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sampling is needed to fully describe its distribution 
and nativity. Another clade, predominant in southern 
Florida and the St. Johns River, likely originated in 
South America. Results are discussed in the broader 
context of the effects of cryptic species on weed man-
agement, including biological control efforts.
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Introduction

Managing invasive plants is a challenging endeavor 
(Liebman et al. 2016; Rolfe and Windle 2014). Fund-
ing is generally insufficient, and other non-native 
species often replace any invader brought under man-
agement control (Hanley and Roberts 2019). Manage-
ment tools that can offer hope also warrant caution. 
For example, cultural controls effective on a local 
level (e.g., hand pulling of seedlings) may not trans-
late to a landscape scale (Myers and Bazely 2003). 
Mechanical controls suffer from a well-known lack 
of specificity (Center et al. 2002). Chemical controls 
also lack specificity, can be both mobile and persis-
tent, and can be thwarted by emergence of resist-
ant plant genotypes (Boutin et al. 2014; Gould et al. 
2018). Biological controls are generally viewed as 
environmentally benign, but ecologists debate the 
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potential for unanticipated collateral effects (Hinz 
et  al. 2020; Messing and Wright 2006). These over-
arching challenges are exacerbated when the invader 
is a so-called cryptic species.

Canavan et al. (2020) identify two classes of cryp-
tic invaders: intraspecific—foreign genotypes of a 
locally native species, and interspecific—a non-native 
misidentified as a native or as another non-native. 
Cryptic invaders can form expansive populations, 
at times outcompeting native congeners. Admixture 
with native genotypes (heterosis) may produce phe-
notypic variants more aggressive than the natives. 
Each of these outcomes creates further challenges 
for managers. Chemical and mechanical controls are 
likely to impact both invasive and native genotypes, 
and perhaps ecological congeners as well (Boutin 
et  al. 2014). Employing classical biological controls 
against invaders with native genotypes is also highly 
problematic. Most weed biocontrol practitioners and 
regulatory agencies insist that any agents should be 
specialists at the genotypic level (targeting only the 
non-native genotype) as opposed to the more tradi-
tional species level (attacking an invasive species, 
but not its native congeners) (Casagrande et al. 2018; 
Pemberton 2000). Finally, distinguishing between the 
native, non-native, and hybrid genotypes in real time 
can be extremely difficult (Morais and Reichard 2018; 
Saltonstall 2002). Land managers thus need tools that 
parse cryptic versus native species to inform their 
decisions.

Waterlettuce (Pistia stratiotes L.; Araceae) is 
potentially one such cryptic species. Populations of 
this floating hydrophyte can become sufficiently large 
to interfere with human endeavors (e.g., transporta-
tion, irrigation, rice farming, fishing activities, water 
treatment and biodiversity) resulting in management 
efforts on at least four continents and its listing as 
one of the world’s worst weeds (Holm et  al. 1977). 
The genus Pistia is dated from 40 (Nauheimer et al. 
2012) to 90 (Renner and Zhang 2004) million years 
old. Although fossil records exist from many regions 
that are currently temperate, its distribution today is 
largely pan-tropical (Dray and Center 2002, and refer-
ences therein). Historically waterlettuce is known at 
least as early as 300 BCE from Egypt and northern 
Africa where Theophrastus reported its use medici-
nally (Theophrastus, translated 1916); Pickering 
(1879) reports the plant from even earlier Egyptian 
heiroglyphics. Thus, extant waterlettuce populations 

have frequently been considered to derive from Old 
World origins. Pistia was first recorded in the United 
States by eighteenth century naturalists John and Wil-
liam Bartram who described and illustrated it from 
plants observed in abundance on the St. John’s River 
in northern Florida (Harper 1998). This early sighting 
led some botanists to consider waterlettuce a North 
American native (Stuckey and Les 1984). How-
ever, its biology, and apparent lack of apparent seed 
production in North America, caused other twen-
tieth century botanists to consider the plant a non-
native invader (Godfrey and Wooten 1979; Weldon 
et  al.1969) that was introduced by transcontinental 
bird migrations (Stoddard 1989) or in ships’ ballast 
during early European colonization of North America 
(Stuckey and Les 1984; Schmitz et al. 1993; Dray and 
Center 2002). Despite this difference of opinion, it’s 
status as a management nuisance led federal and state 
authorities in 1977 to approve the addition of water-
lettuce to the U.S. Corps of Engineers Aquatic Plant 
Control Program for the state of Florida (U.S. Army 
Corps of Engineers 1977).

Several lines of evidence point to the presence of 
multiple genotypes of P. stratiotes in Florida. Dray 
and Center (1989) reported that, counter to prior 
claims, seed production was present in Florida—
at Loxahatchee National Wildlife Refuge and sites 
around Lake Okeechobee. Further, biomass, leaf 
production, and flowering phenology of waterlet-
tuce at some sites in St. Lucie County, FL, differed 
substantially from populations in and around Lake 
Okeechobee (DeWald and Lounibos 1990; Dray and 
Center 1992). Additionally, the Argentine weevil 
Neohydronomus affinis Hustache (Coleoptera: Curcu-
lionidae), released as a biological control of waterlet-
tuce (Dray et  al. 1990), differed in efficacy between 
these same plant populations (Dray and Center 1992). 
Another biological control agent, Spodoptera pectini-
cornis Hampson (Lepidoptera: Pyralidae) from Thai-
land, did not establish (Dray et al. 2001)—possibly as 
a result of an incorrect genotypic matching between 
this Asian moth and the plants in Florida. More 
recently, the discovery of fossil seeds in 12,600 year 
old sediments from Lake Annie, Florida (Quillen 
et  al. 2013), caused Evans (2013) to suggest that P. 
stratiotes was native to Florida and had persisted in 
refugia provided by thermal springs throughout the 
climatic fluctuations associated with the Pleistocene 
and severe drought conditions that dominated the 
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state between 11,000–7000  years ago (Grimm et  al. 
1993; Quillen 2009; Quillen et  al. 2013; Watts and 
Hansen 1994).

The complex nature of the evidence, coupled with 
the potential to develop additional biological con-
trols against this weedy hydrophyte, led us to inves-
tigate the diversity and biogeographical origins of P. 
stratiotes. Our null hypotheses were (A) P. stratiotes 
is non-native to Florida, and (B) there is only one 
extant species of P. stratiotes worldwide. To test these 
hypotheses, we:

1.	 collected samples world-wide, especially in Flor-
ida, and determined the haplotypes of these spec-
imens;

2.	 conducted a haplotype network analysis (TCS) to 
visualize the relationships between samples and 
determine the extent of any genetic diversity;

3.	 mapped the distribution of the haplotypes to 
parse questions on the nativity of populations in 
Florida;

4.	 constructed phylogenies to (a) compare the 
genetic variation within the genus Pistia to vari-
ation ‘within’ and ‘between’ other genera in the 
family Araceae, and (b) to generate greater reso-
lution of the Pistia clade than has heretofore been 
available; and

5.	 examined the degree to which different Pistia 
clades contain evidence of species delimitation.

Methods

Sample acquisition, sequencing and haplotype 
determination

Molecular analysis of the Araceae phylogeny has 
been addressed previously by numerous authors uti-
lizing varied sequences: Renner and Zhang (2004) 
[trnL intron, trnL-F spacer, rpl20-rsp12 spacer, nad1 
b/c intron], Cabrera et  al (2008) [trnL intron, trnL-
F spacer, trnK/matK, rbcL], Cusimano et  al. (2011) 
[trnK/matK], Nauheimer et  al. (2012) [trnL intron, 
trnL-F spacer, trnK/matK, rbcL], and others. The 
phylogenetic analysis presented here utilized NCBI 
sequences as outgroup (non-Pistia) sequences drawn 
from what Nauheimer et al. (2012) referred to as the 
“Pistia clade”, those most closely related to Pistia. 
Pistia sequences for the phylogeny and population 

analyses were generated in-house. Both sets of NCBI 
sequences are presented in Supplementary Table  1 
For the haplotype identification and population anal-
ysis of Pistia we used the chloroplast trnL intron, 
trnLF spacer, matK and rpL32-trnL. The second, 
Pistia only, phylogenetic analysis was expanded to 
6 sequences with chloroplast rpl20-rsp12 and mito-
chondrial nad1 exons b, c and intron added. Each 
study utilized separate alignments. The trnL intron, 
trnL-F spacer, mat K and rpL32-trnL were sequenced 
for all Pistia samples. The rpl20-rsp12 spacer and 
nad1 b/c intron were only sequenced for geographi-
cally representative samples of each haplotype 
obtained in the four sequence study. These samples 
are identified by bold lettering in Table 1.

Study samples were solicited from scientists and 
land managers around Florida, the USA, and the 
world. Sample packets with 30 g of desiccant, sample 
ID card, instructions and a return envelope were sent 
to collectors. Collectors were instructed to sample a 
single young leaf without the stem and with as little 
insect damage as possible, blot it with the supplied 
paper towel and insert it into the sample packet. Upon 
arrival at our lab, samples were placed on fresh silica 
gel and stored frozen. Some samples were directly 
collected by USDA personnel, including the “BA” 
samples. Dried samples were ground using a ‘fro-
zen’ mortar and pestle followed by DNA extraction 
using the E.Z.N.A HP Plant DNA Mini Kit D2485-01 
(Omega Bio-Tek, Norcross, GA). Sample information 
is presented in Table 1 and in more detail in Supple-
mentary Table 2.

Reaction mixes for matK, trnL intron, trnLF 
spacer and rpl20-rps12 intergenic spacer each 
contained 1X reaction buffer, 1.5  mM MgCl2, 
0.35 mM of each primer, 0.2 mM dNTPs, 1X CES 
(a PCR enhancer, Ralser et  al. 2006), 2.5  units/
rxn BioReady rTaq DNA polymerase (Bulldog 
Bio, Inc., Portsmouth, NH); and 40  ng genomic 
DNA in a 50-ml reaction. Nad1 and the rpl32-
trnL intergenic spacer both contained ‘premix’ 
2X Terra PCR Direct Buffer (final concentration at 
2 mM Mg+2, 0.4 mM dNTP), an additional 0.5 mM 
MgCl2 (LAMBDA Biotech Inc. St. Louis, MO), 
0.35  μM each primer, and 1.25 units Terra PCR 
Direct Taq Polymerase Mix. The number of cycles 
was normally 35X. The primer sets used included: 
for the trnL intron- primers trnC and trnD, and 
for the trnLF spacer- primers trnE and trnF, both 
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of Taberlet et  al. (1991); for rpl20-rps12- prim-
ers rpl20 and rps12 of Hamilton (1999); for nad1- 
primers 1b and 1c of Demesure et  al. (1995); for 
rpl32-trnL- primers trnL (UAG) and rpL32-F of 
Shaw et  al. (2007) with additional primers (ours)- 
Pistia R, external (AGC TCA TTC ATC TTG AAT 
CGT CGA G) and Pistia F, internal (CGA GAT 
AAT AAT TTT GAC TTA CGA CA CTC); matK- 
our primers- Pistia MatK F’’ (CAT TGC GAT 
TAT CTT CCC TCG AAG) and ‘‘Pistia MatK R’’ 
(CTT ACT AAT GGG ATT CCC CGA TAC GT). 
Annealing temperatures were for: matK-60  °C, 
trnL intron-63  °C, trnLF spacer-63  °C, rpl20-
rps12 intergenic spacer-53  °C, nad1-57.5  °C, 
rpL32-trnL-62 °C.

Amplification products were electrophoresed 
on 1.6% agarose gels and visualized with ethidium 
bromide. PCR products were usually purified with 
the Zymogen DNA Clean and Concentrator™-5 
Kit (Zymo Research, Irvine, CA). Occasionally the 
PCR product was excised from the gel and cleaned 
with the Zymoclean Gel DNA Recovery Kit (Zymo 
Research, Irvine, CA). Recovered PCR product was 
quantitated (Qubit fluorimeter, Life Technologies, 
Carlsbad, CA), adjusted to 20  μg/μl, and used as 
template for cycle sequencing performed by Euro-
fins MWG Operon (Huntsville, AL, USA) using 
BigDye™ terminator technology (Life Technolo-
gies Corp., Carlsbad, CA, USA). Sequencing was 
performed in both directions using the PCR primers 
and, in the rpL32-trnL case, when needed, with the 
secondary Pistia primers.

Sequences were edited using Sequencher v5.0 
(Gene Codes USA). The matK, rpl20-rsp12, and 
nad1 sequences used for phylogenetic analysis 
aligned unambiguously using MAFFT (Katoh et al. 
2002). The trnL intron, trnLF spacer, and rpL32-
trnL sequences for phylogeny were aligned with 
MCoffee (Wallace et al. 2006) and evaluated using 
the Transitive Consistency Score (TCS), which 
identifies the most correct positions in an MSA then 
strips the most ambiguous parts (Chang et al. 2014). 
Finally, some remaining gap-containing regions 
were removed manually to further reduce missing 
data. For within-Pistia species comparisons, both 
the four sequences used for the population analy-
sis and the six sequences for the internal phylogeny 
aligned unambiguosly using the MAFFT aligner 
(Katoh et al. 2002).

Haplotype network analysis and mapping

The TCS 1.21 program (Templeton et  al. 1992) 
(Clement et  al. 2000), not to be confused with the 
Transitive Consistency Score (TCS) used in the align-
ment, was used to generate a haplotype network. 
Pistia haplotypes were analyzed using three con-
catenated chloroplast sequences: matK (800 bases), 
trnLF (1048 bases containing the intron, trnL, and 
spacer, with gaps removed), and trnL-rpL32 (1032 
bases). Gaps were also coded (as bases) to extract 
additional information. Different but overlapping 
gaps were coded differently but as the same character. 
The trnLF sequence produced 3 gap characters while 
rpL32-trnL produced 12. The analysis in TCS was 
run using “Gaps = missing” so that the gap changes 
would be considered as a single change without order. 
During an early analysis, after comparing actual dis-
tances with TCS distances, a link through the B7 
haplotype (Australia) appeared to distort distance 
(actual vs TCS) relationships. After removing B7 and 
rerunning TCS “minus Australia” the distortion dis-
appeared. The B7 loop was then manually re-added. 
Haplotype locations were then geolocated onto maps 
generated using ArcGIS.

Phylogenetic analysis

Phylogenetic analysis was carried out using the edge-
linked partition model of maximum likelihood in IQ-
TREE (Chernomor et  al. 2016; Nguyen et  al. 2015; 
Trifinopoulos et al. 2016) which allows the modeling 
of each partition. For concatenation-based tree infer-
ence, Zhou et  al. (2018) showed IQ-TREE consist-
ently achieved the best-observed likelihoods among 
IQ-TREE, RAxML/ExaML, PhyML, and FastTree. 
The model for each sequence within IQ-TREE was 
chosen based on BIC (allowing “free rate hetero-
geneity”). A partition file was created for both a 4 
sequence (4seq) and a 6 sequence ‘Pistia only’ anal-
ysis (Pistia6seq). The ‘4seq’ analysis (matK, trnL 
intron, trnLF spacer, rpl20-rsp12) compares inter-
specific variation from NCBI outgroup sequences 
versus the haplotype variation within Pistia. The 
‘Pistia6seq’ analysis adds nad1 and rpL32-trnL to the 
alignment while also aligning unambiguously, adding 
characters and including gap coding.

Sequence criteria for the 4seq data (alignment 
length: # informative characters) returned for matK 
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(800:71), trnL intron (470:32), trnLF spacer (410:30), 
rpl20-rsp12 (738:44). The Pistia6seq analysis yielded 
matK (800:41), trnL intron (470:10), trnLF spacer 
(410:15), rpl20-rsp12 (738:20), NAD (1293:39), 
rpL32-trnL (638:87). Models were chosen using IQ-
TREE “model selection” and entered into the parti-
tion file. Models for 4seq: matK-K3Pu + F + G4, trnL 
intron-F81 + F + R2, trnLF spacer-TVM + F + R2, 
rpl20-rsp12-HKY + F + G4, NAD-JC + I, rpL32-trnL-
HKY + F + G4; for Pistia6seq: matK-F81 + F + I, trnL 
intron-TN + F + I, trnLF spacer-HKY + F, rpl20-
rsp12-K3Pu + F + I, NAD-JC + I, rpL32-trnL-F81 + F. 
Gaps were coded as in the population analysis and 
included in the partition file as model JC.

Clade support was analyzed using 5000 replicates 
for aBAYES (Anisimova et al. 2011), ultrafast boot-
strap [UFBoot] (Hoang et al. 2018), and the Shimo-
daira–Hasegawa approximate likelihood ratio test 
[SH-aLRT) (Guindon et al. 2010). The majority rule 
(MR) consensus percentage was calculated from 
500 trees. Branch support was considered strong for: 
aBAYES ≥ 0.95; SH-aLRT ≥ 0.85 (stronger ≥ 0.90); 
UFBoot BS ≥ 95%; MR ≥ 80%.

Finally, as it became apparent that there were 
cryptic differences in Florida’s Pistia populations, 
the need for a simple molecular tool to differentiate 
among these cryptic genotypes became clear. Natu-
ral area managers may want to identify the specific 
haplotype they are managing (c.f. Saltonstall 2003). 
Thus, each of the six sequences used in the phyloge-
netic analysis were processed individually through 
a Neighbor Joining analysis in MEGAX using com-
plete deletion and the “number of differences” model 
to see if a single sequence could serve the purpose.

Species delimitation

The definition of ‘species’ has varied widely. 
Mayden (1997) names 24 different species con-
cepts and presents even more definitions. De Quei-
roz (2007), in summarizing the major categories of 
definitions (e.g., biological, ecological, evolution-
ary, cohesion, phylogenetic and phenetic), indicated 
general agreement that a species represents a “sepa-
rately evolving metapopulational lineage”. How-
ever, there is discord on which secondary properties 
best define species separation. A “Unified Species 
Concept” (de Queiroz 2007) separates issues of 
‘species conceptualization’ from those of ‘species 

delimitation’. Species delimitation, as a secondary 
criteria, is relevant in proportion to the number and 
strength of its evidence for lineage separation.

Ross et al. (2008) reviewed molecular tools used 
for species delimitation including BLAST, distance, 
and tree-based methods. The predictor with the 
best identification success was the ‘average within-
species genetic distances’ divided by the ‘aver-
age between-species genetic distances’ (Intra/Inter 
ratio) presented under both strict and relaxed cladis-
tic criteria [P ID (strict) or P ID (liberal)]. The con-
servative strict criterion which requires the query 
to fall ‘within’ a monospecific clade was not use-
ful for our analysis where small clades occur. The 
liberal method requires only that the query forms a 
clade ‘with’ a monospecific group, either sister to or 
within the reference clade. If all species are repre-
sented within the reference data the liberal method 
will make more correct identifications, however 
also more false positive ones.

Masters et  al. (2011) have designed useful tools 
(Kiewnick et  al. 2014; Gutiérrez et  al. 2017; Xu 
et al. 2017) to explore species boundaries in a ‘Spe-
cies Delimitation’ plugin for Geneious software. 
The user assigns taxa to clades and the plugin com-
putes probability statistics. Output metrics here 
include the Intra and Inter distances, the Intra/Inter 
ratio, the P ID (liberal)with its 95% confidence. It 
additionally calculates Rosenberg’s PAB statis-
tic (Rosenberg 2007), the probability of reciprocal 
monophyly. These analyses were conducted using a 
Nexus tree generated from the ‘Pistia6seq’ dataset 
(without haplotype B7, Australia samples) as run 
and modeled in IQ-TREE.

Results

Sample acquisition

Table 1 presents the collection data for 155 samples 
collected worldwide from fourteen countries. Ninety-
four samples were from the USA (excluding Puerto 
Rico), eleven from Mexico, Central America and the 
Caribbean, twenty-four from South America, nine 
from Africa, two from Europe, thirteen from Asia 
and two from Australia. Figures  1 and 2 show their 
distribution.
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Fig. 1   Map of Pistia stratiotes haplotypes worldwide (a) and in the Caribbean (b). Clades are represented by different colors, with 
haplotypes within a clade separated numerically following Table 1
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Fig. 2   Map of Pistia stratiotes haplotypes in Florida. Clades are represented by different colors, with haplotypes within a clade 
separated numerically following Table 1
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Haplotype network analysis and mapping

Figure 3 displays the results of the TCS network con-
struction. Oval colors represent (assigned) groupings 
of similar haplotypes separated from other groups by 
larger numbers of differences. An exception to these 
delineations is groups A and B (hereafter bold let-
ters represent clades, whereas individual haplotypes 
remain plain text) which, as haplotypes were added, 
clustered together (A/B).

Information on individual samples (Table 1, Sup-
plemental Table 2) may be visualized in the maps of 
Figs. 1 and 2.

Haplotype A1 appears in Florida (37 times: 37X) 
and Guyana (2X). Haplotype A2 is in Florida (5X) 
and haplotype A3 in Lake Victoria, Uganda (3X). 
Four B haplotypes (B3-6) were primarily found 
along the US Gulf Coast States [Louisiana (1X); 
Florida (7X) & Louisiana (6X)]. The B haplo-
types also appeared in California (haplotype B2). 
The Haplotype B1, basal in the B clade, indicat-
ing it diverged early, was found in six samples from 

Argentina. Haplotype B0, also from Argentina, is 
basal to both the B and A clades. It is unique in dis-
playing the G type (rather than an A/B type) matK 
sequence. Haplotype B7 from Australia is quite dif-
ferent and intermediate between the B and E haplo-
types in the TCS analysis (Fig. 3).

The C group consists of a single haplotype, C1, 
found in 22 samples and 6 countries, predominantly 
in Eurasia. There are two F group haplotypes, F1 
(China, 1X; Thailand, 1X) and F2 (Thailand, 3X). 
There are three G group haplotypes, all located 
within South America.The D group has two hap-
lotypes, found widely separated geographically, in 
Mexico and Brazil.

Six haplotypes were found within the E clade. 
Haplotype E1 is widespread around the Carib-
bean [Florida (12X sites), Mexico (2X, 1X in the 
Yucatan), Nicaragua (2X), Puerto Rico (2X), Cuba 
(1X)]. Haplotypes E2 (14X), E3 (6X), E4 (2X), and 
E5 (3X) appeared in Florida. E3 also appeared in 
Puerto Rico (1X). E5 (1X) and E6 (1X) were found 
in Cuba.

G1

C1

A3

A2

B5

A1

U

U

E7

E2

E1 E3

matK base change
trnLF base change
trnLF gap change
trnL-rpL32 base change
trnL-rpL32 gap change

F1

F2

E4

E6

B7

D1
B0

G2

G3

B1

B3B6

B4

B2 D2

Fig. 3   TCS network construction for Florida, Caribbean and 
world-wide samples. Oval symbols represent each haplotype 
(25 total) for the concatenated matK, trnLF and rpL32-trn 
sequences, including gaps. The haplotypes may also be cross-
referenced with the corresponding NCBI accession number 
in Supplemental Table  1. Each oval is sized in proportion to 
the number of samples obtained of that type. The connections 
between each pair of ovals, between dots, or between ovals 

and dots represent either a single base change or a gap change. 
The changes are represented by color coded lines. The ovals 
representing haplotypes are color coded in seven colors rep-
resenting (assigned) groupings of similar haplotypes, usually 
separated from other groups by larger numbers of differences. 
Information on individual sample IDs, haplotype and sample 
location may be accessed in Table 1 and visualized in the maps 
of Figs. 1 and 2
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Phylogenetic analysis and speciation

The phylogenetic analysis is presented using max-
imum likelihood trees generated by IQ-TREE 
(Fig. 4). Figure 4a represents the 4 sequence (4seq) 
phylogenetic analysis. Despite different combina-
tions of sequences and final alignments, the output 
tracks closely that of both Nauheimer et  al. (2012; 
using RAxML) and Renner and Zhang (2004; 

using MrBayes). Figure  4a allows the comparison 
of patristic distances across related Araceae spe-
cies with the variation within our Pistia clade. Note 
that from the crown of the Pistia clade the distance 
axis has been expanded to allow better visualiza-
tion (see distance bars). Within the Alocasias, the 
smallest patristic distance between is Arisaema 
cucullata and A. gageana at 0.00084, followed by 
A. triphyllum and A. amurense at 0.00643. Looking 

aBayes > 0.95
ultrafast BS > 0.95

SR-aLRT > 0.90
SR-aLRT > 0.85

consensus > 80%

Clade Support values

(A)  4 sequences (B)  Pistia Only
     6 sequences 

Alocasia gageana
Alocasia navicularis

Colocasia esculenta
Remusatia vivipara

Arisaema dracontium

Alocasia cucullata

Arisaema flavum
Pinellia ternata

Arisaema rhizomatum
A. heterophyllum

Alocasia odora

A. tortuosum
A. amurense
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Arum italicum
Biarum tenuifolium
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Typhonium horsfieldii 
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Protarum sechellarum
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Peltandra virginica
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Fig. 4   Phylogenetic analyses of Pistia samples. a IQ-TREE 
Maximum Likelihood analysis of 4 concatenated sequences 
(4seq) including matK, trnL intron, trnLF spacer, and rpl20-
rsp12, with gaps coded. It is presented to allow comparison of 
the variation across related Araceae species with variation in 
the Pistia clade. Note that from the crown of the Pistia clade 
the distance axis has been expanded to allow better visualiza-
tion (see distance bars). Patristic distances are the sum of the 
horizontal lengths between OTUs. The b IQ-TREE Maximum 

Likelihood analysis of 6 concatenated sequences (Pistia6seq) 
adding nad1 and rpL32-trnL to the alignment. c Pistia “clade” 
diagnostic using a Neighbor Joining Tree of matK sequences 
offers the best single sequence diagnostic for haplotype clades 
in Florida. Use with great caution outside of Florida where 
unique haplotypes not found here may occur, noting the excep-
tions to classification from other regions. Please see supple-
mentary Table 1 for the corresponding NCBI accessions
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within the Pistia groups, the distance between G1 
and C1 is 0.00299, between G1 and F is 0.00086, 
and between D2 and most E’s (E1-5) is 0.00086. 
All of these are greater than the interspecies dis-
tance between A. cucullata and A. gageana, but 
less than all other interspecies distances in the Pis-
tia “outgroup” clade. The smallest inter-clade dis-
tance is between the A and B groups at 0.00044, 
suggesting they separated evolutionarily relatively 
recently. However, A and B groups do form distinct 
sub-clades.

Even though C1 appears as an outgroup when 
examining the 4seq phylogeny, there is limited 
branch support—especially near the root. The Pistia 
6seq (Fig. 4b) phylogeny strengthens support values 
for C (as the outgroup) as well as for other clades 
and serves as the template for our species delimi-
tation analysis. Low support values for the B clade 
reflect the instability of B7 placement in this analy-
sis, as in the TCS analysis, with repeated IQ-TREE 
runs (not presented) showing B7 switching posi-
tions within the clade.

Pistia “clade” diagnostic

Of the six ‘single sequence’ Neighbor Joining Trees 
examined, the matK sequence stood out as the best 
diagnostic (Fig. 4c) for distinguishing the haplotype 
clades in Florida. The diagnostic should be used 
with caution outside of Florida where unique hap-
lotypes likely occur. Two criteria make matK a use-
ful diagnostic. First, as a coding gene, there were 
no gaps/indels to consider in alignment. Second, the 
sequence amplifies robustly. The matK sequence 
successfully created a clade distinguishing all the 
B haplotypes. It also distinguished between the A 
and B clades despite their genetic similarity. The 
A clade presented as a single haplotype for matK, 
though it also included haplotype E6. However, 
E6 was only found in a single sample from Cuba, 
so it is unlikely to confuse an analysis of Florida 
samples. The third major clade in Florida, contain-
ing the E haplotypes, appeared with an identical 
sequence with the D clade and with the G3 haplo-
type. However, there is no evidence those haplo-
types are in Florida with the analyzed sample G3 
from Guyana and the D haplotypes from Mexico 
and Brazil.

Species delimitation

Results of the species delimitation tests are pre-
sented in Table 2. Rosenberg’s PAB determined that 
all tested groups were statistically monophyletic, 
expected since haplotypes were defined in mono-
phyletic groups. We examined the Intra/Inter ratios 
(Ross et al. 2008; Masters et al. 2011) using relaxed 
(Prob ID, Liberal) criteria. This test was designed 
to compare the “closest” sister clades, but compari-
sons between clades that are not “closest” are also 
informative and thus here presented. Table 2a pre-
sents these statistics. Additionally, the comparison 
probabilities were sorted (Table  2b) from lowest 
significance to greatest. Because liberal probabili-
ties are unidirectional they are influenced by the 
number of members in the alternative clade. Those 
clades which contain low numbers and singletons 
generally display lower significance as the alternate 
clade so the bi-directional calculations should be 
considered. A Prob ID, Liberal ≥ 0.93 is used here 
as the cutoff for significance (Hamilton et al. 2014). 
Comparisons are provided with and without the sin-
gleton B0 (Table    2), which lies close to the root 
(Fig. 4a). When clades A and B are combined, B0 is 
included in the third analysis (AB*) and omitted in 
the second analysis (AB).

The Pistia clade C is phylogenetically the most 
distinct clade. Despite both being singletons, C1 and 
B0 were bi-directionally different at ≥ 0.95. The G 
clade was not distinguishable from C (G distinguish-
able from C: G➣C), a singleton, with a probability at 
0.85, however C was distinguishable from G: (C➣G) 
at 0.96 (G has 3 haplotypes). Clade C was recipro-
cally distinguishable from the next nearest clade as 
AB (excluding B0) or AB*(including B0). These 
results suggest C may be a different species.

The next most isolated clade, F—found in SE 
Asia, was also reciprocally distinguishable from B0, 
from AB and from AB*. G➣F was not significant, 
however F➣G was significant. Again, and for similar 
reasons to C, this evidence suggests that F is a sepa-
rate species.

Given that the E, A and B clades are in Florida, 
it is important for weed control practitioners to 
understand whether these represent different spe-
cies. In many comparisons (E➣A, A➣E, E➣B, 
B➣E, E➣AB, AB➣E, E➣AB*, AB*➣E, B0➣E, 
E➣B0) the clades were distinguishable. The clear 
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Table 2   Species delimitation analysis

A. Results of Geneious delimitation analysis B. Clade relationships 
sorted by Prob ID

Intra Inter Ratio of Prob ID Prob ID
Alternative Clade Clade Intra/ Inter (Liberal)4,5 Rosenberg's Alternative (Liberal)

Clade Clade distances1 distances2 distances3 (R2 95% limits) Probability 6 Clade Clade mean
initial analysis - B0 as distinct clade from other Bs < 0.93 5

C B0 0.00E+00 3.00E–03 0.00 0.96 (0.83, 1.00) 3.33E–03 G B0 0.73
B0 C 0.00E+00 3.00E–03 0.00 0.96 (0.83, 1.00) 2.00E–02 A B 0.76
C G 0.00E+00 3.00E–03 0.00 0.96 (0.83, 1.00) 3.33E–03 A B0 0.78
G C 9.34E–04 4.00E–03 0.28 0.85 (0.70, 0.99) 5.00E–02 G AB* 0.78
F B0 1.23E–04 4.00E–04 0.03 0.96 (0.81, 1.00) 5.00E–02 D B0 0.79

B0 F 0.00E+00 4.00E–03 0.00 0.96 (0.83, 1.00) 2.00E–02 G AB 0.79
F G 1.23E–04 4.00E–03 0.03 0.97 (0.81, 1.00) 5.00E–02 D E 0.81
G F 9.34E–04 4.00E–03 0.28 0.85 (0.70, 0.99) 5.00E–02 D AB 0.83

B0 A 0.00E+00 6.63E–04 0.00 0.96 (0.83, 1.00) 2.00E–02 D AB* 0.83
A B0 2.66E–04 6.63E–04 0.40 0.78 (0.63, 0.93) 2.98E–03 G C 0.85

B0 B 0.00E+00 7.54E–04 0.00 0.96 (0.83, 1.00) 2.00E–02 G F 0.85
B B0 2.77E–04 7.54E–04 0.37 0.91 (0.81, 1.00) 2.98E–03 B A 0.89
A B 2.66E–04 6.22E–04 0.43 0.76 (0.62, 0.91) 2.98E–03 B B0 0.91
B A 2.77E–04 6.22E–04 0.45 0.89 (0.78, 0.99) 2.98E–03 >= 0.93 5

B0 G 0.00E+00 2.00E–03 0.00 0.96 (0.83, 1.00) 2.00E–02 E D 0.93
G B0 9.34E–04 2.00E–03 0.50 0.73 (0.58, 0.88 5.00E–02 E B0 0.94

B0 D 0.00E+00 2.00E–03 0.00 0.96 (0.83, 1.00) 2.00E–02 A E 0.95
D B0 5.75E–04 2.00E–03 0.30 0.79 (0.64, 0.95) 1.00E–02 E B 0.95
E B0 5.35E–04 2.00E–03 0.23 0.94 (0.87, 1.00) 1.00E–02 E A 0.95

B0 E 0.00E+00 2.00E–03 0.00 0.96 (0.83, 1.00) 2.00E–02 E AB 0.95
E B 5.35E–04 3.00E–03 0.19 0.95 (0.88, 1.00) 1.00E–02 AB* G 0.95
B E 2.77E–04 3.00E–03 0.10 0.97 (0.87, 1.00) 2.98E–03 AB* D 0.95
E A 5.35E–04 3.00E–03 0.19 0.95 (0.88, 1.00) 1.00E–02 B0 E 0.96
A E 2.66E–04 3.00E–03 0.10 0.95 (0.81, 1.00) 2.98E–03 F B0 0.96
E D 5.34E–04 2.00E–03 0.26 0.93 (0.87, 1.00) 1.00E–02 C B0 0.96
D E 5.35E–04 2.00E–03 0.28 0.81 (0.66, 0.96) 1.00E–02 B0 C 0.96

2nd analysis - AB (A & B as combined clade but without B0) C G 0.96
C AB 0.00E+00 3.00E–03 0.00 0.96 (0.83, 1.00 3.33E–03 B0 F 0.96

AB C 4.48E–04 3.00E–03 0.14 0.97 (0.92, 1.00) 2.00E–02 B0 A 0.96
F AB 1.42E–04 5.00E–03 0.03 0.97 (0.82, 1.00 5.00E–02 B0 B 0.96

AB F 4.48E–04 5.00E–03 0.10 0.98 (0.93, 1.00) 2.00E–02 B0 G 0.96
E AB 5.34E–04 3.00E–03 0.19 0.95 (0.88, 1.00) 1.00E–02 B0 D 0.96

AB E 4.48E–04 3.00E–03 0.16 0.97 (0.91, 1.00) 2.00E–02 C AB 0.96
G AB 9.34E–04 2.00E–03 0.39 0.79 (0.64, 0.93) 5.00E–02 C AB* 0.96

AB G 4.48E–04 2.00E–03 0.19 0.96 (0.91, 1.00 2.00E–02 AB G 0.96
D AB 5.75E–04 2.00E–03 0.24 0.83 (0.68, 0.99) 1.00E–02 AB D 0.96

AB D 4.48E–04 2.00E–03 0.19 0.96 (0.91, 1.00 2.00E–02 F G 0.97
3rd analysis - AB* (A & B as combined clade, including B0) F AB 0.97

C AB* 0.00E+00 3.00E–03 0.00 0.96 (0.83, 1.00 3.33E–03 F AB* 0.97
AB* C 5.03E–04 3.00E–03 0.16 0.97 (0.91, 1.00) 1.20E–06 B E 0.97

F AB* 1.23E–04 5.00E–03 0.03 0.97 (0.82, 1.00 5.00E–02 AB E 0.97
AB* F 5.03E–04 5.00E–03 0.11 0.98 (0.92, 1.00) 1.20E–06 AB* C 0.97

G AB* 9.34E–04 2.00E–03 0.40 0.78 (0.64, 0.93) 5.00E–02 AB C 0.97
AB* G 5.03E–04 2.00E–03 0.22 0.95 (0.90, 1.00) 1.20E–06 AB* F 0.98

D AB* 5.75E–04 2.00E–03 0.24 0.83 (0.68, 0.98) 1.00E–02 AB F 0.98
AB* D 5.03E–04 2.00E–03 0.21 0.95 (0.90, 1.00 1.20E–06

1Average within-clade patristic distances 2Average  between-Sclade patristic distances
3(Average within-clade patristic distances)/(Average  between–clade patristic distances)
4unidirectional probability calculated using Species Delimitation plugin for Geneious, see Masters et al. (2011)
5probability above 0.95 (or 0.93, Hamilton et al. 2014) indicate clades are likely separate species
6probability of reciprocal monophyly under the null model of random coalescence, see Rosenberg (2007)
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differentiation of AB* from E suggests that E and 
AB* clades may approach speciation.

The species delimitation analysis is inconclusive 
for the closest clade comparisons. For example, E➣D 
(0.93) but D➣E (0.81). Similarly, clades A and B, 
both in Florida, are distinct phylogenetically but fail 
the metric used here to separate species (B➣A, 0.89; 
A➣B, 0.76). B0➣A and B0➣B are both significant 
whereas A➣B0 (singleton) is not, and B➣B0 is only 
marginally significant.

Discussion

Does haplotype divergence among sample sites 
inform nativity?

Biological invasions present a plethora of manage-
ment challenges that can be amplified if the invader 
is a cryptogenic species (Canavan et  al. 2020). Pis-
tia stratiotes (waterlettuce) provides an example of 
a heretofore unrecognized cryptic species, with the 
potential to complicate local management decisions. 
After determining the haplotypes of all samples, 
we present (using TCS) 25 distinct haplotypes clus-
tered into seven separate haplotype clades. Given the 
sparsity or absence of samples from many regions 
of the world (e.g., Egypt, where the plant was his-
torically recorded) it seems reasonable to assume that 
more haplotypes (and perhaps clades) remain to be 
discovered.

Figure 2 and Table 1 make it clear that two groups, 
A and E, dominate the Florida population, with the 
B group also present. The A1 haplotype probably has 
its origins in South America, with two samples found 
in Guyana. The A3 haplotype showed up in Uganda, 
causing us to consider a possible African origin. How-
ever, the closely related B group is clearly situated in 
the western hemisphere. B0 and B1 are from Argen-
tina with several samples of B1 taken inland close 
to the Andes where human mediated introduction is 
less likely. Additionally, the related B2–B6 were only 
found in North America. Therefore, A3’s Ugandan 
location is likely anthropogenic. Other introductions 
of American species to Africa, which often become 
invasive, are well documented. For example, Hen-
derson and Wilson (2017) list the thirty exotic plants 
that have shown the greatest range expansion in South 
Africa, of which twenty originated in the Americas. 

Two of these, Sagittaria platyphylla (Engelm.) J.G. 
Sm. and Egeria densa Planch., are aquatic. Focusing 
on Uganda, Witt et al. (2018) present seventeen plants 
of “greatest impact”, of which fifteen have American 
origins and one, Eichhornia crassipes (Mart.) Solms 
is aquatic.

The distribution of A1 and A2 in Florida is pri-
marily either in southern Florida or in the St. John’s 
watershed, corresponding with where early Spanish 
trade ships could have unloaded it with their ballast. 
Based on the available samples, the A haplotypes are 
probably not native in Florida. Haplotype B0, found 
in Argentina, might better have been designated as 
haplotype AB1, as it is “ancestral” (close to the Pis-
tia crown) to both clades. Haplotype B1, also found 
in Argentina, is basal to the B clade. Other B haplo-
types were found in Florida, Louisiana and Califor-
nia, indicating a possibility that some B haplotypes 
are native to North America. Broader sampling of the 
B haplotype might provide clarity. Nevertheless, the 
number of B haplotypes in North America, relative 
to Argentina, is greater than would be expected (i.e., 
an introduced type generally shows less phylogenetic 
variation than the native range).

The E clade, present in Florida, the Yucatan, Cen-
tral America, Cuba and Puerto Rico, appears to be 
a Caribbean clade (Fig.  1b). Examining Fig.  2, the 
E clade dominates in the spring fed rivers of north 
central Florida emptying towards the Gulf as well as 
upstream in the Ocklawaha River system (a tributary 
of the St Johns River) where it has persisted despite 
the dominance of the introduced A1 haplotype down-
stream. The genetic diversity of the E haplotypes in 
Florida, along with its occurrence primarily upstream 
in spring-fed systems, suggests a ‘native’ status.

This analysis provides an answer to our null 
hypothesis (A): P. stratiotes is non-native to Florida. 
There is at least one haplotypic clade, E, which is 
native. Clade A is likely not native. There is a third 
haplotypic clade, B, for which nativity is debatable.

Do phylogenetics and the ‘species delimitation’ 
plugin inform speciation?

The shortest patristic distance between G1 and C1 
(Fig. 4a) is 0.00299, clearly greater than the distance 
between Arisaema cucullata and A. gageana, and 
by this comparison sufficient to call C1 a different 
species. We have seen previously, apart from the G 
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clade, species delimitation analysis indicates C1 is a 
separate species, despite the lack of power from the 
C1 singleton. Given these comparisons, and the geo-
graphic separation between ‘Old World’ clade C and 
the ‘New World’ clades, C1 probably represents a 
separate species.

Similarly, the distance between G1 and the F 
clade (red path, Fig.  4a) is 0.00066, in the range of 
the inter-species distance between A. cucullate and A. 
gageana. Species delimitation also indicated poten-
tial speciation for the F clade, although again the 
separation from the basal G clade is unclear. Given 
potentially different evolutionary rates within Pistia 
as compared to outgroup species, and that this com-
parison is only to the ‘smallest’ Alocasia inter-species 
distance, it is debatable whether the F clade repre-
sents a separate species. However, the geographic 
separation of this clade from American clades still 
suggests probable speciation. This conclusion is fur-
ther supported by the patristic distance displayed in 
the 6 sequence phylogeny (Fig. 4a), which shows F at 
a much greater distance from the other Pistia clades 
than was displayed in the 4 sequence phylogeny 
(Fig. 4b).

The largest distance between adjacent clades in 
the Americas is between D2 and most E’s (green 
path, Fig. 4a) at 0.00086, again greater than the inter-
species distance between A. cucullata and A. gag-
eana. However, in the ‘species delimitation’ analy-
sis only one of the closest clade comparisons, E➣D 
(0.93), was significant. The other, D➣E (0.81), was 
not. Similarly, AB*➣D (0.95) is significant while 
D➣AB*(0.83) falls short of significance. So, while 
there is evidence of potential speciation between the 
AB* and E clades, the presence of D in Mexico and 
Brazil and E in Central America suggests avenues of 
gene flow may still exist through these intermediate 
clades. We would conclude that the American clades 
might best be conservatively considered as different 
sub-species. It will take a population diversity analy-
sis with more extensive sampling to further inform 
the speciation question within the Americas.

Our null hypothesis, B, posited that there is only 
one extant species of P. stratiotes worldwide. The spe-
cies delimitation evidence here, using both phyloge-
netics and the Prob ID (Liberal) tool, in addition to 
the pre-anthropogenic geographic separation, suggest 
an alternate result, that there are likely three different 
species of P. stratiotes worldwide.

An overview of the worldwide haplotype distribution 
of Pistia

While the number of samples clearly has an impact 
on perceived genetic variation, it is evident that 
there has been a tremendous radiation of American 
clades and haplotypes, encompassing the A, B, D, 
E and G clades. In contrast, the 15 samples of C1 
which appear in Old World samples show no genetic 
variation. C1 does also appear in limited numbers 
in Argentina, Brazil, and the USA, creating poten-
tial disagreement on its native origin. However, C1 
is widely distributed and predominant in the Old 
World, whereas the C1 samples in the Americas are 
all found in coastal areas indicating probable intro-
duction. Also, C1 is phylogenetically very diver-
gent from the American clades, suggesting a differ-
ent geographic origin. The CABI Invasive Species 
Compendium [https://​www.​cabi.​org/​isc/​datas​heet/​
41496], henceforth CABI ISC, lists Pistia’s pres-
ence in North Africa, Mediterranian Europe, as well 
as some non-Mediterranian countries. Additionally, 
the lack of samples from all tropical Asia west of 
China and Thailand, where CABI ISC lists broad 
presence, severely limits any analysis of the distri-
bution of ‘Old World’ Pistia clades, confounding 
determination of whether the C1 haplotype is native 
to China.

SE Asia and Oceania present another lack of geo-
graphic samples. On the northwestern edge of this 
region (China and Thailand samples) the F clade, 
genetically very divergent from any other clades, 
appears native. We wonder why the F clade is geneti-
cally so distant from the ‘Old World’ C clade while 
closer to ‘New World’ clades? According to CABI 
ISC, Pistia is broadly distributed in SE Asia. To the 
west/southwest of the mainland Pistia is found in 
Japan, Philippines, Singapore, Taiwan, Indonesia and 
Brunei. It is reasonable that the F clade might be rep-
resented in parts of this range and present additional 
haplotype diversity.

Recall that B7 created distortion in the TCS analy-
sis and also low phylogenetic support values for the 
B clade, to which it may have been drawn because 
of both its uniqueness and ‘long branch’ attraction. 
Blake (1954) suggested that Pistia was introduced 
into Australia. However, later analysis by Gillet 
et  al. (1988) indicated it is probably indigenous in 
the Northern Territory. The haplotypic uniqueness 

https://www.cabi.org/isc/datasheet/41496
https://www.cabi.org/isc/datasheet/41496
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of B7 supports the contention of its native status in 
Australia.

Between the F clade in Thailand and B7 in Aus-
tralia lies Oceania, where many landmasses also host 
Pistia. While CABI ISC lists Pistia as ‘introduced’ 
in most of Oceania it is considered native in the iso-
lated Solomon Islands. We suggest caution should be 
exercised on the ‘introduced’ designation for much of 
this range until haplotypic divergence is analyzed or 
unless historical evidence is clear.

Implications of multiple haplotypes, both alien and 
native, for management

Canavan et al. (2020, see also references therein) note 
problems which occur from invasions by a cryptic 
species. Our data suggest that the occurrence of non-
native Pistia in Florida (except haplotype C) should 
conservatively be considered as an interspecific cryp-
tic invasion. However, Canavan et  al. (2020, follow-
ing Morais and Reichard 2018) define intraspecific 
cryptic invasions as those where a non-native lineage 
is introduced to a region where the species is consid-
ered native. Our analysis indicates that some Pistia 
haplotypes are native in Florida. Thus, this research 
presents an unusual case where a non-native lineage 
was introduced into a system containing a cryptic 
native which was being managed as an invasive weed.

Pistia has been managed for decades in Florida 
as a Class I invasive non-native species for its dele-
terious impacts (USACE 1977; FDEP 2007; FWCC 
2017). These can probably be attributed primarily to 
the non-native A haplotypes which predominate in 
Southeastern Florida and the Saint John’s waterway. 
The native E haplotypes, often found in spring-fed 
waters of Florida, are only occasionally aggressive. 
This also comports with Evans (2013) contention that 
Pistia survived the cooler temperatures of the most 
recent glacial maximum (~ 18,000 BP) in thermally 
regulated spring systems on the Florida peninsula. 
It should be noted, however, that Quillen (2013, cit-
ing Watts 1969, 1975) states “most lakes in Florida 
did not begin Holocene sediment accumulation until 
after ~ 8000 YBP” which argues that the proposed 
paleo-refugia would have been exceedingly rare, sug-
gesting the possibility of later natural reinvasion from 
Meso-America or the Caribbean.

Although management of Pistia (where prob-
lematic) will likely continue, it is possible that the 

nativity of some populations will prompt natural 
resource managers to forgo herbicide treatments in 
some waterways. One suggestion for future research 
would be for land managers to overlay on a map, 
areas where herbicides are used to treat Pistia with 
areas containing the invasive A haplotypes. The over-
lap may show that populations being treated are pri-
marily non-native. Further, the matK sequence can be 
used as a tool with which land managers can check 
individual populations to determine nativity before 
deciding on the type of management.

This study utilized mostly chloroplast (1 mitochon-
drial) sequences for the determination of genetic vari-
ation. Since these sequences are maternally inherited, 
they offer no information on the potential hybridi-
zation of divergent haplotypes, and especially here 
among A, B and E haplotypes. One would presume, 
given their close relationship, this would most likely 
occur between A and B. Ellstrand and Schierenbeck 
(2006) have proposed that hybridization may act as a 
stimulus for increased success in non-native popula-
tions, citing numerous cases. Clearly, a better under-
standing of Pistia’s reproductive biology and poten-
tial for hybridization is needed. Hybridization could 
be tested through laboratory interbreeding of the hap-
lotypes. It also could be examined through a popula-
tion genetics study using microsatellites or genome-
wide tools such as RAD or GBS sequencing.

Implications of multiple haplotypes, both alien and 
native, for biological control

In their review, Canavan et  al. (2020) state that “to 
date there have been no biological control agents 
released on a cryptic species”. Pistia stratiotes pro-
vides a newly recognized exception to this observa-
tion. Because of its classification and behavior as a 
non-native invasive weed, two insect biological con-
trol agents (as mentioned earlier) have been released 
in the USA: the South American weevil N. affinis and 
the Asian moth S. pectinicornis Hampson (Dray et al. 
1990, 2001).

It is generally agreed that finding the origin of a 
non-native invasive increases the chances of finding 
co-evolved, efficacious agents (Smith et al. 2017, and 
literature therein). Perhaps S. pectinicornis failed to 
persist in Florida (Dray et  al. 2001) because it was 
collected from Pistia haplotypes in Thailand and was 
thus poorly adapted to succeed on Florida haplotypes. 
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In contrast, N. affinis (the South American weevil) 
was collected on haplotype(s) genetically closer to 
Florida A and B haplotypes, perhaps explaining why 
the weevil was moderately successful (Dray et  al. 
1990). The success of these agents on the E haplotype 
remains unknown.

A third agent, Lepidelphax pistiae Remes Leni-
cov (Hemiptera: Delphacidae), has been extensively 
tested both in its native range (Cabrera Walsh et  al. 
2014) and at the USDA ARS Invasive Plant Research 
Laboratory (Goode et  al. 2019). Combined, these 
host range studies showed that L. pistiae was spe-
cific enough to petition for release. Additionally, 
quarantine studies showed it was quite damaging at 
medium and high densities (Goode et al. 2019). How-
ever, these studies overlapped with Quillen’s (2013) 
report of fossil seeds in Lake Annie, Florida, with its 
implications for potential Pistia nativity. This caused 
reflection by USDA and other scientists about the 
advisability of conducting biological control activi-
ties against Pistia.

Many biological control practitioners would argue 
that biocontrol agents released on intraspecific cryp-
tic species should be specialists at the subspecific 
level. While some herbivores do show specificity 
below the species level, Canavan et  al. (2020) point 
out that potential rapid adaption and/or hybridization 
increase the danger of host shifts over time in such 
systems. A similar situation to Pistia is found in bio-
logical control efforts against European Phragmites 
australis (Cav.) Trin. ex Steud (Poaceae), a cryptic 
invader in the US, where it out-competes the native P. 
australis ssp. americanus (Saltonstall 2002). Testing 
showed native lineages were within the fundamental 
host range of two European moths (Archanara spp.) 
but were outside the native’s ecological host range, 
with much lower impacts on the native (Blossey et al. 
2018). A vigorous debate ensued, reflecting both the 
potential dangers and benefits of releasing agents 
against weeds at the subspecies level (Kiviat et  al. 
2019; Blossey et al., 2020). It is important to note that 
current management methods have been unable to 
blunt the invasiveness of P. australis australis and its 
threats to rare and endangered native species.

In conclusion, the weight of evidence points to the 
presence of native (E and possibly B haplotypes) and 
non-native (A and C haplotypes) P. stratiotes in Flor-
ida. Thus, the hesitancy of biological control prac-
titioners to release foreign control agents on native 

plant species prompted a pause in efforts to obtain 
release permits for L. pistiae. Studies are underway to 
ascertain whether L. pistiae demonstrates differential 
specificity at the cryptic interspecies level.

Finally, we suggest that the monospecific status 
of P. stratiotes should be reconsidered. Following de 
Queiroz’s (2007) approach, we have presented four 
secondary properties (TCS network, phylogenetic 
distance, species delimitation and geographic separa-
tion) as evidence that at least the C and F haplotypes 
are distinct species within Pistia. The remaining 
clades (all New World), while showing substantial 
differentiation, collectively represent a third species. 
The unique Australian B7 haplotype points to the pos-
sibility that other clades (and perhaps species) exist in 
under-sampled areas (e.g., trans-Asia and Oceania).
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