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Abstract

Background: RNA interference (RNAi) is involved in genome defense as well as diverse cellular, developmental, and
physiological processes. Key components of RNAi are Argonaute, Dicer, and RNA-dependent RNA polymerase (RdRP),
which have been functionally characterized mainly in model organisms. The key components are believed to exist
throughout eukaryotes; however, there is no systematic platform for archiving and dissecting these important gene
families. In addition, few fungi have been studied to date, limiting our understanding of RNAi in fungi. Here we
present funRNA http://funrna.riceblast.snu.ac.kr/, a fungal kingdom-wide comparative genomics platform for putative
genes encoding Argonaute, Dicer, and RdRP.
Description: To identify and archive genes encoding the abovementioned key components, protein domain profiles
were determined from reference sequences obtained from UniProtKB/SwissProt. The domain profiles were searched
using fungal, metazoan, and plant genomes, as well as bacterial and archaeal genomes. 1,163, 442, and 678 genes
encoding Argonaute, Dicer, and RdRP, respectively, were predicted. Based on the identification results, active site
variation of Argonaute, diversification of Dicer, and sequence analysis of RdRP were discussed in a fungus-oriented
manner. funRNA provides results from diverse bioinformatics programs and job submission forms for BLAST,
BLASTMatrix, and ClustalW. Furthermore, sequence collections created in funRNA are synced with several gene family
analysis portals and databases, offering further analysis opportunities.
Conclusions: funRNA provides identification results from a broad taxonomic range and diverse analysis functions, and
could be used in diverse comparative and evolutionary studies. It could serve as a versatile genomics workbench for
key components of RNAi.

Background
RNA interference (RNAi), a term first coined in research
on Caenorhabditis elegans, was originally thought to be a
host defense mechanism against invasion of viral genomes
or transposable elements [1]. However, several molecular
studies revealed that it is also involved in diverse cellular,
developmental, and physiological processes [2-5]. Gene
silencing by RNAi begins with recognition of aberrant
RNA (aRNA) or introduction of double-stranded RNA

(dsRNA), such as viral genomes. RNA-dependent RNA
polymerase (RdRP) is responsible for the generation of
dsRNA from aRNA. Dicer slices dsRNA into small (21-25
nt) pieces. Argonaute then acts on these fragments by
forming an RNA-induced silencing complex (RISC), which
is subsequently guided to target mRNAs, resulting in gene
silencing.

In fungi, molecular characterization of genes encoding
RNAi components has been intensively studied in Neuro-
spora crassa and Schizosaccharomyces pombe. In N. crassa,
there are two characterized post-transcriptional gene silen-
cing (PTGS) mechanisms: quelling in a vegetative state
and meiotic silencing by unpaired DNA (MSUD) at the
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sexual stage. Inspired by transcriptional down-regulation
in albino-1 (al-1) or albino-3 (al-3) gene-overexpressing
strains of N. crassa [6-8], quelling-defective (qde) mutants
including qde-1, qde-2, and qde-3, as well as the Dicer-
encoding genes dcl-1 and dcl-2, were characterized [9-12].
Differences between the two pathways include the occur-
rence of MSUD during prophase in meiosis I and the pro-
teins involved in the pathways. In quelling, RdRP QDE-1
and Argonaute QDE-2 are required, whereas MSUD uti-
lizes their paralogs, SAD-1 (suppressor of ascus domi-
nance 1) and SMS-2 (suppressor of meiotic silencing 2),
respectively [13,14]. In filamentous fungi, such as the
abovementioned N. crassa, gene silencing mediated by
RNAi occurs post-transcriptionally. On the other hand, in
S. pombe, RNAi contributes to transcriptional gene silen-
cing through heterochromatin formation [15].

Despite the importance of this universal machinery in
eukaryotes, many studies on RNAi focused only on func-
tional, physiological, and molecular aspects, rather than
comparative genomics. It is known that particular fungal
taxa, for example budding yeasts, do not have the key
components of RNAi [16]. Hence a systematic, extensive
identification and evolution analysis are needed to deter-
mine the clear distribution of the genes and to trace their
evolutionary histories. Furthermore, considering that
Argonaute-encoding genes were found in a few non-
eukaryotic species [17], the taxonomic distribution and
phyletic trajectory of these important genes could tell us
more about their ancestral origin. As a solution, we devel-
oped funRNA http://funrna.riceblast.snu.ac.kr/ to provide
a gene catalogue based on 1,440 genomes and a compara-
tive, evolutionary genomics platform for the genes encod-
ing Argonaute, Dicer, and RdRP.

In this paper, we discuss the following: i) the taxonomic
distribution of the key components of RNAi; ii) sequence
analysis of predicted RdRPs by multiple sequence align-
ment; iii) auxiliary domain variation in Dicers; iv) evolu-
tionary analysis of the putative genes encoding Argonautes
by gene duplication and loss; and v) database and web
functionalities available on the funRNA website.

Results and discussion
Content and distribution of the identified genes encoding
Argonaute, Dicer, and RdRP
In order to predict putative genes, 1,440 genomes were
searched using protein domain profiles (Figure 1; see
Methods for details). 1,163 Argonaute-encoding genes,
442 Dicer-encoding genes, and 678 RdRP-encoding genes
were predicted (Additional file 1). In order to evaluate the
accuracy of the pipeline, a test set was prepared by retriev-
ing sequences annotated as Argonaute, Dicer, and RdRP
from UniProtKB/TrEMBL [18]. Assuming that the anno-
tation provided by UniProtKB/TrEMBL is correct, the
funRNA pipeline correctly captured 93.50% of the test set.

This result supports the accuracy and robustness of the
funRNA gene identification pipeline. According to the
prediction results, the average numbers of genes encoding

Figure 1 Identification pipeline for funRNA. The identification
pipeline for funRNA consists of two steps: i) defining domain
profiles from protein sequences encoded by the reference
sequences; and ii) scanning 1,440 proteomes with domain profiles
for Argonaute, Dicer, and RdRP. In “Domain analysis”, colored boxes
indicate essential domains: blue, IPR003100 (Argonaute/Dicer
protein, PAZ); red, IPR003165 (Stem cell self-renewal protein Piwi);
purple, IPR005034 (Dicer double-stranded RNA-binding fold); green,
IPR000999 (Ribonuclease III); orange, IPR001159 (Double-stranded
RNA-binding); and gray, IPR007855 (RNA-dependent RNA
polymerase, eukaryotic type). In addition, sequences collected from
funRNA can be subjected to bioinformatics analysis on the funRNA
website as well as in CFGP 2.0 by data exchange through the
Favorite Browser.
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Argonaute and Dicer were significantly higher in Metazoa
and Viridiplantae than in Fungi (t-test: P � 2.53e-6 for
Argonaute and P � 7.38e-5 for Dicer). In the case of RdRP,
the Viridiplantae kingdom presented the largest average
number of genes (5.09), followed by Fungi (2.04) and
Metazoa (1.27) (t-test: P � 2.45e-4). No genes encoding
Argonaute, Dicer, or RdRP were detected in 1,059 and 51
proteomes of bacteria and archaea, respectively. However,
two archaeal species (Methanocaldococcus jannaschii
DSM 2661 and Pyrococcus furiosus DSM 3638) and one
bacterial species (Aquifex aeolicus VF5) were predicted to
have an Argonaute-encoding gene. In fact, PfAgo, an
Argonaute found in P. furiosus DSM 3638, has been struc-
turally characterized by X-ray crystallography [17], and
was correctly captured by the pipeline.

In fungi, species belonging to the subphylum Agarico-
mycotina showed a higher number of genes in all gene
families than any other fungal subphylum, with 5.68 Argo-
naute, 2.46 Dicer, and 6.93 RdRP genes on average (Figure
2 andTable 1). Putative genes were not predicted in the
species belonging to the subphylum Ustilaginomycotina,
in agreement with previous reports [19,20]. In the phylum
Ascomycota, the majority of genes were found in species
belonging to the subphylum Pezizomycotina. Species

belonging to the subphylum Saccharomycotina, including
five genomes of Candida spp., had only a few genes
encoding Argonaute and no genes for Dicer and RdRP.
Although a recent paper reported the presence of RNAi in
Saccharomyces castellii and C. albicans, these species use
non-canonical Dicers to generate small interfering RNAs
[21]. Meanwhile, Schizosaccharomyces spp., belong to the
subphylum Taphrinomycotina, had one gene for each of
three gene families (Additional file 1).

In Plasmodium spp., no genes were predicted to encode
the key players of RNAi. This is in accordance with pre-
vious studies performed with protozoan parasites includ-
ing Trypanosoma cruzi, Leishmania major, L. donovani,
and Plasmodium spp. [22,23]. The only exception is the
RNA-mediated gene silencing in P. falciparum [24,25].
Accordingly, it was speculated that Plasmodium spp.
might possess a non-canonical RNAi pathway that is yet
to be characterized [26].

While the three genes were frequently predicted in two
fungal subphyla, Pezizomycotina and Agaricomycotina,
the number of genes in the latter subphylum varied more
than that in the former. The greatest variance was found
in the genes encoding RdRP. The number of RdRP genes
in the Pezizomycotina species ranged from two to five,
with a standard deviation of 0.64; for Agaricomycotina the
range was zero to 14, with a standard deviation of 3.63.
Interestingly, no putative genes encoding RdRP were
found in two metazoan phyla, Arthropoda (except for in
Ixodes scapularis, the blacklegged tick) and Chordata, to
which fruit flies and humans belong, respectively. Consid-
ering the possibility that virus-encoded RdRPs may play a
role in RNAi-like antiviral activity in plants [27], we specu-
lated that the same could be happening in Drosophila spp.
and mammals. This was supported by the fact that mouse
oocytes with a horizontally transferred RdRP from a virus
exhibited RNAi [28]. By contrast, worm species belonging
to the phylum Nematoda had multiple genes with copy
numbers ranging from three to eight. Meanwhile, in the
Viridiplantae kingdom, a clear distinction in the number
of genes was found between the Chlorophyta and Strepto-
phyta phyla. Streptophyta species had higher average num-
bers of the three genes (13.55 for Argonaute, 4.86 for
Dicer, and 7.27 for RdRP) than Chlorophyta (0.90, 0.40,
and 0.30, respectively) (t-test: P = 1.60e-10, 2.13e-08, and
1.69e-10, respectively). In Chlamydomonas reinhardtii,
which belongs to the Chlorophyta, it was presumed that
the absence of an RdRP gene is a reflection of its minima-
listic genomic nature, and that it thus only exhibits the
essential RNAi phenomenon [29]. It was also speculated
that C. reinhardtii only recognizes dsRNA to trigger
RNAi, since the transformation of single-stranded RNA
favors non-homologous recombination [30]. Notably,
Lotus japonicus was predicted to have no genes encoding
Dicer. In fact, two genes encoding Dicer-like proteins were

Figure 2 Distribution of the average number of genes across
the taxonomic spectrum. The average numbers of gene families
for each fungal taxon is shown as a cumulative bar chart. The sizes
of the blue, red, and green areas in a stack indicate the average
number of putative genes encoding Argonaute, Dicer, and RdRP,
respectively.
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predicted to have RNase III and dsRNA-binding domains.
They had only one RNase III domain, while canonical
Dicers are known to contain two separate RNase III
domains. Because experimental evidence shows that func-
tional RNAi is present in L. japonicus [31,32], the two
genes may encode real Dicers with a simpler domain
structure. In addition, monocot plants tend to have more
Argonaute genes than dicots. Actually, orthologs of Dicer-
like genes in Oryza sativa were found in other monocot
plants, such as Zea mays and Saccharum officinarum, but
not in Arabidopsis thaliana, supporting gene duplication
after monocot and dicot divergence [33].

Evolutionary history of gene duplication/loss and active
sites residues in Argonautes
The identification results showed that Argonaute-encod-
ing genes were found in many fungal species in the sub-
phyla Pezizomycotina and Agaricomycotina, as well as in
plants and animals (Additional file 1). In order to elucidate
evolutionary footprints, reconciliation analysis was per-
formed with a species tree and an Argonaute gene tree. A
total of 34 species predicted to have Argonaute-encoding
genes were subjected to the analysis, which covered spe-
cies belonging to multiple kingdoms, including Fungi, Vir-
idiplantae, Metazoa, Bacteria, and Archaea (Table 2).
Massive gene duplication events were found in the animal
and plant species. In fungi, however, duplications were
found only in basidiomycetes and two ascomycetes.

Catalytic amino acid residues for Argonaute slicer activ-
ity were characterized in previous studies [17,34,35].

Argonaute sequences found in Homo sapiens, A. thaliana,
D. melanogaster, S. pombe, and C. elegans were analyzed
for catalytic residues, or the DDH motif [36]. In addition,
functional variants of the DDH motif were experimentally
identified, giving a relaxed motif definition, DD[HDEK]
[34,37]. Archaea, as the most divergent species evolutiona-
rily, have a totally different composition of active site
amino acids compared to other species (Figure 3). The DD
[HDEK] motif was found in Argonaute sequences from a
bacterium (Aquifex aeolicus), fungi, plants, and animals. In
fungi, the first two residues were well conserved. The third
residue was variable, but was predominantly aspartic acid
(Figure 3 and Additional file 2). Dicers in C. elegans, H.
sapiens, and O. sativa have been through more species-
level duplications, which possibly resulted in greater resi-
due variation in the catalytic motif. The DDH triad was
the most frequent motif in Argonautes of animals and
plants; most fungus Argonautes had a DD[DEK] motif.
“The Others”, sequences showing aligned residues other
than DD[HDEK], were much more common in animal
species, especially C. elegans, possibly due to gene diversi-
fication resulting from a number of species-level duplica-
tion events.

Differential distribution of accessory domains in putative
Dicers
In plants, the copy numbers of genes encoding Dicer-like
proteins increased during their evolution, with diversifica-
tion occurring by duplication and transposition [38]. In
fact, our data also show diversification of Dicer-like genes

Table 1 Summary of the average number of genes per genome across the taxonomic spectrum.
Kingdom Phylum Subphylum Argonaute* Dicer* RdRP*

Chromalveolata 0 0 0.15 (0-2)

Chromista 2.75 (0-6) 0.25 (0-1) 0.88 (0-3)

Fungi Ascomycota Pezizomycotina 2.66 (1-7) 1.9 (0-3) 3.04 (2-5)
Saccharomycotina 0.08 (0-1) 0 0
Taphrinomycotina 0.83 (0-1) 0.83 (0-1) 0.83 (0-1)

Basidiomycota Agaricomycotina 5.68 (0-10) 2.46 (0-4) 6.93 (0-14)
Pucciniomycotina 2.25 (2-3) 2 (0-5) 3.25 (1-5)
Ustilaginomycotina 0 0 0
Wallemiomycetes** 0 0 0
Blastocladiomycetes** 8 1 0

Chytridiomycota N/D 3.33 (2-6) 3.00 (3) 0.33 (0-1)
Microsporidia N/D 0.50 (0-1) 0.25 (0-1) 0
Zygomycota Mucoromycotina 2.33 (2-3) 1.33 (1-2) 4.00 (3-5)

Metazoa 9.88 (1-49) 2.24 (0-7) 1.27 (0-9)

Viridiplantae Chlorophyta 0.90 (0-2) 0.40 (0-2) 0.30 (0-1)
Streptophyta 13.55 (6-25) 4.86 (0-11) 7.27 (3-14)

Other
eukaryotes

1.76 (0-14) 0.29 (0-3) 0.76 (0-4)

* Range of number of genes is shown in parentheses.
** Class name is shown if no subphylum name is assigned.
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in plants, including Glycine max, Z. mays, O. sativa, Bra-
chypodium distachyon, and A. thaliana. Diversification of
Dicer often presented as alternatively spliced genes that
produce multiple products (Additional file 3). Interest-
ingly, this was true for species belonging to the phylum
Streptophyta, but not for Chlorophyta. Only 3 of 10 Chlor-
ophyta species were predicted to have one or two Dicer-
encoding genes, while the other seven were not predicted
to have any Dicer genes (Additional file 1). This confirms
the previous finding that diversification of Dicers in plants
occurred before the divergence of monocot and dicot
plants, but after the divergence of green algae and plants
[38]. Even though a few fungal genomes provided alterna-
tively spliced transcript information, fungal Dicers showed
no evidence of diversification by alternative splicing. In N.
crassa, Magnaporthe oryzae 70-15, and Cryptococcus

neoformans var. grubii H99, for example, no alternatively
spliced form was found for the putative Dicer-encoding
genes.

Besides the essential RNase III and dsRNA-binding
domains (Table 3), the other 50 additional domains were
not universally present in the Dicers in plants, animals,
and fungi (Additional file 4). On average, each had 5.28
additional domains other than the essential ones. The
genes of the Viridiplantae species showed the highest
number of additional domains (6.41), followed by those of
Metazoa (5.12) and Fungi (4.87). The top six most fre-
quent additional domains were IPR001650 (Helicase, C-
terminal), IPR014001 (DEAD-like helicase), IPR011545
(DNA/RNA helicase, DEAD/DEAH box type, N-terminal),
IPR003100 (Argonaute/Dicer protein, PAZ), IPR006935
(UvrABC complex, subunit B), and IPR014720 (Double-

Table 2 List of species selected for sequence analysis of RdRPs and reconciliation analysis of Argonautes.
Species name Taxonomy Argonaute gene RdRP gene

Methanocaldococcus jannaschii DSM 2661 Archaea>Euryarchaeota>N/D 1 0
Pyrococcus furiosus DSM 3638 Archaea>Crenarchaeota>N/D 1 0
Aquifex aeolicus VF5 Bacteria>Aquificae>N/D 1 0
Aspergillus fumigatus Af293 Fungi>Ascomycota>Pezizomycotina 2 2
Aspergillus nidulans Fungi>Ascomycota>Pezizomycotina 1 2
Botrytis cinerea Fungi>Ascomycota>Pezizomycotina 2 2
Coccidioides immitis RS Fungi>Ascomycota>Pezizomycotina 3 3
Colletotrichum graminicola M1.001 Fungi>Ascomycota>Pezizomycotina 2 3
Fusarium graminearum Fungi>Ascomycota>Pezizomycotina 2 5
Fusarium oxysporum Fungi>Ascomycota>Pezizomycotina 5 5
Histoplasma capsulatum H88 Fungi>Ascomycota>Pezizomycotina 2 3
Magnaporthe oryzae 70-15 Fungi>Ascomycota>Pezizomycotina 3 3
Mycosphaerella graminicola Fungi>Ascomycota>Pezizomycotina 4 2
Neurospora crassa Fungi>Ascomycota>Pezizomycotina 2 3
Podospora anserina Fungi>Ascomycota>Pezizomycotina 2 4
Candida albicans Fungi>Ascomycota>Saccharomycotina 1 0
Schizosaccharomyces pombe Fungi>Ascomycota>Taphrinomycotina 1 1
Heterobasidion irregulare TC 32-1 Fungi>Basidiomycota>Agaricomycotina 7 7
Laccaria bicolor Fungi>Basidiomycota>Agaricomycotina 6 6
Phanerochaete chrysosporium Fungi>Basidiomycota>Agaricomycotina 6 8
Serpula lacrymans Fungi>Basidiomycota>Agaricomycotina 6 6
Cryptococcus neoformans var. grubii H99 Fungi>Basidiomycota>Agaricomycotina 1 1
Melampsora laricis-populina Fungi>Basidiomycota>Pucciniomycotina 2 5
Puccinia graminis Fungi>Basidiomycota>Pucciniomycotina 2 5
Allomyces macrogynus Fungi>Blastocladiomycota>N/D 8 0
Batrachochytrium dendrobatidis JAM81 Fungi>Chytridiomycota>N/D 2 0
Phycomyces blakesleeanus Fungi>Zygomycota>Mucoromycotina 2 4
Rhizopus oryzae Fungi>Zygomycota>Mucoromycotina 2 5
Phytophthora infestans Chromista>Oomycota>Oomycotina 5 1
Arabidopsis thaliana Viridiplantae>Streptophyta>N/D 14 6
Oryza sativa Viridiplantae>Streptophyta>N/D 25 6
Drosophila melanogaster Metazoa>Arthropoda>N/D 12 0
Caenorhabditis elegans Metazoa>Nematoda>N/D 31 4
Homo sapiens Metazoa>Chordata>Craniata 17 0
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