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Abstract: In rye, there is a considerable variety of grain color which is determined by the diversity
of compounds localized in different parts of the grain (caryopsis) - pericarp, testa, and aleurone.
The localization of anthocyanins and proanthocyanidins was analyzed in 26 rye samples with
identified anthocyanin genes, along with the analysis of CIE color coordinates. The Grain Scan
program [1] was used to analyze images of individual grains. The localization of anthocyanins and
proanthocyanidins was studied on longitudinal and cross sections of grains using light
microscopy and MALDI-imaging. The violet-grained samples contain anthocyanins in the
pericarp, and the green-grained samples contain anthocyanins in the aleurone layer. The green,
violet and yellow-grained rye, with the exception of two anthocyaninless mutants vi3 and vi6,
shows the presence of proanthocyanidins in the brown-colored testa. Four main color groups of
the rye grains (yellow, green, brown, violet) could be differentiated using the color coordinate h®
(hue angle). Interspecies and intraspecies variability for the localization of colored flavonoids in
cereal grains is discussed.
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1. Introduction

Grain color in cereals is determined by the pigments synthesized in the maternal (fruit and
seed coats) and hybrid (aleurone layer and starchy endosperm) tissues. Blue-purple anthocyanins,
red-brown proanthocyanidins and phlobaphenes accumulate in the upper layers of grains along
with yellow glycosides of flavones, flavonols and flavanols. Carotenoids determine the yellow color
of the endosperm. In addition to the pigments, colorless copigments, complexes of pigments and
copigments with metal ions, pH-value in different tissues and the structure of the surface and the
endosperm can affect the preception of grain color by human eyes. According to the study done on
a huge number of accessions from Vavilov Institute of Plant Industry collection of rye [2], the grains
could be classified by it’s color as “green, yellow, white, purple, blue, brown, black and transitional:
yellow-green, light green, gray-green, dark green, yellow-brown, light brown”. In most open-
pollinated varieties there are grains of only three main colors: yellow, green (gray-green) and rarely
— brown. Some time ago in Germany and Russia the varieties with constant white, yellow, green,
blue and brown color of grain were produced [2]. However in the available literature there is no
data available concerning the distribution of pigments in tissues of rye grains with different colors.
In the Peterhof genetic collection of rye [3] self-fertile lines with violet (purple), brown, green and
yellow coloring of the grain are being reproduced. The genetic nature of anthocyanin pigmentation
of these lines [3,4] as well as the composition of anthocyanins were established [5]. The purpose of
our study is to analyze the localization of pigments in the tissues of the rye grains and to develop a
method of digital evaluation of their color. These tasks reflect the growing interest to cereal
flavonoids due to their role in plant environmental adaptation, domestication and possible health
benefits and risks of whole-grain consumption.
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2. Results

2.1. Color coordinates analysis

Data on the digital evaluation of the grain color are presented in Table 1.

Table 1. CIE color coordinates of grains in rye inbred lines.

Accession #/name! L* a* b* C* h°
1 0vil 49.09+2.12 3.69+0.54 15.19+0.60 15.64+0.64 76.36+1.83
2 Esto 48.24+2 .23 3.83+0.70 15.56+0.82 16.04+0.90 76.23+2.08
3 vi2 45.74+1.96 3.86+0.75 15.46+0.64 15.95+0.73  76.06+2.39
4 vi3 50.14+1.75 3.19+0.48 17.27+0.68 17.56+0.72  79.56+1.39
5vi4 49.24+2 54 3.06+0.38 14.80+0.52 15.11+0.56 78.35+1.19
6 vi5 48.66+3.18 3.81+0.76 16.16+1.09 16.62+1.18 76.80+2.05
7 vi6 50.73+£2.11 3.29+0.83 15.66+1.04 16.02+1.10 78.18+2.64
Mean 1-7 48.83 a2 353 a 15.73 a 16.13 a 77.36 a
8 Ra-2/63 45.10+2.55 3.02+0.57 14.66+1.17 14.98+1.19 78.36+2.03
9T-23 46.76+1.95 2.93+0.45 13.35+0.85 13.67+0.90 77.64+1,48
10 line 5 46.07+2.22 3.82+0.91 14.74+0.96 15.25+1.05 75.57+3.04
11 GC-12 45.04+2.53 3.06+0.50 14.69+1.16 15.01+1.17 78.22+1.76
Mean 8-11 45.74 a 321 a 14.36 ab 14.73 ab 7745 a
12 GC-37 39.80+4.06 4.70+0.78 14.65+0.82 15.40+0.85 72.24+2.78
13 Rmulbl 44.44+2.79 4.10+0.62 14.87+0.13 15.43+1.20 74.53+2.40
14 Rmulb2 38.93+3.47 4.80+0.69 15.40+0.99 16.14+1.08 72.74+1.94
15 vi2Vs 36.81+£3.15 5.05+0.80 15.72+0.83 16.53+0.84 72.22+2.44
Mean 12-15 40.00 b 4.66 b 15.16 ab 15.88 ab 72.81 c
16 S10g 48.60+2.27 2.18+0.66 13.10+0.93 13.29+0.98 80.65+2.52
17 P-168 43.99+2 48 2.74+0.74 15.13+1.02 15.38+1.24 79.87+4.65
18 Line 301 47.07+2.05 1.96+0.42 13.51+0.70 13.66+0.73  81.77+1.55
19 Line 87 49.46+2.32 2.02+0.63 14.86+0.99 15.00£1.06  82.36+1.95
20 Rmulg 49.06+2.32 1.87+0.51 12.65+1.04 12.80+1.06  81.64+2.05
21 Rmub 46.43+2.09 2.27+0.62 13.03+0.94 13.24+1.01 80.24+2.13
22 Rmu26 45.14+2.68 1.91+0.87 14.28+1.32 14.43+1.40 82.58+2.98
Mean 16-22 4711 a 214 c 13.79b 13.97 bc 81.30d
23 V-49 33.53+3.52 5.05+0.94 13.31+£1.06 14.26+1.11 69.23£3.52
24 V-5 32.19+2.85 6.01+£0.76 12.11+1.14 13.54+1.28  63.54+3.3
25 Rmul2 24.06+2.36 3.02+0.97 8.24+1.00 8.80+1.22  70.36+4.69
26 Rmul3 25.02+3.44 4.61+1.20 9.06+1.55 10.20+1.81 63.30+4.33
Mean 23-26 28.70 ¢ 4.67 b 10.68 ¢ 11.71 ¢ 66.61 e

11-7 anthocyaninless lines, 8-11 yellow-seeded lines with anthocyanin, 12-15 brown-seeded lines,16-22 green-
seeded lines, 23-26 violet-seeded lines; 2Mean values marked by the same letter in each column are not
significantly different at P<0. 05.

Twenty six accessions were divided into five groups in accordance with the color of their
grains and genes of anthocyanin pigmentation. These groups were named according to the
previous publication [5] as anthocyinin-less (#1-7), yellow-grained (#8-11), brown-grained (#12-15),
green-grained (#16-22), and violet-grained (#23-26). The results were analyzed by comparing the
means in five groups of lines using ANOVA and Turkey's test at P< 0.05.

L* (Lightness). Anthocainin-less, yellow-grained and green-grained lines, do not differ for the
value of L* - 48.83, 45.74 and 47.11, respectively. This coordinate is lower in brown-grained (40.00)
and is the minimal in violet-grained lines (28.70).

a* (greeness-redness). Green-grained lines have the lowest value of a* 2.14, anthocyinin-less
and yellow-grained lines have intermediate and an equal values of 3.53 and 3.21 respectively, and
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the brown-grained and violet-grained lines have the highest and almost identical a* of 4.66 and 4.67
correspondingly. Thus this coordinate reflects the reddening of grains from green through yellow
to brown and violet.

b* (blueness-yellowness). Violet-grained lines have the lowest b* 10.68, green-grained lines
have intermediate value 13.79 and grains in anthocyaninless lines have the highest b* 15.73. Yellow-
and brown-grained lines with b* 14.36 and 15.16, respectively, do not differ from anthocyaninless
and green-grained lines. It is interesting to note that this parameter shows a close relation to
presence of different anthocyanins in pericarp of violet-seeded lines and aleurone of green-grained
lines as well as their absence in this tissues in anthocyaninless lines.

C* (saturation or color purity). For this coordinate only grains of anthocyaninless 16.13 and
violet-grained lines 11.71 differs from each other.

h° (hue, actual color). Coordinate h° to the largest extent reflects the visual division of grains
by their color. The yellow grains of the anthocyaninless lines (77.36) do not differ from the grains of
yellow-grained lines (77.45), and brown-grained (72.81), while green-grained (81.30) and violet-
grained (66.61) lines differ from the yellow ones and each other for the values of this coordinate.
Apparently, this agreement may reflect the presence of different pigments — nonidentified in the
pericarp of brown grains, presumably delphinidin derivatives in aleurone of green and cyanidin
derivatives in the pericarp of violet grains and absence of pigments in yellow grains. Violet-seeded
lines are characterized by the greatest intra-group variability in directly measured (L*a*b*) and
calculated (C*, h°) parameters. This probably reflects the variability in the composition of
anthocyanins content previously found in these lines by HPLC-MS [5].

2.2. Anthocyanin and proantocyanidin localization in rye grain

Histological slices of yellow, brown, green, and violet grains were studied under a microscope
to describe the original color of its upper layers (Figure S1). As is seen from the pictures (Figure S1)
violet pigment is concentrated in pericarp of violet grains, blue in aleurone of grains described as
green and brownish pigment in pericarp of brown grain. The majority of studied accessions have
brown colored testa. But the intensity of its coloration varies to a large extent.

The use of hydrophobic 1-Hexadecene as a mounting media for fresh frozen-cut seeds allows
to prevent water soluble components delocalization if microscopy is carried out soon after
mounting. The Vanilin-HCI stain revealed proanthocyanidins in testa (Figure 1B) but the product
color was similar to the color of residual anthocyanin, requiring comparison of Vanilin-HCI treated
(FigurelB) and untreated (Figure 1A) slices, the stain also lasts only for some hours, requiring
immediate microscopy analysis. DMACA stain (Figure 1C, D) revealed the same localization of
proanthocyanidins in testa as Vanilin-HCI, but the product is colored blue allowing to discern it
from the red colored residual anthocyanin on the same slice (Figure 1D) and it lasts for considerable
time making it possible to automatically take multiple pictures for high-resolution panoramic

images (Figure 2C). _ ~
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Figure 1. Vanilin-HCl and DMACA staining of proanthocyanidins in slices of rye grains: A. untreated slice of
yellow grain, B. Vanilin-HCI treated of yellow grain, C. DMACA staining of yellow grain, D. DMACA staining
of violet grain. Scale bar is equal to 100 mkm.
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Figure 2. Anthocyanin distribution on histological slices of green and violet grains of rye. A green-grained line
L8, B violet-grained line RMul2, C whole grain of line RMu12. Scale bar is equal to 500 mkm.

Violet-grained lines (Figure 2B, C) has antocyanins in pericarp, mainly peonidin and cyanidin-
rutinosides, as identified by HPLC-MS [5], brown colored testa and colorless aleurone MALDI-IMS
(Figure 3A-F,H) confirmed the localization of peonidin-rutinoside to the pericarp for molecular ion,
M/Z 609.18, as well as MS/MS fragments with M/Z 463.12 and the aglycone fragment M/Z 301.07.
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Figure 3. MALDI-imaging analysis of anthocyanins distribution confirmed the presence of
anthocyanins in pericarp (violet grains) and aleurone (green grains): A-H violet grain rye line
RMul2; I-K green grain rye line L.301; A-C, ], K relative intensity of corresponding ions (black —
absence, blue — minimal, green — intermadiate, red — maximal amount); D-F, K co-registration with
histological slice: A, D molecular ion of Peonidin 3-O-Rutinoside with m/z 609.18; B, E fragment ion
of Peonidin 3-O-Rutinoside with m/z 463.12 (-146.06 Da); C, F aglycone ion of Peonidin 3-O-
Rutinoside with m/z 301.07 (-308.11 Da); G histological slice of violet rye grain of line RMul2
without additional staining; H MS/MS mass spectrum of a single point of image at (x=320, y=139),
fragmentation of Peonidin 3-O-Rutinoside, red line denotes S/N=3; J,K molecular ion of Delphinidin
3-O-Rutinoside with m/z 611.16 I histological slice of green rye grain of line L301 without additional
staining.
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Green-grained lines (Figure S1) has brown colored testa and light blue colored aleurone with
main antocyanin identified by HPLC-MS [5] as delphinidin-rutinoside, it’s localization to aleuron
layer supported by MALDI-IMS only by the presence of its molecular ion, M/Z 611.16 (Figure 3).

DMACA staining detected proanthocyanidins in the majority of lines. Anthocyaninless lines
show variability from total absence of stain in line vi3 to weak stain in line vi6, spotted stain in line
vil and prominent stain in lines vi2, vi4 and vi5. Both methods shows that the blue pigment is more
abundant near the embryo and at bottom of the grease.
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Figure 4. DMACA staining of longitudinal and cross slices of grain in lines carrying anthocyaninless
mutations (vil...vi6). Dark blue staining is a marker of proanthocyanidins.
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3. Discussion

The main advantage of digital color measurements is their objectivity [6]. Color coordinates are
used to describe and classify biological objects and in plants to develop indirect methods for
pigment analysis. An example of such a study is two works performed in grape. Berry skin color
was studied in 78 grape cultivars belonging to 6 visually identified color groups [20]. The
correctness of grouping was confirmed by the analysis of color coordinates. Within the groups there
are a slight variation of L* and b*, with greater intra-group variation of both a* and C* and h*
calculated using a*.In colored varieties all the parameters were correlated with the total
anthocyanin content (TAC), namely, L* a* b* and C* - negatively but h*- positively. A specific
correlation between individual anthocyanins and color coordinates was also found. In another
work [21], new indexes were created based on the coordinates L*, a*, b*. One of these indexes is
more correlated with the TAC in berry skin of red winegrapes, while the other is more correlated
with each of the five identified anthocyanins. The colorimetric indexes have been proposed for
indirect estimating the anthocyanin content.

In cereals the close correlation between the color parameters of grains or flour and pigments
content was also established. Anthocyanins (cyanidin-3-O-glucoside, peonidin-3-O-glucoside) in
black rice flour were negatively correlated with L* b* C*and h* values, proanthocyanidin in red
rice flour was positively correlated with a* [22]. Grain color analysis of uncolored, red and black
rice, shows that white rice varieties have the highest values of L* b* h* and the lowest a*, red rice
varieties have the maximum value of a* and C¥, and black rice is characterized by the minimum
values of L*, b* and C*. The correlations between coordinates and TAC calculated for colored and
uncolored varieties together have insignificant P values [23]. However, their direction (positive or
negative) coincides with the correlations calculated for colored grapes. A negative correlation was
established between the anthocyanin content and the values of L* a* and b* in two hybrid rice
populations. In the population without segregation for black color of grains it has average values.
In the population segregating for plants with white, red and black grains, the negative association
between a* and TAC has been reduced to an insignificant value [24]. This fact can be explained by
the absence of anthocyanins in red and white rice, and the positive influence of proanthocyanidins
in red grain on the value of a*. Results similar to ours in rye were obtained analyzing bread wheat
with different coloration of grain [25]. The presence of blue pigment in aleurone, purple — in
pericarp, red in testa was established in accordance to previously published data. Black (dark
purple) color of grains is explained by the presence of anthocyanins, both in aleurone and pericarp.
The five color coordinates for wheat with white (yellow), blue, and purple grain overlap with the
values of the coordinates of the rye grains with yellow, green and violet color, respectively. Thus,
the average values of h° for these groups in wheat are 73.0, 81.4 and 61.7, and in rye — 77.45, 81.3
and 66.61 respectively. It is significant that these results were obtained using different equipment
and software but a device independent color space. Correlations between the concentration of
anthocyanins in wheat grain and color coordinates, calculated by us using data from published
paper [25], showed consistency with the similar data in grape. Namely, between L*, a*, b*, C* and
TAC a negative correlation was found, and between h* and TAC- a positive one. The minimum
value of a* in combination with the maximum value of h® was found in “green” rye grain and
“blue” wheat grain. The minimum values of L*, b*, C* and h* are characteristic of “violet” grain in
rye, in “purple” grain of wheat this is true only for the values of L* and h*. It can be assumed that
this similarity is associated with the predominance of delfinidin derivatives in aleurone, and
cyanidin derivatives in pericarp of both plants. Some mismatches may reflect the presence of
different additional pigments in the grain of studied wheat and rye accessions. It is known that not
only the composition but also the structure of individual anthocyanins affects the color coordinates
[26]. Significant variation of all coordinates in violet-seeded rye samples (Table 1) may also be based
on established differences [5] in anthocyanins composition.

There is a diversity for structure and localization of colored flavonoids in tissues of caryopsis
in maize, rice, sorghum, wheat, barley and rye. The inter-species differences might arise in the
course of crops evolution as a result of adaptation to environment, domestication and breeding.
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Duplications and functional divergence of flavonoid biosynthetic genes and regulatory genes,
comprising MYB-bHLH-WD (MBW) transcriptional complex, may lead to origin of specific
branches of flavonoids biosynthesis and features in their regulation. In cereals colored flavonoids
are synthesized in pericarp, testa and aleurone. Sorghum and corn are the only two cereals that are
known to synthesize 3-deoxyantocyanidins. In sorghum they are almost exclusive type of
anthocyanidins but in maize common C-3-hydroxylated anthocyanidins dominate [27]. In both
species polymeric phlobaphenes — substances related to 3-deoxyantocyanidins are present that
differ them from the other cereals. Another polymeric flavonoids — proanthocyandins (PAs) are
found at different concentrations and molecular forms in testa of sorghum [28], wheat [29], barley
[30] and as evident from our study in rye, but not found at any tissues in maize. In rice PAs are
found in pericarp of wild species Oryza rufipogon and red-grained varieties of O. sativa [31]. PAs are
oligomers and polymers of flavan-3-ols (catechins) and flavan-3,4-diols (leucoanthocyanidins) and
are colouress compounds by themselves [30] but they may be transformed to insoluble brown or
red pigments in plant tissues. Sorghum grains have the highest abundance of proanthocyanidins
(tannins) with the highest degree of polymerization among cereals. Tannins are present in
pigmented testa layer, their formation is determined by complementary genes B1 and B2 [32]. It is
shown that B2 corresponds to gene Tanl coding a WD 40 protein [28] and B1 is a gene of putative
bHLH transcription factor Sb02g006390 [33].The color of testa is usually brown (Tp-) but it may be
purple (tptp) [34]. The gene S controls the spreading of pigments from the testa to the pericarp
being localized in cell walls of both tissues [35]. Grain color is not a true indicator of tannins
presence in sorghum grains. For their identification the chlorox bleach test was developed.
Bleaching dissolves the pericarp and turns tannins in testa black. PAs in barley testa are colorless
and for their detection a coloring agents vanillin [30] and DMACA [29] are used. In red wheat as
well as in barley the same colorless oligomeric proanthocyanidins (procyanidin B3, prodelphinidin
B3) and flavan-3-ols (+)-catechin are accumulated during grain development. But in wheat as
opposed to barley these substances are being converted to insoluble reddish-brown pigment during
seed maturation [29] while blue staining by DMACA reagent is similar to its colorless precursors. R
homeoloci (Tamybl0 genes) in wheat [36] and their ortholog Ant28 (Humybl0) in barley [37] are
responsible for PAs synthesis in testa. Rye has long been known to have a brown (pigment) layer in
the caryopsis, which is a part of the seed coat [2]. We have shown that the brown color of this layer
changes to red or blue in the presence of vanillin or DMACA, respectively. The typical brown layer
was found in all studied accessions except for anthocyaninless lines vi3 and vi6. In line vi3 this
layer is not visible at all and in line vi6 only their traces are found after staining. By analogy with
the five anthocyaninless and proanthocyanidin-free mutations in barley (ant13, ant17, ant18, ant21,
ant22) [30] it can be assumed that rye mutations vi3 and vi6 affect the biosynthesis of anthocyanins
as well as related proanthocyanidins. There is no apparent association between absence of brown
layer in vi3 mutants and measured color coordinates.

Species-specificity for type of pigments and their localization in pericarp and aleurone also is
characteristic of discussed cereals. In maize and sorghum the separate branch of flavonoid pathway
gives rise flavan-4-ols (apiforol and luteoforol) and their derivatives — 3-deoxyanthocyanidins
(apigeninidin and luteolinidin) [35]. 3-deoxyanthocyanidins do not contain the hydroxyl group in
the 3-position of the C-ring as majority of natural anthocyanins and are represented mainly in the
aglycon form. Flavan-4-ols are also the precursors of insoluble brick red phlobaphene pigments that
accumulate in mature pericarp in both species. Their biosynthesis is under control of R2R3 MYB
transcription factors encoded by gene pericarp colorl (p1) in maize [38] and their orthologue yellow
seed1 (y1) in sorghum [39]. Functional alleles of these genes activate the transcription of structural
genes of chalcone synthase, chalcone isomerase, dihydroflavonol reductase and flavonoid 3’-
hydroxylase during 3-deoxyflavonoids biosynthesis in maize and sorghum [39,40]. At the same
time the structural genes of these enzymes are independently regulated by corresponding sets of
MYB and bHLH transcriptional factors in different tissues of seeds and plant in maize [41]. In
particular that leads to common anthocyanins formation in pericarp and/or aleurone. Anthocyanins
based on cyanidin, pelargonidin, and peonidin were found in both tissues. The color of grain in
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sorghum depends on presence and concentration of different 3-deoxyanthocyanidins (orange
luteolinidin and yellow apigeninidin), phlobaphenes and tannins in corresponding layers of kernel.
In sorghum the gene R with unknown functionis is complementary to MYB-gene Y in controlling
the pericarp color. Sorghum with red- or black-colored pericarp has dominant alleles of both genes
(R-Y-), yellow pericarp is produced in genotypes rrY- and white one in genotypes rryy and R-yy
[35].

Pericarp in rice may contain proanthocyanidins (red rice) or anthocyanins (black rice). The
presence of proanthocyanidins in the grain of some varieties of black rice is also reported [42]. That
points to biosynthesis of both anthocyanins and proanthocyanidins in pericarp tissues, based on the
action of the corresponding transcription factors. In red rice proanthocyanidins are formed in
pericarp during ripening of the caryopsis [43]. The formation of red pigments controls two
complementary genes Rc and Rd. The gene Rc encodes a bHLH protein, and the gene Rd encodes
dihydroflavonol-4-reductase (Dfr). The simultaneous presence of dominant alleles of these genes
(Re-, Rd-) leads to the formation of red pigment. In genotypes rdrd, Rc- a brown unidentified
pigment is produced, all the other genotypes (white rice) did not produce pigments [31]. Interaction
of the gene Rd, later designated as Kalal [44] with two other genes, Kala3 and Kala4 (another name
of known gene Pb) leads to production of black rice. Such rice has high content of antocyanins
(mainly cyanidin-3-O-glucoside and peonidin-3-O-glucoside) in pericarp. The gene Kala3 encodes
MYB and the gene Kala4 — bHLH transcriptional factors. The interaction of these genes leads to the
appearance of three phenotypes. Black grain with high content of anthocyanins in the pericarp has
genotypes with dominant alleles of all three genes. Plants with dominant alleles of the gene Kala4
and recessive alleles of the genes Kalal and/or Kala3 have brown grain of different intensity.
Homozygousity for the recessive allele of the gene Kala4 leads to the appearance of white grain,
regardless of the genotypes for the other two genes. The nature of brown pigment is not
established, but one could assume that this pigment may be similar to pigment found in brown rice
with genotype rdrd, Rc-. In both cases the production of brown pigment depends from the
interaction of inactive (weak) alleles of the gene Dfr (Rd) with bHLH transcriptional factors coded
by Rc or Kala4. These genes regulate several structural genes beyond Dfr in anthocyanin and
proanthocyanidin biosynthesis that may give rise to the close set of colored compounds originating
from the intermediate products. Notice that formation of brown pigment was found in maize
aleurone homozygous for inactive alleles of the gene al encoding the same enzyme Dfr at the
presence of corresponding MYB and bHLH transcriptional factors. The brown pigment is formed
also in maize pericarp as result of interaction of recessive allele a1 with appropriate alleles of MYB
gene P1 controlling phlobaphene synthesis [45].

In the available literature there is no description of the pigments distribution in the tissues of
rye caryopsis of different colors. However, the coloration of the different layers of grain coats in
yellow, green and brown grains under their anatomical dissection is given [46]. One need note that
plant material in this investigation was open pollinating varieties which as a rule include grains of
three main colors — yellow, green and brown. In yellow and green grains all four cell layers of the
fruit coat were colored yellow. The upper two layers in yellow grains had more intense coloration
and were less transparent. In brown grains, they were colored brown and also more intensively
than the next two. The grains of all three colors had a brown seed coat (testa), and the aleurone
layer was isolated in the form of blue-green transparent flakes, the color intensity of which is
highest in green grains. Visual description of the grain coats allowed for a speculative idea about
the diversity of rye grain coloration. V. D. Kobylyansky presented in the monograph “Rye” [2] a
table in which all the diversity of rye grains by color is defined as a result of a combination of color
gradations of aleurone (not colored — blue), testa (not colored — red-brown — dark brown) and
pericarp (not colored — yellow — purple/violet). The violet color of the rye grain is determined by a
dominant gene Vs (Violet seeds) originating from weedy rye. The gene Vs acts similarly to the purple
pericarp genes in wheat (Pp3), barley (Pre2/Ant2) and rice (Kala4) encoding bHLH transcription
factors. These genes express itself at the background of active alleles of other structural and
regulatory genes of anthocyanin biosynthesis and are responsible for anthocyanins accumulation in
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the pericarp. The molecular function of gene Vs has not been established, but it was localized on
chromosome 2R in the fragment orthologous to fragments harboring these genes in related species
(unpublished). The qualitative and quantitative composition of anthocyanins in the colored
pericarp in discussed cereals including rye varies in large extent [5]. However, the common
anthocyanidins in all species, beyond sorghum are cyanidin and its 3-O-methylated derivative
peonidin.

Effect of gene interaction leading to appearance of brown grain was found by us in rye at first
time. It is genetically similar to formation of brown color in maize and rice grains [45] discusses
above. Brown grains have the lines with two genotypes, combining the dominant gene Vs with
homozygousity for the two anthocyaninless mutations — vil or vi2. Genes Vs, vil and vi2 are
localized in chromosomes 2R, 7R and 4R respectively (not published), their function is unknown.
Brown grain contain no anthocyanins [5], but its pericarp is colored by chemical agents for
proanthocyanidins. It is believed that brown grain studied by us may differ genetically and
biochemically from brown grain inherent to rye open-pollinating varieties.

Anthocyanins synthesis in aleurone is not common for all discussed cereal crops. Sorghum and
rice, unlike other cereals, is not reported to have anthocyanins in aleurone. The color of grains in
wheat and barley with anthocyanins in aleurone is described as blue, in rye it is described more
frequently as green or gray-green. On slices of the green grains in our study aleurone appear as
blue. The characteristic anthocyanidin in aleurone of these three crops is delphinidin [47]. Green-
grained rye lines studied by us have cyanidine rutinoside apart from delphinidin rutinoside [5].
There is maize accessions with blue color of grain but they are not capable of delphinidin
biosynthesis. In blue maize cyanidin 3-glucoside is the most abundant, followed by pelargonidin
and peonidin 3-glucoside [48]. The genes of blue aleurone were transferred into bread wheat
genome as chromosomal segment from related wild species [49]. In barley, the combination of five
structural and regulatory genes [50] is responsible for the synthesis of anthocyanins in aleurone. In
accordance to recent data [47] there is a cluster of three genes MbHF35 on chromosome 4H. This
cluster includes two genes HuMYB4H and HuvMYC4H encoding transcriptional factors and
structural gene of flavonoid 3’, 5'-hydroxylase (HvF35H). Namely activity of this enzyme allows for
the synthesis of delphinidin-based anthocyanins providing blue color of aleurone in barley. Barley,
wheat and rye are the only species which may carry functional alleles of blue aleurone. In rye this
cluster is located in 7R chromosome that agrees with evolutional translocation between ancestor
chromosomes 4 and 7. In accordance to rye genetics [3] the presence of anthocyanins in green-
grained lines of rye is connected with unmapped gene C. Thus this gene may be one of genes of the
trigenic cluster.

4. Materials and Methods

4.1. Plant material.

Twenty six studied rye accessions were divided into five groups which differs by grain color and
anthocyanin pigmentation of the plant (Table 1). Accession #2 in the table 1 is an open-pollinating
variety Esto and the others are inbred lines that have been used previously for study of anthocyanin
content and composition in the grain [5]. In anthocyaninless rye (#1-7) the anthocyanin pigmentation
is absent throughout the plant due to homozygosity for the recessive spontaneous mutations vil (#1
and 2), vi2, vi3, vi4, vi5 and vi6 (#3, 4, 5, 6 and 7, respectively). Grains of these lines are described as
yellow. Four lines with anthocyanin pigmentation of the other plant tissues (#8, 9, 10, 11) have yellow
grain as well. In these lines, the yellow color of the grains is attributable to homozygosity for recessive
alleles of the genes Vs and C [3]. In accordance to rye genetics the dominant allele C leads to green
grain (#16-22), and Vs — to violet one (#23-26). Brown grain is due to the combination of the allele Vs
with the homozygosity for recessive mutations vil (#12-14) or vi2 (#15).

4.2. Color coordinates analysis.
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Images of grain were obtained using Epson Perfection V19 scanner (Epson, Japan). The scanner
was pre-calibrated with the Munsell Color Checker Mini (Munsell Color, MI) calibration target
according to the description of the GrainScan program used for image analysis [1]. When scanning,
the resolution was set to 300 dpi. For each grain, three color coordinates were obtained in the three-
dimensional space CIE L*a*b*. The color coordinates (L*, a* and b*) calculated in this space are device
independent and correspond to human visual perception [1,6]. The L* (Lightness) coordinate takes
values from 0 (black) to 100 (white). Intermediate values describe the brightness of colors defined by
the combination of a* and b*coordinates. The a* and b* axes on a plane perpendicular to the L* axis at
any given point reflect the color change from green (-a*) to red (+a*) and from blue (-b*) to yellow
(+b*). These coordinates can be used to describe an object (point) of any color. Based on the values of
coordinates a* and b*, the coordinates c* and h* are calculated to describe the color in the space CIE
L*c*h*, displaying graphically as sphere. Vertical L* axis is the same Lightness ranging from 0 to 100.
Chroma c* (saturation or color purity) is calculated as (a*2 + b*2)*. This coordinate is 0 at any point on
the L* axis and reaches a maximum in a circle corresponding to bright, saturated colors. Tone (actual
color) h* (hue angle) is calculated in degrees (h°) or radians as arctangent b*/a*, taking values from 0
(red) through 90 (yellow), 180 (green), 270 (blue) returning to 0. Other values of this coordinate
describe all intermediate colors. On the average about 100 grains were scanned individually in each of
26 samples. The means of the coordinates for each color group were compared by ANOVA using
PAST v.4 [7]. Significant differences between means are established by Tukey's range test at p <0.05

(8].

4.3. Histological procedures and microscopy of pigment distribution.

Grains at the soft dough stage (15-20 days after pollination, depending on variety) were frozen in
OCT compound (Sakura Finetek Inc., USA) and sectioned 25 mkm on Leica CM-3050S cryomicrotome
(Leica, Weltslar, Germany) at -20°C. For anthocyanin localization, due to high water solubility of
antocyanins at this stage of seed development, the slices were put directly on cold slides and mounted
under a coverslip with a cold (+6°C) 1-Hexadecene (Sigma, USA). The coverglass was affixed and
sealed with a nail-polish. For proanthocyanidin localization the slices were thaw-mounted on poly-I-
lysine coated slides and allowed to dry at +37°C for 2 hours. Two types of proanthocyanidin specific
stains were used: Vanilin-HCI [9,10], and DMACA [11]. Vanilin-HCl stain was done by incubation in
absolute ethanol with 50 mg/ml of Vaniline (Sigma-Aldrich, USA) for 30 seconds immediately
followed by application of drop of concentrated HCI, coverslipping and microscopy. DMACA stain
was done by 20 minute incubation in fresh solution of 0.01% (w/v) of 4-
Dimethylaminocinnamaldehyde (Sigma-Aldrich, Germany) and 0.8% (v/v) concentrated HCl in
absolute ethanol, followed by three washes of ethanol and coverslipping with Hoyer’s medium [12].
Microscopy was done on Leica DM5500 microscope (Leica microsystems, Germany) controlled by the
MicroManager v2.0 [13] software, with a 20x 0.7 NA and 40x 0.85 NA objectives. Montage of multiple
fields of view, covering the whole slice, was automatically acquired by MicroManager v2.0 and
panoramic stitching was done in FiJI [14].

4.4. MALDI-imaging of anthocyanins localization.

Grains at the soft dough stage (15-20 days after pollination) were cryosectioned according to
Kawamoto technique [15]. In short, grains were immersed in 0.5% Carboxymetylcellulose (Sigma-
Aldrich, Germany) followed by rapid freezing in n-Hexane at -80°C. Frozen blocks were mounted on
holders and sectioned 12 mkm on Leica CM-3050S cryomicrotome (Leica microsystems, Germany) at
-20°C, captured on Cryofilm type 2C (Sections-lab, Japan) and allowed to freeze-drying in
cryomicrotome’s chamber for 4 hours to prevent water-soluble anthocyanin diffusion and
delocalization. Slices captured on Cryofilm were glued by conducting carbon tape (Ted-Pella, USA,
16073-2) onto ITO-coated conducting slides (Bruker, Germany). White marker (Edding 750, Germany)
was used for fiducial points, optical images of slides were acquired with Bio-Rad GS-800 scanner (Bio-
rad, USA), at 700 dpi. As an external control and calibration standard the bilberry anthocyanin extract
[16] (Y0001059, Bilberry dry extract, Sigma-Aldrich, USA) was spotted near fiducial points. Slices were
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coated in automated coater ImagePrep (Bruker, Germany, version 2.0.1), with the use of a standard
inbuild «DHB_nsh04» protocol with DHB matrix (40 mg/ml, Bruker, Germany) dissolved in
methanol/deionised water 70/30 v/v with the addition of 0.1% TFA (Sigma-Aldrich, USA). The spectra
were acquired on MALDI-TOF Ultraflextreme (Bruker, Germany) with Bruker FlexControl v. 3.3 and
FlexImaging v. 3.0. Laser intensity was set to 60%, laser spot size was set to “minimal”, raster size to
50 mkm, 250 shorts per raster point and random walk inside the point was used. Real laser spot size
measured after matrix ablation was about 20 mkm. High resolution reflectron mode for positive ions
with the extraction delay of 80 ns and mass range of 230-1200 Da was used. For tandem mass-
spectrometry the isolation window was set to +/- 2Da, laser induced dissociation with 100% laser was
used for fragmentation. Optical images were co-registered in FlexImaging by aligning fiducial points.
The data was converted from proprietary Bruker format to imzML format by proteowizard’s
msconvert.exe utility [17] and imzMLConverter_1.3 [18]. Cardinal package for R v2.8 [19] was used
for visualisation with normalization by total ion current, smoothing with SGolay using 10 Da
window, base line substraction by Median using 100 Da block size and peak detection using Limpic
algorithm.

5. Conclusions

We showed that GrainScan software method [1] is suitable for the objective color measurement
of rye grains. Four main color groups in rye (yellow, green, brown, violet) were properly
differentiated in accordance to value of h*. It is believed that color coordinates may be used as such
or through indexes construction for sophisticated analysis of intra-group color variation. We
schedule to perform such analysis using additional set of inbred lines, F3 progenies from hybrids
segregating for grain color and open-pollinating rye varieties, polymorphic for grain color.

Histlogical analysis of proanthocyanidin localization in anthocyanin-less mutant lines revealed
proanthocyanidin-deficient vi3 line. The localization of anthocyanins in the pericarp of violet-
grained samples and in the aleurone layer of the green-grained samples was defined by MALDI-
imaging analysis.

The future work will include the studying of pigments and uncolored flavonoids in newly
discovered color groups with emphasis on the pigment identification in brown grain and mapping
the candidate genes for rye genes of grain coloration.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/sl, Figure SI:
Histological characterization of grains of different color.
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