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Differentially expressed
genes

Functional gene group
enrichment analyses of 
”flight genes”
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• 3840 genes were
differentially expressed
between populations.

• 1622 genes were
differentially expressed
between the sexes.

• 755 genes were
differentially expressed
following flight.

755 ”flight genes”

GO Term
Annotated
Genes DE Genes

Expected
DE Genes P; Fisher

Cellular metabolic process 4165 293 246.06 0.00001
Defense response 154 22 9.10 0.00010
Response to stress 680 57 40.17 0.00394
Response to hypoxia 46 8 2.72 0.00500
Glycolysis 30 6 1.77 0.00726

• Overrepresented Gene Ontology (GO) groups
within ”flight genes”*

* Selected from the most highly significantly enriched groups
Total: 226 GO groups with P<0.05, DE=differentially expressed

KEGG Pathway DE Genes
non-DE 
Genes P; Fisher

Citrate cycle (TCA cycle) 7 23 0.0153
Spliceosome 15 81 0.0225
Glycolysis / Gluconeogenesis 7 26 0.0254
mTOR signaling pathway 5 17 0.0433

• Overrepresented KEGG functional pathways within
”flight genes”*

* Selected from the total 15 significantly enriched KEGG pathways
DE= differentially expressed

Gene groups
selected for closer
study:
• Hypoxia6,7

• Glycolysis5

• TCA cycle

Genes in these
pathways divided
into High- and 
Low-basal
expression genes

Population
differences
• e.g. lower

expression of 
hypoxia genes
in PT (Fig. 4A)

Sex differences
• e.g. higher

expression of 
glycolysis and 
TCA genes in 
males (Fig. 4C-
E) 

Most genes respond to flight slowly

Fast (F1) genes: 46 , 50
Slow (F20) genes: 403 , 310
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Background
The Glanville fritillary
butterfly (Melitaea cinxia) is 
a well-established ecological
model for studying the 
consequences of habitat loss
and fragmentation1. 

In fragmented habitats, dispersal between habitat patches is 
essential for the persistence of local populations as well as entire
metapopulations. 

Flight is one of the most energy consuming activities in the 
animal kingdom2, and is critical for reproduction and dispersal in 
butterflies and many other flying insects.

Fig. 1. Metapopulation of M. cinxia in the 
Åland islands, Finland. Green=occupied
habitat, Dark grey=unoccupied habitat

Objectives
To investigate genome-wide gene expression induced by

active flight in the Glanville fritillary

To compare flight-induced gene expression in 1) females and 
males, 2) in populations with different genetic backgrounds, 

and 3) in individuals with differing flight capacity

The data

Sweden

Finland

Estonia

ÅL: 
• Large

metapopulation in the 
Åland islands, 
Finland

• Well-studied
ecological model
system

PT: 
• Small, isolated

population on 
Pikku Tytärsaari 
island, Russia

• Low genetic
variability, high
genetic load, 
reduced flight
performance

• Two populations with differing genetic background and 
average flight performance3:

• Two sexes with differing flight behavior4:

www.ukbutterflies.co.uk

Females:
• Fly longer distances in the field than 

males
• Are more likely to disperse and establish 

new local populations

Males:
• Fly to locate mates and win matings
• Fly in short flight bouts, may only

disperse if cannot mate in natal pop 

Flight treatment and flight
metabolic rate (FMR)

1 2 3

• Flight treatment: 15 min of forced flight with flight metabolic rate
(FMR) measurement

• FMR correlates positively with dispersal rate in the field5.

• RNA was extracted from thorax 1 h (F1) or 20 h (F20) after flight
and sequenced (RNASeq*), Control group (C): no flight

Fig. 2. Examples of FMR CO2 output 
during 15 min of flight in females from
ÅL and PT populations.

Fig. 3. Mass-corrected peak FMR was
lower in PT than ÅL butterflies and 
highest in ÅL males.

Fig. 4. Flight-induced changes in gene expression in 
individual genes (thick line: average).

Time series analysis

Fig. 5. Population and sex differences in flight-induced expression
changes in hypoxia, glycolysis and TCA cycle genes resemble
differences in flight metabolic rate, showing as a positive correlation. 
Result for hypoxia genes (high-basal level) shown.

Correlation between flight-
induced gene expression
and flight metabolic rate
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755 genes responded to intensive flight by significant
changes in expression.

15 min of flight had long-lasting effects on gene expression

The majority of overrepresented functional gene groups
were related to metabolic processes including glycolysis, 
aerobic respiration (TCA cycle) and response to hypoxia. 

Flight-induced changes in expression of hypoxia, glycolysis
and TCA cycle genes showed population and sex
differences. These differences were in line with differences
in flight metabolic rate, and thus, dispersal capability.

The results show that expression patterns of metabolism
genes may explain a large proportion of variation in flight
and dispersal behavior. 

* Reference genome: Melitaea cinxia draft genome


