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Abstract

Background: The members of the sucrose non-fermenting 1-related protein kinase 2 (SnRK2) family are specific
serine/threonine protein kinases in plants that play important roles in stress signal transduction and adaptation.
Because of their positive regulatory roles in response to adverse conditions, the genes encoding thes proteins are
considered potential candidates for breeding of plants for disease resistance and genetic improvement. However,
there is far less information about this kinase family, and the function of these genes has not been explored in
Rosaceae.

Results: A genome-wide survey and analysis of the genes encoding members of the SnRK2 family were performed
in pear (Pyrus bretschneideri) and seven other Rosaceae species. A total of 71 SnRK2 genes were identified from the
eight Rosaceae species and classified into three subgroups based on phylogenetic analysis and structural
characteristics. Purifying selection played a crucial role in the evolution of SnRK2 genes, and whole-genome
duplication and dispersed duplication were the primary forces underlying the characteristics of the SnRK2 gene
family in Rosaceae. Transcriptome data and qRT-PCR assay results revealed that the distribution of PbrSnRK2s was
very extensive, including across the roots, leaves, pollen, styles, and flowers, although most of them were mainly
expressed in leaves. In addition, under stress conditions, the transcript levels of some of the genes were
upregulated in leaves in response to ABA treatment.

Conclusions: This study provides useful information and a theoretical introduction for the study of the evolution,
expression, and functions of the SnRK2 gene family in plants.
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Background
During growth and agricultural production, plants are
frequently affected by various biotic and abiotic stresses
such as waterlogging, salinity, and cold and drought
stresses. Because of their immovable nature and inability
to choose suitable environmental conditions, plants must
change their characteristics to adapt to adverse environ-
ments. To cope with these stresses, plants have estab-
lished a network of defense-related metabolic
mechanisms by regulating the production of beneficial
substances or the expressions of related genes over the
long course of evolution [1]. As important adversity sig-
nal regulators, protein kinases and phosphorylation play
essential roles in the process of recognizing and trans-
mitting stress signals to different parts of cells [2]. The
sucrose non-fermenting 1-related protein kinase 2
(SnRK2) family is a plant-specific serine/threonine (Ser/
Thr) family of protein kinases that are particularly in-
volved in adversity stress responses and play important
roles in plant stress signal transduction [3–5]. Recent
studies have shown that SnRK2s are involved in plant
growth and development as well as in responses to stress
signals such as osmotic stress, saline stress and ABA sig-
naling [4, 6]. For example, SnRK2.6 and SnRK2.8 serve
as regulators of carbohydrate metabolism and drought
resistance response in Arabidopsis thaliana, respectively
[7, 8], whereas SnRK2.4 and SnRK2.10 play essential
roles in root growth and architecture under saline condi-
tions in Arabidopsis [9]. Furthermore, in other species,
overexpression of SnRK2.8 enhances the resistance to
various adverse stresses in wheat (Triticum aestivum)
[10], while ZmSAPK8, OsSAPK8, GhSnRK2.6, and
MpSnRK2.10 are related to salt tolerance in maize (Zea
mays), rice (Oryza sativa), cotton (Gossypium hirsutum),
and apple (Malus domestica), respectively [11–14].
Similar to other SnRK family members, SnRK2 pro-

teins possess a typical structure composed of structurally
and functionally conserved domains. The amino acid se-
quence of SnRK2s can be divided into two regions: the
highly conserved N-terminal catalytic domain, which is
similar to that of SNF1/AMP kinases, and the relatively
differentiated C-terminal regulatory domain, which is
short [15]. In addition, earlier research found that the
N-terminus of SnRK2 is a highly conserved kinase re-
gion, which is closely related to its kinase activity, and
contains the highly conserved ATP-binding site
(DXGXGNFGVAXL) and Ser/Thr kinase activity do-
main (KICDFGYSKSXXXHGXPK) [16]. It was also
found that the C-terminus was composed of two subdo-
mains (Domains I and II), which contain stretches of
acidic patches of either glutamic acid or aspartic acid
[16]. Domain I is a region shared by all members of the
SnRK2 family that is located 20 amino acids away from
the catalytic domain and is the necessary structural basis

for independent ABA response to osmotic stress [17].
Domain II exists mainly in the members of the third
subfamily and is the necessary structural basis for the re-
sponse to ABA signals [17].
Differences in the functions of SnRK2 genes have been

widely determined. In contrast to other protein kinases,
SnRK2s are essential components and positive regulators
of the ABA signaling pathway that are specific to plants.
Based on the structural characteristics of the SnRK2 C-
terminus and their response to ABA signals, SnRK2s
were divided into three subfamilies [14]. Among them,
members of Group I are rich in glutamic acid at the C-
terminus and barely respond to ABA signals. In contrast,
members of Group II and Group III are rich in aspartic
acid; SnRK2s in Group II do not or weakly respond to
ABA signals, whereas SnRK2s in Group III are strongly
activated by ABA [4, 18]. Furthermore, the promoter re-
gion of SnRK2s usually contains cis-acting regulatory el-
ements that are involved in stress responses, such as
drought-responsive elements, ABA-responsive elements,
and cold-responsive elements [6]. Previous research has
shown that the kinase activity of SnRK2 is related to the
reversible phosphorylation of key amino acid sites. For
example, the kinase activity of NtOSAK is regulated by
the phosphorylation of Ser154 and Ser158 within its ac-
tivated ring in the tobacco (Nicotiana tabacum) [19].
Furthermore, there are some differences in the kinase
activity of SnRK2s because of their different phosphoryl-
ation sites. Regarding the SnRK2.6 gene in Arabidopsis,
the phosphorylation sites Ser7, Ser18, Ser29, and Ser43
are mainly related to the regulation of self-
phosphorylation, whereas Ser175 and Thr176 are pri-
marily associated with kinase activity [20].
Because of the critical regulatory functions of SnRK2

genes in plant responses to various adversity stresses
and developmental processes, the SnRK2 gene family has
been widely studied in the model plant Arabidopsis as
well as in non-model plants such as rice, maize, wheat,
soybean (Glycine max), apple, and rubber (Hevea brasi-
liensis) [6, 15, 18, 21–23]. Compared with other species,
the members of the SnRK2 gene family have not been
extensively examined in Rosaceae. Pear (Pyrus bretsch-
neideri) is a member of the Rosaceae family and a com-
mercially important crop that is cultivated in temperate
regions worldwide. In addition, the genome of the Chin-
ese white pear (P. bretschneideri Rehd. cv. ‘Dangshan-
suli’) has been fully sequenced [24]. In recent years, the
development of high-throughput sequencing technology
has allowed genome sequencing in many organisms for
genomic analysis. For example, genome sequences are
available for seven other Rosaceae species, i.e., apple,
strawberry (Fragaria vesca), peach (Prunus persica),
Chinese plum (Prunus mume), black raspberry (Rubus
occidentalis), cherry (Prunus avium), and European pear
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(Pyrus communis), which provides an opportunity to fur-
ther analyze the SnRK2 gene family in Rosaceae. There-
fore, the present study aimed to (1) annotate the full-
length SnRK2 genes in Chinese white pear and seven
additional Rosaceae fruit species; (2) infer their expan-
sion, evolutionary history, and expression patterns; and
(3) explore PbrSnRK2s responses to adversity stresses, as
elicited by ABA stress, thereby providing valuable infor-
mation for further investigation of SnRK2 gene functions
in Rosaceae. These results will be useful for revealing
the mechanisms of stress resistance in fruit trees and
will lay a foundation for further investigations that will
use genetic engineering for molecular breeding.

Results
Identification and classification of SnRK2 genes in
Rosaceae
To investigate the SnRK2 gene family in Rosaceae, the
protein sequences of SnRK2s from Arabidopsis and rice
were used as queries. In addition, a Hidden Markov Model
(HMM) search using the SnRK2 gene domain HMM pro-
file (PF00069.1) was used to screen the Rosaceae genome.
A total of 318 candidate SnRK2 genes were screened using
these two strategies. Finally, the online program SMART
(http://smart.embl-heidelberg.de/) was used to assess the
Ser/Thr protein kinase catalytic domains, followed by the
elimination of redundant sequences, incomplete gene se-
quences, and transcripts of the same gene. Subsequently,
71 nonredundant SnRK2 genes were identified in the
Rosaceae genome. Among them, 10 SnRK2 proteins were
identified in Chinese white pear (PbrSnRK2s), 14 in apple
(MdSnRK2s), 8 in strawberry (FvSnRK2s), 7 in peach
(PpeSnRK2s), 7 in Chinese plum (PmSnRK2s), 5 in black
raspberry (RocSnRK2s), 7 in cherry (PavSnRK2s), and 13
in European pear (PcSnRK2s) (Fig. 1).
To classify and investigate the evolutionary relation-

ships among SnRK2 genes, a phylogenetic tree was con-
structed using multiple sequence alignment of SnRK2
protein sequences from the eight Rosaceae species, Ara-
bidopsis, and rice. The results of this analysis showed
that the SnRK2 gene family was clustered into three
well-supported clades (Groups I, II, and III; Fig. 1),
which is consistent with the findings of a previous study
performed in Arabidopsis and rice [15]. Among them,
22 members belonged to Group I, 25 to Group II, and
24 to Group III (Fig. 1).

Multiple sequence alignment of SnRK2 proteins
To gain insights into the structural features of PbrSnRK2
proteins, the amino acid sequences in all members and
groups were aligned. Result of the amino acid sequence
alignment showed that all members of SnRK2s had
54.87% sequence identity, of which the maximum and
minimum percentage of amino acid sequence conserved

was 79.78 and 29.33%, respectively (Table S1). Further-
more, the ratio of sequence conservation for subgroup I,
II and III was 78.92, 64.5 and 65.17% respectively (Table
S1). Previous studies in Arabidopsis had identified two
conserved kinase regions and two functional subdomains
within SnRK2, i.e. ATP-binding site, Ser/Thr kinase ac-
tivity domain, Domain I and Domain II. To characterize
the biological functions of PbrSnRK2 genes and their
conserved domains in pear, multiple sequence alignment
of PbrSnRK2 and AtSnRK2 proteins was performed. Ac-
cording to the result, the amino acid sites were very
similar in these conserved regions of pear and Arabidop-
sis SnRK2 proteins. Specifically, members of PbrSnRK2
proteins have two conserved kinase domains in the N-
terminal regions: an ATP-binding signature containing a
lysine residue as an ATP-binding site, expected for the
PbrSnRK2.5/2.6/2/9/2/10; and a Ser/Thr protein kinase
active site signature, expected for the PbrSnRK2.8
(Fig. 2). In addition, the C-terminal of PbrSnRK2 con-
tains two distinct domains (Domain I and Domain II),
which is identical with the SnRK2 members identified in
Arabidopsis lineages that showed divergent C-terminal
domains. Together, the results manifest that SnRK2 gene
family originated before the divergence of Rosaceae and
Cruciferae. Additionally, the kinase domain regions are
highly conserved during long-term evolution in SnRK2
proteins, which may have gone through purification
choices. Furthermore, the conserved regions of several
PbrSnRK2 proteins were lost, indicating that pseudogen-
ezation or subfunctionalization might have been oc-
curred during long-term evolution in pear.

Structural and conserved motifs analysis of SnRK2 genes
in pear
Analysis of the arrangement of introns and exons can pro-
vide valuable information regarding evolutions and func-
tions of gene families [25]. To better understand the
structural diversity of PbrSnRK2 genes, an exon/intron ana-
lysis was performed by aligning gene sequences with their
corresponding coding domains from SnRK2 in pear and
Arabidopsis. The number of exons identified in the mem-
bers of the SnRK2 gene family ranged from 4 to 10 in pear
and Arabidopsis (Fig. 3). Most members of the individual
groups exhibited different number of exons/introns and
varying lengths of the coding sequence in pear, which also
supported the phylogenetic classification of the SnRK2 gene
family. For example, SnRK2 genes in subgroup I in pear
contained 9 exons. Most members of subgroup II included
5–6 exons, except PbrSnRK2.4, which contained 9 exons.
In addition, subgroup III contained a number of exons (i.e.,
7–8), except PbrSnRK2.10, which contained 4 exons (Fig.
2). In addition, the MEME tool was used to further investi-
gate the conserved motifs of SnRK2 proteins. A total of 12
conserved motifs were identified, denominating motif 1–12.
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The SnRK2 genes of each subgroup shared similar con-
served motifs, nevertheless those in subgroup II were disor-
ganized. Based on the result of motif analysis, motif 1/4/6/
8/9/10 were identified to be the basic regions of the SnRK2
domain, as they were detected in each group of the gene
family (Fig. S1). For example, it contains 11 of 12 conserved
motifs in subgroup I, and only motif 12 is lacked (Fig. S1).
Group III contains one specific motifs, i.e. it contains two
motifs 12, expected for PbrSnRK2.9 (Fig. S1). In total, the
conservation and specificity of the number of exons and
motifs in each subgroup support the close evolutionary

relationship of PbrSnRK2 genes. This may result from the
replication events in evolution process of the gene family,
indicating that these subgroups originated via different evo-
lutionary paths.

Physicochemical features of the SnRK2 genes in Rosaceae
To further study the functions of the SnRK2 proteins,
we performed systematic analysis of the physicochemical
properties of the SnRK2 proteins in Rosaceae. We found
that the SnRK2 protein sequences ranged from 198 to
891 amino acids, and that most of them contained 220

Fig. 1 Phylogenetic analysis of SnRK2 proteins from Rosaceae, rice, and Arabidopsis. Full-length protein sequences were aligned with the
integrated MUSCLE program and the phylogenetic tree was constructed by the maximum likelihood method using MEGA 6.0 and 1000 bootstrap
replicates. Proteins clustered into three subgroups. The yellow, red, and green regions indicate the three subfamilies of the SnRK2 proteins
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to 402 amino acids. The isoelectric point of 87.3% of the
SnRK2 proteins was acidic, which indicates that SnRK2
proteins from Rosaceae are rich in acidic amino acids.
Moreover, the molecular weights of these proteins
ranged from 30.09 to 85.3 kDa (Table 1). The negative
and positive GRAVY scores of proteins reflect their
hydrophobicity and hydrophilicity, respectively [26]. The
grand average of the hydropathy scores of all SnRK2
proteins was negative in Rosaceae, which indicates that
these proteins are hydrophilic. In addition, we found that
the aliphatic index ranged from 80.76 to 94.08 for the
SnRK2 proteins from Rosaceae, which indicated that all
of them are thermally stable (Table 1).

Evolutionary expansion and synteny analysis of SnRK2
genes in Rosaceae
Several gene duplication patterns drive the evolution of
protein-coding gene families, which include whole-

genome duplication (WGD) or segmental duplication,
tandem and segmental duplications, and rearrangements
at the gene and chromosomal levels [27]. The origins of
duplicated genes were explored in the SnRK2 gene fam-
ily in eight Rosaceae genomes using the MCScanX pack-
age. Each member of the SnRK2 gene family was
allocated to one of five different categories: WGD or
segmental, singleton, proximal, tandem, or dispersed.
Five types of duplication events contributed to the ex-
pansion of the SnRK2 gene family in Rosaceae: 50%
WGD, 19.7% dispersed, 15.2% transposed, 9% proximal,
and 6% tandem (Fig. 4). Among them, WGD events oc-
curred in each of the Rosaceae species; in particular,
60% of the SnRK2 genes in Chinese white pear, 86% in
apple, 57.1% in peach, and 50% in strawberry were dupli-
cated and retained from WGD events compared with
only 40% in black raspberry, 28.6% in Chinese plum,
28.6% in cherry, and 7.7% in European pear (Table S2).

Fig. 2 Alignment of the amino acid sequences of PbrSnRK2s and AtSnRK2s. The serine/threonine protein kinase active site signature and the
protein kinase ATP-binding region signature are indicated by a green box (a green pentacle) and red box (a red pentacle), respectively. Domain I
and Domain II are marked by black boxes at the C-terminus

Chen et al. BMC Genomics          (2020) 21:781 Page 5 of 17



Hence, WGD may have impacted the evolution of the
SnRK2 gene family in Chinese white pear, apple, peach
and strawberry. In addition, the proportions of dispersed
SnRK2 gene duplication events in black raspberry (40%),
European pear (30%), peach (28.6%), strawberry (28.6%),
cherry (28.6%), and apple (7%) were assessed (Table S2).
Transposed events were 10% in pear, 37.5% in straw-
berry, 28.6% in Chinese plum, 28.6% in cherry and 15.4%
in European pear. These results indicate that transposed,
WGD, and dispersed events impacted the evolution of
the SnRK2 gene family in Chinese plum and cherry. In
black raspberry, WGD and dispersed events were the
main forces, while dispersed and transposed events
played key roles in the evolution of European pear.
To explore the evolutionary process of SnRK2 genes,

an intra-genomic synteny map was constructed for each
analyzed Rosaceae specie in the study. The result
showed that PbrSnRK2 genes were distributed on 4 out
of the 17 pear chromosomes, with 4 SnRK2 genes an-
chored on chromosome 15, and 2 syntenic pairs were
identified (Fig. 5). Thirteen SnRK2 genes were assigned
to 7 of the 17 chromosomes in apple, with 5 genes an-
chored to chromosome 15, and 9 syntenic pairs were
identified. Furthermore, 7 SnRK2 genes were distributed
on 5 of the 8 chromosomes in peach, with 3 genes an-
chored to chromosome 1, and 1 syntenic pair was identi-
fied (Fig. 5). Eight SnRK2 genes were assigned to 4 of
the 7 chromosomes in strawberry, with 4 genes an-
chored to chromosome 5, and 2 syntenic pairs were
identified (Fig. 5). In addition, 7 SnRK2 genes were lo-
cated on Chr1, Chr2, Chr4, Chr6 and Chr8 in Chinese

plum, of these, 3 genes were co-located on Chr2, and 1
syntenic pair was identified (Fig. S2). Five SnRK2 genes
were located on Chr1, Chr2 and Chr5 in black raspberry,
of these, 2 genes were co-located on Chr2 and Chr5, re-
spectively, and 1 syntenic pairs was identified (Fig. S2).
Seven SnRK2 genes were located on Chr1, Chr5, Chr6,
Chr7 and Chr8 in cherry, of these, 3 genes were co-
located on Chr1 and 1 syntenic pairs was identified (Fig.
S2). Nine SnRK2 genes were located on Chr1, Chr2,
Chr4, Chr8 and Chr15 in European pear, of these, 4
genes were co-located on Chr15 and 2 genes were co-
located on Chr8, and 2 syntenic pairs were identified
(Fig. S2).

Ks value and Ka/Ks ratio reveal dates and driving forces
of evolution
Purifying selection (negative selection) is the process via
which disadvantageous mutations are removed, whereas
Darwinian selection (positive selection) accumulates new
advantageous mutations and spreads them throughout
the population [27]. To identify the selection process
that drove the evolution of the SnRK2 gene family, the
Ka value and Ka/Ks ratio of its paralogs were examined
in the eight Rosaceae species based on coding sequences.
We found that all values were < 1 in the studied Rosa-
ceae species (Fig. 6a), implying that this family under-
went a purifying selection pressure during its evolution
in Rosaceae and that its evolution was very conservative.
The Ks value is extensively used to evaluate the evolu-

tionary dates of WGD or segmental duplication events.
Previous studies have shown that the genome of pear

Fig. 3 Phylogenetic relationship of the intron/exon structure of SnRK2 genes from pear and Arabidopsis thaliana. a A phylogenetic tree
constructed with CluxtalX2.0 using the full-length amino acid sequences of SnRK2 genes from pear and Arabidopsis. Bootstrap analysis was
performed using 1000 replicates. The species in which SnRK2 proteins were functionally characterized are displayed as icons, and the different
colors in the branches represent the different subfamilies. b The tangerine boxes, black lines, and light-green boxes in the gene structural
diagram represent exons, introns, and UTRs, respectively. Gene models are drawn to scale, as indicated at the bottom
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Table 1 Characteristics of the SnRK2 proteins

Gene name Subfamily protein length (aa) Protein Molecular Weight (Da) PI GRAVY Formula Aliphatic
index

Pbr003186.1 (PbrSnRK2.1) 1 351 40,164.76 6.12 −0.493 C1787H2813N493O534S13 83.56

Pbr026536.1 (PbrSnRK2.2) 1 350 40,114.75 6.15 −0.465 C1786H2811N495O530S13 84.63

Pbr040276.1 (PbrSnRK2.3) 1 340 38,378.82 6.29 −0.409 C1705H2701N469O512S13 84.85

Pbr040625.1 (PbrSnRK2.4) 2 325 36,631.27 9.06 −0.287 C1630H2611N455O475S14 90.89

Pbr040624.1 (PbrSnRK2.5) 2 267 30,085.35 5.45 −0.258 C1332H2101N361O404S14 90.45

Pbr006341.1 (PbrSnRK2.6) 2 231 26,079.62 5.23 −0.359 C1167H1818N310O352S8 86.49

Pbr007881.1 (PbrSnRK2.7) 3 391 44,256.56 4.73 −0.112 C1962H3070N516O598S25 91.74

Pbr025097.1 (PbrSnRK2.8) 3 294 33,287.80 4.57 −0.277 C1468H2298N388O458S18 86.22

Pbr042784.1 (PbrSnRK2.9) 3 267 30,129.09 4.63 −0.279 C1339H2069N349O414S14 86.22

Pbr023607.1 (PbrSnRK2.10) 3 280 31,555.06 4.82 −0.249 C1398H2209N373O427S15 92.25

FvH4_5g20490.1 1 337 38,042.32 5.85 −0.399 C1687H2673N467O510S12 86.2

FvH4_2g06910.1 3 363 41,228.89 4.88 −0.316 C1821H2858N492O559S20 88.35

FvH4_5g28850.1 1 327 37,323.51 5.86 −0.487 C1659H2603N455O497S14 80.76

FvH4_1g20310.1 2 337 38,383.77 5.18 −0.286 C1710H2684N456O517S15 90.5

FvH4_1g15440.1 3 395 44,944.60 4.78 −0.108 C2006H3107N519O595S29 86.86

FvH4_5g36730.1 2 891 100,973.94 6.69 −0.278 C4490H7134N1238O1327S40 90.76

FvH4_4g13050.1 1 364 41,481.68 9.1 −0.429 C1829H2934N524O540S18 82.17

FvH4_5g36740.1 2 265 30,127.71 8.2 −0.369 C1335H2131N373O392S14 84.91

MD15G1428500 1 352 40,374.9 6 −0.518 C1795H2819N495O539S13 81.68

MD08G1236500 1 352 40,335.01 6.15 − 0.487 C1792H2819N497O533S15 81.93

MD04G1054400 1 340 38,363.68 5.99 −0.436 C1700H2688N472O513S13 83.74

MD06G1046300 1 341 38,402.85 6.06 −0.396 C1704H2701N467O514S14 84.34

MD08G1187200 2 338 38,563.34 6.39 −0.283 C1724H2713N473O499S16 89.35

MD10G1089100 3 374 42,618.45 4.9 −0.282 C1897H2946N506O573S19 88.61

MD01G1035000 2 339 38,468.89 5.65 −0.307 C1716H2683N465O510S15 88.58

MD02G1166500 3 359 40,537.12 4.69 −0.275 C1789H2805N475O554S22 86.1

MD15G1321000 2 339 38,437.74 5.48 −0.354 C1710H2674N464O514S15 86.58

MD15G1373000 2 339 38,522.06 5.97 −0.247 C1722H2686N468O504S16 88.5

MD15G1279000 3 359 40,772.25 4.73 −0.291 C1792H2806N488O555S22 86.91

MD15G1373200 2 323 36,386.03 8.96 −0.26 C1622H2596N450O471S14 92.35

MD10G1088700 3 383 43,396.23 8.53 −0.15 C1946H3062N534O549S21 88.8

MD00G1050800 3 220 25,729.73 8.03 −0.079 C1182H1780N300O320S13 84.14

Pav_sc0001196.1_g350.1 1 317 36,635.72 6.58 −0.587 C1629H2566N456O484S11 82.4

Pav_sc0001242.1_g120.1 3 295 33,333.86 4.78 −0.336 C1464H2296N396O455S19 82.64

Pav_sc0000549.1_g120.1 1 262 29,207.29 5.61 −0.437 C1296H2070N352O398S8 85.61

Pav_sc0000639.1_g120.1 2 278 31,570.93 5.49 −0.267 C1402H2189N379O423S14 89.82

Pav_sc0000908.1_g140.1 3 285 32,103.42 4.72 −0.354 C1417H2233N377O444S14 88.91

Pav_sc0000257.1_g140.1 2 445 49,201.30 5.45 −0.042 C2218H3423N575O649S21 89.8

Pav_sc0000257.1_g130.1 2 226 25,483.15 6.09 −0.39 C1126H1798N312O341S10 87.08

PCP016770.1 1 351 40,164.76 6.12 −0.493 C1787H2813N493O534S13 83.56

PCP018226.1 1 375 42,928.18 6.41 −0.338 C1927H3021N529O557S13 89.39

PCP022180.1 1 341 38,437.84 6.13 −0.403 C1706H2702N470O514S13 84.63

PCP002062.1 1 340 38,446.75 5.99 −0.44 C1708H2693N473O513S12 84.32
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Table 1 Characteristics of the SnRK2 proteins (Continued)

Gene name Subfamily protein length (aa) Protein Molecular Weight (Da) PI GRAVY Formula Aliphatic
index

PCP028386.1 3 362 41,005.69 5.01 −0.293 C1814H2849N493O552S19 89.67

PCP024729.1 2 338 38,278.91 6.09 −0.259 C1708H2693N469O500S15 90.77

PCP020533.1 3 359 40,561.10 4.68 −0.27 C1789H2801N477O554S22 86.38

PCP024917.1 2 762 85,296.85 6.78 −0.248 C3776H6009N1053O1122S37 88.22

PCP004475.1 2 343 39,053.51 5.4 −0.338 C1737H2711N473O518S17 87.29

PCP044958.1 3 402 45,383.96 4.67 −0.076 C2014H3160N526O613S26 94.08

PCP024916.1 2 323 36,388.00 8.96 −0.275 C1621H2594N450O472S14 91.46

PCP022264.1 3 198 22,669.10 6.75 −0.189 C1020H1585N279O287S10 88.59

PCP038995.1 2 449 51,146.19 9.93 −0.582 C2268H3685N667O648S15 80.94

Pm003761 1 350 40,355.22 6.12 −0.456 C1797H2835N493O531S16 85.2

Pm029730 1 339 38,174.59 5.91 −0.377 C1694H2689N467O510S13 86.58

Pm021475 3 362 41,251.05 4.92 −0.298 C1822H2864N490O557S22 88.29

Pm026453 3 362 41,218.18 4.73 −0.228 C1809H2849N485O556S29 85.88

Pm002088 2 351 40,039.80 5.55 −0.251 C1790H2802N480O530S16 91.11

Pm004465 2 338 38,359.05 6.43 −0.283 C1706H2689N471O499S18 86.18

Pm004466 2 520 57,750.25 5.86 −0.058 C2598H4020N684O753S27 87.9

Prupe.1G573300.1 1 350 40,256.90 6.17 −0.48 C1792H2821N497O532S13 84.94

Prupe.5G054500.1 1 339 38,170.54 5.91 −0.367 C1694H2689N469O510S12 87.43

Prupe.8G115900.1 3 362 41,037.62 4.92 −0.306 C1815H2849N491O557S18 89.39

Prupe.7G138200.1 3 362 40,942.64 4.77 −0.233 C1802H2836N486O556S23 88.07

Prupe.6G192200.1 2 339 38,550.04 5.46 −0.273 C1717H2702N464O514S15 92.6

Prupe.1G521600.1 2 338 38,235.89 6.64 −0.273 C1702H2680N472O496S17 86.48

Prupe.1G521800.1 2 360 40,832.18 6.71 −0.145 C1834H2887N495O524S18 92.56

Ro05_G31301 1 352 40,450.04 6 −0.525 C1795H2824N500O537S14 82.5

Ro02_G35920 3 325 36,669.63 4.79 −0.227 C1631H2528N432O496S17 87.6

Ro01_G29721 3 310 35,087.95 4.7 −0.354 C1544H2436N414O480S19 87.1

Ro02_G15248 3 286 32,276.65 4.68 −0.36 C1424H2244N378O446S15 88.95

Ro05_G30878 1 242 27,245.30 8.22 −0.411 C1208H1946N334O363S9 89.01

Fig. 4 Number of SnRK2 genes from different origins in eight Rosaceae genomes
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and apple have undergone two genome-wide duplication
events (ancient and recent). In Chinese white pear, the
recent WGD event that is inferred to have occurred 30–
45 MYA (Ks ~ 0.15–0.3) and the ancient WGD event
that is inferred to take place ~ 140 MYA (Ks ~ 1.5–1.8)
[24]. Furthermore, the recent WGD event that is in-
ferred to have occurred 30–45 MYA (Ks ~ 0.2) and the
ancient WGD event that is inferred to take place ~ 140
MYA (Ks ~ 1.6) in apple [28, 29]. To explore the evolu-
tionary dates of the duplication events among the SnRK2

gene family members, Ks values were analyzed in the
Rosaceae species. The results showed that the Ks values
for the SnRK2 gene pairs ranged from 0.107 to 4.0487 in
Rosaceae; moreover, the Ks values of WGD gene pairs
PbrSnRK2.1–PbrSnRK2.2 (Ks, ~ 0.1028), PbrSnRK2.7–
PbrSnRK2.8 (Ks, ~ 0.1363), PCP022180.1–PCP002062.1
(Ks, ~ 0.182), MD01G1035000–MD15G1321000 (Ks, ~
0.1644), MD02G1166500–MD15G1279000 (Ks, ~
0.1757), MD04G1054400–MD06G1046300 (Ks, ~
0.1635), MD08G1187200–MD15G1373000 (Ks, ~

Fig. 5 Chromosomal localization and synteny of the SnRK2 genes in Rosaceae genomes. SnRK2 genes in Chinese white pear, apple, peach, and
strawberry were mapped onto the different chromosomes. Chromosome number is indicated on the inner side in the inner circle, corresponding
to different SnRK2 genes. Gene pairs with a syntenic relationship are joined by a line
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0.1138), and MD08G1236500–MD15G1428500 (Ks, ~
0.107) are close to the Ks peak corresponding to the re-
cent WGD that was detected in pear genome, indicating
that some SnRK2 genes were derived and retained from
recent WGD events (30–45 MYA) [24]. Furthermore,
other duplicated gene pairs (such as PbrSnRK2.5 and
PbrSnRK2.6) possessed higher Ks values (2.26–4.0487),
indicating that they might have stemmed from a more
ancient duplication event (Fig. 6b).

Expressions of PbrSnRK2 genes in different tissues
To understand the expression patterns and functional
properties of SnRK2 genes in different tissues, we
constructed a heat map at the transcriptional level
using MeV to depict the overall expression patterns
of SnRK2 genes in pear based on the transcriptome
data from pear root, stem, leaf, fruit, petal, sepal,
ovary, bud, pollen, pollen tube and stop-growth pollen
tube. The transcriptome data was obtained from pre-
vious studies conducted by our group [30–32]. The
results showed that SnRK2 genes were expressed in
most organizations of pear, i.e., three genes
(PbrSnRK2.2/2.5/2.7) were exhibited high expression
in fruits, two (PbrSnRK2.3/2.8) in leaves, and one
(PbrSnRK2.4) in roots (Fig. S3). Furthermore,
PbrSnRK2.1 and PbrSnRK2.6 were highly expressed in
petal, PbrSnRK2.9 was highly expressed in bud, and
PbrSnRK2.10 was highly expressed in ovary.
In addition, those PbrSnRK2 genes were also examined

by qRT-PCR using gene-specific primers and in diverse

pear tissues including root, stem, leaf, flower, fruit, PG,
PT and style (Table S3). The results showed that SnRK2
genes have diverse expression patterns in different pear
tissues, although some genes have the same expression
pattern between the two methods, and some genes have
different expression characteristics in different tissues.
For example, PbrSnRK2.3 and PbrSnRK2.8 were also
highly expressed in leaf, and PbrSnRK2.6 also exhibited
high expression in the flower, which is consistent with
transcriptome data (Figs. 7 and S3). PbrSnRK2.2,
PbrSnRK2.4 and PbrSnRK2.7 were highly expressed in
flower based on the data of qRT-PCR, nevertheless tran-
scriptome data showed that PbrSnRK2.2, PbrSnRK2.4
and PbrSnRK2.7 were highly expressed in fruit, root and
root, respectively (Figs. 7 and S3). PbrSnRK2.5 and
PbrSnRK2.9 were highly expressed in leaf by qRT-PCR;
PbrSnRK2.1 was highly expressed in PG, and
PbrSnRK2.10 was highly expressed in style by qRT-PCR
(Fig. 7). These results indicated that SnRK2 genes may
play important roles in these pear tissues and respond to
abiotic in different organizations. In addition, these
genes may have different expression characteristics in
different developmental stages of plant tissues.

Expression profiles of PbrSnRK2 genes under ABA
treatment
Many studies have shown that SnRK2s play key roles in
response to multiple abiotic stresses such as salinity, de-
hydration, and hyperosmotic stress [14]. Moreover, the
members of the SnRK2 gene family are involved in the
regulation of phytohormone pathway responses, particu-
larly ABA signal transduction [4]. To explore the dy-
namic transcriptional changes in PbrSnRK2 genes in
response to ABA treatment, the expression levels of
these genes in leaves of pear were evaluated by qRT-
PCR under ABA (50 μM) treatment at four time points:
0, 3, 6, and 9 h. The results showed that in response to
exogenous ABA application, the SnRK2 genes exhibited
different expression patterns. For example, eight genes
(PbrSnRK2.1/2.2/2.3/2.4/2.6/2.7/2.8/2.9) were activated
by ABA, whereas the expressions of two genes
(PbrSnRK2.5/10) remained unchanged at each time
point (Fig. 8). Among them, the expression levels of
PbrSnRK2.1, PbrSnRK2.3, and PbrSnRK2.4 were signifi-
cantly upregulated at 3 h after ABA treatment, and the
expression pattern of PbrSnRK2.1 shows a wavy trend
with ABA treatment (Fig. 8), whereas PbrSnRK2.4’s ex-
pression pattern shows a parabolic trend under ABA
treatment. PbrSnRK2.7 and PbrSnRK2.9 showed similar
expression patterns. Specifically, they were both signifi-
cantly upregulated at 6 h after ABA treatment, and
reached their peak value at 9 h after ABA treatment (Fig.
8). The expression levels of PbrSnRK2.2/2.6 were signifi-
cantly upregulated at 9 h after ABA treatment. However,

Fig. 6 Distribution of mean Ka/Ks and Ka values of SnRK2 genes in
Rosaceae. a Ks values indicating the times of SnRK2 gene evolution
in Rosaceae. b Ka/Ks ratios indicating the driving forces of SnRK2
gene evolution in Rosaceae
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PbrSnRK2.8 was downregulated over time after ABA
treatment (Fig. 8).

Discussion
SnRK2 is a specific family of Ser/Thr protein kinases in
plants that play important roles in the transduction of
various signaling pathways, particularly in response to

abiotic stress [4, 5]. With the completion of whole-
genome sequencing in an increasing number of organ-
isms, it has become possible to comprehensively analyze
and study the functions of gene families from the gen-
omic perspective. The members of the SnRK2 gene fam-
ily have been identified and analyzed in many plant
species [33, 34]; however, a comprehensive systematic

Fig. 7 Expression analyses of 10 PbrSnRK2 genes in different tissues. The relative transcript abundances of PbrSnRK2 genes were examined by
qRT-PCR. Total RNA was extracted from roots, stems, leaves, flowers, fruits, styles, pollen grains, and pollen tubes cultured for 5 h. Regarding each
gene, the relative expression levels were obtained by normalization to that of pear Actin. The error bars indicate standard deviations. Data are
expressed as mean ± standard deviation
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investigation of this family remains limited in Rosaceae.
Here, 71 SnRK2 genes were identified in Rosaceae and
the same number of SnRK2 genes was identified in pear,
compared with 10 in Arabidopsis. The SnRK2 gene fam-
ilies in Chinese white pear, apple, and European pear
have more members compared with those in cherry,

strawberry, and black raspberry. Recent genome-wide
evidence revealed that pear and apple have undergone
both a recent WGD event and an ancient WGD event;
however, strawberry, peach, Chinese plum, black rasp-
berry, and cherry did not undergo this event [27]. Our
results, which showed that pear and apple experienced

Fig. 8 Expression patterns of PbrSnRK2 genes under abiotic treatments. The relative transcript levels of PbrSnRK2.1–PbrSnRK2.10 were examined by
qRT-PCR, and the samples were harvested at 0, 3, 6, and 9 h after foliar spraying in leaves from 3-month-old seedlings under 50 μM ABA stress
treatments. Regarding each gene, the relative expression levels were obtained by normalization to that of pear Actin. The error bars indicate
standard deviations. Asterisks indicate a significant difference (*P < 0.05) compared with 0 h at the different time points after ABA treatment. Data
are expressed as mean ± standard deviation
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two WGD event (recent and ancient), also support the
conclusion. Therefore, there is a possibility that WGD
event lead to the number differentiation of SnRK2 genes
detected in the investigated Rosaceae species. Moreover,
these SnRK2 genes were classified into three subfamilies,
subgroups I, II, and III, which is consistent with the clas-
sification of other SnRK2 genes [15, 16]. In addition, the
conserved motif and exon-intron analysis also support
the classification of SnRK2 genes in pear and Arabidop-
sis, regardless of the loss of exon-intron or motif in some
PbrSnRK2 genes. We believe that the loss may be due to
the structural polymorphism of the PbrSnRK2 genes in
the long-term evolution process, simultaneously result-
ing in some functional differentiation.
To investigate the evolutionary process and history of

SnRK2 genes in Rosaceae and to explore further their
functions in response to various abiotic stresses, gene
duplication events, gene syntenic relationships, and Ka/
Ks values of SnRK2 genes were investigated in Rosaceae.
Dispersed, tandem, proximal, transposed, and genome-
wide duplications differentially contribute to the expan-
sion of specific gene families in plant genomes [35]. The
results of the synteny analysis performed here indicated
that the SnRK2 genes in Chinese white pear, apple,
peach and strawberry were derived primarily from WGD
events. Dispersed duplications were the major drivers of
SnRK2 gene family expansion in European pear. Further-
more, the expansion of the SnRK2 gene family under-
went five types of duplication events, with WGD events
accounting for 50% of the SnRK2 genes in Rosaceae.
Among these events, four duplicated gene pairs, i.e.,
PbrSnRK2.1–PbrSnRK2.2, PbrSnRK2.7–PbrSnRK2.8,
MD08G1236500–MD15G1428500, and
MD08G1187200–MD15G1373000, had lower Ks values
(0.12, 0.13, 0.11, and 0.11, respectively), suggesting that
they resulted from a recent duplication event. However,
the Ks values of other duplicated gene pairs, i.e.,
MD08G1187200–MD15G1321000 and PbrSnRK2.5–
PbrSnRK2.6, and pm02088–pm004465, were > 3, which
indicated that they resulted from a more ancient dupli-
cation event. This is similar to previous observation, i.e.,
> 90% of the increase in functional genes in the Arabi-
dopsis lineage is due to expansion resulting from gen-
ome duplication events [36]. These results indicate that
WGD events may play a key role in the expansion of the
SnRK2 gene family and that SnRK2 genes function in re-
sponse to various biological and abiotic stresses. This re-
sult is similar to previous observations in studies that
analyzed the expansion of the Hsf and F-box gene family
in pear [27, 37].
Purifying selection (negative selection) is the process

via which deleterious mutations are eliminated. In
contrast, Darwinian selection (positive selection) accu-
mulates new advantageous mutations and spreads

them across the population [38]. The Ka/Ks ratio was
further calculated for exploring the selection process
that drove the evolution of the SnRK2 gene family in
Rosaceae. In this study, the Ka/Ks ratios of all paralo-
gous genes were < 0.5. Previous studies have shown
that the Ka/Ks ratio represents selection magnitude
and direction measure: 1 indicates neutral evolution,
< 1 indicates negative selection, and > 1 indicates posi-
tive selection [39]. These results indicate that negative
selection may play a key role in the evolution of these
SnRK2 genes.
Gene expression patterns can provide important clues

for describing gene function. Therefore, information per-
taining to the specific expressions of PbrSnRK2 genes
was analyzed in various tissues using public RNA-Seq
datasets and qRT-PCR. The results revealed that
PbrSnRK2 genes exhibited diverse spatiotemporal ex-
pression patterns in different tissues of pear. For ex-
ample, the qRT-PCR results showed that PbrSnRK2.3,
PbrSnRK2.5, and PbrSnRK2.8 were preferentially
expressed in leaves, implying that the proteins encoded
by them possibly participate in leaf development and
stomatal regulation in response to abiotic stress. The ex-
pression patterns of these genes were similar to those of
AtSnRK2.3 in Arabidopsis, which was also highly
expressed in leaves [40]. In addition, researchers have
shown that AtSnRK2.3 is mainly involved in the water
stress response of ABA signaling in leaves [41]. Con-
versely, PbrSnRK2.1, PbrSnRK2.2, PbrSnRK2.4,
PbrSnRK2.7, PbrSnRK2.9, and PbrSnRK2.10 exhibited
strong expression in germ cells such as flowers, pollen,
and styles, thereby implying that their encoded proteins
potentially participate in the reproductive growth of
plants and adaptation to various adverse environments.
The expression patterns of these genes were similar to
those of AtSnRK2.7 and AtSnRK2.9 in Arabidopsis,
which were also highly expressed in inflorescence [40].
Nevertheless, further studies are necessary to verify
whether PbrSnRK2s play a key role in leaf development
and the reproductive growth of plants in response to
various abiotic stresses. Furthermore, previous studies
have shown that SnRK2s exhibit widespread expressions
in various tissues of Arabidopsis as well as are involved
in seed germination and growth [42], regulation of pri-
mary metabolism [7] and stomatal aperture [43]. For ex-
ample, AtSnRK2.2 is expressed in both seeding and cell
suspension [44], and AtSnRK2.8 is mainly expressed in
roots [45], whereas AtSnRK2.6 is highly expressed in
stems and roots [7]. Furthermore, the expression pat-
terns of SnRK2 genes have been reported in other spe-
cies such as MpSnRK2.4, which is mainly expressed in
fruit and may participate in fruit development in apple
[23]; HbSnRK2.2, which is high expressed in leaf and
flower tissues [15]; and StSnRK2.4, which is mainly
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expressed in shoot tissues and may be involved in re-
sponses to stress signaling [46].
Many studies have shown that SnRK2 genes play a key

role in response to various environmental stresses such
as salinity, low temperature, and drought [34]. Moreover,
SnRK2 genes play important roles in the regulation of
phytohormones, particularly of ABA signal transduction
[33]. In this study, the amino acid sequences of SnRK2
proteins were aligned in pear against those in Arabidop-
sis. The result showed that Domain I exists in each
SnRK2 protein, which is consistent with previous study
that Domain I is necessary in all SnRK2s and is needed
for activation by osmotic stress [34]. Nevertheless, Do-
main II in subgroup III only exists in strong ABA-
responsive kinases [34], and the results of verification
assay accorded with this conclusion, i.e. PbrSnRK2.7 and
PbrSnRK2.9 in subgroup III were strongly stimulated by
ABA. Contrary to earlier reports, we found that
PbrSnRK2.3 in the subgroup III was also strongly stimu-
lated by ABA, and Domain II existed in PbrSnRK2.3,
PbrSnRK2.7 and PbrSnRK2.9. Possible reason for these
phenomenon is that SnRK2 gene family had expanded
and displayed the structural diversity in a subgroup,
which led to functional differentiation [47]. Furthermore,
we also explored the dynamic expression levels of
PbrSnRK2 genes in pear by treating the leaves with
ABA. The results expanded our understanding of the
functions of PbrSnRK2s in response to phytohormones
and showed that all PbrSnRK2s but PbrSnRK2.5 and
PbrSnRK2.10 were induced at different time points after
ABA treatment. For example, PbrSnRK2.1, PbrSnRK2.3,
and PbrSnRK2.4 were upregulated at 3 h after ABA
treatment, similar to previous findings of StSnRK2.2,
StSnRK2.4, GhSnRK2.7 and MpSnRK2.7 responding
quickly to ABA treatment at 3 h in leaves [23, 46, 48].
PbrSnRK2.7, and PbrSnRK2.9 were upregulated at 6 h
after ABA treatment, which is similar with the expres-
sion promotion of StSnRK2.3, HbSnRK2.5/2.7/2.8/2.9/
2.10, MpSnRK2.1, and MpSnRK2.2 in leaves after ABA
treatment [15, 23, 46]. Among them, the expression
levels of PbrSnRK2.3, PbrSnRK2.7, and PbrSnRK2.9 were
significantly induced at 9 h after ABA treatment. More-
over, PbrSnRK2.2, and PbrSnRK2.6 were also upregu-
lated at 9 h after ABA treatment, similar with previous
studies that HbSnRK2.9 responds to ABA treatment at 9
h in leaves [15]. In contrast, the expression levels of
PbrSnRK2.8 was downregulated at 3 h after ABA treat-
ment, and this gene similar to StSnRK2.1/2.5/2.7 expres-
sion pattern, which were downregulated significantly in
leaves after ABA treatment [46]. These results indicate
that the response of most SnRK2 genes to the various
abiotic stresses is achieved via the ABA signaling path-
way, which may be particularly involved in the regula-
tion of salt stress and drought stress tolerance in pear.

However, additional investigation is needed regarding
the functional characterization of PbrSnRK2s. Further-
more, SnRK2 genes reportedly respond to various abiotic
stresses in other species. Many of the SnRK2 genes (such
as SAPK8, SAPK9, and SAPK10) were differentially regu-
lated by ABA in different organs of rice [18]. The ex-
pression levels of TaSnRK2.7 and TaSnRK2.8 genes
from wheat were induced in response to ABA treatment
[4]. MpSnRK2.8, MpSnRK2.9, and MpSnRK2.10 exhib-
ited strong responses to ABA application in apple [23].
In Arabidopsis, AtSnRK2.2, AtSnRK2.3, and AtSnRK2.6
are typically activated by ABA treatment, which can
phosphorylate the ABA-responsive elements [20].

Conclusion
In this study, 71 SnRK2 genes were identified and char-
acterized in eight Rosaceae species; among them, 10
SnRK2 proteins were identified in Chinese white pear.
The structural characteristics of the encoded proteins
and phylogenetic analysis showed that the SnRK2 gene
family was clustered into three well-supported clades
(Groups I, II, and III) and that most of the members of
the PbrSnRK2 family had two conserved kinase domains
in the N-terminal and C-terminal regions. In addition,
synteny analyses revealed that SnRK2 genes underwent a
purifying selection pressure during the evolution of
Rosaceae and that WGD and dispersed duplication
played key roles in the expansion of the SnRK2 gene
family in Rosaceae. The relative expressions of the 10
SnRK2 genes varied among tissues and abiotic stresses,
with prolonged ABA treatments showing that
PbrSnRK2s are expressed in different tissues and re-
spond to various abiotic stresses via the ABA signaling
pathway. Our results represent a foundation for further
studies that will dissect the structures and functions of
the SnRK2 gene family in Rosaceae.

Methods
Identification of SnRK2 gene family members in Rosaceae
To identify the SnRK2 genes in Rosaceae species, mul-
tiple database searches were performed. The amino acid
sequences of AtSnRK2s were downloaded from The
Arabidopsis Information Resource (http://www.arabi-
dopsis.org/, TAIR, 10) and the rice SnRK2 amino acid
sequences were downloaded from Phytozome (http://
phytozome.jgi.doe.gov/pz/portal.html#, v9.1). These
amino acid sequences were used as queries in BLAST
algorithm-based searches against SnRK2 sequences. The
genome sequence of pear (Pyrus bretschneideri, NJAU,
v1.1) was downloaded from the Pear Genome Project
(http://peargenome.njau.edu.cn/) [24]. Genome se-
quences of peach (Prunus persica, JGI, v2.1) and apple
(Malus domestica, JGI, v1.1) were obtained from the
Joint Genome Institute (JGI, http://www.jgi.doe.gov/).
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Genome sequences of strawberry (Fragaria vesca, GDR,
v4.0), black raspberry (Rubus occidentalis, GDR, v3.0),
European pear (Pyrus communis, GDR, v1.1) and sweet
cherry (Prunus avium, GDR, v1.0) were obtained from
the Genome Database for Rosaceae (GDR, http://www.
Rosaceae.org/). In addition, the Chinese plum (Prunus
mume, BUF, v1.0) genome sequence was downloaded
from National Center for Biotechnology Information
(NCBI, https://www.ncbi.nlm.nih.gov/assembly/GCF_
000346735.1, v1.0). Furthermore, the seed alignment
data for the SnRK2 domain (PF00069.25) obtained from
the Pfam database were used to build an HMM file
using the HMMER3 software package [49]. HMM
searches were then performed against the local protein
databases of Rosaceae using HMMER3. Finally, all ob-
tained SnRK2 amino acid sequences were checked for
the presence of SnRK2 family domains using Pfam
(http://pfam.xfam.org) and SMART (http://smart.embl-
heidelberg.de/); subsequently, sequences lacking the
SnRK2 domain or with E-values of >e− 10 or redundant
sequences were removed.

Sequence alignment and phylogenetic and structural
analyses
Multiple sequence alignment of SnRK2 proteins in pear
and Arabidopsis was performed using DNAMAN soft-
ware. The program SCANPROSITE (http://www.prosite.
expasy.org/scanprosite/) was used to detect the protein
kinase conserved domains. Phylogenetic trees were con-
structed based on the SnRK2 amino acid sequences from
Arabidopsis, rice, and Rosaceae species using the max-
imum likelihood method in MEGA6.0 (http://www.
megasoftware.net/) [50], with amino acid sequences
aligned using MUSCLE. The bootstrap test was per-
formed with 1000 replicates, and p-distance and pairwise
deletion option parameters were selected. Furthermore,
based on the cDNA sequences and their corresponding
genomic DNA sequences, the structures of the SnRK2
genes were analyzed using the Gene Structure Display
Server v2.0 (http://gsds.cbi.pku.edu.cn/). The conserved
motifs of SnRK2 protein were identified using the Mul-
tiple Expectation-Maximization for Motif Elicitation
(MEME) tool version 5.0.5 (http://meme-suite.org/tools/
meme) using full-length amino acid sequences [51].

Chromosomal location, synteny analysis, and calculation
of the Ka and Ks values
The information of chromosomal localization of SnRK2
genes was obtained from genome annotation documents
[24]. A method similar to that developed for PGGD
(http://chibba.agtec.uga.edu/duplication/) was then per-
formed for synteny analysis [52]. Initially, BLASTP was
used to search for potential homologous gene pairs (E <
1 e− 6) across multiple genomes. Subsequently,

MCScanX was used to identify syntenic chains using
homologous pairs as input [53]. In addition, MCScanX
was used to identify tandem, whole-genome/segmental,
proximal, and dispersed duplications in the SnRK2 gene
family. The data were then plotted using Circos software
[54]. The Ka and Ks substitution rates of syntenic gene
pairs were identified by the MCScanX downstream ana-
lysis tools. The mean Ks values of orthologous SnRK2
gene pairs among Rosaceae species were calculated using
all homologous gene pairs located in the same syntenic
block. KaKs Calculator 2.0 was used to confirm the Ka
and Ks values [27].

Plant treatments and qRT-PCR assays
To examine the expression patterns of PbrSnRK2 genes in
response to abiotic stresses, the leaves of 3-month-old
pear seedlings were sprayed with 50 μM ABA solutions.
Samples were harvested from leaves at 0, 3, 6, and 9 h after
treatment. All samples were frozen immediately in liquid
nitrogen and maintained at − 80 °C for total RNA extrac-
tion. Total RNA was isolated independently from roots,
stems, leaves of 3-month-old pear seedlings, flowers (8-
year-old pear tree), ripening fruits (8-year-old pear tree),
styles (8-year-old pear tree), pollen grains (8-year-old pear
tree), and pollen tubes (8-year-old pear tree) cultured for
5 h as well as samples for ABA treatment using the RNA
Extraction Kit (Invitrogen™ TRIzol® Reagent, Thermo Sci-
entific, Nanjing, China), according to the manufacturer’s
instructions. Subsequently, the first-strand cDNA was syn-
thesized using M-MLV reverse transcriptase (TaKaRa,
Biotech, Shanghai, China). Specific primers for PbrSnRK2s
and the housekeeping Actin gene Pbr035825.1 in pear
were designed using Primer Premier 5.0 (Table S3), and
we used the program Primer Search-Paired against the
pear genome to verify the specificity of these primers.
Three biological and three technical replicates were used
for qRT-PCR assays, and each PCR reaction included
10 μL of LightCycler 480 SYBRGREEN I Master Mix
(Roche, Basel, Switzerland), 100 ng of cDNA, and 200 nM
of each primer in a final volume of 20 μL. All reactions
were conducted using the CFX96 Real-Time System
(Roche), Relative expression levels were calculated using
the 2–ΔΔCt method and normalized to the PbrSnRK2
genes. The results were analyzed using Office 2010, and
statistical analyses were performed with SPSS17.0 using
Duncan’s multiple-range test at a significance level (P) of
< 0.05.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12864-020-07201-w.

Additional file 1: Figure S1. Phylogenetic relationship of conserved
motif of SnRK2 genes from pear and Arabidopsis thaliana. A.A
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phylogenetic tree constructed with CluxtalX2.0 using the full-length
amino acid sequences of SnRK2 genes from pear and Arabidopsis. Boot-
strap analysis was performed using 1000 replicates. The species in which
SnRK2 proteins were functionally characterized are displayed as icons,
and the different colors in the branches represent the different subfam-
ilies. B. MEME tools were used to identify conserved motifs of SnRK2 pro-
teins, different colors represent different motifs. The scale bar indicates 50
aa.

Additional file 2: Figure S2. Chromosomal localization and synteny of
SnRK2 genes in Rosaceae genomes. SnRK2 genes in Chinese plum, black
raspberry, cherry, and European pear were mapped onto different
chromosomes. Chromosome number is indicated on the inner side in
the inner circle corresponding to different SnRK2 genes. Gene pairs with
a syntenic relationship are joined by a line.

Additional file 3: Figure S3. Analysis of the expression levels of
PbrSnRK2 in different pear tissues. A heat map depicting the overall trend
of the differential expression profiles of PbrSnRK2 genes in different pear
tissues was constructed using MeV. The rows in the heat map represent
genes and columns represent tissues. The colors of heat map cells
indicate the scaled expression levels of genes across different tissues. The
color gradient from blue to yellow corresponds to low-to-high transcript
levels.

Additional file 4: Table S1. Sequence identity of protein sequences
between PbrSnRK2s and AtSnRK2s based on pairwise comparison.

Additional file 5: Table S2. Number of SnRK2 genes from different
origins in eight Rosaceae genomes.

Additional file 6: Table S3. Primers used in this study.
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