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Abstract Eukaryotic gene expression is regulated at least

by two processes, RNA interference at the post-transcrip-

tional level and chromatin modification at the transcrip-

tional level. Distinct small RNAs (approximately 21–24

nucleotides; sRNAs) were demonstrated to play vital roles

in facilitating gene silencing. In plants, the generation of

these sRNAs mainly depends on some proteins encoded by

respective Dicer-like (DCL), Argonaute (AGO) and RNA-

dependent RNA polymerases (RDR) gene families. Here,

we analyzed the DCL, AGO and RDR gene families in

maize, including gene structure, phylogenetic relationships,

protein conserved motifs and genomic localization among

gene family members. A total of 5 Zmdcl, 18 Zmago and 5

Zmrdr genes were identified in maize. Phylogenetic anal-

yses clustered each of these genes families into four sub-

families. In addition, gene chromosomal localization

revealed that five pairs of Zmago genes resulted from

tandem or segmental duplication, respectively. EST

expression data mining revealed that these newly identified

genes had temporal and spatial expression pattern. Fur-

thermore, the transcripts of these genes were detected in

the leaves by two different abiotic stress treatments using

semi-quantitative RT-PCR. The data demonstrated that

these genes exhibited different expression levels in stress

treatments. The results of this study provided basic geno-

mic information for these gene families and insights into

the probable roles of these genes in plant growth and

development. This will further provide a solid foundation

for future functional genomics studies of Dicer-like, Arg-

onaute and RDR gene families in maize.
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Introduction

At least two general types of small RNA molecules

(approximately 21–24 nucleotides) are produced by mul-

ticellular eukaryotes, most notably microRNA (miRNA)

and short interfering RNA (siRNA). These RNA molecules

direct a range of biological processes, including develop-

mental timing and patterning, formation of heterochroma-

tin, genome rearrangement and antiviral defense

(Carrington and Ambros 2003; Finnegan and Matzke 2003;

Lai 2003). These small RNA molecules are primarily
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associated with both post-transcriptional forms of RNA

interference (RNAi) and transcriptional silencing involving

chromatin modification (Finnegan and Matzke 2003). In

plants, the generation of small RNAs mainly depends on

some proteins encoded by respective Dicer-like (DCL),

Argonaute (AGO) and RNA-dependent RNA polymerases

(RDR) gene families. DCLs undergo RNaseIII-type activ-

ities to process complementary dsRNAs into small RNAs,

21–24 nucleotides in length (siRNA or miRNA). These

siRNAs or miRNAs provide specificity to the endonucle-

ase-containing, RNA-induced silencing complex (RISC).

The specificity is facilitated via AGO proteins with RNa-

seH-type activities, which target homologous RNAs for

degradation with sequence complementary to the small

RNAs. Alternatively, transcriptional gene silencing occurs

by implementation of RNA-directed DNA methylation or

chromatin remodeling to regulatory sequences of the target

genes (Wassenegger et al. 1994; Xie et al. 2004).

Among these RNAi machinery components, the plant

DCL proteins mainly process long double-stranded RNAs

into mature small RNAs (Bernstein et al. 2001; Hammond

et al. 2001; Millar and Waterhouse 2005; Chapman and

Carrington 2007; Großhans and Filipowicz 2008). Based on

sequence comparisons, these proteins have been charac-

terized including the DExD, Helicase-C, DUF283, PAZ,

RNaseIII and the double-stranded RNA-binding (dsRB)

domain (Margis et al. 2006). The PAZ domain functions to

bind the double-stranded 50 end of the siRNA precursor.

Subsequently, the two catalytic RNaseIII domains cleave

the dsRNA. The distance between the PAZ domain and the

two Dicer RNaseIII domains determines the siRNA length

(Zhang et al. 2004). The AGO proteins belong to the core

components of RNAi effector complexes and play central

roles in RNA silencing (Moazed 2009). The domain struc-

ture shared by all AGO proteins includes an N-terminal,

PAZ, MID and C-terminal PIWI domain (Kapoor et al.

2008). The PAZ domain contains a specific binding pocket

that anchors a characteristic two-nucleotide 30 overhang that

results from RNA digestion by RNase III. A highly basic

pocket characteristic of the MID domain specifically binds

the 50 phosphate of the small RNAs and therefore anchors

the small RNA onto AGO proteins (Peters and Meister

2007). The PIWI domain, which binds the siRNA 50 end to

the target RNA, exhibits extensive homology to RNase H

(Höck and Meister 2008). AGO proteins are highly con-

served evolutionarily in eukaryotes and can be phyloge-

netically subdivided into three groups: Ago-like, Piwi-like,

and C. elegans-specific group 3 AGO proteins (Yigit et al.

2006; Hutvagner and Simard 2008). The Ago-like proteins

are present in many organisms such as plants, animals,

fungi, yeasts and bacteria, while the Piwi-like proteins have

only been detected in animals (Girard et al. 2006; Yigit et al.

2006). Expression studies revealed that the Ago-like group

was ubiquitously expressed throughout plants, animals and

yeasts, but Piwi-like group expression was restricted to

germ cells in some mammals such as human and rat (Girard

et al. 2006). The C. elegans-specific group 3 AGO proteins

usually lose some important catalytic residues in their Piwi

domains, which are usually conserved in the Ago-like and

Piwi-like proteins (Yigit et al. 2006). A third major type of

RNAi protein is the RDR proteins. They are present and

required for RNAi in fungi, nematodes and plants, but have

not been identified in insects or vertebrates (Djupedal and

Ekwall 2009). These enzymes catalyze the formation of

phosphodiester bonds between ribonucleotides in an RNA

template-dependent fashion and are necessary for initiation

and amplification of silencing signals (Kapoor et al. 2008).

At present, some reports reveal that the plant DCL, AGO

and RDR gene families usually possess multiple members

and are involved in different RNAi pathways, respectively.

For example, in Arabidopsis, 4 DCL, 10 AGO and 6 RDR

genes have been identified. Furthermore, 8 DCL, 19 AGO

and 5 RDR genes have been detected in rice (Kapoor et al.

2008). However, to date, few gene functions have been

characterized for these DCLs, AGOs and RDRs in plants.

For example, in Arabidopsis, Henderson et al. (2006)

reported that miRNA biogenesis is influenced by AtDCL1.

AtDCL3 and AtAGO4 are required for RNA-directed DNA

methylation of the FWA transgene, which is linked to his-

tone H3 lysine 9 (H3K9) methylation (Zilberman et al.

2003; Henderson et al. 2006). Also, AtDCL2 generates

siRNAs associated with virus defense and production of

siRNAs from natural cis-acting antisense transcripts, and

AtDCL4 generates trans-acting siRNAs that regulate veg-

etative phase change (Margis et al. 2006). Furthermore,

RDRs are proposed to be involved in several types of gene

silencing, including co-suppression in plants (Dalmay et al.

2000; Mourrain et al. 2000), RNA interference in Caeno-

rhabditis elegans (Smardon et al. 2000) and gene quelling

in Neurospora crassa (Cogoni and Macino 1999).

In maize, few RNAi machinery components have been

characterized and reported to date. The present study was

performed to obtain a comprehensive understanding of all

members of maize DCL, AGO and RDR gene families.

The results presented in this study will provide basic

genomic information for these gene families and insights

into the probable roles of these genes in plant growth and

development.

Materials and methods

Identification of DCL, AGO and RDR genes

Maize genome sequences were downloaded from

http://www.maizesequence.org/index.html. Hidden Markov
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Model (HMM) analysis was used to search for DCL, AGO

and RDR genes encoded in the maize genome. The HMM

profiles of DCL, AGO and RDR families were extracted

from the Pfam (http://www.sanger.ac.uk/), respectively.

Based on the HMM profiles, the corresponding conserved

sequences of DCL, AGO and RDR proteins were obtained

with the aid of HMMEMIT utility (Eddy 2008). The above

conserved sequences were adopted to search for all

predicted DCL, AGO and RDR genes in the B73 maize

sequencing database (http://www.maizesequence.org/index.

html) by BLASTP program (P value = 0.001). Significant

hits were then used as query sequences to search against

the National Centre for Biotechnology Information

(NCBI, http://www.ncbi.nlm.nih.gov/BLAST) using the

TBLASTN program (P value = 0.001). The Pfam database

(http://www.sanger.ac.uk/Software/Pfam/search.shtml) was

finally used to confirm each predicted ZmDCL, ZmAGO or

ZmRDR protein sequence as a DCL, AGO or RDR protein,

respectively. These genes in this study were designated on the

basis of their phylogenetic relationship to other members of

the same gene family in Arabidopsis and rice. Some basic

physical and chemical parameters of these genes were

calculated by online Protparam tool (http://www.expasy.

org/tools/protparam.html).

Sequence alignment and phylogenetic analysis

Predicted gene coding sequences were determined using

tBlastn and manual comparisons of Clustal-W-aligned

genomic sequences, cDNA sequences and predicted coding

sequences. All protein sequence alignments were made

using Clustal-W (Thompson et al. 1994). Phylogenetic

analysis was performed with the MEGA v4.0 program

(Kumar et al. 2004) by the neighbor-joining method

(Saitou and Nei 1987) and 1,000 bootstrap replicates were

performed. Protein domains were analyzed by scanning

protein sequences against the InterPro protein signature

database (http://www.ebi.ac.uk/InterProScan) with the

InterProScan program. Unless otherwise stated, domains

were defined according to Pfam predictions (http://www.

sanger.ac.uk/Software/Pfam/).

Analysis of conserved motifs and domains

The conserved motif divergence among DCL, AGO and

RDR genes in maize was further assessed by a complete

amino acid online sequence analysis using Multiple

Expectation Maximization for Motif Elicitation (MEME)

(Bailey and Elkan 1995) with the following parameters: (1)

optimum motif width was set to C6 and B50; (2) maximum

number of motifs were designated to identify 20 motifs.

SMART (http://smart.embl-heidelberg.de) program and

Pfam database were adopted to annotate the MEME motifs.

DCL, AGO and RDR gene duplication events in maize

were also investigated. All of the confirmed DCL, AGO

and RDR genes from the maize genome were aligned using

Clustal-W and calculated using MEGA v4.0 (Yang et al.

2008). Gene duplication was defined according to the fol-

lowing criteria (Gu et al. 2002; Yang et al. 2008): (1) the

length of alignable sequence cover [80% of the longer

gene; and (2) the similarity of the aligned regions [70%.

Chromosomal localization of Zmdcl, Zmago and Zmrdr

genes

The physical locations of DCL, AGO and RDR genes were

determined by initially confirming the starting positions of

these candidate genes from the maize genome. The posi-

tions of maize DCL, AGO and RDR genes were subject to

online analysis using the TBLASTN program (P value =

0.001) (http://www.maizesequence.org/blast) using pre-

dicted coding sequences as query sequences. Through this

method, the physical locations of all candidate DCL, AGO

and RDR genes were confirmed and the redundant

sequences with the same chromosome location were

rejected from the DCL, AGO and RDR candidate list.

Genome Pixelizer software was subsequently used to

draw the location images of maize DCL, AGO and RDR

genes (http://www.niblrrs.ucdavis.edu/GenomePixelizer/

GenomePixelizer_Welcome.html).

EST expression profile analysis of Zmdcl, Zmago

and Zmrdr genes in silico

The analysis of Zmdcls, Zmagos and Zmrdrs expression

profiles was accomplished by searching the maize dbEST

database (http://www.ncbi.nlm.nih.gov/dbEST/) and find-

ing expression information provided at the Web sites.

Maize expression data were first obtained through blast

searches against the maize dbEST database downloaded

from NCBI by conducting the DNATOOLS Blast program.

Searching parameters were as follows: maximum identity

[95%, length [200 bp and Evalue \10-10. In addition to

the maize EST database, maize expression data were also

extracted from the Maize Assembled Genomic Island

(MAGI) (http://magi.plantgenomics.iastate.edu/) and the

Plant Genomic Database (Plant GBD) (http://www.

plantgdb.org/) including EST, cDNA and PUTs (Plant-

GDB unique transcripts).

Plant materials and stress treatment

Maize (Zea mays L. inbred line B73) plants were grown in

a greenhouse at 28�C with a photoperiod of 15-h light and

9-h dark. Three-week-old seedlings were subjected to two

abiotic stress treatments. Drought stress was induced by
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15% PEG-6000 (polyethylene glycerol), and seedling

leaves were sampled at 24 h after the treatment. Seedling

roots were submerged in 0.15 M NaCl solution for salt

stress, and seedling leaves were sampled at 8 h after the

treatment. The controls were treated with fresh water.

Semi-quantitative RT-PCR analysis

Total RNA was isolated from the seedlings using Trizol

reagent according to manufacturer’s directions (Invitrogen,

USA), followed by DNase I treatment to remove any

genomic DNA contamination. First-strand cDNA was

synthesized using oligo (dT) primer and Superscript II

reverse transcriptase (Invitrogen). As a control, reactions

were run in parallel that excluded reverse transcriptase.

To examine the expression patterns of these predicted

genes in maize and to further confirm their stress respon-

siveness to abiotic stresses such as drought and salt, all 28

genes were subjected to semi-quantitative RT-PCR using

specific primers designed using Primer 5.0 software (Table

S2). To adjust for RNA quality and differences in cDNA

concentration, we amplified actin as an internal control

with the following primers: ZmActin-F (50-ATGGCT

GACGGTGAG-30) and ZmActin-R (50-TTAGAA GCACT

TCCG-30). These genes were amplified from first-strand

cDNA using Taq polymerase (Promega) on a thermal

cycler (Tpersonal 48; Biometra, Germany),with the

following profile: initial denaturation at 94�C for 5 min,

followed by 35 cycles of denaturation at 94�C for 30 s,

annealing at 61.5–69�C (Table S2) for 45 s, polymerization

at 72�C for 45 s, and final elongation at 72�C for 5 min.

Each PCR pattern was verified by triple replicate experi-

ments; mixture without template was used as negative

control and maize actin DNA fragment as positive control

for each gene amplified. A 3-lL aliquot of the reaction was

separated on 1% agarose gel.

Results

Isolation and characterization of Zmdcl, Zmago

and Zmrdr genes

HMM analysis identified 5 DCL genes encoding ZmDCL

proteins, 18 AGO genes (ZmAGO) and 5 RDR genes

(ZmRDR) in the maize genome. Five DCL loci were

confirmed as Zmdcl genes in the maize genome on the basis

of analysis of all six type of conserved domains of DExD,

Helicase-C, DUF283, PAZ, RNaseIII and dsRB from the

putative polypeptide sequence. The length of the Zmdcl

open reading frames (ORFs) varied from 4,335 bp for

Zmdcl2 to 5,544 bp for Zmdcl1, with the respective coding

potential of 1,444 and 1,847 amino acids (Table 1). By

SMART analysis and NCBI databases, search for the

conserved domains revealed the ubiquitous presence of the

conserved DExD, Helicase-C, DUF283, PAZ, RNaseIII

and dsRB domains in most proteins, characteristic of all

plant DCL proteins from the DCL family (class 3 RNase III

family) (MacRae and Doudna 2007; Nicholson 2003). In

addition, ZmDCL2 lacked one of the dsRB domains, while

all of the ZmDCL1, ZmDCL3a, ZmDCL3b and ZmDCL4

proteins in maize had a second dsRB (dsRBb) domain,

which completely lacked in non-plant DCLs, as reported

previously (Margis et al. 2006). Interestingly, compared to

other ZmDCL proteins, the SMART and Pfam analysis

revealed that the N-terminal DExD domain in ZmDCL1

might consist of two isolated segments (57 and 79 amino

acids) of amino acid polypeptides, encoded by two dif-

ferent portions of the coding region in maize genome,

respectively. According to genomic sequence analysis,

these two portions of the coding region were separated by

an insertion segment of about 100 kb nucleotide sequence,

such as a transposon that probably results in the loss of

function of this gene. Additionally, the newly identified

DCL locus, Zmdcl4 (GRMZM2G160473), with coding

potential of 1,447 amino acid polypeptides, was rearranged

and encoded all DCL domains in two different orientations.

The third terminal of the gene was inverted and inserted in

the first portion of the gene, which was likely a pseudo

gene. The SMART and Pfam analysis of the predicted

protein sequence revealed that the second RNase III

(RNase IIIb) and dsRB domains were inverted and inserted

in between the N-terminal DExD and Helicase-C domains.

Based on HMM analysis of PAZ and PIWI conserved

domains from the putative polypeptide sequence, a total of

18 AGOs were identified in the maize genome. The length

of the Zmago open reading frames (ORFs) varied from

1,665 bp for Zmago1e to 3,309 bp for Zmago1a, with the

respective coding potential of 554 and 1,102 amino

acids (Table 1). By SMART analysis and NCBI databases,

search for the conserved domains revealed that all

ZmAGOs shared an N-terminus PAZ domain and a

C-terminus PIWI domain, characteristic of the plant AGO

proteins. Furthermore, previous studies revealed that the

PIWI domain exhibiting extensive homology to RNase H

binds the siRNA 50 end to the target RNA (Höck and

Meister 2008) and cleaves target RNAs that exhibit

sequence complementary to small RNAs (Rivas et al. 2005;

Baumberger and Baulcombe 2005). This is related to three

conserved metal-chelating residues in the PIWI domain,

aspartate, aspartate and histidine (DDH) (Kapoor et al.

2008). This catalytic triad was firstly revealed in Arabid-

opsis AGO1, and a conserved histidine at position 798

(H798) was also found to be critical for AGO1 for in vitro

endonuclease activity (Baumberger and Baulcombe 2005).

In this study, we aligned the PIWI domains of all ZmAGOs
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with the paralogs, OsAGOs and AtAGOs, in rice and

Arabidopsis using CLUSTALX as described in Kapoor

et al. (2008) (Fig. 1). The results revealed that there were

11 ZmAGO proteins possessing the conserved DDH/H798

residues. Among the other seven ZmAGOs with missing

PIWI domain catalytic residue(s) in the third histidine of

ZmAGO1c, ZmAGO2 and ZmAGO5a at the 986th position

in AGO1, it remained missing or was replaced by a lysine

or aspartate. In ZmAGO4a and ZmAGO4d, the second and/

or third catalytic residue (aspartate and/or histidine) was

not only missing, but also the AGO1 histidine at the 798th

position was replaced by an alanine or proline. In ZmA-

GO5c, only one catalytic residue (aspartate) was missing,

while in ZmAGO18a two catalytic residues (aspartate and

histidine) were replaced by histidine and glutamine,

respectively (Table 2).

Table 1 Basic information of DCL, AGO and RDR genes of maize

Serial

no.

Gene

name

Accession number Clone number ORF

length

(bp)

Protein Chr. Type

Ensembl transcript Genome Location coordinates

(50–30)
Length

(a.a.)

Mol. Wt.

(Da)

PI

Zmdcls

1 Zmdcl1 GRMZM2G040762_P01a AC191256.3 4429067..4592264 5,544 1,847 2,05,517.33 6.34 1 DCL1

2 Zmdcl2 GRMZM2G301405_P01a AC203783.3 19785754..19802945 4,335 1,444 1,63,273.49 7.04 5 DCL2

3 Zmdcl3a AC194839.3_FGT008 AC194839.3 162805020..162816745 4,581 1,526 1,82,311.98 6.44 3 DCL3

4 Zmdcl3b GRMZM2G413853_P01 AC192559.3 229079201..229096508 4,554 1,517 1,71,164.47 6.02 1 DCL3

5 Zmdcl4 GRMZM2G160473_P01a AC199705.3 129548264..129646738 4,344 1,447 1,64,994.41 6.61 10 DCL4

Zmagos

1 Zmago1a GRMZM2G441583_P01 AC215184.3 35694408..35702858 3,309 1,102 1,21,057.43 9.57 6 AGO1

2 Zmago1b AC209206.3_FGP011 AC209206.3 137113643..137120181 3,279 1,092 1,21,211.89 9.31 10 AGO1

3 Zmago1c GRMZM2G039455_P01 AC214136.3 16859320..16869175 3,237 1,078 1,19,683.96 9.5 2 AGO1

4 Zmago1d GRMZM2G361518_P01 AC191389.3 64062122..64067850 3,084 1,027 1,14,100.90 9.3 5 AGO1

5 Zmago1e GRMZM2G162525_P01 AC199001.3 133583409..133588814 1,665 554 61,890.87 8.82 8 AGO1

6 Zmago2 GRMZM2G007791_P01 AC194437.3 9924591..9932115 3,102 1,033 1,12,155.41 9.46 2 ZIPPY

7 Zmago4a GRMZM2G419182_P03 AC194261.2 2518554..2524564 2,409 802 89,851.49 9.34 8 AGO4

8 Zmago4d GRMZM2G141818_P02 AC205572.3 168416802..168424540 2,733 910 1,01,543.83 8.84 6 AGO4

9 Zmago5a GRMZM2G461936_P02 AC194618.2 13521751..13528525 2,610 869 95,046.05 9.32 5 MEL1

10 Zmago5b GRMZM2G059033_P01 AC209023.3 229701502..229708425 3,042 1,013 1,10,400.01 9.38 2 MEL1

11 Zmago5c GRMZM2G347402_P01 AC194951.3 61087185..61096189 2,241 746 83,461.50 9.48 7 MEL1

12 Zmago7 GRMZM2G354867_P01 AC191543.3 142038937..142042389 2,523 840 93,580.91 9.32 10 ZIPPY

13 Zmago10a AC189879.3_FGP003 AC189879.3 83498070..83503971 2,955 984 1,09,605.42 9.26 9 AGO1

14 Zmago10b GRMZM2G079080_P02 AC194137.3 103248046..103254864 2,901 966 1,08,385.83 9.33 6 AGO1

15 Zmago10c GRMZM2G108281_P02 AC189879.3 83492450..83504188 2,901 966 1,07,996.43 9.29 9 AGO1

16 Zmago18a GRMZM2G105250_P01 AC191270.3 195938146..195943703 3,162 1,053 1,15,706.84 9.31 2 OsAGO18-

like

17 Zmago18b GRMZM2G457370_P01 AC191429.3 252209270..252214818 2,760 919 1,03,613.13 8.42 1 OsAGO18-

like

18 Zmago18c GRMZM2G457370_P02 AC191429.3 252209325..252214818 2,721 906 1,02,381.78 7.98 1 OsAGO18-

like

Zmrdrs

1 Zmrdr1 GRMZM2G481730_P01 AC214363.3 204218817..204222709 2,802 933 1,06,699.74 7.34 5 RDR1

2 Zmmop1 GRMZM2G042443_P01 AC206348.4 40967524..40973128 3,384 1,127 1,25,936.05 6.55 2 RDR2

3 Zmrdr3 GRMZM2G357825_P01 AC188012.3 105941659..105945471 3,588 1,195 1,33,621.02 7.20 9 RDR3

4 Zmrdr4 GRMZM2G145201_P01 AC214353.3 92692366..92695519 2,814 937 1,04,715.99 8.27 3 RDR4

5 Zmrdr5 GRMZM2G347931_P01 AC212184.3 102229442..102233263 3,726 1,241 1,39,069.78 6.25 9 RDR4

Information on maize Dicer-like, Argonaute and RNA-dependent RNA polymerase gene families, including accession number, chromosomal

location and ORF length, was retrieved from the B73 maize sequencing database (http://www.maizesequence.org/index.html) (Schnable et al.

2009)
a Represents a new annotation for this gene locus, according to genomic sequence
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Consistent with the previous reports, the newly identi-

fied five ZmRDR proteins share a common sequence motif

corresponding to the catalytic b0 subunit of DNA-depen-

dent RNA polymerases (Iyer et al. 2003). The length of the

Zmrdr ORFs varied from 2,802 bp for Zmrdr1 to 3,726 bp

for Zmrdr5, with a coding potential of 933 and 1,241 amino

acids, respectively.

Phylogenetic analysis of DCL, AGO and RDR proteins

in maize, rice and Arabidopsis

To determine the phylogenetic relationships between DCL,

AGO and RDR proteins and to assess the evolutionary

history of these families among maize, rice and Arabid-

opsis, full-length protein sequences from these plants were

Fig. 1 Alignment profile of

piwi domain amino acids of

maize, rice and Arabidopsis
AGO proteins with the ClustalX

(1.83) program. The beginning

and end positions of the Piwi

domains in each protein are

marked. The conserved DDH

triad residues corresponding to

D760, D845 and H986 of

Arabidopsis AGO1 are

highlighted with downward
arrows, while the conserved H

residue corresponding to H798

of Arabidopsis AGO1 are boxed
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used to construct an unrooted neighbor-joining phyloge-

netic tree (Fig. 2).

The unrooted phylogenetic tree, generated from aligned

full-length protein sequences of all 18 ZmAGOs, 19 OsA-

GOs and 10 AtAGOs, grouped maize, rice and Arabidopsis

AGO proteins into four subfamilies, AGO1, MEL1/AGO5,

ZIPPY/AGO7 and AGO4 (Fig. 2a), with well-supported

bootstrap values. The AGO1 subfamily comprised five

maize proteins clustered with the single Arabidopsis protein

AtAGO1 and four rice OsAGOs (OsAGO1a, OsAGO1b,

OsAGO1c, OsAGO1d), which were designated ZmAGO1a,

ZmAGO1b, ZmAGO1c, ZmAGO1d and ZmAGO1e based

on the high sequence similarity to AtAGO1 and OsAGO1a–

1d. Three additional maize proteins clustered with a single

Arabidopsis protein (AtAGO10/PNH) and a rice protein

(OsPNH1), closely related to the AtAGO1 and OsAGO1

clade. These proteins were designated ZmAGO10a, ZmA-

GO10b and ZmAGO10c on the basis of high sequence

similarity to AtAGO10 and OsPNH1. The MEL1/AGO5

subfamily contained three maize proteins clustered with one

Arabidopsis protein (AtAGO5) and five rice proteins

(OsMEL1 and OsAGO11–14). Based on high sequence

similarity, the maize proteins were designated ZmAGO5a,

ZmAGO5b and ZmAGO5c. The ZIPPY/AGO7 subfamily

comprised two maize members designated ZmAGO2 and

ZmAGO7, in addition to Arabidopsis and rice. Based on

sequence comparisons, ZmAGO2 shared higher similarity

with two Arabidopsis proteins (AtAGO2, AtAGO3) and two

rice proteins (OsAGO2, OsAGO3), while ZmAGO7 exhib-

ited the highest similarity to Arabidopsis protein AtAGO7

and rice protein SHL4. The AGO4 subfamily shared two

highly similar maize members, ZmAGO4a and ZmAGO4d,

which exhibited greater similarity with OsAGO4b and

OsAGO4a, respectively. These two proteins clustered with

four Arabidopsis proteins (AtAGO4, AtAGO6, AtAGO8

and AtAGO9) and four rice members (OsAGO4a, OsAG-

O4b, OsAGO15 and OsAGO16). Moreover, exclusive of the

four subfamilies mentioned above, three maize members

displayed high similarity to OsAGO18 and were named

ZmAGO18a, ZmAGO18b and ZmAGO18c.

A monophyletic family comprised plant DCL and

ZmDCL proteins exhibiting high sequence conservation

with their counterparts in Arabidopsis and rice (Fig. 2b). In

the DCL1 subfamily, one newly identified ZmDCL protein,

designated ZmDCL1, was closely allied with AtDCL1 and

OsDCL1a with high similarity. In addition, the other three

subfamilies each contained one, two and one newly identi-

fied ZmDCL protein. They have been named after their

counterparts in Arabidopsis and rice on the basis of increased

sequence similarity.

Based on phylogenetic analysis of maize, rice and

Arabidopsis RDR proteins, four major classes of RDR

proteins were revealed as shown in Fig. 2c. Patterns of

monophyletic origin can be hypothesized for members of

each class on the basis of high sequence conservation with

their counterparts in Arabidopsis and rice. With the

exception of the RDR4 subfamily that shares two newly

identified ZmRDR proteins, designated ZmRDR4 and

ZmRDR5, the other three subfamilies each contained only

one member of five newly identified ZmRDR proteins.

Analysis of conserved motifs and domains in DCL,

AGO and RDR proteins

The results from the preliminary Pfam analyses of the

entire predicted proteins were applied to the MEME motif

Table 2 Comparison between Argonaute proteins with missing catalytic residue(s) in PIWI domains of maize, rice and Arabidopsis

Serial no. Maize Riceb Arabidopsisb

Argonaute Motifsa Argonaute Motifsa Argonaute Motifsa

1 ZmAGO1c DDK/H OsAGO1 DDH/P AGO2 DDD/H

2 ZmAGO2 DDD/H OsAGO2 DDD/H AGO3 DDD/H

3 ZmAGO4a DD–/A OsAGO3 DDD/H AGO4 DDH/S

4 ZmAGO4d D–/P OsAGO4a DDH/P AGO6 DDH/P

5 ZmAGO5a DD–/H OsAGO4b DDH/P AGO9 DDH/R

6 ZmAGO5c –DH/H OsAGO11 GDH/H

7 ZmAGO18a HDQ/H OsAGO13 –DH/H

8 OsAGO15 DDH/P

9 OsAGO16 DDH/P

10 OsAGO17 HDR/C

11 OsAGO18 DDH/S

a Motifs correspond to conserved D760, D845, H986/H798 of Arabidopsis AGO1; D, aspartate; H, histidine; K, lysine; A, alanine; P, proline;

Q, glutamine; G, glycine; R, arginine; C, cysteine; S, serine; – represents missing catalytic residue
b Reviewed in Kapoor et al. (2008)
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search tool. This analysis was used to further identify

conserved motifs in the corresponding conserved domains

of all 17 DCL, 47 AGO and 16 RDR proteins encoded by

the three maize, rice and Arabidopsis gene families. The

search was performed separately for each family of pro-

teins and 20 conserved motifs were identified (Fig. 3).

Moreover, SMART and Pfam were further used to annotate

the motifs identified by MEME. The majority of the motifs

were well conserved in the DCL family and found in order

in almost all four subfamilies of the DCL family from rice

and Arabidopsis. However, in the maize DCL4 subfamily,

ZmDCL4 was shown having a few C-terminal motifs

Fig. 2 Phylogenetic relationship among DCL, AGO and RDR proteins

of maize, rice and Arabidopsis. a AGO. Unrooted neighbor-joining (NJ)

phylogenetic tree of maize, rice and Arabidopsis AGO proteins with

bootstrap values shown for each clade. The maize AGOs have been

highlighted for each group. Four clades are marked: AGO1, MEL1/

AGO5, ZIPPY/AGO7 and AGO4 as reviewed in Kapoor et al. (2008).

Protein sequences were downloaded from National Center for Bio-

technology Information (NCBI). Accession numbers and abbreviations

are as follows: OsAGO1a(Os02g45070), OsAGO1b(Os04g47870),

OsAGO1c(Os02g58490), OsAGO 1d(Os06g51310), OsAGO2(Os04g

52540), OsAGO3(Os04g52550), OsAGO4a(Os01g16870), OsAGO4b

(Os04g06770), OsAGO14(Os07g09020), OsMEL1(Os03g58600),

OsAGO13(Os03g57560), OsAGO16(Os07g16224), SHL4(Os03g33

650), OsPNH1(Os06g39640), OsAGO17(Os02g07310), OsAGO12

(Os03g47820), OsAGO11(Os03g47830), OsAGO18(Os07g28850),

OsAGO15(Os01g16850), AtAGO1(At1g48410), AtAGO2(At1g3

1280), AtAGO3(At1g31290), AtAGO4(At2g27040), AtAGO5(At2g2

7880), AtAGO6(At2g32940), AtAGO7(At1g69440), AtAGO8(At5g

21030), AtAGO9(At5g21150) and AtAGO10 (At5g43810). b DCL.

Unrooted NJ phylogenetic tree of maize, rice and Arabidopsis DCL

proteins with bootstrap values shown for each clade. The maize DCLs

have been highlighted for each group. Four clades are marked: DCL1,

DCL2, DCL3 and DCL4 as reviewed in Kapoor et al. (2008). Protein

sequences were downloaded from National Center for Biotechnology

Information (NCBI). Accession numbers and abbreviations are as

follows: OsDCL1a(Os03g02970), OsDCL2a(Os 03g38740), OsDCL

2b(Os09g14610), OsDCL3a(Os01g68120), OsDCL3b(Os10g34430),

SHO1(Os04g43050), OsDCL1c(Os05g18850), OsDCL1b(Os06g2

5250); AtDCL1(At1g01040), AtDCL2(At3g03300), AtDCL3 (At3g43

920) and AtDCL4(At5g20320). c RDR. Unrooted NJ phylogenetic tree

of maize, rice and Arabidopsis RDR proteins with bootstrap values

shown for each clade. The maize RDRs have been highlighted for each

group. Four clades are marked: RDR1, RDR2, RDR3 and RDR4.

Protein sequences were downloaded from National Center for Bio-

technology Information (NCBI). Accession numbers and abbreviations

are as follows: OsRDR1(Os02g50330), OsRDR2(Os04g39160),

OsRDR3(Os01g 10130), OsRDR4(Os01g10140) and SHL2(Os01g

34350); AtRDR1(At1g14790), AtRDR2(At4g11 130), AtRDR3(At2g

19910), AtRDR4(At2g19920), AtRDR5(At2g19930), and AtRDR6

(At3g49500)
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Fig. 3 Distribution of conserved motifs in maize DCL, AGO and

RDR proteins identified using the MEME search tool. Schematic

representation of motifs identified in maize DCL, AGO and RDR

proteins using MEME motif search tool for each group. Each motif is

represented by a number in the box. Box length does not correspond

to length of motif. Order of the motifs corresponds to position of

motifs in individual protein sequence. For motif detail refer to

supplementary material (Table S1)
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rearranged, compared to the DCL4 paralogs, OsDCL4 and

AtDCL4 from rice and Arabidopsis. This is coincident with

the previous results of SMART and Pfam analysis, which

revealed that the second RNase III (RNase IIIb) and dsRB

domains were inverted and inserted between the N-termi-

nal DExD and Helicase-C domains in the predicted

ZmDCL4 protein. Individual and sequential manual motif

analyses using SMART and Pfam programs were per-

formed to further elucidate the major functional roles

of these conserved motifs in the DCL protein family.

Figure 3a shows the annotated conserved motifs 6, 9, 3 and

16 specified for the DExD domain in the N-terminal of the

DCL protein; motif 4 for the Helicase-C domain; motifs 10

and 11 for the DUF283 domain; motifs 18, 14 and 13 for

the PAZ domain; motifs 5, 8, 7, 1, 15 and 2 for the RNase

III domain, and motif 20 for the last dsRB domain in the

C-terminal of the DCL protein. These analyses clearly

demonstrated that these motifs were well conserved and

shared major functional roles in the DCL family of

proteins.

Manual and MEME analyses of the AGO family iden-

tified 16 of 20 conserved motifs in common among all the

AGO proteins from maize, rice and Arabidopsis. The

MEME motifs matched four common domains in the AGO

Fig. 3 continued
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protein family, which were indicated as DUF1785 (N-ter-

minal), PAZ, MID and PIWI (C-terminal) domains by

SMART and Pfam analyses. A detailed scheme is depicted

in Fig. 3b: namely, conserved motifs 6 and 20 annotated to

specify the first DUF1785 domain in the AGO protein

N-terminal; motifs 17, 14 and 9 for the PAZ domain;

motifs 15 and 10 for the MID domain; and motifs 8, 13, 11,

7, 3, 5, 2, 1 and 4 for the PIWI domain in the AGO protein

C-terminal. The protein motif schemes of the individual

AGO family members clearly demonstrated structural

similarities among the proteins within the three species

examined in this study. Furthermore, these data suggested

that the motifs might share major functional roles in these

proteins. Although the motif configurations identified by

MEME reflected conservation and specificity within the

AGO families of maize, rice and Arabidopsis species, we

detected some variability distributed between different

subfamilies in the individual members of the AGO family.

For example, the absence of motif 6 was only found in

three AGO proteins, ZmAGO1a and ZmAGO1e from the

AGO1 subfamily in maize and OsAGO11 from the MEL1

subgroup in rice, which resulted in a deformity of the

DUF1785 domain detected by SMART and Pfam analyses.

Motif 6 was also absent in MEL 1 and ZIPPY subfamilies.

Furthermore, one and three AGO members were found

separately with the respective absence of motif 17 and 14,

but the two motifs were well conserved in all other AGO

members of the four subfamilies (i.e., representing all the

AGO family). Furthermore, for each AGO protein member,

at least seven conserved motifs were detected in the PIWI

domain by MEME analysis. However, in MEL1 and AGO4

subfamilies, a subset of AGO members shared the absence

or duplication of one or two motifs from the PIWI domain.

For example, in the AGO4 subgroup, a distinct copy of the

newly duplicated motif 2 was located between motifs 7 and

3 in each of the PIWI domains from OsAGO4b, AtAGO4,

OsAGO16 and ZmAGO4a.

In the RDR protein family, 15 of 20 motifs were char-

acterized as conserved by MEME analysis (Fig. 3c).

Among them, eight distinct MEME motifs were identified

as major motifs of the RDR domain that spanned *400

amino acids among the RDR family members. These

annotated motifs included motifs 10, 12, 5, 3, 4, 1, 9 and 2

(Fig. 3c). Although the motifs were well conserved, the

protein motif schemes of the individual RDR family

members did not always follow the same rules in all sub-

groups. For example, motifs 12, 3 and 9 shared distinct

diversification in the RDR family class III subfamily, dif-

ferent from all other RDR family subfamily members.

Motifs 12 and 9 were completely absent in class III sub-

family rice and Arabidopsis species. Parallel to the same

location, motif 12 could be replaced by a new motif 18 in

rice and Arabidopsis, because a similar motif was not

detected at the same location in other subfamily members.

Moreover, motifs 10, 5, 4, 1 and 2 were well conserved in

all members of RDR families from maize, rice and Ara-

bidopsis species. The functional roles of these motifs

remain unclear; however, the observed conservation and

widespread distribution throughout the subfamily suggest

that the motifs are important in protein function.

Chromosomal localization of Zmdcls, Zmagos

and Zmrdrs

The physical locations of DCL, AGO and RDR genes in

maize were investigated by analysis of genomic distribu-

tion on chromosomes (Fig. 4, Table 1). A total of five

Zmdcl genes were distributed on four chromosomes. All

chromosomes (3, 5 and 10) exhibited single representative

of Zmdcl, with the exception of chromosome 1, which

Fig. 4 Chromosomal

localization of maize DCL,

AGO and RDR genes. A total of

5 Zmdcl, 18 Zmago and 5 Zmrdr
genes have been mapped on

maize chromosomes according

to 50 and 30 coordinates

mentioned in Maize Genome

Database. The respective

chromosome numbers are

written on the left. Segmentally

duplicated genes have been

joined using dashed lines, while

tandem duplications are

indicated by filled triangles
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contained Zmdcl1 and Zmdcl3b. Of these, a pair of maize

orthologs, Zmdcl3a and Zmdcl3b, which share significant

homology were found localized on duplicated regions of

chromosomes 1 and 3; however, the orthologs of

ZmDCL3a and ZmDCL3b in maize are highly divergent

showing about 51% similarity at the amino acid level,

similar to the DCL3 paralogs, OsDCL3a and OsDCL3b, in

rice (Margis et al. 2006; Kapoor et al. 2008). This result

revealed that the maize DCL3 orthologs might play a vital

role in the evolution of the ZmDCL family in maize.

Localization of Zmago on maize chromosomes indicated

that the 18 Zmagos families were distributed on eight of the

ten chromosomes (Fig. 4). Zmagos were not detected on

chromosomes 3 and 4. Four Zmagos were detected on

chromosome 2; two each on chromosomes 1, 5, 8, 9 and

10; three on chromosome 6; and one on chromosome 7

(Fig. 4, Table 1). Three pairs of maize Argonautes,

Zmago1a/Zmago1e, Zmago1c/Zmago1d and Zmago4a/

Zmago4d, were found located in duplicated segments of the

genome, while another two gene pairs, Zmago10a/Zma-

go10c and Zmago18b/Zmago18c, appeared to have under-

gone tandem duplication on the basis of more than 99%

similarity at the amino acid level.

The small family of five Zmrdr genes was distributed on

chromosomes 2, 3, 5 and 9. Zmrdr3 and Zmrdr5 were

located on chromosome 9, and each of the other Zmrdrs was

detected on chromosomes 2, 3 and 5. The Zmrdr genes were

not found located in duplicated segments of the genome.

EST expression profiles of Zmdcl, Zmago and Zmrdr

gene families in silico

The NCBI EST database provides a large number of ESTs

generated from the maize FLcDNA project. These EST

Table 3 Expression analysis of Zmdcl, Zmago and Zmrdr genes in silico

Gene Tissue and organ type (NCBI) Number of ESTs in dbEST MAGI PlantGDB

Mixed Sperm-cell Shoot-apex Embryo Endosperm EST cDNA PUTs

Zmdcl1 ? ? 1 ? ? ? ?

Zmdcl2 ? ? ? 2 ? ? ? ?

Zmdcl3a ? ? ? 6 ? ? ?

Zmdcl3b 0 ? ? ?

Zmdcl4 ? 0 ? ? ? ?

Zmago1a ? ? 7 ? ? ? ?

Zmago1b ? 1 ? ? ? ?

Zmago1c ? ? 8 ? ? ? ?

Zmago1d ? 0 ? ? ? ?

Zmago1e ? 6 ? ? ?

Zmago2 ? 3 ? ? ? ?

Zmago4a ? ? 3 ? ? ? ?

Zmago4d ? 7 ? ? ?

Zmago5a ? ? 8 ? ? ? ?

Zmago5b ? ? 2 ? ? ? ?

Zmago5c ? 1 ? ? ?

Zmago7 0 ? ? ? ?

Zmago10a ? 2 ? ? ? ?

Zmago10b ? 2 ? ? ? ?

Zmago10c ? 2 ? ? ? ?

Zmago18a 0 ? ? ?

Zmago18b ? 7 ? ? ?

Zmago18c ? 7 ? ? ? ?

Zmrdr1 ? ? 1 ? ? ? ?

Zmmop1 ? 5 ? ? ? ?

Zmrdr3 0 ?

Zmrdr4 ? 2 ? ? ?

Zmrdr5 0 ?

?, expressed; blank not expressed
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data mainly consist of mixed or individual tissue and organ

types released by the maize FLcDNA project. In this study,

a MEGABLAST search in EST database available at NCBI

was performed and resulted in the identification of ESTs

for 21 of the total 28 Zmdcl, Zmago and Zmrdr genes

(Table 3). Further, on the basis of tissue and organ types,

obtained EST data were classified into only five groups

including the mixed type. Most of these genes were shown

to obtain expression evidence from mixed tissues and

organs, but few from other tissues or organs except embryo

and endosperm (Table 3). Additionally, some expression

evidences of these genes were supported by transcript data

in the MAGI and PlantGDB databases (Table 3).

The expression pattern assay of Zmdcl, Zmago

and Zmrdr gene families under stress treatment

To confirm these predicted genes and understand their

expression profiles under various stress conditions, two

abiotic stress treatments (PEG for drought stress and NaCl

for salt stress) were investigated. Semi-quantitative RT-

PCR analyses on RNA isolated from maize leaves was

performed. The results revealed that these genes were dif-

ferentially expressed in the leaves under either normal

condition (control) or stress conditions (15% PEG or

0.15 M NaCl treatment) (Fig. 5, Table 4). On the basis of

the brightness of the bands, most of the expressed genes

showed increased expression levels in maize leaves by PEG

or NaCl treatment, whereas eight members including

Zmdcl1, Zmdcl4, Zmago1a, Zmago1c, Zmago5c, Zma-

go10a, Zmrdr3 and Zmrdr5 showed no obvious increase or

even decrease in the leaves of maize under stress conditions.

Moreover, four genes, Zmago1e, Zmago2, Zmago5b and

Zmago18a, exhibited differential expression with decreased

expression levels in maize leaves by PEG treatment and

increased expression levels by NaCl treatment. These

results demonstrated that these predicted genes exhibit

different expression levels in stress treatments.

Discussion

Gene expression regulation is associated with RNA inter-

ference (RNAi) at the post-transcriptional level and chro-

matin modification in transcriptional silencing during plant

vegetative and reproductive development (Finnegan and

Matzke 2003). DCLs, AGOs and RDRs play integral roles

in these processes. In this study, a total of 5 Zmdcls, 18

Zmagos and 5 Zmrdrs genes encoding these protein fami-

lies were identified in maize. Phylogenetic analysis pro-

vided insights into the evolution of gene family members

and gene multiplicity in maize. EST expression data min-

ing revealed that these newly identified genes had temporal

and spatial expression pattern. Furthermore, the transcripts

of these genes were detected in the leaves by two different

abiotic stress treatments using semi-quantitative RT-PCR.

Fig. 5 Semi-quantitative RT-PCR analysis of maize DCL, AGO and

RDR genes under stress treatments. Total RNA was extracted from

the 21-day-old seedlings germinated on wet filter paper soaked with

distilled water and grown in a growth chamber. Either fresh water (1),

15% PEG (2) or 0.15 M NaCl (3) was applied 24 h before harvest. An

amplified maize actin gene was used as an internal control

Table 4 Expression analysis of Zmdcl, Zmago and Zmrdr genes

under stress treatment

Gene name CK PEG NaCl Gene name CK PEG NaCl

Zmdcl1 a a a Zmago5b b a c

Zmdcl2 a b b Zmago5c c a c

Zmdcl3a b b c Zmago7 a c b

Zmdcl3b a a Zmago10a a a a

Zmdcl4 b a a Zmago10b a a b

Zmago1a a a b Zmago10c a a b

Zmago1b b b a Zmago18a a a c

Zmago1c b a b Zmago18b b a b

Zmago1d b b c Zmago18c a a b

Zmago1e b a c Zmrdr1 a a b

Zmago2 a a c Zmmop1 a b a

Zmago4a a b c Zmrdr3 a a a

Zmago4d a b c Zmrdr4 a b a

Zmago5a a a b Zmrdr5 a a a

a Low expression level
b Moderate expression level
c High expression level
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The data demonstrated that these genes exhibited different

expression levels in stress treatments. These results pro-

vided basic genomic information for these gene families

and insights into the probable roles of these genes in plant

growth and development.

Maize Dicer-like genes

Dicer or Dicer-like (DCL) proteins are key components in

miRNA and siRNA biogenesis pathways and serve to

process long double-stranded RNAs into mature small

RNAs. Relative to animals and fungi, the notable expan-

sion of DCL family members in monocots and dicots may

reflect the deployment of RNA silencing in antiviral

defense (Deleris et al. 2006; Margis et al. 2006). For

example, A. thaliana encodes four DCL proteins and eight

putative DCL proteins that have also been identified in rice

(Oryza sativa). Genetic analysis in Arabidopsis has

revealed both specialized and overlapping functions of

DCL proteins (Fahlgren et al. 2006; Henderson et al. 2006).

AtDCL1 and AtDCL3 functions overlap to promote

Arabidopsis flowering (Schmitz et al. 2007). It has been

revealed that AtDCL2 and AtDCL4 share functional

overlap in antiviral defense (Deleris et al. 2006), and

AtDCL2, AtDCL3 and AtDCL4 also exhibit overlapping

functions in siRNA and tasiRNA production, establishment

and maintenance of DNA methylation (Henderson et al.

2006). Unlike the well-characterized DCL proteins in

Arabidopsis, little is known about their action in other

plants, including rice and maize. The knockdown of Os-

DCL1 caused pleiotropic phenotypes in rice due to a failure

of miRNA metabolism (Schauer et al. 2002; Liu et al.

2005). However, phylogenetic analysis suggested that the

functional diversification of DCLs occurred before the

divergence of monocots and dicots *200 million years ago

(Henderson et al. 2006; Margis et al. 2006). Therefore, it is

possible that during the course of evolution, rice and

Arabidopsis DCLs acquired distinct functions in small

RNA biogenesis and/or plant development for each spe-

cies. However, in maize, few reports regarding the identi-

fication and functional diversification of the DCL gene

family are available.

In the present study, we identified all four subfamilies of

DCL genes in maize. Based on phylogenetic analysis of

DCL proteins from maize, rice and Arabidopsis, four

subfamilies comprising DCL1, DCL2, DCL3 and DCL4

homologs were distinguished. One DCL protein most

similar to Arabidopsis AtDCL1 and rice OsDCL1a–1c was

identified, as well as two most similar to Arabidopsis

DCL3 and rice OsDCL3a–3b and two most similar to

DCL2 and DCL4. MEME analyses from conserved motifs

in DCL protein families further confirmed similar func-

tional diversification in DCL protein families from maize,

rice and Arabidopsis. In view of these similarities, we

suggest a similar evolutionary alliance in the functional

diversification of the maize DCL gene family and rice/

Arabidopsis. However, few reports of the biochemical or

genetic analysis of DCL genes in maize are available.

Therefore, these data provide a basis for continued research

of the maize DCL protein family.

Maize Argonaute genes

The Argonaute protein family was first identified in plants,

and members are defined by the presence of PAZ and PIWI

domains. AGO proteins are highly conserved among spe-

cies and many organisms encode multiple family members.

In eukaryotes, with the notable exception of fission yeast,

most exhibit AGO multigene families, the members of

which have specialized biological function, as revealed by

a variety of mutant phenotypes (Carmell et al. 2002). In

Arabidopsis, the AGO family comprises ten members

(Carmell et al. 2002; Fagard et al. 2000), two of which

have been unambiguously associated with different forms

of RNA silencing. It is therefore likely that functional

diversification of RNA silencing is linked to variation

between AGO family members, similar to that of animals.

AtAGO1 is associated with the miRNA and transgene-

silencing pathways (Fagard et al. 2000; Vaucheret et al.

2004), and AtAGO4 with endogenous siRNAs, which

affect epigenetic silencing (Zilberman et al. 2004, 2003). In

addition, AtAGO7 and AtZLL/AtAGO10 function in the

transition from juvenile to adult plant growth phases

(Hunter et al. 2003) and meristem maintenance (Moussian

et al. 1998; Lynn et al. 1999), respectively. Although a role

in sRNA-mediated regulation seems likely, the evidence to

support this role is not yet available. Yigit et al. (2006)

reported that rice possesses the largest number of AGOs

among plants, nearly doubling the number reported in

Arabidopsis. However, little is known regarding the func-

tional diversification of monocot AGO family members. In

the present study, we investigated all four subfamilies of

AGO genes in the maize AGO family. Interestingly, almost

the same number of AGO members in rice was found in the

maize AGO family, which is equivalent to almost double

the number reported in Arabidopsis. We propose that the

functional diversification of AGOs occurred after the

divergence of monocots and dicots *200 million years

ago. Furthermore, based on the phylogenetic and MEME

analyses of conserved motifs of AGO protein families from

maize, rice and Arabidopsis, these gene families share

major similarities between the species investigated. These

results should provide further insights into the functional

diversification of the maize AGO gene family.

Argonautes belong to highly basic RNA-binding pro-

teins that include PAZ and PIWI domains. AGO proteins
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undergo endonuclease activity that is primarily associated

with the PIWI domain, which contains three conserved

metal-chelating amino acids (DDH). Interestingly, many

AGO proteins are endonucleolytically inactive, although

the catalytic residues are conserved. For instance, in Ara-

bidopsis and rice, there are 5 and 11 AGO genes, which do

not code for the conserved catalytic residues, respectively.

Also, in maize PIWI domains, we identified seven genes

lacking the conserved catalytic residues. The absence of

conserved catalytic residues could lead to loss of function

of target RNA processing by endonucleolytic cleavage in

these proteins (Kapoor et al. 2008).

Maize RNA-dependent RNA polymerase genes

RNA-dependent RNA polymerases usually amplify RNAi

silencing signals by generating more aberrant RNA popu-

lation (Sijen et al. 2001). The proteins can catalyze the

formation of phosphodiester bonds between ribonucleo-

tides in an RNA template-dependent fashion. Astier-

Manifacier and Cornuet (1971) first reported the activity of

RDR in Chinese cabbage. Since then, several RDR gene

paralogs have been identified in many other plant species,

including Arabidopsis and rice. In Arabidopsis, at least

three RDR types serve in distinct and overlapping biolog-

ical processes such as viral defense, chromatin silencing

and PTGS (Kapoor et al. 2008). Of these, AtRDR1s were

elicited by salicylic acid (SA) or viral infection and were

reported to be involved in antiviral defense in several other

plants (Yu et al. 2003; Chan et al. 2004; Xie et al. 2001;

Jovel et al. 2007). Furthermore, AtRDR2 plays a critical

role in RNA-directed DNA methylation and repressive

chromatin modifications on certain transgenes, endogenous

genes and centromeric repeats that correlate with the pro-

duction of 24-nt interfering RNAs (Matzke et al. 2007;

Zaratiegui et al. 2007). In addition, AtRDR6 amplifies

some aberrant RNAs generated from transgenes or inverted

repeats to trigger degradation of complementary RNA

species (Luo and Chen 2007). Moreover, the Arabidopsis

RDR2 homolog in maize, MOP1 (mediator of paramuta-

tion1), was essential for paramutation at the b1, pl1 and r1

loci (Dorweiler et al. 2000) and was involved in the

maintenance of Mutator transposon silencing and the

silencing of certain transgenes (Lisch et al. 2002; McGinnis

et al. 2006). In a recently study, MOP1 was found to play a

significant role in regulating the expression of not only

transposons, but also of genes (Jia et al. 2009). In this

study, we identified five maize RDR gene family mem-

bers. Similar to rice and Arabidopsis, these genes were

clustered into four distinct subgroups. Phylogenetic and

MEME analyses of conserved motifs indicated the pres-

ence of maize corresponding RDR orthologs in each

subgroup from rice and Arabidopsis RDR gene families.

These results suggested that the RDR gene families of

maize, rice and Arabidopsis diverged from the same

common ancestor and therefore performed a similar

function in all three taxa.

EST expression profiles of Zmdcl, Zmago and Zmrdr

genes in silico

Gene expression in silico data from EST databases play an

increasingly vital role in providing gene expression

research information. This facilitates the identification of

gene function and future functional genomic studies in

plant growth and development. In this study, we investi-

gated the expression profiles of Zmdcl, Zmago and Zmrdr

genes through several approaches by EST database. These

results revealed that Zmdcl, Zmago and Zmrdr genes

exhibited distinct expression patterns in different tissues or

organs. One explanation is that some of these investigated

genes may have temporal and spatial expression pattern,

which varies with tissue types, developmental stages or

genotypes of maize. For example, some genes exhibit a

tissue-specific expression pattern in embryo relative to

other tissues, which suggests that they may function in

embryogenesis. Moreover, some genes investigated in this

study exist in gene rearrangement or partial motifs absence

in gene structure. These changes might result in distinct

expression pattern, and the genes were also deemed to

belong to pseudogenes.

The expression pattern of Zmdcl, Zmago and Zmrdr

gene families under stress treatment

In this study, the expression analyses of semi-quantitative

RT-PCR showed that maize Zmdcl, Zmago and Zmrdr

genes exhibited different expression levels under two dif-

ferent abiotic stress treatments. For 16 candidate genes, the

expression levels increased after applying 15% PEG or

0.15 M NaCl treatment than for controls, suggesting that

these genes might play important roles in plant RNAi

regulation, especially those showing strong response to the

two abiotic stress conditions in this study. In contrast, those

genes (Zmdcl1, Zmdcl4, Zmago1a, Zmago1c, Zmago5c,

Zmago10a, Zmrdr3 and Zmrdr5) that showed lower

expression in stress treatments had a high possibility to

contribute to maize RNAi regulation by only expressing

under specific conditions or in specific tissues other than

seedling leaves, and these remain to be further confirmed

experimentally. Furthermore, those genes (Zmago1e,

Zmago2, Zmago5b and Zmago18a) exhibiting distinct

expression patterns under different stress conditions might

play vital roles in evolving specialized regulatory mecha-

nisms in response to different abiotic stresses (Xie et al.

2004).
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