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SUMMARY

Asymmetric segregation of P granules during the first four divisions of the C. elegans embryo is a
classic example of cytoplasmic partitioning of germline determinants. It is thought that
asymmetric partitioning of P granule components during mitosis is essential to distinguish
germline from soma. We have identified a mutant (pptr-1) where P granules become unstable
during mitosis and P granule proteins and RNAs are distributed equally to somatic and germline
blastomeres. Despite symmetric partitioning of P granule components, pptr-1 mutants segregate a
germline that uniquely expresses P granules during post-embryonic development. pptr-1 mutants
are fertile, except at high temperatures. Hence, asymmetric inheritance of maternal P granules is
not essential to specify germ cell fate. Instead, it may serve to protect the nascent germline from
stress.

A general characteristic of germ cells is the presence of cytoplasmic RNA-rich granules
called germ granules (1). In C. elegans, germ (P) granules are present in all germ cells
except mature sperm, and they segregate asymmetrically with the germline precursors (P
blastomeres) during the first embryonic divisions (Fig. 1A) (2). Like embryonic germ
granules of other organisms, P granules have been hypothesized to harbor the determinants
that specify the germline. However, their function and segregation mechanisms are not fully
understood (2,3).

To monitor P granule dynamics, we used confocal microscopy to image live embryos
expressing the P granule protein PGL-1 fused to green fluorescence protein (GFP)(4). We
obtained similar results with GFP fusions to two other P granule proteins PGL-3 and GLH-1
(5,6). In the live movies, we analyzed granule dynamics (number, size and movement) and
the overall distribution of each protein by quantifying total (granular + diffuse cytoplasmic)
GFP fluorescence (Fig. 1, 2, Sup. Fig. 2A, 2B and Movies 1-3). P granules behaved
differently during interphase and mitosis. During interphase, P granules were in a dynamic
equilibrium between growing and shrinking phases (Movies 1-3), with a bias for shrinking
in the anterior and a bias for growing in the posterior. By the end of interphase, 85% of P
granules in the anterior had disappeared completely or crossed over to the posterior (15%;
n=41), and the total number of P granules had increased (Sup. Fig. 1A). Although most
granules became restricted to the posterior (Fig. 2A), levels of GFP::PGL-1 fluorescence
remained equal in the anterior and posterior halves of the zygote during interphase (Fig. 2F),
indicating that GFP::PGL-1 was still present in the anterior cytoplasm even though not in
discrete granules. During mitosis, P granules grew in size, fused with each other, and
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decreased in number (Fig. 2A, Sup. Fig. 1 and Movie 1). GFP::PGL-1 fluorescence
decreased in the anterior and increased in the posterior, suggesting that GFP::PGL-1 in the
anterior cytoplasm was recruited into the posterior granules (Fig. 2F). Using a
photoactivatable Dendra::PGL-1 fusion to permanently label a subpopulation of PGL-1, we
confirmed that PGL-1 enrichment in the posterior involves redistribution of existing PGL-1
protein from anterior to posterior with no change in total protein levels (Sup. Fig. 2D).
Dendra::PGL-1 diffuses throughout the embryo and diffuses fastest in the anterior during
mitosis (Sup. Fig. 2E, G). We conclude that enrichment of PGL-1 in the posterior of the
zygote does not depend on synthesis or degradation, but correlates with rapid recruitment of
cytoplasmic PGL-1 into growing granules during mitosis.

P granule asymmetry requires the polarity regulators PAR-1, MEX-5 and MEX-6 (7).
PAR-1 is a kinase that segregates with P granules, and MEX-5 and MEX-6 are two
redundant RNA binding proteins that segregate opposite P granules in response to PAR-1
asymmetry (8). MEX-5 and MEX-6 are inherited by somatic blastomeres and turned over
after 1 or 2 cell divisions (9). We found that PAR-1 and MEX-5/6 promote P granule
assembly and disassembly, respectively. In par-1 zygotes, where MEX-5/6 are uniformly
distributed, most P granules disassembled completely throughout the zygote (Fig. 2B).
Complete disassembly was dependent on MEX-5/6: in par-1;mex-5/6 zygotes and in
mex-5/6 zygotes, P granules remained in a dynamic equilibrium between assembly and
disassembly throughout the zygote, and P granule number increased (Fig. 2C and D,Sup.
Fig. 1A). Consistent with MEX-5/-6 having a direct role in P granule disassembly, we
observed mCherry::MEX-5 on shrinking PGL-1::GFP granules in wild-type embryos (Sup.
Fig. 1B and Movie 4). In mex-5/6 zygotes, we observed large P granules throughout the
zygote at meiotic exit and in a small region in the posterior at mitosis (Fig. 2C), consistent
with the localization of PAR-1 in mex-5/6 embryos (10). In contrast, in par-1;mex-5/6
zygotes, P granules were fewer and smaller (Fig. 2D and Sup. Fig. 1). These results suggest
that PAR-1 promotes P granule assembly both directly, by an unknown mechanism most
active during mitosis, and indirectly by restricting MEX-5/6 to the anterior (also see (7)).

Our observations are consistent with an earlier study (3), which also concluded that P
granule asymmetry is driven primarily by localized assembly and disassembly, rather than
by granule movement. That study hypothesized that a local change in the concentration
threshold for granule assembly might be sufficient to promote disassembly in the anterior,
assembly in the posterior, and enrich PGL-1 in the posterior. Our findings, however, indicate
that disassembly during interphase and assembly during mitosis are regulated independently,
and that preferential segregation of PGL-1 to the germline depends primarily on granule
assembly during mitosis.

Consistent with this hypothesis, in an RNAi screen for genes required for GFP::PGL-1
asymmetry, we identified a gene necessary to assemble P granules during mitosis
(Methods). pptr-1 encodes a regulatory subunit of the phosphatase PP2A (Methods and
(11)). In pptr-1(tm3103) embryos, GFP::PGL-1 granules disassembled during mitosis (Fig.
2E) and equal levels of diffuse GFP::PGL-1 were inherited by somatic and germline
blastomeres at each division (Fig. 2F and G,Sup. Fig 3A, and Movie 5). During interphase,
GFP::PGL-1 reassembled into granules in the germline daughter, but remained diffusely
distributed in the somatic daughter until after the next division (after MEX-5 and MEX-6
have turned over). As a result of equal partitioning, GFP::PGL-1 granules became
progressively fewer and smaller with each P blastomere (Fig. 1B,Sup. Fig 3A, B). Staining
of fixed pptr-1 embryos with antibodies against core P granule proteins (PGL-1, PGL-3,
GLH-1, GLH-2, GLH-4, and the P granule epitope OIC1D4) confirmed that P granules
disassemble at each division in pptr-1 mutants (Fig. 3A and Sup. Fig. 4). Granules reformed
during interphase in each P blastomere, but were smaller and fewer than in wild-type,
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consistent with 50% or more loss of P granule components to somatic blastomeres at each
division (Fig. 3). Granules also reappeared in somatic cells after the 4-cell stage, in a pattern
matching the dynamics of MEX-5/6 turnover (9). By the 100 cell-stage, only small granules
remained and these were not enriched in the primordial germ cells Z2 and Z3. We also
monitored the distribution of two P granule-associated mRNAS, cey-2 and nos-2. In wild-
type embryos, cey-2 and nos-2 mRNAS segregate preferentially with P granules to the
germline blastomeres; lower levels inherited by somatic blastomeres are rapidly degraded
after division (12,13). In pptr-1 embryos, cey-2 and nos-2 mRNAs were equally partitioned
to somatic and germline blastomeres, but were still degraded in somatic lineages after
division (Fig. 3B and Sup. Fig. 3C). Similarly, after the 30-cell stage, PGL-1 remaining in
somatic lineages is degraded by the autophagy machinery in wild-type (14) and in pptr-1
embryos (Sup. Fig. 3B). We conclude that in pptr-1 embryos, P granule proteins and RNAs
are partitioned equally to somatic and germline blastomeres, but behave differently post
mitosis in each cell type. In germline blastomeres, P granules components remained stable
and were re-assembled into granules, albeit of diminishing size and number with each
division. In somatic blastomeres, P granule RNAs were rapidly degraded; P granule proteins
reassembled into granules after 1-2 cell cycles, and were turned over after gastrulation.

Segregation of other asymmetric proteins, including PAR-2, PAR-1 and MEX-5, was not
affected in pptr-1 mutants (Sup. Fig. 5A). Depletion of mex-5/6 by RNAI in pptr-1 mutants
stabilized P granules in the anterior of the zygote and in somatic blastomeres during
interphase, but not during mitosis, indicating that MEX-5/6 are active but are not responsible
for P granule disassembly during mitosis (Sup. Fig. 5B). PIE-1 is a transcriptional repressor
required to silence transcription in the P lineage (15). In the cytoplasm, PIE-1 is enriched on
P granules and this association has been proposed to drive PIE-1's preferential segregation
into germline blastomeres (16). Consistent with the lack of P granules, in pptr-1 embryos,
GFP::PIE-1 was not enriched on granules during mitosis, yet was still asymmetrically
segregated (Fig. 4A and Sup. Fig. 5A). We conclude that pptr-1 is required specifically for P
granule partitioning, but is not required for the segregation of other germ plasm components,
which can segregate independently of P granules.

If asymmetric partitioning of P granule components is necessary to distinguish germline
from somatic blastomeres, then mutants like pptr-1 should show defects in germline
specification. Primordial germ cells do not form in par-1, mex-5/6 mutants, and mes-1
mutants (which miss-segregate P granules in the P, and P53 blastomeres); but these mutants
also miss-segregate other factors, notably PIE-1 (17) (18). We found that primordial germ
cells form normally in pptr-1 embryos: by mid-embryogenesis, we detected two cells
expressing the germline proteins NOS-1 and PGL-1 as is observed in wild-type (13) (4).
NOS-1, which is expressed only zygotically, was expressed at the same level in wild-type
and pptr-1 embryos (Fig. 4A). In contrast, PGL-1, which is expressed both maternally and
zygotically at this stage, was lower in pptr-1 embryos, consistent with mis-segregation of
maternal PGL-1 (Fig. 4A). We confirmed that pptr-1 mutants express PGL-1 zygotically in
primordial germ cells using a paternally-inherited pgl-1 transgene (Sup. Fig. 5C). Consistent
with proper germline specification, at 20°C, 100% of pptr-1 adults (n=5798) were self-
fertile with a full germline. At higher temperatures (24°C and 26°C), however, a minority
(~20%) of pptr-1 adults were sterile (Fig. 4B and C). Sterile pptr-1 hermaphrodites had
underdeveloped gonads with P granule-positive germ cells but no gametes (Fig. 4B).
Stunted gonad development at high temperatures is characteristic of mutants lacking
maternal PGL or GLH proteins (6,19), raising the possibility that the sterility of pptr-1
mutants is caused by the P granule partitioning defect. Consistent with this hypothesis, we
found that, at 20°C, 15% of pptr-1;pgl-1 double mutants (n= 1191) were sterile, in contrast
to the single mutants (1.3% n=1959 pgl-1; 0% n=5798 pptr-1). Furthermore, both the
sterility and P granule defects of pptr-1 mutants could be rescued by maternal pptr-1, but not
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by zygotic pptr-1 (Fig. 4C and Sup. Fig. 6). We conclude that P granule partitioning during
embryogenesis is not essential to specify germ cell fate, but is required to promote robust
germ cell proliferation and differentiation at high temperatures.

Our findings demonstrate that, in C. elegans, asymmetric partitioning of P granules during
division can be uncoupled from the asymmetric partitioning of other germ plasm
components (such as PIE-1), and is not essential to distinguish germline from soma. Even
after inheriting equal levels of germ granule components, somatic and germline blastomeres
maintain distinct fates. Therefore, why are germ granule components partitioned with the
germ plasm? Our results suggest that partitioning increases stress resistance in the nascent
germline by maximizing the maternal load of germ granule material inherited by primordial
germ cells. In this regard, it is interesting that pptr-1 also regulates insulin signaling (10), a
pathway important for stress resistance. Many animals (including mammals) do not possess
germ plasm and use inductive interactions to specify the germline. In those animals, germ
granules are assembled de novo after germ cell specification (20). Our findings suggest that
in animals with germ plasm, germ granule assembly is also a consequence, not a cause, of an
underlying soma-germline distinction maintained by other factors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Segregation of the P granule component PGL-1 in C. elegans embryos

A) Abbreviated embryonic lineage showing the divisions that give rise to somatic (AB,
EMS, C and D) and germline (P1-P,4) blastomeres. All cells are shown in interphase except
for the zygote, which is shown in mitosis. Circles represent PGL-1 molecules: open circles
represent PGL-1 diffuse in cytoplasm and closed circles represent PGL-1 assembled into
granules visible by microscopy. Pink is MEX-5, which promotes granule disassembly;
localized granule assembly ensures that the majority of PGL-1 segregates with the germline
(Fig. 2). B) In pptr-1 mutants, PGL-1 granules disassemble at each mitosis and equal
numbers of dispersed PGL-1 molecules are segregated to all cells (Fig. 2). During
interphase, PGL-1 granules reform in all cells, except in MEX-5-positive somatic
blastomeres (pink). Note that somatic PGL-1 granules are not equivalent to true P granules,
as they do not contain P granule-associated mRNAs, which are degraded in somatic lineages

(Fig. 3).
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Fig. 2. P granule dynamics require par-1, mex-5/6, and pptr-1

A-E) Time-lapse images of zygotes expressing GFP::PGL-1. Image are maximum
projections of confocal Z-stacks spanning 8um (~half of embryo depth). P granule numbers
are shown in Sup. Fig. 1. MEX-5 and MEX-6 are uniformly distributed in par-1 embryos
and PAR-1 localizes to a reduced-size posterior domain in mex-5;mex-6 zygotes (9, 10).

F) GFP::PGL-1 levels over time in wild-type and pptr-1(tm3103) zygotes. Error bars are
standard deviation of mean values from 3 zygotes. In wild-type embryos, GFP::PGL-1
fluorescence does not decrease in the anterior during interphase, even though the number of
visible granules decreases (Fig. 2A), consistent with granule disassembly. During mitosis,
GFP::PGL-1 fluorescence and P granule size increase in the posterior (Sup. Fig. 1),
consistent with granule assembly.

G) Fold-enrichment of GFP::PGL-1 and GFP::GLH-1 in each P blastomere over its somatic
sister. Enrichment becomes most pronounced with each division in wild-type. No
enrichment is observed at any division in pptr-1 mutants. Error bars are standard deviation
from values obtained from 3 focal planes in 3 embryos.
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Fig 3. P granule components are segregated equally to germline and somatic blastomeres in
pptr-1 mutants
A) Fixed wild-type and pptr-1 embryos stained with DAPI (blue) and OIC1D4 (red). Images

are maximum projections of confocal Z-stacks (spanning entire embryo), except for P4 and
Z2/Z3 images, which show single planes.

B) Wild-type and pptr-1 embryos stained for nos-2 and cey-2 RNAs (black) by in situ
hybridization. In pptr-1 embryos, nos-2 and cey-2 RNAs are present at equal levels in Pz and
C, indicative of symmetric segregation during the P, division. In pptr-1 embryos, as in wild-
type, nos-2 and cey-2 RNAs levels are lower in all other blastomeres, indicative of rapid
degradation of these RNAs in somatic lineages.
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Fig 4. pptr-1 mutants specify a germline, but a minority are sterile at high temperatures

A) Embryos expressing GFP::PIE-1 or stained with NOS-1 and PGL-1 antibodies. Patterns
are identical in wild-type and pptr-1, except that pptr-1 embryos lack GFP::PIE-1 foci seen
in wild-type (arrows), and have lower PGL-1 levels.

B) Adult wild-type and pptr-1 hermaphrodites expressing GFP::PGL-1. Gonads are
outlined. Most pptr-1 hermaphrodites develop a full gonad with gametes (top panel), but at
high temperatures a minority (20%) are sterile, with no gametes (lower panel). Fertile pptr-1
gonads are smaller than wild-type and yield a reduced number of progeny; unlike the P
granule defect, however, the brood size defect is partially rescued by zygotic pptr-1 (Sup.
Fig. 7).
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C) Percentage of sterile hermaphrodites and total numbers scored. Wild-type have 2
maternal and 2 zygotic pptr-1 copies (M2Z2). Mutant pptr-1 hermaphrodites (M0Z0) were
crossed with wild-type males to generate M0Z1, which were allowed to self-fertilize to
generate M1Z0, M1Z1 and M1Z2. Only M0Z0 and M0Z1 hermaphrodites show significant
sterility, demonstrating maternal requirement. pptr-1 is also required maternally for P
granule partitioning (Sup. Fig. 3).
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