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ABSTRACT

This study quantifies the effects of naturally occurring X-linked variation on immune response in
Drosophila melanogaster to assess associations between immunity genotypes and innate immune response.
We constructed a set of 168 X-chromosomal extraction lines, incorporating X chromosomes from a
natural population into co-isogenic autosomal backgrounds, and genotyped the lines at 88 SNPs in 20
X-linked immune genes. We find that genetic variation in many of the genes is associated with immune
response phenotypes, including bacterial load and immune gene expression. Many of the associations act
in a sex-specific or sexually antagonistic manner, supporting the theory that with the selective pressures
facing genes on the X chromosome, sexually antagonistic variation may be more easily maintained.

THE deep evolutionary conservation of many
specific genes in innate immunity underscores

the potent forces of natural selection maintaining this
vital function. While it is widely accepted as the
ancestral form of immune response, its role in the
activation of adaptive immune response further moti-
vates investigation into variation in its function
(Medzhitov and Janeway 1997). Drosophila has been
used as a valuable model organism to identify and
characterize functions of the components of innate
immune pathways as well as the evolutionary patterns
present among the genes comprising these pathways
(reviewed in Brennan and Anderson 2004; Irving

et al. 2004; Ferrandon et al. 2007). The humoral
response, resulting in the production of antimicrobial
peptides in response to bacterial or fungal infection,
relies mainly on Toll and imd signal transduction path-
ways, both of which are highly homologous to pathways
in mammalian immunity (reviewed in Kimbrell and
Beutler 2001). The cellular component, on the other
hand, incorporates phagocytic engulfment as well as
melanization and encapsulation of infecting particles.
While less well defined in the Drosophila model, por-
tions of other systems also appear to affect the ef-
fectiveness of immune response, including JAK/STAT
and JNK signaling pathways, hematopoesis, and iron
metabolism.

Population genetic analysis can be used to determine
whether sequence polymorphism and divergence pat-
terns among Drosophila genes in innate immune path-

ways are consistent with signatures of selection acting
within and between species of flies. If, for example, the
innate immune pathways are involved in an evolution-
ary ‘‘arms race’’ with pathogenic organisms, genes in
these pathways would be expected to show signs of
positive selection driven by evolutionary pressure to
counter virulence mechanisms of invading microbes.
When signs of selection (as inferred from sequence
comparisons within Drosophila simulans populations and
between D. simulans and D. melanogaster) in immune
genes and nonimmune genes were evaluated, immune
genes as a group were found to have higher KA/KS ratios
than nonimmune genes, providing evidence for ele-
vated adaptive evolution (Schlenke and Begun 2003).
Since receptor, effector, and signaling proteins function
in different portions of the immune response pathways,
these may be exposed to differing levels of contact with
invading microbes and may display nonuniform levels
of functional redundancy or pleiotropy. Thus, genes
from different functional groups may be exposed to
distinct selective pressures. Antimicrobial peptides,
which might be expected to encounter unique selective
pressures due to their direct interactions with invading
microbes, have shown little sign of positive selection,
bearing low levels of amino acid divergence (Clark and
Wang 1997; Date et al. 1998; Ramos-Onsins and
Aguadé 1998; Lazzaro and Clark 2003). Further-
more, sequence analyses of immune-related receptors
have shown evidence for purifying selection in peptido-
glycan recognition proteins (PGRPs), while others, in-
cluding some scavenger receptors (SRs), appear to be
rapidly evolving under pressures consistent with positive
selection ( Jiggins and Hurst 2003; Lazzaro 2005).
On a deeper evolutionary timescale, sequence compar-
isons between immune genes in multiple Drosophila
species (based on full-genome sequence data) have
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shown striking differences among functional groups of
immune genes, with recognition molecules showing
much more positive selection than either signaling or
effector genes (Sackton et al. 2007).

Beyond using sequence data and the analysis of
polymorphism and divergence to infer levels and modes
of selection that have previously acted on immune genes
(either individually or in functional groups), other
studies have investigated correlations between autoso-
mal variation in genotype and immune response phe-
notype in natural populations of Drosophila (Lazzaro

et al. 2004, 2006). These experiments tested associa-
tions between naturally occurring genetic variation in
immune-related genes and postinfection bacterial load.
In these studies, genetic variation in many of the im-
mune genes was found to associate significantly with
one or more of the bacterial load phenotypes. Specifi-
cally, polymorphisms in autosomal genes encoding rec-
ognition and signaling proteins (but not antimicrobial
peptides) associate consistently with bacterial load
phenotypes, suggesting that not all functional classes
of immune-related genes harbor equally influential
genetic variation.

The focus of this study is X-linked immune genes,
which may be under unique regulatory and selective
pressures simply because they are hemizygous in males,
are dosage compensated, and face elevated influence of
random genetic drift due to their smaller effective
population size. As a consequence, the X chromosome
should favor the more rapid fixation of beneficial
recessive alleles and more rapid loss of harmful recessive
alleles compared to the autosomes (Charlesworth

et al. 1987; Singh et al. 2008). Thus, with different selec-
tive pressures compared to autosomal genes, X-linked
immunity genes are expected to bear different standing
levels of variation, and segregating polymorphisms in
these genes may have different impacts on phenotype.

Different exposures of X-linked genes to selection in
males and females can also contribute to sexual di-
morphism. Rice (1984) suggested that X-linked sexu-
ally antagonistic alleles may more freely influence
sexually dimorphic traits than can those on autosomes.
In fact, the X chromosome appears to favor the
maintenance of sexually antagonistic variation (Gibson

et al. 2002); if a given allele is slightly deleterious in one
sex, it may be maintained in the population by being
beneficial to the other sex. Immune-related genes may
be particularly prone to bearing sexual dimorphism in
Drosophila, since males and females have been shown
to have different evolutionary optima for energetic
expenditure on immune response, and thus their re-
spective immune responses may differ on the basis of
conditions such as food or reproductive resource avail-
ability (McKean and Nunney 2001, 2005). If sexually
antagonistic traits are responsible for some of the ob-
served sexual dimorphism, variation in X-linked genes
could contribute to phenotypic differences, and so

X-linked variation in immune genes could face unique
selective pressures.

In this report we investigate the standing levels of
variation in X-linked immune genes in natural popula-
tions of D. melanogaster and quantify the impacts of that
variation on immune response phenotypes. We geno-
typed 168 lines at single-nucleotide polymorphisms
(SNPs) across 20 X-linked immunity loci and quantified
postinfection bacterial load and immune gene expres-
sion phenotypes. We found significant variation across
the lines for bacterial load after infection, and we were
able to identify polymorphisms in immune-related
genes that associate with immune response phenotypes
individually and in interacting pairs of SNPs. Addition-
ally, some of the genetic variation was found to associate
with a sex difference in immune competence, with alleles
acting in either a sex-specific or a sexually antagonistic
manner. This provides evidence for X-linked genetic
variation in immune-related loci associating with both
phenotypic variation among lines and sex differences
in these phenotypes.

MATERIALS AND METHODS

Construction of lines: D. melanogaster females were collected
from apple orchards near Ithaca, New York by Todd Schlenke
and Brian Lazzaro in 2004. Isofemale lines were established
and kept under laboratory conditions for fewer than five
generations prior to isogenization. X chromosomes were
isogenized in these lines, by individually mating males from
each line to females of the highly inbred balancer stock FM7a,
B1 sc8 vOf wa y31d. From each of these crosses, three female
offspring were individually mated to FM7a males. Since the
balancer chromosome bears the codominant marker Bar,
heterozygous female offspring could be selected for the
crosses each generation. The crossing scheme was repeated
for each line in triplicate for a total of seven generations to
replace the background autosomes from the natural popula-
tion. This resulted in 168 lines, each homozygous (or hemi-
zygous) for a unique X chromosome from nature and all
co-isogenic for the replaced autosomes. The degree of back-
ground replacement was quantified by subsequent SNP geno-
typing, finding concordance between the marker background
and the isogenized lines in 99.6% of all assays (1191 tests of
1196 examined; see supporting information, Table S1 for full
autosomal genotyping results).

Genotyping of SNPs across lines: Candidate immune-
related genes were selected for genotyping on the basis of
previously indicated connections to immune responses in
genetic studies and/or large-scale expression assays (Table 1).
These genes include well-characterized members of the Toll
and imd pathways, as well as genes involved in other aspects of
the response to infection, including hematopoesis and iron
metabolism. There is a significant overrepresentation of the
genes in the JAK/STAT pathway among the X-linked immu-
nity genes (x2, P ¼ 7.7 3 10�5), and several of these were
included in our study. Notably, none of the 20 genes encoding
antimicrobial peptides genomewide exist on the X chromo-
some in D. melanogaster, so our investigation lacks any geno-
typed members of this class of immune genes.

To identify SNPs for genotyping, the entire gene regions for
each gene, including roughly 1 kb upstream and downstream,
were resequenced in eight of the X-extraction lines (see Table
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S2 for list of primers used). Table 1 reports summary statistics
for these sequence alignments, calculated using DnaSP
(Rozas and Rozas 1995), except for Tajima’s D, which was
calculated with VariScan so as not to exclude all sites with
missing data (Vilella et al. 2005). Once polymorphism data
were collected for all genes, SNPs were chosen from among
those present at relatively intermediate frequencies in the
samples and spaced �500–1000 bp apart within the genes.
SNPs in high linkage disequilibrium (LD) with one another
were generally avoided. Wherever possible, nonsynonymous
SNPs were included; however, the selection of SNPs genotyped
included those from exonic, intronic, 59- and 39-untranslated,
and intergenic regions. In total, 91 SNPs were chosen from
among these 20 genes for genotyping across all 168 lines.
PGRP-SA was not included due to a complete absence of
detectable variation found in the resequenced sample.

To identify the genotype for each line at each selected SNP,
the SNPlex system (Applied Biosystems, Foster City, CA) was
used. Oligos were designed and synthesized to query the
genotype of all 91 SNPs (see Figure S1 for oligo and SNP
information). The associated GeneMapper software was used
to make the initial SNPlex allele calls, and these were followed
by manual inspection. Eighty-eight of the 91 SNP assays in the
SNPlex system yielded useful genotypic information across the
168 lines (see Table S3 for genotype calls at each site for all
lines).

Bacterial cultures and infections: Bacterial stocks were
chosen on the basis of previous use for immune challenges
in D. melanogaster. The strain of gram-positive bacterium
Enterococcus faecalis was derived from that used by Lazzaro

et al. (2006) (identified via 16S rDNA sequence and results of
API 20Strep substrate utilization testing). We also selected
gram-negative Serratia marcescens, derived from ATCC strain
13880, which also had been used in previous studies (Lazzaro

et al. 2004, 2006). Bacterial cultures for infections were grown
from freezer stocks, and cultures were grown overnight at 37�
to a final concentration of OD600 � 1.0 for each day of
infections.

Bacterial load quantification: Bacterial clearing ability of
the lines was measured through quantification of bacterial
load after infection with bacteria, following Lazzaro et al.
(2004). D. melanogaster were individually infected by pricking
their thoraces with 0.1-mm tungsten needles (Fine Science
Tools, Foster City, CA) dipped in bacterial culture. For each
bacterium, a block design of infections was used: each round
of infections was repeated three times over 6 days in a 2-week
span, with half the lines infected on a given day. For each
round of infections, 12 males and 12 females from each line,
aged �3–10 days, were infected (for technical feasibility,
several people served as infectors on each day, but lines were
randomized among infectors from day to day). Approximately
26–30 hr after infection, three groups of three flies per line
were homogenized in 500 ml of LB broth and were then plated
onto LB agar plates using a spiral plater (Spiral Biotech,
Bethesda, MD). Homogenates with E. faecalis bacteria were
diluted 1:1000 before plating to achieve a countable level of
colonies. Plates were kept at either room temperature or 37� to
allow bacterial colonies to grow until they could be counted by
a colony counter. These counts allowed inference of the
concentration of bacteria in each homogenate sample. Plates
were visually inspected to confirm that colonies counted were
consistent with size and morphology expected. Thus, for each
line, both sexes were infected with each of two bacteria, and
each round of infections included three replicates for each sex
and bacterial infection of every line, over three rounds of
infections. This yielded nine independent biological repli-
cates of each infection with a total of .21,000 flies infected
and 5046 plates counted.

TaqMan RT–PCR: In addition to bacterial load, expression
phenotypes were measured after infection for a subset of
16 lines, chosen from the phenotypic tails of sex difference in
load after infection with E. faecalis. For each of these lines,
30 males and 30 females were infected with E. faecalis. Eight
hours after infection, three replicates of each line and sex,
most with 8–10 flies each, were snap-frozen in liquid nitrogen,
along with three replicates of uninfected flies. RNA was ex-
tracted using a Trizol:chloroform protocol. cDNA was then
synthesized from the isolated nucleic acid and diluted to fulfill
TaqMan protocol requirements (Applied Biosystems). Transcripts
were quantified using TaqMan RT–PCR, including antimicro-
bial peptide genes (DiptericinA, Defensin, and Metchnikowin), along
with X-linked immune-related genes (Peptidoglycan Recognition
Protein-SA and Transferrin1) and ribosomal protein RpL32 as a
reference gene (see Table S4 for probe and primer sequence
information). We measured the CT value for each sample
(number of PCR cycles at which the level of fluorescence
for the sample crosses a constant critical threshold value) and
used the reciprocal, 1/CT, as a proxy for expression for further
calculations.

Statistics and association testing: Bacterial load was de-
termined for each sample in terms of colony-forming units per
fly (cfu/fly). Estimates of bacterial density from Drosophila
homogenates (pools of three flies each) range from 1.0 3 100

to 4.0 3 106 cfu (corresponding to 0.3 3 100 to 1.3 3 106 cfu/
fly). All empty plates were recorded as true zero counts (on a
log scale) rather than as missing data; plates with density
calculated above 3.0 3 106 were too dense to be accurately
counted, so these were assigned to have densities of 4.0 3 106,
which probably underestimates densities in most cases. Re-
siduals from the analysis of variance on the raw cfu counts were
distributed nonnormally, and log transformation yielded an
adequate fit of residuals to the normal distribution. Statistical
analyses were carried out using the R software (R Develop-

ment Core Team 2007) and SAS/STAT software with the SAS
system (SAS Institute, Cary, NC). To test for significant effect of
Line, as well as a Line 3 Sex interaction on variation in
bacterial load (for each bacterial infection), we used the
mixed models

yijklmn ¼ m 1 Linei 1 Sexj 1 ðLine 3 SexÞk 1 Dayl 1 Infectorm

1 Platern 1 eijklmno

ð1aÞ
yijklm ¼ m 1 Linei 1 Sexj 1 Dayk 1 Infectorl 1 Platerm 1 eijklmn

ð1bÞ

yijkl ¼ m 1 Sexi 1 Dayj 1 Infectork 1 Platerl 1 eijklm ; ð1cÞ

where y ¼ ln(cfu/fly) (bacterial count); Line (i ¼ 1 . . . 168),
Sex ( j¼ 1, 2), and the Line 3 Sex interaction are fixed effects;
and Day (l¼ 1 . . . 6), Infector (m¼ 1 . . . 6), and Plater (n¼ 1 . . . 2)
are treated as random effects using the R package lme4. e is
the error term. The full model (1a) was compared to the
partially reduced model (1b) using ANOVAs to test for the
effect of a Line 3 Sex interaction term. Similarly, the partially
reduced model (1b) was compared to the reduced model (1c)
to determine the effect of Line differences. To test the
significance of each effect, load phenotypes were permuted
1000 times in R (for each bacterium), while keeping line, sex,
and random effects constant. The coefficients of the model
tests from these permutated data provided a null distribution
as a basis of comparison for the actual Line and Line 3 Sex
effects estimated from the data, and P-values were calculated
for each. The proportions of variance explained by models
incorporating just Line effects or Line 3 Sex interaction
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effects (r 2) were also calculated for each bacterial infection
using R.

Mixed models were also employed to test for associations
between genotypes and phenotypes. Here, differences in each
load phenotype (e.g., total E. faecalis load) between two alleles
for each SNP were tested for significance using mixed models

yijklmno ¼ m 1 Allelei 1 Sexj 1 ðAllele 3 SexÞk 1 Linel 1 Daym

1 Infectorn 1 Platero 1 eijklmnop ;

ð2Þ

where y represents the phenotype of interest, Allele (i ¼ 1, 2)
corresponds to the genotype at the SNP in question, as a fixed
effect, and Sex (j ¼ 1, 2) is also included as a fixed effect. The
Allele 3 Sex interaction term was included as a fixed effect to
quantify the effects of sex on SNP associations with bacterial
load. Line (l¼ 1 . . . 168), Day (m¼ 1 . . . 6), Infector (n¼ 1 . . . 6),
and Plater (o¼ 1, 2) are all included as random effects. Nearly
identical models were used to test allelic effects on bacterial
load in either males or females individually, with the exception
that these did not include Sex as a fixed effect:

yijklm ¼ m 1 Allelei 1 Linej 1 Dayk 1 Infectorl

1 Platerm 1 eijklmn : ð3Þ

Because of the potential for linkage disequilibrium among
SNPs, tests of association were not all independent, so
significance was assessed using permutation tests. Each SNP
was tested individually, and genotypes were permuted 1000
times in R, relative to load phenotypes and the line, sex, day,
infector, and plater values. The resulting coefficients for Allele
or Allele 3 Sex effects provided a null distribution against
which to compare the coefficients from tests with actual values,
providing P-values for each. False discovery rate (FDR) was
estimated by calculating q-values for each test, using the qvalue
R package (Storey 2002). To determine the proportion of
variance explained by each SNP, r 2 values for models including
each SNP alone as a fixed effect were calculated using R.

Associations between SNP genotypes and expression phe-
notypes were also examined using the mixed model

yijklmnopq ¼ m 1 Allelei 1 Sexj 1 Treatmentk

1 ðAllele 3 TreatmentÞl
1 ðAllele 3 Treatment 3 SexÞm 1 RpL32n 1 Lineo

1 Platep 1 Replicateq 1 eijklmnopqr ;

ð4Þ

where y represents the expression level of the gene of interest
(1/CT). Here, the fixed effects include Allele (i ¼ 1, 2),
corresponding to the genotype at a given SNP; Treatment ( j¼
1, 2), representing ‘‘infected’’ or ‘‘uninfected’’ state of the flies;
Allele 3 Treatment, the interaction of SNP genotype and
infection state to test for the effect of change in expression
level after infection; Allele 3 Treatment 3 Sex, the influence
of sex on this induction effect; and RpL32, the expression of
RpL32, as a covariate to normalize the expression phenotype
measured. Line (o ¼ 1 . . . 16), Plate (p ¼ 1, 2), and Replicate
(q¼ 1 . . . 3) were all included in the model as random effects.
For each phenotype, every SNP was tested individually. As
above, phenotype–genotype combinations were permuted
1000 times in R, and the coefficients for SNP 3 Treatment
and SNP 3 Treatment 3 Sex effects provided null distribu-
tions against which to compare the actual coefficients and
assign P-values. FDR values were again estimated using q value.

r 2 values for models including each SNP alone as a fixed effect
were calculated using R.

Haplotypes of SNPs were assessed for the presence of blocks
of high LD across the X chromosome, using the program
Haploview (Barrett et al. 2005). Since these lines are
homozygous, the comparisons essentially involve counts of
gametes. Missing SNP data (Table S3) were imputed using the
program fastPHASE version 1.1 (Scheet and Stephens 2006).
The 10 haplotype blocks (sets of two to three SNPs within nine
different genes) indicated to have significant levels of LD by
the Haploview program were tested for associations with both
load and expression phenotypes. These association tests were
performed in the same manner as listed above for single SNPs,
using the mixed models

yijklmno ¼ m 1 Haplotypei 1 Sexj 1 ðHaplotype 3 SexÞk 1 Linel

1 Daym 1 Infectorn 1 Platero 1 eijklmnop

ð5aÞ

yijklm ¼ m 1 Haplotypei 1 Linej 1 Dayk 1 Infectorl 1 Platerm

1 eijklmn ;

ð5bÞ
where Equation 5a tests for genotypic effect of Haplotype (i¼
1 . . . 10) on bacterial load and Haplotype 3 Sex effects on
bacterial load in all flies; Equation 5b was used to test for
effects of Haplotype on bacterial load in males or females
individually. As above, P-values were assigned on the basis of
null distributions of coefficients of haplotype effects from
permuted data sets.

In addition to associations between single SNP genotypes
and phenotypes, effects of epistatic interactions were also
examined. Here, the effects of interactions between every
possible combination of SNP pairs (both within and between
genes) were tested. Rigorous inference of pairwise epistasis
normally requires consideration of all nine two-locus geno-
types, and the usual caveats of fitting linear models with sparse
marginal counts apply (Cockerham 1954). Here we have
homozygous lines, so there are only four genotypes to contrast,
and only 1 d.f. for tests of the single epistatic component and
fixed marginal frequencies, so the model is closer to that of
Cheverud and Routman (1995). With the low-frequency
alleles of some SNPs, not every SNP pair allowed for valid tests
of associations with all four genotype combinations, so these
pairs were not included. For each valid test, two-way ANOVAs
were performed to test associations with each phenotype using
models both with and without SNP interaction terms; a
significant difference between the fit of the two models to
the data indicated an effect of the SNP interaction. The full
and reduced models compared here are

full: yijk ¼ m 1 SNP1i 1 SNP2j 1 ðSNP1 3 SNP2Þk 1 eijkl

ð6aÞ

reduced: yij ¼ m 1 SNP1i 1 SNP2j 1 eijk ; ð6bÞ

where y is the load or expression phenotype, SNP1 (i¼ 1 . . . 88)
and SNP2 ( j¼ 1 . . . 88) are the two SNPs of interest, and SNP1
3 SNP2 is the interaction term of the allelic effects of these two
SNPs. Due to the computational time needed to test all SNP
combinations, these simpler linear models were applied, using
estimated line means for the load and expression phenotypes.
To accommodate the same random effects as above, the
phenotypic values used were the least-squares means for each
line obtained using mixed models in SAS, based on Equation
1b for load phenotypes and Equation 4 for expression
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phenotypes. These SNP interaction effects were tested for
associations with load in males, females, and both sexes
combined, along with the sex difference in load (female load
minus male load) for each bacterium. In addition, associations
were tested with induction of expression (infected minus
uninfected expression levels) in males, females, and both
combined. As above, with these ANOVA tests, we calculated P-
values by permuting the genotype–phenotype combinations
1000 times and comparing actual F-statistics to the null
distributions of F-statistics from tests with the permuted data.
Again, r 2 values were calculated to quantify the proportion of
variance explained by the interaction term; this was deter-
mined from the difference in r 2 values of the full and reduced
models.

Beyond tests of association between the genotypes and
phenotypes of these lines, we also tested the ability of
expression phenotypes to predict load after infection. More
specifically, we tested the effects of uninfected expression
levels and induction of expression on E. faecalis levels after
infection. These tests used the following models:

yijklmn ¼ m 1 Expi 1 Sexj 1 ðExp 3 SexÞk 1 RpL32l 1 Platem

1 Repn 1 eijklmno

ð7aÞ

yijklmnop ¼ m 1 Expi 1 Infectionj 1 ðExp 3 InfectionÞk 1 Sexl

1 ðExp 3 Infection 3 SexÞm 1 RpL32n 1 Plateo

1 Repp 1 eijklmnopq :

ð7bÞ

Here, y is the load phenotype, ln(cfu/fly), and the model
includes Exp (the expression level of the gene assayed, 1/CT)
as a fixed effect, along with RpL32 (expression level of RpL32)
as a covariate to normalize the expression level of the gene of

interest. Sex (j ¼ 1, 2) and sex interaction terms are also
included as fixed effects in both (except when each sex is
considered individually). Plate (m¼ 1, 2) and Rep (n¼ 1 . . . 3,
replicate) were also included as random effects in these
models. In Equation 7a, Infection status is not included; here
only uninfected or infected samples are considered at one
time. In Equation 7b, however, the Expression 3 Infection
term accounts for induction effects (if uninfected and
infected flies have significantly different expression levels).
Again, significance values for these tests were calculated on the
basis of null distributions of coefficients from tests using data
permuted 1000 times.

RESULTS

Variation observed in X-linked immune genes: To
quantify effects of naturally occurring X-linked variation
in immune genes on immune phenotypes, X chromo-
somes from a natural population of D. melanogaster were
extracted into co-isogenic autosomal backgrounds. To
find polymorphic sites in the immune genes in these
lines, 21 candidate genes were resequenced in eight
sample lines. In the �67.5 kb of sequence obtained in
these lines (including intronic, exonic, 39- and 59-
untranslated, and intergenic regions), 947 SNPs were
uncovered, 1 SNP about every 71 bases on average. Of
the SNPs found in this sample, 172 are in coding
regions, and 23 of these (13%) are nonsynonymous.
An analysis of the sequence polymorphisms seen here
shows nonskewed values of Tajima’s D, but somewhat
lower levels of variation (Table 1) than have been seen in

TABLE 1

Genes selected for genotyping

Functional group Gene name
Cytological

position Sequence length n S p uW D SNPs

Recognition PGRP-LE 13F1 1027 8 4 0.0014 0.0015 �0.2218 1
PGRP-SA 10C6 1414 8 0 0 0 NC 0

Signal transduction domeless 18D13–E1 1484 8 7 0.0028 0.0025 0.3364 6
Dredd 1B12–13 2452 8 13 0.0018 0.0021 �1.3748 4
hemipterous 11D10 5444 8 65 0.0067 0.0073 �1.1266 14
hopscotch 10B5–6 5388 8 41 0.0040 0.0040 �0.5257 7
pole hole 3A1 3834 8 47 0.0059 0.0058 �0.8160 9
Tak1 19D2 6318 8 115 0.0086 0.0083 �0.0373 5
Traf2 7D16 3327 8 70 0.0092 0.0091 0.3354 3
Traf3 14C4 2704 8 31 0.0058 0.0063 �1.3593 2

Other Dsor1 8D2–3 1171 6 6 0.0043 0.0043 NC 2
lozenge 8D5–6 3452 8 44 0.0066 0.0069 0.9657 4
multi sex combs 8D2 2738 8 21 0.0043 0.0040 �1.3101 2
Ntf2 19E7 2969 8 52 0.0078 0.0082 �0.7046 2
outstretched 17A5 2953 8 13 0.0026 0.0028 0.2036 1
Pvf1 17E1–6 5372 8 110 0.0118 0.0117 NC 10
Rps6 7C2 2278 8 54 0.0103 0.0106 0.3699 3
Ser7 9A2 2339 8 15 0.0023 0.0027 �0.0835 3
Transferrin 1 17A9 3135 8 28 0.0034 0.0037 �1.4206 6
unpaired 2 17A3 2524 8 21 0.0043 0.0039 �0.4479 3
unpaired 3 17A4 5261 8 190 0.0164 0.0186 �0.8004 4

n, number of lines sequenced; S, segregating sites; D, Tajima’s D (NC, not calculated); SNPs, number genotyped.
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other population genetic analyses of Drosophila im-
mune genes. Compared to studies of non-African popu-
lations of D. melanogaster (Ramos-Onsins and Aguadé

1998; Andolfatto 2001), these X-linked immune
genes have much lower values of uW than autosomal
immune genes (t-test, P ¼ 0.0002), while still showing
significantly higher levels of variation than X-linked
nonimmune genes (t-test, P ¼ 0.0127). Most of the
autosomal immune genes assayed for polymorphism,
though, have been AMPs, and since no AMPs exist on
the X chromosome, the disparity in levels of variation
between X-linked and autosomal immune genes could
be due at least in part to differences among functional
groups.

Genetic variation in bacterial load: We calculated
bacterial load means for each D. melanogaster X-extraction
line 26–30 hr after infection with E. faecalis or
S. marcescens. The line means in load span a range of
9.82–16.73 ln(cfu/fly) for E. faecalis and 7.23–10.29
ln(cfu/fly) for S. marcescens, representing 1007-fold and
21-fold ranges that span 1.6–1.1 average within-line
phenotypic standard deviations, respectively (Figure
1). Analyses of variance showed that this variation was
significant among lines for both bacteria (P , 0.0001 for
each). Furthermore, the line means of load for the two
bacterial species are not correlated (correlation co-
efficient ¼ 0.035, NS, Figure 1C). A lack of correlation
of load across bacterial types has been noted in earlier
studies (Lazzaro et al. 2004, 2006), and the interpreta-
tion has been that bacterial–host interactions are
bacterial species specific, which can lead to different
immune response dynamics, depending on the viru-
lence mechanisms employed by the bacteria and the
host response to this infection.

In addition to differences among lines in bacterial
load after infection, we also find variation among lines
in load differences between males and females. Figure 2
shows the sex differences in mean load of both bacteria
[in terms of ln(cfu/fly)] across all the lines. These
differences (female mean cfu/fly minus male mean
cfu/fly) range from 1.9 3 107 to �3.6 3 106 cfu/fly
(from 1080-fold higher in females to 31-fold higher in
males) for E. faecalis, with a median difference (across
the line means) of 6.4 3 106 cfu/fly. No effort was made
to control for body size between sexes, but these sex
differences on load are much larger than what might be
expected from body size differences alone. For S.
marcescens, the differences range from 9.3 3 104 to
�2.8 3 104 cfu/fly (from 11-fold higher in females to
12-fold higher in males), with a median difference of
5.3 3 103 cfu/fly. Significantly more than half the lines
bear mean differences greater than zero for both E. faecalis
(x2, d.f.¼ 1, P¼ 2.3 3 10�18) and S. marcescens loads (x2,
d.f. ¼ 1, P ¼ 0.0055). With most lines here displaying
higher bacterial load in females than in males after
infection, this could imply that males in these lines
have more effective immune responses than females.

McKean and Nunney (2005) find the opposite effect
(higher load in males after infection) with plentiful
food and mates, yet this study also highlights the
condition-dependent nature of these results. Further-
more, these experiments have included load assays after
different types of bacterial infections, which might not
be expected to yield the same levels of bacterial load or
sex differences in load.

Figure 1.—Line means of bacterial load after infection
with (A) Enterococcus faecalis, B) Serratia marcescens, and (C)
scatterplot of means of load for the two bacteria. Lines are
plotted in rank order for each bacterium in A and B. Bacterial
load is measured as the natural log of the count of colony-
forming units per fly, ln(cfu/fly), shown with the standard er-
rors of the mean.
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Many of these lines show significant differences be-
tween male and female load, particularly when infected
by E. faecalis. When each line is tested for sex effect on
load, the distribution of P-values is highly skewed from
an expectation of equal load in both sexes, with an
excess of t-tests with P , 0.05 (x2, d.f. ¼ 1, P ¼ 8.8 3

10�16) in flies infected with E. faecalis; however, in those
infected with S. marcescens, P-values from t-tests of sex
effects show no significant departure from the expected
distribution (x2, d.f. ¼ 1, P ¼ 0.36) (Figure 2C). Even

though these lines show a wide range of differences
between sexes, bacterial load after infection in males
and that in females are significantly correlated for both
E. faecalis and S. marcescens (Spearman’s t, P ¼ 0.0025,
P¼ 3.21 3 10�11). Thus, for most of the lines, higher (or
lower) bacterial load remains relatively consistent in
both sexes. As expected from the greater sex differences
in lines infected with E. faecalis, though, load values in
males and females infected with this bacterium are less
strongly correlated than are those in flies infected with
S. marcescens.

Genotypic variation among the extraction lines was
tested for association with variation observed in immune
phenotypes. X-linked genes from immune-related path-
ways (Figure 3) were chosen as candidates and ge-
notyped to determine standing levels of variation.
Eighty-eight SNPs in 20 candidate immune genes (Table
1) were individually tested for allelic effects on bacte-
rial load phenotypes after infection with both E. faecalis
and S. marcescens. Table 2 lists the q-values, based on
P-values calculated from permuted null distributions,
for those SNPs that showed at least one phenotypic
association with FDR , 10% (q , 0.1). While these tests
reveal possible associations with multiple SNPs within
different immune genes, any given SNP typically explains
,8% of the variance in bacterial load phenotypes.

Of the 19 SNPs that associate with one or more of the
load phenotypes at this level, 8 associate (at least
marginally) with phenotypes for both bacteria; however,
5 of these show opposite effects across bacteria in one or
both sexes. Examples of this include 2 SNPs in the gene
hopscotch (hop). As depicted in Figure 4, A and B, 1 SNP
in exon 7 of the gene has significant allelic effects on
load in both males and females, with both bacteria. The
effects of the two infections in males, though, appear in
opposite directions: a substitution from the ‘‘A’’ allele to
the ‘‘G’’ allele of this SNP associates with a lower E. faecalis
load, yet a higher S. marcescens load after infection. Sim-
ilarly, for the second SNP in hop exon 7 (306 bp
downstream from the first; Figure 4, C and D), allelic
effects are once again significantly associated with load
in females infected by either bacterium, yet the load
variation in females occurs in opposite directions for the
two bacteria.

Besides the distinct phenotypes and associations
appearing in response to each of the two bacterial
infections, some SNPs also associate with load variation
in a sex-specific or even sexually antagonistic manner.
Of the 19 SNPs associating with load, 12 show evidence
of sex interactions influencing the associations with the
load of one or both bacterial infections, and several of
these actually appear to have opposite effects in males
and females. Most of these SNPs do not show significant
associations in both sexes individually, though, lessen-
ing our ability to find clear instances of sexually
antagonistic associations. Any potentially sexually an-
tagonistic effects appear only with one of the two

Figure 2.—Sex differences in mean bacterial load after in-
fection with (A) E. faecalis and (B) S. marcescens, displayed as
(female ln(cfu/fly) – male ln(cfu/fly)) 6 (standard error of
the difference), and (C) histogram of P-values of t-tests of sex
difference in all lines after E. faecalis infection (black bars) or
S. marcescens infection (gray bars).

X-Linked Variation in Drosophila Immunity 1483
D

ow
nloaded from

 https://academ
ic.oup.com

/genetics/article/183/4/1477/6063116 by guest on 25 April 2024



bacteria in each case. An example of this is seen with the
SNP in hop exon 7 in Figure 4A.

In addition to single-SNP tests of association, we
consider the possibility that multiple SNPs that fall into
particular haplotype configurations might correlate
with differences in immune function. We identified
haplotypes as collections of SNPs in LD and subse-
quently tested these for associations with immune
phenotypes. Haplotype blocks with significant levels of
LD (as defined by the program Haploview, see materi-

als and methods) were identified in 10 sets of two to
three SNPs across nine genes. Most of these blocks
involved fairly closely located SNPs. Less than 17% of all
SNP pairs within 1 kb of each other were found to be in
high LD, consistent with previous findings that LD
decays quickly along the Drosophila genome (Long

et al. 1998; Carbone et al. 2006). These blocks of high
LD were tested for associations with load phenotypes.
Variation in 6 of these haplotype blocks significantly
associates (P , 0.05) with differences in one or more
bacterial load phenotypes (Table 3). Twelve individual
haplotype–phenotype associations appear with P ,

0.05, 10 of which have a FDR , 10% (q , 0.1). Many
of these associations appear only with E. faecalis
load phenotypes; 3 haplotypes appear to associate with
S. marcescens load, but only in sex-by-haplotype inter-
actions. Additionally, for all the haplotype blocks that
show significant associations, none of the SNPs included
in each haplotype associate individually with the same
load phenotype (with FDR , 10%). Furthermore, many
of the SNPs included in these haplotypes are noncoding
or synonymous; the only nonsynonymous SNPs among
these clusters are the two in the Pvf1 haplotype. These
two SNPs, both located in exon 1, appear to be outside

of the identified PDGF domain and the putative signal
peptide of the gene, so no obvious disruption of
function is inferred from their amino acid changes.
Overall, it appears that the SNPs within the significantly
associating haplotypes are most likely in linkage dis-
equilibrium with any variation that could directly lead to
phenotypic differences in these lines.

For each possible pair among the 88 SNPs, we tested
for pairwise epistasis on the basis of the significance of
the interaction term in two-way ANOVAs. Figure 5
depicts those pairs of genes within the Toll, imd, JAK/
STAT, and JNK pathways that bear SNPs with interac-
tions associating with load phenotypes with q-values
,0.1 for tests of models using SNP pair interactions to
explain variation in bacterial load after infection. Most
genes—11 of 12 tested in these pathways—contain SNPs
involved in interactions associating with one or more of
the load phenotypes at the q , 0.1 level. Additional
interactions were found to be significant at this thresh-
old involving genes outside these pathways (thus not
depicted on these diagrams), including lozenge, Pvf1,
Ser7, and Tsf1. One of the genes, upd2, also had an
interaction between a pair of SNPs within the same gene
that associate with a load phenotype (q , 0.1). The
interaction terms of the models explain different
amounts of phenotypic variance, even among interac-
tions showing significant effects (at the q , 0.1 level).
Some interactions account for ,0.1% of the variance,
while others explain up to 20.6% (Pvf1 3 Traf2 in-
teraction term with female load after S. marcescens
infection). This amount of variance is substantially
higher than that explained by each SNP individually;
the sum of the percentage of variance explained by the
two included SNPs is ,0.1% in this instance.

Figure 3.—Genes in
Drosophila immune-related
pathways. Those in black
are X-linked genes included
in this study, and those out-
lined in black are X-linked,
but were not genotyped here.
Pathway genes and interac-
tions are included on the
basis of information in pre-
vious studies (Wassarman

et al. 1995; Stronach and
Perrimon 2002; Foley and
O’Farrell 2004; Leclerc

and Reichhart 2004;
Arbouzova and Zeidler

2006; Ferrandon et al. 2007).
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Genetic variation in immune gene induction: To
evaluate the effects of X-linked genetic variation on
immune gene induction, a subset of 16 lines was
selected from the collection of X-extraction lines, and
males and females of these lines were assayed for
expression of immune-related genes before and after
infection with E. faecalis. We used the differences in
these levels to quantify the induction of gene expression
in response to infection. The genes examined include
those encoding the antimicrobial peptides Defensin
(Def), DiptericinA (DptA), and Metchnikowin (Mtk), as
well as Peptidoglycan recognition protein-SA (PGRP-
SA) and Transferrin1 (Tsf1), involved in iron transport.
The subset of lines was selected from the tails of the
distribution of mean sex differences of E. faecalis loads,
allowing for tests of associations of immune gene
induction with sex differences in load.

The 88 immune-related SNPs were tested for associ-
ation with induction phenotypes for each of these
genes, in males, females, and both sexes combined, as
well as in phenotypic associations with sex-by-SNP
interactions. Table 4 lists the SNPs that showed associ-
ation (with FDR , 10%) with one or more of the
induction phenotypes. Only 10 of the 88 SNPs appear
with significant associations, yet these represent varia-
tion in seven separate genes (six of which also have SNPs
or haplotypes associating with load phenotypes). While
some SNPs show associations with more than one
phenotype, most show isolated effects: five of the nine
associate with only one of the induction phenotypes.
Most of these associations appear with induction phe-
notypes in only one sex, yet only one SNP associates
significantly with sex difference in induction. While
most of these associations explain ,8% of the variance
observed (some ,1%), the Ser7 exonic SNP appears to
explain .14% of the observed variance in Mtk in-
duction in females (Table 4).

Correlations between induction and load pheno-
types: In addition to testing associations between
genetic variation and immune gene phenotypes, we
also tested whether any of the variation observed in
induction of immune genes correlated with variation in
bacterial load after infection with E. faecalis. Here, we
tested the ability of models incorporating expression
levels (before and after infection, as well as levels of
induction) to explain levels of bacterial load in these
lines of flies. One putative association was found, where
the induction of Tsf1 correlates negatively with bacterial
load after E. faecalis infection (P¼ 0.008, on the basis of
permuted null distribution) in males. Figure 6 displays
bacterial load line means plotted against induction line

Figure 4.—Example effects of SNP on both E. faecalis (A
and C) and S. marcescens (B and D) load after infection in fe-
males (solid lines) and males (dashed lines). SNPs shown in-
clude hop exon 7-01 (synonymous, residue 870) in A and B
and hop exon 7-02 (synonymous, residue 968) in C and D.
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means of Tsf1 (normalized by RpL32 expression) in both
males and females after infection with E. faecalis. In-
creased induction levels of Tsf1 associate with lower
levels of bacterial load after infection in males, while
female values show no significant correlation between
these traits.

DISCUSSION

To examine the effects of genomic location on
genotypic variation and phenotype, we measured asso-
ciations between polymorphisms in X-linked immune
genes and response to bacterial infection in lines of
D. melanogaster. These lines, bearing naturally varying
X chromosomes in a co-isogenic autosomal background,
were genotyped for SNPs in 20 immune genes. These
X-linked immune genes include members of numerous
immune-related pathways. The Toll and imd pathways,
key to the humoral antimicrobial response in Drosoph-
ila, have representatives on the X chromosome, and the
JAK/STAT pathway, also involved in response to bacte-
rial infection, has a significant excess of its genes on the
X (x2, d.f. ¼ 1, P ¼ 7.7 3 10�5). Interestingly, while the
X-linked genes from these pathways include those with
roles in recognition and signaling, there are no antimi-
crobial peptide genes yet identified on the X chromo-
some. The absence of antimicrobial peptide genes on
the X chromosome is highly significant (Fisher’s exact
test, P¼ 0.0036), and the cause for this remains a puzzle.

Other than the genic content of the X compared to
the autosomes, this chromosome also provides a unique
environment that may allow different levels and types of
genetic variation to exist compared to that on the
autosomes. Furthermore, since genes on the X chro-
mosome spend one-third of their time in hemizygous
males, they are exposed to different selective pressures;
hemizygosity may expose recessive alleles, purging
deleterious genotypes and fixing beneficial ones. This
is expected to result in lower levels of variation on the
X chromosome relative to autosomes with the exception

of alleles showing antagonistic phenotypes either be-
tween sexes or in different environments or genetic
backgrounds (Charlesworth et al. 1987).

For immune-related genes on the X chromosome, we
expect that variation may be maintained in the pop-
ulation more readily if different alleles provide benefi-
cial effects in diverse environments, such as with
different bacterial infections, or in distinct genetic
backgrounds, including in males vs. females. The results
found in this study agree with this expectation. Genetic
variation is observed in X-linked immune genes, fre-
quently associating with phenotypic variation in im-
mune response. Many of these associations, though,
appear with one bacterial infection and not the other or
act in a sex-specific or sexually antagonistic manner.
Alleles such as these, associating with phenotypic
variation in a condition-specific manner, presumably
would not be selected for or against as rapidly as those
with universally beneficial or deleterious effects, even
on the X chromosome. A few SNPs tested here do show
more general associations with the immune phenotypes
examined; presumably alleles that appear relatively
detrimental in tests observed here could have been
maintained in the population because of beneficial ef-
fects in other circumstances (or for other phenotypes).

Previous investigations (Lazzaro et al. 2004, 2006)
have involved similar tests of association between
genotypic variation in immune genes on the second
and third chromosomes of D. melanogaster and differ-
ences in immune response phenotypes. It is difficult to
make direct comparisons between these studies, in-
volving fly lines from separate populations, different
bacterial infections, and distinct experimental setups,
including different levels of replication. We do find,
though, that similar to those studies, variation in
numerous genes throughout immune pathways associ-
ates significantly with phenotypic variation. Interest-
ingly, genetic variation on the second chromosome can
explain 47.2% of the total variance in bacterial load
(after infection with S. marcescens; Lazzaro et al. 2004),

TABLE 3

Multiple SNP clusters associating with load phenotypes

Gene (SNPs) Location
Ef

female
Ef

male
Ef
all

Sm
female

Sm
male

Sm
all

Ef Sex 3
Hap

Sm Sex 3
Hap

Dredd (2, 3, 4) Exon 2, intron 1,
59 intergenic

0.139 0.226 0.489 0.195 0.931 0.443 0.191 0.021*

phl (6, 7) Exon 4 0.187 0.250 0.017* 0.650 0.096 0.473 0.722 0.328
mxc (1, 2) 59 intergenic

and exon 2
0.013* 0.037* 0.101 0.325 0.150 0.123 0.028* 0.285

hep (9, 10, 11) Exon 5, exon 4,
exon 3

0.043* 0.084 0.121 0.311 0.336 0.209 ,0.001** 0.026*

Pvf1 (3, 4) Exon 1 ,0.001** 0.001** 0.019* 0.095 0.274 0.104 0.348 0.625
Tak1 (1, 2) Intron 4 and

exon 3
0.956 0.945 0.974 0.575 0.486 0.484 0.241 0.033*

*P , 0.05, **P , 0.01. Ef, E. faecalis; Sm, S. marcescens; Hap, haplotype.

X-Linked Variation in Drosophila Immunity 1487
D

ow
nloaded from

 https://academ
ic.oup.com

/genetics/article/183/4/1477/6063116 by guest on 25 April 2024



and variation on the third chromosome can explain
22.1% of the total observed variance in bacterial load
(after infection with Providencia rettgeri; T. Sackton,
personal communication), yet X-linked genetic varia-
tion in these lines explains only 15.5% of the total
variance in bacterial load (after infection with S.
marcescens). This suggests a lower level of naturally
occurring variation in X-linked immune genes and/or
less influence of that variation on immune phenotypes
than is observed with autosomal genes. Additionally, this
could be due to the fact that the X chromosome, as a
shorter portion of the genome compared to the auto-
somes, may simply contain fewer loci affecting the

observed immune phenotypes. Individual polymor-
phisms within immune genes on the second chromo-
some, though, appear to explain a larger proportion of
the phenotypic variance than was observed with the SNPs
here; numerous autosomal variations explained .5% of
the phenotypic variance, whereas the most significant
explained up to 22.7% (Lazzaro et al. 2004, 2006). Thus,
variation in X-linked immune genes could have a lesser
influence on phenotypic variance than polymorphism in
autosomal genes, relative to environmental and experi-
mental factors influencing differences in bacterial load.

The associations found between autosomal genes and
immune phenotypes were strongly biased with respect

Figure 5.—Epistatic in-
teractions associating with
bacterial load after infection
with (A) E. faecalis and (B)
S. marcescens. Lines between
a pair of genes correspond
to at least one interaction be-
tween SNPs in those genes
having a significant effect
on the load phenotype of
the corresponding pattern
(ANOVA, q , 0.1). Interac-
tions shown associating with
male load were only those
that did not also associate
with load in both sexes com-
bined. (Ef, E. faecalis; Sm,
S. marcescens.)
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to the functional class of immunity genes. There was a
preponderance of associations between bacterial load
and SNPs in recognition molecules and a deficit of asso-
ciations with SNPs in antimicrobial peptides (Lazzaro

et al. 2004; T. Sackton, personal communication). The
X chromosome had a markedly different distribution
of functional classes of immune genes, including an
absence of any antimicrobial peptides, and this may
contribute to the observation that there was no departure
from a random representation of recognition and
signaling functional classes among X-linked genes that
associated with bacterial defense (x2, d.f.¼ 1, P¼ 0.327).
Furthermore, since variation in autosomal antimicrobial
peptide genes appears to lack the phenotypic associa-
tions that variation in other autosomal immune genes
bears, it seems unlikely that genic makeup alone would
lead to different patterns of association between the
X-linked and the autosomal immune genes.

While polymorphisms in X-linked genes appear to act
mostly in sex-specific or sexually antagonistic associa-
tions with phenotypic variation, associations involving
autosomal variation were much more likely to be sex
independent. An investigation of associations with
variation in immune genes on the second chromosomes
uncovered no significant sex or sex 3 line effects on
load (Lazzaro et al. 2004). When the specific tests of
SNP interactions with sex were done, 8 of the 127 SNPs
had a sex 3 SNP interaction that was significant at the
nominal 5% level (Lazzaro et al. 2004), a number that is
consistent with the expectation under the null hypoth-
esis. Similarly, SNPs on the third chromosome associat-
ing with immune phenotypes show only marginal effects
of sex 3 SNP interaction (T. Sackton, personal
communication). The inflated magnitude of sexual
dimorphism of X-linked immunity genes over autosomal
genes is consistent with several mechanisms that might

produce different regulatory responses of X-linked genes,
including unique patterns of sex-biased expression
(Parisi et al. 2003) or imprecision of dosage compensation.

In addition to dimorphic effects on correlations
between genotype and load, we also observe sex-specific
associations between induction levels and load in these
lines. This suggests that activation of parts of the
immune response may be regulated in a sex-specific
way, perhaps in response to different physiological
demands. Because Drosophila males and females have
different fitness impacts of immune system activation
(McKean and Nunney 2001, 2005), it is reasonable to
expect some alleles to display different sex-specific
phenotypic effects.

As well as the sexual dimorphism that appears in the
associations between X-linked genetic variation and
immune response phenotypes, distinct responses to
different species of bacterial infections were also ob-
served here. Four of the 19 SNPs (21.1%) that associate
with bacterial load phenotypes in these lines (in both
sexes combined, with P , 0.05), though, show associa-
tions with variation in response to both E. faecalis and S.
marcescens, while only 1 of 36 (2.8%) of all of the
autosomal SNPs associating with load differences after
infections with one of these two bacteria is commonly
found between the two. This excess of overlapping
associations among X-linked polymorphisms over those
on the autosomes is marginally significant (Fisher’s exact
test, P ¼ 0.048), indicating a higher level of generality in
the X-linked associations with response to different
bacterial infections. Most of the variation tested in these
lines (both X-linked and autosomal), though, appears to
have the same effect across infections: flies bearing an
allele that associates with lower load after infection with
one bacterium tend to have lower load after the infection
with the other bacterium as well. Thus, while the
variation among X-linked and autosomal immune genes
may vary in generality of response to different bacteria,
there is not much evidence for antagonistic variation
between bacterial infections.

The widespread presence of sex differences in asso-
ciations in this study underscores the complexity of the
association between immune response and polymor-
phisms in X-linked immune genes. These effects influ-
encing genotype–phenotype correlations appear to be
more striking with X-linked variation than with that on
the autosomes; this is not unexpected, though, given
the genomic environments of genes on these respective
chromosomes. If the X-linked variation existing in
natural populations includes alleles detrimental in
one sex but not the other, these alleles are less likely
to be selected against and may remain in the population
in spite of negative phenotypic effects. Thus, even
though we may expect genotypic variation associating
with phenotypic effects to be relatively uncommon on
the X chromosome, phenotypic differences observed
here do correlate with polymorphisms in these lines.

Figure 6.—Line means for bacterial load vs. Tsf1 induction
levels (infected minus uninfected expression, normalized by
RpL32 expression) after infection with E. faecalis in males
(solid diamonds, solid regression line) and females (open di-
amonds, dashed regression line).
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The complex patterns of association seen, however,
show that these segregating polymorphisms bear char-
acteristics consistent with predicted effects of natural
selection on X-linked variation.
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>dome5UTR_01 
GGATCCAAGATGGCGTTGGCGCCACCCCGGCAGCCGGNAAGCANCATGAGCAGCANGACG
AGCTGCTCCTGGGCCACCATCTTCCTGGTCNTGGTTCTGCTCCCAATCCTA[A/T]TCCTAAT
CCTAATCCCCTCCTTCCCTTGCTGTTAAGGTTTACTCTGGCTCNCTCTCTCTCTCTCTCTCN
CACTCTGTTCTCTCTGTCTTTAGCTCTTTTCCTCTCTTTC 
 
>domeExon1_01 
GTAGTCCAGGCAGTTGAAGTCGCGCACCAGGAGCGGCCTGGTGCCCACGTAGACCTTTGAC
TTGTTGATCACATACTCGTCGCACATGCAGTGGTAGTCGTTCTCTTGCTC[C/T]ACGGCATTC
GTGTCGCTAAACAGGATGGTGGTGTTGTTCAGGATTCGGATGTGCTTGGAATCGCGGTAGAC
GCGGCCGCCGCCTGTAAAGTACAGCTTCTCCACCGG 
 
>domeExon1_02 
GGTTTGCCAATGCCCCAATAATTAGCTGCCAAGCAGCTTACGGCGCATATTCATATTCACAT
ATAGGTACTAACCACCATCCCAGTTCCCCTCCTACTCACACTGCTGTTCCGTTGATGCGGTA
CTCGCTGATGGAGTACCGAAAGTCCGG[T/C]CCGTTCAGCTCGTGCTCCTCCAGGNGCTCC
CAGTAGAAGCGCATAGCCTTCTCCGACGAGTAGACATAGAAGCTGCCGTAGGTGACGCGNG
GAGGGCGGCGCGGCGGCGCCGGAGCGGTGGCGAACGCATAAA 
 
>domeExon3_01 
GAACGGGCACGTAGCCGCTGAGCGGAATCTGGGACAGCGGCTGGGACATCGGAGCGGTCAT
TGCAGTCGAAGGAACTGAGAACGTGTGATCATTATCCGAGGGACCGT[T/G]GCCGCCCCAGC
TCTTCATCTGTGTNGGCTTGATGTAACCATTGGTGCAACTCTGCTCCCGATCCATTTCGCTCT
CGCGCTGCTGTTGCTGCTGCTCCCGCTCCCTCTCCTGCTCACGATCCCTCTCCCTC 
 
>domeExon3_02 
TAAAATGATGCACACCCGTGCATAAATGATGAGCGCTCCGGTATCTTAGAGGACGTGCCGAT
TGTGGGCCATGGCGTTCAGATCCTGCGGCGTTACGTAGCCATTGATTTGCGGCTGGAGG[C/G
]GAGAGTGCTGGTTGCCGCCTCCCGGCGCCCCACCAGCGGCGTGCGTCGGCGATCCCACGG
TGGCGGCCAGAGGTGGCTTTATCAGCCCAGTGAGCTGCAACTGCTCCATGGTGGTATAGCC
GATGTCAGCCATT 
 
>dome3UTR_01 
TTAGCTTTATATTGAAATACAGCGATGTGCGTATTGTGTAAATAGGGTATTAATAGTATAAGCT
CGATCCGCTCGACGCGTGGATGGTTAAGTGGGTAAGTAAGTGTACAGTACGAATATAT[A/G]T
AAAAAAATACTATTGCGTTACAAATACTTTCTGCCTCACACGCATCGCAAAGAATACAAAATA
AATTACAAACGTAAAACTACATTCGTCCGAGGAGTTTTCACTAATTACTATAAACAGCTGCCC
GACAGTGGTTTCTAGTTTCCA 
 
>DreddExon3_01 
AATGCGCTCTATGATGCCCATGTGATCCACGTNGTCGTACGCNNCCACATTGTATCCCATCG
AGGAAAACACCTCGATTAGTCGTTCTTTATCCACATCCGTGCCATCCCGTCTACGCAGTGG[
G/T]TCGGGCGACAGAAATTTCTGTGGAGAAGGGCAATGTTGTACTTCTTTTTGTTACTCAATA
TTGCAGAGATGAAACCATATTATCCCTGCTAACATTCCGGTGAAACTTCTGCTGGTTGATAAT
CAAGGC 
 
>DreddExon1_01 (DreddExon2_01) 
GTTACTCAATATTGCAGAGATGAAACCATATTATCCCTGCTAACATTCCGGTGAAACTTCTGC
TGGTTGATAATCAAGGCGATTCCTGCGTTCTCCCGGGTCAA[C/T]TTAAGAGCATCTATTTGT
GTGGAACAGTACGACTGCTGGTTATCCGATTCAATCTCTTGCTTGACTGCCATCGCAGCAGT
GCCAGCCGCATCTGGCTCCGGAGCGT 
 
>DreddIntron1_01 
CACTTTGCGGGAAGTCTGATCGTGTCATGGCCAAAAGTTTCTGCAGAATGTAGGTGGCATCC
GAGTGGTCGTCGCCATAAAGCAGAAAGCAGAGGCCCACCTA[G/A]AAGAAAACGAAGGTTCT
ACTGTTTAATTAACACTTTGGNCTAGCGGATGTGTAAAACATTTGAGTCATATTCGAAAAGTC
CTCCCAGGGAGGTGCCATACCTTTT 
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>Dredd5inter_01 
CCGATCGATATCGATAAATGGATATGTTTTCTGCANNAGCGAAAGATCGGGGTGCTACCTAT
TAATTATACTTAAGAAACAGATGATGTAGTTTTTTGATAT[A/C]GAAGTTTAACAACCGGTTCA
ACAATCGGTTAATATTTAAAAATGTCGCAGCCAGCGAGCCTTTAGCTTTAAAAGTAAGCTTGC
GTTCACGGTTTTTGGGGAAATACCAAATATACTAGGTAAAAACATCGATTAACTAATAT 
 
>Dsor15inter_01 
TTAGTAATATCTAATCCTAATATCCTTTCCATTTAAGTTGTGACCATTGGCCGCTTTAGTCGTA
GGAGTGTATTAACGGTATTTGGTAATCGCGACATCTGGCCA[T/C]ACCGCACCGTCTGCGAA
AAAAACCCAAAAGTCGCCGATTTTGGCTGATTATTGCAAAAATAATATTAACTATCCGTTTGC
TGTTCGTGTGCTCGGTTCGGGTGTG 
 
>Dsor1Exon2_01 
GTCCGACGAGGATCTGGAGAAGCTGGGCGAGCTCGGATCGGGCAATGGCGGCGTGGTGATG
AAGGTCCGGCACACGCACACACACCTGATCATGGCCAGGAAACTGATCCATCTGGAGGTGA
AGCCGGC[G/A]ATCAAGAAACAGATCCTGCGCGAACTGAAAGTCCTGCACGAATGTAATTTC
CCGCACATTGTCGGTTTCTACGGCGCCTTCTACAGCGACGGCGAGATCAGTATCTGCATGGA
GTATATGGACGGTGGA 
 
>hepExon1_01 
CAGGGGCGNGACGCGGGCAGATGGAACGGAACCGGAAACGACAGGGCCGCGCGCACCGGA
GAGGACGATCTGGTCGTGGGACTCATTCTGCGCCTGGAGCTT[T/C]GCCTCCAAGGATTGCA
GCCGACTGCCGATCGTTTCGAACTCAATGGTGGACATTATATCGAGTCGATTTGGTTCGATTT
TTTATAGTTAGTTGCTAGTATCGTTGGATTTTGGTATT 
 
>hepIntron1_01 
AATTTCTATCAATTTAAGCCTNATAAATAATCGAATAACGACNACTTTTGTCTTTAATAAACCA
ATTTTGTTCNGATAAATTAACATATAGACCGTTATATTTTGTTA[G/A]CTATTTATTCATTTAAC
TTTTGCTCGCTCATTATGTACCACGAACTTGAAANNCTATNCAATAGCTGATTNCACTGTTAA
AATTTGGGTGTGATTTTAAGTACCCCTGAAA 
 
>hepExon2_01 
ACCGGCTTCTTGGACAGCTTGAGCAGCTTGTCAAAGCACATGGACATCAGCTCCATGCAGAT
CCACACATCCGGATCGCGAACGAAGCAGCCAAGGCACTTGAC[A/G]ATGTACTTGCAGTCGT
GCGATTTGAGCACAACATCCAGATCCATCAGGATGCGTTTGTTCTCCTCCGCGTTGCCAGTG
CGTCGCATCTGCTTCACGGCGATGATCG 
 
>hepExon3_01 
TAGTCTATTTTTCCCTATCATAGCCCTCNCGCTCTTTATACNCACCGCCATATAAGCTGCAC
AGCCGGCGGATCGAGTGTTNGCCTTGGAGTCCACCAGGCG[T/A]CCGCTGATCCCGAAATC
ACAGAGCTTGATGTTCCCGCGCTCATCGATCAGAATGTTCGAGGGCTTCACATCTCGATGGA
TGACTCCGTGCTTGTCCTTCA 
 
>hepExon4_01 
GACTAAAGTTGTAACCCTCGCCGTATGGCAAACACGGCGGCTCCGAGTCAAGCACCTTGGT
GAGCACCTCGAAGTCCGTGTTGCATCCCTCGTACGGGGATCGCGC[T/G]GTGGCCAGCTCC
ACCAGCGTTATGCCCAGTGACCACACATCTGCGCGAATGTCGTACTTTGGTTTCTTGGGGTC
GATGCGCTCCGGCTNTAAAAT 
 
>hepExon5_01 
AGCGGACGGGTCGTGGGAATAATGCTGAAGGATCTGGCACAGATCACCGGATGGGCTCACC
TCTGGAGCGTTGGATCGCCATTGGNGCGCAGTCGGTTATCCTT[G/A]ATGCTCTGAAACCAA
TTGGGCACATCTACTTTGGCTGATTCATAAATCCGGATGAAGGGCTGGGCCAAAAGCTCCGG
ATACTTGGGTCGATCCTGATGGTTCTTT 
 
>hepExon5_02 
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ACAGGCACAACANATCATCAGCCGGGAATAGCGGACGGGTCGTGGGAATAATGCTGAAGGA
TCTGGCACAGATCACCGGATGGGCTCACCTCTGGAGCGTTGGATCGCCATTGG[C/A]GCGCA
GTCGGTTATCCTTNATGCTCTGAAACCAATTGGGCACATCTACTTTGGCTGATTCATAAATCC
GGATGAAGGGCTGGGCCAAAAGCTCCGGATACTTGGGTCGAT 
 
>hepExon7_01 
TTGCTTGCGCGGCAACGAGGGGGAGGGTGAGGANAGGCCCAAATTCAAGGTCGTCGTGGTC
GCATTACTACTACTATCACAGCTGTCGNAGGCTTGGGAATTTTCCG[T/C]TGGCAGGCGCCA
AGTGGGCGTGGTCGTTGGCGTTGTCNTGAGCACTGTAGCTGCAATATTTGGCGGTGTTGTTG
CTGTTGCCGCCGCNGCTGCTGCTGCTGTTGCTG 
 
>hepExon7_02 
GTGAGTTGCAGGGTCGGCGATTCTGTGGGGAATTGCTTGCGCGGCAACGAGGGGGAGGGTG
AGGANAGGCCCAAATTCAAGGTCGTCGTGGTCGCATTACTACTACTATCACAGCTGTCG[T/C
]AGGCTTGGGAATTTTCCGNTGGCAGGCGCCAAGTGGGCGTGGTCGTTGGCGTTGTCNTGAG
CACTGTAGCTGCAATATTTGGCGGTGTTGTTGCTGTTGCCGCCG 
 
>hepExon8_01 
AGAGGTGGAGTGCGTTGATGGCGGCGGCGGCACATAGTTGCTGTGAAACGGATTCGTGCTG
GTCACTCCAACGGGCGGCTGCTGGCGCTGCTGCTGATACCGCTC[A/G]GCCGCCTCCTTCT
CGCGCAGCTGATTCTGCTGGTGGTAGAAGCGCTGCAGCACTGCATATTGAAATTNATATGTT
AGTTNCANACATANCCCAGCAAATGACTAGATCATTATACCT 
 
>hepExon8_02 
CCATAATCCGACTGCTGTTCCGGTGATCTAGNCTGGAGCGTGGGACTNGTTCCCGTTGCCT
CGGCGGCGATGGGCAGNGGCTGATACTGCAGCTGCTCGCCAGTGCCGCCCG[C/A]TCCAAA
GTGACCAGCTGCCCCCAATCCCGATGCCGGAGCCGAACCGATTCCCAATCCCGCCATGTTT
CCCGTTCCGGAACCAGACGATGGNGATATGCTGGCGGGATTGATGG 
 
>hepExon8_03 
CGCTCCGCTGCTGGAGCTCTGNCCCAAAAGTTGTCGGCGTGCGTACAGCTTGCTCAGCTTA
CTGGCCACCATGTTGCCGTTTCCTCCATAATCCGACTGCTGTTCCGGTGATCTAG[A/G]CTG
GAGCGTGGGACTNGTTCCCGTTGCCTCGGCGGCGATGGGCAGNGGCTGATACTGCAGCTGC
TCGCCAGTGCCGCCCGNTCCAAAGTGACCAGCTGCCCCCAAT 
 
>hepExon8_04 
AAGAATGTTATGATTTTATTTCTGAGCTTGTGGACTAGTTAGCAATTCAAGTGATGGCTCACC
TGCATCGTGTTGCTCCCGACTGCAACCGTCCAGGCT[G/A]CTATTGCTCGCTCCGCTGCTGG
AGCTCTGNCCCAAAAGTTGTCGGCGTGCGTACAGCTTGCTCAGCTTACTGGCCACCATGTTG
CCGTTTCCTCCATAATCCGACTGCTGTTCCGG 
 
>hepExon9_01 
AAGCTACTGGTGCCACCGCCGGGCAGCGGTTCCGTCGTGGGCGAGGTGCTCTGGCTGGTAT
TNNTACTGCTGCTGGCCGCCGACAAGGTGCGATAGTAGTAAGACTTGCCACCGCTGCCGTT
ATT[C/T]ACAACGCTCCTGTACGCCGGCGGCTGCGGATGCACTGGCTCCTGGTCTCGATCCA
TGCTGGACGCCACCGGCGACGTGGCTGTGGAATTCAATTGGGTTTTAACATAGGTGGCAAAC
TGTCGCTTCATGGCACCGGCAAGAGTGTTGA 
 
>hopExon1_01 
GCCAAATGGGATACCTGATGCACATAGTGCCACTTCAAACGCTCCACACTCAGCGAATTCGC
TTTTAGACTNCGGAAAACCTCACGTATCTTGGAGCCCACAAAGAAGCTGTGGGCGCGCCAC
A[A/G]GCTCGGTGGCAAATACAGTTTGTAAAGCTTCTCGATGGAGCGCATCGCCTGCTGATC
CTCCGACTGTTCCTGATCGTCGATTAGCATATCCATCACGGCCAGTCCCGTTGATTTGTCC 
 
>hopExon1_02 
AAAAGACCAAGCAAGTTCGGCTTAAAAGATTAAAATTTAGTTGGAAGCGAACTCTTTGGGATN
TAAAGNTCACCGATTACAAGTGAACCACTCACCTGATGTAGAT[A/G]CCCAGGTAGGAGATG
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AAGGACTTCATCTCCTTCTCCGTCTGAAACTGCATCTCGTAGCCCTTGGGCAGACCAACGAT
TTCCAGCCGCACAGAGG 
 
>hopExon4_01 
TGATGTGCGCCACTTCGTGCAGTGAGTTTANTACATGCTCGCCGTTGTTGTAGCTTAGCTTC
CATTGCGAGTCCTTGCGCACGATCCTAAATGTCTCCGTCTTGCA[G/A]CGTTCCTGATCGGTT
TTCTTGGCCATGCTGCAAAGGTGAGCGGGATTTTCGCATGAGATAAAACCGATCACATCTAA
TTNGGGCATCATCAATCACACACACA 
 
>hopExon4_02 
GCAGTAGCAGCAGCGGCGGCTTGTCATATTTGGAGGCGGGNATGCNATAGCGATCGGGACT
ATCCGCTTGAATGATGTGCGCCACTTCGTGCAGTGAGTTTA[G/C]TACATGCTCGCCGTTGTT
GTAGCTTAGCTTCCATTGCGAGTCCTTGCGCACGATCCTAAATGTCTCCGTCTTGCANCGTT
CCTGATCGGTTTTCTTGGCCATGCTGCAAAGGTGAGCGGGA 
 
>hopExon7_01 
AGACAGTGCCATAATGACCGCGCCCGATCATGTTCTCCATGTTGTAGATCACTCGACATTCG
CTGGTCAGCGGTATGACCATCAACATATTCGAACGCGGAAAGGGTAG[A/G]AAGGGTATGTC
GCTTCTATCGATCACGGTCTCGTCTCCAGTTCCATNTGGAAAAAAAAATAGAAGATGAAATGT
ATGCCAATCTCNTAACGCTGCTTTCGNCTGCTCA 
 
>hopExon7_02 
AACCACTCACATTTGCAATATCTAAAGCGAAGCTGACGAGCCGTGGATTATTGAGATTGGGT
GCCGTGAAACGCAGGTAAATGTCGAAGGAACCAGATTGCAGATA[T/C]TCCATAATGATGCA
GTGCGACTTCTCAGCCCAATACTTGAACTTGACTATGTTCGGATGACTGAGGGTGCGCATGA
TGCCGATCTCGCGATGAAAATCGGTCGACACCTG 
 
>hopExon8_01 
CGGAANTGGCGAANTGCGCCAGGCCGANGTCTGAGATTTTGACGCAGTCACCATCGCCGTT
GTGGTCCACCAAAATGTTGCGGGCGGCCAGGTCGCGGTGGAT[G/T]AGTCCCATGTCGGACA
AGTATTTCATGCCCTGCGACGAGAANCATTTGGATTAAGTACTGNATCAAAAGGAAATATNN
CTTCTAAAGTCGTAAACATGAGTTTTCTATACCAAAG 
 
>lzIntron1_02 (lzIntron2_01) 
GGGCTTCCACATCGTGGCAATCACGATCATCGGACGCAGCCTTATCGGATTCCATGGGTATG
ATGATCGTGATGATGATACCGATGGCGATGATGATGGTGAT[G/A]CCAGTGAAGATGGGACTG
GCATCGCCGTCGGAATATGCGTAAATTGATATCAATAATTGTTATTGATATCAACGCACGAGN
CGTTCCCCTTTTTTATTTTGTTA 
 
>lzExon5_01 (lzExon6_01) 
CGGTGCTGCCCGAGATGCATGGCCATGGATTCGCCACCGATCCCTACCAGACGGCCGGCTA
TGGCGGTGGCAATACGGGCGGAGGCAGTGCATCCAAATCGGAACTGGACTA[T/C]GGCGGC
AGCTACAATCAGGCGTGGTCGAATGGCTATCAGAACTATCAGTATGGCAGTTGTTTGGCCAC
CGCCCAGTACGGTCCTCAGG 
 
>lzExon5_02 (lzExon6_02) 
TCGGAACTGGACTANGGCGGCAGCTACAATCAGGCGTGGTCGAATGGCTATCAGAACTATC
AGTATGGCAGTTGTTTGGCCACCGCCCAGTACGGTCCTCAGGC[G/T]GCGCCGCCACCACA
GCCACCGCCTCCGCCGCCGGTGGTGCTGTGCCCGCAGCTGTACTCCACGGTCAATCAGAAT
CAAATCCACCTGCATCTGCACAGCAGCGAGAAGCTG 
 
>lzExon5_03 (lzExon6_03) 
ACTCCACGGTCAATCAGAATCAAATCCACCTGCATCTGCACAGCAGCGAGAAGCTGGAGCA
GTATCTGGGCACGGCCACTAGTGCGGACCATCTCACCATTGGATC[C/T]CTGACGGGCAGCA
GTCGTTCCAGCATTGAAATTGGCCAGGATCAGTACCANCAGCAGGTGCANCACGCACAGCA
GCAGCAACAGC 
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>mxc5inter_01 
TATCGATATAGTCCCGTTGTTTGCGCTTGGCTGCCAAGCCTTATTAGGAGCGNGGGAAATAA
TGGTAATAATTAAAGCAAAGAAATACGTCTCTTTCGCTTAAAA[C/A]AAATTATAGCAGTTTTT
ATTGCTTTGANGGTCTTGCTTCAATTCGTTTTTATGTGTACGTTACAGTACTTAGAATCCGATA
TTCGTTAAACTATCGATATGGGAATGCTGC 
 
>mxcExon2_01 
CATAACNCTGATCATGTTATTCTTTTACAGATGTACCATTGGAAATCTTTCTCACTTTCAATAA
GATAAAGACGCTCACCCAGGATGTGCAGCAGATAGCCAAGGC[A/T]CTAAGCAACTCCCAGC
TTCTGGAGCTGGATGAGACCGAACTAAAGGTCAAGCGACGTACCAAGCTACCAGATCAGCG
CGATGTCAACGACNAAACCTTGTA 
 
>Ntf25inter_01 
GTGAAAATACAAGCGATTCCACATTATGAATAAACGGATCTAAAAATCAACTTTAGATACCTT
ACAATGGATTGTAAGTTGCGTTAGNTTAAGTATGACCTG[C/G]AATTAAACAACAAATCAAAG
AAAAGTCGTCCCGAGCGAGGAAAAAAAATAATATATGAAACACAAATAATTGTTTTCCAAATG
ACCAAGTATTACGCCTGACAG 
 
>Ntf2Intron1_01 
AAGTTTCGGGTGACACATTACGCCCANGCNCGCATAAATAAATACNCACATACGAAATATAT
GGCCAACATACAACTGCGGTNAGCACNATAGGGCCCAATATAC[G/A]ATATAAATTCGTGAA
AAAATTGTATTAATATCTTGAAAAATATGGCATAATTGTGTTTCATTAGTTTCAATCANTTCAG
TTNTTTTGTCACAT 
 
>osExon1_01 
AGCTCTGTGGAGAAGCAGATAAAATGGGGAGCGGATTACATATGGATCGGGTCCAAAGAGCG
CTGCCGTTTGAACTCACCTGCCTGGGACGCTGGCGATTGAAGCGATCACCCGCCGAGGGAT
GATAGTTGCCACCGCAGGGATTGG[C/A]CCACTCCAGGGCGGTGGTGTTCTCGTCGAAGTTG
CGATAGTCGATCCAGTTGCTGTTCCGCTTTCTGTGGCGCTTGCGCGGACTAGCGGCGCTGG
CAGGGATCGTGCCCTGATTGGGATG 
 
>PGRPLE3inter_01 (PGRPLEExon3_01) 
CAGCAAACTTGAATACTCACAGATAACCACATATTTAACAGGCAGTTGCAAGGGCAGTGGCT
CGTCCATGGGCTTCTGTGCTAGCCACGAAGAGCGCGGAATGATGGCG[G/C]ACAGCTCCTTG
GGTATTTTGAATTCTGTAAGTGAAATCGGTATCCTATGGTTAACGTGTATGCATCCCCTGGTG
AATGATAGCTTACTCTGGCGCCTGA 
 
>phl5UTR_01 
CGACGNNNTGTGTCGGGGCTGCCACTTGAATCNAACCCATNTATGTTTCTTCCATCACTAC
CNCCTGNACCTTGTATATGGTTAGTTGATTAATAGCCACGTCA[G/A]AAACTAATTTACCTGT
TGCCGCTCGTACCAGATCCAGATTTGTACTATCCCGAGAAGTTAAAAGCTCTAGGCAAATTA
ACAATTAGCCGCGACACAAACCCCGTTTC 
 
>phl5UTR_02 
ATTCGCGGAAAGTAAATAAATTGTTATAGCCAAGGTGAAATAACGAGCGGCCAGCTAGTGGC
GATACTGATACTNTTGCGAACGTTGGGCAGCCACCGAC[G/A]GTGCCGGCTGGTCAGGNTGT
TATCGGGTAATTGGCAGCTCCTTTGGAAAATCCTCAAGTTCAGCTGCTTCTGCACACACTGA
CCTTCATTATACATACATACCGTATATA 
 
>phlExon2_01 
TGCATGTGGAGGAGATCTTTGTCAGGCTGCTGGATAAGTTTCCCATTAGGACACACATCAAG
CACCAGATCATACGGAAGACCTTCTTCTCGTTGGTATTCTG[C/T]GAGGGCTGTCGAAGGCTT
CTGTTCACCGGGTTCTACTGTAGCCAGTGTAATTTTCGATTCCATCAGAGGTGTGCCAATAGA
GTGCCGATGCTGTGCCAGCCCTTTCCCA 
 
>phlExon2_02 
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CTGTAGCCAGTGTAATTTTCGATTCCATCAGAGGTGTGCCAATAGAGTGCCGATGCTGTGCC
AGCCCTTTCCCATGGATAGCTACTATCAGCTACTGCTGGCCGA[G/A]AATCCGGATAATGGC
GTTGGTTTCCCCGGCAGAGGCACTGCTGTCCGCTTCAATATGAGCAGCCGGAGTCGCAGTC
GTCGTTGCAGCAGCAGTGGCAGCAGCAGCAGCT 
 
>phlExon2_03 
CCGGATAATGGCGTTGGTTTCCCCGGCAGAGGCACTGCTGTCCGCTTCAATATGAGCAGCC
GGAGTCGCAGTCGTCGTTGCAGCAGCAGTGGCAGCAGCAGCAGCTC[G/A]AAGCCACCATC
TTCATCCTNCGGCAATCATCGACAGGGTCGTCCGCCGAGGATCAGCCAAGACGATCGTCCA 
 
>phlExon4_01 
ACACCGAGTCCCGCCCAGTTGCAGGCGTTTAAGAACGAGGTGGCCATGCTNAANAAGACGC
GCCACTGCAATATCCTCCTCTTCATGGGCTGTGTATCCAAACCATC[T/C]CTAGCGATTGTGA
CCCAGTGGTGCGAGGGCAGCAGTCTCTACAAGCACGTCCATGTCAGCGAAACCAAGTTTAA
NTTGAACACGCTCATCGATATCGGACGTCAGGTGGCC 
 
>phlExon4_02 
TCTCTACAAGCACGTCCATGTCAGCGAAACCAANTTTAANTTGAACACGCTCATCGATATCG
GACGTCAGGTGGCCCAGGGNATGGATTACCTGCATGCCAAGAA[T/C]ATCATTCATAGGTGG
GTTTCCGTATGGTCANCAGTTGTAATCGGTTAANAATNATATTTTCATTTCTCTCTTTTAGAG
ACCTCAAGTCAAACAACATCTTTTTGCACGAGGA 
 
>phlExon5_01 
GGCCACTGCGAAAACTCGATGGTCGGGTGAAAAGCAAGCCAATCAACCCACGGGCAGTATT
TTATGGATGGCTCCAGAGGTGATTCGCATGCAGGAGCT[A/G]AACCCCTACTCCTTCCAGTC
GGACGTTTATGCNTTTGGTATCGTGATGTACGAACTGTTGGCGGAGTGCTTGCCCTACGGTC
ATATTAGCAACAAGGATCAGATCCTGTTTATGGTGGG 
 
>phl3UTR_01 
ACTACTGAAACTAAACTAAACTAAACTAAACTAGCTGATCGCAATTACATTATACACATTATA
CTTATACTACAAGAGATGGTGTTGTTTCTGGAGTCGAGC[A/G]CGATGAAGAACATTTAATTC
AGGTATTATTTGTTATNCCATTGTCATTAACTACTTCTTGGTTTATGTTTACACACAAGGTTCT
AGGAATTTTTAAGTATGGAACCACCC 
 
>Pvf15UTR_01 
ACAAACTTAAACGCGCTCAAATATATATCACAAATTATTAAATACAAAACCCCCCATTTGTGC
ACACATATTTTTTGTTGTTTGTTTTTCGTTTCGTGCTAACCGATTTGTGCCATTGAACTTCGTG
TAAAACATAATATTT[A/T]GAATTTTCAAGCCGTGTTTCCATAAAGTAAGTGGTGCTTCTCAAA
ATTTCAACATTTCAACACAAATCAGCAGCGTAAACAAACAAGCNAGCGACCCTCGAC 
 
>Pvf15UTR_02 (Pvf1Intron1_01) 
GTATTGGAATTCTTGTGCGGGGAGCAATTGCCTGGCGGGAGGCACTCCCTTCGCGTAATTAA
GGACCGCCCAAGTGGGGATCGCGNTNCCGAGATGATTCCTTT[T/C]GGTTCCTCGCCTTCTC
CTCCTTGAGATTACTTGATATGATTTGATATCTTCGGGTGACGCACCGGGAAGGAATGCCTC
GAAAGTGTGAGAATAAATACAGCTGA 
 
>Pvf1Exon1_01 (Pvf1Exon2_01) 
GAAAACTGTTCTTCCATCGCATCCGCATGGCCATGTCCCGAATCCGAATNCTGAAGCCCATG
CAGCATCCATTGCTCNTCCTGCCAGTGCTCCTTCTCGTCCTGATCGTCAGCGAG[G/T]CAGC
GGCGGGCTCCTTGGTGTCCCCGAACAACAGGCANCCNTCGCAGAGGTTCTTCTACGCCGCC
GCNACGTCCTCCTCCTCCACGCAGACCAAGGTGCGCCTGCT 
 
>Pvf1Exon1_02 (Pvf1Exon2_02) 
GCANCCNTCGCAGAGGTTCTTCTACGCCGCCGCNACGTCCTCCTCCTCCACGCAGACCAA
GGTGCGCCTGCTCCGCCANGCGGACGATCCCAGTGCGGCGCCGGGT[G/A]CACTGGAGGG
CAGCTGCTGCCAAGGAGCAGCTGCGGAAGCCGGAACACCATTGACGGTAAGACAAATGCTA
CAATCACNCCACACATCCATCANTATGGTAA 
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>Pvf1Intron1_01 (Pvf1Intron2_01) 
ATCTGAGACCCCAATCCCAGACCCCAAACCCCACCAAAGATCGGGAGCAGCCGGTGGACAG
TGGCGCCGTTGTCTCAGCATATTCTCACGCAGCGAAATGGGAATAGAAACTACACACCAA[A/
G]AGTACAGTTTTAACTAAATTTTGTAACTAGCAAGNNAATTTTATNTTTNTTTTATTAAAGNA
GNAACTTGTAGATACTTTTGNAANCAATTTACTAAGTA 
 
>Pvf1Intron1_02 (Pvf1Intron2_02) 
TGCTCCTCCGCCGCTTGGAACGGCTACCGAAATACGGTCAAAATAACTGGGTGACGCACGA
TGGCGTCGATTTGGTGTTNATTCCATCCATTTNTATGCAGTCGCCGTA[C/A]GTTTTTCAATG
GAATCTCGACGTCGATACGCATGGTAGTAGTGGTAGTAGTGGTAGTAGTGGCCCATGACTAA
ATCCAAATGAATTTGCGGNTGAACTGAATCCATGT 
 
>Pvf1Exon4_01 (Pvf1Exon5_01) 
ACCTAATATCCCAATTACNATATTCCCAATCNCCAGCAACNGTGAGGAATGCAACGCCGGC
GAGCTGCTCCCCGCAACCGACGATCGTGGAGCTGAAGCC[A/G]CCGGCGGAGGACGAGGCN
AACTACTACTATATGCCCGNGTGCACGCGGATCAGCCGATGCAATGGATGNTGCGGATCCA
CGCTGATCTCCTGNCAGCCAACGGAGGTA 
 
>Pvf1Exon4_03 (Pvf1Exon5_02) 
CTGCGGGTGCGCAAGGTGGACCGGCGCGGNCACNAGCGGACGCAGNCCGTTCANNTATCA
TCNCCGTGGAGCAGCATACGCAGTGCCGCTGCGATTG[T/C]CGCACGAAGGCGGAGGACTG
CAACGTGTACCAGTCGTATCGCAAGGATNTNTGCCGCTGCGANTGCCACAACACNNANGCC
CGGGACAAGTGCCTGGAGCAGGCCGAGA 
 
>Pvf1Intron4_01 (Pvf1Intron5_01) 
TTTTTGCAGTTAAAGTAGAAAATGAATTAGTGAAAAACATTTAGTAGTTATCAGTTCAGAGTTC
TCAGGTNCCACTGTTTGGTTTTTGGTTTTTGTTTAAACTTATTATTTGTTCAACTGCT[G/A]GC
ACACACTCTGTACATATATATAGTTTACGTAATTTANGNCACTTTATAAATGTATGTANGNTT
TTACTTCNGTTTCTTTTGTGTTTCGTTTTAGATTAAAAA 
 
>Pvf1Exon5_01 (Pvf1Exon6_01) 
ATAACCTAAAATTGTTAATTAATTTTCGATTTTGTTCTTTCATTCGCAGCCGGCTGCACCCAT
CGATGTCTTGGATCGCAAACGCTTCATTGTCCAGGCGGTACAGGTGGA[T/C]CCCGATAACA
CCACCCTGTACAGTGTTTGAGGACAGTTGGTTCGCCNCGGAGNNCGAAGTAGAAACGCCAG
CNTCCTAGCGGGGAATCCCCGAGTACTGAGAAGG 
 
>Rps65inter_01 
ACACGAGAATGGAGATAATTGCACTGATTCATCAAACATGCTATATTGTGCGTTCTAAATATT
TATTTATGCGACTTTTTAAATACATCTTGAAACGAATTATATCG[G/A]TACAATCGATTTCANN
ATAAACTTCAAAAACAATATATATAGATTTTANNGAATTDCTGCATTCAATNTCGNNNNCNC
NNNNNCATCCCTGGTCTCACAAGC 
 
>Rps6Intron1_01 
CAATCNCTGGACNTTNTCGCTTGCAATTTGTTTGATCNCCGCGCCAATGCTTGCGCTTTAGC
ATTTTCGCAATATTTCACAAATTGATATAATTTATATCAGTA[T/A]TATCACAAATTTTTAGCNC
ACCTTCATATTGTCGGTCTGTTTGCNCGCAACGCAGAAAAAAAAAGAAACGGCGGAGGTCTG
TTGGCTGCGAGCGCAGGGTTGAAAA 
 
>Rps6Exon3_01 
TTGGACTCCTTCTTGCGCTGCACCAACAGNTTGGCGTAGTCGGCGGAAGCCTCCTTGGAAG
CGATCTGGCGCTTCTTCTTCAGCGCAATGCGACGGTGCTTGCGCTGCAGCACAACGGG[G/T]
GTGATCAGGCGCTGAATTTTGGGGGCCTTGGAGGTGGCCTTCTTGTTGTCCTTGGCGGGCAA
AGGGCGACGCACAACGAAGCGACGCACATCATCTTCCTT 
 
>Ser75inter_01 
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CTGGAAGCGCGATTGGAAGGCGGCAACGGGTTTTNCCGCCCAGCCGCAATCAATGAGAATC
GATCCGATCGTAGCTAATCAACGCAGCGTCGGCGATGGAAAAG[G/C]CAAATCAAAAGCCAA
TCTCTGAGATTCAAAAAGCTTCCGAGGGTCGCGGCTTGAGGTTGCCGATCGCCAGTAGATCA
GTAGTTGATTGCCAGCCACCGGGGACGC 
 
>Ser7Exon3_01 
TGAACTGGCTGCAGATGCAGAATCTGGAGCCCGTCTGTTTGCCACCGCAGAGGGGCAGGTA
TGCCAATCAGCTGGCCGGCTCAGCNGCCGATGTTTCCGGCTGGGGC[A/C]AGACCGAGTCC
AGCGGCAGCAGCAAGATCAAGCAAAAGGCNATGCTGCACATCCAGCCGCAGGATCAGTGCC
AGGAGGCNTTTTACAAGGACACCAAGATTACGCTCGCCGATAGTC 
 
>Ser7Exon3_02 
CGGCAATCGATATGTCTATCTGGCCGGCGTGGTCTCCATTGGACGGAAACACTGTGGCACAG
CGTTGTTTTCCGGAATTTACACCCGGGTCAGCAGCTACATGGACTGGAT[A/T]GAAAGCACC
ATTCGAGCCAATCGCATTTAAGCGACTCTCGACTTTCGTTTCCGTTTTCGGCTATTTTTGGGC
ACCCATAACGCAAAGTCAAGCTCATTGTGACCTT 
 
>Tak15UTR_01 
GCGCTATTTTGGTAGAATTACNGGGATTTCGCCTTTTTAGTGGCTACGATTCCGTGGGTTCCC
GATTTCATTGCTGGCTAACTGTGCCTTTGGTTCCCTCTTGGG[G/T]ACAGAGTTTTCGGAATC
TTTGCAAGATCTAGACCTGGATTCATCATAAAGTTTCTNGCCTTTGTATAGATTGCGACTGAC
AACTTTTACCACGTCATTT 
 
>Tak1Intron1_01 
TGGGTTTTTTAACNGAGCTGTTACNAAGCATACACTTTTAAAACGAAAAAATAACCGNTTATA
GATTAAAACATGCTTTNTGAAAGTGCGATAATCGTCT[G/T]ACTAACTAAGAATGAGTACTTG
CTCTGCCCTAAATGGTATATGATTACTGGTTGTTTATCGTTTCAAGATTGCGTATACGTATAC
ACCAATAGGAGCTCTAGACTTT 
 
>Tak1Exon2_01 
ACGCGCGACAACTGCTTCACCTCCTTCTCGATGTCCTTCTGCTCGGCGCTGGCGAAGAACT
CCTTGACGGCAACCAGCTTGTCGCGCCAAACGGCCTTGCAGACCAC[T/A]CCGTAGGACCC
ATGGCCGACTTTCTGCGGGGNAAAAGATTATTAGATCTGANTCAACAGTTGTACCCTCNTTG
NGCANNACTCCTCAATACNNANTATACGTTATACANCTTG 
 
>Tak1Exon3_01 
GCTTCCTGGACAGAACCTCCCATAGAACAATGGCCCAGCTNAAAATGTCACACTTCTCCGTA
TACTTGGAGCCTTCGAAGACCTCGGGCGCCATCCAAGCGGCACT[G/A]CCGCGATTGTTGGT
CATCATGGTCGACTTGTCCGCCACCGTGCCGAAGTCNCATATCTTCAGATTGNNTCCCTTGT
NRRTCAAGAGCAGGTT 
 
>Tak1Exon4_01 (Tak1Intron4_01) 
ACAATATCGAATTTAAATTAGGTTTTAAAGACGGGCAGAGTAAAAGAACGCTTTCCTCAATAG
ATGTAAANAATTNACCAATTGACTCTTTTACAATTGTGTATTGACCCAATAAAGC[T/C]GTCTC
ACCTGTTGATTAACAAANGTGTATTCCAGGGCCTTGTCCGCCCCCGTATAGTCCTTGACGAT
CTCGTGCATAACGCCCACTATGTACTGCATCGACGGG 
 
>Traf2Exon1_01 
GGATGCACCATGCACAACTTGATGCGACCCTTGAAGGGCCAGTCCAAGTGGTAATCGTTCTC
CGACTGCATCAGATGCACATGCAAGCTGAGCACATGCGGTTT[C/T]CGCGGCTGAATGTTCA
GCCGCGCACAGAANTTGTAGCCATGNGGCGAGGTGTAGCACTCGTGCGAGTACACTTGATT
GTTGGCATTNGNCCGCAGGCG 
 
>Traf2Exon1_02 
TATTCTCCAGTCGCGTNTCCTGCTCGCGNNTNNNNTNTTCCAAAACCACAATTNNCTGGNA
CATCGTTTGCACAATCTGCTCATCCACACCATTGGCATATTGCG[G/A]CGGTGGCGGCAGCT
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GCTGCTGGCCATGACCNTTNTCCACGGCGGCGCCACTTGTGCTGGGCTTGTGNGGCTGCCA
GGTGGCAATGGCTGTCTGCTGGAATGCCTGCA 
 
>Traf2Exon1_03 
AGATGTCGTGCTCGGCGGACAGACGCTTGTTGTCCATGGGGCAGCATTGATTGTTCTTTTGC
ATCCAGGCGGTGAGGCAGCTGCGACAAAATCGATGGCCGCACGA[C/T]GTCAACACCGGCT
CATTTAGCCAATCGATGCAAATGGCGCACTCGTATCGCGAGTCCAGCAGCTCCTCCTCCTGT
TCCCCGGATGTATCCGAACCNGGTGCAT 
 
>Traf25inter_01 
TANCGTGTTAATTGTGCTAAATTTAGTTNTTATTTTACANNTAANANNAAATCAATGTAAAAC
CATCACTTGTATAGTTTANTTGGTTGTTAGAAGCTGATA[G/A]CGTGTAAACAACATGGCCTG
CGCAGATGCAGGCCAGTGTGAACACNCTCGTTTNGTTTTGGCGGCGGTGGGCGAGCATATA
AAACGGCAGTGTTTTTCGGATTGGCGAGC 
 
>Traf3Exon2_01 
TCCCATNTGAAGGAGTGTCCACGCAACCAGCACAATCTGAGCAATCAGCAACGCATGAGTG
TCAGCATGGATCGCCTGGATAGGCAGTCGGATCAGCGTCT[C/G]CTGGTCATTGAACAGGAC
GTGGGCACCATTCGGTCCGTTCTCAACGAGGAGATACGACAGCGTTTGCATCTCATTACCGA
TGTGGGCAACATACGGAAGCAGAACCA 
 
>Traf3Exon3_01 
TGAGAACGAGNGNCTCAACNGGGAGAAGTTCTTTCAGATCGAGGAGTTNCTGCAGCAAGAT
CAATGAGGACATCAAAACAAAGCTGGGCAACAGTGACTATGTGACGTC[A/G]AAGCAGGCCA
CATTGGACTANGAGGTGAAGAATGTGAAGAACATTGTGTGCGAAACGGAGGAACGTTGCGAT
AAATTGGATCGAGCACTTCACCAGACCATGCAG 
 
>Tsf15inter_01 
TAGCATACTAATTGATTTGCGAAAATCGCATTTAATGGCATAGCCATATATCAGTGTCGNAAA
CTCGTTTGCCGGAGTATATAGGCCTGGATTGCCGCCCACTCA[C/T]GCCTTTCCTCGGGGAA
AAACCGGTCGCCTGGACTGTCTTTCTTTCTTTATTGTTATGATTGCTATTNTTATTATTATTAC
TATTATTATTGGTATTGGTATTGGTATTA 
 
>Tsf1Exon2_02 
TGGAGTGCGTGGCTGGACGGGATCGAGTGGACTGCCTGGAGCTGATCGAGCAGCGCAAGGC
CGATGTGCTGGCCACCGAGCCGGAGGACATGTACATCGCCTA[T/C]CATCGCAAGAACGAG
GANTATCGCGTGATCTNTGAGATCCGAACGCAGCAGGACAAGGATGGTAAGTGGTGCANAT
GCTCGTGGGAGCAAAA 
 
>Tsf1Exon3_01 
CCTGCCACACTGGCTTCGGCCGCAACGTCGGCTACAAGATCCCCATCACCAAGCTGAAGAA
CACGCACGTCCTGAAGGTGTCCGCCGATCCGCAGATCTCCGC[T/C]ACGGAGCGCGAACTG
AAGTCGCTGTCCGAGTTCTTCACGCAGTCGTGNCTGGTGGGCACCTACTCCACGCATCCGG
AAACGGATCGCCTGCTGAAGAAGAAGTAC 
 
>Tsf1Exon3_02 
AGTCGCGTCTGGAGCGCTTCTTCGCCAATGGACTGCAGGCGCAGAACAAGGACGCCGCCGC
CCATCTGCTCATCCAGCCGAATGCCGTGTACCACAGCAAGGATGC[T/C]GCCATCGATCCCA
AGGTCTATTTGGAGCGTGCCGGCTACAAGGATGTGATCGAGCGTGATGGCAGTGCCATCAGG
AAGATCCGCTTGTGNGCCCAGAACGACGA 
 
>Tsf1Exon3_03 
CCATCGATCCCAAGGTCTATTTGGAGCGTGCCGGCTACAAGGATGTGATCGAGCGTGATGGC
AGTGCCATCAGGAAGATCCGCTTGTGNGCCCAGAACGACGA[C/A]GAGTTCGCCAAATGCCA
GGCGCTGCACCAGGCTGCCTACGCCCGCNACGCTCGTCCGGAACTCGAGTGCGTTCAGTC
CACCGATTGTGTGGTGGCTCTGACCAAGAAG 
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>Tsf1Exon3_04 
CGCAACNGGCTANGCGGATGCCCGTAGCAACCAGCTGCAGCCAATNGTNTACGAGCAGAG
GGCTCAGGATGATGTCCTTGTGGCGGTCGCAGCACCCGGCGTTACACGGGAG[G/T]CTCTCC
AGAAGGCCAGCATGTAAGTGGAATCCCTCGATCATCCGTAGCANATTAGCTACATATACTAT
CAATATTCCGCAGCAANTTCAATGNGANTTGCGAACGATCCCGTGCTGCTGCCGCC 
 
>upd2Exon1_01 
GATGATGAGGATGACGATGACGACGAGGAAGATCGGCCGGAGTTGTCCTCGTCGTAGGNGT
AGTCCAGTGCCACCTGGTCGCGCAAGTGTCGCGCCTTGGT[G/A]AATGGCATCACGACGCTC
AGGATCATGATCACTAGCAGCACCTGCCGGNTGTGGCAGCTCCAGCTGCTGTGTGCACTCC
TGCTGCTGCGGCTGCTTTGGCTNTGTTGGCTG 
 
>upd2Intron1_01 
GAAATCGATGAGTAATGCATATTGGCTGTGTGACAGAATTTCTCGAACGTTTCGGGTTCAACT
AACTGCCTAAGTANCTGTCCTGCNAAAGATGCTAACAGGACAC[A/G]CAACGCACAAAAGTA
TCTATGTATCTTAGTATCTATGAAGNTGCNTTGCGACTATGTAAATATAAACTGTTATCAAAC
AATGTAAGAAAAGCTTGGTGTAGGTTGCTTTCCTC 
 
>upd2Exon3_01 
TCGCCGCAGGACACGGTGCAGGGTCTTCCACACGTTGTTCAGATACTGGAAGTACAGCTCCT
TGCTGACCTTCAGGTCGCGCTGGTCCGCCTCCATGGATCCGTTGGC[T/G]GGCGTGTGAAAG
TTGAGACGCTCCTCCATCGCCTGCCGGCTAACGCGGCTCAGCTTCGCACCATTGCTGTTCG
GATAGGAGGCGTTTATGGTCAACTCGA 
 
>upd2Exon3_02 
TGCCGAGGGCTCAAGACTCATTGGATCCGCCATCGGAGCCGGAACTGCCACCGGATCCGTT
CGAGGAGCCCACGTCGAGCATTTCCGAGCTGCCCGCCCGCAG[C/G]CCGCTCGCACCAGTT
CCGTGAATCGCCGCCAGGTGTCGCCGCTCGGCACTATTGCGTCGCGGTCGCCGCAGGACAC
GGTGCAGGGTCTTCCACACGTTGTTCAGATACTGGAAGTA 
 
>(upd3Exon1_01)upd35inter_01 
TCCGCCAATTGGACAGATCAACACGATAAGCCGAAATCAAAAGCAGCAGTTACCCGATCCGT
ACCAGTGTGCCTCGTACAATGGTTTAAAAATAGCTCGGCCAAATCAT[G/A]ACACCGATCAC
CATCCGTAAGTTTGGCCGCCANCGGTGNGCGTTGGGCGGCNGACGGCGAGTGGGAGTGGC
AGTGGCAGTGAGCGGTACACGGTACATGGTAC 
 
>(upd3Intron1_01)upd35inter_02 
CGGTGGAGCGTAGTCGGCAANCATGAATGAATCGCCGTGTCTGCGAGCGTGAGAGCCCGGC
TCGCGGTTGAACAAATCGTGTCGTCATTGACGGCTGTCG[G/T]CGGCCGACGGAGCGTATGA
GTAATATTCTTGTGAAATTGAACGGAAATAANTGAAATTCATGCCAACCCCCATAAATTGCCG
ACTATTTGCGGGGGNTACTTCGGAACG 
 
>upd3Exon2_04 
CAGAGCGGCCAACTTCCGGCTGACNTTCCAGCAGAAANTNAATGCCAGCAGTACGCATCTG
GACTGGGAGAACACCTGCAATCTGAAGCCCACGGGTCTGAACGAAACGCA[C/T]AGCAAGG
CGAAACGCTGCAAGAAACGCCAAAGGGTAAGTTTCAANCGAAANTTGGCTCTTANCTGANN
NATNNDTNGGCACAACTAATTCACACACTATTATCTATA 
 
>upd3Exon3_01 
TGCAGAANCTACAGAACCAAACGGGCCGCGAGCTGCGGGGCATCCAGGCCGAGGACAAGG
CCAGGATCACCACCAATGCGGACAAGCTGGCCACAGTGAGCACCAA[G/A]ACTCTGGACATT
GTCGAGAAGAACAAGTGGCGATTCTATAAGGGAAACTACAGATTCCTGCCCCGTNTGAATCT
CACTAGCAAACAGGTGAGTGT 
 

 
FIGURE S1.—Sequences used to detect each SNP using SNPlex 
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TABLE S1 

Results of Autosomal Genotyping 

 
2nd chromosome  3rd chromosome 

Line 
Dro,AttAB  imd  Tehao      cact          PGRP-LC  DrsL         BG4       AttD         

proportion 

consistent 
0.9875 0.98125 1 1   1 1 1 1 

FM7a  uncut cut cut  cut uncut  cut 

X2 cut uncut cut cut  cut uncut  cut 

X3 cut uncut cut cut  cut uncut cut cut 

X4 cut uncut cut cut  cut uncut cut cut 

X6 cut uncut cut cut  cut uncut cut cut 

X7 uncut uncut cut cut  cut uncut cut cut 

X9 cut uncut cut cut  cut uncut cut cut 

X10 cut uncut cut cut  cut uncut cut cut 

X11 cut uncut cut cut  cut uncut cut cut 

X12 cut uncut cut cut  cut uncut cut cut 

X13 cut uncut cut cut  cut uncut cut cut 

X14 cut uncut cut cut  cut uncut cut cut 

X15 cut uncut cut cut  cut uncut cut cut 

X16 cut uncut cut cut  cut uncut cut cut 

X17 cut uncut cut cut  cut uncut cut cut 

X22 cut uncut cut cut  cut uncut cut cut 

X23 cut uncut cut cut  cut uncut cut cut 

X24 cut uncut cut cut  cut uncut cut cut 

X25 cut uncut cut cut  cut uncut cut cut 

X26 cut uncut cut cut  cut uncut cut cut 

X27 cut uncut cut cut  cut uncut cut cut 

X28 cut uncut cut cut  cut uncut cut cut 

X29 cut uncut cut cut  cut uncut cut cut 

X31 cut uncut cut cut  cut uncut cut cut 

X33 cut uncut cut cut  cut uncut cut cut 

X34 cut uncut cut cut  cut uncut cut cut 

X35 cut uncut cut cut  cut uncut cut cut 

X36 cut uncut cut cut  cut uncut cut cut 

X37 cut uncut cut cut  cut uncut cut cut 

X38 cut uncut cut cut  cut uncut cut cut 

X39 cut uncut cut cut  cut uncut cut cut 

X40 cut uncut cut cut  cut uncut cut cut 
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X41 cut uncut cut cut  cut uncut  cut 

X42 cut uncut cut cut  cut uncut cut cut 

X43 cut uncut cut cut  cut uncut  cut 

X44 cut uncut cut cut  cut uncut cut cut 

X46 cut uncut cut cut  cut uncut cut cut 

X47 cut uncut cut cut  cut uncut cut cut 

X48 cut uncut cut cut  cut uncut cut cut 

X49 cut uncut cut cut  cut uncut  cut 

X50 cut uncut cut cut  cut uncut  cut 

X51 cut uncut cut cut  cut uncut  cut 

X52 cut uncut cut cut  cut uncut cut cut 

X53 cut uncut cut cut  cut uncut cut cut 

X54 cut uncut cut cut  cut uncut cut cut 

X55 cut uncut cut cut  cut uncut cut cut 

X56 cut uncut cut cut  cut uncut cut cut 

X57 cut uncut cut cut  cut uncut cut cut 

X58 cut uncut cut cut  cut uncut cut cut 

X59 cut uncut cut cut  cut uncut cut cut 

X60 cut uncut cut cut  cut uncut cut cut 

X61 cut cut cut cut  cut uncut cut cut 

X62 cut uncut cut cut  cut uncut cut cut 

X63 cut uncut cut cut  cut uncut cut cut 

X64 cut uncut cut cut  cut uncut cut cut 

X65 cut uncut cut cut  cut uncut cut cut 

X68 cut uncut cut cut  cut uncut cut cut 

X69 cut cut cut cut  cut uncut cut cut 

X70 cut uncut cut cut  cut uncut cut cut 

X71 cut uncut cut cut  cut uncut cut cut 

X73 cut cut cut cut  cut uncut cut cut 

X74 cut uncut cut cut  cut uncut cut cut 

X75 cut uncut cut cut  cut uncut cut cut 

X76 cut uncut cut cut  cut uncut cut cut 

X79 cut uncut cut cut  cut uncut cut cut 

X80 cut uncut cut cut  cut uncut cut cut 

X81 cut uncut cut cut  cut uncut  cut 

X83 cut uncut cut cut  cut uncut  cut 

X84 cut uncut cut cut  cut uncut cut cut 

X86 cut uncut cut cut  cut uncut  cut 

X87 cut uncut cut cut  cut uncut cut cut 
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X88 cut uncut cut cut  cut uncut  cut 

X89      cut    

X90 cut uncut cut cut  cut uncut  cut 

X91 cut uncut cut cut  cut uncut cut cut 

X92 cut uncut cut cut  cut uncut cut cut 

X93 cut uncut cut cut  cut uncut cut cut 

X94 cut uncut cut cut  cut uncut cut cut 

X95 cut uncut cut cut  cut uncut cut cut 

X96 cut uncut cut cut  cut uncut cut cut 

X97 cut uncut cut cut  cut uncut  cut 

X98 cut uncut cut cut  cut uncut cut cut 

X99 cut uncut cut cut  cut uncut cut cut 

X101 cut uncut cut cut  cut uncut  cut 

X102 cut uncut cut cut  cut uncut  cut 

X103 cut uncut cut cut  cut uncut cut cut 

X104 other uncut cut cut  cut uncut cut cut 

X105 cut uncut cut cut  cut uncut cut cut 

X106 cut uncut cut cut  cut uncut cut cut 

X107 cut uncut cut cut  cut uncut  cut 

X108 cut uncut cut cut  cut uncut cut cut 

X109 cut uncut cut cut  cut uncut cut cut 

X110 cut uncut cut cut  cut uncut cut cut 

X111 cut uncut cut cut  cut uncut cut cut 

X112 cut uncut cut cut  cut uncut  cut 

X113 cut uncut cut cut  cut uncut  cut 

X114 cut uncut cut cut  cut uncut  cut 

X115 cut uncut cut cut  cut uncut  cut 

X116 cut uncut cut cut  cut uncut  cut 

X117 cut uncut cut cut  cut uncut  cut 

X119 cut uncut cut cut  cut uncut  cut 

X122 cut uncut cut cut  cut uncut  cut 

X123 cut uncut cut cut  cut uncut  cut 

X125 cut uncut cut cut  cut uncut  cut 

X126 cut uncut cut cut  cut uncut  cut 

X127 cut uncut cut cut  cut uncut  cut 

X128 cut uncut cut cut  cut uncut  cut 

X130 cut uncut cut cut  cut uncut  cut 

X131 cut uncut cut cut  cut uncut  cut 

X134 cut uncut cut cut  cut uncut  cut 
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X136 cut uncut cut cut  cut uncut  cut 

X137 cut uncut cut cut  cut uncut  cut 

X138 cut uncut cut cut  cut uncut  cut 

X139 cut uncut cut cut  cut uncut  cut 

X140 cut uncut cut cut  cut uncut  cut 

X142 cut uncut cut cut  cut uncut  cut 

X143 cut uncut cut cut  cut uncut  cut 

X144 cut uncut cut cut  cut uncut  cut 

X145 cut uncut cut cut  cut uncut  cut 

X146 cut uncut cut cut  cut uncut  cut 

X148 cut uncut cut cut  cut uncut  cut 

X149 cut uncut cut cut  cut uncut  cut 

X151 cut uncut cut cut  cut uncut  cut 

X152 cut uncut cut cut  cut uncut  cut 

X153 cut uncut cut cut  cut uncut  cut 

X154 cut uncut cut cut  cut uncut  cut 

X155 cut uncut cut cut  cut uncut  cut 

X158 cut uncut cut cut  cut uncut  cut 

X160 cut uncut cut cut  cut uncut  cut 

X164 cut uncut cut cut  cut uncut  cut 

X166 cut uncut cut cut  cut uncut  cut 

X167 cut uncut cut cut  cut uncut  cut 

X168 cut uncut cut cut  cut uncut  cut 

X169 cut uncut cut cut  cut uncut  cut 

X172 cut uncut cut cut  cut uncut  cut 

X173 cut uncut cut cut  cut uncut  cut 

X174 cut uncut cut cut  cut uncut  cut 

X201 cut uncut cut cut  cut uncut  cut 

X202 cut uncut cut cut  cut uncut  cut 

X203 cut uncut cut cut  cut uncut  cut 

X204 cut uncut cut cut  cut uncut  cut 

X205 cut uncut cut cut  cut uncut  cut 

X206 cut uncut cut cut  cut uncut  cut 

X207 cut uncut cut cut  cut uncut  cut 

X208 cut uncut cut cut  cut uncut  cut 

X209 cut uncut cut cut  cut uncut  cut 

X210 cut uncut cut cut  cut uncut  cut 

X211 cut uncut cut cut  cut uncut  cut 

X212 cut uncut cut cut  cut uncut  cut 
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X213 cut uncut cut cut  cut uncut  cut 

X214 cut uncut cut cut  cut uncut  cut 

X215 cut uncut cut cut  cut uncut  cut 

X216 cut uncut cut cut  cut uncut  cut 

X217 cut uncut cut cut  cut uncut  cut 

X218 cut uncut cut cut  cut uncut  cut 

X219 cut uncut cut cut   uncut  cut 

X220 cut uncut cut cut  cut   cut 

X221 cut uncut cut cut  cut uncut  cut 

X222 cut uncut cut cut  cut uncut  cut 

X223 cut uncut cut cut  cut uncut  cut 

X224 cut uncut cut cut  cut uncut  cut 

X225 cut uncut cut cut   cut uncut   cut 
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TABLE S2 

Resequencing Primers 

 

Gene Location Primer Sequence Direction 

dome 322868 GCGCGCATATACGTCCATA reverse 

 323949 CCATTCCACAATCTCGGTTC forward 

 324467 GTCCAGACTCGTCCGTCAG forward 

 328272 GACGCCTGTTGTCTGCTGTA reverse 

 328437 ACTGGCGTGCATGTGTGTA reverse 

 329307 TGAAGCGCTTGTAGTTGTCG reverse 

 329494 CTGCCTGGACTACGACTTCC forward 

 330487 GTCGACAGGTAGCCCCAGT forward 

  330520 GTTTGGCACCTATCGCATTT forward 

Dredd 103613 TGACGAAGTGGTTGTGAGGT reverse 

 103626 ACCCCAATAAGAAACCTTACAAT reverse 

 104818 TCTCTTGCTTGACTGCCATC reverse 

 105060 CAGGAGATCCACTTCGCTTC forward 

 105694 ATAGCCGTGGCCTGAAGAG reverse 

 106354 TCGAATTTTTCGCCAGTTTT forward 

  106399 AAAAGAAGGAAACACCCCAAT forward 

Dsor1 198092 AATGAGTGGGGTGGGAGAGT forward 

 199438 TCAAATCCCATCCATTGCTT forward 

 199836 GTGCGGGAAATTACATTCGT reverse 

  201052 AAAGATAATCCTCCAATGCAAA reverse 

hep 152490 CACAGCCAAGCATAACAGGA reverse 

 152909 TTTGAATTGTCGCTTGTTGC reverse 

 154130 AATCTGCTGGAGCTGAGTGG forward 

 154513 GTGGCAAACTGTCGCTTC forward 

 154506 AACATAGGTGGCAAACTGTCG reverse 

 154642 CTGCACCATCACCATGAAAC reverse 

 155193 CCGCTCCAAAGTGACCAG reverse 

 155406 AGCACGAATCCGTTTCACAG forward 

 156340 TGGCTGATTGCATGAAAAAC reverse 

 156532 ACTGGAAGTGCGATCGGTTC forward 

 156340 TGGCTGATTGCATGAAAAAC reverse 

 156865 TGAGTGAGTTTTGCGTGTGA reverse 

 156998 GGAAAGCCATCATGAGCAAA forward 

 159226 GGGCTCTGTACAAGCGACA reverse 

 159965 ATGTTCGAGGGCTTCACATC reverse 
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 160154 GCTCAAGCTGTCCAAGAAGC forward 

 161016 CAATGTCCGATGAACGAATG reverse 

 161527 TTGCTCGCTCATTATGTACCA reverse 

 161631 TAGTTTCCGCGAATTTCAGG forward 

 161638 TGGTTAATAGTTTCCGCGAAT forward 

 162286 CGATTTTTCTCAGCCCACTT reverse 

 163439 TCAGCGACAAAACAAACAGG forward 

  163959 GTTTCTGAGGTGCCGATGTT forward 

hop 274275 CCATCCCTTTCGTTTTCGTA reverse 

 275322 GGCGACTGGTGTCCATCT reverse 

 275449 TACGACCTGATGCAGCTGTG forward 

 275469 CCAGTTGTCCCGATTTCATT forward 

 275804 ACGCTTGCTTTTCGCATAGT reverse 

 276983 CGCAACGAGTAAGTTGAGCA forward 

 277393 ATGACCCAACCGAGAAGATG reverse 

 277510 GATCCGAATTCGTACGTGCT forward 

 277896 ATCGAATCTGCGCAAAAGAC reverse 

 279132 CAGTGCTTGAAATGCTTGCT forward 

 279489 CCTTCTCCGTCTGAAACTGC reverse 

 279616 TCTGCAGTGGATCCTTGTTG forward 

 280013 AGTGCAACGGAATTGGTGTT reverse 

  281669 GAACTAGAACCTCGCGTTGC forward 

lz 235452 AAACGATTGGATTCGACTCAG forward 

 236290 TTTGCACTTCACTCGGCTAA reverse 

 237836 TGTCCTTCAAAATCAAAGTGAA forward 

 240167 CGGGTGCACAAAAAGAAAAT reverse 

 244400 GTTAATCGAACTGCGCGATG forward 

 245283 GCGTTTTGGGTTACCGATT forward 

 245450 TTGGAAAGTGGGGATTAGGG reverse 

 246318 AGGGGAAGCCATCGATGTAG reverse 

 253049 GCACCTGCAACACCAGATG forward 

  254073 CAACTTGCAGATATTTTGGGATT reverse 

mxc 194219 CTTTTCGCCTTGCCTTTCTT forward 

 194244 TTTCGCTTGCAAGACTTTAGG forward 

 195025 CAAATGCCTCTTCCTTTTGC reverse 

 194897 GCGACATCAGCGGAGAAA forward 

  197005 ATCTAGCACAATTCTTTGATCGT reverse 

Ntf2 113279 CAAATGGCAATGAATATTTAATTTTAG forward 

 113327 TGCTTTTCCGAATGTGAAGA forward 
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 114294 TTCTCGAAGTTTCGGGTGAC forward 

 114483 TGAATTGATTGAAACTAATGAAACA reverse 

 115273 CCCGTTACTAGTGCAGTTAAAGA forward 

 115410 TCCTGAGATCTCGACGTTCAT reverse 

 115577 TCAAAACAAGAGAGAATGCTATGG reverse 

 115955 CGGCAGTTTCTTTGTGCAG forward 

 117037 GCACTGCAAAGGAATGAAATC reverse 

  117613 AAACTTATGTAGGCGATGATCC reverse 

os 152853 CCTCAAAATGGGAAGTACGAA reverse 

 152869 ACGAAGTTCTTTTCCATCATAAA reverse 

 154156 GCGTCTCGAGATGAACAAGC forward 

 154028 TGCTTCACAAAGCGCATATC reverse 

 155238 CGCAGAAGAGAAAGTGGCTA forward 

 155085 CGCTATCGATAACCGTTAGACC reverse 

  155849 CCCGCCCTCAATATACACAC forward 

PGRP-LE 95395 AAACTGCCAGTAGCTGGAAAA reverse 

 95994 AGCTGTGTGTACTGCGTGGT reverse 

 97097 TAAGGTGGACACGACACGAA forward 

  97607 TTTTCGGATCTGGACAAAGC forward 

PGRP-SA 191815 TTTTTCCTCGCCCTCTTTTT forward 

  193314 CGACACATTTTTGTAAATTATGACAG reverse 

phl 273661 GCCTATGCACGCCATCTATT forward 

 273273 TGGAAAGGATACAAGCCAGAA forward 

 275609 CTCGAAGCCACCATCTTCAT forward 

 275729 TGTGACCGATCGAATGTTGT reverse 

 276530 TCCGTGAAGATAGGCGACTT forward 

 276690 AAGGCATAAACGTCCGACTG reverse 

 277575 GAACCTTGTGTGTAAACATAAACCA reverse 

  277615 TGAATATACGGCTGGGTGGT reverse 

Pvf1 74559 CGGATTGGATGTGAGTGTTG forward 

 75186 GTGTTCTGGTTTTGCTCGAA reverse 

 76087 CTACTGCTCCCCCGTCTACA forward 

 76833 ACCACAGGGAGACGGATAGA reverse 

 79380 CGTACCCTCGGAGTGATGAT forward 

 79800 CTTCGCGGCTTTGAAGAAT forward 

 80882 TTTCGCTGCGTGAGAATATG reverse 

 80713 CGTTTTGTTTGCAGCTTGAT forward 

 81346 CGGCGAGAAATACTCGTATGTAA forward 

 81484 AACCGATTCCCCACTTGTTT reverse 
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 81858 CGTTATTATCACGGCGGTTAG forward 

 82943 TGGTACACGTTGCAGTCCTC reverse 

 82768 GGATCCACGCTGATCTCCT forward 

 83430 GGAATTCGCGCAGTATGAAT reverse 

 83287 CCCAACAAGTTCCTCGCTTA forward 

 84226 CACCCATCGATGTCTTGGA reverse 

 84386 CCTTCTCAGTACTCGGGGATT reverse 

  85062 CGTGGAACTCGACTACAGCA reverse 

Rps6 100048 GCTGGCTAGCTCATAACCAAA reverse 

 100808 GTGTCCCTTCTTCAGGAGCA reverse 

  102386 GGCTTTTCGATAGGCTTGTG forward 

Ser7 236140 TCAATAGCACCAATGCAAAGA forward 

 236901 GAATTCCACCGAGTTGCAGT reverse 

 236787 CAGCAATTTGGCAGTGAGTT forward 

 237893 TTATCACGTCCGGTGAACTG forward 

  238577 AGGGATTTGGAATGCTTTGA reverse 

Tak1 196554 TTAAGGTCGTCGGCAATAAA reverse 

 196578 GGTCGTCGGCAATAAATAGAA reverse 

 196911 AAACAAAGTGCTATGGTTAATCG reverse 

 197877 TTTGCTGCAATGACAATTCC reverse 

 197098 AGAAGGCTGGGTGGTCATC forward 

 198605 TGTGTTGGAGTGTGGAGCAT forward 

 201271 AAAAGATTCCTTGTGCATTCG reverse 

 201992 CAGCACGAACGGTGAGTTT forward 

 201849 GCCATTGTGTCTCTGAACGA reverse 

 202939 TCTGCCCGTCTTTAAAACCT forward 

 202794 GACAATCTGCGAGCAGTTCA reverse 

 203374 CCGTATACTTGGAGCCTTCG reverse 

 203437 TCATCATGGTCGACTTGTCC reverse 

 203499 ACAAGGGACGCAATCTGAAG forward 

 204115 TTCTGCGGGGAAAAAGATTA reverse 

 204256 ATCACAATGCGTTCGTGTGT forward 

 205112 TGCGACTGACAACTTTTACCA reverse 

 205249 ATCCACTAGGGTTGGCATCA forward 

 205727 TTATCGTTATCGGCGAGTCC forward 

  205767 TCCATTGATGTCGCTGGAAT forward 

Traf2 38316 GTTCCAAATTGCGCCATAAT reverse 

 39038 CAAAAGTCAATGCAGATCACG forward 

 39572 GATCCACCTTGGTGCAAACT reverse 
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 39688 GATCGGCTGCTCATCAAGA forward 

 40081 CAATCGTGCCATTGCTGTAG reverse 

 40916 ACTGCTACTGGCCGCAAT reverse 

 41011 GCGCACAGTTTGCAGCAT forward 

  41679 GATTCGATTTCGCTTTGAGG forward 

Traf3 81982 ACTTCAATCCCGATCCACAT forward 

 82520 TTTGGCTGAGTTTAGTGTGCAT forward 

 83247 TGGATGTCCAGTACTGCTGTG forward 

  84911 CATACAAGAACACGCCAACG reverse 

Tsf1 234903 TCACTGCAATTTTTCCAGCTT forward 

 235473 GGGAAAGAAGCAGCACATCT forward 

 236278 AGCCAGTGTGGCAGGACTT reverse 

 236581 GCCTTCTCCAAGGTGCAGTA forward 

 236694 GCCATCCTCGCACAGATATT reverse 

 237205 AGGGCTCAGGATGATGTCC forward 

 238054 GGAAACTTTGTAGCATTGTATTTGG reverse 

  238059 GGCTGGGAAACTTTGTAGCA reverse 

upd2 88810 TGGTCCTCTATTTGGCTTGG reverse 

 89315 AACTCGATCTCGCAGAGCATA reverse 

 90057 GCTTTCCTCCATTGCCCTTA reverse 

 90303 CCACAACCTGCGACTCTTCT forward 

  91399 CGGAAGTCGTGAATCGAAAT forward 

upd3 122615 GAGAAAGTTCTTCCCCTCGAA forward 

 123203 CCGATCACCATCCGTAAGTT forward 

 123349 GACGTCTCCGTTTTGTCGTT reverse 

 124190 CCAAATATTGGTCTCAATCGAA forward 

 124343 TACGCTGAAGAAAGCATGGA reverse 

 124817 TGGAGTGGAGTGTTGTGGAG reverse 

 126451 TGCGATTATATTTATATGTGTGCGTA forward 

 126465 TATGTGTGCGTATGGGTTTG forward 

 127477 CAAGAAACGCCAAAGGGTAA forward 

 127624 GCCCGTTTGGTTCTGTAGAT reverse 

 128460 TCCAGCGATCACGTTTTATG forward 

  128576 CGAATTGAGATTCGGATTGA reverse 
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TABLE S3 

Genotypes for Each SNP 

 
Table S3 is available for download as an Excel file at http://www.genetics.org/cgi/content/full/genetics.109.093971/DC1. 
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TABLE S4 

TaqMan Primer and Probe Sequences 

 
Gene Oligo Sequence 

Def MGB probe AGGATGCCCACCAGGA 

 forward primer GAGGATCATGTCCTGGTGCAT 

 reverse primer TCGCTTCTGGCGGCTATG 

DptA MGB probe TTTGCAGTCCAGGGTC 

 forward primer GCGGCGATGGTTTTGG 

 reverse primer CGCTGGTCCACACCTTCTG 

Mtk MGB probe GCTGGGTGTGATGG 

 forward primer AACTTAATCTTGGAGCGATTTTTCTG 

 reverse primer ACGGCCTCGTATCGAAAATG 

PGRP-SA MGB probe CGAAGGCACTGGTTG 

 forward primer TCGGCAACGATGGTATCGTA 

 reverse primer GGCACCGCGCAATCC 

Tsf1 MGB probe AGTGCCGCCTTCC 

 forward primer GAACGCAGCAGGACAAGGA 

 reverse primer CTGCTGCAGGGTGCGAAT 

RpL32 MGB probe AGCTGTCGCACAAAT 

 forward primer AGGCCCAAGATCGTGAAGAA 

  reverse primer GACGCACTCTGTTGTCGATACG 
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