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Abstract

Seed coat colour in adzuki bean is an important quality trait and closely associated with antho-
cyanin metabolism pathways. To further understand the inheritance of seed coat colour pattern,
the inheritance between multiple seed coat colours and ivory seed were analysed using F1:2, F2:3
and F3:4 populations derived from five bi-parental crosses. The differences between ivory and red
mottle on ivory are controlled by a single recessive R locus and RI locus, respectively. Green,
light brown and golden are all dominant to red and governed by two loci. The B (brown)
locus shows dominant epistasis over T locus. The R (red) locus was recessive epistasis to B
(black), T (light brown), G (golden), GR (green) and RI (red mottle on ivory) loci. The new
insight into the strong recessive epistasis of the R locus will be important for gene mapping
and cloning, candidate gene functional validation and quality improvement in adzuki bean.

Introduction

Adzuki bean (Vigna angularis L.), with folk name of ‘red small bean’ in China, was grown in
more than 30 countries but mainly in Asia (Gohara et al., 2016; Belfry and Sikkema, 2018).
Adzuki bean is considered to have high medicinal value because of its antioxidant activity
from phenolic compounds (Gohara et al., 2016). Seed coat colour has been correlated with
the content of phenolic compounds (Kim et al., 2011). Seed coat colour is an important
domestication trait and quality trait. Seed coat colour has varied from black mottle on grey
to red during the domestication of adzuki bean.

The seed coat is developed from the integument so is controlled by the maternal genotype,
which can delay its phenotype expression for a half generation. Takahashi and Fukuyama
(1917) first reported the genetic analyses of four loci including red (R), green (G), brown
(F) and red inhibition (H ). The genetic relationship of ivory, red and light grey was further
analysed (Naruwa, 1976). The seed coat colour loci OLB1, OLB2, sdc (light brown/red) and
sdc3.1.1 (ivory/red) were mapped in linkage group LG1 (Isemura, et al., 2007; Kaga et al.,
2008). The IVY (ivory yellow) and POB (pale olive buff) genes were mapped in LG8 and
LG10, respectively (Horiuchi et al., 2015). We analysed the genetic relationship between red
and other seed coat colours and showed that black, light brown, brown, black mottle on
red, black mottle on grey, and golden were dominant to red seed coat colour, but ivory
seed coat was the only trait recessive to red seed coat (Chu et al., 2021a). We mapped
VaSDC1 (Li et al., 2017) and demonstrated that the function of VaSDC1 (B Locus) was
involved in the formation of black seed coat colour (Chu et al., 2021b).

The research on seed coat colour inheritance in adzuki bean is mainly focused on the dif-
ference between red and other colours. Ivory seed coat is particularly important in explaining
the genetic mechanism of seed coat colour in adzuki bean but has rarely been investigated. In
this study, we analysed the genetics of ivory over black, green, golden, light brown, and red
mottle on ivory using six F2:3 and one F3:4 segregating populations derived from the
bi-parental crosses between ivory and these seed coat colours. The study provides new infor-
mation about the inheritance pattern net of seed coat colour in adzuki bean.

Materials and methods

Plant materials

Six different bi-parental crosses between ivory and black, green, golden, light brown and red
mottle on ivory were constructed (Fig. 1, Table 1). Norin3 (NL3) is a commercial variety
with an ivory seed coat. AG118, GM170, GM537, AG89 and AG49 have black, golden and
red mottles on ivory, light brown and green seed coats, respectively. The seed coat colour of
individuals in F1:2, F2:3 and F3:4 segregating populations was observed.
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F1, F2 and F3 generations were grown at the Experimental
Farm of Beijing University of Agriculture (BUA) in 2020, 2021
and 2022. Each line of F3 families was derived from an F2 individ-
ual. Eighty seeds were planted for each line. The parents were
planted on both edges of each population. Each parent was
planted into two rows. Rows were 3 m long and 45 cm apart; 40
seeds were planted evenly in each row.

Data analysis

The seed coat colour phenotypes and segregation ratios of F2:3
individuals were investigated. χ2 test was applied to the goodness

of fit to various genetic ratio colours. The gene numbers regulat-
ing different seed coat colours were predicted based on the segre-
gation data of these crosses and Mendel’s law. The χ2 test was
conducted using SPSS20.0 software.

Results

Analysis of F1:2 phenotypes and genetic relationships

The genotype of the seed coat was the same as its female parent so
the coat colour of F0:1 hybrid seed was dependent on the genotype
of its female parent. The seed coat colours of NL3 × AG118,

Table 1. The information of parents and the crosses in adzuki bean

Cross combination Female parent seed coat colour Male parent seed coat colour Generation F2:3 Population Grown

NL3 × AG89 NL3 (ivory) AG89 (light brown) F1 2020

F2 201 2021

NL3 × AG49 NL3 (ivory) AG49 (green) F1 2020

F2 398 2021

GM170 × NL3 GM170 (golden) NL3 (ivory) F1 2020

F2 219 2021

NL3 × GM537 NL3 (ivory) GM537 (red mottle on Ivory) F1 2020

F2 136 2021

GM537 × NL3 GM537 (red mottle on Ivory) NL3 (ivory) F1 2020

F2 156 2021

NL3 × AG118 NL3 (ivory) AG118 (black) F1 2020

F2 638 2021

Figure 1. Parent seed coat colour of the crosses in adzuki bean a: NL3 (Ivory); b: AG89 (Light brown); c: AG49 (Green); d: GM170 (Golden); e: GM537 (Red mottle on ivory);
f: AG118 (Black).
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NL3 × AG49, GM170 × NL3, NL3 × GM537, GM537 × NL3 and
NL3 × AG89 in F1:2 populations were black, green, golden, red,
red and light brown, respectively. The results indicated that the
five seed coat colours were dominant to ivory. The seed coat col-
our of F1:2 from the reciprocal crosses between ivory and red mot-
tle on ivory was red and revealed that red was dominant to both
red mottles on the ivory and ivory seed coat.

Segregation of seed coat colour and Chi-square test in F2:3
populations

The red seed coat individuals which did not exist in bi-parents
appeared in the crosses between ivory and green, golden and
light brown, The segregation ratio of green (golden or light
brown): red: ivory was 9:3:4 in F2:3. Two genetic loci controlled
the difference between green (golden, light brown) and ivory.
Green (GR), golden (G) and light brown (T ) were all dominant
to red. Red was dominant to ivory (R). The χ2 test values of
F2:3 population derived from NL3 × AG49 and NL3 × AG89
were 5.85 and 1.62 and that of 1.36 from GM170 × NL3, lower
than χ2(df = 2) P = 0.05 = 5.99 (Fig. 2a–c; Table 2). Two genetic loci
governed the difference between green (golden or light brown)
and ivory. The interaction of the R locus over GR, G and T loci
was recessive epistasis.

In the reciprocal crosses of red mottle on ivory and ivory, the
red seed individuals which did not exist in bi-parents were segre-
gated out. The segregating ratio of red: red mottle on ivory: ivory
was 9:3:4 in F2:3. Red was dominant to both red mottle on ivory
(RI) and ivory (R). The χ2 goodness of fit test for NL3 × GM537
and GM537 × NL3 was 3.96 and 3.01, lower than χ2(df = 2) P = 0.05 =
5.99 (Fig. 2d and e; Table 2). Two genetic loci controlled the dif-
ference between red mottle on ivory and ivory. The interaction
between R and RI loci was recessive epistasis.

In the cross generation between ivory and black seed coat
appeared light brown and red which did not exist in the parents.
The segregation in F2:3 fitted the Mendel’s law of three genes with
a ratio of black: ivory: light brown: red = 36:16:9:3. Black was
dominant to light brown (B), red (R) and ivory (r). The χ2 values

was 6.86 lower than χ2(df = 3) P = 0.05 = 7.82 (Fig. 2f; Table 2). B locus
over R locus was dominant epistasis, and the interaction of R
locus over the other two loci was recessive epistasis. The recessive
epistasis of R locus was stronger than the dominant epistasis of B
locus. We predicted the genetic backgrounds of the seed coat col-
ours (online Supplementary Table S1).

Segregation verification of GM537 × NL3 and NL3 × GM537 by F3
families

To further verify the genotypes of F2:3 seeds of GM537 × NL3 and
NL3 × GM537, the segregation of colours from F3 families was
analysed and assessed using χ2 tests (Table 3). The segregating
ratio of these two populations were red: red mottle on ivory: ivory
= R_RI_: R_riri :rr__ = 9:3:4. Based on Mendel’s law, there were
four different genotypes in the red progeny of F2 individuals
and the theoretical segregation ratio is RIri Rr:RIri RR:RIRI Rr:
RIRI RR = 4:2:2:1. Individuals of F3 families from F2 parents
with heterozygous genotypes will have different phenotypes.
Phenotypes of F3 families derived from F2 red parents are
expected to be red, red mottle on ivory and ivory individuals: fam-
ilies with red and ivory individuals: families red and red mottle on
ivory: pure red families = 4:2:2:1. The χ2 value for these families
was 2.056 and less than χ2(df = 2) P = 0.05 = 5.99.

There are two different genotypes in red mottle on ivory pro-
geny of F2 individuals, and the theoretical segregation ratio is riri
Rr:riri RR = 2:1. The phenotype of F3 families corresponding to
red mottle on ivory progeny of F2 individuals are predicted to
be red mottle on ivory and ivory individuals: pure red mottle
on ivory families = 2:1. The χ2 value for these families was
0.675 and less than χ2(df = 1) P = 0.05 = 3.84. There are three different
genotypes in the ivory progeny of F2 individuals, and the theoret-
ical segregation ratio is RIRI rr:RIri rr:riri rr = 1:2:1 with the
expected recessive epistasis of R locus. The phenotype of these
F3 families is predicted to be all ivory. The χ2 test results verify
the seed coat colour difference prediction between red mottle
on ivory and ivory and the recessive epistasis of the R locus
(Table 3).

Figure 2. Segregation of seed coat colour in F2:3 populations. a: Phenotypic segregation of NL3 × AG49 F2 population. b: Phenotypic segregation of GM170 × NL3 F2
population. c: Phenotypic segregation of NL3 × AG89 F2 population. d: Phenotypic segregation of NL3 × GM537 e: Phenotypic segregation of GM537 × NL3 F2 popu-
lations. f: Phenotypic segregation of NL3 × AG118 f2 population.

300 Kaili Wang et al.

https://doi.org/10.1017/S1479262123000746 Published online by Cambridge University Press

https://doi.org/10.1017/S1479262123000746


Ta
b
le

2.
Se

gr
eg
at
io
n
ra
ti
o
of

se
ed

co
at

co
lo
ur

de
ri
ve
d
fr
om

si
x
cr
os
se
s
in

ad
zu
ki

be
an

Cr
os
s

co
m
bi
na

ti
on

Se
ed

co
at

co
lo
ur

of
F 1

:2

N
um

be
r
of

F 2
:3

P
he

no
ty
pe

1
P
he

no
ty
pe

2
P
he

no
ty
pe

3
P
he

no
ty
pe

4
Th

eo
re
ti
ca
l
se
gr
eg
at
io
n

ra
ti
o

χ
2

Li
gh

t
br
ow

n
Re

d
Iv
or
y

N
L3

×
AG

89
Li
gh

t
br
ow

n
20
1

Th
eo

re
ti
ca
l

va
lu
e

11
2

44
45

9:
3:
4

1.
62

O
bs
er
ve
d
va
lu
e

11
3.
06

37
.6
9

50
.2
5

G
re
en

Re
d

Iv
or
y

N
L3

×
AG

49
G
re
en

39
8

Th
eo

re
ti
ca
l

va
lu
e

23
2

86
80

9:
3:
4

5.
85

O
bs
er
ve
d
va
lu
e

22
3.
88

74
.6
3

99
.5

G
ol
de

n
Re

d
Iv
or
y

G
M
17
0
×
N
L3

G
ol
de

n
21
9

Th
eo

re
ti
ca
l

va
lu
e

16
5

64
71

9:
3:
4

1.
36

O
bs
er
ve
d
va
lu
e

16
8.
75

56
.2
5

75

B
la
ck

Iv
or
y

Li
gh

t
br
ow

n
Re

d

N
L3

×
AG

11
8

B
la
ck

63
8

Th
eo

re
ti
ca
l

va
lu
e

33
1

17
2

95
40

36
:1
6:
9:
3

6.
86

O
bs
er
ve
d
va
lu
e

35
8.
88

15
9.
5

89
.7
2

29
.9
1

Re
d

Re
d
m
ot
tl
e
on

iv
or
y

Iv
or
y

N
L3

×
G
M
53
7

Re
d

13
6

Th
eo

re
ti
ca
l

va
lu
e

65
30

41
9:
3:
4

3.
96

O
bs
er
ve
d
va
lu
e

76
.5

25
.5

34

G
M
53
7
×
N
L3

Re
d

15
6

Th
eo

re
ti
ca
l

va
lu
e

86
37

33
9:
3:
4

3.
01

O
bs
er
ve
d
va
lu
e

87
.7
5

29
.2
5

39

N
ot
e:

W
he

n
de

gr
ee
s
of

fr
ee
do

m
ar
e
1,

2
an

d
3
nu

m
be

rs
of

χ
2 P

=0
.0
5
ar
e
3.
84
,
5.
99

an
d
7.
82
,
re
sp
ec
ti
ve
ly
.

Plant Genetic Resources: Characterization and Utilization 301

https://doi.org/10.1017/S1479262123000746 Published online by Cambridge University Press

https://doi.org/10.1017/S1479262123000746


Table 3. Segregation analyses of adzuki bean GM537 × NL3 and NL3 × GM537 F3 families

Hybridized
combination

Red families
(120 lines)

Theoretical
segregation

ratio χ2

Red mottle
on ivory
families
(60 lines)

Theoretical
segregation

ratio χ2

Ivory
families
(60 lines)

GM537 × NL3 Theoretical
value

53.3:26.6:26.6:13.3 4:2:2:1 2.056 40:20 2:1 0.675 60

NL3 × GM537 Observed
value

46:30:28:16 37:23 60

Note: When degrees of freedom are 1, 2 and 3 numbers of χ2P = 0.05 are 3.84, 5.99 and 7.82, respectively. There are four different genotypes in red families. The theoretical segregation ratio is
RIriRr:RIriRR :RIRIRr:RIRIRR = 4:2:2:1. There are three different genotypes in ivory families. The theoretical segregation ratio is RIRIrr :RIrirr :ririrr = 1:2:1. There are two different genotypes in red
mottle on ivory families. The theoretical segregation ratio is ririRr: ririRR = 2:1.

Figure 3. Dominant and recessive inheritance of seed coat colour loci in adzuki bean.
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Discussion

During the domestication of adzuki bean, a red seed coat was
selected and retained for cultivation. The red seed coat colour
was preserved during the domestication of adzuki beans.
However, the red seed coat colour is recessive to most other
seed coat colours, except for ivory. Therefore, the study of the
genetic mechanism of ivory seed coat colour is very important
for adzuki bean domestication. Our result demonstrated that
red is dominant to ivory and controlled by the R. This conclusion
is consistent with the previous study (Horiuchi et al., 2015; Chu
et al., 2021a).

The segregating ratios of the 9:3:4 in the crosses between
golden, green, light brown and ivory showed that two loci con-
trolled the differences between golden/ivory, green/ivory and
light brown/ivory, respectively. Among them, the interaction
between R locus and GR locus, G locus and T locus is recessive
epistasis, respectively. When the R locus is recessive rr, the seed
coat colour is all ivory whatever the genotype of another locus
is. The GR locus, G locus and T locus can regulate the difference
between green to red, golden to red and light brown to red,
respectively, when R locus is R. The recessive epistasis of rr in
R locus to other loci in adzuki bean seed coat colour was first
identified in this study. The genetic relationship between red mot-
tle on ivory, green and red has also been discovered for the first
time, respectively.

The segregating ratios of the reciprocal crosses between red
mottle on ivory and ivory are both 9:3:4. Different from other
crosses, red was dominant to both red mottle on ivory and
ivory seed coat. The interaction between R locus and RI locus is
also recessive epistasis. The segregation of F3:4 was analysed to
verify this result. The genetic pattern of the red mottle in this
study is different from that of the black mottle seed coat in a pre-
vious study (Kaga et al., 2008; Chu et al., 2021a). The genetic ana-
lyses between red and red mottle on ivory have not been reported,
and further research will be needed.

The segregation model in F2:3 populations derived from the
cross between black and ivory was controlled by 3 loci. The ratio
of 36:16:9:3 supported the recessive epistasis of rr genotype and
the dominant epistasis of B_. The recessive epistasis of the rr geno-
type was greater than the dominant epistasis B_. We show that
VaSDC1, located in the B locus, increased the expression level of
flavonoid metabolism pathway genes (Chu et al., 2021b). We
deduce that the ivory seed coat Norin3 might be a loss of function
mutant of upstream key genes of the flavonoid metabolism path-
way. However, further identification of molecular markers and can-
didate gene functional validation should be performed.

Overall, our study provides new insight into the inheritance of
adzuki bean seed coat colours. Summarizing the results of genetic
analysis between ivory seed coat and different seed coat colours in
adzuki bean, we propose that there is strong recessive epistasis of
R locus over other loci. A new model is proposed to integrate the
genetic analyses in this study with our previous model (Chu et al.,
2021a) (Fig. 3). This research will lay the foundation for gene

mapping and cloning, function validation, insight into the genetic
mechanism of seed coat colour and quality improvement in
adzuki bean.
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