OPEN 8 ACCESS Freely available online

’ PLoS @ne

Deciphering Proteomic Signatures of Early Diapause in

Nasonia

Florian Wolschin"?*, Jiirgen Gadau’

1 School of Life Sciences, Arizona State University, Tempe, Arizona, United States of America, 2 Department of Biotechnology, Chemistry, and Food Science, Norwegian

University of Life Sciences, As, Norway

Abstract

Insect diapause is an alternative life-history strategy used to increase longevity and survival in harsh environmental
conditions. Even though some aspects of diapause are well investigated, broader scale studies that elucidate the global
metabolic adjustments required for this remarkable trait, are rare. In order to better understand the metabolic changes
during early insect diapause, we used a shotgun proteomics approach on early diapausing and non-diapausing larvae of the
recently sequenced hymenopteran model organism Nasonia vitripennis. Our results deliver insights into the molecular
underpinnings of diapause in Nasonia and corroborate previously reported diapause-associated features for invertebrates,
such as a diapause-dependent abundance change for heat shock and storage proteins. Furthermore, we observed a
diapause-dependent switch in enzymes involved in glycerol synthesis and a vastly changed capacity for protein synthesis
and degradation. The abundance of structural proteins and proteins involved in protein synthesis decreased with increasing
diapause duration, while the abundance of proteins likely involved in diapause maintenance (e.g. ferritins) increased. Only
few potentially diapause-specific proteins were identified suggesting that diapause in Nasonia relies to a large extent on a
modulation of pre-existing pathways. Studying a diapause syndrome on a proteomic level rather than isolated pathways or
physiological networks, has proven to be an efficient and successful avenue to understand molecular mechanisms involved

in diapause.

Editor: Karl-Wilhelm Koch, University of Oldenburg, Germany
Received March 4, 2009; Accepted May 26, 2009; Published July 28, 2009

publish, or preparation of the manuscript.

* E-mail: f.wolschin@gmail.com

Citation: Wolschin F, Gadau J (2009) Deciphering Proteomic Signatures of Early Diapause in Nasonia. PLoS ONE 4(7): €6394. doi:10.1371/journal.pone.0006394

Copyright: © 2009 Wolschin, Gadau. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: FW was supported by a Feodor-Lynen-fellowship provided by the Humboldt foundation (http://www.humboldt-foundation.de). JG was funded
through NIH-R21 1R21RR024199-01 (http://grants.nih.gov/grants/oer.htm). The funders had no role in study design, data collection and analysis, decision to

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Diapause is an alternative life-history trait that enables an
individual to endure unfavorable environmental conditions e.g.
drought and cold. We here refer to diapause as a syndrome as it is
characterized by a set of metabolic features that are closely associated
and, in combination, can result in a drastically altered physiology
[1,2]. Diapause can be facultative (elicited by direct environmental
cues) or obligatory (independent of temporary environmental
changes, probably evolved from facultative diapause) and it entails
a state of decreased mnactivity thought of as developmental arrest [3].
In insects, diapause requires an array of sophisticated metabolic
adjustments and can appear during development (developmental
diapause) and adulthood (reproductive diapause). Thus, instead of a
static state it can be viewed as a dynamic process that is divided in
early, intermediate, and late phases.

The remarkable characteristics of diapause have led to an ever-
increasing amount of research focusing on this topic. Studies in C.
elegans and Drosophila were able to unravel some of the molecular
details of reproductive diapause due to the availability of a whole
genome sequence [4-6]. Hormones influence diapause and it
appears that insulin signaling plays a major role in diapause
regulation, which could potentially explain a known connection
between diapause and longevity [6-9]. Recently, diapause has also
been implicated in the evolution of castes in social wasps pointing
out that the molecular building blocks of diapause might have
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been used to regulate reproductive division of labor in some insect
societies [10].

However, our understanding of the molecular mechanisms
involved in generating, maintaining, and breaking diapause is still
highly fragmentary (Denlinger 2002). This is especially true for
developmental diapause since genome sequences for model
organisms undergoing this form of diapause were missing until
recently.

Also, it is unclear to what extent metabolic patterns are
conserved across species that exhibit the same or different
diapause syndromes (facultative or obligatory, developmental
and reproductive). Thus, there is an ongoing need for comparative
studies that reveal the molecular details underlying diapause.

To this end, unbiased large-scale studies are particularly useful
since they are not restricted by prior assumptions and can, in a
single study, reveal several diapause characteristics [11-14].
However, to make full use of available molecular tools, a
sequenced genome is a pre-requisite. Nasonia vilripennis, a parasitic
solitary wasp that can go into developmental diapause, is emerging
as a new insect model system especially due to the availability of a
sequenced genome [15] and functional genomic tools like RNA1
[16]. This makes it a suitable candidate for large-scale molecular
studies aiming at deciphering diapause characteristics.

Diapause in MNasonia has been shown to be maternally induced
and it probably serves as an adaptation to the temperate life zone
(Northern America, Europe, and Northern Asia) since Nasonia
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hosts (flesh fly pupae) are unavailable during winter. Multiple
external (e.g. temperature, photoperiod, host) and internal (e.g.
age of mother, number of eggs laid) factors that act on any egg-
laying female are known to induce diapause in her offspring [17—
20]. A factor of unknown structure is thought to be passed on from
the mother to the offspring leading to an adaptation of metabolism
that finally results in the observed diapause syndrome in the last
larval instar [19,20]. In this work, we focused on the proteomic
changes during early diapause in N. vitripennis for three major
reasons: 1. early diapause sets the stage for all processes that follow
and can be thought of as a metabolic switch point. This is
especially true for Nasonia vitripennis, a species that at day 6 of its life
reaches a crucial stage in larval development. At this stage, it will
cither initiate diapause or pupate; 2. proteomic approaches do not
reach the depth of transcriptome studies. However, they are
especially well suited to study the intricacies of diapause because
they reflect the physiological state in a more direct way than RNA
studies; 3. the availability of an annotated genome sequence for N.
vitripennis enabled us to maximize output.

Our results reveal novel insights into the metabolic processes
during the early stages of diapause in Nasonia and corroborate the
ubiquity of some diapause-associated patterns in insects and
copepods. They can now serve as a foundation for future studies
that will focus on specific metabolic processes during the
induction, maintenance, and breakage of diapause in Nasonia.

Methods

Collection of Nasonia

In all experiments Nasonia vitripennis (ASYMCX) females (all
sisters from a highly inbred line) were set as virgins on Sarcophaga
bullata hosts. This procedure guaranteed that only closely related
larvae of one sex (males) were produced (as a Hymenoptera,
Nasonia exhibits a haplo- diploid sex determination mechanism).

Two quality control steps ensured the accurate collection of
diapausing larvae:

1. Diapausing larvae were only collected after 100% of the
previous batch of their mother’s offspring (a given virgin
female) had entered diapause. In short, females were provided
individually with host pupae for 24 hours every other day for
14-20 days. The parasitized hosts were then transferred into
empty vials in which the wasp larvae completed development.
After 10 days the hosts were opened and the percentage of
diapausing larvae was determined (non-diapausing larvae
would be well into a pupal stage at that time). As soon as all
larval offspring of a female entered diapause, females were
provided with new hosts in order to produce larvae suitable for
analysis. Diapausing larvae were collected 6, 7, and 8 days after
the female was provided with the host pupae (DP6-8).

2. Control samples (larvae in unopened pupae) from the final re-
hosting (see above) were monitored after one week to ensure
that 100% of the larvae went into diapause.

Three Nasonia larvae (all from one host) were pooled per sample
in order to decrease host-dependent variation (under the
conditions used a given female lays only one batch of eggs into
one host pupa).

Non-diapausing larvae were collected 6 days after a female was
given an individual host for 24 hours. Three larvae produced by
one female were pooled for analysis.

Treatment to induce diapause included exposure to constant
darkness and 4°C. Control females were kept under constant light
at room temperature.
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Protein extraction, quantification, and digestion

Samples consisting of three larvae were homogenized in 150 pl
of protein extraction buffer (50 mM tris pH 8.5, 2% SDS, 5%
beta-mercaptoethanol, 0.15 M NaCl, 30% glycerol). Samples
were then vortexed vigorously, boiled at 95°C for 5 min, vortexed
again, and centrifuged for 2 min at 10,000 rcf. The supernatant
was subjected to methanol/chloroform precipitation as described
in [21].

Proteins were redissolved in 50 pl of buffer containing 50 mM
tris pH 8.5, 6 M urea, 2 M thiourea, 0.15 M NaCl, 1 mM CaCl,.
Consecutively, 150 pl of buffer (50 mM tris pH 8.5, 0.15 M NaCl,
I mM CaCly) were added, samples were spun at 10,000 rcf for
2 min, and the supernatant was used for further analysis. The
Bradford assay was used to determine protein concentration [22]
and 40 Ug per sample were subjected to digestion over night at
30°C with 1 pg of trypsin in digestion buffer (50 mM tris pH 8.5,
0.15 M NaCl, 1 mM CaCly).

Peptide desalting was performed the next day as described
before [23,24].

LC-MS/MS Analysis

Dried peptides (from 10 pg protein) were dissolved in 5%
acetonitrile, 2% TFA and used in a non-targeted LC-MS/MS
analysis. Peptides were separated on a picofrit column (75 pum ID,
New objective, Woburn, USA) using a 105 min gradient ranging
from 95% A (0.1% formic acid, 99.9% H,O) to 80% B (0.1%
formic acid, 99.9% acetonitrile) followed by a 15 min equilibration
step. Peptides were eluted from the reversed phase ULC column
directly into an LTQ mass spectrometer (Thermo, San Diego,
USA) and the following settings were used: isolation window:3 m/
z, collision energy: 35, and activation time: 30 ms. MS? spectra
were recorded for the five most abundant peaks in each MS survey
spectrum. Using the open source search tool OMSSA (version
2.0.0) [25] the spectra were matched against an N. witripennis
sequence database retrieved from NCBI (http://www.ncbi.nlm.
nih.gov/) containing additional trypsin and keratin sequences. The
following filtering criteria were used: 0.8 Da fragment tolerance,
0.8 Da precursor tolerance, maximum of 2 missed cleavages, only
tryptic sequences allowed, initially ten possible peptide hits per
spectrum reported then filtered to one peptide hit per spectrum,
variable modifications: methionine oxidation, deamidation of N
and Q. Acceptance threshold: e<0.1.

The overlap of proteins was calculated by comparing accession
numbers resulting from analyses of the different sample groups
(NDP6, DP6-8). The output was displayed in a diagram capable of
comparing the overlap of four groups (a 4-way Venn diagram
adapted from [26]). One database entry hit is characterized by at
least one peptide at e<0.1.

Statistical evaluation

Statistical evaluation of the data was essentially carried out as
described in [24] with the following modifications:

Individual spectral count (count per peptide) was divided by the
overall spectral count corrected for the number of spectra
belonging to host proteins of the same sample. This was done
because it was observed that non-diapausing samples had a
tendency to produce more hits to host proteins. Thus, the spectral
count for all identified host proteins was subtracted from the
overall spectral count of the sample to minimize competition
effects. Criteria for quantification: 1. hits were only accepted at a
threshold of two peptides e=0.1; 2. spectral count of at least 3 in at
least 4 of the samples of one sample set was required for
acceptance. A decoy database with reversed sequences was used to
ensure that the false discovery rate for peptides was below 0.95%.
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For hierarchical clustering analysis the corrected spectral count
values for each protein were z-transformed ((individual value -
standard deviation)/average value). TM4 version 4.1.01 was used
for computing the HCA (Pearson correlation coefficient, complete
linkage clustering). For simplification purposes we excluded
protein isoforms with highly similar abundance patterns to the
ones displayed here.

Results

Following day six, Nasonia development diverges into either
pupation (favorable conditions) or diapause (unfavorable condi-
tions). We here focused at proteomic changes during this crucial
switchpoint. Sampling resulted in four distinct groups: 6-day-old
non-diapausing larvae (NDP6), and 6-8 day-old diapausing larvae
(DP6, DP7, and DP8). See methods section for details.

1. Shared proteins/peptides

Most of the identified peptides were found in all sample groups
and there was little evidence for diapause-exclusive expression (40
database entry hits. One database entry hit is characterized by the
identification of at least one peptide at e=0.1 matching to an
accession number in the database. See S1 for the number of
peptides corresponding to the respective database entry hits). This
list decreases to 37 entries when redundancy and a partial
sequence entry are dismissed. The overlap is exemplified in a 4-
way Venn diagram [Figure 1, see also supplementary table S1 for
all database entries and supplementary table S2 for individual
peptides]. Several peptide hits match to proteins that are known to
be of high importance during diapause of other invertebrate
species e.g. proteins involved in fat (long-chain-fatty-acid-CoA
ligase, 3-2-trans-enoyl-CoA isomerase, enoyl-CoA hydratase/
isomerase family, 3-hydroxyacyl-CoA dehydrogenase) and sugar

22 36 35 58
11 274, 40 15
15 16 19 88
DP8 (478)
53 23| 46
NDP6 (450)

DP7 (489)

Figure 1. Overlap between proteins/peptides found in non-
diapausing and diapausing larvae. Shown is the overlap of
protein/peptide hits for all collected specimens (NDP6, DP6-8) in a 4-
way Venn diagram. DP6-8: diapausing larvae collected at days 6-8
(orange, red, and green, respectively). NDP6: non-diapausing larvae
collected at day 6 (blue). Hits only identified in the diapause-stages are
highlighted in bold.

doi:10.1371/journal.pone.0006394.g001
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(trehalose 6-phosphate synthase, triosephosphate isomerase) me-
tabolism [supplementary table S1]. Note that the database entries
that were exclusively identified for diapausing larvae or for
individual diapausing stages could be present below the detection
limit in non-diapausing larvae.

2. Heatmap of quantifiable proteins

Proteins were quantified using spectral count as described in the
methods section. Quantified proteins were subjected to a Kruskall-
Wallis test to determine proteins that differed in their abundance
between any of the sampling groups and a bootstrap algorithm was
employed in order to adjust the p-value cutoff [24]. Hierarchical
clustering analysis on proteins with p=0.1 was used to visualize
homogeneity of the samples and variances between groups
[Figure 2]. The data show generally good separation of the four
groups (NDP6 and DP6-8) due to greater homogeneity within
groups compared to between groups. Differences between
diapausing and non-diapausing stages as well as within diapausing
stages are apparent by the clustering trees. Protein descriptions
[Figure 2] following an underscore were obtained through BLAST
search (e-value=<1 e~ *). Outliers (samples not clustered within
their respective group) possibly represent heterogeneity within a
population (one DP6 in a cluster of NDP6 samples) and overlap
between sample groups (one DP8 in a cluster of DP7 samples).
Due to a 24 h incubation period (the time females were exposed to
host pupae), overlap between the groups DP6 and DP7 or between
DP7 and DP8 can not be entirely excluded. This can explain the
DP8 outlier.

Our results indicate a shift from proteins involved in structure
and protein turnover (histone, ribosomal protein, elongation
factor, proteases) to enzymes and proteins necessary for diapause
maintenance (metabolic enzymes, ferritin) from DP6 to DP8.

3. Selected protein groups affected by diapause

3.1 Protein synthesis. The abundance of elongation factor
1, ribosomal protein S15, and a histone-like protein was found to
be high at day 6 compared to day 8 of diapausing larvae
suggesting a progressive decline of the levels of these proteins
during initial diapause stages [Mann Whitney U-tests for DP6 and
DP8, p=0.05, see also Figure 2]. However, no abundance changes
were observed for another ribosomal protein (S7) and translation
elongation factor 2.

3.2 Protein degradation. A set of five proteases/peptidases
and two potential serin protease inhibitors (serpins) revealed a
complex pattern of proteolytic capacities.

Notably, one of the proteases showed high levels only in
diapausing larvae day 6 (the last day before pupation or ongoing
diapause, XP_001605646) [Figure 2].

3.3 Cryoprotection. Three enzymes that can be related to
the synthesis of glycerol, (aldolase, glyceraldehyde-3-phosphate-
dehydrogenase, and glycerol-3-phosphate dehydrogenase), were
found to have varying abundance patters for the different groups
[see Figure 2 and supplementary table S1]. In addition, when
selection criteria for quantification were made less stringent, two
additional enzymes that are putatively involved in glycerol
metabolism  (phosphoglucomutase ~ and  triose-phosphate
isomerase) were found at higher levels during at least one of the
diapausing stages (data not shown).

3.4 Proteins involved in damage prevention. We found
that both ferritin subunits are upregulated in diapausing Nasonia
larvae [Figure 3A and B], while the pattern of two proteins that
belong to the family of heat shock proteins was more variable. At
day 6, heat shock protein 90 abundance levels were comparable
between diapausing and non-diapausing larvae, but its levels
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Figure 2. Heatmap and hierarchical clustering of selected proteins. This protein expression map (heatmap) visualizes protein abundance
differences between individual samples. Proteins shown were selected out of all quantifiable proteins by a Kruskal Wallis test. This procedure resulted
in proteins that showed significant (bootstrap corrected p-value cutoff: p=0.1) differences over the four sample groups (NDP6 and DP6-8). The
abundance increases from blue to yellow. Samples were grouped based on Pearson correlation and full linkage clustering. Rows indicate individual
proteins, columns indicate individual samples. Comparisons of protein abundances are valid within rows but not within colums. DP6-8: diapausing
larvae collected at days 6-8 (orange, red, and green, respectively). NDP6: non-diapausing larvae collected at day 6 (blue).

doi:10.1371/journal.pone.0006394.g002
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Figure 3. Abundance changes in putative stress-response proteins during early diapause in Nasonia. Abundance levels of proteins
similar to Ferritin, Ferritin 2 (panels A and B, respectively), HSP90, and LEFL, a member of the HSP20 family (panels C and D, respectively) represented
in box plots (median and 25-75% confidence interval). Letters denote significant differences (Mann Whitney U-test, p<0.05, n =6 per group). Open
circles represent outliers. Spectral count_corr: individual spectral count normalized to total spectral count. DP6-8: diapausing larvae collected at days
6-8 (orange, red, and green, respectively). NDP6: non-diapausing larvae collected at day 6 (blue).

doi:10.1371/journal.pone.0006394.g003

dropped with increased diapause duration. In contrast, the
abundance of a heat shock protein 20 family member (lethal
essential for life) was low at the beginning of diapause and
increased over time [Figure 3C and D].

3.5 Storage proteins. Five storage proteins of this category
were identified and quantified [Table I, figure 2]. We found
upregulation, downregulation, and steady levels for this protein
family.

Discussion

The alternative life-histories of Nasoma, diapause vs non-
diapause, are associated with clear protein abundance differences.

Table 1. Storage protein abundance differences between
groups.

Protein predicted/similar to Accession NDP6 DP6 DP7 DP8
High Glx storage protein XP_001599110 a a a a
High Glx storage protein XP_001603025 a ab b ab
Hexamerin 2 XP_001607012 a b b b
Hexamerin XP_001604915 a b ab ab
Hexamerin XP_001607029 a ab ab
Apolipophorin XP_001604024 a b ab
Apolipophorin-Iil XP_001602474 a a b ab

Different letters indicate statistically different expression (Mann Whitney U-test,
p=0.05, n=6 per group).
doi:10.1371/journal.pone.0006394.t001
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However, most of the identified peptides overlap between stages,
suggesting that MNasonia exerts diapause by mainly varying the
abundance of proteins that are already present in non-diapausing
larvae.

Our results imply that a metabolic shift from reconstruction to
maintenance occurs during these early steps of diapause. High
levels of proteins involved in replication/transciption (histones)
and translation (ribosomal protein, translation factor) at day 6 are
followed by an increase of metabolic enzymes (e.g. GAPDH,
GDH, aldolase) and maintenance proteins (ferritin, some hexam-
erins) during stages DP 7 and DP 8.

Lower levels of ribosomal proteins and elongation factors during
diapause agree well with previous reports on diapause protein
production capacity and cell growth [27]. Similarly, there is an
established link between histone expression and replication/
translation [28]. Thus, the decrease of histone levels with time in
diapause observed in this study points to an impairment/
downregulation of these functions. Adding to the idea of
organismal restructuring during early diapause, we found an actin
to be highly abundant early in diapause. This observation fits with
earlier reports on the modification of actin expression in
diapausing stages of Culex pipiens [29], in which it was speculated
that actin plays a role in modification of the cytoskeleton during
early diapause.

Another group of proteins that showed varying abundance
levels during the transition phase are proteases. We found that
several proteolytic enzymes and protease inhibitors have different
abundance patterns in non-diapausing and diapausing larvae. This
result corroborates previous reports showing that some proteases
and digestive enzymes are closely linked to diapause [30,31]. It
appears that the digestive system and the overall proteolytic
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capacity have to undergo major changes in order to cope with the
change in nutrient availability and to help with restructuring the
entire metabolism.

Most notably, a peptidase showed very high relative levels of
abundance at DP6 (one of the NDP6 samples falls into the same
category, probably representing an intermediate or diapause
larvae in the control group). This feature was shared with two
hypothetical proteins and a CN hydrolase-like protein and suggests
a co-regulation that is of importance during early diapause.

No comparative data is available for the hypothetical proteins.
However, the CN hydrolase-like protein might be involved in the
recycling of building blocks. CN hydrolases catalyze the hydrolytic
cleavage of carbon-nitrogen bonds and their action often yields
free ammonia that, in turn, might be used to synthesize a pool of
new amino acids [32,33].

Following a decrease in the overall capacity of cell growth
(DP6), metabolic mechanisms that are potentially essential for
diapause maintenance are put into place starting with DP7.

Glycerol synthesis is commonly associated with diapause [34—
36]. Under conditions of normal development glycerol is mainly
used to make triacylglycerols and phospholipids. However,
elevated production of glycerol is thought to increase the cold-
hardiness in a variety of organisms [34-40] and glycerol levels
were shown to be host- and temperature-dependent in Nasonia
[41].

In our study we monitored protein abundance levels, which do
not necessarily directly correspond to changes in enzymatic
activity. However, it is intriguing that we observed diapause-
dependent abundance patterns for proteins that are potentially
involved in glycerol production. GDH abundance levels for DP6,
DP7, and DP8, were not statistically different from one another,
while levels for NDP6 did differ significantly from levels at DP7
but not from levels at DP6 or DP8. We propose two possible
reasons as to why GDH abundance appears to reach a maximum
before DP8: 1. enzyme levels might oscillate during diapause or 2.
glycerol production might only be increased during a very limited
timeframe. In this context it is interesting to review the relationship
between GDH and GAPDH. If glycerol synthesis is increased,
there will be less fuel available for GAPDH and subsequent steps
in glycolysis. Thus, it might be important for the organism to
either switch back and forth between emphasizing one or the other
branch and/or to limit glycerol synthesis to a narrow time window
in order to facilitate sufficient glycolysis.

Drawing from our results and from older data on diapause in
Bombyx mori [35] we propose a possible pathway for glycerol
production in Nasonia [Figure 4].

Other proteins that might directly or indirectly protect the
organism from damage are ferritin and heat shock proteins.
Ferritin is known to be involved in protection of molecules from
oxidative damage by scavenging oxygen radicals. However, it has
also been implicated in the control of cell proliferation by
regulating the availability of iron [42]. In insect diapause ferritin
could limit exposure to oxygen radicals (of higher importance than
in the hypoxic pupae) and/or contribute to the characteristic
developmental arrest seen during diapause by restricting the iron
availability for cell growth. Interestingly, our findings of higher
ferritin abundance in diapausing larvae are in agreement with a
previous report of diapause-dependent ferritin upregulation in
copepods [43], which indicates a possibly widespread importance
for diapause in arthropods. In this context, artemin, a ferritin
homologue from Artemia, should be mentioned since it is also
known to be up-regulated during diapause [44]. However, artemin
does not bind iron and is thus unlikely to function in the same way
as ferritin during diapause.

@ PLoS ONE | www.plosone.org
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Figure 4. Suggested pathway for glycerol synthesis in Nasonia.
Proteins putatively involved in glycerol production and glycolysis had
significantly different abundance levels between groups (Kruskal Wallis
and Mann Whitney U-tests, p=0.05) leading us to suggest this pathway
for glycerol synthesis in Nasonia (enzymes in red). Enzymes in blue were
detected at higher levels in diapausing stages but did not pass all
criteria for quantification. GAPDH: glyceraldehyde-3-phosphate-dehy-
drogenase, GADH: glycerol-3-phosphate dehydrogenase, PGM: phos-
phoglucomutase.

doi:10.1371/journal.pone.0006394.9g004

Heat shock proteins are proteins that rapidly change their
expression patterns in response to an environmental shock and
help prevent organismal damage. It is well established that /Asp
expression can change with diapause [3,45].

In Sarcophaga, hsp90 expression is high in non-diapausing and
early diapause-destined individuals but drops significantly there-
after [46]. In our study HSP90 abundance was initially high in
NDP6 and DP6 larvae and then dropped in DP7 and DP8. This
overlap in expression patterns across species (Nasomia and
Sarcophaga) and across metabolic levels (mRNA and protein) points
to a conserved role during diapause (for a discussion of potential
hsp functions during diapause see [46]). Similar to known
expression trends for other /Asps, we also detected increasing levels
of protein essential for life (lefl, a HSP20 family member) during
diapause. Consequently, it seems that mechanisms, which during
normal development serve to protect the organism from damage,
are co-opted for a novel life history trait, i.e. diapause. However,
since diapause is often elicited by harsh conditions, it is unclear
whether such proteins are necessary to trigger the diapause
response, or if the change in their expression patterns is merely a
consequence of environmental factors. Research on organisms
with obligatory diapause should be able to shed light on this
question.

Diapause can be maintained for several years [47] thus putting
a metabolic strain on the organism. Therefore, one could expect
that larvae increase their reserves in preparation for diapause.
However, previous reports on insect storage proteins show that not
all proteins classified as storage proteins show the same expression
trends during diapause [48-53]. This heterogeneity of patterns is
also reflected in our results.

In general, most of the storage proteins identified in our study (6
out of 7) seemed to accumulate in at least one of the diapause
stages. Apolipophorins are able to bind and relocate lipids [54,55].
Thus, their higher levels during diapause could be associated with
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increased lipid metabolism, which is a known diapause-related
trait for some insects [6]. In this context, it is interesting to note
that some peptides implicated in fat metabolism were conspicu-
ously absent in the non-diapausing larvae of Nasonia [Figure 1 and
supplementary table S1], which further corroborates a change of
lipid metabolism with diapause in Nasonia.

On the other hand, GLX storage proteins and hexamerins
could function as amino acid donors during diapause. In addition,
some hexamerins are known or suspected to bind juvenile
hormone, a major regulator of insect diapause [56,57], and could
thus play a role in controlling the duration of diapause. We found
indications that the levels of a JH-degrading enzyme (JH epoxide
hydroxylase) increase with time in diapause (data not shown
because this protein barely missed our criteria for quantification).
Juvenile hormone and its analogues have been reported to either
induce or break diapause e.g. [58,59]. In Nasonza, the effects of JH
are unclear but it appears that, in agreement with our results, JH
does not have a stimulatory effect on diapause in this species [20].

This study generated, with a single experiment, a multitude of
candidate genes for early diapause, and identified potential
physiological processes essential for diapausing in Nasonia vitripennis.
This demonstrates how the availability of a whole genome
sequence in combination with modern proteomic tools can
significantly advance the study of the molecular changes
underlying phenotypically plastic traits like diapause. Overall, we
found major metabolic changes that confirm previous studies, but
also reveal new insights into the physiology and regulation of
developmental diapause in Nasonia, which showcases how non-gel
shotgun proteomics can be used to map underpinnings of this
syndrome.

References

1. Harvey WR (1962) Metabolic aspects of insect diapause. Annual Review of
Entomology 7: 57-&.
2. Tauber MJ, Tauber CA, Masaki S (1986) Seasonal adaptations of insects.
Oxford University Press. 411 p.
3. Denlinger DL (2002) Regulation of diapause. Annu Rev Entomol 47: 93-122.
4. Fielenbach N, Antebi A (2008) C. Elegans dauer formation and the molecular
basis of plasticity. Genes Dev 22: 2149-2165.

. Tatar M, Yin C (2001) Slow aging during insect reproductive diapause: Why
butterflies, grasshoppers and flies are like worms. Exp Gerontol 36: 723-738.
6. Hahn DA, Denlinger DL (2007) Meeting the energetic demands of insect

diapause: Nutrient storage and utilization. J Insect Physiol 53: 760-773.

7. Sim C, Denlinger DL (2008) Insulin signaling and foxo regulate the
overwintering diapause of the mosquito culex pipiens. Proc Natl Acad
Sci U S A 105: 6777-6781.

8. Williams KD, Busto M, Suster ML, So AK, Ben-Shahar Y, et al. (2006) Natural
variation in drosophila melanogaster diapause due to the insulin-regulated pi3-
kinase. Proc Natl Acad Sci U S A 103: 15911-15915.

9. Flatt T, Tu MP, Tatar M (2005) Hormonal pleiotropy and the juvenile hormone
regulation of drosophila development and life history. Bioessays 27: 999-1010.

10. Hunt JH, Kensinger BJ, Kossuth JA, Henshaw MT, Norberg K, et al. (2007) A
diapause pathway underlies the gyne phenotype in polistes wasps, revealing an
evolutionary route to caste-containing insect societies. Proc Natl Acad Sci U S A
104: 14020-14025.

11. Zhou Q, Wu C, Dong B, Liu I, Xiang J (2008) The encysted dormant embryo
proteome of artemia sinica. Mar Biotechnol (NY) 10: 438-446.

12. Wang W, Meng B, Chen W, Ge X, Liu S, et al. (2007) A proteomic study on
postdiapaused embryonic development of brine shrimp (artemia franciscana).
Proteomics 7: 3580-3591.

13. Li AQ, Popova-Butler A, Dean DH, Denlinger DL (2007) Proteomics of the
flesh fly brain reveals an abundance of upregulated heat shock proteins during
pupal diapause. J Insect Physiol 53: 385-391.

14. Michaud MR, Denlinger DL (2007) Shifts in the carbohydrate, polyol, and
amino acid pools during rapid cold-hardening and diapause-associated cold-
hardening in flesh flies (sarcophaga crassipalpis): A metabolomic comparison.
J Comp Physiol [B] 177: 753-763.

15. http://www.ncbinlm.nih.gov/genome/guide/wasp/Nasonia vitripennis genome
sequence.

16. Abdel-Latief M, Garbe LA, Koch M, Ruther J (2008) An epoxide hydrolase
involved in the biosynthesis of an insect sex attractant and its use to localize the

production site. Proc Natl Acad Sci U S A 105: 8914-8919.

wr

@ PLoS ONE | www.plosone.org

Diapause Proteomics in Nasonia

The results of this study can now spur targeted studies on
individual physiological processes or genes, which can eventually
lead to a better understanding of the molecular mechanism
underlying diapause in Nasonia in particular and invertebrates in
general.

Supporting Information

Table S1 Peptides identified in diapausing and non-diapausing
Nasonia larvae combined under protein accession numbers. DP6-8:
diapausing larvae collected at days 6-8. NDP6: non-diapausing
larvae collected at day 6.

Found at: doi:10.1371/journal.pone.0006394.s001
XLS)

(0.33 MB

Table 82 Individual peptides identified in diapausing and non-
diapausing MNasonia larvae.DP6-8: diapausing larvae collected at
days 6-8. NDP6: non-diapausing larvae collected at day 6.
Found at: doi:10.1371/journal.pone.0006394.s002 (13.01 MB
XLS)

Acknowledgments

We thank Benjamin Allan for collecting Nasonia specimens, Brenda Rascon
& Rick Overson for comments on this manuscript, and Larry Mandarino &
Zhengping Yi for access to the MS facilities.

Author Contributions

Conceived and designed the experiments: FW JG. Performed the
experiments: FW. Analyzed the data: FW. Contributed reagents/
materials/analysis tools: FW JG. Wrote the paper: FW JG.

17. Saunders DS, Sutton D, Jarvis RA (1970) The effect of host species on diapause
induction in nasonia vitripennis. J Insect Physiol 16: 405-416.

18. Saunders DS (1967) Time measurement in insect photoperiodism: Reversal of a
photoperiod effect by chilling. Science 156: 1126-1127.

19. Schneiderman HA, Horwitz J (1958) The induction and termination of
facultative diapause in the chalcid wasps mormoniella-vitripennis (walker) and
tritneptis-klugii (ratzeburg). Journal of Experimental Biology 35: 520-551.

20. Deloof A, Vanloon J, Vanderroost C (1979) Influence of ecdysterone, precocene
and compounds with juvenile-hormone activity on induction, termination and
maintenance of diapause in the parasitoid wasp, nasonia-vitripennis. Physiolog-
ical Entomology 4: 319-328.

21. Wessel D, Flugge UI (1984) A method for the quantitative recovery of protein in
dilute solution in the presence of detergents and lipids. Anal Biochem 138:
141-143.

22. Bradford MM (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal Biochem 72: 248-254.

23. Rappsilber J, Ishihama Y, Mann M (2003) Stop and go extraction tips for
matrix-assisted laser desorption/ionization, nanoelectrospray, and lc/ms sample
pretreatment in proteomics. Anal Chem 75: 663-670.

24. Wolschin F, Amdam G (2007) Plasticity and robustness of protein patterns
during reversible development in the honey bee (apis mellifera). Anal Bioanal
Chem 389: 1095-1100.

25. Geer LY, Markey SP, Kowalak JA, Wagner L, Xu M, et al. (2004) Open mass
spectrometry search algorithm. J Proteome Res 3: 958-964.

26. Hittp://www.Pangloss.Com/seidel/protocols/venn.Cgi.

27. Saito A, Koga K, Sakaguchi B (1982) Changes in polysome content during
development after diapause of bombyx-mori embryos. Febs Letters 150: 449-453.

28. Kaygun H, Marzluff WF (2005) Translation termination is involved in histone
mrna degradation when DNA replication is inhibited. Molecular and Cellular
Biology 25: 6879-6888.

29. Kim M, Robich RM, Rinehart JP, Denlinger DL (2006) Upregulation of two
actin genes and redistribution of actin during diapause and cold stress in the
northern house mosquito, culex pipiens. J Insect Physiol 52: 1226-1233.

30. Chen B, Kayukawa T, Jiang H, Monteiro A, Hoshizaki S, et al. (2005)
Datrypsin, a novel clip-domain serine proteinase gene up-regulated during
winter and summer diapauses of the onion maggot, delia antiqua. Gene 347:
115-123.

31. Lee KY, Valaitis AP, Denlinger DL (1998) Activity of gut alkaline phosphatase,
proteases and esterase in relation to diapause of pharate first instar larvae of the

July 2009 | Volume 4 | Issue 7 | e6394



32.

36.

37.

39.

40.

41.

42.

43.

44.

46.

gypsy moth, lymantria dispar. Archives of Insect Biochemistry and Physiology
37: 197-205.

Seshachalam RV, Subramanyam MVYV, Krishnamoorthy RV (1992) New
pathway of utilization of ammonia nitrogen for the synthesis of amino-acids
through nadh dependent transaminases in bombyx-mori l. Physiological
Entomology 17: 281-287.

. Bork P, Koonin EV (1994) A new family of carbon-nitrogen hydrolases. Protein

Sci 3: 1344-1346.

. Chino H (1957) Conversion of glycogen to sorbitol and glycerol in the diapause

egg of the bombyx silkworm. Nature 180: 606-607.

. Chino H (1958) Carbohydrate metabolism in the diapause egg of the silkworm,

bombyx-mori 2. Conversion of glycogen into sorbitol and glycerol during
diapause. Journal of Insect Physiology 2: 1-&.

Kostal V, Tollarova M, Sula J (2004) Adjustments of the enzymatic complement
for polyol biosynthesis and accumulation in diapausing cold-acclimated adults of
pyrrhocoris apterus. J Insect Physiol 50: 303-313.

Storey KB (1997) Organic solutes in freezing tolerance.
Biochemistry and Physiology a-Physiology 117: 319-326.

~omparative

. Nelson RA (1980) Protein and fat metabolism in hibernating bears. Fed Proc 39:

2955-2958.

Aguilera J, Randez-Gil F, Prieto JA (2007)
cerevisiae: New functions for old mechanisms.
327-341.

Ishiguro S, Li Y, Nakano K, Tsumuki H, Goto M (2007) Seasonal changes in
glycerol content and cold hardiness in two ecotypes of the rice stem borer, chilo
suppressalis, exposed to the environment in the shonai district, japan. J Insect
Physiol 53: 392-397.

Rivers DB, Lee RE, Denlinger DL (2000) Cold hardiness of the fly pupal
parasitoid nasonia vitripennis is enhanced by its host sarcophaga crassipalpis.
Journal of Insect Physiology 46: 99-106.

Koorts AM, Viljoen M (2007) Ferritin and ferritin isoforms ii: Protection against
uncontrolled cellular proliferation, oxidative damage and inflammatory
processes. Arch Physiol Biochem 113: 55-64.

Tarrant AM, Baumgartner MF, Verslycke T, Johnson CL (2008) Differential
gene expression in diapausing and active calanus finmarchicus (copepoda).
Marine Ecology-Progress Series 355: 193-207.

Chen T, Villeneuve TS, Garant KA, Amons R, MacRae TH (2007) Functional
characterization of artemin, a ferritin homolog synthesized in artemia embryos
during encystment and diapause. Febs J 274: 1093-1101.

“old response in saccharomyces
FEMS Microbiol Rev 31:

. Rinehart JP, Li A, Yocum GD, Robich RM, Hayward SA, et al. (2007) Up-

regulation of heat shock proteins is essential for cold survival during insect
diapause. Proc Natl Acad Sci U S A 104: 11130-11137.

Hayward SA, Pavlides SC, Tammariello SP, Rinehart JP, Denlinger DL (2005)
Temporal expression patterns of diapause-associated genes in flesh fly pupae
from the onset of diapause through post-diapause quiescence. J Insect Physiol 51:

631-640.

@ PLoS ONE | www.plosone.org

47.

48.

49.

51.

52.

53.

54.

56.

57.

58.

59.

Diapause Proteomics in Nasonia

Soula B, Menu F (2005) Extended life cycle in the chestnut weevil: Prolonged or
repeated diapause? Entomologia Experimentalis Et Applicata 115: 333-340.
Miura K, Shinoda T, Yura M, Nomura S, Kamiya K, et al. (1998) Two
hexameric cyanoprotein subunits from an insect, riptortus clavatus. Sequence,
phylogeny and developmental and juvenile hormone regulation. Eur ] Biochem
258: 929-940.

Tungjitwitayakul J, Singtripop T, Nettagul A, Oda Y, Tatun N, et al. (2008)
Identification, characterization, and developmental regulation of two storage
proteins in the bamboo borer omphisa fuscidentalis. J Insect Physiol 54: 62-76.
Sonoda S, Fukumoto K, Izumi Y, Ashfaq M, Yoshida H, et al. (2006)
Methionine-rich storage protein gene in the rice stem borer, chilo suppressalis, is
expressed during diapause in response to cold acclimation. Insect Mol Biol 15:
853-859.

Godlewski J, Kludkiewicz B, Grzelak K, Cymborowski B (2001) Expression of
larval hemolymph proteins (/i) genes and protein synthesis in the fat body of
greater wax moth (galleria mellonella) larvae during diapause. J Insect Physiol 47:
759-766.

Lewis DK, Spurgeon D, Sappington TW, Keeley LL (2002) A hexamerin
protein, agsp-1, is associated with diapause in the boll weevil. Journal of Insect
Physiology 48: 887-901.

Spyliotopoulos A, Gkouvitsas T, Fantinou A, Kourti A (2007) Expression of a
cdna encoding a member of the hexamerin storage proteins from the moth
sesamia nonagrioides (lef) during diapause. Comp Biochem Physiol B Biochem
Mol Biol 148: 44-54.

Dillwith JW, Lenz CJ, Chippendale GM (1986) Isolation and characterization of
lipophorin from the hemolymph of diapausing larvae of the southwestern corn-
borer, diatraca-grandiosella. Journal of Comparative Physiology B-Biochemical
Systemic and Environmental Physiology 156: 783-789.

. Turunen S, Chippendale GM (1981) Relationship of lipoproteins present in the

larval hemolymph of the southwestern corn-borer, diatraca-grandiosella, to
feeding and diapause. Comparative Biochemistry and Physiology B-Biochem-
istry & Molecular Biology 70: 759-765.

Tawfik Al, Kellner R, Hoffmann KH, Lorenz MW (2006) Purification,
characterisation and titre of the haemolymph juvenile hormone binding proteins
from schistocerca gregaria and gryllus bimaculatus. J Insect Physiol 52: 255-268.
Braun RP, Wyatt GR (1996) Sequence of the hexameric juvenile hormone-
binding protein from the hemolymph of locusta migratoria. J Biol Chem 271:
31756-31762.

Yin CM, Chippendale GM (1976) Horomonal control of larval diapause and
metamorphosis of the southwestern corn borer diatraca grandiosella. J Exp Biol
64: 303-310.

Singtripop T, Oda Y, Wanichacheewa S, Sakurai S (2002) Sensitivities to
juvenile hormone and ecdysteroid in the diapause larvae of omphisa fuscidentalis
based on the hemolymph trehalose dynamics index. J Insect Physiol 48:
817-824.

July 2009 | Volume 4 | Issue 7 | e6394



