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Abstract

Hemocytes are integral components of mosquito immune mechanisms such as phagocytosis,
melanization, and production of antimicrobial peptides. However, our understanding of hemocyte-
specific molecular processes and their contribution to shaping the host immune response remains
limited. To better understand the immunophysiological features distinctive of hemocytes, we
conducted genome-wide analysis of hemocyte-enriched transcripts, and examined how tissue-
enriched expression patterns change with the immune status of the host. Our microarray data
indicate that the hemocyte-enriched trascriptome is dynamic and context-dependent. Analysis of
transcripts enriched after bacterial challenge in circulating hemocytes with respect to carcass
added a dimension to evaluating infection-responsive genes and immune-related gene families.
We resolved patterns of transcriptional change unique to hemocytes from those that are likely
shared by other immune responsive tissues, and identified clusters of genes preferentially induced
in hemocytes, likely reflecting their involvement in cell type specific functions. In addition, the
study revealed conserved hemocyte-enriched molecular repertoires which might be implicated in
core hemocyte function by cross-species meta-analysis of microarray expression data from
Anopheles gambiae and Drosophila melanogaster.

Keywords
mosquito; hemocyte; phagocytosis; melanization; antimicrobial peptide; microarray

1. Introduction

Hemocytes are fundamental elements of the mosquito host defense. They mediate immune
mechanisms such as phagocytosis, melanization, and production of antimicrobial peptides
(AMPs) (Blandin and Levashina, 2007; Christensen et al., 2005; Strand, 2008).
Phagocytosis and melanization responses can be initiated within minutes of non-self
recognition, albeit to a varying degree depending on the pathogen class (Hillyer et al.,
2003b, 2004). In comparison, AMP responses are characterized by transcriptional induction
through Rel/NF-xB signaling pathways (Antonova et al., 2009; Shin et al., 2005). The
emerging complexity of hemocyte biology and its multifaceted role in host defense lie not
only in the temporally distinct and pathogen-specific manifestation of the effector

© 2012 Elsevier Ltd. All rights reserved.

"Corresponding author. Bruce M. Christensen, Department of Pathobiological Sciences, University of Wisconsin-Madison, 1656
Linden Drive, Madison, W1 53706, USA, Tel: + 1 608 262 3850, Fax: +1 608 262 7420, christensen@svm.vetmed.wisc.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Choi et al.

Page 2

mechanisms these cells mediate, but also because hemocyte responses occur in the context
of an elaborate network of processes involving multiple physiological systems and immune-
responsive tissues (Glenn et al., 2010; Hillyer, 2010; Schneider, 2009). The interactions
between these components give rise to the function and behavior of the immune system as a
whole. To begin to investigate the role of hemocytes in such interplay, a better
understanding of the unique immunophysiological features of hemocytes becomes
increasingly important. In this study, we utilized tissue-enriched expression profiles to
critically evaluate hemocyte transcriptome responses to bacterial challenge by resolving
patterns of transcriptional changes specific to circulating hemocytes from those that are
likely shared by other immune responsive tissues. In addition, we identified conserved
hemocyte-enriched molecular repertoires which might be implicated in core hemocyte
function by cross-species meta-analysis of microarray expression data from Angpheles
gambiae (Pinto et al., 2009) and Drosophila melanogaster (1rving et al., 2005).

Previous transcriptomic studies in dipteran species investigating the molecular physiology of
circulating hemocytes (Baton et al., 2009; Irving et al., 2005; Pinto et al., 2009) have
demonstrated that comparing hemocyte transcriptome profiles to carcass profiles can
provide a useful metric for the screening of transcripts enriched in hemocytes. Tissue
comparisons of this nature require careful analysis because (1) the numeric values of the
resulting enrichment ratios do not have a readily interpretable biological meaning due to the
undefined cellular composition of the carcass, and (2) high enrichment ratios themselves do
not necessarily indicate tissue-specific gene expression. Nevertheless, relative rankings of
the enrichment ratios in the context of a genome-wide screening can be highly informative
because transcripts primarily or exclusively expressed in hemocytes will likely have higher
enrichment ratios than most other transcripts. An added advantage of this approach is that it
provides a potential means to guard against false-positive findings in studies comparing
hemocyte samples, where results may be confounded by cell type heterogeneity. Provided
that the proportion of contaminating cell type(s) in the hemocyte sample is lower than that in
the carcass sample, enrichment ratios of the transcripts not expressed in hemocytes remain
less than 1, and thus may be used as an additional criterion for critical evaluation of
transcriptional profiles.

At any given time, the expression of many genes varies between different cell types and
between different developmental and physiological states. Tissue-enriched genes, which are
highly expressed in one particular tissue type and are either not expressed or are expressed at
much lower levels in other tissues, have been hypothesized to be important in the specialized
functions of the particular cell types in which they are expressed. Genes of the common host
response may be induced in multiple tissue types during infection, whereas some clusters of
genes are preferentially induced in specific cell types, likely reflecting their unique function
in response to infection. Genes exhibiting tissue specificity during an immune response are
particularly interesting in the context of hemocyte biology due to their possible involvement
in cell type specific functions, such as intercellular signaling and communication that help
coordinate the actions of different infection responsive tissues. Within this conceptual
framework, the present study provides a detailed molecular perspective into the
characteristic features of the hemocyte transcriptome in the mosquito Aedes aegypti by
actively harnessing tissue-enriched expression profiles following bacterial challenge.

2. Materials and methods

2.1 Mosquito rearing and colony maintenance

The A. aegypti Liverpool strain was originally obtained from a colony from the University
of London in 1977 and was reared as previously described (Christensen and Sutherland,
1984). Adult female mosquitoes were used for experimentation within 3 days of eclosion.
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2.2 Experimental design and replication

Material for each experimental condition was generated from three (bacterial challenge) or
four (naive) separate generations of mosquitoes, and four separate microarray hybridizations
using carcass and hemocyte material were performed. The first hybridization compared
naive and E.coli-challenged conditions, the second compared naive and M. luteus-
challenged conditions, and the third and fourth compared all three conditions.

2.3 Bacterial cultures and injection into mosquitoes

Bacteria used for intrathoracic injections were £. coli DH5a and M. luteus (University of
Wisconsin-Madison). Cultures were grown to stationary phase in LB (Luria-Bertani) broth
at 37 °C, with shaking at 300 rpm. A pulled glass capillary needle containing inoculum (0.5
ul undiluted bacterial culture) was inserted through the cervical membrane between the head
and the thorax and the fluid injected as previously described (Hillyer et al., 2004). For each
biological replicate, 50 individuals were injected per condition or remained naive, and
survivorship at 24 hours following injection was greater than 90%.

2.4 Mosquito tissue collection

At 24 hours post bacterial challenge, hemolymph was collected from 40 individuals by
volume displacement (perfusion) as previously described (Beerntsen and Christensen, 1990).
A tear was made above the penultimate abdominal segment of the mosquito, which was then
placed on a vacuum saddle. A pulled glass capillary needle, attached to a syringe containing
1X HBSS (Invitrogen, Carlsbad, CA), was inserted through the cervical membrane between
the head and the thorax. HBSS was slowly injected, and only the first drop of perfusate from
each mosquito was collected into a microfuge tube containing cell lysis buffer (10% SDS, 1
M Tris pH 7.5, 5 mM EDTA), mixed well, and kept on ice. Each remaining carcass after
perfusion was collected in parallel to the hemolymph sample by immediately freezing it in a
tube on dry ice. Carcasses were stored at =80 °C.

2.5 RNA isolation and purification

Hemocyte total RNA was isolated from hemolymph immediately following collection. The
isolation utilized a modification of a method originally developed for isolation of RNA from
tissue culture cells (Peppel and Baglioni, 1990). Hemolymph was directly perfused into a
1.5 ml microfuge tube containing 150 pl 5X cell lysis buffer (10% SDS, 1 M Tris pH 7.5, 5
mM EDTA), mixed, and stored on ice. Once all the perfusate was collected, the solution was
adjusted to 1X with HBSS and vortexed at medium speed for 5 seconds. Next, 0.3 volumes
of ice-cold Solution 2 (42.9 g potassium acetate, 11.2 ml acetic acid, water to 100 ml) was
added and the solution was vortexed at medium speed both upright and inverted for 10
seconds, centrifuged (14 k, 4 °C) for 15 min. and the supernatant transferred to a new tube.
The solution was then centrifuged (14 k, 4 °C) for 15 min. and the supernatant transferred to
a new tube. One half volume of buffered phenol and one half volume of chloroform/isoamyl
24:1 were added, mixed, and centrifuged (14 k, 4 °C) for 10 min. and the supernatant
transferred to a new tube. One volume of chloroform/isoamyl 24:1 was added, mixed,
centrifuged (14 k, 4 °C) for 10 min. and the supernatant transferred to a new tube. One
volume of ice-cold isopropanol was added, mixed, and the RNA was precipitated overnight
at —20 °C. RNA was pelleted (14 k, 4 °C) for 30 min. and the supernatant discarded. RNA
was washed with 750 pl ice-cold 80% ethanol, centrifuged (14 k, 4 °C) for 10 min. and the
supernatant discarded. The RNA was then air dried and resuspended in 10 pl nuclease-free
water. Carcass total RNA was isolated using the single-step acid guanidinium thiocyanate-
phenol-chloroform extraction method (Chomczynski and Sacchi, 1987) and resuspended in
nuclease-free water. The quantity and purity of all RNA samples were measured on a
NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA). The measured RNA
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concentrations and RNA integrity were verified by denaturing gel electrophoresis using
GelRed™ (Phenix Research Products, Candler, NC) staining.

2.6 Microarray hybridization

Agilent (Santa Clara, CA) 4x44k whole-genome Aedes aegypti microarrays (Nene et al.,
2007) were used for hybridizations. To generate amino allyl-modified cDNA (aRNA)
coupled with CyDye (GE Healthcare, Piscataway, NJ), Amino Allyl MessageAmp™ 11
aRNA Kit (Ambion AM1753, Austin, TX) was used according to the manufacturers’
instructions. The in vitro transcription was performed for 14 hours for all samples starting
with 500 ng of total RNA. The quantity and purity of all resulting modified aRNA were
measured on a NanoDrop spectrophotometer. The measured aRNA concentrations and
aRNA size distributions were evaluated by denaturing gel electrophoresis using GelRed™
staining. In order to utilize dye-swap pairs for hybridization, each sample was coupled to
both Cy3 and Cy5. The same amount of input aBRNA (5-7 pg) was used for all samples
within a biological replicate. The dye labeled aRNA concentration, pmol/pl dye and
frequency of incorporation (FOI) were measured on a NanoDrop spectrophotometer. If the
FOI of the labeled aRNA was outside of the desirable range the dye coupling reaction was
repeated. Microarrays were hybridized using the Agilent Gene Expression Hybridization Kit
according to manufacturers’ instructions. Two color hybridizations were performed using
125 pmol (700-1200 ng) of each labelled aRNA. Once assembled, arrays were secured in
Agilent hybridization chambers and hybridized for 17 hours at 65 °C in an Agilent
hybridization oven rotating at 10 rpm. Microarrays were washed according to the
manufacturers’ instructions and scanned immediately.

2.7 Microarray data processing and Gene Ontology enrichment analysis

Fluorescence images were obtained from hybridized microarrays at 5 um resolution using a
GenePix 4000B array scanner (Molecular Devices, Foster City, CA) with the PMT gain
settings automatically adjusted to a saturation tolerance level of 0.001%. A rray features
were quantified in GenePix Pro 6.1 (Axon Instruments) and low quality fluorescence spots
were flagged and excluded from subsequent analyses. Extracted results were imported into
R environment for differential transcript abundance analysis using the Bioconductor
LIMMA package (Smyth, 2004). “Normexp” method (Ritchie et al., 2007) was used for
background correction with an offset of 50 for both channels to damp down the variability of
the log ratios for low intensity spots while avoiding negative corrected intensities. The A
(average intensities) and M (log-ratios) values were averaged among within-array replicate
spots, followed by between-array normalization using the “Aquantile” method (Smyth and
Speed, 2003) such that the A-values have the same empirical distribution across arrays but
the M-values remain unchanged. Following the approach developed in LIMMA for separate
channel analysis of two-color microarrays, a linear model was fit to log-intensity data rather
than log-ratio data. Because the study utilized dye-swap technical replicates, each biological
replicate was included as a coefficient in the linear model. After model fitting, relevant
pairwise comparisons were made by specifying appropriate contrasts. Statistical significance
of differential transcript abundance was assessed using moderated t-statistics, and p-values
were adjusted for multiple testing to control false discovery rate using the Benjamini and
Hochberg’s method. The microarray data from this study were deposited to GEO under
accession number GSE38744. Gene Ontology (GO) analysis was performed in ErmineJ
(Gillis et al., 2010; Lee et al., 2005) using GO annotations retrieved from the UniProtKB-
GOA database (Camon et al., 2004) and VecterBase (Lawson et al., 2009). The gene score
resampling (GSR) method was used to identify statistically overrepresented GO categories
among genes showing high hemocyte-enriched expression pattern. P-values were adjusted
for multiple testing to control false discovery rate using the Benjamini and Hochberg’s
method. Hierarchical clustering analysis was performed in GeneSpring GX (Agilent
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Technologies) with average linkage using Pearson’s uncentered correlation coefficient as
distance metric.

2.8 Microarray validation

gPCR (quantitative polymerase chain reaction) was used to validate the microarray
expression ratios for a selected group of transcripts. PrimeTime™ qPCR Assays (Integrated
DNA Technologies, Coralville, 1A) were designed and resuspended in TE (10mM Tris,
0.1mM EDTA pH 8.0) according to the manufacturer’s recommendations. gPCR reactions
(20 pl, 10 ng total RNA input) were executed using the TagMan® RNA-to-Ct™ 1-Step Kit
(Applied Biosystems, Carlsbad, CA) and an Applied Biosystems 7300 Real-Time PCR
system according to the manufacturer’s recommendations. The Comparative C; Method was
utilized using one endogenous control (AAEL000987; 60S ribosomal protein L8) and four
target genes (AAEL007967, AAEL000636, AAEL006355, AAEL006361). VValidation
experiments confirmed the endogenous control could be used for all four targets. All
reactions were performed in triplicate. Primer sequences and results are summarized in
Supplemental Dataset S1.

2.9 Orthologous group comparisons

A. gambiae hemocyte and carcass microarray data were obtained from (Pinto et al., 2009),
and hemocyte enrichment ratios were computed using normalized intensity values reported
in their S (stringent) list. D. melanogaster hemocyte and whole larvae data were obtained
from (Irving et al., 2005), and processed similarly to generate tissue enrichment ratios,
except that enrichment ratios were imputed for genes whose expression data exist only for
hemocytes using the median (normalized intensity) value for the whole larvae microarray as
the common denominator. Transcripts and their corresponding tissue enrichment ratios were
mapped to genes and orthologous groups (OGs) to identify OGs that retained hemocyte-
enriched expression patterns across A. aegypti, A. gambiae and D. melanogaster. An OG
was considered as such, if there was at least one ortholog from each species that showed
hemocyte enrichment. Insect non-supervised orthologous groups (inNOGs) from the
eggNOG database (version 2.0) were used as a basis for these comparisons (Muller et al.,
2010). For each species, an equal number of genes most highly enriched in hemocytes (as
measured by enrichment ratios relative to the carcass or the whole animal within each
dataset) were selected for Venn diagram analysis. To determine genes showing the most
consistent pattern of high tissue enrichment across species, we compared orthologous groups
using the geometric mean of the relative (i.e., within-study) enrichment ratio rankings of the
constituent members.

3. Results and discussion

3.1 Hemocyte collection for transcriptome profiling

The methodologies previously employed to collect hemocytes for transcriptomic analyses
undoubtedly contributed their own biases to both the transcripts that appear as significantly
changed and the magnitude of their changes. In previous studies, hemocytes have been
collected via displacement perfusion with cell lysis buffer (Bartholomay et al., 2007),
collection from clipped probosces (Abraham et al., 2005; Chen and Laurence, 1987; Chun et
al., 2000; Pinto et al., 2009), or collection in a capillary tube following the injection of
buffer into the abdomen (Castillo et al., 2006). Not only do different collections contain
varying proportions of contaminating cell types, but the hemocyte transcriptome itself can
remain dynamic for differing amounts of time and be exposed to varying stimuli prior to
either cell lysis or freezing in anticipation of RNA isolation. The displacement perfusion
technique utilized in this study was designed to result in minimal contaminating cell types
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while rapidly initiating hemocyte lysis and capturing transcriptome RNA in the absence of
influence from the collection conditions or factors outside of the mosquito hemocoel.

3.2 Microarray experimental design

Using A. aegyptiwhole-genome microarrays (Nene et al., 2007), we profiled the
transcriptome of circulating hemocytes and the remaining carcass in both naive and bacteria-
challenged adult female mosquitoes (Fig. 1A). For each biological replication, hemolymph
perfusate and the remaining carcass were collected as paired samples at 24 hours post intra-
hemocoelic injection of either Escherichia coli or Micrococcus luteus overnight culture (0.5
ul) in parallel with an age-matched naive group from the same cohort. A paired design was
employed so that, within each treatment group, variation in physiological or immunological
state of the experimental animals would not be confounded with tissue comparison.
Concomitantly-collected hemocyte and carcass samples were co-hybridized on microarrays
in accordance with our primary emphasis on the accurate delineation of tissue enrichment
ratios. However, ranking transcripts based on tissue enrichment was not the sole aim of the
experimental design. We wanted to investigate how transcripts enriched in hemocytes
change as a function of bacterial challenge, and conversely which infection-responsive
transcripts show marked enrichment in hemocytes. To examine transcriptional changes
associated with hemocoelic infection in distinct tissue samples, we adopted a linear model-
based framework for analyzing dual-channel hybridizations (i.e., two-color microarrays) as
separate single-channels (Smyth, 2004). This analytic approach benefited from consistent
high quality of /n situ synthesized Agilent microarrays and effective “within” and “between”
array normalization methods in LIMMA (Bioconductor) (Ritchie et al., 2007; Smyth and
Speed, 2003). The biological and technical dye-swap replicates of the 2x3 experimental
conditions consisted of forty separate single-channel intensity profiles (Fig. S1). A
hierarchical clustering of the complete dataset showed consistency among the biological
replicates and, without exception, technical replicates clustered together suggesting that dye
and array effects are smaller than the biological effects. Sample relations further indicated
that tissue source is likely a more prominent factor influencing the overall transcriptome
profile than infection status.

3.3 Hemocyte-enriched transcriptome in relation to systemic bacterial challenge

We assessed differential transcript abundance between circulating hemocytes and the
remaining carcass in naive, £. coli-challenged and M. /uteus-challenged mosquitoes. In
addition, we compared £. coli- and M. Juteus-challenged hemocyte and carcass
transcriptomes to their corresponding naives to derive infection response profiles for each
challenge and tissue type (Fig. 1A). The expression ratios from these comparisons were
tested for statistical significance using LIMMA’s moderated t-statistics (Smyth, 2004). In
total, 3,324 transcripts displayed significant differences in their abundance (< 0.01 and
fold change > 2) in at least one of the seven pair-wise comparisons. To obtain a global view
of the relationship among expression ratio profiles and partitioning of the transcripts in
accordance with their tissue enrichment and infection-responsiveness, a two-way
hierarchical clustering was performed on the differentially abundant transcripts (Fig. 1B).
The resulting heat map indicates that the hemocyte-enriched transcriptome is dynamic and
context-dependent. Responses to bacterial challenge in hemocytes and the carcass share
common transcriptional patterns, but each also involves unique transcriptional changes,
altering the tissue-enriched transcriptome in infected animals relative to the naive. One
implication of this finding is that transcripts specifically or preferentially induced in
hemocytes during immune activation may not necessarily be tissue-enriched in naive
animals. Furthermore, the topology of the column dendrogram indicates that the hemocyte-
enriched transcriptome profiles (i.e., expression ratios from tissue comparisons) in £. coli-
and M. Juteus-challenged mosquitoes are overall more similar to each other than either is to
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the naive profile, suggesting common infection-associated transcriptional changes
independent of the bacterial species used for immune challenge. However, because our
hemocoelic infection model involved septic injury via injection, it is conceivable that some,
if not most, of the shared transcriptional responses represent wound-healing processes.

To examine the distinctive features of the hemocyte-enriched transcriptome, we evaluated
the statistical association between specific gene ontology (GO) terms and high tissue
enrichment ratios using the gene score resampling (GSR) method in ErmineJ (Lee et al.,
2005). One advantage of this permutation-based approach, making it well suited for the
study, is that it takes into account all measured enrichment ratios without arbitrary
thresholding. In addition to complementing observations made at the level of individual
transcripts by highlighting overrepresented gene groups and functional categories, this
analysis captures the compositional changes in a hemocyte-enriched transcriptome following
microbial challenge. Overall, our analyses identified 54 GO terms overrepresented among
the hemocyte-enriched transcripts (£ < 0.01; Fig. 2), which can be categorized into three
broad groups: (1) GO terms that are significant in both naive and the bacteria-challenged
mosquitoes, (2) GO terms that are significant in the naive mosquitoes but not in either of the
bacteria-challenged mosquitoes, and (3) GO terms that are significant only in £. coli- or M.
luteus-challenged mosquitoes.

Considering the rapid initiation of phagocytosis and melanization reactions upon microbial
recognition, it is likely that the molecular components involved in these processes are
already in place in naive mosquitoes. Constitutively-expressed, but highly hemocyte-
enriched factors and structural components are particularly interesting in this regard.
Members of the prophenoloxidase (PPO), fibrinogen and fibronectin related protein (FREP)
and class C scavenger receptor (SCRC) families are among the most highly hemocyte-
enriched transcripts in both naive and bacteria-challenged mosquitoes (Dataset S2). Similar
to PPOs and FREPs, carboxylesterase (AAEL004022-RA) and apolipoprotein D
(AAEL002520-RA) also rank high when genes are sorted by enrichment ratios. Examination
of GO categories reveals oxygen transporter, extracellular matrix, scavenger receptor and
lipase activities displaying particularly significant association with tissue enrichment in
hemocytes across infection status. These observations recapitulate the significance of
hemocytes as the primary source of pattern recognition molecules and components of the
PPO cascade. Genes associated with lipid metabolism are noteworthy in our ranked lists
considering their potential involvement in phagocytosis, hemolymph clotting and
coagulation (Theopold et al., 2004; Yeung and Grinstein, 2007). Cysteine-type
endopeptidase and endopeptidase regulator activities, on the contrary, are significant in
naive mosquitoes but not in either of the bacteria-challenged mosquitoes. GO categories
significant only in infected animals include integrin complex, integrin-mediated signaling
pathway, vesicle-mediated transport, and proteasome complex. These are likely implicated
in bacterial phagocytosis, cytoskeletal remodeling and degradation of ingested bacteria
following phagocytosis (Hillyer et al., 2003b; Moita et al., 2006; Stuart et al., 2007).

An important limitation of ratio-based analyses using microarray data is the inherent
inability to explicitly discern tissue-specific expression from tissue-enriched expression,
which is further complicated by residual hemocytes in carcass samples. As a consequence,
our data cannot be used to confirmatively establish tissue-specific expression of individual
transcripts. Nonetheless, it remains reasonable to expect tissue-specific transcripts to display
higher enrichment ratios than other transcripts in relative terms. Consistent with this idea is
the observation that previously characterized hemocyte-specific transcripts, such as those
encoding PPOs, rank particularly high in tissue enrichment as measured by our microarray
approach. In addition, there is an apparent trend that, among the top-ranked transcripts,
signal intensities in the carcass samples approach background levels, possibly reflecting

Insect Biochem Mol Biol. Author manuscript; available in PMC 2013 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Choi et al.

3.4 Utilizing

Page 8

their low abundance in most tissue types other than hemocytes (Fig. S2). Taken together, it
is likely that our ranked lists capture biologically meaningful information concerning the
characteristic features of the hemocyte transcriptome, and the top ranked transcripts
represent viable candidates for future exploration of hemocyte-specific biomarkers.

tissue-enriched expression profiles to elucidate hemocyte infection responses

To date, transcriptomic analyses on hemocyte infection responses have mostly taken a one-
dimensional view by focusing on the differences between hemocyte samples collected under
various infection conditions. This approach, while effective in characterizing transcriptome
changes within hemocytes, often failed to contextualize the findings in relation to changes
occurring in other immune-responsive tissues. The lack of information regarding tissue
specificity during infection response hinders assessment of whether an observed
transcriptional change is likely to be distinctive of hemocytes or shared by multiple tissue
types. In order to develop deeper insight into the transcriptome changes underlying
hemocyte-specific processes, we took an integrative approach combining infection response
profiles with tissue enrichment ratios. A two-dimensional representation of expression
ratios, in which the infection response profiles are resolved along a second axis of post-
infection tissue enrichment ratios, provides an insightful overview of hemocyte
transcriptome dynamics (Fig. S3; Fig. 3). The distribution of genes on these Cartesian planes
exposes the extent of heterogeneity in tissue enrichment among different infection
responsive genes. For example, C-type lectins, CTLMA13 (AAEL011621-RA) and
CTLMA14 (AAEL014382-RA) display similar levels of increase in hemocytes upon E. coli
infection. However, their post-infection tissue enrichment ratios differ substantially.
CTLMAZ13 is significantly enriched in hemocytes relative to the carcass, while CTLMA14
shows no enrichment, suggesting that transcriptional induction of CTLMA13 is likely more
restricted to hemocytes.

Using our integrative approach that combines infection response profiles with tissue
enrichment ratios, we investigated further the transcriptional characteristics of immune-
related gene families in A. aegypti (Waterhouse et al., 2007). The pattern of spatial
segregation between distinct gene families and the level of variation among family
members, bring to light the immunological characteristics of the hemocyte molecular
repertoire within the currently understood framework of insect immunity (Fig. 3).

Members of the gene families implicated in pattern recognition form a distinct group
displaying strong tissue enrichment in hemocytes. Both cell surface receptors and secreted
proteins are represented, and many are constitutively expressed. Of particular interest is the
FREP family, a phylogenetically conserved pattern recognition receptor that has undergone
mosquito lineage-specific gene expansion with respect to D. melanogaster (Waterhouse et
al., 2007). The present study indicates that at least 10 out of 37 FREPs in A. aegypti display
a hemocyte-enriched expression to a varying degree (FREP3, 5, 10, 12, 16, 23, 26, 28, 35
and 38). Microbial binding of FREPs has been demonstrated in Armigeres subalbatus (Wang
et al., 2005) and A. gambiae (Dong and Dimopoulos, 2009). FREP10, in particular, is a one-
to-one ortholog of the A. gambiae FREP13 (FBN9) whose transcript knockdown alters
Plasmodium infectivity as well as the host survival rate post bacterial challenge (Dong and
Dimopoulos, 2009). Class C scavenger receptors, originally characterized in D.
melanogaster hemocytes, recognize both gram-positive and -negative bacteria and a broad
range of polyanionic ligands (Pearson et al., 1995; Ramet et al., 2001). SCRCs in A. aegypti
contain two complement-control protein domains and one transmembrane domain like their
homologs in D. melanogaster. These likely function as pattern recognition receptor for
phagocytosis given the strong hemocyte-enriched expression. AAEL000636 and
AAEL007967, homologs of the phagocytic receptors with EGF domains (eater and Nimrod
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C1) also display highly hemocyte-enriched expression patterns similar to that of the SCRCs
(Kocks et al., 2005; Kurucz et al., 2007).

Of the 8 peptidoglycan recognition proteins (PGRPs) annotated in A. aegypti, our data
indicate that PGRPLB and PGRPS1 (PGRP-SA in D. melanogaster) display substantial
increases in transcript abundance in hemocytes, both after £. coli- and M. luteus-challenge.
In Drosophila, the former degrades gram-negative bacteria peptidoglycan with its amidase
activity in a negative feedback regulation of the Imd pathway (Zaidman-Remy et al., 2006),
whereas the latter is involved in the recognition of Gram-positive bacteria and activation of
the Toll pathway (Michel et al., 2001). Interestingly, our tissue enrichment data suggest that
the induction of PGRPLB is more specific to hemocytes.

Members of intracellular immune signaling pathways, such as Toll and IMD, do not show
particular enrichment in hemocytes, and are likely expressed in diverse (immune-
responsive) tissues. Because signal transduction is mostly mediated by protein interactions,
transcriptome data allow only indirect monitoring of the activity of these immune pathways
via transcriptional changes of downstream target genes. In Drosophila larvae, hemocytes
express the Toll ligand spatzle (SPZ) in a tissue-specific manner after bacterial challenge
(Irving et al., 2005) and its knockdown in hemocytes blocks the expression of drosomycin
gene in the fat body (Shia et al., 2009). Our data indicate a moderate induction of SPZ3A in
both hemocytes and the carcass after bacteria challenge, and a carcass-enriched constitutive
expression of SPZ1A. The latter has been shown previously to be induced in the fat body
following fungal challenge (Shin et al., 2006). A large number of CLIP-domain serine
proteases and serine protease inhibitors (serpins) are encoded in the genome of A. aegypti,
many of which are induced upon infection. The present study indicates that only a few
specific members of these families (e.g., CLIPB27 and CLIPD1) display distinct hemocyte-
enriched expression patterns, suggesting their possible involvement in hemocyte-mediated
immune mechanisms.

Tissue enrichment ratios of the AMP transcripts after bacterial challenge indicate that
transcriptional induction of AMPs is not restricted to hemocytes. Moreover, the overall
direction and magnitude of transcriptional change are highly similar between hemocytes and
carcass samples. One notable exception to this pattern is a transcript encoding attacin that
shows strong preferential increase in the carcass relative to hemocytes. A gambicin
transcript also displays a similar pattern, but at a more moderate level. In our previous study,
we reported dramatic increase in AMP transcripts in hemocytes upon bacterial challenge
(Bartholomay et al., 2007). The current data suggest that, despite the comparatively large
magnitude of induction, none of the AMP responses are unique to hemocytes. Although both
studies highlight the contribution of hemocytes to AMP production during systemic
infection, lack of tissue specificity suggests that AMP responses may not be central in
directly mediating cellular function unique to hemocytes. This expression pattern is in sharp
contrast to that of PPOs, the majority of which display strong hemocyte-enriched expression
in both naive and infected animals. Overall, these observations conform to earlier findings in
mosquitoes and other insect species (Haine et al., 2008; Jiang et al., 2010; Lemaitre and
Hoffmann, 2007; Yassine and Osta, 2010).

In addition to transcripts showing tissue enrichment following bacterial challenge (i.e.,
restricted expression in hemocytes), it is of interest to examine transcripts showing a
disproportionate response in hemocytes relative to that observed in the carcass. Direct
comparison of infection responses in hemocytes versus those in the carcass (Fig. S3) can
identify transcriptional changes that are more pronounced in hemocytes. We compiled a list
of genes showing infection-responsive transcriptional induction that is more restricted to or
more pronounced in hemocytes; out of 625 transcripts that showed a greater than 2-fold
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increase (P < 0.01) in hemocytes at 24 hours post £. coli-challenge, 70 transcripts displayed
a greater than 3-fold post-infection tissue enrichment (P < 0.01) or a magnitude of
transcriptional response at least 3 times greater than that in the carcass (P < 0.01). M. Juteus-
challenge increased abundance levels of 534 hemocyte transcripts to more than 2-fold (P <
0.01) at 24 hours post immune challenge, and among these, 109 transcripts satisfied the
above mentioned criteria of tissue enrichment or differential induction in hemocytes, and 47
transcripts were common between the two gene lists (£. coliand M. Juteus challenge).

Our compiled list contains a number of cytoskeletal components, adhesion molecules, cell-
cycle associated proteins, calmodulins and a nitric oxide synthase, in addition to the
members of the canonical immune gene families (Table 1; Dataset S3). The most noticeable
group, however, is the small heat shock proteins (HSPs) with alpha-crystallin domain. These
likely function as molecular chaperones alleviating malfolded protein aggregation during
cellular stress. In vertebrate systems, increasing evidence suggests that extracellular and
membrane-bound HSPs display immunomodulatory properties (Henderson and Pockley,
2010), and it remains to be investigated whether any of the hemocyte-derived HSPs
contribute to systemic immune responses beyond maintaining the cellular homeostasis of
phagocytes. It may be possible that these HSPs constitute “danger” signals for the host to
modulate the level of immune activation based on the balance between nonself elicitors and
endogenous danger signals (Lazzaro and Rolff, 2011).

3.5 Hemocyte transcriptome responses to E. coil vs. M. luteus

We examined transcripts showing differential response to £. colias compared to M. luteus
challenge. Because we based our analysis of differential transcript abundance on linear
models (Smyth, 2004), it was possible to directly contrast a pair of expression ratio profiles
(i.e., “ratio of ratios”), rather than making a comparison at the level of gene lists.
Interestingly, the number of transcripts with a differential response (P < 0.01 and fold
change > 3) was greater in hemocytes than in carcass (51 and 16, respectively; Fig. S4;
Dataset S2). A closer look at these transcripts suggests that hemocyte response differs
between the two immune elicitors in three distinct ways: (1) elevation of HSP transcript
abundance is more pronounced following £. coli challenge, and (2) PPO and (3) cell-cycle
related transcripts are present at higher levels after M. Juteus challenge. These observations
are consistent with our GO analysis indicating significant overrepresentation of the GO
terms, response to temperature stimulus (GO:0009266) and DNA replication (GO:0006260),
among hemocyte-enriched transcripts after £. coliand M. luteus challenge, respectively
(Fig. 2). The transcriptomic differences are intriguing, especially the differences in PPO
levels, because £. coli predominantly elicits phagocytosis, whereas M. /uteus induces a
melanization response (but not in a mutually exclusive manner) (Hillyer et al., 2003a, b). In
addition, the variation in HSP levels could be a reflection of the different phagocytic loads
in hemocytes. However, the inferences we can make on the molecular basis of the
differential hemocyte response remain limited, not only because of the shortcomings of our
experimental design (e.g., temporal resolution, dosage coverage, etc.) but also because the
initiation of phatocytosis and melanization responses likely depend primarily on protein
level interactions that cannot be examined using a transcriptomic approach.

3.6 Hemocyte-enriched transcripts conserved among A. aegypti, A. gambiae and D.
melanogaster

A meta-analysis was performed on published data to investigate the hemocyte-enriched
transcripts conserved among A. aeqypti, A. gambiae and D. melanogaster. Transcripts
enriched in hemocytes in adult female A. gambiae (relative to the carcass) and in larval D.
melanogaster (relative to the whole animal) were obtained from previous microarray studies
(Irving et al., 2005; Pinto et al., 2009). A three-way comparison was made at the level of
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orthologous groups delineated by eggNOG (evolutionary genealogy of genes: Non-
supervised Orthologous Groups) database (Muller et al., 2010). An orthologous group was
considered to retain hemocyte-enriched expression pattern if there was at least one ortholog
from each species that showed tissue enrichment. Transcripts with the highest enrichment
ratio were mapped to genes and orthologous groups when alternatively spliced transcripts or
in-paralogs were present. Relative ranking of tissue enrichment ratios within each study then
was used as a common basis for comparison to alleviate the effects of study specific
differences in transcriptome quantification. The most highly hemocyte enriched transcripts
(with an orthologous group assignment) from each species were compared to identify
orthologous groups of genes that retained hemocyte enriched expression patterns among
these dipterans. A Venn diagram analysis including the top 500 transcripts from each
species indicated that 117 and 87 A.aegyptitranscripts had orthologs with conserved
hemocyte-enriched expression in A. gambiae and D. melanogaster, respectively, suggesting
a rather low level of overall conservation (Fig. 4). This observation is in agreement with
previous comparisons in which the A. aegypti hemocyte transcriptome was represented by
EST datasets (Baton et al., 2009; Pinto et al., 2009). However, considering biological and
methodological factors that confounded our analysis (i.e., variation in developmental stages,
hemocyte collection methods, mMRNA amplification methods, microarray platforms,
normalization strategies, etc.) the observed level of differences in hemocyte molecular
repertoires among these dipterans may not be due solely to their phylogenic divergence,
making it difficult to analyze the distinguishing transcriptional characteristics of each
species with high confidence. In particular, stringent data filtering performed in each study
could have resulted in an increase in false-negatives that might have inflated the number of
hemocyte-enriched transcripts that appear unique to each species. On the other hand, the
current meta-analysis revealed 38 orthologous groups with hemocyte-enriched expression
conserved in all three species. We further determined genes showing the most consistent
pattern of high tissue enrichment across species using the geometric mean of the relative
ranks (Table 2; Dataset S3). Given the nature of our meta-analytic approach, these likely
represent true positives, albeit a partial list. Prophenoloxidase (AAEL011763;
AGAP006258; CG5779), extracellular ligand-gated ion channel (AAEL004958;
AGAP010580; CG6698), Wnt-protein binding (AAEL007967; AGAP009762; CG6124:
eater/Nimrod homologs) and C-type scavenger receptor (AAEL006361; AGAP011974;
CG4099) were at the top of this ranked list. Several serine proteases, structural proteins such
as laminin (implicated in cell migration and adhesion), and calcium ion binding proteins also
were represented. Phylogenetically conserved tissue-enriched expression could imply
functional constraints (Piro et al., 2011), possibly suggesting that these genes are
indispensable for hemocyte function. Because our approach effectively captured genes
previously described in association with hemocyte-specific processes (e.g., PPOs and
phagocytic receptors), top ranked orthologous groups with uncharacterized function strongly
merit further experimental investigation in relation to hemocyte biology.
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Fig. 1.

(A) Transcriptome profile comparisons among hemocyte and carcass samples from naive
and bacteria-challenged Aedes aegypti. (B) Hierarchical clustering of 3,324 transcripts
displaying differential abundance in at least one of the seven pair-wise comparisons (P <
0.01 and fold change > 2).
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Fig. 2.

GO categories overrepresented among hemocyte-enriched transcripts from Aedes aegypti.
N: naive, E: Escherichia coll-challenged, and M: Micrococcus luteus-challenged conditions.
Heatmap represents the degree of statistical significance as determined by gene score
resampling. P-value < 0.01 is boxed, and the color gradient of red to green indicates
increasing P-values.
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Transcriptional response of immune-related gene families in Aedes aegypti hemocytes after
bacterial challenge. ImmunoDB gene families were grouped into recognition, signaling and
effecter molecules (upper, middle and lower panels, respectively). X-axis: tissue enrichment
relative to carcass after bacterial challenge. Y-axis: hemocyte response to bacterial challenge
relative to naive.
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Orthologous groups displaying hemocyte-enriched expression identified through meta-

analysis of microarray studies.
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