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Abstract Foxtail millet is an important minor crop in Northern China, hulless grain color is a key visual index to
evaluate foxtail millet quality, but the formation mechanism of hulless grain color remains unclear. Here, eight
foxtail millet cultivars were selected including dark and light yellow, white and green foxtail millet varieties, with
two cultivars of each color. We mainly analyzed the relationship between the content of total carotenoid and
B-carotene and the color difference of foxtail millet grain, and the expression patterns of four genes related to
B-carotene metabolism at different filling stages of different foxtail millet varieties. The results showed that citrus
color index (CCI), as a comprehensive index for the analysis of grain color, is effective on identification of color
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difference, CCI also showed the significantly positive correlation with the content of total carotenoid and
extremely significant positive correlation with the content of B-carotene. Next, the sequence alignment of SiLCYB
in eight cultivars was analyzed, and the sequence variations only occurred in JG21, with two SNP (single
nucleotide polymorphism) loci, and the second one led to changes in amino acids, with glutamine replaced with
arginine. Moreover, the expression of SiLCY B wasn’t tissue specific, with the highest expression in leaves and the
lowest expression in stem. The expression patterns of SiLCYB and three other genes related to B-carotene
metabolism (SiLCYE, SiHY D, SiCCD]I) at different filling stages were further analyzed, the results showed that the
expression of SiLCY B was almost constant and there is no significantly positive correlation between the expression
of SiLCY B and the accumulation of 3-carotene. The expression patterns of SiLCYE were similar to SiLCY B, with
lower expression level than S;L.CY B. Meanwhile, it was discovered that the relative expression level of SiHY D and
SiCCDI related to carotenoid degradation showed significant and highly significant negative correlation at specific
stages during filling. Therefore, the formation of different hulless grain color might be caused by the mutual
interaction of SiLCY B, SiCCDI and SiHY D, with differential accumulation of carotenoid and -carotene.

Keywords p-carotene, Hulless grain color, SiL.CY B, Grain filling, Expression pattern
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Table 1 The analysis of color difference in eight foxtail millet varieties
- L b CCI
Sensory evaluation-foxtail millet cultivar
- 21 JG21) 53.672+2.013 41.944+1.013 4.018+0.095
Dark yellow-Jingu21 (JG21)
- 35 (CN35) 55.785+1.892 42.957+1.956 4.082+0.114
Dark yellow-Changnong35 (CN35)
- 36 (JG36) 54.194+0.736 39.526+0.692 3.886+0.087
Light yellow-Jingu36 (JG36)
- 4 (GS4) 59.472+0.991 41.972+0.864 3.321+0.032
Light yellow-Gongsui 4 (GS4)
- (Z5G) 61.703x1.542 24.038+1.522 2.717+0.054
White-Zhishenggu (ZSG)
- (NMB) 61.218+1.964 27.207+0.613 2.748+0.105
White-Niumaobai (NMB)
- (DQG) 38.472+1.055 20.985+0.981 3.279+0.156
Green-Daqinggu (DQG)
- (LMQG) 40.295+0.564 26.916+0.813 3.485+0.176

Green-Lumiqinggu (LMQG)
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Table 2 The contents of total carotenoid and -carotene in different varieties of foxtail millets
- (ne/g) B- (ng/g)
Sensory evaluation-foxtail millet cultivar Total carotenoid content (j.g/g) [B-carotene content (ug/g)
-JG21 25.946+0.120 2.579+0.038
Dark yellow-JG21
-CN35 15.576+0.075 1.939+0.051
Dark yellow-CN35
-JG36 17.296+0.093 2.239+0.016
Light yellow- JG36
-Z5G 2.529+0.002 0.017+0.001
White- ZSG
-NMB 1.445+0.001 0.013+0.001
White-NMB
-DQG 13.027+0.134 1.804+0.002
Green-DQG
-LMQG 12.559+0.142 1.979+0.021
Green-LMQG
o 8 B_
B- (2 B- SiLCYB
JG21 B- o
25.946 pg/g  2.579 pglg SiLCYB Sil-
NMB 1.445 pg/g  0.013 pg/g CYB 2
- G211 CDS
° 234 bp C/G 2 1 466 bp
A/G 8 (2
2
, Q (R)- JG21
(Bréhelin and Kessler, 2008; Egea et al., 2010).
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Figure 2 The protein sequence alignment of SILCYB among the eight foxtail millet cultivars and the reference species YG1
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Figure 3 The expression patterns of SiL.CY B during the early filling
stage in different tissues including root, stem, leaf and panicle of
JG21
Note: The different small letters mean significant difference (p<0.05
level)
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Figure 4 The expression patterns of genes related to 3-carotene metabolism at different filling stages of different foxtail millet varieties

Note: DY means dark yellow; LY means light yellow; W means white; G means green; The same as below
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Figure 5 The expression patterns comparison of SiLCYB and SiLCYE of grains at 5 different developmental stages in different foxtail

millet cultivars



1348 Molecular Plant Breeding

SNLY-JG36
XG-DQG

B LY-GS4
BG-LMQG

L NDY-JG21  ODY-GN35
7AW-ZSG  EW-NMB

LCYB/LCYE

6 LCYB/LCYE
Figure 6 The expression ratio of SiLCYB/SiLCYE at different fill-

ing stages of different foxtail millet varieties

SiCCD1
SIHYD  B- SiILCYB
2
2.1 B-
CCI b
CCI B-
(2012)
(
)
N N 5.40~19.55 mg/kg\

10.14~16.44 mg/kg  1.10~2.49 mg/kg.

da Silva Messias  (2014)

2.2 SiLCYB
B_
DNA B-
SiLCYB
SiLCYB o
SiLCYB
JG21 2 SNP o

LCYB

LCYB

JG21
B- JG21
SiLCYB
“M” \“N”
B_ o
2 (SiHY D, SiCCDI)
B_
° SiLCYB
B_
SiCCD1  SiHYD
o Zeng (2015)
Tal.CYB
Tal.CYB B-
Tal.CYB
B- o
da Silva Messias  (2014)
ZmHYD3 B-
B_
ZmCCD1 NeNCH
SiLCYB
SiLCYB
SiHYD
SiCCD1 B-
3
3.1
8

36( ) 4 (



SiLCYB

The Relationship between the Gene SiL.CY B Related to Carotenoid Synthesis and the Colored Formation of Foxtail Millet 1349
21« o . 8 b" CCI
(S1: 10 DAFB (days after o
full bloom), ; S2: 17 DAFB, s 3.4 SiLCYB
S3; 24 DAFB, ; S4: 31 DAFB,
; S5: 38 DAFB, ) 341
_80°C ) Phytozome v11.0 SiLCYB
(S1020188m) Primer Primer 5.0
3.2

(X-Rite (American) VS450 col-
orimeter) CIE L'ad"
(Fu et al., 2012) L"a" b C" H,
CCI CCI=1 000xa’/
(L'xb") L a’ / b
/ CCI
0 NN o 3

3.3 , HPLC

3.3.1

AACC
(Shen et al., 2015) o
2g S50mL 20 mL
HY-4 2h
4°C
25mL

4 000 t/min
10 min

0.45 pm o

/ /

(Eppendorf BioSpectrometer Fluorescence)
700 nm Ao
(mg/kg)=
(A/0.250)xV/m A 447 nm \Y%

mL m g

350~

0.250 °
33.2B-
1 mL

HPLC
0.45 wm

]

Sartorius C18 (150 nmx4.6x5 wm;

Thermo Fisher, ) - (90:10)
1.2 mL/min 5 pL 30°C
448 nm 8 min., B-

B_

Forward primer ACATTTGAGGTGCTTTGGGT; Re-
verse primer: GTTTCGTGAATCTTTGTTTGC.

o

342 DNA

DNA o 1%
e-spect
1 L 50ng/uL

PCR o
3.43 SiLCYB PCR

PCR 50 uL 25 wL 2xGC Buffer.
8 wL dNTP Mixture.0.5 wL LA Taq.2 pnL DNA.
2 uL F (10 mmol/L).2 pL R (10 mmol/L)
10.5 pL ddH,0, PCR 94°C
1 min 94°C 30s 56C 30s 72°C 2 min
35 72°C 5 min 4°C o
PCR 0.3 wL Exol.2 pL SAP/FastSAP.
1.2 pL 10xExo Buffer.8.5 pL ddH,O,
37°C 60 min 85°C 15 min,

I (YG]).
3.5 SiLCYB  JG21 B-
3.5.1
Actin  Tublin,
( 3o
3.5.2 RNA N
JG21 . . . RNA
0.1 g  RNase-free
RNAiso Plus RNA (
TaKaRa) o
5 RNA

S1 82

N



1350 Molecular Plant Breeding

3 SiActin SiTublin B~

Table 3 The primers information of SiA ctin, SiTublin and genes related to B-carotene metabolism for qRT-PCR
(5'-3)
Name Sequence number Primer sequence (5'-3")
qStActin Si004277m F: TGCTCAGTGGAGGCTCAACA; R: CCAGACACTGTACTTGCGCTC
qSiTublin Si029822m F: CCGTGGTGATGTTGTTCCC; R: GGGACAACAGATGGTGGCT
qSiILCYB Si020188m F: ATGTTCGGGCTCACGCTG; R: TCACCCATCTCTGTCCTGTATCA
qSILCYE Si000944m F: AAGGAAACGGCAACGCTC; R: AACCCTCGCCACATCCATT
qSiHYD Si016635m F: CACGGCAGAAGAAGGTCAAT; R: GCGGAGTTGCTTACTGGAAA
qSiCCDI Si021680m F: TTTGGTATTCTCCCACGCTAT; R: AACTTCGTCACCCTCTTCCC
“q” quantity

Note: “q” before the name of primers represents quantity

S3.54.85
DNA
DNA cDNA
10 o TaKaRa
PrimeScript™ RT reagent Kit with gDNA Eraser (Per-
fect Real Time) °
SYBR Premix Ex Tag  (Tli RNaseH Plus)
qRT-PCR 10 pL

5 pL SYBR Premix Ex Tag .3 pL dH,O.1 pL
(10 pmol/L) 1 wL cDNA o
Bio-Rad CFX96™ Real Time System

o Bio-Rad CFX Manager 3.1
OriginPro 9.0 o
(31371693;31471556;
31471502).
(20131403110001)
(20142-07) o

Bai L., Kim E.H., DellaPenna D., and Brutnell T.P., 2009, Novel

lycopene epsilon cycla se activities in maize revealed
through perturbation of carotenoid biosynthesis, The Plant
Journal, 59(4): 588-599

Bréhélin C., and Kessler F., 2008, The plastoglobule: a bag full
of lipid biochemistry tricks, Photochem. Photobiol., 84 (6):
1388-1394

da Silva Messias R., Galli V., dos Anjos e Silva S.D., and Rom-
baldi C.V., 2014, Carotenoid biosynthetic and catabolic
pathways: gene expression and carotenoid content in grains
of maize landraces, Nutrients, 6(2): 546-563

Egea L., Barsan C., Bian W.P., Purgatto E., Latché A., Chervin C.,
Bouzayen M., and Pech J.C., 2010, Chromoplast differentia-
tion: current status and perspectives, Plant Cell Physiol., 51
(10): 1601-1611

Fu X.M., Kong W.B., Peng G., Zhou J.Y., Azam M., Xu C.J,,
Grierson D., and Chen K.S., 2012, Plastid structure and
carotenogenic gene expression in red- and white-fleshed lo-
quat (Eriobotrya japonica) fruits, J. Exp. Bot., 63(1): 341-354

He J.H., Yang T.Y., and Wu G.Z., 2002, Evaluation on nutritive
quality of local varieties for foxtail foxtail millet in Gansu
province, Zhiwu Yichuan Ziyuan Xuebao (Journal of Plant
Genetic Resources), 3(1): 41-44 ( s s s
2002, ,

,3(1): 41-44)

He L., 2015, Research on the mechanism of green foxtail millet
colour of Daqinggu, Thesis for M.S., College of Agriculture,
Shanxi Agricultural University, Supervisor: Han Y.H., pp.
1-3( ,2015, >

»pp-1-3)

Jia P.Y., Li C.Y., Cao LK., Li LY., Li H.F., and Zhang L.P.,

2015, Determination of yellow pigment in foxtail millet by

s s

HPLC, Heilongjiang Bayi Nongke Daxue Xuebao (Journal
of Heilongjiang Bayi Agricultural University), 27(5): 111-115
( , , , , , , 2015,



SiLCYB
1351

The Relationship between the Gene SiL.CY B Related to Carotenoid Synthesis and the Colored Formation of Foxtail Millet

,27(5): 111-115)

Kato M., Ikoma Y., Matsumoto H., Sugiura M., Hyodo H., and
Yano M., 2004, Accumulation of carotenoids and expres-
sion of carotenoid biosynthetic genes during maturation in
Citrus fruit, Plant Physiol., 134(2): 824-837

Li G.Y., 2009, A study on quality and genetic diversity in primary
core-collection of foxtail foxtail millet (Setaria italica (L.)
Beauv.), Thesis for M.S., Chinese Academy of Agricultural

Sciences, Supervisor: Zhu Z.H., pp.1-2 ( , 2009,

»pp-1-2)
Meng F.L., Zhao C.L., Duan L.B., and Xu X., 2013, The progress
of biodegradation pathways of the carotenoids in higher

s s

plants, Zhongguo Nongxue Tongbao (Chinese Agricultural
Science Bulletin), 29(24): 143-150 ( , s
, , 2013,
, ,29(24): 143-150)

Moreno J.C., Pizarro L., Fuentes P., Handford M., Cifuentes V.,
and Stange C., 2013, Levels of lycopene 3-cyclase 1 modu-
late carotenoid gene expression and accumulation in Dau-
cus carota, PLoS One, 8(3): 58144

Ronen G., Carmel G.L., Zamir D., and Hirschberg J., 2000, An
alternative pathway to -carotene formation in plant chro-
moplasts discovered by map-based cloning of Beta and old-
gold color mutations in tomato, Proc. Natl. Acad. Sci. USA,
97(20): 11102-11107

Shen R., Yang S.P., Zhao G.H., Shen Q., and Diao X.M., 2015, I-
dentification of carotenoids in foxtail foxtail millet (Setaria
italica) and the effects of cooking methods on carotenoid
content, Journal of Cereal Science, 61: 86-93

Wang Y.P., Liu Q.C., and Zhai H., 2006, Expression and regula-
tion of genes related to plant carotenoid biosynthesis and
their application in plant gene engineering, Fenzi Zhiwu
Yuzhong (Molecular Plant Breeding), 4(1): 103-110 (

, 2006,

s s

, 4(1): 103-110)

Wang Y.W., Li H.X,, Tian G., Sun M.R., Shi Q.X., and Guo E.H.,
2008, Relationship between cooked foxtail millet palatability
and both visual quality and RVA profile Character of starch,
Shanxi Nongye Kexue (Journal of Shanxi Agricultural Sci-
ences), 36(7): 34-39 ( s s R s

, , 2008, RVA
, , 36(7): 34-39)

Yang Y.B., Guan Y.A., Qin L., Shi H., Wang H.L., and Zhang H.
W., 2012, The studies on yellow pigment content and ap-
pearance quality of foxtail millet from different regions,
Zhongguo Liangyou Xuebao (Journal of the Chinese Cereals
and Oils Association), 27(1): 14-19 ( s s ,

,2012,
, ,27(1): 14-19)
You S.Z., and Yang H.Q., 2008, Carotenoid cleavage dioxyge-

s s

nases and their physiological function, Xibei Zhiwu Xuebao
(Acta Bot. Boreal. -Occident. Sin.), 28(3): 630-637 ( ,
, 2008, >

, 28(3): 630-637)

Zeng J., Wang C., Chen X., Zang M.L., Yuan C.H., Wang X.T.,
Wang Q., Li M., Li X.Y., Chen L., Li K.X., Chang J.L.,
Wang Y.S., Yang G.X., and He G.Y., 2015, The lycopene
B-cyclase plays a significant role in provitamin a biosynthe-
sis in wheat endosperm, BMC Plant Biol., 15(1): 112

Zhang B., Liu C., Wang Y.Q., Yao X., Wang F., Wu J.S., King G.
J., and Liu K.D., 2015a, Disruption of a CAROTENOID
CLEAVAGE DIOXYGENASE 4 gene converts flower
colour from white to yellow in Brassica species, New Phytol.,
206(4): 1513-1526

Zheng X.J., Xie Z.Z., Zhu K.J., Xu Q., Deng X.X., and Pan Z.Y .,
2015b, Isolation and characterization of carotenoid cleavage
dioxygenase 4 genes from different citrus species, Mol. Genet.
Genomics, 290(4): 1589-1603



