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Abstract

Evolutionary changes in development have generated a vast diversity of multicellular forms. This dissertation,
taken as a whole, is an effort to discern patterns in that evolutionary process. Each individual chapter is a
joint effort with one or more collaborators to address open questions in insect development, often using
the embryogenesis of the cricket Gryllus bimaculatus as an example case. In Chapter 1, we show that Bone
Morphogenic Protein (BMP) signaling is necessary for the specification of germ cells in the cricket G. bimaculatus.
Next, we develop two resources for the study of comparative development in insects: Chapter 2 is a description
of the morphological development of embryos of G. bimaculatus, as viewed from outside the egg and in dissected
embryos. This work includes time-lapse microscopy, an updated developmental staging table, and a review
of published gene expression patterns. In Chapter 3, we prototype and test techniques for mounting and
live-imaging many embryos at once. Then, in Chapter 4 we use the products of the previous two chapters to
delve more deeply into the events that occur immediately after fertilization in G. bimaculatus. For most insect
species, the earliest stage of development is a syncytium—many nuclei sharing a single large cytoplasm. The
nuclei divide and move, ultimately cellularizing and forming the organized rudiment of the embryo. We study
this process in G. bimaculatus using lightsheet microscopy, experimental manipulations, and computational
modeling. We develop hypotheses for how the nuclei move throughout the egg and how mechanical forces
might restrict cell fates in the early cricket embryo. Finally, in Chapter 5 we assemble a dataset of over 10,000
published records of insect egg size and shape. We use comparative phylogenetic methods to assess whether
features of egg evolution are associated with ecological and embryological variables. Then, we reconstruct
ancestral states of insect eggs and test several published hypotheses about the patterns of egg evolution.
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Introduction
When exploring the natural world, many of us are foremost struck by the overwhelming diversity of living
organisms. Even the seemingly mundane parts of life—such as the eggs of insects—can inspire the same effect.
The naturalist Jan Swammerdam described insect eggs as follows:
I have a small box full of insect’s eggs in my collection, so very curious, that I should not think a
particular treatise ill bestowed upon them; for they all greatly differ from one another in shape
and colour. Some are oblong, others oval; some again perfectly round, others angular; some
pear-shaped […]. There is also the greatest variety of colours amongst them; white, yellow, red,
sky-coloured, green; and in some is to be seen a beautiful mixture of several colours, so as to make
it almost impossible to give a particular account of them. Some also are soft, others hard; some
are only covered with a slight membrane, whilst others have a shell or firm crust, like parchment.
Again, some are sheltered by a froth that surrounds them, others are covered with hair; some are
found fastened by a viscous matter to the branches of trees, so as to form a ring about them; other
lie parallel to the horizon; and some are found buried in animal and vegetable substances, whilst
others are only laid in a loose manner upon the surfaces of such things (Swammerdam 1758).
During the two centuries that followed, biologists examined the marvels occurring within those eggs. They
meticulously documented the earliest events that generate a new living creature for hundreds of species. They
found that when a multicellular organism transforms from a simple zygote into a comparatively complex adult,
the cells that constitute the growing embryo divide, move, and change shape. Thus, the formation of a body is
the product of a multitude of microscopic cellular decisions. The study of this cellular decision-making is now
simply called developmental biology; it is also the focus of this doctoral dissertation.
If embryonic cell behaviors can be envisioned as a dance, the diversity of developmental processes are the
many types of music: there are myriad variants, but they often share features in common—a meter, rhythms,
harmonies, and even whole shared motifs or melodies. When embryologists compared different species, they
found that some developmental traits were remarkably similar, even among species whose adults were completely
different. By contrast, there are other developmental traits that apparently vary without restraint (O. Johannsen
and F. Butt 1941; Anderson 1972b; Anderson 1972a; Klaus Sander 1976; Schwalm 1988).
To me, this encapsulates the central mystery confronting contemporary evolutionary developmental biology:
Which developmental traits are shared, and why? We know that differences in cellular decision-making generates
the lovely diversity of multicellular forms found on Earth. Our challenge is to determine whether those
differences follow any orderly patterns. Evolution itself has conducted a single large experiment for us, with
each extant species serving as one data point. Our approach remains the same—comparative developmental
biology—only now we can bring to bear a new suite of tools in the search for evolutionary patterns: genomics,
precise functional genetic manipulations, and microscopy with high temporal and spatial resolution. The field is
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investigating whether the cellular and genetic mechanisms illuminated by the aforementioned tools can explain
the patterns of similarities and differences in the development of multicellular organisms. My dissertation is a
small part of this effort. It is comprised of five chapters, each of which either addresses an aspect of comparative
development in insects or builds resources for those would do the same.
Chapter 1 is focused on the formation of germ cells, the cells that become egg and sperm in sexually
reproducing organisms. Animals make germ cells in two ways. In fruit fly, zebrafish, nematode, and frog,
germ cells are specified by RNAs and/or proteins that are deposited in an oocyte during its development in the
mother’s body (Ewen-Campen, Schwager, and Cassandra G M Extavour 2010). In many other animals, by
contrast, cell-to-cell signaling in a developing embryo induces cells to become germ cells (Quan and Lynch
2016). This process is called germ cell induction, and its molecular basis was long known only for mouse: Bone
Morphogenic Protein (BMP) signals induce a subset of mesodermal precursor cells to become germ cells.
When I joined the Extavour group, lab member Ben Ewen-Campen had recently demonstrated that cricket
embryos likely specify their germ cells via induction. This made the cricket a promising model to understand
the molecular basis of inductive germ cell specification in an invertebrate for the first time. We wanted to
know: Does BMP signaling also play a role in cricket germ line development? Is proper mesoderm development
required for germ line development? Using in situ hybridization, immunohistochemistry, and RNA interference,
we showed that BMP signal transduction is occurring in incipient germ cells, and that BMP signaling and proper
mesoderm formation are both essential for cricket germ line development. We also showed that over-activation
of BMP signaling causes ectopic germ cells to form. Given that induction was likely the mode of germ cell
specification in the shared ancestor of bilaterian animals (C. G. Extavour and Michael Akam 2003; C G M
Extavour 2007), these results led us to hypothesize that a role for BMP signaling in germ cell biology might be
hundreds of millions of years old.
The main text of Chapter 1 is a reprinting of an article published on this project in the Proceedings of the
National Academy of Science (PNAS) in 2014 (Donoughe, Nakamura, et al. 2014). Appendix A is a reprinting
of earlier work to which I made a contribution (Ewen-Campen, Donoughe, et al. 2013), while Appendix B is
the supplement of the PNAS paper itself.
Chapter 2 describes an embryonic staging series for the cricket. Published morphological descriptions
of cricket development were sparse when I began this work, and when using the existing staging system for
embryos, one would need to remove an embryo from the egg—stopping its development—in order to determine
the developmental stage of the embryo. Therefore, we asked: Which externally visible characteristics of a
developing cricket egg are most informative for determining the developmental progress of the embryo inside?
What is the three-dimensional morphology of wild-type cricket embryos from the point of germband formation
through limb segmentation?
We captured confocal micrographs of fixed and stained cricket embryos, plus widefield images of living
cricket embryos in their eggs. We recorded widefield time-lapses of several wild-type embryos illuminated with
white light for up to five days at a time. We also measured the size and shape of eggs throughout development.
With these data in hand, we defined a new staging system based on externally visible aspects of developing eggs.
This system allows us to stage embryos without interrupting their development, which is particularly useful in
light of another finding: cricket embryogenesis is much more variable than had previously been appreciated.
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The main text of Chapter 2 is a reprinting of an article on this work that was published in Developmental
Biology in 2016 (Donoughe and C. G. Extavour 2016). Appendix C is the supplement of this paper.
Chapter 3 introduces a modular, inexpensive specimen-mounting device and provides instructions for how
to use it to live-image large numbers of embryos in arrays of agarose microwells. Live-imaging embryos in a
high-throughput manner is essential for shedding light on a wide range of questions in developmental biology,
but I found that there were no ready-made options for me to mount and image cricket embryos in consistent
conditions. We designed a simple, reusable device that makes it easy to mount dozens or even hundreds of
specimens at a time in arrays of agarose microwells with customizable dimensions and spacing. The device
includes a reservoir to hold live-imaging medium to maintain the moisture and osmolarity of specimens during
time-lapse imaging. The device is also modular. The user can quickly make a variety of “inserts” to make
microwells of different shapes and arrangements, which is helpful for other microwell uses, such as injection. We
designed modular inserts to accommodate the embryos or tissues of several other species, including zebrafish,
fruit fly, mouse, annelid worm, and red flour beetle. We wrote an illustrated guide for fabricating and using
the device. This is current in press in Biology Open; it is also included here as Chapter 3. The supplemental
materials for the work are included as Appendix D.
Chapter 4 is an effort to better understand the cellular dynamics of blastoderm formation in crickets. Most
insect embryos begin development as a syncytium. This means that multiple nuclei share a single cytoplasm.
Immediately after fertilization, the nuclei divide and move, spreading out, eventually covering the surface of the
yolk-filled egg. Even in the comparatively well-studied Drosophila, little is known about how nuclei move and
organize themselves during the syncytial phase of development. The cricket is well-suited as a study organism
for us to illuminate this process. I formed an equal partnership with graduate student Jordan Hoffmann
in the John A. Paulson School of Engineering and Applied Sciences at Harvard University. We set out to
address a range of questions about syncytial development in the cricket: What can we infer about the cellular
mechanisms that cause nuclei to move? More specifically, is there evidence for an anteroposterior (or otherwise
spatially heterogeneous) determinant that affects how nuclei move? At what time scales do lineages of nuclei
intermingle? Are there spatial cues for the cessation of division synchrony? When is the fate of embryonic versus
extraembryonic cells first determined?
We used a transgenic line of crickets whose nuclei fluoresce. We captured 3D time-lapses of syncytial
blastoderm formation, then quantitatively characterized nuclear movements, divisions, and lineage relationships.
These data allowed us to assess several models for syncytial movements that had been hypothesized in the
scientific literature. We also developed a simplified model of nucleus movement based entirely on local physical
interactions. Then, we physically manipulated the egg’s shape, allowing us to ask how nuclear density and
geometric arrangement affect nuclear dynamics. At the time of this writing, the last few experiments are in
progress. The supplemental materials of this work are in Appendix E. We also examined the aggregation of cells
after blastoderm formation, a process we term coalescence; these results are included in Appendix F.
Chapter 5 is a project based on a large collection of phenotypic data points. I started a joint partnership
with fellow Extavour group member, graduate student Sam Church, to investigate the morphological evolution
of eggs across all insects. Insect eggs span an enormous size range, with the largest eggs having a volume 108
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times larger than the smallest. This presents a puzzle for developmental biologists: How would an animal cell
function if you were to make it ten thousand times bigger? Or ten thousand times smaller? Insect eggs also
exhibit a wide range of shapes. This striking diversity raises two main questions: How do physical constraints
on cell function act to shape egg evolution? How do embryological and ecological traits affect the scale and
shape of eggs? We have found that across the insect tree there have been hundreds of times when insect eggs
have independently converged on the same size and shape. This makes it an ideal system for asking whether
there are repeatable and predictable patterns in evolution.
We gathered a large number of published descriptions of hexapod eggs, including representatives of 518
families from all orders of insects. We then wrote software tools that enabled us take a semi-automated approach
to compiling this information as quantitative and categorical data. Then we analyzed the patterns in the
evolution of egg morphology using phylogenetic comparative methods. This is a group of statistical tools that
enables one to take a trait dataset and a corresponding phylogeny, and then infer the course of evolution of that
trait.1 In total, we processed 2,000+ digitized publications that comprise 100,000+ pages, resulting in 10,000+
egg descriptions from 6,000+ insect species. We wrote an additional software tool to extract 2,500+ egg images
and then used a semi-automated method to measure morphological characteristics. We also assembled smaller
datasets from the published literature on embryological and ecological phenotypes in order to ask whether egg
size and shape correlate with them. At present, we are in the process of writing a manuscript on this work for
publication. A draft is included in this dissertation as Chapter 5. Supplemental materials for that manuscript
can be found in Appendix G. We also wrote a paper to describe the dataset itself, a draft of which is included as
Appendix H.
I reflect on my dissertation work as whole in the Concluding Remarks section at the end of the main text
of this document. I also comment on the trajectory of the study of developmental evolution, highlighting some
avenues for future work that seem particularly promising to me.
???
A note on the format of this dissertation: For work that has already been published, I have reproduced
the articles and their supplemental materials in their completed format. Chapters 1, 2, 3, and 5, as well as
Appendices A and B, contain reference lists for all the published works cited within each one. For the rest of
the dissertation, a single shared bibliography is found at the end of this document. All of the work in this
dissertation was collaborative, including one project (Appendix A) for which my contributions were relatively
minor. Therefore, at the introduction of each new project I have included a Contributions section.

1 Consider any pair of species, each of which represents one data point. These two data points should not be regarded as though they
were drawn independently since they share some portion of their evolutionary history in common. Since the time of their last common
ancestor, the forebears of each species have been evolving independently, and this time-of-independence is different for every pair of species.
How to isolate the periods of independent evolution—across a dataset of many species, with imperfect information about their phylogenetic
relationships—is a statistical challenge that led to the field of phylogenetic comparative methods.
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Chapter 1

Germ cell specification in the cricket
Gryllus bimaculatus
1.1

Contributions

The project was envisioned by Cassandra Extavour, based on her description of the taxonomic distribution
of modes of germ cell specification (C. G. Extavour and Michael Akam 2003; C G M Extavour 2007). It
also builds directly on work done in the Extavour Lab by Ben Ewen-Campen (Ewen-Campen, Srouji, et al.
2012; Ewen-Campen, Donoughe, et al. 2013), the latter of which is included at the end of this dissertation
as Appendix A. In this project, I cloned the cricket genes and did the initial phenotypic characterization of
RNA interference (RNAi) conditions. Taro Nakamura and I did the rest of the RNAi experiments, protein
injections, and small molecule treatments. Ben Ewen-Campen did the in situ hybridizations and built the gene
trees with Lory Henderson. I did the quantitative PCRs with assistance from André Green. Cassandra Extavour
conducted the confocal microscopy, phenotyped samples, and conducted the final statistical analyses. Cassandra
Extavour and I co-wrote the paper with input from each of the other authors.

1.2

Subsequent work

Nakamura and Extavour built on this work by showing that cricket ortholog of blimp-1 is inhibited by BMP
signaling in crickets (Nakamura and C. G. Extavour 2016). In Figure 4 and the supplemental materials of the
paper described herein, we briefly summarize existing data on the role of BMP signaling in germ cell formation
and function across selected animal species. Lochab and Extavour conducted a meticulous and comprehensive
review of this topic (Lochab and C. G. Extavour 2017). Whittle and Extavour consider the hypothesis that
an organism’s mode of germ cell specification has consequences for its genomic evolution (Whittle and C. G.
Extavour 2016; Whittle and C. G. Extavour 2017).

1.3

Published article: BMP signaling and cricket germ cell formation
(PNAS 2014)

The following pages contain a reproduction of the paper (Donoughe, Nakamura, et al. 2014). The supplemental
materials for this paper are included as Appendix B.
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Chapter 1. Germ cell specification in the cricket Gryllus bimaculatus

BMP signaling is required for the generation of
primordial germ cells in an insect
Seth Donoughea, Taro Nakamuraa, Ben Ewen-Campena, Delbert A. Green IIb, Lory Hendersonb,
and Cassandra G. Extavoura,1
Departments of aOrganismic and Evolutionary Biology and bMolecular and Cellular Biology, Harvard University, Cambridge, MA 02138
Edited by Anthony P. Mahowald, The University of Chicago, Chicago, IL, and approved February 7, 2014 (received for review January 10, 2014)
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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, maternally 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, experimental 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 expression 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 primordial 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 conserved bone morphogenetic protein (BMP) pathway to specify
PGCs (8–10, 19, 20), we investigated BMP signaling as a candidate 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
www.pnas.org/cgi/doi/10.1073/pnas.1400525111

bimaculatus piwi orthologue (Gb-Piwi) (4) and the BMP signal effector phosphorylated Mad (pMad) (20). We observed coexpression of high levels of Gb-Piwi and nuclear pMad in mesodermal
cells of anterior abdominal segments, revealing that there is active
BMP signaling in PGCs at the time that they are specified, and in
most PGCs while they coalesce into clusters (Fig. 1 A–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, becoming 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-dpp1 and Gb-dpp2) and BMP5/7/8 (Gryllus
bimaculatus glass bottom boat, Gb-gbb) are expressed in the abdomen 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-dpp1 and Gb-dpp2 are expressed within 2–4 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).
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DEVELOPMENTAL
BIOLOGY

Two modes of germ cell formation are known in animals. Specification 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 pathway activity for their formation. Moreover, increased BMP activity
leads to ectopic and supernumerary germ cells. Given the commonality of BMP signaling in mouse and cricket germ cell induction, we suggest that BMP-based germ cell formation may be a
shared ancestral mechanism in animals.
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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’, I, 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 μm in A’’’, B’’’, C’’’, G, and H (also applies to G’–J’), and 50 μm in all other panels.]

(Gb-tkv) (type I) and Gryllus bimaculatus punt (Gb-put) (type II)
and the BMP effector Smad1/5/8 (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 specification, 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 morphological 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 developed 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–S6) 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. 2A). 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 <
4134 | www.pnas.org/cgi/doi/10.1073/pnas.1400525111

0.001, n = 43; Fig. 2A). Gb-dpp1 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 I) and
total PGC number (P < 0.05, n = 32; Fig. 2A) in the remainder. Gbdpp2 RNAi embryos did not show a significant decrease in PGC
number (P = 0.67, n = 18; Fig. 2A). 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-dpp1 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 affected by Gb-dpp1 and Gb-dpp2 RNAi (Fig. 2 I and J), 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 increase 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.
Donoughe et al.
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However, the complete absence of PGCs in a significant proportion of Gb-Mad and Gb-gbb RNAi embryos and the absence
of apoptotic PGCs in all RNAi experiments suggest a direct requirement 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 (ii) injecting recombinant D. melanogaster Decapentaplegic
(Dpp) protein (Dm-Dpp) (SI 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 segment 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 increased by up to 42% (Fig. 3G), consistent with activation of
BMP signaling. In addition, both treatments caused a significantly increased frequency of ectopic PGCs, defined as PGCs
found in segments A1, A5, or A6 (10 mM 4′-hydroxychalcone,
Donoughe et al.

P < 0.01, n = 31, Fig. 3 E’ and L; 10 μg/mL Dm-Dpp, P < 0.01,
n = 23, Fig. 3 F and J–L; 100 μg/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 perturbation, even in buffer-only injected controls, and that the proportion of these segments lacking PGCs in 4′-hydroxychalcone–
treated embryos was not significantly different from controls (SI
Appendix, Fig. S10 F–H). We think it unlikely that BMP signaling
actively represses PGC formation, as this hypothesis does not explain 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 specification is not solely dependent on BMP levels, but instead may
involve a range of acceptable BMP signal levels integrated with
PNAS | March 18, 2014 | vol. 111 | no. 11 | 4135
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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 μm.) 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 μm.) Mann–
Whitney test significance in A and G–K, *P < 0.05, **P < 0.01, ***P < 0.001.
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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 μM 4′-hydroxychalcone–injected, and (C and C’) 10 μg/mL Dm-Dpp–injected embryos at 4 d AEL. PGCs (arrowheads) identified
with anti–Gb-Piwi (magenta); anterior is up. (Scale bar, 50 μm.) 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 I) Higher
magnification views of a single PGC cluster (white outline) in a control (DMSO) and a 10 μM 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). (J and K) Higher magnification views of PGC clusters in a control
(10 μg/mL BSA) and 10 μg/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 DmDpp–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 μm.) 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
is additionally consistent with the expression of nuclear pMad
during PGC formation (Fig. 1 A–C and SI Appendix, Fig. S2 A–A’’),
4136 | www.pnas.org/cgi/doi/10.1073/pnas.1400525111

as the presence of nuclear pMad in some non-PGC cell types suggests that additional mechanisms may be involved in PGC specification. In mice, where BMP signaling induces PGC formation,
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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 number in both the RNAi and BMP activation experiments is consistent 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 Gryllus embryos, or in heterozygous knockout mice (8–10),
as strong RNAi phenotypes and homozygous knockout conditions
severely disrupt early development. Loss of BMP2/4, BMP8, and
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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 signaling at some stage of their development, including PGC specification, gametogenesis, germ-line stem cell divisions, and adoption
of germ cell fate by stem cells in culture (Fig. 4B and SI Appendix). 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 pluripotency. If future studies reveal a role for BMP signaling in PGC
formation in additional taxa that use the inductive mode, that
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phosphorylated SMAD is also detectable in multiple somatic
cells, including cells neighboring the nascent PGCs (31). A combination 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 hypothesize 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 hypothesis 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-dpp1 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 promotes 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 longterm 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 positions may be because although pMad levels are elevated by both
treatments (Fig. 3 M–O), 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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would further support the hypothesis that BMP signaling constitutes an ancestral animal mechanism for specification of the
germ line.
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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 micrographs of optical sections through the region of the abdomen containing
germ cells (SI 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 efficient than directly counting PGCs, therefore allowed us to accurately
determine the total number of PGCs per cluster, per segment, and
per embryo.

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 qPCR were conducted as previously 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 accomplished by injecting eggs at 0–5 h AEL with (i) either 10 μM or 10 mM
of 4′-hydroxychalcone (30) (Santa Cruz Biotechnology Chemicals SC262260) in DMSO, with DMSO as a control, and (ii ) either 10 μg/mL or
100 μg/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 μg/mL
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2.1

Contributions

Immunohistochemical staining and confocal imaging were conducted by Cassandra Extavour. I recorded timelapses of cricket embryogenesis, defined egg stages, analyzed egg size changes, and created embryo illustrations.
Cassandra Extavour and I co-wrote the manuscript.

2.2

Subsequent work

Since this work was completed, a full book has been published on the subject of G. bimaculatus (Horch et al.
2017). Tools for genetic manipulation in crickets have continued to improve (Watanabe, Noji, and Mito 2017).

2.3

Published article: Description of cricket embryogenesis (Dev Biol
2016)

The following pages contain a reproduction of the paper on G. bimaculatus development published in Developmental Biology in 2016 (Donoughe and C. G. Extavour 2016). The supplemental materials for this paper are
included as Appendix C.
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Extensive research into Drosophila melanogaster embryogenesis has improved our understanding of
insect developmental mechanisms. However, Drosophila development is thought to be highly divergent
from that of the ancestral insect and arthropod in many respects. We therefore need alternative models
for arthopod development that are likely to be more representative of basally-branching clades. The
cricket Gryllus bimaculatus is such a model, and currently has the most sophisticated functional genetic
toolkit of any hemimetabolous insect. The existing cricket embryonic staging system is fragmentary, and
it is based on morphological landmarks that are not easily visible on a live, undissected egg. To address
this problem, here we present a complementary set of “egg stages” that serve as a guide for identifying
the developmental progress of a cricket embryo from fertilization to hatching, based solely on the
external appearance of the egg. These stages were characterized using a combination of brightﬁeld
timelapse microscopy, timed brightﬁeld micrographs, confocal microscopy, and measurements of egg
dimensions. These egg stages are particularly useful in experiments that involve egg injection (including
RNA interference, targeted genome modiﬁcation, and transgenesis), as injection can alter the speed of
development, even in control treatments. We also use 3D reconstructions of ﬁxed embryo preparations
to provide a comprehensive description of the morphogenesis and anatomy of the cricket embryo during
embryonic rudiment assembly, germ band formation, elongation, segmentation, and appendage formation. Finally, we aggregate and schematize a variety of published developmental gene expression
patterns. This work will facillitate further studies on G. bimaculatus development, and serve as a useful
point of reference for other studies of wild type and experimentally manipulated insect development in
ﬁelds from evo–devo to disease vector and pest management.
& 2015 Elsevier Inc. All rights reserved.
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Introduction
The two-spotted ﬁeld cricket, Gryllus bimaculatus, has long
been used as a model for behavior, neurobiology, and physiology.
More recently, it has emerged as a model for insect developmental
genetics as well. G. bimaculatus is a member of the order
Orthoptera, a group that branches basally with respect to the most
extensively studied insect species, including the fruit ﬂy Drosophila
melanogaster, the ﬂour beetle Tribolium castaneum, and the
Abbreviations: A, anterior; A1, ﬁrst abdominal segment; am, amnion; an,
antenna/ae; cc, cercus/cerci; cho, chorion; co, coxopodite; D, dorsal; ect, ectoderm;
ee, extra-embryonic region; end, endoderm; fe, femur; L, thoracic leg; la, labrum;
LB, limb bud; me, mesectoderm; mes, mesoderm; mn, mandible; mx1, ﬁrst maxilla; mx2, second maxilla; NB, neuroblast; ne, neuroectoderm; P, posterior; pp,
pleuropodia; pr, proctodaeum; ser, serosa; st, stomodaeum; T1, ﬁrst thoracic segment; ta, tarsus; te, telopodite; ti, tibia; V, ventral; VF, ventral furrow
n
Corresponding author at: Department of Organismic & Evolutionary Biology,
Harvard University, 16 Divinity Avenue, Cambridge, MA 02138, United States.
Fax: þ1 617 496 9507.
E-mail address: extavour@oeb.harvard.edu (C.G. Extavour).
http://dx.doi.org/10.1016/j.ydbio.2015.04.009
0012-1606/& 2015 Elsevier Inc. All rights reserved.

silkmoth Bombyx mori. It thus serves as a useful comparator for
inferring events in the early evolutionary history of Insecta, and
potentially even in the shared ancestor of Arthropoda or Bilateria.
G. bimaculatus development (summarized in Fig. 1) is unlike
that of D. melanogaster in several respects. First, in D. melanogaster,
as in many long germ insects, nearly all cells of the blastoderm
form the embryo proper. In this case, the embryo ﬁlls the entire
space within the vitelline membrane and surrounds the yolk
throughout embryogenesis, leaving a small proportion of blastoderm cells that are fated to become D. melanogaster's single
extraembryonic membrane, called the amnioserosa. In contrast,
typical of intermediate and short germ insects, only some of the
cells of the G. bimaculatus blastoderm contribute to an embryonic
rudiment that forms on the surface of the yolk. The remaining cells
form two large and distinct extraembryonic membranes: the
amnion, which lies on the ventral side of the embryo, and the
serosa, which surrounds the embryo and yolk mass on the dorsal
side (reviewed by Panﬁlio (2008)). Second, while D. melanogaster
is a long germ insect that forms all of its body segments essentially
simultaneously, G. bimaculatus is an intermediate germ insect, in
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adult female
2 mm

fertilization, egg laying (EgS 1)

2 mm

sexual maturity
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after egg
laying
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2
hatching

24
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head and thoracic segmentation (EgS 3-4)

2.5
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after egg
laying

1st instar
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germ rudiment condensation (EgS 3)

4
6

abdominal segmentation,
limb bud formation (EgS 4-5)

visible cuticle deposition (EgS 20-23)
appendage segmentation (EgS 8-12)

dorsal closure (EgS 16-19)

examined in detail in this paper

8 ny
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syncytial cleavage (EgS 2)
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Fig. 1. Schematic of the Gryllus bimaculatus life cycle. Schematic drawings of selected embryonic and nymphal stages are shown, with the duration of each stage shown in
hours (orange), days (green), or weeks (blue) after egg laying. Colored arcs indicate the window of time occupied by the indicated stage. Schematic drawings of embryogenesis show the position of the embryo (gray) within the egg relative to the yolk (yellow). Dotted lines with arrowheads indicate upcoming blastokinesis movements of
the embryo. For stages examined in detail in this paper (bracketed in red), schematics on the left show morphologies of the embryo (gray) when dissected free from the yolk
(yellow). “EgS” refers to egg stages deﬁned in this paper. Live images of embryos at the stages corresponding to these schematics can be seen in time-lapse Movie S1 (EgS 1:
0 d 00:00 h–0 d 09:55 h; EgS 2: 0 d 10:00 h–0 d 15:15 h; EgS 3: 0 d 15:20 h–1 d 23:00 h; EgS 4: 1 d 23:05 h–2 d 12:10 h; EgS 5: 2 d 12:15 h–3 d 05:35 h) and Movie S2 (EgS
8–12: 4 d 01:45 h–6 d 11:50 h; EgS 13–15: 6 d 02:35 h–7 d 13:10 h; EgS 16–17: 7 d 11:15 h – end of Movie S2).

which head and thoracic segments are formed simultaneously and
then abdominal segments are added sequentially as the anterior–
posterior axis elongates. Third, unlike D. melanogaster, the cricket
embryo changes its axial orientation while submerged within the
yolk mass. This occurs in concert with morphogenetic movements
of the two extraembryonic membranes in a two-part process
termed blastokinesis (reviewed by Panﬁlio (2008)). The developing embryo completely reverses its anteroposterior orientation
with respect to the eggshell once during anatrepsis (the ﬁrst part
of blastokinesis) and again during katatrepsis (the second part of
blastokinesis) (Fig. 1). Fourth, crickets are hemimetabolous, which
means that unlike the indirectly developing holometabolous
insects, they do not pass through a larval stage nor go through
total metamorphosis. Lastly, the G. bimaculatus ovary is panoistic.
There are no germ line-derived nurse cells that provide cytoplasm
to incipient oocytes; rather, each differentiating germ cell in
females is thought to become an oocyte (Büning, 1994). Based on
the phylogenetic distribution of these features, many of these
characteristics are likely ancestral to insects (Sander, 1997).
G. bimaculatus is easily cultured in the lab, and there are wellestablished protocols for observing gene expression and protein
localization in whole mount embryos and organ systems of juveniles and adults. Two recently published transcriptomes (Bando
et al., 2013; Zeng et al., 2013) have made it straightforward to
identify genes of interests and use RNA interference (RNAi) to
knock down maternal or zygotic transcripts (techniques reviewed
by Mito and Noji (2009)). It is also possible to generate stable
transgenic lines (Nakamura et al., 2010). Thanks to these tools, our
understanding of a diverse array of long-standing problems in

arthropod and bilaterian evolution and development has
improved, including limb development and regeneration
(reviewed by Nakamura et al. (2008a)), segmentation (Kainz et al.,
2011; Mito et al., 2011), anterior–posterior axis formation (Nakamura et al., 2010), novel gene evolution (Ewen-Campen et al.,
2012), and germ cell speciﬁcation (Donoughe et al., 2014). It is now
also possible to perform site-directed genome editing (Watanabe
et al., 2014, 2012), which opens up even more promising experimental possibilities.
All developmental studies, including those mentioned above,
rely on a consistent embryonic staging system. A commonly used
set of embryonic stages for G. bimaculatus was most recently
updated by Mito and Noji (2009) and Kainz (2009), wherein
embryonic stages are deﬁned by morphological characteristics of
the embryo. One drawback to the existing embryological staging
system is that not all enumerated stages are deﬁned by speciﬁc
morphological features, and those that are well deﬁned are limited
to identiﬁcation by examination of only a few organ systems. A
second limitation of using these embryonic stages is that an
embryo must be manually removed from the egg and examined in
detail in order to identify its stage. This is because a large portion
of cricket embryogenesis occurs when the embryo is submerged in
yolk and the relevant morphological landmarks are not externally
visible without this microdissection. Finally, although staging
landmarks have been described for a number of other orthopterans (Bentley et al., 1979; Chapman and Whitham, 1968; Hägele
et al., 2004; Harrat and Petit, 2009; Patel et al., 1989; Rakshpal,
1962; Riegert, 1961; Roonwal, 1936, 1937; Salzen, 1960; Sauer,
1961; Slifer and King, 1934; Slifer, 1932; Wheeler, 1893), it is not
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clear how the G. bimaculatus stages correspond to those established for other crickets, grasshoppers, and locusts.
Our goal with this paper is therefore to facilitate embryological
studies on G. bimaculatus by adding detail to the existing
embryonic staging system, extending it to include stages that were
not previously described, and presenting a complementary set of
“egg stages” that makes it possible to determine the stage of a
developing cricket embryo without removing it from its eggshell.
This is particularly useful for eggs that have been injected, such as
in zygotic RNAi experiments. A batch of injected embryos, even
control-injected embryos, is often developmentally delayed compared to non-injected embryos (see e.g. Kainz et al. (2011)). Furthermore, injected eggs that are within two hours of the same
chronological age can display a range of developmental stages that
would normally correspond to those of embryos that were a few
days apart in chronological age. This can lead to artifacts when
interpreting the phenotypes obtained by RNAi, as developmental
delays can be difﬁcult to distinguish from developmental defects
(see e.g. Kainz et al. (2011)). The egg stages described in this paper
address this problem, as they make it possible to determine easily
the developmental progress of an embryo based on external
appearance alone and, if necessary, allow it to continue developing
until it reaches the desired developmental stage of embryogenesis.
To show how egg stages can be used to determine the extent of
development in cricket embryos, we include two time-lapse
videos of wild type embryos, with accompanying descriptions of
developmental events and the corresponding egg stages and
embryonic stages. We also describe morphogenesis of the wildtype cricket embryo from the germ band stage through to late
appendage segmentation stages, using 3D reconstructions and 2D
projections of confocal micrographs to display external embryo
morphology and optical sections to reveal internal embryo morphology. Finally, we summarize and schematize the expression
patterns of a variety of cricket genes that are important for early
embryogenesis, providing molecular landmarks that can be used
to identify speciﬁc embryonic regions, organ primordia or tissue
types during development.

Materials and methods
Animal husbandry and embryo collection
G. bimaculatus culture was founded in 2006 with animals
purchased from LiveFoods Direct (Shefﬁeld, United Kingdom).
Since then, the colony has been kept as an inbred culture, maintained at 29 °C as previously described (Kainz et al., 2011). For
precisely timed egg collections (embryo age range of ﬁve hours or
fewer), adult females were provided with 6 cm petri dishes ﬁlled
with ﬁne sand (generic children's sandbox sand, sieved to remove
grains larger than  200 mm) that was dampened with tap water
and then covered with a thin layer of cotton (VWR #14224-514).
Females insert their ovipositors through the cotton layer and lay
eggs in the damp sand. After the collection period, the cotton was
discarded, removing any accumulated frass or detritus in the
process. Eggs were collected by washing the egg-laden sand
through a 200-mm nylon sieve with tap water. Sand grains passed
through the sieve while the eggs remained. The eggs were then
washed into a glass beaker and rinsed several times with additional tap water to remove debris and any remaining sand. For
roughly timed egg collections (age ranges greater than ﬁve hours),
females were provided with 6-cm petri dishes ﬁlled with moistened cotton. After the collection period, eggs were washed free of
cotton into a glass beaker using tap water, rinsed, and collected
into a fresh petri dish as described for sand-collected eggs. Eggs
collected using either method were aged in a 29 °C incubator until

they reached the desired stage. Eggs were aged while submerged
in tap water, either en masse in a petri dish or individually in 6- or
12-well plates (Thermo Scientiﬁc #150628 and #140675; these
need not be sterile and can be washed and reused). After  12 d in
water, eggs were moved to a fresh petri dish with Whatman ﬁlter
paper laid over moistened cotton, which allowed crickets to hatch
into air.
Egg measurements
To establish an egg staging scheme, sexually mature mated
females were allowed to lay eggs in cotton-ﬁlled petri dishes for
several hours. During this period the females cleared any previously fertilized older eggs that they may have been retaining in
their uteri. This was followed by a one-hour egg collection into
damp sand as described above. Eggs were individually incubated
at 29 °C in 12-well plates ﬁlled with tap water. Half of the tap
water was changed out every two or three days. Every six hours
for 12 consecutive days, each egg was taken to a 25 °C room,
where it was photographed from lateral, ventral, and dorsal views.
Following these 12 d, eggs were moved to moist Whatman paper
and checked for hatching every 12 h for two more days. A custom
ImageJ macro was used to crop and orient all images for ease of
analysis, and another custom macro was used to automatically
extract approximate egg dimension data (Supplementary Fig. S2).
ImageJ macros are available upon request.
In situ hybridization and immunostaining
Embryos were dissected, ﬁxed, and subjected to in situ hybridization as previously described (Kainz et al., 2011). Embryos were
counterstained with 1:500 or 1:1000 Hoechst 33342 (Sigma
#B2261) 1–10 μg/mL.
Microscopy and image analysis
We recorded time-lapses covering the ﬁrst two-thirds of
embryogenesis, and annotated them with descriptions of developmental events, egg age, egg stage, and approximate embryonic
stage (Movies S1 and S2). For time-lapse imaging of embryos up to
egg stage 7 (beginning of egg expansion), eggs were secured to the
bottom of a 3-cm petri dish using heptane glue (made by incubating Scotch 3M double-sided sticky tape in heptane) and covered with halocarbon oil 700 (Sigma #H8898) for imaging. We
found that egg expansion (egg stages 7–9) failed to occur under
halocarbon oil, although embryonic development proceeded normally in other respects for several hours. Therefore, for time-lapse
imaging at egg stage 7 and beyond, embryos were placed in a
trough cut into a block of Sylgard 184 elastomer (Dow Corning
Sylgard 184 Elastomer Kit) and covered with tap water. Images
were captured every ﬁve minutes for a period of up to ﬁve consecutive days under these conditions using AxioVision version 4.8
(Zeiss) driving a Zeiss Stereo Lumar microscope with an AxioCam
MRc camera. Images were assembled into movies and annotated
using ImageJ and Adobe After Effects CS5.
Supplementary material related to this article can be found
online at doi:10.1016/j.ydbio.2015.04.009.
The same microscope and control software used for time-lapse
imaging were also used to take single time point micrographs. Since
the sampling was performed at discrete points rather than continuously, the exact interval for each egg stage could not be measured
and had to be estimated. Thus, there is 73 h (one half of the sampling interval) uncertainty for the beginning and end of each egg
stage. Supplementary Fig. S1 contains information for each egg stage,
including bright ﬁeld egg images, description, schematic, duration,
and correspondence to embryonic stages. This ﬁgure also contains an
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preparations with the nuclear dye Hoechst 33342 and taking
optical confocal sections. The LSM Image VisArt plus module in
Zen 2009 or 2011 (Zeiss) was used to render optical sections as a
3D structure illuminated by a virtual light source from above
(mode: “shadow projection”) or from the rear (mode: “transparent
projection”). Other image analyses and assembly were performed
with AxioVision version 4.8, Helicon Focus Pro version 4.1.1
(HeliconSoft), Adobe Photoshop, Illustrator, and InDesign CS5.

updated list of embryonic stages and a brief summary of the characteristic developmental events of each stage.
For ﬁxed embryo preparations, images were captured with
AxioVision version 4.8 (Zeiss) driving a Zeiss AxioImager microscope with an AxioCam MRm camera and Apotome. Confocal
microscopy of ﬁxed preparations was performed with a Zeiss LSM
710 or LSM 780 microscope. External embryonic morphology, as
shown in Figs. 5–9, was illustrated by staining ﬁxed embryo
egg
stage
(EgS)

bright field

143

schematic

lateral view of egg or embryonic
ventral view of embryo stage (ES)

description

1

Freshly laid egg. The anterior pole is slightly
pointed, while the posterior pole is more rounded.
The yolk is fine and granular; a dense column of
yolk is located ~ 40% from the posterior end.

2

Energids are visible all over the egg as lightcolored dots.

3

Cells are no longer obviously visible. The yolk is
slightly coarser than that of freshly laid eggs.

1.6 – 4.0

4

Yolk has just begun to separate into small
fragments. The yolk is often absent from one or
both ends of the eggshell. The elongating germband
embryo is visible at the posterior end of the egg.

4.0 – 5.2

5

Yolk is now entirely in small fragments, and may be
absent from one of both ends of the eggshell. The
germband is now submerged in the yolk.

5.2 – 6.5

6

Yolk is in visibly larger fragments, but the egg
shape is unchanged. Embryo is only rarely
visible through the yolk.

6.0 – 7.0

7

Large yolk fragments are beginning to break up. Egg
length is the same as in the previous stages, but egg
girth has increased slightly. The egg is no longer
bowed and it tapers a little more sharply at the ends.

7.0 – 7.5

8

Egg is becoming longer, wider, and tauter. The egg
is more bulbous at the posterior than egg stage 7
and more tapered at the anterior than egg stage 9.

7.2 – 8.0

9

Egg is at its largest and tautest. The anterior end
is now a smooth hemispherical curve. Yolk has not
begun to clear from the area dorsal to the head.

7.5 – 8.5

10

Yolk begins to clear away from the space that is
dorsal to the embryo’s head. This is most easily
visible when the egg is viewed laterally.

8.0 – 8.7

11

Yolk has completely cleared dorsal to the head.
This is often visible as a transparent notch in the
yolk when viewed laterally. The yolk has not begun
to pull away from the posterior end of the egg.

8.5 – 9.0

12

Yolk begins to pull away from the posterior end of
the egg to form a gap. Yolk is absent in the space
dorsal to the embryo’s head.

8.7 – 9.5

time range of each egg stage:
egg stage:

1

0

0.5

1.5

10

2

4

6

1

8

5

3
days AEL:

1.0 – 1.4

1.5

2

11

7
2.5

3

9
3.5

4

12
4.5

5
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6

Fig. 2. Egg staging system for G. bimaculatus (EgS 1–12). Lateral views of representative individuals are shown to illustrate the egg morphology features that can be used to
assign embryos to an egg stage (left), and the corresponding embryonic morphology and embryonic stages found within eggs of a given egg stage (right). Embryonic stages
are as previously deﬁned in the literature (Miyawaki et al., 2002, 2004; Niwa et al., 2000, 1997; Sarashina et al., 2005; Sato and Tanaka-Sato, 2002; Zhang et al., 2005), most
recently summarized by Mito and Noji (2009) and Kainz (2009). Micrographs of live embryos at each stage are shown to the left of schematics showing morphologies and
relative positions of the yolk (yellow) and the embryo (gray) at each stage. To the right of each text description is either a lateral view of a live H2B-GFP transgenic egg (EgS
1–5, 19–23) or a ventral view of a dissected and ﬁxed embryo stained with the nuclear dye Hoechst 33342 (EgS 6–18). Micrographs have been inverted so that dark areas in
the images represent strongest ﬂuorescence intensity. The micrographs are not to scale. Timeline along bottom shows the range of time occupied by each egg stage,
measured in days after egg laying (AEL) at 29 °C. At each time point, if at least one-third of eggs are at a given egg stage, the horizontal bar representing that egg stage is
thick; if less than one-third of eggs are at that egg stage, the bar is thin.
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Results and discussion
To complement and facilitate use of the descriptions of
G. bimaculatus embryonic stages (ES) that have been described
brieﬂy in the literature (Kainz, 2009; Mito and Noji, 2009), we
deﬁned new egg stages (EgS) using characteristics that are externally visible when a wild type egg is illuminated with incident
white light and examined with a dissection stereomicroscope. We
collected 42 wild-type eggs that had been laid within a one-hour
window and took a white light image of each one every six hours
until hatching. We used these images to deﬁne distinct egg stages
egg
stage
(ES)

bright field

(example images and schematics shown in Figs. 2 and 3; detailed
descriptions follow below).
Once the egg stages were established, we examined the micrographs of all eggs at a given chronological age and assigned each
individual to an egg stage. These data were used to make a timeline
of embryonic development from egg laying through to hatching
(Figs. 2 and 3, bottom). We found that cricket embryos can progress
through development at slightly variable rates, even when they have
been laid within only one hour of each other, and are raised under
identical laboratory conditions. Development of embryos of the same
age 730 min is largely synchronous through EgS 5, and then
embryos begin to diverge. For example, embryos that simultaneously

schematic

lateral view of egg or embryonic
ventral view of embryo stage (ES)

description

13

The cleared notch in the yolk is fully connected
with the posterior gap, as the head emerges
posteriorly from the yolk. None of the gnathal
appendages are free from the yolk yet.

9.0 – 9.9

14

The midway point of katatrepsis. The legs are
exposed in the yolkless space in the posterior of
the egg.

10

15

Katatrepsis is complete, with the head now
pointing anteriorly. A portion of the yolk forms a
broad patch on the dorsal side of the embryo.
When viewed ventrally, 55-60% of the egg is taken
up by the embryo.

11

16

The patch of yolk narrows as dorsal closure
begins. When viewed ventrally, 65-70% of the egg
is taken up by the embryo. Eyes are lightly
pigmented.

11

17

A bulge of yolk remains anterior to the embryo.
When viewed ventrally, 80-85% of the egg is taken
up by the embryo. Dorsal closure is well advanced
in the abdomen. Eyes are more darkly pigmented.

11 – 12

18

The yolk has receded to a point slightly posterior
to the anterior tip of the head.

11 – 12

19

The yolk is entirely posterior to the head, but a gap
remains in the egg, anterior to the embryo. This gap
is about the same size as in the previous stage.

12 – 13

20

Embryo begins to move forward, so that the gap
anterior to the embryo is about half as large as in
the previous stage.

12 – 14

21

Only a very small gap remains anterior to the
embryo. Eyes are larger and darker. Pigment is
now visible in the cuticle in other parts of the body,
particularly the cerci.

13 – 14

22

No gap remains anterior to the embryo.

14

23

Embryo appears to have inflated, filling the volume
of the egg shell completely. Cuticle is darker all
over. Bristles are visible on legs, antennae, and on
the dorsal side of the body.

15

24

Embryo hatches.

16

time range of each egg stage:
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Fig. 3. Egg staging system for G. bimaculatus (EgS 13–24). Continued from Fig. 2.
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Fig. 4. Changes in egg sizes over time during early embryogenesis of G. bimaculatus. Length (A) and width (B) of ten eggs was measured manually from micrographs at a
range of time points. From these measurements, we calculated the rate of change of length and width (C), the egg volume (D), and the aspect ratio as a function of days after
egg laying (E).

reach EgS 5 might reach EgS 20 as much as 36 h apart from one
another. Embryonic mortality is more frequent towards the end of
embryogenesis: 96% of embryos analyzed reached EgS 9, 87%
reached EgS 22, and 71% of embryos hatched as ﬁrst instar nymphs.
To determine the relationship between the egg stages deﬁned
here, and the embryonic stages previously used in the literature
(Kainz, 2009; Mito and Noji, 2009), we used epiﬂuorescence to
examine either dissected and ﬁxed embryos stained with Hoechst
33342 (EgS 6–18), or undissected embryos through the transparent chorion using a Histone2B-EGFP transgenic cricket line
(Nakamura et al., 2010) (EgS 1–5 and 19–24; Figs. 2 and 3).
Micrographs of these preparations are grouped into separate ﬁgures for different regions of the embryo, including head (Fig. 5),
thoracic appendages (Fig. 6), thoracic midline and neuroectoderm
(Fig. 7), abdomen (Fig. 8), and posterior abdomen (Fig. 9). Finally,
we used optical sections to illustrate the anatomical relationship of
mesoderm to ectoderm at the early germ band stage (Fig. 10).
For each egg stage, we provide the following information
below: the distinguishing attributes of the egg stage, the age range
when the egg stage was observed, and the embryonic stages that

correspond to that period of development. We also describe the
major morphogenetic events of development, referencing the
staged micrographs included with this paper or directing the
reader to existing literature where these morphogenetic processes
have been described in additional detail.
The time ranges given below represent the full extent of ages at
which an egg stage was observed, rather than the amount of time an
egg will spend at a given egg stage. An egg stage's range typically
overlapped with those of several other egg stages, as illustrated in
Figs. 2, 3 and S1. All descriptions are based on embryonic development at 29 °C (with short periodic transfers to 25 °C for imaging, as
described in Section Materials and methods). G. bimaculatus embryos
can be raised successfully at other temperatures, and the EgS and ES
stages can still be used, but the speciﬁc times and durations of each
developmental event will vary depending on the rearing temperature. We also recorded two time-lapse movies of developing cricket
embryos (Movies S1 and S2). These are annotated to highlight the
visible characteristics that we use to determine an embryo's egg
stage. For EgS 1–17, below we have included the elapsed time range
when each egg stage is visible in a supplemental movie. Note:
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Fig. 5. External morphology of early head and gnathal segment development in G. bimaculatus. 3D reconstructions of all nuclei in the anterior of embryos stained with the
nuclear dye Hoechst 33342, showing the development of the external head morphologies. Images were rendered in 3D as if illuminated from above by a virtual light source
for all panels except for C, C1, D1, and D2, which were rendered as if illuminated from the rear by a virtual light source (see Section Materials and Methods for details).
Embryos are oriented with the ventral side facing up except where noted otherwise. In situ hybridization for wingless was also performed on some of these embryos; in those
cases, the expression stripes are visible as dark bands perpendicular to the anteroposterior axis in some panels (e.g. C1 and D2). The egg stage (EgS), embryo stage (ES) and
age of collection in hours (h) ( 7 1.5 h) or days (d) ( 7 1.5 h) after egg laying of the embryos shown is indicated. Embryos were raised at 29 °C.

because these movies were taken in an ambient temperature of
25 °C, the time ranges in the movies do not precisely match the time
ranges determined from the snapshots of eggs aged at 29 °C.

Eg1–3: Beginning of embryogenesis through germ band
formation
Egg Stage 1: Meiosis and early syncytial cleavages (0–6 h AEL; ES
1.0–1.4; Movie S1 0 d 00:00 h–0 d 09:55 h)
Stage identiﬁers: Freshly laid egg. The anterior pole is slightly
pointed, while the posterior pole is more rounded. The yolk is ﬁne
and granular.

Developmental features: A freshly laid cricket egg measures
2.5–3.0 mm along the anteroposterior axis and 0.5–0.7 mm across
its width. The egg curves slightly: it is concave on the dorsal side
and convex on the ventral side. Note that “dorsal” and “ventral”
are deﬁned here based on the future orientation of the embryo
inside the egg just before hatching. There is a column of optically
dense yolk 60% from the anterior pole of the egg. The female
pronucleus is initially located in this column, towards the dorsal
side of the egg (Sarashina et al., 2005). The last meiotic divisions
occur at  1.5 h AEL and the ﬁrst mitotic division of the diploid
zygotic nucleus is at  3 h AEL (Sato and Tanaka-Sato, 2002). A
series of synchronous syncytial nuclear divisions follows and the
nuclei gradually move towards the surface of the egg.
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Egg Stage 2: Syncytial blastoderm (6–18 h AEL; ES 1.5; Movie S1 0 d
10:00 h–0 d 15:15 h)

Egg Stage 3: Embryonic rudiment formation (12–36 h AEL; ES 1.6–4.0;
Movie S1 0 d 15:20 h–1 d 23:00 h)

Stage identiﬁers: Energids are visible all over the egg as lightcolored dots.
Developmental features: Syncytial divisions continue, and the

Stage identiﬁers: Cells are no longer obviously visible. The yolk
is slightly coarser than that of freshly laid eggs.
Developmental features: At 20 h AEL the embryonic rudiment
begins to form as two bilateral aggregations of cells at the ventral
posterior region of the egg (Nakamura et al., 2010). At 26 h AEL
these aggregations of cells begin to move ventrally, completely
fusing at the ventral midline to form a butterﬂy-shaped embryonic
rudiment by 36 h AEL (Miyawaki et al., 2004). The rest of the cells
on the yolk's surface appear to become polyploid, as judged by

energids migrate to the surface by 12 h AEL and cellularize from 14
to 16 h AEL (Nakamura et al., 2010; Sarashina et al., 2005). By 18 h
AEL there are  2000 cells uniformly distributed across the surface
of the blastoderm; these cells are now dividing asynchronously
(Sarashina et al., 2005).

EgS 4

ES 4.3, ~40h EgS 4

A

A1

B

ES 4.4, 42h

EgS 4

ES 5.1, 2d

C

T1

mx2

T1

am
T2

T2

T1

me
me
T3
T3

T2

am

dorsal

EgS 4

ES 5.1, 2d

C1

T1

C2

T1

EgS 5 ES 5.2, 2-2.5d

EgS 5

D

E

T1

F

mx2

T2

T3

EgS 7

ES 7.5, 3d

G

G1

L1

T1

T3

T3

A1

dorsal

ES 6.5, 2.5d

T2

me

T3

EgS 6

T1

nb

T2
T2
me

ES 6.0, 2.5d

EgS 8

H

L1

mx2

L1

L2
L2

T2

ES 8.0, 3.5d

L2

co

L3
T3

te
pp

A1

L3
A1

A1

EgS 11

I

A1

L3
dorsal

ES 9.0, 4d

J1

J

L1

EgS 15

K
A1

fe

mx2

ES 11.0, 5d
an
an

L1

L1

mx1 L1

A1

L2
fe

L3

pp

ti
ta

pp

ti

Fig. 6. Thoracic appendage development – external morphology, internal coelomic pouch morphogenesis. 3D reconstructions of all nuclei in the thoracic region of embryos
stained with the nuclear dye Hoechst 33342, showing the development of the thorax and thoracic appendages. Images were rendered in 3D as if illuminated from above by a
virtual light source for all panels except for A1, C2, and G1, which were rendered as if illuminated from the rear by a virtual light source (see Section Materials and Methods
for details). Embryos are oriented with the ventral side facing up except where noted otherwise. In situ hybridization for wingless was also performed on these embryos; in
these cases, the expression stripes are visible as dark bands perpendicular to the anteroposterior axis in some panels (e.g. A1, C2, and F). The egg stage (EgS), embryo stage
(ES), and age of collection in hours (h) ( 7 1.5 h) or days (d) ( 71.5 h) after egg laying of the embryos shown is indicated. Embryos were raised at 29 °C.
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Fig. 7. Thoracic neuroectoderm development – external and internal morphology. 3D reconstructions of all nuclei in one or two thoracic segments of embryos stained with
the nuclear dye Hoechst 33342, showing the development of the thoracic ventral midline, neuroectoderm, thoracic neuromeres and neuroblasts. Images were rendered in 3D
as if illuminated from above by a virtual light source for all panels except for C1 and E1, which were rendered as if illuminated from the rear by a virtual light source (see
Section Materials and Methods for details). In situ hybridization for wingless was also performed on some of these embryos; in these cases, the expression stripes are visible
as dark bands perpendicular to the anteroposterior axis in some panels (e.g. E1). The egg stage (EgS), embryo stage (ES) and age of collection in hours (h) ( 71.5 h) or days (d)
( 7 1.5 h) after egg laying of the embryos shown is indicated. Embryos were raised at 29 °C.

their enlarged nuclei, and will give rise to both of the extraembryonic tissues (Nakamura et al., 2010). The amnion appears to
form from those extraembryonic cells closest to the embryonic
rudiment, which migrate over the rudiment on the ventral side,
forming a continuous sheet of cells on the ventral side of the
embryo. The serosa forms from the remaining extraembryonic
cells, and becomes a continuous sheet of cells attached to the
embryo around its circumference, extending dorsally and enveloping the yolk and the dorsal side of the embryo.
The embryonic rudiment then becomes more deﬁned in shape
and takes on the shape of an early germ band stage that is typical
of most insects: the anterior portion of the germ band (protocephalon) is composed of bilateral lobes that will give rise to the
head. The rest of the embryo (protocorm) is longer than it is wide,
and it will give rise to the thorax and abdomen. In situ hybridization against the cricket orthologs of wingless and hedgehog has
suggested that all head segments and thoracic segments T1 and T2
have been speciﬁed by 36 h AEL (Miyawaki et al., 2004). At this
point, the abdomen is an unsegmented tissue at the posterior end
of the protocorm. This tissue will simultaneously undergo anteroposterior axis elongation and segmentation, giving rise to a total
of ten abdominal segments (Kainz et al., 2011; Mito et al., 2011).
To our knowledge, gastrulation has not yet been directly
observed in G. bimaculatus. However, based on comparative
orthopteran embryology, it likely begins during or immediately
following the fusion of the bilateral rudiment anlagen that gives

rise to the single condensed embryonic rudiment (Roonwal, 1936).
Cells are thought to delaminate dorsally from the germ band,
forming a second layer of cells with distinctly larger nuclei than
the cells remaining in the ventral layer. The dorsal cell layer likely
gives rise to the mesendoderm, while the ventral layer acquires
ectodermal fate, including the neuroectoderm along the ventral
midline.

EgS 4–6: Abdomen segmentation and beginning of anatrepsis
Egg Stage 4: Early germ band (36–54 h AEL; ES 4.0–5.2; Movie S1 1 d
23:05 h–2 d 12:10 h)
Stage identiﬁers: Yolk has just begun to separate into small fragments. The yolk is often absent from one or both ends of the eggshell.
The elongating germ band is visible at the posterior end of the egg.
Developmental features: The T3 segment has formed by 39 h
AEL (Miyawaki et al., 2004). After the ﬁrst  2 d of embryogenesis,
embryos at the same age begin to slightly diverge in the extent of
their developmental progress. Thus, for events after 2 d AEL, we
refer to embryonic stages rather than time AEL in the subsequent
text descriptions. By approximately 2 d AEL, mesodermal cells
have formed along the entire anterior–posterior axis (Fig. 10). By
ES 4.9, the amnion has covered the ventral surface of the newly
formed germ band. In Hoechst 33342-stained embryos, amniotic
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Fig. 8. Anterior abdominal development – progression of segmentation. 3D reconstructions of all nuclei in the anterior abdominal region of embryos stained with the
nuclear dye Hoechst 33342, showing the development of segment morphologies. Images were rendered in 3D as if illuminated from above by a virtual light source in all
panels except for G1 and I2, which were rendered as if illuminated from the rear by a virtual light source (see Section Materials and Methods for details). Embryos are
oriented with the ventral side facing up except where noted otherwise. In situ hybridization for wingless was also performed on some of these embryos; in these cases, the
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collection in hours (h) (7 1.5 h) or days (d) ( 7 1.5 h) after egg laying of the embryos shown is indicated. Embryos were raised at 29 °C.

cells are visible as large spherical nuclei ventral to the embryo
surface (e.g. Fig. 5A and B). There is a ridge of mesectodermal cells
that runs down the ventral midline of the embryo from the head
to the posterior end of the abdomen (Kainz et al., 2011). This ridge
is 2–4 cells wide through the thorax and abdomen (Fig. 6A and B;
Fig. 7A and B; Fig. 8A and B) and it broadens anteriorly to form a
rough triangle between the lobes of the head (Fig. 5C).
At ES 4.9, the two lobes of the head retain a similar overall
shape to that of the protocephalon of the newly condensed germ
band (Fig. 5A and B). Thoracic segments are not morphologically
distinct from other segments, and the mesectodermal ridge is still
visible (Fig. 6A and B; Fig. 7C and C1). At ES 5.1, the stomodaeum
arises at ES 5.1 as a small indentation between the antennal lobes
along the ventral midline (Fig. 5D and D2) and the presumptive

antennae begin to bulge out ventrally from the posterior lateral
region of each head lobe (Fig. 5D and D1). Bilateral bulges at the
lateral edges of each thoracic segment indicate the ﬁrst steps of leg
anlagen formation (Fig. 6C, C1 and C2; Fig. 7D and D1). At ES 5.2,
each thoracic segment is slightly more rounded, and the ridge of
mesectoderm is no longer visible (Fig. 6D; Fig. 7E and E1).
Abdominal segments form sequentially, from anterior (segment
A1) to posterior (segment A10) (Kainz et al., 2011; Mito et al.,
2011). If one uses wingless expression stripes as markers for
acquisition of segmental identity, segment A1 arises at 42 h AEL,
A2 at 44 h AEL, A3 at 46 h AEL, and A4 at 48 h AEL (ES 4.4, 4.9, 5.0,
and 5.2, respectively; Mito and Noji, 2009; Miyawaki et al., 2004).
The mesectodermal ridge remains extended along the length
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Fig. 9. Posterior abdominal development. 3D reconstructions of all nuclei in the posterior abdominal region of embryos stained with the nuclear dye Hoechst 33342,
showing the development of the telson and cerci primordia. Panels A, B, C, D, E, F, G, and H were rendered in 3D as if illuminated from above by a virtual light source; A1, B1,
C1, D1, E1, F1, G1, and H1 were rendered as if illuminated from the rear by a virtual light source (see Section Materials and Methods for details). In situ hybridization for
wingless was also performed on some of these embryos; in these cases, the expression stripes are visible as dark bands perpendicular to the anteroposterior axis in some
panels (e.g. G1). The egg stage (EgS), embryo stage (ES) and age of collection in hours (h) ( 7 1.5 h) or days (d) ( 7 1.5 h) after egg laying of the embryos shown is indicated.
Embryos were raised at 29 °C.

of the abdomen, lengthening as segments form (Figs. 8C and D,
9A–F1).
Egg Stage 5: Abdomen elongation continues (2.25–2.75 d AEL; ES 5.2–
6.5; Movie S1 2 d 12:15 h–3 d 05:35 h)
Stage identiﬁers: Yolk is now entirely in small fragments, and
may be absent from one or both ends of the eggshell. The germ
band is now fully submerged in the yolk.
Developmental features: By ES 6.0, the thoracic limb buds have
initiated as bulbous swellings that protrude from the lateral edges
of each thoracic segment, pointing laterally outward and towards
the posterior (Figs. 6E and 7F). The abdomen continues to elongate, with stripes of wingless expression arising at the poste

rior, indicating continued anteroposterior segment generation
(Fig. 9G–H1). By ES 6.5, the limbs have elongated, extending along
the proximodistal axis (Fig. 6F). Since several recent studies have
described limb formation in close detail (reviewed by Nakamura
et al. (2008a)), we do not further discuss appendage formation or
patterning in depth here.
Egg Stage 6: Anatrepsis begins (2.5–3 h AEL; ES 6.0–7.0; Movie S1 3 d
05:40 h – end of Movie S1 and Movie S2 3 d 00:00 h–3 d 17:15 h)
Stage identiﬁers: Yolk is in visibly larger fragments than at the
previous stage, but the overall egg shape is unchanged. Embryo is
only rarely visible through the yolk.
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Fig. 10. Mesoderm formation. (A) 2D projection of optical sections through an embryo at EgS 4 (ES 4.9), showing an overview of the entire embryo stained with the nuclear dye
Hoechst 33342. In situ hybridization for wingless was also performed on these embryos; the expression stripes are visible as dark bands perpendicular to the anteroposterior axis.
At this stage, the embryo is bilayered, with a single dorsal layer of mesoderm and a single ventral layer of ectoderm. Panels (B–E) are single optical sections of embryos of the same
stage. (B) Single optical section through the dorsal plane of the posterior abdomen, showing a uniform layer of mesodermal cells. Orthogonal projections along the plane of the
anterior–posterior axis (top) and proximodistal axis (left) are shown, with mesoderm cells indicated in yellow false coloring. (C) Single optical section through the ventral plane of
the posterior abdomen, showing a layer of ectodermal cells, including the mesectoderm along the midline. Orthogonal projections along the plane of the anterior–posterior axis
(top) and proximodistal axis (left) are shown, with mesoderm cells indicated in yellow false coloring. (D) Single optical section through the dorsal plane of the head, showing that
the head lobes are populated by mesodermal cells. Orthogonal projections along the plane of the anterior–posterior axis (left) and proximodistal axis (top) are shown, with
mesoderm cells indicated in yellow false coloring. (E) Single optical section through the dorsal plane of the thorax, showing a uniform layer of mesodermal cells. Orthogonal
projections along the plane of the anterior–posterior axis (top) and proximodistal axis (left) are shown, with mesoderm cells indicated in yellow false coloring.

Developmental features: While abdominal elongation and segmentation are occurring, the whole embryo is moving within the
yolk in a process called anatrepsis. Over approximately 1.5 d, the
embryo shifts posteriorly, following the interior curve of the egg
around the posterior, from ventral to dorsal, until the embryo has
performed a 180° re-orientation. This can be observed in Movie S1
(2 d 00:00 – end of movie) and the process is even clearer in ﬁxed
specimens (Kainz, 2009). At the end of anatrepsis, the anterior end
of the embryo faces the posterior of the egg, while the embryo
posterior points towards the anterior of the egg.
By ES 6.5, the antennal primordia have formed into conspicuous
protruding lobes, and the gnathal segments have formed laterally

rounded bulges that will give rise to the gnathal appendages
(Fig. 5E). The antennae and gnathal appendages continue to grow
laterally outward through ES 7.0 (Fig. 5F). The stomodaeum deepens
by ES 6.5 to become a crescent shaped cleft at the ventral midline
(Fig. 5E). This cleft is located immediately posterior to an ovoid
ventral protrusion of tissue that will become the labrum (Fig. 5E and
F). During germ band elongation (ES 4.4–7.5), the abdomen is a
lengthening strip of cells, widening at the posterior terminus to the
shape of a tapered spade (Figs. 8A–F and 9A–H). Segments A8–10
form at ES 6.5–7.5 (Fig. 8F) (Kainz, 2009; Mito and Noji, 2009). By ES
7.5 the cerci have emerged as bilateral lobes protruding from the
posterior of the abdomen (Fig. 9H and H1).
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Fig. 11. Gene expression through development. Schematics of the expression patterns of various developmental genes throughout the mid-embryonic stages when much of
the major pattern formation takes place (ES 4–9, corresponding to EgS 4–13). The shading of a color represents differences in expression intensity. For example, EGFR
expression in 4 d AEL embryos is detectable throughout the limbs, but it is expressed at higher levels in bands perpendicular to the proximodistal axis of each limb
(Nakamura et al., 2008b). Data were collated from the literature as follows: hedgehog (Miyawaki et al., 2004; Niwa et al., 2000); EGFR (Nakamura et al., 2008b); wingless
(Kainz et al., 2011; Miyawaki et al., 2004; Niwa et al., 2000); decapentaplegic: data shown for 1.5–3.5 d AEL (Donoughe et al., 2014; Niwa et al., 2000); glass bottom boat
(Donoughe et al., 2014); Delta (Kainz et al., 2011; Mito et al., 2011); Krüppel (Inoue et al., 2004; Mito et al., 2006); hunchback: data shown for 1.5–2.5 d AEL (Inoue et al., 2004;
Mito et al., 2005); even-skipped: data shown for 1.5–2 d AEL (Mito et al., 2007); aristaless: data shown for 2.5–4 d AEL (Miyawaki et al., 2002); Engrailed (Niwa et al., 1997);
Piwi (Ewen-Campen et al., 2013); Distalless (Inoue et al., 2002; Niwa et al., 1997); Antennapedia, Ultrabithorax, Sex combs reduced and abdominal-A (Zhang et al., 2005); caudal
(Shinmyo et al., 2005); Deformed: data shown for 3–4 d AEL (Mito et al., 2006, 2008); fat, four-jointed and dachsous (Bando et al., 2009); dachshund: data shown for head and
appendages for 2.5–4 d AEL (Inoue et al., 2004, 2002); extradenticle (Inoue et al., 2002; Mito et al., 2008); and homothorax (Inoue et al., 2002; Ronco et al., 2008).
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EgS 7–9: End of anatrepsis and appendage elongation
Egg Stage 7: Egg expansion begins (3–3.5 d AEL; ES 7.0–7.5; Movie S2
3 d 14:15 h–4 d 02:25 h)
Stage identiﬁers: Large yolk fragments are beginning to break
up. Egg length is the same as in the previous stages, but egg girth
has increased slightly. The egg is no longer bowed and it tapers a
little more sharply than before at the ends.
Developmental features: At this stage of embryogenesis, overall
egg shape and size become useful for staging. We used an ImageJ
macro to automatically extract egg shape measurements from 42
eggs at 37 different time points (Supplementary Fig. S2). This
revealed that most egg shape change occurs from approximately
3 to 4 d AEL. Because automated analysis did not always accurately
capture egg outlines, we selected ten individuals that were imaged
every 6-hours and that survived through to hatching, for manual
veriﬁcation of egg measurements. We manually measured each
egg at multiple time points throughout embryogenesis, with closely spaced time points around the 3–4 d AEL period. This revealed
that egg width and length increase sharply from 3 to 3.5 d AEL,
then continue to increase, albeit, less dramatically, from 3.5 to 4 d
AEL (Fig. 4A–C). Egg volume roughly doubles from 3 to 4 d AEL
(Fig. 4D). Egg aspect ratio slowly changes during embryogenesis,
beginning at a length to width ratio of 5, and ending at a ratio of
4.2 (Fig. 4E). This is qualitatively similar to the egg enlargement
described for the cricket Telogryllus emma, in which a 35% increase
in egg width was observed at from 4 to 5 d AEL when T. emma was
raised at 30 °C (Masaki, 1960).
Egg Stage 8: Egg expansion continues (3.25–4 d AEL; ES 7.2–8.0;
Movie S2 4 d 01:45 h–4 d 10:00 h)
Stage identiﬁers: Egg is becoming longer, wider, and tauter. The
egg is more bulbous at the posterior than at EgS 7, and more
tapered at the anterior than EgS 9.
Developmental features: By ES 7.5, the antennae and gnathal
appendages have continued to elongate and the antennae have
one constriction at half of their length (Fig. 5G). A groove has
formed at the ventral midline of the thorax in the former location of the mesectoderm (Figs. 6G and 7G). The limbs have
begun to constrict at their midpoint, separating the more
proximal coxopodite from the distal telopodite (Fig. 6G and G1).
This constriction will mark the boundary between the trochanter and femur (Miyawaki et al., 2002). The pleuropodia,
which are transient appendages on the A1 segment that are
resorbed before hatching, have begun to grow laterally (Fig. 6G).
Each abdominal segment becomes gently rounded laterally in
two bilateral bulges (Fig. 8G). Optical sections through these
bulges show that a coelomic pouch is forming from the mesoderm within each of these incipient abdominal segment lobes
(Fig. 8G1).
Egg Stage 9: Anatrepsis completion (3.75–4.5 d AEL; ES 7.5–8.5;
Movie S2 4 d 07:45 h–4 d 14:05 h)
Stage identiﬁers: Egg is at its largest and tautest. The anterior
end is now a smooth hemispherical curve. Yolk has not begun to
clear from the area dorsal to the head.
Developmental features: At ES 8.0, the antennae have three constrictions and the maxillary appendages have begun to form lobes
that will give rise to palps and other maxillary mouthparts (Fig. 5H
and H1) (Miyawaki et al., 2002). Additional grooves now run perpendicular to the ventral midline in the thorax, creating morphological separation between thoracic segments (Figs. 6H and 7H). The
ﬁrst limb constriction on each thoracic limb deepens as the telopodite
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elongates (Fig. 6H). The lateral lobes of the abdominal segments
protrude ventrally with furrows perpendicular to the anteroposterior
axis separating adjacent lobes and creating clear morphological
demarcation of each abdominal segment (Fig. 8H). A ventral midline
groove, a posterior continuation of the thoracic ventral midline
groove, is now visible on the abdomen (Fig. 8H1).

EgS 10–12: Appendage segmentation
Egg Stage 10: Yolk begins clearing dorsal to embryonic head (4–5 d AEL;
ES 8.0–8.7; Movie S2 4 d 14:10 h–4 d 23:20 h)
Stage identiﬁers: Yolk begins to clear away from the space that
is dorsal to the embryo's head. This is most easily visible when the
egg is viewed laterally.
Egg Stage 11: Yolk clearing complete in embryonic head region
(4.25–5.5 d AEL; ES 8.5–9.0; Movie S2 4 d 23:025 h–5 d 12:55 h)
Stage identiﬁers: Yolk has completely cleared dorsal to the head.
This is often visible as a transparent notch in the yolk when
viewed laterally. The yolk has not yet begun to pull away from the
posterior end of the egg.
Developmental features: By ES 9.0, the antennae and gnathal
appendages have elongated further, and now both pairs of maxillary appendages are trilobed (Fig. 5I and I2). The labrum is
creased across its width perpendicular to the anteroposterior axis
(Fig. 5I1). The telopodite of each limb has acquired at least one
additional constriction, separating the femur from the tibia. A
more distal constriction may also be visible in some limbs; this
will be the boundary between the tibia and tarsus (Fig. 6I and J).
The pleuropodia have grown laterally and posteriorly so that they
lie lateral to the A2 segment (Fig. 6J1). The thoracic neuromeres,
visible as bilateral ventral bulges of the thoracic segments, are
more clearly deﬁned (Fig. 7I). The furrows separating the lateral
abdominal lobes from each other have deepened slightly (Fig. 8II1). The medial margin of the coelomic pouches is clearly deﬁned
into a rounded surface that bulges in each hemisegment towards
the midline of the embryo (Fig. 8I and I2).
Egg Stage 12: Yolk clearing begins at egg posterior (5–5.75 d AEL; ES
8.7–9.5; Movie S2 5 d 13:00 h – 6 d 11:50 h)
Stage identiﬁers: Yolk begins to pull away from the posterior
end of the egg to form a gap. Yolk is absent in the space dorsal to
the embryo's head.

EgS 13–15: Katatrepsis
Egg Stage 13: Katatrepsis begins (5.25–6 d AEL; ES 9.0–9.9; Movie S2
6 d 02:35 h–6 d 06:00 h and 6 d 11:55–6 d 22:45 h)
Stage identiﬁers: The cleared notch in the yolk is fully connected
with the yolk-free space created at the posterior end of the egg, as
the head emerges posteriorly from the yolk. None of the gnathal
appendages are yet free from the yolk.
Developmental features: Immediately before the onset of katatrepsis, the yolk and the embryo roll 60–90° within the eggshell
around an imaginary line drawn from the anterior to the posterior tip
of the egg (Movie S2, 6 d 00:00 h–6 d 03:55 h and 6 d 16:45 h–6 d
21:35 h). During katatrepsis, the head of the embryo, having emerged
posteriorly from the yolk, will move along the ventral side of the egg
towards the anterior pole of the egg, resulting in a reorientation of the
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anteroposterior axis of the embryo with respect to that of the egg,
essentially reversing the movement of anatrepsis.
Egg Stage 14: Midway point of katatrepsis (5.25–6.5 d AEL; ES 10.0;
Movie S2 6 d 06:05 h–6 d 13:55 h and 6 d 22:50 h–7 d 00:50 h)
Stage identiﬁers: The midway point of katatrepsis. The head of
the embryo is located approximately one-third of the egg length
away from the posterior pole, lying almost exactly immediately
ventrally to the posteriormost extent of the embryo posterior,
which is still lying on the dorsal side of the eggs. The thoracic
appendages are exposed in the yolkless space in the posterior of
the egg.
Egg Stage 15: Katatrepsis has completed (5.25–6.5 d AEL; ES 11.0;
Movie S2 6 d 14:00 h–7 d 13:10 h)
Stage identiﬁers: Katatrepsis is complete, with the head now
pointing towards the anterior of the egg. A portion of the yolk
forms a broad patch on the dorsal side of the embryo, but the
majority of the yolk mass is anterior to the embryo. When viewed
ventrally, 55–60% of the egg is taken up by the embryo.
Developmental features: The duration of katatrepsis is somewhat variable. For example, Movie S2 shows two embryos that
were laid within 60 min of each other. Counting from when a
cricket's head ﬁrst emerged into the posterior yolk-free space to
when the embryo completely straightened out along the AP axis,
katatrepsis lasted 4 h 30 min in the top embryo and 2 h 55 min in
the bottom embryo.
By ES 11.0, the antennae and gnathal appendages have elongated
and now point posteriorly on the ventral side of the embryo (Fig. 5J).
What began as a slight crease perpendicular to the anteroposterior
axis of the labrum has become a deeper constriction that divides the
labrum into an anterior and a posterior region (Fig. 5J). The thoracic
limbs have elongated and they lie along the ventral face of the
embryo, with each limb segment morphologically distinct (Fig. 6K).
The anteriormost abdominal segments have broadened laterally,
which results in an abdomen that is wedge-shaped, tapering toward
the posterior (Fig. 8J). The furrows between the lateral abdominal
lobes and abdominal segments have deepened further, and now the
cerci have elongated and curled anteriorly around the ventral tip of
the abdomen (Fig. 8J).

EgS 16–24: Dorsal closure through hatching
Egg Stage 16: Dorsal closure (5.75–7.75 d; ES 11; Movie S2 7 d
11:15 h–8 d 14:00 h)
Stage identiﬁers: The dorsal patch of yolk narrows as dorsal
closure begins. Dorsal closure proceeds from posterior to anterior.
When viewed ventrally, 65–70% of the egg is taken up by the
embryo. Eyes are lightly pigmented.
Egg Stage 17: Dorsal closure ongoing, eyes more darkly pigmented
(7–8.75 d AEL; ES 11.0–12.0; Movie S2 8 d 03:30 h – end of Movie S2)
Stage identiﬁers: A bulge of yolk remains anterior to the
embryo, but is reduced relative to previous stages as this anterior
yolk mass is taken up into the gut as dorsal closure proceeds.
When viewed ventrally, 80–85% of the egg is taken up by the
embryo. Dorsal closure is well advanced in the abdomen. Eyes are
more darkly pigmented.

Egg Stage 18: Anterior yolk margin level with eyes (7–9.25 d AEL; ES
11.0–12.0)
Stage identiﬁers: The anterior yolk mass has been taken up into
the gut to the extent that its anteriormost extent is now slightly
posterior to the anterior tip of the head. A yolk-free gap exists
between the anterior of the embryo and the anterior eggshell.
Egg Stage 19: Yolk fully enclosed posterior to head (7.5–9.75 d AEL; ES
12.0–13.0)
Stage identiﬁers: The yolk is entirely enclosed within the gut
posterior to the head, and dorsal closure is completed. The yolkfree gap remains between the anterior of the embryo and the
eggshell. This gap is about the same size as in the previous stage.
Egg Stage 20: Anterior gap closure begins (8.5–10.25 d AEL; ES 12.0–
14.0)
Stage identiﬁers: Embryo begins to move towards the anterior
of the egg, so that the yolk-free gap anterior to the embryo
becomes reduced to approximately half the size of that in the
previous stage.
Egg Stage 21: Cuticle pigmentation begins (9–11.25 d AEL; ES 13.0–
14.0)
Stage identiﬁers: Only a very small yolk-free gap remains anterior
to the embryo. Eyes are larger and darker. Pigment is now visible in
the cuticle in other parts of the body, particularly the cerci.
Egg Stage 22: Anterior gap closure complete (10–12 d AEL; ES 14.0)
Stage identiﬁers: No yolk-free gap remains anterior to the
embryo.
Egg Stage 23: Chaetae pigmentation visible (11.5–14 d AEL; ES 15.0)
Stage identiﬁers: Embryo appears to have expanded, ﬁlling the
volume of the eggshell completely. Cuticle is darker all over. Bristles
are visible on legs, antennae, and on the dorsal side of the body.
Egg Stage 24: Pre-hatching to hatching (12–14 d AEL; ES 16.0)
Stage identiﬁers: Embryo hatches.
Developmental features: The embryo hatches as a ﬁrst instar
nymph with a body plan and overall appearance much like that of
an adult, but lacking conspicuous wings or ovipositor. First instar
hatchlings are initially lightly pigmented, but darken during the
ﬁrst day following hatching. Over the next ﬁve weeks, the nymph
will molt eight times, emerging approximately seven weeks AEL as
a sexually mature adult.
To complement the 3D reconstructions of early embryos (Figs. 5–9),
we wished to facilitate developmental studies in G. bimaculatus by
summarizing the dynamics of a number of molecular markers relevant
to developmental patterning. To this end, we schematized a set of
previously published gene expression patterns (Fig. 11). We consolidated these data because for several of the genes, different aspects
of the expression pattern (e.g. in different embryonic regions, or at
different developmental stages) have been described in fragmented
ways scattered across multiple publications. We focused on essential,
highly conserved developmental genes, omitting those that were
expressed ubiquitously or in patterns that were described as similar to
other included genes. We chose 25 genes that have distinct expression
patterns in the early cricket embryo, and whose orthologs identify
speciﬁc tissue fates or spatial domains in the embryos of many
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different animal species. These expression patterns can be used to
diagnose defects in loss of function conditions (see e.g. Mito et al.
(2008)), or to precisely determine the extent of developmental progress (see e.g. Kainz et al. (2011)). In addition, these molecular markers
are helpful for generating hypotheses about which cell signaling
pathways could be acting to specify a tissue of interest (see e.g.
Donoughe et al. (2014)). More broadly, these expression patterns can
be used as molecular evidence to support or undermine conjectures
about arthropod developmental homology.
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Chapter 3

Device for high-throughput mounting,
injecting, and imaging of animal embryos
3.1

Contributions

I created a few test prototypes for OMMAwell (as the device would eventually be named), and then I began
collaborating with the Harvard College undergraduate Chiyoung Kim. Chiyoung Kim and I developed
OMMAwell into a flexible, modular device that would be suitable for a wide range of microscopy techniques.
Then, I worked with several beta testers to create mold inserts specifically for their study organisms. I wrote the
first draft of the manuscript and Cassandra Extavour revised it.

3.2

Subsequent work

While we were working on this manuscript, instructions for another homemade device for high-throughput
live-imaging was published (Alessandri et al. 2017). I was also invited by the American Association for the
Advancement of Science (AAAS) to participate in a webinar on the topic of high-throughput imaging, during
which I discussed some of our results from using OMMAwell (Hoop, Donoughe, and Boyden 2017).

3.3

Article in press: Device for mounting embryos (Biol Open 2018)

This work is in press at Biology Open. The following pages contain a reproduction of the manuscript after the
requested revisions were implemented. The supplemental materials for this paper are included as Appendix D.
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Abstract
High-throughput live-imaging of embryos is an essential technique in developmental biology, but it is
difficult and costly to mount and image embryos in consistent conditions. Here, we present OMMAwell,
a simple, reusable device to easily mount dozens of embryos in arrays of agarose microwells with
customizable dimensions and spacing. OMMAwell can be configured to mount specimens for upright or
inverted microscopes, and includes a reservoir to hold live-imaging medium to maintain constant
moisture and osmolarity of specimens during time-lapse imaging. All device components can be
fabricated by cutting pieces from a sheet of acrylic using a laser cutter or by making them with a 3D
printer. We demonstrate how to design a custom mold and use it to live-image dozens of embryos at a
time. We include descriptions, schematics, and design files for 13 additional molds for nine animal
species, including most major traditional laboratory models and a number of emerging model systems.
Finally, we provide instructions for researchers to customize OMMAwell inserts for embryos or tissues
not described herein.
Keywords
embryogenesis, microscopy, high-throughput, time lapse, image analysis, quantitative imaging,
development
Summary Statement
This Techniques and Resources article describes a customizable device for mounting and live-imaging a
wide range of tissues and species; complete design files and instructions for assembly are included.
Introduction
Live-imaging embryos and small organisms in a repeatable, high-throughput manner is crucial for
understanding the cellular dynamics that underlie the development of multicellular bodies (Farhadifar et
al., 2015; Kuntz and Eisen, 2014). High-throughput imaging allows one to assess subtle phenotypes that
can arise from functional genetics experiments, study standing variation within a population, and
understand the role of noise in developmental processes. To that end, some research groups have turned to
microfluidic devices (Chronis, 2010; Crane et al., 2010; Matteo Cornaglia, 2015; Wielhouwer et al.,
2011). Such microfluidic apparatuses can be constructed to perform precise and complex experimental
manipulations, but designing and fabricating these devices is a laborious process. For the purpose of
imaging embryos, another option is to fabricate a custom mold that can be used to cast an agar or agarose
microwell array. Molds can be milled from plastic (Kainz, 2009) or aluminum (Herrgen et al., 2009), or
3D-printed (Alessandri et al., 2017; Gregory and Veeman, 2013; Wittbrodt et al., 2014). Although these
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techniques are effective, each was designed to serve the specific needs of one particular species, and
therefore it is not straightforward to adapt the existing tools to a new study species.
To address this outstanding need, we developed OMMAwell (Open Modular Mold for Agarose
Microwells), an all-in-one device that allows the user to swap out any number of customized mold inserts.
These inserts can be prototyped quickly and cheaply, requiring only a laser cutter or a 3D printer. These
mold inserts lock into the device, which can be configured in several ways to mount specimens for any
upright or inverted microscope that can accommodate a 35-mm petri dish. Using this tool, we can mount
dozens of embryos at once in a microwell agarose array, keeping track of each embryo by its position in
the array, and then efficiently image them. The modular mold inserts can be exchanged to alter the size,
shape, orientation, and spacing of microwells. OMMAwell is therefore adaptable for different
experimental designs or even diverse species.
As an example case, we demonstrate a workflow for making a custom mold insert for embryos of the
cricket Gryllus bimaculatus. These cricket embryos can be imaged through their transparent eggshells.
During previous efforts to live-image embryonic development within the eggs – using confocal and
widefield microscopy – only a few embryos could be imaged at a time, and the mounting process was
inconsistent and time-intensive (Donoughe and Extavour, 2016; Nakamura et al., 2010). Eggs were either
manually glued to a coverslip one at a time (Nakamura et al., 2010) or placed in blocks of rubber polymer
in which troughs had been hand-cut with a razor (Donoughe and Extavour, 2016). Mounting is similarly
laborious for most animal laboratory models, which limits the sample size of experiments and reduces
reproducibility. However, we show that with OMMAwell, it is straightforward to mount dozens of
embryos in a manner that is suitable for 2D or 3D long-term time-lapse recordings.
In the Supplemental Materials, we include detailed instructions for assembling the OMMAwell mounting
device, plus suggestions for modifying the device to suit the particular requirements of any desired model
system. We have also designed and beta-tested mold inserts for embryos of eight additional species,
including zebrafish, fruit fly, frog, annelid worm, amphipod crustacean, red flour beetle, and three-banded
panther worm, as well as mouse neurospheres. Descriptions, schematics, and design files for all of these
mold inserts are provided.
Results and Discussion
To design the first iteration of a cricket embryo mold, we collected and measured dimensions of freshly
laid eggs (Fig. 1A). The eggs are roughly ellipsoidal in shape, 2500 to 3200 µm in length, and 475 to 650
µm in width (Fig. 1B, C). We designed the mold insert to have rectangular posts 2930 µm long by 570
µm wide, each of which will create an agarose microwell able to snugly accommodate the majority of
eggs (Fig. 1D).
The “mold insert” is the only piece of the OMMAwell that must be tailored to create wells of appropriate
dimensions for one’s samples of interest. To make the cricket mold insert, the inverse of our desired
pattern was laser-engraved into acrylic to a depth of 650 µm. This is deep enough to contain the embryo,
but close enough to the surface to be imaged within the working distance of 5x and 10x microscope
objectives. The microwells were arranged into a truncated grid pattern that fit within a 26 mm circle, so
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Figure 1. Designing microwells to hold cricket eggs. Freshly laid cricket eggs (A) were measured and their lengths (B)
and widths (C) plotted (n = 98; scale bar = 500 µm). Based on the size distribution, we chose dimensions of 2930 x 570 x
650 µm (embryo length x width x height), which were values such that approximately 75% of eggs would fit into the
troughs. In practice, because the wells are made of agarose, more than 95% of eggs fit into these wells. (D) Raised posts of
those dimensions were formed by engraving an acrylic insert. 120 such posts were arranged in a grid. (E) Agarose
microwells made using this insert, loaded with cricket eggs. (F, G) Example molds for an annelid worm and coqui frog,
with microwell dimensions listed. Photos in F and G by Elaine Seaver (The Whitney Laboratory for Marine Bioscience)
and Mara Laslo (Harvard University) respectively.

that all microwells could be viewed through the circular 27 mm in diameter coverslip (surface area 531
mm2) of a 35 mm glass-bottom petri dish (Fig. 1D, E; see Supplemental Materials S1). Given the
dimensions of these particular embryos, we were able to fit 120 wells into the grid. For embryos of
different dimensions, more or fewer wells may be able to fit into the coverslip field (e.g. 24 wells for the
coquí frog Eleutherodactylus coqui; 294 wells for the fruit fly Drosophila melanogaster; see
Supplemental Materials S1). One post was omitted in the corner, to make it possible to unambiguously
orient the dish.
The resulting microwells for cricket embryos are shown in Fig. 1E, alongside example microwells for two
additional species, the three-banded panther worm (Fig. 1F) and the coquí frog (Fig. 1G). Note that in the
latter two cases, the mold microwells were not simple rectangles, but instead had more complex shapes.
Since the mold inserts are designed in 2D using a simple drawing program (see Supplemental Materials
S1), it is easy for a user without prior experience to design and iterate a complex custom mold. Details for
all 14 user-tested mold inserts are in Supplemental Materials S1.
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Figure 2. OMMAwell configurations for top-loaded microwells. (A) Configuration 1: Top loaded microwells for injecting
or imaging with an upright microscope. 1) The mold insert (green) is inverted and connected to the slide (purple), which is
placed into the upright platform (pink). 2) After the desired height is chosen, the pin (orange) is inserted. 3) Molten agarose is
poured into a plastic petri dish and the mold assembly is lowered into it. 4) After the agarose sets, the mold insert is removed
and eggs are placed into the wells, either individually with forceps or many at once by transferring the eggs in water with a cut
plastic pipette. Excess water is removed by pipet and then wicked away with piece of lint-free lens paper. Then, 40-100 µL of
molten low-melt agarose, kept at 42°C, is added to the wells to hold the eggs in place. Embryo positions are adjusted with
plastic forceps. 5) When the low-melt agarose sets, the live-imaging medium is added to the dish. Right: Schematic of embryo
in Configuration 1. (B) Configuration 2: Top loaded microwells for imaging with an inverted microscope. 1) 700 µL of
agarose is pipetted into the middle of the glass-bottom dish. The insert and slide are lowered onto it, taking care not to trap
bubbles. 2) Agarose sets, and then the insert and slide are gently removed. 3) Embryos are loaded into microwells, as described
above. 4) Live-imaging medium is added. Right: Schematic of embryo in Configuration 2.

With the mold insert ready, we cut and assembled the non-customized OMMAwell components. Detailed
assembly instructions with photo guides are in Supplemental Materials S3; the design file for each
component is included in Drawing Exchange Format (DXF) and Portable Document Format (PDF) in
Supplemental Materials S2. These files can be opened and edited by many design or drawing software
packages, including AutoCAD, FreeCAD, Solidworks, SketchUp Pro, Adobe Illustrator, and
CorelDRAW. All of the pieces can be made from a single sheet of 6 mm thick acrylic sheet on a laser
cutter, which is how we fabricated them for testing. Another option is to 3D print the components by
using the included design files as the basis for a 3D model of each piece. If the user does not have access
to a laser cutter or 3D printer, pieces can also be fabricated by a variety of online providers.
For a single mold insert, there are three possible OMMAwell configurations, each of which is useful for
different purposes (Figs. 2 and 3). Below we discuss the usage of each configuration separately.
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Figure 3. OMMAwell configurations for bottom-loaded microwells. Configuration 3: Bottom loaded microwells with a
reservoir of live-imaging medium. 1) The insert (green) and cylinder (purple) are placed into the sheath (orange). 2) Molten
agarose is poured into the cylinder to the desired depth. 3) Once the agarose has set, the cylinder and the agarose block are
removed from the sheath and insert. The cylinder is flipped over, and the exposed microwells are loaded with embryos, as
described in Fig. 2. 4) The cylinder and agarose block are lowered into the glass-bottom dish, and live-imaging medium is
added in the cylinder. Right: Schematic of embryo in Configuration 3.

Configuration 1: Top loaded microwells for injecting or imaging with an upright microscope (Fig. 2A;
see legend for step-by-step usage instructions). In this arrangement, the user can adjust the height of the
mold insert, which is then lowered into molten 1.5% (w/v) agarose. Once the agarose has cooled and set,
the mold is removed, leaving microwells in which to place the samples. Optionally, a small quantity of
0.7% (w/v) low-melt agarose (40-100 µL) can then be added to hold samples in the wells. When they are
fixed in place, the live-imaging medium is added. This configuration is well-suited for dipping
microscope objectives. It is also useful for holding samples that will be injected, such as with doublestranded RNA, small molecule activators or inhibitors, or recombinant protein (Donoughe et al., 2014). In
this configuration, cricket embryos will successfully complete embryogenensis (~12 days), so long as the
medium level is maintained. A drawback of this configuration is that if the working distance of the
microscope objective is too short, a lid cannot be added to prevent evaporation. Configurations 2 and 3 do
not have this drawback.
Configuration 2: Top loaded microwells for imaging with an inverted microscope (Fig. 2B; see legend for
step-by-step usage instructions). This is similar to Configuration 1, but now the mold insert is placed flat
on molten 1.5% (w/v) agarose in a glass-bottom dish, producing microwells in a thin agarose film. The
samples are loaded into the wells, fixed in place with 0.7% (w/v) low-melt agarose as above, the dish is
covered with its lid, and then imaged from below on an inverted microscope. Because the lid remains on
the dish and reduces evaporation, this configuration is the best one for long-term live imaging. As for
configuration 1, but without the need to maintain the medium level manually, cricket embryos mounted in
configuration 2 will develop healthily for 12 straight days, completing embryogenesis at rates comparable
to unmounted embryos (92 to 100% hatching). A minor difficulty of this configuration may be that
removing the mold insert and slide (Fig. 2B, Step 2) without disrupting the thin agarose film is a delicate
procedure for some insert designs. To ameliorate this problem, we recommend the use of 2% (w/v)
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Figure 4. Arrays of live-imaged embryos within the OMMAwell mold. (A) A single timepoint from a time-lapse of an
array of nuclear-marked transgenic cricket embryos in microwells. The two leftmost columns show germ band stage embryos
that are beginning the physical re-orientation within the egg called anatrepsis. The two rightmost columns show a later stage
when embryos are fully immersed in the yolk below the extraembryonic membrane called the serosa. (B) Time series of cricket
embryos starting at different ages. The ambient temperature is ~24°C, so development is slower than that reported by
Donoughe and Extavour (2016). Scale bars = 500 µm.

agarose to make the microwells. When it has set, pull up the mold insert with the agarose still adhered to
it. Then, using plastic forceps, peel the agarose from the insert, return it to the glass-bottom dish, and
“glue” it in place with ~100 µL of 0.7% low-melt agarose. It can take first-time users some practice to
become effective in peeling the agarose from the insert, but once it has been peeled, we do not notice any
non-uniformities in the wells. Since this configuration relies more strongly than the others on manual
manipulation, this technique has more opportunities for variance than the others. In our hands, however, it
is a trade-off that can be worth making for some experiments.
Configuration 3: Bottom-loaded microwells with a reservoir of live-imaging medium (Fig. 3; see legend
for step-by-step usage instructions). This configuration is recommended for cases where making the
agarose film in Configuration 2 is troublesome for a particularly complex mold insert, or if it is necessary
to use a larger volume of imaging medium than can be poured into the glass-bottom dish. The main
advantage over Configuration 2 is that the mounting process is extremely robust. The downside is that the
samples are separated from the imaging medium by a much thicker layer of agarose, which means that
gas exchange is reduced. In our hands, cricket embryos mounted in this fashion will typically develop
normally for 6 to 12 hours and then arrest. If the embryos are subsequently removed from their
microwells and immersed in water, development continues. This configuration also offers a larger
reservoir that can be filled and capped with a lid; its volume can be increased further by adding more
layers to the “cylinder” in Step 5 of Supplemental Materials S3.
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We have used each of these three configurations (Figs. 2, 3) to live-image more than 100 embryos
simultaneously. In some species, healthy embryonic development may be particularly sensitive to oxygen
supply. If this is a concern, Configuration 2 is most suitable, as it minimizes the amount of agarose
around the embryos. For our work with crickets, we can oxygenate embryos by manually bubbling and
stirring the imaging media, although this is not required for healthy development. An automated approach
for oxygenation would require additional tool development that we have not explored. For species with
smaller embryos, the maximum sample size is even larger, and it is up to the user to determine the density
and number of wells. If the array of wells is larger than the microscope’s field of view, the user can either
manually move the stage or use a motorized stage to move the array in XY so that all the samples can be
imaged. Because each well has a unique identifier, even with a manual approach, large numbers of
individual embryos can be followed and uniquely identified over time-lapse periods. As an example, we
show a single time point from a time-lapse of 44 nuclear-marked transgenic cricket embryos (Fig. 4A).
We used a motorized stage to capture tiled micrographs of the full set of eggs once every five minutes.
The recording continued for five days with no signs of phototoxicity or developmental defects. The
specimens were then returned to the incubator, and 41 of the 44 embryos hatched, survivorship that is
comparable to embryos that were not mounted or imaged (this ranges from 90 to 100% across trials). We
do not observe developmental delays in imaged embryos. In the case of crickets, we routinely transfer
embryos from the agarose wells to another dish, mid-development, with no loss in embryo integrity. We
have not systematically tested survivorship following this procedure with other species. For species with
fragile embryos, whether or not such a transfer procedure might be possible without unacceptably
compromising survivorship, would have to be determined empirically.
Researchers can easily design and fabricate their own mold inserts to generate wells of specified shapes,
dimensions, and spacing. Patterns can be designed de novo, or altered from the insert files included with
this article (Supplemental Materials S2). If the user will fabricate a piece from acrylic using a laser cutter,
the design can be simply made as a 2D form, like those described in Supplemental Materials S1. If the
user prefers to a use a 3D printer, the included design files can be used as the basis for creating a new 3D
design file. A brief comparison of the advantages and disadvantages of each mode of fabrication is given
in Supplemental Materials S4.
Materials and Methods
Design and assembly details are given in Supplemental Materials S1 and S3. When making the
microwells, agarose (Bio-Rad #1613101) was dissolved at 1.5% weight/volume (w/v) in distilled water
(or 2% for firmer molds). Then, eggs were held in microwells with low-melt agarose (Bio-Rad #1613112)
at 0.7% (w/v) in distilled water. Tap water was used as a live-culturing solution for wild-type cricket
eggs, but the user could also pour molds with agarose dissolved in a live-imaging buffer that is
appropriate for their samples.
G. bimaculatus wild type strain was originally reared in Yamagata prefecture, Japan. Wild-type eggs were
imaged with transmitted white light on a Zeiss Lumar dissection microscope. For fluorescent imaging,
recordings were taken of eggs from a transgenic line in which the cricket actin promoter drives expression
of the cricket Histone-2B protein fused to Enhanced Green Fluorescent Protein (H2B-EGFP) (Nakamura
et al., 2010). The 5x objective on a Zeiss Celldiscoverer 7 was used for imaging. We have also
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successfully imaged OMMAwell-mounted embryos with 10x and 20x objectives, but we have not
systematically tested all mounting options on these and other higher magnification objectives. In each
case, success or failure will depend on the working distance of the objective, the size of the specimens,
and which of the three OMMAwell configurations is being used. The array of microwells was tiled with
the motorized stage under the control of Zen software (Zeiss). A z-stack was captured at each position,
then later combined using Zen’s “Extended Depth of Focus” (mode = “Contrast”). Figures were prepared
using Illustrator (Adobe).
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Chapter 4

Syncytial development in the cricket
4.1

Contributions

This project was a joint effort by myself and Jordan Hoffmann, a graduate student in the John A. Paulson
School of Engineering and Applied Sciences (SEAS) at Harvard University. I conducted microscopy and
experimental manipulations. Jordan Hoffmann developed the image processing pipeline, quantified aspects of
nucleus movements, and implemented a simplified model of nucleus movements during syncytial development.
Together, we designed experiments, developed data analysis procedures, interpreted data, and designed the
figures. Taro Nakamura helped to refine the embryo mounting procedure and contributed to many constructive
discussions along the way. Cassandra Extavour and Chris Rycroft (SEAS) both advised the project, supplying
useful suggestions and guidance as the research evolved.
Note: Supplemental materials for this project are included in Appendix E.

4.2

Introduction

Nucleus movements during the formation of the syncytial blastoderm
When an insect egg is fertilized, the oocyte and sperm pronuclei fuse, forming the zygotic nucleus in the middle
of a single, large cell (Anderson 1972a; Anderson 1972b). In most insect taxa, the first nucleus undergoes a
series of superficial cleavages—nucleus divisions without cell cleavage (O. Johannsen and F. Butt 1941; Anderson
1972a; Anderson 1972b; Scholtz and Wolff 2013). Each nucleus is surrounded by a small island of yolk-free
cytoplasm, which is itself submerged in cytoplasm that is dense with yolk granules; a nucleus and its associated
cytoplasm are collectively referred to as an energid (Anderson 1972a; Anderson 1972b). As these superficial
cleavages proceed, nuclei move throughout the egg; some nuclei remain submerged in the middle of the egg,
while most of them reach the periplasm, a region of cytoplasm at the periphery of the egg (O. Johannsen and
F. Butt 1941; Anderson 1972a; Anderson 1972b). The nuclei in the periplasm form a syncytial blastoderm, a
single layer of nuclei surrounding the yolk-rich cytoplasm in the middle (Anderson 1972a; Anderson 1972b).
In the effort to explain the syncytial movements of nuclei, previous workers have invoked cellular processes
that can be broadly categorized as either passive movement, wherein nuclei are pulled along within flowing
cytoplasm, or active migration of the nuclei through the cytoplasm. These are not mutually exclusive. Below we
briefly summarize published findings for each of these two modes of nucleus movement:
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• Passive movement within a cytoplasmic flow: In 1927, Eastham described the syncytial development
of the moth Pieris rapae using a series of fixed and sectioned embryos (Eastham 1927). Eastham found
that “flecks of cytoplasm” were elongated in the direction of local nucleus movement, and moreover
that the nuclei themselves had “comet-like” tails of yolk-free cytoplasm—tails which were present even
when nuclei were dividing (Eastham 1927). Collectively these findings were interpreted as evidence for a
flow of cytoplasm that moves the nuclei (Eastham 1927).1 More recently, Von Dassow and Schubiger
(1994) used differential interference contrast (DIC) microscopy to manually document the movement of
several energids and yolk granules at a time in living embryos of D. melanogaster (Dassow and Schubiger
1994). The authors proposed that such cytoplasmic flow moved syncytial nuclei towards the anterior
and posterior poles of the egg (Dassow and Schubiger 1994). Using a similar technique, Ji et al. (2004)
documented the syncytial cytoplasmic flows in D. melanogaster as well (Ji, Squirrell, and Gerold Schubiger
2004).
• Active nuclear migration through the cytoplasm: Based on DIC live-imaging and fixed sections
of embryos of the gall midge Wachtliella persicariae, Wolf (1978) hypothesized that active nucleus
movements were caused by a microtubule (MT)-based structure termed a “migration cytaster” that
was anchored in the periplasm by an unknown mechanism, and which pulled on nuclei (Wolf 1978).
Several workers have also proposed that MT-dependent active migration is occurring in D. melanogaster.
Telley et al. (2012) showed that in cytoplasmic extracts of syncytial embryos, post-division astral MTs
appeared to be responsible for nucleus migration (Telley et al. 2012). “[I]n addition to the established
role of central spindle microtubules in anaphase, astral microtubules contribute to the separation of
the genetic material after anaphase in the preblastoderm cytoplasm” (Telley et al. 2012). The authors
provided evidence that astral microtubules extended away from nuclei and moved them with a pulling
force; they proposed that asters could be pulling on the actin filament network in the cytoplasm (Telley
et al. 2012). A different form of active movement has also been suggested for D. melanogaster, in which
astral MTs grow out from each nucleus, pushing on one another, causing them to spread out in space
(Baker, Theurkauf, and Gerold Schubiger 1993; Foe, Odell, and Edgar 1993). Consistent with either
of these MT-based mechanisms for active nucleus movement in D. melanogaster is the fact that MT
depolymerization via colchicine treatment caused divisions and outward movements of nuclei to halt
(Zalokar 1976). Treatment with a lower dose was found to reduce outward movements even though
mitoses continued to occur (Hatanaka and M. Okada 1991).

Live-imaging syncytial movements of nuclei
The work summarized above provided evidence that passive and active movements both exist, yet we do not
know their relative contributions to the formation of the insect blastoderm, even in D. melanogaster, where
syncytial development has been studied most closely. In order to assess the hypothesized forces on nuclei
and to build a satisfactory picture of syncytial development, it is necessary to quantitatively capture nuclear
movements in 3D space, ideally for an entire embryo at once. Manual tracking would likely be prohibitively
time-consuming, but automated or semi-automated approaches to syncytial nucleus tracking have been done
in D. melanogaster embryos during the latter portion of syncytial development, once nuclei have begun to
1 “I am of the opinion that there occurs a centrifugal streaming of cytoplasm through the yolk which draws the cleavage nuclei with it.”
(Eastham 1927)
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reach the periplasm (Tomer et al. 2012; Amat et al. 2014). However, to our knowledge, there are no published
accounts of reconstructed nucleus tracks for any insect species during the rest of syncytial development (mitotic
cycles 1 through 8), when nuclei are spreading throughout the cytoplasm.2
To gather this essential data and to test the standing hypotheses for nucleus movement, we have recorded,
tracked, and analyzed the 3D movements of nuclei during syncytial development, starting from mitotic cycle
2 and ending at the formation of the blastoderm. We collected data from the cricket Gryllus bimaculatus, a
powerful complement to D. melanogaster in the study of syncytial development. Cricket eggs are larger (about
five-fold longer and three-fold wider) (Markow, Beall, and Matzkin 2009; Donoughe and C. G. Extavour 2016),
blastoderm formation occurs more slowly (14 hours versus 2 hours) (Nakamura, Yoshizaki, et al. 2010; Zalokar
1976), and crucially, a transgenic construct has been developed that presents a strong fluorescent contrast
between syncytial nuclei and the surrounding cytoplasm during the entirety of pre-blastoderm development
(Nakamura, Yoshizaki, et al. 2010).
We used an established nuclear-marked transgenic line of crickets (Nakamura, Yoshizaki, et al. 2010), in
which the endogenous actin promoter drives expression of the cricket Histone 2B (H2B) protein fused to EGFP
(a line abbreviated hereafter as Act-H2B-EGFP). We used a lightsheet microscope to capture multiview 3D
time-lapses (3D+t) of early syncytial development, and a semi-automated approach to reconstruct divisions
and tracks through space. Then, we analyzed patterns of division, speed, and movement orientation, finding
that each of them displays patterns that appear to be related to local nuclear density. We also found that the
patterns of movement are more consistent with active movement through the cytoplasm, as opposed to passive
movement within a cytoplasmic flow. Based on our empirical description, and inspired by the model for active
nuclear migration presented by Telley et al (2012), we built a simple computational model of nucleus movement
during syncytial development that includes only local interactions among nuclei. The model was able to capture
all the main features of cricket nuclear division and motion.

4.3

Methods

Data collection and processing micrographs
Crickets were maintained as previously described (Chapter 2). To collect eggs for live-imaging, females were
allowed to lay eggs for 2 hours at a time. The eggs were manually examined on a dissection microscope to confirm
that they were fertilized. For lightsheet imaging, eggs were mounted individually in a column of 1% low-melt
agarose (Bio-Rad 1613112) containing 1-µm diameter red fluorescent polystyrene beads (ThermoFisher F8821)
at 0.015% of the stock concentration. Live-imaging was conducted with a Zeiss Z.1 Lightsheet microscope,
with the agarose column immersed in a bath of distilled water, held at 28.5 ◦ C. Embryos were imaged one at a
time, positioned with the A-P axis oriented vertically. For each dataset, we took 4 or 5 views per time point,
which would allow us to fully reconstruct the embryo in 3D. Data were simultaneously captured in the red and
green channels, with 100-200 z-slices per view, with a time interval of 90 seconds. Time-lapses were typically
2 It is possible that the rarity of these data is due to technical challenges. The transgenic line most often used to live-image the syncytial
nuclei in fruit flies—the D. melanogaster Histone-2AvD fused to a Green Fluorescent Protein (GFP) under the control of the endogenous
promoter (Clarkson and Saint 1999)—fluoresces in the syncytial cytoplasm at an intensity level that appears to be comparable to that
of the nuclei themselves, at least during mitotic cycles 6 through 9. For example, see Figures 1 and 2 in Ji et al. 2004 (Ji, Squirrell, and
Gerold Schubiger 2004), as well as Figure 4 in Ji et al. 2015 (Ji, Crest, and Gerold Schubiger 2005). This would make automated and
semi-automated approaches to tracking difficult, at least with the software tools that we use in this project.
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recorded for 6-10 hours at a time. After imaging an egg, it was removed from the agarose column, and then
placed in a 10 mm diameter plastic petri dish (VWR 25384-342), the bottom of which had been covered with
Kimwipes (VWR 21905-026) moistened with distilled water. The dish was then placed in an incubator set to
28.5 ◦ C, and the embryos were allowed to continue developing. Only embryos that hatched were used for data
analysis.
Image processing and segmentation
Lightsheet datasets were processed using the Multiview Reconstruction plug-in in Fiji (Preibisch, Saalfeld,
et al. 2010; Preibisch, Amat, et al. 2014). Over the course of the project, the version of Fiji used for analysis
was updated as additional versions were released for public use. The most recent version used was 1.51n.
Interest points for registration and fusion were detected in the bead channel. Registration and weighted
average fusion were generally performed for most datasets. When needed in order to better resolve nuclei,
deconvolution was done for 10 iterations. Calculations were performed on a 32 core workstation with 128 GB
of RAM machine running Ubuntu 14.04. Segmentation was performed using ilastik (version 1.1.9). After
importing all data as a 4D sequence, a pixel classifier was trained to differentiate nuclei from background.
A pixel probability map was generated, and then objects were identified using ilastik’s built-in tools (http:
//ilastik.org/documentation/tracking/tracking).

We performed automated tracking without allowing

for divisions. Then, using custom Python scripts, the output from ilastik was converted into an XML file that
we loaded into MaMuT, another plug-in for Fiji (Wolff et al. 2018). We manually corrected tracks and stitched
together tracks at point of divisions. Scripts will be posted to Github when this work is published, and are also
included as a digital supplement to this dissertation.

Quantitative measurements of nucleus behavior
All data analysis was performed using custom scripts run in Mathematica. For each of the following scripts, the
input is a list of nucleus positions in (x,y,z,t) as well as information linking different nuclei through time.
Nucleus speed
To compute the speed of a nucleus, we consider where the nucleus is located at time ti and at time ti+2. We
take the displacement between these two time points, divided by two.
Percent change in nucleus number
At each time point, we compute the total number of nuclei present. There are rare segmentation errors, leading
to some false positive and some false negatives in nucleus identification. Although these errors are infrequent,
we nonetheless mitigate their effects by applying a Gaussian blur of time-width 3 to our data of nucleus number.
We then fit an interpolant through our data and differentiate this interpolant, dividing the derivative, N’(t), by
N(t). This results in a measure of the rate of change in the number of nuclei at each time point, which is used
as a proxy for division rate.
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Correlation of nucleus movement vectors
We take the entire set of nucleus (x,y,z) positions for all t. We orient these coordinates so that the first principal
component lies along the x axis, in effect rotating the dataset so that the long axis of the embryo is parallel to
the x axis. For each nucleus for which we know the location, X, at time t (Xt) and at t+2 (Xt+2), we compute
the motion vector from time t to t+2. We also compute the correlation between the vector and that of other
nuclei. Finally, we compute its correlation with (1,0,0) and (-1,0,0) to see how correlated its motion is with the
vector orientated towards the posterior pole and anterior pole of the egg, respectively.
Motion toward the periplasm
To compute the motion to the surface, it was necessary to represent the surface of the embryo numerically. This
was accomplished by taking the convex hull of the nucleus positions after the blastoderm has formed (that is,
the positions at the end of each time-lapse). Although the surface of the embryo is not convex, the concavity of
the embryo was found to be negligible. For each nucleus, the shortest distance from the nucleus’ location at
time t (Xt) to the surface was computed. The same calculation was repeated two time points later, finding the
new closest point on the surface. The difference between these gives displacement towards the estimated surface.

Simulating nucleus movements during syncytial development
Overview and biological basis
We developed a computational model for syncytial nucleus movements that was inspired by previous work
on fruit fly cytoplasmic extracts. Telley et al. (2012) showed that after an extracted D. melanogaster syncytial
nucleus divides, its daughters continue to move apart from one another. They also provided evidence that the
growing astral MTs emanating from the centrosome are pulling its associated nucleus (Telley et al. 2012). We
computationally implement these cellular events in a simplified manner in order to ask whether the nucleus
movements observed in crickets can be explained by this form of active migration. An overview schematic of
the model can be found in Fig. 4.5.
In building this model, we treated the nucleus as a sphere, which, at the initiation of mitosis, instantaneously
duplicates. We coarse-grain the growing astral MTs originating at the centrosome as an expanding shell. This
shell is not radially symmetric. The shell is sterically blocked by the surface of the nucleus itself, and as the
shell expands, its growth is impeded by the boundary of the egg and by neighboring shells. In D. melanogaster
the aster radius has two broad phases: it increases linearly beginning at metaphase and then decreases during
interphase (Telley et al. 2012). In our computational model, we simplified this into an “on phase” and “off
phase.” The “on phase” begins immediately after mitosis, at which point the MT shells appear. They have a
maximum radius Rmax. They remain present until time T, and then they switch to the “off phase” for the rest
of the cell cycle. During the “off phase,” the shell is removed until the next division. Before the next division,
the single simulated centrosome is duplicated, and its daughter centrosomes are assigned random positions
opposite one another on the surface of the nucleus. This is an approximation of centrosome migration that
has been observed in the syncytial development of D. melanogaster (Callaini and Riparbelli 1990; Kellogg,
Mitchison, and Alberts 1988). The two parameters mentioned above—Rmax and T—were tuned to match the
empirical distribution of nucleus speeds over the cell cycle in real cricket embryos. Rmax was set to one fifth of
the length of the egg. T was set to 37 +/- 2 minutes.
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We use the shape of the shell to determine how nuclei move at each time step. One way that asters can
move is when Dynein—a minus end directed motor—exerts a force on astral MTs while being anchored in an
F-actin cortex or on vesicles (De Simone et al. 2018). Telley et al (2012) did not definitively determine the
anchor for the pulling force, although they hypothesized that pulling might originate in an F-actin network
around the nuclei. They also provided some evidence that F-actin “plays at least an indirect role in supporting
aster movement” (Telley et al. 2012). This was consistent with other previous experiments that showed that an
intact F-actin network was required for syncytial nucleus movements (Hatanaka and M. Okada 1991). Our
model is agnostic to the source of the pulling force. We simply give each voxel in a shell the ability to exert a
small tug on its nucleus. The calculation for the magnitude of the tug is detailed below.
Computing pulling shells within a simulated egg
We begin by prescribing a boundary B. All calculations are done on a discretized 3D grid with dimensions
400 × 100 × 100 (4,000,000 total pixels), though this can easily be rescaled to improve accuracy at the cost
of compute time. We model the motion of nuclei by ascribing a pulling shell around each nucleus that can
grow to some maximal radius, Rmax. These shells originate from one side of each nucleus and are sterically
impeded by their local environment as described above. To compute the shells, we use a level set method
(Sethian 1999), which is a computationally efficient way to identify all the voxels that should be assigned to
each nucleus. Specifically, we initialize the locations of nuclei to be zeroes of a level set. We use a uniform
background velocity field, though the code framework is in place to alter this if desired. Then, we solve the
Eikonal Equation F (~x)|∇T (~x)| = 1. ~x represents the matrix on which we solve the problem, F (~x) returns
the speed at each coordinate, and finally T (~x) represents the travel time at each coordinate.
For all pixels that have a travel time less than our Rmax, we assign them to a nucleus based on which
nucleus they are closest to. Then, for each nucleus, we remove voxels that should not be considered due to
steric effects—either they are outside the boundary of the egg or they are occluded based on the position
of the nucleus relative to the shell’s origin. Voxels that are omitted due to this second case are checked for
whether or not they should belong to another nucleus. For each voxel in a shell, we compute the vector
f~N = normalized(pi,j,k − Nx,y,z ) where pi,j,k represents each voxel in the shell. This represents a tug in that
direction. To normalize based on R, we divide each tug by a factor of R2 where R represents the distance from
the pixel to the nucleus.
Simulated divisions
As described above, each division begins with shell origins randomly positioned on opposite sides of the two
daughter cells, so the motion is initially 180◦ apart from one another. In the simulation, the division angle
relative to the long axis of the embryo is random. Nuclei in real embryos have a longer mitotic cycle when they
are in higher density (described in more detail in the Results below). Therefore, we use the empirical division
rate for our simulations. To quantify the density-dependent division rate, we considered many different random
points selected inside the boundary of the egg. For each of these points, we computed how many nuclei were
present at time T1 . Then, we computed how long it took for this number to reach ∼ 2N (T1 ).
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Figure 4.1: (A) Time points from a time-lapse of syncytial development in the cricket G. bimaculatus with fluorescently labeled nuclei, with the embryo viewed laterally. Anterior is to
the left in all micrographs. Over ~8 hours of development, nuclei divide and move throughout the syncytial embryo, eventually forming a single layer. Then cellularization occurs and
the embryonic rudiment forms. Scale bar is 500 µm. (B) Embryos are live-imaged using a
lightsheet microscope and automatically tracked to produce a 3D+t dataset with full nuclear
lineages. Tracking errors are manually corrected. (C) Correlations between the instantaneous
movement vectors of pairs of non-sister nuclei (white line indicates median and box indicates
interquartile range). Panel A made by SD, Panels B and C made by JH.

Simulating movement toward the periplasm
Motion in the r direction: With the long axis of the embryo defined as the x-axis, nuclei begin slightly offset
in x, but relatively centered in the y − z plane. Nuclei do not end up uniformly filling the embryo; instead,
they migrate to the surface. This is one aspect of motion that our basic model of local interactions does not
recapitulate. To add in this effect, we impose a slight attraction toward the surface of the egg. We do so by
introducing a component to their motion vector that is in the direction of the nearest boundary. We compute
the closest point through a minimization routine.

4.4

Results and Discussion

We collected 3D time-lapses of blastoderm formation in cricket embryos. We found that, qualitatively speaking,
cricket syncytial development broadly matched that of many other species, in that nuclei divided and moved
throughout the yolk, ultimately forming a uniform blastoderm that went on to develop into an embryonic
primordium (Fig. 4.1 panel A; also see Appendix F for details on this latter process). These data enabled us to
reconstruct and plot lineages of nuclei moving and dividing in 3D space (Fig. 4.1 panel B). We tracked the
movements and divisions of nuclei from the 4-nucleus stage until a uniform blastoderm had formed. In total,
we have collected and tracked three of such datasets. The figures for this chapter were generated from one of
them.
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Nucleus movements are not consistent with cytoplasmic flow
We asked whether some of the movement patterns we see could be a consequence of passive movement within
a cytoplasmic flow. We have not measured the viscosity of the cytoplasm in G. bimaculatus eggs, but for
comparison, the cytoplasm in D. melanogaster is approximately 1000-fold higher than that of water (Wessel et al.
2015). One feature of objects moving passively in a flowing viscous medium is that objects near one another in
space tend to move together, as was shown for yolk granules in D. melanogaster (Dassow and Schubiger 1994; Ji,
Squirrell, and Gerold Schubiger 2004). More specifically, if flow is playing a detectable role in the movement of
nuclei, a pair of nuclei that are closer to one another are expected to have a higher correlation in their movement
vectors than a pair of objects that are farther apart. Throughout a dataset of blastoderm formation, we calculated
the correlation over a three-minute interval (that is, two successive time steps in the time-lapse) of every pair of
non-sister nuclei. We excluded sister nuclei in order to remove mitosis-associated movements, which in the
case of recently divided sisters, tend to be anticorrelated (Telley et al. 2012). We binned the correlations as a
function of separation distance within each pair, and plotted the resulting correlations in Fig. 4.1 panel C. The
median correlation is approximately zero at all distances, and there is no tendency for closer pairs to be more
highly correlated than distant pairs. We interpret these results as evidence that cytoplasmic flows do not have a
detectable effect on nuclear movements, at least when the data are accumulated for most of syncytial blastoderm
formation, as we have done.
Mitotic cycle duration is positively associated with local nucleus density
We examined the timing of syncytial nuclear divisions. In Fig. 4.2 panel A, we have selected seven random
nuclei that divided within the same 30-minute time window. We re-zeroed those divisions to the same arbitrary
starting time point (indicated with a dotted line), and then plotted the subsequent three mitotic cycles for each
of them on the same relative time scale. This illustrates that within three cycles, lineages of nuclei began to
lose synchrony, as shown by the right-most tips within each lineage. Over longer time scales, the duration
of the mitotic cycle diverges more dramatically, ranging from 20 to 100 minutes. We calculated the local
doubling time within spatial domains within the egg, each of which was centered on a single nucleus. We
plotted doubling time against nuclear density within each domain (Fig. 4.2, panel B), which revealed that the
length of the division cycle varies positively and predictably with local nuclear density. 180 minutes after the
start of the time-lapse, doubling time ranged from 20 to 30 minutes and there was no obvious spatial pattern to
the differences in doubling time (Fig. 4.2, panel C). From 300 to 375 minutes after the start of the time-lapse,
however, the central portion of the egg had a longer doubling time than the regions near the egg’s poles.
We also asked whether oriented nuclear divisions are contributing to the expansion of nuclei along the
anterior-posterior (A-P) axis. Nuclei divided in all directions, but there was a detectable bias along the A-P
axis (Fig. E.1). In D. melanogaster, by contrast, it was reported that there is no pattern in the orientations of
syncytial divisions (Sonnenblick 1950).
Nucleus speed is biphasic and negatively associated with density
We calculated instantaneous speed for all nuclei from the 4-nucleus stage through the formation of a uniform
blastoderm. We plotted post-division speed by re-zeroing the time of all nuclei to the moment of their most
recent division, and then binned all nuclei into equal-sized thirds according to their local density (Fig. 4.3
panel A). In order to quantify the volume of space around each nucleus, we conducted the following procedure:
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Figure 4.2: Syncytial division rate is positively associated with local nucleus density. (A)
Three consecutive mitotic cycles for seven randomly selected progenitor nuclei that divided
within 30 minutes of one another. The x-axis represents relative time. (B) Mean doubling-time
was computed within domains, each of which was centered on one nucleus, and which took
the shape of the intersection of a sphere (radius = 262 µm) with the egg. The number of
other nuclei within a given domain was also counted, adjusting for volume differences among
domains. At 330 minutes after the start of the time-lapse, nuclear density is plotted against
doubling time. (C) Four example time points showing local doubling times, calculated in
domains centered on each nucleus. The data plotted in panel B are also shown in the third
example time point. Panel A made by SD, Panels B and C made by JH, and then altered by
SD.
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Figure 4.3: (A) Nucleus speed traces after division. Nuclei are binned into three equal-sized
bins, according to their local density: lowest third in green, middle third in orange, highest
third in purple. Center line represents median and shaded regions represent interquartile range.
(B, C) Plots showing the relationship between a nucleus’s current speed, and how crowded its
local environment is. At 7.5 minutes (B) and 34.5 minutes (C) post-division, each nucleus’s
speed is plotted against its local density. We find that there is a negative relationship between
speed and density, but only during the ~15 minutes following each division. (D) Nucleus
position along anterior-posterior axis is plotted through time for blastoderm formation of
one embryo. Points are colored according to instantaneous speed, smoothed over three time
steps. The fastest nuclei are red and the slowest are blue. The first zygotic nuclear division
occurs ~40% from the posterior end of the egg, highlighted by a black arrow in panel E. (E)
Percent change to nucleus number over time. Nearly synchronous nuclear division cycles
appear as peaks. (F) Nuclei also undergo synchronous speed oscillations, moving quickly after
divisions and then slowing down. These oscillations dissipate at different times across the
anterior-posterior axis of the embryo. Nuclei are separated into three equal sized bins: anterior
third, middle third, and posterior third (turquoise, orange, and purple, respectively). Colored
arrowheads indicate the time point at which each third of the nuclei ceased synchronous speed
oscillations. All panels made by JH and then altered by SD.
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given a focal nucleus, we computed the volume of space that was closer to the focal nucleus than to any other
nucleus. The third of nuclei with the lowest density (green) could be found in an unoccupied neighboring
volumes greater than 2.5 x 106 µm3 . The third of nuclei with the highest density had unoccupied neighboring
volumes that were less than 3.5 x 105 µm3 . The middle third had unoccupied neighboring volumes in between.
Among the third of nuclei with the lowest density, there was a pronounced biphasic pattern in the nucleus
speeds. For the first 15 minutes after a division, nucleus speed averaged between 4 and 6 µm/minute (Fig. 4.3
panel A). From 20 minutes onward until the next division, nucleus speed averaged less than 1 µm/minute (Fig.
4.3 panel A). Nuclei with a middle density displayed the same pattern, but during the first 15 minutes, nucleus
speeds averaged between 2 and 4 µm/minute (Fig. 4.3 panel A). For the densest third of nuclei during the
same period of time, speeds averaged between 1 and 2 µm/minute (Fig. 4.3 panel A). These results suggested
that there was a relationship between nuclear density and speed. In order to visualize this directly, we plotted
instantaneous speed and local density at 7.5 minutes and 34.5 minutes after each division (Fig. 4.3 panels B
and C). This demonstrated that there was a negative association between speed and density, but it is present at
7.5 post-division and absent 34.5 minutes post-division (Fig. 4.3 panels B and C).
Next we examined the relationship between nucleus speed and spatial position over time. We plotted
all the nuclei for the first 200 minutes of a time-lapse, colored by their instantaneous speed (Fig. 4.3 panel
D). As discussed above, this showed that nuclei alternated between moving relatively quickly (greater than 4
µm/minute) and relatively slowly (0 to 1 µm/minute) (Fig. 4.3 panel D). This alternating pattern (visualized as
stripes of red and blue) diminished in the middle part of the embryo as nuclei began to reach the anterior and
posterior poles of the egg (Fig. 4.3 panel D).
In order to investigate the spatial patterns of speed oscillation in more detail, we binned the nuclei into three
evenly-sized groups: the anterior-most third, the posterior-most third, and the rest of the nuclei. We refer these
as the anterior tercile, posterior tercile, and middle tercile, respectively (Fig. 4.3 illustrated as insets in panel
F). We plotted the speed traces of the three terciles separately (Fig. 4.3 panel F). Speed oscillated in all three
terciles, with troughs at approximately 1 µm/minute and peaks typically greater than 2 µm/minute (Fig. 4.3
panel F). The oscillations dissipated at different times for the three terciles. They dissipated first in the middle
tercile (orange; ~300 minutes), then the posterior (purple; ~400 minutes), and finally the anterior (turquoise;
~450 minutes) (Fig. 4.3 panel F). We juxtaposed a plot of division rate on the same time scale, which showed
that the cycling peaks of nucleus speed occurred just after each peak of divisions (Fig. 4.3 panel E).
We interpret the data described in this section as follows: nuclei began at low density, oscillating between
a relatively fast phase and slow phase as they expanded in space. Once the density began to increase—first
in the middle, then in the posterior, and finally in the anterior—the post-division, density-dependent speed
oscillations also ended. As shown in Fig. 4.2, division cycle duration is also positively associated with density.
This could explain why the plot of nucleus rate of change showed sharp peaks early in the development and
increasingly broad peaks as development progressed (4.3 panel E).
Nuclei tend to move into unoccupied space in the egg
We remade the plot shown in Fig. 4.3 panel D, only with nuclei colored by the orientation of their movement.
Nuclei moving directly toward the anterior pole were plotted in light blue, while nuclei moving directly toward
the posterior pole were plotted in magenta (Fig. 4.4). Nuclei that did not tend to move toward either pole were
plotted in gray (Fig. 4.4). This showed that nuclei on the “frontiers,” that is, those that were closest to each
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Figure 4.4: Nucleus movement orientations. Nuclei are colored according to whether they
are moving towards the anterior (blue) or posterior (pink). Nuclei tend to move towards the
pole they are closest to. Plot made by JH and then altered by SD.
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pole, moved most strongly towards their respective poles. This strongly oriented movement only tended to
occur during the relatively fast phase of the mitotic cycle (compare Fig. 4.4 to Fig. 4.3 panel D).

Simulating syncytial development
We asked whether the patterns that we observed in time-lapses could be simulated in a simple, abstracted model.
We developed a computational model that was inspired by the results of Telley et al. (2012) on active nuclear
migration in fruit fly yolk extracts (see Fig. 4.5 for a schematic of the model; it is also described in further detail
in the Methods section). We did not explicitly incorporate any cytoskeletal components into the model. Rather,
we constructed a minimal version of how nuclei might interact with their environment in abstract terms. Nuclei
were treated as small dividing spheres that emit an expanding, asymmetric “shell” that grows from a point on the
surface of each nucleus after each division (see Fig. 4.5). This shell serves as a coarse-grained version of a MT
aster. Shells originate at a point on the nucleus that represents a centrosome, and they are sterically impeded on
one side by the presence of the nucleus from which they grow (example shells, rendered in 3D in Fig. 4.6 panel
A). A shell continues growing until it either reaches a fixed length Rmax, contacts another shell, or contacts the
inner surface of the egg.
We imbued each shell with an ability to pull on the cytoplasm it touches with a small tug at each voxel on
its surface, the relative magnitude of which is determined by the constant P. The net movement of a nucleus
is thus determined by the sum of all the pulling vectors across its shell’s surface. Each tug on the point cloud
causes a torque on the nucleus; this means that a shell with certain shapes can cause an entire nucleus to rotate.
During every nuclear cycle, a shell begins in an “on state,” during which it generates movement, and an “off
state,” during which the shell is absent, with the nuclei moving only due to simulated Brownian motion. Each
nucleus stays in the “on state” for T minutes before switching back. Rmax, P, and T were tuned to match the
speed oscillations in the previously described empirical data (see the Methods section for details). We likewise
incorporated a density-dependent nuclear cycle, with the period of time in the “off state” determined by a
linear fit to local nuclear density in the empirical data. Lastly, we found that our model of local interactions
in a homogenous cytoplasm did not to recapitulate the formation of a syncytial blastoderm, as there was no
force moving nuclei to the periplasm. Therefore, we added a slight attraction toward the surface of the egg, the
magnitude of which was determined by the constant S. We tuned S to match the rate at which nuclei move
towards the surface of the egg in empirical data.
We did not incorporate viscosity of the cytoplasm, fluid flows, pushing forces of any kind, or any maternally
provided signals in the yolk (spatially heterogenous or otherwise), yet the model successfully recapitulated
several quantitative features that we measure of the true data (Fig. 4.6). For instance, throughout syncytial
blastoderm formation, the distribution of simulated nuclei along the A-P axis matches that of real embryos.
We show a single time point (468 minutes from the start) from a real dataset (green) plotted on top of a series
of simulated embryos (Fig. 4.6 panel B). Simulated divisions and Brownian motion are stochastic, so each
simulated embryo is unique. Simulated speed oscillations are likewise similar to empirical oscillations (Fig. 4.6
panel C). The model is less effective in matching the movement of nuclei into the periplasm. Simulated nuclei
move toward the surface, but they never become as close to the surface as is observed in real embryos, largely
because of steric effects limiting the extent to which the nuclei can be pulled towards the surface. It is possible
that nuclei reaching the periplasm in real embryos become anchored or otherwise undergo a change that alters
their movement tendencies.
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Figure 4.5: Schematic representation of a computational method for simulating syncytial
development. Nucleus movements are simulated in a 3D egg, but it is schematized here in 2D.
See Methods section for details on its implementation. Note: the diagram is not to scale. (A) A
single nucleus (orange) with a centrosome (green) on its surface. The MT aster emerging from
the centrosome is represented by a shell (blue). (B) The shell is asymmetric about the nucleus,
shown positioned to the left. Each voxel within the shell pulls on the nucleus. The net pull is
leftward. (C) When a nucleus divides, both daughters inherits a centrosome, each of which
grows a new shell, causing further nucleus movement. (D) Nuclei continue to divide and
spread. As local nuclear density increases, shells are unable to grow as large. As a consequence,
nucleus speed decreases. Diagrams made by JH and then altered by SD.
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Figure 4.6: (A) Example shells, originating at nuclei. (B) Simulated syncytial development
generates a density distribution along the A-P that is comparable to that of real embryos.
Simulated embryos are shown as a gradient; a single real embryo is shown in green. (C)
Speed comparisons between simulated nuclei (green) and real nuclei (blue), with shaded
region showing interquartile range. (D) When we do not hard-code movement to the surface,
simulated nuclei (green) do not get as close to the surface of the egg as what is experimentally
observed (blue). Center line represents median distance from the surface, with shaded regions
representing interquartile range. (E-F) Simulated syncytial development in an unmanipulated
egg (E) and in non-natural egg shape (F). Each shell is colored in a different random color. All
panels made by JH and then altered by SD.
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Although it was intentionally built as a simplification, we found our model helpful in illuminating our
empirical data. In real embryos, we observed that nucleus speed, mitotic cycle duration, and movement
orientation are all associated with geometric features—i.e. the density and placement—of neighboring nuclei.
The “shell” serves as a mechanism for nuclei to sense their neighbors without invoking local concentration
gradients. Large shells result in a higher speed in the simulation, and the largest shells form on the frontiers.
Likewise, unimpeded nuclei do tend to move faster in the embryo, with the fastest nuclei moving on the
frontiers, towards the poles. We interpret these results as evidence that syncytial nuclei move via active migration
through the cytoplasm. There may be cytoplasmic flows and/or spatially heterogenous cytoplasmic signals
in the egg, but neither of them is required in order to build a model that broadly captures the dynamics of
syncytial nucleus movements in the cricket embryo.

Future work
In recording syncytial nuclear movements, we used two complementary approaches. Lightsheet microscopy was
used to generate 3D+t datasets that covered the entire embryo. These allowed us to calculate 3D movements
and reconstruct continuous lineages over as many as seven consecutive mitotic cycles, but processing and
analyzing such large files (4+ terabytes) is quite time-consuming. Therefore, we also collected 2D+t datasets on
an epifluorescence microscope (see Fig. E.5 for an example). With these datasets, we cannot reliably reconstruct
lineages that span more than 3 or 4 divisions, and we do not record any 3D spatial information.
In the future, it would be informative to use the 2D+t datasets to estimate the speeds and orientations of
nucleus movements, as well as the local density of nuclei. The main advantage of epifluorescence microscopy
is that it is possible to tile across an array of embryos at each time point, allowing one to record time-lapses
for several dozen embryos at a time (see Chapter 3 for methodological details). We have collected several such
datasets, but we still need to analyze them in order to collect measures of variability among individual embryos.
With those data one could ask whether our simulations are able to capture the variation in nuclear behavior
within and between embryos. If, for instance, the model produces nucleus patterns with more variation than is
observed in real embryos, that would imply that the model is failing to account for mechanism that increase
robustness to noise.
A particularly incisive experiment would be to physically manipulate the shape of an egg, and then record
nucleus movements during syncytial development in the altered egg. To that end, we have built a device that
permits us to constrict the form of cricket eggs (see Appendix E, Fig. E.2, Fig. E.3). We have also recorded
several pilot time-lapses on constricted eggs (Fig. E.4). In the future, it would be informative to measure
the speeds, densities, and orientations of nuclei in manipulated embryos. We have hypothesized that nuclei
move on the basis of a mechanism that detects the density and geometric arrangement of neighboring nuclei.
If the hypothesis is correct, changing the shape of the egg should have specific effects on the time course of
nucleus movements. The computational model described earlier in this chapter would enable one to make
hypotheses that are quantitatively precise. Specifically, one could simulate development in a digitally constricted
egg (e.g. Fig. 4.6), which would provide a full set of predicted speeds, orientations, and positions for all nuclei
throughout development. Then, one could test the hypothesis by comparing the simulated embryo to the
results of the experimentally constricted egg.
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Egg evolution in insects
Supplemental materials for this chapter are included as Appendix G. My co-authors and I also plan to cosubmitting a “data description” paper, included in this thesis as Appendix H. The data description paper will
include a detailed treatment of the methods used to compile the dataset.

5.1

Contributions

This project was conceived as a joint project by myself and Sam Church. We both wrote code to streamline the
process of compiling data from published papers, and then used these data to build the dataset. We recruited
fellow graduate student Bruno de Medeiros to work on the project as well. Bruno de Medeiros and Sam Church
used existing well-supported phylogenies as a backbone, and then used additional publicly available sequence
data to build a more comprehensive distribution of trees onto which we could map our collected egg data. Sam
cleaned and error-checked the egg entries. I wrote the code to make it easier to extract morphological traits from
published images of eggs and then used it to collect all the available image data from our set of references. I also
assembled a dataset on the rate of insect embryogenesis for as many insect species as I could find. Sam Church
is conducting most of the data analysis in the paper, including ancestral state reconstructions, phylogenetic
associations between egg features and ecological variables, and allometry calculations. Sam Church and I are
co-writing the first draft of the manuscript. Cassandra Extavour has advised the project from the beginning.
She provided useful suggestions for the project and she will write the manuscript with us.
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Insect egg evolution defies predicted allometric
relationships across eight orders of magnitude in size
Samuel H. Church*, Seth Donoughe*, Bruno de Medeiros, Cassandra G. Extavour
* equal contribution

Introduction
Biologists have long appreciated that there are patterns in how organismal shape relates to size (Huxley
et al. 1932, Thompson 1942). These allometric relationships can be grouped into three “levels” of
allometry (Cheverud 1982, Shingleton et al. 2007) – ontogenetic, static, and evolutionary allometry – each
of which provides insight into different biological processes. Ontogenetic allometry is the relative growth
rate of different tissues within a body of a single individual (Cheverud 1982, Shingleton et al. 2007). Static
allometry is the relative size of different tissues among individuals of the same species (Cheverud 1982,
Shingleton et al. 2007). Evolutionary allometry is the relative size of homologous tissues (or other
physiological, biomechanical, or behavioral traits), when measured and analyzed across multiple species
at a comparable developmental stage (Cheverud 1982, Shingleton et al. 2007). In an evolutionary
allometry, one measurable quantity (e.g. mass) changes over evolutionary time, and another feature of
interest (e.g. cross-sectional area of the femur) does not scale proportionally with it (McMahon 1983).
Instead, the feature of interest will scale according a mathematical relationship that is consonant with the
demands of the feature’s function (e.g. keeping the risk of bone fracture constant as the mass supported
by a bone increases) (McMahon 1983).
Studies of evolutionary allometry have found that animal movement, physiology, and morphology evolve
in predictable ways. For adult animals, mechanical and physiological constraints give rise to broad
phenotypic patterns over orders of magnitude (see, for example, Taylor et al. 1970, Biewener 1989,
Gillooly et al. 2001, West et al. 2002). Efforts to identify such allometries are complicated by two things: 1)
shared phylogenetic history reduces our statistical power to detect patterns, meaning that datasets need
to be large and diverse, and 2) scaling relationships can be identified most effectively when a dataset
includes traits that vary over several orders of magnitude in size (White et al. 2007, Sieg et al. 2009,
Kolokotrones et al. 2010). In insects, ontogenetic and static allometries have been studied extensively,
especially in lab-culturable species and their close relatives (e.g. Nijhout and Wheeler 1996, Tobler and
Nijhout 2010, Shingleton et al. 2008, Shingleton et al. 2009, Stern and Emlen 1999, Emlen and Nijhout
2000). Here, we also analyze data on developing insects – namely, the egg stage. We examine insect
eggs as an example of a developmental stage whose evolutionary allometries can be analyzed in the
phylogenetic context of a species-rich clade that spans more 400 million years of evolution (Misof et al.
2014).
There is a great deal of descriptive morphological data on insect eggs, but the records are scattered
across thousands of disparate publications. We compiled measurements of eggs into a database and
used them to test a suite of evolutionary allometric relationships that have been hypothesized for eggs. In
testing these hypotheses, we build evidence for which constraints have the strongest effects on the
evolutionary trajectories of organisms, which will in turn improve our ability to make empirically grounded
evolutionary predictions. We test the following hypotheses:

1
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Larger eggs are proportionally longer than smaller eggs. This hypothesis is based on a geometric
consideration of the egg-laying apparatus. “[In insects] ellipsoid shape represents a solution to
maximize volume while passing through a narrow cross-sectional area such as an oviduct” (Bilder
2012). This would be consistent with patterns in the eggs of some groups of geckos (Kratochvil
2002), for which the cross-sectional area was also hypothesized to be limiting. The same
relationship was also hypothesized to be the case for bird eggs (Stoddard et al. 2017), in which
the authors suggested that the musculature required for the demands of flying might be
constraining the cross-sectional area.
Larger eggs are proportionally shorter than smaller eggs. This hypothesis considers the cost of
the egg shell and three dimensional packing of the eggs. “Since a sphere shape has the lowest
surface-area to volume ratio, spherical eggs will minimize the resources required to package the
embryo and increase the number that can be contained within a limited body cavity” (Blackburn
1991).
Both hypotheses described above invoke egg size in relationship to other aspects of body size (abdomen
size or ovipositor diameter), making it important to control for body size when testing these predictions.
Researchers have also predicted a specific scaling exponent based on a few simplifying assumptions
about the geometry of biological tissues:
The length of eggs scales to the two-thirds power of egg diameter. This was proposed by Legay
(1973), based on contemporary work by MacMahon (1973), examining the “elastic properties
required by living matter.” Likewise, an earlier worker came to a similar conclusion based on
assumptions about the required strength of biological materials (Rashevsky 1960).
Egg size has also been predicted to show an allometric relationship with adult body size:
As body size increases, the relative size of eggs should stay constant or decrease. Berrigan
(1991) suggested that the proximate explanation for an isometric or negatively allometric scaling
of ovary volume and body size is “the maintenance of functionally equivalent levels of locomotor
performance” (Berrigan 1991). This pattern was found in several hundred species of insects
drawn from Diptera, Hymenoptera, and Coleoptera, but that analysis was conducted without
accounting for phylogenetic relationships (Berrigan 1991). It was also hypothesized that the size
of animals will be limited at the low end by the size of the egg (Rencsh 1947). Polilov (2015)
found this pattern to hold in some beetles: “[B]y the example of Staphylinoidea, the relative egg
size increases by a factor of more than six with decreasing body size.”
We built upon previous empirical and theoretical work by testing these hypotheses with a speciose and
diverse dataset. We compiled a database of over 10,000 insect egg descriptions from the entomological
literature, using custom bioinformatic tools. These records include data from every taxonomic order of
insects, as well as representatives from five hexapod groups that are sister to insects. We also used
statistical tools to account for phylogenetic relationships in our analysis. Using phylogenetic comparative
methods, we tested each of the aforementioned hypotheses. Tentative results for each of these is
described in the Results and Discussion section below.
Following that is a section entitled Further Results and Progress. We describe five further hypotheses
that we are testing with our egg dataset. Specifically, we test three ecological hypotheses: 1) Evolutionary
transitions from ovipositing-in-air to ovipositing-in-water are associated with a change in the allometric
scaling of egg shape; 2) Parasitism is associated with increases in the rate of egg shape evolution; 3)
2
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Flight capability is positively associated with egg aspect ratio. We also test two developmental
hypotheses: 4) Insects’ mode of oogenesis is associated with the size and shape of insect eggs; 5) Egg
size is positively correlated with time-to-hatching. The results of those questions are pending ongoing
computational analyses.

Methods
Creating the insect egg database
The insect egg database was created according to the methods described in Appendix H. Egg
descriptions were collected from thousands of published descriptions of insect eggs using custom
software to parse text from PDFs and measure published images (see example screenshots in Fig. G.2
and Fig. G.3). The database is available publicly on Github and Dryad at [Github commit # and Dryad
accession # to be added at the time of submission]. Each entry in the egg database includes a reference
to an insect genus name, and if it was reported, a species name as well. For each entry, we collected egg
length, width, volume, ellipticity, and asymmetry from the text and/or published images. Detailed methods
for gathering data from each entry are included in Appendix 5 and in the supplemental materials that
accompany the present study (Appendix G). In cases when a given source had text and image-based
data, we prioritized the text measurements over our measurements of the published images. Example
images are shown in Figure 1D. We collected data on several morphological features of eggs, each of
which is defined in the following section. See also Fig. G.2 for a diagram illustrating the egg features.
Measured egg features
Egg length: We used the reported lengths from the published literature. In cases of ambiguity in the
literature and when we measured egg features from published images, we defined egg length as the
distance in millimeters (mm) of the axis perpendicular to the axis of rotational symmetry. For some insect
groups (e.g. Lepidoptera, which lay upright eggs) the axis perpendicular to the axis of rotational symmetry
is sometimes referred to as “height” (e.g. Dolinskaya 2016, Dahlen 1998, Zompro 2002). For published
images, we measure both the straight and curved length of the egg (for those eggs that are curved), but
for all analyses and figures we use the straight length of the egg in order to maximize consistency with
published records.
Egg width and breadth: We used the reported widths from the published literature, or when “length” and
“breadth” were reported (e.g. Duffy 1968) we interpreted “breadth” as “width.” When the published
description was ambiguous and when we measured egg features from published images, we defined egg
width as the widest diameter in mm of the rotationally symmetric axis of the egg. For some insect groups
(e.g. Lepidoptera which lay upright eggs) width is sometimes referred to as “diameter” (e.g. Dolinskaya
2016). For eggs described in published records as having both a width and breadth / depth (i.e. the egg is
a flattened ellipsoid) (e.g. Clark 1976), we considered width as the wider of the two diameters, and
breadth as the diameter in mm perpendicular to both the width and length. For published images with a
scale bar, we measured width as the widest of the three egg diameters at the first quartile, midpoint, and
third quartile of the length axis. We did not measure breadth in published images.
3

Egg volume: Volume (recorded in mm ) was calculated using the equation for the volume of an ellipsoid,
following previous workers (Markow et al., 2009, García-Barros 2000). The equation is 4/3 * π * l * w * b
2
when the measurements of the egg are given in three dimensions, which simplifies to 4/3 * π * l * w when
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there is only a single width provided. For records where the volume was published but egg length and
width were not, we used the published volume. For all other entries, we recalculated volume from the
measurements in the text and from the measurements of images published with a scale bar.
Egg aspect ratio and ellipticity: We defined aspect ratio as the ratio of length to width (unitless). An aspect
ratio of 1 corresponds to a spherical egg (spheroid). A ratio less than 1 corresponds to an egg that is
wider than long (oblate ellipsoid), and a ratio greater than 1 corresponds to an egg that is longer than
wide (prolate ellipsoid). Egg ellipticity (Stoddard et al. 2017) is defined as the aspect ratio minus 1, where
0 is a spherical egg. We recorded the aspect ratio and ellipticity from images published with or without a
scale bar, as aspect ratio is a scale-free attribute.
Egg asymmetry: We defined egg asymmetry as the ratio between the two egg diameters at the first and
third quartile of the length axis (unitless). It was only recorded from published egg images.
Egg curvature: We defined egg curvature as the angle (radians) created by the egg endpoints and
midpoint of the egg width.
Data analysis
Code availability: We make all of our code for egg parsing and data analysis available on Github.
Data Transformations: For all analyses, data were transformed to be normal. Egg length, width, volume,
and aspect ratio were log10 transformed, while curvature and asymmetry were square root transformed.
Fitting evolutionary models: We analyzed the fit of alternative models of evolution using the package
geiger, implemented in R. For each trait (egg length, width, asymmetry, and curvature), we compared the
fit of a Brownian Motion (BM) model, an Ornstein-Uhlenbeck (OU) model, and an Early-Burst (EB) model
against a null hypothesis of a white noise (WN) model that assumes no evolutionary correlation. We
further analyzed the performance of the best fitting model in describing our dataset by comparing
expected values of parameters from simulations under the model to observed parameters.
Phylogenetic Generalized Least Squares: All evolutionary regression analyses were performed using a
phylogenetic generalized least squares (PGLS) approach in the R. Given that the EB model fit the data
best, we used a corBlomberg correlation structure which invokes the ‘ACDC’ (accelerating-decelerating)
model of evolution, with the rate of trait change (g) allowed to vary and starting at 2 (note that g > 1
indicates a decelerating rate of evolution). For phylogenetic regressions with a third controlled variable,
we calculated the phylogenetic residuals of each variable against the dependent variable, and then
calculated the regression of the residuals.
Simulating Data: We used a parametric bootstrap approach to test our allometric results against a null
hypothesis of isometry (i.e. shape does not change predictably as size changes). For egg length and egg
width, we simulated 100 datasets following the parameters of our dataset (number and phylogenetic
position of genus-level data points, optimized ‘Early-Burst’ model parameters) under isometric models of
evolution (slope = 1) with the rTrait function in phylolm. For each of these datasets, we ran a PGLS
analysis of log(egg length) and log(egg width) and examined the distribution of slopes. If the observed
maximum slope value across a clade of insects was within the range of the null distribution, we
considered the findings not to be significantly different than isometry (i.e. isometry could not be rejected).
We followed a similar approach for adult body size and egg volume data, simulating 100 datasets with the
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same number and phylogenetic position of family-level data and using optimized Ornstein-Uhlenbeck
parameters for body size and Brownian Motion for egg volume.
Insect clades used in figures: The colored insect silhouettes in figures correspond to the following groups
of taxa that we use for plotting trait distributions. Apterygota is a paraphyletic group is composed of
Protura, Collembola, Diplura, Archaeognatha, and Zygentoma. Palaeoptera is a clade composed of
Odonata and Ephemeroptera; support for the monophyly of this group is weaker than that for other large
insect clades investigated in this study (Misof et al. 2014). Polyneoptera is a clade composed of
Plecoptera, Orthoptera, Embioptera, Phasmatodea, Mantophasmatodea, Grylloblattodea, Blattodea,
Mantodea, Isoptera, and Zoraptera. Condylognatha is clade composed of Hemiptera and Thysanoptera.
Neuropteroidea is a clade composed of Raphidioptera, Megaloptera, Neuroptera, Strepsiptera, and
Coleoptera. Amphiesmenoptera is a clade composed of Trichoptera and Lepidoptera. Antliophora is a
clade composed of Siphonaptera, Mecoptera, and Diptera. Phylogenetic trees used in this study
incorporate an order-level backbone (Misof et al. 2014), a family-level backbone (Rainford et al. 2014),
and additional tips drawn from published sequence resources. A cladogram of these groups with the
number of egg database entries for each one is shown in Fig. 1A. See also Fig. G.1 for the cladogram
plotted with each group’s constituent taxonomic families.

5
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Figure 1: Insect Egg Diversity. (A) Simplified phylogeny of 8 insect clades (modified from Misof et al.
2014). Colors of tip labels correspond to the color scheme used in subsequent figures. (B) Simulated eggs
illustrating the shape parameters recorded in the insect egg database. (C) Morphospace of insect egg size
and shape, comparing volume and aspect ratio. Large numbered points correspond to the egg images
shown in panel D. (D) Selected eggs from the insect egg database showing diversity of shapes across
lineages. (E-H) Strip plots comparing the distributions of egg parameters across insect lineages. Each point
represents an entry in the egg database, distributed according to group with some random jitter on the y
axis to separate points. (E) Distribution of insect egg volume (log10 scale), compared to both plant seeds
(Arditti and Ghani 2013, Edwards et al. 2002) and bird eggs (Stoddard et al. 2017). (F) Distribution of
aspect ratio (log10 scale), compared to bird eggs. (G) Distribution of asymmetry (square root scale),
compared to bird eggs. (H) Distribution of curvature (square root scale). Bird eggs are never curved
(curvature = 0) (Stoddard et al. 2017). Figure made by SHC and SD.
6
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Results and Discussion
We assembled a database of 10,000+ morphological descriptions of insect eggs that were described in
the published entomological literature (Fig. 1). This include 6,000+ unique insect species representing
every extant order (see Appendix H for a description of the dataset itself). Recorded insect eggs span
more than eight orders of magnitude in volume (Fig. 1C, E; Fig. G.4). The smallest egg in our dataset is
-6
3
the parasitoid wasp Aprostocetus proceae, whose eggs have a volume of ~5 x 10 mm (Nacro and
Nénon 2008), while the largest eggs are those of the earth-boring beetle Bolboleaus hiaticollis with eggs
2
3
~5 x 10 mm (Houston 2016). Most morphological variation could be captured by volume and aspect
ratio (Fig. 1C, E, F), but many insects also vary in egg curvature and asymmetry (Fig. 1G, H; Fig. G.4). To
illustrate the dimensions of shape variation, we plotted 3D renderings of eggs with different combinations
of shape traits (Fig. 1B). Example silhouettes from digitally generated eggs whose shape features span
the range of observed egg morphologies are shown in Fig. G.5. For comparison, we also show the size
ranges for two other groups of eukaryote propagules – plant seeds and bird eggs – along with shape
ranges for the latter (Fig. E-H). Across insects, we found that eggs have converged on similar egg
morphologies many times, with dozens of independent increases and decreases in size (Fig. 1C, Fig.
G.6). This makes the dataset well-suited for assessing hypotheses about evolutionary scaling
relationships.
We tested the predicted relationships between egg size and shape by comparing the slope of the
phylogenetic regression in log-log space between egg length and width (Fig. 2). Our results showed that
across all insect lineages, larger eggs are slightly more ellipsoid than smaller eggs (slope near 0.75). This
pattern is consistent when controlling for body size. However, this relationship does not hold within all
major insect lineages (Table 1). For example, the allometric slope in Hemiptera was estimated to fall
between 0.80 and 0.84, and Coleoptera egg shape is nearly isometrically related to egg size (slope 0.92 0.95) (Table 1).
Likewise, we tested the predicted relationship between egg size and adult body size by comparing the
slope of the log-log relationship between egg volume and cubic body length across insect families.
Comparing across all insects, egg size increases with body size; however, again, this is not true for all
major insect lineages (Table 1). For example, in Diptera and Palaeoptera, egg size is not predicted by
body size; that is, insects of similar body size lay different sized eggs (Table 1). In general, the predictive
power of the relationship between egg size and body size is low; the average egg volume per family
varies by up to 4 orders of magnitude in groups with similar body size. For groups in which egg size and
body size are evolutionarily correlated, smaller insects lay proportionally larger eggs, as predicted by
observations of egg size in the smallest insects (Polilov 2015). In all cases, a null hypothesis of isometry
can be rejected (Fig. 2, Table 1).
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Figure 2: Allometric Relationships of Egg Shape and Size. A: Hypotheses about the relationship of egg size and
shape include (a) that larger eggs are proportionally wider (less elliptical) than smaller eggs, (b) that larger eggs are
proportionally longer (more elliptical) than smaller eggs, and (c) that shape is conserved across sizes (isometry). B:
Allometric hypotheses can be tested by evaluating the slope of the regression between length and width in a log-log
plot. A slope greater than 1 supports hypothesis (a), a slope less than 1 supports hypothesis (b), and a slope near 1
supports isometry (c). C: An allometric analysis of log-egg length and log-egg width across genera shows that the
slope of the regression in each group is slightly below 1 (black solid line), but that the slope varies across lineages,
and for some groups (e.g. Coleoptera, orange) is near isometry. The black dotted line shows a hypothetical 1:1
relationship. D: Colors correspond to the groups listed in Fig. 1. Figure made by SHC.
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log egg length vs egg width

egg volume vs cubic adult body length

slope
(range)

p-value
(range)

sample
size

slope
(range)

p-value
(range)

sample
size

Across all
insects

0.75 - 0.78

0.00 - 0.00

1423

0.40 - 0.41

0.00 - 0.00

299

Hymenoptera

0.71 - 0.74

0.00 - 0.00

354

0.64 - 0.66

0.00 - 0.00

46

Hemiptera

0.80 - 0.84

0.00 - 0.00

193

0.51 - 0.52

0.00 - 0.00

52

Coleoptera

0.92 - 0.95

0.00 - 0.00

259

0.40 - 0.41

0.00 - 0.00

45

Lepidoptera

0.73 - 0.78

0.00 - 0.00

75

0.33 - 0.33

0.00 - 0.00

47

Diptera

0.72 - 0.75

0.00 - 0.00

197

0.26 - 0.27

0.01 - 0.02

47

Palaeoptera

0.65 - 0.72

0.00 - 0.00

103

0.31 - 0.33

0.09 - 0.11

24

Polyneoptera

0.72 - 0.76

0.00 - 0.00

229

0.47 - 0.51

0.00 - 0.00

33

group

Table 1: Phylogenetic Generalized Least Squares (PGLS) of egg allometric hypotheses. The allometric
relationships of egg length versus egg width and egg volume versus cubic adult body length were calculated using
PGLS in log-log space. Each PGLS was performed over 100 phylogenetic trees from the posterior distribution, using
a random representative for each insect genera (length vs width) or a subset of representatives from each family (egg
volume vs cubic adult body length). Across insects, egg length and width are related according to a power law with
the exponent near ¾, though this varies across lineages and is near isometry (slope = 1) in Coleoptera. Across
insects, egg size and adult body size are related according to a power law with the exponent near 0.4, though this
relationship is not significant in Diptera or Palaeoptera (egg size is not predicated by adult body size). Non-significant
relationships (p-value > 0.01) are shown in grey.

Delta AICc
Values

Brownian
Motion

OrnsteinUhlenbeck

Early Burst

Estimated
White Noise Lambda

Lambda
Test p-val

Length

58.76232

60.7705

0

1716.09751 2.2434645

0.001

Width

35.79054

37.7993

0

1549.07782 1.6325512

0.001

Asymmetry

37.26883

0

39.30042

87.17115

0.7587236

0.006

Curvature

0

0.22792

2.02134

306.5619

1.0783693

0.001

Table 2: Evolutionary model fitting. Delta AICc values for four alternative models of evolution show that an EarlyBurst model of evolution is supported, where egg length and width evolved rapidly at the base of the tree and more
slowly in recent diversifications. Alternatively, asymmetry is best explained by movement toward an evolutionary
optima (Ornstein-Uhlenbeck model), and curvature is best explained by Brownian Motion. A statistical test of
phylogenetic signal shows that all traits are phylogenetically distributed, though the signal of asymmetry is weaker
than the others.
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The evolution of egg size and shape was best explained using an ‘Early-Burst’ model of egg morphology
evolution (Table 2). We interpret this to mean that egg length and width evolved rapidly along the
branches at the base of the insect tree, and more slowly in the major radiations within each order. This is
consistent with the fact that many eggs have nearly the same shape as their within-order relatives, even
across orders of magnitude in egg volume (Fig. 1C). Unlike egg length and width, egg curvature was best
explained by a Brownian motion model of evolution (Table 2). In general, egg asymmetry showed less
phylogenetic signal than the other traits (Table 2).

Further Results in Progress
The aforementioned results are not final. These results were based on distributions of phylogenetic trees
that had not yet converged; the computations for the updated trees are in progress. Moreover, we have
not yet finished error-checking the dataset of egg features, and we are finalizing additional datasets of
possible ecological and developmental covariates (described below). We are using these dataset to test
five further hypotheses.

Associations of egg shape and size with ecological variables
1. Hypothesis: Evolutionary transitions from ovipositing in air to ovipositing in water are
associated with a change in the allometric scaling of egg shape. It has been shown that
across insects there are many apparent adaptations related to gas and water diffusion across the
egg shell (Hinton 1981). If the rate of gas and water movement is proportional to the surface area
of an egg, we would expect that eggs laid in an aquatic environment would display different
allometric scaling than non-acquatic eggs.
Status: We are compiling a list of aquatic taxa in our database from multiple published
sources. Taxa are first classified as aquatic or semi-aquatic (including riparian insects,
excluding insects that lay eggs overhanging water or within aquatic plants), and then we
further classified aquatic insects as laying eggs in water or out of water. With these data we
will reconstruct the ancestral state of laying substrate across the insect tree, and then test
whether transitions in substrate are associated with a different allometric slope.
2. Hypothesis: Parasitism is associated with increases in the rate of egg shape evolution.
Host-parasite interactions often lead to the co-evolution of counter-adaptations in both partners
(e.g. Kraaijeveld et al. 1998). We hypothesized that this could lead to increases in the rate of egg
shape evolution within parasite lineages that lay eggs on their hosts.
Status: We are compiling a list of parasitoid taxa from multiple published reviews in order to
test this hypothesis. We used these reviews to classify taxa in our database as non-parasitoid
or parasitoid (including ectoparasites and endoparasitoids, excluding cleptoparasitic and gallforming insects), and then further classified parasitoid taxa as laying eggs externally or
internally to animal hosts. For some clades it was not possible to classify all members
unambiguously. In these cases, we set the state to “uncertain” and test the potential impact of
this uncertainty on our results. We will reconstruct the ancestral states of parasitism across
the insect tree and then test whether the rate of egg shape evolution is higher in parasites.
3. Hypothesis: Flight capability is positively associated with egg aspect ratio. Recent work in
birds suggested that there is a positive association between the aspect ratio of eggs and a
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skeletal proxy for flight capability (Stoddard et al. 2017). As in birds, flying insects devote
substantial body mass and energy to flight. Therefore, we are testing whether insects also show a
relationship between flight capability and egg shape.
Status: There have been many hundreds of evolutionary shifts to flightless and wingless
forms in insects (Roff 1990); thus we analyzed only flightlessness and winglessness in
Phasmatodea, where these patterns have been extensively studied. We used published
reviews to classify stick insects into three categories: (1) wingless, (2) winged but cannot fly
(including species that have partial wings), and (3) winged and can fly. Taxa which could not
be reliably classified in our dataset were excluded from subsequent analyses. Likewise, we
are analyzing migratory behavior, but restricting our analysis to Lepidoptera and Odonata. In
both cases we are using published reviews of migratory insects to identify taxa in our
database known to be migratory. For subsequent analyses we are testing the impact of
recoding all congeners of known migratory insects as also migratory. We will reconstruct the
ancestral states of flightlessness across Phasmatodea, and then test whether there is a
positive association of flightlessness and egg aspect ratio.

Associations of egg shape and size with developmental traits
4. Hypothesis: Insects’ mode of oogenesis is associated with the size and shape of insect
eggs. The ovariole is a small biological factory that produces eggs (Büning 1994). The cellular
organization of ovarioles determines how eggs are built, and over the course of insect evolution,
the structure of ovarioles has switched among a few different basic structures (Büning 1994). We
suggest that mode of oogenesis constrains the evolution of egg size and shape.
Status: We are reconstructing the ancestral states of ovary type, based on the work of
Büning (1994). We classified ovary type of clades in our insect egg database – panoistic,
telotrophic meroistic, polytrophic meroistic – according to Büning’s classification scheme. In
order to maximize the sample size of the comparison, we used ancestral state reconstruction
to infer the extant ovary type of genera in our database. The 136 genera reported by Büning
come from 113 unique families, within which there is no internal conflict in the observed ovary
type. Of these 113 families, 95 have representatives in both the egg database and genuslevel phylogeny. In order to maximize the overlap with our egg morphology database, we
used taxonomic ranks higher than family for 3 additional genera (Psocoptera for
Peripsocodea, Strepsiptera for Elenchus, Ceratophyllomorpha for Nosopsylla), bringing the
total number of overlapping taxonomic groups to 98. For each of the 98 taxonomic groups,
we selected a single representative tip on the genus-level phylogeny and used this tree to
reconstruct shifts in ancestral ovary type. We used the position of these shifts to estimate the
ovary type of the remaining extant tips for which Büning provided no data. The other 15
families were consistent in ovary type with sister lineages represented in the data and
therefore would not change the calculated number of shifts, with the exception of Boreidae
(Mecoptera) and Hygrobiidae (Coleoptera: Adephaga). We will reconstruct the ancestral
states of mode of oogenesis, and then assess whether changes in oogenesis mode are
associated aspects of egg size and size.
5. Hypothesis: Egg size is positively correlated with time-to-hatching. The egg is a contained
space within which a broadly conserved set of embryological events occur (Anderson 1972a,
Anderson 1972b). Among adult animals, it has been shown that larger animals have a lower
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metabolic rate (Gillooly et al. 2001). To our knowledge it is not known if the same relationship
holds for the metabolism of insect embryos. If it does, however, one would expect that embryos
develop more slowly in larger eggs. As a corollary, if a lineage of insects were to experience
selective pressure for shorter embryogenesis, they would also be more likely to evolve smaller
eggs as a consequence.
Status: We have collected a dataset of time-to-hatching for many insect species (see
Appendix G.5). We are in the process of asking whether developmental rate is associated
with egg size and shape across the full breadth of our data, while accounting for phylogeny.

Tentative Conclusion and Summary
If the current results hold once all the final statistical analyses are complete, we would summarize our
results as follows:
Insect eggs are a rich and complex system of morphological diversity which affords an unparalleled
opportunity to test hypotheses about size evolution. We evaluate the allometric relationships between egg
size and egg shape and show that, contrary to published hypotheses, within insect lineages, egg size and
shape have an isometric relationship. Furthermore, we show that for any given adult size, egg volumes
can range across four orders of magnitude. While larger eggs are generally more ellipsoidal, in
Coleoptera isometry (conservation of shape across sizes) is observed over orders of magnitude in egg
size variation. In some insect lineages such as Diptera, egg size shows no significant correlation with
adult insect body size, while in other lineages, larger adult insects lay proportionally larger (Hemiptera) or
smaller (Hymenoptera) eggs according to their size. In contrast to predicted allometric relationships
between shape and size, egg shape for major lineages appears to have been determined early during
insect evolution, and has changed little within lineages despite radical changes in size. We suggest that
developmental parameters, such as the significant positive relationship between egg size and
developmental rate, will be critical in future models and analyses of propagule size evolution. We also
found that allometric relationships vary substantially among lineages, which highlights the value of large
comparative phylogenetic datasets for assessing allometry-based hypotheses of developmental
evolution.
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Concluding Remarks
One goal for this dissertation was to attempt to find patterns in developmental evolution—to take the apparent
disorder of the evolutionary process acting on animal development and distill out attributes of an underlying
order, if such an order exists. Each project included in this dissertation is a component of a larger effort to
describe, and ultimately predict, aspects of insect development. Below, I briefly discuss the outlook of several of
these projects.

Future prospects for projects on insect developmental evolution
In the case of the molecular basis of germ cell specification (Chapter 1, Appendix A, Appendix B), members
of the Extavour group have begun to undercover details from several arthropod species. We have learned the
most about crickets (Ewen-Campen, Srouji, et al. 2012; Ewen-Campen, Donoughe, et al. 2013; Donoughe,
Nakamura, et al. 2014; Nakamura and C. G. Extavour 2016). One overarching goal for these efforts is to
uncover the evolutionary course of germ line specification. To that end, our work on the cricket still only
serves as a single data point. There are still vast swaths of the insect tree for which nothing is known about the
molecular basis of germ cell specification. Although the tools for doing functional genetic manipulations have
improved dramatically—even over the course of my PhD—experimental studies on other species is still the rate
limiting step for us to gather more data points. This organism-by-organism experimental approach will likely
remain the best way to achieve the aforementioned goal for the foreseeable future. If this is true, I expect that
scientists will collect data on germ cell specification for decades, or longer, as we continue to refine our model
of the evolution of molecular mechanisms with increasing confidence.
I also described cellular dynamics during morphogenesis of the early embryo (Chapter 4, Appendix E,
Appendix F). As with the project on germ cell specification, my own contribution has been to add detailed
description to our understanding of a single data point (i.e. the cricket). However, compared to the case of
germ cell specification, progress on the evolution of early morphogenesis will probably accrue more quickly,
because biologists working to understand evolutionary patterns in embryonic cell behaviors are not aiming to
identify specific genetic contributors. Therefore, the data are faster and simpler to collect. In fact, descriptive
and experimental studies on the initial events in insect embryogenesis have been underway for well over a
century. In the coming years, I expect that recently developed tools for live-imaging whole embryos at a cellular
resolution will allow us to productively build on older embryological studies. Ultimately, these data will allow
scientists to ask whether diverse features of early embryogenesis (e.g. the speed, geometric arrangement, density,
movement patterns, division patterns of cells and syncytial nuclei) that have been observed across insect species
might be the consequence of evolutionary tweaks to just a few fundamental traits (e.g. egg size or position of
the first zygotic nucleus).
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For the two projects considered above, a core obstacle is that there are detailed descriptive data available,
but only for a few species. For our work on the shapes and sizes of eggs (Chapter 5, Appendix G, Appendix
H), however, we have a complementary difficulty: phenotypic data is available from many species but those
species are rarely described in much depth. It is straightforward for entomologists to record the shape and size
of insect eggs. Thus, our dataset now has 6,000+ species from all taxonomic orders—plenty of coverage for us
to conduct robust phylogenetic analyses. In order to make sense of egg morphologies, however, we need to
analyze it in light of candidate ecological, life history, and developmental covariates. Published covariate data
are rare for the species whose eggs have been described, and we are particularly limited in detailed accounts of
oogenesis. Future work might build on our efforts by doing further developmental work on targeted taxa that
help us to resolve big evolutionary shifts in egg morphology.
A common aim among research in the field of evolutionary developmental biology (also known as “EvoDevo”) is to reconstruct the evolutionary trajectory of a trait. Papers in the field often have a line that looks
something like this: “Our work suggests that this [gene function / signaling pathway / mechanism] might be a
general pattern in developmental evolution.” My own work is certainly no exception. In and of themselves,
such patterns are not sufficient for us to make general predictions, unless we also make one key assumption.
This assumption can be clumsily stated as follows:
Once we have reconstructed the evolutionary history of the development of a given trait, we will be more
likely to accurately predict interesting features of the development and evolution of other traits.
I have not often seen this proposition articulated explicitly, and whether it is true or false is a very open
question at the heart of the study of evolutionary development. In order to answer it to our satisfaction, we will
need to apply the statistical approaches of phylogenetic methods to many large developmental datasets.

Comparative developmental biology at scale
The arrival of the genomic era has meant that we are no longer stuck making evolutionary inferences based
on the data from a few model species. The field of evolutionary developmental biology is moving beyond
the previous paradigm, and two essential steps have been underway for several decades now. The first is the
use of large genomic datasets to build comprehensive molecular phylogenies. The second is the introduction
of genomic and functional genetic tools to non-model species. A third step, which I will focus on here,
is establishing norms and techniques for how to cogently integrate the data from many researchers into a
phylogenetic framework. If we, as a field, learn how to do this effectively, we will be able to frequently update
our models of evolutionary history, asymptotically approaching our best approximation of the truth. My
dissertation research revealed some of the key challenges:
(1) Aggregating data from multiple published sources is a bottleneck. It is an enormously labor-intensive
process to build large multi-source datasets. In the near term, parsing the developmental literature will remain
a task for the human mind. Eventually, however, it seems likely that machine learning and other automated
approaches for natural language processing will take over this job of gleaning and organizing data. Such a fully
automated approach will face several complications. First, biologists do not record data in a systematic way.
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Instead it is described with terms—e.g. anlage, primordium, rudiment, germ band, germ disc, embryo—that
each have undergone their own linguistic evolution. As a consequence, terms are used in subtly (or dramatically)
different ways, even by researchers working contemporaneously. Moreover, data is reported as a hybrid of
images and text. In most cases, neither is sufficient to stand on its own to communicate the results of a given
study. Automated approaches will need to simultaneously digest image and text in tandem, while accounting
for the messiness of human language.
(2) Developmental biologists need to report data in a way that is parsable, structured, and quantitative.
Ecologists, morphologists, and population geneticists routinely present their data in a way that makes it suitable
for reuse. Developmental biology still has quite a way to go. One problem is that the data are frequently
collected as micrographs, which are arduous to store. Publishing complete but down-sampled datasets is one
option. Another is to share the complete quantitative measurements that were used in all statistical analyses in a
paper.
(3) It is far too rare for one biologist to repeat another’s work. The project described in Chapter 5 and
Appendix H enabled us to see how frequently a given observation (say, the length of an egg from a given species)
was replicated in a separate publication. We found that such replication is uncommon for simple descriptive
features, and it is rarer still for experimental manipulations of non-model species. As has been amply discussed
elsewhere, there are few incentives to publish data that merely repeat existing work. Replication studies are
especially important for the big project of building evolutionary models of development. Only replications
done by another scientist can help us to identify and quantify all the sources of variation in our measurements,
which we must take into account.
Once a species-rich developmental dataset has been assembled, the final step is to rigorously and quantitatively
incorporate phylogenies into our study of developmental evolution. Early embryologists began by using
developmental traits as key pieces of evidence in their efforts to reconstruct the evolutionary relationships among
organisms. This was useful in some cases, but baffling contradictions emerged because every effort to construct
a phylogeny requires one to begin with assumptions about how “easy” it is for a given biological feature to
change. We are apparently quite poor at estimating such transition probabilities for embryological features.
The advent of molecular phylogenies has thankfully enabled us to move away from this. Now we can estimate
phylogenies from genomic data alone, and then use them to model the evolution of developmental traits. I
eagerly anticipate that the coming decades will see more examples of biologists usefully analyzing existing data,
and publishing it in a form that lends itself to such meta-analysis.
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Appendix A

Earlier work on germ cell specification in
crickets
A.1

Contributions

During his PhD in the Extavour Lab, Ben Ewen-Campen cloned the G. bimaculatus homologs of genes that play
key roles in germ cell specification in Drosophila, such as oskar and piwi. He knocked them down in crickets
using RNAi and found that germ cell specification was unaffected. He also conducted immunohistochemistry,
in situ hybridization, and detailed microscopy, showing that germ cells differentiate from among a pool of
somatic cells after gastrulation and embryonic rudiment formation. Some of this work was published in Current
Biology in 2012 in a paper that focused on the role of oskar (Ewen-Campen, Srouji, et al. 2012). Nat Clarke
also assessed fertility in several knock-down conditions. When I arrived in the lab, I conducted the RNAi against
twist, which resulted in mesodermal defects. The twist knockdown embryos were also often missing germ cells.
These results were included in another paper that was published in Current Biology in 2013 (Ewen-Campen,
Donoughe, et al. 2013).

A.2

Published article: Zygotic mechanisms specify germ cells in crickets
(Curr Biol 2013)

The following pages contain a reproduction of the aforementioned paper. The supplemental materials follow
immediately after the main text in this appendix.
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Article
Germ Cell Specification Requires
Zygotic Mechanisms Rather Than
Germ Plasm in a Basally Branching Insect
Ben Ewen-Campen,1 Seth Donoughe,1 Donald Nat Clarke,1,2
and Cassandra G. Extavour1,*
1Department of Organismic and Evolutionary Biology,
Harvard University, 16 Divinity Avenue, Cambridge,
MA 02138, USA

Summary
Background: Primordial germ cell (PGC) specification is a universal process across animals, but the molecular mechanisms
specifying PGCs are remarkably diverse. In Drosophila, PGCs
are specified by maternally provided, asymmetrically localized
cytoplasmic factors (germ plasm). In contrast, historical literature on most other arthropods reports that PGCs arise from
mesoderm during midembryogenesis, suggesting that an
arthropod last common ancestor may have specified PGCs
via zygotic mechanisms. However, there has been no direct
experimental evidence to date for germ plasm-independent
arthropod PGC specification.
Results: Here we show that in a basally branching insect, the
cricket Gryllus bimaculatus, conserved germ plasm molecules
are ubiquitously, rather than asymmetrically, localized during
oogenesis and early embryogenesis. Molecular and cytological analyses suggest that Gryllus PGCs arise from abdominal
mesoderm during segmentation, and twist RNAi embryos that
lack mesoderm fail to form PGCs. Using RNA interference we
show that vasa and piwi are not required maternally or zygotically for PGC formation but rather are required for primary
spermatogonial divisions in adult males.
Conclusions: These observations suggest that Gryllus lacks a
maternally inherited germ plasm, in contrast with many holometabolous insects, including Drosophila. The mesodermal
origin of Gryllus PGCs and absence of instructive roles for
vasa and piwi in PGC formation are reminiscent of mouse
PGC specification and suggest that zygotic cell signaling may
direct PGC specification in Gryllus and other Hemimetabola.
Introduction
Of the many specialized cell types that comprise an animal’s
body, only one is capable of contributing genetic information
to the next generation: the germ cells. The restriction of reproductive potential to a small subset of cells is a universal
process across sexually reproducing animals and represents
a profound evolutionary novelty likely required for the evolution of multicellularity [1]. The molecular mechanisms that
specify these cells, however, are remarkably diverse between
taxa [2–5] and only well understood in a handful of model
organisms.
Primordial germ cell (PGC) specification mechanisms have
been categorized into two modes: cytoplasmic inheritance
and zygotic induction [3, 4, 6]. Cytoplasmic inheritance (e.g.,
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in Drosophila melanogaster) involves the localization of
maternal mRNAs and proteins (germ plasm) to a subcellular region of the oocyte. Germ plasm is necessary and sufficient to
induce PGC fate. In zygotic induction (e.g., in Mus musculus),
by contrast, there is no germ plasm, and PGCs instead form
in response to inductive signals from neighboring somatic
cells [7].
Within insects, cytoplasmic inheritance appears to be a
derived character confined primarily to the holometabolous insects [8] (Figure 1A; see also Table S1 available online), where
germ plasm has been demonstrated experimentally in many
species (Table S1). Histological studies of insects branching
basally to Holometabola (the Hemimetabola), in contrast,
have reported the absence of both germ plasm and pole cells
in nearly all of these taxa [3, 6] (Figure 1A; Table S1). Studies of
molecular markers for PGCs in hemimetabolous insects have
been limited to the highly atypical parthenogenetic embryos
of the pea aphid Acyrthosiphon pisum, a milkweed bug, and
several orthopteran species (Table S1), yet there is no conserved pattern of PGC origin across these taxa.
In this study, we use multiple conserved molecular markers
and RNAi to characterize PGC formation in the cricket Gryllus
bimaculatus (Orthoptera), a hemimetabolous model species
for studying the development of basally branching insects
[9]. We provide several lines of evidence that Gryllus PGCs
form from the abdominal mesoderm via inductive signaling
and discuss the implications of these results for the evolution
of germ plasm and the possibility of an ancient relationship
between bilaterian PGCs and mesoderm.
Results
Gryllus Germ Cells Express a Suite of Conserved Genes
Within the Orthoptera, neither germ plasm nor pole cells have
been reported (Figure 1A; Table S1). Histological examinations
of orthopteran embryos conducted by William Wheeler over a
century ago [10] suggested that PGCs arise from or among
abdominal mesoderm cells during abdominal segmentation
(Figure 1C), consistent with reports of germline origin both in
other Hemimetabola and in most arthropods [3, 6]. However,
conserved molecular markers can reveal a cryptic germ plasm
that eludes histological examinations [11–13]. We therefore
examined the expression of several conserved molecular
PGC markers (vasa [14], piwi [14], tudor, boule, and germ
cell-less) and three additional PIWI family genes (Figures S1A
and S1B) in Gryllus ovaries and embryos. Because some
germ plasm components localize as proteins rather than transcripts (see for example [15, 16, 17]), we also examined the
expression of Vasa and Piwi proteins [14].
In fully segmented (stage 9) Gryllus embryos (Figures 1B and
1C), we identified cells matching Wheeler’s description [10]
that express both mRNA and protein of piwi and vasa, as
well as bol and gcl transcripts (Figures 1D, 1E, and S1C). These
cell clusters were found in abdominal segments A2–A3 in all
embryos, and in A4–A5 in 45% of embryos (Figures 1D and
1E, arrowheads). Clusters were located on the dorsal medial
face of mesodermal structures termed ‘‘coelomic pouches,’’
which are present in every gnathal, thoracic, and abdominal
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Figure 1. Molecular Markers Suggest Absence of Germ Plasm in Gryllus
(A) Phylogenetic distribution of reported PGC specification mechanisms across insects (see Table S1).
(B) Schematic of a stage 9 Gryllus embryo, highlighting the region enlarged in (D)–(E) (gray box). A2–A4, abdominal segments 2–4.
(C) Tracing of Wheeler’s description of orthopteran PGCs at the earliest time point they could be identified [10]. GCs, germ cells (magenta); Mes, mesoderm
(gray); Ect, ectoderm (white).
(D and E) Gryllus PGCs (arrowheads) express piwi transcripts (D) and protein (E).
(F) PGCs (arrowheads) display nuclear morphology distinct from somatic cells (arrows).
(G–J) Piwi (G and H) and Vasa (I and J) proteins do not localize asymmetrically in the ooplasm.
(K and M) piwi transcripts are undetectable during stages 1–2.
(O and Q) vasa transcripts are undetectable at stage 1 (O) and associated with all energid nuclei at stage 2 (Q).
(L, N, P, and R) Corresponding nuclear stains.
Scale bar represents 100 mm in (D) and (E); 50 mm in (G)–(J); 200 mm in (K)–(R). Anterior is up in (B)–(F), left in (G)–(R). See also Figures S1, S2, and Table S1.

segment. These cells possessed universal PGC characteristics [3] of large nuclei with diffuse chromatin and a single
large nucleolus (Figure 1F). Based on these gene expression, nuclear morphology, and embryonic location data, we
conclude that these cells are Gryllus PGCs. We also examined
the expression of four additional putative candidate PGC
marker genes (tudor, piwi-2, AGO3-A, and AGO3-B) but found
that they were not specific PGC markers in Gryllus embryos
(Figures S1B and S1F).
Gryllus Germline Markers Do Not Localize within Oocytes
or Reveal PGCs in Early Embryos
We next examined the expression of Gryllus PGC markers
during earlier stages of embryogenesis and oogenesis to test
whether they revealed the presence of germ plasm in oocytes
or PGCs in early embryos. All genes tested were consistently
ubiquitous throughout oogenesis and never localized asymmetrically within the ooplasm (Figures 1G–1J, S1D, and S1F),
although Vasa and Piwi proteins were enriched around the
oocyte nucleus (Figures 1G–1J). In blastoderm-stage embryos
(stages 1–3) and early germband-stage embryos (stage 4), piwi
(Figures 1K–1N, S1E, and S2G–S2P0 ), vasa (Figures 1O–1R,
S1E, and S2Q–S2Z0 ), bol, and gcl (Figures S2A–S2F) were expressed ubiquitously at low levels and showed no asymmetric
localization within the embryo. These results are in stark
contrast to the posterior accumulation of PGC determinants
in Drosophila oocytes and early embryos [16, 18–20] and

suggest an absence of germ-plasm-driven PGC specification
in Gryllus.
Gryllus PGCs Arise De Novo during Midembryogenesis
To determine the embryonic origin of Gryllus PGCs, we examined the expression of piwi and vasa transcripts and proteins
throughout abdominal elongation and segmentation. During
early germband stages (stage 4), we detected low-level ubiquitous expression of both genes in all ectodermal and mesodermal cells (Figures 2A–2B0 and S3A–S3B0 ). It was not until
thoracic limb bud enlargement began (stage 5) that piwi transcripts were detected at higher levels in two subsets of cells
in abdominal segments A2–A4 among the lateral abdominal
mesoderm (Figures 2C and 2C0 ). As appendage elongation
began (stage 6), piwi-positive cells split into distinct groups
along the anterior-posterior axis (Figures 2E and E0 ), and Piwi
protein levels rose in these cells (Figures 2E00 and 2E000 ). During
morphological segmentation of the abdomen (stages 7–9)
these cell groups coalesced into four to six distinct clusters
adjacent and dorsal to the coelomic pouches in segments
A2–A4 and continued to express high levels of piwi transcripts
and protein (Figures 2F–2H000 and S3D–S3F000 ). vasa transcript
and protein expression was similar to that of piwi, but vasa
became enriched in PGCs slightly later than piwi and showed
higher expression levels in the soma (Figure S3).
Interestingly, hallmarks of active transcription were
observed in PGCs throughout all stages examined (Figures
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Figure 2. Gryllus PGCs Arise during Early Segmentation Stages
Drawings of Gryllus embryogenesis (A–H), highlighting the region depicted below (gray boxes). piwi transcripts are ubiquitous in stages 4 and 4.4 embryos
(A0 and B0 ), but beginning at stage 5 (C0 ), two bilateral groups of piwi-positive cells arise on the dorsal surface of the embryo, then resolve into clusters during
later stages in abdominal segments A2–A4 (D0 –H0 ). Piwi protein shows a similar expression pattern to that of piwi transcript but is enriched slightly later in
development (A00 –H00 ). Piwi (magenta) overlaid on nuclear stain (cyan) reveals that PGCs arise prior to coelomic pouch formation and ultimately reside medial
to these mesodermal structures (A000 –H000 ). Yellow-framed insets in (E00 0 ) and (F000 ) show orthogonal projections at the position of the caret, illustrating the
dorsal location of PGCs. Insets in (D00 0 )–(H00 0 ) show expression of RNA polymerase II pSer2 (green) in PGCs. T3, thoracic segment 3; A1 and A2, abdominal
segments 1 and 2.
Scale bar represents 100 mm. Anterior is up in all panels. See also Figures S2 and S3.

2D000 –2H000 , insets). This is consistent with Gryllus PGC formation via active transcriptional response to inductive signaling
between cells rather than PGCs being a transcriptionally
quiescent subpopulation of early-segregated cells as seen in
Drosophila and other species with germ plasm [21].
Consistent with a conversion of presumptive mesoderm
cells to PGCs beginning at stage 5, the nuclear morphology
of mesodermal cells correlated with the relative levels of
Piwi expression throughout development. At stage 4, all
mesoderm cells had uniform Piwi expression and nuclear
morphology, relatively compact chromatin, and multiple
nucleoli (Figures 3A and 3A0 ). As Piwi expression increased
in presumptive PGCs, their nuclei became larger with increasingly diffuse chromatin, whereas nuclei of neighboring Piwipoor cells decreased in size, and their chromatin became
compact as they progressed through mesoderm differentiation (Figures 3B–3D0 ). By stages 8–9, PGCs were clearly
distinguished by their high nuclear-cytoplasmic ratio, diffuse
chromatin, and single large nucleolus (Figures 3E–3F0 ), criteria
used to identify PGCs in historical studies of Orthoptera and
other animals [3]. Following stage 10, PGC clusters merged
via short-range cell migration (Figure 3G) and coalesced into
two bilateral gonad primordia (Figure 3H) located in segments
A3–A4. Thus, Gryllus PGCs do not undergo long-range

migration, as they do in many other species including
Drosophila [22], but rather arise near the location of the
embryonic gonad.
Knockdown of Gryllus piwi or vasa Does Not Disrupt PGC
Formation or Maintenance
We knocked down vasa and piwi function using both
maternal and zygotic RNAi (mRNAi and eRNAi, respectively)
and confirmed knockdown using qPCR and immunostaining
(Figures 4A, 4B, 4E, and 4H). In contrast to Drosophila, in
which vasa and piwi are required maternally for embryonic
PGC formation [15, 18], mRNAi against vasa and piwi did
not disrupt PGC formation in Gryllus embryos (Figures
4C–4H), and there was no significant difference in the number
of PGCs in either vasa or piwi mRNAi or eRNAi embryos relative to controls (Figures 4I and 4J). Furthermore, female
embryos laid by mothers injected with vasa or piwi doublestranded (ds)RNA ultimately grew into fertile adults with fully
functioning ovaries (Figure 4K–4M). In contrast to the
Drosophila requirement for vasa and piwi in oogenesis and
axial patterning [15, 23], Gryllus females injected with vasa
or piwi dsRNA displayed no defects in egg laying, oogenesis,
or axial patterning (Figures S4A–S4C). Moreover, double
knockdown of vasa + piwi maternally or zygotically did not
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Figure 3. Piwi Expression Correlates with Acquisition of PGC Nuclear Morphology in Abdominal
Mesoderm Cells
(A–F0 ) Between stages 5 and 10, Piwi expression
increases in PGCs (A–F, arrowheads), and nuclear morphology of Piwi-enriched cells changes
accordingly (A0 –F0 , arrowheads). Late stage 5
PGCs have chromatin compaction and multiple
nucleoli similar to neighboring mesodermal cells
(B and B0 ). As Piwi enrichment in PGCs increases
(arrowheads), their chromatin becomes more
diffuse and nuclear size increases (yellow arrows)
(C and C0 ). In subsequent stages chromatin
morphology differences become more pronounced (D–F0 ).
(G and H) At stage 11 (G), PGCs commence shortrange migration along the anterior-posterior axis
toward the intersegmental region of A3–A4 to
form a single gonad primordium on each side of
the embryo by stage 12 (H).
Scale bars represent 50 mm in (A) (applies to
A0 –F0 ) and (G) (applies to H). Anterior is to the left.

disrupt PGC formation or axial patterning (Figures S4C–S4E),
indicating that these genes do not act redundantly to direct
PGC specification.
vasa and piwi Play Roles in Gryllus Spermatogenesis
In mice, which lack germ plasm and specify PGCs from presumptive mesoderm via signaling, vasa and piwi are not
required for PGC specification but do mark established
PGCs of both sexes and play roles in adult spermatogenesis
[24, 25]. We tested whether these genes were required for
adult spermatogenesis in Gryllus by injecting adult males
with dsRNA for vasa or piwi to achieve paternal RNAi (pRNAi).
Gryllus testes comprise 200–300 testioles (sperm tubules) [26],
within which spermatogenesis proceeds from anterior to posterior (Figures 5A and S5A–S5G). The anterior region of each
testiole expresses Vasa and Piwi proteins (Figures S5T and
S5U) and contains primary and secondary spermatogonia
(Figure 5A). Knockdown of vasa or piwi via pRNAi severely
reduced spermatogonial region length (Figure 5H). In both
vasa and piwi pRNAi testes, meiotic spermatocytes were
found in the anterior region of testioles, in some cases almost
abutting primary spermatogonia (Figures 5C, 5D, 5F, and 5G,
yellow arrowheads), and secondary spermatonial cysts were
reduced (Figures 5C, 5D, and 5G, red arrows) or absent
(Figure 5F), suggesting that the mitotic divisions of primary
spermatogonia were affected. The misregulation of primary
spermatocyte divisions was not due to absence of the germline stem cell niche (apical cell), which was present in piwi
and vasa pRNAi testes (Figures 5E–5G, asterisks, and S5B,
S5H, and S5N). Postspermatogonial stages of spermatogenesis appeared unaffected (Figures S5I–S5M and S5O–S5S).
These data indicate that, as in mice and other animals (see
Discussion), piwi and vasa play a role in Gryllus gametogenesis in adult males.

Mesoderm Is Required for Gryllus
PGCs
Our observations thus far suggested
that PGCs arise from among mesodermal cells during abdominal segmentation. To test this hypothesis, we took
advantage of the conserved role of the
twist gene in mesoderm development [27] to ask whether
PGCs could form if mesoderm development was compromised. Gryllus twist is expressed in the abdominal mesoderm
beginning during axial elongation, including in cells of the
region where PGCs arise (Figures S6A–S6D20 ). In Drosophila,
twist mutants display gastrulation defects [28], yet PGCs
form normally because PGC specification occurs via germ
plasm well before gastrulation (Figures 6A and 6E). In Gryllus,
twist eRNAi similarly causes disorganization or loss of major
mesodermal structures within all body segments (Figures 6F
and 6G, compare to 6B and 6C). In contrast to Drosophila,
however, 49% of Gryllus twist eRNAi embryos lack PGCs,
compared to 0% of controls (p < 0.01, Figures 6D and 6G0 ),
and those twist eRNAi embryos that specify PGCs have fewer
than controls (p = 0.05, Figure 6H). These results are consistent
with the hypothesis that PGCs form from a subset of abdominal mesoderm. Alternatively, PGCs may be formed normally
at stage 5 but fail to be maintained due to absent or compromised mesodermal surroundings.
Discussion
We have shown that neither vasa nor piwi are required maternally or zygotically for the formation of functional PGCs
(Figures 4 and S4) but instead play a role in spermatogonial
divisions in adult males. Our results differ from those of analogous experiments in D. melanogaster [15, 18], indicating that
the functions of these genes have diverged between Gryllus
and Drosophila. Although these genes are not required for
Gryllus PGC formation, we propose that, together with gcl
and boule expression (Figure S2) and the transition from
mesodermal to PGC-like morphology in situ (Figure 3),
vasa and piwi are nevertheless informative Gryllus PGC
markers, despite their pleiotropic roles in other developmental
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Figure 4. vasa and piwi Are Not Required for Gryllus PGC Specification
(A and B) qPCR validation of vasa and piwi knockdown following mRNAi and eRNAi.
(C–H) Piwi-positive PGCs (arrowheads) form in vasa RNAi embryos, and Vasa-positive PGCs form in piwi RNAi embryos. Consistent with qPCR results, vasa
mRNAi (E; 100%, n = 9) and piwi mRNAi (H; 60%, n = 10) abolished respective protein expression. eRNAi produced similar results (not shown).
(I and J) PGC quantification confirms that PGC formation is not reduced (Student’s t test: vasa mRNAi p = 0.07; vasa eRNAi p = 0.57; piwi mRNAi p = 0.24; piwi
eRNAi p = 0.77).
(K–M) Ovaries from adult offspring of vasa and piwi pRNAi mothers (L–M) are indistinguishable from uninjected controls (K). Scale bar represents 50 mm in
(C)–(H).
See also Figure S4.

processes. We cannot eliminate the possibility that untested
marker genes might show an earlier PGC specification event
than the one we identify in stage 5 (Figure 2C). However, given
the conserved coexpression of the tested genes in PGCs of

multiple metazoans, we believe it unlikely that all four would
be absent from Gryllus PGCs at the time of their specification.
Evidence from multiple systems suggests that functional divergence of vasa and piwi is widespread. In

Figure 5. piwi and vasa pRNAi Causes Defects in Spermatogonial Proliferation
(A) Wild-type Gryllus testiole showing the stages of spermatogenesis.
(B–G) White bars in (B)–(D) indicate the spermatogonial zone containing secondary spermatogonia (SSG, red arrows). The zone of primary spermatocytes
(PSC, yellow arrowheads) nearly abuts the primary spermatogonial zone in piwi (C and F) and vasa (D and G) pRNAi testes because of the shortened SSG
zone but is absent from the anterior region of control testioles that have extensive SSG populations (B and E). Higher magnification (E–G) is shown of anterior
testiole regions in control (E), piwi RNAi (F), and vasa RNAi (G) testes.
(H) vasa or piwi paternal RNAi results in a shortened spermatogonial zone compared to controls (Student’s t test: *p < 0.01, +p = 0.06).
Scale bar represents 100 mm in (A) and 50 mm in (B) (applies also to C–G). Anterior is up in (A)–(G). See also Figure S5.
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Figure 6. twist eRNAi Disrupts Gryllus PGC Formation
Drosophila twist1 embryos display gastrulation defects (A and E; arrowhead indicates ventral furrow) but specify PGCs (magenta) properly. In comparison to
wild-type (B–C0 ), Gryllus twist eRNAi embryos (F–G0 ) have disorganized mesoderm (F, arrowhead), show absent or rudimentary coelomic pouches (G, asterisks), and fail to specify PGCs (G0 ) significantly more often than controls (D; Fisher’s exact test, *p < 0.01). When they do specify PGCs, Gryllus twist eRNAi
embryos have fewer PGCs than controls (H; Student’s t test, p = 0.05).
Scale bar represents 50 mm and applies to all panels. L3, third thoracic leg; A1, first abdominal segment; p, pleuropodia. Anterior is up. See also Figure S6.

D. melanogaster, where both genes were first discovered, mutations in vasa or either of the two piwi orthologs (piwi and
aubergine) cause defects in germ plasm formation, oogenesis,
PGC specification, and posterior patterning [15, 18, 19, 29].
Similarly, vasa and piwi orthologs are required for PGC specification, development, and oogenesis in C. elegans, D. rerio
[see 2], and medaka [30]. In mice, however, vasa is expressed
in embryonic PGCs of both sexes, but vasa2/2 homozygotes
display no discernable defects in PGC specification or oogenesis and instead show a male-specific defect in spermatogenesis [25]. Similarly, knockout mice for any of the three PIWI
family homologs display spermatogenic defects only, with no
defects in females [24, 31, 32]. Our data therefore suggest that
the roles of Gryllus vasa and piwi are similar to those of their
mouse homologs. Functional genetic and gene expression
data from insects (Table S1) suggest that, in this clade, an
instructive role for these genes in PGC formation may be
restricted to the Holometabola, perhaps concomitant with
the co-option of oskar to the top of the PGC specification
pathway [14]. Consistent with this hypothesis, vasa is dispensable for PGC formation in another hemimetabolous insect, the
milkweed bug, Oncopeltus fasciatus [33].
Our data indicate that a zygotic mode of PGC specification is
likely present in Gryllus, whereby PGCs appear to arise from
presumptive mesoderm. Because twist is expressed broadly
in mesodermal cells (Figure S6), our twist RNAi results could
indicate either that mesoderm gives rise to PGCs directly or
that mesoderm is required to maintain PGCs (we note that
these interpretations are not mutually exclusive). However,
our morphological (Figure 3) and gene expression (Figures 2,
S3, and S6) analyses strongly suggest that cells convert from
mesodermal to PGC fate in situ. Alternatively, an undifferentiated population of PGC precursors could exist that do not
express any of the tested PGC marker genes but are induced

to adopt PGC fate by adjacent mesodermal cells. If this is the
case, however, we note that such pluripotent precursors
cannot require maternal provision of vasa or piwi and would
most likely be specified by zygotic mechanisms.
Several lines of evidence suggest that a cell lineage relationship between mesoderm and the germline may be a cell type
association predating the emergence of Bilateria. Bilaterian
germ cells are strikingly similar in gene expression and cytological characteristics to endomesodermally derived stem
cells in bilaterian outgroups. Whereas nonbilaterians do not
have a dedicated germline per se, their pluripotent stem cell
populations serve the function of the germline (reviewed in
[34]), and cnidarian pluripotent stem cells are derived from
endomesoderm during embryogenesis [35–39]. Within bilaterians, gametogenic cells are consistently described as arising
from gonadal epithelia of mesodermal origin in most arthropods and many marine invertebrates (reviewed in [3]). In
many spiralians, cytological, cell lineage, and molecular data
indicate that PGCs originate from a multipotent mesodermal
precursor or precursors (see also [3, 40–47]). Recent studies
suggest that mouse PGCs may default to a mesodermal specification program if germline induction signals are absent
[48, 49]. The work presented here illuminates broad similarities
between PGC specification and vasa function in Gryllus and in
the mouse. Future work will be required to explore this
apparent similarity in greater depth and to determine the
extent of conservation in the developmental and molecular
processes involved in specifying the germline across Bilateria.
Experimental Procedures
Gryllus husbandry, gene expression analysis, mRNAi, eRNAi, and phenotypic analysis were carried out as previously described [50]. For pRNAi,
5 ml of 3 mg/ml dsRNA was injected into the coelomic cavity of adult males
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1–3 days after the final molt to sexual maturity, and testes of injected males
were dissected for analysis 7 days after injection (details in Supplemental
Experimental Procedures).
Accession Numbers
Sequences have been deposited in GenBank (accession numbers
KC242803–KC242808).
Supplemental Information
Supplemental Information includes six figures, Supplemental Experimental
Procedures, and one table and and can be found with this article online at
http://dx.doi.org/10.1016/j.cub.2013.03.063.
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8. Lynch, J.A., Ozüak, O., Khila, A., Abouheif, E., Desplan, C., and Roth, S.
(2011). The phylogenetic origin of oskar coincided with the origin of
maternally provisioned germ plasm and pole cells at the base of the
Holometabola. PLoS Genet. 7, e1002029.
9. Mito, T., and Noji, S. (2009). The Two-spotted Cricket Gryllus
bimaculatus: An Emerging Model for Developmental and Regeneration
Studies. Emerging Model Organisms: A Laboratory Manual, Volume 1
(Cold Spring Harbor, NY, USA: Cold Spring Harbor Laboratory Press),
pp. 331–346.
10. Wheeler, W.M. (1893). A contribution to Insect Embryology. J. Morphol.
8, 1–160.
11. Yoon, C., Kawakami, K., and Hopkins, N. (1997). Zebrafish vasa homologue RNA is localized to the cleavage planes of 2- and 4-cell-stage
embryos and is expressed in the primordial germ cells. Development
124, 3157–3165.
12. Wu, H.-R., Chen, Y.-T., Su, Y.-H., Luo, Y.-J., Holland, L.Z., and Yu, J.-K.
(2011). Asymmetric localization of germline markers Vasa and Nanos
during early development in the amphioxus Branchiostoma floridae.
Dev. Biol. 353, 147–159.
13. Tsunekawa, N., Naito, M., Sakai, Y., Nishida, T., and Noce, T. (2000).
Isolation of chicken vasa homolog gene and tracing the origin of
primordial germ cells. Development 127, 2741–2750.
14. Ewen-Campen, B., Srouji, J.R., Schwager, E.E., and Extavour, C.G.
(2012). Oskar predates the evolution of germ plasm in insects. Curr.
Biol. 22, 2278–2283.
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(A and B) Maximum-likelihood phylogenetic reconstruction of Vasa and Piwi amino acid sequences.
As previously reported [1], Gryllus Vasa falls clearly within other insect vasa genes, not the
PL10/Belle class of RNA helicases (A). Gryllus possesses two piwi-like genes and two AGO3-like
genes, both of which represent species-specific duplications (B). 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.
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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.
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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.
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Figure S4, Related to Figure 4. Phenotypic Analysis of vasa and piwi mRNAi and vasa +
piwi Double eRNAi and mRNAi, in Ovaries and Embryos
(A) Females injected with dsRNA against vasa or piwi lay numbers of eggs that do not differ
significantly from controls (student’s t-test, p>0.05 in every pairwise comparison of vasa or piwi
RNAi with DsRed RNAi on the indicated days post-injection).
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(B) Ovaries dissected from vasa or piwi mRNAi females 10 days after injection are morphologically
wild type and contain normal oocytes at all stages of development, despite having transcript levels
reduced to less than 5% or 10% of wild type levels, respectively (Figure 6A–6B).
(C) Hatchlings of embryos laid by mRNAi or eRNAi females do not display axial patterning defects,
and appear morphologically wild type.
(D) qPCR validation of vasa + piwi double knockdown following mRNAi and eRNAi. Transcript
abundance was normalized to expression of beta-tubulin.
(E) As in DsRed RNAi controls (top), boule-positive PGCs form in vasa + piwi double RNAi
embryos (bottom). Numbers at bottom left indicate sample sizes. Scale bars = 50 M in (B) and (E);
2 mM in (C). Anterior is to the left in (B); up in (C) and (E).

Appendix A. Earlier work on germ cell specification in crickets

92

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).
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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).
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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 twist1 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 maximumlikelihood 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 Hybridization
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 cellless: 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 hybridization 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 antiRNA 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 mg/ml and FITC-conjugated phalloidin (Sigma P5282) 1 U/ml.
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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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Appendix B

Supplemental materials for Donoughe et
al. (PNAS 2014)
These are the supplemental materials for our 2014 paper on BMP signaling (Donoughe, Nakamura, et al. 2014).
This section includes more details on the materials and methods, a discussion of the consequences of there
being two paralogs of dpp in G. bimaculatus, additional in situ hybridizations against components of the BMP
signaling pathway, a phylogenetic analysis of BMP pathway members, quantification of BMP signaling in germ
band embryos, quantitative PCRs to assess the extent of RNAi, and additional statistical analyses. For the main
text of the paper, see Chapter 1.
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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 29ºC 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 TGFβ 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-dpp1 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/µL, and hybridized at 65˚C. All other probes
were used at 0.5-1.0 ng/µL 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 situ/Gb-Piwi antibody double-stained embryos (Figure 1 d”–f”)
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 µm 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
DM1A, 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 ImageJ (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
RNAi embryos and controls (see Table S3) and proportions of embryos with ectopic PGCs
between BMP activator-injected embryos and controls (Figure 3l). 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 twotailed student’s t-test with unequal variance. Pairwise distributions between a normal and a nonnormal distribution, or between two non-normal distributions, were performed with the nonparametric 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 (R2=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 (RNAi)
Embryonic RNAi on embryos at 0-5h AEL was carried out as previously described (1) for Gbdpp1, 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 Gb-Mad RNAi on PGC formation. To overcome the early requirement for GbMad 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.
qPCR 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-∆∆Ct 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 10µM 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-DP020/CF) in 4mM HCl to 10 µg/mL or 100 µg/mL into eggs at 0-5h AEL, with 10 µg/mL or 100
µg/mL BSA (New England BioLabs #B9001S) in 4mM HCl 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 µg/ml Dm-Dpp (Fig S10f),
and in A4 for 100 µg/ml Dm-Dpp (Fig. S10h). However, BSA controls also had this effect at 10
µg/ml in A4 (Fig. S10h), and at 100 µg/ml in both A2 and A4 (Fig. S10f, h). Moreover, neither
10 µM 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 RNAi 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
qPCR 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-dpp2 levels in Gb-dpp1 RNAi embryos (Supplementary
Figure S3b), and of Gb-dpp1 levels in Gb-dpp2 RNAi embryos (Supplementary Figure S3c).
Gb-dpp1 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-dpp1 RNAi specifically knocks down Gb-dpp1 and not both Gb-dpp
orthologues. However, both fragments also yielded an increase in Gb-dpp2 transcript levels at
2.5d AEL, which lessened by 4d AEL but still remained higher than control levels. This could
mean that Gb-dpp1 normally suppresses Gb-dpp2 levels.
Gb-dpp2 RNAi reduced Gb-dpp2 levels as expected (Supplementary Figure S3a) and did
not affect the levels of Gb-dpp1, as assessed with primers amplifying two different nonoverlapping fragments of Gb-dpp1. This confirms that Gb-dpp2 RNAi specifically knocks down
Gb-dpp2 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-dpp2 levels contribute to the PGC
reduction seen in Gb-dpp1 RNAi experiments. We attempted to test this possibility by injecting
dsRNA against both Gb-dpp1 and Gb-dpp2 into early embryos (see RNA interference section on
page 4 of Supplementary Information) at a concentration of 4.5 µg/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-dpp1 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 Vasapositive 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 (Apis 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-ß 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-ß 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 mRNA 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 Blimp1 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
5/7/8 class of ligands. b, BMP receptors Gb-Sax and Gb-Tkv group with Type I receptors, while Gb-Put groups with Type II receptors. c, BMP signaling
effectors Gb-Med, Gb-Mad and Gb-Mad-like group with Smad proteins from other animals. Gryllus sequences whose expression and/or function were analyzed
in
this
study
are
indicated
in
red.
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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-dpp1 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’, f’). d”, e”, f”, 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 Gbput 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
µm
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-dpp1 RNAi leads to increased Gb-dpp2 transcript levels (light pink bars) compared to DsRed
controls (dark pink bars). c, Gb-dpp2 RNAi did not affect Gb-dpp1 transcript levels, as assessed with two different
fragments of Gb-dpp1 (blue and green bars). d, Double RNAi against both Gb-dpp1 and Gb-dpp2 results in Gbdpp2 levels (turquoise bars) that are comparable to controls, and Gb-dpp1 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-dpp1, 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 µm and applies to all panels.
f, h, j, l, Quantified average intensity profiles of pMad levels across the width (X axis: 0-100%) of a 10 µm-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, l 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 µm3), medium (medium pink: 5-20 PGCs; 2,500–10,000 µm3), or
large (dark pink: >20 PGCs; >10,000 µm3) categories. f, Average calculated volume of a single PGC plotted against
the number of PGCs in a clusters (manually counted) shows poor correlation. g, PGC cluster volume plotted against
cluster cross-sectional area raised to the 3/2 power (to maintain linear proportionality between an area and a volume)
shows a strong positive correlation, indicating that cluster growth is generally uniform, i.e. clusters tend to retain an
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 µm3 ) is constant for all cluster
size classes. i, PGCs have the same volume in uninjected and Gb-dpp1 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
µm
in
a
(applies
also
to
b
and
c),
20
µm
in
d,
10
µm
in
j.

Page 12 of 26

Appendix B. Supplemental materials for Donoughe et al. (PNAS 2014)

117

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 µm3) 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 5th and 95th percentiles. a, Distributions of volumes of all
clusters scored in segments A1–A5. b–f, Distributions of volumes of all clusters scored in a given segment, for
segments A1 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
blue
astrices.
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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 5th and 95th percentiles. a, Distributions of volumes of all non-zero clusters
scored in segments A1–A5. b–f, Distributions of volumes of all non-zero clusters scored in a given segment, for
segments A1 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-l’; dorsal is up in bottom row. Scale bar in a =
100 µm 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 µm3) 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 5th and 95th
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 A1 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 5th and 95th 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 A1
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, c, Micrographs showing segment A3 in a representative control and BMP-activated
embryo. Anterior is up; scale bar = 100 µm and applies to all panels. b, d, Quantified average intensity
profiles of pMad levels across the width of a 10 µm-wide region through the middle of each of segments
A1–A4 (white brackets in a and c 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. fh, 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-dpp1 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

Gene region targeted (1)

length
(bp)

Forward primers (5’-3’)

Reverse primers (5’-3’)

Gb-dpp1

ORF (233 bp) + 3’UTR
(556 bp)

789

GCTACGACGCCTTCTACTGC

GGTCGCAATTTTTGCATTTT

Gb-dpp1

ORF

555

GACGTCCTCGAGGGAGAG

GCAGCCACATCCCAGCAC

Gb-dpp1

3’UTR

459

CCCAGTGTAGCTCTGTTTTTG

ACAAAGGCAGCTGAAATCAC

Gb-dpp2

3’UTR

670

TTATGTACGCGTGGATGACG

CGTCTGCTTTCAAAGATCAGG

Gb-gbb

ORF

1458

ATGGCTTGAAGACGAAGAGG

CATGTAAGGCTGCCACAGAA

Gb-Mad

ORF

717

GTCCCCCAGAAGACAGTCAA

AATTCCTGCCTCACGACACT

Gb-put

ORF

721

GCGATTTGGGGCTGTTTAT

GCTGGCCTGATCTTCTTCTG

Gb-tkv

ORF

987

TCATGCAATGCAAAGGTCAC

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
name

Gene region targeted
(1)

length
(bp)

Forward primers (5’-3’)

Reverse primers (5’-3’)

Gb-dpp1

ORF

555

GACGTCCTCGAGGGAGAG

GCAGCCACATCCCAGCAC

Gb-dpp1

3’UTR

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 RNAi. (1) Indicates whether dsRNA fragment synthesized
was complementary to part of the open reading frame (ORF), 3’ untranslated region (3’ UTR) or 5’
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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Concentration

#
embryos
injected

% (#)
embryos
survived
injection (2)

# embryos
scored for
PGCs in
segments
A1-A6 (3)

ORF

4.5 µg/µL

503

73.2 (368)

30

% (#)
scored
embryos
with no
PGCs in
entire
embryo (4)
0.0 (0)

# embryos
scored for
PGCs in
segments
A2-A4 (5)

% (#) scored
embryos with PGCs
absent in ≥4 of 6
A2-A4
hemisegments (5)

30

0.0 (0)

% (#) scored
embryos with
fewer PGCs in
A2-A4 than
lower quartile
of control
embryos (5)
26.7 (8)

ORF

4.5 µg/µL

150

68.0 (102)

10

0.0 (0)

10

0-5

ORF

4.5 µg/µL

190

81.1 (154)***

19

10.0 (1)

30 (3)

10.5 (2)

27

51.9 (14)***

Gb-dpp1 dsRNA

0-5

3’UTR

4.5 µg/µL

187

84.0 (157)**

55.6 (15)

13

15.4 (2)

13

15.4 (2)

Gb-dpp2 dsRNA

0-5

3’UTR

4.5 µg/µL

177

30.8 (4)

68.9 (122)

18

0.0 (0)

18

5.6 (1)

Gb-gbb dsRNA

0-5

ORF

4.5 µg/µL

22.2 (4)

532

53.0 (282)***

43

30.2 (13)***

43

65.1 (28)***

Gb-Mad dsRNA

24-36

ORF

79.1 (34)***

3.6 µg/µL

405

63.2 (256)

18

50.0 (9)*

18

77.8 (14)**

BSA

24

88.9 (16)**

–

10 µg/ml

167

75.4 (126)

22

4.5 (1)

20

5.0 (1)

Dm-Dpp

27.3 (6)

24

–

10 µg/ml

161

63.4 (102)*

23

8.7 (2)

23

26.1 (6)

34.8 (8)

BSA

24

–

100 µg/ml

397

59.4 (236)

18

5.6 (1)

18

5.6 (1)

27.8 (5)

Dm-Dpp

24

–

100 µg/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 µM

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)

Injectant

Injectio
n age (h
AEL)

dsRNA
Fragment (1)

DsRed dsRNA

0-5

DsRed dsRNA

24

Gb-dpp1 dsRNA

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 qPCR, 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 nonspecific 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-qPCR

GTTGGAACGACTGGATCGTG

TGGTTGGTGGAGTTGAGGTG

Gb-dpp1

dpp1-3’UTR-qPCR

GTCTGGAGAGGCTGACGAAC

GGTCGCAATTTTTGCATTTT

Gb-dpp2

dpp2-qPCR

CCATCTGCGTTCTGGAAAAT

CGCAGGTATGCAGTTCCTTT

Gb-gbb

gbb-qPCR

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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Supplemental materials for Donoughe
and Extavour (Dev Biol 2016)
This appendix contains two supplemental figures for the article in Chapter 2 (Donoughe and C. G. Extavour
2016), including a full-page reference guide on G. bimaculatus staging and a figure showing results from an
automated image-processing procedure.
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16

The yolk has receded to a point slightly posterior to the
anterior tip of the head.

16

15

11 – 12

5

15

14

16

7

17

18

11

10

9

4.4

6

6.5

7.5

8

19

12

8

6

8.5

24

23

14

13

7

20

9

9.5

12 ~ 14 days AEL at
28°C

15
16

11 ~ 12.5 days at 28°C

14

9 days at 28°C

10

21
10.5

11

22

11.5

23
24
14

E/LF = 3.5 ~ 5

E/LF = 3.5 ~ 5

Hatching.

E/LF = 3.5 ~ 5
The embryo is light yellow in colour. Regularly arranged black bristles
appear on the leg and the posterior ridge of each thrum. (Niwa et al.
1997).

E/LF = 3.5 ~ 5

Each leg is fully grown. The tibial spurs and tarsal claws become sharp.
(Niwa et al. 1997).

12

8 days at 28°C

E/LF = 5 ~ 8.5

E/LF = 8.5 ~ 9.5

The fermoral, tibial, and tarsal segments of the metathoracic leg are
clearly distinguishable. At the distal end of tibia, two pairs of spur
primordia are generated. The tarsus is divided into three segments and its
distal end possesses the claw primordium. (Niwa et al. 1997).

6 ~ 7 days at 28°C

The dorsal closure is completed. The embryo attains its full length and
fills the entire egg. Cuticle secreted by the embryo covers over the entire
body. Pigmentation in the compound eye is visible. The legs begin to
twitch. Rapid growth of the leg segments starts from this stage. (Niwa et
al. 1997).

E/L = 3 ~ 3.5

E/L = 3 ~ 3.5

E/L = 3.5 ~ 4.0

E/L = 3.5 ~ 4.5

E/L = 4.5 ~ 5.0

E/L = 5.0 ~ 6.0

E/L = 6.5 ~ 7.5

A/E = 45 ~ 50%

A/E = 45%
E/L = 10 ~ 15

After completion of the katatrepsis, the dorsal closure starts. The labrum
shows a transverse groove in the middle. Most distal segments of the
thoracic limbs become elongated, strongly curved as they differentiate
into tibial and tarsal regions. The boundary between the tibia and tarsus is
formed (Niwa et al. 1997; Miyawaki et al. 2002).

Immediately before katatrepsis.

The telopodite regions of the thoracic limbs become more elongated and
have an additional constriction. The middle compartment becomes the
femur, while the distal compartment differentiates in tibia-tarsal regions.
The maxillary and labial limbs become trilobed. The boundary between
the femur and tibia is formed (Niwa et al. 1997; Miyawaki et al. 2002).

The abdomen expands laterally, beginning with segments A6-A8.

The embryo is fully segmented. The caudal end of the embryo possesses
a small invagination (proctodeum). The limb buds (except mandible
and cercus) have a medial constriction and divided into two regions,
which become the telopodite (distal) and the coxopodite (proximal). The
boundary between trochanter and fermur is formed (Niwa et al. 1997;
Miyawaki et al. 2002).

Start of wg expression in the A10 segment (Niwa et al. 2000; Zhang et al.
2005).

Limbs elongate but are not yet segmented.

A/E = 44%

Katatrepsis.

132 h AEL (5.5 days)
AEL at 28° C

120 h AEL (5 days) AEL
at 28° C

108 h AEL (4.5 days)
AEL at 28° C

96 h AEL (4 days) AEL
at 28° C

84 h AEL (3.5 days) at
28°C

72 h AEL (3 days) at
28°C

Start of wg expression in the A8/9 segments. The limb bud is formed
without any segmentation boundary (Niwa et al. 1997; Miyawaki et al.
2002).

A/E = 42%

66 h AEL at 28°C

10 days at 28°C

13

12

11

9.5
9.9
10

9.0

8.5
8.7

8.0

7.2
7.5

7.0

6.5

A/E = 40%
A part of the ventral surface of the protocephalon invaginates medially
and becomes the oral opening (stomodeum). A labral rudiment is formed
in slightly anterior region of the stomodeum. Three gnathal segments are
clearly visible. Three pairs of thoracic limb buds develop as small globular
swellings.
60 h AEL (2.5 days) at
28°C

Start of wg expression in the A4 segment.

48 h AEL (2 days) at
28°C

A/E = 30%

A/E = 28%

A/E = 21%

Start of wg expression in the A3 segment.

Start of wg expression in the A2 segment; Beginning of yolk immersion.

Start of elongation of the germ band to form the abdominal segments.
The protocorm elongates due to proliferation of the caudal region. Three
thoracic segments are delineated in the middle of the protocormic region.
A pair of small antennal rudiments appears at the posterior region of each
protocephaic lobe (Niwa et al. 1997). Start of wg expression in the A1
segment.

The T3 segment is formed (Miyawaki et al. 2004).

Ventral germ rudiment loses dorsal connections (Sarashina et al. 2005).
The germband (from the head to the T2 segment) is formed (Niwa et al.
1997; Miyawaki et al. 2004).

Ventral fusion of two patches of F-actin is completed, while they are still
connected dorsally (Sarashina et al. 2005).

The embryo becomes pear-shaped. The wide anterior region of the
embryo is protocephalon and the narrow posterior region is protocorm
(Niwa et al. 1997). The germ anlage contracts in left-right direction
(Miyawaki et al. 2004).

The unitary germ anlage is formed. Ventral fusion of F-actin patches
completed; still connected dorsally (Miyawaki et al. 2004).

The bipartite germ anlage from begins to merge on the posterior side.
Ventrolateral shift in nuclear aggregations; beginning of ventral fusion of
nuclear aggregations (Sarashina et al. 2005).

The bipartite germ anlage is formed (Miyawaki et al. 2004). Posterolateral
nuclear aggregation; lateral F-actin patches begin ventral fusion but still
connected by dorsal “net”.

Dorsolateral nuclear aggregation: nuclei aggregate more apparently in
both the posterolateral regions of the egg, forming oval patches on both
the egg flanks (Sarashina et al. 2005).

A uniform array of nuclei on the surface of the yolk (Niwa et al. 1997;
Miyawaki et al. 2004).

Germ rudiment formation. F-actin organises into net, continuous
dorsolaterally (Sarashina et al. 2005).

Blastoderm. F-actin rings decrease in size, aggregating dorsolaterally
(Sarashina et al. 2005).

Syncytial blastoderm, >2000 nuclei; F-actin rings appear in periplasm
surrounding nuclei (Sarashina et al. 2005).

Syncytial blastoderm, 2000 nuclei. Uniform distribution of nuclei in
periplasm; asynchronous divisions; cellularisation (Sarashina et al. 2005).

Syncytial blastoderm, 500 nuclei (Sarashina et al. 2005).

length
ratios

46 h AEL at 28°C

45 h AEL at 28°C

40 h AEL at 28°C

4.3

36h AEL (1.5 days) at
28°C
39 h AEL at 28°C

30 h AEL at 28°C

30 – 36h AEL at 28°C

3.0

4.0

30 h AEL at 28°C

3.1

28 h AEL at 28°C

2.6

27 h AEL at 28°C

2.3
2.4

26 h AEL at 28°C

24 h AEL at 28°C

2.0
2.2

21 h AEL at 28°C

1.9

20 – 21 h AEL at 28°C

18 h AEL at 28°C

12 h AEL at 28°C

1.8

6.0
5

Second mitotic division, division of both nuclei is synchronous (Sarashina
et al. 2005).
100 nuclei; cleavage energids distributed over the egg, except for anterior
and posterior regions (Sarashina et al. 2005).

First mitotic division (Sarashina et al. 2005).

4.5 h AEL at 28°C
9 h AEL at 28°C

End of meiotic divisions, female pronucleus moves to dorsal side
(Sarashina et al. 2005).

3 h AEL at 28°C

19 h AEL at 28°C

14

embryonic stage description
Freshly laid eggs. Eggs are light yellow in color, and measure 2.5 – 3.0
mm in diameter along the long axis and 0.5 – 0.7 mm across the middle
of the egg (Sarashina et al. 2005). Eggs are slightly pointed at the anterior
pole and round at the posterior. The lateral sides of the egg are not
symmetrical but exhibit a round convex curve on the ventral side and are
concave on the dorsal side (Sato & Tanaka-Sato 2002). These definitions
for dorsal and ventral match the future orientation of the embryo inside
the egg just before hatching. The egg is enclosed within an inner vitelline
membrane and an outer chorion. There is a central column of fine yolk at
about 40% of the egg length from the posterior end of the egg; it is more
opaque than the rest of the yolk. The oocyte nucleus lies in the curved fine
yolk column at the dorsal periphery.

1.5 h AEL at 28°C

0 h AEL

time after
egg laying

1.7

1.4
1.5
1.6

1.1
1.2
1.3

13

4

3

2

1

1.0

embryonic
stage

4.9
5.0
5.2

12

10

9

8

7

6

5

4

A bulge of yolk remains anterior to the embryo. When viewed
ventrally, 80-85% of the egg is taken up by the embryo. Dorsal
closure is well-advanced in the abdomen. Eyes are more
darkly pigmented.

10

11

The patch of yolk narrows as dorsal closure begins. When
viewed ventrally, 65-70% of the egg is taken up by the
embryo. Eyes are lightly pigmented.

8.5 – 9.0 11

The yolk has completely cleared dorsal to the head. This is
often visible as a transparent notch when viewed laterally.
The yolk has not begun to pull away from the posterior end of
the egg.

11

8.0 – 8.7

Yolk begins to clear away from the space that is dorsal to the
embryo’s head. This is most easily visible when the egg is
viewed laterally.

Katatrepsis is complete, with the head now pointing anteriorly.
A portion of the yolk forms a broad patch on the dorsal side
of the embryo. When viewed ventrally, 55-60% of the egg is
taken up by the embryo.

7.5 – 8.5

Egg is at its largest and tautest. The anterior end is now a
smooth hemispherical curve. Yolk has not begun to clear from
the area dorsal to the head.

10

7.2 – 8.0

Egg is becoming longer, wider, and tauter. The egg is more
bulbous at the posterior than EgS 7 and more tapered at the
anterior than EgS 9.

The midway point of katatrepsis. The legs are exposed in the
yolkless space in the posterior of the egg.

7.0 – 7.5

Large yolk fragments are beginning to break up. Egg length
is the same as in the previous stages, but egg girth has
increased slightly. The egg is no longer bowed and it tapers a
little more sharply at the ends.

9.0 – 9.9

6.0 – 7.0

Yolk is in visibly larger fragments, but the egg shape is
unchanged. Embryo is only rarely visible through yolk.

The cleared notch in the yolk is fully connected with the
posterior gap, as the head emerges posteriorly from the yolk.
None of the gnathal appendages are free from the yolk yet.

5.2 – 6.5

Yolk is now entirely in small fragments, and may still be absent
from one or both ends of the egg shell. The germband is now
submerged in the yolk.

8.7 – 9.5

4.0 – 5.2

Yolk has just begun to separate into small fragments. The yolk
is often absent from one or both ends of the eggshell. The
elongating germband embryo is visible at the posterior end of
the egg.

Yolk begins to pull away from the posterior end of the egg
to form a gap. Yolk is absent in the space dorsal to the
embryo’s head.

1.6 – 4.0

Energids are no longer obviously visible. The yolk is slightly
coarser than that of freshly laid eggs.

3

2

1.5

Energids are visible all over the egg as light-colored dots.

egg
stage

1

embryonic
stage

1.0 – 1.4

Freshly laid egg. The anterior pole is slightly pointed, while the
posterior pole is more rounded. The yolk is fine and granular; a
dense column of yolk is located ~ 40% from the posterior end.

Appendix C. Supplemental materials for Donoughe and Extavour (Dev Biol 2016)
132

Appendix C. Supplemental materials for Donoughe and Extavour (Dev Biol 2016)

133

(Figure on previous page)
Supplementary Fig. S1 An expanded version of Figs. 2 and 3. From left to right, the columns show the following 11
elements for each developmental stage: (1) Egg stage (EgS), with each color representing the same stage throughout the
Figure; (2) Grey bars that represent the range of EgS that can found among eggs of different ages at 29 °C (if at least one
third of eggs are at a given egg stage, the vertical bar adjacent to that egg stage is thick; if less than one third, the bar is
thin); (3) Lateral, ventral, and dorsal views of whole eggs illuminated with white light (Each of these micrographs is from a
different individual egg); (4) a lateral schematic; (5) EgS description; (6) lateral view of live H2B-GFP transgenic eggs
(EgS 1–5, 19–23) or a ventral view of dissected and fixed embryos stained with the nuclear dye Hoechst 33342 (EgS 6–18),
displayed as in Figs. 2 and 3; (7) the range of embryonic stages (ES) that correspond to each EgS (illustrated also with
colored lines and bars); (8) ES; (9) time after egg laying for each ES; (10) ES description; (11) length ratios of selected
ES. A/E=100*(length of the abdominal region)/(full length of the embryo). E/L=(length from head to posterior margin of
last abdominal segment)/(proximal total length of metathoracic leg). E/FL=(length from head to posterior margin of last
abdominal segment)/(proximal total length of metathoracic femur). Embryonic stage descriptions are adapted from
summaries of previous literature (Kainz, 2009; Mito and Noji, 2009). Timeline along bottom shows the range of time
occupied by each egg stage, measured in d AEL at 29 °C. At each time point, if at least one third of eggs are at a given egg
stage, the horizontal bar representing that egg stage is thick; if less than one third of eggs are at that egg stage, the bar is
thin. Box in lower left contains descriptions of intermediate EgS.

Supplementary Fig. S2 Automated image analysis reveals egg shape changes during development. To obtain a rough
summary of egg shape change during development, we used an ImageJ macro to automatically extract egg morphological
characteristics from the micrographs taken under white light at a subset of the time points. The macro used a simple
threshold to convert the RGB images of eggs on a dark background to white shapes on a black background, and then
recorded measurements of the white shape. We used two different threshold values: 20 (A, B) and 55 (C, D). (A, C) Egg
silhouette areas, with each point representing an egg at a single time point. Egg size changed dramatically from 3 to 4 d
AEL (red shaded areas). When we used the lower threshold (A), some data points represented unrealistically large egg
sizes. This was caused by miscellaneous background reflections in the micrographs that were picked up by the macro. To
reduce these errors, we also tried a higher threshold (C). This led to a much tighter spread of points at all time points, but
also had the consequence that the apparently empty spaces in the egg were often excluded from the scored egg region,
leading to a dip the silhouette area graph (compare blue line in panel A to panel C). (B, D) Egg aspect ratio, calculated as
length divided by width. Aspect ratio decreased slightly from 3 to 5 d AEL. We repeated these measurements manually at
time points that span all of embryogenesis (see Fig. 4).
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Appendix D

Supplemental materials for Donoughe et
al. (Biol Open 2018)
The following pages contain the supplemental materials for our manuscript describing a device for mounting
and imaging specimens. The main text of the manuscript in press is included in this document as Chapter 3.
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Design files for user-tested mold inserts
This document contains descriptions and schematics for 14 mold inserts that were designed to be used for a range of study organisms, including zebrafish, fruit fly, mouse, frog, annelid worm, amphipod, red flour beetle, acoel, and cricket. Each insert is compatible with the adjustable-height mounting tripod described elsewhere in this paper.
Components were designed using FreeCAD and Adobe Illustrator. Each mold component was made by cutting it from a sheet of
6.35 mm optically clear extruded acrylic (McMaster-Carr #8560k355). A laser cutter (Universal PLS 6.75) in engraving mode was
used to generate mold inserts by removing acrylic in a pattern, leaving a grid of raised posts. When pieces needed to be combined,
they were fused together in pairs using acrylic welding solvent (Weld-on 3 Assembly Adhesive, SciGrip #10799) (see Supplemental
Materials S3 for details). Most of these mold inserts were designed to fit within a 35 mm diameter plastic petri dish with a 27 mm
diameter glass coverslip bottom (VWR #89428-990). Many microscopes need a stage insert in order to stably hold a petri dish (e.g.
Zeiss #432311-9901-000). In Configuration 1, the device can be used on a range of dish sizes; we tested it on 6 cm (VWR
#25384-092) and 10 cm (VWR #25384-342) diameter plastic petri dishes.
To use these inserts with the OMMAwell device, simply attach slots to the back of the insert, following the procedure in step #7 of
the assembly instructions in Supplemental Materials S3. Details for each insert are included below. Each schematic has been
magnified for presentation and the key dimensions are given with each insert. For complete dimensions, please see the design files
in Supplemental Materials S2. These are included in two formats: PDF and DXF. PDF files are readily viewed and edited by many
common software packages. DXF is a file type that can be opened in a wide variety of drafting and vector graphics software
packages, including AutoCAD, FreeCAD, Solidworks, SketchUp Pro, Adobe Illustrator, and CorelDRAW. Unlike PDF, DXF files
contain precise length information. We hope readers will use these as a starting point to make their own inserts; if so we would be
happy to hear about it. Each of these mold inserts can be made from 6 mm-thick acrylic sheet using a laser cutter. Alternatively, if a
user prefers to fabricate them with a 3D printer, the user can adapt the included design files to make a 3D model of each component.
The depth dimensions of each part is listed below. See Supplemental Materials S4 for a brief comparison of the two approaches.
Identifying wells: For some molds, there are symbols or numbers to identify columns or rows on the agarose wells. These provide
the "coordinate address" of each well. In other molds, the arrangement of the molds themselves – that is, an arrangement without
rotational symmetry – is sufficient information to uniquely identify each well.
Note: At the end of this document is a section that discusses considerations for using wells to hold specimens for injection.

Capitella teleta, 100-well
Insert_Capitella_Injection_200x200um_100n
Description: This mold layout was designed in collaboration Dr. Mark Martindale (University of Florida), Dr. Elaine Seaver (University of Florida), and Dr.
Mansi Srivastava (Harvard University), for injecting the spherical eggs of marine
invertebrates and acoel worms. Eggs are placed into the square wells and then
injected with a pulled glass needle entering from the right. When an egg gets
stuck on the needle, the user can move the needle tip into the large well on the
left, and then slide the needle up and out through one of the thin troughs, freeing
the egg from the needle. This mold been tested with eggs from the marine annelid
worm Capitella teleta, but by adjusting the dimensions of the square microwells,
this mold insert can easily by adapted to a wide range of species. To make this
mold, cut on the red line, etch the
cyan region to a depth of ~800 µm,
and etch the orange regions to a
depth of ~550 µm.

Zoomed view:

Dimensions: This insert generates
agarose microwells that are 200 µm
square, with a depth of 250 µm. The
large well on the left has a depth of
800 µm. The outer margin of the
insert is a 31 mm diameter circle to
fit in a 35 x 10 mm plastic dish
(Bio-One #627160) for injection.
Photos by Elaine Seaver (University of Florida)
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Danio rerio, chorions intact, 96-well
Insert_Danio_1100x1100um_96n
Description: This mold was designed for injecting and live-imaging zebrafish embryos
with their chorion intact. To make this mold, cut on the red line, then etch the cyan region
to a depth of ~1300 µm.
Dimensions: Each microwell is 1100 µm square, with a depth of 1100 µm. The outer
margin of the insert is a circle with radius 35 mm to fit snugly into a glass-bottom dish for
live-imaging with an inverted microscope and into the mold sheath (see Supplemental
Materials 3). The wells are placed so that the embryos all land within the 27 mm diameter
of the glass coverslip bottom (VWR #89428-990). The same is true for all mold inserts
described in this document that have a rectangular notch.

Danio rerio, chorions removed, 96-well
Insert_Danio_800x800um_96n
Description: This mold is used for live-imaging zebrafish
embryos whose chorions have been removed. To make this
mold, cut on the red line, then etch the cyan region to a
depth of ~800 µm.
Dimensions: Each microwell is 800 µm square, with a
depth of 1000 µm. The outer margin of the insert is a circle
with radius 35 mm. It is compatible with the glass-bottom
dishes and the mold sheath, as described above.
Photos by Megan Norris (Harvard University)

Danio rerio, embryos with growing tails, 47-well
Insert_Danio_Lateral_Wells_47n
Description: During embryogenesis, the growing tail of zebrafish
embryos makes it difficult to keep them in place during long term
live-imaging. To address this problem, this mold generates circular
wells for the spherical yolks to settle into, and adjacent troughs for the
elongating tails to enter. To make this mold, cut on the red line, etch
the cyan region to a depth of ~500 µm, and etch the orange regions to
a depth of ~250 µm. Note: at these depths, the embryos’s midline is
approximately flush with the upper surface of the agarose, meaning
that the larva protrudes upwards, making this mold best suited for
imaging on an upright microscope, but if the etchings were 2-fold
deeper, it would be suitable for inverted microscopy as well.

Zoomed view:

Dimensions: The circular portion of each microwell is
1 mm in diameter, with a depth of 0.5 mm. The tail
trough is 1.7 mm long, 0.25 mm wide, and 0.25 mm
deep. This mold is compatible with the mold sheath
and the aforementioned glass-bottom dishes.
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Danio rerio, injection troughs
Insert_Danio_Injection_Troughs_10n
Description: This mold makes troughs that can hold many zebrafish eggs for injection.
Each trough has a stepped notch removed from one side so that the needle can enter the
eggs without getting stuck in the agarose. To make this mold, cut on the red line, etch the
cyan region to a depth of ~700 µm, and etch the orange regions to a depth of ~350 µm.
Dimensions: Each trough is 30 mm long and 0.7 mm deep at the bottom. A trough is 0.7
mm wide at the bottom, and 1.2 mm wide at the top. The outer margin of the insert is a
rectangle 31.2 by 34.8 mm. This insert will not fit in the mold sheath, but once slots are
attached to the back, it can be used with the adjustable-height tripod.

Drosophila melanogaster, 294-well
Insert_Drosophila_220x500um_294n
Description: This mold was designed for live-imaging arrays of fruit fly
embryos. The etched shapes make it easier to navigate the array of microwells
while using a microscope. To make this mold, cut on the red line, then etch
the cyan region to a depth of ~240 µm.
Dimensions: Each microwell is 500 µm long, 220 µm wide, and 240 µm
deep. The outer margin of the insert is a circle with radius 35 mm. It is
compatible with glass-bottom dishes and the mold sheath.

Eleutherodactylus coqui, 24-well
Insert_Eleutherodactylus_4200x4200um_24n
Description: This mold insert was designed to produce wells for
injecting and live-imaging the embryos and larvae of the coquí frog.
The channels in the agarose admit the tails of the larval frogs so that
they can more easily be oriented by the user for microscopy. To make
this mold, cut on red lines. Then use acrylic solvent (see Supplemental Materials S3 for details) or cyanoacrylate glue to attach the two
pieces flat together, lining up the circular holes on the circular piece
with the plus-sign-shaped holes on the rectangular piece. The holes
allow air to enter and release the vacuum when removing the mold
from the agarose.
Dimensions: Each well is 4.2 mm square;
the channels connecting the wells are 1.5
mm wide. The array of wells is a square
32.2 mm to a side. The circular baseplate
has a diameter of 47.8 mm. By varying the
amount of agarose poured the user can
adjust the depth of the wells.
Photos by Mara Laslo (Harvard University)
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Gryllus bimaculatus, 120-well
Insert_Gryllus_570x2930um_120n
Description: This mold insert was designed
to fit the maximum number of cricket
embryos on a single glass-bottom dish. Cut
on red lines, and etch the cyan region to a
depth of ~650µm.
Dimensions: Each microwell is 2930µm
long, 570µm wide, and 650 µm deep. The
outer margin of the insert is a circle with
radius 35 mm. It is compatible with
glass-bottom dishes and the mold sheath.

Gryllus bimaculatus, 66-well
Insert_Gryllus_570x2930um_66n
Description: This is similar to the previous mold insert, but with fewer
wells and etched shapes to aid in the orientation on the microscope.
Wells are arranged into a rectangle for time-efficient automated tiling.
Cut on red lines, and etch the cyan region to a depth of ~650µm.
Dimensions: Same dimensions as previous insert.

Gryllus bimaculatus, 300-well
Insert_Gryllus_Injection_570x2930um_300n
Description: This mold insert is used for injecting large numbers of cricket eggs at
once. Wells are arranged in groups of ten and labeled with an etched number. Cut on
red lines, and etch the cyan region to a depth of ~750µm.
Dimensions: Each microwell is
2930µm long, 570µm wide, and
750 µm deep. Depending on the
user’s microinjection apparatus it
may be helpful to adjust the depth
of the wells.

Photo by Taro Nakamura (Harvard University)
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Hofstenia miamia, 100-well
Insert_Hofstenia_Injection_275x275um_100n
Description: This mold insert is quite similar to the Capitella teleta insert
described at the beginning of this document; the only difference is that the
wells are larger to fit the eggs of the acoel worm Hofstenia miamia. To make
this mold, cut on the red line, etch the cyan region to a depth of ~800 µm,
and etch the orange regions to a depth of ~500 µm.
Dimensions: The insert generates agarose microwells that are 275 µm square,
with a depth of 300 µm. The large well on the left has a depth of 800 µm. The
outer margin of the insert is a circle with radius 31 mm to fit in a 35 x 10 mm
plastic dish (Bio-One #627160) for injection.

Photos by Andrew Gehrke (Harvard University)

Mus musculus, neurospheres, 101-well
Insert_Mus_Neurospheres_1000x1000um_101n
Description: Neurospheres are clusters of
cultured cells derived from neural stem cells.
This mold insert was designed to make wells
to hold neurospheres for imaging. Cut on red
lines, and etch the cyan region to a depth of
~1000µm.
Dimensions: Each microwell is a cube 1 mm
to a side. The insert is compatible with
glass-bottom dishes and the mold sheath.
Photos by Richard Smith (Harvard Medical School)

Parhyale hawaiensis, 396-well
Insert_Parhyale_round250um_396n
Description: Parhyale hawaiensis is a marine amphipod crustacean, an emerging model
system for the study of regeneration, germ cell specification, and limb differentiation. This
mold insert was designed to make wells to hold its spherical embryos for injection and
live-imaging. Cut on red lines, and etch the cyan region to a depth of ~300 µm.
Dimensions: Each microwell is 250 µm long, 250 µm wide, and 300 µm deep. The insert is
compatible with glass-bottom dishes and the mold sheath.
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Tribolium castaneum, 147-well
Insert_Tribolium_350x600um_147n
Description: The red flour beetle is a pest of stored grain products and
an emerging model system for a range of animal developmental processes. This mold was designed to produce wells that fit the embryos for
timelapse live-imaging. Cut on red lines, and etch the cyan region to a
depth of ~375 µm.
Dimensions: Each microwell is 600 µm long, 350 µm wide, and 375 µm
deep. The insert is compatible with glass-bottom dishes and the mold
sheath.

Considerations for using wells to hold specimens for injection
Several of the molds listed here have been used for successful injections, including the molds for zebrafish, cricket, coqui frog,
three-banded panther worm, and annelid worm. When users test injection protocols for additional organisms, these molds and the
usage described above my be helpful, but every species will have idiosyncratic challenges.
For instance, some embryos increase in size and/or become motile during development, which might necessitate a transfer from the
injection wells to another vessel for subsequent development. Such transfers work effectively in crickets, amphipods, and coqui
frogs. We have not tested mid-embryogenesis transfers for other species. Another potential concern is that eggs of some species
might rotate under the injection needle. One possible solution for this is to adjust the shape of the well so that the egg can be
jammed into a corner during injection.
Some users have also found it helpful to adjust the osmolarity of the acqueous medium in order to increase (or decrease) the
swelling of specimens in the wells during injection.
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Guide for assembling OMMAwell

How to fuse acrylic components together

Materials
•
•

Extruded acrylic, 6.00 to 6.35 mm thick (see note below)
Acrylic welding solvent

Notes on acrylic: Some suppliers sell “¼ inch thick extruded
acrylic,” while others sell “6 mm thick acrylic.” In each case,
the actual measured thickness of the material that is delivered
can vary from 6.00 to 6.35 mm. We thus designed the components to fit together for any acrylic thickness from 6.00 to 6.35
mm. The pieces will fit a little more loosely with 6.00 mm
acrylic and more snugly with 6.35 mm acrylic, but we’ve tested the designs successfully with both. Another consideration
is that opaque / pigmented acrylic is often autofluorescent.
Thus for any component that will be mounted in a microscope
for fluorescent imaging (namely, the cylinder), it is important
to cut the parts out of optically clear acrylic (such as McMaster-Carr #8560k355), although for illustration purposes the
photos in this guide depict opaque white acrylic.
Equipment

Fuse pieces together by first arranging them in the desired
configuration (you can use masking tape to hold them
together while fusing, although in our hands this was not
necessary). Then drip acrylic welding solvent (e.g. IPS WeldOn 3 Acrylic Plastic Cement) into the joint with the supplied
applicator or a polypropylene syringe with a blunted steel tip
(A, B). The solvent has a very low viscosity and will easily
wick into tight joints. It is not necessay to apply any pressure. When connecting two pieces that share a flat surface,
another option is to apply a few drops to the flat surface of
one piece, and then place the second piece on top (C, D).
Assemble pieces on a disposable surface or on a piece of
glass. Extra solvent will evaporate away in seconds. Pieces
will be fixed in place within a minute, and fully set within a
few hours.

A

B

C

D

We used a Universal Laser Systems laser cutter, model PLS
6.75 (panel E below). Any laser cutter/engraver that can cut
acrylic of this thickness will do.
Step-by-step instructions
1) Laser cut the acrylic pieces. In Supplemental
Materials S3, the file named “OMMAwell_all_components.dxf” has all the pieces except for the insert.
The reader could use one of the user-tested inserts
described in Supplemental Materials S2, or design a
custom insert. Most acrylic comes with a protective
backing. Leave it on during cutting (E, F, G).

E

F

2) Peel the backing from all pieces (H). The remaining steps walk
through how to fuse the acrylic parts together for each component.

H

3) Assemble the upright platform.
Gather the 4 pieces shown (I), then slot
the side walls into the tripod and fuse
them in place (J). Then add the top slot
and fuse in place (K). Set aside.

J

I

K

G

142

Appendix D. Supplemental materials for Donoughe et al. (Biol Open 2018)
Donoughe, Kim, and Extavour • Supplemental Materials S3: Guide for assembling OMMAwell • page 2 of 2

4) Assemble the slide. Take the two identical pieces, align them
on top of one another, and then fuse them together (M, N).

M

N

5) Assemble the cylinder. Take the two identical pieces, align
them on top of one another, and then fuse them together (O, P).

O

P

6) Assemble the sheath. Take the two
identical ring pieces (Q), align them on top
of one another, and then fuse them together.
Then fuse these to the base as shown at
right, with the protruding rectangular tab
centered on the short end of the rectangular
hole in the base (R, S).

7) Attach the slots to the back of an
insert. Once you have designed and
fabricated an insert (e.g. T), you
will need to attach slot pieces to the
back of it. First place the insert into
the now-completed sheath (U), and
then trace the rectangular opening
on its flat side (V, W) and set aside
the sheath (X). Position and fuse two
slot pieces side by side in the traced
rectangle (Y).

Q

R

S

T

U

V

W

X

Y

NOTE: The part highlighted in the red box (Z) is an optional piece
called the slide lock. When using Configuration 1 (Figure 2, top), this
piece can be put on the slide before connecting the insert to the slide.
It then locks the insert in place.

Z

3D printed
plastic

Laser cut
plastic

Laser cutters and 3D
printers vary enormously in
sophistication, resolution,
and price. A new laser
cutter or 3D printer that is
capable of fabricating the
pieces described in this
article could be purchased
for a minimum price of
2000-4000 United States
Dollars (USD). For our
tests we used a PLS6.75
laser cutter. New, this
machine would cost about
20,000 USD, but it was
much larger and more
powerful than was needed
to fabricate the components
discussed in this article.

Equipment cost

We have not tested 3D printed
materials for OMMAwell
components, but there is a wide
range of options. Wittbrodt et al
(2014) printed a mold for zebrafish
larvae using polylactic acid (PLA).
Gregory and Veeman (2013) ordered
a mold for ascidians made from
MicroFine Green resin, a material
produced by Fineline Prototyping.
Alessandri et al (2017) printed
components of an imaging chamber
using HTM140 resin.

In our hands, the easiest and cheapest
plastic to use for laser cutting and
engraving is acrylic. Acrylic comes
in clear or opaque varieties. One
drawback of acrylic is that ethanol
will cause cracks to form in it,
eventually causing components to
break down. Thus, for cleaning, it is
better to use soap and water. We
have not tested other plastics for
engraving.

Choice of materials

This varies widely,
depending on the material
and provider.

All the OMMAwell
components described in
Supplemental Materials S3
can be cut from a sheet of
6mm-thick acrylic that is
12 x 20 cm. We purchase
acrylic from McMasterCarr (e.g. Cat# 8560K356).
The amount of material to
produce all OMMAwell
components costs
approximately 5 USD.

Cost of materials

This will vary depending on the
3D printer that is used, but for
components of the scale of
OMMAwell, printing duration
will likely range from a few
hours to overnight.

Engraving a single mold insert
takes 10 to 30 minutes,
depending on size.

Laser cutting all the
OMMAwell components
described in Supplemental
Materials S3 takes
approximately 30 minutes, plus
an additional ~30 minutes to
weld together the pieces.

Speed of fabrication

3D printers will require a fully
three-dimensional design file.
There are several options for
inexpensive or free software
tools for this, as well as
professional options. Each of
these will have a steeper
learning curve than those needed
for making a 2D design, but the
range of possible 3D forms is
much larger.

Laser cutting and engraving is
generally done as a twodimensional process. This means
that design files can be quickly
produced by anyone who can
make 2D vector drawings (such
as in Adobe Illustrator, Corel
Draw, or Inkscape). The
downside of this approach is that
the complexity of the eventual
3D form is limited to shapes
constructed of vertical and
horizontal planes.

Ease of file design

In testing OMMAwell, we fabricated all the components using laser cut acrylic, however 3D printing is also an option. The two modes of fabrication differ in
many respects, including 1) Equipment cost, 2) Choice of materials, 3) Cost of materials, 4) Speed of fabrication, 5) Ease of file design. Depending on how a user
weighs these, and depending on what they have access to, each user will come to their own conclusion about which is best.
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Appendix E

Supplemental material on syncytial
development in the cricket
These are additional figures for the project described in Chapter 4.

Methods for embryo constrictions
Embryos were mounted in a custom device made from laser-cut acrylic sheet. Details on its construction
and schematized instructions for its use are shown in Fig. E.2 and Fig. E.3, respectively. A human hair was
threaded through a removable plastic platform, around an embryo, and back out to a ratchet mechanism. This
allowed the user to incrementally increase tension on the hair, slowly constricting the egg while it was contained
within an acrylic trough on the removable platform. After the desired extent of constriction was achieved, the
hair was hot glued in place on both sides of the embryo. The removable platform was then taken from the
constriction device and placed in glass bottom 6-well dish (MatTek P06G-1.5-20-F) and imaged using a Zeiss
Cell Observer microscope following our previously described methods (Chapter 3). Pilot time-lapse data on
constricted embryos is shown in Fig. E.4.
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Figure E.1: Division plane is slightly biased along the A-P axis. Distribution of division angle
with respect to the A-P axis for all divisions during a dataset of blastoderm formation. The
vector connecting sister nuclei three minutes after their last division was calculated. The angle
of between that vector and the A-P axis is plotted as a circular histogram. Each dot represents
one division. Plot made by JH.
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Figure E.2: (A) Components of constriction device. All components were laser-cut out of
sheets of flat acrylic, following the procedure described in Chapter 3. Pieces in light gray were
cut from acrylic with a thickness of 1.59 mm (McMaster-Carr 8560K172). The rest of the
pieces were cut from acrylic with a thickness of 3.18 mm (McMaster-Carr 8560K257). The
device also includes a binder clip with a width of approximately 20 mm and two steel nails
with diameter 2 mm and length 39 mm. Not shown is a rubber band with a thickness of 1 mm.
Constriction worked successfully on versions that were assembled with several different types of
nails, rubber bands, and binder clips. (B) Assembly of constriction device. All acrylic-to-acrylic
welds were conducted following the procedures described in Chapter 3. The trough plate was
welded to the removable platform so that the rectangular holes in the platform lined up with
the corresponding holes in the trough plate. The side plates were welded to the bottom plate,
and then the ratchet mount plate and end plate were welded on top, as shown. One steel
nail was inserted through a washer, then the pawl, then the ratchet mount plate. Hot glue
was applied to the top of the washer, fixing it to the nail. More hot glue was applied to the
underside of the ratchet mount plate where the nail emerged, fixing the nail to the plate. A
razor was used to cut a block of Sylgard 184 elastomer (Dow Corning Sylgard 184 Elastomer
Kit) with approximate dimensions 4 x 8 x 8 mm. The razor was used to slice the block of
Sylgard down through half its depth when oriented with the largest face flat on a table. The
second nail was inserted through the other washer, gear, and then the ratchet mount plate. The
Sylgard block was positioned as shown, and then hot glued to the gear. Hot glue was applied
to the top of the second washer, fixing it to the nail; more hot glue was applied to the nail
where it emerged below from the ratchet mount plate. Figure and device designed by SD.
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Figure E.3: (A) Constriction device in use. To prepare the device for use, a small rubber
band was cut (to linearize it), inserted through the largest hole in the ratchet mount plate,
underneath the side plate and tied in a knot, re-joining itself as a loop with the band slotting
into the notch on the pawl. The tension on the rubber band kept the pawl pushed against the
gear to make an effective ratchet mechanism. White arrows highlight the rubber band, the
fiber clamp, and hot glue that were not shown in Fig.E.2. The fiber clamp is a loose rectangle
of acrylic that, when squeezed by the binder clip, effectively held the fibers clamped in place.
(B) Cut-away chematic of fiber threading path (not to scale). Acrylic components are shown
in light gray, nail in dark gray, Sylgard block in purple, and the binder clip in black. The egg
is presented end-on in yellow and the fiber (a human hair) in magenta. Step 1: One hair is
clamped between the end plate and fiber clamp. Step 2: The hair is threaded by hand through
the path shown, and ultimately inserted into the slit in the Sylgard block. A large loop is left
in the place where the embryo will go. The removable platform can be taken off of the device
to make threading easier. Step 3: The egg is placed into the trough. Step 4: Distilled water is
added to the trough to fill its entire volume. Step 5: The gear is manually cranked while the
egg is observed by the user with a dissection microscope. Surface tension keeps it from leaking
through the bottom hole. Step 6: When the desired constriction has been achieved, hot glue
is used to affix the hair at the two locations indicated with orange droplets. Step 7: The hair
is cut at the two locations indicated with scissors. There are troughs for up to seven eggs, so
the user can repeat the process on multiple eggs before transferring the removable plate to a
glass bottom dish for imaging. To image the eggs, the user inverts the removable plate with
constricted eggs in the troughs, places it into a glass bottom dish, fills the dish with distilled
water, and then images the eggs on an inverted microscope. Figure and device designed by SD.
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Figure E.4: Pilot constrictions. (A) Example embryo illuminated with white light during its
constriction. (B) Example Act-H2B-EGFP embryo recorded with a fluorescence dissection
microscope. The constriction is sufficiently tight that no nuclei pass through the bottleneck.
(C, D) Two examples of partially constricted embryos. Nuclei initially spread out in the
contained space on the posterior side of the egg (right). Then, once a few nuclei escape into
the anterior compartment (left), the space filling movements repeats in miniature. Scale bars
represent 500 µm. Figure made by SD.
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Figure E.5: We complement the single-embryo lightsheet 3D+t imaging with epifluorescence
imaging of syncytial development in many embryos at once. This figure shows three timepoints
of a recording. Embryos are approximately 2.5 mm in length. Times are in hours and minutes.
Figure made by SD.
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Embryonic coalescence in the cricket
F.1

Contributions

As with the project described in Chapter 4, this was an equal partnership between Jordan Hoffmann and
myself. I conducted microscopy while Jordan Hoffmann focused on data analysis. For each aspect of the
project, however, we were in frequent discussion for coming up with ideas and troubleshooting problems. Taro
Nakamura helped to develop the imaging protocols, and he collected several datasets on embryonic coalescence.
We have not incorporated those datasets into the results shown below. Cassandra Extavour and Chris Rycroft
advised the project and gave useful guidance on many aspects of the work.

F.2

Introduction

In most lineages of insects, development begins with a series of syncytial nucleus divisions (O. Johannsen and
F. Butt 1941; Anderson 1972a; Anderson 1972b; Scholtz and Wolff 2013). The nuclei migrate to the peripheral
region of the egg cytoplasm, forming a syncytial blastoderm, and then cellularization occurs (Anderson 1972a;
Anderson 1972b). At this point, extraembryonic tissue and the embryonic primordium are differentiated from
one another in one of the earliest fate decisions in insect development (Anderson 1972a). Extraembryonic
and embryonic precursors become morphologically distinct, segregating from one another as a precursor to
subsequent embryonic development (Anderson 1972a). In the insect embryological literature, there are a
number of different terms for the earliest form of the incipient embryo; following Anderson, we use the term
embryonic primordium (Anderson 1972a). Given that the initial embryonic primordium forms predominantly
via aggregation of existing blastodermal cells (Mellanby 1936; Miller 1939; Ferdinand Hinckley Butt 1949, for
example), we refer to that formation process as embryonic coalescence.
After the embryonic primordium and extraembryonic tissues have differentiated, the embryonic cells
typically form a closely packed epithelium, followed by gastrulation and the morphological elaboration of body
segments (Anderson 1972a; Roth 2004). The extraembryonic tissue gives rise to the serosa and amnion, or in
the case of a clade within Diptera, a single tissue called the amnioserosa (Rafiqi et al. 2008a). In either case, the
extraembryonic tissue plays an essential role in development (Panfilio 2008; Schmidt-Ott and Kwan 2016).
There is considerable diversity among insects with respect to the relative size of the embryonic primordium
(G. K. Davis and Patel 2002). Measured as a percentage of the length of the egg, the embryonic primordium
can be as small as 10 to 14% of the egg length, such as in Didymuria (Phasmatodea) (Bedford 1970) and
Paratenodera (Mantodea) (Hagan 1917). In others, like Diabrotica (Coleoptera), Ascalaphus (Neuroptera), and
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Boreus (Mecoptera), the primordium is about 60% of egg length (Krysan 1976; Kamiya and Hiroshi Ando
1985; N. Suzuki 1990). In other cases—notably among holometabolous insects—the extraembryonic tissues are
reduced to a relatively small dorsal region of the blastoderm (Rafiqi et al. 2008b). In these cases, the embryonic
primordium occupies the full length of the egg, with Drosophila being the best studied example (Sonnenblick
1950; Hartenstein and Campos-Ortega 1985; Ede and Counce 1956). In order to understand the morphogenic
basis for how these diverse embryonic primordia are formed, it is necessary to record and compare the cellular
dynamics of embryonic coalescence across species.
Although embryonic coalescence has been documented in many species, to our knowledge, the process has
been live-imaged in 3D at a cellular resolution only in Drosophila and Tribolium (Frederic Strobl and E. H.
Stelzer 2014; Rauzi et al. 2015; Strobl and E. Stelzer 2016; Krzic et al. 2012). In order to begin reconstructing
the evolution of the cellular behaviors underpinning embryonic coalescence, it is especially informative to
study an insect from a lineage that is sister to the group containing Drosophila and Tribolium. Orthopterans
will therefore be a useful comparator. Orthopteran embryonic coalescence has been broadly described for
several species. In Locusta migratoria, small groups of blastoderm cells appear to aggregate together, which then
combine to form a disc-shaped embryonic primordium (Roonwal 1936). Coalescence in Schistocerca gregaria
was likewise schematized as a small posterior disc (Ho, Dunin-Borkowski, and Akam 1997). Embryonic
coalescence in the cricket Gryllus bimaculatus is somewhat different from these, as shown in descriptive work
by Nakamura et al. (Nakamura, Yoshizaki, et al. 2010). In the cricket, the embryonic tissue initially forms as
two bilateral aggregations of cells. These aggregations move ventrally, meeting at the ventral midline, forming a
sheet with a higher cellular density than the surrounding extraembryonic tissue (Nakamura, Yoshizaki, et al.
2010).
Here, we build on the work of Nakamura et al. (2010), using 3D+t time-lapse recordings to document
embryonic coalescence in the cricket in greater detail. We focus on how cells rearrange themselves in the process
of forming bilateral aggregations. We ask the following questions: What are the morphogenic processes that
drive the physical separation of these two lineages? For instance, are cells exchanging neighbors, migrating
as coherent sheets, and/or dividing in a polarized manner? During the cellular blastoderm stage, when are
extraembryonic and embryonic tissues first detectably distinct? How do their movements and rates of division
differ? With these data we can make improved inferences about the timing and spatial organization tissues
in the early cricket embryo. It is also a contribution to the broader project of understanding how physical
movements of cells affect fate specification decisions in multicellular organisms.

F.3

Methods

As with the work described in Chapter 4, 3D+t datasets were captured on a Zeiss Z.1 lightsheet microscope.
The cricket culture methods are the same as those described in Chapters 1, 2, and 3. The imaging techniques,
processing pipeline, and computational methods all the same as those described in Chapter 4. The bottom panel
of Fig. F.1 is an unwrapped projection of a bilateral aggregation stage embryo; this projection was produced
using ImSAnE (Heemskerk and Streichan 2015). We used the Voro++ library (Rycroft 2009) to generate the
Voronoi cells around each nucleus in three dimensions, such as those shown in Fig. F.4. For more information,
see the online details of the Voro++ library (http://math.lbl.gov/voro++/).
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F.4

Results and Discussion

Here we describe results from a time-lapse of an individual embryo from a transgenic line that expresses the
cricket Histone2B protein fused to enhanced green fluorescent protein (EGFP), under the control of the cricket
actin promoter (Nakamura, Yoshizaki, et al. 2010). We have captured three comparable time-lapses of this
period of development, but the results described below are from a single individual. After imaging, the embryo
was removed from the agarose, whereupon it continued to develop and then ultimately hatch. The time-lapse
had the following statistics:
Embryonic coalescence dataset


Duration



Number of Time Points

 Number of Nuclei at the Start

Number of Nuclei at the End

10.5 hours



470







∼ 2000
∼ 3500

Fig. F.1 shows a 2D-projection of the embryo at the beginning of the time-lapse, at the uniform blastoderm
stage. After 10.5 hours, the embryonic primordium segregated from the extraembryonic tissue; the primordium
begins as split structure—two bilateral aggregations on the ventral-posterior flanks of the egg (Fig. F.1). Overall,
we found that embryonic coalescence proceeded as had been previously described (Nakamura, Yoshizaki, et al.
2010).

Tissue movements and local correlation
We tracked nucleus movement vectors for single time-step intervals. For each nucleus at time t, we found the
corresponding nucleus at time t+1 that was the closest to it in space. We used the positions of these two nuclei
to calculate instantaneous movement vectors for every nucleus throughout the time-lapse. Then, we identified
the closest neighbor for each nucleus (note that nearest neighbors need not be reciprocal). Using these data, we
computed the correlation between the movement vector of each nucleus and that of its closest neighbor. Across
the entire embryo, this served as a metric of collective movement. With this approach, we found that nucleus
movements during embryonic coalescence were much less correlated than they were during the formation of
the syncytial blastoderm (Fig. F.2; data on blastoderm formation described in Chapter 4).
There was also substantial temporal and spatial structure in how the cells moved during coalescence. We
plotted the orientations of movement for several example time points, with each cell represented by a single
arrowhead (Fig. F.3). Starting shortly after the uniform blastoderm stage, locally correlated movements began
to emerge throughout the blastoderm (Fig. F.3). It is not clear whether the local groups of cells that move
together emerge stochastically via a self-organizing process, or whether there are predictable spatially localized
signals that influence their movements. To address this, it would be informative to compare movement patterns
from multiple individual embryos.

Density and geometric packing
We also investigated how the geometric arrangement of cells changed over the course of embryonic coalescence.
We were not able to directly observe cell interfaces during development, so we used Voronoi cells to estimate
the locations of interfaces. Voronoi cells are a way to partition space, defined as follows: Suppose we have some
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Figure F.1: Overview of embryonic coalescence, shown as the beginning and end points of a
time-lapse. Fluorescently labeled nuclei are shown in black. Embryos are projected in the top
three images, and “unwrapped” in the bottom one. Figure made by SD.
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Figure F.2: Correlation of movement vectors with neighboring nuclei. The data from two
time-lapses are shown here. At left is a dataset of the formation of the syncytial blastoderm; at
right is a dataset of embryonic coalescence. Correlations calculated as described in the text.
Center line shows median correlation; shaded region represents the 25th to 75th percentiles.
Figure made by JH and SD.

number of “seed” points distributed in space. For a given seed, its Voronoi cell is the set of locations in space
that are closer to it than to any other seed. It has been shown that Voronoi cells are a good approximation for
shape of the cell interfaces around the nuclei in the sea urchin blastoderm (Luengo-Oroz et al. 2008). We used
this approach to describe the geometric arrangements of nuclei over space and time.
For each time point, we computed the Voronoi cell diagram such as the one found in Fig. F.4. This enabled
us to ask quantitative questions about tissue geometry. For example, how do the density, distribution of surface
area, and geometric order change over time? The answers to these questions will allow us to make specific
hypotheses about the mechanistic basis of nuclear movements during embryonic coalescence. We began by
numerically estimating the surface of the embryo by interpolating across the full set of nuclei, and then we
computed Voronoi cells for all nuclei. For subsequent analyses, we only considered nuclei whose Voronoi cell
had a face that contacted the estimated surface. We also did not consider the poles of the embryo because the
steeply curved surfaces would introduce distortion to the density and packing measurements described below.
The most conspicuous change during embryonic coalescence was the change in nuclear density over time.
Here we include two ways of calculating density:
• Calculating local nucleus density. For a given nucleus, we centered a sphere at its position and counted
the total number of other nuclei that were 1) located on the surface of the egg and 2) located within the
sphere. The sphere had a radius equal to 2.5% of the anterior to posterior egg length (58 microns). We
colored each nucleus according to its calculated local density.
• Calculating relative Voronoi cell surface area. After defining the outer surface of the egg, as described
above, we calculated the area of the face of each polygonal Voronoi cell that contacted the surface, and
rescaled to the total area of all such polygons at a given time point.
The results are displayed in Figure F.5. This illustrated that the coalescing embryonic primordium increased
in an absolute density and density relative to the rest of the blastoderm.
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Figure F.3: Arrowheads show orientation of nucleus movement, calculated as the component
of their 3D movement vector in the x-y plane. Blue lines encase the bilateral aggregations. Blue
arrows show the future movement of the two aggregations when they join along the ventral
midline of the embryo. Diagrams made by JH and assembled by SD.
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Figure F.4: Three dimensional Voronoi cells during embryonic coalescence. Green spots
represent nuclei and the gray wire-frame represents the edges of the Voronoi cell boundaries.
Figure made by JH.
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We also examined the geometric arrangement of nuclei, by computing the geometric order of the tissue
during coalescence. “Geometric order” is a way to quantify how uniformly spaced the nuclei are. An example of
a highly ordered tissue is a regular lattice, such as the hexagonal packing in a honeycomb. So that we could to
compare across time points that have different nuclear densities, we used a scale-free metric for order illustrated
in Fig. F.6, panel A. We computed local geometric order in the coalescing embryo, with the results shown in
F.6 panel B. This revealed that as the bilateral aggregations were increasing in density, they were also becoming
more highly ordered (compare Fig. F.5 to Fig. F.6 panel B). Surprisingly, we found that the extraembryonic
region also became more ordered too, but not uniformly (Fig. F.6 panel B). We found that there were bilateral
bands of more highly ordered cells in the anterior of the egg, in the region that would give rise to the serosa. To
our knowledge, these regions of higher order within the extraembryonic cells do not match to any previously
described cell fate.
Lastly, we use Voronoi cells to ask how many “neighbors” each cell had. The distribution of neighbor
numbers in 2D epithelia has been well studied (W. T. Gibson et al. 2011; M. C. Gibson et al. 2006), but it is
not well understood how those findings would extend to a 3D, curved tissue. We determined the edge number
for all outward facing Voronoi cells. The results are shown in Fig. F.7. Further work will be needed to interpret
the neighbor number data from cricket embryonic coalescence in light of published empirical and theoretical
work on the distributions of neighbor numbers in epithelia.
Taken as a whole, these preliminary results paint a picture of embryonic coalescence in which locally
correlated movements, neighbor rearrangements, and cellular division each contribute to formation of the
embryonic primordium. We did not detect any cellular migration from the anterior of the egg into the
primordium; only the cells in the immediate vicinity of the future primordium are likely to have descendants in
the embryo proper.

Future work
Due to computational constraints, we have so far been unable to reconstruct full lineages for our dataset of
embryonic coalescence. Since we began this project, however, the software tools and our computational resources
have improved. It would be informative to fully track the lineages of cells, beginning at the uniform blastoderm
and ending in the incipient germ band. This would allow one to map cell fates in the blastoderm, at least at a
coarse-grained scale. It would provide evidence for a question of broad interest in insect developmental biology:
When and where are embryonic compartment boundaries first established (Sander 1996)? Finally, it would be
helpful to compare across several 3D+t datasets, complemented by a larger set of 2D+t time-lapses. This would
allow one to account for inter-individual variation and enable us to estimate the extent of stereotypy in cricket
embryonic coalescence.
In order to bring this project to a state that would be suitable for publication as a descriptive paper, it
would need at least two additional 3D+t datasets to be tracked, plus a set of 10 to 20 embryos imaged as
2D+t time-lapses to confirm that the three 3D+t datasets are representative of general patterns in crickets. The
nucleus-tracking data would also be more interpretable if the project were to include an additional dataset to
assess the accuracy of Voronoi cells as an estimate for the shape of cell interfaces. This could be done with a
membrane-associated live-dye, or in fixed specimens for which the cell interfaces have been identified using
immunohistochemistry against a cell interface-associated antigen. Lastly, the descriptive data would be more
informative if they were to be accompanied by an experiment in which one or more wild-type cell movements
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Figure F.5: Density changes over time. A) Local nucleus density. B) Relative surface area of
each nucleus’s Voronoi cell, plotted over time. Embryo plots made by JH and arranged by SD.

have been disrupted, in order to assess whether those movements are required for embryonic coalescence. This
could be done, for instance, by using the constriction technique described in Appendix E, or by injecting small
molecule inhibitors of proteins that are essential for aspects of cell movement.

Appendix F. Embryonic coalescence in the cricket

Figure F.6: Geometric order increases in the extraembryonic tissue and in the coalescing
embryonic rudiment. A) How we calculate geometric order. B) Local geometric order, plotted
over time. Panel A made by SD. Embryo plots made by JH and arranged by SD.
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Figure F.7: Number of faces on the surface of Voronoi cells, plotted over time. Embryo plots
made by JH and arranged by SD.
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Supplemental materials for egg evolution
manuscript
This appendix includes work that I did in the project on insect egg evolution (Chapter 5) that will be included
in the manuscript’s supplemental materials.

G.1

Clades of insects used to display egg characteristics

The cladogram in the first figure in Chapter 5 has insect groups listed by the widely-known common names for
each of the groups. Fig. G.1 shows the same cladogram with each insect order listed.

G.2

Image parsing, example screenshots, and egg silhouettes

In assembling our dataset of egg sizes and shapes, we extracted morphological characteristics from published
micrographs, drawings, and photographs. I wrote code to streamline this process, while matching all image-based
data to their associated reference. Fig. G.2 shows a walkthrough of how we capture each egg shape, while Fig.
G.3 shows seven screenshots of the code in use. After parsing many references, we can explore egg diversity by
plotting their silhouettes. Fig. G.4 shows as example of this.

G.3

Simulating egg shapes with known morphological features

I wrote code to generate silhouettes for eggs with arbitrary length, width, ellipticity, curvature, and asymmetry.
This tool is helps us make informative graphical legends for our plots, error-check our image parsing process,
and generate images of hypothetical eggs that fall outside the morphospace of real eggs. Fig. G.5 shows a set of
eggs that covers the range of eggs along all three main morphological axes (ellipticity, curvature, and asymmetry).
We define curvature in a such a way that only eggs with ellipticity greater than 1 can be curved. See Appendix
H for details.
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Figure G.1: Cladogram of groups of insects with constituent taxonomic orders shown. Orderlevel backbone is from Misof et al. 2014 (Misof et al. 2014). All hexapod orders are represented
in our egg dataset. For a discussion of backbone topology, see the Methods section of Chapter 5.
Insect silhouettes drawn by SD. Figure made by SHC and SD.

G.4

Occupancy of egg morphospace

For an egg of a given size, its ellipticity, asymmetry, and curvature define a three-dimensional shape morphospace.
We can plot a two-dimensional projection of the morphospace by plotting two traits at a time, as in Fig. G.6.

G.5

Dataset of hatching times

I conducted a literature search in which I collected time-to-hatching data for as many insect species as I could
find. The resulting dataset is included at the end of this appendix.

Genus

species

Time

Temp.

(h)

(◦ C)

Source

Abedus

indentatus

412.8

20

(Maino, Pirtle, and Kearney 2017)

Acrida

bicolor

1680

25

(Küçükekşi 1964)

Actias

luna

168

28

(Maino, Pirtle, and Kearney 2017)

Aedes

sticticus

192

20

(Maino, Pirtle, and Kearney 2017)

Aedes

vexans

141.6

20

(Maino, Pirtle, and Kearney 2017)

Aedes

aegypti

172.8

20

(Maino, Pirtle, and Kearney 2017)

Aeschna

juncea

5496

(Hiroshi Ando 1962)

Aeschna

nigrofiava

5400

(Hiroshi Ando 1962)
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Aglaostigma
Aiolopus

occipitosa
thalassinus

288
480

20

(Hiroshi Ando and J. Okada 1958)
(Khalifa 1957)

Allonemobius

socius

360

29

(Maino, Pirtle, and Kearney 2017)

Anagrus

incarnatus

24

25

(Yeo, Chang, and Hoh 1990)

12.5

23.9

(Boivin, Picard, and Auclair 1993)

168

28

(Maino, Pirtle, and Kearney 2017)

312

23.5

(Hiroshi Ando 1962)

91.2

20

(Maino, Pirtle, and Kearney 2017)

Anaphes
Anasa

tristis

Anax
Anopholes

quadrimaculatus

Anotogaster

900

163

(Hiroshi Ando 1962)

Anthonomus

eugenii

48

27

Anticarsia

gemmatalis

90

25

(Maino, Pirtle, and Kearney 2017)
(Pansera-de-Araujo, Da Cruz, and Oliveira
1999)

Antigastra

catalaunalis

114

26

(Maino, Pirtle, and Kearney 2017)

Apatania

fimbriata

321.6

20

(Maino, Pirtle, and Kearney 2017)

Aphidoletes

aphidimyza

102

17

(Havelka, Landa Jr, and Landa 2007)

Aphytis

chilensis

72

28

(Rosen and Eliraz 1978)

Apis

mellifera

71

35

(DuPraw 1967)

Apis

mellifera

79.2

35

(Maino, Pirtle, and Kearney 2017)

Ariadne

merione

84

28

(Maino, Pirtle, and Kearney 2017)

Ascalaphus

ramburi

432

24

(Kamiya and Hiroshi Ando 1985)

Bactocera

dorsalis

48

25

(Suksuwan et al. 2017)

Baetis

rhodani

1080

Baetis

rhodani

204

20

(Maino, Pirtle, and Kearney 2017)

Bittacus

laevipes

6600

24

(N. Suzuki 1990)

Bittacus

mastrillii

5880

(Hiroshi Ando 1973)

Bittacus
Bittacus

marginatus
nipponicus

5760
6960

(Hiroshi Ando 1973)
(N. Suzuki 1990)

Bittacus

stigmaterus

1392

(Setty 1931)

Bittacus

punctiger

684

(Setty 1940)

Bittacus

pilicornis

1284

Boettcherisca

peregrina

11.6

25

(Majumder et al. 2013)

Bombyx

mori

240

25

(Nagy, Riddiford, and Kiguchi 1994)

Bombyx

mori

264

25.5

(Maino, Pirtle, and Kearney 2017)

Boreus

hyemalis

504

21

(N. Suzuki 1990)

Boreus

notoperates

576

20

(N. Suzuki 1990)

Bradysia

hygida

216

22

(Conceicao Silva and Fernandez 2000)

Bruchidius

obtectus

216

20

(Jung 1966)

Byblia

ilithyia

72

28

(Maino, Pirtle, and Kearney 2017)

Calandra

oryzae

96

26

(Tiegs and Murray 1938)

Calliphora

erythrocephala

22.5

22

(Van der Starre-Van Der Molen 1971)

Callosobruchus

analis

120

30

(Maino, Pirtle, and Kearney 2017)

(Illies 1968)

(Setty 1940)
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Calopteryx
Campoletis

atrata
sonorensis

Capnia
Carabus

164

360
42

25.6
27

(Hiroshi Ando 1962)
(Wilson and Ridgway 1975)

atra

288

20

(Maino, Pirtle, and Kearney 2017)

insulicola

264

23

(Yukimasa Kobayashi, Niikura, et al. 2013)

Carausius

morosus

2040

22

(Fournier 1967)

Centrodora

scolylbopae

216

20

(Gerard 1989)

Cercion

sieboldii

Ceriagrion

420

29

(Miyakawa 1987)

288

25.5

(Hiroshi Ando 1962)

Chamaesphecia

schizoceriformis

189.6

24.2

(Maino, Pirtle, and Kearney 2017)

Chesias

rufata

240

20

(Wall 1973)

Chesias

legatella

4200

Chilo

suppresalis

150

25

(M. Okada 1960)

Chilo

partellus

150

26

(Maino, Pirtle, and Kearney 2017)

Chilo

infuscatellus

111.6

26

(Maino, Pirtle, and Kearney 2017)

Chilo

aurcillia

128.4

26

(Maino, Pirtle, and Kearney 2017)

Chironomus

riparius

72

20

(Maino, Pirtle, and Kearney 2017)

Chironomus

decorus

48

20

(Maino, Pirtle, and Kearney 2017)

Chironomus

plumosus

88.8

20

(Maino, Pirtle, and Kearney 2017)

Chloroperla

tripunctata

1533.6

20

(Maino, Pirtle, and Kearney 2017)

Choristoneura

fumiferana

150

25

(Stairs 1960)

Chortoicetes

terminifera

480

28

(Wardhaugh 1978)

Chortoicetes

terminifera

880.8

22.6

(Maino, Pirtle, and Kearney 2017)

Chrysocharis

laricinellae

28

25.6

(Quednau 1966)

Chrysocoris

purpureus

192

Chrysodeixis

includens

95

25

(Pansera-de-Araujo, Da Cruz, and Oliveira

Cochlidion

limacodes

216

22

1999)
(Christensen 1953)

Coeloides

brunneri

33

23.9

(R. B. Ryan 1963)

Coenagrion

puella

597.6

20

(Maino, Pirtle, and Kearney 2017)

Copera

(Wall 1973)

(Swaminathan and Sriramulu 1975)

444

22

(Hiroshi Ando 1962)

Copidosoma

floridanum

60

27

(Baehrecke and Strand 1990)

Corcyra

cephalonica

156

26

(Maino, Pirtle, and Kearney 2017)

Corydalus

cornutus

309.6

27

(Maino, Pirtle, and Kearney 2017)

Cotesia

vestalis

48

25

(Yu et al. 2008)

Crioceris

asparagi

192

22.5

(Maino, Pirtle, and Kearney 2017)

216

25.5

(Hiroshi Ando 1962)

Crocothemis
Cryptolestes

ferrugineus

84

30

(Maino, Pirtle, and Kearney 2017)

Cryptotermes

brevis

1344

27.5

(Kawanishi 1975)

Ctenocephalides

felis

144

25

(Kessel 1939)

Culex

fatigans

36

25

(C. Davis 1967)

Culex

tarsalis

45.5

26.67

(Rosay 1959)
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Culiseta
Cyclophragma

inornata
leucosticta

96
240

20
27

(Harber and Mutchmor 1970)
(Maino, Pirtle, and Kearney 2017)

Cynaeus

angustus

96

30

(Maino, Pirtle, and Kearney 2017)

Danaus

genutia

72

28

(Maino, Pirtle, and Kearney 2017)

Deinacrida

heteracantha

3000

(Richards 1973)

Deinacrida

fallai

3000

(Richards 1973)

Diacrisia

virginica

132

Diaphania

indica

98.88

26

(Maino, Pirtle, and Kearney 2017)

Diatraea

saccharalis

168

25

(Dossi, Conte, and Zacaro 2006)

Didymuria

cuilescens

15120

Dineutus

mellyi

300

22

(Komatsu and Yukimasa Kobayashi 2012)

Dinocras

cephalotes

1024.8

20

(Maino, Pirtle, and Kearney 2017)

Diplacodes

bipunctata

360

20

(Maino, Pirtle, and Kearney 2017)

Diplacodes

haematodes

504

20

(Maino, Pirtle, and Kearney 2017)

Diploptera

punctata

1512

27

(Stay and Coop 1973)

Diprion

pini

336

20

(Martini, Chieco, et al. 2011)

Drosophila

melanogaster

22

25

(Hartenstein and Campos-Ortega 1985)

Drosophila

melanogaster

24

25

(Maino, Pirtle, and Kearney 2017)

Dysdercus

cingulatus

120

30

(Sharan and Sahni 1960)

Dytiscus

alaskanus

206.4

20

(Maino, Pirtle, and Kearney 2017)

Earias

vittella

72

27

(Maino, Pirtle, and Kearney 2017)

20

(O. Johannsen 1929)

(Bedford 1970)

Ecdyonurus

venosus

408

Embia

uhrichi

960

Emmalocera

depressella

134.4

26

(Maino, Pirtle, and Kearney 2017)

Enallagma

vernale

703.2

20

(Maino, Pirtle, and Kearney 2017)

Enallagma
Endoclita

ebrium
excrescens

614.4
4200

20

(Maino, Pirtle, and Kearney 2017)
(Ando and Tanaka 1976)

Endoclyta

signifer

280

27.5

(Hiroshi Ando and Masahiro Tanaka 1980)

Endoclyta

excrescens

4200

24

(Ando and Tanaka 1976)

Ephemera

vulgata

252

22.5

(Heymons 1896)

Ephestia

cautella

96

30

(Maino, Pirtle, and Kearney 2017)

Epilachna

varivestis

120

26.7

(Maino, Pirtle, and Kearney 2017)

Epiophlebia

superstes

Epophthalmia

(Maino, Pirtle, and Kearney 2017)
(Kershaw 1914)

720

18.6

(Hiroshi Ando 1962)

240

25.5

(Hiroshi Ando 1962)

21

(Fujita and Machida 2017)

Eucorydia

yasumatsui

1538.4

Eupelmus

tenuicornis

28

Euryope

terminalis

408

Euscelis

plebejus

408

21

(Klaus Sander 1959)

Euthyplocia

hecuba

1315.2

20

(Maino, Pirtle, and Kearney 2017)

Galleria

mellonella

144

30

(Parente 2009)

Galleria

mellonella

223.2

28

(Maino, Pirtle, and Kearney 2017)

(Tiwari 1973)
(Paterson 1931)
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Ganaspis

xanthopoda

96

21

Gerris

paludum insularis

427.2

20

(Maino, Pirtle, and Kearney 2017)

Glossina

morsitans

108

25

(Maino, Pirtle, and Kearney 2017)

Gryllus

bimaculatus

312

28

(Donoughe and C. G. Extavour 2016)

Gryllus

assimilis

408

24.5

(Rakshpal 1962)

Gryllus

veletis

312

27

(Maino, Pirtle, and Kearney 2017)

Gryllus

pennsylvanicus

264

27

(Maino, Pirtle, and Kearney 2017)

Habrobracon

juglandis

29

30

(Amy 1961)

Heliconius

erato

72

25

(Aymone et al. 2014)

Heliothis

zea

81

25

(Presser and Rutschky 1957)

Hellula

undalis

78

26

(Maino, Pirtle, and Kearney 2017)

Heriodula

crassa

576

(Melk and Govind 1999)

(Görg 1959)

Heteronympha

merope

252.63

20

(Maino, Pirtle, and Kearney 2017)

Hexagenia

rigida

367.2

20

(Maino, Pirtle, and Kearney 2017)

Hyalophora

cecropia

216

28

(Maino, Pirtle, and Kearney 2017)

Hydaticus

pacificus

50

28

(Niikura et al. 2017)

Kalotermis

flavicollis

1296

26

(Mukerji 1970)

Kamimuria

tibialis

600

18

(Kishimoto and Hiroshi Ando 1985)

Larra

bicolor

168

26

(Portman 2007; Castner 1988)

Leptinotarsa

decemlineata

120

22.5

(Maino, Pirtle, and Kearney 2017)

Lestes

5520

(Hiroshi Ando 1962)

Leucinodes

orbonalis

114

26

(Maino, Pirtle, and Kearney 2017)

Leuctra

hippopus

518.4

20

(Maino, Pirtle, and Kearney 2017)

Liposcelis

divergens

168

31

(Goss 1952)

Locusta
Locustana

migratoria
pardalina

312
240

33
30

(Roonwal 1936)
(Maino, Pirtle, and Kearney 2017)

Lucilia

sericata

22

25

(C. Davis 1967)

Lucilia

sericata

24

21.5

(Fish 1947)

Luehdorfia

japonica

336

12.5

(Yukimasa Kobayashi and Masahiro Tanaka
1981)

Lytta

viridana

Mamestra
Manduca

166

260

25

(Rempel and Church 1965)

configurata

130

21.1

(Rempel 1951)

sexta

96

25

(Maino, Pirtle, and Kearney 2017)

Mayetiola

destructor

96

20

(Bantock 1970)

Megachile

pacifica

60

28

(Maino, Pirtle, and Kearney 2017)

Melanoplus

bilituratus

408

30

(Riegert 1961)

Melanoplus

differentialis

384

28

(Maino, Pirtle, and Kearney 2017)

Melasoma

collaris

132

20

(Maino, Pirtle, and Kearney 2017)

Meloetyphlus

fuscatus

456

26

(Garófalo, Camillo, and Serrano 2011)

Mesocapnia

oenone

806.4

20

(Maino, Pirtle, and Kearney 2017)
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120
192

23
25

167

Mesoleius
Meteorus

tenthredinis
pulchricornis

(Bronskill 1964)
(M. Suzuki and T. Tanaka 2007)

Meteorus

trachynotus

72

23

(Thireau, Régnière, and Cloutier 1990)

Mnesarchaea

fusilella

588

17

(Kobayashi and Gibbs 1995)

Mylabris

impressa

336

28

(Nikbakhtzadeh, Vatandoost, and Rafinejad
2008)

Nannophya

288

25.5

(Hiroshi Ando 1962)

Nasonia

vitripennis

33

24

(Bull 1982)

Nemeritis

canescens

70

25

(Amos and Salt 1974)

Nemophora

albiantennella

175

20

(Yukimasa Kobayashi 1998)

Nemotaulius

admorsus

290

20

(Yukimasa Kobayashi and Hiroshi Ando
1990)

Nemoura

cinerea

408

20

(Maino, Pirtle, and Kearney 2017)

Neochrysocharis

formosa

32.6

25

(Osmankhil et al. 2010)

Neocurupira

chiltoni

948

12

(Craig 1967)

Neodiprion

sertifer

2544

15

(Martini, Baldassari, and Baronio 2006)

Neopanorpa

makii

168

(N. Suzuki 1990)

Neopanorpa

ophthalmica

144

(N. Suzuki 1990)

Neopanorpa

formosana

168

(N. Suzuki 1990)

Neopanorpa

sauteri

228

(N. Suzuki 1990)

Neornicropteryx

nipponensis

312

23

Nephelopteryx

nebulosa

480

15

(Maino, Pirtle, and Kearney 2017)

Nomadacris

septemfasciata

612

32.2

(Hamilton 1936)

Occasjapyx

japonicus

420

24

(Sekiya and Machida 2009)

Oebalus
Oncopeltus

pugnax
fasciatus

103.1
190

29.4
25

(Bernhardt 2009)
(Ferdinand Hinckley Butt 1949)

Oncopeltus

fasciatus

168

25

(Maino, Pirtle, and Kearney 2017)

Opius

caricivorae

49

25

(Xu et al. 2007)

Orthetrum

albistylum

168

25.5

(Hiroshi Ando 1962)

Orthetrum

triangulare

168

25.5

(Hiroshi Ando 1962)

Orthetrum

japonicum

336

22.5

(Hiroshi Ando 1962)

Orthetrum

albistylum

216

22

(Miyakawa 1987)

Orthetrum

caledonicum

432

20

(Maino, Pirtle, and Kearney 2017)

Ostrinia

obumbratalis

144

28

(Maino, Pirtle, and Kearney 2017)

Oxya

velox

456

25

(Maino, Pirtle, and Kearney 2017)

Palmistichus

elaeisis

48

25

(Bittencourt and Berti Filho 2004)

Panorpa

pryeri

155

21

(Ando 1960)

Panorpa

nipponensis

140

25

(N. Suzuki 1990)

Panorpa

japonica

150

25

(N. Suzuki 1990; Hiroshi Ando 1973)

Panorpa

bicornata

168

22

(Hiroshi Ando 1973)

(Yukimasa Kobayashi and Hiroshi Ando
1981)
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168

Panorpa
Panorpa

helena
nuptialis

192
192

21.1

(N. Suzuki 1990)
(Byers 1963)

Panorpa

communis

144

21

(N. Suzuki 1990)

Panorpa

falsa

264

(N. Suzuki 1990)

Panorpa

akasakai

372

(N. Suzuki 1990)

Panorpa

taiwanensis

372

(N. Suzuki 1990)

Panorpa

shibatai

372

(N. Suzuki 1990)

Panorpa

pectinata

372

(N. Suzuki 1990)

Panorpa

longiramina

336

(N. Suzuki 1990)

Panorpa

ochraceocauda

168

(N. Suzuki 1990)

Panorpa

emarginata

150

Panorpodes

paradoxus

782.4

21

(Hiroshi Ando 1973)

Papilio

machaon

192

21.5

(Masahiro Tanaka, Yukimasa Kobayashi, and

Parnassius

glacialis

576

21.5

(Du, Yue, and Hua 2009)

Hiroshi Ando 1983)
(Masahiro Tanaka, Yukimasa Kobayashi, and
Hiroshi Ando 1983)
Paropsis

charybsis

132

20

(Maino, Pirtle, and Kearney 2017)

Pegoscapus

bacataensis

552

14.1

(Jansen-G, Sarmiento, et al. 2008)

Periplaneta

americana

32

28

(Lenoir-Rousseau and Lender 1970)

Perla

marginata

1156.8

20

(Maino, Pirtle, and Kearney 2017)

Perlodes

mortoni

2184

15

(Maino, Pirtle, and Kearney 2017)

Phaneroptera

falcata

624

28

(Hartley and Warne 1972)

Philanisus

plebeius

420

24

(Anderson and Lawson-Kerr 1977)

Phormia

regina

14.5

Phyciodes

phaon

122.4

27

(Maino, Pirtle, and Kearney 2017)

Pieris
Plathemis

brassicae
lydia

149.52
336

20

(Maino, Pirtle, and Kearney 2017)
(Oskar A Johannsen and Ferdinand H Butt

(Auten 1934)

1941)
Platycnemis

pennipes

432

Platygaster

robiniae

264

24.3

(Kim et al. 2011)

Plectrocnemia

conspersa

508.8

15

(Maino, Pirtle, and Kearney 2017)

Plodia

interpunctella

64

30

(Dyby and Silhacek 1999)

Podisus

nigrispinus

121.92

23

(Maino, Pirtle, and Kearney 2017)

Poecilocerus

pictus

1632

30

(Maino, Pirtle, and Kearney 2017)

576

25.5

(Hiroshi Ando 1962)

Polycanthagyna
Pontania

(Seidel 1929)

capreae

216

(Ivanova-Kasas 1959)

Popilius

disjunctus

384

28

(J. B. Krause and M. T. Ryan 1953)

Popillia

japonica

192

30

(Maino, Pirtle, and Kearney 2017)

Protohermes

grandis

312

24

(Miyakawa 1979)

Protonemura

meyeri

367.2

20

(Maino, Pirtle, and Kearney 2017)

Protonemura

praecox

446.4

20

(Maino, Pirtle, and Kearney 2017)
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Pyrausta
Pyrgomorpha

bambusivora
cognata

134.4
408

26
28

Rachiplusia

nu

90

25

169

(Maino, Pirtle, and Kearney 2017)
(Chapman and Whitham 1968)
(Pansera-de-Araujo, Da Cruz, and Oliveira
1999)

Rathinda

amor

Rhipidolestes

72

28

(Maino, Pirtle, and Kearney 2017)

732

22.5

(Hiroshi Ando 1962)

Rhodnius

prolixus

360

26

(Kelly and Huebner 1989)

Rhodnius

prolixus

288

25

(Maino, Pirtle, and Kearney 2017)

Rhyzopertha

dominica

96

30

(Maino, Pirtle, and Kearney 2017)

Schistocerca

nitens

480

31

(Bentley et al. 1979)

Scirphophaga

nivella

Sieboldius

158.88

26

(Maino, Pirtle, and Kearney 2017)

408

25

(Hiroshi Ando 1962)

Simulium

pinctipes

132

(Gambrell and Jahn 1933)

Simulium

arcticum

228

18

(Shipp 1988)

Sitophilus

granarius

96

30

(Maino, Pirtle, and Kearney 2017)

Sitophilus

oryzae

96

30

(Maino, Pirtle, and Kearney 2017)

Smittia

parthenogenetica

84

Spodoptera

latifascia

85

(Kalthoff and Klaus Sander 1968)
25

(Pansera-de-Araujo, Da Cruz, and Oliveira
1999)

Stigmella

castanopsiella

3240

(Yukimasa Kobayashi 1996)

Stomoxys

calcitrans

23.5

30

(Ajidagba 1979)

Syllepte

derogata

111.6

26

(Maino, Pirtle, and Kearney 2017)

Syngamia

abruptalis

109.92

26

(Maino, Pirtle, and Kearney 2017)

Tachycines

asynamorus

888

26

(G. Krause 1938)

Taeniopteryx

nebulosa

360

20

(Maino, Pirtle, and Kearney 2017)

Tanypteryx
Tarsostenus

univittatus

864
240

21.5
21.1

(Hiroshi Ando 1962)
(S. George 1924)

Tenebrio

molitor

120

30

(Maino, Pirtle, and Kearney 2017)

Timema

monikensis

1080

20

(Jintsu, Uchifune, and Machida 2010)

Tiphodytes

gerriphagus

19

20

(Sousa 1999)

Tortopus

insertus

792

19.5

(Tsui and Peters 1974)

Tribolium

castaneum

86.4

30

(Brown et al. 2009)

Tribolium

confusum

160

25.5

(Stanley and Grundmann 1970)

Tribolium

castaneum

72

29

(Maino, Pirtle, and Kearney 2017)

Trichogramma

chilonis

22.5

24

(Masahiro Tanaka 1985)

Trichogramma

cacoeciae

28.5

25

(A.-N. Volkoff et al. 1995)

Trissolcus

basali

17

27

(N. Volkoff and Colazza 1992)

Txoorhynchites

brevipalpis

76.8

20

(Maino, Pirtle, and Kearney 2017)

Ululodes

mexicana

372

(Henry 1972)

Xiphidium

ensiferum

3600

(Wheeler 1893)

Zootermopsis

nevadensis

672

(Mukerji 1970)
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Zorotypus

caudelli

960

28

(Mashimo et al. 2014)
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Figure G.2: (A) An example micrograph of an egg, in this case from the cricket Gryllus
bimaculatus. (B) The user places points L1 and L2 at the poles of the egg. We define egg
“poles” as the points on opposite sides of the egg where curvature is steepest. (C) The tool
draws a line segment connecting L1 and L2 (magenta line) and then draws its perpendicular
bisector (dashed blue line). (D) The user places points M1 and M2 where the blue line meets
the egg margin. (E) The tool draws a line segment connecting M1 and M2, as well as its
midpoint M. Segments are drawn to connect M to each of L1 and L2. (F) The tool draws a
perpendicular bisector of each segment (blue dashed lines). (G) The user places points 1Q1,
1Q2, 3Q1, and 3Q2 where the blue lines meet the egg margin. These are the first quartile and
third quartile egg widths. (H) The user places points S1 and S2 at the ends of the scale bar.
Collected measurements from this image are as follows: Length is the distance from L1 to L2.
Width is the distance from M1 to M2. Volume and aspect ratio are calculated from length and
width as described in Chapter 5. We calculate the distance from 1Q1 to 1Q2 and from 3Q1
to 3Q2. Asymmetry is calculated as the ratio of the larger of those two values to the smaller.
Curvature is calculated as the angle formed by points L1, M, and L2. Figure made by SD.
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Figure G.3: These are several randomly selected egg images from the collection of references
described in Appendix H. I manually dropped anchor points on these sources using the
procedure demonstrated in Fig. G.2; these are screenshots of the parsing process itself. Colors
of points and lines correspond to those described in Fig. G.2. The orange line is the egg
“outline” that we interpolate from the green anchor points. Figure made by SD.
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Figure G.4: Silhouettes of a subset of eggs for which there was a suitable image available. I
used the method shown in Figs. G.2 and G.3 to estimate egg silhouettes. Eggs are arranged
from most curved (top) to least curved (bottom). The horizontal axis is arbitrary. Color of
each egg silhouette represents the egg’s calculated volume. Figure made by SD.
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Figure G.5: These are the silhouettes of 24 simulated eggs whose morphological features—
length, width, ellipticity, curvature, and asymmetry—were precisely selected. This shows an
example arrangement of eggs that roughly span the full range of morphologies that we observe
in real eggs. Figure made by SD.

Figure G.6: Panels show egg morphospace silhouettes of eggs (grey) as two of those three
dimensions are allowed to vary. At left, ellipticity is held constant at a value of 4; at center,
asymmetry is held constant at a value of 1; at right, curvature is held constant at a value of 0.
The occupancy of each morphospace across insects is shown in the semi-transparent colored
points. Point colors correspond to the clades shown in Fig. G.1. Figure made by SD and SHC.
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H.1

Aim of the paper

We are writing a “Data Descriptor” article for the journal called Scientific Data. This paper will accompany our
paper on egg evolution (a draft of which is included in this dissertation as Chapter 5). Its purpose is to describe
our compiled dataset and make it available for other researchers to use. An early draft of our manuscript in
preparation is included on the following pages. Sam Church wrote the first draft of this paper, and I have revised
and extended it. Our respective contributions to the project are summarized at the beginning of Chapter 5.
When it is published, we will also make available the full dataset of egg traits, references, and the software tools
that we wrote to help us collect the data. We will deposit the dataset to the online data repository Dryad and
post our code to Github.
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A database of egg size and shape from
more than 6,000 insect species
1

1

1

1

Samuel H. Church* , Seth Donoughe* , Bruno de Medeiros , Cassandra G. Extavour
* Equal Contribution

1. Department of Organismic and Evolutionary Biology, Harvard University, Cambridge MA 02138 USA

Abstract
The study of propagule size provides insight into many disparate biological processes, including maternal
investment in reproduction, progeny size and fitness, and embryological development. Multiple
evolutionary mechanisms have been hypothesized to drive propagule size evolution, but testing those
hypotheses requires phenotypic data from many thousands of species. We present a database of >10,000
morphological descriptions of insect eggs collected from the published entomological literature, with
records for >6,000 unique insect species representing every extant order. This database was created by
extracting descriptions of egg dimensions recorded in the primary literature, using custom bioinformatic
solutions to common problems with literature-based phenotyping. We additionally matched the taxa in
this database to currently accepted scientific names on taxonomic and genetic databases, facilitating the
future testing of evolutionary hypotheses with regard to propagule size evolution. This dataset represents,
to our knowledge, the most diverse dataset of animal propagule sizes to date both in terms of number of
species and range of size variation.

Background & Summary
The size of a reproductive propagule – for example an egg or a seed – has crucial implications for multiple
biological processes. From the perspective of the parent organism, propagule size is considered a
representation of maternal investment in offspring (Smith and Fretwell 1974, Blackburn 1991), and size is
predicted to be correlated with adult body size and propagule number (Berrigan 1991). From the
perspective of the offspring, the size of the propagule represents the starting material with which to
complete embryonic development, and is relevant to life history and ecology (Bernardo 1996). Within each
of these contexts, there are many evolutionary hypotheses proposed to explain patterns in the diversity of
propagule size (Fox and Czesak 2000). Critical to understanding the evolutionary forces driving propagule
size evolution is describing the distribution of size across an evolutionary tree (see, for instance, White et
al. 2007).
For insects, as for most animals, reproductive propagules are eggs. Entomologists have described the eggs
of thousands of insect species, recording an astounding diversity of shapes and sizes. Previous workers
have collected data for sub-clades within insects (e.g. Legay 1973, Berrigan 1991, García-Barros 2000, Iwata
1966, Markow 2009, O’Neill and Skinner 1990), these records had never been systematically compiled
across all the insects. Without a comparison of egg sizes across insects, it is difficult to ascertain basic
information such as the extant range of insect egg size. To our knowledge, evolutionary patterns of egg size
in relation to ecology, life history, and development have never been thoroughly tested across the insect
tree.
In order to describe the distribution of egg sizes across the insect tree, we created a database of egg
morphological descriptions from the entomological literature. We collected all data from published
records, both from text descriptions of insects eggs as well as from new measurements of published
images. We developed custom software that enabled us to collect data from thousands of publications
efficiently and reproducibly (see Figure 1 for our workflow). We make code freely available as a set of tools
that can facilitate other scientists in collecting phenotypic data from the literature.
Using this software, we extracted egg descriptions from 1,712 publications from the past 250 years (Table
1). The database has more than 10,000 entries representing every extant order of insects, hundreds of
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insect families, and more than 6,700 unique insect species (Table 1). The insect egg database includes
descriptions of both egg size and shape (Table 2) connected to insect scientific names that have been
matched to current taxonomic and genetic databases. The egg database is freely available, and will be
invaluable for analysing the evolutionary patterns of insect egg morphologies and testing evolutionary
hypotheses about propagule size.
Insect egg sizes vary across species, across individuals from the same species, and within a single individual.
The dataset described herein contains variation from all of these sources. Using multiple assays, we
calculated the degree of intraspecific variation in egg length as well as the distribution of data precision for
all database entries. The results of these assays provide the necessary information to assess interspecific
diversity of egg sizes in the context of variation within a species and variation due to data precision.
The insect egg database includes representatives of all insect orders, but these orders are not equivalent to
each other either in species number or in the historical degree of entomological study. We assayed the
phylogenetic coverage of the insect egg database relative to number of species estimated for each clade.
The results of this assay are valuable in both evaluating the bias present in the database, as well targeting
under-sampled clades as potentially rich datasets for future study.
The methods used in creating the insect egg database represent a solution to overcoming a high barrier
involved in collecting phenotypic data across large groups of organisms. These kinds of data (e.g.
morphological descriptions) are typically the most time-consuming data to collect, requiring increased
resources and expertise to reliably collect, identify, and describe morphological features across thousands
of species. This expense represents a barrier to performing macroevolutionary studies of morphological
evolution. One possibility to overcome this barrier is to rely on the thousands of data points already
published by experts in the scientific literature, yet this method bears its own challenges, such as building
concordance between taxonomic names and extracting data from published images. In the creation of this
database we present simple bioinformatic solutions to these challenges that are accessible to all
researchers. Both the egg database and the software solutions we used to generate it will have broad
reuse value for researchers interested in studying questions of morphological evolution across large
evolutionary scales.
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Table 1: Database Statistics
Bibliographic Statistics

Data Type Statistics

Taxonomic Statistics

references examined

2677

total entries in egg database

10256

unique hexapod
species

6752

references with egg
information

1712

entries with text description of length

7809

unique hexapod
genera

4070

unique authors

1468

length reported as average and deviation

1170

unique hexapod
families

518

unique journals / books

519

length reported as range

2218

unique hexapod orders 32

single length value reported

4421

only volume reported

1368

entries with an image

4851

images re-measured

2069

entries with both text and image
measurements

1265

3
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Table 2: Insect egg database traits
Raw Measurements

Standardized Measurements

Name

Units

Name

Units

Method

length or height

mm

length (l)

mm

as recorded

mm

width (w)

mm

greater value between width and
breadth

breadth or depth

mm

breadth (b)

mm

lesser value between recorded width
and breadth

volume (when length or width
measurements not available)

mm^3

volume

mm^3

4/3πlwb, or 4/3πlw^2, or recorded
volume

aspect ratio

ratio, no units

l/w

Traits extracted from text
width or diameter
descriptions

Raw Measurements

Traits measured from
published images

Standardized Measurements

Name

Units

Name

Units

Method

length (curved)

mm or px

length (l) *

mm

length (straight)

length (straight)

mm or px

width (w) *

mm

maximum value between three
measured diameters

width (midpoint)

mm or px

volume *

mm^3

4/3 π l w^2

width (1st quartile)

mm or px

aspect ratio

ratio, no units

l/w

width (3rd quartile)

mm or px

angle of curvature

radians

as recorded

angle of curvature

degrees and radians

asymmetry, ratio

ratio, no units

greater / lesser value of quartiles - 1

radius of curvature

mm or px

asymmetry (lambda)

no units

* ratio equation for allowable values *

Name

Units

Method

Transformation

length (l)

mm

prioritize text over image

log10

width (w)

mm

prioritize text over image

log10

breadth (b)

mm

prioritize text over image

log10

volume

mm^3

prioritize text over image

log10

aspect ratio

ratio, no units

prioritize text over image

log10

asymmetry

ratio, no units

sqrt

curvature

radians

sqrt

Finalized Measurements

Traits recorded in final
egg database

4
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Figure 1: The workflow used to create the insect egg database. We used simple bioinformatic solutions to common problems with literaturebased phenotypic surveys, with the goal to maximize efficiency, consistency, and reproducibility. Left: candidate publications were found using
online literature databases and evaluated for inclusion in the database using explicit predetermined criteria. The database of insect egg
publications is made available as a BibTeX file. Right: egg descriptions were extracted from PDFs using custom software, released along with
the database. Both text descriptions and published images of insect eggs were used to create a database of shape and size parameters. The
egg database is available in multiple data types at Dryad. Figure made by SHC.

Methods
Gathering primary literature with egg descriptions: The workflow used in assembling the database is shown
in Figure 1. Publications were identified for potential inclusion in the egg database using online literature
databases: Google Scholar, WebofKnowledge, and Harvard’s HOLLIS library system. We searched these
databases with a predetermined set of word pairs that included an insect clade name (e.g. ‘Diptera’,
‘Nematocera’, ‘Culicidae’) and an egg related term (e.g. ‘egg’, ‘chorion’, ‘embryo’). Following a search, all
putative publications were manually evaluated for inclusion in the database. The criteria for this evaluation
were: [1] Does the title or abstract of the paper indicate that the paper contains insect egg information? [2]
If the publication can be immediately previewed on the library system at our home institution (Harvard
University), does it contain an egg measurement or an egg image with a scale bar? [3] If the publication
cannot be immediately previewed, does the title or abstract refer to descriptions of the chorion, immature
stages, or embryology? If a publication met any of these criteria, bibliographic information was stored in a
master BibTeX reference file. Publications were continually added to the database throughout the study
(from October 2015 - August 2017). Publications in languages other than English were included in this
study, though due to the nature of online search engines, the database is enriched for those published with
at least an English abstract.
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Trait ontologies: The egg traits in the database are listed in Table 2. While the term “egg” is used in
different ways in the scientific literature on, for the purposes of this dataset, we define “egg” is as the
fertilized oocyte cell, i.e. the zygote. In most but not all insects, this cell is oviposited outside the adult
body. The egg is often enveloped in a non-cellular chorion, which may have additional modifications (e.g.
dorsal appendages, opercula). In taken egg measurements we attempted to exclude chorionic
modifications, with the goal to measure the comparable cellular material across species.
Egg measurements recorded in the database are defined as follows:
Egg length, referred to variably as egg height in some insect clades (e.g. Lepidoptera), is the distance
measured along the axis perpendicular to the axis of rotational symmetry. In the case of image
measurements performed here, both straight and curved distance were recorded.
Egg width (or egg diameter) is the widest diameter across the axis of rotational symmetry, irrespective of
the egg’s midpoint.
Egg breadth (or egg depth) is the diameter of the egg perpendicular to both egg length and egg width, in
cases where there is no axis of rotational symmetry (triaxial ellipsoid). This value is rarely recorded, given
that most eggs are assumed to be biaxial ellipsoids. In cases where breadth and width are both recorded,
we have defined width as the wider of the two diameters. In these cases, it can be difficult to determine
egg length without further context, given that there is no reference axis of rotational symmetry. However,
for the few eggs where this is true, the length of the egg can be determined by placing the egg in a
phylogenetic context. The nearest relatives of these insects all have an egg length larger than egg width.
We consider it likely that the greatest distance among the three axes is the homologous value (egg length),
and therefore the middle distance is egg width and the smallest distance is egg breadth.
Egg curvature is defined as the angle of curvature of the axis perpendicular to the plane of rotational
symmetry. This can be calculated as the angle formed from the two endpoints of egg length and the
midpoint of the intersection of egg width and egg length.
Egg asymmetry is defined as the change in diameter along the long axis. This can be measured as the ratio
of the diameter of the egg at the first and third quartile of egg length (with the first quartile always defined
as the smaller of the two).
Extracting egg descriptions from text sources: Information was extracted from publications using a script
that automatically opened and searched the text of a PDF of the publication [see Github commit]. The tool,
written in Python2, uses a text scoring formula to identify blocks of text that contain egg descriptions and
corresponding names. Each database entry was manually verified and stored in tab delimited format.
All text entries included – at a minimum – the genus name and one egg measurement. Measurements
were recorded as either an average and deviation, a range of measurements, or a point estimate; we
assigned precedence for inclusion in that order. In cases where multiple measurements over
developmental time were recorded, the measurement closest to oviposition was included. In cases of
oviviparous and viviparous insects, the measurement closest to the time of fertilization and the start of
embryonic development was included. A text description of the volume of the egg was included only in
cases where there was no available data on the linear dimensions of the egg. The majority of the
descriptions are reported as single values, though many include some record of variation (Table 1).
Measuring published images of eggs: Published images of eggs were measured using a custom tool which
allowed the user to calculate aspect ratio, curvature, and asymmetry of the egg by dropping guided
landmarks on the egg image. If the published image included a scale bar, the program also calculates the
absolute length and width of the egg. The final output of this tool was converted to a tab-delimited output
and combined with the data extracted from text descriptions. Images were included regardless of type (e.g.
light micrograph, scanning electron micrograph, drawing, photograph). However, images of low quality
were excluded when landmarks could not be unambiguously placed.
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Calculate final and transformed values: Following data extraction from text and image sources, we
calculated final and transformed values. Egg volume is calculated using the equation for the volume of an
ellipsoid (4/3 π l w b or 4/3 π l w^2). Egg aspect ratio is calculated using the equation l / w. Egg length,
width, breadth, volume, and aspect ratio were log10 transformed, and egg curvature and asymmetry were
square root transformed. For entries that had both a text description of egg size as well as an image with a
scale bar, the text description is prioritized. Both the raw and processed final database are available for
download.
Cross-referencing entries with taxonomic and genetic databases: For each entry, we used a custom tool to
query online taxonomic repositories in order to populate the higher taxonomic rankings, as well as match
each taxon to an NCBI ID for the phylogenetic analysis. This tool first uses the scientific name to search
Global Names Resolver, which uses a fuzzy matching algorithm to correct misspellings in addition to
updating deprecated taxonomic names to their current valid synonyms. Each validated name is then used
to search the Open Tree Taxonomy, to retrieve all available hierarchical taxonomic information (e.g. class,
order, family). The order returned by OTT was compared to the order extracted from the text description
where available. Entries with inconsistent order information, or where a valid name or taxonomic
information could not be found, were tagged as such but still included in the final database.
Assessing intraspecific variation: We assessed intraspecific variation in egg size descriptions using four
methods. First, for database entries that reported egg size variation (e.g. range of egg length, average egg
length with deviation) we calculated the percent difference between the largest and smallest egg lengths.
For egg descriptions recorded as ranges, we calculated the percent difference as 100 * (maximum length minimum length) / median length. For egg descriptions recorded as average and deviations we calculated
percent difference as 100 * (2 * deviation) / average egg length.
Second, we identified independent observations of a single species as two entries for the same species
which differed in the calculated volume by >1.0 * 10^-5 mm^3. This excluded entries which were repeated
publications of the same description, such as an observation repeated in a subsequent review. We
calculated the percent difference in egg length between observations as 100 * (maximum length minimum length) / median length.
Third, for entries that had both a text description of egg length as well as a published image with a scale
bar, we assessed the difference in the reported egg length and our re-measurement of the image. We
calculated percent difference between these two measurements as 100 * (maximum length - minimum
length) / median length.
Fourth, for eggs that were measured as triaxial ellipsoids (length, width, and breadth measured all
separately), we calculated the percent difference between the calculated egg volume if the egg had been
assumed to be a rotationally symmetric ellipsoid (volume = 4/3 π l w b vs volume = 4/3 π l w^2). This metric
gives insight into the variation in egg volume that might be masked when only two dimensions are
reported.
Precision of entries: We assessed the distribution of precision in the insect egg database using two metrics.
First, we calculated the number of significant figures for each database entry from a base of millimetres
(e.g. 1 significant figures = 1 mm, 3 significant figures = 1.00 mm). Second, we calculated the relative
precision of each measurement by dividing the total length of the egg by the smallest unit used to
measure, and then calculated the significant figures of this value. Therefore, while eggs measured as
0.1mm and 0.01mm long would have different absolute precision (2 and 3 respectively), they would have
the same relative precision (1), given that the smallest unit used to measure is equal to the total length of
the egg in both cases.
Phylogenetic Sampling: We estimated the phylogenetic coverage of the insect egg database by comparing
the number of egg entries for a taxonomic rank to the number of species in that rank, estimated by the
number of tips on the Open Tree of Life. We performed this assay for all insect orders, and for every insect
family present in the database.
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Code availability: All code used to generate the insect egg database as well as reproduce the tables and
figures here is made freely available. Python code used to compile the database and extract text
information from text sources, as well as the R code used to convert the raw database to the final database
and to generate the tables and figures shown here is available at [data source]. Python code used to
measure published images of eggs and to cross-reference the egg database with taxonomic tools are
available on Github [link]. The raw and processed insect egg databases are available at Dryad [entry
number].
Data Records: The final data files include the raw database in tab-delimited format, which includes all values
extracted from the text and images, as well as the final database in tab delimited format. Database is
deposited on Dryad.

Technical Validation

Figure 2: Assessing intraspecific variation and precision within the insect egg database. We calculated intraspecific variation in egg length
using four methods. Top left: for egg descriptions which reported variation in egg size within a species, the percent difference between the
longest and shortest egg ranged between 1% and 100% of the total egg length. Top right: for independent descriptions of eggs from the same
species, the percent difference between the longest and shortest egg also ranged between 1% and 100%. Middle left: for eggs with a text
description and a corresponding image with a scale bar, the absolute value of percent difference between our re-measurement and the text
description was consistent with the intraspecific variation reported above. Middle right: for eggs described as triaxial ellipsoids (length, width,
and breadth measured separately), the percent difference in volume calculated using breadth vs assuming rotational symmetry ranged
between 10% and 100%. Bottom left: entries in the egg database typically are measured using units of 0.1mm or 0.01mm. Bottom right:
entries in the egg database are typically precise to within 0.1 or 0.01 of the total egg length. Figure made by SHC.

Intraspecific variation in insect egg size was assessed using four metrics. The first two describe the percent
difference in egg size reported in the literature, either as variation recorded in an egg description (Figure 2,
top left), or as variation recorded across multiple independent observations of eggs from the same species
(Figure 2, top right). In both cases, the percent difference in egg length ranged from 1% to 100%, meaning
that for a species averaging an egg 1mm long, it would be common to observe eggs up to 2mm long.
Additionally, we re-measured published images of eggs and calculated the percent difference between our
measurements and the text description (Figure 2, middle left). The variation was consistent with that
reported in the literature.
Finally, while the majority of eggs in the database are described as rotationally symmetric ellipsoids, for
some clades of insects it is common to measure eggs as triaxial ellipsoids, with length, width, and breadth
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measured separately. Calculating the egg volume using two different methods – one taking into account
breadth, and the other assuming rotational symmetry – showed that the percent difference in calculated
volume ranges between 10% to 100%. This likely represents the upper range of the error in volume, as the
clades that are typically measured as triaxial ellipsoids are those which are most obviously flattened along
one axis.
The text descriptions in the insect egg database were extracted from a diverse set of sources published
over hundreds of years, and the resulting data vary in terms of precision (Figure 2). Most entries in the
database measure eggs in terms of tenths or hundredths of a millimeter (Figure 2, bottom left). Relative to
the length of the egg, most entries in the database are precise to within 1% to 10% of the total egg length
(Figure 2, bottom right). Given that intraspecific variation is also around 10% of total egg length, it is likely
that some of this variation is due to measurement error.

Figure 3: The insect egg database is sampled proportionally to the number of species in each clade. We compared the number of database
entries to the number of species estimated in every family present in the insect egg database and in every insect order. In both panels, the
dotted line shows an arbitrary standard of 1 entry per 100 estimated species. Left: insect families with the highest estimated number of species
are represented by the greatest number of entries in the egg database, and the majority of families in the database have more than 1 entry per
100 species. Right: every insect order is represented in the egg database by at least one entry, and the orders with the most species are the
most represented. Figure made by SHC.

Concluding remarks
The published scientific literature from the last 200 years contains a wealth of trait data. Many of the
records of the morphological characteristics of insects have been published in monographs, field guides,
and field-specific scientific journals. Much of this primary literature consists of anatomical descriptions,
drawings, micrographs, and photos taken by experts with close knowledge of a taxon. Compiling a dataset
from many publications is a time- and labor-intensive process, but the resulting databases are
tremendously valuable, and they have been used to address broad unanswered questions in evolutionary
biology (e.g. Toju et al. 2014; Gillooly et al. 2016). In the case of insect eggs, we have found that the size
and shape descriptions themselves have not been presented in a systematic, machine-readable way (Deans
et al. 2015). We have now translated them into such a format.
The egg database contains descriptions of eggs from every insect order and from hundreds of insect
families (Table 1). When we assessed the phylogenetic coverage of the egg database (Figure 3), we found
that most families in the egg database have more than 1 entry per 100 species. However, there are
multiple orders that are represented in the database by fewer than 10 entries, even those with thousands
of species. This is due in part to the historical nature of the entomological research for certain clades. For
example, while many descriptions of mantis oothecae exist, it is not common to measure the size of eggs
within the oothecae. Therefore, this group remains undersampled for propagule size in the literature. The
orders with the lowest representation are potentially rich new datasets to target for future study.
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Appendix H. A dataset of published records of the sizes and shapes of insect eggs
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