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Individuals of the same genotype do not have the same phenotype for quantitative traits when
reared under common macro-environmental conditions, a phenomenon called micro-environmental
plasticity. Genetic variation in micro-environmental plasticity is assumed in models of the evolution
of phenotypic variance, and is important in applied breeding and personalized medicine. Here,

we quantified genetic variation for micro-environmental plasticity for three quantitative traits in
the inbred, sequenced lines of the Drosophila melanogaster Genetic Reference Panel. We found
substantial genetic variation for micro-environmental plasticity for all traits, with broad sense
heritabilities of the same magnitude or greater than those of trait means. Micro-environmental
plasticity is not correlated with residual segregating variation, is trait-specific, and has genetic
correlations with trait means ranging from zero to near unity. We identified several candidate genes
associated with micro-environmental plasticity of startle response, including Drosophila Hspgo,
setting the stage for future genetic dissection of this phenomenon.

Morphological, physiological, behavioral and fitness-related traits typically exhibit continuous pheno-
typic variation in populations, often approximating a normal distribution. In classical quantitative genet-
ics, this variation is posited to arise from two independent sources"*. The genetic component of variation
results from the segregation of alleles at multiple loci with effects that are generally too small to be
identified via their segregation in pedigrees, and can be further partitioned into additive, dominant and
epistatic effects. The environmental component of variation arises because a single genotype can give rise
to multiple phenotypes due to small fluctuations in the developmental, physical and social environment
to which individuals with the same genotype are exposed.

However, the genetic and environmental components of phenotypic variation may not be independ-
ent. A common feature of quantitative traits is that they exhibit phenotypic plasticity, such that the mean
phenotype of a population changes if there is a shift in the environmental conditions (e.g., temperature)
to which it is exposed. The magnitude of plasticity with respect to the population mean can be readily
estimated if the environmental change can be replicated (a macro-environmental perturbation) and the
same constellation of genotypes is reared under all environments, and visualized as a norm of reaction"2. Further,
if such a study is repeated with multiple defined genotypes, we can assess whether there is variation in the
shape of the reaction norms across genotypes. If so, there is genotypic variation in macro-environmental
plasticity, or genotype by environmental interaction, which is formally equivalent to a departure in the
cross-environment genetic correlation from unity’. The existence and evolutionary significance of geno-
type by environment interaction is well-documented*-2.
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Phenotypic plasticity can also occur within a defined macro-environment. Micro-environmental plas-
ticity manifests as variation among individuals of the same genotype reared in a common environment.
Micro-environmental plasticity has been variously (and confusingly) called non-genetic variance, develop-
mental noise, stochastic variation, environmental sensitivity, residual variance and general environmental
variance>!?. The converse of micro-environmental plasticity is robustness, homeostasis, developmental
stability or environmental canalization"*!. Another manifestation of micro-environmental plasticity is
between spatially or temporally repeated traits within an individual (special environmental variance,
or fluctuating asymmetry)"®-''. Here, we are concerned with the former manifestation; i.e., between
individuals.

Genetic variance in micro-environmental plasticity is assumed in evolutionary models of the evo-
lution of phenotypic variance!?-?!. These models predict the evolution towards an optimum of zero
environmental and genetic variance for quantitative traits under constant stabilizing selection!>!*-16:21,
Hypotheses for why the environmental variance never reaches the optimum (a canalization limit) include
a correlation between the effects of mutations conferring robustness with direct effects on the same trait'®;
deleterious pleiotropic effects of mutations affecting robustness'S; a fitness cost for environmental homo-
geneity'®; and mutation-stabilizing selection balance if there is a bias towards new mutations increasing
the environmental variance®. However, if a trait is under stabilizing selection and the optimum fluctu-
ates between generations, there will be selection favoring increased micro-environmental variance!?~*
181921 This is because increased environmental variance will maximize fitness by ensuring more individ-
uals are at or near the current optimum (a ‘bet-hedging’'* or ‘adaptive coin-flipping’ strategy'?®). Finally,
strong directional selection favoring extreme individuals is expected to increase micro-environmental
plasticity'”?2.

From the applied breeding perspective, where uniformity of the final product is important, the
existence of genetic variation for micro-environmental variance implies that selection for reduced
micro-environmental plasticity may be successful in achieving this goal'”?*?*. Finally, from the perspec-
tive of personalized medicine, genetic variation in micro-environmental plasticity could contribute to
variable penetrance and expressivity of risk alleles.

Quantifying the magnitude of genetic variance of micro-environmental plasticity is challenging, as
it involves considering the residual variance (or the residual standard deviation) as a trait and using
linear mixed model methodology to disentangle genetic effects acting on it*2. Larger sample sizes are
needed to accurately estimate variance compared to a mean; the non-normal distribution of the variance
necessitates transforming the data to restore normality?>*>-2%; and the within-family variance confounds
micro-environmental with genetic variance in classic outbred family-based designs?’. Nevertheless,
there is growing evidence for a genetic component of micro-environmental plasticity from outbred
family-based analyses for milk yield in dairy cows?; litter size in sheep?, pigs?®?*, rabbits?® and mice®’;
and body weight in snails®!, chickens* and pigs®.

Inbred line designs are more powerful than family-based designs for estimating the genetic basis of
micro-environmental plasticity, because all variance between individuals within a completely homozygous
inbred line is due to micro-environmental plasticity. Indeed, genetic variation of micro-environmental
plasticity has been documented for wing size and shape®*, numbers of sensory bristles® and sleep traits*®
in Drosophila melanogaster; fitness and morphological traits in Arabidopsis thaliana®*%; morphological
and fitness traits in maize®’; and gene expression in Saccharomyces cerevisiae®. Although determining
the genetic loci and molecular polymorphisms affecting genetic variation for micro-environmental plas-
ticity is in its infancy, several of these studies mapped quantitative trait loci*’~** and identified candidate
genes* %10 affecting micro-environmental plasticity.

Here, we used the sequenced, inbred lines of the D. melanogaster Genetic Reference Panel (DGRP)*!+#2
to quantify and evaluate the significance of genetic variation in micro-environmental plasticity for star-
vation resistance®?, time to recover from a chill-induced coma?! and startle response®’. We found levels
of genetic variance for micro-environmental variance equivalent to those for the trait means. We then
mapped common molecular variants associated with micro-environmental plasticity, implicating Hsp90
as well as novel candidate genes.

Results
Highly heritable variation for micro-environmental plasticity. First, we tested whether there was
heterogeneity of micro-environmental variance among lines, using both Brown-Forsythe and Levene’s
tests (modifications of one-way analysis of variance (ANOVA) that use, respectively, the absolute devi-
ation of each data point from the line median and mean as the response variable). We found highly
significant heterogeneity of micro-environmental variance for all three traits in both sexes (Table 1).
Next, we assessed the suitability of three metrics and their natural logarithms for quantifying
micro-environmental plasticity: the within-line standard deviation (o, In(og)); the within-line coefficient
of environmental variation (CVg, In(CV})) and the within-line median absolute deviation (MAD, In(-
MAD)). We estimated these metrics for three quantitative traits — time to recover from a chill-induced
coma, starvation stress resistance, and startle response - for 174-201 largely homozygous DGRP lines*%
In(o) and In(CVy) were nearly normally distributed for all analyses; the other metrics were highly
skewed (Table S1, Figures S1-S3). We used In(o;) as our metric of micro-environmental variation because
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Females Chill coma recovery 173 | 21.74 <0.0001

Startle response 200 9.496 | <0.0001

Starvation resistance 196 5316 <0.0001

Males Chill coma recovery 173 17.981 <0.0001

Startle response 200 8.051 <0.0001

Starvation resistance 196 4.774 <0.0001

(b)

Analysis Trait df F P-value
Females Chill coma recovery 173 | 34.704 | <0.0001
Startle response 200 | 11.193 <0.0001

Starvation resistance 196 6.26 <0.0001

Males Chill coma recovery 173 | 29.26 <0.0001

Startle response 200 9.56 <0.0001

Starvation resistance 196 5.928 <0.0001

Table 1. Tests for heterogeneity of within-line variances (a) Brown-Forsythe test. (b) Levene’s test.

it is perfectly correlated with In(c7), which has desirable statistical properties and has been used previ-
ously to quantify residual variance®**; and In(oy;) has the advantage of being on the same scale as the
trait mean. Further, the product moment correlations between In(oy) and In(CVyg) are high for all traits.
In females, the correlations between these metrics are 0.87, 0.81 and 0.70 for chill coma recovery time,
startle response, and starvation resistance, repectively. In males, the respective correlations are 0.91, 0.76
and 0.65.

We observed considerable variation in In(o;) among lines for all three traits, in both sexes (Fig. 1,
Data file S1), indicating that there is genetic variation in micro-environmental plasticity. We next parti-
tioned the variance in In(oy) between sexes and among lines (Table S2). We found significant differences
in micro-environmental plasticity between males and females for all three traits. Micro-environmental
plasticity is greater for females than males for chill coma recovery and starvation resistance, whereas the
reverse is true for startle response. Remarkably, the magnitude of the genetic variance affecting
micro-environmental plasticity is very high, with broad sense heritabilities (H?) of In(oy) of H*=0.75
(chill coma recovery time), H>=0.54 (startle response) and H>=0.36 (starvation resistance). For compar-
ison, the estimates of broad sense heritabilities at the mean level for the same traits and the same dataset
were H?2=0.37 (chill coma recovery time), H>=0.56 (startle response) and H?=0.58 (starvation resist-
ance)*!. Thus the broad sense heritability at the variance level is of the same magnitude as that at the
level of the mean and, for chill coma recovery time, the heritability of micro-environmental variance is
twice as large as that of the mean.

Our observation of significant genetic variation for micro-environmental plasticity of all traits does
not depend on the metric used to parameterize micro-environmental plasticity or even whether a natural
logarithm transformation is used. Broad sense heritabilities were of similar magnitude regardless of the
metric used for all three traits (Table S3). The exception was a lower (but still significant) heritability
of micro-environmental plasticity for starvation resistance using MAD or In(MAD). We attribute this
in part to the strikingly non-normal distribution of both MAD and In(MAD) for starvation resistance
(Table S1, Fig. S3) and also to the existence of replicates for which the estimate of MAD was zero, leading
to missing data in the In(MAD) analyses.

Many Drosophila quantitative traits exhibit genetic variation in sexual dimorphism for the trait mean;
i.e., there is a significant sex by line interaction term in the analysis pooled across sexes and the cross-sex
genetic correlation () is significantly different from unity*!. Estimates of ,, for the means of the
three traits were 7, =1 (startle response), 75,,>=0.93 (chill coma recovery time) and 7, =0.70 (star-
vation resistance)*'. We find similar patterns for the cross-sex genetic correlations of micro-environmental
plasticity of the three traits: r;,;=1 (startle response), 75,,=0.94 (chill coma recovery time) and
tomr=0.58 (starvation resistance) (P<0.00001 for all three traits, Table S4). Therefore, there is consider-
able genetic variation in sex dimorphism of micro-environmental plasticity for starvation resistance, but
not the other two traits.

Genetic variation in micro-environmental plasticity is not associated with heterozygo-
sity. The DGRP lines are not completely homozygous. Most lines remained segregating for 2% or
fewer sites after 20 generations of full sib inbreeding; however, several lines had greater than 20% variants
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Figure 1. Stackplots showing variation in In(c;) among DGRP lines for females (red) and males (blue).
(a) Chill coma recovery time. (b) Startle response. (c) Starvation stress resistance.

segregating on one or more autosomal arms due to the segregation of large polymorphic inversions*
This enabled us to explicitly test the hypothesis that micro-environmental variance may decrease as the
heterozygosity increases*>*. We found no such tendency. None of the correlations of In(c};) with the
percentage of segregating sites were significant for any sex or trait (Fig. S4).

Correlation of micro-environmental plasticity with the mean. The trajectories of response to
natural or artificial selection for the mean and micro-environmental variance depend on whether or not
the same variants affecting the mean also affect the micro-environmental variance. Our data on the
correlation between line means and micro-environmental variance using In(op) to parameterize
micro-environmental plasticity show all possible relationships (Fig. 2), ranging from high (r=0.80,
P<0.00001, chill coma recovery time), to moderate (r=0.50, P<0.00001, starvation resistance) to none
(r=-0.03, P=0.70, startle response, males).

CVy is often used to remove any relationship between mean and variance. However, using In(CV7) to
parameterize micro-environmental plasticity did not completely remove its positive correlation with the
mean for chill coma recovery, while it introduced artificial negative correlations between the mean and
micro-environmental variance of startle response (for which the correlation between the mean and
In(oy) is not significant) and starvation resistance (for which there is a positive correlation between
the man and In(o)) (Fig. S5). Thus, while both In(c) and In(CVy) indicate variable relationships between
trait means and estimates of micro-environmental plasticity, the magnitude and sign of the correlations
vary according what metric is used to quantify micro-environmental plasticity. Since the correlations
between the mean and micro-environmental plasticity are trait-specific, no single measure of plasticity
will result in the same relationship for all traits, so that the choice of the appropriate metric will neces-
sarily depend on the purpose of the analysis. Since responses of micro-environmental plasticity to selec-
tion on trait means and the underlying genetic architecture of micro-environmental plasticity depend on
genetic correlations between the mean and measures of plasticity that are not corrected for the mean, we
prefer the use of In(oy).
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Figure 2. Correlations of mean and micro-environmental variance of three quantitative traits for
females (red) and males (blue). (a) Chill coma recovery time. The correlations between the mean and
micro-environmental variance (r,;,) and ry;,=0.79 (P<0.0001) for females and r,;,=0.80 (P<0.0001) for
males. (b) Startle response. ry;,=—0.12 (P=0.10) (females), r,;,=—0.03 (P=0.70) (males). (c) Starvation
resistance. r,;,=0.50 (P<0.0001) (females), r,;,=0.50 (P<0.0001) (males).

SCIENTIFIC REPORTS | 5:09785 | DOI: 10.1038/srepog785 5



www.nature.com/scientificreports/

~log,o(P - value)
2
|

. % ”
-~ - ¥ @ @ P o
.8 o 0 & P .
“ . . -
* . o, » ® . . & . »
23 . . . . o
° L
&5 3 e s3 & ° - % -3 .’.03'0
T T | T 11| B N | il T T TT T =1 T TT T mrarT
N —
CG14965 Hsp83 CG14966

Figure 3. Molecular variants associated with In(oy) of startle response in or near (+1 kb) Hsp83 for
females (red) and males (blue). The physical position of variants is indicted by their relative spacing on
the x-axis. The y-axis gives —logl0(P-values) for each variant. The dashed line gives the Bonferroni and
the dotted line the FDR thresholds corresponding to an experiment-wise P-value of 0.05. Two variants
met the Bonferroni threshold: 3L_3191981_SNP (in the exon of CGI14965 and 989 bp upstream of Hsp83)
and 3L_3193430_SNP (in the first exon of Hsp83). The remaining four variants met the FDR threshold:
3L_3192162_SNP (in the exon of CGI14965 and 808 bp upstream of Hsp83); 3L_3192350_SNP (in the exon
of CGI14965 and 619 bp upstream of Hsp83); 3L_3192548_SNP (58 bp upstream of CG14965 and 422 bp
upstream of Hsp83) and 3L_3193101_SNP (in the first exon of Hsp83).

Genetic variation for micro-environmental plasticity is trait-specific. We tested whether the
genetic basis of variation for micro-environmental variance is shared between the three traits by parti-
tioning the variance in In(oy) between traits and among lines, separately for males and females (Table
S4). We find no significant shared genetic variance across lines; all the genetic variance in In(oy) appears
in the trait by line interaction term. Our estimates of the cross-trait genetic correlations (r;;) of In(oy)
were 15, =0.04 (P=0.60) in females and r;;=0.00 (P=1) in males (Table S4). Estimates of 1. for each
of the pairs of traits were similarly low and non-significant (Fig. S6). We therefore infer that the genetic
basis of variation in micro-environmental plasticity is trait-specific, at least for these three traits.

Drosophila Hspgo (Hsp83) is associated with micro-environmental plasticity of star-
tle response. Hsp90 is thought to affect genetic canalization for many traits in Drosophila®” and
Arabidopsis*® and has also been associated with micro-environmental variability of Arabidopsis hypocotyl
elongation in the dark’®. Therefore, we first tested for associations of 49 common (minor allele frequency,
MAF=0.05) variants (48 for chill coma recovery time) in or within 1kb of Hsp83, the Drosophila Hsp90
gene, for associations with micro-environmental plasticity of each trait, separately for males and females.
We found two significant single nucleotide polymorphisms (SNPs) following a Bonferroni correction and
six significant SNPs at a false discovery rate (FDR) of FDR<0.05 for micro-environmental plasticity of
female startle response only (Fig. 3, Fig. S7). The two variants meeting the Bonferroni significant thresh-
old were located in the exon of CG14965 and 989 bp upstream of Hsp83 and in the first exon of Hsp83.
Two of the variants meeting the FDR threshold were in the exon of CG14965 and upstream of Hsp83;
one was upstream of both genes; and one was in the first exon of Hsp83.

Genome wide association (GWA) analysis reveals novel candidate genes associated with
micro-environmental plasticity. We next performed GWA analyses of In(oy,) for the three traits for
all common (MAF > 0.05) biallelic variants , using a linear mixed model that accounted for any effects of
Wolbachia infection, common inversion polymorphisms, and cryptic polygenic relatedness*>. We did not
find any variants associated with In(oy) at a Bonferroni-corrected significance level. Quantile-quantile
plots for startle response reveal inflation of P-values below P< 107 from a uniform distribution, but not
for starvation resistance nor for chill coma recovery time (Fig. S8). We used the P<107° threshold to
report the GWA results for all traits (Data file S2). A total of 75 variants we associated with startle
response, of which 32 were intergenic. The remaining variants were associated with 36 unique genes, of
which 11 were computationally predicted genes of unknown function. Many of these genes are plausible
candidates, as they are involved in development (form3, Src64B, ds, fru, jing, IA-2), including develop-
ment (Pde9, Src64B, fru, jing) and function (DopIR1, jing, Octbeta3R) of the nervous system; and behav-
iors (Src64B, rdgA, DopIRI, fru, dpr6, dpr 8).

Although there was no signature of enrichment for true positives in the analyses of chill coma
recovery time and starvation resistance, we note that two variants (3L_2626748_SNP in Pxn and
3L_3533304_SNP in Eip63E) were associated with both the mean and micro-environmental variance for
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chill coma recovery; and one variant (4_655975SNP in CG1732) was associated with both the mean and
micro-environmental variance for starvation resistance.

Discussion

We have shown that there is genetic variation in micro-environmental plasticity for two fitness-related
traits and an innate behavior in D. melanogaster. The broad sense heritabilities were moderate to high,
of the same order as the broad sense heritabilities of the trait mean, and robust to the measure used
to parameterize micro-environmental plasticity. High broad sense heritabilities of micro-environmental
plasticity have been reported for sleep traits and waking activity*® and for abdominal bristle number®® in
this species, and for yeast gene expression®’. In contrast, broad sense heritabilities of micro-environmental
plasticity of D. melanogaster sternopleural bristle number (average H>=0.126)* and four morphologi-
cal and one fitness trait in A. thaliana were low (average H*=0.070)¥, as were narrow sense herita-
bilities in the studies reviewed in Ref. 22 (average h?=0.035). The high broad sense heritabilities for
micro-environmental plasticity might in principle be explained by the two-fold increase in additive
genetic variance expected among fully inbred lines relative to the outbred populations from which they
were derived’, but could also be attributable in part to dominance and/or epistasis®. Although the num-
ber of studies remains small, there does not appear to be a trend for any difference in the magnitude
of genetic variance between traits related to fitness and morphological traits, which are expected to be
under directional and stabilizing natural selection, respectively’.

The genetic correlation between trait means and their micro-environmental plasticity estimated as
In(og) runs the full gamut from no association (startle response) to highly correlated (chill coma recov-
ery time). The exact relationship between mean and plasticity depends on whether In(o;) or In(CVy) is
used to parameterize plasticity. In(oy) preserves the biological relationship between the mean and
micro-environmental plasticity necessary for predicting the correlated responses of micro-environmental
plasticity to selection on trait means and pleiotropic effects of variants on both mean and plasticity.
Variable relationships between trait means and micro-environmental plasticity are consistent with previ-
ous studies in D. melanogaster®® and a wide range of species?’, where mean-environmental variance
correlations take on all possible values between high and negative to high and positive. In the latter case,
directional selection for an increase in the trait mean will result in more phenotypic variation. This is
counter to the uniformity desired in breeding programs, and could possibly account for the high envi-
ronmental variance generally observed for traits associated with fitness. Similarly, high positive or nega-
tive correlations between mean and environmental variance for traits under constant stabilizing selection
will impose a limit to selection for zero environmental variance. Production traits for which there is a
low correlation between the mean and environmental variance are of most interest to applied breeding
programs, since response to selection for both the mean and uniformity can increase economic
value?>24,

We assessed genetic variation in micro-environmental plasticity separately for males and females, and
for three quantitative traits, which enabled us to assess whether the genetic architecture of
micro-environmental plasticity is the same in both sexes, or is common to multiple traits. Similar to the
genetic architecture of the mean for these traits*!, as well as other quantitative traits*, there is variation
in the extent to which the genetic basis of micro-environmental plasticity is sex-specific. In contrast, the
genetic basis of micro-environmental plasticity is clearly trait-specific, at least for the three traits studied
here. It has been proposed that Hsp90 is a capacitor of phenotypic variation, buffering both genetic and
micro-environmental variation in Drosophila and Arabidopsis*®*7*¢. While we have no evidence for a
common genetic basis for micro-environmental plasticity across traits, variants in Drosophila Hsp90
(Hsp83) are indeed associated with micro-environmental in female startle response. We performed GWA
analyses to identify common genetic variants associated with micro-environmental plasticity, and iden-
tified several plausible candidate genes that can be investigated in the future using the genetic resources
available in D. melanogaster. However, the power of these analyses was low because the sampling error
of In(oy;) is much higher than that of trait means?.

The empirical study of the genetic basis of micro-environmental plasticity is in its infancy, with most
previous studies aiming simply to document its existence. We have definitively shown that there is sub-
stantial genetic variance in micro-environmental plasticity, motivating future well-powered experiments
to accurately estimate micro-environmental variance and map the variants associated with this variation.
Open questions include the relative contributions of additive, dominance and epistasis to the genetic var-
iance of micro-environmental variance; the relationship between the genetic basis of micro-environmental
plasticity, within-individual plasticity (fluctuating asymmetry, special environmental variance) and gen-
otype by environment interaction (macro-environmental variance); and the nature of the evolutionary
forces maintaining segregating variation for micro-environmental plasticity. The converse of plasticity is
canalization, which also raises the question of whether environmental canalization and genetic canaliza-
tion (epistasis) have the same genetic basis*. Model organisms that can be inbred to homozygosity will
play a key role in addressing these questions.

SCIENTIFIC REPORTS | 5:09785 | DOI: 10.1038/srepog785 7



www.nature.com/scientificreports/

Methods

Drosophila lines and phenotypic data. The DGRP consists of 205 inbred lines obtained by 20
generations of full-sib mating from isofemale lines collected from the Raleigh, NC, USA population,
and which have full genome sequences*’. All flies were reared under standard culture conditions
(cornmeal-molasses-agar-medium, 25°C, 60-75% relative humidity, 12-hr light-dark cycle).

We quantified resistance to starvation stress for 197 DGRP lines*? by placing 10 same-sex, two day-old
flies in culture vials containing non-nutritive medium (1.5% agar and 5ml water), and scoring survival
every eight hours until all flies were dead®. There were five replicate vials/sex/line (total N=19,361;
female N=9,672; male N=9,689). We measured time to recover from a chill-induced coma for 174
DGRP Ines by transferring three to seven day-old flies without anesthesia to empty vials, and placing
them on ice for three hours. We then transferred the flies to room temperature, and recorded the time
it took for each individual to right itself and stand on its legs®!. There were two replicates of 50 flies/sex/
line (total N=34,653; female N=17,382; male N=17,271). We assessed startle response for 201 DGRP
lines* by placing single three to seven day-old adult flies, collected under CO, exposure, into vials
containing 5ml culture medium, and leaving them overnight to acclimate to their new environment.
On the next day, between 8am and 12pm (2 - 6hours after lights on), each fly was subjected to a gentle
mechanical disturbance, and the total amount of time the fly was active in the 45seconds immediately
following the disturbance was recorded. There were two replicates of 20 flies/sex/line (total N=16,214;
female N=8,114; male N=38,100).

Genetic variance of micro-environmental plasticity. We tested heterogeneity of within line vari-
ances among lines using the Brown-Forsythe and Levene’s tests. Both tests use a transformation of the

response variable as z; = ‘ A where y; is the i individual of the /" line, and 7 is the median or

the mean of the j line for the Brown-Forsythe test and Levenes test, respectively.

We estimated the error mean square separately for each line, trait, sex and replicate by fitting linear
models which included only the intercept (Y= +E, where Y is the phenotypic value of the trait, y is the
overall mean and E is the within-replicate, i.e., micro-environmental, random error). We estimated the
micro-environmental standard deviation, oy, as the square root of the mean square errors, giving two
records (five for starvation resistance) for each replicate and line. We used the natural logarithm of o5 as

our metric of micro-environmental variance. We also estimated CVy as (%~ x 100 }, where  is the phe-

notypic mean. We estimated MAD as median (|y;—; |), where y; is the i individual of the j* line and
; is the median of the j* line. We tested for approximate normality of all metrics using Pearson’s >
goodness-of-fit test.

We assessed the genetic variance of In(o;) pooled across sexes using a mixed model factorial ANOVA
model of form Y=p+S+L+SxL+E, where Y is In(op), p is the overall mean, S is the cross-classified
fixed effect of sex, L is the random effect of line, Sx L is the random effect of the interaction between sex
and line and E is the between-replicates random error. We estimated the broad sense heritability of

2 2
micro-environmental heterogeneity as H> = % , where ¢ denotes the variance component of
I+ Osxp T O
the term corresponding to the subscript. We computed cross-sex genetic correlations of In(oy) as

2
feoyp = ——t . We performed the same analyses for all other metrics of micro-environmental plas-
GME ™ ot 4 ody
ticity. )
We also performed reduced ANOVAs, separately for each sex, of form Y=+ L+ E, where Y is In(oy),

u is the overall mean, L is the random effect of the line and E is the between-replicate random error. The
2
oL

2 2 "

broad sense heritability was then estimated as H? = The significance of the main effects and

[
interactions were tested using F-tests. We performea the same analyses for all other metrics of
micro-environmental plasticity.

To test the effect of trait on micro-environmental plasticity, we performed mixed model factorial
ANOVAs of form Y=p+T+L+TxL+E, separately for males and females, where Y is In(oy), g is the
overall mean, T is the fixed effect of trait, L is the random effect of the trait, TxL is the random effect of
the interaction between trait and line and E is the random error, separately for males and females. The
significance of the main effects and interactions were tested using F-tests. We computed cross-trait

2
genetic correlations of In(og) as ;. = ——t5—.
O+ 07xp,
We computed the Pearson product moment correlations of In(oy) with trait means and % segregating

sites.

GWA analyses of micro-environmental plasticity. We estimated the error mean square for each
trait, line and sex, pooled across replicates using ANOVA models of form Y=p+R+E, where Y is the
phenotypic value of the trait, R is the random effect of the replicate and E is the random error. We com-
puted the residual standard deviation pooled across replicates, oy, as the square root of the mean square
error, and used In(ogg) as the metric of environmental variance of each line. We then performed associ-
ation analyses for each trait for all segregating biallelic variants with minor allele frequencies >0.05 and
for which the Phred scaled variant quality was greater than 500 and the genotype call rate was 20.8. We
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used a mixed model accounting for the relationship among lines, the effect of inversions and Wolbachia
infection as implemented in the DGRP website*2. Annotation was performed according to FlyBase®2. We
first tested the effects of common variants in or near (+1,000 bp) the candidate gene Hsp83 (Drosophila
Hsp90), and then performed a full GWA analysis.

References
1. Falconer, D. S. & Mackay, T. E C. Introduction to Quantitative Genetics 4/e (Longman, Harlow, 1996).
2. Lynch, M. & Walsh, B. Genetics and Analysis of Quantitative Traits (Sinauer, Sunderland, 1998).
3. Falconer, D. S. The problem of environment and selection. Am. Nat. 86, 293-298 (1952).
4. Bradshaw, A. D. Evolutionary significance of phenotypic plasticity in plants. Adv. Genet. 13, 115-155 (1965).
5. Schlichting, C. D. The evolution of phenotypic plasticity in plants. Ann. Rev. Ecol. Syst. 17, 667-693 (1986).
6. West-Eberhard, M. J. Phenotypic plasticity and the origins of diversity. Annu. Rev. Ecol. Syst. 20, 249-278 (1989).
7. Scheiner, S. M. Genetics and evolution of phenotypic plasticity. Annu. Rev. Ecol. Syst. 24, 35-68 (1993).
8. Pigliucci, M. Evolution of phenotypic plasticity: where are we going now? Trends Ecol. Evol. 20, 481-486 (2005).
9. Debat, V. & David, P. Mapping phenotypes: canalization, plasticity and developmental stability. Trends Ecol. Evol. 16, 555-561
(2001).
10. Flatt, T. The evolutionary genetics of canalization. Q. Rev. Biol. 80, 287-316 (2005).

11.

12.
13.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

31.
32.

33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.

47.
48.

Dworkin, I. A study of canalization and developmental stability in the sternopleural bristle system of Drosophila melanogaster.
Evolution 59, 1500-1509 (2005).

Slatkin, M. & Lande, R. Niche width in a fluctuating environment-density independent model. Amer. Natur. 110, 31-55 (1976).
Kapland, R. H. & Cooper, W. S. The evolution of developmental plasticity in reproductive characteristics: An application of the
“adaptive coin-flipping” principle. Amer. Natur. 123: 393-410 (1984).

Bull, J. Evolution of phenotypic variance. Evolution 41, 303-315 (1987).

Gavrilets, S. & Hastings, A. A quantitative genetic model for selection on developmental noise. Evolution 48, 1478-1486 (1994).
Wagner, G. P, Booth, G & Bagheri-Chaichian, H. A population genetic theory of canalization. Evolution 51, 329-347 (1997).
Hill, W. G. & Zhang, X.-S. Effects on phenotypic variability of directional selection arising through genetic differences in residual
variability. Genet. Res. 83, 121-132 (2004).

Zhang, X.-S. Evolution and maintenance of the environmental component of the phenotypic variance: benefit of plastic traits
under changing environments. Amer. Natur. 166, 569-580 (2005).

Zhang, X.-S., Wang, J. & Hill, W. G. Evolution of the environmental component of the phenotypic variance: stabilizing selection
in changing environments and the cost of homogeneity. Evolution 59, 1237-1244 (2005).

Zhang, X.-S. & Hill, W. G. Mutation-selection balance for environmental variance. Amer. Natur. 171, 394-399 (2008).

Devaux, C. & Lande, R. Selection on variance in flowering time within and among individuals. Evolution 64, 1311-1320 (2010).
Hill, W. G. & Mulder, H. A. Genetic analysis of environmental variation. Genet. Res. 92, 381-395 (2010).

Mulder, H. A., Bijma, P. & Hill, W. G. Prediction of breeding values and seelction responses with genetic heterogeneity of
environmnetal variance. Genetics 175, 1895-1910 (2007).

Mulder, H. A., Bijma, P. & Hill, W. G. Selection for uniformity in livestock by exploiting genetic heterogeneity of residual
variance. Genet. Sel. Evol. 40, 37-59 (2008).

SanCristobal-Gaudy, M., Bodin, L., Elsen, J. M. & Chevalet, C. Genetic components of litter size variability in sheep. Genet. Sel.
Evol. 33, 249-271 (2001).

Sorensen, D. & Waagepetersen, R. Normal linear models with genetically structured residual variance heterogeneity: a case study.
Genet. Res. 82, 207-222 (2003).

Ronnegérd, L. & Valdar, W. Detecting major genetic loci controlling phenotypic variability in experimental crosses. Genetics 188,
435-447 (2011).

Yang, Y., Christensen, O. E. & Sorensen, D. Analysis of a genetically structured variance heterogeneity model using the Box-Cox
transformation. Genet. Res. 93, 33-46 (2011).

Clay, J. S., Vinson, W. E. & White, J. M. Heterogeneity of daughter variances of sires for milk yield. J. Dairy Sci. 62, 985-989
(1979).

Gutiérrez, J. P, Nieto, B., Piqueras, P., Ibanez, N. & Salgado, C. Genetic parameters for canalisation analysis of litter size and litter
weight traits at birth in mice. Genet. Sel. Evol. 38, 445-462 (2006).

Ros, M., et al. Evidence for genetic control of adult weight plasticity in the snail Helix aspersa. Genetics 168, 2089-2097 (2004).
Rowe, S. J., White, I. M. S., Avendanio, S. & Hill, W. G. Genetic heterogeneity of residual variance in broiler chickens. Genet. Sel.
Evol. 38, 617-635 (2006).

Ibanez-Escriche, N., Varona, L., Sorensen, D. & Noguera, J. L. A study of heterogeneity of environmental variance for slaughter
weight in pigs. Animal 2, 19-26 (2008).

Whitlock, M. & Fowler, K. The changes in genetic and environmental variance with inbreeding in Drosophila melanogaster.
Genetics 152, 345-353 (1999).

Mackay, T. E C. & Lyman, R. E. Drosophila bristles and the nature of quantitative genetic variation. Phil. Trans. R. Soc. B 360,
1513-1527 (2005).

Harbison, S. T., McCoy, L. J. & Mackay, T. E C. Genome-wide association study of sleep in Drosophila melanogaster. BMC
Genomics 14, 281 (2013).

Hall, M. C., Dworkin, I, Ungerer, M. C. & Purugganan, M. Genetics of microenvironmental canalization in Arabidopsis thaliana.
Proc. Natl. Acad. Sci. USA 104, 13717-13722 (2007).

Sangster, T. A., et al. HSP90 affects the expression of genetic variation and developmental stability in quantitative traits. Proc.
Natl. Acad. Sci. USA 105, 2963-2968 (2008).

Ordas, B., Malvar, R. A & Hill, W. G. Genetic variation and quantitative trait loci associated with developmental stability and the
environmental correlation between traits in maize. Genet. Res. 90, 385-395 (2008).

Ansel, ], et al. Cell-to-cell stochastic variation in gene expression is a complex genetic trait. PLoS Genetics 4, e1000049 (2008).
Mackay, T. E C,, et al. The Drosophila melanogaster Genetic Reference Panel. Nature, 482, 173-178 (2012).

Huang, W,, et al. Natural variation in genome architecture among 205 Drosophila melanogaster Genetic Reference Panel lines.
Genome Res. 24, 1193-1208 (2014).

Jordan, K. W,, Carbone, M. A., Yamamoto, A., Morgan, T. J. & Mackay, T. E. C. Quantitative genomics of locomotor behavior in
Drosophila melanogaster. Genome Biol. 8, R172 (2007).

Mackay, T. E. C. The genetic architecture of quantitative traits. Annu. Rev. Genet. 35, 303-339 (2001).

Lerner, I. M. 1954. Genetic Homeostasis. (Oliver and Boyd, (1954).

Lewontin, R. C. The interaction of selection and linkage. II. Optimal model. Genetics 50, 757-782 (1964).

Rutherford, S. L. & Lindquist, S. Hsp90 is a capacitor for morphological evolution. Nature 396, 336-342 (1998).

Queitsch, C., Sangster, T. A. & Lindquist, S. Hsp90 is a capacitor of phenotypic variation. Nature 417, 618-624 (2002).

SCIENTIFIC REPORTS | 5:09785 | DOI: 10.1038/srepog785 9



www.nature.com/scientificreports/

49. Meiklejohn, C. D. & Hartl, D. L. A single model of canalization. Trends Ecol. Evol. 17, 468-473 (2002).

50. Harbison, S. T., Yamamoto, A. H., Fanara, J. ]., Norga, K. K. & Mackay, T. E. C. Quantitative trait loci affecting starvation
resistance in Drosophila melanogaster. Genetics 166, 1807-1823 (2004).

51. Morgan, T. J. & Mackay, T. F. C. Quantitative trait loci for thermotolerance phenotypes in Drosophila melanogaster. Heredity 96,
232-242 (2006).

52. St. Pierre, S. E., Ponting, L., Stefancsik, R., McQuilton, P. & the FlyBase Consortium. FlyBase 102—advanced approaches to
interrogating FlyBase. Nucl. Acids Res. 42, D780--D788..

Acknowledgements

This work was supported by National Institutes of Health Grant R0O1 GM45146 to T.EC.M. and the
Center for Genomic Selection in Animals and Plants (GenSAP) funded by The Danish Council for
Strategic Research to E. M., P. S, D. S. and T. E. C. M. EM. would like to thank Drs. Wen Huang and
Francesco Tiezzi for help with the data and the useful discussions.

Author Contributions
EM.,, PS, D.S,, CM. and T.E C.M. designed the experiment. EM. performed the analyses. EM. and
T.EC.M. wrote the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Morgante, E et al. Genetic Architecture of Micro-Environmental Plasticity in
Drosophila melanogaster. Sci. Rep. 5, 09785 doi: 10.1038/srep09785 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

omm images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:09785 | DOI: 10.1038/srepog785 10


http://creativecommons.org/licenses/by/4.0/

	Genetic Architecture of Micro-Environmental Plasticity in Drosophila melanogaster

	Results

	Highly heritable variation for micro-environmental plasticity. 
	Genetic variation in micro-environmental plasticity is not associated with heterozygosity. 
	Correlation of micro-environmental plasticity with the mean. 
	Genetic variation for micro-environmental plasticity is trait-specific. 
	Drosophila Hsp90 (Hsp83) is associated with micro-environmental plasticity of startle response. 
	Genome wide association (GWA) analysis reveals novel candidate genes associated with micro-environmental plasticity. 

	Discussion

	Methods

	Drosophila lines and phenotypic data. 
	Genetic variance of micro-environmental plasticity. 
	GWA analyses of micro-environmental plasticity. 

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Stackplots showing variation in ln(σE) among DGRP lines for females (red) and males (blue).
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Correlations of mean and micro-environmental variance of three quantitative traits for females (red) and males (blue).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Molecular variants associated with ln(σE) of startle response in or near (±1 kb) Hsp83 for females (red) and males (blue).
	﻿Table 1﻿﻿. ﻿ Tests for heterogeneity of within-line variances (a) Brown-Forsythe test.



 
    
       
          application/pdf
          
             
                Genetic Architecture of Micro-Environmental Plasticity in Drosophila melanogaster
            
         
          
             
                srep ,  (2015). doi:10.1038/srep09785
            
         
          
             
                Fabio Morgante
                Peter Sørensen
                Daniel A. Sorensen
                Christian Maltecca
                Trudy F. C. Mackay
            
         
          doi:10.1038/srep09785
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep09785
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep09785
            
         
      
       
          
          
          
             
                doi:10.1038/srep09785
            
         
          
             
                srep ,  (2015). doi:10.1038/srep09785
            
         
          
          
      
       
       
          True
      
   




