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Abstract
Sucrose non-fermenting 1-related protein kinases (SnRKs) are crucial for modulating plant responses to abiotic 
stresses, linking metabolism with stress signaling pathways. Investigating the roles and stress responses of SnRKs 
in plants paves the way for developing stress-tolerant strategies in orchid species. Here, 362 SnRK members were 
identified from nine current orchid genomes, highlighting the conservation of these genes in evolution. Among 
these, 33 CeSnRKs were found across 20 chromosomes of C. ensifolium genome. Multiple duplication events 
increased the complexity of CeSnRKs during independent evolution. Moreover, distinct functional domains beyond 
the kinase domain differentiated the subfamilies. These multi-copy members existed tissue specific expressions 
falling into 6 main trends, especially CeSnRK1, CeCIPK9, CeCIPK23 displayed a strict floral expression. ABA-related 
elements were enriched in the promoters of CeSnRKs, and stress-related miRNA binding sites were identified on 
partial CeSnRKs. Consequently, most CeSnRKs exhibited up-regulated expression during ABA treatment. Several 
genes, such as CeSnRK2.1 and CeCIPK28 involved growth and development at different times and various tissues. 
The up-regulation of SnRK2.1, along with high expression of SnRK1 and CIPK27 under drought stress, and the 
differential expression patterns of CeSnRKs under cold stress, underscore the involvement of CeSnRK genes in 
different stress responses. Additionally, the diverse interactions of CeSnRKs with proteins highlighted a multifaceted 
functional network.These findings offer valuable insights for the future functional characterization formation of 
CeSnRKs and the adaptive evolution of genes in orchids.
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Introduction
Due to their sessile nature, plants are inherently vulner-
able to abiotic stresses such as drought, heat, low tem-
peratures, heavy metals, and salinity [1]. Consequently, 
these stresses disrupt various physiological processes, 
including the plant biological clock, metabolic sub-
stance synthesis, and signal transmission [2–4]. Despite 
China’s vast territory and abundant resources, environ-
mental challenges remain formidable [5, 6]. Issues like 
soil salinization in northwest China, recurrent nation-
wide droughts, and the expansion of regions subjected 
to extreme high temperatures significantly impede plant 
growth and development [7–9]. Hence, numerous schol-
ars are dedicated to investigating the responses of plants 
to various stressors in order to explore strategies for 
mitigating the environmental challenges encountered 
by plants. For instance, researchers has focused on the 
physiological responses of different asparagus cultivars, 
peanut, and quinoa to salt stress [10]. CtFLS1 from saf-
flower has been found to mitigate drought stress. and 
the WRKY gene in tea plant exhibits responses to diverse 
stressors [11]. Cymbidium ensifolium, cultivated in Fujian 
Province, China, boasts remarkable ornamental and eco-
nomic significance [12, 13]. With the continual progress 
in the orchid industry, a diverse array of horticultural 
orchid varieties has been developed [14, 15]. Presently, 
C. ensifolium serves as a crucial economic asset distrib-
uted nationwide. However, their persistence in the wild, 
introduction, and cultivation face numerous challenges 
attributed to abiotic stressors. As a economic orchid, C. 
ensifolium, is often used as a typical material for orchid 
researches. Hence, delving into the response of C. ensifo-
lium to abiotic stress promises substantial contributions 
to the realms of orchid breeding, cultivation, and the 
development of the orchid industry.

Plants exhibit adaptive responses to diverse abiotic 
stresses through the modulation of gene expression and 
protein modifications, including kinase-mediated phos-
phorylation [16, 17]. Among the crucial players, SnRK, 
a serine/ threonine protein kinase, orchestrates various 
physiological activities in plants [18]. Phylogenetic analy-
sis delineates the SnRK family into three distinct subfam-
ilies: SnRK1, SnRK2, and SnRK3 [19]. The SnRK family 
comprises three essential domains: the kinase domain, 
UBA domain, and KA1 domain, each exhibiting distinc-
tive functionalities. While the UBA domain is associated 
with ubiquitination, the KA1 domain intricately interacts 
with phosphatases [20–22]. Notably, the SnRK1 sub-
family stands out for its highly conserved N-terminal 
catalytic domain [23]. Members of the SnRK2 subfam-
ily share a common N-terminal kinase domain and have 
additional domains at the C-terminus, including domain 
I and ATP-binding domains [24]. SnRK3, alias Calcineu-
rin B-like protein-interacting protein kinases (CIPK), 

interacts intricately with calcineurin B-like protein 
(CBL), thereby regulating calcium signaling in plants. 
Besides kinase domain, they exhibit two conserved 
domains at their C-terminus: NAF and PPI [25, 26].

The SnRK gene family in plants plays pivotal roles in 
metabolic regulation, plant growth and development, 
and responses to abiotic stress. SnRK1 functions as a cen-
tral signaling hub governing plant growth and develop-
ment. It modulates the E2Fa protein to regulate growth 
in Arabidopsis thaliana [27, 28]. Furthermore, during 
sugar deprivation, OsSnRK1a interacts with OsSGI1, 
thereby augmenting the transcriptional repression of 
OsTPP7, consequently perturbing sugar homeostasis 
and impeding rice growth [29]. Conversely, SKINs exert 
antagonistic effects with SnRK1A under various stress 
conditions, such as drought, thereby modulating seed-
ling growth [30]. In Dendrobium officinale, the expres-
sion of DoSnRK1.1 diminishes under drought, JA, and 
abscisic acid (ABA) stress [31]. The SnRK2 gene is pivotal 
in orchestrating plant growth and mediating environ-
mental responses [32]. Under salt stress conditions, both 
SnRK2 protein and mRNA decapping machinery influ-
ence on Arabidopsis root development [33]. Moreover, 
Arabidopsis PCaP2 triggers the activation of the CBF and 
SnRK2-mediated transcriptional regulatory network to 
bolster cold tolerance [34]. Fundamental regulatory path-
ways in plants’ response to ABA involve PYL, PP2C, and 
SnRK2 [35]. The CePP2C19 enhances drought tolerance 
of Cyperus esculentus by reducing ABA sensitivity [36]. 
Ubiquitin-mediated negative regulation of ABA response 
hinders the activities of SnRK2.2 and SnRK2.3 kinases 
in Arabidopsis [37]. Meanwhile, the SnRK2.6 kinase 
activates ABA signaling by modulating MAPKKK18 
[38]. The SnRK3 subfamily, termed the CIPK subfamily, 
encompasses kinases intricately linked with calcium ion 
channels [39]. CIPK engages with calcineurin B-like pro-
tein to elicit responses to diverse stimuli or stress signals. 
In rice, it experiences significant induction in response to 
cues such as cold, light, and salt [40, 41]. In Arabidopsis, 
the calcium signaling pathway under salt stress is sensed 
by SOS3 (AtCBL4), which forms a complex with SOS2 
(AtCIPK24) to phosphorylate SOS1, thereby facilitating 
the removal of Na+ from root cells [42, 43].

Consequently, the plant SnRK family assumes a cru-
cial role in responding to abiotic stressors and metabo-
lism-related tissue development. With the advancement 
of research into the plant SnRKs, SnRK genes have been 
identified across diverse species, including Casuarina 
equisetifolia [42], Liriodendron chinense [22], Rubus 
occidentalis [44] and D. officinale [31], among oth-
ers. The orchid industry is rapidly developing with high 
economic benefits, exerting a significant role in pro-
moting economic development [15]. But, its progress is 
hindered by various environmental issues [45, 46]. As a 
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result, researchers are focusing on the stress resistance of 
orchids, which involves several related gene families, such 
as AREB/ABF [47], NF-Y [48], and HSF [49]. The SnRK 
gene family is pivotal in investigating plant responses to 
abiotic stress, making it essential for exploring the stress 
resistance of orchids. Nonetheless, there is a notable lack 
of studies on the SnRK gene family in orchids. Many 
orchids possess high economic value, such as Phalaenop-
sis, Dendrobium, Anoectochilus, and Cymbidium [50]. C. 
ensifolium, an important orchid within the Cymbidium 
genus, is widely cultivated due to its unique color, leaf 
pattern and fragrance, and has emerged as an indispens-
able economic orchid [13]. The extensive variety, growing 
areas and disease resistance characteristics of C. ensifo-
lium also makes it a typical material for orchid research 
[13, 51–53]. Thus, using C. ensifolium as the primary 
research subject to explore its response mechanisms to 
abiotic stress is a compelling topic. Such investigations 
bear significant implications for the improvement of 
breeding techniques, cultivation practices, and the over-
all advancement of the orchid industry.

This study comprehensively identified the SnRK genes 
in the current orchid genomes and taking C. ensifolium 
as an example, the specific gene expression structures 
and profiles were analyzed. Through analysis of phylog-
eny, gene structure, cis-elements, protein interaction 
network, miRNA binding sites, phosphorylation sites, 
and gene expression patterns, we obtained the basic 
transcriptional regulatory structure, and thus underpin-
ning the utilization and improvement of CeSnRKs. These 
findings represented a foundational step towards unrav-
eling the intricate molecular mechanisms underlying 
the resilience of C. ensifolium to abiotic stress. They also 
provide a solid background for detecting natural meta-
bolic formation and further genome editing for genetic 
improvement.

Results
Identification and phylogenetic analysis of SnRK genes in 
Orchidaceae genomes
Based on the reference sequence of A. thaliana SnRK 
proteins, an investigation of the SnRK gene family in vari-
ous species of Orchidaceae was conducted throughout 
our local database. A total of 362 SnRK genes were iden-
tified across nine species of Orchidaceae, 51 were found 
in D. catenatum, 33 in D. chrysotoxum, 37 in D. nobile, 
38 in G. elata, 35 in P. aphrodite, 64 in P. equestris, 30 in 
A. shenzhenica, 41 in V. planifolia and 33 C. ensifolium 
(Fig.  1 and Supplementary File S1). To understand the 
homologous relationships of SnRK genes among diverse 
orchids, we performed a direct identification analysis of 
orthologous genes in these orchids. From the 362 SnRK 
genes identified in nine orchid species, we found 2354 
orthologous pairs and 22 groups (Supplementary Table 

S1A and 1B). Orthologous pairs were present in each 
orchid, with quantities varying among species. Among 
the 22 orthologous groups, the nine orchids with SnRK 
genes clustered into groups 1, 4, 5, 9, and 18, with group 
1 containing the most genes. Additionally, no chimeric 
proteins were identified. Among the above nine orchids, 
D. catenatum, D. nobile and D. chrysotoxum are epi-
phytic or lithophytic, P. equestris, V. planifolia and P. 
aphrodite are epiphytic; C. ensifolium and A. shenzhenica 
are terrestrial; and G. elata is fully mycoheterotrophic. 
According to previous phylogenetic studies, orchids with 
different life forms exhibited different evolutionary posi-
tions. Some terrestrial orchids, such as V. planifolia and 
A. shenzhenica, may have diverged first, followed by fully 
mycoheterotrophic orchids. Subsequently, epiphytic and 
lithophytic orchids diverged. Distinct evolutionary posi-
tions among the nine orchids, with varying numbers of 
SnRK genes (Fig.  1A and C). Most species of Orchida-
ceae in this study exhibited a relatively consistent range 
of SnRK gene numbers, typically between 30 and 41. 
All orchids exhibited three subfamilies of SnRK genes. 
SnRK3 consistently represented the most abundant 
subfamily across all species, while SnRK1 consistently 
exhibited the least abundance. The earliest to diverge, A. 
shenzhenica and V. planifolia, possessed 30 and 41 mem-
bers, respectively. In contrast, The later diverging orchids, 
D. catenatum (51) and P. equestris (64), exhibited a higher 
number of SnRK genes compared to other orchids. Over-
all, the number of SnRK genes varied among orchids situ-
ated at different evolutionary positions.

However, C. ensifolium, another terrestrial orchid, was 
the last to diverge. (Fig.  1A). A phylogenetic tree was 
constructed combining these SnRK proteins. The results 
revealed that CeSnRK proteins were classified into three 
evolutionary branches: SnRK 1, SnRK 2, and SnRK 3 sub-
groups (Fig.  1B). In C. ensifolium, the SnRK1 subgroup 
had the fewest members with only one, while the SnRK3 
subgroup had the most members with 28. Following the 
chromosome positions of C. ensifolium SnRKs and adher-
ing to Arabidopsis nomenclature conventions, CeSnRKs 
were named as CeSnRK1, CeSnRK2.1-CeSnRK2.4, and 
CeCIPK1-CeCIPK28 (Supplementary Table S2). Analysis 
of various physicochemical properties of CeSnRK pro-
teins revealed lengths ranging from 350 to 509 amino 
acids, molecular weights from 40,434.92 to 57,925.26 Da, 
theoretical isoelectric points from 4.89 to 9.44, instabil-
ity indices from 29.45 to 60.15, aliphatic indices from 
77.96 to 98.59, and grand average of hydropathicity from 
− 0.655 to − 0.131 (Supplementary Table S2).

Gene structure and composition of CeSnRKs
According to the multiple sequence alignment results 
of protein sequences, CeSnRKs exhibited conserved 
domains (Fig.  8). The serine/threonine protein kinases 
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active site were identified in CeSnRK2 members, along 
with other domains including the ATP binding site and 
Domain I. Highly conserved kinase domains were found 
in all CeSnRK3 members, along with the NAF and PPI 
domains were located at the C-terminus. For a deeper 
understanding of genetic evolution and gene structure, 
the gene structures of 33 CeSnRKs were analyzed, includ-
ing conserved motifs, exons, introns, CDS, and UTRs 
(Fig. 2). Motif analysis revealed that all CeSnRK proteins 

contain motifs 4, 2, 7, 1, and 5, while motif 3 were pres-
ent in all CeSnRK members except for CeCIPK26 
(Fig. 2A and C). Besides the similarity in motifs among all 
CeSnRK members, motifs within the same subfamily also 
exhibited certain regularities. Motif 15 was found exclu-
sively in the CeSnRK2 subfamily, while motifs 13, 9, 10, 
6, 12, and 14 were only present in the CeSnRK3 subfam-
ily. The differential conservation of motifs among differ-
ent subfamilies emphasizes the conservation of genetic 

Fig. 1  Phylogenetic analysis and SnRKs statistics of different orchids. (A) Phylogenetic analysis of Orchidaceae from previous study [57]. (B) Phylogenetic 
tree of SnRK genes in three plant species. The neighbor-joining (NJ) phylogenetic tree was constructed using PhyloSuite with 1000 bootstraps. (C) Statisti-
cal analysis of SnRK genes in different orchid species
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structure and function. In the analysis of exons, introns, 
CDS, and UTRs, notable differences in intron numbers 
among CeSnRKs were observed (Fig.  2B), classifying 
them into two categories: intron poor and intron rich. 
Members of the CeSnRK1 and CeSnRK2 subfamilies con-
tain a higher number of introns, while 67.9% (19/28) of 
members in the CeSnRK3 subfamily had a low number of 
introns (0 or 1). CeCIPK10 and CeCIPK27 exhibited the 
highest number of introns, with 14 each, highlighting the 
diversity of gene functions. Analysis also indicated that 

changes in exon/ CDS numbers parallel those of introns, 
while UTR numbers range from 0 to 3.

Tertiary structures of the CeSnRK proteins
The functionality of proteins is closely associated with 
their structure. Therefore, the secondary structure of 
CeSnRK proteins was predicted using the CFSSP data-
base. The results revealed that the secondary structure 
mainly consisted of alpha helix (69.3-87.4%), beta sheet 
(27-74.2%), and turns (11-14.7%) (Fig.  3B). Within the 

Fig. 2  Gene structures and conserved motif analysis in Cymbidium ensifolium SnRKs. (A) The conserved motifs of Cymbidium ensifolium SnRK proteins. (B) 
Gene structure statistics of CeSnRKs, including introns, exons, CDSs, and UTRs. (C) Detailed presentation of conserved motifs in CeSnRK proteins
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secondary structure of CeCIPK3, the proportion of alpha 
helix was the highest, with CeCIPK16 and CeCIPK11 
exhibiting the highest proportions of beta sheet and 
turns, respectively.

Representative protein sequences from three sub-
families of CeSnRK proteins (CeSnRK1, CeSnRK2.1, 
CeCIPK1) were selected and submitted to the Alpha-
fold2 software for tertiary structure prediction analysis. 

Fig. 3  The prediction protein structures of CeSnRK proteins. (A) The protein tertiary structures of representative members from three CeSnRK subfamilys. 
(B) Secondary structure ratio of 33 CeSnRK proteins
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Fig. 4 (See legend on next page.)
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The results indicated that CeSnRK1, CeSnRK2.1, and 
CeCIPK1 shared similar proportions of alpha helix and 
turns, but CeSnRK1 had a higher proportion of beta 
sheet compared to the other two (Fig.  3A). The tertiary 
structure of CeSnRK proteins further demonstrated 
structural differences among members of different sub-
families, highlighting the functional diversity of CeSnRK 
proteins.

Chromosomal location and synteny analysis of SnRKs
To better understand the pattern of gene location, 
we selected four orchid genomes at the chromosome 
assembly level to investigate the distribution of SnRK 
genes on chromosomes. Our results showed that SnRK 
genes in each orchid species were unevenly distributed 
across multiple chromosomes (Supplementary Table 
S8). The chromosome CM028150.1 of V. planifolia had 
the most SnRK genes, with 9, followed by chromosome 
CM028155.1 with 7. Among the remaining chromo-
somes of D. chrysotoxum, D. nobile, and C. ensifolium, 
the maximum number of SnRK genes was only 5. The 
distribution of multiple genes on the same chromo-
some might be driven by certain duplication events. To 
explore this further, we conducted an in-depth analy-
sis of the SnRK genes in C. ensifolium. Chromosome 
localization results revealed uneven distribution of 
CeSnRKs across C.ensifolium chromosomes (Fig.  4). 
With exceptions on chromosomes 3, 9, 14, 16, and 18, 
1 to 5 CeSnRKs were dispersed on other chromosomes. 
Notably, chromosomes 1 and 12 exhibited the highest 
CeSnRK count, each with five members (Fig.  4A). Fur-
thermore, twelve segmental duplication events involv-
ing nine genes (CeCIPK2, CeCIPK3, CeCIPK4, CeCIPK5, 
CeCIPK6, CeCIPK12, CeCIPK13, CeCIPK15, CeCIPK16, 
CeCIPK19, CeCIPK25, and CeCIPK28) were identi-
fied. Annotation data revealed close distances between 
CeCIPK12-CeCIPK13, CeCIPK19-CeCIPK20, and 
CeCIPK25-CeCIPK26 on chromosomes, might have indi-
cated tandem duplication events (Fig.  4A and B). Addi-
tionally, results from DupGen-finder revealed various 
types of duplication events (Fig.  4A). The most numer-
ous were DSD-pairs, with 29 pairs, while no PD-pairs 
were identified. Both TRD-pairs and TD-pairs had three 
pairs each, and WGD-pairs consisted of 11 pairs. The 
11 WGD-pairs involved 12 CeSnRK genes. Notably, the 
three gene pairs involved in tandem duplication events 
all exhibited segmental duplication relationships with 

CeSnRK genes on the Chr01 chromosome. Our results 
showed that the dispersed duplication was identified as 
the primary driver for CeSnRK expansion.

Cis-acting elements in the promoter region of the CeSnRK 
gene
Analyzing cis-acting regulatory elements within gene 
promoters provides valuable insights into the tissue-spe-
cific or stress-responsive expression patterns of genes. In 
this study, we meticulously analyzed the 2  kb upstream 
promoter region of 33 CeSnRKs using the PlantPAN 
online software to uncover their potential regulatory 
mechanisms (Fig.  5A). A total of 40 transcription fac-
tor binding sites were identified, appearing 18,399 times 
across these promoter regions. The most CeSnRK genes 
contained elements such as AP2/ERF, AT-hook, TBP, 
bZip, Homeodomain, GATA, bHLH, Dof, MYB, and NF-
Y(A/B/C). These cis-acting elements can divided into 
three major categories, including temperature-respon-
sive, drought-responsive, and ABA signaling-responsive 
(Fig. 5B). Notably, we found lots of ABA-responsive ele-
ments such as AP2/ERF, AT-Hook, bHLH, bZIP, C2H2, 
Dehydrin, Dof, Homeodomain, MYB, NAC, and TBP 
serve as endogenous growth regulators in higher plants. 
Drought stress-responsive elements included AP2/ERF, 
bHLH, bZIP, C2H2, Dehydrin, Dof, EIN3; EIL, GATA, 
HD-ZIP, Homeodomain, HSF, MYB, NAC, NF-YB; 
NF-YA; NF-YC, SRS, Trihelix, VOZ, WRKY, YABBY, 
and ZF-HD. Cold and heat stress-responsive elements 
included AP2/ERF, AT-Hook, bHLH, bZIP, C2H2, Dehy-
drin, Dof, EIN3; EIL, GATA, Homeodomain, HSF, MYB, 
SRS, Trihelix, VOZ, and WOX.

CeSnRK2.2 had the highest count of cis-acting ele-
ments, totaling 698, followed closely by CeSnRK2.3 with 
679. Conversely, CeCIPK8 had the fewest cis-acting ele-
ments, with only 359. Regarding the types of elements, 
AP2/ERF and AT-Hook exhibited the highest occur-
rences, with 2779 and 1846 instances, respectively. In 
contrast, LFY demonstrated the lowest frequency, with 
merely 3 occurrences, while GRAS (5) and LOB; LBD 
(7) also exhibited relatively scarce appearances. Overall, 
distinct differences were discernible in the distribution 
of cis-acting elements among members of CeSnRK gene 
family.

The 2000  bp upstream promoter region was divided 
into distinct segments for clustering analysis (Fig.  5C). 
The results showed that all CeSnRK genes fell into two 

(See figure on previous page.)
Fig. 4  Chromosomal locations and synteny of the CeSnRKs in the C.ensifolium genome. (A) The synteny between chromosomes containing CeSnRK 
genes.The red lines inside indicate pairs of CeSnRKs involved in duplicated events, while the gray lines indicate duplicated events that occur between 
chromosomes for other genes.The red lines outside the circular diagram specifically highlight the genes that undergo tandem duplication. The bar chart 
shows the number of different duplications. WGD-pairs: whole-genome duplication gene pairs, TD-pairs: tandem gene pairs, PD-pairs: proximal gene 
pairs, TRD-pairs: transposed gene pairs, DSD-pairs: dispersed gene pairs. a: The green line represents gene density. b: The depth of the fragment’s color 
indicates gene density. c: Chr01–Chr20 represents the chromosome representing the presence of SnRKs in the C.ensifolium. (B) The local synteny involving 
CeSnRK genes. Purple and blue represent the positive strand and reverse complement strand, respectively
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Fig. 5  Analysis of cis-acting elements in CeSnRK promoters. (A) Heat map illustrating the abundance of cis-acting elements in the CeSnRK genes. (B) 
Analysis of cis-acting elements across different response categories (ABA signaling, temperature, drought). (C) Clustering analysis of different upstream 
promoter regions
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clusters (Cluster 1 and Cluster 2). The highest clus-
tering was observed in the 1401–1600  bp region for 
both clusters, while the least clustering occurred in the 
1801–2000 bp and 801–1200 bp regions. These clustering 
results imply that the 1401–1600 bp region may serve as 
the central area for cis-acting elements.

Expression of CeSnRKs in response to ABA
To further elucidate the relationship between CeSnRKs 
and ABA, we examined the expression of 11 highly 
expressed genes under ABA treatment. The results indi-
cated that all CeSnRK genes responded to ABA, with 

most genes being up-regulated on the third day and 
down-regulated by the seventh day (Fig.  6). Specifically, 
CIPK8, CIPK14, CIPK15, CIPK27, SnRK1, and SnRK2.1 
showed significant expression increases on the third day. 
Conversely, CIPK11, CIPK24, CIPK28, and SnRK2.4 dis-
played initial down-regulation, followed by up-regulation, 
and then down-regulation again. Additionally, CIPK20 
displayed a notable down-regulation in expression. The 
active response of CeSnRKs to ABA is consistent with 
the results of cis-element analysis. As core genes in the 
ABA signaling pathway, the varied expression patterns 

Fig. 6  Expression analysis of the 11 CeSnRKs in leaves under ABA treatment. The Y-axis and X-axis represent the relative expression levels and the time 
courses of stress treatments, respectively. The data represent means ± standard error (SE) of three independent measurements using a t-test, where sig-
nificance levels were denoted as * for p < 0.05 and ** for p < 0.01
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of different CeSnRKs underscore the complexity of SnRK 
gene responses to ABA.

Prediction of MiRNA targets for 33 CeSnRK genes
The predicted miRNA binding sites for the 33 members 
of the CeSnRK gene family were detailed in Supplemen-
tary Table S3, with representative members from the 
three subfamilies visually depicted in Fig.  7. The analy-
sis unveiled that all members, except for CeCIPK18, 
harbored two or more miRNA binding sites. Notably, 
CeCIPK26 displayed the highest number of miRNA 
targets, with 17 identified (Fig.  7), closely followed by 
CeCIPK5, which possessed 16 miRNA targets. Con-
versely, CeCIPK24 exhibited the fewest miRNA targets, 
with only two identified. Among all CeSnRKs, miR172d-
5p and miR414 were the most prevalent, each occurring 
six times. Following closely was miR838, occurring five 
times. Several miRNAs associated with abiotic stress 
were identified in the prediction results. For instance, 
miR414 was related to growth, development, and water 
stress, while miR156 was correlated with temperature 
stress. Additionally, miR165 and miR166 were associated 
with ABA response, among others. These findings under-
scored the existence of a complex regulatory network 
between miRNAs and CeSnRKs.

Functions and regulatory networks of CeSnRKs
The three subfamilies of CeSnRK all exhibit conserved 
domains (Fig.  8), including the serine/ threonine pro-
tein kinase active site, ATP binding site, and domain I of 
CeSnRK2. In addition to the kinase domain, CeSnRK3 
also has NAF and PPI domains. These conserved domains 
provide the basis for CeSnRK to perform various func-
tions. Investigating the regulatory network of gene family 
was crucial for understanding their biological functions. 
Therefore, the interaction network of CeSnRK proteins 
was examined. A total of 40 functional proteins were 
identified as interactors with CeSnRK proteins (Fig. 8).

Interaction proteins associated with CeSnRKs were 
categorized into five groups based on their functional 
roles: ABA signal transduction-related proteins (e.g., 
ABI1, ABI2, PP2CA, SLAC1, etc.), temperature-related 
proteins (e.g., CBL1, GORK, CAX1, etc.), salt stress 
proteins (e.g., CBL3, CBL4, CBL5, CAX1, NHX7, etc.), 
and drought stress proteins (e.g., AKT1, NPF6.3, PYR1, 
KAT3, etc.). Additionally, several calcineurin B-like pro-
teins were identified to interact with CeSnRKs, including 
CBL1, CBL9, CBL2, CBL10, and others. Given the multi-
functionality of proteins, some may belong to multiple 
categories. Notably, 17 proteins were implicated in ABA 
signal transduction, while only 6 were linked to temper-
ature stress. The Venn diagram results highlighted the 
involvement of ABI2 in all stress responses. ABI1, ABI2, 
CBL1, GORK, and PP2CA were implicated in ABA, 

temperature, and drought stress. The predicted protein-
protein interaction (PPI) network elucidated potential 
CeSnRK interactions in response to abiotic stress.We 
demonstrated multiple functions of CeSnRK proteins, 
including phosphorylation, regulation of ABA signal-
ing, and participation in the CBL-CIPK network, among 
others (Fig.  8). These functions arise from the interac-
tion of specific domains in CeSnRK proteins with related 
proteins, underscoring the specificity and diversity of 
CeSnRK protein functions.

Phosphorylation site prediction analysis of the CeSnRK 
proteins
The NetPhos 3.1 server was utilized to predict phosphor-
ylation sites on CeSnRK proteins, aiming to further elu-
cidate their functions. The results showed a total of 1640 
predicted phosphorylation sites across the 33 CeSnRK 
proteins, comprising 1022 serine, 450 threonine, and 168 
tyrosine residues (Fig.  9 and Supplementary Table S4). 
Among these, CeCIPK5 exhibited the highest number 
of serine phosphorylation sites, with 57. CeCIPK1 had 
the highest number of threonine phosphorylation sites, 
totaling 21, while CeSnRK2.2 had the highest number 
of tyrosine phosphorylation sites, with 14 (Fig. 9B). Fur-
thermore, the prediction results revealed specific bind-
ing sites for 16 protein kinases at phosphorylation sites 
(Fig.  9A). Among them, PKA, PKC, and CKII kinase 
binding sites were relatively abundant, with CeCIPK11 
and CeCIPK17 each possessing 14 PKC kinase bind-
ing sites, the highest among all proteins. CeCIPK5 had 
the most PKA kinase binding sites, while CeCIPK7 and 
CeCIPK18 had the most CKII kinase binding sites. The 
variability in phosphorylation sites further highlights the 
functional diversity of CeSnRK proteins.

Expression profiles of CeSnRK members across different 
tissues and stages
The expression profiles of the identified 33 CeSnRK 
gene family members in leaf, pseudo-bulb, root and 
flower were analyzed based on transcriptome data. The 
results indicated that the majority of CeSnRK genes 
exhibited expression across various tissues and develop-
mental stages of C. ensifolium. Notably, CeSnRK2.1 and 
CeCIPK28 exhibited high expression not only in flow-
ers but also in other obtained tissues, notably leaves, 
pseudo-bulbs, roots, as well as flowers at both initial and 
decay stages (Fig.  10B and C). In contrast, CeCIPK22, 
CeCIPK25, CeCIPK26, and CeCIPK19 exhibited minimal 
to negligible expression. The majority of genes exhibited 
specific expression patterns across different developmen-
tal stages of the flowers. For instance, CeCIPK3 displayed 
maximal expression levels in small buds, with a gradual 
decline as the buds progressed in growth. In contrast, 
CeCIPK8, CeCIPK21, and CeSnRK1 peaked in expression 
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Fig. 7  Prediction of microRNAs target sites for typical CeSnRK genes. Each blue dashed box represents a gene fragment, comprising coding sequences 
(CDS) and introns. Combination of blue rectangular and blue circular elements denote miRNAs, while red rectangles mark the specific binding sites on 
genes where miRNAs interact, collectively referred to as miRNA binding sites. Blue arrows point to various miRNAs, their sequences, and the sequence of 
corresponding binding sites on the genes
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Fig. 8  Predicted protein–protein interaction networks and function description of CeSnRK proteins. The outer circle depicts proteins interacting with 
CeSnRKs, while the inner circle denotes CeSnRK proteins. The central Venn diagram elucidates the relationships among distinct protein sets, including 
those related to ABA signaling, temperature response, drought response, and salt response. The bar chart represents the number of four classified pro-
teins. The functional description encompasses the conservative domains, sequence alignments, and associated functions
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during the initial blooming phase. interestingly, certain 
genes, such as CeCIPK28, CeCIPK15, CeCIPK12, and 
CeCIPK20, demonstrated heightened expression lev-
els during the senescence stage of the flowers. In roots, 
pseudo-bulbs, leaves, and floral organs (Fig. 10B and C), 
CeCIPK24 and CeCIPK8 exhibited specific high expres-
sion solely in leaves, while CeCIPK12 showed the most 
pronounced expression levels in pseudo-bulbs.

To delve deeper into the specificity of gene expression 
among CeSnRK genes, we conducted a gene expression 
trend analysis (Fig.  10D). Our observations revealed 

distinct expression patterns: CeCIPK16, CeCIPK11, 
and CeCIPK6 exhibited peak expression levels in leaves, 
aligning with the expression patterns of CeCIPK24 and 
CeCIPK8 (cluster 5). Cluster 1 and cluster 4 represent 
tissue-specific expression trends associated with flow-
ers, including CeSnRK1, CeCIPK9, CeCIPK23, etc. Mean-
while, CeCIPK12 displayed an enhanced expression trend 
in pseudo-bulbs (cluster 2). Notably, although CeSnRK2.1 
and CeCIPK28 demonstrated relatively high expression 
levels across all organs, their most significant expres-
sion was noted in roots and pseudo-bulbs (clusters 6 and 

Fig. 9  Phosphorylation Site Prediction Analysis of C.ensifolium SnRK Proteins. (A) The kinase abundance of 33 CeSnRK protein phosphorylation sites. (B) 
Enumeration of protein phosphorylation sites within CeSnRK proteins
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Fig. 10  Heatmap of the expression profiles of the CeSnRK gene family. (A) Heatmap of the different growth stages of flowers XL: small bud, ZL: middle 
bud, DL: Mature bud, CK: initially blooming flowers, SK: fully bloomed flowers, SB: decaying flowers. (B) Heatmap of different floral organs. (C) Heatmap 
of leaves, pseudobulbs, and roots. (D) Gene expression clusteringanalysis of CeSnRK genes in indifferent plant tissues. Mfuzz of The OmicStudio tools 
conducted expression pattern clustering analysis(six clusters)
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3, respectively). These trends in gene expression further 
emphasized the tissue-specific expression patterns of the 
CeSnRK genes.

Expression of CeSnRKs in response to drought and low 
temperatures
Eleven genes, exhibiting relatively higher expression 
in leaves, pseudo-bulbs, roots, six flower development 
stages, and floral regions, were identified as target genes. 
The expression of each gene differed under two treat-
ments (Fig.  11). The majority of genes under PEG 6000 
and low-temperature treatment displayed down-regu-
lation. Specifically, some genes treated with PEG6000 
showed significant down-regulation (CIPK11, CIPK15, 
CIPK24, CIPK28, and SnRK2.4), although CIPK14 
showed an upward trend. In the low-temperature envi-
ronment, gene expression patterns were similar, with all 
genes displaying a highly significant down-regulation 
trend except for CIPK8. Notably, CIPK14 and CIPK15 
were nearly completely suppressed in the cold stress 
environment. CIPK14 and CIPK15 displayed relatively 
high activity in response to abiotic stresses. Further cor-
relation analysis revealed strong correlations among 
certain genes, suggesting interconnected expression pat-
terns (CIPK11, CIPK15, CIPK27, SnRK1, and SnRK2.1). 
Correlation analysis among the three treatments revealed 
a positive correlation between ABA treatment and the 
other two treatments, whereas Cold treatment and 
drought treatment exhibited a negative correlation. Nota-
bly, a strong positive correlation existed between ABA 
treatment and drought treatment, which was highly sig-
nificant. This strong positive correlation was consistently 
observed across multiple genes. For instance, CIPK14 
exhibited up-regulated expression under both ABA and 
drought treatments, CIPK27 maintained relatively high 
expression levels under both conditions, and SnRK2.4 
showed down-regulated expression under both treat-
ments, among others (Figs. 6 and 11).

Materials and methods
Identification and physicochemical properties of SnRK 
genes in orchid genomes
Genome data of C. ensifolium [13] were downloaded 
from the National Genome Data Center (NGDC) 
(https://ngdc.cncb.ac.cn/, accessed on 10 October 2023). 
The amino acid sequences of A. thaliana and rice SnRK 
proteins were derived from the databases Tair (​h​t​t​p​​s​:​/​​
/​w​w​w​​.​a​​r​a​b​​i​d​o​​p​s​i​s​​.​o​​r​g​/​,​a​c​c​e​s​s​e​d on 1 March 2024) and 
Ensymble-plants (​h​t​t​p​​s​:​/​​/​p​l​a​​n​t​​s​.​e​​n​s​e​​m​b​l​e​​.​o​​r​g​/​,​a​c​c​e​s​s​e​
d on 1 March 2024). Using the SnRK protein sequences 
of A. thaliana as the query sequence, a BLASTP search 
was performed on the C. ensifolium genome by TBtools-
II [54] (Version 2.069, E value < 1 × 10− 5, number of 
hits: 500, number of alignments: 250). The genomic 

information for the remaining eight orchids (D. catena-
tum, D. chrysotoxum, D. nobile, Gastrodia elata, Pha-
laenopsis aphrodite, P. equestris, Apostasia shenzhenica, 
Vanilla planifolia) was detailed in Supplementary Table 
S7. The identification of SnRK genes in these species 
followed the same methodology as described earlier. 
Domain checking was performed through the sequence 
alignment function of Phylosuite (version 1.2.3) [55] to 
remove irrelevant sequences. ProtParam online analyti-
cal tools (​h​t​t​p​​s​:​/​​/​w​e​b​​.​e​​x​p​a​​s​y​.​​o​r​g​/​​p​r​​o​t​p​a​r​a​m​/, accessed 
on 1st March 2024) were employed to predict several 
protein properties, including the number of amino acids, 
molecular weight, theoretical pI, instability index, ali-
phatic index, and grand average of hydropathicity. Broc-
coli v1.2.1 [56] was used to analyze the orthologous 
relationships of SnRK genes in 9 orchids.

Analysis of phylogenetic relationships, gene structure and 
conserved domains of CeSnRKs
The phylogenetic analysis tree of orchids was derived 
from previous research [57]. Neighbor-joining (NJ) phy-
logenetic trees of A. thaliana, rice and C. ensifolium were 
constructed using PhyloSuite (Version 1.2.3) with 1000 
bootstrap replicates and visualized on the iTOL web-
site (https://itol.embl.de/, accessed on 2nd March 2024). 
MEME (​h​t​t​p​​s​:​/​​/​m​e​m​​e​s​​u​i​t​​e​.​o​​r​g​/​m​​e​m​​e​/​d​o​c​/, accessed on 
2nd March 2024) was used to analyze conserved motifs, 
and multiple sequence alignments were visualized with 
OmicsSuite (Version 1.4.0) [58].

Prediction of secondary and tertiary structures of the 
CeSnRKs
The CFSSP database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​i​o​g​​e​m​.​​o​r​g​/​​t​o​​o​l​/​c​h​o​u​
-​f​a​s​m​a​n​/, accessed on 3 March 2024) was used to analyze 
secondary structure, while Alphafold2 (​h​t​t​p​​s​:​/​​/​c​o​l​​a​b​​.​r​e​​s​e​
a​​r​c​h​.​​g​o​​o​g​l​​e​.​c​​o​m​/​g​​i​t​​h​u​b​​/​s​o​​k​r​y​p​​t​o​​n​/​C​​o​l​a​​b​F​o​l​​d​/​​b​l​o​​b​/​m​​a​i​n​
/​​A​l​​p​h​a​F​o​l​d​2​.​i​p​y​n​b, accessed on 3 March 2024) was used 
to predict the tertiary structure of 33 CeSnRK proteins. 
The tertiary structure of the protein was visualized using 
PyMOL (Version 2.5.7).

Chromosomal localization and gene duplication
According to the genome annotation, all CeSnRK genes 
were mapped to their respective chromosomes. Their 
duplication events were analyzed using MCScanX [59] 
and Dupgen-finder [60], with default parameters. Iden-
tification of Tandem duplication and Segmental duplica-
tion followed previous research [61–63].The Advanced 
Circos and Dual Synteny Plot of TBtools-II (Version 
2.069) were employed for visualization. Genome frag-
ments were extracted using TBtools-II (Version 2.069) 
and local synteny analysis was performed using MUM-
mer (Version 4) [64]. Visualization was accomplished 
using mummerplot.

https://ngdc.cncb.ac.cn/
https://www.arabidopsis.org/,accessed
https://www.arabidopsis.org/,accessed
https://plants.ensemble.org/,accessed
https://plants.ensemble.org/,accessed
https://web.expasy.org/protparam/
https://itol.embl.de/
https://memesuite.org/meme/doc/
https://www.biogem.org/tool/chou-fasman/
https://www.biogem.org/tool/chou-fasman/
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
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Fig. 11  Expression analysis of the 11 CeSnRKs in leaves under various abiotic stresses (drought and low-temperature treatments). The Y-axis and X-axis 
represent the relative expression levels and the time courses of stress treatments, respectively. A heatmap illustrated the correlation of gene expressions 
between the three treatments. A correlation diagram base on gene expressions illustrating the correlation among three different treatments. The data 
represent means ± standard error (SE) of three independent measurements using a t-test, where significance levels were denoted as * for p < 0.05 and ** 
for p < 0.01
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Prediction of cis-acting elements and miRNAs binding sites 
in CeSnRKs
The sequences of the upstream 2,000  bp region of the 
C. ensifolium SnRK gene were retrieved from the start 
codon using TBtools-II (Version 2.069) software. The 
cis-acting elements within the SnRK promoter region 
were investigated using PlantPAN4.0 (​h​t​t​p​​:​/​/​​p​l​a​n​​t​p​​a​n​.​​i​t​
p​​s​.​n​c​​k​u​​.​e​d​u​.​t​w​/​p​l​a​n​t​p​a​n​4, accessed on 5th March 2024). 
Mfuzz analysis was conducted using OmicStudio tools (​
h​t​t​p​​s​:​/​​/​w​w​w​​.​o​​m​i​c​​s​t​u​​d​i​o​.​​c​n​​/​t​o​o​l, accessed on 5th March 
2024). The psRNATarget database was utilized to predict 
miRNA binding sites within the 33 CeSnRK genes [65]. 
Data analysis and visualization were conducted using 
Excel 2021 and PowerPoint 2021.

The prediction of protein-protein interaction network and 
phosphorylation site in CeSnRKs
We used to the STRING database ​(​​​h​t​t​p​s​:​/​/​c​n​.​s​t​r​i​n​g​-​d​b​.​o​r​
g​/​​​​​, accessed on 5th March 2024) to predict protein inter-
action networks. This network comprised 33 CeSnRK 
protein sequences, with reference to A. thaliana, and 
considered up to of 20 interactors spanning the 1st and 
2nd shells. Subsequently, the protein interaction net-
work of CeSnRKs was visualized using Cytoscape (ver-
sion 3.9.1) [66]. Node colors were assigned based on 
their respective degrees and betweenness using continu-
ous mapping. Nodes with higher degrees were depicted 
in darker colors. The phosphorylation sites of CeSnRK 
proteins were predicted through the NetPhos-3.1 data-
base (​h​t​t​p​​s​:​/​​/​s​e​r​​v​i​​c​e​s​​.​h​e​​a​l​t​h​​t​e​​c​h​.​​d​t​u​​.​d​k​/​​s​e​​r​v​i​c​e​s​/​N​e​t​P​h​o​
s​-​3​.​1​/, accessed on 3th March 2024) and visualized with 
EXCEL2021.

The assay of RT-qPCR and gene expression patterns 
analysis
To explore the potential involvement of SnRK genes in 
various tissues of C. ensifolium, we obtained the RNA-
seq data of C. ensifolium from the National Genomics 
Data Center. Genome Sequence Archive (GSA) RUN 
accession numbers were presented in Supplementary 
Table S5. The calculation method for TPM (Transcripts 
Per Million) values of C. ensifolium SnRK genes refer-
enced previous articles [49]. The data were visualized 
using TBtools-II (version 2.069). Mfuzz analysis was con-
ducted using OmicStudio tools (​h​t​t​p​​s​:​/​​/​w​w​w​​.​o​​m​i​c​​s​t​u​​d​i​o​
.​​c​n​​/​t​o​o​l, accessed on 5 March 2024). Experimental ​m​a​t​e​r​
i​a​l​s were sourced from the germplasm nursery of Fujian 
Agriculture and Forestry University, where the C. ensifo-
lium variety ‘Xiao Tao Hong’ was cultivated. Each treat-
ment included three biological replicates, with untreated 
plants exhibiting similar growth conditions serving as the 
control group. Polyethylene glycol (PEG) 6000 is a good 
reagent to simulate drought for plant and has been widely 
used in many studies [67]. Plants underwent treatments 

with 20% PEG 6000 for drought [68–71], 100µM abscisic 
acid (ABA), and 4°C for low-temperature treatments [72]. 
Following 1, 3, and 7 days of these treatments, individual 
leaves of ‘Xiao Tao Hong’ were sampled. Samples were 
collected in 1.5 mL sterile non-enzymatic cryopreser-
vation tubes and stored in a -80  °C refrigerator. Experi-
mental procedures for total RNA extraction, reverse 
transcription, and RT-qPCR were consistent with previ-
ous references [49, 73]. The CeTUB gene served as the 
internal reference. The sequences of the 11 genes and 
internal reference primers used in the reaction were pro-
vided in Supplementary Table S6. Gene expression levels 
were analyzed using the 2−∆∆Ct method, with data pro-
cessed using one-way analysis of variance (ANOVA) [74]. 
Statistical differences and visual analyses were conducted 
using Origin and Chiplot (https://www.chiplot.online/, 
accessed on 3th April 2024). Correlations among the 
three distinct treatments were computed and visualized 
using R version 4.3.3 and RStudio version 2023.12.1.

Discussion
Variations in SnRK genes among different species of 
Orchidaceae
The SnRK gene family is a pivotal group of protein 
kinases in plants, playing significant roles in plant growth 
under stress conditions, and in the response of plants to 
abiotic stress and ABA signaling [75, 76]. Consequently, 
researchers have extensively investigated the SnRK gene 
family. Previous reports identified varying numbers of 
SnRK genes in different plant species, such as 34, 48, 44, 
and 60 in Eucalyptus grandis [77], rice [78], Brachypo-
dium distachyon [19], and Hedychium coronarium [79], 
respectively. However, there were relatively few investi-
gations have been conducted on SnRK genes in orchids. 
This study systematically identified SnRK genes from 
nine orchids and conducted a comprehensive explora-
tion of the SnRK genes in C. ensifolium. The number of 
SnRK genes in these nine species of Orchidaceae ranged 
from 30 to 64, with most orchids possessing between 
30 and 41 members, underscoring the conservation of 
SnRK genes in orchids. Notably, P. equestris (64) and D. 
catenatum (51) exhibited the highest numbers of SnRK 
genes, which could be linked to whole-genome duplica-
tion events in monocotyledonous plants and orchids [13, 
80]. Furthermore, all nine orchids harbored SnRK genes 
classified into three subfamilies, with most species hav-
ing a single member in the SnRK1 subfamily, consistent 
with prior findings [31]. Leveraging the genomic data 
of C. ensifolium, we identified 33 CeSnRK genes, which 
were classified into three subfamilies through phyloge-
netic analysis (Fig. 1B). There were 1, 4, and 28 CeSnRK 
genes in the CeSnRK1, CeSnRK2, and CeSnRK3 sub-
families, respectively. Similar to the other eight orchids, 
the CeSnRK3 subfamily exhibited the highest number 

http://plantpan.itps.ncku.edu.tw/plantpan4
http://plantpan.itps.ncku.edu.tw/plantpan4
https://www.omicstudio.cn/tool
https://www.omicstudio.cn/tool
https://cn.string-db.org/
https://cn.string-db.org/
https://services.healthtech.dtu.dk/services/NetPhos-3.1/
https://services.healthtech.dtu.dk/services/NetPhos-3.1/
https://www.omicstudio.cn/tool
https://www.omicstudio.cn/tool
https://www.chiplot.online/
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of members. While CeSnRK3 subfamily displayed con-
siderable sequence conservation (Fig.  8), some family 
members showed expansion, likely associated with WGD 
events (Figs. 1B and 4). Although there was a degree of 
conservation in SnRK genes across different habitats of 
orchids, variations in the number of SnRK family mem-
bers between different species may be attributed not only 
to WGD events but also to retained differences in the 
evolutionary process to adapt to diverse environments.

As revealed by sequence analysis (Fig.  8), distinct 
conserved domains are evident in different SnRK gene 
subfamilies, yet the N-terminal protein kinase domain 
remains conserved across the entire family. Notably, an 
NAF domain was identified in the C-terminus of the 
CeSnRK3 subfamily. Previous studies have demonstrated 
that the NAF domain interacts with calcineurin B-like 
proteins, suggesting potential interactions between genes 
in the CeSnRK3 subfamily and CBLs to respond to stress 
[26, 81]. To delve deeper into the structure of CeSnRKs, 
an analysis of conserved motifs and gene structures was 
conducted across 33 CeSnRK genes. Introns, known to 
play crucial roles and potentially possess functions inde-
pendent of their coding genes [82]. The number and 
distribution of exons/introns in CeSnRK genes varied, 
genes within the same subfamily typically shared simi-
lar gene structures. Furthermore, CeSnRKs could be cat-
egorized into two groups based on intron abundance: 
intron-rich and intron-poor (Fig.  2B). This differentia-
tion, particularly prominent in the CeSnRK3 subfamily, 
mirrors observations in the HcSnRK3 subfamily genes 
[79]. During evolution, populations tend to lose introns, 
resulting in intron-poor genes from intron-rich ancestors 
[83]. Intriguingly, a majority (21 out of 28) of CeSnRK3 
subfamily genes lacked introns, suggesting a tendency 
for intron loss within this subfamily. Additionally, motif 
analysis results (Fig. 2A and C) revealed that all CeSnRK 
members shared common motifs such as motifs 4, 3, 2, 
7, and 1. Moreover, members within the same subfamily 
exhibited consistent conserved motifs, such as the unique 
motif 15 in the CeSnRK2 subfamily. These conserved 
motifs likely play pivotal roles in CeSnRK function. The 
observed differences in exon/intron structures and motif 
distribution among various subfamilies underscore the 
functional diversity of CeSnRK genes.

Regulations before and after transcription process led to 
multiple biological responses
When plants respond to abiotic stress, cis-acting ele-
ments activate stress resistance genes by binding to tran-
scription factors [84, 85]. For instance, GmSnRK2.16 and 
GmSnRK2.18 in soybean respond to salt stress [86]. This 
study analyzed the 2.0  kb upstream promoter region of 
33 CeSnRK genes, identifying 40 transcription factor 
binding sites (Fig.  5). The most prevalent transcription 

factor, AP2/ERF, was associated with ABA signaling, 
drought stress, and temperature stress [87, 88]. These 
cis-acting elements were categorized into three groups: 
ABA signaling, drought, and temperature-related, com-
prising 24, 20, and 16 transcription factors, respectively. 
ABA signaling elements predominated, suggesting wide-
spread involvement of CeSnRK genes in ABA response. 
Cluster analysis identified the 1401–1600  bp region as 
the core area for cis-acting elements (Fig. 5). Within this 
core region, AP2/ERF elements were the most abun-
dant, followed by AT-hook elements known to respond 
to cold stress in Poncirus trifoliata (L.) Raf [89]. These 
findings highlighted the significant role of CeSnRK genes 
in responding to various abiotic stresses, including cold 
stress, in C. ensifolium. The presence of cis-acting ele-
ments for various stresses in C. ensifolium SnRK genes 
implied their participation in diverse stress responses. 
Besides cis-acting elements, miRNA was also involved in 
plant stress response [90, 91]. Our analysis predicted 133 
miRNA binding sites (Supplementary Table S3), includ-
ing miR165 and miR166 associated with ABA response 
[92], and miRNA156 related to drought, temperature, 
and salt stress [93]. MiRNA408 plays a role in plant 
development and responses to diverse abiotic stresses 
such as cold, oxidative stress, and drought [94, 95]. It was 
also predicted to target CeCIPK28 in this study (Fig. 7). 
This suggested potential binding of CeSnRKs to miRNA 
for regulating plant stress responses.

Plant growth and stress responses typically rely on 
complex regulatory networks, including protein inter-
action networks. Previous studies have demonstrated 
that plants regulated various physiological activities 
through protein interactions. For example, interaction 
between MdBT2 and MdRGL3a regulated salt-mediated 
plant growth, and TaHSP17.4 interacted with TaHOP to 
enhance plant stress resistance [96, 97]. Analysis of pro-
tein interaction networks revealed interactions between 
40 proteins and CeSnRKs, categorized into ABA sig-
naling, temperature, drought, and salt-related proteins 
(Fig.  8). The prominence of ABA signaling-related pro-
teins further underscored the potential involvement of 
CeSnRK in ABA response. Interactions with other pro-
tein types suggested C. ensifolium SnRK proteins’ par-
ticipation in diverse stress responses. The CBL-CIPK 
network was crucial for plant growth and stress adapta-
tion [98]. Multiple CBL proteins, including CBL1, CBL4, 
CBL9, interacted with CeSnRK, indicating the poten-
tial participation of CeSnRK in the CBL-CIPK network, 
affecting plant growth and stress adaptation. Previous 
research indicated that SnRK proteins engaged in vari-
ous regulatory networks via specific structural domains. 
The NAF domain of SnRK proteins interacted with cal-
cineurin B-like proteins, participating in the CBL-CIPK 
network [26, 39]. The PPI domain and Domain I of 
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SnRK proteins associated with ABI and PP2C proteins 
in response to ABA signaling [25, 99]. Moreover, SnRK 
proteins possessed phosphorylation capabilities [18]. Our 
protein interaction prediction results highlighted strong 
interactions with CBL proteins, ABI, and PP2C proteins. 
This suggested that CeSnRK proteins in C. ensifolium 
might have participated in multiple regulatory networks. 
Post-translational, additional modifications such as phos-
phorylation were necessary for proper protein function 
[100]. Protein phosphorylation played a vital role in plant 
development and environmental response. For instance, 
SlBBX17 phosphorylation positively regulated tomato 
cold tolerance [101]. Our results revealed abundant 
phosphorylation sites in CeSnRK proteins, with multiple 
kinase binding sites, including CKII and MAPK, pre-
dicted (Fig. 9). These kinases improved plant target genes’ 
functionality post-modification. For example, CKII-mod-
ified AtYY1 regulated A. thaliana ABA response [102], 
and Populus MKK2a participated in MAPK signaling 
cascades, affecting plant salt tolerance [103]. The numer-
ous phosphorylation sites emphasized the critical role of 
CeSnRK in responding to abiotic stresses like ABA and 
salt stress.

The analysis of gene expression patterns revealed vary-
ing degrees of expression across different developmental 
stages and tissues of C. ensifolium. Previous studies have 
highlighted the essential roles of SnRK genes in promot-
ing meristematic tissue development and overall plant 
growth [104, 105]. Genes such as CeCIPK28, CeCIPK15, 
CeCIPK12, and CeCIPK20 exhibited high expression 
levels during flower development. CeSnRK2.3 showed 
elevated expression from the initial flower opening stage, 
gradually decreasing thereafter (Fig.  10A). These results 
showed that potential involvement in flower develop-
ment processes. Notably, Tissue-specific expression of 
CeSnRKs was observed in different tissues (Fig. 10B and 
C), with CeSnRK2.1 specifically expressed in roots and 
CeCIPK28 in pseudobulbs. Tissue-specific expression 
was also observed in leaves, petals, and other tissues, 
suggesting the diverse functions of CeSnRK genes across 
various organs. To explore gene expression responses 
to different stresses, 33 CeSnRK genes were subjected 
to drought, abscisic acid, and temperature treatments 
(Figs. 6 and 11). The activation of SnRK genes, transition-
ing from an inactive dephosphorylated state to an active 
state, was crucial in plant responses to ABA and environ-
mental stresses [106]. Multiple genes showed upregula-
tion under ABA treatment, including SnRK1, SnRK2.1, 
and CIPK14, particularly on the third day of treatment, 
consistent with previous findings [107]. The upregulation 
of CeSnRK genes under ABA treatment underscores their 
crucial role in the ABA response in C. ensifolium. Predic-
tions of cis-acting elements and protein interaction net-
works also reinforce the involvement of CeSnRK genes in 

ABA response. Our results illustrated that SnRK genes 
were involved in the ABA signaling response of C. ensi-
folium. Besides responding to ABA signals, SnRK genes 
also reacted to various abiotic stresses. Prior research 
has indicated that the RAF-SnRK2 kinase cascade gov-
erned signal transduction in plants under osmotic stress, 
and SnRK2 genes facilitate ABF2 phosphorylation to 
respond drought stress [108, 109]. Our results revealed 
that SnRK2.1 upregulation occurred during the initial 
0–3 days of drought treatment. Additionally, genes such 
as SnRK1 and CIPK27 exhibited elevated expression 
levels. These findings implied that CeSnRK genes might 
share similar signaling and regulatory mechanisms to 
assist C. ensifolium in drought adaptation. Conversely, 
CIPK11 and SnRK2.4 showed downregulation under 
drought conditions. The significance of this downregula-
tion in drought response warranted further investigation. 
Consistent with previous research, SnRK genes showed 
differential expression under drought and cold stress 
[110, 111]. Under cold treatment, CIPK28 was upregu-
lated, while SnRK1 and SnRK2.4 were downregulated. 
The differential expression patterns of CeSnRK genes in 
response to cold stress indicated their potential role in 
C. ensifolium’s adaptation to cold environments. Many 
stress responses mediated by SnRK are associated with 
ABA signaling [106]. Thus, we examined the correlation 
between various stress treatments (Fig. 11). The findings 
reveal a significant positive correlation between ABA 
and drought treatments, suggesting that CeSnRK genes 
in C. ensifolium might react to stress conditions via ABA 
signaling. Overall, these findings indicate the complex 
regulatory roles of CeSnRK genes under diverse stress 
conditions.

Conclusions
SnRK genes play a crucial role in ABA signaling path-
ways, particularly in response to abiotic stresses. In this 
study, we identified 362 SnRK genes across nine species 
of Orchids, including 33 in C. ensifolium, categoriz-
ing them into three main subfamilies with distinct gene 
structures and motif compositions. Dispersed duplica-
tion was identified as the primary driver for CeSnRK 
expansion. Our analysis of cis-acting elements, miRNA 
binding sites, and protein interaction networks reveals 
CeSnRKs were associated with various stress responses 
by involvement in the ABA signaling pathway. Besides, 
member expansion led to tissue-independent expression 
and function differentiation. The differential expression 
of CeSnRK genes under cold and drought stress indi-
cated a positive response to abiotic stress. These find-
ings significantly deepened our understanding of the 
role of SnRK genes in abiotic stress responses in orchids, 
particularly the response mechanisms of SnRK genes to 
different stresses. It also provided valuable insights into 
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the function of SnRK genes in plants and supported the 
future breeding of C. ensifolium.
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