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Abstract

Cultivation and naturalization of plants beyond their natural range can bring previously geographically isolated taxa together,
thereby increasing the opportunity for hybridization and inter-specific gene flow, the outcomes of which are not predictable.
These anthropogenic events therefore allow us to study how hybridization and inter-specific gene flow affect genetic and phe-
notypic diversity. Here, we explore the phenotypic and genomic effects of increased inter-specific gene flow following the
re-introduction of the cultivated Mentha spicata (spearmint) into the ranges of the native mints M. longifolia and M. suave-
olens. Using morphological analyses, we show that the cultivated M. spicata has altered trichome characters, which is likely a
product of human imposed selection for a more palatable plant or a byproduct of selection on essential oil production. Using
whole genome sequencing, we then show that there is extensive genetic admixture between the morphologically defined mint
taxa that to some extent is mediated by the cultivated M. spicata. This has, at least partially, resulted in a breakdown of
the species barriers. However, despite this breakdown, we find that genetic variants associated with the cultivated trichome
morphology continue to segregate in cultivated, naturalized, and wild populations and we identify three genes that may function
in the production of the characteristic aromatic oils of mints. Although hybridization can increase species richness by forming
new hybrid taxa, we here show that unless reproductive barriers are strong it can also merge species into population/coalescent
complexes over evolutionary time.

INTRODUCTION

Cultivation of plants beyond their native ranges has a long history (Hobhouse, 1992; Huxley, 1978; Reichard
& White, 2001). Although we often associate this anthropogenic practice with our staple crops, hundreds
of plants are currently cultivated. While cultivation provides valuable resources to humans, it can have
detrimental effects on the native flora, especially when alien taxa escape their cultivated lifestyle and re-
establish themselves in the wild within or outside their native ranges (Todesco et al., 2016; Quilodrán et
al., 2020b). Naturalized taxa can for example be highly invasive and outcompete native species (Anderson,
Galatowitsch, & Gomez, 2006; Downey & Richardson, 2016). In addition, naturalizations can also increase
the opportunities for hybridization and inter-specific gene flow when previously isolated taxa are brought
together (Owen et al., 2020).

Hybridization and gene flow are major drivers of speciation and trait evolution in plants (Anderson &
Stebbins, 1954; Ellstrand & Schierenbeck, 2000; Morjan & Rieseberg, 2004; Otto & Whitton, 2000; Rieseberg,
1995; Rieseberg & Burke, 2001; Schierenbeck & Ellstrand, 2009; Soltis et al., 2009; Soltis, Marchant, Van
de Peer, & Solitis, 2015; Stebbins, 1959; Yakimowski & Rieseberg, 2014). Gene flow between divergent
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lineages can increase genetic diversity and establish novel stable hybrids that are reproductively isolated
from their parental species, by for example allopolyploidization or clonal propagation, and thus can evolve
into new species (Ainouche et al., 2009; Ellstrand & Schierenbeck, 2000; Grant, 1981; Mallet, 2007; Morjan &
Rieseberg, 2004; Rieseberg & Burke, 2001; Schierenbeck & Ellstrand, 2009; Todesco et al., 2016; Quilodrán et
al., 2020a). However, if the isolating barriers between hybrids and parental taxa are weak, continued gene flow
between them can result in homogenization and ultimately genetic swamping with the formation of coalescent
complexes (hybrid swarms; Beninde, Feldmeier, Veith, & Hochkirch, 2018; Ellstrand & Schierenbeck, 2000;
Pinto et al., 2005; Todesco et al., 2016; Quilodrán et al., 2020a). Hybridization can therefore promote the
loss of species by merging previously separated taxa (Owens & Samuk, 2020; Todesco et al., 2016; Quilodrán
et al., 2020a). Here we explore the genomic and phenotypic consequences of frequent inter-specific gene flow
following cultivation and naturalization using mints (Mentha ) as our study system.

Mints are aromatic herbs with cosmopolitan distributions. Several mints are widely cultivated in many parts
of the world for culinary use and for extraction of essential oils used as flavoring agents (Gobert, Moja,
Colson, & Taberlet, 2002; Singh & Pandey, 2018; Tucker, 2012; Vining et al., 2020). Although Mentha is
a relatively small genus, it is highly diverse due to inter-fertility between many taxa and numerous hybrid
species are recognized (Gobert et al., 2002; Tucker et al., 1980; Tucker & Naczi, 2007). Most mint hybrids
are sterile but can successfully propagate clonally using rhizomes (Harley & Brighton, 1977; Gobert et
al., 2002). Exceptions to this are hybrids between the two diploid species M. longifolia (2n=24) and M.
suaveolens (2n=24; Chambers & Hummer, 1994; Harley & Brighton, 1977; Sobti, 1965). In Europe, where
these two taxa are sympatric, they can spontaneously hybridize forming the partly fertile hybrid complexM.
× rotundifolia (Harley & Brighton, 1977). In addition, the widely cultivated M. spicata (spearmint; Singh &
Pandey, 2018; Vining et al., 2020) is often described as an allopolyploid (2n=48) formed from hybridization of
M. longifolia and M. suaveolens (Chambers & Hummer, 1994; Gobert et al., 2002; Harley & Brighton, 1977;
Sobti, 1965; Tucker et al., 1980; Tucker & Naczi, 2007). However, the allopolyploid status of M. spicata has
been questioned (Heylen, Debortoli, Marescaux, & Olofsson, 2021) and chromosome counts range between
36 and 72 (Ahmad, Tyagi, Raghuvanshi, & Bahl, 1992; Chambers & Hummer, 1994; Sobti, 1965). Similarly,
there are reports of polyploid chromosome counts (2n=36/48) for M. longifolia (Chambers & Hummer, 1994;
Harley & Brighton, 1977; Sobti, 1965).

Mentha spicata and its hybrid with M. aquatica , i.e.M. × piperita (peppermint), are the most widely
cultivated mints (Salehi et al., 2018). The exact origin of M. spicata is unknown, but some studies suggest
that it was formed in cultivation (Harley & Brighton, 1977; Tucker, 2012). Although M. spicata is considered
native to most of continental Europe, the Middle East, and southern Asia, it has also spread widely from
cultivated plants obscuring its natural range and population size (Gobert et al., 2002; Harley & Brighton,
1977; Vining et al., 2020). Outside of the presumably native range, M. spicata is currently naturalized
in most geographic regions with a warm-temperate climate overlapping, and exceeding, that of the two
hypothesized parental taxa (Harley & Brighton, 1977; Vining et al., 2020). Despite the reported differences
in ploidy, M. spicata frequently forms hybrids with both M. longifolia and M. suaveolens but the offspring
(M. ×villosa-nervata and M. × villosa , respectively) are believed to be sterile due to their theoretical triploid
status (Chambers & Hummer, 1994; Harley & Brighton, 1977; Gobert et al., 2002). The re-establishment
of cultivated M. spicata in its native range creates an excellent opportunity to study the phenotypic and
genotypic consequences of increased opportunities for hybridization.

Here we take advantage of the biodiversity stored in herbarium collections that allows for evaluations of spe-
cimens collected over large geographic regions (Bieker & Martin, 2018). We first evaluate the morphological
spaces of the cultivated M. spicata , the native species (M. longifolia and M. suaveolens ), and their hybrids
(M. × rotundifolia ). We then use whole genome sequencing to (1) establish patterns of genetic admixture
and gene flow between taxa, (2) infer the genomic histories of M. xrotundifolia and M. spicata , and (3) test
the hypothesis that increased opportunities for inter-specific gene flow following the naturalization of the
cultivated M. spicata has laid the foundation for the formation of a coalescent complex.

MATERIALS AND METHODS
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. Sample selection and herbarium label interpretations

A total of 155 herbarium specimens of Mentha subgen.Mentha were obtained from the herbaria at Lund Uni-
versity, Sweden (LD), Uppsala University, Sweden (UPS), and Oskarshamn, Sweden (OHN); Table S1. Spe-
cimens were selected based on the plant identification by the collector(s) and/or subsequent re-identifications
by botanists, with the aim to include the taxa, M. longifolia , M. suaveolens ,M. spicata , and the hybrid
M. × rotundifolia(M. longifolia × suaveolens ). However, many specimens were re-identified based on the
result of our morphometric analyses (see below). From here on, the taxon names M. longifolia (L.) L.,M.
suaveolens Ehrh., M. spicata L. and M. capensisThunb. (and their hybrids) are used to denote those groups
of specimens identified by the morphometric analyses that most closely correspond to the morphological de-
scriptions of these species in standard floras (Stace, 1993; Tutin, 2010). However, it should be stressed that
these morphologically defined groups may not exactly correspond to the biological species that previous au-
thors have referred to by these names, nor to their nomenclatural types. All specimens were morphologically
evaluated and a subset of 93 samples were whole genome sequenced.

Morphological characters and statistical analyses

A total of 34 morphological characters were selected for the analyses and scored for all specimens (Table S2).
Characters were selected to cover all parts of the plant generally available on herbarium specimens (stem,
leaves, calyces, flowers, and sexual organs) and care was taken to avoid intrinsically dependent characters as
well as characters directly related to the size/vigour of the plant. Indumentum characters are widely used,
and generally considered important, in Menthataxonomy (Šarić-Kundalić et al., 2009; Yu et al., 2018) and
ten characters referring to various types of trichomes were therefore included (Table S2). All characters
were treated as continuous traits, although some were scored as multiple categories (Table S2). Cases of
missing data were treated by mean value imputations. The morphometric data was analyzed using Principal
Component Analyses (PCA) conducted in R v.3.6.3 (R Core Team, 2021) and sub-clusters of specimens were
visually identified. To illustrate and assess the importance of indumentum characters, separate PCAs were
conducted first excluding all characters referring to the density or structure of trichomes and secondly only
including the characters of indumentum (Table S2). In addition, detailed analyses of the distributions of
indumentum characters between different taxa were conducted.

DNA extraction, library construction, and Illumina sequencing

A total of 93 specimens were whole genome sequenced at the Geogenetics Sequencing Core (GLOBE Institute,
University of Copenhagen, Denmark). Total genomic DNA was extracted from approximately a 1–3 cm2 piece
of dried (herbarium mounted) material from a single leaf. In cases of small leaves, a single whole leaf was used.
The leaf material was ground to a powder using TissueLyser II (Qiagen, Hilden, Germany) and DNA was
extracted using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) following manufacturer’s protocol.
The amount of extracted DNA was estimated using the Qubit double-stranded DNA High-Sensitivity Assay
kit (ThermoFisher Scientific, USA).

A total of 4.6–110 ng DNA was fragmented using the 96 plate set-up in a Covaris LE220-plus (Covaris,
Woburn, USA) to a target insert size of 300 bp and 32 μl of fragmented DNA (4.2-100 ng) was used to build
shot-gun sequencing libraries using the BEST protocol (Carøe et al., 2018). The final library concentrations
were evaluated with quantitative PCR (Mx3005; Agilent Technologies) and libraries were amplified (25 μl
reaction volume) with the desired number of PCR cycles (Table S1) adding indices to the P5 and P7 end of
the libraries according to Carøe et al. (2018). A total of 41–47 compatible libraries from the same or different
projects were pooled in equimolar concentrations and each pool was paired-end sequenced (100bp or 150 bp;
Table S1) on one lane of Illumina NovaSeq6000. For 24 samples additional sequencing was performed (Table
S1). Libraries were re-built as above and pooled in equimolar concentrations and paired-end sequenced (150
bp) on one lane of Illumina NovaSeq6000.

For 24 samples (Table S1) single indexed libraries were built using the NEBNext Ultra II FS DNA Library
Prep Kit (Illumina) adjusting the fragmentation time to 25 min for a target insert size of 160 bp and PCR
amplified with 12 cycles. The resulting libraries were pooled in equimolar concentrations and single-end
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. sequenced (80 bp) on one lane of Illumina HiSeq4000 (Table S1).

Raw reads were quality filtered in AdaptorRemoval v.2.3.1 (Schubert, Lindgreen, & Orlando, 2016) removing
adaptor sequences, ambiguous bases (N), and consecutive bases with low quality (Q<20) from both the 5’
and 3’ termini. Trimmed reads shorter than 25 bp and with more than 20 ambiguous bases after the quality
filtering were discarded. All other settings were default. Finally overlapping pair-end reads were collapsed
and all paired-end reads without a mate were discarded.

Chloroplast alignment and phylogenetics

Quality filtered and trimmed reads were mapped to the Mentha longifolia plastome (GenBank NC 032054,
masking one of the inverted repeats) using bowtie2 v.2.3.4.3 (Langmead & Salzberg, 2012; Langmead, Wilks
Antonescu, & Charles, 2019) with default settings. Mapped reads were quality filtered using SAMtools v.1.9
(Danecek et al., 2021) removing all reads mapping with a mapping quality score below 20 and PCR duplicated
reads were removed using PicardTools v.2.25.2 (https://github.com/broadinstitute/picard). For each sample
a consensus sequence was extracted using BCFtools v.1.9 (Danecek et al., 2021) and all ambiguous bases were
recorded as N. Plastomes were aligned in mafft v.7.392 (Katoh & Standley, 2013) with default settings and
a bootstrapped maximum-likelihood phylogenetic tree was inferred in RaxML v.8.2.11 (Stamatakis, 2014)
with a GTR+G+I mutation model usingSalvia an outgroup (Li et al., 2016; NCBI Genebank accessions:
NC 050898, MN520020, MN520021, NC 038165, MG772529, MN520019, NC 050897, MN520023, and NC -
050900).

Genomic clustering and admixture analyses

The quality filtered and trimmed reads were mapped to the M. longifolia reference genome (GCA -
001642375.1 Mlong1.0; Vining et al., 2017) using bowtie2 with default settings. Mapped reads were qua-
lity filtered as outlined above and reads previously identified to map to the plastome were removed. The
quality filtered mapping files were used to call single nucleotide polymorphisms (SNPs) in angsd v.0.931
(Korneliussen, Albrechtsen, & Nielsen, 2014). Only SNPs with less than 50% missing data across all indi-
viduals were retained and maximum depth to call a SNP within an individual was set to 50. SNPs were
called using the SAMtools option and only genotypes with a posterior probability above 0.95 were used in
downstream analyses. Genomic clusters were evaluated from the nuclear SNPs in PCangsd v.0.95 (Meisner
& Albrechtsen, 2018) with default settings. The resulting covariance matrices were converted to eigen-values
and visualized in R. Genomic admixture was evaluated using the nuclear SNPs in NGSadmix v3.2 (Skotte,
Korneliussen, & Albrechtsen, 2013) with K increasing from 1 to 10. The best fit K was evaluated using the
method of Evanno, Regnaut, and Goudet (2005) implemented in CLUMPAK (Kopelman et al., 2015) using
ten independent runs of NGSasmix for each K .

Estimating ploidy

Since the study was based on herbarium vouchers, chromosome counting or genome size estimates by flow
cytometry were not possible. Instead, we bioinformatically estimated the ploidy of 32 specimens for which we
obtained an estimated nuclear genome coverage of at least three following mapping. Data for each specimen
were merged and used to estimate ploidy in HMMploidy, a program that combines information of sequencing
depth and genotype likelihoods to estimate ploidy levels (Soraggi et al., 2021). A multi-sample mpileup file
was generated in SAMtools v.1.10 for all genome scaffolds longer than 10kb using only reads with a minimum
mapping quality of 30 and only calling sites with a minimum quality of 30, counting anomalous reads, and
setting the maximum per-file depth to 50. Genotype likelihoods were then calculated in HMMPloidy using
default settings and ploidy levels were inferred in 10kb windows (total of 5,224 windows). The percentage
of 10kb windows supporting each ploidy level (1n-4n; no windows supported a ploidy level larger than 4n)
were calculated. Specimens for which at least 60% of the windows supported a single ploidy were assigned
to one of four categories: 1n=“likely diploid”, 2n=“diploid”, 3n=“likely polyploid”, or 4n=“polyploid”. The
estimates for specimens not assigned to any of these categories were considered uncertain.
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. FST-outlier detection, transcriptome analyses, and evaluations of site frequencies spectra

Genetic distances between groups of specimens were evaluated by means of pairwise F ST (Weir & Cockerham,
1984). The pairwise F ST was calculated in VCFtools v.0.1.16 (Danecek et al., 2011) from all SNPs. Negative
values ofF ST were converted to zero and the meanF ST value for each contig/scaffold of the reference genome
was calculated as well as the mean and medianF ST across all SNPs. The distribution of contig/scaffold F

ST values were visualized using R and the contigs/scaffolds with the top 1% F STvalues were defined as
outliers.

Transcriptomes for M. × piperita (Figueroa-Pérez, Reymoso-Camacho, Garcia-Ortega, & Guevara-Conzález,
2018) and M. spicata (Jin et al., 2014) were downloaded and re-assembled. In short, raw reads were cleaned
and trimmed in TrimGalore v.0.6.7 (https://zenodo.org/badge/latestdoi/62039322) removing bases with Q
< 20 and reads shorter than 50 base pairs or containing any ambiguous base (N). The cleaned reads were
then used to assemble transcripts with Trinity v.2.11.00 (Grabherr et al., 2011) with default parameters.
The sequences of F ST-outlier contigs/scaffolds were extracted and used as databases for blast-searches of
all re-assembled mint transcripts with default settings in BLAST v.2.9.0 (Altschul, Gish, Miller, Myers, &
Lipman, 1990; Ye,, McGinnis, & Madden, 2006). Transcripts with top blast-hits longer than 300 bp and with
an e-value below 1e-5 were extracted and annotations by extracting the top tblastx-hit (>100 amino acids
and e-value < 1e-5) to the UniProt database (The UniProt Consortium, 2021).

Folded site frequency spectra (SFS) were finally calculated in angsd for each morphologically defined group
of specimens (see Results) and all SNPs used in the genomic cluster and admixture analyses.

RESULTS

Trichome characters distinguish morphological groups

A PCA of all assessed morphological characters (Tables S2 and S3) separates the specimens rather well.
The first component (PC1) separated the cultivated M. spicata from the other mints, while PC2 separates
the two native mints (M. longifolia and M. suaveolens ) with the hybrid M. × rotundifolia (M. longifolia
× suaveolens ) falling intermediate (Figure 1a). However, the separation between M. longifolia and M.
×rotundifolia is not very clear (Figure 1a). Five specimens were identified as M. × villosa (M. suaveolens
×spicata ), one as M. × villosa-nervata (M. longifolia × spicata ), and one as M. capensis , a South-African
close relative of the EurasianM.longifolia /M.spicata (Figure 1). Although the clustering of specimens in the
morphological space is overall consistent with current taxonomic assignment, the distinction of M. spicata is
largely driven by trichome characters and when these are removed there is a much more cloud-like projection
(Figure 1b). There is however, a tendency for the taxonomic units to roughly separate on the first PC with
M. × rotundifolia intermediate to M. longifolia and M. suaveolens (Figure 1b). The importance of trichome
morphology is particularly evident when only characters of indumentum are considered which results in a
projection of specimens resembling that of the overall analysis and where the first PC explains as much as
53.3% of the variation among specimens (Figure 1c).

Distribution analyses of the indumentum characters show that the two wild taxa have large variations in
characters of indumentum, withM. longifolia generally being more ‘hairy’ than M. suaveolens , and branched
trichomes are almost exclusively found in the latter (Figure S1 and S2). However, while the hybrid M. ×
rotundifolia show large variation in indumentum with distributions mostly resembling that of M. longifolia
, the widely cultivatedM. spicata shows less variation and is less hairy, mostly with distributions outside of
the ranges of the native taxa (Figures S1 and S2).

Genomic clusters represent different admixture histories

In accordance with previous results, Mentha is resolved as monophyletic in relation to Salvia in the plastome
phylogeny (Figure S3a; Li et al., 2016). However, the taxa within Menthaare polyphyletic although M.
longifolia and M. suaveolensare mostly separated into different lineages (Figure S3b). Specimens identified as
the hybrid M. × rotundifolia are found intermingled with both M. longifolia and M. suaveolens(Figure S3b).
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. In contrast, with the exception of a single specimen, all specimens identified as M. spicata are monophyletic
and found together with a subset of the M. longifolia specimens (Figure S3b).

Genomic clustering was performed by means of PCA, and similar to the morphological analyses there is a
separation of M. longifolia(long) and M. suaveolens (sua) on the first PC (11%; Figure 2a). Intermediate
to these taxa there are three relatively distinct groups of specimens that are consistent with the hybrid M.
×rotundifolia although a few samples of M. longifolia are also found in these clusters (rot1-3; Figure 2a).
The genetic distinction between M. longifolia and M. spicata is more elusive with specimens only somewhat
separating along the second PC (4%; Figure 2a). Some specimens mostly morphologically identified asM.
spicata (spi1) do however, form a separate cluster on the positive extremes of the second PC (spi1; Figure
2a).

Overall, the admixture analysis reflects the genomic clustering with the best-fit number of population groups
(K ) being two with other smaller optima at four and six (Figures 2 and S4). The specimens separating on
the first genomic PC form five groups with distinct admixture profiles (Figure 2b). Based on the morphology
of these specimens the three admixed groups genomically resemble F1 crosses between M. longifolia and
M. suaveolens (M. ×rotundifolia ) as well as backcrosses to either parent (Figure 2b). Most specimens
morphologically recognized as M. spicata are also admixed (Figures 2b). However, when the number of
populations (K ) is increased it is clear that the admixture histories ofM. × rotundifolia and M. spicata are
different (Figure 2b and S4b). When three respective four populations are considered, the two M. spicata
clusters (spi1 and spi2; Figure 2a) forms separate populations but a few specimens morphologically identified
as M. spicata still appear admixed (Figure 2b). The specimens with more central positions in the genomic
PCA show admixture proportions consistent with mixing of all gene pools (Figures 2 and S4). However, our
admixture analyses cannot decisively exclude that some patterns are caused by admixture with other species
not included in our study.

Although, there is an overall agreement between the morphological and genomic analyses there are also
a few cases of miss-matches. In particular a few specimens morphologically identified as M. ×rotundifolia
are found intermingled with other genomic groups, as well as intermediate to the two groups of M. spicata
(rot4; Figure 2a) and these specimens show admixture proportions consistent with their genomic cluster as-
signments (Figure 2b). In addition, a few specimens morphologically identified as M. spicata are genomically
indistinguishable from M. longifolia and a few specimens morphologically identified as M. longifolia were
found to be admixed (Figure 2b).

Estimations of ploidy

The differences in genomic histories between M. spicata andM. × rotundifolia can potentially be explained
by differences in ploidy (Chambers & Hummer, 1994; Harley & Brighton, 1977). The ploidy estimates
using HMMploidy were variable and somewhat consistent with previously reported chromosome counts.
Although our estimates are uncertain, they suggest that specimens morphologically assigned as M. spicata
are polyploids and those assigned asM. suaveolens are diploids (Table 1). The estimates forM.longifolia and
M. × rotundifolia are variable (Table 1). Generally, specimens morphologically assigned as M. longifoliaand
not inferred as admixed were estimated to be diploids whereas specimens morphologically assigned as M. ×
rotundifolia were estimated to be “likely polyploids” or “polyploids” (Table 1).

Low levels of genetic differentiation and shared polymorphisms

To understand the level of genetic differentiation between morphologically defined taxa and genomic clus-
ters, analyses of pairwiseF ST were performed between groups of specimens. Overall, there is low genetic
differentiation between both morphological and genomic clusters with mean scaffold F STvalues well below
0.2 (Table 2). A large proportion of scaffolds show no differentiation (F ST=0), but a few scaffolds show
high F ST-values (>0.5; Table 2 and Figures S5 and S6). Although M. × rotundifolia andM. spicata are
overall more distant to M. suaveolens than to M. longifolia (Table 2), there is variation inF ST between the
different genomic groups and the respective parental taxa (Table 2). In particular, the genomic cluster spi2
is very similar to M. longifolia (Table 2). Despite the detected difference in admixture history between M.
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. spicata andM. × rotundifolia (Figure 2b) the genetic distance between them is small (Table 2).

Given the small genetic differences between groups of specimens, analyses of shared polymorphisms were
conducted. Overall, there is a large overlap in the polymorphic sites between groups of specimens andM.
spicata or M. × rotundifolia show no SNPs not found within either M. longifolia or M. suaveolens (Figure
3a). Despite the overall sharing of polymorphic sites, the site frequency spectra (SFS) for each morphological
group do show differences in allele frequencies (Figure 3b). In particular, the SFS of M. spicata and M. ×
rotundifolia are shifted to higher proportions of sites with a higher frequency of the alternative allele (Figures
3b). However, a very low number of sites show complete fixation of an alternative allele (Figures 3b). This
is not surprising forM. longifolia as such sites would be private SNPs in the reference genome. However, the
low proportion of fixed differences in relation on the reference genome for the other analyzed taxa further
supports their close relationships.

Outlier scaffolds encodes genes with functions in reproduction, stress responses, and produc-
tion of volatile compounds

Although there overall are low levels of genetic differentiation between the morphological and genomic groups
of specimens, there are 157 scaffolds with high F ST between groups of specimens (top 1% outliers) potentially
indicating signs of divergent selection. A total of 1,846 Mentha transcripts (Figueroa-Pérez et al., 2018; Jin
et al., 2014) have a top BLAST match longer than 300 bp with an e-value less than 1e-5 to one of the 1%F

ST-outlier scaffolds. Of these, 534 transcripts have a top BLAST match longer than 100 and an e-value less
than 1e-5 to a total of 116 different entries in UniProt (The UniProt Consortium, 2021), and could thus be
annotated. The vast majority (82; 71%) were matches to a plant record and most of these have a described
function (Table S4). Although the functions are diverse, nine transcripts were annotated to have functions
relating to reproduction/fertility, and in particular to pollen recognition (Table S4). In addition, there were
eight transcripts annotated to functions relating to pathogen response, eight had functions related to abiotic
stress response, and there were five annotations involving DNA recombination/transposition (Table S4). Of
particular interest are the three transcripts with functions in the biosynthesis of volatile compounds (VOCs;
Table S4) which potentially are involved in the production of the characteristic aromatic compounds of
mints.

DISCUSSION

Morphological characters associated with cultivation continues to segregate despite genomic
admixture

Despite low levels of genetic differentiation, there are clear morphological separations between specimens
identifiable as Mentha longifolia , M. suaveolens , and M. spicata (Figures 1 and 2 and Table 2). In parti-
cular, M. spicata shows a distinct morphology driven by a shift in indumentum toward fewer and shorter
trichomes (Figures 1, S1, and S2). Mentha spicata is widely cultivated for culinary use and it is therefore pos-
sible that the reduction in characters of indumentum is associated with human selection for a more palatable
plant (less hairy; Harley & Brighton, 1977; Mungúıa-Rosas, Jácome-Flores, Bello-Bedoy, Soĺıs-Montero, &
Ochoa-Estrada, 2019), but not all cultivated mints have smooth stems and leaves. The glands associated
with trichomes are however, the main organs for production of the desired essential mint oils (Fahn, 1979;
Jia, Liu, Gao, & Xin, 2013; McCaskill & Croteau, 1995; Mishra, Lal, Chanotiya, & Dhawan, 2017;Yu et al.,
2018). It is therefore possible that the shift in trichome characters is a byproduct of selection for essential
oil production in cultivation (Maffei, Gallino, & Sacco, 1986; Mishra et al., 2017; Jia et al., 2013, Szabó,
Sárosi, Cserháti, & Ferenczy, 2010). The lack of previously identified genes associated with trichome function
and morphology among F SToutlier scaffolds (Table S4) is likely a result of the polygenic nature of these
characters (Chalvin, Drevensek, Dron, Bendahmane, & Boualem, 2020; Chopra et al., 2019, Figueroa-Pérez
et al., 2019; Mishra et al., 2017) coupled with the large sharing of polymorphic sites betweenM. longifolia and
M. spicata (Figure 3). Our sample size is therefore too small to detect significant genome wide associations
(Hong & Park, 2012). However, three genes; Phospho-2-dehydro-3-deoxyheptonate aldolase 2 (DAHP2; Lan-
ger et al., 2014), Benzyl alcohol O-benzoyltransferase (BEBT1; Boatright et al., 2004; Orlova et al., 2006),
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. and Tetrahydrocannabinolic acid synthase (THCAS; Sirikantaramas et al., 2004), involved in the produc-
tion of volatile organic compounds, were found among theF ST-outlier scaffold (Table S4), indicating that
there indeed is high sequence divergence between different mints for some genes potentially involved in the
production of their characteristic aromatic oils.

Despite the overall genetic similarities between specimens of M. spicata and M. longifolia only a few in-
dividuals morphologically identified as one taxon genetically cluster with the opposite species (Figure 2a).
However, these few cases do suggest that genetic variants associated with human desirable traits can be lost
despite most of the genome otherwise being of a M. spicata origin. More importantly, mismatches between
morphology and genomic clustering suggest that the variants associated with human desirable traits can
enter the genome of other mints through hybridization similar to what has been observed in other systems
(e.g. Fuchs et al., 2016; Karlsson et al., 2016). In addition, some specimens of M. × rotundifolia show admix-
ture profiles and genomic clustering that resemble M. spicata (rot4 and spi1, Figure 2). The morphological
clustering of these specimens suggest that they likely represent cases where gene flow between M. spicata
and M. longifolia has resulted in the loss of genetic variants associated with the cultivated morphology and
that their morphology resemble M. × rotundifolia due to a retention of polymorphisms from M. suaveolens .
Introgression between M. spicata and M. longifolia has previously been suggested (Harley & Brighton, 1977),
but never been evaluated using multiple specimens per species collected across large geographic ranges. Here
we show the genetic admixture between these two species indeed is frequent. However, despite this it is clear
that genetic variants associated with the cultivated morphology continue to segregate in both cultivated and
wild populations.

Independent genomic histories despite admixture from the same gene pools

Although both M. spicata and M. × rotundifolia are generally believed to stem from the same parental
gene pools, our admixture analyses suggest they have independent histories (Figure 2b). While chromosome
counts for M. spicata suggest that it is a polyploid, reports of chromosome counts for M. × rotundifolia are
rare but do point to a diploid status (Chambers & Hummer, 1994; Harley & Brighton, 1977). The usage
of herbarium material prevented cytological evaluations of our samples and we therefore bioinformatically
estimated ploidy using our sequencing data. Our estimates are not conclusive but in combination with our
admixture analyses they do support that M. spicata is an allopolyploid and that M. longifolia is likely
cytomictic with both diploid and polyploid populations (Figure 2 and Table 1). However, the ploidy level
of M. x rotundifolia is more uncertain as most were assigned as “likely polyploid” (triploids; Table 1). The
existence of triploid individuals among the analyzed specimens is not unlikely. However, it is unclear to what
extent HMMploidy is able to distinguish between triploids and tetraploids. For example, tetraploids formed
from the merging of the very closely related genomes of M. longifoliaand M. suaveolens could potentially
appear as triploids due to extensive allele sharing between them (Figure 3). But it is unclear why this would
more often be the case for specimens morphologically assigned as M. x rotundifolia (Table 1). It is possible
that the distinct genomic histories of M. spicata and M. xrotundifolia are linked to differences in ploidy but
no firm conclusions can be made based on our data.

Differences in frequencies of sexual reproduction can also drive the genomic distinction between M. × rotun-
difolia and M. spicata . While M. × rotundifolia exhibits a reduction in fertility, M. spicata is usually
completely fertile (Table S3; Harley & Brighton, 1977). It is therefore possible that M. ×rotundifolia to a
higher degree propagates clonally via rhizomes. However, such a scenario is not completely supported by our
plastome analysis that suggests that most of the analyzed M. ×rotundifolia stem from independent hybridi-
zations while the plastomes of M. spicata are largely homogeneous suggesting a single origin (Figure S3). It
is however likely that human imposed selection on M. spicata in cultivation coupled with clonal propagation
of plants with desired traits (Harley & Brighton, 1977) have caused shifts in allele frequencies in M. spicata
and that the distinct genomic histories of these taxa, in addition to potentially be associated with ploidy
differences, also are coupled to the (partly) cultivation status of M. spicata .

Increased opportunities for hybridization can merge species into a coalescent complex
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. Inter-fertility of the taxa in Mentha subgen. Mentha is well known and species barriers are possibly retained
by the formation of sterile hybrids and/or usage of distinct ecological niches (Harley & Brighton, 1977;
Gobert et al., 2002). However, the emergence of the fertile allopolyploid M. spicata followed by its re-
establishment following cultivation in the native range of M. longifolia andM. suaveolens has resulted in
frequent gene flow between the classically recognized taxa (Figure 2; Harley & Brighton, 1977). Indeed, all
morphologically and genomically defined groups of specimens show very low levels of genetic distances not
consistent with divergent species (Table 2; Meirmans & Hedrick, 2011; Roux et al., 2016). In particular, the
genomic differentiation between M. longifolia andM. spicata is elusive (Figure 2 and Table 2). The extensive
genetic admixture points to a breakdown of reproductive barriers between taxonomic units and morphological
groups. However, given the frequent hybridization of M. longifolia and M. suaveolens in areas of sympatry
(Harley & Brighton, 1977) it is unlikely that these taxa have ever been completely reproductively isolated.
The emergence of the allopolyploid M. spicata has further promoted the introgression between M. longifolia
and M. suaveolens by acting as a genomic bridge (McDonald, Parchman, Bower, Hubert, & Rahel, 2008;
Sigel, 2016). The preferential crossing of M. spicata to M. longifolia has resulted in low levels of genetic
differentiation between them (Table 2) and has transferred M. suaveolens genes into a mostly M. longifolia
genomic background (Figure 2). Overall, our genomic analyses point to genetic swamping and an on-going
merging of M. longifolia , M. suaveolens , M. spicata , and their hybrids into a coalescent complex (Beninde
et al., 2018; Ellstrand & Schierenbeck, 2000; Pinto et al., 2005; Todesco et al., 2016; Quilodrán et al., 2020a).
However, we do find that someF ST-outlier scaffolds contain genes with a function in reproduction, and in
particular, pollen recognition (Table S4), which do suggest that there might be some genetic barriers to
cross-fertilization between the analyzed mint species, especially between the native mints.

Human assisted movements of species, including cultivation and rearing of species outside their native ranges
have undoubtedly changed many ecosystems. On the one hand the addition of species to new ranges increases
biodiversity by adding to the total number of species recorded in any one location (Schlaepfer, Sax, & Olden,
2011; Hallman, Olsson, & Tyler, 2022). However, although increased biodiversity is often regarded as positive,
shifts in ecosystem compositions can have detrimental effects in the long term. For example, biodiversity
might drastically decrease due to alien taxa out-competing native species (Pyšek et al., 2012). In addition,
hybridization between native and introduced taxa can also change the local biodiversity (Wolf, Takebayashi,
& Rieseberg, 2001). The exact effect of hybridization on local biodiversity is largely controlled by the
strength of reproductive barriers between hybrids and parents and here we show that when the reproductive
barriers are weak genetic swamping is a likely outcome (Lowry, 2008). Climate changes associated with
anthropogenic activities will cause shifts in geographic ranges and ecological niches (Kelly & Goulden, 2008;
Chen, Hill, Ohlemüller, & Thomas, 2011) and similar to naturalizations of cultivated taxa this will bring
previously isolated taxa into contact with each other and increase the opportunities for hybridization and
inter-specific gene flow. As we show here this can indeed promote gene flow between species and speed up
the formation of new coalescent complexes.

Taxonomic consequences of inter-specific gene flow

Taxonomy in the genus Mentha is solely based on morphology (Harley & Brighton, 1977; Tucker et al., 1980;
Tucker & Naczi, 2007; Vining et al., 2020). However, here we show that the results of genomic analyses are
not fully congruent with a strictly morphology-based taxonomy (Figures 1 and 2). However, although our
genomic analyses suggest that M. suaveolens , M. longifolia , M. ×rotundifolia , and M. spicata should be
considered a coalescent complex where no taxa are completely isolated genetically, we also find that for most
parts the classically recognized taxa are morphologically supported (Figures 1 and 2). Hence, the classical
taxonomic units are still mostly useful although we suggest that an in-depth taxonomic revision including
more taxa is made. The observed dissociations between the morphological and genomic clustering appear to
be partially due to the continued segregation of genetic variants associated with characters of indumentum.
Continued and on-going cultivation and escape into the wild of various mint species and varieties, including
M. spicata , will likely continue to feed the native gene pools with alleles from non-native taxa. It is therefore
likely that there will continue to be dissociations between morphological and genomic clustering of specimens.
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. Here, we have focused on mostly old herbarium specimens and hence we cannot be certain that we have
included any of the currently widely cultivated varieties ofM. spicata . These varieties could possibly be ge-
nomically distinct and show a genomic admixture profile that is different from what we present here. There
are numerous studies on the evolutionary origin of various mint hybrids and the phylogenetic relationships
withinMentha (eg. Bunsawatt, Elliott, Hertweck, Sproles, & Alice, 2004; Gobert et al., 2002; Heylen et al.,
2021; Panjeshahin, Sharifi-Sirchi, & Samsampour, 2018). Contradictions in conclusions between previous
studies can partially be explained by biased inclusions of particular specimens and/or inconsistent delimi-
tation of taxa, but as we, show here not including all sub-populations in such analyses can also bias the
results. Inclusion of multiple samples per taxonomic unit is therefore of importance, especially for taxa, such
as mints, where frequent inter-fertility is reported (Heylen et al., 2021).

CONCLUSION

Here we show that the introduction of the cultivated spearmint into the range of closely related taxa has
increased inter-specific gene flow between traditionally recognized mint taxa. This has caused the breakdown
of species barriers and created a cradle for the birth of a coalescent complex. We thus show that when
reproductive barriers are low, the likely outcome of increased hybridization is genetic swamping and merging
of previously identified species causing a decrease in the overall species richness. Hence, similarly to the cases
of naturalization of cultivated taxa, range shifts associated with climate changes can promote the loss of
biodiversity even when habitats are protected and species are able to adapt to the new environment. Despite
the large-scale genomic overlap among the studied mints, we find that genetic variants associated with a
cultivated morphology continue to segregate within and among populations, and hence classical taxonomic
units are mostly morphologically supported. The dissociation between genomic and morphological merging
will therefore likely continue to complicate taxonomic assignments among mints.
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FIGURES

Figure 1. Principal component analysis (PCA) of morphological characters.

a) PCA of all 34 morphological characters and 155 specimens, b) PCA of morphological characters excluding
ten traits related to indumentum, and c) PCA of ten characters of indumentum. Taxonomic assignments are
indicated with colors. Circles refer to pure taxa whereas triangles refer to hybrids.

Figure 2. Genomic analyses.

Principal component analysis (PCA) (a) and admixture analysis (b) on 31,889 single nucleotide polymor-
phisms (SNPs) called for all 93 sequenced specimens. In (a) the taxonomic assignments based on morphology
are indicated with colors and circles refer to pure taxa whereas triangles refer to hybrid species. In (b) spe-
cimens have been ordered based on the genomic cluster analysis in (a) and color under each bar indicate
taxonomic assignments as presented in (a).

Figure 3. Shared number of single nucleotide polymorphisms (SNPs) and site frequency spectra
(SFS).

The number of shared polymorphic sites (a) and the SFS (b) of SNPs with at least 95% posterior probability
and called in at least 50% of the specimens. No – number; alt – alternative, var – variability.

SUPPORTING INFORMATION

Figure S1. Distributions of leaf and stem indumentum traits.

Distributions of indumentum on a) upper side of the leaf, b) lower side of the leaf, c), stem, and d) proportion
of branched indumentum on stem and leaf for Mentha longifolia (orange), M. xrotundifolia (red), M. spicata
(green), and M. suaveolens (cyan).
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. Figure S2. Distributions of flower indumentum traits.

Distributions of indumentum on a) pedicel, b) calyx, c), corolla, d) outside of the corolla, and e) the throat
of the corolla forMentha longifolia (orange), M. x rotundifolia(red), M. spicata (green), and M. suaveolens
(cyan).

Figure S3. Chloroplast phylogeny.

Phylogeny of alignments of whole chloroplast genomes. a) Full phylogeny including the outgroup Salvia and
b) zoom in on the Menthagenus. Bootstrap values above 80 are shown near nodes (* - 100 bootstrap support)
and branch lengths are given as the expected number of substitutions per site.

Figure S4. Genomic admixture analysis.

Bayesian admixture analysis using NGSadmix. In a) the likelihood (+/- SD; left panel) is shown for ten runs
for K 1 through 10 and the delta(K ) of the second derivative of the likelihood is shown for the same runs
(middle panel) and zoomed in on the y-axis (right panel) and in b) the admixture profiles for K =5 and K
=6 (see Figure 2b for K =2-4).

Figure S5. Distributions of scaffoldFST-values between morphologically defined taxonomic
groups.

For each scaffold the mean F ST-value was calculated. The mean and median F ST-values across all scaffolds
are displayed with vertical red lines (full line - mean and dashed line - median).

Figure S6. Distributions of scaffoldFST-values between genomic groups.

For each scaffold the mean F ST-value was calculated. The mean and median F ST-values across all scaffolds
are displayed with vertical red lines (full line - mean and dashed line - median).

Table S1. Sample information.

Table S2. Scoring of morphological traits.

Table S3. Values for all morphological traits.

Table S4. BLAST results. F ST-outlier scaffolds with a BLAST match to a Mentha transcript and to a
plant species in UniProt.
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