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Invasive aquatic species present an immense challenge to land 
managers, as they supplant native species and impact ecological 
interactions (Mooney and Cleland, 2001; Vilà et al., 2011). Each 
invasive species may require a specific management approach, 
because the treatment for one species may not be effective against 
other species, or even variants of the same species (Moody et al., 
2008). Certain treatment options, including biocontrol and her-
bicides, may have variable efficacy depending on the genotype 
of the target species (Michel et al., 2004; Williams et al., 2018). 
Moreover, land managers often find themselves in an arms race 
to maintain effective treatment options for species that respond 

by evolving resistance to control methods (Müller-Schärer et al., 
2004).

In North America, few aquatic species are more noxious or no-
torious than hydrilla (Hydrilla verticillata [L.f.] Royle), the sole spe-
cies in the genus Hydrilla Rich. (Hydrocharitaceae). Hydrilla is a 
nonindigenous, highly invasive weed that causes serious ecological 
and economic problems, and consequently the species is of great 
management concern (Langeland, 1996; Dayan and Netherland, 
2005). A further management challenge has arisen in the south-
ern United States, where some hydrilla populations have evolved 
resistance to the widely used herbicide fluridone, which inhibits the 

Extensive interlineage hybridization in the predominantly 
clonal Hydrilla verticillata
Lori K. Benoit1, Donald H. Les1, Ursula M. King1, Hye Ryun Na2, Lei Chen3, and Nicholas P. Tippery4,5

Manuscript received 30 May 2019; revision accepted 1 October 2019.
1 Department of Ecology and Evolutionary Biology, University of 
Connecticut, Storrs, Connecticut 06269-3043, USA
2 Northeastern Asia Biodiversity Institute, Seoul 05677, Republic of 
Korea
3 South China Botanical Garden, Chinese Academy of Sciences, 
Guangzhou 510650, China
4 Department of Biological Sciences, University of Wisconsin–
Whitewater, Whitewater, Wisconsin 53190, USA
5Author for correspondence (e-mail: tipperyn@uww.edu)

Citation: Benoit, L. K., D. H. Les, U. M. King, H. R. Na, L. Chen, 
and N. P. Tippery. 2019. Extensive interlineage hybridization in 
the  predominantly clonal Hydrilla verticillata. American Journal of 
Botany 106(12): 1622–1637.

doi:10.1002/ajb2.1392

[Correction added on 11th December 2019 after first online  publication: 
The running head has been corrected].

R E S E A R C H  A R T I C L E

PREMISE: The submersed aquatic plant Hydrilla verticillata (“hydrilla”) is important 
ecologically and economically due to its aggressive growth in both indigenous and 
nonindigenous regions. Substantial morphological variation has been documented in 
hydrilla, including the existence of monoecious and dioecious “biotypes.” Whereas plastid 
sequence data have been used previously to explore intraspecific diversity, nuclear data 
have yet to be analyzed in a phylogenetic context. Molecular and morphological analyses 
were used to evaluate the genetic diversity and phylogenetic relationships of native and 
introduced populations.

METHODS: Nuclear (internal transcribed spacer—ITS; phytoene desaturase—PDS) and 
plastid (trnL-F) sequence data were evaluated phylogenetically using likelihood and 
Bayesian methods. Leaf morphologies were compared among clades that were identified 
in phylogenetic analyses.

RESULTS: Data from both ITS and PDS show multiple instances of polymorphic sequences 
that could be traced to two or more lineages, including both invasive biotypes in the 
Americas. Leaf morphological data support the distinctness of lineages and provide a 
metric for distinguishing monoecious and dioecious biotypes in the United States.

CONCLUSIONS: Nuclear molecular data indicate far greater genetic diversity than could be 
estimated using plastid markers. Substantially divergent copies of nuclear genes, found 
in multiple populations worldwide, likely result from interlineage hybridization. Invasive 
monoecious and dioecious hydrilla biotypes in the Americas are genetically distinct, with 
both biotypes resulting from admixture among Eurasian progenitors. Genetic similarity to 
populations in India and South Korea, respectively, implicates these as likely origins for the 
dioecious and monoecious biotypes.
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carotenoid synthesis enzyme phytoene desaturase (PDS; Chamovitz 
et al., 1993). Herbicide-resistant hydrilla plants have an altered PDS 
structure (Michel et al., 2004), and the existence of resistant plants 
complicates the prospect of their control (Netherland and Jones, 
2015).

In North America, two “strains” or “biotypes” of hydrilla (dioe-
cious and monoecious) are widely recognized (Cook and Lüönd, 
1982), and both have been introduced into the United States 
(Jacono et  al., 2019a, 2019b). Populations throughout the Gulf 
Coast, Southeast, California, and Idaho consist only of female plants 
and are believed to represent a single introduction of the dioecious 
form, which spread vegetatively after first arriving in Florida around 
1950 (Schmitz et al., 1991; Jacono et al., 2019b). Monoecious plants 
were discovered in Delaware in 1976 and spread subsequently to 
every state from North Carolina to Maine (Les et al., 1997; Madeira 
et al., 2000), as well as to California, Georgia, Indiana, Washington, 
and Wisconsin (Keller, 2007; Jacono et al., 2019b). Although both 
U.S. biotypes for the most part are triploid (Harlan et  al., 1984; 
Langeland, 1989; Les et al., 1997), other genetic, morphological, and 
physiological differences have been documented between mon-
oecious and dioecious plants, including distinct plastid sequences 
(Madeira et al., 2004, 2007; Williams et al., 2018), microsatellite sig-
natures (Williams et al., 2018), vegetative morphologies (Ryan et al., 
1995), isozyme profiles (Verkleij and Pieterse, 1991; Nakamura et al., 
1998), and tuber production patterns (Scannell and Webb, 1976; 
Steward and Van, 1987; Van, 1989; Sutton et al., 1992; Nakamura 
and Kadono, 1993).

Hydrilla exhibits considerable phenotypic variation across 
its native range, which primarily extends from central Eurasia to 
Australia but also includes isolated and putatively native popula-
tions in central Africa and northern Europe (Cook and Lüönd, 1982; 
Efremov et al., 2017). Adventive populations exist in Brazil, Ireland, 
New Zealand, South Africa, Central America, and the Caribbean 
(Scannell and Webb, 1976; Cook and Lüönd, 1982; Briceño, 1990; 
Haller, 2002; Madeira et al., 2007; Thomaz et al., 2009; Sousa, 2011; 
GBIF, 2019). When molecular phenetic and phylogenetic methods 
were used to assess global hydrilla diversity, it became apparent 
that several distinct lineages exist (Madeira et al., 1997, 1999, 2007; 
Zhu et al., 2015). Plants in northern Eurasia (China/Japan/Poland), 
Australasia, and Southeast Asia, for example, were found to com-
prise independent lineages (Madeira et al., 2007; Zhu et al., 2015). 
The widely used plastid trnL-F region strongly supports the genetic 
distinctness and independent origins of monoecious and dioecious 
biotypes in the Americas, as well as still other independent intro-
ductions of hydrilla to New Zealand and South Africa (Madeira 
et al., 2007; Zhu et al., 2015). Phylogenetic evidence supports an or-
igin of the U.S. monoecious biotype from China or South Korea, of 
the U.S. dioecious biotype from India, of the South African biotype 
from Southeast Asia or Indonesia, and of the New Zealand biotype 
from Australia (Madeira et al., 2007). Thus far, only plastid data have 
been used to evaluate the global hydrilla phylogeny, and it will be 
important to include data from nuclear loci before drawing defini-
tive conclusions about the geographic origins of introduced plants 
or the partitioning of genetic diversity in hydrilla.

Intraspecific hybridization could be possible among hydrilla lin-
eages that are genetically distinct, with some plastid clades having 
diverged ~6.71 mya (Zhu et  al., 2015). Besides being genetically 
distinct, many plastid lineages are relatively isolated across the 
wide geographic range of the genus, allowing them to evolve inde-
pendently (Stebbins, 1950; Cook and Lüönd, 1982; Williams et al., 

2018). Hybridization, whether interspecific between nonindige-
nous and native species or intraspecific between individuals from 
different donor ranges, may produce novel genotypes that enhance 
adaptation to new environments (Ellstrand and Schierenbeck, 2000; 
Moody and Les, 2002; Bossdorf et  al., 2005), and this possibility 
becomes a serious consideration in the context of invasive hydrilla 
populations. Nuclear genetic data are widely used to investigate re-
cent or ancient hybridization events (e.g., Moody and Les, 2002; Les 
et al., 2010; Tippery et al., 2018), and it will be important to apply 
nuclear data to phylogenetic investigations in hydrilla in order to 
assess the species’ adaptive potential.

Correct taxonomic identification and an understanding of ge-
netic structure are important considerations when managing in-
vasive species such as hydrilla (Balciunas et  al., 2004). Biological 
control of invasive species depends on accurately identifying taxa in 
order to search for taxon-specific control agents in the native range 
of the invader (Balciunas et al., 2004; Williams et al., 2018). Indeed, 
knowing the genetic background and makeup of invasive species 
can be critical for developing effective chemical and biological 
treatments (Solarz and Newman, 2001; Parks et al., 2016; Williams 
et al., 2018), for avoiding impacts to native species (Moody et al., 
2008), and for predicting the invasive potential of a nonindigenous 
species (Bossdorf et al., 2005; Roman and Darling, 2007).

In an effort to more clearly understand the genetic and mor-
phological variation in native and introduced hydrilla populations 
worldwide, we used nuclear and plastid molecular data to infer 
phylogenetic structure and evolutionary history within the genus 
Hydrilla. Additionally, we sought to determine if any recovered 
clades can be distinguished morphologically, and to reevaluate the 
geographic origins of the invasive biotypes found in the United 
States.

MATERIALS AND METHODS

Plant material

A total of 101 hydrilla accessions were evaluated from 65 localities 
in the United States and other localities worldwide (Appendix 1). 
This material represented fresh, silica-dried, or CTAB-preserved 
specimens (Rogstad, 1992) and included 51 accessions from 14 po-
litical subdivisions in the United States, as well as 50 representa-
tives from 16 other countries located throughout the native range 
of hydrilla. Twenty-eight of these accessions consisted of genomic 
DNA (gDNA) that had been extracted previously (Paul Madeira, 
U.S. Department of Agriculture, personal communication; Madeira 
et  al., 2007). One voucher specimen per locality was preserved 
for documentation, and all vouchers were deposited in herbaria 
(Appendix 1).

Molecular data analyses

Total gDNA was extracted using a standard protocol (Doyle and 
Doyle, 1987). The nuclear ribosomal internal transcribed spacer 
(ITS) regions were amplified by polymerase chain reaction (PCR) 
using the ITS4 and ITS5 primers (Baldwin, 1992). A 640 bp region 
of the phytoene desaturase (PDS) gene, a low-copy nuclear gene, 
was amplified using primers PDS-793F and PDS-1208R (Benoit 
and Les, 2013). The plastid trnL intron and trnL-F intergenic 
spacer (“trnL-F”) region was amplified with the c and f primers 
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and sequenced with those primers as well as the internal primers d 
and e (Taberlet et al., 1991). PCR amplifications of genomic DNA 
(Madeira et  al., 2007; Les et  al., 2010; Benoit and Les, 2013) and 
Sanger sequencing (Les et al., 2015) were carried out using meth-
ods described previously. Newly acquired trnL-F sequences were 
combined with sequences obtained from GenBank (Appendix  1; 
Madeira et al., 2007; Zhu et al., 2015; L. C. Lucio, unpublished data).

Sequences showing nucleotide polymorphisms were purified by 
subcloning them into bacteria. PCR products were cleaned using 
the QIAquick PCR purification kit (Qiagen, Valencia, California, 
USA) and then cloned using a TOPO TA Cloning Kit with pCR 2.1-
TOPO Vector (Thermo Fisher Scientific, Waltham, Massachusetts, 
USA). To determine the number and types of haplotypes, identical 
sequences of clones for the same accession were grouped together, 
using majority-rule consensus (i.e., single-base-pair changes found 
in only one sequence were assumed to be cloning artifacts and were 
excluded from the consensus sequence). Accessions with three or 
fewer single-nucleotide polymorphisms were not cloned. Cloned 
PDS sequences that showed variation at the fluridone resistance 
codon (Benoit and Les, 2013) belonged to a small number of U.S. 
dioecious accessions from Florida (Appendix 1).

DNA chromatograms were evaluated and assembled into 
contiguous sequences (“contigs”) using CodonCode Aligner 
(CodonCode, Centerville, Massachusetts, USA), then contigs were 
aligned using the “pairwise aligner” tool in Mesquite version 3.6 
(Maddison and Maddison, 2018) with default settings. Insertion-
deletions (indels) were coded as binary characters using SeqState 
version 1.4.1 (Müller, 2005), using simple indel coding (Simmons 
and Ochoterena, 2000). Trees were rooted using sequences of two 
species of Najas, a genus closely related to Hydrilla (Les et al., 2006). 
Reading frame and exon boundaries for the PDS gene were deter-
mined by comparing our sequences to a previously reported mRNA 
sequence for a fluridone-sensitive (“wild-type”) hydrilla plant from 
Florida (GenBank accession no. AY639658.1; Michel et al., 2004). 
PDS sequences with mutations at the fluridone resistance codon 
(Benoit and Les, 2013) were excluded from phylogenetic analyses. 
Identical sequences (ignoring missing or ambiguous characters) for 
each gene region were removed so that only unique sequences were 
used for the purpose of phylogenetic analyses.

Models for molecular sequence evolution were evaluated in 
jModelTest version 2.1.10 (Darriba et  al., 2012) using three sub-
stitution schemes and allowing for variable base frequencies and 
substitution rates as well as a proportion of invariant sites. The op-
timal evolutionary model was chosen using the Akaike information 
criterion (Akaike, 1974). Phylogenetic analyses were conducted 
using maximum likelihood in RAxML version 8.2.8 (Stamatakis, 
2014) with 1000 standard bootstrap replicates, and using Bayesian 
inference in BEAST version 1.10.2 (Suchard et al., 2018). The GTR 
model was used for the trnL-F data matrix, and the GTR+G model 
was used for ITS and PDS. Summary trees depict the result of the 
BEAST analysis after discarding the first 25% of samples as burn-in.

Phylogenetic congruence between pairs of genes was evaluated 
using the “parafit” function (with 999 permutations) in the “ape” 
package version 5.2 (Paradis and Schliep, 2018) in R version 3.5.2 (R 
Core Team, 2018). Trees for congruence testing were obtained us-
ing a reduced taxon set for each gene region, comprising only those 
taxa with monomorphic ITS and PDS sequences, further reduced to 
one representative per major clade on the trnL-F tree. Phylogenetic 
analyses were conducted using BEAST as described above for each 
reduced taxon set, and pairwise patristic phylogenetic distances 

among taxa were determined using the “distTips” function of the 
“adephylo” package version 1.1-11 (Jombart and Dray, 2010). The 
“parafit” function originally was developed to test coevolution be-
tween parasites and hosts (Legendre et al., 2002), but it also has been 
used to compare phylogenies inferred from different gene markers 
(e.g., Oton et al., 2016). For each taxon, molecular data from two 
gene regions were treated as host–parasite pairs, to evaluate the null 
hypothesis that such pairs evolved independently.

Morphological data analyses

Plant samples that were available as fresh or CTAB-preserved ma-
terial consisted of ~6 cm long mature shoot tips, the vast majority 
of them sterile. Flowering plants were observed and collected rarely, 
thus limiting the potential number of morphological characters 
available for scoring. Between 2 and 10 shoots per locality were used 
for morphological analyses. Three leaves per shoot were removed, 
with leaves selected from the upper, middle, and lower thirds of the 
shoot tip. Selected leaves were measured for length and width, and 
the number of abaxial midrib spines per leaf was recorded. When 
fresh material was unavailable, measurements were taken from her-
barium voucher specimens. Fresh or CTAB-preserved material was 
available for U.S. monoecious and dioecious plants, and for plants 
from Australia, Ireland, and Latvia, whereas only herbarium spec-
imens were available for plants from Burundi, India, Indonesia, 
Malaysia, and South Korea. Leaf measurements of the lectotype for 
Hydrilla verticillata (Serpicula verticillata L.f.; LINN 1106.1) were 
obtained using an electronic scan of the specimen. Leaf material 
was not suitable for examination on some herbarium specimens 
obtained from China, Japan, Nepal, Pakistan, South Africa, South 
Korea, Thailand, or Vietnam; thus, no leaf data were recorded for 
these. Leaf measurements and abaxial spine counts were graphed 
using the “ggplot2” package version 3.1.0 (Wickham, 2016) in R. 
Differences among leaf measurements were evaluated by conduct-
ing analysis of variance (ANOVA; Fisher, 1921) using the “aov” 
function in R, followed by a multiple comparisons test using Tukey’s 
range test (Tukey, 1949), implemented via the “HSD.test” function 
in the “agricolae” package version 1.3-0 (Mendiburu, 2019).

RESULTS

Plastid data analyses

The full trnL-F data matrix included 88 accessions and 1273 char-
acters, with 23 indels coded. After condensing identical or nearly 
identical sequences, the matrix included only five unique se-
quences, which we refer to by their included haplotypes, as identi-
fied by Zhu et al. (2015): H1/H2, H3/H4, H5, H6/H7, and H8/H9 
(Fig.  1). Each pair of haplotypes that we grouped (e.g., H1/H2) 
had only one parsimony-informative difference between them: a 
single-nucleotide indel in a run of eight or more consecutive ad-
enine nucleotides. These differences were recovered inconsistently 
across related accessions and may represent polymerase slippage 
errors (Shinde et al., 2003), and thus were deemed too minor to be 
emphasized in the present study. By contrast, differences that were 
considered substantial (e.g., between H1/H2 and H3/H4) involved 
two or more parsimony- informative mutations in regions that were 
not homopolymeric. Prior studies described three major clades: “A” 
(containing haplotypes H6/H7), “B” (H1/H2/H3/H4/H5), and “C”  

info:ddbj-embl-genbank/AY639658.1
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(H8/H9) (Madeira et al., 2007; Zhu et al., 2015); however, we found 
the “B” clade designation to be insufficient for describing a large 
portion of hydrilla diversity. All haplotype groups included acces-
sions from China (Zhu et al., 2015). Sequences obtained from U.S. 
monoecious plants were consistently identical, as were sequences 
from U.S. dioecious plants. For several countries (India, Indonesia, 
Ireland, and Latvia), multiple specimens from the same country re-
solved to the same clade, whereas accessions from Australia, South 
Korea, and Vietnam resolved to two clades each.

The different trnL-F haplotypes were each located in somewhat 
discrete portions of the native range (Fig.  2). The H8/H9 haplo-
type was recovered in plants from northern Eurasia, and the H1/
H2 haplotype characterized specimens in temperate Eurasia from 
India eastward, as well as a specimen in central Africa. Specimens 
from tropical Southeast Asia through Australia represented the H6/
H7 haplotype, which overlapped with strictly Australian specimens 
(and one disjunct specimen in China) belonging to haplotype H3/
H4. Native specimens with the H5 haplotype were found only in 
China and South Korea.

Nuclear data analyses

ITS sequence data were obtained for 82 accessions, and PDS data 
were obtained for 84 accessions (Appendix  1). The full ITS data 
matrix consisted of 117 sequences (including two or more cloned 

sequences for polymorphic accessions) 
and 646 characters; after combining iden-
tical sequences, the matrix included only 
12 unique sequences. The full PDS data 
matrix included 114 sequences and 724 
characters, which reduced to 13 unique 
sequences.

Fifteen accessions were monomorphic 
at both the ITS and PDS loci, but other-
wise specimens exhibited one or more 
nuclear DNA polymorphisms (manifest 
as double peaks on sequence chromato-
grams). For polymorphic ITS and PDS 
sequences, the number of nuclear gene 
haplotypes ranged from two to four. 
Previously reported ITS sequences for the 
U.S. monoecious and dioecious biotypes 
(N. B. Rybicki, J. D. Kirshtein, and M. A. 
Voytek, unpublished data; GenBank ac-
cession nos. JF703258–JF703270) were 
similar to our sequences for plants of the 
corresponding biotypes but apparently 
exhibited some sequencing uncertainty 
(i.e., missing and ambiguous nucleo-
tides, and sequence variation that we did 
not observe in any accessions sequenced 
during this study). An ITS sequence pre-
viously reported from India (GenBank 
accession no. AY870353; Les et al., 2006) 
was closely related to plants we sampled 
from Australia/China/Taiwan, but dis-
tinct from any sequences we generated. 
A sequence from Japan (GenBank ac-
cession no. LC176825; Ito et  al., 2017) 
matched our accession from that country.

To get a baseline understanding of phylogenetic relationships in 
hydrilla, it helps to first consider accessions that produced mono-
morphic ITS and/or PDS sequences (i.e., accessions that are not 
connected by lines at the right side of Figs. 3 and 4). On the ITS 
tree (Fig. 3), plants with monomorphic ITS sequences included two 
clades with the H1/H2 and H8/H9 plastid haplotypes, respectively. 
Plants with the H6/H7 plastid haplotype, however, were split be-
tween two clades on the ITS tree, showing affinities with the H3/
H4 and H5 haplotypes, respectively. None of the accessions belong-
ing to plastid clade H5 produced monomorphic ITS sequences. In 
a similar result to the ITS phylogeny, every plastid haplotype except 
H5 was represented by at least one plant with a monomorphic PDS 
sequence (Fig. 4).

Among the samples we tested from putatively native ranges, two 
accessions from South Korea matched the U.S. monoecious bio-
type at all three loci we tested, and a single accession from India 
was the closest match for U.S. dioecious plants at all three loci. The 
U.S. monoecious plants had the relatively uncommon H5 plastid 
haplotype, shared only with plants from China and South Korea 
(Fig. 1). These plants also were polymorphic for both ITS and PDS 
sequences, with one type of cloned sequence always resolving with 
plants with the H6/H7 haplotype, and the other type variously 
resolving with H3/H4 (ITS) or H1/H2 (PDS). The U.S. dioecious 
plants shared a relatively common plastid haplotype (H1/H2) 
with plants ranging from Africa to eastern Asia (Fig. 1). The U.S. 

FIGURE 1. Molecular phylogeny of Hydrilla constructed using the plastid trnL-F region. Topology, 
branch lengths, and Bayesian support values were produced in BEAST, and maximum likelihood 
support values were derived using RAxML. Internal node labels show Bayesian posterior probabil-
ity and maximum likelihood bootstrap percentage. Identical or nearly identical sequences are col-
lapsed, with a separate line for each country. Unambiguously introduced populations are shown in 
italics. Previously described haplotypes (Zhu et al., 2015) are indicated with corresponding colors and 
shapes. The tree was rooted using two Najas species as the outgroup (Appendix 1). Scale bar indicates 
substitutions per site.

info:ddbj-embl-genbank/JF703258
info:ddbj-embl-genbank/JF703270
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info:ddbj-embl-genbank/LC176825
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dioecious plants were polymorphic only at the PDS locus, and the 
two cloned PDS sequences both resolved to the same large clade of 
plants with the H1/H2 haplotype.

The “parafit” test found no significant association between the 
two trees constructed using nuclear data (ITS and PDS; global 
value = 2.26 × 10−7, P = 0.196) or between the ITS and trnL-F trees 
(global value = 6.18 × 10−8, P = 0.076). The PDS and trnL-F trees 
were associated, with marginal significance (global value = 1.90 × 
10−7, P = 0.033); but in individual comparisons, only the sequences 
from the northern Eurasian clade H8/H9 were significantly associ-
ated (P < 0.05). Visual inspection of trees supported the results of 
the “parafit” test. On the ITS tree, for example (Fig. 3), accessions 
from Southeast Asia and Australia (plastid haplotype H6/H7) were 
more similar to those from temperate Eurasia (haplotype H1/H2), 
whereas the trnL-F tree (Fig.  1) showed these groups being only 
distantly related. One particularly incongruent placement on the 
PDS tree (Fig. 4) involved accessions from Australia (plastid haplo-
type H3/H4) being monophyletic with those from northern Eurasia 
(haplotype H8/H9), a phylogenetic position that differed consider-
ably from the ITS and trnL-F analyses. Because of the overall in-
congruence among datasets, we did not conduct any phylogenetic 
analyses using combined data from multiple gene regions.

Leaf morphology

Leaf measurements and abaxial spine counts were obtained for 
representatives of all plastid clades. Significant differences were 
detected among plastid haplogroups with respect to leaf length 
(Fig. 5A; F5, 114 = 34.05, P < 10−15), leaf width (Fig. 5B; F5, 114 = 19.38, 
P < 10−13), leaf length:width ratio (Fig. 5C; F5, 114 = 44.80, P < 10−15), 
and abaxial spine number per leaf (Fig. 5D; F5, 114 = 8.414, P < 10−6). 
Plants from Australia with the H3/H4 plastid haplotype had the 

longest leaves (mostly >15 mm; Figs. 5A and 6G, H) and the larg-
est length:width ratio (mostly >7.5; Fig. 5C). This group included 
genetically monomorphic H3/H4 plants and also plants with a 
H6/H7 contribution, and the longest leaves (mostly >18 mm) be-
longed to the latter plants (Fig. 5A). Large length:width ratios also 
were recorded for U.S. monoecious plants (haplotype H5) and 
Australian plants with the H6/H7 haplotype (Figs. 5C and 6E–J). 
The widest leaves belonged to U.S. dioecious plants with the H1/H2 
haplotype (mostly >2.5 mm; Figs. 5B and 6A, B). Plants belonging 
to other clades were poorly differentiated overall, but some clades 
showed significantly different means for individual measurements 
(Fig. 5). Leaf measurements for U.S. monoecious plants (haplotype 
H5) overlapped considerably with those for U.S. dioecious plants 
(haplotype H1/H2); however, the mean leaf width was significantly 
larger for U.S. dioecious plants (Fig. 5B). Certain U.S. monoecious 
plants had leaves with a length:width ratio that was more similar to 
the U.S. dioecious plants (Fig. 6C, D), whereas others were more 
distinct in this measurement (Figs. 5C and 6E, F).

Leaf spines were found predominantly in plants from the U.S. 
dioecious group (haplotype H1/H2), with some leaves having up to 
six spines (Figs. 5D and 6A). Plants from northern Eurasia (haplo-
type H8/H9) frequently had one spine each, and plants with other 
plastid haplotypes lacked spines, except for one anomalous speci-
men each in the H7/H8 and H3/H4 haplotype groups. Spines were 
notably absent in at least some leaves from every haplotype group.

Measurements obtained from the H. verticillata type specimen 
(collected in India) consistently fell within the range of values ob-
served for H1/H2 haplotype specimens from India. The type spec-
imen’s leaf length measurements were outside the range of values 
observed for Australian/Southeast Asian specimens (haplotype H3/
H4) and just at the edge of leaf length measurement ranges obtained 
from other groups (Fig. 5A). Similarly, the leaf width measurements 

FIGURE 2. Global map of hydrilla accessions included in this study. Localities are numbered according to Appendix 1. The central color and shape re-
flect the plastid haplotype. Shapes with a black border represent accessions with evidence of hybridization from at least one nuclear gene. Previously 
reported plastid genotypes for plants in Brazil, New Zealand, and Poland have unknown nuclear genotypes and are shown without numbers. 
Putatively native species exist in Eurasia through Australia and central Africa, whereas introduced plants are found in the Americas and South Africa.



 December 2019, Volume 106 • Benoit et al.—Interlineage hybridization in Hydrilla • 1627

FIGURE 3. Molecular phylogeny of Hydrilla constructed using the nuclear ITS region. Topology, branch lengths, and Bayesian support values were 
produced in BEAST, and maximum likelihood support values were derived using RAxML. Internal node labels show Bayesian posterior probability and 
maximum likelihood bootstrap percentage; dashes indicate values <0.5. Identical or nearly identical sequences are collapsed, with a separate line for 
each country. Unambiguously introduced populations are shown in italics, and the summary taxon groups indicate which accessions produced each 
kind of sequence. Colored shapes indicate the plastid genotype for each accession (two or more accessions with the same ITS and plastid haplotypes 
may be grouped together, and for some accessions the plastid genotype was not obtained). Accessions that produced multiple cloned sequences 
are connected by lines, colored according to plastid genotype. The tree was rooted using two Najas species as the outgroup (Appendix 1). Scale bar 
indicates substitutions per site.
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FIGURE 4. Molecular phylogeny of Hydrilla constructed using the nuclear PDS region. Topology, branch lengths, and Bayesian support values were 
produced in BEAST, and maximum likelihood support values were derived using RAxML. Internal node labels show Bayesian posterior probability and 
maximum likelihood bootstrap percentage; dashes indicate values <0.5. Identical or nearly identical taxa are collapsed, with a separate line for each 
country. Unambiguously introduced populations are shown in italics, and the summary taxon groups indicate which accessions produced each kind 
of sequence. Colored boxes indicate the plastid genotype for each accession (two or more accessions with the same PDS and plastid genotypes may 
be grouped together). Accessions that produced multiple cloned sequences are connected by lines, colored according to plastid genotype. The tree 
was rooted using two Najas species as the outgroup (Appendix 1). Scale bar indicates substitutions per site.
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for the type specimen fell outside the range of values observed for 
northern Eurasian specimens (haplotype H8/H9; Fig. 5B).

DISCUSSION

Our study of nuclear sequence data for hydrilla plants worldwide 
reveals many instances of polymorphism (i.e., accessions with more 

than one ITS and/or PDS sequence). Some polymorphic sequence 
pairs resolve within the same major clade, whereas others resolve 
into different, sometimes distantly related, clades. Our data corrob-
orate the distinctness of U.S. monoecious and dioecious biotypes, 
and moreover, by identifying nearly identical sequence profiles in 
putatively native plants, provide evidence that both of the invasive 
U.S. biotypes originated from populations in the native range that 
already were polymorphic. With an updated global perspective on 

FIGURE 5. Hydrilla leaf morphological data, grouped by trnL-F genotype. (A) Leaf length. (B) Leaf width. (C) Leaf length:width ratio. (D) Abaxial spine 
number per leaf. Points are spaced using the “jitter” function of “ggplot,” and summary data include a “violin” histogram and horizontal bar show-
ing the group mean. Colors and shapes indicate plastid genotype; black borders identify data from accessions that have evidence of hybridization. 
Differences among groups sharing a letter are not statistically significant after correction for multiple comparisons.
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hydrilla diversity, informed by two nuclear loci in addition to the 
plastid trnL-F locus, we can more confidently ascertain the geo-
graphic origins of the invasive biotypes.

Phylogenetic structure in hydrilla

A number of accessions have monomorphic sequences at one or both 
of the nuclear loci, and we used these to anchor our understanding 
of hydrilla evolution and biogeography. The combination of distinct 
plastid haplotypes (Fig. 1) and monomorphic nuclear data (Figs. 3 
and 4) may indicate ancestral areas of isolation, prior to more re-
cent admixture among areas. For example, plants from northern 
Europe (Ireland/Latvia) produced consistently monomorphic nu-
clear data, which distinguishes them from monomorphic plants in 
northeastern Asia (Japan/South Korea) that share the same plastid 
haplotype (H8/H9; Figs. 1–4). Representatives of plastid haplotype 
H1/H2 with monomorphic nuclear sequences were found in Africa 
(Burundi) and central Asia (India/Nepal/Pakistan). Several plants 
from Southeast Asia to Australia (Australia/Indonesia/Thailand/
Vietnam) with plastid haplotype H6/H7 also produced monomor-
phic nuclear sequences, as did plants recently introduced to South 
Africa (Madeira et al., 2007). A separate group of plants found only 
in Australia and China (plastid haplotype H3/H4) also were mono-
morphic at nuclear loci.

Reproductive isolation commonly occurs among populations 
that are separated geographically (Baack et al., 2015). We recovered 
distinct nuclear sequence data from hydrilla populations in various 
regions and found no apparent evidence of recombination among 
nuclear gene copies (e.g., chimeric sequences for ITS or PDS; Kelly 
et  al., 2010). A large number of hydrilla populations thus appear 
to be reproductively isolated, exhibiting distinct plastid sequences 
and monomorphic nuclear sequence data (Fig. 2). We also observed 
many populations that have polymorphic nuclear sequence data 
representing two or more distinct genetic contributions. The per-
sistence of distinct nuclear sequences in a single individual may 
be enabled by polyploidy or asexual reproduction, both of which 
would reduce or eliminate the chance of meiotic recombination 
(Birky, 1996; Lloyd and Bomblies, 2016). Chromosome numbers 
are known to be variable in hydrilla populations worldwide (Rice 
et  al., 2015), due in part to frequent endopolyploidy (Langeland 
et al., 1992), and so it would be premature to identify populations in 
this study as diploid or polyploid. Asexual reproduction, however, 
is known to be prevalent in many hydrilla populations worldwide 
(Hofstra et al., 1999).

Reproductive considerations

Vegetative reproduction may allow hydrilla populations to retain 
allelic polymorphisms for long periods in the absence of meiotic 
recombination (Barrett et al., 1993). Moreover, asexual reproduc-
tion may generate genetic variation by enabling somatic mutations 

FIGURE 6. Representative morphologies of hydrilla leaf whorls and 
shoots. (A, B) U.S. dioecious plants (H1/H2 plastid genotype). (C–F) U.S. 
monoecious plants (H5 plastid genotype). (G, H) Australian plants with 
H3/H4 plastid genotype. (I, J) Australian plants with H6/H7 plastid geno-
type. (A, B) Benoit 27, with arrows highlighting abaxial spines in one leaf. 
(C) Benoit 48. (D) Benoit 53. (E) Benoit 55. (F) Benoit 54. (G, H) Jacobs 9839. 
(I, J) Jacobs 9895. Scale bars = 5 mm.
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to become established (Whitham and Slobodchikoff, 1981). For 
example, Michel et  al. (2004) determined that somatic mutations 
in a specific codon of the PDS gene confer resistance to the her-
bicide fluridone. PDS sequences obtained during a previous study 
identified a variety of mutations at the fluridone-resistance codon, 
and the putatively resistant populations were restricted to dioecious 
plants in the U.S. states of Florida and Georgia (Benoit, 2011; Benoit 
and Les, 2013). In this study, we detected no mutations at the fluri-
done-resistance codon except in populations where such mutations 
already had been reported.

The accumulation of PDS mutations associated with herbicide 
resistance in U.S. dioecious hydrilla plants illustrates the rapidity 
with which mutations can accumulate in asexually reproducing 
plants. Just 25 years after the initial availability of fluridone as an 
aquatic herbicide (Waldrep and Taylor, 1976; McCowen et al., 1979), 
three separate somatic mutations had evolved to confer resistance 
in hydrilla (Michel et al., 2004). Similar levels of genetic adaptation 
might be expected to evolve in response to selective pressure in the 
natural environment (Whitham and Slobodchikoff, 1981), thereby 
enabling hydrilla plants to accumulate genetic diversity largely 
without sexual reproduction (Les and Philbrick, 1993). Although 
many populations worldwide exhibit vegetative reproduction, sex-
ual reproduction also occurs regularly in native hydrilla popula-
tions (Chaudhuri and Sharma, 1978). The alternative strategies of 
sexual and asexual reproduction would enable hydrilla populations 
to generate genetic variation through meiotic recombination or so-
matic mutation, respectively.

Possible causes of nuclear polymorphism

The pattern of genetic diversity at hydrilla nuclear loci could be 
explained by hybridization, allopolyploidy, incomplete lineage sort-
ing, or a combination of these. The overall incongruence among one 
plastid and two nuclear gene phylogenies may result from ancestral 
variation that was not partitioned equally across all loci (i.e., incom-
plete lineage sorting; Doyle, 1992). The relatively deep divergence 
times of gene copies (with some copies coalescing only at the root 
node of the genus) and the lack of evidence for recombination ar-
gue against the possibility that such distinct copies have persisted in 
descendants of the original hydrilla ancestor, with some sequences 
being identical between monomorphic and polymorphic plants 
that are separated by considerable geographic distance.

Alternatively, polyploidy could explain the divergence of gene 
copies and their maintenance in either sexually or asexually repro-
ducing populations, because paralogous gene copies on separate 
chromosomes would not be expected to recombine, although such 
recombination is not unheard of (Stebbins, 1971; Small et al., 2004). 
Hydrilla populations have been reported to be diploid (2n = 16), 
triploid (3n = 24), and tetraploid (4n = 32) in various portions of 
their range (Langeland et al., 1992; Rice et al., 2015). Polyploids can 
arise autonomously within a single individual (i.e., autopolyploidy) 
or as a result of hybridization (i.e., allopolyploidy; Stebbins, 1971). 
Langeland (1992) found extensive polyploidy across native hydrilla 
populations, apparently the result of endopolyploidy. A recent al-
lopolyploid hybridization event, combining genetic components 
from isolated populations, could explain the distinctness of multiple 
nuclear gene copies (Moody and Les, 2002; Les et al., 2010; Buggs 
et al., 2012). However, the extreme divergence among polymorphic 
pairs isolated from the same plant, combined with their respective 
similarity to sequences extracted from monomorphic plants, would 

make an ancient polyploid scenario unlikely. Additionally, poly-
ploid plants also may undergo concerted evolution at the ITS locus, 
with the result that divergent copies of ITS could homogenize in 
relatively little evolutionary time (Hillis et al., 1991; Kovarik et al., 
2005). In this scenario, the maintenance of substantially divergent 
copies of the ITS region over long periods seems unlikely.

A third possible explanation for the phylogenetic patterns exhib-
ited by nuclear loci is that the polymorphic sequences resulted from 
relatively recent hybridization among lineages, possibly coincident 
with polyploidy (i.e., allopolyploidy; Stebbins, 1971). Hybridization, 
defined as mating between distantly related lineages, instanta-
neously combines divergent genetic material that typically can 
be compared against extant parental lineages. The data from both 
ITS and PDS nuclear loci illustrate multiple examples of reticulate 
phylogenetic relationships that can be explained by hybridization, 
showing polymorphic sequences for some plants that are nearly 
identical to the monomorphic sequences recovered from other 
plants. Hybridization and allopolyploidy are recognized as rela-
tively common and widespread evolutionary processes, including 
in aquatic plants (e.g., Kim et al., 2008; Wood et al., 2009; Les et al., 
2010; Tippery et al., 2018). After considering several alternatives, we 
propose hybridization as the most likely explanation for the phylo-
genetic patterns shown by the ITS and PDS loci.

Reticulate phylogenetic patterns

Our use of biparentally inherited nuclear markers allows for the 
straightforward detection of interclade hybrids by evaluating the 
resultant DNA polymorphisms and conflicting signals observed in 
the phylogenetic trees. Compared to previous studies, our more ex-
tensive genetic sampling provides a clearer picture of the range of 
genotypes that exist within hydrilla.

It is reasonable to assume that hydrilla populations could have 
diverged substantially following their dispersal to isolated sites. 
However, it remains unclear how long and to what degree popu-
lations have been isolated in portions of the native hydrilla range. 
The observed interlineage polymorphisms in hydrilla are similar to 
previous evidence for natural, ancestral hybridization among iso-
lated lineages (e.g., Kim et al., 2008; Les et al., 2010; Tippery et al., 
2018) and also to patterns resulting from recent, anthropogenic 
introductions of formerly isolated species (e.g., Gaskin and Schaal, 
2002; Moody and Les, 2002). It is conceivable that human-mediated 
(and potentially undocumented) transport has led to conditions 
resulting in secondary contact among divergent hydrilla lineages, 
resulting in their subsequent hybridization.

At least two accessions from each of the plastid haplotype groups 
were identified as interclade hybrids. Several plants collected in 
China (and one collected in India) were hybrids between temperate 
(plastid haplotype H1/H2) and northern Eurasian (haplotype H8/
H9) plants (Figs. 1–4). China has proved to hold a wide range of 
hydrilla diversity, including a greater diversity of trnL-F haplotypes 
than we were able to observe (Zhu et al., 2015). Further examination 
of nuclear gene data for plants in China may reveal additional pat-
terns of hybridization that were not detected in the present study. 
One plant in Australia was a hybrid between the tropical Southeast 
Asian/Australian haplotype H6/H7 and the purely Australian hap-
lotype H3/H4. Two plants from Taiwan showed affinity to temperate 
Eurasia (haplotype H1/H2) and tropical Southeast Asia/Australia 
(haplotype H6/H7). One South Korean plant with a rare plastid 
haplotype (H5) produced cloned PDS sequences that resolved with 
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plants from tropical Southeast Asia/Australia (haplotype H6/H7) 
and cloned ITS sequences with similarity to plants from China/
Australia (haplotype H3/H4). Intraclade polymorphisms were rel-
atively rare and detected in a small number of accessions belonging 
to most of the plastid clades.

Geographic ranges of the various hydrilla plastid haplotypes are 
somewhat isolated, yet there is considerable overlap in the ranges of 
several haplotypes (Fig. 2; Zhu et al., 2015). Detailed investigations of 
hydrilla genetic diversity in eastern Asia (Zhu et al., 2015; Williams 
et al., 2018) have identified plants with divergent haplotypes growing 
closely together, even within the same water body, and such proxim-
ity would be expected to facilitate interclade hybridization. A previ-
ous study used microsatellite data to propose at least two instances of 
hybridization among eastern Asian plants, involving two haplotype 
pairs: H1/H2 and H5, and H5 and H8 (Williams et al., 2018).

Hybrids tend to be found near the borders of regions that are 
roughly defined by plastid haplotypes. For example, the northern 
Eurasian haplotype H8/H9 characterizes monomorphic plants 
from Japan/South Korea, whereas monomorphic plants of haplo-
type H1/H2 grow in India/Nepal/Pakistan, and we found evidence 
of admixture between these genotypes in plants collected from 
China and Vietnam. Although there was extensive evidence of 
interclade hybridization, we notably did not detect any hybridiza-
tion between the continental Eurasian plastid haplotypes and those 
from Australia (haplotype H3/H4; Fig. 2). This may indicate a maxi-
mum dispersal distance that has prevented Australian and Eurasian 
plants from interbreeding thus far.

In addition to biparental hybrids, we also detected one instance 
of hybridization across three plastid clades. One plant from China 
(accession 17; Appendix 1) showed evidence from both ITS and PDS 
of genetic contributions from temperate Eurasia (H1/H2), tropical 
Southeast Asia/Australia (H6/H7), and northern Eurasia (H8/H9; 
Figs.  3 and 4). Other accessions recovered three or more distinct 
cloned sequences (i.e., accession 20 from India and accession 24 
from Indonesia), but these each represent a combination of inter-
clade and intraclade genotypes, spanning no more than two plas-
tid haplotypes. Although ploidy levels were not determined for this 
study, the recovery of more than two haplotypes for several localities 
indicated that they likely represent polyploids, and the relationship 
between ploidy and hybridization in hydrilla deserves further study.

Geographic origins of invasive hydrilla

An identical sequence profile to the U.S. dioecious plants was ob-
tained from one other plant in our study, collected in India (ac-
cession 22; Appendix 1). This is consistent with results of previous 
studies (Madeira et al., 1997, 2007) and also with historical infor-
mation suggesting that an aquarium dealer first imported dioecious 
hydrilla to the United States from Sri Lanka (Schmitz et al., 1991). 
We recovered polymorphic sequences for the nuclear PDS gene 
in U.S. dioecious hydrilla plants and accession 22, yet these plants 
were monomorphic at the nuclear ITS locus (Figs. 3 and 4). Cloned 
PDS sequences were nonetheless monophyletic, possibly indicating 
a duplication of the PDS region (with or without associated hybrid-
ization or polyploidy) in the common ancestor of plants with the 
H1/H2 haplotype. Related plants from Burundi/India and Nepal, 
respectively, produced monomorphic and phylogenetically distinct 
PDS sequences, implicating these lineages as potential parents for 
an ancestral hybridization event or as descendants of polymorphic 
plants that lost one or the other gene copy of PDS. If the existence 

of distinct PDS sequences indeed resulted from hybridization, then 
the lack of ITS polymorphism could be explained by the process 
of concerted evolution, whereby polymorphic ITS sequences can 
become homogenized over time (Hillis et al., 1991; Kovarik et al., 
2005). In any case, the U.S. dioecious hydrilla plants exhibit addi-
tional genetic variation at the PDS locus beyond what would be ex-
pected for a typical diploid (i.e., with some plants producing two 
divergent sequences plus a herbicide-resistant PDS allele that was 
excluded from phylogenetic analyses), and this variation deserves 
further study in light of the relationship between PDS and fluridone 
resistance (Michel et al., 2004).

The U.S. monoecious plants have a plastid haplotype that other-
wise exists only in plants from China and South Korea (clade H5), 
and in our study the latter plants (accessions 39 and 44; Appendix 1) 
exhibited ITS and PDS sequences identical to those of the U.S. mon-
oecious plants (Figs.  1–4). Although both the ITS and PDS data 
support a hybrid origin for these plants, the cloned sequences in-
consistently show affinity to plants with either the H6/H7 and H3/
H4 haplotypes (ITS) or the H6/H7 and H1/H2 haplotypes (PDS). 
The maternal parentage for the South Korea/U.S. monoecious plants 
remains unclear, because no monomorphic nuclear sequences were 
recovered for plants with the H5 plastid haplotype. One of the cloned 
sequences on the PDS tree nests within a clade of temperate Eurasian 
plants with the plastid haplotype H1/H2 (Fig.  4), and this most 
closely reflects the relationship shown on the trnL-F tree (Fig.  1). 
These results are consistent with a maternal parent originating from 
temperate Eurasia. The ITS tree (Fig. 3), however, shows one of the 
cloned sequences for South Korea/U.S. monoecious plants associ-
ating more strongly with plants from Southeast Asia and Australia 
(plastid haplotype H6/H7), although these also are fairly close asso-
ciates of temperate Eurasian plants. There may be no extant plants 
with monomorphic sequences representing the maternal parent lin-
eage of South Korea/U.S. monoecious plants, but our data strongly 
suggest that the parent would have grown in temperate Eurasia.

Introduced plants in South Africa have a plastid genotype that 
matches plants from tropical Southeast Asia/Australia (plastid 
haplotype H6/H7; Madeira et  al., 2007), and we determined that 
their nuclear genotypes (monomorphic for both ITS and PDS) also 
matched plants from this region (Figs. 1–4). Our evidence supports 
the prior assertion that South African plants likely arrived from a 
Malaysian source (Madeira et al., 2007). We did not obtain nuclear 
data for plants from Brazil, but the plastid data phylogeny (Fig. 1) 
and the existence of solely female dioecious individuals (Sousa, 
2011) implicate a secondary introduction of the invasive U.S. di-
oecious biotype. Likewise, adventive plants in New Zealand, which 
exist as only male dioecious plants (Hofstra et  al., 1999), did not 
have nuclear data, but the plastid genotype supports an introduc-
tion from Australia (Fig. 1; Madeira et al., 2007).

Management implications

Different genotypes of the same species can exhibit variable re-
sponses to herbicides and insect herbivores, thereby confounding 
efforts to control invasive plants (Michel et al., 2004; Müller-Schärer 
et al., 2004; Moody et al., 2008; Williams et al., 2018). In addition 
to chemical control via herbicides, biocontrol agents (i.e., natural 
herbivores of invasive species) also are a preferred management 
strategy, and a variety of such agents have been identified for nox-
ious aquatic plants (e.g., Spencer and Coulson, 1976; Center et al., 
1999; Solarz and Newman, 2001). Following extensive research 
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throughout the native range of hydrilla (Balciunas et  al., 2004), 
two fly species in the genus Hydrellia (H. balciunasi Bock and H. 
pakistanae Deonier) were introduced as biocontrol agents in the 
United States, and the introductions yielded a range of success 
(Center et  al., 1997; Grodowitz et  al., 1997; Wheeler and Center, 
2001). Herbivorous flies collected from Australia and India, respec-
tively (Balciunas et al., 2004), presumably would specialize on local 
hydrilla genotypes and may not be broadly effective against other 
genotypes. Given the substantial genetic variation among hydrilla 
strains worldwide, their propensity for interlineage hybridization, 
and their ability to accumulate advantageous somatic mutations, 
it becomes more important to acknowledge specific hydrilla geno-
types when developing chemical and biocontrol agents for invasive 
hydrilla populations.

Morphology

Historical difficulties in interpreting patterns of morphological vari-
ation in hydrilla likely resulted from a lack of information regard-
ing the genotypes of the plants evaluated. Without such knowledge, 
worldwide accessions of hydrilla could appear to represent a ran-
dom array of morphologically variable populations characterized 
by extensive phenotypic plasticity. However, we have found that dif-
ferences in leaf measurements and abaxial spine counts can be in-
formative for distinguishing hydrilla plastid genotypes, even in the 
presence of nuclear genetic admixture. In the United States, it will 
continue to be important to identify individuals as monoecious or 
dioecious biotypes using vegetative traits, given the frequent absence 
of reproductive organs. We found that the presence of abaxial spines 
can readily identify plants as the dioecious biotype, although spines 
may be absent on these as well. Secondary leaf characteristics may be 
marginally useful. For example, there were relatively few U.S. dioe-
cious plants (26%) with leaf length:width ratios >5.0 or U.S. monoe-
cious plants (12%) with ratios <5.0, and this measurement combined 
with leaf spine data may be sufficient to distinguish U.S. invasive 
biotypes. In our survey of 68 leaves from U.S. plants (43 monoe-
cious and 25 dioecious), only one of the dioecious plant leaves had 
a length:width ratio >5.0 and also lacked any spines; notably, other 
leaves from the same specimen had shorter ratios and abaxial spines.

CONCLUSIONS

Phylogenetic analyses of 101 Hydrilla verticillata accessions across 
a broad geographic area have supported the existence of distinct 
plastid lineages. However, the addition of nuclear data in our study 
revealed extensive hybridization among plastid lineages. Plastid and 
nuclear genotypes, including those resulting from hybridization, 
fall into broad geographic regions. To some extent, leaf morpholog-
ical characters are able to distinguish plants belonging to different 
plastid lineages. The genetic and morphological diversity found in 
Hydrilla merits future study to explore factors contributing to the 
distinctness of plants with different morphologies, occupying dif-
ferent habitats, and found in different geographic regions.
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APPENDIX 1. Locality, reference number, voucher specimen identification 
(with herbarium), followed by GenBank accession numbers for the 
ITS, PDS, and trnL-F regions. Long dashes (—) indicate sequences that 
were not obtained. Sequences newly obtained for this study fall in the 
ranges of MK819293–MK819406 (ITS) and MN013196–MN013339 (PDS 
and trnL-F). Multiple cloned sequences for ITS and PDS are separated by  
slashes (/).

OUTGROUP – Najas gracillima – USA: Minnesota: Cass Co.: Stanley 
Lake, Les 941 (CONN00137789), KF016117, MN013304, MN013338. N. 
minor – USA: Iowa: Mahaska Co.: Lake Keomah, Les 898 (CONN00137525), 
KT036767, KT037015, MN013339.

AUSTRALIA: New South Wales: Alstonville (1) Jacobs 9839 
(CONN00109654), MK819330/MK819332, MN013205, MN013322; 
Lismore (2) Jacobs 9841 (CONN00109655), MK819326/MK819333, 
MN013206/MN013213, MN013323; Mullumbimby (3) Jacobs 9842 
(CONN00078737), —, —, MN013324; Northern Territory: cultivated ex 
situ (4) Jacobs 9895 (NSW), MK819362, MN013215, MN013318; Katherine 
River (5) Jacobs 9883 (CONN00109660), MK819337, —, MN013325; Mary 
River floodplain (6) Jacobs 9898 (CONN00109659), MK819334, —, 
MN013326; Wildman River (7) Jacobs 9903 (CONN00109657), 
MK819329/MK819338, MN013216, MN013319; Queensland: Alice River 
(8) Balciunas s.n. year 1987 (CONN), MK819331, —, —; Centenary Lake (9) 
Balciunas s.n. Aug 1985 (CONN), —, —, EF458072; cultivated ex situ (10) 
Jacobs 9936 (NSW), MK819363, MN013217, MN013320; Western 
Australia: Lake Argyle (11) Jacobs 9877 (CONN00109658), 
MK819328/MK819336, MN013214, MN013317; Wyndham (12) Jacobs 
9876 (CONN00109662), MK819327/MK819335, —, MN013316; BURUNDI: 
Lake Tanganyika (13) van Vierssen s.n. Jul 1989 (CONN00226719), 
MK819293, MN013267, EF458070; CHINA: Beijing (14) Tsai s.n. Nov 1984 
(CONN), MK819295/MK819388, —, —; Guangdong: Fengkai (15) Chen 
s.n. 25 Oct 2009 (WBG), MK819298/MK819392, —, —; Guangzhou (16) 
Tsai s.n. Nov 1984 (CONN), MK819296/MK819389, —, EF458068; Huaiji 
(17) Chen s.n. 25 Oct 2009 (WBG), MK819300/MK819364/MK819393/ 
MK819402, MN013202/MN013207/MN013218, MN013329; Yunnan: 
Kunming (18) Tsai s.n. Nov 1984 (CONN), MK819342, —, MN013327; Shilin 
(19) Chen s.n. 11 Jun 2010 (WBG), MK819297/MK819390, MN013196/MN0
13239/MN013287, MN013328; INDIA: Karnataka: Bengaluru (20) Tsai s.n. 
Jan 1986 (CONN00226716), MK819299/MK819391, MN013199/MN01325
2/MN013268/MN013297, AY496150; Kashmir (21) van Vierssen s.n. Jul 
1989 (CONN00226718), MK819303, MN013270, EF458067; New Delhi (22) 
van Vierssen s.n. Jul 1989 (CONN00226717), MK819302, MN013253/ 
MN013298, EF458064; Rajasthan (23) van Vierssen s.n. Jul 1989 
(CONN00226714), MK819301, MN013269, EF458065; INDONESIA: Java: 
Pangalengan (24) van Vierssen s.n. Jul 1989 (CONN00226720), 
MK819304/MK819343/MK819365, MN013208/MN013299, EF458057; 
Rawa Pening (25) van Vierssen s.n. Jul 1989 (CONN00226715), MK819339, 
MN013224, EF458056; IRELAND: Co. Galway: Ballynakill Lough (26) King 
501 (CONN), MK819396, MN013259, MN013305; Rusheenduff Lough (27) 
King 531 (CONN), MK819400, MN013263, MN013306; JAPAN: Hyōgo: 
Kobe (28) Buckingham s.n. Dec 1992 (CONN), MK819403, MN013257, 
EF458053; LATVIA: Anglona: Lake Cirišs (29) King 505 (CONN), MK819397, 
MN013260, MN013313; Dārzini: Lake Skujines (30) King 514 (CONN), 
MK819399, MN013262, MN013315; Skrudaliena: Lake Sila (31) King 510 
(CONN), MK819398, MN013261, MN013314; MALAYSIA: Penang Island 
(32) Balciunas s.n. year 1989 (CONN00226722), MK819340/MK819368, 
MN013209/MN013227, EF458058; NEPAL: Ionokpur Pond (33) van 
Vierssen s.n. Jul 1989 (CONN00226713), MK819305, MN013300, EF458066; 
PAKISTAN: Rawalpindi (34) van Vierssen s.n. Jul 1989 (CONN), MK819306, 
—, EF458063; REPUBLIC OF CHINA (TAIWAN): Taichung (35) Tsai s.n. Nov 
1984 (CONN), MK819346/MK819369, MN013210/MN013283, EF458060; 
Tainan (36) Tsai s.n. Nov 1984 (CONN), MK819347/MK819370, —, —; 
REPUBLIC OF KOREA (SOUTH KOREA): Gyeongi-do: Yeoju-gun: 
Gangcheon-ri (37) Na 90155-3 (CONN00225401), MK819395/MK819406, 
MN013201/MN013258, MN013311; Gyeongsangbuk-do: Gunwi-gun: 

Sobo-myeon (38) Na s.n. 07 Aug 2008 (AJOU), —, —, MN013308; 
Seongju-gun: Gyejeong-ri: Hoecheon (39) Na s.n. 23 Jul 2009 (CONN), 
MK819345/MK819367, MN013225/MN013276, MN013335; Hoecheon 
(40) Na 90131-5 (CONN00225403), MK819405, MN013200, MN013312; 
Uiseong-gun: Bian-myeon: Bangchoji Reservoir (41) Na 90141-3 
(CONN00225402), —, MN013198/MN013204, MN013310; Bangchoji 
Reservoir (42) Na 80277-4 (CONN00225209), MK819394/MK819404, 
MN013197/MN013203, MN013307; Yeongcheon-si: Bonchon-dong (43) 
Na s.n. 08 Aug 2008 (AJOU), —, —, MN013309; Seoul: Palang Reservoir 
(44) Pemberton s.n. Oct 1989 (CONN00226721), MK819344/MK819366, —, 
AY496144; SOUTH AFRICA: Kwazulu-Natal: Pongolapoort Dam (45) 
Coetzee s.n. Feb 2006 (CONN), MK819341, MN013233, EF458055; 
THAILAND: Bangkok: Ban Bang Phra (46) Van s.n. year 1998 (CONN), 
MK819371, MN013211/MN013234, EF458061; Tha Thung Na Dam (47) 
Van s.n. year 1998 (CONN), MK819372, MN013212/MN013235, MN013321; 
USA: Arkansas: Little River Co.: Millwood Lake (48) Les 838 (CONN), —, 
MN037825/MN037830, —; California: Imperial Co.: Brawley: Spruce 
Lateral 4 (49) Mizumoto s.n. year 1995 (CONN), MK819294, 
MN013238/MN013286, AY496154; Connecticut: Fairfield Co.: Norwalk: 
Silvermine River (50) Benoit 32 (CONN00069665), MK819349/MK819374, 
MN013220/MN013272, MN013332; Weston: Crystal Lake (51) Murray 09-
005 (CONN00225399), —, MN037817/MN037836, —; New London Co.: 
Mystic Seaport (52) Benoit 55 (CONN00078618), MK819348/MK819373, 
MN013219/MN013271, AY496148; Delaware: Sussex Co.: Concord Pond 
(53) Benoit 50 (CONN), —, MN037819/MN037838, —; Milford: Blairs 
Pond (54) Weiss 113 (CONN00098190), MK819359/MK819384, —, —; 
Griffith Lake (55) Benoit 54 (CONN00078614), —, MN013222/MN013274, 
—; Haven Lake (56) Benoit 53 (CONN00078613), —, MN037820/MN037839, 
—; Milton: Wagamons Pond (57) Benoit 52 (CONN00078612), —, 
MN013221/MN013273, —; Trap Pond (58) Barko s.n. year 1982 (CONN), 
—, —, AY496146; District of Columbia: Kenilworth Aquatic Gardens 
(59) Benoit 48 (CONN00177374), —, MN037818/MN037837, —; Florida: 
Jackson Co.: Sneads: Lake Seminole (60) Benoit 21 (CONN00078226), 
MK819318, —, —; Leon Co.: Tallahassee: Lake Carr (61) Weiss 132 
(CONN00098204), MK819312, —, —; Okeechobee Co.: Lake Okeechobee 
(62) Benoit 9 (CONN00078227), MK819309, MN013241/MN013289, —; 
Lake Okeechobee (63) Benoit 64B (CONN00177370), —, 
MN037826/MN037831, —; Orange Co.: Orlando: Lake Buena Vista (64) 
Benoit 8 (CONN00177361), MK819308, MN013240/MN013288, —; 
Osceola Co.: Kissimmee: Lake Tohopekaliga (65) Benoit 19 
(CONN00078220), MK819316, —, —; Lake Tohopekaliga (66) Benoit 20 
(CONN00078222), MK819317, —, —; Lake Tohopekaliga (67) Benoit 65B 
(CONN00177369), —, MN013247/MN013248/MN013293, —; Polk Co.: 
Winter Haven: Lake Fannie (68) Benoit 16 (CONN), MK819315, —, —; 
Lake Howard (69) Benoit 14 (CONN00078223), MK819313, MN013244/M
N013245/MN013291, MN013333; Lake Rochelle (70) Benoit 15 
(CONN00078219), MK819314, MN013246/MN013264/MN013292, —; 
Lulu Lake (71) Benoit 13 (CONN00078224), MK819311, MN013242/MN01
3243/MN013290, MN013330; Palm Garden (72) Benoit 12 
(CONN00078225), MK819310, —, —; Sumter Co.: Wildwood: Lake 
Okahumpka (73) Benoit 66 (CONN00177367), —, MN013249/MN013266
/MN013294, —; Georgia: Decatur Co.: Faceville: Lake Seminole (74) 
Benoit 22 (CONN00078235), MK819319, MN013250/MN013265
/MN013295, MN013331; Lincoln Co.: Lincolnton: J. Strom Thurmond 
Lake (75) Benoit 23 (CONN00078234), MK819350/MK819375, 
MN013223/MN013275, —; Idaho: Owyhee Co. (76) Woolf s.n. (CONN), 
MK819320, MN013251/MN013296, —; Louisiana: Caddo Parish: Caddo 
Lake (77) Les 840 (CONN), —, MN037828/MN037833, —; Rapides Parish: 
Sharp: Lake Rodemacher (78) Van s.n. year 1998 (CONN), —, 
MN037827/MN037832, AY496152; Maine: York Co.: Limerick: Pickerel 
Pond (79) McPhedran s.n. (CONN00177360), MK819352/MK819377, 
MN013228/MN013278, —; Maryland: Hartford Co.: Abingdon: Otter 
Point Creek (80) Benoit 43A (CONN00177365), —, MN037821/MN037840, 
—; Prince Georges Co.: Upper Marlboro: Patuxent River Park (81) Benoit 
49 (CONN00078615), —, MN037822/MN037841, —; Massachusetts: 
Barnstable Co.: Barnstable: Long Pond (82) Gazaille s.n. (CONN00177362), 
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MK819351/MK819376, MN013226/MN013277, MN013336; New York (83) 
Kishbaugh s.n. (CONN), MK819356/MK819381, MN013232/MN013282, —; 
North Carolina: Halifax Co.: Summit: Lake Gaston (84) Benoit 61 (CONN), 
MK819353/MK819378, MN013229/MN013279, MN013337; Northampton 
Co.: Gaston: Roanoke Rapids Lake (85) Weiss 111 (CONN00098191), 
MK819358/MK819383, —, —; Henrico: Lake Gaston (86) Benoit 63 
(CONN), MK819355/MK819380, MN013231/MN013281, —; Warren Co.: 
Littleton: Lake Gaston (87) Benoit 62 (CONN), MK819354/MK819379, 
MN013230/MN013280, —; Pennsylvania: Bucks Co.: Nockamixon S.P.: 
Haycock Creek (88) Benoit 57 (CONN00177372), MK819357/MK819382, 
—, —; South Carolina: Berkeley Co.: Black River Reservoir (89) Weiss 136 
(CONN00098198), MK819321, —, —; Chicora: Lake Moultrie (90) Benoit 
27 (CONN00078232), MK819323, MN013255/MN013302, —; Cross: Lake 
Marion (91) Benoit 29 (CONN00069667), MK819324, —, —; Moncks 
Corner: Durham Creek (92) Benoit 25 (CONN00069668), MK819322, 

MN013254/MN013301, —; Texas: Harrison Co.: Lake Palestine (93) 
Harms s.n. 19 Jun 2009 (CONN), —, MN037829/MN037834, —; Marshall: 
Brandy Branch Reservoir (94) Les 842 (CONN), MK819307, 
MN013256/MN013303, —; Virginia: Fairfax Co.: Alexandria: Potomac 
River (95) Benoit 46A (CONN00078616), —, MN037823/MN037842, —; 
Virginia: Mecklenburg Co.: Bracey: Lake Gaston (96) Benoit 30 
(CONN00078229), MK819360/MK819385, MN013236/MN013284, —; 
Spotsylvania Co.: Lake Anna State Park (97) Benoit 47 (CONN00177375), 
—, MN037824/MN037843, —; Wisconsin: Polk Co.: Manitou Lake (98) 
Netherland s.n. (CONN00078736), MK819361/MK819386, MN013237/ 
MN013285, —; VIETNAM: Hue: Luu Khiem Lake (Hồ Lưu Khiêm) (99) 
Van s.n. year 1998 (CONN), MK819387, —, EF458059; Ninh Binh: Bich 
Dong caves (Tam Cốc-Bích Động) (100) Van s.n. year 1998 (CONN), 
MK819325/MK819401, —, —; Thới Thuận: Mekong River (101) Van s.n. 
year 1998 (CONN), —, —, EF458062.
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