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Abstract

Dengue virus infection causes significant morbidity and mortality in humans world-wide. The
Aedes aegypti mosquito is the major vector that spread dengue virus to humans. Interaction
between dengue viruses and A. aegyptiis a multi-factorial phenomena that is determined by both
virus and mosquito genotypes. Although, studies have suggested significant association of
mosquito vectorial capacity with population variation of dengue virus, specifications of the vector
factors that may influence vector-virus compatibility have are very limited in the literature.
Recently, we have shown that a large number of genes are differentially expressed between
MOYO-S (susceptible) and MOYO-R (refractory) A. aegypti strains upon infection with dengue
virus (JAM-1409 genotype). In the current study, we show that specific intrinsic features of A.
aegypti genes are significantly associated with “responsiveness' of mosquito genes to dengue
infection. Binomial logistic regression analysis further reveals differential marginal effects of
these features on gene responsiveness of mosquito to the viral infection. Thus, our result shows
that intrinsic features of genes significantly affect differential expression of A. aegypti genes to
dengue infection. The information will benefit further investigation on evolution of genes among
natural populations A. aegypti conferring differential susceptibility to dengue virus.
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1. Introduction

The mosquito Aedes aegyptiis the principal vector of dengue virus (DENV). DENV is a
rapidly re-emerging arbovirus (Kyle and Harris 2008, Phillips 2008). According to the
World Health Organization, about 2.5 billion people are at risk of contacting the virus
world-wide. There is no effective vaccine available for dengue treatment at the moment and
hence mosquito control remains the most used strategy for disease prevention.
Understanding the basic mechanism of how the mosquito acts as sustainable carrier of
DENV is important for designing control strategies against dengue transmission.
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Infection of dengue virus in A. aegypti mosquitoes is regulated by activation of either
permissive or defensive responses in the mosquito which is determined by the genotypes of
mosquito as well as the infecting virus (Rico-Hesse 2007). After the virus enters the
mosquito midgut upon feeding on viremic human, presumably a robust interaction between
mosquito and virus occurs that is instrumental in determining the success or failure of
establishing an infection in epithelium cells (Halstead 2008). The intrinsic ability of A.
aegyptito allow the virus to complete life cycle is generally referred to as “vector
competence'. Although considerable genetic variability has been observed among A. aegypti
populations (Gubler et al. 1979; Rosen et al. 1985; Tardieux et al. 1990; Diallo et al. 2008),
direct association of genetic variation with vector competence of the mosquito to DENV
infection is not known (Woodring et al. 1996; Halstead 2008). Several quantitative trait loci
associated with midgut infection barrier (MIB), midgut escape barrier (MEB) and salivary
gland barrier have been described in A. aegypti (Bennett et al. 2002). However, specific
genes within these QTLs have not been characterized. However, studies do suggest that
interaction bewteen mosquito and dengue virus is modulated by multiple factors associated
with both the infecting virus and the mosquito genotype (Black et a/. 2002, Anderson and
Rico-Hesse 2006, Salazar et al. 2007). Recently, we performed a genome-wide
transcriptome study to identify responsive genes of susceptible (MOYO-S) and refractory
(MOYO-R) mosquito strains to dengue virus (JAM-1409 genotype) infection (Behura et al.
2011). The study revealed that a large number of mosquito genes (n = 2,454) were
associated with significant changes of expression (‘responsive genes') in response to the
viral challenge. The differentially expressed genes were coordinately expressed in distinct
modules to respond to the infection.

The primary objective of the current study is to investigate if the responsive and non-
responsive genes identified from the microarray experiment (Behura et al. 2011) are
significantly distinct in intrinsic features related to gene structure and evolution. The
features were chosen based on literature evidences that suggest influential role of specific
structural and evolutionary features in differential expression of genes (Korbel et al. 2004;
Chiaromonte et al. 2003; Chen et al. 2005; Sapra et al. 2004; Buckingham 1990; Coleman ef
al. 2008). The A. aegypti genome annotation data (www.vectorbase.org) was exploited in
the present study to identify these features of genes. Binomial logistic regression analyses
were then used to determine effects of gene features on the differential expression of genes.
The results obtained from this study suggest that intrinsic features of A. aegypti genes have
significant effects on the transcriptional response of MOYO-S/ MOYO-R mosquitoes to
dengue infection.

2. Material and Methods
2.1. Gene lists

The A. aegypti genes showing statistically significant transcriptional response to DENV
infection (Behura et a/. 2011) are analyzed in the current study. Each of these genes was
either up-regulated or down-regulated significantly in response to infection by dengue
(serotype 2, JAM-1409). The differential expression of genes was measured at two early
post-infection times (3hr and 18hr) in two populations (MOYO-S) and (MOYO-R) of A.
aegypti. MOYO-R is refractory to dengue infection whereas MOYO-S is susceptible. The
list of significant genes, categorized as up-regulated or down-regulated genes at the two time
points, is provided in Supplementary Table 1. The expression data is publicly available at
the Gene Expression Omnibus database with the accession number GSE16563.

Infect Genet Evol. Author manuscript; available in PMC 2013 October 01.
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2.2. Comparison of gene features

The responsive and non-responsive genes were compared for six features: 1) gene context,
2) codon usage bias and 3) introns, 4) paralogs, 5) ancestral origin (orthologs present in
related mosquito species) and 6) derived origin (specific to A. aegyptiwith no detectable
ortholog in related mosquitoes).

Gene context refers to localization of a gene in physical proximity to another (Ciria et al.
2004, Martinez-Guerrero et al. 2008). Positional adjacency has been known to influence
gene expressions in many species including fruit fly (Boutanaev et a/. 2002; Spellman and
Rubin 2002), C. elegans (Lercher et al. 2003), yeast (Cohen et al. 2000) as well as in
humans (Elizondo et al. 2009). Thus, we wanted to know if gene context is an influential
factor for regulating gene expression of mosquito to dengue infection. To know that, we
identified gene contexts of responsive as well as non-responsive genes identified in MOYO-
S/ MOYO-R to dengue infection (Behura et a/. 2011). The intergenic distance between
neighboring genes was determined from the start and end coordinates of the annotated genes
from the genome sequences (Nene et al. 2007). A gene context was considered present if a
gene was found within 1 kb of another gene. We chose 1 kb to identify gene context because
our earlier work have shown that 1 kb is the upper limit in the distribution of distances
between neighboring genes for which maximum number of genes in A. aegypti genome are
closed spaced to each other (Behura SK and Severson DW, unpublished data). In fact, nearly
one third of the annotated genes in A. aegypti genome are associated with intergenic
distances less than 1 kb.

Furthermore, it is also well established that introns have significant role in gene expression
(Hurst et al. 1996; Castillo-Davis et al. 2002; Eisenberg and Levanon 2003; Chen et al.
2005). Experimental evidences suggest that presence of intron sequences in genes enhances
gene expression level significantly (Buchman and Berg 1988; Palmiter ef a/. 1991; Duncker
et al 1997; Le Hir et al. 2003). Thus, we wanted to know if intron presence/absence in A.
aegypti genes has any association with differential gene expression in the MOYO-S/
MOYO-R strains to dengue infection. The intronless and intron-containing genes of
responsive and non-responsive genes were determined from the number of exons predicted
from the A. aegyptiofficial genes. The predicted exons of A. aegypti official genes were
obtained from Biomart (www.biomart.org) and were used to classify the annotated genes
into two categories: 1) genes containing only one exon and 2) genes containing multiple
exons. The former category represented intronless genes and the latter category represented
intron-containing genes.

The role of codon usage bias in gene expression is well documented (reviewed in Hershberg
and Petrov 2008). Generally, highly expressed genes are associated with high codon usage
bias, a phenomenon that is also evident in insects including A. aegypti (Behura et al. 2010,
Behura and Severson, 2011). Thus, we wanted to know if codon bias has a role in
differential expression of genes of MOYO-S/ MOYO-R strains to dengue infection. To
estimate the extent of codon bias of responsive and non-responsive genes, the CodonO
software (Angellotti ef a/. 2007) was used to locally calculate synonymous codon usage
order (SCUO) from the coding sequences of A. aegypti genes (downloaded from
www.biomart.org). As SCUO values varies from 0 (no bias) to 1 (most bias), we categorized
the responsive as well as the non-responsive genes as low biased genes if SCUO < 0.5 and
as high biased genes if SCUO > 0.5.

Links between gene expression and sequence evolution are also known (Pal et a/. 2001,
Subramanian and Kumar, 2004; Drummond et a/. 2005). According to these studies genes
that are less evolvable and hence remain highly conserved across related species are
expressed at higher levels than poorly conserved genes throughout times and tissues. Also,
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genes that have paralogous copies in the genome tend to show more divergent spatial and
temporal expressions than singleton genes (Gu et al. 2004, Gu et al. 2005). Thus, we wanted
to know if different orthology and paralogy features of A. aegypti genes have association
with differential expression of genes of MOYO-S/ MOYO-R strains to dengue infection.
The paralogy relationships previously annotated for A. aegypti genes (downloaded from
www.biomart.org) were used to classify the responsive and the non-responsive genes into
two categories: 1) genes with paralog(s) and 2) genes without paralogs (singletons). The
orthology relationships of A. aegypti genes with C. quinquefasciatus and A. gambiae genes
were also obtained from www.biomart.org and were used to categorize the responsive and
the non-responsive genes into 1) genes that have ortholog(s) in both C. quinquefasciatus and
A. gambiae (ancestral genes) and 2) genes that have no ortholog in either C.
quinquefasciatus or A. gambiae (derived genes).

2.3. Regression models

3. Results

Binomial logistic regression models were developed to determine relationships of gene
features with the observed transcriptional outcome (response/non-response) of the mosquito
genes to DENV infection. The mosquito genes were assigned the value 1 if responsive and 0
if non-responsive to infection based on the microarray data. The six gene features were used
as predictor variables simultaneously in the regressions to estimate the regression
coefficients of each feature on the “outcome' (responsiveness or non-responsiveness). The
regression analysis was performed in R using the generalized linear model (glm) function
where “logit' was used as the link function for the binomial distribution.

3.1. Comparison of gene features between responsive and non-responsive genes

The count statistics of responsive and non-responsive genes of A. aegyptito dengue
infection associated with different gene features is shown in Tablel. It shows the number of
responsive and non-responsive genes corresponding to each gene feature. The 2x2
contingency analyses (Pearson Chi square tests) with the number of responsive genes versus
non-responsive genes show significant association (p < 0.05) with the gene features.

3.2. Gene features as predictors of transcriptional responsiveness to dengue infection

We performed logistic regression using the gene features as predictor variables and
transcriptional responsiveness of mosquito to dengue infection as outcomes. The regression
models are based on latent variable function y* = Bg + Xp + ¢ y= 1[y*>0], where X
represents independent variable and B represents coefficient of independent or predictor
variable. The value of y equals 1 if the event occurs (/.. gene is responsive to DENV
infection) and zero otherwise (/.e. gene is non-responsive to the infection). Therefore, y =1
if y*>0 andy = 0 if y*< 0. It is assumed that ¢ is independent of X'and has a standard
logistic distribution with mean zero. Thus, the logit probability of our model is given by

prob(OUTCOME=1|X)=f (X;8)
=f (Bo+B1context+Brintron+PB3codonbias+Byparalog+PBsderived+PBgancestral)

where, - OUTCOME represents response/non-response of genes to infection and the six
independent variables of the equation represent the individual gene features. The estimated
coefficient of the logistic regression represents the change in the log odds of the outcome for
unit increase in the predictor variable. Because probability (p) of the outcome in logit model
is estimated as the logarithm of the odds [p/(1 — p)], the estimated regression coefficient
explain the variation (%) of the outcome with unit change in the predictor variable in our
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analysis. The estimates of coefficients of the gene features along with the significance
values derived from the regression analysis are shown in Table 2. Based on the regression
results, the probability of responsiveness of A. aegypti genes to DENV infection, in terms of
gene features, is expressed as

p (Gene response to DENV infection) =1/ (1 —e™?),

where z = [(0.13 x context)+ (0.234 x intron) — (0.642 x codon bias) — (0.13 x paralog) +
(0.245 x derived origin) + (0.126 x ancestral origin)] — 2.01.

The equation shows that in A. aegypti, the context feature positively influences the
responsiveness of genes to the viral infection by 0.13. Similarly, gene responsiveness to
infection will also rise by 0.23 if the intronless genes in the mosquito increase by 1. If the
genes are specific to the A. aegypti genome (no detectable ortholog in other two
mosquitoes), that will also have a positive effect on probability of gene responsiveness of
the vector to the infection. On the other hand, high codon bias has negative effect on gene
responsiveness. The probability of responsiveness to infection will decrease by 0.64 with
unit rise in high bias of codon usages. Similarly if genes have paralogous copies in the
genome it will adversely affect responsiveness of the genes to DENV infection. The
magnitudes and direction of effects of each gene feature on transcriptional responsiveness or
non-responsiveness to dengue infection is illustrated in figure 1. It is apparent from these
results that codon usage bias has the maximum influence than other features on the
transcriptional response of A. aegypti genes to dengue infection.

4. Discussion

The results from this investigation suggest that dengue-2 susceptibility have significant
association with structural/ evolutionary features of the responsive genes in MOYO-S/
MOY O-R strains of A. aegypti. Although several gene expression studies have been
performed in A. aegyptito identify genes up-regulated/ down-regulated upon dengue
infection (Souza-Neto et a/. 2009, Sim and Dimopoulos 2010, Ramirez and Dimopoulos
2010, Colpitts et al. 2011), no attempt have been made if these genes are differentially
expressed in refractory strains of the mosquito. The Behura et a/. 2011 study compared
expression changes between susceptible and refractory mosquitoes upon dengue infection.
Thus, results of the present study deals with genes relevant to the intrinsic ability of the
mosquito to either host or defend dengue infection. We also think that, expression patterns
observed in the two specific strains (MOYO-S and MOYO-R) may differ in other
susceptible and refractory populations of A. aegypti. Therefore, the information of this study
may be most relevant to the populations investigated (MOYO-S and MOYO-R). Thus, it is
important to explore natural populations of A. aegypti mosquito those have differential
intrinsic ability to either host or defend the viral infection to further investigate the role of
these gene features in vector-virus interaction.

In A. aegypti, a large number of genes (about 6,000) are present in close proximity to each
other wherein the intergenic distance between the neighboring genes is less than 1 kb (data
not shown). Although gene context is widespread in prokaryotic genomes, eukaryotic
genomes also show such pattern albeit with lower frequency. Evidences show that physical
proximity of gene localization in the genome is strongly associated with expression of genes
(Chiaromonte et al, 2003). Genes localized close to each other generally show co-regulated
expression (Fukuoka et al. 2004; Tsai et al. 2007). In the MOYO-S/ MOYO-R strains of A.
aeqypti, genes those respond to dengue infection are expressed in highly modular manner
and many of these expression modules are enriched with specific biochemical and signaling
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pathways (Behura et a/. 2011). Thus, it is likely that in A. aegypti mosquito the gene context
feature has a significant role for genes to respond coordinately to the infection. Moreover,
literature evidences also suggest that gene contexts have significant association with
coordinated function of genes in the form of biochemical pathways (Lee and Sonnhammer,
2003 and Hurst et al. 2004).

The results of this study further show that intronless genes of A. aegyptihave higher
propensity than intron-containing genes to positively influence transcriptional
responsiveness of genes to DENV infection. In a compatible reaction (susceptible), the virus
is likely to recruit less evolvable genes of the mosquito to sustain infection. On the other
hand, the mosquito must evolve counter strategies to recruit highly evolvable genes to
defend the virus adaptation (refractory response). This mechanism is fairly universal for
evolution of most host-virus interactions (Marques and Carthew 2007). In this context, it is
highly likely that our findings on role of intron on vector gene expressions corroborate to a
co-evolutionary strategy between A. aegypti and dengue virus adaptability. Intronless genes
generally evolve at a faster rate than intron-containing genes (Shabalina et a/. 2010). Also,
expression of intron-poor genes is more variable with time compared to that of intron-rich
genes (Jeffares et al. 2008). Thus, we hypothesized that expression of intronless genes are
more variable in the post-infection time periods than the intron-containing genes. To test
that possibility, we reconstructed the expression networks reported in Behura et a/. 2011
separately by using either the intronless or intron-containing genes. It was found that
network pattern of the intron-containing genes is more variable than that of the intronless
genes (data not shown). Furthermore, the intron-containing genes were differentially
expressed at both 3hr and 18hr post infection time points whereas the intronless genes were
differentially expressed at either 3hr or 18hr time point (Behura et a/. 2011). This further
suggests that intronless genes are more variable in expression between post-infection time
points than intron-containing genes. From the results of regression analysis, it is also
observed that increase of intronless genes shall increase responsiveness of A. aegypti genes
to dengue infection. Moreover, as intronless genes are more evolvable than intron-
containing genes, recruitment of such genes may also counteract virus adaptation by co-
evolution of vector genes. Such an observation is also reported by independent study
(Ruvolo et al. 1998).

We also observed a significant association between codon usage bias and expression of A.
aeqypti genes to dengue infection. Codon usage bias is known to have an association with
translational efficiency and accuracy of genes in many species including Aedes aegypti
mosquito (Behura and Severson, 2011). Furthermore, codon bias is likely to influence the
efficiency of gene translation so that the gene can quickly respond to the stress (Lobo et al.
2009). The study by (Lobo et al. 2009) reveals that F/aviviridae viruses and their mosquito
and vertebrate hosts undergo co-evolutionary changes in the codon usage patterns. In case of
dengue infection, the A. aegyptitranslational machineries are exploited by dengue virus to
synthesize viral proteins to complete its life cycle within the mosquito. Thus, it is likely that
codon optimization of mosquito genes may have a role in facilitating virus replication. Such
a hypothesis has been tested in poliovirus where it was found that replacement of optimized
codons of the virus with rarely used synonymous codons attenuated the virus within the host
(Coleman et al. 2008).

Furthermore, our study shows that ancestral genes of A. aegyptihave a negative relationship
with transcriptional responsiveness to dengue infection. In other words, genes that tend to be
evolutionarily conserved in closely related species are not the preferred genes deployed by
A. aegyptiin a susceptible interaction with dengue virus. On the other hand, derived genes
are more likely to respond to the infection. We argue that this is another form of counter-
selection of the vector mosquito against survival strategies the virus. The evolutionary
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conserved genes (orthologs those are ubiquitously present across related species) are
primarily house-keeping genes (She et a/. 2009). If the virus is successful in exploiting such
genes in the mosquito, establishing infection in the mosquito could be highly sustainable
because these genes are also essential for the survival of the vector. Literature evidences
suggest that house-keeping genes generally evolve slow (Zhang and Li, 2004) and are
largely underrepresented in the genes responsible for disease susceptibility (Winter et al.
2004). On the other hand, genes encoding immunity related proteins generally evolve fast
(Waterhouse et al. 2007). Thus, it is likely that the mosquito tends to activate genes that are
highly evolving in nature.

Furthermore, our data also shows that A. aegypti genes with paralogous copies in the
genome negatively influence gene responsiveness to dengue infection. The paralogs are
products of gene duplication within the genome that are generally associated with functional
divergence of the parental gene (Conant and Wolfe 2008). These genes tend to have higher
variability in the expression than singleton genes and are believed to have important roles
for the organism to respond and adapt to fluctuating environment (Dong et al. 2011). In
mosquitoes, immune-related gene families display significant increases in numbers, most
commonly as a result of gene duplication events that generate paralogous copies
(Waterhouse et al. 2007). Thus, in A. aegypti, these genes are likely to be employed to
counteract susceptible reaction with dengue virus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic representation of positive and negative effect of different gene features on
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transcriptional responsiveness of A. aegypti genes to dengue virus infection. The upwards

and downward arrows show positive and negative effects on gene responsiveness
respectively. The lengths of arrow represent magnitude of effect, the scale of which is

shown in the bottom right of the figure.
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