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Figure S1, Related to Figure 1. Phylogenetic Analysis of Gryllus Germ Line Genes, and 

Expression Patterns of Additional Germ Line Marker Candidates 



(A and B) Maximum-likelihood phylogenetic reconstruction of Vasa and Piwi amino acid sequences. 

(A) As previously reported [1], Gryllus Vasa falls clearly within other insect vasa genes, not the 

PL10/Belle class of RNA helicases. (B) Gryllus possesses two piwi-like genes and two AGO3-like 

genes, both of which represent species-specific duplications. As only the first identified piwi-like 

gene [2] was enriched in Gryllus PGCs, we focus the present analyses on this orthologue, which we 

refer to here simply as piwi as it is clearly orthologous to other animal piwi genes. Note that 

aubergine is a Drosophila-specific duplication of piwi.  

(C) Gryllus PGCs (arrowheads) express high levels of Vasa protein and transcripts of vasa, boule and 

germ cell less. All genes are also expressed at lower levels throughout the somatic tissues of the 

embryo.  

(D) piwi and vasa transcripts are expressed ubiquitously during all stages of oogenesis and do not 

localise to the posterior ooplasm.  

(E) piwi and vasa transcripts and protein products are expressed ubiquitously in stage 4 embryos. The 

apparent increased expression levels at the germ band posterior are an artifact of tissue thickness.  

(F) top row: tudor, AGO3-A, piwi-2, and AGO3-B transcripts are not localized asymmetrically in 

oocytes. Bottom row: these genes do not specifically label Gryllus PGCs. In the PGC-containing 

region (Figure 1B-E) at stage 9, tudor and AGO3-A are detectable in PGCs (arrowheads), but are also 

expressed throughout the somatic tissues of the embryo (arrows). piwi-2 and AGO3-B are not 

detected above background levels in stage 8-9 embryos. Arrows mark PGCs recognisable based on 

morphology and anatomical position independent of gene expression. Anterior is to the left in D and 

top two rows row of E, and up in C and bottom row of E. Scale bars = 100 M in C, 500 M in D; 

200 M in E and top two rows of F; 50 M bottom row of F.



 



 

Figure S2, Related to Figures 1 and 2. Additional Gene Expression Data in Support of the 

Absence of Germ Plasm in Gryllus 
(A–F) Expression of boule and gcl, which mark PGCs in stage 9 embryos (Figure 1) during 

oogenesis and early embryogenesis. Neither gene is asymmetrically localized in oocytes (A and D; 

A’ and D’ show sense controls). Both genes are expressed ubiquitously during stages 4 (B and E) and 

5 (C and F), and do not reveal any segregated PGCs during these stages.  

(G–Z) piwi (G–K) and vasa (Q–U) expression during blastoderm stages. (L-P and V-Z) 

Corresponding sense controls. (G’–Z’) Nuclear stains of adjacent panels. piwi transcripts are 

undetectable during blastoderm stages (G–I), and are found ubiquitously at low levels as the germ 

band condenses (J and K). vasa transcripts are undetectable in just-laid eggs (Q), and energids are 

associated with all nuclei along the A–P axis as they populate the blastoderm surface (R). During 

subsequent blastoderm divisions (S), vasa expression is not localized to any specific subset of nuclei. 

As the germ band condenses at the posterior of the egg (T, U), vasa expression is detected at similar, 

low levels throughout the germ band but not enriched at the posterior or in any other specific region. 

A = germ band anterior, P = germ band posterior. Scale bars = 200 M in (A)–(A’) and (D)–(D’); 

100 M in (B) (applies also to E); 200 M in (C) (applies also to F), (G), and (Q) (applies also to H–

I and R–S, respectively), and (J)–(K), (O)–(P), (T)–(U), and (Y)–(Z). Anterior is to the left in all 

panels.



 
 

Figure S3, Related to Figure 2. Expression of vasa Transcript and Protein throughout Abdominal Segmentation 
(A–F) Schematic drawings of Gryllus mid-staged embryos of the stages shown here; boxed grey areas indicate regions shown in panels 

below. vasa transcripts are expressed ubiquitously during stages 4–4.4 (A and B), and do not reveal the presence of PGCs at this stage, 

consistent with piwi expression. (C and D) During stages 5 and 7 vasa transcripts do not reveal the presence of PGCs. Astrices in (C’ and 

D’) denote out-of-focus staining in the ventrally located nervous system, which is shown in focus in (G–H). vasa transcripts are detected in 

PGCs during stage 8 and 9 (E and F). Vasa protein is ubiquitously expressed during stages 4-5 (A’–C’, A”–C”). In stage 7 embryos (D’ and 

D”), Vasa protein is strongly enriched in PGCs, and this expression continues in stage 8 and 9 (E’–F’ and E”–F”). Arrowheads indicate 

PGC clusters. T3 = thoracic segment 3; A1, A2 = abdominal segments 1 and 2. Scale bar = 100 M. Anterior is up in all panels.







 
 

Figure S5, Related to Figure 5. vasa or piwi pRNAi Does Not Disrupt Postspermatogonial Stages of Spermatogenesis in Gryllus 
Wild type Gryllus testiole showing the stages of spermatogenesis (A). Primary spermatogonia (PSC) undergo self-renewing divisions, 

which are thought to occur under the influence of a single apical cell (red arrowheads in B, H, N) that provides a “stem cell niche” 

analogous to the hub of Drosophila testes [3, 4]. Following seven mitotic divisions by cysts of secondary spermatogonia (SSG) enclosed by 

somatic cell sheaths (yellow arrowheads in D, K, P-Q), the resulting 128 primary spermatocytes (PSC) undergo meiosis (secondary 

spermatocytes: SSC) to produce 512 clonally related spermatids (ST), which undergo synchronous spermeiogenesis to produce bundles of 

mature spermatozoa (SZ) [5].  Although vasa and piwi pRNAi testes display a reduction in the number of secondary spermatogonial cysts 

(Figure 7), they possess normal apical cells (B, H, N, arrowheads), and cysts proceeding normally through all stages of spermatogenesis (D-

G, I-M, O-S), which are surrounded by somatic sheath cells (arrowheads) as in controls. Vasa (T) and Piwi (U) proteins are expressed in the 

anterior region of testioles, which contains primary spermatogonia (arrows) and somatic sheath cells (arrowheads), and is enclosed by a 

cellular peritoneal sheath (carets). Scale bars = 100 m in A; 50 m in (D) (applies also to E–G, J–M, P–S); 25 m in (B) (applies also to H 

and N) and (C) (applies also to I and O); 20 m in (T)–(U).



 

Figure S6, Related to Figure 6. twist Expression in the Abdominal Mesoderm where Gryllus Germ Cells Arise 
(A–D) Schematic drawings of progressive stages of Gryllus embryogenesis; grey box indicates region shown in panels below. twist 

transcripts accumulate in an anterior to posterior progression in abdominal segments, indicated by black arrowheads in (A’), (B1)–(B2), 

(C’), and (D1)–(D2). Red outlines in (A’), (B1), (C’), and (D1) indicate the regions that become enriched for piwi expression at these stages, 

suggesting that these are the sites of PGC origin and showing that these regions express twist at the proposed onset of PGC specification 

(stage 5). Bottom row shows nuclear staining of corresponding bright field images in the row above. Anteriormost abdominal segment is 

labeled in each panel. y = yolk. twist expression is confined to the mesoderm and absent from the ectoderm, as shown in micrographs of 

mesodermal focal planes in (B1 and D1), and ectodermal focal planes in (B2 and D2). 



Table S1, Related to Figure 1. Data on Insect PGC Origin during Embryogenesis  

Please see accompanying Excel file. Only studies directly addressing the mechanism and/or 

description of the first embryonic appearance of PGCs are referenced. Numbered references in the 

Excel file are listed at the end of this Supplemental Information document. 

 



Supplemental Experimental Procedures 

 

Insect Cultures and Embryonic Staging 

Gryllus bimaculatus cultures were maintained as previously described [139] and embryos were 

staged according to [140]. Drosophila Oregon R and twist
1
 stocks were obtained from the 

Bloomington Drosophila Stock Center (#5, #2381). 

 

Cloning and Phylogenetic Analysis 

Orthologues of boule, tudor, germ cell-less, an additional piwi-like gene, and two AGO3-related 

genes were identified in a Gryllus developmental transcriptome via reciprocal best BLAST hit 

analysis against the Drosophila melanogaster proteome. Gryllus twist was a gift of S. Roth 

(University of Cologne, Germany). 

To resolve the orthology of the four Gryllus PIWI family proteins, we used maximum-

likelihood based phylogenetic reconstruction as implemented by RAxML v 7.2.8 [141, 142] on 

the Odyssey Cluster, maintained by the FAS Sciences Division Research Computing Group 

(Harvard University). The alignment was produced using Muscle [143] and trimmed using 

Gblocks [144] under the least stringent settings. The best tree and rapid bootstrap analysis were 

conducted from 2000 independent runs under the WAG model of protein evolution with a 

gamma distribution of rate heterogeneity.  

 

In Situ Hybridisation 

DIG-labeled probes were hybridised at 68° C following standard protocols [139], with 50% 

polyvinyl alcohol included in the NBT/BCIP development step. Probe lengths were as follows: 

vasa: 1,953 bp; piwi-1: 781 bp; piwi-2: 821 bp; AGO3-A: 760 bp; AGO3-B: 832 bp; germ cell-

less: 1,691 bp; boule: 995 bp; tudor: 1,707 bp. Our results for vasa expression (both mRNA and 

protein) in Gryllus differ from those reported by Mito et al. [1], who failed to identify the germ 

cell clusters that we observed beginning at stages 6/7 (Figures 1, 4, S1, S4). This discrepancy 

may be due to the strong nervous system expression of vasa that can obscure the relatively 

weaker PGC expression (their Figures 3I, 3J, 4A-D), and to our use of a species-specific Vasa 

antibody [2] as opposed to the cross-reactive antibody [145] used by Mito et al.. Mito et al. also 

reported detection of transient vasa mRNA staining at the posterior of stage 4 embryos (their 

Figure 3C-D), and interpreted it as consistent with Heymons’ 1895 claim that germ cell 

precursors arose among the posterior germ band mesoderm shortly after gastrulation [125]. 

However, we found that this apparently stronger expression is due to the thickness of the 

posterior germ band tissue at these stages. In three in situ hybridisation replicates and ≥30 early 

stage embryos, vasa did not show consistent enrichment in any specific embryonic region before 

stage 5. We therefore conclude that germ cells are not specified until this stage, in agreement 

with the majority of previous authors on orthopteran germ cell origin [131-133].  

 

Immunohistochemistry 

Primary antibodies used were rabbit anti-Gb-Vasa and anti-Gb-Piwi [2] at 1:300, mouse anti-

RNA polymerase II pSer 6 Mab H5 (Covance MMS-129R) 1:100, FITC-conjugated anti-alpha 

Tubulin (Sigma F2168) 1:100 and rabbit anti-Drosophila Vasa 1:500 (gift of P. Lasko) following 

standard procedures. Goat anti-rabbit secondary antibodies conjugated to Alexa 488, Alexa 555 

or Alexa 568 (Invitrogen) were used at 1:500 or 1:1000. Counterstains were Hoechst 33342 

(Sigma B2261) 0.1 to 0.05 g/ml and FITC-conjugated phalloidin (Sigma P5282) 1  



 

RNA Interference 

dsRNA injection into adult females (maternal RNAi = mRNAi) and newly laid embryos 

(embryonic RNAi = eRNAi) was conducted as previously described [2]. dsRNA fragments for 

vasa and piwi were 541 bp and 646 bp, respectively. For eRNAi double knockdown experiments, 

equal volumes of vasa and piwi dsRNA were mixed prior to injection. For mRNAi double 

knockdown experiments, twice the volume of dsRNA as that used for single RNAi experiments 

(15 µg each of vasa and piwi dsRNA, or 30 µg of the DsRed control dsRNA) was injected into 

adult females. dsRNA was used at a concentration of 3 µM (mRNAi) and 5 µM (eRNAi and 

pRNAi).  

 

qPCR Analysis of Knockdown 

qPCR was used to verify RNAi efficacy as follows: total RNA was extracted from RNAi-treated 

ovaries or stage 8-9 (day 4) embryos using TRIzol (Invitrogen) and including a 30-minute DNase 

digestion at 37° C to remove genomic contamination. Equal volumes of RNA were used as 

template for first strand cDNA synthesis using SuperScript III (Invitrogen) including a no 

reverse transcriptase control. cDNA was diluted 1:5 prior to qPCR. qPCR was conducted using 

PerfeCta SYBR Green SuperMix (Low ROX, Quanta Biosciences) in a Stratagene MxP3005 

machine. Primers amplifying single amplicons of piwi (129 bp; F: 

TTCGGCCAACTACTTCAAGC; R: AGAGTTTCCCGATGAACACG), vasa (150 bp; F: 

GAACATTGTGAGCCTCATGC ; R: TTGCTGAGCCTGGTGGTAT) and beta-tubulin (166 

bp; F: TGGACTCCGTCCGGTCAGGC; R: TCGCAGCTCTCGGCCTCCTT) were used. Each 

reaction was conducted in triplicate, and fluorescence measurements were normalised and 

background-subtracted using the ROX dye present in the PCR reactions. 

 Ct values were used to calculate fold change compared to DsRed-injected controls using 

the 2
-∆∆Ct

 method [146]. Triplicate Ct values were averaged and the standard deviation was 

propagated using standard methods. 

 

Imaging and Image Analysis 

Micrographs were captured with AxioVision v.4.8 driving a Zeiss Stereo Lumar equipped with 

an AxioCam MRc camera, Zen Blue 2011 driving a Zeiss Stereo Zoom equipped with an 

AxioCam HRc camera, a Zeiss Axio Imager equipped with an AxioCam MRm camera using 

epifluorescence either with or without an Apotome, or an Olympus IX71 equipped with a 

Hamamatsu C10600-108 camera. Confocal microscopy was performed with a Zeiss LSM 710 or 

780 confocal, using comparable gain, offset, and averaging parameters for all samples. Image 

analyses were performed with AxioVision v.4.8, Zen 2009 or Zen 2011 (Zeiss), and figures were 

assembled in Photoshop CS4, InDesign CS4, or Illustrator CS4 (Adobe). For confocal images 

shown in Figures 1E; 2A”-H”; 4C-H; 6C’ and G’; S3A”’-F”’, a maximum-intensity projection of 

multiple optical sections of the antibody staining was superimposed over a single optical section 

of the nuclear counterstain for visual clarity. All other confocal micrographs are maximum 

intensity projections (Figures 2A”-H’; 3G and H; S3A”-F”), three-dimensional projections 

(Figure 6B, F) or single optical sections (all other confocal micrographs). 
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