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Abstract
Introduced populations of invasive organisms have to cope with novel environmental 
challenges, while having reduced genetic variation caused by founder effects. The 
mechanisms associated with this “genetic paradox of invasive species” has received 
considerable attention, yet few studies have examined the genomic architecture of 
invasive species. Populations of the heart node ant Cardiocondyla obscurior belong to 
two distinct lineages, a New World lineage so far only found in Latin America and a 
more globally distributed Old World lineage. In the present study, we use population 
genomic approaches to compare populations of the two lineages with apparent diver-
gent invasive potential. We find that the strong genetic differentiation of the two line-
ages began at least 40,000 generations ago and that activity of transposable elements 
(TEs) has contributed significantly to the divergence of both lineages, possibly linked 
to the very unusual genomic distribution of TEs in this species. Furthermore, we show 
that introgression from the Old World lineage is a dominant source of genetic diver-
sity in the New World lineage, despite the lineages' strong genetic differentiation. Our 
study uncovers mechanisms underlying novel genetic variation in introduced popula-
tions of C. obscurior that could contribute to the species' adaptive potential.
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1  |  INTRODUC TION

Genetic variation underlies adaptation and species evolution 
(Frankham et al., 2002; Lande & Shannon, 1996). Genetically de-
pleted populations, as a consequence of genetic drift, are more likely 
to suffer from a sudden change of their environment (Frankham, 
2005a; Frankham & Ralls, 1998; Lacy, 1997). However, incipient 
populations of invasive species readily adapt to new habitats, de-
spite their low genetic variation caused by the founder effect. The 
mechanisms underlying this unexpected adaptive capacity, known 
as “the genetic paradox of invasive species” (Frankham, 2005b), re-
main largely unclear. A vast number of species have been distrib-
uted around the world by human activities, allowing for the study of 
founder effects in such rapid adaptation processes.

Standing genetic variation and/or variation generated through 
multiple introduction events can facilitate adaptation (Barrett & 
Schluter, 2008; Kolbe et al., 2004; Lai et al., 2019). Particularly, hy-
bridization between divergent non- native subspecies or lineages at 
an introduced range can lead to introgression of potentially adap-
tive variants (Hedrick, 2013; Nolte et al., 2009). Another potential 
source for adaptation is genetic variation generated by transposable 
elements (TEs) (Casacuberta & González, 2013; Marin et al., 2020). 
Since transposition can result in genomic changes ranging from sim-
ple point mutations to large structural variations (Horváth et al., 
2017; Schrader & Schmitz, 2019; Stapley et al., 2015), TEs can in 
principle rapidly generate phenotypic variation, also including novel 
adaptive variants (Niu et al., 2019). Although extensive effort has 
been employed to identify and characterize TEs, our understand-
ing of the extent to which they contribute to the process of rapid 
adaptation is still poor (Biémont, 2010; Feschotte & Pritham, 2007; 
Lisch, 2013).

The ant Cardiocondyla obscurior is an excellent model to disen-
tangle sources of genetic variation (Heinze, 2017; Oettler, 2020). 
Originally from Southeast Asia, it has established populations in 
warm climates around the world. In this species, newly emerged 
queens mate inside the maternal nest with related nondispersing 
males and stay, or found a new colony in the vicinity, accompanied 
by some workers. This propensity for inbreeding together with the 
genetic bottlenecks imposed by founder events, is predicted to 
substantially reduce genetic variation in populations of this species 
(Heinze, 2017). Populations of C. obscurior belong to two (so far de-
scribed) phenotypically and genetically distinct lineages (Schrader 
et al., 2014), which can interbreed asymmetrically due to Wolbachia 
infection (Ün et al., 2021). The Old World lineage is found globally 
(e.g., Taiwan, Japan, USA, Spain, and in greenhouses in Northern 
Europe), whereas a second lineage has been found only in Brazil so 
far (Heinze et al., 2006). Colonies of the Old World lineage on av-
erage contain more queens and show less intraspecific aggression 
(Schrader et al., 2014), which are both characteristic traits known 
from other invasive ants as well (Tsutsui & Suarez, 2003).

The genome of C. obscurior contains regions enriched in TEs 
(“TE islands”), in a background of low TE content (“low- density re-
gions, LDRs”) (Schrader et al., 2014). A similar genomic organization 

is so far only known from plant pathogenic fungi (Faino et al., 2016; 
Möller & Stukenbrock, 2017). In C. obscurior, TE islands are enriched 
for genes involved in the synthesis (fatty acid synthases) and per-
ception (olfactory receptors) of cuticular hydrocarbons (Schrader 
et al., 2014), which play a particular prominent role in social 
Hymenoptera (Sprenger & Menzel, 2020). The distribution of TEs in 
the genome of C. obscurior has been suggested to play a prominent 
role in the evolution of this species (Schrader et al., 2014; Schrader 
& Schmitz, 2019).

Based on a new genome assembly and a population genomic and 
TE dynamics analysis, we explore the demographic history and dif-
ferent sources of genetic variation in populations of C. obscurior. We 
find that TEs are associated with genetic variation. Moreover, the 
data show recent TE activity in the Old World lineage, and intro-
gression from the Old World into the New World lineage. Our study 
provides support that TEs and introgression contribute considerably 
to novel genetic variation in populations of C. obscurior.

2  |  MATERIAL S AND METHODS

2.1  |  Sample collection, DNA extraction and 
sequencing

To study genetic variation, we performed short read pool- seq of 
two samples; a pool of 16 workers collected from 16 colonies from 
Tenerife, Spain, in 2019 (average distance between sites: 24 km), 
representing the Old World lineage and a pool of 30 workers col-
lected from 30 colonies from Itabuna, Brazil, in 2018 (average dis-
tance between sites: 3.32 km), representing the New World lineage. 
To investigate the population structure and demographic history of 
C. obscurior, we analysed whole genome sequencing data of 12 single 
individual workers collected in 2018 from Itabuna (n = 4), Una (n = 4) 
and Guarujá (n = 4), Brazil, plus four workers collected from Leiden, 
Netherlands, and Taipei, Taiwan, two samples each (Table S1).

DNA from the pooled and single individual samples was ex-
tracted with the CTAB method and Illumina NovaSeq sequencing 
(paired- end 150- bp reads) was done at the Cologne Center for 
Genomics. Pooled samples were sequenced to an average coverage 
of >73×, while the individual samples were sequenced to a coverage 
of >12× (Table S1).

As backbone for the analyses, we performed two independent 
long read sequencing runs using Oxford Nanopore sequencing. To 
this end, high- molecular- weight DNA was extracted from a pool of 
50 pupae, all coming from a single colony from Brazil, kept under 
strict inbreeding conditions in the laboratory for over 10 years. After 
quality control (agarose gel, Nanodrop) and quantification (Qubit), 
1 µg of DNA template was used for 1D library construction with 
a Ligation Sequencing kit SQK- LSK109 (Oxford Nanopore). Next, 
1 μg of library was loaded on a R9.4.1 FLO- MIN106 flowcell and se-
quenced on a MinION for 48 h. Base- calling with guppy 3.3.0 yielded 
1,912,000 reads of 5.36 Gb (N50 = 6.51 kb) in the first run and 
11,548,590 reads of 12.31 Gb (N50 = 1.67 kb) in the second run.
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2.2  |  Genome assembly, scaffolding, and polishing

After quality control with minionqc (Lanfear et al., 2019), Nanopore 
reads were filtered for adapter contaminations with porechop (ver-
sion 0.2.4). For genome assembly, we used 6 Gb of filtered long 
read data (~30× expected genome coverage). Here, we selected 
only the longest and highest quality with filtlong (version 0.2.0) 
(- split 500 - - min_length 3000 - - keep_percent 90 - - target_bases 
6000000000 - - trim), using previously published Illumina short- read 
data (SRR1564444) for quality filtering of long reads.

Genome assembly was done using canu (version 1.9) (Koren et al., 
2017) (- genomeSize = 190 m, - correctedErrorRate = 0.085) result-
ing in 291 contigs (cN50 = 4.62 MB). Subsequently, we scaffolded 
the assembly with sspace- longread (version 1.1) (Boetzer & Pirovano, 
2014) and sspace- standard (version 3.0) (Boetzer et al., 2011) using 
long read data and previously published 20-  and 8- kb 454 long- 
insert libraries (SRR1565732.1, SRR1565732.1) into 156 scaffolds 
(sN50 = 5.72 Mb). After gap- filling with lr_closer, we performed a 
final round of scaffolding with sspace using a previously published 
short- read Illumina paired- end library (SRR1564444).

The assembly was polished with short- read data (SRR1564444) 
using ntedit (Warren et al., 2019) and four rounds of pilon (Walker 
et al., 2014). Quality control of each assembly step was done with 
busco using the arthropoda_odb10 data set and augustus starting pa-
rameter set fly (Simão et al., 2015) and quast (Gurevich et al., 2013).

We flagged and removed four scaffolds of the final assembly as 
prokaryotic, based on short- read coverage, GC content and homol-
ogy to bacterial genomes as inferred with megablast (Morgulis et al., 
2008). Three of the scaffolds (scf37, scf51, scf83) were identified 
as Wolbachia and one scaffold (scf36) was identified as Candidatus 
Westeberhardia cardiocondylae (Klein et al., 2016). Further, we 
flagged scaffold106 as mitochondrial based on blastn comparisons 
to the mitochondrial genome of C. obscurior (KX951753.1) (Liu et al., 
2019).

2.3  |  Primary annotation of transposable elements

We used a primary and several different alternative approaches to 
annotate TEs in the genome of C. obscurior. For the primary annota-
tion, we compiled a TE library by first collecting 22,775 published 
arthropod- specific repeats from RepBase (release 20181026) and 
11,972 Hymenoptera- specific repeats from ArTEdb (Wu & Lu, 2019). 
Next, we generated repeat libraries for 20 published ant genomes 
(Table S2) and the genome of C. obscurior using repeatscout (ver-
sion 1.0.5) (Price et al., 2005). repeatscout produced between 2681 
(Pogonomyrmex barbatus) and 16,100 (Solenopsis invicta) repeats for 
the published ant genomes and 2468 repeats for the genome of 
C. obscurior. Each species- specific de novo library was annotated by 
classifying contained TEs using pasteclassifier (Hoede et al., 2014) and 
teclass (Abrusán et al., 2009). Remaining unclassified elements were 
removed, if they showed significant similarity to annotated pro-
tein sequences of the respective species, according to blastx (with 

– task = megablast – evalue = 1e- 10 - best_hit_score_edge = 0.05 
- best_hit_overhang = 0.25 - outfmt = 7 - perc_identity = 50 - max_
target_seqs = 1). After combining repeats from classified and filtered 
de novo libraries, RepBase and ArtTEdb, we removed redundant se-
quences with cd- hit (with - T 0 - c 0.8 - n 5).

The final library contained 91,492 sequences, including 1228 de 
novo repeats for C. obscurior and between 400 (Atta cephalotes) and 
8204 (S. invicta) for other ants. Across the entire library, 3807 repeats 
remained unclassified, including 50 unclassified repeats from C. ob-
scurior and between 25 (A. cephalotes) and 446 (S. incivta) for other 
ants. Using this library, we annotated TEs in the genome of C. obscu-
rior with repeatmasker (version 4.0.8) in sensitive mode (with - s - gff 
- a - excln - cutoff 250 - nolow) and used One- code- to- find- them- all 
(Bailly- Bechet et al., 2014) to further assemble repeatmasker hits.

repeatmasker annotated 41,338 loci in the genome of C. obscurior, 
of which 20,756 loci were classified as DNA transposons, 9310 as 
LTRs, 4946 as LINE elements, 2696 as retroelements and 1636 as 
SINEs. In addition, 1994 annotated repeat loci remained unclassified.

We used these repeat annotations for calculating Kimura 
distance- based TE landscapes and for analysing the genomic distri-
bution of TEs in the genome. TE landscapes were generated from 
repeatmasker's align and summary output files, with calcDivergence-
FromAlign.pl from repeatmasker and parseRM.pl available from https://
github.com/4urel iek/Parsi ng- Repea tMask er- Outputs assuming a 
mutation rate of 3.6 × 10−9. The genomic distribution of TEs and 
exon content was assessed by processing gene and repeat annota-
tions in gff format using bedtools (Quinlan & Hall, 2010) and bedops 
(Neph et al., 2012), with subsequent visualization in R.

2.4  |  Alternative approaches for the annotation of 
TEs confirming the primary annotation

To establish whether the results from the above described repeat 
annotations are robust, we repeated TE annotation using four al-
ternative annotation strategies. First, we annotated TEs using the 
REPET pipeline as previously described (Dennis et al., 2020). Second, 
we generated de novo predictions for C. obscurior using two tools, 
edta and repeatmodeler2. These de novo repeats were further classi-
fied with deepte (Yan et al., 2020), tesorter (https://github.com/zhang 
renga ng/TEsorter), and pasteclassifier (Hoede et al., 2014), before 
removing unclassified repeats with significant (e- value < 1e- 10) simi-
larities to arthropod proteins in Uniprot (retrieved April 27, 2018) 
using blastx. The resulting library of de novo repeats was combined 
with arthropod- specific repeats from RepBase (release 20181026) 
and used to annotate repeats in the genome of C. obscurior with re-
peatmasker (with - s - gff - a - inv - small - excln - cutoff 250 - nolow) and 
repeatcraft (https://github.com/niccw/ repea tcraftp). Third, we used 
repeatmasker's default RepBase library (combined with the Dfam li-
brary) for annotating repeats in the genome, without including any 
de novo predicted repeats. In addition, we generated dedicated an-
notations for LTR transposons with genometool's LTRharvest (http://
genom etools.org/tools/ gt_ltrha rvest.html).

info:refseq/KX951753.1
https://github.com/4ureliek/Parsing-RepeatMasker-Outputs
https://github.com/4ureliek/Parsing-RepeatMasker-Outputs
https://github.com/zhangrengang/TEsorter
https://github.com/zhangrengang/TEsorter
https://github.com/niccw/repeatcraftp
http://genometools.org/tools/gt_ltrharvest.html
http://genometools.org/tools/gt_ltrharvest.html
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Visual inspection of the different TE annotations in igv (version 
2.8.13) showed that all pipelines consistently recovered the uncom-
mon genomic distribution of TEs in the genome of C. obscurior (Figure 
S1). Further, we found that our primary approach (repeatscout of 21 
ants + repeatmasker) outperformed the other strategies as REPET- 
based annotations tended to combine independent loci to chime-
ric TEs and the repeatmodeler/edta- based approach tended to miss 
loci consistently identified by the three other approaches (Figure 
S2). The large number of de novo predictions, however, precluded 
careful manual curation of the repeat library. To compensate, our 
stringent filtering of putative host proteins should, however, con-
siderably reduce the number of falsely annotated TEs. Comparing 
Kimura distance- based TE landscape plots for different annotations 
produced with repeatmasker further showed identical patterns, with 
a high frequency of (nearly) identical TE copies in the genome of 
C. obscurior.

2.5  |  Annotation of TE islands

To define TE islands, we calculated TE content for 500- kb sliding 
windows (sliding by 100 kb), based on our primary C. obscurior TE an-
notation. Windows containing over 50% TE content were annotated 
as TE- enriched. Consecutive windows of enriched TE content were 
merged into larger discrete TE islands. Finally, we manually refined 
boundaries of all TE islands by overlaying TE annotations in igv (ver-
sion 2.8.13).

2.6  |  Gene annotation

Genes were annotated by combining homology and evidence- based 
approaches, integrating RNA- seq data. RNA- seq data of C. ob-
scurior were downloaded from NCBI (accessions PRJNA237579, 
PRJNA284224, PRJNA293450 and PRJNA309926). Adapter se-
quences and short reads (<40 bp) were removed using trimmomatic 
(version 0.38) (Bolger et al., 2014) and rRNA reads were filtered 
out with sortmerna (Kopylova et al., 2012). The resulting reads were 
then mapped to the softmasked C. obscurior genome (Cobs2.1) using 
hisat2 (version 2.1.0) (Kim et al., 2015) with default parameters.

The alignment files were then provided to gemoma (Keilwagen 
et al., 2016) and braker1 (Hoff et al., 2016). Six species were used 
as reference in gemoma comprising Wasmannia auropunctata, 
Linepithema humile, Camponotus floridanus, Harpegnathos saltator, 
Ooceraea biroi and Solenopsis invicta. The corresponding annotations 
and genomes were downloaded from NCBI. mmseqs2 (Steinegger & 
Söding, 2017) was used to search for homologues of coding exons 
in the target genomes, which were then combined into gene predic-
tions by gemoma.

braker1, which combines genemark- et (Lomsadze et al., 2014) with 
augustus (Stanke et al., 2006; Stanke & Waack, 2003) for RNA- seq 
based annotation, was applied to the softmasked genome (Cobs2.1) 
in combination with the RNA- seq alignment file.

interproscan (version 5.39- 77.0) (Jones et al., 2014) was run to 
functionally annotate the resulting gene predictions files and an 
additional, binary gff attribute functionalAnnotation was added to 
each file using the module AddAttribute from gemoma.

The gene prediction files were then combined with the mod-
ule GAF from gemoma using the filter “start=='M' and stop=='*' 
and (functionalAnnotation=true or score/AA>=0.75)” to obtain 
the final annotation. We removed genes coding for proteins with 
functional annotations related to TEs (Table S3), with significant 
(e- value < 1e- 10) similarities to RepBase proteins (repbase20.05) 
according to blastp, or genes overlapping by more than 50% with 
predicted TEs.

2.7  |  Mapping, SNP calling and filtering

fastqc (version 0.11.7) was used to inspect the quality of the 
raw reads. trimmomatic (version 0.38) was used to remove 
short and low- quality reads (Bolger et al., 2014). The result-
ing reads were mapped to the genome using bwa- mem (version 
0.7.17) with default parameters (Li & Durbin, 2009). The qual-
ity of generated alignments was assessed using qualimap (ver-
sion 2.2.1) (Okonechnikov et al., 2016). For single nucleotide 
polymorphism (SNP) calling, duplicates were marked using 
picard's markduplicates (version 2.20.0) and joint- variant call-
ing was performed using gatk's haplotypecaller (version 4.1.2.0) 
with default parameters across all samples (Van der Auwera 
et al., 2013). InDels were excluded from the raw variant set 
(1,124,968 variants) and the resulting SNPs (841,937) were 
hard- filtered using the gatk VariantFiltration tool based on the 
following parameters: the variant confidence (QUAL < 30.0), 
the variant confidence normalized by depth (QD < 2.0), esti-
mates of the variant strand bias test (FS > 60.0 and SOR > 3.0), 
mapping quality (MQ < 40.0 and MQRankSum < −5.0) and 
the rank sum test for the positioning of variants within reads 
(ReadPosRankSum < −5.0). We based the choice of these pa-
rameters on a visual inspection of the distribution of anno-
tation values of the raw SNPs as recommended by the gatk 
documentation (Depristo et al., 2011).

The 715,833 SNPs that passed the applied hard filters were 
further filtered using vcftools (version 0.1.16) (Danecek et al., 
2011) excluding SNPs that did not satisfy one of the following 
criteria: mean coverage greater than or equal to 5× for the sin-
gle individuals and 10× for the pooled samples. Furthermore, 
we only considered biallelic SNPs (for the pooled samples, only 
the two most likely alleles were used) with an MAF >0.05 that 
have been genotyped in at least 85% of our samples, resulting 
in 541,252 SNPs. These cut- offs were chosen based on the dis-
tribution of these parameters in the SNPs left after applying the 
hard filters. Finally, we excluded short (<1 Mb) scaffolds with low 
mapping quality (Figure S3) and considered 522,267 SNPs identi-
fied in the 30 largest scaffolds (representing 93% of the assembly 
~179.63 Mb), in all downstream analyses.
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2.8  |  Population structure analyses

To investigate genetic structure in our data set, we conducted 
a principal component analysis (PCA) using plink (version 1.90p) 
(Chang et al., 2015; Purcell et al., 2007) and ran the model- based 
clustering algorithm in admixture (version 1.3.0) (Alexander et al., 
2009). Prior to perform analyses, plink was used to LD- prune the 
522,267 SNPs at a threshold of r2 < .2 (- - indep- pairwise 1 kb 1 
0.2). The resulting 115,334 LD- pruned SNPs were then used to 
perform a PCA using the - - pca 4 command of plink. The LD- pruned 
SNP data set was used to run admixture considering values of K 
from 2 to 4 and kept only the two k values showing the lowest 
cross- validation error.

2.9  |  Demographic population history analysis

We inferred demographic population history using Multiple 
Sequential Markovian Coalescence (msmc2; Schiffels & Durbin, 
2014; Schiffels & Wang, 2020). As representatives of the New 
World lineage, we used sequencing data of four single individu-
als (i.e., eight haplotypes) collected from Itabuna and Una, Brazil, 
while for Old World lineage, we used two single individuals each 
from Leiden, Netherlands, and Taipei, Taiwan. Their membership to 
each of the lineages was confirmed using admixture and PCA- based 
analyses.

msmc2 requires phased haplotype data of single chromo-
somes as input, so we used shapeit (version 2.r904) (Delaneau 
et al., 2012) to statistically phase the 30 largest scaffolds of the 
C. obscurior genome. Due to the absence of a reference panel for 
C. obscurior, we used the 16 single individual genomes produced 
in this study for phasing. Moreover, to produce a reliable set 
of phased genomes, we only considered 328,167 SNPs with no 
missing data and an MAF >0.1 for phasing. Prior to phasing, we 
separated the SNPs genotyped across all 16 individuals into scaf-
folds using bcftools (version 1.9). Phasing was then performed by 
running shapeit (- check, - phase and - convert commands) on each 
scaffold separately.

We generated mapability masks for each scaffold using snpable 
(http://lh3lh3.users.sourc eforge.net/snpab le.shtml).

Effective population size (Ne) and the relative cross- coalescence 
rate (rCCR) were then calculated using msmc2 (Schiffels & Wang, 
2020). Five hundred bootstrap replicates were run by randomly 
sampling 60 Mb for each of the analysed genomes.

Since there are no available mutation rates for ants, we used es-
timates from another social hymenopteran: 3.6 × 10−9 mutations per 
generation per site, estimated in bumblebees (Liu et al., 2017), which 
is similar to that of honeybees (Yang et al., 2015). Additionally, our 
demographic model assumes a similar mutation rate and generation 
time for the two lineages. Therefore, the results should be taken 
with some caution as the evolutionary rates might differ among spe-
cies and even between populations.

2.10  |  Population genomics metrics estimation

To describe the genome- wide patterns of variation and differentia-
tion in populations of C. obscurior, we estimated three parameters 
commonly used in population genetics from the pool- seq data: pair-
wise nucleotide diversity (π) and Tajima's D using popoolation (Kofler, 
Orozco- terWengel, et al., 2011) and genetic differentiation (FST) 
using popoolation2 (version 1.201) (Kofler, Pandey, et al., 2011). Both 
tools are suitable for analysing pool- seq data.

For π and Tajima's D, we first generated an mpileup file from 
the alignment bam file of each pool using samtools (version 1.7) (Li 
et al., 2009). The mpileup files were filtered from indels using two 
perl scripts (identify- genomic- indel- regions.pl and filter- pileup- by- gtf.
pl) available under popoolation. Both population genetic parameters 
were then estimated using the popoolation Variance- sliding.pl script 
with a minimum allele count of two. When it calculates π and Tajima's 
D, popoolation accounts for the bias introduced by pooling and se-
quencing errors (Kofler, Orozco- terWengel, et al., 2011).

To estimate pairwise FST, we combined the alignment files of 
the two pools to produce a single mpileup file using samtools. The 
resulting file was then converted into a synchronized file following 
popoolation2's manual. Finally, FST was calculated using fst- sliding.pl 
available under popoolation2 (Kofler, Pandey, et al., 2011).

All three estimates were computed in 100- kb nonoverlapping 
windows across the 30 largest scaffolds. To reduce the number of 
falsely called variants in duplicated and repetitive regions in the ge-
nome, we only considered positions with a coverage ranging from a 
minimum of 10× to the top 2% in each pool (i.e., Tenerife: 79× and 
Itabuna: 75×).

2.11  |  Repeat quantification and TE insertions 
identification

We used dnapipete (version 1.3.1) (Goubert et al., 2015) to assemble, 
annotate and quantify the repeatome in the two pool data sets using 
raw reads from each sample.

dnapipete was run on low- coverage read samples (- genome_cover-
age 0.1×) from each population with four iterations (- sample_number 
4). To avoid reference biases, we used a TE library combining the 
RepBase (version 25.04) (Jurka et al., 2005) and the Dfam library 
(release Dfam_3.2) (Hubley et al., 2016). We applied an increasing 
number of iterations (two to five) and found that four iterations per-
formed best as this value maximized the N50 of the assembled re-
peat contigs.

To estimate TE abundance and frequencies of both reference 
and de novo TE insertions in the two studied populations we used 
popoolationte2 (Kofler et al., 2016). First, the reference genome was 
masked using repeatmasker. Then, the masked genome was combined 
with the TE library to produce a TE- merged reference genome. 
popoolationte2 also requires a TE hierarchy that was generated using 
for every entry in the TE library its id, order and family information.

http://lh3lh3.users.sourceforge.net/snpable.shtml
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Paired- end reads from the two populations were mapped to the 
TE- merged reference genome with bwa- bwasw (Li & Durbin, 2009) 
and paired- end information was recovered with popoolationte2 
se2pe. The resulting bam files were then used to generate a ppileup 
(physical pileup) file using popoolationte2 ppileup with the - - map- qual 
15 option. To correct for insert size differences between populations 
(Figure S4), we subsampled the physical coverage to equal levels 
(target coverage = 20) in the two populations, as recommended by 
Kofler et al. (2016).

Next, we identified TE insertions and their frequency in each sample 
separately by running popoolationte2 with the following changes to the 
default parameters: (i) identifySignatures (- - min- count 2), (ii) frequency, 
(iii) filterSignatures (- - max- otherte- count 2 - - max- structvar- count 2) and 
(iv) pairupSignatures (- - min- distance - 200 - - max- distance 300).

All TE insertions were then categorized based on their frequency 
in each population, as low frequency (<25%), common (25%– 95%) 
and fixed (>95%) TE insertions.

We performed Pearson's Chi- squared analyses to test for differ-
ences between genomic regions and populations.

All statistical analysis and figures were produced using R (version 
4.0.2) (R Core Team, 2020).

3  |  RESULTS

We generated a new assembly Cobs2.1 (193.05 Mb) that is more 
contiguous than Cobs1.4 (177.9 Mb), comprising only 127 scaffolds 
(sN50 = 6.29 Mb, lN50 = 11; Table S4) instead of 1854 scaffolds and 
containing 98.3% complete BUSCOs (0.5% duplications).

By combining homology-  and RNA- seq- based predictions and 
after filtering for putative TE- encoded genes, we produced a final 
gene set containing 20,966 coding genes with 36,624 transcripts.

We identify 34 TE enriched regions between 41.7 kb and 
2.05 Mb in size (24.57 Mb in total) (Figure 1a; Figure S1; Table 

F I G U R E  1  Genomic organization and architecture in Cardiocondyla obscurior. (a) Relative content of exonic and TE- derived sequences 
along the eight largest scaffolds of the C. obscurior genome. Shown are DNA transposons (DNA), long interspersed nuclear element (LINE) 
and long terminal repeat (LTR) retrotransposons, as well as other TEs (other). The genome is well structured into TE- poor regions (“low- 
density regions,” LDRs) and TE- rich regions (“TE islands,” orange highlights). Blue triangles indicate the genomic position of odorant receptor 
(OR) genes. (b) Kimura distance- based copy divergence analysis of TEs in C. obscurior. The smaller inset panel shows Kimura distance- based 
divergence of different LTR families. Low Kimura distance values (x- axis) correspond to TE copies (as proportion of the genome) that did 
not diverge from the consensus sequence (i.e., recent copies), while high k- values correspond to more divergent copies (i.e., old copies). The 
shape of the distribution with a peak at 0 divergence suggests recent activity of TEs, particularly the LTR/Gypsy family

(a)

(b)
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S5). With only 2111 protein coding genes, gene density is signifi-
cantly reduced in TE islands relative to LDRs (Fisher's exact test, 
p < 2.2e- 16), but they are enriched for odorant receptor (OR) genes 
(e.g., GO:0004984, olfactory receptor activity, p = .00012, parent- 
child tests) (Figure 1a) and fatty acid synthase (FAS) genes (e.g., 
GO:0050660, flavin adenine dinucleotide binding, p = .00056, 
parent– child tests) (Table S6), confirming previous findings 
(Schrader et al., 2014).

To explore the history of TE proliferation in the genome, we ana-
lysed divergence among TE copies using Kimura distances. The pres-
ence of conserved TE copies in the genome indicates TE activity in 
recent times, particularly of the LTR retrotransposons Gypsy family 
(LTR/Gypsy) (Figure 1b).

3.1  |  Populations of C. obscurior belong to two 
discrete lineages

We performed short- read pool sequencing of two samples (pool 
sizes: New World lineage, 30 workers; Old World lineage, 16 
workers) (Figure 2a; Table S1) as well as single individual sequenc-
ing of 12 workers sampled from Itabuna (n = 4), Una (n = 4) and 
Guarujá (n = 4), Brazil, in addition to four workers collected from 
Leiden (n = 2), Netherlands, and Taipei (n = 2), Taiwan (Table S1, see 
Methods for details on sampling and sequencing).

We conducted a PCA on 115,334 LD- pruned SNP markers, 
showing that PC 1, which explains 82% of the variation, separates 
the data set into two distinct clusters: the New World lineage 

F I G U R E  2  Genetic divergence and 
demographic population history in 
Cardiocondyla obscurior. (a) Sampling 
locations of the New World lineage 
populations collected from Brazil, and 
populations of the Old World lineage 
collected from Tenerife, Netherlands 
and Taiwan (not shown on the map). 
(b) Principal component analysis based 
on 115,334 SNPs of single and pooled 
samples belonging to the Old and New 
World lineages. PC 2, which only explains 
8% of the variation, separates the Old 
World lineage into two discrete clusters. 
(c) Worker of C. obscurior with two larvae. 
(d) Population history in C. obscurior 
estimated using msmc2 with eight phased 
haplotypes, representing the New and 
Old World lineages respectively. Lines 
and shaded areas are means and 95% 
confidence intervals, respectively

(a)

(c) (d)

(b)

F I G U R E  3  Genetic diversity and differentiation averaged per population in Cardiocondyla obscurior. (a) Genetic differentiation, (b) 
nucleotide diversity (π) and (c) Tajima's D in two populations of C. obscurior, from Tenerife and Itabuna. All estimates were calculated 
in 100- kb nonoverlapping windows across the genome and averaged per population (***p < .0001)

(a) (b) (c)
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(Itabuna and Una) and the Old World lineage (Leiden, Taiwan and 
Tenerife, Figure 2b). Surprisingly, while individuals from Guarujá 
predominantly cluster with the New World lineage, they are 
shifted on PC 1 towards the Old World lineage (with one sam-
ple clustering with the Old World lineage), suggesting ongoing 
genetic admixture between the Old and the New World lineage 
in this population. admixture- based analyses further support this 
finding (Figure S5).

3.2  |  Old and New World lineages diverged 40,000 
generations ago

Modelling divergence history and demographic dynamics of C. ob-
scurior (Figure 2c) revealed similar demographic trajectories. Both 
lineages show a continuous decline in effective population size (Ne) 
from approximately 50,000 to 300 generations ago, consistent with 
a single C. obscurior ancestral population that underwent an ex-
tended bottleneck during this period (Figure 2d). At 200 generations 
ago, Ne increases in both lineages, but particularly in the Old World 
lineage.

Estimates of rCCR (Schiffels & Durbin, 2014) indicate that the 
two lineages started to diverge at least 40,000 generations ago, co-
incidental with the onset of the continuous decline in Ne (Figure 2d). 
Around 5000 generations ago, both lineages were almost com-
pletely isolated (rCCR ≈ 0). A recent increase in rCCR around 4000 
generations ago points to secondary contacts between the lineages. 
Repeating the analysis using four individuals all coming from Itabuna 
resulted in a similar population demographic history (Figure S6).

3.3  |  Populations from Itabuna and Tenerife 
experienced a bottleneck recently and are expanding

While there is little genetic structure between populations of the 
New World lineage from Itabuna and Una (Figure S7), suggest-
ing a single source population, the pooled samples from Tenerife 
and Itabuna show strong genetic differentiation (FST median = 0.91) 
(Figure 3a).

FST compares the levels of genetic variance within populations 
relative to that between populations. Therefore, it is sensitive to 
demographic processes (e.g., bottlenecks or population expansions) 
affecting genetic variation within populations (Chakraborty & Nei, 
1977; Charlesworth, 1998; Hedrick, 1999; Nei, 1973). We thus also 
estimated nucleotide diversity (π) (Nei & Li, 1979) in both popula-
tions using popoolation, correcting for pool size and depth of cov-
erage (Kofler, Orozco- terWengel, et al., 2011). Nucleotide diversity 
is significantly lower in Tenerife (πmedian = 4.43e- 5) compared to 
Itabuna (πmedian = 1.5e- 4) (Figure 3b; Wilcoxon test: W = 1,250,531, 
p < .0001), possibly reflecting that the Tenerife population has been 
introduced more recently.

To better understand the factors that might have caused this dif-
ference between Tenerife and Itabuna, we examined deviation from 

neutrality by estimating Tajima's D in the two populations. Tajima's 
D is a test based on the difference between π and its expected value 
(Watterson's θ [θW]; Watterson, 1975), commonly employed in pop-
ulation genetics to detect signatures of selection, but it also informs 
about demographic processes (Tajima, 1989a, 1989b).

On average, Tajima's D is more negative in Tenerife (me-
dian = −1.93) compared to Itabuna (median = −1.31) (Figure 3c), with 
more genomic regions evolving neutrally (Tajima's D ≈ 0) or under 
balancing selection (Tajima's D > 0) in Itabuna (Figure S8; Fisher's 
exact test, p < 2.2e- 16).

The reduced levels of genetic diversity together with an excess 
of low- frequency variants (as indicated by a negative Tajima's D) 
confirm that both populations are recovering from a recent genetic 
bottleneck, particularly the Tenerife population.

3.4  |  Evolutionary rate in TE islands differs 
between lineages

We previously found that TE islands diverge faster than the rest of 
the genome of C. obscurior, with TE islands harbouring a large frac-
tion of sequence variation identified between the Old and New 
World lineages (Schrader et al., 2014). To investigate this further, 
we analysed intragenomic variation of diversity, neutrality and 
differentiation.

FST is significantly reduced in TE islands (median = 0.67) com-
pared with LDRs (median = 0.92) (Figure 4a; Wilcoxon test: 
W = 306,473, p < .0001), concordant with genetic variation within 
populations being higher in TE islands.

In Tenerife, genetic diversity within TE islands is 32- fold higher 
than in LDRs (Figure 4b, Kruskal– Wallis rank sum test, χ2 = 883.63, 
df = 3, p < .0001; results of pairwise Wilcoxon rank sum post hoc 
tests are displayed on the figure). In the Itabuna population, the in-
crease is only 2.4- fold.

When comparing both populations, we find opposing patterns of 
local genomic variation. In Tenerife, genetic variation in TE islands is 
more than three times higher than in Itabuna. However, we find the 
inverse in LDRs, with Itabuna having almost four times more genetic 
variation than Tenerife (Figure 4b; results of pairwise Wilcoxon rank 
sum post hoc tests are displayed on the figure).

Consistent with this observation, Tajima's D is significantly 
higher in TE islands (median = −0.75) compared to LDRs (me-
dian = −2.04) only in Tenerife (Figure 4c; Kruskal– Wallis rank sum 
test, χ2 = 790.01, df = 3, p < .0001; results of pairwise Wilcoxon rank 
sum post hoc tests are displayed on the figure), but not in Itabuna 
(LDRsmedian = −1.32; TE islands median = −1.27) (Figure 4c).

3.5  |  Introgression introduces genetic variation 
into New World populations

Irrespective of TE content, our genome scans further reveal the ex-
istence of large genomic spans (e.g., on scaffolds 1, 4 and 8) with a 
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distinct pattern of genetic variation and differentiation within LDRs 
in Itabuna, but not in Tenerife (Figure 4a– c; Figures S9– S11).

These blocks range between 4.6 and 6.3 Mb in size, show 1.6- 
fold less differentiation (Wilcoxon test: W = 281,531, p < .0001), 
harbour 6- fold more nucleotide diversity (Wilcoxon test: W = 4529, 
p < .0001) and have a positive Tajima's D (median = 0.72; Wilcoxon 
test: W = 33,948, p < .0001), compared to the LDRs average 
(Figure S12).

Such heterogeneous patterns of genetic variation and differ-
entiation could hint towards intraspecific introgression from the 
Old World lineage into the New World lineage. In fact, new alleles 
brought in after a secondary contact between formerly isolated 
populations can create an excess of common variants. Under such a 
scenario, genetic diversity is expected to increase within the recip-
ient population, causing Tajima's D to become positive and genetic 

differentiation between donor– recipient populations to be lower 
in introgressed regions compared to the remainder of the genome 
(Alcala et al., 2013; Burgarella et al., 2019).

The detected patterns of genetic diversity and differentiation 
within and among populations described above were not affected 
by excluding all potentially introgressed genomic blocks (Figure 
S13).

3.6  |  TEs are more active in the Old World lineage

Given the prominent signature of TEs in the genome of the species, 
we explored whether divergent activity and proliferation of TEs 
could contribute to the structured patterns of genetic diversifica-
tion of both lineages.

F I G U R E  4  Genome- wide distribution of genetic diversity and differentiation of the eight largest Cardiocondyla obscurior genome 
scaffolds. (a) Genetic differentiation (FST), (b) nucleotide diversity (π) and (c) Tajima's D and in two populations of C. obscurior, from Tenerife 
and Itabuna. All estimates were calculated in 100- kb nonoverlapping windows. Regions highlighted in orange are TE islands and in green 
are potentially introgressed regions. Lines and shaded areas are means and 95% confidence intervals, respectively. Violin plots show the 
distribution of each estimate within LDRs and TE islands in each population. Different letters represent significant differences according 
to pairwise Wilcoxon rank sum post hoc tests. Data for other scaffolds (1– 30) are shown in Figures S9– S11

(a)

(b)

(c)
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To identify signatures of recent and/or past TE activity in the two 
lineages, we explored the mobilomes of Tenerife and Itabuna using 
dnapipete (Figure 5a; Table S7). The total genomic coverage of repeats 
is similar in both lineages (~21%), with approximately 50% of the as-
sembled repeats remaining unclassified (Table S7). The presence of 
unclassified repeats indicates that some repeat elements might be 
specific to C. obscurior (i.e., not represented in the combined TE li-
braries used in this analysis).

LTR/Gypsy elements cover 40% more bases in the Tenerife 
population compared to Itabuna, largely explained by an 

overrepresentation of nearly identical copies (i.e., recent TE inser-
tions) (Figure 5a; Table S7). In contrast to LTR/Gypsy elements, pat-
terns for other elements are similar in both populations (Figure 5a; 
Table S7).

Recent activity of TEs should increase the number of low- 
frequency TEs within a population. To test for this, we identified 
de novo as well as reference TE insertions in each population using 
popoolationte2 (Kofler et al., 2016). We classified all detected TE in-
sertions based on their frequency as low frequency (<25%), common 
(25%– 95%) and fixed (>95%) TE insertions (Figure 5b; Table S8).

F I G U R E  5  Repeat content and dynamics in populations of Cardiocondyla obscurior. (a) Divergence between TE copies of the main families 
found in populations of C. obscurior from Itabuna (left) and Tenerife (right), using dnapipete with 0.1× coverage per samples. The shape of 
the distribution with a peak at 0 divergence suggests recent activity of TEs in both populations. The relatively higher peak in Tenerife 
suggests TE activity to recently have been higher in this population. (b) Frequency distribution of TE insertions identified by popoolationte2 
in populations of C. obscurior from Tenerife and Itabuna. The significant (see panel c) shift towards more rare variants in Tenerife suggests 
current transposon activity in the population. (c) Association plot showing the signed contribution to Pearson's χ2 (left panels) and the 
Pearson's χ2 standardized residuals (right panels) calculated for the identified TE insertions. For each population, the identified TE insertions 
were categorized based on their frequency as low frequency (<25%), common (25%– 95%) and fixed (>95%) TE insertions. Blue colour of 
the rectangles indicates a positive correlation, while dark pink indicates a negative correlation between variables on the y-  and x- axis. The 
area of the rectangles is proportional to the difference between observed and expected frequencies of each cell in Table S8. (d) Divergence 
between TE copies of the LTR/Gypsy found in populations of C. obscurior from Tenerife and Itabuna showing the Gypsy- 16_PBa- I element, 
showing a higher abundance of nearly identical copies in the Tenerife population

(a)

(b)

(d)

(c)
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Overall, we identified more TE insertions in Itabuna (9380) 
compared to the Tenerife population (6988). However, the TE fre-
quency distribution in Tenerife is biased towards low- frequency TEs 
(Figure 5b). While common TE insertions are more frequent than 
expected in Itabuna, the number of low- frequency TEs is higher 
than expected in the population from Tenerife (Figure 5c; Table 
S8; Pearson's Chi- squared test: χ2(2) = 89.837, p < .0001). This high 
prevalence of low- frequency TE insertions provides evidence for a 
recent activity of TEs in the Old World lineage population in Tenerife.

In both populations, low- frequency TE insertions are highly 
enriched in LDRs, while fixed insertions are predominantly found 
in TE islands (Table S8; Figure S14; Pearson's Chi- squared tests: 
χ2(2)Itabuna =3,739.1, p < .0001; χ2(2)Tenerife = 2620.5, p < 0.0001). 
These results suggest that mechanisms controlling TEs (e.g., re-
combination and/or selection) act differently between LDRs and 
TE islands, consistent with previous results showing that unlike in 
TE islands, selection against TE insertions in LDRs is much stronger 
(Schrader et al., 2014).

3.7  |  The LTR/Gypsy element CobsR.176 is 
highly active

In- depth investigation of LTR/Gypsy elements revealed that the dif-
ferences between lineages are driven to a large extent by a single 
element, Gypsy- 16_PBa- I, that covers 747 kb (0.39%) of the genome 
in Tenerife compared to only 182.6 kb (0.1%) in Itabuna (Figure 5d). 
After including de novo predicted TEs for C. obscurior, we reanno-
tated the Gypsy- 16_PBa- I from RepBase as the full- length LTR/Gypsy 
CobsR.176. Phylogenetic analyses of the LTR/Gypsy CobsR.176 ele-
ment revealed the presence of 79 nearly identical copies across the 
genome of C. obscurior, indicating recent activity of this element 
(Figure S15).

Taken together, these results indicate a recent activity of TEs, 
particularly of LTR/Gypsy elements in the population from Tenerife 
compared to the population from Itabuna. Most notably, a single ele-
ment, CobsR.176, appears to be more active in the Old World lineage 
compared to the New World lineage.

4  |  DISCUSSION

As a consequence of genetic bottlenecks and inbreeding, introduced 
populations have reduced levels of genetic variation. In many cases, 
however, species can establish populations despite being genetically 
depleted. This process, known as the genetic paradox of invasions, 
has raised the questions of how founder populations evolve. Here, 
we show that in the ant C. obscurior, TE activity and intraspecific hy-
bridization contribute to genetic diversity of introduced populations.

Combining short and long reads we produced a high- quality ge-
nome assembly for C. obscurior that is considerably more contiguous 
than the first published genome Cobs1.4 (Schrader et al., 2014) and 
most other sequenced ant genomes to date (http://antge nomics.dk/

progr ess/; Bonasio et al., 2010; Boomsma et al., 2017; Gao et al., 
2020; Hartke et al., 2019; Konorov et al., 2017; Nygaard et al., 2016; 
Oxley et al., 2014). The new assembly confirms the genome organi-
zation of C. obscurior with prominent TE- rich regions (“TE islands”) 
in a TE- poor genomic background (“LDRs”) (Schrader et al., 2014).

The whole genome sequencing data of pooled as well as single 
individuals deepen our understanding of genome organization, lin-
eage divergence and population dynamics in C. obscurior. Principal 
component and admixture analyses confirm two genetically distinct 
lineages (Oettler et al., 2010; Schrader et al., 2014). The population 
history inference indicates that both lineages diverged ~40,000 
generations ago, and were almost completely separated 5000 gen-
erations ago. These estimates are scaled in generations assuming a 
mutation rate of 3.6 × 10−9 mutations per generation per site, as 
estimated for bumblebees (Liu et al., 2017). Assuming a generation 
time of 3 months (Oettler & Schrempf, 2016), the two lineages thus 
had diverged already by ~10,000 years ago and were almost com-
pletely separated ~1250 years ago. Using mutation rates inferred 
for other insects, that is 2.1 × 10−9 in Chironomus riparius (Oppold & 
Pfenninger, 2017), 2.8 × 10−9 in Drosophila melanogaster (Keightley 
et al., 2014) and 2.9 × 10−9 in Heliconius Melpomene (Keightley et al., 
2015), our models consistently predicted divergence to begin at 
least 12,500 years ago. Hence, the split into two discrete lineages 
preceded anthropogenic factors (e.g., global trade) and it remains 
unclear what initiated the divergence of both lineages in the first 
place. One possible explanation is the emergence of a reproductive 
barrier following acquisition of a novel endosymbiont (Shropshire 
et al., 2020), as hybridization between Old and New World popula-
tions is drastically affected due to incompatible Wolbachia strains in 
C. obscurior (Ün et al., 2021).

We detected a secondary contact between the two lineages 
around 1000 years ago, before becoming fully separated again, 
around 200 years ago. Over this period, effective population size 
drastically decreased in the two lineages and started increasing only 
after the populations were completely separated. This recent in-
crease in estimates of Ne might be correlated with increased trading 
towards the end of the 18th century (Dedinger & Girard, 2017). Thus, 
secondary contacts might have been driven by human commerce.

4.1  |  Introduced populations of C. obscurior exhibit 
low levels of genetic variation

Overall, genetic variation is low in both studied introduced popu-
lations, particularly in the Tenerife population. Such reduction of 
genetic diversity in introduced ranges is a property that is shared 
among a number of invasive species (Comeault et al., 2020; Dlugosch 
& Parker, 2008; Puzey & Vallejo- Marín, 2014; Tsutsui et al., 2000). 
Given that FST estimates are sensitive to the level of within- population 
diversity (Chakraborty & Nei, 1977; Charlesworth, 1998; Hedrick, 
1999; Nei, 1973), genetic differentiation between the Tenerife and 
Itabuna population is very pronounced. Such inflation of pairwise 
FST across populations can be a consequence of processes typical 

http://antgenomics.dk/progress/
http://antgenomics.dk/progress/
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for invasive species such as genetic bottlenecks and inbreeding that 
reduce a population's Ne and diversity. In addition, the populations in 
Tenerife and Itabuna belong to two lineages that diverged for most 
of the last 10,000 years, as shown by the population history analy-
ses. The discovery of recent secondary contacts and introgression, 
however, indicates that hybridization between both lineages does 
occur. We so far only find unidirectional introgression from the Old 
World into the New World lineage, consistent with unidirectional 
cytoplasmic incompatibility (Ün et al., 2021). Such introgression 
events could lead to the displacement of the New World lineage by 
successive hybridization (Bobrov, 1982). Studying ecological interac-
tions of Old World and New World colonies in natural populations, 
the fitness of F1 Old World –  New World hybrids, and the adaptive 
significance of the introgressed regions are necessary to understand 
these phenomena.

In both lineages, genetic diversity and Tajima's D are substan-
tially higher in TE islands compared to the rest of the genome. In 
general, TE- rich regions are expected to have less diversity due 
to background selection (Charlesworth et al., 1993; Hudson & 
Kaplan, 1995) or hitchhiking (Kaplan et al., 1989) operating in low 
recombining regions. The pattern of increased diversity suggests 
that TE islands evolve more dynamically than the remainder of 
the genome. This would resemble patterns so far only described 
in some plant pathogenic fungi, where fast evolving parts of 
the genome are enriched in TEs in a similar manner (Möller & 
Stukenbrock, 2017). The fact that the TE islands of C. obscurior 
are enriched in ORs and FAS genes provides an interesting ave-
nue to evaluate the significance of these high levels of diversity 
in C. obscurior.

Several nonexclusive mechanisms can underlie variation in di-
versity within genomes, such as local differences in mutation rate, 
the density of selection targets, gene flow or the rate of recombi-
nation (Ellegren & Galtier, 2016). Each of these mechanisms might 
indeed play a role in increasing genetic diversity in the gene- sparse 
but repeat- rich genomic islands in C. obscurior. The fact that differ-
ences between LDRs and TE islands are particularly strong in the 
Tenerife population further indicates that these mechanisms are 
shaped also by lineage-  or population- specific factors. For recom-
bination (Dapper & Payseur, 2017) and mutation rates (Baer et al., 
2007; Krašovec et al., 2017; Sniegowski et al., 2000), environmental 
and population- level effects have been described in other species 
as well.

4.2  |  Different mechanisms contribute to genetic 
variation in invasive populations of C. obscurior

A key question is how populations of C. obscurior can cope with the 
challenges imposed by limited genetic variation, resulting from ge-
netic bottlenecks and inbreeding. Our genome- wide surveys in the 
Tenerife and Itabuna population revealed distinct mechanisms that 
contribute to genetic variation and differentiation: the activity of 
TEs and intraspecific introgression.

4.2.1  |  Increased TE activity in the Old World 
lineage population

Our survey of TE dynamics revealed signatures of recent activity of 
TEs in both lineages. Notably, the recent and prominent proliferation 
of Gypsy and other LTR elements separates the genome of C. obscu-
rior from all other ant genomes so far analysed (Petersen et al., 2019). 
Further, our study provides evidence for increased genetic varia-
tion in TE islands. TE proliferation is a mutagenic process (Bourque 
et al., 2018) that can induce structural variants with potentially large 
genomic and phenotypic effects (Kidwell & Lisch, 1997; Schrader 
& Schmitz, 2019). Most TE- induced mutations are expected to be 
neutral or deleterious, requiring the host to establish mechanisms to 
suppress or remove TEs from the genome. In ants and other social 
Hymenoptera, very high recombination rates (Wilfert et al., 2007) 
could function as an efficient defence mechanism against deleteri-
ous TE insertions, such as by removing TEs by nonhomologous re-
combination and by reducing the likelihood of genetic hitchhiking of 
TEs (Kent et al., 2017).

While most TE- induced mutations are deleterious or neu-
tral, they can produce adaptive variants as shown in, for example, 
Drosophila (González et al., 2010; Lenkov et al., 2008; Mateo et al., 
2014; Schmidt et al., 2010), but also plants (Li et al., 2018; Niu et al., 
2019) and other organisms (Casacuberta & González, 2013; Santos 
et al., 2014; Schrader & Schmitz, 2019; Woronik et al., 2019). The 
peculiar genomic architecture with discrete TE islands and the en-
richment of certain genes such as ORs in these regions suggest that 
TEs could indeed be particularly relevant for the evolution of this 
species. Intriguingly, genetic variation particularly in OR genes is 
associated with increased plastic olfactory perception, potentially 
facilitating the exploration of new habitats and exploitation of novel 
resources (Ache & Young, 2005; Anton & Rössler, 2021).

We find higher TE activity in the Tenerife population. Whether 
this increased activity of TEs is a lineage- specific trait or possi-
bly unique for the population is unclear. Intriguingly, studies in 
Drosophila suzukii found similar patterns with a recent surge in TE 
activity coinciding with the range expansion of this species (Mérel 
et al., 2021). Further, in plant pathogenic fungi with a genomic com-
partmentalization similar to that C. obscurior, the role of TEs in the 
rapid emergence of adaptive changes is well documented (Möller & 
Stukenbrock, 2017).

4.2.2  |  Introgression from the Old World lineage 
into the New World populations

The existence of genomic regions harbouring higher than average 
nucleotide diversity, showing a positive Tajima's D and a lower than 
average genetic differentiation, only in the Itabuna population in-
dicates a genomic footprint of introgression between the lineages 
(Alcala et al., 2013; Burgarella et al., 2019). This is also consistent 
with the observation that the two lineages co- occur in Guarujá. 
Hence, intraspecific hybridization between the two lineages could 
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occur in this location. However, detailed statistical analyses using 
D and f statistics (Malinsky et al., 2021; Patterson et al., 2012) using 
individual- level data and screens of populations worldwide are 
needed to resolve the history of introgression events and the routes 
of introduction of this ant.

Genetic admixture through multiple introductions can provide 
gains of genetic diversity within introduced populations, thus in-
creasing their fitness as well as their adaptive potential (Barker et al., 
2017; Dlugosch & Parker, 2008; Facon et al., 2008; Keller & Taylor, 
2010; Kolbe et al., 2004, 2007). Additionally, admixture can create 
new genotypes/phenotypes, increasing the adaptive potential of 
the colonizing populations (Nolte et al., 2009; Rius & Darling, 2014; 
van Boheemen et al., 2017; Verhoeven et al., 2011). The outcome 
of such hybridization not only would contribute to the successful 
establishment in the novel habitat, but also would allow these intro-
duced populations to persist and even expand their range. Whether 
introgressed haplotypes from Old World populations offer adap-
tive advantages to the New World populations is unclear. However, 
introgression between closely related species can be adaptive 
(Hedrick, 2013; Martin & Jiggins, 2017) and selection can favour ad-
mixed individuals due to increased fitness (Nolte et al., 2009). This 
is particularly relevant for genetically depauperate incipient popula-
tions of invasive species. Several studies have provided insights on 
the role of introgression in promoting range expansion and adapta-
tion to disturbed habitats. Examples include the mosquito Anopheles 
gambiae and the moth Helicoverpa armigera, where introgression pro-
moted the expansion beyond their native ranges (Ayala et al., 2019; 
Sharakhov et al., 2006; Valencia- Montoya et al., 2020). In the latter 
example, it has also been shown that a region responsible for insec-
ticide resistance was introgressed from the invasive into a local moth 
species, highlighting the potential role of introgression in adding to 
the native gene repertoire (Valencia- Montoya et al., 2020).

Pool- seq is a powerful technique for estimating allele frequencies 
(Schlötterer et al., 2014). However, its accuracy depends on several 
factors, including pool size, sequencing coverage and the true con-
tribution of each individual to the final pool (Schlötterer et al., 2014; 
Zhu et al., 2012). Although we sequenced our pools to a sufficiently 
high coverage (>73×), unequal pool sizes and/or the possibility of 
unequal contributions of each individual to the pools could limit the 
resolution of this initial study on population- level TE dynamics in this 
invasive species. Further studies using single individual resequenc-
ing data will be necessary to gain a deeper understanding of these 
dynamics in C. obscurior.

5  |  CONCLUSION

Our study provides evidence that TE activity and intraspecific hybrid-
ization between differentiated populations are important sources 
of genetic variation in genetically depleted invasive populations of 
C. obscurior. The uncommon genomic architecture paired with the 
recent TE activity could add to the invasive potential of this species. 

Unravelling whether stress- responsive mechanisms play a role in the 
activation of TEs or whether TEs are continuously active in the ge-
nome will help us to understand how TEs shape the genetic variation 
of invasive populations. While the role of TEs in invasion biology is 
acknowledged by a growing body of research (Lee & Wang, 2018; 
Stapley et al., 2015), we are far from differentiating general principles 
from special cases. There is also mounting evidence for the adaptive 
potential of introgression in a number of plant and animal species 
(Burgarella et al., 2019; Hedrick, 2013), encouraging further studies 
to unravel the impact of introgression and TEs in invasive species.
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