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We investigated changes in the pupal transcriptome of the flesh fly Sarcophaga crassipalpis, 3 and 25 h
after parasitization by the ectoparasitoid wasp, Nasonia vitripennis. These time points are prior to
hatching of the wasp eggs, thus the results document host responses to venom injection, rather than
feeding by the wasp larvae. Only a single gene appeared to be differentially expressed 3 h after para-
sitization. However, by 25 h, 128 genes were differentially expressed and expression patterns of a sub-
sample of these genes were verified using RT-qPCR. Among the responsive genes were clusters of genes
that altered the fly’s metabolism, development, induced immune responses, elicited detoxification re-
sponses, and promoted programmed cell death. Envenomation thus clearly alters the metabolic land-
scape and developmental fate of the fly host prior to subsequent penetration of the pupal cuticle by the
wasp larva. Overall, this study provides new insights into the specific action of ectoparasitoid venoms.

Microarray

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Endoparasitoids, wasps that deposit their eggs inside the body
of their arthropod hosts, have evolved sophisticated mechanisms to
disable the host’s defensive responses. An array of virulence factors
including polydnaviruses, venoms, virus-like particles, ovarian
fluids and teratocytes are used to combat the host’s defense system,
thus enabling the wasp larvae to freely manipulate and devour the
host (Glatz et al., 2004; Labrosse et al., 2003; Pennacchio and
Strand, 2006). Ectoparasitoids, wasps that deposit their eggs on
the surface of the host, appear to lack many of the virulence factors
known from endoparasitoids, yet they too are capable of manipu-
lating the host, mainly through the use of the venom that they
inject (Rivers et al., 1999).

Transcriptomic approaches have pinpointed host pathways that
are targeted during parasitization, as demonstrated in recent
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studies that have probed endoparasitoid-host relationships
including work completed on Drosophila melanogaster-Asobara
tabida (Wertheim et al., 2005, 2011), D. melanogaster-Leptopilina
spp. (Schlenke et al., 2007), Bemisia tabaci-Eretmocerus mundus
(Mahadav et al., 2008), Pieris rapae-Pteromalus puparum (Fang et al.,
2010), Spodoptera frugiperda-Hyposoter didymator, Ichnovirus/
Microplitis demolitor Bracovirus (Provost et al., 2011), Plutella
xylostella-Diadegma semiclausum (Etebari et al., 2011), and Pseu-
doplusia includes-M. demolitor (Bitra et al.,, 2011). In spite of this
burst of recent work, none of the above analyses have used a
transcriptomic approach to examine similar responses elicited by
an ectoparasitoid. In this study we examine the response elicited by
an ectoparasitoid, Nasonia vitripennis, on one of its favored hosts
(Whiting, 1967), the flesh fly Sarcophaga crassipalpis.

Although N. vitripennis larvae are capable of developing on late
larvae or even pharate adults of their hosts, parasitoid survival is
highest when parasitizing hosts that have just entered the pupal
stage. Thus, N. vitripennis is attracted to sites where fly larvae are
wandering and preparing for pupariation so that it may parasitize
freshly pupated hosts. The wasp inserts its ovipositor through the
puparium, envenomating the fly pupa and then depositing its egg
on the surface of the pupal body. The egg is lodged within the space
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between the puparium and the pupal cuticle, thus it is encased
within the puparium but remains on the external surface of the fly
pupa. The wasp’s venom arrests development in the host (Rivers
and Denlinger, 1994a), alters host metabolism (Rivers and
Denlinger, 1994b), and induces paralysis and apoptosis (Rivers
et al., 1999), thus ensuring a suitable environment for growth and
development of the parasitoid. Although N. vitripennis lacks some
of the virulence factors commonly documented in endoparasitoids,
like teratocytes or symbiotic polydnaviruses, the venom proteome
shows high similarity to the venoms of endoparasitoids (Werren
et al., 2010; de Graaf et al., 2010). This means that the early steps
of host manipulation are solely the result of the venomous mixture
injected by N. vitripennis, clearly differentiating this ectoparasitoid
from endoparasitoids that employ teratocytes or symbiotic viruses.

The recent EST dataset available for S. crassipalpis (Hahn et al.,
2009) has enabled us to examine transcriptomic responses of the
flesh fly to envenomation by the ectoparasitoid, N. vitripennis. Using
microarrays we examine transcript expression in the host 3 h and
25 h after envenomation. The sampling points selected are both
prior to hatching of the wasp larva, thus the response we document
here is the response to injection of the venom rather than later
responses associated with feeding by the wasp larvae. We report
little response at the transcript level by 3 h after envenomation, but
by 25 h after envenomation expression patterns of key immune,
developmental, and metabolic pathways have clearly been altered
by envenomation. We use these data to build hypotheses for the
molecular underpinnings of the Sarcophaga host response to en-
venomation by N. vitripennis, and we compare our results from this
endoparasitoid with molecular patterns observed in other systems
involving host attack by endoparasitoids.

2. Material and methods
2.1. Preparation of parasitized and non-parasitized flesh fly pupae

2.1.1. Insect strains

The laboratory strain N. vitripennis Asym C was kindly provided
by Prof. Dr. L. W. Beukeboom from Evolutionary Genetics, Centre for
Ecological and Evolutionary Studies in The Netherlands. This wild-
type line collected in The Netherlands was cured from Wolbachia
infection and maintained in the laboratory since 1971 (Van den
Assem and Jachmann, 1999). Wasps were reared at 25 °C under a
16:8 light:dark cycle. The flesh flies (S. crassipalpis) were provided
from a culture maintained at the University of Florida, and cultured
in the laboratory as described by Denlinger (1972). Larvae were fed
on beef liver at 25 °C and exposed to a 16:8 light:dark cycle.

2.1.2. Collection of parasitized and control hosts

Before the start of the experiment, female wasps were exposed
to flesh fly puparia for 6 h to condition them to oviposit. The next
day, new S. crassipalpis puparia (4 days after puparium formation)
were placed in a culture tube. Holes the size of a flesh fly puparium
were made in the stopper of the culture tube, so only the posterior
region of the puparium was accessible to the parasitoids. The
experienced N. vitripennis females and the pupae, 5 days after
pupariation, were placed together in a tube in a 3:1 ratio, to pro-
mote parasitization. After 2 h, females of N. vitripennis were
removed. Flies were sampled 2 or 24 h after parasitoids were
removed from the tube, snap-frozen in liquid nitrogen, and then
stored at —80 °C until RNA extraction. Because the N. vitripennis
females had 2 h to parasitize the pupae, the sampling points
correspond on average to 3 and 25 h post-parasitization. Control
pupae were treated identically except that they were not exposed
to the parasitoid.

2.2. Sample preparation for the microarray and validation
experiment

2.2.1. RNA isolation and cDNA synthesis

RNA was extracted using the RNeasy Lipid Tissue Mini Kit
(Qiagen). From each treatment (3 h control, 3 h parasitized, 25 h
control, and 25 h parasitized), 4 replicates consisting of a single fly
pupa each were analyzed. Due to the hard puparium, the Precellys®
24 Homogenizer (Bertin Technologies, Montigny le Bretonneux,
France) was used after adding one stainless steel bead (2.3 mm
mean diameter) and % of a PCR tube of zirconia/silica beads
(0.1 mm mean diameter) to an individual pupa. An on-column
DNase [ treatment with the RNase-free DNase set (Qiagen) was
performed. RNA was eluted twice, first with 30 pl RNase free water,
then with 20 pl RNase free water, and then stored at —80 °C. Five pug
of total RNA from each sample was converted to cDNA using Oli-
go(dT)g primers (0.5 pg/ul) and was carried out according to the
RevertAid H Minus First strand c¢cDNA Synthesis kit protocol
(Fermentas).

2.2.2. Checking parasitized pupae for the nanos gene

To ensure that the pupae were parasitized, samples were
checked for the presence of N. vitripennis nanos (nos)
(NM_001134922.1) (Olesnicky and Desplan, 2007). This early em-
bryonic protein is present in eggs of N. vitripennis but not in pupae
of S. crassipalpis, thus enabling us to distinguish parasitized from
non-parasitized fly pupae. The following primer set was used for
reverse transcriptase PCR: 5'-TGGCAAGATTCTTTGTCCTAT-3’ and 3'-
AGAAACAGGTTAACTGTCCGC-5'. The obtained amplicon has a
length of 264 basepairs and was loaded on a 0.8% agarose gel and
visualized by ethidium bromide staining.

2.3. Microarray study of S. crassipalpis pupae transcriptional
response to parasitization by N. vitripennis

2.3.1. Selection of the EST dataset

An EST dataset for S. crassipalpis (whole bodies of different life
stages including pupae as well as protein-fed and protein-starved
males and females) became available in 2009. It was produced by
parallel pyrosequencing on the Roche 454-FLX platform and iden-
tified approximately 11,000 independent transcripts that are a
representative sample of roughly 75% of the expected tran-
scriptome (Hahn et al., 2009). A sub-set of these sequence data was
made by blasting the sequences against the protein sequences of
D. melanogaster. The sequences that showed the best homology to
known genes were retained, resulting in a dataset of 10,129 EST
sequences. Probes were designed and spotted on a custom 8 x 15k
Agilent array developed with Agilent eArray software.

2.3.2. Microarray experimental procedures

RNA concentration and purity were determined using a Nano-
drop ND-1000 spectrophotometer (Nanodrop Technologies) and
RNA integrity was assessed using a Bioanalyser 2100 (Agilent). RNA
concentrations varied between 1.9 and 8.6 ug/ul, and the RNA
Integrity Numbers and the RNA ratios indicated high quality of the
RNA samples (Table S1). Per sample, 100 ng of total RNA spiked with
10 viral polyA transcript controls (Agilent) was converted to double
stranded cDNA in a reverse transcription reaction. Subsequently
the sample was converted to antisense cRNA, amplified and labeled
with Cyanine 3-CTP (Cy3) or Cyanine 5-CTP (Cy5) in an in vitro
transcription reaction according to the manufacturer’s protocol
(Agilent). A mixture of purified and labeled cRNA (Cy3 label:
300 ng; Cy5 label: 300 ng) was hybridized on the custom Agilent
array followed by (manual) washing, according to the manufac-
turer’s procedures. To assess the raw probe signal intensities, arrays
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were scanned using the Agilent DNA MicroArray Scanner with
surescan High-Resolution Technology, and probe signals were
quantified using Agilent’s Feature Extraction software (version
10.7.3.1). The microarray data were deposited in the NCBI Gene
Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.
gov/geo/) under accession numbers GPL15391 (microarray
including detailed annotation) and GSE36996.

2.3.3. Microarray data quality control and statistical analysis

Statistical data analysis was performed on the processed Cy3
and Cy5 intensities, as provided by the Feature Extraction Software
version 10.7. Further analysis was performed in an R programming
environment using a series of Bioconductor packages (http://www.
bioconductor.org; Gentleman et al., 2004). Differential expression
between the parasitized and non-parasitized hosts, as well as time
comparisons within each group was assessed via the moderated t-
statistic, described in Smyth (2005) and implemented in the limma
package of Bioconductor. This moderated t-statistic applies an
empirical Bayesian strategy to compute the gene-wise residual
standard deviations and thereby increases the power of the test,
which is especially suitable for smaller data sets. To control the false
discovery rate (FDR), multiple testing correction was performed
(Benjamini and Hochberg, 1995) and probes were called differen-
tially expressed in case of a corrected p-value below 0.05 and an
absolute fold change larger than 1.25.

2.4. Validation experiment

2.4.1. Reference gene selection and primer design

Because no reference genes for RT-qPCR were available for
S. crassipalpis, candidate reference genes were chosen due to their
stable expression in other studies that had exposed either
D. melanogaster or Apis mellifera to a bacterial challenge (Ling and
Salvaterra, 2011; Scharlaken et al., 2008). Primers with product
size-ranges of 80—150 bp, were designed with Primer3Plus
(Untergasser et al., 2007), using the default settings (Table S5).

2.4.2. RT-qPCR reaction mixture and cycling program

RT-qPCR was executed in opaque white 96 well microtiter plates
(Hard-Shell 96 Well PCR plates, Bio-Rad), sealed with Microseal ‘B’
seals (Bio-Rad), using the CFX96 Real-Time PCR Detection System
(Bio-Rad). Each 15 pl reaction consisted of 7.5 ul 2x Platinum SYBR
Green qPCR SuperMix-UDG (Invitrogen), 0.2 puM forward and
0.2 uM reverse primers (Integrated DNA Technologies), 6.5 ul Milli-
Q and 1 pl cDNA template.

Each sample was run in triplicate using a PCR program with the
following conditions: 50 °C 2 min; 95 °C 2 min; and 40 cycles of a
combined denaturation (95 °C 20 s) and annealing (60 °C 40 s) step.

Table 1

Fluorescence was measured after each cycle. At the end of the
program, a melt curve was generated by measuring fluorescence
after each temperature increase of 0.5 °C for 5 s over a range from
65 °C to 95 °C.

2.4.3. Computational selection of reference genes

Primer efficiencies, R? values and melt curves were calculated
with CEX Manager Software (Bio-Rad). Reference gene stability was
analyzed using the geNorm™Y® algorithm within the qBase™S
environment (Biogazelle NV). Default settings were kept, except
that target specific amplification efficiencies were used.

2.5. Microarray data analysis

S. crassipalpis genes that were differentially expressed across our
treatments were functionally annotated with Blast2GO (Conesa
et al., 2005; Gotz et al., 2008). After GO term annotation, an
enrichment analysis (two-tailed Fisher’s exact test with default
settings) within the Blast2GO environment was undertaken
(Table 1). Clusters of Orthologous Groups (COG) functional cate-
gories were assigned with COGNITOR and stand-alone PSI-BLAST
using the Eukaryotic Orthologous Groups (KOG) database (Tatusov
et al., 2000). Further, genes were manually clustered by searching
for groups of genes with the same GO-terms, or by putative func-
tions of homologue genes in other species.

3. Results and discussion
3.1. Verifying parasitization

Before conducting the microarray experiment, we verified
whether individual flesh flies were parasitized by screening for
transcripts of nanos (nos), a developmental patterning gene that
should be abundant in early embryos of N. vitripennis, but not in
pupae of S. crassipalpis. Only individual RNA samples that showed a
clear band at 264 nucleotides indicating N. vitripennis nos expres-
sion were used for further experiments (Fig. 1).

3.2. Overview of differential gene expression

In our analyses, we considered a transcript to be differentially
expressed between envenomated and non-parasitized control
samples if the FDR-adjusted p-value was <0.05 and the fold change
was >1.25. When comparing all four treatments to each other
(Control 3 h, Parasitized 3 h, Control 25 h, and Parasitized 25 h)
hundreds of genes were differentially expressed between the 3 h
and 25 h samples in both control and parasitized samples (Fig. 2).
The large changes in transcript profiles observed through time do

Selected biological process GO-terms which were enriched among the EST's that were differentially expressed in control and parasitized pupae, 3 h and 25 h after

parasitization.

GO-nr GO biological process term Control 3hvs. 25 h Parasitized 3 hvs. 25 h
FDR? p-value NsP FE FDR? p-value NsP FEC

G0:0006119 Oxidative phosphorylation 4.32E-05 4.78E-08 14 7.53 5.09E-07 5.54E-10 20 6.87
G0:0022900 Electron transport chain 6.53E-05 8.83E-08 15 6.53 4.79E-05 1.06E-07 19 6.70
G0:0042773 ATP synthesis coupled electron transport 8.21E-05 1.21E-07 13 7.64 3.46E-06 5.37E-09 18 5.04
G0:0022904 Respiratory electron transport chain 8.71E-05 1.39E-07 14 6.83 4.41E-05 9.20E-08 18 6.71
G0:0045333 Cellular respiration 1.29E-04 2.21E-07 16 5.61 3.46E-06 5.53E-09 23 431
G0:0006091 Generation of precursor metabolites and energy 2.24E-04 4.42E-07 19 4.48 5.78E-05 1.38E-07 26 5.39
G0:0042775 Mitochondrial ATP synthesis coupled electron transport 2.24E-04 4.68E-07 12 7.43 7.41E-06 1.37E-08 17 5.04
G0:0015980 Energy derivation by oxidation of organic compounds 4.40E-04 1.30E-06 16 4.84 3.47E-05 6.83E-08 23 3.73

2 False discovery rate.
> Number of genes associated with GO-term which were differentially expressed.
¢ Fold enrichment.
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Fig. 1. Gel electrophoresis analysis for the presence of nos in test samples for micro-
array and validation experiment. Top: samples at 3 h parasitization, Bottom: samples
at 25 h parasitization, from left to right: 1 kb ladder (Fermentas), 4 control samples, 4
parasitized samples, positive control (abdomen from N. vitripennis female), negative
control.

not reflect the effects of envenomation on the transcriptome, but
rather reflect the dynamic nature of development as S. crassipalpis
pupae undergo metamorphosis and transition into pharate adult
development (Denlinger and Zdarek, 1994; Ragland et al., 2010).
Reinforcing the effect that envenomation has on host physiology,
the numbers of differentially expressed transcripts between the 3
and 25 h parasitized pupae were greater than the numbers of
differentially expressed transcripts between the 3 and 25 h control
pupae. When comparing solely the time-matched parasitized and
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p-val <0.05 p-val<0.05 p-val<0.05 p-val<0.05
and |[FC| > and |[FC|> and |FC|> and |FC|>
2 1 2 1
Contr_3h versus Contr_25h 286 978 185 753
Paras_3h versus Paras_25h 749 1722 199 1428
Paras_3h versus Contr_3h 0 1 0 0
Paras_25h versus Contr_25h 6 19 51 109
B

Parasitized pupae 25h versus Control
pupae 25h
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Fig. 2. General statistics on the differentially regulated genes in response to parasiti-
zation. (A) The four comparisons with their respective amounts of up- and down-
regulated genes that were identified by microarray hybridization according to the
following selection criteria: p-value < 0.05 and fold change >2, or p-value < 0.05 and
fold change >1. (B) Distribution of induced (gray bars) and repressed (dark bars) genes
based on their fold change for the comparison of control and parasitized pupae after
25 h.

control samples, only 1 transcript was differentially expressed 3 h
after envenomation and 128 transcripts were differentially
expressed 25 h after envenomation. The 1 differentially regulated
transcript at 3 h after envenomation was a leucine rich repeat
protein that was slightly down-regulated (—0.74 fold change). By
25 h after envenomation, 19 transcripts were down-regulated and
109 were up-regulated (Fig. 2). We found fewer transcripts differ-
entially regulated than several other studies of parasitic wasp-host
interactions (Wertheim et al., 2005; Fang et al., 2010; Bitra et al,,
2011; Etebari et al., 2011; Provost et al., 2011; Wertheim et al.,
2011). Unlike the previous studies that focused on endopar-
asitoids, N. vitripennis is an ectoparasitoid and we sampled fairly
early during the interaction, before the developing parasitoid larvae
began to interact with the host. Thus, our results represent only the
earliest stages of the host response to envenomation.

3.3. Validation by RT-gPCR

A sample of 20 ESTs were selected for validation with RT-qPCR,
including the single transcript found in the 3 h group (lrr-pr)
(Table S4). Ten candidate reference genes were tested for their
stable expression levels across all conditions (3 and 25 h, control
and parasitized), resulting in two selected reference genes
(Table S5, Fig. S1). EIF or eukaryotic translation initiation factor 1
has 97.15% homology to elF-1A that has been used as a reference
target for expression profiles of D. melanogaster. Ubq or ubiquitin-
conjugating enzyme displays 92.8% homology to Ubi from
D. melanogaster, which has a function in protein degradation. In all
except two cases, RT-qPCR revealed the same log ratio trends as
found in the microarray study. Nine of them gave significant dif-
ferences in expression pattern including 5 that were up-regulated
and 4 that were down-regulated (Fig. 5).

3.4. Gene-Ontology analysis of microarray data

Using Blast2GO, we assigned Gene Ontology (GO) terms to the
S. crassipalpis EST sequences that were used for the microarray
analysis, successfully annotating 8618 out of the 10,129 ESTs (85%).
We then performed GO term enrichment analyses on 4 sets of data
Parasitized 3 h vs. Parasitized 25 h, Control 3 h vs. Control 25 h,
Control 3 h vs. Parasitized 3 h and Control 25 h vs. Parasitized 25 h.
GO term enrichment analyses of the two sets that compared 3 h vs.
25 h samples showed enrichment of GO terms associated with
energy metabolism (Table 1). As with the time comparisons in our
transcript-by-transcript level analyses above, the enrichment in
energy metabolism categories likely reflects the metabolic de-
mands that have been documented to occur at the pupal-pharate
adult metamorphic molt (Denlinger and Zdarek, 1994; Ragland
et al.,, 2010).

To further explore the effects of envenomation at levels above
single ESTs we performed a second set of analyses where we tested
for enrichment across categories in the COG (Clusters of Ortholo-
gous Groups from eukaryotic genomes) functional classification
using Blast2GO (Fig. 3). We observed enrichment that suggested
differential regulation in categories associated with growth
(including replication, transcription, and translation), cell signaling,
intermediary metabolism, and defensive mechanisms. In a com-
plementary analysis, we also manually clustered 103 differentially
expressed EST’s in control vs. envenomated pupae at 25 h into 8 GO
clusters (25 ESTs out of 128 could not be annotated by Blast2GO)
representing genetic information processing, metabolism, devel-
opment, programmed cell death, detoxification, immune system,
sensory system and transporters (Table S2 and Fig. 4).

One challenge for transcriptomic studies like ours that use
either whole bodies or complex tissues (e.g., hemocytes, brain, or
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RNA processing and modification (A) [269]

Cell cycle control, cell division, chromosome partitioning (D) [195]
Translation, ribosomal structure and biogenesis (J) [372]
Transcription (K) [356]

Posttranslational modification, protein turnover, chaperones (O) [603]
Intracellular trafficking, secretion, and vesicular transport (U) [364]
Signal transduction mechanisms (T) [682]

Defense mechanisms (V) [61]

Cytoskeleton (Z) [224]

Energy production and conversion (C) [276]

Amino acid transport and metabolism (E) [289]

Nucleotide transport and metabolism (F) [96]

Carbohydrate transport and metabolism (G) [251]

Lipid transport and metabolism (1) [279]

Inorganic ion transport and metabolism (P) [176]

Secondary metabolites biosynthesis, transport and catabolism (Q) [135]
General function prediction only (R) [1006]

Function unknown (S) [570]
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Fig. 3. Square brackets: Total number of EST's within the S. crassipalpis EST database. Round brackets: KOG functional category label. C: cellular processes and signaling. M:
metabolism. P: poorly characterized. Dark bars: down-regulation. Gray bars: upregulation.

fat body) is that patterns of gene expression represent the sum of
transcriptional profiles across many specialized cell types. Thus, a
transcriptomics study showing some components of energy
metabolism by glycolysis that are up-regulated and some pathway
members that are down-regulated may reflect the fact that
glycolysis is up-regulated in some cells and down-regulated in
others, rather than indicating that some components of the
pathway are up-regulated and others down-regulated within a
single cell type. Furthermore, a single gene that may affect multiple
downstream pathways and functional categories (i.e., GO or COG)
can also reflect a diversity of biochemical cellular events that
indicate multiple different physiological effects on organismal
phenotypes. The responses of Sarcophaga fly hosts to envenom-
ation by N. vitripennis have been studied from organismal and
physiological perspectives for two decades (Rivers and Denlinger,
1994a,b, 1995; Rivers et al.,, 2002a,b, 2010; Rivers and Brogan,
2008) revealing that even without the developmental influence of
the parasitoid larva, envenomation alters fly hosts in three major
ways: by suppressing host immunity, arresting host development,
and altering host metabolism to favor parasitoid development.
Below, we interpret our transcriptomic results in the context of
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these three host manipulations. Many patterns of transcript
abundance are products of host manipulation by the parasitoid
(e.g., changes in many downstream players in genetic information
processing), but here we consciously focus our discussion on reg-
ulatory processes that we believe may be important in modulating
host immunity, development, and metabolism to benefit parasitoid
development. We acknowledge that other, more-subtle in-
teractions between parasitoid venom and host physiology, beyond
those observed in our data or discussed here, are undoubtedly
occurring. For example, some of the transcriptional responses we
observe may be the product of host responses attempting to deter
parasitoid success. However, we cannot currently disentangle host-
defensive responses from parasitoid manipulation of hosts. Future
work comparing responses to envenomation across populations of
strains of hosts that vary in their susceptibility to parasitism by
N. vitripennis is needed. Because successful envenomation by
N. vitripennis always leads to developmental arrest and eventual
host death in the strains used here, we focus our discussion from
the perspective of host molecular responses to parasite manipula-
tion. We hope that our data, the first to our knowledge on tran-
scriptomic responses to ectoparasitoid envenomation, will

4 up-regulated
/" down-regulated

Fig. 4. Differentially expressed EST’s for comparisons Contr_25h vs. Paras_25h, manually clustered into 8 different classes. Schematically presented. Y-axis represents the number of

differentially expressed ESTs, the x-axis represents the different clusters.
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Fig. 5. Validation of microarray data with RT-qPCR. Log2-transformed expression ratio of Paras_3h compared to Contr_3h and of Paras_25h compared to Contr_25h. White bars: RT-
qPCR experiment. Black bars: microarray experiment. +: significant differential expression (p < 0.05). —: no significant expression (p > 0.05).

motivate additional hypothesis building that leads to careful
biochemical and cellular studies of venom modes of action in the
N. vitripennis-Sarcophaga interaction and other host-parasitoid
systems.

3.5. Immunity

From the perspective of host exploitation, venoms should
inhibit components of the host immune response that target
parasitoid larvae while either maintaining or even enhancing
components of the host immune system that target other invaders,
like bacteria or fungi, that may promote degrading host quality,
compete for parasitoid larvae for host resources, or infect the par-
asitoids themselves (Asgari and Rivers, 2011). Hosts will react to the
invasion of foreign agents by producing antimicrobial peptides and
reactive oxygen species by contact epithelia, fat body and hemo-
cytes and more directly by phagocytosis, encapsulation and nodule
formation in which specialized hemocytes interplay (Danneels
et al., 2010). Studies of hemocyte dynamics showed that enven-
omation of Sarcophaga bullata pupae by N. vitripennis resulted in
the rapid death of plasmatocytes, inhibited proliferation and dif-
ferentiation of pro-hemocytes into plasmatocytes, and diminished
granulocyte spreading (Rivers and Denlinger, 1995; Rivers et al.,
2002a,b).

3.5.1. Programmed cell death in hemocytes and other tissues

In vivo studies in Sarcophaga hosts and in vitro work on lepi-
dopteran cells suggests that venom-induced hemocyte cell death
occurs by apoptosis signaled by phospholipase A; (PLA;) that alters
cellular Ca™ signaling and Nat homeostasis leading to characteristic
changes in cell shape, including blebbing caused by membrane
separation from the cytoskeleton, cellular swelling, DNA fragmen-
tation, phosphatidylserine externalization and activation of caspase
activity (Rivers and Denlinger, 1994a, 1994b; Rivers et al., 2002a,b;
2010; Formesyn et al., 2013). We show differential regulation of
apoptotic transcripts, including up-regulation (2.15-fold) of a
secretory PLA, transcript that may activate caspase activity.
Consistent with the previous observations that PLA, activity is
associated with changes in cellular Na* and Cat homeostasis that
may induce apoptosis, we found a putative small mitochondrial
calcium-binding protein transcriptionally up-regulated 25 h after
envenomation (1.83-fold), as well as a putative calcyphosine that
was also up-regulated (1.44-fold). Up-regulation of a putative cy-
tochrome oxidase III subunit (3.81-fold) may also be related to
mitochondrial dysfunction induced by PLA; signaling. Over-
expression of cytochrome III may help to induce apoptosis by
affecting the redox state of cytochrome C, a known effector of

caspase activity and apoptosis (Brown and Borutaite, 2008; Wu
et al., 2009).

Three transcripts annotated to the Rho family of GTP-binding
proteins and a guanine nucleotide exchange factor were highly
up-regulated 25 h after envenomation (13.2, 9.7, 1.38, and 1.3-fold
enrichment respectively, Table S2). Rho GTPases belong to the Ras
superfamily and play diverse roles in intracellular signaling
(Rossman et al., 2005; Cox and Der, 2003). We propose that Rho
GTP-binding proteins and the observed guanine nucleotide ex-
change factor modulate Rho signaling and promote apoptosis in
hemocytes and other tissues by activating the RASSF1/Nore1/Mst1
signaling pathway that leads eventually to caspase activation. Rho
signaling pathway members were also found to be differentially
regulated in a study of the evolution of resistance of D. melanogaster
hosts to the parasitoid wasp A. tabida (Wertheim et al., 2011). Thus,
further interrogation of the potential roles of Rho signaling is
needed to understand how N. vitripennis venom affects Sarcophaga
hosts from the perspectives of both immune modulation by he-
mocyte cell death and selective programmed cell death in other
tissues (see 3.6.1.).

Rho GTPases are also known for their involvement in cytoskel-
etal actin reorganization (Coleman and Olson, 2002; Fiorentini
et al.,, 2003). Blebbing, where the cell membrane separates from
the cytoskeleton, is one of the phenotypic hallmarks of cell death
when cultured lepidopteran cells are exposed to N. vitripennis
venom in vitro (Rivers et al., 2002a, 2002b, 2010), and Rho signaling
has been shown to promote blebbing by actin cytoskeleton reor-
ganization in cultured mammalian cells (Aznar and Lacal, 2001).
Consistent with this view, several cytoskeleton-related transcripts
were up-regulated by envenomation in our study (Table S2).
Cytoskeletal disorganization could also reduce the ability of he-
mocytes to produce pseudopodial projections critical for endocy-
tosis or spreading responses, and venom of several endoparasitoids
has been shown to reduce the efficacy of spreading by disrupting
hemocyte cytoskeletal structure (Gillespie et al., 1997; Strand,
2008; Asgari and Rivers, 2011; Richards et al., 2013). Differential
regulation of cytoskeletal transcripts has been observed in other
transcriptional studies of parasitism (Wertheim et al, 2005;
Schlenke et al., 2007; Mahadav et al., 2008; Fang et al., 2010,
2010; Bitra et al.,, 2011; Provost et al.,, 2011; Wertheim et al.,
2011), suggesting conservation of this mode of action between
endoparasitoid and ectoparasitoid venoms.

3.5.2. Cellular and humoral immune responses

Although N. vitripennis venom can dramatically suppress Sar-
cophaga immunity by rapidly killing hemocytes, hosts still do
mount an immune response characterized by both cellular and
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humoral mechanisms (Rivers et al., 2002a,b). The p38K and JNK
cascades of the multifunctional mitogen-activated protein kinase
(MAPK) pathway are promising candidates for regulating both the
cellular immune response to envenomation and hemocyte
apoptosis (Concannon et al.,, 2003; Rane et al., 2003). MAPKs are
cytosolic proteins that translocate into the nucleus to regulate
transcription when activated. The p38K and JNK signaling cascades
are associated with cellular stress responses including apoptosis,
immunity, and cell cycle arrest. After envenomation, a putative
MAPK 3 or MAPK 4 transcript possibly belonging to either the p38
or JNK cascade was down-regulated (—1.46-fold) and transcript
abundance of a putative MAPK 3 or MAPK 4-phosphatase that
suppresses MAPK activity was up-regulated (1.86-fold). We
currently cannot distinguish whether this transcript functions as
MAPK 3 by activating the p38K cascade or acting as MAPK 4 by
activating the JNK cascade because we did not detect other tran-
scripts clearly assigned to either cascade. However, both signaling
cascades participate in immune system function, and down-
regulating this arm of MAPK signaling may be an important part
of the parasitoid’s strategy for host immune suppression. MAPKs
are activated post-translationally by phosphorylation, thus testing
whether any of the arms of MAPK signaling are important in im-
mune modulation at envenomation will involve further biochem-
ical work at the level of immune cells and other tissues.

Parasitoid detection and immune system activation may also be
modulated by the NF-kB pathway (Strand, 2008). A transcript for a
putative tumor necrosis factor (TNF) receptor associated factor
(TRAF) known to regulate NF-«kB activity in Drosophila (Zapata
et al.,, 2000) was up-regulated 25 h after envenomation (1.7-fold).
A protein tyrosine phosphatase involved in intracellular immune
signaling pathways that had previously been implicated in the
immune response of D. melanogaster to the wasp A. tabida
(Wertheim et al., 2005) was also up-regulated (2.17-fold).

The immune response in all organisms, including insects, has
been associated with microRNA (miRNA) activity (O’Connell et al.,
2010; Asgari, 2013). Two different transcripts that annotated to
the host argonaute-2 protein, a critical mediator of the RNAi
response, were up-regulated 25 h after envenomation (1.36 and
1.35-fold respectively). In addition to their known roles in antimi-
crobial immunity in insects (Fullaondo and Lee, 2012; Asgari, 2013),
microRNAs have also recently been implicated in the response of a
lepidopteran host, P. xylostella, to the parasitoid wasp Diadegma
semiclausum (Etebari et al.,, 2013), motivating further study of
microRNAs in regulating envenomation responses. We also
observed up-regulation of transcripts for two odorant-binding
proteins (OBPs). Beyond their activities in chemoreception, OBPs
have been implicated in diverse cellular responses including
pathogen recognition and neutralization of invading microorgan-
isms (Levy et al., 2004). Of further interest, two distinct OBPs were
also discovered in N. vitripennis venom (de Graaf et al., 2010), but
whether and how endogenous host OBPs and venom-derived
parasitoid OBPs may interact is unknown and merits further study.

Envenomation by N. vitripennis has long been associated with
decreased melanization of Sarcophaga host hemolymph (Rivers and
Denlinger, 1994a,b; Rivers et al, 2002ab). The deposition of
melanin around the intruding object forms a physical shield and
prevents or retards the growth of the intruder. Given such a crucial
role for melanization in host immunity, alterations of this process
in hosts likely represents a strategy for host manipulation. Analysis
of N. vitripennis venom has revealed both serine protease inhibitors
(serpins) and cysteine-rich protease inhibitors that may impede the
activity of pro-phenoloxidase and the melanization response (de
Graaf et al,, 2010). We found substantial up-regulation of tran-
scripts for two serine proteases that could compete with venom-
derived protease inhibitors in an effort to disrupt the parasitoid’s

immune-suppressive strategy, similar to the enhanced expression
of melanization cascade transcripts observed when D. melanogaster
was parasitized by the virulent parasitoid wasp Leptopilina boulardi
(Schenkle et al., 2007).

A targeted oxidative burst that is facilitated by both cellular and
humoral elements of immunity is associated with melanization
(Strand, 2008). For hosts, this targeted burst of free radicals and
pro-oxidants must be delivered precisely to stress the invader
while protecting host tissues. Concomitantly, parasitoids must
reduce effects of oxidative damage on their own bodies and critical
host tissues such as the fat body. Consistent with this dynamic
interplay of host and parasitoid control of free radical damage, we
found enrichment of detoxification proteins that could control
redox events and may play roles in immune oxidative burst re-
actions, including down-regulation of a putative metallothionein
family 5 protein (—2.01-fold), cytochrome p450-28a1 (—1.91-fold),
copper uptake protein (—1.65-fold), and up-regulation of tran-
scripts for putative myoinositol oxygenase (1.83-fold) and
ribonucleoside-diphosphate reductase (1.46-fold). These redox
proteins may be important in detoxification responses that facili-
tate immunity. Other detoxification transcripts were also differ-
entially regulated, including down-regulation of the glutathione
metabolism enzyme alanyl aminopeptidase (—2.93-fold), and an
apparent ABC transporter was up-regulated (2.75-fold).

We detected no change in abundance of antimicrobial peptide
transcripts, an important component of humoral immunity. Other
studies on host-parasitoid responses also showed minimal up-
regulation of antimicrobial peptides in responses to parasitoids
relative to exposure to microorganisms (Ross and Dunn, 1989;
Nicolas et al., 1996; Masova et al., 2010; Wertheim et al., 2005).

3.6. Development

Delaying or arresting host development is a common life history
tactic for parasitoids. In endoparasitoids, suppressive actions are
begun by venom components, and sometimes symbiotic viruses,
then reinforced by developing parasitoids (Strand, 2008; Asgari and
Rivers, 2011). An ectoparasitoid without obvious viral symbionts,
N. vitripennis uses venom to arrest host development until external
parasitoid eggs can hatch and larvae can affect host physiology
directly. Even without the influence of a developing wasp larva,
Sarcophaga pupae envenomated by N. vitripennis enter an irre-
versible state of developmental arrest that can last more than a
month before the host dies (Rivers and Denlinger, 1994b; Rivers
and Brogan, 2008). Envenomation-induced developmental arrest
in Sarcophaga pupae superficially resembles the developmental
arrest induced at pupal diapause in this species. However, within
24 h of envenomation the brain of a Sarcophaga host pupa un-
dergoes substantial programmed cell death and thus will never be
able to develop into a functional adult (Rivers and Brogan, 2008).

Degeneration of the brain contributes to envenomation-induced
developmental arrest because the release of ecdysteroids from the
brain is needed to coordinate pupal-adult metamorphosis. How-
ever, unlike diapausing pupae that will resume development with
exogenous ecdysteroid exposure, exogenous ecdysteroids cannot
restart development in envenomated pupae (Rivers and Denlinger,
1994a,b). This suggests that the developmental arrest in enveno-
mated Sarcophaga pupae is regulated differently than pupal
diapause. Envenomation-induced developmental arrest must
somehow disrupt ecdysteroid signaling and may also include co-
ordinated cell death in other critical tissues, like partially differ-
entiated imaginal wing or antennal discs. In contrast to the
programmed cell death that occurs after envenomation in hemo-
cytes and brain cells, cells of the host fat body remain healthy
(Rivers and Brogan, 2008) and continue participating in
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intermediary metabolism of the pupae, including the accumulation
of greater fat reserves (Rivers and Denlinger, 1995). This clear
contrast in the cellular viability responses amongst the three Sar-
cophaga tissues that have been studied is consistent with venom
manipulating the host environment to favor parasitoid larvae.
Further examination may reveal that other host tissues benefiting
larval development, like the heart and respiratory system, are also
selectively maintained. An important question is, what cellular and
biochemical factors promote survival and viability in some Sar-
cophaga pupal tissues, like the fat body which survives for weeks
despite exposure to N. vitripennis venom, when other tissues un-
dergo programmed cell death within hours of envenomation?

3.6.1. Developmental signaling pathways

One third of the differentially expressed genes at 25 h post-
envenomation have putative roles in developmental processes,
with 70% of these transcripts up-regulated and 30% down-
regulated (Tables S2 and S3). Many genes classified as promoting
development by cellular proliferation and growth also have func-
tions in apoptosis (discussed above). A possible regulator of
developmental arrest is down-regulation (—2.87-fold) of a putative
alkyldihydroxy-acetonephosphate synthase (ADHAPS) required for
normal development in humans and Caenorhabditis elegans
(Motley et al., 2000). Understanding the molecular basis of selective
maintenance of some tissues during developmental arrest while
others are destroyed will require picking apart the activity of
candidate genes and signaling pathways in individual tissues.

As mentioned above (see 3.5.2.), 25 h after envenomation we
observed up-regulation in transcripts of a putative MAPK 3 or
MAPK 4-phosphotase (1.86-fold) that could inhibit MAPK signaling
through the p38K or JNK cascades, and down-regulation of tran-
scripts for a putative MAPK 3 or MAPK 4 protein that would activate
p38K or JNK signaling (—1.46-fold) and thus modulate develop-
ment and immunity. Because envenomation initiates a develop-
mental arrest in pupae preventing pharate adult metamorphosis,
we expected that ERK-signaling, which promotes growth and
morphogenesis, would be down-regulated after envenomation.
Interestingly, Torso, a peptide-hormone receptor that activates ERK
signaling was up-regulated 25 h after envenomation (2.17-fold).
Torso is the prothoracicotropic hormone (PTTH) receptor that sig-
nals the prothoracic glands to produce ecdysone to precipitate
molting and morphogenesis via ERK signaling (Rewitz et al., 2009).
It may seem counterintuitive for transcripts of the PTTH receptor to
be in greater abundance in developmentally arrested pupae
compared to control animals already undergoing pupal-adult
metamorphosis by 25 h after envenomation. However, by the
time of metamorphosis developing flies have already completed
PTTH signaling and released ecdysteroids so PTTH reception may
not be necessary. In contrast, envenomated, developmentally
arrested pupae may still express the PTTH receptor even though
exogenous ecdysteroids cannot trigger the resumption of devel-
opment (Rivers and Denlinger, 1994a,b), indicating that these pu-
pae are stuck perpetually in molecular stasis. A putative Torso/
PTTH-receptor transcript was also up-regulated in larvae of
P. xylostella that failed to successfully pupate when parasitized by
D. semiclausum (Etebari et al., 2011), again suggesting develop-
mental arrest may occur up-stream of ecdysone reception. A pu-
tative cytochrome p450-28al that is down-regulated (—1.91-fold)
could also be involved in developmental arrest. This p450 is similar
to C. elegans daf-9, an enzyme that regulates the dauer develop-
mental arrest by producing the steroid hormone dafachronic acid
that acts through a nuclear steroid hormone receptor, daf-12
(Gerisch and Antebi, 2004). Further detailed investigations of
both steroid hormone production and signaling are needed to tease
apart potential regulatory roles in developmental arrest in host-

parasitoid interactions. We expect that investigation of sensitivity
to the action of PTTH and ecdysteroids through the ERK signaling
cascade relative to p38K and JNK signaling holds promise for un-
derstanding the regulation of envenomation-induced arrest of host
development.

Rho signaling, mentioned above in the context of immunity (see
3.5.1.), may also play a critical role in envenomation-induced
developmental arrest as suggested by high levels of up-regulation
in three Rho-family GTP-binding proteins and a guanine nucleo-
tide exchange factor (13.2, 9.7, 1.38, and 1.3-fold enrichment
respectively, Table S2). Rho signaling affects cytoskeletal structure
in embryonic and pupal morphogenesis in Drosophila (Chen et al.,
2004). Rho signaling is GTP-mediated and mutations or trans-
genes that enhance Rho signaling increase cellular proliferation and
yield tissue overgrowth (Clark et al., 2000). Thus, up-regulation of
Rho family GTP-binding proteins and a guanine nuclear exchange
factor that regulates cyclic GMP levels may help induce develop-
mental arrest by sequestering and decreasing GTP to inhibit the Rho
signaling that would normally lead to pupal-adult metamorphosis
(Chang et al., 1998). Rho signaling can also interact with signaling in
another pathway affecting cellular proliferation and morphogen-
esis, the SH2 domain ankyrin repeat kinase (Src) pathway (Chan
et al., 1994; Pedraza et al., 2004). Transcripts for a putative inhibi-
tor protein of Src signaling, a Prl protein-tyrosine phosphatase
(Pagarigan et al., 2013), are up-regulated 25 h after envenomation
(2.17-fold), suggesting inhibition of Src signaling may contribute to
the envenomation-induced developmental arrest.

3.6.2. Other regulators of development

The only transcript to be detectably differentially expressed 3 h
after envenomation was a down-regulated leucine rich-repeat
protein (—0.74-fold). Putative homologues of this transcript are
highly expressed during the pupal-adult transition in
D. melanogaster where they regulate programmed cell death of
larval-pupal structures as the animal undergoes adult morpho-
genesis (Berry and Baehrecke, 2007). Down-regulation of this
protein may contribute to an early developmental halt upon en-
venomation, preventing the pupal host from further morphogen-
esis that may make it less suitable for parasitoid larvae (Rivers and
Denlinger, 1995). Besides their possible involvement in immunity
(see 3.5.2.), miRNAs can be important for regulating development
in insects because they can modulate major transcriptional pro-
grams and RNA processing (Asgari, 2013). Up-regulation of tran-
scripts for two putative argonaute-2 proteins (1.35 and 1.16-fold
respectively) in our data combined with similar observations in the
interaction between the lepidopteran host P. xylostella and the
wasp D. semiclausum (Etebari et al., 2013) suggests that miRNAs
may play important roles in regulating host developmental arrest.

3.7. Metabolism

Many parasitoids manipulate host intermediary metabolism to
improve the nutritional milieu for larval development through
venom and symbiotic viruses, followed by the developing para-
sitoid and teratocytes (Dahlman et al., 2003; Nakamatsu and
Tanaka, 2003, 2004b; Nurullahoglu et al., 2004; Formesyn et al.,
2010). Over the 25 h timeframe of our study the egg is external to
the host body and would not have yet hatched (Whiting, 1967).
Thus the effects we observe are due to envenomation. Envenom-
ation causes a precipitous drop in the metabolic rates of hosts
(decreased O, consumption — Rivers and Denlinger, 1994a, 1995).
Although decreased host metabolism upon envenomation may be
partly due to arresting host development, N. vitripennis venom
clearly manipulates host intermediary metabolism because just
after envenomation hosts increase levels of alanine and pyruvate,
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but decrease oxaloacetate (Rivers and Denlinger, 1994a,b). Perhaps
most striking from a metabolic perspective is that envenomation by
N. vitripennis causes flesh fly pupae to increase the lipid content of
their fat bodies while decreasing circulating blood lipids (Rivers
and Denlinger, 19943, 1995). We construct hypotheses for regula-
tion of increased lipid storage and metabolic depression based on
transcript abundance. Because our data are from whole bodies, we
interpret these data in the context of intermediary metabolism
being increased in some tissues and decreased in others.

3.7.1. Reorganizing metabolism to increase fat body lipids

Because many insect parasitoids, including N. vitripennis, show
limited or no capacity to synthesize lipids themselves, they must
rely on host lipids for fatty acids necessary for juvenile growth and
adult reproduction (Visser et al., 2010, 2012). Previous work on
several systems has shown parasitoid manipulation of host lipid
metabolism from physiological (Rivers and Denlinger, 1994a, 1995;
Dahlman et al., 2003; Nakamatsu and Tanaka, 2003, 2004b;
Nurullahoglu et al.,, 2004), proteomic (Song et al., 2008), and
transcriptomic perspectives (Fang et al., 2010; Etebari et al., 2011;
Provost et al., 2011).

Considering that Sarcophaga host pupae are a nutritionally-
sealed system that cannot feed, N. vitripennis venom must trigger
a tissue-specific starvation response so nutrients are mobilized
from peripheral tissues destined to degenerate, like the brain and
thoracic muscles, while maintaining metabolic and synthetic
function in the fat body. Autophagy is a controlled process wherein
cells selectively degrade sub-cellular components, recruiting com-
ponents (e.g., mitochondria) to intracellular lysosomes to break
them down into trafficable units like amino acids that can be reused
elsewhere (Cooper and Mitchell-Foster, 2011; Kroemer and Levine,
2008). Autophagy is a critical component of both starvation re-
sponses and responses to mild cellular damage. Mild starvation or
cellular damage that leads to autophagy will induce cell cycle arrest
by p53-dependent pathways to stop growth and will trigger lyso-
somal clearance of some sub-cellular structures, but cells can
typically rebound function and resume growth when nutrients
become available again or the stress abates (Lee et al., 2012). Pro-
longed starvation or chronic stress will induce a shift from the
milder autophagy response to trigger apoptotic pathways. Both
autophagy and apoptosis allow organisms to control the break-
down of cellular components into trafficable units that could be
recycled and used to produce fat body lipid stores. Because auto-
phagy has been associated with both starvation/nutrient recycling
and cell cycle arrest, regulation of autophagy pathways provides an
opportunity for parasitoids to manipulate both host development
and intermediary metabolism to favor offspring production. We
observe enrichment in several GO categories that are consistent
with our expectation that envenomation promotes autophagy and
nutrient mobilization in peripheral host tissues to support lipid
synthesis in the fat body, including: cell cycle control, intracellular
trafficking/vesicular transport, energy production and conversion,
amino acid transport and metabolism, nucleotide transport and
metabolism, and lipid transport and metabolism (Fig. 3).

When assessing our gene-by-gene analysis (Table S3) several
autophagy-related transcripts were differentially expressed.
Damage-related autophagy modulator (DRAM), shown to control
autophagy in D. melanogaster (O'Prey et al., 2009), was up-
regulated 25 h after envenomation (1.47-fold). Mitochondria play
an important role in promoting or inhibiting autophagy (Cooper
and Mitchell-Foster, 2011; Kroemer and Levine, 2008). Specif-
ically, damaged or energy-stressed alterations in the mitochondrial
trans-membrane potential regulated by mitochondrial Ca?*
signaling can trigger recruitment of mitochondria to autolysosomes
(e.g., mitophagy). Two possible regulators of mitochondrial Ca?*

homeostasis associated with autophagy were up-regulated 25 h
after envenomation (Cardenas and Foskett, 2012; Lin et al., 2012), a
putative calcyphosine (1.44-fold) and a putative small mitochon-
drial calcium-binding protein (1.83-fold). A putative DGP-1, an
elongation factor that regulates taking damaged cells out of the cell
cycle and inducing autophagic repair (Gruenewald et al., 2009;
Blanco et al., 2010) was highly up-regulated after envenomation
(13.2-fold). A putative lysosomal aspartic protease was also up-
regulated (1.74-fold) 25 h after envenomation. This transcript has
similarities to cathepsin D, a lysosomal protease activated in cells
undergoing autophagy, apoptosis, and even necrotic cell death
(Benes et al., 2008; Guicciardi et al., 2004). Cathepsins specifically,
and other pro-autophagic genes more generally have been impli-
cated in host responses to parasitism in other transcriptomic
(Etebari et al., 2011; Fang et al., 2010) and proteomic studies (Song
et al., 2008). Although we have couched most of the autophagy-
related responses as important to nutritional manipulation of
host tissues, there is substantial overlap between autophagic and
apoptotic genes such that it is difficult to determine from simple
snapshots of transcripts or proteins what specific pathways are
being triggered across studies. Clearly pro-autophagy pathways
could be playing roles in the apoptotic response of host tissues after
envenomation in the Sarcophaga-Nasonia interaction (see 3.6.;
Rivers et al., 2002a,b; Rivers and Brogan, 2008) and other
parasitoid-host manipulation systems (Song et al., 2008; Fang et al.,
2010; Etebari et al., 2011). We expect apoptotic pathways will be
rapidly initiated for parasitoid suppression of host immunity, then
autophagic responses will be important for longer-term manipu-
lation of host development and nutritional state. Careful investi-
gation of time-course patterns of autophagy and apoptotic
responses are needed across multiple tissue types to test our hy-
potheses about the relative contributions of autophagy and
apoptosis to the three major axes of host manipulation: immunity,
development, and nutrition.

Amino acids are a major product of cellular autophagy re-
sponses, and we expect that these amino acids liberated from the
peripheral host tissues by envenomation are being deaminated to
provide carbon skeletons for metabolic fuel as substrates for
anabolic lipid synthesis. Gene Ontology categories including energy
production and conversion, amino acid transport and metabolism,
nucleotide transport and metabolism, and lipid transport and
metabolism were all differentially expressed in hosts 25 h after
envenomation (Fig. 3). When considering lipid synthesis from
amino acids produced by autophagy, some transporters were up-
regulated including a cationic amino acid transporter (2.13-fold)
and an oligopeptide transporter (YIN) (2.87-fold) associated with
transport of small peptides (especially alanylalanine) in
D. melanogaster (Charriere et al., 2010). 2-amino-3-ketobutyrate
coenzyme a ligase (Edgar and Polak, 2000) plays a critical role in
the metabolism of serine, threonine, and glycine into acetyl-CoA for
use in fatty acid synthesis and was up-regulated (1.63-fold). Up-
regulation (2.05-fold) of a putative sodium-associated mono-
carboxylate transporter 25 h after envenomation also suggests
amino acid catabolism because monocarboxylate transporters may
be moving metabolic intermediates of catabolism of peripheral
tissue protein, like pyruvate, acetate, or propionate, into the fat
body for lipid synthesis. A putative hydroxy-acid oxidase was also
up-regulated (7.43-fold). Hydroxy-acid oxidase plays a critical role
in glyoxylate and dicarboxylate metabolism following serine,
threonine, and glycine metabolism. Envenomation could also
trigger glyoxylate and dicarboxylate metabolism in host peripheral
tissues, where two-carbon precursors could be used for gluconeo-
genesis; simple carbohydrates or Krebs-cycle intermediates could
be trafficked to the host fat body for fatty-acid synthesis (Voet and
Voet, 2011). Our data suggest that envenomation of Sarcophaga
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host pupae by N. vitripennis causes a substantial shift in protein and
amino-acid metabolism to mobilize nutrients from peripheral tis-
sues to the host fat body to support larval parasitoid growth,
ensuring that parasitoids can acquire enough lipids during larval
feeding to compensate for their inability to synthesize lipids de
novo in adulthood (Visser et al., 2010; Visser et al., 2012). Although
several candidate metabolic pathways emerge above, particularly
serine, threonine, and glycine metabolism coupled to the glyox-
ylate/dicarboxylate cycle, future work should include testing which
pathways of intermediary metabolism are most affected by en-
venomation, using techniques to carefully track labeled amino acid
substrates through their metabolic intermediates (Zera, 2011;
Visser et al., 2012).

3.7.2. Metabolic depression

Upon envenomation by N. vitripennis metabolic rates of Sar-
cophaga pupae decline precipitously (Rivers and Denlinger, 1994a)
and within 24 h pupae increase alanine and pyruvate levels, but not
the Krebs-cycle intermediate oxaloacetate (Rivers and Denlinger,
1994a). Although pyruvate levels increase initially they later drop
as lipid is accumulated in the host fat body, suggesting that early
high levels of pyruvate may support envenomation-induced alter-
ations in host lipid metabolism (Rivers and Denlinger, 1994a). As in
other parasitoid-host interactions that have been studied from a
transcriptomic or proteomic perspective (Etebari et al., 2011; Song
et al., 2008; Nguyen et al., 2008; Wertheim et al., 2005, 2011; Zhu
et al., 2009), genes associated with energy metabolism were
differentially expressed in our study (Fig. 3, Table S2). Across a wide
range of taxa from turtles to insects, metabolic depression is
associated with inducing hypoxic-like states that induce greater
anaerobic metabolism through glycolytic/gluconeogenic pathways
and decreased reliance on the Krebs cycle (Guppy and Withers,
1999). A shift away from aerobic metabolism towards increased
glycolysis and gluconeogenesis appears to occur with metabolic
depression during pupal diapause in Sarcophaga flies despite the
fact that diapausing pupae remain normoxic (Michaud and
Denlinger, 2007; Ragland et al., 2010), and several observations
suggest envenomation may encourage a shift towards increased
anaerobic metabolism. Lactate dehydrogenase regenerates NAD™"
by converting pyruvate to lactate under anaerobic conditions (Voet
and Voet, 2011), and a putative lactate dehydrogenase was up-
regulated 25 h after envenomation (3.83-fold). Elevated pyruvate
levels in Sarcophaga pupae just after envenomation (Rivers and
Denlinger, 1994a) are consistent with envenomation causing
increased glycolysis relative to aerobic Krebs-cycle activity, and
lactate dehydrogenase may help maintain NAD™ levels to facilitate
glycolysis. Up-regulation of a putative myoinositol oxygenase (1.83-
fold) also suggests greater glycolysis in envenomated hosts.
Myoinositol can be used for glycolysis or to produce the lipid-
precursor inositol, and myoinositol oxygenases have been impli-
cated in sugar balance and diabetes (Ganapathy et al., 2008; Nayak
et al.,, 2011).

Envenomated pupae were kept in normal-oxygen atmospheres,
so a shift towards anaerobic metabolism favoring glycolysis and
reducing the activity of the Krebs cycle could be caused by com-
ponents of N. vitripennis venom altering pathways that regulate
metabolic responses to hypoxia. A putative hypoxia-inducible
domain family 1 protein was up-regulated 25 h after envenom-
ation (2.22-fold). This protein is a downstream effector of the HIF
signaling pathway and may be playing a role in directly reducing
mitochondrial activity (Gorr et al,, 2004; Hayashi et al., 2012).
Future physiological and biochemical studies will be needed to test
our hypothesis that envenomated host pupae are in a hypoxia-like
state despite being normoxic. Although most studies of parasitoid
manipulation of hosts focus on modulation of the immune

response, the mechanisms that parasitoids use to manipulate host
metabolism may provide new perspectives into states of metabolic
depression.

3.8. Conclusions

This paper supports earlier studies demonstrating that
N. vitripennis venom influences diverse physiological processes in
one of its preferred host organism S. crassipalpis. Our molecular
assay to confirm parasitization post hoc is unique because it keeps
the samples intact, avoiding adverse effects caused by manipula-
tion. Furthermore, to our knowledge this is the first transcriptomic
study of the response of a host insect to attack by an ectoparasitoid,
complementing a substantial body of physiological literature on the
N. vitripennis-Sarcophaga interaction. Overall, fewer genes were
found to be differentially expressed after parasitization with
N. vitripennis than have been observed in studies with endopar-
asitoids. This observation is at least partly the result of venom in-
jection alone rather than feeding by the wasp larvae because our
samples were taken prior to hatching of the wasp eggs. The pat-
terns of differential expression we observed suggest several clear
candidate pathways for the molecular regulation of immune sup-
pression, host developmental arrest, and alteration of host meta-
bolism in response to ectoparasitoid envenomation. Many of these
same pathways have also been implicated in endoparasitoid attack
of hosts, suggesting some fundamental, conserved aspects of host-
parasitoid interactions to be further investigated.
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