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piRNAs are a class of short interfering RNAs (siRNAs) 
characterized by 21 nt length, 5' uridine, and no sequence 
similarity or conservation.1 piRNAs require Piwi protein PRG-1 for 
accumulation and are involved in germline maintenance and 
fertility.2-4 piRNAs suppress harmful genetic elements, including 
transposable elements, by priming biogenesis of secondary 
siRNAs that target these elements for degradation.5-8 piRNAs 
map primarily to two broad regions of chromosome IV, but their 
mechanism of biogenesis remains largely unknown. A recently 
characterized class of germline endogenous siRNAs, 26G RNAs, 
show distinct expression in either spermatogenic cells or oocytes 
and embryos.9,10 We wondered whether piRNAs also show 
patterns of male or female germline specificity. Although some 
piRNAs have been detected in both male and female germlines,2,3 
what might distinguish germline-specific patterns of enrichment 
among all piRNAs is poorly understood. Here, we computationally 
analyze published sequencing datasets to assess germline  
specificity of piRNAs. More than 70% of piRNAs are >5-fold 
enriched in male or female germline. Initial piRNA studies 
identified a short 8 nt motif (CTGTTTCA) located 46 nt upstream 
of piRNA loci.1,2 Strikingly, 80% of male piRNA upstream regions 
contain the 5 nt core motif GTTTC, compared to less than half for 
female piRNAs. Additionally, position 1 of the short motif is 
enriched for C upstream of male piRNAs, which is associated with 
more robust male piRNA expression; no such pattern is observed 
for female piRNAs. By generating transgenic C. elegans animals 
expressing a synthetic piRNA sequence, we show that placing a 
C-containing short motif upstream of a female piRNA alters its 
expression pattern to look more like a male piRNA. Furthermore, 
placing a non-C-containing motif upstream of a male piRNA alters 
its expression pattern to look more like a female piRNA. These 
data suggest that the upstream motif orchestrates germline 
expression patterns of piRNAs in C. elegans. 
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1. Download public small RNA sequencing 
datasets from Gene Expression Omnibus

• Sequences mapped to known piRNAs using Bowtie
• piRNA counts normalized to reads per million 

mapped reads (RPM)

What factors recognize the upstream motif to orchestrate male and female piRNA expression?
     Some transcription factors (TFs) have been proposed to interact with the upstream motif; however, in vivo 
evidence of this interaction is lacking. Our lab is currently investigating a family of TFs that could potentially interact 
with the motif. Different members of this family may interact differently with C-containing and non-C-containing motifs.

How does this mechanism of piRNA biogenesis reflect mechanisms in higher organisms?
     Higher organisms, such as flies and mammals, also exhibit germline-specific expression of piRNAs. What remains 
elusive is how germline-specific expression is achieved. A complete understanding of the mechanism in C. elegans 
piRNA expression could provide insight into mechanisms in higher organisms.

Future Directions

 MAF was supported by the National Science Foundation Open Data IGERT Grant 0903629. ACB was supported by 
the NIH Genetics Training Grant graduate fellowship T32GM007544-34.

Funding

2. Calculate Enrichment score for each piRNA

Male (♂) piRNAs: score ≤ -3
Non-enriched (NE) piRNAs: -3 > score > 3

Female (♀) piRNAs: score ≥ 3

Small RNA sequencing
14 male libraries
3 female libraries

56.4M total reads -- 1.3M piRNA reads

piRNA filters
15,093 annotated piRNAs

13,711 piRNAs more highly expressed
in N2 compared to prg-1(tm872)

Enrichment score calculation
Enrichment score for each piRNA initialized to 0

In each comparison for each piRNA:
>5-fold abundant in male: score - 1

>5-fold abundant in female: score +1

5'-monoPi dependent
5 male vs. 1 female

(5 comparisons)

5'-monoPi independent
9 male vs. 2 female
(18 comparisons)

3. Classify piRNAs as germline-enriched
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Background
piRNAs expressed in germline and require PRG-1.1-4

piRNA-coding loci have distinct features.1-4

• How can sequencing data from multiple sources be integrated 
to discover biologically relevant patterns? 

U
U

U
U

PRG-1

U

Tc3 repression
Germ cell proliferation/

maintenance
Fertility at elevated 

temperatures

• Conserved 5' U (encoded by T in genome)
• Conserved 8 nt upstream core motif 
• 21 nt long

shoulder of a larger,morebroadly distributedpopulation.A
preference for a 50 G, observed previously for siRNAs
(Ambros et al., 2003), was persistent across all lengths of
endogenous siRNAs but strongest among 26-mers. A 26-
mer siRNAsequencednine times hada 50 monophosphate
(siR26-1, pGCAAGAUGGAAAAGUUUGAGAUUCCG; Fig-
ure S1). As observed for the 21U-RNA, this siRNA was
resistant to periodate treatment, again suggesting modifi-
cation at either the 20 or 30 oxygen of the 30 nucleotide
(Figure 3C).With somany classes of plant andanimal small
RNAs now shown to be resistant to periodate oxidation,
metazoan miRNAs appear increasingly unusual in not
being modified at their 30 residue.
Despite being spread out over a large number of genes,

dense clusters of siRNAswere observed at some genomic
loci (Figure 4D; Table S3). Examination of surrounding se-
quence revealed that siRNAsdid not exclusivelymatchan-
notated exons. For example, some also matched anno-
tated introns. Nonetheless, more than 40 of the unique
sequences represented by our reads did notmatch the ge-
nomicDNAbut instead spanned splice junctions (exempli-
fied in Figure 4E), implying that theseRNAswere produced
by an RdRP acting on a spliced transcript. Because these
junction-spanning siRNAs had the length distribution and
preference for a 50 G characteristic of the siRNAs in gen-
eral, it is reasonable to propose that the remainder of the
siRNAs were also RdRP products and that at least some
of the RdRP activity was nuclear and thus could act on
both spliced and unspliced templates.
Correlations with siRNAs supported the idea that the

biogenesis or function of some sense RNAs was linked

to that of the siRNAs. The overlap of siRNA-comple-
mented genes was greater with genes matching sense
RNAs (24%) than with genes picked using SAGE data to
control for expression (16%; p < 0.01, chi-square test).
Among the sense-antisense pairs with at least 1 nt overlap
at their genomic loci, 30% maximally overlapped (exem-
plified by all four sense reads in Figure 4D), which was
5-fold higher than expected by chance. For 47% of the
sense-antisense pairs involving 26-mers, the most com-
mon configuration placed the 50 nucleotide of the sense
read across from nucleotide 23 of a 26-mer siRNA (exem-
plified by three sense reads in Figure 4D), which was
20-fold higher than chance expectation.

To gain insight into the biological consequences of
siRNAs, we examined the functional categorization of
genes they complemented. In addition to the enrichment
for transposon genes, observed previously (Lee et al.,
2006), genes matching siRNAs were frequently sperm en-
riched (Supplemental Data). This propensity was particu-
larly striking for genes matching 26-mer siRNAs, 55% of
which were sperm enriched.

DISCUSSION

There Are 112 Confidently Identified C. elegans
miRNAs
The set of miRNA genes represented in our high-through-
put reads included 93 previously annotated genes, plus 18
newly discovered genes (Table S1). The notable exception
was the lsy-6 miRNA, a genetically identified miRNA
thought to be transcribed in only one to nine cells

Figure 3. The 21U-RNA Sequence Motifs and Small RNA Chemical Reactivity
(A) The large and small motifs found upstream of 21U-RNA loci, depicted as a sequence motif (Crooks et al., 2004). The T at position 1 corresponds to

the 50 U of the 21U-RNA.

(B) The distribution of distances between the large and small motifs.

(C) Chemical reactivity of small RNAs. Total RNA (40 mg) was treated as indicated and analyzed by RNA blot, probing first for 21U-1, then stripping and

reprobing for siR26-1, then miR-52.
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Core motif

piRNA

More than 70% of piRNAs are male 
or female germline-enriched. 
(A) piRNAs are classified as male germline-
enriched (blue), female germline-enriched 
( red) , o r no t enr iched (g rey) by a 
computational meta-analysis of published 
sequencing datasets.
(B) Germline classification of piRNAs was 
validated by Taqman RT-qPCR. Relative 
expression of representative piRNAs were 
assayed in fem-1(hc17) female and him-8
(e1489) male animals. Error bars: +/- 1 SD of 
two biological replicates. NE: not enriched. 
AU: arbitrary units.
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(Figure 6E). This experiment specifically pursues a recent finding
by Cecere et al. that deletion of the core motif of one 21U RNA
does not abrogate expression of neighboring 21U RNAs, although
the species assessed were distant, separated by multiple 21U RNA
loci, and encoded on both strands [35].
C. elegans 21U RNA loci, like the piRNA loci of mouse and fly

[9,10,14], are genomically clustered. The overwhelming majority
of 21U RNAs map to two large regions on chromosome IV, and
GTTTC, the most highly conserved five nt of the core motif,
occurs much more frequently on chromosome IV at these regions

(4.0 occurrences per kilobase, occ/kb) than on chromosome IV
outside these regions (0.4 occ/kb) or on other chromosomes (0.2
occ/kb). Furthermore, 21U RNAs encoded on chromosome IV
are detected at much higher abundance (mean abundance: 148
RPM) than those encoded on other chromosomes (1 RPM)
(Welch’s t-test, p = 2.4e-269). These observations suggest the
possibility of a positional requirement for expression of 21U
RNA loci: a privileged genomic environment might contribute to
the expression of 21U RNAs. To investigate the significance of
21U RNA genomic organization, we carried out rough mapping

Figure 4. A 59 cytidine in the core upstream motif promotes male germline expression pattern of 21UR-synth. (A) Schematic of
transgenes with 59 nt of core motif mutated. (B) Left: Endogenous =21UR-1258 and R21UR-2502 peak during spermatogenesis (sp.) and oogenesis
(oo.), respectively. Right: Germline enrichment patterns are recapitulated in him-8(e1489) male and fem-1(hc17) female animals. Error bars: 61 SD of
three biological replicates. (C) The male expression pattern of 21UR-synth from =Tg1258 is disrupted by core motif mutation in =C.A1258. Error
bars: 61 SD of three biological replicates. (D) The female expression pattern of 21UR-synth from RTg2502 is disrupted by core motif mutation in
RA.C2502, but expression in fem-1(hc17) female is not lost. Error bars: 61 SD of three biological replicates. (E) Mutating the 59 nt of the core motif
does not affect 21UR-synth prg-1 dependence.
doi:10.1371/journal.pgen.1003392.g004
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expresses 21UR-synth in fem-1(hc17) female (Figure 4C). Thus,
mutating the 59 cytidine of a male 21U RNA core motif results in a
failure to restrict 21U RNA expression to spermatogenesis.
Similarly, introducing a 59 cytidine into a female 21U RNA core
motif impairs restriction of expression to oogenesis: while RTg2502
expression of 21UR-synth increases dramatically during the
spermatogenesis-to-oogenesis transition, gain of the motif 59
cytidine in the RA.C2502 transgene dampens this increase
(Figure 4D). These results suggest that this single nucleotide
orchestrates the accurate switching of 21U RNA expression in the
hermaphroditic germline. However, 21UR-synth expression from
the RA.C2502 transgene is still high in fem-1(hc17) female,
indicating that other elements contribute to female 21U RNA
expression patterns. This is consistent with our finding that female
21U RNA core motifs show no bias at the 59 nucleotide, and

indeed ,21% of female 21U RNA core motifs show a 59 cytidine
(Figure 2B). As expected, 21UR-synth expression from the
=C.A1258 and RA.C2502 transgenes is still dependent upon
prg-1 (Figure 4E).

A 59 thymidine is required for robust expression from the
21UR-synth locus
It is not yet known how individual genomic sequences are

selected for expression as piRNAs. As the core motifs, but not the
sequences, of 21U RNAs are conserved across Caenorhabditis
species, it seemed possible that the core motifs themselves might
determine what sequences are expressed as 21U RNAs by
directing their expression from genomic thymidines located an
optimal distance downstream. We explored this hypothesis by
mutating the genomic thymidines encoding the first nucleotide of

Figure 2. Variation in the core upstream motif correlates with 21U RNA germline enrichment. (A) Spacer lengths follow expected
distribution for all enrichment classifications. Dotted lines: canonical spacer length range (35–42 nt). (B) Male, but not female, 21U RNA loci show
enrichment for core motifs with 59 cytidines. Significantly fewer female 21U RNAs exhibit a GTTTC-containing core motif than male. Top: Weblogo
plots illustrate core motif differences. Bottom: Pie charts depict proportions of 21U RNAs with GTTTC-containing core motifs indicating the 59 nt
(colors) or with no GTTTC-containing core motif (NM, no motif, dark grey). (C) Core motif variations correlate with male 21U RNA abundance in 59-
monophosphate-dependent libraries. Average 21U RNA abundance was calculated based on the 59 nt of the core motif. Error bars:61 standard error
of the mean (SEM). (D) Core motif variations do not correlate with female 21U RNA abundance in 59-monophosphate-dependent libraries. Average
21U RNA abundance was calculated as in (C).
doi:10.1371/journal.pgen.1003392.g002
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expresses 21UR-synth in fem-1(hc17) female (Figure 4C). Thus,
mutating the 59 cytidine of a male 21U RNA core motif results in a
failure to restrict 21U RNA expression to spermatogenesis.
Similarly, introducing a 59 cytidine into a female 21U RNA core
motif impairs restriction of expression to oogenesis: while RTg2502
expression of 21UR-synth increases dramatically during the
spermatogenesis-to-oogenesis transition, gain of the motif 59
cytidine in the RA.C2502 transgene dampens this increase
(Figure 4D). These results suggest that this single nucleotide
orchestrates the accurate switching of 21U RNA expression in the
hermaphroditic germline. However, 21UR-synth expression from
the RA.C2502 transgene is still high in fem-1(hc17) female,
indicating that other elements contribute to female 21U RNA
expression patterns. This is consistent with our finding that female
21U RNA core motifs show no bias at the 59 nucleotide, and

indeed ,21% of female 21U RNA core motifs show a 59 cytidine
(Figure 2B). As expected, 21UR-synth expression from the
=C.A1258 and RA.C2502 transgenes is still dependent upon
prg-1 (Figure 4E).

A 59 thymidine is required for robust expression from the
21UR-synth locus
It is not yet known how individual genomic sequences are

selected for expression as piRNAs. As the core motifs, but not the
sequences, of 21U RNAs are conserved across Caenorhabditis
species, it seemed possible that the core motifs themselves might
determine what sequences are expressed as 21U RNAs by
directing their expression from genomic thymidines located an
optimal distance downstream. We explored this hypothesis by
mutating the genomic thymidines encoding the first nucleotide of

Figure 2. Variation in the core upstream motif correlates with 21U RNA germline enrichment. (A) Spacer lengths follow expected
distribution for all enrichment classifications. Dotted lines: canonical spacer length range (35–42 nt). (B) Male, but not female, 21U RNA loci show
enrichment for core motifs with 59 cytidines. Significantly fewer female 21U RNAs exhibit a GTTTC-containing core motif than male. Top: Weblogo
plots illustrate core motif differences. Bottom: Pie charts depict proportions of 21U RNAs with GTTTC-containing core motifs indicating the 59 nt
(colors) or with no GTTTC-containing core motif (NM, no motif, dark grey). (C) Core motif variations correlate with male 21U RNA abundance in 59-
monophosphate-dependent libraries. Average 21U RNA abundance was calculated based on the 59 nt of the core motif. Error bars:61 standard error
of the mean (SEM). (D) Core motif variations do not correlate with female 21U RNA abundance in 59-monophosphate-dependent libraries. Average
21U RNA abundance was calculated as in (C).
doi:10.1371/journal.pgen.1003392.g002
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Male and female piRNAs have distinct regulatory motifs that correlate with piRNA abundance. 
(A) Top: Male, but not female, piRNA loci are enriched for 8 nt motifs with C at position 1. Bottom: Significantly fewer 
female piRNA loci have a motif than male piRNA loci (compare colored to grey areas in pie charts). NM: no motif. (B) Male 
piRNAs downstream of CNGTTTCN motifs are significantly more abundant than all other male piRNAs (Student's two-
tailed t-test p-values <0.01). Female piRNA abundance is not significantly different with any motif (p-values >0.05).

(Figure 6E). This experiment specifically pursues a recent finding
by Cecere et al. that deletion of the core motif of one 21U RNA
does not abrogate expression of neighboring 21U RNAs, although
the species assessed were distant, separated by multiple 21U RNA
loci, and encoded on both strands [35].
C. elegans 21U RNA loci, like the piRNA loci of mouse and fly

[9,10,14], are genomically clustered. The overwhelming majority
of 21U RNAs map to two large regions on chromosome IV, and
GTTTC, the most highly conserved five nt of the core motif,
occurs much more frequently on chromosome IV at these regions

(4.0 occurrences per kilobase, occ/kb) than on chromosome IV
outside these regions (0.4 occ/kb) or on other chromosomes (0.2
occ/kb). Furthermore, 21U RNAs encoded on chromosome IV
are detected at much higher abundance (mean abundance: 148
RPM) than those encoded on other chromosomes (1 RPM)
(Welch’s t-test, p = 2.4e-269). These observations suggest the
possibility of a positional requirement for expression of 21U
RNA loci: a privileged genomic environment might contribute to
the expression of 21U RNAs. To investigate the significance of
21U RNA genomic organization, we carried out rough mapping

Figure 4. A 59 cytidine in the core upstream motif promotes male germline expression pattern of 21UR-synth. (A) Schematic of
transgenes with 59 nt of core motif mutated. (B) Left: Endogenous =21UR-1258 and R21UR-2502 peak during spermatogenesis (sp.) and oogenesis
(oo.), respectively. Right: Germline enrichment patterns are recapitulated in him-8(e1489) male and fem-1(hc17) female animals. Error bars: 61 SD of
three biological replicates. (C) The male expression pattern of 21UR-synth from =Tg1258 is disrupted by core motif mutation in =C.A1258. Error
bars: 61 SD of three biological replicates. (D) The female expression pattern of 21UR-synth from RTg2502 is disrupted by core motif mutation in
RA.C2502, but expression in fem-1(hc17) female is not lost. Error bars: 61 SD of three biological replicates. (E) Mutating the 59 nt of the core motif
does not affect 21UR-synth prg-1 dependence.
doi:10.1371/journal.pgen.1003392.g004
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A

(A) Upstream motif of male piRNA Tg1258 has C at position 1 which is mutated to 
A (C>A1258). Upstream motif of female piRNA Tg2502 has A at position 1 which is 
mutated to C (A>C2502). (B) Male piRNA 1258 peaks at 52 hours during male 
germline development (spermatogenesis, sp). Female piRNA 2502 peaks at 72h
during female germline development 
(oogenesis, oo.). emb: embryo; AU: 
arbitrary units. Error bars: +/- 1 SD of 
two biological replicates. (C) Mutating 
male piRNA upstream motif from C>A 
results in sustained expression during 
oogenesis (compare at 72h). (D) 
Mutating female piRNA upstream motif 
from A>C results in lack of increase in 
expression during oogenesis (compare 
at 72h). 

Position 1 of motif orchestrates piRNA germline expression patterns.

(Figure 6E). This experiment specifically pursues a recent finding
by Cecere et al. that deletion of the core motif of one 21U RNA
does not abrogate expression of neighboring 21U RNAs, although
the species assessed were distant, separated by multiple 21U RNA
loci, and encoded on both strands [35].
C. elegans 21U RNA loci, like the piRNA loci of mouse and fly

[9,10,14], are genomically clustered. The overwhelming majority
of 21U RNAs map to two large regions on chromosome IV, and
GTTTC, the most highly conserved five nt of the core motif,
occurs much more frequently on chromosome IV at these regions

(4.0 occurrences per kilobase, occ/kb) than on chromosome IV
outside these regions (0.4 occ/kb) or on other chromosomes (0.2
occ/kb). Furthermore, 21U RNAs encoded on chromosome IV
are detected at much higher abundance (mean abundance: 148
RPM) than those encoded on other chromosomes (1 RPM)
(Welch’s t-test, p = 2.4e-269). These observations suggest the
possibility of a positional requirement for expression of 21U
RNA loci: a privileged genomic environment might contribute to
the expression of 21U RNAs. To investigate the significance of
21U RNA genomic organization, we carried out rough mapping

Figure 4. A 59 cytidine in the core upstream motif promotes male germline expression pattern of 21UR-synth. (A) Schematic of
transgenes with 59 nt of core motif mutated. (B) Left: Endogenous =21UR-1258 and R21UR-2502 peak during spermatogenesis (sp.) and oogenesis
(oo.), respectively. Right: Germline enrichment patterns are recapitulated in him-8(e1489) male and fem-1(hc17) female animals. Error bars: 61 SD of
three biological replicates. (C) The male expression pattern of 21UR-synth from =Tg1258 is disrupted by core motif mutation in =C.A1258. Error
bars: 61 SD of three biological replicates. (D) The female expression pattern of 21UR-synth from RTg2502 is disrupted by core motif mutation in
RA.C2502, but expression in fem-1(hc17) female is not lost. Error bars: 61 SD of three biological replicates. (E) Mutating the 59 nt of the core motif
does not affect 21UR-synth prg-1 dependence.
doi:10.1371/journal.pgen.1003392.g004
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(Figure 6E). This experiment specifically pursues a recent finding
by Cecere et al. that deletion of the core motif of one 21U RNA
does not abrogate expression of neighboring 21U RNAs, although
the species assessed were distant, separated by multiple 21U RNA
loci, and encoded on both strands [35].
C. elegans 21U RNA loci, like the piRNA loci of mouse and fly

[9,10,14], are genomically clustered. The overwhelming majority
of 21U RNAs map to two large regions on chromosome IV, and
GTTTC, the most highly conserved five nt of the core motif,
occurs much more frequently on chromosome IV at these regions

(4.0 occurrences per kilobase, occ/kb) than on chromosome IV
outside these regions (0.4 occ/kb) or on other chromosomes (0.2
occ/kb). Furthermore, 21U RNAs encoded on chromosome IV
are detected at much higher abundance (mean abundance: 148
RPM) than those encoded on other chromosomes (1 RPM)
(Welch’s t-test, p = 2.4e-269). These observations suggest the
possibility of a positional requirement for expression of 21U
RNA loci: a privileged genomic environment might contribute to
the expression of 21U RNAs. To investigate the significance of
21U RNA genomic organization, we carried out rough mapping

Figure 4. A 59 cytidine in the core upstream motif promotes male germline expression pattern of 21UR-synth. (A) Schematic of
transgenes with 59 nt of core motif mutated. (B) Left: Endogenous =21UR-1258 and R21UR-2502 peak during spermatogenesis (sp.) and oogenesis
(oo.), respectively. Right: Germline enrichment patterns are recapitulated in him-8(e1489) male and fem-1(hc17) female animals. Error bars: 61 SD of
three biological replicates. (C) The male expression pattern of 21UR-synth from =Tg1258 is disrupted by core motif mutation in =C.A1258. Error
bars: 61 SD of three biological replicates. (D) The female expression pattern of 21UR-synth from RTg2502 is disrupted by core motif mutation in
RA.C2502, but expression in fem-1(hc17) female is not lost. Error bars: 61 SD of three biological replicates. (E) Mutating the 59 nt of the core motif
does not affect 21UR-synth prg-1 dependence.
doi:10.1371/journal.pgen.1003392.g004
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