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Abstract

Background The R2R3-MYB transcription factors in plants participate in various physiological and biochemical
processes and responds to various external stimuli. Prunus sibirica (known as Siberian apricot) is a drupe tree species
that produces extremely high nutritional value kernels. However, it is susceptiblility to frost damage during the
flowering period, results in a marked reduction in kernel yield.

Results In this study, the MYB gene family of P, sibirica (PsMYB) was systematically analyzed, and 116 R2R3-MYB genes
that were distributed unevenly over eight chromosomes were ultimately screened. Phylogenetic analysis divided
these 116 genes into 30 subgroups. We discovered that 37 PsMYBs had cold stress-responsive promoters, and six
PsMYBs were annotated to be associated with cold response. Intraspecific homology analysis identified segmental
duplication as the primary gene amplification mechanism, and homology analysis of the PsMYB genes with those

of five other species revealed phylogenetic relationships with Rosaceae species. Protein interaction studies revealed
collaborative regulation of the PsMYB proteins with Arabidopsis protein, and transcriptome analysis identified PsMYB
genes that were highly expressed at low temperatures. Additionally, the expression levels of 22 PsMYBs in different
tissue parts of P sibirica and under different low-temperature stress conditions were evaluated using quantitative real-
time PCR, with the results verifying that PsMYBs are specifically expressed in different plant parts and may be involved
in the growth and development of P sibirica species. Genes upregulated after exposure to low-temperature stress and
likely involved in cold response were identified.

Conclusion This study lays a foundation for understanding the molecular biology of PsMYBs in P, sibirica and provides
a theoretical basis for the future study of transgenic lines with cold resistance during the flowering period of this tree.
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Background

The family of avian myeloblastosis proto-oncogene
(MYB) transcription factors (TFs) is one of the largest
and most abundant of its kind in plants [1]. Each N ter-
minus of MYB family proteins has a highly conserved
DNA-binding domain (DBD) consisting of 1-4 incom-
plete tandem repeats (R), each comprising 50-53 con-
served amino acid (aa) residues [2]. MYB TFs can be
divided into four main types according to the number
and position of the R sequences: 2R (R2R3-MYB), 3R
(RIR2R3-MYB), 4R (R1R2R2R1/2-MYB), and 1R-MYB
(MYB-related proteins) [3, 4]. Each R forms a helix—
turn-helix (HTH) structural motif with three conserved
tryptophan residues (W) [5]. The first MYB gene ever
identified was the v-Myb oncogene of the avian myelo-
blastosis virus [6]. The first MYB TFs discovered in plants
was from the maize plant Zea mays (ZmMYBC) and was
proven to be a product of anthocyanin biosynthesis [7].
The 2R and 3R sequences are also crucial for identify-
ing the MYB family menbers [8]. R2R3-MYB is the most
common subfamily of the plant MYB gene family and
the most studied [9, 10]. Many R2R3-MYB genes have
been identified across a wide range of plant species; for
example, 80 in Spinacia oleracea [11], 126 in Arabidopsis
thaliana [12], 196 in Populus trichocarpa [13], 99 in rice
(Oryza) species [14], 176 in Stevia rebaudiana [15], and
216 in Salix [16]. However, the genome-wide identifica-
tion of the R2R3-MYB gene family in the Siberian apricot
(Prunus sibirica) has not yet been reported.

In plants, R2R3-MYB TFs participate in various devel-
opmental processes as well as biological and abiotic
regulation. For example, 12 R2R3-MYB candidate genes
related to color development were identified in Cocos
nucifera [17]. LoMYB33 was found to be involved in pol-
len development in lilies (Lilium oriental hybrids) [18].
The activity of MYB TFs under salt stress has been inves-
tigated using bioinformatics technology bioinformat-
ics technology and Petunia as a model species [19]. The
HbR2R3-MYB gene members of the rubber tree (Hevea
brasiliensis) exhibited different levels of expression under
powdery mildew infection and ethylene treatment, imply-
ing the diversity of their functions [20]. The pepper (Cap-
sicum annuum) gene CaMYB306 plays a negative role in
cold response by regulating the reactive oxygen species
(ROS) system and inhibiting the transcriptional activ-
ity of calcineurin B-like interacting protein kinase gene
13 (CaCIPK13) [21]. Transfer of the FvMYB82 gene of
Fragaria vesca to A. thaliana substantially increased the
proline and chlorophyll levels and superoxide dismutase
(SOD, EC 1.15.1.1), peroxidase (POD, EC 1.11.1.7), and
catalase (CAT, EC 1.11.1.6) activities of the transgenic
lines, which significantly improved the tolerance of A.
thaliana to salt and cold stress [22]. The LpyMYB gene
members of Lilium pumilum are upregulated to varying
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degrees under low-temperature, drought, and high-salt
stress [23]. The PhMYB62 of Pyrus hopeiensis flowers can
bind to POD gene promoter, enhance the detoxification
of ROS in plant cells, and increase the cold resistance
[24].

P sibirica is a drupe tree species belonging to the
Rosaceae family of trees and shrubs found in East Asia
and Siberia has both ecological and economic value.
The essential amino acid (EAA) content of its kernels
is higher than that of other similar almonds [25]. How-
ever, P. sibirica is an early flowering tree species that is
highly susceptible to damage from low temperatures and
late frost, which results in a serious decrease in kernel
yield and constrains the sustainable development of the
almond industry [26]. To address the reduced yield and
poor quality of P, sibirica kernels caused by frost damage
during the flowering period, new economic varieties with
high cold resistance during the flowering period need to
be developed. In this regard, identifying the genes related
to frost resistance in the flower organs is of great signifi-
cance for attaining novel transgenic lines.

In this study, we used bioinformatics technology to
characterize and analyze the R2R3-MYB gene fam-
ily members in P. sibirica and identified 116 R2R3-MYB
genes (PsMYBs). A comprehensive predictive analysis
was performed on select PsMYBs on the basis of con-
served domains, phylogenetic trees, transcriptomes, and
other aspects. Quantitative Real-time PCR (qRT-PCR)
was used to evaluate the expression patterns of specific
PsMYB genes in different tissues under low-temperature
stress. This study aimed to comprehensively understand
the R2R3-MYB TF family and predict their functions,
laying the theoretical foundation for functional studies of
this family and investigating the molecular mechanism of
flower organ resistance to freezing in P. sibirica. The find-
ings of this study will contribute to improving the yield
of P sibirica kernels and provide support for enriching
germplasm resources through genetic engineering.

Results

Identification of the R2R3-MYB gene family in P. sibirica

In this study, 126 A. thaliana R2R3-MYB proteins, con-
sensus protein sequences of the MYB-binding domain,
and a Hidden Markov Model (HMM) profile (PF00249)
were used to retrieve the P. sibirica R2R3-MYB genome.
In total, 116 R2R3-MYB genes were confirmed in the P
sibirica genome and designated as PsMYBI-PsMYB116
on the basis of their chromosomal locations.

The physicochemical properties of the 116 PsMYB
proteins were analyzed, and their detailed characteris-
tics, including number of amino acids (aa), molecular
weight (MW), isoelectric point (pI), instability index
(II), aliphatic index (AI), and grand average hydropath-
icity (GRAVY), were recorded. Among the 116 TFs,
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PsMYBB85 was identified as the smallest protein with only
148 amino acids, whereas PsMYB20 was the largest with
1038 amino acids. The relative molecular weights of the
proteins ranged from 17.1 kDa (PsMYB85) to 113.8 kDa
(PsMYB20). The theoretical pI ranges values ranged from
4.84 (PsMYB64) to 9.98 (PsMYBS85). Moreover, 58 of
the 116 proteins were acidic (pI<7) and 58were alkaline
(pI>7). All 116 TFs had negative (GRAVY <0), indicating
that all were hydrophilic proteins, with PsMYB116 exhib-
iting the strongest hydrophilicity (-1.117). According
to the instability index values, only four TFs (PsMYB43,
PsMYB78, PsMYB85, and PsMYB100) were stable
(II<40). The AI values of PsMYB5 and PsMYB116 were
80.21 and 50.82. respectively. Prediction of the subcel-
lular localization of the TFs localized 112 of them to
the nucleus. Furthermore, PsMYB5, PsMYB19, and
PsMYB85 were located in the chloroplasts, whereas
PsMYB87 was localized in the outer chloroplast mem-
brane (Table 1).

Multiple sequence alignment, gene structure, and motif
conservation

Multiple amino acid sequence alignment revealed that
the proteins had significant R2R3 structures, and the
highly conserved repetitive tryptophan “W” was labeled
in the WebLogo diagram. The R2 repeat sequence con-
tained three tryptophan residues (W). In the R3 repeat
sequence, the first tryptophan residue was easily replaced
by other hydrophobic amino acids, such as phenylalanine
(F), isoleucine (I), and leucine (L), while the second and
third tryptophan residues (W) are conserved (Fig. 1).

The WebLogo repeated sequence identification is based
on the comparison of full-length PsMYB proteins. The
height of the stack represents the conservation of the
sequence at that position, and the height of a single letter
at each position represents the relative frequency of the
amino acid represented by that letter in the PsMYB pro-
tein sequence. The tryptophan residue (W) that repre-
sents the conservation of R2R3 is specifically labeled with
a yellow pentagram whereas the first amino acid position
of the easily replaceable R3 sequence is labeled with a col-
orless pentagram. To further investigate the conservation
and diversity of, the 116 PsMYB TFs, their amino acid
sequences were compared and an evolutionary tree was
constructed using the functional grouping in A. thaliana
as the reference for subgroup classification (Fig. 2A). The
conserved motifs of the PsMYBs were analyzed using the
Multiple Em for Motif Elicitation (MEME) website, and
their motif compositions were predicted (Fig. S1). The
visual results, showed that motifl, motif2, motif3, and
motif4 were present in most PsMYB members. Motifl
and motif4 were conserved tryptophan residues in the
R3 domain, whereas motif2 and motif3 were conserved
tryptophan residues in the R2 domain. Motifl and motif3
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were present in all PsMYBs, further demonstrating the
certainty and conservation of the R2R3-MYB gene fam-
ily only in the P3 subgroup. The P24-P28 subgroups
exhibited alternating repetitions of motifl and motif3,
the P27 subgroup exhibited three alternating repetitions,
and the remaining subgroups exhibited two alternat-
ing repetitions. This indicates that they are quite con-
served in PsMYBs. Furthermore, the exon sequences of
the genes coding for five PsSMYB proteins located in the
P24 branch were not truncated by introns, whereas the
exons and introns of the other genes alternated, and the
P27 and P30 subgroups had the highest number of exons
(Fig. 2B). Based on the analysis of conserved domains,
all 116 PsMYBs possessed the PLN03091, PLN03212, or
REBI superfamily domains, which are significant features
of MYB proteins. Among the 116 PsMYBs, 74 contained
the PLN03091 superfamily, 46 contained the PLN03212
superfamily, and the PsMYB99 protein contained the
REB1 and Alpah-mann_mid superfamilier. Additionally,
the four genes of the P27 subgroup contained specific
myb_DNA-bind 6 and myb_DNA-binding conserved
domains. PsMYB7 contained not only the PLN03212
superfamily, but also an additional COG4913 superfamily
(Fig. 2C). Intron—exon structure analysis indicated that
the number of exons in the 116 PsMYBs ranged from 1 to
11, with genes with three exons being the most common.
The structures of the same subgroup were highly similar
(Fig. 2D).

Phylogenetic analysis and classification of the R2R3-MYB
gene family

Phylogenetic analysis of the 116 PsMYB proteins in P
sibirica was performed using 126 MYB proteins of A.
thaliana (AtMYB) downloaded from the Arabidopsis
Information Resource for construction of the phyloge-
netic tree. The tree was divided into 30 subgroups (desig-
nated P1-P30) on the basis of the well-defined subgroups
of the R2R3-MYB gene family in A. thaliana [12], and the
specific conserved structure of the P, sibirica (Fig. 3).

Chromosomal location and synteny and Ka/Ks analysesof
the PsMYBs
Detailed information of the chromosome position of each
PsMYB genes was obtained on the basis of the P. sibirica
genome annotation file, and the results were visualized.
Overall, the 116 PsMYBs were unevenly distributed over
eight chromosomes, with Chrl being the longest. Chr3
contained most of the genes (total of 23). According to
the chromosomal gene density analysis, the PsMYBs were
mostly concentrated in areas with a high density of genes
(Fig. 4).

In total, 28 pairs of duplicated PsMYBs were identified
using the MCScanX program, identifying duplication
events in genomes. Two pairs (PsMYB67 and PsMYB63,
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Table 1 Information on physicochemical properties of the PsMYBs and prediction of their subcellular localization

Gene Name Gene ID aa MW (kDa) pl 1} Al GRAVY Subcellular location
PsMYB1 PaF106G0100000483 254 28,642.96 5.07 51.63 64.17 -0.67 nucleus
PsMYB2 PaF106G0100000609 269 31,234.97 9.00 65.26 68.55 -0.89 nucleus
PsMYB3 PaF106G0100000611 254 29,610.23 9.06 57.84 62.20 -0.96 nucleus
PsMYB4 PaF106G0100001312 342 38,276.10 6.10 46.72 63.10 -0.72 nucleus
PsMYB5 PaF106G0100001431 241 27479.25 9.49 57.63 80.21 -0.68 chloroplast
PsMYB6 PaF106G0100003058 219 25,008.12 6.53 4762 7525 -0.74 nucleus
PsMYB7 PaF106G0100003249 495 55,774.24 5.69 53.68 7149 -0.67 nucleus
PsMYB8 PaF106G0100003312 464 51,178.39 6.11 62.01 52.35 -0.75 nucleus
PsMYB9 PaF106G0100003331 376 41,529.77 6.76 5348 7524 -0.51 nucleus
PsMYBI10 PaF106G0100003723 305 34,450.66 6.45 66.89 68.49 -0.60 nucleus
PsMYBT1 PaF106G0100003838 233 26,365.93 893 49.11 7541 -0.83 nucleus
PsMYB12 PaF106G0100004751 202 23,644.73 8.90 58.18 7292 -0.86 nucleus
PsMYBI13 PaF106G0100004757 278 31,566.39 535 43.30 71.98 -0.71 nucleus
PsMYB14 PaF106G0100004758 284 3223732 9.05 42.03 65.32 -0.87 nucleus
PsMYB15 PaF106G0100004759 210 24,051.99 8.95 62.77 63.19 -0.96 nucleus
PsMYB16 PaF106G0100004885 292 31,911.66 6.80 43.81 59.83 -0.53 nucleus
PsMYB17 PaF106G0100004894 393 44,107.59 6.56 56.19 7145 -0.67 nucleus
PsMYBI18 PaF106G0100005026 312 33,823.03 8.65 55.01 69.71 -0.51 nucleus
PsMYB19 PaF106G0100005152 286 31,496.29 9.61 46.89 71.92 -0.54 chloroplast
PsMYB20 PaF106G0100005254 1038 113,836.23 5.26 56.64 63.13 -0.65 nucleus
PsMYB21 PaF106G0100005971 351 39,152.54 545 51.10 69.80 -0.67 nucleus
PsMYB22 PaF106G0100006366 226 25,962.25 9.82 54.49 7044 -0.94 nucleus
PsMYB23 PaF106G0200006952 335 37,689.48 6.08 55.86 60.60 -0.66 nucleus
PsMYB24 PaF106G0200007454 560 60,746.45 511 50.07 65.52 -0.57 nucleus
PsMYB25 PaF106G0200008394 312 35,124.94 5.40 63.58 77.82 -0.60 nucleus
PsMYB26 PaF106G0200008877 595 66,283.66 9.19 60.58 65.90 -0.72 nucleus
PsMYB27 PaF106G0200008928 375 41,861.55 511 52.69 66.64 -0.69 nucleus
PsMYB28 PaF106G0200009263 295 33,548.76 9.26 4273 68.71 -0.94 nucleus
PsMYB29 PaF106G0200009903 252 27,985.56 851 47.09 7437 -0.64 nucleus
PsMYB30 PaF106G0200009999 243 27,020.37 6.10 57.98 75.84 -0.64 nucleus
PsMYB31 PaF106G0200010252 282 3247297 8.74 67.11 61.88 -0.82 nucleus
PsMYB32 PaF106G0200010338 245 27,680.29 533 50.11 76.08 -0.68 nucleus
PsMYB33 PaF106G0200010480 297 33,501.33 773 5292 59.46 -0.80 nucleus
PsMYB34 PaF106G0200010860 431 47,519.79 6.57 46.00 73.60 -0.58 nucleus
PsMYB35 PaF106G0300011211 534 59,860.47 6.57 48.71 6047 -0.80 nucleus
PsMYB36 PaF106G0300011220 198 22,63741 6.66 4838 72.98 -0.78 nucleus
PsMYB37 PaF106G0300011351 370 40,592.19 6.10 4847 68.57 -047 nucleus
PsMYB38 PaF106G0300011470 396 43,306.92 6.10 56.08 66.74 -0.70 nucleus
PsMYB39 PaF106G0300011659 283 32,479.35 7.62 57.81 61.77 -0.91 nucleus
PsMYB40 PaF106G0300011882 369 41,744.74 497 54.96 76.67 -0.61 nucleus
PsMYB41 PaF106G0300011889 376 43,777.97 9.00 64.72 55.27 -1.01 nucleus
PsMYB42 PaF106G0300012032 376 41,269.76 9.51 49.04 57.98 -0.74 nucleus
PsMYB43 PaF106G0300012660 248 28,678.17 6.91 3855 67.62 -0.83 nucleus
PsMYB44 PaF106G0300012662 181 21,062.21 9.91 48.16 76.46 -0.86 nucleus
PsMYB45 PaF106G0300012663 437 51,811.11 8.98 43.08 74.07 -0.57 nucleus
PsMYB46 PaF106G0300012665 243 28,345.89 6.91 48.55 66.21 -0.86 nucleus
PsMYB47 PaF106G0300012670 246 28,553.23 9.04 48.09 68.58 -0.83 nucleus
PsMYB48 PaF106G0300012674 244 27,468.97 6.76 51.08 7357 -0.62 nucleus
PsMYB49 PaF106G0300012734 238 26,79047 9.28 50.88 75.50 -0.73 nucleus
PsMYB50 PaF106G0300013636 328 36,725.28 8.09 4414 70.55 -0.59 nucleus
PsMYB51 PaF106G0300013639 302 33,923.18 9.13 4107 67.88 -0.63 nucleus
PsMYB52 PaF106G0300013643 328 36,766.52 8.83 411 70.27 -0.53 nucleus
PsMYB53 PaF106G0300014076 253 28,716.08 7.28 5642 69.80 -0.70 nucleus




Zhao et al. BMC Genomics

Table 1 (continued)

(2024) 25:953

Page 5 of 23

Gene Name Gene ID aa MW (kDa) pl Il Al GRAVY Subcellular location
PsMYB54 PaF106G0300014123 290 32,928.89 5.66 42.35 70.24 -0.78 nucleus
PsMYB55 PaF106G0300014126 222 25,583.91 895 61.82 73.87 -0.88 nucleus
PsMYB56 PaF106G0300014434 270 30,377.98 4.94 6241 7337 -0.69 nucleus
PsMYB57 PaF106G0300014553 298 34,099.39 5.04 59.23 65.77 -0.86 nucleus
PsMYB58 PaF106G0400015268 336 37,121.20 5.20 5733 66.49 -0.65 nucleus
PsMYB59 PaF106G0400015690 544 60,114.76 6.37 59.08 58.66 -0.66 nucleus
PsMYB60 PaF106G0400015691 528 57/457.76 729 65.62 64.15 -0.60 nucleus
PsMYB61 PaF106G0400015800 194 22,132.91 9.10 5244 69.38 -0.99 nucleus
PsMYB62 PaF106G0400015803 224 25,540.70 8.60 51.78 79.20 -0.84 nucleus
PsMYB63 PaF106G0400015920 349 39,272.30 8.90 55.28 76.56 -0.58 nucleus
PsMYB64 PaF106G0400016645 365 41,153.37 484 55.11 60.96 -0.84 nucleus
PsMYB65 PaF106G0400016792 339 38,021.69 721 60.64 64.75 -0.70 nucleus
PsMYB66 PaF106G0400016875 329 37,139.67 6.14 49.15 68.75 -0.61 nucleus
PsMYB67 PaF106G0400017955 368 42,177.62 595 49.77 65.46 -0.84 nucleus
PsMYB68 PaF106G0400017967 251 28,447.92 6.19 57.73 66.53 -0.70 nucleus
PsMYB69 PaF106G0400018045 245 27,680.29 533 50.11 76.08 -0.68 nucleus
PsMYB70 PaF106G0400018116 202 23,192.47 9.44 56.87 66.09 -0.79 nucleus
PsMYB71 PaF106G0500018882 354 39,832.73 7.16 52.06 64.27 -0.66 nucleus
PsMYB72 PaF106G0500019249 164 18,601.88 9.46 66.44 68.48 -1.09 nucleus
PsMYB73 PaF106G0500019606 433 48,127.20 9.08 61.73 66.30 -0.62 nucleus
PsMYB74 PaF106G0500019746 346 39,162.82 5.83 61.73 66.30 -0.62 nucleus
PsMYB75 PaF106G0500019747 324 36,931.59 8.03 62.09 66.23 -0.65 nucleus
PsMYB76 PaF106G0500019998 285 32,533.65 573 44.19 71.86 -0.71 nucleus
PsMYB77 PaF106G0500020477 393 44,300.31 591 51.31 61.58 -0.67 nucleus
PsMYB78 PaF106G0500020533 481 54,722.90 6.03 34.92 60.17 -0.84 nucleus
PsMYB79 PaF106G0500020551 233 26/410.64 8.98 50.25 64.85 -0.82 nucleus
PsMYB8O PaF106G0500020648 360 40,461.84 5.97 56.84 71.08 -0.52 nucleus
PsMYB81 PaF106G0500020762 363 40,464.92 6.53 46.11 66.17 -0.82 nucleus
PsMYB82 PaF106G0500020797 330 36,940.36 6.74 4521 74.00 -0.64 nucleus
PsMYB83 PaF106G0500021122 316 35,624.04 6.24 7559 69.81 -0.59 nucleus
PsMYB84 PaF106G0500021206 223 25,467.23 9.31 51.02 76.55 -0.79 nucleus
PsMYB85 PaF106G0500021207 148 17,141.57 9.98 30.19 64.59 -1.08 chloroplast
PsMYB86 PaF106G0500021313 261 30,170.71 774 7536 64.33 -0.84 nucleus
PsMYB87 PaF106G0600021449 400 42,602.06 6.97 46.37 68.67 -0.59 chloroplast outer membrane
PsMYB88 PaF106G0600021756 325 36,137.54 6.83 40.22 62.18 -0.75 nucleus
PsMYB89 PaF106G0600022076 418 46,615.09 7.78 52.74 57.20 -0.99 nucleus
PsMYB90 PaF106G0600022375 261 29,714.31 6.91 66.25 59.08 -0.85 nucleus
PsMYB91 PaF106G0600022680 365 41,128.66 724 5147 55.84 -0.86 nucleus
PsMYB92 PaF106G0600023626 244 28,368.13 7.66 62.68 7746 -0.74 nucleus
PsMYB93 PaF106G0600023629 242 28,077.70 947 46.80 69.30 -0.83 nucleus
PsMYB94 PaF106G0600023630 243 28,240.81 9.51 43.06 71.03 -0.84 nucleus
PsMYB95 PaF106G0600023821 343 38,111.72 5.93 51.96 7032 -0.62 nucleus
PsMYB96 PaF106G0600024116 377 41,992.74 715 50.82 67.32 -0.63 nucleus
PsMYB97 PaF106G0600024275 331 35,708.30 8.98 65.92 73.60 -047 nucleus
PsMYB98 PaF106G0600024570 593 64,869.37 713 5892 61.21 -0.72 nucleus
PsMYB99 PaF106G0600024579 356 41,053.82 9.34 6241 7346 -0.89 nucleus
PsMYB100 PaF106G0600024701 395 43,293.08 5.23 3834 64.99 -0.60 nucleus
PsMYB101 PaF106G0600025148 463 51,515.75 7.63 56.86 57.95 -0.78 nucleus
PsMYB102 PaF106G0600025755 266 30,366.97 5.70 54.38 66.02 -0.91 nucleus
PsMYB103 PaF106G0700026197 291 32,775.67 843 63.99 64.81 -0.73 nucleus
PsMYB104 PaF106G0700026552 262 29,128.53 6.44 52.15 63.32 -0.59 nucleus
PsMYBT105 PaF106G0700026725 256 29416.84 573 46.03 73.12 -0.81 nucleus
PsMYB106 PaF106G0700026726 223 25,155.26 9.46 44.60 63.05 -0.87 nucleus
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Gene Name Gene ID aa MW (kDa) pl Il Al GRAVY Subcellular location
PsMYB107 PaF106G0700026727 323 36,028.34 6.94 49.94 70.37 -0.78 nucleus
PsMYB108 PaF106G0700027598 321 36,171.50 8.62 58.87 65.39 -0.71 nucleus
PsMYB109 PaF106G0700027623 248 28,867.04 543 53.63 62.18 -091 nucleus
PsMYBT110 PaF106G0700029014 348 39,55943 711 54.25 73.99 -0.78 nucleus
PsSMYBT111 PaF106G0700029057 414 45,517.58 8.23 47.81 57.51 -0.75 nucleus
PsMYB112 PaF106G0800029300 545 60,604.42 498 47.88 63.63 -0.79 nucleus
PsMYBT13 PaF106G0800029883 264 29,573.93 4.99 51.30 62.88 -0.70 nucleus
PsMYB114 PaF106G0800030628 256 28,337.17 8.84 47.07 77.03 -0.61 nucleus
PsMYBT115 PaF106G0800030962 302 32,918.56 6.38 50.39 66.59 -0.67 nucleus
PsMYBT116 PaF106G0800032722 194 22,563.99 9.56 61.31 50.82 -1.12 nucleus

and PsMYB68 and PsMYB63) were tandem replicates,
whereas the rest were segmental duplicates (Fig. 5). Dur-
ing the evolution of the P. sibirica genome, the number of
segmental duplication events in the PsMYB gene family
was much greater than the number of tandem replication
events, with only the two pairs mentioned above belong-
ing to the tandem replication group. The synonymous
substitution rate (Ks), non-synonymous substitution
rate (Ka), and Ka/Ks ratio were calculated to determine
the selection pressure during the evolution of the PsMYB
family after gene duplication events. Except for the dupli-
cate gene pairs without numerical values, the remain-
ing 20 duplicate gene pairs all had Ka/Ks ratios below 1
(between 0.11 and 0.66), indicating that these gene pairs
have been purified and screened (Table 2).

The evolutionary relationships of the MYB gene family
members of P sibirica with those of A. thaliana, P. mume,
P. persica, P. salicina, and P. avium, as well as their col-
linearity, were analyzed. According to the results shown
in the graph, the number of collinear pairs between the
genome of P, sibirica and those of other Rosaceae plants
was greater than that between the P, sibirica and A. thali-
ana genomes. The genetic relationship between P, sibirica
and P. mume was the closest (Fig. 6).

Cis-acting elements analysis of PsMYBs

To better understand the specific types and distribution
of cis-acting elements present in the PsMYBs promoter,
cis-acting elements were predicted on the basis of the
2000 bp DNA sequence upstream of the R2R3-MYB cod-
ing sequence extracted from the PlantCARE database.
Cis-acting elements can be divided into three categories
according to their regulatory functions: plant growth/
development, plant hormone responses, and biotic/abi-
otic stress responses. This study prioritized screening
abiotic stress-related cis-acting elements, such as those
related to hormone responses and low-temperature
stress (Table S1). Furthermore, at least one abiotic stress-
responsive cis-element was found in each PsMYB pro-
moter region, with methyl jasmonate (MeJA) and abscisic
acid (ABA) being the most widely used cis-responsive

elements. This further demonstrated that members of
the R2R3-MYB subgroup primarily regulate abiotic stress
responses in plants. Furthermore, 95 PsMYBs had 331
elements involved in the ABA response, 87 PsMYBs had
314 elements related to MeJA, and 65 PsMYBs had 93
elements related to gibberellins. In addition to hormone
responses, 61 PsMYBs were involved in drought induc-
tion. Among the 37 PsMYBs involved in cold related
responses, PsMYB41 contained the most low-temper-
ature response (LTR) elements, whereas PsMYB29,
PsMYB54, PsMYB61, PsMYB87, PsMYB98, and
PsMYBI02 contain two low temperature response (LTR)
elements. PsMYB62 contained22 elements, making it the
gene with the highest number of cis-acting elements, 17
of which were related to hormone responses. PsMYB104
contained up to nine cis-acting elements (Fig. 7).

Gene Ontology annotation analysis of PsMYBs

The EggNog website for Gene Ontology (GO) annotation
analysis was used to investigate the functions of 75 of the
116 PsMYB TFs. Under the organelle terms of the Cel-
lular Components category, the 75 PsMYBs were anno-
tated to the nucleus. Their molecular functions included
transcriptional regulation and binding. The 37 PsMYBs
showed responded to exogenous stimuli (GO: 0009410),
while 25 responded to jasmonic acid (GO: 0009753),
and 20 responded to abscisic acid (GO: 0009737),
respectively. Six genes (PsMYBI1, PsMYB41, PsMYB6S,
PsMYB81, PsMYB98, and PsMYB113) were annotated as
responsive to cold (GO: 0009409) (Table S2) (Fig. 8).

Protein interactions of PsMYBs

Using the online tool STRING, we predicted protein
interaction networks on the basis of the homologous
relationships between PsMYBs and AtMYBs. The inter-
actions are displayed using the gene names of A. thaliana
(Fig. 9), and detailed information is listed in Table S3. In
total, 82 PsMYBs interacted with more than five AtMYBs,
with AtMYB1 (PsMYB100) having the most interactive
relationships (30 in total).
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Fig. 1 Multiple sequence alignment and WebLogo diagram of the R2R3-MYB conserved domain in PsMYB transcription factor. Multiple sequence com-

parison refers to comparing the conserved domains of all PsMYB proteins

Transcriptome analysis of PsMYBs

We compared downloaded data of the pistil transcrip-
tomes of the cold-tolerant “NO.453” and cold-sensi-
tive “NO.371” clone groups, observing the differential
expression of their PsMYB genes without stress and their
changes in differential expression with increasing stress

time (Table S4). As shown in the heatmap (Fig. 10), the
expression levels of PsMYBI1, PsMYB9, PsMYBS82 and
PsMYB91 gradually increased with increasing cold
stress duration, indicating a progressive phenomenon.
PsMYB43, PsMYB48, and PsMYB62 were already highly
expressed before the clone groups were subjected to cold
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Fig. 2 Phylogenetic relationships (A), conserved motifs (B), conserved domains (C), and gene structure analysis (D) of PsMYBs

stress and showed a significant decrease in expression
under stress. When neither clone group was subjected to
cold stress (0 h), the expression levels of the various genes
in “NO.453” were either higher or lower than those of
the genes in “NO.371” With increasing time under cold
stress, the expression levels of PsMYB40 and PsMYB61
were remarkably higher at 15 min than at 0 h. The gene
expression levels of PsMYB44 and PsMYB50 remarkably
increased at 1 h, while those of PsMYB6 and PsMYBS8
were remarkably increased at 2 h. By contrast, the expres-
sion levels of PsMYB10, PsMYB69, and PsMYB86 were
remarkably decreased with increasing stress time.

Expression analysis of PsMYBs in different tissues

To characterize the potential functions of PsMYBs, we
screened 22 PsMYBs that may be related to plant growth
and development using promoter cis-acting elements,
GO annotation analysis, and the transcriptomes, and
other homologous MYB genes from plants (Table S5) and

analyzed their expression characteristics using qRT-PCR.
The total 185 rRNA from all experimental materials was
extracted as the internal standard. After normalizing all
experimental expression levels against the reference 185
rRNA gene, the gene expression levels in the roots were
used as the control groups to compare differences to the
gene expression levels in the other plant parts and roots.
The 22 PsMYBs exhibited different expression patterns
in different tissues. Based on the heatmap and bar chart
results, four genes (PsMYBS, PsMYBS82, PsMYB98, and
PsMYB99) were significantly overexpressed in the pis-
til, with PsMYB99 being the most significantly, affected
(upregulated 25 times more compared with the con-
trol level), followed by PsMYB82 (upregulated 4.6 times
more compared with the control level). Five genes
(PsMYB19, PsMYB22, PsMYB38, PsMYB41, PsMYB4S,
and PsMYB99) were significantly overexpressed in the
stem, with PsMYB99 showing a 5-fold higher level of
expression relative to the control level. PsMYB19 and
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PsMYB41 were significantly expressed in the leaves,
whereas PsMYB22 and PsMYB44 were highly expressed
in the petals (Fig. 11).

Expression analysis of PsMYBs sunder low-temperature
stress

The qRT-PCR was used to detect the expression levels of
22 PsMYBs at different stages of low-temperature stress
and investigate the expression patterns of PsMYBs that
may be related to the cold response. The cDNA plant
materials with different cold stress times are all pistils.
After normalizing all expression data against the internal

control, gene expression at 0 h was used as the control
group to observe expression differences at the other cold
stress times. According to the heat map (Fig. 12), the 22
PsMYB genes showed significant differences in expres-
sion, with the majority exhibiting high expression levels
after low-temperature stress. As shown in the bar chart,
PsMYB99 expression rapidly increased by 55 times after
15 min of cold stress treatment, PsMYBS7 expression
increased by 30 times after 1 h of cold stress treatment,
and PsMYBI9, PsMYB22, PsMYB67, and PsMYBIO08
expression showed a 10-fold increase after 1-2 h of cold
stress treatment relative to the 0 h levels (Fig. 12). The
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results indicate that PsMYB99 and PsMYBS57 are genes
that respond rapidly to cold stress.

Discussion
TFs are key critical components of the inducible signal
transduction networks [27]. They are widely expressed
in organisms, with activators and repressors display-
ing modular structures [12]. They play essential roles
in the regulation of plant growth and development and
responses to biotic and abiotic stress [28, 29]. Transcrip-
tion factors typically consist of DNA-binding domains,
nuclear localization signals, transactivation domains,
and oligomeric sites [30, 31]. They are divided into dif-
ferent gene families, including AP2/ERF, EIN3, MYB,
bZIP, bHLH, WRKY, and NAC according to their differ-
ent DNA-binding domains. MYB is one of the largest and
most abundant of the TF families in plants [1].
Systematic analyses of the MYB gene family at the
whole-genome level have been reported for various
plants [32]. R2R3-MYB is the most common subgroup
of in the MYB gene family [10], with members of the 2R
subfamily mainly controlling plant growth, development,
and stress response [22]. This gene family has been iden-
tified and studied in many higher plants in the Rosaceae
family, with numbers ranging from tens (96 found in P
salicina) [33] to over 200 (219 found in Malus domestica)
[8]. In this study, we identified 116 PsMYBs, which were
similar to statistical data on the R2R3-MYB gene sub-
family in other Rosaceae tree species [8], indicating the

highly conserved nature of this gene family in the Rosa-
ceae family.

Comparisons of the physicochemical properties of
the various PsMYB proteins revealed significant differ-
ences in their numbers of amino acids, relative molecu-
lar weights, and isoelectric point values. The acidity and
alkalinity of the different TFs also differed, further show-
ing the significant differences in their physical properties.
The GRAVY values of the 116 PsMYBs were all nega-
tive, indicating they were hydrophilic proteins. Hydro-
philicity can prevent harmful changes in the secondary
and tertiary structures of proteins and protects cellu-
lar components from the adverse effects caused by low
water utilization rates (e.g., water present under freezing
conditions) [34]. PsMYB20 had the highest number of
amino acids (1038 in total) and relative molecular weight
(113.8 kDa), which were much higher than the average
number of amino acids (319.1) and relative molecular
weight (35.9 kDa) of the other proteins. The TF probably
forms more complex protein structures and participates
in more plant physiological functions. Of all PsMYBs,
96.6% were predicted to be localized in the nucleus, indi-
cating that they are mainly involved in transcriptional
regulation within this organelle. The remaining four
PsMYBs, located in the outer membrane of the chloro-
plast, are speculated to be involved in gene transcrip-
tion and expression related to chloroplast formation or
photosynthesis.

Multiple sequence alignments and WebLogo indi-
cated that P. sibirica contains a highly conserved R2R3
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Fig. 5 Chromosomal distribution of the PsMYB genes and their repetitive events. The 8 chromosomes of P sibirica are denoted as chr1-chr8. All identified
duplicate segments are represented in gray, with the pink line indicating PsMYB duplication segments

domain with three highly conserved tryptophan residues
in the R2 region. The first tryptophan residue in the R3
region was replaced with phenylalanine, isoleucine, and
leucine, similar to the R3 structure of other species [35,
36]. PsMYB41 has two duplicates of motifl and motif5,
making it the only gene with such a duplication. The
PsMYB41 gene may have undergone mutations or dupli-
cation in a conserved domain sequence during evolution.
According to the prediction of conserved domains in the
PsMYB proteins, all were shown to contain domains from
the PLN03091, PLN03212, or REB1 superfamilies, which

represent significant R2R3-MYB conserved domain fea-
tures, once again proving the accuracy of gene screen-
ing [37]. The number of exons in PsMYBs ranged from 1
to 11, with the most gene members having three exons,
which is consistent with previous reports [11, 24].

The phylogenetic tree constructed on the basis of
P sibirica motif functions, A. thaliana classification,
and the 116 PsMYBs comprised 30 subgroups. The TFs
encoded by genes in the same subgroup may have simi-
lar structures and functions, that with those are more
similar during branching also tending to be more similar
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Table 2 Ka/Ks ratios for the duplicate pairs of PsMYBs
GeneName GeneName Ka Ks Ka_Ks Type of duplication

PsMYB12 PsMYB55 028 NaN NaN  Segmental
PsMYB13 PsMYB54 042 294 0.14  Segmental
PsMYB4 PsMYB57 033 281 012  Segmental
PsMYB9 PsMYB38 025 169 0.15  Segmental
PsMYB6 PsMYB79 035 147 024  Segmental
PsMYB10 PsMYB83 039 270 015  Segmental
PsMYBT1 PsMYB84 033 151 022  Segmental
PsMYB9 PsMYB82 043 230 019  Segmental
PsMYB17 PsMYB96 031 143 021 Segmental
PsMYB18 PsMYB97 023 123 019  Segmental
PsMYB21 PsMYB95 027 124 022  Segmental
PsMYBI1 PsMYB113 026 241 011  Segmental
PsMYB5 PsMYB112 031 219 014  Segmental
PsMYB31 PsMYB70 001 001 066  Segmental
PsMYB28 PsMYB76 033 168 020  Segmental
PsMYB29 PsMYB100 030 130 024  Segmental
PsMYB41 PsMYB68 045 NaN NaN  Segmental
PsMYB40 PsMYB67 026 NaN NaN  Segmental
PsMYB41 PsMYB67 057 NaN NaN  Segmental
PsMYB42 PsMYB60 045 199 023  Segmental
PsMYB40 PsMYB63 036 275 013  Segmental
PsMYB35 PsMYB78 049 NaN NaN  Segmental
PsMYB37 PsMYB80 040 193 021 Segmental
PsMYB38 PsMYB82 040 195 020  Segmental
PsMYB55 PsMYB107 044 NaN NaN  Segmental
PsMYB67 PsMYB63 029 NaN NaN  Tandem

PsMYB68 PsMYB63 057 NaN NaN  Tandem

PsMYB97 PsMYB115 033 123 027  Segmental

[38]. In the P2 subgroup, the AtMYB49-encoded TF reg-
ulates keratin deposition and the antioxidative capacity in
leaves to enhance salt-alkali resistance in the plant [39],
whereas in the same subgroup, the AtMYB41 responds
to abiotic stressors such as cold, ABA, and salt treat-
ment by controlling cell expansion and stratum corneum
deposition [40, 41]. The Vaccinium corymbosum gene
VeMYB171 (an AtMYB41 homologous gene) is pre-
dicted to respond to drought by altering leaf morphology
[42]. P2 subgroup genes, such as PsMYB40, PsMYB63,
PsMYB67, and PsMYB87, also control cellular keratin
deposition to cope with external pressure. The ALMYB31,
AtMYB94, and AtMYB96 of the P6 subgroup have been
found to be associated with the biosynthesis of epider-
mal wax in reproductive tissues, thereby participating in
seed synthesis [43, 44] ZmFDL1/MYB94 (AtMYB94-like
gene)participates in wax biosynthesis to cope with water
stress in Z. mays [45]. These findings support the predic-
tion predicting that P6 subgroup PsMYBs also respond
to expression in reproductive cells. The AtMYBIS in
the P7 subgroup acts as a negative regulator of freezing
tolerance by inhibiting the expression of CBFI1/DREBI
[46, 47], whereas PsMYB1 and PsMYB113 in the same
subgroup may also be negative regulators of freezing
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tolerance. According to previous reports, AtMYBI1,
AtMYB12, and AtMYBI111 in the P9 subgroup control
the biosynthesis of flavonols [48]. Overexpression of the
MrMYBI2 gene (an AtMYBI2-like gene) from Morella
rubra in tobacco plants can increase the accumula-
tion of flavonols in the transgenic line [31]. Therefore,
PsMYBS85, PsMYB11, PsMYB49, PsMYB84, PsMYB112,
and PsMYB5, which are all in the same P9 subgroup, may
be involved in flavonols synthesis.

Gene duplication is one of the most important mecha-
nisms for emerging new gene functions, playing a crucial
role in expanding plant gene families [49], and acting as
a driving force for evolution [50]. During the evolution
of the R2R3-MYB genome in P, sibirica, 28 pairs of genes
were involved in duplication events, with 92.9% having
undergone segmental duplication. In pears, 50 gene pairs
were all found to have undergone segmental duplication
[24]. Among the 37 gene pair duplication events in Theo-
broma cacao, 33 were of segmental type [51]. Segmental
duplication events were also confirmed to play a crucial
role in expanding the SmR2R3-MYB gene family in Egg-
plant Fruit (Solanum melongena) [52]. In summary, seg-
mental duplication events may be the main driving force
of evolution. Except for PsMYBS5 (subgroup P11) and
PsMYBI107 (subgroup P14), all the other gene replicates
fall under the same subgroup. After segmental duplica-
tion, the PsMYBS5 and PsMYBI107 may have functional
differences owing to changes in their structure and motif
composition, whereas the other TFs still have similar
structures and motif compositions after the gene duplica-
tion, allowing them to remain consistent in function and
have the same regulation and control.

Amino acid substitutions can be defined as non-synon-
ymous (Ka) or synonymous (Ks) depending on whether
the changes in the codon sites alter the translation of
the amino acid [53]. The evolutionary selection type
of genes can be determined on the basis of their Ka/Ks
ratio, where a value less than 1 indicates that these genes
are well conserved and will continue to evolve under
purifying selection pressure, whereas a value greater
than 1 indicates positive selection and a possible loss of
the ancestral RNA editing site, resulting in new evolu-
tion [54]. In this study, the Ka/Ks ratios of the 20 dupli-
cate gene pairs were all less than 1, indicating purifying
selection. These well-preserved genes continue to evolve
steadily and conservatively.

Homology analysis can intuitively reveal the collin-
earity of orthologous MYB compounds in Rosaceae
plants [24]. The results of this study showed that the
number of collinear gene pairs between Rosaceae plants
and P sibirica was much higher than that between P
sibirica and A. thaliana, which is consistent with the
performance of P salicina [33]. R2R3-MYB genes may
have existed as ancient conserved genes before the
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differentiation of the Rosaceae species. P. sibirica and P,
avium shared the highest number of collinear pairs and
exhibited the most similar genetic relationships. Further
research on the evolutionary processes and patterns of
the Rosaceae family can be conducted on the basis of the
study of these gene pairs.

TFs receive internal and external signals in a sequence-
specific manner, activating or inhibiting target gene tran-
scription through the transcriptional regulation of gene
expression upon binding to cis-regulatory elements in
the gene promoter region [55]. The upstream promoter

region of PsMYBs contains many potential regulatory cis-
elements that respond to either MeJA or ABA, the latter
of which has the highest number of such elements. ABA
has been shown to be a key regulator in the response
of plants to abiotic stress [56]. MeJA supplementation
under cold stress conditions can reduce oxidative stress
markers, and the jasmonate also acts as an inducer to
enhance plant tolerance to cold stress [57, 58]. GO of
the PsMYBs annotation also showed similar results, with
most genes annotated as being related to MeJA and ABA.
Furthermore, cis-acting elements involved in LTR were
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found in 37 PsMYBs, among which PsMYB41 contains
three LTR elements that may be significantly expressed in
cold environments.

From the protein interaction prediction results,
AtMYB1 was found to have the most interactive rela-
tionships with the PsMYB TFs in this study. According
to previous reports, AtMYB1 negatively affects A. thali-
ana seed germination under saline-alkali conditions by
regulating ABA levels [59]. PsMYB100, which interacted
with AtMYB], can also affect P, sibirica seed germination
by regulating ABA levels. AtMYB94, which interacted
with and belonged to the same subgroup as PsMYB81,
enhances plant resistance to external stimuli by pro-
moting epidermal wax [43]. GO analysis of PsMYB81

annotated it to terms to cold stress, indicating that the
TF may also regulate the production of epidermal wax to
resist external stress.

Plants exhibit differential expression of multiple regu-
latory genes under abiotic stress conditions, forming a
complex regulatory network. Transcriptome sequenc-
ing can be used to quantify gene expression and identify
functional genes [60]. The TF encoded by AtMYBIS (a
PsMYBI homologous gene) is a negative regulator of cold
signaling [47]. In the comparison of transcriptomes fol-
lowing low temperature stress, PsMYBI showed a signifi-
cant and gradual upregulation in expression, indicating
that it belongs to the cold resistance genes. Transgenic
A. thaliana plants containing the FYMYBS82 gene from
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Fragaria vesca showed significantly improved tolerance  According to the transcriptome results, PsMYB9 expres-
to salt and cold stress [22]. However, the expression of sion was significantly upregulated under cold stress,
PsMYBI03, a homologous gene, was downregulated in  suggesting that the TF may regulate stratum corneum
the transcriptome with increasing stress time. The differ-  generation in plants and enhance their cold resistance
ences in these results suggest that the expression patterns  under low temperature stress. The EgMYBI157 gene (a
of homologous genes may differ between herbaceous and  PsMYB78 homologous gene) of oil palm (Elaeis guineen-
woody plants. A. thaliana AtMYB16 and AtMYBI06 (a  sis) can improve the tolerance of A. thaliana to cold
PsMYB9 homologous genes) regulate the stratum cor-  stress [62]. In our study, the expression of the PsMYB78
neum formation in reproductive organs and trichomes, in the transcriptome increased after 15 min of cold stress,
thereby protecting plants from external damage [61]. suggesting that it may have a regulatory effect on plant
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cold tolerance. The AtMYB93 gene (a PsMYB95 homol-
ogous gene) can regulate lateral root development [63],
whereas AtMYB37 gene (a PsMYB91 homologous gene)
can reduce the impact of salt stress by regulating mem-
brane lipid peroxidation [64]. Transcriptome analysis
revealed that the expression of PsMYB91 and PsMYB95
was upregulated after cold stress, indicating that these
genes may be related to cold resistance in plants. Our
results further support the hypothesis that the functions
of homologous genes may differ between herbaceous and
woody plants.

The activities and functions of genes can be deduced
from their expression patterns [65]. The MYB gene is
involved in the development and biosynthesis of plant
pistils [1, 66], as well as the development of roots and
leaves [67]. AtMYB106 (which interacted with PsMYB82
in the protein interaction analysis) regulates the flower-
ing time of A. thaliana [68]. AtMYB16 (which inter-
acted with PsMYB9) and AtMYB106 are associated
with the formation of waxy keratin layers in reproduc-
tive organs and trichomes, which can protect cells from
dehydration, block pathogen attacks, and prevent organ
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fusion during development [61]. The results of this study
showed that PsMYBs were expressed in different parts of
P, sibirica, indicating their essential roles in plant devel-
opment. In the present study, the expression of PsMYB9
and PsMYB82 was significantly upregulated in the pistil,
whereas that of PsMYB41 was significantly upregulated
in the leaves, confirming that these gene participate in
plant development.

Frost can affect the survival of the P, sibirica reproduc-
tive organs in early spring, thereby seriously affecting the
yield and quality of the fruit and causing significant eco-
nomic losses [69]. Therefore, we conducted a study on the
MYB gene family of P. sibirica and screened 22 PsMYBs
that may be related to cold response. Gene expression
analysis was conducted on the pistils of P. sibirica treated
at low temperatures, and specific expression patterns
are shown. The RmMYB108, MbMYB108, and OsMYB2
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genes (all homologous to PsMYB57) exhibit a positive
feedback to the cold response in Rosa multiflora, Malus.
baccata, and Oryza sativa, respectively [70-72]. In the
present study, the expression of PsMYBS7 increased
significantly (by 30 folds) after 1 h of cold stress. When
comparing the transcriptomes of the cold-sensitive and
cold-resistant clones, PsMYB57 expression was also sig-
nificantly upregulated in the cold-resistant plant, further
confirming that this gene is involved in cold response.
In the homologous genes PsMYB82 and PsMYB38, the
latter contains cis-acting elements that respond to cold
stress. PsMYB38 showed an increasing expression trend
in the transcriptome comparison and positive fluores-
cence in the quantitative analysis under low-temperature
exposure, indicating its positive response to cold stress.
However, the homologous gene PsMYB82 did not show
a positive response in the fluorescence results, a phe-
nomenon that should be further studied in the future.
MDbMYB4 (a PsMYB41 homologous gene) and AtMYB41
(a PsMYB67 homologous gene) exhibited positive feed-
back to cold stress in M. baccata and A. thaliana, respec-
tively [40, 73]. Although PsMYB41 and PsMYB67 are
also homologous genes that can be upregulated under
cold stress, the qRT-PCR results showed that PsMYB67
was more highly expressed after cold stress treatment
than PsMYB41 was. SaMYB98 (a PsMYB90 homologous
gene) from Santalum album is significantly involved in
cold resistance regulation [74]. PsMYB90 also expression
under 15 min of cold stress. PsMYB99 responded quickly
to the cold stimulus, with its expression level increas-
ing by 55 times that of the, control level after 15 min
of low-temperature treatment, making it the gene that
responded the fastest and showed the highest increase in
expression under cold stress. PsSMYB99 interacted with
AtAS1, which regulates the development of sepals and
petal primordia [75]. This study found that the expres-
sion level of PsMYB99 was also high in the pistil, sug-
gesting that it may be a key frost resistance gene during
flowering.

Conclusions

The R2R3-MYB gene family plays an essential role in
responding to abiotic stress in plants. In this study, we
identified 116 R2R3-MYB gene members in P sibirica
and analyzed the characteristics of each gene. The func-
tional responses of the PsMYBs to abiotic stress, includ-
ing their responses to hormones such as jasmonate, ABA
and gibberellins as well as their environmental responses
to drought and low temperature, were predicted on
the basis of their cis-acting elements, GO annotations,
and protein interactions. Several candidate genes (e.g.,
PsMYB99) that may be related to cold resistance during
the flowering stage of P. sibirica were identified through
transcriptome and qRT-PCR analyses. These findings
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have improved our understanding of the functional
characteristics of the PsMYB gene family and provide a
theoretical basis for subsequent research on the gene
molecules. Importantly, the results provide a genetic
basis for cultivating high-yield and high-quality P. sibirica
varieties with cold resistance capability.

Materials and methods

Identification and sequence analysis of PsMYBs

P sibirica genome data (Prunus sibirica F106 Genome
v1.0) were downloaded from the Rosaceae genome data-
base (https://www.rosaceae.org) [76]. Overall, 126 A.
thaliana MYB protein sequences were downloaded from
The Arabidopsis Information Resource (TAIR) database
(https://www.arabidopsis.org/) [77]. The Hidden Markov
Model (HMM) of the conserved MYB domain (PF00249)
was obtained from the Pfam database (http://pfam.xfam.
org/) [72]. HMMER 3.0 software (http://hmmer.janelia.
org/) was used to search for MYB domain-containing P
sibirica protein sequences, using the default parameters
(E-value<1x107°). All candidate PsMYB proteins were
assessed for secondary alignment using the Pfam data-
base (https://www.ebi.ac.uk/interpro/entry/pfam/) [78]
and NCBI-CDD (https://www.ncbi.nlm.nih.gov/) [79] to
validate the MYB domains and further ensure the pres-
ence and completeness of the conserved R2R3-MYB
domain. The physicochemical properties of the proteins,
number of amino acids (aa), molecular weight (MW),
isoelectric point (pl), instability index (II), aliphatic index
(Al), Grand average of hydropathicity (GRAVY) were cal-
culated using ExPASy (https://www.expasy.org/) [80] and
subcellular localization was predicted using Plant-mPLoc
(http://www.csbio.sjtu.edu.cn/bioinf/plant/) [81].

Multiple sequence alignment, gene structure, and motif
conservation analyses

Multiple sequence alignments of the PsMYB domains
were performed using Jalview 2.11.3.2 with default
parameters. A multiple alignment text file was used
to generate the sequence logos of R2R3-MYB domain
repeats using WebLogo (https://weblogo.berkeley.edu/
logo.cgi) [82]. TBtools v2.038 software was used to visu-
alize the intron exon structure analysis results, and the
gene structure display server 2.0 (https://gsds.gao-lab.
org/) [83] was used for secondary proofreading. The
online program MEME (https://meme-suite.org/meme/
tools/meme) [84] was used to analyze conserved PsMYB
motifs, the results of which were also visualized using
TBtools software.

Phylogenetic tree analysis of PsMYBs

A phylogenetic tree was constructed in MEGA 11 using
126 AtMYB proteins of A. thaliana and the 116 PsMYB
proteins of P, sibirica. Default parameter values and the
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neighbor-joining (NJ) method with 1000 bootstrap itera-
tions were used. The online beautification tool ChiPlot
(https://www.chiplot.online/index.html) was used for
beautification and classification of the phylogenetic tree
on the basis of published A. thaliana classifications and P,
sibirica motifs.

Chromosomal location and synteny analyses

Detailed information on the chromosome location of
each PsMYB was obtained from the P. sibirica genome
annotation analysis. The Multiple Collinearity Scan
(MCScanX) toolkit of TBtools was used to illustrate
the syntenic relationships of orthologous MYB genes
between P. sibirica and A. thaliana, P. mume, P. persica,
P, salicina, and P. avium. Advanced Circos of TBtools was
used to determine the syntenic relationships of paralo-
gous MYB genes in P. sibirica. The Ka-Ks calculation tool
was used to calculate the Ks, Ka, and Ka/Ks ratio for the
MYB duplicate genes in P, sibirica.

Analysis of cis -acting element and GO annotation analyses
Here, GXF Sequences Extract in TBtools was used to
extract 2000 bp of the DNA sequence upstream of the
PsMYB coding sequence,, and the gene sequences were
submitted to the PlantCARE database (https://bioin-
formatics.psb.ugent.be/webtools/plantcare/html/)  [85]
to predict cis-acting elements. Eggnog (http://eggnog5.
embl.de/) [86] was used for the GO annotation analy-
sis, and the results were visualized using WeGo (https://
wego.genomics.cn/) [87].

Prediction of the protein-protein interaction network

All PsMYB proteins sequences were submitted to
STRING (version 12.0; http://string-db.org), with A.
thaliana chosen as the reference organism. After BLAST
analysis, the orthologous genes of A. thaliana with the
highest scores were used to construct a protein-protein
interaction network.

Transcriptome data analysis

On the basis of the identified PsMYBs, transcriptome
data from the pistils of the cold-tolerant “NO.453” and
cold-sensitive “NO.371” clones were downloaded from
the NCBI (National Center for Biotechnology Informa-
tion) database (GEO number: GSE204685, https://www.
ncbinlm.nih.gov/geo/). The gene expression patterns
were detected at -4°C for 0 h, 15 min, 30 min, 1 h, and
2 h. A Chiplot was used to construct a heatmap of visual-
ized differential expression levels.

Plant materials and stress treatments

P sibirica clone “Shanxing5” from the National For-
est Germplasm Resource Preservation Repository for
Prunus species at Shenyang Agricultural University
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(Kazuo, Liaoning, China) was used as the experimental
material. Samples of healthy P, sibirica clone plant roots,
petals, stems, pistils, and leaves were obtained from natu-
ral environments. The P, sibirica clones were placed in an
artificial frost chamber at —4 °C, and the pistils were col-
lected at 0 h, 15 min, 30 min, 1 h, and 2 h after low tem-
perature exposure. The sampling and stress treatments
were performed in triplicates. All samples were stored in
liquid nitrogen at —80 °C.

PCR is method used to detect and quantify RNA or
DNA molecules in samples. In this study, the qRT-PCR
2% Universal SYBR Green Fast qPCR Mix was used for
the amplification. The PCR cycling program was as fol-
lows: 95 °C for 3 min; 40 cycles at 95 °C for 5 s, 60 °C
for 30 s, and 95 °C for 15 s; and final 95 °C for 15 s. The
experiment included three biological replicates. The
qRT-PCR experiment in this article standardized the
expression levels of PsMYBs using the commonly used
P sibirica internal reference gene 185 rRNA, in order to
analyze the differences in gene expression [69, 88], and
the relative expression levels were determined using
the 2722CT method [64]. Additionally, the roots, petals,
stems, pistils, and leaves of P. sibirica were collected to
determine the expression patterns of the PsMYB genes in
the different plant parts using qRT-PCR. The expression
levels in the roots were used as the reference. Moreover,
qRT-PCR to determine the gene expression levels in the
pistils after 15 min, 30 min, 1 h, and 2 h of low-temper-
ature stress at —4 °C. Pistils not subjected to cold stress
were used as the control.
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DBD DNA-binding domain
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