
















anterior head anlagen (Fig. 8H-K). These early expression domains
might therefore explain the high levels of embryonic lethality and/or
head phenotypes resulting from our pRNAi injections. The RNAi
defects associated with appendages (i.e. antennae and legs) also
correlated with specific Tc-opa expression domains (Fig. 5P-R),
such that overall there was a tight association between the cuticle
defects we observed following RNAi and the numerous domains of
Tc-opa expression.

Embryonic RNAi for Tc-opa reveals an important role in
segmentation
We hypothesized that a crucial blastoderm role for Opa might arrest
development at early stages in eggswhere Tc-opa is strongly knocked
down, precluding the appearance of severe segmentation phenotypes
in our pRNAi experiments and in those of Choe and colleagues.
Consistent with this idea, fixations of 48 h (30°C) egg collections
from 5′ pRNAi females revealed very few germband stage embryos
(7/311; 2%) compared with controls (459/669; 67%). DAPI staining
of the germband-less eggs revealed that very few had reached the
blastoderm stage (1/50; 2%) but many had commenced nuclear

divisions (34/50; 68%), indicating that embryonic development was
starting, but usually stalling before the blastoderm stage (Fig. S13).

To bypass these early roles of Tc-opa in embryogenesis, we
decided to perform embryonic RNAi (eRNAi), using the same 5′
and 3′ dsRNA fragments. Egg injections of Tc-opa dsRNA were
carried out at pre-blastoderm to early blastoderm stage (2-4 h AEL
as measured at 30°C), alongside control injections of buffer. In
agreement with our supposition that early Tc-opa expression is
necessary for development, the prevalence of empty eggs resulting
from these injections (3′: 80/198; 40%, and 5′: 117/252; 46%) was
relatively low compared with 5′ pRNAi (257/300; 86%), and not
that much higher than observed in control embryonic injections (55/
198; 28%) (Fig. 7A).

Strikingly, the proportion and severity of segmentation
phenotypes increased dramatically with eRNAi compared with
pRNAi (Fig. 7C). We observed a phenotypic series in segmentation
defects, ranging from local segment fusions (Fig. 7L-M′), as seen in
the pRNAi experiments, through to canonical pair-rule phenotypes
(Fig. 7N,O), as reported in the iBeetle screen, and finally compacted
balls of cuticle or cuticle fragments, sometimes with only a hindgut

Fig. 8. Tc-opa expression in wild-type blastoderms and Tc-opa RNAi germbands. (A-C) Tc-opa mRNA in early embryos. Eggs in each panel were imaged
simultaneously, all panels use the same microscope/camera settings. (D) High-resolution image of the egg in F, revealing nascent nuclear Tc-opa transcripts
(‘nuclear dots’) in energids surfacing to form the blastoderm. (E-L′) Blastoderm eggs of increasing age stained for Tc-opa (E-L, blue) and Tc-wg (I-L, red),
staged using DAPI staining (E′-L′). (M-P) Germband stage embryos from Tc-opa RNAi females stained for Tc-opa, compared with controls from sham-injected
females (Tc-wg, red, used for stage matching). Note reduced head lobes and punctate Tc-opa expression (N′), reflecting reduced transcript levels in the
cytoplasm and strong nuclear dots. Black arrow in O indicates antennal Tc-opa and Tc-wg domains, missing from P. Coloured bars in O,P highlight an altered
segment-polarity pattern in P. Scale bars: 100 µm.
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remaining (Fig. S14). In the thorax, the fusions always involved the
loss of odd-numbered segment boundaries (Fig. 7D), just as seen in
opa mutant cuticles in Drosophila (Jürgens et al., 1984; Benedyk
et al., 1994). Fusions in the abdomen were typically more extensive,
involving both odd-numbered and even-numbered boundaries. The
5′ and 3′ eRNAi phenotypes were very similar in type and
frequency, ruling out off-target RNAi effects, and their relative
absence from injection controls and similarity to pRNAi phenotypes
argues against injection artefacts (Figs. S11 and 12; Tables S1-S3).
Taken together, these results indicate that opa is indeed (in addition
to many other roles) a segmentation gene in Tribolium, and that its
segment patterning role is likely at least partially conserved between
long-germ and short-germ insects.

Surviving Tc-opa pRNAi germbands exhibit a range of
defects correlated with cuticle phenotypes
The appearance of strong head phenotypes but not strong
segmentation phenotypes in our pRNAi experiments suggests that
the head patterning function of Tc-opa is more sensitive to RNAi
than both the blastoderm and segmentation functions. Indeed, when
we examined pRNAi germbands (Fig. 8M-P), we found several
with much reduced head lobes (presumably corresponding to the
head phenotypes observed in the cuticles) and these had essentially
normal segmental Tc-wg expression. We also observed a loss of
antennal Tc-wg expression and an asymmetric ectopic stripe of Tc-
wg expression within the second thoracic segment, correlating with
antennal abnormalities and T2 leg bifurcations, respectively
(Fig. S12J-O).

In these pRNAi embryos, cytoplasmic Tc-opa expression was
largely absent, indicating that the RNAi had at least been partially
effective. However, the embryos exhibited very strong nuclear dots
(Fig. 8N′), indicating that Tc-opa was being transcribed at high
levels, and might be hard to knock down completely using pRNAi.
In addition, although the Tc-wg stripes in these embryos indicated
successful segment boundary formation, the germbands were
shorter and fatter than in wild type and the pattern of Tc-opa
expression was abnormal. These observations indicate that subtle
AP patterning defects (such as convergent-extension problems and
segment-polarity abnormalities) occur even in partial knockdowns,
perhaps explaining the local segment fusions we observed in
pRNAi cuticles.

DISCUSSION
We have found that segment patterning in both Drosophila and
Tribolium occurs within a conserved framework of sequential Caudal,
Dichaete and Odd-paired expression. In the case of Opa, we also have
evidence for conserved function. However, although the sequence
itself is conserved between the two insects, its spatiotemporal
deployment across the embryo is divergent (Fig. 9A). In
Drosophila, the factors are expressed ubiquitously within the main
trunk, and each turns on or off almost simultaneously, correlatingwith
the temporal progression of a near simultaneous segmentation
process. In Tribolium, their expression domains are staggered in
space, with developmentally more advanced anterior regions always
subjected to a ‘later’ regulatory signature than more-posterior tissue.
These expression domains retract over the course of germband

Fig. 9. A conserved regulatory framework
for arthropod segmentation. (A) Schematic
comparison of timing factor expression during
Drosophila versus Tribolium segmentation.
Kymographs depict expression along the
ectodermal AP axis over time. Dotted lines
mark blastoderm-to-germband transition.
Neural and segment-polarity expression
domains are not drawn. (B) Proposed scenario
for the evolution of arthropod segmentation:
ancestrally, timing factors regulated AP axis
extension and ‘segmentation’ genes had
neural functions (top); the evolution of short-
germ segmentation involved segmentation
genes coming under the spatiotemporal
regulation of the timing factors within the
germband (middle); the evolution of long-germ
segmentation involved the timing factors
being expressed earlier in development and
the pair-rule genes being spatially regulated by
the gap genes (bottom).
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extension, correlating with the temporal progression of a sequential
segmentation process built around a segmentation clock.

Orchestration of complex developmental processes by
extrinsic timing factors
Pair-rule patterning involves several distinct phases of gene
expression, each requiring specific regulatory logic (Clark and
Akam, 2016a). We propose that, in both long-germ and short-germ
species, thewhole process is orchestrated by a series of key regulators,
expressed sequentially over time, three of which we have focused on
in this manuscript. By rewiring the regulatory connections between
other genes, factors such asDichaete andOpa allowa small set of pair-
rule factors to carry out multiple different roles, each specific to a
particular spatiotemporal regulatory context. This kindof control logic
makes for a flexible, modular regulatory network, and may therefore
turn out to be a hallmark of other complex patterning systems.
Having highlighted the significance of these ‘timing factors’ in this

manuscript, the next stepswill be to investigate their precise regulatory
roles and modes of action. It will be interesting to dissect how genetic
interactions with pair-rule factors are implemented at the molecular
level.Dichaete is known to act both as a repressive co-factor (Zhao and
Skeath, 2002; Zhao et al., 2007) and as a transcriptional activator
(Aleksic et al., 2013); therefore, a number of different mechanisms are
plausible. The Odd-paired protein is also likely to possess both these
kinds of regulatory activities (Ali et al., 2012).

Conserved temporal regulation of insect segmentation?
Given the phylogenetic distance between beetles and flies
(separated by at least 300 million years, Wolfe et al., 2016), we
expect that the similarities we see between Drosophila and
Tribolium segmentation are likely to hold true for other insects,
and perhaps for many non-insect arthropods as well. We propose
that these similarities, which argue for the homology of long-germ
and short-germ segmentation processes, result from conserved roles
of Cad, Dichaete and Opa in the temporal regulation of pair-rule and
segment-polarity gene expression during segment patterning. This
hypothesis can be tested by detailed comparative studies in various
arthropod model organisms.
Above, we have provided evidence that a segmentation role

for Opa is conserved between Drosophila and Tribolium; clear
segmentation phenotypes have also been found for Cad in Nasonia
(Olesnicky et al., 2006), and for Dichaete in Bombyx (Nakao, 2017).
However, as our Tc-opa experiments reveal, functional
manipulations in short-germ insects will need to be designed
carefully in order to bypass the early roles of these pleiotropic
genes. For example, cad knockdowns cause severe axis truncations
in many arthropods (Copf et al., 2004), whereas Dichaete
knockdown in Tribolium yields mainly empty eggs (Oberhofer
et al., 2014).

Opa is a key developmental transcription factor in Tribolium
It was previously thought that Tc-opa was not required for
segmentation (Choe et al., 2006, 2017), and that the
segmentation role of Opa may have been recently acquired, in the
lineage leading to Drosophila (Choe and Brown, 2007). However,
our analysis reveals that Tc-opa is indeed a segmentation gene, and
also has other important roles, including head patterning and
blastoderm formation. Given that a similar developmental profile of
opa expression is seen in the millipede Glomeris (Janssen et al.,
2011), and even in the onychophoran Euperipatoides (Janssen and
Budd, 2013), we think that the segmentation role of Opa may
actually be ancient.

Head phenotypes following Tc-opa RNAi were unexpected, but
both the blastoderm expression pattern and cuticle phenotypes we
observe are strikingly similar to those reported for Tc-otd and Tc-
ems (Tribolium orthologues of the Drosophila head ‘gap’ genes
orthodenticle and empty spiracles; Schinko et al., 2008), suggesting
that the three genes function together in a gene network that controls
early head patterning. This function of Tc-opa might be
homologous to the head patterning role for Opa discovered in the
spider Parasteatoda (Kanayama et al., 2011), where it interacts with
both Otd and Hedgehog (Hh) expression. Opa/Zic is known to
modulate Hh signalling (Koyabu et al., 2001; Chan et al., 2011;
Quinn et al., 2012), and a role for Hh in head patterning appears to
be conserved across arthropods, including Tribolium (Farzana and
Brown, 2008; Hunnekuhl and Akam, 2017).

Finally, Opa/Zic is also known to modulate Wnt signalling
(Murgan et al., 2015; Pourebrahim et al., 2011). In chordates, Zic
expression tends to overlap with sites of Hh and/or Wnt signalling,
suggesting that one of its key roles in development is to ensure cells
respond appropriately to these signals (Fujimi et al., 2012; Sanek
et al., 2009; Chervenak et al., 2013; Houtmeyers et al., 2013). The
expression domains of Tc-opa that we observe in Tribolium (e.g. in
the head, in the SAZ and between parasegment boundaries) accord
well with this idea.

The evolution of arthropod segmentation
Similar embryonic expression patterns of Cad, Dichaete and Opa
orthologues are observed in other bilaterian clades, including
vertebrates. Cdx genes are expressed in the posterior of vertebrate
embryos, where they play crucial roles in axial extension and Hox
gene regulation (van Rooijen et al., 2012; Neijts et al., 2016). Sox2
(a Dichaete orthologue) has conserved expression in the nervous
system, but is also expressed in a posterior domain, where it is a key
determinant of neuromesodermal progenitor (posterior stem cell)
fate (Wood and Episkopou, 1999; Wymeersch et al., 2016). Finally,
Zic2 and Zic3 (Opa orthologues) are expressed in presomitic
mesoderm and nascent somites, and have been functionally
implicated in somitogenesis and convergent extension (Inoue
et al., 2007; Cast et al., 2012). All three factors thus have
important functions in posterior elongation, roles that may well be
conserved across Bilateria (Copf et al., 2004).

In Tribolium, we think that all three factors may be integrated into
an ancient gene regulatory network downstream of posterior Wnt
signalling, which generates their sequential expression and helps
regulate posterior proliferation and/or differentiation (McGregor
et al., 2009; Oberhofer et al., 2014; Williams and Nagy, 2016). The
mutually exclusive patterns of Tc-wg and Tc-Dichaete in the
posterior germband are particularly suggestive: Wnt signalling and
Sox gene expression are known to interact in many developmental
contexts (Kormish et al., 2010) and these interactions may form
parts of temporal cascades (Agathocleous et al., 2009).

We therefore suggest the following outline as a plausible scenario
for the evolution of arthropod segmentation (Fig. 9B).

1. In non-segmented bilaterian ancestors of the arthropods, Cad,
Dichaete and Opa were expressed broadly similarly to how
they are expressed in Tribolium today, mediating conserved
roles in posterior elongation, while gap and pair-rule genes
may have had functions in the nervous system (Isshiki et al.,
2001; Doe et al., 1988; Mondal et al., 2007; Shimojo et al.,
2008; Janssen and Budd, 2013).

2. At some point, segmentation genes came under the regulatory
control of these factors, which provided a pre-existing source
of spatiotemporal information in the developing embryo.
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Pair-rule genes began oscillating in the posterior, perhaps under
the control of Cad (El-Sherif et al., 2014; Schönauer et al.,
2016) and/or Dichaete, while the posteriorly retracting
expression boundaries of the timing factors provided smooth
wavefronts that effectively translated these oscillations into
periodic patterning of the AP axis, analogous to the roles of the
opposing retinoic acid and FGF gradients in vertebrate
somitogenesis (Oates et al., 2012).

3. Much later, in certain lineages of holometabolous insects, the
transition to long-germ segmentation occurred. This would
have involved two main modifications of the short-germ
segmentation process: (i) changes to the expression of the
timing factors, away from the situation seen in Tribolium, and
towards the situation seen in Drosophila, causing a
heterochronic shift in the deployment of the segmentation
machinery from SAZ to blastoderm; and (ii) recruitment of
gap genes to pattern pair-rule stripes, via the ad hoc evolution
of stripe-specific elements (Peel and Akam, 2003; Rosenberg
et al., 2014).

The appeal of this model is that the co-option of existing
developmental features at each stage reduces the number of
regulatory changes required to evolve de novo, facilitating the
evolutionary process. In this scenario, arthropod segmentation
would not be homologous to segmentation in other phyla, but would
probably have been fashioned from common parts (Chipman, 2010;
Graham et al., 2014).

MATERIALS AND METHODS
Drosophila melanogaster
Embryo collections were carried out at 25°C. The Drosophilamutants used
were Dr72 (a gift from Steve Russell, University of Cambridge, UK) and
eve3 (a gift from Bénédicte Sanson, University of Cambridge, UK). Wild-
type flies were Oregon-R. In order to distinguish homozygous mutant
embryos, mutant alleles were balanced over CyO hb::lacZ (Bloomington
stock number 6650). DIG-labelled and FITC-labelled riboprobes were
generated using full-length cDNAs from the Drosophila gene collection
(Stapleton et al., 2002), obtained from the Drosophila Genomics Resources
Centre. The clones used were LD29596 (cad), LD16125 (opa), RE40955
(hairy), MIP30861 (eve), IP01266 (runt), GH22686 ( ftz), RE48009 (odd),
GH04704 ( prd), LD30441 (slp) and F107617 (en). The cDNA forDichaete
was a gift from Steve Russell and the cDNA for lacZwas a gift from Nan Hu
(University of Cambridge, UK).

Double fluorescent in situ hybridisation was carried out as described
previously (Clark and Akam, 2016a). Images were acquired using a Leica
SP5 confocal microscope. Contrast and brightness adjustments of images
were carried out using Fiji (Schindelin et al., 2012; Schneider et al., 2012).
Some of the wild-type images were taken from a previously published
dataset (Clark and Akam, 2016b).

Tribolium castaneum
Whole-mount in situ hybridisation
Tribolium castaneum eggs (San Bernardino strain) were collected on
organic plain white flour (Doves Farm Foods, Hungerford, UK) at 30°C
over a period of 48 h. Alkaline phosphatase in situ hybridisation on whole-
mount embryos were carried out as previously described (Schinko et al.,
2009). RNA probes were DIG labelled (all genes) and in most cases also
FITC labelled (Tc-Dichaete, Tc-opa, Tc-prd, Tc-wg and Tc-en) and
prepared according to Kosman et al. (2004), using gene fragments
amplified from Tribolium castaneum genomic DNA (for Tc-cad, Tc-eve,
Tc-odd and Tc-run) or cDNA (for Tc-Dichaete, Tc-opa, Tc-prd, Tc-wg and
Tc-en) and cloned into the pGEM-T Easy Vector (Promega).

The generation of DIG-labelled probes against Tc-cad has been
previously described by Peel and Averof (2010), and the generation of
DIG-labelled probes against Tc-eve and Tc-odd has been previously
described by Sarrazin et al. (2012). The remaining gene fragments were

amplified using the following primers: Tc-run, 5′-CAACAAGAGCCTG-
CCCATC-3′ and 5′-TACGGCCTCCACACACTTT-3′ (amplifies a 3158 bp
fragment); Tc-Dichaete (TC013163), 5′-TAACAACCGACACCCAACAG-3′
and 5′-TTGACGACCACAGCGATAATAA-3′ (921 bp fragment); Tc-opa
(TC010234), 5′-CCCAAGAATGGCCTACTGC-3′ and 5′-TTGAAGGG-
CCTCCCGTT-3′ (710 bp 5′ fragment), and 5′-GCGAGAAGCCGTTC-
AAAT-3′ and 5′-TCTCTTTATACAATTGTGGTCCTAC-3′ (705 bp 3′
fragment) (two probes made separately and combined); Tc-prd, 5′-GAA-
TACGGCCCTGTGTTATCT-3′ and 5′-ACCCATAGTACGGCTGATGT-3′
(1179 bp fragment); Tc-wg, 5′-CAACGCCAGAAGCAAGAAC-3′ and 5′-
ACGACTTCCTGGGTACGATA-3′ (1095 bp fragment); Tc-en, 5′-TGCA-
AGTGGCTGAGTGT-3′ and 5′-GCAACTACGAGATTTGCCTTC-3′
(1001 bp fragment).

In the double in situ hybridisations in which Tc-cadmRNA is detected in
red, the primary antibodies were switched such that anti-DIG-AP was used
second (after anti-FITC-AP) to detect Tc-cad DIG probe, and signal was
developed using INT/BCIP (see Schinko et al., 2009 for more details).
Embryos were imaged on a Leica M165FC Fluorescence StereoMicroscope
with a Q Imaging Retiga EXI colour cooled fluorescence camera and Q
Capture Pro 7 software.

RNA interference (RNAi)
The Tc-opa gene is composed of two exons separated by a large 19.5 kb
intron. A 710 bp DNA fragment corresponding to the first exon (i.e. template
for 5′ dsRNA) was amplified by PCR from Tribolium cDNA using
the following primer pair: 5′-CCCAAGAATGGCCTACTGC-3′ and
5′-TTGAAGGGCCTCCCGTT-3′. Similarly, a 705 bp DNA fragment
corresponding to the 2nd exon (i.e. template for 3′ dsRNA) was amplified
using the following primer pair: 5′-GCGAGAAGCCGTTCAAAT-3′ and
5′-TCTCTTTATACAATTGTGGTCCTAC-3′. These DNA fragments were
cloned into the pGEM-Teasy vector (Promega) and antisense and sense
ssRNA was produced using the T7 and SP6 MEGAscript High Yield
Transcription Kits (Ambion). Antisense and sense ssRNAwas then annealed
in equimolar amounts and diluted to produce 1 μg/μl stocks ofTc-opa 5′ and 3′
dsRNA; these were aliquoted and stored at −20°C ready for future use.

Adult parental RNAi (pRNAi) was carried out using well-established
protocols (Posnien et al., 2009). In the first round of pRNAi experiments,
250 females were injected with 5′ Tc-opa dsRNA, 245 females were
injected with 3′ Tc-opa dsRNA and the two sets of parallel injection controls
each involved injecting 240 females with control buffer. In the second round
of pRNAi experiments, 100 females were used in each treatment (see
Table S1 for more details). Following injection and a 2-day recovery, 48 or
72 h egg collections were obtained in white flour at regular intervals, with
beetles ‘rested’ for 24 h on nutrient-rich wholemeal flour in between each
egg collection. Roughly half of the eggs were immediately fixed for
expression analysis, whereas the remainder were kept and allowed to
develop for cuticle preparations. Embryonic RNAi (eRNAi) was performed
by lightly bleaching 1- to 3-h-old eggs for 90 s in a 5% thin bleach solution.
The eggs were then transferred to microscope slides (∼60 eggs per slide)
and lined up along one edge of the slide ready for injection. Eggs were
orientated so that they could be injected into the posterior pole,
perpendicular to the egg axis, in rapid sequence. Eggs were injected with
dsRNA or buffer using pulled needles made from borosilicate glass
capillaries (Harvard Apparatus; GC100F-10; Part No. 30-0019). The
needles were pulled using a Narishige needle puller (model PD-5), with the
needle sharpened and standardized as much as possible using a Narishige
needle grinder (model EG-45). Injections were carried out on a Zeiss
Axiovert 10 inverted microscope, using a continuous flow injection set up.
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Mechanism and Bicoid-dependent control of hairy stripe 7 expression in the
posterior region of the Drosophila embryo. EMBO J. 16, 4403-4411.

Liu, P. Z. and Kaufman, T. C. (2005). Short and long germ segmentation:
unanswered questions in the evolution of a developmental mode. Evol. Dev. 7,
629-646.

Lynch, J. A., El-Sherif, E. and Brown, S. J. (2012). Comparisons of the embryonic
development of Drosophila, Nasonia, and Tribolium. Wiley Interdiscip. Rev. Dev.
Biol. 1, 16-39.

Ma, Y., Niemitz, E. L., Nambu, P. A., Shan, X., Sackerson, C., Fujioka, M., Goto,
T. andNambu, J. R. (1998). Gene regulatory functions of Drosophila Fish-hook, a
high mobility group domain Sox protein. Mech. Dev. 73, 169-182.

MacArthur, S., Li, X.-Y., Li, J., Brown, J. B., Chu, H. C., Zeng, L., Grondona, B. P.,
Hechmer, A., Simirenko, L., Keränen, S. V. E. et al. (2009). Developmental roles
of 21 Drosophila transcription factors are determined by quantitative differences in
binding to an overlapping set of thousands of genomic regions. Genome Biol. 10,
R80.

Macdonald, P. M. and Struhl, G. (1986). A molecular gradient in early Drosophila
embryos and its role in specifying the body pattern. Nature 324, 537-545.

Manoukian, A. S. and Krause, H. M. (1992). Concentration-dependent activities of
the even-skipped protein in Drosophila embryos. Genes Dev. 6, 1740-1751.

McGregor, A. P., Pechmann, M., Schwager, E. E. and Damen, W. G. M. (2009).
An ancestral regulatory network for posterior development in arthropods.
Communicative Integrative Biol. 2, 174-176.

Mito, T., Kobayashi, C., Sarashina, I., Zhang, H., Shinahara, W., Miyawaki, K.,
Shinmyo, Y., Ohuchi, H. and Noji, S. (2007). even-skipped has gap-like, pair-
rule-like, and segmental functions in the cricket Gryllus bimaculatus, a basal,
intermediate germ insect (Orthoptera). Dev. Biol. 303, 202-213.

Mlodzik, M., Gibson, G. andGehring,W. J. (1990). Effects of ectopic expression of
caudal during drosophila development. Development 109, 271-277.

Mondal, S., Ivanchuk, S. M., Rutka, J. T. and Boulianne, G. L. (2007). Sloppy
paired 1/2 regulate glial cell fates by inhibiting Gcm function. Glia 55, 282-293.
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