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Abstract

The major families of chromatin remodelers have been conserved throughout eukaryotic evolution. Because they play
broad, pleiotropic roles in gene regulation, it was not known if their functions could change rapidly. Here, we show that
major alterations in the use of chromatin remodelers are possible, because the nucleosome remodeling factor (NURF)
complex has acquired a unique role in the sperm/oocyte decision of the nematode Caenorhabditis briggsae. First, lowering
the activity of C. briggsae NURF-1 or ISW-1, the core components of the NURF complex, causes germ cells to become
oocytes rather than sperm. This observation is based on the analysis of weak alleles and null mutations that were induced
with TALENs and on RNA interference. Second, qRT–polymerase chain reaction data show that the C. briggsae NURF
complex promotes the expression of Cbr-fog-1 and Cbr-fog-3, two genes that control the sperm/oocyte decision. This
regulation occurs in the third larval stage and affects the expression of later spermatogenesis genes. Third, double
mutants reveal that the NURF complex and the transcription factor TRA-1 act independently on Cbr-fog-1 and Cbr-
fog-3. TRA-1 binds both promoters, and computer analyses predict that these binding sites are buried in nucleosomes, so
we suggest that the NURF complex alters chromatin structure to allow TRA-1 access to Cbr-fog-1 and Cbr-fog-3. Finally,
lowering NURF activity by mutation or RNA interference does not affect this trait in other nematodes, including the sister
species C. nigoni, so it must have evolved recently. We conclude that altered chromatin remodeling could play an
important role in evolutionary change.
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Introduction
To control development, gene expression must be regulated
in time and space. The organization of DNA into chromatin
plays a key role in this process, by restricting the accessibility
of promoters and enhancers (Clapier and Cairns 2009).
This restriction also increases precision, because chromatin-
remodeling complexes can actively cooperate with tran-
scription factors to control gene expression. However, the
pleiotropic phenotypes of most chromatin remodelers have
made it difficult to evaluate their roles in evolutionary change.

Nematodes provide an ideal way to address this problem.
Most of the known chromatin-remodeling complexes exist in
nematodes and control various aspects of development (Cui
and Han 2007). Moreover, detailed molecular models have
been established for two developmental processes in
Caenorhabditis elegans. The first involves the specification
of sensory rays in the male tail—the trithorax group of chro-
matin regulators promotes the expression of two Hox genes
in the seam cells V5 and V6, whereas the Polycomb group
blocks their expression (Chamberlin and Thomas 2000; Ross
and Zarkower 2003; Zhang et al. 2003). The other involves the
induction of vulval development by an EGF signal from the
anchor cell. In the nearby hypodermis, the Nucleosome
Remodeling Deacetylase (NURD) and Retinoblastoma (Rb)

complexes from the SynMuvB group block the expression
of the EGF gene lin-3 (Cui et al. 2006), preventing the inap-
propriate activation of the Ras pathway. Other chromatin
remodeling complexes help regulate the development of
the vulva, but their targets remain unknown (Fay and
Yochem 2007). For example, the Tip60/NuA4 histone acetyl
transferase (HAT) complex blocks vulval development
(Ceol and Horvitz 2004), whereas the nucleosome remodeling
factor (NURF) complex promotes vulval cell fates (Andersen
et al. 2006).

Chromatin regulators also play an important role in the
establishment of the nematode germline (Schaner et al. 2003),
and three observations raise the possibility that some of them
influence the sperm/oocyte decision. First, the C. elegans tra-4
gene encodes a PLZF-containing protein that works with his-
tone chaperones and deacetylases to promote many female
cell fates (Grote and Conradt 2006), although a role in oo-
genesis has not been detected. Second, natural variation in
the C. elegans NATH-10 acetyltransferase controls the
number of sperm produced by hermaphrodites (Duveau
and Félix 2012), though how it does so remains unknown.
Third, the Tip60 HAT complex regulates the sperm/oocyte
decision in both C. elegans and C. briggsae (Guo et al. 2013),
although it remains unclear whether Tip60 directly acetylates
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the transcription factor TRA-1 or works with TRA-1 to acet-
ylate histones in the promoters of targets like fog-3. With
these cases in mind, we began investigating the role of chro-
matin remodelers in the sperm/oocyte decision.

This regulatory decision is ideal for comparative evolution-
ary studies (Haag 2005), because it played a critical role in the
origin of self-fertile hermaphrodites (Baldi et al. 2009). Both
C. briggsae and C. elegans evolved hermaphroditic reproduc-
tion independently (Cho et al. 2004; Kiontke et al. 2004, 2011).
In each species, the XX animals have female bodies but make
sperm during the L4 larval stage and oocytes as adults, an
arrangement that allows self-fertilization. Several studies have
shown that this evolutionary step involved independent
modifications to the sex-determination pathway, which con-
trols the sperm/oocyte decision. In C. elegans, FOG-2 and
GLD-1 cause spermatogenesis in hermaphrodites, by blocking
the translation of tra-2 messages (Clifford et al. 2000). By
contrast, there is no fog-2 gene in C. briggsae (Nayak et al.
2005), gld-1 has a different function (Nayak et al. 2005; Beadell
et al. 2011) and tra-2 is regulated by the novel protein SHE-1
(Guo et al. 2009). The FEM complex is also required for male
cell fates in C. elegans (Doniach and Hodgkin 1984; Kimble
et al. 1984; Hodgkin 1986) but is dispensable for hermaphro-
dite spermatogenesis in C. briggsae (Hill et al. 2006). All of
these regulatory genes act through the transcription factor
TRA-1 to control fog-1 and fog-3, which promote spermato-
genesis in both sexes (Chen and Ellis 2000; Chen et al. 2001; Jin
et al. 2001). Because the Tip60 HAT complex is involved in
this decision, we began studying the roles of other chromatin
remodelers.

Here, we show that NURF-1A and ISW-1, the C. briggsae
homologs of Drosophila NURF301 and ISWI, promote sper-
matogenesis in both sexes. These proteins are the principal
components of the NURF complex (Tsukiyama and Wu 1995;
Tsukiyama et al. 1995), which is a member of the imitation
switch family of chromatin remodelers (Corona and Tamkun
2004). These complexes use the energy of ATP hydrolysis to
slide nucleosomes along the DNA, which increases chromatin
fluidity and alters the accessibility of target sites to transcrip-
tion factors and other regulatory proteins. In Drosophila,
NURF301 and ISWI are essential for the maintenance of germ-
line stem cells (Cherry and Matunis 2010). In C. elegans, they
also promote germ cell proliferation and antagonize the
Tip60 HAT complex to allow normal vulval development
(Andersen et al. 2006). Here, we show that C. briggsae
NURF-1 and ISW-1 also initiate spermatogenesis, by promot-
ing the expression of fog-1 and fog-3. Furthermore, this regu-
lation is independent of the Gli protein TRA-1. Surprisingly,
this role of the NURF complex in the sperm/oocyte decision is
unique to C. briggsae, although its other functions in embry-
onic and vulval development have been conserved.

Results

The C. briggsae NURF Complex Is Required for Germ
Cells to Adopt Male Fates

In Drosophila, the NURF complex regulates many aspects of
development and is critical for the proliferation of germ cells

(Alkhatib and Landry 2011). Although the Drosophila com-
plex contains four components, ISWI and NURF301 are suf-
ficient to reconstitute its activity (Xiao et al. 2001). In C.
elegans, mutations in the corresponding NURF genes isw-1
and nurf-1 cause sterility and suppress the vulval defects of lin-
15AB mutants (Andersen et al. 2006). Thus, we focused on
orthologs of these genes in the related nematode C. briggsae.
Using RT-PCR and RACE, we defined the Cbr-isw-1 and Cbr-
nurf-1 genes (fig. 1A and D).

To learn the function of the C. briggsae NURF complex,
we used Transcription Activator-Like Effector Nucleases
(TALENs) (Wood et al. 2011; Wei et al. 2014) to make dele-
tions in each gene (fig. 1). We isolated four mutations in Cbr-
isw-1–v184, a frameshifting deletion; v196, an 862-bp deletion
that removes the first three and a half exons; and v176 and
v183, small in-frame deletions. We also recovered two in-
frame deletions in Cbr-nurf-1–v175 and v177.

Homozygous isw-1(v196) null mutants had a tiny germ line
and a protruding vulva and did not produce offspring (fig. 1B).
Although Cbr-isw-1(v184) frameshift mutants were viable if
maternal transcripts were present, their progeny died as
embryos (fig. 1C and table 1). Thus, C. briggsae ISW-1 is
essential for the development of the vulva and the pro-
liferation of germ cells, and maternal ISW-1 is needed for
embryonic viability. Surprisingly, the in-frame mutants of
isw-1 and nurf-1 were not only healthy but occasionally Fog
(Feminization of the germline; fig. 1 and table 1). Thus, the
C. briggsae NURF complex not only has pleiotropic functions,
as in other species, but appears to regulate the sperm/oocyte
decision. The Fog phenotype of C. briggsae NURF mutants
was surprising, because nothing similar had been seen in
C. elegans (Andersen et al. 2006). Hence, we began a detailed
exploration of this trait and then used the results for com-
parison with other nematode species.

The C. briggsae NURF Complex Is Required to Initiate
Spermatogenesis in Both Sexes

Because weak alleles of nurf-1 and isw-1 caused a Fog pheno-
type in some animals, we used RNA interference to lower
gene activity further, without eliminating it altogether
(Montgomery et al. 1998). Knocking down either Cbr-nurf-1
or Cbr-isw-1 caused animals of both sexes to make oocy-
tes instead of sperm (fig. 2 and supplementary fig. S1,
Supplementary Material online). This effect was complete
in XX animals and highly penetrant in XO males (tables 2
and 3). As in C. elegans, RNAi against the remaining NURF
components was lethal (tables 2 and 3). Thus, the C. briggsae
NURF complex is required in both sexes for germ cells to
initiate spermatogenesis rather than oogenesis.

To see whether the oocytes made by these mutants were
functional, we crossed individual Fog animals with wild-type
males and studied the eggs they laid over the following 20 h.
We found that 92% of the progeny from Cbr-nurf-1(RNAi)
mothers hatched and grew into healthy adults, and only 8%
died as embryos (n = 751). Similarly, 86% of the progeny from
Cbr-isw-1(RNAi) mothers became healthy adults, and 14%
died as embryos (n = 280). As a control, we found that 7%
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of the progeny from she-1(v35) mothers died as embryos
(n = 242). This level of lethality is similar to that observed
for the first oocytes fertilized in C. elegans Fog mothers
(Andux and Ellis 2008). Thus, the oocytes of Cbr-nurf-
1(RNAi) and Cbr-isw-1(RNAi) Fog animals function normally.

A Single NURF-1 Product Regulates the Sperm/
Oocyte Decision in C. briggsae

Alternative splicing produces several NURF301 isoforms in
Drosophila (Kwon et al. 2009). When we used RT-PCR to
characterize the C. briggsae messages, we detected four
nurf-1 transcripts (fig. 2D), which correspond to prominent
nurf-1 transcripts identified in C. elegans (Andersen et al.

2006). One message is produced from the left half of the
nurf-1 locus, which we name nurf-1A. The remaining tran-
scripts are produced from the right half of the locus, which we
call nurf-1B. Neither C. briggsae nor C. elegans makes a product
like full-length Drosophila NURF301, which would span the
entire region (Xiao et al. 2001; Andersen et al. 2006), so the
range of NURF-1 isoforms differs from that seen in fruit flies.

Both C. elegans and C. briggsae share nurf-1a, c, and e tran-
scripts (Andersen et al. 2006). Although knocking down nurf-
1A caused a Fog phenotype, knocking down the remaining
transcripts did not (tables 2 and 3). Furthermore, we could
detect no other defects in the nurf-1B(RNAi) animals, and
mutations that affect the corresponding C. elegans transcripts
also had no phenotype (Andersen et al. 2006). Thus, nurf-1a

FIG. 1. The Caenorhabditis briggsae NURF complex regulates the sperm/oocyte decision. (A) Location of mutations affecting Cbr-isw-1. Caenorhabditis
briggsae genomic DNA is shown as a double line, with exons as boxes. Nearby transcripts are above the line in gray, and isw-1 is below the line, in blue.
The position of each new mutation is marked in red, and critical domains of the protein are coded by color. Regions of the transcript targeted by RNAi
are underlined in red. (B) Nomarski photomicrograph of a Cbr-isw-1(v196) XX adult, showing a protruding vulva (red *) and small germ line (blue arrow).
(C) Molecular lesions and phenotypes for each isw-1 mutation (for details, see table 1). (D) Location of mutations affecting Cbr-nurf-1. Conventions are
like those for isw-1. (E) Molecular lesions and phenotypes for each nurf-1 mutation (for details, see table 1).
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might encode the only NURF-1 isoform that regulates devel-
opmental decisions in nematodes. NURF-1A is also the only
isoform to contain an HMG-A domain, which is known to
bind DNA (Travers 2000).

As in C. elegans, Cbr-isw-1 is trans-spliced to SL1 and pro-
duces a single transcript. When we used RT-PCR to study
nurf-1a, isw-1, and lin-53 transcript levels, we found that
each was predominantly expressed in germ cells, as expected
from the phenotypes we observed (supplementary fig. S2,
Supplementary Material online).

NURF-1A and ISW-1 Promote the Expression of the
Male Genes fog-1 and fog-3

In C. elegans, fog-1 and fog-3 are required for germ cells to
become sperm rather than oocytes (Barton and Kimble 1990;
Ellis and Kimble 1995), and the function of each gene is con-
served in C. briggsae (Chen et al. 2001). Because the NURF
complex is predicted to regulate transcription by altering
chromatin (Tsukiyama and Wu 1995), we used real-time
RT-PCR to study these transcripts in wild-type, Cbr-nurf-
1a(RNAi) and Cbr-isw-1(RNAi) animals.

In C. elegans hermaphrodites, fog-1 and fog-3 expression is
high during larval development, when germ cells are under-
going spermatogenesis, and low in adults, during oogenesis
(Chen and Ellis 2000; Lamont and Kimble 2007). Thus, we
focused on three developmental stages of C. briggsae XX an-
imals: larvae at the L3/L4 molt, L4 larvae, and adults. The levels
of Cbr-fog-1 and Cbr-fog-3 transcripts were highest at the L3/
L4 molt (fig. 3A), when germ cells were beginning to select
male fates (Lee et al. 2011; Morgan et al. 2013). In L4 larvae, the
levels of Cbr-fog-1 and Cbr-fog-3 transcripts had begun to
decline, but genes like Cbr-spe-4, which are active in primary
spermatocytes (Arduengo et al. 1998; Gosney et al. 2008),

were expressed at high levels. In adults, Cbr-fog-1, Cbr-fog-3,
and Cbr-spe-4 transcripts were all found at low or undetect-
able levels.

However, in both Cbr-nurf-1a(RNAi) and Cbr-isw-1(RNAi)
animals, the levels of fog-1 and fog-3 transcripts were dramat-
ically lower at the L3/L4 molt, a period that is critical for the
initiation of spermatogenesis (fig. 3A). By the L4 stage, the
levels of fog-1 and fog-3 transcripts were nearly wild type, but
this recovery was too late to alter development, since about
half of the animals only produced oocytes (fig. 3C). This Fog
phenotype was confirmed by the absence of spe-4 transcripts
in the Cbr-nurf-1a(RNAi) and Cbr-isw-1(RNAi) L4 larvae
(fig. 3A). Finally, fog-1 and fog-3 transcripts were found at
higher levels in Cbr-nurf-1a(RNAi) adults than in the wild
type (P< 0.003, fig. 3A). Thus, NURF-1A and ISW-1 promote
high levels of fog-1 and fog-3 expression in larvae, but NURF-
1A might help repress these transcripts in adults.

The NURF Complex and TRA-1 Act Independently
on fog-1 and fog-3

TRA-1 is a Gli transcription factor that acts at the end of the
sex-determination pathway (Hodgkin and Brenner 1977;
Zarkower and Hodgkin 1992; Kelleher et al. 2008).
Furthermore, there are conserved TRA-1 binding sites in
the fog-1 and fog-3 promoters, and C. elegans TRA-1 can
bind these sites in vitro (Chen and Ellis 2000; Jin et al.
2001). To see if the NURF complex acts upstream of TRA-1
to promote the expression of fog-1 and fog-3, we examined
double mutants with Cbr-tra-1(nm2), a nonsense mutation
(Kelleher et al. 2008), and Cbr-tra-1(v181), which causes a
frameshift prior to the zinc finger domain (see Materials
and Methods). These null mutations transform XX ani-
mals into males that make sperm as larvae and oocytes as

Table 1. Caenorhabditis briggsae NURF-1 and ISW-1 Promote Spermatogenesis, Viability, and Fertility.

Germline Phenotypes

Genotype Oocytes
Only (%)

Sperm and
Oocytes (%)

Sperm
Only (%)

Immature
Germ Cells (%)

Lethal
(%)

Other
(%)

n

nurf-1(v175) XX 0.8 94.2 0 0 2 3a 408

nurf-1(v177) XX 0.5 93.5 0 0 2 4a 336

isw-1(v176) XX 1 89 0 0 4 6a 815

isw-1(v183cs) XX 11 88 0 0 0 1b 67

isw-1(v183cs) XO 0 0 100 0 0 0 20

isw-1(v184fs)M+ XX 0 100 0 0 0 0 24

isw-1(v184fs)M� XX 0 0 0 0 100 0 52

isw-1(v184fs)/+ XOc 0 0 99d 0 0 1e 101

isw-1(v196df) XX 0 0 0 100f 0 0 16

isw-1(v196df)/+ XOg 0 4 96 0 0 0 80

isw-1(v196df) XO 0 0 0 100h 0 0 21

NOTE.—Animals were scored at 20 �C, except isw-1(v183cs), which was scored at the restrictive temperature of 15 �C.
aEgg-laying defective.
bDisorganized germ line.
cMales were progeny from crosses of dpy-18 hermaphrodites with v184/dpy-18 or v184 males.
dOne male had sperm at both ends of the gonad. Five males made very few sperm.
eThe male had a ruptured gonad, produced sperm, and appeared to be starting oogenesis.
fAll animals were smaller in soma and germ line than AF16, and had a protruding vulva.
gMales were progeny from crosses of dpy-18 hermaphrodites with v196/dpy-18 or v196 males.
hAll animals were smaller in soma and germ line, and had a blunt, defective tail.
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adults. Surprisingly, Cbr-tra-1; Cbr-nurf-1a(RNAi) and
Cbr-tra-1; Cbr-isw-1(RNAi) XX young adults only made
oocytes (table 4). Thus, NURF-1A and ISW-1 can promote
spermatogenesis even in the absence of TRA-1 and must
act near the end of the sex-determination pathway in
germ cells.

We also studied double mutants with Cbr-tra-2. The weak
allele tra-2(nm9ts) and NURF complex RNAi mutually sup-
pressed each other (table 5), which is consistent with models
in which TRA-1 and the NURF complex act independently on
the fog promoters. NURF RNAi also caused oogenesis in tra-
2(nm1) null mutants, which normally make only sperm. Over

FIG. 2. Caenorhabditis briggsae NURF-1 controls the sperm/oocyte decision in both sexes. (A) Caenorhabditis briggsae wild-type XX young adult.
(B) Caenorhabditis briggsae nurf-1(RNAi) XX adult. This animal is older than the control in panel A, because the nurf-1 germ line develops more slowly.
(C) Caenorhabditis briggsae wild-type male. (D) Caenorhabditis briggsae nurf-1(RNAi) Fog male. In all panels, anterior is left and ventral is down. The size
of each inset is shown by a box on the adjacent animal; the green bar in the inset is 50mm. Finally, “o” indicates oocytes, “e” embryos, “V” the vulva, a
solid blue arrow marks a spermatheca filled with sperm, and a hollow blue arrow marks an empty spermatheca.

Table 2. Caenorhabditis briggsae NURF-1A Controls Germ Cell Fates in Both Sexes.

Targets of RNAi Oocytes
Only (%)

Sperm and
Oocytes (%)

Sperm
Only (%)

Other
(%)

n

Cbr-nurf-1a XX 99.6 0.4 0 0 421

Cbr-nurf-1a XO 62 9 20 9a 44

Cbr-nurf-1cefb XX 0 100 0 0 207

Cbr-nurf-1a + nurf-1cef XX 86 12 0 2c 253

aUndifferentiated germ cells, some with vacuoles in the germ line.
bRNAi was used to simultaneously target the nurf-1.2c, e, and f transcripts.
cDead eggs.
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FIG. 3. Caenorhabditis briggsae NURF-1A and ISW-1 control the expression of fog-1 and fog-3. Transcript levels were measured by real-time RT-PCR and
calculated using 2exp(���CT), with rpb-1 transcripts as a reference; fog-1 and fog-3 were normalized to wild-type animals at the XX L3/L4 molt and
spe-4 to the XX L4. Error bars represent standard error of the mean. (A) Wild-type animals subjected to RNAi. (B) tra-1(nm2) animals subjected to RNAi.
P values were determined with a Student’s t-test, one-tailed, with unequal variance. (C) The phenotypes of siblings of animals that were collected for
transcript analysis.

Table 3. Caenorhabditis briggsae ISW-1 Acts with NURF-1A to Control Germ Cell Fates.

Drosophila
Homolog

Target of
RNAi

Oocytes
Only (%)

Sperm and
Oocytes (%)

Sperm
Only (%)

Dead
Eggs (%)

Dead
Larvae (%)

n

ISWI Cbr-isw-1 XX 100 0 0 0 0 398

ISWI Cbr-isw-1 XO 52 18 30 NA NA 33

NURF55 Cbr-lin-53 XX 0 1a 0 91 8 274

NURF55 Cbr-rba-1 XX 0 3 0 96 1 125

NURF38 Cbr-pyp-1 XX 0 0 0 23 77 150

aTwo animals produced both sperm and oocytes but were sterile.
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50% of the Cbr-tra-2(nm1); Cbr-nurf-1a(RNAi) animals and
some Cbr-tra-2(nm1); Cbr-isw-1(RNAi) animals made
oocytes, but we never saw oogenesis in the controls (table 5).

To confirm these results, we studied Cbr-tra-1(nm2); nurf-
1a(RNAi) and Cbr-tra-1(nm2); isw-1(RNAi) mutants at the L3/
L4 molt. Both strains had lower levels of fog-1 and fog-3 tran-
scripts than tra-1 controls (fig. 3B). Because NURF-1A and
ISW-1 do not require TRA-1 to regulate these genes, the
NURF complex is likely to regulate their promoters
independently.

The Role of the NURF Complex Changed during
Recent Nematode Evolution

In C. elegans, mutations that affect the NURF complex did
not block spermatogenesis (Andersen et al. 2006), whereas in
C. briggsae, lowering NURF activity even slightly feminized the
germ line. To see whether the C. elegans NURF complex plays
any role in the sperm/oocyte decision, we performed more
detailed studies of one isw-1 mutant. The Cel-isw-1(n3297)
mutation alters an amino acid located just after the DEXDc
domain (Andersen et al. 2006), whereas the Cbr-isw-1(v176)
and v183 mutations delete a few amino acids just before this
domain. All of these mutants are viable and none show the
complete sterility of null alleles, so they each cause a partial

loss of function. We found that 38% of Cel-isw-1(n3297) XX
mutants were sterile, but none of them appeared Fog
(n = 213). Furthermore, we examined some of the sterile an-
imals with differential interference contrast (DIC) optics, and
67% had sperm and defective oocytes, whereas the rest had
small germ lines without differentiated gametes (n = 33).
Finally, 90% of Cel-isw-1(n3297) XO males made sperm, 4%
had tumorous germ lines, and 3% had small germ lines but
none made oocytes (n = 49). Since these C. briggsae and
C. elegans mutations all decrease ISW-1 activity, it seems
likely that lowering the activity of the NURF complex alters
the sperm/oocyte decision in C. briggsae but not in C. elegans.

Second, we compared null alleles. The Cbr-isw-1(v196) de-
letion is a null allele (supplementary fig. S3, Supplementary
Material online). Although homozygotes are sterile because of
severe germ line defects, some Cbr-isw-1(v196)/+ males made
oocytes (supplementary fig. S4, Supplementary Material
online, and table 1). By contrast, no Cel-isw-1(ok1951)/+
males made oocytes (n = 131). This difference is significant
at P = 1%, in a z-test comparing the two proportions.

Third, we studied the function of the NURF complex in
mutants that were predisposed to producing oocytes.
Specifically, we used RNAi to knock down Cel-nurf-1a or
Cel-isw-1 in either Cel-fog-1(q253ts) or Cel-fem-1(hc17ts) mu-
tants, at the intermediate temperature of 20 �C. Although
NURF RNAi did not cause synthetic feminization (fig. 4 and
supplementary table S1, Supplementary Material online), sim-
ilar experiments using trr-1 caused strong synthetic feminiza-
tion (Guo et al. 2013). Thus, none of these studies identified
any role for the NURF complex in the C. elegans sperm/oocyte
decision.

Finally, we studied the NURF complex in male/female spe-
cies related to C. briggsae. Knocking down either nurf-1a or
isw-1 in C. nigoni or C. remanei did not cause males to produce
oocytes but did cause occasional sterility (fig. 4 and supple-
mentary table S2, Supplementary Material online). In a con-
trol experiment, fog-3(RNAi) caused 42% of C. nigoni males to
become Fog (n = 38), so this cell-fate decision is sensitive to
RNA interference. Finally, when we injected C. nigoni nurf-1a
or isw-1 dsRNA into C. briggsae wild-type strains, each one
caused a Fog phenotype in males (fig. 4C and supplementary
table S2, Supplementary Material online). Thus, the NURF
complex has either acquired a new function in C. briggsae,
or its role in the sperm/oocyte decision has changed so much
that it can only be detected in C. briggsae.

Discussion

Caenorhabditis briggsae NURF-1A and ISW-1 Are
Required for Germ Cells to Adopt Male Fates

In C. briggsae, knocking down either NURF-1A or ISW-1 by
RNA interference causes animals of both sexes to make oo-
cytes instead of sperm. Furthermore, partial loss-of-function
mutations in either gene cause some animals to become Fog,
and loss of just one copy of isw-1 causes rare males to make
oocytes. Thus, NURF-1A and ISW-1 promote spermatogen-
esis in C. briggsae, and small decreases in their activities cause
germ cells to differentiate as oocytes. These two proteins are

Table 5. Mutations in the NURF Complex and Cbr-tra-2 Are
Mutually Antagonistic.

Genetic Background Target
Gene

Fog
(%)

Sperm
Only (%)

Othera

(%)
n

tra-2(nm9ts) 0 100 0 21

tra-2(nm9ts) nurf-1a 55 45 0 22

tra-2(nm9ts) isw-1b 32 42 26 31

tra-2(nm1) cby-15c 0 100 0 36

tra-2(nm1) cby-15 nurf-1a 50 38 12 24

tra-2(nm1) cby-15 isw-1 0 100 0 195

tra-2(nm1) 0 96 4 25

tra-2(nm1) nurf-1a 62 32 6 72

tra-2(nm1) isw-1 3 55 42 77

tra-2(nm1) isw-1b 3 76 21 38

aAnimals had defective germ lines with no differentiated cells. Some had vacuoles.
bFour micrograms per microliter isw-1 dsRNA was injected.
ccby-15 was used as a linked marker for tra-2 in this set of crosses.

Table 4. NURF-1A and ISW-1 Are Epistatic to TRA-1.

Genetic
Background

Target
Gene

Oocytes
Only (%)

Sperm and
Oocytes (%)

Sperm
Only (%)

n

tra-1(nm2)a 0 96 4 25

tra-1(nm2)a nurf-1a 86 8 4 48

tra-1(nm2)a isw-1 56 44 0 50

tra-1(v181fs)a 0 88 12 60

tra-1(v181fs)a nurf-1a 100 0 0 122

tra-1(v181fs)a isw-1b 87 13 0 160

aXX tra-1 animals were self-progeny of tra-1 +/ +dpy-18 mothers. They were picked
as L4s and scored with DIC 1 day later.
bFour micrograms per microliter isw-1 dsRNA was injected.
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likely to work together as part of a NURF chromatin remodel-
ing complex.

The Role of the NURF Complex in Germ Cells
Changed during Recent Evolution

This role of the NURF complex in the sperm/oocyte decision
appears to be unique to C. briggsae. In C. elegans, nurf-1 and
isw-1 mutants make both sperm and oocytes (Andersen et al.
2006). Furthermore, lowering C. elegans NURF activity does
not change the sperm/oocyte decision in mutants that are
predisposed to a transformation in germ cell fates, whereas
lowering Tip60 HAT activity causes synthetic feminization in
these genetic backgrounds (Guo et al. 2013). Finally, C. elegans

isw-1(null)/+ males do not make oocytes, unlike some of their
C. briggsae counterparts.

We also found no role for the NURF complex in the sperm
oocyte decision of male/female nematodes. Caenorhabditis
nigoni is so closely related to C. briggsae that they can mate
and produce viable offspring (Woodruff et al. 2010), and these
species appear to have diverged on the order of 107 genera-
tions ago (Cutter et al. 2010). However, knocking down NURF
activity in C. nigoni did not cause males to make oocytes, and
similar experiments with the more distant relative C. remanei
had the same result. We know the dsRNA we used was of
high quality, because C. briggsae germ cells became oocytes in
response to both C. nigoni nurf-1a and C. nigoni isw-1 dsRNA,
even though C. nigoni germ cells did not. Furthermore, these

FIG. 4. The role of NURF-1 and ISW-1 in germ cells changed during evolution. (A) At 20 �C, Caenorhabditis elegans NURF-1A or ISW-1 were knocked
down by RNAi in fem-1(hc17ts) mutants. The double mutants were not more feminized than fem-1. Error bars represent 95% confidence intervals for a
proportion. (B) Phylogeny of Caenorahbditis (Kiontke et al. 2011; Felix et al. 2014) showing the results of RNAi experiments (supplementary table S2,
Supplementary Material online). (C) Caenorhabditis nigoni dsRNA causes a Fog phenotype in C. briggsae males (top) but not in C. nigoni (bottom).
Gonads are outlined with dotted yellow lines, and two oocytes are shaded pink.
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differences were not due to variable sensitivity to RNA inter-
ference, because knocking down NURF activity in C. nigoni
and C. remanei strongly affected germline traits like prolifer-
ation. We conclude that the role of the NURF complex chan-
ged during recent evolution.

Two types of models could explain this change. In the first,
the C. briggsae NURF complex was recruited to regulate the
sperm/oocyte decision; NURF-1A might be critical for this
function because it has an HMG-A domain, which can bind
DNA. In the most parsimonious version, the configuration of
chromatin in this region of the genome has be opened in
C. briggsae larvae but is already accessible in C. elegans larvae
(fig. 5). In the figure, we propose that the NURF complex
allows TRA-1 access to the fog promoters, because it is the
only transcription factor known to interact with them; how-
ever, it remains possible that an unknown activator regulates
these genes. This model is consistent with data from Berkseth
et al. (2013), who showed that TRA-1 binds the fog-3 pro-
moter at higher levels in C. elegans than in C. briggsae.
However, the underlying differences responsible for altered
chromatin structure remain unknown, because the C. briggsae
and C. nigoni fog-3 promoters are similar in sequence, and the
C. briggsae fog-3 promoter is regulated normally in C. elegans
(Chen et al. 2001).

In the second type of model, C. briggsae changed, so that it
now depends on NURF activity, which is not needed for
spermatogenesis in other worms. For example, C. briggsae
might have lost a redundant chromatin regulator that con-
trols the fog-3 locus, which made the NURF complex essential

in that species. In either scenario, broad changes in the reg-
ulation of chromatin structure have occurred during short
evolutionary time spans, and these changes played important
roles in shaping the expression of genes such as fog-1 and
fog-3.

Although chromatin states can be assayed directly in single
cells like yeast (Boeger et al. 2008; Yen et al. 2012), such
experiments are more difficult in multicellular organisms. In
this case, only 75 germ cells in young L4 hermaphrodites will
become spermatocytes, out of a total of about 1,500, and
these cells cannot be isolated from the rest of the animal.
Thus, distinguishing among these models will require a new
array of tools. We expect genome editing might help create
these tools (Wood et al. 2011; Lo et al. 2013; Wei et al. 2014)
and will become a standard part of evolutionary studies in the
future.

NURF-1A Is a Critical Component of the Nematode
NURF Complex

In Drosophila, NURF301 and ISWI are core components of the
NURF complex, which also contains NURF38 and NURF55. In
C. briggsae, mutants in NURF-1A and ISW-1 have similar phe-
notypes, so they probably form a nematode NURF complex.
Because the homologs of NURF38 and NURF55 are essential,
they could not be tested for a role in the sperm/oocyte de-
cision but probably also form part of this complex. Because
null mutations in isw-1 block germ cell proliferation, at least
one function of the NURF complex is broadly conserved in
animals.

FIG. 5. Model for the initiation of spermatogenesis in Caenorhabditis. (A) In most species, the NURF complex is not required. For spermatogenesis, an
unknown activator promotes the expression of fog-3. Currently, the only candidate for this activator is full-length TRA-1, perhaps in association with the
Tip60 HAT complex (Guo et al. 2013). (B) In C. briggsae, the NURF complex is required for fog-3 to promote spermatogenesis. Because NURF is known
to remodel chromatin, the simplest possibility is that it opens up the fog-3 promoter, so that TRA-1 binding sites (shown in red) are accessible. TRA-1
then works with the Tip60 HAT complex to promote expression of fog-3, which works with fog-1 to cause germ cells to initiate spermatogenesis.
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However, the structure of the NURF complex remains
unclear. In Drosophila, nurf301 produces multiple transcripts,
whose differing roles are poorly understood (Kwon et al.
2009). In C. elegans, only NURF-1A regulates vulval cell fates
(Andersen et al. 2006), and in C. briggsae, only NURF-1A reg-
ulates germ cell fates. Inactivating other nurf-1 products
causes no phenotype either species. Because Cbr-NURF-1A,
Cel-NURF-1A, and Drosophila NURF301C are similar in struc-
ture to each other and to the human protein FAC1 (Bowser
et al. 1995), they might share a conserved chromatin regula-
tory function.

Caenorhabditis briggsae fog-3 Is Ideal for Studying
Interactions of Gli Proteins with Chromatin
Regulators

Developing germ cells make two major decisions: Whether to
proliferate or enter meiosis, and whether to become sperma-
tocytes or oocytes (Kimble and Crittenden 2007; Morgan
et al. 2013). In nematodes, FOG-1 and FOG-3 influence the
mitosis–meiosis decision and are absolutely required for germ
cells to adopt male fates (Barton and Kimble 1990; Ellis and
Kimble 1995; Thompson et al. 2005; Snow et al. 2013). Three
sets of proteins are known to regulate the expression of these
genes. First, TRA-1 is the sole nematode Gli protein. Cleaved
TRA-1 favors oogenesis by repressing fog-1 and fog-3, whereas
full-length TRA-1 appears to favor spermatogenesis by pro-
moting their expression (Chen and Ellis 2000; Schvarzstein
and Spence 2006). Second, the Tip60 HAT complex is re-
quired for TRA-1 to promote fog-3 expression (Guo et al.
2013). It might act on TRA-1 or work with TRA-1 to
modify chromatin. Third, NURF activity is needed in C. brigg-
sae larvae for the expression of fog-1 and fog-3, when germ
cells are beginning to commit to spermatogenesis.

Although TRA-1 acts directly on the fog-3 promoter,
knocking down NURF activity lowers the expression of fog-
1 and fog-3 in tra-1(null) mutants. Thus, the NURF complex
must act downstream of TRA-1, and we infer that TRA-1 and
the NURF complex act independently on these two pro-
moters. This idea is supported by one other observation—
Cbr-tra-2(null) mutants partially suppress the Cbr-nurf-
1a(RNAi) and Cbr-isw-1(RNAi) phenotypes. Because these
tra-2 mutations act through TRA-1 to promote spermatogen-
esis, they might increase its activator function enough to
promote fog-3 expression without chromatin remodeling.
Thus, we favor models in which the NURF complex remodels
chromatin to provide TRA-1 and Tip60 access to the fog-3
promoter (fig. 5). This possibility is consistent with predictions
that the TRA-1 binding sites in the Cbr-fog-1 and Cbr-fog-3
promoters are normally buried in nucleosomes (supplemen-
tary fig. S5, Supplementary Material online; Xi et al. 2010) and
might require NURF activity to become accessible.

In yeast and humans, HAT complexes and chromatin
remodelers can work as coactivators to regulate gene expres-
sion (Featherstone 2002). Furthermore, studies in Drosophila
showed that the Gcn5 HAT complex and the NURF complex
regulate a common set of target genes, and that the
NURF complex is required for Gcn5 to access these targets

(Carre et al. 2008). Because the Gli protein TRA-1, the NURF
chromatin-remodeling complex, and Tip60 HAT complex all
regulate fog-3 expression in C. briggsae, this system provides
an ideal model for exploring how chromatin-remodelers in-
teract with Gli transcription factors to control target genes.

Materials and Methods

Strains and Genetics

Caenorhabditis briggsae mutants were derived from the wild
isolate AF16 (Fodor et al. 1983). They include LGII: dpy(nm4)
(Hill et al. 2006), tra-2(nm1) and tra-2(nm9ts) (Kelleher et al.
2008), and cby-15(sy5418) (Sternberg P, personal commu-
nication); LGIII: tra-1(nm2) (Kelleher et al. 2008) and dpy-
18(mf104) (Felix M, personal communication); and LGIV:
she-1(v49) (Guo et al. 2009). We also used the C. briggsae
wild isolate HK104 (Kagawa H, personal communication;
Stein et al. 2003).

Caenorhabditis elegans mutants were derived from the
wild isolate N2 (Brenner 1974) and include LGI: fog-
1(q253ts) (Barton and Kimble 1990), LGIII: isw-1(ok1951)
(Andersen et al. 2006), and LGIV: fem-1(hc17ts) (Nelson
et al. 1978). All C. nigoni RNAi experiments were done using
JU1421 (Felix M, personal communication), and C. remanei
RNAi experiments were done using PB4641 (Baird S, personal
communication).

RNA Interference

Each template was amplified from mixed-stage cDNA by the
PCR, using primers that contained a T7 promoter (supple-
mentary table S3, Supplementary Material online). Templates
were purified with a PCR Purification kit (Qiagen) and tran-
scribed using MegaScript (Ambion). After annealing, double-
stranded RNA was purified with MegaClear (Ambion). RNAi
was performed by injection, using 1mg/ml solutions of dsRNA
(Fire et al. 1998).

Semiquantitative RT-PCR

For each genotype, groups of five adult worms of the desired
age and phenotype were collected and processed as described
(Chen and Ellis 2000); three independent samples were pre-
pared to confirm reproducibility. RT-PCR was performed as
described, using HotMaster Taq DNA polymerase (5PRIME)
and MMLV Reverse Transcriptase (Invitrogen). The PCR
reactions were run for 35 cycles using primers from supple-
mentary table S4A, Supplementary Material online.

Real-Time Quantitative RT-PCR

Groups of five worms of the desired age and phenotype were
picked and prepared as described above, and three or four
independent biological replicates and two technical replicates
were assayed for each data point. Siblings of the collected
animals were allowed to mature and scored for phenotype,
to determine the efficiency of the RNAi. For each reaction,
1/20 of the total cDNA sample was used in a final volume of
25ml, which included 12.5ml of FastStart Universal SYBR
Green Master (Rox) (Roche) and 6mM primers (supplemen-
tary table S4B, Supplementary Material online). Amplification
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was 40 cycles, using Applied Biosystems 7500 Real-Time PCR
Systems. Samples that did not show detectable amplification
by the final cycle were arbitrarily assigned a Ct value of 40.

Microscopy

Worms were observed with DIC microscopy. Images were
captured with a Zeiss Axiocam digital camera and Zeiss
AxioVision software, and assembled using Adobe Photoshop.

Determination of Gene Structures

For isw-1, nurf-1a, and nurf-1c, e, and f, 30-RACE, 50-RACE
(Frohman 1994), and RT-PCR with an SL1 primer were
used to identify the ends of each transcript. The internal
splice sites were identified by RT-PCR. Because of the dupli-
cation and specialization of two exons, the genomic se-
quences that encode the C. briggsae nurf-1a transcript do
not overlap those that encode the remaining nurf-1 tran-
scripts. We are naming this entire complex locus “nurf-1”
to be consistent with the literature from other species. The
portion that encodes the nurf-1a transcript is officially the
nurf-1A gene. The portion that encodes the remaining nurf-1
transcripts is nurf-1B.

TALEN Knockout Mutants

TALENs were designed and produced as described by Wei
et al. (2014). To create mutants, mRNA was injected into the
gonad of adult hermaphrodites (Wood et al. 2011). The in-
jection solution contained a pair of TALEN mRNAs, each at
3mg/ml. At 20 �C, the F1 progeny from a 6- to 32-h time
window were singled to new plates at the L4 stage, and F2

animals that were heterozygous or homozygous for new
mutations were identified by phenotype or by PCR analysis
of the target site.

The v181 mutation deletes nucleotides 276–280 from the
coding region of tra-1a, creating a frameshift and early stop
codon. As a consequence, it also removes nt 150–154 of
tra-1b. Because v181 eliminates the products of both tra-1
transcripts, it must be a null allele.

Fertility and Oocyte Quality Assays

To assess fertility and oocyte quality for nurf-1a(RNAi) and
isw-1(RNAi) Fog mutants, ten individuals were singled and
each crossed with six wild-type males for 24 h at 20 �C.
Afterward, they were scored for fertility, and their progeny
for lethality.

Statistical Analyses

To determine the significance of the difference between two
proportions, we used www.vassarstats.net/propdiff_ind.html
(last accessed June 30, 2014) to calculate the z-ratio and P
values.

Supplementary Material
Supplementary figures S1–S5 and tables S1–S4 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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