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maturity, were maintained through five backcross genera-
tions. A functional genomics approach using a predicted 
protein–protein interaction (PPI) approach (Protein–protein 
Interaction Prediction Engine, PIPE) was used to investi-
gate approximately 75 genes located in the genomic region 
that SSR and SNP analyses identified as the location of 
the E10 locus. The PPI analysis identified FT4 as the most 
likely candidate gene underlying the E10 locus. Sequence 
analysis of the two FT4 alleles identified three SNPs, in the 
5′UTR, 3′UTR and fourth exon in the coding region, which 
result in differential mRNA structures. Allele-specific 
markers were developed for this locus and are available for 
soybean breeders to efficiently develop earlier maturing 
cultivars using molecular marker assisted breeding.

Abbreviations
GO  Gene ontology
MP-PIPE  Massively parallel protein–protein interaction 

prediction engine
PIPE  Protein–protein interaction prediction engine
PPIs  Protein–protein interactions
QTLs  Quantitative trait loci
SNP  Single nucleotide polymorphism
SSR  Simple sequence repeat

Introduction

In order to expand soybean, Glycine max (L.) Merr., culti-
vation in western Canada and in northern regions, one must 
accumulate early maturity alleles to develop short-season 
adapted (early flowering and maturity) lines. Both time of 
flowering and maturity in soybean are controlled by photo-
period sensitivity genes (Garner and Allard 1927; Cober et al. 
2014). These genes also have pleiotropic effects on seed yield 
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and other characteristics such as plant height (Cober and 
Morrison 2010). There are large numbers of quantitative trait 
loci (QTLs) [first flower—77 QTLs, pod maturity (R8)—160 
QTLs, pod maturity beginning (R7)—5 QTLs, pod begin-
ning (R3)—6 QTLs, etc.] in different linkage groups which 
have been identified to be involved in flowering and matu-
rity and catalogued in different databases including SoyBase 
(http://soybase.org/). So far 11 major genes/loci [E1 and E2 
(Bernard 1971), E3 (Buzzell 1971), E4 (Buzzel and Voldeng 
1980; Saindon et al. 1989a, b), E5 (McBlain and Bernard 
1987; McBlain et al. 1987), E6 (Bonato and Vello 1999), E7 
(Cober and Voldeng 2012), E8 (Cober et al. 2010), E9 (Kong 
et al. 2014; Zhao et al. 2016), J (Ray et al. 1995) and Dt1 
(Liu et al. 2010; Tian et al. 2010)] have been reported in soy-
bean affecting time of flowering and maturity. The underly-
ing genes in half of the loci (E1–E4, E9 and Dt1) have been 
identified (Liu et al. 2008; Watanabe et al. 2009, 2011; Xia 
et al. 2012; Zhao et al. 2016), but the candidate genes at other 
maturity loci have not been identified.

As mentioned previously, flowering and maturity pro-
cesses in soybean are not fully understood. In many organ-
isms, protein–protein interactions (PPI) have been used 
to identify and/or propose a shortlist of novel potential 
candidates in complex pathways. PPIs are vital physical 
interactions that define the functionality of an organism, 
its development and responses to various provocations. 
Most proteins realize their functions by interacting with 
each other and forming protein complexes. Understanding 
protein interactions in an organism helps us better under-
stand the biology of that organism (Jessulat et al. 2011). 
Theoretically, if a protein interacts with a number of pro-
teins involved in a specific pathway, the protein of interest 
might also be involved in the same specific pathway. This 
is a concept called “guilt by association” which is broadly 
used to assign function(s) for unknown protein(s) based on 
their interactions with known protein partners (Omidi et al. 
2014; Vlasblom et al. 2015). Our knowledge of compre-
hensive PPI networks in complex organisms such as human 
and plants is technically limited (Fields and Song 1989;Jes-
sulat et al. 2011). Traditional methods such as yeast two 
hybrid and tandem affinity purification have high false 
negative/positive rates and some proteins simply cannot 
be tested by these methods due to technical limitations. In 
this context, computational methods can provide efficient 
alternatives for studying novel PPIs. The first global PPI 
prediction was performed in the unicellular model organ-
ism, Saccharomyces cerevisiae (Pitre et al. 2008). With 
advancements in prediction algorithms and high-perfor-
mance computing, prediction methods have recently been 
applied to more complex organisms such as human (Schoe-
nrock et al. 2014).

In this study, we used a bioinformatics tool called 
Protein–Protein Interaction Prediction Engine (PIPE) to 

predict effectively (low rate of false negative/positive) the 
first semi-comprehensive PPI network in soybean. Soy-
bean functional genomics data acquired through PIPE will 
help us to identify, to develop a shortlist and to confirm 
the involvement of candidate genes in various pathways 
including early flowering and maturity. PIPE has been 
used to generate proteome-wide, all proteins-against-all 
proteins (all-to-all) predicted interactomes in a range of 
organisms including yeast, S. cerevisiae, (Pitre et al. 2008) 
and human, Homo sapiens, (Schoenrock et al. 2014), 
among others (Pitre et al. 2012). PIPE can quickly pro-
duce individual PPI predictions and is typically tuned, for 
a given organism, to achieve a specificity of 99.95% (see 
Pitre et al. 2008; Schoenrock et al. 2014, for details on 
how PIPE’s predictive performance is evaluated). PIPE has 
been independently evaluated and compared to other PPI 
prediction methods and has been shown to significantly 
outperform the others in terms of recall-precision across 
all of the datasets tested (Park 2009). PIPE (Pitre et al. 
2012) has also been shown to efficiently produce cross-
species predictions (i.e. use interaction data from one 
organism to make high-quality PPI predictions in another 
related organism).

Soybean maturity isolines have been developed in both 
‘Maple Presto’ and ‘Harosoy’ backgrounds. Based on 
genetic and genotyping data, OT98-17 in a Maple Presto 
background and OT02-18 in a Harosoy background have 
the same known maturity genotype (Cober et al. 2010); 
however, OT98-17 was earlier maturing in the field in 
Ottawa, Canada (45.4214°N, 75.6919°W) compared to 
OT02-18. The hypothesis is that this maturity difference is 
controlled by a single gene and that earliness or lateness 
could be backcrossed into OT02-18 and OT98-17, respec-
tively. The objective of this study was to understand the 
genetic control of maturity between these two isolines, to 
map the maturity locus, and to identify a candidate gene 
controlling maturity.

Materials and methods

DNA extraction, PCR, and sequencing

DNA was extracted from frozen leaves of plants grown in 
the greenhouse or the field using a modified urea extraction 
technique described by Molnar et al. (2003).

Sequencing primers were designed using Primer3 online 
software (www.bioinfo.ut.ee/primer3) for FT4 and FTL7. 
Soybean SSR primers designed by Cregan et al. (1999) 
were used in this study for DNA amplification. All primers 
were purchased from IDT Inc. (Integrated DNA Technol-
ogy, Coralville, Iowa, United States). A list of primers used 
in this study is presented in supplementary file 1.

http://soybase.org/
http://www.bioinfo.ut.ee/primer3
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DNA amplification was performed as described by 
Cregan et al. (1999) with some modifications described by 
Molnar et al. (2003).

Extracted DNA was amplified using gene-specific prim-
ers (supplementary file 1) to produce high-quality PCR 
amplicons and purified using BigDye® Terminator v3.1 
Cycle Sequencing Kit (Life technologies, Carlsbad, Cali-
fornia, USA) as per the manufacturer’s instructions. DNA 
sequencing of the PCR amplicons was performed using 
ABI BigDye Terminator chemistry v3.1 (Applied Biosys-
tems, Foster City, California, USA) and run on an ABI 
3130xl automated sequencer (Applied Biosystems/Hitachi, 
Foster City, California, USA) at in-house facilities located 
at AAFC-ORDC, Ottawa.

Bioinformatics analyses

A database of SNP genotypes of 300 Canadian soybean 
varieties created by Sonah et al. (2013, 2015) was used as a 
source for SNP haplotype analysis (Table 5).

Gene ontology analysis was performed using online 
tools including SoyBase (http://soybase.org/) for Soy-
bean and GeneMANIA (http://www.genemania.org/) for 
Arabidopsis.

Two-dimensional structures of RNA for FT4 and FTL7 
coding sequences isolated from E10 and e10 lines were 
determined using phiSITE (http://www.phisite.org/main/) 
and RNA fold (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.
cgi).

The Protein–Protein Interaction Prediction Engine 
(PIPE) works based on re-occurring short amino acid 
sequences between known interacting protein pairs (simi-
larity matrix); simply, it predicts interactions based on pro-
tein sequence information and a database of known inter-
acting pairs (Pitre et al. 2006).

PIPE requires a set of known interacting protein pairs as 
well as their primary (amino acid) sequences to be able to 
make its predictions. For a given pair of proteins A and B, 
PIPE performs the following steps to predict if they interact 
or not:

(i) First PIPE converts the protein pairs known to inter-
act into an interaction graph G, where every protein 
is represented as a node in G and a known interaction 
between two proteins is represented as an edge in G.

(ii) Protein A is investigated to find similar proteins in the 
interaction graph G. To do this, protein A is split up 
into overlapping windows of size 20 and each one of 
these amino acid segments is compared to all segments 
of size 20 in all of the proteins that make up the graph 
G. To evaluate how similar these segments are, the 
PAM120 matrix is used. If the similarity score is above 
a tunable threshold, the segments are said to match. If 

protein X in G contains a segment which matches a 
segment at position i in protein A, all neighbours of X 
in G are put into a list R.

(iii) Next, protein B is investigated to see if it contains simi-
lar regions to those proteins now stored in list R in the 
same manner as step 2. If protein Y (known to interact 
with X) in R contains a region similar to protein B at 
position j, the result matrix of size n*m (where |A| = n 
and |B| = m) which is initially set up to contain only 
zeroes, is incremented at position I, j.

(iv) The above steps are repeated for all possible protein 
window combinations on proteins A, B and those pro-
teins which make up the graph G. Each cell a, b of the 
result matrix now stores how many segments of pro-
teins known to interact share similar regions to query 
proteins A (at position a) and B (at position b). These 
co-occurring segments (in our query pair and our 
known interacting pairs) represent evidence towards 
potential interaction. The result matrix is then visual-
ized as a 3D landscape and, based on this landscape, 
proteins A and B are predicted to interact or not.

(v) A subset of 44,140 proteins (this subset included all the 
confirmed genes involved in the flowering and matu-
rity pathway of soybean, plus the 75 genes located in 
the E10 region, plus a subset of approximately 44,000 
random soybean genes, approximately 60% of the total 
soybean gene complement) was derived for PIPE anal-
ysis. PIPE evaluated all possible protein pairs between 
the 44,140 proteins studied. The results were then 
sorted by their predicted interaction score and only the 
top scoring pairs were considered as potentially inter-
acting for gene ontology analysis.

Massively Parallel PIPE (MP-PIPE) is the latest imple-
mentation of PIPE and computer scientists have improved 
PIPE efficiency. MP-PIPE is capable of producing 
extremely high-quality predicted interactomes (specificity 
of 99.95%) for organisms as complex as human and plants 
in a reasonable time using a variety of compute clusters 
(Schoenrock et al. 2014). We used MP-PIPE to investigate 
protein–protein interactions in a reduced set of soybean 
proteins due to current programing limits.

Results

Genetic stocks and field phenotyping for maturity

Isolines of Maple Presto and Harosoy have been grown in 
the field in Ottawa over multiple years (Table 1). OT98-17 
(Maple Presto isoline) and OT02-18 (Harosoy isoline) have 
the same genotype at the major known maturity loci (e1e1 
e2e2 e3e3 e4e4 e7e7 e8e8) and yet OT98-17 matured 6 days 

http://soybase.org/
http://www.genemania.org/
http://www.phisite.org/main/
http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
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earlier than OT02-18 in the field (Table 1). To introgress 
early maturity into OT02-18 and late maturity into OT98-
17, an OT02-18/OT98-17 cross was made in 2002. The F2 
population was grown in 2003 and F3 progeny rows were 
grown in the field at Ottawa in 2004. The three earliest 
maturing lines were selected to backcross to OT02-18 and 
the three latest maturing lines were selected for backcross-
ing to OT98-17. Parental selection for early or late maturity 
during backcrossing was carried out to the backcross five 
generation. BC1 F3 progeny rows were grown in 2006. BC2 
F3 progeny rows were grown in 2008. BC3 F3 progeny rows 
were grown in 2010. BC4 F3 progeny rows were grown in 
2013. BC5 F3 progeny rows were grown in 2015 and date of 
maturity was observed. BC4 lines used as parents were also 
grown in 2015 and date of maturity was recorded (Table 2). 

SSR markers linked to maturity

Both OT02-18 and OT98-17, as well as related germ-
plasm, were genotyped with 78 SSR markers as part of a 

previous study of the E8 maturity locus (Cober et al. 2010). 
These SSR markers are widely distributed across the whole 
genome. To search for the chromosomal location of E10, 
these SSR genotyping data were investigated for a con-
trast between OT98-17 (e10) and the presumed E10 lines 
OT02-18, Harosoy, Maple Presto, and OT94-47. Only one 
genomic region of three adjacent SSR markers (Satt429, 
Satt538 and Satt378) on chromosome Gm 08 (Linkage 
Group A2) correlated perfectly with this genetic contrast 
(Table 3). The correlation was maintained when these 
lines were genotyped with the adjacent marker Sat_347 
(Table 3).

Part way through the development of new maturity 
isolines, genotyping of five early maturing putative e10 
BC3 lines with the four SSR markers produced SSR band-
ing patterns identical with the e10 donor line OT98-17 
(Table 3). Genotyping four late-maturing putative E10 
BC3 lines gave banding patterns identical with the E10 
donor line OT02-18 at three of the four SSR markers 
(Table 3).

Table 1  Agronomic 
characteristics of Maple Presto 
and Harosoy maturity near-
isogenic soybean lines grown at 
Ottawa, ON from 2007 to 2011

a  OT98-17 = X824A-ve/7*Maple Presto. X824A-ve = PI 438477/2*Evans/2/L62-667
b  (Cober et al. 2010)
c  OT98-17 has known maturity alleles e1-nl e2 e3-tr e4-SORE
d  OT02-18 has known maturity alleles e1-fs e2 e3-tr e4-SORE
e  Maple Presto (Amsoy/Portage/2/PI 438477) has the genotype e1 e2 e3 e4 e7 E8 E9
f  The recurrent parent Harosoy has the genotype (e1-as e2 E3 E4 E7 E8 E9). For locus E9, E9E9 is the 
early genotype

Isolines Background (substituted alleles) Seed yield (kg/ha) Maturity (days) Plant height (cm)

OT98-17a,b,c Maple Presto (e8) 917 90 61

Maple Prestob MPb,e 2048 100 76

OT02-18d Harosoyf (e3 e4 e7 e8) 1365 96 61

OT94-47 Harosoy (e3 e4 e7) 2096 103 72

OT89-5 Harosoy (e3 e4) 2387 105 83

OT99-17 Harosoy (E2 e3 e4) 2609 112 85

Table 2  Days to maturity of 
BC4 soybean parents and BC5 
bulks, from the introgression of 
E10 into OT98-17 and e10 into 
OT02-18, and maturity check 
cultivar Maple Presto, grown at 
Ottawa, ON in 2015

The BC4 parents and Maple Presto and the BC5 bulks and Maple Presto were grown in different fields

Background Days to maturity Standard error

BC4 parents

 Late maturity introgressed Maple Presto 94.3 1.3

 Early maturity introgressed Harosoy 89.6 1.3

 Maple Presto 98.5 2.1

BC5 bulks

 Late maturity Maple Presto 103.2 0.6

Harosoy 109.6 0.5

 Early maturity Maple Presto 94.8 0.8

Harosoy 95.2 0.8

 Maple Presto 105.0 1.1
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SNP markers linked to maturity

A number of genetic lines, presented in Table 3, were part of 
a collection of approximately 300 Canadian breeding lines 
that have been independently genotyped with SNP mark-
ers (Sonah et al. 2013, 2015). The approximately 10,300 
SNPs provide wide genome coverage. The SNP genotype 
database was examined for a contrast between e10 and E10 
lines. Two lines, X5285 and X5288 (OT02-18*3/OT98-17, 
BC2 e10 lines), are presumed to be e10 because they are the 
early maturity selections used as BC1 parents in the next 
backcross to OT02-18. The lines OT02-18, Harosoy, OT94-
47, X5289, and X5291 (the two later maturing lines have 
the same pedigree: OT02-18/3*OT98-17, E10 BC2) lines 
are presumed to be E10. The only genomic location where 
the SNP haplotype correlated perfectly with e10/E10 status 

was a continuous block of 18 SNPs on the end of chromo-
some Gm08. This block also contained some SNPs that 
were monomorphic across this subset of e10 and E10 lines. 
The first of the correlating SNPs was at Gm08:46262303 
(E10E10: A and e10e10: C) and the last at Gm08:46948064 
(E10E10: C and e10e10: T), where positions are defined in 
Glycine max Genome Assembly Version Glyma.Wm82.a1 
(Gmax1.01) at www.soybase.org (accessed March 7, 2016). 
These SNPs span the region of Gm08 which also contains 
the four SSR markers Sat_347 (46284254 … 46284485), 
Satt429 (46365992 … 46366258), Satt538 (46545795 … 
46545904) and Satt378 (46760180 … 46760343) used pre-
viously. Therefore, the location of the E10/e10 locus based 
on the SNP data is completely consistent with the loca-
tion that was independently predicted by the SSR data (see 
Table 5).

Table 3  SSR screening for the 
E10 soybean maturity locus 
(color figure online)

Name Gene�cs      
E10 

status 

SNP or SSR Markera and its Loca�on on 

recombina�on (cM) and sequence (bp) maps of 

chromosome Gm08

Sat_347 Sa 429 Sa 538 Sa 378

158.4 cM 162.0 cM 159.6 cM 165.7 cM

46284254 46365992 46545795 46760180

OT98-17 - e10e10 B B B B

OT02-18 - E10E10 C C C A

X5494 

(OT02-18/X5285-1-

9-1)

Harosoy 

e10 (BC3) 
e10e10 B B B B 

X5495 

(OT02-18/X5285-1-

9-2)

Harosoy 

e10 (BC3) 
e10e10 B B B B 

X5496 

(OT02-18/X5285-1-

9-3)

Harosoy 

e10 (BC3) 
e10e10 B B B B 

X5497

(OT02-18/X5288-1-

23-1)

Harosoy 

e10 (BC3) 
e10e10 B B B B 

http://www.soybase.org
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Table 3  continued

X5498 

(OT02-18/X5288-1-

23-2)

Harosoy 

e10 (BC3) 
e10e10 B B B B 

X5499 

(OT98-17/X5289-1-

10-1)

M. Presto 

E10 (BC3) 
E10E10 C C C - 

X5500 

(OT98-17/X5289-1-

10-2)

M. Presto 

E10 (BC3) 
E10E10 C C C - 

X5501 

(OT98-17/X5291-1-

14-1)

M. Presto 

E10 (BC3)
E10E10 C C C - 

X5502 

(OT98-17/X5291-1-

14-2)

M. Presto 

E10 (BC3)
E10E10 C C C - 

Harosoy 

Recurrent 

parent of 

OT02-18

E10E10 D C C - 

Name Gene�cs      
E10 

status 

SNP or SSR Markera and its Loca�on on 

recombina�on (cM) and sequence (bp) maps of 

chromosome Gm08

Sat_347 Sa�429 Sa�538 Sa�378

158.4 cM 162.0 cM 159.6 cM 165.7 cM

46284254 46365992 46545795 46760180
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Table 3  continued

17

840-7-3 

Ancestor 

of OT98-

17

- A A A A 

Evans

Ancestor 

of OT98-

17

E10E10 D A C A 

L62-667

Ancestor 

of OT98-

17

E10E10 C C C A 

OT94-47 - E10E10 - A A A

Name Gene�cs      
E10 

status 

SNP or SSR Markera and its Loca�on on 

recombina�on (cM) and sequence (bp) maps of 

chromosome Gm08

Sat_347 Sa�429 Sa�538 Sa�378

158.4 cM 162.0 cM 159.6 cM 165.7 cM

46284254 46365992 46545795 46760180

Maple Presto

Recurrent 

parent of 

OT98-17

E10E10 E D C A 

Amsoy 71b

Ancestor 

of OT98-

17

E10E10 F D C A 

Portage 
Ancestor 

of OT98-
E10E10 CD CD  AC A 

The table shows banding patterns for SSR markers. Dark blue shading shows agreement between 
e10 lines and the e10 donor (OT98-17) while light blue shading shows agreement between E10 
lines and OT02-18
a  These four SSR markers are ordered in accordance with the physical genomic sequence map
b  Amsoy is in the pedigree of Maple Presto and OT98-17. Amsoy 71 used in this study is Amsoy 
with a phytophthora resistance gene backcrossed in, and is an accurate representation of Amsoy 
at the e10 locus, assuming the e10 locus is genetically independent of the phytophthora resistance 
locus
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Identifying a candidate gene for E10

In order to identify the underlying gene responsible for 
the E10 locus, a list of annotated genes within the E10 
chromosomal region (between Sat_347 and Satt378) was 
compiled using the SoyBase browser (http://soybase.org/) 
and approximately 75 candidate genes were identified. To 
identify which of these genes corresponds to the E10 locus, 
a bioinformatics approach called PIPE (Protein–protein 
Interaction Prediction Engine), which predicts PPIs, was 
used.

Given that there is great homology between the flower-
ing model plant Arabidopsis and soybean (Grant et al. 2000; 
Wickland and Hanzawa 2015), and due to the lack of known, 
experimentally validated soybean PPIs, PPI data from Arabi-
dopsis thaliana were used to supplement the approximately 
15 confirmed PPIs of soybean reported in Uniprot (http://
www.uniprot.org/). The PIPE reference database for this 
project was constructed using 27,450 confirmed protein 
sequences sourced from the Arabidopsis genome database at 
TAIR (https://www.Arabidopsis.org/) and 14,264 experimen-
tally validated high confidence Arabidopsis PPIs taken from 
TAIR, GeneMANIA, and Uniprot. First, an all-to-all pre-
dicted interactome was produced on all possible 376,764,975 
Arabidopsis protein pairs. Leave-one-out cross-validation 
experiments (as described by Pitre et al. 2008; Schoenrock 
et al. 2014) were carried out on the resulting interactome and 
PIPE achieved a sensitivity of 42.65% at its normal operat-
ing point of a specificity of 99.95%. Given this good predic-
tive performance, the known Arabidopsis interactions plus 
the 15 confirmed PPIs of soybean were used to predict PPIs 
in soybean. As shown by Pitre et al. (2012), PIPE can suc-
cessfully predict PPIs in one organism given good interac-
tion data from another related organism. PIPE was shown to 
produce quality PPI predictions using data from organisms 

as distant as human, Homo sapiens, and yeast, S. cerevisiae. 
A total of 75,778 confirmed soybean protein sequences were 
retrieved from SoyBase (http://soybase.org/). This high num-
ber of protein sequences results in a significant increase in 
the number of combinations of potential PPIs, exceeding the 
current computational capability of MP-PIPE. Consequently, 
a subset of 44,140 proteins was derived for PIPE analysis. 
This subset included all the confirmed genes involved in 
the flowering and maturity pathway of soybean, plus the 75 
genes located in the E10 region, plus a subset of approxi-
mately 44,000 soybean genes chosen with a random num-
ber generator for approximately 60% of the total soybean 
gene complement. This subset was used to run a semi-com-
prehensive PPI analysis of soybean. MP-PIPE evaluated all 
974,191,870 possible protein pairs between the 44,140 pro-
teins studied. The results were then sorted by their predicted 
interaction score and only the top scoring pairs were consid-
ered as potentially interacting. More than 250,000 soybean 
PPIs had high specificity. Here we have performed the first 
semi-comprehensive functional genomics analysis of soy-
bean through MP-PIPE. While a sequence analysis of the 
75 putative candidates and soybean and Arabidopsis flower-
ing time genes might also have been used to try to identify 
candidate genes for E10, PIPE was developed for soybean 
since the predicted PPIs can be used in the future to address 
questions beyond our immediate identification of a candidate 
gene for E10.

In order to identify the potential candidate gene corre-
sponding to E10 from the approximately 75 genes in the 
E10 chromosomal region, PPIs were predicted for all of 
the genes located in the E10 region. Gene ontology (GO) 
analyses were then performed on the basis of interacting 
partners; that means predicting whether or not genes in the 
E10 region have interactions with genes involved in flow-
ering and maturity. GO analysis represents a systematic 

Fig. 1  Representative GO 
analysis of soybean E10 can-
didate genes FT4 and FTL7, a 
positive control maturity gene 
E3 (PhyA3), and a random 
negative control gene (zero 
interaction with genes involved 
in flowering and maturity), 
identified through the semi-
comprehensive run of soybean 
MS-PIPE. Detailed information 
is presented in supplementary 
file 3

http://soybase.org/
http://www.uniprot.org/
http://www.uniprot.org/
https://www.Arabidopsis.org/
http://soybase.org/
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investigation of the functional property of a gene or group 
of selected genes; in other words, if a given gene of interest 
interacts with groups of genes which are involved in a spe-
cific pathway, that gene of interest might also be involved 
in the same particular pathway (guilt by association). The 
complete list of genes investigated in the E10 chromosomal 
region is presented in supplementary file 2.

As presented in Fig. 1, FT4, also known as FTL8, 
(Glyma08g47810, GenBank ID: FJ573234.1; Flower-
ing Locus T-like Protein 8) has the most interacting part-
ners known to be involved in flowering and maturity (19 
genes, Gene ontology annotation P value ≤0.05); however, 
FTL7 (Glyma08g47820, GenBank ID: FJ573233.1; Head-
ing Date 3A-like) also has interacting partners involved 
in maturity and flowering, fewer than FT4 but still sig-
nificant compared to other genes in this region (8 genes, 
Gene ontology annotation P value ≤ 0.05). In order to 
confirm the accuracy of the data and the statistical analy-
sis (P value ≤0.05), both a positive control (E3 maturity 
gene, PhyA3 gene Glyma19g41210) and a random gene 
control (Glyma08g47920) were included in the analysis. In 
contrast with FT4 and FTL7, the rest of the genes located 
in this chromosomal region had either no interactions or a 
very limited number of interactions (statistically not signif-
icant, P value ≥0.05, in terms of the GO analysis) with any 
genes confirmed to be involved in flowering and maturity. 
A list of interacting partners predicted by PIPE for FT4, 
FTL7, and the positive and negative (random gene) con-
trols are presented in supplementary file 3.

Investigating FT4 and FTL7 as candidates for E10

Many pathways including flowering and maturity have 
been investigated in more depth in the model plant Arabi-
dopsis thaliana. There is considerable conserved homology 
between Arabidopsis and soybean so therefore the Arabi-
dopsis flowering pathway can be used as a guide to help 

better understand the flowering and maturity pathway in 
soybean (Zhai et al. 2014; Wang et al. 2015; Wickland and 
Hanzawa 2015).

To confirm the PPI data generated by PIPE for the 
E10 candidate gene FT4, a series of functional genomics 
analyses were performed using the Arabidopsis conserved 
homolog of FT4 (Q9SXZ2) through GeneMANIA and 
Arabidopsis-PIPE (using PIPE to investigate PPI at speci-
ficity of 99.95% and sensitivity of 42.65%; Arabidopsis-
PIPE, data is not publicly available). Using GeneMANIA 
(http://www.genemania.org/), an online gene ontology 
clustering software, and Arabidopsis-PIPE, the conserved 
homolog of FT4 in Arabidopsis (Q9SXZ2) has been inves-
tigated independently for its PPIs with genes involved 
in the maturity and flowering network of Arabidopsis. 
This investigation showed that the Arabidopsis homolog 
of soybean-FT4 plays an important role (making connec-
tions between different maturity genes including E1, E2, 
E3, E4 and Dt1 (O23659, Q9SYL8, Q9SQI2, P14712 and 
P93003), P-value ≤ 0.01) in flowering and maturity PPI 
pathways which is consistent with Soybean-PIPE data and 
GeneMANIA functional genomics investigations (Gene 
ontology annotation P-value: 1.78E−04) and is in accord-
ance with Wickland and Hanzawa (2015).

PIPE data also suggest that FTL7 and FT4 interact with 
themselves and each other most likely by making a protein 
complex which interacts with other maturity and flowering 
genes. These data are consistent with our Arabidopsis func-
tional genomics investigations indicating self-interaction of 
the conserved homolog of FT4 (Q9SXZ2) in Arabidopsis 
(GeneMANIA and Arabidopsis-PIPE).

To investigate the nature of allelic variation of FTL7 
and FT4, these two genes were sequenced from soybean 
lines that are presumed E10 [OT02-18, Harosoy, OT94-
47, (X5289, and X5291 both are E10 BC2 lines)] and e10 
[(X5285, X5288 both are e10 BC2 lines) and X5495 an e10 
BC3 line].

Fig. 2  Representative sequencing data for the soybean FT4 (panel a) 
and FTL7 genes (panel b) for the lines presumed to be E10 (OT02-
18, Harosoy, OT94-47, X5289, and X5291) and e10 (X5285, X5288 

and X5495). a Showing three SNPs: at the 5′UTR (position 33), 
within the 4th exon (position 126) and the 3′UTR (position 56). b 
Showing one SNP in the coding region (position 176 in fourth exon)

http://www.genemania.org/
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Sequencing data of FT4 identified some SNPs between 
E10, GenBank ID: KX138527, and e10, GenBank ID: 
KX138528, alleles within introns but more interest-
ingly also identified a single SNP in each of the 5′un-
translated region, UTR (GM08:44608620), the 3′UTR 
(GM08:46607056) and the fourth exon of the coding 
region. The point mutation in the fourth exon (nucleo-
tides ACT in E10 lines to ATT in e10 lines, position 126, 
GM08:46607209) results in a threonine to isoleucine (T 
140 I) amino acid substitution. This amino acid substitu-
tion leads to different mRNA structure and protein folding 
(representative sequencing data are presented in Fig. 2a). A 
threonine to isoleucine substitution has been reported to be 
involved in protein function modification in several studies 
(Pepys et al. 1993; Baraas et al. 2012). More interestingly, 
this amino acid substitution between E10 and e10 lines is 
located very close to the fourth exon external loop found 
in FT and FTL (FT-Like) genes, which is conserved across 

species (Wickland and Hanzawa 2015) and therefore can be 
expected to influence protein three-dimensional structure. 
Like FT4, sequencing data for FTL7 (Fig. 2b) also showed 
some SNPs between alleles from E10 and e10 lines within 
introns and one SNP in an exon. However, the latter SNP 
(GTC in E10 to GTG in e10, position 176 in forth exon, 
GM08:46616083) is a silent mutation since both GTG and 
GTC code for the amino acid valine. SNPs could have an 
effect on RNA structures, which can play important roles 
in gene regulation. Therefore, the effects of SNPs between 
E10 and e10 lines on two-dimensional (2D) structures of 
mRNA for FT4 and FTL7 have been investigated. As pre-
sented in Fig. 3a, the occurrence of SNPs in the FTL7 
sequence is predicted to have no significant effect on the 
2D structure of the mRNA for lines carrying E10 or e10. 
In contrast, SNPs in FT4 mRNA sequences are predicted to 
cause differential 2D mRNA folding for the lines carrying 
E10 and e10 alleles (Fig. 3b).

Fig. 3  Two-dimensional (2D) 
structure of mRNA in E10 and 
e10 soybean lines (this study). a 
2D mRNA structure of FTL7 in 
E10 and e10 lines. b 2D mRNA 
structure of FT4 in E10 and e10 
lines
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Confirmation of markers for E10

In order to provide both genetic knowledge and diagnostic 
markers for breeders to accelerate their breeding for early 
maturity soybeans, specific markers have been developed 
for E10 and e10 alleles. Generally speaking, three meth-
ods have been used for allele-specific marker development 
including: PCR based, PCR-sequencing based, and PCR-
enzymatic digestion based analysis as described by Liu 
et al. (2008), Watanabe et al. (2009, 2011), Xu et al. (2013), 
and Tsubokura et al. (2014). As presented in supplementary 
file 1, three sets of diagnostic primers have been designed 
independently for the three SNPs identified in FT4 for E10 
and e10 in our germplasm using the PCR-sequencing based 
method. In order to confirm the efficiency of these prim-
ers and to reconfirm the BC3 data for E10 and e10 alleles, 
47 BC5 samples (early maturity e10 introgressed into a 
Harosoy background as well as later maturity E10 intro-
gressed into a Maple Presto background) were used for 
allele-specific marker assessment using the PCR-sequence 
based technique. As presented in Table 4, allele-specific 
markers designed for the E10 locus showed perfect correla-
tion with the maturity field data and previously sequenced 
lines. Note that the microsatellites shown in Table 3 can 
also be used as breeding friendly markers to assist breeding 
programmes.

Discussion

OT98-17 (Maple Presto isoline) and OT02-18 (Harosoy 
isoline) have the same genotype at the major known matu-
rity loci (e1e1 e2e2 e3e3 e4e4 e7e7 e8e8) and yet OT98-17 
matured 6 days earlier than OT02-18 in the field (Table 1). 
The ability to introgress earlier maturity into OT02-18 and 
later maturity into OT98-17 (Table 2) simply by selecting 
un-replicated F3 progeny rows as parents suggested that 
OT98-17 carries an additional, as yet unidentified, early 
maturity gene, at a locus labelled E10. A novel early matu-
rity allele at a new locus could have significant potential to 
assist in breeding for early maturity soybeans for northern 
and western short-season regions of Canada and globally.

While both FT4 and FTL7 may be candidates for E10, 
we suggest that there is a much stronger case for FT4. First, 
a higher number of flowering time genes were predicted by 
PIPE to interact with FT4 compared to FTL7. Second, there 
was greater allelic sequence variation for FT4 compared to 
FTL7 when comparing late maturity versus early maturity 
mRNA 2D structure, and also when comparing amino acid 
substitutions. We have demonstrated a maturity phenotype 
for alleles at E10 and propose that FT4 is the candidate 
gene for E10. FT4 has been shown to be expressed in paral-
lel with E1 and was upregulated by long days, resulting in 

later flowering, and down regulated by short days, resulting 
in earlier flowering (Zhai et al. 2014). As a result FT4 was 
proposed to function downstream of E1 and to function as 
a repressor in soybean flowering time networks (Zhai et al. 
2014; Xu et al. 2015). We have found allelic variation for 
FT4 in OT98-17 versus all other lines studied.

We surveyed the SNP database of approximately 300 
short season Canadian lines in Table 5 (Sonah et al. 2013, 
2015) for the OT98-17 e10 haplotype at the six SNPs in 
the region of FT4 and FTL7 (149 kb). Six haplotypes 
were identified at these six SNPs; however, none match 
the OT98-17 e10e10 haplotype. We hypothesize that the 
e10 early maturity allele is rare in Canadian breeding 
germplasm.

The pedigree of OT98-17 is X824A-ve/7*Maple Presto, 
where X824A-ve is PI 438477/2*‘Evans’/2/L62-667. 
Maple Presto’s pedigree is ‘Amsoy’/‘Portage’/2/PI 438477 
(Cober et al. 2010). PI 438477 is in the pedigree of both 
parents (X824A-ve and Maple Presto) of OT98-17. PI 
438477 is also known as 840-7-3 and as Holmberg 840-
7-3. It is a maturity group (MG) 00, very early maturing 
line from Sweden (about 60 degrees north) and a potential 
donor of e10. Portage is also MG 00 while Amsoy is MG 
II. In an effort to identify the source of the novel e10 allele, 
five ancestral lines (Amsoy 71, Portage, PI438477, Evans 
and L62-667) identified in the pedigree of OT98-17 were 
genotyped with the four diagnostic SSR markers (Table 3). 
None, however, displayed alleles identical with OT98-17. 
Identical alleles would be expected if any of the five ances-
tral lines was the donor of e10, hence we cannot identify 
the ancestral donor of the e10 allele in OT98-17 and the 
e10 source may have been transferred via insect cross pol-
lination from other lines in the nursery. Selection for early 
maturity in the development of OT98-17 possibly resulted 
in concurrent selection for e10 in OT98-17.

In conclusion, we identified phenotypic differences 
in maturity between parents, and also in backcross lines 
selected for early or late maturity in Ottawa, Canada. 
E10E10 results in late, and e10e10 results in early matu-
rity. The E10 gene symbol has been approved by Soybean 
Genetics Committee. SSR and SNPs analysis identified a 
region on chromosome Gm08 (Linkage Group A2) correlat-
ing with this new maturity locus. Using soybean functional 
genomics (through PPI analysis using PIPE) followed by 
molecular biology techniques including sequencing, SNP 
analysis, and 2D RNA structure investigations, we have 
identified FT4 to be the candidate gene for the novel matu-
rity locus, E10. Due to the large proteome size of soybean 
(75,778 confirmed soybean protein sequences are reported 
in Soybase http://soybase.org/) and the computational lim-
its of the PIPE, an all-to-all analysis was not possible. In 
dealing with this limitation, we performed a partial run 
of PIPE using a subset of soybean data. Please note that 

http://soybase.org/
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Table 4  Alleles at three SNPs 
differentiating the two soybean 
FT4 allelic forms

These function as allele-specific markers for the E10 locus in backcross 5 (BC5) lines resulting from the 
introgression of late maturity into OT98-17 and early maturity into OT02-18. Also shown is the corre-
sponding maturity phenotypes observed in the field at Ottawa in 2015
a  Represents Harosoy
b  Represents Maple Presto

Line Maturity Background Days to maturity 5′ UTR Coding region 3′UTR Genotyping

Late/early C/G C/T C/G

X5905-42 Early Hara 96 G T G e10

X5908-61 Early Har 94 G T G e10

X5908-64 Early Har 94 G T G e10

X5908-86 Early Har 96 G T G e10

X5908-101 Early Har 95 G T G e10

X5911-33 Early Har 96 G T G e10

X5911-97 Early Har 95 G T G e10

X5911-103 Early Har 96 G T G e10

X5911-104 Early Har 96 G T G e10

X5912-2 Early Har 95 G T G e10

X5912-21 Early Har 94 G T G e10

X5912-25 Early Har 95 G T G e10

X5905-13 Late Har 110 C C C E10

X5905-52 Late Har 109 C C C E10

X5905-81 Late Har 110 C C C E10

X5905-87 Late Har 110 C C C E10

X5905-88 Late Har 109 C C C E10

X5908-6 Late Har 110 C C C E10

X5908-7 Late Har 110 C C C E10

X5908-10 Late Har 109 C C C E10

X5908-14 Late Har 110 C C C E10

X5908-30 Late Har 109 C C C E10

X5911-23 Late Har 110 C C C E10

X5915-4 Early MPb 94 G T G e10

X5915-50 Early MP 94 G T G e10

X5915-51 Early MP 94 G T G e10

X5915-54 Early MP 94 G T G e10

X5915-80 Early MP 94 G T G e10

X5918-23 Early MP 95 G T G e10

X5918-25 Early MP 95 G T G e10

X5918-62 Early MP 95 G T G e10

X5918-93 Early MP 95 G T G e10

X5918-101 Early MP 94 G T G e10

X5921-12 Early MP 96 G T G e10

X5921-14 Early MP 96 G T G e10

X5921-39 Early MP 96 G T G e10

X5915-103 Late MP 105 C C C E10

X5915-104 Late MP 103 C C C E10

X5918-36 Late MP 103 C C C E10

X5918-67 Late MP 103 C C C E10

X5918-79 Late MP 103 C C C E10

X5918-80 Late MP 103 C C C E10

X5918-87 Late MP 103 C C C E10

X5918-90 Late MP 103 C C C E10

X5918-96 Late MP 103 C C C E10

X5921-30 Late MP 103 C C C E10

X5921-51 Late MP 103 C C C E10
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higher capacity version is under development (our collabo-
rators at Carleton University) and will be extremely useful 
for future studies. A comprehensive (all-protein-to-all-pro-
tein) functional genomics investigation of soybean through 
PIPE will give breeders a unique opportunity to understand 
interactions in the soybean proteome. SNPs were identified 
in sequences in the candidate FT4 between E10 and e10 
alleles, one of which results in an amino acid substitution 
near an FT/FTL region which is conserved across species 
(Wickland and Hanzawa 2015). These SNPs also result in a 
predicted 2D conformation change in mRNA.

Threonine to isoleucine substitution has been reported 
to be involved in protein function modification in several 
studies (Pepys et al. 1993; Baraas et al. 2012). More inter-
estingly, this amino acid substitution between E10 and e10 
lines is located in the 4th exon very close to the external 
conserved loop, found in FT and FTL (FT-Like) genes, 
which is conserved across species (Wickland and Hanzawa 
2015). Additionally, this amino acid substitution is close to 
the conserved position reported by Wang et al. (2015) for 
the FT gene family. As reported by Wang et al. (2015), other 
amino acid residues in addition to conserved locations (such 
as H88Y) play an important role in regulation of flowering. 
It has been reported that a tyrosine to leucine or isoleucine 
amino acid substitution could lead to flowering enhance-
ment. By considering the importance of the 4th exon, amino 
acid substitution (T 140 I), SNPs located at 3′ and 5′ UTRs, 
bioinformatics data and phenotypic analysis on time of 
flowering and maturity, we believe that FT4 is a potential 
candidate for the gene underlying this maturity locus.

Identification of molecular markers tagging genes con-
trolling flowering time and maturity in soybean, a prereq-
uisite for molecular marker assisted breeding, will assist 
soybean breeders to resourcefully develop new early matur-
ing varieties. Allele-specific markers will allow stacking of 
early maturity alleles to develop even earlier maturing cul-
tivars. Here we have identified FT4 as a candidate for E10 
and developed sequence-based allele-specific markers for 
the E10 maturity locus.
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