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The extraembryonic serosa is a frontier
epithelium providing the insect egg with
a full-range innate immune response

Chris G C Jacobs, Herman P Spaink, Maurijn van der Zee*

Institute of Biology, Leiden University, Leiden, Netherlands

Abstract Drosophila larvae and adults possess a potent innate immune response, but the
response of Drosophila eggs is poor. In contrast to Drosophila, eggs of the beetle Tribolium are
protected by a serosa, an extraembryonic epithelium that is present in all insects except higher
flies. In this study, we test a possible immune function of this frontier epithelium using Tc-zen1
RNAi-mediated deletion. First, we show that bacteria propagate twice as fast in serosa-less eggs.
Then, we compare the complete transcriptomes of wild-type, control RNAI, and Tc-zen1 RNAi eggs
before and after sterile or septic injury. Infection induces genes involved in Toll and IMD-signaling,
melanisation, production of reactive oxygen species and antimicrobial peptides in wild-type
eggs but not in serosa-less eggs. Finally, we demonstrate constitutive and induced immune gene
expression in the serosal epithelium using in situ hybridization. We conclude that the serosa
provides insect eggs with a full-range innate immune response.

DOI: 10.7554/eLife.04111.001

Introduction

To combat infection, insects rely on humoral and local immune responses. The humoral immune
response is characterized by the massive secretion of antimicrobial peptides into the hemolymph and
is mainly exerted by the fat body. Epithelia and hemocytes play the main role in local immune defenses
that comprise melanisation, local AMP production, phagocytosis, and encapsulation (Lemaitre and
Hoffmann, 2007; Ganesan et al., 2011; Davis and Engstrom, 2012, Ferrandon, 2013; Ligoxygakis,
2013; Wang et al., 2014). The mechanisms regulating these innate immune responses have largely
been uncovered with the aid of genetic and molecular studies in the fruit fly Drosophila melanogaster.
When microbes invade the fly, their released peptidoglycans are sensed by peptidoglycan recognition
proteins (PGRPs) and Gram-negative binding proteins (GNBPs) leading to the activation of the main
immune signaling pathways. The meso-diaminopimelic acid-type (DAP-type) peptidoglycans of Gram-
negative bacteria activate the IMD pathway, whereas the Lys-type peptidoglycans of Gram-positive
bacteria activate the Toll pathway. The activation of the Toll pathway is mediated by a proteolytic
cascade of serine proteases leading to the cleavage of the cytokine Spatzle, the ligand of the trans-
membrane receptor Toll. Activation of the immune signaling pathways leads to nuclear localization of
the NF-kappaB factors Dorsal, Dif, or Relish that induce antimicrobial peptides (AMPs). Other upregu-
lated genes are prophenoloxidases (proPOs which mediate melanisation) and dual oxidase (DUOX
which produces reactive oxygen species).

Drosophila has been extremely helpful uncovering those mechanisms, but research in other insects,
such as the mealworm beetle Tenebrio molitor, has also generated insightful results. The biochemical
details of pathway activation, for instance, have mainly been unraveled using this beetle (See Park
et al., 2010 for review). With the availability of tools such as RNAseq and RNAI, more insect species
are being established as model organism for innate immunity research (Altincicek and Vilcinskas,
2007; Waterhouse et al., 2007; Gerardo et al., 2010; Johnston and Rolff, 2013; Johnston et al.,
2013; Zhu et al., 2013). In particular the red flour beetle (Tribolium castaneum) has received much
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elife digest Insects are among the most numerous and diverse creatures on Earth, and over
a million different species of insects have been described. Insects have a hard exoskeleton that
protects their segmented bodies, and adult insects and their young are also well protected from
pathogens. To fight off infection by bacteria or viruses, these creatures release antimicrobial
molecules in the fluid that bathes their internal organs. Insects can also mount a localized immune
response that kills off invading microbes.

Most of what scientists have learned about the insect immune system has come from studying
fruit flies. While much of the knowledge gained has been applicable to other insects, there is an
important exception—fruit fly eggs are incredibly vulnerable to infection. Eggs from other insects
are far better protected. In some species, the mother insect protects her eggs either through
scrupulous care or by coating them with her own antimicrobial fluids. However, it was unclear if
insect eggs could also defend themselves and counter an infection with a strong immune response.

To better understand the immune response in insect eggs, Jacobs et al. studied the eggs of red
flour beetles. These beetles are common agricultural pests that eat stored grains and are often
studied by scientists in the laboratory. The beetle eggs share a trait with all other insect eggs that is
missing from fruit flies and some other flies; the beetle eggs have an extra layer—called the
serosa—that envelops the yolk and the developing embryo.

To test whether this extra layer provides immune protection for the egg, Jacobs et al. used a
technique called RNA interference to prevent the formation of the serosa. Beetle eggs either with
or without a serosa were then pricked with a bacteria-covered object, and Jacobs et al. observed
that the bacteria grew twice as fast in the eggs lacking a serosa compared with the eggs that had
a serosa.

Next, Jacobs et al. examined gene expression in response to the infection in the eggs. Over
500 genes that are expressed after an infection were identified, and of these genes, 481 were only
expressed in eggs with a serosa. Three of these genes, including two that encode antimicrobial
molecules, were looked at in more detail, and found to be only expressed within the serosa, indicating
that the serosa is the most likely source of the egg's immune response. Importantly, Jacobs et al.
found that eggs with a serosa produce the same immune system response as adult insects and
concluded that most insect eggs are far from defenseless and are capable of fending off infection.
DOI: 10.7554/eLife.04111.002

attention in innate immune studies (Zou et al., 2007; Altincicek et al., 2008, 2013; Roth et al., 2010;
Contreras et al., 2013; Milutinovi¢ et al., 2013; Zhong et al., 2013; Behrens et al., 2014).
Comparative genome analysis has revealed that components of intracellular immune signaling path-
ways (Toll, IMD, and JAK/STAT) in Drosophila are 1:1 conserved in Tribolium (Zou et al., 2007). The
RNAi knockdown technology has shown that the IMD and Toll pathway are largely functionally con-
served (Shrestha and Kim, 2010; Yokoi et al., 2012a, 2012b). Their activity does, however, not
strictly depend on either Gram-negative or Gram-positive bacteria (Yokoi et al., 2012a, 2012b), but
this distinction is also not completely black and white in Drosophila (Leulier et al., 2003; Leone et al.,
2008). Nevertheless, species-specific family expansion and sequence divergence in the PGRP and
AMP families indicate species-specific differences, possibly required for effective recognition and elim-
ination of evolving pathogens (Christophides et al., 2002; Zou et al., 2007; Altincicek et al., 2008,
Park et al., 2010).

Not only larvae and adults but also insect eggs are constantly threatened by pathogens (See Blum
and Hilker, 2008; Kellner, 2008 for review). Serratia bacteria, for instance, have been found inside
eggs of corn earworms and corn borers (Bell, 1969; Lynch et al., 1976) and can infect eggs in the
laboratory (Sikorowski et al., 2001). We have also shown that Serratia infection leads to reduced egg
survival in the burying beetle Nicrophorus vespilloides (Jacobs et al., 2014). Maternal investments
have been proposed to counter microbial infections. Female medflies, for example, cover their eggs
with antimicrobial secretions (Marchini et al., 1997) and in the absence of maternal care, eggs of ear-
wigs die of fungal infection (Boos et al., 2014). Two studies focusing on transgenerational immune
priming, however, have shown that the antimicrobial activity of eggs is of internal origin (Sadd and
Schmid-Hempel, 2007; Zanchi et al., 2012). This is often implicitly interpreted as maternal loading of
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antimicrobials into the egg (Moreau et al., 2012), but maternal transfer of bacteria to the eggs also
leaves zygotic investment as possibility (Trauer and Hilker, 2013, Freitak et al., 2014). Overall, it is
ecologically relevant to gain a better understanding of the immune system in insect eggs.

The zygotic response in Drosophila eggs, however, seems poor. It is not until late stage 15, (one of
the latest stages in development when ectoderm and trachea have differentiated), that eggs show up
to 25-fold upregulation of antimicrobial peptides (Tan et al., 2014). This is incomparable to the upreg-
ulation in adult flies that is at least an order of magnitude larger. Except for Cecropin (Tingvall et al.,
2001), stage 11 embryos do not show any induction of antimicrobial peptides and cannot contain an
infection of non-pathogenic bacteria, leading to reduced survival (Tan et al., 2014). In strong contrast,
we have shown that the eggs of Tribolium which were not even half way during development could
upregulate several AMPs to levels comparable to the adult (Jacobs and van der Zee, 2013). This
upregulation depends on the serosa, an extraembryonic epithelium that envelopes yolk and embryo
(Jacobs and van der Zee, 2013). This membrane is present in all insects but was lost in a small group
of higher Diptera (the Schizophora) to which Drosophila belongs (Schmidt-Ott, 2000; Rafiqi et al.,
2008). Although two maternal extracellular coverings, the chorion and the vitelline membrane, envelop
the insect egg, the serosa is the first cellular epithelium surrounding the egg at the interface between
the microbe rich external milieu on the one side and the yolk and embryo at the other side. Thus, the
serosa could function as an immune competent barrier epithelium. This has been suggested before, as
the NF-kappaB factor Dorsal is highly expressed in the presumptive serosa (Chen et al., 2000). The
absence of the serosa might account for the poor immune response in Drosophila eggs.

To gain deeper insights into the role of the serosa, we chose Tribolium castaneum, a beetle that
possesses a serosa like all non-Schizophoran insects. In this beetle, we can prevent the development
of the serosa by parental RNA interference with Tc-zerkniillt1 (Tc-zen1). This technique generates
Tribolium eggs with an amnion at the dorsal side, but without a serosa (van der Zee et al., 2005). At
the relative humidity of the air of the laboratory, normal larvae hatch from these eggs (Jacobs et al.,
2013). As Tc-zenT is only expressed in the early serosa (van der Zee et al., 2005) and is not expressed
anymore by the time the experiments are performed (See discussion), we expect only to find effects
that are a consequence of the absence of the serosa. We investigated the growth of bacteria in serosa-
less and wild-type eggs, sequenced the whole transcriptome of naive and immune-challenged eggs
with and without a serosal epithelium and confirmed constitutive and induced gene expression in
the serosa by in situ hybridization. We conclude that the serosa is a frontier epithelium that provides
immune competence to the insect egg.

Results

Bacteria propagate twice as fast in serosa-less eggs

To examine the influence of the serosa on bacterial growth in infected eggs, and to standardize our
infection method, we counted colony forming units (cfu's) directly after infection (t = 0) and 6 hr later
(t = 6) (Figure 1). We pricked 24-40hr old eggs (i.e. up to half-way during development) with a tung-
sten needle dipped in a concentrated mix of Escherichia coli and Micrococcus luteus cultures (see
‘Materials and methods’). To determine cfu's, we shortly treated eggs with 0.5% hypochlorite to
sterilize the outside. Untreated eggs did hardly contain bacteria that grow on LB agar plates (on an
average three cfu's were found). Sterile injury did not increase this number (Figure 1, lower lines). In
contrast, septic injury introduced on average 53 bacteria into wild-type eggs and 49 into serosa-less
eggs. These numbers increased on average to 747 cfu's in wild-type eggs and to 7260 cfu's in serosa-
less eggs. When we use the formula Ny = N-e®, the specific bacterial growth rate k in wild-type eggs
is 0.44 hr™', whereas k = 0.83 hr™" in serosa-less eggs. This means that bacteria grow twice as fast in
serosa-less eggs and suggests that the serosa exerts an immune function.

RNAseq reveals a full-range immune response in Tribolium eggs

To characterize this immune function, we sequenced the whole transcriptome of wild-type eggs,
Tc-zen1 RNAI (serosa-less) eggs, and control RNAi eggs without injury, after sterile injury, and after
septic injury (Figure 2). The control RNAI consists of an injection of a 500 bp dsRNA derived from a
vector sequence without target in the Tribolium castaneum genome. For these nine different treat-
ments, three biological replicates were carried out (independent RNAI, independent injury) giving a
total of 27 samples (Figure 2). lllumina next generation sequencing resulted in over 970 million cDNA
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Figure 1. Counts of colony forming units (cfu's) after
sterile and septic injury. Green lines represent bacterial
growth in wild-type eggs. Red lines represent bacterial
growth in Tc-zen1 RNAI (serosa-less) eggs. Sterile injury
did not introduce bacteria (lower lines: average of

2 cfu's found at t = 0 and an average of 5 cfu's found at
t = 6). Septic injury introduced on average 53 bacteria
into wild-type eggs and 49 into serosa-less eggs. These
numbers increased to 747 + 106 cfu's in wild-type eggs
(green upper line) and to 7260 + 1698 cfu's in serosa-
less eggs (red upper line) at t = 6. This means that
bacteria propagate twice as fast in serosa-less eggs
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reads with over 49 billion bp sequence informa-
tion. Approximately, 72% of the reads could be
mapped to Tribolium gene models built on the
3.0 genome assembly (Richards et al., 2008)
(Supplementary file 1). We found expression of
14,903 of the total of 16,541 predicted genes, of
which 13,464 genes were expressed in wild-type,
control, and Tc-zen1 RNAI eggs and 1440 genes
were expressed in a subset of these treatments.
These numbers confirm the quality of the deep
sequencing data.

First, we identified the immune-responsive
genes by determining differential expression of
genes between naive eggs on the one hand and
sterilely injured eggs or septically injured eggs on
the other hand. We only considered genes with
at least a twofold change in expression and an
adjusted p-value smaller than 0.01. This gave a
total of 415 differentially expressed genes in the
sterilely injured eggs compared to the naive eggs,
and a total of 538 differentially regulated genes in
septically injured eggs compared to naive eggs.
This shows that Tribolium eggs possess an exten-
sive transcriptional response upon infection.

To obtain a global impression of the kind of
genes differentially regulated upon infection in
wild-type and control RNAI eggs, we assigned

(p <0.01, as determined by a Pearson's chi-square test).
Suspensions of 10 eggs were used per LB agar plate
(see ‘Materials and methods'’), and 10 plates were
analyzed per treatment and time point, giving rise to

gene ontology terms (GO-terms) to all Tribolium
genes. As no GO-term annotation is available for
Tribolium, we blasted Tribolium genes against
Drosophila and used the Drosophila GO-terms
of the best hit. Using the Wallenius approxima-
tion (Young et al., 2010), we found several highly
over-represented GO-term categories with a
p-value below 0.001 in both wild-type eggs (Figure 3A) and control RNAi eggs (Figure 3B). The
over-represented categories are mostly immune related. This indicates that our approach does not
depend on artefacts generated by pricking eggs (e.g. delayed development) but mainly identifies
genes involved in the innate immune response.

To obtain a more detailed analysis of the immune response in wild-type and control eggs, we
focused on 368 genes that have been annotated as immune genes (Zou et al., 2007; Altincicek et al.,
2013) (Supplementary files 4-9). Of these genes, 78 were differentially regulated in wild-type eggs
upon septic injury (Table 1 and Supplementary file 2 and 5), while 95 immune genes were differen-
tially regulated in control RNAi eggs (Table 1 and Supplementary file 2 and 7). This indicates that
RNAI itself leads to an increased number of differentially regulated genes upon bacterial challenge
but, more importantly, shows that Tribolium eggs possess an elaborate immune response. In the fol-
lowing sections, we take a closer look at the exact genes involved in this extensive immune response.

the error bars presented in the graph (standard error).
DOI: 10.7554/eLife.04111.003

Recognition of microbes and extracellular signal transduction

Of the 7 predicted peptidoglycan recognition proteins (PGRPs) in Tribolium we found significant
induction of PGRP-LA, LC, SA, and SB (Supplementary file 2). Of these PGRPs, PGRP-SA, and SB
were induced over 200-fold (Figure 4A, Supplementary file 2). Thus, it could be that these PGRPs
rather function as effectors digesting Gram-positive bacteria, as shown for human PGRP-S (Dziarski
et al., 2003). At least PGRP-SB shows all the amino acid residues characteristic for catalytic PGRPs
(Kim et al., 2003). No induction was found for PGRP-LE and LD. These findings strongly resemble
the response of Tribolium adults, in which the same PGRPs responded to infection (Altincicek
et al., 2013). Of the Gram-negative binding proteins (GNBP), we found induction of GNBP2 and
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Figure 2. Experimental setup. (A) We collected eggs
from wild-type, control RNAI, and Tc-zenT RNAI beetles
overnight. These eggs were incubated for 24 hr at 30°C
to ensure development of the serosa. Eggs are then
maximally 40 hr old, while total developmental time is
close to 85 hr at 30°C. Eggs were pricked with a sterile
needle (sterile injury), pricked with a mix of E. coli and
M. luteus (septic injury), or remained untreated (naive).
They were incubated for another 6 hr at 30°C before
total RNA was extracted for RNAseq. To analyze the
immune response, the transcriptomes of sterilely injured
eggs and of septically injured eggs were compared to
naive eggs. This was done for wild-type, control, and
Tc-zenT RNAI eggs. (B) We collected three biological
samples for each combination of egg-type (wild-type,
control RNAI, or Tc-zen1 RNAI) and treatment (naive,
sterile injury, or septic injury) giving a total of

27 biological samples.

DOI: 10.7554/eLife.04111.004
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GNBP3 (Supplementary file 2). In Tribolium
adults and in Drosophila, however, only GNBP3
is immune-inducible (Lemaitre and Hoffmann,
2007; Altincicek et al., 2013), whereas GNBP1
and GNBP3 are immune-inducible in Tenebrio
(Johnston et al., 2013).

Thioester-containing proteins (TEPs) have also
been suggested to function as pattern recogni-
tion proteins, possibly targeting microbes for
phagocytosis (Stroschein-Stevenson et al., 2005,
Wang and Wang, 2013). We did not find induc-
tion of thioester-containing proteins (TEPs)
but rather repression, for instance of TEP-D
(Supplementary file 2). This is surprising, since
TEPs are upregulated in Tribolium larvae and
adults (Altincicek et al., 2013; Behrens et al.,
2014); and Drosophila (Stroschein-Stevenson
et al., 2005; Wang and Wang, 2013). Similar to
Drosophila, however, we did find induction of a
putative TEP/complement-binding receptor-like
protein (LpR2). We also found induction of C-type
lectin 6 and repression of C-type lectin 1 and 13.
These lectins are thought to be involved in micro-
bial recognition, but no induction or repression
has been found in Drosophila or Tribolium adults
(De Gregorio et al., 2001; Altincicek et al., 2013).

The serine proteases and serpins have signifi-
cantly expanded in number in Tribolium (Zou
et al., 2007), similar to Anopheles (Christophides
et al., 2002). Interestingly, most of them seem
to be functional in the immune response as we
found induction of 36 serine proteases and ser-
pins and repression of another 10 upon infec-
tion (Supplementary file 2). This number is
much higher than previously reported for adults
(Altincicek et al., 2013). Of the Spaetzle ligands,
we found induction of spz1 and spz2 and repres-
sion of spz4 and 5 (Supplementary file 2). In lar-
vae and adults, however, different Spaetzles were
induced or repressed, indicating specific use at
different stages of the life cycle (Altincicek et al.,
2013; Behrens et al., 2014).

In total, 51 of the 78 immune genes that are
differentially regulated in wild-type eggs are

involved in bacterial recognition and extracellular signal transduction, showing the prominence of
these extracellular processes in the modulation of the immune response of the Tribolium egg.

Transmembrane and intracellular signal transduction

We found induction of several intracellular signaling components of the Toll, IMD, and JNK pathways
upon immune challenge of Tribolium eggs (Figure 4A, Supplementary file 2). This suggests that these
pathways are largely functionally conserved between Drosophila and Tribolium, although we could hardly
detect expression of dredd, the endoprotease that cleaves Relish for nuclear translocation. Similar to
larvae and adults (Altincicek et al., 2013; Behrens et al., 2014), JAK-STAT pathway components were
not differentially regulated. Interestingly, we found significant upregulation of the toll3 receptor upon
infection. This was also found in larvae and adults (Altincicek et al., 2013; Behrens et al., 2014) and
suggests that it is not toll1, but toll3 that plays a major role in the innate immune response of Tribolium.
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Figure 3. Types of genes that are differentially regulated. (A) Significantly over-represented GO-terms among the genes induced in wild-type eggs after
septic injury (p < 0.001). (B) Significantly over-represented GO-terms among the genes induced in control RNAi eggs after septic injury (p < 0.001). These
categories indicate that the detected differential regulation does not result from artefacts induced by treatments (such as death or delayed develop-
ment) and show that Tribolium eggs display an elaborate immune response.

DOI: 10.7554/eLife.04111.005

Execution mechanisms

As expected, we found the highest induction amongst the antimicrobial peptides. We detected gen-
erally more than 500-fold upregulation of defensins, attacins, coleoptericins, cecropins, and thaumatin
(Figure 4A, Supplementary file 2). This means that Tribolium eggs can induce AMPs to comparable
levels as larvae and adults (Altincicek et al., 2013; Behrens et al., 2014). We also found upregulation
of prophenoloxidase1 (proPO1), a gene involved in melanisation, and of heme peroxidase 11, a dual
oxidase (DUOX) ortholog involved in the production of reactive oxygen species (Supplementary
file 2). This shows that Tribolium eggs are indeed able to respond with the full complement of
immune defense mechanisms.

Currently, 19 AMPs are recognized in Tribolium, based on homology with known AMPs. However,
due to the presence of species-specific AMPs and extreme sequence diversity of these molecules,
homology based searches have probably missed several AMPs (Zou et al., 2007, Yang et al., 2011).
AMPs are generally small (less than 30 kDa), cationic, hydrophobic, and possibly have high glycine
and/or proline content (Bulet et al., 2004; Bulet and Stécklin, 2005). Based on the antimicrobial pep-
tide database (Wang et al., 2009), many proteins encoded in the Tribolium genome fulfil those criteria
and are identified as candidate antimicrobial peptides. Using our RNA sequencing data, however, we
could select those candidate proteins that exhibit at least a twofold induction upon infection. Based

Table 1. Number of differentially expressed immune genes in Tribolium castaneum eggs

Wild-type Wild-type Control sterile  Control septic  Tc-zen1 sterile  Tc-zen1 septic
sterile injury  septicinjury  injury injury injury injury
Microbial recognition 4 1 7 2 6 0 8 3 1 0 0
Extracellular signal 27 6 32 10 33 4 34 10 4 5 2
transduction and modulation
Intracellular transduction 2 1 3 2 2 2 6 3 3 2 2 1
pathways (Toll/IMD/JNK/
JAK-STAT)
Execution/stress 12 0 20 2 16 4 24 7 5 2 3 1
Total 45 8 62 16 57 10 72 23 13 9 7 2
up down up down up down up down up down up down

Blue = induction, red = repression.

DOI: 10.7554/eLife.04111.006
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Figure 4. Immune-responsive genes in wild-type, control, and Tc-zenT RNAi eggs. (A) Schematic representation

of the immune signaling pathways in Tribolium as described in Zou et al. (2007). Significantly induced genes after
septic injury in wild-type or control RNAi eggs are indicated in green; significantly repressed genes after septic
injury in wild-type or control RNAi eggs are indicated in red. Genes not differentially expressed are black. The size
of the gene names represents the fold change (small = 1.5- to 10-fold, medium = 10- to 500-fold, large = 500 + fold
expression). (B) Venn diagram showing the number of differentially expressed genes in septically injured eggs as
compared to naive eggs (FDR < 0.01). In total, 538 genes are differentially expressed upon infection, of which

394 in wild-type eggs, 435 in control RNAi eggs, and only 57 in Tc-zen1 RNAi eggs. This means that Tribolium eggs
display an extensive transcriptional response upon infection and that this response is largely abolished in eggs
without a serosa.

DOI: 10.7554/eLife.04111.007
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on these criteria, we found 20 potential new AMPs (Table 2, we included the properties of several
known AMPs as a reference). Although the antimicrobial properties of these peptides still have to be
experimentally verified, this shows the strength of unbiased approaches to find novel immune genes.

The immune response is dependent on the extraembryonic serosa

To investigate the role of the serosa in the immune response, we compared the transcriptional response
of wild-type and control eggs to the response of serosa-less eggs. Of all 538 genes differentially regu-
lated upon bacterial challenge, 481 genes are only responsive in eggs with a serosa. The vast majority,
276 genes, are differentially regulated in both wild-type and control eggs but not in serosa-less eggs
(Figure 4B). In the serosa-less Tc-zen1 RNAIi eggs, merely 57 genes are differentially regulated upon
microbial challenge, despite our finding that RNAI rather increases the number of immune responsive
genes. Of all 368 Tribolium genes that are annotated as immune genes (Zou et al., 2007; Altincicek
et al., 2013), only nine were differentially regulated upon infection in serosa-less eggs (Table 1 and
Supplementary file 2). Except for serpin24, all of the other eight genes were also differentially regulated

Table 2. Antimicrobial properties of known and potential new antimicrobial peptides in Tribolium castaneum.

Molecular Peptide Hydrophobic Glycine Proline Fold change Fold change
Gene ID weight (kDa) length (AA) ratio Net charge content content wild-type control
Cecropin1/TC000499 3.67 31 58% +5 6% 0% Inf Inf
Cecropin3/TC000500 9.80 90 43% +2 6% 13% Inf 49x
attacin2/TC007738 15.80 145 37% +7 12% 4% 3098x 2190x
Coleoptericin1/TC005093  15.99 141 30% -1 9% 7% 2392x 18067x
Defensin2/TC010517 8.73 79 50% +6 6% 1% 1183x Inf
Defensin3/TC012469 9.42 83 50% +7 3% 1% 908x Inf
attacin1/TC007737 17.49 165 28% +9 18% 3% 869x 3696x
TC007858 20.14 182 35% 0 11% 3% 484x 54x
Defensin1/TC006250 14.91 132 46% +11 4% 3% 187x 1551x
TC011036 12.89 109 39% +13 2% 6% 138x 11x
Coleoptericin2/TC005096  15.96 141 30% -1 9% 7% 91x 227x
TCO015479 13.00 120 42% +6 5% 1% 80x 26x
TCO007763 16.87 158 37% +4 6% 17% 47x 67x
TC004646 15.04 135 34% +2 7% 7% 40x 29x
TC008806 15.83 142 33% +2 10% 2% 31x 37x
TC009336 13.50 137 30% -4 39% 2% 15x 7x
TC014565 20.73 176 38% +17 2% 2% 14x 9x
TCO001030 14.62 137 29% +9 10% 12% 9x 16x
TCO001784 13.54 150 27% +7 43% 2% 8x 6x
TC005478 13.70 122 45% +10 4% 1% 6x 7x
TC015612 20.32 182 36% +7 6% 6% 6x 2x
TC007901 7.25 64 25% +5 7% 10% bx 5x
TCO015304 19.30 180 38% +2 6% 9% 5x no hit
TCO011733 11.89 106 46% +3 2% 0% 5x 5x
TC003374 12.22 124 61% +3 1% 9% 2x 9x
TC008557 17.82 172 31% +2 18% 0% 3x 5x
TC015754 15.69 140 34% +5 4% 7% 2x 2x
TC000435 11.84 105 37% +5 5% 0% 2x 2x
TCO009096 12.84 11 16% +16 9% 6% 2x 2x

In the table are known antimicrobial peptides and those proteins that show at least a twofold induction upon infection, they are smaller than 200 amino

acids and are not negatively charged. TC009336 was included because of the high glycine content.
DOI: 10.7554/eLife.04111.008
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in response to sterile injury, indicating that they do not respond to infection but to wounding. Notably,
none of the AMPs is induced upon infection in serosa-less eggs, neither proPO1 nor the DUOX
ortholog Hpx11 (Supplementary file 2). Thus, the serosa is essential for the early immune response of
the Tribolium egg.

These data corroborate our previous gPCR study showing that AMP and PGRP upregulation upon
infection is abolished in serosa-less eggs (Jacobs and van der Zee, 2013). To see if we could also
independently confirm serosa-dependent induction of some of our newly identified candidates, we
performed gPCR on the transmembrane recognition protein of the IMD pathway PGRP-LC, the serine
proteases cS-P8, SPH-H57, SPH-H70, the serine protease inhibitors serpin24 and serpin26, the Toll
receptor toll3 and the novel potential AMPs TC004646, TC007763, TC007857, TC008806, and
TC015479 (Figure 5). The fold-changes detected by qPCR after sterile and septic injury of wild-type
eggs match the values found in the RNAseq data. The largest deviation was found for the potential
AMP TC007858 that is upregulated 156 times upon septic injury in our gPCRs but 484 times according
to the RNAseq data (Figure 5J). Most importantly, all gPCRs convincingly showed the absence of
induction in Tc-zenT RNAI eggs, thus providing independent support for our conclusion that the
serosa is required for the immune response in Tribolium eggs.

To investigate if it is the serosal epithelium itself that expresses the identified immune genes and
to exclude indirect effects, we performed in situ hybridization on two AMPs (thaumatin1 and attacin1)
of which mRNA length permitted in situ detection. In naive eggs, we could not detect thaumatin1 or
attacin expression. In contrast, expression was obvious in challenged eggs (Figure 6). In these eggs,
brown melanisation was found at the site of injury (asterix in Figure 6A and A’ and arrowhead in
Figure 6G) and the individual nuclei of the serosa can be distinguished from the oversaturated DAPI
signal marking the germ-band (Figure 6B,E, H) (Handel et al., 2000). The thaumatin1 expression
clearly associates with the large polyploid serosal nuclei and not with the dense cells of the germ-band
(overlay in Figure 6C and C'). A deeper focal plane of a different egg demonstrates exclusive expres-
sion in the overlying serosa on the outer surface (Figure 6D,D') and not in the underlying embryo
proper (Figure 6E,F). Also attacin1 expression consistently associated with the large polyploid serosal
nuclei (Figure 6G-I).

Thus, it is the serosal epithelium itself that expresses these AMPs upon infection. Although we
cannot exclude an indirect role of the serosa in the expression of the other identified immune genes,
we propose that the serosa itself expresses these genes and thus regulates the described immune
response involving melanisation, the generation of reactive oxygen species, and the massive produc-
tion of AMPs.

The serosa constitutively expresses some immune genes

To discover immune genes that are constitutively expressed in the serosa, we compared the tran-
scriptomes of naive Tc-zen1 RNAI eggs to naive wild-type eggs. We found 44 immune genes that
have serosa-dependent expression (Table 3). Of these genes, more than 75% is involved in the rec-
ognition of microbes and extracellular signal transduction such as PGRP-LA, many serine proteases
and Spz4 and Spz5 (Table 3). In contrast, most of the genes of the intracellular signal transduction
were present in Tc-zenT RNAIi eggs at similar levels as in wild-type eggs. Notably, the transmem-
brane receptor toll3 exhibits higher expression in unchallenged eggs with a serosa than in eggs
without a serosa. These data indicate that the serosa is an immune competent epithelium that
expresses many genes involved in bacterial recognition and transduction of this recognition to
receptor activation.

To confirm constitutive expression of these identified genes, we performed in situ hybridization on
naive eggs. We chose the receptor toll3 that shows two times higher expression in eggs with a serosa
and the scavenger receptor B5 that shows 30 times higher expression in eggs with a serosa (Table 3).
We found ubiquitous expression of toll3 in the egg (Figure 7A). Although toll3 was clearly expressed
in the serosa (partly detached from the egg Figure 7A"), we also detected expression in the embryo.
As in situ hybridization is not a quantitative technique, and because the serosal cells are flat and
thin, it is possible that we could not detect the twofold higher expression in the serosa. For scavenger
receptor B5 that has a 30-fold higher expression in eggs with a serosa, we did find clear expression
in the serosal epithelium (Figure 7D), whereas the underlying germ-band was not stained (Figure 7F
and F'). We propose that all genes listed in Table 3 are constitutively expressed in the serosa and
thus make the serosa an immune-competent frontier epithelium.
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Figure 5. RT-gPCR verification of immune gene expression. The expression levels of several immune genes was
verified by RT-gPCR. Expression shown relative to the expression in naive eggs, the mean fold change of the
biological replicates (based on two technical replicates) is plotted and error bars show the standard error. Black
bars represent expression after sterile injury, white bars represent expression after septic injury. Expression levels
measured by RT-gPCR show very similar results as the expression levels measured by RNAseq (See Supplementary
file 2). (A) PGRP-LC, (B) SPH-H57, (C) SPH-H70, (D) cSP-P8, (E) serpin24, (F) serpin2é, (G) toll3, (H) TC00464¢, (1)
TC007763, (J) TCO07858, (K) TCO08806, (L) TCO15479. See 'Materials and methods’ for experimental details.
DOI: 10.7554/eLife.04111.009

Taken together, we have shown that the eggs of the beetle Tribolium castaneum display an
extensive transcriptional immune response. This response is entirely dependent on the serosa, an
extraembryonic epithelium that envelops yolk and embryo. This immune competent frontier epithe-
lium constitutively expresses some immune genes and can induce massive amounts of AMPs.
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DAPI

Figure 6. In situ hybridization showing expression of AMP genes in the serosa upon septic injury. (A-F) Thaumatin
in situ hybridization. (A) Superficial view. ThaumatinT is expressed around the site of injury (asterix). Brown
melanisation is observed around the site of injury. (A") Magnification of the expression area shown in (A). Asterix
marks the site of injury. (B) DAPI counterstaining of the same egg as in (A). The large polyploid serosal nuclei can
be distinguished from the oversaturated DAPI signal from the germ-band. Head lobes to the left. (B') magnification
of (B). (C) Overlay of the in situ hybridization shown in A and the DAPI staining shown in (B). The thaumatin1
expression associates with the large polyploid serosal nuclei and is not found in the embryo proper. (C) Magnification
of the expression area shown in (C). (D) Focal plane through the egg. Thaumatin is expressed in a thin outer layer
at the surface of the egg. (D) Magnification of the expression area shown in (D). (E) DAPI staining of the same

egg shown in (D). The embryo is brightly visible. Head to the left. (E') Magnification of E. (F) Overlay of the in situ
hybridization shown in D and the DAPI staining shown in (E). (F') Magnification of the expression area. (G) Attacin
in situ hybridization. Brown melanisation is visible around the site of injury (arrowhead). (G') Magnification of the
anterior region of the egg shown in (G). (H) DAPI staining of the same egg shown in G. The germ-band is brightly
stained (head to the left) and the separate large serosal nuclei are visible. (H') Magnification of the anterior of the
Figure 6. Continued on next page

Jacobs et al. eLife 2014;3:e04111. DOI: 10.7554/eLife.04111 11 of 21


http://dx.doi.org/10.7554/eLife.04111

e LI FE Research article

Developmental biology and stem cells | Immunology

Figure 6. Continued

egg shown in (H). () Overlay of the in situ hybridization shown in G and the DAPI staining shown in (H). AttacinT is
expressed in the large serosal cells covering the germ-band and is not expressed in the dense cells of the germ
band. (I’ Magnification of the anterior of the egg shown in (l). The attacin staining associates with the large
serosal nuclei.

DOI: 10.7554/eLife.04111.010

Discussion

We have provided the first characterization of the complete transcriptional immune response in an
insect egg. We identified 538 immune responsive genes in the Tribolium egg, of which 481 are
only found in eggs with a serosal epithelium. The number of immune-responsive genes found in the
Tribolium egg is comparable to the number found in larvae (Behrens et al., 2014) and higher than
what was found in adults (Altincicek et al., 2013), but this might be due to differences in sequence cov-
erage. We cannot exclude that some expression differences we found might be due to somewhat
delayed development after pricking the eggs. However, the GO-categories of the differentially
regulated genes (shown in Figure 3) are mainly immune-related, suggesting that an effect of delayed
development is negligible.

The induction of several genes from both the Toll and IMD pathway indicates that both path-
ways are utilized in the immune response of the Tribolium egg. It is striking that Toll signaling seems
to be involved in innate immunity in the egg, because Toll signaling at this stage has only been asso-
ciated with developmental functions until now (Leulier and Lemaitre, 2008; Nunes da Fonseca et al.,
2008). In Drosophila, Toll1 has been described as the essential immune-related Toll receptor (Leulier
and Lemaitre, 2008). Other Tolls are not essential for the immune response, except for an antiviral
function of Toll7 (Nakamoto et al., 2012). Interestingly, toll3 is significantly upregulated upon infec-
tion of the egg and not toll1. Toll3 is also upregulated in infected adults and larvae (Altincicek et al.,
2013; Behrens et al., 2014), suggesting a novel role for toll3 in Tribolium innate immunity. It should
be noted that Toll1-4 in Tribolium are all closely related to Drosophila Toll1 and more distantly to
Drosophila Toll3 (Nunes da Fonseca et al., 2008, Zou et al., 2007). Thus, sub-functionalization into
developmental and immune-related functions might have occurred among the Tribolium Toll1-4
paralogs.

In Tribolium, only 19 AMPs have been identified (Zou et al., 2007). This is in strong contrast to
another beetle species, Harmonia axyridis, in which more than 50 putative AMPs have been recog-
nized (Vilcinskas et al., 2013). We were able to identify 20 new potential AMPs based on the
antimicrobial properties of known AMPs (Bulet et al., 1999; Bulet and Stécklin, 2005). Additional
AMPs might still be discovered, as we have not investigated peptides longer than 200 amino acids.
Some of these long peptides, for instance the Thaumatins, are known to have antimicrobial properties
(Altincicek et al., 2008, 2013). We might also have missed AMPs because some might be specifically
expressed at other stages, for instance in larvae or adults. Although activity assays against bacteria
and fungi are needed to verify antimicrobial properties, the discovery of 20 new potential AMPs shows
the power of our experimental strategy for getting an unbiased understanding of insect immunity.

The most important conclusion of our study is that the immune response in Tribolium eggs depends
on the extraembryonic serosa. To delete the serosa, we used parental Tc-zen1 RNAIi (van der Zee
et al., 2005). Formally, it is possible that the lack of the immune response we reported is not caused
by the absence of the serosa but by a more direct effect of Tc-zen1 RNAI, for instance if the transcrip-
tion factor Zen would directly regulate immune genes in the embryo. This is highly unlikely, as Tc-zen1
is only expressed in the early serosa (van der Zee et al., 2005) and is not expressed anymore by the
time we performed infection. Indeed, we found only three RNAseq reads that map to Tc-zen1, con-
firming that Tc-zen1 is practically not expressed at the time we performed experiments. Thus, we are
confident to conclude that the lack of the full-range immune response after Tc-zen1 RNAI is exclusively
due to the absence of the serosa.

Eggs with a serosa express crucial bacterial recognition genes, such as PGRP-LA, and many extra-
cellular signaling components, such as serine proteases, at higher levels than serosa-less eggs,
indicating constitutive expression in the serosa. It could be that these components activate receptors
elsewhere in the egg, for instance the toll3 receptor that is more ubiquitously expressed. However,
our in situ hybridizations unambiguously demonstrate that it is the serosal epithelium itself that expresses
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Table 3. Differentially regulated immune genes in naive wild-type eggs compared to naive Tc-zen
RNAi eggs

FDR FDR
Fold adjusted Fold adjusted
Gene ID  Description change  p-value Gene ID  Description change p-value
Extracellular signal
transduction and modulation
TC000247 cSPH-H2 2.70 <0.01 TC005754 serpin22 5.26 <0.01
TC000248  cSPH-H3 4.1 <0.01 TC006255  serpin24 0.69 0.03
TC000249 cSPH-H4 5.16 <0.01 TC011718 serpin27 1.62 <0.01
TC000740 SPH-H17 9.28 <0.01 TC006726 Spz4 3.00 <0.01
TC000829 SPH-H18 8.26 <0.01 TC013304 Spz5 122.56 <0.01
TC007026  cSPH-H78 29.79 <0.01 Microbial recognition
TC012390 SPH-H129 1.60 <0.01 TC002789 PGRP-LA 3.95 0.02
TC000495 cSP-P8 6.57 <0.01 TCO014664 TEP-B 2.90 0.02
TC000497 cSP-P10 4.50 <0.01 TC005976 PSH 3.43 <0.01
TC000547 SP-P13 241 <0.01 TC006978 C-type lectin1 14.52 <0.01
TC000635 SP-P16 2.54 <0.01 TCO13911 C-type lectin 13 18.21 <0.01
TC004160  cSP-P44 9.79 <0.01 Toll-signalling pathway
TC004624 cSP-P52 0.52 <0.01 TC004438 Toll3 2.28 <0.01
TC004635 cSP-P53 51.56 <0.01 IMD-signalling pathway
TC005230 cSP-P61 250.00 <0.01 TC014708 NFAT 2.01 <0.01
TC006033 SP-P&68 1.54 <0.01 Execution mechanisms
TC009090  cSP-P91 2.80 <0.01 TC005375  hexamerin2 0.38 <0.01
TC009092 cSP-P93 3.00 <0.01 TC005493 |1-|eme peroxidase 3.84 <0.01
TC009093 cSP-P94 27.76 <0.01 TC015234 I2-|eme peroxidase  6.30 <0.01
TC013277 cSP-P136 3.04 <0.01 TC010356 Scavenger 0.60 0.03
receptor-B13
TCO013415  SP-P141 11.85 <0.01 TC015854 Scavenger 1.91 <0.01
receptor-B2
TC000760 serpin’ 5.29 <0.01 TC014946 Scavenger 29.29 <0.01
receptor-B5
TC005750  serpini8 1.92 <0.01 TC000948 Scavenger 163.90 <0.01
receptor-Bé6
TC005752  serpin20 2.30 <0.01 TC014954 Scavenger 1.96 <0.01

receptor-B9

SP = serine protease; SPH = non-catalytic serine protease; cSP = clip-domain serine protease.
DOI: 10.7554/eLife.04111.011

AMPs upon infection, indicating that it is the serosal epithelium itself that harbors the functional
immune response reducing bacterial propagation in infected eggs (Figure 1).

Overall, bacterial infection of Tribolium eggs induces genes involved in melanisation, the acute-phase
oxidative response, and AMP production and differentially regulates many other immune genes. This
response is completely abolished in eggs without a serosa, the extraembryonic epithelium that enve-
lopes yolk and embryo at the interface with the microbe-rich external milieu. Barrier epithelia like the
midgut have recently been highlighted as key players in the local immune defenses in insects (Davis
and Engstrom, 2012; Ferrandon, 2013). We conclude that the serosa is a frontier epithelium that
provides the insect egg with a full-range immune response.

Interestingly, the separation of the serosal cells from the germ rudiment is the first morphological
distinction that can be made in the blastoderm of the developing egg (Handel et al., 2000). The
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Figure 7. Constitutive expression of immune genes in the serosa. (A-C) Toll3 in situ hybridization. (A) Toll3 is
expressed in the flat and thin serosal cells (partly detached from the egg) but also in the germ rudiment (head
lobes to the right). (A") Magnification of the area indicated with an arrow in (A). (B) DAPI staining of the same egg
shown in (A). The bright staining of the germ-band can be distinguished from the large nuclei of the serosa.

(C) Overlay of the in situ hybridization shown in A and the DAPI staining shown in (B). (C') Magnification of (C).
Toll3 is expressed in cells of the serosa. (D-F) Scavenger receptor B5 in situ hybridization. (D) Scavenger receptor
B5 shows expression in every serosal cell at the surface. (D') Magnification of (D). (E) DAPI staining of the same egg
shown in (D). The germ-band is brightly stained (head to the left) and the staining of the serosal nuclei is clearly
visible when not overwhelmed by staining of the dense nuclei of the germ-band. (E') Magnification of (E). The
serosal nuclei are visible. Bright staining of the germ-band to the right. (F) Overlay of the in situ hybridization shown
in D and the DAPI staining shown in (E). Scavenger receptor B5 expression follows the serosal nuclei and is not
detected in the germ-band. (F') Magnification of (F). Scavenger receptor B5 mRNA is detected around the large
polyploid serosal nuclei and not around the dense nuclei of the germ rudiment.

DOI: 10.7554/eLife.04111.012

serosal cells will have enveloped the complete embryo before the ectoderm starts to differentiate. These
serosal cells can provide the insect egg with an innate immune response long before the embryonic ecto-
derm or trachea is immune responsive. In addition, the polyploid nuclei allow the serosal cells to quickly
synthesize large amounts of proteins providing protection for the vulnerable developing embryo.
Thus, the serosa is well suited to provide early immune protection to the egg. Drosophila eggs do not
develop a serosa, as this extraembryonic membrane was lost in the Schizophoran flies (Schmidt-Ott,
2000; Rafiqi et al., 2008). A trade-off with developmental speed might have driven the loss of the serosa
in these flies living on ephemeral food sources (Jacobs et al., 2014). We suggest that the absence of the
serosa in the Schizophora accounts for the poor immune response of Drosophila eggs. Since all other
insects possess a serosa, we propose that early immune competence is a general property of insect eggs.

Conclusions

Tribolium castaneum eggs can mount a full-range innate immune response involving antimicrobial
peptides, melanisation, and the production of reactive oxygen species. This response depends entirely
on the extraembryonic serosa, an immune competent frontier epithelium that is absent in Drosophila.
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Materials and methods
Beetles and Tc-zen1 RNAI

The Tribolium stock used for this study was the T. castaneum wild-type strain, San Bernardino. Stock
keeping and Tc-zen1 RNAIi were performed as described in van der Zee et al. (2005). The control
dsRNA was synthesized from a 500-bp vector sequence cloned from the pCRIl vector (Invitrogen,
Waltham, MA, USA) using the primers 5-TGCCGGATCAAGAGCTACCAA-3" and 5-TGTGAGCAAAA
GGCCAGCAA-3' and has no targets in the Tribolium castaneum genome (See also Jacobs et al.,
2013; Jacobs and van der Zee, 2013).

Infection

Infection experiments were performed as described in Jacobs and van der Zee (2013). 24- to 40-hr
old eggs (total developmental time is close to 85 hr) were pricked with a sterile tungsten needle or with
a tungsten needle dipped in a concentrated mix of E. coli and M. luteus cultures (bacteria provided by
D Ferrandon, Strasbourg) or were not pricked at all. To allow comparison to the extensive body of work
in Drosophila, we have used the same strains of E. coli and M. luteus as are traditionally used in Drosophila
(Ferrandon et al., 2007). 6 hr later, eggs were used for RNA isolation or in situ hybridization.

Cfu counts

Cfu's were determined directly after infection (t = 0) or 6 hr after infection (t = 6). Eggs were shortly
washed for 15 s in a 0.5% hypochlorite solution to sterilize the outside and rinsed with water. 10 eggs
were pooled and homogenized in 100 pl water with a sterile pestle. For t = 0, 25 pl of this suspension
was directly plated on LB agar plates; for t = 6 these 100 microliters were either diluted 50 times in
50 pl water (for wild-type eggs) or 500 times in 50 pl water (for Tc-zen1 RNAI eggs). Of these dilutions,
25 pl was plated on LB agar plates. Colonies were counted after an overnight incubation at 37°C, and
average numbers of cfu's were calculated per egg. For each combination of time and treatment, the
cfu's were measured 10 times. Statistical significance was determined by performing a Pearson's chi-
square test. Bacterial load of wild-type eggs increased to on average 32,975 cfu's after 24 hr, but at
this time point comparisons to Tc-zenT RNAIi eggs were unreliable as bacteria might have reached a
maximum. At t = 6, bacteria were still in their exponential growth phase and the formula N, = N
could be used to calculate the specific growth rate.

Sample collection for transcriptional analysis

For RNAseq and gPCR, total RNA of approximately 300 eggs was extracted using TRIzol extraction
(Invitrogen) after which the RNA was purified and DNA digested on column with the RNeasy kit
(Qiagen, Venlo, Netherlands). We collected three biological samples for each of the 9 treatments, giving
a total of 27 biological samples (Figure 2). cDNA library synthesis and sequencing was performed by
the ZF-screens (Leiden, the Netherlands) sequencing company on an Illlumina HiSeq2500 sequencer.

Data analysis and bioinformatics

Sequencing reads were mapped with CLC genomics workbench 6 using the first 51 bp with the
highest sequencing quality and score values over 20, allowing 2 mismatches to the reference sequence
of the Tribolium genome 3.0 which was obtained from Ensemble (Flicek et al., 2013). The mismatch
cost was set to 2, the insertion cost to 3, the deletion cost to 3, the length fraction to 0.5, and the
similarity fraction was set at 0.8. To calculate statistical differences of the expression levels of genes
between treatments, we utilized the DESeq package (Anders and Huber, 2010) in Bioconductor
(Gentleman et al., 2004) in R (R Development Core Team, 2009). The p values were adjusted for
multiple testing with the Benjamini-Hochberg procedure, which determines the false discovery rate
(FDR). We trimmed the data to only contain genes that are induced more than twofold or repressed
more than twofold. To minimize false discovery rate, we set the cut-off value for significant genes to
an FDR of <0.01. DESeq was used to normalize the count data, calculate mean values, fold changes,
size factors, variance and p values (raw and adjusted) of a test for differential gene expression based
on generalized linear models using negative binomial distribution errors.

Sequence annotation
Sequence homology searches of predicted reference gene sequences and subsequent functional
annotation by gene ontology terms (GO) and InterPro terms (InterProScan, EBI) were determined
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using the BLAST2GO software suite v2.6.6 (Conesa et al., 2005). First, homology searches were per-
formed through BLASTX against sequences of the Drosophila protein database with a cut-off value of
1.0E-10. Subsequently, GO classification annotations were created after which InterPro searches on
the InterProEBI web server were performed remotely by utilizing BLAST2GO.

qPCR

RNA was collected as described under ‘Sample collection for transcriptional analysis’. The quality of
RNA preparation was confirmed spectro-photometrically and on gel. One microgram of total RNA
was used for cDNA synthesis. First strand cDNA was made using the Cloned AMV First Strand Synthesis
kit (Invitrogen). Each qRT-PCR mixture (25 pl) contained 2.5 ng of cDNA, and the real-time detection
and analyses were done based on SYBR green dye chemistry using the qPCR kit for SYBR Green |
(Eurogentec, Seraing, Belgium) and a CFX%6 thermocycler (Bio-rad, Hercules, CA, USA). Thermal
cycling conditions used were 50°C for 2 min, 95°C for 10 min, then 50 cycles of 95°C for 15 s, 60°C for
30's, 72°C for 30 s; this was followed by dissociation analysis of a ramp from 65°C to 95°C with a read
every 0.5°C. Relative quantification for each mRNA was done using the Livak method (Livak and
Schmittgen, 2001). The values obtained for each mRNA were normalized by RPL13a mRNA amount
for Tribolium (Primers as in Lord et al., 2010). Total RNA for each treatment was isolated two times
(biological replication) and each sample was measured by qRT-PCR twice (technical replication). The
primers used for gPCR are in Supplementary file 3.

In situ hybridizations
In situ hybridizations involving alkaline phosphatase-based visualization of DIG-labelled probes were
essentially performed as described in Tautz and Pfeifle (1989), but without the proteinase K step.
Eggs were fixed for 20 min in a 1:1 mix of heptane and 3.7% formaldehyde in PBST. As the serosa
tightly associates with the vitelline membrane, we used Tc-CHST RNAI eggs (Jacobs et al., 2013),
making it possible to manually dissect eggs containing the serosa from the vitelline membrane. The
following primers were used to amplify 500-bp fragments of thaumatin1, attacin1, toll3, and scavenger
receptor B5.

Thaumatin1 FW 5-CTAAGCGAAGGGGGTTTCGT-3' RV 5-TTTGTGGTCATCGTAGGCGT-3'

Attacin1 FW 5-ATCGTCCAAGACCAGCAAGG-3' RV 5-GAAGCGGTGGCTAAACTGGA-3'

Toll3 FW 5'-AACTGGGAGGTTTTGCACAC-3' RV 5-AACTCCATTTTCCCCCAAAC-3'

SR-B5 FW 5'-AGCCAGGGAGTTCATGTTCG-3' RV 5-TGATTTGGTAACGGACGGCA-3’
PCR fragments were cloned into the TOPO Il vector (Invitrogen), according to the manufacturer's
protocol. From these plasmids, templates for probe synthesis were amplified using M13 primers. DIG-
labelled probes were synthesized using the MEGAscript kit (Ambion, Austin, Texas, USA), according
to the manufacturer's protocol, but with Roche RNA-labelling mix (Roche, Basel, Switzerland).

Data access

The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus
(Barrett et al., 2013) and are accessible through GEO Series accession number GSE54018 (http://
www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE54018).

Acknowledgements

We thank Nora Braak, Romée de Blois, and OL van de Peppel for help with the in situ hybridizations.
Heiko Vogel from the Max Planck Institute for Chemical Ecology, Jena, Germany for critically reading
the manuscript. MvdZ was funded by NWO VENI grant 863.09.014.

Additional information

Funding

Funder Grant reference number Author

Nederlandse Organisatie voor  VENI grant - 863.09.014 Maurijn van der Zee
Wetenschappelijk Onderzoek

The funder had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Jacobs et al. eLife 2014;3:e04111. DOI: 10.7554/eLife.04111 16 of 21


http://dx.doi.org/10.7554/eLife.04111
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE54018
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE54018

e LI FE Research article Developmental biology and stem cells | Immunology

Author contributions

CGCJ, MZ, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting
or revising the article; HPS, Conception and design, Analysis and interpretation of data, Drafting or
revising the article

Additional files

Supplementary files

e Supplementary file 1. Summary statistics for Tribolium castaneum transcriptome sequencing analysis.
DOI: 10.7554/eLife.04111.013

* Supplementary file 2. Significantly differentially expressed immune genes in wild-type, control, and
Tc-zen1 RNAI eggs.
DOI: 10.7554/eLife.04111.014

* Supplementary file 3. Primers used for RT-qPCR.
DOI: 10.7554/eLife.04111.015

* Supplementary file 4. DEseq output from wild-type eggs, sterile injury compared to naive eggs.
DOI: 10.7554/eLife.04111.016

¢ Supplementary file 5. DEseq output from wild-type eggs, septic injury compared to naive eggs.
DOI: 10.7554/elLife.04111.017

e Supplementary file 6. DEseq output from control RNAi eggs, sterile injury compared to naive eggs.
DOI: 10.7554/eLife.04111.018

e Supplementary file 7. DEseq output from control RNAi eggs, septic injury compared to naive eggs.
DOI: 10.7554/eLife.04111.019

* Supplementary file 8. DEseq output from Tc-zen1 RNAI eggs, sterile injury compared to naive eggs.
DOI: 10.7554/eLife.04111.020

* Supplementary file 9. DEseq output from Tc-zen1 RNAI eggs, septic injury compared to naive eggs.
DOI: 10.7554/eLife.04111.021

Major dataset

The following dataset was generated:

Database, license,
and accessibility

Author(s) Year Dataset title Dataset ID and/or URL  information
Jacobs CGC, Spaink HP, 2014  The extraembryonic serosa is a http://www.ncbi.nlm.nih.  Publicly available
van der Zee M frontier epithelium providing the  gov/geo/query/acc. at NCBI Gene
insect egg with a full-range cgi?acc=GSE54018 Expression
innate immune response Omnibus.
References

Altincicek B, Elashry A, Guz N, Grundler FM, Vilcinskas A, Dehne HW. 2013. Next generation sequencing based
transcriptome analysis of septic-injury responsive genes in the beetle Tribolium castaneum. PLOS ONE
8:€52004. doi: 10.1371/journal.pone.0052004.

Altincicek B, Knorr E, Vilcinskas A. 2008. Beetle immunity: Identification of immune-inducible genes from the
model insect Tribolium castaneum. Developmental and Comparative Immunology 32:585-595. doi: 10.1016/j.
dci.2007.09.005.

Altincicek B, Vilcinskas A. 2007. Analysis of the immune-inducible transcriptome from microbial stress resistant,
rat-tailed maggots of the drone fly Eristalis tenax. BMC Genomics 8:326. doi: 10.1186/1471-2164-8-326.

Anders S, Huber W. 2010. Differential expression analysis for sequence count data. Genome Biology 11:R106.
doi: 10.1186/gb-2010-11-10-r106.

Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M, Marshall KA, Phillippy KH, Sherman PM,
Holko M, Yefanov A, Lee H, Zhang N, Robertson CL, Serova N, Davis S, Soboleva A. 2013. NCBI GEO:
archive for functional genomics data sets—update. Nucleic Acids Research 41:D991-D995. doi: 10.1093/
nar/gks1193.

Behrens S, PeuB3 R, Milutinovi¢ B, Eggert H, Esser D, Rosenstiel P, Schulenburg H, Bornberg-Bauer E, Kurtz J.
2014. Infection routes matter in population-specific responses of the red flour beetle to the entomopathogen
Bacillus thuringiensis. BMC Genomics 15:445. doi: 10.1186/1471-2164-15-445,

Bell JV. 1969. Serratia marcescens found in eggs of Heliothis zea: tests against Trichoplusia ni. Journal of
Invertebrate Pathology 13:151-152. doi: 10.1016/0022-2011(69)90251-1.

Jacobs et al. eLife 2014;3:e04111. DOI: 10.7554/eLife.04111 17 of 21


http://dx.doi.org/10.7554/eLife.04111
http://dx.doi.org/10.7554/eLife.04111.013
http://dx.doi.org/10.7554/eLife.04111.014
http://dx.doi.org/10.7554/eLife.04111.015
http://dx.doi.org/10.7554/eLife.04111.016
http://dx.doi.org/10.7554/eLife.04111.017
http://dx.doi.org/10.7554/eLife.04111.018
http://dx.doi.org/10.7554/eLife.04111.019
http://dx.doi.org/10.7554/eLife.04111.020
http://dx.doi.org/10.7554/eLife.04111.021
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE54018
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE54018
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE54018
http://dx.doi.org/10.1371/journal.pone.0052004
http://dx.doi.org/10.1016/j.dci.2007.09.005
http://dx.doi.org/10.1016/j.dci.2007.09.005
http://dx.doi.org/10.1186/1471-2164-8-326
http://dx.doi.org/10.1186/gb-2010-11-10-r106
http://dx.doi.org/10.1093/nar/gks1193
http://dx.doi.org/10.1093/nar/gks1193
http://dx.doi.org/10.1186/1471-2164-15-445
http://dx.doi.org/10.1016/0022-2011(69)90251-1

e LI FE Research article

Developmental biology and stem cells | Immunology

Blum MS, Hilker M. 2008. Chemical protection of insect eggs. In: Hilker M, Meiners T, editors. Chemoecology of
Insect Eggs and Egg Deposition: Blackwell Publishing Ltd.

Boos S, Meunier J, Pichon S, Kélliker M. 2014. Maternal care provides antifungal protection to eggs in the
European earwig. Behavioral Ecology 25:754-761. doi: 10.1093/beheco/aru046.

Bulet P, Hetru C, Dimarcq JL, Hoffmann D. 1999. Antimicrobial peptides in insects; structure and function.
Developmental and Comparative Immunology 23:329-344. doi: 10.1016/S0145-305X(99)00015-4.

Bulet P, Stocklin R. 2005. Insect antimicrobial peptides: structures, properties and gene regulation. Protein and
Peptide Letters 12:3-11. doi: 10.2174/0929866053406011.

Bulet P, Stocklin R, Menin L. 2004. Anti-microbial peptides: from invertebrates to vertebrates. Immunological
Reviews 198:169-184. doi: 10.1111/].0105-2896.2004.0124 .x.

Chen G, Handel K, Roth S. 2000. The maternal NF-kappa B/dorsal gradient of Tribolium castaneum: dynamics of
early dorsoventral patterning in a short-germ beetle. Development 127:5145-5156.

Christophides GK, Zdobnov E, Barillas-Mury C, Birney E, Blandin S, Blass C, Brey PT, Collins FH, Danielli A,
Dimopoulos G, Hetru C, Hoa NT, Hoffmann JA, Kanzok SM, Letunic |, Levashina EA, Loukeris TG, Lycett G,
Meister S, Michel K, Moita LF, Miller HM, Osta MA, Paskewitz SM, Reichhart JM, Rzhetsky A, Troxler L,
Vernick KD, Vlachou D, Volz J, Von Mering C, Xu J, Zheng L, Bork P, Kafatos FC. 2002. Immunity-related genes
and gene families in Anopheles gambiae. Science 298:159-165. doi: 10.1126/science.1077136.

Conesa A, Gotz S, Garcia-Gomez JM, Terol J, Talon M, Robles M. 2005. Blast2GO: a universal tool for annota-
tion, visualization and analysis in functional genomics research. Bioinformatics 21:3674-3676. doi: 10.1093/
bioinformatics/bti610.

Contreras E, Rausell C, Real MD. 2013. Proteome response of Tribolium castaneum larvae to Bacillus thuringiensis
toxin producing strains. PLOS ONE 8:e55330. doi: 10.1371/journal.pone.0055330.

Davis MM, Engstrdm Y. 2012. Immune response in the barrier epithelia: lessons from the fruit fly Drosophila
melanogaster. Journal of Innate Immunity 4:273-283. doi: 10.1159/000332947.

De Gregorio E, Spellman PT, Rubin GM, Lemaitre B. 2001. Genome-wide analysis of the Drosophila immune
response by using oligonucleotide microarrays. Proceedings of the National Academy of Sciences of USA
98:12590-12595. doi: 10.1073/pnas.221458698.

Dziarski R, Platt KA, Gelius E, Steiner H, Gupta D. 2003. Defect in neutrophil killing and increased susceptibility
to infection with nonpathogenic gram-positive bacteria in peptidoglycan recognition protein-S (PGRP-S)-deficient
mice. Blood 102:689-697. doi: 10.1182/blood-2002-12-3853.

Ferrandon D. 2013. The complementary facets of epithelial host defenses in the genetic model organism
Drosophila melanogaster: from resistance to resilience. Current Opinion in Immunology 25:59-70.
doi: 10.1016/j.c0i.2012.11.008.

Ferrandon D, Imler JL, Hetru C, Hoffmann JA. 2007. The Drosophila systemic immune response: sensing and
signalling during bacterial and fungal infections. Nature Reviews Immunology 7:862-874. doi: 10.1038/nri2194.

Flicek P, Ahmed |, Amode MR, Barrell D, Beal K, Brent S, Carvalho-Silva D, Clapham P, Coates G, Fairley S,
Fitzgerald S, Gil L, Garcia-Giron C, Gordon L, Hourlier T, Hunt S, Juettemann T, Kahéri AK, Keenan S,
Komorowska M, Kulesha E, Longden |, Maurel T, Mclaren WM, Muffato M, Nag R, Overduin B, Pignatelli M,
Pritchard B, Pritchard E, Riat HS, Ritchie GRS, Ruffier M, Schuster M, Sheppard D, Sobral D, Taylor K,
Thormann A, Trevanion S, White S, Wilder SP, Aken BL, Birney E, Cunningham F, Dunham |, Harrow J, Herrero J,
Hubbard TJ, Johnson N, Kinsella R, Parker A, Spudich G, Yates A, Zadissa A, Searle SM. 2013. Ensembl 2013.
Nucleic Acids Research 41:D48-D55. doi: 10.1093/nar/gks1236.

Freitak D, Schmidtberg H, Dickel F, Lochnit G, Vogel H, Vilcinskas A. 2014. The maternal transfer of bacteria can
mediate trans-generational immune priming in insects. Virulence 5:547-554. doi: 10.4161/viru.28367.

Ganesan S, Aggarwal K, Paquette N, Silverman N. 2011. NF-kappaB/Rel proteins and the humoral immune
responses of Drosophila melanogaster. Current Topics in Microbiology and Immunology 349:25-60.
doi: 10.1007/82_2010_107.

Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S, Ellis B, Gautier L, Ge Y, Gentry J, Hornik K,
Hothorn T, Huber W, lacus S, Irizarry R, Leisch F, Li C, Maechler M, Rossini AJ, Sawitzki G, Smith C, Smyth G,
Tierney L, Yang JY, Zhang J. 2004. Bioconductor: open software development for computational biology and
bioinformatics. Genome Biology 5:R80. doi: 10.1186/gb-2004-5-10-r80.

Gerardo NM, Altincicek B, Anselme C, Atamian H, Barribeau SM, de Vos M, Duncan EJ, Evans JD, Gabaldon T,
Ghanim M, Heddi A, Kaloshian |, Latorre A, Moya A, Nakabachi A, Parker BJ, Perez-Brocal V, Pignatelli M,
Rahbe Y, Ramsey JS, Spragg CJ, Tamames J, Tamarit D, Tamborindeguy C, Vincent-Monegat C, Vilcinskas A.
2010. Immunity and other defenses in pea aphids, Acyrthosiphon pisum. Genome Biology 11:R21.
doi: 10.1186/gb-2010-11-2-r21.

Handel K, Grunfelder CG, Roth S, Sander K. 2000. Tribolium embryogenesis: a SEM study of cell shapes and
movements from blastoderm to serosal closure. Development Genes and Evolution 210:167-179. doi: 10.1007/
s004270050301.

Jacobs CG, Rezende GL, Lamers GE, van der Zee M. 2013. The extraembryonic serosa protects the insect egg
against desiccation. Proceedings of the Royal Society B: Biological Sciences 280:20131082. doi: 10.1098/
rspb.2013.1082.

Jacobs CG, van der Zee M. 2013. Immune competence in insect eggs depends on the extraembryonic serosa.
Developmental and Comparative Immunology 41:263-269. doi: 10.1016/}.dci.2013.05.017.

Jacobs CG, Wang Y, Vogel H, Vilcinskas A, van der Zee M, Rozen DE. 2014. Egg survival is reduced by grave-soil
microbes in the carrion beetle, Nicrophorus vespilloides. BMC Evolutionary Biology 14:208. doi: 10.1186/
s12862-014-0208-x.

Jacobs et al. eLife 2014;3:e04111. DOI: 10.7554/eLife.04111 18 of 21


http://dx.doi.org/10.7554/eLife.04111
http://dx.doi.org/10.1093/beheco/aru046
http://dx.doi.org/10.1016/S0145-305X(99)00015-4
http://dx.doi.org/10.2174/0929866053406011
http://dx.doi.org/10.1111/j.0105-2896.2004.0124.x
http://dx.doi.org/10.1126/science.1077136
http://dx.doi.org/10.1093/bioinformatics/bti610
http://dx.doi.org/10.1093/bioinformatics/bti610
http://dx.doi.org/10.1371/journal.pone.0055330
http://dx.doi.org/10.1159/000332947
http://dx.doi.org/10.1073/pnas.221458698
http://dx.doi.org/10.1182/blood-2002-12-3853
http://dx.doi.org/10.1016/j.coi.2012.11.008
http://dx.doi.org/10.1038/nri2194
http://dx.doi.org/10.1093/nar/gks1236
http://dx.doi.org/10.4161/viru.28367
http://dx.doi.org/10.1007/82_2010_107
http://dx.doi.org/10.1186/gb-2004-5-10-r80
http://dx.doi.org/10.1186/gb-2010-11-2-r21
http://dx.doi.org/10.1007/s004270050301
http://dx.doi.org/10.1007/s004270050301
http://dx.doi.org/10.1098/rspb.2013.1082
http://dx.doi.org/10.1098/rspb.2013.1082
http://dx.doi.org/10.1016/j.dci.2013.05.017
http://dx.doi.org/10.1186/s12862-014-0208-x
http://dx.doi.org/10.1186/s12862-014-0208-x

e LI FE Research article Developmental biology and stem cells | Immunology

Johnston PR, Makarova O, Rolff J. 2013. Inducible defenses Stay up late: temporal patterns of immune gene
expression in Tenebrio molitor. G3 4:947-955. doi: 10.1534/93.113.008516.

Johnston PR, Rolff J. 2013. Immune- and wound-dependent differential gene expression in an ancient insect.
Developmental and Comparative Immunology 40:320-324. doi: 10.1016/}.dci.2013.01.012.

Kellner RLL. 2008. The role of Microorganisms for eggs and Progeny. In: Hilker M, Meiners T, editors.
Chemoecology of Insect Eggs and Egg Deposition: Blackwell Publishing Ltd.

Kim MS, Byun M, Oh BH. 2003. Crystal structure of peptidoglycan recognition protein LB from Drosophila
melanogaster. Nature Immunology 4:787-793. doi: 10.1038/ni952.

Lemaitre B, Hoffmann J. 2007. The host defense of Drosophila melanogaster. Annual Review of Immunology
25:697-743. doi: 10.1146/annurev.immunol.25.022106.141615.

Leone P, Bischoff V, Kellenberger C, Hetru C, Royet J, Roussel A. 2008. Crystal structure of Drosophila PGRP-SD
suggests binding to DAP-type but not lysine-type peptidoglycan. Molecular Immunology 45:2521-2530.
doi: 10.1016/j.molimm.2008.01.015.

Leulier F, Lemaitre B. 2008. Toll-like receptors - taking an evolutionary approach. Nature Reviews Genetics
9:165-178. doi: 10.1038/nrg2303.

Leulier F, Parquet C, Pili-Floury S, Ryu JH, Caroff M, Lee WJ, Mengin-Lecreulx D, Lemaitre B. 2003. The
Drosophila immune system detects bacteria through specific peptidoglycan recognition. Nature Immunology
4:478-484. doi: 10.1038/ni922.

Ligoxygakis P. 2013. Genetics of immune recognition and response in Drosophila host defense. Advances in
Genetics 83:71-97. doi: 10.1016/B978-0-12-407675-4.00002-X.

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data using real-time quantitative PCR and
the 2(-Delta Delta C(T)) Method. Methods 25:402-408. doi: 10.1006/meth.2001.1262.

Lord JC, Hartzer K, Toutges M, Oppert B. 2010. Evaluation of quantitative PCR reference genes for gene
expression studies in Tribolium castaneum after fungal challenge. Journal of Microbiological Methods 80:
219-221. doi: 10.1016/j.mimet.2009.12.007.

Lynch RE, Lewis LC, Brindley TA. 1976. Bacteria associated with eggs and first-instar larvae of the European corn
borer: identification and frequency of occurrence. Journal of Invertebrate Pathology 27:229-237. doi: 10.1016/
0022-2011(76)20150-6.

Marchini D, Marri L, Rosetto M, Manetti AG, Dallai R. 1997. Presence of antibacterial peptides on the laid egg
chorion of the medfly Ceratitis capitata. Biochemical and Biophysical Research Communications 240:657-663.
doi: 10.1006/bbrc.1997.7694.

Milutinovi¢ B, Stolpe C, PeuB R, Armitage SA, Kurtz J. 2013. The red flour beetle as a model for bacterial oral
infections. PLOS ONE 8:e64638. doi: 10.1371/journal.pone.0064638.

Moreau J, Martinaud G, Troussard J-P, Zanchi C, Moret Y. 2012. Trans-generational immune priming is con-
strained by the maternal immune response in an insect. Oikos 121:1828-1832. doi: 10.1111/].1600-0706.
2011.19933.x.

Nakamoto M, Moy RH, Xu J, Bambina S, Yasunaga A, Shelly SS, Gold B, Cherry S. 2012. Virus recognition
by Toll-7 activates antiviral autophagy in Drosophila. Immunity 36:658-667. doi: 10.1016/j.immuni.
2012.03.003.

Nunes da Fonseca R, von Levetzow C, Kalscheuer P, Basal A, van der Zee M, Roth S. 2008. Self-regulatory
Circuits in dorsoventral Axis formation of the short-germ beetle Tribolium castaneum. Developmental Cell
14:605-615. doi: 10.1016/j.devcel.2008.02.011.

Park JW, Kim CH, Rui J, Park KH, Ryu KH, Chai JH, Hwang HO, Kurokawa K, Ha NC, Séderhall |, Séderhall K,
Lee BL. 2010. Beetle immunity. In: S6derhall K, editor. Invertebrate Immunity: Landes Bioscience and Springer
Science+Business Media.

R Development Core Team. 2009. R: a language and environment for statistical computing. 2.9.0. Vienna, Austria:
R Foundation for Statistical Computing.

Rafigi AM, Lemke S, Ferguson S, Stauber M, Schmidt-Ott U. 2008. Evolutionary origin of the amnioserosa in
cyclorrhaphan flies correlates with spatial and temporal expression changes of zen. Proceedings of the National
Academy of Sciences of the USA 105:234-239. doi: 10.1073/pnas.0709145105.

Richards S, Gibbs RA, Weinstock GM, Brown SJ, Denell R, Beeman RW, Gibbs R, Beeman RW, Brown SJ,
Bucher G, Friedrich M, Grimmelikhuijzen CJ, Klingler M, Lorenzen M, Richards S, Roth S, Schréder R, Tautz D,
Zdobnov EM, Muzny D, Gibbs RA, Weinstock GM, Attaway T, Bell S, Buhay CJ, Chandrabose MN, Chavez D,
Clerk-Blankenburg KP, Cree A, Dao M, Davis C, Chacko J, Dinh H, Dugan-Rocha S, Fowler G, Garner TT,
Garnes J, Gnirke A, Hawes A, Hernandez J, Hines S, Holder M, Hume J, Jhangiani SN, Joshi V, Khan ZM,
Jackson L, Kovar C, Kowis A, Lee S, Lewis LR, Margolis J, Morgan M, Nazareth LV, Nguyen N, Okwuonu G,
Parker D, Richards S, Ruiz SJ, Santibanez J, Savard J, Scherer SE, Schneider B, Sodergren E, Tautz D, Vattahil S,
Villasana D, White CS, Wright R, Park Y, Beeman RW, Lord J, Oppert B, Lorenzen M, Brown S, Wang L,
Savard J, Tautz D, Richards S, Weinstock G, Gibbs RA, Liu Y, Worley K, Weinstock G, Elsik CG, Reese JT, Elhaik E,
Landan G, Graur D, Arensburger P, Atkinson P, Beeman RW, Beidler J, Brown SJ, Demuth JP, Drury DW, Du YZ,
Fujiwara H, Lorenzen M, Maselli V, Osanai M, Park Y, Robertson HM, Tu Z, Wang JJ, Wang S, Richards S, Song H,
Zhang L, Sodergren E, Werner D, Stanke M, Morgenstern B, Solovyev V, Kosarev P, Brown G, Chen HC,
Ermolaeva O, Hlavina W, Kapustin Y, Kiryutin B, Kitts P, Maglott D, Pruitt K, Sapojnikov V, Souvorov A, Mackey AJ,
Waterhouse RM, Wyder S, Zdobnov EM, Zdobnov EM, Wyder S, Kriventseva EV, Kadowaki T, Bork P, Aranda M,
Bao R, Beermann A, Berns N, Bolognesi R, Bonneton F, Bopp D, Brown SJ, Bucher G, Butts T, Chaumot A,
Denell RE, Ferrier DE, Friedrich M, Gordon CM, Jindra M, Klingler M, Lan Q, Lattorff HM, Laudet V,
von Levetsow C, Liu Z, Lutz R, Lynch JA, da Fonseca RN, Posnien N, Reuter R, Roth S, Savard J, Schinko JB,

Jacobs et al. eLife 2014;3:e04111. DOI: 10.7554/eLife.04111 19 of 21


http://dx.doi.org/10.7554/eLife.04111
http://dx.doi.org/10.1534/g3.113.008516
http://dx.doi.org/10.1016/j.dci.2013.01.012
http://dx.doi.org/10.1038/ni952
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141615
http://dx.doi.org/10.1016/j.molimm.2008.01.015
http://dx.doi.org/10.1038/nrg2303
http://dx.doi.org/10.1038/ni922
http://dx.doi.org/10.1016/B978-0-12-407675-4.00002-X
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1016/j.mimet.2009.12.007
http://dx.doi.org/10.1016/0022-2011(76)90150-6
http://dx.doi.org/10.1016/0022-2011(76)90150-6
http://dx.doi.org/10.1006/bbrc.1997.7694
http://dx.doi.org/10.1371/journal.pone.0064638
http://dx.doi.org/10.1111/j.1600-0706.2011.19933.x
http://dx.doi.org/10.1111/j.1600-0706.2011.19933.x
http://dx.doi.org/10.1016/j.immuni.2012.03.003
http://dx.doi.org/10.1016/j.immuni.2012.03.003
http://dx.doi.org/10.1016/j.devcel.2008.02.011
http://dx.doi.org/10.1073/pnas.0709145105

e LI FE Research article

Developmental biology and stem cells | Immunology

Schmitt C, Schoppmeier M, Schréder R, Shippy TD, Simonnet F, Marques-Souza H, Tautz D, Tomoyasu Y,
Trauner J, Van der Zee M, Vervoort M, Wittkopp N, Wimmer EA, Yang X, Jones AK, Sattelle DB, Ebert PR,
Nelson D, Scott JG, Beeman RW, Muthukrishnan S, Kramer KJ, Arakane Y, Beeman RW, Zhu Q, Hogenkamp D,
Dixit R, Oppert B, Jiang H, Zou Z, Marshall J, Elpidina E, Vinokurov K, Oppert C, Zou Z, Evans J, Lu Z, Zhao P,
Sumathipala N, Altincicek B, Vilcinskas A, Williams M, Hultmark D, Hetru C, Jiang H, Grimmelikhuijzen CJ,
Hauser F, Cazzamali G, Williamson M, Park Y, Li B, Tanaka Y, Predel R, Neupert S, Schachtner J, Verleyen P,
Raible F, Bork P, Friedrich M, Walden KK, Robertson HM, Angeli S, Forét S, Bucher G, Schuetz S, Maleszka R,
Wimmer EA, Beeman RW, Lorenzen M, Tomoyasu Y, Miller SC, Grossmann D, Bucher G, Tribolium Genome
Sequencing Consortium. 2008. The genome of the model beetle and pest Tribolium castaneum. Nature
452:949-955. doi: 10.1038/nature06784.

Roth O, Joop G, Eggert H, Hilbert J, Daniel J, Schmid-Hempel P, Kurtz J. 2010. Paternally derived immune
priming for offspring in the red flour beetle, Tribolium castaneum. Journal of Animal Ecology 79:403-413.
doi: 10.1111/j.1365-2656.2009.01617 .x.

Sadd BM, Schmid-Hempel P. 2007. Facultative but persistent transgenerational immunity via the mother's eggs in
bumblebees. Current Biology 17:R1046-R1047. doi: 10.1016/j.cub.2007.11.007.

Schmidt-Ott U. 2000. The amnioserosa is an apomorphic character of cyclorrhaphan flies. Development Genes
and Evolution 210:373-376. doi: 10.1007/s004270000068.

Shrestha S, Kim Y. 2010. Activation of immune-associated phospholipase A2 is functionally linked to Toll/Imd
signal pathways in the red flour beetle, Tribolium castaneum. Developmental and Comparative Immunology
34:530-537. doi: 10.1016/}.dci.2009.12.013.

Sikorowski PP, Lawrence AM, Inglis GD. 2001. Effects of Serratia marcescens on rearing of the Tobacco
Budworm (Lepidoptera: Noctuidae). American Entomologist 47:51-60.

Stroschein-Stevenson SL, Foley E, O'Farrell PH, Johnson AD. 2005. Identification of Drosophila gene
Products required for phagocytosis of Candida albicans. PLOS Biology 4:e4. doi: 10.1371/journal.
pbio.0040004.

Tan KL, Vlisidou |, Wood W. 2014. Ecdysone mediates the development of immunity in the Drosophila embryo.
Current Biology 24:1145-1152. doi: 10.1016/j.cub.2014.03.062.

Tautz D, Pfeifle C. 1989. A non-radioactive in situ hybridization method for the localization of specific RNAs in
Drosophila embryos reveals translational control of the segmentation gene hunchback. Chromosoma 98:81-85.
doi: 10.1007/BF00291041.

Tingvall TO, Roos E, Engstrom Y. 2001. The GATA factor Serpent is required for the onset of the humoral immune
response in Drosophila embryos. Proceedings of the National Academy of Sciences of USA 98:3884-3888.
doi: 10.1073/pnas.061230198.

Trauer U, Hilker M. 2013. Parental legacy in insects: variation of transgenerational immune priming during
offspring development. PLOS ONE 8:€63392. doi: 10.1371/journal.pone.0063392.

van der Zee M, Berns N, Roth S. 2005. Distinct functions of the Tribolium zerknillt genes in serosa specification
and dorsal closure. Current Biology 15:624-636. doi: 10.1016/j.cub.2005.02.057.

Vilcinskas A, Mukherjee K, Vogel H. 2013. Expansion of the antimicrobial peptide repertoire in the invasive
ladybird Harmonia axyridis. Proceedings Biological sciences/The Royal Society 280:20122113. doi: 10.1098/
rspb.2012.2113.

Wang G, LI X, Wang Z. 2009. Apd2: the updated antimicrobial peptide database and its application in peptide
design. Nucleic Acids Research 37:D933-D937. doi: 10.1093/nar/gkn823.

Wang L, Kounatidis |, Ligoxygakis P. 2014. Drosophila as a model to study the role of blood cells in inflamma-
tion, innate immunity and cancer. Frontiers in Cellular and Infection Microbiology 3:113. doi: 10.3389/
fcimb.2013.00113.

Wang XW, Wang JX. 2013. Pattern recognition receptors acting in innate immune system of shrimp against
pathogen infections. Fish & Shellfish Immunology 34:981-989. doi: 10.1016/}.fsi.2012.08.008.

Waterhouse RM, Kriventseva EV, Meister S, XlI Z, Alvarez KS, Bartholomay LC, Barillas-Mury C, Bian G, Blandin S,
Christensen BM, Dong Y, Jiang H, Kanost MR, Koutsos AC, Levashina EA, Li J, Ligoxygakis P, Maccallum RM,
Mayhew GF, Mendes A, Michel K, Osta MA, Paskewitz S, Shin SW, Vlachou D, Wang L, Wei W, Zheng L, Zou Z,
Severson DW, Raikhel AS, Kafatos FC, Dimopoulos G, Zdobnov EM, Christophides GK. 2007. Evolutionary
dynamics of immune-related genes and pathways in disease-vector mosquitoes. Science 316:1738-1743.
doi: 10.1126/science.1139862.

Yang W, Cheng T, Ye M, Deng X, Yi H, Huang Y, Tan X, Han D, Wang B, Xiang Z, Cao Y, Xia Q. 2011. Functional
divergence among silkworm antimicrobial peptide paralogs by the activities of recombinant proteins and the
induced expression profiles. PLOS ONE 6:18109. doi: 10.1371/journal.pone.0018109.

Yokoi K, Koyama H, Ito W, Minakuchi C, Tanaka T, Miura K. 2012a. Involvement of NF-kB transcription factors in
antimicrobial peptide gene induction in the red flour beetle, Tribolium castaneum. Developmental and
Comparative Immunology 38:342-351. doi: 10.1016/}.dci.2012.06.008.

Yokoi K, Koyama H, Minakuchi C, Tanaka T, Miura K. 2012b. Antimicrobial peptide gene induction, involvement
of Toll and IMD pathways and defense against bacteria in the red flour beetle, Tribolium castaneum. Results in
Immunology 2:72-82. doi: 10.1016/j.rinim.2012.03.002.

Young MD, Wakefield MJ, Smyth GK, Oshlack A. 2010. Gene ontology analysis for RNA-seq: accounting for
selection bias. Genome Biology 11:R14. doi: 10.1186/gb-2010-11-2-r14.

Zanchi C, Troussard JP, Moreau J, Moret Y. 2012. Relationship between maternal transfer of immunity and mother
fecundity in an insect. Proceedings Biological sciences/The Royal Society 279:3223-3230. doi: 10.1098/
rspb.2012.0493.

Jacobs et al. eLife 2014;3:e04111. DOI: 10.7554/eLife.04111 20 of 21


http://dx.doi.org/10.7554/eLife.04111
http://dx.doi.org/10.1038/nature06784
http://dx.doi.org/10.1111/j.1365-2656.2009.01617.x
http://dx.doi.org/10.1016/j.cub.2007.11.007
http://dx.doi.org/10.1007/s004270000068
http://dx.doi.org/10.1016/j.dci.2009.12.013
http://dx.doi.org/10.1371/journal.pbio.0040004
http://dx.doi.org/10.1371/journal.pbio.0040004
http://dx.doi.org/10.1016/j.cub.2014.03.062
http://dx.doi.org/10.1007/BF00291041
http://dx.doi.org/10.1073/pnas.061230198
http://dx.doi.org/10.1371/journal.pone.0063392
http://dx.doi.org/10.1016/j.cub.2005.02.057
http://dx.doi.org/10.1098/rspb.2012.2113
http://dx.doi.org/10.1098/rspb.2012.2113
http://dx.doi.org/10.1093/nar/gkn823
http://dx.doi.org/10.3389/fcimb.2013.00113
http://dx.doi.org/10.3389/fcimb.2013.00113
http://dx.doi.org/10.1016/j.fsi.2012.08.008
http://dx.doi.org/10.1126/science.1139862
http://dx.doi.org/10.1371/journal.pone.0018109
http://dx.doi.org/10.1016/j.dci.2012.06.008
http://dx.doi.org/10.1016/j.rinim.2012.03.002
http://dx.doi.org/10.1186/gb-2010-11-2-r14
http://dx.doi.org/10.1098/rspb.2012.0493
http://dx.doi.org/10.1098/rspb.2012.0493

e LI FE Research article Developmental biology and stem cells | Immunology

Zhong D, Wang MH, Pai A, Yan G. 2013. Transcription profiling of immune genes during parasite infection in
susceptible and resistant strains of the flour beetles (Tribolium castaneum). Experimental Parasitology 134:
61-67. doi: 10.1016/j.exppara.2013.01.014.

Zhu JY, Yang P, Zhang Z, Wu GX, Yang B. 2013. Transcriptomic immune response of Tenebrio molitor pupae to
parasitization by Scleroderma guani. PLOS ONE 8:e54411. doi: 10.1371/journal.pone.0054411.

Zou Z, Evans JD, Lu Z, Zhao P, Williams M, Sumathipala N, Hetru C, Hultmark D, Jiang H. 2007. Comparative
genomic analysis of the Tribolium immune system. Genome Biology 8:R177. doi: 10.1186/gb-2007-8-8-r177.

Jacobs et al. eLife 2014;3:e04111. DOI: 10.7554/eLife.04111 21 of 21


http://dx.doi.org/10.7554/eLife.04111
http://dx.doi.org/10.1016/j.exppara.2013.01.014
http://dx.doi.org/10.1371/journal.pone.0054411
http://dx.doi.org/10.1186/gb-2007-8-8-r177

