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Methods detail: Analysis of polymorphism and population subdivision.

 Sampling of RNA for sequencing that comprised the v1.0 assembly was designed to capture genetic polymorphism in the Åland Islands metapopulation of the Glanville fritillary (Vera et al., 2008). Using SNP data from this assembly, we printed on the microarray 79 probe sets designed to have their region of maximal sensitivity to DNA mismatch (10 bp from 5' end; (Hughes et al., 2001)) located upon a single nucleotide polymorphism (SNP). Homozygous allelic states (AA or BB) were scored using a t-test (P value   < 0.05), with non-significant tests identified as heterozygotes (AB). 14 of the 79 biallelic SNP probes were informative, containing at least two instances of the minority homozygote. Hierarchical clustering was performed on the SNP scores, as implemented in JMPGenomics 3.2 (SAS Inc). A threshold of 4 clusters was selected. Analyses are for matrilines having > 1 offspring to allow for the sorting of sibs among clusters for hypothesis testing. Contingency analysis, using Pearson's Chi Square test as implemented in JMPGenomics 3.2, was performed upon the clusters to test whether the grouping of individuals, according to either their known family structure (matrilines) or their population age (new vs. old), was uneven across clusters. Results are shown in fig. S1. In the full dataset of individuals used on the microarray, we found a significant clustering among sibs (P = 0.002; fig. S1). These results serve as a positive control by indicating that this set of SNP markers can detect relatedness among individuals.

References:

Hughes TR, Mao M, Jones AR, et al. (2001) Expression profiling using microarrays fabricated by an ink-jet oligonucleotide synthesizer. Nature Biotechnology 19, 342-347.

Vera JC, Wheat C, Fescemyer HW, et al. (2008) Rapid transcriptome characterization for a nonmodel organism using 454 pyrosequencing. Molecular Ecology 17, 1636-1647.




Methods detail: Enrichment analysis

See Fig S5 for a flow diagram of the annotation and enrichment analysis

Fatiscan settings: 

The following Fatiscan settings were used: collapsing the hierarchical gene ontology information in order to simplify interpretation by joining levels into a single analysis (join levels option), using direct annotation of each without inheritance from higher levels (direct annotation option). The number of annotations used in the analysis was based upon our input data (number of annotated genes option, rather than the full genomic set of genes in D. melanogaster).

Flybase gene ID assignment: 

Flybase gene ID annotations for the Assembly v2.0 contigs were determined by identifying homologous genes in D. melanogaster by Blast search (Vera et al., 2008), using B. mori as an intermediate (see Fig. S5 for a flow diagram of this process).  Details and rationale of this annotation protocol are as follows. The Glanville fritillary diverged from D. melanogaster approximately 250 – 300 million years ago (Wiegmann et al., 2009) and from B. mori approximately 100 million years ago (Pringle et al., 2007). By searching the predicted gene set from the whole genome sequencing of B. mori (Xia et al., 2004) with our Assembly v2.0 using blastx (blasting the DNA of assembly 2.0 against the predicted proteins of B. mori), we were able to identify the full length homolog in B. mori. Then, these B. mori full length sequences were used to identify homologous genes in D. melanogaster via blastp searches (blasting protein against protein).  This approach was used to gain more power for gene annotaton as compared to directly blasting our short-read contigs against the more divergent D. melanogaster predicted gene set. To assign homology, we used a minimum bitscore of 45, which generally coincides with an e value < 1 x 10-5. 

The B. mori predicted gene set was the protein sequence of the glean predicted genes downloaded from the Beijing Genome Institute website (Wang et al., 2005; Xia et al., 2004); http://www.silkdb.org/silkdb/doc/download.html). Given that our assembly 2.0 of the Glanville fritillary transcriptome contains many partially assembled genes and the B. mori gene set may contain recent duplications and splice variants, it was possible to have two separate contigs of a single Glanville fritillary gene annotate to separate predicted genes of B. mori. In order to avoid inflating our estimate of unique Glanville fritillary genes, we created a subset of the B. mori database that included only proteins that were more than > 90% divergent from one another.  That is, we blasted the entire B. mori dataset against itself and kept only the longest gene of any set of genes that shared > 90 % amino acid identity. This process resulted in the removal of predicted splice variants and recent gene duplicates. A total of 266 genes were thus removed from the predicted gene set of 14,623.

At each stage we also blasted against the universal protein database (Uniprot), which allowed us to cross check our annotation at several levels of inferred homology (Fig. S5). The predicted D. melanogaster gene set was downloaded from Ensembl, a compendium of data from different sources, including the Berkeley Drosophila Genome Project (BDGP), FlyBase, and the Drosophila Heterochromatin Genome Project (DHGP). The genomic sequence was based on BDGP assembly release 5, and annotations displayed in Ensembl were imported from FlyBase release 5.4 (dated 01 November 2007).

Representation of unique genes on the microarray: 

Our Agilent custom microarray was constructed using one probe per blast-annotated contig from our original assembly [The Glanville fritillary transcriptome assembly v1.0; (Vera et al., 2008)]. Subsequent to this work we performed an additional 454 sequencing run on diverse tissues from pooled individuals from the Åland Islands and assembled those sequences in combination with the original dataset (the Glanville fritillary transcriptome assembly v2.0; both assemblies are publicly available at http://cinxiabase.vmhost.psu.edu/). This additional sequencing and assembly generated longer contigs, many of which brought together previously separate contigs. As a result, assembly v2.0 contigs are in many cases represented by multiple probes on the microarray. To account for this technical replication at the level of unique mRNA transcript, we first took the mean predicted expression level for each probe as determined from the mixed model analysis. Then, for the set of probes that assembled into the same contig in assembly v2.0 (Table S4, S9), the mean of their values was taken. This assembly v2.0 contig mean was used in the enrichment analysis. 

For annotation of central metabolism genes, we further collapsed the data by using means within unique Flybase CG terms, as genes in central metabolism are rarely duplicated in insects. Hence for this set of genes, it was prudent to treat all multiple instances of a single CG term across contigs as a single gene.

Chorion gene annotation: Chorion proteins are evolving rapidly in insects (Jagadeeshan & Singh, 2007) and hence show no blast similarity between Lepidoptera and Drosophila (Tables S4). In order to conduct our analysis of gene set functional enrichment, which required a Flybase gene ID, we therefore assigned to all of the identified chorion Assembly v2.0 contigs a single chorion Flybase gene ID (cp15: CG6519). This is a conservative approach, as chorion proteins comprise a large gene family in B. mori with active gene conversion dynamics (> 70 genes; (Leclerc & Regier 1994)). 

Blast table of database relationships: 

Please see excel spreadsheet: Blast table of database rel. 

Blast table of database relationships from Assembly 2.0 enriched contigs to B. mori predicted genes, and then to Uniprot IDs and Flybase Gene IDs. For a flow diagram representation of this blast table please see Fig S5. Body segment indicates whether Assembly v2.0 contig was enriched in abdomen or thorax tissue. Assembly v2.0 statistics are given for each contig: the number of individual 454 reads that were used to construct the contig (or single read), the average number of reads per bp, and the length of the contig are reported. Assembly 2.0 DNA sequences were searched aginst the predicted proteins from the whole genome sequence of B. mori using Blastx. We used a predicted gene set from B. mori that only included proteins that were < 90% identical at the amino acid level (i.e only the longest protein among those sharing a higher identity was kept). The blast statistics from this search are reported. The best hit to a B. mori protein was then used to search the Uniprotein database using Blastp and the Ensembl D. melanogaster predicted proteins for assignment of Flybase Gene IDs. 
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Methods detail: Quantitative PCR

The Glanville fritillary transcriptome assembly v2.0 (Contig_30871 for ace, Contig_52335 for vg, Contig_4742 for actin) was used in designing forward primers for angiotensin-converting enzyme (ace), vitellogenin (vg), cytoplasmic actin, and succinate dehydrogenase d (sdhd): (5´-TCATGCACTATCGGAATCTTCAAC-3´ for ace, 5´-AAAGTGGTATATCGCCTCCTGTTC-3´ for vg, 5´-AGTATTTGCGTGCAGAACCAGAA-3´ for actin, 5´-GCATATGATGAGACTGGGAACACA-3´ for sdhd), reverse primers (5´-TTCACGAAGCTCAAGGTTTGC-3´ for ace, 5´-TGGACGTGTGAAACAACATGGTA-3´ for vg, 5´-CAAACCTGGCACATTGAATGACT-3´ for actin, 5´-AAGGTGTTCTTGAGTGAATTGATGGT-3´ for sdhd), and MGB probes (Applied Biosystems) each with a 5′-/56-FAM/ fluorescent label (5´-ACCGAATCCTGCCTTC-3´ for ace, 5´-TGACACCCAGTTCCGTTC-3´ for vg, 5´-AACCACCGTTAAACACTC-3´ for actin, 5´-CCTGCCCTCAAGCC-3´ for sdhd). All amplicons were confirmed through cloning, sequencing, and alignment (MegAlign). Simplex reactions were set up for each cDNA sample at a final volume of 20 μl using 4 μl of cDNA diluted 1:40, 400 nM forward and reverse primers, 150 nM probe, and 1X Perfecta™ qPCR FastMix™ with UNG and low ROX (Quanta Biosciences, Gaithersburg, MD). All sample, standard, and NTC reactions were run in triplicate on the ABI 7500 Fast Real-Time PCR System (Applied Biosystems) under the following conditions; 45°C for 2 min, 95°C for 0.2 min, and 50 cycles of 95°C for 0.3 min and 60°C for 0.3 min. Level of an mRNA was calculated using the standard curve method with curves for each plate and amplicon deriving from Ct values for qPCRs containing template from six different amounts of a cDNA standard ranging 0.005 ng RNA (0.0001X cDNA) to 200 ng RNA (4X cDNA). The cDNA standard was made by reverse transcribing an aliquot (50 ng/μl of Superscript III™ RT reaction; Invitrogen) of the DNase-treated total RNA pool used to obtain the Glanville fritillary transcriptome assembly v1.0 (Vera et al., 2008).

Reference:

Vera JC, Wheat C, Fescemyer HW, et al. (2008) Rapid transcriptome characterization for a nonmodel organism using 454 pyrosequencing. Molecular Ecology 17, 1636-1647.




Table S1. Samples sizes and butterflies used in experiments.
	Experiment
	Original collection
	Subsequent to original collection
	Sample size
	N matrilines

(N new populations,

N Old populations)
	Explanatory notes

	1. Respirometry
	400 5th instar larvae from 60 populations in 2005
	Larvae lab reared, adults kept in outdoor cage, their offspring lab reared, adults then used for experiment
	65
	24 (12, 12)
	Maternal effects minimized by > 1 generation of common garden rearing

	2. Gene expression
	“  “
	“  “
	34 thoraces

18 abdomens
	21 (9,12)
	A random subsample of material from experiment 1

	3. Sdhd genotyping
	“  “
	“  “
	94
	33 (15, 18)
	Sample from experiment 1 plus additional individuals and populations to increase sample size

	4.  Oogenesis phenotypes
	“  “
	Larvae lab reared, adults then used for experiment
	21
	16 (7, 5)
	

	5.  Replicated respirometry
	Adults from 25 populations in 2004
	Larvae lab reared, adults kept in outdoor cage, their offspring lab reared, adults then used for experiment
	71
	31 
	An independent sample used to replicate findings


Table S2. Distribution of Coefficients of Variation among datasets.

Please see excel spreadsheet:

Table S2 Distribution of the coefficients of variation

Table S3. Abdomen enrichment analysis results
Please see excel spreadsheet:

Table S3. Abdomen enrichment analysis results 

Data come from to different mixed models that differed as follows: Model 1 had the fixed effect of population age (new vs old populations) while Model 2 additionally included Pgi and Sdhd allele genotypes (see Methods for details).  The column labeled Direction indicates the group that shows higher expression of the enriched gene functional group. See Table S4 for enrichment analysis data.

Table S4. Abdomen enrichment analysis data

Please see excel spreadsheet:

Table S4. Abdomen enrichment analysis data.

Data come from two different mixed models that differed as follows: Model 1 had the fixed effect of population age (new vs old populations; Tab 1 below) while Model 2 additionally included Pgi and Sdhd allele genotypes (see Methods for details).  Gene Ontology column indicates the GO category for that section based on Flybase Gene IDs that were inferred from blast searches using B. mori predicted genes as an intermediate. Probe based on Assembly v1.0 column indicates the original contig containing the probe used on the microarray. Fold change indicates the direction and magnitude in log2 scale of expression difference. Assembly v2.0 Contig lists the contigs resulting from our second assembly, which joined many of our previously independent contigs in assembly v1.0. (see Methods for details). Means by assembly 2.0 Contig are those taken across each of the individual probe level measurements from assembly v1.0. The column labeled Blastx: Assembly 2.0 vs. Uniprot contains the best hit of a blast against the UniProt database, followed by the percentage amino acid identity, E value, and bitscore of that blast. These data are followed by the description, species identification, and taxonomy of that species from the UniProt protein hit.

Table S5. Quantitative PCR analyses for individual genes in abdomens. 

Sample size is 14 (11 matrilines from 6 new and 5 old populations; 4 individuals were used entirely in the microarray experiment). Family was included as a random factor in analyses.

A. Vitellogenin (Vg) gene expression in the abdomen

	Population age
	LS mean
	SE

	New
	1.39
	0.02

	Old
	0.78
	0.014


	Source
	DF
	DF denom
	F ratio
	P

	Population age
	1
	1.04
	596.7
	0.023


B.  Angiotensin converting enzyme (Ace) gene expression in the abdomen

	Population age
	LS mean
	SE

	New
	0.03
	0.002

	Old
	0.01
	0.002


	Source
	DF
	DF denom
	F ratio
	P

	Population age
	1
	8.2
	25.9
	0.0009


Table S6. Top genes by tissue.

Please see excel spreadsheet:

Table S6. Top genes by tissue. 

Table S7. Analyses of oogenesis phenotypes.

Sample size is 21 females representing 16 families (mothers) from 12 populations (5 old, 7 new).  Butterflies were sampled at the age 0 to 2 days. Family was included as a random factor. 

A. Juvenile Hormone III titer

	Source
	DF
	DF denom
	F ratio
	P

	Butterfly age
	2
	16.5
	11.5
	0.0007

	Population age
	1
	12.7
	8.9
	0.011


B. Total hemolymph protein

	Source
	DF
	DF denom
	F ratio
	P

	Butterfly age
	2
	11.1
	51.4
	<0.0001

	Population age
	1
	11.5
	33.9
	<0.0001


C.  Abundance of vitellogenin proteins APO-Vg1 and APO-Vg2

APO-Vg1 protein: 

	Source
	DF
	DF denom
	F ratio
	P

	Butterfly age
	2
	3.9
	59.2
	0.001

	Population age
	1
	13.8
	12.6
	0.003


APO-Vg2 protein: 

	Source
	DF
	DF denom
	F ratio
	P

	Butterfly age
	2
	7.9
	13.8
	0.003

	Population age
	1
	12.9
	14.3
	0.002


D.  Number of chorionated eggs (log10 transformed) as a function of total hemolymph protein concentration

	Source
	DF
	DF denom
	F ratio
	P

	Hemolymph protein (mg/ml)
	1
	4.0
	167.8
	0.0002


E.  Number of chorionated eggs (log10 transformed) 

	Source
	DF
	DF denom
	F ratio
	P

	Butterfly age
	2
	5.5
	18.7
	0.003

	Population age
	1
	3.4
	19.0
	0.018


Table S8. Peak flight metabolic rate in microarray sample.  

Family was included as a random factor in all analyses.

Peak flight metabolic rate in relation to population age. N = 65 butterflies, from which butterflies for the microarray experiment were drawn randomly.
	1. Peak metabolic rate (r2 = 0.37)
	
	

	Source
	DF
	F ratio
	p

	Temperature
	1
	0.16
	0.69

	Body mass
	1
	16.5
	0.0002

	Population age
	1
	9.8
	0.008

	
	
	
	


Table S9. Thorax enrichment analysis results.

Please see excel spreadsheet:

Table S9. Thorax enrichment analysis results 

Data come from two different mixed models that differed as follows: Model 1 had the fixed effect of population age (new vs old populations) while Model 2 additionally included Pgi and Sdhd SNP genotypes, as well as PMR and total CO2 production (see Materials for details). For analyses involving the two metabolic polymorphisms we extended the Fatiscan analysis to examine associations with central metabolism genes using KEGG pathway annotations. The column labeled Direction indicates the group that shows higher expression of the enriched gene functional group, or in the case of metabolic rate variables (PMR and CO2), whether expression had a positive or negative relationship with metabolic rate.

Table S10. Thorax enrichment analysis data.

Please see excel spreadsheet:

Table S10. Thorax enrichment analysis data. 

Data come from two different mixed models that differed as follows: Model 1 had the fixed effect of population age (new vs old populations; Tab 1 below) while Model 2 additionally included Pgi and Sdhd allele genotypes (see Methods for details).  Gene Ontology column indicates the GO category for that section based on Flybase Gene IDs that were inferred from blast searches using B. mori predicted genes as an intermediate. Probe based on Assembly v1.0 column indicates the original contig containing the probe used on the microarray. Fold change indicates the direction and magnitude in log2 scale of expression difference. Assembly v2.0 lists the contigs resulting from our second assembly, which joined many of our previously independent contigs in Assembly v1.0. (see Methods for details). Means by Assembly 2.0 Contig are those taken across each of individual probe level measurements from Assembly v1.0. The column labeled Blastx: Assembly 2.0 vs. Uniprot contains the best hit of a blast against the UniProt database, followed by the percentage amino acid identity, E value, and bitscore of that blast. These data are followed by the description, species identification, and taxonomy of that species from the UniProt protein hit.

Table S11. Peak and total flight metabolic rate.  

Family was included as a random factor in all analyses.

A. Total CO2 emitted during 10 min of flight in relation to presence of the Sdhd D allele in the 65 butterflies from which the microarray butterflies were drawn randomly, mass adjusted. 

	1. Total CO2 emitted (r2 = 0.36)
	
	

	Source
	DF
	F ratio
	p

	Temperature
	1
	4.8
	0.03

	Body mass
	1
	16.5
	0.002

	Sdhd D allele
	1
	6.6
	0.01


B.   Peak metabolic rate and total CO2 emitted during 10 min flying for each butterfly in an independent sample of 69 two day old virgin females from 31 families of 20 mothers (Niitepõld 2010).  Mother and family were included as random factors in the analyses.  The interaction between Pgi and Sdhd genotype was not significant for peak metabolic rate and was dropped from that model. Note that two individuals (sisters) with the rare Sdhd II homozygous genotype had very low metabolic rates and were excluded from analyses.
	Peak metabolic rate (r2 = 0.64)
	
	

	Source
	DF
	F ratio
	p

	Temperature
	1
	2.8
	0.10

	Body Mass
	1
	14.3
	0.0004

	Pgi_111 genotype
	1
	6.5
	0.01

	Sdhd D allele
	1
	1.0
	0.31

	
	
	
	

	Total CO2 emitted (r2 = 0.79)
	
	

	Source
	DF
	F ratio
	p

	Temperature
	1
	1.6
	0.22

	Body Mass
	1
	16.4
	0.0001

	Pgi_111 genotype
	1
	0.1
	0.75

	Sdhd D allele
	1
	10.0
	0.003

	Pgi_111 genotype x Sdhd D allele
	1
	4.1
	0.047


Reference:

Niitepõld K (2010) Genotype by temperature interactions in the metabolic rate of the Glanville fritillary butterfly. Journal of Experimental Biology 213, 1042-1048.
Table S12. Sdhd allele frequencies in new and old populations.

Genotypes for indel polymorphism in the 3’ UTR of the Sdhd gene (alleles: D = deletion, M = mini-deletion, and I = insertion) were characterized from 94 butterflies from 33 local populations (one family per population) spatially interspersed in the Åland metapopulation.  A.  Mean allele frequencies in new and old populations, estimated as the mean of the within-family means. B. Test of the hypothesis that the Sdhd D allele, associated with increased flight endurance, is more frequent in new populations. This test compares the mean frequency of the D allele within the two population ages (unweighted model; weighting by N butterflies sampled per family yields a nearly identical result).

A. Allele frequencies (means of family means)

	
	Sdhd indel allele

	Population age
	D
	M
	I

	    New (15 populations)
	0.46
	0.45
	0.09

	    Old (18 populations)
	0.31
	0.47
	0.22


B. Test of the hypothesis that the Sdhd D allele is more frequent in new populations

	
	N families
	Mean D
	SE D
	F
	P, one-tailed

	New
	15
	0.46
	0.065
	3.18
	0.042

	Old
	18
	0.31
	0.059
	
	


Fig. S1. SNP analysis of genetic relatedness 

Analyses presented below are for matrilines having > 1 offspring, as this allowed for the sorting of matriline members among clusters for hypothesis testing. 

Contingency analyses: A) The distribution of family members (color coded and numbered) among clusters. B) The composition of these same clusters by the matriline population type (new vs. old) of each family member. 
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Among the clusters generated using our panel of SNPs, there is a significant grouping of family members within cluster (d.f. = 24, (2 = 49.7, P = 0.002) that explains 49% of the variation among clusters. Among these same clusters, population age showed an even distribution (P = 0.30), indicating a random relatedness between new and old populations.  Ten random permutations of mother assignment had P-values for family ranging from 0.21 - 0.64 (not shown). 

Fig. S2. Abdomen gene expression by three fixed factors

Presented are the results of predicted expression levels from our mixed model analysis using MM-2, which had the fixed effects of Population age, Pgi genotype and Sdhd genotype (see Methods for details). For each panel the Y axis is the –log10 P value, while expression variation on the X axis is in log2 scale, and each probe on the microarray is represented in black with coloring for larval serum protein (yellow) and chorion (blue) genes. These were genes identified as being significantly enriched (Table S3). The horizontal axes are as follows: A. Higher expression in new or old population. B. Higher expression for AC or AA Pgi_111 SNP genotype. C. Higher expression for D or no-D Sdhd genotype. See Methods for genotyping details.
[image: image2.jpg]. B 3 C
Population age Pgigenotype Sahd genotype
6 -
8 ) 10 o
5
. 8 4
6 - ° .
. ¢ 6 -
4 4
24
0
T
2 2
-+
higher in higher in higher in higher in higher in higher in
Old New AA AC no-D D

Expression Difference (Log, scale)

© Larval serum protein genes o Chorion protein genes






Fig. S3. Sdhd expression level by allele

Mean Sdhd expression (± SE) in the abdomen, measured by quantitative PCR using actin as the reference gene. Butterflies with the I allele had significantly reduced Sdhd transcript abundance (N = 14; p = 0.002; family was a random factor in the analysis). 
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Fig. S4. Respiratory exchange ratio during flight
A. An example of simultaneous CO2 emission (red trace) and O2 consumption (blue trace) rates for one butterfly during 10 min of flight. B.  Peak CO2 and O2 exchange rates for 33 butterflies in a preliminary experiment.  Equality of the CO2 and O2 exchange rates indicates a respiratory exchange ratio (syn. respiratory quotient, RQ) of 1.0, indicative of pure carbohydrate metabolism. 

[image: image4.png]VCO02, VO2 (ml hr'"

1.5

1<)

o
5

0.0

200

400

e mICO,/hr

600

800

Time (s)

— mlOy/hr

1000

1200

CO5 production rate (ml hr-1)

0.5

1.0 1.5 20 25 30
0o consumption rate (ml hr-1)

3.5





Fig. S5. Annotation of Assembly 2.0.
Assembly 2.0 DNA was searched against protein databases in several stages, resulting in the assignment of Flybase gene IDs to the Assembly 2.0 Contigs.  
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