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Alternative model organisms: 
New tools, new insights  

into the evolution of development 



Model organisms have provided invaluable case 
studies of developmental processes but… 



…traditional model organisms represent very little of 
animal diversity 
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1.  How	  do	  we	  choose	  organisms	  for	  study?	  

2.  Case	  study:	  a	  basally	  branching	  model	  offers	  
insight	  into	  the	  evolu>on	  of	  germ	  line	  
specifica>on.	  

3.  Tool	  building:	  quan>ta>ve	  analysis	  of	  
puta>ve	  “ancestral”	  insect	  development.	  
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Tradi>onal	  model	  organisms	  are	  derived	  rela>ve	  to	  
basally	  branching	  members	  of	  their	  clades	  

Kuntzei lab 

most	  body	  plan	  elements	  
established	  zygo>cally	  
(later	  in	  development)	  

most	  body	  plan	  elements	  
established	  maternally	  
(earlier	  in	  development)	  

Lab	  models	  tend	  to	  be	  selected	  because	  of	  their:	  
fast	  development	  

rapid	  sexual	  matura2on	  
large	  popula2on	  sizes	  

high	  tolerance	  for	  environmental	  variability	  

David Behl 



Kuntzei lab 

Gryllus bimaculatus Drosophila melanogaster 

•  Easy culture 

•  Transcriptome 

•  Draft genome 

•  Embryos all year 

•  10 day embryogenesis 

•  6 week life cycle 

•  RNA interference, CRISPR/Cas9 

•  Easy culture 

•  Community 

•  Complete genome 

•  Embryos all year 

•  24 hour embryogenesis 

•  10 day life cycle 

•  Powerful genetics 

David Behl 

cricket embryo dissection 



Kuntzei lab 

Gryllus bimaculatus Drosophila melanogaster 

•  Hemimetabola (direct development) 

•  Short germ development 

•  Sequential segmentation 

•  Panoistic ovaries (no nurse cells) 

•  2 Large extra embryonic membranes 

•  Small embryonic rudiment 

•  Blastokinesis  

•  Holometabola (metamorphosis) 

•  Long germ development 

•  Simultaneous segmentation 

•  Meroistic ovaries (nurse cells) 

•  Reduced extra embryonic membrane 

•  Large embryonic rudiment 

•  No blastokinesis 

David Behl 

ANCESTRAL	  FEATURES	  DERIVED	  FEATURES	  



Donoughe and Extavour, 2016 Dev Biol; Nakamura et al, 2010 Curr Biol 

Embryonic development in Gryllus bimaculatus 



1.  How	  do	  we	  choose	  organisms	  for	  study?	  
–  The	  most	  convenient	  laboratory	  organisms	  may	  
provide	  limited	  evolu>onary	  inference.	  

–  Phylogene>c	  posi>on	  and	  experimental	  tools	  should	  
correspond	  to	  the	  ques>ons	  being	  asked.	  

–  Basally	  branching	  insect	  and	  arthropod	  models	  can	  
help	  place	  findings	  from	  Drosophila	  melanogaster	  in	  
an	  appropriate	  evolu>onary	  context.	  

– Gryllus	  bimaculatus	  is	  a	  promising	  model	  to	  
understand	  the	  evolu>on	  of	  arthropod	  development.	  
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Animals have two main ways of making 
primordial germ cells (PGCs) 

Inheritance Induction

may be 
ancestral in 
animal PGC 
formation. 

Extavour & Akam  Development 2003 

Induction: 
cell-cell 
signals 

Inheritance: 
cytoplasmic 

determinants 
(germ plasm) 

somatic cells germ cells 



Zygo>c	  mechanisms	  rather	  than	  maternal	  determinants	  
make	  germ	  cells	  in	  basally	  branching	  arthropods	  

Gryllus	  bimaculatus	  

Parasteatoda	  tepidariorum	  

Oncopeltus	  fasciatus	  

Ewen-Campen et al. BMC Genomics 2011 
Zeng et al. BMC Genomics 2011 
Zeng & Extavour Database 2012 

Zeng et al. PLoS ONE 2013 
Ewen-Campen et al. Current Biology 2013 

Ewen-Campen et al. BiO 2013 
Posnien et al.  PLoS ONE 2014 

Schwager et al. Developmental Biology 2015 



Mouse and cricket PGCs are generated by  
BMP signalling upstream of Blimp-1  

BLIMP1 

Donoughe et al. PNAS 2014 
Nakamura & Extavour, Development, 2016 



How did germ plasm assembly evolve? 

Saitou Cold Spring Harbor Perspectives in Biology 2012; Anne PLoS ONE 2010 

assembly (Fig. 7) in which two different pathways direct the
localization of Vas and Tud in the polar granules. Osk may
directly bind Vas whereas its interaction to Tud is mediated by
Vls.

In addition, the process of pole plasm assembly may involve an
interaction between Vas and Tud. This interaction could stabilize
the structure containing both proteins. Two mechanisms can be
envisaged for stabilizing Vas and Tud in polar granules. The first
mechanism may involve an RNA-mediated association, as
supported by the finding that Vas interacts with Tud through
RNA. In a second mechanism, Vas and Tud may bind together
through a weak association of the methylated RG domains of Vas
and one or several Tudor domains of Tud. As previously reported
SmB can bind to Tudor domains of Tud when the arginine
residues in its RG-repeats are methylated [30]. As Vas contains a
high number of clustered RG repeats whose arginine residues can
be potentially methylated [31], it is possible to envisage that
methylated forms of Vas could bind to one or more of the multiple
Tudor domains. Interestingly the RG-rich domain of Vas is not
required for interaction with Osk, leaving the possibility that this
domain could mediate interaction with other proteins, such as
Tud. This possibility could be tested experimentally when
molecular events taking place within the polar granules would
be accessible to biochemical analysis.

Materials and Methods

Fly strains
The wild-type fly strain and the recipient stock for P element

transformation used in this study were Oregon R and w1118,
respectively. The mutant alleles and allelic combinations were b
vasQ7 pr/CyO, b vasO11 pr cn/CyO [32], vasPH165/CyO [23], tud1/CyO,
tud1/tudWE8 [33], maelM391/Df(3L)79E-F [27], aubHN/N11 [34],
krimpf06583/Df(2R)Exel6063 [22], osk84/Df(3R)pXT103 [35]. The
Pvas-GFP-Vas line [26] was given by A. Nakamura. Flies were
grown at 25uC on corn/agar medium. Dry yeast was added to the
medium the day before females were dissected for ovary
preparation.

Molecular Biology
Plasmid constructs were generated by amplification of the

desired fragments by PCR (High Fidelity PCR Master; Roche),
and were subcloned into appropriate vectors. osk and vas cDNA
plasmids were kindly provided by A. Ephrussi and P. Lasko,
respectively.

Immuno-precipitation
Fly ovaries were dissected with forceps, collected in 1xPBS

buffer in a microcentrifuge tube, and centrifuged at 10,000xg for
one minute at 4uC. The supernatant was removed and the ovaries
were suspended and homogenized in 125 ml of ice-cold IP buffer
(145 mM NaCl, 10% glycerol, 1 mM MgCl2, 1.5 mM NaH2PO4,
8 mM Na2HPO4 [pH 7.4], 0.5% NP-40) containing protease
inhibitors (complete EDTA-free protease inhibitor cocktail;
Roche). Lysate was clarified by centrifugation at 14,000xg for
10 min at 4uC. The supernatant was removed and mixed with
anti-Vas antibodies coupled to protein-A beads (90 units of
RNasin were eventually added) for 5 hours at 4uC on a rotator.
The protein-A beads were separated at low speed centrifugation,
suspended in IP buffer, and washed 5 times. Proteins associated
with the beads were then analyzed on a western blot for the
presence of Tud by using an enhanced chemiluminiscence system.
For the release experiment the immuno-complexes were washed
extensively and incubated for 20 minutes at room temperature
with 50mg of RNase A (Roche).

Immunocytochemistry
Ovaries were dissected in PBS, fixed in 4% paraformaldehy-

de:heptane (1:1) in PBS for 12 minutes, washed four times for
20 min in 0.1% Tween 20 in PBS (PBT), treated one hour in 1%
Triton X-100 in PBS, and blocked for 1 h in 2% BSA in PBT.
Primary antibody incubation was performed in 0.5% BSA, 5%
normal goat serum in PBT overnight at 4(C, followed by several
washes in PBT. Egg chambers were mounted in Elvanol. GFP-Vas
egg chambers were fixed in 4% paraformaldehyde in PBS for 10
minutes, washed four times for 10 min in PBT, immunostained as
described above, and mounted in Glycerol:PBS, 1:1. Confocal
data were acquired as single images with a Zeiss LSM 510 or
Nikon Ellipse microscope. Primary antibodies were rabbit anti-
Tud (TUD65) made against the C-terminal region of Tud protein
(residues 2189–2515) [36] and rabbit anti-Osk antibodies [6].
Specificity of the anti-Tud serum was controlled by immunostain-
ing tud mutant egg chambers. Only background signal could be
detected at all stages (Fig. S3). Chromatin was visualized by
staining with Oli-Green (Molecular Probes). Cy3-conjugated
secondary antibodies (Jackson ImmunoResearch Laboratories)
were used at 1:200.

GST Pull-Down Assay
Full-length coding sequence of the vls and vas cDNAs were

subcloned into pGEX6P2 (GE Healthcare) and the fragment of osk
cDNA corresponding to the short Osk isoform into pCITE-4
(Novagen). Recombinant proteins were synthesized in vitro using
the TNT T7 Coupled Reticulocyte Lysate System (Promega) in
the presence of unlabeled amino acids. GST-fusion proteins
expressed in E. coli were purified with glutathione sepharose (GE
Healthcare) and washed with binding buffer (20 mM HEPES,
[pH 7.8], 10% glycerol, 300 mM NaCl, 0.1% sodium deoxycho-
late, 0.1% NP40, and 0.1% Triton X-100) plus protease inhibitors
(Complete EDTA free from Roche; 1:50 dilution). Recombinant
proteins (10% of the reaction volume) were added to this mixture
(in 1 ml) and incubated for 3 hr at room temperature. The beads

Figure 7. Scheme of polar granule assembly. This model is mainly
based on the finding that Tud and Vas can localize in polar granule
independently from each other and that Vls mediates the localization of
Tud by binding to both Tud and Osk. An association between Vas and
Tud could be mediated by RNA or through protein-protein interaction
(See Discussion).
doi:10.1371/journal.pone.0014362.g007

Tudor Localization in Germline
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Drosophila:	  
Oskar	  

inheritance	  

Mus,	  Gryllus:	  
BMP	  

Induc>on	  

germ plasm 

There is a conserved molecular 
signature of germ cell fate, independent 

of the upstream mechanisms 

Inheritance InductionInheritance Induction



Gryllus oskar does not play “canonical” oskar roles 

Drosophila oskar: 

•  Asymmetric localization in oocyte or early 

embryo 

•  PGC formation  

•  Oogenesis  

•  Posterior determinant localization or patterning 

Ewen-Campen et al. Current Biology 2012 

NO 

Ewen-Campen et al. Current Biology 2012 

DNA 
Germ 
cells 

Gb-osk 
transcript and 

protein are 
expressed in 

cricket 
neuroblasts. 



Gryllus oskar knockdown causes defects in embryonic 
axonal morphogenesis and neuronal patterning 

Thin/broken 
longitudinal 
connectives 

Delayed anterior 
commissure 

formation 

Ewen-Campen et al., Current Biology 2012 

Missing 
RP2, aCC or pCC 

neurons 
Longitudinal connective 

defects 
Anterior & posterior 
commissure defects 



2.  Case	  study:	  a	  basally	  branching	  model	  offers	  insight	  
into	  the	  evolu>on	  of	  germ	  line	  specifica>on.	  
–  Germ	  plasm	  is	  a	  derived	  mode	  of	  germ	  line	  specifica>on	  in	  
insects	  (and	  likely	  in	  animals).	  

–  Cell-‐cell	  signaling	  (BMP/Blimp-‐1	  based?)	  likely	  ancestral.	  
–  oskar	  may	  have	  played	  an	  ancestral	  neural	  role	  in	  
Hemimetabola,	  and	  then	  been	  co-‐opted	  to	  a	  germ	  line	  role	  
in	  Holometabola,	  facilita>ng	  the	  evolu>on	  of	  germ	  plasm.	  
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Holoblas>c	  
	  

Nuclear	  division	  
with	  cell	  cleavage	  

Syncy>al	  
	  

Nuclear	  division	  
without	  cleavage	  

Animals have one of two types of embryonic cleavage 



flea 

fruit fly 

moth 

beetle 

milkweed bug 

cricket 

Crustaceans 

Nematodes 

Vertebrates 

Anemones 

dragonfly 

springtail 

Nuclear divisions without cell cleavages 

Nuclear divisions with cell cleavages 
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405	  480	  
Misof	  et	  al.,	  2014	  

Millions	  of	  years	  ago:	  



Nakamura et. al., 2010 

Tomer et al. 2012 

Gryllus bimaculatus 

Drosophila melanogaster 

Syncitial cleavage is not uniform across insects 

P A 



Nakamura et. al., 2010 

Tomer et al. 2012 

Gryllus bimaculatus 

Drosophila melanogaster 

Blastoderm stages, embryonic and extra-embryonic  
establishment are not uniform across insects 

P A 



axial      expansion 

embryonic      coalescence 

P A 



Captured 
image 

Method 1: 
Lightsheet Z.1 



Method 2: 
Cell Observer 

Donoughe, Kim & Extavour in prep. 



Method 2: 
Cell Observer 

Donoughe, Kim & Extavour in prep. 



Modular device, easy to make with a laser cutter 



Eleutherodactylus coqui (frog) Hofstenia miamia (acoel) 

Easy to design inserts for different species 



•  3 dimensional nucleus position 
information 

•  1 Embryo at a time 
•  4 angles, ~500 time points 
 

•  2 dimensional nucleus position 
information 

•  ~20 embryos at a time 
•  1 angle, ~500 time points 

Lightsheet Z.1 Cell Observer 

P 

A 

P A 
Donoughe, Hoffmann, Rycroft & Extavour unpublished 



axial      expansion 

embryonic      coalescence 

P A 





extra-embryonic tissue embryonic rudiment 


