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ABSTRACT

Small regulatory RNAs are key regulators of gene expression. One class of small regulatory RNAs,
termed the endogenous small interfering RNAs (endo siRNAs), is thought to negatively regulate cellular
transcripts via an RNA interference (RNAi)-like mechanism termed endogenous RNAi (endo RNAi). A
complex of proteins composed of ERI-1/3/5, RRF-3, and DICER (the ERI/DICER complex) mediates
endo RNAi processes in Caenorhabditis elegans. We conducted a genetic screen to identify additional
components of the endo RNAi machinery. Our screen recovered alleles of eri-9, which encodes a novel
DICER-interacting protein, and a missense mutation within the helicase domain of DICER [DCR-
1(G492R)]. ERI-9(—) and DCR-1(G492) animals exhibit defects in endo siRNA expression and a con-
comitant failure to regulate mRNAs that exhibit sequence homology to these endo siRNAs, indicating that
ERI-9 and the DCR-1 helicase domain function in the C. elegans endo RNAi pathway. We define a subset of
Eri mutant animals (including eri-1, 73, eri-3, and der-1, but not eri-9 or ergo-1) that exhibit temperature-
sensitive, sperm-specific sterility and defects in X chromosome segregation. Among these mutants we find
multiple aberrations in sperm development beginning with cytokinesis and extending through terminal
differentiation. These results identify novel components of the endo RNAi machinery, demonstrate
differential requirements for the Eri factors in the sperm-producing germline, and begin to delineate the

functional requirement for the ERI/DICER complex in sperm development.

UKARYOTIC cells express a wide variety of 20-30
nucleotide small regulatory RNAs that function in a
wide range of biological processes including, but not
limited to, heterochromatin formation, developmental
timing, defense against parasitic nucleic acids, and
genome rearrangement (LEE e/ al. 1993; WiaANNY and
ZERNICKA-GOETZ 2000; KNIGHT and Bass 2001; HALL
et al. 2002; MocHIZUKI et al. 2002; PLASTERK 2002;
MocHizukl and GoOrovsky 2004; VERDEL et al. 2004;
CaM et al. 2005). Small regulatory RNAs associate with
ARGONAUTE (AGO) and PIWI proteins. Together,
small regulatory RNAs and AGO /PIWI proteins seek out
and regulate homologous nucleic acid sequences via a
variety of mechanisms, including decreased mRNA
stability, translational repression, transcriptional repres-
sion, meiotic silencing of unpaired DNA, and DNA
elimination (Kim 2005).
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One class of small regulatory RNA, termed the
endogenous small interfering RNAs (endo siRNAs),
was identified via biochemical purification in Caeno-
rhabditis elegans (AMBROS et al. 2003). Endo siRNAs have
now been identified in a wide array of eukaryotic
organisms, including mammals (HAMILTON et al. 2002;
L1AVE et al. 2002; TANG et al. 2003; CzecH et al. 2008;
GHILDIYAL et al. 2008; KAWAMURA et al. 2008; TaM et al.
2008; WATANABE et al. 2008). In C. elegans, endo siRNAs
are complementary to predicted coding and noncoding
genomic sequences and map to a large number of
clusters within the C. elegans genome (RUBY et al. 2006).
Several proteins that are required for the biogenesis
and/or stability of a subset of the cellular endo siRNAs
in C. elegans have been identified, including the exo-
nuclease ERI-1, the RNA-dependent RNA polymerase
(RdRP) RRF-3, ERI-3, and the Tudor-domain protein
ERI-5 (collectively, ERIs) (SIMMER ef al. 2002; KENNEDY
et al. 2004; DUCHAINE et al. 2006). ERI-1, RRF-3, ERI-3,
and ERI-5 coprecipitate with DCR-1, suggesting that
these factors assemble into a complex with Dicer (DCR-1
in C. elegans), an RNase III enzyme that converts double-
stranded RNAs (dsRNAs) to small RNAs (DUCHAINE
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et al. 2006). This complex of proteins has been termed
the ERI/DICER complex. Animals lacking compo-
nents of the ERI/DICER complex fail to express
some endo siRNAs and also overexpress cellular mRNAs
that exhibit sequence homology to these endo siRNAs
(DUCHAINE et al. 2006; LEE et al. 2006; ASIKAINEN et al.
2007). Consequently, endo siRNAs are postulated to
initiate or perpetuate the silencing of mRNAs via a
process termed endogenous RNA interference (endo
RNAi) DUCHAINE et al. 2006; LEE et al. 2006). Finally,
C. elegans lacking ERI-1, RRF-3, or ERI-3 exhibit a
temperature-sensitive (ts) sterile phenotype, hinting
that the ERI/DICER complex and endo siRNAs may
play important roles during germline development
(KENNEDY ¢l al. 2004; DUCHAINE et al. 2006).

Here we report the molecular identification and
characterization of genes required for endo siRNA
expression in C. elegans. We identify a subset of endo
RNAi genes that are required for endo RNAi in the male
germline and document a role for these genes in sperm
development.

MATERIALS AND METHODS

C. elegans strains: Bristol strain N2 was used as the standard
wild-type strain. See the supporting information, File S1, for a
full list of strains used in these studies.

RNAi experiments: RNAi experiments were conducted as
described previously (TiMmoNs et al. 2001). HT115 E. coli
expressing dsRNA, including sqt-3, lir-1, unc-73, cel-1, tra-2, dpy-
13, lin-1, unc-22, and lin-15a, were obtained from the Ahringer
RNAI library (KaMATH et al. 2003) and sequenced to verify
their identities. lin-15b RNAi was performed as described
previously (GUANG et al. 2008).

RNA analysis: Sequences for quantitative reverse transcrip-
tase PCR (qRT-PCR) primers, Northern analysis probes and
in situ probes can be found in File S1. Total RNA samples were
prepared by dounce homogenization in TRIzol solution (In-
vitrogen) followed by isopropanol precipitation. Small RNAs
were enriched utilizing a m#Vana microRNA (miRNA) iso-
lation kit (Ambion) according to the manufacturer’s protocol.
For Northern analysis, 10-20 wg of RNA (50 wg of RNA for
ssp-16) was separated on 15% polyacrylamide (for small RNAs)
oron 1.5% agarose (for mRNAs) denaturing gel, transferred to
Hybond-N* membrane (GE-Amersham) with a semi-dry appa-
ratus (Hoefer), and blotted in Ultrahyb-Oligo hybridization
buffer (Ambion). Strand-specific oligonucleotide probes were
synthesized and labeled with [a-**P]dATP utilizing a StarFire kit
(IDT). Membranes were washed in 2X SSC + 0.5% SDS, and
signals were detected by PhosphorImager (Molecular Dynam-
ics). For qRT-PCR, cDNA was generated from RNA with iScript
cDNA synthesis kit (Bio-Rad) according to the manufacturer’s
protocol. qPCR was performed on an iCycler machine (Bio-
Rad) using iQ SYBR Green Supermix (Bio-Rad). Whole-
mount in situ hybridization was performed essentially as de-
scribed previously (MortoHasHr el al. 2006). Digoxigenin
(DIG)-labeled, strand-specific probes were synthesized from
full-length ssp-16 cDNA by multiple cycles of primer extension
in the presence of DIG-ANTP. Fixed worms were costained with
DAPI and an a-digoxigenin antibody conjugated to alkaline
phosphatase (Roche).

Sperm analysis: Sperm and nuclear morphology were
determined by gonad dissection into SM medium (50 mm

HEPES, 45 mm NaCl, 25 mm KCI, 5 mm CaCl2, 1 mm MgSO4,
pH 7.8), supplemented with 10 mg/ml polyvinyl pyrrolidone
(average molecular weight = 40,000), containing DAPI
(SHAKES and WARD 1989). In vitro activation of spermatids
was quantified after treatment with monensin at 100 nm con-
centration (Sigma Chemicals) on poly-L-lysine-coated slides
(SHAKES and WARD 1989). In wvivo activation and sperm
transfer were assessed by vital staining of adult males with
the fluorescent dye MitoTracker Red CMXRos (Molecular
Probes) followed by mating with unstained fem-1(hcl7ts) adult
hermaphrodites (HiLL and L’HErRNAULT 2001). Early germ-
line development was visualized in intact young adult animals
by fixation with cold methanol followed by DAPI staining.
Microscopy was performed with Zeiss Axio Imager equipped
for DIC Nomarski and fluorescence imaging.

RESULTS

A genetic screen identifies novel Eri genes: We
previously conducted a genetic screen for regulators
of RNAI thatidentified the genes eri-1, 13, eri-3, and eri-
5 (KENNEDY et al. 2004; DUCHAINE et al. 2006). Animals
defective for these genes fail to accumulate endo siRNAs
(AMBROS et al. 2003; DUCHAINE et al. 2006). In addition
to this endo siRNA defect, eri-1, 13, eri-3, and eri-5
mutants respond more robustly than wild-type animals
to exogenous sources of dsRNA, a phenotype referred
to as enhanced RNAi (Eri) (Figure 1A and SIMMER et al.
2002; KENNEDY ef al. 2004; DUCHAINE et al. 2006). To
explain this phenomenon, a model was proposed in
which different small regulatory RNA pathways compete
for limiting amounts of shared components. We have
taken advantage of the Eri phenotype to screen for
additional factors required for the production and
stability of endo siRNAs.

We chemically mutagenized ~150,000 haploid ge-
nomes and screened for mutant animals that exhibit
enhanced sensitivity to dsRNAs (for details of screens,
see Figure S1). We identified five new complementation
groups that defined the genes eri-4, eri-8, eri-9, eri-10, and
eri-11 (Figure 1B). Subsequent characterization (de-
scribed below) identified eri-4(mg375) as an allele of dcr-
1and eri-8 as being allelic to ergo-1. For the sake of clarity,
the designations der-1(mg375Fri) and ergo-1 are hence-
forth used where appropriate. Our screens identified a
single allele of eri-4/dcr-1, mg375, and multiple alleles of
eri-8/ergo-1 and eri-9. These screens also recovered alleles
of the previously identified eri-1, rrf-3, and eri-3 genes
(Figure S1). For example, we identified an allele of rrf-3,
termed rrf-3(mg373), that encodes an amino acid sub-
stitution [RRF-3(G817E)] of a glycine residue that is
highly conserved in related RdRPs (Figure 1, C and D).
Here, we focus most of our analysis on eri-4/dcr-1, eri-8/
ergo-1, and eri-9.

Animals mutant for er-1, rrf-3, eri-3, or eri-5 exhibit
enhanced sensitivity to dsRNAs targeting a wide-array of
mRNAs (SIMMER ef al. 2002; KENNEDY et al. 2004;
DucHAINE et al. 2006; LEE et al. 2006). We found that
ergo-1(—), eri-9(— ), and, to a lesser extent, der-1(mg375Fri)


http://www.wormbase.org/db/gene/gene?name=ERI-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=RRF-3;class=Gene
http://www.wormbase.org/db/gene/gene?name=ERI-3;class=Gene
http://www.wormbase.org/db/gene/strain?name=N2;class=Strain
http://www.genetics.org/cgi/data/genetics.109.108134/DC1/1
http://www.genetics.org/cgi/data/genetics.109.108134/DC1/6
http://www.wormbase.org/db/gene/gene?name=sqt-3;class=Gene
http://www.wormbase.org/db/gene/gene?name=lir-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=unc-73;class=Gene
http://www.wormbase.org/db/gene/gene?name=cel-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=tra-2;class=Gene
http://www.wormbase.org/db/gene/gene?name=dpy-13;class=Gene
http://www.wormbase.org/db/gene/gene?name=dpy-13;class=Gene
http://www.wormbase.org/db/gene/gene?name=lin-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=unc-22;class=Gene
http://www.genetics.org/cgi/data/genetics.109.108134/DC1/6
http://www.wormbase.org/db/gene/gene?name=ssp-16;class=Gene
http://www.wormbase.org/db/gene/gene?name=ssp-16;class=Gene
http://www.wormbase.org/db/gene/gene?name=fem-1;class=Gene
http://www.wormbase.org/db/gene/variation?name=hc17
http://www.wormbase.org/db/gene/gene?name=eri-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=rrf-3;class=Gene
http://www.wormbase.org/db/gene/gene?name=eri-3;class=Gene
http://www.wormbase.org/db/gene/gene?name=eri-5;class=Gene
http://www.wormbase.org/db/gene/gene?name=eri-5;class=Gene
http://www.wormbase.org/db/gene/gene?name=eri-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=rrf-3;class=Gene
http://www.wormbase.org/db/gene/gene?name=eri-3;class=Gene
http://www.wormbase.org/db/gene/gene?name=eri-5;class=Gene
http://www.genetics.org/cgi/data/genetics.109.108134/DC1/10
http://www.wormbase.org/db/gene/gene?name=eri-9;class=Gene
http://www.wormbase.org/db/gene/variation?name=mg375
http://www.wormbase.org/db/gene/gene?name=dcr-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=dcr-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=ergo-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=dcr-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=ergo-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=dcr-1;class=Gene
http://www.wormbase.org/db/gene/variation?name=mg375
http://www.wormbase.org/db/gene/gene?name=ergo-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=eri-9;class=Gene
http://www.wormbase.org/db/gene/gene?name=eri-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=rrf-3;class=Gene
http://www.wormbase.org/db/gene/gene?name=eri-3;class=Gene
http://www.genetics.org/cgi/data/genetics.109.108134/DC1/10
http://www.wormbase.org/db/gene/gene?name=rrf-3;class=Gene
http://www.wormbase.org/db/gene/gene?name=rrf-3;class=Gene
http://www.wormbase.org/db/gene/variation?name=mg373
http://www.wormbase.org/db/gene/gene?name=RRF-3;class=Gene
http://www.wormbase.org/db/gene/gene?name=dcr-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=ergo-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=eri-9;class=Gene
http://www.wormbase.org/db/gene/gene?name=eri-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=rrf-3;class=Gene
http://www.wormbase.org/db/gene/gene?name=eri-3;class=Gene
http://www.wormbase.org/db/gene/gene?name=eri-5;class=Gene
http://www.wormbase.org/db/gene/gene?name=ergo-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=eri-9;class=Gene
http://www.wormbase.org/db/gene/gene?name=dcr-1;class=Gene

Requirement for Eri Genes in Sperm 1285
A B
59-3 dsRNA I 1| 111 v \% X
- + )
eri-9 eri-11
Wild-Type /I_, \ : \/ eri-6/7 =35 eri-4/der-1 eri-5 eri-10
) eri-3 , eri-8/ergo-1
eri-1(mg366) l: o -~ eri-1 &
e L 1KB
rrf-3(mg373 dord em—
~3(mg373) \ o K12H4.8 HENHEEHE: e~ i e e -~ >
mg375Eri
| (G492R)
. 3 gg100 gg102
der-1(mg375€n) | \ S—, ergo-1 1KB (R809stop) (GBT7E)
R e s S = I = g o
[—=]
gg109 gg098
9@0'1(99098) m ‘“ (splice) (155 bp deletion)
eri-9 1KB
C26EB.7 (Wl g B g B g W g B g B g S g g B
i . T ggi106 gg'{of
err 9(99106) }F--—-— V (Q560stop) (splice)
mg373
rrf-3 1KB (GB17E)
rde-1(ne219) wCogem Sm—— F10B5.7 [ i i e i e i i e >
F pk1426
(3056 bp deletion)
D E
Arabidopsis RDR1 473 --RITAA] HIRNGAGYATNITERSEE E)z JLN 513 Human Dicer 499 [THEE i 562
Arabidopsis RDR6 527 --KTRSDUTH cKIKDK-N REARMGICES UYALVD 564 Mouse Dicer 489 | CEE 552
S. pombe Rdpl 556 —--DLNAKQ:] c] aSEINS S.YA S INR 594 Zebrafish Dicer 557 m-'.E i 650
C. elegans EGO-1 608 TFNP Aﬁ. Tmuﬁn- %ZLFG- 645 Drosophila Dorl 549 @: i 612
C. elegans RRF-1 581 NFKP! %N cRISEIENYP: FO-RLIG- 618 Drosophila Der2 441 |/WeKS. 504
C. elegans RRF-2 562 KFK NOICNSLOIENUP. FORLIG- 599 8. pombe Derl 410 ﬁ'ﬁm § 473
C. elegans RRF-3 790 EVTG Ry MG PATNER KT 'ERMGO AQEIVY 828 C. elegans DCR-1 440 [ TE i 503
C. elegans RRF-3 (GB17E) * C. elegans DCR-1(G492R)

FIGURE 1.—A genetic screen identifies Eri genes. (A) Strains of the indicated genotype were treated with double-stranded
RNA derived from sqt-3 (TiMMONS et al. 2001). (B) Schematic of mapping position of Eri genes on the six C. elegans linkage groups.
(C) Schematic of the eri-4/der-1, eri-8/ergo-1, eri-9, and rrf-3 genes. Positions and types of identified mutations are indicated, in-
cluding mutations predicted to affect splicing (splice) patterns. Boxes indicate exons; lines indicate introns as predicted by Worm-
Base release 190. (D) rrf-3(mg373) alters a conserved glycine residue. An asterisk indicates G817. (E) der-1(mg375Eri) alters
a conserved residue within the DCR-1 helicase domain. Black outline indicates motif VI of DEAD-box helicases. An asterisk

indicates G492.

animals likewise exhibit a generalized enhanced sensitiv-
ity to RNAi (Figure 1A and Table 1). For example,
hypomorphic alleles of sqt-3 trigger a dumpy phenotype
(VAN DER KEYL et al. 1994). Exposure of wild-type animals
to dsRNA derived from the sgt-3 gene (sqt-3 RNAi) fails to
induce a dumpy phenotype (Figure 1A). sqi-3 RNAi,
however, is sufficient to induce a dumpy phenotype in eri-
1(mg366), ergo-1(gg098), or eri-9(ggl06) animals (Figure
1A). der-1(mg375Eri) animals exhibited an enhanced, but
less pronounced, response to sqi-3 RNAi (Figure 1A).
Genetic criteria indicate that these Eri genes are not
components of the class B synthetic multi-vulva pathway
(Table S1), mutations of which also exhibit enhanced
sensitivity to RNAi (WANG et al. 2005). Rather, animals
carrying mutations for eri-I;eri-9,eri-1; ergo-1, or eri-I;der-1
(mg375Eri) exhibited Eri phenotypes similar to animals
harboring the individual mutations, suggesting that eri-9,
ergo-1, and der-1(mg375Eri) are components of the eri-1
genetic pathway (Table 1).

Molecular identification of eri-4, eri-8, and eri-9: We
mapped eri-8 to a <1.5-cM interval on chromosome V

between Y50D4C (—19.99) and F52F10 (—18.54). The
C. elegans genome encodes ~27 Argonaute proteins.
One of those Argonaute genes, RO9A1.1, lies within this
mapping interval. We sequenced R0O9A1.1 from DNA
isolated from four eri-8 alleles; each contained a unique
mutation within the RO9AI.1 open reading frame
(Figure 1C). During the course of our studies, animals
harboring a deletion within the RO9AI.1 locus were
shown to exhibit an enhanced RNAi phenotype and
defects in endo siRNA expression (YIGIT et al. 2006). On
that basis, RO9A1.1 was named endogenous-RNAi de-
ficient Argonaute-1 (ergo-I) (YIGIT et al. 2006). eri-
8(gg098) animals failed to complement ergo-1(im1860)
animals for enhancement of RNAi (data notshown). We
conclude that eri-§ corresponds to ergo-1.

We mapped eri-9 between —7.4 and +1.5 on chromo-
some III. The ORF C26E6.7 lies within this interval. Four
lines of evidence indicate that eri-9 corresponds to
C26E6.7. First, like ERI-1, RRF-3, ERI-3, and ERI-5,
the C26E6.7 gene product coprecipitates with DCR-1
(DUCHAINE ef al. 2006). Second, we sequenced C26E6.7
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TABLE 1

Enhanced sensitivity to exogenous dsRNA

Feeding RNAi (phenotype scored)

cel-1

lir-1 unc-73 (larval  dpy-13 tra-2" lin-1" lin-15
Strain (lethality) (uncoordinated) arrest) (dumpy) (male anatomy) (multi-vulva) (multi-vulva)
Wild type (N2) - + + + 1.3 =0 2.8 = 3.7 0+0
eri-1(mg366) ++++ ++++ ++++ ++++ 61.5 £ 20.6 68.6 = 12.2 93.1 = 49
rf-3(pk1426) ++++ ++++ NS ++++ NS 70.0 = 6.9 86.7 = 8.1
r1f-3(mg373) ++++ ++++ NS ++++ NS 66.3 = 10.2 78.8 = 12.4
eri-3(mg408) ++++ +++ +++  F+++ 45.1 = 21.9 60.5 = 14.9 59.8 £ 20.2
der-1(mg375Eri) ++ ++ + ++ 2.4 * 3.8 2.0 £ 2.8 2.1 =52
eri-9(gg101) +4+++ +4++ +4+++ ++++ 664 *129 708 = 11.6 92.0 = 4.3
eri-9(gg106) ++++ ++++ ++++ ++++ 55.1 = 16.7  60.3 = 9.8 90.7 £ 75
eri-9(tm2346) +++ ++++ +++  ++++ 57.9 = 26.2 63.3 = 12.8 83.7 = 135
ergo-1(gg098) ++++ ++++ +4+++ 4+ 67.3 £ 124 62.4 = 14.0 85.6 = 10.7
rde-1(ne219) — — — - 0.9 £ 2.0 0.3 £0.9 0*+0
der-1(mg375Eri); eri-1(mg366) ++ ++ + + 1.2 =25 0.9 = 7.5 0.9 £ 1.4
ergo-1(gg098);eri-1(mg366) ++++ ++++ ++++ ++++ 63.3 = 18.4 60.4 = 10.2 84.5 * 7.3
eri-9(gg106);eri-1(mg366) ++++ ++++ ++++ ++++ 60.9 = 16.3 51.8 £ 11.2 80.2 £ 19.2
der-1(mg375Eri); HA::DCR-1(+) + + NS NS NS NS NS

“Effectiveness of RNAi scored from unaffected (—) to maximally enhanced (++++) or not scored (NS).
’Scored as percentage of F; animals that display the indicated phenotype.

from two eri-9mutants and found that each had a unique
mutation within the predicted C26E6.7 coding sequence
(Figure 1C). Third, eri-9(ggl06)failed to complement the
RNAi enhancement phenotype shown by a C26E6.7
deletion mutant (data not shown). Fourth, a transgene
that includes the wild-type C26E6.7 gene rescued the Eri
phenotype associated with eri-9(ggl06) animals (Table
S2). We conclude that eri-9 corresponds to C26E6.7.
Database searches reveal a single homolog of ERI-9 in C.
briggsae and C. remanei (data not shown). We have not
detected sequence homologs of ERI in other, more
divergent organisms (data not shown).

We mapped the single eri-4 allele, mg375, to a <1-cM
interval on chromosome III, an interval that contains
the decr-1 gene. As DCR-1 is required for converting
dsRNA to siRNAs (a necessary prerequisite for RNAi),
we did not anticipate identifying alleles of der-1 in our
screen for enhanced RNAIi sensitivity. Surprisingly,
sequencing of the der-1 locus from DNA isolated from
mg375 animals identified a mutation that encodes a
G492R substitution within the N-terminal helicase
domain of DCR-1 (Figure 1C). Two additional lines of
evidence indicate that mg375 is a mutant allele of dcr-1.
First, mg375 fails to complement der-1(0k247), a deletion
that likely represents a null allele of der-1 (KN1GHT and
Bass 2001), for sterility defects (Figure S2A, and see
below). Second, a transgene expressing full-length der-1
partially rescues the sterility and enhanced RNAI
phenotypes associated with mg375 hermaphrodite ani-
mals (Figure S2B and Table 1). We speculate that the
partial rescue of dcr-1(mg375Eri) animals by transgeni-
cally expressed dcr-1 likely reflects poor germline

expression of this transgene. We conclude that mg375
is an allele of der-1and encodes a mutant variant of DCR-
1 that harbors a G492R substitution within the N-
terminal helicase domain. G492 is an evolutionarily
conserved residue, which suggests an important func-
tion for this amino acid in RNAi-related processes
(Figure 1D).

der-1(mg375Eri) and eri-9 animals exhibit defects in
endo siRNA production and mRNA regulation: Muta-
tions in previously identified Eri genes result in a failure
of cells to accumulate endo siRNAs (LEE et al. 2006;
DUCHAINE et al. 2006; YIGIT et al. 2006). The Argonaute
protein NRDE-3 is expressed in most, if not all, somatic
tissues and escorts a subset of endo siRNAs from the
cytoplasm to the nucleus. In the absence of endo
siRNAs, NRDE-3 resides in the cytoplasm, while, in the
presence of endo siRNAs, NRDE-3 localizes to the
nucleus (GuaNG et al. 2008). Thus, the subcellular
distribution of NRDE-3 is reflective of endo siRNA
abundance in somatic cells. To begin to assess whether
eri-9or der-1(mg375Eri) regulate endo siRNA expression,
we examined the subcellular distribution of NRDE-3 in
eri-9(— ) or der-1(mg375Eri) animals. In contrast to wild-
type controls, where NRDE-3 was predominantly nu-
clear, NRDE-3 localized predominantly to the cytoplasm
in eri-9(—) and der-1(mg375Eri) animals (Figure 2A).
These results suggest that wild-type eri-9 and der-1 are
required for expression of the majority of endo siRNAs
that associate with NRDE-3 in somatic tissues. We tested
this hypothesis by performing Northern analysis of the
expression of specific endo siRNAs in eri-9(—) or der-
1(mg375Eri) animals. Endo siRNAs have been identified
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FIGURE 2.—eri-9(—) and
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for the ORF E01G4.5 and an ~3-kb noncoding region of
the X chromosome (termed the X-cluster) (AMBROS
et al. 2003). eri-1(—), eri-3(—), and rf-3(mg373) animals
fail to express these endo siRNAs (Figure 2B and Figure
S3). eri-9(—) and der-1(mg375Eri) animals also failed to
express detectable E01G4.5 and X-cluster endo siRNAs
(Figure 2B), supporting the hypothesis that these genes
function in the eri-1 genetic pathway and indicating that
ERI-9 and DCR-1 are required for generating and/or
stabilizing these endo siRNAs.

In addition to endo siRNAs, C. elegans expresses at
least two additional classes of small regulatory RNAs, the
miRNAs, and the 21U-RNAs (the worm equivalent of
the Piwi interacting RNASs). der-1(mg375Eri) and eri-9
animals retained the ability to express the miRNA /let-7
and the 21U-1 piRNA at levels similar to that of wild-type
animals (Figure 2B). In addition, der-1(mg375Eri) and
eri-9 animals respond more robustly to dsRNA exposure
(RNAi) than wild-type animals (Figure 1A and Table 1),
strongly suggesting that these mutant animals are able
to produce siRNAs from exogenous dsRNA substrates.
Thus, the effect of the der-1(mg375Eri) and eri-9 muta-
tions is restricted to the production of a subset of
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0‘ .j\\ Q‘(\‘
& & by qRT-PCR as described in
C. (n—3, +SD).

notype was subjected to
qRT-PCR analysis. mRNA
levels of E01G4.5, W04B5.1,
C40A11.10, and KO2E2.6
were normalized to a control
mRNA, ¢ft-3. Data are ex-
pressed as the ratio of mRNA
abundance in mutant ani-
mals relative to wild type
(n = 6, =SD). *P < 0.05;
o #*p < 0.01. (D) E01G4.5
mRNA levels were measured
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cellular small regulatory RNAs. Since DCR-1 is known to
be involved in the biogenesis of miRNAs (KETTING et al.
2001; LEE et al. 2002, 2004; LUND et al. 2004), our results
imply that the G492R substitution within the DCR-1
helicase domain preferentially impairs the endo siRNA-
related function of DCR-1.

Endo siRNAs that map to the KO2E2.6 ORF have been
identified (AMBROS et al. 2003; RuBy et al. 2006). Ani-
mals lacking components of the ERI/DICER complex
fail to express KO2E2.6 endo siRNAs and concomitantly
overexpress the KO2E2.6 mRNA (DUCHAINE et al. 2006).
Consequently, it has been proposed that endo siRNAs
negatively regulate mRNAs that exhibit sequence ho-
mology to their cognate endo siRNAs, which is known
as endogenous RNAi. We found that KO2E2.6 mRNA is
likewise overexpressed in decr-1(mg375Eri), ergo-1, rrf-
3(mg373), and eri-9 animals (Figure 2C and Figure S3).
We extended this analysis to three additional mRNAs
(E01G4.5, W04B5.1, and C40A11.10) for which com-
plementary endo siRNAs have previously been identi-
fied but transcript levels have not been characterized
(Figure 2C and Rusy et al. 2006). All three mRNAs were
overexpressed in eri-1, eri-3, der-1(mg375Eri), ergo-1, and
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eri-9 animals relative to wild-type controls (Figure 2C).
Thus, the dcr-1, ergo-1, and eri-9 gene products (and
previously identified components of the ERI/DICER
complex) are required for negatively regulating these
mRNAs. Animals harboring mutations in both eri-I and
eri-9, ergo-1, or der-1(mg375Eri) exhibit similar levels of
mRNA misregulation to animals harboring the individ-
ual mutations (Figure 2D). Taken together, these data
argue that ergo-1, eri-9, and the dcr-1 helicase domain are
required for endo RNAI processes mediated by the eri-1
genetic pathway.

A subset of Eri animals exhibit sperm-specific endo
RNAi defects: Endo siRNAs are thought to negatively
regulate cellular mRNAs. Large-scale sequencing of
endo siRNAs indicates that endo siRNAs are enriched
for sequences with homology to mRNAs expressed in
sperm (RuBY et al. 2006). We selected three sperm
mRNAs [sperm-specific protein (ssp)-16, C25G4.6, and
F18Cb5.4], for which endo siRNAs have been identified,
for further investigation (RuBy et al. 2006). We con-
firmed that these mRNAs are expressed predominantly,
if not exclusively, in the sperm-producing germline
(Figure S4). We then investigated whether the Eri genes
were required for regulating these mRNAs. qRT-PCR
analysis demonstrated differential genetic require-
ments for the regulation of these sperm-enriched
mRNAs. For example, eri-1, eri-3, mf3, and der-
1(mg375Eri) mutant animals overexpressed these
sperm-specific mRNAs while eri-9 and ergo-I mutant
animals expressed these mRNAs at levels similar to that
of wild-type animals (Figure 3A and Figure S3). Hence-
forth, we will refer to eri-1, eri-3, rrf-3, and der-1(mg375Eri)
as class I Eri genes and eri-9 and ergo-1 as class II Eri
genes. Northern analysis of ssp-16 revealed a lack of ssp-
16 endo siRNAs and a concomitant increase in ssp-16
transcript levels among class I, but not class II, mu-
tant animals (Figure 3B). Interestingly, we found that
mRNAs encoding class I Eri factors are expressed at
similar levels in the sperm- and oocyte-producing germ-
line, while mRNAs encoding class II Eri factors are
enriched in the oocyte-producing germline, suggesting
that the differential requirement for the class I and II
Eri factors in sperm-specific mRNA regulation may be
due to differential expression patterns of the class I and
II Eri factors (Figure S5). Thus, the class I, but not class
II, Eri gene products regulate sperm-enriched RNAs via
endo RNAi.

The class I Eri factors might negatively regulate sperm
mRNAs specifically in the sperm-producing germline,
or they might inhibit expression in tissues that normally
do not produce these mRNAs. To address this question,
we asked if class I Eri-dependent regulation of ssp-16,
C25G4.6, and F18C5.4 mRNA occurs in the sperm-
producing germline. Hermaphrodites that harbor a fem-
1(ts) mutation produce both sperm and oocytes at 15°,
but only oocytes at 25° (NELSON et al. 1978). Loss of eri-1
resulted in elevated levels of ssp-16, C25G4.6, and
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F1GURE 3.—Eri genes can be classified into two groups on
the basis of defects in endo RNAIi processes targeting sperm-
enriched transcripts. (A) qRT-PCR analysis (as described in
Figure 2C) detecting the indicated sperm-enriched mRNAs.
Data were normalized to the sperm-specific mRNA, msp-3
(n =10, £SD). **P < 0.01. (B) Total RNA was subjected to
Northern blot analysis detecting ssp-16 mRNA, Actin (act-1)
mRNA, and ssp-16 endo siRNAs. (Bottom) 5S RNA loading

control.

F18C5.4 in fem-1(ts) hermaphrodites when sperm were
present, but not in the absence of sperm (Figure
4A). These results argue that the negative regulation
of sperm gene expression by eri-I requires the sperm-
producing germline. In support of this idea, in siu
hybridization detecting ssp-/6 mRNA demonstrated that
expression of ssp-16is restricted to the sperm-producing
gonad in wild-type animals and that eri-1(— ) animals do
not exhibit ectopic expression of ssp-16 in other tissues
(Figure 4B). These results demonstrate that the class I
Eri genes are required for endogenous RNAi processes
within the sperm-producing germline.

Class I Eri animals exhibit defects in sperm de-
velopment: Germline phenotypes have been reported
for a few Eri mutants (KENNEDY et al. 2004; DUCHAINE
et al. 2006; ASTRAINEN el al. 2007). eri-1, rrf-3, eri-3, and
eri-5> hermaphrodites exhibit ts sterility; these animals
are fertile at 15° and sterile at 25°. These animals also
produce a higher-than-normal percentage of male
progeny, referred to as a Him (high incidence of males)
phenotype (HODGKIN e al. 1979). The Him phenotype
of Eri mutants is due to an X-chromosome nondisjunc-
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Ficure 4.—Class I Eri-mediated RNA regulation occurs

within the male germline. (A) cDNA was generated from total
RNA isolated from age-synchronized L4 larvae of the indi-
cated genotype reared at 15° or 25°. qRT-PCR detecting
the indicated sperm-enriched transcripts as described in Fig-
ure 2C (n= 3, =SD). (B) In situ hybridization of ssp-16in wild-
type and eri-1(mg366) animals reared at 25°. ssp-16 expression
is restricted to the sperm-producing gonad. Insets are magni-
fications of boxed regions with the developing germlines of
males outlined in white. dt, distal tip cell; s, condensed sperm
nuclei. Surpisingly, we did not detect differences in ssp-16
mRNA staining intensity between eri-1(—) and wild-type ani-
mals in these experiments. As both our qRT-PCR and North-
ern analyses indicate a significant increase in ssp-16 mRNA
levels in eri-1(—) animals, we hypothesize that our in situ hy-
bridizations were not saturated and consequently were non-
quantitative.

tion in the sperm-producing germline, which causes XX
hermaphrodites to produce XO male offspring (GENT
et al. 2009). We tested if these germline defects were
shared by ergo-1(—), eri-9(—), rrf-3(mg373), or dcr-
1(mg375Eri) animals. der-1(mg375Eri) and rrf-3(mg373)
animals exhibited ts sterile and Him phenotypes (Fig-
ure 5 and Figure S3). In contrast, ergo-1(—) and eri-9(—)
animals exhibited wild-type levels of fertility and normal
frequencies of male progeny (Figure 5). Thus, the class I
Eri genes, but not the class II Eri genes, are required for
fertility at elevated temperatures. Finally, animals har-
boring both class I and class IT Eri mutations are sterile
at 25° (and exhibit brood sizes similar to class I Eri
animals when reared at temperatures slightly below the
nonpermissive temperature), indicating that class I Eri
alleles are epistatic to class II alleles with regards to
sterility (Figure 5C and data not shown).

Sterility in hermaphrodites can arise from defects in
sperm or oocyte function. Mating with wild-type males
rescued the ts sterility of class I Eri hermaphrodites, a
result suggestive of a sperm-specific defect (Figure 6A).
Mating assays with fem-I hermaphrodites (which pro-
duce only oocytes) crossed to class I Eri males confirmed
this hypothesis; sperm from eri-1(— ) and der-1(mg375Eri)
males, reared at the nonpermissive temperature, were
unable to fertilize eri-1(+) ( fem-1) oocytes (Figure 6B).
Sperm from class II Eri mutant males were functional in
these assays (Figure 6B). Together, these data establish a
role in sperm function for the class I, but not class II, Eri
genes.

We examined the mature gametes of males harboring
class I Eri alleles for defects in morphology or motility
that might underlie sperm-specific sterility. Wild-type
adult males store round, immotile spermatids in the
seminal vesicle that, upon insemination, are activated
by an extracellular signal to generate amoeboid crawl-
ing spermatozoa with extended pseudopods (WoOLF
et al. 1978; WARD et al. 1981). The in vivo activation
signal can be mimicked n vitro by proteases or com-
pounds that increase intracellular pH (NELsON and
WARD 1980; WARD et al. 1983; SHAKES and WARD 1989).
We assessed the ability of der-1(mg375Eri) spermatids to
extend pseudopods and form crawling spermatozoa by
treatment with the n vitro activators monensin or
triethanolamine. In vitro activation of wild-type sperma-
tids was successful 82% of the time (Figure 6C). In
contrast, only 7% of der-1(mg375Eri) spermatids were
capable of forming pseudopods, and the majority of der-
1(mg375Eri) spermatids exhibited an aberrant morphol-
ogy (Figure 6, D and E). Motile spermatozoa localize to
the spermatheca, the site of fertilization, in the her-
maphrodite reproductive tract. In vivo activation of class
I Eri animal spermatids was also defective, as indicated
by a failure of der-1(mg375Eri) spermatids to localize to
the spermatheca. Vital staining of male sperm prior to
mating indicated that der-1(mg375Eri) sperm can be
transferred successfully. Temporal analysis following
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Ficure 5.—Class I, but not class II, Eri animals exhibit
germline defects. (A) The number of progeny from hermaph-
rodites of the indicated genotypes. Data are expressed as
the mean number of progeny per adult (n = 32, *£SD).
(B) The percentage of progeny exhibiting male morphology
(n=12, =SD). **P < 0.01. (C) The number of progeny from
animals of the indicated genotype at a temperature (23°)
slightly less than the nonpermissive temperature of class I
Eri animals (n = 32).

sperm transfer argued that der-1(mg375Eri) sperm are
rapidly displaced from the hermaphrodite reproductive
tract by passing oocytes and expelled through the vulva
(compare Figure 6F to 6G). Similar results were ob-
served for eri-1, eri-3, and rrf-3 sperm (data not shown).
Thus, class I Eri males are defective in spermatid acti-
vation and cell motility, which are essential for fertility
(LHERNAULT 2006).

C. elegans hermaphrodites undergo spermatogenesis
prior to oogenesis, while male animals continue to
produce sperm throughout adult life (WoLF et al. 1978).
Class I Eri hermaphrodites were sterile if reared at the
nonpermissive temperature during spermatogenesis, but
fertile if the temperature was raised during oogenesis
(after spermatogenesis was completed) (Table 2). Class I
Eri males were sterile if reared at the nonpermissive
temperature, but eventually regained fertility following a
downshift in temperature, indicating that the tempera-
ture-sensitive period for fertility associated with class I Eri
mutants coincides with spermatogenesis (Table 2).

We next examined the gonads of class I Eri males for
defects in sperm development. In wild-type males, a
mitotically proliferating population of syncytial stem
cells in the distal end of the germline gives rise to a
transition zone at the onset of meiosis. Further pro-
gression through meiosis I produces pachytene nuclei
that condense and cellularize into primary spermato-
cytes. Completion of the two meiotic divisions produces
four haploid spermatids that separate from the residual
body (L’HeErNAuLT 2006). Early events during sper-
matogenesis of der-1(mg375Eri) mutant males appeared
to be unaffected, as indicated by the normal number
and morphology of germ cells in the mitotic and meiotic
regions of the germline (Figure 7, A-H). The first visible
defect that we observed was a change in cytology at the
spermatid stage. Wild-type animals produce small
spherical spermatids that each contains a single, highly
condensed nucleus (Figure 7, I, K, and L). In contrast,
young adult males harboring the dcr-1(mg375Eri) muta-
tion accumulated sperm cells in the seminal vesicle that
were large and misshapen and often contained multiple
nuclei (Figure 7,], M, and N; note the difference in scale
in K and M). Similar defects have been reported for
sperm mutants (e.g., spe-26) that exhibit aberrant chro-
mosome segregation (VARKEY et al. 1995). The observed
defects in the der-1(mg375Eri) mutant may reflect
delayed progression through the sperm developmental
program, as older males possessed spermatids that were
more similar in size and shape to wild-type spermatids
(see Figure 6, C-E). Defects similar to those described
above were found in sperm for all class I Eri animals,
whereas sperm of class II Eri animals exhibited normal
morphology and function (data not shown). Taken
together, the data indicate that class I Eri mutations
produce multiple aberrations in spermatogenesis,
beginning with cytokinesis at the meiotic divisions
and extending through terminal differentiation into
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crawling spermatozoa. These defects likely explain the
ts sterility associated with class I Eri animals.

DISCUSSION

Here we report the identification and characteriza-
tion of genes required for the production of endoge-
nous siRNAs, small regulatory RNAs that are thought to
mediate silencing of cellular transcripts. We establish
that eri-9 encodes a novel component of the endo RNAi
machinery and that eri-4 encodes a mutant variant of

wild-type (C) or der-1(mg375Eri) (D and E)
adulthood males (3 days after final molt)
were treated with the invitroactivatormonen-
sin and visualized by DIC Nomarski. Arrows
indicate pseudopods of crawling spermato-
zoa. The der-1(mg375Eri) spermatids are mis-
shapen and fail to activate (D) or extend thin
immotile projections (asterisk in E). (F and
G) Wild-type or der-1(mg375Eri) mid-adult-
hood males were stained with a vital fluores-
cent dye and then mated with fem-1(hcl7ts)
females. Mated females were visualized by
both DIC Nomarski and fluorescence mi-
croscopy to assess sperm transfer and locali-
zation. The fluorescent and DIC images
were overlaid to generate a composite image.
Arrows indicate vulva. SP, spermatheca. (F)
Sperm (in red) from wild-type males migrate
to the spermatheca. (G) der-1(mg375Eri)
sperm either remain at the vulva atinsemina-
tion or are expelled from the uterus by pass-
ing oocytes. Intestinal autofluorescence seen
in these images is also observed in the ab-
sence of dye staining.

DCR-1 harboring a mutation within a conserved region
of the DCR-1 helicase domain. We demonstrate
that ERI-9 and the helicase domain of DCR-1 play a role
in endo RNAI processes in C. elegans. Finally, we show
that the class I Eri factors (including der-1), but not the
class II Eri factors (including eri-9), are required for
development of, and endo RNAI processes in, sperm.
We show that animals harboring a mutation in der-1
exhibit defects in endo siRNA production, mRNA
regulation, X-chromosome segregation, and sperm de-
velopment that are indistinguishable from phenotypes

TABLE 2

Temperature-sensitive period for class I Eri animals coincides with spermatogenesis

Q fem-1° X 3 N2 Q fem-1* X 3 eri-1 eri-1 (hermaphrodite self-cross)
Embryo L4 Adult’ Progeny* Embryo L4 Adult’ Progeny* Embryo L4 Adult/ Progeny’
15° 25° + 15° + 15° 25° +
25° 25° + 25° - 25° 25° -
25° 15° + 25° + 25° 15° -

“Feminized animals used to prevent self-fertilization.

’ Temperature of male animals during development and early spermatogenesis.
‘Temperature of male animals during mating and later spermatogenesis.

“The presence (+) or absence (—) of progeny 4 days after temperature shift.
‘Temperature of hermaphrodite animals during development and spermatogenesis.
/Temperature of hermaphrodite animals during oogenesis and fertilization.
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Wild-Type

dcr-1(mg375Eri)

FiGURE 7.—Class I Eri an-
imals exhibit defects in

dt

sperm development. (A-H)
Early germline development
of der-1(mg375Eri) animals is
indistinguishable from wild
type. (A) Germline of wild-
type young adult male. DAPI
staining indicates changes in
nuclear morphology during
development. dt, distal tip;
tz, transition zone; p, pachy-
tene of meiosis I; 1°, primary
spermatocytes. (B-D) High-
er magnification images of
A showing characteristic
crescent-shaped  transition
zone (B), pachytene (C), or
highly condensed nuclei in
primary spermatocytes (D).
(E) Germline of deor-
1(mg375Eri) young adult
male stained with DAPIL
(F-H) Higher magnification
images of transition zone,
pachytene, and primary
spermatocytes, respectively.
(I-N) Defects in cytokinesis
produce terminal spermato-
cyte arrest. (I and J) Dis-
sected gonads of wild-type
(I) or der-I1(mg375Eri) (])
young adult male visualized
by DIC Nomarski. Gametes
are considerably larger in
der-1(mg375Eri) animals.

Bar, 10 pm (K-N) Terminal gametes dissected from wild-type (K and L) or der-1(mg375Eri) (M and N) young adult males visualized
by DIC Nomarski (Kand M) and DAPI (L and N). Wild-type spermatids are symmetrical and possess a centrally located single nucleus.
der-1(mg375Eri) terminal spermatocytes are asymmetrical and contain multiple nuclei. Bar, 5 pm.

exhibited by eri-1(—), rrf-3(—), and eri-3(—) animals.
ERI-1, RRF-3, and ERI-3 coprecipitate with DCR-1
(DucHAINE et al. 2006). This latter observation has led
to the hypothesis that the ERI proteins assemble into a
protein complex with DCR-1. Our results provide
genetic and biochemical evidence supporting the exis-
tence of a functional multi-protein complex composed
of DCR-1 and the Eri factors and support the model that
this complex is important for generating and stabilizing
endo siRNAs. Interestingly, the N-terminal helicase
domain of Dicer is well conserved throughout eukar-
yotes; however, the function of this domain remains
enigmatic. Our identification and characterization of
DCR-1(G492R) establishes that, in C. elegans, the heli-
case domain of Dicer is required for endo siRNA
expression and spermatogenesis.

We have shown that eri-9is a component of the endo
RNAi machinery: ERI9 functions in the eri-I genetic
pathway, encodes a DCR-1 coprecipitating protein
(DucHAINE et al. 2006), and is required for endo siRNA
expression and for cognate mRNA regulation. Taken
together, these data argue strongly that ERI-9 is a
component of ERI/DICER complexes. Interestingly,

we have shown that components of the ERI/DCR
complex are not all functionally equivalent. Our di-
vision of the Eri genes into two groups on the basis of the
presence [class I: eri-1, eri-3, rrf-3, and der-1(mg375Eri)] or
absence (class II: ergo-1 and eri-9) of germline pleiotro-
pies and endogenous RNAi processes in the sperm-
producing germline indicate that these factors can have
distinct biological function(s). In the simplest model,
the class I proteins form a core ERI/DICER complex
that is required for endo siRNA production and
endogenous RNAi in both the soma and germline,
whereas the class II proteins serve as accessory factors
that modify core complex activity in tissues other than
the male germline. In support of this hypothesis,
expression analysis of Eri genes indicates that class I
Eri mRNAs are expressed at equivalent levels during
sperm and oocyte production, while the class II Eri
mRNAs are enriched in the oocyte-producing germline
(Figure S5). Future analyses that focus on endo RNAi
defects in the sperm-producing germline may identify
sperm equivalents of ergo-1 and eri-9.

Animals harboring class I Eri mutations exhibit
defects in both sperm-specific endo RNAi and sperm
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development. The failure of class I Eri mutants to
engage in sperm endo RNAi may directly cause sper-
matogenesis defects. Alternatively, it is possible that the
sperm defects that we have observed result from non-
RNAi and siRNA related functions of the class I Eri
factors. We favor the former model for the following
reasons: First, we have observed a one-to-one correlation
between those Eri genes required for sperm-specific
endo RNAi and those Eri genes required for normal
sperm development. Second, large-scale sequencing of
small RNAs has shown that endo siRNAs are enriched
for sequences with the ability to target mRNAs ex-
pressed in sperm (RUBY et al. 2006). Third, several class
I Eri factors, such as the RNA-dependent RNA poly-
merase RRF-3 and the RNase III enzyme DCR-1, are
proteins whose only known biochemical function re-
lates to small regulatory RNA biogenesis. Finally, our
genetic screens have identified missense alleles of both
der-1 and /-3 [encoding DCR-1(G492R) and RRF-
3(G187E)], which do not affect expression of their
encoded proteins or the ability of these mutant pro-
teins to assemble into ERI/DCR complexes (data not
shown). DCR-1(G492R) and RRF-3(G187E) animals do,
however, exhibit fully penetrant endo RNAi defects and
ts sperm defects, strongly suggesting that it is the small
RNA products of DCR-1 and RRF-3 that are important
for spermatogenesis. Taken together, these data argue
that loss of endo siRNA expression in the male germline
triggers defects in sperm development.

We have shown that mutant animals lacking Eri gene
function overexpress mRNAs that exhibit sequence
homology to Eri-dependent endo siRNAs. The most
parsimonious explanation for these observations is that
endo siRNAs negatively regulate their cognate mRNAs
(and/or are the end product of this regulation). We
consider two possible models for the role of endo
siRNAs and endo RNAi during spermatogenesis.

1. In model 1, spermatogenesis defects are triggered by
overexpression of sperm mRNAs, the negative regu-
lation of which is important for sperm development.
In such a case, either the target mRNA may be grossly
overexpressed or the temporal expression may be
precocious and/or persistent. In support of model 1,
microarray analysis comparing wild-type animals to
eri-1(—) or rrf-3(—) animals indicates that sperm
RNAs are negatively regulated by ERI-1 and RRF-3
(ASIKAINEN et al. 2007). We revisited the eri-1/rrf-3
microarray data sets and compared these data to
existing microarray data sets, which identified genes
preferentially expressed in the sperm (REINKE et al.
2000, 2004). This analysis showed that 96% of eri-1/
rrf-3regulated RNAs are sperm-enriched RNAs (Ta-
ble S3). This remarkable degree of overlap between
these two microarray data sets indicates that a large
percentage of transcript misregulation observed in
both eri-1 and rrf-3 mutants at this stage of develop-

ment occurs among genes with elevated expression
during spermatogenesis. At present, it is unclear
which, if any, of these RNAs are responsible for the
spermatogenesis defects that we have observed. We
conducted RNAi-mediated knockdown of these 68
RNAs (individually) and failed to identify any sup-
pressors of class I Eri sterility (data not shown). In
addition, we screened several million genomes (fol-
lowing EMS mutagenesis) for suppressors of Eri-
mediated sterility and failed to identify a single
suppressor (data not shown). Taken together, these
data hint that, if model 1 is correct, the sterility of
class I Eri animals is unlikely to be due to over-
expression of a single sperm mRNA.

2. In model 2, spermatogenesis defects result from loss
of endo siRNA-directed heterochromatin in sperm.
Some Eri-dependent endo siRNAs, such as those
complementary to the C. elegans X-cluster, map to
regions of the genome not predicted to encode
functional mRNAS. In Schizosaccharomyces pombe, the
RNAi machinery plays a role in heterochromatin
formation at centromeres (REINHART and BARTEL
2002; BUHLER et al. 2006; COLMENARES et al. 2007). S.
pombe mutants that lack components of the RNAi
machinery exhibit chromosome nondisjunction phe-
notypes (HALL et al. 2003). We have observed an X
chromosome nondisjunction phenotype in the class
I Eri mutant animals. Thus, model 2 posits that C.
elegans endo siRNAs function analogously to S. pombe
siRNAs to regulate heterochromatin formation in
such a way as to permit chromosome segregation and
sperm function at elevated temperatures.

One puzzling aspect of our results is the temperature
sensitivity of class I Eri germline phenotypes. The class I
Eri mutants appear to be nonconditional for loss of endo
siRNA accumulation and misregulation of target RNAs,
as these defects occur at all temperatures (data not
shown). Increased X chromosome nondisjunction and
sperm-specific sterility of the class I Eri mutants, how-
ever, are manifested more robustly at elevated tem-
peratures. Most of the class I Eri mutants that we
characterized carry predicted null alleles, indicating that
the ts sterility phenotype associated with the class I Eri
mutants is very likely not due to temperature-sensitive
proteins. Rather, data from wild-type animals suggest
that both chromosome segregation and sperm develop-
ment are inherently sensitive to perturbation by temper-
ature. For example, brood size is reduced by ~25% in
wild-type animals reared at elevated temperature (HIrRsH
and VANDERSLICE 1976). Since fecundity is sperm
limited in C. elegans hermaphrodites, this observation
indicates that wild-type sperm production or function
might be impaired at elevated temperatures. Similarly,
the frequency of male progeny arising from X chromo-
some nondisjunction increases several-fold in wild-type
hermaphrodites raised at higher temperature (Rose and
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BarLLIE 1979). Thus, the sperm defects associated with
class I Eri animals may result from enhancement of
inherently temperature-sensitive processes.

C. elegans expresses a diverse array of small regulatory
RNAs. Our genetic screens continue to identify novel
factors required for the biogenesis of endo siRNAs. To
date, we have identified two classes of Eri factors, one of
which promotes thermotolerance in sperm. Interest-
ingly, animals lacking the C. elegans PIWI homologs (and
consequently lacking piRNAs) exhibit temperature-
sensitive spermatogenesis defects, hinting that other
small RNAs may play important roles in spermatogen-
esis (BATISTA ef al. 2008; DAS et al. 2008; WANG and
ReINKE 2008). Furthermore, we have identified differ-
ential germline functions among the Eri factors. Taken
together, these results indicate that the mechanisms of
small RNA biogenesis and function in C. elegans are
complex and may vary in a tissue-dependent manner.
Our genetic screens have notyetreached saturation. For
example, two other Eri factors, eri-10 and eri-11, identi-
fied in our screens exhibit class II Eri phenotypes, are
defined by single alleles, and are not allelic with any of
the known endo RNAI genes, indicating that additional
components of the cellular endo RNAi machinery
remain to be identified. The identification and charac-
terization of the full complement of endo RNAI
machinery will likely facilitate the unraveling of the
remarkably complex world of small regulatory RNAs.
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TABLE S1

Test for synMuvB phenotype

lin-15a RNAi *
(Multi-vulva)

Strains synMuv Class

Wild-Type (N2) - WT

lin-15a(n767) A WT
lin-15b(n744) B Muv
lin-35(m745) B Muv
lin-52(n771) B Muv
eri-1(mg366) WT
eri-3(mg408) WT
der-1(mg375) WT
eri-9(ggl06) WT
ergo-1(gg098) WT

* RNAi of linlba produces a multi-vulva phenotype in

synMuvB mutant animals but not in wild-type or Eri mutants.
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TABLE S2

Complementation of eri-9

Percentage of animals with viable progeny following /ir-

1 RNAi *

Transgene
Strains none C26E6.7
Wild-Type (N2) 100% NA
eri-9(gg106) 0% 100%

* RNAI of lir-1 is lethal in eri-9(gg! 06) animals; introduction of G26E6.7
restores wild-type responses to fir-/ RNAI (see Supporting Methods for

details of C26E6.7 transgene construction).
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TABLE S3

Comparison of microarray datasets

Gene designation! -3 / WT?2 eri-1 / WT?2 Jem-3(gf) / fem-13
T27A3.3; ssp-16 5.93 6.38 79.45
T21G5.4 2.00 2.16 74.68
C04G2.8; spch-1 2.43 2.38 62.67
C25G4.6 2.34 2.56 58.25
C39H7.1 2.47 2.26 44.70
C38C10.3 4.52 3.88 42.67
C47A4.5 3.37 3.30 41.07
ZK637.12 2.28 2.05 39.87
B0205.10 2.11 2.42 38.78
F09C12.8 4.35 3.68 35.07
C54G4.3 3.46 3.39 34.78
F31E8.5 2.38 2.26 34.45
C35E7.9 3.88 4.09 32.89
F11G11.8; nspd-5 2.71 2.06 32.00
EO3H12.7 2.55 2.82 30.50
F13G11.2 2.20 2.13 29.55
C29E6.3; pph-2 2.99 3.09 28.16
T22B3.2 2.21 2.81 26.68
7C168.6 3.04 3.01 25.55
7K354.6 2.73 2.60 22.58
C24D10.7 2.14 2.03 21.65
7K484.7 3.49 3.17 21.64
WO01B6.2 2.79 3.19 21.13
7C412.5 2.86 2.61 20.66
C05C12.1 3.30 3.14 19.81
7C581.7 3.69 3.35 19.51
C25A8.5 3.88 3.84 19.33
KO01D12.15 2.68 3.02 19.23
F02C9.4 3.01 2.98 18.37
F47B3.5 4.27 3.96 18.04
F56F3.4 2.90 2.48 17.48
FO7F6.1 2.73 3.21 17.13
C49C8.1 3.48 2.81 16.26
Y38H8A.4 2.13 2.17 16.19
F54C8.1 2.82 2.78 16.12
7ZK1010.5 3.53 3.48 15.46

C24D10.1 2.68 2.54 14.65



T01C3.5
F58D2.2
WOBE3.4
WO03C9.1
F54A3.4
T16G12.7
C33F10.8
B0218.5
KO07F5.4; kin-24
KO07F5.6
F53C3.1
F59A6.2
C10C6.3
F59A3.8
F26F4.2
F56A11.6
ZK507.1
F09G8.4; ner-2
Y6E2A.9
F25B3.4
Y38H6C.15
7X666.8
C34F11.1
Y106G6G.3; dle-6
7XK973.8
Y95B8A.4
RO5H5.4
C25G4.4
Y39E4B.11
Y54G11A.6; ctl-1
C41H7.6
Y54G11A.13; ctl-3
Y53F4B.45
F58D5.7
Y71F9AL.2

4.51
2.67
5.14
2.92
2.68
5.61
3.19
4.07
3.07
3.77
3.10
7.49
3.27
2.58
2.82
2.16
3.03
4.11
4.28
4.54
4.24
4.54
2.05
9.39
3.00
2.00
3.05
2.24
7.02
4.47
2.33
6.13
3.66
3.38
2.62

D. M. Pavelec et al.

4.23
2.92
4.53
2.51
3.58
5.71
3.41
3.88
2.86
3.84
3.01
5.57
2.28
2.88
2.75
2.06
3.92
3.95
3.00
4.52
3.40
4.02
2.17
8.43
2.59
2.20
2.52
2.05
5.74
5.01
2.10
6.83
3.90
3.22
2.78

14.58
14.37
12.89
12.42
11.84
11.44
11.08
10.85
10.66
10.46
9.86
9.63
8.46
8.46
8.17
8.02
7.90
7.38
7.32
6.27
6.17
6.10
5.94
5.75
5.71
5.49
3.67
2.12
1.88
0.88
0.42
N/A
N/A
N/A
N/A

1Unique gene identifier from WormBase, release WS190.
2Microarray expression ratios from (ASIKAINEN et al. 2007).
3Microarray expression ratios from (REINKE ez al. 2004) N/A, not available on

array.
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A

18t screen: ~50,000 haploid genomes, 2 screen: ~60,000 haploid genomes

|

Growe F2 animals on bacteria expressing GFP dsRMNA

/ O\

EMS mutagenize une-47 - GFP animals

Discard non-silenced |dentify F3 & F4 animals
animals with silenced GFP
Discard non-Eri Identify mutant animals
animals enhanced for doy-13, fir-1,

une-22 unc-r3 RMNAI

Assign to complementation groups
1t screan:  en-f (2), w3 (1), eri-3 (1), eri-ddder-1 (1), eri-5(2)
2rd screen: eri-1 (1), -3 (2), eri-3 (1)

EMS mutagenize N2 animals
~40,000 haploid genomes

J

Grow F2 animals on bacteria expressing lin-15b dsRMNA

/N

Discard non-hkuy Identify F3 & F4 animals with
animals lin-15b specific Muw phenotype

|

Identify mutant animals
enhanced for dow-1.3, fir-1,
unc-22, unc-r 3 RMAI

|

Assign to complementation groups
en-gf7 (2, argo-1 (4, ar-2(2), en- 10 (1), en-11 (1)

Discard non-Er
animals

FIGURE S1.—Schematics of two genetic screens that identified erz genes. (A) Previously, we screened for mutant animals that
exhibit an enhanced RINAi phenotype (13t screen) (DUCHAINE et al. 2006; KENNEDY et al. 2004). We revisited this screen and
identified additional alleles of previously known Eri factors (2nd screen). Specifically, GFP RNAI inefficiently silences unc-47::GFP
in wild-type animals (KENNEDY ef al. 2004). Animals expressing unc-47::GFP were mutagenized with ethyl methanesulphonate
(EMS) and F2 progeny were grown on E. coli expressing GFP dsRNA. Mutant animals able to silence unc-47::GFP in response to
GFP dsRNA were kept for further analysis. These mutant animals were then subjected to dpy-13, lir-1, unc-22, and unc-75 RNAi
to identify animals with generalized enhanced sensitivity to dsSRINAs. er: alleles were assigned via complementation analysis for Eri
phenotypes to the indicated complementation groups. It should be noted that eri-4/der-1 animals initially showed a strong and
generalized enhanced RINAi phenotype. Following 5x outcrossings, however, eri-4/der-1 mutant animals exhibited a weaker but
reproducible enhanced RNAi phenotype. (B) Wild type animals do not exhibit noticeable phenotypes in response to lin-15b
RNAI. eri-1, 17/~3, and eri-3 mutant animals, however, exhibit a multi-vulva (Muv) phenotype in response to lin-15b RNAi (GUANG
et al. 2008). We EMS-mutagenized wild-type animals and screened for animals that exhibited a Muv phenotype in response to lin-
156 RNAI. These mutant animals were then subjected to dpy-13, lir-1, unc-22, and unc-73 RNAI to identify animals with
generalized enhanced sensitivity to dsSRNAs. This screen identified ten independent er: alleles, which were assigned via
complementation analysis to the indicated complementation groups. The molecular identities of eri-710 and eri-11 are unknown.
For unknown reasons, these screening protocols (A and B) identified non-overlapping sets of Eri alleles.
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FIGURE S2.—mg375Eri is a mutant allele of der-1. (A) mg375Eri and der-1(0k247) (a putative null allele) fail to complement with
regards to fertility. Brood sizes of hermaphrodites of the indicated genotypes were assayed at the non-permissive temperature
(25°C). Note that mg375Eri/+ and 0k247/ + heterozygous animals are fertile, whereas mg375Eri/0k247 animals are sterile (n = 3,
+/- SD). (B) mg375En sterility is rescued by expression of der-1. The YAC-based, HA-tagged der-1 transgene (HA::DCR-1) was
previously shown to rescue the sterility of der-1(0k247) (DUCHAINE et al. 2006). The same transgene was assessed for rescue of
sterility in mg375Eri homozygous hermaphrodites at 25°C.. Brood sizes of animals of the indicated genotypes were measured from

24 individual hermaphrodites from each of three independent transgenic lines (A, B,
size per animal (+/- SD).

and C). Data is expressed as average brood
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FIGURE S3.—nf-3(mg373) is defective for endogenous RNAi and displays a ts sterile phenotype. (A) Total RNA isolated from
mixed stage animals of the indicated genotype was subjected to Northern blot analysis to detect the X-cluster small regulatory
RNAs. Bottom panel, 5S RNA loading control stained with ethidium bromide. (B) cDNA generated from total RNA isolated
from animals of the indicated genotype was subjected to quantitative PCR (QRT-PCR) analysis. mRNA levels of KO2E2.6 and
ssp-16 were normalized to control mRNAs, ¢fi-3 and msp-3 respectively. Data is expressed as ratio of mRNA abundance in mutant
animals relative to wild-type (n=3, +/- SD). (C) Total number of progeny from hermaphrodites of the indicated genotypes, grown

at 15°C, 20°C, and 25°C, were scored. Data is expressed as mean number of progeny per adult. (n = 32, +/- SD).
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FIGURE S4.—ssp-16, C25G4.6, and F18C5.4 mRNAs are enriched in the sperm-producing germline. Total RNA isolated
from age-synchronized L4 animals reared at 25° was subjected to qRT-PCR analysis to assess levels of the indicated mRNAs.
mRNA levels were normalized to ¢fi-3 control, and data is expressed as a ratio of mRNA abundance in animals producing only
sperm (fem-3(q96gf)) compared to animals producing only oocytes (fem-1(hc17ts)). Controls include sperm-enriched msp-3 and non-
enriched actin (act-7) and E01G4.5 genes. (n=3, +/- SD).
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FIGURE S5.—mRNAs encoding Class II Eri factors are enriched in the female germ line. cDNA generated from total RNA
isolated from age-synchronized larval stage four animals was subjected to qRT PCR analysis assessing levels of the indicated
mRNAs. mRNA levels were normalized to ¢fi-3 control, and data is expressed as ratio of mRNA abundance in animals lacking
oocyte-producing germ line (fem-3(q9671Sgf)) over mRNA abundance in animals lacking sperm-producing germ line (fem-1(he171s)).
der-1 mRNA was not analyzed (n=3, +/- SD).
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FILE S1

Supporting Materials and Methods

C. elegans Strains:

The Hawaiian strain CB4856 was used for snip-SNP mapping of eri genes (WICKS et al. 2001). EG1285; lin-15(n7635ts); oxlsi2
(unc-47::GFP ), YY009: eri-1(mg566), YYO11: der-1(mg375), YYO014: der-1(mg375)5lin-15(n765ts); oxlsl2[unc-47::gfp], YYO015: eri-
1(mg366);lin-15(n765ts);0xls12[unc-47::gfp), YYO13: nf-3(mg373), YYO18: nf-3(pki426), YYO019: eri-3(mg408), YY033: eri-
1(mg366);der-1(mg375), YY034: eri-1(mg366); eri-3(mg408), DP38: unc-119(ed3), YY166: ergo-1(gg098),YY173: eri-1(mg366);ergo-
1(gg098), YY206: er-9(tm2346), YY211: er-9(ggl01), YY216: eri-9(ggl06), YY221: er-1(mg366);eri-9(ggl06), YY223; unc-
119(ed3);eri-9(gg106), YY242: ergo-1(gg098)seri-9(gg106), YY174: nrde-3(g066); golsO1[nrde-3::gfp], YY175: eri-1(mg366); nrde-
3(gg066); gals01[nrde-3::gfp], YY219: eri-9(ggl06); ggls01[nrde-3::gfp], YY237: der-1(mg375); gglsO1|nrde-3::gfp], JK1973: fem-3(q96),
YY273:  en-1(mg366);fem-3(q96), BAL17: fem-1(hc17), YY299:  en-1(mg366); fem-1(hc17), YY369: unc-119(ed3);eri-

9(eg1006);96Ex001 [eri-9::3xFlag::gfp], WM27: rde-1(ne219).

RNAi experiments:

RNAI experiments were conducted as described previously (TIMMONS et al. 2001). Bacteria expressing dsRNA, including sg-3, lir-
1, unc-73, cel-1, tra-2, dpy-13, lin-1, unc-22, and lin-15a, were obtained from the Ahringer RNAI library (KAMATH et al. 2003) and
sequenced to verify their identities. lin-15b0 RNAi was performed as described previously (GUANG et al. 2008). Phenotypes elicited
by each RNAI clone were scored as either the percentage of animals exhibiting the appropriate phenotype or on a scale of -

(unaffected) to ++++ [same severity as eri-1 (mg566) animals].

Transgenic rescue:

eri-9(gg106); unc-119(ed3) hermaphrodites were injected with a plasmid containing the wild-type unc-119 and C26E6.7 genes.
Transgenic lines were identified by rescue of the Unc motility defect, then screened for lethality of /-7 RNAi. The HA-tagged
der-1 rescuing transgene has been described previously (Duchaine et al. 2006). Rescue of der-1(mg375Er) was assessed by the

restoration of fertility at 25°C.

Phenotypic analyses:
Genetic screens for enhanced sensitivity to RNAi are described in Supporting Materials. To determine brood size, individual
adult hermaphrodites were propagated at the indicated temperature and transferred to new plates every 24 hours. Total numbers

of hatched progeny were determined from no less than 32 animals of the indicated genotype. Frequencies of male progeny were
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determined by counting no less than 1154 progeny from hermaphrodite animals reared at 23°C. Mating experiments to assess
fertility of Eri hermphrodites were performed with wild-type males harboring an unc-47::GFP transgene marker to allow
identification of cross-progeny. Mating experiments to assess fertility of Eri males were performed with fem-1(hc7ts)

hermaphrodites reared at 25°C.

qRT-PCR primers (all shown 5°->3°):

¢fl-3 -(acttgatctacaagtgcggagga) and (aaagatcccttacccatctecetg)

act-1 - (ccgtgacatcaaggagaagc) and (cctgtccgtcaggaagttcg)

E01G4.5 - (gccaaacagcttctagaagecge) and (cgggttgacgtecattacaagtec)
WO04B5.1 - (gctacacgttttcaaaatgtgtggcet) and (ccgecaagtggaattttcttcteeg)
C40A11.10 - (tgtggatttcaacgtggegg) and (gatgctategettageggtgg)
KO02E2.6 - (ccagtggtacaagtgggagtaaacg) and (cgctgegtgagetgtagtigatagg)
msp-3 - (cggcgagceagatgaattgatcacc) and (ccaaacccagecgggtacg)

ssp-16 - (tgatcactcgcactgetg) and (gecgacattggaattgteac)

C25G4.6 - (cgtcecgattegattgatg) and (ggcttcaatectggaagage)

F18C5.4 - (ccgtcttacattggaaagatcece) and (tttggaggaggaageatcac)
T14G10.8 - (caagtagttccggeaactcatcgg) and (gaatactcgegegaaacgatgattaaac)

C55C3.5 - (gegateteggeggtgge) and (cttcgagtettgtagetegegg).

Northern blot probe sequences:

ssp-16 mRINA- (5°-tggtgcgaaatgaacgacaagtttgtectectttg/ 3 StarFire/-3°)

act-1 mRNA- (5°-ggtggttectccggaaagaacagtgttggegtaca/ 3 StarFire/-37)

E01G4.5 siRNA- (5’-gaccaaaccgcgegcttcagaggteattggcttcatacactcaaaage/ 3 StarFire/-3°)

X-cluster siRNA- (5’-acctcataccgegtatctatte/3 StarFire/-3°)

let-7 miRNA- (5’-aactatacaacctactacctcaccggatcc/ 3 StarFire/-3’)

21U-1 piRNA- (5’-gcacggttaacgtacgtacca/3 StarFire/-3")

ssp-16 siRNA- (5’-atacgaaacaacaaccaaagctttaccatgtegetcactgetgatccaccagectgeactgtgee/ 3 StarkFire/-3°), (5°-
ggacaaacttgtcgttcatttcgcaccageeccagetgatgctactgatgetcaggecge/ 3 Starkire/-3°), (5°-

gcegegtttgetgeagteactccagetggaactgtgacaattccaatgteggeaaccgee/ 3 Starkire/-3).
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