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University of Oulu, Finland 
Acta Univ. Oul. A 514, 2008
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Abstract

In social insects a major cost of social life is the high number of pathogens found in large societies
and the greater likelihood of transmission of pathogens among closely related individuals. The aim
of this thesis was to investigate the effect of high pathogen pressure on the molecular evolution of
genes involved in the innate immune system in social insects. In addition, the transmission
dynamics of the intracellular bacteria Wolbachia in wood ants was examined.

By comparing DNA sequences from diverse species of ants and honeybees it was shown that
the immune genes in hymenopteran social insects have evolved rapidly. However, by using codon-
based likelihood models of evolution positive selection was detected in only two ant genes. This
may reflect behaviourally based colony-level defences that can reduce selective pressure on the
immune genes.

The transmission modes of Wolbachia were studied by comparing DNA sequence variation of
the bacteria with that of the host ants. First, it was found that all the studied ants carry Wolbachia.
Second, Wolbachia have been transmitted both vertically from mother to offspring and
horizontally between individuals of the same as well as of different species.

Keywords: ants, honeybees, insect immunity, molecular evolution, positive selection,
Wolbachia





Viljakainen, Lumi, Yhteiskuntahyönteisten immuunipuolustuksen ja bakteeri-
infektioiden evoluutiogeneettinen tutkimus
Luonnontieteellinen tiedekunta, Biologian laitos, Oulun yliopisto, PL 3000, 90014 Oulun
yliopisto; Biocenter Oulu, Oulun yliopisto, PL 5000, 90014 Oulun yliopisto
Acta Univ. Oul. A 514, 2008
Oulu

Tiivistelmä
Yhteiskuntahyönteisten (muurahaiset, ampiaiset, mehiläiset ja termiitit) ekologisen menestyk-
sen kääntöpuolena on ollut jatkuva riesa taudinaiheuttajista, joita suurissa yhteisöissä tavataan
runsaammin kuin yksittäin elävissä eliöissä. Taudinaiheuttajien tuoman paineen myötä yhteis-
kuntahyönteisille on kehittynyt käyttäytymiseen perustuvia puolustusmekanismeja täydentä-
mään kaikille monisoluisille eliöille yhteistä synnynnäistä, fysiologista immuniteettia. Nämä
puolustusmekanismit ovat todiste siitä, että taudeilla on ollut suuri merkitys yhteiskuntahyön-
teisten käyttäytymisen evoluutiossa. Toisaalta taudinaiheuttajien vaikutuksista synnynnäiseen
immuunipuolustukseen tiedetään hyvin vähän.

Väitöstutkimuksen ensisijainen kohde oli taudinaiheuttajien merkitys yhteiskuntahyönteisten
synnynnäisen immuunipuolustuksen evoluutiossa. Tutkimuksessa tarkasteltiin, miten immuuni-
järjestelmän geenit ovat ajan mittaan muuttuneet. Tulokset osoittivat että muutoksia, jotka johta-
vat proteiinien aminohappojen vaihtumiseen on tapahtunut tiuhempaan tahtiin muurahaisilla ja
mehiläisillä kuin yksittäin elävällä banaanikärpäsellä. Merkkejä erityisen voimakkaasta luonnon-
valinnasta löydettiin kuitenkin yllättävän pienestä määrästä geenejä. Tämä voi johtua siitä, että
käyttäytymiseen perustuvat puolustusmekanismit lieventävät taudinaiheuttajien vaikutusta syn-
nynnäiseen immuunipuolustukseen.

Väitöstutkimukseen sisältyi myös hyönteisten solunsisäisen bakteerin, Wolbachian, siirtymis-
mekanismien kartoitus kekomuurahaisilla. Wolbachia on loinen, joka siirtyy yleensä äidiltä jäl-
keläisille munasolussa. Leviäminen voi tapahtua myös horisontaalisesti lajitoverien ja jopa eri
lajien edustajien kesken. Geenisekvensseihin perustuvassa tutkimuksessa kaikista muurahaisista
löytyi Wolbachia-bakteereja, ja samasta yksilöstä saattoi löytyä useaa eri bakteerikantaa. Koska
muurahaislajien väliset geneettiset erot olivat paljon suurempia kuin erot niissä elävien bakteeri-
en välillä, voitiin päätellä että bakteerien pääasiallinen leviämistapa tutkituilla muurahaisilla on
ollut horisontaalinen.

Asiasanat: hyönteisten immuunipuolustus, mehiläinen, molekyylievoluutio,
muurahainen, positiivinen valinta, Wolbachia
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1 Introduction 

1.1 Evolutionary genetics 

Evolution is a process in which organisms adapt to spatially and temporally 
varying environments. The raw material for adaptations is a change in DNA 
sequence, a mutation. In a population mutations create genetic variation, which in 
turn is shaped by genetic drift and selection. Drift and selection determine the fate 
of the new mutation driving it to either extinction or fixation. In the long-term 
genetic differences between populations may accumulate sufficiently to give rise 
to a new species. Evolutionary genetics is a broad field of study that aims to 
clarify genetic changes, natural forces and population parameters that have 
resulted in differences between populations and among species. 

1.2 Molecular evolution 

The study of molecular evolution focuses on deciphering the process of evolution 
at the molecular level, namely DNA, RNA and protein. The rate of molecular 
evolution is a function of deleterious, neutral and advantageous mutations, their 
selection coefficients and the effective population size (Fay & Wu 2003). For four 
decades the salient theoretical basis of molecular evolutionary studies has been 
the neutral theory of molecular evolution introduced by Kimura (1968), see also 
King & Jukes (1969). The neutral theory of molecular evolution states that most 
nucleotide and amino acid substitutions are selectively neutral. The theory does 
not rule out adaptation, but emphasises the predominant role of random genetic 
drift driving the mutations to extinction or fixation. According to the neutral 
theory functionally important amino acids will be constrained over time, whereas 
neutral sites are allowed to accumulate nucleotide substitutions seen as a faster 
rate of evolution. 

Ohta (1973) extended the neutral theory to include slightly deleterious 
mutations (and later on, also slightly advantageous mutations) and named it “the 
nearly neutral theory”. The major difference between these theories is the effect 
of population size. The substitution process of neutral mutations is not affected by 
population size, whereas nearly neutral mutations become fixed faster in smaller 
populations. This is because small populations are more affected by drift that can 
hinder selection for alleles that have small selection coefficients. Consequently, 
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the rate of molecular evolution is expected to negatively correlate with population 
size. 

When inferring natural selection that has shaped the evolution of DNA 
sequences in the past, the neutral theory of molecular evolution provides the null 
hypothesis against which alternative hypothesis can be tested. Accordingly, 
nucleotide sites having a rate of evolution less than that expected for neutral sites 
have been under purifying selection and sites having a rate of evolution greater 
than that expected for neutral sites are evolving under positive selection. The best 
known examples of positive selection involve host-pathogen interactions driving 
positive selection in either the pathogen or in the host (Stahl & Bishop 2000, 
Worobey et al. 2007). 

It was generally thought, under the paradigm of neutral theory, that positive 
selection is very rare in nature. However, the detection of positive selection has 
been restricted because the approaches used to infer selection from sequence data 
were based on the assumption that the nonsynonymous substitution rate is higher 
than the synonymous substitution rate throughout the entire protein. This is rarely 
the case as positive selection usually affects only a few sites in the protein 
whereas in the majority of sites purifying selection dominates (Nielsen 2005). The 
development of likelihood methods (Kosakovsky Pond et al. 2005, Yang 2007) 
based on codon substitution models (Goldman & Yang 1994, Muse & Gaut 1994), 
has facilitated the research focusing on finding signs of positive selection. 

1.3 Insect immunity 

The insect immune system has been studied in great detail in the fruit fly 
Drosophila melanogaster, a widely used model organism in genetics. Insect 
immunity involves only innate responses and lacks adaptive immunity, which has 
evolved in the ancestors of jawed vertebrates (Gillespie et al. 1997). 
Characteristics of adaptive immunity, such as somatic recombination of immune 
receptor genes and clonal expansion of activated lymphocytes, are thus absent in 
insects (Hoffmann 2003). Despite the fact that insect immunity lacks the extent of 
memory and specificity typical to adaptive immunity (though see Sadd & 
Schmid-Hempel 2006), insects are surprisingly resistant to microbial infections 
(Hoffmann & Reichhart 2002). 

Insect innate immune responses are in essence similar among insect taxa 
(Gillespie et al. 1997). Upon infection innate defence mechanisms are activated 
comprising cellular and humoral responses. Phagocytosis by special blood cells, 



 17

melanisation and encapsulation of large invaders constitute the cellular response. 
Humoral responses involve chains of events that begin in the hemolymph, which 
is an insect correlate of blood and circulates in the open body cavity. These 
responses result in the production of antimicrobial peptides via two distinct 
signalling pathways, Toll and Imd, which have been reported to also act 
synergistically (reviewed by Ferrandon et al. 2007). 

1.3.1 Toll pathway 

Activation of the Toll pathway (Fig. 1) is triggered by the recognition of Gram-
positive bacteria and fungi (Ferrandon et al. 2007). There are two types of 
recognition proteins, PGRPs (peptidoglycan-recognition proteins), and GNBPs 
(Gram-negative bacteria-binding proteins). It was previously thought that GNBPs 
bind lipopolysaccharide (LPS) on the surface of Gram-negative bacteria. 
However, the recognition of both PGRPs and GNBPs is based on different types 
of bacterial peptidoglycan, and despite the name, GNBPs can recognise Gram-
positive bacteria (Leulier et al. 2003). 

PGRPs form a large evolutionary conserved family. The Drosophila genome 
encodes several PGRPs that all share a PGRP domain of 160 amino acids (Werner 
et al. 2000). Some of the PGRPs have enzymatic activity while others have lost 
that function and operate solely in recognising microbes (Mellroth et al. 2003, 
Bischoff et al. 2006). The Toll pathway is activated by two recognition PGRPs, 
PGRP-SA and PGRP-SD, and GNBP1 that all bind to Gram-positive bacteria 
(Gobert et al. 2003, Wang et al. 2006). The Toll pathway can also be triggered by 
GNBP3 and Persephone, which detect fungal components (Gottar et al. 2006, 
Ligoxygakis et al. 2002). 

The recognition phase is followed by a complex signalling cascade, which 
involves several interacting molecules (reviewed by Ferrandon et al. 2007). The 
extracellular ligand Späzle binds to the transmembrane receptor Toll resulting in 
conformational changes in the receptor. The binding triggers formation of a 
complex around intracellular region of Toll involving a death domain containing 
molecules MyD88 (myeloid differentiation primary-response gene 88), Tube and 
Pelle. This is followed by phosphorylation of Cactus and subsequently a transfer 
of the transcription factor DIF (Dorsal-related immunity factor) to the nucleus. 
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Fig. 1. Humoral response of insect immune system involves Toll and Imd pathways. 
This scheme is based on knowledge of Drosophila, and is modified from Hoffmann 
(2003) and Ferrandon et al. (2007). 

The signalling cascade culminates in the expression of genes encoding 
antimicrobial peptides in the nucleus. Antimicrobial peptides are produced 
primarily in the fat body tissue, which is equivalent to the mammalian liver 
(Hoffmann 2003). Several peptides with antimicrobial properties have been 
characterised in Drosophila: defensin is anti-Gram-positive peptide; cecropins, 
drosocin, attacins and diptericins act against Gram-negative bacteria; drosomycin 
and metchnikowin have an antifungal function (Bulet et al. 1999). Of these 
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peptides, antifungal drosomycin and metchnikowin and anti-Gram-positive 
defensin are induced by the Toll pathway. 

The molecules involved in the Toll signalling cascade presented above 
concern adult fruit flies, whereas the composition slightly differs in embryos. It is 
also notable that some of the factors along the Toll pathway do not function only 
in immune defence, but are also crucial in the development of the fly embryo 
(Moussian & Roth 2005). 

1.3.2 Imd pathway 

The Imd pathway (Fig. 1) is mainly involved in defence against Gram-negative 
bacteria. PGRP-LC and PGRP-LE bind these bacteria and activate the Imd 
signalling. PGRP-LC is a transmembrane receptor which interacts, probably via 
an unidentified adaptor (Kaneko et al. 2006), with IMD (immune deficiency) that 
is a death domain-containing molecule. IMD mediates signals to two distinct 
cascades (reviewed by Ferrandon et al. 2007). The first cascade involves TAK1 
(transforming growth factor beta-activated kinase 1) and TAB2 (TAK1-binding 
protein 2), which together activate the IKK (IκB kinase) signalling complex. This 
complex is formed by the catalytic subunit IRD5 (immune-response deficient 5) 
and a regulatory subunit Kenny, and results in the phosphorylation of Relish. The 
phosphorylation triggers the second cascade, which involves IMD, FADD (FAS-
associated death domain) and DREDD (death-related ced-3/Nedd2-like protein) 
resulting in the cleavage of Relish. The subunits of Relish are released to enter the 
nucleus, where they act as the key transcription factors of the Imd pathway 
(Hedengren et al. 1999) inducing the production of anti-Gram-negative peptides. 

1.4 Social insects 

All ants (Hymenoptera, Formicidae) and termites (Isoptera) and certain bees and 
wasps (Hymenoptera) are social insects. Division of labour, cooperative brood 
care and overlap in generations are characteristics of social insects. Division of 
labour is most striking in reproduction, where only one or a few queens lay eggs. 
In hymenopteran social insects all the other females are sterile workers which 
take care of diverse tasks from brood care and foraging to defence of the nest. 
Males contribute to colony life by mating with the queens, after which the males 
die. Hymenopteran social insects are haplodiploid; females are produced from 
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fertilised eggs and thus are diploid, whereas males are produced from unfertilised 
eggs and thus are haploid. 

1.4.1 Social immunity 

The characteristics of social insects have been suggested to represent a significant 
cost from the perspective of immunity (Schmid-Hempel 1998). Large colonies 
with warm temperatures and interacting individuals are propitious breeding 
grounds for pathogens. However, in addition to individual defences social insects 
have evolved a multitude of collective defences (reviewed by Boomsma et al. 
2005 and Cremer et al. 2007). For example wood ants incorporate into their nest 
conifer resin which has been demonstrated to have antibacterial and antifungal 
properties (Christe et al. 2003, Chapuisat et al. 2007). Other preventive means 
include allogrooming (mutual cleaning) and collective recognition and removal of 
infected individuals. 

If all these measures fail and an infection starts to spread in the colony there 
are still some mechanisms to restrain the contagion. Division of labour of the 
workers means that they form groups that are specialised in certain tasks. 
Working in specialised groups decreases interactions between individuals in a 
colony thereby reducing the spread of the infection. Hygienic behaviour is also 
important in repression of the disease encompassing removal of individuals that 
have died from an infection as well as removal of other waste. Finally, increasing 
genetic variation among colony members by multiple mating by the queen 
(polyandry) or forming colonies with multiple reproducing queens (polygyny) 
may hinder the spread of the infection in the colony, as some individuals may be 
resistant to the disease. 

1.4.2 Pathogens infecting social insects 

Pathogens and parasites that infect social insects have been listed by Schmid-
Hempel (1998), and that database has been recently updated (Boomsma et al. 
2005). The honeybee Apis mellifera is the best-studied social insect in this respect 
due to its economical importance as a pollinator and a producer of honey. In 
summary, social insects suffer from various micro- and macroparasites including 
bacteria, fungi, viruses, protozoa, nematodes, helminths, mites and parasitic 
insects. The most widely studied bacteria in insects are Wolbachia. 
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1.4.3 Wolbachia 

Wolbachia are Gram-negative bacteria infecting arthropods and filarial nematodes. 
They are endosymbionts that are maternally inherited in the cytoplasm of the egg, 
but also horizontal transfer between individuals of the same species and even of 
different species have been reported (Vavre et al. 1999, Huigens et al. 2000, 
Huigens et al. 2004, Ahrens & Shoemaker 2005). Wolbachia are reproductive 
parasites promoting their own transmission by causing cytoplasmic 
incompatibility, parthenogenesis, male killing and feminisation, but may also be 
obligate mutualists (Werren 1997, Hoerauf et al. 1999, Dedeine et al. 2001). The 
specific effects in hymenopteran social insects are not known, although it has 
been suggested that Wolbachia most likely causes cytoplasmic incompatibility 
and male killing in ants (Keller et al. 2001, Van Borm et al. 2001, Wenseleers 
2001, Wenseleers et al. 2002). 

1.5 Aims of the study 
An essential feature of social insects is the formation of colonies in which related 
individuals behave cooperatively. This, in addition to reproductive division of 
labour, has without doubt had a large influence on the evolutionary and ecological 
success of social insects. A major cost of social life is the high amount of 
pathogens in large groups and the more likely transmission of pathogens among 
closely related individuals. Social insects have evolved many colony-level 
defences, e.g. hygienic behaviour, and the existence of these traits manifests the 
importance of pathogens in shaping the evolution of social insects. However, very 
little is known about how pathogen pressure has affected the evolution of the 
innate immune system. 

The principal aim of the study was to investigate the effect of the high 
pathogen pressure on the molecular evolution of genes involved in the innate 
immune system. I started by identifying and characterising the first immune gene, 
defensin, from ants (I), continued with a study of molecular evolution of defensin 
in several ant taxa (II) and extended the topic to cover several immune genes in 
ants and honeybees (III). Paper III also included the identification of four immune 
genes from Myrmica ants. 

The second part of the thesis dealt with the endosymbiotic bacteria Wolbachia 
in ants. These bacteria are able to manipulate the behaviour of the host in order to 
promote their own transmission. Wolbachia are transmitted among the hosts either 
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vertically from mother to offspring or horizontally between individuals that can 
be from the same or even different species. I have examined the occurrence and 
transmission dynamics of Wolbachia in Formica rufa group wood ants from a 
large geographical scale covering most of the Eurasian distribution of these wood 
ants (IV). 
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2 Material and methods 

2.1 Sampling 

2.1.1 Ants 

Papers II and III used phylogenetic information and the aim was to include many 
different species to improve the power of a codon-based selection test. However, 
the applicability of PCR (polymerase chain reaction) primers set the limit to the 
extent of sampling. In paper II PCR primers were designed based on the defensin 
sequence from Formica aquilonia belonging to the subfamily Formicinae. 
Therefore most samples in paper II represented this subfamily with an 
approximate divergence time of 75 MYA (million years ago) between the most 
distant genera Lasius and Formica (Brady et al. 2006, Moreau et al. 2006). In 
addition, two Myrmica species were included, which belong to the subfamily 
Myrmicinae. The Myrmica defensin was identified separately as described in 
paper II. The subfamilies Formicinae and Myrmicinae are separated by more than 
100 million years (Brady et al. 2006, Moreau et al. 2006) and thus the sampling 
in paper II had considerable phylogenetic depth. 

The ant samples in paper III involved several species of Myrmica and the 
outgroup Manica rubida, which is the closest relative to Myrmica (Astruc et al. 
2004, Brady et al. 2006). Additionally, sequences of Solenopsis invicta were 
retrieved from an EST database (Fourmidable Ant Sequence Database) to add 
depth to the sampling. The approximated divergence time of Myrmica and 
Solenopsis is 90 MYA (Moreau et al. 2006). 

The data in paper IV consisted of six species of the Formica rufa group wood 
ants that have diverged approximately 0.5 MYA (Goropashnaya et al. 2004). 

2.1.2 Honeybees 

Five species of honeybees were used in paper III, Apis mellifera, A. cerana, A. 
koschevnikovi, A. dorsata and A. andreniformis. The divergence times for these 
species are not resolved, but the origin of the genus Apis has been estimated to be 
in the early Oligocene 30 – 40 MYA (Engel 1998, Arias & Sheppard 2005). 
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2.2 Molecular methods 

2.2.1 Immune gene identification in ants 

The target ant immune genes were selected along the well-characterised Toll and 
Imd pathways of the Drosophila innate immune system and the identification 
process used degenerate primers in 3´ rapid amplification of cDNA ends (RACE). 
The degenerate primers were designed with the program CODEHOP (Rose et al. 
1998). The primer design is based on conserved protein blocks in protein multiple 
alignments. The protein sequence of Formica rufa defensin (Taguchi et al. 1998) 
was used in paper I and protein sequences of several immune genes from Apis 
mellifera and Drosophila melanogaster along with protein sequences deduced 
from the Solenopsis invicta EST database (Fourmidable Ant Sequence Database) 
in paper III. In the reverse transcription stage of the primer design a codon usage 
table of Lasius niger was applied. 

In paper I RNA was extracted from untreated individual ants, whereas in 
paper III the immune system of the ants was induced by pricking the abdomen 
with a needle and RNA was extracted from a pool of individuals. Successful 
3´RACE products were cloned and sequenced. Using the sequences of 3´RACE 
products gene-specific primers were designed either manually (I) or with the 
program Primer3Plus (Untergasser et al. 2007) (III) for subsequent use in 
5´RACE. PCR and sequencing primers were designed based on the aligned 3´ and 
5´RACE products. The immune genes were amplified and sequenced from 
genomic DNA in order to use the information of the intron sequences in the 
phylogeny reconstruction. 

2.2.2 Sequencing and cloning 

The data consists of DNA sequences. All the PCR primers used for DNA 
amplification, as well as the sequencing primers, have been designed for these 
studies, except in paper IV, in which general primers for amplifying a gene 
encoding for Wolbachia surface protein (wsp) were used (Braig et al. 1998). The 
PCR products of the immune genes were sequenced directly or first cloned and 
then sequenced, and the sequencing was done in both 3´and 5´ directions. At least 
three bacterial colonies per clone were sequenced, the quality of the sequences 
was checked manually after which the sequence strands were assembled into 
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contigs. PCR products of the Wolbachia wsp were all cloned, after which multiple 
colonies were sequenced and processed as above. 

2.3 Statistical analyses 

2.3.1 Sequence polymorphism and divergence 

In order to investigate sequence polymorphism and divergence the gene 
sequences were aligned using the help of the deduced protein sequence. There are 
several methods to examine the extent of divergence between DNA sequences, 
which is the foundation for the study of molecular evolution. The simplest 
measure is the number of polymorphic sites, which is the number of nucleotide 
sites having two or more variants. In within species sequence data a useful 
measure is nucleotide diversity, π, which is the average number of nucleotide 
substitutions per site between two sequences. 

In a species-level comparison the divergence between two sequences may be 
large and thus, if the DNA sequence encodes a protein, it is informative to 
separate the substitutions that result in a change in the encoded amino acid 
(nonsynonymous substitutions) from those that do not (synonymous substitutions). 
Then, the divergence between the two nucleotide sequences may be represented 
as the rate of synonymous substitutions per synonymous site (dS) and the rate of 
nonsynonymous substitutions per nonsynonymous site (dN). 

A coding sequence contains more sites in which a nonsynonymous 
substitution may potentially occur than sites in which a synonymous substitution 
may occur. Also, the number of synonymous and nonsynonymous sites varies 
depending on the gene. Moreover, in a pairwise comparison of sequences 
originating from different species it is likely that some of the nucleotide sites have 
changed multiple times. Several methods have been developed to estimate the 
number of synonymous and nonsynonymous sites and also to avoid 
underestimating the divergence by correcting for multiple hits. In the estimation 
of dN and dS I have used the method of Pamilo & Bianchi (1993) and Li (1993). 

2.3.2 Phylogeny reconstruction 

The evolutionary relationships between species may be studied by reconstructing 
a phylogenetic tree using molecular data. There are several methods to choose 
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from to reconstruct a phylogeny including distance, parsimony and likelihood 
methods and most recently the Bayesian inference. An essential part of 
phylogenetic analysis in all the methods except parsimony is choosing the 
substitution model. The function of using a substitution model is to correct for 
multiple changes that have occurred at an individual nucleotide site. 

In papers II and III phylogenetic trees were generated for the ants because no 
published phylogenies exist for the species involved. Phylogenetic information 
was needed in the codon-based methods to infer selection as well as in the relative 
rate test. I have chosen Bayesian inference as the method for phylogeny 
reconstruction implemented in the program MrBayes version 3.1 (Ronquist & 
Huelsenbeck 2003). In paper II sequence data from only one gene, defensin, were 
used and the obtained tree is rather a gene tree than a species tree. In paper III 
data from four genes were used which should improve the chance of 
reconstructing a species tree. The data sets in both papers I and II also involved 
the intron sequences of the genes. Substitution models for each gene separately 
were chosen with programs MrModeltest version 2.2 (Nylander 2004) and 
PAUP* version 4.0b10 (Swofford 2002). 

2.3.3 Detection of positive selection 

Positive selection in papers II and III was tested for by using various codon-
substitution models based on the original model by Goldman & Yang (1994). 
These models are implemented in a program codeml in the PAML 4 package, and 
they use phylogenetic information (the topology of the tree) in a comparison of 
protein-coding genes (Yang 2007). The models are based on the neutral theory of 
molecular evolution. Therefore, a nonsynonymous substitution rate (dN) greater 
than a synonymous substitution rate (dS) is a sign of positive selection. The 
models consider a codon, rather than the whole gene, as a unit of evolution. I used 
site models that allow ω (ω = dN/dS = nonsynonymous / synonymous rate ratio) to 
vary among codons (Nielsen & Yang 1998). Detection of codons with ω > 1 is 
considered as an indication of positive selection. Basically, a model that does not 
allow ω > 1 is compared with a model that does, and a likelihood ratio test is 
applied to determine the model that best fits the data. 
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2.3.4 Relative rate test 

To infer differences in evolutionary rates (both in dN and dS) a relative rate test 
implemented in the program RRTree (Robinson-Rechavi & Huchon 2000) was 
applied in papers II and III. The relative rate test is based on a comparison of the 
evolutionary distance between one target of interest and an outgroup with the 
distance between another target of interest and the outgroup (Sarich & Wilson 
1973, Wu & Li 1985). RRTree uses phylogenetic information, namely the 
topology of the tree, so that evolutionary distances between two groups of 
sequences forming separate phylogenetic lineages can be compared. 

2.3.5 Correction for multiple testing 

To avoid false positives in the relative rate test and the codon-based methods of 
detecting positive selection, a correction for multiple testing was performed. I 
have used a false discovery rate method implemented in the program QVALUE 
(Storey & Tibshirani 2003). For each p-value the program estimates a q-value, 
which is a measure of significance in terms of the false discovery rate. For 
example, if the q-value for a certain case is 0.05, it means that 5% is the expected 
proportion of false positives incurred if this certain case is considered significant. 
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3 Results and discussion 

3.1 Isolation of immune genes from ants 

Identification of an antimicrobial peptide gene defensin from the wood ant 
Formica aquilonia is described in paper I, and the identification of four immune 
genes (PGRP-SC2, GNBP1, abaecin and defensin) from the red ant Myrmica 
ruginodis in paper III. Originally in the paper III the aim was to isolate 14 ant 
immune genes, for which 2–10 degenerate primers per gene were designed. Of 
these 14 genes, five were successfully identified from Myrmica and five from 
Formica ants (Table 1). Due to problems in RACE the immune genes identified 
from Formica are all largely partial either in the 3’ or 5’ end and thus not used in 
this thesis. Also hymenoptaecin from Myrmica was excluded because of 
difficulties in the identification process (several distinct PCR products) and the 
time limit associated with the project. 

Table 1. Target immune genes in ants including the number of primers designed for 
each gene and successful isolations. 

Gene Number of primers Successful isolation 

Myrmica Formica 

PGRP-SA 3a x x 

GNBP1 5 x  

PGRP-LC 3   

Toll 8  x 

MyD88 10   

Tube 6   

Pelle 7  x 

cactus 6   

Dorsal 7  x 

Ird5 2   

TAK-1 10  x 

defensin 5 x xb 

abaecin 2 x  

hymenoptaecin 2 x  
a With these primers two genes were identified, PGRP-SC2 from Myrmica and PGRP-SA from Formica 
b Identification described in paper I 
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The genes identified represent the three stages of the immune pathways: 
recognition of pathogens, intracellular signalling and production of effector 
proteins. PGRP-SA, PGRP-SC2 and GNBP1 are recognition proteins; Toll, Pelle, 
Dorsal and TAK-1 are intracellular signalling proteins; defensin, abaecin and 
hymenoptaecin are antimicrobial peptides, or in other words, effector proteins 
(Fig. 1 and Table 1). The functions of these proteins have been resolved in 
previous studies. The ant protein sequences deduced shared high levels of amino 
acid identity with the known proteins (43–75% according to blastp searches), so 
they most likely have the same function, although experimental tests are needed 
to ascertain this. 

3.2 Evolutionary rates in the immune genes of social insects 

The evolutionary rates in the immune genes of both ants and honeybees were high, 
as indicated by the dN/dS ratios (II, III, Table 2). The ratios were estimated with 
two distinct methods: based on pairwise estimates using the average of 
nonsynonymous substitution rates divided by the average of synonymous 
substitution rates, and a “global” dN/dS ratio estimated by the program codeml in 
PAML (Table 2). The dN/dS ratio calculated from the pairwise distance estimates 
was 0.725 in defensin. The global dN/dS ratio of defensin varied from 0.83 to 1.43 
depending on the gene region (Table 4 in II). The dN/dS ratio in the Myrmica 
immune genes was 0.519 calculated from the combined pairwise estimates of the 
four immune genes. The median of the global dN/dS ratios was 0.500. In 
honeybees the mean of the pairwise distances resulted in a slightly lower dN/dS 
ratio of 0.455, and a median of the global ratios of 0.257. As a comparison non-
immunity gene sequences were studied in honeybees, and they showed a 
significantly lower median of dN/dS ratios of 0.010 (P = 0.005). 
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Table 2. Evolutionary rates in immune genes of ants and honeybees. 

Locus Codons Taxa Global dN/dS
a Average dN/dS

b 

Ant immune genesc 
PGRP-SC2 169 10 0.525

0.519 
GNBP1 240 10 0.500

abaecin 52 11 0.400

defensin (III) 77 5 0.500

defensin (II) 82 20 0.841 0.725 

Honeybee immune genesc 

PGRP-SA 145 5 0.203

0.455 

PGRP-SC2 162 5 0.239

GNBP1 (LG9) 389 5 0.257

GNBP1 (LG4) 386 5 0.200

cactus-1 287 5 0.294

Relish 347 5 0.194

Imd 509 5 0.318

hymenoptaecin 155 5 0.299

defensin-1 110 4 0.300

Honeybee non-immunity genesc 
EF1-alpha 157 5 0

0.134 
Itprd 321 5 0.022

nad2d 126 5 0.009

cox2d 225 5 0.010
a estimated using codeml in PAML 
b derived from average pairwise dN and dS estimates 
c from paper III 
d sequences are from the GenBank 

It has been suggested that social insects could have more rapid evolutionary rates 
because of small effective population sizes (resulting from a low ratio of the 
number of reproductive individuals to the total biomass), and therefore the more 
rapid fixation of nearly neutral mutations by drift enhancing the nonsynonymous 
substitution rate (Bromham & Leys 2005). This effect would be genome-wide. 
However, comparison of synonymous and nonsynonymous substitution rates in 
the immune genes with the corresponding rates in non-immunity genes in 
honeybees showed that the average rate of synonymous substitutions was about 
the same for the immune genes (dS = 0.101) and the nuclear non-immunity genes 
(dS nuclear = 0.097) (III). Therefore, in honeybees the difference in dN/dS ratios 
between the immune genes and the non-immunity genes is caused by a higher rate 



 32

of nonsynonymous substitutions in the immune genes. It is likely that the same 
holds true for ants, but a similar comparison of immune genes with non-immunity 
genes is required to confirm this. 

In ants the median of the dN/dS ratios was almost twice that of the value in 
honeybees, the difference being significant (Mann-Whitney U-test, P = 0.005). It 
would be tempting to explain the higher evolutionary rate in ants by the 
difference in their life history compared to honeybees. For example, Boomsma et 
al. (2005) propose that bees could have a lower risk of contracting diseases as 
they forage on relatively hygienic nectar and pollen, whereas ants are omnivorous. 
However, based of the available data it is premature to draw clear conclusions. 

The median of the global dN/dS ratios (Sackton et al. 2007) of the same 
Drosophila immune genes as involved in paper III was 0.110. This is significantly 
lower than the rate of immune gene evolution in both ants and honeybees (Mann-
Whitney U-test, P = 0.001 for honeybee-Drosophila and P = 0.016 for ant-
Drosophila comparison) (III). Taken together, it is clear that pathogen pressure 
causes the occurrence of many more amino acid substitutions in the immune 
genes of honeybees compared to non-immunity genes. Also, evidently the 
pathogen pressure is higher in social insects compared to Drosophila, as indicated 
by the significantly higher dN/dS ratios in social insects.  

3.3 Positive selection in the immune genes of social insects 

Positive selection was detected in only two out of the five immune genes studied 
in ants, whereas none of the nine immune genes studied in honeybees showed 
signs of positive selection (II, III). The positively selected ant immune genes were 
an antimicrobial peptide defensin and PGRP-SC2, which in Drosophila functions 
as a regulator of the Imd pathway. Positive selection in defensin was studied in 
both papers II and III, the former covering 29 ant species representing subfamilies 
Formicinae and Myrmicinae and the latter covering several Myrmica species and 
Solenopsis invicta from the subfamily Myrmicinae. Evidence of positive selection 
was found only in paper II. 

There are several possible explanations for finding positive selection in 
defensin in paper II, but not in paper III. First, in paper II a larger number of 
species was studied, and thus positive selection may have remained undetected in 
paper III due to a lack of power in the selection test, not only in the case of 
defensin, but also in the other immune genes. Second, in paper II few lineages 
were shown to have a significantly higher rate of nonsynonymous substitutions, 
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and the overall result likely depended on these lineages. The reason for finding 
selection in defensin in paper II, but not in paper III, may thus be that in the data 
of paper II a sufficient number of lineages (but not necessarily all) has been under 
positive selection. For example in Drosophila positive selection has been shown 
in the intracellular signalling molecule Relish in the D. melanogaster lineage, 
though not in the other species of the D. melanogaster group (Sackton et al. 
2007). This kind of branch-specific test requires a prior assumption of finding 
positive selection in certain lineages, but there was no motivation for such 
expectations in either paper II or III. 

It is important to notice that only a fraction of all the insect immune genes 
has been studied in this thesis. In Drosophila 245 immune-related genes have 
been identified (Sackton et al. 2007). Positive selection was studied in 226 of 
these genes in six species of the D. melanogaster group, and evidence for 
selection was found only in 10% of the genes. Notably, none of the genes 
involved here belong to this group. However, in termites positive selection has 
been found in a defensin-like antimicrobial peptide termicin (Bulmer & Crozier 
2004). In addition, two GNPBs and Relish have also evolved under positive 
selection in termites indicating that these proteins likely have been involved in 
host-pathogen arms races (Bulmer & Crozier 2006). Thus, the lack of positive 
selection in the majority of the immune genes studied here cannot be explained by 
these genes commonly not being involved in interactions promoting selection. 

Positive selection in defensin and PGRP-SC2 was not particularly strong. 
Only two codon sites out of the studied 82 in defensin were indicated as positively 
selected (II). Moreover, in PGRP-SC2 even a smaller fraction of codon sites, only 
one out of 169, was consistently inferred to have been affected by selection. It is 
puzzling that on the one hand the immune genes in hymenopteran social insects 
are evolving at a fast rate, but on the other hand the immune genes do not show 
signs of strong positive selection. Based on the evolutionary rates in the immune 
genes the pathogen pressure in social insects seems to be higher when compared 
with Drosophila, but apparently not strong enough to cause many immune genes 
to evolve under positive selection. Therefore, there has to be some measures that 
lower the pathogen pressure. 

3.4 Role of colony-level defences in the evolution of immune genes 

Social insects have evolved many colony-level defences which are likely to keep 
pathogen pressure at a moderate level. Cremer et al. (2007) have classified these 
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defences into three stages: 1) protection against pathogen acquisition from the 
environment and import into the colony (e.g. honeybees eliminate infected 
individuals at the nest entrance), 2) preventing the establishment of a pathogen in 
the nest (nest hygiene), and 3) inhibition of pathogen spread (e.g. spatial and 
behavioural compartmentalisation). 

Also important in the inhibition of pathogen spread is the level of genetic 
variation within colonies. Colony-level resistance has been shown to increase by 
genetic diversity resulting from polyandry (Hughes & Boomsma 2004) and 
mixing of genetic lines (Reber et al. 2008) in ants, and from outbreeding in 
termites (Calleri et al. 2006). Also, strong genotypic host-parasite interactions 
have been demonstrated in bumble bees (Schmid-Hempel & Reber Funk 2004). 
Even though social defences may lower pathogen pressure, evidence of genetic 
variation in colony survival and strain-specific effects suggest selection on 
physiological mechanisms. The present results show similar dN/dS ratios in all the 
genes from different parts of the immune defence pathways, and positive 
selection in immune genes has been detected in both ants and termites (II, Bulmer 
& Crozier 2004). Based on these results, it seems that selection on the amino acid 
composition of the immune-related genes has been an important part in the fight 
against pathogens by social insects. Therefore, it seems that social defence 
mechanisms have their limitations. 

3.5 Wide-spread Wolbachia infection in wood ants 

An example where both colony-level and individual defences may have failed 
was found in paper IV. Wolbachia bacteria were screened from multiple 
populations of six species of the Formica rufa group wood ants covering most of 
their geographical distribution area in Eurasia. All 32 samples examined were 
found to contain Wolbachia. These bacteria are reproductive parasites with their 
main route of transmission occurring vertically from the mother to the offspring 
in the cytoplasm of the egg (Werren 1997). Therefore, when transmitted vertically 
there may not be a chance for the host to get rid of an established Wolbachia 
infection, at least not by the innate immune pathways, in which microbial 
recognition takes place in the extracellular hemolymph. 

However, in paper IV it was shown that, in addition to vertical transmission, 
frequent horizontal transmission has also occurred in the ants studied. Identical 
Wolbachia strains were found associated with distant mitochondrial DNA 
haplotypes among F. rufa group ants as well as with F. rufa group ants and a more 
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distantly related F. exsecta (Reuter & Keller 2003), with an estimated divergence 
time of 3.5–4 MYA (Goropashnaya 2003). During the process of horizontal 
transmission Wolbachia have to survive in an extracellular environment (Rasgon 
et al. 2006), and thus in this phase the recognition of Wolbachia by the host could 
be possible. Therefore, the wide-spread Wolbachia infection in wood ants 
indicates that the bacteria have successfully evaded the host immune system 
during several horizontal transmission events. 

Siozios et al. (2008) have reviewed multiple studies in which it was shown 
that Wolbachia are able to escape the host immune system without actively 
suppressing the host immune response. On the other hand mutualistic 
relationships between Wolbachia and the host have been reported in filarial 
nematodes (Taylor et al. 2005) and in a parasitic wasp (Dedeine et al. 2001). The 
actual effect of Wolbachia on the ant hosts is not known, although cytoplasmic 
incompatibility and male-killing have been suggested (Keller et al. 2001, Van 
Borm et al. 2001, Wenseleers 2001, Wenseleers et al. 2002). Whether the 
extensive occurrence of Wolbachia in wood ants could be explained by bacterial 
evasion of the host immune response or whether there could even be positive 
interactions between the ant host and Wolbachia remains to be resolved in future 
studies. 
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4 Concluding remarks 

In conclusion I have identified five immune genes in ants and shown that all these 
genes, along with the nine studied honeybee immune genes, have evolved rapidly. 
This is the first demonstration in hymenopteran social insects of high pathogen 
pressure having an impact on the evolution of immune system genes. Despite the 
high evolutionary rates, a clear indication of positive selection was found in only 
two ant immune genes. It may be that the behaviourally based colony-level 
defences in social insects reduce the selection pressure on immune genes. 

Both the individual- and colony-level defences have failed to prevent 
infection with the endosymbiotic bacteria Wolbachia – not only in ants, which 
were studied here, but also in many other arthropods and filarial nematodes 
studied earlier. Wolbachia double infections were found in all of the six wood ant 
species studied covering most of their geographical distribution area in Eurasia. It 
was shown that Wolbachia infection within this host clade has been shaped by 
both horizontal and vertical transmission of the bacteria. 

Further comparative studies on immune gene evolution in social insects 
involving larger number of immune genes from species that represent different 
levels of sociality and different phylogenetic lineages are needed to examine 
whether there is an association between the level of sociality and the evolutionary 
rate in immune genes. It would also be interesting to determine the actual effect 
of Wolbachia in ants to shed light on the wide-spread Wolbachia infection in 
wood ants. 
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