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Abstract Regulation of gene expression is associated
with RNA interference (RNAi) at the posttranscriptional
level and chromatin modification in transcriptional silenc-
ing during plant development. Dicer-like (DCL) and Arg-
onaute (AGO) proteins, along with RNA-dependent RNA
polymerase (RDR), play integral roles in these processes.
Many members of the DCL, AGO, and RDR gene families
have been characterized in Arabidopsis, rice, maize, and
tomato. However, little is known about these genes in
grapevine. Here, we implemented a comprehensive bioin-
formatics analysis of the DCL, AGO, and RDR gene fam-
ilies in grapevine. In this study, a total of four VvDCL,
thirteen VWAGO, and five VVRDR genes were identified in
grapevine. These genes were categorized into four groups
for each family based on phylogenetic analysis. Twenty-
two genes were distributed across 11 chromosomes. We
detected five segmental or tandem duplication events,
which suggested their conserved functions during evolu-
tion. In each subfamily, protein motif composition was
relatively conserved. The digital EST expression analyses
provided a first glimpse of the expression patterns of DCL,
AGO, and RDR gene in grapevine. It is worth mentioning
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that one gene, VvVAGOI0a, only expressed in the stem,
which suggested that VwVAGOIOa may function in the
regulation of siRNAs in the grapevine stem. Gene
expression patterns during berry development and under
different abiotic stresses were investigated utilizing
microarray data. Thus, these detailed investigations pro-
vide a foundation for transcriptional silencing-associated
gene families in grapevine for future functional genomics
studies.

Keywords Transcriptional silencing - Dicer-like -
Argonaute - RNA-dependent RNA Polymerase - Gene
expression analyses

Introduction

There are two types of small RNA molecules (approxi-
mately 21-24 nucleotides) in multicellular eukaryotes:
microRNAs (miRNAs) and short interfering RNAs (siR-
NAs). These two types act to modify chromatin and gen-
ome structure as sequence-specific guides to silence and
regulate genes, transposons, and viruses (Xie and others
2004; Alves and others 2006). miRNAs (approximately
21-22 nucleotides nt), which are found in plants, are often
phylogenetically conserved; siRNAs are processed from
precursors which contain extensive or exclusive double-
stranded RNA (dsRNA) structures (Hannon 2002). The
target RNAs are suppressed by siRNAs and miRNAs that
function posttranscriptionally. siRNAs guide sequence-
specific nucleolytic activity of the RNA-induced silencing
complex (RISC) to complementary target sequences
(Hannon 2002). Several silencing-associated protein fac-
tors, such as proteins of the Dicer-like (DCL) family, the
Argonaute (AGO) family, and RNA-dependent RNA


http://dx.doi.org/10.1007/s00344-014-9448-7

J Plant Growth Regul (2015) 34:108-121

109

polymerases (RDR) have been identified in plants (Wang
and Metzlaff 2005).

Dicer-like (DCL) proteins are critical components of the
miRNA and siRNA biogenesis pathways, which play a key
role in processing long double-stranded RNAs into mature
small RNAs. DCL proteins generally contain six types of
domains: DExD, Helicase-C, DUF283, PAZ, RNase III,
and double-stranded RNA-binding (dsRB). The DExD and
Helicase-C domains are found at the N-terminal and
C-terminal of the proteins, respectively. Duf283 is located
at the N-terminal of the first RNase III domain (Dlakic¢
2006; Margis and others 2006). There are two RNase III
domains (RNase IITa, RNase I1Ib) present in Dicer proteins.
A long o-helix generally helps the PAZ domain of Dicer
directly connect to the RNase IIla domain. The 3’ end of a
dsRNA containing a two-base overhang binds specifically
to the PAZ domain (MacRae and others 2006). The dsRBa
domain, along with the PAZ, RNase Illa and IIIb domains,
recognizes and processes the substrate RNA (Margis and
others 2006). In monocot and dicot plants, the remarkable
expansion of DCL family members may mirror the
deployment of the RNA silencing strategy in antiviral
defense. Four DCL proteins (DCL1-DCL4) found in
Arabidopsis are suggested to specialize in small RNA
biogenesis (Margis and others 2006). AtDCLI is not only
associated with miRNA production, but also plays a role in
the production of small RNAs from endogenous inverted
repeats. AtDCL2 generates siRNAs from natural cis-acting
antisense transcripts and functions in antiviral defense.
AtDCL3 generates siRNAs to guide chromatin modifica-
tion, whereas AtDCL4 is associated with tasiRNA metab-
olism and acts during posttranscriptional silencing (Liu and
others 2007).

Argonaute (AGO) is a strongly conserved protein fam-
ily, the members of which are catalytic components of the
RNA-induced gene silencing complex (RISC). RISCs also
contain small RNAs and play important roles in gene
silencing at the transcriptional and posttranscriptional
levels, as well as disease resistance in plants. AGO proteins
usually contain three conserved domains: PAZ at the
N-terminus, MID and PIWI at the C-terminus. A 3’ two-
nucleotide overhang, which results from RNA digestion by
RNase 111, is anchored to a specific binding pocket in the
PAZ domain. The MID domain specifically binds the 5’
phosphate of the small RNAs. Therefore, small RNAs are
anchored onto AGO proteins (Peters and Meister 2007).
The 5" end of the siRNA is bound to the target RNA by the
PIWI domain, and the spatial structure and the catalytic site
show a high level of homology to RNase H (Hock and
Meister 2008; Qian and others 2011). In Arabidopsis, the
AGO family comprises 10 members (Fagard and others
2000; Carmell and others 2002), of which two have been
unambiguously associated with different forms of RNA

silencing. It is therefore likely that, as in animals, the
functional diversification of RNA silencing is directly
linked to the variation in AGO family members. AGOL is
associated with the miRNA pathway and the transgene-
silencing pathway (Fagard and others 2000), and AGO4 is
associated with endogenous siRNAs affecting epigenetic
silencing (Zilberman and others 2003; Zilberman and
others 2004). Moreover, AGO7 and ZLL/AGO10 have a
function in the transition from the juvenile to adult phases
of plant growth (Hunter and others 2003) and meristem
maintenance (Moussian and others 1998; Lynn and others
1999), respectively.

RNA-dependent RNA polymerase (RDR) proteins in
plants rely on aberrant RNA molecules to expand RNA
interference signals. These proteins can enhance the
genomic level of transposons to silence viral genes in
infected cytoplasm. RDR proteins share a same sequence
motif which is not related to the catalytic domain of DNA-
dependent RNA polymerases (Iyer and others 2003). At
least three active RDR genes are known in Arabidopsis,
and these have been named RDR1, RDR2, and RDR6 (also
known as SDE1/SGS2). RDR1 orthologs are necessary
components of the cytoplasmic RNA silencing pathway,
which silences transgenes and viruses. Compared with
miRNAs, the endogenous siRNA requirement for RDR2
showed complete insensitivity to each of the rdr mutations
tested. RDR2 appears to interact with DCL3 both physi-
cally and functionally and is presumably localized in the
nucleus (Xie and others 2004). RDR2 works with DCL3 to
form chromatin-associated siRNAs (24 nt) that function
through AGO4. RDR6 plays a role in antiviral defense
(Wassenegger and Krczal 2006; Kasschau and others
2007), and the direct involvement of these proteins in viral
siRNA biogenesis has recently been investigated (Diaz-
Pendon and others 2007; Qi and others 2009).

To date, a total of 20 genes in Arabidopsis (Arabidopsis
thaliana), 32 genes in rice (Oryza sativa), 28 genes in
maize (Zea mays), 28 genes in tomato (Solanum lycoper-
sicum), and 38 genes in foxtail millet (Setaria italica) have
been identified in the DCL, AGO, and RDR gene families
(Kapoor and others 2008; Qian and others 2011; Bai and
others 2012; Yadav and others 2014). While grapevine
ranks first among fruit crops in the world in terms of both
production and economic importance (Cramer and others
2007), none of the DCL, AGO, and RDR genes has been
investigated in grapevine. Therefore, research on the RNAi
machinery components in grapevine is very important. In
this study, a comprehensive set of DCL, AGO, and RDR
genes was identified and analyzed in the grapevine gen-
ome. The results presented will provide basic genomic
information for these gene families and provide insights
into the probable physiological function of these genes in
grapevine growth and development.
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Materials and Methods
Identification of Grapevine DCL, AGO, and RDR Genes

The latest Vitis vinifera genome assembly and protein
sequences were downloaded from Phytozome v7.0 (http://
www.phytozome.net). The published Arabidopsis DCL,
AGO, and RDR gene sequences were used as queries to
search for the orthologous grapevine genes. The Hidden
Markov Model (HMM) profile of the DCL, AGO, and
RDR protein domains was from the Pfam database (http://
pfam.janelia.org/) and was used to search for grapevine
DCL, AGO, and RDR genes with the BlastP program
(P value = 0.001). Significant hits were then used as query
sequences to search against the National Centre for Bio-
technology Information  (http://www.ncbi.nlm.nih.gov/
BLAST) using the TBLASTN program (P value = 0.001).
The Pfam database (http://www.sanger.ac.uk/resources/
software/) was finally used to confirm each predicted
VvDCL, VvAGO, or VVRDR protein sequence as a DCL,
AGO, or RDR protein, respectively. A complete sequence
alignment using MEGA 4.0 was performed to eliminate
similar and deficient sequences (Tamura and others 2007).
Non-overlapping DCL, AGO, and RDR protein sequences
were screened for further analysis. In addition, length,
molecular weight, and isoelectric points (pI) of the pre-
dicted proteins were predicted with ExPasy (http://au.
expasy.org/tools/pi_tool.html) (He and others 2012).

Phylogenetic Analysis of Grapevine DCL, AGO,
and RDR Genes

Amino acid sequences of all the DCL, AGO, and RDR
genes of tomato, Arabidopsis, foxtail millet, maize, and
rice were downloaded from Phytozome v7.0, and multiple-
sequence alignments were merged with Clustal-X (version
1.83) (Thompson and others 1997). Phylogenetic trees for
all complete DCL, AGO, and RDR protein sequences were
also constructed using the neighbor-joining (NJ) method
with bootstrapping as implemented in MEGA v4.0
(Tamura and others 2007). The genes used in this study
were named according to their phylogenetic relationship
with other members of the same gene family in the pre-
vious species (Bai and others 2012).

Chromosomal Localization, Gene Duplication,
and Conserved Motif Analysis

The physical locations of DCL, AGO, and RDR gene loci
were obtained from the Phytozome v7.0 database. All
genes were located on the 11 chromosomes in grapevine
based on their locus positions from the top to the bottom.
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The DCL, AGO, and RDR gene loci on the grapevine
chromosomes were drawn on a schematic diagram using
Maplnspect software (He and others 2012). Two genes
located in the same clade of the phylogenetic tree were
treated as paralogs in the same species for the detection of
tandem and segmental duplications (Zhao and others
2011). The online web server Synteny (http://pipeline.lbl.
gov/blockview/blockview/StartView.html) was used to in-
dentify regions where a locus showed tandem and seg-
mental duplications. Genes were designated as segmental
duplications provided that they were co-paralogs and were
located on duplicated chromosomal blocks as proposed by
Wei and others (2007). Paralogs were regarded as tandem
duplicated genes if two genes were separated by five or
fewer genes(Wang and others 2010).

The multiple expectation maximization for motif elici-
tation (MEME) web server displayed motifs in all of the
predicted DCL, AGO, and RDR proteins (http://meme.
sdsc.edu/meme4_3_0/cgi-bin/meme.cgi) (Bailey and oth-
ers 2009). Parameters were set such that optimum motif
widths were >6 and <200 and that maximum number of
motifs was 20. Motifs that did not belong to structural
domain in each protein family were rejected. The Pfam
database was used to annotate the motifs identified by
MEME (Qian and others 2011).

Expression Profile Analysis of Grapevine DCL, AGO,
and RDR Genes in Silico

The dbEST database was used to analyze the expression
profiles of the VvDCLs, VvAGOs, and VvRDRs by searching
the annotated grapevine ESTs (http://compbio.dfci.harvard.
edu/tgi/plant.html) (Guo and others 2008). Probe-set IDs
were obtained using the new Vitis Affymetrix (Santa Clara,
CA, USA) Gene Chip® oligonucleotide microarray version
1.0 (Cramer and others 2007) which was used to prepare a
compendium of transcriptome profiles for during berry
development and different stress responses at different time
stages in grapevine. Berry development dates presented on
the array representing the VvDCLs, VvAGOs, and VVRDRs
genes were extracted using the VMatch tool available at
PLEXdb (http://www.plantgdb.org) (Deluc and others
2007; Wise and others 2007). Data were stored in the Gene
Expression Omnibus database at the NCBI under the series
accession number GSE36177 which was standardized with
GC-RMA algorithm. Expression values were calculated
based on the log, of the ratios between the treatments
(water-deficit and salinity) and the control. The values were
derived from three biological replicates for each treatment.
Expression data for DCL, AGO, and RDR genes were col-
lected using the unique probe-set IDs. The heatmaps were
drawn with Cluster 3.0 (Chen and others 2011).
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Table 1 Characteristics of the DCL, AGO, and RDR genes in the grapevine genome

Serial Gene name Sequenced ID Isoelectric ~ Molecular Chr. Location (5-3") Number of ORF No. of

no. point (PI) weight (kDa) amino acids  length introns
(bp)

VvDCLs

1 VvDCLI GSVIVT01027462001 6.24 166321.99 15 16551973-16563829 1474 4425 18

2 VvDCL2 GSVIVT01019052001 7.21 151897.27 4 17331795-17344656 1340 4023 20

3 VvDCL3 GSVIVT01035494001 6.41 188773.05 4 1758028-1786430 1688 5067 22

4 VWwDCL4 GSVIVT01001045001 6.45 183153.43 11 6922239-7007216 1623 4872 21

VWAGOs

1 WAGOI1 GSVIVT01029383001 9.34 115409.43 17 15920269-15928175 1038 3117 22

2 WAGO2a  GSVIVT01026261001 9.46 109352.78 10 15100708-15106946 983 2952 3

3 VWAGO2b  GSVIVT01026264001 9.14 109031.51 10 15146900-15151225 978 2937 4

4 VWAGO3 GSVIVT01026268001 9.46 112507.61 10 15190286-15195417 994 2985 2

5 VWAGO4 GSVIVT01037488001 9.07 101855.25 6 12830288-12839311 913 2742 21

6 WAGOS5 GSVIVT01031430001 9.60 114459.22 6 18665350-18674795 1032 3099 21

7 WAGO6 GSVIVT01001941001 9.44 98986.73 13 15074590-15079381 881 2646 21

8 WAGO7 GSVIVT01012490001 9.49 101718.69 1 13829611-13833472 889 2670 5

9 VWAGOS8 GSVIVT01025868001 9.04 98151.08 8 10978235-10995752 879 2640 22

10 VWAGO9 GSVIVT01033726001 8.87 97029.04 8 18308666-18314201 851 2556 21

11 VWAGOI10a GSVIVT01018054001 9.23 107403.17 5  5849436-5858977 953 2862 22

12 VWAGO10b GSVIVT01015464001 9.14 101790.00 11 3938426-3949275 905 2718 21

13 VWAGOI1  GSVIVT01030512001 9.24 100979.48 12 6352396-6365926 900 2703 22

VvRDRs

1 VWRDRIa  GSVIVTO01011643001 7.75 105039.09 1 5650814-5659360 919 2760 7

2 VWRDRIb  GSVIVTO01011645001 6.57 107375.63 1 5627438-5633661 943 2832 6

3 VVRDR?2 GSVIVT01007792001 6.71 127586.72 17 8977900-8986870 1127 3384 3

4 VVRDR3 GSVIVTO01015313001 6.95 105812.84 11 2582031-2599309 929 2790 17

5 VVRDR6 GSVIVT01035851001 8.26 118429.88 4 4881183-4886034 1035 3108 4

Results contained two RNase III domains except VvDCLI, which

Identification and Structural Organization Analysis
of Grapevine DCL, AGO, and RDR Genes

The Hidden Markov model (HMM) profile analyses iden-
tified four genes encoding DCL proteins (VvDCLs), thir-
teen encoding Argonaute proteins (VVAGOs), and five
genes for RDRs (VVRDRs) in the grapevine genome data-
base. The candidate genes identified in this study are listed
in Table 1.

In this study, we predicted DCL family in grapevine
with totally four members. The DCL proteins in grapevine
range from 1340 to 1688 amino acids (aa) in length. The
PIs of four VwDCL genes were determined to be above 6.0,
and VwDCL2 had a PI of 7.21. From the Pfam and Phyto-
zome databases, four DCL gene loci were confirmed as
VvDCL genes in the grapevine genome based on analysis
of all six types of conserved domains (DExD, Helicase-C,
DUF283, PAZ, RNase III, and dsRB) from the putative
polypeptide sequences. However, all DCL family proteins

contained only one. Both DCL2 and DCL3 clades lacked a
dsRB domain. VvDCL4 lacked a PAZ domain, but con-
tained two dsRB domains.

Thirteen Argonaute (AGO) genes were identified in
grapevine in the current study. These genes coded for
approximately 100 kDa basic proteins with pls ranging
from 8.79 to 9.60. At the level of gene structure, the
number of introns varied from two to 22. The lengths of the
VWAGO ORFs ranged from 1,329 bp for VWAGOI2 to
3,117 bp for VWAGO1, encoding potential proteins of 442
and 1,038 amino acids, respectively (Table 1). Searches of
the NCBI databases for conserved domains revealed that
all VwAGOs shared an N-terminus PAZ domain and a
C-terminus PIWI domain, characteristic of other plant
AGO proteins. Furthermore, previous studies have shown
that the PIWI domain shares extensive homology with
RNaseH, binds the siRNA 5’ end to the target RNA (Hock
and Meister 2008), and cleaves target RNAs that exhibit
sequence complementary to small RNAs (Baumberger and
Baulcombe 2005; Rivas and others 2005). Previous studies
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AtAGOl 733 KINVKVGGRN TVLVDAL..S RRIPLVSDRP TIIFGADVIH PHPGEDS.SP
VVAGOL 728 KINVKVGGRN TVLVDAI..S RRIPLVSDRP TIIFGADVIH PHPGEDS.SP
AtAGO10 75 KINVKMGGRN TVLVDAI..S CRIPLVSDIP TIIFGADVTH PENGEES.SP
VvAGOl0a g59 KINVKMGGRN TVLLDAI..S CRIPLVSDIP TIIFGADVTH PENGEDS.SP
VVAGO10b §97 KINVKMGGRN TVLLDAL..S SGIPLVSDIP TIIFGADVTH PETGDDS.CP
AtAGOS 687 KINVKTGGRN TVLNDAI..R RNIPLITDRP TIIMGADVTH PQPGEDS.SP
VVAGOS 722 KINVKVGGRN TVLFDAI..G RKIPLVSDLP TIIFGADVIH PQPGEDS.SP
VVAGOS 549 KINVKAGGQN AILEDTL..Y GRIPLLTDIP TIIFGADVTH PQSGEDQ.GP
VVAGO4 614 KINAKLGGLN SMLAVEH..S PSIPIVSKGP TIILGMDVSH GSPGQSD.VP
VVAGO8 570 KINAKLGGLN SLLAIEP..S RNIPLVSXVP TIIFGMDVSH GSPGQSD.IP
ATAGO4 626 KINAKLGGLN SMLSVER..T PAFTVISKVP TIILGMDVSH GSPGQSD.VP
AtAGOE 570 KINAKLGGLN SVLDMEL..S GTMPLVMRVP TIIIGMDVSH GSPGQSDHIP
ATtAGO9 598 KINAKLGGLN SLLAMER..S PAMPKVIQVP TIIVGMDVSH GSPGQSD.IP
VVAGO6 588 KINAKLGGLN SLLTMGY..C PSLELISTIP TLILGMDVSH GSPGRED.VP
AtAGO6 589 KINSKLGGIN SLLGIEY..S YNIPLINKIP TLILGMDVSH GPPGRAD.VP
VVAGO1l1 601 KINTKLGGIN SLLAIEH SRIPLIKDTP TMILGMDVSH GSPGQAD.VP
AtaGO2 714 KMNAKVGGSN VELMD..... TFSFFKKEDE VMFIGADVNH PAARDKM.SP
AtaGo3 893 KINAKVGGIN VELVDN. IFSFFKKEDK VMFIGADVNH PAAHDNM.SP
VvAGO2a 684 KLNAKLGGSN VELIE..... RLPRFEGEGH VMFIGADVNH PGSQNTT.SP
VVAGO2b 654 KLNAKLGGSN VELIK..... RLPRFEGEGH VMFIGADVNH PGSQNTT.SP
VVAGO3 704 KMNAKLGGSN VELID..... RLPHFENEGY VMFVGADVNH PGAWNSA.SP
AtAGO7 650 KINAKIGGSM TELYNSIPSH IPRLLRPDEP VIFMGADVTH PHPFDDC.SP
VVAGO7 (- L S IPRLLRPDEP VIFMGADVTH PHPLDDF.SP
ATAGOL .DGVSEG QFYQVLLYEL DAIRKACASL EAGYQPPVIF
VvAGO1 .DGVSEG QFYQVLLYEL DAIRKACASL EPNYQPPVIF
ATAGO10 ...DGVSEG QFYQVLLYEL DAIRKACASL EPNYQPPVIF
VvAGO10a ..DGVSEG QFYQVLLYEL DAIRKACASL EPNYQPPVIF
VvAGO10b .DGVSEG QFYQVLLYEL DAIRKACASL EPSYQPPVIF
AtAGOS .DGVSEG QFSQVLLHEM TAIRKACNSL QENYVPRVIF
VVAGOS .DGVSEG QFSQVLLHEM DSIRKACASL EEGYLPPVIF
VvAGO9 ..DGVSEG MFEMVLLKEM DAIRKACASL EEGYLPPVIF
VvAGO4 ....DGVSES QFNQVLNIEL DQIIEACKFL DEKWSPXFVV
VVAGOS IIFSSQIFCD LSSLDGVSES QFNQVLNIEL DQIIEACKFL DEKWIPKFTI
ATAGO4 IIFR. .DGVSES QFNQVLNIEL DQIIEACKLL DANWNPKFLL
ATAGO8 IIFR...... ....DGVSES QFNQVLNIEL DQMMQ..... «couveeonn
ATAGO9 TEFR s ooe ...DGVSES QFNQVLNIEL DQMMQACKFL DDTWHPKEIV
VvAGO6 IIFR ..DGVGES QFNQVLNIEL EQIIEACKLL DEQWHPKEMV
ATtAGO6 IIFR. .DGVSES QFEQVLKIEV DQIIKAYQRL GESDVPKFIV
VvAGO11l VIFR. .DGVSES QFNQVLNIEL EQIMKAYQHL GEVDFPKFIV
AtAGO2 VIFR.... .DGVSDA QFDMVLNVEL LDVKLIFEXN ..GYNPKITV
AtAGO3 VIFR...... ...DGVSDG QFDMVLNVEL QNVKDVFAKV ..GYNPQITV
VvAGO2a ..DGVSEG QFDMVLNEEL LDLKRAIQGG ..NYCPTITL
VVAGO2b .DGVSEG QFDMVLNEEL LDLKRAIQGE ..NYCPTITL
VvAGO3 .DGVSEG QFDMVLNEEL VDLKGAIQRG ..NYNPTITL
AtAGO?7 .DGVSET QFKKVLQEEL QSIKTACSKF Q.DYNPSITF
VVAGO7 ..DGVSET QFYKVLQEEL OAIRVACSRF P.SYRPPITF
ATAGOL NNFTADGLQS LTNNLCYTYA RCTRSVSIVP PAYYAHLAAF RARFYMEPET
VvAGO1 NKFTADGLQS LTNNLCYTYA RCTRSVSIVP PAYYAHLAAF RARFYMEPET
ATAGO10 NNFTADGIQS LTNNLCYTYA RCTRSVSIVP PAYYAHLAAF RARFYLEPEI
VvAGO10a NNFTADGIQS LTNNLCYTYA RCTRSVSVVP PAYYAHLAAF RARFYMEPD.
VvAGO10b NNFTADEIQS LINNLCYTYA RCTRSVSLVP PAYYAHLAAY RARFYMEPD.
AtAGOS NGFTADQLQM LINNLCYTYA RCTKSVSIVP PAYYAHLAAF RARYYMESEM
VVAGOS NKFTADILQI LINNLCYTYA RCTRSVSIVP PAYYAHLAAF RARYYIEGDT
VvAGO9 NKFSADALQM LANDLCYTYA RCTRSVSIVP PVYYAHLAAF RAKFYVE...
VvAGO4 VGFSSDDLQE LVHSLSYVYQ RSTTAISVVA PICYAHLAAT QMSQFMKFED
VvAGOS IGFSADDMQE LIHSLSYVYQ RSTTAISIVA PVRYAHLAAT QVSQFMKEDD
ATAGO4 IGFSADELQE LVHSLSYVYQ RSTSAISVVA PICYAHLAAA QLGTFMKFED
AtaGos IGFDTDQLQE LVHSLSYVYQ RSTTAISLVA PICYAHLAAA QMATAMKFED
ATAGO? IGFATDDLQE LVHSLSYVYQ RSTTAISVVA PVCYAHLAAA QMGTVMKYEE
VvAGO6 LGFSADDLQQ LVHSLCYVYQ RSTTAVSLVA PVCYAHLAAA QVAQFIKFED
AtAGO6 IGFSPDDLQN LIHSLSYVNQ RSTTATSIVA PVRYAHLAAA QVAQFTKFEG
VvAGO11l ISFSPDDLQH LIHSLSYVYQ RSTTAISIVA PVCYAHLAAQ QMGQFIKFDD
AtAGO2 LGFTSDQVQK LIFEMCFTFT RCTKPVSLVP PVYYADMVAF RGRMYHEASS
ATAGO3 IGFNSNQIQK LIFDLCFTFT RCTKPVALVP PVSYADKAAS RGRVYYEASL
VvAGO2a HRFSSDQIQX LIYNLCFTFA RCTKPVSLVP PVYYADLAAY RGRLYYDAIV.
VvAGO2b HRFSSDQIQK LTYNLCFTFA RCTXKPVSLVP PVYYADLAAY RGRLYYDAIV.
VvAGO3 HRFSSDQLQK LIYNLCFTEV RCTKPVSLVP PVYYADLAAY RGRLYHDALE
AtAGO7 NEFTSDELQR LVYNLCYTFV RCTXPISIVP PAYYAHLAAY RGRLYIERSS
VVAGO?7 NEFTSDELOX LVYNLCYTEV RCTKPVSLVP PAYYAHLAAY RGRLYLERS.

Fig. 1 Amino acid alignment of PIWI domains of grapevine and
Arabidopsis AGO proteins with Clustal-X (1.83). Amino acid
positions corresponding to the beginning and end of the PIWI
domains in each protein are shown. The conserved DDH triad

of Argonaute proteins in Arabidopsis, rice, maize, and
tomato showed that the PIWI domain folds in a manner
similar to that of RNase H enzymes and exhibits endonu-
clease activity owing to an active site usually containing an
aspartate—aspartate-histidine (DDH) motif and a conserved
histidine at position 798 (H798) (Kapoor and others 2008).
This DDH motif/H798 histidine was found in Arabidopsis
AGO1 and is critical for the endonuclease activity of
AGOlL in vitro (Baumberger and Baulcombe 2005; Kapoor
and others 2008). To readily infer whether VvAGOs pos-
sess these conserved catalytic residues and could
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residues corresponding to D760, D845, and H986 of Arabidopsis
AGOIL are shown in gray, and the conserved H residues correspond-
ing to H798 of Arabidopsis AGO1 are boxed

potentially act as slicer components of silencing effector
complexes, we aligned the PIWI domains of all the AGOs
using CLUSTAL-X as described in Kapoor and others
(2008) (Fig. 1).

Seven VWAGO proteins (VWWAGOI1, VvAGOS, VvAGO7,
WAGO9, VwAGO10, VvAGO12, and VvAGO13) possessed
conserved DDH/H798 residues. D760 and D845 were
conserved in AGO proteins from grapevine and Arabi-
dopsis. H986 was also conserved in most grapevine VvA-
GOs, but it was replaced by aspartate in VvAGO2a,
WAGO2b, VVAGO3, AtAGO2, and AtAGO3. Interestingly,
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Table 2 Argonaute proteins with missing catalytic residue(s) in
PIWI domains of grapevine and Arabidopsis

Grapevine Arabidopsis®

Argonaute Motifs* Argonaute Motifs*
VvAGO2a DDD/H AtAGO2 DDD/H
VvAGO2b DDD/H AtAGO3 DDD/H
VvAGO3 DDD/H AtAGO4 DDH/S
VvAGO4 DDH/P AtAGO6 DDH/P
VvAGO6 DDH/P AtAGO8 DDH/P
VvAGOS8 DDH/P AtAGO9 DDH/R
VvAGOL11 DDH/P

? Motifs correspond to conserved D760, D845, H986/H798 of
Arabidopsis AGO1; D, aspartate; H, histidine; S, serine; P, proline; R,
arginine

b Reviewed in Miao Bai and others (2012)

these proteins all belong to the ZIPPY/AGO7 clade (see
below). Similarly, compared with previous research that
identified a variety of H798 sites in monocots (Kapoor and
others 2008; Qian and others 2011). The AGO4 group of
proteins in grapevine (VWWAGO4, VvAGO6, VvAGOS,
VWAGOI1) had H798 sites that were replaced by proline
(Table 2).

In accord with previous studies, all five of the RDR
genes present in the grapevine genome encode predicted
proteins that share a common RdRP domain corresponding
to the catalytic ' subunit of DNA-dependent RNA poly-
merases (Iyer and others 2003). The lengths of the VWRDR
ORFs ranged from 2,760 bp for VwRDRIa to 3,384 bp for
VWRDR?2, encoding predicted polypeptides of 919 and
1,127 amino acids, respectively. Remarkably, VvRDR3
encodes an open reading frame of 2790 bp containing 17
introns (Table 1), which was the highest number of introns
predicted in grapevine RDR genes. Two of the grapevine
RDR genes (VVRDRIa and VvRDRIb) contained two pre-
dicted RARP domains; the others contained a unique RdARP
domain.

Phylogenetic Analysis of DCL, AGO, and RDR Genes
in Grapevine, Rice, Tomato, and Arabidopsis

To explore the evolutionary relationships between mono-
cots and dicots in AGO, DCL, and RDR families, we chose
three monocots (foxtail millet, maize, and rice) and three
dicots (grapevine, Arabidopsis, and tomato) to construct an
unrooted tree for each from alignments of the full-length
protein sequences (Fig. 2). From phylogenetic analysis of
the six plants, dicot and monocot AGO genes revealed that
AGO genes clustered into four clades, AGO1, MEL1/
AGOS5, ZIPPY/AGO7, and AGO4 with well-supported
bootstrap values (Fig. 2a). In the AGOI1 clade, three

grapevine genes were named VVAGOI, VvAGOI10a, and
VWAGOI10b based on their high sequence homologies with
AtAGO] and SIAGO10. The MEL/AGOS clade comprised
proteins similar to AfAGO5 and contained only one
grapevine protein, which was named VvAGOS5. No grape-
vine AGO shared a high level of sequence similarity with
OsAGO11-14, so the second grapevine protein in the MEL/
AGOS5 clade was named VvAGO9. The third clade com-
prised proteins similar to SIAGO7 and AtfAGO7 and con-
tained one grapevine protein, which was named VvAGO?7.
Based on sequence comparisons, three grapevine proteins
clustered with two Arabidopsis proteins (AtAGO2, AtAG-
03) and two rice proteins (OsAGO2, OsAGO3) in the
ZIPPY/AGO7 subfamily, and the respective genes were
designated VvAGO2a, VvAGO2b, and VvAGO3, based on
their high sequence similarities with AtAGO2 and AtAGO3,
respectively. The AGO4 clade comprised 18 proteins, and
the four grapevine genes were named VvAGO4, VWVAGOS,
VWAGO6, and VvAGOI1. In this subgroup, VVAGO4 and
WAGOI1 were highly similar to A7AGO4 and AfAGOI6.
In addition, no grapevine AGO displayed a high similarity
with OsAGO17 and OsAGO18.

Phylogenetic relationships were analyzed by conserved
structural alignments. The four candidate VvDCL genes
were assigned to four groups in the unrooted tree, and the
respective genes were designated VvDCLI, VvDCL2,
VwDCL3, and VwvDCL4 (Fig. 2b). Interestingly, in DCLI1,
DCL3, and DCL4 subgroups, VwvDCLI VvDCL3 and
VwDCL4 were closely allied with SIDCLI, SIDCL3, and
SIDCL4 with high similarity, respectively. Moreover, the
other three subfamilies each contained one identified
VVvDCL protein, which have been named based on
sequence similarity with their counterparts in rice and
Arabidopsis.

The unrooted phylogenetic tree, generated from aligned
full-length protein sequences of all five VVRDRs, five
AtRDRs, five OsRDRs, five ZmRDRs, 11 SiRDRs, and six
SIRDRs, grouped grapevine, Arabidopsis, rice, maize,
foxtail millet, and tomato RDR proteins into four sub-
families, RDR1, RDR2, RDR3, and RDR4 (Fig. 2c). The
predicted product of the newly identified VvRDR2 locus
grouped closely with the highly similar SIRDR2 and At-
RDR?2 proteins. Other grapevine RDR genes were desig-
nated VvRDRIa, VvRDRIb, VvRDR2, VvRDR3, and
VVRDR6 based on their similarities with tomato, and
Arabidopsis RDR proteins.

Chromosomal Location and Gene Duplication
of Grapevine DCL, AGO, and RDR Genes

To investigate the evolution of multiple DCLs, AGOs, and

RDRs in grapevine, we analyzed their genomic distribution
by localizing the genes on grapevine chromosomes (Fig. 3;
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Fig. 2 Phylogenetic analysis of
Dicer-like, Argonaute, and RDR
genes of grapevine and five
other plant species. Unrooted
neighbor-joining (NJ)
phylogenetic trees of grapevine,
tomato, Arabidopsis, foxtail
millet, maize, and rice proteins;
a AGO, b DCL, and ¢ RDR.
And the phylogenetic trees were
constructed using MEGA v4.0
software. The grapevine DCLs,
AGOs, or RDRs have been
highlighted in purple for each
group. Each gene family is
divided into four clades (Kapoor
and others 2008), which are
shown in different colors.
Sequences of tomato,
Arabidopsis, foxtail millet,
maize, and rice were
downloaded from the
Phytozome v9.1 database
(Supplementary Table S1)

SIAGO10p
OsPNH1

Table 1). Among the nineteen grapevine chromosomes,
four DCL genes, 13 AGO genes, and five RDR genes were
found to be distributed unevenly across 11 chromosomes of
the grapevine genome (Fig. 3). Four VvDCL genes were
distributed on three chromosomes; VvDCL2 and VvDCL3
were on chromosome four, and VvDCLI and VvDCLA4 were
on chromosomes 11 and 15, respectively. In this family,
none of the VvDCL genes seems to have undergone tandem
duplications or segmental duplications.

Thirteen VvAGO genes were distributed on nine chro-
mosomes; three (VWAGO2a, VvAGO2b, and VvAGO3)
were detected on chromosome 10, two were located on
chromosomes six and eight, respectively, and chromo-
somes 1, 5, 11, 12, 13, and 17 each contained a single
VWAGO gene. VvAGOs were not present on 2, 3,4,7,9, 14,
15, 16, 18, and 19 chromosomes. Alignment analysis of the
protein sequences showed that there are high degrees of
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similarity among VvAGOs belonging to the same clade,
which is consistent with previous findings in tomato (Bai
and others 2012). Three pairs of grapevine Argonaute
genes, VWAGOI10a/-10b, VvAGO4/-8, and VvAGOS5/-9,
were found to be located in duplicated genomic segments
and shared 71.4, 73.4, and 48.6 % identity at the amino
acid level between the pair partners. The members of each
pair of two genes were located on different chromosomes
but belong to same clade. While the VvAGO2a/-2b/-3
genes were detected on chromosome 10, they appear to
have undergone tandem duplication on the basis of
61.7-83.3 % amino acid similarity.

Localization of VWRDR genes on the grapevine chro-
mosomes indicated that the five VWRDRs are distributed on
four chromosomes. VvVRDR1a and VVRDRIb are located on
chromosome one, and VvVRDR2, VvRDR3, and VvRDR6 are
on chromosomes 17, 11, and four, respectively. VvRDRI1a
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Fig. 3 Genomic distribution of b 4 b)

DCL, AGO, and RDR genes on )
the chromosomes of grapevine. VoDCL3—]
Chromosome numbers are
shown at the top of each L JARDR6—
chromosome. Different gene * ARDRIa
families are indicated by
different colors. Tandem gene
duplications are indicated by
filled dots. Genes involved in
segmental duplication are joined
by dashed lines

WAGO7 —

WDCL2—

* ARDRIb— VoAGO10a—I e T
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and VWRDRIb, which share 83.4 % amino acid identity,
appear to represent a tandem duplication on chromosome
one. The other RDR protein genes were not found to be
located in duplicated genome segments.

Conserved Motif Analysis of the Grapevine DCL, AGO,
and RDR Genes

Based on the MEME motif analysis, the majority of protein
motifs were conserved in the DCL family, and the order of
these motifs were maintained between the four DCL sub-
families from Arabidopsis, rice, tomato, and grapevine.
The results are shown in Fig. 4. Motifs 10, 11, and 12 of
the RNase III domain were absent only in VVDCLI. In
VvDCL2, motif 1, belonging to the RNase III domain, was
not found, as was motif 7 of the dsRB domain. VvDCL3
and VVDCLA4 contain the same general types of motifs as
compared with the other genes in the DCL3 and DCL4
subgroups, respectively (Fig. 4b).

The MEME analyses of the AGO family identified 11
conserved motifs among all the AGO proteins. Although
the motif configurations identified by MEME reflected
conservation and specificity within the AGO families of
Arabidopsis, rice, tomato, and grapevine, some variability
is present between different subfamilies in the individual
members of the AGO family we detected (Fig. 4a). For
example, the absence of motif 2 was only found in AGO4
subfamilies, except for AtAGO6 and VvAGO6. Nine AGO
members shared the absence of motif 10 that is present in
most PIWI domains of the other AGO subfamilies, which
was detected by Pfam analyses. In four AGO subfamilies, a
subset of AGO members shared duplication of one or two
motifs. For example, distinct copies of the newly dupli-
cated motifs 1 and 3 are located in the DUF1785 domain of
OsAGO13 in the MEL/AGOS5 subgroup, and the PAZ
domain of OsAGO15 in the AGO4 subgroup, respectively.

6 8 10 11 12 I3 I35 I7

VWRDR3—4
Wnacoios—

Ly i 1wAGO1I—
JARDR2—
AAGO8 =

PAGOI—

PAGO2a— WAGO6—
GO WAGO! —
thucaz wocLi—f 460!

oAGos—- 174609

However, the other duplicated motifs are located in PTWI
domain.

In the RDR protein family, 14 motifs were characterized
as being conserved by MEME analysis (Fig. 4c). Among
them, motifs 10, 11, 13, and 14 were conserved and
identified as major motifs of the RDR domain. However,
the protein motif patterns of the individual RDR family
members did not always follow the same rules in all sub-
groups. For example, motifs 7, 8, and 9 shared distinct
diversification in the RDR class III subfamily, which are
different from all other RDR family subfamily members.
Motif 6 was completely absent in RDRI subfamily mem-
bers from grapevine, and motifs 10 and 11 were duplicated
in proteins from Arabidopsis in subgroups RDR3 and
RDR6, respectively.

Expression Patterns of Grapevine DCL, AGO, and RDR
Genes

We analyzed the expression of small RNAs in grapevine by
searching EST databases. These small RNAs could be divi-
ded into nine classes, depending on the organ or tissue in
which they were expressed (Fig. 5). The twenty-two grape-
vine genes involved in small RNA regulation that were
investigated in this study were not expressed in all nine tis-
sues or organs examined. Rather, expression for each gene
was selective to specific groups of tissues or organs. The
most widely expressed genes in grapevine were VVAGOI, 8,
and /0a which were expressed in six tissues or organs each.
There were three genes (VvDCL4, VvAGOI0b, and
VvRDRI1b) that showed significant levels of expression in
only one tissue or organ. The remaining genes were found to
be expressed in two or more tissues or organs. It is worth
mentioning that we detected expression of VwvAGO10a only
in the stem. Generally, the highest levels of gene expression
were in mature tissues and organs, such as the fruit, flower,
inflorescence, and leaf; lower levels were found in stem,
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Fig. 4 Distribution of conserved motifs in grapevine DCL, AGO, and
RDR proteins. Schematic representation of the predicted conserved
motifs in the DCL, AGO, and RDR proteins from grapevine was
elucidated using the MEME motif search tool for each protein family.
Motifs were rejected that did not belong to the structural domains for

seed, pericarp, and embryo. Our results showed that siRNAs
appear to regulate function more during the mature growth
stages in grapevine.

To analyze expression profile of DCL, AGO, and RDR
genes during berry development stages in grapevine,
microarray datasets were utilized. Of all the genes, the
expression profile of only one (VWRDR6) was not obtained
from the NCBI database, and two genes (VWVAGO9 and
VWAGOI10b) have a common probe-set ID in the Affyme-
trix GeneChip® Grapevine Genome Arrays. Grapevine
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each protein family. Different color boxes represent different motifs.
Box length and position correspond to motif length and position in the
individual protein sequences. Details of the individual motifs are
provided in Supplementary Table S2

berries undergo a complex series of physical and bio-
chemical changes during development. These changes can
be divided into three major phases with more detailed
descriptive designations known as the modified E-L sys-
tem, to define more precisely the growth stages through an
entire grapevine lifecycle (Guo and others 2008). Expres-
sion profile of almost all of the genes in different families
or subfamilies was showed from Fig. 6, we suggested that
VWDCLs, VvAGOs, and VvRDRs play important roles in
grapevine berry development. All genes (VvAGO4,
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Fig. 5 Expression analysis of .
VwDCL, VWAGO, and VvRDR Gene name Organ and Tissue
genes in different tissues and Bud Fruit Flower Stem Root Leaf Inflorescence Seed Pericarp
organs in grapevine. Searches
for EST sequences DCL VvDCL1 4 A 4 aF +
corresponding to the grapevine VvDCL2 aF A aF A a4
VwDCL, VvAGO, and VWRDR
genes were made in the TIGR wDCL3 i i . i
gene index database (http:// VvDCL4 &
compbio.dfci.harvard.edu/tgi/
plant.html) using the BLASTn 460 yvaGor * + + + * *
program with default parame- wAGO2a + +
ters and the sequences of
WwAGO?2
VyDCL, VWAGO, and VvRDR vAG0% * * *
genes as query sequences. The vAGO3 + + +
empty cells represent a lack of VoA GO4 + : N
ESTs for that gene under that "
condition in the database WwAGO5 + + +
YwAGO6 + +
WAGO7 aF aF +
YwAGOS arF A A =P ar +
wAGO9Y +
VwAGO10a aF arF ar +
VvAGO10b ar
VwAGO11 arF aF
RDR VvRDRIa
VvRDR1b +
VvRDR2 ar
VvRDR3 ar
VvRDR6 A +
+, expressed; blank not expressed
WAGO6, VWAGOS, and VvAGOI1) in AGO4 subfamily Discussion

showed high expression during the three phases. In addi-
tion,VvDCL2, VvRDR3, VvAGO2b, and VvAGOI10a dis-
played low expression, but these genes had a greater
change in the amplitude during fruit development.

The relative transcription of grapevine DCL, AGO, and
RDR genes at different growth stages under different abi-
otic stress conditions was investigated using microarray
data. Gene expression levels for 21 genes is shown in
Fig. 7 under two abiotic stress conditions (salt and water-
deficit) for four different time points (4, 8, 12, and
16 days). Most of genes were low expression in different
stages of abiotic stress conditions relative to control. Salt
and water-deficit stress caused upregulation of three genes
on 16 days, including VWAGO2a, VvAGO4, and VvRDR?2
compared with control. However, salt and water-deficit
stress caused downregulation of seven genes (VvDCLI,
VWAGOS8, VvAGO9, VvAGO11, VvAGOS, VvRDR1a, and
VVRDR3) on 16 days compared with control. However,
VvRDR1a and VvRDR3 showed downregulation expression
on 16 days in salt condition.

RNA silencing plays an important role in regulating gene
expression at the posttranscriptional level, chromatin
modification during vegetative and reproductive develop-
ment, and gene expression profiles during various abiotic
stress conditions in plants. In recent years, the molecular
basis of these complicated and interconnected pathways
has been clarified. In the present investigation, we identi-
fied gene families in grapevine and analyzed their chro-
mosomal distribution in the genome, conducted a
phylogenetic analysis for each gene family and defined
gene multiplicity. EST expression data analysis and
microarray-based expression analysis shed light on the
contribution of the activity of these proteins.

Dicer-Like Proteins in Grapevine
Dicer-like (DCL) proteins are the key enzymes involved in

miRNA and siRNA biogenesis pathways in processing
long double-stranded RNAs into mature small RNAs
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Fig. 6 Expression profiles of DCL
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Fig. 7 Expression profiles of grapevine DCL, AGO, and RDR genes
in response to different abiotic stresses. Heatmap showing hierarchi-
cal clustering of DCL, AGO, and RDR genes expression under salt
stress and water-deficit stress for various periods of time. The
Affymetrix microarray data were obtained from the NCBI Gene
Expression Omnibus (GEO) database under the series accession
number GSE31677 (Supplementary Table S4). Gene expression
values were calculated based on the ratios between the treatments
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(Millar and Waterhouse 2005; Chapman and Carrington
2007; GroBhans and Filipowicz 2008). In this study, based
on phylogenetic analysis of DCL genes from three mono-
cots (foxtail millet, maize, and rice) and three dicots
(grapevine, Arabidopsis, and tomato), we found that
VvDCL were more closely related with SIDCL genes and
monocots and dicots were distinct displayed on different
branches in every subfamilies. This suggested that DCL
genes existed before the divergence of monocots and
dicots. Also, the DCL gene families in grape and tomato
more likely descended from a common dicot ancestor.
Therefore, we inferred that the two dicot species had
similarities in evolution, and they may have an analogous
mode of selection and evolution.

The MEME analysis revealed that the majority of DCL
genes in the same subfamily have similar protein motifs.
However, the RNase III domain was shown to have a few
C-terminal motifs rearranged, one (motif 1) had shifted to
the N-terminal, and others (motif 9,motif 10,motif 11, and
motif 12)were still located at the C-terminal region.
MEME analyses clearly demonstrated that these motifs are
well conserved and that the conserved motifs play crucial
roles in subfamily-specific functions. In view of these
similarities, we suggest a similar evolutionary alliance in
the functional diversification of the grapevine DCL gene
family with tomato, rice, and Arabidopsis. However, few
reports of the biochemical and genetic analysis of DCL
genes in grapevine are available. Therefore, these data
offer a basis for continued research on the grapevine DCL
gene family.

Argonaute Proteins in Grapevine

Argonaute (AGO) RNA-binding proteins are involved in
RNA silencing. Here, we investigated all four subfamilies
of AGO genes in the grapevine genome. Based on the
phylogenetic analysis of AGO genes from grapevine,
Arabidopsis, tomato, foxtail millet, maize, and rice, we
found that VWVAGO genes are more similar to the SIAGO
and AfAGO genes, and monocots and dicots were clear
displayed on different branches in every subfamilies. This
implies that the AGO genes underwent diversification
before the divergence of monocots and dicots. It is inter-
esting to note that VvVAGO2a and VvAGO2b are appeared
on same branch. Therefore, we infer that pairs of paralo-
gous VWAGO2a and VvAGO2b may generate by recent
duplication event.

Gene duplication is believed to play a significant role in
gene family evolution and expansion (Taylor and Raes
2004) and can be divided into tandem and segmental
duplication events. Gene duplication events were found in
the AGO gene family, and three gene pairs (VWVAGOI0al-
10b, VWAGO4/-8, and VVvAGOS5/-9) were assigned to

segmental duplication events; previous studies showed
similar duplications for two gene pairs in rice and three
pairs in maize, indicating that segmental duplication could
be an important mechanism in the expansion of the AGO
gene family. While one group (VWAGO2a/-2b/-3) was
considered to be the result of a tandem duplication event,
the result is congruent with the SIAGO2a/-2b/-3 duplica-
tions, and the genes have a close phylogenetic relationship.
It has been suggested that they may share the same function
in evolution in dicotyledonous plants. The protein motif
schemes of the individual AGO family members clearly
demonstrated structural similarities among the proteins
within the four species examined in this study. Further-
more, motif analysis displayed the genes that shared similar
structures in each subfamily, suggesting that the motifs
might share major functional roles in these proteins.

The endonuclease function of AGO proteins includes
RNAi residues in the PIWI domain that contain three
conserved metal-chelating amino acids (DDH). In Arabi-
dopsis, although the catalytic residues are conserved, many
AGO proteins are endonucleolytically inactive. Also, in the
model plant Arabidopsis, there are six AGO genes which
do not contain the conserved catalytic residues found in
most AGO proteins. We confirmed that seven genes lack
the conserved catalytic residues in the grapevine PIWI
domains. The absence of conserved catalytic residues could
lead to loss of function of target RNA processing by
endonucleolytic cleavage in these AGO proteins (Kapoor
and others 2008). It will be interesting to find out to what
extent selective recruitment of siRNA and miRNA plays a
role in the diversification of AGO protein function and on
RNA silencing pathways.

RNA-Dependent RNA Polymerase Proteins
in Grapevine

In this study, five grapevine RDR gene family members
were identified. The phylogenetic analysis showed that
VVvRDR2 and VVRDR6 are similar to SIRDR2 and At-
RDR6, and they share sequence similarities of 67.08 and
61.44 % at the amino acid level, respectively. This finding
indicates that VVRDR2 and VvRDRG6 should share similar
functions with SIRDR2 and AtRDR6 in plant growth and
development. One pair of tandemly duplicated genes
(VWRDRI1a/-1b) was found that shared 83.4 % identity at
the amino acid level. This result is incongruent with the
RDR families in rice, tomato, and maize, which are without
gene duplication events. The gene duplication event sug-
gests that isoform duplication may play a role in gene
expansion in the RDR gene family in grapevine. From
MEME analysis of the conserved motifs in RDR proteins
of grapevine and other species, it has been suggested that
functional diversification in RDR protein families is
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similar, and the RDR gene families of grapevine and other
species diverged from the same common ancestor. The
observed conservation and widespread distribution
throughout the subfamily suggest that the motifs are
important in protein function.

Expression Profiles of VvDCL, VvAGO, and VvRDR
genes

In silico gene expression data from EST databases can
provide information that is important for continued
research. In this study, an EST database was used to
determine potential gene expression profiles. Most VvDCL,
WAGO, and VvRDR genes were expressed in most organs
and tissues. Interestingly, VVAGOI10b had no specific
expression in the EST database except in stem tissues. One
explanation is that the gene shows a tissue-specific
expression pattern and may function in the regulation of
siRNAs in the grapevine stem. In addition, a few of genes
that we confirmed had apparent rearrangements in the gene
or partial motif absences in the gene structure. These
changes in structure might lead to distinct expression pat-
terns, and the genes were also determined to be part of
pseudogenes (Qian and others 2011). For example, in the
ZIPPY/AGO7subfamily, VWAGO7 had been appeared
obvious rearrangement in domain and lacked motif 5 and 6,
which suggested that this was a result that lead to VVAGO7
not expression in fruit.

Expression profiles of grapevine DCL, AGO, and RDR
genes during berry development were displayed. It was
worth noting that the AGO4 subfamily had higher
expression during seven stages of berry development. This
suggests that the genes in AGO4 subfamily involved in
fruit physiology and development are interesting targets for
functional characterization. Microarray expression analy-
ses showed that grapevine VvDCL, VvAGO, and VvRDR
genes exhibited different expression levels under two dif-
ferent abiotic stress treatments at various stages. Some
genes, such as VvDCL2, VvDCL4, VvAGOI1, and VWAG-
07, clearly showing increased levels of expression at
specific times during stress treatments had a high possi-
bility to contribute to grapevine RNAIi regulation by only
expressing under specific conditions or in specific time.
Although three genes (VWVAGO2a, VvAGO4, and VVRDR?2)
showed upregulation under salt and water-deficit stress on
16 days, the variation of candidate genes at 16 days and
different stresses suggested the genes played a significant
role of during growing and development in the specific
timing. These data would expedite further functional
characterization of VwDCL, VvAGO, and VvRDR genes in
response to stress treatments which may deepen the
understanding of complex stress responsive network
equipped by plants.

@ Springer

Semi-quantitative and quantitative real-time PCR ana-
lysis of DCL, AGO, and RDR genes in rice, maize, and
tomato (Kapoor and others 2008; Qian and others 201 1a;
Bai and others 2012) demonstrated that different growth
environments may also affect gene expression. The com-
parative and phylogenetic analyses of the VvDCL, VvAGO,
and VWRDR gene families, and the expression and struc-
tural analysis of the VwDCL, VvAGO, and VvRDR genes
will lay the foundation for further functional genetic
studies in grapevine.
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