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Abstract

Double-stranded RNA has been shown to induce gene silencing in
diverse eukaryotes and by a variety of pathways. We have exam-
ined the taxonomic distribution and the phylogenetic relationship
of key components of the RNA interference (RNAi) machinery in
members of five eukaryotic supergroups. On the basis of the par-
simony principle, our analyses suggest that a relatively complex
RNAI machinery was already present in the last common ances-
tor of eukaryotes and consisted, at a minimum, of one Argonaute-
like polypeptide, one Piwi-like protein, one Dicer, and one RNA-
dependent RNA polymerase. As proposed before, the ancestral
(but non-essential) role of these components may have been in
defense responses against genomic parasites such as transposable
elements and viruses. From a mechanistic perspective, the RNAI
machinery in the eukaryotic ancestor may have been capable of
both small-RNA-guided transcript degradation as well as tran-
scriptional repression, most likely through histone modifications.
Both roles appear to be widespread among living eukaryotes and
this diversification of function could account for the evolution-
ary conservation of duplicated Argonaute-Piwi proteins. In con-
trast, additional RNAi-mediated pathways such as RNA-directed
DNA methylation, programmed genome rearrangements, meiotic
silencing by unpaired DNA, and miRNA-mediated gene regula-
tion may have evolved independently in specific lineages.

Keywords: RNA interference, transposon silencing, heterochro-
matin, RNAI phylogenetics
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Introduction

RNA-mediated silencing is an evolutionarily con-
served mechanism(s) through which double-stranded RNA
(dsRNA) induces the inactivation of cognate sequences.
The role of dsRNA in triggering repression was initially
characterized in Caenorhabditis elegans and termed RNA
interference (Fire et al. 1998). However, silencing phenom-
ena had already been described in a number of eukaryotes
and the connection to dsRNA helped to unify several, ap-
parently disparate, processes involving post-transcriptional
RNA degradation, transcriptional gene silencing via hetero-
chromatin formation and/or DNA methylation, DNA elimi-
nation, or meiotic silencing by unpaired DNA (Baulcombe
2004; Matzke and Birchler 2005; Meister and Tuschl 2004;
Ullu et al. 2004; Zamore and Haley 2005). In plants and an-
imals, the RNAI machinery is also involved in the produc-
tion of microRNAs (miRNAs), by the processing of ge-
nome encoded imperfect RNA hairpins, which play a role in
developmental regulation (Bartel 2004; Chen 2005; Wien-
holds and Plasterk 2005; Zamore and Haley 2005).

Currently, the most extensively characterized dsRNA-
mediated mechanism is targeted MRNA degradation
guided by small interfering RNAs (siRNAs). Genetic and
biochemical studies from diverse species have revealed
that long dsRNAs are processed into sSiRNAs by an RNas-
elll-like endonuclease, named Dicer (Bernstein et al. 2001;
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Meister and Tuschl 2004; Sontheimer 2005; Tomari and
Zamore 2005). siRNAs are then incorporated into a mul-
tiprotein complex, the RNA-induced silencing complex
(RISC) (Pham et al. 2004; Tomari et al. 2004). Members of
the Argonaute-Piwi (Ago-Piwi) family of proteins are core
components of the RISC and some of these polypeptides
function as siRNA-guided endonucleases (Baumberger and
Baulcombe 2005; Hammond et al. 2001; Liu et al. 2004a;
Meister and Tuschl 2004; Qi et al. 2005; Tomari and Za-
more 2005). Recent evidence suggests that a sSiRNA duplex
may be loaded into RISC and then Ago cleaves one of the
siRNA strands (the passenger strand) triggering its dissoci-
ation from the complex (Matranga et al. 2005; Miyoshi et
al. 2005; Rand et al. 2005). Activated RISC then functions
as a multiple-turnover enzyme that recognizes and cleaves
RNA molecules complementary to the incorporated sin-
gle-stranded guide siRNA (Meister and Tuschl 2004; Son-
theimer 2005; Tomari and Zamore 2005).

Members of the Argonaute-Piwi family fall into two
main classes, one named after Arabidopsis thaliana Ar-
gonaute and the other after Drosophila melanogaster Piwi
(Carmell et al. 2002). These proteins are highly basic, ap-
proximately 100-kD in size, and contain two conserved
motifs, the PAZ (after Piwi/Argonaute/Zwille) and the
PIWI domains (Cerutti et al. 2000; Lingel et al. 2004; Ma
et al. 2004; Song et al. 2004; Yuan et al. 2005). A number
of experiments have implicated certain argonautes, such as
human Ago2, as the catalytic unit (“slicer”) of the RISC
(Liu et al. 2004a; Okamura et al. 2004; Rivas et al. 2005).
However, several other Ago paralogs are not endonucleo-
Iytically active (Liu et al. 2004a; Meister et al. 2004; Rivas
et al. 2005). In fact, in several species, there is evidence for
functional specialization of Ago-Piwi proteins (Grishok et
al. 2001; Lee et al. 2003; Matzke and Birchler 2005; Oka-
mura et al. 2004).

RNA-dependent RNA polymerases (RdRPs) also play
an important role in RNAI in some eukaryotes (\Wasseneg-
ger and Krczal 2006). For instance, putative homologs of a
tomato RARP are required for post-transcriptional gene si-
lencing (PTGS) triggered by sense transgenes in A. thali-
ana, for quelling (a phenomenon similar to PTGS) and for
meiotic silencing by unpaired DNA in Neurospora crassa,
as well as for RNAI in C. elegans and Dictyostelium discoi-
deum (Baulcombe 2004; Cogoni and Macino 2000; Mar-
tens et al. 2002; Shiu et al. 2001; Sijen et al. 2001; Wassen-
egger and Krczal 2006). It has been proposed that RARPs
generate dsRNA from single-stranded transcripts either by
de novo, primer independent second-strand synthesis (uti-
lizing as template “aberrant” RNAS, presumably lacking

normal processing signals such as a 5’ cap or a polyA tail)
or by using siRNAs as primers to synthesize RNA comple-
mentary to the target mMRNA (Baulcombe 2004; Sijen et al.
2001; Wassenegger and Krczal 2006). Thus, RARP activ-
ity may initiate RNAI (by producing the trigger dsRNA)
or dramatically enhance the RNAI response (by amplify-
ing the amount of dsRNA) (Baulcombe 2004). However,
dsRNA-induced RNAI can occur in the absence of RARP
activity (Schwarz et al. 2002; Stein et al. 2003).

The biochemical and genetic studies briefly summa-
rized above have led to the identification of three key com-
ponents of the RNAI machinery, namely Dicer, Argonaute-
Piwi, and RdRP. However, the taxonomic distribution of
these proteins and their ancestry have not been explored in
detail. In this review we have examined the phylogenetic
relationship of Ago-Piwi, Dicer-like, and RdRP proteins
present in members of five eukaryotic supergroups. On the
basis of the parsimony principle we have attempted to infer
the composition and function(s) of the RNAi machinery in
the last common ancestor of eukaryotes. We have also as-
sessed putatively derived RNAI functions that might have
evolved in specific lineages. Our findings provide a frame-
work for predicting the existence of RNAi-related mecha-
nisms in uncharacterized eukaryotes.

Distribution of Argonaute-Piwi, Dicer-like, and RARP
proteins in eukaryotes

Based on morphological, biochemical, and molecular
phylogenetic approaches, eukaryotes have recently been
classified into six supergroups: the Opisthokonta, including
animals and fungi; the Amoebozoa, including most tradi-
tional amoebae and slime moulds; the Excavata, grouping
diplomonads, several genera of heterotrophic flagellates,
and possibly the Euglenozoa; the Rhizaria, including the
Foraminifera and the Cercozoa; the Archaeplastida, group-
ing red algae, green algae, and plants; and the Chromalveo-
lata, including dinoflagellates, apicomplexan parasites, and
the Stramenopiles (brown algae, diatoms, and many zoo-
sporic fungi) (Adl et al. 2005; Medina 2005). In order to
evaluate the phyletic distribution of the RNAi machinery
components, we have surveyed 25 complete or near-com-
plete genomes that belong to five eukaryotic supergroups
(with only Rhizaria remaining unsampled). Proteins con-
taining conserved Argonaute-Piwi, Dicer, or RARP domains
were identified by either BLAST or PSI-BLAST searches
of protein and/or translated genomic DNA databases. Since
several of the examined genomes are in draft stage, an im-
portant caveat in our analyses is that some proteins may be
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missing from the databases whereas others may have errors
in the predicted gene structure. However, we only consid-
ered as potential homologs proteins that exhibited enough
sequence similarity to be aligned and used for phylogenetic
tree construction.

Argonaute-Piwi, Dicer-like, and RARP proteins occur in
members of all the eukaryotic supergroups examined (Ta-
ble 1). This widespread taxonomic distribution, as well as
the direct demonstration of RNAI related phenomena in
most of these organisms (Table 2), suggests that the main
components of the RNAI machinery were already pres-
ent in the last common ancestor of eukaryotes. However,
Ago-Piwi, Dicer-like, and RdRP polypeptides (or a subset
of these proteins) also appear to have been lost from spe-
cific lineages. The RNAi machinery seems to be entirely
absent in Saccharomyces cerevisiae (Opisthokonta), Try-

panosoma cruzi and Leishmania major (Excavata), Cy-
anidioschyzon merolae (Archaeplastida), and Plasmodium
falciparum (Chromalveolata) (Table 1). For some of these
organisms there is also convincing evidence that they are
unable to utilize dsRNA to trigger degradation of target
RNA (DaRocha et al. 2004; Robinson and Beverley 2003;
Ullu et al. 2004). Thus, the RNAIi mechanism appears to
have been lost independently several times during eukary-
otic evolution.

The greatest conservation among the examined poly-
peptides corresponded to Ago-Piwi proteins, which are
clearly identifiable in all species where RNAi-related phe-
nomena have been experimentally demonstrated (Tables 1,
2). Moreover, the dual domain structure of the Ago-Piwi
polypeptides, namely a PAZ domain followed by a PIWI
domain, has also been well conserved. The only exception

Table 1 Distribution of RNAI machinery components in eukaryotes

Species Genome? Argonaute- Dicer-like RdRP Role in virus,
Piwi transposon, or
repetitive DNA
silencing®

Excavata

Giardia intestinalis Assembly + + + ?
Trypanosoma brucei Assembly + - -

Trypanosoma cruzi Complete - - - NA
Leishmania major Assembly - - - NA
Chromalveolata

Paramecium tetraurelia In progress + + + ?
Tetrahymena thermophila In progress + + + +
Plasmodium falciparum Assembly - - - NA
Phytophthora sojae In progress + + + ?
Thalassiosira pseudonana Assembly + - - ?

Rhizaria

Data not available

Archaeplastida

Cyanidioschyzon merolae Complete - - - NA
Chlamydomonas reinhardtii In progress + + - +
Arabidopsis thaliana Complete + + + +

Oryza sativa (japonica) Complete + + + +
Amoebozoa

Dictyostelium discoideum Assembly + + + +
Entamoeba histolytica Complete + - + ?
Opisthokonta

Saccharomyces cerevisiae Complete - - - NA
Schizosaccharomyces pombe Complete + + + +
Neurospora crassa Complete + + + +
Aspergillus nidulans Assembly + + + ?
Caenorhabditis elegans Complete + + + +
Drosophila melanogaster Complete + + - +
Anopheles gambiae Assembly + + - +
Strongylocentrotus purpuratus In progress + + - ?

Ciona intestinalis Assembly + + - ?

Homo sapiens Complete + + - +

aStatus of genome sequencing projects taken from http://www.ncbi.nlm.nih.gov/genomes/leuks.cqi

bInferred from the phenotype of mutant or RNAi knock-down strains defective in at least one of the RNAI effectors (?, lack of evidence; NA, not applicable)
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among the RNAI-positive organisms listed in Table 1 is

Giardia intestinalis that encodes a protein with a well-de-
2 c A;% 75 ° 5 fined PIWI domain fused to a highly divergent PAZ do-
=S|888 [Egs | 28 main. However, Giardia protein-encoding genes are noto-
28| 400 cS & I . . .
E3|IZES RS S = riously fast-evolving compared with those of most other
<e g § 5 % 833 = 8 eukaryotes (Richards and Cavalier-Smith 2005), which
] k7] 5 = . . . .
-Dé é § ee g § B § 8 E might explain the poor conservation of the PAZ domain.
< Several organisms, including a few archaea and eubacte-
24 = ria, encode proteins with a single PIWI domain recogniz-
028 EE _ able by primary sequence comparisons (Anantharaman et
S g § £8 al. 2002; Cerutti et al. 2000; Ullu et al. 2004). Though, the
=2 <'5 5 2< _ crystal structures of the Pyrococcus furiosus and the Aqui-
£ % 2 fex aeolicus Ago-like polypeptides revealed that they also
3. 1';3 g contain somewhat variant PAZ-like domains (Song et al.
S8 S84 o 2004; Yuan et al. 2005). Yet, since similar proteins are
o— < [<}] . . . -
3 i; 3 ,:rig S also present in species such as T. cruzi and L. major that
N . .
Z g E § = ? are RNAI negative (Ullu et al. 2004) and the Trypanosoma
= ‘—g brucei single PIWI polypeptide is not required for RNAI
% g = (Durand-Dubief and Bastin 2003), their functional role(s)
i% o is uncertain and they were not included in our analyses. In-
o é ,_ i 2 triguingly, recent findings have indicated that the Archaeo-
o . .. . .
E 3.2 :__;'5 g globus fulgidus Piwi and the A. aeolicus Ago bind ssSDNA
C = . .
g S 2 gz with greater affinity than ssSRNA (Ma et al. 2005; Yuan et
2§ % 2z al. 2005) and the A. aeolicus protein has been postulated
Q . . . . .
- 5E to function as a DNA-guided site-specific endoribonucle-
& GSF 4 oo @ 3 ase (Yuan et al. 2005).
£ § g ug §§ S8 Dicer-like proteins are relatively well conserved among
?-i; g SR s S 88 organisms that have retained the RNAI pathway (Table 1),
= T ® kS .. .. e, . .
E E - g = § 2 <3 § % albeit with significant variability in their primary sequence
(%} + = = ot = . . . . .
ESsSy x3¥ | B3 Sg 2@ and domain organization (Figure 1). The Dicer enzymes
z58 25 8 mxg °2 g9 . .
< = §§ 28 | gt g-%% E 2 initially characterized in D. melanogaster and humans
Le==_00 0 o= F= =3 (Bernstein et al. 2001; Zhang et al. 2004) are multidomain
— . .. . .
. |52 |8g Eg|8= £ 5 proteins consisting of a SFII RNA helicase domain, a do-
o 2} — N o = . . .
8 § s § & 23 g 2 § s main of unknown function (DUF283), a PAZ domain, two
2 22 SF=2= gg 238 RNaselll catalytic domains (RNasellla and RNaselllb),
! = < T = — - o . . . .
2 z s2q s o E $2|2 Sg| BcE and a dsRNA binding domain (DSRM) (Bernstein et al.
x 2 e g S § E E g 8|2=28 2 % E 2001; Meister and Tuschl 2004). This overall organization
. = = - = < s g§ is maintained in Dicer-like proteins from animals (H. sapi-
3 - ™ < \ - 2 ;
g 8| 2 qE, § ‘E _ § £ c § ens)_, fungi (Schyzosac_charomyces pombg),_a_nd plant§ (A
S |55 S35 FS< | 883 thaliana) (Figure 1) with the greatest variability associated
E S E e f_*;f 2 é‘ = E E 55 with the presence or absence of the DSRM and/or of the
[+ o @© = . -
ks e = £ g = gé o S8 g PAZ domains. In Tetrahymena thermophila there are three
S £ é & S g ZE g 2 S 3% S48 % Dicer-like sequences: Dcr2, which contains only the heli-
(72} N N ~— ~—rp = . -
@ 8 ERS case and the two RNaselll domains (Figure 1), and Dcrl
=} . . .
% @ % 8 o and Dcl1, which are more divergent (Lee and Collins 2006;
) — (] . . .
s 2 s 3 3 Mochizuki and Gorovsky 2005). Indeed, Dcll only in-
.; (75} — T - -
S S| 5 5 £33 cludes the RNaselll motifs and a C-terminal DSRM. In the
7] —_ 0 ‘S 1] — . .
£ 2 £S5 g 8 g 3 incomplete genome of Phytophthora sojae the only recog-
D o S = . . . .
§ % § 2 5 g §§ @) nizable Dicer-like sequence consists of a poorly conserved
= = o © 2 . . .
& S g| o T helicase domain, the DUF283 motif, and the two RNaselll




86 H. CeruTTI AND J. ARMANDO CAsAas-MoLLANO IN CURRENT GENETICS 50 (2006)

domains (Figure 1). In D. discoideum only the RNaselll
domains have been conserved, in association with a DSRM
fused at the N-terminal end of the two Dicer-like proteins
(Figure 1). Interestingly, in this organism the RdRPs now
contain SFII RNA helicase motifs homologous to that
of Dicer (Martens et al. 2002). In G. intestinalis the sole
Dicer-like protein is characterized by a PAZ domain and
the RNaselll motifs (Figure 1), yet this polypeptide has re-
cently been shown to work as a fully functional enzyme
(MacRae et al. 2006). Thus, the only Dicer domains that
appear to be predominantly conserved as a fusion across
the eukaryotic spectrum are the two RNaselll catalytic mo-
tifs (Figure 1). Intriguingly, both T. brucei and Entamoeba
histolytica, species with demonstrated RNAI (Djikeng et
al. 2001; Kaur and Lohia 2004), appear to encode only pro-
teins with single RNaselll domains (Abed and Ankri 2005).
These enzymes may perhaps act as dimers to assume a cat-
alytic core similar to that of Dicer (Zhang et al. 2004; Mac-
Rae et al. 2006). Alternatively, the T. brucei and E. histo-
Iytica genomes might be incomplete or the corresponding
Dicer-like sequences might be so divergent that they are no
longer recognizable by primary sequence searches.

RdRPs are not as widely distributed among eukary-
otes as Ago-Piwi and Dicer-like proteins (Table 1). Even
though RNAI occurs in animals (Schwarz et al. 2002; Stein
et al. 2003), Chlamydomonas reinhardtii (a green alga)
(Rohr et al. 2004; Schroda 2006), and T. brucei (Ullu et
al. 2004), RdRPs were not detected in their genomes (Ta-
ble 1), with the exception of C. elegans and Branchios-

toma floridae (AAQL10792). In Aspergillus nidulans it has
been experimentally demonstrated that RNAI induced by
an inverted repeat transgene does not require any of the
two RdARPs encoded in the genome (Hammond and Keller
2005). This is consistent with the postulated ancillary roles
of RARPs in generating the dsRNA trigger and/or in am-
plifying siRNA levels (Baulcombe 2004; Sijen et al. 2001,
Wassenegger and Krczal 2006). If enough dsRNA is pro-
duced by other means RdRPs might not be needed for the
degradative RNAI pathway, explaining their more wide-
spread loss from specific eukaryotic lineages. Conversely,
processes that depend on RdRPs such as transitive RNAI
(i.e., the spreading of silencing to regions outside that ini-
tially targeted by dsRNA) and the generation of trans-act-
ing siRNAs will be limited to eukaryotes encoding these
enzymes in their genomes (Allen et al. 2005; Baulcombe
2004; Sijen et al. 2001; Yoshikawa et al. 2005).

Phylogeny of Argonaute-Piwi, Dicer-like, and RARP
proteins

The phylogeny of eukaryotic organisms has been diffi-
cult to resolve. The relationship among the supergroups,
the potential lack of monophyly of Chromalveolata and
Excavata, and the placement of the root of the tree have
remained contentious (Adl et al. 2005; Simpson and Roger
2004). Earlier phylogenetic analyses indicated that diplo-
monads (including G. intestinalis) are among the deep-
est divergences in the eukaryotic lineage and the tree was

Gi Delt (627 aa)

~ 4@l roci(i6752)

< [} d—@l— t0c2(1838a3)

o == () AtDcH (1909 aa)

= s = Dd DDB0202199 (1389 aa)
O—D—Q—.—.— Spo Der1 (1374 aa)

—ii m— S -dll— @)  svcri (192229

DEXDe HELIc DUF283 PAZ RNasolll (a-b) DSRM

Figure 1 Domain architecture of Dicer-like proteins from species belonging to five eukaryotic supergroups. Protein sequences were examined
for the presence of conserved domains by comparison with the SMART and PFAM databases and their diagrams are shown to scale. DEXDc
DEAD-like helicase domain; HELIc helicase C-terminal domain; DUF283 DUF283 domain; PAZ PAZ domain; RNAselll (a-b) RNaselll do-
mains a and b, DSRM Double-stranded RNA binding domain. The DEXDc and HELIc motifs are referred to as the SFII RNA helicase domain
in the text. At Dcl1 A. thaliana Dcll (NP_171612); Dd DDB0202199 D. discoideum DDB0202199 (EAL73658); Gi Dcll1 G. intestinalis Dcll
(AAO17549); Hs Dcrl H. sapiens Dcrl (NP_803187); Ps Dcll P. sojae Dcll (vi_C 860007 at http://www.genome.jgi-psf.org/sojael/sojael.
home.html ); Spo Dcrl S. pombe Dcrl (Q09884); Tt Dcr2 T. thermophila Dcr2 (BAD34723)
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“rooted” with these mitochondrion-lacking unicellular eu-
karyotes (Sogin et al. 1989; Sogin 1991). Recent studies
have suggested that this rooting may have been patterned
by methodological artefacts (Philippe et al. 2000). Arisue
et al. (2004) have argued that two possibilities seem to ex-
ist for the root of the eukaryotic tree, namely the branch
leading to Opisthokonta (animals and fungi) or that lead-
ing to the common ancestor of Diplomonadida/Parabasalia
(within Excavata). Moreover, combined protein phyloge-
nies strongly suggest that Opisthokonta are most closely
related to Amoebozoa (Richards and Cavalier-Smith 2005;
Simpson and Roger 2004). This grouping has been called
“unikonts” (ancestrally monociliate). Based on similar ev-
idence all the other major groups of eukaryotes (Archae-
plastida, Chromalveolata, Rhizaria, and Excavata) might
be related to each other and have been called “bikonts”
(ancestrally biciliate) (Richards and Cavalier-Smith 2005;
Simpson and Roger 2004). Thus, an emerging hypothe-
sis is that the earliest evolutionary divergence within eu-
karyotes (and the root of the eukaryotic tree) falls between
unikonts and bikonts (Richards and Cavalier-Smith 2005;
Simpson and Roger 2004; Stechmann and Cavalier-Smith
2003). If true, then comparisons between animals, fungi,
and plants (which would include organisms derived from
each branch of the earliest divergence) would be largely
sufficient to diagnose the generalities of the ancestral
RNAI machinery. However, because of the detected pat-
tern of lineage specific losses of RNAi components (see
above) and the possibility of an alternative eukaryotic
rooting in the branch leading to Diplomonadida/Parabasa-
lia, we have included proteins from species belonging to
each of five eukaryotic supergroups (whenever possible)
in our phylogenetic analyses.

The most likely point of origin of the Argonaute-Piwi,
Dicer-like, and RdRP protein families was inferred from
the patterns of phyletic distribution and phylogenetic tree
topology and on the basis of the parsimony principle (An-
antharaman et al. 2002). If a particular protein family is
widely represented in all eukaryotic supergroups, the most
parsimonious scenario points to its presence in the last
common ancestor of eukaryotes. This conclusion is rein-
forced when the phylogenetic tree for the family in ques-
tion conforms to the topology of the eukaryotic tree. How-
ever, none of the best phylogenetic trees for Ago-Piwi,
Dicer-like, or RdARP polypeptides strictly coincided with
the consensus tree of Eukaryota (Medina 2005) nor could
reconstruct the monophyly of some higher-order eukary-
otic groups, as previously reported for individual gene/pro-
tein trees (Arisue et al. 2004; Philippe et al. 2004). Besides

the usual problems of weakness of phylogenetic signal, lat-
eral gene transfers, hidden paralogy, and tree reconstruc-
tion artefacts (Philippe et al. 2004), incorrectly predicted
protein models (since some sequences were extracted from
draft genomes) may have contributed to greater than usual
divergences making the relationship among deep branches
difficult to resolve.

Despite these caveats, the Argonaute-Piwi proteins in
present day organisms fell into two relatively well sup-
ported, presumably paralogous, groups: the Argonaute-like
and the Piwi-like polypeptides (Figure 2). Fungi (Opistho-
konta), green algae and plants (Archaeplastida), and P.
sojae (Chromalveolata) appear to encode exclusively Ar-
gonaute-like proteins in their genomes. In contrast, Amoe-
bozoa, and T. thermophila and Paramecium tetraurelia
(Chromalveolata) seem to encode exclusively Piwi-like
proteins. Lastly, animals (Opisthokonta) have representa-
tives of both types of proteins whereas the Excavata se-
quences (G. intestinalis and T. brucei) could not be reli-
ably resolved in terms of their grouping. A parsimonious
interpretation of these data suggests that the last common
ancestor of eukaryotes contained both Argonaute-like and
Piwi-like proteins and that specific lineages independently
lost either one or the other. Only animals appear to have
retained both classes of proteins, although this conclusion
may need to be reexamined as more sequences from di-
verse taxonomic groups become available. Interestingly,
the Argonaute-Piwi duplication may have preceded the
formation of a multidomain, PAZ-containing Dicer protein
(see below) since in phylogenetic analyses the PAZ do-
mains of Piwi-like and Dicer-like proteins cluster together
whereas the PAZ domains of Argonaute-like proteins be-
have as an outgroup (data not shown). Thus, domain shuf-
fling from an ancestral Piwi-like gene might have contrib-
uted the PAZ motif to Dicer.

Ago-Piwi proteins have also undergone a marked de-
gree of expansion in certain eukaryotic lineages (Fig-
ure 2), most prominently plants and metazoans, perhaps
associated with more extensive diversification of func-
tion. In plants, several duplications of Argonaute-like pro-
teins appear to have occurred both before and after the di-
vergence of monocots and dicots, represented by Oryza
sativa and A. thaliana, respectively (Figure 2). Extensive
expansion of Argonaute-Piwi proteins has also occurred
in the animal lineage. Moreover, in certain species such
as C. elegans and D. melanogaster some of these poly-
peptides are currently so divergent that they do not re-
construct the monophyly of animals (Figure 2). At least
one group of C. elegans Argonaute-like proteins (includ-
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ing PPW1 and PPW2) behaves as paralogous to all other
Ago-like polypeptides in animals, fungi, plants, C. rein-
hardtii, and P. sojae (Figure 2).

A phylogenetic tree of Dicer-like proteins, constructed
based on the alignment of the dual RNaselll domains, did
no allow resolving the relationship among most of these
proteins (Figure 3). This is likely a reflection of the lower
sequence (and domain structure) conservation of Dicer-
like proteins relative to Ago-Piwi and RARP polypeptides.

100 — Os Ago701
Os Ago707
Os Ago711
Os Ago708
At Agol

Os Ago702

0.2

100 |90

%0 Ag Agol
100 = Dm Agol

100 Sp Agol

CiAgol

ECe Algl
100— Ce Al

At Agol0(PNH)
0

Hs Ago4 (elF2C-4) N
951 Hs Agol (elF2C-1)
87I'L_ Hs Ago3 (elF2C-3)
82 Hs Ago2 (elF2C-2)

Ce T23D8
Ce 7ZK757 /

H. CeruTTI AND J. ARMANDO CAsAas-MoLLANO IN CURRENT GENETICS 50 (2006)

However, the animal and plant Dicer-like sequences form
a well-supported cluster and appear to be orthologous
(Figure 3). Interestingly, plant Dicer-like sequences un-
derwent significant expansion largely prior to the diver-
gence of monocots and dicots. In contrast, most animals
appear to encode a single Dicer sequence, with the ex-
ception of insects that contain two. Whereas insect Dcrl
clusters with all other animal Dicers, Dcr2 is much more
divergent and forms a paralogous clade (Figure 3). In-
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triguingly, insect Ago2 is also much more divergent than
Agol and does not cluster with most other animal Argo-
naute-like proteins (the Agol clade) (Figure 2). It remains
unclear whether this reflects an ancient RNAi pathway
duplication in the animal lineage that was retained only in
insects and/or the fast evolution of certain duplicated se-
quences within the insect lineage. Although a recent re-
port suggests that D. melanogaster Dcr2 and Ago2 are
among the fastest evolving genes in this organism, per-
haps as a result of a coevolutionary “arms race” with viral
pathogens (Obbard et al. 2006).

A monophyletic origin of animal and plant Dicers is also
supported by the comparable domain organization of their
sequences (Figure 1). Moreover, if the eukaryotic tree is
truly rooted between unikonts and dikonts, as already dis-
cussed, one of the ancestral forms of Dicer may have been
similar to the multidomain protein now present in animals
and plants. Domain deletion/truncation, domain fusion, as
well as sequence divergence could explain the more vari-
able Dicer-like proteins found in other living organisms
(which contain various combinations of some of the puta-
tive ancestral motifs) (Figure 1). However, a polyphyletic
origin of Dicer-like sequences, and, potentially, the exis-
tence of more than one Dicer form in the eukaryotic an-
cestor, cannot be statistically ruled out (Figure 3). Interest-
ingly, Drosha, another type of RNaselll enzyme involved
in RNAI via the processing of miRNA precursors in ani-
mals (Bartel 2004; Wienholds and Plasterk 2005; Zamore

<

and Haley 2005), is absent from the genome of all other
eukaryotes examined (data not shown). Drosha polypep-
tides form an outgroup with respect to plant and animal
Dicers and they seem to be somewhat better related (albeit
weakly) to eubacterial RNaselll enzymes (Figure 3). Thus,
this type of protein may have evolved, independently from
Dicer, in the animal lineage.

RdRPs are not as widely distributed among eukary-
otes as Ago-Piwi and Dicer-like sequences but a phyloge-
netic tree, constructed by aligning the RARP domains, sup-
ports the monophyletic origin of the proteins found in C.
elegans, fungi, Amoebozoa, P. tetraurelia, and a subset of
plant RdRPs (Figure 4). However, the evolutionary rela-
tionships among some of these polypeptides as well as the
grouping of the G. intestinalis RARP are not well defined.
Besides the already discussed caveats associated with our
analyses, the topology of the RARP tree might also be af-
fected by more prevalent lineage-specific losses of some
of these proteins. For instance, there is experimental evi-
dence that A. nidulans has lost, via DNA sequence degen-
eration, the putative ortholog of the N. crassa RARP Qde-1
(Hammond and Keller 2005). Intriguingly, plants also con-
tain a subset of RARPs (including A. thaliana Rdr3, Rdr4,
and Rdr5) that behaves as an outgroup to all other RdRPs
(Figure 4). Thus, a parsimonious interpretation of the data
is consistent with the existence of at least one RARP in the
common eukaryotic ancestor, but the origin of the subset of
more divergent plant RARPs remains uncertain.

Figure 2 Neighbor-Joining tree showing the phylogenetic relationship among Argonaute-Piwi proteins. Sequences corresponding to the PAZ
and PIWI domains were aligned using the ClustalX program and the tree was drawn using the MEGA 3.1 program. Numbers indicate boot-
strap values, as percentage, based on 1,000 pseudoreplicates (only values > 60% are shown). The Ago-like and Piwi-like protein subclasses
are shown to the right of the tree. Species are designated by a two-letter abbreviation preceding the name of each protein: Ag A. gambiae;
At A. thaliana; An A. nidulans; Ce C. elegans; Cr C. reinhardtii; Ci C. intestinalis; Dd D. discoideum; Dm D. melanogaster; Eh E. histo-
lytica; Gi G. intestinalis; Hs H. sapiens; Nc N. crassa; Os O. sativa; Pt P. tetraurelia; Ps P. sojae; Spo S. pombe; Sp S. purpuratus; Tt T.
thermophila; and Th T. brucei. Accession numbers of proteins used to draw the tree: Ag Agol EAA00062; Ag Ago2 EAL41436; Ag Piwi
EAA05900; At Agol AAC18440; At Ago2 NP_174413; At Ago3 NP_174414; At Ago4 NP_565633; At Ago5 NP_850110; At Ago6 NP_180853;
At Ago7(ZIP) NP_177103; At Ago8 NP_197602; At Ago9 NP_197613; At Agol0(PNH) CAA11429; An AN1519 EAA63775; Ce Algl NP_
510322; Ce Alg2 NP_871992; Ce C01G5 AAB37734; Ce D2030 CAA98113; Ce Ppwl NP_740835; Ce Ppw2 AAF60414; Ce Rdel NP_
741611; Ce RO4A9 NP_508092; Ce T23D8 NP_492643; Ce ZK757 CAB54247; Cr Agol v2_C_130206*; Cr Ago2 v2_1200017*; Ci Agol C_
chr_02q000291*; Dd AgnA EAL69296; Dd AgnB EAL62204; Dd AgnC EAL71514; Dd AgnE EAL62770; Dd DDB0218341 EAL66399; Dm
Agol BAAB88078; Dm Ago2 Q9VUQ5; Dm Aub CAA64320; Dm Piwi QIVKM1; Eh EAL51127 EAL51127; Gi GLP_170_185618 188320
XP_779885; Hs Agol(elF2C-1) AAH63275; Hs Ago2(elF2C-2) AAL76093; Hs Ago3(elF2C-3) BAB14262; Hs Ago4(elF2C-4) BAB13393;
Hs Hiwi AAC97371; Nc Qde2 AAF43641; Nc Sms2 AAN32951; Os Ago701 XP_468547; Os Ago702 BAB96813; Os Ago703 NP_912975; Os
Ago704 XP_478040; Os Ago705 AL606693; Os Ago706 NP_909924; Os Ago707 AP005750; Os Ago708 XP_473529; Os Ago709 XP_473887,
Os Ago710 XP_469312; Os Ago711 AP004188; Os Ago712 XP_476934; Os Ago713 XP_473888; Os Ago714 XP_468898; Os Ago715 XP_
477327; Os Ago716 XP_464271; Os Ago717 XP_469311; Os Ago719 AP000836; Pt Ptiwi05 CAI44468; Pt Ptiwil0 CAI39070; Pt Ptiwil3
CAI39067; Pt Ptiwil5 CAI39065; Ps AgoL1 vl _C_580101*; Ps AgoL2 v1_C_1000004*; Spo Agol O74957; Sp Agol XP_782278; Sp Seawi
AAG42533; Tt Twilp AAM77972; Tt Twi2p AAQ74967; Th Agol AAR10810. *Accession numbers according to the annotated draft genomes
of C. reinhardtii, C. intestinalis, or P. sojae at http://www.genome.jgi-psf.org/euk_curl.html
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Figure 3 Phylogenetic tree of Dicer-like proteins. Sequences corresponding to the RNasellla and b domains were aligned using the Clust-
alX program and a Neighbor-Joining tree was constructed and drawn using MEGA 3.1. Numbers show bootstrap values, as percentage, based
on 1,000 pseudoreplicates (only values > 60% are shown). The Dicer-like, eubacterial RNaselll, and Drosha-like protein subclasses are indi-
cated to the right of the tree. Species are designated by a two-letter abbreviation preceding the name of each protein, as shown in the legend
to Figure 2 but also including: Aa Aedes aegypti; Ec Escherichia coli; and St Streptococcus thermophilus. Accession numbers of proteins used
to draw the tree: Aa Dcrl AAW48724; Aa Dcr2 AAW48725; Ag Dcrl AAO73809; Ag Dcr2 EAA00264; Ag Drshl EAL39656; At Dcll NP_
171612; At Dcl2 NP_566199; At Dcl3 NP_189978; At Dcl4 NP_197532; An AN3189 XP_660793; Ce Dcrl P34529; Ce Drshl NP_492599;
Cr Dcll v2_C_130110 (at http://www.genome.jgi-psf.org/Chlre3/Chlre3.home.html ); Dd DDB0202199 EAL73658; Dd DrnA EAL70472; Dm
Dcrl Q9VCU9; Dm Dcr2 BAB69959; Dm Drshl AAD31170; Ec RNaselll AAC75620; Gi Dcll AAO17549; Hs Dcrl NP_803187; Hs Drshl
QI9NRR4; Nc Dcl2 CAB91758; Nc Sms3 XP_328976; Os Dcl701 NP_912466; Os Dcl702 XP_463595; Os Dcl703 NP_922059; Os Dcl704
XP_473129; Os Dcl705 XP_463068; Pt Dcrl CAI44479; Spo Dcrl Q09884; St RNaselll AAV62839; Sp Dcrl XP_790894; Sp Drshl XP_
790161; Tt Dcrl BAD34724; Tt Dcr2 BAD34723

Nature of the ancestral RNAi machinery bacterial proteins (Song et al. 2004; Yuan et al. 2005). The
remaining domains in Argonaute-Piwi and Dicer-like pro-
teins such as the PIWI, the SFII RNA helicase, the RNa-
selll, and the DSRM motifs appear to have originated in
prokaryotic lineages prior to the divergence of eukaryotes
(Anantharaman et al. 2002). Thus, the innovative evolution
of certain domains as well as the fusion of diverse func-
tional motifs in order to generate Argonaute-Piwi, Dicer-
like, and RARP proteins might have occurred ancestrally in
the eukaryotic lineage.

Interestingly, the last common ancestor of living eu-
karyotes appears to have been a “complete” eukaryotic cell
(Richards and Cavalier-Smith 2005; Simpson and Roger
2004). It had a nucleus, endoplasmic reticulum, and Golgi
apparatus, and underwent mitosis and meiosis (Ramesh

RNAi-related phenomena occur in all eukaryotic su-
pergroups (with the possible exception of Rhizaria that re-
mains to be sampled) (Table 1) and phylogenetic analyses
suggest that the main components of the RNAi machinery
can be traced back to the common ancestor of eukaryotes
(Figs. 2, 3, 4). Moreover, several motifs typical of RNAI ef-
fectors such as the RARP (which differs from viral RARPs),
PAZ, and DUF283 domains are restricted to the eukaryotic
lineage and have been postulated to be eukaryotic innova-
tions (Anantharaman et al. 2002; Wassenegger and Krczal
2006). Though a somewhat divergent PAZ-like structural
fold, lacking primary sequence conservation with the eu-
karyotic PAZ domain, also occurs in some archaeal and eu-
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Figure 4 Phylogenetic tree of eukaryotic RNA-dependent RNA polymerases. An alignment of sequences corresponding to the RdRP domain
was used to construct a Neighbor-Joining tree and its robustness was assessed by a bootstrap test based on 1,000 pseudoreplicates. Bootstrap
values higher than 60% are shown on the nodes of the tree. Species are indicated by a two-letter abbreviation preceding the name of each pro-
tein, as shown in the legend to Figure 2. Accession numbers of proteins used to draw the tree: At Rdrl NP_172932; At Rdr2 NP_192851; At
Rdr3 NP_179581; At Rdr4 NP_179582; At Rdr5 NP_179583; At Rdr6(SDE1) NP_190519; An AN2717 XP_660321; An AN4790 XP_662394;
Ce Egol NP_492132; Ce Rrfl AAF80368; Ce Rrf2 NP_493057; Ce Rrf3 NP_495713; Dd DosA AAD29638; Dd RrpB CAC41975; Eh Rdrpl
EAL45936; Gi Rdrp AAK97084; Nc Qdel CAB42634; Nc Rrp3 CAD70515; Nc Sadl AAK31733; Os Rdr701 NP_918046; Os Rdr702 NP_
913147; Os Rdr703 NP_913148; Os Rdr704 AP004880; Os Rdr705 XP_472792; Pt Rdrpl CAI39057; Pt Rdrp2 CAI39056; Spo Rdpl 014227

et al. 2005; Simpson and Roger 2004). It also had an en-
dosymbiont-derived mitochondrion, a cilium and centri-
ole, and a complex eukaryotic cytoskeleton (Richards and
Cavalier-Smith 2005). The only major eukaryotic features
that appear to be of later origin are plastids (Simpson and
Roger 2004). Given this complexity it is perhaps not sur-
prising that the ancestral RNAIi machinery may have al-
ready been well developed. Our analyses (see above) sug-
gest that the last common ancestor of eukaryotes had, at
a minimum, one Argonaute-like polypeptide, one Piwi-like
protein, one Dicer, and one RARP. Further, since in the case
of Dicer the reconstructed phylogeny did not resolve the
relationship among most of these polypeptides (Figure 3),
the existence of Dicer-like paralogs in the last common an-
cestor of eukaryotes cannot be ruled out.

The function(s) of this ancestral RNAi machinery is un-
known. However, several considerations may provide a
framework for hypotheses about its possible role(s). First,
the ancestral RNAI function(s) very likely was not essen-
tial for life since the machinery appears to have been lost

from a variety of taxonomically divergent eukaryotes, such
as S. cerevisiae, T. cruzi, L. major, C. merolae, and P. falci-
parum (Table 1). The alternative explanation, that in these
species an essential RNAI role(s) was compensated by an-
other mechanism, would require the independent evolution
of the latter multiple times. Moreover, in organisms that
contain a single Dicer gene such as S. pombe and verte-
brates, Dicer-null mutants are RNAi-defective but viable at
the cellular level (Giraldez et al. 2005; Kanellopoulou et
al. 2005; Martienssen et al. 2005; Murchison et al. 2005;
\Wolpe et al. 2002). Though these mutants commonly show
reactivation of transposons and/or repetitive sequences, de-
ficient (hetero)chromatin formation, and/or abnormal chro-
mosome segregation; and vertebrate germ cells fail to dif-
ferentiate (Fukagawa et al. 2004; Kanellopoulou et al.
2005; Martienssen et al. 2005; Murchison et al. 2005). Sec-
ond, if a particular function is now widely represented in
all examined eukaryotic supergroups, the most parsimoni-
ous scenario would suggests that it was already operative in
the last common ancestor of eukaryotes. Interestingly, two



92 H. CeruTTI AND J. ARMANDO CAsAas-MoLLANO IN CURRENT GENETICS 50 (2006)

RNA-mediated processes appear to be widespread among
living eukaryotes: the post-transcriptional degradation of
cognate RNAs and the transcriptional repression of ho-
mologous DNA sequences (Table 2). Third, the existence
of duplicated Argonaute-Piwi proteins in the last common
ancestor of eukaryotes (Figure 2) suggests some degree
of functional diversification tracing back to the ancestral
RNAI machinery (since completely redundant genes are
unlikely to be evolutionarily conserved; Ohno 1970; Force
et al. 1999; Lynch and Conery 2000; Moore and Purugga-
nan 2005; Presgraves 2004).

In present day eukaryotes both Argonaute-like pro-
teins and Piwi-like proteins have been implicated in a va-
riety of RNAi-related phenomena and several subfam-
ily members appear to have distinct functions (Grishok et
al. 2001; Lee et al. 2003; Okamura et al. 2004). For in-
stance, a Piwi-like protein, Twil, is required for the con-
jugation-induced accumulation of small RNAs involved
in programmed DNA elimination in T. thermophila (Lee
and Collins 2006; Liu et al. 2004b). The D. melanogaster
Piwi-like genes Aubergine and Piwi have been implicated
in both transcriptional, partly associated with histone H3
lysine 9 (H3K9) methylation, and post-transcriptional
gene silencing (Aravin et al. 2004; Kavi et al. 2005; Pal-
Bhadra et al. 2004). Members of the Argonaute-like class
of proteins have been identified as key components of the
RISC (Hammond et al. 2001; Rivas et al. 2005; Zamore
and Haley 2005). In humans, hAgo2 was shown to be re-
sponsible for target RNA cleavage whereas other Argo-
naute subfamily members (hAgol, hAgo3, and hAgo4)
can associate with both siRNAs and miRNAs but do not
mediate cleavage (Liu et al. 2004a; Meister et al. 2004;
Rivas et al. 2005). In D. melanogaster, both Ago2 and
Agol have slicer functions but Ago2 is predominantly in-
volved in siRNA-directed target RNA cleavage whereas
Agol is necessary for miRNA-directed target RNA cleav-
age (Miyoshi et al. 2005; Okamura et al. 2004). In plants,
specific members of the Argonaute subfamily also show
distinct activities. Arabidopsis Ago4 has been impli-
cated in DNA and histone methylation whereas Agol is
an RNA slicer and much more pleotropic in its functions
(Baumberger and Baulcombe 2005; Matzke and Birchler
2005; Qi et al. 2005; Zilberman et al. 2003). Interestingly,
in organisms that encode a single Ago-Piwi protein, such
as S. pombe and T. brucei, its mutation results in defects
in both transcriptional and post-transcriptional silencing
(Shi et al. 2004; Sigova et al. 2004).

Given the above constraints, it seems reasonable to
hypothesize, as previously suggested, an ancestral (but

non-essential) role of the RNAi machinery in defense re-
sponses against genomic parasites such as transposable el-
ements and viruses (Baulcombe 2004; Buchon and Vaury
2006; Li and Ding 2005; Matzke and Birchler 2005; Plas-
terk 2002; Waterhouse et al. 2001). This function has been
widely conserved throughout the eukaryotic spectrum (Ta-
ble 1). Moreover, barring a sampling bias given the rela-
tively small number of taxonomically diverse eukaryotic
genomes currently available, all known species that have
lost the RNAiI machinery are unicellular and possess rel-
atively small genomes. These organisms may be affected
by a limited number of genomic parasites and likely have
alternative means to control them. Indeed, even in RNAI-
positive eukaryotes, partly redundant, RNAi-independent
pathways are also involved in the silencing of transposons
and other repetitive sequences (Chicas et al. 2004; Jeong
et al. 2002; Kuhlmann et al. 2005; Lippman et al. 2003;
Lippman and Martienssen 2004; Martienssen et al. 2005;
Robert et al. 2005; Tran et al. 2005; van Dijk et al. 2006;
Yamada et al. 2005). From a mechanistic standpoint, the
ancestral RNAI machinery may have been capable of both
siRNA-guided transcript degradation as well as siRNA-
guided transcriptional repression of homologous se-
quences. Again, both roles appear to be widespread among
living eukaryotes (Table 2) and this diversification of func-
tion could account for the ancestral conservation of dupli-
cated Argonaute-Piwi proteins. It is tempting to speculate
that one Ago-Piwi protein might have been predominantly
located in the nucleus, as D. melanogaster Piwi (Cox et
al. 2000), and perhaps involved in transcriptional silenc-
ing whereas another Ago-Piwi protein might have been
preferentially located in the cytoplasm, as D. melanogas-
ter Ago2 (Findley et al. 2003; Rehwinkel et al. 2005), and
perhaps involved in post-transcriptional silencing. Further
roles of the ancestral RNAI machinery are certainly pos-
sible but many known RNA-mediated silencing processes
show a limited phyletic distribution in present day eukary-
otes (Table 2) and may have evolved independently in spe-
cific lineages (see below).

Additional (derived?) functions of the RNAi machinery

In Table 2 we have examined the taxonomic distribu-
tion of six, experimentally supported, RNA-mediated si-
lencing pathways: dsSRNA-induced RNAi, RNAi-mediated
(hetero)chromatin formation, RNA-directed DNA methyla-
tion, programmed genome rearrangements (DNA elimina-
tion), meiotic silencing by unpaired DNA, and miRNA-me-
diated gene regulation. As discussed above, (degradative)
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dsRNA-induced RNAI appears to be widespread (Table 2)
and likely one of the ancestral functions of the RNAI ma-
chinery. However, the sources of long dsRNA are quite
variable resulting, in different species, in the silencing
of diverse sequences from genomic parasites and repet-
itive DNA to specific genes (Baulcombe 2004; Chicas et
al. 2004; Kavi et al. 2005; Matzke and Birchler 2005; Na-
kayashiki 2005; Yoshikawa et al. 2005; Zamore and Haley
2005).

The proposed ancestral role of the RNAi machinery in
transcriptional gene silencing could have involved siRNA-
mediated targeting of chromatin modifications and/or cy-
tosine DNA methylation. RNAi-dependent transcriptional
silencing has been demonstrated to entail histone modifi-
cations, such as H3K9 methylation, in eukaryotes belong-
ing to at least three different supergroups (Table 2). More-
over, siRNA-triggered transcriptional repression occurs
in organisms that lack cytosine DNA methylation such as
S. pombe and C. elegans (Grishok et al. 2005; Martiens-
sen et al. 2005; Ponger and Li 2005; Robert et al. 2005;
\Volpe et al. 2002) and in organisms with very limited DNA
methylation such as T. brucei and D. melanogaster (Kavi
et al. 2005; Pal-Bhadra et al. 2004; Ponger and Li 2005;
Shi et al. 2004; Ullu et al. 2004). In contrast, RNA-di-
rected DNA methylation has, thus far, only been demon-
strated in plants and mammals (Kawasaki and Taira 2004;
Matzke and Birchler 2005; Morris et al. 2004) and the role
of DNA methylation in this type of gene silencing is some-
what debatable in mammals (Ting et al. 2005; Weinberg et
al. 2006). Further, several A. thaliana proteins needed for
this process, such as the RARP Rdr2 and subunits of RNA
polymerase 1V, do not have mammalian counterparts (Chan
et al. 2004; Herr et al. 2005; Kanno et al. 2005; Onodera et
al. 2005; Xie et al. 2004). Thus, the ancestral RNAi ma-
chinery very likely had the capability to target histone
modifications, given the widespread phyletic distribution
of this function. Conversely, RNA-directed DNA methyla-
tion might have arisen independently in specific eukaryotic
lineages. Alternatively, if RNA-directed DNA methylation
did evolve in the last common ancestor of eukaryotes it ap-
pears to have been lost from many lineages and the molec-
ular effectors now differ substantially between plants and
mammals.

Interestingly, the mechanism(s) of RNAi-mediated
(hetero)chromatin formation also appears to have diverged
in present day eukaryotes since, for instance, an RdRP has
been implicated in this process in S. pombe (Martienssen
et al. 2005; Verdel et al. 2004; Volpe et al. 2002) but it oc-
curs in the absence of RdRPs in D. melanogaster and ver-

tebrates (Fukagawa et al. 2004; Kanellopoulou et al. 2005;
Kavi et al. 2005; Pal-Bhadra et al. 2004; Ting et al. 2005;
Weinberg et al. 2006). Adding to this complexity, cyto-
sine DNA methylation and histone modifications seem to
be interconnected in self-reinforcing feedback loops in
higher eukaryotes (Fuks 2005), although the role (if any)
of the RNAI machinery in this cycle is not clear. Fur-
ther, in S. pombe and chicken DT40 cells RNAi-mediated
(hetero)chromatin formation may now play a critical role
in determining chromosome structure and function during
mitosis and/or meiosis (Fukagawa et al. 2004; Martienssen
et al. 2005; Wong and Choo 2004). Conversely, in other
organisms such as N. crassa the RNAIi machinery appears
to be dispensable for the methylation of both DNA and
H3K9 associated with repetitive sequences (Chicas et al.
2004; Freitag et al. 2004), whereas in mouse there might
be cell-type-specific differences in the mechanism(s) of
(hetero)chromatin formation (Kanellopoulou et al. 2005;
Murchison et al. 2005). Indeed, RNAi-independent path-
ways for (hetero)chromatin formation and DNA methyl-
ation appear to exist in several RNAIi-positive eukaryotes
(Chicas et al. 2004; Freitag et al. 2004; Goll and Bestor
2005; Jia et al. 2004; Kaller et al. 2006; Laayoun and
Smith 1995; Yamada et al. 2005). It remains uncertain to
what extent this functional diversity was already present
in the unicellular eukaryotic ancestor.

RNAI has also been implicated in the programmed ex-
cision of excess DNA in ciliated protozoa such as T. ther-
mophila and P. tetraurelia (Garnier et al. 2004; Mochizuki
and Gorovsky 2005; Nowacki et al. 2005; Yao and Chao
2005). This process requires small RNAs, termed scan
RNAs, and components of the RNA machinery that direct
H3K9 methylation of the chromatin associated with the se-
quences to be deleted (Garnier et al. 2004; Liu et al. 2004b;
Mochizuki and Gorovsky 2005; Yao and Chao 2005).
Many of the eliminated sequences appear to be derived
from transposons (Lee and Collins 2006; Yao and Chao
2005) and RNA-mediated DNA elimination may have
evolved as an extension of the role of the RNAi machinery
in the transcriptional silencing of transposon/repetitive se-
guences. Interestingly, DNA diminution phenomena have
also been observed in Ascaris worms and in some species
of crustaceans and fish, although it is not known whether
these processes are RNAi mediated. Based on this phyletic
pattern, Yao and Chao (2005) have recently proposed that
programmed genome rearrangements may have arisen by
the independent evolution in some eukaryotic lineages of
a final (yet uncharacterized) RNA1 step, elimination of the
(hetero)chromatin induced by small RNAs.
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In N. crassa, as a zygotic cell undergoes meiosis (which
involves pairing of homologous chromosomes), the pres-
ence of an unpaired copy of a gene triggers silencing of
all homologous sequences in the genome. This phenome-
non has been termed meiotic silencing by unpaired DNA
(MSUD) and shown to require an RdRP (Sadl) and an Ar-
gonaute-like protein (Lee et al. 2003; Shiu et al. 2001).
MSUD also requires RNA production from the unpaired
DNA sequence and these transcripts are presumable used
as a template by Sadl to synthesize dsRNA that enters the
degradative RNAI pathway (Lee et al. 2004; Matzke and
Birchler 2005; Nakayashiki 2005). Thus, even though
MSUD originates in the nucleus, it ultimately seems to
be a post-transcriptional process that does not involve de-
tectable chromatin alterations at the target locus (Matzke
and Birchler 2005; Nakayashiki 2005). MSUD-like phe-
nomena have also been observed in mouse and C. elegans
(Maine et al. 2005; Turner et al. 2005). However, both of
these processes involve chromatin modifications and tran-
scriptional repression of the unpaired loci. Moreover,
(hetero)chromatin formation on unpaired DNA in C. el-
egans requires the RARP Egol but occurs in the absence
of several other RNAIi pathway components (Maine et al.
2005). Thus, given its more limited taxonomic distribu-
tion and the mechanistic differences in various species, the
silencing of unpaired DNA during meiosis is likely a de-
rived, more recently evolved function of RNA..

The RNAI machinery also plays an important role in
gene regulation via microRNAs. However, miRNASs have,
thus far, only been identified in multicellular plants and an-
imals (Table 2). They appear to be absent from several uni-
cellular eukaryotes such as S. pombe and T. brucei, where
extensive libraries of small RNAs have been sequenced
(Djikeng et al. 2001; Reinhart and Bartel 2002), and no
miRNA-directed silencing pathway has been documented
in fungi (Nakayashiki 2005). In contrast, miRNAs are es-
sential for the development of animals and plants (Bartel
2004; Chen 2005; Kidner and Martienssen 2005; Wien-
holds and Plasterk 2005). For instance Dicer-deficient ver-
tebrate germ cells are viable but they fail to differentiate
(Giraldez et al. 2005; Kanellopoulou et al. 2005; Murchi-
son et al. 2005). Moreover, Dicer is required for morpho-
genesis (but not for cell fate specification) during zebrafish
embryogenesis, and the absence of miRNAs is responsible,
at least in part, for this phenotype (Giraldez et al. 2005).
Similarly, null alleles of Dicer-likel, necessary for the gen-
eration of mature miRNAs, result in embryo lethality in
A. thaliana (Chen 2005; Ray et al. 1996; Kidner and Mar-
tienssen 2005).

Despite these similarities, plant and animal miRNA
pathways vary in multiple aspects (Bartel 2004; Llave et
al. 2002; Reinhart et al. 2002). In animals, miRNAs are ini-
tially transcribed into long precursor transcripts that are
processed to mature miRNASs in a series of steps involv-
ing two RNaselll-like enzymes, Drosha and Dicer (Bartel
2004; Wienholds and Plasterk 2005). Plants lack a Drosha
homolog and the production of miRNAs from precursor
RNAs appears to be carried out by a single Dicer-like pro-
tein (Chen 2005; Kurihara and Watanabe 2004; Millar and
Waterhouse 2005). Plant miRNAs are also methylated on
the ribose of the last nucleotide, a modification presumably
involved in protecting miRNAs from 3’ end uridylation and
degradation, whereas animal miRNAs do not appear to be
modified (Chen 2005; Li et al. 2005; Yu et al. 2005). Mech-
anistically, most animal miRNAs are only partly comple-
mentary to their targets and mediate silencing primarily by
translational repression, although localization to the pro-
cessing bodies may also affect RNA stability (Humphreys
et al. 2005; Liu et al. 2005b; Pillai et al. 2005; Wienholds
and Plasterk 2005; Zamore and Haley 2005). In contrast,
most plant miRNAs have near-perfect complementarity to
their targets and trigger predominantly mRNA cleavage
(Carrington and Ambros 2003; Chen 2005; Schwab et al.
2005). These differences, the lack of conservation of par-
ticular miRNA genes between plant and animals, and their
absence from many eukaryotes suggest that the miRNA
pathway may have evolved independently in the lineages
leading to multicellular plants and animals (Bartel 2004;
Millar and Waterhouse 2005; Wienholds and Plasterk
2005). Conceivably, the appearance of miRNAs may have
played a role in the evolution of organisms with complex
body patterns (Bartel 2004; Millar and Waterhouse 2005;
Wienholds and Plasterk 2005).

Summary and perspective

Double-stranded RNA has been demonstrated to trig-
ger gene silencing in eukaryotes, linking a variety of ap-
parently dissimilar phenomena with RNA interference in
animals. Biochemical and genetic studies have led to the
identification of three conserved components of the RNAi
machinery, namely Dicer, Argonaute-Piwi, and RdRP. We
have analyzed the taxonomic distribution and the phylo-
genetic relationship of these proteins with the goal of in-
ferring the composition and function(s) of the RNAIi ma-
chinery in the last common ancestor of eukaryotes. This
ancestral RNAi machinery likely consisted of, at least, one
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Argonaute-like polypeptide, one Piwi-like protein, one
Dicer, and one RNA-dependent RNA polymerase. The
original role of these components may have been non-es-
sential for unicellular life, although important for defense
responses against genomic parasites such as transposable
elements and viruses. In fact the RNAI machinery in the
eukaryotic ancestor may have been able to target both tran-
script degradation as well as locus-specific histone modifi-
cations, resulting in the inactivation of extra-chromosomal
and genome integrated parasitic sequences. Other known
RNAIi-mediated processes show a limited taxonomic dis-
tribution in living eukaryotes and may have evolved more
recently in specific lineages. RNA-directed DNA methyla-
tion, DNA elimination, and meiotic silencing by unpaired
DNA possibly arose as an extension of the RNAI machin-
ery role in controlling transposons and retroviruses. In
contrast, miRNAs and several kinds of endogenous siR-
NAs appear to be flexible innovations that allowed gath-
ering the selectivity of RNAI for the regulation of gene
expression.

Although the ancestral RNAi machinery seems to have
been fairly complex, a considerable degree of functional di-
versification as well as integration with RNAi-independent
pathways for (hetero)chromatin formation and DNA meth-
ylation seem to have occurred during eukaryotic evolution.
Moreover, the great expansion of RNAi components, par-
ticularly Ago-Piwi proteins, in present day plants and ani-
mals suggests the possibility of further, still unrecognized,
pathway specialization. Much remains to be learned about
the extent of subfunctionalization, neofunctionalization,
and partial redundancy of gene family members. In addi-
tion, the regulation of gene expression by miRNAs may
be a relatively easy innovation, particularly when trigger-
ing transcript cleavage as in plants. As recently proposed
(Allen et al. 2004; Smalheiser and Torvik 2005), at least
some miRNA genes may arise from inverted duplications
of target gene sequences and the initially produced double
stranded foldback transcripts may operate as regulators via
the degradative RNAI pathway. Progressive sequence deg-
radation, under selective pressure, may eventually result in
the bulged structure typical of miRNA precursors. From
this perspective, it seems reasonable to expect that miR-
NAs will be found in additional eukaryotic lineages, partic-
ularly in organisms with complex genomes where new re-
peats are tolerated and where the regulation conferred by
miRNAs provides a selective advantage. Conversely, the
RNAI machinery seems to have been entirely lost or ex-
tensively simplified in a number of unicellular eukaryotes
with small genomes. In the latter, the presence of a recog-

nizable Argonaute-Piwi protein appears to be diagnostic of
a functional RNAI pathway, whereas Dicer-like proteins
are less conserved and RARPs may be absent.
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