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Chapter 2
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Insects have been extraordinarily successful in occupying terrestrial habitats, in contrast
to their mostly aquatic sister group, the crustaceans. This success is typically attributed
to adult traits such as flight, whereas little attention has been paid to adaptation of the
egg. An evolutionary novelty of insect eggs is the serosa, an extraembryonic membrane
that enfolds the embryo and secretes a cuticle. To experimentally test the protective
function of the serosa, we exploit an exceptional possibility to eliminate this membrane
by zerkniillt1 RNAi in the beetle Tribolium castaneum. We analyze hatching rates of
eggs under a range of humidities and find dramatically decreasing hatching rates with
decreasing humidities for serosa-less eggs, but not for control eggs. Furthermore, we
show serosal expression of Tc-chitin-synthasel and demonstrate that its knockdown
leads to absence of the serosal cuticle and a reduction in hatching rates at low
humidities. These developmental genetic techniques in combination with ecological
testing provide experimental evidence for a crucial role of the serosa in desiccation
resistance. We propose that the origin of this extraembryonic membrane facilitated the
spectacular radiation of insects on land, as did the origin of amniote egg in the terrestrial
invasion of vertebrates.

Key words: desiccation resistance, cuticle, Tribolium castaneum, chs (chitin synthase), zen
(zerkniillt).

Introduction

Insects comprise three quarters of all described animal species and their diversification
represents an unparalleled episode in the course of evolution (Grimaldi & Engel, 2005; Zeh
et al., 1989). Insects are among the earliest land animals and their exoskeleton preadapted
them for terrestrial life. However, without the ability to oviposit on land, insects would
have never been able to attain this incredible diversity (Zeh et al., 1989). In insect eggs, an
extraembryonic membrane, the serosa, envelops the embryo and yolk (Schwalm, 1988). To
investigate the possibility that the serosa is an evolutionary novelty in insects that protects
the embryo against desiccation, we first explore the literature to examine the correlation
between the humidity of the habitat and the presence of a serosa in the major arthropod
groups: the chelicerates, the myriapods, the crustaceans and the hexapods (comprising
entognaths and insects).
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All major arthropod groups have colonized land to some extent. Chelicerates
have been quite successful in terrestrial environments, because they evolved maternal
adaptations to support terrestrial egg development (Beament, 1951; Foelix, 1996; Gillott,
2005; Grimaldi & Engel, 2005; Lees, 1948; Witalifiski, 1993): spiders wrap their eggs in
silk, scorpions are viviparous, and mites develop elaborate maternal eggshells and wax
layers. Eggs of the mite Halotydeus destructor have even been reported to develop inside
the maternal body, which serves as a protective envelope after death (Norris, 1950).
Chelicerates do not have an extraembryonic membrane that envelops the embryo (Figure
2-1a) (Anderson, 1973) (see Dearden et al. 2002, Mitmann and Wolff 2012, and Wolff
and Hilbrant 2011 for more recent descriptions), although scorpion embryos have been
reported to be covered by two extraembryonic membranes (Korschelt & Heider, 1936;
Laurie, 1890; Rafiqi, 2008) (Figure 2-1a).

In contrast to the chelicerates, crustaceans are largely aquatic, myriapods mainly
occur in tropical soil or leaf litter, and the Entognatha are restricted to humid conditions
(Gillott, 2005; Grimaldi & Engel, 2005; Larink & Bilinski, 1989). It is striking that all these
arthropod groups have a single extraembryonic membrane that covers the yolk dorsally,
but never envelopes the embryo (Anderson, 1973) (see e.g. Brena and Akam 2012, Browne
et al. 2005, Extavour, 2005, for more recent descriptions; Figure 2-1a). In insects, however,
a serosa is present that completely enfolds the embryo (Machida, 2006; Machida & Ando,
1998; Rafigi, 2008; Roth, 2004; Schwalm, 1988) (Figure 2-1a). Insects occupy all terrestrial
habitats and have radiated into more than a million species (Grimaldi & Engel, 2005; Zeh
et al., 1989). In some basal (apterygote) insects, the serosa does not close completely
beneath the embryo (Jura, 1972). Consistent with this, variation exists in their desiccation
resistance: most apterygotes live in leaf litter, under bark and other places with high
humidity, but some are extremely resistant to desiccation (Chapter 5 in Gillott, 2005). In
the pterygotes, the serosa completely envelopes the embryo. More than two thirds of all
blastodermal cells will give rise to the serosa in most insects, suggesting an important role
for this membrane (Roth, 2004).

Exceptionally, in a single group of higher flies (Schizophora), including Drosophila,
a secondary reduction of the extraembryonic membranes to a single dorsal amnioserosa
took place (Rafiqi et al., 2008; Schmidt-Ott, 2000) (Figure 2-1a). Eggs of these flies are
generally deposited in rotting vegetable matter or moist soil, or plant or animal tissues
(Colless & McAlpine, 1970; Ferrar, 1987; McAlpine, 1989). There are drosophilids that
occur in dry habitats such as the Sonoran desert, but their eggs develop in necrotic tissue
of cacti where humidity is higher than in the surrounding air at day and reaches over
90% relative humidity (RH) at night (Gibbs et al., 2003). Drosophila melanogaster eggs
do not survive RH below 80 per cent (Al-Saffar et al., 1995). Overall, we find an intriguing
correlation between the capacity of arthropod eggs to develop under dry conditions and
the presence of a serosa that completely enfolds the embryo. Interestingly, the serosa
secretes a chitinized cuticle underneath the maternal eggshell (Hinton, 1981). Since eggs
of the mosquitoes Aedes aegypti and Anopheles gambiae gain
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Figure 2-1: The serosa is an evolutionary novelty of insects. (a) Phylogeny of the main arthropod groups. The bar
under the groups indicates whether species in this class are generally aquatic or restricted to humid environments
for reproduction (blue), or terrestrial (yellow), or if species of this class live in very different environments
concerning humidity (yellow diagonal stripes). Above the groups, schematic cross-section drawings of the embryo
(green) and extraembryonic membranes are shown (open black circles, extraembryonic membrane; red open
circles, serosa; blue closed circles, amnion). Jura (1972), Machida (2006) and Machida & Ando (1998) call the
extraembryonic membrane in Entognatha a serosa. We, however, adopted the terminology of Anderson (1973).
Although parallel evolution of two extraembryonic membranes took place in the scorpions, a serosa completely
enveloping the embryo and secreting a cuticle is an evolutionary novelty of the insects. In the Schizophoran flies,
a secondary reduction took place. (b) Schematic drawing of Tribolium wild-type and Tc-zen1 RNAi development. In
wild-type eggs, the serosa completely envelops yolk and embryo. After Tc-zen1 RNAI, an amnion covers the yolk
dorsally; the serosa is absent.

desiccation resistance at the time of serosal cuticle secretion, the serosal cuticle has been
suggested to protect the developing embryo against desiccation (Goltsev et al., 2009;
Rezende et al., 2008). However, no experimental evidence exists because it is impossible
to physically remove the zygotic serosa or serosal cuticle in insects without affecting the
overlying maternal eggshell, which consists of an exochorion, endochorion and vitelline
membrane (Furneaux et al., 1969).
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To investigate the hypothesis that the serosa protects the embryo against
desiccation, we use RNAI in Tribolium castaneum. In this beetle, it is possible to prevent
the development of the serosa without affecting the maternal eggshell using parental Tc-
zerkniillt1 (Tc-zen1) RNAI (van der Zee et al., 2005). In Tc-zen1 RNAI eggs, a single amnion
(the inner extraembryonic membrane that normally covers the embryo ventrally) covers
the yolk dorsally and does not envelop the embryo (Figure 2-1b). This is similar to the
reduced extraembryonic membrane in Drosophila (Figure 2-1a). Zen RNAi or mutations
lead to lethal alterations of late morphogenetic movements in other insects, as does
Tc-zen2 RNAI in Tribolium (Panfilio, 2008; Panfilio et al., 2006; van der Zee et al., 2005;
Wakimoto et al., 1984). Tribolium Tc-zen1 RNAi eggs, however, can hatch under normal
laboratory conditions (van der Zee et al., 2005). Thus, Tribolium provides a unique system
to experimentally test our hypothesis. Finally, using in situ hybridization and RNAi, we
investigate whether Tc-chs1, a key enzyme in cuticle synthesis (Arakane et al., 2004;
Arakane et al., 2005; Arakane et al., 2008), is involved in serosal cuticle secretion and
desiccation resistance of the egg.

Our results unravel a dual role for the serosa; first, a role in desiccation resistance
mediated by the secreted serosal cuticle; and second, mediated by the serosal cells
themselves, a role in dorsal closure, the process during which the lateral halves of the
embryo meet dorsally and enclose the yolk (Panfilio, 2008).

Materials and methods

Molecular cloning and RNAI

The plasmid containing a 850 bp Tc-zen1 fragment was obtained from Falciani et al.

(1996). The 333 bp Tc-chs1 fragment was cloned according to Arakane et al. (Arakane et
al., 2008). Its dsRNA targets both splice variants of Tc-chs1 (Arakane et al., 2008). Non-
targeting control dsRNA was synthesized from a 500 bp vector sequence (pCRII, Invitrogen)
cloned with the forward primer 5-TGCCGGATCAAGAGCTACCAA-3’ and the reverse primer
5’-TGTGAGCAAAAGGCCAGCAA-3". dsRNA was synthesized using the MEGAscript RNAI kit
(Ambion), and about 0.2 pl of a 0.5ug /ul dsRNA solution was injected into pupae of the
San Bernardino strain, according to Bucher et al. (Bucher et al., 2002).

Hatching rate assays

Eggs were collected at 18-24 h old and put individually in a well of a 96 well plate, and
incubated at 5, 20, 50, 65, 75 or 90 per cent RH and at 25°C, 30°C or 35°C (5° below, exactly
at, and 5° above the temperature at which our laboratory stock is kept, respectively).
Hatching rates were assayed after 4 days for 35°C, 5 days

for 30°C and 8 days for 25°C. These data points were repeated three to ten times, giving
rise to standard errors such as in Figure 2-2a. Heat maps correlating hatching rates to
humidity and temperature were generated using bivariate interpolation (Akima, 1978) in R
v. 2.13.1 (R Development Core Team, 2009). Five per cent RH was obtained using silica gel;
20 per cent RH was obtained adjusting a KOH solution at the bottom of a glass desiccator
(Winston & Bates, 1960). Relative humidities of 50, 65, 75 and 90 per cent were obtained
in climate chambers. We excluded higher humidities to avoid condensation of liquid

water. For the hatching rate assays, eggs were put into a 96 well plate with their chorion
and adhering flour. To investigate the role of the exochorion, however, we removed
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the exochorion by washing the eggs in 50 per cent bleach for 1 min, after which they
were rinsed in water, dried at room temperature and incubated at 30°C at the different
humidities for 5 days. All temperatures and humidities were constantly monitored using a
MicroDAQ datalogger.

Embryo fixation, in situ hybridizations and immunohistochemistry

The Tc-chs1 fragment used for in situ hybridization was cloned with the

forward primer 5’-AACGACTTCATCTCGCACCAACACG-3’ and the reverse primer
5’-AAATTGGCAGTTCCATGAGCCGG-3". Embryo fixation and in situ hybridization were
performed according to Shippy et al. (2008). Fluorescein isothiocyanate (FITC)-coupled
wheat germ agglutinin (WGA) stainings were performed according to Rezende et

al. (2008), where WGA is a lectin highly specific for N-acetylglucosamine polymers,
therefore specifically labeling chitinous structures. For egg size measurements, 8 per cent
formaldehyde in phosphate-buffered saline (PBS) was used for fixation, and the methanol
shock was omitted to prevent shape changes.

Transmission Electron Microscopy

For electron microscopical preparations, both wild-type and Tc-chs1 RNAi eggs

were collected at 37 and 63 hours after egg lay (AEL) and fixed for 1 h at 30°C. Eggs

were dechorionated and fixed in 5 ml heptane and 5 ml of a solution of 2.5 per cent
gluteraldehyde, 2 per cent paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4). After this
initial fixation, eggs were removed from the solution, washed with 70 per cent ethanol to
remove the heptane and fixed for another hour in 5 ml of 2.5 per cent gluteraldehyde, 2
per cent paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4). After fixation, specimens
were washed (3x 10 min) in cacodylate buffer and placed for 1 h in 1 per cent osmium
tetroxide. Then, specimens were dehydrated with increasing concentrations of ethanol
and embedded in Agar100. Sections of about 70 nm thickness were contrasted with uranyl
acetate and lead citrate, and studied with a JEOL 1010 transmission microscope coupled to
an Olympus MegaView camera.

Results

Serosa-less eggs are prone to desiccation

To experimentally test the hypothesis that the serosa protects against desiccation,
we assayed hatching rates of serosa-less (Tc-zen1 RNAI) eggs at various humidities
and three temperatures (25°C, 30°C and 35°C). Since Tc-zen1 is solely expressed in
the serosa, we expect only serosa-related effects. The penetrance of the serosa-
less phenotype (van der Zee et al., 2005) is higher than 95 per cent and this

was constantly monitored in fixed material in parallel to the experiments. As a
control, a non-targeting dsRNA was used (See Methods). In total, we analyzed
over 40 000 eggs. At 35°C, wild-type eggs and control eggs show hatching rates of
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Figure 2-2: Eggs without a serosa or a serosal cuticle become desiccation-susceptible. (a) Hatching rates of control
(grey squares), wild-type (black circles), Tc-zen1 RNAI (grey triangles) and Tc-chs1 RNAI (black diamonds) eggs at
35°C. Error bars indicate standard error among three to ten replicates of 96 eggs. (b—d ) Heat maps summarizing
hatching rates of (b) control eggs, (c) Tc-zen1 RNAi eggs and (d ) Tc-chs1 RNAI eggs.

about 80 per cent in all humidities (Figure 2-2a). At this temperature, serosa-less eggs
display lower hatching rates, with a peak average hatching rate of 62.4 per cent at 65
per cent RH (Figure 2-2a). In contrast to the control and wild-type eggs, hatching rates of
the serosa-less eggs decrease dramatically to 5.5 per cent at 5 per cent RH. We display
the hatching rates at all three temperatures and their interpolation in heat maps (Figure
2-2b,c). Hatching rates of control eggs and wild-type eggs are above 75 per cent for all
conditions (Figure 2-2b and Figure S2-1). In strong contrast to control eggs, serosa-less
eggs show dramatically decreased hatching rates in low humidities at all temperatures
(Figure 2-2c). The effect is most pronounced at higher temperatures, when evaporation
is maximal (Figure 2-2c). These data provide strong evidence that the serosa is crucial for
desiccation resistance.

To verify that only the zygotic serosa, but not the maternal eggshell mediates
desiccation resistance, we performed a hatching rate assay on eggs from which the
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exochorion was removed wild-type Te-chs in situ
by a bleach treatment. We found no
significant differences in hatching
rates between eggs with and
without the exochorion (Figure S2-2).
These data suggest that it is not the
maternal eggshell that is required

for desiccation resistance.

The serosa secretes a cuticle that
protects against desiccation

To differentiate the effect of the serosal
cells themselves and the secreted
serosal cuticle, we investigated serosal
cuticle formation in Tribolium using
transmission electron microscopy
(TEM). In wild-type eggs, a serosal
cuticle with clear chitinous layers

is present, as in the lepidopteran
Manduca sexta (Lamer & Dorn, 2001)
(Figure 2-3a). Next, we cloned Tc-
chitin-synthasel (Tc-chs1, also called
TcCHS-A), a key enzyme involved in Figure 2-3: Tribolium castaneum produces a chitinized

Tribolium cuticle production (Arakane serosal cuticle. (a,b) TEM pictures of an approximately 37
. . h old (a) wild-type and (b) Tc-chs-1 RNAi egg. Note the
etal., 2004; Arakane et al., 2005; absence of the chitinous layers in the Sc after Tc-chs1 RNAI.

Arakane et al., 2008). During early The vitelline membrane no longer sticks to the cuticle. The
evelopment, we detectea m 0o serosal cells might have a slightly aberrant appearance

develop t, detected mRNA of | cells might h lightly ab pp

this gene in the serosa, but not in the because they lost contact with the extracellular matrix,

similar to the chitin-secreting epidermal cells in Drosophila

embryo (Figure 2-3C-f)' After injection chs1 (kkv) mutants (Moussian et al. 2005). (c) Nuclear

of 0.5 ug/ul Te-chs1 dsRNA in female DRAQS5 stain (purple) of the egg shown in (d). The serosal
pupae of the San Bernardino strain, nuclei are widely spaced. Ventrally, the dense nuclei of the
we obtained eggs. In these eggs the embryo proper (headlobes to the left) are prominently

serosal cuticle was severely affected visible. (d) Tc-chs1 in situ hybridization during gastrulation.
Y Tc-chs1 mRNA (red) is detected around the serosal nuclei

(Figure 2-3b). Amniotic and serosal and not in the embryo. (e,f) A single confocal plane showing
cells were found, but the chitinous an optical cross-section of the embryo shown in (c) and

layers of the cuticle were absent. Thus, (d). a, anterior; p, posteripr; d, dorsal; v, ventral. HL, h_ead
Te-chs1 pRNAI is an efficient method to i,ﬁﬁ;i';mggnzf amnion; S, serosa; Sc, serosal cuticle; V,
disrupt serosal cuticle formation. We

subjected Tc-chs1 RNAI eggs to the same hatching rate assay as Tc-zen1 RNAI eggs. In eggs
without a serosal cuticle, hatching rates decreased at low humidities, similar to serosa-less
eggs (Figure 2-2a,d). We conclude that it is mainly the cuticle secreted by the serosal cells
that protects the egg against desiccation.

Arakane et al. (Arakane et al., 2008) report involvement of Tc-chs1 in epidermal
cuticle formation. We cannot exclude that the epidermal cuticle contributes to the
desiccation resistance found in Figure 2-2d. However, TEM analysis shows that an
epidermal cuticle is still not present when embryos are at least 65 h old (Figure 2-4h,i). The
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larvae hatch when they are 82 h old. That means that the contribution of the epidermal
cuticle to desiccation resistance must be relatively small. Furthermore, lactic acid
digestions of Tc-chs1 RNAI eggs suggest that larval cuticle secretion is hardly affected in
our RNAI treatments. Insect cuticles resist digestion by lactic acid (Wieschaus & Nusslein-
Volhard, 1986) and we find larval cuticles of normal appearance after lactic acid digestions
of Tc-chs1 RNAI eggs (Figure S2-4u). Together with the fact that our Tc-chs1 RNAI eggs
can hatch, this could mean that injection of 0.5 pg/ul Tc-chs1 dsRNA in pupae of the San
Bernardino strain affects the epidermal cuticle less than injection of 1 pug/ul in pupae

of the Georgia strain (Arakane et al., 2008). Finally, chitin can be detected using WGA
(Rezende et al., 2008; Wright, 1984). Staining of eggshells using WGA-FITC and digestions
of eggs by lactic acid reveal the serosal cuticle in wild-type eggs, and confirm its absence
after Tc-chs1 and Tc-zen1 RNA.I (Figure S2-3, S2-4).

The serosa facilitates proper dorsal closure

Unexpectedly, hatching rates of serosa-less eggs not only decrease at low humidities, but
also at relative humidities higher than 75 per cent (Figure 2-2a,c). A process important at
these high humidities might be the uptake of water by osmosis. To assess water uptake,
we measured the volume of eggs lacking a serosa or serosal cuticle using microscopy, and
weighed single eggs and groups of eggs on an ultrafine balance that could measure one-
tenth of a microgram. However, we could not detect any consistent increase (or slower
decrease) in volume or weight for Tc-zen1 or Tc-chs1 RNAi eggs, compared with control
eggs. Nevertheless, by measuring width and length of eggs at 65-75 h AEL, we could detect
a consistent shape change at 90 per cent RH towards a more rounded shape for both Tc-
zenl RNAi and Tc-chs1 RNAI eggs (Figure 2-4a-d). At this time point, no epidermal cuticle
is present yet (Figure 2-4h,i). The shape change at high humidity suggests an increase in
internal pressure, and thus water uptake. This would mean that our weight measurements
are not sensitive enough, and that both Tc-zen1 RNAi and Tc-chs1 RNAI eggs do take up
water at high humidities.

We wondered whether this shape change affects dorsal closure. During this
process, which occurs at the end of embryonic development, the extraembryonic
membrane actively pulls the sides of the embryo over the yolk to close dorsally (Panfilio,
2008; Solon et al., 2009; van der Zee et al., 2005) (Figure S2-5). In order to assay dorsal
closure, we analyzed fixed eggs a few hours before hatching. In Tc-zen1 RNAi eggs, 24 per
cent and 26 per cent of the embryos did not complete dorsal closure (n=93 and n=65)
at 5 per cent and 50 per cent RH respectively (Figure S2-6). These proportions are not
significantly different from each other (proportion test, p > 0.05 (Newcombe, 1998)).
Importantly, the visible defects in dorsal closure (dorsal open phenotypes) for serosa-
less eggs double to 52 per cent (n=54) at 90 per cent RH (Figure 2-4f, Figure S2-6). The
occurrence of dorsal closure failure at 90 per cent RH was significantly higher than in 5 per
cent RH (proportion test, p < 0.05) and than in 50 per cent RH (proportion test, p < 0.01).

We cannot exclude a severe delay in dorsal closure in Tc-zen1 RNAI eggs.
However, the number of embryos that do not close dorsally matches well the
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Figure 2-4: Tc-zen1 RNAi embryos display defects in dorsal closure at high humidity. (a) Width/length ratio (1 =
perfect sphere) of control (green squares), wild-type (blue circles), Tc-zen1 RNAI (red triangles) and Tc-chs1 RNAI
(purple diamonds) eggs measured in their vitelline membrane using IMAGEJ (Schneider et al. 2012). (b—d) Phase
contrast images of a 65-75 h old (b) wild-type, (c) Tc-zen1 RNAi and (d) Tc-chs1 RNAi embryo at 90% RH. (e—g)
DAPI (blue) label cell nuclei and WGA-FITC (green) label chitin of the larval cuticle in (e) a dorsally closed wild-type
embryo, (f) a Tc-zen1 RNAi embryo that has not completed dorsal closure, and (g) a dorsally closed Tc-chs1 RNAI
embryo. a, anterior; p, posterior; d, dorsal; v, ventral. In (e), a small piece of vitelline membrane is stuck between
the legs. (h) Overview TEM pictures of 65—75 h old wild-type egg during dorsal closure with dorsally condensed
serosa. (i) Magnification of area boxed in (h). A layered serosal cuticle can be detected (Sc), but the serosa has
condensed dorsally. No epidermal cuticle is found 65 h AEL. H, head; Y, yolk; L, legs; E, embryo; Sc, serosal cuticle;
V, vitelline membrane; S, serosa; A, amnion.

number of embryos that do not hatch (Figure 2-2a), suggesting that dorsal closure fails and
is not simply delayed at these humidities. We conclude that the decreased hatching rates
of serosa-less eggs at high humidity are largely caused by an increased incidence of dorsal
closure defects. The amnion that is present at the dorsal side of Tc-zen1 RNAi eggs instead
of the serosa (Figure 2-1b, Figure S2-5) might not apply sufficient pulling force for dorsal
closure, especially in rounded eggs. Despite rounding up at high humidities, Tc-chs1 RNAi
eggs do not show defects in dorsal closure and hatch at the same rates as control eggs
(Figure 2-2a,d and 2-4e,g). This means that the serosal cuticle normally prevents shape
changes at higher humidities, possibly because of its rigidity, but that this function is not
required for dorsal closure. Rounded eggs can perform dorsal closure provided that serosal
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cells are present, which is the case in Tc-chs1 RNAI eggs.

Discussion

We provided experimental evidence for a role for the serosa in desiccation resistance. Tc-
zenl and Tc-chs1 pRNAI provided an excellent approach to reveal this function. It should
be noted, however, that an amniotic cavity (the space between embryo and amnion) is
eliminated in Tc-zen1 RNAI eggs, because of the ectopic dorsal amnion. We cannot exclude
formally that the lack of an amniotic cavity causes increased desiccation sensitivity in
these eggs. However, we do not think that this is the case since Tc-chs1 RNAi eggs that do
possess an amniotic cavity are prone to desiccation too. It should be noted that apart from
chitin, the serosal cuticle is also comprises proteins, tyrosine-derived quinones responsible
for sclerotization and lipids (Furneaux & McFarlane, 1965a, 1965b; Goltsev et al., 2009;
McFarlane, 1960). Thus, in Tc-chs1 RNAI eggs, the other components of the serosal cuticle
are still produced. These other cuticular components in combination with intact serosal
cells might protect slightly against desiccation and could provide an explanation for the
higher viability of Tc-chs1 RNAi eggs when compared to Tc-zen1 RNAI eggs at low relative
humidities (Figure 2-2a).

It is interesting that desiccation resistance is a zygotic investment. Although
protective maternal eggshells are known from Chelicerata, the present work in Tribolium
shows that, in insects, it is not the maternal eggshell that protects against desiccation, but
the cuticle secreted by the zygotic serosa, as suggested before for mosquitoes (Rezende et
al., 2008).

We also showed that dorsal closure is more robust in presence of serosal cells. In
the context of dorsal closure, the serosa compacts into a condensed structure, the dorsal
organ (Anderson, 1973; Panfilio, 2008) (Figure S2-5e). This quick condensation is probably
required for proper dorsal closure in humid conditions. The actual final dorsal closure
(that is, the joining of the two lateral sides of the embryo) takes place after degeneration
of the serosa and must be mediated by the amnion. It could well be that the role of an
extraembryonic membrane in dorsal closure was ancestral in arthropods (Machida, 2006;
Machida & Ando, 1998). This membrane would then have differentiated into the amnion
that mediates final dorsal closure, and into the serosa that was recruited to fold around
the embryo and secrete a cuticle to mediate desiccation resistance.

Overall, non-insect terrestrial arthropods are generally restricted to cryptozoic
environments and have undergone limited speciation (Zeh et al., 1989). Desiccation-
resistant eggs must have been crucial for insect habitat expansion, as were the amniote
egg and the seed for vertebrates and plants, respectively (Reisz, 1997; Stewart, 1983).
Using T. castaneum as a model, we have demonstrated a critical role for the insect serosa
in desiccation resistance. We propose that the origin of the serosa opened up a whole new
range of terrestrial oviposition sites and facilitated the spectacular radiation of insects on
land.
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Supplementary Figure 2-1: Wild-type hatching rates, heat map correlating hatching rates to temperature and
humidity. Hatching rates are above 75% at all conditions.
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Supplementary Figure 2-2: The effect of the maternal exochorion. Plot of means showing the hatching rates of
eggs with and without exochorion, error bars indicate standard error among 3-5 replicates of batches of 50 eggs.
Eggs with 0.5-1 day old were washed for 1 minute with 50% household bleach. This treatment promptly removes
the external exochorion (also named ‘chorion’ within the Drosophila field) while maintains the inner endochorion
(named ‘vitelline membrane” within the Drosophila field) intact (Furneaux and McFarlane, 1965).
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Supplementary Figure 2-3: WGA stain of wild-type, Tc-zen1 RNAi and Tc-chs1 eggs. (a-c) 2 day old eggshells
stained with the FITC associated lectin WGA (green) detecting chitin [34]. (a) In control eggshells, a serosal cuticle
is present. (b) After Tc-zen1 RNAIi and (c) after Tc-chs1 RNAI, the serosal cuticle is absent. (d-e) darkfield images
of the same eggshells as in a-c. (f) Phase contrast image of the same eggshell as in e revealing the imprints of the
serosal cells that did not secrete chitin. Some aspecific staining is present along the margin in (c).

Supplementary Figure 2-4: (see next page) Lactic acid digestion of wild-type, Tc-zen1 RNAi and Tc-chs1 RNAI eggs.
(a-i) 0-2h old eggs are digested completely after 17 h in lactic acid, because no serosal cuticle is present yet. (c,f,i)
The outer chorion remains visible as a transparent membrane. (j-) 1-2 day old wild-type eggs in lactic acid. (k)
The inner parts of the egg are digested, but the outer chorion (arrow head) and the inner serosal cuticle secreted
against the vitelline membrane (arrow) remain undigested. (m-o) Tc-zen1 RNAI eggs in lactic acid. (n) The inner
parts of the egg are digested, but the outer chorion (arrow head) and a soft inner vitelline membrane (arrow) are
undigested after 8h in lactic acid. (o) Only the outer chorion (arrow head) remains undigested after 25h in lactic
acid. No serosal cuticle is observed. (p-q) Tc-chs1 RNAi eggs (q) The inner parts of the egg are digested, but the
outer chorion (arrow head) and a soft inner vitelline membrane (arrow) are undigested after 8h in lactic acid. (r)
Only the outer chorion (arrow head) remains undigested after 25h in lactic acid. No serosal cuticle is observed.

(s) In 3 day old wild-type eggs, the outer chorion (arrow head), the inner vitelline membrane with serosal cuticle
(arrow) and the embryonic cuticle remain undigested after 25h in lactic acid. (t) In 3 day old Tc-zen1 RNAI eggs, the
outer chorion (arrow head), and a soft inner vitelline membrane (arrow) remain undigested after 25h in lactic acid.
An embryonic cuticle is visible. (u) In 3 day old Tc-chs1 RNAi eggs, the outer chorion (arrow head), and a soft inner
vitelline membrane (arrow) remain undigested after 25h in lactic acid. Importantly, following Tc-chs1 RNAI, we
confirmed absence of the serosal cuticle (r, arrowhead), but confirmed the presence of a normal embryonic cuticle
(u, arrow).

29




6hin LA 17hin LA

<2hold

wild-type

Te-chsl
RNAi

1-2 day old

wild-type

Te-chsl
RNAi

3-3.5 day old
96 hin LA
wild-type Te-zenl RNAi Te-chs] RNAI

30 | Chapter 2




wild-type egg Te-zenl RNAI egg
b

=
.
-"(

JITIIITIT

serosa amnion embryo proper

Supplementary Figure 2-5: Schematic drawings of dorsal closure. Red open circles represent the serosa. Blue lines
represent amnion. Green represents the embryo proper. (a, ¢, e) wild-type eggs. (b, d, f) Tc-zen1 RNAI eggs. (a, c)
The amnion and serosa start to intercalate. This intercalation proceeds towards the dorsal side. (b, d) The amnion
covers the yolk at the dorsal side. (e) The intercalated amnion and serosa disappear. The remaining of the serosa
forms the dorsal organ and pulls the sides of the embryo proper over the yolk (arrows). This leads to dorsal closure.
(f) The amnion allows dorsal closure at medium and low humidity, but possibly does not apply pulling force to the
sides of the embryo (dashed arrows). After Van der Zee et al., Curr. Biol. 15, 624-636 (2005). d.o. = dorsal organ
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Supplementary Figure 2-6: Dorsal closure defects of Tc-zen1 RNAI eggs at different humidities. Green represents
complete dorsal closure. Red represents dorsal closure defects. Blue represents the undeterminable fraction, i.e.
unfertilized eggs or severe earlier phenotypes. First bar: 24% of the embryos show dorsal closure defects at 5%
RH. Second bar: 26 % of the embryos show dorsal closure defects at 50% RH. Third bar: 52% of the embryos show
dorsal closure defects at 90% RH. The proportion of dorsal closure phenotypes between 5% RH and 50% RH is
not significantly different (Proportion test, p>0.05) but the proportion of dorsal closure phenotypes in 90% RH is
significantly higher than in 5% RH (Proportion test, p<0.05) and in 50% RH (Proportion test, p<0.01).
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