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Evolution of olfactory receptors in ants and adaptations for social
communication

Abstract

Detecting chemical cues from the environment is often critical for surviving, especially for
insects. Chemical communication is central for the operation of ant colonies: discrimination
between the colony members is based on nestmates’ cuticular hydrocarbons and nestmates
coordinate the colony's tasks by chemical cues. Furthermore, reproductive division of labor
into reproductive and non-reproductive female castes is based on queen pheromones. This
diverse vocabulary of chemical signals needs to be detected by a correspondingly diverse set
of chemosensory receptors. Insect olfactory receptors (ORs) are a family of chemosensory
receptors that respond to odors and pheromones and lead to various behavioral responses.
The OR family is characterized by frequent expansions of subfamilies, in which duplicated
ORs may adapt to detect new chemical signals through positive selection on their amino acid
sequence. Ant genomes are an extreme example where such expansions brought the total
number of ORs to around 400, the highest number in insects. Presumably, this reflects the

increased complexity of chemical communication needed in ant societies.

The presented research thesis focuses on the evolution of the ORs in ants and their
adaptation for recognizing diverse odorants and pheromones. In the first part of this thesis, |
examined gene duplications and positive selection on ant ORs. First the hymenopteran OR
gene tree was reconstructed, including seven ants species. This tree was used to infer
positive selection using methods that contrast the rates of non-synonymous and synonymous
substitutions (the dN/dS ratio). Special attention was given to one ant species, Solenopsis
invicta, that has two alternative social forms, which are determined by two variants of the so-
called “social chromosome”. This chromosome contains hundreds of genes that could be
implicated in the regulation of social organization, including 23 ORs that underwent

multiple recent duplications in the Solenopsis lineage.

The second part of this thesis explores the predicted ligand-binding site in the OR protein
structure. Amino acids targeted by positive selection in ant OR sequences were mapped to
the homologous positions in the 3D structural model for the OR85b protein of Drosophila
melanogaster. These results provide novel insights into the specific amino acid sites, and the

specific sub-families of ORs that facilitated the evolution of social communication in ants.
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1 Introduction:

Ants represent a fascinating and extreme example of social behavior in animals and one of the
most ecologically successful animal groups in the ecosystem. They belong to the Formicidae
family with more than 12,000 described species (Bolton et al. 2006). They are social insects
that evolved a high level of sociality, termed “eusociality”, which is characterized by three
main criteria: overlapping generations, cooperative brood care, and reproductive division of
labor between casts (Crespi & Yanega 1995). Female ants are divided into two main casts:
reproductive and non-reproductive — the queens and the workers. These are two specialized
behavioral groups that also evolved substantial morphological differences. Generations of ants
overlap in the colony, where some of the adults (workers) take responsibility for colony
maintenance, including feeding and caring for their young siblings.

1.1 Chemical communication
Chemical communication is central for the efficient operation and coordination of an ant

colony, starting with division of labor into reproductive (queens and males) and non-
reproductive castes (workers) and continuing with division of labor among worker groups.
Social communication between nestmates is necessary for all activities: foraging for food,
caring for the larvae and the queen, recognizing intruders including non-nestmate
conspecifics, etc. Nestmates use pheromones to know which tasks require more workers and
to coordinate their work in large groups. A classical example is the trail pheromone that
marks a path between a food source and the nest (Choe et al. 2012). A forager that discovers a
new food source marks a trail on the way back to the colony and this trail is recognized by
other nestmates that follow the trail to the source. Each ant renews the trail on the way back to

the nest, thereby reinforcing the signal.

Ants also discriminate between nestmates and non-nestmates based on a shared, colony-
specific odor (Sorker et al. 1995), which is comprised of a complex mixture of very long
chain cuticular hydrocarbons: alkanes, alkenes, di-alkenes, methyl-branched alkanes, and
dimethyl alkanes. Colony-specific hydrocarbon profiles were found by several studies in
multiple ant species (Nowbahari et al. 1990; Soroker et al. 1995; Akino et al. 2004; Ozaki et
al. 2005; Martin et al. 2008). Furthermore, the role of hydrocarbons in nestmate recognition
was demonstrated experimentally in a handful of studies, some of them using synthetic
hydrocarbon blends matched to the individual colony profiles. Glass beads with nestmate
hydrocarbon profiles received reduced workers aggression relative to beads with different

profiles (Ozaki et al. 2005; Martin et al. 2008).
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1.2 The fire ant social chromosome
Some ant species have different forms of social organization: monogyne (one reproductive

queen per nest) or polygyne (multiple reproductive queens per nest). In the fire ant
Solenopsis invicta the existence of two distinct forms of social organization is determined by
the two variants of the so-called “social chromosome”, SB and Sb, two haplotypes of a large
region approximately 13 megabases long (55% of the chromosome) in which recombination
iIs completely suppressed between SB and Sb (Wang et al. 2013). Colonies containing
SB/SB queen and workers are always monogyne (Keller and Ross 1998). Polygyne colonies
contain workers of all three genotypes (SB/SB, SB/Sh, and Sb/Sb). Such a population of
workers will accept new queens into the nest, but only SB/Sb queens. The ability to
distinguish between SB/SB and SB/Sb queens is apparently based on different queen odors,
possibly hydrocarbons or other compounds on the queen’s cuticle. Manipulation
experiments demonstrated significantly higher aggression toward workers that were rubbed
against a monogyne SB/SB queen relative to workers rubbed against a polygyne SB/Sb
queen (Keller and Ross 1998). It is still unknown which compounds act as the queen
pheromones and what olfactory functions of the workers respond to them.

1.3 Insect olfactory system
Insects detect odors and pheromones by olfactory receptor neurons in their antennae (see

figure 1). Each odor is recognized by an olfactory receptor (OR) that specifically binds the
odorant molecule. Around 300-400 OR genes have been identified in each fully sequenced ant

genome, the largest number in all studied insects.
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Figure 1: Olfactory receptors system in insects. Olfaction occurs in the third segments of the antenna and the maxillary palp
(left). These organs are covered with sensory hairs — the sensilla (middle). Each sensillum hosts up to four ORNs. Three
types of sensilla can be distinguished by their morphology and the chemicals to which their ORNSs respond — basiconic,
trichoid and coeloconic (bottom). Insects' olfactory receptors are heterodimers consisting of a specific receptor and a
common co-receptor, in the case of drosophila, OR83b is the common receptor (figure reproduced from Kaupp 2010)

1.3.1 Insects olfactory receptors
All ORs are 7-transmembrane (7-TM) domain proteins (Vosshall et al. 1999; Clyne et al.

1999), but in contrast to vertebrate ORs insect ORs show an inversed membrane orientation -
a cytoplasmic N-terminus and an extracellular C-terminus (Benton et al. 2006; Lundin et al.
2007; Smart et al 2008). Therefore, it may not be possible to transfer structure/function

knowledge from vertebrate ORs to insect ORs.

Insect ORs are heterodimers consisting of a specific receptor and a common co-receptor
(ORCO; see figure 1) (Larsson et al. 2004). The heterodimer appears to function as a ligand-
gated ion channel. In the ORCO of Drosophila melanogaster, a motif (TVVGYLG) for ion
channel selectivity filter channel is located near the cytoplasmic border of the sixth
transmembrane helix (Wicher et al. 2008, Sato et al.2008) (see picture2). Sequence alignment
of ORCO from several insect species also showed conserved aspartic acid residues, one in
each of transmembrane domains 5 and 7 (see picture 2). Mutagenesis of those residues

influences the ion channel activity of the receptors (Kumar et al. 2013).
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Figure 2: The topology of insect's olfactory receptor (presented using TOPO2 http://www.sacs.ucsf.edu/TOPO2/).
Highlighted domains: the putative ligand-binding site (Nichols and Luetje 2010) in the specific receptor, conserved aspartic
acids and the selectivity filter motive TVVGYLG, in the common receptor (Kumar et al 2013).

The second component of the heterodimer is the specific OR, which dictates ligand selectivity
and may also activate a G protein (Wicher et al. 2008). Transmembrane segment 3 (TM3)
residues 146-150 and the EC2 of Drosophila melanogaster odorant receptor Subunit 85b
(OR85b) have been shown to contribute to ligand-receptor interactions (Nichols and Luetje
2010) (see figure 2).

1.4 The evolution of olfactory receptors
Olfactory perception of pheromones and odors is vital for cooperative functions of the nest,

and therefore an important factor of fitness and evolutionary success in ants. Hence, new OR
genes with new olfactory functions are expected to evolve together with the evolution of ant
social behavior. As ant societies become more complex, more ORs are needed to recognize a

larger “vocabulary” of chemical signals.

Gene duplication plays a central role in evolution, which can lead to evolutionary innovation:
a certain gene is duplicated and the new paralogs evolve novel beneficial functions (Ohno
1970). Duplication creates genetic redundancy. When one of the copies undergoes mutation, it
can lead to lose of function and the gene becomes a pseudogene (non-functionalization).
Alternatively, one copy can evolve a new function, while the other maintains the original
function. The gene that obtains a new function may be under positive selection pressure if this
function is adaptive. This process is termed neofunctionalization (Force et al. 1998).

Another possible process after gene duplication event is subfunctionalization. In this case,
4



the paralogs retain different parts (subfunctions) of the original ancestral function. The
subfunctionalization model predicts that the sum of subfunctions in preserved gene duplicates
will be equal to the combined function in the ancestral gene (Force et al. 1998). Thus, new
olfactory functions may be achieved through duplication of ORs, followed by positive
selection on the ligand binding site of in order to recognize new odorants
(neofunctionalization), or the duplicated ORs become more specialized in detecting specific
odors instead of one OR that detects several similar odors (subfunctionalization).

1.4.1 Positive selection inference
The dN/dS ratio, the ratio of nonsynonymous (dN) and synonymous (dS) substitutions, gives

an indication of the evolutionary forces acting upon protein-coding genes. Synonymous
substitutions do not change amino acid sequence and are assumed to be neutral. Hence dS is
taken as a measure of the amount of accumulated substitutions between two homologous
coding sequences without the influence of natural selection. Nonsynonymous mutations do
change the amino acid sequence, so dN depends on the selective pressures acting upon the
protein sequence. dN < dS is interpreted as evidence for purifying selection against fixation
of deleterious mutations. Conversely, dN > dS is interpreted as positive selection in favor of
adaptive mutations. dN = dS indicates neutral evolution. Commonly only parts of a protein
are under positive selection (dN/dS>1) while others are under purifying selection (dN/dS<1)

or evolve neutrally (dN/dS=1).

Maximum likelihood methods for dN/dS inference estimate the dN/dS ratio while considering
the substitution rate of codons and allowing for other characteristics of DNA sequence
evolution such as the transition/transversion bias, using a codon substitution model (Goldman
and Yang 1994). Such methods can infer positive selection pressure by comparing the
likelihood scores of two models that either allow dN/dS > 1 or not, typically using a
likelihood ratio test. This is known as the “site test”, when each site is allowed to have an
independent dN/dS ratio. A more complex model known as the “branch-site test” allows
dN/dS to be greater than 1 in only a subset of the tree branches, as well as a subset of the site,
to account for episodic positive selection (Zhang et al. 2005).

Engsontia et al. (2015) analyzed evolution and positive selection on ant ORs of several
species that were included in our analysis: Camponotus Floridanus, Harpegnathos Saltator,
Pogonomyrmex barbatus, Linepithema humile and Solenopsis invicta. They proposed the
hypothesis that species-specific gene expansions evolve under positive selection, as they are
associated with olfactory adaptation unique to each lineage. They tested for positive selection

in these expansions using the site test of positive selection; however this test does not
5



compare lineage-specific branches to the non-lineage-specific branches of the tree. In this
thesis, the branch-site test was used, which allowed this comparison and allowed testing the
statistical support for this hypothesis.

1.5 Thesis proposal hypothesis
We hypothesized that the evolution of complex insect societies required more complex

chemicals communications, which involved the expansion of OR sub-families and their
adaptation to recognize diverse odorants and pheromones. This hypothesis lends the following
predictions: (1) ant ORs experienced adaptive evolution, including gene duplication and
positive selection on the protein sequence; (2) ORs in the fire ant social chromosome
experienced positive selection because of their role in determining the colony social structure;
(3) the putative ligand-binding pocket of ORs was under positive selection pressure during

their adaptation for the perception of new pheromones.



2 Materials and Methods

2.1 OR gene sequences

OR sequences were collected from whole genome sequences of seven ant species:
Linepithema humile (LhOR) , Pognomyrmex barbtus (PbOR), Solenopsis invicta (SiOR),
Harpegnathos saltator (HsSOR), Camponotus-floridanus (CfOR), Monomorium pharaonis
(MpOR), and solenopsis fugax (SfOR) (see table 1).

Table 1: Number of the olfactory receptors in differnet hymenoptera species.

Species names Numbers of Reference
ORs genes
Linepithema humile (LhOR) 320 Smith CD et al. 2011
Pognomyrmex barbtus (PbOR) 291 Smith CR et al. 2011
Solenopsis invicta (SiOR) 461 GENEBLAST (Amir Cohanim)
Harpegnathos saltator (HsOR) 377 GENEBLAST (Amir Cohanim)
Ants Camponotus-floridanus (CfOR) 407 GENEBLAST(Amir Cohanim)
Monomorium pharaonis (MpOR) 239 Zhou (2012)
Solenopsis fugax (SfOR) 314 Zhou (2012)
Wasp Nasonia Vitripennis 262 Werren et al. 2010
Hymenoptera Genome
Bee Apis mellifera 168 Database
http://hymenopteragenome.org

Those sequences will used for reconstruction the OR tree (see method 2.2).

The protein-coding sequences of LhORs and PbORs were manually annotated and provided
by Hugh Robertson. The sequences of SiORs, MpORs, and SfORs were annotated by Amir
Cohanim (unpublished data) via GENEBLAST by using the manually annotated OR sequences
as queries to search against another genome as target. GENEBLAST first uses translated
BLAST (tblastn) to find homologous protein-coding sequences in the target genome, and then
refines the exon/intron boundaries to obtain a predicted protein-coding sequence. HSORs and
CfORs were obtained using a similar method by Zhou and colleagues (2012). These ant genes
were analyzed together with OR genes of the wasp Nasonia Vitripennis (NVOR) and the

honey bee Apis mellifera (AmOR,; see table 1) which serve as outgroups (see figure 3).
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Figure 3: Phylogenetic relationship of the seven sequenced ant species and the two other sequenced hymenopteran taxa
(outgroups) (reproduced from Gadau et al. 2012).

2.2 Phylogenetic analysis
Nucleotide sequences were translated by EMBOSS Transeq (http://emboss.open-bio.org/) to

amino acid sequences and then aligned using the multiple sequence alignment algorithm
MAFFT (version 7; accurate variant E-INS-i; Katou et al. 2005), with the default parameters:
scoring matrix BLOSUM-62, gap opening penalty 1.53. This alignment was used to
reconstruct the hymenopteran OR gene tree using RAXML (version 8.1.15; Stamatikis et al.
2006) with the PROTCATLG model, and 100 bootstraps repeats. RAXML uses maximum-
likelihood analysis, with an approximated model of among-site rate variation (CAT), and the

LG matrix of amino acid substitution rates.

This polygenetic tree includes 2793 sequences and 5583 branches, which is too big for
dN/dS-based positive selection inference methods. Thus, the tree was divided to 31 clades
(sub-trees) with the highest possible bootstrap support, so that each clade contains a
maximum of 200 sequences. Clades were defined as monophyletic groups wherever
possible, with the exception of clades 28, which is paraphyletic. All ant sequences were
included in the 31 clades, but 133 wasp sequences and 4 bee sequences were not. Each
subgroup of sequences was re-aligned using GUIDENCE (version 2.01; Penn et al. 2010)
with the aligner PAGAN (L6ytynoja et al. 2012) as a codon alignment (that is, the translated
amino acid sequences were aligned and then each amino acid residue was replaced by the
respective codon). Unreliably aligned residues were masked at 0.8 cutoff (i.e. low-scoring
codons were replaced with “NNN”). Then phylogenetic trees were built using RAXML for
each clade as above, based on the amino acid translation.

8
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After estimating the run time of codeml, we decided to reduce the species number in each
clade from nine to five (with 200 sequences the run time of codeml was approximately 17
days for each branch). The chosen species for the new analysis were: P. barbtus (PbOR), S.
invicta (SiOR), C. floridanus (CfOR), M. pharaonis (MpOR), and S. fugax (SfOR). The
species L. humili, H. saltator ,A. mellifera and N. vitripennis were removed since they are
more distantly related to the fire ant S. invicta (see figure 3), which is of special interest in
this study. Then the new groups were re-aligned as before, and the trees were rebuilt.

2.3 Positive selection inference

Commonly only parts of a protein are under positive selection (dN/dS>1) while others are
under purifying selection (dN/dS<1) or neutral evolution (dN/dS=1). Therefore, the dN/dS
for each site is estimated independently using models implemented in Codeml from the
PAML package (version 4.8a; Yang 2007; Yang 1997). Since positive selection often acts
only during a certain evolutionary time window, positive selection is tested in each branch of
the tree using the modified branch-site test (model A; Zhang et al. 2005), as implemented in
Codeml. Codeml uses maximum likelihood (Fisher 1922) to estimate the GD parameter,
which represents the dN/dS ratio. Positive selection was inferred by comparing two branch-
site models: a model that allows positive selection (dN/dS > 1) only in the one “foreground
branch” (alternative model) and a model that does not allow any positive selection (dN/dS
<= 1; null model). Since the compared models are nested, log-likelihood ratio tests (LRT)
were performed. The test statistic is defined as:

D = -2 (In(likelihood for null model) — In(likelihood for alternative model))

D is compared to a chi-square distribution with 2 degree of freedom. Thus, p-values were
obtained for each tested branch, and adjusted into g-values to control the false discovery rate
(FDR; Benjamini & Hochberg 1995) using the Bioconductor R package “qvalue”. For each
branch where the LRT is successful at FDR<10%, specific codons under positive selection
were identified based on posterior probability greater than 0.9 for dN/dS > 1 (Yang, Wong &
Nielsen 2005).

2.4 Structure prediction

2.4.1 Template detection for homology modeling

First homology modeling was attempted, to predict the structure of ant ORs based on known
structures of distant homologous 7-TM receptors. Such templates were searched by using ant
OR sequence alignment as a query. The following homology search tools were used: FFAS03
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(http://ffas.sanfordburnham.org/ffas-cqgi/cgi/ffas.pl) is based on homolog detection by PSI-
BLAST (Position-Specific Iterative BLAST). Five iterations of PSI-BLAST were performed
against the sequence nr database and fold recognition was displayed by including optimized

structural features and templates. Fold recognition methods attempt to detect similarities
between protein 3D structures that are not accompanied by significant sequence similarity
(Rychlewski et al. 2000; Jaroszewski et al. 2000; Jaroszewski et al. 2005; Jaroszewski et al.
2011; Xu et al. 2013). HHpred (http://toolkit.Imb.uni-muenchen.de/hhpred) (Soding et al

2005) detects distant homologs by comparing sequence profiles of protein families, where

each profile is represented as a Hidden Markov Model (HMM), which is a more sensitive
method for finding remote homologs. In the first step, HHpred builds an alignment of
homologs from the query amino acids sequences and hits from multiple iterations of PSI-
BLAST searches against the non-redundant database from NCBI. In the next step, a profile
HMM is generated from the multiple alignment that includes the information about predicted

secondary structure.

2.4.3 Structure prediction, evolutionary couplings (ECs) method:

Ab initio structural prediction of insect ORs was performed by Hopf and colleagues (2015)
using the evolutionary couplings (ECs) method (Marks et al. 2012). Pairs of adjacent amino
acids in the protein structure tend to co-evolve, i.e. undergo correlated substitutions so that the
protein structure and function are maintained. This correlation can be detected in sequences of
isostructural proteins, thus providing information on the distance between amino acid pairs in
the protein structure (Marks et al. 2012). Thereby a 3D structure was predicted for OR85b of
Drosophila melanogaster (DmOR85b; Hopf et al. 2015; supplementary data model 140_12).

2.4.4 Mapping ant OR sequences to the DmOR85b structure:
To map the amino acid positions under positive selection in the ant ORs to the DmOR85b

structure, first one PbOR sequence was chosen from each of the 31 clades of ant ORs as a
representative of the clade. Then the 31 representatives and the DmORS85b sequence were
aligned using MAFFT with the FFT-NS-i iterative method. Using a perl script, the positions in
the ant sequences with posterior probability of 0.9 for positive selection were mapped to the
homologous positions in the DmORS85b: first the list of sites under positive selection were
extracted from the Codeml results; those column positions were mapped to the position in the
PbOR reprehensive sequence of each clade; this position was mapped to the column position
in the alignment of the PbORs and DrOR85b; and finally those column positions were
mapped to amino acid position in the DmOR85b sequence. Then, all the obtained amino acid
positions in the DmOR85b were mapped to the 3D structure of DmOR85b using the
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molecular visualization software Pymol (v1.7.4). After mapping the amino acid position
results in the 3D structure, the ligand-binding pocket of the OR receptors was marked, based
on its definition by Nichols and Luetje (2010).
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3 Results

3.1 Phylogeny
In order to understand the evolution of the olfactory receptors genes in ants, amino acid

sequences of seven ant species, the jewel wasp N. vitripennis, and honey bee A. mellifera
were aligned using MAFFT and the alignment was used to reconstruct the hymenopteran OR
gene tree using RAXML. This gene tree includes 2793 sequences and 5583 branches (see table
3). The ORCO subtree was used as outgroup to root the tree (see figure 4). This OR gene tree
was too big for positive selection methods, so it was divided to 31 clades with the highest

bootstrap support, so that each clade contains no more than 200 sequences.

Figure 4: OR gene tree including 2973 genes from seven ants, honey bee, and jewel wasp. The tree was reconstructed using
RAXML based on a MAFFT amino acid alignment. The tree was divided to 31 clades for subsequent analyses. Hymenopteran
clades are colored blue-green (include wasp sequences), Aculeatan clades are colored red (include bee sequences), and
Formicidae-specific clades are colored purple (only ant sequences), clades were colored on white removed from the analysis.
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Table 2: Dividing the super tree to clades with different representation of lineages.

Species represented in each clade

Ants Bee Wasp

Clade | LhOR | PbOR | SIOR CfOR | MpOR AmMOR | NVOR
out- 1 Y; Y] Y] Y] Y] Y; Y] Y] X
paralog [ Y] Y] Y] Y] Y] Y; Y; X Y]
. 3 Y; Y; Y; Y; Y] Y] Y] Y] Y]
out- 4 Y] Y; Y; Y; Y] Y; Y; X X
Pafg'og 5 Y; Y; Y; Y; V Y; Y; Y] X
out- 6 Y] Y] Y; Y; Y] Y; Y] Y] Y;
Pafg'og 7 Y] Y] Y] Y] Y] Y; Y; Y] Y]
out- 8 v Y; Y] Y] Y] V] V] Y] Y]
paralog [~ g Y] Y] Y] Y] Y] Y; Y; X X
4 10 Y] Y] Y] Y] Y] Y; Y; X X
out- 11 Y] Y] Y] Y] Y] Y] Y] Y] Y]
paralog [~ 12 Y, Y, Y, Y, Y; Y; Y, X Y,
S 13 Y] Y; Y; Y; Y] Y; Y; Y] X
14 Y; Y; Y; Y; Y] V] V] Y] X
15 Y] Y] Y] Y] Y] Y] Y] v Y]
out- 16 Y] Y; Y; Y; Y] Y; Y; Y] X
paralog [~ 17 Y, Y, Y, Y, V Y, Y, Y, Y,
6 18 Y] Y; Y; Y; Y] Y; Y; Y] Y]
out- 19 Y] Y; Y] Y] Y; V] V] Y] Y]
paralog [ 2o Y] Y] Y] Y] Y; Y, Y, Y] Y]
! 21 Y; V; V; V; Y; Y] Y] X X
22 Y] Y] Y] Y] Y; Y, Y, Y] Y]
23 Y; V; V; V; Y; Y] Y] Y] X
24 Y] Y; Y; Y; Y] Y] Y] X X
25 Y; Y; Y; Y; Y] v v X X
26 v Y] Y] Y] v V] V] X X
27 V] V; V; V; Y] V] V] Y] X
28 Y; Y; Y; Y; Y] v v X X
29 Y] Y] Y; Y; Y] Y] Y] X X
30 Y] Y; Y; Y; Y] v v X X
31 Y] Y] Y; Y; Y] Y] Y] X X

The table shows the 7 main groups in the OR tree. The tree was divided to subtrees with high bootstrap support.

The hymenopteran OR gene tree is divided to seven sub-trees that include ant, bee and wasp
genes (see table 2). Thus, these represent seven out-paralogs that evolved before the
speciation of Hymenoptera. Each sub-tree contains many in-paralogs, including gene
duplications before the divergence of ants and bees (groups 2, 4 and 7) and many more

subsequent ant-specific duplications.

3.2 Positive selection inference
As mentioned above, the ORs gene tree was divided to 31 clades so that positive selection

inference using the branch-site test could be applied. After estimating the running time of
13



optimization of model parameters for each branch, we decided to reduce the species number

in each clade from nine to five (see material and method 2.2). Each subgroup of sequences in

each clade was re-aligned using PAGAN as a codon alignment, and unreliably aligned

residues were masked using GUIDENCE. Then polygenetic trees were built using RAXML for

each clade, based on the amino acid sequence alignment.

Table 3: Branches inferred to be under positive selection based on the LRT of the branch-site test (FDR<0.1), that had at
least one site with posterior probability > 0.9 for dN/dS > 1

Clade Number Of Number of Number of Branches with Percentage of Number of Percentage of sites with
Number | Sequences in Sequences Sequences evidence for branches with sites with GO>1 in the branches with
the original after after positive evidence of P>0.9 for evidence for positive
clade minimizing removing selection positive GO>1 selection
four species (FDR<0.1) selection
Cladel 8 5 7 0 0.00 0 0.00
Clade2 38 21 39 1 2.56 1 0.07
Clade3 233 144 285 22 7.72 61 2.18
Clade4 130 78 153 14 9.15 45 2.03
Clade5 179 123 243 12 4.94 19 0.75
Clade6 38 19 35 2 571 10 0.48
Clade7 172 124 245 19 7.76 45 1.36
Clade8 80 39 75 3 4.00 6 0.35
Clade9 71 35 67 4 5.97 6 0.34
Clade10 169 141 279 21 753 75 2.86
Cladell 19 10 17 1 5.88 1 0.08
Clade12 16 8 13 0 0.00 0 0.00
Clade13 123 72 141 11 7.80 25 1.28
Clade14 59 36 69 4 5.80 14 0.77
Clade15 160 84 165 12 7.27 54 271
Cladel6 10 6 9 0 0.00 0 0.00
Cladel7 50 15 27 5 18.52 74 4.53
Clade18 141 74 145 9 6.21 27 0.78
Clade19 99 47 91 8 8.79 23 112
Clade20 60 27 51 4 7.84 9 0.52
Clade21 100 54 105 16 15.24 64 2.85
Clade22 139 98 193 17 8.81 52 1.13
Clade23 96 56 109 11 10.09 46 2.05
Clade24 30 19 35 2 571 2 0.11
Clade25 49 34 65 3 4.62 5 0.30
Clade26 51 36 69 7 10.14 13 0.63
Clade27 50 14 25 1 4.00 2 0.12
Clade28 118 90 177 10 5.65 21 0.49
Clade29 122 81 159 15 9.43 26 0.75
Clade30 73 48 93 7 7.53 12 0.53
Clade31 101 68 133 16 12.03 34 1.48
*ORCO 9 5 7
clade

* The ORCO clade was removed from the analysis.

A likelihood ratio test (LRT) was applied to each branch of each clade, to identify amino acid

positions under positive selection. In total, 3326 branches were tested. Where the LRT was
14



significant the analysis shows that some sites had a dN/dS ratio (the GO parameter) > 1, which
indicates positive selection (see table 3). For some branches with positive LRT, sites under
positive selection were identified, based on a posterior probability above 0.9 for GO > 1. The
number of sites under positive selection varies among branches between 1 and 75 (see table
3).

To assess the effect of artifacts such as sequence annotation and alignment errors, manual QA
was performed on positive results of the branch-site test in three randomly chosen clades

(clade 4, 7 and 31). The translated codon alignment of Codeml was manually inspected at the
inferred positively selected sites, since errors in sequence alignments can lead to substantially

inflated false positive rates in inferring positive selection (Fletcher and Yang 2010).

The inspection was done in several steps: first the positively selected site column was marked
in the alignment, then the reliability of the alignment, surrounding region (alignment block)
was checked, and suspected false positive results were documented (see figure 6 below as an
example). From each clade 10 branches were manually inspected, and the average of the false

positive results was found to be 10% of the branches with positive results.

Table 3 shows that clade 17 has the highest percentage of branches under positive selection:
five branches from 27; and the highest percentage of the sites under positive selection: 4.53%
(see table 3 and figure 5). Branch 18 had the highest percentage of sites under positive
selection (see table 4).
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Figure 5: Clade 17. Branches with significant evidence for positive selection from the branch-site test (FDR<0.1) and sites
with posterior probability > 0.9 were colored in red. The numbers above the branches are the bootstrap values whereas the
below are the branches numbers.
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Figure 6: : A part of the alignment of clade 17. The partition by branch 18 is highlighted. Positions under positive selection
with posterior probability > 0.9 are indicated.

Table 4: Positions under positive selection with posterior >0.9 in clade 17.

Branch Number | Amino Acid Position

6 442

8 121, 123, 289, 346, 414, 437

11 138, 153, 204, 208, 210, 214, 271, 355, 477

18 7,38,42,59, 84,111, 113, 120, 123, 131, 139, 140,142, 164, 167, 179, 191, 209, 210, 214, 225, 234, 250, 259, 266,

270, 274, 284, 289, 333, 346
350, 362, 399, 405, 406, 415, 428, 430, 431, 433, 447, 448, 453, 454, 457, 461, 468, 476, 487, 500, 509, 510, 526, 528

24 31,37,76

These results appear to be false positives because of incorrect alignment between the two
subsets of sequences partitioned by this branch (alignment positions 209-262 appear
misaligned, in contrast to 263-279 and 225-234) (see figure 6). Overall, the majority of the

results in clade 17 may be false positives.
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Conversely, in the case of clade 15 (see figure 7), the percentage of branches under positive
selection is 7.27% (12 out of 165) (see table 3). And branch 7 had the highest percentage of
sites under positive selection (see figure 8 and table 5). These putative positively selected sites

are an example of reliable branch-site test results, located in a reliable alignment block.

100
=2 P0Rz

Figure 7: Clade 15. Branches with significant evidence for positive selection from the branch-site test (FDR<0.1) and sites
with posterior probability > 0.9 were colored in red. The numbers above the branches are the bootstrap values whereas the
below are the branches numbers.
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Figure 8: A part of the alignment of clade 15. The partition by branch 7 is highlighted. Positions under positive selection
with posterior probability > 0.9 are indicated.
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Table 5: Positions under positive selection with posterior probability > 0.9 in clade 15.

Branch Number Amino Acid Position
6 591
7 127,130, 134, 185, 225, 238, 289, 353, 376, 379, 381, 393, 446, 526, 530,543, 569
20 233, 359, 373, 385, 488, 585
27 511
50 241, 505
70 133, 134, 294, 385, 387, 460, 472, 481, 485, 508, 512, 531, 562
77 281
103 409
106 221
129 239, 356
150 217, 284, 387, 475, 606
163 129, 134, 385, 532

3.2.1 Positive selection inference in ORs of the social chromosome
One of the subtrees in the ORs gene tree, clade 7 (see figure 9), includes a cluster of 23 ORs

located in the social chromosome of the fire ant Solenopsis invicta. As described in the
Introduction (section 1.2), the two variants of this chromosome are responsible for the two
alternative forms of social colony organization. Therefore, the SiORs of clade 7 may be

involved in the regulation of social organization in this species.

As in other clades, ORs of clade 7 underwent multiple gene duplications including: three
Solenopsis-specific duplications, four invicta-specific duplications (see figure 9), and a huge
C. floridanus-specific expansion (arrow in figure 9), which indicate selection pressures and
adaptation for new olfactory functions, possibly for recognizing new pheromones involved in

social organization.
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Figure 9: Clade 7. Branches with significant evidence for positive selection from the branch-site test (FDR<0.1) and sites
with posterior probability > 0.9 were colored in red. Marked nodes correspond to S. invicta- (squares), Solenopsis- (circles).
The numbers above the branches are the bootstrap values whereas the below are the branches numbers. The brown narrow is

directed to the CfOR's expansion sub-tree.
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These results in clade 7 show a number of reliable branch-site test results (see table 6), in
different parts of the tree: branches 27, 28 and 18 (see figure 10), 228, 209 and 204 (see figure
11), 111,112, 113, 109, 138 and 133 (see figure 12). The positively selected sites are located

in reliable alignment regions, with several radical amino acid substitutions (e.g. proline-

valine, threonine-cysteine, aspartate-serine).
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Table 6: Positions under positive selection with posterior probability > 0.9 in clade 7.

Branch Number Amino Acid Position

18 | 108, 996, 1002, 1012

27 | 1001, 1008

28 | 256,992, 1018

33 | 231,811,932

51 | 928

62 | 928,958
63 | 246

96 | 454
103 | 166
109 | 266
111 | 484,787
112 | 64,1022

113 | 454,554, 932, 245, 393

133 245, 393, 1066

138 | 1066

171 | 271, 367, 787, 1033
178 | 793, 999

204 | 334,354,993

209 | 992

228 | 923

236 | 391, 393, 928, 936, 1003

3.2.2 Species-specific expansion

The results show a number of OR clades with differential expansion among ant species. Table

7 lists species-specific duplication in each clade. The percentage of branches under positive

selection in the species-specific expansions is higher than the branches under positive

selection in non-species-specific branches in many clades: 3, 5, 7- 9, 10, 13, 15, 19-21, 23-31.

Those duplications may are correlated with neofunctionlaztion events and adaptive evolution

in these specific lineages, but there this difference is not statistically significant (according to

a Fisher’s exact test with d.f.=1; see table 8).

Table 7: Species-spicific expansions.

Species PbOR SiOR CfOR MpOR SfOR NO”'sgf;ifésh'jfec”ic

Clade | #PS | #Br | %Ps | #PS | #Br | %Ps | #PS | #Br | %Ps | #PS | #Br | %Ps | #PS | #Br | %Ps | #PS | #Br | %Ps
Clade2 | 0 0 0 3 | oo0 | 0 8 0 0 0 0 0 1 | 28 | 357
Clade3 | 1 | 15 | 667 | 0 9 [ o000 | 1 [ 40 | 25 | 0 0 1 3 | 3333 | 23 | 218 | 1055
Clade4 | 0 | 11 0 0 0 1 | 23 |43 | o 5 0 0 0 15 | 114 | 13.16
Clade5 | 1 9 |1211| o | 14 | 000 | 0 | 24 0 1 9 1111 | 1 8 | 125 | 12 | 179 | 670
Clade6 | 0 0 0 0 0 0 0 0 0 0 0 3 | 35 | 857
Clade7 | 1 3 |3333| 2 | 12 | 1667 | 8 | 8 | 93 | © 6 0 0 0 11 | 138 | 7.97
Clade8 | 1 3 | 3333 o0 3 [ o000 | 1 |14 | 714 | 0 5 0 0 3 0 1| 47 | 213
Clade9 | 0 3 0 4 | 25 | 1600 | 0O 0 0 0 o | 1 0 0 | 28 | 0.00
Clade10 | 0 3 0 0o |3 | 000 | 1 | 24 | 417 | 2 9 | 2222 | 1 9 |1111 | 19 | 196 | 9.69
Clade1l | 0 0 0 0 0 0 0 0 0 0 1 | 17 | 588
Clade13 | 0 6 0 1 | 12 | 833 | 3 [ 27 |11 | o 6 0 0 0 9 | 90 | 1000
Clade14 | 0 8 0 0 3 | 000 | 0 9 0 0 0 0 0 4 | 49 | 816
Clade15 | 0 6 0 2 6 | 3333 | 0 8 0 0 0 0 0 10 | 145 | 6.90
Clade17 | 0 0 1 3 | 3333 | 0 0 1 3 [3333| 0 0 5 | 21 | 2381
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Clade 18 0 6 0 0 3 0.00 1 9 1111 0 3 0 0 0 = 11 124 8.87
Clade 19 0 0 2 9 22.22 0 0 - 0 0 0 0 - 6 82 7.32
Clade 20 0 11 0 0 14 0.00 0 0 - 2 10 20 1 5 20 1 11 9.09
Clade 21 0 18 0 0 0 0.00 1 9 11.11 2 9 22.22 0 0 0 14 69 20.29
Clade 22 0 9 0 0 6 0.00 0 18 0 0 6 0 1 6 16.67 19 148 | 12.84
Clade 23 1 5] 20 2 9 22.22 0 26 0 1 3 33.33 0 0 = 7 66 10.61
Clade 24 0 0 2 5) 40.00 0 0 0 0 3 0 0 0 0 0 27 0.00
Clade 25 0 9 0 0 5) 0.00 0 3 0 0 3 0 1 3 33.33 3 42 7.14
Clade 26 0 9 0 1 8 12.50 0 5) 0 0 0 0 0 - 8 47 17.02
Clade 27 0 0 0 0 = 1 3 33.33 0 0 0 0 = 0 22 0.00
Clade 28 0 3 0 4 38 10.53 0 17 0 0 0 0 0 = 7 119 5.88
Clade 29 2 11 18.18 2 37 5.41 8 52 15.38 0 5] 0 0 0 - 5 54 9.26
Clade 30 0 9 0 3 19 15.79 1 11 9.09 0 0 1 15 6.67 3 39 7.69
Clade 31 0 20 0 7 18 38.89 7 52 13.46 0 0 0 0 = 5 43 11.63

#Br: Number of the branches.
#Ps: Number of the branches under positive selection.
%Ps: The percentage of the branches under positive selection.

Table 8: The number of branches under positive selection in species-specific expansions vs. other branches.

Species-specific expansion | Non Species-specific expansion

Clade number | #PS No #PS #PS No #PS p-value
Clade 2 0 11 1 27 1
Clade 3 3 64 23 195 0.13
Clade 4 1 38 15 99 0.072521
Clade 5 3 61 12 167 0.765016
Clade 6 0 0 3 32 1
Clade 7 11 96 11 127 0.532299
Clade 8 2 26 1 46 0.551751
Clade 9 4 35 0 28 0.134023
Clade 10 4 79 19 177 0.176128
Clade 11 0 0 1 16 1
Clade 13 4 47 81 0.769647
Clade 14 0 20 4 45 0.315304
Clade 15 2 18 10 135 0.641497
Clade 17 2 4 5 16 1
Clade 18 1 20 11 113 0.696665
Clade 19 2 7 6 76 0.178023
Clade 20 3 37 1 10 1
Clade 21 3 33 14 55 0.16384
Clade 22 2 43 19 129 0.170185
Clade 23 4 39 7 59 1
Clade 24 2 6 0 27 0.047059
Clade 25 1 22 3 39 1
Clade 26 1 21 8 39 0.253873
Clade 27 1 2 0 22 0.12
Clade 28 4 54 7 112 1
Clade 29 12 93 5 49 0.129543
Clade 30 5 49 3 36 1

22




Clade 31 14 76 5 38

Summary 91 1001 203 1995

#PS: Number of branches under positive selection.
#No-PS: Number of branches not under positive selection.
Fisher’s exact test p-value.

0.60795
0.435561

3.3 structure prediction of the olfactory receptors
The second part of this thesis deals with prediction of the ligand-binding site of the ants ORs,

which was hypnotized to be under positive selection. Several methods were used: fold

recognition, template detection and Ab initio structure prediction (see Methods section 2.4).

3.3.1 Structural template search using FFAS03 methods
The FFAS03 server (Rychlewski et al. 2000; Jaroszewski et al. 2000; Jaroszewski et al. 2005;

Jaroszewski et al. 2011; Xu et al. 2013) provides the profile-profile alignment and fold
recognition algorithm FFAS. A profile-profile alignment utilizes information present in
sequences of homologous proteins to amplify the sequence conservation pattern defining the
protein family, allowing detection of remote homologies beyond the reach of other sequence

comparison methods.

The search query was an amino acid sequence alignment of PbORs. From the query, a profile
was generated and compared to several databases of sequence profiles of proteins and
domains from the PDB database. Table 9 shows that no templates of significant homology
were found by FFASO3 (all hits have low score and identity).

Table 9: Results of FFASO03 search in PDB1214 against the query MSA of PbORs.

Alignment
. 10 . 20 . 30 . 40
. 50 . 60 .70 .80
920 . 100 . 110 . 120 . 130
. 140 . 150 . 160 . 170
180 . 190 . 200 . 210 . 220
. 230 . 240 . 250 . 260
. 270 . 280 . 290 . 300 .3
10 . 320 . 330 . 340 . 350
360 . 370 . 380 . 390
Numbe | Score Template %id | First MTDKQLORYRRYQSFLRRMLVICGCWHTSTKSGKTTQYYSFIVL | | g
ILLVMFITIKLHILYQFRHNLVHLMKNLSLLMISLGSILKVSCF
r LINRRFLIAYHRTLNNLFEKELSQSEKVRTVMLSPLRTIATIAY | SU
AYSATVITLSMIYFLPTYIITIRGMIHLHIPSNYTLPYTRGHGY
GYFWIVPPGILRHLHMFFESYLTVINSTTCTGVDSVFGFYIYLL
TSTMRAMTFKLTNPSPNDKFYDVLKINVAKHKKLMQCRDILTRV
YSPIILWHIITNAVFLCSLIFDAVKLSNRSFDKIVNFVTFSMLK
LLOMFIYTWYGTIITTTDEDFRNGIYFSEWPNSSLNRHVRTNIL
LMMMOKPMI TKVFTTTVDVVLEFTNFVNTTMSYFFLLQSFE
1 -6.360 | 3dmm C mol:protein 10 24 | e 98
Tength: 166 Tocell | | | crrrrrmemm
surface |
glycoprotein CD8 | | | e
alpha chain | | e
.......... GOKVDLVCEVLGSVSQGCSWLFONSSSKLPOPTF
VVYMASSHNKITWDEKLNSSKLFSAMRDTNNKYVLLNKFS
2 -6.320 | 3b%k A mol:protein 12 L8 | rvrrrr 93
Tength:131 Tocell | | | crrrmrmemm
surface |
glycoprotein CD8 | | | e
alpha chain | | e
......... LGQKVDLVCEVLGSVSQGCSWLFQNSSSKLPQPTF
VVYMASSHNKITWDEKLNSSKFSAMRDTNNKYVLTLNKFS
3 -6.230 | lnez G mol:protein 12 L8 | rvrvrr 93
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http://www.rcsb.org/pdb/explore.do?structureId=3DMM
http://www.rcsb.org/pdb/explore.do?structureId=3B9K
http://www.rcsb.org/pdb/explore.do?structureId=1NEZ

length:128 T-cell | | | oo
surface
glycoprotein CD8
alpha chain Y

......... LGQKVDLVCEVLGSVSQGCSWLFONSSSKLPQPTF
VVYMASSHNKITWDEKLNS SKFSAMRDTNNKYVLTLNKFS

4 -6.130 | 2gut A mol:protein 12 B | o 61
length:77 R
ARC/MEDIATOR, | |l
Positive cofactor 2 | | | e
glutamine/Q L

.......................... ETDWRSTAFRQKLVSQIE
DAMRKAGVAHSKSSKDMESHVFLKA-KTRDEYLSLVARL.

5 -5.590 | 2a2m A mol:protein 8 43 | 246
length:258 R
hypothetical | | | Lol SLFWKLWNGSLDTAVQVLQTDYFKGIAA
protein BT3146 G-—--- TLDPNAYGSLMVQ-—-=--======~-] DGY---

YCFRGRDDYATAATCAQDETLREFFKAKAKSYDEYNET-—---—
YHQTWHLREASGLIPGTDIKDYADYEAYVAGSLASPYMCVVML-
——————— EYLWPWIANFLDGYTPT--NSLYR-
FWIEWNGGTPNGAYQMGNMLEQ- -
YRDKIDEDKAVEIFNTAMNYELKVFTSSTILT

6 | -5.180 3t5v C mol:protein 8 I 77
length:83 265 P
proteasome complex | ||
subunit SEML1 | || e

L WANGETIKSNAVTQTNIWEENWDDVEVDDDFTNEL.

7 | -5.100 1dx0 A mol:protein 5 162 | o s 214
length:219 PRION B R
PROTEIN ||

...................................... NNEFVHD
CVNITVKEHTVTTTTKGENFTETDIKMME---RVVE--------
MCITQYOQRESQAY . vttt eiiteeeiiineeeennnnenns

8 | -5.020 21e9 A mol:protein 9 L8 | rrvrrr i 89
length:33 Advanced R
glycosylation end | |
product-specific r | | | ceeeeee

Sl GGTVILTCEVPAQPSPOIHWMKDGYPLPLPPSPV
LILPEIGPQDQGTYSCVATHSSHGPQESRAVSISIIEP. .

9 | -4.970 2dm4 A mol:protein 4 12 84
length:108
Sortilin-related
receptor

........... RNLQLSLPREAEGVIVGHWAPPIHTHGLIREYT
VEYSRSGSKMWASQRAASNFTEIKNLLVNTLYTVRVAAVT

10 | -4.840 2d9u A mol:protein 8 N 55
Length: 74 Chromobox LI
protein homolog 2 | | | .
(isoform 2) || e

L. FAAECTLSKRLRKGKLEYLVKWRGWSSKHNSWEPEE
NILDPRLLL. ¢ttt eeutveeiinieeannneeannns

3.3.2 Structure prediction of the ant's ORs using HHpred methods
HHpred is a server for remote protein homology detection and structure prediction that

implements pairwise comparison of profile hidden Markov models (HMMs) (Soding et al.

2005). Here again, no significant homology was found — only short fragments of the protein

sequence had hits in the PDB database (15-63 amino acids; figure 13).
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http://www.rcsb.org/pdb/explore.do?structureId=2GUT
http://www.rcsb.org/pdb/explore.do?structureId=2A2M
http://www.rcsb.org/pdb/explore.do?structureId=3T5V
http://www.rcsb.org/pdb/explore.do?structureId=1DX0
http://www.rcsb.org/pdb/explore.do?structureId=2LE9
http://www.rcsb.org/pdb/explore.do?structureId=2DM4
http://www.rcsb.org/pdb/explore.do?structureId=2D9U

|
200

3

7_D

|
300

i38 i
L 3gi7. D 4
p 2dt 4

56
L L L
d

Query PbOrlé2 (seq=MTDEQLORYR...SYFFLLQSFE Len=392 Neff=11.2 Nsegs=170)
Parameters score S55:yes search:local realign with MAP:nc

No Hit Prob E-value P-value Score S5 Ceols Query HMM Template HMM
D 1 1y66 A Engrailed homecdomain; 86.7 0.97 2.BE-05 24.7 3.1 19 238-Z5e 6-24 (352)
D 2 1dfw A LUNG surfactant protein 28.8% 47 0.0014 15.9 1.8 15 315-329 7-21  (25)
D 3 lbhkq A REFA, replication prote 26.3 1.2E+02 0.0035 21.7 4.7 €3 318-385 1-68 (132)
D 4 3gf7 D MRELl; RBC-ATPase, ATPa 20.2 1.4E+0Z 0.003% 16.6 z.8 40 228-Zg7 1-40 (50)
D 5 4c5i C Transcriptional repress 17.8 ed 0.0017 1.2 1.0 15 357-371 9-25 (30)
D 6 2dt7 A Splicing factor 3A subu 15.4 1.2E+02 0.0034 16.5 1.8 16 238-253 13-28 (38)
D 7 4rb5 O 305 riboscmal protein 5 14.% 3.2E+02 0.0082 18.2 7.0 44 217-2e0 29-72  (89)
D 8 2mv6 B EPO-R, erythropoietin r 14.4 2.3E+02 0.0085 16.3 4.5 a7 63-098 11-47 (49)
D 9 1a32 A Riboscmal protein S15; 13.8 3.4E+0Z 0.0098 18.1 6.8 44 217-Ze0 28-71 (8B)
D 10 4abu B 305 riboscmal protein 5 13.3 3.5E+02 0.01 15.0 4.9 44 217-2e0 28-71 (88B)

Figure 13: Results of HHpred search hits (‘templates’).

3.3 Structure prediction of the ant's ORs using evolutionary couplings (ECs) method
Ab initio structural prediction of insect ORs was performed by Hopf and colleagues (2015)

using the evolutionary couplings (ECs) method (see Methods section 2.4.3). The amino acid
positions under positive selection (see table 10) were mapped to the DmOR85b 3D structure
(see Methods section 2.4.4). The number of branches in which each amino acid site was
inferred to be under positive selection was counted (see table 10) and displayed on the 3D
structure of the protein (see figure 14). Several high scoring amino acid sites (up to 9 counts

per site) were found in the putative ligand-binding pocket of the OR.
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Figure 14: Mapping of positions under positive selection in ant ORs to the 3D structural model of DrOR85b (see table 10).
(a) Ribbon side view; colors indicate the order of the 7 helices of the structure. (b) Ribbon side view with mapped amino
acids presented as spheres. (c,d) Top view after rotation 90° around the X axis in a,b. (e) Top view of the DrOR85b structure
with marking the mapping results using spheres, and the putative ligand site was marked using ellipse. (f) Surface top view of
3D DrORS85b structure with marking the putative ligand site using ellipse.
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Table10 : Mapping of positively selected sites to secondary structural domains of DmOR85b

Position 1 2 3 4 5 6 7 8 9| 10| 11| 12| 13| 14| 15| 16| 17| 18] 19| 20| 21| 22| 23| 24| 25
Count 9| 1] 1| 4| 3] 2| 3] 2| 4] 2| 2| of 4 3 2| 1| 2| 1| 1| 5 5 2| 4 1| ©
Domain IC1

Position 26| 27| 28| 29| 30| 31| 32| 33| 34| 35| 36| 37| 38| 39| 40| 41| 42| 43| 44| 45| 46| 47| 48| 49| 50
Count ol of of of of] of of of of of 1f 2 1/ o] o of o 1f 2| of o 2 1] 2| 5
Domain IC1 T™M1

Position 51| 52| 53| 54| 55| 56| 57| 58| 59| 60| 61| 62| 63| 64| 65| 66| 67| 68| 69| 70| 71| 72| 73| 74| 75
Count 5] 2[ 4] 1| 1] 1) of o of 2| 2f 3] 3 2| 4 3 1] 2[ 1] 1f o 2| 1| 3 o
Domain T™M1 EC1 ™2
Position 76| 77| 78| 79| 80| 81| 82| 83| 84| 85| 86| 87| 88| 89| 90| 91| 92| 93| 94| 95| 96| 97| 98| 99| 100
Count 2 2 0 0 S 2 1 S 0 2 2 0 1 2 4 7 1 2 1 1 1 1 2 1 2
Domain TM2 IC2

Position 101| 102| 103| 104| 105] 106 107| 108| 109| 110 111|112] 113| 114] 115( 116| 117| 118] 119| 120| 121| 122| 123] 124 125
Count 1f of o 2f 4] 2| 3[ 1f 3f of of af af af 3f of 1f of 1f 2f 2| 3[ 2f 5| 0
Domain IC2

Position | 126 127|128 129] 130| 131 132| 133[ 134| 135| 136| 137| 138 139| 140| 141] 142 143| 144| 145| 146| 147 148| 149] 150
Count 3] of 6] 3 of 1) of of of 1] 2f 2| 1| 1| o of 2| 2f 1] 1| 4] o 1| o 1
Domain T™M3

Position | 151 152| 153| 154] 155| 156 157| 158] 159] 160| 161| 162| 163 164| 165 166] 167 168] 169] 170| 171| 172[ 173 174[ 175
Count 1| 1) of o of of of of 1| of 2| ef o =2 3] 1| 1| 4 of 1] 1f 1] 2f 4] 1
Domain T™M3 EC2

Position 176| 177|178] 179| 180] 181| 182| 183| 184 185| 186| 187| 188| 189] 190 191| 192| 193] 194| 195| 196| 197| 198] 199 200
Count 1 1 1 2 1 1 1 1 g 2 1 0 5 4 6 1 2 2 1 0 1 0 4 2 2
Domain EC2 TVA

Position 201| 202] 203| 204| 205| 206| 207| 208| 209| 210| 211| 212| 213| 214 215| 216| 217| 218 219| 220| 221| 222| 223| 224| 225
Count 2| 2| 4 5| 5] 3 1] 2| 1| 1] 3] 3] 1] 2| 2| 5/ of o 2| 3 o 5 2 2| o
Domain TV4 IC3

Position 226| 227(228) 229] 230| 231| 232| 233| 234| 235] 236 237| 238| 239 240| 241| 242| 243| 244| 245 246| 247| 248 249] 250
Count 1| 10 of o of of of of 1| of o of o 1f of 2| 2| o 1f 1] of 4] 1 3] 3
Domain IC3

Position | 251 252| 253| 254 255| 256 257| 258 259| 260| 261 262| 263 264| 265| 266| 267 268| 269| 270 271| 272 273| 274 275
Count 2| 2| of 3 1] o 4 3 1f 5| 3 2| 3 2| 2| of 2| 2[ 3] of 1] 4 5] 2| 2
Domain IC3 T™M5

Position | 276 277| 278| 279] 280| 281 282| 283 284| 285| 286 287| 288 289| 290| 291| 292 293| 294| 295 296 | 297{ 298| 299 300
Count 1| 4] el 1] 3] 3] of 7| 1| of 3 2 3 1| 1| o 2| o 1 1] 8 1] 1| 2| 3
Domain TM5 EC3 TM6

Position 301 302| 303| 304| 305| 306| 307 308| 309| 310| 311| 312| 313| 314 315| 316 317| 318 319| 320| 321| 322| 323| 324| 325
Count 1] 11 4 1 0 2 2 1 2 5 5 2 2 2 4 3 1 1 4 5| 10 2 5 0 2
Domain TM6 IC4

Position | 326 327| 328| 329 330| 331 332| 333 334| 335| 336 337| 338| 339| 340| 341| 342 343| 344| 345| 346| 347 348| 349 350
Count 1| 4| 2| 2f 2f 2| 3[ 1f of 2f 4] 4 2f of 3[ 4 3[ 3] of 1f 2f 1f of 2f 2
Domain IC4

Position | 351 352| 353| 354 355| 356 357| 358] 359| 360| 361| 362| 363 364| 365/ 366| 367 368| 369| 370| 371| 372 373| 374[ 375
Count 0ol of of] of of] of of of of of] of of] of of of of 2| 4 5| 1f 12| 4 2| 7| 4
Domain IC4 T™7

Position | 376 377| 378| 379 380| 381 382| 383 384| 385| 386 387| 388 389| 390 391| 392

Count o] of of] of of of of of of of of of] of of of of o

Domain ™7

|Co|orscale 0 1 2 3 4 5 6 7 8 91 12J

The table shows the results of mapping the counts of branches with positive selection on amino acid positions to the sequence
of DmORS85b. The color scale indicates the number of branches in which a specific site was under positive selection.

Secondary structure domains are indicated in the third row.

These results show that some sites were under positive selection in more than 6 branches,
often in multiple different clades, which indicates multiple episodes of adaptive evolution
(e.g. TM3, EC2, TM5, TM6). Other sites and regions seem to be conserved (e.g. IC1, IC2,
IC4). Many of the frequently selected positions reside within the putative ligand-binding
pocket (see top view of the DmOR85b structure in figure 14c-f). Other sites that were selected

more in more than six branches are located in the intra-cellular domains such as IC1 and IC2,
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which could be related to downstream signaling by the receptor (GPCR or ion channel

functions).
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4 Discussion
Ants have the largest number of ORs among insects, presumably facilitating recognition of

diverse odorants and pheromones. Each ant genome harbors around 400 OR genes, whereas
D. melanogaster has only 61 ORs (Attrill et al. 2016) and the parasitoid wasp N. vitripennis
has 225. Other eusocial insects have 174 ORs in honeybees and only 64 in termites (Terrapon
et al 2013). Therefore, we hypothesized that evolution of the complex societies of ants
required more complex chemicals communications, which required the expansion of multiple
OR subfamilies and their adaptation to recognize new pheromones, through a process of gene
duplication and positive selection pressures on the protein coding sequence. To address this
hypothesis, a hymenopteran ORs gene tree was reconstructed and the branch-site test for
positive selection was applied to each branch of the tree. The results show that each subfamily
experienced gene duplications (figure 4), especially ant-specific duplications (table 2), and
positive selection inference supports our hypothesis that ant ORs underwent adaptive

evolution.

Gene duplication is the primary mechanism for acquiring new genes and creating genetic
novelty. After gene duplication, a number of scenarios are possible: a paralog may loses its
function and become pseudogene (nonfunctionlaztion); one paralog may retain the ancestral
function while the other acquires new functions through adaptive evolution
(neofunctionlaztion); or, the duplication allow each paralog to evolve more specialized
functions, so that the combined functions of the paralogs are equal to the ancestral function

(subfunctionlazation).

Neofunctionlaztion and subfunctionlazation events can be identified by the signature of
natural selection on the paralogs after their duplication. Asymmetrical duplication followed
by positive selection in one paralog indicates neofunctionlaztion event, while symmetrical
duplications with positive selection on both paralogs is in agreement with
subfunctionlazation. Our results include many duplications that fit the neofunctionlaztion
model. For example branch 228 in clade 7 indicates a neofunctionlaztion event since after the
duplication this paralog experienced positive selection while the other paralog (the branch of
CfOR53) is significantly shorter, which is in line with negative selection that maintains a
conserved ancestral function (see figure 9). The dramatic CfFOR expansion in this clade also
fits the neofunctionlaztion model. The function of the paralog CfOR92 is likely to be the
ancestral conserved function, whereas multiple genes in the species-specific expansion
subtree (e.g. CfFOR87 and CfOR72) were under positive selection. The additional duplication

events of the neofuctional paralog are also fitting with this model if we consider duplications
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as part of the mechanism of adaptive evolution of novel functions. Conversely, an example of
subfunctionlazation can also be found in clade 7: branches 28, 27 and 18 (see figure 9). Both
paralogs were under positive selection after the duplication and they appear largely

symmetrical (similar branch length, i.e. similar evolutionary rate).

The analysis of clade 7 (which contains the S. invicta ORs located in the social chromosome)
revealed several Solenopsis-specific and invicta-specific  duplications.  Putative
neofunctionlaztion events can be seen in invicta-specific duplications, such as branches 204,
33, 63, and 64, which may represent the evolution of new olfactory functions for recognizing
new odorants and pheromones, by the new receptors SIOR87 and SiOR78. These functions
may be related to the recent evolution of a derived form of social organization in S. invicta
(polygyne colonies). As described in section 1.2, the regulation of alternative social
organization in this species involves recognition of queen genotypes by their chemical
signature. Quite possibly, the evolution of the polygyne form involved additional novel
chemical signaling within the colony.Thus, our results support the hypothesis that the

evolution of alternative social forms required extending the ants’ chemical vocabulary.

Our findings are in agreement with the results of Kulmuni and colleagues (2013), who
analyzed duplications and positive selection in chemosensory proteins (CSP) and odorant
binding protein (OBP). These are two families of small sensillar lymph soluble proteins that
lead solubilize hydrophobic chemicals to the ORs. For example, the Drosophila OBP, LUSH
protein, is important for binding the 11-cis Vaccenyl Acetate (cVA), a Drosophila male-
specific sex pheromone, and for activation of DrOR67b (Kaupp 2010). Kulmuni and
colleagues show S. invicta has a large number of lineage-specific duplications, as well as a
high dN/dS ratio in these lineage-specific CSP genes. In addition, McKenzie and colleagues
(2014) found that S. invicta has a large number of OBPs and CSPs, which could indicate
recognition of more pheromones and odorants. Possibly, the number of OBPs and CSPs is
proportional to the number of the ORs. So these results indicate that adaptive evolution in
both CSPs and ORs, that function together to bind and recognize odorant molecules, is

responsible for novel chemosensory functions.

Engsontia and colleagues (2015) hypnotized that clades with little or no expansion are
conserved ORs responsible for conserved functions (i.e. one-to-one orthology of genes in
each ant species, such as clades 1 and 16; see appendix 2), while other clades that contain
multiple gene duplications, especially species-specific expansion (see table 7), indicate

evolution of novel functions by adaptive evolution. However, that study only applied the site
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test for positive selection to the subtrees of species-specific expansions, and the branch-site
test only to a few selected branches. Thus, their analyses do not provide a comparison
between branches in the species-specific expansions and the rest of the tree. Conversely, the
analyses presented in this thesis applied the branch-site test to the majority of branches of the
full tree. Therefore, it was possible to compare between these two classes of branches. This
comparison shows no significant difference in the proportion of branches with positive
selection in the species-specific expansion relative to non species-specific branches (Fisher’s
exact test, p-value = 0.43 and df=1).

Other results by Engsontia and colleagues are in agreement and complementary to our
finding. They used methods for the reconstruction of gene births and deaths in order to
quantify the dynamics of ORs ant expansion along each lineage of the phylogenetic tree.
These results show that clades J (equivalent to clade 17 in our tree), L (clades 12-15), U
(clades 9 and 10), V (clades 4 and 5) and 9-exon (clades 21-31) underwent substantial
expansion (see appendix 3). In our results these are among the clades with the highest level of
positive selection. Conversely, in other clades that had little or no expansion very few or no
branches show evidence for positive selection: the ORCO clade, B (equivalent to clade 16 in
our tree), C (clade 1) and K (clade 11).

The second part of this thesis investigated the three dimensional positions of amino acids
under positive selection on the protein structure. This analysis shows that the regions: EC1,
EC2, TM3, and TM6, were under positive selection; regions under positive selection were
hypnotized to be the ligand binding pocket, since these sites may play roles in ligand-binding
specificity of the ant ORs in order to recognize new odorants and pheromones. Our results are
mostly in agreement with the results of Engsontia et al.: positively selected amino acid
positions are primarily in TM3 and TM6. These results are in line with the hypothesis that the
ligand binding pocket of the OR adapted to recognize new ligands, since Nichols and Luetje
(2010) showed that the TM3 and EC2 are involved in ligand binding of the DrOR85b.

Our analysis can be broadened for further investigation in several aspects. Recent selection
pressures on ant ORs can be analysed using population genetic methods (e.g. selective sweep
inferece). Comparison between our phylogenetic analysese and population genetic analyses
will add more information about the evolutionary dynamics of ant ORs. It would also be
interesting to check which OR subfamilies are expressed in workers, queens, and males by
RNAseq experiments, which would assist in assigning functions to different ORs. In addition,

receptor deorphanization assays can reveal the specific odorants recognized by each OR,
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allowing their assignment to a wide array of known pheromones, including queen
pheromones, trail pheromones, alarm pheromones, nestmate recognition cues, and many
more. Indeed, discrimination of BB and Bb queens by the workers in S. invicta is an

extraordinary case, so testing the social chromosome's ORs would be very intersting.

In conclusion, our results revealed evidence for positive selection on the ant ORs and
extensive gene duplication events, including both neofuncationalization and
subfunctionalization, which allowed the evolution of novel ORs functions. Thus, this study
supports the hypothesis that the expansion of olfactory functions facilitated more complex

chemical communication.
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Appendices

Appendix 1: Results of the branch-site test.
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Appendix 2: The topology of the un-presented clades, Branches with significant evidence for positive selection
from the branch-site test (FDR<0.1) and sites with posterior probability > 0.9 were colored in red.
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Clade 16 (from the hymenoptera ORs gene family)

72

g2

55

AmOr119

—— SOR232

| S

£

—— PbOR151

L

L CfOR188

L LhOR210

Clade 16 (5 ant's species)

SIORZ32

PROR151

CfOR188

55



Clade 18

CioR402

[ FPOOR147T

[ PBOR1S1FIX

_ RN
PhOR181

l_ \?-Z
1 hioricar
PhOR1S2J01
PHORI95JF
CIOR204

CiOR203

FPLOR1S4IF

PLOR(TS
’—_: CIOR25

PhOR152
CIOR209
FhOR184NEW

CfOR200
PbOR1B2NEW

PLOR1TE
CooR214
S
———— POORITE
L e
coR212

PhOR190FIX

56



Clade 19

PBOR1EE
CioR1E2

PpOR 163

CloR1ge

PHOR1BE
4,7 PRORG4FTY
———
|

PHOR1TD

57



Clade 20

58

CORD
PRORIES
PoORTSSFIX
] PBOR1E0FL
PRORIEZ

PRORTEOFTY

PBRORIET

L PhORISEFTY
— -
—L




Clade 21

PhOR247

PbOR250

PbOR248FIX

CfOR299

r— CIOR296

— PRORZIEFIX

L— PnOR259

PbORZ51
PbOR255
PhOR254
PbOR253
PbOR252

——— CforRam
L CORI2

CIOR270
PhOR241

PhOR242

PhORZ37
PbOR240

PhOR234

59



Clade 22

——————— CiOR%7

PbOR400

Clade 23

CfORZ80

—| ———— CIOR406
CIOR279

CiOR281
—|—— CIOR235

T —

PbOR274

PbOR280

e
PHOR2TTFIX

PbORZ7T3

PhOR271

CROR3%@2

PhOR2T0

60



Clade 24

CROR2GE

PRORZEIFX

PRORZ3

61



Clade 25

CIOR350

PbOR303

L SOR134
croRas:

PROR301

I: PEOR302FIX

CROR358

PHOR3MFLX

PoORI?
L

62



SIOR142

Clade

26

PbORZ1S

CfOR397

63

CROR361

[ CfOR362

PDOR315

PBHOR312FIX

[ PHORIFIX

FbOR311

_EP‘JOR314




Clade 27

GO

COR400

CfOR200

64

PRORIG



Clade 28

ClOR348

PbOR287FIX

CROR354

PhORZI3FIX
PbOR2G2FIX

I ——— CIOR351
Lo

—|—'£ PHOR283FIX
I— PbOR296

-

65



Clade 29

POOR3%3

—|— PHOR394

PhOR391

PBOR3S5FIX

CioR332

CiOR335

CROR223

EEEEE—— CK
CiOR318

L

PROR327
PhOR325FIX

PbOR326

T PhOR330FIX

|_|— PhOR331
PbOR329

PbOR333

66



Clade 30

67




Clade 31

CIOR302
I—|— CoR301

PbOR338
I I— PbOR333

L .

PhOR3G5FIX

CioR34

CiOR385

PbOR3%G
———————— CiOR314

L ———————0 .t <1
4| c -

CROR293

CIOR373

COR322

PbOR363FIX
y PDOR3SOFIX

L— PbOR3SIFIX
PhOR3IETFIX
PbOR253
PbOR355

68



Appendix 3: Mapping clade numbering in this thesis and Engsontia et al. (2015).

Clades of thesis's OR tree Clades of Engsontia (2015) OR tree
1 C
2 D
3 E
4 \%
5 \Y
6 S
7 M,N,O,P
8 T
9 U
10 U
11 K
12 L
13 L
14 L
15 L
16 B
17 J
18 G
19 A
20 F
21 9-exon
22 9-exon
23 9-exon
24 9-exon
25 9-exon
26 9-exon
27 9-exon
28 9-exon
29 9-exon
30 9-exon
31 9-exon
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