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Abstract. Many factors contribute to the ‘invasive potential’ of species or populations. It has been suggested that the rate of
genetic evolution of a species and the amount of genetic diversity upon which selection can act may play a role in invasiveness.
In this study, we examine whether invasive species have a higher relative pace of molecular evolution as compared with closely
related non-invasive species, as well as examine the genetic diversity between invasive and closely related species. To do this,
we used mitochondrial cytochrome ¢ oxidase subunit | sequences of 35 species with a European native range that are invasive
in North America. Unique to molecular rate studies, we permuted across sequences when comparing each invasive species with
its sister clade species, incorporating a range of recorded genetic variation within species using 405,765 total combinations of
invasive, sister, and outgroup sequences. We observed no significant trend in relative molecular rates between invasive and non-
invasive sister clade species, nor in intraspecific genetic diversity, suggesting that differences in invasive status between closely
related lineages are not strongly determined by the relative overall pace of genetic evolution or molecular genetic diversity. We
support previous observations of more often higher genetic diversity in native than invaded ranges using available data for this

genetic region.

INTRODUCTION

Non-native species are of large concern to natural eco-
systems and can have drastic negative impacts on the na-
tive flora and fauna if they become established. An intro-
duced species is considered invasive when it can survive
introduction, establish a population, and spread or have
the potential to spread further in the introduced range
(Richardson et al., 2000; Blackburn et al., 2011). Insects
introduced into North America are responsible for major
ecological damage and result in an economical impact es-
timated at 32.56 billion dollars per year (Bradshaw et al.,
2016). If we can better understand the factors contribut-
ing to a successful species invasion, we can better manage
high-risk invasion corridors and mitigate negative effects
on native populations. Some currently identified factors
influencing a successful invasion include available space,
available food, and the absence of predatory and parasitic
organisms (Sorte et al., 2010). While it can be argued that
anthropogenic factors, such as the movement of organisms
across vast distances by human-mediated transportation
routes, have been largely responsible for the global distri-

bution of non-native species (Lindroth, 1957; Lockwood
et al., 2005), organismal traits such as the rate of dispersal
and mode of reproduction also play a role in the success of
non-native species (Moravcova et al., 2015).

Studies have shown a genetic component of invasion, in-
cluding the effects of additive genetic variation, selection,
or genomic rearrangements (reviewed in Lee, 2002). One
aspect of invasion genetics that has not been considered is
the general rate of molecular evolution of lineages. We pro-
pose that at the most basic level, higher rates of molecular
evolution would provide greater substrate for adaptation
through introduction of new mutations. In addition, factors
that increase the evolutionary pace (e.g. generation time)
will affect the speed of both macro and micro evolution. As
such, we investigate the rate of interspecific genetic evolu-
tion for evidence of association with invasion potential.

Invasive species may differ in the rate of molecular evo-
lution as compared to non-invasive species due to corre-
lation, cause, or consequence (Fig. 1). Firstly, molecular
rates and invasive success may correspond because of
common biological or ecological parameters that both
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A. Observation

Do invasive species have
higher rates of molecular
evolution / greater population
genetic diversity as compared
with closely related non-
invasive species?

Invasiye species Sister species

B. Cause or Correlation

Do higher rates of molecular
evolution / greater population
genetic diversity increase the
propensity for invasiveness?

C. Consequence

Does invasion lead to higher
rates of molecular evolution /
lower population genetic
diversity in the invasive
population?

Invaded range (North America)

Native range (Europe)

Fig. 1. Hypotheses on the link between invasive potential and molecular evolutionary rates or population genetic diversity in closely related
lineages. An example geographic range for the invasive species is represented in circles/ovals while an example geographic range of the
sister species is represented by squares. (A) Higher molecular rates may be observed for invasive vs. sister species. If invasive species
have consistently higher rates across examples of invasive vs. sister clade species, then the explanation for such an observation could be
that (B) higher molecular rates lead to invasive potential, or a common factor increases both rates and the propensity for invasion. Alterna-
tively (C), a successful invasion could lead to higher rates of molecular evolution as compared to related species that have not undergone
an invasion. We similarly investigate population genetic diversity; however, population genetic diversity may be lower in the invaded range
as a consequence of invasion (C). Note that the sister clade species is not necessarily from Europe but is not known to be invasive.

promote invasion and affect molecular rates (correlation
hypothesis; Fig. 1B). Biological traits that could be consid-
ered ‘invasive traits’ are those that favour establishment,
including high fecundity and population growth rates (Lee
& Bell, 1999) and fast generation time (Sakai et al., 2001).
High fecundity and population growth rates are expected
to lead to more mutations over time, increasing the pace of
molecular evolution at DNA sites with low selective pres-
sures. Faster generation time is expected to lead to both
higher mutation rate and faster pace of evolution due to
more bouts of fixation per unit time (Bromham, 2009).
Thus, the possession of these traits may correspond with
a generally faster rate of molecular evolution as well as
promote invasion.

Secondly, molecular rates and invasion success could
correspond due to a higher mutation rate promoting inva-
sion potential (causation hypothesis, Fig. 1B). Biological
traits that are thought to be more common in successful
invasive species (e.g. high fecundity, Lee & Bell, 1999)

may also result in higher mutation rates (Bromham, 2011).
This higher mutation rate would then provide new vari-
ation upon which selection could act, facilitating evolu-
tion within a shorter timeframe. Thirdly, biological inva-
sion may lead to increased substitution rates via positive
selection or relaxed selective constraints following inva-
sion (consequence hypothesis, Fig. 1C). Invasive species
establishment in non-native environments (Prentis et al.,
2008) can increase positive selection pressures in specific
genes (Roman & Darling, 2007) and could therefore in-
crease fixation in those genes. However, we do not expect
that the molecular rates would be observably changed as a
consequence of invasion in this study, given the very recent
occurrences (within the last approximately 180 to 20 years,
Supplement S1-13) of these insect invasions and the use of
COI, which has no clear link to adaptive changes in inva-
sion success. Population genetics trends related to popula-
tion molecular diversity are more likely to display trends
as a consequence of invasion, such as due to population
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bottlenecks occurring upon colonization of a new environ-
ment by few invading individuals.

Published research in invasion genetics, which has
tended to focus primarily upon plants, has highlighted the
ability for introduced invasive species to respond to selec-
tion pressures as an important factor in invasion success
(Lee, 2002; Sherman et al., 2016). Additive genetic varia-
tion (Lee, 2002), i.e. when phenotypic variation of a given
trait is related to the additive, independent effects of mul-
tiple genes, is thought to increase invasion success when
the characteristics (e.g. phenotype) involved are relevant
to the invasion. Often, a high genetic diversity within pop-
ulations is invoked as facilitating invasive success (Rius
& Darling, 2014). The various measures of genetic varia-
tion are often assumed to be correlated; however, empiri-
cal studies have estimated that molecular genetic variance
correlates weakly (r = 0.22) with additive genetic varia-
tion (Reed & Frankham, 2001). Genetic diversity has been
reported for invasive species compared to similar non-in-
vasive species in specific target taxa (e.g. Pappert et al.,
2000), but a general test of the genetic diversity in inva-
sive vs. related non-invasive species is lacking in insects.
Following the logic of Fig. 1, we test whether molecular
genetic variation corresponds with (Fig. 1A) or promotes
invasive success (causation hypothesis, Fig. 1B); however,
we acknowledge that molecular genetic variation may not
be useful for inferring or predicting processes of adaptation
(except in the individual gene investigated), as with addi-
tive genetic variation.

There is great interest into how newly introduced non-
native species, often with reduced genetic variation in
comparison with variation in the native species range,
can adapt so rapidly in new environments (Allendorf &
Lundquist, 2003; Roman & Darling, 2007; Schrieber &
Lachmuth, 2016), but there are few studies that have syn-
thesized the extent of this reduction in genetic variation in
insects. Molecular genetic data are useful to infer effects of
more neutral factors including population size, gene flow,
and population structure (Reed & Frankham, 2001). The
Dlugosch & Parker (2008) synthesis of literature included
investigations of allelic diversity in nuclear genes for 13
invasive insect species; they concluded reduced allelic
diversity and heterozygosity in introduced populations as
compared to the native range populations. However, there
have been no large studies on population genetic trends in
mitochondrial loci between native and introduced ranges in
insects that applied consistent methods across all compari-
sons. To address this gap, we test whether there is a general
trend of reduced genetic diversity in the invaded vs. native
range of invasive insect species that have invaded North
America from Europe (consequence hypothesis, Fig. 1C).

The two measures of molecular evolutionary rates and
genetic diversity we will examine here are not directly re-
lated and could exhibit different trends. An elevated muta-
tion rate alone could lead to an increase in both intra- and
interspecific variation. However, often, intraspecific ge-
netic diversity and interspecific lineage rates do not cor-
respond due to their relationship with effective population
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size (which affects the rate of mutational fixation), and in-
stead they can be inversely related (Fujisawa et al., 2015).
As well, genetic diversity can be increased through other
avenues such as repeated introductions and hybridization
(Roman & Darling, 2007). Thus, we test both interspecific
rates and intraspecific diversity to investigate whether ei-
ther corresponds with invasion potential and success.

MATERIALS AND METHODS

Study design

We use a widely available region of the cytochrome c oxidase
subunit I gene (COI) to test 35 European to North American in-
vasive insects for rates of molecular evolution as compared to
related non-invasive species from the closest available sister
clade. Firstly, we test the rates of molecular evolution in the in-
vasive species as a whole (all geographic locations) vs. related
sister clade species (Fig. 1A). To differentiate cause/association
vs. consequence in any observed trends in relative molecular
rates (Fig. 1), we examine whether members of the invasive spe-
cies occupying the native range (Europe) have higher molecu-
lar evolutionary rates than closely related non-invasive species,
which would suggest a causative influence or an association of
rates with invasion (Fig. 1B, cause/association). To test for an
effect of invasion on rates (consequence hypothesis), we observe
whether invasive lineages in the invaded range have higher rates
than those in the native range (Fig. 1C). Similar to tests on mo-
lecular evolutionary rates (Fig. 1), we also test population genetic
diversity for 32 of those invasive insect species, examining the
genetic diversity in invasive species (whole range) vs. sister clade
species (as in Fig. 1A, correlation), genetic diversity in the inva-
sive species’ native ranges vs. sister clade species (as in Fig. 1B,
causation/association), and genetic diversity within invasive spe-
cies in their invaded vs. native range (as in Fig. 1C, consequence).

Invasive insect data acquisition and data verification

A list of European invasive insects into North America was ob-
tained from the Canadian Wildlife Federation website (http://cwf-
fcf.org/en/; download performed May 2015). A literature review
using a Web of Science search (criteria in S1-1) was conducted
in May 2016 to support the selection of target species as inva-
sive in North America, based on peer-reviewed research (Refer-
ences in S1-1). Using the Barcode of Life Data (BOLD) Systems
(Ratnasingham & Hebert, 2007), we verified that there were COI
sequence data available for each invasive insect species of inter-
est (referred to here as “target” species) by obtaining all Barcode
Index Numbers (BINs) associated with the Latin names of the
target species. A Barcode Index Number (BIN) references a group
of nucleotide sequences of the COI-5P region, which represent
species-like units, based on the Refined Single Linkage molecular
clustering method (Ratnasingham & Hebert, 2013). BINs associ-
ated with our target species were validated for correspondence
with our target species: first, BINs were used if the majority of re-
cords in the BIN belonged to the target species or a synonymized
name. When a single morphological species name was prevalent
in multiple BINs, indicating potential cryptic diversity within the
named species, all of the obtained BINs were included in analyses
(this occurred in 4 of our 35 tested invasive species. See S1-3).

Using the BOLD system, we constructed preliminary phe-
nograms using the neighbour-joining (NJ) method with Kimu-
ra-2-parameter (K2P) distances using all publicly available se-
quence data on BOLD (minimum 400 nucleotides in length, no
flags or stop codons) for the entire genus containing each of our
identified target species. After visual inspection, if the resulting
NJ phenogram did not contain four successive deeper nodes from
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the target species lineage, the genus group was not used, and the
process was repeated for all sequences within the subfamily or
family containing a target species. Using the appropriate genus
or family name, we then downloaded all available sequence data
from BOLD using the BOLD public data AP

Each genus or family-level data set was globally aligned in
MAFEFT Ver. 7 (Katoh & Standley, 2013), followed by trimming
and verifying the amino acid alignment by eye using MEGA6
(Tamura et al., 2013). The multiple sequence alignment (MSA)
was then reduced by eliminating sequences exhibiting >98%
similarity using ElimDupes (https://hcv.lanl.gov/content/se-
quence/ELIMDUPES/elimdupes.html) to reduce computational
demands and facilitate maximum likelihood phylogenetic analy-
sis. In two alignments that had fewer and more closely related
sequences (genus-level alignments), the criterion was changed
to >99% similarity in order to keep all BINs in the alignment.
Model testing was completed using MEGA6 on the generic or
sub/family alignments, and the model with lowest Bayesian In-
formation Criterion (BIC) score was selected (S1-2). Maximum
likelihood (ML) trees were constructed using MEGAG®, using the
best-fit model of nucleotide substitution and 1000 bootstrap pseu-
doreplicates to indicate node support.

For each genus or subfamily/family containing a target inva-
sive species, sister lineages to the target species were identified
using the ML tree. If the node connecting the target and sister
clade had a bootstrap support value of 70% or greater, the 2"-
branching lineage to the target+sister clade was used as an out-
group. If a bootstrap support value of less than 70% was present
at this node, then the 3"-branching lineage from the target+sister
clade was used as an outgroup. The 3™-branching outgroup to the
target species was selected in cases of low bootstrap values of
closer relatives in order to provide confidence that the outgroups
were indeed phylogenetically outside the ingroups; otherwise, in-
correct conclusions could be drawn about the relative molecular
evolutionary rates between the target and sister lineages. If the
ML tree did not contain the appropriate number of branching out-
groups, a new sequence download and ML tree construction was
performed using the next higher taxonomic level (for example
moving from a genus download to a subfamily download).

BINs associated with sequences in the sister lineage were ob-
tained. These BINs were checked to ensure that they contained in-
dividuals bearing a Linnaean taxonomic identification to species
level on the BOLD system. The sister clade BIN species names
were then used to complete a Web of Science search to check
for evidence of invasiveness using the same process and criteria
used to check the target species. Sister clade BINs were removed
from analysis if literature evidence was found of introduction and
establishment in non-native ranges, as we aim to compare known
invasive target species to sister clade species not known to be
invasive. We acknowledge that some of the sister clade species
could have invasive tendencies not yet reported in the literature or
may not have had dispersal opportunities to non-native regions;
however, the target species are well-known invasive species, and
we expect that they differ, on average, in some element of inva-
siveness from their sister clade species.

For the target and sister clade BINs selected above from each
genus or subfamily/family group ML tree, all publicly available
COlI sequences were downloaded from BOLD. BINs were used
to download sequence data, as opposed to downloading based on
taxonomic identifications, to include as many sequences as pos-
sible, including those within these BINs that currently lack low-
level taxonomic identifications. The outgroup sequences used to
construct the ML trees were added to the alignments with the tar-
get and sister downloaded sequences, and each sequence set was
aligned and trimmed as above. Alignments were verified to be in
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reading frame, and alignments lengths were all of a multiple of
three for later analysis. To ensure that high-quality and consist-
ent data were present for further analysis, sequences with greater
than 1% unknown nucleotides (N’s and/or gaps) were removed
by a Perl script (S2-6). Unlike above, these alignments were not
reduced by eliminating identical or similar sequences, as all tar-
get and sister sequences were necessary for further down-stream
analyses. These versions of the alignments (hereafter called ‘tar-
get sequence alignments’ identified by the invasive species name,
e.g. Yponomeuta malinellus) were used in “Genetic diversity
analysis” further below.

Relative rates analysis

Three separate analyses (North American regional, European
regional, and total) were conducted using each of the ‘target
sequence alignments’. The first two analyses used geographic
regions of collection (North America, Europe) to conduct inde-
pendent analyses of relative rates of molecular evolution. This
enabled comparisons between geographic regions. To accomplish
this, the sister clade sequences were reduced to unique sequences
in R v.3.2.4 (R Core Team, 2016) for North America and Europe
separately (all R scripts provided in S2-1 to 5). The target se-
quences were reduced to unique sequences by geographic region
for conducting a rates analysis for the species by region without
duplicate sequences. The third analysis conducted was a total data
analysis without considering geographic region. The ‘target se-
quence alignments’ were reduced to unique sequences for the en-
tire alignment and used for further analyses to compute molecular
evolutionary rates using all available data.

Species trees were assembled as input for rates analysis and
included a representative target sequence, sister sequence, and
outgroup sequence (Fig. 2). A single outgroup was used at a time
as the use of multiple outgroups does not significantly improve
rate estimations in relative rate tests (Robinson et al., 1998). A
balanced (1 vs. 1) choice of target and sister sequence was used
to remove bias arising from the node-density effect (Robinson
et al., 1998). The program baseml in package PAML version
4.7 (Yang, 2007) was used to estimate the length of each branch
on the 3-species trees. For each of the three analyses — North
American, European, and total — all possible combinations of
target sequences, sister sequences, and outgroup sequences were
permuted for rates analyses using R. The nucleotide model re-
sults previously obtained from MEGAG6 for conducting the taxon-
specific ML trees were used for rates analysis using the target
sequence alignments; the best (lowest BIC score) model without
G or I parameters was used for PAML analysis (S1-2). Non-syn-
onymous substitution (dN) rates, synonymous substitution (dS)
rates, and the ratio between the previous two (dN/dS) were ob-
tained for each target and sister lineage similarly using the codem!
program in PAML.

Relative molecular rates are uncertain for recently diverged
lineages. While the rate results can be trimmed for uncertain es-
timates (e.g. Welch & Waxman, 2008), in this analysis all of our
contrasts are on short time frames, and most branch lengths are
necessarily short (but greater than 2% sequence divergence in
all cases). In cases where species sampling within a genus was
lower, the branch lengths between contrasts are expected to be
longer and the relative rates less uncertain; however, the biologi-
cal character of interest (invasiveness) still only occurs at the
species level, and thus comparisons on more highly-divergent
lineages more poorly represent a contrast in character state. Due
to the recent divergences of all comparisons (i.e. closely related
species within genera), we elected not to eliminate contrasts with
less certain estimates or to weight results based on divergence.
From the rate estimates obtained from the PAML program, rela-
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Fig. 2. Comparison set-up and permutation approach for the molecular rates analysis. From the maximum likelihood trees built using COI
sequences, BINs of the target invasive species, BINs belonging to the closest sister lineage, and outgroup sequences in the 2" or 3¢
branching lineage from the ingroup were used. One unique sequence per target and sister clade BIN, and an outgroup sequence, formed
a 3-species tree used to estimate branch lengths for the invasive vs. sister lineage. All possible 3-sequence combinations were run, with
the data points representing the relative invasive:sister substitution rates presented in Fig. 3.

tive rates between target and sister clade species were calculated.
Firstly, for each analysis, the larger divided by the smaller substi-
tution rate (minus one to center final values around 0) were exam-
ined. These relative rates were signed based on direction whereby
positive indicated a higher target species rate than sister rate, and
negative was assigned for a higher sister clade species rate than
target species rate. Relative dN rates, dS rates, and dN/dS ratios
were obtained by a different method where we compressed the
relative rates between -1 and 1 through taking ‘1-smaller/larger’
and signing based on direction (target rate > sister rate is positive,
sister rate > target rate is negative) (as in Wright et al., 2006; Mit-
terboeck et al., 2016) in order to account for low values without
displaying extreme results.

To determine whether target vs. sister clade species exhibited
different relative rates, binomial and Wilcoxon signed-rank tests
were performed using the medians of the relative substitution
rates, dN rates, dS rates, and dN/dS ratios across the 35 com-
parisons for the total data set category. This analysis was repeated
with the removal of 8 species that were purposefully introduced
into North America (indicated in S1-13), since we have no hy-
pothesis for the molecular evolutionary rates of these species as a
causative factor in invasion potential. Secondly, we compared the
relative position of the North American and European population
medians for all comparisons having both sets of data points; this
was performed using a binomial and Wilcoxon signed-rank test
for their relative position and difference; e.g. if the North America
median was a higher value than the European, then the result was
signed as positive. The relative breadths of range in the relative
rates between regions were also compared using the differences
between regions by 2-tailed binomial and Wilcoxon signed-rank
tests.

Genetic diversity analysis

The ‘target sequence alignments’ were used to calculate hap-
lotype numbers, haplotype diversity, and nucleotide diversity in
DNAsp version 5.10 (Librado & Rozas, 2009). Haplotypes were
recognised as sequences differing in two or more nucleotides, not
counting unknown nucleotides. BINs were used for the analysis,
though most often the Linnaean species name matched a single
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BIN. For each set of sequences from invasive BINs, diversity
statistics were calculated for the total set of sequences, the Euro-
pean sequences, and the North American sequences where there
were two or more sequences available per BIN and geographic
location. Two-tailed binomial tests were performed on the num-
ber of sequences, haplotype numbers, and diversity measures for
North American vs. European sequences in each invasive species
BIN to test the hypothesis of consequence (Fig. 1C); two-tailed
Wilcoxon signed-rank tests were similarly performed after tak-
ing 1-smaller/larger value and signing based on direction (e.g.
Europe greater is positive, North America greater is negative).
We additionally test whether the species that were purposefully
introduced into North America represent a difference in their
proportion between North American > European and European >
North American genetic diversity results, using a Fisher’s Exact
test in R.

Similarly, we calculated the number of haplotypes, the haplo-
type diversity, and the nucleotide diversity for the sets of sequenc-
es in each associated sister clade BIN and compared these metrics
to the results obtained for each invasive species BIN (correspond-
ing to testing for a general observation between invasive species
and molecular genetic diversity, Fig. 1A). We repeated the diver-
sity measures for European vs. sister clade BIN sequences only,
since the European geographic region relates to the hypothesis of
cause (Fig. 1B). Binomial and Wilcoxon signed-rank tests were
performed as described above. Since there can be multiple inva-
sive or sister clade BINs within a paired comparison, we compare
each invasive species BIN to all possible sister clade BINs (using
1-smaller/larger and sign) and summarise those results per inva-
sive BIN by the median. We then summarise results for multiple
BINs within a single invasive species name by taking the median
of the genetic diversity metric from the various sister pairings.
We repeat all summaries and Wilcoxon signed-rank tests using
only those comparisons with higher sample size — 6 or more
sequences in each BIN or region — since the subsampling of 6
sequences from a population allows the distinction between high
and low population estimates of haplotype and nucleotide diver-
sity in the COI gene in animals (Goodall-Copestake et al., 2012).
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Fig. 3. Thirty-five comparisons of relative molecular evolutionary rates between related invasive and non-invasive insect species. The
distribution of data points representing the relative invasive : sister molecular rates are shown in panel A. Positive relative rates represent
data points for which the invasive rate > sister rate, and negative where the sister rate > invasive rate. Yellow (light) bars indicate results of
sequences of individuals that were collected in North America (NA); green (medium weight shading) indicates European (EU) individuals;
blue bars (dark weight shading) indicate the total (TL) data points from all regions and those without any location information. The thick
vertical lines on the boxes represent the median relative rate. Phylogenetic relationships shown to the left are based on taxonomy, as well
as molecular phylogenetic relationships from Hunt et al. (2007), Regier et al. (2009), McKenna et al. (2009), Wiegmann et al. (2011), and
Misof et al. (2014). Panel B shows the distribution of the medians of relative dN rates, dS rates, and dN/dS ratios across the 35 compari-
sons, where each data point in the boxplot is a median of all relative rates belonging to a single invasive vs. sister comparison. The number
of positive (invasive > sister) and negative (sister > invasive) medians are given above and below each boxplot, respectively. Zero values
are included on the graph but not tallied. Species purposefully introduced into North America are marked with ‘V".

RESULTS

Relative substitution rates

The relative rates for all invasive-sister pairs, along with
their medians, are plotted in Fig. 3A. 405,765 combina-
tions of invasive, sister, and outgroup sequences were ana-
lysed for relative substitution rates. In 19 out of 35 invasive
species analysed, the medians of the substitution rates were
positive, indicating that the invasive rate was higher than
the sister clade species rate (pbmmm,[b] = 0.74, Pyyicoronm) =
0.23) (Fig. 3A, blue/darkest bars). This result corresponds
with the question in Fig. 1A (observation). The median of
the rate medians was +0.11, signifying that the invasive
species molecular rate was 11% higher (by median) than
the sister rate in 50% or more of the invasive species tested.
The results were similar when the purposefully-introduced

species were removed (16 out of 27 medians positive, p, =
0.44,p,=0.16).

Similarly, the medians of the European sequences did not
differ significantly from the null expectation. This result
corresponds with the question in Fig. 1B (cause/associa-
tion). Neither North American nor European comparisons
had more often high median relative rates than the other
region for comparisons possessing data from both regions
(14 Europe higher, 16 North America higher, p, = 0.88, p
= 1.0). This result corresponds with the question in Fig. 1C
(consequence). The range in relative substitution rates was
larger for European data points than North American data
points, with 22 out of the 31 comparisons with data from
both regions having a larger range of relative substitution
rates for the European data (p, = 0.029, p,, = 0.0014).

Thirty-two of 35 comparisons had both positive and
negative data points for the total data set of permuted se-
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Fig. 4. Haplotype diversity and nucleotide diversity estimates between populations in the native range (Europe [EU]) and the invaded
range (North America [NA]) in twenty-eight invasive insect species. The European population had greater haplotype diversity (orange
bars above the x axis) in 20 of 26 cases (p, = 0.0094, p,, = 0.014) and greater nucleotide diversity (purple bars above the x axis) in 19 of
26 cases (p, = 0.029, p,, = 0.012), with two cases of equal (0) diversity measures, as compared to the population in North America (bars
below the x axis). The diversity measures were made relative by taking 1-(smaller/larger) and signing based on direction (EU > NA signed
as positive, NA> EU signed as negative). The bars are ordered by approximate date of introduction of the species (earliest to latest, with
‘~"indicating approximate); the lighter bar colouration indicates that there were fewer than 6 sequences available for one of the regions (5
sets of bars, and 2" 0 result); the dashed bars indicate cases where the number of sequences collected between regions differed by 5 or
more times (6 sets of bars). Species purposefully introduced into North America are marked with ‘.

quence groupings. This signifies that the varying choice
of a single sequence each from a target, closest sister, and
outgroup BIN can give different directional results, i.e. that
the invasive rate was greater than the sister, or vice versa.
However, in the 32 cases that span zero, 20 cross by a tail
quartile of data. Therefore, this signifies that less than 25%
of the data points within each of those comparisons would
yield an opposite conclusion.

Relative dN/dS ratios, dN rates, and dS rates

The relative dN rates, dS rates, and dN/dS ratios for all
invasive-sister pairs, along with their medians, are plotted
in Fig. 3B. There was no significant difference in the fre-
quency of higher rates between invasive vs. sister clade
species. Neither the North American nor European region
had significantly higher dN/dS ratios, dN rates, or dS rates
than the other region (p values in S1-9).

Genetic diversity by region and in invasive
vs. sister clade species

The number of invasive species sequences available was
similar between geographic regions (Europe and North
America), with more sequences in the European region in
half (14 of 28) of the invasive species (p,, .=1.0,p,.
= 0.57). However, the number of haplotypes (21 of 26, p,
=0.0025, p,, = 0.0033), the haplotype diversity (20 of 26,
p, = 0.0094, p, = 0.014), and the nucleotide diversity (19
of 26, p, = 0.029, p,, = 0.012) were each significantly more
often higher in the European region than in North America
by both binomial and Wilcoxon signed-rank tests (Fig. 4,
corresponding with the question in Fig. 1C). The results
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excluded two cases of equal measures. The directional re-
sults were relatively consistent among the metrics of ge-
netic diversity, with species exhibiting higher diversity in
Europe 81% of the time for haplotype number, 77% of the
time for haplotype diversity, and 73% of the time for nucle-
otide diversity. This finding was similar when examining
only pairs represented by 6 or more sequences from each
region (full results in S1-11). The species displaying North
American > European genetic diversities represented a
greater proportion of purposefully introduced species than
the species displaying European > North American genetic
diversities (3 of 6 vs. 1 of 19 cases, p,,, . = 0.031, for 25
cases where the haplotype and nucleotide diversity were in
the same direction).

Invasive species had more sequences and haplotypes (by
medians) than the sister clade species; in 28 of 32 compari-
sons the invasive had more sequences (p, = 1.9 x 107, p,,
=5.0x107), and in 27 of 32 comparisons the invasive had
more haplotypes (p, = 0.00011, p,, = 0.00071). Neverthe-
less, the haplotype diversity and nucleotide diversity met-
rics, which consider number of sequences, did not differ
significantly between invasive and sister clade BINs (cor-
responding with the question in Fig. 1A) (haplotype diver-
sity: 14 of 32, p, = 0.60, p,, = 0.29; nucleotide diversity: 13
of 32 with the invasive higher than the sister, p,= 0.38, p, =
0.14). When considering only comparisons with higher se-
quencing sample size (6+ per species), the number of hap-
lotypes did not differ significantly; instead, the haplotype
diversity (7 of 27; p, = 0.019, p,, = 0.0036) and nucleotide
diversity (7 of 27; p, = 0.019, p,, = 0.00074) were signifi-
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cantly more often greater in the sister clade species in both
the binomial and Wilcoxon signed-rank tests. When con-
sidering only the invasive species’ European sequences vs.
the sister clade species (corresponding with the question in
Fig. 1B), the number of sequences was again higher in the
invasive species, and again the haplotype and nucleotide
diversity did not differ significantly. Similar to the results
when including data from all regions, for those pairs with
6+ sequences/species, the haplotype diversity (7 of 23, p
= 0.017) and nucleotide diversity (8 of 23, p, = 0.013) of
the sister clade species were significantly more often high-
er by Wilcoxon signed-rank test as compared to the inva-
sive species (S1-11).

DISCUSSION

Relative substitution rates and interpretation
of cause or consequence

Invasive species did not display higher molecular sub-
stitution rates more often than closely related non-invasive
species as seen by the medians of the relative rates (Fig.
3A). These results provide no support that invasion occurs
as a consequence of faster rates of molecular evolution
(Fig. 1A represented by Fig. 3A ‘Total’, Fig. 1B in Fig.
3 A European region). The North American sequences also
did not have consistently higher relative rates than Euro-
pean sequences (Fig. 1C represented by relative position
of European [EU] and North American [NA] region bars
in Fig. 3A), which suggests rates were not increased as a
consequence of invasion.

The short evolutionary timeframes investigated between
target and sister clade species (a few million years) has not
provided a lot of opportunities for differential substitution
accumulation. Because of this, it is difficult to distinguish
whether the null result in molecular rates is a general trend
in species-level contrasts or due to uncertainty in meas-
urement of rates. A significant directional trend, however,
would have suggested that rates of molecular evolution are
associated (through cause, association, or consequence)
to invasive potential in insects on short (and likely long)
timeframes. Furthermore, we elected only to explore over-
all trends, rather than make more subtle considerations
such as estimate the degree of invasiveness for each spe-
cies. Our results were a first step toward addressing the
question of general molecular rates and invasive potential.
Future investigations of this question through species-level
contrasts may require much larger sample sizes, or inves-
tigations could include taxonomically higher clades con-
taining invasive species to provide longer timeframes so
that rate differences would be more apparent. For example,
testing molecular rate differences between clades differing
in their proportion of known invasive species would be an
interesting avenue for a future study. Currently, this would
be difficult to accomplish accurately and on a worldwide
scale as there are few comprehensive lists of invasive spe-
cies (Rilov & Crooks, 2008; Clout & Williams, 2009) and
none in insects (Foottit & Adler, 2009). Our use of the
medians of relative rates obtained through multiple rates
calculations using all available combinations of invasive,
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sister, and outgroup sequences helped to reduce variation
introduced through small sample size and the stochasticity
of genetic change on short time scales. The greater range
in the relative rates of molecular evolution in European vs.
North American populations corresponded with a greater
number of haplotypes observed for the European popula-
tion.

Relative dN rates, dS rates, and dN/dS ratios

Examination of the different types of substitutions (syn-
onymous/non-synonymous) provides more details on the
effects of selection and mutation in the COI gene of inva-
sive vs. related species, providing a broader understanding
on how COI acts both as a representative of genome-wide
trends and may experience differing selection pressures
itself. The relative synonymous substitution (dS) rate can
serve as a proxy for relative mutation rate differences.
There was no significant difference between invasive and
sister clade species dS rates, suggesting that invasive spe-
cies do not have a higher mutation rate, either as a causa-
tive factor in their success in invasion or as a correlation
with other biological or ecological traits that could both
promote invasion and impact the mutation rate. Similarly,
the invasive species in the native range did not have greater
dN rates than the corresponding sister clade species, sug-
gesting that evolutionary pace (such as due to faster gener-
ation time) is not higher in the invasive species. The North
American sequences did not have significantly more often
higher non-synonymous rates than the European sequenc-
es. This suggests no trend in adaptive evolution in the COI
gene, neither positive selection (e.g. Scott et al., 2011)
nor relaxation of selective constraints (e.g. Mitterboeck &
Adamowicz, 2013), in conjunction with the population be-
coming established in the new environment. A trend in COI
related to positive selection was not necessarily expected,
while metabolism and other gene types have been shown
to be under positive selection in certain invasive insect spe-
cies (Wang et al., 2011), there lacks evidence for selection
in COI associated with invasive success. Our interpreta-
tions of selection are with respect to a single mitochondrial
marker, and we acknowledge that different selective forces
may be acting on additional genetic markers relevant for
invasion-related traits.

Genetic diversity

The literature suggests additive genetic variance in a
source population as a facilitator of successful invasion
(Lee, 2002), with additive genetic variance linked weak-
ly with molecular genetic variation (Reed & Frankham,
2001). We observed more haplotypes present in invasive
species than related sister clade species. However, the in-
vasive species also had more often a greater number of
sequences available than closely related species. Due to
the nature of data collection for this study, we cannot be
certain if available sequences are representative of the true
population make-up for the included species. This differ-
ence in research effort could be a direct consequence of
a species having ‘invasive’ status being more available or
of higher interest to researchers. Despite these limitations
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of sample size, the genetic diversity results displayed the
opposite trend compared to what might be expected based
upon sample size of sequences alone. When considering
haplotype diversity and nucleotide diversity measures,
which do consider sample size, the sister clade species typ-
ically exhibited higher diversity than the paired invasive
species for the subset of comparisons that included 6 or
more sequences per BIN. To truly consider whether genetic
diversity influenced the propensity for invasive potential,
the source population should be examined. While the se-
quences obtained from the native range may not represent
all sequences from which the invasion was derived (due
to sampling effort), it provides a point of comparison to
evaluate diversity relative to the sister clade species. When
considering the European region only, the pattern was sim-
ilar between invasive species vs. sister clade species, with
higher diversity in the latter. Thus, our data do not provide
support toward the assertion of genetic variation facilitat-
ing invasion, since we did not observe any significant dif-
ference in the European region of the invasive species as
compared to the sister clade species. However, we used
COl as a representation of molecular genetic variation; our
analyses did not consider additional genes, which may be
more relevant to invasion-related traits.

Genetic diversity for invaded geographic ranges cited in
the literature is often observed to be reduced as compared
to the native range of the invasive species (e.g. Kliber &
Eckert, 2005); there are, however, some exceptions to this
reduced genetic diversity in the invaded range (Klobe et al.,
2004). We observed more often a greater genetic diversity
in the native European geographic range as compared with
the invaded North American range, as seen in the number
of hapotypes (81% of species), haplotype diversity (77%),
and nucleotide diversity (73%). Our work included infor-
mation for 28 target species having sequences from both
geographic regions. There were 6 cases in which the hap-
lotype and nucleotide diversity was higher in the invaded
range, contrary to expectation. However, most (4) of these
cases appear to correspond with potential explanations: in
3 cases the species were purposefully introduced, as well
in 3 cases the sequence availability was highly unbalanced
(5 times different), with higher diversity measures cor-
responding with the region having the much greater se-
quence availability. While the species in these regions were
not exhaustively sampled, the publicly available data from
BOLD represents the most wide-spread effort to generate
DNA sequence data across as many species as possible,
allowing us to perform a broad-scale analysis using consis-
tent methods. Our collated data suggest a general trend of
higher intraspecific variation in the source range as com-
pared to the invaded range for invasive insects. This result
is similar but less consistent in direction to the synthesis
of Dlugosch & Parker (2008), in which 11 of 13 (85%)
invasive insect species with various countries of origin and
invasion had greater heterozygosity in the native ranges.
Our species lists did not overlap with that study.
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Taxon representation

Our included invasive species represented 5 of 32 insect
orders, and the genera and sub/families included here often
contained more than one invasive species analysed. The
most common families included in our analysis, the beetle
families Curculionidae and Chrysomelidae, are both spe-
cies rich with over 60,000 and 36,000 species, respectively
(Foottit & Adler, 2009). A higher number of invasive spe-
cies would be expected in these groups, as compared to
less-specious insect families, simply by chance. Out of our
included insect orders (Diptera, Hymenoptera, Coleoptera,
Lepidoptera, and Hemiptera), Hemiptera has been ob-
served to be disproportionally represented by invasives as
compared to native species in North America (Yamanaka
etal., 2015).

Considerations and limitations of the work

Here we used a simple measure of genetic differentiation
between invasive and closely-related non-invasive species.
We did not test for genomic selection in various genes.
While the genetics of invasion are undoubtedly more com-
plex than simple rates of molecular evolution, the relative
molecular rate is one potential correlate of invasiveness
that had not been directly addressed to date.

When selecting our molecular marker for this study, we
gave preference to COI due to the larger number of pub-
licly available sequences, in terms of both number of se-
quences and breadth of taxon sampling, which would have
been reduced by using a multiple marker data set. Due to
the use of a single marker, relationships constructed may be
considered gene trees rather than species trees. Given the
phylogenetic uncertainty, we were cautious in our choice
of outgroup (taking the 2 or 3" branching outgroup, based
on node support) in order to limit the possibility of our
outgroup choice being closer to the target or sister lineages,
thereby influencing our analysis results. Furthermore, COI
has been shown to produce fairly accurate relationships for
lower taxonomic levels when compared with multi-gene
trees (e.g. Wilson, 2010; Boyle & Adamowicz, 2015). We
chose to collect data for species introduced from Europe
into North America to reduce latitudinal differences as a
confounding factor on our molecular evolutionary rates
analysis. The sister clade species used in our analyses were
not necessarily native to Europe, which could introduce
noise due to geographic region of origin, such as poten-
tial latitudinal effects on genetic diversity or molecular
rates. However, since multiple comparisons were used that
included data from various individuals and various geo-
graphic collection ranges, this aids to mitigate confounding
geographic issues by assessing larger trends.

Implications of the permutation method

Permuting through equal choices of individuals within a
species and through species within the same phylogenetic
range may be useful in two ways: the first is in avoiding
node-density effects while still considering information
from multiple terminal lineages; the second is in the dem-
onstration of how sequence or lineage choice can influence
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the result obtained for molecular rates studies in simple
three-taxon trees. Ninety-one percent (32 of 35) of our
comparisons using all available (total) data spanned both
positive and negative sides of the null result. In 63% (20
of 32) of cases, the crossing was only by a tail quartile.
The choice of sequences to represent a target, sister, or out-
group species, such as with multiple sister clade BINs and
outgroup sequences, can greatly influence the resulting rel-
ative rates calculations and thereby the possible interpreta-
tion of the data. Variation in rates results, introduced by
species choice, was evident. However, even in the Ceuto-
rhynchus obstrictus comparison, which had a single target
BIN (6 sequences), sister clade BIN (1 sequence), and out-
group (1 sequence), the relative rates results were variable.
Thus, our study suggests that whether or not real biological
differences are present, the choice of a single sequence to
represent a species may not reflect the majority of the data
or demonstrate the variability of results available. Since
relative rates studies may opt for a single sequence per sis-
ter lineage for analysis, to avoid the node-density effect,
we suggest that the issue of sampling effects requires fur-
ther attention in molecular rates research.

CONCLUSION

We have investigated the relationship between rates of
molecular evolution in the COI gene, which is commonly
used in identifying specimens to species, and the trait of
invasiveness in insect species. No definitive trends were
observed in rates; however, it remains possible that trends
exist when considering longer time frames. Using permu-
tation in the analysis of rates, we showed that variation in
relative rates exists within a species or BIN, and unique
sequence choice using simple trees impacts rate estimates.
Similar permutative analysis using data at various taxo-
nomic levels and a comparison across these levels is sug-
gested for future efforts. Our intraspecific diversity results
also do not support the hypothesis that higher genetic vari-
ance promotes invasive potential, since we did not observe
a higher genetic diversity in the invasive source population
than in closely related non-invasive species. However, our
results indicate that the intraspecific diversity in a mito-
chondrial gene within invasive species is significantly
more often higher in the source geographic range than in
the invaded ranges, using a large sample size of regional
comparisons in insects, consistent with previous findings
using nuclear markers.
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Supplementary files:

S1 (http://www.eje.cz/2018/071/S01.xIsx): File that can be
viewed in MS Excel and contains supplements 1-13 with infor-
mation on invasive, sister, and outgroup species and/or BINs;
literature search criteria; maximum likelihood trees; BOLD se-
quence identifiers for sequences used in analysis; relative substi-
tution rates outputs; relative dN rates, dS rates, and dN/dS ratio
outputs; estimated intraspecific diversities; and binomial and Wil-
coxon signed-rank tests. Fasta files containing the sequences used
in analysis are available upon request.

S2  (http://www.eje.cz/2018/071/S02.xIsx): Scripts 1-6. R
scripts and Perl script used in analysis.



