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Abstract

Little is known about variation in gene expression that affects life history traits in wild

populations of outcrossing species. Here, we analyse heritability of larval development

traits and associated variation in gene expression in the Glanville fritillary butterfly

(Melitaea cinxia) across three ecologically relevant temperatures. We studied the

development of final-instar larvae, which is greatly affected by temperature, and during

which stage larvae build up most of the resources for adult life. Larval development time

and weight gain varied significantly among families sampled from hundreds of local

populations, indicating substantial heritable variation segregating in the large metapop-

ulation. Global gene expression analysis using common garden-reared F2 families

revealed that 42% of the >8000 genes surveyed exhibited significant variation among

families, 39% of the genes showed significant variation between the temperature

treatments, and 18% showed a significant genotype-by-environment interaction. Genes

with large family and temperature effects included larval serum protein and cuticle-

binding protein genes, and the expression of these genes was closely correlated with the

rate of larval development. Significant expression variation in these same categories of

genes has previously been reported among adult butterflies originating from newly

established versus old local populations, supporting the notion of a life history

syndrome put forward based on ecological studies and involving larval development and

adult dispersal capacity. These findings suggest that metapopulation dynamics in

heterogeneous environments maintain heritable gene expression variation that affects

the regulation of life history traits.
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Ecological geneticists and evolutionary biologists seek

to identify the mechanisms that maintain genetic varia-

tion affecting life history traits in natural populations
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(Wade & Goodnight 1998; Feder & Mitchell-Olds 2003;

Ellegren & Sheldon 2008; Walsh & Blows 2009). One

research approach is to combine ecological and candi-

date gene studies (Watt & Dean 2000; Hanski & Sacc-

heri 2006; Barrett et al. 2008; Slate et al. 2010). However,

candidate gene approaches necessarily present a limited

view of genetic variation affecting life history traits, and

research in this field is now moving to genome-wide

studies (Turner et al. 2010). There is much potential in

conducting genomic studies on natural populations of

ecologically well-known species.
� 2012 Blackwell Publishing Ltd
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The Glanville fritillary butterfly (Melitaea cinxia) meta-

population in Finland is an exceptionally well-studied

ecological model system (Hanski 1999, 2011; Nieminen

et al. 2004). A series of studies focused on the gene

phosphoglucose isomerase (Pgi) has revealed strong

associations between molecular variation at this gene

and measurements of individual performance and fit-

ness components (Saastamoinen & Hanski 2008; Kle-

mme & Hanski 2009; Niitepõld et al. 2009; Orsini et al.

2009; Saastamoinen et al. 2009). There is systematic vari-

ation in the Pgi allelic composition among local popula-

tions, which is related to the spatio-temporal dynamics

of these populations (Hanski & Saccheri 2006; Hanski

et al. 2006), and strong coupling between demographic

and microevolutionary dynamics at the Pgi gene (Zheng

et al. 2009; Hanski 2011). Furthermore, DNA sequence

analysis and coalescent simulations have indicated

long-term balancing selection at Pgi in this metapopula-

tion (Wheat et al. 2010). Another metabolic gene, succi-

nate dehydrogenase d (Sdhd), exhibits comparable

spatial variation in indel polymorphism among local

populations (Wheat et al. 2011), and a more global anal-

ysis showed variation between newly established and

old local populations in the expression of genes

involved in egg provisioning and the maintenance of

flight muscle proteins (Wheat et al. 2011). In short, pre-

vious studies have shown that there is considerable

genetic variation in the natural populations of the Glan-

ville fritillary with large effects on adult life history.

Here, working with material from the same metapopu-

lation, we examine global gene expression variation in

larval development under a range of naturally occur-

ring temperatures.

The thermal environment is critically important for

the larvae of the Glanville fritillary in the Åland

Islands, at the northern range limit of the species (Ku-

ussaari 1998). The larvae are gregarious, living in large

groups of around 100 full sibs and overwintering at the

5th larval instar (Nieminen et al. 2004). Diapause is bro-

ken in late March, after which the larvae go through 3

more instars. This study is focused on the final-instar,

during which the larvae gain most of their ultimate

weight and build up resources for the adult stage. In

April, when the final-instar larvae develop, ambient air

daily temperatures are low, often around 10 �C. In

cloudy weather, larval body temperature is not much

higher than the ambient temperature, but in sunny

weather, the black larvae bask in the sun and can raise

their body temperature up to and above 30 �C (Kuussa-

ari 1998). The thermal conditions that affect larval

growth and development thus vary dramatically from

day to day and among the years. In butterflies in gen-

eral, larval survival depends critically on their perfor-

mance under suboptimal conditions (Kingsolver 2000;
� 2012 Blackwell Publishing Ltd
Kingsolver & Gomulkiewicz 2003; Kingsolver et al.

2004; Kingsolver & Huey 2008), and the Glanville fritil-

lary is no exception (Kallioniemi & Hanski 2011).

Assuming that there is heritable genetic variation affect-

ing the survival and growth of the larvae, temporal and

spatial variation in environmental conditions may be

maintaining such genetic variation in the wild.

To characterize the genetic and thermal effects on lar-

val development in the Glanville fritillary, we analysed

the performance of full-sib larval families originating

from multiple local populations in the metapopulation

in the Åland Islands in Finland and measured their her-

itabilities. Larvae were exposed to three different tem-

perature treatments that bracket the thermal conditions

experienced by larvae in the field. ‘cold’ represents cool

spring weather conditions with little sunshine. Larval

mortality is elevated, yet these conditions allowed most

larvae to complete their development (Kallioniemi &

Hanski 2011). ‘hot’ corresponds to sunny and warm

spring weather conditions, allowing larvae to bask in

the sun and thereby raise their body temperature above

30 �C (Kuussaari 1998). ‘standard’ represents intermedi-

ate conditions and corresponds to standard rearing con-

ditions in previous experiments (Kallioniemi & Hanski

2011). Global gene expression was measured using a

high-density microarray. We found that there is a high

level of expression variation among larval families,

comparable to variation because of the temperature

treatment. Many of the differentially expressed genes

belong to the same functional categories, notably the

larval serum proteins, which were previously identified

as being differentially expressed between newly estab-

lished and old local populations in adult female butter-

flies (Wheat et al. 2011). These findings suggest the

possibility of a common genetic basis for variation in

larval development and adult dispersal.
Materials and methods

Phenotypic variation in larval development

Phenotypic variation in postdiapause development was

analysed for three randomly chosen larvae from each

larval family group that was detected during an Åland-

wide survey in the fall 2009. The larvae were reared

individually under common garden conditions

(+28:15 �C; 12:12, L ⁄ D) in the spring 2010. Individuals

were weighed when the diapause was broken (5th

instar) and at the beginning of each following instar

(6th, 7th and pupal stage). In the beginning of the 6th

instar, larvae were randomly assigned to two different

rearing temperature treatments (standard: +28:15 �C

12:12, L ⁄ D; and warm: +32:15 �C 12:12, L ⁄ D). After eclo-

sion, butterflies were sexed, marked individually and
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kept under standard conditions (+26:18 �C 9:15, L ⁄ D)

and fed daily (honey ⁄ water solution 1:3) to measure

their lifespan.

The results were analysed with principal component

analysis (PCA) on JMP (version 8.0.2) separately for the

two rearing temperatures, using only those individuals

for which information was available for all the life history

traits (n = 2018 individuals from 1153 families in 436

local populations). Pearson correlations were calculated

among the developmental stages for body mass and

development time separated for the sexes and the treat-

ments. Broad-sense heritability was estimated as twice

the intra-class correlation coefficient (among family vari-

ance divided by total variance; Falconer & Mackay 1996)

in a nested ANOVA with family nested within popula-

tion and individuals nested within family, and source

population as a random factor. Heritability was calcu-

lated for adult lifespan, development time and body

mass (7th instar larvae and pupae) in both treatments by

first standardizing for sex-specific differences.
Fig. 1 Experimental design. (A) The diurnal temperature pro-

files for the treatments (red = hot, green = standard, blue =

cold). (B) Overview of the experiments, showing how second-

generation laboratory-reared Glanville fritillary larvae were

reared under controlled conditions until they reached the final-

instar, at which time subsets of the larvae were subjected to

three different temperature treatments. During mid-develop-

ment, RNA was isolated from a subset of larvae and used for

the microarray and qPCR analysis. The rest of the larvae were

allowed to develop into adult butterflies. Phenotypic measure-

ments were taken during the development (at last moulting,

pupation and eclosion) and the stage at which death occurred

was recorded.
In-depth analyses of heritable and plastic responses to
rearing temperature

Heritable differences and plastic responses were studied

further using second-generation, laboratory-reared lar-

vae from six different larval families (O44, O171, N32,

O145, N170 and N74), initially collected from the Åland

metapopulation. The larvae were reared in standard

laboratory conditions until the 6th instar. At the 7th

instar, ten individuals from each family were exposed

to different thermal conditions (standard, cold and hot;

see Fig. 1 for details) that mimicked diurnal thermal

variation in their natural habitat. Of the three condi-

tions, the cold and hot conditions mimic the extremes

of the temperature profile that the larvae are subjected

to during a cool and cloudy spring or a hot and sunny

spring, respectively, while the standard condition repre-

sents the average temperature profile in the Åland

Islands.

Development times (last moult date, pupation date,

eclosion date), survival (death date and death stage)

and body weight (larval weight at the beginning of the

7th instar and pupal weight) were recorded. These were

used to analyse the developmental rate (larval and

pupal duration) and weight increase (growth and rela-

tive growth rate) using a mixed model in JMP (version

7.0.1), with the response variables explained by family,

treatment and their interaction (fixed factors). Sex and

last moult date were used as random factors. Sex could

reliably be determined only for adult butterflies. The

samples that died as larvae or pupae were assigned a

sex using gender-specific differences in larval weight

and last moult date (see Fig. S1 for details).
Survival was assessed using parametric survival anal-

ysis, as implemented in JMP ⁄ Genomics using Weinbull

distribution, with family, treatment and their interaction

accounting for death stage (adult, handicapped adult,

pupae and 7th instar larvae). A separate analysis was

carried out for the individuals that survived to adult-

hood (adult survival) using death date as the response

variable. The effect of family (broad-sense heritability)

on the pre-treatment traits, such as development time

(last moult date) and body mass (larval weight), was

estimated using full-sib regression (Roff 1997, pg 55, eq.

2.47).
Sample preparation and preprocessing

Larvae from the F2 families were collected, snap-frozen

in liquid nitrogen during mid-development (after 4, 5

and 6 days, for hot, standard and cold, respectively)

and used for RNA extraction (Fig. 1B). Three of these

families were chosen for the microarray experiment,
� 2012 Blackwell Publishing Ltd
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and the rest were kept for qPCR validation (Table S1).

Sample preparation, hybridization, scanning and data

extraction were performed as described by Wheat et al.

(2011). Spot quality was examined by visual inspection,

and bad spots (containing dust, etc.) were removed

from subsequent analysis. Median intensities of the

spots were read using R ⁄ Bioconductor ⁄ Limma-package

(Smyth 2004) and log2-transformed. Probes were

removed if they were consistently (in 90% of the

arrays) low (< 2 SD from the average intensity of the

‘DarkCorner’ spots) or high (<2 SD from saturation).

The filtering was performed separately for both chan-

nels. Filtered data were normalized using loess and

quantile method for within- and between-array normali-

zation, respectively, without background subtraction,

using the default setting in Limma, as recommended

for Agilent arrays (Zahurak et al. 2007).
Microarray analysis

The preprocessed data were analysed using a mixed

model (Wolfinger et al. 2001) as implemented in

JMP ⁄ Genomics (SAS 9.1.3, JMP 7.0.1, genomics 3.1).

Dye, family, treatment and family-by-treatment interac-

tion were treated as fixed factors. Slide, array, spot, spot

by array and biological samples were treated as random

factors. Least squared means and P values were calcu-

lated for family, treatment and their interaction. PCA

was performed on mean probe intensities (centred to

zero and variance scaled to one) using Pearson’s corre-

lation for each array, as implemented in JMP ⁄ Genomics.

The three main components were fitted to a linear

model with family, treatment and their interaction as

fixed effects to assess the significance of these factors in

explaining the observed variation. Additionally, a dis-

criminant analysis as implemented by JMP ⁄ Genomics

for family was conducted to assess to what extent the

main factors could classify the samples to the correct

family.

The false discovery rate (FDR) was calculated using

qvalue-package (Storey & Tibshirani 2003) in R, with

default settings. Q value estimates the number of

expected false positives at different cut-off levels in the

data set and is based on the distribution of the P values.

Probes were considered differentially expressed at two

levels of stringency. Subset 1 had probes with P < 0.05,

and subset two had probes that should contain no

expected false positives, based on the Q value analysis

(Q value * n probes <1).
Enrichment analysis

Expression (least squared mean) difference of all probes

was calculated between the pairwise comparisons in the
� 2012 Blackwell Publishing Ltd
data (between families, treatments, families within the

same treatment and treatments within the same family)

and averaged for each transcript (contig from the tran-

scriptome assembly). This gene list, ranked by expres-

sion difference, was used to find over- and under-

represented GO and KEGG categories with Fatiscan

(Al-Shahrour et al. 2005) in Babelomics (Al-Shahrour

et al. 2006), using a two-tailed Fisher’s exact test with

30 partitions, limiting the analysis to the input genes

and using noninclusive GO levels with direct annota-

tions. As our transcripts are not annotated, we used

Drosophila melanogaster gene information instead. As our

transcripts are mostly partial gene sequences, we

retrieved first the closest matching (BLASTx) genes in

Bombyx mori, which were then used to identify

(BLASTp) the Drosophila melanogaster genes (Vera et al.

2008).

The categories thus identified were further character-

ized for direction and magnitude of expression change

at the probe level, by fitting the standardized least

squared means of family-by-treatment interactions into

a mixed model in JMP. An automated K-means cluster-

ing was performed for the probes belonging to the cate-

gory response to unfolded protein (GO:0006986) using the

standardized least squared mean expression for treat-

ment, with clustering radius of 1.5, as implemented in

JMP ⁄ Genomics. Probes belonging to the categories larval

serum protein complex (GO:0005616) and oxygen trans-

porter activity (GO:0005344) were analysed for co-regula-

tion by fitting the preprocessed intensities of each probe

against the intensities of probes belonging to different

LSP genes (unique contig). The average LSP expression

was then fitted against the expression of all other

probes to find additional genes displaying co-expres-

sion.
qPCR validation

Primers (Table S2) were designed with Primer3 (Rozen

& Skaletsky 1999) for fourteen genes that showed signif-

icant expression differences between the treatments

(P < 8.6 · 10)06–6.3 · 10)09), with a wide range of

expression levels (log2 intensity = 8.88–12.52) and five

endogenous control genes (log2 intensity = 8.57–12.23).

The qPCR measurements were made with LightCycler�

480 Real-Time PCR System (Roche) using LightCycler�

480 SYBR Green I Master mix (Roche) in a 384 well

plate with 10 lL volume (containing 2.5 lL of cDNA).

cDNA and premade mastermix were pipetted using

CAS-1200 Liquid Handling System (Corbett Life Sci-

ence). The samples were partially randomized across

the plate to minimize position-dependent differences

between the measurements. Six biological samples and

a dilution series of one control gene of a standard
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sample (interplate calibrator) were measured on one

plate for all genes, with three technical replicates and

one water control for each gene.

Fluorescence values were converted to melting

curves, crossing point (DCt) values and estimated con-

centrations using qpcR-package (Ritz & Spiess 2008) in

R. Fluorescence values were normalized and polished

for lag and plateau phases and fitted to a sigmoidal

curve (using modlist with baro5 as model). The concen-

trations were estimated using calibration curves for

each gene on a reference plate (calib, cpD2 as thresh-

old). Melting curve analysis was used to remove devi-

ant samples (primer dimers and incorrect amplicons).

Concentrations of target genes were divided by the

average concentration of the endogenous control genes.

The normalized concentrations were analysed for treat-

ment, family and their interactions using a mixed

model in JMP ⁄ Genomic, with plate ID as a random fac-

tor. Significance of treatment and expression differences

between hot and cold were compared with the micro-

array results (least squared mean of expression) using

five sample sets in the qPCR (Table S1).
Results

Genetic background interacts with temperature in
affecting larval development

We used a comprehensive field-collected sample origi-

nating from 436 different local populations to investi-

gate larval development and survival in two rearing

temperatures, including correlations among the devel-

opmental stages and broad-sense heritabilities of the

respective traits. These traits were next investigated in

F2 common garden-reared full-sib larvae (Kallioniemi &

Hanski 2011) in three rearing temperatures (Fig. 1A).

Finally, we selected out of this material three larval

families, representing the full range of variation, for a

study of global gene expression potentially affecting the

phenotypic traits (Fig. 1B).

Development times, body masses at different larval

stages and survival during postdiapause development

were analysed with the field-collected sample using

principal component analysis (PCA). Majority of the

total variation (57% in standard and 64% in warm) in

these traits could be accounted for by the first three

principal components (PCs) of the analysis (Table S3).

All development times and body masses were corre-

lated with PC1 and PC2, with measures of body mass

correlating positively with both PC1 and PC2, while

measures of development time correlated negatively

with PC1 and positively with PC2. These correlations

probably reflect the existence of both negative (PC1)

and positive (PC2) correlations between body mass and
development time, supporting, respectively, condition-

dependent development and physiological constraints

on development. In the former, high-quality individuals

grow fast to a large size (hence the negative correla-

tion), and in the latter, more time is needed to achieve

large body size (hence the positive correlation). In con-

trast, lifespan was uncorrelated with the other traits

and correlated only with PC3. PC1 and PC2 showed

significant broad-sense heritability (Table S3), suggest-

ing genetic effects throughout postdiapause larval

development.

Correlations among individual traits were small but

significant (Table S4). Development time and body

mass had the highest broad-sense heritability during

the 7th instar and pupal stage, respectively (Table 1),

and were negatively correlated (q = )0.45; P < 0.0001)

during the 7th instar (Table S4). Phenotypic variance

among the local populations was uniformly low and

less than variance among individuals and families

(Table 1), consistent with high gene flow among nearby

local populations (Hanski et al. 1994), low Fst (Saccheri

et al. 2004) and coarse-grained population structure in

the Glanville fritillary metapopulation (Orsini et al.

2008).

The large amount of heritable variation in the devel-

opmental traits was examined in detail in six common

garden-reared families exposed to three temperature

treatments (cold, standard and hot) during the 7th

instar. Prior to the 7th instar and the temperature treat-

ment, there were significant differences among the fam-

ilies (Fig. S1, Table S5) in development time

(F5 = 11.87; P < 0.0001) and body mass (F5 = 11.97;

P < 0.0001), with broad-sense heritabilities of 0.54 (stan-

dard error 0.19) and 0.53 (0.19), respectively. These find-

ings are similar to the values of the field sample

(Table 1). These differences persisted during the tem-

perature treatment, although the ranking of the families

in development time changed from pre-treatment to

post-treatment period (Table S5). This was especially

pronounced in family N74, which had the fastest post-

treatment development for larvae (F1 = 8.41; P = 0.0045)

and pupae (F1 = 10.76; P = 0.0015) (Fig. 2A, Table S5).

There was a highly significant temperature treatment

effect on all post-treatment traits (Table S5), but the

interaction between family and treatment was signifi-

cant only for survival and larval duration (F10 = 2.265;

P = 0.018), which decreased with increasing tempera-

ture and varied greatly among the families in cold but

had only limited variation in hot (Fig. 2A). Pupal

weight also increased linearly with temperature, but

pupal duration was unexpectedly shortest in the stan-

dard treatment (F1 = 37.23; P < 0.0001). The differences

were small, 1 day or less, but significant among the

families (F4 = 4.21; P = 0.0036) and the treatments
� 2012 Blackwell Publishing Ltd



Table 1 Percentage of variation in phenotypic traits that is explained by family within population, population and residual, and the

corresponding broad-sense heritability estimates

Development time Body mass Lifespan

7th instar Pupae 7th instar Pupae Adult

standard temperature

Family (population) 0.278 0.069 0.122 0.243 0

Population 0.051 0.02 0.068 0.073 3.4

Residual 0.671 0.911 0.81 0.684 97.6

H2 0.56*** 0.14NS 0.24** 0.49*** 0NS

warm temperature

Family (population) 0.359 0.336 0.184 0.395 0.004

Population 0.151 0 0 0 0.028

Residual 0.49 0.664 0.816 0.605 0.968

H2 0.72*** 0.67** 0.37NS 0.79*** 0NS

The traits have been standardized for the sex differences. Results are given separately for the two temperature treatments (standard

and warm) and developmental stage (7th instar larvae and pupae for development time and body mass and adult for lifespan).
***P < 0.0001, **P < 0.001, NSP > 0.05.
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(F2 = 27.39; P < 0.0001). Pre-adult survival was affected

by the temperature treatment (F2 = 67.07; P < 0.0001),

family (F5 = 45.06; P < 0.0001) and their interaction

(F10 = 44.03; P < 0.0001). Mortality was highest in cold,

whereas in hot, all individuals survived to adults

(Fig. 2B). In contrast to larval survival, adult lifespan

was affected by neither temperature nor family (both

P > 0.1).

In summary, these results indicate largely correlated

variation and significant broad-sense heritabilities

across the different larval developmental stages. There

are highly significant family effects in the 7th instar

development and survival as well as a significant fam-

ily-by-temperature interaction, suggesting that substan-

tial genetic variation affecting larval development is

segregating in the metapopulation.
Probe-level analysis shows that both the family
background and temperature treatment have significant
effect on global gene expression

To analyse variation in gene expression among the fam-

ilies and between the temperature treatments, we sam-

pled a total of 35 larvae from three families (N170, N74

and O171) during their mid-development in the 7th

instar. The selected families represented the entire

range of larval development times, especially in the

cold treatment, with family O171 being the slowest and

N74 the fastest (Fig. 2A). RNA samples were hybrid-

ized to custom-made microarrays (Vera et al. 2008).

The technical performance of the array was very high.

The coefficients of variation (CV) were less than 3.4%

for 95% of the preprocessed triplicate probes

(n = 11571; Fig. S2). The three families and the two
� 2012 Blackwell Publishing Ltd
temperature extremes (cold and hot) were well sepa-

rated in a principal component analysis (Fig. 3,

Table 2). The first three components explained 31% of

all expression variation and were significantly

(P < 0.0001) correlated with family (PC1 and PC3) and

treatment (PC2). A discriminant function analysis

showed that 31 of the 35 individuals could be assigned

to the correct family based on these PC values (v2 like-

lihood ratio = 37.6; P < 0.0001).

We used a mixed model analysis to identify the

effects of family, treatment and their interaction on gene

expression. The analysis showed substantial and signifi-

cant expression variation because of all these factors, as

indicated by the excess of low P values (Fig. S3). One-

third of all probes showed significant (P < 0.05,

Table S6 subset 1, Fig. 4) differences among the fami-

lies (37%; n = 4327) and treatments (35%; n = 4121).

Family-by-treatment interaction was significant for

fewer probes (15%; n = 1770) and had four times higher

false discovery rate (Q value). The significant probes

from the three levels of analysis represent a majority

(n = 5622 ⁄ 8397) of the unique transcripts on the array,

with 42% being significant for family, 39% for treat-

ment and 18% for their interactions.

Families N170 and N74 had the largest expression

difference in 55% of the probes that were significant for

family, whereas O171 and N74 had the smallest expres-

sion difference in 49% of these probes. The treatments

hot and cold differed most from each other for 67% of

the probes that were significant for treatment, while

standard and cold were most similar for 53% of these

probes. These results reflect the patterns in the principal

component analysis (Fig. 3). Variation among the fami-

lies for the probes that were significant for interaction
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and standard errors). Main panel: The

durations of the final (7th) larval instar

during the temperature treatments are

shown for each treatment and family.

Data include only those individuals that

survived to pupation. Significant P val-

ues are shown for pairwise comparisons

of families within each treatment. The P

values indicated with a star were signif-

icant (P < 0.003) after Bonferroni correc-

tion (multiple tests within a treatment

group, n = 15). Inset: The larval moult

date prior to the temperature treatments

in each family. (B) Proportions of indi-

viduals that died at each life history

stage across the six families and the

three temperature treatments. The col-

ours relating to different death stages

are indicated below the graph. ‘Handi-

capped adults’ refer to individuals that

died immediately after eclosion. Note

that families are given in the same order

as in panel (A).
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was highest in hot (62% of probes), followed by cold

(30%) and standard (9%).

After limiting the data to include less than one

expected false positive (Table S6 subset 2), there were

still 908 probes showing differential expression among

the families, 778 among the treatments but only 57

showing a significant family-by-treatment interaction

(Fig. 4). Although these probes represent transcripts
with the most reliable expression changes, most of these

changes are small, making it difficult to detect them

with less sensitive methods (e.g. qPCR). For a more

robust list of candidate genes for the family-by-treat-

ment interaction, we selected transcripts with more than

one significant (P < 0.05) probe, which should reduce

false positives and cross-hybridization noise. Of these

transcripts, we selected only the ones with greater than
� 2012 Blackwell Publishing Ltd



Table 2 The percentage of total variation explained by the first three principal components in the microarray analysis

Principal components % of total variation

Summary of fit P values

R2 R2 adjusted Family Treatment Family-by-treatment

PC1 13.3 0.6961 0.6027 <.0001 0.0466 0.6133

PC2 9.8 0.6355 0.5234 0.017 <.0001 0.0806

PC3 7.8 0.6559 0.5500 <.0001 0.2503 0.6697

Each principal component was fitted to a linear model with family, treatment and family by treatment as fixed factors. The R2 values

of the fits and the corresponding P values are given in the following columns.

Family Treatment

Family × Treatment
4263

469

2086

426

2293

425

1159

450

(9976)

(32)

(638)

(17)

(780)

(5)

(120)

(3)

Fig. 4 Venn diagram showing the number of statistically sig-

nificant probes at two cut-off levels. Subset 1, the upper value,

contains probes with P value < 0.05. The corresponding pro-

portions of expected false-positive probes (Q value) at this

level are 0.0439, 0.0486 and 0.1730 for family, treatment and

their interactions, respectively. The values in parentheses indi-

cate the more stringent subset 2, in which the number of

expected false-positive probes is less than one and contains

probes with Q value < 0.0008, 0.0010 and 0.0108 for family,

treatment and their interactions, with corresponding P values

< 0.0002, 0.0002 and 0.0001, respectively. The number of non-

significant probes for both subsets is shown in the bottom

right.
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twofold expression difference among the families in at

least one of the temperatures, which should facilitate

easier detection. This resulted in a list of 79 unique

transcripts (Table S6 candidate gene list).

In brief, our results document widespread variation

in expression of a large number of genes among fami-

lies and the temperature treatments. As expected, the

temperature treatment extremes hot and cold were the

most different from each other. Even though approxi-

mately an equal number of genes were found to show

significant variation among the families and between

the treatments, only 15–35% of them (depending on the

statistical cut-off value) are shared.
� 2012 Blackwell Publishing Ltd
Larval serum proteins and translation are the top
categories indentified by gene set enrichment analysis

With so many differentially expressed genes, we pro-

ceeded to classify them with gene set enrichment analy-

sis tools (Al-Shahrour et al. 2005) using gene ontology

(GO) and pathway (KEGG) categories. We carried out

pairwise comparisons between families, treatments,

families within each treatment and treatments within

each family (Table S7). This resulted in 57 significantly

enriched categories (FDR adjusted P < 0.0001 in at least

one of the comparisons), which have been ordered by

similarity in Table 3. Of these categories, 45 were dif-

ferent (P < 0.01) among treatments and 27 among the

families. The rest were significant for families only in a

specific treatment or significant for treatments in a spe-

cific family. Thirty-seven (37) categories displayed the

greatest variation among families in cold, substantially

more than in hot (28) and in standard (18). The magni-

tude and direction of change was analysed at the probe

level (Fig. S4).

The most striking enrichments were observed in the

categories larval serum proteins (Table 3A) and transla-

tion (Table 3B). Larval serum proteins showed an overall

increase in expression with increasing temperature and

significant differences among families. The expression

correlated with larval development time across the tem-

perature treatments (Fig. 5) and exhibited the same

family-by-treatment interaction as larval duration: lar-

vae in the family N74 had higher expression level in

cold and hot than larvae in N170, but in standard, the

expression levels were equal. Family O171 had the low-

est expression level in all treatments. In contrast, trans-

lation showed an overall decrease in expression with

increasing temperature. In family O171, this decrease

was monotonic, whereas in N74, there was a slight

increase in expression from standard to hot. Family

N170 had the lowest expression level in all conditions,

and identical expression in standard and hot.

Six categories, actin binding, striated muscle contraction,

valine, leucine and isoleucine degradation, citrate cycle,

and ascorbate and aldarate metabolism, were enriched
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(B) Fig. 5 Larval duration and the expres-

sion of larval serum proteins. (A) Dura-

tion of the final larval instar in the three

families and the three treatments

(means and standard error) for individ-

uals that survived to adults. (B) The fit-

ted standardized least squared mean

expression and standard error for the

probes belonging to the category larval

serum protein complex (GO:0005616) in

the three families and three temperature

treatments. Families and treatments are

identified in the inset.
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exclusively among the families (Table 3C), with no

enrichment between the treatments. Expression was

highest in N74 and lowest in N170 in all cases. This dif-

ference was most apparent in the treatment extremes

hot and especially in cold.

Of the two categories related to heat stress

(Table 3D), response to heat showed consistent differ-

ences among the families (strongest in hot) but no uni-

form treatment response. In contrast, response to unfolded

protein showed divergent treatment effects but little var-

iation among the families (Fig. S5). Most probes

showed a response in hot, either increased or decreased

expression (n = 15 probes in both). The remaining

probes showed a response in standard (increasing n = 5

and decreasing n = 4).

Categories enriched exclusively between the tempera-

ture treatments included protein folding and binding

(Table 3E), cofactor binding (Table 3F) and folate catabo-

lism (Table 3G). All these categories showed the highest

expression in hot. Folate catabolism increased linearly

with increasing temperature, while the other categories

exhibited a more complex pattern.

Mitochondrial activity (Table 3H), protein degradation

(Table 3I), chitin biosynthesis (Table 3J) and energy

metabolism (Table 3K ⁄ L) categories were enriched pri-

marily between the treatments. However, in many of

these categories, family N74 was the only one to show

clear temperature effects. The family N170 showed

weak treatment effects in mitochondrial activity

(Table 3H), O171 showed no treatment effects in protein

degradation (Table 3I), and N74 showed decreased

expression from cold to hot in both of these categories.

We excluded the possibility of annotation bias influ-

encing the results by comparing the numbers of signifi-

cant probes (P < 0.05) included in the enriched

categories with those in the entire data set. The propor-

tions were similar across all levels, family, treatment

and their interaction (v2 = 6.48; P = 0.37), indicating no

unequal distribution of annotation among genes that

were differentially expressed vs. those that were not.
In summary, while most of the probes in the mixed

model analysis were significant either for the family or

the treatment effects (Fig. 4), the enriched categories

displayed complex interactions between the two factors.

Treatment dominated the enrichment, but there was

also family-level variation in almost all categories either

as the main effect or only particular families showing

the treatment effect.
qPCR validation

We used quantitative real-time PCR to assess the tech-

nical and biological robustness of the results for four-

teen genes affected by the treatment (some with

significant family and family-by-treatment interactions).

These target genes spanned a wide range of expression

levels (hybridization intensities). The expression levels

were normalized with five endogenous control genes

that showed limited expression variation and were nei-

ther significant for the treatments nor families, but

which covered the same range of expression as the 14

focal genes. The results were analysed with a mixed

model with multiple sample sets.

The repeatability of the results on expression was

assessed using the same samples that were used in the

microarray analysis (Table S1, ‘microarray samples’;

n = 35). Only 8 of the 14 genes were significant for

treatment (P < 0.05) in the qPCR analysis, although all

except one (T12) showed the same differences in

expression among the treatments as the microarray

(Fig. S6).

The microarray results were biologically robust, as

similar qPCR results were obtained with independent

samples. The three other families not included in the

microarray experiment (Table S1, ‘nonmicroarray fami-

lies’; n = 30) had 7 ⁄ 14 genes significant for treatment,

and samples not included in the microarray experiment

from all six families (Table S1, ‘nonmicroarray sam-

ples’; n = 52) had 9 ⁄ 14 genes significant for treatment

(Fig. S6).
� 2012 Blackwell Publishing Ltd
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An increase in sample size increased the number of

significant genes by allowing us to capture more of the

technical plate to plate variation inherent in qPCR anal-

yses. Analysis of all the samples (Table S1, ‘all sam-

ples’; n = 87) in the thermal experiment (including the

microarray samples) resulted in 10 ⁄ 14 significant genes.

The most similar results to the microarray results, with

11 ⁄ 14 genes significant, were obtained with additional

samples from the same three families that were used in

the microarray experiment (Table S1, ‘microarray fami-

lies’; n = 57).

The technical performance of the qPCR was estimated

with the coefficient of variation (CV) of the crossing

point (DCt) values, after filtering out reactions with

deviant kinetics (13.2%; 656 ⁄ 4959 removed). For 95% of

the reactions, CV was <6.7%, almost twice the CV in

the microarray experiment (3.4%) (Fig. S2). Thus, the

higher sensitivity of the microarray was mostly respon-

sible for its ability to detect significant treatment, family

and interaction differences in expression with a smaller

sample size.

In summary, the qPCR validation confirmed the

direction of the expression differences but had lower

level of repeatability. As a consequence, the sample size

in the qPCR experiment had to be nearly doubled in

comparison with the microarray experiment to reach

comparable statistical power (Table S1).
Discussion

Our comprehensive field sample of larvae across the

metapopulation indicated high heritability of larval

development. There are thus the ingredients present for

spatially and temporally varying natural selection on

larval development, which could be expected to main-

tain genetic variation in the metapopulation. Consistent

with this expectation, we found a large amount of vari-

ation in gene expression among larval families. This is a

noteworthy finding in view of the paucity of studies

that have quantified expression variation among fami-

lies in natural outbred populations (Whitehead & Craw-

ford 2006).

Although many studies have reported heritability val-

ues for gene expression, most studies were performed

on model species with inbred strains used to generate

‘family’ crosses (Schadt et al. 2003; Gibson et al. 2004;

Vuylsteke et al. 2005; Cui et al. 2006), and thus, these

studies are not very informative about expression varia-

tion in wild populations. For example, a study using 40

common garden-reared and inbred Drosophila melanog-

aster lines from a single population found that 68% of

the transcripts were differentially expressed among the

lines, with broad-sense heritabilities ranging from 0.3 to

1.0 (Ayroles et al. 2009). However, these heritabilities
� 2012 Blackwell Publishing Ltd
are inflated compared to outbred populations (the addi-

tive genetic variation is doubled). Our results are

broadly similar with a study on 15 human families from

Utah, in which 31% of genes were differentially

expressed among the families and showed significant

narrow-sense heritability (parent–offspring similarity in

expression) with a median of 0.34 (Monks et al. 2004).

Studies of natural outbred populations of killifish

(Fundulus heteroclitus) have identified extensive expres-

sion differences among individuals, particularly in

genes of central metabolism (Oleksiak et al. 2002, 2005).

However, these studies lacked family structure and

may have been affected by environmental and ⁄ or epige-

netic factors (Scott et al. 2009). Additionally, most stud-

ies sample individuals from a single environment, not

representative of natural conditions. Whether the actual

conditions were stressful, and therefore increased

expression variation, or benign and decreased expres-

sion variation, is impossible to assess given data from a

single ‘treatment’, the environment that was sampled.

In short, studies on several species indicate substantial

family-level variation in gene expression, although the

interpretation of the results is complicated by experi-

mental conditions, inbreeding and possible epigenetic

effects.
Expression variation among families interacts with
temperature

Our experiment was designed to assess the amount of

gene expression variation among families. Given the

constraints on how many individuals could be included

in the microarray experiment, and the fact that statisti-

cal power to detect differences among families

decreases with decreasing number of individuals per

family, we opted to analyse a large sample of individu-

als in three phenotypically divergent families. We used

common garden F2 generation individuals in the micro-

array experiment to minimize maternal effects. As we

investigated gene expression in a subset of families rep-

resenting the range of phenotypic variation in the meta-

population, the observed expression variation reflects

genetic variation segregating across the local popula-

tions residing in the heterogeneous environment. Previ-

ous studies have revealed a distinct life history

syndrome characterizing new populations established

by more dispersive individuals versus old populations

(Hanski et al. 2006; Saastamoinen 2008; Wheat et al.

2011). Unfortunately, our sampling was too sparse to

address the new vs. old population dichotomy, but

rather, it sheds light upon the variation segregating in

the metapopulation as a whole. We shall return to this

question below while discussing the larval serum pro-

tein genes. Meanwhile, it is noteworthy that expression
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variation among families was detected across the three

temperature treatments, and in general, the family

effects were as strong as the temperature effects on

gene expression.

Of particular interest are genes that differ in expres-

sion among families in a dissimilar manner in different

treatments (family-by-treatment interaction), as they

provide variation upon which natural selection may

operate. Although the number of genes with significant

family-by-treatment interaction was smaller than the

number of genes with significant family and treatment

effects, the genes with the most robust expression dif-

ference (Table S6 candidate gene list) belonged to the

same functional categories that were found in the

enrichment analysis, including larval serum proteins,

cuticle proteins, HSPs, mitochondrial genes and genes

related to metabolism. Based on this observation, these

genes are good candidates for future studies using a

larger number of individuals.
Timing of development and gene expression

Most of the transcripts (67% of probes) that showed

significant (P < 0.05) expression differences between the

treatments responded linearly to temperature, either

increasing (1397 probes) or decreasing (1375 probes)

from cold to standard to hot. This would be expected if

the treatments and sampling cause systematic differ-

ences in the developmental stage of the larvae at the

time of sampling. Given that the majority of the

enriched categories showed both family and treatment

effects, and assuming a positive correlation between

phenotypic and expression variation, we expected

greatest variation in expression among families in the

cold treatment, in which the rate of development varied

most. However, in reality, expression varied most in

the hot treatment, in which the families differed least

in the rate of development. In addition, the families

(N74 and O171) that differed most in the duration of

larval development differed least in gene expression.

These results argue that expression variation is not

solely or even largely owing to the timing of develop-

ment, and neither can variation in gene expression be

explained by a single phenotypic variable (larval dura-

tion). Either most of the expression variation affects

phenotypic traits that were not measured or larval

development does not progress in a simple linear man-

ner. In fact, only variation in the expression of larval

serum proteins (LSPs) was directly related to variation in

the rate of larval development. The expression of LSPs

increased from cold to hot and was highest in family

N74, which showed the fastest larval development, and

lowest in O171, which showed the slowest larval devel-

opment.
Temperature treatment and stress

Acclimation to a new environment can be achieved by

altering gene expression. Generally, the more drastic

the environmental change the more genes are likely to

be involved. Exposure to dissimilar environments can

also reveal more of the underlying genetic differences

among the families. Thus, our temperature treatments

were expected to reveal general thermal stress

responses and family differences. Indeed, most of the

expression variation was observed at the treatment

extremes, with variation among the families seven times

higher in hot compared to standard, with cold being

intermediate. Thus, hot appears to have been the most

stressful treatment. However, as all individuals sur-

vived to adults in hot, but not in cold, the benefits of

elevated temperature on development apparently out-

weighed the presumed thermal stress.

The enriched categories related to thermal stress were

split into treatment-enriched (response to unfolded protein)

and family-enriched (response to heat) categories. These

enrichments were mainly because of expression varia-

tion in heat shock protein (HSP) genes. The small HSPs

(20–40 kDa) were responding to the temperature treat-

ment (mostly up-regulated in hot), while the larger

HSPs (70 and 90 kDa) were constitutively expressed at

different levels among the families, consistent with high

heritability observed in humans (Dixon et al. 2007) and

Drosophila (Krebs & Feder 1997).

In contrast to typical heat stress experiments, which

apply constant and extremely high temperatures result-

ing in the up-regulation of large HSPs (Lindquist 1986;

Cvoro et al. 1998; Tachibana et al. 2005; Zhang & Denlin-

ger 2010), our study was focused on ecologically relevant

thermal conditions. We observed no treatment-induced

changes in large HSP expression, and given the zero mor-

tality in hot, the existing family-level variation may not

have mattered under the experimental conditions. The

immediate heat stress experienced in the hot treatment at

mid-day only increased the expression of small HSPs,

associated with brief temperature perturbations in Dro-

sophila (Qin et al. 2005; Sørensen et al. 2005). As the

night-time temperatures were low, the larvae could prob-

ably recuperate from the high-temperature stress without

accumulating detrimental effects.

Larval mortality was zero in the hot treatment, in

which the relative growth rate was highest and the

pupal weight was greatest. These results are not consis-

tent with the so-called temperature–size rule (TSR),

according to which lower temperatures result in slower

larval growth but ultimately lead to higher adult body

mass (e.g. Allsopp 1981). However, exceptions to TSR

are relatively common in Lepidoptera (e.g. Atkinson

1994). The high larval and pupal mortalities observed
� 2012 Blackwell Publishing Ltd
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in the cold treatment, along with the largest pupal

weight in the hot treatment, suggest that thermal condi-

tions may be a limiting factor in the study population

of the Glanville fritillary, which occurs at the northern

range limit of the species.
Larval serum proteins (LSPs)

Larval serum proteins are expressed in the fat body

and secreted into the haemolymph during the final lar-

val instar (Haunerland 1996). They are reabsorbed dur-

ing pupation and used as amino acid reservoirs in

morphogenesis, with additional ligand and transport

functions (Telfer & Kunkel 1991). Their expression is

regulated by 20-hydroxyecdysone (20E), one of the most

important hormones regulating insect development,

especially during the final larval instar of Lepidoptera

(Burmester et al. 1999; Hiruma & Riddiford 2010).

LSP expression was affected by the temperature treat-

ment, it differed among the families, and it showed a

significant family-by-treatment interaction. The close

correspondence between LSP expression and larval

development time suggests that either these genes

directly affect larval development or variation in their

expression reflects upstream pathways controlling both

LSP expression and development rate. In the former

case, the expression of LSPs, which are used as energy

reserves (Hiruma & Riddiford 2010), would reflect dif-

ferences in energy acquisition and management leading

to differences in growth rate; in the latter case, the hor-

monal pathways (especially 20E) regulating LSP expres-

sion would have differential onset or sensitivity among

the larval families.

Our results are more consistent with the hormonal

regulation of LSPs than with the energy storage hypoth-

esis. First, LSP expression showed only a weak correla-

tion with larval weight increase, and the family-by-

treatment interactions observed in LSP expression were

not observed in larval growth. Second, the expression

of LSP genes was highly correlated and hence appar-

ently co-regulated. On average, the expression of one

LSP gene explained about 80% of the expression of

another LSP gene, and in some cases, the correlation

was nearly complete (Fig. S7). Third, we identified

other genes showing expression patterns that were

highly correlated with LSP expression. One interesting

group of genes is the cuticle-binding proteins, involved

in cuticle formation, which were negatively correlated

with LSP expression (Fig. S7). Both groups of genes are

known to be regulated by juvenile and ecdysteroid hor-

mones during larval development.

In one of the best-studied Lepidopteran species, the

tobacco hornworm (Manduca sexta), LSPs, along with

other genes, undergo a characteristic expression shift dri-
� 2012 Blackwell Publishing Ltd
ven by hormonal changes during mid-development of

the final-instar larvae (Hiruma & Riddiford 2010). During

this instar, the expression of cuticle-binding proteins

decreases, while LSP expression increases at the pupal

commitment ⁄ wandering stage (Hiruma & Riddiford

2010). Our study was focused on this same time period.

In addition to the shift between the LSP and cuticle-bind-

ing protein expressions, we observed expression changes

in other genes known to be regulated by or interacting

with 20E, including ecdysteroid-modifying enzymes

(3-dehydroecdysone reductase), ecdysteroid receptor

and juvenile hormone-binding proteins.

In a previous study on adult Glanville fritillary

females, physiological and microarray analyses revealed

significant differences in LSP expression as well as in

juvenile hormone (JH) titre levels between newly estab-

lished and old local populations (Wheat et al. 2011).

This study was based on second-generation common

garden-reared butterflies, and hence, the results are

likely to reflect heritable genetic variation affecting LSP

expression. The present and the previous studies sug-

gest that variation in LSP expression and its interaction

with temperature reflect differences in developmental

rate and temporal variation in hormonal signalling.
Technical performance of the microarrays

Although a number of studies have examined the fac-

tors affecting the correlation between microarray and

qPCR results (Canales et al. 2006; Morey et al. 2006;

Arikawa et al. 2008), they are typically focused on cor-

relations and fold changes, and very few studies have

conducted analyses in the mixed model statistical con-

text. Here, we specifically validated our microarray

results using 14 genes that were differentially expressed

in the temperature treatments, spanning a wide range

of expression levels. The correspondence between the

qPCR and microarray results was good, with similar

results obtained using independent biological samples,

thereby confirming the biological generality of the

microarray results (Fig. S6, Table S1). The higher vari-

ability in the qPCR results compared to the microarray

measurements (Fig. S2) indicates that the qPCR assays

required larger sample sizes than the microarray experi-

ment to yield a similar level of statistical significance.

Our validation indicates that oligonucleotide micro-

arrays based on de novo assembled next-generation

sequences provide a robust, accurate and rather inex-

pensive method to study gene expression variation.
Conclusions

We have shown that the rate of development and pupal

mass, which have important fitness consequences in
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butterflies, have high heritability. There is also substan-

tial variation among larval families in the expression of

genes apparently regulating larval duration and

responding to related hormonal cascades. In particular,

larval serum protein (LSP) genes exhibited significant

variation in expression among larval families, in which

variation was furthermore correlated with variation in

larval duration. LSP genes are differentially expressed

in female butterflies in newly established versus old

local populations (Wheat et al. 2011) in the same meta-

population, suggesting an association between larval

performance and the colonizing capacity of adult but-

terflies. This could occur either through an improved

persistence of newly established populations, improved

dispersal rate of adults or a combination of the two.

Such an association has been detected at the organismal

level in a study comparing four regional populations of

the Glanville fritillary in northern Europe, in which two

regional populations, including the one from the Åland

Islands that was studied here, had significantly faster

larval development than the others but also signifi-

cantly higher flight metabolic rate (A. Duplouy and

I. Hanski unpublished data), a proxy of high dispersal

rate (Niitepõld et al. 2009). It is thus possible that the

well-studied differences in the life histories of newly

established versus old local populations in the Glanville

fritillary (Hanski et al. 2006; Saastamoinen 2007; Ovas-

kainen et al. 2008; Klemme & Hanski 2009; Hanski

2011) are causally related to genes controlling larval

development. These results suggest working hypotheses

for further research and highlight the power of employ-

ing genomic tools in life history and ecological research

on natural populations.
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Supporting information

Table S1 Comparison of microarray and qPCR results. (A) Sig-

nificance values are shown for the fixed factors (treatment,

family and family-by-treatment interaction) in the analysis for

microarray and qPCR for the 14 genes (T1-T14) that were vali-

dated. The qPCR was analyzed with different sample sets of

varying size and relatedness to the microarray samples; Micro-

array samples: the same samples as in the microarray experi-

ment (n = 35); Microarray families: additional samples from

the same three families that were used in the microarray analy-

sis (n = 57); Non-microarray samples: samples not included in

the microarray analysis from all six families (n = 52); Non-

microarray families: samples from the three other families that

were not included in the microarray analysis (n = 30); All sam-

ples: all the samples in the thermal experiment (including the

microarray samples, n = 87). (B) The number of individuals

making up these samples sets by family and treatment are

shown below the results.

Table S2 The primers used in the qPCR analysis. For each pri-

mer pair the corresponding names of the microarray probes,

genes (unique 454 contigs), the best matching Bombyx mori and

Drosophila melanogaster homologs are indicated. The primer ID

describes whether the gene was used as an endogenous control

(C) or a target (T) in the analysis.

Table S3 Principal component analysis of phenotypic measure-

ments of field collected larvae reared in two temperatures

(standard and warm), nested ANOVA analysis of these compo-

nents by individual within family, family within population,

population and residual, and the estimated broad-sense herit-

abilities.

Table S4 Pearson’s correlation estimates for consecutive mea-

sures of development time and body weight across pre-adult

developmental stages and correlations of body weight and

development time at 7th instar and pupae in the field collected

larvae in two rearing conditions (standard and warm).

Table S5 Mixed model analysis of body weight and develop-

ment time in the second-generation lab-reared larvae (6 fami-

lies with 10 larvae in each treatment per family) before and

after the 7th instar larvae were exposed to the temperature

treatments (cold, standard and hot).

Table S6 Lists of probes significant for the factors: family,

treatment or family by treatment interaction with two statistical

cut-off levels; Subset 1: probes with P value < 0.05, Subset2:

probes containing less than one expected false positive (based

on Q value estimation), and a list of candidate genes for family

by treatment interactions (candidate gene list).

Table S7 Results from the gene set enrichment analysis (Babel-

omics—FatiScan; Al-Shahrour et al. 2006) for pair-wise com-

parisons of treatments (cold, standard and hot), families (N170,

N74 and O171), families within the same treatment and treat-

ments with the same family.

Fig. S1 Bi-plots of pre-treatment differences in larval weight

and last molt date among families and sexes in the second-

generation lab-reader larvae. (A) Using samples with known

sex. (B) Centering these values by family to highlight the dif-
� 2012 Blackwell Publishing Ltd
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ferences between the sexes. (C) Combining the samples with

known and inferred sex. Error bars in (A) and (C) indicate

standard error of the means. Female larvae were on average

16.5% heavier than males

(R2 = 0.321; F1 = 18.84; P < 0.0001) and reached the last instar

stage 1.7 days later than the males (R2 = 0.514; F1 = 64.36;

P < 0.0001). Assuming these same relationships for our entire

dataset, we were able to assign individuals of unknown sex

(34% of entire dataset, n = 61 ⁄ 179) using the following criteria:

males were required to have pre-treatment phenotype values for

larval weight and last molt date less than the corresponding

minimum observed among the females within each given family.

Fig. S2 The distributions of the coefficient of variation (CV) for

(A) the microarray probes after pre-processing and (B) qPCR

crossing point values (DCt) after filtering.

Fig. S3 P value distributions of the microarray probes for the

fixed factors (family, treatment and family by treatment inter-

action) in the mixed model analysis.

Fig. S4 Direction and magnitude of expression change for the

probes belonging to the GO and KEGG categories (n = 57)

identified in the gene set enrichment analysis. Standardized

least squared mean expression in each family plotted in the

three temperature treatments. See Table 3 for the descriptions

of the categories.

Fig. S5 K-means clusters of the probes belonging to the

enriched category response to unfolded protein (GO:0006986).
� 2012 Blackwell Publishing Ltd
Clusters 1 and 3 represent the majority of probes (n = 15 in

both) and have a near linear trend (either decreasing or

increasing) in respect to elevation of temperature. Clusters 2

and 4 contain the remaining probes (2: n = 5; 4: n = 4) and

have nearly identical expression at the temperature extremes

(hot and cold), but differ in respect to the standard condition.

Fig. S6 qPCR validation showing the expression difference

between hot and cold treatment across 14 genes (T1-T14).

Results from the microarray experiment (n = 35) and qPCR

with multiple sample sets; Microarray samples: the same sam-

ples as in the microarray experiment (n = 35); Microarray fami-

lies: additional samples from the same three families that were

used in the microarray analysis (n = 57); Non-microarray sam-

ples: samples not included in the microarray analysis from all

six families (n = 52); Non-microarray families: samples from

the three other families that were not included in the micro-

array analysis (n = 30); All samples: all the samples in the ther-

mal experiment (including the microarray samples, n = 87).

The different sample sets used in the qPCR analysis are indi-

cated in the inset.

Fig. S7 Correlations of expression between (A) all probes

belonging to the category larval serum protein (LSP), (B) two

probes belonging to unique LSP genes and (C) the same LSP

probe and one probe belonging to the category: cuticle-binding

protein. Each dot represents a unique biological sample.


