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Abstract

Colored-grain wheat is one kind of new germplasm resource in cereal crops, some of which are rich in beneficial anthocyanins. The
genetics of wheat with blue and white grains or those with purple and white grains have been investigated. However, as far as we
know, the genetics of wheat with purple and blue grains has not been reported. We bred new lines of colored-grain wheat by crossing
einkorn wheat (Triticum boeoticum, AA) and French rye (French Secale cereale, RR) as male parents (mixed pollination) with a
high-quality bread wheat line Y1642 (derived from common wheat and Agropyron elongatum, AABBDD) as the female parent. We
selected colored-grain wheat lines in the F¢ generation that exhibited different colored grains in the same spike to study the genetic
patterns of colored-grain wheat. In addition to normal grain color segregation ratios, we found some unconventional segregation
ratios such as 1:37 (blue to white). Furthermore, we found blue and purple grains in the same spike of blue-grain or purple-grain
wheat lines. For blue wheat grain the color is due to the blue aleurone layer. The coloration of a purple wheat grain is located in the
pericarp and testa. This unique phenomena may be due to the influences of environmental factors as well as genetic factors. Besides,
the colored-grain wheat lines used in this work may be genetically unstable. Some unique segregation ratios are also observed in the

genetic segregation of grain color. The results will be useful for genetics and breeding in colored-grain wheat.
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Introduction

Recently, nutritious and functional foods have received great
attention (Krystallis et al., 2008). It has been shown that
colored plants, including fruits, vegetables and grains, are rich
in anthocyanins and micronutrients (Yamasaki et al., 1996;
Moyer et al., 2002; Peng et al., 2006). Plant anthocyanins can
act as an antioxidant and show antibacterial and anti-cancer
activity. They are also useful in curing systemic inflammation
(Kong et al., 2003). In addition, one of the active ingredients of
anthocyanin can inhibit the oxidation of low-density lipoprotein
and platelet aggregation, maintain the normal osmotic pressure
of blood vessels, and reduce the vulnerability of capillaries
(Mazza, 2007). Colored wheat grains are rich in anthocyanins
and other nutrients (Escribano-Bailon et al., 2004; Humphries
et al., 2004). Among them, Chinese black wheat grains are rich
in amino acids, proteins and some micronutrients (Li et al.,
2006). The biochemistry, genetics and breeding of colored-
grain wheat in China and other regions of the world have been
explored (Li et al., 1982; Li et al., 2002; Zheng et al., 2006a;
Zheng et al., 2006b). However, the composition of colored-
grain wheat has not been fully understood. Elucidation of the
genetic patterns of colored-grain wheat can promote the
breeding efficiency, improve the nutritional valuet, and increase
the consumption. Wheat grain shows different colors such as
white, red, green, blue, purple and black (Tammam et al., 2008;
Ali et al., 2009; Atta and Shah, 2009; Kamal et al., 2010; Zhang
et al.,, 2010). Numerous different grain colors are found in
wheat and related species. For example, rye is diploid (RR) and
has blue-green grains; Purple grains occur in tetraploid wheat
from Ethiopia (AABB) and in a bread wheat accession
(AABBDD) apparently native to China; Triticum boeoticum

(AA) is a source of purple (or blue) grains (Zeven, 1991). And,
the intensity of the color is also different. This variation is
particularly prominent in purple and blue wheat. Purple wheat
grains are sometimes divided into light purple, medium purple,
and deep purple (or black); blue wheat grains are also divided
into light blue, medium blue, and dark blue (Li et al., 1982).
Previous studies indicate that blue grain coloration in wheat
and related species is controlled by some genes (Morrison et al.,
2004). Some researchers (Knott, 1958; Li et al., 1982; Zeven,
1991) reported blue grains segregated from crosses between
Agropyron elongatum and common wheat (Triticum aestivum
L.). They found that chromosome 4E of Agropyron elongatum
carries the blue aleurone gene. These results suggested that blue
grains are controlled by two complementary, incompletely
dominant genes in wheat. The blue-grain gene has a significant
dose effect and the hereditary pattern of blue grains is stable
and independent, apparently controlled by a pair of genes. It is
generally believed that blue-grain wheat exhibits the genetic
pattern of xenia (i.e., traits of the endosperm are influenced by
genes from the male parent). Purple wheat grains result from a
purple pericarp, and the pericarp develops from the female
parent, so purple-grain wheat exhibits a maternal inheritance
pattern (Zhang, 2001). The purple genes of purple-grain wheat
may come from the female parent. The segregation ratios of
purple wheat grains have been studied by various groups. It
was found that segregation ratios of 9:7 and 11:5 (purple to
white) had the same frequencies in eight groups and in four
environments (Gilchrist and Sorrells, 1982). Nilsson-Ehle
discovered three different segregation ratios, 3:1, 15:1 and 63:1
(purple to white) (Nilsson-Ehle, 1911). However, to the best of
our knowledge, wheat with purple and blue grains in the same
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spike has not been reported. The objective of this work is to
explore the genetic segregation patterns of the colored-grain
wheat lines and to obtain more useful genetic information for
the breeding of colored-grain wheat. Herein, we showed many
different segregation ratios within a single wheat line. Also, as
far as we know, spikes with blue and purple grains are reported
for the first time.

Materials and methods
Plant Materials

Experimental materials used in this work were obtained from
the wheat-breeding nursery in the Luancheng experimental
station for agro-ecosystems. When the wheat grains were ripe,
we examined spikes in wheat lines with different grain colors
and collected spikes with different grain colors in the same
spike. Ears of wheat with blue and purple grains or with blue
and white grains in the same spike were discovered and
selected in blue-grain wheat lines in plot A. Ears of wheat with
blue and purple grains in the same spike were discovered and
selected in blue-grain wheat lines in plot B and plot C and in
purple-grain wheat lines in plot D. The colored-grain wheat
lines used in this experiment were bred and selected in the
Center for Agricultural Resources Research, Institute of
Genetics and Developmental Biology, CAS. The lines were Fg
generations derived from the cross by mixed pollination of
einkorn wheat (Triticum boeoticum, AA) and French rye
(French Secale cereale, RR) as male parents with the high-
quality bread wheat line Y1642 (derived from common wheat
and Agropyron elongatum, AABBDD) as the female parent.
These lines bred in 2001 have an independent genetic
background from other colored-grain wheat lines. Sampled
spikes were required to be complete and were bagged
immediately. Experimental records were made at the same time
in order to prevent the loss of wheat grains. In the laboratory,
we sorted the grains by color and counted the number of grains
of each color from spikes of each wheat line.

Statistical analysis

In this work, four replications were used. Summary statistics
for wheat grain colors were calculated and chi-square analysis
of the segregation ratio of different grain colors was also
performed.

Results

Segregation ratios of blue and white grains from the same
spike in different wheat lines

As shown in Tables 1 and 2, 41 spikes that are randomly
selected with blue and white grains are found in the blue-grain
wheat line in plot A. Eleven different segregation ratios of blue
to white grains exist in these 41 spikes. Their distributions are
shown in Figure 1. Thirteen spikes (31.7%) exhibit a
segregation ratio of 2:1 (blue to white, the same hereinafter),
which is the largest section. Segregation ratios of 5:1, 5:3, 7:9,
and 1:37 are only found in one spike (2.4%). The results
suggest that no single segregation ratios in the same spike
accounts for the majority of cases in this blue-grain wheat line.
We speculate that this line is an unstable strain and that grain
color will continue to segregate. These complex grain color
segregation ratios in blue-grain wheat appear consistent with
the genetic model of xenia. Previous studies have proved that
the genetic patterns of blue-grain wheat are consistent with
xenia (Mettin et al., 1991; Zeven, 1991; Metzger and Sebesta,
2004). However, some other studies proposed different explan-

Fig 1. Percentages of various segregation ratios of blue and
white colored-grain wheat

Fig 2. Percentages of various segregation ratios of blue and
purple colored-grain wheat

ations. The inheritance models of the blue aleurone and purple
pericarp traits are not definitive. Because interspecific crosses
can lead to populations that segregate for fragments or whole
donor parent chromosomes (Knott, 1958; Li et al.,, 1983;
Knievel et al., 2009), the results are often obscured. Knievel et
al. (2009) found that blue aleuronic populations grown under
controlled environmental conditions fit a one-gene model,
while F, populations did not. Thus, wheat grain color is
controlled by complex mechanism which requires further
investigations.

Segregation ratios of wheat with blue and purple grains

Twelve spikes with blue and purple grains were found in four
plots. Tables 3 and 4. show that there are four different
segregation ratios in four plots. Their distributions are shown in
Figure 2. Although the segregation ratio of 1:2 accounts for the
largest proportion, it does not reach 50%. Therefore, we
speculate that these lines are unstable. In addition, the number
of different segregation ratios in wheat with blue and purple
grains in the same spike is remarkably less than that with blue
and white grains. Interestingly, no spike with purple and white
grains was found in this experiment. This suggests that the
genetic pattern of purple-grain wheat is more stable. It seems
that the purple grain trait is dominant to the white grain trait
and follows a maternal inheritance pattern.
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Table 1.Statistics and chi-square analysis of wheat with blue and white grains in the same spike

Sample number Blue grains White grains Ratio (Blue/White)  Expected ratio X

Al 17 16 1.062 1:1 0.300
A2 12 14 0.857 1:1 0.154
A3 10 8 1.250 1:1 0.222
A4 13 10 1.300 1:1 0.391
A5 17 15 1.133 1:1 0.125
A6 19 18 1.055 1:1 0.027
A7 17 15 1.133 1:1 0.125
A8 17 10 1.700 2:1 0.167
A9 22 9 2.444 2:1 0.258
Al10 19 8 2.000 2:1 0.167
All 23 13 1.769 2:1 0.125
Al2 17 8 2.125 2:1 0.020
Al3 16 8 2.000 2:1 0.000
Al4 20 10 2.000 2:1 0.000
Al5 22 9 2.444 2:1 0.258
Al6 21 12 1.750 2:1 0.136
Al7 24 12 2.000 2:1 0.000
Al8 22 13 1.692 2:1 0.229
A19 30 15 2.000 2:1 0.000
A20 18 9 2.000 2:1 0.000
A21 13 20 0.650 1:2 0.545
A22 9 22 0.409 1:2 0.258
A23 10 21 0.476 1:2 0.016
A24 25 9 2.778 3:1 0.039
A25 18 6 3.000 3:1 0.000
A26 22 7 3.143 3:1 0.011
A27 22 8 2.750 3:1 0.044
A28 30 11 2.727 3:1 0.073
A29 12 8 1.500 3:2 0.000
A30 26 16 1.625 3:2 0.063
A31 21 14 1.500 3:2 0.000
A32 19 13 1.462 3:2 0.005
A33 18 5 3.600 4:1 0.043
A34 27 7 3.857 4:1 0.007
A35 21 6 3.500 4:1 0.083
A36 12 9 1.333 9:7 0.007
A37 18 13 1.385 9:7 0.041
A38 14 18 0.778 7:9 0.000
A39 31 6 5.167 5:1 0.005
A40 25 15 1.667 53 0.000
A41 1 37 0.0270 1:37 0.000

*X2 005 = 3.84; X2 0.01 = 6.63

Spikes with blue and purple grains are found not only in three
blue-grain wheat lines (plots A, B, and C) but also in one
purple-grain wheat line (plot D). Spikes with blue and purple
grains and those with blue and white grains simultaneously
existed in the blue-grain wheat line (plot A). Within a single
wheat line, many different segregation ratios have been
observed. It is unclear whether these genetic patterns are
caused by xenia and other effects of cross-pollination among
different colored-grain wheat lines or whether they are resulted
from gene segregation.

Discussion
Different genetic segregation patterns of grain color of wheat

Mettin et al. (1991) reported that on average F, populations
derived from blue wheat accession ‘TRI 2401’ and white
Chinese spring wheat segregated 74% non-blue and 26% blue.
However, they hypothesized that the segregation was not
necessarily monogenic because the blue aleurone parent ‘“TRI
2401’ produced monosomic seeds that were missing the alien
chromosome. The blue grain trait of wheat lines ‘D87065’ and

‘D87089’ (derived from Thinopyrum) was controlled by two
pairs of complementary genes, whereas the blue grain trait of
wheat line ‘92-1 (derived from rye) was also controlled by two
pairs of complementary genes (Lan et al., 2008). However, the
blue grain trait of the F, line “7083L-16’, whose genetic
background is still not clear, fits a one-gene model. The dark
blue color of ‘Hedong Wumai 526’ grains is related to the
genetic phenomenon of xenia. It has been reported that the blue
grain color of ‘Hedong Wumai 526’ is determined by
endosperm genetic traits (Sun et al., 2003). The segregation
ratio of the F, generation is 9:7 (blue-black to white), and the
blue grain trait is controlled by two pairs of complementary
genes. Some studies have suggested that the grains of ‘Luozhen
I’ and ‘Black grain wheat 76’ are dark purple and that the
aleurone layers of these strains do not contain purple pigment.
Their purple pigments are present only in the testa and pericarp.
The deep purple grain trait of ‘Luozhen 1’ is controlled by one
dominant gene; the grain colors of its F; population fit a
segregation ratio of 3:1 (dark purple to white). The grain color
of ‘Black grain wheat 76’ (deep purple) is apparently controlled
by two pairs of complementary genes; the grain colors of its F3
population fit a segregation ratio of 9:7 (dark purple to white)
(Chang et al., 2002; Sun et al., 2003).
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Table 2. Percentages of colored-grain wheat spikes with
different segregation ratios

Segregation Number of Percentage of

ratio spikes spikes (%)
2:1 13 31.7
1:1 7 17.1
3:1 5 12.2
3:2 4 9.8

4:1 3 7.3

1:2 3 7.3

9:7 2 4.9

5:1 1 2.4

5:3 1 2.4
7:9 1 2.4
1:37 1 2.4

The variable intensity of wheat grain colors related to
different genetic models and environmental factors

Variable color intensity of wheat grains may be caused by
many factors such as minor genes and can be analyzed by the
quantitative trait model. The color intensity of blue grains is
influenced by a genetic dosage effect (Zheng et al., 2006a;
Zheng et al., 2006b). It has been proposed that blue aleurone is
controlled by a single dominant gene, despite of deviations
from the expected segregation ratios (Keppenne and Baenziger,
1990). The blue grain trait is primarily genetically controlled
but is also influenced by environmental factors such as light,
temperature, and fertilization and by interaction effects between
genotype and environment (Li et al., 2003; ur Rehman et al.,
2009; Islam, 2010). Two duplicate genes controlled the purple
pericarp trait, with purple being dominant, when transferring
the purple pericarp trait from Triticum durum L. to T. aestivum
L. Gilchrist et al. (1982) crossed charcoal wheat (purple grains)
with white wheat. They found that segregation ratios fluctuated
between 9:7 and 11:5 (purple to nonpurple) depending on
environmental conditions. Under the same environmental
conditions, segregation ratios also fluctuated among crosses,
ranging from 9:7 to 13:3 (purple to nonpurple). Knievel et al.
(2009) reported that the purple grain trait fits a genetic model
of one pair of genes in spring wheat from Canada. Based on the
segregation ratio of 11:5 (purple to white) found in their
experiments, they proposed that the pericarp color of purple-
grain wheat fits a two-locus model and purple grain color is
related to gene dosage effects. In addition, our long-term
observations suggest that wheat grain color intensity is related
to seed maturity. In the same purple-grain wheat strains, fully
mature grains have deeper purple coloration, while immature
grains are lighter purple. Some parts of the seeds that have not
developed completely lack coloration.

Analysis of normal grain color segregation ratios and genetic

effects

In plot A, there are seven spikes with a grain color segregation
ratio of 1:1 (blue to white) (Table 1) and three spikes with a
segregation ratio of 1:1 (blue to purple) (Table 3). These results
indicate that the grain color of these spikes fits a genetic model
of one pair of genes. The parental genotypes of these spikes
may be Rr and rr (R refers to dominant genes, and r refers to
recessive genes). Because these spikes are selected from blue-
grain wheat lines, in which the blue gene (R) is dominant to the
purple gene (r) and white gene (r). Similarly, it is the same for
the grain color segregation ratios of 3:1 (blue to white, Table 1)
and 1:3 (purple to blue, Table 3). The parental genotypes of
these spikes may be Rr. The grain color segregation ratio of 9:7
(blue to white) may be due to a gene complementation
phenomenon. Under a gene complementation model, two

independent dominant genes in the homozygous or
heterozygous dominant state jointly determine one trait; when
only one pair of genes is dominant or both pairs are recessive,
they determine other traits. The genotypes of this segregation
ratio can be expressed as 9 (A_B_): 7 (3A_bb +3 aaB_ +1 aabb)
(A and B represent dominant genes, and a and b represent
recessive genes). Therefore, it can be concluded that blue grain
color is a dominant trait and white is a recessive trait in our
cases.

Analysis of unconventional grain color segregation ratios

Some grain color segregation ratios observed in this work
cannot be explained by the known genetic models, which
include the ratios of 5:1 (blue to white), 4:1 (blue to white), 2:1
(blue to white), 1:2 (blue to purple) and 1:37 (blue to white).
These segregation ratios are rare or not reported in early studies
on colored-grain wheat. Possible explanations for these
unconventional segregation ratios are proposed below. The
genetic backgrounds of wheat grain color are varied. Xenia
occurs when genes from pollen can directly affect the
phenotype of seeds or fruits after outcross pollination. Different
transmission capacity of gametes in xenia may affect the
segregation ratios of blue-grain wheat, resulting in
unconventional segregation ratios. Lethal genes can also affect
the segregation ratios of some genetic traits (Lobo, 2008).
Transposons are segments of DNA that can move to different
positions within the genome of a single cell. These mobile
segments of DNA are sometimes called ‘jumping genes’.
Transposable elements of various types have been found in all
organisms, including all plants investigated to date.
Transposons make up over 50% of the genome in many species
with large genomes. Transposons can rearrange genomes and
alter the structure and expression of individual genes through
transposition, insertion, excision and chromosome breakage
(Diao and Lisch, 2006). Therefore, it is possible that the
different grain colors of colored wheat are related to
transposons. No colored grains were found in the female parent
used in this experiment, but some were found in its offspring.
None of the parent strains exhibited different grain colors in the
same spike, but many wheat lines with different grain colors in
the same spike were found among their offspring. We found
many wheat lines with blue grains and white or purple grains in
the same spike, but no line is observed with blue and purple
grains together. Knievel et al. (2009) reported that the blue and
purple grain traits are both dominant to non-pigmented grain.
As far as we know, the relationship between the blue and
purple traits hasn't been reported. In this work, the blue grain
trait is dominant to the purple grain trait. Because the purple
pericarp derives from the female parent, the genetic pattern of
purple wheat grains may conform to a maternal genetic model
(Bradbury et al., 1956; Yuan and Sun, 1993).

Chromosomal locations of grain color genes and molecular
genetic research in wheat

Grain color genes in wheat have been studied but the results are
very different. Two dominant complementary genes were
identified for purple grains at the hexaploid level and localized
the genes on chromosomes 3A and 7B (Piech and Evans, 1979).
Near-isogenic lines carrying genes for purple grain color
derived from the Australian cultivar ‘Purple Feed’ and the
Canadian cultivar ‘Purple’ in the genetic background of the red-
grained wheat cultivar ‘Saratovskaya 29° were also investigated
(Arbuzova et al., 1998; Dobrovolskaya et al., 2006). Using
monosomic analysis, they mapped the genes for purple pericarp
(Ppl, Pp2 and Pp3) to chromosomes 7B, 6A and 2A,
respectively.
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Table 3. Statistics and chi-square analysis of wheat with blue and purple grains in the same spike

Sample number  Blue grains Purple grains Ratio( Blue /Purple) Expectedratio X
A42 16 17 0.941 1:1 0.300
A43 16 19 0.842 1:1 0.257
Ad4 18 19 0.947 1:1 0.027
A45 14 30 0.467 1:2 0.045
A46 10 19 0.526 1:2 0.017
A47 11 22 0.500 1:2 0.000

Cl1 12 21 0.571 1:2 0.136
C2 13 23 0.565 1:2 0.125
C3 8 21 0.381 1:3 0.103
c4 7 20 0.350 1:3 0.012
B1 14 22 0.636 2:3 0314
D1 10 15 0.667 2:3 0.000

3% 005 = 3.84; 12 001 = 6.63

Table 4. Percentages of colored-grain wheat spikes with different the segregation ratios

Segregation ratio Number of spikes

Percentage of spikes (%)

1:1 3
1:2 5
1:3 2
2:3 2

25.0
41.7
16.7
16.7

The use of different materials is one reason why such different
results have been obtained. The mapping and cloning of grain
color genes is an important direction for future research
because such information will be the key to studying grain
color gene functions and exploring nutritional function in
wheat.

Conclusions

We observed some complex and unique phenomena in the
genetic segregation of grain color and proposed possible
explanations for the observations. Some segregation ratios of
grain color are reported for the first time. In addition to normal
grain color segregation ratios, we observed rare segregation
ratios such as 1:37 (blue to white). These grain color
segregation ratios may be caused by the complex genetic
background from the three parental lines. The colored-grain
wheat lines used in our experiment are genetically unstable.
However, further study of these complex and unique genetic
phenomena is required to provide more information for
colored-grain wheat breeding.
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