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Abstract Invasive populations of green iguanas

(Iguanidae: Iguana iguana) are widely established

beyond their native Central, South American, and

Lesser Antillean range in various islands of the Pacific,

Florida USA, and in the Greater Caribbean Region.

Although widespread, information about these inva-

sions is scarce. Here we determine the origin of

invasive populations of green iguanas in Puerto Rico,

Fiji, The Caymans, Florida USA, The Dominican

Republic, the US Virgin Islands (USVI) of St. Thomas

and St. Croix, and a U.S.A pet store. We sampled 120

individuals from these locations and sequenced one

mitochondrial (ND4) and two nuclear (PAC and NT3)

loci. We also include a preliminary characterization of

population structure throughout Puerto Rico using six

microsatellite loci to genotype individuals across 10

sampling sites. Comparing the genealogical relation-

ships of all our samples to published sequencing data

from the native range, we found that sampled popu-

lations were largely a product of populations from

Colombia and El Salvador; two countries with mul-

tiple, industrial-size pet iguana farming operations.

Notably, we found that haplotypes detected
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C. N. De Jesús Villanueva

Department of Biological Sciences, University of Rhode

Island, 120 Flagg Rd., CBLS, Kingston,

RI 02881, USA

C. N. De Jesús Villanueva
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exclusively in the USVI and Puerto Rico’s outlying

island of Vieques are closely linked to green iguanas

native to Saba and Montserrat (Lesser Antilles); a

clade not reported in the pet trade. Our population

genetic analyses did not reveal isolation among

sampling sites in Puerto Rico, rather the evidence

supported admixture across the island. This study

highlights the roles of the pet trade and lack of

regulation in the spread of green iguanas beyond their

native range.

Keywords Invasive species � Pet trade � Network
analysis � Invasion routes � Admixture

Introduction

Human trade has greatly facilitated the movement of

species (Wilson et al. 2009), though not all that travel

prosper. Only a small percentage of introduced species

survive and become invasive (Kolar and Lodge 2001).

The introduction and proliferation of invasive species

outside their native ranges has led to problems for

human health, the economy, and the environment

(Pimentel et al. 2005; Reaser et al. 2007; White et al.

2008), which has resulted in a plethora of work

conducting risk assessments of, and assessing the

impacts by, invasive species. Moreover, ecologists

view invasive species as a unique opportunity to

explore the ecological and evolutionary processes

underlying successful establishment in real time, as

opposed to the millennia it may take under scenarios of

natural range expansion (Sax et al. 2007; Betancur-R.

et al. 2011; Lawson Handley et al. 2011). By studying

invasive species during their different invasion stages

(i.e., introduction, establishment, and spread), ecolo-

gists are able to examine factors that facilitate invasion

success and introduction pathways, which lead to

useful information for the management of invasive

species (Lockwood et al. 2007).

An array of vertebrate species are now introduced

due to human traffic and trade (Kraus 2003), these

include lizards, birds (Russello et al. 2008), snakes

(Bushar et al. 2015), mammals (Lippens et al. 2017)

and frogs (Meshaka 2011). In south Florida, the Nile

monitor (Varanus nilotucus) was introduced as a pet

and has formed three separate breeding populations

(Dowell et al. 2016). A study using mitochondrial

(mtDNA), nuclear sequence, and microsatellite data to

determine their source, found the monitor populations

to be the product of multiple introductions from

several pet trade countries throughout the southern

coastal regions of West Africa. The Florida popula-

tions were nevertheless isolated, each from a single

putative origin, thus highlighting the role of the pet

trade in the foundation and persistence of each of the

three invasive populations. Moreover, the collateral

effect of human trade has also perpetuated invasions.

In the case of the house mouse (Mus musculus

domesticus), its spread and genetic diversity has a

close link to colonial activities in Senegal. Lippens

et al. (2017) used mtDNA markers together with 16

nuclear microsatellites to elucidate the invasion his-

tory and spatial expansion of this species. Using

mtDNA haplotype data together with population

STRUCTURE analysis data, Lippens et al. (2017)

suggest there was one putative origin and subsequent

spread in-land starting from the first founded port of

the country. The authors demonstrate the utility of

genetic tools to determine the origin and introduction

history of the introduced house mouse, an invasion

that occurred hundreds of years earlier. This link

between the colonial history of the country and the

spread of the species highlight the effect of trade on

species’ distribution.

Initial population size and continued influx (i.e.,

propagule pressure) of individuals are among several

factors that may influence the probabilities of invasion

success (Sinclair and Arnott 2016). In conjunction

with the role of genetic variability, these factors may

aid colonizing individuals in their establishment (Le

Roux and Wieczorek 2009). Introduction events that

suffer severe and persistent bottlenecks are hypothe-

sized to lead to decreased genetic diversity and, with

it, fewer opportunities for invasion success (Nei et al.

1975; Dlugosch et al. 2015). Nevertheless, popula-

tions across multiple taxa made up of only a few

founding individuals (Betancur-R. et al. 2011), or

those that have gone through bottleneck events (e.g.,

Tsutsui et al. 2000), have had low genetic diversity yet

have become highly invasive (Sakai et al. 2001; Bock

et al. 2015). Some species, like the invasive argentine

ant (Linepithema humile), whose reduction in genetic

variability has led to reduced intraspecific aggression,

have even benefited from this lower genetic variation

(Tsutsui et al. 2000). Conversely, decreased genetic

diversity may not even occur in invasive populations.
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Some founding populations may carry with them a

robust representation of the genetic diversity of their

source population (Collins et al. 2017; Foote et al.

2019). Even when diversity loss does occur, this can

be offset by multiple founder events or admixture from

multiple sources leading to invasive populations with

higher genetic diversity than their native range sources

(e.g., Kolbe et al. 2007; Tonione et al. 2011). A crucial

first step towards determining the role of genetic

variability in establishment success is to reconstruct

the invasion history by identifying the origin of

introduced populations (Simberloff 2009; Guillemaud

et al. 2010; Lawson Handley et al. 2011).

Propagule pressure may also contribute to

increased invasion success (Von Holle and Simberloff

2005; Simberloff 2009). However, the occurrence of

multiple introductions, propagule size, and frequency

of introductions are seldom recorded in the early

stages of invasion making it difficult to quantify the

role of these factors in successful establishment

(Brockerhoff et al. 2014). Multiple studies suggest

increased propagule size and frequency aid in suc-

cessful invasion by increasing genetic variability and

decreasing the effects of environmental and demo-

graphic stochasticity (reviewed in Simberloff 2009).

As with understanding the role of genetic diversity in

introduction success, identifying the origin of invasive

populations is a crucial step to assessing the potential

role of propagule pressure in species colonization

events. In research by Ficetola et al. (2008), the use of

the mitochondrial Cytochrome b locus allowed

researchers to identify the native range origin of

invasive European populations of the American bull-

frog (Rana catesbeina), as well as estimate the number

of founding individuals through demographic simula-

tions. Their work showed that in some species, fewer

than a dozen individuals may be able to establish new

invasive populations, further highlighting the impor-

tance of genetic data in understanding invasion

success.

The green iguana (Iguana iguana, Linnaeus 1758;

Fig. 1), one of two species in the genus Iguana, is a

generalist herbivore that is threatened due to overex-

ploitation and habitat loss in localized regions of its

native range of Central and South America and the

Lesser Antilles (for a review on the biology of green

iguanas, see Falcón et al. 2013). Human consumption

and exports for the pet trade have lowered population

numbers to such an extent that efforts are currently

underway to protect native populations (e.g., Escobar

et al. 2010). Paradoxically, this species is highly

invasive where established outside of its native range

(Lazell 1973; Rivero 1998; Townsend et al. 2003;

Krysko et al. 2007; Falcón et al. 2012; Iguana

Specialist Group 2017; Kwak et al. 2019). These

areas include the mainland United States (southern

Florida) and multiple islands including the Dominican

Republic (Pasachnik et al. 2012), the Cayman Islands

(Moss et al. 2018), Puerto Rico (Rivero 1998), and

more recently Dominica (van den Burg et al. 2020a).

In many areas of the Greater Caribbean Region (GCR;

sensu Olsen et al. 2004), the introduction of green

iguanas has raised concerns about regional biosecurity

(Falcón et al. 2012). The GCR boast ample suit-

able habitat for future establishment, where the added

possibility of biodiversity loss through hybridizations

with congeneric species exists (Falcón et al. 2012;

Vuillaume et al. 2015; Van Wagensveld and Van Den

Burg 2018; Moss et al. 2018). Green iguanas are

reported on some islands in the Pacific, including

Hawaii, Japan, Fiji (Falcón et al. 2013), and more

recently in Taiwan (Chin 2016) as well. Its far-

reaching invasive distribution makes a regional

approach to characterizing these invasive green iguana

populations necessary.

Invasive green iguanas represent a problem for both

the general public and wildlife managers (Townsend

et al. 2003; Krysko et al. 2007). Following hurricane

Andrew in 1992, the number of green iguana popu-

lations in Florida increased, likely aided by canopy

openings, planting of additional food sources, and the

inadvertent creation of nesting sites. They are now

considered a pest due to their consumption of

residential and commercial vegetation (Krysko et al.

2007). Green iguanas are documented to interact with

endemic wildlife such as use of the burrows of the

Florida Burrowing Owl (Anthene cunicularia flori-

dana), raising concern over possible competition or

disruptions to the owl’s life history (McKie et al. 2005;

Krysko et al. 2007). In the Cayman Islands, where

green iguanas are considered an invasive pest after

establishing in residential areas (Seidel and Franz

1994; Echternacht et al. 2011; Ledger 2015; Haakon-

sson 2016) and causing infrastructure damage (Rivera-

Milán and Haakonsson 2020), a culling program was

put in place and led to the removal of 874,252

individuals in the span of 11 months. Moreover, in

Puerto Rico green iguanas are considered an invasive
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nuisance due to its impact on human agriculture,

horticulture, and travel (Engeman et al. 2005; Falcón

et al. 2012, 2013). In addition, although little is known

about its interactions with native iguanid species,

hybridization with the congeneric Lesser Antillean

iguana I. delicatissima (Vuillaume et al. 2015), and

even with the Sister Islands Rock Iguana (Cyclura

nubila caymanensis; Moss et al. 2018) was reported.

As both I. delicatissima andC. nubila caymanensis are

considered critically endangered, the added threat of

extirpation through hybridization is an alarming

concern (Moss et al. 2018; Van Wagensveld and van

den Burg 2018).

In this study, we investigated the origin of green

iguana populations throughout their invasive range to

assess possible introduction pathways. One plausible

introduction pathway for islands in the Caribbean

Region is over-water dispersal, which was docu-

mented for the species (Censky et al. 1998). A second

possible pathway is the pet trade which, given the

species’ popularity in the pet trade, coupled with the

large amounts of reported exports from several

countries during the last two decades (i.e., Colombia

and El Salvador, see Hoover 1998; Stephen et al.

2011), is cited as the likely source of invasions (Rivero

1998; Krysko et al. 2007; Iguana Specialist Group

2017). In our study, we expected species to have

origins in the major pet trade exporting countries

without ruling out the possibility of introduction via

natural dispersal for islands in the Antilles. To

evaluate the source of invasive populations and

introduction pathways, we analyzed invasive popula-

tions from the GCR (South Florida USA, the Domini-

can Republic, the Cayman Islands, the US Virgin

Islands, and Puerto Rico) and the Pacific Island of

Qaemea, Fiji. We sought to distinguish the origin of

each invasive population from among the four discrete

geographically defined clades identified by Stephen

et al. (2012). To identify these clades, the authors used

data from the mtDNA locusND4 and nuclear loci PAC

and NT3 loci from pet trade, captive, and wild caught

individuals with known country of origin. In our work,

we collected genetic data for those same markers from

wild and pet trade individuals and combined these data

with historical import and export records of pet green

iguanas. In our study, if an invasive population

originated from native range populations and was the

result of natural dispersal, we expected it to have a

closer genotypic relationship to those sources (e.g.,

Saba and St. Lucia) as opposed to documented

exporting countries (i.e., Colombia, where a pet trade

individual was sequenced at the ND4 marker by

Stephen et al. 2012 and El Salvador, see Hoover 1998;

Stephen et al. 2011). Additionally, we amplified and

analyzed six microsatellite loci to explore the presence

of possible population structure in the invasive green

Fig. 1 Phenotypic variation of green iguanas in a small portion of their invasive range. Males (top) and females (bottom) from Puerto

Rico (left), Culebra, Puerto Rico (center), and St. Thomas (right). Photo credit: Wilfredo Falcón L
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iguana introduction in Puerto Rico.With these data we

also explored possible invasion scenarios (i.e., multi-

ple introductions or single introductions). Using the

sequence and microsatellite data we begin to infer the

role that propagule pressure might have played in the

green iguana’s successful invasion of Puerto Rico.

Methods

Sample collection

Our collaborators collected samples for this study

throughout subtropical and tropical low elevation

habitats (Falcón et al. 2012) at elevations below 400 m

including mangroves, parks, zoos, farms, and tropical

dry forests. Seven invasive green iguana introductions

were sampled from sites in the GCR, including Miami

(MIA; n = 5) and Davie (DAV; n = 4) in Florida

(continental USA), the USA Virgin Islands (USVI) of

St. Thomas (ANR; n = 5) and St. Croix (STX; n = 5),

the Dominican Republic (RD, n = 4), the Cayman

Islands of Grand Cayman (CY; n = 11) and Little

Cayman (CYL, n = 2). In Puerto Rico (PR), a more

intensive sampling scheme was completed to conduct

population structure analysis. We acquired samples

from Puerto Rico through collaborations with local

hunters, wildlife managers, and private landowners

who captured and euthanized green iguanas in an

effort to control population growth. In total, 124 green

iguanas from 10 sampling sites in Puerto Rico are

included in this study. Moreover, we acquired samples

from outside of the GCR from an introduced popula-

tion on the Pacific island of Qamea, Fiji (FIJ; n = 3).

Additionally, to consider haplotypes present in the pet

trade, we sampled two green iguana pets purchased in

Salt Lake City (Utah, USA). We stored blood or tissue

samples (i.e., toe and tail clips, liver, dorsal or crest

scales) in 2.0 mL tubes in 90% EtOH or in a solution

of 20%DMSO, 0.25 MEDTA, NaCl to oversaturation

and ddH2O at a pH of 7.5 to 8.0 at - 20.0 �C.

DNA extraction and sequencing

To identify the origins of green iguana populations, we

collected DNA sequence data from a maximum of six

tissue samples for all localities in the GCR and Fiji. In

the case of Puerto Rico in particular, and due to the

extensive sampling conducted, we collected samples

from up to 10 individuals per site throughout the main

island and Vieques (an island municipality located off

the eastern coast of Puerto Rico). We extracted DNA

from blood and tissue using the Qiagen DNEasy blood

and tissue kit following the manufacturer’s protocol

(Qiagen, Valencia, CA). If the tissue had scales, we

extended digestion time to 24-h and added 40.0 ll of
proteinase K. We assessed the DNA quality by gel

electrophoresis in 1% agarose gel and measured DNA

concentration using NanoDrop (Thermo Fisher). We

diluted all samples above 30.0 ng/ll to 20.0 ng/ll.
We sequenced three loci for which Stephen et al.

(2012) published haplotype data from green iguanas in

their native range. Based on their variability, the

authors showed these markers to be useful for

distinguishing individuals from within four phylogeo-

graphic regions in the native range. We amplified a

825 bp fragment of the mitochondrial (mtDNA)

NADH dehydrogenase subunit 4 (ND4) locus, a

563 bp fragment of the 30 untranslated region of the

nuclear locus polymerase alpha catalytic subunit

(PAC) and a 489 bp region of the nuclear locus

neurotrophin-3 (NT3) loci and locus using published

primer sequences (Noonan and Chippindale 2006;

Pasachnik et al. 2008) by polymerase chain reaction

(PCR). The ND4 fragment was amplified using

primers ND4 (50-CAC CTA TGA CTA CCA AAA

GCT CAT GTA GAA GC-30) and LEU (50-CAT TAC

TTT TTA CTT GGA TTT GCA CCA-30). The PAC

fragment was amplified using primers PAC AF (50-
CCC AGT GAG AGT TGC TGG A-30) and PAC S2

(50-CTT TCC CCT CCC AAA CAA AC-30). The NT3
fragment was amplified using NT3-F3 (50 ATA TTT

CTG GCT TTT CTC TGT GGC-30) and NT3-R4 (50-
GCG TTT CAT AAA AAT ATT GTT TGA CCG

G-30) primers. We amplified all fragments in a total

volume of 10.0 ll using 5.0 ll Qiagen’s Taq PCR

master mix kit, 0.5 ll primer forward, 0.5 ll primer

reverse, 0.3 ll BSA, 2.7 ll ddH2O, and 1.0 ll of

DNA template.

We performed our PCR cycling for mtDNA ND4

and for nuclear PAC fragments using the following

conditions: an initial 2 min denaturation step at

94.0 �C for 1 cycle, followed by 35 cycles of

94.0 �C for 20 s, 55.0 �C 30 s, 72.0 �C for 1.5 min

and a final extension at 72.0 �C for 10 min. The

nuclear NT3 fragment PCR cycling was performed at

94.0 �C for one initial denaturation cycle, followed by

35 cycles of 94.0 �C for 20 s, 50.0 �C 30 s and

72.0 �C for 1.5 min. We verified the PCR products by
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gel electrophoresis on a 1% agarose gel. PCR products

of successful amplifications were purified using PCR

ExoSAP-IT� (Affymetrix, USA) using 0.45 ll
shrimp alkaline phosphate, 0.3 ll, 2.45 ll and 6.0 ll
of PCR product, for a total volume of 9.0 ll. We

sequenced the PCR products using an ABI 3130xl with

the original primers. We edited and aligned sequence

data for all loci using Sequencher v4.8. We verified

electropherograms for ambiguous base calls by exam-

ining forward and reverse sequences. In all, we

sequenced 107 individuals for the mtDNA ND4 locus

and 81 and 84 individuals for the nuclear markers PAC

and NT3, respectively. The Genotyping and Sequenc-

ing Facility of the University of Puerto Rico, Rı́o

Piedras (http://www.sgf.hpcf.upr.edu) conducted all

the sequencing in this study.

Microsatellite data extraction and genotyping

Due to their high levels of polymorphism, microsatel-

lite markers are used to compare genetic variability

between populations and remain an important tool in

understanding the changes in allelic frequencies that

may occur during invasion (Allendorf and Luikart

2007; Dlugosch and Parker 2008; Montarry et al.

2010). To represent the population found in Puerto

Rico, we sampled 173 individuals from 10 sampling

sites, nine on the main island of Puerto Rico and one

on Vieques. To determine the population structure of

the I. iguana population in Puerto Rico, we collected

data from six microsatellite loci (IgdL12, IgdL14,

IgdL17, IgdL19, IgdL20, IgdL24) found to be poly-

morphic in I. iguana and its sister species I. delicatis-

sima (Valette et al. 2013). We used PCR to amplify

each locus in two separate PCR rounds.We carried out

both rounds in 10 ll total volume using: 5.0 ll
Qiagen’s Taq PCR master mix kit, 3 ll BSA, 2.7 ll
ddH2O, and 1.0 ll of DNA template and 0.5 ll primer

forward, 0.5 ll primer reverse. In the second reaction

the forward primer was substituted by 0.5 ll fluores-
cently-labeled FAM or HEX. Both rounds of PCR

cycling for all loci were performed using the following

conditions: an initial 2 min denaturation step at

94.0 �C for 1 cycle, followed by 35 cycles of

94.0 �C for 20 s, 56.0 �C 35 s and 72.0 �C for

1.5 min and a final extension at 72.0 �C for 10 min.

We verified PCR products by gel electrophoresis on a

1% agarose gel. Following successful amplifications,

we genotyped samples in an ABI 3130xl at the

University of Puerto Rico, Rı́o Piedras Genotyping

and Sequencing Facility. Subsequent allele scoring

was completed in GeneMapper 4.08. We used Micro-

Checker (Van Oosterhout et al. 2004) to check for

evidence of scoring errors due to stuttering, allele

dropouts and excess homozygosity in our data set.

Haplotype network analysis

To determine the relationships among haplotypes

sampled in the invasive and native ranges of green

iguanas, we inferred the genealogical relationships of

the mtDNA ND4 and nuclear PAC and NT3 loci. We

obtained haplotype data for native range populations

and a pet-trade individual from Colombia published

by Stephen et al. (2012) from GenBank, as well as for

the outgroup species Iguana delicatissima (Malone

et al. 2000). We phased haplotypes for the two nuclear

markers (PAC and NT3), haplotypes using DnaSP 5.0

(Librado and Rozas 2009). This program was also

used to count the number of different haplotypes (h) in

our ND4, NT3, and PAC loci. We then employed the

Median-Joining Networks (MJN) method (Bandelt

et al. 1999), a type of network analysis is used to

illustrate the mutational relationships among haplo-

types (e.g., Zarza et al. 2008; McCartney-Melstad

et al. 2012; De Busschere et al. 2016), to visualize the

relationships between green iguana haplotypes from

the native and the invasive range in PopART (Leigh

and Bryant 2015) for each locus.

Population structure analyses in the invasive range

of Puerto Rico

To describe the population structure of invasive green

iguanas across Puerto Rico, we measured the level of

allelic diversity, inferred the levels of genetic variation

from the average number of alleles per locus (A), the

observed heterozygosity (Ho), unbiased expected

heterozygosity (He), and the number of private alleles

(Na) using GenAlex 6.5 (Peakall and Smouse

2006, 2012). To determine how variation is partitioned

in our sample set, we used GenAlex to perform an

AMOVA (Excoffier et al. 1992). We then determined

the Allelic Richness (Rs) for each sampling site by

locus using FSTAT 2.9.3 (Goudet 1995, 2001).

Finally, we assessed population structure using the

Bayesian inference program STRUCTURE 2.3.2

(Pritchard et al. 2000). Because the origin of each
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sample and the occurrence of admixture were identi-

fied by our ND4, PAC and NT3 loci, we used both the

USEPOPINFO and the admixture model within

STRUCTURE. We performed 10 runs with 500,000

Markov chain Monte Carlo iterations after a 250,000

burn-in period with cluster (K) estimates between 1

and 10. We estimated the optimal number K using the

DK method described by Evanno et al. (2005) and

implemented in Structure HARVESTER 0.6.94 (Earl

and VonHoldt 2012). We then generated and stylized

STRUCTURE plots in POPHELPER 1.0.10 (Francis

2017).

We further investigate the potential population

structure of green iguanas on Puerto Rico using

Discriminant Analysis of Principal Components

(DAPC) (Jombart et al. 2010) in the adegenet package

(Jombart and Bateman 2008) in R version 4.0.2 (R

Development Core Team 2013). This multivariate

analysis is used to study complex genetic structures in

green iguanas (Vuillaume et al. 2015) and shown to be

useful in scenarios with high levels of admixture. We

first transformed our data into a DAPC object using the

genclone2genind function. We performed a Principal

Component Analysis (PCA) and K- means clustering

to determine the best number of clusters K using the

function find.clusters. We evaluated up to K = 40

clusters and retained 100 principal components (PCs)

based on eigen values that would encapsulate over

90% of the cumulative variance. We then chose the

K with the lowest BIC. Following group assignment,

we used the function dapc to transform the data using a

PCA and then complete the Discriminant Analysis

(DA). We used the optim.a and optim.a.score func-

tions to determine the number of PCs to retain so as to

avoid overfitting the model. Using this method, we

retained 15 PCs and 9 discriminant functions. We used

a scatterplot to visualize the relationships between

individuals and clusters returned from the DAPC.

Results

Haplotype network analysis

A Median Joining Network (MJN) used to infer

relationships among ND4 haplotypes sampled from

the native range, the invasive range, and I. delicatis-

sima shows shared haplotypes between the Utah pet

shop (pet trade) and the invasive population from

Puerto Rico, Fiji, Dominican Republic, St. Croix, and

Davie, Florida (Fig. 2). The network for ND4 revealed

clusters consistent with the four major geographic

clades previously described for the native range of

green iguanas (Fig. 2). Individuals from the Domini-

can Republic, both Florida populations, the Cayman

Islands, Fiji, and the pet store in Utah clustered within

the Central American clade, while only one individual

sampled in Miami clustered with the Northwest of

Andes (particularly Colombia) clade (Fig. 2). With

the exception of one individual that clustered within

the Northwest of the Andes clade, green iguanas from

St. Thomas and St. Croix were the only ones to cluster

within the Caribbean clade.

Network analysis also revealed that novel, unique

haplotypes found within Puerto Rico had an average of

3 bp differences (out of a maximum of 8 bp) between

them and the most closely related haplotypes from the

native range. In Puerto Rico, invasive individuals

grouped within the Central America and Northwest of

the Andes clades. The Central American haplotypes

described by Stephen et al. (2012) were only found in

samples from the west coast of Puerto Rico where an

exact match to the CA4 haplotype, unique to Honduras

and El Salvador populations, was detected. Although

not an exact match, a Colombian haplotype, SA5, was

the least divergent in the Northwest of the Andes clade

from haplotypes found in Puerto Rico (0.36%

nucleotide divergence).

Our MJN analysis for nuclear data supported

geographic clades described for native range green

iguanas, but revealed relationships that differ from

those inferred by the ND4 data. Analysis of the PAC

locus clustered invasive range green iguanas from the

Utah pet store, both Florida sites, Cayman Islands, the

Dominican Republic, Fiji, and Puerto Rico together

with haplotypes of Central American and North West

of the Andes. Three iguanas collected in St. Croix also

contained haplotypes found within the Central Amer-

ican and West and Southeast of the Andes Clades,

whereas the remaining two clustered with St. Thomas

individuals into the Caribbean haplotype clade. The

NT3 data lacked much of the resolution of the other

two loci and clustered all invasive range individuals

within either Central or South American clades

(Figure S1) with no distinction among East or West

of the Andes (Table S2). Moreover, MJN for both PAC

and NT3 loci showed haplotypes from all four native

range green iguana geographic clades to be distributed

throughout the population in Puerto Rico.
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Fig. 2 Distribution of and relationships among haplotypes

recovered from native and invasive populations of green iguanas

(Iguana iguana). The figure shows a the native and invasive

distribution of green iguanas in the Americas, color coded by the

major geographic clades found by Stephen et al. (2012) and the

geographic origin of haplotypes (indicated by three-letter

codes), b the distribution of ND4 and PAC haplotypes, with

multiple haplotypes from a geographic clade represented by

tonal variations of colors among invasive sampling sites in the

Greater Caribbean Region and Fiji, and c the Median Joining

Network of the mitochondrial ND4 and nuclear PAC loci for I.
iguana haplotypes from invasive and native populations in

relation to the major clades found in the native range (panels),

color coded by invasive population. The size of the circles in

panel C indicates the number of sequences
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Haplotype alignment and novel haplotype

identification

Mitochondrial ND4

Previous work using the mtDNA ND4 locus revealed

11 haplotypes distributed among four major phylo-

geographic regions within the native distribution of

green iguanas (Table 1), dividing the range into

Central American (CA), Caribbean (CAR), North

West (NWA) and North East of the Andes clades

(NEA) (Stephen et al. 2012). We aligned 109

sequences of the mtDNA ND4 locus recovered in this

study from green iguanas of the invasive range and

compared these to 11 of the published native-range

haplotypes, using I. delicatissima as our outgroup. The

alignment contained 15 novel haplotypes (not reported

previously) identified from the invasive range for a

total of 26 haplotypes with an average of 22 nucleotide

differences among them. For each country we found

the following: Florida samples (Davie and Miami,

n = 6) had four novel haplotypes, three of which were

unique (i.e., only found at this sampling site); Grand

Cayman (n = 9) and Little Cayman (n = 2) had four

novel haplotypes, three of which were unique; the

Dominican Republic (n = 1) had one novel and unique

haplotype; Puerto Rico (n = 76) had seven novel

haplotypes out of which five were unique; and in the

USVI St. Croix (n = 5) there was one novel haplotype.

Nuclear PAC and NT3

We aligned invasive range PAC sequences to pub-

lished native range green iguana haplotypes. This

alignment included 13 native range haplotypes, 86

invasive range samples, and the sequence of I.

delicatissima as an outgroup. The alignment revealed

a total of 25 haplotypes, with 12 only found in invasive

populations. The native and invasive range haplotypes

had an average of 3.6 nucleotide differences among

them. The 12 novel haplotypes were distributed

among our samples as follows: in the Dominican

Republic (n = 5) we found two novel haplotypes, one

of which was unique; in Puerto Rico (n = 48) we

found 10 novel haplotypes with nine unique; and in

Fiji (n = 2) we found one novel and one unique

haplotype. We aligned 171 NT3 invasive range

sequences to the only two published green iguana

native range haplotypes and to I. delicatissima. We

found three novel haplotypes for a total of five

haplotypes in the NT3 alignment. Both the total

number of haplotypes and the number of nucleotide

differences among haplotypes, 1.5 nucleotide differ-

ences on average, were lowest in the NT3 locus. These

three novel NT3 haplotypes were found within Puerto

Rico (n = 54), which had two haplotypes, and Grand

Cayman (n = 11) with one.

Within the PAC alignment, we found nine exact

haplotype matches for haplotypes from Central and

South America (Fig. 2). The CA3 haplotype, unique to

Central America, was the most frequently found. This

haplotype was recovered from green iguanas in the

Utah pet store, Puerto Rico, Fiji, Davie, St. Croix,

Cayman Islands, and the Dominican Republic. More-

over, the CA4 haplotype from Mexico was shared

among individuals from Puerto Rico, St. Croix and the

pet trade animal, while the CA5 haplotype from

Panama was only present in Puerto Rico. The South

American SA2 haplotype from Ecuador was also

sequenced in multiple invasive iguanas from Puerto

Rico, Miami, St. Croix, and the Dominican Republic.

Finally, the SA7 haplotype from the Caribbean clade,

was only identified within individuals from the USA

Virgin Islands of St. Croix and St. Thomas (Fig. 2).

The NT3 locus had matches for both its reported

haplotypes, corresponding to Central (CA1) and

Southern America (SA1) clades. Individuals from

Puerto Rico, St. Thomas, St. Croix and Davie, Florida

shared the same SA1 haplotype as their native range

counterparts. Whereas, the CA1 haplotype from

Central America was matched by invasive individuals

from Puerto Rico, the Dominican Republic, Cayman

Islands, and Miami, Florida, as well as the pet trade

animals in the Utah pet store.

Population structure in the invasive range of Puerto

Rico

Our genotyping efforts produced unequal amounts of

data among loci and among sampling sites. We

analyzed six subsets of our data to determine if a

difference in the outcome of our analysis would occur

based on the number of individuals, the number of

loci, or amounts of missing data. We built these

subsets by either reducing the number of loci (i.e., six,

five, four or three loci) or by selecting individuals with

increasing amounts of genotyped loci (i.e., individuals

with data in at least three, four, five or six loci). We
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found that all six subsets produced comparable results

and here we present results of our analysis of the

subset containing six loci (L6) which includes all the

individuals genotyped and high levels of missing data.

In our supplementary materials we provide the results

of a subset of individuals with data at all six loci

(W6 = constrained subset, fewer individuals and no

missing data). The L6 subset had data for all 10

sampling sites in Puerto Rico (CAB, DOR, FJD, GUA,

HUM, ISB, LIZ, MYZ, STI, VIQ) and a total of 169

individuals. Percent missing data varied by locus and

sampling site; ranging from 15.43% in Igdl12 to

49.94% in Igdl17 and from 24.17% in the MYZ to

51.85% in LIZ (Table 2).

We found no evidence of scoring error due to

stuttering or allele dropouts. Out of our six microsatel-

lite loci, three (Igdl17, Igdl19, Igdl 20) were found to

have a general excess of homozygotes and the

possibility of null alleles if under Hardy–Weinberg

equilibrium (HWE). The number of alleles (A) for the

sampled loci ranged from 11 to 24 in our L6 subset

(Table 2). At least one locus per sampling site deviated

significantly from HWE in the L6 subset. However,

when we added these values to determine mean

deviation from HWE, only locus Igdl 24 was signif-

icant in the L6 subset (Table 2). Observed heterozy-

gosity, Ho, ranged from 0.204 to 0.651 in our L6

subset and allelic richness, Rs, ranged from 1 to 4.465

across Puerto Rican sampling sites of green iguanas

(Table S 2). The Rs in the L6 subset was highest in the

STI site (Rs = 4.0). Expected heterozygosity (He)

ranged between 0.427 and 0.744 in the L6 subset and

was higher than the range of Ho (0.204–0.651).

The AMOVA analysis on our L6 subset showed

that the greatest variation (51.0%) was explained by

differences among individuals within sites, 45% of the

variation was found within individuals, and among site

variation was lowest with 4%.

Our STRUCTURE analysis resolved K = 4 for our

L6 (DK = 16.76) as the optimal number of clusters

(see Table S 4 and Figure S 2). For our data, the model

did not reveal any clear geographically defined groups,

rather individuals from all predefined sampling sites

were represented across all genotypes (Fig. 3). Our

DAPC analysis resolved K = 6 (Fig. 4) as the number

of inferred genetic clusters based on the lowest BIC

value (acquired with the K-means algorithm) when

K = 1 to K = 40 was tested. As with our STRUC-

TURE analysis, individuals from the multiple sam-

pling sites had memberships across all 6 genetic

partitions and showed no evidence of geographic

isolation (Fig. 4).

Discussion

Exploring the origin(s) and frequency of introductions

of a non-native species can lead to insights into the

invasion process and understanding the factors facil-

itating invasion success. Multiple introductions from

Table 2 Genetic diversity statistics of green iguanas in Puerto

Rico using six microsatellite loci. Data was divided into

subsets to account for possible effects of missing data on

population structure analysis, though neither subset provided

evidence for isolation among populations of green iguana

Locus Allele size range No. of allele Ht He SE Mean

Ho

SE Average % missing data Mean HWE

At 6 loci (L6: With missing data)

IgdL12 170–243 20 0.740 0.687 (0.024) 0.651 (0.045) 15.43 0.22

IgdL14 174–197 13 0.837 0.634 (0.049) 0.643 (0.067) 39.86 0.34

Igdl17 191–260 21 0.884 0.737 (0.026) 0.483 (0.071) 49.94 0.31

Igdl19 188–276 22 0.802 0.740 (0.021) 0.548 (0.060) 21.70 0.26

IgdL20 180–402 24 0.845 0.744 (0.032) 0.451 (0.040) 28.22 0.28

Igdl24 156–205 11 0.492 0.427 (0.072) 0.204 (0.059) 24.88 0.02*

Ht total expected heterozygosity, He mean expected heterozygosity, Ho mean observed heterozygosity, HWE mean Hardy–Weinberg

equilibrium, SE standard error for each value
*Significant at P B 0.05
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different geographic regions can, for instance, gener-

ate founding populations with high genetic variation

and, thus, with a high adaptive potential (Lockwood

et al. 2005). Understanding the geographic origin of

invasive species and propagule pressure can provide

crucial information for future prevention campaigns.

In this paper, we assessed the origin of many invasive

green iguana populations by performing network

distance-based analyses, and further looked at the

population structure in the invasive range of Puerto

Rico. We confirmed that invasive green iguanas

originated from the pet trade, often via multiple

introductions, a finding supported both by our network

analysis of mitochondrial (ND4) and nuclear (PAC

andNT3) loci. Our STRUCTURE analysis revealed all

populations on Puerto Rico are admixed and without

detectable isolation, and further, that the invasion

success there was likely mediated by high propagule

pressure. Overall, our findings are consistent with the

previous reports of origin in green iguana populations

in the Lesser Antilles (St. Eustatius, Saba, Guade-

loupe, Martinique and St. Lucia) documented by

multiple authors (Vuillaume et al. 2015; van den Burg

et al. 2018) who found potential origins in Florida,

Greater Antilles, Central America, Caribbean and NE

South America; like us, they base their findings on

Stephen et al. (2012)’s published haplotype data.

Network analysis

Our network analysis results are consistent with

historic trade data from the native range of the green

iguana, which shows Colombia (EOA) and El Sal-

vador (CA) as the two main countries farming and

exporting green iguanas into the pet trade (Hoover

1998; Stephen et al. 2011). A reported 3,680,301 green

iguanas were exported from Central and South Amer-

ica from 1983 to 1994, while between 2004 and 2009 a

reported 1,976,891 individuals were exported from El

Salvador alone (Hoover 1998; Stephen et al. 2011).

During the same periods, the USA imported and re-

exported a large number of green iguanas, receiving

2,979,820 individuals between 1983 to 1994 (Hoover

1998) and 971,602 from 2001 to 2008 (Stephen et al.

2011). In general, invasive green iguana populations

from sampled localities have clear origins in the

reported pet trade countries (Hoover 1998; Stephen

et al. 2011). This holds true for green iguanas in Fiji,

with origins in Honduras and El Salvador and for

samples localities in the GCR. For individuals intro-

duced into the Dominican Republic and Puerto Rico,

Fig. 3 Structure plots using the best K for the L6 subset, which includes 6 loci with 169 individuals and 30% average missing data

across all loci. For this data set the best K = 4 and all 10 populations in Puerto Rico are represented
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export records from the CITES database (https://trade.

cites.org/) further support our findings, with individ-

uals imported live from El Salvador to both the

Dominican Republic and Puerto Rico and additional

individuals imported from Colombia to the Dominican

Republic.

Interestingly, in the offshore island of Vieques in

Puerto Rico, and in the US Virgin Islands of St.

Thomas and St. Croix (where the origin of the green

iguanas is debated) we found mixed results indicative

of both pet trade origin, and origins from much older

native populations (from which no recorded recent

Fig. 4 a Bayesian Information Criterion (BIC) value of inferred

number of clusters (K) for microsatellite subset L6. This method

yielded K = 6 as the most likely number of genetic clusters.

b Distribution of the individuals in each sampling site in their

inferred cluster. c Structure like assignment of individuals into

each of the six genetic clusters. d Distribution of individuals

along DAPC axes where ellipses represent the inferred cluster

assignment
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transport has occurred). Resident scientist and wildlife

officials assume that green iguanas were introduced to

the USVI, and dispute whether the introduction

occurred in pre-Columbian times by the indigenous

peoples of these islands, or recently through the pet

trade (see discussions in Platenberg and Boulon 2006;

Platenberg 2007; Akin 2012). These islands have

green iguanas that appear to be morphologically

distinct from typical pet trade animals in terms of

their coloration (Fig. 1), a trait that was included in the

classification of subspecies in the Caribbean (Breuil

et al. 2019).

Our data do not seem to support the notion that

green iguanas in St. Thomas originated through the

modern pet trade. Haplotypes for both mitochondrial

and nuclear markers on St. Thomas originated in

populations native to the Caribbean clade (i.e.,

Montserrat and Saba), not yet described as occurring

commonly (or legally) within the pet trade. In St.

Croix, where both pet trade and Caribbean clade

haplotypes were detected, only one of five clustered

together with St. Thomas into the Caribbean clade

while the remaining four grouped with the Central

America clade. Here, green iguana were reported as

early as 1859 (Günther 1859), pre-dating the pet trade

boom of the 1980s and 1990s by over 100 years.

Similar reports by Davis, Olasee (pers. comm to CDJV

in 2016) affirm Günther (1859)’s observation that

green iguanas were only present on eastern St. Croix in

the nineteenth century. Today, these lizards are

abundant throughout the island. While the presence

of pet trade individuals is clear, the possibility of

introduction by indigenous people or by natural

dispersal (e.g., Censky et al. 1998) cannot be disre-

garded. Efforts should be made to prevent further

imports of green iguanas to St. Thomas and St. Croix

to retain possible remnant populations introduced by

indigenous peoples or of natural arrival while their

origin is resolved. These efforts should follow a

regional approach, and particularly focus on prevent-

ing intentional and/or accidental introductions from

Puerto Rico (unintended introductions by boat are

possible; see Falcón et al. 2012). It is worth mention-

ing that until 2013, the green iguana was protected on

St. Thomas and St. Croix. However, that year, the sale,

hunt and consumption of green iguana was made legal

through Bill No. 30–0277 (Barshinger et al. 2013).

Our sampling in St. Thomas was limited to one

location. Therefore, sampling should be expanded

throughout the island to adequately represent the

phylogenetic relationship between green iguanas on

St. Thomas and its native range conspecifics. In the

meantime, we propose a revision to the amendment of

the Bill No. 30–0277 while origin status is researched.

In Puerto Rico, the green iguana was first reported

in 1964 (both of these specimens were deposited in the

University of Puerto Rico’s Museum of Zoology,

V5403 and V5404) and by the 1990s, it had estab-

lished localized populations in the western Mayagüez

Zoo, in the northeastern mangrove forest of Carolina

and Loı́za, and in the Metropolitan Area of San Juan

(Rivero 1998, 2006). Our data did not identify these

early reported populations as founders, rather a strong

level of admixture was detected throughout. Based on

our findings, it would appear that continued admix-

ture, be it during transportation of green iguanas from

the U.S mainland to Puerto Rico or on island, masked

the possibility of detecting a single introduction and

rather reflects that these reptiles were imported from

the same sources as those in the contiguous U.S (El

Salvador and Colombia).

The green iguana in Puerto Rico was declared an

invasive pest in 2004 (Departamento de Recursos

Naturales y Ambientales 2004) and its import and sale

became illegal. To our knowledge, the only record of

green iguanas imported to Puerto Rico comes from the

CITES database, when in 1993 a shipment for the pet

trade of 600 live captive-bred specimens went directly

from El Salvador to Puerto Rico. Haplotypes from

captive bred individuals from El Salvador identified

by Stephen et al. (2011) are present in Puerto Rico,

providing evidence for the introduction of green

iguanas to Puerto Rico through the pet trade. As for

Colombia, their influence in the pet trade is also

evident in Puerto Rico where sampling sites from the

island clustered within the Colombian SA5 mitochon-

drial haplotype group suggesting an ancestral origin in

Colombia. However, green iguana origin in Puerto

Rico was not limited to Colombia and El Salvador, as

haplotypes from six other countries were also identi-

fied on the island. It is worth noting that native range

iguana farms may begin the process of admixture prior

to exportation, as they may add individuals from wild

populations into their stock, potentially crossing

border lines (Stephen et al. 2011, 2012). Nevertheless,

in Puerto Rico, haplotypes from areas in the native

range that would otherwise be separated by
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geographic barriers interacted (e.g., the Andes),

resulting in a novel admixed population.

Population structure in the invasive range of Puerto

Rico

Although the role of genetic diversity in this species’

invasion success warrants further study, invasive

biology theory would suggest high levels of diversity

to be advantageous in overcoming the challenges that

invasive species face during establishment and range

expansion (Sakai et al. 2001). We consider the results

from our population level analyses of Puerto Rico’s

introduced green iguanas as support for the hypothesis

that the invasion is the result of multiple introduction

events from several locations. We do so with the

caveat that our results suffer from the possibility of

elevated estimates of genetic admixture that can be

caused by missing data (Reeves et al. 2016). We did

not observe population isolation or evidence of a

single introduction event, but rather signs of admixture

throughout the island of Puerto Rico. The number of

haplotypes found and high levels of variability do

suggest, however, that there remains much unde-

scribed genetic diversity in the native range. The exact

number of propagules and their size will remain

unknown, though the levels of genetic variability

described here could indicate that a large number of

individuals founded the populations throughout the

island of Puerto Rico. The variable number of

K clusters found in our data set may also support the

possibility that multiple founding populations, from at

least three of the four geographic clades described by

Stephen et al. (2012) led to the current levels of

variability. Future work should focus on deeply

examining the relative levels of genetic diversity of

invasive populations when compared to populations in

the native range.

Conclusions

Using network-based analyses, we were able to link

the origin of invasive green iguana populations to the

pet trade and to major pet trading countries. This

finding contributes to the growing body of literature on

biological invasions that are aided by the human pet

trade (Bushar et al. 2015). Our work also highlights,

albeit indirectly, the role of increased propagule

pressure, as seen in the post 19900s expansion and

increase of the populations of green iguana on the

island of Puerto Rico. This is supported by the close

haplotypic relationship between iguanas exported

from El Salvador for the pet trade and the iguanas

found in the wild in Puerto Rico that further demon-

strates the influential role of the pet trade in species

invasion. Moreover, Stephen et al. (2012) highlighted

the need to adequately sample throughout the range of

the green iguana in order to detect possible cryptic

species or lineages. Our research supports the neces-

sity espoused by Stephen et al. (2012), whose work

stirred up the conversation amongst green iguana

experts about the need for a taxonomic revision of the

genus Iguana. Because we found novel haplotypes not

previously described for green iguanas, a more

thorough sampling is needed across the native range

of green iguanas prior to any taxonomic reassessment.

Regions where green iguanas were protected from

exploitation and where undetected haplotypes may

persist should be prioritized because, although this

species is not endangered, localized extirpation in

unstudied native range populations could lead to the

loss of green iguanas with significantly distinct

evolutionary histories. Finally, we concur with the

recommendations of Falcón et al. (2012, 2013) and the

IUCN Iguana Specialist Group (2017) in the need to

adopt laws, regulations, and management plans to

prevent further spread and invasions by green iguanas

outside their native range. As the green iguana

continues to expand into new regions, most recently

into southeast Asia (van den Burg et al. 2020b), it is

important that a regional management approach is

adopted.
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(2020b) The continuing march of common Green Iguanas:

arrival onmainland Asia. J Nat Conserv 57:125888. https://

doi.org/10.1016/j.jnc.2020.125888

Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P

(2004) MICRO-CHECKER: Software for identifying and

correcting genotyping errors in microsatellite data. Mol

Ecol Notes 4:535–538. https://doi.org/10.1111/j.1471-

8286.2004.00684.x

Van Wagensveld TP, Van Den Burg M (2018) First record on

fecundity of an Iguana hybrid and its implications for

conservation: evidence for genetic swamping of Iguana
delicatissima populations by non-native iguanas. Herpetol

Notes 11:1079–1082

Von Holle B, Simberloff D (2005) Ecological resistance to

biological invasion overwhelmed by propagule pressure.

Ecology 86:3212–3218. https://doi.org/10.1890/05-0427

Vuillaume B, Valette V, Lepais O et al (2015) Genetic Evidence

of Hybridization between the Endangered Native Species

Iguana delicatissima and the Invasive Iguana iguana
(Reptilia, Iguanidae) in the Lesser Antilles: Management

Implications. PLoS ONE 10:e0127575. https://doi.org/10.

1371/journal.pone.0127575

White PCL, Ford AES, Clout MN et al (2008) Alien invasive

vertebrates in ecosystems: pattern, process and the social

dimension. Wildl Res 35:171. https://doi.org/10.1071/

WR08058

Wilson JRUU, Dormontt EE, Prentis PJ et al (2009) Something

in the way you move: dispersal pathways affect invasion

success. Trends Ecol Evol 24:136–144. https://doi.org/10.

1016/j.tree.2008.10.007

Zarza E, Reynoso VH, Emerson BC (2008) Diversification in

the northern neotropics: mitochondrial and nuclear DNA

phylogeography of the iguana Ctenosaura pectinata and

related species. Mol Ecol 17:3259–3275. https://doi.org/

10.1111/j.1365-294X.2008.03826.x

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

123
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