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RNA silencing is an important mechanism to regulate gene expssion and antiviral
defense in plants. Nevertheless, RNA silencing machinery ithe important oil crop
Brassica napusand function in resistance to the devastating fungal pathogn Sclerotinia
sclerotiorum are not well-understood. In this study, gene families of RNAsilencing
machinery in B. napus were identi ed and their role in resistance toS. sclerotiorum
was revealed. Genome of the allopolyploid specie®. napus possessed 8 Dicer-like
(DCL), 27 Argonaute (AGO), and 16 RNA-dependent RNA polymerase(RDR) genes,

which included almost all copies from its progenitor specig B. rapa and B. oleraceaand

three extra copies ofRDR5genes, indicating that theRDR5group in B. napus appears

to have undergone further expansion through duplication ding evolution. Moreover,
compared with Arabidopsis, some AGO and RDR genes such as AGOl, AGO4,

AGO9, and RDR5 had signi cantly expanded in these Brassica species. Twenty-one
out of 51 DCL, AGO, and RDR genes were predicted to contain calmodulin-binding
transcription activators (CAMTA)-binding site (CGCG baxp. sclerotiorum inoculation

strongly induced the expression ofBhCAMTA3 genes while signi cantly suppressed
that of some CGCG-containing RNA silencing component genessuggesting that RNA
silencing machinery might be targeted by CAMTA3. Furthermre, Arabidopsis mutant
analyses demonstrated thatdcl4-2, ago9-1, rdrl1-1, rdr6-11, and rdr6-15 mutants were

more susceptible toS. sclerotiorum, while dcl1-9 was more resistant. Our results reveal
the importance of RNA silencing in plant resistance t&. sclerotiorumand imply a new
mechanism of CAMTA function as well as RNA silencing regulan.

Keywords: Brassica napus , RNA silencing, Dicer-like (DCL), Argonaute (AGO), RNA-de
(RDR), Sclerotinia sclerotiorum , CAMTA3
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Cao et al. Rape RNAi Machinery andSclerotiniaResistance

INTRODUCTION (ta-siRNA) and is the primary DCL component of antiviral
defense against RNA viruseBdleris et al., 2006 Likewise,
RNA silencing refers to a variety of mechanisms whereby alsmadGO1, the most well-studied plant AGO gene, associates with
RNA molecule interferes with a given nucleotide sequence. hiRNAs and some siRNAs such as ta-siRNAs to cleave target
was rst discovered in plants and occurs widely in eukaryotionRNA and/or inhibit translation {u and Wang, 2010 AGO2
organisms (ijsterman et al., 2002; Ullu et al., 2Q04n plants, protein is involved in antiviral defense by catalyzing viral RN
RNA silencing is triggered by double-stranded RNA (dsRNA)Xleavage in Arabidopsis{ubert et al., 20).1AGO10, the closest
that gives rise to small RNAs known as microRNAs (miRNAs)aralog of AGO1, is functionally redundant with AGO1 in some
or small-interfering RNAs (siRNAs). Generation and functioh aspects of developmentynn et al., 199Pand also functions
these small RNAs depend on three key protein families, Dicelas a decoy for miR165/166 to prevent the formation of AGO1-
like proteins (DCLs), Argonautes (AGOs), and RNA-dependenmiR165/166 complexes and the subsequent repression of HDZIP
RNA polymerases (RDR$3aulcombe, 2004 A whole RNA Il gene expressionZhu et al., 201l For RDRs, RDR2 converts
silencing process comprises three stages: initiation, reaanice, ssRNAs generated from repetitive DNAs to precursor dsRNAs of
and signal ampli cation. DCLs undergo RNase lll-type actedti ra-siRNAs Kie et al., 200y} while RDR6 produces the ta-siRNA
to process complementary double-strand RNAs into small RNAgrecursors { oshikawa et al., 2005Gene families encoding these
with 21-26 nucleotides in lengtfCarmell and Hannon, 2004  three key components of RNA silencing machinery have been
These small RNAs are then incorporated into AGO-containingdenti ed only in several plant species such/aghaliang Oryza
RNA-induced silencing complexes (RISCs) to serve as thaativa(Kapoor et al., 2003Zea maygQian et al., 201)] Solanum
sequence speci city in RNA degradation, translational intidm,  lycopersicuniBai et al., 201)2 Nicotiana benthamianéNakasugi
or heterochromatin formationologna and Voinnet, 20)4At et al., 201§ Setaria italicaYadav et al., 20)5and Vitis vinifera
the signal ampli cation stage, RDR enzymes are responsible f¢Zhao et al., 2005 Identi cation of these families in more plant
synthesis of dsRNAs from ssRNA templates to initiate a newpecies will enhance our understanding of RNA silencing.
round of RNA silencing ijen et al., 2001 RNA silencing plays multiple roles in regulating growth and
DCL, AGO, and RDR are key components of RNA silencinglevelopment as well as abiotic and biotic stress responses. In
machinery. DCL proteins are key components in small RNAhigher plants, RNA silencing functions as an antiviral defense
biogenesis. They are characterized by the presence of sitough the action of DCL, AGO, and RDR protein®i(g
domains: DEAD, helicase-C, DUF283, PAZ, RNase lll, andnd Voinnet, 200). The importance of RNA silencing in plant
dsRNA-binding motif (DSRMMargis et al., 2006 DCL consists viral defense is manifested by the fact that it has elicited
of a small gene family in higher plants, insects, protozoagounter defense measures from the viral pathogens to ovexcom
and some fungi, whereas only one Dicer protein exists ifit. Plant viruses have evolved various viral RNA silencing
vertebrates, nematodeSchizosaccharomyces pon#vel green repressors (VSR) to counteract this defense mechanism by
algaChlamydomonas reinhard{iiiu et al., 200R AGO proteins  targeting di erent RNA silencing pathway componentssorba
are core factors of the RISC that guide small RNAs to their targeet al., 201% Apart from viral defense, evidence accumulates for
by sequence complementarity, which results in target mMRNARNA silencing to play a role in plant interactions with bactéria
cleavage, translational repression, or chromatin modi@at pathogens (oinnet, 200§. The rst example is a miRNA
(Hannon, 2002; Moazed, 200AGOs are large proteins Q0— from Arabidopsis that contributes to basal defense against
100 kDa) consisting of several characteristic functiormahdins Pseudomonas syringag regulating auxin signalingNavarro
including DUF1785, PAZ, MID, and PIWI Hutvagner and et al., 2005 Similar to viruses, the bacteria has also developed
Simard, 2008 RDRs enhance the potency of RNAi by amplifyingmechanisms to suppress RNA silencing in order to cause disease
the aberrant RNA population. It is de ned by the presence of(Navarro et al., 2008 Recently, through the use of mutants
a conserved RNA-dependent RNA polymerase catalytic domaifor key components of RNA silencing or functional analyses of
and is required for initiation and ampli cation of the sileimy ~ MiRNAs in plant defense, the potential role of RNA silencing
signal Gchiebel et al., 19p&Multiple copies of AGO and RDR in plant defense against fungal pathogens has been revealed.
genes are known to exist in both plants and animals. Membershese fungi includ&/erticillium dahliag(Ellendor et al., 2009,
of these gene families play dierent roles in RNA silencingVerticillium longisporunf{Shen et al., 20)4Magnaporthe oryzae
For example, theArabidopsis thalianagenome contains four (Liet al., 201}, andBotrytis cinere&lJin and Wu, 201%
DCL proteins (DCL1-DCL4) that speci cally produce dierent  Brassica napus an allotetraploid and was formed about 7500
types and sizes of small RNABdlogna and Voinnet, 20)4 years ago by crossing betwenoleraceand B. rapa followed
The role of DCL1 is to extract a single small RNA duplexby chromosome doublingZhalhoub et al., 20)4lt is one of the
out of a RNA loop called the pri-miRNA. This gives rise to amost important oil crops, yet few RNAi machinery components
mMiRNA, generally 21 nucleotides long, and is typically inedlv have been characterized to date. We have identi ed the miRNAs
in regulating developmental geneBe(ent et al., 20)5DCL2 involved in the interactions betweeB. napusand Sclerotinia
can produce abundant 22-nt viral sSiRNAs and shares functionaiclerotiorum one of the most devastating fungal pathogens in
overlap with DCL4 in antivirus defensé/pissiard et al., 2007  oil and vegetable crops. Furthermore, we nd that Arabidopsis
DCL3 generates 24-nt repeat-associated SiRNAs (ra-siRNAs) aagoland ago2mutant plants exhibit enhanced susceptibility to
is involved in antiviral defense against DNA viruséso(ssiard ~ S. sclerotiorunfCao et al., 2076 Our results provide a clue to
and Voinnet, 2006 DCL4 generates 21-nt trans-acting siRNAsthe important roles of RNA silencing in the interactions beeme
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B. napusndS. sclerotiorumin this study, taking advantage of the
completion of theB. napuggenome sequencing(alhoub et al.,

elements using PLACE database (http://www.dna.a rc.go.jp/
PLACE/signalup.htmliigo et al., 1990

2019, we performed comprehensive bioinformatics analyses ) )
to identify DCL, AGO, and RDR gene families that are thePlant Materials and Inoculation Analyses

three key components of RNA silencing machineryBinnapus

The Arabidopsisdcl, agq and rdr mutants were provided by

Furthermore, we employed mutants to probe their functionsProf. Shou-Wei Ding (Department of Plant Pathology and

in resistance toS. sclerotiorumWe revealed the signi cant
di erence in RNA silencing machinery composition between
B. napusand Arabidopsis, demonstrated the important role of
RNA silencing in resistance t8. sclerotiorunand indicated a
possible regulating mechanism of RNA silencing.

MATERIALS AND METHODS

Identi cation of Putative  B. napus DCL ,

AGO, and RDR Genes

Protein sequences of Arabidopsis DCLs, AGOs, and RDRs were

downloaded from TAIR database (http://www.arabidopsis)org
and scan for conserved domains were performed using Nation
Center for Biotechnology Information Conserved Domain
Database (NCBI-CDD; http://www.ncbi.nlm.nih.gov/Struct/
cdd/wrpsb.cgi). All these protein sequences were used aggque
to search their orthologs ifB. napusB. rapg and B. oleracea

genomes using BLASTp program in NCBI database with defau

r

Microbiology, University of California, Riverside, USA) and
Prof. Yi-Jun Qi (Tsinghua-Peking Center for Life Sciencesl, a
School of Life Sciences, Tsinghua University, Chia)napus
plants were grown in growth cabinets at Z5under a 16/8 h
light/dark photoperiod, while Arabidopsis plants of the wild-
type and mutants of RNA-silencing related genes were grown at
23 C with a 12/12 h day/night photoperiod. Fresh sclerotia of
S. sclerotiorumvere cultured at 23C on potato dextrose agar
medium (PDA) to produce mycelia, which were transferred to
new PDA plates and grown for 2 days. The PDA plugs containing
the advancing edge @. sclerotiorunmycelia were removed to
inoculate the plant leaves. For gene expression analysess leav

g\fere collected at 0, 8, and 16 h post inoculation (hpi) and frozen

immediately in liquid nitrogen. Diameter of disease lesions
was measured at 24 hpi and statistically analyzed using SPSS
(verson19.0) by Studentdest (p < 0.05). For disease resistance
evaluation, at least 10 plants for each genotype were examined
ﬁnd the experiments were conducted three times independently

settings. All retrieved protein sequences were examinethfor Real-Time Quantitative PCR

presence of conserved domains and redundant sequences WISl RNA was extracted using Trizol reagent (

Invitrogen,

re”_‘o"efj-A” candidate sequenceslohapuswere subsequently CA, USA) following the manufacturer's procedure. Real-time
veri ed in the GENOSCOPE database (http'//WWW'genOSCOp%uantitative PCR (RT-gPCR) was carried out using SYBR Premix

cns.fr/blat-server/cgi-bin/colza/webBlat). The physaemical

Ex Taq (TakaRa, China) on StepOne Real-Time PCR System

properties of BnDCL, BnAGO, and BnRDR [lar(k)]teir}s were thenag| ysa). The RT-gPCR analyses were conducted three times,
predicted using ExPASy Compute pl/Mw tool (http://au.expasy i, three replicates for each gene and the relative fold caang

org/tools/pi_tool.html;Bjellgvist et al., 1993

Phylogenetic Analysis and Nomenclature

were calculated using the 3! €t method as describedZhao
et al., 2018 A B. napuselongation factor gene was used as
the reference gene and primers used for RT-gPCR are listed in

Multiple alignment of DCL, AGO, and RDR protein sequencestaple S2. Signi cance of the di erences between mean valass w

from A. thaliang B. napusB. rapa andB. oleracewas performed
using MUSCLE programEdgar, 200¢t The phylogenetic trees
were then constructed using MEGA 5.0a(nura et al., 2001

determined with Studentstest p< 0.05).

RESULTS

by Neighbor-Joining (NJ) method following the Jones-Taylor-
Thornton (JTT) model. Bootstrap analysis was performed wittGenome-Wide ldenti cation of
1000 replicates to assess statistical support for nodes. TB.‘T’Id RDR Genes in B. napus

cand_idate_ genes were renamed acc_ording to the phongeneB\cBLASTp search was conducted agaiBstnapusgenome in
rela_tlonshlp and sequence _hqmolog|e_s with correspgnd@ng NCBI database using well-characterized Arabidopsis AGO, DCL
thaliana homolqgs. The detall mformanon .of the proteins usedand RDR protein sequences as query sequences. The retrieved
for phylogenetic tree construction was listed irable 1 and sequences were further analyzed for domain composition.
Table S1. Finally, 8DCL, 27 AGO, and 16RDRgenes were identi ed in

. B. napusgenome Table 1). Compared withA. thaliana which
Exon-Intron Structure Analysis and contains 4DCL, 10 AGO, and 6 RDR genes (Table S1); the
Promoter Cis-Acting Element Prediction members for each gene familyB napusxpanded by two times
The exon-intron organization dBBnDCLsBNAGOsandBnRDRs or more (Table 1). To compare the composition of these RNA
genes were determined using the online GSDS1.0 prograsilencing machinery genes betweBnnapusand its progenitor
(http://gsds.cbi.pku.edu.cn/) by comparing their full-lehgt speciesB. rapaand B. oleraceasimilar BLASTp and domain
coding sequences (CDS) with their corresponding genomi@enti cation analyses were performed for these two genomes.
sequences downloaded from the GENOSCOPE database. Thee results showed thd. rapagenome contained HCL, 13
upstream sequences (1.5 kb) BADCL, BhAGQ and BhnRDR AGO, and 6 RDR genes whileB. oleraceagenome carried 4
genes were searched for the presence of potenisdcting DCL, 14AGO, and 7RDRgenes (Table S1). Comparison analysis

DCL, AGO,
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TABLE 1 | List of B. napus DCL , AGO, and RDR genes.

Gene no. Gene name Accession no . CDS length (bp) Predicted protein No. of introns Genomic loca tion
Length pl Mw
(aa) (kDa)
DCLs
1 BnDCL1A BnaA10g00800D 5439 1812 5.97 202.15 17 chrA10:390521..398004
2 BnDCL1C BnaC05g00860D 5430 1809 6.01 201.54 19 chrC05:435258..442575
3 BnDCL2A BnaA05g32540D 4167 1388 6.77 156.70 21 chrA05:22308269..2314738
4 BnDCL2C BnaC05g47910D 4170 1389 7.65 156.94 21 chrC05:42659693..42666090
5 BnDCL3A XP_013656716% 4572 1523 591 141.60 23 A8 NC_027764.1
(14560641..14567368)
6 BnDCL3C BnaC03g54010D 4596 1531 6.04 172.25 24 chrC03:40673425..40680494
7 BnDCL4A BnaA10g15080D 4929 1642 6.22 185.01 24 chrA10:11827194..11836581
8 BnDCL4C BnaC09g37430D 4926 1641 6.22 184.48 24 chrC09:40709757..40719200
AGOs
1 BnAGO1A1l BnaA08g03260D 3135 1044 9.40 115.85 22 chrA08:2681072..2686918
2 BnAGO1A2 BnaA05g17460D 3261 1086 9.38 120.33 22 chrA05:12290150..12296889
3 BnAGO1C1 BnaC08g46720D 3159 1052 9.45 116.78 20 chrC08_random:95398..958888
4 BnAGO1C2 BnaC05g25730D 2943 980 9.17 109.15 22 chrC05:21116236..21122145
5 BnAGO2A BnaA09g25290D 3072 1023 9.66 113.91 3 chrA09:18324937..18328648
6 BnAGO2C BnaCnng68320D 2664 887 9.44 100.70 2 chrCnn_random:67905917..67909115
7 BnAGO3A BnaA05g14760D 3033 1010 9.51 112.74 1 chrA05:9228612..9232112
8 BnAGO3C BnaC06g41790D 3108 1035 9.54 114.35 1 chrC06_random:106641..1069740
9 BnAGO4Al BnaA04g15560D 2769 922 8.91 103.06 21 chrA04:12884285..12890171
10 BnAGO4A2 BnaA07g13010D 2772 923 8.82 103.36 21 chrA07:11653377..11659092
11 BnAGO4C1 BnaC04g38560D 2769 922 8.87 103.11 21 chrC04:39739228..39745117
12 BnAGO4C2 BnaC04g54830D 2772 923 8.87 103.36 21 chrC04_random:2230442..2236093
13 BnAGOS5A BnaA07g13430D 2874 957 9.52 106.71 19 chrA07:11907998..11912994
14 BnAGO5C BnaC04g16450D 2859 952 9.62 106.03 20 chrC04:14487678..14492897
15 BnAGO6A BnaA03g15180D 2604 867 9.03 97.20 21 chrA03:7005357..701(B04
16 BnAGO6C BnaC03g18310D 2604 867 899 97.37 21 chrC03:9391663..9396398
17 BnAGO7A BnaA07g24280D 2955 984 9.37 112.47 2 chrA07:18160385..18163845
18 BnAGO7C1 BnaC02g19190D 2931 976 9.32 111.58 2 chrC02:15451981..15455314
19 BnAGO7C2 BnaC06g43420D 2700 899 9.38 102.67 5 chrC06_random:2865213..2868659
20 BnAGOS8A BnaA02g05290D 2721 906 9.31 101.34 20 chrA02:2403187..24B757
21 BnAGO9A1 BnaA10g14450D 2715 904 9.31 102.04 21 chrA10:11492941..11497567
22 BnAGO9A2 BnaA10g14440D 2748 915 9.38 102.52 20 chrA10:11481378..11486279
23 BnAGO9C1 BnaCnng35060D 2721 906 9.42 102.57 21 chrCnn_random:3326984..33269730
24 BnAGO9C2 BnaC09g36780D 2763 920 9.20 103.80 23 chrC09:40119310..40124830
25 BnAGO9C3 BnaC09g36860D 2649 882 9.23  99.37 19 chrC09:40226286..40231475
26 BnAGO10A BnaA06g36540D 2928 975 9.38  109.27 16 chrA06:23915363..23920283
27 BnAGO10C BnaC07g17330D 2946 981 9.38 109.75 16 chrC07:23533982..23539648
RDRs
1 BnRDR1A BnaA06g09600D 3330 1109 7.50 126.63 2 chrA06:5134289..5137990
2 BnRDR1C1 XP_013669643 3207 1068 593 84.40 3 C1NC_027767.1
(42513981..42517438)
3 BnRDR1C2 BnaC059g10980D 3282 1093 6.62 124.83 3 chrC05:6358607..6362657
4 BnRDR2A BnaA09g22040D 3390 1129 6.15 128.25 3 chrA09:14659131..14663050
5 BnRDR2C BnaCnng57100D 3378 1125 6.06 127.52 3 chrCnn_random:5689247..56896339
6 BnRDR3A BnaA09g43930D 3003 1000 8.34 11341 16 chrA09:30278290..30284646
7 BnRDR3C BnaC08g36490D 3000 999 8.05 113.19 16 chrC08:33743646..33750434

(Continued)
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TABLE 1 | Continued

Gene no. Gene name Accession no . CDS length (bp) Predicted protein No. of introns Genomic loca tion
Length pl Mw
(aa) (kDa)
BnRDR4A BnaA10g12910D 2982 993 8.58 112.64 17 chrA10:10516020..10620784
BnRDR5A1 BnaA07g00800D 2928 975 7.13 110.64 19 chrA07:581670..586372
10 BnRDR5A2 XP_013652716% 2853 951 6.32 84.22 16 A7 NC_027763.1 (1493563..1498604,
complement)
11 BnRDR5A3 BnaA07g00770D 2757 918 6.08 103.58 16 chrA07:561541..565534
12 BnRDR5C1 BnaC07g01150D 2934 977 6.10 110.60 17 chrC07:1764972..1769964
13 BnRDR5C2 BnaC07g01170D 2877 958 6.61 108.36 16 chrC07:1805711..1810421
14 BnRDR5C3 BnaC07g01120D 2586 861 565 97.84 16 chrC07:1738692..1746427
15 BnRDR6A XP_013655642 3597 1198 6.93 137.07 1 A8 NC_027764.1 (3130135..3141222,
complement)
16 BnRDR6C XP_013720258 3597 1198 6.78 137.03 1 Unplaced scaffold NW_013650343.1

(584631..589152)

aThe noted sequences were from the NCBI BioProject: PRINA293435, whilellahe others were from the NCBI BioProject: PRIEB5043.

indicated thatB. napusgenome possessed all copiesD&EL, the two progenitorsB. rapaand B. oleraceaxcept one extra
AGO, and RDR genes from the two progenitor species andAGO9 (BnAGO9C3) and one less AGOBigure 1B). Notably,
contained three extra copiesRDRgenes{able 1and Table S1). an uneven number of AGO gene copies from these tiessica
species was observed. GenomesBofrapa and B. oleracea
. . comprised two copies AGO1 AGO4 andAGO9genes, which
Classi cation of ~ B. napus DCL , AGO’ and was identical to the subgenomes A and CBf napusexcept
RDR Genes Based on Phylogenetic that the subgenome C d. napuscontained an extra copy of
Analysis AGO9 (BnAGO9C3). In addition,B. oleraceayenome andB.
In order to examine the phylogenetic relationship of DCL,napussubgenome C possessed two copied®0O7genes. Thus,
AGO, and RDR families, we constructed unrooted phylogeneticopy numbers of thes@GO genes were higher in theBzassica
trees of all BhDCL, BnAGO, and BnRDR protein sequencespecies than irA. thaliana Instead,B. napussubgenome C did
along with theirA. thaliana B. rapg and B. oleraceddomologs not contained anyAGO8 gene. Besides the exceptions herein
(Figure ). The 8 BnDCLs were obviously divided into four described, the number (only one) of the remaining AGOs in
groups as reported for AtDCLs. Each group comprised tw@enomes oB. rapaand B. oleraceand subgenomes A and C
members with one contributed by each subgenome (A and f B. napuswvas identical toA. thaliana On the other hand, the
Figure 1A). Coincidently,B. rapaand B. oleraceaontained 4 distribution of gene members of AGO groups was generally even
DCLs with one member for each groupi@ure 1A). According in the A and C subgenomes &. napusexcept AGO7, AGOS,
to the phylogenetic relationship and sequence homology witland AGO9 Figure 1B and Table 1). Additionally, sequence
AtDCLs, the 8 BnDCLs were named as BnDCL1A, BnDCL1Gsimilarity between BnAGOs and Arabidopsis homologs was
BnDCL2A, BnDCL2C, BnDCL3A, BnDCL3C, BnDCL4A, andgenerally high, ranging from 60.8 to 92.7%, while the simyarit
BnDCLA4C in accordance with their genomic localization (in Aamong sequences of the same group of BnAGOs was 87.9-91.1%
or C). Besides, BnDCLs showed high sequence similarit@® (f for AGO1, 86.7% for AGO2, 90.0% for AGO3, 96.8-99.6%
78.7 to 87.6% for each group) to their Arabidopsis counterpartfor AGO4, 94.5% for AGO5, 98.6% for AGO6, 76.5-91.0%
(Table S3). for AGO7, 72.4-97.3% for AGO9 and 96.1% for AGO10
Based on the NJ phylogenetic tree and the protein sequen¢€able S3).
homologies with AtAGOs, the BnAGOs family consisted Like DCLs and AGOs, RDRs iB. napuswere named after
of 4 AGOls (BnAGO1lAl, BnAGO1A2, BnAGO1C1, andthe Arabidopsis homologs which were the phylogenetically
BnAGO1C2), 2 AGO2s (BnAGO2A and BnAGO2C), 2 AGO3<losest in the NJ tree and showed the highest protein
(BhAGO3A and BNAGO3C), 4 AGO4s (BnAGO4Al,sequence homologies. Consequentlg, napus geneome
BnAGO4A2, BnAGO4C1l, and BnAGO4C2), 2 AGO5scomprised 3 RDR1s (BhnRDR1A, BnRDR1C1, and BhnRDR1C2),
(BhAGO5A and BnAGO5C), 2 AGO6s (BnAGO6A and2 RDR2s (BnRDR2A and BnRDR2C), 2 RDR3s (BnRDR3A
BnAGO6C), 3 AGO7s (BnAGO7A, BnAGO7C1, andand BnRDR3C), 1 RDR4 (RDR4A), 6 RDR5s (BnRDR5A1,
BnAGO7C2), 1 AGO8 (BnAGO8A), 5 AGO9s (BnAGO9A1,BnRDR5A2, BnRDR5A3, BnRDR5C1, BnRDR5C2, and
BnNAGO9A2, BnAGO9C1, BnAGO9C2, and BnAGO9C3) andBnRDR5C3) and 2 BnRDR6s (BnRDR6A and BnRDR6C;
2 AGO10s (BnAGO10A and BnAGO10C). The toil napus Figure 10). It is noteworthy thatB. napusgenome possessed
AGO copies in each subgroup were corresponding to that i6 RDR5genes, 3 in each subgenomes (A and C), which is
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FIGURE 1 | Phylogenetic trees of B. napus and A. thaliana Dicer-like (A), Argonaute (B), and RNA-dependent RNA polyme  rse (C) protein sequences.
The trees were created by MEGA 5.0 software using Neighboralning (NJ) methods with bootstrap of 1000.B. napus proteins are indicated with a black lled circle
before the protein names.

more than that in genomes of the progenitdss rapa(1l) and group of BnRDRs was 61.5-95.2% for RDR1, 98% for RDR2,
B. oleraced?), indicating the further multiplication ofRDR5 97.6% for RDR3, 70.2-99.3% for RDR5 and 99.4% for RDR6
genes irB. napusggenome during evolution. Besidd3, oleracea (Table S3).

genome andB. napussubgenome C carried RDR1 genes Collectively, genome of the allopolyploid specisnapus

but no any RDR4gene. Thus, composition of these RDRs inpossesses almost all copies DEL, AGO, and RDR genes

the three Brassicagenomes was distinct from Arabidopsis. from its progenitor specieB. rapaand theRDR5group in B.
Furthermore, as observed for BnAGO family, members ohapusappears to have undergone further expansion through
RDR1 and RDR4 were unequally distributed in the A andduplication during evolution. Furthermore, compared with
C subgenomes oB. napus In addition, protein sequence Arabidopsis, som&AGO and RDRgenes such a8GO1 AGO4
similarity between BnRDRs and AtRDRs was generally higiiGO9 and RDR5have signi cantly expanded in the®rassica
ranging from 63.1 to 90.4%, while the similarity within theyea  species.
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Physico-Chemical Properties and Domain BnDCL3C awaits further experimental con rmation. The gene
Composition of B. napus DCL, AGO, and length was highly similar within groups but considerably eaki
RDR Proteins between groups of BnDCLs. BnDCL1s were the largest (5439

Physico-chemical properties and domain composition Bf gn%gizo 3%)7onIIO\(/jvi(Ej_)gbBbenD(;]I__|4sB(4§C2:ﬁzand 493? bp) z?lndt
napusDCL, AGO, and RDR proteins were generally similar to n s ( an p), while Bn s were e smafles

their Arabidopsis counterparts, though some di erences weré4167 and 4170 bi¥able 1). This group-wise variation in gene

noticed. For DCLs, seven out of eight BnDCL proteins contdine [€"9th is also observed in ADCLs (Table S1). -~

DEAD, Helicase-C, Duf283, PAZ, and RNaselll domains as The domain composition of BnAGOs was identical to that
reported for Arabidopsis DCLs. The remaining one (BnDCL3C)2f AAGOS. All BnAGOs possessed DUF1785, PAZ, and PIWI
lacked the DEAD domains, which is distinguishable fromdomains. Besides, all BnAGO1 proteins contained an addition
AtDCL3 in this regard Figure 2A). Further, comparison of the Gly-rich Agol domain Figure 2B). Furthermore, we examined
DEAD domain region of all Arabidopsis and threBrassica BNAGOs for presence of the four key active residues (DDH/H)
species revealed two deletions of 31 and 9 amino acids (a#),the PIWI domain that are responsible for the endonuclease
respectively, in BnDCL3C (Figure S1A). The correct sequefce property of AGO proteins involved in RNAi. The PIWI domain
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FIGURE 2 | Domain composition of B. napus and A. thaliana DCL (A), AGO (B), and RDR (C) protein sequences. Domains are indicated as boxes in various
colors. The diagrams were drawn to scale.
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sequence alignment revealed that all 11 members of grougenerally similar to AtAGOs and conserved within all AGO
BnAGO1s (4), BhnAGOS5s (2), BhAGO7s (3), and BnAGO10s (2groups.

possessed the four key active residues, suggesting thahtpbt All the 16 BnRDR proteins carried an RdRP domain
have endonuclease activitlfigure 3). The remaining BhnAGOs (Figure 20). Additionally, members of BhRDR1, BhnRDR2, and
belonging to AGO2, AGO3, AGO4, AGO6, AGO8, and AGO9BNnRDR6 groups bore a RBD domain as observed in the same
groups contained substitutions of the two H residues, whigh igroups of AtRDRs Kigure 20). Furthermore, we examined
similar to their Arabidopsis AGO counterparts. Furthermore, BhnRDRs for presence of the catalytic motif in the RARP domain.
the length of theBnAGOsCDS varied from 2604 bp for The sequence alignment demonstrated that all members of
BnAGOG6to 3261 bp forBnAGO1A2 potentially encoding 867 BnRDR1, BnRDR2, and BNnRDR6 groups shared a common
and 1086 amino acids, respectivelyalole ). All BhAGOs DLDGD motif in the catalytic domain, while all members of
encode for 100 kDa basic proteins with a pl ranging from BnRDR3 and ve out of six BnRDR5 proteins contained DFDGD
8.82 to 9.66. The physico-chemical properties of BnAGOs weraotif. The exception was BnRDR5A3, which did not contain

1160 1200 240
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BnAGOSC :RRIP--LISDRPTIIFGABVTHPQPGEDS-SPSIAAVVASMDWPEITKYRGLVSAQIEREEIIEDLYKLVQDEQRGPVHSGMIREHLIAF--RRATGQK-PQRIIFYRBGVSEGQFSQVLLHEMIAIRKACASLEERYLPP 794
AtAGO6 :YNIP--LINKIPTLILGM8SVSHGPPGRAD-VPSVARVVGSKCWPLISRYRAAVRTQSPRLEMIDSLFQPIENTEKG--DNGIMNELFVEF--YRTSRARKPKQIIIFRGVSESQFEQVLKIEVDQIIKAYQRLGESDVPK 740
BnAGC6A :SNIP--LINKIPTLILGM8VSHGSPGRAD-VPSIAAVVGSKNWPLISRYRAAVRTQSPKMEMIDSLFQPVEDEVNG--DNGIMNELFVEF--FKTSNARKPKQIIIFREGVSESQFNQVLNIEVDQIIKAYQRLGETDVPK 730
BnAGO6C :SNIP--LINKIPTLILGMEVSHGSPGRAD-VPSVAAVVGSKNWPLISRYRAAVRTQSPKMEMIDSLFQPVEDEVNG--DNGIMNELFVEF--FKTSNARKPKQIIIFRISGVSESQFNQVLNIEVDQIIKAYQRLGETDVPK 730
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BnAGC2C : ITVIVAQKRHQTRFFPATDND: GSDKGNVPSGTVVDTKVIHPFEYDFYLCSHHGGIGTSKPTHYYTLWDELIGFTSDQVQKLIFEMCFTFTRCTKPVSLVPPVYYADMVAYRGRMYHEASSRE- —KNIRQQPRG 868
AtAGC3 : ITVIVAQKRHQTRFFPATTSKD--GRAKGNVPSGTVVDTTIIHPFEYDFYLCSQHGAIGTSKPTHYYVLSDEIGFNSNQIQKLIFDLCFTFTRCTKPVALVPPVSYADKAASRGRVYYEASLMKKNSKQSRGASSSSASVA 1167
BnAGO3A :ITVIVAQKRHQTRFFPDTPND -ASDKGNVPSGTVVDTKVIHPFEYDFYLCSHHGGIGTSKPTHYYALWDELDFTSDQMQKLIFDMCFTFTRCTKPVSLVPPVYYADMVAFRGRIYHEASSREKN---IRQPRGAPPPPA 983
BnAGO3C :ITVIVAQRKRHQTRFFPATPND: -ASDKGNVPSGTVVDTKVIHPFEYDFYLCSHHGGIGTSKPTHYYALWDELDFTSDQMQKLIFDMCFTFTRCTKPVSLVPPVYYADMVAFRGRMYHEASSREKN---IRQPRGAPPPPA 1008
AtAGC4 —PENVPPGTIIDNKICHPKNNDFYLCAHAGMIGTTRPTHYHVLYDEIGFSADELQELVHSLSYVYQRSTSAISVVAPICYH -QSETSSSHG 897
BnAGC4Al —PDNVPPGTIIDNKICHPKNNDFYLCAHAGMIGTTRPTHYHVLYDEIHFSPDELQELVHSLSYVYQRSTTAISVVAPICYA —-QSETSSSHG 895
BnAGC4A2 -PDNVPPGTIIDSKICHPKNNDFYLCAHAGMIGTTRPTHYHVLYDEIHFSPDELQELVHSLSYVYQRSTTAISVVAPICYA -QSETSSSHG 896
BnAGC4C1l -PDNVPPGTIIDNKICHPKNNDFYLCAHAGMIGTTRPTHYHVLYDEIHFSPDELQELVHSLSYVYQRSTTAISVVAPICYA —-QSETSSSHG 895
BnAGO4C2 :FLLLVAQKNHHTKFFQTSS-—————-— PDNVPPGTIIDSKICHPRNNDFYLCAHAGMIGTTRPTHYHVLYDEIHFSPDELQELVHSLSYVYQRSTTAISVVAPICYARLAAAQLGTFMKFED-———====== QSETSSSHG 896
AtAGOS :VTFVIVQRRHHTRLF PEQHGNRDMTDKSGNIQPGTVVDTKICHPNEFDFYLNSHAGIQGTSRPAHYHVLLDENGFTADQLOQMLTNNLCYTYARCTKSVSIVPPAYYARLAAFRARYY [ x4 975
BnAGCSA :VTFVVVQRRHHTRLF PAQHGNRETTDRKSGNIQPGTVVDTRKICHPTEFDFYLNSHAGIQGTSRPAHYHVLVDENGFTADALQMLTNNLCYTFARCTRSVSIVPPAYYARLAAFRARYYMESENSD- -GGSSRSRNTTAS 935
BnAGOCSC :VTFVVVQKRHHTRLF PAQHGNRETTDKSGNIQPGTVVDTKICHPTEFDFYLNSHAGIQGTSRPAHYHVLVDENGFTADALQMLTNNLCYTFARCTRSVSIVPPAYYARLAAFRARYYMESENSD- —-GGSSRSRNTTAS 930
AtAGO6 :FTVIVAQKNHHTKLFQARG---———-- PENVPAGTVVDTKIVHPTNYDFYMCAHAGKIGTSRPAHYHVLLDEIGFSPDDLONLIHSLSYVNQRSTTATSIVAPVRYARLAAAQVAQFTKFEG— ---ISEDGK--- 860
BnAGO6A :FTVIVAQKRHHTKLFQAKG- ~HENVPAGTVVDTKIVHPTNYDFYMCAHAGIIGTSRPAHYHVLLDEIGFSPDELQNLIHSLSYVNQRSTTATSIVAPVRYARLAAAQFAQFTKFED— 849
BnAGO6C :FTVIVAQRKRHHTKLFQAKG— —HENVPAGTVVDTKIVHPTNYDFYMCAHAGIIGTSRPAHYHVLLDEIGFSPDELQNLIHSLSYVNQRSTTATSIVAPVRYARLAAAQFAQFTKFED- 849
AtAGC7 —~-DHENIPPGTVVDTVITHPKEFDFYLCSHLGVRKGTSRPTHYHILWDENEFTSDELQRLVYNLCYTFVRCTRKPISIVPPAYYARLAAYRGRLYIERSSESN-~ 968
BnAGCT7A HHENIPPGTVVDTVITHPKEFDFYLCSHLGVKGTSRPTHYHILWDENEFTSDELQRLVYNLCYTFVRCTKPVSIVPPAYYARLAAYRGRLYIERSSELTN---GGSMNPSCVSRV 962
BnAGC7C1 :ITFSVVQKRHHTRLFRCG-— PDHDQNIPPGTVVDT THPKEFDFYLCSHVGVKGTSRPTHYHILWDESEFTSDELQRLVYNLCYTFVRCKKPVSIVPPAYYA 954
BnAGO7C2 :ITFAVVQKRHHTRLFRRDP- CRHENIPPGTVVDTVITHPKEFDFYLCSHLGAKGTSRPTHYHILWDENEFTSDEFQRLVYNLCYTFVRCTKPVSIVPPAYYA 877
AtAGOS ~QINHHTKFFQTES— ~PNNVLPGTIIDSNICHQHNNDFYLCAHAGKIGTTRPTHYHVLYDEIGFDTDQLQELVHSLSYVYQRSTTAISLVAPICYH 823
BnAGOSA :FTVIIAQRKNHHTKFFQDKG— —-PDNVPPGTIIDSKICHPRNNDFYLCAHAGMIGTTRPTHYHVLYDEINFTTDDLQELVHSLSYVYQRSTTAISVVAPICYH 879
AtAGOCY :FTVIVAQRKNHHTKFFQSRG— —PDNVPPGTIIDSQICHPRNFDFYLCAHAGMIGTTRPTHYHVLYDEIGFATDDLQELVHSLSYVYQRSTTAISVVAPVCYARLAAAQI 'MKYEE: LSET H 869
BnAGCSA1l :FTVIIAQKNHHTKFFQAEG- ~PGNVPPGTIVDSRICHPENNDFYLCAHAGLIGTTRPTHYHVLYDEIRFSTDDLQELVHSLSYVYQRSTTAISVVAPICYARLAAAQMGTVMKFEDM-——————— SLSERSSIHD 877
BnAGO9A2 :FTVIIAQKNHHTKFFQAEG- ~PGNVPPGTIIDSKICHPRNNDFYLCAHNGMIGTTRPTHYHVLYDDIGFSTDDLQELVHSLSYVYQRSTTAISVVAPVCYARLAAAQMGTVMKFEDM LSETSSTH( 888
BnAGO9C1 :FTVIIAQKNHHTKFFQDRG-——————- TENVLPGTIVDSRICHPHNNDFYLCAHAGLIGTTRPTHYHVLYDEIRFSTDDLQELVHSLSYVYQRSTTAISVVAPICYARLAAAQMGTVMKFEDM-~——~~~~ SLSERSSIHD 879
BnAGO9C2 :GE TSKVNGTTRPTHYHVLYDEIGFSTDDLQELVHSLSYVYQRSTTAISVVAPVCYARLAAAQI 'MKFEDI LSET THH¢ 893
BnAGCSC3 :FTVIIAQKNHHTKFFQAESPG---NVPPDNVPPGTIVDSKICHPRNNDFYLCAHNGMIGTTRPTHYHVLYDEIGFSTDDLQQLVHSLSYVYQRSTTAISVVAPIMYARLAAAQMATAVKFED-—————————, SSETSSRHG 855
AtAGC10 :VTFIVVQKRHHTRLFANNHRDKNSTDRSGNILPGTVVDTKICHPTEFDFYLCSHAGIQGTSRPAHYHVLWDENNFTADGIQSLTNNLCYTYARCTRSVSIVPPAYYARLAAFRARFYLEPEIMQDNGS-PGKKNTKTTTVG 967
BnAGC10A :VTFIVVQKRHHTRLFANNHRDKSSTDRSGNILPGTVVDTKICHPTEFDFYLCSHAGIQGTSRPAHYHVLWDENNFTADGIQSLTNNLCYTYARCTRSVSVVPPAYYARLAAFRARFYMEPEIMQDNGSPGKKNTKTTTVGD S50
BnAGC10C :VTFIVVQKRHHTRLFANNHRDKSSTDRSGNILPGTVVDTKICHPTEFDFYLCSHAGIQGTSRPAHYHVLWDENNFTADGIQSLTNNLCYTYARCTRSVSVVPPAYYARLAAFRARFYMEPEIMODNGSPGKKSTKTTTVGD 957
FIGURE 3 | Alignment of PIWI domains of B. napus and A. thaliana AGO proteins. The protein sequences were aligned using MEGA 5.0. The conseed Asp,
Asp and His (DDH) triad residues as well as His (H) correspoimdj to H798 of Arabidopsis AGO1 are shaded black. Amino acid gsitions corresponding to each
protein are indicated at the end of each line.
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DFD in the characteristic catalytic motif, which requiresther  (S000391), WBOXATNPR1 (S000390), and WRKY710S
experimental con rmation (Figure S1B). These data indidate (S000447). Interestingly, 21 out of these 51 genes possassed
that BhnRDR1, BnRDR2, and BnRDR6 proteins belong to RDR6-bp CGCG element (A/C/G) CGCG (C/G/Fjgure 4and Table
class, while the BnRDR3 and BnRDRS5 proteins are membe&#t), with BhAGO2A BnAGO5C BNnAGO6A and BnAGOS8A
of RDRy class. This is similar to what has been observed focontaining two copies of thesgselements. It has been revealed
AtRDRs. Additionally, the length of BhnRDR proteins varied fromthat calmodulin-binding transcription activators (CAMTAS)
861 to 1198 aaTg@ble 1). Dierent groups of RDRs exhibited contribute to plant defense responses by binding to CGCG
diverse pl-values; the pl-value of BhRDR3s and BnRDR4 wasselements of the target gene promoters and thereby regulating
higher than 8.0, while that of the majority of the other BhnRDRstheir expressionYang and Poovaiah, 2002; Du et al., 2009; Nie
was lower than 7.0T@able 1). et al., 201p Thus, intriguingly, our result predicts that RNA
Comparison of the protein pl-value indicated that AGOs silencing might be regulated by CAMTAs.
are obviously basic proteins with a pl higher than 8.8, DCLs

gfeD%eL”Zeéa"yh_";‘Cigi[‘;F?rOtei”SbW“h,d"i‘ p! 'SW‘?r hen 6.8 excebExpression Analyses Implied That ~ CAMTA3
n , WhTe RO May be acidic orbasic with a plrandingight Mediate Regulation of ~ B. napus DCL
from 5.7 to 8.6 Table 1). g9 9 o P !
AGO, and RDR Gene Expression in

Exon-Intron Organization of B. napus DCL, Response to Pathogen Inoculation
AGO. and RDR Genes Owing to the high cDNA sequence identity in the same gene

The exon-intron structure oDCL, AGO, and RDR genes was family, design ofgenefspeci cp_rimers for manyifnapus DCL
examined to gain more insights into their possible structurafA‘Go’bandRgRsenesés ;rg;asmlgggerﬁflore, we cfhosehgllhgene
evolution. Our results for all three gene families showedt th members obn GO4Bn }andBnDCL1groups, for whic

intron number was generally conserved in members of the saMgeal gepe-sp§0| ¢ primers could be deflghned, as rgprezeetatlv
groups while varied signi cantly in di erent groups of the same to examine the expression pattern of these predicted genes

family. For BnDCL genes, the intron number varied from 17 in B. napusand their response t&. sclerotioruninoculation.

to 24 andBnDCL3and BADCL4groups contained 37 more The analysis demonstrated that these genes were di erentially
introns than the remaining two groupsTéble 1 and Figure expre_ssed in Ieav_es under r?o”“a'. growth conditiofig(ire 5A
S2A). In the case dnAGOs considerable variations in intron and Figure S3). S'X_ O_f them including foE_SnAGO4anRDR_1A .
number were observe®nAGOgroups 1, 4, 5, 6, 8, 9, and 10 and BnDCL1A exh_lblted moderat_e to high level expression in
comprised similar number of introns ranging from 16 to 23, normal leaves, while the expressionBiiRDR1C1BnRDR1C2
while BnAGOGgroups 2, 3, and 7 possessed onlyslintrons, and BnDCLlCWas_onIy detected when a second round PCR
which were dramatically less than otrBnAGOgroups {Table 1 was CO”d”‘?ted using the_products of the rst round PCR as
and Figure S2B). Similar 8nAGOsremarkable intron number templates Eigure 5A and Figure S3). These data demonstrated
variation also occurred irBnRDRs. BnRDRBNRDR2 and the di erence in constitutive expression of these nBBAGO4
BnRDR&roups contained as few as 3 introns, whileBhRDR3 BnRD_Rl_ and BnDCL1 genes inB. napusleaves. . R_ea!-tlm_e
BnRDR4andBnRDREgroups carried as many as 169 introns quannta_tlve PCR (RT-gPCR) was fur?her usedto gain |ns_|gtni in
(Table 1and Figure S2C). These group-dependent exon-introrf XP'€SSION patterns of these genes in response fwlerotiorum
structures were conserved for genes from b&hnapusand inoculation at 0, 8, and 16 hpi. Interestingly, all of these
Arabidopsis. The observation that exon-intron structurdsgl, ~ 9€N€s: exceﬂnR[_)RlABnRDRlC;landBnDQLlA_were dqwn-
AGO, andRDRgenes was highly similar within members of theregulated to various degrees [8. sclerotiorumnoculation.
same groups but signi cantly divergent across di erent groops Notably, 4AQO{lswere all markedly reduced by 2'20'2,
the same family suggests that these gene families espéc¢illy TOldS at 16 hpi Figure 58). T,h's re;ult suggested the possible
and RDR families have undergone frequent gene duplication an|8volvement of these genes in the interactions betwienapus

recombination throughout evolution. ands. sclerotiorum . .
All these genes with the exception oBARDR1(BnRDR1A

. . . andBnRDR1C}, carried CGCG elements in the DNA sequences
Prediction of Cis-Acting Elements in upstream of their coding regiongigure 4 and we conjectured
Promoter of B. napus DCL , AGO, and RDR  in4t the lowered expression of these genes might have résulte
Genes from up-regulation of CAMTA genes in response t&.
The 1.5 kb sequences upstream of the translation initiatiosclerotioruminoculation. To test this hypothesis, we examined
codon ofBnDCL BnAGQ andBnRDRgenes were retrieved and the expression oBBhnCAMTA3genes after inoculation with this
searched forcisacting elements using PLACE database. Thipathogen.BnCAMTA3 genes were selected sinBECAMTA3
revealed the presence of variocisacting elements related to has been reported to function in regulating plant defenBe: (
phytohormone response, abiotic stress and defense responseal., 2009; Nie et al., 2012; Rahman et al., ROEGur

in BnDCL BnAGQ and BhnRDRgenes (Table S4). All of these BnCAMTA3 genes were identi ed through BLASTp searches
genes contained at least thremsacting elements directly againstB. napusgenome database using AtCAMTA3 as query.
related to defense response, including ASFIMOTIFCAMMRT-gPCR assays demonstrated that expression of two out of fou
(S000024), GTICONSENSUS (S000198), SEBFCONSSTPRBOEAMTA3 genes BnCAMTA3aand BnCAMTA3)) increased
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FIGURE 4 | CGCG cis-acting elements of B. napus DCL , AGO, and RDR genes in their promoter regions.  Elements were predicted in 1.5 kb regions
upstream from the rst ATG. CGCG box sequences and relative psitions to the rst ATG are shown. The diagrams were drawn to sale.
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BnAGO4A1 BnAGO4A2 BnAGO4C1 BnAGO4C2 BnRDR1A BnRDR1C1 BnRDR1C2 BnDCL1A BnDCL1C

Round 1

BnRDR1C1 BnRDR1C2 BnDCL1C

Round 2

ﬂ@ * lu“vu Lo e

BnDCL1A
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1 BnAGO4A1 BnAGO4A2 BnAGO4C1 BnAGO4C2 BnRDR1A BnRDR1C1 BnRDR1C2 BnDCL1C
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BnCAMTA3a BnCAMTA3b BnCAMTA3c

FIGURE 5 | Expression pro les of B. napus AGO4 , RDR1, DCL1, and CAMTA3 genes. (A) Semi-quantitative RT-PCR examination of the transcript
accumulation ofBhAGO4, BhnRDR1 and BnDCL1 genes constitutively inB. napus leaves under normal growth conditions. Round 2 PCRs were cafucted by using
the products of the rst round PCR as templates.(B,C) Quantitative real-time PCR analyses for expression pro lesf BhnAGO4, BhnRDR1 and BnDCL1 genes (B) and
BnCAMTA3genes (C) in response to Sclerotinia sclerotioruminoculation inB. napus leaves. Expression of these genes at 8 and 16 hpi was shown raively to that at
0 hpi. The experiments were conducted three times, each corining three replicates for all genes. The expression dataewe statistically analyzed using SPSS
software. Signi cance of the differences between mean valugwas determined with Student'st-test. Error bars representSD, while asterisks (*) indicate signi cant
difference atp < 0.05.

strongly by 14.7 and 10.4 folds, respectively, at 8 h aftekrabidopsisagol and ago2 mutant plants exhibit enhanced
S. sclerotioruninoculation (Figure 5C). Given that CAMTA3  susceptibility toS. sclerotiorunfCao et al., 20)6prompted us
negatively regulates plant disease resistance througlctdirgo assess the possible role of DCL, AGO, and RDR-mediated
binding and subsequent repression of target defense-tklat&RNA silencing in plant resistance to this pathogen. A total of
genes Pu et al., 2009; Nie et al., 2012ur results indicate 13 A. thaliana dc) agg and rdr mutants were tested. They
that RNA silencing might be regulated by CAMTAs duriJ  included threedcl sevenagq and threerdr mutants, all in
napus—S. sclerotioruimteractions. Col-0 background excepicl1-9and ago4-1which are derived
from Ler ecotype. Based on the phenotypes a&esclerotiorum
inoculation, the mutants could be divided into three classéss€

Arabidopsis _dcl, ago, and rdr Mutants I comprised those exhibiting enhanced susceptibility, Class

Commonly Exhibited Altered Susceptibility

to S. sclerotiorum
The observation in this study that expression BhDCL1

contained mutants displaying enhanced resistance, while Class
[l included mutants showing similar disease phenotypes tdwil
type plants Figure 6). The mutantsdcl4-2 ago9-1rdrl-1, rdr6-

BnAGO4 and BnRDR1genes altered signi cantly in response 11, andrdr6-15were more susceptible & sclerotiorurohallenge
to S. sclerotiorumnoculation and our previous ndings that by showing more severe necrosis and larger size of diseaseslesi
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FIGURE 6 | Susceptibility to S. sclerotiorum in Arabidopsis dcl, ago, and rdr mutants. (A) Disease symptoms ofdcl, ago, and rdr mutants and wild type
plants after inoculation withS. sclerotiorum Photographs were taken at 24 hpi. |, mutants exhibiting enhaced susceptibility; Il, mutants displaying enhanced
resistance; and Ill, mutants showing similar disease phenotgs to wild-type plants. (B) Statistical analysis of disease severity. The inoculatianalysis was performed
three times, each in at least 10 plants for all mutants. The $#on size data were statistically analyzed using SPSS softwe. Signi cance of the differences between
mean values was determined with Students-test. Error bars indicateSD, while asterisks (*) indicate signi cant difference gb < 0.05.
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than wild-type plants Figure 6). By contrast, the mutandcl1-9 previous report Chalhoub et al., 2034 Considering thatB.
was found to be more resistant since it displayed less necrosigpusgenome contains at least two copies of eBL, AGO,

and smaller size of disease lesions when compared with Lesplamnd RDR genes excepAGO8 and that all four members of
upon S. sclerotiorurmoculation (Figure 6). However, thelcl2-1  BnAGO4 are expressed constitutively and/or in response to
ago3-lago4-lago5-lago6-lago7-landagol0-3nutant plants  pathogen inoculation Kigure 5 and are thus most probably
exhibited similar disease susceptibility as the wild-type tglan functional, it is interesting to understand whether thesmnegs
with respect to severity of necrosis and size of diseasenkesiofunctions redundantly or di erentially.

(Figure 6). These data demonstrate the involvement of DCL, Variation in composition of RNA machinery, especially
AGO, and RDR-mediated RNA silencing in plant resistance t@omposition of di erent gene groups (DCL1, DCL2, DCL3, and

the necrotrophic fungal pathoge®. sclerotiorum DCL4 for DCL; AGO2/3/7, AGO1/5/10, and AGO4/6/8/9 for
AGO as well as RDR1/2/6 and RDR3/4/5 for RDR) seems to
DISCUSSION widely exist in plants. For example, the tomato genome contains

four DCL2 but only a single ortholog of the other DCLBH|
RNA silencing is a versatile molecular mechanism to regulatét al., 201p. Similarly, tomato AGO1/5/10 group consists of two
diverse biological processes through altering transcripfGO1and AGO10 each, AGO2/3/7 group comprises two AGO?2,
accumulation of genes essential to these processes. A&04/6/8/9 group is constituted of four AGO4s, and a new
this study, we identied three gene families encoding keyAGO member, but lacks AGO8 and AGO®B4i et al., 2012
components of RNA silencing machinery B. napusand its Another species of the Solanaceae fanNlybenthamianahas
progenitors B. rapa and B. oleraceaWe demonstrated the identical number of AGO1/5/10 group genes, a similar number
important role of RNA silencing in plant resistance to the of AGO4/6/8/9 group genes but di erent number of AGO2/3/7
fungal pathogerS. sclerotiorunand indicated a possible new group genes when compared with tomato. Thebenthamiana
molecular mechanism to regulate RNA silencing in response tdGO4/6/8/9 group bears two AGO4s, while the AGO2/3/7
this pathogen. Our results provide insights into composition,group lacks AGO3 Nakasugi et al., 20)3In addition, grape

function, and mechanism of RNA silencing in plants. AGO1/5/10 group consists of two AGO10s, while AGO2/3/7
) _ _ _ group includes two AGO2s7hao et al., 2015 Regarding RDR,
RNA Silencing Machinery in  B. napus tomato RDR1/2/6 group consists of two RDR6s, while this group

DCL, AGO, and RDR are key components of plant RNA silencingn grape contains two RDR1s. THe. benthamianagenome
machinery. Our results demonstrate th& napuspossesses apparently does not carry any RDR3/4/5 group genes, while
8 BnDCL, 27 BnAGQ and 16BnRDRgenes. This gene copy tomato and grape RDR3/4/5 group both lack RDR4 and RDR5
numbers are much larger than thoseAn thalianaalthough the  but contain two and one RDRS3, respectivelya( et al., 2012;
two species belong to the same family (Brassicaceae). Hpwevéakasugi et al., 2013; Zhao et al., 2015

considering thaB. napuss tetraploid whileA. thalianais diploid,

it is clear that each haploidy in the two species carries the . . L

same number (4) of DCL genes but di erent number of Ago Function of RNA Silencing in Plant

and RDR genes. The haplol. napuscontains more AGO Resistance to Fungal Pathogens

and RDR genes thaA. thaliana B. napusis an allotetraploid It is well-known that RNA silencing can protect plants from
from crossing betweerB. oleraceaand B. rapa followed by viral infection (Ding and Voinnet, 2007; Llave, 2010; Incarbone
chromosome doubling Chalhoub et al., 2034 Our results and Dunoyer, 2013; Wu et al., 201This antiviral immunity
demonstrate thaB. napusggenome includes almost all copies ofinvolves production of virus-derived small interfering RNAs
these RNA silencing machinery genes from its progenitor sgeci¢viRNAs) and results in speci ¢ silencing of viruses by ViRNA-
B. rapaand B. oleracealn addition, B. napusgenome contains guided e ector complexes. Apart from defense against viruses,
three extra copies oRDR5genes, indicating that th&@DR5 RNA silencing also plays a role in plant defense against bakteria
group in B. napusappears to have undergone further expansiorpathogens Katiyar-Agarwal et al., 2006; Navarro et al., 2006;
through duplication during evolution. Moreover, compared it Voinnet, 2008; Robert-Seilaniantz et al., 2)Similar to viruses,

A. thaliang someAGO and RDRgenes such a8GO1 AGO4  bacteria have also developed mechanisms to suppress RNA
AGO9 and RDR5have signi cantly expanded in thedrassica silencing in order to infect successfullildvarro et al., 2008
species. Th@. napussubgenomes A and C bear moRDR5 More recently, functions of RNA silencing in plant resistance
genes but similatAGO genes compared with genomes of itsto fungal pathogens are being revealed. Plant miRNAs are
progenitor specie8. rapaand B. oleraceasuggesting that the di erentially expressed in response to inoculation with fuhga
expansion ofRDR5 genes is likely to occur afteB. napus pathogens, such &ysiphe graminié<in et al., 201)) Fusarium
formation while that of AGO1 AGO4 and AGO9 may have virguliforme(Radwan et al., 20),1V. dahliae(Yin et al., 2012;
occurred beforeB. napusformation. Additionally, members Yang et al., 20)3V. longisporun(Shen et al., 20)4M. oryzae

of AGO7 AGO§ and AGO9 as well asRDR4 are unevenly (Li et al., 201% and B. cinerea(Jin and Wu, 201p More
distributed in the A and C subgenomes &. napus This importantly, mutants of key components of the RNA silencing
asymmetric distribution may have resulted from homeologou machinery exhibit altered susceptibility to fungal pathogen
exchanges, which is also most likely the source of furtheincluding two species oVerticillium (Ellendor et al., 2009;
expansion of these two families and it is consistent with th&shen et al., 20)4Moreover, it has been reported thBt cinerea
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produces small RNAs to suppress plant defense by hijacking hastrgets AGO2. However, there is no more information regagdi
RNA interference pathway$\(eiberg et al., 20)3ltis interesting  regulatory mechanisms for the other RNA silencing components
to elucidate the function and mechanism of RNA silencing inConsidering the importance of RNA silencing pathway, we are
the interactions between the important oil crdp. napusand curious to know whether other mechanisms exist that confer
the devastating fungal pathogéh sclerotiorumPreviously, we additional layers of regulation on the RNA silencing machine
have identi ed the miRNAs involved in this plant-pathogen Intriguingly, in present study, we found that substantialmioer
interaction, many of which targeting genes involved in plantof B. napusDCL, AGO, and RDR genes (21 out of a total
defense. Besides, three miRNAs (ath-miR168a_1ss21AC, aby-51) possessed CAMTA/SR binding sites [(A/C/G) CGCG
miR403a-3p_C1, and bna-miR403) target AGO1 and AGO2 (C/G/T)] in their promoter sequencesF{gure 4 and Table
which are two key components of RNA silencing. We furtherS4). CAMTASs, especially CAMTA3, contribute to plant defense
found that Arabidopsisagol-27 agol-33 and ago2-1mutant  responses by direct binding and thereby regulating the exjwas
plants exhibit enhanced susceptibility ® sclerotiorun{Cao of the target genesvyéng and Poovaiah, 2002; Du et al., 2009;
et al., 201) thus providing a clue to the important roles of Nie et al., 2012 Therefore, we suspect that the expression
RNA silencing in the interactions betweeB. napusand S. of these CGCG-element-containing RNA silencing components
sclerotiorumln this study, we identi ed gene families encoding may be regulated by CAMTAs. To con rm this possibility, we
DCL, AGO, and RDR, three key components of RNA silencing irexamined the expression of CAMTA genes and these CGCG-
B. napusWe found that these genes, represented by all membeetement-containing RNA silencing genesBnnapusn response

of three groups of genes BnAGO4 3BnRDR1and 2BnDCL1 to S. sclerotioruminoculation. The results of this expression
genes), are di erentially expressed in responsg tsclerotiorum analysis indicate th&. sclerotiorurimoculation strongly induced
inoculation (Figure 5B). Our results showed that the expressionthe expression ofBnCAMTA3 genes while it signi cantly
divergence was present among members belonging to the sasgppressed that of many CGCG-element-containBigAGQ
gene group afteB. sclerotiorunmoculation (Figure 5B), which  BnDCL and BnRDRgenes Figure 5). Moreover, another work
suggested that gene members within the same groups may haweour laboratory has revealed thattcamta3 mutant plants
diverse functions in this plant-pathogen interaction. AtAGO exhibit enhanced resistance & sclerotiorunfRahman et al.,

is one of the critical components in the transcriptional gene-unpublished data). Taken together, our results suggest that
silencing pathway associated with siRNA that directs DNARNA silencing might be regulated by CAMTA3. Nevertheless,
methylation @ilberman et al., 2004; Qi et al., 200&and is further con rmation of CAMTA binding activity with CGCG-
required for resistance t®. syringa€éAgorio and Vera, 200/  element-containing RNA silencing genes by other assaysasich
AtRDR1 is elicited by salicylic acid (SA) treatment and viraEMSA and its e ect on expression of these genes will provide
infection (Yu et al., 2003; Diaz-Pendon et al., 2007; Qi et almore straightforward evidence to support this intriguingéil
2009. Together, these results suggest that AGO4 and RDRtechanism for regulation of RNA silencing machinery.

may also contribute td. napusdefense again§. sclerotiorum Itis well-known that the functions of CAMTAs are dependent
Furthermore, we assessed susceptibility tow@rasclerotiorum on their interaction with C&“/CaM (Choi et al., 2005; Du et al.,
in 13dcl, agq andrdr A. thalianamutants. As many as sicl, 2009 and these genes, especi@/iMTA3, are widely involved in
agq and rdr mutants exhibit altered susceptibilityFigure 6).  plant defenseXang and Poovaiah, 2002; Du et al., 2009; Nie et al.,
These mutants includecl4-2 ago9-1rdrl-1, rdr6-11 rdr6-15  2012; Rahman etal., 20Q1For instance, knockout #itCAMTA3
and dcl1-9 The mutated genes encode di erent RNA-silencingleads to increased accumulation of salicylic acid and eocédn
components. This is similar to what was found in the studyhost disease resistance to both bacterial et al., 200p and
involving another fungal pathoge¥. dahliae(Ellendor et al., fungal pathogensNie et al., 201 and nonhost resistance to
2009. Collectively, these results indicate that RNA silenciraym bacterial pathogenRahman et al., 20)®ut reduced resistance
be involved in interactions between plants and fungal pathgge against insect herbivore)(u et al., 201 Similarly, one rice
However, how these DCLs, AGOs, and RDRs regulate resistafCAMTA mutant (oscbt-] exhibits enhanced resistance to blast
to S. sclerotiorunis unclear. Recently, it has been reported thafungal pathogen and leaf blight bacterial pathogéhd et al.,
rice AGO18 functions through regulating AGO1 accumulation2009. Given that expression of some RNA silencing machinery
by direct binding with the AGO1-targeted miRNA (miR168u  may be regulated by CAMATs and both of CAMTA as well as
et al., 201px Whether a similar mechanism exists for AGOs orRNA silencing contribute to plant resistance, it will be intrigg
even RDRs and DCLs in Arabidopsis aBdnapuss worthy of  to explore whether the role of CAMTAs in regulating plant

further study. defense response can be attributed to its regulation of RNA
_ _ ) ) silencing and thus opening a possibility to link €asignaling
Regulation of RNA Silencing Machiner 'y and RNA silencing together to provide a novel facet of€a

A remaining challenge for RNA silencing is to dissect thesignaling in regulation of plant disease resistance.
mechanism through which the RNA silencing pathway itself

can be regulated. Up to now, little of this mechanism has

been uncovered except the evidence that the expression FONCLUSIONS

components of the RNA silencing pathway is subject to negative

feedback regulation by their own miRNA products. For exampleTheB. napugienome possesse®&er-like(DCL), 27Argonaute
miR162 targets DCL1, miR168 targets AGO1, and miR40&8nd 16 RNA-dependent RNA polymerg&DR genes. TheB.
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napusgenome expandeRDR5genes compared with that of HR carried out the gene expression assays. J-YC, WL, and S-SL
its progenitorsB. oleraceaand B. rapaand all genomes of performed disease resistance evaluation analyses. J-YdDel@si
threeBrassicapecies expandeiGO1, AGO4 andAGO9genes and performed the statistical analysis. X-ZC conceived ef th
compared with the Arabidopsis genomB. napus DCLAGO, study, and participated in its design and coordination. X-Z@a
andRDRgenes widely (21 out of 51) harbored a CAMTA-binding J-YC prepared the manuscript. All authors read and approved the
site (CGCG box) in their promoter regions. Inoculation with nal manuscript.

S. sclerotiorunstrongly induced the expression BhCAMTA3

genes while signi cantly reduced that of many CGCG-conitain

RNA silencing component genes. Our results suggested thétCKNO\NLEDGMENTS

RNA silencing machinery might be targeted by CAMTAS.
Furthermore, mutant analyses demonstrated that six out®f 1
dcl agg and rdr mutants exhibited altered susceptibility &
sclerotiorum These results indicate the important role of RNA
silencing in plant resistance to this devastating fungal pgém.
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