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Abstract
Auxin response factors (ARFs) is one of common transcription factor (TF) family found in plants. By binding to its specific

target in promoters, they regulate key genes related to auxin and mediating plant responses. So far, ARF family TFs have

been identified in some plants, but no information is available regarding ARF genes in barley. In this study, we identified 20

ARF genes (HvARF) in the barley genome. Based on the comparative phylogenetic analysis, HvARFs were divided into six

major Classes (I–VI). Duplication analysis revealed that four segmental and one tandem duplication contributed to the

expansion of HvARF genes which were preferentially distributed at distal parts of the chromosomes. Mining of cis-acting

regulatory elements in the promoter resulted that HvARF genes are mainly associated with hormone, stress and light

responsiveness. In addition, they involve in miRNA-mediated gene regulation in which seven HvARF members were

potentially targeted by five different miRNAs. Among those, hvu-miR160 simultaneously targets Class II ARF members

(HvARF14, HvARF15, HvARF16, and HvARF17). Besides, the expression pattern of 20 HvARFs was assessed in different

embryonic development and stress-induced (heat, drought, salinity, and excess boron) conditions, which pointed out that

HvARFs functionally involve in developmental stages and stress adaptation of barley, by regulating the auxin-mediated

genes. The results represented here provide comprehensive infomation on ARF family genes and could provide a

framework for further cloning and functional verification of HvARF members for the purposes of crop improvement.
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Abbreviations
ARF Auxin response factors

AuxREs Auxin response elements

IBSC The International Barley Genome Sequencing

Consortium

CDS Coding DNA sequence

CREs Cis-regulatory elements

miRNA MicroRNA

TF Transcription factor

Introduction

Auxin, the first plant hormone to be discovered, has many

roles in plant growth and development. It mediates elon-

gation of stem and root growth, enlargement of fruits and

tubers, promotion of cell division. It regulates expression

of some classes of genes such as Aux/IAA, Gretchen

Hagen3 (GH3), and SMALL AUXIN UP RNA (SAUR)

(Abel and Theologis 1996). In addition, auxin response

factor (ARF) transcription factors (TFs) are important

players in the regulation of auxin-mediated biological

processes by binding auxin response elements (AuxREs)

locate in the promoter region of auxin-responsive genes.

Specifically, ARF TFs bind to TGTCTC motif or its vari-

ations such as TGTCCC, TGTCAC, and TGTCGG, and

cause to repression or activation of these genes (Ulmasov

et al. 1997; Guilfoyle and Hagen 2007; Boer et al. 2014).
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As a protein, ARFs interact with DNA as well as pro-

teins by forming a homodimer or heterodimer structure.

Protein–protein and protein-DNA interaction of ARF pro-

tein is maintained by its three characteristic region: (1) an

N-terminal B3-type DNA binding-domain (DBD) which

interact with AuxREs found in the upstream promoter

region of auxin responsive genes; (2) a C-terminal dimer-

ization domain (CTD or domain III/IV) which is essential

for ARF-Aux/IAA and/or ARF–ARF dimerization (Kim

et al. 1997; Shen et al. 2010); and (3) a variable middle

region (MR) that is functional in activation or repression of

auxin-responsive genes (Ulmasov et al. 1997; Tiwari et al.

2003; Leyser 2018). B3-type DBD is classified as a plant-

specific domain that is found in a variety of plant tran-

scription factors, including ARFs. The domain is indis-

pensable for ARF-AuxREs interaction. Moreover, ARF

proteins can bind DNA as a dimer, monomer or hetero-

dimer (4) which can change promoter activity accordingly.

Depending on the amino acid composition of MR, ARF

proteins act as activator or repressor i.e., glutamine, serine

and leucine-rich MR could cause activation; serine, pro-

line, leucine and glycine-rich MR could lead to repression.

Also, ARF expression can be regulated by auxin status of

the cell. Under low auxin conditions, Aux/IAA interacts

with ARF and the formed complex represses the auxin-

responsive gene expression. In opposite, high auxin level

causes Aux/IAA release from ARFs and forms a complex

with TIR1 and SCF proteins which direct it to 26S pro-

teasomal degradation. Then, ARF proteins alone activates

expression of auxin-responsive genes [reviewed by Leyser

(2018) and Korasick et al. (2015)].

Sequencing technologies let comprehensive genome and

transcriptome-wide analysis of multigene families (Abla-

zov and Tombuloglu 2016; Tombuloglu et al. 2013; 2015;

2016). In the last decade, ARF TFs were intensively

identified in a variety of plant species i.e., Arabidopsis,

rice, Populus, tomato, grape etc. Recently, a comprehen-

sive evolutionary analysis of ARF proteins from angios-

perm genomes was carried out (Finet et al. 2012).

However, there is any report regarding ARF gene family of

barley, a widely cultivated crop species in the world. Its

first draft genome sequence was released in 2012 (IBSC

2012) and finally full genome was mapped in 2016

(Mascher et al. 2017). In this article, we aimed to find and

characterize ARF family members in barley with their

comprehensive characteristics i.e. conserved domain/resi-

due, cis-acting regulatory elements, potential miRNA tar-

gets, and tissue/organ-specific expressions by using

bioinformatics tools.

Matherials and methods

Mining of ARF genes in the barley genome

Barley (Hordeum vulgare L.) nucleotide, CDS (coding

DNA sequence) and protein sequences were retrieved from

barley genome database, IBSC (International barley

sequence consortium) (Morex 509 WGS sequence) (ftp://

ftpmips.helmholtz-muenchen.de/plants/barley/public_data/

) (IBSC 2012). Barley ARF sequences were searched using

a local BlastP program (version 2.2.30) (http://blast.ncbi.

nlm.nih.gov/Blast.cgi) (Altschul et al. 1997) against 23

Arabidopsis ARF sequences as a query (Wang et al. 2007).

Redundant and low-confident sequences were removed

from the total ARF list. The sequences were further ana-

lyzed using Pfam (release 31.0) (http://pfam.xfam.org/)

(Finn et al. 2015) and InterproScan (release 5.14-53.0)

(http://www.ebi.ac.uk/interpro/) (Jones et al. 2014) domain

finders. Domain hits lower than e-10 was considered sig-

nificant. Barley HORVU Ids, from the barley full genome

sequence (Mascher et al. 2017), were obtained from the

BlastP server of IPKBarley (http://webblast.ipk-gate

rsleben.de/barley_ibsc), by searching the barley genome

accession numbers as a query against to ‘Barley HC pro-

teins 2016‘ dataset. Protein identity score and percentages

with an e-value score were noted to compare draft (IBSC

2012) and full genome (Mascher et al. 2017) releases.

Chromosome, duplication and sequence analysis
of barley ARFs

The information of barley ARFs was obtained from several

databases. Representative gene IDs were received from

‘‘barley_ALLgenes_MIPS_15Jul14_MAPPINGinfo’’ file

(IBSC 2012); contig numbers were obtained from POPSEQ

data generated by IPK (Comadran et al. 2012; Mascher

et al. 2013; Ariyadasa et al. 2014); chromosome location

and intron–exon structure was downloaded from Ensem-

blPlants database (http://plants.ensembl.org/Hordeum_vul

gare/Info/Annotation); physiochemical characteristics of

ARF proteins were determined in ProtParam server (http://

web.expasy.org/protparam/) (Gasteiger et al. 2005). GSDS

(Gene Structure Display Server) was used to compute

intron and exon boundaries (http://gsds.cbi.pku.edu.cn/)

(Hu et al. 2014). To identify gene duplication event that

possibly cause gene expansion, HvARF members were

aligned by ClustalOmega program and then the following

parameters were adopted to detect duplicated gene pairs:

the alignment of the coding nucleotide sequences covered

70% of the longest genes and the amino acid identity

between the sequences was[ 70% (Yang et al. 2008;

Bostancioglu et al. 2018).
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Putative miRNA target and cis-acting element
analyses

We retrieved barley mature miRNA sequences from data-

bases and published articles: 71 sequences from miRbase

v.20 (http://www.mirbase.org/) (Kozomara and Griffiths-

Jones 2014), 23 sequences from the Plant microRNA

database (http://bioinformatics.cau.edu.cn/PMRD/) (Zhang

et al. 2010), and 40 sequences from (Ozhuner et al. 2013)

and (Ferdous et al. 2017). CDS with 50 and 30 UTR

sequences of all HvARF genes were obtained from

EnsemblPlant database and searched to extract putative

miRNA targets by using psRNATarget server with 3.5

maximum expectation score, others adjusted to default

parameters (http://plantgrn.noble.org/psRNATarget/?func

tion=3) (Dai and Zhao 2011). Cis-acting elements were

searched from the promoter regions of ARF genes by using

online PlantCARE software (http://bioinformatics.psb.

ugent.be/webtools/plantcare/html/) (Lescot et al. 2002).

1000 bp of the 50 flanking genomic DNA (upstream)

sequence of each ARF genes was retrieved from Ensem-

blPlants database (http://plants.ensembl.org/Hordeum_vul

gare/Info/Index) and used for the analysis.

Multiple sequence alignment and phylogenetic
analysis of ARFs

The protein sequences were aligned by the ClustalOmega

tool (http://www.ebi.ac.uk/Tools/msa/clustalomega/) and

conserved domains and critical residues for protein–protein

interaction were further examined. The new nomenclature

for barley ARF proteins/genes were given according to

ClustalOmega alignment order. Aligned protein sequences

were further used for phylogenetic analysis. In addition to

20 barley ARF protein sequences, Arabidopsis (23),

Brassica rapa (31), Zea mays (36), Solanum lycopersicum

(21) and Vitis vinifera (19) ARF proteins were collected

and a comprehensive and comparative phylogenetic anal-

ysis was conducted. Phylogenetic trees were produced

using MEGA 6 (http://www.megasoftware.net) (Tamura

et al. 2013) according to neighbor-joining (NJ) and maxi-

mum likelihood (ML) methods based on Poisson correction

model. The parameters were adjusted to Data subset to use,

complete deletion; replication, bootstrap analysis with

1000 replicates. Finally, the cut-off value for the condensed

tree was set to 50%. The further tree analysis was carried

out by using FigTree program (version 1.4.2) (http://tree.

bio.ed.ac.uk/software/Figtree/).

Digital expression analysis of barley ARFs

Spatial and temporal expression patterns of 20 HvARF

genes from different development stages and organs (root,

shoot, tillers, grain, embryos, caryopsis (5 and 15 mm

long), inflorescence (young and developing), and intern-

ode) were represented in a heat map. The expression values

(FPKM: Fragments Per Kilobase of transcript per Million

mapped reads) were retrieved from BARLEX (Colmsee

et al. 2015) and PGSB (Plant genome and System biology)

(http://pgsb.helmholtz-muenchen.de/plant/index.jsp) data-

bases. Besides, barley GEO datasets, accession number

GSE82134 and GSE66024, were used to monitor the

expression profiles of HvARFs under heat stress (Pacak

et al. 2016) and seed germination stages into 24 and 48 h

periods (Zhang et al. 2016), respectively. Expression pat-

terns were visualized by using PermutMatrix v1.9.3 pro-

gram (http://www.atgc-montpellier.fr/) (Caraux and

Pinloche 2005). Dataset was adjusted to interaction term

(row/column), and all the other parameters were fixed as

default. Also, Genevestigator platform was used to evalu-

ate the HvARF gene expressions under different type of

stress conditions such as; drought, salinity, heat, and excess

boron (https://genevestigator.com/gv/) (Zimmermann et al.

2004). Hierarchical clustering mode with Euclidian dis-

tance parameter was set to monitor the expression levels

with log2 ratio calculation based on a control group.

Results and discussion

ARF genes were identified in the barley genome

To identify barley ARFs, a local BlastP search was carried

out using 23 AtARF proteins as a query. High confidence

(HC) protein sequence information was used as a subject.

The hits higher than e-10 were rejected to determine can-

didate HvARFs. Furthermore, characteristic domains for

ARF proteins were mined from those proteins to validate

barley ARFs. The proteins containing at least B3

(PF02362) and Auxin_resp (PF06507) domains were

selected and identified as candidate ARF member in barley.

Other than those domains, 11 HvARF sequences harbored

an additional conserved domain, which is AUX/IAA

(PF02309) (Fig. 1c; Table S1). To determine the signifi-

cance of each domain\e-10 criteria was used. The con-

served domains were also checked with InterProScan

analysis. At the end, 20 canonical, non-redundant HvARF

members were identified and characterized in barley. The

nomenclature of new ARF proteins was set according to

their alignment order in the ClustalOmega analysis.
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Also, we checked and validated these protein sequences

from the latest genome data (Barley HC Proteins May

2016, Mascher et al. 2017) and observed that some ARF

members were excluded from the protein dataset released

in 2016. For instance, ARF16 (MLOC_64795.1) involve in

the proteome release of 2012 (HC_genes_AA_Seq_2012;

(14)). However, it was represented by the protein (HOR-

VU7Hr1G101270.6) with percentage of % 62 in 2016 HC

proteome dataset, showing inconsistency between the

protein data of 2012 and 2016 releases. Also, it was noted

that HORVU7Hr1G101270.6 and MLOC_64795.1 were

different proteins based on their chromosome location and

protein characteristics. In our analyses, we used the early

genome release data (MLOC_64795.1) to take ARF16 into

account as ARF member. The nucleotide sizes of each

barley chromosome were retrieved from EnsemblPlants

database and chromosome location of each ARF member

were shown according to the latest genetic map which is

based on chromosome conformation capture sequencing

(Hi-C) strategy (Fig. 2). ARF16* shows a new protein

(HORVU7Hr1G101270.6) based on the latest barley gen-

ome release (2016), which has the highest identity score

(62%) to HvARF16 (MLOC_64795.1) from barley draft

genome release in 2012. Also, remaining ARF members

were checked in both databases, and all of them matched to

the corresponding proteins (% 99 or 100) with an expected

value of 0 (Table 1). HvARF protein sequences were listed

in Table S4.

Barley genes have been represented with several gene

IDs by different genome datasets. In our study, we listed

the HvARF TFs with their all representative gene IDs

based on IBSC (2012), POPSEQ (Comadran et al. 2012;

Mascher et al. 2013; Ariyadasa et al. 2014), and the latest

genome information (Mascher et al. 2017) (Table 1). Also,

UniProt proteome entries of each HvARF members were

represented. HvARF ORF lengths ranged from 3528

(HvARF02) to 1164 bp (HvARF15), and molecular

weights ranged from 131.22 (HvARF02) to 50.34 kDa

(HvARF05), and pI values ranged from 8.92 (HvARF14) to

5.77 (HvARF07) (Table 1). Based on exon and intron

structures, exon numbers were well separated between the

ARF Classes (I to VI), for instance, average exon number

of HvARF genes in Class I and V were 13 (Fig. 1b;

Table 1). However, Class II members had 2 or 3 exons,

showing the structural divergence of ARF genes.

Chromosomal distribution and gene duplication
analysis of HvARF genes

Chromosome distribution of HvARF genes was shown in

Fig. 2 where they dispersed in all barley chromosomes

(Chr) except chr4H. Chromosome 3H and 7H harbored

four ARF members and chr2H included five, which is the

largest number of ARF genes represented in a single

chromosome. To find out putative gene duplications among

HvARF gene pairs, we conducted a duplication analysis

based on protein similarity and gene distribution along the

chromosomes. Accordingly, the gene pairs with[ 70%

amino acid and nucleotide identity score were selected as

potential duplicated genes (Table S5). Then, these gene

pairs were checked for their chromosomal positions. The

results revealed that four segmental and one tandem

duplication contributed to the expansion of ARF family in

barley. Accordingly, segmental duplications appeared

Fig. 1 Neighbor-joining (NJ) tree of 20 HvARF proteins (a), their
coding gene (b), and protein domain structures (c). B3 and

Auxin_resp domains are common in all proteins. All Class I and II

members exclude Aux/IAA domain. The gene and protein size scales

were positioned below the images. The phylogenetic tree based on

maximum likelihood (ML) analysis was given in Fig. S2
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between ARF05/ARF06, ARF05/ARF07, ARF05/ARF08,

and ARF01/ARF02 genes. It is interesting that ARF05 is

the crosspoint for the segmental duplication of three genes

(ARF06, ARF07, and ARF08) by rooting the gene expan-

sion from chr6H or vice versa. Also, these genes were

included in the same phylogenetic group (Class V or

AtARF6/8-like) (Figs. 1, 3; Fig. S2) and well-separated

from the other ARF members, shows that segmental

duplication specifically contributed to the expansion of

Class V in barley. Moreover, duplication event between

ARF01/ARF02 and ARF05/ARF06 genes pointed out that a

large segment of chromosome duplication had been

appeared between chr6H and chr7H, where the direction of

the genes (? or -) agree for a reverse segmental duplica-

tion. Additionally, tandem duplication in chr3H resulted to

appear ARF10 or ARF11 genes (Fig. 2). Expansion of ARF

family members by gene duplication may cause to gain

new functions (neofunctionalization) which can alter the

genetic control of ARF-mediating cellular mechanism.

According to a recent scenario based on the full genome

sequence of barley proposed by Keller and Krattinger

(2017), barley genes are well organized in the chromo-

somes where distal parts are enriched in rapidly evolving

genes and prone to recombination than the proximal and

interstitial regions. However, proximal part enriched in

housekeeping genes has the low recombination frequency.

In our study, ARF genes were found to be distributed

generally in distal regions of the chromosomes. Also,

duplications of ARF genes have occurred in those regions

which is supporting the chromosomal compartmentaliza-

tion scenario in the barley genome.

Critical residues for DNA-ARF, ARF–ARF and Aux/
IAA-ARF interactions

DNA interaction residues of ARF proteins were determined

according to a previous report described by Boer et al.

(2014). 20 HvARF members were aligned and identical,

conserved, semi-conserved and non-conserved residues for

DNA contact were shown (Fig. S3). Ser (S), His (H), Gly

(G), Ser (S), Arg (R) and Arg (R), Pro (P), Arg (R), Thr

(T), Ser (S) were the first and the second DNA contacting

loop residues, respectively. His (H) and Thr (T) were

determined as semi-conserved residues, in which Gly

(G) and Ser (S) were found to be substituted in some of

ARF members, respectively (Fig. S3). These were the

critical residues of the DBD domain for DNA contact.

In the C-terminus of ARF proteins, a typical CTD (type-

I/II Bem1p (PB1) and Phox domains) were harbored that

provides positive and negative electrostatic surfaces for

protein–protein interaction (Korasick et al. 2014). To

uncover the protein–protein interacting residues of ARFs,

i.e. ARF-Aux/IAA or ARF–ARF, Motif III and IV (CTD)

were further evaluated. Conserved Lys (K) residue (type II,

gain a basic surface) resided in motif III of the selected

HvARF members. Also, an OPCA-like motif [type I,

Fig. 2 Distribution of 20

HvARF genes along the

chromosomes with their tandem

and segmental duplications.

Segmentally duplicated gene

pairs are shown with a dashed

line and labeled with the same

background color. Dark and

light blue chromosomes pairs

show susceptible regions prone

to segmental duplication. Green

and red arrows represent the

gene directions either negative

or positive strand, respectively.

Chromosome sizes were

represented with megabase pairs

(Mbp). The number of HvARF

genes located on each

chromosome is stated below the

chromosome number in

parenthesis (color figure online)
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expose an acidic surface and makes salt bridges with basic

residues, especially with Lys (K) and resulting homo- or

hetero-dimerization of ARFs (Sumimoto et al. 2007)], was

found in motif IV (Fig. S4). OPCA-like and conserved Lys

(K) could enable ARF–ARF or ARF-Aux/IAA dimeriza-

tion and could change the auxin-responsive gene expres-

sion during auxin signaling. However, out of 20 HvARF

proteins, only 13 members harbor Motif III and IV domains

(Fig. S1 and S4), pointed out that those members may not

be involved in dimerization. Besides, motif III and IV

region composed of five b-sheet (b1–b5) and three a-helix
(a1–a3). The linker loop between the two motifs exhibited

sequence and length variance (Fig. S3), which may alter

ARF and protein binding selectivity. To detect Aux/IAA

interacting ARFs, further studies could be focused to

identify barley Aux/IAA family sequences.

Phylogenetic analysis of barley ARFs

HvARF proteins were aligned and subdivided into six

classes based on topology and sequence similarity analysis

by using NJ (Neighbor-joining) and maximum likelihood

(ML) trees with 50% bootstrap support (Fig. 1a). In addi-

tion, an ML (maximum likelihood) tree was constructed

Table 1 Characteristics of HvARF gene and proteins

Gene

name

HORVU_Ids *** Acc. number* Morex WGS

contigs**

(morex_contig)

Exon ORF

length

(bp)

Prot

length

(aa)

MW

(kDa)

pI Chr UniProt

HvARF01 HORVU6Hr1G020330.4 MLOC_73144.4 63,057 14 3387 1129 125.38 5.98 6 M0YUJ9

HvARF02 HORVU7Hr1G096460.13 AK369713

(MLOC_63193.2)

47,363 11 3528 1176 131.22 6.19 7 M0XUM3

HvARF03 HORVU7Hr1G051930.1 AK374613

(MLOC_14584.1)

1,568,443 13 3250 1083 120.27 6 7 F2EEN7

HvARF04 HORVU7Hr1G033820.2 AK374262

(MLOC_5871.2)

136,819 3 2912 973 107.95 6.57 7 M0XBY1

HvARF05 HORVU6Hr1G026730.9 MLOC_66152.2 51,161 12 1356 452 50.34 6.9 6 M0Y6F8

HvARF06 HORVU7Hr1G106280.1 MLOC_58330.2 42,565 13 2814 938 103.35 6.14 7 M0XAA8

HvARF07 HORVU5Hr1G009650.20 MLOC_63938.1 48,165 14 2673 891 98.21 5.77 5 M0XXL5

HvARF08 HORVU2Hr1G121110.32 MLOC_51932.2 37,165 14 2508 836 92.94 5.85 2 M0WIT8

HvARF09 HORVU2Hr1G109650.18 MLOC_55345.6 39,880 12 2871 957 105.59 5.79 2 F2E1A9

HvARF10 HORVU3Hr1G096510.5 AK368785

(MLOC_68907.1)

55,559 12 2403 801 89.68 6.03 3 M0YFV0

HvARF11 HORVU3Hr1G097200.1 AK372798

(MLOC_18401.1)

158,041 14 2478 826 92.32 6.03 3 M0V4Y9

HvARF12 HORVU2Hr1G076920.3 MLOC_64596.1 49,046 13 1974 658 73.05 5.81 2 M0Y076

HvARF13 HORVU3Hr1G032230.6 AK375262

(MLOC_65945.1)

50,920 14 2289 763 84.3 6.24 3 F2EGI5

HvARF14 HORVU6Hr1G058890.2 MLOC_77438.2 75,658 3 2109 703 76.02 8.92 6 M0Z5E1

HvARF15 HORVU2Hr1G089670.2 AK364144

(MLOC_67174.1)

52,667 3 1164 388 42.36 8.37 2 M0YA28

HvARF16 HORVU7Hr1G101270.6 AK363500

(MLOC_64795.1)

49,326 3 2064 688 74.24 7.59 1 F2DHY2

HvARF17 HORVU2Hr1G125740.1 AK373591

(MLOC_56664.1)

41,038 2 1587 529 57.4 6.16 2 M0X3A2

HvARF18 HORVU3Hr1G072340.1 AK354806

(MLOC_66439.1)

51,557 10 1944 648 70.02 8.15 3 M0Y7E0

HvARF19 HORVU1Hr1G076690.19 AK357487

(MLOC_38232.1)

2,549,990 10 2091 697 75.57 7.06 1 M0VXM3

HvARF20 HORVU1Hr1G087460.6 AK362090

(MLOC_17721.1)

169,841 5 2193 731 80.22 6.97 1 F2DDX3

*Representative gene IDs were received from barley_ALLgenes_MIPS_15Jul14_MAPPINGinfo file (IBSC 2012)

**Morex WGS contigs correspond to ARF genes were received from POPSEQ data generated by IPK (Comadran et al. 2012; Mascher et al.

2013; Ariyadasa et al. 2014)

***Based on recent barley genome release by Mascher et al. (2017)
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and it was observed that the topologies of both trees were

identical to each other (Fig. S2), indicating the two meth-

ods were in good agreement. Combining the HvARF pro-

tein sequences with Arabidopsis, B. rapa, Z. mays, S.

lycopersicum, and V. vinifera ARFs, a comparative phy-

logenetic analysis was carried out (Fig. 3). Like the barley

phylogeny results, the constructed tree separated them into

six major classes (I–VI). Likewise, ARF sequences from

distinct plants have been categorized to the same Classes

(Table 2). Each HvARF members were found to be dis-

persed to their exact groups located in the barley phylogeny

analysis result, indicating the comprehensive phylogenetic

analysis agrees with that of barley results. ARF family TFs

have been extensively studied in Arabidopsis in which

ARF5 and ARF1 were found to exhibit antagonistic func-

tion (Rademacher et al. 2011). In the phylogenetic classi-

fication, AtARF5 and HvARF09 were resided in the same

class (Class IV), and AtARF1 and HvARF12 were grouped

in the same clade of Class III, suggesting possible antag-

onistic functionalization of HvARF09 and HvARF12 in

barley. However, a functional analysis is essential to clarify

their exact roles.

Cis-acting regulatory elements and putative
miRNA target analyses

Cis-regulatory elements (CREs) are critical sequences

which are specifically targeted by transcription factors to

regulate gene expression. So far, many CREs have been

determined and their potential roles were identified. In this

study, to understand the potential roles of HvARFs, we

analyzed the promoter region of each HvARF genes by

using PlantCARE software. Except for the two genes

(HvARF09 and HvARF12), we listed all CREs found on the

promoter site (Table S6). They were categorized into six

major functional groups; hormone response, stress, circa-

dian control, light responsiveness, promoter/enhancer ele-

ment, and development/tissue specificity related elements

(Fig. S5). Analyses revealed that promoter/enhancer ele-

ments (CAAT-box and TATA-box) were abundantly

placed at the promoters of HvARFs in general. Also, light

responsive and hormone response elements were the other

most abundant functional categories. Hormone response

elements were comprised of AuxRR-core and TGA-ele-

ment which are directly associated with auxin-responsive-

ness. These results suggested that HvARF genes were

mainly associated with hormone, stress, light

Fig. 3 Comparative

phylogenetic analysis of 20

HvARFs with Arabidopsis (23),

Brassica rapa (31), Zea mays

(36), Solanum lycopersicum

(21) and Vitis vinifera (19) ARF

sequences. Arabidopsis and

barley ARFs was represented

with red and blue colors,

respectively. Six major ARF

classes (Class I–VI) with their

corresponding names for

AtARFs were shown (color

figure online)
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responsiveness, as well as development and tissue-specific

expressions. Also, some of the ARF genes could be related

to the regulation of Circadian rhythm.

miRNAs regulate gene expression by post-translational

modifications via mRNA cleavage or translational inhibi-

tion. To detect potential regulation of HvARFs by miRNA,

we analyzed cDNA sequences including 50 and 30

untranslated regions (UTRs), and the coding regions of all

ARF members in barley. We used the psRNATarget pro-

gram to detect miRNA targets. Maximum expectation

score was settled to 3.5 (instead of 5) to maximize the

probability to capture the highest miRNA-target comple-

mentary. The analyses resulted that five different miRNAs

target seven HvARF mRNAs at 11 prediction sites (Fig. 4;

Table S3). Detected miRNAs bind to coding or non-coding

regions (UTR) of ARF transcripts that triggers cleavage or

translation inhibition. For instance, HvARF19 was targeted

by hvu-miR5049c and hvu-miR6197, which promote

cleavage and translational inhibition, respectively. Also,

HvARF19 was targeted by three different miRNAs (hvu-

miR1436, hvu-miR5049c, and hvu-miR6197). hvu-

miR5049c has potential to inhibit three ARF members

(HvARF01, HvARF03, and HvARF19) by cleavage. Nota-

bly, miR6197 targets HvARF19 mRNA from two com-

plementary sequences located in the same exon (exon 1).

Interestingly, hvu-miR160 simultaneously targets four ARF

members (HvARF14, HvARF15, HvARF16, and HvARF17)

which are the members of Class II (AtARF10/16/17-like)

subgroup. It seems that these ARFs could functionally be

regulated by miR160 and may have a cooperative role in

the cell. Previous reports support this idea, for instance

miR160 targets ARF10, ARF16, and ARF17 (Class II

ARFs) in Arabidopsis and directs posttranscriptional reg-

ulation during growth and development processes (Mallory

et al. 2005), i.e. miR160 targeted ARF10 and ARF16 in

Arabidopsis controls root cap cell formation (Wang et al.

2005), and in rice miR160 negatively regulates of its target

(OsARF18) which caused alteration in auxin signaling and

development (Huang et al. 2016).

Expressions of HvARFs in tissues and stress
conditions

ARF family transcript accumulation was assessed in 16

different developmental stages of barley which gives deep

information to understand possible organ or tissue-specific

functionalities of HvARFs separately. RNA-Seq-based

expressions were represented with three or two replicates

retrieved from BARLEX and PGSB databases. Heatmap

analysis revealed that Class I, II, and V members clustered

together, which shows similar expression patterns among

the selected tissues. Also, ARFs repressed or activated in

specific tissues showed their spatial and temporal expres-

sion (Fig. S6). In addition, accumulation of ARF transcripts

during seed germination stages (24 h and 48 h) from four

barley cultivars (Bass, Harrington, Stirling, and Baudin)

were assessed (from GEO dataset, GSE66024). The results

showed that in general ARF expressions were dramatically

changed during germination periods (Fig. S9a). This

implies the importance of HvARF TFs for the development

of embryo and organs. Log2 calculated expression data

represented in Table S2.

Table 2 Classes and numbers of ARF genes in selected plant species

Class I

(AtARF3/4-

like)

Class II

(AtARF10/16/

17-like)

Class III

(AtARF1/2-

like)

Class IV

(AtARF5-

like)

Class V

(AtARF6/8-

like)

Class VI

(AtARF7/19-

like)

Others Total

ARFs

References

A. thaliana 2 3 13 1 2 2 23 Hagen and

Guilfoyle

(2002)

B. rapa 3 5 13 3 3 4 31 Mun et al.

(2012)

H. vulgare 3 4 4 1 4 4 20 This study

Z. mays 5 10 9 2 6 4 36 Wang et al.

(2012)

S.

lycopersicum

2 4 6 1 4 3 21 Wu et al.

(2011)

V. vinifera 2 4 7 1 3 2 19 Wan et al.

(2014)

M. truncatula 3 4 3 – 3 2 9 24 Shen et al.

(2015)

G. max 8 9 14 2 11 6 51 van Ha et al.

(2013)
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Fig. 4 miRNAs are potentially targeting HvARFs. Putative miRNA-ARF complementary may repress the expression of some HvARFs via either

directing cleavage or translation inhibition. Duplicated HvARFs or hvu-miRNAs were labeled with the same color code (color figure online)
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Together with, expression level of HvARF genes were

assessed under varied stress conditions such as drought

with three different water content stages (7, 19, and 38%

SWC), heat (0.5, 3 and 6 h), salinity (root and shoot), and

excess boron (5 and 10 mM boric acid). The data obtained

for 10 HvARF members and represented in Fig. S8. The

results pointed out that some ARF members were highly

expressed under drought stress condition, for instance,

HvARF10 and HvARF11. In addition, HvARF15 and

HvARF16 were the heat stress responsive transcripts where

their expression was downregulated. However, expression

of these genes was tissue-specific and reversely altered at

the root and shoot tissues after 1 h of heat treatment (GEO

dataset: GSE82134) (Fig. S7b). Also, we found that salt

and boron stress did not significantly alter ARF

expressions.

We identified 20 HvARF genes in the latest genome

release of barley. Chromosome distribution of HvARFs

showed that they were preferentially located in the distal

parts of the chromosomes where duplication frequency of

the genes was higher than the proximal and interstitial

parts. In those regions, segmental and tandem duplications

took place and contributed to the expansion of HvARF

family. Critical residues of HvARFs for protein–protein

interaction and DNA binding were determined which are

critical for ARF functionality. Analysis of cis-acting ele-

ments revealed that hormone response, stress, circadian

control, light responsiveness, promoter/enhancer element,

and development/tissue specificity related elements were

abundantly placed in the promoter region of HvARF genes.

In addition, post-transcriptional modification of HvARFs

via miRNAs were assessed and we found that seven

HvARFs were potentially targeted by five different miR-

NAs that can regulate auxin-mediated biological processes.

Interestingly, hvu-miR160 simultaneously targets Class II

members (HvARF14, HvARF15, HvARF16, and

HvARF17), whose expression pattern were similar to each

other in 16 tissues represented in this study. In addition,

RNA-Seq-based expression patterns of HvARFs were

determined in various stress conditions, revealed that ARF

family members involve in abiotic stress tolerance and

adaptation. Those results revealed a comprehensive

framework to understand the biological roles of ARFs in

both barley and plant species. Also, it helps to uncover

auxin-mediated gene regulatory mechanisms in plants.

Moreover, the data represented here can be useful for

further functional characterization studies of ARFs based

on overexpression, RNAi or genome editing methods such

as CRISPR-Cas9.
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