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Identification and characterization of Piwi subfamily in insects
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Abstract

As a subfamily of Argonaute proteins, Piwi is poorly understood compared with Ago subfamily until recent discovery of Piwi protein
interacting with piRNA. We did a large scale screening of insect genomes to identify piwi-like genes. Full or partial cDNA sequences
were obtained by EST elongation and GENSCAN. We found that the exon numbers were totally different between vertebrates and inver-
tebrates, approximately 20 exons in mammals but only 6–9 exons in insects. This infers either intron insertion or loss occurred during
evolution. Characterized PAZ, c-terminal PIWI domains exist in almost all predicted Piwi-like proteins. We found six conserved motifs,
which contain active catalytic triad ‘‘Asp-Asp-His/Lys’’ required for slicer activity. The expression of siwi1 and siwi2 in Bombyx mori

were verified with RT-PCR. Phylogenetic tree inferred by Bayesian algorithm indicates invertebrate Piwi-like proteins are classified into
three clades, of which Ago3 clade is closer to mammalian Piwi proteins.
� 2007 Elsevier Inc. All rights reserved.
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Argonaute proteins have important functions in gene
silencing through RNA interfering mechanism [1–3]. These
proteins are essential for a wide range of regulation
machinery, such as induction of histone and DNA methyl-
ation, mRNA breakdown and inhibition of translation,
retrotransposons silencing, germ cell development and
stem cell self-renewal [4]. Argonaute proteins are character-
ized by the presence of two domains: PAZ and PIWI. PAZ
domain is of 110 aa in the middle region, named after pro-
teins Piwi, Argonaut, and Zwille. It functions as a nucleic
acid binding domain with a strong preference for single-
stranded nucleic acids or RNA duplexes with single-
stranded 3 0overhangs [5]. PIWI domain is of 300 aa in
the C-terminal region and structurally similar to RNaseH
catalytic domain, which performs a crucial role in slicer
activity [6–8].
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In animals, Argonaute protein family can be divided
into two classes: Ago subfamily and Piwi subfamily. Ago
subfamily is ubiquitously expressed and participates in siR-
NAs and miRNAs pathways, whereas Piwi subfamily is
expressed specifically in germline and early development
of embryo [1,6,9]. The first protein in Piwi subfamily was
found in Drosophila germline stem cells (GSCs) [10]. It
has been reported that Piwi subfamily plays an essential
role in germ cell development, retrotransposons silencing
and germ stem cell self-renewal. Recent deep sequencing
of small RNA profile in mouse and zebrafish testis revealed
that Piwi proteins interact with rasiRNA or piRNA [11–
13]. This highlights the functional importance of Piwi sub-
family, though the detailed mechanism remains unclear.

Though the first Piwi protein has been found ten years
ago, Piwi lag behind Ago subfamily in function and struc-
ture analysis. This is partially due to only Ago subfamily
involves in siRNA and miRNA induced gene silencing
pathway. Recently, Piwi subfamily also becomes a hotspot
as an important participator in piRNA biogenesis. Present
understanding implies that the organism expressing Piwi
protein might also express piRNAs. Unfortunately, studies
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of Piwi proteins are limited to some model organisms [14–
17]. Four Piwi-like proteins have been identified in Homo

sapiens [18], three in Mus musculus [17,19] and one in Rat-

tus norvegicus [15]. Two Piwi homologues, Ziwi and Zili,
have been reported in Danio rerio. Ziwi is expressed in both
male and female gonad and is a component of a germline-
specifying structure called nuage [20]. In Drosophila mela-

nogaster, Piwi subfamily consists of three members: Piwi,
Aubergine, and Ago3 [12,21,22], while two Piwi homo-
logues, prg-1 and prg-2, have been found in C. elegans

[22]. Nevertheless, there is no Piwi homologous protein
found in yeast and plants. It raises a question of how many
species containing Piwi subfamily and its interacting part-
ner piRNA or rasiRNA.

Insect species is the largest group of animals. Neverthe-
less, Piwi proteins have been only investigated in D. mela-

nogaster. The increasing insect genome and expression data
enable us to carry out a large scale survey of piwi-like
sequences. Moreover, identification of Piwi subfamily in
invertebrate is not only important for elucidating function
and evolution of Piwi proteins but also helpful for piRNA
or rasiRNA research. Here, we did a large scale screen of
insect genomes to identify Piwi-like proteins in Bombyx

mori, Anopheles gambiae, Apis mellifera and ten Drosophila

species. Thirty five novel Piwi-like proteins were found.
The full cDNA sequences of six putative Piwi proteins were
obtained by e-PCR, while major part of cDNA sequences
of other Piwi-like proteins were clustered by EST elonga-
tion. A rich amount of ESTs were perfectly aligned to pre-
dicted piwi-like genes. Characterized PAZ and PIWI
domain and six motifs were found, indicating high conser-
vation of Piwi subfamily. Almost all insect Piwi proteins
have active catalytic residues ‘‘Asp-Asp-His/Lys’’, imply-
ing possessing of slicer activity. We also found that exon
numbers of piwi genes were different between vertebrates
and invertebrates. Phylogenetic tree shows that piwi is a
high conserved family across diverse organisms including
mammal, insect, etc.

Material and methods

Data collection. The Bombyx mori genome sequence were downloaded
from SilkDB [23]. The genome sequences of ten Drosophila species and An.

gambiae, A. mellifera were accessed via UCSC Genome Bioinformatics
database. The sequences of 13 known Piwi proteins of D. melanogaster,
H. sapiens, M. musculus, R. norvegicus and D. rerio were downloaded from
Genbank according to gene Accession numbers reported in references
(Table S1).

Homology searching. We used BioEdit to create local blast databases of
insect genomic sequences. Thirteen Piwi protein sequences were used as
queries to search local databases using TBLASTN algorithm with default
parameters. All blasted sequences with E-value lower than 1E-20 were
manually examined and remained as candidate seeds for further analysis.
We wrote Perl scripts to extract 10 kb upstream and downstream genome
sequences flanking candidate seeds for An. gambiae, A. mellifera and
Bombyx mori. For those species with abundant ESTs, we did in silico

elongation by aligning ESTs with genome sequences to get cDNA
sequences as long as possible (as detailed below). We also used GEN-
SCAN to predict transcriptional starting sites (TSS) and exon/intron
boundary.
EST elongation and expression analysis. The EST sequences of ten
Drosophila species and An. gambiae, A. mellifera and Bombyx mori were
downloaded from UCSC Genome Bioinformatics database and dbEST. In
total, there are 153,165 ESTs for An. gambiae, 78,085 for A. mellifera,
184,509 for Bombyx mori, 22,662 for Drosophila erecta, 5013 for Dro-

sophila simulans, 11,135 for Drosophila yakuba, 541,595 for D. melano-

gaster, 21,262 for Drosophila grimshawi, 19,844 for Drosophila mojavensis,
36,014 for Drosophila pseudoobscura, 23,379 for Drosophila ananassae and
22,152 for Drosophila virilis. We aligned ESTs with extracted genome
sequences to determine exon/intron boundaries. For those species with
abundant ESTs, we did in silico elongation to get cDNA sequences as long
as possible. We then blasted local EST databases with putative cDNA
sequences as queries for expression analysis. The ESTs meeting following
criteria were remained: (1) sequence identity is more than 95%; (2) the
length of matched sequences is larger than 160 bp.

Domain and motif prediction. The deduced amino acid sequences were
aligned with ClustalX and viewed with Genedoc. Sequence Identity
Matrices were obtained from BioEdit. Protein domains were analyzed by
searching CDS Conserved Domains databases. Motif finding was carried
out with MEME program [24] and motif sequence logos were drawn by
WebLogo [25].

RT-PCR verification and sequencing. Total RNA was isolated from egg
and second instar larva of silkworm using the TRIzol reagent (Invitrogen).
The first strand of cDNA was synthesized with M-MLV reverse trans-
criptase (Promega). PCRs for amplifying siwi1 genes were performed with
standard procedure at an annealing temperature of 55 �C. Touchdown
PCR was carried out to amplify the fragments of siwi2. The annealing
temperature was designed to decrease from 65 to 50 �C with intervals of
3 �C, three cycles at each annealing temperature. Additional 25 cycles were
appended at 50 �C. The PCR products were purified with AxyPrep DNA
Gel Extraction Kit (AXYGEN) and then cloned into pGEM�–T Easy
vector (Promega). The ligation reactions were used for transformations with
Escherichia coli DH5a competent cells. The primers for siwi1 were: forward
primer: 5 0AGCACTGGAGTCCGAAAGGC3 0, reverse primer: 5 0GCGA
CCACGTTGAACGAAGA3 0. The primers for siwi2 were: forward primer:
5 0TCAGTTGAATTGCAAACTGGG3 0, reverse primer: 5 0CACATCTTG
TACGTCAAACGCT3 0. PCR products were separated on a 2.0% agarose
gel and visualized with Goldview staining. Recombinant plasmids were
sequenced by Shanghai Sangon Biological Engineering Technology &
Services Co., Ltd.

Phylogenetic analysis. An evolutional tree of Piwi subfamily was con-
structed with conserved amino acid blocks of 13 known Piwis and 35
predicted Piwi-like proteins. All protein sequences were aligned using
ClustalX. Phylogenetic tree was constructed using MrBayes [26] and
viewed with TreeView [27]. The consensus tree was generated using the
following parameters: Minimum Evolution method, Dayhoff matrix
model for protein distance calculation.
Results

Predicted insect piwi-like genes

Thirteen well-studied Piwi proteins from human, mouse,
rat, zebrafish and fruitfly were downloaded from Genbank.
The protein sequences are used as queries to blast a local
insect genome database for searching putative piwi-like
sequence in mosquito, silkworm, honeybee and ten related
fruitfly species. In total, 35 novel piwi-like genes were
obtained, of which 30 were from ten Drosophila species,
two from An. gambiae and one from A. mellifera. Two
piwi-like genes, siwi1 (EU034629) and siwi2 (EU045577),
were also identified from domesticated Bombyx mori
unassembled genomic sequence. Siwi1 is located in
Scaffold000329 plus strand, while siwi2 located in
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Scaffold000138 minus strand (Table S1 and Supplementary
materials).

Since only part of gene sequences can be obtained by
homology searching, we extracted genome sequences of
about 20 kb flanking predicted piwi-like fragments. We
then tried to get the cDNA sequence as long as possible
by EST alignments. We also used new version of GEN-
SCAN software to scan genome sequence for transcrip-
tional starting site (TSS) and exon/intron boundary
information. Six predicted piwi-like genes have intact open
reading frames (Table S1). By blasting Genbank database
with predicted piwi-like genes, we found that some Piwi-
like proteins from An. gambiae (XP_564296 and
XP_310187) and A. mellifera (XP_395884) have already
been deposited in Genbank. These sequences were anno-
tated to be predicted by automated computational analysis
using GNOMON method. Sequence alignments indicated
that piwi-like genes predicted by our strategy provide more
detailed information, as we used ESTs to increase
reliability.

RT-PCR and EST abundance analysis

To ensure the reliability of our predictions, we per-
formed RT-PCR verification and EST abundance analysis.
Siwi1 and siwi2 in silkworm were selected for experimental
validation. Specific primers were designed based on pre-
dicted cDNA sequences. As shown in Fig. 1, fragments
of siwi1 and siwi2 were obtained with expected size (1800
and 600 bp). The expression of siwi1 and siwi2 were veri-
fied by sequencing.

ESTs were also used to estimate expression of predicted
piwi-like genes in diverse insects. Multiple piwi-like genes
were predicted for some insects such as Bombyx mori and
An. gambiae. Their expressions are quite different accord-
ing to EST abundance analysis. In silkworm, there are 13
ESTs supporting siwi1 but only one matched with siwi2.
This is also the case for the mosquito. Ten ESTs are
matched to AgPIWI2 but only 5 supporting AgPIWI1.
This is possible due to developmental or tissue-specific
expression of diverse piwi-like genes ([2] and unpublished
data). It also remains possible that present available ESTs
in insects are not abundant enough to cover all genes.
Fig. 1. PCR results of siwi1 and siwi2 in Bombyx mori viewed with 2%
agarose gel stained with Goldview. M: 250 bp DNA ladder.
Domain, motif and catalytic residues in insect Piwi subfamily

All predicted 35 novel Piwi-like and 13 known Piwi pro-
teins were analyzed using CDS-Conserved-Domains-pre-
diction-sever. Two conserved domains, PAZ and PIWI,
were identified in all Piwi proteins (Table S2). Averagely,
the C-terminal PIWI domain is 392 aa and PAZ domain
in the middle is 113 aa residues. This characterized feature
also proves that predicted genes are piwi-like. We also used
MEME server to predict conserved motifs in insect Piwi-
like proteins (Fig. 2). Six highly conserved motifs were
found, which contain active catalytic residues. We interest-
ingly found that sequences flanking active catalytic triad
are not the most conserved region of Piwi proteins. This
infers there are other functional residues remained to be
elucidated.

The catalytic triad is important for slicer activity of Piwi
protein. The Piwi proteins containing degenerate active
catalytic motifs as ‘‘Asp-Asp-Asp/His/Glu/Lys’’ are
believed to have slicer activity or slicer-like. Those without
an intact catalytic motif are non-slicer. Only one member,
HsAgo2, of human Argonaute family demonstrates slicer
activity. We found that all insect Piwi proteins except
DvPiwi have active catalytic motifs as ‘‘Asp-Asp-His/
Lys’’. The DvPiwi has an incomplete catalytic motif as
‘‘Asp-Asp-Asn’’, implying it is a non-slicer.

Genomic structure of Piwi family members

Genomic structures of Piwi subfamily members were
determined by sequence alignment of putative cDNA and
genomic sequences. Exon number and the length of each
exon in insect Piwi proteins are in general similar except
AgPIWI2 (Fig. 3). Though there is no apparent difference
for the full length of cDNA sequence about 800–900 aa
between diverse organisms, less exon is found in inverte-
brate Piwi proteins than their counterparts in vertebrates.
There are 20–23 exons in mammal Piwi proteins but only
6–9 exons exist in insects. Either intron insertion or loss
during evolutional procedures may cause the exon number
difference. Which is the case needs further investigations.
We also found that the first intron of insect Piwi subfamily
is much longer than other introns in same gene.

Phylogenetic analysis

A total of 48 Piwi proteins were collected for phyloge-
netic analysis, including 35 predicted insect piwi-like genes
and 13 known piwi genes mining from published refer-
ences. Bayesian algorithm was used to construct phyloge-
netic tree using the minimum Evolution method with a
multiple alignment of 48 Piwi protein sequences. As shown
by evolutional tree, Piwi subfamily proteins are classified
into three major clades (Fig. 4). The largest clade is insect
specific, comprising 27 insect Piwi subfamily genes such as
DmePIWI and DmeAUB. Insect Ago3 protein is in a sep-
arate clade along with vertebrate Piwi proteins, Hili, zili



Fig. 2. Six motifs of Piwi subfamily predicted by MEME sever. The motif1 is in PAZ domain and other motifs are in PIWI domain. E-value of each motif
is given. Three catalytic residues of Piwi subfamily are indicated by arrows.

Fig. 3. Genomic structure of piwi-like genes from Homo sapiens (HIWI), Mus musculus (MIWI), Drosophila melanogaster (DmePIWI), Drosophila

pseudoobscura (DpsPIWI), Anopheles gambiae (AgPIWI1). The number above the black line (intron) or below blue box (exon) represents length of
corresponding intron or exon. Genomic structures are conserved within insects or mammals. However, exon numbers in human and mouse are more than
that of insects, suggesting intron insertion or loss occurs during evolution. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this paper.)
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and mili. All vertebrate Piwi proteins except Hili, zili and
mili are clustered as an independent clade. Consistent with
present understanding, evolutional tree infers different
function of Mili (and its homologue) and Miwi (and its
homologue) [6].

Insect Piwi subfamily can be divided into three clusters,
Piwi, Aubergine and Ago3 [22]. Interestingly, Piwi-cluster
and Aubergine-cluster are not only in same clade of evolu-
tional tree, but also located adjacently within genome
(Table S1). For example, both piwi and Aubergine gene
of D. melanogaster are in chromosome 2L and the distance
between them is only 10.6 kb. It is likely that appearance of
either Piwi or Aubergine might due to an ancient gene
duplication event.
Discussion

New gene discovery remains an important work in gen-
ome annotation, especially for non-model organisms. Much
effort is required for better understanding of those sequenced
genomes. Unfortunately, it is still a difficult task in insect spe-
cies considering poor annotations and relative few ESTs
available. Some insect genomes are still not assembled.
Moreover, there is no gene-finding algorithm specifically
designed for insect genome annotation at present. In this
work, we adopted a strategy to identify Piwi subfamily in
insects, exploiting available ESTs to increase reliability.
Comparing with automated computational analysis of insect
genome, this strategy provides more information including



Fig. 4. Evolutionary tree of piwi subfamily constructed by MrBayes and viewed with TreeView. Forty-eight piwi proteins are included, including 35
predicted genes in this work. The gene Accession numbers of 13 known piwi genes are given in Table S1.
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intron/exon boundary, intact ORF, and expression level.
Though this method had been applied in vertebrate species,
it was seldom reported in insects except D. melanogaster and
other few species due to lacking of abundant ESTs.

The investigations of predicted insect piwi-like genes
provided some new insights into Piwi proteins. An interest-
ing finding is that exon difference between vertebrate and
invertebrate. Since the full length of cDNA sequence
remains similar, an increasing number of exon in mammals
might due to intron insertion. Another possibility is ancient
introns were removed during evolution in insect species,
resulting in decreasing of exon number. Existence of many
exons in mammal implies complex regulation of Piwi
expression in human and mouse. For example, it increases
the possibilities of producing alternative spliced isoform by
combining different exons [28,29]. It can be speculated that
mammal spermatogenesis or early embryo development
require fine regulation. However, it has been reported that
there is a negative association between expression and exon
numbers or gene length [29,30]. This means that mammal
Piwi protein are possibly finely regulated but at cost of
transcriptional efficiency. In other words, insect Piwi pro-
teins could be transcribed efficiently. The selection of few
exons in insect may be drove by requirements of fast
response to environmental stimuli in germ cell development
as insects are oviparous animals.
As expected, Piwi subfamily is highly conserved between
diverse organisms, as evidenced by domain and motif anal-
ysis. In Argonaute proteins, only those with active catalytic
motifs ‘‘Asp-Asp-Asp/His/Glu/Lys’’ have slicer activity.
However, possessing of active catalytic motif is not suffi-
cient for slicer activity. Piwi proteins demonstrated to have
slicer activity are called Slicer, whereas those only with
active catalytic motifs but no slicer activity are Slicer-like.
The other members without complete catalytic motif are
named as non-Slicer [6]. In human, only one member,
HsAgo2, is Slicer and HsAgo3 is Slicer-like. The other
members are surprisingly non-Slicer. It seems this is not
the case for insect species, as most predicted insect Piwis
have active catalytic motifs ‘‘Asp-Asp-His/Lys’’ except
DvPIWI. Most insect Piwi proteins are at least Slicer-like.
It is likely that slicer activity has been eliminated in mam-
mal Piwi proteins but the reason requires to be elucidated.

Evolutionary analysis inferred by Bayesian algorithm
reveals that insect Ago3 cluster is closer to vertebrate Piwi
proteins, hili, mili and zili. These proteins are in separate
clade of evolutional tree. This is in partial consistent with
previous expression analysis of mili and miwi in mouse.
It has been reported that mili expressed in both spermato-
gonia and spermatocytes in adult testis, whereas miwi only
expressed in spermatocytes [13]. The expression pattern
infers functional difference of mili and miwi, as also
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indicated by evolutionary tree. Phylogenetic analysis indi-
cated that insect Ago3-cluster may have similar function as
mili.

Finally, we noticed that the nomenclature of Argonaute
proteins is a little confusable, especially when refers to piwi
(Piwi, PIWI). All Argonaute proteins have characterized
PAZ and PIWI domain. According to their functions, Arg-
onaute proteins can be classified into two sub-families, Ago
and Piwi. Piwi sub-family was named after Drosophila

Piwi, the first protein in this class. In this work, multiple
genes are predicted to be members of Piwi sub-family in
some organisms. We named one of them as piwi, also after
Drosophila piwi. The others are named as Ago3 or Aub
according to their sequence similarities.
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