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The massive expansions of odorant receptor (OR) genes in ant genomes are notable examples of rapid genome evolution
and adaptive gene duplication. However, the molecular mechanisms leading to gene family expansion remain poorly un-
derstood, partly because available ant genomes are fragmentary. Here, we present a highly contiguous, chromosome-level
assembly of the clonal raider ant genome, revealing the largest known OR repertoire in an insect. While most ant ORs orig-
inate via local tandem duplication, we also observe several cases of dispersed duplication followed by tandem duplication in
the most rapidly evolving OR clades. We found that areas of unusually high transposable element density (TE islands) were
depauperate in ORs in the clonal raider ant, and found no evidence for retrotransposition of ORs. However, OR loci were
enriched for transposons relative to the genome as a whole, potentially facilitating tandem duplication by unequal crossing
over. We also found that ant OR genes are highly AT-rich compared to other genes. In contrast, in flies, OR genes are
dispersed and largely isolated within the genome, and we find that fly ORs are not AT-rich. The genomic architecture
and composition of ant ORs thus show convergence with the unrelated vertebrate ORs rather than the related fly ORs.
This might be related to the greater gene numbers and/or potential similarities in gene regulation between ants and ver-

tebrates as compared to flies.

[Supplemental material is available for this article.]

New genes provide abundant raw material for evolution to act
upon and are likely instrumental in the phenotypic adaptation
of organisms (Long et al. 2003, 2013; Demuth and Hahn 2009;
Chen et al. 2013). A variety of processes can generate new genes,
including gene duplication, exon shuffling, gene fission-fusion,
and de novo origination (Chen et al. 2013). Of these processes,
gene duplication has been shown to play a particularly important
role in genome evolution and phenotypic adaptation (Demuth
et al. 2006; Zhou et al. 2008; Demuth and Hahn 2009). Genes
may duplicate through whole genome duplication, segmental
duplication, or retrotransposition (Mendivil Ramos and Ferrier
2012). Segmental duplication may be further divided into local
(tandem) duplication and dispersed duplication and may arise
from a variety of processes leading to structural rearrangements
of the genome (Mendivil Ramos and Ferrier 2012). Although the
processes leading to gene duplication are fairly well understood,
it has been difficult to tease apart the role each process has played
in the evolution of different gene families, especially in rapidly
evolving gene families (Demuth and Hahn 2009). This is, in part,
because repetitive regions of genomes are difficult to assemble, re-
sulting in fragmentary and often inaccurate assemblies (Demuth
and Hahn 2009). New long-read sequencing technologies and
high-throughput structural mapping techniques have great prom-
ise to address this problem (Burton et al. 2013; Huddleston et al.
2014; Chakraborty et al. 2016; Bickhart et al. 2017).

A notable example of adaptive gene duplication is the ant
odorant receptor (OR) gene family. Several studies show that the
vast majority of the 300-400 OR genes in different ant species
are quite young, having arisen by gene duplications since the
evolutionary split between ants and their closest relatives, the
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bees, approximately 150 mya (Zhou et al. 2012, 2015; Engsontia
et al. 2015; McKenzie et al. 2016; Branstetter et al. 2017). Rapid
expansion of ORs in ants has been associated with pheromone per-
ception (Smith et al. 2011a,b; Zhou et al. 2012; Engsontia et al.
2015; McKenzie et al. 2016; Pask et al. 2017), and two recent func-
tional genetic studies that used CRISPR to knock out the essential
OR coreceptor gene Orco have demonstrated that functional ORs
are essential for many aspects of social behavior, organismal fit-
ness, and even neural circuit development and/or maintenance
(Trible et al. 2017; Yan et al. 2017). This contrasts with studies of
Orco knockouts in flies and mosquitos, which show that loss
of function of the fewer ORs in these solitary insects has much
less severe impacts on behavior, fitness, and neuronal wiring
(Asahina et al. 2008; DeGennaro et al. 2013). Despite the demon-
strated importance of novel ORs in ant biology, relatively little is
known about the molecular mechanisms driving OR duplication.

Poor genomic assembly has plagued studies of ant ORs, and
in all published ant genomes, OR loci are predominantly located
near contig or scaffold edges, leading to many fragmentary gene
models and incomplete pictures of OR genomic structure (Smith
et al. 2011a,b; Zhou et al. 2012; Oxley et al. 2014). Researchers
have shown that ant ORs are primarily located on tandem arrays
(Smith etal. 2011a,b; Zhou et al. 2012; Engsontia et al. 2015); how-
ever, the number and size of these arrays and their position within
the genome have been impossible to determine. In the corbiculate
bees, Brand and Ramirez (2017) found that almost all ORs are
located on a few conserved tandem arrays and that local tandem
array expansion was nearly the sole driver of receptor repertoire
evolution. This finding contrasts starkly with observations from

© 2018 McKenzie and Kronauer This article is distributed exclusively by Cold
Spring Harbor Laboratory Press for the first six months after the full-issue publi-
cation date (see http://genome.cshlp.org/site/misc/terms.xhtml). After six
months, it is available under a Creative Commons License (Attribution-
NonCommercial 4.0 International), as described at http://creativecommons.
org/licenses/by-nc/4.0/.

28:1757-1765 Published by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/18; www.genome.org

Genome Research 1757

www.genome.org


mailto:smckenzie@rockefeller.edu
mailto:smckenzie@rockefeller.edu
mailto:dkronauer@rockefeller.edu
mailto:dkronauer@rockefeller.edu
http://www.genome.org/cgi/doi/10.1101/gr.237123.118
http://www.genome.org/cgi/doi/10.1101/gr.237123.118
http://genome.cshlp.org/site/misc/terms.xhtml
http://genome.cshlp.org/site/misc/terms.xhtml
http://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genome.cshlp.org/site/misc/terms.xhtml

McKenzie and Kronauer

the genus Drosophila, where ORs are scattered throughout the ge-
nome and genome transposition plays an important role in
OR evolution (Guo and Kim 2007; Conceicdo and Aguadé 2008).
Instead, hymenopteran OR genomic organization resembles that
of vertebrate ORs, which belong to a different protein family but
are functionally analogous to insect ORs. Vertebrate ORs tend to
be located on a few large tandem arrays and duplicate primarily
by local tandem array expansion (Niimura and Nei 2005). The ge-
nomic organization of vertebrate ORs is important for their nonde-
terministic gene regulation (Kratz et al. 2002; Clowney et al. 2012),
which, in turn, allows for a large OR gene repertoire with a low reg-
ulatory burden; i.e., few genes are required to regulate a large gene
family (Kratz et al. 2002; Clowney et al. 2011).

The clonal raider ant Ooceraea biroi (formerly Cerapachys biroi
[Borowiec 2016]) is an emerging model system for genomic and
molecular biological studies of social insects (Oxley et al. 2014).
Notably, the first draft genome assembly of the clonal raider ant in-
dicates that it possesses one of the largest chemosensory receptor
gene repertoires of all insects (Oxley et al. 2014; McKenzie et al.
2016). To facilitate the study of the genomic evolution of ant che-
mosensory receptors and genome structure evolution in general,
we used third generation sequencing (Pacific Biosciences [PacBio]
and Oxford Nanopore) and Hi-C proximity-based scaffolding to
assemble a high-quality, chromosome-level genome for the clonal
raider ant. We used this genome assembly to study the genomic
organization and genomic context of chemosensory genes in the
clonal raider ant and compared these data with data from other
model insect species. We find that Hymenoptera ORs show con-
vergence in genomic structure and context with the unrelated
vertebrate ORs, suggesting similar evolu-
tionary histories and potentially indicat-

Pilon (Walker et al. 2014) and then further polished with the
Illumina data using a custom pipeline to correct spurious indels
at heterozygous sites (see Methods). The final assembly consisted
of 224 Mbp on 530 contigs (contig N50=3.7 Mbp, N75=2.1
Mbp) (Fig. 1A). Whole-genome alignment of the new assembly
with the previous clonal raider ant genome assembly (Oxley et al.
2014) showed that the two are congruous over most of the genome
(Fig. 1B).

Annotation

Manual annotation of chemosensory genes yielded 661 gene mod-
els, and automated gene prediction with hint-guided AUGUSTUS
(Stanke et al. 2006; see Methods) predicted an additional 12,471
gene models, yielding an official gene set (OGS) of 13,132 gene
models (OGS v4.0.2). To evaluate the quality of this annotation,
we examined the similarity of this and previous clonal raider
ant gene sets to Drosophila melanogaster genes using BLAST (Fig.
1C,D). Similar numbers of OGS v4.0.2 genes had good matches
to D. melanogaster genes compared with the previous OGS (OGS
v1.8.6) and the NCBI RefSeq v101 gene set (Fig. 1C). In terms of
percentages of genes with D. melanogaster matches, OGS v4.0.2
showed intermediate performance between the stringent NCBI
RefSeq gene set (which has less than 12,000 gene models) and
the previous OGS (Fig. 1D). Across 29 published clonal raider ant
RNA-seq libraries (McKenzie et al. 2014, 2016; Oxley et al. 2014;
Libbrecht et al. 2016), 10,800 genes had RNA-seq support as
defined by >2 FPKM (fragments per kilobase per million reads) in
at least one experiment.
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24.6 Mbp. These scaffolds appear to
correspond to the 14 clonal raider
ant chromosomes (Imai et al. 1984).
Scaffolds were gap-filled with the original
PacBio and Nanopore reads using the
PBJelly program (English et al. 2012),
corrected with the PacBio reads using
Quiver (github.com/PacificBiosciences/
GenomicConsensus) as well as with 33
Gbp of Illumina NextSeq reads using

raider ant chromosomes. Alternating gray and black indicate different contigs. Large stretches of unin-
terrupted gray or black indicate very large contigs, often containing most of a chromosome arm.
Putative centromeres were identified based on Hi-C interaction (see Methods). (B) Whole-genome align-
ment of the second generation draft assembly (Oxley et al. 2014) with the new assembly. Largely con-
tinuous, noninverted alignment across the genome indicates little large-scale structural variation
between the two assemblies. (C,D) BLAST hit overlap between clonal raider ant gene sets and the
Drosophila melanogaster official gene set (v6). The good performance of OGS 4.0.2 in terms of number
of genes, and intermediate performance in terms of fraction of genes, indicates high sensitivity and in-
termediate specificity. (E) Number of odorant receptors found in the annotation based on the previous
assembly (OGS 1.8.6) vs. the current annotation (OGS 4.0.2). The large increase in intact ORs and
decrease in predicted pseudogenes shows that the previous OR annotations were compromised by
poor assembly and misassembly.
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Manual annotation of the gustatory receptors (GRs), iono-
tropic receptors (IRs), odorant binding proteins (OBPs), and che-
mosensory proteins (CSPs) revealed similar numbers of genes as
the previous assembly, although one OBP was missing (Obp12),
two CSPs were duplicated (Csp3/3.2 and CSP10/10.2), and one
additional OBP pseudogene and GR gene were found (Obp15PSE,
Gr26). Unlike in the previous annotation, however, all gene mod-
els for these families were complete. In contrast, manual annota-
tion of the odorant receptors revealed 569 gene models, 54 more
than in the previous assembly (Fig. 1E). Even more drastic, 503
of these are predicted to encode intact genes (putatively function-
al), while in the previous annotation only 369 genes were predict-
ed to be intact. Many of the predicted pseudogenes in the previous
annotation did not have exact matches in the new annotation,
indicating that they were chimeric models predicted over misas-
sembled genomic sequence. Of the 503 putatively functional OR
gene models, 495 had RNA-seq support as defined by >2 FPKM
in at least one published RNA-seq experiment.

Genomic organization and evolution of ant odorant receptors
Odorant receptors were found distributed across the genome,
on every chromosome except Chromosome 13. Most putatively
functional odorant receptors (469 of 503, 93%) were found in
41 tandem arrays, which contained between two and 89 genes
(Fig. 2A). Only 34 putatively functional genes were found outside
of tandem arrays (singletons), making a total of 75 genomic loci
encoding putatively functional ORs (Fig. 2A). An additional 14
loci encoded only pseudogene singletons.

To examine the genomic evolution of ant OR loci, putatively
functional OR annotations from the red fire ant Solenopsis invicta
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Phylogeny and genomic organization of odorant receptors in four Hymenoptera species.
Branches from the five largest ant OR subfamilies are colored by subfamily. OR loci indices are assigned

(the only ant with most scaffolds mapped to chromosomes), the
honeybee Apis mellifera, and the jewel wasp Nasonia vitripennis
(Robertson et al. 2010; McKenzie et al. 2016) were mapped
onto chromosome assemblies (Desjardins et al. 2013; Wang et al.
2013; Elsik et al. 2014), and then genomic loci were mapped
onto the phylogeny of these ORs. This information was used to
determine the distribution of tandem arrays in each species. We
also calculated the minimum ages of tandem arrays via phylostra-
tigraphy and synteny analyses (Fig. 2A-D). Like the clonal raider
ant, the ORs of the fire ant and the honeybee were mostly orga-
nized in tandem arrays with few singletons. The honeybee had
138 genes in 15 tandem arrays and 14 genes as singletons, while
the fire ant had 354 genes in 26 tandem arrays and 24 genes as
singletons. The jewel wasp had smaller tandem arrays and a larger
proportion of singletons, with 151 genes on 35 tandem arrays and
54 singletons. In the honeybee and the fire ant, over 64% and 66%
of genes, respectively, are found on tandem arrays that were pre-
sent in the most recent common ancestor (MRCA) of bees and
ants, while significantly fewer (54%) clonal raider ant ORs were
found on similarly old tandem arrays (x> test, P<0.0001; pair-
wise Fisher’s exact post-hoc tests, P<0.05). Correspondingly, the
clonal raider ant has significantly more genes present on lineage-
specific tandem arrays than the fire ant (35% and 6%, respectively;
Fisher’s exact test, P<0.0001; data from the honeybee are not
comparable because it represents an older lineage in our analysis).
The vast majority (161 of 174, or 93%) of the genes on lineage-
specific tandem arrays and singletons in the clonal raider ant
belong to the nine-exon OR subfamily (Fig. 2A).

To compare the role of genomic transposition vs. local
tandem array expansion in generating OR diversity, we perform-
ed gene-tree species-tree reconciliation
analysis using NOTUNG (Chen et al.
2000) to calculate total gene duplications
in each lineage. The number of transposi-

D . vitripennis
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0 50 100 tion events was estimated by counting
e species-specific loci (singletons and tan-
’_;ga dem arrays), which result from genomic
= \ transpositions in the lineage leading

h to that species. Array ages are likely some-

N what conservative, which leads to a
| somewhat liberal estimation of transpo-
sition events. NOTUNG found 337 gene
duplications specific to the clonal raider
ant lineage, while we found 42 clonal
raider ant species-specific loci (singletons
and tandem arrays) indicating transposi-
tion events (Supplemental Tables S1, S2).
This suggests that, at most, 12.4% of
gene duplication events in the clonal
raider ant may be transposition events.
The fire ant and the honeybee showed
even lower putative transposition to
duplication ratios (6.6% and 11.2%, re-
spectively), while the jewel wasp showed
the highest at 37.8%.

by ordering loci as they appear in the phylogeny from top to bottom. Sets of vertically aligned points rep-

resent a single tandem array, while breaks in a line represent transposition events. Loci indices assigned
this way are not homologous between species. Loci ages are indicated by color and calculated via phy-
lostratigraphy and synteny analysis (see Methods). The few large, contiguous, and old tandem arrays in
the top half of Aand Cand throughout Bindicate tandem duplications as the predominant drivers of gene
expansion in these gene clades. The many short species-specific tandem arrays in the bottom half of Aand
Cand throughout D indicate that genomic transpositions followed by tandem duplications drove expan-

sions in these clades.

Genomic context of clonal raider
ant ORs

In order to gain mechanistic insights into
the ant OR repertoire expansion, we in-
vestigated the genomic context of clonal
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Figure 3. Genomic colocalization of transposable elements (TEs), odor-
ant receptor genes, and other genes. (A) Percentage of OR genes and oth-
er genes within TE islands. (B) Density of TEs in OR loci and other gene-
dense regions (genomic stretches with at least one OR gene [OR loci] or
one non-OR gene [gene-dense regions] per 10 kbp) and within the ge-
nome as a whole. These data show that TE islands are depauperate in
ORs, but OR loci are enriched for TEs relative to other gene-rich loci and
the genome as a whole.

raider ant ORs and compared this to the remaining clonal raider ant
genes. It has previously been reported that, in the ant Cardiocondyla
obscurior, ORs are enriched in areas of high transposable element
density (“TE islands”) (Schrader et al. 2014) which could facilitate
either local tandem array expansion (via unequal crossing over)
or genomic transposition (Kazazian 2004; Schrader et al. 2014).
To assess whether this may be a general trend in ants, we searched
for TE islands in the clonal raider ant following the methods of
Schrader et al. (2014). We found that these procedures actually an-
notated many duplicated OR loci as novel

repeat families, and thus we limited our

the fire ant Solenopsis invicta and the flour beetle Triboleum casta-
neum, OR loci also showed enrichment for AT content relative to
other genes (Supplemental Fig. S2). This is not the case for the
vinegar fly Drosophila melanogaster or the silk moth Bombyx mori,
which have many fewer ORs, mostly organized as singletons
or pairs throughout the genome (Fig. 4; Supplemental Fig. S2;
Robertson et al. 2003).

Discussion

Highly contiguous, chromosome-level assembly of genomes pro-
vides unparalleled insights into the genomic structure and evolu-
tion of organisms. By providing such an assembly for the clonal
raider ant, we have revealed significant, previously hidden diver-
sity in the odorant receptor gene family. We have also been able
to map out the genomic evolution of this gene family in the
Hymenoptera in unprecedented detail. We found that the extraor-
dinary rates of OR gene duplication previously reported (Zhou
et al. 2012, 2015; Engsontia et al. 2015; McKenzie et al. 2016)
largely arise by local tandem array expansion. We also observed
higher rates of transposition in the most rapidly expanding clonal
raider ant OR clade and enrichment for transposons in OR loci.
However, we found that regions of the genome with especially
high transposon density (“transposon islands”) are not enriched
for OR genes in the clonal raider ant. Additionally, high AT
content may play an important role in ant OR gene expansion
and/or regulation. Both the genomic architecture and context of
Hymenoptera ORs are highly reminiscent of vertebrate ORs, rather
than resembling fly ORs.

The number of ORs we found in our new assembly of the
clonal raider ant genome is the highest of any insect examined

analysis to classified transposon families. A Clonal raider ant Vinegar fly
We found that TE islands were signifi- cos 1kbp upstream s 1kbp upstream
cantly depauperate in ORs (Yates correct- 10000 10000 10000

=
o
]
o

ed x? test, P<0.001) (Fig. 3A). However,
OR loci do have approximately a 1.5x
higher transposon density than both
the entire genome and other gene-dense
regions of the genome (Fig. 3B).

In vertebrates, rapidly expanding
gene families have been associated with
genomic regions of high AT content,
although it is unclear if this is a cause
or consequence of gene family expan-
sion or potentially even associated with
the unique challenges of regulating large
multigene families (Clowney et al. 2011).
Vertebrate odorant receptors are unre-
lated to insect odorant receptors and in 08 |
fact belong to a different gene superfam-
ily. However, like ant ORs they are orga-
nized in large tandem arrays (Niimura
and Nei 2005). In the mouse, these arrays
are associated with high AT content
(Glusman et al. 2001; Clowney et al.
2011). We found that ant odorant recep-
tors have higher AT content in exons,
introns, and flanking intergenic regions
than most other genes (Fig. 4). In two
other insects with large OR repertoires,
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Figure 4. Nucleotide composition of odorant receptors (ORs) vs. other genes in the clonal raider ant
and the vinegar fly (Drosophila melanogaster). (A) Frequency distribution of AT content for coding se-
quence (CDS), introns, downstream, and upstream sequence of OR genes (orange) and other genes
(cyan). Y-axes are log-scaled to allow visualization of fly ORs, which make up a small proportion of fly
genes. (B) Mean nucleotide composition along the CDS, intronic, and flanking sequences of OR genes
or other genes in the clonal raider ant (left) and the vinegar fly (right). These data show that clonal raider
ant ORs are AT-rich relative to most other genes, while fly ORs possess typical AT content relative to other
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to date (Sanchez-Gracia et al. 2011; Engsontia et al. 2015; Zhou
etal. 2015; McKenzie et al. 2016). Although the previous assembly
of the clonal raider ant also contained a large number of ORs
(Oxley et al. 2014), a large fraction of the gene models were predict-
ed to encode pseudogenes, and the number of putatively function-
al ORs was smaller than in the ants Atta cephalotes, Acromyrmex
echinatior, and Solenopsis invicta (Engsontia et al. 2015; Zhou
etal. 2015; McKenzie et al. 2016). This was enigmatic, as the clonal
raider ant has more antennal lobe glomeruli than A. cephalotes
(Kelber et al. 2009; McKenzie et al. 2016) (the glomerulus counts
for A. echinatior and S. invicta are unknown), and in the vinegar
fly Drosophila melanogaster there is almost one-to-one correspon-
dence between AL glomeruli and expressed ORs (Laissue and
Vosshall 2008). In general, there was a fairly poor correlation
between glomerulus number and identified putatively functional
ORs in the first generation of ant genomes (Zhou et al. 2012;
McKenzie et al. 2016), suggesting that perhaps the one-to-one
OR-glomerulus correspondence observed in flies did not hold
true in ants. However, our new OR gene set contains almost exactly
as many putatively functional ORs as glomeruli in the female adult
AL (493-509) (McKenzie et al. 2016; Trible et al. 2017). The poor
correlation between intact OR number and glomerulus number
is therefore likely an artifact caused by incomplete genome assem-
bly in most ants. Based on glomerulus number, we do expect that
the number of ORs in the clonal raider ant is exceptional even
among ants; however, it is likely that better assembly of other
ant genomes will likewise show larger OR repertoires than current-
ly reported. For instance, 354 putatively functional ORs are report-
ed for Camponotus floridanus, compared with 434 glomeruli in
worker ALs (Zube et al. 2008; Zhou et al. 2012).

A variety of molecular mechanisms lead to gene duplications
that can be in tandem or interspersed across the genome (for
review, see Mendivil Ramos and Ferrier 2012). Furthermore, geno-
mic rearrangement and transposition can disrupt and scatter genes
which duplicated in tandem (Mendivil Ramos and Ferrier 2012).
Although evidence from many mammal species suggests that tan-
dem duplication is the predominant form of gene duplication
(e.g., She et al. 2008; Liu et al. 2009), most gene duplications in
humans and Drosophila appear to be interspersed intra-chromo-
somally or inter-chromosomally, respectively (Zhang et al.
2005; Fiston-Lavier et al. 2007; Zhou et al. 2008; Meisel 2009).
Although some of these translocations may result from tandem
duplication followed by genomic rearrangement, there is evidence
for abundant nontandem duplication as well (Bailey et al. 2003;
Zhang et al. 2005; Fiston-Lavier et al. 2007; Yang et al. 2008;
Meisel 2009; Ezawa et al. 2011). In Drosophila, it has been hypoth-
esized that translocations may play an important role in OR evolu-
tion (Guo and Kim 2007; Nozawa and Nei 2007; Conceicao and
Aguadé 2008). In contrast, within mammals and corbiculate
bees, little to no translocation of ORs was observed (Niimura and
Nei 200S5; Brand and Ramirez 2017). However, most mammalian
tandem arrays resulted from ancient transpositions (between the
MRCA of all bony fish and the MRCA of mammals) followed by
subsequent tandem duplication (Niimura and Nei 200S5).

In ants, we found that the vast majority of gene duplications
happened via tandem duplication. We did find evidence of low
levels of translocation as well, especially in the largest and most
rapidly expanding OR subfamily in the clonal raider ant. Even
within these clades, however, most genes are located on tandem
arrays. These data suggest that translocation followed by local tan-
dem array expansion is responsible for the most extreme gene
duplication events in ants, while local tandem array expansion

without translocation is responsible for the vast majority of
gene duplications. It is interesting to note that, in contrast to the
pattern we observe in ants, the largest honeybee OR subfamily is
contained within only one tandem array with a single additional
singleton (Fig. 2C; Brand and Ramirez 2017).

Transposable elements (TEs) can promote gene duplica-
tions by increasing unequal crossing over, promoting ectopic re-
combination, or by copy and paste transposition of a gene (e.g.,
retrotransposition). High transposon densities are correspond-
ingly associated with duplicated genes in a variety of species
(e.g., Bailey et al. 2003; Yang et al. 2008; Schrader et al. 2014).
Schrader et al. (2014) found that ORs were enriched in TE-dense
regions (TE islands) in the genome of the ant Cardiocondyla obscu-
rior and suggested that TEs play an important role in OR duplica-
tions in ants. We found that TE islands in the clonal raider ant
are, in fact, depauperate in ORs. However, OR loci are enriched
for transposons relative to the genome as a whole. This increased
transposon density may play a role in OR expansion by providing
an additional substrate for ectopic recombination and unequal
crossing over (Yang et al. 2008; Mendivil Ramos and Ferrier
2012). We note that there is little evidence for direct involvement
of transposon activity in OR expansion. Genomic translocations
of ORs are rare and may result from ectopic recombination or
genomic rearrangement. We observed no recent intron losses in
any ant OR, implying that no OR translocations resulted from
reverse-transcription of an OR back into the genome.

The role of sequence content bias in OR evolution is less clear.
Genes with AT-rich promoters in the mouse are enriched for
multigene families located in tandem arrays with high evolution-
ary turnover in copy number (Glusman et al. 2001; Clowney et al.
2011). The majority of these proteins are either transmembrane or
secreted proteins (Clowney et al. 2011), and many of these genes
show nondeterministic gene regulation (e.g., Held et al. 1995;
Chess 2005). Clowney et al. (2011) posited that the high AT
content of the promotors may be involved in nondeterministic
regulation (either because of the nature of transcription factors re-
cruited or because of unique chromosomal architecture [e.g., Segal
and Widom 2009]) and that freedom from deterministic gene ex-
pression could promote functional diversification of rapidly evolv-
ing gene families. However, it is also possible that high AT content
is either a cause or consequence of frequent gene duplication and
that nondeterministic gene expression of rapidly evolving gene
families is incidentally also selected for in vertebrates. OR expres-
sion is deterministic in flies (Kaupp 2010), and so far there is no
experimental evidence of nondeterministic OR expression in
ants or other Hymenoptera. However, we did not observe AT en-
richment in fly ORs, and it is possible that different strategies
must be employed in the regulation of 60 genes in flies vs. 400-
500 in ants.

It is intriguing that, in ants but not in flies, elimination of OR
function via knockout of the Orco gene results in a reduction of
olfactory glomeruli (Trible et al. 2017; Yan et al. 2017), as seen in
OR loss-of-function mutants in mice (Wang et al. 1998). Indeed,
Yan et al. (2017) speculated that the high diversity of ORs in
the Hymenoptera may require receptor-dependent ORN targeting
like that of vertebrates, rather than deterministic, receptor-inde-
pendent ORN targeting as seen in flies. Vertebrate-like non-
deterministic OR gene regulation would strongly support this
hypothesis because, under this scenario, OR expression is the
only factor differentiating many ORN populations. The many par-
allels in genomic architecture between ants and vertebrates we
observe here are tantalizing but do not conclusively demonstrate
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vertebrate-like OR regulation in ants. Further functional studies
will be required to determine whether OR regulation in the
Hymenoptera is, in fact, deterministic or not.

Methods

Sequencing and assembly

Genomic DNA for PacBio sequencing was extracted from 300 ants
using the Qiagen Genomic-tip extraction kit, and libraries were
prepared and sequenced at the Genomics Core Facility at the
Icahn School of Medicine at Mount Sinai (New York, NY).
Sequencing was performed on a PacBio RSII with P6-C4 chemistry.
Genomic DNA for Nanopore sequencing was extracted from
~15 mg of ants using the Qiagen MagAttract HMW DNA kit, and
libraries were prepared for Nanopore sequencing using the Rapid
Sequencing kit (SQK-RAD002) and sequenced on two MinION
SpotON flow cells (R9.4). Hi-C sequencing was performed by
Phase Genomics (Seattle, WA). Genomic DNA for Illumina se-
quencing was extracted from five ants using the Qiagen DNeasy
extraction kit and sequenced on part of an Illumina NextSeq
flow cell at the Rockefeller University Genomics Resource
Center. Further details on DNA extraction and sequencing are
given in the Supplemental Methods.

PacBio and Nanopore data were assembled using Canu v1.1
(Koren et al. 2017) with the options “corMhapSensitivity=normal”
and “corOutCoverage=80" and all other options set to default. A
second assembly was created using only the PacBio data. Both
contig assemblies were scaffolded using Hi-C proximity-based scaf-
folding with the program LACHESIS (Burton et al. 2013). Chimeric
contigs were then manually identified by viewing the Hi-C interac-
tion density and either broken at sites with conspicuously low
Illumina coverage (PacBio+Nanopore contig assembly) or else
removed from the contig set (PacBio-only contig assembly). quick-
merge (Chakraborty et al. 2016) was then used to join/extend
PacBio + Nanopore contigs using the PacBio-only contigs. The re-
sulting contigs were again scaffolded using Hi-C proximity-based
scaffolding. PBJelly (English et al. 2012) was used to gap-fill the
resulting assembly with PacBio and Nanopore reads. This assembly
was first error-corrected with the PacBio reads using Quiver
(github.com/PacificBiosciences/GenomicConsensus) and then
with Illumina reads using Pilon (Walker et al. 2014), using BWA-
MEM (Li 2013) to align the Illumina reads. We found that Pilon
was unable to fix many spurious deletions at heterozygous loci,
however, because BWA-MEM often aligned each “insertion” vari-
ant to different locations near the spurious deletion, leading
Pilon to see two heterozygous insertions instead of a homozygous
insertion. To fix this, we used a custom pipeline wherein we
identified variants and reference errors using FreeBayes (Garrison
and Marth 2012), filtered variants by quality score (quality score
>20), phased these variants using WhatsHap (Patterson et al.
2014), and then substituted alleles of a single phase block for
the reference alleles using a custom script (Supplemental
Scripts: “pvc_pipe.py”). One Hi-C cluster showed suspiciously
low coverage and low Hi-C linkage to the rest of the genome
(Supplemental Fig. S1), and BLASTX (Altschul et al. 1990) of the
contigs therein to the NCBI nonredundant protein database re-
vealed that all of these contigs had high similarity to genes from
Sphingomonas bacteria. This cluster was thus removed from our
assembly, along with three unassembled contigs which also
showed highest BLASTX affinity for bacterial sequences in the
NCBI nonredundant protein database. To visualize contig loca-
tions relative to chromosome structure (Fig. 1A), we identified pu-
tative centromeres based on Hi-C linkage by manually identifying
peaks of pan-chromosomal interactions consistent with the Hi-C

signal of known centromeres in insects (Supplemental Fig. S1;
Dudchenko et al. 2017).

Annotation

Manual annotation of chemosensory genes was conducted as
previously described (Oxley et al. 2014). MAKER2 (Holt and
Yandell 2011) was used to annotate gene models for nonchemo-
sensory genes using the AUGUSTUS gene prediction software
(Stanke et al. 2006). Repeat annotations were generated by using
RepeatModeler to generate a library of O. biroi repetitive regions
including transposable elements, and then masking the genome
using this library with the RepeatMasker software (Smit et al.
2013-2015). Automated annotations which overlapped manual
chemosensory gene annotations were removed from the gene
set. See Supplemental Methods for further details on manual an-
notations, gene prediction training, and evidence used for
MAKER2 gene prediction.

Genomic organization of odorant receptors

Tandem arrays in all species were defined as loci containing con-
secutive ORs that are not interrupted by two or more non-OR
genes. Manual OR annotations were obtained from Robertson
et al. (2010) for the honeybee and jewel wasp and from
McKenzie et al. (2016) for the fire ant. NCBI RefSeq annotations
were used for other genes. Because manual OR annotations
for the honeybee, jewel wasp, and fire ant came from previous,
more fragmentary assemblies, the genes were mapped to the new
chromosome-scale assemblies (Desjardins et al. 2013; Wang et al.
2013; Elsik et al. 2014) following protocols outlined in the
Supplemental Methods.

Phylogenetics and evolutionary analysis

Protein sequences for all putatively functional OR genes from the
jewel wasp, honeybee, fire ant, and clonal raider ant were aligned
using the alignment software MAFFT with the linsi parameters
(Katoh et al. 2005). A maximum likelihood phylogeny was then
built using RAXML with the LG +gamma model of protein se-
quence evolution (Stamatakis 2014). Support was calculated using
the RAXML rapid bootstrapping algorithm (Stamatakis et al. 2008)
with 100 replicates. To calculate gene births and deaths, we used
the resolution plus reconciliation algorithms of the software
NOTUNG (Chen et al. 2000) with the 70% bootstrap consensus
gene tree and with the species tree topology from Branstetter
et al. (2017).

Tandem array age and synteny analyses

To determine the age of tandem arrays, we mapped these arrays
onto the terminals of our maximum likelihood OR phylogeny
and found the smallest clade containing each tandem array. We as-
sume that OR tandem arrays are formed by local gene duplications
and almost never by translocation of ORs next to each other,
which is supported by the fact that only two distantly related genes
in the clonal raider ant are found on the same tandem array (Orco
and Or5-Q2). Based on this assumption, if the smallest clade con-
taining all genes in an array in focal species i contains genes
from species ii, the array must date back at least to the divergence
between species i and species ii. This provides a minimum array
age, though arrays may well be older if (1) genes on this array
were in single copy in the common ancestor of the two species,
or (2) genes from the array were lost in species ii. In case 1, there
should exist an array in species ii with synteny with the array in
species I, provided neither array was translocated in the genome.
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Genomic architecture and evolution of ant ORs

Thus, we supplemented our phylostratographic dating with syn-
teny dating. For our synteny analysis, we ran OrthoMCL (Li et al.
2003) on genes from the clonal raider ant, the fire ant, the honey-
bee, and the jewel wasp. We then used a custom Python script
(Supplemental Scripts: “arraySynteny.py”) to pull the five genes
on each side of any given OR locus and then check for orthologs
in the five genes on each side of every OR locus in the other
species. To maximize sensitivity in light of potential differences
in annotation and deletion or translocation of flanking genes,
arrays were designated as syntenic if three genes on either side of
one array were orthologous to three genes on either side of the
other array, or if one gene on each side of one array was ortholo-
gous to one gene on each side of the other array. We then assigned
dates to syntenic arrays transitively. For example, if an array in
S. invicta was syntenic with an array in O. biroi that was also syn-
tenic with an array in N. vitripennis, all these arrays were considered
to date to the divergence of N. vitripennis with the Aculeata, even
if the S. invicta array did not pass our criteria to be considered syn-
tenic with the N. vitripennis array.

Transposon annotations

Our transposon annotation pipeline followed that of Schrader
et al. (2014) with the following exceptions: Only RepeatModeler
was used for de novo repeat identification (as opposed to
RepeatModeler plus PILER [Edgar and Myers 2005]), only repeats
modeled from the clonal raider ant genome were used, and
RepeatMasker rather than Censor (Kohany et al. 2006) was used
to annotate repeats and transposons based on our de novo repeat
libraries. We found that RepeatModeler calls exons within dupli-
cated ORs as novel repeat families, and so for maximum stringency
only included repeats belonging to known transposon classes (as
annotated by RepeatModeler and the custom scripts of Schrader
et al. [2014]). Transposable element islands were defined as in
Schrader et al. (2014) as regions of the genome within sliding win-
dows (here, 100 kbp) with TE content in the 95th percentile of all
such windows. To compare transposon density in OR loci com-
pared with the genome as a whole or gene-dense genomic regions,
we calculated gene density (both for ORs and for other genes) with-
in sliding windows and included regions with at least one non-OR
gene per 10 kbp as gene-dense regions and regions with at least one
OR gene per 10 kbp as OR loci. TE content within these regions was
then calculated using a custom Python script (Supplemental
Scripts: “SlidingWindowRepeatCalculations.py”).

Sequence content analysis

For analysis of the sequence content of OR loci compared to the
genome as a whole, RefSeq genome assemblies and annotations
for Tribolium castaneum, Bombyx mori, Drosophila melanogaster,
and Solenopsis invicta were downloaded from NCBI. All manually
annotated ORs in B. mori and D. melanogaster are included and
annotated in the RefSeq gene sets; however, T. castaneum and
S. invicta manual OR annotations are not included in the RefSeq
gene sets and therefore were obtained from Engsontia et al.
(2008) and McKenzie et al. (2016). Because only peptide sequences
were provided for T. castaneum, genomic loci for the ORs in this
species were found by aligning these sequences to the genome
using the protein2genome algorithm in Exonerate with the set-
tings “--bestn 1 --percent 90”. ORs were then excluded from the
T. castaneum and S. invicta RefSeq gene sets by blasting genes
against the PFAM 7TM_6 model (insect odorant receptors) and re-
moving sequences with an E-value below 0.01. For O. biroi, we used
the annotation presented in this manuscript. The gene sets were
then split into OR genes and other genes, the longest isoforms

for each gene selected, and then the sequence of 1-kbp flanking
regions, coding regions, and introns were extracted and AT
content calculated across 100 bins over the length of the se-
quence using a custom Python script (Supplemental Scripts:
“ExtractATcontent.py”).

Data access

Raw sequencing data, genome assembly, and genome annotation
from this study have been submitted to the NCBI BioProject data-
base (http://www.ncbi.nlm.nih.gov/bioproject/) and are all under
accession number PRINA420369. All custom scripts are available
as Supplemental Materials in the Supplemental Scripts gzipped
tarball archive.
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