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Analysis of MYB genes in four plant species and the

detection of genes associated with drought resistance

Yanli Zhou, Lin Lu, Ningyawen Liu, Hua Cao, Han Li, Daping Gui, Jihua Wang,
and Chengjun Zhang

Abstract: MYB transcription factor, which contains a conserved DNA binding domain, has been found in
almost all eukaryotes. MYB genes have variable functions in plants and are involved in many pathways. We
systemically analyzed the MYB gene family in three Ericaceae species, Rhododendron williamsianum Rehder &
E.H. Wilson, Rhododendron delavayi Franch., and Vaccinium corymbosum L., and one outgroup, Actinidia chinensis
Planch., with 99, 156, 480, and 185 MYB genes found, respectively. The MYB genes were classified into five types
based on the number of conserved MYB motifs, and the two repeat (2R) types were dominant in all four spe-
cies. The percentage of 2R type MYB ranged from 48.5% to 87.9% depending on the species. We further classi-
fied the conserved MYB motifs into M1, M2, and M3 types based on motif definition. We found an abundance
of 3xM2 type in the 3R group, but found a species-specific type preference for 1R and 2R genes. In searching
for Arabidopsis drought-resistant genes, we detected 34 potential candidates in four species. The expression
profile of R. delavayi showed 11 candidate drought-resistant RIMYB genes, which provide a potential molecular
design target for breeders. Our results describe the MYB gene family in these four species and could play an
important role in future analyses.

Key words: Ericaceae, Rhododendron, blueberry, kiwi fruit, conserved motif.

Résumé : Le facteur de transcription MYB, qui comporte un domaine de liaison a ’ADN conservé, a été trouvé
chez presque tous les eucaryotes. Les génes MYB exercent des fonctions variables chez les plantes et sont
impliqués dans de nombreuses voies. Les auteurs ont analysé de maniére systématique la famille des genes
MYB chez trois especes d’Ericaceae, Rhododendron williamsianum Rehder & E.H. Wilson, Rhododendron delavayi
Franch. et Vaccinium corymbosum L., et chez un hors-groupe, Actinidia chinensis Planch., avec 99, 156, 480 et 185 genes
MYB trouvés, respectivement. Les génes MYB ont été classés en cinq types en fonction du nombre de motifs MYB con-
servés, et les types a deux répétitions (2R) étaient dominants chez les quatre especes. Le pourcentage de MYB de type
2R variait de 48,5 % a 87,9 % chez les différentes espéces. Ils ont ensuite classé les motifs MYB conservés en types M1,
M2 et M3 en fonction de la définition du motif. Ils ont constaté une abondance du type 3xM2 chez le groupe 3R,
mais une préférence spécifique a I'espéce quant aux types pour les génes 1R et 2R. En recherchant les génes de résist-
ance a la sécheresse chez Arabidopsis, ils ont détecté 34 candidats potentiels chez les quatre espéces. Le profil
d’expression de R. delavayi a montré la présence de 11 géenes RAMYB candidats pour la résistance a la sécheresse,
qui constituent une cible moléculaire potentielle pour les sélectionneurs. Ces résultats décrivent la famille de
génes MYB chez ces quatre espéces qui pourraient jouer un role important dans les analyses futures. [Traduit
par la Rédaction]

Mots-clés : Ericaceae, Rhododendron, myrtille, kiwi, motif conservé.
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Introduction

Transcription factors (TFs) play a central role in devel-
opmental and metabolic programs by regulating the tran-
scription of downstream target genes (Cao et al. 2020).
v-Myb avian myeloblastosis viral oncogene homolog (MYB)
TF genes have been found in almost all eukaryotes, which
contain a conserved DNA binding domain (Gonzdlez-Verdejo
et al. 2007). The MYB domain is composed of 14 imperfect
repeats, and the number of repeats in their sequences
represent a classification criterion, i.e., 1R, R2R3(2R), 3R,
4R, and 5R (He et al. 2016). In each repeat, the MYB domain
consists of approximately 50 amino acid residues and
forms three a-helices.

Systematic research into the MYB gene family at the
genome level can be classified into three stages. The first
stage was in the late 1990s when MYB genes were discov-
ered using 3'-RACE and RT-PCR technology, accompanied
by cloning and sequencing. For example, Gomez-Gomez
et al. (2012) reported that two-repeat (R2R3) MYB sub-
family is the largest group characterized in plants. Kranz
et al. (1998) identified more than 100 R2R3-MYB genes in
Arabidopsis thaliana (L.) Heynh., and Rabinowicz et al. (1999)
found that more than 80 R2R3-MYB genes were expressed
in maize. In this first stage, it was known that MYB genes
were more numerous in plant genomes compared to ani-
mal genomes. The second stage involved the use of probe
sets or expressed sequence tags to detect MYB genes before
the complete genome data were available. Using this
approach, Wilkins et al. (2009) and Wang et al. (2015) found
192 and 40 MYB genes in Populus and Rehmannia glutinosa
(Gaertn.) DC., respectively. With the advent of high-
throughput sequencing technology and improved genome
assembly and annotation capabilities (Zhang et al. 2021),
the third stage used whole genome data to uncover MYB
genes. Using this approach, Stracke et al. (2014) employed
the consensus R2R3-MYB DNA binding domain sequence
as a query and found 70 R2R3-MYB genes in Beta vulgaris L.
Du et al. (2012b) detected a total of 244 R2R3-MYB genes in
soybean and further classified them into 48 subfamilies
based on a phylogenetic comparative analysis with their
putative orthologs, and there are more than 109 R2R3-
type MYB genes in Hypericum perforatum L. (Zhou et al. 2020).
Gonzalez et al. (2016) detected 186, 98, and 86 R2R3-MYB
genes in apple, peach, and strawberry, respectively, and
genes with incomplete R2 or R3 domains were removed.
Du et al. (2012a) applied the preliminary BLASTP method
to search MYB motif sequences against known maize ge-
nome. After a serial in silico calculation, they identified
157 typical non-redundant R2R3-MYB genes in maize; this
number is much larger than in previous studies (Rabinowicz
et al. 1999). Overall, using whole genome data to reveal spe-
cific species MYB genes is easier and more efficient.

Compared to the conserved N-terminal of MYB pro-
teins, the highly divergent C-terminal contains a tran-
scription activation and (or) repression domain (Katiyar
et al. 2012; Mitra et al. 2021; Yang et al. 2021), which
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confers a regulatory role for each family member (Chen
et al. 2021). It diversifies functions of these MYB genes in
plants including primary metabolism, secondary metab-
olism, cell fate and identity, environmental stresses, and
organ development (Wei et al. 2020; Zhu et al. 2020;
Rodrigues et al. 2021; Xiao et al. 2021). Among these func-
tions, MYB genes play a very important role in drought
resistance. Gao et al. (2014) reported that AtMYB20 was
induced by high levels of NaCl and was suppressed by
desiccation, cold stress, and abscisic acid (ABA) treatment.
Su et al. (2013) found a severe filament elongation defect
under drought stress in AtMYB21 knockout plants, suggest-
ing that appropriate stamen development under drought
condition requires AtMYB21. Cheng et al. (2009) showed
that AtMYB21, AtMYB24, and AtMYB57 are GA-dependent,
stamen-enriched genes. Genetic analysis indicated that
the myb21-t1 myb24-t1 myb57-t1 triple mutant conferred a
short stamen phenotype, leading to male sterility. Palatnik
et al. (2003) reported that the overexpression of a miRNA-
resistant form of MYB33 had major phenotypic consequen-
ces, which provided strong evidence for miRNA regulation
of AtMYB33. Reyes and Chua (2007) suggested that the
ABA-induced accumulation of miR159 was a homeostatic
mechanism to direct AtMYB33 and AtMYB101 transcript
degradation to desensitize hormone signaling during seed-
ling stress responses. Park et al. (2011) found that AtMYB52
overexpression lines were drought-tolerant, and their data
suggested that AtMYB52 is involved in the ABA response. Oh
et al. (2011) and Cominelli et al. (2005) suggested that
AtMYB60 plays a crucial role in stomatal movement and
enhances sensitivity to water deficit stress. Romano et al.
(2012) found that AtMYB61 was expressed in several tis-
sues, notably the xylem, roots, and developing seeds. The
loss of AtMYB61 function decreased xylem formation,
induced qualitative changes in xylem cell structure, and
decreased lateral root formation. AtMYB73 interacted with
PYL8 and promoted the growth of lateral roots, thus
increasing drought tolerance (Zhao et al. 2014). Lee and
Suh (2015) reported that the AtMYB94 gene was expressed
in abundance in aerial organs, and it showed a higher
expression in the stem epidermis than in the stem. When
seedlings were subjected to various treatments, the expres-
sion of AtMYB94 was observed to increase approximately
nine-fold under drought stress, and experiments showed
that the AtMYB94 gene activates Arabidopsis cuticular wax
biosynthesis and might be important in the plant’s
response to drought stress (Lee and Suh 2015). Mengiste
et al. (2003) used T-DNA insertion lines and found that
AtMYB108 (BOS1) interacts with the jasmonate signaling
pathway, which is possibly mediated by reactive oxygen
intermediates from both biotic and abiotic stress agents.
Using flp-1 and AtMYB88 double mutants, Xie et al. (2010)
showed that AtMYB124 (FLP) controls water loss by regulat-
ing the stomata.

Ericaceae, or the heath family, is the largest family in
Ericales, containing about 4000 species. Members of this
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Table 1. Genome data and MYB gene numbers of each species.
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Species name Abbreviation Proteins*  AtMYBs step PF00249 step Percentage Reference
Rhododendron williamsianum Rhow 23548 99 0.42 Soza et al. 2019
Rhododendron delavayi Rhod 32938 156 0.47 Zhang et al. 2017
Vaccinium corymbosum Vacc 128559 480 0.37 Colle et al. 2019
Actinidia chinensis Kiwi 39040 185 0.47 Huang et al. 2013

*Links for Protein sequences: Rhow (https://ftp.ncbi.nlm.nih.gov/genomes/all/GCA/009/746/105/GCA_0097461051_ASM974610v1/GCA_009746105.1_
ASM974610v1_protein.faa.gz); Rhod (ftp://parrot.genomics.cn/gigadb/pub/10.5524/100001_101000/100331/Gene/Rhododendron_delavayi.protein.fa);
Vacc (https:/fwww.vaccinium.orgfvaccinium_downloads/Vaccinium_corymbosum/Vcorymbosum_Draper_genome_vl/annotation/V_corymbosum_
Draper_v1.0-proteins-nameTruncated.fasta); Kiwi (http://bioinfo.bti.cornell.edu/ftp/kiwifruit/Kiwifruit_pep.fa.gz).

family occur mainly in tropical montane, Mediterranean,
and temperate to arctic climates (www.britannica.com).
Many important flowers and fruits belong to this family
such as Rhododendron (azalea) and blueberry. To improve
our understanding of the gene family of R2R3-MYB, TFs were
studied in three important species of the Ericaceae family:
Rhododendron delavayi Franch., Rhododendron williamsianum
Rehder & E.H. Wilson, and Vaccinium corymbosum L. ‘Draper’,
as well as the outgroup species Actinidia chinensis Planch. We
performed a genome-wide analysis of MYB genes for these
four species (including all MYB genes), we classified genes,
we described the character of the conserved motif, and we
identified potential drought-resistant genes. To the best of
our knowledge, our results provide the first comprehensive
analysis of the MYB gene family in the genome of these four
species.

Materials and methods

Data resources

We obtained 125 Arabidopsis R2R3-MYB, two unusual
MYB-type genes, and five 3R-MYB-type gene IDs from a
previous study (Stracke et al. 2001), and then the coding
domain sequences (CDS) were downloaded from TAIR
(http:/www.Arabidopsis.org/) (see cjb 2020 0227supplc in
Supplementary Material'). We obtained 150 seed sequences
from the PFAM database (http://[pfam.xfam.org/) with the
ID “PF00249” (see c¢jb 2020 0227suppld in Supplementary
Material’), which contained the DNA-binding domains
from MYB proteins as well as the SANT domain family.
We downloaded the protein sequences of the four
species from the following genome databases (Table 1):
V. corymbosum (Colle et al. 2019) from GDB (https:/[www.
vaccinium.org), Actinidia chinensis (Huang et al. 2013) from
IKGC (http://bioinfo.bti.cornell.edu/ftp/kiwifruit/), R. delavayi
(Zhang et al. 2017) from Gigadb (http://gigadb.org/), and
R. williamsianum (Soza et al. 2019) from the NCBI assembly
(https:/fwww.ncbi.nlm.nih.gov/assembly/GCA_0097461051)).
The two Rhododendron datasets are also available on RPGD
(http://bioinfor.kib.ac.cn/RPGD/download_genome.html).

Identification of MYB genes in four species

First, using the 132 AtMYB gene CDS sequences, we per-
formed a BLASTX query against the local whole-genome
protein database in our four species with the default

parameters, set the e value to 0.01, and all the candidate
protein sequences were collected by shell scripts. Second,
using the 150 seed sequences from PFAM, we performed a
BLASTP query against the local candidate protein sequen-
ces database to identify the DNA-binding domains. All can-
didate protein sequences with PFAM domain signals were
recorded as MYB genes.

Detection of maximum conserved motifs from species

We employed a homemade pipeline 1 (see cjb 2020
0227supplj in Supplementary Material') to obtain the
maximum conserved MYB (DNA-binding) motifs from each
MYB gene in five species (V. corymbosum, Actinidia chinensis,
R. delavayi, R. williamsianum, and Arabidopsis thaliana). The
pipeline combines several regions into the largest intervals
if the ‘s.start to s.end’ region of the different hits of one
specific AtMYB gene overlapped. For example (see cjb 2020
0227supple in Supplementary Material'), the gene AtMYB3R4
(AT5G11510.1) had six BLASTP hits (for simplicity, we only
show six hits), the ‘s.start to s.end’ hit regions were 32-57,
32-73, 31-75,136-178, 84-124, and 81-123, respectively. All
these hits were combined into three maximum motifs,
ranging from 31-75, 81-124, and 136-178. Then, all the
sequences of the maximum conserved MYB motifs were
extracted according to the region information.

Classification of super-groups and the characteristics of
conserved motifs

To profile the characteristics of the MYB motifs in our
four species, we employed ClustalX2 (Stracke et al. 2001)
using the collected maximum conserved MYB motif sequen-
ces to build a guide tree for each species together with
Arabidopsis thaliana. Subsequently, all four guide trees
were separated into three super-groups manually, based
on the balance of sequence numbers and tree topology.
Because of too many motif sequences in V. corymbosum,
dozens of subgroups were presented in the tree file, and
detailed information on subgroups was included in the zip
file (see cjb 2020 0227supplf in Supplementary Material').
The maximum conserved motif sequences in each super-
group for each species were aligned using MEGA7 (Kumar
et al. 2016), and the major gaps were manually removed
from the alignment. Finally, the multiple alignment motif

Supplementary data are available with the article at https://doi.org/10.1139/cjb-2020-0227.
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sequences were submitted to the WEBLOGO website
(Crooks et al. 2004) (http://weblogo.berkeley.edu/logo.cgi).

Detection of drought-resistant MYB genes

To predict the drought-resistant MYB genes in our four
species, we employed the reciprocal best hit method to
identify orthologous genes of MYB genes known to possess
this function in Arabidopsis. The MYB genes in Arabidopsis
associated with drought resistance were sourced from
previous studies and are listed in Table 2. To search for
orthologous genes, we employed BLASTP with default
parameters, except that the e value was set to 1e >, In
each round, the specific AtMYB gene sequences were used
as queries and the genome protein database was used as
the subject data; only the best hits were retained in subse-
quent analyses.

Expression analysis of drought-resistant RAMYB gene using
transcriptome data

To investigate the changes in expression under different
growing conditions, we obtained the expression profile for
each potential drought-resistant RAMYB gene from the
RPGD database (http://bioinfor.kib.ac.cn/RPGD/searchgene_
expression.html) (Liu et al. 2021). The original data and
expression analysis were presented in a previous study
(Cai et al. 2019). The growing conditions included normal
irrigation (CK), stopping irrigation for five days (D5), stopping
irrigation for nine days (D9), and re-watering for six hours
(REC) after 10 days of drought.

Results
Genome-wide identification of the MYB genes in four species
Using the two data sets from Arabidopsis thaliana and
PFAM, we detected hundreds of candidate MYB genes and
the maximum conserved motif features in our four spe-
cies. First, using the BLASTX program with the 132 AtMYB
CDS sequences (see cjb 2020 0227supplc in Supplementary
Material'), we detected 265, 473, 989, and 419 MYB candi-
date genes in R. williamsianum, R. delavayi, V. corymbosum,
and Actinidia chinensis, respectively (Table 1). Second, to fur-
ther confirm that the MYB domains were present in the
candidate genes, we used the 150 PF00249 seed sequences
(see cjb 2020 0227suppld in Supplementary Material') as
queries, employed BLASTP with default parameters and set
the p value to 0.01. The results indicated that there were 99,
156, 480, and 185 MYB genes in R. williamsianum, R. delavayi,
V. corymbosum, and Actinidia chinensis, respectively (Table 1).
These numbers were much smaller than those obtained
from the first step. The MYB gene IDs (the IDs from original
data as well as renamed IDs) of R. williamsianum are pre-
sented in Table 3, whereas the IDs of the other species are
presented in the supplementary file (see ¢jb 2020 0227supplg
in Supplementary Material'). The MYB gene sequences
are presented in ¢jb 2020 0227supplh in Supplementary
Material.
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Five types of MYB genes based on the number of conserved
maximum motif regions

We used the homemade pipeline 2 (see cjb 2020
0227supplj in Supplementary Material') to detect 155,
275, 974, and 301 conserved maximum motif regions in
R. williamsianum, R. delavayi, V. corymbosum, and Actinidia
chinensis, respectively, and there were 268 conserved regions
in Arabidopsis thaliana (Table 4). The number of motifs was
almost twice the number of MYB genes in each species,
which means that the majority of MYB genes had two MYB
domains. Based on the number of MYB motifs inside the
gene, we classified all MYB genes into 1R, 2R, 3R, 4R, and
5R types. According to the data presented in Table 3 and
cjb 2020 0227supplg in the Supplementary Material’, the
2R type MYB genes were dominant over all other types in
our four species, with the highest percentage of 2R type
being 87.9% in V. corymbosum (Table 4). The 1R type MYB genes
occupied the second place, ranging from 5.6% to 47.5%. The
proportion of 3R type MYB genes in the four species was
quite stable at approximately 4%. The 4R and 5R types were
rare, which is consistent with the results of previous studies.
Based on the location and length information of conserved
maximum motif regions in the MYB genes in each spe-
cies (Table 3 and cjb 2020 0227supplg in Supplementary
Material'), a motif location diagram was drawn using
homemade scripts 3 (see cjb 2020 0227supplj in Supple-
mentary Material') for all MYB genes of R. williamsianum,
as presented in Fig. 1, whereas those of other species are
presented in Supplementary Fig. S1'.

Characteristics of conserved maximum motifs

Based on the guide tree, all sequences of conserved
maximum motifs in each species were manually separated
into three super-groups (see cjb 2020 0227supplf in Supple-
mentary Material'). The conserved motif sequences in each
super-group for each species were aligned using the Muscle
program (Edgar 2004) built in MEGA7 (Kumar et al. 2016),
and then submitted to WEBLOGO (Crooks et al. 2004). The
conserved motifs of R. williamsianum are presented in
Fig. 2, whereas the others are presented in Supplementary
Fig. S2'. We defined the conserved motifs in each species
as M1, M2, and M3. Based on the information obtained
from WEBLOGO, we found that (i) all of the M1 and M2
conserved motifs in each species contained two trypto-
phans (W), whereas M3 contained only one; (ii) the sizes of
conserved motifs were stable, ranging from 45 to 51 amino
acids; and (ifi) the position of tryptophan was stable and the
sequence length between two tryptophans was around
18-19 amino acids.

The profile of conserved motifs in MYB genes in each species
Based on the definitions of M1, M2, and M3, the motif
location diagram (Fig. 1and Supplementary Fig. S1') clearly
illustrated the profile of conserved motifs in MYB genes
in each species (Table 5). The 3R genes had M1IM2M3 and
3xM2 types, but most were 3xM2 type. For 1R genes, it was
interesting that the four species had completely different
patterns. Rhododendron williamsianum had only M2 and M3
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Table 2. The orthologous genes of AtMYBs that had the potential drought resistance function in four species.

‘[e 32 noyz

Orthologous gene Name in four Ericales species

Gene Name Locus References Rhod(11) Rhow(6) Kiwi(7) VceD(10)  Function
AtMYB2 AT2G47190 Urao et al. 1993; Have higher sensitivity to ABA
Abe et al. 2003

AtMYB13 AT1G06180 Kirik et al. 1998 Induced by drought and ABA treatment

AtMYB15~ATY19 AT3G23250 Ding et al. 2009 VcMYB79  Hypersensitive to ABA, overexpression improves drought
and salt tolerance

AtMYB20 AT1G66230 Gao etal. 2014 RAMYB94 Response to desiccation stress in an ABA-dependent manner

AtMYB21~MYB3 AT3G27810 Suetal. 2013 RAMYB99 AcMYB184 VcMYB303 Required by stamen development under drought conditions

AtMYB37~RAX1 AT5G23000 Yuetal. 2016 Response to ABA, drought stress

AtMYB41 AT4G28110 Cominelli et al. 2008 Response to drought, ABA; cell-wall and cell expansion

AtMYB52~BW52 AT1G17950 Park et al. 2011 RAMYB86 RwMYB94 AcMYB19 VcMYB399 Mutant is ABA-hypersensitive, overexpression lines were
drought tolerant

AtMYB60 AT1G08810 Oh et al. 2011 RAMYB38 VcMYB293 Involvement in stomatal regulation and root growth

AtMYB61 AT1G09540 Penfield et al. 2001; RAMYB35 AcMYB39 VcMYB13  Loss of AtMYB61 function decreases xylem formation;

Romano et al. 2012 decreases lateral root formation

AtMYB94~MYBCP70 AT3G47600 Lee and Suh 2015 RAMYB133 Activates WSD1 et al. genes; cuticular wax biosynthesis

AtMYB96~MYBCOV1 AT5G62470 Seo et al. 2009 VcMYB85  Mediates ABA-auxin crosstalks in drought stress response
and lateral root growth

AtMYB108~B0S1 AT3G06490 Mengiste et al. 2003 ~ RAMYB32  RwMYB32 Response from both biotic and abiotic stress

AtMYB12~PFG1 AT2G47460 Nakabayashi et al. 2014 RwMYB79 AcMYB52 Overexpress help flavonoid overaccumulation, is the key

AtMYB75~PAP1, SIAA1  AT1G56650 to enhanced drought tolerance

AtMYB33 AT5G06100 Reyes and Chua 2007 RdMYB84 RwMYB65 AcMYB170 VcMYB138 miR159 over-expression suppresses MYB33 and MYB101

AtMYB101~ATM1 AT2G32460 RAMYB4 AcMYB182 VcMYB91 transcript levels and renders plants hyposensitive to ABA

AtMYB44~MYBR1 AT5G67300 Jung et al. 2008; Sensitive to ABA, ABA-induced stomatal closure; PYL8

AtMYB73 AT4G37260  Zhao et al. 2014 RAMYB154 RwMYB1S AcMYB124 VcMYB383  promotes lateral root growth by enhancing the activities

RwMYB43 of MYB77, MYB44 and MYB73

AtMYB77 AT3G50060

AtMYB88 AT2G02820 Xie etal. 2010; RwMYB36  Achn183081 (Null) flp-1 myb88 plants are significantly more susceptible to

AtMYB124~FLP AT1G14350  Laietal. 2005 RAMYB98 VcMYB358  drought and high salt; jointly restrict divisions late in the

Arabidopsis thaliana stomatal cell lineage

Note: The alignment data for these 15 orthologous MYB gene groups indicated that all the MYB genes had a high similarity region in the MYB domain in the N-terminal, and the similarity
in the C-terminal is quite low (see cjb 2020 0227suppli in Supplementary Material'). This result was unexpected and implied that the function of the orthologous genes in the four species

might vary.
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Table 3. The protein region information of maximum conserved motif.
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MYB gene IDs Motifl Motifl Motifl Motif2 Motif2 Motif2 Motif3 Motif3 Motif3
in RhoW IDs in NCBI start site stop site size start site stopsite size start site stop site size

1 RwMYB29 KAE9452294.1 31 78 47 83 128 45 6 25 19
2 RwMYB70 KAE9462538.1 136 183 47 188 233 45 62 130 68
3  RwMYB22 KAE9450902.1 57 103 46 109 155 46 161 206 45
4 RwMYB62 KAE9461286.1 341 387 46 395 440 45 447 495 48
5 RwMYB23 KAE9450993.1 22 67 45 1 16 15

6  RwMYB52 KAE9459385.1 23 63 40 2 19 17

7 RwMYB68 KAE9462464.1 27 72 45 1 21 20

8 RwMYB84 KAE94648771 30 75 45 2 24 22

9  RwMYB90 KAE9465477.1 32 75 43 4 26 22

10 RwMYB44 KAE9457292.1 46 91 45 23 40 17

11 RwMYB97 KAE9467402.1 55 99 44 5 49 44

12 RwMYB21 KAE9450209.1 88 138 50 2 49 47

13 RwMYB94 KAE9467029.1 56 101 45 4 50 46

14 RwMYB9 KAE9447984.1 59 103 44 6 53 47

15 RwMYBI18 KAE9449693.1 64 109 45 10 58 48

16 RwMYB57 KAE9460123.1 64 118 54 15 58 43

17 RwMYB87 KAE9465236.1 122 172 50 23 70 47

18 RwMYB56 KAE9460081.1 79 133 54 35 73 38

19 RwMYB76 KAE9463592.1 135 186 51 26 74 48

20 RwMYB27 KAE9451475.1 132 181 49 34 80 46

21 RwMYB1 KAE9444863.1 14 84 70 45 84 39

22 RwMYB71 KAE9462861.1 105 145 40 69 86 17

23 RwMYB26 KAE9451469.1 97 142 45 47 91 44

24 RwMYB14 KAE9449120.1 102 146 44 50 96 46

25 RwMYB99 KAE9468028.1 24 97 73 61 97 36

26 RwMYB78 KAE9463847.1 14 98 84 71 98 27

27 RwMYB59 KAE9460663.1 14 53 39 56 100 44

28 RwMYBS8 KAE9447794.1 4 53 49 59 103 44

29 RwMYB86 KAE9465173.1 8 54 46 60 105 45

30 RwMYB75 KAE9463514.1 8 55 47 61 105 44

31 RwMYB91 KAE9465489.1 8 55 47 61 106 45

32 RwMYB36 KAE9453978.1 10 56 46 62 106 44

33 RwMYB95 KAE9467092.1 22 106 84 68 106 38

34 RwMYB43 KAE9457199.1 9 57 48 63 108 45

35 RwMYB39 KAE9455598.1 116 157 41 53 110 57

36 RwMYB79 KAE9464060.1 14 61 47 67 112 45

37 RwMYBI10 KAE9448476.1 16 62 46 68 113 45

38 RwMYB72 KAE9463058.1 20 67 47 74 118 44

39 RwMYBS80 KAE9464208.1 135 180 45 83 129 46

40 RwMYB20 KAE9450176.1 6 54 48 112 133 21

41 RwMYB17 KAE9449290.1 139 184 45 87 133 46

42  RwMYB32 KAE9453288.1 38 85 47 91 136 45

43 RwMYB42 KAE9457118.1 40 86 46 92 137 45

44 RwMYB89 KAE9465425.1 24 73 49 109 146 37

45 RwMYB7 KAE9447730.1 60 107 47 m 155 44

46 RwMYB65 KAE9462071.1 37 84 47 90 159 69

47 RwMYB25 KAE9451250.1 31 79 48 134 181 47

48 RwMYB77 KAE9463599.1 120 166 46 176 221 45

49 RwMYBS88 KAE9465248.1 47 93 46 202 247 45

50 RwMYB60 KAE9461019.1 153 199 46 205 250 45

51 RwMYB41 KAE9456295.1 565 613 48 461 500 39

52 RwMYB24 KAE9451173.1 492 524 32 540 603 63

53 RwMYB37 KAE9454491.1 1 21 20

54 RwMYB50 KAE9458458.1 1 24 23

55 RwMYB49 KAE9458419.1 4 29 25

56 RwMYB2 KAE9445881.1 1 29 28

57 RwMYB54 KAE9459430.1 2 30 28
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Table 3 (concluded).
MYB gene IDs Motifl Motifl Motifl Motif2 Motif2 Motif2 Motif3 Motif3 Motif3
in RhoW IDs in NCBI start site stop site size start site stopsite size start site stop site size
58 RwMYB96 KAE9467251.1 8 30 22
59 RwMYBI11 KAE9448737.1 1 30 29
60 RwMYB58 KAE9460131.1 1 31 30
61 RwMYB61 KAE9461151.1 2 31 29
62 RwMYBS81 KAE9464264.1 1 31 30
63 RwMYB46 KAE9457769.1 1 32 31
64 RwMYB45 KAE94577571 13 36 23
65 RwMYB35 KAE9453871.1 2 43 41
66 RwMYBI16 KAE9449280.1 10 45 35
67 RwMYB3 KAE9446530.1 2 45 43
68 RwMYB33 KAE9453360.1 13 51 38
69 RwMYB47 KAE9457880.1 22 54 32
70 RwMYB4 KAE9446734.1 14 55 41
71 RwMYB6 KAE9447092.1 5 56 51
72 RwMYB66 KAE9462230.1 30 58 28
73 RwMYB13 KAE9448847.1 13 59 46
74 RwMYBS3 KAE9464564.1 14 59 45
75 RwMYB64 KAE9461750.1 17 59 42
76 RwMYB55 KAE9459592.1 9 62 53
77 RwMYB40 KAE9456209.1 23 64 41
78 RwMYBS82 KAE9464313.1 11 65 54
79 RwMYB53 KAE9459393.1 16 65 49
80 RwMYB93 KAE9466726.1 15 66 51
81 RwMYB48 KAE9458192.1 23 67 44
82 RwMYB69 KAE9462534.1 1 67 56
83 RwMYB30 KAE9452688.1 25 70 45
84 RwMYB34 KAE9453745.1 15 71 56
85 RwMYB63 KAE9461695.1 31 75 44
86 RwMYB28 KAE9452026.1 14 78 64
87 RwMYBS85 KAE9464878.1 13 80 67
88 RwMYB92 KAE9465653.1 40 83 43
89 RwMYB19 KAE9450139.1 43 88 45
90 RwMYB73 KAE9463173.1 42 98 56
91 RwMYB5 KAE9447041.1 70 102 32
92 RwMYB12 KAE9448775.1 104 151 47
93 RwMYB31 KAE9452772.1 108 154 46
94 RwMYB51 KAE9458851.1 200 248 48
95 RwMYB67 KAE9462340.1 255 300 45
96 RwMYBI15 KAE9449212.1 316 348 32
97 RwMYB74 KAE9463444.1 328 377 49
98 RwMYB38 KAE9454901.1 868 908 40
99 RwMYB98 KAE94679831 1950 1981 31
Table 4. Number of MYB genes.
Numbers of  Total
Species name 1R 2R 3R 4R 5R MYB gene MYB motifs
Rhododendron williamsianum 47 48 4 0 0 99 155
(47.5%)  (485%)  (4.0%)
Rhododendron delavayi 46 103 6 0 1 156 275
(29.5%) (66.0%) (3.8%) (0.6%)
Vaccinium corymbosum 27 422 21 10 0 480 974
(5.6%) (87.9%)  (4.4%)  (21%)
Actinidia chinensis 76 102 7 0 0 185 301
(41.1%) (55.1%) (3-8%)
Arabidopsis thaliana 1 124 5 1 0 131 268
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Fig. 1. Motif location diagram for Rhododendron williamsianum with the motif size and type information. The detailed
sequences (WEBLOGO) of Motifl (M1), Motif2 (M2), and Motif3 (M3) are presented in Fig. 2. Information on other species is

presented in Supplementary Fig. S1'. [Colour online.]
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Fig. 2. The WEBLOGOs for Motifl (M1), Motif2 (M2), and Motif3 (M3) of Rhododendron williamsianum. M1 and M2 had three
tryptophans (W) and M1 had a more reserved motif between the second and third tryptophans (W) compared to that of M2.
M3 had only two tryptophans (W), and the motif between the first and second tryptophans (W) was reserved as well. The
WEBLOGO for other species were presented in Supplementary Fig. S2'. [Colour online.]
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types, and the M3 type was the most abundant (78.7%).
Rhododendron delavayi also had only M2 and M3 types, but the
M2 type was the most abundant (91.3%). For V. corymbosum
and Actinidia chinensis, M1, M2, and M3 types were all pres-
ent. The ratios in V. corymbosum were 29.6%, 37.0%, and
33.3% for M1, M2, and M3 types, respectively, whereas
those in Actinidia chinensis were 2.6%, 31.6%, and 65.8%,
respectively. We classified the 2R genes into M2M2,
M3M3, M1M2, M2M3, and M1M3 types. Interestingly, we
obtained the dominant M2M2 type in R. williamsianum,
whereas the other three species had a high ratio of MIM3
type. The M2M2 and M1M3 types were the most common,
the M3M3, M1IM2, and M2M3 types were very rare, and no
M1M1 types were observed. The above results indicated
a preference for the combination of conserved motifs
among different species.

AtMYB drought-resistant gene orthologs in four species
A previous study by Baldoni et al. (2015) reported
19 AtMYB genes that were related to the drought resistance
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function. In addition, AtMYB13 was reported by Kirik
et al. (1998), AtMYB37 by Yu et al. (2016), and AtMYB73 was
reported by Zhao et al. (2014) and Jung et al. (2008). Based
on these drought-resistant gene sequences, we detected
their orthologous genes in our four species (Table 2).
Using the reciprocal best hit method, we detected 11, 6,
8, and 10 orthologous genes related to drought resist-
ance in R. delavayi, R. williamsianum, Actinidia chinensis,
and V. corymbosum, respectively. Interestingly, we found
only three genes that had all the five orthologous genes
in each species: AtMYB52 (AT1G17950) orthologous group
RAMYB86, RwMYB94, AcMYB19, and VcMYB399; AtMYB73
(AT4G37260) orthologous group RAMYB154, RwMYB18,
AcMYB124, and VcMYB383; and AtMYB33 (AT5G06100) ortholo-
gous group RAMYB84, RwMYB65, AcMYB170, and VcMYBI138.
The gene tree of these three genes is presented in Sup-
plementary Fig. $3'. In addition, three AtMYB genes had
orthologous genes in all species except for R. williamsianum:
AtMYB101 (AT2G32460) orthologous group RAMYB4, AcMYB182,
and VcMYB91; AtMYB61 (AT1G09540) orthologous group
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Table 5. Classification information of motifs in each species.

Botany Vol. 100, 2022

1R 2R 3R 4R 5R

Species name Motif1 (M1*) Motif2 (M2) Motif3 (M3) M2M2 M3M3 MIM2 M2M3 MIM3 MIM2M3 3xM2 4xM2 MIM3M2M3 M1_4xM2

Rhododendron 0 10 37 29 5 1 0 13 0 4 0 0 0
williamsianum 21.3% 78.7% 60.4% 10.4% 21% 271%

Rhododendron 0 42 4 25 0 8 6 64 1 5 0 0 1
delavayi 91.3% 8.7% 24.3% 7.8% 5.8% 621%

Vaccinium 8 10 9 46 0 0 151 225 4 17 8 2 0
corymbosum  29.6% 37.0% 33.3% 10.9% 35.8% 53.3%

Actinidia 2 24 50 33 0 7 6 56 1 6 0 0 0
chinensis 2.6% 31.6% 65.8% 32.4% 0 6.9% 5.9% 54.9%

*M1, M2, M3 is not the same in each species.

RAMYB35, AcMYB39, and VcMYB13; and AtMYB21 (AT3G27810)
orthologous group RAMYB99, AcMYB184, and VcMYB303. All
sequences for the 15 orthologous groups of drought-
resistant AtMYBs are presented in supplementary file
(see cjb 2020 0227suppli in Supplementary Material'). We
also noticed that the AtMYB88 (AT2G02820) orthologous
gene Achn183081 in Actinidia chinensis was not an MYB gene;
the non-MYB part of the Achn183081 gene had compara-
tively higher similarity to AtMYB88. We also noticed that
there were seven AtMYB genes with no orthologous genes
in our four species: AtMYB2, AtMYB13, AtMYB37, AtMYB41,
AtMYBY75, AtMYB44, and AtMYB77, indicating that these
seven AtMYB genes might be lineage-specific genes in
Arabidopsis thaliana. The alignment data for these 15 orthol-
ogous MYB gene groups indicate that all MYB genes
have a high similarity region in the MYB domain in the
N-terminal, and the similarity in the C-terminal is quite
low (see cjb 2020 0227suppli in Supplementary Material').

The expression profile of potential drought-resistant
RAMYB genes

Based on the data from our previous transcriptomic
analysis of drought tolerance in R. delavayi, we checked
the expression levels of 11 RAMYB genes with potential
drought resistance function. The final expression pro-
file is presented in Fig. 3. Among these RAMYB genes,
RAMYB35, RAMYB38, RAMYB133, and RdMYB154 had com-
paratively higher expression levels, with maximum
fragments per kilobase per million values ranging from
tens to hundreds. The expression levels of these genes
varied under the CK, D5, D9, and REC conditions. Com-
pared to these four genes, other potential drought-
resistant RAMYB genes had comparatively low expression
levels, and two of them (RAMYB4 and RAMYB84) had no
maximum fragments per kilobase per million values.

Discussion

In this study, we performed a genome-wide analysis of
four species (V. corymbosum, Actinidia chinensis, R. delavayi, and
R. williamsianum) to elucidate the gene family of MYB TFs.
Three species belonged to the Ericaceae family, and Actinidia
chinensis was the outgroup species.

In this study, we combined BLASTP search with PFAM
motif detection to obtain more stringent MYB gene

families in our four selected species; this method was
reliable. In this way, we obtained hundreds of candidate
MYB genes first, and subsequently a small number of
final MYB genes in each species (Table 1). Alignment results
indicated that the candidate genes detected in the first step
were similar to the AtMYB genes, but not the MYB domain,
probably owing to the high similarity in the Cterminal. As a
result, we were surprised to find that one of the 132 AtMYB
genes in Stracke’s article was misidentified as an MYB gene
(Stracke et al. 2001), and that AT4G17780 was presented as
AtMYB39; however, it did not contain any MYB domains.

Based on the results from the PF00249 seed sequence
comparison, we extracted the maximum region of MYB
genes and recorded them as conserved MYB motifs.
According to the number of conserved MYB motifs, we
classified the MYB genes into five types: 1R, 2R, 3R, 4R,
and 5R. The 2R type occupied the largest part in all four
species but showed more divergent motifs (Table 5).
This result was consistent with the previous idea that 2R
type (R2R3) MYB proteins might predominantly be involved
in plant-specific regulatory processes (Jin and Martin 1999;
Stracke et al. 2001; Chen et al. 2017). However, we also
noticed that 41.1% and 47.5% of genes belonged to the 1R
type in Actinidia chinensis and R. williamsianum, respec-
tively. These ratios were quite high compared to those of
R. delavayi (29.5%), V. corymbosum (5.6%), and Brachypodium
distachyon (L.) P.Beauv. (27.9%).

Significant variations in MYB family members were
observed in our analyzed species (Table 4). Rhododendron
delavayi, Actinidia chinensis, and Arabidopsis thaliana had com-
parable numbers of MYB genes. However, V. corymbosum had
an extremely high number of MYB genes (480), which is
possibly due to the occurrence of species-specific whole
genome duplication and tandem duplication (Yang et al.
2020a). This result was also consistent with the highest
2R type MYB in V. corymbosum (Table 4). In contrast,
R. williamsianum had much fewer MYB genes, correspond-
ing to only half number of those in R. delavayi and Actinidia
chinensis (Table 4), indicating that gene or ploidy loss prob-
ably happened in R. williamsianum during recent evolution.

For the three drought-responsive AtMYBs that had all
five orthologous genes in each species, we built the gene
tree using the ML method in MEGA?7. The AtMYB33 and
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Fig. 3. The expression profile of 11 potential drought-resistant RIMYB genes under the following growing conditions:
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normal irrigation (CK), stopping irrigation for five days (D5), stopping irrigation for nine days (D9), and stopping irrigation
for 10 days and then re-watering for six hours (REC). [Colour online.]
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AtMYB52 group had gene trees identical to the species
tree, suggesting their similar evolutionary patterns. MYB33
confers drought tolerance via the ABA signaling pathway
in both Arabidopsis and potato (Wyrzykowska et al. 2021).
Park et al. (2011) also found that plants were hypersensitive
to ABA and drought tolerant after overexpressing MYB52;
however, the gene tree of the AtMYB73 group was different
from its species tree. We obtained the same result by
using only the MYB region of the AtMYB73 group. As the
gene tree was unique, we used the AtMYB73 homologous
RAMYB154 gene sequences to perform a BLAST search of
the R. williamsianum genome protein sequence database
and found that the best hit of RAMYB154 was RwMYB43.
With the new sequences, the gene tree for the AtMYB73
group was built again, and the resulting tree was identi-
cal to the species tree. Thus, we modified the result that
the orthologous gene of AtMYB73 in R. williamsianum was
RwMYB43 (Table 2). We also validated the reciprocal best hit
data, and the results indicated that RwMYBI18 (KAE9449693.1)
had a longer alignment length and higher hit score than

RwMYB43 (KAE9457199.1), but had a lower identity, suggest-
ing a rapid evolution of MYB73 in diverse species. Func-
tionally, MAMYB?73 in apples was found to regulate vacuole
acidification and malate accumulation (Hu et al. 2017). How-
ever, Yang et al. (2020b) found that AtMYB73 interacts with
AtUVRS8 to mediate auxin response and lateral root de-
velopment. When we aligned all 15 orthologous MYB
genes, higher similarities were found in the MYB domain
N-terminal region, whereas those in the C-terminal were
quite low (see c¢jb 2020 0227suppli in Supplementary Ma-
terial'). This result was expected and implied that the
functional divergence of the orthologous genes in the
four species might have occurred at the C-terminus.

Conclusions

This study is the first to systematically analyze the MYB
gene family in V. corymbosum, Actinidia chinensis, R. delavayi,
and R. williamsianum. Among hundreds of MYB genes, we
classified these genes into five types, and we classified the
conserved MYB motifs into three types. Our results revealed
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a clear profile of the MYB gene family in the four study
species. In addition, we also detected potential drought-
resistant genes in the four species using the reciprocal
best hit method. Our results can play an important role in
the future analyses of these four species.
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