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Hybridization and gene flow are major drivers of speciation and
trait evolution in plants (Anderson and Stebbins, 1954;
Rieseberg, 1995; Otto and Whitton, 2000; Morjan and

Abstract

Premise: Cultivation and naturalization of plants beyond their natural range can
bring previously geographically isolated taxa together, increasing the opportunity for
hybridization, the outcomes of which are not predictable. Here, we explored the
phenotypic and genomic effects of interspecific gene flow following the widespread
cultivation of Mentha spicata (spearmint), M. longifolia, and M. suaveolens.
Methods: We morphologically evaluated 155 herbarium specimens of three Mentha
species and sequenced the genomes of a subset of 93 specimens. We analyzed the
whole genomes in a population and the phylogenetic framework and associated
genomic classifications in conjunction with the morphological assessments.

Results: The allopolyploid M. spicata, which likely evolved in cultivation, had altered
trichome characters, that is possibly a product of human selection for a more
palatable plant or a byproduct of selection for essential oils. There were signs of
genetic admixture between mints, including allopolyploids, indicating that the
reproductive barriers between Mentha species with differences in ploidy are likely
incomplete. Still, despite gene flow between species, we found that genetic variants
associated with the cultivated trichome morphology continue to segregate.
Conclusions: Although hybridization, allopolyploidization, and human selection
during cultivation can increase species richness (e.g., by forming hybrid taxa), we
showed that unless reproductive barriers are strong, these processes can also result in
mixing of genes between species and the potential loss of natural biodiversity.
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Rieseberg, 2004; Soltis et al., 2009, 2015). Hybridization between
divergent lineages can result in novel stable hybrid taxa that are
reproductively isolated from their parental species, by for
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example, allopolyploidization ~or clonal  propagation A M. longifolia M. suaveolens
(Grant, 1981; Ellstrand and Schierenbeck, 2000; Rieseberg and (2n = 24) (2n = 24)

Burke, 2001; Schierenbeck and Ellstrand, 2009; Abbott
et al, 2013). Allopolyploidization (genome duplication after
hybridization) results in a change in chromosome number in
the allopolyploid in relation to the parental species and often
creates an instant reproductive barrier between them (reviewed
by for example, Mallet, 2007; Abbott et al, 2013). Thus,
allopolyplodization is an efficient mechanism of speciation and
trait adaptation (Mallet, 2007; Abbott et al.,, 2013). However,
there is evidence of instances where the isolating barriers
between hybrids, including allopolyploids, and parental taxa are
weak (Quilodrén et al., 2020; Schmickl and Yant, 2021), with the
possibilities of continued gene flow between them (Ellstrand
and Schierenbeck, 2000; Pinto et al., 2005; Todesco et al., 2016;
Beninde et al,, 2018; Quilodrdn et al, 2020; Schmickl and
Yant, 2021). Hybridization can therefore not only promote
speciation but also the loss of species due to homogenization of
the gene pools (Todesco et al., 2016; Owens and Samuk, 2020;
Quilodran et al., 2020).

Human cultivation has undoubtedly changed the evolu-
tionary history of many plant species. Because polyploids often
possess mega-features, e.g., large seed size or increased
biomass, they are prominent among our cultivated plants
(Renny-Byfield and Wendel; 2014). Although crops and
cultivars often are associated with human activity, many can
escape their cultivated lifestyle and become naturalized
(Richardson and Pysek; 2012; Dawson et al, 2017; van
Kleunen et al., 2020). Naturalization of cultivated taxa often
bring previously isolated, but closely related, taxa in contact
and thus increase the opportunities for hybridization and
interspecific gene flow, the consequences of which is not
always clear (Abbott, 1992; Rhymer, 1996; Richardson and
Pysek, 2012; Dawson et al., 2017). Outcompetition of native
taxa by alien hybrids/allopolyploids is a well-described
example in some systems (e.g., Abbott, 1992; Mooney and
Cleland, 2001). Here we explored the genomic and phenotypic
dynamics of interspecific gene flow after recurring cultivation
and naturalization in mints (genus Mentha).

Mints (genus Mentha; Lamiaceae) are mostly aromatic
herbs with large distributions in Eurasia and North America
and several species are widely cultivated (Gobert et al., 2002;
Tucker, 2012; Salehi et al, 2018; Singh and Pandey, 2018;
Vining et al., 2020; Figure 1A). Although Mentha is a small
genus (18 species; Tucker and Naczi, 2007), it is highly diverse
due to the interfertility of many taxa, their capacity for
vegetative propagation, and therefore numerous hybrid species
are recognized (Figure 1; Tucker et al., 1980; Gobert et al., 2002;
Tucker and Naczi, 2007). Most mint hybrids have strongly
reduced fertility but can successfully propagate clonally using
rhizomes (Harley and Brighton, 1977; Gobert et al., 2002).
However, fertile hybrids are known, e.g., between the two
diploid species M. longifolia L. (L.) (2n = 24) and M. suaveolens
Ehrh. (2n=24; Sobti, 1965; Harley and Brighton, 1977;
Chambers and Hummer, 1994). In southwestern Europe,
where these two taxa are sympatric, and in cultivation, they
hybridize spontaneously to form the partly fertile hybrid

M. xrotundifolia M. spicata
(2n = 24) (2n = 48)
= p | =y - 5

B M. longifolia M. spicata M. suaveolens

(2n = 24) (2n = 48) (2n = 24)

[ M. xvillosonervata | | M. xvillosa |

C M. arvensis M. spicata M. aquatica

(2n=72) (2n = 48) (2n = 96)

| M. xgracilis | | M. xpiperita |

FIGURE 1 Relationships among the studied mints. Relationships
between selected species and hybrids (grey boxes) in the section Mentha of
the genus Mentha (mints). Previously reported chromosome numbers are
indicated. Adapted from Gobert et al. (2002). Distribution maps adapted
from POWO (2023). Mentha longifolia and M. suaveolens are hypothesized
to hybridize to form the two taxa M. xrotundifolia and M. spicata (A).
Mentha spicata can both backcross to its presumed parents (B) and with
other mints (C) to form complex hybrids.

complex M. xrotundifolia L. (Huds.) (Figure 1A; Harley and
Brighton, 1977). In addition, the widely cultivated M. spicata
L. (spearmint; Singh and Pandey, 2018; Vining et al., 2020) is
often interpreted as an allopolyploid (2n=48) formed from
hybridization between M. longifolia and M. suaveolens
(Figure 1A; Sobti, 1965; Harley and Brighton, 1977; Tucker
et al., 1980; Chambers and Hummer, 1994; Gobert et al., 2002;
Tucker and Naczi, 2007). Mentha spicata, in turn, is known to
hybridize with its presumed parental species and with several
other species of the genus (Figure 1B, C).

The origin and native range of M. spicata is unknown, and
some have argued that it arose in cultivation (Harley and
Brighton, 1977; Tucker, 2012). Mentha spicata is found in
natural habitats across most of continental Europe, the Middle
East, and southern Asia (Figure 1A). It may be native in some
regions (Harley and Brighton, 1977; Vining et al., 2020), but due
to its wide cultivation, it is more common as a garden escape
within its presumed native range and elsewhere (Harley and
Brighton, 1977; Gobert et al., 2002; Vining et al., 2020). Today
M. spicata is therefore considered naturalized in most
geographic regions with a warm-temperate climate (Stace
et al, 2016), and its current distribution thus widely exceeds
the native ranges of its hypothesized parental taxa (Figure 1A;
Harley and Brighton, 1977; Vining et al., 2020). Regardless of
whether M. spicata arose in cultivation or in the wild, its
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emergence and complex history of cultivation and garden
escapes (Harley and Brighton, 1977; Gobert et al., 2002; Vining
et al, 2020) creates an excellent opportunity to study the
phenotypic and genotypic consequences of hybridization
between hybrid species, diploids and allopolyploids, and their
parental taxa, in particularly following their naturalization.
Here we took advantage of the biodiversity stored in
herbarium collections that allows for evaluations of speci-
mens collected over large geographic regions (Bieker and
Martin, 2018). We first evaluated the morphological variation
and delimitation of M. spicata, its putative parental species
(M. longifolia and M. suaveolens), and their hybrids
(M. xrotundifolia). We then used 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 there have been increased opportunities for interspecific
gene flow after the introduction of cultivated M. spicata.

MATERIALS AND METHODS

Sample selection and herbarium label
interpretations

A total of 155 herbarium specimens of Mentha subgen.
Mentha were obtained from the herbaria at Lund University,
Sweden (LD), Uppsala University, Sweden (UPS), and
Oskarshamn, Sweden (OHN; Appendix S1). Specimens were
selected based on the plant identification by the collector(s)
and/or subsequent re-identifications by botanists during this
or previous projects, with the aim to include the taxa
M. longifolia L. (L.), M. suaveolens Ehrh., M. spicata L., and
the hybrid Mentha xrotundifolia L. (Huds.) (M. longifolia
xsuaveolens). However, after detailed morphological and
genomic analyses (see Results), we found two additional
hybrid taxa were included in our sampling: Mentha
xvillosonervata (M. spicata xlongifolia) and Mentha xvillosa
(M. spicata xsuaveolens; Figure 1C). In addition, a single
specimen representing M. capensis, a close relative of
M. longifolia, was also sampled. Specimens across Europe
and Asia and a few from North America were included,
although about one third of the specimens were collected in
Sweden (Appendix S1). In the herbaria, specimens were
identified by historic experts, and more than 100 different
names for various mints were used, most of which are now
interpreted as referring to different vegetatively propagated
clones of mostly hybrid origin. We therefore revised the
taxonomy of all specimens, and the names of 65 specimens
(41%) were changed to be concordant with the current
taxonomy. In addition, in a few cases specimens were re-
identified based on our new morphometric analyses (see
below; Appendix S1, Table S1). From here on, the names
M. longifolia (L.) L., M. suaveolens Ehrh., M. spicata L., and
M. capensis Thunb. (and their hybrids) are used to denote
those groups of specimens identified by the morphometric
analyses that most closely correspond to the morphological

descriptions of these species in standard floras (Tutin, 1993;
Stace, 2010; Stace et al., 2016). However, we stress that these
morphologically defined groups may not exactly correspond to
the biological species that previous authors have referred to by
these names (which may, in addition to morphology, partly
have been based on biogeographical, reproductive, cytological,
or chemical evidence), nor to their nomenclatural types (which
we did not check). All specimens were morphologically
evaluated, and the whole genome of 93 samples was sequenced.
The genome of specimen of M. pulegium L. was also sequenced
and used as an outgroup in the genomic analyses.

Morphological characters and statistical
analyses

We scored 34 morphological characters (Appendix S2) that
were selected to cover all parts of the plant generally available
on herbarium specimens (stem, leaves, calyces, flowers, and
sexual organs) and took care to avoid intrinsically dependent
characters and characters directly related to the size/vigor of
the plant. Indumentum characters are widely used and
generally considered important in Mentha taxonomy (Sari¢-
Kundali¢ et al, 2009; Yu et al, 2018) because they change
relatively little in response to environmental conditions. Ten
characters referring to various types of trichomes were
therefore included (Appendix S2). All characters were treated
as continuous traits, although some were scored as multiple
categories (Appendix S2). Cases of missing data were treated
by mean value imputations. The morphometric data were
analyzed using principal component analyses (PCAs) in R
v.3.6.3 (R Core Team, 2021), and subclusters of specimens
were visually identified. To illustrate and assess the importance
of indumentum characters, we used separate PCAs, excluding
all characters referring to the density or structure of trichomes
in the first and in the second, only including characters of the
indumentum (Appendix S2). The distributions of indumen-
tum characters between different taxa were analyzed. We
further analyzed our taxonomic assignments with a general-
ized canonical discriminant analysis using the function candisc
in the R package candisc (Friendly and Fox, 2021).

DNA extraction, library construction,
and Illumina sequencing

For 94 specimens, the whole genome was sequenced at the
Geogenetics Sequencing Core (GLOBE Institute, University
of Copenhagen, Denmark; Appendix S1). Total genomic
DNA was extracted from approximately a 1-3-cm? piece of
dried material from a single leaf of an herbarium specimen.
In cases of small leaves, one 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 the manufacturer's protocol. The extracted
DNA was quantified using the Qubit double-stranded
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DNA High-Sensitivity Assay kit (ThermoFisher Scientific,
Waltham, MA, USA).

For 72 samples, 4.6-110 ng of DNA (Appendix S1) was
fragmented using the 96-microTUBE Plate set-up in a
Covaris LE220-plus Focused-ultrasonicator (Covaris, Wo-
burn, MA, USA) to a target insert size of 300 bp; 32 uL of the
fragmented DNA (4.2-100 ng) was used to build shot-gun
sequencing libraries using the BEST protocol (Carge
et al., 2018). The final library concentrations were evaluated
with qPCR (Mx3005; Agilent Technologies, Santa Clara, CA,
USA), and libraries were amplified (25 pL reaction volume)
with the desired number of PCR cycles (Appendix S1) adding
indices to the P5 and P7 end of the libraries according to
Carge 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
(100 bp or 150 bp; Appendix S1) on one lane of Illumina
NovaSeq. 6000 for a target coverage of approximately 5x. For
an additional 22 samples (Appendix S1), single indexed
libraries were built using the NEBNext Ultra II FS DNA
Library Prep Kit (Illumina, San Diego, CA, USA), adjusting
the fragmentation time to 25 min for a target insert size of
160 bp, then PCR-amplified with 12 cycles. The resulting
libraries were pooled in equimolar concentrations and single-
end sequenced (80 bp) on one lane of Illumina HiSeq. 4000
(Appendix S1). Twenty-one samples were further sequenced
to obtain deeper sequencing (Appendix SI). Libraries
were rebuilt using the BEST protocol as above, pooled
in equimolar concentrations, and paired-end sequenced
(150 bp) on one lane of Illumina NovaSeq. 6000.

Raw reads were quality-filtered in AdaptorRemoval
v.2.3.1 (Schubert et al., 2016) removing adaptor sequences,
ambiguous bases (N), and consecutive bases with low
quality (Q < 20) from 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. Overlapping pair-end reads were collapsed,
and all paired-end reads without a mate were discarded.

Chloroplast alignment and phylogeny

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 and Salzberg, 2012; Langmead et al., 2019) with
default settings. Mapped reads were quality-filtered using
SAMtools v.1.9 (Danecek et al., 2021), removing all reads
that mapped with a mapping quality score below 20. PCR-
duplicated reads were removed using PicardTools v.2.25.2
(https://github.com/broadinstitute/picard). For each sam-
ple, 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 and 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 using Salvia as the outgroup
(Li et al, 2016; NCBI GenBank accessions NC_
050898, MN520020, MN520021, NC_038165, MG772529,
MN520019, NC_050897, MN520023, and NC_050900).

Nuclear SNP calling and genomic analyses

The quality-filtered and trimmed reads were mapped to the
M. longifolia reference genome (GCA_001642375.1_M-
longl.0; Vining et al., 2017) using bowtie2 with default
settings. The reference genome used is highly fragmented
with a total scaffolds of 190,876 and N50 of 3.6 kb (Vining
et al., 2017). Mapped reads were quality-filtered as outlined
above, and reads that were previously mapped to the
plastome were removed. The quality-filtered mapping files
were used to call single nucleotide polymorphisms
(SNPs) in angsd v.0.931, outputting genotype likelihoods
(Korneliussen et al., 2014). For comparative purposes, all
specimens were treated as diploids. Mapping polyploid
samples to a diploid reference genome can be problematic,
especially for allopolyploids. Differences in divergence time
between subgenomes of an allopolyploid and the reference
genome can cause differences in mapping success between
alleles of the subgenomes, resulting in allele dropouts and
overestimation of genetic similarity between some taxa. We
did indeed observe differences in mapping success between
different species but not to the extent that we expect
systematic biases (see Results and Discussion). Similarly, we
might miss low frequency alleles in polyploids, which could
lead to an underestimation of genetic variation between
groups of samples. However, the high level of genetic
admixture detected in our analyses (see Results) indicates
that such low-frequency alleles only contribute to a small
fraction of the overall genetic variation among the analyzed
taxa. To compensate for mapping biases, k-mer analyses can
be useful; however, they require relatively high sequencing
depth, preventing us from making efficient k-mer analyses
for most of our samples (Appendix S1). In addition, samples
from the herbarium record usually show relatively high
amount of exogenous DNA (Bieker and Martin, 2018); thus,
k-mer analyses can be inefficient as the “contamination”
peak overshadows the k-mer spectra, an issue also observed
with our data (data not shown). Thus, we chose to base our
analyses on reads that mapped to the reference genome,
recognizing the limitations of this method (see Discussion).
Only SNPs with less than 50% missing data across all
individuals were retained, and minimum and maximum
depth to call a SNP within an individual was set to three and
50, respectively. The SAMtools option was used to call
SNPs, and only genotypes with a posterior probability above
0.95 were used in downstream analyses. For comparative
purposes, a second SNP set was called as above but allowing
for any level of missing data.

A maximum likelihood phylogeny was evaluated in IQ-
TREE v.1.6.12 (Nguyen et al., 2015) from the concatenated
nuclear SNPs (stringent filter). To compare how clustered
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SNPs affect the phylogenetic inference, we also performed the
phylogenetic analysis only including the first SNP on each
scaffold. Gene-tree to species-tree discordance was evaluated
using 1123 benchmark universal single-copy ortholog
(BUSCO) genes. The BUSCO genes were annotated to
the reference genome wusing busco v.5.1.3 (Manni
et al,, 2021a, 2021b). Genotypes were extracted from mapped
reads for the 1312 genes that were found to be single copy,
coding ambiguous genotypes based on the [UPAC codes with
missing data coded as “N”. Only two alleles were allowed
because all samples were treated as diploids. For rooting
purposes, a single accession of M. pulegium was included that
excluded 187 genes for which no genotypes were called in
the accession. The remaining 1125 were trimmed in Trimal
v1.3.1, removing sites with more than 50% missing data
across the accession, which completely removed two genes.
Alignments that did not include all accessions and/or were
shorter than 500 bp were discarded. Individual gene trees
were generated for the remaining 402 genes using SMS and
PhyML v.1.8.1, and a coalescence species tree was generated
using ASTRAL v.5.7.5 (Zhang et al., 2018) as previously
described (Dunning et al., 2022). Individual gene tree support
for the coalescence species tree was evaluated in Phyparts
v.0.0.1 (Smith et al., 2015), and the results were visualized as
described by Dunning et al. (2022).

Genomic clusters were evaluated from the nuclear
SNPs in PCangsd v.0.95 (Meisner and Albrechtsen, 2018)
with default settings. The resulting covariance matrices
were converted to eigenvalues and visualized in R. Genomic
admixture was evaluated using the nuclear SNPs in
NGSadmix v3.2 (Skotte et al., 2013) with K increasing from
1 to 10. The best fit K was evaluated using the method of
Evanno et al. (2005) implemented in Crumpak (Kopelman
et al., 2015) using 10 independent runs of NGSasmix for
each K.

To confirm our admixture results, analyses of ABBA-
BABA sites (Green et al., 2010; Durand et al., 2011) were
conducted in angsd v.0.935 using a (((H1,H2),H3),0)
phylogenetic constellation. Mentha pulegium was used as
the outgroup (O), and accessions morphologically identified
as M. longifolia and not showing signs of admixture at K=3
(see Results) were used as H1 and H2. Accessions of M.
spicata were then used as H3. Jack-knifed Z-values were
obtained using the jackknife.R script supplied with angsd,
and a Bonferroni-adjusted significance level of 4.17e-5
(0.05/1200) was used.

Fst-outlier detection and transcriptome
analyses

Genetic distances between groups of specimens were
evaluated by means of pairwise Fsr (Weir and
Cockerham, 1984). The pairwise Fsp between morphologi-
cally and genomically defined groups of specimens (see
Results) was calculated in VCFtools v.0.1.16 (Danecek
et al.,, 2011). Analyses of Fgr distributions were conducted

on a scaffold basis, and thus, to reduce the effect of
differences in contig/scaffold length, only contigs/scaffolds
longer than 5000bp were evaluated (max length =
65,819 bp). Negative values of Fgr were converted to zero,
and the mean Fgr value for each included contig/scaffold of
the reference genome was calculated as well as the mean and
median Fgr across all SNPs (including all contigs/scaffold).
The distribution of contig/scaffold Fsr values were visual-
ized using R, and the contigs/scaffolds with the top 1% Fsr
values were defined as outliers.

To identify genes on the Fgr-outlier contigs/scaffolds,
we used available transcriptome data. Transcriptomes for
M. xpiperita (Figueroa-Pérez et al.,, 2019) and M. spicata
(Jin et al.,, 2014) were downloaded and re-assembled to
ensure that they were assembled and filtered using the same
method. 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 50bp 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) using default
parameters. The sequences of Fsr-outlier contigs/scaffolds
were used as databases for blast searches of the reassembled
mint transcriptomes with default settings in BLAST v.2.9.0
(Altschul et al., 1990; Ye et al., 2006). Transcripts with top
blast-hits longer than 300 bp (minimum 50% matches) and
with an e-value below le-5 were used in a blast search
(tblastx) against the UniProt database (UniProt Consor-
tium, 2021). Only, the top tblastx-hit (>100 amino acids,
minimum 50% matches, and e-value < le-5) were consid-
ered, and the likely function of the detected genes were
evaluated using the UniProt database.

RESULTS

Trichome characters distinguish morphological
groups

In the PCA for all specimens based on all assessed
morphological characters (Appendices S2, S3), the first
component (PCl; 24.1%) separated a group of specimens
of M. spicata from all other specimens, while PC2 (13.5%)
separated M. suaveolens from the other taxa (Figure 2A). The
hybrid M. xrotundifolia mostly falls intermediate to the two
parental taxa, M. longifolia and M. suaveolens (Figure 2A).
However, there is no clear separation between M. longifolia
and M. xrotundifolia (Figure 2A). Five specimens were
identified as M. xvillosa (M. suaveolens xspicata), one
as M. xvillosonervata (M. longifolia Xxspicata), and one as
M. capensis, a close South African relative of the Eurasian
M. longifolia/M. spicata (Figures 1B and 2). Separate analyses
excluding (Figure 2B) and isolating (Figure 2C) trichome
traits showed that the morphological distinction of M. spicata
is largely driven by characters of the indumentum. Distribu-
tion analyses of these indumentum characters showed a
large variation of the traits in its putative parental taxa, with
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FIGURE 2 Principal component analysis (PCA) of morphological
characters. (A) PCA of (A) all 34 morphological characters and 155
specimens, (B) morphological characters excluding 10 indumentum traits,
and (C) 10 indumentum characters. Taxonomic assignments are indicated
with colors. Circles indicate pure taxa; triangles indicate hybrids.

M. longifolia generally having longer and more densely set
hairs than M. suaveolens, with branched trichomes almost
exclusively found in the latter (Appendix S4, Figures S1, S2).
However, while the hybrid M. xrotundifolia showed large
variation in indumentum with distributions mostly resem-
bling that of M. longifolia, M. spicata showed less variation
and is much less hairy (sometimes almost completely
glabrous), thus mostly with distributions outside the ranges
of its putative parental taxa (Appendix S4, Figures S1, S2).
Canonical discriminant analyses confirmed that, apart from
M. longifolia and M. rotundifolia, the taxonomic units used
were well separated in the morphological space (Appendix
S4, Figure S3).

Sequencing

Sequencing resulted in an average of 20.8 million raw read
pairs per specimen (2.6-190 million; median = 16.6 million),
and after quality filtering, an average of 12.7 million read
pairs were retained (1.2-108 million; median = 10.1 million),
equivalent to a theoretical coverage of the M. longifolia
genome of ~3.6x (0.3-30x; Appendix S1). On average, 5%
(1-17%) of the reads mapped to the chloroplast genome of
M. longifolia. The variation in percentage of chloroplast reads
likely reflects the quality of the sample DNA, whereas the
variation in mapping success is influence by both sample
quality and evolutionary distance to the reference genome.
However, plastomes were obtained for all specimens, and the
complete alignment was 153,822 bp, of which 1666 positions
were variable among the analyzed mints.

Despite the historic nature of many of our accessions, we
obtained a significant number of reads that mapped to the
nuclear reference genome with an average of 68% (21-79%;
Appendix S1; Appendix S4, Figure S4). This finding is in line
with previous work on herbarium samples (Bieker and
Martin, 2018; Olofsson et al., 2016) showing that a rather large
proportion of the nuclear genome can be assessed from these
vast biodiversity resources despite many specimens being old
and often not so well (for DNA analyses) preserved. We
observed lower mapping to the reference genome of all taxa
compared to M. longifolia, with a significant difference (Turkey's
test) between M. longifolia and M. xrotundifolia, M. longifolia
and M. suaveolens, and all taxa, except M. suaveolens, and M.
xvillosa (Appendix S1; Appendix $4, Figure S4), Differences in
mapping success between the different taxa could lead to a
mapping bias for alleles with different evolutionary distance
(subgenomes) in hybrids and allopolyploids. This can for
example lead to an overestimation of gene flow between
hybrids/allopolyploids and one of the parent taxa. However, the
small difference in mapping success between the two suspected
parent taxa (M. longifolia and M. suaveolens; Appendix $4,
Figure S4) combined with the fact that significant gene flow is
only detected in some trios (see below) suggests that the overall
effect of any mapping bias on the SNP calling is very limited.
Furthermore, the low sequencing coverage combined with our
treatment of all samples as diploids likely result in missing alleles
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in allopolyploids and potentially in the diploids. However, there
should not be any bias in missing alleles toward one subgenome;
thus, estimation of, for example, gene flow using SNPs across
the whole genomes should not be biased by missing alleles.
After stringent filtering, 31,889 nuclear SNPs were obtained
spread across 5237 scaffolds (mean: 6 SNPs/scaffold; median: 3
SNPs/scaffold; range 1-227). For the less-stringent filtering,
1,688,670 nuclear SNPs were obtained.

Phylogenetic analyses

In accordance with previous results (Li et al., 2016), Mentha
is resolved as monophyletic in relation to Salvia in the
plastome phylogeny (Appendix S4, Figure S5A), but the taxa
within Mentha are polyphyletic (Figure 3A; Appendix $4,
Figure S5B). Specimens identified as the hybrid M. xrotundi-
folia were found across the phylogeny together with both
M. longifolia and M. suaveolens (Figure 3A; Appendix S4,
Figure S5B). In contrast, except for a single specimen, all
specimens identified as M. spicata were monophyletic, and
most closely related to a subset of the M. longifolia specimens
(Figure 3A; Appendix S4, Figure S5B).

The phylogenetic analyses using the concatenated nuclear
SNPs was overall weakly supported (vast majority of bootstrap
values < 90; Figure 3B; Appendix S4, Figure S6). However, M.
suaveolens was moderately supported (>70) as monophyletic,

A chloroplast B

nuclear SNPs C

and most accessions of M. longifolia belonged to a single
monophyletic group (bootstrap < 70; Figure 3B; Appendix $4,
Figure S6). Most accessions of M. xrotundifolia and M. spicata
were situated between M. suaveolens and M. longifolia
(Figure 3B; Appendix S4, Figure S6). A similar phylogeny
was obtained when one SNP on each scaffold was used
(Appendix S4, Figure S7). Consistent with extensive gene flow
among taxa as well as the well-described nonbifurcate history
of mints, the gene-tree analyses (BUSCO genes) showed large
incongruences with the species tree (Figure 3C; Appendix $4,
Figures S8, S9). The high amount of missing data for sample
JOL3108 means that the placement of this specimen and the
branch lengths are highly uncertain in the nuclear phylogenies
(Figure 3C; Appendix S4, Figures S8, S9).

There was no apparent geographical clustering in either
the plastome or nuclear phylogenies (Appendix S$4,
Figures S5, S6). However, although we have included
specimens across the species geographic distribution ranges,
most of our samples were collected in Nordic countries,
with most originating in Sweden. Thus, firm conclusions on
geographic clustering are not possible.

Genomic clustering and admixture

Genomic clustering was performed by means of PCA, and
there was a separation of M. longifolia and M. suaveolens on

nuclear gene trees

79

M. suaveolens

M. suaveolens

M. longifolia M. longifolia

M. spicata M. spicata
WM. xrotundifolia B M. xrotundifolia
M M. xvillosa W M. xvillosa

other hybrid other hybrid

alternative

Main All other
topology ~~ alternatives

FIGURE 3 Phylogenetic relationships among Mentha. Phylogenetic relationships among Mentha cladograms of (A) chloroplast phylogeny (full
phylogeny: Figure S5) and (B) 31,889 concatenated nuclear single nucleotide polymorphisms (SNPs; full phylogeny: Figure $6), and (C) the maximum

likelihood topology with pie charts representing individual gene tree support.
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FIGURE 4 Genomic analyses. (A) Principal component analysis and
(B) admixture analysis for 31,889 SNPs called for all 93 sequenced
specimens. In (A), the taxonomic assignments based on morphology are
indicated with colors. Circles indicate pure taxa; triangles indicate hybrid
species. In (B), specimens have been ordered based on the genomic cluster
analysis (PC1 and PC2) in (A); color under each bar indicates taxonomic
assignments as presented in (A).

the first PC (11%; Figure 4A). Intermediate to these taxa
were a number of specimens that were consistent with the
hybrid M. xrotundifolia (admix1-3; Figure 4A). The genetic
distinction between M. longifolia and M. spicata was more
elusive, with specimens only somewhat separating along the
second PC (4%; Figure 4A). A subset of the specimens
morphologically identified as M. spicata do however,
together with some specimens identified as hybrids, form
a separate cluster (spil) on the positive extreme of the
second PC (Figure 4A). The same clustering was observed
with the less-stringent SNP filtering (1,688,670 SNPs;
Appendix S4, Figure S10A).

Overall, the admixture analysis reflects the genomic
clustering with the best-fit number of population groups (K)

being two, with additional optima at four and six (Figure 4B;
Appendix S4, Figure S11A). The specimens separating on
the first genomic PC formed three groups with distinct
admixture profiles that, based on morphology, represent
M. longifolia, M. suaveolens, and hybrids between them
(Figure 4B). Most specimens morphologically recognized as
M. spicata are admixed (Figure 4B). However, when the
number of populations (K) was increased, two M. spicata
clusters appeared (spil and spi2; Figure 4; Appendix S4,
Figure S11B). For the specimens with more central positions
in the genomic PCA, admixture proportions were consistent
with mixing of all gene pools (Figure 4). However, our
admixture analyses cannot decisively exclude that some
patterns are caused by admixture with species not included in
our study because hybrids between our study species and,
e.g, M. aquatica and M. arvensis are also well documented
(Harley and Brighton, 1977). Similar admixture proportions
were obtained with the less-stringent SNP filter (Appendix
S4, Figures S10B, C). Analyses of ABBA-BABA sites confirm
gene flow between M. longifolia and some of the M. spicata
(Appendix S4, Figure S12). Of the 1200 trios tested, 697
(58%) showed significant gene flow (Appendix S5). A slightly
higher percentage of trios including M. spicata specimens
clustering close to M. longifolia (spi2; Figure 4A) showed
significant gene flow, 63% of trios compared to 53% for spil
(Figure 4A). Samples among the nonsignificant trios (503;
42%) can represent geographic subpopulations that are more
distant and hence have not exchanged genes and/or are
sterile clones and thus propagate vegetatively. Nonsignificant
trios can also represent cases where there have been similar
levels of gene flow between the populations represented by
H3 and H1 and H3 and H2, respectively, or that there has
been introgression with other closely related taxa in both H1
and H2.

Although there is overall agreement between the
morphological and genomic analyses, there are also a few
cases of mismatches. In particular, four specimens morpho-
logically identified as M. xrotundifolia were found inter-
mingled with other genomic groups, and an additional four
specimens were found intermediate to the two groups of M.
spicata (admix4; Figure 4A). Finally, eight specimens
morphologically identified as M. longifolia were admixed
and genomically more similar to either M. xrotundifolia
(admix3) or M. spicata (spi2; Figure 4).

Low levels of genetic differentiation

To understand the level of genetic differentiation between
morphologically defined taxa and genomic clusters, we
analyzed pairwise Fsr between groups of specimens. Overall,
there was low genetic differentiation between both morpho-
logical and genomic clusters with mean scaffold Fsr values
well below 0.2 (Table 1). A large proportion of scaffolds
showed no differentiation (Fgp = 0), but a few scaffolds show
high Fgr-values (>0.5; Table 1; Appendix S4, Figures S13,
S14). Although peaks of high Fgr should be interpreted with
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TABLE 1 Mean and median scaffold Fsr between morphologically defined taxonomy (Figure 2) and genomic clusters (Figure 4) for Mentha taxa.

Morphological taxa

Taxon M. suaveolens M. spicata M. xrotundifolia

M. longifolia 0.141/0.116 0.043/0.029 0.039/0.024

M. suaveolens — 0.104/0.082 0.074/0.049

M. spicata — 0.037/0.023

M. xrotundifolia —

Genomic clusters

Cluster Sua spil spi2 admix1 admix2 admix3 admix4

long 0.098/0.070 0.092/0.059 0.039/0.021 0.118/0.076 0.076/0.025 0.035/0.017 0.080/0.014

sua — 0.117/0.086 0.100/0.075 0.103/0.056 0.087/0.042 0.089/0.062 0.142/0.096

spil — 0.086/0.057 0.146/0.111 0.102/0.065 0.084/0.056 0.109/0.065

spi2 — 0.119/0.079 0.076/0.038 0.046/0.028 0.071/0.019

rotl — 0.100/0.056 0.094/0.057 0.153/0.115

rot2 — 0.056/0.021 0.095/0.036

rot3 - 0.082/0.033

rot4 —
caution, they are often associated to regions with reduced @ DISCUSSION

gene flow and thus important for local adaptation 2014).
Although M. xrotundifolia and M. spicata were overall more
distant to M. suaveolens than to M. longifolia (Table 1), there
was variation in Fgr between the different genomic groups
and the presumed parental taxa (Table 1). In particular,
the genomic cluster spi2 was very similar to M. longifolia
(Table 1). Despite the detected difference in admixture
history between M. spicata and M. xrotundifolia (Figure 4B),
the genetic distance between them was small (Table 1).

Outlier scaffolds encode genes with functions in
reproduction, stress responses, and production
of volatile compounds

Although overall genetic differentiation was low between
groups of specimens, 63 scaffolds had high pairwise
Fsr-values (top 1% outliers; Fgr>0.15). A total of 782
Mentha transcripts (Jin et al., 2014; Figueroa-Pérez et al., 2019)
had a BLAST match longer than 300bp (minimum 50%
matches) with an e-value less than 1le-5 to one of the 1% Fgr-
outlier scaffolds. Of these, 617 transcripts had a BLAST
match longer than 100 amino acids (minimum 50% matches)
and an e-value less than le-5 to a total of 255 different entries
in UniProt (UniProt Consortium, 2021), and their potential
functions could thus be evaluated. A total of 112 (44%) were
matches to an annotation based on plant data with diverse
functions (Appendix S6). Of particular interest are the two
transcripts with functions in the biosynthesis of volatile
compounds (VOCs; Appendix S6), which potentially are
involved in the production of the characteristic aromatic
compounds of mints.

Morphological characters associated with
cultivation continue to segregate despite
genomic admixture

Despite low levels of genetic differentiation, there is
morphological separation between specimens identifiable
as Mentha longifolia, M. suaveolens, and M. spicata
(Figures 2, 4; Table 1). In particular, M. spicata has fewer
and shorter trichomes (Figure 2; Appendix S4: Figures S1,
S2). This reduction in “hairiness” could be associated with
human selection for a more palatable plant (Harley and
Brighton, 1977; Munguia-Rosas et al., 2019). Our sample
number prevented an extensive genomic association study,
but we did not find any genes previously associated with
trichome function and morphology among Fsr-outlier
scaffolds (Appendix S6). Trichome function and morphol-
ogy are, however, likely controlled by multiple genes
(Holeski et al., 2010; Mishra et al., 2017; Askary et al., 2016;
Chopra et al., 2019, Figueroa-Pérez et al., 2019; Chalvin
et al,, 2020); thus, the lack of such genes in our analyses is
not surprising.

The glands associated with trichomes are the main organs
for production of the desired essential mint oils (Fahn, 1979;
McCaskill and Croteau, 1995; Jia et al, 2013; Mishra
et al, 2017; Yu et al, 2018). It is therefore possible that
selection for essential oil production and/or gland properties
(not evaluated here) could have shifted trichome characters as
a byproduct (Maffei et al., 1986; McCaskill and Croteau, 1995;
Jia et al, 2013 Szabd et al, 2010; Mishra et al., 2017).
For example, among the Fsr-outlier scaffolds, we found two
genes, encoding benzyl alcohol O-benzoyltransferase (BEBT1;
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Boatright et al., 2004; Orlova et al, 2006) and tetrahydro-
cannabinolic acid synthase (THCAS; Sirikantaramas et al.,
2004), which are potentially involved in the production of
volatile organic compounds (Appendix S6). However, given
the large number of genes involved in the production of
volatile organic compounds (Picazo-Aragonés et al., 2020), it
is not surprising to find a few genes among Fsr-outliers, and
thus, we cannot conclude that there has been any selection on
these particular genes.

Despite the overall genetic similarities between speci-
mens of M. spicata and M. longifolia, and to some extent
M. x rotundifolia, only a few individuals morphologically
identified as one taxon clustered genetically with another
species (Figure 4A). However, these cases show that 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). Overall, our results show that genetic
variants associated with the cultivated morphology continue
to segregate in both cultivated and wild populations.

Origins and genomic histories of hybrids
and allopolyploids

Interfertility of the taxa in Mentha subgen. Mentha is well
known, and in nature, species barriers are possibly retained
by the formation of sterile hybrids and/or confinement to
distinct ecological niches (Harley and Brighton, 1977;
Gobert et al., 2002). Consistent with these observations,
we found that all morphologically and genomically defined
groups of mint specimens had low levels of genetic distances
not consistent with divergent species (Table 1; Meirmans
and Hedrick, 2011; Roux et al., 2016). Given the frequent
hybridization of M. longifolia and M. suaveolens in areas of
sympatry and in cultivation (Harley and Brighton, 1977), it
is unlikely that these two taxa have ever been completely
reproductively isolated. Here, we observed extensive
admixture between the two species with a large proportion
of specimens inferred as the hybrid taxon M. xrotundifolia
(Figure 4). However, since such hybrids are overrepresented
among cultivated clones, cultivation is likely to have further
increased possibilities for interspecific gene flow. There is
no consistent placement of the specimens of M. xrotundi-
folia with either M. longifolia or M. suaveolens in the
chloroplast phylogeny (Figure 3; Appendix S4, Figure S4)
suggesting that hybridization is bidirectional. However,
since neither M. longifolia, nor M. suaveolens is mono-
phyletic (Figure 3; Appendix S4, Figure S4), this conclusion
is rather weak.

In accordance with previous studies, we also showed
that at least some specimens taxonomically recognized as
M. spicata are potentially hybrids between M. longifolia and
M. suaveolens (Figure 4). Our sequencing is not deep
enough to offer any statistical conclusion to whether they
are allopolyploids, and our herbarium material prevented
cytological evaluations. Thus, we cannot make any firm

conclusions about ploidy, but much evidence points to them
being an allopolyploid. For example, although there is some
variation in published chromosome counts, most studies
indicate that M. spicata usually has twice as many
chromosomes compared to M. longifolia and M. suaveolens
(Sobti, 1965; Harley and Brighton, 1977; Ahmad et
al., 1992; Chambers and Hummer, 1994). In contrast to
M. xrotundifolia, M. spicata has plastomes with low genetic
diversity, and all but one sample clustered in a mono-
phyletic clade with specimens of M. longifolia (Figure 3;
Appendix S4, Figure S5). This finding is consistent with
previous reports (Bunsawatt et al., 2004) and suggests that
the allopolyploid M. spicata has a single origin and that the
maternal parent is likely M. longifolia. Consistent with
the results of the plastid analyses, the admixture results
suggest that although many specimens of M. spicata and
M. xrotundifolia stem from the same parental gene pools,
they appear to have different evolutionary histories
(Figure 4B; Appendix S4, Figure S9).

Differences in the frequency of sexual reproduction
can drive genomic divergence. While the fertility of
M. xrotundifolia is reduced, M. spicata is usually completely
fertile (Harley and Brighton, 1977). It is therefore possible
that M. xrotundifolia to a higher degree propagates clonally
via rhizomes. Ploidy differences can also drive genomic
divergence, and we suggest that ploidy differences and
human selection on M. spicata in cultivation (Harley and
Brighton, 1977) have caused shifts in allele frequencies
between M. spicata and M. xrotundifolia, resulting in the
observed differences in genomic history.

Gene flow between ploidy levels

Our genomic analyses suggest that there are two genomic,
and possibly morphological, groups of M. spicata, but the
genetic distinction between them is small (4% of the genetic
variation is explained by PC2; Figures 2, 4). With our
samples (Appendix S1), it is difficult to deduce geographic
patterns that could explain the two clusters. However, it
appears that the M. spicata group closest to M. longifolia
(spi2) has a limited distribution restricted to the most
southern parts of Sweden, whereas the more distant spil
group has a larger geographic spread within Sweden
(Figure 4A; Appendix S1). However, preliminary results
from a larger morphology-based revision of herbarium
material (T. Tyler, personal observations) show that both
groups are widely distributed in Europe and America,
although in regionally varying frequencies. It is also possible
that the two groups of M. spicata represent groups of
cultivated versus naturalized or native samples.

Our genomic analyses suggest that, despite the hypoth-
esized difference in ploidy, there might be gene flow
between M. longifolia and at least part of the M. spicata
complex (spi2; Figure 4, Table 1). Gene flow between ploidal
levels has been described in other plant systems (e.g., Wang
et al, 2020; Schmickl and Yant, 2021; Cao et al., 2023) and
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thus might be possible for mints as well. However,
chromosome counts range between 36 and 72 for
M. spicata (Sobti, 1965; Ahmad et al., 1992; Chambers
and Hummer, 1994), and although diploid (2 = 24) counts
dominate, there are also reports of polyploid (2n =36/48)
M. longifolia (Sobti, 1965; Harley and Brighton, 1977;
Chambers and Hummer, 1994). Hence, it is possible that
the observed genetic admixture between M. longifolia and
part of the M. spicata complex is driven by interfertility
between subpopulations of the two taxa with the same
ploidy levels. It is also possible that there are additional
genetic contributions from other species in complex three-
way hybridization patterns, e.g., involving the widely
cultivated M. xpiperita (M. aquatica xspicata; Figure 1C),
or that subgenomic bias, including preferential loss of one
subgenome (Feldman et al., 2012; Bird et al., 2018) in some
individuals of the polyploid M. spicata contributes to some
of the observed patterns.

The emergence of the fertile hybrid M. spicata possibly
created an additional genomic bridge between the parental
diploids M. longifolia and M. suaveolens with the potential
for increased gene flow (McDonald et al., 2008; Sigel, 2016).
Cultivation and recurring naturalizations of M. spicata in
the ranges of its parental taxa have likely increased the
frequency of secondary contacts between these closely
related taxa and thus potentially enhanced their genomic
interconnectivity. However, future large-scale population
studies in mints are needed to firmly show whether there is
gene flow between other taxa of this system and whether
this gene flow can lead to, for example, genomic swamping
(Ellstrand and Schierenbeck, 2000; Pinto et al., 2005;
Todesco et al., 2016; Beninde et al., 2018; Quilodran
et al., 2020). The implications of our study are 2-fold. First,
fertile cultivars (artificially induced or not) that have
escaped from cultivation into more natural habitats or are
cultivated near natural populations, enabling cross-
pollination, can greatly change the make-up of natural
populations and is especially apparent when there have been
recurring naturalizations. Second, as climates change, we
are likely to observe large-scale range-shifts of many species
bringing previously isolated species into contact, similar to
what is observed following naturalizations. Although ploidy
differences can be an efficient reproductive barrier, we here
showed that might not be the case for all plant systems.

Taxonomic consequences

The current taxonomy in the genus Mentha is based on
morphology with some input from cytology (Harley and
Brighton, 1977; Tucker et al., 1980; Tucker and Naczi, 2007;
Vining et al., 2020). Although we here showed that M.
suaveolens, M. longifolia, M. xrotundifolia, and M. spicata
are not completely genetically separated, we found that
for the most part, the classically recognized taxa, as re-
circumscribed by our morphometric analyses, are supported
(Figures 1, 2, 4). Hence, the classical taxonomic units are

still useful, although we suggest that an in-depth taxonomic
revision be undertaken using more taxa. Ongoing cultiva-
tion and garden escapes of various mint species, hybrids,
and varieties, including M. spicata, will continue to feed the
native gene pools. It is therefore likely that there will
continue to be dissociations between morphological and
genomic clustering of specimens, and future taxonomists
may thus have to deal with even more complex patterns
than the historic ones, but merging all taxa that are close
genetic relatives and exchange genes would result in
extremely broadly defined species with very low informative
value.

Here, we have primarily focused on old herbarium
specimens; hence, we cannot be certain that we have
included any of the currently widely cultivated varieties of
M. spicata. These varieties could possibly be genomically
distinct. Contradictory conclusions between studies (e.g.
Gobert et al, 2002; Bunsawatt et al, 2004; Panjeshahin
et al., 2018; Heylen et al., 2021) can similarly be explained
with biased inclusions of particular specimens and/or
inconsistent delimitation of taxa. Here we found further
support for the importance of including multiple samples
per taxonomic unit, especially for taxa with frequent
interfertility (Heylen et al., 2021).

CONCLUSIONS

We showed that the introduction of cultivated mint taxa
into the range of close relatives increased contacts between
species including wild species with the potential to increase
gene flow among taxa. Although we found that classically
recognized taxa of mints can mostly be recognized
morphologically, our results indicate that there are
incomplete reproductive barriers between the studied mint
species and that there is genetic admixture between species
of different ploidy. Furthermore, genetic variants associated
with the cultivated morphology continue to segregate within
and among populations. The observed gene flow between
species with different ploidy levels suggest that, despite the
often-observed speciation effect of alloploidization, it can
also create additional genomic bridges the outcomes of
which are uncertain but, in some cases, might promote
genetic homogenization and loss of biodiversity. We
hypothesize that secondary contact between previously
isolated, but closely related, allopolyploids and diploids will
increase as the climate changes and can promote natural-
izations and range shifts.
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