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Abstract
Allelic combinations of major photoperiodic (E1, E3, E4) and maturity (E2) genes have extended the adaptation of quantitative
photoperiod sensitive soybean crop from its origin (China ∼35◦N latitude) to both north (up to ∼50◦N) and south (up to 40◦S)
latitudes, but their allelic status and role in India (6–35◦N) are unknown. Loss of function and hypoactive alleles of these genes
are known to confer photoinsensitivity to long days and early maturity. Early maturity has helped to adapt soybean to short
growing season of India. We had earlier found that all the Indian cultivars are sensitive to incandescent long day (ILD) and
could identify six insensitive accessions through screening 2071 accessions under ILD. Available models for ILD insensitivity
suggested that identified insensitive genotypes should be either e3/e4 or e1 (e1-nl or e1-fs) with either e3 or e4. We found
that one of the insensitive accessions (EC 390977) was of e3/e4 genotype and hybridized it with four ILD sensitive cultivars
JS 335, JS 95-60, JS 93-05, NRC 37 and an accession EC 538828. Inheritance studies and marker-based cosegregation
analyses confirmed the segregation of E3 and E4 genes and identified JS 93-05 and NRC 37 as E3E3E4E4 and EC 538828 as
e3e3E4E4. Further, genotyping through sequencing, derived cleaved amplified polymorphic sequences (dCAPS) and cleaved
amplified polymorphic sequences (CAPS) markers identified JS 95-60 with hypoactive e1-as and JS 335 with loss of function
e3-fs alleles. Presence of photoperiodic recessive alleles in these two most popular Indian cultivars suggested for their role
in conferring early flowering and maturity. This observation could be confirmed in F2 population derived from the cross JS
95-60 × EC 390977, where individuals with e1-as e1-as and e4e4 genotypes could flower 7 and 2.4 days earlier, respectively.
Possibility of identification of new alleles or mechanism for ILD insensitivity and use of photoinsensitivity in Indian conditions
have been discussed.

[Gupta S., Bhatia V. S., Kumawat G., Thakur D., Singh G., Tripathi R., Satpute G., Devadas R., Husain S. M. and Chand S. 2017 Genetic
nalyses for deciphering the status and role of photoperiodic and maturity genes in major Indian soybean cultivars. J. Genet. 96, xx–xx]

Introduction
Soybean (Glycine max (L.) Merr.) is a short-day plant and
its different genotypes start to flower when the day length
is less than their critical day length. It is grown worldwide
from equator to 50◦N and 35◦S latitudes (Watanabe et al.
2012). The crop has adapted to such a wider range of
latitudes through its natural variation in the major genes
and quantitative trait loci (QTLs) controlling flowering time
and maturity. To date, 10 major genes controlling flowering
time and maturity have been indicated in soybean: E1 and
E2 (Bernard 1971), E3 (Buzzell 1971), E4 (Buzzell and
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Voldeng 1980), E5 (McBlain and Bernard 1987), E6 (Bonato
and Vello 1999), E7 (Cober and Voldeng 2001), E8 (Cober
et al. 2010), E9 (Kong et al. 2014) and J (Ray et al. 1995).
Of these 10 genes, E1, E3, E4 and E7 have been reported
as quantitative photoperiodic genes (Cober and Voldeng 2001)
with dominant alleles conferring photosensitivity. While dom-
inant alleles at E1, E2, E3, E4, E5, E7 and E8 loci delay time
to flowering, recessive alleles at E6, E9 and J loci delay flow-
ering time to different extents, interacting with the environ-
ment and with genotypes at other loci (Watanabe et al. 2012;
Kong et al. 2014).

The genes E3 and E4 were originally identified by different
responses of flowering to long day conditions, which were
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induced by (i) light with a high red (R) to far-red (FR) quan-
tum ratio generated by R-enriched fluorescent lamps and by
(ii) light with a low R : FR ratio generated by FR-enriched
incandescent lamps (Buzzell 1971; Buzzell and Voldeng
1980; Cober et al. 1996a). E3 controls flowering under LD
conditions with a high R : FR ratio, where e3e3 recessive
homozygous plants can initiate flowering under these condi-
tions (Buzzell 1971). E4 is involved in flowering under LD
conditions with a low R : FR ratio and a recessive e4 is nec-
essary for plants homozygous for the e3 to flower under these
conditions (Buzzell and Voldeng 1980; Saindon et al. 1989a;
Cober et al. 1996a, b). Two of the photoperiodic genes E3
and E4 have been identified as Phytochrome A3 and Phy-
tochrome A2 genes, respectively (Liu et al. 2008; Watanabe
et al. 2009). Allele-specific markers for these genes have
been developed for genetic analysis and molecular breeding
in soybean (Liu et al. 2008; Watanabe et al. 2009; Tsubokura
et al. 2013; Xu et al. 2013). At E3, three mutations e3-tr, e3-fs
and e3-ns have been reported (Watanabe et al. 2009 Xu et al.
2013). Allele e3-tr is a deletion mutation that lacks the 3′
region of the gene including exon 4, e3-fs is a frame-shift
mutation that introduces a stop codon in exon 1 and e3-ns is
a nonsense mutation in which a single nucleotide substitution
in exon 3 creates a stop codon in place of a codon encoding
glutamine. At E4, four single base-pair deletion mutations
(e4-kes, e4-kam, e4-tsu and e4-oto) resulting in premature
stop codons have been reported (Tsubokura et al. 2013).

E1 gene has also been reported to respond to ILD and it
interacts with E3 and E4 for conferring ILD insensitivity in
soybean (Cober et al. 1996a). E1 has been characterized and
found to encode legume-specific transcription factor that has
a putative nuclear localization signal and B3, distantly related
domain (Xia et al. 2012). Three mutations e1-as, e1-nl and
e1-fs have been reported at this locus. e1-as is a hypoac-
tive allele which causes loss of nuclear localization domain
in E1 protein that results in its reduced activity. The e1-fs
is a frame-shift mutation that causes 1-bp deletion in codon
17 and results in a premature stop codon. The e1-nl, a null
allele, results from deletion of ∼130 kb (including the entire
E1 gene) region (Xia et al. 2012). Molecular basis of pho-
toperiodic locus E7 is still unknown. E2 is an orthologue of
Arabidopsis GIGANTEA gene (GI) (Watanabe et al. 2011).
Recessive genotype at this locus causes early flowering
by inducing the expression of soybean florigen homo-
logue, FT2a, whereas the effect of E2 allele on flowering
under different environments remains stable (Watanabe et al.
2011).

Different soybeans adapting to a narrow latitudinal band
have evolved with diverse combination of these genes and
QTLs that control flowering behaviour (Tsubokura et al.
2013). Precision breeding for developing varieties for a spe-
cific area would involve identification of combinations of
these genes suitable for that area and their incorporation dur-
ing breeding process (Saindon et al. 1989b; Tsubokura et al.
2014). Soybean has originated in China which shares its
boundaries with India. Soybean is known to be sporadically

grown in Indian states, neighbouring China since ages (Piper
and Morse 1910; Hymowitz 1970). However, the feasibility
of commercial soybean cultivation in India could be demon-
strated through introduction of varieties like Bragg, Clark 63,
Lee, Improved Pelican, Davis, Hardee from USA in early
sixties. These introduced varieties have served as founder
stock by becoming parents in many of the present day Indian
soybean cultivars. Soybean is grown as rainfed crop in India
and key to its adaptation has been the development of early
maturing (∼85–100 days) cultivars which complete their life
cycle in short growing season. Understanding the genetic
basis of earliness in Indian cultivars would help to develop
the targeted breeding programmes.

Presently, India is the fifth largest soybean producing
country after US, Brazil, Argentina and China (FAOSTAT
2013, http://faostat3.fao.org/browse/rankings/countries_by_
commodity/E; Statista 2016, http://www.statista.com/statistics/
267270/production-of-soybeans-by-countries-since-2008/). In
spite of the characterization of major photoperiodic genes,
their status and role have remained unestablished in Indian cul-
tivars, largely due to their nonavailability of genetic stocks of
these genes and their similar phenotypic effects on flowering
and maturity. In our earlier work, we had identified six ILD
insensitive accessions (Singh et al. 2008), which showed
little effect of ILD at Indore and over various locations
spread over large latitudinal range (15.27◦ to 29◦N) for days
to R1. We observed that all the Indian cultivars were
ILD-sensitive. For genetic analysis of photoperiod trait in
identified photoinsensitive lines, the available literature sug-
gested that two genotypic groups: (i) e3e4 (Buzzell 1971;
Buzzell and Voldeng 1980; Saindon et al. 1989a; Cober
et al. 1996a; Abe et al. 2003) and (ii) e1 (e1-nl or e1-fs)
with either e3 or e4 confer photoperiod insensitivity to
ILD (Xu et al. 2013). With the availability of markers and
sequences for these genes, we proceeded with genetic analy-
sis of these genes and report their status and putative role in
major Indian cultivars.

Material and methods

Genetic analysis at E3 and E4 loci and assessment of effect
of photoperiodic genes for days to R1

Six earlier identified photoinsensitive accessions (MACS
330, EC 325097, EC 333897, EC 34101, EC 325118 and
EC 390977), four widely cultivated ILD-sensitive culti-
vars (JS 335, JS 95-60, JS 93-05 and NRC 37) and one
ILD-sensitive exotic accession (EC 538828) were geno-
typed using fragment length polymorphic (FLP) markers
for E3 and E4 genes (Liu et al. 2008; Watanabe et al.
2009). Sources of these accessions and pedigree of the cul-
tivars are given in table 1. A double recessive (e3e3e4e4)
photoperiod insensitive accession EC 390977 was hybridized
with these cultivars and accession EC 538828. F1s and F2s
were evaluated under 20-h ILD at experimental farm of
ICAR-Indian Institute of Soybean Research, Indore (22.4◦N),
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Table 1. Details of seven soybean accessions and four cultivars used for E1 gene sequencing with
GenBank accession numbers of their E1 coding DNA sequence.

Accession/ Origin/ GenBank accession no.
cultivar name source Pedigree for E1 gene sequence

MACS 330 India Indigenous collection KU312397
EC 325097 Hungary Exotic collection KU312398
EC 333897 USA Exotic collection No amplification
EC 34101 Hungary Exotic collection KM386867
EC 325118 Hungary Exotic collection KM386868
EC 390977 Taiwan Exotic collection KM386869
JS 335 India JS 78-77 × JS 71-5 KU312396
JS 93-05 India Secondary selection from PS 73-22 KM386863
JS 95-60 India Selection from PS 73-22 KM386864
NRC 37 India Gaurav × Punjab 1 KM386871
EC 538828 Japan Exotic collection KM386858

India, during 2011–12. Extended photoperiod was created by
providing lighting with 40 W incandescent bulbs at a height
of 3 feet above the crop canopy and the bulbs were con-
nected to an automatic timer. Planting was done in a sin-
gle row along the row of bulbs and 10 cm distance between
plants was maintained. Recommended package of practices
were followed. Data for days to R1 were recorded daily.
The F2 ratios of 3 : 1 and 15 : 1, for photoperiod sensitive
to insensitive plants were tested for segregation of one and
two genes, respectively. For assessing the effect of E1, E3
and E4 loci on days to R1, the F2 population of JS 95-60
× EC 390977 was phenotyped under 15 h of ILD during
2012–13.

Genomic DNA from parents, F1 and F2 of three crosses
namely NRC 37 × EC 390977, JS 93-05 × EC 390977 and
EC 538828 × EC 390977 were isolated by cetyl trimethyl
ammonium bromide (CTAB) method (Doyle and Doyle
1990). Genotyping at E3 and E4 loci was done through allele-
specific (Fragment Length Polymorphic markers) (Liu et al.
2008; Watanabe et al. 2009). Since, allele specific marker
for E3 could amplify e3 allele only, therefore, polymor-
phism between photoinsensitive and photosensitive parents
was established using SSR markers present near E3 locus
(table 2). For assessing the effect of E1, E3 and E4 genes
on days to flower, F2 population from cross JS 95-60 × EC

390977 was genotyped using SSR markers for E1 and E3 and
FLP marker for E4. For SSR amplification, PCR reactions
were carried out using the following cycling parameters: ini-
tial denaturation at 94◦C for 3 min, followed by 35 cycles of
94◦C for 1 min, 55◦C for 2 min, 72◦C for 2 min and finally, a
primer extension cycle of 10 min at 72◦C. The amplification
products were separated on 3% metaphor agarose gels. Gels
were run for 3 h at 120 V in 1× TBE buffer. The size of the
fragments was estimated using a 50-bp DNA ladder (Thermo
Fisher Scientific, Bengaluru, India).

Allelic characterization at E1, E2, E3 and E4 loci

PCR amplified DNA fragments of these 11 accessions and
cultivars, from primers 5′TGCCTTCACTTCCATTTCACA3′
and 5′AGGTTGAAGTACACGCTATTGC3′, were outsour-
ced (Scigenom, Bengaluru, India) for Sanger sequencing of
coding region of E1. Multiple sequence alignment tool Clus-
talW2 was used to identify different alleles of E1.

Genotyping at E2, E3 and E4 loci was further done using e2
(dCAPS: Derived Cleaved Amplified Polymorphic Seque-
nces), e3-fs Cleaved Amplified Polymorphic Sequences, e3-
ns (dCAPS), e4-oto, e4-kam, e4-kes (CAPS) and e4-tsu
(dCAPS) markers (Watanabe et al. 2011; Tsubokura et al.
2013; Xu et al. 2013).

Table 2. SSR markers used for detecting polymorphism at E3 locus between parents of cross NRC 37 × EC 390977 and JS 93-05 × EC
390977.

SSR name Forward primer sequence (5′ → 3′) Reverse primer sequence (5′ → 3′)

BARCSOYSSR_19_1430 AAGCGCCCTTTCAGTTTATG TGCAGACAAAACGATAGCAAA
BARCSOYSSR_19_1447 CACAATATAATTGAGAGACACTTTCAT CCCAAGTTTTCATTGTCTCAA
BARCSOYSSR_19_1462 CATAACTTCATTACAATTTTTACACCA TGGATAAACTAGGTTTTTGGCTT
BARCSOYSSR_19_1478 GTTTGGCTGGAAGGATGTGGT TCTCTTTCCAACAAGAAGTCGTC
BARCSOYSSR_19_1499 CATCAATTTTATCGATATTCTACACC TTTTGGAAATGGAAGAACTACTTAAA
BARCSOYSSR_19_1513 CCCTCTCCCTCTTTGAATCC TTGCCACCAAGGTTGATGTA
BARCSOYSSR_19_1527 TTTCCTCTAATAAACATAATGTCGAG AAATTGTGAGATTAATGGGAATG
Satt 229 TGGCAGCACACCTGCTAAGGGAATAAA GCGAGGTGGTCTAAAATTATTACCTAT
Satt 006 CAATGTGATTAGTTTTGGAAA GGGTTAATGTTGTTTTTTATA
Satt 664 GCGTAGATGCTCAACATCAACACTAATCTG GCGGACGATGAAGAAATATACTATTACGA
Satt 373 TCCGCGAGATAAATTCGTAAAAT GGCCAGATACCCAAGTTGTACTTGT
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Table 3. Genotypes and phenotypes at E3 and E4 loci using FLP markers.

Genotype at E3 Phenotype of
and E4 loci cultivar Accession

e3e3E4E4 ILD sensitive EC 538828
ILD insensitive MACS 330, EC 325097

–e4e4 ILD sensitive –
ILD insensitive EC 333897

–E4E4 ILD sensitive JS 335, JS 95-60, JS 93-05, NRC 37
ILD insensitive EC 34101, EC 325118

e3e3e4e4 ILD sensitive –
ILD insensitive EC 390977

–, no amplification at E3.

Table 4. Segregation for photoinsensitivity in F2 populations of crosses developed from
photosensitive and photoinsensitive parents.

Parental combination F2 segregation Segregation
of cross (sensitive : insensitive) tested χ2 probability

NRC 37 × EC 390977 144 : 6 15 : 1 0.2549
JS 93-05 × EC 390977 64 : 4 15 : 1 0.9003
JS 335 × EC 390977 88 : 5 15 : 1 0.7278
EC 390977 × JS 95-60 41 : 4 15 : 1 0.4645
EC 390977 × EC 538828 24 : 11 3 : 1 0.3797

Table 5. The χ2 testing of segregation (1 : 2 : 1) of alleles at E3 and E4 loci in F2 populations.

Cross name Genotype Observed ratio χ2 probability

JS 93-05 × EC 390977 E4E4 : E4e4 : e4e4 19 : 30 : 36 0.7183
E3E3 : E3e3 : e3e3 14 : 32 : 19 0.6755

NRC 37 × EC 390977 E4E4 : E4e4 : e4e4 28 : 44 : 33 0.1990
E3E3 : E3e3 : e3e3 39 : 61 : 27 0.2916

EC 390977 × EC 538828 E4E4 : E4e4 : e4e4 5 : 7 : 11 0.0359

Results

Identification of genotype of Indian cultivars at E3 and E4 loci

Recessive e3e3 was observed in ILD-insensitive MACS 330,
EC 325097, EC 390977 and sensitive EC 538828 accessions
(table 3). Genotype of rest of the accessions and cultivars
could not be determined at E3 locus because of nonamplifi-
cation of the product. Recessive e4e4 was present in two ILD
insensitives (EC 333897 and EC 390977) only and rest of the
accessions and cultivars had E4E4 genotype. Double reces-
sive photoinsensitive accession EC 390977 (e3e3e4e4) was
hybridized with photosensitive cultivars and accession (EC
538828). All the F1s were sensitive to ILD. In F2, pheno-
typic segregation ratio of 15 sensitive to 1 insensitive was
observed in crosses involving cultivars and that of 3 : 1, in
EC 538828 × EC 390977 (table 4).

To confirm that the segregating genes are E3 and E4,
three F2 populations from NRC 37, JS 93-05 and EC 538828
were genotyped for E3 and E4. At E3 locus, SSR markers

BARCSOYSSR_19_1447 and BARCSOYSSR_19_1527
were identified as polymorphic between parents and the for-
mer was used for genotyping. The validity of this marker
was further established in F2 population of JS 93-05 ×
EC 390977 by correlating its genotype with that of FLP
marker. Plants with −e3 genotype through FLP marker were
either E3e3 or e3e3 through SSR marker. This suggested
for the close location and robustness of the marker for its
use in our population. Events of crossing over for estimation
of distance between SSR locus and E3 gene (FLP marker)
could not be identified as presence of e3 through FLP meant
either E3e3 or e3e3 genotype. However, if the absence of
band through fragment length E3 marker is considered as the
presence of E3E3 (dominant) genotype, we identified that
five plants were of this genotype, but were identified as E3e3
by SSR marker. These plants should have arisen due to cross-
ing over. Of the 65 total F2 plants, five have been identified
as result of crossing over. This suggests that SSR marker
BARCSOYSSR_19_1447 is at least 7.7 cM away from the
E3 and may be used for genotyping purpose.
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Table 6. Summary of marker genotypes and ILD phenotypes in F2 of crosses NRC 37 × EC 390977
and JS 93-05 × EC 390977.

NRC 37 × EC 390977 JS 93-05 × EC 390977
Genotype Number of plants Phenotype Number of plants Phenotype

E3E3E4E4 9 Photosensitive 5 Photosensitive
E3E3E4e4 7 Photosensitive 6 Photosensitive
E3e3E4E4 10 Photosensitive 8 Photosensitive
E3e3E4e4 23 Photosensitive 16 Photosensitive
e3e3E4E4 9 Photosensitive 6 Photosensitive
e3e3E4e4 6 Photosensitive 8 Photosensitive
E3E3e4e4 11 Photosensitive 3 Photosensitive
E3e3e4e4 12 Photosensitive 9 Photosensitive
e3e3e4e4 5 Photoinsensitive 4 Photoinsensitive
e3e3e4e4 1* Photosensitive – –

*Photosensitive phenotype identified as insensitive by genotyping.

Molecular markers for E3 and E4 segregated in expected
1 : 2 : 1 ratio (table 5) in crosses involving EC 390977 with JS
93-05 and NRC 37, but segregation distortion was observed
in EC 538828 × EC 390977, probably because of small
population size. In all the three F2 populations, photoperiod
insensitive individuals had the e3e3e4e4 genotype and all
the photoperiod sensitive individuals had one of the other
possible seven genotypes. One photoperiod sensitive plant
from NRC 37 × EC 390977 was identified as insensitive
through molecular marker (table 6).

Allelic characterization of genotypes at E1, E2, E3 and E4 loci

Sequencing of E1 coding region revealed that all the
accessions and cultivars were E1E1 except for JS 95-60
and EC 325097 which have e1-as e1-as and EC 333897,
where amplification product was not obtained for sequenc-
ing (table 7). CAPS and dCAPS markers identified recessive
genotype for E2 in four photoperiod insensitive (MACS 330,
EC 325097, EC 333897 and EC 325118) and one sensitive
(EC 538828) accessions. All the insensitive accessions had

recessive e3-tr genotype at E3 locus except for EC 333897.
Among sensitive cultivars, only JS 335 had recessive (e3-fs
e3-fs) genotype. Of all the cultivars and accessions, only
two insensitive accessions EC 325097 and EC 325118 had
recessive e4-kes and e4-kam alleles, respectively, at E4 locus.

Effect of E1, E3 and E4 loci on flowering under ILD

EC 390977 and JS 95-60 flowered in 37 and 58 days, respec-
tively. Days to R1 in F2 ranged from 33 to 80 days with a
mean of 55.4 days. Two SSR markers for E1 locus identi-
fied a mean delaying effect of seven days in E1E1 genotype
as compared to recessive genotypes (e1-as e1-as) (figure 1).
Mean of heterozygotes was at par with that of homozygous
dominant genotype at this locus. E4E4 genotype caused a
mean delay of only 2.4 days over e4e4.

Discussion

Maturity gene-specific stocks were not available with us,
but we had identified six ILD insensitive accessions from

Table 7. Genotypes at E1, E2, E3 and E4 loci through sequencing and CAPS and dCAPS markers.

Accession/ E1 coding region CAPS and dCAPS genotype at loci Final genotype with
cultivar sequencing E2 E3 E4 sequencing and all markers

Photoinsensitive accessions
MACS 330 E1E1 e2e2 e3-tr e3-tr E4E4 E1E1 / e2e2 / e3e3 / E4E4
EC 325097 e1-as e1-as e2e2 e3-tr e3-tr e4-kes e4-kes e1e1 / e2e2 / e3e3 / e4e4
EC 333897 −∗ e2e2 E3E3 E4E4 – / e2e2 / E3E3 / e4e4
EC 34101 E1E1 E2E2 e3-tr e3-tr E4E4 E1E1 / E2E2 / e3e3 / E4E4
EC 325118 E1E1 e2e2 e3-tr e3-tr e4-kam e4-kam E1E1 / e2e2 / e3e3 / e4e4
EC 390977 E1E1 E2E2 e3-tr e3-tr E4E4 E1E1 / E2E2 / e3e3 / e4e4
Photosensitive accessions
JS-335 E1E1 E2E2 e3-fs e3-fs E4E4 E1E1 / E2E2 / e3e3 / E4E4
JS 95-60 e1-as e1-as E2E2 E3E3 E4E4 e1e1 / E2E2 / E3E3 / E4E4
JS 93-05 E1E1 E2E2 E3E3 E4E4 E1E1 / E2E2 / E3E3 / E4E4
NRC-37 E1E1 E2E2 E3E3 E4E4 E1E1 / E2E2 / E3E3 / E4E4
EC 538828 E1E1 e2e2 E3E3 E4E4 E1E1 / e2e2 / e3e3 / E4E4

*No amplification of product for sequencing.
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Figure 1. Effect of photoperiodic genes on days to R1 in F2 from
JS 95-60 × EC 390977.

our earlier screening of 2071 soybean accessions from 2002
to 2007. These accessions had exhibited no effect of ILD
extended day length at Indore and latitudes in multiloca-
tion testing. Indian cultivars were highly responsive to these
conditions and expressed delayed flowering in higher lati-
tudes and ILD extended day length. Available information
up to year 2007 suggested that genotypes of these acces-
sions should be e3e3e4e4. With the accessibility of the allele-
specific markers for E3 and E4 (Liu et al. 2008; Watanabe
et al. 2009), we could determine that one of the insensi-
tive accessions (EC 390977) has this combination and used
it to identify the alleles at E3 and E4 loci in popular Indian
cultivars. These markers identified the presence of E4E4 in
all the cultivars, but genotype at E3 could not be detected
because of amplification of only e3 allele. Since E4 FLP
marker scores only a single mutation event and genotype for
E3 was unknown, to determine their status in Indian soybean
cultivars, we undertook inheritance and cosegregation stud-
ies involving double recessive genotype EC 390977. Inher-
itance studies identified the segregation of two genes in all
the crosses involving cultivars and that of one gene in cross
involving EC 538828. Cosegregation analysis involving E4
FLP and E3 SSR markers (BARCSOYSSR_19_1447) could
confirm that segregating genes were indeed E3 and E4. From
this study, we could confirm that genotype of JS 93-05 and
NRC 37 is E3E3E4E4 and that of EC 538828 is e3e3E4E4.
Although F2 involving JS 335 and JS 95-60 also segre-
gated in 15 sensitive : 1 insensitive, cosegregation studies
or sequencing is required to confirm the involvement of E3
and E4. Although, soybean genome has been sequenced, yet
the polymorphism information on BARCSOYSSR_19_1447
would be useful to breeders, while using these accessions and
cultivars in their breeding programmes.

In our later genotyping, we found that JS 335 has reces-
sive e3-fs allele and hence, its F2 should have segregated into
3 : 1 instead of observed 15 : 1. JS 335 has been a mega

soybean cultivar of India and adapts to a wide range of lati-
tudes in India. This finding calls for further research to find if
yet another ILD sensitivity mechanism is present in JS 335.
In our insensitive accessions, we could find EC 325097, EC
325118 and EC 390977 to fit in the e3e4 insensitivity model,
but all of them were insensitive to ILD and latitudes. These
remaining genotypes also offer the possibility for identifi-
cation of another insensitivity mechanism or new alleles at
these loci.

Hypoactive e1-as allele was identified in cultivar JS 95-60
which flowers in 25–27 days after sowing and matures in
85–90 days. In central India, where cultivar JS 95-60 rules
(35% of total Indian soybean breeder seed requisition), farm-
ers require cultivar of early maturity to accommodate potato
and wheat/chickpea after the harvest of soybean. Presence of
e1-as e1-as genotype in this cultivar may be one of the rea-
sons for its early flowering. Our recent finding that accession
IC 15089, with almost similar flowering and maturity dura-
tion as that of JS 95-60, has e1-as allele also supports the role
of this recessive allele in conferring earliness (unpublished
data). E1 is a major photoperiodic gene, controlling days to
flower and delaying effect up to 25 days, has been reported
for its dominant allele under ILD conditions (Bernard 1971;
Cober et al. 1996a). Observed mean difference of 7 days in
flowering for E1E1 genotype from homozygous recessives
in both the SSR markers may be because of e1-as allele.
The allele e1-as, encodes a protein that is dysfunctional in
its nuclear localization because of a point mutation in the
putative nuclear localization signal (Xia et al. 2012). These
researchers found that e1-as is a leaky allele and may retain
partial E1 function.

Soybean originated in China at ∼35◦N and its further
spread more towards northern latitudes, with longer day con-
ditions, became possible through loss of function mutations
in photoperiodic genes (Cober et al. 2010; Jiang et al. 2014;
Tsubokura et al. 2014). Soybeans belonging to 000 maturity
groups have recessive alleles at all these loci. Much of the
inheritance work on photoinsensitivity has been conducted
in the countries of higher latitude. Theoretically, soybeans
adapting to lower latitudes, like India, should have photosen-
sitive alleles and those adapted to tropical zone have long
juvenile character as well. This explains the suitability of
maturity groups V and later to adapt to India and that is prob-
ably the reason for Bragg (MG VII), Lee (MG VI), Clark
63 (MG IV), improved Pelican (MG VIII), Davis (MG VI)
and Hardee (MG VIII) becoming the founder soybean culti-
vars in India. Long juvenile character which is not affected
by photoperiod, delays flowering under short day conditions
and thus promotes plant growth which results in good yield
when the crop is grown near tropics. Lawn and James (2011a,
b) have shown the importance of photoinsensitivity trait in
Australia whose latitudes (9–44◦S) almost correspond to that
of India (6–35◦N). They introduced elite US photoinsensi-
tive cultivars Charleston and Sprite 87 (MG III) and back-
crossed them as recurrent parent with donors of long juvenile
trait. Developed backcross lines with both long juvenility and
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photoinsensitivity traits could adapt to a very large range of
latitudes and sowing dates. They could attribute the impor-
tance of photoinsensitivity in fixing the days to flower over a
range of latitudes and sowing dates in presence of long juve-
nility trait. Presence of recessive alleles in the most popular
cultivars, JS 335 and JS 95-60, also suggests for the utility of
photoinsensitivity in India but a definite conclusion can only
be obtained by developing near isogenic lines for these genes
and evaluating them over various latitudes and sowing dates
in India.

Identified recessive alleles offer a number of opportu-
nities for their use in Indian soybean molecular breeding
programmes. In India, based on the observation on 320 ac-
cessions evaluated during eight years in All India Coordi-
nated Soybean Research Project, we have found that average
days to flower in northern plain zone (average latitude
28.75◦), central zone (average latitude 22.61◦) and south-
ern zone (average latitude 16.13◦) decrease from 51 to 41,
to 38, respectively. We have found that average plant height
for these zones decreased from 66 in northern plain zone to
56 cm in central zone, and to 42 cm in southern zone. Hence,
one of the utilities of identified recessive alleles would be
in imparting a small degree of photoinsensitivity in culti-
vars adapting to northern plain zone, where flowering is
too late, plants grow longer and lodge. Their another use-
fulness would be in adaptation of soybean accessions from
lower latitudes to higher latitudes of northern India by mak-
ing them insensitive to relatively longer day conditions of
these latitudes. This would allow the use of elite germplasm
of southern latitudes possible for developing desirable early
maturing cultivars in central India. Further, presence of
hypoactive allele in the most popular cultivar JS 95-60 and
its quite earliness suggest for converting popular long dura-
tion (>100 days) cultivars of central India with photoinsen-
sitive genes for faster development of new genotypes with
desired maturity in adaptive genetic background. This is the
first report on status of photoperiodic genes in Indian soy-
bean gene pool and identified alleles and their molecular
markers would be of great value in Indian soybean breeding
programmes.
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