaluating photosensitivity in the growth
chamber. The control photoperiod was 8-14 h (2 h intervals) at 28/22°C (day/night)
temperature. Eight soybean genotypes were used according to previous Chapter by
considering the variation of photoperiod sensitivity. Emergence (50% of plants with
cotyledons above soil surface), first flower initiation date (50% of plants with one flower
at any node, R1) were recorded. The earliest flowering was observed at 8-10 h photoperiod
in the preliminary experiment. Afterwards, we tested GmWMC genotypes under long (13
h) and short (10 h) photoperiods at 28°C temperature. Because 10 h was the photoperiod
which induction phase of most genotypes were minimized, and all genotypes opened the
flower under 13 h photoperiod. Index of photosensitivity of flowering (IPF) in each
genotype was calculated based on the following equation: 1-ATEFion/ ATEF13n, Where
ATEF10n and ATEF13y are the accumulated temperatures from emergence to flowering
under short (10 h) and long photoperiods (13 h), respectively. Result showed that the IPF
were 0.00 to 0.47 in GmWMC genotypes. Since DEF was minimum under 10 h photoperiod
in most of the genotypes, the variation in the minimum DEF under this photoperiod was
supposed to be caused by the relative JGP. Based on this consideration, we estimated the

differences in ATEF under 10 h photoperiod, condition is the relative JGP. Relative JGP
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varied from 0 to 308°C in accumulated temperature (0-11 days at 28°C) in GmWMC
genotypes. Additionally, there was a positive relationship between IPF and JGP. However,
a wide distribution range was also found in both IPF and relative JGP, indicating JGP may
be partially independent of IPF in soybean. The data also introduced some special traits in
some genotypes including low IPF with medium relative JGP (Karasumame, Karasumame
(Heitou) Black Seed) and medium IPF with long relative JGP (M 652, Sandek Sieng).
Results provided the information of the existence of genotypes with various combinations
of IPF and JGP. Existence genotypes were the notable accomplishment for future breeding

program to raise seed yield in tropical areas.
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Chapter 5

General Discussion

Soybean is the primary source of vegetable proteins in the world today for human health,
such as improve metabolism, help in protect heart disease, and defend against prostate and
breast cancer. Besides, it is an extremely important source of protein feed supplement for
livestock and used as a good source of environment friendly biodiesel (Clemente and
Cahoon, 2009). The soybean production in most of the tropical Asian countries (Indonesia,
Japan, China, Taiwan, Korea, Thailand, and Vietnam) are very few compared to other

countries such as United states, Brazil and Argentina.

The main reason of low production in tropical areas is poor seed yield, caused by
insufficient vegetative growth. Insufficient vegetative growth is led by early flowering.
Early flowering is resulted from short photoperiod (Board and Settimi, 1986) or the joint
effect of short photoperiod and high temperature (Board and Hall, 1984). However, the
demand of soybean is high in tropical Asian countries, consequently they import soybean

mostly from the United states and Brazil (Fig. 5-1).
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To increase soybean production in tropical areas, it is necessary to introduce some
genotypes with sufficient vegetative growth. In order to obtain genotypes including
sufficient vegetative growth, the sensitivities to photoperiod and temperature on soybean
flowering as well as juvenile growth phase (JGP) could be a desirable topic. The primary
aim of this study was to provide profound knowledge about the effect of photoperiod and
temperature on different growth stages of soybean; and then by using this knowledge to
address a simple technique for JGP evaluation, ultimately, to provide important

information to increase production potentiality for soybean in tropical areas.

Both pre- and post- flowering phases are responsible for soybean seed yield. Guthrie
(1972) reported that all the stages of development in soybeans responded to photoperiod.
Han and Wang (1995) reported that the effect of photoperiod was found not only on the
duration of flowering and podding but also on the seed filling stages. Chapter 2 provided
an overview about the effect of photoperiod (sowing time) on different growth stages and
other yield components of soybean using worldwide soybean genotypes. The experiments
demonstrated that duration of the stage of flowering, pod formation, and seed filling
shortened by short photoperiod, however duration of pod elongation did not respond to
photoperiod in GmWMC genotypes. Moreover, delayed flowering genotypes gave large
vegetative mass and higher seed yield in GmWMC genotypes. Considering the overall
results in Chapter 2, it could be suggested that seed yield would be enhanced to tropical
areas by screening genotypes under short photoperiod according to delayed flowering time

and large vegetative mass.
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In Chapter 3, first experiment concluded that high temperature shortened the DEF,
however temperature had almost no effect on ATEF or EATEF in case of three different
temperature conditions, indicating ATEF could represent photosensitivity better than DEF
in the natural condition. Further experiments illustrated that ATEF was not affected at 22
—30°C regardless of either same or different day/night temperatures. Finally, it is indicated
that ATEF could separate the effect of photoperiod independently from the effect of
temperature in natural conditions. According to these results, it could be concluded that
temperature affects soybean growth and development quantitatively. Han et al. (2006)
reported that higher temperatures stimulate flowering onset in soybean. However, our
result indicated that temperature may not have a triggering effect on flowering initiation in

soybean. This conclusion differs from Han et al. (2006).

Both photosensitivity and JGP are the yield limiting factors for soybean production in
tropical areas, therefore knowledge about the photosensitivity and JGP would help to
enhance soybean seed yield to those areas. Therefore, in Chapter 4 we evaluated the index
of photosensitivity (IPF) and relative JGP of GmWMC genotypes. Result showed that IPF
varied from 0.00 to 0.47 and relative JGP varied from 0 to 308°C in accumulated
temperature (011 days at 28°C) in GmWMC genotypes. Besides, seed weight plant?
showed positive correlation with both IPF (r = 0.57, p < 0.001) and relative JGP (r = 0.38,
p < 0.001), however IPF may be more effective to increase seed yield in tropical areas

because of high correlation compared with relative JGP (Fig. 5-2).
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Fig. 5-2. Relationship of seed weight plant! with IPF (A) and relative JGP (B). *** denotes

significant at P <0.001.

A significant positive relationship was found between IPF and relative JGP (r = 0.39, p

< 0.001), however wide distribution range was also observed (Fig. 5-3). This result

indicated JGP may be partially independent from photosensitivity in soybean. Data also

provided important insights into the introduction of several special genotypes, i.e. higher

IPF but shorter relative JGP with high seed yield (Chiengmal palmetto, M918), or higher

IPF and longer relative JGP with high seed yield (Karasumame ‘Naihou’, EC 112828).

These special genotypes may be good resources to broaden the adaption in tropical areas

by ensuring sufficient vegetative growth even under short photoperiodic condition.
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Our main aim of this research was to extend soybean production in tropical areas.
Miranda et al. (1990) conducted a breeding work using Parana, Davis, Hardee, Hill, and
Santa Rosa genotypes including genes for long JGP in Sdo Paulo State, Brazil (23°31'S),
and released a genotype (IAC-15) that produced high plant height and seed yield. Hence,
future work will be focused on soybean breeding programs using special genotypes that

may help to extend soybean production in tropical areas.
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Summary

The demand for soybeans in tropical Asia as a major protein resource has been
increasing. However, the proportion of self-supply in most tropical Asian countries are
extremely low because of low productivity. Soybean production in those areas face many
problems, including short photoperiod and high temperature. Short photoperiod and high
temperature could stimulate flower open early, result in insufficient vegetative growth
therefore low seed yield. To assure certain vegetative growth, the sensitivities to
photoperiod and temperature, and the juvenile growth phase (JGP) property could be key
factors to determine desirable genotypes for those areas. In order to determine a suitable
soybean genotype adaptable to tropical area, a series of experiments were conducted for
the evaluation of variation in photo- and thermo- sensitivities using 82 genotypes of

soybean world mini-core collections (GmWMC).

At field condition, GmWMC genotypes were sown in late May (for long photoperiod)
and early August (for short photoperiod). The days from emergence to first flower open
(DEF) ranged 23-92 days under long photoperiod, but 19-63 days under short photoperiod.
The DEF were shortened by short photoperiod in all genotypes. Same trends were also
observed in the duration for pod formation and seed filling, but not for pod elongation.
Seed weight plant™ under short photoperiod varied widely (1.4-39.5 g), it was highly
correlated with DEF (r =0.61, p<0.001), stem height (r = 0.55, p<0.001), number of branch
(r=0.59, p<0.001), and total node number (r = 0.66, p<0.001), indicating low seed weight
plant™ was clearly caused by less vegetative growth. Besides, data also introduced some

high yielding genotypes, i.e. Karasumame ‘Naihou’ (39.5 g plant!), Chiengmai Palmetto
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(28.80 g plant™!), and Local Var. ‘Tegineneng’ (25.68 g plant™!). Results indicated that late
flowering genotypes with enough vegetative mass could be used as a selection index for

improving soybean yield potential in tropical areas.

Because above mentioned responses under field condition are the results of interaction
of fluctuated photoperiod and temperature seasonally, to clarify the effect of temperature
independently on soybean flowering, we conducted three experiments in the controlled
environment. The first experiment was conducted under 25/18°C, 28/22°C, and 33/28°C
day/night temperatures. Results showed that DEF was longer in lower temperature in all
genotypes; however, the accumulated temperatures during emergence to first flower open
(ATEF) and EATEF (effective ATEF) did not respond to the change in temperature.
Further experiments illustrated that ATEF was not affected at 22 — 30°C regardless of either
same or different day/night temperatures. Finally, ATEF could be used to eliminate the
effect of temperature in natural condition, therefore represent photosensitivity exactly
better than DEF. Overall results led a conclusion that temperature could affect plant

development quantitatively in soybean.

In order to evaluate the photosensitivity comprehensively in GmWMC genotypes, we
conducted two experiments in the controlled environment. A preliminary experiment was
conducted using eight selected genotypes under 8—14 h photoperiod. The lowest ATEF
were observed between 8-10 h photoperiod in all genotypes and longest ATEF at 14 h
photoperiod. However, we chose 10 h for short photoperiod because it might be better for
growth and development, and 13 h for long photoperiod because some genotypes did not

open those flowers at 14 h. Under these 13- and 10-h photoperiodic conditions at 28°C, we
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tested the ATEF of 82 GmWMC genotypes and evaluated their index of photosensitivity of
flowering (IPF). Result showed that the ATEF were 560—1372°C under 13 photoperiod
and 560—868°C under 10 h photoperiod. IPF varied from 0.00 to 0.47 in GmWMC
genotypes. Preliminary experiment also suggested that 10 h photoperiod was suitable
condition for relative JGP evaluation. Because 10 h was the photoperiod which induction
phase of most genotypes were minimized. Considering the difference in ATEF at 10 h
could represent the relative JGP. It varied from 0 to 308°C accumulated temperature (0 —
11 days at 28°C) in GmWMC genotypes. Furthermore, there was a positive relationship
between IPF and relative JGP, however wide distribution range was also observed,
indicating IPF may be moderately independent from relative JGP. Finally, data represented
some special traits in some genotypes, namely low IPF with medium relative JGP
(Karasumame, Karasumame (Heitou) Black Seed) and high IPF with long relative JGP
(Miss 33 Dixi, Karasumame ‘Naihou’). These genotypes would be important resources for

improving soybean production in tropical areas.
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SUMMARY IN JAPANESE

(HE)

TAEBRGHE T U TEICE T 5 X4 AOHEREFEL CHEINL Tw 3235, A4 ERED
Y BREEIED TR, BT U7 ICBF 5 X4 XEmEIL, A HRBREICHIR X
Nz, FTHHEHLERmEXAXDFENEL S - & DHIRT 2 H R R > T3,
XA RIEHEYcH WV EHLERSFMFICL > TRIFTEL TL TV, Z ORFERKER
ROARL, FRNESHIRINATLE 5, BVFORHSEMATH —E D RERE Z MR
T2, HREICEWESZE, 2 0 idRWEREEREE2FoOWMELEGRTH % 25,
ZNOFHEDBRINZRICO W TOWERE I v, KiF5EiL. BIEIEROIL W
REAXI=a7avrrzyay (GmWMCO) 82 Rtk v, X4 X0 HER ORI
TREMEAEN L, BT ORH - EiREREICE T 5 XA X ORI & A3 2 HRY T

> 77,

T HRICONT 2 ROGHER O AEEEZFHT 3 5 72012, X4 X GmWMC82 Rt & i E
MicE W TRH (B LUOEH ) ST TR LR, HiFrohtEcH
¥ (DEF) IZRHSAMTIE 23~92 H, BHSMATIE 19~63 HE TIIASERL, $X
TORMICE W THHSEMIC X > TR &S Nz, FRERICBIES? bR cHED FHH
FfRIC X o TS N, WFIIURRIIHROMELZ T v o, FHEMHETICSE
F 2 FERNEDRE LR, FEIEIL DEF (r=0.61***) | 2R (r=0.55***) |
REIE (r=0.66***) 72 EDORBRERT & ORICIZIEOHBBGA ALz L 26,
FHICK2NERTOREKIIRERKEAETHEZLIIHALITH -7, L L,
TIHHRECREOFHZLA S V. BEE TR HEFTIHMEER. BHEE &R T

Hot-7-0, B RIZEEICI2EELH L EEZLNT-, £ T T, HE 12K,
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Bz Zi 25,/18°C, 28,22°C, 33,28 CicHilfl TNz v XF ¥ v ¥ —T
GMWMC %% B L 7455, DEF 1ZMKIRXIZ & Ko 7225, DEF ZERIEE. 51
FEEREREICERZ DL, MEICX2ERIIIT LA R o7z, ZOMEL LR
FEEIBEIC B W TERIZIR L2 RIS Av il h, BEARCEL CIBERREY

HONISRE O ERZRETE 2 LFEA LN, I HIC, B2 E L 7-HR 10K

11

W GEH) & 13 K (BH) IKEE L. 28°CEH T T4 4 X GmwMC %D DEF % i
HL7zE A, RHEMTIE 20~49 HICER L 7228, BHSEMTIE 2031 HE Z D%
RIEOHEE 072, LedioC, HREZM (RHICNT 2% HTD DEF DREMERE) (X
0~047 LRECARL, RKICHEGICET2ROLFLEHEE (HAHRRZNE
A 15.2 FEE & 14.0 BEfE]) 04 (0~058) LBFH X2 L2 L 2L 2T L T2,
EZAT, 1I0HHEIR, ZEALDRKICEWTRED DEF /R L2720, Z D5
ICH 1 % DEF DEIRIAR T, BEAKEERECHEKRST2bDLEL, X4 X GmwMC
FAR DRI 2 FEA B REN: 13 28°CTlR 0~11 H E HEE S 7z, HERSZM & AN
BREEO VTG BIBICE T 2 FEINE & IZEOMHBBFRAA S, Zh b offE
SHOBHHIRICHE T 2 X4 XFFEOBRICIED > L D FE/IRNEHERTHLLEZDH

Nz,

AWFEE, AL IV ED bRk 2 BENERZFF> X4 X eGmwmMmce %D H
RPN T 2 AL REZA O A L, KRBy tiuisio & 4 XA O HlRER < H
5 HREZE L EARRBRELECOWTHECHEITL2b0TH Y, X DMRIZSERD

BT D XA SR ICEE RS EEHRE 25,

84



ACKNOWLEDGMENTS

| thank GOD for giving me glorified life, a benevolent family and a great scope to work
in a wonderful place. | feel proud to express my gratefulness to research Supervisor
Professor Dr. Shao-Hui Zheng of Saga University for acting as my adviser, and for his
guidance and assistance during the research and preparation of my dissertation. | express
sincere appreciation deep sense, respect and immense indebtedness to respected Co-
supervisors Professor Dr. Toyoaki Anai, Saga University, Japan, and Professor Dr.
Yoshinobu Kawamitsu, University of Ryukyus, Japan for their sympathetic co-operation
and continuous inspiration during the research work. | would also like to acknowledge
Professor Dr. Jun-ichi Sakagami, Kagoshima University, Japan, and Associate Professor
Dr. Daisuke Fujita, Saga University, Japan for their valuable suggestion to upgrade this

dissertation.

| wish to express my appreciation and thanks to Professor Emeritus Dr. Akihiro Nose
for his support in my doctoral work. I am indebted to Dr. Satoshi Watanabe, Saga
University, Japan for providing facilities and experiment management. | wish cordial
thanks to all the former and present members of the Tropical Crop Improvement

Laboratory for their help in conducting the experiments.

| thank the National Agriculture and Food Research Organization (NARO), Japan for
providing soybean germplasm. This work was financially supported in a part by the JSPS

KAKENHI (Grant No. JP25257410).

| am greatly indebted to my parents, brothers and sisters who had sacrificed their

happiness to make this study possible. The author ventilates his thanks to his friends,

85


http://www.naro.affrc.go.jp/english/index.html

relatives and well-wishers for their help, assistance and co-operation. Ultimately, I
thank my wife Khatun Hafiza and beloved son Huzaifa Islam whose time | robbed

throughout this study.

86



References

Akhanda, A. M., Prine, G. M. Green, V. E. and Hinson, K. 1981. Phenology and

correlation of growth phases in late-planted soybeans in Florida, USA. Indian J.
Agric. Sci. 51: 214-220.

Baba, A., Zheng, S.-H., Mastsunaga, R., Furuya, T. and Fukuyama, M. 2003.

Characteristics of dry matter production in sachiyutaka, a new soybean cultivar for
southeast of Japan. Jpn. J. Crop Sci. 72: 384-389. (In Japanese with English

abstract)

Board, J. E. 2002. A regression model to predict cultivar yield performance at late planting

dates. Agron. J. 94: 483-492.

Board, J. E. and Hall, W. 1984. Premature flowering in soybean yield reductions at

nonoptimal planting dates as influenced by temperature and photoperiod. Agron. J.
76: 700-704.

Board, J. E. and Settimi, J. R. 1986. Photoperiod effect before and after flowering on branch

development in determinate soybean. Agron. J. 78: 995-1102.

Board, J. E. and Settimi, J. R. 1988. Photoperiod requirements for flowering and flower

production in soybean. Agron. J. 80: 518-525.

Board, J. E. and Tan, Q. 1995. Assimilatory capacity effects on soybean yield components

and pod formation. Crop Sci. 35: 846-851.

Board, J. E., Harville, B. G. and Saxton, A. M. 1990. Branch dry weight in relation to

yield increases in narrow-row soybean. Agron. J. 82: 540-544.

Board, J. E., Kang, M. S. and Harville, B. G. 1997. Path analyses identify indirect selection

criteria for yield of late-planted soybean. Crop Sci. 37: 879-884.

87



Boerma, J. R. and Ashley, D. A. 1982. Irrigation, row spacing, and genotype effects on
late and ultra-late planted soybean. Agron. J. 74: 995-999.

Brown, D. M. 1960. Soybean ecology I. Development temperature relationships from

controlled environment studies. Agron. J. 52: 493-496.

Champman, J. 1986. The influence of photoperiod and temperature on the pre- flowering
phase length of eleven soybean cultivars in northern Natal. S. Afr. J. Plant Soil 3:
61-65.

Clemente, T. E. and Cahoon, E. B. 2009. Soybean oil: genetic approaches for modification
of functionality and total content. Plant Physiol. 151: 1030-1040.
doi:10.1104/pp.109.146282

Cober, E. R. 2011. Long juvenile soybean flowering responses under very short
photoperiods. Crop Sci. 51: 140-145.

Collinson, S. T., Summerfield, R. J., Ellis, R. H. and Roberts, E. H. 1993. Durations of the
photoperiod-sensitive and photoperiod insensitive phases of development to
flowering in four cultivars of soybean (Glycine max (L.) Merril). Ann. Bot. 71:
389-394.

Constable, G. A. and Rose, I. A. 1988. Variability of soybean phenology response to
temperature, daylength and rate of change in daylength. Field Crops Res. 18:57—69.

Craufurd, P. Q. and Wheeler, T. R. 2009. Climate change and the flowering time of annual
crops. J. Exp. Bot. 60: 2529-2539.

Cregan, P. B. and Hartwig, E. E. 1984. Characterization of flowering response to
photoperiod in diverse soybean genotypes. Crop Sci. 24: 659-662.

Criswell, J. G. and Hume, D. J. 1972. Variation in sensivity to photoperiod among early

maturing soybean strains. Crop Sci. 12: 657-660.

88



Destro, D., Pipolo, V. C., Kiihl, R. A. S. and Almeida, L. A. 2001. Photoperiodism and
genetic control of the long juvenile period in soybean: a review. Crop Breed. Appl.

Biotechnol. 1: 72-92.

Egli, D. B., Guffy, R. D. and Heitholt, J. J. 1987. Factors associated with reduced yields of
delayed planting of soybean. J. Agron. Crop Sci. 159: 176-185.

Ellis, R. H., Collinson, S. T., Hudson, D. and Patefield, W. M. 1992. The analysis of
reciprocal transfer experiments to estimate the duration of photo-period sensitive
and photoperiod insensitive phases of plant development: An example of soybean.
Annal. Bot. 70: 87-92.

FAO 2014. FAOSTAT. [online] http:// faostat.fao.org/ (browsed on May 2, 2016).

FAO 2016. FAOSTAT. [online] http:// faostat.fao.org/ (browsed on May 8, 2018).

Fatichin, Zheng, H.-S., Narasaki, K. and Arima, S. 2013. Genotypic adaptation of soybean
to late sowing in Southwestern Japan. Plant Prod. Sci. 16: 123-130.

Fehr, W. R., Caviness, C. E, Burmood, D. T. and Pennington, J. S. 1971. Stages of
development descriptions for soybean, Glycine max (L) Merrill. Crop Sci. 11: 929-
931.

Garner, W.W. and Allard, H. A. 1920. Effect of the relative length of day and night and
other factors of environment on growth and reproduction in plant. J. Argi. Res. 18:
553-606.

Garner, W.W. and Allard, H. A. 1930. Photoperiodic response of soybeans in relation to
temperature and other environmental factors. Agric. Res. 41: 719-734.

Gay, S., Egli, D. B. and Reicosky, D. A. 1980. Physiological aspects of yield improvement
in soybeans. Agron. J. 72: 387-391.

89



Gaynor, L. G., Lawn, R. J. and James, A. T. 2011. Agronomic studies on irrigated soybean
in southern New South Wales. I. Phenological adaptation of genotypes to sowing
date. Crop and Pasture Sci. 62: 1056-1066.

Grimm, S. S., Jones, J. W., Boote, K. J. and Herzog, D. C. 1994. Modeling the occurance
of reproductive stages after flowering for four soybean cultivars. Agron. J. 86: 31-
38.

Guthrie, M. L. 1972. Soybean responses to photoperiod extension. M. S. Thesis, lowa State
University Library, Ames, lowa.

Hadley P., Robert E. H., Summerfield R. J. and Minchin F. R. 1984. Effects of temperature
and photoperiod on flowering in soybean [Glycine max (L.) Merrill]: a quantitative
model. Ann. Bot. 53: 669-681.

Han, T. and Wang, J. 1995. Studies on the post flowering photoperiodic responses in
soybean. Acta. Bota. Sinica. 37: 863-869. (In Chinese with English abstract)

Han, T., Wu, C., Tong, Z. and Gai, J. Y. 2006. Post-flowering photoperiod regulates
vegetative growth and reproductive development of soybean. Environ. Exp. Bot.
55: 120-129.

Hanway, J. J. and Weber, C. R. 1971. Drymatter accumulation in eight soybeans (Glycine
max(L.) Merrill) varieties. Agron. J. 63: 227-230.

Hatfield, J. L. and Prueger, J. H. 2015. Temperature extremes: Effect on plant growth and

development. Weather and Climate Extremes 10: 4-10.

Heitholt, J. J., Egli, D. B. and Leggett, J. E. 1986. Characteristics of reproductive abortion
in soybean. Crop Sci. 26: 589-595.

Huxley, P. A., Summerfield, R. J. and Hughes, A. P. 1974. The effect of photoperiod on
development of soybean and cowpea cultivars grow in the U.K. in summer. Exp.
Agri. 10: 225-239.

90



Jonson, H. W., Borthwick, H. A. and Leffel, R. C. 1960. Effects of photoperiod and time
of planting on rates of development of the soybean in various stages of the life cycle.
Int. J. Plant Sci. 122: 77-95.

Kaga, A., Shimizu, T., Watanabe, S., Tsubokura,Y ., Katayose, Y., Harada, K., Vaughan,
D. A. and Tomooka, N. 2012. Evaluation of soybean germplasm conserved in

NIAS genebank and development of mini core collections. Breed. Sci. 61: 566-592.

Kantolic, A. G. and Slafer, G. A. 2007. Development and seed number in indeterminate
soybean as affected by timing and duration of exposure to long photoperiods after
flowering. Ann. Bot. 99: 925-933.

Khaliliagdam, N. 2014. Determination of sensitive growth stages of soybean to
photoperiod. Agri. Sci. Dev. 3: 140-145.

Lawn, R. J. and Byth, D. E. 1973. Response of soybeans to planting date in south-eastern
Queensland. 1. Influence of photoperiod and temperature on' phasic developmental
patterns. Aust. Agric. Res. 24: 67-80.

Li, Y. Guan, R, Liu, Z., Ma, Y., Wang, L., Li, L., Lin, L., Luan, W., Chen, P., Yan, Z.,
Guan, Y., Zhu, L., Ning, X., Smulders, M. J. M., Li, W., Piao, R., Cui, Y., Yu, Z.,
Guan, M., Chang, R, Hou, A., Shi, A., Zhang, B., Zhu, S. and Lijuan Qiu, L. 2008.
Genetic structure and diversity of cultivated soybean (Glycine max (L.) Merr.)
landraces in China. Theor. Appl. Genet. 117: 857-871.

Liu, X. B., Jin, J., Wang, G. H. and Herbert, S. J. 2008. Soybean yield physiology and
development of high-yielding practices in Northeast China. Field Crops Res. 105:
157-171.

Lu, Y. C., Tsai, K. H. and Oka, H. I. 1967. Studies on soybean breeding in Taiwan, 1.
Growing season and adaptabilities of introduced varieties. Bot. Bull. Academia
Sinica, 8: 37-53.

91


https://www.ncbi.nlm.nih.gov/pubmed/?term=Kaga%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23136496
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shimizu%20T%5BAuthor%5D&cauthor=true&cauthor_uid=23136496
https://www.ncbi.nlm.nih.gov/pubmed/?term=Watanabe%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23136496
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tsubokura%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23136496
https://www.ncbi.nlm.nih.gov/pubmed/?term=Katayose%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23136496
https://www.ncbi.nlm.nih.gov/pubmed/?term=Harada%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23136496
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vaughan%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=23136496
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tomooka%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23136496

Major, D. J., Johnson, D. R., Tanner, J. W. and Anderson, I. C. 1975. Effects of daylength

and temperature on soybean development. Crop Sci. 15: 174-179.

Mann, J. D. and Jaworski, E. G. 1970. Comparison of stresses which may limit soybean
yield. Crop Sci. 10: 620-624.

Matsunaga, R., Matsumoto, S., Shimano, I. and Shimada, S. 1983. Varietal differences in
nitrogen response of soybeans associated with their nodulation. Jpn. J. Crop. Sci.
52: 423-429.

Miranda, M. A. C., Mascarenhas, H. A. A. and Pereira, J. C. V. A. 1990. Study of soybean
lines with long juvenile period release of cultivar IAC-15. Bragantia, 49: 253-268.

(In Brazilian language with English abstract)

Nelson, R. 1987. The relationship between seed-filling period and seed yield in selected

soybean germplasm accessions. Field Crops Res. 15: 245-250.

Neumaier, N. and James, A. T. 1993. Exploiting the long juvenile trait to improve

adaptation of soybeans to the tropics. Food Legume Newsletter. 8: 12-14.

Nico, M., Anita, I. M., Daniel, J. M. and Adriana, G. K. 2016. Soybean fruit development
and set at the node level under combined photoperiod and radiation conditions. J.
Exp. Bot. 67: 365-377.

Niwa, M. 1985. Photoperiodic response of soybean varieties of low latitude regions as
compared with Japanese varieties. Jpn. J. Breed. 35: 421-428.

Polson, D. E. 1972. Day-neutrality in soybeans. Crop Sci. 12: 273-276.

Rahman, M. M., Hampton, J. G. and Hill, M. J. 2006. Soybean development under the

cool temperate environment of Canterbury. J. New Seed 7: 17-36.

Raper, C. D. Jand Thomas, J. F. 1978. Photoperiodic alteration of dry matter partitioning
and seed yield in soybean. Crop Sci. 18: 654-656.

92



Raper, C. D. J. and Kramer, P. J. 1987. Stress physiology. In J. R. Wilcox (Ed.), Soybeans:
improvement, production, and uses (PP. 589-641). 2"¥ Ame. Soc. of Agron,
Madison: Wisc.

Ray, J. D, Hinson, K., Mankono, J. E. B and Malo, M. F. 1995. Genetic control of a long-
juvenile trait in soybean. Crop Sci. 35: 1001-1006.

Roberts, E. H. and Summerfield, R. J. 1987. Measurement and prediction of flowering in
annual crops. In J. G. Atherton (Ed.), Manipulation of Flowering (PP. 17-50).

London: Butterworth.
Roberts, R. H. 1943. The role of night temperature in plant performance. Science 98: 265.

Saitoh, K., Wakui, N., Mahmood, T. and Kuroda, T. 1999. Differentiation and
development of floral organs at each node and raceme order in an indeterminate
type of soybean. Plant Prod. Sci. 2: 47-50.

Setiyono, T. D., Weiss, A., Specht, J., Bastidas, A. M., Cassman, K. G. and Dobermann,
A. 2007. Understanding and modeling the effect of temperature and daylength on
soybean phenology under high-yield conditions. Field Crops Res. 100: 257-271.

Shanmugasundaram, S. 1979. Variation in the photoperiodic response on several

characters in soybean, Glycine max (L) Merrill. Euphytica, 28: 495-507.

Shanmugasundaram, S. and Tsou, S. C. S. 1978. Photoperiod and critical duration for
flower induction in soybean. Crop Sci. 18: 598-601.

Slafer, G. A. and Rawson, H. M. 1994. Sensitivity wheat phasic development to major
environmental factors: a re-examination of some assumption made by physiologists
and modellers. Australian J. Plant Physiol. 21: 393-426.

Smith, J. R. and Nelson, R. L. 1986. Relationship between seed-filling period and yield
among soybean breeding lines. Crop Sci. 26: 469-472.

93



Sonka, S. T., Bender, K. L. and Fisher, D. K. 2004. Economic and marketing. In H. R.
Boerma and J.E. Specht (Eds.), Soybeans: improvement, production and uses (pp.

919-948). 3" ed. Agron. Monogr. 16. ASA. ASSA and SSSA, Madison: W1.

Spehar, C. R. 1995. Impact of strategic genes in soybean on agricultural development in

the Brazilian tropical savannahs. Field Crops Res. 41: 141-146.

Steinberg, R. A. and Garner, W. W. 1936. Response of certain plants to length of day and
temperature under controlled conditions. J. Agr. Res. 52: 943-960.

Summerfield, R. J., Asumadu, H., Ellis, R. H. and Qi, A., 1998. Characterization of the
photoperiod response of post-flowering development in maturity isolines of
soybean [Glycine max (L.) Merrill] clark. Ann. Bot. 82: 765-771.

Tacarindua C. R. P., Shiraiwa, T, Homma, K. and Kumagai, E. 2013. The effects of
increased temperature on crop growth and yield of soybean grown in a temperature
gradient chamber. Field Crops Res. 154: 74-81.

Thomas, J. F. and Raper, C. D. 1976. Photoperiodic control of seed filling for soybeans.
Crop Sci. 16: 667-672.

Upadhyay, A. P., Summerfield, R. H. Ellis, R. H. and Qi, A. 1994. Photoperiod-insensitive
phases of development to flowering among eight maturity isolines of soybean
[Glycine max (L.) Merrill]. Ann. Bot. 74: 97-101.

USDA. 2016. United States Department of Agriculture, Food Composition Databases
[online] https://en.wikipedia.org/wiki/Soybean (browsed on May 20, 2018).

Wang J., McBlain B. A., Hesketh J. D., Woolley J. T. and Bernard R. L. 1987. A data base
for predicting soybean phenology. Biotronics 16: 25-38.

Wang, Z., Reddy, V. R. and Acock, M. C. 1998. Testing for early photoperiod insensitivity
in soybean. Agron. J. 90: 389-392.

94


https://en.wikipedia.org/wiki/Soybean

Wilkerson, G. G., Jones, J. W., Boote, K. J. and Buol, G. S. 1989. Photoperiodically

sensitive interval in time to flower of soybean. Crop Sci. 29: 721-726.

Wu, T.-T., Li, J.-Y., Wu, C.-X,, Sun, S., MAO, T.-T., Jiang, B.-J., Hou, W.-S. and Han,
T.-F. 2015. Analysis of the independent- and interactive-photo-thermal effects of
soybean flowering. J. Integra. Agri. 14: 622-632.

Zhao, X., Zheng, S.-H. and Arima, S. 2014. Influence of nitrogen enrichment during
reproductive growth stage on leaf nitrogen accumulation and seed yield in soybean.
Plant Prod. Sci. 17: 209-217.

Zheng, S.-H., Maeda, A. and Fukuyama, M. 2003. Genotypic and environmental variation
of lag period of pod growth in soybean. Plant Prod. Sci. 6: 243-246.

95



