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Dicer-like (DCL), Argonaute (AGO), and RNA-dependent RNA polymerase (RDR)
proteins are core components of the plant RNA silencing pathway and play critical
roles in plant growth, development, and stress adaptation. In this study, we
performed the rst genome-wide analysis of these gene families in
autotetraploid alfalfa (Medicago sativa L.), identifying 31 MsDCL, 82 MsAGO, and
52 MsRDR genes, followed by systematic characterization. Phylogenetic analysis
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further validated by RT-gPCR. These ndings provide a theoretical foundation
for future functional studies of RNA silencing pathway genes and offer valuable
genetic resources for the molecular breeding of stress-resilient alfalfa.
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1 Introduction

RNA silencing is a sequence-speogene regulation process mediated by small RNAs
(sRNAs), which typically consist of 21 to 24 natities (nt), including the small interfering RNA
(siRNA) and microRNA (miRNA) classeésng and Qi, 20)6RNA silencing plays a crucial role
in plant growth, development, and pemses to biotic and abiotic stresdas ¢t al., 2008 hen,

2009 Yu and Wang, 2090The establishment of RNA silencing pathways depends on three core
protein families: Dicer-like (DCL), Argonaute (AGO), and RNA-dependent RNA polymerase
(RDR), which participate in various phgfigical and defense processes in pladisilcombe,
2004. RNA silencing mechanisms can be divided thtee stages: initiation, maintenance, and
signal amplication Baulcombe, 2004First, RDR catalyzes the synthesis of double-stranded
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RNA (dsRNA) from single-stranded RNA (ssRNA). Then, DClet al., 201)] 144 genes (3IaDCLs$82TaAGOs31TaRDREin wheat
processes dsRNA into 21 to 24 nt sRNA=rnell and Hannon, (Triticum aestivumL.) (Mishra et al., 2093 and 35 genes (seven
2009. These sRNAs are subsequently incorporated into RNA-induc&mDCLs 21 GmAGOsseverGmRDREIn soybean Glycine maxt.)
silencing complexes (RISCs),iethcontain AGO proteins. Within (Liu et al., 2014 These studies on the functional mechanisms of
RISC, AGO mediates mRNA cleavage, translational repression,nembers ofDCL, AGO, and RDR gene families reveal th&CL,
heterochromatin formation Rologna and Voinnet, 20).4During AGO, and RDR genes not only play essential roles in plant
signal amplication, RDR utilizes primary sRNAs as primers tadevelopment but also contribute sigoantly to abiotic stress
synthesize new dsRNAs, which are then processed into secondagponses. For instance, in pBa&s@m sativury) AGOL interacts with
SRNAs, thereby reinforcing the silencing sig&gk( et al., 2001 Psp68, a DEAD-box protein, to enhance salt tolerance in Biaay(

DCL enzymes belong to the RNase Il family and smadly et al.,, 201p Moreover, abiotic stressasck as drought and salinity
cleave dsRNA into sSRNAs ranging from 21 to 24 @&i(mell and induce differential expression BCL, AGO, andRDRgenes in species
Hannon, 200% In Arabidopsis thaliangfour DCLgenesPCL1to like rice Kapoor et al., 2008cucumber Cucumis sativigGan et al.,
DCL4 have been idented (Voinnet, 2009. DCL1 primarily 2017, and tea plantsGamellia sinengigKrishnatreya et al., 201
processes microRNA precursors into mature miRNAgaguri Alfalfa (Medicago sativh.), known as théQueen of Foragéss a
et al., 200p DCL2 is responsible for generating both viral-deriveavidely cultivated legume valued for its high biomass yield and superior
and endogenous 22 nt siRNABI(g and Voinnet, 20G7Taochy nutritional quality (Nasrollahi et al., 2022hao et al., 20)3Alfalfa is an
et al.,, 2017 Wang et al., 201)8 DCL3 produces 24 nt autotetraploid and cross-pollinating species with a highly heterozygous
heterochromatic siRNAs (hc-siRNAs) from Pol IV transcriptsgenome, which poses unique challenges for genome analysis and gene
(Blevins et al., 201%ang et al., 2091 while DCL4 is essential family identi cation. In this study, we utilized a phased genome
for the production of 21 nt phased secondary siRNAs (phasiRNAgssembly of the cultivakinjiang Dayéthat resolves four haplotypes
including trans-acting siRNAs (tasiRNAs) and reproductivecross 32 chromosomes, enabling ateldetection and discrimination
phasiRNAs I(iu et al., 202D of homeologous genes. Previous studies have suggesR2@ithaGO

AGO proteins are typically large and contain several conservadd RDRgenes may participate in alféfabiotic stress responses. For
domains, including the N-termim@AZ, MID, and PIWI domains. The example, Lundell et al. reported ttiizobiuminoculation enhances
MID domain, together with the PIWI domain, forms a positivelymiRNA-mediated post-transcriptioneggulation in salt-tolerant alfalfa
charged pocket that is critical for SRNA loadidgnék and Doudna, by upregulatingAGO expression and cooperating with epigenetic
2009 Meister, 2013Liang et al., 2023 The PIWI domain exhibits mechanisms to improveak stress tolerancd_indell and Biligetu,
structural and functioal similarity to RNase H and is responsible for2029. However, a systematic genome-wide analy&af AGO, and
the “Slicet activity of some AGO proteinsyén et al., 2003In A.  RDRgene families in alfalfa remains lacking. In this study, we conducted
thaliang ten AGO genes have been idemt, each contributing to acomprehensive genome-wide idecdition and characterization of the
diverse sRNA-mediated processésucheret, 2008Phylogenetically, DCL, AGQ and RDRgene families in alfalfa. Our analyses included
AGO proteins are classd into three major clades: AGO1/5/10, phylogenetic reconstruction, gene structure analysis, conserved motif
AGO4/6/8/9, and AGO2/3/7Zhang et al., 20)5Among these, identi cation, chromosomal localization, and collinearity evaluation.
AGOL is the key effector of miRNA- and siRNA-mediated mRNAFurthermore, we analyzed RNA-seq data to investigate the expression
degradation and translational repressiBamberger and Baulcombe, patterns of these genes across different tissues and under various abiotic
2005 Qi et al., 2005Brodersen et al., 200&hile AGO4 and AGO6 stress conditions. To corm their stress-associated expression patterns,
can participate in the RNA silencing mediated by 24 nt siRNées ( the differential expression of thdessted genes under salt and drought
et al., 2004Zheng et al., 200/ et al., 2008 stress was quangd using RT-qPCR. Together, this work provides

Members of theRDR gene family possess a conserved RNAimportant insights into the functional roles 8fCL, AGO, and RDR
dependent RNA polymerase (RdRP) domain, which is essential fygnes in alfalfa, laying a foundation for their future applications in
the initiation and amplication of silencing signal&¢hiebel et al., molecular breeding for stress resilience.

1999. RDR catalyzes the conversion of sSRNA into dsRNA, which is

subsequently processed by DCL to initiate a new round of RNA

silencing (Vassenegger and Krczal, 2D0khe A. thalianagenome

encodes siRDRgenes Bologna and Voinnet, 2014Among them, 2 Materials and methods

RDR1 is primarily involved in the biogenesis of virus-derived siRNAs

(Cao et al., 20)4RDR2 is critical for the production of he-siRNAs 2.1 Identi cation of putative DCL, AGO,

from Pol IV transcripts Chan et al., 20Q4and RDR6 contributes to and RDR genes in alfalfa genome

the generation of phasiRNAEmakura et al., 2009However, the

biological role functions and substrates of RDR3, RDR4, and RDR5 The alfalfa genome used in this study was obtained from the
remain largely unknown\{/assenegger and Krczal, 206 Alfalfa Genome Projecth(tps:// gshare.com/projects/whole_

DCL, AGO, andRDRgene families have been idegtd in various genome_sequencing_and_assembly of_ Medicago_sativg/66380
plant species, and some members have been functionally characteriggden et al., 202QbThis assembly represents a phased genome
For example, 32 genes (ei@i#DCLs190sAGOs ve OsRDRswere  comprising four haplotypes acro38 chromosomes, which facilitates
identi ed in rice Qryza satival..) (Kapoor et al., 200828 genes (¢  the resolution of duplicated and homeologous loci in autotetraploid
ZmDCLs 18ZmAGOs ve ZmRDR}yin maize Zea mayd..) (Qian  alfalfa. The genome sequenceAo@bidopsis thalianavas retrieved
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from the TAIR databaseh{tps://www.arabidopsis.o)g/while the localization oMsDCL MsAGQ and MsRDRfamily members was

genomes of other plant species, includigdicago truncatula visualized using TBtools. Tandem duplication events wereedke

Glycine maxand Oryza sativawere downloaded from Ensembl as two or more genes with sequence similarity exceeding 70%

Plants (ttps://plants.ensembl.org/index.h)niTheDCL, AGO and  located within a 200 kb region on the same chromosome, a

RDRgene family members iA. thalianawere identied based on commonly used operational criterion in plant gene-family studies

previously published studieSipplementary Table BF{Podder for capturing tandem arrays that may span larger intergenic regions.

et al., 202B To identify putativeDCL, AGO, andRDRgenes in the Pairwise sequence similarity between genes was assessed using

alfalfa genome, we performed BLASTP searches using kAownMEGALL1. To identify tandemly duplicatédsDCL MsAGQ and

thalianaprotein sequences as queries, with an E-value thresholdMERDRgenes, their chromosomal positions were analyzed and
1x16°'°. The resulting candidate genes were further validatetbmpared accordingly.

using the Conserved Domain Database (CDfps://

www.ncbi.nlm.nih.gov/cdg/to con rm the presence of 2.5 Analysis of cis-acting element in

characteristic domains specito each gene family: DEAD, promoter regions

Helicase-C, Dicer-dimer, PAZ, and DSRM domains for DCL

proteins; ArgoN, PAZ, MID, and PIWI domains for AGO TBtools was used to extract the 2,000 bp upstream promoter

proteins; and RdRP domain for RDR proteins. Any sequencéggions of theMsDCL MsAGQ and MsRDRgenes.Cisacting

lacking these essential conserved domains were excluded frig@ulatory elements within these sequences were iddntising the

further analysis. PlantCARE online databasétip://bioinformatics.psb.ugent.be/

webtools/plantcare/html/ After identi cation, the distribution and
2.2 Bioinformatics analysis of MsDCL, functional classication of these elements were visualized
MsAGO, and MsRDR proteins using TBtools.

Using TBtools v2.156Chen et al., 2020awe extracted 2.6 Expression pattern analysis using RNA-
information on protein sequence length, molecular weight, angeq data
theoretical isoelectric point (pl) for the idenéid MsDCL, MsAGO,
and MsRDR proteins from the GFF annotatiole of the alfalfa RNA-seq datasets from six alfalfa tissues (roots, elongated

reference genome. The subcellular localization of these proteins W&ns, pre-elongated stems, leavesyers, and nodules; project
predicted using the online tool WoLF PSORTttps:// ID: SRP055547) and from plants subjected to abiotic stress (salt and

wolfpsort.hgc.jp). drought treatments; run accessions: SRR716&RHR7160357)
were obtained from the NCBI Sequence Read Archive (SRA)

2.3 Phylogenetic analysis, gene structure, (O'Rourke et al., 201®ong et al., 2091 Cleaned reads were

and conserved motif identi cation aligned to the Xinjiang Daye reference genome using TopHat2.

Gene expression levels were quasdiusing FPKM (Fragments Per

Multiple sequence alignments of DCL, AGO, and RDR proteiiilobase of transcript per Million mapped reads). Differential
sequences fronMedicago sativaA. thaliang Glycine maxand expression analysis under stress conditions was performed with
Oryza sativawere performed using MEGA11. The gene IDs foDESeq2, applying thresholds pddj < 0.05 and |logrC| 1 to
DCL, AGO andRDRfamily members irG. maxandO. sativavere identify signi cant changes. The expression pes of MsDCL,
obtained from previously published studigspoor et al., 200&iu ~ MsAGQ andMsRDRfamily members were subsequently analyzed
et al., 201} A phylogenetic tree was constructed using thend visualized using TBtools.
neighbor-joining (NJ) method with 1,000 bootstrap replicates to
assess tree reliability. The resulting tree was visualized using Zd Plant materials, growth and stress
online tool Evolgenius https://evolgeniusnifo//evolview-v2/ conditions, and RT-gPCR analysis
#login). To identify conserved motifs in MsDCL, MsAGO, and
MsRDR proteins, the MEME Suitet(ps:/meme-suite.org/meme/ ~ Due to limited material avaability, the alfalfa cultivar
index.htm) was used with default parameters, except that théhongmu No. 4 Kedicago sativd..) was used for RT-gPCR
maximum number of motifs was set to 10. Gene structur@ssays in this study, and seeds of this cultivar were provided by
information for MsDCL MsAGQ and MsRDRwas extracted the Institute of Animal Science, Chinese Academy of Agricultural
from the GFF annotation le of the alfalfa genome. Visualization Sciences. Prior to cultivation, the seeds were stitat 4 °C for

of the results was performed using TBtools. three days. Seedlings were then grown in a greenhouse under
controlled conditions for two weeks, with a 16 h light/8 h dark
2.4 Chromosomal localization, gene photoperiod, 7680% relative humidity, and day/night

duplication events and collinearity analysis  temperatures of 24 °C/20 °C. Stress treatment was conducted
using a hydroponic method. Two-week-old seedlings were
To investigate the collinearity relationshipsi£L, AGO, and transferred to containers containing a 1/2 strength Hoagland
RDR genes both within alfalfa and across different species, thetrient solution for a 24-hour acclimation period. Subsequently,
MCScanX tool was employetlVéng et al., 20)2 Chromosomal the nutrient solution was completely replaced with a 1/2 strength
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Hoagland solution containing 15% PEG 6000 (for drought stress) 8r43 (MsAGO082) to 9.77 (MsAGO59), and the instability index
200 mM NacCl (for salt stress) to initiate the stress treatment. Thanges from 37.70 (MSAGO31) to 51.83 (MsAGO54). Within the
control group continued to be maintained in a standard 1/2MsRDRfamily, MsRDR52ncodes the shortest protein (794 amino
strength Hoagland solution. The volume of nutrient solution inacids, 90.52 kDa), whilMsRDR14encodes the longest (1,396
each container was kept consistent across all containers and wasamtno acids, 159.48 kDa). The pl values of MSRDR proteins
replenished throughout the entire 24-hour treatment period tsange from 6.21 (MsRDR29) to 9.11 (MsRDR12), and their
maintain a constant stress intensity. For both treatments, leafstability indices rangerém 36.05 (MsRDR44) to 47.98
samples were collected at 0, 6, 12, and 24 hours post-treatmdMsRDR47). Comparative analysis revealed that MsDCL proteins
with the 0-hour samples serngnas controls. Each treatmentare generally longer and heavier than MsAGO and MsRDR
included three biological replicates, withe seedlings pooled per proteins, whereas MsAGO proteins tend to exhibit higher
replicate. Untreated control plants were grown under the sanmeoelectric points. Subcellular localization prediction
greenhouse conditions. Total RNA was extracted from all samplEsupplementary Table Fghowed that most MsDCL proteins are
using TRIzol reagent (Invitrogen, USA), following thetargeted to the chloroplast (23) or nucleus (8). Among the MsAGO
manufacture’s instructions. First-strand cDNA was synthesizegroteins, 66 are predicted to localize in the nucleus, with others
using the EasyScript First-Strand cDNA Synthesis Kit (TransGelistributed across the chloroplast (8), mitochondrion (5), cytosol
Biotech, China). Gene-speciprimers were designed using Primer(2), and peroxisome (1). Most MsRDR proteins are also predicted to
5.0 Supplementary Table B2RT-qPCR was performed using be nuclear-localized (46), with a few targeted to the cytosol (4),
SYBR Premix Ex Taq (Takara, Japan) on a 7500 Real-Time P€HRoroplast (1), or mitochondrion (1).
System (Applied Biosystems, Foster City, CA, USA). Each sample All identi ed RNA silencing pathway genes are distributed
was analyzed in technical triplicate, and gene expression levels vam@ss the 32 assembled chromosomes of the alfalfa genome, with
normalized against the alfalfeCTIN gene. The expression stabilitythree genes located on unanchored scaffolds (21603, 32402, and
of the ACTIN gene under salt and drought stress conditions wa43330). Spectally, 30 MsDCL genesVi6DCLEMsDCL30) are
veri ed in our preliminary experiments, anding that aligns with  distributed across 20 chramsomes, with none detected on
previous studies in alfalfa whefTIN has been comrmed as a chromosomes chr44.4, chr5.45.4, or chr6.26.4. MsDCL31is
reliable internal reference gene under comparable abiotic stréssated on unanchored scaffold 32402. SimilarlyyiBAGOgenes
treatments (i et al., 201} Therefore, it was selected as the interngfMsAGO1+MsAGO8]) are located on 27 chromosomes, while
control for normalization of REqPCR data in this study. Relative MSAGO82is present on scaffold 21603, with MsAGO genes
expression was calculated using ti&%" method. found on chr7.17.4 or chr8.3. ThésRDRfamily consists of 51
genes MIsRDR+MsRDR5) spread across 14 chromosomes, and
MsRDR52s located on scaffold 43330. NotabisRDRgenes are
absent from chr2-2.4, chr4.244.4, chr5.45.5, chr6.2, chr7-¥ .4,

3 Results and chr8.4 Eigure ).
3.1 Genome-wide identi cation of AGO, 3.2 Phylogenetic analysis of DCL, AGO and
DCL and RDRgenes in alfalfa RDR genes families

Based on conserved domain structures and previously Phylogenetic trees of theCL, AGO, and RDRgene families
characterized RNA siteing pathway genes iArabidopsis were constructed based on protein sequences fvbreativa A.
thaliana a BLAST search was performed against the genome thaliang G. max and O. sativa(Figure 3. The DCL genes were
Medicago sativev. Xinjiang Daye. A total of IsDCL 82MsAGQ  grouped into four distinct clades V) according to their
and 52MsRDRgenes were identd in the alfalfa genome. Theseevolutionary relatioships. Each of the fouA. thaliana DCL
genes were designated sDCL1to MsDCL31 MsAGO1to genes was assigned to a separate clade. Amondyl.treativa
MsAGO82 and MsRDR1to MsRDR52 respectively, according to genes, clades-IV contained 4, 19, 4, and #MsDCL genes,
their chromosomal locations. The detailed features of these genes sesbectively. Similarly, thAGO genes were divided into three
their encoded proteins are listedSupplementary Tables 88dS4  major clades @lIl). Consistent with previous classiations

Within the MsDCLgene familyMsDCL6encodes the shortest (Vaucheret, 200&hang et al., 20)5AtAGO1/5/10were grouped
protein (1,140 amino acids, 129.52 kDa), whersDCL20 into clade | AtAGO2/3/7into clade I, andAtAGO4/6/8/9nto clade
encodes the longest (1,889 amino acids, 212.23 kDa). Thie The M. sativagenes were distributed as follows: M8AGO
theoretical isoelectric point (pl) of MsDCL proteins ranges frongenes in clade I, 11 in clade I, and 38 in clade Ill. RizRgene
5.87 (MsDCL19) to 7.99 (MsDCL24), and their instability indicefamily was classed into four clades €lV). Clade Il included the
range from 40.00 (MsDCLG6) to 45.48 (MsDCL11). ForMtsAGO three A. thaliana genesAtRDR3 AtRDR4 and AtRDR5 while
gene family MsAGO73encodes the smallest protein (636 amincaclades |, Il, and IV each contained a singlethaliana RDRyene.
acids, 71.92 kDa), whiMsAGO6&ncodes the largest (1,129 aminoln M. sativa clades 4V contained 40, 4, 4, and #MsRDR
acids, 124.64 kDa). The pl values of MsAGO proteins range frogenes, respectively.
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FIGURE 1

Chromosomal distribution of MsDCL, MsAGO, and MsRDR genes in the alfalfa genome. Chromosome coloration indicates gene density, with a
gradient from blue (low density) to red (high density). The scale on the left represents chromosome length in megabase pairs (Mb). Genes belonging
to the DCL, AGO, and RDR families are labeled in red, green, and blue, respectively.

@ Medicago sativa

@ Arabidopsis thaliana
@ Glycine max

@ Oryza sativa

| MsDCL14 @ |

FIGURE 2
(A) Phylogenetic tree of the DCL gene family. (B) Phylogenetic tree of the AGO gene family. (C) Phylogenetic tree of the RDR gene family.
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3.3 Gene structure and conserved motif similarities ranging from 80.6% to 98.5%, and betwdsAGO4
analysis and MsAGO5on chrl.3, with 100% sequence similarity. Among

these tandem duplication events, 3 involMdgDCL genes, 9

To investigate the structural characteristics of RNA silencinigvolved MsAGOgenes, and 8 involvelisRDRgenes. Notably,
pathway genes in alfalfa, conserved motifs were ideshtising the seven tandem duplication events M6RDRgenes were detected
MEME online tool. A total of 10 conserved motifs were detected f&cross chrl.1, chrl.2, chrl.3, and chrl.4, with events 2, 4, 6, and 8
each gene family, as shownSmpplementary Figure SIhe types €ach encompassing more than seWdsRDRgenes Kigure 1
and numbers of motifs varied across individual gene members. Fedpplementary Table B5Further details on these tandem
the MsDCL proteins $upplementary Figure $anost members duplication events are provided 8upplementary Table S5
contained all 10 motifs. Notably, MsDCL6 lacked motif 2; In addition to tandem duplications, a total of 164 segmental
MsDCL15-23, MsDCL25, and MsDCL28 lacked motif 10;duplication events were identd across the alfalfa genome
MsDCL31 lacked motifs 3, 6, 7, 8, and 10. All other MsDCKSupplementary Table FAmong these, 28 were associated with
proteins contained the full set of motifs. Regarding MsAGMIsDCLgenes $upplementary Figure S{AQ9 withMsAGOgenes
proteins Gupplementary Figure 56 proteins contained all 10 (Figure 3, and 37 withMsRDRgenes $upplementary Figure S{B
motifs. However, MsAGO48 and MsAGO82 lacked motif 2All segmental duplications involvinglsDCL and MsRDRgenes
MsAGO73 lacked motif 5; MsAGO21 lacked motifs 1 and 29ccurred between homologousiromosomes. For instance,
MsAGO59 lacked motifs 1, 2, 4, and 8; and MsAGO19 retaineggggmental duplication was detected betwisDCL20n chrl.2
only motifs 5, 6, 7, and 10. Among the MsRDR protein&@ndMsDCL5on chrl.4, as well as betwedsRDRIon chrl.1 and
(Supplementary Figure 20 members possessed all 10 motifdsRDR12on chrl.2 Gupplementary Figure B4in contrast,
MsRDR1, MsRDR4, MsRDR23, MsRDR33, MsRDR48, aMMiSAGO genes exhibited segmental duplications on both
MsRDR51 lacked motif 8. MsRDR46, MsRDR47, and MsRDR$2mologous and non-homologous chromosomes. For example, a
were missing motifs 3, 4, 6, 7, and 9, while MsSRDRA45 lacked motifgplication event was idened betweeMsAGO10on chr2.1 and
2,3,4,6,7,and 9. MsAGO28n chr4.1 Figure 3.

In addition to conserved motifs, protein domain architectures . . )
were analyzed. All MsDCL proteins possessei core domains: 3.2 Collinearity analysis of MsDCL, MsAGO,

Ribonuclease_3, Helicase_C, Dicer_dimer, PAZ, and DSRM1d MSRDRgenes across species

However, the DEAD domain was absent in MsDGE2® which

instead contained the RESIII domain, a feature unique to these 10 further elucidate the evolutionary mechanisms of i,
proteins Supplementary Figure E2All MsAGO proteins AGO, and RDR gene families, we performed a comparative
contained the Piwi domain (Piwi-like in MSAGO19 angcollinearity analysis betweeM. sativaand three representative
MsAGO59), PAZ, ArgoLl, and ArgoL2 domains. The Argol\P'ant speciesA. thaliang M. truncatula and G. max(Figure 3.
domain was missing in MsAGO34 and MsAGO73. ThdetweenM. sativaand A. thaliang a total of 31 segmentally
Rib_recp_KP_reg domain was exclusively found in MsAGoz#plicated gene pairs were idergd, including 5 involving
and MsAGO37, while the Gly-rich_Agol domain was unique tSDCL genes, 22 involvingIsAGO genes, and 4 involving
MsSAGO66, MsSAGO67, MsAGO69, MsAGO70, MsAGO?ZMSRDRge“eS- In the comparison witM. truncatulg 85
MsAGO75, and MsAGO76. The Herpes_TAF50 domain wasegmental duplication events were detected, comprising 19
present only in MSAGO31 Supplementary Figure E3All MsDCl:-related pairs, 5MsAGOrelated pairs, and 18/1sRDR
MsRDR proteins contained the canonical RARP domain. Notablfglated pairs. Likewise, synteny analysis Withmaxrevealed 132
MsRDR14 harbored two unique domains, HLH and ZapB, whilgegmentally duplicated gene pairs, including 30 relatédsCL
MsRDR4851 were characterized by the exclusive presence of #gnes, 79 tMsAGOgenes, and 23 tisRDRgenes.

RRM_SF domain Supplementary Figure B2Therefore, the

presence of family-sped or member-spect domains suggests 3-0 Cis‘aCtinQ_ element analysis of

that MsDCL MsAGQ and MsRDRgenes may have functional Promoter regions

specialization or diverstation within the RNA silencing pathways.
Cisacting regulatory elements in the promoter regions of

3.4 Gene dup|icati0n events and MsDCL MsAGQ and MsRDRgenes were identtd using the
Co||inearity analysis of MsDCL, MsAGO and PlantCARE database. These elements were @édsbito three
MsRDRgenes in alfalfa major categories: plant growth and development, hormonal and

stress responses, and light responsiveresgp{ementary Table

Gene duplication plays a pivotal role in the evolution of gen&7. Sixteen hormone- and stress-responsive cis-elements were
families by facilitating the emergence of novel genes and functioselected for further analysiBigure 5. Among these, th&1sAGO
Both segmental and tandem duplications are key mechanisrgnily contained all 16 types, while thisDCLandMsRDRamilies
driving gene family expansion. In this study, a total of 20 tander@ollectively harbored 14 of the 16 types (absent: AuxRE and WUN-
duplication events were idenéd among théisDCL, MsAGQ and ~ motif). In the MsDCL family, ABRE was the most frequently
MsRDRgene families. For example, tandem duplications wetgenti ed ciselement, suggesting its potential involvement in the
observed betweeMsRDR2MsRDR11on chrl.1, with sequence abscisic acid signaling pathway. In contrast, ARE was the most

Frontiers in Plant Science 06 frontiersin.org


https://doi.org/10.3389/fpls.2026.1753305
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Xu et al. 10.3389/fpls.2026.1753305

FIGURE 3
Syntenic relationships of MSAGO genes in alfalfa. The outermost colored blocks represent the 32 alfalfa chromosomes, with the chromosomal

positions of MsAGO genes indicated along the circle. Gray ribbons denote syntenic blocks, while red lines highlight segmental duplication events
within the genome.

FIGURE 4
(A) Collinearity analysis of MsDCL, MsAGO and MsRDR genes between M. sativa and A. thaliana. (B) Collinearity analysis of MsDCL, MsAGO and

MsRDR genes between M. sativa and M. truncatula. (C) Collinearity analysis of MsDCL, MsAGO and MsRDR genes between M. sativa and G. max.
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