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Abstract

Genes involved in host-pathogen interactions are expected to be evolving under complex
coevolutionary dynamics, including positive directional and/or frequency dependent selection.
Empirical work has largely focused on the evolution of immune genes at the level of the protein
sequence. We examine components of genetic variance for transcript abundance of defense genes
in D. melanogasterand D. simulans using a diallel and a round robin breeding design,
respectively, and infer modes of evolution from patterns of segregating genetic variation. Defense
genes in D. melanogaster are overrepresented relative to non-defense genes among genes with
evidence of significant additive variance for expression. Directional selection is expected to
deplete additive genetic variance, whereas frequency dependent selection is expected to maintain
additive variance. However, relaxed selection (reduced or no purifying selection) is an alternative
interpretation of significant additive variation. Of the three classes of defense genes, the
recognition and effector classes show an excess of genes with significant additive variance;
whereas signaling genes, in contrast, are overrepresented for dominance variance. Analysis of
protein coding sequences revealed no evidence for an association between additive or dominance
variation in expression and directional selection. Both balancing selection driven by host-pathogen
coevolution and relaxed selection for expression of uninduced defense genes are viable
interpretations of these data.
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Introduction

Rapid evolution of defense genes might be expected, given the obvious propensity of
defense genes to coevolutionary dynamics (see Lazzaro and Little 2009), but precisely what
evolutionary force is driving this pattern? The empirical literature of host-pathogen
coevolution is rife with discussions of negative frequency dependent selection including
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such taxonomically diverse, classic host-pathogen systems such as flax and its rust
Melampsora (Burdon and Thrall 2000); Daphnia and the bacterium Pasteuria (Carius et al.
2001); and the New Zealand snail Potamopyrgus and its trematode parasite Microphallus
(Dybdahl and Lively 1998). While details of the mechanism (e.g. gene for gene vs. matching
alleles models) differ depending on the system in question, most would agree that the Red
Queen hypothesis, which posits that in order for hosts and pathogens to stay abreast of one
another they must each run (that is, coevolve) as fast as they can, reigns (Dybdahl and
Storfer 2003; Lazzaro and Little 2009). Although the original formulation of the Red Queen
includes directional selection (Van Valen 1973; Van Valen 1976, 1977), the theory is often
also modeled as negative frequency dependent selection, such that an allele is fit because it
is rare; once it increases in frequency, its fitness decreases (Thompson 2005).

There is a rich literature on immune gene evolution in Drosophila (for a recent review, see
Lazzaro 2008, also Obbard et al. 2009), documenting heterogeneous patterns of evolution
for this group of genes as inferred from coding sequence evolution. Purifying, positive, and
relaxed selection can be inferred by assessment of ratios of nonsynonymous to synonymous
substitution rates, using a single protein coding sequence from each of two species. Other
methods such as the HKA test and the McDonald-Kreitman test have also been applied to
sequence data of defense genes, primarily with respect to coding sequences (but see Begun
et al. 2007). The dN/dS approach has been elegantly applied to explore rates of evolution
with respect to the distinct mechanistic roles played by different classes of immunity genes
(Sackton et al. 2007). They divided genes into three functional categories: recognition
(genes which detect the presence of a pathogen), signaling (genes internal to immune
pathways which are involved in signal transduction), and effector (genes which interact
directly with a pathogen to inhibit growth, efc.). Genes in both the recognition and effector
classes might in particular be expected to be subject to coevolutionary dynamics, while
genes in the signaling class might have been expected to be more conserved and evolve
more slowly. Sackton et al. (2007) detected an excess of positive selection in the recognition
class relative to non-immune single copy ortholog genes throughout the genome, while such
an excess was not detected in either of the other two functional classes (although a subset of
the signaling genes, those involved in signal modulation, also showed an excess of positive
selection relative to other signaling genes).

Particular selective regimes are expected to result in particular patterns of components of
genetic variance. For example, we expect directional selection-- both positive and
purifying-- to reduce the amount of additive genetic variance, but have no effect on the other
components of genetic variance. Similarly, frequency dependent selection is expected to
maintain additive genetic variance, as is relaxed selection (Lynch and Walsh 1998). The
effects of relaxed or frequency dependent selection, or of conversion of epistatic variance,
on the other components of variance are less clear. Thus, inference on mode of selection on
expression may be drawn from examining the components of genetic variance for
expression.

Amino acid substitution rate, but not silent substitution rate, is positively correlated with
expression divergence in Drosophila (Nuzhdin et al. 2004; Lemos et al. 2005; Bedford and
Hartl 2009). Selection for gene expression might be expected to be correlated with selection
at the level of the protein, at least for positive directional selection. If the association
between substitution rate and expression divergence is caused by similar types of selection
acting on both the protein and the transcript abundance, then partitioning of genetic variance
of the transcript abundance of a gene might be expected on average to reflect the mode of
selection at the level of the protein. However, this need not be true for every gene.
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Given the sub-categorization of immune genes into functional groups (recognition,
signaling, effector), what are the appropriate conditions for measuring expression of immune
genes? For recognition and signaling genes, constitutive expression may be quite
informative. The first response of a fly to a pathogen is likely to be important in preventing
infection; and by definition, this first response occurs in an uninduced state. Indeed,
expression (and translation of) immune genes in an uninduced state may well underlie the
oft-discussed “cost of resistance” in the absence of challenge. Of course, some positive
feedback may occur subsequent to exposure to a pathogen, which might affect expression of
recognition and signaling genes. It is less clear that effector gene expression is equivalent in
a resting state to an induced state (/.e. subsequent to exposure to a particular pathogen).
However, it is possible that an effective response to a pathogen would require some non-
negligible expression of effectors even in the absence of pathogen challenge. For example,
constitutive expression of antimicrobial peptides can confer increased survival to challenge
(reviewed in Vallet-Gely et al. 2008).

We consider expression data (/.e. transcript abundance) instead of protein data to investigate
the evolution of genes involved in the immune response in two species of fruit fly,
Drosophila melanogasterand D. simulans, using classical quantitative genetic breeding
designs (the diallel and the round robin) to infer additive and dominance genetic variance for
gene expression. Because genes involved in defense are expected to be rapidly evolving due
to coevolution between host and pathogen, one might expect defense genes to have
particular patterns of additive genetic variation distinct from other categories of genes.
Positive selection should result in a paucity of additive variance, while frequency dependent
or relaxed selection should result in an excess of additive variance. To quantify additive and
dominance variance, we tested defense genes for GCA (general combining ability) and SCA
(specific combining ability). GCA is largely attributable to additive variance, while SCA is
largely attributable to dominance variance (Lynch and Walsh 1998). We estimated GCA for
388 defense genes in males of Drosophila simulans, using a round robin design (Wayne et
al. 2004), and estimated GCA and SCA for females (598 defense genes) and males (609
defense genes) of D. melanogaster using a diallel design (Wayne et al. 2007). We compare
843 genes associated with host defenses with 8784 genes not expected to be involved in
host-pathogen interactions, and conclude that defense genes are more likely to have
significant additive genetic variance than non-defense genes. These results are consistent
with either relaxed selection or balancing selection for the evolution of expression of
defense genes.

Materials and Methods

D. melanogaster diallel

D. melanogaster originally captured in Wolfskill orchard (Winters, CA) were subjected to >
20 generations of full sibling inbreeding (Nuzhdin et al. 1999). Nine of these lines were used
as parents in a full diallel design (all pairwise combinations, excluding homozygous parents;
72 F41 progeny). Three day old virgin adults were collected (Wayne et al. 2007). RNA was
extracted and hybridized to a custom Agilent chip AMADID 012798 (Mclntyre et al. 2006).
Background-corrected spot intensities were log transformed. Additional details of the
experimental design are given in Wayne et al. (2007).

Infection status of lines/evidence for non-induction of defense genes

Our inferences are based on the assumption that the variation between lines is genetic, rather
than due to environmental variation confounded with line such as differential pathogen
infection status. The block structure we used, with sub-blocks run at different times and in
different incubators (described in detail in Wayne et al. 2007), makes it highly unlikely that
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horizontally transferred, episodic infections would be confounded with line (7.¢e., contribute
to our estimate of genetic variance).

Our previous study (Wayne et al. 2007) would have identified most vertically transmitted
infections. Maternally transmitted infections, which are effectively non-genetic maternal
effects, would have been identified in our original analysis as RGCA (reciprocal general
combining ability, see Lynch & Walsh 1998). RGCA was rare and almost entirely restricted
to males (69 genes in the genome vs. 2 in females), and thus is inconsistent with a non-
genetic maternal effect, which would have affected both sexes equally. Biparentally
inherited infections in some lines and not others could potentially cause genetic variation for
expression of defense genes; however, sigma virus is the only well known example of a
biparentally transmitted pathogen, and the lines are negative for sigma.

D. simulans round robin

The parental stocks of D. simulans were obtained from flies caught in Wolfskill orchard, and
were full sib mated for 25-29 generations to create nearly homozygous stocks (Nuzhdin et
al. 2004). Ten parental stocks were crossed together in a round robin design and three-day
old virgin adult males were collected (Wayne et al. 2004). Affymetrix Drosophila
Genechips™ 1.0 were used for the hybridizations. Data were quantified using Affymetrix
MASS software. Average difference values for each chip were normalized to the chip
median and then log transformed.

Comparison of power between round robin and diallel design

We simulated 1,000 round robin datasets from the diallel data. Both the round robin and the
diallel can be used to detect GCA, the general combining ability of a genotype. GCA is
largely attributable to additive variance, though epistasis also contributes to GCA

0_2 2
(Uia4=§+%+ --+ Lynch and Walsh 1998). Perhaps unsurprisingly, the diallel had much
greater power than the round robin, in particular greater sensitivity (see Supplementary
Table 1). Interestingly, there was greater (albeit low) power to detect GCA in males than in
females using the round robin. This may reflect the more complex genetic architecture in
females than in males (Wayne et al. 2007), such that GCA tends to be a smaller proportion
of the variance in females than in males. Point estimates for GCA and SCA, merged with the
functional category classifications, are presented in Supplementary Table 2.

Comparison between Affymetrix® and Agilent® platforms

Expression level for D. simulans was measured on an Affymetrix® platform while the D.
melanogaster data were obtained on a custom Agilent ® platform. To compare results across
the two platforms, all individual probe sequences were compared against FlyBase
(www.flybase.org) 5.1 transcripts using BLAST (Altschul et al. 1990). FBTR numbers were
linked to FBGN numbers and then FBGN numbers used to identify gene names
(Supplementary Table 3). If prior annotation existed for probes which were missing
annotation from FlyBase 5.1 (www.affymetrix.com; Mclntyre et al. 2006)) then that
annotation was used and the probe retained. Data from the two platforms were linked viathe
gene name. There were a total of 11,310 genes in common across the two platforms out of
15,182 genes in FlyBase 5.1 for a total coverage of 72%. The numbers of genes present for
each of the experiments out of the 11,310 genes in common are given in Supplementary
Table 3.
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Multiple probes per gene

A number of genes that were present on both chips had more than one probe for that gene.
For genes with multiple probes, if the FDR corrected P values for the test of GCA across

such probes disagreed in terms of significance, then these genes were discarded, leaving a
total of 11,042 common symbols with congruent GCA estimates (Supplementary Table 3).

Defining genes involved in Drosophila defense and immunity

Genes present on both arrays were annotated as having a role in defense by searching the

Gene Ontology (GO) database using the key words “defense”, “virus”, “antioxidant”,
“antimicrobial”, “antibacterial”, “immune” and “antiviral” in the categories “Biological
function”, “Cellular process” and “Molecular function”. 560 genes were identified as
“defense” by this search (Figure 1). Recent papers (Lemaitre and Hoffmann 2007; Sackton
et al. 2007) identified an additional 283 genes involved in defense, for a total of 843 genes

(see Figure 1).

Both Lemaitre & Hoffman (2007) and Sackton et al. (2007) indicate functional categories
for immunity genes included in their lists. In the four categories given by Sackton et al.
(2007), 28 recognition, 106 signaling, 50 effectors, and 3 “other immune” were present in
our data. For the Lemaitre & Hoffman categories, 38 microbial recognition and
phagocytosis genes; 53 signalling genes; 21 antimicrobial peptide genes; 138 microarray
induced by infection genes; 16 haematopoiesis and cellular response genes; 8 coagulation
genes; 6 antiviral defense genes; 10 melanization genes; and 11 miscellaneous/other were
present in our data.

Testing for significance of variance components

For each of the probes detected in the diallel design (Table 1) the mixed effects linear
model: Ydijk=pm + ayeg+ GCA,‘/'F SCA,'/'+ RGCA,'/'+ RSCA//'+ &gjjk \Was fit, where yd,-jkis
the estimated gene expression of the A" replicate for the & dye for the cross between
parents /and j; u is the overall mean; GCAjis a matrix of indicator variables for the
parents; SCAj;is the specific combining ability (SCA) of the cross between parent 7and j;
RGCAjis the reciprocal general combining ability and RSCA;is the reciprocal specific
combining ability and ey is the error term. The GCA of a genotype is its average
expression as a parent in hybrid combination with all other genotypes, and is expressed as
the deviation from the overall mean. GCA approximates the additive variance, although it
2 2

(o

also includes epistatic terms: U§CA=7A+f+ .-+ (Lynch and Walsh 1998). Similarly, SCA
0_2

also includes epistatic terms as well as dominance terms: U§C4=Uf)+ﬁ+ ..., The GCA
component of variance were evaluated by use of an Fratio test statistic MSgca/MSsca
(Lynch and Walsh 1998); for SCA, we used the Fratio MSsca/MSzror (Wayne et al. 2007).
Thus, genes significant for GCA or for SCA are those genes where the variance component
is significantly greater than zero. The terms RGCA and RSCA are not considered further
here, as they are present only in the diallel with D. melanogaster, not in the round robin with
D. simulans.

For the D. simulans round robin data, the mRNA expression of each gene was analyzed
using the reduced form of the model given above: yji = u + GCAjj+ ejjwhere yj is the
estimated gene expression for the A1 replicate for the cross between parents jand J; u is the
overall mean and GCAj;is a matrix of indicator variables for the parents and e is the error
term. In this case, GCA effects were tested for significance with the Fratio MSgcal MS..
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To account for multiple tests, balance type | and type Il error, and balance the sensitivity of
the round robin design compared to the diallel (Supplementary Table 1), an FDR level 0.1
was used (Benjamini and Hochberg 1995; Verhoeven et al. 2005). However, inferences were
checked at other FDR levels (0.2 and 0.05) and were consistent regardless of the specific
level chosen.

D. melanogaster round robin simulations

Since the two species were evaluated using different mating designs, we tested whether the
mating design choice introduced a bias in the testing for GCA using simulation. A round
robin design of 9 crosses was simulated by selecting at random from among the 72 diallel
crosses. There are as many round robin designs as unique orders of 9 parents. One thousand
randomly generated sets of round robin designs from 9 parents were selected. For the 1,000
simulated round robins we fit the model: yj = p + di+ GCAj;+ ejj for males and females
separately. As dye effects are fixed, total phenotypic variance and proportion of variance
explained by GCA were estimated and tested for in the same manner as the D. simulans data
(MSccaAl MSy).

McNemar tests were performed to examine whether the diallel detects significantly more
GCA than the round robin design in D. melanogaster. We found these tests to be significant
most of the time; indicating that there is greater power in the diallel than in the round robin.

Sequence alignments, McDonald-Kreitman tests, NI, and DoS

Significant genomic resources now exist for many species and many isolates of Drosophila.
However, these sequences are not all of the same quality or completeness. In addition,
nomenclature varies with accession, such that the same gene may be found under a variety
of non-overlapping names. To find all reported partial or complete sequences for the defense
genes of interest, the coding sequence for each gene was blasted against all nucleotide
sequences in GenBank (release 166.0) labeled D. simulans or D. melanogaster. BLAST hits
were “stacked” still aligned to the complete CDS, and any missing bases were replaced by
Ns to preserve the correct reading frame. We then pared down the set of matching sequences
to those representing independent sequences for defense genes by removing any aligned
sequence annotated as a whole chromosome, whole genome, chromosome region, or
genomic contig. We also removed sequences labeled “draft” or “sequence in progress”.

To test competing hypotheses for the evolution of immunity genes significant for GCA and/
or SCA, we used the McDonald-Kreitman (MK, McDonald and Kreitman 1991) test as well
as two modifications of the MK test, the neutrality index (A/, Rand and Kann 1996) and the
Direction of Selection (DoS, Stoletzki and Eyre-Walker 2010). All three compare patterns of
within and between species variation for silent and replacement variation, and require
sequence from at least two species. Therefore, genes without at least one D. simulans
sequence were excluded, while genes meeting this criterion were carried forward. Next, a
minimum sequence quality was enforced by requiring that sequences from both D.
melanogasterand D. simulans have at least one run of 100 bp uninterrupted by Ns; again,
genes meeting this criterion were carried forward while genes which did not were excluded.
Our goal was to maximize the number of codons, rather than the number of individuals, to
minimize the possibility of oversampling rare, deleterious segregating mutations biasing MK
test results (Charlesworth and Eyre-Walker 2008). Therefore, for genes with multiple
alternative splice products, the product with the maximum number of codons was selected
for further analysis. After identification of the region with the longest D. simulans allele, D.
melanogasterand D. simulans alleles with Ns were excluded from the analysis.
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If evolution is proceeding neutrally, we expect the ratio of silent to replacement variation to
be similar both within and between species (McDonald and Kreitman 1992). Two by two
contingency tables were scrutinized to determine the pattern of deviation from the neutral
expectation, and thus to infer specific selective scenarios. All genes with two or more cell
values less than four were excluded due to ambiguity in interpretation of such sparse
contingency tables. An excess of replacements between species is consistent with an
interpretation of positive selection. MK tests were evaluated using the program DnaSP
(Rozas et al. 2003), using the Williams’ adjusted G test as the test statistic.

The neutrality index (NV/; Rand and Kann 1996) is an odds ratio of the table used for the MK
test [N/ = P, P)I(D,Dy)] and may be used to infer what departure from neutrality is causing
a violation of the MK test. For example, under neutrality, 7, Psshould equal D, Ds. In the
case of /> 1, an excess of amino acid polymorphisms is frequently interpreted as slightly
deleterious mutations, while A//< 1 indicates an excess of fixations of amino acids, as might
be expected under positive directional selection. However, A/ has been criticized as biased,
particularly when cell counts are small; accordingly we also considered the “direction of
selection”, DoS (Stoletzki and Eyre-Walker 2010): DoS = DoS= D,/(D,+ Dg) — P (P, +
Py). The DoS statistic is a difference of proportions, rather than a ratio of ratios. Similar to
NI, DoS'is positive in the case of adaptive evolution (directional selection), zero in the case
of neutrality, and negative in the case of segregating slightly deleterious mutations.

Obbard et al. 09 also performed MK tests and calculated the components for A//and for DoS
for 417 genes, which they classified as “immune” (99 genes) or “control” (318). Of the 417
genes in their paper, 334 were also present in our study, including 98 genes previously
classified as “immunity”. Of these 98, we had classified 85 as defense. Interestingly, there is
no ‘bias’ between our classifications, in that there are 14 genes Obbard and colleagues
classify as “immune” that we do not classify as defense; and 13 genes classified by Obbard
as control that we do classify as defense. The trends with respect to significant GCA for
genes classified as immune relative to genes not involved in immunity are qualitatively
similar between their classification “immune” and our classification “defense”. We also use
the data of Obbard et a/. 09 to calculate A//and DoS for the set of 98 genes (see
Supplementary Table 4).

Significant GCA (/.e., the component of variance for GCA was significantly different from
zero; see methods for more detail) was disproportionately associated with defense genes in
D. melanogaster relative to non-defense genes for both sexes (Table 1). This was not the
case for D. simulans, although the trend in the D. simulans data mirrors that of D.
melanogaster. The most parsimonious explanation for the absence of a statistically
significant overrepresentation of defense genes with significant GCA in D. simulans is the
lower power of the round robin design (see materials and methods).

Following Sackton et al (2007), we analyzed defense genes separately by functional
category. Regardless of sex or species, the proportion of defense genes that have significant
GCA is larger than the proportion of non-defense genes that have significant GCA. A
greater proportion of genes from the recognition and effector classes have significant GCA
in D. melanogaster males than in D. melanogaster females (43.18% and 28.74%,
respectively; see Table 2). Again, we see that significant genes are less common in males of
D. simulansthan in D. melanogaster, and again the most straightforward interpretation is the
lower power of the round robin design to detect GCA relative to the diallel design, rather
than some biologically interesting difference between species.
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Genes in the signaling class, which might be expected a priorito be more evolutionarily
conserved than recognition or effector genes, are underrepresented for significant GCA
relative to total genes (5.66% vs. 15.88% in D. melanogaster males; 1.94% vs. 6.82% in D.
melanogaster females; see Table 2). Interestingly, signaling genes are also the only
functional category of defense genes where there is significant overrepresentation of SCA
relative to non-defense genes in the genome (Table 3).

Because we were curious about possible concordance of expression evolution and protein
evolution, we utilized the large dataset of Obbard ef a/. 2009 to examine relationships
between expression evolution and protein evolution, testing for an association between
positive directional selection at the level of the protein and significant GCA for expression.
We also tested for an association between positive directional selection in the protein and
the presence of significant SCA for expression. We did not find any evidence of an
association between positive directional selection, regardless of the indicator used (MK, N/,
DoS), and components of genetic variance for expression (GCA or SCA, see Supplementary
Tables 5 and 6, respectively).

We compiled sequence data for McDonald-Kreitman (MK) tests for 12 defense genes which
were significant for GCA (9) or SCA (3), but were not included in Obbard et al. 09 data and
had sufficiently long, high quality sequences in two species to be used for MK tests, A/, and
DoS (see Materials and Methods for details; see Supplementary Table 7). Given that we had
only a single sequence from D. simulans for half the samples, and the maximum number of
sequences from D. simulans was 4 for those genes where more than one long, high quality
sequence was available, we did not calculate A// or DoS for this species. Because a dozen
genes is a very small sample, and because data are sparse (7.e. one or more individual cell
counts per gene less than five), these results should be interpreted with caution.

Of the 12 genes analyzed, 7 showed a signature of positive directional selection by MK
analysis (excess of nonsynonymous fixed differences), though only one, mys, is significant
(P=0.036, Gwith Williams’ correction). mys has significant SCA, but not significant GCA.
Interestingly, myshad an N/ for D. melanogaster of zero (consistent with neutrality) but a
positive DoS (0.32, consistent with positive directional selection). Five genes had an N/ for
D. melanogaster greater than 1 (GCA: CG10912, CG15784, CG17575, hsf, SCA: 150),
consistent with positive directional selection. Five genes in addition to myshad a positive
DoSfor D. melanogaster (GCA: cat, CG10680, CG18067, gstd1, jon65aiV), again consistent
with positive directional selection. Lack of concordance between A//and DoS'is discussed
elsewhere in detail (Stoletzki and Eyre-Walker 2010), but is most easily explained here due
to sparse data, including zero values in some cells.

Discussion

We find evidence that genes significant for GCA for expression are overrepresented among
genes identified as playing a role in immunity and host defense relative to other genes. In
particular, significant GCA, which is expected to be caused predominantly by additive
genetic variation, is disproportionately associated with defense genes in the recognition and
effector classes— interestingly, precisely those classes of defense genes which are most
transparently expected to be targets of coevolution. An excess of GCA in recognition and
effector classes would be consistent with two selective scenarios: relaxed or balancing
selection. However, we can not distinguish between these two scenarios; and moreover,
neither is intuitively pleasing. In contrast to recognition and effector genes, defense genes
classified as signaling genes which also have significant GCA are underrepresented relative
to non-defense genes. Also, significant SCA, which is expected to be caused predominantly
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be dominance variation, is disproportionately associated only with signaling genes, not with
recognition or effector genes. These results are discussed in turn below.

Relaxed selection and defense gene expression evolution

We would not expect the resting level of expression of defense genes in the absence of
pathogen challenge to be under relaxed selection. First, any response to pathogens requires
some low level of expression of at least the recognition genes. Second, there is sometimes a
cost of resistance in the absence of pathogen challenge (for example, Fritz and Simms
1992), suggesting simultaneously that in these cases, expression of defense genes in the
absence of induction is non-negligible; and that expression of defense genes in the absence
of pathogens should be minimized. Indeed, by this reasoning, one might expect that
expression of defense genes would be under stabilizing selection rather than relaxed
selection. Gene expression is thought to be largely controlled by stabilizing selection
(including Rifkin et al. 2003; Denver et al. 2005; Lemos et al. 2005; Rifkin et al. 2005;
Gilad et al. 2006; Whitehead and Crawford 2006; Bedford and Hartl 2009; but see also
Khaitovich et al. 2004). However, though we do not test directly for stabilizing selection, the
evolution of expression for defense genes seems to be exceptional relative to other genes in
the genome, suggesting that expression of defense genes is not subject to stabilizing
selection.

Balancing selection and defense gene expression evolution

While it is easy to imagine proteins evolving under balancing selection, it is more difficult to
envision a mechanism for gene expression itself to be under balancing selection. However,
one might conjecture that, on average, the mutational target size for expression (including
both c/sand trans acting factors) of a given gene is likely to be greater than that for
functional changes in the protein sequence of the same gene. If so, once a beneficial protein
variant arose, a concomitant modifier of gene expression might be selected for. Selection for
modifiers of expression might be analogous to arguments on the evolution of dominance
(see Fisher 1928, but see also Wright 1934; Charlesworth 1979; Kacser and Burns 1981; Orr
1991). However, evolution of modifiers of transcription arising in response to particular
linked protein variants may not be so unlikely: evidence for coevolution between cis and
trans acting factors for the expression of particular genes has been reported previously
(Landry et al. 2005; McManus et al. 2010). Perhaps coevolution between c¢/s and/or trans
acting factors and the protein alleles whose expression they govern is not such a great leap.

Concerted evolution of protein and gene expression

If evolutionary forces acting at the level of the protein act similarly at the level of expression
(Nuzhdin et al. 2004), then we may be able to make meaningful inferences about modes of
selection by combining data on the genetic components of variance for expression (/.e.
significance tests for GCA and SCA) with data on patterns of protein evolution.
Accordingly, we compiled coding sequence data for defense genes and inferred presence or
absence of positive selection using the frameworks of McDonald-Kreitman (MK), the
neutrality index A/, and the direction of selection (DoS). We were able to compile such data
for 346 genes total (334 from Obbard et a/. 09, and 12 additional genes, which were
analyzed seperately). We failed to detect any evidence for an association between significant
GCA and directional selection, or between significant SCA and directional selection, for
defense genes overall or for any of the three functional categories, regardless of which
analytical framework to detect selection was employed.

Previous observations that c/s acting sites are more likely to be associated with additive
variance while #rans acting sites are more likely to be associated with dominance variance
(Lemos et al. 2008; McManus et al. 2010) suggest a different explanation for patterns of
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genetic variation for expression: linkage. Linkage might drive concerted evolution of
proteins and their expression, because cis acting sites are likely to associated with additive
variance. Thus, a paucity of additive variation for expression could signal the presence of
selective sweeps, driven by directional selection in a protein but also removing additive
variation for expression by homogenizing nearby c/s-acting sequences. However, the lack of
evidence for an association, negative or positive, between significant GCA and evidence for
positive selection suggests that linkage is not a general explanation for excess significant
GCA in defense genes.

Alternatively, if multiple protein variants are segregating in the population as might be
expected under balancing selection, then we might expect to see additive variance for
expression due to linked, effectively neutral ¢/s acting variants. We are unable to test
directly for balancing selection given available data, so this hypothesis remains untested.

The presence of significant SCA (along with the absence of significant GCA) in signaling
genes is particularly intriguing. One might expect signaling genes to be highly conserved,
given the observation of orthologs throughout the Drosophila group (Clark et al. 2007).
However, the protein sequences of these genes actually seem to be rapidly evolving
(Lazzaro et al. 2004; Lazzaro et al. 2006; Sackton et al. 2007). The signaling cascade is
often the target of pathogen strategies in mammals (Finlay and McFadden 2006; Frank and
Schmid-Hempel 2008; Maizels 2009), though examples in invertebrates are less well known
(but see Vallet-Gely et al. 2008). A pathogen, rather than evading detection or defending
itself against host weaponry, could subvert deployment of said weaponry simply by
disrupting host communication (B. Lazzaro, personal communication). Interestingly, an
excess of positive selection on the protein coding sequences of signaling genes has
previously been observed (Obbard et a/. 09). Our result of fewer signaling genes with
significant GCA (Table 2), /.e. less additive variance than expected, would be consistent
with directional selection for expression for signaling genes. However, there is no evidence
in the signaling genes for a negative association between significant GCA for expression and
detection of directional selection at the level of the protein. This observation is again
inconsistent with the theory that linkage between nearby c/sacting sites and coding
sequences drive concerted evolution between protein and expression.

While depletion of additive variance could inflate the refative contribution of dominance
variance, the absolute magnitude of SCA, i.e. whether or not it is different from zero, should
be unaffected by lower additive variance. Thus, it would be unreasonable to expect an
association between significant SCA for a gene’s expression and the detection of positive
selection on the protein product of said gene; and indeed, no such association is not
observed.

SCA includes epistasis as well as dominance variance (Lynch and Walsh 1998). The
signaling genes are the only set of immune genes where genes significant for SCA was
overrepresented relative to the genome at large. Interestingly, others have noted that the
signaling genes seem to have more epistasis than recognition or effector genes (Lazzaro et
al. 2004; but see Lazzaro et al. 2006). However, while mutations in interacting sites of
individual proteins of the signaling cascade may be responsible for epistasis at the protein
level, it is difficult to understand how protein interaction per se might translate into epistasis
at the level of mMRNA abundance. In other words, the fact that protein A interacts with
protein B does not mean that the transcript for A interacts with the transcript for B; nor does
the fact that protein A has more interactions with other proteins than protein C necessarily
suggest that the transcript for A will also have more interactions than the transcript for C.
Alternatively, or perhaps complementarily, signaling genes may have dominance variance
because of antagonistic pleiotropy (Charlesworth and Hughes 2000): signaling pathways
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may well be extremely pleiotropic, as multiple recognition pathways use the same set of
signaling pathways. However, as noted previously, frans acting factors are less likely to
additive and more likely to have dominance variation (Lemos et al. 2008; McManus et al.
2010). Perhaps the architecture of expression of signaling genes is constructed from
relatively more frans-acting factors than variation in cis-acting factors; or, perhaps genetic
variation is disproportionately associated with #rans- rather than cis-acting factors for these
genes.

What then may we conclude about the evolution of expression of defense genes? First,
expression of defense genes is clearly evolving differently from that of the genome at large.
Second, both balancing or relaxed selection are consistent with the data. We are unable to
explicitly test and therefore to exclude either of these hypotheses. Additional data including
a detailed understanding of the genetic architecture of gene expression for defense genes,
perhaps gene by gene, will be required to further refine our understanding of processes
governing defense gene expression evolution.

Supplementary Material

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

Identification of genes involved in defense. There are a total of 843 genes identified as being
involved in defense through three different criteria: gene ontology (GO), definition by
Lemaitre & Hoffman 2007 (LH), or definition by Sackton et. a/. 2007 (S). The relationship
among these lists is depicted above.
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Table 3
Defense genesin signalling pathways ar e associated with dominance variancein D.
melanogaster females

The number and proportion of genes significant for specific combining ability (SCA) among genes detected /n
D. melanogaster females was tested for association with all defense genes using a chi-squared test. Defense
genes as a category were defined as presence on any of three lists: GO ontology, Lemaitre & Hoffman (2007)
or Sackton et al. (2007). In addition, the pooled categories of “recognition” and “signaling” defense genes
from the three lists were tested against total defense genes. Pvalues were calculated exactly (Edgington 1995).

D. melanogaster
D. melanogaster genes 2 defensegenes  Pooled recognition/effector phagocytosissAMP's  Pooled signaling
Detected 9886 598 86 103
Significant SCA (%) 2221 (22.47%) 60 (21.43%) 18 (20.93%) 33 (32.04%)
X - 2.10 0.12 5.48
Pvalue - 0.18 0.80 0.02 *
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