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A germ cell determinant reveals parallel pathways for germ line
development in Caenorhabditis elegans
Rana Mainpal1, Jeremy Nance2,3 and Judith L. Yanowitz1,*

ABSTRACT
Despite the central importance of germ cells for transmission of
genetic material, our understanding of the molecular programs that
control primordial germ cell (PGC) specification and differentiation are
limited. Here, we present findings that X chromosomeNonDisjunction
factor-1 (XND-1), known for its role in regulating meiotic crossover
formation, is an early determinant of germ cell fates inCaenorhabditis
elegans. xnd-1mutant embryos display a novel ‘one PGC’ phenotype
as a result of G2 cell cycle arrest of the P4 blastomere. Larvae and
adults display smaller germ lines and reduced brood size consistent
with a role for XND-1 in germ cell proliferation. Maternal XND-1
proteins are found in the P4 lineage and are exclusively localized to
the nucleus in PGCs, Z2 and Z3. Zygotic XND-1 turns on shortly
thereafter, at the ∼300-cell stage, making XND-1 the earliest
zygotically expressed gene in worm PGCs. Strikingly, a subset of
xnd-1 mutants lack germ cells, a phenotype shared with nos-2, a
member of the conserved Nanos family of germline determinants. We
generated a nos-2 null allele and show that nos-2; xnd-1 double
mutants display synthetic sterility. Further removal of nos-1 leads to
almost complete sterility, with the vast majority of animals without
germ cells. Sterility in xnd-1 mutants is correlated with an increase
in transcriptional activation-associated histone modification and
aberrant expression of somatic transgenes. Together, these data
strongly suggest that xnd-1 defines a new branch for PGC
development that functions redundantly with nos-2 and nos-1 to
promote germline fates by maintaining transcriptional quiescence
and regulating germ cell proliferation.
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INTRODUCTION
For sexually reproducing metazoans, the ability to transfer genetic
information to the next generation resides in the germ cells. During
early embryogenesis, the germ lineage inherits germ plasm, the
specialized cytoplasm containing maternally encoded mRNAs and
proteins, and gives rise to the primordial germ cell (PGC) lineage.
A common theme emerging from germ cell studies in C. elegans,
Drosophila andmouse is that transcriptional repression is crucial for
PGC specification (Nakamura and Seydoux, 2008; Pirrotta, 2002;
Seydoux and Schedl, 2001). In C. elegans and Drosophila,
transcriptional repression is achieved by two means. Firstly, by

direct inhibition of RNA polymerase II transcriptional initiation and
elongation functions (Seydoux and Dunn, 1997; Van Doren et al.,
1998). And secondly, by regulation of chromatin states, specifically
inhibition of histone H3 lysine 4 methylation (H3K4me2), a mark of
active chromatin, and retention of histone H3 lysine 9 methylation
(H3K9me) for repressed chromatin (reviewed by Nakamura and
Seydoux, 2008). This repression is thought to be essential in
preventing the activation of somatic genes within the germ line.
Indeed, aberrant accumulation of H3K4me2 and loss of H3K9me in
the germ line has been correlated with aberrant transcriptional
activation and progressive loss of fertility (Katz et al., 2009; Kerr
et al., 2014).

In C. elegans, germ plasm is segregated through four asymmetric
cell divisions into germline blastomere, known as P4. This then
divides symmetrically to give rise to PGCs, Z2 and Z3 (Sulston
et al., 1983), which replicate their DNA and arrest in the G2 stage of
the cell cycle for the remainder of embryogenesis (Fukuyama et al.,
2006). In this fashion, PGCs are primed to proliferate when the larva
hatches and senses food. Germ cells enter meiosis midway through
the third larval stage (L3) and, in the hermaphrodite, the first germ
cells differentiate into sperm before switching to oogenesis in L4
(Kimble and White, 1981; Sulston et al., 1983). Although the
chromatin of the P lineage has high levels of H3K4me2 (Schaner
et al., 2003), it is transcriptionally quiescent because PIE-1 blocks
phosphorylation of the RNA polymerase II CTD (Seydoux and
Dunn, 1997). Z2 and Z3 maintain transcriptional quiescence by
losing marks of active chromatin (Schaner et al., 2003) and attaining
a unique condensed chromatin appearance (Nakamura and
Seydoux, 2008). Despite high levels of repressive chromatin
marks, zygotic expression of germline genes can be observed
during embryogenesis, with the earliest zygotic transcripts seen at
the ∼550 cell stage. Early transcripts include those for P granule
components ( pgl-1) and the Nanos ortholog, nos-1 (Kawasaki et al.,
2004; Subramaniam and Seydoux, 1999).

Members of the Nanos gene family have emerged as conserved
determinants of germline development (Tsuda et al., 2003). The
founding member of this family, the Drosophila maternal effect
gene nanos, was identified for its role in embryonic patterning
(Wang and Lehmann, 1991) and later shown to have roles in PGC
specification and migration during embryogenesis (Forbes and
Lehmann, 1998). Zygotically expressed Nanos is required for the
differentiation of germline stem cells in the adult gonad (Forbes and
Lehmann, 1998; Kobayashi et al., 1996). Nanos is an RNA-binding
protein which functions together with Pumilio to inhibit translation
initiation (Sonoda and Wharton, 1999), at least in part by recruiting
the CCR4-NOT deadenylation complex to target genes (Kadyrova
et al., 2007). Mouse NANOS2 also interacts with CCR4-NOT,
where it has been proposed to trigger the degradation of RNAs
involved in meiosis (Suzuki et al., 2010, 2012). C. elegans
possesses four Nanos homologs, nos-1, nos-2, nos-3 and T02G5.11.
nos-2 is maternally deposited and functions embryonically to ensureReceived 25 April 2015; Accepted 1 September 2015
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incorporation of PGCs into the somatic gonad. It also functions
redundantly with nos-1 to promote PGC proliferation and survival
during larval development (Subramaniam and Seydoux, 1999). The
functional targets of C. elegansNOS-1 and NOS-2 that are required
for germ cell differentiation remain elusive and the partial sterile
phenotypes seen in double mutants intimate the existence of
additional germ cell determinants.
Previously, we identified xnd-1 as a chromatin-associated protein

that regulates X chromosome crossover formation (Wagner et al.,
2010). Other phenotypes associated with xnd-1, including sterility
and smaller germline size, were suggestive of a broader role in
germline development. Here, we report that xnd-1 is a key regulator
of germ cell development inC. elegans. xnd-1mutant embryos have
defects in P4 division, P granule segregation, and PGCmigration. In
addition, we show that XND-1 is one of the first proteins turned on
in the PGCs, at the ∼300 cell stage. This zygotic protein is required
for PGC proliferation in addition to its later meiotic role. Double
mutants of xnd-1 and nos-2 exhibit a synthetic sterile phenotype
with a large proportion of animals containing no or severely reduced
numbers of germ cells. The sterility in xnd-1 single and double
mutants is accompanied by an increase in H3K4me2 in PGCs,

suggesting that aberrant transcriptional activation might underlie the
increased sterility in these animals. These studies therefore identify
XND-1 as one of the earliest markers of PGCs and show that it
functions in parallel to previously characterized PGCs determinants,
thus defining a novel pathway for germ cell differentiation.

RESULTS
XND-1 is among the earliest proteins to be expressed in
newly born PGCs
The xnd-1 gene of C. elegans regulates meiotic crossover formation
consistent with its expression from the mitotic tip of the germ line
through the late pachytene region (Wagner et al., 2010). However,
the sterility and reduced brood sizes associated with xnd-1 suggest a
more pleiotropic role in germline development. Therefore, we set
out to examine XND-1 expression throughout development using
our previously described anti-XND-1 antibodies (Wagner et al.,
2010) with anti-PGL-1 antibodies to mark a core component of the
germ plasm (Kawasaki et al., 1998, 2004). The antibodies were
specific to XND-1 in embryos, as well as in the adult germ line, as
shown by lack of staining in xnd-1 mutants (Fig. S1A-A″). No
XND-1 was visible in <28-cell stage embryos (Fig. 1A); it was first

Fig. 1. XND-1 is expressed in primordial germ cells. (A-C) C. elegans embryos stained with anti-XND-1 (magenta), anti-PGL-1 (white) to mark the germ
lineage, and DAPI (green) to show embryonic nuclei. All embryos are oriented with anterior to the left. (A-A‴) Wild-type embryos showed XND-1 expression
in P4 and its daughters, Z2 and Z3. (A) Inset shows that XND-1 was absent in the germline blastomere of 12-cell stage embryos, (A′-A‴) whereas its accumulation
and expression was seen in the cytoplasm and the nucleus of the P4 cell at the 40-cell stage. (B) xnd-1 M+Z− embryos showing maternal XND-1 expression
similar to that in wild type. (C) Zygotic expression of XND-1 was assessed by staining embryos resulting from a cross of 3×FLAG::GFP::xnd-1 transgenic males
with wild-type hermaphrodites. XND-1 was not detected until the 310-cell stage (C′), at which time its accumulation was seen in the cytoplasm of PGCs. Shortly
thereafter, at the ∼320+cell stage, XND-1 localization became nuclear (C″,C‴). Scale bars: 5 µm.
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detected in the cytoplasm and nucleus of P4 (Fig. 1A′). Chromatin
association of XND-1 is readily apparent at this stage. This early
embryo expression is consistent with mRNA expression data that
indicated xnd-1 mRNA is maternally deposited and preferentially
enriched in P4 (NEXTDB; http://nematode.lab.nig.ac.jp). We note
that the in situ data suggests that xnd-1 mRNAs are found in all
embryonic blastomeres, raising the possibility that post-
transcriptional mechanisms repress xnd-1 both in the early
embryo and in later, somatic blastomeres. Consistent with this
hypothesis, a targeted genetic screen in our lab has identified
mutants that derepress XND-1 in somatic blastomeres (M.R. and
J.L.Y., unpublished data). Just prior to the division of P4, XND-1
localization became predominantly nuclear and remained
chromatin-associated for the remainder of development and into
the adult. (Fig. 1A″,A‴; Fig. S1B).
We also generated transgenic animals containing stably integrated

transgenes expressing an N-terminus fusion of 3×FLAG::GFP to
XND-1. The transgenic lines rescued the low brood and high
embryonic lethality defects of xnd-1(ok709), confirming they are
fully functional (Table S1). Transgenic lines showed identical
expression patterns to that of immunostaining; GFP was discernible
only in the PGCs during embryonic development (Fig. S2A,B),
expression persisted exclusively in the germline nuclei throughout
larval development, and adult expression was observed in the
mitotic zone through the late pachytene region with an autosomal
bias (Fig. S2C) (Wagner et al., 2010). XND-1 protein abruptly
disappears from the late pachytene region and remains absent in
mature oocytes and sperm (Fig. S1B, Fig. S2C). No somatic
expression was observed with the transgenes or by immunostaining,
confirming our prior conclusion from genetic studies that xnd-1
function appears limited to the germ line (Wagner et al., 2010).

xnd-1 regulates germ cell proliferation
We previously reported that xnd-1 mutant animals had a decreased
brood size (Wagner et al., 2010). Here, we confirm and extend these
results; our wild-type strain laid an average of ∼292 embryos
(n=20), whereas xnd-1mutants laid an average of only∼89 embryos
(n=34) (Student’s t-test, P<0.0001). DAPI staining of whole-
mounted animals revealed that the adult germ line was significantly
smaller than that of wild type (Fig. 2A), with approximately one-
third fewer germ cells compared with wild type at the late L4 stage
(Table 1). The small germline size was apparent across the entire
xnd-1 population and was so severe in ∼1% of animals that mutant
animals were devoid of germ cells. Therefore, we hypothesized that
xnd-1mutants might have a general defect in germline proliferation.
A difference in germ cell number was apparent as early as L2 and
the extent of this difference increased as animals progressed through
larval development (Table 1). By late L4, the pool of proliferating
germ cells in xnd-1 mutants was 43% less than in wild type (see
Mitotic germ cells in Table 1). This analysis supports the hypothesis
that xnd-1 promotes germ cell proliferation during larval stages.

The expression pattern of XND-1 in the early germ cell
precursors led us to hypothesize that xnd-1 is required for proper
specification and/or differentiation of these cells. We therefore
examined PGCs of xnd-1M−Z− (maternal and zygotic null) mutant
embryos. In wild type, PGL-1 is almost exclusively found in PGCs,
although faint staining can be seen in the D cell of 28-cell to 60-cell
stage embryos (Fig. 3A). In contrast to wild type, xnd-1 mutants
showed robust PGL-1 staining in the D cell in nearly 45% (31/69) of
embryos (Fig. 3A). The missegregated P granules persisted in
somatic blastomeres until the 550-cell stage (compare Fig. S3A,D
with S3B,E) and sometimes into L1 larvae. Despite the
missegregation of P granules, these cells do not appear to adopt a

Fig. 2. xnd-1 is essential for germ cell proliferation.
Photomicrograph of age-matched adult animals stained with
DAPI to show the germ lines (dotted lines, distal to the left).
(A) Zygotic loss of xnd-1 led to reduced germline size.
Comparewild type (top) with the smaller xnd-1M+Z− (bottom).
(B) Comparison of germline size in xnd-1 M−Z+ (top) versus
xnd-1 M−Z− (bottom) revealed XND-1 zygotic rescue of germ
cell proliferation defects. Anterior is to the left. Scale bars:
20 µm. mit, mitotic zone; TZ, transition zone; P, pachytene;
Dp, diplotene.
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PGC fate (Strome et al., 1995), as we cannot detect missegregation
of PIE-1 or NOS-2 into these cells (data not shown), nor do
they express the meiotic marker HTP-3 (Petrella et al., 2011)
(Fig. S3B,B′). Furthermore, consistent with published results (Gallo
et al., 2010), we found that the missegregation of P granules did not
alter specification of the PGC, and they appropriately expressed
germ cell markers (data not shown). Nonetheless, we cannot rule out
the possibility that the missegregation of P granule components
contributes to the reduced fecundity and sterility phenotypes of
xnd-1 mutations.
In wild type, P4 divides at the ∼88-cell stage, after which Z2 and

Z3 stay closely apposed, without dividing, throughout the
remainder of embryogenesis. To examine if PGC differentiation is
normal in xnd-1 mutant embryos, we analyzed the PGCs in >100-
cell stage embryos. In contrast to wild type, in which 100% of PGCs
divided, xnd-1M−Z−mutant embryos exhibited multiple defects in
PGC development (Fig. 3B). We classified xnd-1 mutant embryos
based upon the number of blastomeres expressing PGL-1, and

distinguished PGCs from other PGL-1-positive blastomeres by co-
staining with both anti-HTP-3 to visualize the meiotic axis (Petrella
et al., 2011) (Fig. S3A-C), and anti-MYO-3 mAb 5-6, to mark the
muscle cells that arise from the D blastomere (Miller et al., 1983)
(Fig. S3D-F). The most penetrant phenotype was a ‘one PGC’
defect, in which nearly half of post-gastrulation xnd-1 mutant
embryos only contain a single PGC (Fig. 3B; Fig. S3B,E). This is
the first description of a one PGC mutant phenotype in C. elegans.
We also frequently observed late-stage embryos with mislocalized
PGCs (7%) (Fig. S3F), enlarged nuclear morphology (Fig. S3G,
inset) and aberrant muscle morphology that appear to be inviable. A
minor subset of late stage xnd-1 embryos (<1%) showed premature
proliferation of the PGCs based on anti-HTP-3 staining (Fig. S3C).
Both of these latter phenotypes were not detected in L1 larvae (data
not shown).

Mutation of xnd-1 conferred high embryonic lethality (∼50%), at
least in part as a result of aneuploidy caused by defects in crossover
formation (Wagner et al., 2010). We reasoned that if the one PGC
phenotype is a secondary consequence of the meiotic defects, then
we would observe a similar PGC phenotype in embryos of
him-5(ok1896) animals, which share meiotic crossover defects
with xnd-1 (Meneely et al., 2012). Similar to wild type, however,
him-5 mutant embryos always contained two PGCs (Table 2). In
addition, him-5 mutant embryos neither exhibited P granule
segregation defects nor other overt PGC defects. Thus, we
conclude that the PGC phenotypes of xnd-1 mutants are not a
consequence of upstream meiotic deficits.

We further confirmed that the one PGC phenotype was visible in
L1 larvae that ultimately develop into viable adults. Using PGL-1::
GFP to mark PGCs and HIS-58::mCherry to mark all embryonic
nuclei, we observed that wild-type larvae always contained two
PGCs, whereas 29% of xnd-1 mutant larvae had a single PGC

Table 1. Number of germ cells at different larval stages

Larval stage WT xnd-1(−) P n

Total germ cells
L2 15.54 10.09 <0.0001 >20
L3 24.71 21.57 0.07 >25
Late L3 91.29 44.20 <0.000001 >30
Late L4 390.29 247.29 <0.000001 7

Mitotic germ cells
Late L4 191.5 109.7 <0.000001 7

Values represent the average number of germ cells in DAPI-stained germ lines
from the age-matched hermaphrodites reared at 20°C. P values are calculated
by Student’s t-test in Microsoft Excel. n represents either whole animals (L2
stage) or dissected germ lines (L3, L4).

Fig. 3. xnd-1 mutant embryos missegregate P granules
and exhibit PGCs defects. (A)C. elegans embryos stained
with anti-PGL-1 (magenta) and DAPI (green). Anterior is to
the left. xnd-1mutant embryos missegregate P granules into
the D cell and its daughters. (B) Classification of 100+ cell
stage xnd-1(−) embryos based upon the number of
blastomeres having PGL-1 staining, shown in magenta in
photomicrograph to the right of the graph. (1) One PGC:
Embryos in this class have only one PGL-1-positive cell.
(2) One PGC+somatic: Embryos have one blastomere with
strong PGL-1 staining (PGC) and one or more additional
blastomeres with weak PGL-1 staining (presumptive
somatic cell). (3) Two PGCs: Embryos with two PGL-1-
positive cells. (4) Two PGCs+somatic: Embryos in this class
have two blastomeres with strong PGL-1 staining and one or
more blastomeres with weak PGL-1 staining. Scale bars:
5 µm.
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(Fig. 4A; Table 3). We note that this frequency is lower than in
embryos. This could be explained if a subset of the single PGCs
divide during late embryogenesis, after the onset of morphogenetic
movements. However, time-lapse movies (Fig. 4B; Movies 1,2;
discussed below) show no evidence of delayed division. Instead, we
favor an alternative explanation that one PGC embryos are more
prone to embryonic lethality. When we removed the embryos that
displayed defective muscle morphology (Fig. S3H,I) from our
analysis, the frequency of one PGC embryos dropped to ∼35%,
similar to the frequency reported here for L1 larvae (Table 2). These
observations support the conclusion that xnd-1 plays a crucial role in
normal PGC development.

xnd-1 regulates the PGC cell cycle
Larvae with one PGC might arise if either the P4 blastomere fails to
divide or if one of the PGCs died or was lost during embryogenesis.
To distinguish between these possibilities, we captured three-
dimensional time-lapse (4D) movies of embryogenesis in xnd-1
mutant animals that were expressing PGL-1::GFP and HIS-58::
mCherry. Our movies showed that P4 divided into Z2 and Z3 at the
∼88 cell stage in wild-type embryos (n>10) (Fig. 4B; Movie 1). In
xnd-1 mutants, however, P4 divided normally in only about half of
the embryos, whereas P4 failed to divide in the remainder (n>15)
(Fig. 4B; Movie 2). This did not appear to reflect a transient delay in
division as we did not observe cell divisions through the ‘pretzel’
stage (∼550 cells) when morphogenetic movements commence.
Furthermore, many L1 larvae with a single PGC are observed
(Fig. 4A) suggesting these embryos hatch without further division
of the germ cell precursor.
To analyze further the nature of cell cycle arrest, we examined

several possible reasons for the single PGC arrest in xnd-1. In
metazoans, entry into mitosis is regulated by the combination of
nuclear accumulation of Cyclin B and removal of inhibitory
phosphorylation (on Thr14 and Tyr15) from CDK-1 by CDC25
phosphatase (O’Farrell, 2001; Takizawa and Morgan, 2000). Using
anti-CYB-1 antibodies (Rahman et al., 2014; Shakes et al., 2009),
we observed no differences in the accumulation of CYB-1 in one
PGC xnd-1 embryos compared with wild type (Fig. 4C,D). Thus,
the one PGC arrest appears to be independent of CYB-1
accumulation. We next monitored CDK-1 activity using an
antibody against mammalian Cdk1 pTyr15 (pCDK-1) that cross-
reacts with the corresponding phospho-epitope of C. elegans NCC-
1 (CDK-1) (Hachet et al., 2007). In wild type, P4 cells stain positive
for pCDK-1 (Fig. 4E,F), as expected for G2 cells just prior to
division (Norbury et al., 1991). However, after division, no staining
for pCDK-1 was detected in Z2 and Z3 (Fig. 4G,I-L). Because prior
studies based on quantification of DAPI signal have shown that Z2
and Z3 arrest in G2 (Fukuyama et al., 2006), the lack of pCDK-1

staining suggests that the PGCs are arrested in a distinct sub-stage of
G2. In xnd-1mutant embryos, pCDK-1 staining is normal in P4 and
in two PGCs embryos. By contrast, xnd-1 mutant embryos with a
single PGC retained high levels of pCDK-1 late into embryogenesis
(Fig. 4H,M-N), consistent with the 4D imaging data that a defect in
P4 division leads to the one PGC phenotype.

Although the reduction in fertility was characteristic of all xnd-1
mutant animals, we wanted to determine whether there was a
phenotypic consequence on fertility of being born with a single
PGC. Prior studies showed that upon laser ablation of either Z2 or
Z3 during early larval growth, the remaining PGC still gave rise to
two germline arms, but the overall germline size was reduced
(Kimble and White, 1981). Therefore, we assayed brood sizes from
xnd-1mutant animals that had been sorted as L1 larvae based on the
presence of one or two PGCs. Although the entire population of
xnd-1 animals exhibited reduced fecundity compared with wild type
(see above), xnd-1 adults developing from L1 larvae with two PGCs
exhibited higher average broods (average brood size ∼109) than
those developing from L1 larvae with only one PGC (average brood
size ∼39, Student’s t-test, P<0.0001). These data suggest that
animals born lacking a PGC exhibit reduced fecundity, irrespective
of baseline fecundity. We further demonstrated that the one PGC
defect of xnd-1 mutants is heritable; whereas only 28% of hatched
larvae from two PGC xnd-1mutant animals showed one PGC, 67%
of hatched larvae (a significant increase, Fisher’s exact test,
P<0.0001) from one PGC animals also had one PGC.

Maternal xnd-1 is crucial for embryonic PGC development
Because zygotic transcription is not active in P4 (Seydoux and
Dunn, 1997) and maternally deposited mRNAs serve as the sole
source of newly translated proteins, we wanted to define the
individual roles of maternally and zygotically expressed XND-1
proteins. Because it is only after Z2 and Z3 are born that PGCs
become capable of initiating new transcription, we expected that the
early expression of XND-1 would reflect translation from
maternally contributed mRNA and that zygotic XND-1 proteins
would not be observed until later. When xnd-1 heterozygous
mothers were crossed to xnd-1 mutant males (Fig. S4A), both the
M−Z− (maternal and zygotic null) and M+Z− (zygotic null)
offspring showed XND-1 expression in PGCs as early as the 28-cell
stage and throughout all of embryogenesis (Fig. 1B). Thus,
maternally contributed xnd-1 mRNAs account for the P4 and
early Z2 and Z3 expression of xnd-1. To analyze the function of
maternal XND-1 proteins, we examined xnd-1 M+Z− mutant
embryos arising from the balanced xnd-1/hT2 mothers (for crosses
see Fig. S4A). PGC development in these embryos was normal,
however, the adult germ line in these individuals was markedly
reduced in size (Fig. 2A). Thus, we infer that maternally deposited
XND-1 products are sufficient to support embryonic PGC divisions,
but insufficient to promote normal germline growth (Fig. 2A).
These results support a direct role for xnd-1 in controlling PGC
proliferation.

Zygotic expression of xnd-1 promotes germline proliferation
We then performed reciprocal crosses, crossing xnd-1 mutant
mothers with wild-type males, to monitor zygotic expression
(Fig. S4C-F). Antibody staining of the resultant M−Z+ (maternal
null) revealed expression of XND-1 in 250-cell stage embryos,
where it appeared first in the cytoplasm of Z2 and Z3 and then
became predominantly nuclear (Fig. S4E,F). To rule out that early
expression of XND-1 was not a result of loss of maternal xnd-1
function, we used a similar crossing strategy to introduce 3×FLAG::

Table 2. Frequency of the one PGC phenotype in >100-cell stage
embryos

Genotype Percentage with one PGC n

Wild type 0 489
xnd-1(−) 49.5 1578
him-5(−) 0 208
Embryos of normal muscle morphology with one PGC*
Wild type 0 276
xnd-1(−) 35.8 340

One PGC embryos were identified based upon a single blastomere stained
with anti-PGL-1 antibody.
*Normal muscle embryos were identified based upon co-staining with muscle
marker anti-MYO-3 (mAB 5-6, see Materials and Methods and Fig. S3H,I).
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Fig. 4. See next page for legend.
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GFP::XND-1 transgenes into wild-type embryos (Fig. S4B;
Fig. 1C). Immunolocalization of the XND-1 fusion proteins
revealed expression in the ∼300-cell stage PGCs. These results
indicate that XND-1 is one of the earliest genes to be expressed in
PGCs and suggests that transcriptional activation in the PGC begins
earlier than had previously been anticipated.
To determine the functional contributions of zygotically expressed

XND-1, we asked whether zygotic xnd-1 could rescue the one PGC
embryonic phenotype. PGC defects in xnd-1 M−Z+ embryos were
indistinguishable from xnd-1M−Z− embryos (compare Fig. S4D-F
with Fig. S3B,C,E,G), suggesting that maternal loss of xnd-1 is
solely responsible for the one PGC phenotype. Loss of xnd-1
function also causes significant embryonic lethality, in part as a result
of meiotic defects (Wagner et al., 2010) that could not be rescued by
zygotic xnd-1 expression (58% embryonic lethality in M−Z+ versus
67% in M−Z−, Student’s t-test, P=0.3). We next hatched F1
embryos expressing zygotic xnd-1 and grew them to adulthood to
examine fertility and germline size (Fig. 2B; Table 4). In contrast to
the partial sterility and reduced germline sizes seen in xnd-1 M-Z-
mutant animals (Fig. 5, Fig. 2B; Table S2), all F1 xnd-1M−Z+ adults
were fertile (n>50) with germlines sizes within the normal range
(Fig. 2B; Table 4). Brood sizes were also substantially increased in
the xnd-1M−Z+ animals (244 progeny in xnd-1M−Z+ versus 89 in
xnd-1 M−Z−, Student’s t-test, P<5.0×10−12) and these animals
manifested nomeiotic defects (normal pachytene nuclei progression,
six DAPI-stained bodies at diakinesis, and absence of males in M−Z
+ broods). These results strongly suggest a role for maternal XND-1
in embryonic PGC development and for zygotic XND-1 in germ cell
proliferation during larval development and adult fertility.

nos-1 nos-2 double null mutants exhibit partial sterility
Nanos homologs are conserved determinants of germline fates
(Tsuda et al., 2003). In C. elegans, RNA interference revealed
functional redundancy between the Nanos homologs nos-1 and
nos-2 for germline development; the majority of nos-1(RNAi) nos-2
(RNAi) had defects in germ cell proliferation leading to adults with
empty gonads (Subramaniam and Seydoux, 1999). The striking
similarities in expression and mutant phenotypes between nos-1
nos-2 and xnd-1 led us to pursue a detailed analysis of their
interaction. As a first step, however, we needed to create a functional

nos-2 null allele; nos-2 resides within an intron of the essential
meiotic gene him-14/msh-4 and the nos-2(ok230) allele removes all
of the nos-2 coding region as well as part of the flanking exons in
him-14 (Fig. S5A). Because mutation of him-14 leads to a high rate
of aneuploidy and resultant embryonic lethality, this allele cannot be
analyzed for nos-2 phenotypes. To create a nos-2 allele, we chose a
fosmid rescue approach of him-14&nos-2(ok230), creating a
transgenic line with a fosmid clone containing the entire him-14
locus with the nos-2 coding sequence replaced with yfp [hereafter
referred to as nos-2(−)]. Although him-14&nos-2(ok230) exhibits
∼98% embryonic lethality, nos-2(−) animals manifest only ∼2%
embryonic lethality (Table S3), revealing near complete rescue of
the him-14 nondisjunction phenotype. This strain provides the first
characterization of a nos-2 null mutant in C. elegans.

We next sought to confirm the role of nos-1 nos-2 in germline
differentiation as revealed by maternal-effect sterility and a germ
cell-less phenotype. The average brood size of nos-2(−) was
lower than that of wild type: 204.5 vs 295.9, respectively (Table S3).
nos-2(−) exhibited mislocalization and premature proliferation of
PGCs, as reported in nos-2 RNAi (Subramaniam and Seydoux,
1999). In addition, we noticed that the premature proliferation of
PGCs associated with nos-2 loss of function begins during mid-
embryogenesis (Fig. S5B). nos-2(−)mutant animals exhibited only
3% sterility, with ∼1% animals lacking any germ line at 20°C
(Fig. 5; Table S2). These phenotypes became more severe upon
growth at 25°C, with 8% sterility and ∼7% animals with no germ
line (Fig. 5; Table S2). nos-1(gv5) null mutants are fertile and do not
exhibit overt germline defects (Subramaniam and Seydoux, 1999
and confirmed in this study).

When we examined nos-1(gv5) nos-2(−) double mutants, we
observed a substantial increase in sterility with nearly half of the

Table 3. Frequency of L1 larvae with one PGC

Genotype Percentage with one PGC n

Wild type 0 226
xnd-1(−) 29 1185

Unfed L1 larvae were hatched in M9 buffer at 20°C and examined 24 h later.

Table 4. Comparison of adult gonad size

Genotype

Percentage
with small
germ lines

Percentage
displaying normal
gonad size

Percentage
with no germ
lines n

xnd-1 M−Z− 75.7 23.3 1 198
xnd-1 M−Z+ 1.8 98.2 0 164

Age-matched xnd-1(−) animals grown at 20°C were DAPI stained and
examined for germline size by counting cell diameters from the distal tip to the
beginning of diplotene using Volocity imaging software (PerkinElmer).
Germline size of age-matched wild-type animals was set as 100%; germ lines
<70% wild-type size were classified as small.

Fig. 4. xnd-1 regulates the PGC cell cycle. (A) L1 larvae expressing PGL-1::
GFP (green) and mCherry::H2B (red). L1 larvae with two (top) or one PGCs
(bottom) can easily be identified. Insets show maximum projection z-stacks of
the PGCs. Arrows point to the PGCs. (B) Snapshots from time-lapse movies of
wild-type and xnd-1(–) embryos expressing PGL-1::GFP (green) to mark
germline blastomeres (yellow arrows) and mCherry::H2B (red) to mark nuclei.
Time stamp is in h:m:s:ms format. (C,D) Wild-type and xnd-1(−) embryos of
550-cell stage stained with anti-PGL-1 tomark the PGCs (white), anti-CYB-1 to
detect Cyclin B (red) and DAPI to mark nuclei (green). (E-N) Wild-type and
xnd-1(−) embryos of indicated cell stages stained with anti-PGL-1 to mark the
PGC (white), anti-pCDK-1 to mark cells arrested in G2 (red) and DAPI to mark
nuclei (green).Wild-type or xnd-1(−) embryos (>100-cell stage) with two PGCs
never showed accumulation of pCDK-1 in the PGC (G,I-L), whereas xnd-1(−)
embryos (>100-cell stage) with one PGC showed strong PGC accumulation of
pCDK-1 (H,M,N). Scale bars: 5 µm.

Fig. 5. xnd-1(−) and nos-2(−) animals are sterile and lack germ lines.
Graph of sterility and percentage of no germ cell animals of the indicated
genotypes (See Table S2 for more details).
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animals lacking germ cells (Fig. 5; Table S2) in addition to a further
decrease in brood size (Table S3). Sterility in nos-1(gv5) nos-2(−)
did not increase at the higher growth temperature of 25°C (Fig. 5;
Table S2). We note that sterility in both the nos-2(−) and nos-1
nos-2 double mutant is substantially lower than had been reported
with RNAi (Katz et al., 2009; Subramaniam and Seydoux, 1999;
Zanin et al., 2010), supporting the claim that nos-2(RNAi) might
have off-target effects or that activation of RNA interference in
nos-2 mutants exacerbates its phenotype.

nos-1, nos-2 and xnd-1 in a parallel pathway to control
germline differentiation
To determine if xnd-1 shared functions with nos-2, we first
investigated whether either gene affects the other’s expression.
Using antibody staining, we saw no abrogation of NOS-2 or XND-1
expression in the respective mutants (Fig. S5C,D). We could not
examine NOS-1 expression as a result of unavailability of functional
antibodies. We then explored the epistatic relationship between
xnd-1 and the Nanos homologs by constructing nos-1; xnd-1 and
nos-2; xnd-1 double mutants and nos-1 nos-2; xnd-1 triple mutants
and characterizing their sterility and germline phenotypes. nos-1;
xnd-1 double mutants revealed no enhancement of sterility
compared with xnd-1 alone (Fig. 5; Table S2). By contrast, nos-2;
xnd-1 mutants revealed a synergistic interaction with close to 57%
sterile progeny (Fig. 5; Table S2). This analysis suggests that nos-2
and xnd-1 function in redundant pathways controlling germline
differentiation.
More detailed analysis of the mutant embryos revealed no change

in the percentage of two PGC animals between xnd-1 and nos-2;
xnd-1 mutants and a plurality of remaining embryos contained only
one PGC. Unlike in either single mutant, however, in nearly 10% of
double mutant embryos, no PGCwas discernible by PGL-1 staining
(Table 5) or nos-2p::YFP expression (not shown). These data
suggest that nos-2 and xnd-1 function in distinct pathways
controlling germline differentiation and might also redundantly
influence PGC fate specification.
The lack of interaction between nos-1 and xnd-1, but their mutual

enhancement of nos-2, suggested that nos-1 and xnd-1 might
function in the same genetic pathway. We reasoned that if nos-1 and
xnd-1 function together, then the sterility of nos-1 nos-2; xnd-1
triple mutants would be indistinguishable from nos-2; xnd-1 double
mutants, whereas if they regulate distinct pathways, then the triple
mutant should produce more sterile progeny than either double
mutant alone. As shown in Fig. 5, the nos-1 nos-2; xnd-1 triple
mutants produced 98% sterile progeny, 92% of which contained no
germ cells in the adult gonad, versus 57% in nos-2; xnd-1 double
mutants. This result reveals distinct roles for each of these genes in
germline differentiation, with xnd-1 and nos-1 each having
overlapping functions with nos-2.

xnd-1 late embryos show premature activation of
transcription in the PGCs
Transcriptional quiescence in PGCs is important for their
specification and to maintain germ cell fate (reviewed by Strome

and Lehmann, 2007). Accordingly, mutants that fail to maintain
germ cell identity frequently reveal an increase in H3K4me2
staining in PGCs. Retention of H3K4me2 in Z2 and Z3 has been
associated with lower brood sizes and increased sterility in mutants,
affecting normal accumulation and removal of H3K4me2 (Katz
et al., 2009; Schaner et al., 2003; Strome and Lehmann, 2007).
Therefore, we wished to address whether the germline defects in
xnd-1 mutants are associated with altered H3K4me2 accumulation
in PGCs. Because xnd-1 mutants laid embryos that produced either
one or two PGCs, we characterized these classes independently.
H3K4me2 was assessed by antibody staining of 2-fold stage
embryos (Fig. 6A). In wild type, H3K4me2 was detected in only
one-fifth of PGCs, (Fig. 6B; Table S4). In xnd-1 mutants, over one-
third of the two PGC embryos and over one half of the one PGC
embryos showed accumulation of H3K4me2 (Fig. 6A,B; Table S4).
In addition, we found that nos-2 mutants did not differ significantly
from wild type (both <20%), consistent with the mild fertility
defects in this mutant. By contrast, nos-2; xnd-1 double mutants
showed an increased percentage of embryos with inappropriate
PGC accumulation of H3K4me2 (82% of one PGC and ∼72% of
two PGCs embryos) consistent with their increased sterility (∼57%)
(Table S4). nos-1 nos-2 double mutants also showed >80% embryos
with H3K4me2-positive PGCs, again correlated with higher
maternal effect sterility (∼51%). Thus, we found a correlation
between the inappropriate accumulation of H3K4me2 in PGCs and
the extent of sterility (Fig. 6C).

The aberrant accumulation of H3K4me2 in xnd-1 mutant PGCs
raised the possibility that transcription is inappropriately activated in
these germ lines. We utilized two pan-neuronal reporter transgenes,
unc-119::GFP and unc-33::GFP (Ciosk et al., 2006; Patel et al.,
2012; Tursun et al., 2011; Updike et al., 2014) to assay somatic gene
expression in the germ line. Both reporters, as expected, were
undetectable in wild-type or xnd-1/+ germ lines. By contrast,∼15%
(n=52) of xnd-1 M−Z− adults showed misexpression of unc-119::
GFP in the germ line, usually in groups of cells in the mid-pachytene
region (Fig. 6D). Similar aberrant expression of unc-33::GFP was
observed in xnd-1 M−Z− germ lines. Taken together, these results
suggest that xnd-1 sterility might result, at least in part, from an
inability of the germ cells to maintain the germline fate as revealed
by misexpression of neuronal markers in the adult germ line.

DISCUSSION
Proper specification and differentiation of the germ line is essential
for fecundity, yet the genes required for elaboration of germ line
fates are still poorly understood. We have identified XND-1 as a key
determinant of germ cell fate, functioning redundantly with NOS-2
and NOS-1 to promote germ cell growth and maintenance.

XND-1 is a key regulator of germ cell development
We have identified C. elegans XND-1 protein as one of the first
markers of PGC. Both antibody staining and GFP transgenes
revealed exclusive localization of XND-1 proteins to germline
progenitors. In this regard, XND-1 becomes a member of a very
exclusive group of proteins that are translated in the P4 cell at the

Table 5. Percentage of one PGC embryos

Genotype
Percentage of
embryos with no PGCs

Percentage of
embryos with one PGC

Percentage of embryos
with two PGCs (normal)

Percentage of embryos with
>two PGL-1-positive cells n

xnd-1(−) 0 46 53.4 0.6 146
nos-2(−); xnd-1(−) 10 39 48 3 379

PGCs were identified by staining with anti-PGL-1 antibody.
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time of its birth (as opposed to restricted there by asymmetric
divisions) and which continue to be expressed in Z2 and Z3. Indeed,
the only other known member of this exclusive group is the
Nanos homolog nos-2 (Subramaniam and Seydoux, 1999). The first
XND-1 proteins observed in the embryo are translated from
maternally deposited mRNAs in the P4 cell and are maintained in
PGCs beyond the three-fold stage. Zygotic XND-1 expression
begins at around the 300-cell stage, making XND-1 one of the
earliest zygotically expressed PGC genes.

Consistent with its localization and timing of expression, xnd-1
contributes to multiple aspects of PGC differentiation. In addition to
influencing the P4 division (discussed below), xnd-1 is also required
for the accurate segregation of P granule components and for
promoting normal germ cell number. The missegregation of PGL-1
into somatic blastomeres is reminiscent of mes-1 mutant embryos
(Strome et al., 1995), raising the possibility that mes-1 functions in
the same pathway as xnd-1. We could not, however, confirm
whether MES-1 expression is affected in xnd-1 embryos as a result

Fig. 6. xnd-1(−) PGCs show hallmarks of aberrant transcriptional activation. (A-C) H3K4me2 persists and accumulates in Z2/Z3 of xnd-1 and nos-2 late
embryos. (A) Photomicrographs show close-ups of PGCs in >100-cell embryos of the indicated genotypes. Embryos were stained with anti-PGL-1 to mark PGCs
(blue), anti-H3K4me2 (red) and DAPI to mark nuclei (green). Scale bars: 2 µm. (B) The percentage of embryos with H3K4me2-positive PGCs for the indicated
genotypes. Data are represented as mean±s.d. (C) The correlation between the percentage embryos with H3K4me2-positive PGCs with the percentage sterility
for the indicated genotypes. (D) unc-119::GFP and unc-33::GFP expression in the germ lines of wild-type and xnd-1 M−Z− adults. Germ lines are outlined and
arrowheads point to the distal tip cells. Both transgenes are aberrantly expressed in xnd-1 mutant animals from mid-pachytene through diplotene. Adult gonad
images were obtained as multiple images and then merged to create a final image of an entire gonad. Scale bars: 20 µm.
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of technical issues with the available antibody. Therefore, future
studies aimed at understanding the epistatic relationship between
xnd-1 and mes-1 will be informative.
Post-embryogenesis, xnd-1 affects germ cell number and the

ultimate size of the adult germ line, thereby promoting fecundity.
The reduction in larval germ cell numbers in the xnd-1 mutant is
consistent with a continued role for xnd-1 in PGC proliferation. One
possibility is that xnd-1 directs the expression of key cell cycle
regulators necessary for PGC development. XND-1 protein is
chromatin-associated, but its molecular function still remains
unclear. Recent studies have revealed that xnd-1 influences the
expression of the meiotic proteins HIM-5 (Meneely et al., 2012) and
CRA-1 (Gao et al., 2015). Thus, xnd-1 might function directly as a
transcription factor. Alternatively, xnd-1 might indirectly control
gene expression by modulating histone post-translational
modifications, e.g. H3K4me2 in the embryonic germ line and
H2AK5ac in the adult germ line. Future studies to determine the
genome-wide binding sites of XND-1 and correlate these sites with
changes in gene expression throughout development promise to
shed light on the mechanism(s) by which XND-1 controls various
aspects of germline growth and differentiation.

Germ cell pools can be determined during embryogenesis
Our results provide new insights into the regulation of the PGC cell
cycle and its importance in controlling fertility. xnd-1 is the first
C. elegansmutant to confer a ‘one PGC’ phenotype, which correlates
with the reduced overall fecundity of these animals. In addition, the
offspring of animals harboring a single PGC are themselves more
likely to have only one PGC. In related studies, we have observed that
xnd-1 mutants express a mortal germline phenotype, going sterile
after tens of generations (J.L.Y., unpublished). This phenotype could
be driven in part by a death spiral induced by the accumulation of the
one PGC animals in the population. xnd-1 encodes a chromatin-
associated protein and xnd-1 mutant animals are defective in
accumulation of H3K4me2 in embryonic PGCs and H2AK5ac in
the adult germ line (Fig. 6A) (Wagner et al., 2010). Together, these
observations raise the possibility that these epigenetic marks
transduce information about the reproductive health of the mother
to alter the fecundity of the offspring.
Time-lapse movies of PGCs demonstrate that the one PGC

phenotype arises from a defect in P4 cell division (Fig 4H,M,N;
Movie 2). The normal accumulation of Cyclin B and persistence of
p-CDK-1 in these embryos supports our observation that the one
PGC is arrested in G2. Quantification of H2B::GFP signal in one
PGCs of L1 larvae indicates ∼4C DNA content (M.R. and J.L.Y.,
unpublished). The sustained cell cycle arrest in the single PGC
might result from misregulation of either Wee kinase (wee-1.3) or
CDC25 phosphatase. Alternatively, the recent observation that
transcriptional activation in Z2 and Z3 activates the damage
checkpoint (Butuči et al., 2015), together with our data that PGCs in
xnd-1 animals prematurely activates transcription, raise the

possibility that the G2 arrest results from activation of the DNA
damage-dependent checkpoint.

Although the single PGCs seem to arise from arrested P4 cells,
they do not completely retain P4 identity. P4 is transcriptionally
quiescent, but the single PGCs, like Z2 and Z3, activated zygotic
expression of XND-1 proteins (Fig. S4D,E). Furthermore, the
presence of replete – albeit smaller – germ lines in L2 adult xnd-1
mutants reveals that the P4 arrest is transient and that the larval
proliferative program is initiated in one PGC animals. Surprisingly,
the addition of zygotic xnd-1 (M−Z+ animals) supported wild-type
germline development, suggesting that the deficit in embryonic
PGC number can be overcome during the larval divisions. This is in
striking contrast to the laser ablation studies in which loss of Z2 or
Z3 in L1 larvae was sufficient to reduce germ line size.

Multiple pathways regulate germ cell differentiation
These studies demonstrate that xnd-1 is required for proper germline
development and becomes essential for germ cell development in the
absence of nos-1 and nos-2. Our characterization of the first genetic
nullmutant of nos-2 reveals additional layers of redundancy for germ
cell differentiation than had previously been appreciated. These
studies point to at least three major pathways controlling germ cell
differentiation, and possibly a fourth, given the existence of – albeit a
small fraction – fertile nos-1 nos-2; xnd-1mutant animals. It will be
particularly interesting to investigate whether nos-3 or T02G5.11
contributes to fertility in these backgrounds. Each of these branches
appears to impinge on gene expression, as changes in H3K4me2 are
observed in each of the doublemutant combinations, butwhether the
effect on transcriptional competence is direct or indirect is currently
unknown. Because nanos interacts with translation factors in
Drosophila, it is tempting to speculate that xnd-1 and nos-2 might
share target loci, with xnd-1 reducing expression through direct
transcriptional regulation or changes in chromatin architecture and
nos-2 then further reducing expression of these target genes post-
transcriptionally. Alternatively, xnd-1 and nos-2might each regulate
a unique set of genes, both of which are required to retain germ cell
fate (see model in Fig. 7). Because direct targets of nos-2 and nos-1
are currently unknown, future studies to identify and determine their
targets may reveal the underlying cause of sterility as a result of loss
of nos-1 nos-2 double and loss of xnd-1 over nos-2 and nos-1 nos-2.

MATERIALS AND METHODS
C. elegans strains
Protocols for nematode caring and feeding have been described (Brenner,
1974). Unless indicated, growth was at 20°C. The strains utilized in this
study are listed in Table S5. Standard genetic crosses were used to make
double and triple mutants.

Constructing nos-2(−) strain
Fosmid clone WRM069bE04 was recombineered using galK selection to
replace the nos-2 coding sequence and introns with yfp, as described (Tursun
et al., 2009). yfp containing FRT-flanked galKwithin an intronwas amplified

Fig. 7. Models for the control of germline
fates by XND-1 and NOS-2. In Model 1,
XND-1 and NOS-2 regulate common targets
via different modes of regulation,
transcriptional regulation by XND-1 and post-
transcriptional regulation by NOS-2. In Model
2, XND-1 and NOS-2 regulate distinct sets of
targets genes which are both required to
confer fertility.
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from pBALU2 and recombineered into WRM069bE04 to replace nos-2.
Specific primers used are provided in supplementary materials and methods.

Subcloned fosmid DNA (fJN059) was introduced into unc-119(ed3)
worms using microparticle bombardment (Praitis et al., 2001) to produce
transgene insertion xnIs273. Subsequently, xnIs273 was crossed into a
him-14&nos-2(ok230) background to produce nos-2(−) mutants.

Immunostaining and microscopy
Fixation and immunolocalization protocols are described elsewhere (Chan
et al., 2003), but can also be found together with details of the antibodies
used in supplementary materials and methods.

Images were acquired with a Nikon A1R confocal microscope (Nikon
Instruments) with 0.2-µm sections. Embryos were staged either by counting
the total numbers of blastomeres or by assessing the embryonic morphology
during embryonic elongation stage. Adult gonad images were obtained as
multiple images and then merged to create a final image of an entire gonad
using Photoshop CS5 Extended.

RNAi
RNAi clones from the Ahringer bacterial feeding library were verified and
used as described previously (Kamath and Ahringer, 2003). Unavailable
coding regions were independently PCR amplified and inserted into the
RNAi feeding vector pSV2 (Mainpal et al., 2011), sequenced, and
introduced into Escherichia coli HT115. These E. coli clones were spread
on NGM plates containing 1 mM IPTG and 50 µg/ml kanamycin, and used
for inducing RNAi by the feeding method (Timmons et al., 2001).

Time-lapse imaging
Four-dimensional movies were acquired using a Nikon TiE wide-field
fluorescent microscope and 63×1.4 NA objective. z-stacks of 1.5 µm
covering from top to bottom of developing embryos were captured every
5 min, starting from a two-cell stage embryo until they reached ∼300-cell
stage or hatched, and division of PGC was observed.

Sterility assay
All genotypes were age matched and synchronized by allowing gravid adults
to lay on freshly seeded OP50 plates for 3 h and growing worms at 20°C
until day two of adulthood (∼115 h post-laying). Adults were collected and
washed with M9 in microcentrifuge tubes, then fixed and stained in 95%
ethanol with DNA-binding dye 4,6-diamidino-2-phenylindole (DAPI) at
4°C overnight. Fixed animals were washed twice with M9 and mounted in
ProLong Gold antifading agent (Molecular Probes, Cat# P36935) on glass
slides. Slides were examined with a Nikon wide-field TiE fluorescent
microscope using a 10× or 20× non-oil lens. Gravid adults were counted as
fertile, animals without embryos were classified as sterile. Sterile animals
were further subdivided by whether they had two gonad arms, one gonad
arm, or no germ line with very few germ cells in stunted gonads.

Zygotic and maternal requirement
Crosses to examine maternal and zygotic expression and function are shown
in Fig. S4. Briefly, to examine the maternal expression of XND-1, xnd-1/
hT2was crossed into a fog-2mutant to obtain an obligate male/female stock.
xnd-1/hT2; fog-2 (M+Z+ for xnd-1) females were crossed with either xnd-1
or xnd-1; fog-2 males (M−Z−). Embryos from the resulting cross were
either M+Z+ (GFP positive) or M+Z− (GFP negative). Expression and
perdurance of XND-1 was examined by immunostaining in GFP negative
embryos, which were only expressing the maternal copy of xnd-1. For
zygotic expression, xnd-1; fog-2 females (M−Z−) were crossed with either
wild-type or fog-2males (M+Z+) to giveM−Z+ embryos. All embryos were
immunostained and examined for XND-1 expression.

Isolation of one PGC larvae
xnd-1mutant gravid hermaphrodites expressing PGL-1::GFP andmCherry::
HIS-58 to mark germ cells were bleached to collect embryos. Harvested
embryos were hatched on a low speed shaker in M9media (no food) at room
temperature for ∼18 h. Hatched L1 larvae were mounted on a glass slide in
M9 and larvae with one PGC and two PGCs were manually sorted with a

pulled glass pipette using GFP and mCherry fluorescent markers under a
Nikon wide-field fluorescent microscope using a 40× dry objective.

Brood size analysis
For brood size analysis of one- and two-PGC animals, sorted L1 larvae were
grown until they reached L4, then individually plated and grown for another
4 days. All hatched progeny from individually plated animals were counted
as their viable brood.

To determine the total number of eggs laid, L4 animals were individually
plated on NGM plates seeded with E. coli OP50 and transferred to newly
seeded plates every 24 h until laying stopped. Total number of eggs and
hatched worms were counted from all plates to determine the total laid
progeny.
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Fig. S1. XND-1 expression. Embryos and adult extruded germlines were stained with 

anti-XND-1 (red), anti-PGL-1 (white), and DAPI (green). Distal is to the left in all 

images. mit, mitotic zone; TZ, transition zone; P, pachytene; Dp, diplotene (A-A”) Anti-

XND-1 antibodies do not stain xnd-1 mutants. (A,A’) xnd-1(-) embryos of indicated stage 

did not show XND-1 staining in PGC; non-specific background staining was seen in 550-

cell stage embryos, most likely in the newly developed gut cavity.  (A”) An xnd-1(-) 

adult germ line did not show XND-1 staining, demonstrating the specificity of anti-XND-

1 antibody (Also see Wagner et al., 2010) (B) XND-1 staining was readily seen in the 

wild-type germ line.  
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Fig. S2. XND-1 expression using a 3xFLAG::GFP-tagged xnd-1 transgene. Embryos are 

oriented anterior to the left and outlined with red dotted line; in adult germ lines, distal is 

toward the left. (A-C) 3xFLAG::GFP::XND-1 (green) was expressed in the xnd-1(-) 

background. (C) Red color in the proximal adult germ line is the autofluorescence 

recorded by the color camera. GFP fluorescence is absent in the proximal region. mit, 

mitotic zone; TZ, transition zone; P, pachytene; Dp, diplotene. 
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Fig. S3. xnd-1(-) embryos exhibit PGCs defects. All embryos are oriented anterior to the 

left. (A-C) >200+ cell embryos of indicated genotypes stained with ani-PGL-1 to mark P-

granules (white), anti-HTP-3 to mark PGCs (red) and DAPI to mark nuclei (green). HTP-

3/DAPI/PGL-1 (A-C), HTP-3 /PGL-1 (A’-C’). (B) Blastomeres with missegregated P-

granules do not show HTP-3 staining. (C) Embryo with four PGCs showing both PGL-1 

and HTP-3. (D-F,H,I) 550-cell embryos of indicated genotypes stained with ani-PGL-1 to 

mark PGCs (red), anti-MYO-3 (mAB5-6) to mark muscle cells (white), and DAPI to 

mark nuclei (green). PGL-1/ DAPI /MYO-3(D-F), PGL-1/MYO-3 (D’-F’). (D) Wild 

type. (E) Missegregated PGL-1 is found in muscle cells. (F) Aberrant muscle morphology 

and mislocalized PGCs can frequently be observed together. (G) xnd-1 embryo showing 

enlarged PGCs (inset) compared to the PGCs of wild type in (D) (inset) . (H,I) xnd-1 

embryos showing aberrant muscle morphology.  Scale bar: 5 µm for all embryos and 2 

µm for all insets. 
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Fig. S4 (A,B) Schematics of genetic crosses used to generate xnd-1 M+Z-, xnd-1 M-Z- 

and xnd-1 M-Z+ animals for analysis. (B) Genetic cross to get 3xFLAG::GFP::xnd-1 

transgene in WT background. (C-F) xnd-1 M-Z+ embryos, despite expressing XND-1, 

exhibited PGCs defects. (D-F) Embryos showed one large PGC. 
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Fig. S5.  (A) Schematic of the nos-2 (ok230) deletion. Top: Illustration shows the portion 

of him-14 gene containing nos-2. Boxes represent exons and wavy lines represent introns. 

The deletion in the ok230 allele is marked with dotted lines. Bottom: Schematic of the 
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fosmid used to create the nos-2(-) animals in which the nos-2 coding sequence is replaced 

with YFP. (B,C) Embryos and adult germ lines of nos-2 mutants are stained with anti-

XND-1 (red), anti-PGL-1 (white) and DAPI (green). All embryos are oriented anterior to 

the left, and extruded germ lines are oriented distal to the left. mit, mitotic zone; TZ, 

transition zone; P, pachytene; Dp, diplotene (B) A representative 550-cell stage embryo 

showing premature proliferation of PGCs. Inset shows the PGCs with respective staining. 

(C) Adult germ lines and embryos showing normal expression of XND-1 identical to that 

of wild type. (D) xnd-1(-) embryos of indicated cell stages stained with anti-PGL-1 

(white), anti-NOS-2 (red) and DAPI (green). Scale bar: 5 µm for embryos and 20 µm for 

germline. 
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Movie 1.  Available at link: 

https://www.dropbox.com/s/88xvsu8vzyjy2zo/Movie%20S1.mov?dl=0 

P4 division in wild-type embryos. Left panel: PGL-1::GFP (Green) to mark germ line 

lineage and GFP::PH(PLC1delta1) (Green) to mark cell membranes; middle panel: 

mCherry::H2B (red) to mark the nuclei; right panel: merged. Six embryos can be seen in 

different developmental stages and P4 cell divide in all of them. 

 

 

 

 

 

 

 

 

Movie 2.  Available at link: 

https://www.dropbox.com/s/6l6nlblskaq1ljx/Movie%20S2.MOV?dl=0 

P4 failed to divide in xnd-1(-) embryos. Left panel: PGL-1::GFP (Green) to mark germ 

line lineage and GFP::PH(PLC1delta1) (Green) to mark cell membranes; middle panel: 

mCherry::H2B (red) to mark the nuclei; right panel: merged. Five embryos can be seen in 

different developmental stages and P4 cell did not divide in the top and lower right 

embryos in the film. 
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Table S1. 3xFLAG::GFP::xnd-1 transgene rescues xnd-1(-) brood and embryonic 

lethality 

Strain  Genotypes  
% 

Hatching 

%  

Embryonic 

lethality 

Total laid 

eggs ± SD 
N  

xnd-1(-) 

unc-119 xnd-1;  xnIs273 [fJN059: 

him-14 with nos-2 replaced by 

yfp, unc-119(+) line 25] 

14 86 45±22.5 10 

Control 

unc-119; eaIS6 

[3xflag::gfp::sbp::xnd-1+unc-

119(+) transgene] 

98 2 168±22.5 10 

xnd-1(-);  

eaIs6 

unc-119 xnd-1; eaIs6 

[3xflag::gfp::sbp::xnd-1+unc-

119(+) transgene] 

94 6 162±45.2 10 

This analysis was done at 25°C  
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Table S2. xnd-1 and  nos-2 animals are sterile and lack germ lines 

Strain Genotype  % Sterile 

adults 

% lack of 

germ lines 

N 

 Wild type  0 0 557 

xnd-1(-) xnd-1(-); xnIs273 20ºC 13 (295)* 3 927 

nos-1(-) unc-119 xnd-1/hT2; nos-1(gv5): xnIs273 20ºC 1.4 N.D. 442 

nos-1(-); 

xnd-1(-) 
unc-119 xnd-1; nos-1(gv5); xnIs273 F2 Adults 

at 20ºC  

16 1.5 340 

nos-2(-) unc-4 nos-2 (ok230); xnIs273 20ºC  3.4 1 1492 

nos-2(-) unc-4 nos-2 (ok230); xnIs273 25ºC  8 (1095)* 7 1653 

nos-2(-) unc-119 xnd-1/hT2; nos-2 (ok230); xnIs273 

20ºC  

4.4 1.7 408 

nos-2(-); 

xnd-1(-) 

unc-119 xnd-1; nos-2 (ok230); xnIs273 F2 

Adults at 20ºC  

57 24 486 

nos-1(-) 

nos-2(-) 

nos-1 nos-2; xnIs273 20ºC  51 47.5 645 

nos-1(-) 

nos-2(-) 

nos-1 nos-2; xnIs273 25ºC  47 43 
1324 

nos-1(-) 

nos-2(-) 

 

 nos-1 (gv5) nos-2 (ok230); xnIs273 F2 Adults 

at 20ºC  

48 45 770 

nos-1(-) 

nos-2(-) 
unc-119 xnd-1/hT2; nos-1 (gv5) nos-2 (ok230); 

xnIs273 F2 Adults at 20ºC  
54 44 755 

nos-1(-) 

nos-2(-) 

; xnd-1(-) 

unc-119 xnd-1; nos-1 (gv5) nos-2 (ok230) ; 

xnIs273 F2 Adults at 20ºC 

98 92 553 

*Independent quantification of sterility was performed, so N values are shown in brackets 

and final column represents the number of animals tested for no germ line. N.D. not 

determined. 
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Table S3. Modified him-14 fosmid uncovers the function of nos-2 

Strain % Hatching 
%  Embryonic 

lethality  

Total laid eggs 

± SD  
N 

him-14 nos-2(ok230) 2 98 207.5± 24.2 9 

nos-2(-)* 98.2 1.8 204.5± 55.6 10 

nos-1(-) nos-2(-)* 95 5 166± 53.5 11 

Analysis was done at 20°C. 

* nos-2(-):unc-4(e120) nos-2 (ok230)II; xnIs273 [fJN059: him-14 with nos-2 replaced by yfp, unc-119(+)]
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Table S4. H3K4me2 is upregulated in PGCs of xnd-1 and nos-2; xnd-1 embryos 

H3K4me2 staining in PGCs in >200-cell embryos 

% One PGC embryos % Two PGCs embryos 

Genotypes Unstained Stained N Unstained 

One 

stained 

Both 

stained 

Total % 

embryos with 

H3K4me2 

positive  PGCs N 

WT 20°C 80.5 11.5 8 19.5 190 

nos-2(-) 20°C 87.5 4.5 8 12.5 224 

xnd-1(-) 20°C 45 55 247 64.5 7.5 28 47 160 

nos-2(-); xnd-1(-)  

20°C 18 82 147 27.5 13 59.5 77 138 

nos-1(-) nos-2(-) 

25°C 17 23 60 83 117 

PGCs were identified as PGL-1 positive and were examined for the co-staining of H3K4me2. One 

and two PGC embryos were examined from the same slides but counted in two separate categories. 
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Table S5. List of C. elegans strain used in this study 

Strain 

Name 

Genotype Transgene Reference 

CB4108 fog-2(q71) V 

 
 CGC 

DP132 edIs6 (IV) edIs6 [unc-119::GFP + rol-6(su1006)] 

IV 
CGC 

OH439 otIs118  otIs118 [unc-33::GFP + unc-4(+)] CGC 

QP391 xnd-1(ok709)III/ hT2[bli-4(e937) let-

?(q782) qIs48] (I;III) 
 (Wagner et 

al., 2010) 

QP432 him-5(ok1896) V  

 

 (Meneely et 

al., 2012) 

QP770 xnd-1(ok709)III/ hT2[bli-4(e937) let-

?(q782) qIs48] (I;III); bnIs1; ltIs37; 

1tIs38  

bnIs1[pie-1::GFP::pgl-1 + unc-119(+)] 

I.  ltIs37 [pAA64; pie-1::mCherry::HIS-

58 + unc-119(+)] IV. ltIs38 [pAA1; pie-

1::GFP::PH(PLC1delta1) + unc-

119(+)].  

This Study 

QP837 xnd-1(ok709)III/ hT2[bli-4(e937) let-

?(q782) qIs48] (I;III);  fog-2(q71)V 
 This Study 

QP922 unc-119(ed3) xnd-1(ok709)III; eaIs6 eaIs6[3xFLAG::GFP::SBP::xnd-1+unc-

119(+) transgene] 
This Study 

QP954 unc-119(ed3) xnd-1(ok709)III; 
hT2[bli-4(e937) let-?(q782) qIs48] 

(I;III);   unc-4(e120) nos-2 

(ok230)II; xnIs273   

xnIs273 [fJN059: him-14 with nos-2 

replaced by yfp, unc-119(+) line 25].) 
This Study 

QP956 unc-4(e120) nos-2 (ok230)II; 
xnIs273   

 This Study 

QP957 unc-119(ed3) xnd-1(ok709)III; 
hT2[bli-4(e937) let-?(q782) qIs48] 

(I;III);   xnIs273   

 This Study 

QP974 nos-2 (ok230) nos-

1(gv5)/mC6[GFP] II; xnIs273  
 This Study 

QP1018 nos-1(gv5); unc-119 xnd-

1(ok709)III/ hT2[bli-4(e937) let-

?(q782) qIs48] (I;III);  xnIs273  

 This Study 

QP1019 nos-2(ok230); unc-119 xnd-

1(ok709)III/ hT2[bli-4(e937) let-

?(q782) qIs48] (I;III);   ;  xnIs273 

 This Study 

QP1020 nos-2(ok230)nos-1(gv5); unc-119 

xnd-1(ok709)III/ hT2[bli-4(e937) let-

?(q782) qIs48] (I;III);  xnIs273 

 This Study 

QP1143 xnd-1(ok709)III/ hT2[bli-4(e937) let-

?(q782) qIs48] (I;III);  edIs6(IV)  

edIs6 [unc-119::GFP + rol-6(su1006)] 

IV 
This Study 

QP1144 xnd-1(ok709)III/ hT2[bli-4(e937) let-

?(q782) qIs48] (I;III);  otIs118 

otIs118 [unc-33::GFP + unc-4(+)] This Study 
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Constructing nos-2(-) strain 

Primers (yfp coding sequences in caps): 

5’acgacggaaaggggaaattcaagccatttgagtttttgttcttcttgaaagATGAGTAAAGGAGAAGAACT

TTTCAC 

5’gaaaataaacgggttggacccgatataaaaaagtattgagaaattggatcttctaTTTGTATAGTTCATCCAT

GCCATG 

galK was removed by arabinose-induced expression of FLP recombinase, and the fosmid 

region containing him-14 was subcloned into pCJF151, which contains the unc-119(+) 

gene (Frokjaer-Jensen et al., 2008).  Subcloning was performed by gap repair and 

selection on LB plates containing chloramphenicol + ampicillin. 

Primers (pCFJ151 sequence in caps): 

5’cttatcttattttcaaaaacaagttgtgtcgagtcaattcttttttttttcagaCGTATTATAAGTGCAAGTAAGA

TCAGTG  

5’cacaaagcatacaaatttatcatttctatatcgagccaccagtagttatatGGCCTAGTTCTAGACATTCTCT

AATG 

Immunostaining 

For staining, two-day old adults were mounted in M9 and dissected to release embryos 

that were fixed in 1% paraformaldehyde for 5 min and snap frozen on slides on a pre-

frozen metal block on dry ice. Samples were freeze-cracked to permeabilize and placed in 

-20°C methanol for 1 min, then post-fixed with 2% paraformaldehyde for 15 min at room 

temperature. Samples were blocked with 0.1% bovine serum albumin with 1X phosphate 

buffered saline containing 0.1% Triton X-100 (PBST). Samples were hybridized 

overnight in primary antibody, washed 3 x 10 min in PBST then hybridized at room 

temperature for at least two hours in secondary antibody. Washes were performed 3 x 10 

min in PBST with DAPI added to the second wash. Samples were mounted on slides with 

ProLong Gold antifading agent (Molecular Probes Cat# P36935) and hardened overnight 

prior to imaging. 

Antibodies were used at the following concentrations: rabbit anti-PGL-1 1:30000 

(Kawasaki et al., 1998); mouse monoclonal mAb K76 1:10 (DSHB)(Strome and Wood, 

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n

Supplementary materials and methods



Development 142: doi:10.1242/dev.125732: Supplementary information 

1982); mouse anti-FLAG M2 1:500 (Sigma Aldrich # F1804); guinea pig anti–XND-1 

1:2000 (Wagner et al., 2010); rabbit anti-NOS-2 1:40 (Subramaniam and Seydoux, 

1999); rabbit PhosphoDetect™ anti-Cdk1 (pTyr15) 1:100 (Calbiochem, # 219440); rabbit 

anti-dimethyl-Histone H3 (Lys4) 1:1000 (Upstate # 07-030); mouse monoclonal mAb 5-6 

(anti-MYO-3) 1:20 (DSHB) (Miller et al., 1983); mouse monoclonal mAb F2F4 (anti-

Cyclin B) 1:50 (DSHB)(Shakes et al., 2009).   

 

The following secondary antibodies were used at a concentration of 1:1000: Donkey anti-

Rabbit IgG (H+L) Alexa Fluor® 488 (Novex#:A-21206); Goat anti-Rabbit IgG 

(H+L)Alexa Fluor® 568 (Novex#:A-11011); Goat anti-Guinea Pig IgG (H+L) Alexa 

Fluor® 568 (Novex#:A-11075); Goat anti-Guinea Pig IgG (H+L) Alexa Fluor® 488 

(Novex#:A-11073); Goat anti-Mouse IgG (H+L) Alexa Fluor® 568 (Novex#:A-11004); 

Goat anti-Mouse IgG (H+L) Alexa Fluor®488 (Novex#:A-11001). 
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