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Abstract 

Background Argonaute (AGO), Dicer-like (DCL), and RNA-dependent RNA polymerase (RDR) are essential compo-
nents of RNA silencing pathways in plants. These components are crucial for the generation and regulatory functions 
of small RNAs, especially in plant development and response to environmental stresses. Despite their well-charac-
terized functions in other plant species, there is limited information about these genes and their stress responses 
in centipedegrass (Eremochloa ophiuroides), a key turfgrass species.

Results Using genome-wide analysis we identified 20 AGO, 6 DCL, and 10 RDR members in centipedegrass and pro-
vided a comprehensive overview of their characteristics. We performed the chromosomal location, gene duplication, 
syntenic analysis, conserve motif, gene structure, and cis-acting elements analysis. And conducted phylogenetic 
analyses to clarify the evolutionary relationships among the EoAGO, EoDCL, and EoRDR gene families. Three-dimen-
sional modeling prediction of EoAGO, EoDCL, and EoRDR proteins supported the phylogenetic classification. Fur-
thermore, we examined the expression patterns of these genes in different tissues (spike, stem, leaf, root, and flower) 
and under different stress conditions (cold, salt, drought, aluminum, and herbicide) using RT-qPCR. The results 
revealed that most of EoAGO, EoDCL, and EoRDR genes were upregulated in response to multiple abiotic stresses, 
while some exhibited unique responses, suggesting potential specialized regulatory functions.

Conclusion In this study, we performed a comprehensive genome-wide identification, and phylogenetic and expres-
sion pattern analyses of the EoAGO, EoDCL and EoRDR gene families. Our analysis provides a foundation for future 
research on the RNA silence elements of turfgrass, and affords scientific basis and insights for clarifying the expression 
patterns of EoAGO, EoDCL and EoRDR genes under adversity stress. Further functional validation and molecular breed-
ing of these genes can be carried out for enhancing the stress resistance of centipedegrass.

Keywords AGO, DCL, RDR, Gene family, Centipedegrass, Abiotic stresses

†Siyu Liu and Xiong Lei contributed equally to this work .

*Correspondence:
Junming Zhao
junmingzhao163@163.com
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-024-11062-y&domain=pdf


Page 2 of 17Liu et al. BMC Genomics         (2024) 25:1139 

Introduction
Small noncoding RNAs in plants, such as microRNAs 
(miRNAs) and short interfering RNAs(siRNAs), com-
prise 21–24 nucleotides. These molecules regulate vari-
ous aspects of plant growth and development, abiotic 
and biotic stress response, and signal transduction [1–3]. 
RNA interference (RNAi) is a conserved gene silenc-
ing process mediated by small RNAs (sRNAs), which 
regulates translational inhibition, RNA degradation, and 
chromatin modifications in eukaryotes [4]. This mecha-
nism is essential in gene silencing and post-transcrip-
tional regulation, with numerous RNAi technologies 
developed to address biotic and abiotic stress in plants [5, 
6]. Previous studies have reported that sRNAs generation 
and functions are directly associated with the proteins 
encoded by three key RNAi gene families: the Argonaute 
(AGO), Dicer-like (DCL), and RNA -dependent RNA 
polymerases (RDR) [7, 8]. As fundamental elements of 
the RNAi mechanism, RDRs utilize RNA as a template 
to synthesize double stranded RNAs (dsRNA), while the 
RNase III-type DCLs are responsible for cleaving dsRNA 
into various sRNAs, including siRNAs and miRNAs. Sub-
sequently, these sRNAs can bind to AGO family proteins 
and integrate into the core of RNA-induced silencing 
complexes (RISCs) [9–11]. The RISCs, guided by sRNAs, 
can recognize target genes through complementary base 
pairing and regulate gene expression at the post-tran-
scriptional level [post-transcriptional gene silencing, 
(PTGS)] and the transcriptional level [transcriptional 
gene silencing, (TGS)] [12, 13]. In PTGS, dsRNA is pro-
cessed by the DCL enzyme into siRNAs, which subse-
quently associate with AGO protein to form the RISC. 
The RISC complex subsequently recognizes and binds to 
complementary sequences on the target mRNA, leading 
to its degradation [14]. TGS involves modifying chro-
matin structure to inhibit gene expression, mediated by 
sRNAs that guide chromatin-modifying enzymes to spe-
cific genomic loci. Chromatin modification affects the 
gene silencing effect mediated by sRNA molecules by 
modifying the structure and accessibility of chromatin, 
including histone modification and DNA methylation 
[15]. miRNAs originate from single-stranded transcripts 
(pri-miRNAs) generated by RNA polymerase II, while 
siRNA is primarily processed from fully complementary 
dsRNA. Based on the mechanism of dsRNA production 
and the functional distinctions of siRNA, siRNA can be 
divided into various types, heterochromatic siRNAs (hc-
siRNAs), phased secondary siRNAs (phasiRNAs) [16], 
trans-acting small interfering RNAs (ta-siRNAs), natural 
antisense siRNAs (nat-siRNAs), long siRNAs (lsiRNAs) 
[17, 18], long miRNAs (lmiRNAs) [19], and DCL-inde-
pendent siRNA (sidRNAs) [20]. While miRNAs, ta-
siRNAs, and nat-siRNAs mediate PTGS, hc-siRNAs, 

lmiRNAs, and sidRNAs direct DNA methylation thus 
inducing TGS [21].

The fundamental elements of the RNA silencing path-
way, namely AGO, DCL, and RDR, have been identified 
in various species. For instance, a total of 20 genes were 
identified in Arabidopsis [22], 32 genes in rice [23], 28 
genes in maize [24], and 26 in sorghum [25]. These stud-
ies have demonstrated that AGO, DCL, and RDR genes 
are essential in plant development, including flower and 
fruit development, and nutrient organs growth, includ-
ing roots, stems, and leaves [26]. Additionally, they are 
essential in plant stress responses and defense against 
pathogens. Previous studies reported that some AGO, 
DCL, and RDR genes exhibit upregulated or downregu-
lated expression changes in rice [23, 27], cucumber [28], 
and maize [29] in response to abiotic stresses, including 
drought, and high salt and temperatures.

Centipedegrass (Eremochloa ophiuroides) is an essen-
tial perennial (C4) warm-season diploid turfgrass spe-
cies (2n = 2x = 18) belonging to the Eremochloa genus 
of the Poaceae family [30]. This grass species originates 
from the Yangtze River region in China; however, it is 
now widely distributed across southeast Asia, the south-
ern United States, and the northern and eastern regions 
of Australia [31, 32]. Centipedegrass is one of the most 
popular turfgrasses because of its beautiful leaf color, 
excellent adaptability to nutrient-deficient soils, and min-
imal maintenance requirements, making it a preferred 
choice for lawn and slope preservation and landscaping 
purposes [33, 34]. Comparing with other warm-season 
turfgrasses, centipedegrass exhibits superior drought tol-
erance, robust disease resistance, and thrives in acidic to 
slightly alkaline soil conditions [35, 36].

Recently, many plants have been compelled to endure 
extreme environments including drought, salinity, cold 
and metal stresses, which seriously endangering their 
growth and development [28]. RNA silencing fam-
ily genes expression is dynamically regulated during 
plant development and stress response, indicating the 
influential role of RNA silencing regulation in environ-
mental signals response [1–3]. Therefore, performing 
a comprehensive analysis of the RNA silencing fam-
ily in centipedegrass is essential. With the availability 
of a high-quality draft genome, it is possible for us to 
study on RNA silencing mechanism of centipedegrass. 
Further study on the regulatory mechanisms of RNAi, 
it may reveal the essential stress response genes that 
enhance stress tolerance, disease resistance, and over-
all quality in grass. In this study, we comprehensively 
analyzed EoAGO, EoDCL, and EoRDR genes, including 
the gene structures, conserved domains, duplication 
events, cis-acting elements and phylogenetic analysis. 
Furthermore, we examined the expression profiles of 
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these identified genes across various tissues and under 
diverse abiotic stress conditions. This study provided 
the basic genomic information and clarified the expres-
sion patterns of EoAGO, EoDCL and EoRDR genes 
under adversity stress. Through further functional 
validation and molecular breeding of these genes can 
be carried out for improving the stress resistance of 
centipedegrass.

Materials and methods
Plant genome sequence acquisition and identification 
of EoAGO, EoDCL and EoRDR gene family members
The genome sequence of Arabidopsis was obtained from 
the TAIR database (https:// www. arabi dopsis. org/), while 
genome sequences of other plants (sorghum, maize, 
and rice) were downloaded from the Phytozome data-
base (https:// phyto zome- next. jgi. doe. gov/). The genome 
assembly and protein sequences of centipedegrass were 
obtained from the Figshare database (https:// figsh are. 
com/s/ 8256a cffdb 73bb0 50045) [37]. The Hidden Markov 
Model (HMM) profiles of the AGO, DCL, and RDR struc-
tural domains were AGO (PAZ PF02170, PIWI PF02171), 
DCL (DEAD PF00270, Helicase-C PF00271, Dicer-dimer 
PF03368, PAZ PF02170, RNaseIII PF00636), and RDR 
(RdRP PF05183). EoAGO, EoDCL, and EoRDR proteins in 
centipedegrass were identified using the default settings 
of HMMER 3.0 software (version 3.0), SMART (https:// 
smart. embl. de/), Pfam(http:// pfam- legacy. xfam. org/), 
and the Conserved Domain Database in NCBI were used 
to confirm finally resulted EoAGO, EoDCL, and EoRDR 
members. The resulting genes were named based on their 
phylogenetic relationship with the members of similar 
gene families in sorghum, maize, rice, and Arabidopsis. 
The ExPASy-ProtParam tool was used to determine the 
physio-chemical properties of the EoAGO, EoDCL, and 
EoRDR genes [38]. WoLF PSORT was used for subcellu-
lar localization predictions [39].

Multiple sequence alignment, phylogenetic analysis 
and classification of the EoAGO, EoDCL and EoRDR gene 
families
The EMBL-EBI-Clustal Omega tool with default settings 
was used to perform multiple sequence alignment of the 
predicted EoAGO, EoDCL, and EoRDR proteins and was 
viewed using the Jalview software (version 2.11) (https:// 
www. jalvi ew. org/) [40]. The neighbor-joining method 
with 1,000 times bootstrap-replicates in MEGA11 
software was used to build the phylogenetic tree [41]. 
EoAGO, EoDCL, and EoRDR genes were assigned to dif-
ferent subgroups based on the classification of ortholo-
gous genes from Arabidopsis, sorghum, maize, and rice.

Chromosomal location, gene duplication, and syntenic 
analysis
Chromosomal location information of EoAGO, EoDCL, 
and EoRDR genes was obtained from GFF and sequenc-
ing files. The MCScanX was used to conduct gene 
duplication analysis [42, 43] and displayed by Circos 
plot [44]. The dual synteny plotter software (https:// 
github. com/ CJ- Chen/ TBtoo ls- II) was used to visual-
ize the syntenic relationships between the EoAGO, 
EoDCL, and EoRDR genes of centipedegrass and other 
four plants (Arabidopsis, sorghum, maize, and rice). All 
these analyses were visualized using TBtools [45].

Conserve motif, gene structure, cis‑acting elements 
analysis and 3‑Dimensional structure prediction
The NCBI-CDD was demployed to obtain conserved 
domains of the EoAGO, EoDCL and EoRDR proteins. 
The exon–intron organizations of the EoAGO, EoDCL, 
and EoRDR genes were determined using TBtools. 
The PlantCare online software (https:// bioin forma tics. 
psb. ugent. be/ webto ols/ plant care/ html/), visualized in 
TBtools, was used to predict the Cis-acting elements in 
the 2,000 bp upstream region of each gene.

SWISS-MODEL (https:// swiss model. expasy. org/) 
was used for EoAGO, EoDCL and EoRDR protein 3D 
structure prediction. The template selection is based on 
coverage and similarity (identity ≥ 30%). GMQE rep-
resents the accuracy and coverage of a model, with a 
credibility range of 0–1. A higher value indicates better 
quality.

Plant materials and stress treatments
Seeds of the centipedegrass cultivar ‘Wuling’ (pro-
vided by the Sichuan Academy of Grassland Science, 
Chengdu, China) were sown in square pots filled with 
quartz sand and cultivated under greenhouse condi-
tions: temperature 23 /19  °C (12  h  day/12  h night). 
After 2  months, a part of the seedlings underwent 
stress treatments: cold (4 ℃), drought (20% PEG-6000), 
salt (200 mmol  L–1 NaCl), Al (100 mmol  L–1  AlCl3), and 
herbicide (6  mmol·L–1 glufosinate) stresses. Control 
plants were irrigated with ½ Hoagland nutrient solu-
tion. During the treatments, samples were collected at 
0, 0.5, 1.5, 3, 6, 12, 24, 48, and 72  h during the treat-
ments. The remaining seedlings cultivated under nor-
mal conditions were used to collect flower, stem, spike, 
root and leaf at during the flowering period of grasses. 
All collected samples were immediately frozen in liq-
uid nitrogen for RNA extraction. Three samples at each 
treatment time point and tissue were taken for RNA 
extraction and RT-qPCR.

https://www.arabidopsis.org/
https://phytozome-next.jgi.doe.gov/
https://figshare.com/s/8256acffdb73bb050045
https://figshare.com/s/8256acffdb73bb050045
https://smart.embl.de/
https://smart.embl.de/
http://pfam-legacy.xfam.org/
https://www.jalview.org/
https://www.jalview.org/
https://github.com/CJ-Chen/TBtools-II
https://github.com/CJ-Chen/TBtools-II
https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
https://swissmodel.expasy.org/
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RNA isolation, cDNA synthesis and RT‑qPCR expression 
analysis
Total RNA from centipedegrass was isolated with TRI-
zol reagent (Invitrogen, USA). The ABScript III Gdna 
Remover and Genious 2X SYBR qPCR Mix (Abclonal, 
Wuhan) were used for the synthesis of cDNA and RT-
qPCR follow the manufacturer’s protocol, the CXF 
Connect™ Real-Time System (Bio-Rad) was used for 
reactions. Based on the previous studies published by 
group [46], the most stable gene under different stresses 
was selected as the reference genes for calculating the 
gene expression using the  2−ΔΔCt method [47], where the 
UBC (ubiquitin-conjugating enzyme) gene was used for 
cold and Al stress, the MD (malate dehydrogenase) gene 
was used for salt, drought stresses, and different tissues, 
and the RIP (60S ribosomal protein L2) gene was used 
for herbicide stress. Based on the location on the phylo-
genetic tree and the amino acid identity with each other, 
only seven EoAGOs, three EoDCLs, and four EoRDRs 
genes were selected for the RT-qPCR expression analy-
sis. Primer software (version 5) was used to design the 14 
primer pairs (Supplementary Table S4). RNA-seq data of 
centipedegrass under cold treatment were obtained from 
previous studies [35].

Results
Genome‑wide identification of AGOs, DCLs and RDRs 
in centipedegrass
The HMM profiles of conserved domains were used to 
identify the EoAGO, EoDCL and EoRDR gene families. 
Analysis revealed 20 EoAGOs genes, 6 EoDCLs genes, 
and 10 EoRDRs genes in the centipedegrass genome data-
base. The characteristics of the identified RNA silencing 
genes are summarized in Table 1.

The genomic length of 20 EoAGOs varied from 2241 
to 3546  bp corresponding to EoAGO4c (evm.model.
ctg136.122) and EoAGO7 (evm.model.ctg312.44), with 
their pI values exhibiting basic characteristics (pI value 
8.66 ~ 9.59). The six EoDCLs ORF ranged from 2475 
to 5811  bp corresponding to EoDCL4 (evm.model.
ctg.110.32) and EoDCL1 (evm.model.ctg278.43). All 
EoDCL proteins exhibited acidic properties (pI value 
5.94 ~ 6.49). The ORF length of EoRDRs varies between 
1302 and 3624  bp corresponding to EoRDR3b (evm.
model.ctg722.9) and EoRDR6b (evm.model.ctg599.18), 
respectively. Most EoRDRs exhibit acidic properties, 
while EoRDR4b and EoRDR6b demonstrate higher pI 
values of 8.15 and 8.3. Regarding subcellular localization 
predictions, 13 EoAGOs (65%) and 10 EoRDRs (100%) 
were predicted to be localized in the nucleus, while seven 
EoAGOs (35%) and six EoDCLs (100%) were predicted to 
be localized in the chloroplast.

Chromosomal localization, phylogenetic and syntenic 
analysis
We demonstrated the chromosomal distribution of the 
EoAGO, EoDCL, and EoRDR genes utilizing the GFF data 
from the centipedegrass genome (Fig. 1A). The EoAGO, 
EoDCL, and EoRDR genes exhibited uneven distribu-
tion across 9 chromosomes. We identified 20 EoAGO 
genes on almost all chromosomes except chromosome 7, 
while six EoDCL genes were solely located on chromo-
somes 1 2, and 4. Another 10 EoRDR genes were distrib-
uted among chromosomes 1, 5, 7, 8, and 9. Chromosome 
4 contained the highest number of genes (eight), while 
chromosome 7 contained the fewest (one). Chromosome 
1 contains all three kinds of genes. There were two pairs 
of AGO tandem duplications genes (EoAGO1a-EoAG1b 
and EoAGO5c-EoAGO5d) from chromosomes 3 and 6. 
Besides, DCL and RDR each possess a pair of tandem 
duplication genes (EoDCL2a-EoDCL2b and EoRDR1a-
EoRDR1b) from chromosomes 4 and 8.

Furthermore, we also performed a collinearity analy-
sis to identify duplication events in the EoAGO, EoDCL, 
and EoRDR genes (Fig.  1B). Only two pairs of segmen-
tal duplication genes were identified, both comprising 
EoAGO genes (EoAGO1d-EoAGO1e and EoAGO5b-EoA-
GO5d). Other EoDCL and EoRDR lack any segmental 
duplication genes. These findings indicate that the pro-
liferation EoAGO, EoDCL, and EoRDR families may have 
been influenced by tandem and segmental duplication 
events, with tandem duplication possibly being the pri-
mary driving force.

The protein sequences of AGO, DCL, and RDR from 
four different plant species, including sorghum, maize, 
rice, and Arabidopsis, were used to create the phyloge-
netic tree to investigate the evolutionary relationship of 
the EoAGO, EoDCL, and EoRDR gene families. The AGO, 
DCL, and RDR gene families were categorized into sev-
eral clades, based on the homology and classification 
within species, using Neighbor-joining method (NJ) 
approach with high bootstrap support (Fig.  2). The 20 
EoAGO genes were separated into four different clades 
(Fig. 2A): Clade I comprised AGO1 and AGO10, clade II 
comprised AGO2 and AGO7, clade III comprised AGO4 
and AGO6, clade IV comprised AGO5, and clade V com-
prised AGO18. The AGO18 member was absent in Arabi-
dopsis. However, it existed in sorghum, maize, rice, and 
centipedegrass, indicating the specificity and similar 
evolution of AGO18 in these grasses. Based on the phy-
logenetic analysis, all DCL genes were divided into four 
clades (Fig. 2B): clade I contained EoDCL1, clade II com-
prised EoDCL2a and EoDCL2b, clade III contained EoD-
CL3a and EoDCL3b, and clade IV contained EoDCL4. 
Besides, the 10 EoRDR genes were separated into four 
clades: clade I contained EoRDR1a and EoRDR1b, clade 
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Table 1 Basic information of AGO, DCL and RDR genes in centipedegrass

Gene Name Locus ID Chromosomal location ORF length (bp) Mw (Da) pI Instability index GRAVY Subcellular 
localization

AGO EoAGO1a evm.model.ctg497.10 chr7:3,531,971–3,539,712 3321 121,829 9.55 49.29 -0.528 Nucleus

EoAGO1b evm.model.ctg498.5 chr7:3,648,204–3,655,953 3321 121,841.1 9.55 49.29 -0.524 Nucleus

EoAGO1c evm.model.ctg780.217 chr9:55,644,807–
55,660,515

3318 122,401 9.53 49.87 -0.521 Nucleus

EoAGO1d evm.model.ctg391.46 chr5:102,512,987–
102,520,102

2745 101,090.7 9.13 53.74 -0.438 Nucleus

EoAGO1e evm.model.ctg624.33 chr8:81,742,442–
81,750,079

3132 115,567.5 9.47 52.77 -0.509 Nucleus

EoAGO2 evm.model.ctg782.50 chr9:60,264,310–
60,269,206

3069 110,606.8 9.40 44.48 -0.432 Nucleus

EoAGO4a evm.model.ctg573.10 chr6:71,861,539–
71,866,868

2754 102,410.1 8.99 47.48 -0.373 Chloroplast

EoAGO4b evm.model.ctg21.9 chr1:21,004,110–
21,012,014

2694 100,670.6 9.11 49.21 -0.380 Nucleus

EoAGO4c evm.model.ctg136.122 chr2:63,976,662–
63,988,327

2241 84,242.57 8.73 51.45 -0.412 Chloroplast

EoAGO4d evm.model.ctg21.7 chr1:20,971,506–
20,976,544

2637 97,980.53 9.16 44.73 -0.264 Chloroplast

EoAGO5a evm.model.ctg374.195 chr3:17,707,456–
17,747,083

3366 121,870.4 9.62 49.92 -0.426 Nucleus

EoAGO5b evm.model.ctg382.112 chr4:5,126,642–5,134,952 3384 124,299.7 9.36 51.19 -0.406 Nucleus

EoAGO5c evm.model.ctg254.4 chr3:15,520,044–
15,531,252

3465 126,281.1 9.46 46.94 -0.381 Nucleus

EoAGO5d evm.model.ctg253.270 chr3:15,614,325–
15,622,564

2655 98,881.25 9.04 45.89 -0.317 Chloroplast

EoAGO6 evm.model.ctg415.78 chr5:76,081,544–
76,089,848

2523 94,313.97 9.29 47.11 -0.318 Nucleus

EoAGO7 evm.model.ctg312.44 chr4:82,793,205–
82,797,989

3546 132,281.8 9.59 48.88 -0.336 Chloroplast

EoAGO10 evm.model.ctg402.94 chr5:93,406,197–
93,421,012

2418 91,252.04 9.00 41.72 -0.334 Chloroplast

EoAGO18a evm.model.ctg194.36 chr3:91,247,450–
91,252,794

3174 115,172.3 9.35 40.54 -0.497 Nucleus

EoAGO18b evm.model.ctg373.62 chr4:20,391,739–
20,397,027

2784 103,422.4 9.04 39.57 -0.402 Nucleus

EoAGO18c evm.model.ctg462.4 chr5:24,108,058–
24,113,635

2442 90,521.62 8.66 42.57 -0.351 Nucleus

DCL EoDCL1 evm.model.ctg278.43 chr4:112,660,845–
112,671,572

5811 216,143.1 6.09 43.02 -0.380 Nucleus

EoDCL2a evm.model.ctg366.102 chr4:26,660,222–
26,676,924

3579 134,465.1 6.22 45.93 -0.116 Nucleus

EoDCL2b evm.model.ctg367.10 chr4:26,521,666–
26,538,358

3705 139,249.9 6.49 45.42 -0.113 Nucleus

EoDCL3a evm.model.ctg62.68 chr1:80,081,933–
80,090,656

4413 165,747 6.29 42.68 -0.260 Nucleus

EoDCL3b evm.model.ctg359.151 chr4:33,024,764–
33,036,537

4986 186,822.8 6.18 44.80 -0.154 Nucleus

EoDCL4 evm.model.ctg110.32 chr2:41,402,507- 
41,414,032

2475 93,886.41 5.94 43.44 -0.117 Nucleus
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II contained EoRDR2, clade III contained EoRDR3a, 
EoRDR3b, EoRDR4a, and EoRDR4b, and clade IV con-
tained EoRDR6a, EoRDR6b, and EoRDR6c (Fig. 2C). The 
EoAGO, EoDCL and EoRDR genes were named based on 
the location on the phylogenetic tree and combined with 
the blast result of amino acid identity with each other.

Synteny, which occurs within and between species, is 
another avenue for the rapid evolution of gene families. A 
comparative syntenic analysis was conducted using four 
representative species to further explore the evolution-
ary clues of the EoAGO, EoDCL, and EoRDR genes, three 
monocotyledonous plants (rice, maize, and sorghum), 
and one dicotyledonous plant (Arabidopsis) (Fig. 3). The 
findings revealed 29 syntenic pairs between centipede-
grass and maize, followed by sorghum (28) and rice (23), 
while one syntenic pair was identified between centipe-
degrass and Arabidopsis. More syntenic pairs between 
centipedegrass and monocotyledons than dicotyledons 
suggests close evolutionary relationships between centi-
pedegrass and other monocotyledons.

Conserved domains, multiple sequence alignment, gene 
structure, cis‑elements analysis in the promoter regions 
and 3‑Dimensional structure prediction
The conserved domains of the EoAGO, EoDCL and 
EoRDR proteins were identified demonstrating the 
structural domain conservatism and diversity among 
the proteins (Fig.  4A, Table  S1). All EoAGO proteins 
possess four domains: ArgoN, PAZ, ArgoL2, and PIWI. 
Additional conserved domains, including ArgoL1, 

Gly-rich_Ago1 and ArgoMid, were identified in most 
EoAGOs. The additional Gly-rich domain in AGO1 
of Arabidopsis, sorghum, and maize, was observed in 
EoAGO1 (EoAGO1a, EoAGO1b, EoAGO1c, and EoA-
GO1d). Furthermore, the multiple sequence alignment, 
indicates that the PIWI domain exhibits a structure simi-
lar to RNaseH, and is essential in cleaving target mRNA. 
This function is facilitated by a conserved metal-chelat-
ing motif known as Asp–Asp–His/Asp (DDH/D) (Fig. 
S1) [48, 49]. The sequence alignment results of the PIWI 
domains revealed that there were 11 EoAGO proteins 
exhibited the conserved DDH/H tetrad identical to those 
in AtAGO1 (Fig. S1). The DDD/H motif identified in 
EoAGO2 protein, is identical to AtAGO2 and AtAGO3 
proteins. However, DDH/H motif is not essential and 
may be replaced into DDH/P and DDW/P, as observed in 
Arabidopsis, rice, maize and sorghum. The DDH/P motif 
was identified in EoAGO4a, EoAGO4b and EoAGO4d 
proteins, similar to the AtAGO6 and AtAGO8 proteins. 
The DDW/P motif was exclusively observed in EoAGO6 
protein. Furthermore, the other four (EoAGO4c, 
EoAGO18a, EoAGO18b, and EoAGO18c) exhibited dif-
ferent deficiencies in PIWI domain catalytic residue(s) 
illustrated in Table S2.

The EoDCL proteins exhibited all the common domains 
found in the Dicer family, including DEAD, Helicase_C, 
Dicer_dimer, PAZ, two tandem RIBOc (RNaseIIIa and 
RNaseIIIb), and dsRM. However, EoDCL3a and EoD-
CL3b lacked the DSRM domain, and EoDCL4 lacked 
the PAZ, RIBIc, and DSRM domains (Fig.  4A). Besides, 

Table 1 (continued)

Gene Name Locus ID Chromosomal location ORF length (bp) Mw (Da) pI Instability index GRAVY Subcellular 
localization

RDR EoRDR1a evm.model.ctg634.45 chr8:72,843,667–
72,849,516

3339 127,570.1 6.84 39.82 -0.285 Chloroplast

EoRDR1b evm.model.ctg635.6 chr8:72,681,119–
72,686,934

3339 127,563.1 6.86 39.69 -0.281 Chloroplast

EoRDR2 evm.model.ctg769.18 chr9:45,305,488–
45,311,415

3390 125,811.8 6.52 44.76 -0.200 Chloroplast

EoRDR3a evm.model.ctg722.8 chr9:7,674,410–7,683,240 1872 69,692.43 5.68 47.27 -0.355 Chloroplast

EoRDR3b evm.model.ctg722.9 chr9:7,683,242–7,698,311 1302 50,129.07 5.19 38.95 -0.407 Chloroplast

EoRDR4a evm.model.ctg7.29 chr1:4,513,777–4,572,529 2925 108,886.9 5.67 41.15 -0.269 Chloroplast

EoRDR4b evm.model.ctg7.31 chr1:4,576,824–4,588,094 3474 130,552.2 8.15 46.64 -0.399 Chloroplast

EoRDR6a evm.model.ctg398.176 chr5:97,820,643–
97,823,154

1392 52,150.5 5.53 35.00 -0.326 Chloroplast

EoRDR6b evm.model.ctg599.18 chr7:21,144,141–
21,148,060

3624 135,837 8.3 44.59 -0.241 Chloroplast

EoRDR6c evm.model.ctg38.11 chr1:42,871,533–
42,876,902

3615 135,381.9 6.85 39.15 -0.260 Chloroplast
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Fig. 1 A Distribution and location of EoAGO, EoDCL, and EoRDR genes on nine chromosomes. AGO: red, DCL: blue, RDR: green. The red-colored 
brackets indicate the tandem duplication gene pairs. B Schematic representations of the interchromosomal relationships of EoAGO, EoDCL, 
and EoRDR genes. The gray lines represent all synteny blocks in the centipedegrass genome. The yellow lines indicate the segmental duplication 
of gene pairs. The different colored box on the right represents the gene density of the heatmap in innermost circle
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the EoDCL1 contained two DSRM domains, which 
were observed in DCL1 in Arabidopsis, maize, and sor-
ghum. The sequence alignment demonstrated that all the 
EoDCL proteins, except EoDCL4, possess the RNase III 
catalytic sites within the two tandem RIBOc domains at 
the glutamate (E), aspartate (D), aspartate (D), glutamate 
(E) (EDDE) position (Fig. S1), a characteristic of plant 
DCL proteins [50, 51].

A conserved RdRP domain has been identified in all 
EoRDR proteins similar to the corresponding proteins 
in other plants (Fig.  4A). The sequence alignment of 
the EoRDR proteins identified the conserved DxDGD 

catalytic motif within the RdRP conserved domain, 
except for EoRDR3a, which lacks a portion of the 
DxDGD catalytic motif (Fig. S1) [52, 53].

Analyzing different exon–intron structures of the 
EoAGO, EoDCL, and EoRDR genes help us facilitates 
comprehension of their genetic variations and potential 
evolutionary processes (Fig. 4B). The coding sequences of 
the complete EoAGO, EoDCL, and EoRDR families were 
interrupted by introns. Most of the EoAGO genes exhib-
ited an intron number ranging from 17 to 24, consistent 
across various in different groups. However, the EoAGO2 
and EoAGO7 genes belong to clade II, possessing two 

Fig. 2 Phylogenetic tree for AGO, DCL and RDR gene families from centipedegrass, Arabidopsis, rice, maize and sorghum. Gene families were 
separated into several clades, highlighted with colors. EoAGO, EoDCL and EoRDR genes were colored in red, A: AGO, B: DCL, and C: RDR 
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and three introns, respectively. Regarding EoDCLs, the 
introns number ranges from 14 to 25. Most EoRDRs 
contained 1–3 introns, while clade III (EoRDR3 and 
EoRDR4) contained 6–17 introns. The intron number of 
EoAGO, EoDCL, and EoRDR genes exhibited significant 

variation between clades but remained relatively con-
served among members in the same clade, similar to that 
of other plants.

We analyzed 34 cis-element elements across all mem-
bers of the EoAGO, EoDCL, and EoRDR genes families, 

Fig. 3 Synteny analysis of AGO, DCL and RDR genes between centipedegrass and four representative plant species. Gray lines indicate the collinear 
blocks, whereas the colored lines indicate the syntenic AGO (red); DCL (green) and RDR (blue) gene pairs

Fig. 4 Analysis of conserved domains and gene structure of EoAGO, EoDCL and EoRDR genes. A Conserved domain composition analysis. B Gene 
structure analysis
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categorizing them into three groups: abiotic and biotic 
stress, phytohormone responsiveness, plant growth and 
development (Fig. 5). Among the genes, EoAGO5b exhib-
ited the highest number of cis-acting elements, while 
EoRDR3a exhibited the fewest. Light-responsive, abscisic 
acid-responsiveness elements, and MeJA-responsiveness 
elements were the most prevalent in the EoAGO, EoDCL, 
and EoRDR families (Fig S2, Table  S3). Other cis-acting 
elements associated with meristem expression, auxin 
responsiveness, defense and stress responsiveness, low-
temperature responsiveness, and wound responsiveness 
were identified. The findings indicate that EoAGOs, EoD-
CLs, and EoRDRs are essential in regulating processes, 
including photoperiodic control of flowering, hormone 
signaling pathways (MeJA, salicylic acid, and abscisic 
acid), and stress responses.

The three-dimensional structures of the EoAGO, 
EoDCL, and EoRDR proteins were predicted using 
the SWISS-MODEL [54] (refer to Fig S3 and Table  S5). 
Each target exhibited greater than 30% identity with the 

template, a threshold indicative of successful modeling, 
as noted in the advancements of homology protein struc-
ture modeling. The GMQE values, ranging from 0.54 to 
0.92, signified the high-quality nature of all the mod-
els. The majority of the models employed for predicting 
the 3D structures of EoAGO, EoDCL, and EoRDR were 
derived from rice, maize, and sorghum species, highlight-
ing the close genetic affinity between centipedegrass and 
these species. This proximity suggests the possibility of 
functional parallels among the genes.

Expression analysis of EoAGO, EoDCL, and EoRDR genes 
in different tissues
We selected seven EoAGO, three EoDCL, and four 
EoRDR genes from different phylogenetic tree clades to 
analyze their expression using RT-qPCR in other tissues, 
including stem, spike, root, leaf, and flower. All selected 
genes were expressed, however, EoAGO2, EoDCL3b, and 
EoRDR1a were expressed in all tissues (Fig. 5). Further-
more, all selected genes were expressed in stem, spike, 

Fig. 5 The cis-acting elements distribution of types and numbers analysis of EoAGO, EoDCL and EoRDR gene promoters. The green gradient legend 
indicates the number of cis-acting elements
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and leaf with EoAGO1d, EoAGO5d, and EoDCL1 dem-
onstrating the highest expression level, respectively. In 
addition, numerous genes exhibited low expression in 
root and flower, while EoAGO1d and EoDCL2a demon-
strated the highest expression levels, respectively. Among 
the EoAGO genes, five genes (EoAGO1d/4/5d/6/10) 
exhibited no expression in the flower, while EoAGO2/7 
exhibited higher expression levels in other tissues. Most 
EoAGO genes exhibited lower spike and root expression 
levels than in stem and leaf. However, EoAGO5d exhib-
ited higher expression in spike and root than in stem and 
leaf. Of the three EoDCL genes (EoDCL1/2a/3b), exhib-
ited significantly higher flower expression levels. How-
ever, they did not express themselves in the root. Among 
EoRDR genes, EoRDR1a was expressed in all five tissues, 
and EoRDR1a and EoRDR6b exhibited high expression 
levels in the flowers especially for EoRDR6b. Another two 
genes (EoRDR2/3b) exhibited higher expression in the 
stem than in the spike and leaf, however, they exhibited 
no detectable expression in root and flower tissue.

Expression analysis of EoAGO, EoDCL, and EoRDR genes 
under five abiotic stresses
We analyzed the expression pattern of seven EoAGO, 
three EoDCL, and four EoRDR genes under various 
treatments, including cold, salt, PEG, Al, and herbicide 
stresses. The results revealed that all EoAGO, EoDCL, 
and EoRDR genes are differentially expressed under five 
abiotic stresses (Fig. 7).

Under cold stress, five EoAGO, one EoDCL, and three 
EoRDR genes exhibited significant upregulation at 3  h 
(EoAGO6, EoRDR3b) or 6 h (EoAGO1d/4/5d/6/10, EoD-
CL3b, EoRDR2/6b). Subsequently, the expression lev-
els declined (p < 0.05) (Fig. 7A). Moreover, we employed 
existing RNA-seq datasets to examine the transcript lev-
els of EoAGO, EoDCL, and EoRDR genes in response to 
cold treatments. We identified ten EoAGO, five EoDCL, 
and six EoRDR genes using the protein blast of NCBI 
(identify > 90%). The findings indicated that a subset 
of EoAGO, EoDCL, and EoRDR genes exhibited dif-
ferential expression patterns in response to cold treat-
ments (Fig.  7F), which was partially consistent with 
the RT-qPCR findings, including EoAGO1a/4a/6/10, 
EoDCL1/3b, and EoRDR2/3b/6b genes.

All selected genes exhibited varying degrees of upregu-
lation at 6, 12, and 24 h under salt treatment, followed by 
a subsequent decrease in expression levels (p < 0.05), and 
EoAGO4a, EoAGO6, EoDCL1, EoRDR2, and EoRDR3b 
exhibited a significant upregulation (Fig.  7B). Regarding 
PEG treatments, the EoAGO4A/5d/10, EoDCL2a, and 
EoRDR6b significantly expressed at 3 h (p < 0.05), and fol-
lowed by rapid decline (Fig. 7C). Additionally, other genes 
expression decreased with prolonged exposure time, 

especially for EoAGO2 and EoRDR3b after PEG treat-
ment for 3 h. For Al treatment, EoAGO1d/2/4a/5d/7/10, 
EoDCL1/2a/3b, and EoRDR1/2/3 were downregulated 
after treatment for 1.5  h (p < 0.05). However, most of 
them were upregulated again after treatment for 12  h 
(Fig. 7D). Regarding herbicide stress, almost all selected 
genes were induced at 12 h (p < 0.05), and EoAGO10 and 
EoDCL2a were significantly expressed. Moreover, most 
of these genes were decreased at 24 h (p < 0.05) by herbi-
cide treatment (Fig. 7E).

Discussion
RNA silencing is a regulatory mechanism for gene 
expression regulation and a defense strategy common 
among eukaryotes. Moreover, it is essential in plant stress 
physiology. Plants can process diverse sRNAs through 
different RDR-DCL-AGO gene interactions, thereby 
indirectly regulating multiple biological pathways [16, 
55]. This study conducts a comprehensive genome-wide 
analysis of EoAGO, EoDCL, and EoRDR genes in centipe-
degrass. The study investigated the correlation between 
these genes and their equivalents in other grass species, 
and their expression patterns in response to various abi-
otic stress factors.

Duplication events, evolution relationships and expression 
characteristics among AGO family in centipedegrass
AGO is an essential component of RISC and regulates 
plant leaf polarity differentiation. With the complete 
sequencing of plant genomes, the AGO gene family has 
been identified in many plants, including rice (19 mem-
bers) [23], maize (18 members) [24], sorghum (14 mem-
bers) [25], Arabidopsis (10 members) [22], and so on. 
In this study, 20 AGO genes were found from the cen-
tipedegrass genome, indicating the diversification and 
duplication events of AGO genes have occurred dur-
ing evolution [56]. Previous studies reported that clade 
I, II and V all belong to AGO1/5/10/18 group [57, 58]. 
Arabidopsis contains AGO1 and one AGO10, while cen-
tipedegrass has five AGO1 homologs, similar to the four 
homologs in rice and sorghum, and five in maize, which 
suggest redundant and specialized functions [59]. In the 
AGO1 gene in centipedegrass, we identified one pair of 
tandem duplication genes (EoAGO1a-EoAGO1b) and 
one pair of segmental duplication genes (EoAGO1d-
EoAGO1e), indicating the significant role of duplication 
events in AGO1 gene expansion. The AGO5 family was 
expanded in Poaceae plants [60], with five homologs 
in rice, and three each in maize and sorghum, indicat-
ing a conserved role in the 21-nt phasiRNA pathway, 
which is essential for developmental processes and 
male reproductive ability [61]. Tandem duplication 
genes (EoAGO5c-EoAGO5d) and segmental duplication 
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genes (EoAGO5b-EoAGO5d) were identified among the 
EoAGO5 genes. The AGO18 family, which is grass-spe-
cific, is essential in plant reproduction and viral defense. 
For instance, the AGO18 gene in rice could induced 
by viral infection, while EoAGO18a/18b/18c was not 
detected in centipedegrass [27, 62]. In the AGO2/7 group 
in clade III, it was observed that AGO2 probably diverged 
from AGO7 from their common ancestor of seed plants, 
as evidenced by the different catalytic triad sequences 
(DDH in AGO7 and DDD in AGO2) (Fig. S1, Table S2). 
This change from H to D in the catalytic triad may indi-
cate functional divergence. AGO7 is highly conserved 
and known to bind miR390, which initiates the genera-
tion of TAS3-derived trans-acting siRNAs (tasiRNAs) 
that regulate auxin response factors (ARF) in flower-
ing plants [63, 64]. Clade IV belongs to the AGO4/6/8/9 
group. EoAGO4a/4b/4c/4d and EoAGO6 were contained 
in this clade, without AGO7 and AGO9 in centipede-
grasss, similar in rice and sorghum. EoAGO4 gene exhib-
its more complex evolutionary patterns, while EoAGO6 is 
highly conserved, presumably due to involvement in dif-
ferent sRNA pathways. The AGO4/6/8/9 group should be 
classified into AGO4 and AGO6 clades, representing two 
distinguishable clades in plants, consistent with findings 
in centipedegrass and other Poaceae species [62]. Among 
the seven EoAGO genes for RT-qPCR, only EoAGO2 and 
EoAGO7, clade III member, were expressed in flower, 
suggesting their involvement in the flower development 
pathway in centipedegrass. In addition, most EoAGO 

genes exhibited higher expression levels in the stem and 
leaf, while demonstrating lower expression in the root 
(Fig. 6). EoAGO5d exhibited high expression in the spike, 
indicating active involvement in reproductive tissues. In 
Arabidopsis, AGO5 was reported to show high expres-
sion during all stages of flower and seed formation [63]. 
In response to cold stress, five out of seven EoAGO genes 
(EoAGO1d/4a/5d/6/10) were upregulated at 6 h and sub-
sequently declined (Fig.  1a), mirroring the expression 
pattern of ZmAGO1a/1b/4/5a/5/10b in maize [29]. The 
overall expression patterns were largely in line with the 
RNA-seq data analysis (Fig.  7F). Under salt treatment, 
all EoAGO genes responded at 6  h or 24  h, exhibiting 
varying gene expression patterns. As for PEG treatment, 
EoAGO4a/5d/10 were significant upregulated, suggest-
ing their essential roles in gene regulation during drought 
stress. Moreover, all seven EoAGO genes displayed vary-
ing response levels under Al and herbicide treatments, 
although further research is needed to confirm these 
results.

DCL family in centipedegrass demonstrated distinct 
characteristics and specific expression in flower
DCL is an essential element in sRNA biogenesis, origi-
nally discovered in animals [65]. A previous study suggest 
that the plant DCL protein emerged after the plant-
animal split but before the monocot-dicot divergence 
around 150 million years ago [66]. In Arabidopsis, four 
DCL proteins, named DCL1 to DCL4, have specialized 

Fig. 6 The expression patterns of 14 EoAGO, EoDCL and EoRDR genes in the stem (ST), spike (SP), root (R), leaf (L), and flower(F) by RT-qPCR assay. 
Lowercase letter(s) indicate significant differences (p < 0.05, Duncan) among the tissues
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Fig. 7 Gene expression of EoAGO, EoDCL and EoRDR genes under A cold, B salt, C drought, D Al and E herbicide stress conditions analyzed using 
RT-qPCR assay after treatment for 0, 0.5, 1.5, 3, 6, 12, 24, 48, 72 h. Small letter(s) indicated significant differences (p < 0.05, Duncan) between different 
time stages. F EoAGO, EoDCL and EoRDR genes expression under cold stress based on RNA-seq data
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functions in the sRNAs biogenesis [67]. For instance, 
DCL1 is mainly involved in the biogenesis of miRNAs 
[68], the function loss of OsDCL1 affects miRNA accu-
mulation and causes developmental defects in rice [69], 
DCL2 is associated with viral dsRNA processes, DCL3 is 
necessary for color modification and long-distance RNAi 
signaling [70, 71], and DCL4 regulates plant development 
by transacting on the biogenesis of siRNAs (ta-siRNAs) 
and reproductive phasiRNAs [72]. In the evolution of 
monocot plants, whole-genome duplications (WGD) 
greatly affect the growth of the DCL gene family [73]. 
Studies have demonstrated that grass ancestors had one 
WGD and two chromosome fusion events [74, 75]. In 
rice, the DCL gene experienced functional differentia-
tion after the ρ-WGD event, helping with virus defense 
and gene regulation [74]. In addition, the DCL gene may 
evolve new functions through subfunctionalization and 
neofunctionalization [76]. It was reported in rice [77] and 
maize [78] that DCL3b (also called DCL5) emerged and 
evolved in monocots and is involved in producing repro-
ductive phasiRNAs in anthers. In this study, we identi-
fied six EoDCL genes distributed across four clades, each 
containing at least one EoDCL member (Fig. 2B). Clade 
II contains two DCL2 genes, similar to the OsDCL2 
genes. EoDCL2a and EoDCL2a were considered tandem 
duplication genes because of their proximity on chromo-
some 4 and 96% amino acid sequence identity (Fig. 1A), 
suggesting that gene duplication events contributed to 
DCL2 gene expansion. Clade III own two DCL3 mem-
bers, EoDCL3a and EoDCL3b, which exhibit low simi-
larity, consistent with the observations in sorghum, rice, 
and maize but contrasting with those in Arabidopsis and 
soybean [25]. This indicates that the emergence of the 
DCL3b paralog in monocots occurred after the split of 
monocots and dicots [79]. The function of DCL3a and 
DCL3b in rice and maize is diversified; OsDCL3a and 
ZmDCL3a are involved in hc-siRNAs biogenesis, how-
ever, OsDCL3a and ZmDCL3b (ZmDCL5) are engaged 
in 24-nt phasiRNAs biogenesis [77, 78]. Therefore, EoD-
CL3b may be designated as EoDCL5 within a new clade. 
However, the functional divergence and expression pat-
terns between EoDCL3a and EoDCL3b require further 
investigation. Although plants evolved four different 
DCL groups, their functions overlap and can compensate 
for each other without one [80]. Expression patterns indi-
cate that three selected EoDCL genes exhibit consistent 
expression across all tissues, with high expression levels 
in flowers (Fig. 6). In Arabidopsis, DCL genes are essen-
tial in inducing flowering, as dcl1/dcl3 mutants exhibited 
delayed flowering [81]. Consequently, EoDCL genes may 
be crucial in flowering and related miRNA and siRNA 
biogenesis. Regarding abiotic stresses, EoDCL1/2a/3b 
exhibited significant upregulation under cold, salt, and 

herbicide treatments, while all the expressions were 
downregulated under Al treatment (Fig. 7). The changes 
in EoDCL1 and EoDCL3b expression levels under cold 
treatment were consistent with RNA-seq dataset results 
findings (Fig. 7F). EoDCL2a exhibited significant upregu-
lation under drought treatment, similar to ZmDCL2/3b 
in maize [24]. These results revealed that the three 
EoDCL1/2a/3b genes could be regulated by various abi-
otic stresses.

RDR family in centipedegrass own a conserved domain 
and demonstrated potential function in reproductive 
growth
RDR is essential for siRNA biogenesis as it facilitates 
the conversion of single-stranded RNA into double-
stranded RNA through the RdRP conserved domain. 
According to the phylogenetic tree analysis, RDRs can 
be classified into four groups in centipedegrass (Fig. 2 C). 
Clade I contains tandem duplication genes (EoRDR1a-
EoRDR1b) in centipedegrass, while other species have 
one member (Fig.  2). It was found that RDR1/2 were 
sister genes to RDR6, mainly involved in virus defense 
response [82]. Besides, RDR2 has been associated with 
DNA methylation and repressive chromatin modifica-
tions in several plant species including Arabidopsis and 
maize [29, 83, 84]. We identified three RDR6 orthologues 
in centipedegrass, similar to those in maize, indicating 
a conserved role of RDR6 in plants with the produc-
tion of highly conserved 21-nt tasiRNAs pathway [85]. 
Furthermore, RDR6 participates reproductive phasiR-
NAs generation, with EoRDR6b exhibiting significantly 
high expression in flowers, indicating a potential role in 
reproductive growth in centipedegrass (Fig.  6). RDR3 
considered ancestral to other RDR types [27]. Four EoR-
DRs members (EoRDR3a/3b/4a/4b) were identified in 
clade III. However the specific function of RDR3 remains 
unknown. Under various abiotic stresses, all four EoR-
DRs exhibited different responses (Fig. 7). The EoRDR2, 
EoRDR3b and EoRDR6b exhibited low expression levels 
in various tissues, but they were significantly upregulated 
under drought stress, indicating a potential function in 
response to specific environmental stresses.

Conclusion
We identified and characterized 20 EoAGO, 6 EoDCL and 
10 EoRDR genes in the centipedegrass genome, compre-
hensively analyzing their critical roles in RNA silencing 
mechanisms. A total of two tandem and two segmental 
duplication pairs were identified in the AGO family, con-
tributing to the gene expansion. EoDCL1/2a/3b and EoR-
DR6b exhibited high flowers expression levels, suggesting 
a significant role in flowering. Furthermore, some of the 
EoAGO, EoDCL and EoRDR genes could be regulated by 
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various stresses such as cold, drought, salt, Al, and her-
bicide, indicating that these genes play an essential role 
in the stress resistance of centipedegrass. Combining 
RNA-seq data analysis with RT-qPCR findings, reavealed 
that EoAGO4a/6/10, EoDCL2a/3b and RDR3b exhibited 
significant responses under cold stress. Future research 
will focus on the functional verification of these cold 
responsive genes, and through genetic transformation 
and breeding programs to cultivate new varieties of cen-
tipedegrass with higher stress resistance, laying the foun-
dation for creating new germplasm.
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