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Innate immunity is common to all metazoans and serves as a first line of defense against
pathogens. Although the immune response of adult and larval insects has been well
characterized, it remains unknown whether the insect egg is able to mount an immune
response. Contrary to Drosophila, Tribolium eggs develop an extraembryonic epithelium,
the serosa. Epithelia are well known for their ability to fight infection, so the serosa
has the potential to protect the embryo against pathogens. To test this hypothesis
we created serosa-less eggs by Tc-zen1 parental RNAi. We found that the Tribolium
egg upregulates several immune genes to comparable levels as adults in response to
infection. Drosophila eggs and serosa-less Tribolium eggs, however, have little to no
upregulation of any of the tested immune genes. We conclude that the extraembryonic
serosa is crucial for the early immune competence of the Tribolium egg.

Key words: T. castaneum, D. melanogaster, antimicrobial peptides (AMPs), innate
immunity, Tc-zen1

Introduction
To combat infection, insects rely on both physical barriers as well as local and systemic
immune responses. This systemic response is mainly exerted by the fat body while
epithelia provide local protection against microbial infection through the expression of
AMPs (Lemaitre and Hoffmann, 2007; Tzou et al., 2000). In response to microbial infection,
insects synthesize massive amounts of antimicrobial peptides (AMPs) (Lemaitre and
Hoffmann, 2007). The mechanisms regulating these immune responses have been largely
uncovered with the aid of genetic and molecular studies in Drosophila, but with the
increasing number of insect genomes available, other insect species are being established
as model organisms for immunity research (Altincicek and Vilcinskas, 2007; Gerardo et al.,
2010; Waterhouse et al., 2007; Zou et al., 2007).

The red flour beetle (Tribolium castaneum) has received much attention and
the immune response shares many similarities with Drosophila (Altincicek et al., 2013;
Altincicek et al., 2008; Yokoi et al., 2012a; Yokoi et al., 2012b; Zhong et al., 2013; Zou et al.,
2007). Comparative genome analysis shows 1:1 orthology of intracellular immune signaling
pathways (Toll, IMD and JAK/STAT) with Drosophila. In contrast, species specific family
expansion and sequence divergence in the PGRP and AMP families indicate importance
for the specific recognition and effective elimination of evolving pathogens (Altincicek et
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al., 2008; Zou et al., 2007). The IMD and Toll pathway have been shown to be conserved
between Drosophila and Tribolium, but more promiscuous activation and usage of the
two pathways may occur in T. castaneum (Yokoi et al., 2012a; Yokoi et al., 2012b), when
compared to the more specific activation by either Gram-negative or Gram-positive
bacteria and fungi in Drosophila.

Although our understanding of adult immune responses has increased greatly
in recent years, evidence for immune competence in insect eggs is scarce. Two AMPs,
CecropinA1l and Diptericin, have been found in the yolk and in the embryonic epidermis
of Drosophila (Esfahani and Engstrom, 2011; Tingvall et al., 2001). Several immune-
related genes were detected in the extraembryonic tissues of the tobacco hornworm
(Manduca sexta), although this response could not be specifically attributed to the
extraembryonic epithelia (Gorman et al., 2004). Another suggestion for an immune
function of extraembryonic epithelia comes from Tribolium castaneum, in which the NF-
KB transcription factor Dorsal is highly expressed in the serosa, and translocates to the
nucleus upon injury (Chen et al., 2000).

The distinction between serosa and germ rudiment is the earliest cell
differentiation event in an insect embryo, taking place at blastoderm stage before
gastrulation starts. The serosa envelopes the yolk and the embryo (Schwalm, 1988) and
most insects invest a substantial fraction of their blastoderm into the serosa (Roth, 2004).
The early development of this epithelium and the fact that it surrounds both the embryo
and the yolk make it a prime candidate to provide early protection against infection.
However, in the lineage that gave rise to Drosophila, the serosa has been dramatically
reduced and does not envelop the embryo (Schmidt-Ott, 2000, 2005). In the red flour
beetle Tribolium castaneum, it is possible to prevent the development of the serosa by
parental Tc-zerkniillt1 (Tc-zen1) RNAI (van der Zee et al., 2005). In Tc-zen1 RNAi eggs, a
single amnion covers the yolk dorsally and does not envelop the embryo, similar to the
reduced extraembryonic membrane in Drosophila. Furthermore, Tribolium Tc-zen1 RNAI
eggs can hatch under normal laboratory conditions (van der Zee et al., 2005), providing
us with the unique opportunity to investigate the immune competence of the serosal
epithelium.

Here we quantify the expression of immune genes (AMPs, PGRPs and IMD)
in response to infection with both Gram-positive and Gram-negative bacteria by gRT-
PCR in adults and eggs of both Drosophila melanogaster and Tribolium castaneum. We
furthermore quantify the expression of immune genes in Tribolium castaneum eggs with
and without a serosal epithelium. Our results show that the serosal epithelium plays a
crucial role in the early immune response of Tribolium castaneum eggs.

Materials and Methods

Insect rearing
Beetle stocks were kept as in van der Zee et al. (van der Zee et al., 2005). Fly stocks were
reared on standard corn meal agar medium at 25°C.

Infection experiments
All infections were performed with a tungsten needle with a 1 micron tip (Fine Science
Tools). After treatment, eggs and adults were incubated for 6 hours before RNA extraction.
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Infection of adults

Adult flies and beetles were pricked with a sterile needle (sterile injury) or, with a needle
previously dipped in a concentrated mixed culture of Escherichia coli and Micrococcus
luteus (septic injury).

Infection of T. castaneum eggs

T. castaneum eggs were collected overnight and kept at 30°C for another 24 hours before
they were pricked with either a sterile needle (sterile injury) or with a needle dipped in a
concentrated mixed culture of Escherichia coli and Micrococcus luteus (septic injury).

Infection of D. melanogaster eggs

D. melanogaster eggs were collected on apple juice-agar plates for 2 hours and discarded
to prevent the collection of aged eggs. Immediately after these two hours, eggs were
collected on a fresh apple juice-agar plate for another 2 hours. These eggs were kept at
20°C for 13 hours after which they were pricked with either a sterile needle or a needle
dipped in a concentrated mixed culture of Escherichia coli and Micrococcus luteus.

Sequences of immune-related genes and primers used for real-time quantitative RT-PCR
(qRT-PCR)

The immune-related genes of T. castaneum in this study are: Attacinl (TC007737), Attacin2
(TC007738), Cecropin3 (TCO00500), Coleoptericinl (TC005093), Defensinl (TC006250),
Defensin2 (TC010517), PGRP-SA (TC010611), PGRP-SB (TC013620), IMD (TC010851) and
the normalizer of qRT-PCR ribosomal protein 13a (RPL13a) (TC013477). The primers for
Def1, Coll, Cec3, PGRP-SA, PGRP-SB and IMD were as in Zou et al. (2007), the primers

for RPL13a as in Lord et al. (Lord et al., 2010). The other sequences were retrieved from
the Beetlebase (http://www.beetlebase.org), and primer pairs of respective target genes
designed for qRT-PCR (Table 1).

The immune-related genes of D. melanogaster in this study are: AttacinA
(CG10146), CecropinAl (CG1365), CecropinB (CG1878), CecropinC (CG1373), Diptericin
(CG12763), Defensin (CG1385), PGRP-SA (CG11709), IMD (CG5576) and the normalizer
of gRT-PCR ribosomal protein 32 (RPL32) (CG7939). The primers for RPL32 were as in
Haghayeghi et al. (Haghayeghi et al., 2010), for Def as in DiMarcq et al. (Dimarcq et
al., 1994), for Dip as in Costa et al. (Costa et al., 2009) and PGRP-SA as in Bischoff et al.
(Bischoff et al., 2006). The other sequences were retrieved from Flybase (http://www.
flybase.org), and primer pairs of respective target genes were designed for gRT-PCR (Table
1).
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Table 4-1. Primers for immune sequences of Tribolium castaneum and Drosophila melanogaster.

Gene Forward primer Reverse primer

T. castaneum

Attacinl 5’-TTTTGCCTCCAAACAATTCC-3'  5’-CACCGACGTTTAGGTTCGAT-3’
Attacin2 5’-CCCGGAATCCTCAAACTACA-3’  5-GGGGCATCTTTATTGACGAA-3’
Defensin2 5’-TCACTTGTGACGTCCTCAGC-3*  5’-CGCGTTTCTTCAAAAAGAGG-3’

D. melanogaster

AttacinA 5’-ATCCTAATCGTGGCCCTGGT-3*  5'-GCGGGATTGGAGGTTAAGGA-3’
CecropinAl 5’-CTCAGACCTCACTGCAATATCA-3" 5'-TGTTTTATTTACAGGGAGCAACA-3’
CecropinB 5’-CAGCCTCTGAGTTTCCCAGG-3’  5’-CGCACAGTTCTCACTGCAAC-3’
CecropinC 5’-AAGCCGGTTGGCTGAAGAAA-3’ 5'-GCGCAATTCCCAGTCCTTGA-3’
IMD 5’-TTGTCTTGCGCTTCTCCAGT-3’ 5’-GGGATCTTGGCATGTCGGAA-3’

RNA extraction and gRT-PCR

Total RNA of 5 adults or 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). The quality of RNA preparation was confirmed
spectrophotometrically. 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 gRT-PCR mixture (25ul) contained 2.5 ng of cDNA, and the real-time detection and
analyses were done based on SYBR green dye chemistry using the gPCR kit for SYBR Green
| (Eurogentec) and a CFX96 thermocycler (Biorad). 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 RPL32 mRNA
amount for D. melanogaster and RPL13a for T. castaneum. Total RNA for each treatment
was isolated twice (biological replication) and each sample was measured by qRT-PCR
twice (technical replication).

Molecular cloning and parental RNAi

The Tc-zen1 plasmid was obtained from Falciani et al. (Falciani et al., 1996). Non-
targeting control dsRNA was synthesized from a 500 bp vector sequence (pCRII,
Invitrogen) cloned with the primers 5’-TGCCGGATCAAGAGCTACCAA-3’ forward and
5’-TGTGAGCAAAAGGCCAGCAA-3’ reverse. dsRNA was synthesized using the MEGAscript
RNAI kit (Ambion), and parental RNAi was performed according to Bucher et al. (Bucher et
al., 2002).
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Figure 4-1: The expression of immune genes in adults and eggs of D. melanogaster and T. castaneum. Plotted

is the mean fold change (in parenthesis) plus standard error based on two biological replicates (each replicate

is the mean of two technical replicates). Clear induction of immune genes is visible in both D. melanogaster

and T. castaneum adults. The induction of immune genes in T. castaneum eggs is also clear, however, almost no
induction of immune genes is found in D. melanogaster eggs. (a) Dm-AttacinA (b) Tc-Attacin1 (c) Tc-Attacin2 (d)
Dm-CecropinA1 (e) Dm-CecropinB (f) Tc-Cecropin3 (g) Dm-CecropinC (h) Dm-Diptericin (i) Tc-Coleoptericinl (j) Dm-
Defensin (k) Tc-Defensin1 (1) Tc-Defensin2 (m) Dm-PGRP-SA (n) Tc-PGRP-SA (o) Tc-PGRP-SB (p) Dm-IMD (q) Tc-IMD.
For details see results.
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Results

Induction of immune genes in Drosophila and Tribolium adults and eggs

To quantify the immune response of eggs and adults of Drosophila and Tribolium we either
pricked them with a sterile needle (sterile injury) or infected them with a mix of live E. coli
and M. luteus (septic injury) and compared the expression to the expression of non-injured
eggs and adults.

Attacins

In Drosophila adults, we found a weak upregulation of AttacinA upon sterile injury but a
strong upregulation after septic injury (Figure 4-1a). In Drosophila eggs, we found a weak
upregulation of AttacinA after both sterile and septic injury (Figure 4-1a). Also in Tribolium
adults, upregulation of both Attacinl and Attacin2 was higher after septic injury than after
sterile injury (Figure 4-1b,c). In contrast to the Drosophila egg, the Tribolium egg has a
strong upregulation of both attacins after septic injury (Figure 4-1b,c).

Cecropins

In Drosophila adults, we found a weak upregulation of CecropinA1, CecropinB and
CecropinC upon sterile injury but all show a strong upregulation upon septic injury.
Drosophila eggs, however, show weak upregulation upon both septic and sterile injury
(Figure 4-1d,e,g). In Tribolium adults, Cecropin3 shows a weak upregulation to both sterile
and septic injury. Tribolium eggs however, show a strong upregulation to both sterile and
septic injury (Figure 4-1f).

Diptericin and Coleoptericin

Diptericin is upregulated upon sterile injury in Drosophila adults but we found a stronger
upregulation after septic injury. There is clear upregulation of Diptericin in Drosophila eggs,
albeit less strong than in adults (Figure 4-1h). In Tribolium adults, Coleoptericinl is weakly
upregulated after sterile injury but we found a strong upregulation after septic injury. We
found an even stronger upregulation in Tribolium eggs, both after septic and sterile injury
(Figure 4-1i).

Defensins

For Drosophila, we found no induction of Defensin in response to sterile and septic injury

for both adults and eggs in our study (Figure 4-1j). In contrast, in Tribolium Defensinl and

Defensin2 both showed strong upregulation after septic injury in adults and even stronger
upregulation in eggs (Figure 4-1k,l). Defensin2 was induced more strongly than Defensinl

in both adults and eggs.

PGRP

PGRP-SA showed very weak upregulation in Drosophila adults in response to injury and
even less in eggs (Figure 4-1m). The upregulation of PGRP-SA in Tribolium is very similar to
Drosophila in adults, but PGRP-SA it is strongly expressed in the Tribolium egg upon septic
injury (Figure 4-1n). PGRP-SB is expressed strongly in adults after septic injury and is even
expressed stronger in Tribolium eggs (Figure 4-10).

-
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IMD

In Drosophila we found no upregulation of IMD in both adults and eggs (Figure 4-1p). The
expression of IMD in Tribolium adults is similar to the adults of Drosophila with no clear
upregulation. We found a weak upregulation of IMD in the eggs of Tribolium (Figure 4-1q).

Taken together, the antimicrobial peptides show strong upregulation in both Drosophila
and Tribolium adults. PGRP-SA and IMD show less strong responses in adults, although
PGRP-SB was upregulated quite strongly in Tribolium adults. The investigated immune
genes showed only weak expression in Drosophila eggs, in contrast to the strong
upregulation found in Tribolium eggs.

The involvement of the serosal epithelium in the immune defense

In order to test whether the immune response in the Tribolium egg is restricted to the
serosal epithelium we created serosa-less eggs by Tc-zen1 RNAi and as a control a non-
targeting dsRNA was used (see methods). We quantified the expression of immune genes
in serosa-less eggs and control eggs after sterile injury and septic injury and compared it to
non-injured eggs (Figure 4-2). Both Attacinl and Attacin2 showed clear upregulation after
septic injury in control eggs but lacked this upregulation in serosa-less eggs (Figure 4-2a,b).
Coleoptericinl is also upregulated in response to septic injury in control eggs and shows
weak upregulation in serosa-less eggs (Figure 4-2c). Cecropin3 is upregulated in response
to both sterile and septic injury in control eggs. This upregulation is absent in serosa-less
eggs (Figure 4-2d). Defensinl and Defensin2 are both strongly upregulated after septic
injury in control eggs but serosa-less eggs do not upregulate defensins (Figure 4-2e,f). IMD
shows only weak expression after injury in control eggs and we see no significant change
in expression in serosa-less eggs (Figure 4-2g). Both PGRP-SA and PGRP-SB are strongly
expressed after septic injury in control eggs but are only weakly expressed in serosa-less
eggs (Figure 4-2h,i). In summary, all the immune genes tested show weak to no expression
in serosa-less eggs, these results are comparable to the expression of immune genes in
Drosophila eggs.

The expression of immune genes in adults compared to eggs

The expression of most immune genes was significantly higher in Tribolium eggs than

in Tribolium adults (Figure 4-1). This could mean that either the adults had a higher
amount of transcripts before injury or that eggs produced more transcript in response to
injury. To differentiate between these two hypotheses, we compared the expression of
immune genes in Tribolium after septic injury between eggs and adults. To verify that in
Drosophila adults have higher amounts of transcript, we also compared the expression

of immune genes in Drosophila after septic injury between eggs and adults. As expected
from the results above, the expression in Drosophila eggs was lower than in adults for

all genes tested, as indicated by the negative values in Figure 4-3a. The expression was
much lower for AttacinA, CecropinAl and Diptericin (Figure 4-3a). Contrary to Drosophila,
the expression of immune genes after septic injury does not differ between adults and
eggs of Tribolium (Figure 4-3b). This indicates that Tribolium eggs have much lower
transcript levels in untreated condition than adults, but reach similar levels after infection.
Drosophila eggs on the other hand do not reach the same amount of transcript as adults
do.
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Figure 4-2: The expression of immune genes in the T. castaneum egg depends on the serosa. Plotted is the mean
fold change (in parenthesis) plus standard error based on two biological replicates (each replicate is the mean of
two technical replicates). When control eggs are infected a clear upregulation of immune genes is visible, however,
if we prevent the development of the serosa with Tc-zen1 RNAi almost no induction of immune genes is visible.

(a) Te-Attacin1 (b) Te-Attacin2 (c) Te-Coleoptericinl (d) Te-Cecropin3 (e) Te-Defensini (f) Te-Defensin2 (g) Te-IMD (h)
Tc-PGRP-SA (i) Tc-PGRP-SB. For details see results.

Discussion

In this study, we investigated the induction of immune gene expression in the eggs and
adults of Drosophila and Tribolium. We found strong induction of immune gene expression
in adults of both Drosophila and Tribolium. Furthermore, we found strong induction of
immune gene expression in Tribolium eggs but not in Drosophila eggs. We show that the
induction of immune gene expression in the Tribolium egg is comparable to adults and is
dependent on the serosal epithelium.

The expression levels found for Drosophila adults in this study are comparable to
the levels reported previously (Lemaitre et al., 1997), albeit the upregulation in our study
is higher. This might be because we infected simultaneously with E. coli and M. luteus
whereas Lemaitre et al. (1997) performed the infection separately. The upregulation of
immune genes in the Drosophila egg has not been quantified earlier, but our finding of
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Figure 4-3: The expression of immune genes after septic injury

in D. melanogaster and T. castaneum eggs as compared to adult
expression. Plotted is the mean fold change (in parenthesis) plus
standard error based on two biological replicates (each replicate
is the mean of two technical replicates). (a) D. melanogaster egg
expression as compared to adult expression. For most genes
tested there is clearly less expression in the egg than in the adult.
(b) T castaneum egg expression as compared to adult expression.
For all the genes tested the expression is as high in the egg as it is
in the adult. For details see results.

the relatively weak upregulation of
CecropinAl and Diptericin is in
accordance with previous semi-
quantitative measurements in
Drosophila embryo’s (Esfahani and
Engstrom, 2011; Tingvall et al.,
2001). We furthermore found weak
upregulation upon infection of
AttacinA, CecropinB and CecropinC.
The expression levels of
immune genes in adult Tribolium
generally corresponded well with
the levels that are reported in
the literature (Altincicek et al.,
2008; Yokoi et al., 2012a; Yokoi
et al,, 2012b; Zou et al., 2007),
although Yokoi et al. (2012b)
found no expression of Defensinl
in pupae while we found a clear
upregulation of this gene in adults.
This could either be because a
different stage was used (pupae vs
adults) or because a different strain
of Tribolium was used by Yokoi et
al. (2012b).

We found a very strong
upregulation of all of the genes
tested except for IMD, which shows
that the Tribolium egg is able to
mount a potent immune defense
upon infection with bacteria.
Surprisingly, both in our study as in
the study by Yokoi et al. (2012b),
Cecropin3 was hardly upregulated
upon infection. The egg, however,
exhibits a clear upregulation of this
gene after both sterile and septic
injury, and reaches a comparable
amount of transcript as adults.
These results show that, although
Cecropin3 is not upregulated much
in adults, the transcript is already
present at high levels in untreated
adults, suggesting that it might be
used in adults to prevent rather
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than fight infection. The same is true for PGRP-SA, although this is less surprising as PGRP-
SA is a receptor and functions in the recognition of pathogens and should therefore be
available at any time (Lemaitre and Hoffmann, 2007; Zou et al., 2007).

In Drosophila, the expression pattern of adults is clearly distinguishable from
the expression pattern in the egg, mainly due to the lower upregulation in the egg. This
indicates that the Drosophila egg is not able to mount an immune defense comparable
to the adult. Contrary to Drosophila, the expression levels of Tribolium eggs and adults
are indistinguishable; this suggests that the Tribolium egg can mount an equally potent
immune defense as adults.

As the Drosophila egg does not develop a serosal epithelium (Schmidt-Ott, 2000,
2005) the expression of immune genes is localized to either the yolk or the embryonic
epithelium. However, the response in the yolk diminishes around midembryogenesis
(Tingvall et al., 2001). We infected eggs approximately 14 hours after egglay (AEL) at 20
degrees Celsius, which corresponds to midembryogenesis (Al-Saffar et al., 1995). This
suggests that the weak upregulation found in Drosophila eggs is caused by the expression
of immune genes in the early embryonic epithelium.

In Tribolium, the expression of these immune genes in the egg depends on the
presence of the serosal epithelium. In the absence of the serosal epithelium in Tc-zen1
RNAI eggs, almost all expression of the genes tested was lost. The expression profile in
serosa-less Tribolium eggs strongly resembles the expression pattern we see in naturally
serosa-less Drosophila eggs.

In this study, we presented evidence that the Tribolium egg is able to mount a
potent immune response. Contrary to Tribolium eggs, the Drosophila egg only exhibits
weak expression of immune genes. In addition, when we prevent the development of the
serosa in Tribolium eggs by Tc-zen1 RNAI, we can find similar expression levels of immune
genes as in the Drosophila eggs. Our results strongly suggest a crucial role of the serosa in
the early immune defense of insect eggs.
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