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Abstract: 2-hydroxyisoflavanone dehydratase (HID) plays an important role in isoflavone biosynthesis. In this study,
HID was isolated from the seeds of the purple-grained Tibetan hulless barley variety Nerumuzha and the white-grained
variety Kunlun 10. The HvnHID gene includes the 981 bp open reading frame and encodes a protein of 327 amino acids.
It has a typical Abhydrolase_3 domain (78—306) and belongs to the carboxylesterase (CXE) family of the Abhydrolase 3
(a/p hydrolase) superfamily. There are eight nucleotide differences in the HvnHID coding sequence and two amino acid
differences (one in the Abhydrolase_3 domain) between Nerumuzha and Kunlun 10. The HvnHID of hulless barley has the
closest relationship with the HID in Hordeum vulgare, and the most distant relationship in Panicum hallii. At the early-
-mid stage of the seed colour development, the HvnHID expression levels in the purple and black seeds were significantly
higher than in the white and blue ones (P < 0.01). During the seed colour development of purple-grained hulless barley,
the expression of the key genes (HvnF3'H, HynDRF, HvnANT1, and HvnGT) in the anthocyanidin biosynthetic pathway
increased significantly, while the HvnHID expression decreased significantly (P < 0.01). Thus, it is likely that HvnHID nega-
tively regulates the anthocyanidin biosynthesis. This result provides an important basis for further study of the biological
functions of HvnHID in the anthocyanidin biosynthetic pathway.
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Hulless barley (Hordeum vulgare L. var. nudum
Hook. f.) is a crop of the genus barley in the Gramineae
family. It is also known as naked barley because its
seeds are not covered by glumes at ripening (Liang et
al. 2012). Naked barley growing on the Qinghai-Tibet
Plateau is called Tibetan hulless barley (Qingke). It
is the only crop that can mature normally on the
plateau and cold areas over 4 000 m a.s.l. The ge-
netic background of hulless barley is highly similar

to that of barley (Zeng et al. 2018). Hulless barley is
nutritious and has a prominent value for medicine
and health, due to its high protein, fibre, and vitamin
contents and low fat and sugar contents. Therefore,
hulless barley has become increasingly popular in
recent years (Li et al. 2011; Wu et al. 2017a).
Coloured barley refers to germplasms that have
coloured seeds at ripening; these mainly include
black, purple, and blue barley (Shoeva et al. 2016).
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Studies have shown that the appearance of barley
with a blue grain is associated with anthocyanidin
accumulation in the seed aleurone layer (Akashi et
al. 2005; Jia et al. 2020). Meanwhile, the appear-
ance of purple, black, and red grain in barley is as-
sociated with anthocyanidin accumulation in the
pericarp and glume (Lenfant et al. 2012; Ferreira
et al. 2019). Anthocyanidin is the final product of
flavonoid metabolism and is a water-soluble pigment
that can change colour according to the pH value
of the cellular fluid. For example, anthocyanidin
exhibits a reddish or bluish colour in acidic or alka-
line cellular fluid, respectively (Tanaka et al. 2008).
The synthesis of anthocyanins is regulated by many
structural and transcription factor genes (Petroni
& Tonelli 2011; Zheng et al. 2013). Among plants,
early biosynthetic genes including chalcone synthase
(CHS), chalcone isomerase (CHI), and flavanone-
3-hydroxylase (F3H) are shared by all of the flavonol
biosynthesis processes, whereas late biosynthetic
genes including flavonoid 3'-hydroxylase (F3'H),
flavonoid 3'5'-hydroxylase (F3'5'H), dihydroflavonol-
4-reductase (DFR), anthocyanidin synthase (ANS) and
UDP-glycose flavonoid glycosyl transferase (UFGT)
are specific to different anthocyanin biosynthesis
subclass pathways according to the different number
of hydroxyl groups in the phenyl group (Zhu & Bao
2021). The structural gene expression is regulated by
regulatory genes (Rodas et al. 2014; Hu et al. 2016; Wu
et al. 2017b; Kaur et al. 2020), including MYB, basic
helix-loop-helix (b HLH), and WD40 classes (MBW
complex) (Wang et al. 2015). In barley, the dominant
alleles of both the Ant1 and Ant2 genes were required
for the anthocyanin accumulation in the pericarp
(Gordeeva et al. 2019; Zhou et al. 2021). However, the
role of 2-hydroxyisoflavanone dehydratase (HID) in
anthocyanin synthesis has not been reported.

In the isoflavone biosynthetic pathway of le-
guminous plants, the shikimic acid pathway pro-
duces phenylalanine, which is then converted to
p-coumaroyl-CoA or naringenin, which are the back-
bone precursors for the production of flavonoids
and isoflavone. Catalysed by a series of enzymes,
p-coumaroyl-CoA or naringenin are converted to
2-hydroxyisoflavanones, which are the precursors of
isoflavones (Sawada et al. 2002; Wang 2011; Vadivel
et al. 2016). 2-hydroxyisoflavanones are unstable
and can be dehydrated spontaneously, or under the
catalytic dehydration activity of HID, to produce
isoflavone (Hakamatsuka et al. 1998; Du et al. 2010;
Tohge et al. 2017). The HID gene is a member of the
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Abhydrolase_3 gene family and the enzyme belongs
to the a/f hydrolase superfamily (Lenfant et al. 2012).
The o/P hydrolases have a spatial structure formed
by /P folds and a highly conserved HGG motif,
which is part of an oxyanion hole. The triad residues,
tryptophan (Ser), aspartic acid (Asp), and histidine
(His), in the conserved sequence, Gly-X-Ser-X-Gly,
play a crucial role in the formation and stabilisation
of hydrolytic acylase complexes (Akashi et al. 2005;
Nomura et al. 2015). Thus far, studies of the HID gene
have mainly been conducted in legumes, such as the
bean (Akashi et al. 2005; Waki et al. 2016; Tohge et
al. 2017), Lotus japonicus (Shimamura et al. 2007),
liquorice (Akashi et al. 1999), alfalfa (Deavours &
Dixon 2005) and Arabidopsis (Liu et al. 2002), while
HID has not been reported in barley. With the suc-
cessful assembly of the barley genome, more and
more genes are being identified and cloned (Dai et
al. 2018; Jayakodi et al. 2020; Zeng et al. 2020).

In our previous study, a genotyping-by-sequencing
(GBS) approach was used to map the gene controlling
the purple seed in hulless barley, and an HID gene
sequence in the candidate chromosome segment was
obtained (Yao et al. 2018). In this study, the HvnHID
gene was isolated from both the purple-grained hul-
less barley variety Nerumuzha (female parent) and the
white-grained hulless barley variety Kunlun 10 (male
parent). The sequence characteristics, protein struc-
tures, and evolutionary relationships of this gene were
analysed using bioinformatics software. The HvnHID
expression level in the seeds of several coloured hul-
less barley varieties at the seed colour formation
stage, and the expression pattern in the seeds of the
purple-grained Nerumuzha variety at different stages
of the seed colour development, was analysed using
real-time fluorescence-based quantitative polymerase
chain reaction (PCR) (RT-qPCR). The results provide
a theoretical basis for the further elucidation of the
overall role of the isoflavone biosynthesis pathway in
the anthocyanidin biosynthesis and of the mechanism
of seed colouration in coloured hulless barley.

MATERIAL AND METHODS

Plant material. The plant materials used in this
study were the hulless barley varieties Nerumuzha
and Dazhangzi (purple grain), Heilaoya and Kun-
lun 17 (black grain), Kunlun 12 and Kunlun 10 (white
grain), and INBON-7 (blue grain), which were bred
by the Hulless Barley Research Laboratory, Institute
of Crops, Academy of Agricultural and Forestry
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Sciences, Qinghai University, China. In April 2019,
the seeds were planted in the experimental field of
the Academy of Agricultural and Forestry Sciences,
Qinghai University. In the late milk stage (12 weeks
after sowing), the seeds of Nerumuzha and Dazhangzi
(purple grain), Heilaoya and Kunlun 17 (black grain),
Kunlun 12 and Kunlun 10 (white grain), and INBON-7
(blue grain), and the seeds of Nerumuzha (purple
grain) in the early milk stage (11 weeks after sow-
ing), the late milk stage (12 weeks after sowing), the
early dough stage (13 weeks after sowing) and the
hard dough stage (14 weeks after sowing) were col-
lected for the gene expression analysis according to
Zadoks growth scale (Zadoks, Z73-787, early milk
to hard dough) (Zadoks et al. 1974). Three biological
replicates were taken for each sample. The sampled
seeds were immediately frozen in liquid nitrogen and
then stored at —80 °C in a freezer.

Extraction of total RNA from hulless barley seeds
and cDNA synthesis. A total RNA extraction kit
(Tiangen, Beijing, China), designed for plants rich
in polysaccharides and polyphenols, was used to
extract the total RNA from the hulless barley seeds.
The concentration and purity of the total RNA were
measured using a NanoPhotometer (Implen GmbH,
Germany). The quality of the total RNA was detected
by means of 1.5% agarose gel electrophoresis. The
first-strand cDNA was synthesised using a Prime-
Script 1st Strand cDNA Synthesis Kit (TaKaRa, Japan)
and the synthesised cDNA was stored at —80 °C.

Isolation of the HvnHID gene from hulless barley.
The purple seed phenotype of the hulless barley was
mapped through GBS. An HID gene was isolated
from the 77.30-78.50 cM candidate segment on
chromosome 7H and was named HvnHID (Gene ID:
MLOC_71630) (Yao et al. 2018). Primer software
Ver. 5.0 was used to design the primers for amplifying
the coding sequence (CDS) of this gene (Table S1 in
the Electronic Supplementary Material (ESM)). The
PCR amplification was carried out using the cDNA
template prepared via the reverse transcription of
the total RNA from the Nerumuzha and Kunlun
10 seeds. The 25 pL amplification system included
12.5 pL of 2x PCR buffer for KOD Fx, 0.5 puL of each
primer (forward and reverse; 10 umol/L), 5.0 pL of
dNTPs (2 mmol/L), 0.5 pL of TOYOBO KOD Fx
DNA polymerase (1.0 U/uL), and 1.0 pL of cDNA
template; ddH,O was added to make up the 25 pL.
The PCR programme included a pre-denaturation
step at 94 °C for 2 min, followed by 35 cycles of
denaturation at 98 °C for 10 s, annealing at 56 °C

for 30 s, and extension at 68 °C for 1 min 30 s. After
a final extension at 72 °C for 10 min, the reaction
was terminated at 4 °C for 5 min. The DNA band
was recovered by ethanol precipitation, and the
concentration and purity of the recovered product
were measured using the NanoPhotometer (Implen
GmbH, Germany). The product was then ligated to
the pEasy-Blunt vector (TransGen Biotech, Beijing,
China) and transformed into Escherichia coli Trans-T1
Competent cells. Five white colonies were picked for
identification, and at least three positive clones were
sent to Sangon Biotech (Shanghai, China) for sequenc-
ing using the universal primer M13.

Bioinformatic analysis of the HvnHID gene.
SMART (http://smart.embl-heidelberg.de/) was
used to predict the conserved domain in the Hvn-
HID CDS. Expasy Protparam (http://www.expasy.
org/tools/protparam.html) and Protscale (https://
web.expasy.org/protscale/) were used to predict
the physicochemical properties and hydrophilicity/
hydrophobicity of the deduced proteins. SignalP4.1
(http://www. Detaibio.com/ tools/signal-peptide.
html) and TMHMM-2.0 (http://www.cbs.dtu. dk/
services/ TMHMM-2.0/) were used to predict the
signal peptide and transmembrane structure. CELLO
Ver. 2.5 (http://cello.life.nctu.edu.tw) was used to
predict the subcellular location of the HvnHID pro-
tein. SPOMA (https://npsa-prabi.ibcp.fr/cgi-bin/
npsa_automat.pl?page=/NPSA/ npsa_sopma.html)
and SWISS-MODEL (https://swissmodel.expasy.
org/) were used to predict the secondary and ter-
tiary structure of the HvnHID protein. BlastP in
the National Center for Biotechnology Information
(NCBI) database was used to search for the amino
acid sequences that are homologous to those of the
HvnHID protein in other species of the Gramineae
family. DNAMANG6.0 software was used to align
multiple sequences, and Mega software Ver. 5.1 was
used to construct the phylogenetic tree.

Analysis of the HvnHID gene expression in the
hulless barley. Primer 5.0 was used to design prim-
ers for the HvnHID (based on the amplified CDS
sequence), HynF3'H, HvnDRF, HvnANTI1, HvnGT,
and HvnHID genes (based on the sequence in the
barley reference genome, ftp://ftp.ensemblgenomes.
org/pub/release-29/plants/fasta/hordeum_vulgare/
dna/) for the RT-qPCR analysis (Table S1 in ESM).
The templates were the cDNAs (200 ng/pL) prepared
from the total RNA of the seeds (collected at 12 weeks
after sowing) of the coloured hulless barley varieties
Nerumuzha and Dazhangzi (purple grain), Heilaoya
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and Kunlun 17 (black grain), Kunlun 12 and Kun-
lun 10 (white grain), and INBON-7 (blue grain). The
cDNAs that were prepared from the total RNA of
the Nerumuzha (purple grain) seeds sampled at 11,
12, 13, and 14 weeks after sowing, were also used as
templates. The 18S rRNA gene was used as an inter-
nal reference (Table S1 in the ESM) (Sun et al. 2010).
A 20 uL amplification reaction system included 10 puL
of 2x TB Green premix Ex Taq II (Tli RNaseH Plus),
2 uL of the cDNA template, 0.8 pL of each of the for-
ward and reverse primer (10 pmol/L), and 6.4 pL of
ddH,O. The cycling programme included a pre-dena-
turation step at 95 °C for 5 min, followed by 40 cycles
of denaturation at 95 °C for 5 s, annealing at 60 °C for
30 s, and extension at 72 °C for 30 s. The temperature
protocol of 95 °C for 5 s and 70 °C for 1 min was used
to generate the melting curve. The relative expression
levels of the genes in the seeds of the coloured hulless
barley varieties (at the early-mid stage of grain filling)
and in the seeds of Nerumuzha at different stages of
the seed colour development, were calculated using the
2724C method (Lenfant et al. 2012). Three biological
repeats were set for each sample. SPSS was used for
the analysis of variance (ANOVA) and the significance
tests (Suantika et al. 2016).

RESULTS

Isolation of the HvnHID gene and sequence
analysis. The cDNA templates prepared from the
total RNA extracted from the seeds of the hulless
barley varieties Nerumuzha (purple grain) and Kun-
lun 10 (white grain), and the primers designed based
on the HvnHID gene (Table S1 in the ESM), were
used for the PCR amplification. An amplicon of ap-
proximately 1080 bp was obtained (Figure S1A in
the ESM). A 981 bp open reading frame encoding
a protein of 327 amino acids was identified using
DNAMAN software Ver. 6.0. When comparing Neru-
muzha and Kunlun 10, eight nucleotide differences
were detected in the gene (99.19% identical) and two
amino acids differences were detected in the protein
(99.39% identical; Figure S2 in the ESM). This gene
was predicted to have a typical Abhydrolase_3 do-
main (78-306 bp), belonging to the Abhydrolase_3
(a/ B hydrolase) superfamily (Figure S1B in the ESM).
The Abhydrolase_3 structural domain was 99.56%
identical in Nerumuzha and Kunlun 10 with one
amino acid difference (Figure S2 in the ESM).

The analysis of the physicochemical properties
and hydrophilicity/hydrophobicity showed that the
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Nerumuzha HvnHID protein had a molecular for-
mula of C1566H2383N425O453S7, a molecular weight
of 34 636.14 Da, a fat solubility index of 81.56, and
an average hydrophobicity (GRAVY) of —0.030. The
Kunlun 10 HvnHID protein had a molecular formula
of C1567H2335N427045387, a molecular weight of 34
694.18 Da, a fat solubility index of 81.25, and an
average hydrophobicity (GRAVY) of —-0.040. The two
proteins had an instability index of 28.37, a theoretical
isoelectric point of 5.61, 38 negatively charged resi-
dues (Asp + Glu), and 30 positively charged residues
(Arg + Lys). It is, thus, clear that the HvnHID protein
is a stable hydrophilic acidic protein. The protein
was predicted to have no transmembrane structure
or signal peptide. The CELLO Ver. 2.5 subcellular
localisation analysis showed that the two HvnHID
proteins may be located in the cytoplasm, with scores
0f2.032 and 2.194 for the Nerumuzha and Kunlun 10
proteins, respectively. The order of the possibility of
the proteins’ location within cellular structures is as
follows: cytoplasm > periplasm > inner membrane >
extracellular matrix > outer membrane.

The secondary and tertiary structures of the
HvnHID proteins were predicted. The proteins had
a secondary structure that was mainly composed
of random coils, a-helices, extended strands, and
B-turns. The order of the proportions of these struc-
tures was: random coils > a-helices > extended chain
> B-turn (Figure S3A in the ESM). This indicated
that the two proteins had mainly random coils and
a-helices that may be important to their function.
The three-dimensional structures of the HvnHID
proteins were predicted using the SWISS-MODEL
(Figure S3B in the ESM). The result showed that the
HvnHID protein was an oligomer that was mainly
composed of random coils and a-helices, and had
a conserved propyl carboxylate ligand and o/ folds.

Homology comparison and system evolution. The
Nerumuzha HvnHID protein was 100% identical to
a predicted protein in hulless barley (GenBank ac-
cession number KAE8801614.1) and 99.39% identical
to an unknown protein in barley (GenBank accession
number AK360742.1). The Nerumuzha HvnHID and
the HID proteins in Aegilops tauschii, Brachypodium
distachyon, Zea mays, Oryza sativa, Sorghum bicolor,
Setaria viridis, Setaria italica, and Panicum hallii
had 91.16%, 83.33%, 75.76%, 75.08%, 74.63%, 65.05%,
60.66%, and 59.11% amino acid identity, respectively.
The Kunlun 10 HvnHID protein was 100% identical
to an unknown protein in barley (GenBank accession
number AK360742.1) and 99.39% identical to a pre-
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dicted protein in hulless barley (GenBank accession
number KAE8801614.1). The Kunlun 10 HvnHID and
the HID proteins in Aegilops tauschii, Brachypodium
distachyon, Zea mays, Oryza sativa, Sorghum bicolor,
Setaria viridis, Setaria italica, and Panicum hallii
had 91.16%, 83.33%, 76.06%, 75.68%, 74.93%, 64.78%,
60.96%, and 59.36% amino acid identity, respectively.
All these proteins had a relatively conserved Abhy-
drolase_3 domain, oxyanion pore HGG motif, and
Gly-X-Ser-X-Gly sequence (Figure S4 in the ESM).
The phylogenetic tree analysis showed that among
ten species in the Gramineae family, the HynHID
protein had the closest relationship with the HID
proteins in Hordeum vulgare and Aegilops tauschii,
and the most distant relationship with those in Setaria
viridis and Setaria italica (Figure S5 in the ESM).

Expression of HvnHID in the coloured hulless
barley varieties at the early-mid stage of seed
ripening. The expression of the HvnHID gene was
examined in the seeds sampled at 12 weeks after
sowing, which corresponds to the early-mid stage
of the seed colour development. The seeds were
collected from the coloured hulless barley varieties
Nerumuzha and Dazhangzi (purple grain), Heilaoya
and Kunlun 17 (black grain), Kunlun 12 and Kunlun
10 (white grain), and INBON-7 (blue grain). The
expression level of HvnHID was the highest in Neru-
muzha (purple grain), followed by Kunlun 17 (black
grain), Dazhangzi (purple grain), Heilaoya (black
grain), Kunlun 10 (white grain), Kunlun 12 (white
grain) and the lowest in INBON-7 (blue grain). The
expression level of HvnHID was significantly higher
in the purple and black seeds than in the blue and
white seeds. Thus, it is speculated that HvnHID may
be involved in the accumulation of anthocyanidins
in the seeds of the purple and black hulless barley
varieties (Figure S6 in the ESM).

Expression of HvnHID during seed development
of the purple-grained Nerumuzha variety. To clarify
the role of HynHID during the seed colour develop-
ment of purple-grained hulless barley, the expression
of HvnHID and the key genes HvnF3'H, HvnDRF,
HvnANTI, and HvnGT of the anthocyanidin bio-
synthetic pathway was analysed. The expression was
examined in the seeds of the purple-grained hulless
barley variety Nerumuzha that had been collected at
11,12, 13, and 14 weeks after sowing. To perform this
analysis, a RT-qPCR was used. The results showed
that the expression levels of HvnF3'H, HvnDRF,
HvnANTI, and HvnGT significantly increased with
the development of the seed colour (P < 0.01), and

the expression level of HvnHID gradually decreased,
reaching its lowest value at 14 weeks after sowing
(P < 0.01; Figure S7 in the ESM). It is speculated
that the HvnHID gene negatively regulates the ac-
cumulation of anthocyanidins during the purple seed
formation (Figure S8 in the ESM).

DISCUSSION

Recently, studies of HID genes have mainly focused
on legumes (Deavours & Dixon 2005; Livingstone
et al. 2011). A few authors have reported on HID
genes in non-legumes, such as Arabidopsis (Ayabe
et al. 2007; Liu et al. 2002) and the lotus (Shima-
mura et al. 2007). There have been no reports on
HID genes in gramineous plants. In this study, the
HvnHID genes were isolated from the hulless barley
varieties Nerumuzha (purple grain) and Kunlun 10
(white grain). The HvnHID protein had a highly
conserved oxyanion hole HGG motif and had the
catalytic triad residues tryptophan (Ser), aspartic
acid (Asp), and histidine (His) in the conserved se-
quence, Gly-X-Ser-X-Gly, which is a typical structure
of a-esterase family members. The HGG motif and
Gly-X-Ser-X-Gly sequence were highly conserved
between ten gramineous plants, with a homology of
100% and 83.16%, which might be play an important
role in the stabilisation of the intermediates in the
hydrolysis process (Ollis et al. 1992). In plants, the
Abhydrolase_3 gene family generally included the
carboxylesterase (CXE) gene family and the hormone-
sensitive lipase-like (HSL) gene family (Lenfant et al.
2012). In this study, the 11-326 amino acids of the
HvnHID protein were predicted to give rise to a ter-
tiary structure with typical properties of carboxylic
acid propyl ester ligands and with a/f folds. These
structural features were in line with those of the
Abhydrolase_3 (a/p hydrolase) superfamily, which
suggested that HvnHID participates in regulating
plant growth and dealing with biotic stresses, as are
the CXE gene family genes (Gershater et al. 2007).
The Abhydrolase_3 domain was highly conserved
between ten gramineous plants, with a homology of
83.71%. The homology comparison of the HynHID
genes from the purple-grained and white-grained
hulless barley showed that there are two amino acid
differences, one of which was in the Abhydrolase_3
domain. Studies have shown that changes in the
sequence of protein coding regions, especially key
structural domains, may lead to changes in their
function (Eulgem et al. 2000). A T-DNA-inserted
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ugt78d2 mutant accumulated very little anthocyanin
and lacked 3-O-glucosylated quercetin in Arabidop-
sis (Lee et al. 2005). Johnson et al. (2001) identified
aregion that determines the substrate specificity of
DER by analysing chimeric DFRs of the Petunia and
Gerbera. Furthermore, by changing a single amino
acid in this presumed substrate-binding region, they
developed a DER enzyme that preferentially reduces
to dihydrokaempferol, resulting in the production of
orange flowers. In this study, it remains to be verified
whether the alteration of two amino acids directly
or indirectly affects the synthesis of anthocyanins.
The synthesis of anthocyanidins in plant cells mainly
occurs on the endoplasmic reticulum membrane and
is catalysed by a series of enzymes. Anthocyanidin
was the final product of the flavonoid metabolism
(Tanaka et al. 2008). Isoflavones comprise a class of
secondary metabolites that mainly exist in legumes
(Wang 2011). These secondary metabolites play roles
in the ecological defence, plant resistance to patho-
genic microorganisms, and the interaction between
plants and biotic environmental factors (Akashi et
al. 2005). HID was an important rate-limiting en-
zyme in the isoflavone biosynthetic pathway, and it
regulated the isoflavone synthesis together with the
isoflavone synthase (IFS) in plants. Plant flavanone
metabolism required a variety of enzymes. Some
enzymes competed for a substrate and other enzymes
coordinate and promote each other’s activity (Jung
et al. 2000). In the present study, it was found that
the expression of HynHID was significantly higher
in the purple and black grains of the hulless barley
than in the white and blue grains (P < 0.01) at the
early-mid stage of the seed colour development (12
weeks after sowing). This suggests that HvnHID
may play an important role in the anthocyanidin
biosynthesis.

Studies have shown that the phenylalanine pathway
produces p-coumaroyl-CoA and naringenin, which
are the backbone precursors for the anthocyani-
din and isoflavone biosynthesis. In the isoflavone
synthesis pathway, under the catalysis of chalcone
synthase (CHS), chalcone isomerase (CHI), and IFS,
naringenin was converted to 2-hydroxyisoflavanones.
2-hydroxyisoflavanone was then converted to form
isoflavones via spontaneous dehydration or under
the catalysis of HID (Sawada et al. 2002; Wang 2011;
Vadivel et al. 2016). In the anthocyanidin biosyn-
thesis pathway, p-coumaroyl-CoA was catalysed by
CHS, CHLJ, flavonoid 3'-hydroxylase (F3'H), flavonoid
3'5'-hydroxylase (F3'5'H), dihydroflavonol 4-reductase
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(DRF), anthocyanidin synthase (ANS), glycosyltrans-
ferase (GT), and other enzymes to form anthocyani-
din or flavonoids (Saito et al. 2013). Therefore, the
anthocyanidin synthesis pathway competed with
the isoflavone synthesis pathway for p-coumaroyl-
CoA or naringenin. In this study, the expression
of HvnHID was analysed in the Nerumuzha seeds
(purple grain) sampled at 11, 12, 13, and 14 weeks
after sowing. The results indicated that the expres-
sion level of HvnHID significantly decreased with
the development of the seed colour. In contrast, the
expression of the anthocyanidin synthesis-related
genes, HvnF3’H, HynDRF, HynANTI, and HvnGT,
significantly increased. Both positive and negative
regulations have been found for the biosynthesis
of anthocyanidins (Clark & Verwoerd 2011). The
inhibition of anthocyanidin biosynthesis was mainly
caused by transcription factors. In the lignin and
anthocyanidin biosynthesis pathway, regulation by
abinary complex formed by an R3-MYB repressor and
bHLH caused the lignin content to increase and the
anthocyanidin content to decrease (Ma & Constabel
2019). Through histone H3 deacetylation, the MYB75
and HAT1-TPL proteins formed a transcription
repressor complex and inhibited the anthocyanidin
biosynthesis (Zheng et al. 2019). Lou et al. (2014)
found that flavonol synthase (FLS) competed with
DRF for precursor substances, which blocked the
expression of genes downstream of the anthocyanidin
biosynthesis pathway, and resulted in the produc-
tion of blue and white grape hyacinths. Yonekura-
Sakakibara et al. (2019) hypothesised that F3'H and
CHS might compete with IFS, HID, and flavanone
2-hydroxylase (F2H) for the substrate, p-coumaroyl-
CoA, during anthocyanidin biosynthesis. Similarly,
here, it can be speculated that there may be a com-
petitive relationship between the HvnHID gene and
the key genes (HvnF3'H, HynDRF, HynANT1I, and
HvnGT) in the anthocyanidin biosynthesis pathway
during the seed colour development of the purple-
grained hulless barley variety Nerumuzha (Figure S8
in the ESM). It is also possible that the HvnHID gene
negatively regulates the anthocyanidin biosynthesis
in purple-grained hulless barley. However, the spe-
cific regulating mechanism still needs to be clarified.

CONCLUSIONS

In this study HID gene sequences were isolated
from the seeds of both the purple-grained Tibetan
hulless barley variety Nerumuzha (female parent)
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and the white-grained variety Kunlun 10 (male par-
ent). The expression of HynHID at the early-mid
stage of the seed colour development and the key
genes (HvnF3'H, HynDRF, HvnANTI, and HvnGT)
in the anthocyanidin biosynthetic pathway at three
stages of the seed colour development were tested.
It is likely that HvnHID negatively regulates the
anthocyanidin biosynthesis. The result provides an
important basis for the further identification of the
biological functions of HvnHID and lays a founda-
tion for clarifying the mechanism underlying seed
colouration in coloured barley.
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