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Abstract
Background In-vivo maternal haploids serve as the basis of doubled haploid (DH) breeding in maize. R1-navajo (R1-nj) 
gene governing anthocyanin colouration in the endosperm and embryo is widely used to identify haploid seeds. However, 
the expression of R1-nj depends on genetic-background of source-germplasm used for deriving DH-lines. Further, presence 
of C1-Inhibitor (C1-I) gene suppresses the expression of R1-nj, thus makes the selection of haploids difficult.
Methods In the present study, 178 subtropically-adapted maize inbreds were crossed with two R1-nj donors ‘that do not 
have haploid induction genes’. Of these, 76.4% inbreds developed purple colour in endosperm, while 23.6% did not show 
any colouration. In case of scutellum, 62.9% inbreds possessed colour and 37.1% were colourless. The anthocyanin intensity 
varied greatly, with 19.66% and 42.98% inbreds displayed the least intensity, while 16.85% and 0.84% inbreds showed the 
highest intensity in endosperm and scutellum, respectively. Two C1-I specific breeder-friendly markers (MGU-CI-InDel8 
and MGU-C1-SNP1) covering (i) 8 bp InDel and (ii) A to G SNP, respectively, were developed. MGU-CI-InDel8 and MGU-
C1-SNP1 markers predicted presence of C1-I allele with 92.9% and 84.7% effectiveness, respectively. However, when both 
markers were considered together, they provided 100% effectiveness.
Conclusions These markers of C1-I gene would help in saving valuable resources and time during haploid induction in 
maize. The information generated here assume great significance in DH breeding of maize.

Keywords Doubled haploid · Molecular markers · Endosperm · Color inhibitor

Introduction

Development of maize hybrids is a lengthy process as 
inbreds are developed through continuous selfing for ~ 8–9 
generations [1, 2]. Doubled haploid (DH) technology has 
emerged as a powerful tool for accelerating the breeding 

cycle to obtain inbreds in 2–3 generations [3, 4]. In maize, 
maternal haploids are developed by crossing the source pop-
ulation (as female) with a haploid-inducer (HI) line (as male) 
possessing matrilineal (mtl) [5] and domain membrane 
protein (dmp) genes [6]. Anthocyanin colour marker facili-
tates easy and quick identification of haploid seeds. Seeds 
with purple coloured endosperm and colourless scutellum 
are identified as haploid seeds [7]. R1-navajo (R1-nj) gene 
present on chromosome-10 governing anthocyanin pigmen-
tation on the maize kernels, has been widely used as col-
our marker for haploid identification [8]. R1-nj expression 
requires the presence of functional A1, A2, Bz1, Bz2, C1, C2 
and Pr1 genes involved in anthocyanin biosynthesis pathway 
[9]. The phenotypic expression of R1-nj causes purple col-
our in the aleurone layer on the crown region of endosperm 
and scutellum of the embryo [10]. However, purple colour 
conditioned by R1-nj is poorly expressed or completely 
suppressed in some germplasm, thereby making the visible 
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identification of haploid kernels difficult [11] Presence of 
C1-Inhibitor (C1-I) - a dominant mutant of C1 gene present 
on chromosome-9 in the genetic background has been identi-
fied as the key factor that interferes with the expression of 
kernel colour [12]. The C1-I produces transcriptional repres-
sor that affects the function of R1 gene [13].

Intensity of colour in the kernels upon crossing with HI 
lines is an important aspect as often very light colouration 
may lead to selection of false positives as haploids [14]. 
Thus, information on expression level of colour among the 
locally adapted germplasm would help in designing the right 
strategy in the DH programme [7]. Haploid induction pro-
cess demands lots of resources and management of logistics. 
Thus, absence of colour in the endosperm and scutellum 
upon haploid induction due to presence of C1-I leads to loss 
of valuable resources and time. Thus, prior screening for 
presence of C1-I in source populations will be of great sig-
nificance as such germplasm can be excluded before attempt-
ing haploid induction crosses. Through sequence analysis, 
Paz-Ares et al. [15] identified 8 bp InDel in the last exon of 
C1 and C1-I allele, while Chaikam et al. [11] reported the 
presence of the same 8 bp InDel and a novel SNP (A–G 
transition) in exon-3 that differentiated the C1 from C1-I 
allele. Chaikam et al. [11] also developed KASPar-based 
marker assay to screen maize germplasm for the presence of 
C1-I allele and also for A to G SNP. Though KASPar-based 
marker assay provides high throughput analysis, it involves 
high cost and sophisticated equipment besides skilled man-
power, thereby limiting the use of the marker system in 
resource-poor developing countries. However, these high 
throughput marker technologies involve high cost and skilled 
personnel, and access of the services may not be feasible in 
many of the remote areas, hence limiting their wide-spread 
applications. On the other hand, PCR-based assay is simple, 
less costly and does not involve any sophistication. Thus, 
development of breeder-friendly PCR-based markers that 
can effectively differentiate the C1-I and C1 in the maize 
germplasm holds great potential.

In India, maize is an important cereal crop after rice and 
wheat, and produces 30.5 million tonnes of grains annu-
ally [16]. So far, traditional selfing has been the mainstay 
of development of inbreds in the Indian maize breeding 
programme. Recently, various public sector organizations 
in India have initiated DH programme in maize [17, 18]. 
It is therefore important to analyze the expression pattern 
of R1-nj anthocyanin colour, and estimate the frequency 
of C1-I allele in the locally adapted subtropical germplasm 
for effective utilization of HI lines in the DH programme. 
The present study was therefore undertaken to (i) investi-
gate the level of expression of colour marker conditioned 
by R1-nj gene, and (ii) develop and validate the effective-
ness of breeder-friendly markers specific to C1-I gene 
using a set of diverse subtropically adapted inbreds.

Materials and methods

Plant materials

A set of 178 diverse locally adapted subtropical inbreds 
with no purple colouration (yellow/orange or white in col-
our) including exotic (91 CIMMYT inbreds) and indig-
enous origin (87 from Indian maize breeding programme) 
were crossed as female with two R1-nj-based inbreds 
(MGU-R1nj-101 and MGU-R1nj-102) having strong 
purple colouration in the crown region of the endosperm 
and scutellum as male during rainy season 2020. These 
R1-nj based inbreds were developed by DH breeding pro-
gramme of ICAR-Indian Agricultural Research Institute, 
New Delhi.

These two R1-nj-based inbreds (MGU-R1nj-101 and 
MGU-R1nj-102) did not possess mtl and dmp genes as the 
goal was to check the true colouration pattern of the seeds 
specifically in scutellum. Two more inbreds viz., EC-994242 
and EC-994243 with C1-I allele obtained from Maize Genet-
ics Cooperation Centre, USA were used as female and 
crossed with the two R1-nj based inbreds (MGU-R1nj-101 
and MGU-R1nj-102) as male. EC-994242 and EC-994243 
were considered as control for the presence of C1-I allele in 
the experiment.

Characterization of anthocyanin colour expression

The crossed ears were harvested at physiological maturity 
stage and were dried until it reached 12–14% moisture [11]. 
Randomly selected 30  F1 kernels from each of the crosses 
were scored on the basis of R1-nj marker expression. Ker-
nels were scored on the scale of 0–5 based on increasing 
anthocyanin colour intensity on the endosperm as well as 
scutellum. Scale-0 indicated no colouration. Scale-1 pos-
sessed 10% expression, while scale-2, -3, -4 and -5 had the 
expression of 25%, 50%, 75% and 100% area in the crown 
region of the endosperm, respectively. While in scutellum, 
the scale-1 to 5 denoted the intensity of colour from very 
light to dark purple shades.

Sequence comparison and primer designing

The sequence of wild-type allele C1 (Accession Number: 
X06333.1) and the inhibitor allele C1-I (Accession Number: 
X52201.1) were retrieved from EMBL database. Sequence 
of these two alleles were aligned and analyzed through 
BioEdit [19] software and MEGA tool using ClustalW. Two 
polymorphisms viz., an 8 bp insertion at position number 
2051 and an SNP (A–G) at position 1795 differentiated the 
C1 and C1-I allele (Fig. S1). Primers specific to the two 
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polymorphisms were designed using Primer3 online soft-
ware (Table S1).

Genomic DNA isolation and PCR amplification

Genomic DNA of inbreds was isolated from leaf sample 
using modified CTAB extraction method [20], and qual-
ity was checked using 0.8% gel electrophoresis. PCR was 
carried out in 96 well plate Veriti 96-well thermal cycler 
(M/s. Applied Biosystems) with initial denaturation at 95 °C 
for 5 min, 35 cycles of amplification phase consisting of 
denaturation at 95 °C for 45 sec, primer annealing at 60 °C 
for 45 sec, primer extension at 75 °C for 45 sec and final 
extension at 72 °C for 8 min. The oligonucleotide primer 
was synthesized from M/s Macrogen. Final 20 µl reaction 
mixture consisted of 10 ng template DNA, 1 × Master mix 
(M/s G-Biosciences) and 0.25 µM primers. The amplified 
DNA fragments were separated using 2% Seakem LE aga-
rose gel electrophoresis. AlphaImager (M/s Alpha Innotech, 
San Leandro, CA) gel documentation system was used for 
gel visualization.

Statistical analysis

Analysis of variance (ANOVA) for the expression of pur-
ple colouration in the endosperm and scutellum was under-
taken using Windostat 8.0. Critical difference (CD) was 
used to establish difference between the two means was 
also calculated. The average and percentage calculations 
besides graphical representation were carried out using 
MS-Office-2019.

Results

Variation in expression of R1‑nj phenotype 
among inbreds

ANOVA revealed significant differences among inbreds for 
colouration intensity in endosperm and scutellum (Table S2). 
Among the 178 inbreds under study, 136 genotypes pos-
sessed purple colour in the endosperm, while 112 inbreds 
developed colour in the scutellum (Fig. S2, Table S3). The 
expression of anthocyanin was also completely absent in 
two inbreds viz., EC-994242 and EC-994243 possessing 
C1-I allele. Expression of purple colour conditioned by R1-
nj varied greatly in both endosperm and scutellum (Fig. 1). 
For instance, score-0 was observed in CM139, score-1 in 
ZL17333, while score-2 and 3 was shown by CML52 and 
CML384, respectively. While, score-4 was observed in 
CML373 and score-5 was observed in CML40. In scutel-
lum, score-0 was observed in BAJIM5, while score-1, score-
2, score-3, score-4 and score-5 were noticed in CAL1723, 

CML543, CML556, CML582, and CML465, respectively. 
25.28% inbreds possessed scale-5, while 20.22%, 8.99%, 
5.06% and 16.85% inbreds had the scale of 4, 3, 2 and 1, 
respectively in the endosperm with respect to crosses with 
MGU-R1nj-101. When the inbreds were crossed with MGU-
R1nj-102, 22.47% inbreds had the scale of 1, while 5.62%, 
13.48%, 26.40% and 8.43% inbreds displayed the scale 
of 2, 3 4 and 5, respectively. However, in both the cases, 
23.60% inbreds did not show any colour accumulation in 
the endosperm (Table 1). In the case of scutellum, 39.33% 
had the score of 1 when crossed with MGU-R1nj-101. 
Besides, 12.92% inbreds expressed score of 2, while score 
3, 4 and 5 were observed in 6.18%, 3.37% and 1.12% of 
the inbreds, respectively (Fig. 2, Table 1). With respect to 
MGU-R1nj-102, 46.63% inbreds displayed scale-1, while 
11.24%, 2.25%. 2.25% and 0.55% inbreds possessed scale-2, 
-3, -4 and -5, respectively. However, 37.08% of the inbreds 
scored 0 (no colour) for both MGU-R1nj-101 and MGU-
R1nj-102. On an average, 19.66% inbreds displayed scale-1 
(10% colour), while 5.34%, 11.24%, 23.31% and 16.85% 
inbreds showed scale -2 (25% colour), -3 (50% colour) 
-4 (75% colour) and -5 (100% colour) in the endosperm, 
respectively (Fig. 2). In case of scutellum, 42.98% inbreds 
possessed score-1 with 12.08%, 4.21%, 2.81% and 0.84% 
inbreds displayed scale-2, -3, -4 and -5, respectively. Of the 
total 178 inbreds, 112 inbreds showed R1-nj phenotype in 
both endosperm and scutellum, while 42 inbreds did not 
possess colour in both the tissues. Interestingly, 24 inbreds 
revealed purple phenotype in the endosperm without hav-
ing any colour in the scutellum. However, no inbred with 
coloured scutellum and colourless endosperm was observed. 
The mean score among the CIMMYT inbreds was 2.56 in 
the endosperm, while the same was 2.26 among the inbreds 
developed in India. Similarly, the purple colouration score 
in scutellum was 1.05 and 0.84 among CIMMYT and Indian 
inbreds, respectively. Though, CIMMYT inbreds possessed 
higher intensity of purple colouration over the Indian lines, 
the difference was not significant (Table S3). Further, aver-
age colour score using MGU-R1nj-101 as male was 2.61 
and 1.03, respectively, while the same was 2.22 and 0.88 for 
MGU-R1nj-102 in endosperm and scutellum, respectively. 
However, the difference between the score posed by MGU-
R1nj-101 and MGU-R1nj-102 were non-significant.

Genotyping of inbreds using markers

PCR amplicon with 8 bp deletion was observed in the con-
trol inbred (PV-19A-BLSTBLKS-1858) having C1 gene, 
while the insertion of 8 bp specific to C1-I in two con-
trol inbreds (EC-994242 and EC-994243) was detected 
(Figs.  3  and  4). Similarly, amplicon with SNP-G was 
observed in the controls with C1-I, while SNP-A was 
detected in C1 allele. Genotyping using MGU-C1-InDel8 
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revealed 14 inbreds possessed 8 bp insertion, while 164 
inbreds had the 8 bp deletion. Similarly, assay with MGU-
C1-SNP1 revealed that 165 inbreds had SNP-A and 13 
inbreds possessed SNP-G. When both the markers were 
considered together, nine inbreds had 8 bp insertion and 
SNP-A, and the same number of inbreds possessed 8 bp 
deletion with SNP-G. On the other hand, 8 bp insertion 
with SNP-G was observed in five inbreds, while  155 
inbreds revealed 8 bp deletion with SNP-A.

Effectiveness of markers in detecting the presence 
of C1 and C1‑I

When the marker profiles were compared with the colour 
phenotypes, it was found that MGU-CI-InDel8 correctly 
identified the presence of C1-I and C1 with a success rate 
of 92.9 and 84.7%, respectively (Table 2). In case of MGU-
C1-SNP1, the success rate in detecting the presence of C1-I 
was 39.5%, while the same was 83.6% for C1. However, 

Fig. 1  Expression pattern of colour marker (0–5 scale) on endosperm 
and scutellum. Endosperm genotypes: score-0: CM139, score-1: 
ZL17333, score-2: CML52, score-3: CML384, score-4: CML373, 

score-5: CML40. Scutellum genotypes: score-0: BAJIM5, score-1: 
CAL1723, score-2: CML543, score-3: CML556, score-4: CML582, 
score-5: CML465

Table 1  Expression of colour 
marker R1-nj on endosperm and 
scutellum among in breds

A: MGU-R1nj-101, B: MGU-R1nj-102

Part of kernels (female) R1-nj Donor (male) Scale (level of expression in the crown region) Total
0 1 2 3 4 5

Endosperm A 42 30 9 16 36 45 178
B 42 40 10 24 47 15 178
Average 42 35 9.5 20 41.5 30 178

Scutellum A 66 70 23 11 6 2 178
B 66 83 20 4 4 1 178
Average 66 76.5 21.5 7.5 5 1.5 178
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when both the markers were compared together, the success 
rate of detecting C1-I was 100%. Interestingly, the success 
rate of identifying C1 was only 82.6% with a failure rate of 
17.3% (Table 2).

Discussion

DH technology has emerged as an alternative to traditional 
methods of inbred development in maize breeding [4]. DH 
helps to accelerate the production of completely homozy-
gous lines in much cost-effective way than the traditional 
selfing approach [21]. Selection of haploid seeds is an 
important step in DH production. Among various genetic 
systems, the R1-nj phenotypic marker system is widely used 

Fig. 2  Average expression 
(based on A and B donor of R1-
nj inbreds) of anthocyanin col-
our marker R1-nj on endosperm 
and scutellum among maize 
inbreds. A: MGU-R1nj-101, 
B: MGU-R1nj-102. Scale-0: 
No colour, Scale-1 to 5: varying 
from light to dark

Fig. 3  Profile of MGU-C1-In-
Del8 marker among selected set 
of inbreds; L: 50 bp ladder

Fig. 4  Profile of MGU-C1-
SNP1 marker among a set of 
inbreds; L: 50 bp ladder
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for haploid identification [22]. R1 codes for basic-Helix-
Loop-Helix (bHLH) transcriptional factor that directly 
interacts with C1 to activate transcription of anthocyanin 
biosynthesis genes in seeds [23]. The dominant allele R1 
confers colouration in the entire endosperm and scutellum, 
while its recessive r1 allele does not impart colour in the 
seeds. R1-nj, an allele of R1 also behaves dominantly, but 
causes purple colouration in the crown and its surrounding 
areas of the endosperm and scutellum. Majority of HI lines 
developed worldwide possess R1-nj allele [11]. However, 
the expression of R1-nj is not uniform across germplasm, 
and it may vary from light to dark colouration with even 
no formation of colour in specific germplasm [18]. In the 
present study, we analyzed the expression of purple colour 
on the seeds of the inbreds adapted to Indian subtropical 
conditions for estimating the effectiveness of R1-nj allele in 
the DH programme.

We observed that 62.9% of the inbreds had expression 
of R1-nj allele in both endosperm, and scutellum. Chaikam 
et al [11] reported that 27–49% of tropical inbreds showed 
inhibition of R1-nj colour marker, while it was 27% among 
the landraces. Khulbe et al. [17] analyzed 18 hybrids and 
23 inbreds specifically adapted to the hilly regions of India, 
and reported that 97.6% of the maize genotypes expressed 
R1-nj colour marker. Among these, the expression level also 
varied drastically from extremely low to high intensity of 
purple colouration [17]. This could be due to varied expres-
sion levels of the key genes such as A1, A2, Bz1, Bz2, C1, 
C2 and Pr1 in the anthocyanin biosynthesis pathway [10]. 
Further, many modifier genes in the genetic-background 
might have influenced the expression of the R1-nj allele. It 
was also observed that purple colour intensity varied among 
the same inbred when crossed with the two R1-nj inbreds. 
MGU-R1nj-101 when used as male produced higher colour 
intensity in endosperm and scutellum over MGU-R1nj-102. 

This suggested that genetic constitution of the R1-nj inbreds 
also influences the colour intensity. Earlier experiments by 
Chaikam et al. [11] and Khulbe et al. [17] reported antho-
cyanin pattern only with one R1-nj based HI line. Thus, the 
influence of the background of R1-nj lines on the expression 
of anthocyanin is a novel finding of the study. Since, various 
R1-nj based HI lines are used worldwide, the intensity of 
colour development posed by HI lines on the source germ-
plasm for haploid identification would be of great signifi-
cance. Further, colour intensity upon crossing with R1-nj 
lines was more among the CIMMYT-based inbreds com-
pared to the inbreds developed in India. Similar observation 
of the differences in colour expression among various germ-
plasm groups have been reported earlier by Prigge et al. [14] 
and Couto et al. [24]. This suggested that various modifier 
loci inhibiting the expression of purple colour may be more 
prevalent among Indian inbreds.

Further, 13.5% of the inbreds developed colour in the 
endosperm but not in the scutellum. This may be due to the 
presence of thicker and opaque pericarp (rather than thin and 
transparent pericarp) that blocked the viewing of coloured 
regions in the scutellum. Generally, such kind of seeds are 
treated as haploids when HI lines are used. To avoid the 
occurrence of such seeds, we deliberately selected R1-nj 
based inbreds without the haploid induction capacity as they 
did not possess mtl and dmp genes. Thus, seeds with col-
oured endosperm and colourless scutellum were not actually 
haploids but true diploids with uncharacteristic colour pat-
tern. Such kind of seeds would cause identification of false 
positive haploids in the DH breeding programme [14]. While 
Khulbe et al. [17] did not report such kind of colourless 
scutellum, Chaikam et al. [11] mentioned the appearance of 
such kernels in their study. Since they used R1-nj-based HI 
lines, it was possible to have haploid seeds with coloured 
endosperm and colourless scutellum. However, in our study 

Table 2  Relationship of marker polymorphisms with anthocyanin colouration

Presence of anthocyanins either in endosperm and/or scutellum were scored as coloured, while absence in both were scored as colourless

Marker Polymorphism Gene designation 
as per marker

Number of inbreds with 
anthocyanin colouration

Number of inbreds with no 
anthocyanin colouration

Total number of 
inbreds analyzed

MGU-CI-InDel8 8 bp insertion C1-I 1 13 14
8 bp deletion C1 139 25 164
Total seeds – 140 38 178

MGU-C1-SNP1 SNP-G C1-I 8 5 13
SNP-A C1 138 27 165
Total seeds – 146 32 178

MGU-CI-InDel8 + 
MGUC1-SNP1

8 bp insertion + SNP-G C1-I 0 5 5
8 bp deletion + SNP-A C1 128 27 155
8 bp insertion + SNP-A – 1 8 9
8 bp deletion + SNP-G – 8 1 9
Total seeds – 137 41 178
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we conclusively showed that the appearance of seeds with 
coloured endosperm and colourless scutellum in the R1-nj 
based crossing programme is a common phenomenon in 
certain genetic background. The R1-nj based selection of 
false positive haploids can be reduced by using alternative 
marker systems such as (i) purple coloured root and stem 
with the combination of Pl1 and B1 genes [25], (ii) purple 
coloured root marker [26], and (iii) embryo-based high oil 
marker-system [8].

The present analysis also suggested that 23.6% of the 
inbreds did not develop purple colour in both endosperm and 
scutellum. This is mainly due to the presence of C1-I allele 
among the inbreds [13]. The C1-I codes 252 amino acid pro-
tein, while C1 coded protein is composed of 273 amino acids 
[13]. The C1-I coded suppressor protein out competes the 
functional C1 protein for activator sites of the anthocyanin 
structural genes like R1-nj [27]. The presence of C1-I in the 
source population makes the visible selection of the hap-
loid kernels difficult. In haploid induction crosses, generally 
two types of seeds are formed, viz., (i)  F1 seeds with purple 
colour in both endosperm and scutellum are treated as true 
diploids, and (ii)  F1 seeds with purple coloured endosperm 
and colourless scutellum are identified as haploids. Besides, 
 F1 seeds with no colour in endosperm and scutellum are also 
formed when C1-I allele is present in the source germplasm 
from which DH lines are derived. Thus, even though true 
haploid seeds are generated upon crossing with HI lines, 
they remain unidentified phenotypically. This leads to loss of 
valuable resources and time incurred in making unnecessary 
crosses during the haploid induction programme.

Therefore, prior identification of C1-I allele in the 
source germplasm assumes great significance in the DH 
programme. Here we developed two breeder-friendly PCR-
based markers viz., MGU-C1-InDel8 and MGU-C1-SNP1 
specific to 8 bp InDel and an SNP (A to G), respectively 
that differentiated the C1 and C1-I allele. Although, the 
effectiveness of MGU-C1-InDel8 and MGU-C1-SNP1 in 
identifying C1-I was much higher (> 80%), none of the 
markers alone could detect the presence of C1-I with 100% 
success rate. However, when both the markers were con-
sidered together, they predicted with 100% accuracy for 
the presence of C1-I allele among the inbreds. Thus, hap-
lotype having 8 bp insertion and SNP (G) provided the 
accurate prediction of presence of C1-I allele in the source 
populations. In contrast, Chaikam et al. [11] observed 
84%, 79% and 81% success when scored with KASPar 
marker-assay having 8 bp InDel, SNP (A to G) and com-
bination of both, respectively in a set of maize genotypes 
comprised of inbreds and landraces. The 8 bp insertion 
mutation in the last exon leads to premature termination 
of the open reading frame (ORF) in the C1-I protein, 
thereby shifting the activity from transcriptional activa-
tor to a transcriptional repressor [13]. On the other hand, 

the SNP (A–G) conversion codes the same amino acid 
serine in both C1 and C1-I allele, thereby suggesting no 
role in protein function. However, SNP-G might have evo-
lutionary advantage and perpetuated in the population with 
8 bp insertion due to selection pressure for not selecting 
C1 allele in the traditional breeding programme. Earlier, 
Chaikam et al. [11] developed KASPar assay for the 8 bp 
and SNP polymorphisms to differentiate the C1 and C1-I 
allele. Though KASPar assay is high throughput as it can 
detect 1536 SNPs, it involves very high cost with US$246 
per sample (26 samples’ cost US$6390) [28]. In a breed-
ing programme where only two polymorphisms specific 
to C1-I are to be assayed, per sample cost for genotyping 
becomes too high. On the other hand, the breeder-friendly 
PCR assay developed here is cost effective as it needs only 
US$1-1.5 per sample. The assay is simple and can be per-
formed in any laboratory equipped with very few basic 
equipment like PCR machine, gel electrophoresis and gel 
documentation unit unlike costly high throughput system 
required for KASPar or any other next generation sequenc-
ing systems. The PCR-based marker system is quite afford-
able by the breeding programme especially in the develop-
ing countries where resources are limited.

However, the effectiveness of MGU-C1-InDel8 marker in 
detecting C1 allele was higher (> 80%) than the MGU-C1-
SNP1 (< 40%). When combined, both the markers however 
could not provide 100% success rate. This suggested that 
even though C1 gene was present in the genetic background, 
there could be formation of no colour in the endosperm and 
scutellum. This is governed possibly due to the presence of 
other suppressor genes in the background. Various dominant 
inhibitory genes viz., C2-Idf (inhibitor diffuse), and in-1D 
affecting expression of anthocyanins in the maize endosperm 
and scutellum have been reported [29, 30]. C2-Idf pre-
vents anthocyanin accumulation in homozygous genotypes 
and reduces the pigmentation in heterozygous genotypes 
through RNA silencing [31]. The semi-dominant mutation 
in-D inhibits anthocyanins production in the aleurone tis-
sue by regulating the Whp gene, a homologue of C2 gene 
[32]. Since, the markers were developed specific to C1, the 
presence of other suppressor loci such as C2-Idf and in-1D 
could not be verified. Therefore, identification of causal pol-
ymorphism and development of breeder-friendly marker sys-
tem will pave the way for precise genotyping of the source 
population before attempting the induction crosses in the 
DH programme. This is the first comprehensive analysis on 
expression of R1-nj marker in subtropically adapted inbreds, 
and development of effective breeder-friendly markers to 
predict the presence of C1-I gene.
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Conclusions

R1-nj marker showed wide range of variation in imparting 
purple colour in both endosperm and scutellum among the 
inbreds. Considerable number of inbreds did not develop 
anthocyanin colouration. Independently, two breeder-
friendly markers specific to 8 bp InDel and SNP (A–G) 
showed high degree of effectiveness in identifying the 
C1-I allele. However, the two markers predicted the pres-
ence of C1-I allele with 100% accuracy when considered 
together. These two markers thus developed here can be 
used to detect the presence of C1-I in the source germ-
plasm. This would save valuable resources and time in the 
DH breeding programme.
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