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Gene family expansion plays a central role in adaptive divergence and,
ultimately, speciation is influenced by phenotypic diversity in different
environments. Barley (Hordeum vulgare) is the fourth most important cereal
crop in the world and is used for brewing purposes, animal feed, and human
food. Systematic characterization of expanded gene families is instrumental in
the research of the evolutionary history of barley and understanding of the
molecular function of their gene products. A total of 31,750 conserved
orthologous groups (OGs) were identified using eight genomes/
subgenomes, of which 1,113 and 6,739 were rapidly expanded and
contracted OGs in barley, respectively. Five expanded OGs containing
20 barley dirigent genes (HvDIRs) were identified. HvDIRs from the same OG
were phylogenetically clustered with similar gene structure and domain
organization. In particular, 7 and 5 HvDIRs from OGO0000960 and
OGO0001516, respectively, contributed greatly to the expansion of the DIR-c
subfamily. Tandem duplication was the driving force for the expansion of the
barley DIR gene family. Nucleotide diversity and haplotype network analysis
revealed that the expanded HvDIRs experienced severe bottleneck events
during barley domestication, and can thus be considered as potential
domestication-related candidate genes. The expression profile and co-
expression network analysis revealed the critical roles of the expanded
HvDIRs in various biological processes, especially in stress responses.
HvDIR18, HvDIR19, and HvDIR63 could serve as excellent candidates for
further functional genomics studies to improve the production of barley
products. Our study revealed that the HvDIR family was significantly
expanded in barley and might be involved in different developmental
processes and stress responses. Thus, besides providing a framework for
future functional genomics and metabolomics studies, this study also
identified HvDIRs as candidates for use in improving barley crop resistance
to biotic and abiotic stresses.
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Introduction

Based on sequence similarity, a large repertoire of protein-
coding genes can be categorized into gene families (Vakirlis et al.,
2020). Family members are defined as genes that share a coded
protein domain (Jamsheer et al., 2015). For example, the bZIP
family genes all contain a highly conserved bZIP domain
composed of a basic DNA binding region and an adjacent
leucine zipper, and these are important regulators of biological
processes in plants, such as growth and development and stress-
induced responses (Nijhawan et al., 2008). Generally, these
stable
structures through their conserved domains.

proteins function by forming three-dimensional

Families of genes originate from a common ancestor gene
that has undergone iterations of sequence duplication and
mutation events (Li et al., 2022). Gene members within the
same family can be closely localized at a given interval to
form gene clusters. However, in most cases, gene members
have been found to be enriched in locations that lie far away
from one another, on either the same or different chromosomes
(Wang et al,, 2018). Gene duplication and sequence loss are
considered the primary factors driving evolutionary novelty, as
the original genetic material provides the basis upon which
evolution can progress through natural selection (Ohta, 2003).
Duplicated genes occur primarily through two prominent
mechanisms: small-scale duplications (SSDs), and whole-
genome duplications (WGDs) (Hanada et al, 2018). Most
WGDs have been found to occur during the period
the
(Vanneste et al, 2014). SSD events encompass tandem,

surrounding Cretaceous-Paleogene  extinction event
segmental, and transposon-mediated duplications, and these
have arisen continuously and at high frequencies during the
course of plant evolution (Rostoks et al., 2005). The expansion
and contraction of various gene families have altered their sizes
across lineages and functions to drive natural variation for
phenotypic diversity and plant speciation across the plant
kingdom. The evolutionary success of seed and flowering
plants has universally been related to gene duplication events
(Tautz and Domazet-LoSo, 2011; Hanada et al., 2018). For
example, the expansion of the chalcone synthase (CHS) family
is involved in the biosynthesis of urushiols and their related
phenols (Wang et al., 2020). Large-scale gene family expansion in
elephant grass has been associated with its rapid growth, drought
tolerance, and biomass accumulation (Zhang et al., 2022).

The term “dirigent” (DIR) is derived from the Latin term
“dirigere” (to align or guide), and dirigent proteins function to
guide the proper biochemical construction of compounds. DIR
proteins were first isolated from Forsythia intermedia (Gang
et al,, 1999). They are highly involved in the biosynthesis of
lignin oligomers through directing the free radical coupling of
E-coniferyl alcohol, whereby monomers are linked by the
C8 central carbon atoms of propyl side chains (Gang et al,
1999; Burlat et al., 2001; Dalisay et al., 2015). Members of DIR
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genes have been identified and characterized in various plant
species; 26 have been identified in Arabidopsis thaliana (A.
thaliana) (Liao et al., 2017), 54 in rice (Oryza sativa) (Liao
et al,, 2017; Song and Peng, 2019), 35 in sitak spruce (Picea
sitchensis) (Ralph et al., 2007), 24 in pepper (Capsicum annuum)
(Khan et al.,, 2018), 45 in barrel medic (Medicago truncatula)
(Song and Peng, 2019), and 54 in soybean (Glycine max) (Ma
et al, 2021). Initially, DIR proteins were divided into five
subfamilies: DIR-a, DIR-b, DIR-¢c, DIR-d, and DIR-e (Ralph
et al., 2007). Following an increase in the known members of
the DIR-b and DIR-d
subsequently grouped together, while the DIR-f and DIR-g

DIR proteins, subfamilies were

subfamilies have since come into existence (Ralph et al,
2006). the DIR-c
subfamily is known to be specific to monocots (Corbin et al.,

Based on phylogenetic relationships,
2018). Proteins from the DIR-a subfamily are reported to be
involved in the formation of pinoresinol. Outside of these two
subfamilies, the biochemical and/or physiological functions of
other subfamily members remain to be elucidated (Corbin et al.,
2018).

The involvement of DIR proteins in lignin biosynthesis is
known to positively contribute to plant defense (Gallego-
Giraldo et al., 2011). Increasing evidence suggests that DIR
proteins play essential roles in stress-induced responses,
especially in response to plant pathogens. For example, the
overexpression of OsJACI promotes plant resistance against a
broad range of pathogenic infections (Weidenbach et al,
2016). The overexpression of GHDIRI in cotton was found
to confer enhanced resistance to the spread of Verticillium
dahlia (Shi et al., 2012). The expression of DIR genes alters the
response of canola plants against broad-spectrum fungal
pathogens, including Leptosphaeria  maculans  and
Rhizoctonia solani (Wang and Fristensky, 2001). TaDIRI3
increases the biosynthesis of lignan and enhances resistance to
pathogens in wheat (Triticum aestivum) (Ma and Liu, 2015).
Beyond pathogen responses, DIR proteins are also involved in
plant growth, development, and responses to abiotic stresses.
In Boea hygrometrica, BhDIRI expression was found to be
induced by multiple abiotic stresses, such as CaCl,, H,0,,
abscisic acid (ABA), and dehydration (Wu et al., 2009). The
silencing of CaDIR7 in pepper was found to weaken plant
defense to both NaCl and mannitol-induced stress (Khan
2018). A. thaliana ESBI,
containing protein, plays an essential role in ensuring the

et al, a dirigent-domain-
correct formation of lignin-based Casparian strips in the root
(Hosmani et al., 2013). In soybean, Pdhl controls pod
dehiscence by increasing the torsion of pod walls under low
humidity. The overexpression of GMDIR27 increased pod
dehiscence by regulating the expression of pod dehiscence-
related genes (Ma et al.,, 2021).

As one of the first domesticated crops originating from the
Fertile 10,000 years
(Hordeum wvulgare) today ranks the fourth cereal crop in

Crescent approximately ago, barley
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terms of both its production and growing hectares (Ma et al.,
2021). The vast majority of barley production is used to produce
animal feed and both alcoholic and non-alcoholic beverages.
Approximately 5% is devoted to human consumption as an
ingredient in a wide range of food products (Ullrich, 2010).
Barley is a staple food resource in remote areas characterized by
severe environments because of its hardiness and strong adaptive
plasticity (Grando and Macpherson, 2005). Owing to its unique
health-promoting benefits, the particular type of dietary fiber
derived from barley has attracted attention from researchers in
recent years (Bader Ul Ain et al., 2019).

Clustering analysis found 31,750 orthologous groups (OGs)
among 8 genomes/sub-genome, and 1,113 were found to be
significantly expanded in barley. It should be noted that five OGs
consisting of 20 barley DIR genes (HvDIRs) have undergone gene
family expansion. HvDIRs within the same OGs show similar
gene structure, domain organization, and closer relatedness than
those among different OGs. An analysis of gene duplication
revealed that tandem repeat events represent the driving force
that has contributed to the expansion of HvDIRs. The expanded
HvDIRs then suffered a severe genetic bottleneck during barley
domestication, from which domesticated-related genes were then
propagated. Our comprehensive analysis could serve as valuable
information for characterizing the evolutionary trajectory of
barley, and also contribute to subsequent functional studies on
expanded genes within the barley genome.

Materials and methods
Gene family expansion and contraction

The protein sequences from six grass species were
downloaded from their respective links: http://doi.org/10.5447/
ipk/2021/3  (barley),
(Aegilops tauschii, Brachypodium distachyon, Secale cereale,
wheat),
urartu). The hexaploid wheat was split into the A, B, and D

http://plants.ensembl.org/index.html

and and  http://www.mbkbase.org/Tu/(Triticum
subgenomes. An inhouse python script was written and run to
obtain the longest transcript for each gene. OG clustering was
performed by the OrthoFinder v2.5.4 program, using the “-m
MSA” option (Emms and Kelly, 2019). A phylogenetic tree was
constructed using a total of 7,180 single-copy genes in
OrthoFinder. A calibrated species tree was generated using the
r8s (http://loco.biosci.arizona.edu/r8s/) software with the TN
algorithm and the penalized likelihood method. The TimeTree
(http://www.time.org/) database was used to obtain the
divergence time calibration information between barley and B.
distachyon (median time = 32 MYA). Highly variable OGs were
excluded from subsequent analysis. Gene family expansion and
contraction analysis were performed using the CAFE v4.
2 software (De Bie et al.,, 2006). Gene gain or loss along each
lineage across the species-specific phylogenetic tree was
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identified under a random birth and death model using the
maximum likelihood method.

Identification of DIR genes in barley

The hidden Markov model (HMM) of the DIR domain
(PF03018) was downloaded from the Pfam database. The
HMM profile was used to search against the barley genomic
proteins using the HMMER v3.3.2 software with default
inclusion threshold (0.001) (Yoon, 2009). The putative DIR
genes were submitted to online HMMER (https://www.ebi.ac.
uk/Tools/hmmer/), National Center for Biotechnology
Information - Conserved Domains Database (NCBI-CDD:
and Simple Modular
(SMART: http://smart.embl-
heidelberg.de/) databases for domain validation. Candidate

https://www.ncbi.nlm.nih.gov/cdd/),
Architecture Research Tool
proteins without the DIR domains were excluded. The
physicochemical properties, such as molecular weight (MW),
protein length, theoretical isoelectric point (pI), and grand
average of hydropathicity (GRAVY), were estimated using the
online ExPASy tool (https://web.expasy.org/protparam/). Plant-
Ploc v2.0 (http://www.csbio.sjtu.edu.cn/bioinf/plant/) was used
to predict subcellular localization of DIR genes.

Phylogenetic relationships and expansion
pattern analysis

The chromosome location of barley DIR genes were
visualized using the MapGene2Chrom (MG2C) software
(http://mg2c.iask.in/mg2c_v2.0/). The validated DIR genes
were designated as HvDIRI to HvDIR64 according to their
physical location and chromosome number. The Clustal X
program was used to perform multiple sequence alignment
using the full-length proteins from A. thaliana, rice, and
barley. The neighbor-joining phylogenetic tree was generated
by MEGA 11 with 1,000 bootstrap computations. The exon-
intron organization of HvDIRs are displayed using the Gene
Structure Display Server v2.0 (http://gsds.cbi.pku.edu.cn/) based
on the gene transfer format file. An all vs. all Local Alignment
Search Tool (BLAST) was used to determine the expansion
patterns of HvDIRs using the following criteria: 1) the identity
of the aligned region should be no less than 70%; 2) the shorter
sequence should cover more than 70% of the longer sequence
(Gu et al.,, 2002). In addition, duplicated genes are linked by
colored lines using Circos v0.69-8 (Krzywinski et al., 2009). The
codeml program of PAML v4.3 was used to evaluate the
nonsynonymous (Ka), synonymous (Ks) substitution rates,
and the Ka/Ks ratios were calculated using the codeml
subroutine in PAML v4.3 (Yang, 2007). The divergence time
of the duplicated gene pairs was estimated using formula T = Ks/
2\ (where A = 6.5 x 107).
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Nucleotide variants and genetic diversity
of HvDIRs

The barley exome-captured resequencing data were retrieved
from the NCBI Sequence Read Archive (SRA) database (https://
www.ncbi.nlm.nih.gov/). The clean reads were aligned to the
barley reference genome using the BWA v0.7.17 software. The
Picard v2.27.4 tool (http://broadinstitute.github.io/picard) was
used to sort mapped reads and mark PCR duplicates. Single
nucleotide polymorphism (SNP) calling was performed using the
GATK software in default mode. Nucleotide variants were
annotated by SnpEff v5.1 (https://pcingola.github.io/SnpEff/).
The following criteria were used for SNP filtration: 1) minor
allele frequency (MAF) > 0.05; 2) a maximum missing rate
should be lower than 0.2 for a single SNP locus and for
The final of
128 landraces and 77 wild barleys (Supplementary Table S1).

individual  accession. dataset  consisted
To better elucidate the evolutionary history of HvDIRs, variants
within the exon were retained for subsequent analysis. The
phylogenetic tree was constructed using Treebest v1.9.2.
Population structure was inferred using ADMIXTURE (http://
www.genetics.ucla.edu/software/admixture/) with K ranging
from 2 to 5. The smartpca subroutine in EIGENSOFT v4.
2 was used to perform the principal component analysis
(PCA). The nucleotide diversity (m) was estimated using
vcftools v0.1.16. Haplotype statistics were performed for each
HvDIR using DNAsp v6.12.01 software. The transmission
network was generated using the PopART v1.7 package with

the media-joining method.

Cis-acting element identification and
expression profile analysis of HvDIRs

The 1.5kb genomic sequences upstream of the coding
regions were extracted and screened by the PlantCARE tool
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/).
Potential microRNA (miRNA) binding sites were predicted by
the psRNATarget online server (http://plantgrn.noble.org/
psRNATarget/). A total of four publicly available RNA-
sequencing (RNA-seq) bio-projects composed of 166 RNA-seq
libraries were downloaded from the NCBI SRA database. RNA-
seq of tissues from 16 developmental stages, including developing
grain (15/5 days after pollination), embryonic tissue (4 days),
epidermal strips (4 weeks after pollination), etiolated seedling
(10 days old after planting), 5-mm developing inflorescences, 1-
cm developing inflorescences, 10-cm shoots from seedlings,
inflorescences, lemma (6 weeks after pollination), lodicule
(6 weeks after pollination), developing tillers at third stem
internode (6 weeks after pollination), dissected inflorescences,
palea (6 weeks (5 weeks
pollination), roots from 17- and 28-day old seedlings (after

after pollination), rachis after

planting), roots (4 weeks after pollination), and senescing
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leaves (8 weeks after pollination), was used to determine the
spatiotemporal expression patterns of the expanded HvDIRs
(Bio-project: ~ PRJEB14349) S2)
(Mascher et al,, 2017). For drought with heat treatment, two
barley genotypes, a modern cultivar (Scarlett) and an outstanding
Spanish landrace-derived inbred line (SBCCO073), were subjected
to greenhouse drought with an intermediate drought stress level

(Supplementary  Table

of 50% field capacity and max temperature >28°C for 20 days
(Bio-project: PRJEB12540) (Cantalapiedra et al., 2017). For salt
treatment, barley plants were salt-treated by adding 50 mM NaCl
per day to achieve a final concentration of 100 mM in
hydroponics. The shoots and roots of plant samples collected
from each treatment were separated after 9 days of salt treatment
(Bio-project: PRINA546269) (Fu et al., 2019). For low nitrogen
treatment, the seedlings of two barley genotypes BI-04 and BI-45
were treated with low nitrogen nutrient solution (0.24 mM
ammonium nitrate) when the fourth leaf appeared, and new
shoots were sampled immediately (0 h) or 1h and 24 h after the
beginning of the low nitrogen treatment (Bio-project:
PRJNA400519) (Chen et al., 2018). For aluminum and low
pH stress treatment, the root meristem of barley seedlings
were grown under the optimal pH (6.0) and low pH (4.0) and
aluminum (10 mM Dbioavailable Al**ions) water culture
conditions in two independent, short-term (24 h) and long-
(7 days), PRJNA704034)

(Szurman-Zubrzycka et al., 2021). Clean reads were mapped

term experiments  (Bio-project:
to the barley reference genome using the Hisat2 v2.2.1 software
(Pertea et al., 2015), and the corresponding gene expression
levels, measured as the fragments per kilobase of transcript
per million fragments mapped reads (FPKM) value, were
evaluated by StringTie v1.3.5 (Pertea et al, 2015). FPKM
values with log, (FPKM+1) normalization were visualized

using the pheatmap package in R.

Co-expression network construction and
enrichment analysis

In order to determine the genes co-expressed with HvDIRs,
three additional bio-projects (PRJNA324116, PRJNA744693,
and PRJNA439267) consisting of 82 RNA-seq libraries were
added to the current transcriptome datasets (Pacak et al,
2016; Kreszies et al.,, 2019; Chen et al.,, 2021). The Weighted
Gene Co-Expression Network Analysis (WGCNA) R package
was used for co-expression network analysis. The co-expressed
genes were annotated using the KOBAS v3.0 database (http://
kobas.cbi.pku.edu.cn/kobas3/), and the unannotated genes were
not represented in the network. The top 30 co-related genes were
considered candidates. Cytoscape v3.8.0 platform was used to
visualize the co-expression networks. Gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) databases
were used to perform functional annotation using EGGNOG-
MAPPER v2 (http://eggnog-mapper.embl.de/) with default
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FIGURE 1

Gene clustering and phylogenetic analysis. (A) Petal diagram of the OGs of 8 genomes/subgenomes; (B) CAFE-based estimates of gene family
expansions and contractions. The numbers after “+" and "—" represent the number of expanded and contracted gene families, respectively; (C) Copy-

number distribution of the OGs.

parameters (Cantalapiedra et al., 2021). The GO term and KEGG
pathway enrichment analyses were performed using Tbtools v1.
098726 (Chen et al., 2020). The GO terms and KEGG pathways
with Qvalue <0.05 were considered as significantly enriched. The
top-ranking words of GO and KEGG were visualized using the
ggplot2 package in R.

Results

OG clustering, phylogenomic analysis, and
gene family expansion and contraction
analysis

OG clustering was performed using the genomic sequences
from the genomes/subgenomes of eight grass species (T. urartu,
wheat AA, wheat BB, Ae. tauschii, wheat DD, rye, barley, and B.
distachyon). A total of 31,750 OGs were identified. Among them,
12,292 OGs were shared among all the genomes/subgenomes
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(Supplementary Table S3, Figure 1A). Copy number analysis
revealed that the OGs in barley were present at various ranges of
copy number, from one to more than four copies, and genes
present as single-copy genes in OGs represented the largest
proportion of genes (Figure 1C). Based on 7,180 single-copy
genes, the phylogenomic analysis showed that the outgroup taxa
of B. distachyon was phylogenetically distant from the other
genomes/subgenomes. The wheat AA and wheat BB subgenomes
were mapped as the sister branches to their ancestor species Ae.
tauschii and T. urartu, respectively. The phylogenetic position of
barley was found to be located between rye and B. distachyon,
which is consistent with the topology of the taxonomic tree
reported in previous studies (Li et al., 2021a).

In total, 22,203 out of 31,750 OGs were found in barley.
Among them, there were 1,113 expanded OGs and
6,739 contracted OGs (p < 0.05) (Figure 1B). The GO term
enrichment analysis showed that the expanded-OG related genes
were enriched in peptidyl-threonine phosphorylation (GO:
0018107), defense response (GO:0006952), response to UV-A
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(GO:0070141) and positive regulation of seed germination (GO:
0010030) in the biological process terms; DNA insertion or
deletion binding (GO:0032135), electron transfer activity (GO:
0009055), and NADPH dehydrogenase activity (GO:0003959) in
the molecular function terms; photosynthetic membrane (GO:
0034357), thylakoid membrane (GO:0042651), and plastid
thylakoid (G0O:0031976) in the cellular component terms
(Supplementary Table S4; Supplementary Figure S1A). The
KEGG pathway enrichment analysis showed that homologous
recombination (KO03440), photosynthesis proteins (KO00194),
biogenesis  (K0O03029),
phosphorylation  (KO00190) pathways

enriched (Supplementary Table S5; Supplementary Figure S1B).

mitochondrial and  oxidative

were  significantly

Genome-wide identification of the
expanded DIR gene family

The HMMER search against the barley proteins identified
65 putative DIR genes. The online SMART, NCBI-CDD, and
HMMER databases verified that 64 of these DIR genes had DIR
domains (Supplementary Table S6). The validated genes were
named as HvDIRI to HvDIR64 according to their physical
location from chromosomes 1 to 7 (Supplementary Table S7).
Proteins encoded by HvDIRs ranged in amino acid length from
162 (HvDIR25) to 392 (HvDIR41), with the MW ranging from
16.81 (HvDIR25) to 42.21 (HvDIR41) kDa and the pI ranging
from 4.70 (HvDIR31) to 11.19 (HvDIR48). The GRAVY ranged
from -0.47 (HvDIR14) to 0.41 (HvDIR44). The GRAVY of
29 DIR proteins were negative, which demonstrated their
hydrophilic properties.

Among the expanded OGs, a total of five OGs composed of
20 HvDIRs were found to be significantly expanded in barley,
namely OGO0000960 (7 HvDIRs, expansion number 4),
0G0001516 (5 HvDIRs, expansion number 2), 0G0002286
(3 HvDIRs, expansion number 1), OG0002727 (3 HvDIRs,
expansion number 1) and OG0017605 (2 HvDIRs, expansion
number 1) (Supplementary Table S8). Remarkably, while seven
HvDIRs were identified in OG0000960, only 3 and 4 DIRs were
found in Ae. tauschii and rye, respectively. In OG0001516, five
DIRs each were identified in the wheat DD and barley genome/
subgenome. A total of three DIRs were identified in OG0002286.
The DIRs in OG0002727 were specific to the barley, and wheat
AA subgenomes with 3 DIRs per OG per genome/subgenome. In
comparison, only two HvDIRs were identified in OG0017605
(Supplementary Table S9).

Phylogenetic relationships of the
expanded DIRs in barley

In order to determine the evolutionary relationships of the
expanded HvDIRs, phylogenetic analysis of the HvDIRs was
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performed by comparing them with those of A. thaliana and
rice (Figure 2). Based on their sequence similarity, the 139 DIRs
were classified into 5 subfamilies. It should be noted that DIR-c, a
specific subfamily for monocots, had no DIRs from A. thaliana
(Corbin et al., 2018). HvDIRs within the same OG were tightly
grouped into the same cluster, as follows: OG0000960 (HvDIRI7,
HvDIR18, HvDIR19, HvDIR61, HvDIR62, HvDIR63, and
HvDIR64) and 0OGO0001516 (HvDIR1, HvDIR2, HvDIR3,
HvDIR5, and HvDIR6) were assigned into the DIR-c
subfamily; OG0002727 (HvDIR34, HvDIR35, and HvDIR53)
and OG0002286 (HvDIR49, HvDIR50, and HvDIR51) were
grouped into the DIR-b/d subfamily; HvDIR42 and HvDIR43
of OG0017605 were assigned to the DIR-g subfamily.

To gain a greater insight into the evolutionary relationships
of the expanded HvDIRs, the exon-intron structures and
conserved domains were analyzed (Figure 3). Genes within
the same OGs tended to have similar gene structure and
domain organization, whereas they varied greatly between
different OGs. For example, three HvDIRs of 0G0002286 and
two HvDIRs of OG0017605 were found to be intron-less and
their exons were similar in length, whereas genes within
0G0000960 had four exons and all of them had an additional
jacalin domain.

Chromosomal location and expansion
patterns of HvDIRs

Chromosomal location showed that HvDIRs were unevenly
distributed across the seven chromosomes of barley, and
chromosome 2H contained the highest number of HvDIRs
(16 genes), followed by chromosome 5H (12 genes) and 4H
(11 genes) (Supplementary Figure S2). The expanded OG-
associated HvDIRs were mainly found at the distal end of the
chromosome arms, including chromosome 1H, 2H, 4H, and 5H.
It should be noted that HvDIR61, HvDIR62, HvDIR63, and
HvDIR64 were located on the unanchored super-scaffolds
(chrUn).

Gene duplications were further found to show the expansion
pattern of HvDIRs. In total, three segmental duplication pairs and
seven tandem duplication blocks were detected (Figure 4). On
chromosome 1H, six HvDIRs (HvDIRI1, HvDIR2, HvDIR3,
HvDIR4, HvDIRS5, and HvDIR6) formed a tandem duplication
block. Except for HvDIR4, the remaining genes belonged to
0G0001516. Genes within OG0000960 formed two tandem
blocks on chromosomes 2H and Un. Notably, genes on
chromosome Un were not located on definite chromosomes,
further research is required to clarify their definite locations.
HvDIRs in OG0002727 were related to a tandem duplication
event on chromosome 4H, and a segmental event between 4H
and 5H. Furthermore, two tandemly repeated blocks, including
HvDIR42 and HvDIR43 from OG0017605, and HvDIR49,
HvDIR50, and HvDIR51 from OG0002286, were found to be
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present on the long and short arm of chromosome 5H,
respectively. A total of 34 duplicated pairs were calculated for
the expansion-related HvDIRs. The calculation of the Ka/Ks
ratios to elucidate the evolutionary pressure of the duplicated
gene pairs revealed that the Ka/Ks ratios of the duplicated pairs
ranged from 0.06 to 0.59, suggesting that these genes experienced
purifying selection during the expansion process (Supplementary
Table S10).

Population structure, genetic diversity,
and haplotype network of the expanded
HvDIRs

The variation landscape of the expanded HvDIRs was
profiled using the exome-captured resequencing data of
barley. We identified a total of 1,346 expanded HvDIR-related
SNPs, including 446 missense variant, 363 synonymous variant,
273 intron variant, 190 3’-prime UTR variant, 66 5'-prime UTR
variant, 5 stop gained, 2 start lost, and 1 initiator codon variant
(Supplementary Tables S11, S12). Further elucidation of the
evolutionary history of the expanded HvDIRs during the

10.3389/fgene.2022.1042772

process of barley domestication using ADMIXTURE analysis
showed a clear separation between wild and landrace barley with
K =2 (Figure 5D). Increasing K to 5 provided additional insights.
Within the landrace population, accessions were grouped into
three distinct groups, and PCA corroborated these findings. The
first eigenvector elucidated 76.31% of the total variance and
mainly captured the differentiation between wild barley and
landrace barley. The second and third eigenvectors elucidated
33.12% and 25.44%
distinguished the accessions according to their geographical
5A,B Table S13).
Furthermore, a neighbor joining (NJ) phylogenetic tree

of the variance, respectively, and

origins (Figures and Supplementary
showed the same population affinity (Figure 5C). Based on
the population classification, nucleotide diversity was assessed
to evaluate the genetic bottleneck of HvDIRs during barley
domestication. The genetic diversity of the expanded HvDIRs
decreased by 45.20% changing from wild barley (0.3281) to
landrace populations (0.1798) (Figure 6A).

According the total of
17 haplotypes of five expanded HvDIRs were obtained

to nucleotide variation, a
(Figure 6B). We observed significant genetic differentiation of

haplotypes between wild barley and landraces. For HvDIRI7,
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FIGURE 2

Phylogenetic analysis of DIR proteins from A. thaliana, rice, and barley. The phylogenetic tree was constructed using the NJ method with
1,000 bootstrap replications. The five subfamilies are indicated with different colors.
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wild barleys had the TTC haplotype, while the CAA haplotype
was specific to landraces. HvDIR51 in wild barley had the
dominant haplotype CC, whereas the proportion of wild
barleys were greater than that of landraces for haplotype TT.
Additionally, our results also revealed certain rare haplotypes in
wild barley. The appearance of these nucleotide variations would
help increase the haplotype polymorphism of wild barley. The
haplotype divergence between wild barley and landrace reflects
the differences due to artificial selection.

Expression patterns of the expanded
HvDIRs

The biological functions of the expanded HvDIRs were
investigated by evaluating the tissue-/stage-specific expression

Frontiers in Genetics

patterns in public transcriptome datasets from 16 different
tissues/stages (Figure 7). The expression profiles of the
expanded genes within or among OGs were somewhat
HvDIR1 and HvDIR6 were
predominantly expressed in ROO2, but no expression was

diverse. For example,
detected in all tissues/stages for the remaining DIRs of
0GO0001516. Additionally, HvDIR35 and HvDIR53 of
0G0002727 showed similar expression landscape and were
preferentially expressed in RAC and ROO, while the
expression of HvDIR34 was low or absent in most samples.
In OG0002286, HvDIR49, HvDIR50, and HvDIR51 tended to
be highly expressed in ROO, ROO2, and SEN. However,
HvDIR50, showed high expression level in ETI with an
FPKM value of 20.27. Two distinct expression clusters were
observed for seven HvDIRs within OG0000960, which formed
two tandem repeat blocks. Among them, HvDIRI7 and
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Chromosomal location and gene duplication of HVvDIRs.
Tandemly duplicated gene pairs are highlighted with black boxes.

HvDIR62 showed exceedingly high expression levels in ROO,
ROO2, and INF1 (FPKM >65). The remaining five HvDIRs
(HvDIR18, HvDIR19, HvDIR61, HvDIR63, and HvDIR64)
showed similar tissue-/stage-specific expression profile with
relatively lower expression.

The expression patterns in response to drought combined
with heat was analyzed in two different barley genotypes, namely
a landrace (SBCCO073) and a modern cultivar (Scarlett). The
HvDIRs of OG0000960 were highly induced by stress treatment
(Figure 7). For example, HvDIRI7 tended to be silent or lowly
expressed under untreated condition, but it was significantly
highly expressed in response to drought combined with heat. We
further analyzed the expression landscape of HvDIRs under salt
stress. Compared with the unstressed control, HvDIR1 and
HvDIR6 showed a 3.15- and 2.60-fold increase in expression
in the root zone. In comparison, HvDIR50 showed 2.06-fold
downregulation. Furthermore, the expanded HvDIRs were
significant induced at the initial stage (1-h) of low nitrogen,
which we termed as short-term response. For instance, the
expression of HvDIR50 (5.26-fold), HvDIR63 (6.24-fold), and
HvDIR64 (4.34-fold) was highly upregulated at 1-h treatment,
but no significant difference in the rate of change could be found
at 24-h of treatment. In contrast, the expanded HvDIRs had a
long-term response to low pH together with aluminum
treatment. HvDIR18, HvDIRI9, and HvDIR63
upregulated more than 20 fold after 7days of treatment,
whereas after 48-h low pH and 24-h Al treatment, these genes

were

were not significantly induced.
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Population structure of wild barleys and landraces based on
HvDIR-related SNPs. (A) Principal component analysis PC1 vs. PC2;
(B) Principal component analysis PC1 vs. PC3; (C) The NJ
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from 2 to 5.

Landrace

Analysis of miRNA target sites and co-
expression network of the expanded
HvDIRs

The analysis of the miRNA target sites provided valuable
information on the miRNA-mediated posttranscriptional
regulatory mechanisms. A total of 16 miRNA-HvDIR pairs,
including 12 HvDIRs and 10 miRNAs, were predicted for the
expansion-related HvDIR (Supplementary Table S14). Most of
the miRNAs (10 out of 16 pairs) regulated the expression of
HvDIRs through targeting the core region of the DIR domain.
In addition, seven of the identified miRNA-HvDIR pairs were
found to be silenced through translation inhibition, while the
remaining nine pairs were silenced by guiding mRNA
cleavage. These findings revealed the potential regulatory
mechanism involved in the posttranscriptional regulation of
HvDIRs.

Cis-elements play critical roles in the transcriptional
regulation of genes throughout the life cycle of plants. In
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Genetic diversity and haplotype analysis of HvDIRs. (A)
Genetic diversity; (B) Haplotype network of the expanded HvDIRs.

total, 40 types of cis-regulatory elements were detected in the
promoter region of HvDIRs and further classified into three
categories. A large number of light-responsive elements were
identified, ranking as the most abundant category. We also
obtained 13 types of hormone-responsive elements, such
gibberellin-responsive elements (TATC-box, GARE-motif,
and P-box), (TGA-element,
TGA-box, and AuxRR-core) and salicylic acid-responsive

auxin-responsive elements

elements (TCA-element). In addition, 12 types of abiotic
and Dbiotic stress-related cis-elements were observed. It
should be noted that 40 drought stress-related elements
(MBS, myeloblastosis binding site), 38 cold stress-related
(LTR,
wound-responsive

elements low responsive), and
15 (WUN-motif)
identified in the promoter region of 12, 6, and 7 expanded
HvDIRs. These findings suggested that the expanded HvDIRs

might be involved in hormone signal transduction, growth

temperature

elements were

and development, and various stress adaptation mechanisms
in barley (Supplementary Table S15).

Gene co-expression network algorithms have become an
effective tool for finding potential regulatory pathways. The
WGCNA algorithm found a total of 250 links consisting of
13 expanded HvDIRs and 60 co-expressed genes (Figure 8A).
Notably, AN3, bHLH093, GRF2, LSH6, and RECQ4B were all
found to be co-expressed with each of 7 HvDIRs, suggesting
the potential of these genes as central hub genes. The HvDIR
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co-expressed genes were significantly enriched in various
KEGG pathways, including phenylpropanoid biosynthesis
(KO00940), biosynthesis of other secondary metabolites
(KO09110), flavonoid biosynthesis (KO00941), and signal
transduction (KO09132) (Figure 8B, Supplementary Table
§16). GO term enrichment analysis of the genes co-
expressed with HvDIRs revealed that they were highly
enriched in the terms associated with response processes,
such as response to other organism (GO: 0051707),
response to external biotic stimulus (GO:0043207),
to extracellular stimulus (GO: 0009991), and
to Dbacterium (GO: 0009617). 8C,

Supplementary Table S17).

response

response (Figure

Discussion
The DIR gene family is expanded in barley

A higher percentage of duplication events has occurred in
plant genomes than in other eukaryotes (Lockton and Gaut,
2005). With the availability of multiple genome assemblies,
gene family expansion and contraction have been widely
found in various plant species, such as the 252 expanded
OGs identified in Olea europaea cv “Arbequina” (Rao et al.,
2021), 2,874 in Senna tora (Kang et al.,, 2020), 1,078 in A.
thaliana, 1,300 in rice, and 497 in Anthoceros angustus (Zhang
et al., 2020). Due to its large genome size and high transposon
content (Schulte et al., 2009), there has been a server lag in the
application of these advances in barley research. In recent
years, the first released barley reference genome assembly
(Mayer et al., 2012), its subsequent improvements (Mascher
et al., 2017; Monat et al., 2019), and the most updated version
Morex V3 (Mascher et al., 2021), have laid the foundation for
a comprehensive understanding of duplication patterns in
barley. A total of 289,803 protein-coding genes from eight
genomes/subgenomes were assigned into 31,750 OGs using
OrthoFinder, an alignment-based algorithm that infers OGs
across various species. Among them, 1,113 and 6,739 OGs
were found apparently expanded and contracted in barley,
respectively. An intriguing feature of the barley genome is the
expansion of a series of genes that were functionally associated
with plant growth and development processes, and response
to hormone, biotic and abiotic stresses. These gene expansions
might form the basis of the excellent adaptation of barley to its
habitat.

Notably among these expansions is the DIR gene family. The
DIR proteins are involved in the biosynthesis of lignans, and play
a crucial role against abiotic and biotic stresses in plants (Khan
et al, 2018). The DIR gene family has been well-identified in
various land plants (Liao et al., 2017; Khan et al., 2018; Ma et al.,
2021) (Supplementary Table S18). In this study, a total of
64 HvDIRs, which was far more than that of other plant
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FIGURE 7

Expression profile of HvDIRs at different tissues/stages and in response to various abiotic stresses of barley. FPKM values were normalized by

log, (FPKM+1) transform to represent color scores. CAR15/CAR5: Developing grain (15/5 days after pollination); EMB: Embryonic tissue (4 days); EPI:
Epidermal strips (4 weeks after pollination); ETI: Etiolated seedling at 10 days old after planting; INF1, Young developing inflorescences with 5 mm:;
INF2, Developing inflorescences with 1 cm; LEA, 10 cm shoots from seedlings; LEM, Inflorescences, lemma (6 weeks after pollination); LOD,
Inflorescences, lodicule (6 weeks after pollination); NOD, Developing tillers at third stem internode (6 weeks after pollination); PAL, Dissected
inflorescences, palea (6 weeks after pollination); RAC, Inflorescences, rachis (5 weeks after pollination); ROO, Roots from the seedlings at 17 and
28 days old after planting; ROO2, Roots (4 weeks after pollination); SEN, Senescing leaves (8 weeks after pollination). Y|, Young inflorescence; LF,

Leaf.

species, were identified in the barley genome. Based on the
classification described in a previous study (Liao et al., 2017),
the DIR proteins were divided into five subfamilies. Subfamily
DIR-a and DIR-b/d have comparable numbers of DIR proteins
from barley, A. thaliana, and rice, whereas subfamilies DIR-c and
DIR-g do not contain DIR proteins from A. thaliana, indicating
that these monocot-specific subfamilies contributed greatly to the
expansion of DIR proteins in monocot species. In addition, a
total of 28 barley DIR proteins were assigned into the DIR-c
subfamily, whereas the smaller number, with 13 OsDIRs, was
identified in rice. Our results demonstrated that the monocot-
specific DIR-c subfamily might have undergone continuous
expansion after the divergence between monocot and dicot in
barley.
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Tandem duplication contributes greatly to
the expansion of HvDIRs

A gene family consists of a series of similar genes that come
from the same ancestor, and gene duplication events, such as SSD
and WGD, are the driving force for the rapid evolution and
expansion of genes in a particular gene family (Cannon et al.,
2004). In the barley genome, segmental, and tandem duplication
events are largely responsible for the expansion of gene families.
Ten and thirteen HvmTERFs have undergone tandem and
segmental duplications, respectively, accounting for about
38.33% of the total size of barley mTERFs (Li et al.,, 2021b).
Tandem duplication was the main force driving the expansion of
HvNRT2.1 (80.00%) (Guo et al., 2020), whereas segmental
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(A) The cis-elements, miRNA, and co-expression network of
HvDIRs; (B) KEGG pathway enrichment analysis of HvDIRs co-
expressed genes; (C) GO term enrichment analysis of HvDIRs co-
expressed genes.

duplication contributed greatly for the expansion of HvbHLH
(42.55%) (Ke et al., 2020). In this study, 17 and 27 HvDIRs were
found to be involved in segmental and tandem duplications,
respectively, suggesting that tandem duplication contributed
largely to the expansion of HvDIRs. It should be noted that
the expansion of OG0000960 (24 segmental duplications and
2 tandem blocks), OG0002727 (4 segmental duplications and
1 tandem block), OG0002286 (0 segmental duplications and
1 tandem block), and OG0017605 (0 segmental duplications and
1 tandem block) were all associated with SSDs. The 7 HvDIRs of
0G0000960 and 5 HvDIRs of OG0001516 were grouped into
DIR-c, suggesting that tandem duplication was responsible to the
expansion of the DIR-c subfamily. Most (32%) of the duplicated
genes shared high sequence identity (>90%), indicating the
occurrence of recent duplications. Moreover, the Ka/Ks values
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of the duplicated gene pairs were lower than one, suggesting that
they all underwent purifying selection.

The expanded HvDIRs experienced severe
genetic bottleneck during barley
domestication

Domestication is the genetic modification of its wild ancestor
driven by human needs (Purugganan, 2019). The process of
domestication results in several stereotypical changes and is
collectively termed as “domestication syndrome” (Parsons
2020). A of
“domestication”, such as grain shattering (Pourkheirandish
et al, 2015), caryopsis (Taketa et al, 2008), and spike
morphology spike (Komatsuda et al., 2007; Bull et al,, 2017),
have been identified and the related genes have been isolated in

et al, suite traits  corresponding  to

barley.

The genetic diversity was continuously narrowed down in
most domesticated plants due to the domestication bottleneck
(Buckler et al., 2001; Yang et al., 2022). As a consequence of the
limited gene pool from its wild ancestor, this severe bottleneck
affects throughout the whole genome (Wright et al., 2005). A 27%
reduction of nucleotide diversity from wild barley to landraces
was found across the barley genome (Russell et al, 2016).
However, the genetic diversity varied greatly for certain gene
families. For instance, the estimated genetic bottleneck was 22.5%
for barley adaptive genes, 18.2% for disease resistance genes (Fu,
2012), and 20% for housekeeping genes (Ding et al., 2020). The
nucleotide reduction of the expanded HvDIRs was 45.20% (wild
barley 0.3281, landraces: 0.1798), indicating a severe genetic
bottleneck that reduced the nucleotide diversity of alleles for
the expanded HvDIRs. Consistent with the nucleotide diversity
analysis, the haplotype composition in wild barley was richer
than that in landraces, and haplotype divergence has occurred
passing from wild to cultivated populations. These results
indicated that the HvDIRs experienced a severe bottleneck
the be
domestication-related genes.

during domestication of barley, and might

The expanded HvDIRs might have multiple
biological functions, especially in
response to environmental stimuli

Following gene duplication and loss, environmental
adaptation and plant speciation appeared to have occurred
through a combination of both regulatory and structural
alterations in one or more duplicated genes (Hoekstra and
2007).
technologies have led researchers to make great progress in

Coyne, Recent  developments in  sequencing
understanding the underlying gene evolution process, which

has revealed critical insights into the relationships between the
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expansion of gene families and sub-/neo-functionalization
(Harris and Hofmann, 2015). An extended gene family in
Mango is the chalcone synthase (CHS) family, and certain
genes within this family are likely to be involved in the
biosynthesis of urushiols and related phenols (Wang et al,
2020). The leaf and stem vascular regulator BRII-BRL gene
family was found to be expanded in Adiantum capillus-veneris
L. and functionally conserved for vascular development
regulation in euphyllophytes, suggesting that complicated
vascular system formation led to the origin of true leaves or
euphylls (Fang et al., 2022).

Spatiotemporal regulation of gene expression could be
controlled by cis-acting regulatory elements within the
promoter region of genes. Many cis-elements within the
promoter regions of HvDIRs were identified, which were
further categorized into three groups, namely hormone
induction, light, and stress response. These results indicated
that the expanded HvDIRs might participate in various
biological processes.

The expression patterns of HvDIRs in specific tissues or at
specific stages lay the foundation for their possible functions. For
example, HVDIRI and HvDIR6 showed preferential expression in
ROO2; HvDIR35 and HvDIR53 were predominant in RAC and
ROO. Moreover, HvDIR50 was highly expressed in ETI,
suggesting that these HvDIRs might be involved in plant
organogenesis in barley. Due to their sessile nature, terrestrial
plants are constantly exposed to a multitude environmental
perturbation, such as extreme temperatures, high salinity,
drought, and pathogen infection (Zhu, 2016; Saijo and Loo,
2020).
challenges, plants have evolved sophisticated mechanism to

To optimize growth under such environmental
perceive internal and external signals and coordinate plant
growth and development (Verma et al, 2016). DIR proteins
were involved in lignan biosynthesis, and play essential roles
against abiotic and biotic stresses in plants (Khan et al., 2018).
Our study analyzed the expression patterns of the expanded
HvDIRs in response to drought, salt, low nitrogen, and low PH
(Figure 8). HvDIRs from OG0000960 were found to be extremely
highly expressed in response to drought stress. A suite of MBS
cis-regulatory elements related to drought inducibility were
predicted within their promoter regions, indicating their
potential roles in response to drought stress. HvDIRI and
HvDIR6 from OG0001516 were highly induced under salt
treatment. Furthermore, the expanded HvDIRs tended to
perform short-term functions under low nitrogen, but long-
term functions in response to low pH and Al stresses.
Notably, HvDIRI8, HvDIR19, and HvDIR63 were found to be
significantly induced by various stresses, including drought, low
nitrogen, as well as low pH with Al, which could serve as excellent
targets for genetic isolation and functional characterization of
barley.

The WGCNA is a system biology method that is widely
applied to identify highly correlated modules and examine the
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co-expression patterns among genes (Xu et al, 2018).
Lignification is associated with the structural resistance to
pathogens and it plays essential roles against pathogens attack
by inhibiting microbe-derived degradative enzymes (Lee et al.,
2019; Yadav et al., 2020). The involvement of DIRs in the
biosynthesis of lignans suggested their potential roles in
plant-pathogen interaction. Despite the lack of direct
validation of transcriptome data of biotic stresses, the co-
expression network we constructed can also serve as reference
for the function of HvDIRs. KEGG pathway and GO
enrichment analysis indicated that the expanded HvDIRs of
the network correlated with gene expression and are involved
in response to multiple biotic and abiotic stresses. We
ultimately constructed a comprehensive regulatory network
of the expanded HvDIRs by integrating miRNA, cis-element,
and co-expressed genes, which provides clues to identify the
gene regulatory mechanisms underlying their biological
functions.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding author.

Author contributions

YL, ZL, and LC designed and supervised the project. RL, WP,
WL, and YZ performed the material preparation, data collection,
and analysis. RL, YL, and LC drafted the manuscript. YT polished
the manuscript. All authors read and approved the final
manuscript.

Funding

This research was funded by the National Natural Science
Foundation of China (Grant No. 32060458), the Postdoctoral
Foundation of China (Grant No. 2022M713430), Natural Science
Foundation of Jiangxi Province (20192BAB204011) and Science
and Technology Project Founded by the Education Department
of Jiangxi Province (GJJ190202). The funders had no role in
study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Acknowledgments

The authors are grateful to Prof. Xiaojun Nie and Dr. Ruimin
Li for the continuous advice. We also thank the High-
Performance Computing platform of Northwest A&F University.

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1042772

Luo et al.

Conflict of interest

Author YT is employed by Xintai Urban and Rural
Development Group Co., Ltd.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Bader Ul Ain, H., Saeed, F., Khan, M. A., Niaz, B., Rohi, M., Nasir, M. A., et al.
(2019). Modification of barley dietary fiber through thermal treatments. Food Sci.
Nutr. 7, 1816-1820. doi:10.1002/fsn3.1026

BucKler, E. S. t., Thornsberry, J. M., and Kresovich, S. (2001). Molecular diversity,
structure and domestication of grasses. Genet. Res. 77, 213-218. doi:10.1017/
50016672301005158

Bull, H., Casao, M. C., Zwirek, M., Flavell, A. J., Thomas, W. T. B., Guo, W., et al.
(2017). Barley SIX-ROWED SPIKE3 encodes a putative Jumonji C-type H3K9me2/
me3 demethylase that represses lateral spikelet fertility. Nat. Commun. 8, 936.
doi:10.1038/s41467-017-00940-7

Burlat, V., Kwon, M., Davin, L. B., and Lewis, N. G. (2001). Dirigent proteins and
dirigent sites in lignifying tissues. Phytochemistry 57, 883-897. doi:10.1016/s0031-
9422(01)00117-0

Cannon, S. B., Mitra, A., Baumgarten, A., Young, N. D., and May, G. (2004). The
roles of segmental and tandem gene duplication in the evolution of large gene
families in Arabidopsis thaliana. BMC Plant Biol. 4, 10. doi:10.1186/1471-2229-4-10

Cantalapiedra, C. P., Garcfa-Pereira, M. J., Gracia, M. P., Igartua, E., Casas, A. M.,
and Contreras-Moreira, B. (2017). Large differences in gene expression responses to
drought and heat stress between elite barley cultivar scarlett and a Spanish landrace.
Front. Plant Sci. 8, 647. doi:10.3389/fpls.2017.00647

Cantalapiedra, C. P., Herndndez-Plaza, A., Letunic, L, Bork, P., and Huerta-
Cepas, J. (2021). eggNOG-mapper v2: Functional annotation, orthology
assignments, and domain prediction at the metagenomic scale. Mol. Biol. Evol.
38, 5825-5829. doi:10.1093/molbev/msab293

Chen, C,, Chen, H., Zhang, Y., Thomas, H. R,, Frank, M. H., He, Y., et al. (2020).
TBtools: An integrative toolkit developed for interactive analyses of big biological
data. Mol. Plant 13, 1194-1202. doi:10.1016/j.molp.2020.06.009

Chen, S., Xu, Z., Adil, M. F,, and Zhang, G. (2021). Cultivar-stress duration- and
leaf age-specific hub genes and co-expression networks responding to waterlogging
in barley. Environ. Exp. Bot. 191, 104599. doi:10.1016/j.envexpbot.2021.104599

Chen, Z, Li, Y, Liu, C, Wang, Y., He, T, Guo, G, et al. (2018). Reference gene
selection for quantitative RT-PCR normalisation in barley under low-nitrogen stress,
based on RNAseq data. J. Cereal Sci. 82, 213-215. doi:10.1016/j.jcs.2018.06.014

Corbin, C., Drouet, S., Markulin, L., Auguin, D., Lainé, E., Davin, L. B., et al.
(2018). A genome-wide analysis of the flax (Linum usitatissimum L.) dirigent
protein family: From gene identification and evolution to differential regulation.
Plant Mol. Biol. 97, 73-101. doi:10.1007/s11103-018-0725-x

Dalisay, D. S., Kim, K. W., Lee, C., Yang, H., Riibel, O., Bowen, B. P,, et al. (2015).
Dirigent protein-mediated lignan and cyanogenic glucoside formation in flax seed:

Integrated omics and MALDI mass spectrometry imaging. J. Nat. Prod. 78,
1231-1242. doi:10.1021/acs.jnatprod.5b00023

De Bie, T., Cristianini, N., Demuth, J. P., and Hahn, M. W. (2006). Cafe: A
computational tool for the study of gene family evolution. Bioinforma. Oxf. Engl. 22,
1269-1271. doi:10.1093/bioinformatics/btl097

Frontiers in Genetics

10.3389/fgene.2022.1042772

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2022.1042772/full#supplementary-material

SUPPLEMENTARY FIGURE S1

KEGG and GO analyses of expansion genes in barley. GO term
enrichment analysis (The first 20 biological process with corrected
p-value <0.05) of expansion genes in barley; (B) KEGG pathway analysis
analysis (The first 20 biological process with corrected p-value <0.05) of
expansion genes in barley.

SUPPLEMENTARY FIGURE S2

Distribution of HVDIR genes on barley chromosomes. Chromosome
number is shown at the top of each chromosome. The scale (Mb) is
indicated on the left.

SUPPLEMENTARY FIGURE S3
Location of 17 important cis-acting elements in the 1.5 KB upstream
HvDIR coding region and represented by different colors.

Ding, Y., Shi, Y., and Yang, S. (2020). Molecular regulation of plant responses to
environmental temperatures. Mol. Plant 13, 544-564. doi:10.1016/j.molp.2020.
02.004

Emms, D. M., and Kelly, S. (2019). OrthoFinder: Phylogenetic orthology
inference for comparative genomics. Genome Biol. 20, 238. doi:10.1186/s13059-
019-1832-y

Fang, Y., Qin, X,, Liao, Q., Du, R,, Luo, X., Zhou, Q,, et al. (2022). The genome of
homosporous maidenhair fern sheds light on the euphyllophyte evolution and
defences. Nat. Plants 8, 1024-1037. doi:10.1038/s41477-022-01222-x

Fu, L, Shen, Q., Kuang, L., Wu, D., and Zhang, G. (2019). Transcriptomic and
alternative splicing analyses reveal mechanisms of the difference in salt tolerance
between barley and rice. Environ. Exp. Bot. 166, 103810. doi:10.1016/j.envexpbot.
2019.103810

Fu, Y. B. (2012). Population-based resequencing analysis of wild and cultivated
barley revealed weak domestication signal of selection and bottleneck in the
Rrs2 scald resistance gene region. Genome 55, 93-104. doi:10.1139/g11-082

Gallego-Giraldo, L., Jikumaru, Y., Kamiya, Y., Tang, Y., and Dixon, R. A. (2011).
Selective lignin downregulation leads to constitutive defense response expression in
alfalfa (Medicago sativa L.). New Phytol. 190, 627-639. doi:10.1111/j.1469-8137.
2010.03621.x

Gang, D. R, Costa, M. A, Fujita, M., Dinkova-Kostova, A. T., Wang, H. B., Burlat,
V., et al. (1999). Regiochemical control of monolignol radical coupling: A new
paradigm for lignin and lignan biosynthesis. Chem. Biol. 6, 143-151. doi:10.1016/
$1074-5521(99)89006-1

Grando, S., and Macpherson, H. (2005). “Food barley: Importance, uses and local
knowledge,” in Proceedings of the International Workshop on Food Barley
Improvement, Hammamet, Tunisia, 14-17 January, 2002 (Aleppo: International
Center for Agricultural Research in the Dry Areas).

Gu, Z., Cavalcanti, A., Chen, F. C., Bouman, P., and Li, W. H. (2002). Extent of
gene duplication in the genomes of Drosophila, nematode, and yeast. Mol. Biol.
Evol. 19, 256-262. doi:10.1093/oxfordjournals.molbev.a004079

Guo, B, Li, Y., Wang, S., Li, D,, Lv, C., and Xu, R. (2020). Characterization of the
Nitrate Transporter gene family and functional identification of HYNRT2.1 in
barley (Hordeum vulgare L.). PloS one 15, €0232056. doi:10.1371/journal.pone.
0232056

Hanada, K., Tezuka, A., Nozawa, M., Suzuki, Y., Sugano, S., Nagano, A. J., et al.
(2018). Functional divergence of duplicate genes several million years after gene
duplication in Arabidopsis. DNA Res. 25, 327-339. doi:10.1093/dnares/dsy005

Harris, R. M., and Hofmann, H. A. (2015). Seeing is believing: Dynamic evolution
of gene families. Proc. Natl. Acad. Sci. U. S. A. 112, 1252-1253. doi:10.1073/pnas.
1423685112

Hoekstra, H. E., and Coyne, J. A. (2007). The locus of evolution: Evo devo and the
genetics of adaptation. Evolution 61, 995-1016. doi:10.1111/j.1558-5646.2007.
00105.x

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fgene.2022.1042772/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.1042772/full#supplementary-material
https://doi.org/10.1002/fsn3.1026
https://doi.org/10.1017/s0016672301005158
https://doi.org/10.1017/s0016672301005158
https://doi.org/10.1038/s41467-017-00940-7
https://doi.org/10.1016/s0031-9422(01)00117-0
https://doi.org/10.1016/s0031-9422(01)00117-0
https://doi.org/10.1186/1471-2229-4-10
https://doi.org/10.3389/fpls.2017.00647
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1016/j.envexpbot.2021.104599
https://doi.org/10.1016/j.jcs.2018.06.014
https://doi.org/10.1007/s11103-018-0725-x
https://doi.org/10.1021/acs.jnatprod.5b00023
https://doi.org/10.1093/bioinformatics/btl097
https://doi.org/10.1016/j.molp.2020.02.004
https://doi.org/10.1016/j.molp.2020.02.004
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1186/s13059-019-1832-y
https://doi.org/10.1038/s41477-022-01222-x
https://doi.org/10.1016/j.envexpbot.2019.103810
https://doi.org/10.1016/j.envexpbot.2019.103810
https://doi.org/10.1139/g11-082
https://doi.org/10.1111/j.1469-8137.2010.03621.x
https://doi.org/10.1111/j.1469-8137.2010.03621.x
https://doi.org/10.1016/s1074-5521(99)89006-1
https://doi.org/10.1016/s1074-5521(99)89006-1
https://doi.org/10.1093/oxfordjournals.molbev.a004079
https://doi.org/10.1371/journal.pone.0232056
https://doi.org/10.1371/journal.pone.0232056
https://doi.org/10.1093/dnares/dsy005
https://doi.org/10.1073/pnas.1423685112
https://doi.org/10.1073/pnas.1423685112
https://doi.org/10.1111/j.1558-5646.2007.00105.x
https://doi.org/10.1111/j.1558-5646.2007.00105.x
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1042772

Luo et al.

Hosmani, P. S., Kamiya, T., Danku, J., Naseer, S., Geldner, N., Guerinot, M. L.,
et al. (2013). Dirigent domain-containing protein is part of the machinery required
for formation of the lignin-based Casparian strip in the root. Proc. Natl. Acad. Sci.
U. S. A. 110, 14498-14503. doi:10.1073/pnas.1308412110

Jamsheer, K. M., Mannully, C. T, Gopan, N, and Laxmi, A. (2015).
Comprehensive evolutionary and expression analysis of FCS-like zinc finger
gene family yields insights into their origin, expansion and divergence. PloS one
10, €0134328. doi:10.1371/journal.pone.0134328

Kang, S. H,, Pandey, R. P, Lee, C. M,, Sim, J. S,, Jeong, J. T, Choi, B. S., et al.
(2020). Genome-enabled discovery of anthraquinone biosynthesis in Senna tora.
Nat. Commun. 11, 5875. doi:10.1038/s41467-020-19681-1

Ke, Q., Tao, W, Li, T., Pan, W., Chen, X., Wu, X,, et al. (2020). Genome-wide
identification, evolution and expression analysis of basic helix-loop-helix (bHLH)
gene family in barley (hordeum vulgare L.). Curr. Genomics 21, 621-644. doi:10.
2174/1389202921999201102165537

Khan, A, Li,R.J,, Sun, J. T., Ma, F.,, Zhang, H. X,, Jin, . H., et al. (2018). Genome-
wide analysis of dirigent gene family in pepper (Capsicum annuum L.) and
characterization of CaDIR7 in biotic and abiotic stresses. Sci. Rep. 8, 5500.
doi:10.1038/541598-018-23761-0

Komatsuda, T., Pourkheirandish, M., He, C., Azhaguvel, P., Kanamori, H.,
Perovic, D., et al. (2007). Six-rowed barley originated from a mutation in a
homeodomain-leucine zipper I-class homeobox gene. Proc. Natl. Acad. Sci. U. S.
A. 104, 1424-1429. doi:10.1073/pnas.0608580104

Kreszies, T., Shellakkutti, N., Osthoff, A., Yu, P., Baldauf, J. A., Zeisler-Diehl, V.
V., et al. (2019). Osmotic stress enhances suberization of apoplastic barriers in
barley seminal roots: Analysis of chemical, transcriptomic and physiological
responses. New Phytol. 221, 180-194. doi:10.1111/nph.15351

Krzywinski, M., Schein, J., Birol, I, Connors, J., Gascoyne, R., Horsman, D., et al.
(2009). Circos: An information aesthetic for comparative genomics. Genome Res.
19, 1639-1645. doi:10.1101/gr.092759.109

Lee, M. H,, Jeon, H. S,, Kim, S. H., Chung, J. H., Roppolo, D., Lee, H. J., et al.
(2019). Lignin-based barrier restricts pathogens to the infection site and confers
resistance in plants. EMBO J. 38, €101948. doi:10.15252/embj.2019101948

Li, G, Wang, L., Yang, J., He, H,, Jin, H,, Li, X,, et al. (2021a). A high-quality
genome assembly highlights rye genomic characteristics and agronomically
important genes. Nat. Genet. 53, 574-584. d0i:10.1038/541588-021-00808-z

Li, J., Yang, S., Yang, X., Wu, H,, Tang, H., and Yang, L. (2022). PlantGF: An
analysis and annotation platform for plant gene families. Database. 2022, baab088.
doi:10.1093/database/baab088

Li, T., Pan, W., Yuan, Y., Liu, Y., Li, Y., Wu, X,, et al. (2021b). Identification,
characterization, and expression profile Analysis of the mTERF gene family and its
role in the response to abiotic stress in barley (hordeum vulgare L.). Front. Plant Sci.
12, 684619. doi:10.3389/fpls.2021.684619

Liao, Y., Liu, S,, Jiang, Y., Hu, C,, Zhang, X, Cao, X,, et al. (2017). Genome-wide
analysis and environmental response profiling of dirigent family genes in rice
(Oryza sativa). Genes Genomics 39, 47-62. doi:10.1007/s13258-016-0474-7

Lockton, S., and Gaut, B. S. (2005). Plant conserved non-coding sequences
and paralogue evolution. Trends Genet. 21, 60-65. doi:10.1016/j.tig.2004.
11.013

Ma, Q.-H., and Liu, Y.-C. J. P. (2015). TaDIR13, a dirigent protein from wheat,
promotes lignan biosynthesis and enhances pathogen resistance. Plant Mol. Biol.
Rep. 33, 143-152. doi:10.1007/s11105-014-0737-x

Ma, X, Xu, W,, Liu, T., Chen, R., Zhu, H., Zhang, H., et al. (2021). Functional
characterization of soybean (Glycine max) DIRIGENT genes reveals an important
role of GmDIR27 in the regulation of pod dehiscence. Genomics 113, 979-990.
doi:10.1016/j.ygeno.2020.10.033

Mascher, M., Gundlach, H., Himmelbach, A., Beier, S., Twardziok, S. O., Wicker,
T., et al. (2017). A chromosome conformation capture ordered sequence of the
barley genome. Nature 544, 427-433. doi:10.1038/nature22043

Mascher, M., Wicker, T., Jenkins, J., Plott, C., Lux, T., Koh, C. S., et al. (2021).
Long-read sequence assembly: A technical evaluation in barley. Plant Cell 33,
1888-1906. doi:10.1093/plcell/koab077

Mayer, K. F., Waugh, R, Brown, J. W, Schulman, A., Langridge, P., Platzer, M.,
et al. (2012). A physical, genetic and functional sequence assembly of the barley
genome. Nature 491, 711-716. doi:10.1038/nature11543

Monat, C., Padmarasu, S., Lux, T., Wicker, T., Gundlach, H., Himmelbach,
A, et al. (2019). Tritex: Chromosome-scale sequence assembly of triticeae

genomes with open-source tools. Genome Biol. 20, 284. doi:10.1186/s13059-
019-1899-5

Nijhawan, A., Jain, M., Tyagi, A. K., and Khurana, J. P. (2008). Genomic survey
and gene expression analysis of the basic leucine zipper transcription factor family
in rice. Plant Physiol. 146, 333-350. d0i:10.1104/pp.107.112821

Frontiers in Genetics

10.3389/fgene.2022.1042772

Ohta, T. (2003). Evolution by gene duplication revisited: Differentiation of
regulatory elements versus proteins. Genetica 118, 209-216. doi:10.1023/a:
1024130431575

Pacak, A., Barciszewska-Pacak, M., Swida-Barteczka, A., Kruszka, K., Sega, P.,
Milanowska, K., et al. (2016). Heat stress affects pi-related genes expression and
inorganic phosphate deposition/accumulation in barley. Front. Plant Sci. 7, 926.
doi:10.3389/fpls.2016.00926

Parsons, K. J., Rigg, A., Conith, A. J., Kitchener, A. C,, Harris, S., and Zhu, H.
(2020). Skull morphology diverges between urban and rural populations of red
foxes mirroring patterns of domestication and macroevolution. Proc. Biol. Sci. 287,
20200763. doi:10.1098/rspb.2020.0763

Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T. C., Mendell, J. T., and
Salzberg, S. L. (2015). StringTie enables improved reconstruction of a transcriptome
from RNA-seq reads. Nat. Biotechnol. 33, 290-295. doi:10.1038/nbt.3122

Pourkheirandish, M., Hensel, G., Kilian, B., Senthil, N., Chen, G., Sameri, M., et al.
(2015). Evolution of the grain dispersal system in barley. Cell 162, 527-539. doi:10.
1016/j.¢cell.2015.07.002

Purugganan, M. D. (2019). Evolutionary insights into the nature of plant
domestication. Curr. Biol. 29, R705-r714. doi:10.1016/j.cub.2019.05.053

Ralph, S. G., Jancsik, S., and Bohlmann, J. (2007). Dirigent proteins in conifer
defense II: Extended gene discovery, phylogeny, and constitutive and stress-induced
gene expression in spruce (Picea spp.). Phytochemistry 68, 1975-1991. doi:10.1016/
j.phytochem.2007.04.042

Ralph, S., Park, J. Y., Bohlmann, J., and Mansfield, S. D. (2006). Dirigent proteins
in conifer defense: Gene discovery, phylogeny, and differential wound- and insect-
induced expression of a family of DIR and DIR-like genes in spruce (picea spp.).
Plant Mol. Biol. 60, 21-40. doi:10.1007/s11103-005-2226-y

Rao, G,, Zhang, ], Liu, X,, Lin, C., Xin, H., Xue, L., et al. (2021). De novo assembly
of a new Olea europaea genome accession using nanopore sequencing. Hortic. Res.
8, 64. d0i:10.1038/541438-021-00498-y

Rostoks, N., Borevitz, J. O., Hedley, P. E., Russell, J., Mudie, S., Morris, ., et al.
(2005). Single-feature polymorphism discovery in the barley transcriptome.
Genome Biol. 6, R54. doi:10.1186/gb-2005-6-6-r54

Russell, J., Mascher, M., Dawson, I. K., Kyriakidis, S., Calixto, C., Freund, F,, et al.
(2016). Exome sequencing of geographically diverse barley landraces and wild
relatives gives insights into environmental adaptation. Nat. Genet. 48, 1024-1030.
doi:10.1038/ng.3612

Saijo, Y., and Loo, E. P. (2020). Plant immunity in signal integration between
biotic and abiotic stress responses. New Phytol. 225, 87-104. doi:10.1111/nph.15989

Schulte, D., Close, T. J., Graner, A., Langridge, P., Matsumoto, T., Muehlbauer, G.,
et al. (2009). The international barley sequencing consortium--at the threshold of
efficient access to the barley genome. Plant Physiol. 149, 142-147. doi:10.1104/pp.
108.128967

Shi, H,, Liu, Z, Zhu, L, Zhang, C, Chen, Y, Zhou, Y, et al. (2012).
Overexpression of cotton (Gossypium hirsutum) dirigentl gene enhances
lignification that blocks the spread of Verticillium dahliae. Acta Biochim.
Biophys. Sin. 44, 555-564. doi:10.1093/abbs/gms035

Song, M., and Peng, X. (2019). Genome-wide identification and characterization
of DIR genes in medicago truncatula. Biochem. Genet. 57, 487-506. doi:10.1007/
510528-019-09903-7

Szurman-Zubrzycka, M., Chwiatkowska, K., Niemira, M., Kwa$niewski, M.,
Nawrot, M., Gajecka, M., et al. (2021). Aluminum or low pH - which is the
bigger enemy of barley? Transcriptome analysis of barley root meristem under Al
and low pH stress. Front. Genet. 12, 675260. doi:10.3389/fgene.2021.675260

Taketa, S., Amano, S., Tsujino, Y., Sato, T., Saisho, D., Kakeda, K., et al. (2008).
Barley grain with adhering hulls is controlled by an ERF family transcription factor
gene regulating a lipid biosynthesis pathway. Proc. Natl. Acad. Sci. U. S. A. 105,
4062-4067. doi:10.1073/pnas.0711034105

Tautz, D., and Domazet-Lo3o, T. (2011). The evolutionary origin of orphan genes.
Nat. Rev. Genet. 12, 692-702. doi:10. 1038/nrg3053

Ullrich, S. E. (2010). Barley: Production, improvement, and uses. New Jersey,
United States: John Wiley & Sons.

Vakirlis, N., Carvunis, A. R., and McLysaght, A. (2020). Synteny-based analyses
indicate that sequence divergence is not the main source of orphan genes. eLife 9,
€53500. doi:10.7554/eLife.53500

Vanneste, K., Baele, G., Maere, S., and Van de Peer, Y. (2014). Analysis of 41 plant
genomes supports a wave of successful genome duplications in association with the
Cretaceous-Paleogene boundary. Genome Res. 24, 1334-1347. doi:10.1101/gr.
168997.113

Verma, V., Ravindran, P., and Kumar, P. P. (2016). Plant hormone-mediated
regulation of stress responses. BMC Plant Biol. 16, 86. doi:10.1186/s12870-016-
0771-y

frontiersin.org


https://doi.org/10.1073/pnas.1308412110
https://doi.org/10.1371/journal.pone.0134328
https://doi.org/10.1038/s41467-020-19681-1
https://doi.org/10.2174/1389202921999201102165537
https://doi.org/10.2174/1389202921999201102165537
https://doi.org/10.1038/s41598-018-23761-0
https://doi.org/10.1073/pnas.0608580104
https://doi.org/10.1111/nph.15351
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.15252/embj.2019101948
https://doi.org/10.1038/s41588-021-00808-z
https://doi.org/10.1093/database/baab088
https://doi.org/10.3389/fpls.2021.684619
https://doi.org/10.1007/s13258-016-0474-7
https://doi.org/10.1016/j.tig.2004.11.013
https://doi.org/10.1016/j.tig.2004.11.013
https://doi.org/10.1007/s11105-014-0737-x
https://doi.org/10.1016/j.ygeno.2020.10.033
https://doi.org/10.1038/nature22043
https://doi.org/10.1093/plcell/koab077
https://doi.org/10.1038/nature11543
https://doi.org/10.1186/s13059-019-1899-5
https://doi.org/10.1186/s13059-019-1899-5
https://doi.org/10.1104/pp.107.112821
https://doi.org/10.1023/a:1024130431575
https://doi.org/10.1023/a:1024130431575
https://doi.org/10.3389/fpls.2016.00926
https://doi.org/10.1098/rspb.2020.0763
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1016/j.cell.2015.07.002
https://doi.org/10.1016/j.cell.2015.07.002
https://doi.org/10.1016/j.cub.2019.05.053
https://doi.org/10.1016/j.phytochem.2007.04.042
https://doi.org/10.1016/j.phytochem.2007.04.042
https://doi.org/10.1007/s11103-005-2226-y
https://doi.org/10.1038/s41438-021-00498-y
https://doi.org/10.1186/gb-2005-6-6-r54
https://doi.org/10.1038/ng.3612
https://doi.org/10.1111/nph.15989
https://doi.org/10.1104/pp.108.128967
https://doi.org/10.1104/pp.108.128967
https://doi.org/10.1093/abbs/gms035
https://doi.org/10.1007/s10528-019-09903-7
https://doi.org/10.1007/s10528-019-09903-7
https://doi.org/10.3389/fgene.2021.675260
https://doi.org/10.1073/pnas.0711034105
https://doi.org/10.1038/nrg3053
https://doi.org/10.7554/eLife.53500
https://doi.org/10.1101/gr.168997.113
https://doi.org/10.1101/gr.168997.113
https://doi.org/10.1186/s12870-016-0771-y
https://doi.org/10.1186/s12870-016-0771-y
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1042772

Luo et al.

Wang, H,, Yan, H,, Liu, H,, Liu, R, Chen, ], and Xiang, Y. (2018). Gfdp: The gene
family database in poplar. Database (Oxford). 2018, bay107. doi:10.1093/database/bay107

Wang, P, Luo, Y., Huang, J., Gao, S., Zhu, G., Dang, Z., et al. (2020). The genome
evolution and domestication of tropical fruit mango. Genome Biol. 21, 60. doi:10.
1186/513059-020-01959-8

Wang, Y., and Fristensky, B. J. M. B. (2001). Transgenic canola lines expressing
pea defense gene DRR206 have resistance to aggressive blackleg isolates and to
Rhizoctonia solani. Mol. Breed. 8, 263-271. doi:10.1023/a:1013706400168

Weidenbach, D., Esch, L., Méller, C., Hensel, G., Kumlehn, J., Hofle, C., et al.
(2016). Polarized defense against fungal pathogens is mediated by the jacalin-
related lectin domain of modular poaceae-specific proteins. Mol. Plant 9, 514-527.
doi:10.1016/j.molp.2015.12.009

Wright, S. 1, Bi, I. V., Schroeder, S. G., Yamasaki, M., Doebley, J. F., McMullen, M.
D., et al. (2005).The effects of artificial selection on the maize genome, Science, 308,
1310-1314. doi:10.1126/science.1107891

Wu, R, Wang, L., Wang, Z., Shang, H., Liu, X,, Zhu, Y., et al. (2009). Cloning and
expression analysis of a dirigent protein gene from the resurrection plant Boea
hygrometrica. Prog. Nat. Sci. 19, 347-352. doi:10.1016/j.pnsc.2008.07.010

Xu, P, Yang, J,, Liu, J., Yang, X,, Liao, J., Yuan, F,, et al. (2018). Identification of
glioblastoma gene prognosis modules based on weighted gene co-expression
network analysis. BMC Med. Genomics 11, 96. doi:10.1186/s12920-018-0407-1

Frontiers in Genetics

16

10.3389/fgene.2022.1042772

Yadav, V., Wang, Z., Wei, C,, Amo, A,, Ahmed, B., Yang, X,, et al. (2020).
Phenylpropanoid pathway engineering: An emerging approach towards plant
defense. Pathog. (Basel, Switz. 9, 312. doi:10.3390/pathogens9040312

Yang, G., Zhang, Y., Wei, X,, Cui, L., and Nie, X. (2022). Genetic diversity of
transcription factor genes in Triticum and mining for promising haplotypes for
beneficial agronomic traits. Front. Plant Sci. 13, 899292. doi:10.3389/fpls.2022.
899292

Yang, Z. (2007). Paml 4: Phylogenetic analysis by maximum likelihood. Mol. Biol.
Evol. 24, 1586-1591. doi:10.1093/molbev/msm088

Yoon, B. J. (2009). Hidden Markov models and their applications in biological
sequence analysis. Curr. Genomics 10, 402-415. doi:10.2174/138920209789177575

Zhang, J., Fu, X. X, Li, R. Q., Zhao, X,, Liu, Y., Li, M. H,, et al. (2020). The
hornwort genome and early land plant evolution. Nat. Plants 6, 107-118. doi:10.
1038/541477-019-0588-4

Zhang, S., Xia, Z., Li, C, Wang, X,, Lu, X,, Zhang, W,, et al. (2022).
Chromosome-scale genome assembly provides insights into speciation of
allotetraploid and massive biomass accumulation of elephant grass
(Pennisetum purpureum Schum.). Mol. Ecol. Resour. 22, 2363-2378. doi:10.
1111/1755-0998.13612

Zhu, J. K. (2016). Abiotic stress signaling and responses in plants. Cell 167,
313-324. doi:10.1016/j.cell.2016.08.029

frontiersin.org


https://doi.org/10.1093/database/bay107
https://doi.org/10.1186/s13059-020-01959-8
https://doi.org/10.1186/s13059-020-01959-8
https://doi.org/10.1023/a:1013706400168
https://doi.org/10.1016/j.molp.2015.12.009
https://doi.org/10.1126/science.1107891
https://doi.org/10.1016/j.pnsc.2008.07.010
https://doi.org/10.1186/s12920-018-0407-1
https://doi.org/10.3390/pathogens9040312
https://doi.org/10.3389/fpls.2022.899292
https://doi.org/10.3389/fpls.2022.899292
https://doi.org/10.1093/molbev/msm088
https://doi.org/10.2174/138920209789177575
https://doi.org/10.1038/s41477-019-0588-4
https://doi.org/10.1038/s41477-019-0588-4
https://doi.org/10.1111/1755-0998.13612
https://doi.org/10.1111/1755-0998.13612
https://doi.org/10.1016/j.cell.2016.08.029
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1042772

Luo et al.

Glossary

ABA abscisic acid

BLAST basic local alignment search tool
CHS chalcone synthase

CDS Coding Sequence

DIR dirigent

ESB1 enhanced suberinl

FPKM fragments per kilobase of transcript per million fragments
mapped reads

GRAVY grand average of hydropathicity

GSDS gene structure display server

GO gene ontology

GTF gene transfer format

HMM The hidden Markov model

Ka nonsynonymous

Ks synonymous

KEGG kyoto encyclopedia of genes and genomes
LTR low temperature responsive

MYA million years ago
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MG2C MapGene2Chrom

MW molecular weight

MAF minor allele frequency

MBS myeloblastosis binding site

NCBI National Center for Biotechnology Information

NCBI-CDD National Center for Biotechnology Information
Conserved Domain Database

NJ neighbor joining

OG orthologous group

PCA principal component analysis

pI theoretical isoelectric point

RNA-seq RNA sequencing

SNP single nucleotide polymorphism

SMART simple modular architecture research tool
SRA sequence read archive

SSD small-scale duplication

WGD whole genome duplication

WGCNA weighted gene co-expression network analysis
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