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Abstract

Background In plants, RNA silencing is an important conserved mechanism to regulate gene expression and com-
bat against abiotic and biotic stresses. Dicer-like (DCL) and Argonaute (AGO) proteins and RNA-dependent RNA poly-
merase (RDR) are the core elements involved in gene silencing and their gene families have been explored in many
plants. However, these genes and their responses to stresses have not yet been well characterized in adzuki bean.

Results A total of 11 AGO, 7 DCL and 6 RDR proteins were identified, and phylogenetic analyses of these proteins
showed that they clustered into six, four and four clades respectively. The expression patterns of these genes in sus-
ceptible or resistant adzuki bean cultivars challenged with drought, bean common mosaic virus and Podosphaera xan-
thii infections were further validated by quantitative RT-PCR. The different responses of these proteins under abiotic
and biotic stresses indicated their specialized regulatory mechanisms.

Conclusions In this study, 24 genes of the DCL, AGO and RDR gene families in adzuki bean were identified, and the
sequence characterization, structure of the encoded proteins, evolutionary relationship with orthologues in other
legumes and gene expression patterns under drought and biotic stresses were primarily explored, which enriched
our understanding of these genes in adzuki bean. Our findings provide a foundation for the comparative genomic
analyses of RNA silencing elements in legume plants and further new insights into the functional complexity of RNA
silencing in the response to various stresses in adzuki bean.
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Introduction

The adzuki bean (Vigna angularis), in the Ceratotro-
pis subgenus, under the papilionoid subfamily of the
Fabaceae, is an important legume crop with high easily
digestible protein content and extremely low fat content
[1, 2]. In China, adzuki bean has been domesticated for
12,000 years [1] and is now cultivated in over 30 coun-
tries, mainly in eastern and northern Asia [1, 3], due to
its broad adaptability to poor soil and strong nitrogen
fixation capability which contributions greatly to soil
condition improvement [3, 4]. China is the largest pro-
ducer of adzuki bean with approximately 670,000 ha [5].
In China, adzuki bean is used as a traditional healthy
food that meets consumers’ health consciousness and is
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recommended as a suitable food for diabetic patients due
to its rich content of phenolic compounds, flavonoids,
vitamin A, vitamin B, iron, zinc, and folate [6, 7]. Further-
more, adzuki bean is also a traditional medicine used as a
diuretic and antidote to alleviate symptoms of dropsy and
beriberi [8]. Similar to other legume plants, adzuki beans
are also affected by various abiotic (drought, flood and
low temperature) and biotic (pests, fungi, bacteria and
viruses) stresses, which may reduce yields by up to 20%
[3]. Powdery mildew is a common fungal disease threat-
ening the cultivation of adzuki bean in China especially
under high humidity or high temperature [9]. Bean com-
mon mosaic virus (BCMV) is one of the most damaging
viruses infecting legume plants with worldwide distribu-
tion and has been reported in adzuki bean in China with
serious symptoms [10, 11]. For abiotic stress, drought is
one of the most devastating environmental stresses that
restricts the root and shoot growth and the final produc-
tivity [12].

Plant small noncoding RNAs (ncRNAs) play an impor-
tant role in regulating morphological development,
nutrient metabolism and responses to diverse stresses
caused by biotic or abiotic factors [13, 14]. Among the
various plant ncRNAs, microRNAs (miRNAs) and small
interfering RNAs (siRNAs) are the two major classes.
MiRNAs can negatively regulate endogenous gene
expression through either target mRNA cleavage, trans-
lational repression, or DNA methylation, and are inex-
tricably linked to a plethora of developmental processes,
such as meristem development, establishment of lateral
organ polarity and boundaries, vegetative and reproduc-
tive organ growth and leaf pattern formation as well as
abiotic and biotic stress responses [14, 15]. They are gen-
erated by different Dicer-like (DCL), Argonaute (AGO),
and RNA-dependent RNA polymerase (RDR) proteins.
DCLs are typical members of RNase III family with
endoribonuclease activity and cleave double-stranded
RNAs (dsRNAs) into small RNA duplexes with 21-24
nucleotides. All the DCL proteins were conserved with
the domains of DEAD box helicase (DExD), helicase
conserved C-terminal domain (HelC), Dicer dimer (Dd),
Piwi/Argonaute/Zwille (PAZ), RNaselIl C (RIBO III), and
double-stranded RNA-binding (dsRB). As the core pro-
teins forming the RNA induced silencing complex, AGOs
are guided by small RNAs to their targets by perfect or
near perfect sequence complementarity, which results in
cleavage of target mRNA, initiation or elongation block
to repress translation, or chromatin modification includ-
ing cytosine and/or histone methylation, or heterochro-
matin formation [16, 17]. Specific domains including
DUF1785, PAZ, MID and PIWI were also found to be
conserved in plant AGO proteins [18]. The small RNA
signal was amplified by plant encoded RDRs, resulting in
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enhanced RNAI potency. The conserved RNA-dependent
RNA polymerase catalytic domain is required for initia-
tion and amplification of the silencing signal [19].

DCL, AGO and RDR duplications are known to exist
in plants. In Arabidopsis, four DCLs exist and are func-
tionally specialized in producing different types of small
RNAs with varying sizes [20]. Ten AGO proteins exist in
Arabidopsis and some of them have been well studied.
AGOL1 is associated with most miRNAs and some siR-
NAs such as trans-acting siRNAs (ta-siRNAs) to regu-
late plant development and stress adaptations through
target mRNA cleavage and/or translation inhibition [21].
AGOE6 is partly redundant with AGO4 and involved in
specific siRNA accumulation related to heterochroma-
tin, DNA methylation and transcriptional gene silenc-
ing [22]. AGO7 has been demonstrated to bind miR390
and trigger the ta-siRNA generation [23]; in Arabidopsis
it is required for the AtlsiRNA-1 accumulation and con-
tributes to effector triggered immunity [24]. For RDRs
in Arabidopsis, RDR2 converts ssSRNAs generated from
repetitive DNAs to precursor dsRNAs of repeat-associ-
ated siRNAs, while RDR6 produces the ta-siRNA precur-
sors [25].

Gene families encoding the DCL, RDR and AGO pro-
teins, the core components of RNA silencing, have been
identified in many plant species including Brassica napus
[26], Glycine max, Sorghum bicolor [27], Cicer arietinum,
Cajanus cajan, and Arachis hypogaea [28]. As an impor-
tant diploid pulse crop (2n=2x=22), adzuki bean can be
used as a model species for non-oilseed legumes due to
its short growth period and small genome size. The avail-
ability of the high-quality draft genome of adzuki bean
allowed us to characterize the RNAi machinery com-
ponents. In this study, with a comprehensive analysis, a
set of DCL, AGO, and RDR genes was characterized in
adzuki bean, which supplied basic genomic informa-
tion for these gene families and provided insights into
the probable physiological function of these genes in
response to biotic and drought stresses.

Materials and methods

Identification of putative Vigna angularis DCL, AGO,

and RDR genes

The methods for identifying the putative adzuki bean DCL,
AGO and RDR genes were as described previously with
minor modifications [28]. Generally, the hidden Markov
model (HMM) profiles of the DCL, AGO and RDR fami-
lies were extracted from Pfam (http://www.sanger.ac.uk/).
The published Arabidopsis DCL, AGO, and RDR pro-
tein sequences were downloaded from the Uniprot data-
base and aligned for conserved domain identification.
An HMM profile was generated using the HMMER 2.1.1
software package (http://hmmer.janelia.org/) and was then
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used to search the adzuki bean database. A nonredun-
dant set of putative SRNA biogenesis proteins identified
was further confirmed for the presence of domains spe-
cific to each family using SMART and BLASTp searches.
The identified genes were designated based on their phy-
logenetic relationship with their orthologues in chickpea,
pigeonpea and soybean. The physio-chemical properties of
the identified proteins were calculated using the ExPASy
Compute pI/Mw tool.

Phylogenetic relationship analyses and structure
identification

The DCL, AGO and RDR proteins of soybean, chick-
pea and pigeonpea were downloaded and aligned with
Clustal W. A phylogenetic tree was constructed with the
neighbor-joining method implemented in MEGA5 [29]
with 1,000 bootstrap replicates. The functional protein
domains were investigated by SMART and Pfam predic-
tions with the protein sequences as inputs.

Genes Exon-Intron structure, potential promoter
prediction and miRNA analysis

The exon-intron organization of the adzuki bean DCL,
AGO and RDR genes was determined with the online
GSDS1.0 program based on the sequence comparison of
the full-length coding sequences with their correspond-
ing genomic sequences. The 1.5 kb sequences upstream
of the translation initiation codon of all DCLs, AGOs,
and RDRs of adzuki bean were extracted and searched for
the presence of cis-regulatory elements using the Plant-
CARE database [30]. Only the cis elements with a matrix
score greater than four were considered. For the identifi-
cation of miRNAs targeting DCLs, AGOs, and RDRs in
adzuki beans, all the miRNAs sequenced in adzuki beans
were scanned against the transcript sequences of these
genes using psRNATarget [31] and psRobot [32] with
default parameters.

Plant materials and stress treatment

To explore the responses of the DCL, AGO and RDR
genes to drought stress, commercial varieties with
drought resistance (jinxiaodou 5, supplied by Shanxi
Academy of Agricultural Sciences) and drought suscep-
tibility (nongdadai 1, purchased from Beijing Taimin
Tongfeng Agricultural Technology Co. Ltd) were used
for gene expression analyses. Drought treatments started
when the plants reached the first leaf stage by withhold-
ing watering, and the control plants were irrigated reg-
ularly. The leaves were then collected 15d post drought
treatment based on the leaf wilting symptoms. For biotic
stress treatment of adzuki bean, all the plants were grown
and multiplied under greenhouse conditions and inocu-
lated at the 2-3 leaf stage. Podosphaera xanthii-infected
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powdery mildew of adzuki bean was used to inoculate
susceptible (jinxiaodou 5) and slightly resistant (jin-
gnong 26, bred by Beijing University of Agriculture) cul-
tivars by transferring conidia from infected plant leaves
to the cultivars to give a density of approximately 5-10
spores/cm? (each plant was inoculated once), and the
leaves were then collected 12d post inoculation with vis-
ible symptoms. Bean common mosaic virus (BCMV) was
propagated in adzuki bean plants and homogenates from
BCMV-infected leaves were used to rub the first true leaf
of each adzuki bean plant (cultivar jingnong 25, bred by
Beijing University of Agriculture) with an equal volume
of BCMV-containing homogenate or 0.1 M phosphate
buffer (pH 7.0) as a control. The infection of BCMV was
confirmed by RT-PCR. All the plants were planted in the
greenhouse at Beijing University of Agriculture under the
conditions of 14 h daytime, 50% to 70% relative humidity
and 27 +2°C.

Express analyses of DCL, AGO and RDR under different
stresses

Total RNA from adzuki bean leaf tissues was isolated
with TRIzol reagent (Invitrogen, USA) following the
manufacturer’s instructions. The quality and quantity
of these total RNA samples were assessed using an Agi-
lent 2100 Bioanalyzer (Agilent Technologies, CA, USA)
and a NanoDrop 8000 spectrophotometer (Thermo Sci-
entific, USA). ¢cDNA was synthesized using Invitrogen
SuperScript.

RT III First Strand Synthesis Kit according to the
manufacturer’s specifications. The gene-specific prim-
ers for qRT-PCR were designed using the PrimerQuest
tool with default parameters (Supplementary Table 4).
qRT-PCRs were conducted with SYBR green mastermix
in 96-well plates with three biological replicates using
ELF1B as the endogenous control [33]. The PCR condi-
tions used were as follows: 10 min at 95 °C, and 40 cycles
of 15 s at 95 °C, and 1 min at 60 °C. The fold-change of
the relative transcriptional level in each gene was calcu-
lated using the 2722t method. All the data shown are the
average means of three independent experiments =+ SDs.
Data analysis was performed using SPSS software, and
significant differences were determined by Student’s t test
at significance levels of P<0.001 (***), 0.001 <P <0.01 (**)
and 0.01 <P<0.05 (*).

Results

In silico identification and phylogenetic analyses of DCL,
AGO and RDR proteins

A HMM and BLASTp analyses for the identification of
AGO, DCL and RDR proteins were conducted against
the adzuki bean genome using the corresponding
Arabidopsis protein sequences as queries. The gained
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candidate sequences were further analysed for conserved
domain analyses. Finally, a total of 7 genes encoding DCL
(VaDCL), 11 encoding AGO (VaAGO) and 6 encoding
RDR (VaRDR) proteins were identified in the adzuki bean
genome database (Table 1).

In adzuki bean, the DCLs nearly doubled compared
with Arabidopsis, pigeonpea and chickpea, similar to
soybean. Varied numbers of DCLs are very common and
have been reported in other crops [26-28]. Based on
the phylogenetic analysis, DCLs were grouped into four
clades designated DCL I, DCL II, DCL III, and DCL IV
(Fig. 1A), as evidenced for other reported DCLs. Each
clade comprised one member except for clade II with four
DCLs. In combination with the phylogenetic relation-
ships and sequence homologies with soybean, pigeon-
pea and chickpea, the 7 VaDCLs were named VaDCL],
VaDCL2a, VaDCL2b, VaDCL2c, VaDCL2d, VaDCL3 and
VaDCL4 in accordance with their genomic localization
(from a to d). The length of the identified DCLs varied
from 753 to 1957 amino acid polypeptides (Table 1), the
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shortest of which was in clade I, in accordance with a
previous report on other legumes.

As inferred from the phylogenetic tree and the pro-
tein sequence homologies, the VaAGO family consisted
of 1 AGO1 (VaAGO1), 2 AGO3s (VaAGO3a and VaA-
GO3b), 2 AGO4s (VaAGO4a and VaAGO4b), 1 AGO6
(VaAGOE®6), 2 AGO7s (VaAGO7a and VaAGO7b) and 3
AGO10s (VaAGO10a, VaAGO10b and VaAGO10c) and
they clustered into three clades, AGO I, AGO II, and
AGO IV (Fig. 1B). AGO1 and AGO10 were grouped in
clade I, AGO3 and AGO?7 in clade III, and AGO4 and
AGO6 in clade IV respectively. Members of AGO2,
AGO5, AGOS, and AGO9 were not identified in adzuki
beans. Similar to other legume crops, two AGO3 homo-
logues (AGO3a and AGO3b) were detected in adzuki
beans. In chickpea and pigeonpea, AGO3 clustered with
Arabidopsis AGO2 and AGO3 and they may functionally
compensate for AGO2. In Medicago, soybean, chickpea
and pigeonpea, AGO8 was absent, indicating the simi-
lar evolution of sRNA biogenesis genes in these legume

Table 1 Sequence characterization of Dicer-like, Argonaute and RNA dependent RNA polymerase genes identified in adzuki bean

Serial no Gene Genome coordinates ORF Length Protein Introns
Length (aa) Mol. Wt. (Da) Pl

DICER-like
1 VaDCL1 scaffold635:359,217:372,167 5874 1957 219311.2 6.76 20
2 VaDClL2a Chr3:17,402,852:17,413,213 4335 1444 163,687.3 7.23 23
3 VaDCL2b Chr9:21,152,788:21,160,150 2262 753 858116 6.43 10
4 VaDCL2c Chr9:23,164,541:23,180,126 4155 1384 157,192.2 7.35 22
5 VaDClL2d Chr9:23,194,981:23,205,383 3123 1040 118,192.8 6.83 15
6 VaDCL3 Chr4:32,320,440:32,332,783 3891 1296 144,853.2 6.81 17
7 VaDCL4 Chr1:33,082,926:33,098,869 4089 1362 153,586.7 6.58 19

ARGONAUTES
1 VaAGO1 Chr10:4,678,432:4,683,786 3195 1064 117,653.8 9.61 21
2 VaAGO3a Chr1:18,556,195:18,559,446 3015 1004 112,723.5 9.19 3
3 VaAGO3b Chr9:23,653,089:23,656,520 2625 874 99,182.9 892 2
4 VaAGO4a Chr7:3,626,555:3,633,798 2892 963 107,595.7 8381 23
5 VaAGO4b Chr10:7,424,989:7,431,762 2790 929 103,779.2 8.62 22
6 VaAGO6 Chr8:5,397,780:5,408,800 2232 743 83,0155 8.05 19
7 VaAGO7a Chr6:14,871,442:14,875,963 2970 989 113,0789 946 3
8 VaAGO7b Chr6:14,904,177:14,907,071 2730 909 103,408.6 9.32 2
9 VaAGO10a Chr1:34,889,624:34,897,482 2766 921 104,373.7 9.14 23
10 VaAGO10b Chr2:30,116,181:30,123,164 2907 968 108,729.5 9.50 21
1 VaAGO10c Chr4:4,313,319:4,319,788 2739 912 103,698.1 9.35 22

RNA-DEPENDENT RNA POLYMERASES
1 VaRDR1a Chré:18,814,093:18,819,600 3396 1131 128,889.9 7.75 4
2 VaRDR1b Chré:18,829,832:18,836,641 3351 1116 127,820.1 8.70 4
3 VaRDR1c Chré:18,860,275:18,865,547 3399 1132 129917.7 8.71 4
4 VaRDR2 Chr1:32,133,579:32,137,755 3360 1119 127,5739 6.85 4
5 VaRDR3 Chr10:654,766:666,294 2925 974 111,060.8 6.90 18
6 VVaRDR6 Chr4:31,005,786:31,009,780 3615 1204 137,2374 7.85 2
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Fig. 1 Phylogenetic analysis of DCL, AGO, and RDR proteins in adzuki bean. The tree was constructed by Neighbor-joining method using orthologs
from soybean, chickpea and pigeonpea for (A) DCL with four; (B) AGO with three and (C) RDR with four clades. Ca, Cc, Gm and Va represent

chickpea, pigeonpea, soybean, and adzuki bean, respectively

plants. Compared with other reported legumes, the
adzuki bean lacked AGOS5, indicating the specific char-
acterization of VaAGOs and their potential function. The
length of the candidate AGOs varied from 743 aa to 1,064
aa similar to the AGOs of other legumes (Table 1).

As demonstrated in DCLs and AGOs, RDRs in adzuki
beans were named in accordance with the homologues
with the closest phylogenetic relationship and high-
est protein sequence homology. Finally, the adzuki bean

genome comprised 3 RDR1 genes (VaRDR1a, VaRDR1b
and VaRDR1c), 1 RDR2 gene (VaRDR2), 1 RDR3 gene
(VaRDR3) and 1 RDR6 gene (VaRDR6) and clustered into
four groups (Fig. 1C).

Structural organization and conservation patterns

The physico-chemical properties and conserved domain
of adzuki bean DCL, AGO, and RDR proteins were
mostly similar to the corresponding proteins in other



Li et al. BMC Genomics (2023) 24:195

legume plants with exceptions. Pfam and SMART analy-
ses revealed that VaDCL1 and VaDCL4 contained all the
typical domains of the Dicer family (class 3 RNase III
family) [34] (Fig. 2A), with the exception of two dsRM
domains in VaDCL1, in accordance with the DCL1 in
pigeonpea. In the case of chickpea and groundnut, all
DCLs except clade II contained two copies of the dsRM
domain. The VaDCL2a and VaDCL2c had similar struc-
tures that lacked the dsRM domain (Fig. 2A). This was
different from Arabidopsis and soybean, in which all
clade II DCLs had a single copy of the dsRM domain. In
VaDCL2b, only the domains of PAZ, two tandem ribo-
nuclease III and dsRM were present, while VaDCL2d
lacked the DEAD and helicase-C. In VaDCL3 the DEAD
and dsRM were absent (Fig. 2A). The lack of DEAD and
dsRM was also observed in Brassica napus DCL3.

The domain composition of VaAGOs was similar to
that of other plant AGOs. In addition to the DUF1785,
PAZ, ArgoN, and PIWI domains in AGO, additional
conserved motifs, including ArgoL and Argomid (mid
domain of Argonaute), were also identified in some VaA-
GOs (Fig. 2B). An additional Gly-rich_AGO1 domain
which was reported in AGO1 of Arabidopsis, chickpea,
groundnut, pigeonpea and soybean, was also observed in
VaAGOL1 [27, 35].

In AGOs, the conserved metal-chelating Asp-Asp-His
(DDH) motif in the PIWI domain is involved in endo-
nucleic activity. Along with DDH (D760, D845, H986),
another conserved residue H798 of AtAGOL is reported
to affect AGO slicer activity. However, studies on many
plants, including Arabidopsis, rice, maize, chickpea and
soybean, revealed that DDH/H is not a fundamental motif
and could be replaced by patterns such as DDD/H, DDH/P,
and DDH/S. Multiple sequence alignment of VaAGOs with
Arabidopsis AGOs confirmed the presence of a conserved
DDH/H motif in the seven VaAGOs, and other motifs such
as DDD/H, DDD/N, DDH/P, DDH/S, and DDH/A were
also reported in chickpea, groundnut and pigeonpea.

A conserved RARP domain has been identified in all
RDR genes. However, in many plant species includ-
ing Arabidopsis, soybean, chickpea groundnut, oilseed
rape and pigeonpea, an extra conserved RNA recog-
nition motif (RRM) exists in clade I and clade II RDRs.
In adzuki bean, this RRM domain was observed only in
VaRDR2 (Fig. 2C). The length of the VaRDR OREFs var-
ied from 2,925 bp (VaRDR3) to 3,615 bp (VaRDR6), with
coding potentials of 974 and 1,204 amino acids, respec-
tively (Table 1).

Exon-Intron structure analysis, promoter prediction

and miRNA identification

Knowledge of the exon-—intron structure of different
DCL, AGO, and RDR genes may indicate comprehension
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of their possible structural evolution process. For VaD-
CLs, the intron number varied from 10 to 23, and this
difference existed in group II. For VaRDRs, most had 2
or 4 introns, while VaRDR3 had 18 introns. In VaAGOs,
intron number was relatively conserved among members
of each clade but differed greatly between clade III and
other clades, similar to that of oilseed plants. A number
of cis-acting elements were identified in all the mem-
bers of DCL, AGO, and RDR in the promoter prediction
analysis. Light responsive elements, cis-acting regula-
tory elements involved in the hormones or defence and
stress responsiveness were the most frequent. Cis-acting
elements related to circadian control, low-temperature
responsiveness, anaerobic induction, zein metabolism
regulation and drought inducibility were also observed
(Supplemental Tables 1-3). The identification of these
cis-acting elements indicated the possible roles of DCLs,
AGOs and RDRs in the regulation of photoperiodic con-
trol of flowering, hormone (salicylic acid, abscisic acid
and methyl jasmonate) signalling pathway and stress
responses.

All the VaDCLs were recognized as miRNA targets
except for VaDCL3 (Figure S1). VaDCL1 was targeted
by miRNA162a-3p, VaDCL2a by miR1515a and a novel
miRNA miR332, VaDCL2b by miR1515a, VaDCL2c by
miR1515a and miR2876-5p and VaDCL4 by miR421, a
novel miRNA identified in adzuki bean by deep sequenc-
ing. DCL1 targeted by miRNA162 was also reported in
the legume species chickpea, pigeonpea and ground-
nut. MiR1515 targeting DCL2 was also very common
in other beans, including soybean, chickpea, pigeonpea
and groundnut. Two RDRs in adzuki beans were targeted
by miRNAs. VaRDR1b was recognized by miR7810 and
RDR2 by miR6029/miR4993. VaAGO7a and VaAGO7b
were targeted by miR1850.1, and AGO4b was targeted by
miR4993.

Gene expression analysis in response to drought and biotic
stresses

To explore the potential role of the DCL, AGO, and
RDR genes in the posttranscriptional regulation of gene
expression in response to drought and biotic stresses,
the expression patterns of all these genes under drought,
Podosphaera xanthii and BCMV infection were analysed
by qRT-PCR. VaDCL1/2b/2d/4 were significantly upreg-
ulated under drought stress in both resistant (DR) and
susceptible (DS) genotypes, but downregulated in the
powdery mildew slightly resistant (PMR) genotype chal-
lenged with Podosphaera xanthii (Fig. 3A). The downreg-
ulation of VaDCL2c was observed in the DS genotype and
VaDCL3 in the DR genotype (Fig. 3A). VaDCL2a/2b/2d/4
were downregulated in BCMV-infected plants, but VaD-
CL2c was upregulated (Fig. 3A). Under drought stress,
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The diagrams were drawn to scale
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the expression levels of VaRDRla and VaRDR6 were
depressed in the DR genotype (Fig. 3B). However, VaR-
DR1b/2/3 in DS genotype and VaRDRIc in both geno-
types were all upregulated (Fig. 3B). All the VaRDRs in
the Podosphaera xanthii-infected PMR genotype and
VaRDR1b/1¢/2/3 in BCMV-infected plants were down-
regulated (Fig. 3B). All VaAGOs were upregulated under
drought stress, except for the VaAGO in both genotypes
and VaAGO4a and VaAGOI10c in the DR genotype,
which showed no obvious change (Fig. 3C). In contrast,
all VaAGOs were downregulated in the Podosphaera xan-
thii infected PMR genotype and BCMV-infected plants,
with the exceptions of VaAGO10b and VaAGO10c, with
noticeable changes and upregulation of VaAGO4a and
VaAGO4b in the PMS genotype and VaAGO4a under
BCMYV infection (Fig. 3C). These genes exhibited vary-
ing expression patterns under drought and Podosphaera
xanthii and BCMV infection, indicating the diverse and
complex roles of RNA silencing key components in the
regulation of adzuki bean to resist drought and biotic
stresses.

Discussion

RNA silencing is a universal molecular mechanism that
regulates diverse biological processes through small
RNAs produced through the RNA silencing machinery.
In this study, the key elements of DCL, AGO and RDR
family genes were identified and their relationships
with the corresponding genes reported in other legume
plants were investigated, which would help us under-
stand the RNA silencing machinery evolution in leg-
umes. Further expression changes in these genes under
drought, Podosphaera xanthii and BCMYV stresses were
investigated, indicating the potential roles of these genes
in fighting against drought and biotic factors in adzuki
bean.

DCL, AGO and RDR genes were identified in the leg-
ume plants including soybean [27], chickpea, pigeonpea,
chickpea, groundnut [28] and Medicago truncatula [36].
For DCLs, there were three in Medicago truncatula, four
in chickpea, pigeonpea and groundnut, but nearly dou-
bled (seven) in soybean and adzuki bean. Phylogenetic
analyses showed that all of them belonged to the four
clades, but the number of genes in each clade differed.
Clade II VaDCL is composed of four members, which
underwent significant expansion in legumes. Similar
DCL2 was also reported in Solanum commersonii, Sola-
num tuberosum, Solanum lycopersicum and Solanum
pennellii [37, 38]. Tandem and segmental duplications
represent the two major forces driving gene duplication
[39], and their roles in VaDCL2 duplication need to be
further explored. In contrast to the well-documented
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DCL proteins in Arabidopsis, little is known about their
action in adzuki bean, especially the diversification
of VaDCL2; thus, further study of the biochemical or
genetic analysis of DCL genes in adzuki bean is needed.
Studies from Arabidopsis, rice, maize, soybean, and
chickpea have shown that plants possess four groups of
RDRs: RDR1, RDR2, RDR3 and RDR6, which were also
identified in adzuki bean. The function of RDRs in some
plants has been established, and they appear to be evo-
lutionarily conserved; for example, RDR6 in Arabidop-
sis and rice is associated with siRNA and tasiRNA in the
regulation of endogenous genes [40, 41], and the RDR2 in
Arabidopsis and maize is involved in siRNA mediated de
novo methylation of direct repeats [42]. All these results
indicated the conserved gene function of plant RDRs and
supported the deduction that the RDR gene family in
plants was derived from a common ancestor. It has been
proposed that both plants and animals encode multiple
AGOs to meet the diversified functions of small RNA
silencing [43]. Similar to rice, maize, Arabidopsis, soy-
bean, sorghum and chickpea, adzuki bean also encoded
three subfamilies of AGO proteins, indicating that small
RNA functions are conserved in higher plants.

Plants utilize RNA silencing machinery to facilitate
pathogen-associated molecular pattern-triggered immu-
nity and effector-triggered immunity to defend against
pathogen attack or to facilitate defense against insect
herbivores, or other abiotic stresses, including drought,
cold and mineral nutrient deficiency, dehydration, and
even mechanical stimuli [44]. DCLs and AGOs initiated
and maintained RNA silencing, while RDRs amplified the
signal to generate secondary small RNAs to provoke a
new round of RNA silencing. Drought is one of the main
environmental factors that threatens agricultural pro-
duction. The responses of DCLs, RDRs and AGOs from
different plant species to drought have also been widely
investigated [45-49]. Upregulation of SsDCL1a/2/3,
SsRDR3/6b and SsAGO2b/5a/5c/6b/SsAGO10c [46],
ZmDCL2/3b, ZmAGO4a/4d/7, ZmRDR2/4  [48],
CaDCL1/2/3, CaRDR2/6, and CaAGO2/10b [49] was
observed under drought stress. In our study, four DCLs
were significantly upregulated and two (VaDCL2c in DS
and VaDCL3 in DR) were downregulated, similar to the
expression pattern in peach [47]. Several AGOs were
induced while VaAGO4a was depressed in the DS gen-
otype (Fig. 3C). SIAGO4a-downexpression transgenic
tomato appeared to have enhanced drought tolerance
with strong photosynthetic capability, more membrane
integrity and stability as well as better cell viability and
more efficient antioxidant defence machinery [50]. Thus
AGO4a expression may be a negatively correlated with
tolerance to drought.
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The role of RNA silencing in plant defence against
viruses has been well documented, and increasing
evidence shows that RNA silencing is also involved
in plant-bacteria/fungi interactions, which has been
reported in plants fighting against Pseudomonas
syringae [51], Colletotrichum lindemuthianum [52],
Verticillium dahliae [53], Sclerotinia sclerotiorum
[54] and Botryosphaeria dothidea [55]. MhAGO1
was demonstrated to be a negative regulator of B.
dothidea resistance, and delayed symptom devel-
opment was observed in MhAGO1-silenced leaves
[55]. Similar reduced symptoms were also observed
in the Arabidopsis agol mutant but were enhanced
in the ago7, dcl4, rdr2 and rdr6 mutants [53]. In
adzuki bean, most of the RNA silencing downregu-
lation of VaDCL1/2b/2d/4, VaRDR1b/1c¢/2/3 and
VaAGO1/3a/3b/4b/6/7a/7b/10a was observed in the
PMR genotype. The expression change patterns of
VaDCLs, VaAGOs and VaRDRs in BCMV infected
plants were nearly the same as those demonstrated
under Podosphaera xanthii infection (Fig. 3). The dif-
ferent responses of VaDCLs, VaRDRs and VaAGOs
to drought and biotic stresses may be related to the
unique roles of these genes in contributing to drought
and biotic stress resistance.

MiRNAs are involved in plant responses to various
stresses through regulation of target gene expression
[13, 14]. The biogenesis of miRNAs is dependent on
the regulatory proteins, such as AGO, DCL and RDR;
in turn, these regulatory proteins are also regulated
by certain miRNAs [56]. This feedback regulation has
been reported in plant responses to both biotic and abi-
otic stresses, including repression of AGO1 by miR168
during virus infection in Nicotiana benthamiana [57],
upregulation of miR168 for AGO1 degradation under
drought in Arabidopsis [58], degradation of DCLI,
AGO1 and AGO2 by miR162a, miR168a and miR403
respectively in Phaseolus vulgaris under different stresses
[59], downregulation of AGO1, AGO2, DCL1 and DCL2
by miR168a, miR403a, miR162b and miR1515a respec-
tively in soybean infected by soybean mosaic virus [60].
In this study, VaAGO, VaDCL and VaRDR were also
predicted to be targeted by some miRNAs, and the feed-
back regulation of these proteins by miRNAs in adzuki
bean under drought and biotic stresses should also be
considered.

The identification of these putative RNA silencing com-
ponents would provide insight into small RNA pathways
in adzuki bean. However, the exact function and contri-
bution of individual components of the RNA silencing
machinery in regulating biotic or drought stresses needs
to be further explored, which would assist in the breeding
of stress resistance in adzuki bean.
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