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Abstract

Determinacy is an agronomically important trait in several crop
species including pigeonpea. With an objective to investigate determi-
nacy in pigeonpea, a set of 94 pigeonpea lines including 11 determinate
(DT) and 83 indeterminate (IDT) lines were used for genotyping with
DArT arrays (with 6144 features) and 768 SNP markers using
GoldenGate assay. The polymorphism information content (PIC) for
these markers varied from 0.02 to 0.50. Association analysis on marker
genotyping and phenotyping data showed a significant association
(P <£0.01) of determinacy with 19 SNP and 6 DArT markers
explaining 8.05-8.58% and 7.26-14.53% phenotypic variation, respec-
tively. Clustering based on entire DArT and SNP markers could not
discriminate DT lines from IDT lines; however, analysis with
associated markers discriminated DT lines from the IDT lines.
Marker—trait associations after validation may prove useful in
marker-assisted selection (MAS) involving the development of ideal
DT genotypes for environments with moderate growth, tolerance to
drought and water logging. This is the first report on mapping of
determinacy trait as well as the first report on association mapping for
any trait in pigeonpea.
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The pattern and time of flowering are the two major adaptive
traits in flowering plants. After a period of vegetative growth,
plants undergo floral transition. The switch from vegetative to
reproductive growth stages is controlled by physiological
signals and interaction between positive and negative regula-
tors that integrate environmental (photoperiod and tempera-
ture) and endogenous (stages of the plant) conditions
(Colasanti and Sundaresan 2000, Foucher et al. 2003).
Pigeonpea [Cajanus cajan (L.) Millsp.] is one of the
important legume crops for arid and semi-arid tropics of
the world. Traditionally, pigeonpea lines have indeterminate
(IDT) flowering pattern, where inflorescence develops as
axillary racemes from all over the branches and flowering
proceeds acropetally from base to apex, both within the
raceme and on the branches. However, some genotypes have
been reported, where apical buds of the main shoots develop
into inflorescences. These genotypes are called determinate
(DT) genotypes. The wild relatives and most of the cultivated

pigeonpea are having indeterminate growth habit, and
therefore, it is believed that determinacy trait has been
selected during pigeonpea domestication. Occasionally, flow-
ering pattern of some line has been found intermediate
between IDT and DT, and the lines with this type of
flowering pattern are called semi-determinate (SDT) lines
(Craufurd et al. 2001).

The pigeonpea lines with DT flowering pattern has several
advantages over lines with IDT/SDT flowering pattern. For
instance, some of the advantages of DT lines include (i) much
shorter heights and therefore increased lodging resistance, (ii)
more main stem branches/plant, (iii) less lowest-pod heights,
(iv) shorter flowering and reproductive periods and (v) flower-
ing earlier and requiring a single-pass harvest of pods of nearly
the same age, thus allowing mechanized harvesting (Robinson
and Wilcox 1998, Kilgore-Norquest and Sneller 2000). Owing
to significant importance of the trait, genetic dissection of
determinacy/flowering time has been undertaken in many plant
species including Arabidopsis thaliana (Ehrenreich et al. 2009),
soybean (Tian et al. 2010), pea (Foucher et al. 2003), common
bean (Kwak et al. 2008, Repinski et al. 2012). Majority of these
studies have employed candidate gene sequencing approach;
genome-scanning-based association mapping has also been
used recently (Li et al. 2010). Extensive genetic and molecular
studies have been conducted in long-day model plant species
Arabidopsis thaliana that have led to the isolation and charac-
terization of flowering time genes (Mouradov et al. 2002).
Several of these genes were used to identify their functional
orthologues in some warm-season legume crop species like
soybean (Tian et al. 2010), common bean (Repinski et al.
2012). In the case of pigeonpea, determinacy trait, however, has
not been studied yet. At the time of start of the study, very
limited sequence data were available in pigeonpea. In recent
years, Diversity Array Technology (DArT) platform compris-
ing 6144 features (Yang et al. 2006, 2011) and 768-SNPs
GoldenGate assay (Kassa et al. 2012) have been developed and
became available for pigeonpea genotyping. These genotyping
platforms have the capacity to generate genome-wide marker
profile data in cost-effective and faster manner. The present
study was therefore undertaken to map the DT trait using
genome-scanning association mapping approach by deploying
the DArT and SNP markers on a set of 94 pigeonpea lines
segregating for determinacy trait.
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Materials and Methods

Plant material and DNA extraction: A panel of 94 pigeonpea lines
including 38 parents of 22 mapping populations and 56 germplasm
lines were used (Table S1). These lines represent two distinct flowering
patterns: 11 belong to DT flowering pattern and the remaining 83
showed IDT flowering pattern.

Genomic DNA of above-mentioned 94 pigeonpea lines was isolated
and purified from the leaves of 2- to 3-week-old single plants from each
line following the protocol as mentioned in the study by Cuc et al.
(2008). The DNA quantity for each sample was assessed on 0.8%
agarose gel, and DNA concentrations were normalized at 50 ng/ul.

DArT and SNP genotyping: For DArT genotyping, the genomic
representations of samples were generated using the same complexity
reduction method (Pstl/Haelll), which was developed for the con-
struction of the DArT diversity library and hybridized with the array
comprising 6144 clones (Yang et al. 2011). TIF images generated in the
experiment were analysed using DARTSOFT 7 software. The hybridiza-
tion signal in target channel (genomic representation) was divided by
hybridization signal in reference channel (polylinker) to calculate the
relative hybridization intensity of each clone on each slide. Fuzzy k-
means was used to convert relative hybridization intensities of clones
with variable relative hybridization intensity across slides into binary
scores (presence vs. absence) and was subjected to clustering and
classified polymorphic clones as being present (‘1) or absent (‘0°) in the
representation hybridized to a slide.

For SNP genotyping, GoldenGate assay comprising 728 tentative
orthologous gene sequence (TOGs)-based SNPs (Kassa et al. 2012)
was used to genotype the diversity panel using the Illumina Bead
Station 500 G (Illumina, San Diego, CA, USA) at the University of
California, Davis (USA). SNP genotyping data were analysed using
the Illumina BeadStudio genotyping software that allows the visual-
ization of the data directly for further analysis.

Analysis of polymorphism, genetic relationship and genetic struc-
ture: The PIC value of markers was calculated using the formula
given by Anderson et al. (1993). To evaluate the relationship between
94 pigeonpea lines, SNP and DATrT, allele call data obtained for
polymorphic markers or selected associated markers were used to
prepare a dissimilarity matrix and to construct a dendrogram using
DARWIN V5.0.128 software (darwin.cirad.fr/darwin/Home.php, Perrier
et al. 2003). The dissimilarity matrix thus obtained was subjected to
cluster analysis using the unweighted neighbour—joining method,
followed by bootstrap analysis with 1000 iterations to obtain dendro-
gram. Mantel test was conducted to test for the DArT and SNP
markers dissimilarity matrices correspondence using software package
GENALEX 6.41 (Peakall and Smouse 20006).

Model-based cluster analysis was performed to infer genetic
structure and define the number of clusters (gene pools) in the data
set using the software STRUCTURE V2.3.3 (Pritchard et al. 2000, Falush
et al. 2003). The number of presumed populations (K) was set from 1
to 10, and each was repeated three times for each run burn-in, with
iterations set to 100 000 and 200 000, respectively, and K model
without admixture and correlated allele frequencies was used. The run
with maximum likelihood was used to place individual genotypes into
groups (subpopulations). Within a group, genotypes with affiliation
probabilities (inferred ancestry) >80% were assigned to a distinct
group, and those with <80% were treated as ‘admixture’, that is, these
genotypes seem to have a mixed ancestry from parents belonging to
different gene pools or geographical origins. This assignment obtained
through maximume-likelihood approach was further confirmed by a
modified delta K (AK) method, which provides real number of clusters
(Evanno et al. 2005). The information obtained through model-based
clustering was used for working out marker—trait associations, thereby
avoiding spurious associations for determinacy. STRUCTURE program
was also used for calculating gene diversity (expected heterozygosity)
of individuals within a subpopulation obtained through model-based
clustering.

Association analysis: The Trait Analysis by Association, Evolution
and Linkage (TASSEL version 2.1) was used for establishing association
between markers and determinacy trait by using mixed linear model
(MLM) approach. Subsequently, significant associations were also
confirmed by general linear model (GLM). For MLM analysis, the
population structure (Q-matrix) was inferred by program STRUCTURE
2.2, and kinship matrix (K-matrix) was inferred by TAsseL 2.1.
Significant marker—trait associations were considered at P-value
(P £0.01). For GLM analysis, genotypic data, phenotypic data and
Q-matrix were used. Significantly associated SNP markers were further
analysed for their putative functions by blasting their original TOG
sequences against the soybean nucleotide database (BLASTN) and
further annotated by blasting against non-redundant protein database
at NCBI using BLASTX.

Results
Marker analysis

Genotyping of the diversity panel with DArT array (6144
features) and GoldenGate assay (768 SNPs) on 94 lines
showed a total of 3978 polymorphic markers including 3262
DArTs and 716 SNPs. The polymorphism information
content (PIC), which indicates informativeness of a marker
locus or marker system, varied from 0.02 to 0.50 for both
DArT and SNP markers. However, the average PIC value
was slightly more (0.18) for DArT markers than for SNP
markers (0.15).

Genetic relationships among pigeonpea lines

DArT and SNP marker data sets generated above were used
to prepare dendrograms (Figs. S1 and S2). Pairwise compar-
isons of genetic distance matrices for the DArT and SNP
marker data sets through Mantel test were found correlated
(r = 0.49), however, at relatively low level of significance
(P = 0.01) (Fig. S3). Therefore, to obtain more accurate
genetic distance estimate, combined analysis was carried out
using both DArT and SNP markers together (Fig. 1). This
dendrogram classified all the genotypes analysed into two
main clusters (cluster I and cluster II) (Fig. 1). The cluster I
includes a solitary IDT line (ICP 2376), while the cluster II
contains all other lines and was divided into subclusters Ila
and IIb. The subcluster Ila contains three wild species
accessions (ICPW 69, ICPW 68 and ICP 15665), while
subcluster IIb was further subdivided into IIb-1 and IIb-2.
The IIb-1 contains 12 IDT lines including five wild species
accessions, while IIb-2 contains all other lines including all
DT lines (11) and remaining three wild species accessions.
While comparing this combined dendrogram with the indi-
vidual dendrograms constructed using DArT and SNP
markers separately, it was found that clustering pattern of
different pigeonpea lines in combined dendrogram is largely
similar to dendrogram obtained by DArT markers separately
(Fig. S1). However, the clustering in dendrogram obtained
with SNP markers was divided into two main clusters (I and
II), and cluster I was divided into two subclusters (Ila and
IIb). The cluster I contains four IDT lines including three
wild species accessions, while cluster Ila contains eight IDT
lines including four wild species accessions. The subcluster IIb
contains all other lines including all 11 DT lines and three
wild species accessions (Fig. S2). It is important to note that,
in all the three dendrograms, it was observed that wild species
(C. cajanifolius) accessions, namely ICPW 29, source of the
cytoplasmic male sterility (CMS) in cultivated pigeonpea, and
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Fig. 1: Diversity analysis among 94 pigeonpea lines based on combined data set of SNP and DArT markers. The figure shows wild species
accessions, determinate and indeterminate lines in red, green and black colour, respectively
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ICP 15629, were clustered along with cultivated lines. In
summary, the distance-based clustering pattern on the basis
of all the DArT and SNP markers separately and together
does not show clear distinctive clustering of pigeonpea
accessions into DT/IDT. It was also found that wild
pigeonpea species accessions, which are indeterminate in
flowering pattern, were largely clustered together.

Genetic structure analysis and gene diversity

Model-based cluster analysis grouped 94 pigeonpea lines into
three genetically distinct populations (K = 3) based on
maximum natural log probability (LnPD) of data as well as
AK method proposed by Evanno et al. (2005) using SNP
(Fig. 2) and DArT (Fig. S4) markers separately. In the case of
structural plot obtained by SNP markers, among the three
populations, the K/ contained only IDT lines including eight
of eleven wild species accessions, while the other subpopula-
tions (K2 and K3) contained both DT/IDT lines. On the other
hand, structural plot obtained by DArT markers contained
DT/IDT lines in K/ and K2 subpopulations and the remaining
subpopulation 3 (K3) contained only IDT lines including nine
of eleven wild species accessions (Fig. S4). The population K2
in case of DArT and K3 in case of SNP markers also contained
two lines as admixtures (membership probability <0.8). It is
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interesting to note that in case of structural plots of both types
of markers, among eleven wild species accessions, two acces-
sions from C. cajanifolius species, namely ICPW 29 and ICP
15629, were clustered together (K/ in DArT and K2 in SNP
plots) with cultivated lines rather than with other wild species
accessions in structural plots.

Gene diversity (expected heterozygosity) values also indi-
cated higher gene diversity (0.350) in subpopulation K/
(containing wild species accessions) than in the other two
subpopulations (0.008 for K2 and 0.007 for K3) using SNP
markers. Similarly, higher gene diversity (0.361) was observed
in subpopulation K3 (containing wild species accessions) than
in other two subpopulations (0.044 for K7 and 0.021 for K2)
using DArT markers.

Marker—trait association

Detailed analysis using mixed linear model (MLM) and
general linear model (GLM) approaches on the DArT and
SNP marker genotyping data and the phenotyping data on
the set of 94 lines yielded several significant marker—trait
associations for determinacy trait. For instance, MLM
approaches showed an association of determinacy with a
total of 25 significant markers including six DArT and 19
SNPs. The 19 SNP markers are not linked with each other

Delta K = mean(|L"(K)|)/sd(L(K))
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Fig. 2: Structural analysis of 94 pigeonpea lines using SNP markers. The figure has three panels: (a) shows the highest probability for having
three subpopulations by using LnPD curve; (b) confirms the presence of three subpopulations by using delta K curve; (c) shows the structural plot
of 94 pigeonpea lines. Wild species accessions are present in K = 1, and DT lines are present in K = 2 and K = 3
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Table 1: Summary of marker—trait associations for determinacy trait
in pigeonpea using (A) DArT and (B) SNP markers

MLM GLM

Marker P-value (P < 0.01) P-value (P <0.01) R®

(A) DArT marker

Cc-693448 2.80E-04 2.70E-04 14.53
Cc-695833 7.74E-04 0.0023 10.38
Cc-693401 0.0011 0.0102 7.26
Cc-698210 0.0022 0.0022 10.09
Cc-693999 0.0022 0.0022 10.09
Cc-692675 0.0057 0.0042 9.79
(B) SNP marker

TOGR895724_478 0.0044 0.0044 8.57
TOGR94880_514 0.0045 0.0045 8.53
TOG898078_1260 0.0045 0.0045 8.53
TOGY10212_493 0.0045 0.0045 8.53
TOG923519_736 0.0045 0.0045 8.53
TOGI913186_428 0.0045 0.0045 8.53
TOG897062_495 0.0045 0.0045 8.53
TOGY05669_206 0.0045 0.0045 8.53
TOG895816_869 0.0045 0.0045 8.53
TOG910212_506 0.0045 0.0045 8.53
TOG896522_1889 0.0046 0.0046 8.58
TOG896850_41 0.0047 0.0047 8.54
TOG922448 261 0.0049 0.0049 8.49
TOGR94864_284 0.005 0.005 8.6

TOG901166_1050 0.0051 0.0051 8.5

TOG899452_1243 0.0053 0.0053 8.44
TOGY02834 914 0.0058 0.0058 8.05
TOG896976_486 0.0063 0.0063 8.3

TOG910323_779 0.007 0.007 8.21

but are distributed on six different linkage groups (LGs) with
LGS having one marker and LGI10 with seven markers
(D.R. Cook and R.V. Penmetsa). The P-value of these
markers varied from 2.80E-04 to 0.0057 (for DArTs) and
0.0044 to 0.007 (for SNPs). All these significant marker—trait
associations for determinacy were confirmed through GLM
approach. Using GLM, the range of P-values varied from
2.70E-04 to 0.0102 (for DArT) and from 0.0044 to 0.007 (for
SNPs). The phenotypic variation explained (R*) by each
marker varied from 7.26 to 14.53% for DArT and 8.05-
8.60% for SNP markers (Table 1). It is important to mention
here that analysis of allelic data for identified (19 SNP and six
DArT) markers associated with determinacy grouped DT
lines together as compared to the analysis based on the entire
marker data set (Fig. S5).

Functional annotation of associated SNP markers

With an objective to have an idea about the genes associated
with the determinacy trait, the context sequences for 19
significantly associated SNP markers were analysed against
soybean genome. This provided a significant hit with the
corresponding genes for 17 context sequences, source of the
significantly associated SNP markers (see Table S2). BLASTX
analysis (see Table S3), however, revealed that most of these
sequences code for unknown proteins (10; ~53%), predicted
proteins (4; ~21%), hypothetical proteins (2; ~11%) and
phosphorylases (1; ~5% each).

Discussion

Domestication has resulted in changes in some floral and seed
morphology traits in crop plants. These traits included

shattering, free-threshing, seed dormancy, plant architecture,
seed coat colour in cereals (Salamini et al. 2002, Dubcovsky
and Dvorak 2007, Izawa et al. 2009), fruit size and shape in
Solanaceae crops (Tanksley 2004) and determinacy/growth
habit in legumes like soybean (Tian et al. 2010), pea (Foucher
et al. 2003) and common bean (Kwak et al. 2008, Repinski
et al. 2012). Molecular genetics studies including QTL map-
ping and candidate gene sequencing for flowering time/growth
habit/determinacy have identified a large number of respon-
sible genes/QTLs in several plant species including Arabidop-
sis, rice, barley, wheat, maize, pea, common bean, soybean (see
Alonso-Blanco et al. 2009). Identification of multiple candi-
date genes including terminal flower 1 (TFLI), terminal flower
2 (TFL2) and polymorphisms has also allowed comparative
analyses among some of these species. For instance, in the case
of pea, ‘PsTFLI1a’, a homologue of TFLI of Arabidopsis, has
been found responsible for determinacy trait (Foucher et al.
2003). In the case of common bean, a QTL was identified
earlier for growth habit (Koinange et al. 1996, Poncet et al.
2004), and within this QTL region, a candidate gene homol-
ogous to TFLI ‘PvTFLIy has been identified (Kwak et al.
2008). The function of this candidate gene has been recently
validated for determinacy in common bean through candidate
gene sequencing and transformation studies (Repinski et al.
2012). Similarly, in the case of soybean, a combination of
genetic linkage analysis, candidate gene association analysis
and heterologous transformation of Arabidopsis determinate
(¢#fl1/tfl) mutants led to the isolation of a homologue of
Arabidopsis TFL! in soybean for D¢l (Tian et al. 2010).

The study of determinacy in pigeonpea, despite being an
important grain legume crop of the tropics and subtropics, has
received little attention of breeders and molecular biologists.
Only a few studies were undertaken long back on inheritance
of determinacy, and there is hardly any report available where
any gene has been identified for this important adaptive trait in
pigeonpea (Waldia and Singh 1987, Gumber and Singh 1997) .
For instance, inheritance of DT, SDT and IDT in pigeonpea
was studied by using 15 different crossing combinations of DT,
SDT and IDT lines (Gupta and Kapoor 1991). The segrega-
tion pattern in this study indicated that IDT is governed by a
single dominant gene. The two flowering patterns in pigeon-
pea, DT and IDT, are domestication traits that can distinguish
pigeonpea cultivars from one another. DT lines have been
selected by breeders over years and are considered advanta-
geous over IDT lines. The mechanism responsible for this
transition of IDT to DT is not known in pigeonpea. This is
probably the first study where an effort has been made to map
determinacy trait in pigeonpea. At the time of undertaking this
study, the crop did not have genome resources or genetic
populations that could have been used for mapping or
isolation of homologues of known DT/flowering time-related
genes in pigeonpea. Availability of high-throughput marker
genotyping platforms such as DArT arrays and SNP-Golden-
Gate assays (Yang et al. 2011, Kassa et al. 2012) has made it
possible to generate genome-wide marker profile data for
undertaking association mapping of determinacy in pigeonpea.

DArT and SNP markers that were used in the present study
for genome scanning are considered two important marker
types for genotyping natural or breeding populations, because
both the marker systems used in the present study were
predominantly bi-allelic markers and therefore, as expected,
two alleles per DArT/SNP locus were observed for all the
markers. Comparison of average PIC values showed slightly
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higher average PIC values for DArT markers (0.18) over SNP
markers (0.15). However, this may be just a function of larger
number of polymorphic DArT markers (3262) as compared to
SNP markers (716) used in the study.

Detailed analysis on genetic relationships between different
pigeonpea lines on the basis of all SNP and DArT markers
indicated genetic homogeneity of DT/IDT lines except some
wild species accessions that tend to cluster separately. How-
ever, DT lines could be clearly discriminated from the IDT
lines based on the dendrogram obtained from the marker data
of only significantly associated SNP and DArT markers with
determinacy. A close clustering of most of the lines in distance-
based dendrogram and formation of only few clusters
indicated moderate levels of genetic diversity/differentiation
in the pigeonpea lines analysed. These findings obtain support
from some of our earlier studies in pigeonpea, indicating
moderate/less diversity in elite pigeonpea gene pools (Saxena
et al. 2010a,b). Clustering of pigeonpea wild species accessions
ICPW 29 and ICP 15629 with cultivated gene pool was
expected and again confirmed that C. cajanifolius species is the
most closely related species (progenitor) of pigeonpea (van der
Maesen 1990). Similar results were also obtained through
model-based structural analysis. This analysis also indicated
moderate genetic differentiation and the presence of only three
subpopulations in the lines analysed. Clustering of majority of
the wild species accessions (except ICPW 29 and ICP 15629) in
same subpopulation indicated that these lines are genetically
distant/diverse from other cultivated lines. This has been also
confirmed by gene diversity (expected heterozygosity) values,
indicating high values for the subpopulations containing wild
species (Mariette et al. 2010).

The study of marker—trait associations for determinacy trait
in pigeonpea strongly indicates the involvement of several
genomic regions/genes/markers responsible for this important
trait in pigeonpea. The identification of four highly signifi-
cantly associated DArT markers (Cc-693448, Cc-695833,
Cc-698210 and Cc-693999) explaining >10% phenotypic
variation for determinacy may prove useful in molecular
breeding programmes for pigeonpea improvement. However,
these marker—trait associations shall be validated on a large
germplasm set, and these DArT markers shall be sequenced
followed by their conversion into user-friendly PCR markers.
The validated markers may prove useful in marker-assisted
selection (MAS) in breeding programmes for selecting the lines
carrying allele for DT trait. Such markers, eventually, may
allow the development of ideal DT genotypes for environments
with moderate growth (5-6 t/ha) having 30-35% harvest
index, initial vigour and tolerance to drought, and water
logging (Singh and Oswalt 1992).
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