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Abstract

Classical evolutionary studies of protein-coding genes have established that genes in the
canonical immune system are often among the most rapidly evolving within and between
species. As more genomes and transcriptomes across insects are sequenced, it is becoming
clear that duplications and losses of immune genes are also a likely consequence of host-
pathogen interactions. Furthermore, particular species respond to diverse pathogenic
challenges with a wide range of challenge-specific responses that are still poorly understood.
Transcriptional studies, using RNA-seq to characterize the infection-regulated transcriptome of
diverse insects, are crucial for additional progress in understanding the ecology and evolution

of the full complexity of the host response.

Highlights

e Expansions and losses of immune genes are an important component of evolutionary

change across species

e Transcriptional response to infection involves diverse processes beyond canonical

immune pathways



e Careful RNA-seq studies across multiple species are needed to understand how

inducible responses evolve

Introduction

Genes involved in immune defense have long been recognized as hotspots for rapid
evolution in many organisms including insects [1,2]. In Drosophila, early population genetic
[3,4] and comparative genomic [5,6] studies demonstrated that key components of the innate
immune system experienced substantially more adaptive protein evolution than typical genes
in the genome. More recently, a combination of functional and comparative analysis showed a
probable role for balancing selection in the maintenance of sequence diversity in antimicrobial
peptides in Drosophila [7,8]. While Drosophila has received the most research attention,
evidence for positive selection in insect immune genes is common in other groups as well [9—
11]. These studies have established rapid, adaptively driven sequence evolution of immune
proteins as a fundamental tenet of insect immunity [12,13].

Over the past decade, increasing evidence has accumulated that adaptive changes in
protein sequence are far from the only important evolutionary dynamics occurring in insect
immune systems. Comparisons of gene content in the immune system between different insect
orders [14-16], distantly related dipterans [17] and more closely related drosophilids [6] all
suggest substantial gains (often via gene duplication) and losses of immune system genes,
especially outside signaling pathways. While determining the functional impact of these
changes is not easy, transcriptomics provides a way forward, especially in non-model taxa
where genetic tools are not readily accessible [18].

Transcriptional studies have been particularly important for understanding the full
complexity of the insect immune response. The canonical innate immune system of insects
consists of a set of receptor molecules that detect infection (usually via pathogen-associated or
danger-associated molecular patterns) and trigger (generally) conserved signaling cascades (in

particular Toll, imd, JAK/STAT, and JNK pathways) that ultimately serve to control the



transcription of a variety of downstream effectors [19]. Early microarray studies in Drosophila
melanogaster [20—23] were crucial in establishing this picture of insect immunity, although as
discussed below recent evidence suggests this may be substantially incomplete. Most early
transcriptome studies were limited to model systems, due in large part to the requirement that
microarrays need to be designed based on known transcript sequences. With the advent of
RNA-sequencing, this limitation was removed, and in the past several years transcriptional
studies of non-model insects have become extremely common [18] (Supplemental Table 1).

In this review, | discuss several insights into insect immunity that have been facilitated
by transcriptional and genomic studies, focusing on their evolutionary implications. First, | will
review recent work on the evolutionary dynamics of immune systems beyond sequence
evolution, focusing on gene duplication, gene loss, rewiring of signaling pathways, and changes
in the transcriptional response to infection. While this area of study is still in its infancy,
increasingly affordable sequencing is poised to make these studies widespread. Second, |
review the role of transcriptome studies in revising our understanding of the complexity of the
transcriptional response to infection, both within and between species. Infection results in
differential regulation of a wide array of pathways outside canonical immune genes, a process
that RNA-seq studies have made abundantly clear, although whether these represent novel
mechanisms of tolerance or resistance, or physiological consequences of infection with little or
no benefit to the host, remains an open question in most cases. Taken together, these lines of
research suggest that we are still far from understanding the entire process of how immune

systems evolve and function.

Beyond protein evolution: evolutionary dynamics of gene content in insect immune systems

While most studies of rapid evolution in insect immune genes have focused on
identifying adaptive changes in protein sequence, changes in copy number and/or gene content
(e.g., via gene duplication, gene loss, or de novo gene origination) are often of selective
importance [24,25] and can be associated with functionally important traits in insects [26,27].

Early comparative genomic studies in holometabolous insects pointed to deep conservation of



canonical signaling components (the Toll, Imd, JAK/STAT, and JNK signal transduction
pathways), while also suggesting that upstream recognition and downstream effector genes
may be more likely to change copy number or experience species-specific expansion
[6,14,17,28]. In recent years, dramatic increases in the number of sequenced insect genomes,
as well as increasing feasibility of direct measures of infection-regulated genes using RNA-seq,

have added substantial new details to this picture.

Depauperate immune systems in insects?

Insects have a diverse array of life histories and ecologies, including some that have
been proposed to be associated with reduced investment in individual immune defense. Most
prominently, social insects engage in a variety of behaviors to reduce the spread of infection in
colonies, such as removal of infected individuals from colonies (“social immunity”, [29]). Other
insects, such as aphids, have microbial symbionts that may provide defense against pathogens
[30,31]. If these forms of immunity reduce the need for individual defense pathways, it is
reasonable to hypothesize that, as a consequence, genes required for immune defense may be
lost or pseudogenized. Indeed, the first genome-wide studies in honeybees [14] and pea aphids
[16] showed evidence for reduced number of homologs of canonical immune genes, based on
comparisons to genes annotated in Drosophila (Figure 1). The honeybee genome, while
containing homologs of all major signaling pathways identified in Diptera, encodes far fewer
copies of several families of recognition and effector genes [14]. The pea aphid genome is
missing homologs for many components of the Imd signaling pathway, in addition to a dramatic
reduction in effector gene family content and complete loss of peptidoglycan recognition
proteins (PGRPs) and other recognition proteins [16].

Hymenoptera now have among the most sequenced genomes of any insect order [32],
and additional genomes of both social and solitary species have revealed that a reduced
complement of homologs of dipteran immune genes does not appear to be associated with
sociality [15,33,34] (Figure 1). Although many fewer termite genomes are available, similar lack

of differentiation in immune gene content is apparent between termites on different extremes



of sociality [35]; as more Blattodea genomes become available [36] these comparisons will have
increasing power.

Comparisons that focus primarily on homologs of canonical immune genes first
identified in dipterans may not represent the full picture of hymenopteran immunity.
Transcriptome studies using RNA-seq to characterize genes regulated by infection showed that
a substantial number of infection-regulated genes in the parasitic wasp Nasonia vitripennis [37],
and in multiple ant species [38—40], do not have clearly identifiable homologs in dipterans. This
suggests that the observation of reduced numbers of homologs of dipertan immune genes in
bees and other hymenopterans may, in part, be an artifact of homology-based annotation and
the evolutionary distance between Diptera and Hymenoptera. The de novo evolution of
Hymenoptera-restricted immune genes, the recruitment of existing genes to have an immune
role in Hymenoptera, or rapid sequence evolution hindering our ability to recognize homolog
could all produce a reduced annotation in distant species. Any of these models are plausible,
although extreme caution is warranted in interpreting lack of detectable homologs as prima
facie evidence for de novo gene origination [41,42]. Recruitment of existing genes to a novel
immune role has been shown to occur in tetrapods: recent comprehensive RNA-seq study of
the interferon response across ten tetrapods (nine mammals plus chicken) revealed, in addition
to a core set of conserved interferon-responsive genes, evidence for the evolution of new
transcriptional responsiveness across the phylogeny [43].

In the pea aphid, genomic evidence suggesting the absence of the Imd signaling
pathways and a number of recognition proteins, including a complete absence of PGRPs [16] is
complemented by some functional genomic data. Early transcriptome studies using suppression
subtractive hybridization and EST screens failed to identify induced antimicrobial peptides in
pea aphids [44]; proteomic screens of hemolymph after artificial infection with E. coli also did
not detect strong evidence for inducible antimicrobial peptides [16]. Furthermore, pea aphids
do not appear to pay a physiological cost from exposure to natural bacterial pathogens,
supporting a role for a limited immune response to bacteria [45].

Nonetheless, the sequencing of genomes and transcriptomes of a number of additional

hemimetabolous insects and more diverged arthropods has revealed that absence of Imd



pathway components, and reductions or absence of PGRPs, are not uncommon (Figure 1).
Indeed, few arthropods outside holometabolous insects appear to have a completely intact Imd
pathway, and many are missing all transmembrane PGRPs or all PGRPs entirely [46—49].
Although the existing data does not definitively resolve whether the Imd pathway arose and
acquired an immune function in the ancestor of holometabolous insects [46], or represents an
older pathway independently lost in many lineages [47], it appears clear that large-scale
reorganization in the identity of major immune pathways is be plausible across long
evolutionary timescales. Ultimately, the combination of more complete genomic
representation outside Holometabola and direct measures of infection-regulated transcription
using RNA-seq in diverse insects will be required to fully understand the degree to which

particular species truly have reduced repertoires of immune genes in their genomes.

Expansion of innate immune genes

In many cases, genomic and transcriptomic studies in insects have revealed evidence for
expanded repertoires of immune genes, often through gene duplication and typically involving
genes encoding recognition or effector proteins. The idea that host-pathogen arms races can
drive copy number changes in critical genes of the immune system has a long history [50,51]. In
insects, comparative genomic comparisons showed that effector genes in particular were prone
to diversification across dipterans [6,17]. These observations support biochemical evidence for
lineage-restricted antimicrobial peptides, including diapausin [52] and gambicin [53], although
simple absence of homology can also be explained by rapid sequence evolution, especially in
short proteins.

A particularly striking example of immune gene expansion is in the Harlequin ladybird
Harmonia axyridis, a species native to central and eastern Asia that has become highly invasive
in many regions, to the point of displacing native ladybird competitors. A de novo transcriptome
assembly of H. axyridis after infection with several immune elicitors identified more than 50
putative antimicrobial peptides, a very large number for any insect [54]. Comparative

transcriptomics with close relatives further showed that many of these AMPs are specifically



expanded in H. axyridis [55]. Functional studies have shown that H. axyridis has a more potent
antimicrobial defense response than the native Coccinella septempunctata [56], and it is
resistant to a parasitic microsporidian that is lethal to native competitors [55,57]. While
transgenic manipulations to test the role of the expanded immune repertoire directly have not
been possible in ladybirds, comparative evidence is strongly suggestive that the observed
immune gene expansions are functionally related to improved defense against pathogens and
parasites, potentially facilitating the invasive potential of H. axyridis [55,57] (but see [58]).
Gene duplications and immune gene family expansions have also proposed to arise as a
consequence of insect ecology, particularly in response to high pathogen burdens. Increased
copy number can both increase the speed of humoral immune response and facilitate
functional diversification, albeit potentially increasing autoimmune or other costs of resistance.
A transcriptome study using EST sequencing in drone fly maggots, which live in highly septic,
contaminated water, showed a particularly high diversity of AMP transcripts [59]. This led the
authors to hypothesize that environments particularly rich in bacteria may lead to selection for
increased diversity of immune components. More recently, both genomic and RNA-seq studies
from Musca domestica -- an insect that also inhabits particularly septic environments both as
larvae and adults -- revealed unusually large expansions of certain immune gene families,
including the thioester-containing proteins and the cecropin AMP family [60,61] (Figure 1).
Further work characterizing immune gene family evolution in more species with diverse

ecologies and associated bacterial communities will continue to refine this hypothesis.

Complexity of the transcriptional response to infection

The advent of RNA-sequencing technology more than a decade ago has had a major
impact on the study of insect immunity, with over 75 studies looking for differential gene
expression after an infectious challenge published to date (Supplemental Table 1). In general,
this wide range of studies has focused on annotating immune pathways in species (often of
agriculture importance) without high quality genomes (e.g., [62,63]), elucidation of host-

pathogen interactions of ecological interest (e.g., [38,64-66]), and characterization of



pathogen-vector interactions of medical relevance (e.g., [67,68]). There has been relatively less
focus on explicitly comparative studies, either comparing multiple pathogens in the same
species, or comparative studies across species, albeit with a few exceptions (e.g., [38,55,69—
74)).

The degree to which the transcriptional response to infection varies across different
pathogenic challenges in the same species is a critical question for understanding host-
pathogen interactions in an ecological and evolutionary context. Two key recent studies —in D.
melanogaster [70] and in A. mellifera [75] — have tackled this question in detail. While a
number of microarray and RNA-seq studies have been done in D. melanogaster (e.g., [20,23]),
previous work has typically focused on one or a few model bacteria, often non-pathogenic. To
overcome this limitation, Troha and colleagues [70] infected D. melanogaster with ten different
bacterial species across a range of pathogenicity, including several bacterial strains that have
been recovered from wild fruit flies, and used RNA-seq to measure the transcriptional response
to infection. They showed that, while a core of canonical immune genes are induced in most
conditions, a substantial number of consistently regulated genes were involved in cellular and
metabolic homeostasis, some of which may have functions related to immune tolerance [76],
while others may reflect physiological consequences of infection. Furthermore, the majority of
genes regulated in any particular infection were not part of the core, universally regulated
response, implying a high degree of host-pathogen specificity in the transcriptional response to
infection, largely outside the well understood immune pathways.

In honeybees, Doublet and colleagues [75] re-analyzed published microarray and RNA-
seq studies examining the transcriptional response to infection with a variety of different
pathogens. This work identified many similar patterns, albeit with reduced power and precision
due to the need to rely on a heterogeneous collection of previously published studies varying in
quality, as opposed to generating a consistent new dataset as in [70]. Despite these limitations
this work also revealed both a core set of commonly regulated genes, including upregulation of
canonical immune pathways and downregulation of metabolic genes, and a set of pathogen

restricted genes enriched for functions like apoptosis.



Similar results have been seen in previous studies, including comparisons of different
viral infections in Aedes mosquitos [72,73,77], comparisons of diverse pathogenic challenges in
Culex mosquitoes [78], and comparisons between different fungal pathogens in ants [38]. Taken
together, these studies imply that the canonical immune response is only a small part of the full
suite of transcriptional changes associated with infection, and furthermore that a substantial
fraction of the insect response to infection is highly specific to particular host-pathogen (or
host-microbe) interactions. Importantly, it remains an open question the extent to which the
broad transcriptional response to infection outside canonical immune pathways represents
novel mechanisms of tolerance or resistance. Infection is likely to perturb a number of cellular
and physiological processes, and much of the wider transcriptional response may reflect
instead the physiological burden of disease. Ultimately, additional functional work (e.g., gene
knockouts as in [70]) will be required to conclusively establish the role of genes transcriptionally
regulated by infection.

While transcriptomic studies are increasingly using ecologically relevant pathogens, less
attention has focused on comparative studies across species. Theoretical and computational
advances in explicitly phylogenetic approaches for modeling gene expression data [79-81] are
maturing and offer important benefits over pairwise tests, which can be misleading [82]. While
incorporating ecologically relevant infectious challenges into comparative work will lead to
better understanding of the full degree of evolutionary divergence in infection-regulated gene
expression, these studies will also pose an experimental design challenge to keep costs and
sample sizes manageable. Previous work has often used few or no biological replicates,
potentially to increase experimental design complexity while minimizing costs, but this severely
reduces both power and reproducibility [83,84]. Lack of adequate reference genomes also
poses a challenge to comparative work, as methods for de novo transcriptome assembly often
produce highly fragmented and duplicated reference transcriptomes that perform poorly for
differential expression analysis in the absence of significant post-processing [85]. Fortunately,
initiatives such as the i5K project [86] and declining sequencing costs are rapidly increasing the

number of assembled insect genomes available, and new approaches such as Tag-seq [87], in



which only a short tag for each gene is sequenced, are making large-scale sequencing

experiments including adequate replication increasingly feasible.

Conclusions

Both genomic and transcriptomic studies have contributed substantially to our
understanding of how insect immune systems evolve. Over the past decade, these studies have
shown that, while adaptive evolution of protein sequence in canonical immune genes are
clearly important, changes in gene content at short and long time scales, as well as
transcriptional responses outside canonical pathways, are also significant components of the
eco-evolutionary dynamics of host-pathogen interactions. Insects, with a rapidly expanding
number of sequenced genomes and a vast arrange of host ecologies and life histories, will

continue to provide new insights into host-pathogen evolutionary dynamics.
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Figure Legends

Figure 1. Summary of changes in gene content across insect immune systems.

Cladogram of major insect genera with characterized immune systems (topology following
[88]). Status of major signaling pathways is indicated in the far right column: dark purple =
complete, with paler shades proportional to the number of missing genes. Clades missing the
Imd gene are marked with a red “X”. Counts of key effector and recognition gene families are
shown for a subset of species. Blocks are colored orange/red if counts are higher than typical
and blue if lower than typical; gray indicates not analyzed. Data are summarized from

[15,16,46,47,61]. All silhouettes from phylopic.org.
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