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Molecular markers reconstruct the invasion history
of variable leaf watermilfoil (Myriophyllum heterophyllum)
and distinguish it from closely related species

Ryan A. Thum - Matthew P. Zuellig -
Robert L. Johnson - Michael L. Moody -
Charles Vossbrinck

Received: 29 March 2010/ Accepted: 15 December 2010
© Springer Science+Business Media B.V. 2010

Abstract Genetic variation is increasingly recog-
nized as an important factor influencing the estab-
lishment and spread of introduced species, and
depends on both the introduction history and parti-
tioning of genetic variation within and among
potential source populations. We examine patterns
of genetic variation in native and introduced popu-
lations of variable leaf watermilfoil, Myriophyllum
heterophyllum, using chloroplast (zrnL-F) and ribo-
somal (ITS) DNA sequences, as well as amplified
fragment length polymorphisms (AFLPs). We
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identify a strong phylogeographic break distinguish-
ing populations located on the Atlantic Coastal Plain
(ACP) versus other (“Continehtal”) portions of the
native range. Within these distinct biogeographic
regions, we also find genetic variation to be strongly
partitioned among populations as analysis of molec-
ular variance (AMOVA) partitioned 91 and 75% of
cpDNA and ITS diversity among populations, respec-
tively. We demonstrate that the introduced ranges of
variable leaf watermilfoil (northeastern and western
US) result from multiple independent introductions
from a variety of source populations, including
lineages from both the ACP and Continental portions
of the native range. In addition, we used our
molecular markers to demonstrate that variable leaf
watermilfoil is genetically distinct from three closely-
related species that it is morphologically similar to. In
particular, we demonstrate that M. heterophyllum is
clearly distinct from a morphologically similar native
species in the western US, M. hippuroides—whose
distinctiveness from M. heterophyllum has been

-questioned—and therefore confirm the introduction

of M. heterophyllum in the western US. Furthermore,
we provide the first evidence for hybridization
between these two species. Finally, our molecular
markers identify previously unrecognized genetic
variation in these four species, and therefore demon-
strate the need for further taxonomic investigation.

Keywords Cryptic species - Biotypes - Hybrid
vigor - Clonal reproduction - Hybridization
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Introduction

The study of molecular genetic variation in introduced
species has become a central focus of invasion
biology. Molecular analyses of native and introduced
populations can be used to infer the introduction
history, such as distinguishing single versus multiple
introduction events and identifying the geographic
source(s) and size(s) of founding populations (e.g.,
Novak and Mack 2005; Taylor and Keller 2007). In
addition, molecular analyses can provide insight into
the potential for adaptive evolution in introduced
ranges that might facilitate their establishment and
spread. For example, an increasing number of studies
demonstrate that introduced species harbor a surpris-
ing amount of genetic variation, either from intro-
ductions of a large number of propagules that alleviate
the effects of bottlenecks in founding populations or
through multiple introductions (e.g., Roman and
Darling 2007), or result in novel genetic variation in
the introduced range that facilitates rapid adaptation
(e.g., Kolbe et al. 2004). In cases where recognized
species are morphologically similar, or where species
boundaries are not clear, molecular analyses may also
shed important insight on the taxonomic composition
of invasions (e.g., Folino-Rorem et al. 2009). Molecular
studies can therefore make direct contributions to
invasive species management including the identifi-
cation of potential introduction pathways (e.g., Novak
and Mack 2001), potential biological control agents
(e.g., Roderick and Navajas 2003), and distinguishing
between different introduced taxa (e.g., Folino-Rorem
et al. 2009) or native versus introduced taxa (e.g.,
Thum et al. 2006). Yet, the introduction history, and in
some cases the taxonomy, remain poorly understood
for many biological invasions.

Variable leaf watermilfoil, Myriophyllum hetero-
phyllum Michx., has become a high-profile invasive
aquatic plant species in the northeastern portion of
the United States, and has more recently been
identified in several locations in the western US
states of Washington, Oregon, and California. Unlike
transcontinental invaders, M. heterophyllum is native
to eastern North America. Aiken (1981) described its
native range as occurring from Florida eastward
along the Atlantic Coastal Plain to Virginia, and also
along the Gulf Coastal states northward to Michigan
and Ontario, but is not considered native to either the
northeastern or western US (see Figs. 3, 4).
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The earliest recorded introduced specimen of
M. heterophyllum in the northeastern US is from
Bridgeport, Connecticut in 1932, and it is thought to
have escaped from cultivation and subsequently spread
across the region through vegetative propagules
(Les and Mehrhoff 1999). The species now occurs
extensively throughout the northeastern US, and has
spread especially rapidly over the past 30 years (Thum
and Lennon 2010). Earlier genetic investigations of a
limited number of accessions revealed some genetic
variation in the northeastern US invasion of
M. heterophyllum. Most notably, Moody and Les
(2002) distinguished a hybrid invasive lineage
(M. heterophyllum x M. laxum) from pure M. hetero-
phyllum in several Connecticut populations, and pro-
posed the hybrid lineage as a unique biotype that is
more invasive than non-hybrid populations in that
region. However, Thum and Lennon (2006) did not
identify hybrid genotypes in their survey of several
New Hampshire populations, where M. heterophyllum
is the most common nuisance aquatic plant. Based on
these results, Thum and Lennon (2006) hypothesized
that the northeastern US invasion may consist of two or
more genetically distinct lineages that exhibit spatial
structure across the region. Such spatial structure might
reflect different independent introductions of unique
genotypes. However, multiple accessions from a large
number of populations from within both the native and
invasive ranges have not yet been sampled to evaluate
the possibility that genetic variation results from a
single introduction from a genetically diverse ancestral
source population. The introduction history in the
western US is also unknown, but presumably has
occurred more recently than the original northeastern
US introduction(s), as the number of western popula-
tions is considerably lower than in the northeastern US,
and historical records of M. heterophyllum are lacking.

One complication involved in reconstructing intro-
duction histories on the basis of historical records is the
difficulty in distinguishing M. heterophyllum from
several closely related species. While species of Myr-
iophyllum can be distinguished on the basis of mor-
phology, morphological identifications rely primarily
on flower and fruit traits, which are often reduced or
altogether unavailable from collected material since
many aquatic plants invest more heavily in asexual
versus sexual reproduction (Moody etal. 2008). Thus, in
practical terms, distinguishing species of Myriophyllum
can be difficult, and in some cases invasive species can
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be mistaken for native species, and vice versa, when
only vegetative material is available for morphological
identification (e.g., Thum et al. 2006). For example,
M. heterophyllum is morphologically similar to Myrio-
phyllum hippuroides Nutt. ex Torr. & A. Gray. Histor-
ically, these two species have been readily identified by
a geographic disjunction, as M. hippuroides occurs in
the western part of North America whereas M. hetero-
phyllum occurs in the east. Although the two species can
be told apart morphologically (Aiken 1981), Reed
(1970) questioned whether the latter should be consid-
ered as a separate species given their similarity. In
addition, although they exhibited distinct cpDNA and
ITS profiles, a recent phylogenetic analysis demon-
strated that M. heterophyllum was paraphyletic with
respect to M. hippuroides, further drawing into question
their species boundaries (Moody and Les 2010). Given
the recent identification of putative introduced popula-
tions of M. heterophyllum in the western US, it is
important to determine whether these represent distinct
species, and if so, to develop reliable and efficient
identification methods to distinguish them. Similarly,
M. heterophyllum is morphologically similar to the
closely related Myriophyllum laxum Schuttl. Ex Chapm.
and Myriophyllum pinnatum Britton, Sterns & Pogenb.,
and it overlaps its geographic range with both species in
the southeastern portion of the US. Interspecific
hybridization may further complicate morphological
identifications (e.g., Moody and Les 2007). Myriophyl-
lum heterophyllum has also been shown to hybridize
with M. laxum (Moody and Les 2002), but it is not
known whether M. heterophyllum hybridizes with other
closely related species. As such, although taxonomists
have not questioned morphological species boundaries
among recognized species of milfoils, the practical
difficulties encountered by lake managers associated
with their identification warrants the development and
evaluation of molecular tools to provide an efficient
DNA based identification system for milfoils.

Here, we utilize DNA sequences from the chloro-
plast DNA (cpDNA) trnL-F region and the nuclear
ribosomal (nrDNA) internal transcribed spacer
regions (ITS) and amplified fragment length poly-
morphisms (AFLPs) to investigate genetic variation
in M. heterophyllum in its native range and two
disjunct introduced ranges in the US (northeastern
versus western US). Specifically, we ask whether
variable leaf watermilfoil invasions result from single
versus multiple introductions, and what the likely

geographic origin(s) of introduced genotypes are. In
addition, we use our molecular markers to answer the
specific question of whether putative populations of
introduced M. heterophyllum are distinct from native
M. hippuroides in the western US. Finally, we further
evaluate the potential of molecular markers for
identifying and distinguishing distinct taxa within
the North American milfoils.

Materials and methods
Sample collection and identification

We obtained samples of M. heterophyllum from
populations throughout its native range (252 individ-
uals from 84 different populations) and from popu-
lations in the northeastern US (231 individuals from
86 populations) and western US (30 individuals from
8 populations) where it is considered introduced and
invasive. In addition, we collected a more limited
sampling from three closely related species:
M. hippuroides (21 individuals from eight popula-
tions), M. laxum (36 individuals from 10 populations),
and M. pinnatum (11 individuals from five popula-
tions). Many of the samples included in our analyses
were obtained from state or lake management agencies
seeking to confirm taxonomic identifications of plants
with molecular genetic data. Most samples received
from agencies for taxonomic identification consisted
of only a single plant and as such roughly half of our
study populations are represented by a single individ-
ual (44 introduced populations, 41 native populations).
However, the remaining populations are represented
by multiple accessions, from which we can examine
within and among population genetic variation in
both the native and introduced ranges. Details of
sampling locations and sample sizes are provided in
“Appendix”.

Specimens were initially identified to species
using morphological characters. However, Myrio-
phyllum species can be very difficult to differentiate
on the basis of morphological characters when only
vegetative material is available, which is often the
case for natural populations (Aiken 1981; Moody and
Les 2007; Thum et al. 2006). For each species, we
had at least one specimen identified on the basis of
flowering material, which allowed us to match our
genotypes to morphological identifications. For many
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of the samples where flowering material was lacking
on our specimens, historical records from those same
locations were based on flowering material, and for
these sites we assumed the taxonomic composition of
the population was unchanged. For some sites, only
vegetative material was available, and we gave these
samples a putative identification based solely on
cpDNA and ITS by comparing them to previously
published accessions from Moody and Les (2002,
2010). Finally, we further evaluated the morpho-
logical and cpDNA/ITS identifications with ampli-
fied fragment length polymorphisms (AFLPs) on a
subset of samples that were representative of the
different cpDNA + ITS genotypes identified (see
“Appendix”).

For each plant, we extracted DNA from one apical
meristem (fresh or freeze-dried) using DNEasy Plant
Mini Kits (Qiagen) or a modified CTAB protocol
(Gustinich et al. 1991).

DNA sequencing analysis

We amplified and sequenced two genes: the ntDNA
internal transcribed spacers 1 and 2 and the interven-
ing 5.8S ribosomal subunit (hereafter referred to
collectively as ITS) and a segment of cpDNA
including the 5’ and 3’ exons of #rnL, the intron
between them, and the intron between the 3’ exon of
trnL and trnF, including trnF (hereafter referred to
collectively as cpDNA). In most cases, we amplified
ITS using the universal primers ITS1 and ITS4 (Soltis
and Kuzoff 1995), but in some cases we substituted
the ITS1 primer with a Myriophyllum specific internal
primer (5-GCGGAAGGATCATTGTCGAA-3") to
eliminate potential contaminants. For cpDNA, we
used primers ¢ and f from Taberlet et al. (1991). All
PCR reactions contained the following: 1 pl of 10x
PCR buffer (Invitrogen), 2 mM MgCl,, 2 pmol each
primer, 0.2 mM each dNTP, 1 unit of Tag DNA
polymerase (Invitrogen), 1 pl template DNA and
brought to a total volume of 10 pl with sterile,
distilled and deionized water. Thermal cycling con-
sisted of the following: One cycle at 94°C for 2 min
followed by 25 cycles of 94°C for 1 min, 53°C for
30 s, 72°C for 1 min and a final extension at 72°C for
8 min. We visualized 25 pl of PCR products on an
agarose gel (~1.5%) to check for size and purity, the
remaining was treated with the enzymes Exonuclease
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I (New England Biolabs) and Antarctic Phosphatase
(New England Biolabs) to eliminate unincorporated
primers and dNTPs before sequencing. PCR products
were sequenced using BigDye terminator chemistry
(Applied Biosystems) on ABI 3130x]1 and 3730xl
DNA sequencers. In most cases, direct sequencing of
PCR products produced clean and unambiguous
sequence. However, in several cases for ITS we
found more than one ambiguous base pair. In these
cases, we cloned the PCR products using the TOPO
TA cloning kit (Invitrogen) and sequenced 5-10
positive inserts. DNA sequences were edited using
Sequencher, version 4.2 (Gene Codes Corporation)
and aligned using ClustalW, as implemented in
MEGA version 3.1 (Kumar et al. 2004).

We constructed phylogenies and haplotype net-
works for both cpDNA and ITS. We constructed
maximum parsimony trees in PAUP*, version 4.0
(Swofford 2002) using heuristic searches with simple
sequence addition to obtain starting trees, and the
tree-bisection-reconnection branch swapping algo-
rithm. We constructed neighbor-joining trees in
MEGA version 3.1 (Kumar et al. 2004) using
uncorrected genetic distances as our model of
sequence evolution because of the very low average
sequence divergence among samples, as recom-
mended by Nei and Kumar (2000). For both analyses,
we used 1000 bootstrap replicates to assess nodal
support under the same parameters as initial analyses.
In both phylogenetic analyses, we used M. laxum as
the outgroup based on the recent genus-wide phy-
logeny by Moody and Les (2010). We constructed
haplotype networks using statistical parsimony
(Templeton et al. 1992), as implemented in the program
TCS version 1.21 (Clement et al. 2000), using a 95%
connection limit. We treated indels consisting of
multiple base pairs as single transformations. For
individuals that exhibited ITS sequence polymorphisms
(e.g., the previously identified hybrids), we considered
both sequences in the haplotype network.

We examined geographic patterns of genetic
variation in two ways. First, we mapped the geo-
graphic distributions of cpDNA haplotypes and ITS
genotypes/alleles to identify any apparent biogeo-
graphic affinities and to identify the potential geo-
graphic origin(s) of invasive lineages. Second, we
used Analysis of Molecular Variance (AMOVA), as
implemented in Arlequin v. 3.11 (Excoffier et al.
2005) to partition genetic variation within and among
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populations in the invaded and native ranges. If
genetic variation is partitioned primarily within
populations in the native range, a single introduction
from a genetically variable source population may
explain the diversity of genotypes in the invaded
range(s). On the other hand, if genetic variation is
partitioned primarily among populations in the native
range, such that native populations harbor little
genetic variation, then the diversity of genotypes in
the introduced range(s) would be best explained by
multiple introductions from genetically distinct
sources.

We performed four separate AMOVAs for both
cpDNA and ITS data. First, we compared within
versus among population genetic variation in all
native populations combined. Second, we compared
within versus among population genetic variation in
all introduced populations combined. Third, we
compared genetic variation among native and intro-
duced regions, including only the northeastern US
introduced range as we did not have enough within-
population sampling in the western US to conduct a
meaningful analysis. Fourth, we compared two
different geographic regions within the native range
that showed an obvious phylogeographic break with
our molecular markers (see “Results” and “Discus-
sion”). We restricted our AMOVA analyses to those
populations where we had genetic data from four or
more individuals (44 populations).

AFLP analysis

We conducted an AFLP analysis on a subset of our
sampled populations in order to evaluate species and
hybrid identifications on the basis of morphology
and/or DNA sequences. We were especially inter-
ested in determining whether there was strong
support for genetic differentiation between putative
populations of introduced M. heterophyllum and
native populations of M. hippuroides in the western
US, as the proper delimitation of this species pair has
strong implications for management in that region.
However, we also used AFLPs to (1) determine the
extent to which the recognized species M. pinnatum,
M. laxum, and M. heterophyllum were differentiated
from one another, (2) identify potential hybridization
among species (or confirm hybridization in the case
of M. heterophyllum and M. laxum), and (3) corrob-
orate patterns of genetic variation found in native and

introduced populations of M. heterophyllum. We
stress that it was not our intent to evaluate the
potential for gene flow among introduced genotypes
of M. heterophyllum, as we did not have sufficient
DNA to perform AFLP genotyping on a large number
of individuals from a large number of populations.
However, we did include samples from all of the
major genetic groups identified with cpDNA and ITS
sequences; in total, we analyzed 125 individuals from
49 populations (1-6 individuals per population; see
“Appendix”).

AFLPs were prepared as described in Vos et al.
(1995) with some modifications. We digested
~ 100 ng of total genomic DNA with EcoRI and
Msel restriction enzymes and ligated EcoRI and Msel
adaptors (Applied Biosystems). PCR amplification
was performed in two steps— “preselective” versus
“selective” amplification). Preselective reactions
employed the EcoRI-A and Msel-C primers (Applied
Biosystems) and selective reactions employed the
EcoRI-ACA and Msel-CAT primers (Applied Bio-
systems) using the manufacturer’s protocol. Addi-
tional primer pairs also yielded consistent and
reliable profiles, but a pilot study on a subset of our
samples showed that the qualitative results presented
in this paper did not change when adding additional
primer pairs and we therefore present results from the
single primer pair. Selective amplification products
were run on an ABI 3130xl automated DNA
sequencer at AWRI using the internal size standard
MapMarker1000 ROX (BioVentures, Inc.).

We scored the AFLP data with GeneMapper v4.0
(Applied Biosystems). We limited our analysis to
fragments between 80 and 500 bp in length. In an
initial analysis, we determined allele bins using a
peak height threshold (PHT) of 200 relative fluores-
cence units (RFU) and a bin width of 0.75 bp. This
ensured that only strong bands were included in the
binset. We then automatically scored the data using
the bin set using a PHT of 30 RFU, but we visually
checked and edited all allele calls. Scoring in this
manner led to highly reproducible genotypes with
low scoring error rates (Jaccard Index = 98-100%
similarity for 15 re-genotyped individuals).

We evaluated species boundaries and potential
hybridization among recognized species using Struc-
ture v2.3.2 (Pritchard et al. 2000; Falush et al. 2007).
We used an admixture model with no priors, correlated
allele frequencies, and a single «. However, we
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evaluated models employing all possible combina-
tions of the above parameters, and our results were
robust to different combinations. We initially ran
Structure for values of K from one to ten, and
evaluated the number of distinct genetic clusters (K)
by examining the plot of the likelihood of the data
against K, and using Evanno et al.’s (2005) AK statistic
(see Supplementary Web Appendix 3). Although the
AK method indicated K = 2, the likelihood scores
continued to rise across values of K. Moreover, AK is
indicative only of the highest level of structure in the
dataset (e.g., minimum value of K for which structure
could be explained). Therefore, we used the hierar-
chical approach of Coulon et al. (2008) to identify
further genetic structuring; we repeated the analysis of
AK for each group of the K groups identified in the
previous step until no further sub-structuring was
evident. For each analysis, we ran the MCMC for
250,000 generations, preceded by a burn-in period of
50,000 generations. For each analysis, we assigned
each individual to the group for which its inferred
ancestry was highest, and we assigned each population
to a single group provided that >50% of the individuals
were assigned to that group.

Results
Characterization of molecular markers
cpDNA

We found 19 unique cpDNA haplotypes among our
samples. Sequences ranged in size from 900 to
925 bp. The final cpDNA alignment was 935 bp,
with 907 positions constant, 12 positions that were
parsimony informative, seven singleton substitutions,
and fourteen indels ranging from 1 to 11 bp were also
present (Supplementary Web Appendix 1). All
unique cpDNA sequences were deposited in Gen-
Bank (accessions HQ605725-HQ605743).

In our phylogenetic analyses, we found 10 equally
parsimonious trees of 23 steps, and support for most
nodes in both the maximum parsimony and neighbor-
joining analyses were low due to the low genetic
distances. As such, the relationships among cpDNA
haplotypes were best represented as networks. We
found one loop in our cpDNA haplotype network
(haplotypes C, G, H, and I; Fig. 1).
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ITS

Direct sequencing of ITS PCR products yielded a
total of 32 unique genotypes. Fifteen of these lacked
ambiguities, indicating homogenization of ITS
sequences across the genomes of these individuals.
However, there were obvious polymorphisms in ITS
sequence at one or more sites in many individuals,
indicating the presence of multiple distinct copies of
ITS. We refer to ITS sequences as homozygous (only
one allele detected in direct sequencing) or hetero-
zygous (two unique alleles detected), but recognize
that distinct copies of ITS may occur as paralogs
since ITS is found in tandem repeats (Alvarez and
Wendel 2003). For sequences with only a single
polymorphic site, we could easily distinguish two
alleles without the need for molecular cloning.
However, we cloned PCR products from at least
one individual for each of the ITS direct sequences
with more than one ambiguous base position, or when
direct sequences were poor due to the presence of
indels. In all cases, we recovered only two alleles and
one or both of the alleles recovered from cloning
corresponded to alleles found in individuals with
homogeneous ITS sequences.

After decomposing polymorphic ITS sequences
into their composite alleles, we found 24 unique ITS
alleles among our samples. Alleles ranged in size
from 709 to 711 bp and the final ITS alignment of all
sequences was 712 bp (Supplementary Web Appen-
dix 2) of which 672 were conserved, 12 were
parsimony informative, 26 were singleton substitu-
tions, and four were indels. All unique ITS sequences
were deposited in GenBank (accessions HQ605744-
HQ605767).

In our phylogenetic analyses, we found 6 equally
parsimonious trees of 41 steps, and support for most
nodes in both the maximum parsimony and neighbor-
joining analyses were low due to the low genetic
distances. As with cpDNA, the relationships among
ITS alleles were best represented as networks. We
found one loop in our ITS network (alleles 1, 5, 16,
and 17; Fig. 2).

AFLPs
In total, we identified 116 polymorphic AFLP loci in

our dataset. AFLP profiles had an average of 35.6
bands per individual (range 22-55). Our hierarchical
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Fig. 1 trnL-F phylogeny (left) and haplotype network (right).
Identical letters in the phylogeny and haplotype network
correspond to identical haplotypes. Numbers above and below
branches at nodes in the phylogeny are bootstrap values from
maximum parsimony and neighbor-joining analyses, respec-
tively (1,000 replicates). In the haplotype network, circle sizes
are proportional to the number of populations where each
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Fig. 2 ITS phylogeny (left) and haplotype network (right).
Identical alleles in the phylogeny and haplotype are indicated
by identical numbers. Bootstrap values from maximum
parsimony and neighbor-joining analyses (1,000 replicates)
are indicated above and below branches at nodes in the
phylogeny, respectively. In the haplotype network, circle sizes
are proportional to the number of populations where each
haplotype was found (because many populations are repre-
sented by a single sample), and arrows indicate the size of
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haplotype was found (because many populations are repre-
sented by a single individual), and arrows indicate the size of
indels (treated as single evolutionary transitions regardless of
size). hetA = ACP M. heterophyllum, hetC = Continental
M. heterophyllum, hip = M. hippuroides, lax = M. laxum,
pin = M. pinnatum, h x h = M. heterophyllum x M. hipp-
uroides hybrid, h x | = M. heterophyllum x M. laxum hybrid
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indels (treated as single evolutionary transitions regardless of
size). hetA = ACP M. heterophyllum, hetC = Continental
M. heterophyllum, hip = M. hippuroides, lax = M. laxum,
pin = M. pinnatum, hxh = M. heterophyllum x M. hippuro-
ides hybrid, hxl = M. heterophyllum x M. laxum hybrid, het*
represents a unique M. heterophyllum genotype (i.e., popula-
tions FLOO1, FL0O02 and CT 2.56) that was identified as distinct
from both ACP and Continental forms using AFLPs
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structure analysis resulted in seven total sub-analyses,
and identified a total of 13 distinct genetic groups
(detailed below).

Molecular identification of species and hybrids

Although not all recognized species were reciprocally
monophyletic in our phylogenetic analyses, they
generally exhibited distinct cpDNA and ITS profiles
(Figs. 1, 2). As expected on the basis of an earlier
phylogenetic analysis (Moody and Les 2010),
M. laxum formed a well-supported monophyletic
group for cpDNA and ITS (>90% bootstrap support),
and was separated from the other three species by
relatively large genetic distances. Similarly,
M. hippuroides was clearly distinct from M. hetero-
phyllum at cpDNA and ITS (although the two species
were not reciprocally monophyletic for either mar-
ker). All M. hippuroides samples carried either the N
or O cpDNA whereas these haplotypes were not
found in M. heterophyllum (or any other species), and
these two haplotypes formed a clade in phylogenetic
analyses and haplotype networks. Similarly, we
found only ITS alleles 15-19 in M. hippuroides
samples, and these alleles were not found in other
taxa (except one M. heterophyllum x M. hippuroides
hybrid). However, M. hippuroides was paraphyletic
in relation to a single M. heterophyllum allele for ITS
(5), which is further illustrated as a loop in the
haplotype network. Though our sample size was
much more limited, M. pinnatum also appeared to be
genetically distinct from other species. Myriophyllum
pinnatum samples carried one of three ITS alleles
(13, 14, or 24), that were not found in any other taxa.
Phylogenetic results show M. pinnatum was para-
phyletic in relation to M. laxum when using ITS
but clearly distinct from M. heterophyllum haplo-
types. In contrast, M. pinnatum was not distinct for
cpDNA, but shared haplotypes A, C, and I with
M. heterophyllum.

Although M. heterophyllum did not generally
share alleles with other recognized species, except
for cases of interspecific hybridization (see below)
and sharing of cpDNA haplotypes with M. pinnatum,
it was not monophyletic. Myriophyllum heterophyl-
lum was paraphyletic in relation to M. pinnatum and
M. hippuroides for ITS and paraphyletic in relation to
M. hippuroides using cpDNA (Figs. 1, 2). Moreover,
we found clear differences in geographic affinities for
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M. heterophyllum cpDNA haplotypes and three ITS
alleles. Among suspected native populations chloro-
plast haplotypes D, E, H, and J were found only along
the Atlantic Coastal Plain (ACP) whereas haplotypes
A and B were only found in populations located
outside of the Atlantic Coastal Plain (hereafter
referred to as “Continental”; Fig. 3). Similarly, ITS
allele 2 was only found in ACP populations whereas
ITS alleles 5 and 6 were only found in Continental
populations (Fig. 4).

All four species considered were clearly differen-
tiated from one another in our AFLP analysis
(Fig. 5). Myriophyllum laxum was distinct in the
initial structure analysis, which had the highest AK at
K = 2. Although M. pinnatum, M. hippuroides, and
M. heterophyllum were all part of a single group in
the initial structure analysis at K = 2, they did form
distinct genetic clusters in subsequent analyses using
the hierarchical structure analysis, although not all
individuals within a recognized species were always
included in the same data partitions. For example,
individuals identified as M. pinnatum formed two
distinct groups in two different subsets of data in the
hierarchical structure analysis. Similarly, subgroups
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Fig. 3 Geographic distributions of M. heterophyllum cpDNA
haplotypes throughout the native and introduced ranges (boxed
areas). Bottom portion shows the northeastern invasive range
(boxed region in top) in more detail. Approximate location of
the Atlantic Coastal Plain is indicated by light shading.
Squares represent those haplotypes found in M. heterophyl-
lum x M. laxum hybrids
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Fig. 4 Geographic distribution of M. heterophyllum ITS
genotypes in native and introduced ranges (boxed areas).
Bottom portion shows the northeastern invasive range in more
detail. Approximate location of the Atlantic Coastal Plain is
indicated by light shading. Note: Squares are ITS genotypes
that were heterogeneous with the most common ITS allele (1);
triangles indicate M. heterophyllum x M. laxum hybrids, all of
which carried the M. laxum allele (20) in combination with a
M. heterophyllum allele (indicated by color); M. heterophyl-
lum x M. hippuroides hybrid is indicated with a pentagon

of M. heterophyllum were identified from different
levels of the hierarchical analysis.

We found clear evidence for hybridization among
different species, and several other cases where
hybridization is suggested but will require additional
sampling to confirm. We found clear evidence for
hybrid M. heterophyllum x M. hippuroides in one
western population (OR102). These individuals
exhibited the ITS genotype 1/18, strongly suggesting
biparental inheritance of ITS from M. heterophyllum
(ITS allele 1) and M. hippuroides (ITS allele 18; see
“Appendix”), and were also revealed as hybrids with
AFLPs. We also identified clear evidence for hybrid-
ization between M. heterophyllum and M. laxum (see
also Moody and Les 2002) using both ITS and AFLPs
(Fig. 5; see “Appendix”). In addition to these clear
cases of hybridization, our hierarchical AFLP anal-
ysis suggested hybridization among taxa at each sub-

level of analysis. However, a detailed treatment of
population structure and hybridization among distinct
groups is beyond the scope of this paper.

Genetic differentiation of native
M. heterophyllum

At the broadest spatial scale, native populations of
M. heterophyllum formed two clearly distinct groups
(ACP versus Continental). These two groups were
strongly differentiated for cpDNA and ITS; AMOVA
attributed 21.8 and 30.2% of the genetic variation to
differences between these regions for cpDNA and
ITS, respectively (Table 1). As mentioned in the
preceding section, the strong genetic differentiation
between ACP and Continental M. heterophyllum was
evident in geographic affinities of cpDNA and ITS
(Figs. 3, 4, respectively) and distinct genetic clusters
in AFLP analyses (Fig. 5). In addition, we found
evidence for further structuring of populations within
the ACP, as populations located along southern
portions of the ACP were clearly differentiated from
more northerly populations in the introduced north-
eastern range with AFLPs (Fig. 5).

In addition to the ACP/Continental phylogeo-
graphic break, native populations of M. heterophyl-
lum were characterized by very high among- and very
low within-population genetic differentiation. When
all native M. heterophyllum populations were con-
sidered as a single group, AMOVA partitioned 90.6
and 74.8% of the genetic variation among popula-
tions for cpDNA and ITS, respectively (Table 1). The
lower among-population genetic variation for ITS as
compared to cpDNA reflects the within-individual
heterozygosity, as ITS is a nuclear gene. However,
we rarely found more than one unique ITS genotype
in a native population; only four native populations
(of 51 where two or more individuals were sampled)
had more than one ITS genotype (maximum of two
unique ITS genotypes; “Appendix™). Similarly, only
four of the native populations had more than one
cpDNA haplotype (maximum of three haplotypes;
“Appendix”). The strong phylogeographic break
between ACP and Continental populations likely
influences the among-population component of var-
iation. However, even when we treated ACP and
Continental populations as separate groups, AMOVA
still partitioned the majority of genetic variation
among- rather than within-populations within regions
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Fig. 5 Results from the
hierarchical structure
analysis. Initial analysis
including all samples at

K = 2 shown at top, with
subsequent analyses from
the hierarchical analysis
indicated by connections
with arrows. For each box,
each vertical bar represents
an individual, and its
proportion of membership to
each cluster is denoted by
different colors. Select taxa,
populations, and cpDNA and
ITS genotypes referred to in

text are hlgh_hgh[ed along the M. BRui M. het X'M. lax Northeastern US )
top and bottom of the bottom hybrids Atlantic Coastal Plain _
panel. “M. het x M. lax
hybrids” refer to individuals
identified as putative
M. heterophyllum x
M. laxum hybrids with ITS
sequences. “FL, SC, and Continental
NC” refers to populations T “‘\\
located in the US states of / MS001 (B+ W pinhatum M Kispuroides M. pinnatum
Florida, South Carolina, and FL213 K - 1200 (TNOD3) i i imth - (KS002)
North Carolina on the CT228(+ 1120) M. heterophiylium x M. hippuroides
Atlantic Coastal Plain 3720) 1 288 {L < N3]

FL210 (S + FLOOT (1 + 3/3)

1720)

(P < 0.0001; 65.5 and 48.6% for cpDNA and ITS,
respectively; Table 1).

Genetic composition of introduced populations
Northeastern US

In the northeastern US, we found nine distinct
cpDNA + ITS genotypes representing independent
introductions of several distinct taxa from distinct
sources (Table 2). Hereafter, we describe cpDNA +
ITS genotypes in the form i + j/k, where ‘i’ denotes the
cpDNA haplotype and ‘j/k’ denotes the two ITS alleles.
Two genotypes (A + 1/1 and A + 1/4) clearly orig-
inate from Continental populations of M. heterophyl-
lum as their cpDNA haplotype was only found in
Continental populations, and representative individu-
als from these genotypes were assigned >95% poster-
ior probability of belonging to Continental
M. heterophyllum in our AFLP analysis. A + 1/1
was the most common and widespread introduced
genotype in the northeastern US, whereas A + 1/4 was
found only in the Adirondack Region of New York
(Supplementary Web Appendix 4). Similarly, four
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genotypes showed clear evidence for ACP origins:
F + 2/2 was found in several populations from Con-
necticut, Maine, and New York and formed its own
group in our AFLP analysis (Fig. 5); I 4+ 2/2 was
found only in several Connecticut populations and
formed a separate group from F + 2/2 in our AFLP
analysis; genotypes C + 2/2 and H + 2/2 also likely
originate from the ACP, but we were unable to collect
AFLP information for these samples. In addition to
the genotypes above, we found the same hybrid
M. heterophyllum x M. laxum genotype (I + 3/20)
identified in an earlier study by Moody and Les (2002)
in ten Connecticut populations and two in Maine. One
of these genotypes (CT2.28) formed a distinct genetic
cluster with a hybrid population identified from Florida
(FL210) in our AFLP analysis (Fig. 5), which may
indicate its origin from a genetically distinct popula-
tion of hybrids in Florida. We also identified a distinct
and previously-unrecognized genotype (C + 3/3)
from one Connecticut population (CT 2.56) that
formed a distinct cluster in our AFLP analysis with a
sample from one Florida population (FL0O1), suggest-
ing it may also originate from Florida (Fig. 5). Finally,
we identified the C + 1/1 genotype from a single
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Table 1 Analyses of molecular variance (AMOVA) for cpDNA and ITS

cpDNA ITS
df % Variation P df % Variation P
Native range
Atlantic Coastal Plain versus Continental
Among regions 1 21.8 0.0059 1 30.2 0.0235
Among pop. within region 22 65.5 <0.0001 20 48.6 <0.0001
Within pops 98 12.7 220 212
All populations
Among pop. 23 90.6 <0.0001 21 74.8 <0.0001
Within pop. 98 9.4 220 25.2
Introduced range
Among pop. 21 97.7 <0.0001 21 59 <0.0001
Within pop. 104 23 224 41
Native versus introduced ranges
Among regions 1 14.6 0.0020 1 32.3 0.0020
Among pop. within region 44 78 <0.0001 42 44 <0.0001
Within pops 202 7.4 444 23.7

Four separate analyses for each marker were conducted: “ACP versus continental” grouped native populations into the Atlantic
Coastal Plain (ACP) versus those located outside the ACP whereas “all populations™ treated all native populations as a single group;
“introduced range” included only those populations considered as introduced in the northeastern US (introduced western populations
had samples sizes that were too low to conduct a meaningful AMOVA), “native versus introduced ranges” grouped populations into
those that were native (ACP + continental) versus those considered as introduced in the northeastern US

df degrees of freedom

Table 2 Invasive genotypes (cpDNA + ITS) identified in the northeastern and western US

Introduced range cpDNA haplotype ITS allele 1 ITS allele 2 Putative taxon
Northeastern/Western US A 1 1 Continental M. heterophyllum
Northeastern US A 1 -4 Continental M. heterophyllum
Northeastern US F 2 2 ACP M. heterophyllum
Northeastern US I 2 2 ACP M. heterophyllum
Northeastern US C 2 2 ACP M. heterophyllum®
Northeastern US H 2 2 ACP M. heterophyllum®
Northeastern US I 3 20 M. heterophyllum x M. laxum
Northeastern US C 1 1 M. heterophyllum or M. pinnatum®
Northeastern US C 3 3 M. heterophyllum

Western US A 1 5 Continental M. heterophyllum®
Western US A D) 5 Continental M. heterophyllum
Western US B 1 6 Continental M. heterophyllum
Western US B 6 6 Continental M. heterophyllum®
Western US I 2 8 ACP M. heterophyllum®

Western US A 1 18 M. heterophyllum x M. hippuroides

? Genotype not included in AFLP analysis

® Taxon unclear because the cpDNA haplotype for this genotype was found in both M. pinnatum and M. heterophyllum
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population in New Hampshire (NH034), and its
geographic origin is unclear presently.

As in the native range, northeastern populations
showed very high among-population variation. Anal-
ysis of Molecular Variance partitioned 98 and 59% of
the genetic variation among introduced northeastern
populations for cpDNA and ITS, respectively
(Table 1). In fact, all of the northeastern populations
where we examined two or more individuals, except
for CT 2.54, had only a single cpDNA + ITS
genotype indicating that introduced genotypes rarely
co-occur within a single lake (“Appendix”). In
addition, we did not find evidence for extensive gene
flow among introduced genotypes. Although a com-
prehensive study of gene flow among populations
using AFLPs was beyond the scope of this study,
gene flow among the three most common ITS
genotypes (1/1, 2/2, and 3/20) would likely be
revealed through ITS sequences alone given that
none of them shared any ITS alleles in common.

Western US

We identified seven distinct cpDNA + ITS geno-
types in the western US, at least four of which
represent independent introductions from distinct
sources (Table 2). All genotypes identified as intro-
duced M. heterophyllum were clearly distinct from
native populations of M. hippuroides for cpDNA,
ITS, and AFLPs, demonstrating a lack of gene flow
with M. heterophyllum genotypes excepting one
genotype demonstrating clear evidence of recent
hybridization (see below). Five M. heterophyllum
genotypes found in the west (A + 1/1, A + 5/5,
A + 1/6, A + 1/5, B + 6/6) originate from Conti-
nental M. heterophyllum populations. Representative
individuals from the first three genotypes listed above
were included in the AFLP analysis and had posterior
probabilities of belonging to Continental M. hetero-
phyllum exceeding 98% (Fig. 5). The remaining two
genotypes had cpDNA and ITS alleles that were only
found in Continental M. heterophyllum populations.
Although we did not have sufficient material to
conduct a finer scale study of gene flow among
introduced Continental M. heterophyllum in the
western US, based on ITS genotypes alone it is
possible that the two heterogeneous ITS genotypes
(1/5 and 1/6) represent hybridization among inde-
pendently introduced genotypes (1/1 and 5/5, 1/1 and
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6/6). One genotype (I + 2/2) shows clear genetic
affinity with ACP M. heterophyllum; this genotype
was not available for AFLP analysis, but this ITS
allele was only found in ACP populations. Finally,
one population (OR102) with genotype (A + 1/18)
was unequivocally identified as hybrid M. hetero-
phyllum x M. hippuroides on the basis of ITS and
AFLPs (see “Appendix”; Fig. 5).

Discussion
Introduction history and invasion dynamics

The earliest known record of M. heterophyllum in
southern New England is from Bridgeport, Connect-
icut in 1932, indicating that this species has been
present in this region since at least this time. In
contrast, the timing of introduction to the western US
is less clear, but presumably occurred much more
recently given the lack of historical records from the
region. Our study demonstrates that these two
introduced ranges have been colonized by different
source populations for the most part. For example,
cpDNA haplotype B and ITS haplotypes 5, 6, and 8
were found in introduced populations in the western
US but not in the northeastern US. In contrast,
cpDNA haplotypes C, F, and H and ITS alleles 3, 4,
and 23 were found in the northeastern US but not in
the western US. The most common introduced
cpDNA + ITS genotype (A + 1/1) was found in
both ranges, but given how common this genotype is
throughout the native range, it is not clear whether
this genotype originates from the same source
population in both introduced ranges.

In addition, both introduced ranges have been
independently colonized by distinct genotypes that
represent independent introductions. In both intro-
duced ranges, we found clear evidence of introduced
genotypes originating from both of the distinct
biogeographic regions identified in the native range
(ACP and Continental), as evidenced by the geo-
graphic affinities of cpDNA haplotypes and ITS
alleles and the clear phylogeographic structure
between ACP and Continental M. heterophyllum in
the AFLP analysis (see Table 2). The strong parti-
tioning of genetic variation among native popula-
tions, even within biogeographic regions, strongly
suggests that distinct introduced genotypes within the
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ACP and Continental M. heterophyllum groups reflect
independent introductions from distinct local source
populations within these biogeographic regions. For
example, there were two introduced genotypes in the
northeastern US, and four in the western US, that can
be confidently assigned to originating from Conti-
nental M. heterophyllum populations. It is unlikely
that these distinct Continental M. heterophyllum
genotypes arose from a single source population
because native populations are characterized by high
among- and very low within-population genetic
variation. Thus, introduced genotypes from any
single source population would likely be limited to
one or a few closely related clones. In the northeast-
ern US, we found three additional distinct introduced
genotypes (I + 3/20, C + 1/1, and C + 3/3) whose
geographic origins could not be confidently deter-
mined, but most likely represent introductions from
distinct source populations given that we rarely found
genetic variation within native populations.

Our study therefore sheds light on the invasion
dynamics of M. heterophyllum. Although M. hetero-
phyllum is capable of clonal spread, invasion in both
the northeastern and western US cannot be explained
by a simple model of subsequent vegetative spread
from a single introduced source population, but rather
the geographic extent of both introduced ranges must
be explained by a history of independent introduc-
tions of different genotypes to different locations with
subsequent spread. Thus, understanding invasion
dynamics in this system requires understanding the
pathway(s) for introducing new genotypes in addition
to understanding the mechanisms that facilitate
establishment and spread of genotypes after their
initial introduction.

The mechanism(s) for the initial introductions of
the distinct genotypes identified here is unclear, but is
likely related to human activities. For example,
M. heterophyllum has been recommended as an
aquarium and water garden plant, and has been
available in the aquatic plant trade under a variety of
names (Moody et al. 2008; Thum, personal observa-
tion) for over a century (Bissett 1907; Samuel 1894;
Tricker 1897). It is therefore possible that a variety of
genotypes are readily available in the aquarium trade,
and that intentional or unintentional release of
aquarium trade specimens serve as consistent sources
for M. heterophyllum introductions (e.g., Cohen et al.
2007). Alternatively, or in addition to, it is possible

that variable leaf watermilfoil has spread via man-
made water vectors, or through animal vectors such
as waterfowl (Les and Mehrhoff 1999).

While the genetic variation identified here clearly
demonstrates multiple introductions, whether this
genetic variation plays an important role in facilitat-
ing the establishment and spread of variable leaf
watermilfoil is unclear and warrants further investi-
gation. For example, it is possible that the distinct
introduced genotypes evolved in distinct abiotic and
biotic habitats, and they may therefore invade distinct
habitats in their introduced ranges. Comparative
ecological studies could therefore be used to con-
struct ecological niche models to predict the spread of
in individual genotypes (e.g., Thum and Lennon
2010) or search for lineage-specific biocontrol agents.
In addition, gene flow among introduced genotypes
has the potential to stimulate the evolution of
invasiveness or facilitate adaptation in invaded
ranges (e.g., Kolbe et al. 2004; Lavergne and
Molofsky 2007; Ellstrand and Schierenbeck 2000).
It is unclear at the present time whether or not gene
flow among distinct introduced lineages has occurred
in the northeastern and western US (although unique
combinations of ITS and cpDNA alleles in both
ranges are suggestive), and we are currently collect-
ing additional data to evaluate the extent of gene flow
among introduced M. heterophyllum genotypes.

Species boundaries and molecular identification

Our expanded survey of the four species examined
here (M. laxum, M. heterophyllum, M. hippuroides,
and M. pinnatum) unambiguously identifies them as
distinct using both ITS DNA sequences and AFLP
markers. This result is especially important in the
case of distinguishing putative introduced M. hetero-
phyllum from native M. hippuroides in the western
US. The distinctiveness of M. hippuroides has been
debated based on morphology alone (Reed 1970;
Aiken 1981), and a recent phylogenetic analysis
demonstrated that M. hippuroides and M. heterophyl-
lum were not reciprocally monophyletic (Moody and
Les 2010), which therefore draws into question their
species status. Here we show that populations in the
western US identified as M. heterophyllum versus
M. hippuroides did not share cpDNA or ITS haplo-
types in common, and formed two clearly distinct
groups using AFLPs. Therefore, these two should be
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considered as separate species, which confirms the
designation of M. heterophyllum as an introduced
species in the western US. In addition, we found clear
evidence for hybridization between M. heterophyllum
and M. hippuroides in one population in the western
US. This finding is also significant, as hybridization is
thought to play an important role in the evolution of
invasiveness in milfoils (Moody and Les 2002), and
may also lead to genetic pollution of native gene
pools (Rhymer and Simberloff 1996). We therefore
recommend that hybrid M. heterophyllum x
M. hippuroides populations be either carefully mon-
itored or targeted for control or eradication.

In addition, our expanded genetic and geographic
survey of our four focal species suggests that their
diversification history is more complicated than
revealed by earlier analyses of ITS and cpDNA
sequences based on a more a limited number of
accessions (Moody and Les 2002, 2010). Specifically,
several new observations indicate that these four
species—as currently recognized—may harbor addi-
tional taxonomic diversity that is uncharacterized
and/or may have histories of hybridization and
introgression that are not revealed by ITS and
cpDNA sequences.

First, M. heterophyllum exhibited a strong phy-
logeographic break between populations located on
the Atlantic Coast Plain versus other portions of
eastern North America. This phylogeographic break
reflects a general pattern of differentiation exhibited
by many taxa in unglaciated eastern North America
(see Soltis et al. 2006). However, it is important to
note that this genetic split between ACP and Conti-
nental M. heterophyllum was apparent in our AFLP
data at levels of the hierarchical structure analysis
before two other recognized species (M. hippuroides
and M. pinnatum) were identified as distinct genetic
groups (see Fig. 5). This suggests that the divergence
of ACP and Continental M. heterophyllum preceded
the divergence of M. hippuroides or M. pinnatum,
and that M. heterophyllum may be composed of two
or more distinct cryptic species.

Second, another genotype that was considered as
M. heterophyllum on the basis of morphology and
ITS genotype (3/3) was distinct from other ACP and
Continental M. heterophyllum. This genotype was
recognized as its own distinct cluster in our hierar-
chical structure analysis in the same subset of data
where M. hippuroides formed its own distinct group.
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That it was not closely related to other M. hetero-
phyllum suggests it is an inadequately characterized
lineage of M. heterophyllum, and further taxonomic
investigation of this lineage is therefore warranted.

Third, our overall AFLP analysis did not recognize
an introduced New England genotype previously iden-
tified as M. heterophyllum x M. laxum hybrids on the
basis of heterogeneous ITS sequences (3/20; see also
Moody and Les 2002) as interspecific hybrids. Instead,
these genotypes were identified as pure M. laxum in our
initial structure analysis of K = 2 whereas other
populations identified as M. heterophyllum x M. laxum
hybrids on the basis of ITS showed clear evidence of
genetic admixture at K = 2. However, the putative New
England hybrids were identified as a distinct genetic
cluster that included samples from one Florida popula-
tion (FL210) in a subsequent hierarchical structure
analysis of the M. laxum + M heterophyllum x
M. laxum samples. It is therefore unclear whether the
putative New England hybrids represent a highly
introgressed hybrid lineage that has retained ITS
heterozygosity, a distinct lineage of M. laxum (or a
closely related taxon) that has retained divergent copies
of ancestral ITS sequences, or whether our sampling of
parental M. heterophyllum was insufficient to identify a
significant fraction of the genome attributable to
M. heterophyllum. Regardless of the reason(s), the
discrepancy between ITS and AFLPs for these geno-
types illustrates that potentially important variation has
not been adequately captured in this group and that
further taxonomic study is critical to evaluate the
hypothesis that hybridization has preceded the evolution
of invasiveness in this lineage, as these genotypes have
been cited as one such example (Moody and Les 2002;
Schierenbeck and Ellstrand 2009).

Fourth, we found evidence for potentially diver-
gent lineages of M. pinnatum as well as potential
instances of interspecific hybridization. Most strik-
ingly, the ITS sequence (24) identified in one
population of M. pinnatum (TNO03) was compara-
tively divergent from other ITS sequences, and did
not form a monophyletic group with ITS sequences
found in other accessions of M. pinnatum (ITS alleles
13 and 14). Moreover, this population formed a
distinct genetic cluster from other M. pinnatum
(KS002) in our AFLP analysis. The specimen with
the divergent ITS did not have flowering material
available for identification, but was collected from a
location where M. pinnatum had been identified on
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the basis of flowering material; it is possible therefore
that this lineage represents an undescribed form of
North American Myriophyllum. In addition, we found
evidence for hybridization in one M. pinnatum
population (TNO002); the single individual from this
population appeared admixed between the unique
TNOO03 M. pinnatum cluster and a cluster representing
M. heterophyllum from the southeastern ACP in our
hierarchical structure analysis. In addition, we iden-
tified cpDNA haplotype sharing between M. hetero-
phyllum and M. pinnatum (haplotypes C and I). We
recognize that the signature of admixture in the AFLP
analysis may result from insufficient sampling across
the geographic ranges of these taxa, especially
considering the low sample size of M. pinnatum.
However, these observations demonstrate that further
sampling of M. pinnatum across its geographic range
and additional taxonomic treatment is warranted.
Finally, we found evidence for additional genetic
structuring within the ACP M. heterophyllum.
Although all ACP populations shared ITS allele 2,
our AFLP analysis distinguished populations from
the southern portion of the ACP (Florida, Georgia,
South Carolina, and North Carolina) from those
considered as introduced in the northeastern US. In
addition, we found two distinct cpDNA + ITS
genotypes in the northeastern US (F + 2/2 and
I + 2/2) that also formed two distinct groups in the
AFLP analysis. Interestingly, we did not find either
the F + 2/2 or I 4+ 2/2 genotype in the southern ACP
where M. heterophyllum is considered native, nor did
we find any southern ACP individuals that showed
similar posterior probabilities of group membership
with northeastern ACP genotypes in the AFLP
analysis. It is possible that the genetic diversity and
structure of ACP M. heterophyllum has not been
sufficiently characterized to determine the geographic
origin(s) of northeastern ACP M. heterophyllum.
Alternatively, we wish to acknowledge the possibility
that the northeastern ACP M. heterophyllum geno-
types may be historically native to the region that
went unrecognized until surveying efforts increased
over the past two decades in order to monitor for
invasive aquatic plants. Early distribution records
show that M. heterophyllum was present on Long
Island, NY (Les and Mehrhoff 1999), which indicates
that its native distribution extended northward along
the ACP at least that far. Thus, it is possible that
M. heterophyllum occurred in one or more Pleistocene

refugia located in more northern areas of the ACP
(e.g., Georges Bank or mid-Atlantic Coastal Plain
refuges; e.g., Stemberger 1995). Given the importance
of distinguishing native versus introduced popula-
tions, we recommend that additional detailed sam-
pling of ACP populations be conducted to further
evaluate the status of northeastern ACP lineages.

Overall, the recognition that many native and
introduced aquatic plants can be difficult to identify
on the basis of vegetative characters alone has led to
an increasing interest in the use of molecular markers
for identification of species and hybrids (e.g., Moody
et al. 2008). In fact, US state agencies increasingly use
molecular methods to verify identifications of putative
introduced populations (e.g., New Hampshire Depart-
ment of Environmental Services, Washington Depart-
ment of Ecology, Wisconsin Department of Natural
Resources). In general, species in our study exhibited
unique cpDNA and ITS profiles, and were distinct for
AFLPs, demonstrating the high potential utility of a
DNA-based identification tool. However, we urge
institutions utilizing DNA-based identifications to
recognize the potential for misidentifications with
ITS alone, especially given our observations suggest-
ing that hybridization and introgression or cryptic
diversity may be more prominent than currently
recognized in this system. We recommend continued
taxonomic survey of North American milfoils, includ-
ing the integration of geographic surveys with exten-
sive morphological and molecular study.
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See Table 3.
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