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Abstract Oat is a worldwide cultivated crop with
nutritional, ecological and economic value. The hard-
ness of oat is closely related to the damage to the
grain during harvesting, washing, threshing and hull-
ing, and has an important impact on the processing
quality and eating quality of oats. Vromindolines are a
group of proteins specific to the Avena genus and are
responsible for the softness of oat endosperm. Avena
nuda is an allohexaploid, and is an important grain
and feed crop in China. Vromindolines have been
studied in the genus Oat, but have not been reported
in Avena nuda. In this study, we performed paraffin
sectioning and scanning electron microscopy analy-
sis on oat kernels with different hardness, and the
sequence characteristics, allelic variation, expression
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patterns and subcellular localization of Vromindo-
line-1 and Vromindoline-3 genes in Avena nuda were
also analyzed. The results showed that the cell struc-
ture and ultrastructure of soft oat variety grains are
significantly different from those of hard oats variety.
PCR amplification and sequence analysis showed
that the lengths of AnVin-1 and AnVin-3 genes were
444 and 429 bp, respectively, and AnVin-1 existed in
the oat A, C and D genomes. Expression analysis in
different tissues showed that AnVin-IA, AnVin-1C,
AnVin-1D and AnVin-3C were expressed to varying
degree in roots, stems and leaves. Expression analy-
sis at the panicle developmental stage showed that the
expression levels of these four genes first increased
and then decreased, with the highest expression levels
at 14 days after pollination. In addition, the expres-
sion levels of AnVin-1C and AnVin-3C in soft oat
variety were higher than those in hard oats at 14 DAP.
Among the single nucleotide polymorphisms among
18 AnVin-1C and 9 AnVin-3C gene sequences, AnVin-
1C6 and AnVin-3C2 genes had three haplotypes in a
oat natural population. Based on the allelic variation
sites of AnVin-1C6, a cleavage amplified polymorphic
sequence marker was established, which explained
1.44% of the variation in hardness. The above results
of this study indicated that AnVin-I and AnVin-3
genes were involved in kernel development and might
affect kernel firmness.

Keywords Avena nuda L. - Kernel hardness -
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Introduction

Among the cereal crops, oat is characterized by a
soft endosperm texture, which has a negative impact
on the industrial processing of oats, such as reduced
oatflake yield (Alfieri et al. 2014). The single ker-
nel characterization system (SKCS) is usually used
to determine the hardness value of oat (Gazza et al.
2015) and has certain advantages in measuring hard-
ness (Jianghong et al. 2020). Our previous research
compared the accuracy of SKCS and Texture Ana-
lyzer (TA), the results showed that TA method was
more suitable in detecting the kernel hardness of A.
nuda (Jianghong et al. 2021).

The endosperm texture is the result of the com-
bined effect of the biomolecular composition of
the grain (Chunqging 1992). Wheat kernel hardness
depends on the cohesion between the starch granules,
the protein matrix, and the continuity of the protein
matrix that coats the starch granules (Greenwell &
Schofield 1986). Both genotype and environment
affect kernel hardness values, with genotype having a
greater effect (Shihua 2003; Shihua et al. 2005). For
example, puroindoline genes that were mapped to the
Ha locus on the wheat chromosome 5D (Giroux &
Morris 1998) explain 63.2% of the total variation in
hardness (Sourdille et al. 1996).

Vromindolines are proteins coded for by the Vro-
mindoline (Vin) gene family, which had been inves-
tigated in Avena species at different ploidy levels
(except for Avena nuda) and shown to be responsible
for the soft endosperm texture of oats (Gazza et al.
2015). In A. sativa, three Vin-1 genes, three Vin-2
genes, and two Vin-3 genes have been characterized
and assigned to A, C, or D genomes based on simi-
larity to their counterparts in diploid species (Gazza
et al. 2015). The sequences of various vromindo-
line proteins of different species differ mainly due to
amino acid changes caused by single base pair varia-
tions (Alfieri et al. 2014; Gazza et al. 2015).

In this study, A. nuda oats were planted in two eco-
logical areas for three consecutive years (2019-2021)
to obtain an adequate amount of mature seeds for
hardness measurements. Materials with significantly
different hardness values were selected for gene clon-
ing, expression pattern analysis, allelic variation anal-
ysis and development of molecular markers related to
grain hardness. This study characterized Vin-1 and
Vin-3 genes in A. nuda, providing information for
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future research on the control of the grain texture of
oat.

Materials and methods
Plant material

A total of 260 A. nuda, containing cultivars, lan-
draces, and varieties imported from abroad, were
planted in Bashang of Hebei Province (114°42'54"
E, 41°4'6" N) and Ulanqab of Inner Mongolia
(113°13'59" E, 40°56'50" N) in 2019, 2020, and 2021
(Supplementary file 1). The elementary plot of 1 m?
consisted of three rows, 30 cm apart, sown with 350
germinating kernels/m?.

Kernel hardness determination of oat

The grain harvested at two locations in 2019, 2020,
and 2021 were tested for kernel hardness values.
Broken, coarse, and small kernels were discarded,
and one hundred grains were randomly selected for
repeated tests of kernel hardness, which were evalu-
ated by TA (TA-XT PLUS) (Jianghong 2022).

Preparation of paraffin sections and scanning electron
microscopy (SEM) of mature grains

Mature grains were immersed in 4% paraformalde-
hyde fixative solution and breezed overnight at 4 C.
The samples were sent to Beijing GenePool Biotech-
nology Co., Ltd. for paraffin sectioning and staining
with hematoxylin. Mature, dry grains of naked oats
were directly cut with a sharp blade. Sections of
1 mm were cut from each sample, and the bottom of
the sample was fixed on the sample table with con-
ductive adhesive. The samples were viewed using a
TM4000pLUS scanning electron microscope (SEM)
operating at 10 kV. The magnification level is 600x.

DNA extraction and PCR amplification

Genomic DNA was isolated from young leaves of
all tested materials using the cetyltrimethylammo-
nium bromide (CTAB) method (Turaki et al. 2018).
The sequences of gene-specific primers are listed in
Table 1. PCR reactions were performed in a Veriti™
96-Well Thermal Cycler in a total volume of 25 pL.
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Table 1 The primer sequences used in this study

Primer name

Upstream primer (5'-3")

Downstream primer(5'-3")

Tm/C  Product size/bp

Vin-1F/R GAAACATGAAGACCTTACTGC CCAGTAGTAGCCAGTAGTAAG 58 441
Vin-3F/R ATGAAGGCCTTATTCCTCCTAGCTT GTAATATCCAAGATTGGTAGGGAAG 58 429
Vin-1A1F/R GAGACAAAGAACCATGGCTG ATCCACTTCCACTTCCCTTTTTC 59 1082
Vin-1CI1F/R TCACCTAGTCTATAAATCGTGTC CTTTCATCCTCTTCGTTCTC 56 754
Vin-1D1F/R AGCCAAAGGAACACATAATGG CGGCTAGCTAGATTTCACGC 58 872
Vin-1A2F/R ATGAAGACCTTACTGCTCTTAGCTC GGTGAAGCATCGCTGCG 62 172
Vin-1C2F/R TGCTCTTAGCTGTGCTAGCTCTC ACTGCTGCGACACCTGGTTC 62 264
AsActin CCTCACAACAACCGCTGAGC CTCATACGATCAGCAATTCCAGGAA 60 348
VinlC-133F/R  GCTATTCATATTCACCTTCACGGG ATCGAGTGGTAGAAAGTAGCACC 64 536
VinlC-3F/R CGAGCACCGCCTTCGCG AGGAACCCGCCGAGCTCGT 66 290
VinlC-94F/R  AGCGGCAGGATGCGCGT ACTGGGGCCCCATGTCT 64 312
VinlC-101F/R  TCACCTAGTCTATAAATCGTGTC TCTTGTTTCTTAAGACTCAAAGAACC 66 732
Vin1D-9F/R AGCCAAAGGAACACATAATGG TTGGATTTAATTGTTATGTGAATGT 62 835
VinlD-17F/R° CACTAGCATCATGAAGACCTTCCG  ACGTAATCCTTGCAAGAGTGGT 62 162
VinlD-56F/R GCGGAGAAGCGATAGGATCT CACACACACAACCACCAAGAATG 65 501
VinlD-29F/R  AGCCAAAGGAACACATAATGG TATTAACAGAGCATAAAGACTCGGG 64 727
Vin3C-16F/R  ATGAAGGCCTTATTCCTCCTAGCTT GCAGCACTGGGCTCGTG 66 383
Vin3C-26F/R  ATGAAGGCCTTATTCCTCCTAGCTT GTTGCACCTTGAGGGGAGTC 62 385
Vin3C-4F/R CAACAGTACGCTAACACCAGGG GCCAGGTGATCGGGAGCC 66 253
Vin3C-12F/R  CAACAGTACGCTAACACCAGGG TCCATGCAGCACTGGGGC 66 254
Vin3C-59F/R  CCTTTGCGCAACAGTATGCG CTCCATGCAGCACTGGCTC 66 194
Vin3C-41F/R  GCGCAACAGTATGCGGACACG TTGGGTCCCATGTTGCACCGT 68 341
Vin3C-49F/R ~ GCGCAACAGTATGCGGACACG GTGCCACATGAACTTGCTTGG 66 307
V1C6-1F/R CGAGCACCGCCTTCGCG TACGCACACAAACAACCACCAAGG 62 562

The reaction systems included 2.5 pL. PCR buffer,
0.2 pM of each dNTPs, 10 pmol of each primer, 2.5
units of TransTaq Hifi DNA polymerase, and 1 pg of
template DNA. The conditions for PCR amplification
were 94 °C for 5 min, followed by 30 cycles of 94 °C
for 1 min, 58-68 °C for 30 s, 72 °C for 30 min, and a
final extension of 72 “C for 7 min. PCR products were
analyzed on 2% agarose gels using GelDoc XR + with
Image Lab Software.

Amplification products were purified from aga-
rose gels with the EasyPure Quick Gel Extraction
Kit. DNA amplification, cloning, and sequencing
were performed at least three times for each geno-
type. Clones were sequenced by Huada Gene Co., Ltd
(Shenzhen, China).

RNA isolation and semi-quantitative RT-PCR

Total RNA was extracted from natural mature seeds
and seeds of A. nuda cvs HX367 at 3, 7, 14, 21, 28,

35 days post-anthesis (DPA). The root, stem, flag leaf,
leaf sheath, and sterile lemma were also collected
at the grain filling stage for RNA extraction. Plant
samples were immediately frozen in liquid nitrogen
and stored at—80 °C. TransZol Plant kit was used to
extract RNA from grains, and the TransZol Up Plus
RNA Kit was used to extract RNA from other tissues.
A Nanodrop 2000 was used to detect the concentra-
tion and quality of RNA. RNA integrity was assessed
by comparing the relative intensities of the 28S and
18S rRNA bands in 1.2% (w/v) agarose gels. cDNA
was synthesized from 1 pg of the total RNA using
TransScript® One-step gDNA Removal and cDNA
Synthesis SuperMix (Transgen Biotech) according to
the manufacturer’s instructions.

Semi-quantitative RT-PCR reactions were per-
formed in a Veriti™ 96-Well thermal cycler in a total
volume of 25 pL. The reaction conditions were 94 C
for 3 min, followed by 28 cycles of 94 °C for 30 min,
56-62 °C for 30 s, 72 °C for 20 s, and a final extension

@ Springer
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Table 2 Amino acid sequences of AnVin-1 in A. nuda and A. sativa

Species

Amino acid sequence

Vindla
AnVin-141
AnVin-142
AnVin-143
VinCla
AnVin-1C1
AnVin-1C2
AnVin-1C3
AnVin-1C4
AnVin-1C5
AnVin-1C6
AnVin-1C7
AnVin-1C8
AnVin-1C9
AnVin-1C10
VinDla
AnVin-1D1
AnVin-1D2
AnVin-1D3
AnVin-1D4
AnVin-1D5
Vindla
AnVin-141
AnVin-142
AnVin-143
VinCla
AnVin-1C1
AnVin-1C2
AnVin-1C3
AnVin-1C4
AnVin-1C5
AnVin-1C6
AnVin-1C7
AnVin-1C8
AnVin-1C9
AnVin-1C10
VinDla
AnVin-
AnVin-
AnVin-
AnVin-

AnVin-

A. sativa
A.nuda
A.nuda
A.nuda
A. sativa
A.nuda
A.nuda
A.nuda
A.nuda
A.nuda
A.nuda
A.nuda
A.nuda
A.nuda
A.nuda
A. sativa
A.nuda
A.nuda
A.nuda
A.nuda
A.nuda
A. sativa
A.nuda
A.nuda
A.nuda
A. sativa
A.nuda
A.nuda
A.nuda
A.nuda
A.nuda
A.nuda
A.nuda
A.nuda
A.nuda
A.nuda
A. sativa
A.nuda
A.nuda
A.nuda
A.nuda

A.nuda

MKTLLLLALLALAASTAFAQ™

MKTLLLLAVLALAASTAFAQ*

MKTLLLLALLALAASTAFAQ*

QCCEQLNQVSQQCRCKAIWR

QCCEQLNQVSQQCRCKAIWR
QCCEQLNQVSQQCRCKAI

YAQDDGWNEQGGEATGCEQQ*

YDQVDGWNEQGGEAAGCEQQ™"

YAQDDGWNEQGGEATGCEQQ*

e [————-
STR--- - -
e [————o
e [————-
T 1

AVEHELGGFLGLQKGEIGKR'**

AVEHELGGFLGLQKGEIGKR'2’

e 0s
e 0s
e 0s
e 0s
e 0s
,,,,,,,,,,,,, 05
e 0s
e 0s
e 0s -
e 05

AVEHELGGFLGLQKGEIGKH

QANLDSCKDYVTERCFTMKD*

M------- A--mmmmmmoe-
M------- A R---
M------- Ao
M------- A--mmmmmmoe-
M------- A
M------- Ao
M------- A--mmmmmmo-
M------- A-*D--------
M------- A-mmmmmm oo
M------- A-mmmm
LLRAKSIPSKCNMGPQCNF

FPLTWPWKWWKGGCEHEVRY*

LTTGYYW*!#

LTTGYYW*!4

of 72 °C for 7 min. Values were normalized to the
amplification rate of the actin gene as a constitutively

expressed internal control (Tao et al. 2013). The
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RT-PCR products were separated on a 2.0% agarose
gel. Three replicates were performed for each sample.
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Force/N

HX317  huazaozhao  HX320

Cell length/um

HX317  huazaozhao  HX320

Fig. 1 Kernel hardness and paraffin sections. a Measure of
kernel hardness for HX317, huazao2hao, and HX320. Results
are presented as mean and SD; n=100. ** p<0.01. b—d Par-
affin section of mature grains in cross-section of HX317,
huazao2hao and HX320. Aleurone layer and part of the inner
endosperm of the kernel (red frame). Bar, 500 pm. The mag-

Sequence alignment and bioinformatics analysis

The sequence analysis of the Vin genes was per-
formed in the genome database of OT3098 published
on the GrainGenes website at https://wheat.pw.usda.
gov/GG3/graingenes_downloads/oat-0t3098-pepsico.
Protein secondary and tertiary structures were pre-
dicted using the online website at https://npsa-prabi.
ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.
html and https://swissmodel.expasy.org/interactive.
Vin sequences of diploid, tetraploid, hexaploid oats,
wheat, barley, and triticale were downloaded from
the NCBI Nucleotide database. MEGA 7 was used to
construct the Neighbor-joining evolutionary tree with
a bootstrap value at 1000 replicates.

Development of CAPS marker

DNAMAN software was used to compare and analyze
the sequences of the sequencing results. The sequence
files were submitted to Dna SP v.5.0 for extraction of
variant sites, and haplotype analysis was performed
on all variant sites. DNAMAN software was used to
analyze whether there was a suitable restriction site
near the SNP position of the sequence. Restriction
endonucleases can recognize the difference of a single

huazao2hao HX320

inefhd
huazao2hao

100 m

nification levels of b—d are 3.3x. e Cell length of the subaleu-
rone layer for HX317, huazao2hao, and HX320. Results are
presented as mean and SD; n=6. ** p<0.01. f~h Magnified
view of the aleurone layer and part of the inner endosperm of
HX317, huazao2hao and HX320. The magnification levels of
f-h are 10x. Bar, 100 pm

base, and the polymorphism of the restriction site can
be used to establish the target. According to previous
studies, specific primers of V1C6 gene were designed
and synthesized (Table 2). PCR reactions were per-
formed in a VeritiTM 96-Well Thermal Cycler in a
total volume of 25 pL. The reaction systems included
2.5 pL PCR buffer, 0.2 pM of each dNTPs, 10 pmol
of each primer, 2.5 units of TransTaq Hifi DNA poly-
merase, and 1 pg of template DNA. The conditions
for PCR amplification were 94 “C for 5 min, followed
by 30 cycles of 94 °C for 1 min, 62 'C for 30's, 72 C
for 30 min, and a final extension of 72 ‘C for 7 min.
Enzyme digestion reaction were performed in a Fly-
Cut® EcoRI in a total volume of 20 pL. The reaction
systems included 1 pg X PCR product, 2 pL. 10X Fly-
Cut® Buffer 0.5 pL FlyCut® EcoRI and correspond-
ing Nuclease-free Water. The conditions for enzyme
digestion reaction was 37 “C for 15 min in metal bath.
The digested products were detected by 2% agarose
gel electrophoresis.

Subcellular localization
The AnVin-1C6 and AnVin-3C2 genes were fused

with green and red fluorescent protein genes,
respectively, to make the recombinant expression
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Fig. 2 SEM images of naked oat endosperm. a The inter- structure of HX320. d The subaleurone layer endosperm struc-
nal endosperm structure of HX317. b The subaleurone layer ture of HX320. Bar, 50 pm. The red arrows point to the starch
endosperm structure of HX317. ¢ The internal endosperm granule

Fig. 3 Cloning of AnVin-1 a b

and AnVin-3 genes from M cDNA gDNA M cDNA gDNA
HX367 a Amplification of

AnVin-1 gene on cDNA
and DNA. M, 2 K marker.
b Amplification of AnVin-3
gene on cDNA and DNA.
M, 2 K marker

vectors pPBWA(V)HS-V1C6-GLosgfp and pBWA(V) electroporation. An empty vector was used as a con-
HS-V3C2-mKATE. The recombinant vectors trol. Tobacco plants were injected at the lower epi-
were transformed into Agrobacterium GV3101 by dermis of the leaves with a one mL syringe with the

@ Springer
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Anvinl-Cl

Anvinl-C2

AnVinl-C3

AnVinl-C4

Anvinl-CS

AnVinl-Cé6

Anvinl-C7

Anvinl-C8

AnVinl-C9

Anvinl-C10

AnVinl-Cl

AnVinl-C2

AnVinl-C3

AnvVinl-C4

AnVinl-CS

AnVinl-Cé

AnVinl-C7

Anvinl-C8

AnVinl-C9

AnVinl-Cl0

Anvinl-Cl

AnVinl-C2

AnVinl-C3

Anvinl-C4

Anvinl-CS

AnVinl-Cé

Anvinl-C7

Anvinl-C8

Anvinl-C9

AnVinl-C10

AnVinl-Cl

AnVinl-C2

AnVinl-C3

AnVinl-C4

AnVinl-CS

AnVinl-Cé

Anvinl-C?

AnVinl-C8

AnVinl-C9

AnVinl-C10

ATGAAGACCTTACTGCTCTTAGCTGTGCTAGC TCTCGCGGCGAGCACCGCCTT(RCACAATACGATCAAGTTGATGGATGHRAQGAGCARGGCGGAGRAGCGGCAGGATGCGAGAGTA] 120
M K T L L, L L &V & A A A S T 2 FJa]JQ Y D @ V D G WIN]J]E Q G G E A A G C EJoI*
ATGAAGACCTTACTGCTCTTAGCTGTGCTAGCTCTCGCGGCGAGCACCGCCTTCICHCAATACGATCAAGTTGATGGATGAAAQGAGCAAGGCGGAGAAGCGGCAGGATGCGAGEAGEA(] 120
M X T L L L L AV LA LA ATSTAKFE|R]o ¥ D Qg V D G W|[N|E ©@ & 6 E A A 6 ¢ Ejo]e
ATGAAGACCTTACTGCTCTTAGCTGTGCTAGCTCTCGCGGCGAGCACCGCCTTCECHCAATACGATCAAGTTGATGGATGAAQGAGCAAGGCGGAGARGCGGCAGGATGCGAFCAFEA] 120
K ?TLELIL AV L A A S T A FJA]Q Y D Q V D G WIN|JE Q G G E A A G C EJQ]o
I\TGI\I\G)\CCTTACTGCTCTTAGCTGTGCTI\GCTCTCGCGGCGAGCACCGCC']‘TCaCPCAATACGATCAAGTTGATGGATGCP\ACGAGCAAGGCGGAGMGCGGCAGGATGCGF\CEAC:AC 120
M K T L L L L A VvV L 2 L A A S T A F|A|JQ ¥ D Q V D G WIN|]JE Q G 6 E A2 A G C EJojo
ATGAAGACCTTACTGCTCTTAGCTGTGCTAGCTCTCGCGGCGAGCACCGCCTTCECAHCAATACGATCAAGTTGATGGATGYAAQGAGCAAGGCGGAGAAGCGGCAGGATGCGAGEAJTA] 120
M K T L L L L AV L A LA ASTATF|A|Q Y D Q V DG VWINJE Q G G E A A G C Elo]*
ATGAAGACCTTACTGCTCTTAGCTGTGCTAGCTCTCGCGGCGAGCACCGCCTTCICHCAATACGATCAAGTTGATGGATGAAATIGAGCAAGGCGGAGRAGCGGCAGGATGCGAFAGCA] 120
M K T L L L L &3 Vv Lhh Aa L A AS T aATFI|IA|J]Q ¥ D @ V D G VWIN|]E @ G G E A A G C EJolo
ATGAAGACCTTACTGCTCTTAGCTGTGCTAGCTCTCGCGGCGAGCACCGCCTTCACAATACGATCAAGTTGATGGATGAAAQGAGCAAGGCGGAGAAGCGGCAGGATGCGAGEAGTA] 120
M XK T5L L L L &V L A Ira A S T A FPIAJQ ¥ P Q@ V D G VIN]IE © 6 G BE & A& G C EjlOol*
ATGAAGACCTTACTGCTCTTAGCTGTGCTAGC TCTCGCGGCGAGCACCGCCTTCICNCAATACGATCAAGTTGATGGATGAAAQGAGCAAGGCGGAGAAGCGGCAGGATGCGAJTAGEA] 120
¥ X T L L L L AY LA LA ASTATE|alo ¥ D e VDG UIN|IBR @ 6 6 E A A G C El*]o
ATGAAGACCTTACTGCTCTTAGCTGTGCTAGCTCTCGCGGCGAGCACCGCCTT(JCACAATACGATCAAGTTGATGGATGAAACJGAGCAAGGCGGAGARGCGGCAGGATGCGAGEAGEA] 120
M K T L L L L B3 Yv¥v L & L A AS T A FIA|]Q ¥ D Q V D G UWIN|]E @ G G E A A& G C EJajo
F\’Z‘GAAGACCTTACTGC'I‘(.TTAGCTGlGC’IAGCTC’ICGCGGCGAGCACCGCC‘I'I‘CaCACAATACGATCMGTTGATGGATG AA AGCAAGGCGGAGAAGCGGCACGATGCGAG A Al 120
M KW In Iy Lyl A Y 3 FAJQ Y D Q G '* Q

CAGGCMPGCTGGACTCCTGCAAGGACTAC TGGAGCGGTGCTTCACCATG AGGACTTCCCGCTGACATGGCCATG TGC1GGAI\GGGCGGCTGCGAGCACGAGGTCCC TAC 240

Q A K L D $ C K D Y
CAGGCAAAGCTGGACTCCTGCAAGGACTAC]

A X L D 8 C K D ¥
CAGGCAAAGCTGGACTCCTGCAAGGACTAC]
Q A K L D S C K D Y
CAGGCAAAGCTGGACTCCTGCAAGGACTAC]
Q A K L D 8 C XK D ¥
CAGGCAAAGCTGGACTCCTGCAAGGACTAC]
Q@ A K L D 8 € K D Y
CAGGCAAAGCTGGACTCCTGCAAGGACTAC]
Q A XK L D S C K D Y
CAGGCAAAGCTGGACTCCTGCAAGGACTAC]

L E R ¢ F M KD PPILTW®®PR WwWlkljw u kK ¢ 6 ¢ B B E V R Y
TGGAGCGGTGCTTCACCATGAAGGACTTCCCGCTGACATGGCCATG JAAJTGGTGGAAGGGCGGCTGCGAGCACGAGGTCCGGTAC 240

i B R € F T®H K® PP LT W W Klw w X G G C E H E V R
TGGAGCGGTGCTTCACCATGAAGGACTTCCCGCTGACATGGCCATG JAAYTGGTGGAAGGGCGGCTGCGAGCACGAGGTCCGGTAC 240
L E R ¢ P TM KD F P L TWP WKW W k¥ 6 G C B H B Vv R Y
TGGAGCGGTGCTTCACCATGAAGGACTTCCCGCTGACATGGCCATG GAAQTGGTGGAAGGGCGGCTGCGAGCACGAGGTCCGGTAC 240
L BE R ¢ B THW KD PP L T WP WKW ¥ K 6 G € B B & 'V R Y
TGGAGCGGTGCTTCACCATGAAGGACTTCCCGCTGACATGGCCATG A' TGGTGGAAGGGCGGCTGCGAGCACGAGGTCCGGTAC 240
L E R € P T M KD F P LT WP W W um X G G ¢ E B E V R Y

TGGAGCGGTGCTTCACCATGAAGGACTTCCCGCTGACATGGCCATG CP\A' TGGTGGAAGGGCGGCTGCGAGCACGAGGTCCGGTAC 240
L E RCF TMIEKUDVFUPILT WP W|KJ]W W K G G CEHBE VR Y
TGGAGCGGTGCTTCACCATGAAGGACTTCCCGCTGACATGGCCATG JAAQTGGTGGAAGGGCGGCTGCGAGCACGAGGTCCGGTAC 240

Q A K L D S C K D Y L E R CPF TMKDF P LT WP W|K|W W K G G CE HE V R Y
CAGGCAAAGCTGGACTCCTGCAAGGACTAC] TGGAGCGGTGCTTCACCATGAAGGACTTCCCGCTGACATGGCCATG GANC TGG’I‘GGAI\GGGCGGCTGCGAGCACGI\GGTCCGGTAC 240
Q@ N K LD S T X D ¥ LERCTFEFTMMIKT DTFTZPTLTMWWEP W|K|WwW X G G CEHTE V Y
CAGGCAAAGCTGGACTCCTGCAAGGACTAC] TGGAGCGGTGCTTCACCATGAAGGACTTCCCGCTGACATGGCCATG CA TGGTGCAACGCCGGCTCCGAGCACGAGGTCCGGTAC 240
@ A K L DS C X D ¥ I B R ©@ F M KD FP LT KPP W W W K G G CE HE
CI\GGCMAGC'I‘GGACTCC’FGCAI\GGACTI\C TGGAGCGGTGCTTCACCATGAAGGACTTCCCGCTGACATGGCCATG T‘U\ TGGTGG)\AGGGCGGCTGCGAGCACGAGGTCCGGTAC 240
Q A K L D s C K D Y L BE R € P TN Kb ¥F P L T $Pp_§ W _W _X G G C E H E V R
CAGTGCTGCGAGCAGCTGAACCAGGTGTCGCAGCAGTGCC GCTGCAAGGCCATCTGGAGAGCCGTCGA aGAGCTCGGCGGGT’I\'JCTGGGCCTGC:\GCA}\}\GTGI\G}\TAGGGMACGC 360
Q C C BE Q LN QV $ Q @QC RC K AT ®BWRAUVE|R|IE L 6 G F L GL Q@ Q 8 E1I 6 K R
CAGTGCTGCGAGCAGC TGAACCAGGTGTCGCAGCAGTGCC GCTGCARGGCCATCTGGAGAGCCGTCGAGCGYGAGCTCGG CGGGTTCCTGGGCCTGCAGCAAAGTGAGATAGGGAAACGC 360
Q C C E Q L ¥ Q VvV s Q C R €C K A T w R AV BJR]E L. 6@ 6 F L G L Q@ @ S B I & K R
CAGTGCTGCGAGCAGCTGAACCAGGTGTCGCAGCAGTGCC GCTGCAAGGCCATCTGGAGAGCCGTCGAJCGYGAGCTCGG CGGGTTCCTGGGCCTGCAGCARAGTGAGATAGGGAAACGC 360
Q C C E Q L N Q V S Q Q C RCXKX 2 I WU R AUV EJRJE L G G F L GL Q Q S E I G K R
CAGTGCTGCGAGCAGCTGAACCAGGTGTCGCAGCAGTGCC GCTGCAAGGCCATCTGGAGAGCCGTCGAYCGYGAGCTCGG CGGGTTCCTGGGCCTGCAGCARAGTGAGATAGGGAAACGC 360
Q@ ¢ € E @ L N Q@ V S @ Q €C R C K AT #u R AV E|JR|[E L 66 G F L L Q9 9 8§ BE I @ K R
CAGTGCTGCGAGCAGCTGAACCAGGTGTCGCAGCAGTGCC GCTGCARGGCCATCTGGAGAGCCGTCGAJCGYGAGCTCGG CGGGTTCCTGGGCCTGCAGCAAAGTGAGATAGGGAAACGC 360
Q C C E Q L KN Q V 5 @ C R C K ATI WIRAVYVE|IRIEL GG F L GL QQ@S ETI GKR
CAGTGCTGCGAGCAGCTGAACCAGGTGTCGCAGCAGTGCCGCTGCAAGGCCATCTGGAGAGCCGTCGAGCAQGAGCTCGGCGGGTTCCTGGGCCTGCAGCARAGTGAGATAGGGAAACGC 360
Q C C E Q L ¥ Q V s Q C R C XK A I w R A V EJH|E L 6 6 F L G L Q Q@ 8 E I G K R
CAGTGCTGCGAGCAGCTGAACCAGGTGTCGCAGCAGTGCC GCTGCAAGGCCATCTGGAGAGCCGTCGAQCGYGAGCTCGG CGGGTTCCTGGGCCTGCAGCAAAGTGAGATAGGGAAACGC 360
Q C C E Q L ¥ Q V 5 Q Q@ C R C XK A TI WU RAWUVEIRJE L 6 G F L GL Q Q 8 E I G K R
CAGTGCTGCGAGCAGCTGAACCAGGTGTCGCAGCAGTGCC GCTGCARGGCCATCTGGAGAGCCGTCGAJCGYGAGCTCGG CGGGTTCCTGGGCCTGCAGCAAAGTGAGATAGGGAAACGC 360
Q C C E Q LN QV S Q QC RCIKOATIMWR RMAMNUYVIEIR|JIEL G G F L GL Q Q S E I G K R
CAGTGCTGCGAGCAGCTGAACCAGGTGTCGCAGCAGTGCC GCTGCAAGGCCATCTGGAGAGCCGTCGAGCGYGAGCTCGG CGGGTTCCTGGGCCTGCAGCAAAGTGAGATAGGGAAACGC 360
C C E Q L N Q@ V S Q @ C RCXATI W RATVYVEIR|IE L 6 6 F L GL Q@QQ S BE I G K R
CAGTGCTGCGAGCAGCTGAACCAGGTGTCGCAGC}\GTGCCGCTGCMGGCCATCTGGAGAGCCGTCGA ICGQGAGCTCGG CGGGTTCCTGGGCCTGCAGCAAAGTGAGATAGGGAAACGC 360
C CE QL W Q V 5.9 €& &’ € W R A E\BRJE L 6 G F L GL Q QS E I G K R
ATGCTGAGGGCC}\AGAGCATTCCTGCCA‘\G GTAAJATGGGGCC] «ACJ"ICC\_CClTI\CT}\CTGGCII\CFI\CTGG’GA 444
M L R A K S I P A K|CIN|IM G P N F B & T T E X ¥ N ¥
ATGCTGAGGGCCAAGAGCATTCCTGCCAAGIGYNAGATGGGGCC] JARCTTCCCCCTTACTACTGGCTACTACTGGTGA 444
M L R A K S I P A K|C|JN|¥M G P N P P L T T G ¥ ¥ W e
ATGCTGAGGGCCAAGAGCATTCCTGCCAAQTGYAAJATGGGGCC] JAACTTCCCCCTTACTACTGGCTACTACTGGTGA 444
ML R A K 8 I P A KJCIN|M G P N F F LT TEHE T T W P
ATGCTGAGGGCCAAGAGCATTCCTGCCAAJTGYAAJATGGGGCC( JAACTTCCCCCTTACTACTGGCTACTACTGGTGA 444
M L R A K 8 I P A KJCIN|M G P N F B L T T G ¥ ¥ W %
ATGCTGAGGGCCAAGAGCATTCCTGCCAAGIGYAAJATGGGGCC( JAACTTCCCCCTTACTACTGGCTACTACTGGTGA 444
M L R A K S I P A K|C|N|M G P N E P'L 2 B 6 ¥ ¥ N %
ATGCTGAGGGCCAAGAGCATTCCTGCCAAJIGYAAJATGGGGCC( JARCTTCCCCCTTACTACTGGCTACTACTGGTGA 444
M LR A K S8 T P A K|JCPN[HM G P N P P L T T & ¥ ¥ W »
ATGCTGAGGGCCAAGAGCATTCCTGCCAAJTGTYAAJATGGGGCC( JAACTTCCCCCTTACTACTGGCTACTACTGGTGA 444
M L R A K S I P A K|cu|u G P NP P LT TG Y ¥ W *
ATGCTGAGGGCCAAGAGCATTCCTGCCAAJIGAGAJATGGGGCC( JAACTTCCCCCTTACTACTGGCTACTACTGGTGA 444
M L R A K S I P A K|J*]|D|M G P B F B LT 2T B T ¥ W ¥
ATGCTGAGGGCCAAGAGCATTCCTGCCAAGIGIAAGATGGGGCC( JAACTTCCCCCTTACTACTGGCTACTACTGGTGA 444
M L R A K S8 I P A X|C|N|MM G P N F P L T T G ¥ X W »
ATGCTGAGGGCCAAGAGCATTCCTGCCAAJTGYAAJAT GGGGCC( JARCTTCCCCCTTACTACTGGCTACTACTGGTGA 444
M L R A K s 1 p A xklcluJm 6 p N F P LT DG Y Y MN®E

Fig. 4 Sequence alignment of the AnVin-1C gene and amino acids. Black boxes indicate synonymous mutations or nonsense muta-
tions, red boxes indicate missense mutations. The red line indicates the conserved domain

tip removed and marked. The injected tobacco plants Statistical analysis

were cultured in low light for two days. The marked

tobacco leaves were mounted onto glass slides, One-Way ANOVA in SPSS 21.0 software was used to
observed under a laser confocal microscope, and conduct one-way analysis of variance on the experi-
photographed. mental data and LSD method was used to conduct

multiple comparisons to analyze the correlation
between different haplotypes and oat kernel hardness.
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Anvin3-C1 ATGAAGGCCT‘m“‘rCCTCCTAGCTTTCCTAGCGCTGGCCm'\GCGCCGCCTTTGC(m"‘ A CFGOET 5GCGGATGGGATGGTTGCATGCCGGAGAAGGCGAGGCTG 120
M K A L F L L A F L A L AlS A A F A]Q 91 % A DIT|G ¥ G G 9 D & C M P E K A R A
Anvin3-c2 ATGAAG(;CCTTF\‘Z‘TCCTCCTAGCTTTCCTAGCGCTGGCLGCGVAGCGCCSCCTTTGC cackaqradgecTpac (:(..;GG5TGJGCGGATGGGATGGTTCCATGCCGGAGMGGCGACQCTG 120
M KALTFTLTELA ATFTLATLA|A]ls a2 a ¢ alaleltlalo]r]lc]v]ec ¢ w G CMPEZKATRL
AnVin3-C3  ATGAAGGCCTTATTCCTCCTAGCTTTCCTAGCGCTGGCYGCGRGCGCCGCCTTTGC CAA"M]TACGCNAC«CCRGGSCC,GCGGATGGGATGG;'chATGCCGGAGAAGch,\GuCT" 120
M K A L F L L A F L A L A AlS A A F AlQ Q Y AN TR A G G W D G C M P E KX A R L
AnVin3-C4  ATGAAGGCCTTATTCCTCCTAGCTTTCCTAGCGCTGGCHGCARGCGCCGCCTTTGCYCAAFAGTACECTRACRCORGGHC diGCGGATGGGATGGTTGCATGCCGGAGAAGGCGAGGCTG 120
M Kk AL FLLATFTLATLA|Als a a r ajJojojy]an|rr|a]lc 6 w D 6 ¢ M P E K A R L
AnVin3-C5  ATGAAGGCCTTATTCCTOCTAGCTTTCCTAGCGCTGGCHGCARGCGCCGCCTTTGCYCARLAQrATECGEACRCHGGRT G3GCGGATGGGATGGTTGCATGCCGGAGAAGGCGAGGCTG 120
M K A LFTLTLTATFTLATLA|als a a ¢ aJaojo]jy]ao|r]c|u]lc ¢ w D 6 ¢ M P E x A R L
ANVin3-C6  ATGAAGGCCTTATTCCTCCTAGCTTTCCTAGCGCTGGCHGCARGCGCCGCCTTTCCYCARLAQrATECAEACRCAGORT dGCGGATGGGATGGTTGCATGCCGGAGAAGGCGAGGCTG 120
M kK A L FLLATFTLATLA|Aals a a F ajJoje]jy]alo|r]e|u]|c ¢ »w D 6 ¢ M P E K A R L
ANVin3-C7  ATGAAGGCCTTATTCCTCCTAGCTTTCCTAGCGETGGCdecAhGeaccaeeTTTeedearkadrathcahachcdiGohT diGCGGATGGGATGGTTGCATGCCGGAGAAGGCGAGGCTG 120
M K A L F L L A F L A L A AlS A A F AlQ QlY A DIT|G M G G W D G C M P E K A R L
ANVin3-C8  ATGAAGGCCTTATTCCTOCTAGCTTTCCTAGCGCTGGCds capacaccacerrracdearkadrathcahachedicoht dhccoeATGEEATGETTECATGCCEEAGAAGECGAGGETG 120
M k A L FriLAFTLATLA|als a ar ajo]e]r]alo|r]c|u]lc 6 w D 6 ¢ m P E x &a R L
AnvVin3-Cc9 ATGAAGGCCTTATTCCTOCTAGCT TTCCTAGCGCTGGC G CORGCGCCGCCTTTGCYCAGEAQTACGCTRACRCOEGGET @GCGGATGGGATGGTTGCATGCCGGAGAAGGCGAGGCTG 120
M K A L F L L A F L A L A A)JS A A F A _Q_ QU A DATIG ¥ G G w D G C M P E K A R L
Anvin3-Cl1 ucrccmcMraccrccmcmcvrcccmuqm AGERCRTCCCGATCACCTGCCCRGY mArGG'rGGAAcccccccmccAcAcch% GAECEAQTGOIGCATG 240
N s c|x]o vve rRcoLT T|L|k]|o|r p 1 7 wle|w|k]w w k ¢ ¢c e s e|la|r|ale]lc]c u
AnVind-C2  AACTCCTGGRAAL cracc-rcorccaccccrcccmacc*rrc Ac:‘:\cwccccmcaccrc kcchadharhicercoancaacsceracsacacecadstbsabcdadredcars 240
N S k[o]y v v E R ¢c L t|L]x]D]|r 1 wle|w|lk|w w k ¢ 6 ¢ E s e|v]|r]c]e]c]c
Anvin3-c3  mactecTodrachackaceTeoTeeAGCeaTGCCToACd TohAGGE rccccncaccrccr:w\rccns,\r GTGGAA GGGCGGCTGCGAGAGCGAG TRGTEGCEA] TG CATG 240
N 8 C|K|D|JY V VE R C L TJLIK|G|I P I T W|P|W|R|W W K G G C E 8 E|VI|IR|]G]QJC|C M
Anvin3-C4 AACTCCTGQRAGHRACKACGTGGTGGAGCGGTGCCTGACHC TGRAGGACRTCCCGATCACCTGHCCAFGARANIGGTGGAAGGGCGGCTGCGAGAGCGAGE TCRGGEGCEAJTGOQIGCATG 240
N s ¢|k]o]y v veERCL T]L]|k]o]|r P 1 T wle[w|k]w w Kk 6 6 c E s e|v|r]c|e]c]c u
Anvini-cs  aactccredrackatfraceTeeTeeAGCGeTGCCTACHC TChAGEACRTCCCGATCACCTGACCARGARANT GETGGAA GGGCGGCTGCGAGAGCGAGS TG GAdTadrGcATG 240
N s c|k]o]y v veERGCTL TJL]k]o]r 2 1 1 w|lep|w|k]w w Kk 6 6 ¢c E s e|v|r]|c]e]c]c u
AnVin3-C6  AACTCCTGORAGPATITACGTGGTGGAGCGGTGCCTGACHC TCRAGEGCRTCOCGATCACC TGAECAFGARGAITGGTGGAA GGGCGGCTGCGAGAGCGAGE TCRGTEGRAGTGIGCATG 240
N s c[xfoly v veERrRCL T]L]x|c]r P 1 T wlpw|r]|w w Kk 6 6 c E s e[v[r][c]e]c]c »
AnVin3-C7  AACTCCTGHRAGEATIACGTGGTGGAGCGETCCCTCACYC TGRAGEGCTCOCGATCACC TG CARGARGAII GETGGAA GEGCGGCTGCGAGAGCGARETCRGTEGFA] TG CATG 240
N s ¢c|k]o]y v veERCL T]L]xk]le]|r p 1 T wlew|r[w w Kk 6 6 ¢ E s e|v|r]c|e]c]c u
AnVin3-C8  AACTCCTGARAGHATIIACGTGGTGGAGCGGTGCCTGACHCTCRAGSGCATCOCGATCACC TGACCARGARGH GETGGAR GEGCCOCTGCGAGAGCCAGE TRG TR GCEAQCGIGCATG 240
N s c|k]o]y v veERrRCL T]L]k]e]|r P 1 7 wlepw|r][w w Kk 6 6 ¢ E s E|V|[rR[c]|e]RrR]|c ™
Anvin3-C9  AACTCCTGARAABACKACGTGGTGGAGCGGTGCCTGACHT TGhAGGACATCCCGATCACCTGACCCRGARANTGGTGGAA GGGCGGCTGCGAGAGCGAGE TRGTEGFAQTGIGCATG 240
vos clgdo)y v v E R tle)rle)r o1 o7 o wlelwlklw w k 6 6 ¢ e s elw]r]c)elc)c u
AnVin3-Cl  GAGCTGAACCAGATCGCGCCCCACTGCCGCTGCARGGCCATCTGGAGH T ROBGCGAGCTCGGTGGCTTCTTGGG TTCCAGCAGAGTGAGAT! AGCAAGTTCATGTGGCAC 360
ELNGOTIA AZPUHTCTRTCT KSATIQ®WR R|aAJv]olc E L 66 FL GF 0@ 8 E 1 K Q VH VA
AnVin3-C2  GAGCTGAACCAGATCGCGCCCCACTGCCGCTGCAAGGCCATCTGGAGHGCORTGEAGHGCGAGCTCGGTGGCTTCTTGGG TTCCAGCAGAGTGAGAT AGCAAGTTCATGTGGCAC 360
E L NQTIAPOUIHCT RCT K ATIOQMWR R|alvlals e 2 6 6 FL GF @@ s E 1 K Q VH V A
AnvVin3-C3  GAGCTGAACCAGATCGCGCCCCACTGCCGCTGCAAGGCCATCTGGAGHGCARTCEARKGCGAGCTCGGTGGCTTCTTGGG TTCCAGCAGAGTGAGAT! AGCAAGTTCATGTGGCAC 360
E L NOQTIAPUHTCR RTCTEKSA ATIQMWR|ajz]ols e L 6 6 FL cF 00 s E 1|M|k 0 Vv H v A
AnVin3-C4  GAGCTGAACCAGATCGCGCCCCACTGCCGCTGCAAGGCCATCTGGAGHECAETCEAABGCGAGCTCGGTGGCTTCTTGGG TTCCAGCAGAGTGAGAT AAGCAAGTTCATGTGGCAC 360
BELNOQTITAPHEBECRCE KA MAMIOMWWR|aljv]a]lc e L 6 6 F L GF Q0 8 E I K Q VH V A
AnVin3-C5 GAGCTCA»\CCAGA4CGCGCCCCACTGCC(}CTuCA}iGGCCANTCGAGkGCGGTC‘M\;GCGAC»TCGGTCGCTTCTTGGG‘I"TCCAGCAGAGTGAGAa AGCAAGTTCATGTGGCAC 360
E L N I A R BE R € K A b | w RlAV Q|G E L G G F L GF Q Q s E I iJ]K Q V H Y R
Anvin3-cé GA(,CTGAACCA(-A"CGCGCCC ACTGCCGCTGCARGGCCATC TGGAGHGCARTCRARBGCGAGCTCGGTGGC TTCTTGGG TTCCAGCAGAGTGAGAT! MAGCAAGTTCATGTGGCAC 360
gL w01 AP ancrRCERXAIIWR|[AJt]oc B L6 6 r L 6P 00 8 2 1 K Q VH VA
ANVin3-C7  GAGCTGAACCAGATCGCGCCCCACTGCCGCTGCARGGCCATCTGGAGHSCARTCEARBGCGAGCTCGGTGGCTTCTTGGG TICCAGCAGAGTGAGAT ACCMGTTCATGTGGCAC 360
E L N OQ AP HCRCEKATIOMWWR|alr[aolc & G G F LGP Q@ V H VA
Anvin3-c8 GAGCTGA)\CC:\GA’CGCGCCC"ACTGCCGCTGCM\GGCCAT\CTGGI\GI«GCGM”C“Mu>GCGAC/‘TCGGTGGCTTCTTGGGTTCCAGCAGAGTGM‘A"(‘ AGCMGTTC:\TGTGGCAC 360
B L ¥ G AP HECR k A 1w RrR|afrz]olc E L 6 6 FL GF Q@ S E 1 K Q V H V
ANVin3-C9  GAGCTGAACCAGATCGCGCCCCACTGCCGCTGCARGGCCATCTGGAGHSCARThARRGCGAGCTCOTGGCTTCTTGGG TTCCAGCAGAGTGAGAT AGCAAGTT;.ATGTGGCAC 360
E_L_N 1 AP HCcRCEKAMIWNWERlAlilo)Jeo e L cc FL GF Qo s E I K Q V H V A
Anvini-cl  AQRCETCTICORAQRGCAACATGGGACCCAACTGCAA CTTCCCTACCAATC TTGGATAT TACTGA o
QI T L P P K|]C N M G P N C N F P T N L G ¥ X -
AnVin3-C2  AQAG(LTCLCICARGEIGCAACATGGGACCCAACTGCAR CTTCCCTACCARTCTTGGATATTACTGA 425
elsle]ls]|r]c v u P NCNTFTPTNILGYY *
Anvinid-c3  agacdergecTire kGTCCAACATGGGACCCAACTGCAACTTCCCTACCAATCTTGCATM‘TACTGA -
elr]r]e]s]k]c " m ¢ P N c N F P T NLGY Y *
Anvini-c4  AgaceTRCrcCRAGIGCAACATGGGACCCAACTGCAR CTTCCCTACCAATCTTGGATATTACTGA
olr|u]els]x]c n m ¢ p N ¢ N F P T NLGY Y * 429
Anvin3-c5  AQACHTECTICCRAGIGCAACATGGGACCCAACTGCAR CTTCCCTACCAATCTTGOGTATTACTGA
elzlelels]x]c » m ¢ e n cn F P TN L G Y 429
AnVin3-C6 AQACHCTHCTTCCRAGIGCAACATGGGACCCAACTGCAA CTTCCCTACCAATCTTGGATATTACTGA
Qlrrr]s|x]jc N M 6 P N C N F PTNILGJY Y * 429
Anvin3-c7  adacderahedreahGArGCAACATGGGACCCAACTGCAA CTTCCCTACCAATCTTGGATATTACTGA
QlT L PSS R|C N M G P N C N F | S 4 N L G - 429
AnVin3-c8  AQACCRTGECTICCRAGGCAACATGGGACCCAACTGCAA CTTCCCTACCAATCTTGGATATTACTGA
elrlr]e]slx]c n m 6 P N c N F P T NLG Y 42
Anvini-c9  AgacdeTRcTrccRAGIGCAACATGGGACCCAACTGCAR CTTCCCTACCAATCTTGGATATTACTGA
olz slslx]Jc n ¥ 6 P N C N F P T N L G Y Y * 129

Fig. 5 Sequence alignment of the AnVin-3C gene and amino acids. Black boxes indicate synonymous mutations or nonsense muta-
tions, red boxes indicate missense mutations. The red line indicates the conserved domain

Results layer, subaleurone layer, and starchy endosperm. The

aleurone layer in each oat was composed of a single
Cellular structure of grains with different hardness layer of cells of similar cell sizes. The structure dif-
values in Avena nuda ference of kernels with different hardness was mani-

fested in the sub-aleurone layer and the inner floury
The hardness values for HX317 (soft), huazao2hao endosperm. The sub-aleurone layer of soft oats is
(medium), and HX320 (hard) were determined by TA, not obvious. The cell length was 47.8 pm=+7.6, and
and they were significantly different (Fig. 1a). Paraf- even the secondary powder layer is missing in some
fin sections showed that the internal structure of A. parts. The sub-aleurone layer of hard oat had a dis-
nuda was composed of a seed coat, pericarp, aleurone tinct structure, with long cellsobvious structure and
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Table 3 Amino acid sequences of AnVin-3 in A. nuda and A. sativa

Gene species Amino acid sequence

VinC3a A. sativa MKALFLLAFLALAASAAFAQ™ QYANTRAGGWDGCMPEKARL* NSCKDYVVERCLTLKDIPIT® WPWKWWKGGCESEVRGQCCM*
VinC3b A. sativa D-GM G R

AnVin-3C1 Anuda  ————— oo ~—-D-GV-—---————----  —o— - D--———- --—-K--—------- A-A---
AnVin-3C2 Anuda  -——————————"—"——"—"—————— -—-D-GV-———"""====— e~ —— D-—-——- -——-K-—-——————————— ==
AnVin-3C3 A.nuda N-RA G R

AnVin-3C4 Anuda  ———— - - - - ~=-N-RA-———-————-=--"=  ——————-———————— D---- ---K--------—--—-—--—-
AnVin-3C5 Anuda ~ ——— oo ~=-D-GM-—----------- oo D---- ---K----—-—-——-—----——-——-
AnVin-3C6 Anuda  ————— - -—-D-GM------—-——-=== - G--—-—- -—-- R--———-----——-—————-
AnVin-3C7 Anuda - — oo ~=-D-GM-~---—------- oo G---- ~—--R-——-———————————-
AnVin-3C8 Anuda  —- oo --—-D-GM-—----—————--=  ——————-———————— G--—— -—-—- R-——————-—--————- R--
AnVin-3C9 Anuda  ——-mmm oo “=-D-GV-——----------  —oooo oo D---- ---K---—-—--------———-
VinC3a A.sativa  ELNQIAPHCRCKAIWRAVQG'  ELGGFLGFQQ SEIMKQVHVA'®  QTLPSKCNMGPNCNFPTNLG® — YY*!#

VinC3b A.sativa - - -m- oo T-=  m e -—

AnVin-3C1 Anuda - mm oo Vom s s s s s s o mm oo e —

AnVin-3C2 Anuda - - V-- === == -§S-——R-—-"----——————— —

AnVin-3C3 Anuda ~ ——-— oo T-=  m e s e —

AnVin-3C4 Anuda - Vom s m s s s o s m s s oo e —

AnVin-3C6 Anuda  ————mmmmmmmm——— e —

AnVin-3C7 Anuda  ———— - I-- — e e R -—

AnVin-3C8 Anuda - I-— === T-———"= —mm e —

AnVin-3C9 Anuda  —————m-mmmmmm——— - Tmm e —

long cells (137.3 ym=+7.3) inserted into the intercel-
lular spaces of the endosperm. Endosperm cells of
soft oat were arranged neatly and loosely, while those
of hard oat were more closely arranged. The aleurone
cells and endosperm cells of HX317 kernels were
well-ordered. The arrangement of the aleurone cells
became more disordered with increased kernel hard-
ness value.

M  AnVin-14 AnVin-1C AnVin-1D

Fig. 6 Genetic markers of AnVin-1 on A, C, and D genomes.
The fragment sizes of AnVin-1A, AnVin-1C, and AnVin-1D
were 1082 bp, 754 bp, and 872 bp, respectively

Ultrastructure of the endosperm of naked oats with
different hardness.

SEM of the endosperm structures of HX317 and
HX320 kernels was performed. The structures of the
central endosperm and subaleurone layers of HX317
were loose with large gaps (Fig. 2a and b). Starch
granules were primarily in the form of single and
small grains (Fig. 2a). The structures of the central
endosperm and subaleurone layers of HX320 were
compact with small gaps (Fig. 2c and d). The starch
granules were large and tightly bound to the sur-
rounding protein matrix (Fig. 2¢). The structure of the
subaleurone layer of HX320 near the grain cortex was
also more compact than that of HX317 (Fig. 2b and
d).

Isolation and sequence analysis of AnVin-1 and
AnVin-3 genes in Avena nuda L.

Genomic DNA and cDNA from HX367 were ampli-
fied using primer pairs Vin-1F/R and Vin-3F/R
(Table 1). The sizes of the amplified AnVin-I and
AnVin-3 products at the gDNA and cDNA levels
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Fig. 7 The secondary (a) and tertiary (b) structures of the AnVin-1 and AnVin-3 proteins

were the same (Fig. 3), indicating that these genes
in A.nuda included a single complete ORF with no
introns. Multiple sequence alignment analysis showed
that the AnVin-1 and AnVin-3 genes of naked oats
existed as multiple copies. The multiple sequences
of AnVin-1 were named AnVin-1Al, AnVin-1A2,
AnVin-1A3, AnVin-1Cl, AnVin-1C2, AnVin-1C3,
AnVin-1C4, AnVin-1C5, AnVin-1C6, AnVin-1C7,
AnVin-1C8, AnVin-1C9, AnVin-1C10, AnVin-1DI,
AnVin-1D2, AnVin-1D3, AnVin-1D4, and AnVin-
1D5. The multiple sequences of AnVin-3 were named
AnVin-3C1, AnVin-3C2, AnVin-3C3, AnVin-3C4,
AnVin-3C5, AnVin-3C6, AnVin-3C7, AnVin-3C8, and
AnVin-3C9.

Multiple sequence alignment analysis showed
that the homology among the AnVin-1 genes ranged
from 96.13 to 99.77%, and the homology of AnVin-3

@ Springer

genes ranged from 94.17 to 99.30%. The multi-copy
sequences showed single base pair differences. There
were 3 SNPs in AnVin-1A, resulting in 2 missense
mutations and 1 synonymous mutation (Supplemen-
tary file 2, Table 2). There were 8 SNPs in AnVin-1D,
resulting in 5 missense mutations and 3 synonymous
mutations (Supplementary file 3, Table 2). There
were 11 SNPs in AnVin-1C, resulting in 4 synony-
mous mutations, 4 missense mutations, and 5 non-
sense mutations. One of the missense mutations in
AnVin-1C (K/Q) occurred in the tryptophan-rich
region of “WPWKWWK” (Fig. 4, Table 2). There
were 32 SNPs in AnVin-3C, resulting in 15 synony-
mous mutations, 17 missense mutations, and one
nonsense mutation. One of the missense mutations in
AnVin-3C (K/R) also occurred in the “WPWKWWK”
region (Fig. 5, Table 3).
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Fig. 8 Phylogenetic analysis of AnVin-1, AnVin-3 Vin-like
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The amino acid sequence similarity of between
VinAla in A.sativa and AnVin-1Al in A.nuda was
100%. VinAla differed from AnVin-1A2 and AnVin-
1A3 by one amino acid each (Table 2). Compared
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represent the Hin genes in barley; and black diamonds repre-

sent the Sin genes in triticale

with VinCla in A.sativa, AnVin-1C had 5 amino
acids that were unique to A. nuda. Similarly, AnVin-
1D had 3 unique amino acids (Table 2). VinC3a in
A.sativa has 2 isoforms containing 6 amino acid
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Fig. 9 The expression pattern of AnVin-I and AnVin-3. a
Expression in different tissues. Lanes 1-6 represent roots,
stems, flag leaves, leaf sheaths, protective glumes, and mature
grains, respectively. b Expression at different developmental
stages. Lanes 1-7 represent 3, 7, 14, 21, 28, and 35 DAP and

differences (Table 3). The 9 sequences of AnVin-3C
in A.nuda contain this 6 amino acid, while the 27th
amino acid in the coding region is a specific amino
acid for A.nuda (Table 3).

Genomic marker development of AnVin-1 gene in
Avena nuda L.

The upstream and downstream 500 bp sequences of
AnVin-1A, AnVin-1C, and AnVin-1D coding sequences
were obtained from the predicted sequence of AnVin-
1 in the OT3098 database. (Supplementary file 4).
Primers were designed based on the specific site of
AnVin-1 between three genomes. PCR amplification
was performed on HX367 gDNA using the primers
Vin-1A1F/R, Vin-1C1F/R, and Vin-1D1F/R (Table 1,
Fig. 6).
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Accessions

mature grains after flowering, respectively. ¢ Expression in 14
DAP kernels of different hardness values, lanes 1-10 repre-
sent HX317, HX88, HX106, HX54, HX344, HX310, HX268,
HX21, HX265, and HX320, respectively

Bioinformatics analysis of AnVIN-1 and AnVIN-3
proteins of Avena nuda L.

AnVIN-1 and AnVIN-3 were found to be 147 and
142 amino acids long, respectively. Both proteins
included a “WPWKWWK?” tryptophan-rich region
and 10 cysteines. Conserved domain searching
revealed that AnVIN-1 and AnVIN-3 belonged
to the seed storage protein (SS) subfamily of the
alpha-amylase inhibitors (AAIs) superfamily. The
predicted secondary structures of AnVIN-1 and
AnVIN-3 contained o helices, f sheets, random
coils, and extended strands (Fig. 7a). The predicted
tertiary structures of AnVIN-1 based on the A, C,
and D genomes were similar, but there were dif-
ferences in the tertiary structure of AnVIN-1 and
AnVIN-3 proteins (Fig. 7b).
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Fig. 10 Identification of single copy sequence of AnVin-
1 and AnVin-3. a Different copy sequence identification of
AnVin-1C. Lanes 1-10 represent AnVin-1C1 to AnVin-1C10
sequences. b Different copy sequence identification of AnVin-

A phylogenetic tree was constructed with Vin-
like gene sequences in diploid, tetraploid, hexaploid
of oat, and wheat, barley, and triticale. The analy-
sis showed that multiple distinct copies of each of
the AnVin-1A, AnVin-1C, AnVin-1D, and AnVin-
3C gene sequences clustered together. AnVin-IA,
AnVin-1C, and AnVin-3C were clustered with dip-
loid A and C genomes, respectively. AnVin-IA and
AnVin-1D genes were clustered together in the
same branch, indicating that they were more closely
related. AnVin-1 and AnVin-3 genes were on differ-
ent branches, indicating that they represented two
different AnVin genes (Fig. 8). The AnVin genes
were more closely related to their counterparts in
other species of the oat genus than the more dis-
tantly related wheat, barley, and triticale (Fig. 8). In
addition, the Ain gene in A. sativa was more closely
related to the Pin, Hin and Sin genes in wheat, bar-
ley, and triticale than to the AnVin gene in A. nuda
(Fig. 8).

250bp

250bp

250bp

250bp

250bp

250bp

1D. Lanes 1-5 represent AnVin-1D1 to AnVin-1D5 sequences.
¢ Different copy sequence identification of AnVin-3C. Lanes
1-9 represent AnVin-3C1 to AnVin-3C9 sequences

Expression pattern of AnVin-1 and AnVin-3 in
Avena nuda L.

Semi-quantitative RT-PCR analyses among different
tissues of oat showed that AnVin-1C, AnVin-1D, and
AnVin-3C were expressed in all tested tissues (Fig. 9).
However, AnVin-1A was not expressed in stems and
mature kernels (Fig. 9a). The expression of AnVin-3C
was the highest in leaf sheaths (Fig. 9a). The expres-
sion levels of AnVin-1 and AnVin-3 first increased and
then decreased at different stages of grain develop-
ment, with the highest expression levels at 14 DAP
(Fig. 9b). From the 260 oats, 5 extremely soft and 5
extremely hard materials were selected for hardness
measurements and differential gene expression analy-
sis. The results showed that there was little difference
in the expression levels of AnVin-1A and AnVin-1D in
kernels at 14 DAP among the 10 materials. However,
the expression levels of AnVin-1C and AnVin-3C in
soft oat were higher than those in hard oat (Fig. 9c).
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Fig. 11 Sequence alignment and haplotypes of full-length of AnVin-1C6 in 10 materials with different hardness values. Positions
153, 598, and 648 are the sites of allelic variation. The full-length sequences are shown in Supplementary file 5
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Fig. 12 Sequence alignment and haplotypes of the coding region of AnVin-3C2 in 10 materials with different hardness values. Posi-
tions 207 and 291 are the sites of allelic variation. The coding region sequences are shown in Supplementary file 6
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Fig. 13 Gel electrophoresis of 10 materials of AnVin-1C6
gene sequence digested by EcoRI. Lanes 1-10 represent
HX320, HX265, HX21, HX268, HX310, HX344, HX54,
HX106, HX88, and HX317

Gene markers development for different copy
sequences of AnVin-1 and AnVin-3

Due to the high sequence similarity of the three
AnVin-1A sequences, no specific primer could be
designed for single-copy sequences. The prim-
ers were designed based on specific sites in the 10
AnVin-1C sequences. The primers VinlC-133F/R,
VinlC-3F/R, VinlC-94F/R, and VinlC-101F/R
were used to obtain the sequences of AnVin-1C2,
AnVin-1C6, AnVin-1C8, and AnVin-1CI10, respec-
tively (Fig. 10a). The primers VinlD-9F/R, VinlD-
17F/R, VinlD-56F/R, and Vinl1D-29F/R were used
to obtain the sequences of AnVin-1DI, AnVin-1D2,
AnVin-1D3, and AnVin-1D5, respectively (Fig. 11b).
The primers Vin3C-16F/R, Vin3C-26F/R, Vin3C-
4F/R, Vin3C-12F/R, Vin3C-59F/R, Vin3C-41F/R,
and Vin3C-49F/R were used to obtain the sequences
of AnVin-3C1, AnVin-3C2, AnVin-3C3, AnVin-3C4,
AnVin-3C5, AnVin-3C7, and AnVin-3C8, respectively
(Fig. 11c). These primers were the gene markers of
the sequences of AnVin-1 and AnVin-3.

Haplotype analysis of AnVin-1 and AnVin-3 genes in
naked oats

Specific primers were used for the identification
of copy sequences in the 5 extremely soft and 5
extremely hard materials (Table 1, Fig. 10). Only
AnVin-1C6, AnVin-1C8, AnVin-1D2, AnVin-1D3,
AnVin-3C2, and AnVin-3C4 could be identified in
the 10 materials. The other sequences appeared in
only individual materials. Among the sequences, only
AnVin-1C6 and AnVin-3C2 had three haplotypes in
the 10 materials, which had polymorphisms at 153 bp
(T/C), 598 bp (G/A), and 648 bp (C/T), respectively,

and these changes were linked. The polymorphism
at 153 bp was located in the coding region but did
not cause a change in the amino acid sequence. The
other two polymorphisms were located in the 3’-UTR
region (Fig. 11, Supplementary file 5). There were
three haplotypes of AnVin-3C2 in the 10 materials,
with linked changes at 207 and 291 bp (Fig. 12, Sup-
plementary file 6). The SNP at 207 bp was a synon-
ymous mutation, while the SNP at 291 bp caused a
missense mutation (Cys to Arg).

Development and validation of molecular markers for
grain hardness in Avena nuda L.

An EcoRI cleavage site was found at site 598 bp of
AnVin-1C6. Amplified samples from the 10 materials
were digested with EcoR 1. The haplotype resistant to
EcoRI digestion was named AnVin-1C6b, while the
haplotype that could be digested into two fragments
was named AnVin-1C6a (Fig. 13). The amplified frag-
ments of 56 softest and 56 hardest naked oats were
digested with EcoR I (Table 4). Among the 112 tested
naked oats, 79.5% (89/112) were of the AnVin-1C6a
genotype, and 20.5% (23/112) were of the AnVin-
1C6b genotype. The average hardness values of the
56 soft and hard oats were 26.69 and 28.23 N, respec-
tively. Correlation analysis and one-way ANOVA
showed that the hardness values of the two genotypes
had a low correlation (R=0.120), and the difference
was not significant (P=0.207). The sum of squared
deviations between groups accounted for 1.44% of the
total sum of squared deviations (Table 5). The results
showed that the CAPS marker had a very low inter-
pretation of the hardness variation in these 112 natu-
ral populations.

Subcellular localization of AnVin-1C6 and
AnVin-3C2 genes

AnVin-1C6 and AnVin-3C2 were fused to the N-ter-
mini of green and red fluorescent protein genes,
respectively, to construct fusion expression vectors
(Supplementary file 7). These vectors were trans-
formed into tobacco leaf cells. The green fluorescence
of AnVin-1C6 and the red fluorescence of AnVin-3C2
may be concentrated in cytomembrane (Fig. 14). The
expression effect of both genes is weak.
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Table 4 CAPS marker verification of 112 naked Oat natural population materials

Num. Code Source Hardness AnVinl-C6 Num. Code Source Hardness value/N AnVinl-C6
value/N allele type allele type
1 HX109 YunNan 17.72 AnVinl-Céa 57 HX320 ShanXi 37.26 AnVinl-C6b
2 HX111 SiChuan 18.15 AnVinl-Céa 58 HX265 Inner Monglia 36.05 AnVinl-Céa
3 HX317 ShanXi 18.62 AnVinl-C6a 59 HX21 HeBei 35.47 AnVinl-Céa
4 HX349 ShanXi 19.26 AnVinl-Céa 60 HX268 Inner Monglia 35.03 AnVinl-C6b
5 HX110 SiChuan 19.29 AnVinl-Céa 61 HX256 HeBei 35.01 AnVinl-Céa
6 HX97 GuiZhou 19.37 AnVinl-Céa 62 HX310 ShanXi 34.69 AnVinl-Céa
7 HX88 ShanXi 20.08 AnVinl-Céa 63 HX136 Russia 34.12 AnVinl-Céa
8 HX91 ShanXi 20.69 AnVinl-Céa 64 HX254 HeBei 33.94 AnVinl-Céa
9 HX113 SiChuan 20.79 AnVinl-Céa 65 HX263 Inner Monglia 33.84 AnVinl-Céa
10 HX337 ShanXi 21.04 AnVinl-C6a 66 HX142 France 33.68 AnVinl-Céa
11 HX338 ShanXi 21.39 AnVinl-Céa 67 HX321 ShanXi 33.51 AnVinl-Céa
12 HX261 Inner Monglia 21.40 AnVinl-Céa 68 HX120 Canada 33.10 AnVinl-Céa
13 HX106 YunNan 21.62 AnVinl-C6b 69 HX140 Hungary 33.08 AnVinl-Céa
14 HX54 ShanXi 21.70 AnVinl-Céa 70 HX40 Inner Monglia 32.83 AnVinl-Céa
15 HX52 ShanXi 21.72 AnVinl-Céa 71 HX296 Inner Monglia 32.80 AnVinl-Céa
16 HX333 ShanXi 21.81 AnVinl-Céa 72 HX18 HeBei 32.76 AnVinl-Céa
17 HX344 ShanXi 21.89 AnVinl-C6a 73 HX139 Hungary 32.73 AnVinl-C6a
18 HX302 Russia 22.01 AnVinl-Céa 74 HX299 Inner Monglia 32.63 AnVinl-C6b
19 HX55 ShanXi 22.03 AnVinl-Céa 75 HX255 HeBei 32.59 AnVinl-C6b
20 HX56 ShanXi 22.08 AnVinl-C6a 76 HX371 Chile 32.52 AnVinl-C6b
21 HX96 GuiZhou 22.10 AnVinl-C6a 77 HX45 Inner Monglia 32.27 AnVinl-C6b
22 HX43 Inner Monglia 22.10 AnVinl-C6b 78 HX370 Chile 32.16 AnVinl-C6b
23 HX53 ShanXi 22.13 AnVinl-C6a 79 HX274 Inner Monglia 32.08 AnVinl-C6b
24 HX84 ShanXi 22.14 AnVinl-C6b 80 HX39 Inner Monglia 32.07 AnVinl-C6a
25 HX42 Inner Monglia 22.16 AnVinl-Céa 81 HX67 ShanXi 32.02 AnVinl-Céa
26 HX103 YunNan 22.17 AnVinl-Céa 82 HX138 Hungary 31.98 AnVinl-C6b
27 HX105 YunNan 22.34 AnVinl-Céa 83 HX292 Hungary 31.93 AnVinl-Céa
28 HX116 SiChuan 22.37 AnVinl-C6a 84 HX253 HeBei 31.93 AnVinl-C6b
29 HX343 ShanXi 22.37 AnVinl-C6a 85 HX115 SiChuan 31.91 AnVinl-Céa
30 HX289 Russia 22.42 AnVinl-Céa 86 HX354 ShanXi 31.85 AnVinl-Céa
31 HX51 ShanXi 22.55 AnVinl-Céa 87 HX61 ShanXi 31.52 AnVinl-C6a
32 HX328 ShanXi 22.64 AnVinl-Céa 88 HX37 Inner Monglia 31.43 AnVinl-Céa
33 HX367 ShanXi 22.67 AnVinl-C6a 89 HX141 Hungary 31.35 AnVinl-C6a
34 HX327 ShanXi 22.69 AnVinl-Céa 90 HX319 ShanXi 31.24 AnVinl-Céa
35 HX318 ShanXi 22.78 AnVinl-C6b 91 HX99 GuiZhou 31.08 AnVinl-Céa
36 HX293 GanSu 22.82 AnVinl-C6a 92 HX339 ShanXi 31.08 AnVinl-C6a
37 HX308 ShanXi 22.84 AnVinl-Céa 93 HX262 Inner Monglia 31.06 AnVinl-Céa
38 HX92 ShanXi 22.89 AnVinl-C6a 94 HX127 Canada 31.02 AnVinl-C6a
39 HX358 ShanXi 22.90 AnVinl-Céa 95 HX278 QingHai 30.89 AnVinl-C6b
40 HX144 Japan 22.93 AnVinl-C6b 96 HX295 GanSu 30.81 AnVinl-Céa
41 HX271 Inner Monglia 22.98 AnVinl-Céa 97 HX334 ShanXi 30.73 AnVinl-Céa
42 HX306 Inner Monglia 23.01 AnVinl-Céa 98 HX108 YunNan 30.61 AnVinl-C6a
43 HX93 JiLin 23.08 AnVinl-Céa 99 HX266 Inner Monglia 30.35 AnVinl-Céa
44 HX112 SiChuan 23.18 AnVinl-Céa 100 HX273 Inner Monglia 30.33 AnVinl-C6a
45 HX258 HeBei 23.19 AnVinl-Céa 101 HX314 ShanXi 30.25 AnVinl-Céa
46 HX49 Inner Monglia 23.32 AnVinl-C6b 102 HX272 Inner Monglia 30.16 AnVinl-Cé6a
47 HX309 ShanXi 23.35 AnVinl-C6b 103 HX282 ShanXi 30.14 AnVinl-Céa
48 HX303 HeBei 23.49 AnVinl-Céa 104 HX356 ShanXi 29.91 AnVinl-Céa
49 HX129 Russia 23.53 AnVinl-C6b 105 HX22 HeBei 29.54 AnVinl-Céa
50 HX360 ShanXi 23.57 AnVinl-Céa 106 HX117 SiChuan 29.52 AnVinl-Céa

@ Springer



Euphytica (2023) 219:127

Page 17 of 20 127

Table 4 (continued)

Num. Code Source Hardness AnVinl-C6 Num Code Source Hardness value/N AnVinl-C6

value/N allele type allele type
51 HX364 ShanXi 23.58 AnVinl-C6b 107 HX264 Inner Monglia 29.51 AnVinl-C6b
52 HX281 ShanXi 23.62 AnVinl-Céa 108 HX94 XiZang 29.50 AnVinl-C6a
53 HX361 ShanXi 23.65 AnVinl-Céa 109 HX62 ShanXi 29.39 AnVinl-C6a
54 HX107 YunNan 23.65 AnVinl-Céa 110 HX80 QingHai 29.37 AnVinl-Céa
55 HX270 Inner Monglia 23.71 AnVinl-C6b 111 HX342 ShanXi 29.35 AnVinl-C6b
56 HX102 YunNan 23.92 AnVinl-Céa 112 HX298 Inner Monglia 29.25 AnVinl-Céa
Table 5 Association analysis between AnVin-1C6 genotype Conclusion

and hardness values of 112 naked oats

df SS MS F P-value
Regression analysis 1 43.23 43.23 1.61 0.21
Residual 110 2958.13 26.89
Total 111 3001.36 -

GFP/YFP

pBWA(V)HS-V1C6-GLosgfp

pBWA(V)HS-ccdb-GLosgfp

pBWA(V)HS-V3C2-mKATE

PBWA(V)HS-ccdb-mKATE

chloroplast

In the present study, we found that the structural dif-
ferences of A. nuda with different grain hardness were
primarily reflected in the sub-aleurone layer and the
internal endosperm. Multiple copies of AnVin-1 and
AnVin-3 genes exist in A. nuda, and their expression

Fig. 14 Subcellular localization of fluorescent-modified AnVin-1C6 and AnVin-3C2
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is not seed-specific. The expression levels of the two
genes were highest among the 14 DAP seeds. The
expression levels of AnVin-1C and AnVin-3C were
higher in soft oat than in hard oat. CAPS marker
developed from the two genotypes of the AnVin-1C6
sequence from the 10 materials could explain 1.44%
of the hardness variation.

Discussion

Vin genes are conserved within the genus Avena,
but research on related genes in A. nuda is sparse.
In this paper, we focused on the characterization
of Vin-related genes in A. nuda. Both AnVin-1 and
AnVin-3 had a tryptophan-rich region of “WPWK-
WWK.,” which is consistent with the structure of
indoline proteins. This region is related to its polar
lipid affinity to starch (Schibli et al. 2002). Phylo-
genetic tree analysis found that the Ain gene was
more closely related to the Pin gene in wheat than
to the Vin gene in oat, consistent with the results
of Gazza (Gazza et al. 2015) It was demonstrated
that the role of Ain gene in oat grain hardness was
insignificant through Western blot and that Vin had
a greater effect on grain hardness than Ain (Gazza
et al. 2015). The expression differences of AnVin in
different hardness materials primarily occurred in
the C genome, which may be related to its phyloge-
netic relationships.

The structure of oat kernels consists of seed
coat, pericarp, aleurone layer, subaleurone layer
and starchy endosperm. From the perspective of
cell structure, the cell size of the aleurone layer is
similar, which is consistent with Zhang Ruiqi’s
research (Ruiqi et al. 2011) on the relationship
between the hardness of wheat grains and their
microstructure,which found that there is no sig-
nificant difference in the aleurone layer of wheat
grains with different hardness. The morphology
and arrangement of the subaleurone layer will have
a significant impact on the grain hardness, and the
arrangement of the endosperm cell structure will
affect the grain firmness. From the perspective of
microstructure, the aleurone layer cells of soft oats
are arranged neatly, while the cells of hard oats are
more disorderly. The endosperm structure of hard
oat was tight, and the starch granule was full. The
protein and starch granule, starch granule and starch
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granule squeezed each other. The void was small,
and the starch granule showed irregular shape. The
starch granules in soft oats are loosely arranged,
and there are large gaps between protein and starch
granules, and between starch granules. The tight-
ness of protein and starch granules is related to
hardness, which is consistent with the research con-
clusion of wheat hardness (Ma et al. 2016).

CAPS Marker is a molecular marker technology
that combines PCR and enzyme digestion tech-
nology, and a relatively simple method to detect
SNPs site variation. Restriction endonucleases can
recognize the difference of a single base, and the
polymorphism of the restriction site can be used
to establish the target. In this study, although there
are multiple SNP sites, some SNPs do not cause
changes in the recognition sites of restriction endo-
nucleases, so that multiple sites cannot be directly
detected by endonucleases. The developed CAPS
marker only explained 1.44% of the phenotypic
variation rate, which may be related to the gene
conservation and population size. The verification
of molecular markers of grain hardness needs to be
further carried out in larger natural populations or
recombinant inbred lines.

We found that the AnVin gene had high sequence
similarity in materials with different hardness val-
ues. Polymorphisms caused difficulty in developing
specific primers. Due to the high homology of each
sequence, ARMS-PCR method was used to design
primers (Yijia et al. 2013). The AnVin-I was not
seed-specific, indicating AnVin-I might also func-
tion in other tissues. Puroindoline (PIN) was shown
to inhibit growth and kill a variety of bacteria and
fungi (Morris 2019). PINA can rupture mycelium cell
membranes, damage mitochondria, and fragment or
translocate DNA of Aspergillus flavu, thereby affect-
ing the storage characteristics of wheat (Ang 2020).
The antibacterial effect of PINA is greater than that
of PINB. PIN exerts its antibacterial effect primarily
by lysing the pathogenic bacterial plasma membrane
with specific lipid components (Yingjie 2013). VINs
may also have functions similar to PINs and located
outside the cell membrane. In this study, we found
that the AnVin-1 and AnVin-3 proteins may be were
located in cytomembrane. The results indicated that
the AnVIN-1 might be a nucleoprotein and AnVIN-3
might be a secreted protein. AnVIN-1 and AnVIN-3
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may work in different ways in the mechanism of grain
hardness formation in naked oat.

We present a preliminary investigation of AnVin
genes in A. nuda, using Vin genes as comparator ref-
erences, which will provide information for future
research on the grain texture of A. nuda.
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