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ABSTRACT

Caenorhabditis elegans contains 25 Argonautes, of
which, ALG-1 and ALG-2 are known to primarily in-
teract with miRNAs. ALG-5 belongs to the AGO sub-
family of Argonautes that includes ALG-1 and ALG-2,
but its role in small RNA pathways is unknown. We
analyzed by high-throughput sequencing the small
RNAs associated with ALG-5, ALG-1 and ALG-2, as
well as changes in mRNA expression in alg-5, alg-
1 and alg-2 mutants. We show that ALG-5 defines a
distinct branch of the miRNA pathway affecting the
expression of genes involved in immunity, defense,
and development. In contrast to ALG-1 and ALG-2,
which associate with most miRNAs and have gen-
eral roles throughout development, ALG-5 interacts
with only a small subset of miRNAs and is specif-
ically expressed in the germline where it localizes
alongside the piRNA and siRNA machinery at P gran-
ules. alg-5 is required for optimal fertility and muta-
tions in alg-5 lead to a precocious transition from
spermatogenesis to oogenesis. Our results provide
a near-comprehensive analysis of miRNA-Argonaute
interactions in C. elegans and reveal a new role for
miRNAs in the germline.

INTRODUCTION

MicroRNAs (miRNAs) interact with target mRNAs to
control the levels and timing of gene expression in plants
and animals (1). miRNAs are processed from the stem
regions of partially base-paired RNA hairpins into ∼22-
nucleotide (nt) duplexes with 2-nt 3′ overhangs (2,3).
miRNA duplexes form ribonucleoprotein complexes with
effector proteins in the Argonaute/Piwi family, upon which,
one of the two strands is ejected or degraded (4–6). The
miRNA strand retained in the complex acts as a sequence-

specific guide to anchor the Argonaute to a target mRNA,
which in animals typically occurs via base-pairing between
the seed region of the miRNA (nucleotides 2–8) and the
3′ UTR of the mRNA (7). miRNAs affect gene expression
through two distinct modes––inhibition of translation or re-
cruitment of mRNA decay factors. The individual contribu-
tions of these two modes of silencing can vary depending in
part on the cellular context (8).

Small interfering RNAs (siRNAs) and piwi-interacting
RNAs (piRNAs) are distinct classes of small RNAs related
to miRNAs by their length (∼20–30-nt) and their associ-
ation with Argonaute/Piwi proteins (9). The Argonautes
can be classified into three subfamilies by their phyloge-
netic relatedness, which is often indicative of which of the
three classes of small RNAs they bind. The AGO sub-
family is conserved across eukaryotes and contains both
miRNA and siRNA associated Argonautes, whereas Arg-
onautes in the PIWI subfamily bind their namesake piR-
NAs. The WAGO subfamily is unique to nematodes and
has thus far only been implicated in siRNA pathways. The
nematode Caenorhabditis elegans contains each of the three
broad classes of small RNAs, as well as 25 Argonautes span-
ning each of the three subfamilies (10). Each C. elegans
Argonaute is specialized for a particular class or subclass
of small RNAs, with the majority binding to the extensive
repertoire of C. elegans siRNAs, which come in multiple va-
rieties with distinct molecular features and functions (11).

The AGO subfamily of C. elegans Argonautes is com-
prised of five members, two of which, ALG-1 and ALG-2,
interact with miRNAs, while two others, ALG-3 and ALG-
4, function within the spermatogenesis branch of the 26-
nt 5′G-containing siRNA (26G-RNA) pathway (11). RDE-
1, which primarily associates with siRNAs and does not
clearly fall within any of the Argonaute subfamilies, also
binds a subset of miRNAs (12). HPO-24 (hereafter referred
to as ALG-5 because of its relatedness to ALG-1–4), the
fifth AGO subfamily Argonaute, has yet to be linked to a
small RNA pathway.
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We used protein-RNA co-immunoprecipitation com-
bined with high-throughput sequencing to identify the
small RNA interactors of ALG-5, as well as those of ALG-1
and ALG-2. We show that ALG-5 binds a subset of miR-
NAs that partially overlaps with those bound by ALG-1
and ALG-2. alg-5 is expressed in the germline and ALG-
5 protein localizes, in part, to P granules. Loss of alg-5 ac-
tivity results in a modest reduction in fertility and an ac-
celerated transition from spermatogenesis to oogenesis in
hermaphroditic animals. Using RNA-seq of alg-5, alg-1 and
alg-2 mutants, we identified hundreds of mRNAs misregu-
lated in the absence of each branch of the miRNA path-
way. Of the mRNAs misregulated in alg-5 mutants, genes
involved in defense were most significantly enriched. The re-
sults implicate ALG-5 as a distinct germline-specific branch
of the miRNA pathway and pave the way for functional
analysis of the role of ALG-5 in immunity and develop-
ment.

MATERIALS AND METHODS

Strains

N2 [wild type], VC446 [alg-1(gk214) X], WM53 [alg-
2(ok304) II], WM159 [alg-5(tm1163) I], MT14119 [mir-
35–41(nDf50)] and SS104 [glp-4(bn2) I] were obtained from
the CGC. RFP::pgl-1 was described in Gu et al. (13). The
alg-5(tm1163) allele was backcrossed to wild type an ad-
ditional two times. New strains generated for this study
are listed in Supplementary Table S1. alg-1::HA::alg-1, alg-
2::HA::alg-2, alg-1::HA::alg-2, alg-5::HA::alg-5 and alg-
1::HA::alg-5 transgenes were generated using Life Tech-
nologies Multisite Gateway Technology. Individual pro-
moter (∼2400–3700 nt upstream of start codon), CDS (start
to stop codons), and 3′ UTR (∼400–1500 nt downstream
of stop codon) sequences were PCR amplified from ge-
nomic DNA using Phusion polymerase (New England Bi-
olabs). PCR products were cloned into entry vectors us-
ing Gateway BP recombination (Life Technologies). The
HA epitope tag was PCR amplified from pENTR 3XHA-
AGO1 (14) with primers that added a TEV tag and SpeI
and NdeI restriction sites (Supplementary Table S2) and
introduced into pENTR (Life Technologies). The 3XHA-
TEV cassette was restriction digested from the pENTR
plasmid using SpeI and NdeI and ligated into the alg-1,
alg-2 and alg-5 CDS entry clones. Individual fragments
were recombined into destination vectors modified for Life
Technologies Multisite Gateway Technology (pCFJ151,
alg-5::HA::alg-5, and pCFJ178, alg-1::HA::alg-1, alg-
2::HA::alg-2, alg-1::HA::alg-2) (15). alg-1::HA::alg-2 and
alg-1::HA::alg-5 were generated by recombining the alg-
1 promoter and 3′UTR sequences with the alg-2 or alg-
5 CDS sequence, respectively. Constructs were sequence-
verified and introduced into EG6699 [ttTi5605 II; unc-
119(ed3) III; oxEx1578] for integration on chromosome
II (alg-5::HA::alg-5, alg-1::HA::alg-5) or EG5003 [unc-
119(ed3) III; cxTi10882 IV] for integration on chromosome
IV (alg-1::HA::alg-1, alg-2::HA::alg-2, alg-1::HA::alg-2),
using MosSCI (16). alg-5(ram1[GFP::3xFLAG::alg-5 +
loxP]), alg-5(ram2[GFP::3xFLAG + loxp]) and alg-
5(ram9[GFP::3xFLAG::alg-5tm1163 + loxP]), were gener-
ated using CRISPR/Cas9 as described in (17,18) using plas-

mids pDD162 and pDD282 (AddGene). Guide RNAs were
designed using http://crispr.mit.edu/. Primer sequences are
in Supplementary Table S2. Unless noted otherwise, strains
were grown under standard conditions at 20◦C (19).

Phylogenetics

AGO clade Argonaute protein sequences (10) were aligned
using ClustalW2 2.1 with the Dayhoff-PAM weight matrix
(20). Protein maximum likelihood distances were calculated
and the phylogenetic tree was drawn in Phylip 3.69 (21).

Co-immunoprecipitation

Animals were grown at 20◦C for 49 h (GFP::ALG-5) or 68 h
(all HA::ALG strains) following L1 synchronization. Ani-
mals were flash frozen in liquid nitrogen and lysed in 50 mM
Tris–Cl, pH 7.4, 100 mM KCl, 2.5 mM MgCl2, 0.1% Igepal
CA-630, 0.5 mM PMSF and 1X Proteinase Inhibitor (Life
Technologies, 88266). Cell debris was removed by centrifu-
gation and cell lysates were incubated with anti-HA affin-
ity matrix (Roche, 11815016001) or anti-GFP mAb-agarose
(MBL, D153–8) for 1 h. Following co-immunoprecipitation
(co-IP), beads were washed four times in lysis buffer and
split into RNA and protein fractions.

Protein isolation

Proteins were extracted from co-IPs or whole animals us-
ing Laemmli buffer. Embryos were extracted from gravid
adults by hypochlorite treatment and incubated for ∼1 h
in M9. L1 animals were collected after hatching and incu-
bation for ∼24 h in M9. L2 animals were collected ∼20 h
after L1 synchronization, L3 animals were collected ∼27 h
after L1 synchronization. L4 animals were collected ∼48 h
after L1 synchronization. Gravid adults were collected ∼68
h after L1 synchronization. For comparison of HA::ALG-
5 levels in males and hermaphrodites, two replicates of 400
L4 stage animals of each sex were collected by hand pick-
ing animals ∼48 h after L1 synchronization of F1 animals
from a self-cross between alg-5::HA::alg-5 transgenic an-
imals to enrich for males. For comparison of HA::ALG-5
and HA::ALG-1 levels in animals wild type for or deficient
in germline proliferation, animals were treated with control
(L4440) or glp-4 dsRNA (22) and collected ∼68 h after L1
synchronization.

Western blots

Proteins were resolved on 4–12% Bis–Tris SDS polyacry-
lamide gels and transferred to nitrocellulose membranes
(Life Technologies). Blots were blocked in PBST containing
5% milk and probed with anti-HA (Roche, 12013819001),
anti-actin (Abcam, ab3280) or anti-GFP antibodies (Invit-
rogen, MA5–15256-HRP). SuperSignal West Femto Max-
imum Sensitivity Chemiluminescent Substrate (Life Tech-
nologies, 34096) was used for signal detection. Where appli-
cable, signal intensity was quantified on a Bio-Rad Chemi-
Doc and HA-fusion protein levels were normalized to actin
levels.

http://crispr.mit.edu/
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RNA isolation

RNA was isolated from whole animals after flash freezing in
liquid nitrogen or from input and co-IP fractions using Tri-
zol (Life Technologies, 15596018) followed by two chloro-
form extractions and isopropanol precipitation. RNA was
diluted to 1.0 ± 0.05 ug/ul prior to library preparation and
qRT-PCR. For comparison of alg-5, alg-1 and alg-2 mRNA
levels in wild type and glp-4(bn2) mutants, three biological
replicate pools (n = ∼18,000 each) were collected as stage-
matched young adults prior to the appearance of embryos in
the uterus. For comparison of alg-5 mRNA levels in males
and hermaphrodites, three replicates of 50 L4 stage animals
of each sex were collected by hand picking animals ∼48 h
after L1 synchronization of F1 animals from a genetic cross
between wild type animals to enrich for males.

Small RNA sequencing

Small RNAs in the 18–28-nt range were purified from to-
tal RNA by size selection using electrophoretic transfer
from 17% polyacrylamide gels. Purified small RNAs were
treated with RNA polyphosphatase (Illumina, RP8092H)
or Tobacco Alkaline Phosphatase (Epicentre Biotechnolo-
gies, T81050) to reduce di and triphosphates to monophos-
phates to facilitate capture of 22G-RNAs by 5′ adapter
ligation. Phosphatase was deactivated and removed after
30 min by phenol:chloroform extraction. Preadenylated 3′
adapter was ligated to small RNAs using T4 RNA Ligase 2
Truncated KQ (NEB, M0373S). 5′ adapter was ligated us-
ing T4 RNA Ligase (Life Technologies, AM2140). Ligation
reactions were done at 16◦C for 16–18 h. Adapter-ligated
small RNAs were size selected at each ligation step us-
ing electrophoretic transfer from 12 or 15% polyacrylamide
gels. Adapter-bound small RNAs were reverse transcribed
using SuperScript III (Life Technologies, 18080-044) and
the Illumina TruSeq RT Primer. RT products were amplified
using NEBNext 2X PCR Master Mix (NEB, M0541S) and
the TruSeq forward primer and reverse primers containing
index sequences. PCR products corresponding to 18–28-nt
small RNAs (∼136–146 bp) were size selected using elec-
trophoretic transfer from 10% polyacrylamide gels. Samples
were sequenced on an Illumina HiSeq 2000, HiSeq 2500 or
NextSeq 500. For each Argonaute analyzed, small RNA se-
quencing from co-IPs was done at least twice, and although
results were consistent across experiments, for simplicity
only one dataset is described. Primer and adapter sequences
are in Supplementary Table S2.

Small RNA sequencing data analysis

Small RNA sequences were parsed from adapters, filtered
for quality, and aligned to the C. elegans genome (WS230)
using CASHX 2.3 (23). The numbers of reads sequenced,
parsed and mapped are described in Supplementary Ta-
ble S3. Data analysis was done using R and custom Perl
and Python scripts. miRNA annotation was based on miR-
Base release 20. Mutator class siRNA annotation was based
on Phillips et al. (15). CSR-1 class siRNA annotation was
based on Claycomb et al. (24). piRNA annotation was
based on WormBase release WS230. New miRNAs were

identified using miRDeep2 (25). To identify GFP::ALG-
5, HA::ALG-5, HA::ALG-1 and HA::ALG-2 interactors,
we calculated the normalized reads (reads per million to-
tal genome-matching reads in each library) in the small
RNA libraries derived from the co-IP fractions relative to
the cell lysate (input, in) fractions. HA::ALG-5 interactors
were defined as miRNAs that were enriched in the co-IP
fraction by >2-fold to account for presumed non-specific
carryover from the cell lysates. Unless noted otherwise, a
>1-fold cutoff was applied to HA::ALG-1, HA::ALG-2
and GFP::ALG-5 because these co-IPs had very little non-
specific carryover from the cell lysates.

mRNA sequencing

Methodology for mRNA library preparation was adapted
from the NEBNext Ultra Directional RNA Library Prep
Kit and Zhang et al. (26). RNA isolated from ∼5000
wild type, alg-5(ram2), alg-1(gk214) and alg-2(ok304)
mutant L4 stage animals per replicate (3 replicates per
strain) was depleted of rRNA using the Ribo-Zero Mag-
netic Kit (Illumina, MRZH116). rRNA-depleted RNA
was enriched for RNA >200 nucleotides using the RNA
Clean & Concentrator-5 Kit (Zymo Research, R1015)
and fragmented to 200–350 bp by incubating in Super-
Script III 5X first strand buffer (Life Technologies) for
2 min at 94◦C. First strand cDNA was synthesized from
fragmented RNA using Superscript III RT and random
hexamers (Life Technologies, 18080-093). Second strand
cDNA was synthesized using the NEBNext Second Strand
Synthesis Module (NEB, E7550S), which uses dUTP in-
stead of dTTP to preserve strand information. Double-
stranded cDNA was end repaired using NEBNext Ultra
End Repair/dA-Tailing Module (NEB, E7442S). 200–350
bp double-stranded cDNA was size selected using AMPure
XP Beads (Beckman Coulter, A63881). Adapters were lig-
ated using T4 DNA Ligase (NEB, M0202S). Uracils were
excised from cDNA using USER enzyme (NEB, M5505S)
and cDNA strands that had contained uracil were degraded
to prevent capture of the antisense strands. cDNA libraries
were amplified by PCR. cDNA and PCR products were pu-
rified using AMPure XP Beads. Samples were sequenced on
an Illumina HiSeq 2500. Primer and adapter sequences are
in Supplementary Table S2.

mRNA sequencing data analysis

Adapter sequences and low quality bases were trimmed
from mRNA sequences using Trimmomatic 0.35 (27).
Trimmed sequences were aligned to the C. elegans WS230
genome using TopHat2 (28). The numbers of reads se-
quenced, parsed, and aligned are described in Supplemen-
tary Table S3. Data processing and quality assessment were
done using custom scripts in Python and R. Differentially
regulated protein-coding genes were identified using Cuffd-
iff2 (29) and HTSeq-count followed by DESeq2 (30,31).
rRNA, tRNA and mtRNA were masked from the anal-
ysis. A 1.5-fold-change cutoff was applied when filtering
significantly affected genes. DAVID 6.8 was used to iden-
tify significantly overrepresented functional annotations us-
ing a Benjamini–Hochberg adjusted P-value cutoff of 0.05
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(32,33). Categories were collapsed and colored the same in
plots if there was >50% overlap of genes within the cat-
egory containing fewer genes. Venn diagrams were gener-
ated using BioVenn (34). Reads were plotted in IGV 2.3.67
(35,36). Volcano plots were drawn with CummeRbund (29).
miRNA target site abundance in differentially regulated
genes was assessed using Targetscan Release 6.2 and cus-
tom scripts in Python and R (37,38).

Quantitative RT-PCR

For qRT-PCR, Turbo DNase-treated total RNA (Life
Technologies, AM1907) was subjected to reverse transcrip-
tion with SuperScript III (Life Technologies, 18080-044) us-
ing an oligo(dT) primer to enrich for mRNA. qRT-PCR
was done using iTaq Universal SYBR Green Supermix
(Bio-Rad, 172-5122) and the primer sequences in Supple-
mentary Table S2. Reverse transcription and qPCR were
done according to manufacturers’ specifications. qRT-PCR
was done using a CFX96 Touch Real-Time PCR Detection
System (Bio-Rad). Means and standard deviations were cal-
culated for three biological replicates in each experiment.
The 2−ddCT method was used to quantify fold change differ-
ences between samples. rpl-32 was used for normalization.
P-values were calculated using ANOVA followed by either
two-sample t-tests when making one comparison or Tukey
HSD tests when making multiple comparisons.

RNAi assays

Synchronized L1 animals were fed E. coli HT115 expressing
either an empty vector control (L4440), or alg-1, alg-2 or
glp-4 dsRNA (22).

Phenotype assays

Animals were grown at 20◦C on NGM plates containing
live E. coli (OP50) unless noted otherwise. Brood size as-
says were done on individual animals over their entire life-
times at 20◦C or 25◦C. Live progeny of each animal were
counted and removed from the plates each day such that all
hatched live animals were included in our counts. Dead em-
bryos were not included. P-values for brood size assays were
calculated using the Wilcoxon Rank Sum test. The num-
bers of animals that burst or had protruding vulvas were
counted at 96–120 h. The timing of oogenesis was assayed
in three independent experiments. Animals were scored as
oogenic if the germline clearly contained at least one oocyte
as evidenced by appearing as a larger, single-row, and often
rectangular germ cell next to the spermatheca. Otherwise, if
the gonad was clearly visible and did not appear to contain
oocytes, the animal was scored as non-oogenic.

Imaging

Imaging of live animals was done on a Zeiss Axio Im-
ager Z2 upright microscope. Animals were immobilized in
a 25 uM sodium azide solution on 1.5–2% Agarose pads.
For assessing the presence or absence of oocytes, animals
were imaged 56–61 h after L1 synchronization. For imag-
ing GFP::ALG-5 and free GFP from alg-5(ram2), the de-
velopmental stage was determined by the number of germ
cells and the germline or whole animal morphology.

Figure 1. ALG-5 is required for optimal fertility and proper timing of
oogenesis. (A) Phylogenetic tree of the AGO subfamily in worms, flies and
humans. (B) Numbers of viable progeny produced by wild type (n = 8), alg-
1(gk214) (n = 10) and alg-2(ok304) (n = 8) at 20◦C. (C) Numbers of viable
progeny produced by wild type (n = 28) and alg-5(ram2) (n = 29) grown
at 20◦C. (D) Representative images of wild type and alg-5(ram2) mutant
germlines at 58 h post-L1 synchronization. The regions where oocytes form
is shown. (E) Proportions of wild type and alg-5(ram2) mutant animals
with oocytes formed at 56–61 h post-L1 synchronization (n = ∼25–50).
One of three independent experiments is shown (the other two experiments
are shown in Supplementary Figure S1D). At 58 h, the proportion of alg-
5(ram2) mutant animals with oocytes is 17–35% higher than in wild type
across the three experiments. See also Supplementary Figure S1.

RESULTS

ALG-5 is required for the proper developmental timing in the
germline

ALG-5 is an AGO subfamily Argonaute most closely re-
lated in C. elegans to the miRNA-associated Argonautes
ALG-1 and ALG-2 (∼36% amino acid identity) (Figure 1A)
(39). Whereas the role of ALG-5 is unknown, ALG-1 and
ALG-2 have roles throughout development. alg-1(gk214)
mutants display a strong reduction in the number of viable
progeny they produce relative to wild type animals and alg-
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2(ok304) mutants display a more modest reduction in vi-
able progeny (Figure 1B) (39,40). The publically available
partial deletion allele, alg-5(tm1163), results in the loss of
145 amino acids in ALG-5, however, the mRNA is pro-
duced at near wild type levels outside of the deleted region
(Supplementary Figure S1A). The protein produced by the
alg-5(tm1163) allele is predicted to have a truncated PAZ
domain, which engages the 3′ end of the small RNA, and
to lack the linker 2 domain, which links the PAZ and PIWI
lobes (Supplementary Figure S1B) (41). It is unclear, how-
ever, whether the mutation would result in complete loss of
function phenotype. Thus, using CRISPR-Cas9 we devel-
oped an open reading frame deletion of alg-5, alg-5(ram2)
in which the coding region was replaced with GFP sequence
(Supplementary Figure S1B). Similar to what we observed
in alg-2(ok304) mutants, alg-5(tm1163) mutants produced
a median ∼24% fewer viable progeny than wild type animals
(P = 0.0015, Supplementary Figure S1C) and alg-5(ram2)
mutants produced ∼15% fewer progeny (P = 0.025, Figure
1C).

Aside from the modest reduction in brood size, neither
alg-5(tm1163) nor alg-5(ram2) mutants displayed obvious
developmental defects and in general appeared healthy, sug-
gesting a specific requirement for ALG-5 in germline devel-
opment or embryogenesis. Given the well-described hete-
rochronic roles for small RNAs in C. elegans, we examined
the timing of germ cell progression between spermatogen-
esis and oogenesis in wild type and alg-5(ram2) mutants.
In each of three independent experiments, alg-5(ram2) mu-
tants displayed precocious development of oocytes, point-
ing to an accelerated transition from spermatogenesis to oo-
genesis (Figure 1D and E and Supplementary Figure S1D).
Our results therefore suggest that ALG-5 is required for the
proper timing of oogenesis. The number of sperm produced
in C. elegans hermaphrodites prior to oogenesis limits over-
all fecundity (42,43). Thus, the premature switch to ooge-
nesis in alg-5 mutants presumably reduces the number of
sperm available for fertilization, likely resulting in the ob-
served reduction in progeny.

ALG-5 is primarily expressed in the germline

To determine when ALG-5 is expressed during develop-
ment, we made an HA::alg-5 epitope fusion transgene con-
taining the endogenous alg-5 5′ and 3′ regulatory sequences
and introduced it into C. elegans using Mos1-mediated sin-
gle copy integration (16). We then crossed the transgene into
the alg-5(tm1163) mutant strain and examined by western
blot analysis HA::ALG-5 levels at each of the major de-
velopmental stages. Because of their relatedness to ALG-
5, we also examined HA::ALG-1 and HA::ALG-2 levels
across developmental stages using single-copy transgene
strains developed for this study (see Materials and Meth-
ods). HA::ALG-5 expression was highest during late stages
of larval development and into adulthood (Figure 2A and
B). HA::ALG-1 was abundant throughout development,
consistent with a central role for ALG-1 in the miRNA
pathway (Figure 2C) (39,40,44–48). In contrast, HA::ALG-
2 was predominantly expressed in embryos (Figure 2D).

The expression of HA::ALG-5 in late larval stages and
adults (Figure 2B), the stages of development in which the

C. elegans germline proliferates and matures, and the re-
quirement of ALG-5 for the proper timing of oogenesis
both point to a role for ALG-5 in germ cells. To determine
if alg-5 expression is elevated in germ cells relative to so-
matic cells, we measured by qRT-PCR alg-5 mRNA levels
in wild type and glp-4(bn2) mutant animals. When grown
at the permissive temperature of 15◦C, the germlines of glp-
4 mutants develop normally, but when grown at the non-
permissive temperature of 25◦C, the germlines fail to pro-
liferate. Thus, a gene that is enriched in germ cells will be
depleted in glp-4 mutant animals grown at 25◦C relative to
animals grown at 15◦C. alg-5 levels were depleted ∼400-
fold in glp-4 mutants grown at 25◦C relative to those grown
at 15◦C (P = 2.1 × 10−14) (Figure 2E). In contrast, alg-1
mRNA levels were elevated >3-fold in glp-4 mutants grown
at 25◦C relative to those grown at 15◦C, indicating that alg-
1 is depleted in germ cells (P = 0.00023) (Figure 2E). alg-2
mRNA levels were not significantly different between glp-4
mutants grown at 15◦C or 25◦C (P = 1.0), suggesting that
it is expressed in both somatic and germ cells (Figure 2E).
Consistent with germline-specific expression, alg-5 mRNA
and protein levels were ∼2 fold higher in hermaphrodites,
which contain two gonad arms, than in males, which con-
tain a single gonad arm (Figure 2B).

To examine the tissue and cellular localization of ALG-
5, we used CRISPR-Cas9 to introduce GFP sequence at the
5′ end of the coding sequence of the endogenous alg-5 locus
in wild type animals (Supplementary Figure S1B) (17,18).
Our alg-5 deletion allele, alg-5(ram2), described above also
provides a transcriptional readout for alg-5 expression, as it
contains the alg-5 5′ and 3′ regulatory sequences flanking
GFP coding sequence (Supplementary Figure S1B). Free
GFP expressed from the alg-5(ram2) allele was present
throughout development but was restricted to germ cells
(Supplementary Figure S2A). Similarly, the GFP::ALG-
5 fusion protein was detectable throughout development
but only detectable above background in germ cells (Fig-
ure 2F). GFP::ALG-5 appeared cytoplasmically diffuse but
also formed distinct puncta at the nuclear periphery rem-
iniscent of P granules, a germ cell-specific class of RNA
granules that function in mRNA surveillance. P granules
contain the piRNA-associated Piwi protein, PRG-1, and
much of the siRNA pathway machinery (49). GFP::ALG-
5 foci overlapped with the P granule marker RFP::PGL-1
foci, indicating that, similar to many known piRNA and
siRNA components, ALG-5 localizes to P granules (Figure
2F).

We also introduced GFP at the 5′ end of alg-5 coding
sequence in alg-5(tm1163) to determine if the mutant al-
lele produces a stable protein (17,18). Indeed, GFP::ALG-
5tm1163 was expressed at similar levels to non-mutant
GFP::ALG-5 protein and formed foci at the nuclear periph-
ery (Supplementary Figure S2B). Because mutant ALG-5
produced from the alg-5(tm1163) allele could conceivably
compete with other Argonautes for shared components of
a small RNA pathway, it is important to interpret results
obtained from the alg-5(tm1163) allele with caution.
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Figure 2. alg-5 is specifically expressed in the germline. (A) Western blot assay of HA and actin in wild type animals across developmental stages. Non-
transgenic wild type animals do not express the HA epitope and are included as a negative control. (B) Western blot assay and quantification of HA::ALG-5.
A blot image of one of two biological replicates is shown. Points within the plot represent average signal intensity of HA normalized to actin (embryo sample
arbitrarily set to 1.0). Error bars represent standard deviations from the mean. A western blot assay of HA::ALG-5 in hermaphrodites and males is also
shown. The bar plot displays relative levels of endogenous alg-5 mRNA in wild type animals, as determined by quantitative RT-PCR, in hermaphrodites
and males. (C and D) Western blot assay and quantification of HA::ALG-1 (C) and HA::ALG-2 (D). Points within the plots represent average signal
intensity of HA normalized to actin (embryo sample arbitrarily set to 1.0). Error bars represent standard deviations from the mean. (E) Average fold
change in alg-5, alg-1 and alg-2 transcript levels in wild type and glp-4(bn2) at 15◦C (orange) and 25◦C (teal), as determined by quantitative RT-PCR.
Error bars represent standard deviations from the means for three biological replicates. (F) Representative images of GFP::ALG-5 and RFP::PGL-1.
Images are of GFP or RFP fluorescence in the germline regions of living animals. See also Supplementary Figure S2.

ALG-5 functions in the miRNA pathway

To identify the small RNAs bound by ALG-5 and thus
place ALG-5 within our current understanding of small
RNA pathways, we co-immunoprecipitated GFP::ALG-5
and HA::ALG-5 protein complexes and subjected the asso-
ciated small RNAs to high-throughput sequencing (Figure
3A and Supplementary Figure S3A). piRNAs, 22-nt 5′G-
containing siRNAs (22G-RNAs), and 26G-RNAs were all
depleted in both the GFP::ALG-5 and HA::ALG-5 co-
immunoprecipitates (co-IPs), whereas miRNAs were en-
riched ∼2–3-fold (Figure 3B and C; Supplementary Fig-
ure S3A and B). Although as a class miRNAs were en-
riched, the majority of individual miRNAs were depleted
in the ALG-5 co-IPs, as were individual piRNAs and 22G-
RNA clusters (Figure 3D and Supplementary Table S4). Of
the 368 annotated miRNAs in C. elegans, including both
strands of each miRNA duplex, only 24 yielded >10 nor-
malized reads (reads per million total mapped reads) and
were enriched >1-fold in the GFP::ALG-5 co-IP. Of these,
10 were enriched >25-fold, indicating that ALG-5 binds
with high affinity a very small number of miRNAs (Figure
3E). Although GFP::ALG-5 was co-immunoprecipitated
from L4 stage animals and HA::ALG-5 from adult animals,
there was nonetheless a majority overlap in the associated
miRNAs (Figure 3E).

We next used small RNA high-throughput sequencing to
assess miRNA accumulation defects in the two alg-5 mutant

strains, alg-5(tm1163) and alg-5(ram2). Only one miRNA,
miR-250-3p, was depleted >3-fold in the alg-5(tm1163)
mutant (Supplementary Table S5). miR-250-3p was the
fourth most highly enriched miRNA in the HA::ALG-5 co-
IP (∼100-fold) and the fifth most highly enriched in the
GFP::ALG-5 co-IP (∼140-fold), and its levels were par-
tially rescued in alg-5(tm1163) by the HA::alg-5 transgene
(Supplementary Figure S3C and Table S4). Five miRNAs,
including miR-250–3p, yielded >10 normalized reads and
were depleted >3-fold in alg-5(ram2) mutants, only two of
which were enriched in the GFP::ALG-5 co-IP (Figure 3F
and Supplementary Table S5). Thus, the majority of miR-
NAs bound by ALG-5 are not dependent on ALG-5 for
their overall stability, possibly because of association with
other Argonautes, although they may be impacted specif-
ically in the germline which might be missed in our whole
animal-based approach.

ALG-5, ALG-1 and ALG-2 interact with distinct subsets of
miRNAs

To help determine the relatedness of ALG-5 to ALG-1
and ALG-2 within the miRNA pathway, we isolated small
RNAs bound to HA-epitope fusions of ALG-1 and ALG-2
from adult animals and subjected them to high throughput
sequencing (Supplementary Figure S4A). The majority of
miRNAs were enriched in the HA::ALG-1 co-IP relative to
the cell lysate (Figure 4A; Supplementary Figure S4B and
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Figure 3. ALG-5 binds a subset of miRNAs. (A) Western blot assay of GFP::ALG-5 from cell lysates (input, in) and co-IPs (IP) used for small RNA
isolation and sequencing. Wild type and alg-5(ram2) were included as controls. ∼0.2% starting material equivalents for the input fractions and ∼5% starting
material equivalents for the co-IP fractions were run on the gels for western blots. (B) Enrichment of miRNAs, piRNAs, and siRNAs in GFP::ALG-5 co-IP
relative to input as determined by high-throughput sequencing. (C) The relative proportions of each class of small RNAs in input and co-IP fractions.
(D) Normalized reads (reads per million total mapped reads) for each miRNA in GFP::ALG-5 co-IP versus input are shown in red. Normalized reads
for other classes of small RNAs (piRNAs and siRNA loci) are shown in gray. (E) miRNAs enriched >1-fold in the GFP::ALG-5 co-IP relative to input.
Colors indicate if the seed sequence (positions 2–8) is conserved in Drosophila melanogaster and/or Homo sapiens. Asterisks indicate if the sequence is
annotated as a star strand in miRBase v. 20. The inset Venn diagram displays the overlap in miRNAs enriched in the GFP::ALG-5 (L4 stage animals) and
HA::ALG-5 (adult animals) co-IPs. (F) Normalized reads for each miRNA in alg-5(ram2) versus wild type. See also Supplementary Figure S3 and Tables
S3–S5.

C; Supplementary Table S4). Most miRNAs were also de-
pleted in alg-1(gk214) mutants, although this may be due in
part to developmental defects in alg-1 mutants (Figure 4B
and Supplementary Table S5) (44,47). Total miRNA levels
were depleted by ∼40% in alg-1 mutants and were partially
rescued by the HA::alg-1 transgene (Supplementary Figure
S4D).

Similar to HA::ALG-1, HA::ALG-2 interacted with the
majority of miRNAs (Figure 4C; Supplementary Figure
S4B and C; Table S4). However, unlike HA::ALG-1, which
showed little bias for specific miRNAs, the HA::ALG-2 co-

IP was strongly enriched for miR-35–42 family miRNAs, as
well as miR-43, miR-51 and miR-1829a (∼10–24-fold) (Fig-
ure 4C and Supplementary Table S4). alg-2(ok304) mu-
tants displayed only modest enrichment or depletion in the
levels of most miRNAs, although members of the miR-35–
42 family were depleted by ∼8–12-fold, except for miR-42
which was depleted by only ∼2-fold (Figure 4D; Supple-
mentary Figure S4D; Supplementary Table S5). miR-35–42
levels in alg-2(ok304) mutants were partially restored by
the HA::alg-2 transgene (Supplementary Figure S4D). The
miR-35 and miR-51 families are required for embryogenesis
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Figure 4. Overlap between miRNAs associated with ALG-5, ALG-1 and ALG-2. (A) Normalized reads for each miRNA in HA::ALG-1 co-IP versus
input are shown in red. Normalized reads for other classes of small RNAs (piRNAs and siRNA loci) are shown in gray. (B) Normalized reads for each
miRNA in alg-1(gk214) versus wild type. (C) Normalized reads for each miRNA in HA::ALG-2 co-IP versus input are shown in blue or red. Normalized
reads for other classes of small RNAs (piRNAs and siRNA loci) are shown in gray. (D) Normalized reads for each miRNA in alg-2(ok304) versus wild
type. (E) Overlap of miRNAs enriched in HA::ALG-1 and HA::ALG-2 co-IPs >1-fold and HA::ALG-5 IP >2-fold (data from adult stage animals). (F-H)
Numbers of miRNAs enriched in HA::ALG-5 (F), HA::ALG-1 (G) and HA::ALG-2 (H) co-IPs categorized by 5′ nt. miRNAs are categorized by their
5′ nt and the 5′ nt of the opposing strand of the miRNA duplex. Only miRNA duplexes for which at least one strand was enriched in the corresponding
co-IP are shown. Each bar corresponds to the total number of miRNA duplexes with each 5′ nt combination and each 5′ nt is shaded in a different color.
See also Supplementary Figure S4 and Tables S3–S5.

(50). Thus, the strong enrichment we observed for miR-35
family miRNAs and miR-51 in the HA::ALG-2 co-IP and
the relatively strong expression of HA::ALG-2 in embryos
points to a prominent role for ALG-2 in conferring robust-
ness to the miRNA pathway during embryogenesis (Figures
2D and 4C). In support of this model, we were unable to iso-
late animals homozygous mutant for both alg-2 and mir-35–
41 (the mir-35–41 deletion mutant has only a partially pen-
etrant embryonic lethality phenotype because it contains
wild type mir-42), suggesting that alg-2 enhances the mir-
35–41 mutant phenotype (Supplementary Figure S4E) (50).

Of the 159 miRNAs that yielded >10 normalized reads
(reads per million total mapped reads) and were enriched
>1-fold in the HA::ALG-1 or HA::ALG-2 co-IPs, 14 were
uniquely bound by HA::ALG-2 and 40 were uniquely
bound by HA::ALG-1, based on this enrichment criterion
(Figure 4E). Of the 26 miRNAs enriched in the HA::ALG-
5 co-IP >2-fold (a 2-fold cutoff was used because of rel-
atively high carryover from the cell lysate in the co-IP), 6
were depleted in both HA::ALG-1 and HA::ALG-2 co-IPs
and were thus unique to HA::ALG-5, at least in adult an-
imals (Figure 4E and Supplementary Table S4). We were
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not able to identify unique sequence or structural fea-
tures that might contribute to binding specificity among
the Argonautes. Each of the three Argonautes preferen-
tially bound miRNAs beginning with a uridine, although a
greater proportion of miRNAs associated with HA::ALG-
1 and HA::ALG-2 contained a 5′ uridine compared to
HA::ALG-5 (Figure 4F–H).

Our small RNA high-throughput sequencing datasets
from the co-IPs of GFP::ALG-5, HA::ALG-1 and
HA::ALG-2 provided us with the opportunity to search
for new miRNAs that might normally be missed due to
their low abundance in whole animal cell lysates. Despite
strong enrichment for miRNAs in these datasets, we
identified only three new miRNAs, indicating that through
the numerous high-throughput sequencing efforts, C.
elegans miRNA identification is approaching saturation.
miR-12001 is derived from a unique miRNA-generating
locus and contains a novel seed sequence––positions 2–8,
which are largely responsible for conferring miRNA-target
recognition––placing it in a new miRNA family (Figure
5A) (7). The other two miRNAs are derived from genomic
loci antisense (miR-12002) or adjacent (miR-12003) to
annotated miRNA loci (Figure 5B and C). miR-12002
contains a novel seed sequence, thus defining a second
new miRNA family (Figure 5B). miR-12003 shares a seed
sequence with the miR-58/bantam family, and although
not validated, was previously predicted to be a miRNA
and shown to be downregulated in aged animals (Figure
5C) (51).

Differential gene expression in alg-5, alg-1 and alg-2 mutants

To better understand the role of ALG-5 in regulating gene
expression, we subjected total rRNA-depleted RNA from
L4 stage wild type and alg-5(ram2) mutant animals to high-
throughput mRNA sequencing. Differences in mRNA lev-
els between wild type and mutant animals were quanti-
fied using Cuffdiff and HTSeq-count combined with DE-
Seq (29–31) (Supplementary Tables S6 and S7). Applying a
1.5-fold change cutoff, we identified 88 upregulated and 235
downregulated genes in alg-5(ram2) using Cuffdiff (Fig-
ure 6A and Supplementary Tables S6 and S7). Because
ALG-5 is expressed in the germline, in which several en-
dogenous siRNA pathways function, we assessed whether
the genes misregulated in alg-5(ram2) were targets of each
of the germline siRNA pathways––Mutator, CSR-1, ALG-
3/4 and ERGO-1. Among the downregulated genes, ∼26%
are targets of siRNAs, representing a slight underrepre-
sentation (1.6-fold) relative to what would be expected by
chance, although Mutator targets were modestly enriched
(∼1.3-fold) (Figure 6B). Within the upregulated gene set,
only CSR-1 targets were enriched (∼1.2-fold) (Figure 6B).
This was not unexpected given that ALG-5 functions in the
germline and CSR-1 targets a large proportion of germline
genes (24). We next assessed using DAVID overrepresenta-
tion of specific cellular processes within the gene sets dif-
ferentially regulated in alg-5 mutants (32,33). In the set of
downregulated genes, several gene ontology terms related
to immunity and defense were significantly enriched (P <
0.05) (Figure 6C and Supplementary Table S8). No specific
gene ontology terms were significantly enriched by DAVID

analysis within the upregulated gene set, likely due in part
to its small size (88 genes from our Cuffdiff analysis).

In C. elegans, miRNAs guide gene silencing by affecting
decay or translational repression of mRNA targets. How-
ever, the individual contribution of these two modes of si-
lencing is poorly understood (8). It is possible that ALG-
5 impacts gene expression through translational repression
of its targets or that the genes that are misexpressed in
alg-5 mutants are downstream of the direct ALG-5 tar-
gets. Consistent with this possibility, we did not observe
substantial enrichment for target sites (7-mers and 8-mers)
of GFP::ALG-5-associated miRNAs within the mRNAs of
genes up or downregulated in alg-5 mutants (Supplemen-
tary Figure S5A). A similar lack of enrichment for targets
sites was observed in miR-35 family mutants, in which genes
that are misregulated are not enriched for miR-35 target
sites (52). Nonetheless, the results suggest a role for ALG-5,
be it direct or indirect, in regulating genes involved in devel-
opment and defense response pathways.

In parallel to alg-5(ram2), we assessed changes in gene
expression in alg-1(gk214) and alg-2(ok304) mutant L4
stage animals. The alg-1(gk214) allele is a 220 bp deletion-
13 bp insertion that deletes an exon–intron junction at
the 5′ end of the coding sequence and would likely lead
to a frame shift (Supplementary Figure S5B). The alg-
2(ok304) allele is a 1378 bp deletion spanning much of
the open reading frame (Supplementary Figure S5C). Both
mRNAs are still expressed, although at much lower lev-
els than from the wild type alleles (Supplementary Fig-
ure S5B and C). In alg-1(gk214), 907 genes were upregu-
lated >1.5-fold and 1163 genes were downregulated >1.5-
fold as determined by Cuffdiff (Figure 6D and Supplemen-
tary Tables S9 and S10). In total, 2070 genes were misex-
pressed in alg-1(gk214), representing nearly 10% of C. ele-
gans protein coding genes. We were careful to stage match
animals and removed developmentally delayed individuals
from the pools of alg-1(gk214) mutants before collecting
them for RNA isolation, however, it is possible that some of
the genes misregulated in our dataset are artifacts of devel-
opmental abnormalities in alg-1(gk214). In alg-2(ok304)
mutants, which do not display obvious development abnor-
malities, we identified 1831 genes that were misregulated by
>1.5-fold, of which 723 were upregulated and 1108 were
downregulated using Cuffdiff (Figure 6E and Supplemen-
tary Tables S11 and S12). Numerous gene ontology terms
were significantly enriched amongst the alg-1(gk214) and
alg-2(ok304) misregulated gene sets, including defense re-
sponse related terms (Figure 6F and G; Supplementary Ta-
bles S13–S16). However, the most highly enriched gene on-
tology terms identified amongst the alg-1(gk214) and alg-
2(ok304) downregulated gene sets were related to phospho-
rus metabolism and protein phosphorylation and dephos-
phorylation (Figure 6F and G; Supplementary Tables S13
and S15). Classic targets of let-7 and lin-4, such as lin-41
and lin-14 respectively, were also among the genes signifi-
cantly upregulated in alg-1(gk214) and alg-2(ok304) mu-
tants (Supplementary Tables S10 and S12). Interestingly,
and for reasons unclear to us, a large proportion of the genes
downregulated in alg-2(ok304), and to a lesser extent alg-
1(gk214), are also targets of the ALG-3/ALG-4 26G-RNA
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Figure 5. New miRNAs identified from Argonaute co-IPs. (A–C) miRNAs were identified by MirDeep2 using high-throughput sequencing data from
GFP::ALG-5, HA::ALG-1 and HA::ALG-2 co-IPs. Small RNA distribution across each new miRNA locus in the co-IP library from which it was discov-
ered and the corresponding input library. Names arbitrarily assigned and may differ in miRBase.

pathway that functions during sperm development (Figure
6B) (53–55).

There was substantial overlap in the genes misregulated
in each of the miRNA-associated Argonaute mutants, par-
ticularly amongst the downregulated gene sets (Figure 6H).
This is not unexpected given the overlap in miRNAs as-
sociated with each Argonaute (Figure 4E). However, given
the differences we observed in expression of the Argonautes
across developmental stages and their presence or absence
in the germline (Figure 2), it is possible that there is tissue
and timing specificity for each Argonaute even in regulat-
ing overlapping gene sets. We did not observe substantial
enrichment for 7-mer and 8-mer target sites of miRNAs as-
sociated with HA::ALG-1 and HA::ALG-2 in the gene sets
upregulated in the corresponding mutants (Supplementary
Figure S5D and E). However, ∼75% of C. elegans genes are
predicted to contain 7-mer or 8-mer target sites for miR-
NAs associated with HA::ALG-1 and HA::ALG-2 and thus
there is very little room for enrichment (Supplementary Fig-
ure S5D and E) (37,38).

It is likely that many miRNA targets were missed in
our analysis because of functional redundancy amongst the
Argonautes and because our whole animal approach may
dilute cell or tissue specific effects. It is also possible that
many targets cannot be identified by RNA-seq because in
some instances miRNAs may function in translational re-
pression and not in mRNA decay, as noted above.

Functional overlap between the miRNA-associated Arg-
onautes

ALG-1 and ALG-2 have overlapping roles in development
(39,44). To determine if ALG-5 has an overlapping role with
ALG-1 or ALG-2, we introduced the alg-5(ram2) mutation
into alg-1(gk214) and alg-2(ok304) mutant animals. alg-5
did not enhance the brood size defects of alg-1 or alg-2 mu-
tants, nor did we observe additional developmental abnor-
malities not observed in the single mutants (Supplementary
Figure S6A and B). It is nonetheless possible that there is

redundancy between ALG-5 and the other Argonautes that
would emerge from a more detailed analysis.

alg-2; alg-1 double mutants arrest during embryogenesis
(39,44). Suppressing alg-2 by RNAi in alg-1(gk214) mu-
tants during early larval stages also leads to developmen-
tal arrest, suggesting that ALG-1 and ALG-2 have over-
lapping roles during both embryo and larval development
(Supplementary Figure S6C) (48). alg-1 mutants are much
sicker than alg-2 mutants, thus it is possible that alg-2 lacks
certain functionality possessed by alg-1. To test this possi-
bility, we developed a chimeric construct that contains the
HA epitope sequence fused to the alg-2 coding sequence
and alg-1 5′ and 3′ regulatory sequences (alg-1::HA::alg-
2) and introduced it into alg-1(gk214) mutant animals.
HA::ALG-2 expressed under the control of alg-1 regulatory
elements displayed a similar expression profile to that of
HA::ALG-1 (Figures 2C and 7A). Both the alg-1::HA::alg-
1 and alg-1::HA::alg-2 transgenes rescued the developmen-
tal defects of alg-1(gk214) mutants, indicating ALG-2 is
functionally interchangeable with ALG-1 (Figure 7B). The
small RNA repertoire of HA::ALG-2 expressed from alg-
1 regulatory sequences had greater overlap with miRNAs
uniquely bound by HA::ALG-1 than those uniquely bound
by HA::ALG-2 (Figure 7C). This indicates that the differ-
ence we observed in miRNA specificity between HA::ALG-
1 and HA::ALG-2 (Figure 4) does not reflect miRNA se-
quence or structure preferences of the two Argonautes and
instead is likely due to developmental differences in alg-1
and alg-2 expression (Figure 2C and D).

Although we did not observe functional redundancy be-
tween alg-5 and alg-1, we nonetheless tested whether ALG-
5 is functionally interchangeable with ALG-1, as germline
or somatic specificity in gene expression could preclude
functional overlap during development. We developed a
construct containing the HA epitope sequence fused to the
alg-5 coding sequencing and containing the alg-1 5′ and
3′ regulatory elements (alg-1::HA::alg-5) and introduced
it by Mos1-mediated single copy integration into C. ele-
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Figure 6. mRNA-seq analysis of differential gene expression in alg-5, alg-1 and alg-2 mutants. (A) Volcano plot displaying differential gene expression
between alg-5(ram2) mutants and wild type animals (n = 3 replicate pools). (B) The proportions of genes misregulated in each of the Argonaute mutants
that are also characterized as siRNA targets. (C) DAVID analysis of significantly enriched gene ontology terms amongst the genes misregulated in alg-
5(ram2) mutants. Gene ontology categories are plotted as a function of the P value for enrichment and the number of genes associated with the gene
ontology term. Some gene ontology terms overlap in associated genes by >50% and were collapsed into a more general category, as indicated in the key
(e.g. ‘Defense response related’). (D) Volcano plot displaying differential gene expression between alg-1(gk214) mutants and wild type animals (n = 3
replicate pools). (E) Volcano plot displaying differential gene expression between alg-2(ok304) mutants and wild type animals (n = 3 replicate pools).
(F) Same as in C but alg-1(gk214). (G) Same as in C but alg-2(ok304). (H) Overlap in misregulated genes in each of the Argonaute mutants. See also
Supplementary Figure S5 and Tables S6–S16.
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Figure 7. Functional overlap of alg-5, alg-1 and alg-2. (A) Western blot assay of HA::ALG-2 derived from a chimeric construct containing alg-1 5′ and 3′
regulatory sequence and alg-2 coding sequence (alg-1::HA::alg-2). Actin is shown as a loading control. (B) Proportion of burst or dead animals. Wild type
(n = 152), alg-1(gk214) (n = 114), alg-1::HA::alg-1; alg-1(gk214) (n = 116), and alg-1::HA::alg-2; alg-1(gk214) (n = 92) animals were grown at 20◦C.
(C) Overlap of miRNAs enriched >1-fold (left) and >2-fold (right) in co-IP of HA::ALG-2 derived from alg-1::HA::alg-2; alg-1(gk214) with miRNAs
uniquely enriched in co-IPs from HA::ALG-1 (alg-1::HA::alg-1; alg-1(gk214)) or HA::ALG-2 (alg-2::HA::alg-2; alg-2(ok304)) co-IPs >1-fold (left) and
>2-fold (right). (D) Western blot assay of HA::ALG-5 derived from a construct containing the authentic alg-5 regulatory elements in the alg-5(tm1163)
mutant background (alg-5(tm1163); alg-5::HA::alg-5) and a chimeric construct containing alg-1 5′ and 3′ regulatory sequences and alg-5 coding sequence
in the alg-1(gk214) mutant background (alg-1::HA::alg-5; alg-1(gk214)). HA::ALG-1 from alg-1::HA::alg-1 in the alg-1(gk214) mutant background is
also shown. Actin is shown as a loading control. glp-4 RNAi was done to reduce germ cell proliferation during development. L4440 vector RNAi was done
as a control. (E) A developmental time course of HA::ALG-5 from alg-1::HA::alg-5; alg-1(gk214) (upper panel) and alg-5(tm1163); alg-5::HA::alg-5
(lower panel) and HA::ALG-1 from alg-1::HA::alg-1; alg-1(gk214) (middle panel). Actin is shown as a loading control. Numbers below blot images are
signal intensities of HA normalized to actin (embryo samples arbitrarily set to 1.0). (F) Proportions of animals containing protruding or burst vulvas.
Error bars represent standard deviations from the means from two independent experiments. Wild type (n = 104–124), alg-1(gk214) (n = 102–109), alg-
1::HA::alg-1; alg-1(gk214) (n = 109–114) and alg-1::HA::alg-5; alg-1(gk214) (n = 102–116) animals were grown at 25◦C See also Supplementary Figure
S6.

gans (16). We then crossed the alg-1::HA::alg-5 transgene
into alg-1(gk214) mutants. Given that alg-5 is normally
expressed primarily in the germline and alg-1 is expressed
in the soma (Figure 2E), we tested whether alg-5 would
display somatic expression similar to alg-1 when expressed
from alg-1 regulatory elements. To suppress germline de-
velopment, we treated alg-1::HA::alg-5-transgenic animals
with glp-4 RNAi. As controls, we included alg-1::HA::alg-
1 and alg-5::HA::alg-5 transgenic animals. ALG-5 levels in
alg-5(tm1163); alg-5::HA::alg-5 were moderately depleted
upon treatment with glp-4 RNAi compared to treatment
with a vector control (Figure 7D). In contrast, the levels
of ALG-5 produced from alg-1::HA::alg-5; alg-1(gk214)
and ALG-1 from alg-1::HA::alg-1; alg-1(gk214) were un-
changed between vector control RNAi and glp-4 RNAi
(Figure 7D). HA::ALG-5 protein was produced at higher
levels when expressed from alg-1::HA::alg-5 than when ex-
pressed from the authentic alg-5 regulatory elements (alg-
5::HA::alg-5), but did not appear to be produced at as high
of levels as the HA::ALG-1 protein produced from alg-
1::HA::alg-1 (Figure 7D). Thus, it is likely that there are
additional features that affect alg-5 expression or the stabil-
ity of the ALG-5 protein. The pattern of HA::ALG-5 ex-

pression from the alg-1::HA::alg-5 transgene across devel-
opment was similar to that of HA::ALG-1 expressed from
alg-1::HA::alg-1 (Figure 7E).

Keeping in mind the caveat that alg-1::HA::alg-5 does
not produce as much protein as alg-1::HA::alg-1, we as-
sessed whether alg-1::HA::alg-5 would rescue the devel-
opmental defects in alg-1(gk214) mutants. A modest re-
duction in the proportion of animals displaying protruding
or bursting vulvas was observed in alg-1::HA::alg-5; alg-
1(gk214) animals relative to non-transgenic alg-1(gk214)
animals when grown at 25◦C (P = 0.0072, Figure 7F). Thus,
ALG-5 likely has some functional overlap with ALG-1 but
differences in expression levels prevent us from drawing
conclusions about the extent of such overlap.

DISCUSSION

ALG-5 as a distinct branch of the miRNA pathway

ALG-5 likely defines a branch of the miRNA pathway
largely distinct from that of ALG-1 and ALG-2. ALG-1
and ALG-2 bind overlapping and extensive sets of miR-
NAs and function redundantly during embryogenesis and
larval development (39,44,48). In contrast, ALG-5 binds a
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very narrow subset of miRNAs and does not appear to have
substantial functional overlap with ALG-1 or ALG-2 de-
spite the three Argonautes having many miRNA interac-
tors in common. Unlike ALG-1 and ALG-2, with central
roles in embryogenesis and larval development, ALG-5 ap-
pears to have a specific role in developmental timing in the
germline. alg-5 is expressed primarily, if not exclusively, in
the germline. alg-5 mutants display a slight reduction in the
number of progeny they produce and an accelerated transi-
tion from spermatogenesis to oogenesis. We identified sev-
eral genes misregulated in alg-5(ram2) mutants that could
contribute to the observed phenotype, including genes reg-
ulating the MAPK pathway, DNA-damage response, and
apoptosis. Numerous genes involved in immunity and de-
fense also emerged as being downregulated in alg-5 mu-
tants. Interestingly, alg-5 was identified in a screen for gene
inactivations that cause hypersensitivity to bacterial pore-
forming toxins, hence its original name hypersensitive to
pore-forming toxin-24 (hpo-24) (56). Consistent with this
role, two genes required for pore-forming toxin defense, the
activator protein-1 (AP-1) transcription factors jun-1 and
fos-1 (56) were downregulated in alg-5 mutants. It will be
important in future studies to identify the direct targets of
ALG-5 and its precise function in germline development
and pathogen defense.

ALG-5 localization to P granules

Several Argonautes have been shown to associate with per-
inuclear germ granules called P granules in C. elegans,
including the piRNA-associated Argonaute PRG-1 and
two siRNA-associated Argonautes, CSR-1 and WAGO-1,
where they have important roles in both gene licensing and
silencing (13,24,57). Our results demonstrate that ALG-5
also associates with P granules, indicating that miRNAs
have a role in regulating gene expression in P granules
as well. Interestingly, AIN-1, a GW182 protein ortholo-
gous to human TNRC6A, co-purifies with several P gran-
ule components (58). GW182 proteins function as scaffolds
between miRNA-associated Argonautes and downstream
effectors of miRNA-mediated silencing (8). Based on se-
quence alignment of ALG-5 with human AGO2 and ALG-
1, the amino acid residues in the tryptophan binding pock-
ets that facilitate GW182–Argonaute interactions appear to
be conserved (Supplementary Figure S1B) (59,60). Thus,
AIN-1 may interact with ALG-5 within P granules to me-
diate RNA silencing.

Functional similarity between the miRNA-associated Arg-
onautes

ALG-1 but not ALG-2 is required for normal development,
despite that the two genes are nearly identical in amino acid
sequence (88% identity). ALG-2 expressed under the con-
trol of the alg-1 regulatory sequences largely rescues de-
velopmental defects in alg-1 mutants, indicating that dif-
ferences in gene expression and not molecular function-
ality likely distinguish ALG-1 and ALG-2. ALG-5 shares
only ∼36% identity with ALG-1 and ALG-2 and is thus
unlikely to have identical molecular functionality. ALG-5
lacks the conserved RNaseH residues that confer slicer ac-
tivity and which are present in ALG-1 and ALG-2, pointing

to at least one functional difference between the proteins
(10). Nonetheless, when introduced into an alg-1 mutant
under the control of alg-1 non-coding regulatory sequences,
we did observe partial rescue of the alg-1 mutant pheno-
type by alg-5. The ALG-5 branch of the AGO subfamily is
highly conserved across Caenorhabditis species estimated to
be separated from C. elegans by at least 110 million genera-
tions (61,62), pointing to ancient divergence of ALG-5 from
ALG-1 and ALG-2.

A near-comprehensive miRNA–Argonaute interactome

Our datasets provide a near-comprehensive analysis of
miRNA–Argonaute interactions in C. elegans. The major-
ity (∼80%) of annotated miRNAs, including the strands
often annotated as star or passenger, were identified in
our analysis of Argonaute–small RNA interactions and
were enriched in libraries from at least one Argonaute co-
immunoprecipitate (co-IP), although many were present at
levels below our stringent 10 normalized reads (reads per
million total mapped reads) threshold. Many miRNAs were
not enriched in any of the Argonaute co-IPs or were com-
pletely absent in all of our datasets. Several of the miRNAs
not enriched in any of the Argonaute co-IPs are presumed
miRNA stars. However, notably absent guide strand miR-
NAs include miR-261 and miR-264–miR-273, which were
identified computationally (63) but have not been validated
using sequencing-based approaches, and miR-4930–miR-
4935, many of which are enriched in aged animals (64). The
three newly discovered miRNAs represent two new miRNA
families and a new member of the miR-58/bantam family.
Each of the miRNAs is expressed at relatively low levels,
likely explaining why they were not identified or validated
in previous analyses. Although it is likely that miRNA iden-
tification is approaching saturation in C. elegans, new miR-
NAs continue to be discovered and will likely continue to
emerge from analyses of animals grown under non-standard
laboratory conditions, such as drug treatment, pathogen ex-
posure and environmental stress.

The various roles of miRNAs and their specific functions
in C. elegans gene regulation are still poorly understood.
The identification of ALG-5 and the near comprehensive
analysis of miRNA–Argonaute interactions presented here
will provide a valuable framework for discovering new roles
for miRNAs in development and disease.
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