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Two modes of germ cell formation are known in animals. Specifi-
cation through maternally inherited germ plasm occurs in many
well-characterized model organisms, but most animals lack germ
plasm by morphological and functional criteria. The only known
alternative mechanism is induction, experimentally described only in
mice, which specify germ cells through bone morphogenetic protein
(BMP) signal-mediated induction of a subpopulation of mesodermal
cells. Until this report, no experimental evidence of an inductive germ
cell signal for specification has been available outside of vertebrates.
Here we provide functional genetic experimental evidence consistent
with a role for BMP signaling in germ cell formation in a basally
branching insect. We show that primordial germ cells of the cricket
Gryllus bimaculatus transduce BMP signals and require BMP path-
way activity for their formation. Moreover, increased BMP activity
leads to ectopic and supernumerary germ cells. Given the com-
monality of BMP signaling in mouse and cricket germ cell induc-
tion, we suggest that BMP-based germ cell formation may be a
shared ancestral mechanism in animals.
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here are two well-characterized modes of animal germ cell

specification. In the inheritance mode, observed in Drosophila
melanogaster, Caenorhabditis elegans, and Xenopus laevis, mater-
nally provided cytoplasmic determinants (germ plasm) specify a
subset of early embryonic cells as germ cells. In contrast, mice
specify their germ line through the induction mode, in which a
zygotic cell—cell signaling mechanism specifies germ cells later in
development. We previously hypothesized that the inductive
mode was ancestral among metazoans and that the inheritance
mode had evolved independently in multiple derived lineages (1,
2). Consistent with this hypothesis, multiple basally branching
insects do not segregate maternally provided germ plasm, unlike
the relatively derived Drosophila model (3, 4). However, exper-
imental evidence for the inductive mode was available only for
salamanders (5, 6) and mice (7-10), and to date, inferences of
induction outside of vertebrates have been based on gene ex-
pression and cytological data (1, 11-16).

Because Drosophila is highly derived with respect to many
aspects of development (17), we examined germ cell development
in the cricket Gryllus bimaculatus, a basally branching insect that
may shed light on putative ancestral mechanisms of specifying germ
cells. We previously showed that unlike Drosophila, Gryllus pri-
mordial germ cell (PGC) specification requires zygotic mechanisms
rather than germ plasm or the oskar germ-line determinant (4, 18).
However, the signals that might induce PGC formation in Gryllus
remained unknown. Because mammals require the highly con-
served bone morphogenetic protein (BMP) pathway to specify
PGCs (8-10, 19, 20), we investigated BMP signaling as a candi-
date for regulating inductive germ cell specification in Gryllus.

Results and Discussion

Gryllus PGCs first arise among the abdominal mesoderm 2.5 d after
egg laying (AEL) (4). To determine whether Gryllus PGCs actively
transduce BMP signals during their formation, we used multiplex
immunostaining to simultaneously detect the PGC marker Gryllus
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bimaculatus piwi orthologue (Gb-Piwi) (4) and the BMP signal ef-
fector phosphorylated Mad (pMad) (20). We observed coex-
pression of high levels of Gb-Piwi and nuclear pMad in mesodermal
cells of anterior abdominal segments, revealing that there is active
BMP signaling in PGC:s at the time that they are specified, and in
most PGCs while they coalesce into clusters (Fig. 1.4-C"”). We also
detected nuclear pMad in both ectodermal and mesodermal cells.
This somatic expression was detected at the highest levels laterally
(dorsally) and decreased toward the medial (ventral) region, be-
coming undetectable at 7-10 cell diameters from the lateral (dorsal)
edge of the embryo along the entire anterior—posterior axis (Fig. 1
A-C and SI Appendix, Fig. S2 A-A""). This graded expression
pattern is consistent with a conserved role for BMP signaling in
dorsoventral patterning (21). The expression of nuclear pMad in
PGCs during their formation is also consistent with a role for BMP
signaling in PGC specification.

Next, we examined the expression of multiple BMP pathway
members in Gryllus embryos during PGC formation. Gryllus
orthologs of vertebrate ligands BMP2/4 (Gryllus bimaculatus
decapentaplegic, Gb-dppl and Gb-dpp2) and BMP5/7/8 (Gryllus
bimaculatus glass bottom boat, Gb-gbb) are expressed in the abdo-
men throughout the period of PGC formation, and are enriched at
the dorsolateral margins of the embryo by 4 d AEL (Fig. 1 D-F’
and SI Appendix, Figs. S1 and S2 D-F”). Double labeling of BMP
ligand expression and Gb-Piwi (4) confirmed that the BMP ligands
Gb-dppl and Gb-dpp?2 are expressed within 24 cell diameters of the
PGCs (Fig. 1 D™-E”), and Gb-gbb is expressed in cells adjacent to
the PGCs (Fig. 1F”). BMP receptors Gryllus bimaculatus thickveins

Significance

Many model organisms specify germ cells using maternally
supplied germ-line determinants. In contrast, mice rely on
embryonic cell-cell signaling to induce cells to become germ
cells. Molecular evidence for inductive germ-line specification
had previously been provided only for the mouse. Here we
provide functional evidence for inductive germ cell specification
in an invertebrate, by showing that bone morphogenetic protein
(BMP) signaling, which induces mouse germ cell specification, is
required for establishment of embryonic germ cells in a cricket.
BMP pathway knockdown causes reduction or loss of germ cells,
and elevated levels of BMP signaling cause supernumerary and
ectopic germ cells. BMP-based germ cell induction in mice and
crickets suggests that this may be a shared ancestral mechanism
in animals.

Author contributions: S.D., T.N., and C.G.E. designed research; S.D., T.N,, B.E.-C,, D.A.G,,
L.H., and C.G.E. performed research; S.D., T.N., B.E.-C,, and C.G.E. analyzed data; and S.D.
and C.G.E. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database (accession nos. KF670859-KF670865).

To whom correspondence should be addressed. E-mail: extavour@oeb.harvard.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1400525111/-/DCSupplemental.

PNAS Early Edition | 10of6

—
<
=
2%
£9
S8
R
>

o

a



http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400525111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400525111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400525111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400525111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400525111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400525111/-/DCSupplemental/sapp.pdf
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1400525111&domain=pdf&date_stamp=2014-03-01
http://www.ncbi.nlm.nih.gov/nuccore/KF670859
http://www.ncbi.nlm.nih.gov/nuccore/KF670865
mailto:extavour@oeb.harvard.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400525111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1400525111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1400525111

pMad DNA pMad

Gb-piwi Gb-piwi pMad

Fig. 1. Expression of BMP pathway components during Gryllus PGC formation. (A-C”) Embryos triple stained for nuclei (Hoescht 33342), pMad, and Gb-Piwi at
developmental stages 5 through 7, when PGCs are first forming, show that PGCs contain nuclear pMad. Micrographs show single optical sections parallel to the
anterior—posterior axis through the dorsal region of anterior abdominal segments, showing the mesoderm flanked by a single layer of ectodermal cells at both
lateral margins of the embryo. (A-C) Nuclear pMad signal is highest in lateral (dorsal) ectodermal and mesodermal cells and absent from medial (ventral)
mesodermal cells. Costaining with Gb-Piwi transcripts (A) or Gb-Piwi protein (B and C) reveals nuclear pMad in PGCs. Boxed regions in A”-C”" are magnified and
shown in volume projections in B”” and C*””. Arrowheads indicate pMad-positive PGCs. As previously documented (4), Gb-Piwi is detectable at the highest levels in
PGCs but is also present at lower levels in some mesodermal and ectodermal cells at these stages. (D-F") BMP ligand expression. In stage 5 embryos, Gb-dpp1 (D),
Gb-dpp2 (E), and Gb-gbb (F) are not enriched along the dorsal edge, in contrast to pMad staining (A’). In stage 7 embryos, Gb-dpp1 is expressed in ectodermal foci
in each segment, and Gb-dpp2 and Gb-gbb are expressed along the dorsal edge of the embryo. Abdominal segments A1-A3 are shown; arrowheads indicate
strong ligand expression. (D”-F") Embryos double-stained for BMP ligands (green, indicated by arrowheads) and Piwi protein (magenta, single optical section,
indicated by arrows). (G-J") Receptors Gb-tkv and Gb-put are expressed ubiquitously throughout embryogenesis, including in PGCs. (G, G, /, and I) A dorsal focal
plane of stage 5 embryos, where PGCs form. White outlines in H, H’, J, and J’ indicate PGC clusters in stage 7 embryos. Anterior is up; A2 is the anteriormost

segment shown in each panel. [Scale bar, 10 um in A", B/, C’”, G, and H (also applies to G’-J), and 50 pm in all other panels.]

(Gb-tkv) (type 1) and Gryllus bimaculatus punt (Gb-put) (type II)
and the BMP effector Smadl/5/8 (Gryllus bimaculatus Mothers
against dpp, Gb-Mad) are expressed ubiquitously, including in
PGCs, throughout PGC specification and cluster coalescence (Fig. 1
G-J’ and SI Appendix, Fig. S2 B-C” and G-J”). In summary,
these expression data indicate that PGCs are competent to receive
BMP signals, that BMP ligands are expressed in neighboring and
nearby cells and thus could serve as a source of inductive signals,
and that PGCs are responding to BMP signals at the time of
their specification and throughout subsequent PGC cluster
coalescence.

To test for a requirement for BMP signaling in PGC specifica-
tion, we used RNA interference [RNAI, validated with quantitative
PCR (qPCR) and quantification of pMad levels; SI Appendix, Fig.
S3] to knock down each BMP ligand and the effector Gb-Mad.
Many BMP pathway RNAi embryos displayed severe morphologi-
cal defects suggestive of dorsalization, consistent with a conserved
role for BMP signaling in dorsoventral patterning (21). However,
we also obtained less severely affected RNAi embryos that de-
veloped to 4 d AEL, showed normal axial patterning, and possessed
all body segments. Despite their generally normal appearance, these
embryos displayed reduced pMad levels in the region where PGCs
arise (Fig. 2 L-P and SI Appendix, Fig. S3 E-L) and abnormalities in
leg development, confirming that BMP signaling was compromised.
We quantified PGC defects in these embryos (SI Appendix, Figs.
S4-56) and found that 50% of Gb-Mad RNAi embryos lacked
PGCs (P < 0.05, n = 18; Fig. 2C and SI Appendix, Table S3), which
was never observed in control embryos (n = 40), and the remaining
50% of Gb-Mad RNAi embryos had significantly smaller PGC
clusters (P < 0.001, n = 180; Fig. 2H) and significantly fewer PGCs
than controls (P < 0.001, n = 18; Fig. 24). Knockdown of BMP
ligands also reduced or abolished PGCs, with Gb-gbb RNAI
embryos showing the most severe phenotype. A total of 30.2% of
Gb-gbb RNAI embryos lacked PGCs altogether (P < 0.001, n = 43;
SI Appendix, Table S3), and the remaining 69.8% of embryos
showed significant reduction of PGC cluster size (P < 0.001, n =
430; Fig. 2 F and K) and total PGC number per embryo (P <
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0.001, n = 43; Fig. 24). Gb-dppl RNAI resulted in total PGC loss in
12.5% of embryos (n = 32; SI Appendix, Table S3), and significantly
reduced PGC cluster size (P < 0.001, n = 401; Fig. 2 D and /) and
total PGC number (P < 0.05, n = 32; Fig. 24) in the remainder. Gb-
dpp2 RNAIi embryos did not show a significant decrease in PGC
number (P = 0.67, n = 18; Fig. 24). Consistent with the observation
that Gb-gbb is expressed in cells closer to the emerging PGCs than
either Gb-dpp ortholog (Fig. 1F”), this suggests that Gb-gbb signals
may be more important for PGC formation than Gb-dpp signals.
However, we note that dpp signals have been shown to operate
across distances of up to 10-15 cell diameters in other organisms
(22), consistent with our RNAi data showing that Gb-dpp! also
contributes to PGC formation, albeit more modestly than Gb-gbb.
We noted that not all segments of a given embryo were equally
severely affected with respect to PGC number: A3 was least af-
fected by Gb-dppl and Gb-dpp2 RNAI (Fig. 2 I andJ), whereas A2
and A4 appeared marginally less affected than other segments in
Gb-Mad and Gb-gbb RNAi embryos, respectively (Fig. 2 H and K).
These results indicate a requirement for BMP signaling in Gryllus
PGC development, with Gb-gbb likely being the most relevant
BMP ligand.

Given that mesoderm is required for Gryllus PGC specification
(4) and that BMP signaling is required for mesoderm development
in many animals (23-27), we considered the possibility that BMP
pathway knockdown was disrupting PGC specification indirectly
through mesodermal absence or death. At 2.5 d AEL, Gryllus
mesodermal cells can be unambiguously identified by cellular
morphology and anatomical position (28, 29) (SI Appendix). We
found that in BMP pathway RNAi experiments, embryos at the
PGC specification stage (2.5 d AEL) had formed mesoderm
correctly (SI Appendix, Fig. S7 A-J’). Moreover, there was no in-
crease in the number of apoptotic mesodermal cells (SI Appendix,
Fig. S7K). Thus, the loss of PGCs in BMP RNAI treatments is
unlikely to be due to a failure of mesoderm specification or death
of mesoderm or PGCs. Because it is difficult to quantify Gryllus
PGCs before PGC cluster formation, we cannot compare PGC
proliferation rates directly between RNAI and control embryos.
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Fig. 2. BMP signaling is required for Gryllus PGC specification. RNAi against Gryllus BMP pathway members results in loss or reduction of PGCs. (A) Percent
difference between the median total volume of PGCs clusters per embryo in each knockdown condition compared with controls. (B-F) Abdominal segments
A1-A5 in a representative embryo from each RNAI treatment at 4 d AEL. PGCs (arrowheads) identified with anti-Gb-Piwi (magenta); anterior is up. (Scale bar,
50 pm.) As previously reported (4), Gb-Piwi expression is also detectable in ectodermal cells at this stage of development. (G-K) PGC quantification per segment at
4 d AEL for each BMP pathway RNAI treatment. Blue asterisks indicate significance of presence/absence of PGC clusters compared with controls; pink asterisks
indicate significance of size differences of PGC clusters compared with controls. (L-P) pMad expression shown with rainbow heat map (white/red, highest levels;
purple/black, lowest levels) in the lateral A3 mesoderm at 2.5 d AEL, where PGCs arise, in representative RNAi embryos. Anterior is left. (Scale bar, 50 pm.) Mann—

Whitney test significance in A and G—K, *P < 0.05, **P < 0.01, ***P < 0.001.

However, the complete absence of PGCs in a significant pro-
portion of Gb-Mad and Gb-ghb RNAIi embryos and the absence
of apoptotic PGCs in all RNAI experiments suggest a direct re-
quirement for BMP signaling in Gryllus PGC specification.

We hypothesized that if BMP signaling acts as a direct inductive
signal in PGC specification, then elevated or ectopic levels of
BMP signaling might increase the number of PGCs formed or
cause them to form in ectopic locations. To test this hypothesis,
we took two approaches to raise BMP signaling activity in early
embryos above wild-type levels: (i) injecting 4’-hydroxychalcone,
a recently identified chemical activator of the BMP pathway (30),
and (i) injecting recombinant D. melanogaster Decapentaplegic
(Dpp) protein (Dm-Dpp) (ST Appendix, Figs. S8 and S9). In both
treatments, axial patterning, mesoderm formation, and overall
embryonic morphology appeared normal in experimental embryos,
but nuclear pMad levels at the time of PGC specification were
slightly elevated and expanded toward the ventral midline with
respect to controls (Fig. 3 M-O and SI Appendix, Fig. S10 A-D).
PGC cluster size showed a dose-dependent increase in every seg-
ment of treated embryos (Fig. 3 D-F’ and SI Appendix, Fig.
S10E). Summing the volumes of all PGC clusters in an embryo
showed that the total number of PGCs per embryo was in-
creased by up to 42% (Fig. 3G), consistent with activation of
BMP signaling. In addition, both treatments caused a signifi-
cantly increased frequency of ectopic PGCs, defined as PGCs
found in segments Al, AS, or A6 (10 mM 4’-hydroxychalcone,

Donoughe et al.

P < 0.01,n =31, Fig. 3 E’ and L; 10 pg/mL Dm-Dpp, P < 0.01,
n =23, Fig. 3 F and J-L; 100 pg/mL Dm-Dpp, P < 0.05, n = 15,
Fig. 3 F’ and L). Ectopic and supernumerary PGCs were not
randomly distributed, but instead were clustered adjacent to
the coelomic pouches like wild-type PGCs (Fig. 3 C, C’, I, and
K). Ectopic PGCs are unlikely to result from mismigration, as
Gryllus PGCs arise in the segments that will house the gonad
primordium (A2-A4) and, unlike PGCs in Drosophila or mice,
do not undergo long-range migration (4). To definitively
eliminate the possibility of BMP-induced mismigration, one
would need to track PGCs in vivo, a technique that is not
currently possible in Gryllus.

Some embryos treated with Dm-Dpp displayed an increase in
the proportion of A2-A4 segments lacking PGCs (SI Appendix, Fig.
S10 F and H). We note, however, that a low level of PGC loss in
these segments can be a nonspecific consequence of embryo per-
turbation, even in buffer-only injected controls, and that the pro-
portion of these segments lacking PGCs in 4’-hydroxychalcone—
treated embryos was not significantly different from controls (S/
Appendix, Fig. S10 F-H). We think it unlikely that BMP signaling
actively represses PGC formation, as this hypothesis does not ex-
plain the supernumerary or ectopic PGCs induced by the BMP
activation treatments. However, the altered distribution of PGCs
induced by widespread BMP activation suggests that PGC speci-
fication is not solely dependent on BMP levels, but instead may
involve a range of acceptable BMP signal levels integrated with
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Fig. 3. Elevated BMP signaling levels induce supernumerary and ectopic Gryllus PGCs. Abdominal segments A1-A6 from (A) a representative DMSO control embryo
(BSA controls were similar), (B and B’) 10 uM 4’-hydroxychalcone-injected, and (C and C’) 10 pg/mL Dm-Dpp-injected embryos at 4 d AEL. PGCs (arrowheads) identified
with anti-Gb-Piwi (magenta); anterior is up. (Scale bar, 50 pm.) L3, third thoracic leg; pp, pleuropodia. A1 is the anterior-most segment in each panel unless otherwise
indicated. (D-F") Quantification of total PGCs per segment at 4 d AEL in control and experimental embryos. Asterisks indicate significance as described in the Fig. 2
legend. (G) Percent difference between median total volume of PGC clusters per embryo in each knockdown condition compared with controls. (H and /) Higher
magnification views of a single PGC cluster (white outline) in a control (DMSO) and a 10 pM 4'-hydroxychalcone-injected embryo. Gb-Piwi expression appears patchy in
PGCs because it is localized to the cytoplasm and PGCs have a high nuclear:cytoplasmic ratio (4). (/ and K) Higher magnification views of PGC clusters in a control
(10 pg/mL BSA) and 10 pg/mL Dm-Dpp-injected embryos. PGCs are present only in segments A2 and A3 in controls (J), but are present ectopically in segment A1 in Dm-
Dpp-injected embryos (K). (L) Quantification of ectopic PGC clusters in BMP-activated embryos compared with controls. Bars represent percent of embryos in each
treatment that have at least one ectopic PGC cluster. (M-O) pMad expression shown with rainbow heat map (white/red, highest levels; purple/black, lowest levels) in
the lateral A3 mesoderm at 2.5 d AEL, where PGCs arise, in representative control and BMP-activated embryos. Anterior is left; dorsal margin is down. (Scale bar,
50 pm.) Mann-Whitney test significance in D, E, E, F, F’, and G-L, *P < 0.05, **P < 0.01, ***P < 0.001.

additional segment-specific positional information. This hypothesis  as the presence of nuclear pMad in some non-PGC cell types sug-
is additionally consistent with the expression of nuclear pMad  gests that additional mechanisms may be involved in PGC specifi-
during PGC formation (Fig. 1. 4-C and SI Appendix, Fig. S2A-A"),  cation. In mice, where BMP signaling induces PGC formation,
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phosphorylated SMAD is also detectable in multiple somatic
cells, including cells neighboring the nascent PGCs (31). A com-
bination of antagonistic and competence signals operate together
with BMP signaling to ensure mouse PGC specification in only
a subset of phosphorylated SMAD-positive cells, and we hypothe-
size that analogous mechanisms may be operative in Gryllus. Thus,
although we cannot formally rule out additional roles for BMP
signaling in migration, maintenance, and/or proliferation of PGCs,
we propose that our results are most consistent with the hypoth-
esis that BMP signaling induces PGC specification in Gryllus.

We have provided evidence that cricket PGCs are specified via
BMP signaling, which appears to be necessary for cricket PGC
formation. These data represent, to our knowledge, the first
functional genetic evidence for an inductive mode of invertebrate
germ cell specification. Our results support a model whereby
Gb-gbb signals (and to a lesser extent Gb-dppl signals) from the
dorsolateral abdominal ectoderm are transduced via Gb-Mad in
the adjacent mesoderm and cause some of those cells to adopt
PGC fate. The presence of supernumerary germ cells in BMP
activation experiments and the reduction in PGC cluster size in
RNAI experiments raise the possibility that BMP signaling pro-
motes PGC proliferation as well as, or rather than, specification.
However, this hypothesis does not account for the presence of
ectopic PGCs, given that Gryllus PGCs do not undertake long-
term migration (4), nor for the complete absence of PGCs in
Gb-gbb and Gb-Mad RNAI experiments, given that PGC clusters
are derived from a large number of initially specified precursors
rather than just one or a few cells (4).

The fact that ectopic germ cells are found only in lateral posi-
tions may be because although pMad levels are elevated by both
treatments (Fig. 3 M-0), the shape of the activation profile is the
same as that of wild-type embryos: nuclear pMad is at the highest
levels dorsolaterally, where PGCS are specified, and at the lowest
levels ventrally, where PGCs are never observed (SI Appendix, Fig.
S10 B and D). We hypothesize that an inhibitory ventral signal,
possibly of the sog/Chordin family, may restrict BMP signaling to
dorsal tissues. Alternatively or in addition, a lateral competence
signal may play a role in ensuring that not all cells expressing high
levels of nuclear pMad differentiate as PGCs. With respect to their
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specification at the correct position along the anterior—posterior
axis, the mechanism(s) that restricts PGC formation to the lateral
mesoderm of segments A2-A4 in wild-type embryos are currently
unknown. The appearance of ectopic PGCs anterior and posterior
to wild-type positions in BMP activation experiments suggests that
sufficiently high BMP signaling activity may perturb or overcome
the positional information, potentially Hox gene-mediated, that
normally limits PGC specification along the anterior—posterior
axis. Our observation of segment-specific effects on PGC num-
ber in both the RNAi and BMP activation experiments is con-
sistent with this model, as it suggests that PGC sensitivity to BMP
signaling varies along the anterior—posterior axis.

Our findings in the cricket are similar to those observed in
mouse PGC specification. In both cases, an ectodermal BMP
signal induces a competent subset of mesoderm to become PGCs
(32). PGC phenotypes are observable only in mildly knocked
down Gnyllus embryos, or in heterozygous knockout mice (8-10),
as strong RNAi phenotypes and homozygous knockout conditions
severely disrupt early development. Loss of BMP2/4, BMPS8, and
SMAD1/5/8 orthologs leads to loss or reduction of PGCs in both
systems (Fig. 44). Two parsimonious evolutionary scenarios based
on functional genetic data that could explain the mechanistic
similarities observed in cricket and mouse PGC specification are
that BMP-based PGC induction (i) originated in a Bilaterian
ancestor (denoted by a red diamond in Fig. 4B) or (ii) evolved
independently within amniotes and insects (red text in Fig. 4B).
Given that, to our knowledge, a role for BMP signaling in PGC
formation has been directly tested in only two phyla, at present it
is difficult to determine which of these hypotheses is more likely.
However, in support of the first hypothesis, we note that in
multiple metazoan phyla, germ cells are responsive to BMP sig-
naling at some stage of their development, including PGC spec-
ification, gametogenesis, germ-line stem cell divisions, and adoption
of germ cell fate by stem cells in culture (Fig. 4B and SI Ap-
pendix). This suggests that in addition to its conserved role in
dorsoventral patterning (21), there is an ancient and widespread
association of BMP signaling with germ cell fate or pluri-
potency. If future studies reveal a role for BMP signaling in PGC
formation in additional taxa that use the inductive mode, that

B BMP signaling in germ cells
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Fig. 4. BMP signaling in germ cells across the Metazoa. (A) Hypothetical model for BMP pathway function in cricket and mouse PGCs. Homologous proteins are
shown in the same color. Black outlines indicate molecules whose role in germ cells has been tested experimentally through knockdown or knockout experiments;
dotted black outline of Gb-Dpp orthologs indicates a potentially minimal or absent requirement in PGC specification. Ligand-receptor interactions are schematized
only, as the specific interactions are unknown for both systems. (B) Phylogenetic distribution of animals for which expression (white circles) or functional (black circles)
data suggest that BMP signaling is involved in some aspect of germ cell development (S/ Appendix): ESC, conversion of embryonic stem cells to germ cells; GG,
gametogenesis; GSCs, germ-line stem cells; iPSC, conversion of induced pluripotent stem cells to germ cells; PGCs, primordial germ cells. Red text indicates animals for
which functional data support a role for BMP signaling in PCG specification; these data could support a hypothesis of convergent evolution of BMP-based germ cell
formation in two or more bilaterian clades. Red diamond indicates the hypothesis of an ancestral role for BMP signaling in bilaterian PGC formation.
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would further support the hypothesis that BMP signaling con-
stitutes an ancestral animal mechanism for specification of the
germ line.

Materials and Methods

Genes were cloned using sequences from the Gryllus developmental
transcriptome (33), with additional sequence data kindly provided by
T. Mito (University of Tokushima, Japan). All sequences reported in this
study have been deposited in GenBank under accession nos. KF670859-
KF670865. Gryllus culturing, phylogenetic analysis, in situ hybridization,
immunostaining, dsRNA synthesis, and gqPCR were conducted as pre-
viously described (4). Zygotic RNAi was achieved by injection of dsRNA at
either 0-5 h AEL or 24-36 h AEL using previously described injection
techniques (4). Small molecule activation of the BMP pathway was ac-
complished by injecting eggs at 0-5 h AEL with (i) either 10 pM or 10 mM
of 4’-hydroxychalcone (30) (Santa Cruz Biotechnology Chemicals SC-
262260) in DMSO, with DMSO as a control, and (ii) either 10 pg/mL or
100 pg/mL of recombinant Dm-Dpp protein (R&D Systems 159-DP-020/CF)
in dilute HCl as per the manufacturer’s instructions, with 10 or 100 pg/mL
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of BSA in dilute HCl as a control. To quantify PGCs, the volume of each
PGC cluster at 4 d AEL was calculated as an ellipsoid with confocal micro-
graphs of optical sections through the region of the abdomen containing
germ cells (S/ Appendix, Fig. S4). The volume of each PGC in a cluster was
both independent of the number of PGCs in a cluster and unaffected
by BMP RNAi treatments. The calculated volume of a whole PGC cluster
was thus strongly positively correlated with the number of PGCs in that
cluster. Measurements of PGC cluster volume, which were more effi-
cient than directly counting PGCs, therefore allowed us to accurately
determine the total number of PGCs per cluster, per segment, and
per embryo.
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Detailed Materials and Methods

Animal culture and embryo dissection

Gryllus bimaculatus culture maintenance, embryo collection and injection were performed as
previously described (1). After injection, embryos were submerged in 1X phosphate-buffered
saline (PBS) with 100 units/ml penicillin and 100 mg/ml streptomycin (VWR 45000-650) and
incubated at 29°C until the desired age. To compensate for potential developmental delays
caused by injection, rather than relying on chronological age, control and experimental embryos
were dissected at the same developmental stage as judged from the appearance of the egg.
Embryos were dissected in 1X PBS and fixed on ice for 1-2h in 4% paraformaldehyde in 1X
PBS. Following staining and mounting, the stage of each embryo was confirmed based on
embryonic morphology and the progression of developmental events, in order to perform
appropriate comparisons between experimental and control embryos.

Cloning and phylogenetic analysis

Primers were designed based on Gryllus transcriptome data (2) and Gryllus genome data (T.
Mito and S. Noji, Tokushima University). PCR amplification of the GC-rich 789 bp Gb-dpp1
fragment (Table S2) using Advantage 2 Polymerase (Clontech) required the addition of betaine
(1M) and DMSO (5%) to the reaction mix. All other gene fragments were amplified using
standard PCR conditions. Phylogenetic analyses were conducted as previously described (3). As
previously described for analyses of TGFf family members (4), MUSCLE (5) alignments were
edited manually to remove gaps.

In situ hybridization

In situ hybridization was carried out as previously described (1) with the following
modifications: Gb-dppl was detected using a mixture of two probes, (555 bp and 789 bp, which
overlap by 229 bp, see Table S1), each at 0.1 ng/uL, and hybridized at 65°C. All other probes
were used at 0.5-1.0 ng/uL and hybridized at 70°C. For double in situ and antibody staining, in
situ hybridization was performed first, followed by immunofluorescence, using standard
protocols. Gb-piwi in situ/ pMad antibody double-stained embryos (Figure 1a”) were imaged as
follows: bright-field imaging was used to capture a monochrome image of the NBT/BCIP
precipitate; this monochrome image was false-colored, and Photoshop was used to superimpose
it onto an image of a single optical section of the fluorescently-labeled antibody captured using a
Zeiss Apotome. BMP ligand in sifu/Gb-Piwi antibody double-stained embryos (Figure 1 d”—”)
were imaged as follows: reflectance confocal microscopy was used to capture the ligand
transcript signal, laser confocal microscopy was used to capture the Gb-Piwi signal, and optical
slices of each marker within 10-20 um of each other were overlaid using Photoshop.

Immunostaining

Antibody staining was carried out according to standard protocols (6). Primary antibodies used
were rabbit anti-Gb-Piwi (3) 1:300, mouse anti-alpha Tubulin-FITC conjugate 1:100 (clone
DMI1A, Sigma cat. #F2168), goat anti-HRP-Cy3 conjugate 1:100 (Jackson Immunolabs, gift of
S. Kunes, Harvard University, USA), rabbit anti-cleaved Caspase 3 1:100 (Cell Signaling #
9661), rabbit or guinea pig anti-Phospho-Smad1/5/8 1:2000 or 1:300, respectively (gift of Dan
Vasiliauskas, Susan Morton, Tom Jessell and Ed Laufer, Columbia University, USA). Secondary
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antibodies (Invitrogen) were goat anti-mouse 488, goat anti-rabbit 555, goat anti-rabbit 568, goat
anti-rabbit 647, goat anti-guinea pig 488, and donkey anti-rabbit 647, used at a concentration of
1:1000. Hoechst 33342 (Sigma) was used at 1:5000 of a 10mg/ml stock solution.

Imaging and image analysis

Images were captured with AxioVision v.4.8 driving a Zeiss Stereo Lumar equipped with an
AxioCam MRc camera, or a Zeiss Axio Imager equipped with an AxioCam MRm camera, using
epifluorescence either with or without an Apotome. Confocal microscopy was performed with a
Zeiss LSM 780 confocal microscope, using comparable gain, offset, and averaging parameters
for all samples. For quantitation of pMad expression levels, control and experimental embryos
for a given treatment were imaged using identical imaging parameters. Image analyses were
performed with AxioVision v.4.8, Zen 2009, Zen 2012 (Zeiss), or Image] (NIH). Figures were
assembled in Photoshop, InDesign or Illustrator CS4 or CS6 (Adobe).

Statistical analysis

Chi-squared tests were used to compare proportions of embryos without germ cells between
RNAIi embryos and controls (see Table S3) and proportions of embryos with ectopic PGCs
between BMP activator-injected embryos and controls (Figure 31). To compare distributions of
PGC cluster volumes between experimental embryos and controls (Figures 2, 3; Supplementary
Figures S5, S6, S8, S9), the Anderson-Darling normality test was first applied to determine
whether distributions were normal. Pairs of normal distributions were compared using a two-
tailed student’s t-test with unequal variance. Pairwise distributions between a normal and a non-
normal distribution, or between two non-normal distributions, were performed with the non-
parametric Mann Whitney test. Statistical analyses were performed using QI Macros 2013
(KnowWare) in Microsoft Excel.

PGC quantification

Because Gb-piwi transcript and protein are cytoplasmic (3), manually counting PGCs in large
numbers of embryos proved inefficient. We therefore developed a more efficient method for
PGC quantification at the stage when PGCs are assembled into segmentally iterated clusters in
A2-A4 (stage 9; 4d AEL). Clusters have an ellipsoidal shape, enabling us to approximate a
cluster’s volume from the total z-depth of the cluster (Supplementary Figure S4d) and the cross
sectional area at the z-depth where the cluster is widest (Supplementary Figure S4b,c). Manual
counts of PGC numbers in 24 clusters from wild type embryos revealed that cluster volume was
strongly linearly positively correlated with the number of PGCs in a cluster (R*=0.83;
Supplementary Figure S4e), and PGC size was not significantly different between different
clusters or wild type and BMP RNAi embryos (Supplementary Figure S4h, i). This allowed us to
use PGC cluster volume as an accurate proxy for the number of PGCs in a cluster, and similarly,
to use the sum of volumes of all PGC clusters in an embryo as an accurate proxy for the total
number of PGCs in that embryo. For each embryo, the segment in which each PGC cluster
appeared, and whether it was in the left or the right hemisegment of the embryo viewed dorsally,
was recorded. No significant difference was observed between volumes of clusters in the left and
right hemisegments of an embryo. See Supplementary Figure S4 for further details on this
method. To determine the effect of experimental treatments on PGCs, we used the methods
described above to perform three different statistical comparisons: (1) distributions of the sizes
of PGC cluster in each segment from experimental and control embryos (as shown in Figures 2g-
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k; 3d, e-e’, f-f; Supplementary Figures S5b-f, S6b-f, S8b-g, S9b-g); (2) distributions of the sizes
of all PGC clusters that were scored in experimental or control embryos (Supplementary Figures
S5a, S6a, S8a, S9a); (3) distribution of the sums of all PGC cluster volumes in experimental and
control embryos (Figure 2a, 3g). For the latter comparison, only embryos where PGC clusters
were scored in all of abdominal segments A1 through A6 were considered.

RNA interference (RNA1)

Embryonic RNAi on embryos at 0-5h AEL was carried out as previously described (1) for Gb-
dppl, Gb-dpp2 and Gb-gbb. Double stranded RNA was injected into the posterior half of each
egg. When Gb-Mad dsRNA was injected at 0-5h AEL, all embryos arrested in development
before 2.5d AEL, when PGCs would first arise in wild type embryos, precluding determination
of the effect of Gh-Mad RNAi on PGC formation. To overcome the early requirement for Gb-
Mad in embryonic patterning, we therefore let embryos develop for 24 to 36 hours, allowing
them to form a germ band and undergo gastrulation, then reduced Gb-Mad activity by injecting
Gb-Mad dsRNA at 24-36h AEL. For 24-36h AEL embryonic RNAI, eggs were collected in petri
dishes of wet sand during a two-hour window, aged in an incubator at 29°C until 24h or 36h
AEL, and injected as previously described (1). See Tables S2 and S3 for details of sequences and
concentrations of dsRNA used, survival rates and PGC scoring for each experiment.

gPCR validation of RNAI

To validate RNAi using qPCR, whole eggs were homogenized in TRIzol (Invitrogen) and stored
at -80°C until RNA extraction. RNA was extracted following the manufacturer’s protocol,
treated for 30 minutes with 5% TURBO DNAse (Invitrogen), then purified using either phenol
chloroform extraction or the TURBO DNA-free Kit (Invitrogen), and used as a template for
cDNA synthesis using SuperScript III (Invitrogen). A no-reverse transcriptase control was
performed in parallel for each sample, and the resulting cDNA pools were diluted 1:10 in DEPC
water. PerfeCta SYBR Green SuperMix (Low ROX, Quanta Biosciences) was used to conduct
qPCR reactions in a Stratagene MxP3005 machine. See Supplementary S4 for sequences of
primers used for qPCR. The 2-AACt method (7) was used to compare the relative expression
levels of transcripts of interest in RNAi eggs to DsRed RNAI or buffer injected controls, with
expression levels normalized to that of Gb-beta-tubulin. Each qPCR reaction was performed in
triplicate. Supplementary Figure S3 presents mean and standard deviation for each group of three
technical replicates.

Identifying mesodermal cells

At 2.5d AEL, the embryo is a bilayered germ band. The only two embryonic cell layers present
at this stage are the ectoderm and mesoderm. The ectoderm is the ventralmost layer, and is
covered on its ventral side by the extraembryonic amnion. The amnion (and thus the ventral side
and ectoderm of the embryo) is unambiguously identifiable based on its large nuclei and
squamous cell morphology, and its anatomical position between the ectoderm and the yolk
facing the eggshell. Dorsal to the ectoderm (on the side of the ectoderm that is not covered by the
amnion) is a single layer of mesodermal cells. The mesoderm is in direct contact with the yolk on
its dorsal side. Mesodermal cells are characteristically large and round with large, round nuclei.
The identity of this embryonic cell layer as mesoderm and its subsequent morphogenesis to form
coelomic pouches and trunk musculature in the thorax and abdomen have been documented in
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detail in a variety of short germ insects, including recent works that use conserved molecular
markers for mesoderm in Gryllus (3, 8-11).

BMP pathway activation

To achieve small molecule activation of BMP signaling, 4'- hydroxychalcone (Santa Cruz
Biotechnology Chemicals #SC-262260) was dissolved in DMSO to 10uM or 10mM(12) and
injected into eggs at 0-5h AEL, with DMSO injections used as the control. BMP activation was
also achieved by injecting recombinant D. melanogaster Dpp protein (R&D Systems #519-DP-
020/CF) in 4mM HClI to 10 pg/mL or 100 pg/mL into eggs at 0-5h AEL, with 10 pg/mL or 100
pg/mL BSA (New England BioLabs #B9001S) in 4mM HCI as the control.

Some embryos treated with Dm-Dpp displayed an increase in the proportion of S2-S4
segments lacking PGCs. This effect was significant only in A2 for 10 ug/ml Dm-Dpp (Fig S10f1),
and in A4 for 100 ug/ml Dm-Dpp (Fig. S10h). However, BSA controls also had this effect at 10
ug/ml in A4 (Fig. S10h), and at 100 ug/ml in both A2 and A4 (Fig. S10f, h). Moreover, neither
10 uM nor 10 mM 4-hydroxychalcone treatments caused a significant decrease in PGC
formation in any of segments A2-A4 (Fig. S10 f-h). We also noted that PGC formation in A4
was particularly sensitive to any perturbation of the embryos, including injection buffer and
DsRed RNAIi controls (Fig. S10h). We therefore believe that the loss of some PGC clusters in
wild type positions in Dm-Dpp-treated embryos is a non-specific effect rather than revealing that
BMP signaling plays a repressive role in PGC formation. Further, the hypothesis that BMP
signaling represses PGC formation is not consistent with the supernumerary PGCs and
significant increases in ectopic PGCs observed in both BMP activation treatments.

Supplemental Text

gPCR analysis of RNAI treatments

Because Gb-dpp1 and Gb-dpp2 show extensive sequence similarity, we wished to test the
possibility that RNAi against one of these genes might reduce transcript levels of the other. We
therefore performed qPCR assays of Gb-dpp?2 levels in Gb-dppl RNAi1 embryos (Supplementary
Figure S3b), and of Gb-dpp! levels in Gb-dpp2 RNAi embryos (Supplementary Figure S3c).

Gb-dppl RNAI was performed with two non-overlapping dsRNA fragments both reduced
Gb-dpp1 transcript levels as expected, but not Gb-dpp2 levels (Supplementary Figure S3a). This
confirms that Gb-dppl RNAL specifically knocks down Gb-dpp! and not both Gb-dpp
orthologues. However, both fragments also yielded an increase in Gb-dpp?2 transcript levels at
2.5d AEL, which lessened by 4d AEL but still remained higher than control levels. This could
mean that Gb-dppI normally suppresses Gb-dpp?2 levels.

Gb-dpp2 RNAI reduced Gb-dpp?2 levels as expected (Supplementary Figure S3a) and did
not affect the levels of Gb-dpp1, as assessed with primers amplifying two different non-
overlapping fragments of Gb-dppI. This confirms that Gb-dpp2 RNAI specifically knocks down
Gb-dpp?2 and not both Gb-dpp paralogues.

Given that Gb-dpp2 knockdown does not significantly reduce total PGC number per
embryo (Figure 2a), we think it unlikely that altered Gb-dpp?2 levels contribute to the PGC
reduction seen in Gh-dppl RNAI experiments. We attempted to test this possibility by injecting
dsRNA against both Gb-dppl and Gb-dpp?2 into early embryos (see RNA interference section on
page 4 of Supplementary Information) at a concentration of 4.5 ug/ml for each gene, the same
concentration used for each single gene RNAi experiment. However, in contrast to all of our
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single RNAi experiments (Fig. S3a), this double RNAI treatment failed to reduce transcript
levels of either Gb-dpp1 or Gb-dpp2 at 2.5d AEL (Fig. S3d). Because we were unable to knock
down both genes simultaneously at the time of PGC formation, this experiment was inconclusive
and did not help us to further resolve the roles of Gb-dppl and Gb-dpp2 in Gryllus PGC
specification.

Roles of BMP signaling in germ cells across Metazoa

We surveyed the literature for evidence that BMP signaling was active in and/or required for
development of germ cells at some stage of the germ cell cycle across the Metazoa. We
considered only gene expression evidence (based on detection of transcript or protein products of
BMP pathway members) or functional genetic evidence (based on studies of mutants, RNAi- or
morpholino-mediated knockdowns, or applications of pharmacological BMP signaling
antagonists or agonists). The results of this survey are summarized in Figure 4b. The following
section provides a brief explanation of the evidence for each taxon included in Figure 4b. Taxa
are listed in the order shown in Figure 4b.

Hydra (Hydra vulgaris) (13) A Hydra receptor SMAD is transcriptionally upregulated during
oogenesis. Expression remains at this elevated level during germ cell aggregation, nurse cell
differentiation, and oocyte differentiation. At the latest stages of oogenesis, transcription returns
to lower levels.

Sea anemone (Nematostella vectensis) (14, 15) At the planula stage, the Nematostella orthologue
of BMP2/4 is expressed throughout the gastrodermis, including all eight mesenteries. At this
point in development, the two directive mesenteries contain clusters of cells that express Vasa
and PL10, and also have characteristic PGC morphology.

Fruit fly (Drosophila melanogaster) (16, 17) BMP signaling plays an essential role in
maintaining germ line stem cells in the Drosophila ovary and testis stem cell niches.

Flour beetle (Tribolium castaneum (18-20) At the end of blastoderm stage, a cluster of Vasa-
positive cells is found on the inner side of the posterior end of the blastoderm. These cells
become a part of the ventral side of the posterior pit as it begins to form. At the same point in
development, the Tribolium orthologue of BMP2/4 is expressed this tissue (and broadly in the
embryo), while pMad is localized to the posterior pit.

Honeybee (4Apis mellifera) (21) The honeybee orthologue of BMP2/4 is expressed during
oogenesis and is localized to the posterior pole of oocytes. pMad is present in the nuclei of
follicle cells around the oocyte.

Nematode (Caenorhabditis elegans) (22) The C. elegans TGF-B pathway regulates lifetime
reproductive capacity by altering many aspects of reproduction, including oocyte fertilizability
and oocyte morphology. Loss of function of the C. elegans receptor SMAD sma-2 leads to a
reduction in the age-related decline of germ line stem cells.

Oyster (Crassostrea gigas) (23) This study identified a TGF-8 protein that does not have clear
orthology to other previously identified members of the protein superfamily. This gene is
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expressed in the somatic cells that surround oocytes and spermatocytes, at increasing levels as
oysters mature.

Lancelet (Branchiostoma floridae) (25-27) Lancelet PGCs are specified by germ plasm that is
inherited by a single blastomere, which then gives rise to PGCs. At gastrulation and at several
subsequent stages of embryogenesis, the PGC-containing tissue expresses the Branchiostoma
orthologue of BMP2/4.

Colonial tunicate (Botryllus primigenus) (24) Germ line precursor cells can develop into both
male and female germ cells, and they play an important role in gonad regeneration. Injection of
human recombinant BMP4 or BMP2 into the colonial tunicate’s vascular system caused an
increase in the number of Vasa-positive cells. These Vasa-positive cells formed loose aggregates
that were very similar to germ line precursor cells.

Zebrafish (Danio rerio) (28) The BMP receptor Alk6b is expressed in zebrafish spermatogonia
and early oocytes. A mutation in Alk6b causes abnormal germ cell differentiation.

Axolotl (Ambystoma mexicanum) (29-31) Experimental embryological studies established that

PGCs are derived the lateral plate mesoderm. Injection of mMRNA encoding Xenopus eFGF and
BMP4 into axolotl embryos caused cells of animal caps explanted from the injected embryos to
express the PGC marker Ax-dazl.

Rabbit (Oryctolagus cuniculus).(32) In early embryogenesis, BMP2 is expressed in hypoblast
and yolk sac cells, immediately adjacent to the epiblast cells where PGCs originate. After BMP2
expression begins, BMP4 is expressed in the mesoderm where PGCs emerge.

Mouse (Mus musculus) (33-47) BMP4 and BMP8b are expressed in the extraembryonic
ectoderm and BMP2 is expressed in the visceral endoderm. The SMADs are expressed
ubiquitously and the receptors are expressed in the epiblast and visceral endoderm. Heterozygous
knockouts of the BMP pathway components shown in Figure 4a show reduced or absent PGCs.
BMP signaling activates the expression of Blimpl and Prdm14, which combine to direct
subsequent formation of PGCs. BMP4 is also essential for differentiating embryonic stem cells
and induced pluripotent stem cells into PGC-like cells.
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Figure S1. Phylogenetic analysis of Gryllus BMP signaling pathway members. Best-scoring maximum likelihood trees are shown, with bootstrap values
(2,000 replicates) given as percentages at nodes. a, BMP ligands Gb-Dpp1 and Gb-Dpp2 group within the BMP2/4 class, while Gb-Gbb groups within the BMP
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Figure S2. Expression of BMP signaling pathway members throughout mid-embryogenesis in Gryllus. a-a”,
Nuclear pMad is expressed around the dorsal margin of the embryo. Arrowheads indicate dorsal pMad staining in
the anterior abdomen, adjacent to and including the region where PGCs will form. pMad is also expressed in the
developing appendages (arrows in a’, a’”’). b-b”, Gb-Mad transcripts are detected ubiquitously throughout stages 4
through 7. d, e, f, At stage 4, prior to PGC formation, the BMP ligands Gb-dpp1, Gb-dpp2 and Gb-gbb are broadly
expressed, although Gb-gbb is enriched at the posterior (asterisk in f). d’, e’, f°, During stage 5, when PGC
specification begins, the ligands are expressed throughout the abdomen. Gb-dppl and Gb-gbb expression is slightly
enriched at the dorsal margins of the anterior abdomen (arrowheads in d’, f*). All three ligands are also expressed at
higher levels in appendages and at the posterior (arrows in d’, e’, ). d”, e”, £, At stage 7, as PGC clusters are
forming, expression of the three ligands is strongest in the dorsal ectoderm of the anterior abdomen (arrowheads),
the appendages, the labrum and at the posterior in the case of Gb-dpp2 (arrows). g-j”, The receptors Gb-tkv and Gb-
put are expressed ubiquitously throughout stages 4 through 7. Sense controls are shown for each gene that is
ubiquitously expressed, showing that the low-level expression of these genes is specific. Anterior is to the left in all
panels; scale bar = 100 um and applies to all panels.
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Figure S3. Validation of RNAi knockdown via qPCR and pMad immunostaining. Quantitative PCR was
performed to assess RNAi-mediated gene knockdown at 2.5d AEL (when PGC formation begins) and 4d AEL
(when PGC clusters have formed). Bars show relative expression levels normalized to Gb-beta-tubulin; error bars
represent one standard deviation. a, RNAi against all three BMP ligands effectively reduced transcript levels at both
2.5d and 4d AEL. Gb-Mad RNAI applied at 0d (0-5h) AEL reduced transcript levels by 2.5d, but expression levels
recovered by 4d AEL. Gb-Mad RNAI applied at 1d (24-36h) AEL did not appear to significantly reduce transcript
levels, but BMP signal activation was reduced in these embryos as assessed with pMad levels, shown in d and in
Figure 2h. b, Gb-dppl RNAI leads to increased Gb-dpp2 transcript levels (light pink bars) compared to DsRed
controls (dark pink bars). ¢, Gb-dpp2 RNAI did not affect Gb-dpp! transcript levels, as assessed with two different
fragments of Gb-dppl (blue and green bars). d, Double RNAI against both Gb-dppl and Gb-dpp?2 results in Gb-
dpp?2 levels (turquoise bars) that are comparable to controls, and Gb-dppI levels (yellow bars) that are reduced at 4d
AEL but not at 2.5d AEL (See Supplementary Information for details). e-l, pMad immunodetection and
quantification in RNAi embryos shows that BMP signaling activity is reduced at the onset of PGC specification
(2.5d AEL). e, g, i, k, pMad expression in segment A3 in representative control and RNAi embryos for Gb-Mad,
Gb-dppl, Gb-dpp2 and Gb-gbb respectively at 2.5 dAEL. Images of experimental and control embryos were
captured with identical confocal microscope parameters. Anterior is up; scale bar = 100 um and applies to all panels.
f, h, j, 1, Quantified average intensity profiles of pMad levels across the width (X axis: 0-100%) of a 10 pm-wide
region through the middle of each of segments A1-A4 (white brackets in e, g, i, k indicate this region in A3) of
control (black) and experimental (red) embryos. Error bars in f, h, j, 1 represent one standard deviation.
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Figure S4. Gryllus PGC quantification method. a—c, Single optical sections through segments A2 and A3 of a
wild type embryo. Arrowheads indicate PGC clusters marked with anti-Gb-Piwi; dotted lines outline the diameter of
each cluster at its midpoint on the dorsoventral axis. d, y-z orthogonal section through two PGC clusters; dotted
lines indicate thickness of each cluster along the dorsoventral axis. e, Calculated volume of PGC clusters that
spanned the range of observed sizes plotted against the number of PGCs in each cluster (manually counted) shows a
strong positive correlation, indicating that cluster volume is a reliable method for quantifying PGCs. Clusters were
binned into small (light pink: <5 PGCs; <2,500 um’), medium (medium pink: 5-20 PGCs; 2,500—10,000 um®), or
large (dark pink: >20 PGCs; >10,000 um’) categories. f, Average calculated volume of a single PGC plotted against
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ellipsoid shape as they get larger rather than elongating along any particular axis, although large clusters are more
irregular in shape than small clusters. h, The average volume of a single PGC (=600 um’ ) is constant for all cluster
size classes. i, PGCs have the same volume in uninjected and Gb-dpp! RNAi embryos, indicating that PGC
reduction phenotypes (see Figure 2; Supplementary Figures S5, S6) are due to reduced PGC number rather than
reduced PGC size. Error bars in h and i represent one standard deviation. j, Single optical sections through
representative PGC clusters belonging to the four size classes used in Figures 2g-k and 3d, e-e’, f-f*. Scale bars = 50
pm in a (applies also to b and c), 20 pm in d, 10 pm in j-
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Figure S5. Distributions of all PGC cluster sizes in RNAi treatments. Box-and-whisker plots showing the
distribution of volumes of all individual PGC clusters, including absent clusters (volume = 0 um’) from all embryos
scored in Gb-Mad RNAI experiments (blue tint) and BMP ligand RNAi experiments (green tint). Black box: upper
quartile; grey box: lower quartile. Whiskers represent the 5™ and 95 percentiles. a, Distributions of volumes of all
clusters scored in segments A1-AS. b—f, Distributions of volumes of all clusters scored in a given segment, for
segments Al through A5 respectively. Statistical significance of pairwise comparisons indicated by brackets:
*p<0.05, **p<0.01, ***p<0.001. n = number of clusters scored for each condition. These data are summarized in

Figure
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Figure S6. Distributions of non-zero PGC cluster sizes in RNAi treatments. Box-and-whisker plots showing the
distribution of volumes of all individual PGC clusters with at least one PGC from all embryos scored in Gb-Mad
RNAI experiments (blue tint) and BMP ligand RNAi experiments (green tint). Black box: upper quartile; grey box:
lower quartile. Whiskers represent the 5™ and 95" percentiles. a, Distributions of volumes of all non-zero clusters
scored in segments A1-AS. b—f, Distributions of volumes of all non-zero clusters scored in a given segment, for
segments Al through A5 respectively. Statistical significance of pairwise comparisons indicated by brackets:
*p<0.05, **p<0.01, ***p<0.001. n = number of clusters scored for each condition.. These data are summarized in
Figure 2g-k, with significance indicated by pink astrices.
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Figure S7. RNAi against BMP signaling pathway members does not abolish mesoderm formation or cause excess mesodermal apoptosis. a—j’, 2.5d AEL
embryos from each BMP RNAI condition stained with Hoechst (a—j) and anti-alpha-Tubulin (a’—j’) to visualize distinct cell layers. In wild-type and all RNAi
embryos at 2.5d AEL, mesodermal cells have formed a single cell layer immediately dorsal to the ectoderm. Mesodermal cells at this stage can be
unambiguously identified by their spatial position (dorsal to the ectoderm) and characteristically large nuclei. Micrographs show a single optical section through
segment A3 of representative embryos, at the dorsal (mesodermal) plane (top two rows) and at the ventral (ectodermal) plane (bottom two rows). Bottom row
shows orthogonal optical sections through the abdomen of each embryo at the positions indicated by the carets in the panels above, showing contiguous layers of
dorsal mesodermal (red) and ventral ectodermal (blue) cells in wild type and all RNAi embryos. Anterior is up in a-1’; dorsal is up in bottom row. Scale bar in a =
100 wm and applies to all panels. k, The mean number of apoptotic cells per embryo in control and BMP pathway RNAi embryos, showing no statistically
significant difference. Error bars are represent 95% confidence interval.
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Figure S8. Distributions of all PGC cluster sizes in BMP pathway activation treatments. Box-and-whisker plots showing the distribution of volumes of all
individual PGC clusters, including absent clusters (volume = 0 um’) from all embryos scored in 4-hydroxychalcone injection experiments (blue tint) and
recombinant Dm-Dpp protein injection experiments (green tint). Black box: upper quartile; grey box: lower quartile. Whiskers represent the 5™ and 95"
percentiles. a, Distributions of volumes of all clusters scored in segments A1-A6. b—g, Distributions of volumes of all clusters scored in a given segment, for
segments Al through A6 respectively. Statistical significance of pairwise comparisons indicated by brackets: *p<0.05, **p<0.01, ***p<0.001. n = number of
clusters scored for each condition. These data are summarized in Figure 3d, e-e’, f-f’, with significance indicated by blue astrices.
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Figure S9. Distributions of non-zero PGC cluster sizes in BMP pathway activation treatments. Box-and-whisker plots showing the distribution of volumes
of all individual PGC clusters with at least one PGC from all embryos scored in 4-hydroxychalcone injection experiments (blue tint) and recombinant Dm-Dpp
protein injection experiments (green tint). Black box: upper quartile; grey box: lower quartile. Whiskers represent the 5™ and 95™ percentiles. a, Distributions of
volumes of all non-zero clusters scored in segments A1-A6. b—f, Distributions of volumes of all non-zero clusters scored in a given segment, for segments Al
through A6 respectively. Statistical significance of pairwise comparisons indicated by brackets: *p<0.05, **p<0.01, ***p<0.001. n = number of clusters scored
for each condition. These data are summarized in Figure 3d, e-e’, f-f, with significance indicated by pink astrices.
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Figure S10. BMP pathway activation leads to elevated pMad levels and a dose-dependent increase in
PGC cluster size. a, ¢, Micrographs showing segment A3 in a representative control and BMP-activated
embryo. Anterior is up; scale bar = 100 um and applies to all panels. b, d, Quantified average intensity
profiles of pMad levels across the width of a 10 um-wide region through the middle of each of segments
A1-A4 (white brackets in a and ¢ indicate this region in A3) of control (black) and experimental (blue:
Dm-Dpp; red: 4-hydroxychalcone) embryos. Error bars represent one standard deviation. e, Both 4’-
hydroxychalcone (blue bars) and recombinant Dm-Dpp protein injections had a dose-dependent effect on
the median size of PGC clusters with at least one PGC. n = number of clusters scored for each condition. f-
h, Proportion of segments A2-A4 with no PGCs at all in BMP RNAi embryos with DsRed RNAI, injection
buffer and uninjected controls (green background shading), 4'-hydroxychalcone-treated embryos with
DMSO controls (blue background shading) and Dm-Dpp-treated embryos with BSA controls (red
background shading). In A2 (f) and A3 (g) the results of two non-overlapping Gb-dppl dsRNA fragments
were not significantly different and were pooled for this analysis. Statistical significance of comparison of
experimental treatments with controls is indicated above experimental (black) bars in black text. The
control used for each of these comparisons is the white bar immediately to the left of each set of
experiments as follows: DsRed RNAI injected at 0-5h AEL for BMP ligand RNAi; DsRed RNAI injected
at 24-36h AEL for Mad RNAi; DMSO injected at 0-5h AEL for 4'-hydroxychalcone injections; BSA at the
appropriate concentration injected at 0-5h AEL for Dm-Dpp injections. Statistical significance of these
controls (grey and white bars) compared with uninjected embryos (yellow bars) is indicated above control
bars in yellow text. Statistical significance calculated using Chi-squared test: NS = not significant; *p<0.05,
**p<0.01, ***p<0.001. Numbers in italics underneath each bar indicate sample size.
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Gene
name

Gb-dpp1

Gb-dpp1
Gb-dpp1
Gb-dpp2
Gb-gbb
Gb-Mad
Gb-put
Gb-tkv

Gene region targeted (1)

ORF (233 bp) + 3UTR
(556 bp)

ORF
3'UTR
3'UTR
ORF
ORF
ORF
ORF

length
(bp)

789

555
459
670
1458
717
721
987

Forward primers (5’-3’)
GCTACGACGCCTTCTACTGC

GACGTCCTCGAGGGAGAG
CCCAGTGTAGCTCTGTTTTTG
TTATGTACGCGTGGATGACG
ATGGCTTGAAGACGAAGAGG
GTCCCCCAGAAGACAGTCAA
GCGATTTGGGGCTGTTTAT
TCATGCAATGCAAAGGTCAC

Reverse primers (5'-3’)
GGTCGCAATTTTTGCATTTT

GCAGCCACATCCCAGCAC
ACAAAGGCAGCTGAAATCAC
CGTCTGCTTTCAAAGATCAGG
CATGTAAGGCTGCCACAGAA
AATTCCTGCCTCACGACACT
GCTGGCCTGATCTTCTTCTG
CCAGCCCCAAAGAGTAAACA

Table S1. Fragments used to make in situ hybridization probes. (1) Indicates whether fragment was part
of the open reading frame (ORF), 3’ untranslated region (3° UTR) or 5’ untranslated region (5’ UTR).
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Gene Gene region targeted length

name ) (bp) Forward primers (5’-3’) Reverse primers (5'-3’)

Gb-dpp1 ORF 555 GACGTCCTCGAGGGAGAG GCAGCCACATCCCAGCAC
Gb-dpp1 3UTR 459 CCCAGTGTAGCTCTGTTTTTG ACAAAGGCAGCTGAAATCAC
Gb-dpp2 3'UTR 670 TTATGTACGCGTGGATGACG CGTCTGCTTTCAAAGATCAGG
Gb-gbb ORF 1458 ATGGCTTGAAGACGAAGAGG CATGTAAGGCTGCCACAGAA
Gb-Mad ORF 717 GTCCCCCAGAAGACAGTCAA  AATTCCTGCCTCACGACACT
DsRed (2) ORF 678 - -

Table S2. Fragments used to make dsRNA for RNA.. (1) Indicates whether dsRNA fragment synthesized
was complementary to part of the open reading frame (ORF), 3’ untranslated region (3' UTR) or &’
untranslated region (5’ UTR). (2) The coding region of DsRed, a fluorescent protein derived from Discosoma
sp. was sub-cloned into the pGEM-T Easy vector(1).
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% (#) % (#) scored
% (#) # embryos  scored # embryos % (#) scored embryos with
Injectio dsRNA # e(;nbr s scored for  embryos scored for embryos with PGCs  fewer PGCs in
Injectant n age (h Concentration ~ embryos ry PGCs in with no PGCs in absent in 24 of 6 A2-A4 than
Fragment (1) i survived . ;
AEL) injected injection (2) segments PGCs in segments A2-A4 lower quartile
I A1-A6 (3) entire A2-A4 (5) hemisegments (5) of control
embryo (4) embryos (5)
DsRed dsRNA 0-5 ORF 4.5 ug/uL 503 73.2 (368) 30 0.0 (0) 30 0.0 (0) 26.7 (8)
DsRed dsRNA 24 ORF 4.5 ug/uL 150 68.0 (102) 10 0.0 (0) 10 10.0 (1) 30 (3)
Gb-dpp1 dsRNA 0-5 ORF 4.5 ug/uL 190 81.1 (154)** 19 10.5 (2) 27 51.9 (14)*** 55.6 (15)
Gb-dpp1 dsRNA 0-5 3UTR 4.5 ug/uL 187 84.0 (157)** 13 15.4 (2) 13 15.4 (2) 30.8 (4)
Gb-dpp2 dsRNA 0-5 3'UTR 4.5 ug/uL 177 68.9 (122) 18 0.0 (0) 18 5.6 (1) 22.2 (4)
Gb-gbb dsRNA 0-5 ORF 4.5 ug/uL 532 53.0 (282)*** 43 30.2 (13)*** 43 65.1 (28)*** 79.1 (34)**
Gb-Mad dsRNA 24-36 ORF 3.6 pg/uL 405 63.2 (256) 18 50.0 (9)* 18 77.8 (14)** 88.9 (16)**
BSA 24 - 10 pg/ml 167 75.4 (126) 22 4.5 (1) 20 5.0 (1) 27.3 (6)
Dm-Dpp 24 - 10 pg/ml 161 63.4 (102)* 23 8.7 (2) 23 26.1 (6) 34.8 (8)
BSA 24 - 100 pg/ml 397 59.4 (236) 18 5.6 (1) 18 5.6 (1) 27.8 (5)
Dm-Dpp 24 - 100 pg/ml 464 52.8 (245) 15 6.7 (1) 15 26.7 (4) 13.3 (2)
DMSO 0-5 - - 267 58.4 (156) 19 0.0 (0) 19 5.3(1) 26.3 (5)
4’-Hydroxychalcone 0-5 - 10 uM 142 66.2 (94) 4 0.0 (0) 4 25.0 (1) 25 (1)
4’-Hydroxychalcone 0-5 - 10 mM 188 44.1 (83)** 31 0.0 (0) 31 19.4 (6) 9.7 (3)
Injection buffer (6) 0-5 - - 549 78.5 (431) 59 0.0 (0) 59 1.7 (1) 25.4 (15)
Injection buffer 24-36 - - 318 92.1 (293) 7 0.0 (0) 7 0.0 (0) 28.6 (2)

Table S3. RNAI, injected protein, and chemical activators used to alter Gryllus BMP pathway activity. 1. Indicates whether dsRNA fragment injected was
complementary to part of the open reading frame (ORF), 3’ untranslated region (3’ UTR) or 5’ untranslated region (5’ UTR). 2. Embryos were scored as surviving
the injection if they were intact and uninfected 24 hours following injection. 3. Quantitative PGC scoring was performed by allowing embryos to develop to 4-4.5h
AEL and staining with the germ cell marker anti-Gb-Piwi(3) (Supplementary Figure S4). The remaining embryos that survived injection were used for gPCR, pMad,
morphological or apoptosis analysis. 4. Includes only embryos in which all hemisegments of A1-A6 were scorable. 5. Includes only embryos in which all
hemisegments of A2-A4 were scorable. 6. Statistical comparison with injection buffer-only controls indicate that PGC loss in BMP RNAi embryos is not a non-
specific consequence of dsRNA injection (see Fig. S10f-h). Asterisks indicate statistical significance relative to controls, calculated using a Chi-Squared test.
***p<0.001, **p<0.01, *p<0.05.
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Gene name  Primer pair name Forward (5" - 3’) Reverse (5’ - 3’)
Gb-dpp1 dpp1-ORF-gPCR GTTGGAACGACTGGATCGTG TGGTTGGTGGAGTTGAGGTG
Gb-dpp1 dpp1-3’'UTR-gPCR  GTCTGGAGAGGCTGACGAAC GGTCGCAATTTTTGCATTTT

Gb-dpp2 dpp2-qPCR CCATCTGCGTTCTGGAAAAT ~ CGCAGGTATGCAGTTCCTTT
Gb-gbb gbb-gPCR ATATTGGGCTTGTGGCTGAG ~ AGCCATTCATCCAAAACCTG
Gb-Mad Mad-qPCR GCCTCCTAACGTGGAGATGT  TGTAGTTGCACGTTCTTGGTG
Gb-beta-tub  tub-qPCR TGGACTCCGTCCGGTCAGGC TCGCAGCTCTCGGCCTCCTT

Table S4. Primers used for qPCR.
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