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A B S T R A C T

Sagittaria platyphylla (Engelm.) J.G. Sm. (Alismataceae) is an emergent aquatic plant native to southern USA.
Imported into Australia and South Africa as an ornamental and aquarium plant, the species is now a serious
invader of shallow freshwater wetlands, slow-flowing rivers, irrigation channels, drains and along the margins of
lakes and reservoirs. As a first step towards initiating a classical biological control program, a population genetic
study was conducted to determine the prospects of finding compatible biological control agents and to refine the
search for natural enemies to source populations with closest genetic match to Australian and South African
genotypes. Using AFLP markers we surveyed genetic diversity and population genetic structure in 26 populations
from the USA, 19 from Australia and 7 from South Africa. Interestingly, we have established that populations
introduced into South Africa and to a lesser extent Australia have maintained substantial molecular genetic
diversity comparable with that in the native range. Results from principal coordinates analysis, population graph
theory and Bayesian-based clustering analysis all support the notion that introduced populations in Australia and
South Africa were founded by multiple sources from the USA. Furthermore, the divergence of some Australian
populations from the USA suggests that intraspecific hybridization between genetically distinct lineages from the
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native range may have occurred. The implications of these findings in relation to biological control are dis-
cussed.

1. Introduction

Aquatic macrophytes are recognized as causing some of the world’s
most intractable weed problems through their impact upon the health
of animals, humans, and aquatic ecosystems, as well as the human uses
of these systems (Hussner, 2012). These species are often more difficult
to manage than terrestrial weeds due to the limited options available
for the safe use of chemical herbicides in aquatic environments, in-
creasing regulatory restrictions on herbicide use in and around water-
ways, and the need for specialized equipment to undertake mechanical
and chemical control (Charudattan and Riches, 2001). Conversely,
aquatic weeds are often more successfully managed using classical
biological control (biocontrol) than their terrestrial counterparts
(Paynter et al., 2012). Some of the most notable successes are Alter-
nathera philoxeroides (Mart.) Griseb. (alligator weed), Eichhornia cras-
sipes (Mart.) Solms (water hyacinth), Lythrum salicaria L. (purple
loosestrife), Pistia stratiotes L. (water lettuce) and Salvinia molesta
Mitchell (giant salvinia) (see Julien and Griffiths (1998), McFadyen
(2000) and references therein).

Levels of genetic diversity in weed populations and compatibility of
biocontrol agents to invasive genotypes are two factors critical to the
success of biocontrol (Gaskin et al., 2011; Müller-Schärer et al., 2004;
Nissen et al., 1995). Hence, molecular approaches are being increas-
ingly utilized during the initiation phase of biocontrol research and
prior to the release of agents to address key issues such as (1) accurate
taxonomic identification of the target weed including the identification
of novel hybrids (Hufbauer, 2004; O'Hanlon et al., 2000), (2) compar-
ison of genetic structure within and among populations between native
and invaded ranges or between different invaded habitats (Cuda et al.,
2012), and (3) pinpointing the origin(s) of invasive populations where
compatible natural enemies might be found (Müller-Schärer et al.,
2004).

In this study, we utilized molecular approaches to compare genetic
diversity and population genetic structure between native and invasive
populations of the aquatic monocot Sagittaria platyphylla (Engelm.) J.G.
Sm. (Alismataceae) (delta arrowhead) to evaluate the likelihood of
successful biocontrol. This species is an emergent, herbaceous perennial
endemic to southeastern and central USA and Mexico (Keener, 2005). It
was deliberately introduced to Australia as an ornamental plant during
the early 19th century and is now an aggressive invader of shallow
waterways (AWC, 2012). It occupies a broad geographical area in
Australia ranging from temperate to sub-tropical climates, invading
both natural and constructed aquatic environments and is especially
problematic in irrigation canals where extensive populations increase
siltation, reduce water flow and cause periodic flooding (Adair et al.,
2012). In South Africa, S. platyphylla was first recorded at the Gra-
hamstown Botanic Gardens in 1999 (Lesley Henderson, Southern
African Plant Invaders Atlas, personal communication 2012). Further
plantings were recorded in the Pretoria, Pietermaritzburg and Durban
Botanic Gardens in 2010 and most likely provided the source for in-
cursions elsewhere. It is now regarded as a new and emerging weed
with naturalized populations occurring in KwaZulu Natal and the
Eastern and Western Capes (H. Sithole, SANBI, 2011, personal com-
munication). Invasive populations of this weed are difficult and costly
to manage and as a consequence, S. platyphylla is under consideration as
a target for biocontrol (Sagliocco et al., 2007). As S. platyphylla had
never been the subject of a biological control program elsewhere, little
was known about the natural enemies associated with the species or of
its population genetics in its native and invaded ranges. Hence, we
conducted a concurrent study throughout the USA, Australia and South
Africa to catalogue the flora and fauna associated with S. platyphylla

(Kwong et al., 2014) and collect plant samples for the genetic analysis.
We used Amplified Fragment Length Polymorphism markers (AFLPs) to
compare relative levels of genetic diversity and assess population ge-
netic structure in native USA and introduced Australian and South
African populations to make explicit recommendations for future bio-
control research. We primarily addressed four questions: (1) Is genetic
diversity in the invasive range comparable to that in the native range?
This will help us assess the genetic complexity of the invaded ranges
with respect to the likely success of biocontrol agents since several
studies have shown that some pathogens and herbivores can be adapted
to specific genotypes or populations of their host plants (e.g. Goolsby
et al., 2006). Conversely, the success rate of biocontrol is generally
higher for invasive weed populations with low genetic diversity as there
is less risk of “resistant” weed genotypes replacing “susceptible” gen-
otypes that have been controlled by highly-adapted biocontrol agents
(e.g. Evans et al., 2005); (2) Are invasive Australian and South African
populations genetically divergent from native populations? This will
help us determine the likelihood of finding pre-adapted prospective
biocontrol agents to attack invasive genotypes; (3) Do Australian gen-
otypes differ from South African? This will help determine if pro-
spective biocontrol agents can be shared between these countries; (4)
Can we identify the native sources of introduced populations? This will
help potentially identify locations and environments in the USA where
more effective biocontrol agents for Australia and South Africa S. pla-
typhylla may reside.

2. Materials and methods

2.1. Study species

Sagittaria platyphylla is a diploid (2n = 22) (Baldwin and Speese,
1955) species with monoecious racemose inflorescences bearing 3–8
whorls of unisexual flowers (Keener, 2005). The species has a complex
reproductive strategy that promotes reproductive assurance including a
prolonged 5–6 month flowering season, incomplete self-incompatibility
and avoidance of pollen limitation through extra-gynoecial pollen tube
growth (Hoebee and Edwards unpublished report). Autogamy (self-
fertilization within an inflorescence) is avoided by temporal separation
of male and female flowers although partial overlap of these flowering
phases has been observed (Hoebee and Edwards unpublished report).
Geitonogamy among clones (ramets) of the same genetic individual
(genet) may occur as has been observed in the closely related Sagittaria
isoetiformis J.G. Smith and Sagittaria teres S. Watson (Hoebee and Ed-
wards unpublished report). Sagittaria platyphylla produces aggregate
fruit of one-seeded carpels (Adair et al., 2012) with an average of 700
and 730 achenes per female flower in Australian and South African
invasive plants respectively (Kwong et al., 2017). Achenes can germi-
nate immediately or remain dormant for several years until conditions
are favorable (R. Kwong unpublished data).

Vegetative reproduction occurs through the formation of ramets and
tubers at the terminal end of stolons (Adair et al., 2012), and in Aus-
tralia, uncontrolled vegetative growth enables populations to rapidly
expand into dense stands that dominate shallow water bodies. Pre-
liminary genetic assessments indicated that these stands are actually
comprised of multiple clones approx. 10 m apart (C. Chong un-
published). Multiple genotypes can occur in infestations that have es-
tablished following a water draw-down event since this provides fa-
vorable conditions for the mass germination of achenes from a
genetically-diverse seedbank. Dispersal is primarily hydrochorous with
achenes floating for up to seven days (R. Kwong personal observation)
although ingestion of achenes and adherence to water birds may
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contribute to some long distance dispersal (Adair et al., 2012).

2.2. Sampling

Sagittaria platyphylla was sampled across Australia, South Africa and
the USA (Table 1, Fig. 1) from natural (rivers, creeks, swamps) and
artificial (roadside drainage ditches, irrigation canals, ornamental
ponds) aquatic systems. Samples were collected from sites covering the
widest geographic distribution of both the native and introduced ranges
to capture the broadest possible range of genetic diversity. At each

location, young and disease-free leaves were collected from plants ap-
prox. 10 m apart with the number of samples taken dependent on the
size of each population to avoid oversampling in smaller sites. Addi-
tional samples from northern Victoria, Australia collected by C. Chong
were also included (Broadhurst and Chong, 2011). Leaves were wiped
to remove moisture and extraneous material, and a 5 cm2 section taken
and individually stored in silica gel. Populations were geo-referenced
and basic site description data collected. Samples collected in the native
range were taxonomically verified and accessioned into the University
of West Alabama Herbarium.

Table 1
Sampling locations, numbers of samples (N) and mean (standard error) estimates of within population genetic diversity in Sagittaria platyphylla native populations in the southern USA
and introduced populations in Australia and South Africa based on a survey of Amplified Fragment Length polymorphism variation at 140 loci on 584 samples. Genetic diversity indices
include the proportion of polymorphic loci at the 5% level expressed as a percentage (PLP) and expected heterozygosity under Hardy-Weinberg genotypic proportions (Hj); standard error
(s.e).

PopA Site Reference Location StateB Lat, LongC N PLP Hj (s.e.)

Australia
1 240211-2 Albany WA −35.014, 117.895 13 70.0 0.27 (0.02)
2 250512 Melbourne VIC −37.814, 144.976 6 82.1 0.33 (0.02)
3 Chong (Site A, B, C) Barmah Creek VIC −35.968, 144.939 7 76.4 0.30 (0.02)
4 Chong (Site F) Little Budgee 1 VIC −35.857, 145.007 7 82.1 0.29 (0.01)
5 Chong (Site G) Little Budgee 2 VIC −35.883, 145.003 16 80.0 0.29 (0.01)
6 Chong (Site M) Moira Lake VIC −35.955, 144.951 6 74.3 0.25 (0.01)
7 150211-2 Numurkah VIC −36.106, 145.362 14 75.7 0.29 (0.02)
8 CAN 770514 Ovens River, Bundalong VIC −36.049, 146.188 7 74.3 0.25 (0.01)
9 090311-1 Deniliquin/Finley NSW −35.555, 145.030 12 80.7 0.26 (0.01)
10 150211-1 Shepparton VIC −36.355, 145.402 16 69.3 0.26 (0.02)
11 100310_3 Brisbane QLD −27.483, 152.903 5 75.0 0.26 (0.01)
12 JM050411 Binna Burra/Bangalow NSW −28.710, 153.487 16 85.0 0.29 (0.01)
13 110310_1 Eumundi/Cooroy QLD −26.479, 152.956 9 78.6 0.22 (0.01)
14 TI220311 Bulahdelah NSW −32.407, 152.200 6 78.6 0.33 (0.01)
15 290311-1 Woongarah/Wyong NSW −33.244, 151.490 5 68.6 0.27 (0.02)
16 300311-1 Penrith NSW −34.740, 150.686 5 76.4 0.28 (0.01)
17 300311-2 North Richmond NSW −33.585, 150.723 7 75.0 0.30 (0.02)
18 310311-1 Lane Cove National Park NSW −33.792, 151.151 5 71.4 0.31 (0.02)
19 RJC1-050511 Thirlmere NSW −34.205, 150.573 7 85.7 0.32 (0.01)

South Africa
20 NA Grahamstown EC −33.318, 26.522 15 79.3 0.28 (0.01)
21 NA Maden EC −32.737, 27.298 7 80.7 0.33 (0.01)
22 NA Farningham Ridge KZN −29.836, 30.871 12 86.4 0.30 (0.02)
23 NA Wensleydale KZN −29.601, 30.409 10 88.6 0.34 (0.01)
24 NA Keisie WC −33.685, 19.984 12 87.1 0.29 (0.01)
25 NA Stellenbosch WC −33.963, 18.926 10 81.4 0.29 (0.02)
26 NA Northern Paarl WC −33.700, 18.982 13 86.4 0.30 (0.01)

USA
27 230810-2 Warsaw/Boligee AL 32.792, −88.029 21 93.6 0.35 (0.01)
28 080912-1 Creola AL 30.942, −88.024 6 69.3 0.28 (0.02)
29 080912-1 Guntersville Reservoir AL 34.367, −86.225 18 77.9 0.25 (0.01)
30 030912-2 Black Warrior River, Tuscaloosa AL 33.437, −87.380 13 85.0 0.29 (0.02)
31 120810-1 McGehee AR 33.564, −91.384 16 61.4 0.21 (0.02)
32 130912-2 Pine Bluff AR 34.252, −91.983 10 84.3 0.28 (0.01)
33 130912-1 Gould, AR AR 34.049, −91.642 9 75.7 0.25 (0.02)
34 140912-1 Pinnacle Mountain State Park AR 34.847, −92.464 4 63.6 0.28 (0.02)
35 180912-1 Caddo Lake TX 32.720, −94.116 20 83.6 0.31 (0.02)
36 250812-1 Richmond Hill GA 31.955, −81.320 18 80.0 0.24 (0.01)
37 120912 Yazoo NWR MS 33.125, −91.003 14 71.4 0.24 (0.01)
38 040810-1 Tara Wildlife Reserve MS 32.479, −91.062 19 83.6 0.28 (0.01)
39 060810-1 Winnsboro LA 32.149, −91.705 19 82.9 0.28 (0.01)
40 060810-2 Cheniere Brake LA 32.458, −92.203 8 87.1 0.30 (0.01)
41 060810-3 Monroe LA 32.556, −92.075 9 87.1 0.30 (0.01)
42 060810-4 Black Bayou LA 32.604, −92.049 8 70.7 0.23 (0.01)
43 090810-1 Senatobia MS 34.643, −89.971 14 70.7 0.26 (0.02)
44 110810-1 Stoneville MS 33.422, −90.905 14 64.3 0.20 (0.02)
45 180810-1 Reelfoot Lake TN 36.468, −89.316 16 75.0 0.28 (0.01)
46 180810-1 Sunk Lake TN 35.710, −89.738 7 69.3 0.21 (0.01)
47 190811-1 Hackberry LA 29.994, −93.358 7 81.4 0.36 (0.01)
48 200811-1 Moss Bluff LA 30.294, −93.234 10 92.9 0.36 (0.01)
49 220811-1 St Martinville LA 30.222, −91.906 14 90.7 0.36 (0.01)
50 250811-1 New Orleans LA 30.261, −89.786 17 94.3 0.32 (0.01)
51 100811-1 Lewisville TX 33.069, −96.959 14 90.7 0.30 (0.01)
52 130811-1 San Marcos River TX 29.876, −97.932 11 92.1 0.36 (0.01)
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2.3. DNA extraction and AFLP amplification

Total genomic DNA was extracted according to a modified protocol
of Blundell et al. (2010) from approx. 3 mg of leaf tissue ground to a
fine powder using 3 mm tungsten carbide beads in a Retsch MM300
mixer mill, and quantified using a Bio-tek Power Wave HT-1 (Millen-
nium Science) plate reader. Only four of the 42 microsatellite markers
specifically developed for S. platyphylla were polymorphic. Poly-
morphism was extremely low in these markers with only 2–4 alleles
detected across a diverse sample of 48 plants from different popula-
tions, a finding that reflects limited diversity previously observed using
allozymes (Hauber and Lege, 1999). Consequently, we opted to use
Amplified Fragment Length Polymorphisms (AFLPs) as described in Vos
et al. (1995) with the following modifications: 400–500 ng of DNA were
digested with PstI/MseI for 2 h at 37 C, PstI/MseI adaptors were ligated
on both ends of the DNA fragments followed by preselective amplifi-
cation using PstI + A and MseI + G or MseI + C primers. Six primer
combinations were tested and four used due to their higher poly-
morphism and repeatability (Pst-AC/M-GAG, Pst-AG/M-GAG, Pst-AC/
M-CTC, Pst-AG/M-CTC). Selective amplification was carried out with
PstI + 2 fluorescently labeled and MseI + 3 unlabeled primers and vi-
sualized on an ABI 3130xl Genetic Analyzer (Applied Biosystems Inc.)

using an ABI GS600LIZ internal ladder. To ensure reproducibility of our
results a positive control was used for each plate. In addition, DNA was
extracted twice for a subset of samples which were then amplified twice
on different PCR machines. Fragments less than 100 base pairs were
excluded, bins were manually set to a width of 1 base pair, bands with
peak heights< 70 relative fluorescent units (rfu) were ignored and bins
with> 10%mismatch errors were eliminated. Fragments were assessed
for polymorphism with 140 markers being considered sufficiently
variable for analysis. These were scored as presence/absence characters
using GeneMapper® Version 4 (Applied Biosystems Inc.) and a binary
matrix constructed for analyses.

2.4. Genetic diversity in the USA (home) and invaded ranges

AFLP-SURV 1.0 (Vekemans, 2002) was used to estimate allele fre-
quencies using a Bayesian approach that assumes Hardy-Weinberg
genotypic proportions with a non-uniform prior distribution of allele
frequencies (Zhivotovsky, 1999). These frequencies were then used to
calculate the proportion of polymorphic loci at the 5% level expressed
as a percentage (PLP), and gene diversity (Hj), which is analogous to the
expected heterozygosity (He) under Hardy-Weinberg equilibrium, were
estimated for USA, Australian and South African populations. Differ-
ences in these genetic diversity measures between invasive Australian
and South African and native USA populations were tested using a
Kruskal-Wallis one-factorial ANOVA (GenStat, 2013) and multiple
Mann Whitney U-tests with Bonferroni correction for post hoc analyses.

2.5. Population structure in the USA

Given the complex temporal and spatial nature of hydrologically-
dispersed organisms and our limited understanding of invasion history
we used several approaches to assess population genetic structure.
Bayesian assignment using STRUCTURE 2.3.2 (Pritchard et al., 2000)
was used to infer the number of genetic clusters (K) present in the USA
samples without prior knowledge of population affinities. Five runs
with a 50,000 burn-in followed by 500,000 MCMC for K= 1–10 using
both Admixture and No Admixture models, a uniform prior for α, an
initial α of 1 and allele frequencies correlated among populations were
generated. The optimal number of K-clusters was determined with the
ad hoc statistic ΔK (Evanno et al., 2005) using Structure Harvester
version 0.6.93 (Earl and vonHoldt, 2012). STRUCTURE outputs for
each K in each analysis were summarized in CLUMPP version 1.1.2
(Jakobsson and Rosenberg, 2007) using the Greedy algorithm with
random input and 1000 permutations and plotted.

Pairwise relatedness between individuals (r) was estimated using
the Taylor expansion (Lynch and Milligan, 1994) in AFLP-SURV. The
relatedness matrix generated was used to extract and plot the first two
principal coordinates in GenStat 18th edition (GenStat, 2013).

The PopGraph package in GeneticStudio version 1.3.1 (Dyer and
Nason, 2004) was used to assess connectedness among populations and
distribution of genetic variation among USA populations and among
USA, Australian and South African populations.

TESS version 2.3.1 (Chen et al., 2007), which unlike STRUCTURE
incorporates spatial information, was run with a 25,000 burn-in fol-
lowed by 250,000 sweeps for each K from 2 to 26 using the CAR ad-
mixture algorithm based on the Delaunay tessellation and an interac-
tion parameter of 0.6. The deviance information criterion (DIC) was
calculated for each of the 50 replicates for each K. The top 10% of these
runs (i.e. those with the lowest DIC) were retained and the average of
these plotted to identify the best K for this data (Chen et al., 2007).
Runs were aligned in CLUMPP version 1.1.2 (Jakobsson and Rosenberg,
2007) using the Greedy algorithm with random input and 1000 per-
mutations.

Using AFLPOP version 1.1 (Duchesne and Bernatchez, 2002) we
assessed the probability of incorrectly assigning US samples to source
populations by simulating 1000 genotypes over 10 iterations followed

Fig. 1. Site location and genetic diversity of Sagittaria platyphylla populations sampled in
(a) the native USA and invaded ranges in (b) Australia and (c) South Africa. Values of
diversity indices* shown are mean (SE) and values marked with different letters are
significantly different at P = 0.05 level (Kruskal-Wallis one-factorial ANOVA and to
multiple Mann Whitney U-tests with Bonferroni correction for post hoc analyses. Refer to
Table 1 for sampling information. * PLP, percentage of polymorphic loci; Hj, gene di-
versity.
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by the re-allocation procedure to assign US samples to their most likely
source population. For these analyses we replaced alleles frequencies of
0 with 1/(sample size + 1) and used a minimum maximum-likelihood
difference (MLD) of 0 (individuals are assigned with the highest prob-
ability) or 1 (individuals were assigned if their probability of belonging
to a population was at least 10X higher than the probability of their
belonging to another population). We then separately assigned Aus-
tralian and South African samples to the US source populations and to
the K = 3 determined by STRUCTURE (see below) using the same
parameters.

2.6. Genetic comparison of home and invaded ranges and origins of
invasion

A hierarchically-nested AMOVA model calculated from the pairwise
squared Euclidean distances between individuals was used to examine
how molecular variation was partitioned among provenances (con-
tinents) relative to the total populations (ɸRT), among populations
within continents (ɸPR) and within populations (ɸPT) using GenAlEx
6.501 (Excoffier et al., 1992; Peakall and Smouse, 2012) with tests of
significance based on 999 random permutations. AMOVA for each
continent was also conducted separately to characterize genetic struc-
ture among and within populations (ɸPT). The USA samples were coded
according to their most likely cluster of origin previously identified by
STRUCTURE (i.e. K= 3, see below) and used as ‘learning samples’
against which the ancestry of Australian and South African samples
were inferred with the USEPOPINFO model within STRUCTURE. Fi-
nally, associations among the USA, Australian and South African sam-
ples and populations were assessed using the PCoA and graph-theory
approaches described above.

3. Results and discussion

3.1. Genetic diversity in the USA (home) and invaded ranges

A total of 584 individuals from Australia (19 populations), South
Africa (7 populations) and the USA (26 populations) were genotyped
with genetic diversity measures varying within and among populations
and continents (Table 2, Fig. 1). For example, in Australia the propor-
tion of polymorphic loci (PLP) ranged from 69–86% compared with
79–89% in South Africa and 61–94% in the USA. Australian populations
displayed significantly lower PLP than South Africa, although no dif-
ferences were detected between Australia and the USA and the USA and
South Africa (Kruskal-Wallis χ2

(2) = 6.2, P= 0.045; Supplementary
Material Table S1). Gene diversity (Hj) did not differ significantly
among the three continents (Hj; χ2

(2) = 2.42, P = 0.3). The first three
PCoA axes for all native and invasive plants accounted for 8.4%, 6.5%
and 4.1% of the total variation respectively (Fig. 2). USA and Australian
individuals mostly separated into two clusters along PCoA2 with the
South African plants being distributed among the USA samples. Hier-
archical AMOVA of the native and invaded ranges reflected significant
genetic structuring at all levels of this analysis (Table 2) with 9% of the
variation (P = 0.001) distributed among the three continents and 23%
of the variation (P= 0.001) among populations within continents.
When continents were examined separately, among population differ-
entiation was greatest in the USA (30%), and lowest in South Africa
(16%). In all three continents, the majority of genetic variation was
retained within populations, namely 70% in the USA, 82% in Australia
and 84% in South Africa.

These results show that genetic diversity in S. platyphylla in in-
troduced ranges is comparable with that in the native range, suggesting
that founding populations were diverse and/or that multiple introduc-
tions from different native sources have generated genetically mixed
populations within the invaded range. The introduction history of S.
platyphylla to Australia is poorly known but the species was a popular
aquarium and ornamental pond plant as early as 1933 (NLA, 2014).

Consequently, it is difficult to determine whether invasive populations
were originally comprised of diverse lineages or whether the diversity
detected here has been generated since introduction.

3.2. Population structure in the USA

Based on ln(P)K, STRUCTURE determined K= 2 as the most
probable number of clusters for native USA populations whereas for ΔK
it was 3 (Fig. 3a and Supplementary material Fig. S1a) for both the
Admixture and No Admixture models (data not shown for latter model).
Assignment of K= 2 (Supplementary material Fig. S2) was poorly
aligned with any geographic structure whereas K= 3 was more closely
associated with geographic groupings based on expectations of a hy-
drologically-dispersed organism such as S. platyphylla (Level II wa-
tershed regions, Fig. 4). Many K= 3 populations were strongly as-
signed by STRUCTURE to Clusters 1 (blue) and 2 (red) based on>70%
identity (range 70–96%) whereas Cluster 3 (green) populations were a
mix of Clusters 2 and 3. Although regional distribution of K = 3 found
representatives of each Cluster in each watershed (Fig. 4), within
Clusters linear distributions associated with expected downstream di-
rectional flow were evident (e.g. the Arkansas-White-Red Region Pops
34, 32 and 33, Cluster 1, blue; Lower Mississippi Region Pops 45, 46
and 43, Cluster 2, red). The majority of populations that occurred
downstream from here were assigned to the ‘mixed’ Cluster 3 (green;
Pops 38, 39, 47–49). Assessments of K= 4–5 failed to better describe
the data (Supplementary material Fig. S2).

The first two principal coordinates (PCoA) axes explained 17.3% of
the genetic variation present and showed similar differentiation among
individuals to that observed among populations in STRUCTURE
(Fig. 3b). Cluster 1 (blue) individuals were primarily separated in ne-
gative PCoA2 space while there was also some separation between

Table 2
Hierarchical nested analysis of molecular variance (AMOVA; Excoffier et al., 1992)
conducted on 140 Amplified Fragment Length Polymorphism (AFLP) loci from 52 Sa-
gittaria platyphylla population from native (USA) and introduced (Australia and South
Africa) ranges. The degrees of freedom (df), sum of squares (SS), mean sum of squares
(MS), variance,% variance and ɸ statistics are shown. Tests of significance were based on
999 permutations. *P < 0.001.

Source of variation df SS MS Variance % Var Statistic

Native + introduced ranges
Among
continents

2 859.69 429.85 2.12 9 ɸRT = 0.091*

Among
populations
within
continents

49 3676.78 75.04 5.31 23 ɸPR = 0.253*

Within
populations

532 8367.93 15.73 15.73 68 ɸPT = 0.321*

Total 583 12904.40 23.16 100

Native (USA) range
Among
populations

25 2589.25 103.57 6.82 30

Within
populations

310 4912.86 15.85 15.85 70

Total 335 7502.11 22.67 100 ɸPT = 0.301*

Invasive (Australia) range
Among
populations

18 772.72 42.93 3.18 18

Within
populations

150 2242.31 14.95 14.95 82

Total 168 3015.03 18.13 100 ɸPT = 0.175*

Invasive (South African) range
Among
populations

6 314.81 52.47 3.18 16

Within
populations

72 1212.76 16.84 16.84 84

Total 78 1527.57 20.02 100 ɸPT = 0.159*
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samples from Clusters 2 (red) and 3 (green) along the PCoA1 axis. The
Genetic Studio PopGraph package produced a complex closed and
highly connected typology linking many populations in the clusters
identified by STRUCTURE such as Cluster 2 Pops 31 and 44–46 and
Cluster 3 Pops 47–49 (Fig. 3c). Some unexpected geographic linkages
such as Cluster 1 Pop 35 in eastern Texas being linked to Alabama Pops
28 and 29, Mississippi Pop 37 and Georgia Pop 36 suggest some long
distance dispersal across catchments. The mean DIC for the top 10% of
TESS runs for each K decreased sharply but only reached a plateau at
K= 11 (Supplementary material Fig. S1b). There was no clear support
for K = 3 although the slope from K = 2 to K = 3 was slightly steeper
than for other values of K. It is unclear whether this result reflects a
genuine lack of structure or that the assumptions underlying TESS are
inappropriate for this species (Guillot, 2009).

AFLPOP simulations indicated that the majority of samples could be
reliably assigned to their source populations (> 95%) and reallocation
of samples found that the majority (83.3%) were correctly assigned
with a further 8.3% assigned to a different population and 8.3% not
allocated to a population (Fig. 5).

3.3. Sources of introduction into Australia and South Africa

Genetic studies can be used to prioritize areas for collecting bio-
control agents by pinpointing possible geographic and/or genetic
sources of origin of invasive populations (Estoup and Guillemaud,

Fig. 2. Principal coordinate analysis based on Lynch and Milligan’s (1994) pairwise
comparisons of relatedness (r) among USA (grey circles), Australian (open circles) and
South African (black circles) individuals.

Fig. 3. Population genetic structure analyses for Sagittaria platyphylla from the native USA range. (a) Bar plot of mean estimated membership coefficients (q) of each population in K = 3
clusters determined by STRUCTURE, (b) Principal coordinate analysis based on Lynch and Milligan’s (1994) pairwise comparisons of relatedness (r) among individuals, and (c) PopGraph
generated by Genetic Studio showing linkages between populations. Individuals and populations are colored according to their assignment to the genetic clusters determined by
STRUCTURE: Cluster 1 (blue), Cluster 2 (red) and Cluster 3 (green). Refer to Table 1 for sampling information.
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Fig. 4. Sagittaria platyphylla population locations sampled in
the native USA range. Map colors represent Level II
Watershed Regions (provided by the Commission for
Environmental Cooperation). Symbol colors correspond to
Clusters assigned by STRUCTURE analysis; Cluster 1 (blue),
Cluster 2 (red) and Cluster 3 (green). Refer to Table 1 for
sampling information.

Fig. 5. AFLPOP used to determine the probability of in-
correctly assigning USA Sagittaria platyphylla samples to
their source populations. Assignment to source populations
(black), another population (grey) or not allocated (white).
Refer to Table 1 for sampling information.

Fig. 6. Assignment of Australian and South African Sagittaria platyphylla samples. (a) Populations are color-coded according to their assignment to the genetic clusters determined by
STRUCTURE: Cluster 1 (blue), Cluster 2 (red) and Cluster 3 (green), (b) AFLPOP, probability of assignment to source populations generated by STRUCTURE (clusters 1–3) or not allocated
(black).
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2010). The finding of three genetic clusters primarily associated with
expected dispersal patterns along watersheds in the USA allowed for the
possible origins of invasive S. platyphylla populations to be inferred.

Overall, the STRUCTURE and AFLPOP analyses suggested that most
Australian individuals were strongly assigned to Cluster 2 (Fig. 6a, b)
which corresponds to populations occurring mostly in upper sections of
the Lower Mississippi Region, from Monroe LA to Reelfoot Lake TN
(Fig. 4). In contrast, Australian samples from northern Victoria’s
Barmah Forest (Pops 3–6) were more aligned with Cluster 3 suggesting
that a separate introduction from the southern parts of the native dis-
tribution such as Louisiana is likely. Evidence from Bayesian assign-
ment and multiple linkages highlighted by PopGraph (see below) point
to a third introduction into Melbourne from Cluster 1, potentially from
populations beyond the Lower Mississippi Region such as the Arkansas-
White-Red Region or the South Atlantic Gulf. Interestingly, a small
number of individuals assigned to Cluster 1 also occurred in other
Australian populations suggesting that Melbourne may have been a
source of secondary invasion to other regions such as the irrigation
districts of central Victoria (Pops 7 and 10) and possibly to Albany in
Western Australia (Pop 1). Relatively few examples of admixed in-
dividuals were evident with plants primarily assigned to one of the
three clusters, however, some admixed individuals were present at Pops
1, 7, 10 and 12 for Clusters 1 and 2, Pop 2 (Clusters 1 and 3), and the
Barmah populations (Pops 3–6; Clusters 2 and 3; Supplementary ma-
terial Fig. S2). For invasive S. platyphylla in South Africa, these data
suggest either multiple introductions from two different parts of the
native range, or a single large introduction from a diverse gene pool.
Unlike many Australian samples which assigned to Cluster 2, South
African samples were assigned to either Cluster 1 or Cluster 3
(Fig. 6a, b; Supplementary material Fig. S3), eliminating the northern
parts of the Lower Mississippi Region as being likely source popula-
tions.

PopGraph revealed a complex topology of four sub-groups: the USA,
two Australian sub-groups and South Africa (Fig. 7). Australian popu-
lations from Barmah and Ovens sites in northern Victoria formed a
distinct subgroup which was connected to the remaining Australian
populations through Pop 9. Several populations in the other Australian
sub-group were linked to various USA populations distributed across
several watersheds (e.g. Australian Pops 9, 14, 12 and 19 and USA Pops
44, 52, 49 and 47) while other populations (e.g. Pop 13, 7 and 2) were
linked to multiple sites within the USA, some of which were in different
watersheds. South African populations formed a discrete, highly con-
nected cluster with connections to both USA and Australian populations
through both single and multiple linkages. For example, Pops 20 and 25
were both linked with USA Pop 36, Pop 22 was linked to this latter
population as well as to Pop 29 while Pop 21 connected with Pop 37
suggesting a greater linkage through Cluster 1 identified from the
STRUCTURE analysis. Linkages between South Africa and Australia
were through Pop 26 and 11 as well as Pops 22 and 2. Given the two
PopGraph linkages between Australia and South Africa in Fig. 7 and the
similar assignment of Melbourne and South African individuals
(Supplementary material Fig. S3) it is also possible that material has
also been exchanged between the two countries although the direction
of this exchange cannot be determined.

3.4. Prospects for biological control

Several authors have suggested that genetically diverse, sexually
reproducing invasive plant species may require a diverse array of bio-
control agents, while less genetically diverse, asexually reproducing
species may require fewer agents (Burdon and Marshall, 1981; Nissen
et al., 1995). Where invasive species consist of novel genotypes due to
hybridization, genetic drift, inbreeding and/or adaptive evolutionary
change (Bossdorf et al., 2005; Gaskin et al., 2011), the risk of biocontrol
failure increases if highly damaging, pre-adapted natural enemies
cannot be matched with the target weed genotype(s) in the invaded

range (Gaskin et al., 2011). The initial purpose of this genetic study was
to reveal the likelihood for successful biocontrol of S. platyphylla in
Australia and South Africa based on the degree of genetic variability
and divergence between native and invasive populations.

Introduced populations of S. platyphylla in South Africa and
Australia show similar levels of genetic diversity comparable to native
populations, with the majority of this diversity residing within rather
than among populations or countries. In addition, Australian and South
African populations can be readily assigned to clusters within the USA
and connections with potential source populations identified making
the selection of genotype-specific natural enemies possible. These
findings bode well for biocontrol success particularly in South Africa,
but may be complicated by possible hybridization in some Australian
populations. Sagittaria platyphylla from the Barmah Forest were di-
vergent to other Australian populations and examples of plants identi-
fiable with Sagittaria macrophylla Zucc. as well as examples of inter-
mediates between S. platyphylla and S. macrophylla suggest that
interspecific hybridization may have occurred (Adair et al., 2012).
Moreover, it is likely that this has occurred in situ in Australia since the
natural range for S. macrophylla (southern Mexico) is highly disjunct
from the native range of S. platyphylla (Keener, 2005). This hybridiza-
tion may influence biocontrol effectiveness if a candidate agent is
highly specialized to species-specific genotypes such as biotrophic plant
pathogens and eriophyid mites, where genotype-specific pathogenicity
may mean that a novel genotype is less susceptible to attack. As no
pathogens or eriophyid mites with potential for biological control of S.
platyphylla were identified in natural enemy surveys (Kwong et al.,
2014), the use of broadly-specialized insect agents may overcome any
genetic issues associated with the Australia Barmah populations. Of
further consideration is that South African and Australian populations
were founded by different source populations and consequently, col-
lections of biocontrol agents from the native range should be under-
taken separately for each country. The common practice of swapping
biocontrol agent cultures between collaborating countries would need
to be evaluated for this species, depending on the degree of host spe-
cialization of the candidate biocontrol agents. However, the evolution
of host-specific natural enemy biotypes is more likely for host species
with wide, disjunct geographic native distributions (Goolsby et al.,

Fig. 7. PopGraph generated by Genetic Studio showing linkages between populations of
Sagittaria platyphylla from native USA (grey nodes) and invasive Australian (open nodes)
and South African (black nodes) populations. Node size indicates within population ge-
netic variance and lines connecting nodes are retained edges indicating genetic covar-
iance. Refer to Table 1 and Fig. 1 for sampling information.
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2006), unlike S. platyphylla. In addition, no evidence of spatially-spe-
cific S. platyphylla biotypes in the native range have been found sug-
gesting that natural enemies are likely to be ubiquitous, but this re-
quires confirmation by herbivore transfer experiments (e.g. Goolsby
et al., (2006)). At the very least we suggest that potential biocontrol
agents be sourced from regions of the closest genetic match to invasive
populations and that their performance (survival, reproduction and
damage to host) be subsequently assessed against the range of geno-
types present in the invaded range(s) (Gaskin et al., 2011).
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