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Abstract Spread of the invasive cactus-feeding

moth Cactoblastis cactorum has been well docu-

mented since its export from Argentina to Australia

as a biocontrol agent, and records suggest that all

non-native populations are derived from a single

collection in the moth’s native range. The subsequent

global spread of the moth has been complex, and

previous research has suggested multiple introduc-

tions into North America. There exists the possibility

of additional emigrations from the native range in

nursery stock during the late twentieth century. Here,

we present mitochondrial gene sequence data (COI)

from South America (native range) and North

America (invasive range) to test the hypothesis that

the rapid invasive spread in North America is

enhanced by unique genetic combinations from

isolated portions of the native range. We found that

haplotype richness in the native range of C. cactorum

is high and that there was 90% lower richness in

Florida than in Argentina. All Florida C. cactorum

haplotypes are represented in a single, well-defined

clade, which includes collections from the reported

region of original export from Argentina. Thus, our

data are consistent with the documented history

suggesting a single exportation of C. cactorum from

the eastern region of the native range. Additionally,

the presence of geographic structure in three distinct

haplotypes within the same clade across Florida

supports the hypothesis of multiple introductions into

Florida from a location outside the native range.

Because the common haplotypes in Florida are also

known to occur in the neighboring Caribbean Islands,

the islands are a likely source for independent North

American colonization events. Our data show that

rapid and successful invasion within North America

cannot be attributed to unique genetic combinations.

This suggests that successful invasion of the south-

eastern US is more likely the product of a fortuitous

introduction into favorable abiotic conditions and/or

defense responses of specific Opuntia hosts, rapid

adaptation, or a release from native enemies.
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Introduction

Among the widely accepted tenets of evolutionary

biology is that genetic diversity is prerequisite for

species to adapt to changing selective pressures

(Reznick et al. 1997; Lee 2002). Successful invasive

species, however, often have reduced genetic diver-

sity in their introduced ranges due to genetic bottle-

necks associated with founder events (reviewed in

Dlugosch and Parker 2008a; Puillandre et al. 2008,

see also Rubinoff et al. 2010). Despite this, invasive

populations with low genetic diversity are frequently

successful in new environments and, at least in some

cases, rapidly adapt to novel conditions (Holland

2000; Dlugosch and Parker 2008b; Suarez and

Tsutsui 2008; Whitney and Gabler 2008). Successful

invasion concomitant with low genetic diversity has

become known as the ‘‘genetic paradox’’ (Frankham

2005). Increasingly, there is evidence that reduction

in genetic diversity as measured by neutral markers

does not necessarily result in a reduction of adaptive

potential (Reed and Frankham 2001; Boman et al.

2008; Dlugosch and Parker 2008a, b), but there also

is growing evidence that multiple introductions often

enhance genetic diversity or that large initial intro-

ductions capture much of the native diversity through

‘‘gene pool capture’’ (Holland 2001; Novak and

Mack 2005; Wares et al. 2005; Roman and Darling

2007). In addition, novel combinations of genetic

diversity due to hybridization among distantly related

populations in the non-native range may contribute to

rapid evolution and spread (Kolbe et al. 2004; Novak

2007; Lavergne and Molofsky 2007). In cases where

successful invaders do possess severely reduced

genetic diversity, species may already possess char-

acters that are necessary for successful establishment

in the non-native environment or genotypes that

promote plasticity (Meimberg et al. 2006; Boman

et al. 2008). Finally, ecological mechanisms may

facilitate the success of genetically depauperate

invaders, including enemy release (Keane and Craw-

ley 2002; Torchin et al. 2003; Torchin and Mitchell

2004) or naı̈ve hosts (Roane et al. 1986; Fritts and

Rodda 1998; Griffin 2000).

The South American cactus moth, Cactoblastis

cactorum (Berg) (Pyralidae: Phycitinae), is a partic-

ularly interesting system for studying the genetic

paradox because it has a well-documented history as

a biocontrol agent. Cactoblastis cactorum is a

specialist feeder on pricklypear cacti in the genera

Opuntia, Nopalea, and Consolea (only the first of

which is native to the moth’s native range). The moth

is native to regions of northern Argentina, Uruguay,

Paraguay, and southern Brazil (Dodd 1940). In 1925,

2,750 eggs were taken from a single locality in

northeastern Argentina to be used for the control of

invasive prickly pear in Australia (Dodd 1940).

Among the dominant species of cactus that the moth

was meant to control was Opuntia stricta (Haworth)

Haworth, a species that is native to the southeastern

US and with which C. cactorum is most closely

associated in North America (Pemberton and Liu

2007; Baker and Stiling 2009; Sauby 2009). It was

estimated that as many as 3 9 109 C. cactorum were

reared and released in Australia, resulting in recla-

mation of nearly 10 million hectares of Opuntia-

infested land in fewer than 15 years (Dodd 1940).

Thus, C. cactorum possesses a historical association

with populations of its primary North American host

that may have aided invasion in the absence of high

genetic diversity.

In 1932, after substantial control of prickly pear in

Australia, 18,000 eggs were successfully taken from

Australia to South Africa to begin testing and

breeding colonies for prickly pear control (Pettey

1947). Cactoblastis cactorum had lower success in

reducing invasive Opuntia populations (primarily

Opuntia megacantha Salm-Dyck and/or Opuntia

ficus-indica (L.) Miller) in South Africa than in

Australia (Annecke and Moran 1978; Hoffmann et al.

1998a, b; Foxcroft et al. 2007), where host plants

were larger and ‘‘woodier’’ than those in Australia

(Pettey 1947), where it may have been poorly adapted

to the most abundant target hosts (Annecke and

Moran 1978), and where the investment into releases

of the moth were not as great as in Australia (Raghu

and Walton 2007). Nevertheless, in November 1956

moths were sent from South Africa to a rearing

station in Trinidad. After 6 months of captive breed-

ing, 100 larvae and 300 eggs were shipped to Nevis

and released. In the subsequent months a total of

5,200 C. cactorum individuals were released on the

island of Nevis (Simmonds and Bennett 1966) to

control native Opuntia, including O. triacantha

(Willdenow) Sweet and O. stricta. From Nevis,

infested Opuntia pads were taken to Antigua and

Montserrat in 1960. In 1963, C. cactorum was

reported in the US Virgin Islands, and in 1964 it
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was reported on St. Kitts, an island neighboring

Nevis, with additional islands in the Caribbean

ultimately being colonized with no known human

assistance.

By 1989 the moth had been detected in the Florida

Keys, which may have been anticipated given the close

proximity of these Caribbean islands to mainland

North America and the extensive horticultural trade

between Caribbean suppliers and US buyers (Habeck

and Bennett 1990; Pemberton 1995; Simonsen et al.

2008). Since its detection in the United States, the moth

has spread north to the South Carolina coast and west

to the coast of Louisiana and has become a potential

threat to native Opuntia populations across the region

(Habeck and Bennett 1990; Dickel 1991; Hight et al.

2002; Simonsen et al. 2008; Payne 2009). Currently,

C. cactorum is considered a pest species along the Gulf

and Atlantic coasts of the US (www.aphis.usda.gov)

and is recognized by many groups as an invasive

species (Simonson et al. 2005). It has been demon-

strated that C. cactorum can feed successfully on all

available Opuntia host species in the southeastern U.S.

(Johnson and Stiling 1996; Sauby 2009). Levels of

C. cactorum damage to Opuntia individuals have

commonly been severe, resulting in plant death,

decrease in plant and population sizes, and reduction in

reproductive output (Dodd 1940; Hoffmann et al.

1998b; Johnson and Stiling 1998).

A previous study of genetic structure of

C. cactorum in Australia, South Africa, the Caribbean,

and the southeastern US using cytochrome oxidase I

(COI) documented the existence of at least five

haplotypes, with three of those haplotypes found in

the invaded North American range (Simonsen et al.

2008). Based on the geographic distribution of these

haplotypes, Simonsen et al. (2008) suggested multiple

separate introductions into Florida. Pemberton (1995)

provided additional evidence that multiple introduc-

tions were likely using records of infested horticul-

tural imports from the APHIS-Plant Protection and

Quarantine inspection station in Miami, Florida.

These records indicate potential import of C. cacto-

rum from at least the Dominican Republic and Haiti

over a 13 year period from 1981 through 1993

(Pemberton 1995). Since 1993, no additional imports

of C. cactorum have been recorded at the Miami

inspection station (J. Floyd, personal communication).

It also is possible that C. cactorum entered Florida

from sources outside the Caribbean because

shipments of cacti, though not necessarily Opuntia,

were imported through Miami at least in 1986 from

Brazil and Argentina (Pemberton 1995), suggesting

opportunities for introductions from additional parts

of the moth’s native range. Such introductions could

have brought together previously isolated lineages of

C. cactorum, providing potential for novel genetic

combinations that could have facilitated invasion

success. Due to the possibility that infested cacti could

have been imported to the United States from the

native range, a genetic investigation of native range

samples is necessary to interpret relative genetic

diversity in the invasive populations and to determine

likely regional sources of invasive haplotypes.

This study used COI to investigate genetic diver-

sity and phylogeography of C. cactorum in its native

range in Argentina and compared the results to the

main region of invasion in Florida, US. Because the

literature suggests that all non-native populations are

derived from a single collection in Concordia,

Argentina (Fig. 1; Dodd 1927, 1940; Pettey 1947;

Simmonds and Bennett 1966; Zimmerman et al.

2005), we expected that C. cactorum genetic diversity

in the US would be substantially lower than in its

native range. Also, we tested whether the rapid spread

of C. cactorum in North America could have been

facilitated by novel genetic admixture. Data with a

signature of possible genetic admixture would show

geographically isolated lineages in the Argentine

native range, but disparate haplotypes in close prox-

imity within the Floridian non-native range. A test of

this hypothesis required broad sampling in the native

range and in Florida in order to clarify the pattern of

introduction into the invasive range. We determined

that C. cactorum has reduced genetic diversity in its

introduced North American range relative to its native

Argentine range. Further, haplotypes of introduced

populations are present in or are closely related to

those from the original collection region in Argentina,

and no haplotypes restricted to other regions of the

native range are present in North America. Addition-

ally, the data from Florida are highly consistent with

three introductions, each coming from individuals

with closely related haplotypes, and all likely origi-

nating in the neighboring Caribbean. Our results are

congruent with the documented path of C. cactorum

invasion, and they suggest that genetic admixture

between genetically distinct lineages has not played a

role in the successful invasion of North America.
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Materials and methods

Sample collection

Two hundred eleven C. cactorum samples (larvae and

eggsticks) collected within the native range of

northern Argentina in February, April, and December

2008, across 46 sites (Fig. 1) were used in this study.

Samples were collected from seven host species:

Opuntia anacantha Spegazzini, O. bonaerensis

Spegazzini, O. cardiosperma Schumann, O. elata

Salm-Dyck, O. ficus-indica (L.) Miller (including the

feral, spiny O. ficus-indica forma amyclaea (Tenore)

Schelle; neither is native to Argentina), O. megapotamica
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Fig. 1 Geographic distribution of clades of C. cactorum in its

native range in Argentina. Pies are coded to match haplotype

groupings in Fig. 3 (Argentina West purple [dark], Argentina

Northwest yellow [light] surrounded by solid black line,

Argentina Northeast green [medium shading] surrounded by

hatched line, and Argentina East orange [medium shading]).

Numbers within pies are the number of individuals sampled

followed by the number of haplotypes found at each sampling

location. Each province is identified by name; Santiago del

Estero is abbreviated SDE. The (red) square around the two

sites near Concordia in Entre Rios province are the locations

nearest the original collections for exportation of C. cactorum
to Australia in 1925. In addition, these sites are the only two

sampled in this study from the native range that contained

individuals with haplotypes CF and CL, the two most

commonly found haplotypes in Florida
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Arechavaleta, and O. sulphurea G. Don. Within the

North American invasive range of C. cactorum, 51

C. cactorum larvae were collected from 40 sites

across Florida in March, May, July, and September,

2008 (Fig. 2). These individuals were collected from

five host plant species: Opuntia cochenillifera (L.)

Miller (non-native to the US), O. ficus-indica (non-

native to the US), O. humifusa, O. pusilla (Haworth)

Haworth, and O. stricta. In addition, C. cactorum

data were used from research by Simonsen et al.

(2008) to supplement our sampling. These data

included 29 individuals from 8 sites in Florida,

increasing our total to 80 individuals and 48 sites.

DNA extraction, PCR, and sequencing

Since the COI gene is maternally inherited and

C. cactorum feed in groups of multiple individuals

produced by a single mother, either a single larva or

a single eggstick from one sampled plant was

considered a unique sample. This approach limits

the possibility of considering sibling larvae that share

COI haplotypes as independent samples. DNA was

extracted from ethanol-preserved samples using a

PRISM 6100 Nucleic Acid PrepStation and proprie-

tary reagents (Applied Biosystems Inc., Foster City,

CA). Tissue was homogenized using a Retsch

MM200 Ball Mill (Retsch, Newtown, PA). To extract

DNA from the early (1st and 2nd) instars, whole

larvae were utilized. For late instar larvae, *50 mg

sections were collected for homogenization and DNA

extraction. For DNA samples obtained from egg-

sticks, whole or partial eggsticks were used.

A total of 875 nucleotides from the COI mito-

chondrial gene were amplified using the Jerry and

PatII primers (Simon et al. 1994; Caterino and

Sperling 1999; Jerry: 50 CAACATTTATTTTGATT

TTTTGG 30; PatII: 50 TCCATTACATATAATCTG

CCATATTAG 30). Amplifications were conducted in

50 ll reactions that contained 10–30 ng of template

DNA, 2 units of Taq polymerase, 15 pmol of each
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Fig. 2 Geographic distribution of C. cactorum in its invasive

range in Florida. Shading (colors) for the C. cactorum invasive

range map are designated following the phylogenetic sub-

groups within the Argentina East clade and are dark (orange)

(Gulf Coast haplotype CF), pale (light orange) (widespread

haplotype CL and single sample of haplotype CBO), and white
(Atlantic Coast grouping, haplotypes CK and CBN). Numbers
within pies are the number of individuals sampled followed by

the number of haplotypes found at each sampling location
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primer, 5 nmol of each dNTP, 3.6 lmol tricine,

6 lmol KCl, and 240 pmol MgCl2. The thermocy-

cling protocol was as follows: 95�C for 1 min

followed by 35 cycles of 95�C for 15 s, 57�C for

15 s, and 72�C for 1 min. A final 7 min elongation

step at 72�C completed the PCR run. PCR product

was concentrated with a Savant DNA120 SpeedVac

Concentrator (Thermo Fisher Scientific, Waltham,

Massachusetts), and concentrated product was sent to

the Arizona State University DNA Laboratory for

sequencing on an ABI 3730 capillary sequencer using

the same primers that were used for amplification and

the Big Dye Terminator Kit v. 3.0 (Applied Biosys-

tems). Sequences for all individuals were generated

in the forward and reverse directions and assembled

into consensus contigs using Sequencher 4.7 (Gene

Codes Corporation, Ann Arbor, Michigan). Consen-

sus sequences also were aligned in Sequencher 4.7.

Unique sequences have been deposited in GenBank

(accession numbers GU068087-GU068144).

Phylogenetic and phylogeographic analyses

We obtained summary data on nucleotide diversity

(p) according to Nei (1987), and we determined

differences between haplotypes using DnaSP version

5.10 (Librado and Rozas 2009). We used Bayesian

phylogenetic analyses (Rannala and Yang 1996) to

examine evolutionary relationships among unique mito-

chondrial haplotypes observed across C. cactorum.

Dioryctria abietella Denis and Schiffermüller

(GenBank Accession AJ868572) and Melitara prode-

nialis Walker (GenBank Accession GU068159) were

used as outgroups to root the phylogeny. We included

two C. cactorum haplotypes from Simonsen et al.

(2008) collections in the phylogeny (Fig. 3) that were

not represented in our Argentina or Florida sampling:

one from Australia and South Africa (haplotype CE)

and one from South Africa alone (haplotype CZ).

Bayesian analyses were conducted with MrBayes 3.1.2

(Huelsenbeck and Ronquist 2001; Ronquist and Huel-

senbeck 2003) using a GTR model with variable rates

following a gamma distribution, selected as the best

fitting model of sequence evolution using the Akaike

Information Criterion (AIC) in ModelTest 3.7 (Posada

and Crandall 1998). We ran MrBayes under the

specified model with default flat priors and sampling

every 100th generation. The analyses were stopped

when the average standard deviation of split

frequencies between the two independent runs was

B0.01, which suggests convergence (Ronquist et al.

2005). In total, 2 million iterations were conducted. The

first 25% of sampled trees were discarded as burn-in

before computing posterior probabilities.

Differentiation between the invasive Florida and

native Argentina population was analyzed using

Analysis of Molecular Variance (AMOVA) account-

ing for pairwise mutational differences between hap-

lotypes (Weir and Cockerham 1984; Excoffier et al.

1992; Weir 1996). In the AMOVA, all samples from

Florida were analyzed as one population and compared

with all Argentina samples using Arlequin 3.1

(Excoffier et al. 2005), and significance was deter-

mined with 10,000 permutations. Within Argentina

and Florida, we conducted Mantel correlograms with

the software PASSaGE1 (Rosenberg 2001) to inves-

tigate spatial autocorrelation among haplotypes. The

genetic distance matrix was determined by pair-wise

comparison of the mean base-pair divergence among

sample sites in Arlequin 3.1 (Excoffier et al. 2005).

Pairwise geographic distances among sample sites

were determined using a GIS extension for ArcGIS 9.2

called Conefor inputs (www.jennessent.com), down-

loadable with Conefor Sensinode 2.2 (Pascual-Hortal

and Saura 2006; Saura and Pascual-Hortal 2007).

Results

The aligned data set contained 791 nucleotides of the

mitochondrial COI gene. A total of 57 C. cactorum

haplotypes are now known, predominately from the

native range in Argentina (52 of the 57) (Table 1;

Fig. 3). Seven haplotypes (CE, CF, CK, CL, CZ,

CBN, CBO) have been found in individuals outside

South America, and only two of these (CF and CL)

have been recorded to occur in the South American

native range, both very near the location from which

C. cactorum was transported to Australia in 1925

(Fig. 1; Entre Rios province). All seven of the

haplotypes recorded from the non-native range clus-

ter within the Argentina East clade (Fig. 3), the

grouping that encompasses the geographic location of

the original biological control sample collection in

1925 documented by Dodd (1940; Fig. 1). All five

haplotypes found exclusively in the non-native range

differ by a maximum of four nucleotide substitutions

from CF or CL, which are the two haplotypes found
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in both the native and non-native ranges. Five

C. cactorum haplotypes (CF, CK, CL, CBN, CBO)

have been recorded in the invasive range of the

southeastern US. AMOVA results showed that

Argentina and Florida populations were significantly

differentiated from each other (FST = 0.39; Table 2).
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Fig. 3 Bayesian consensus phylogeny based on analysis

conducted with MrBayes; phylogenetic depiction produced

using FigTree version 1.2.2, available at http://tree.bio.ed.ac.

uk/software/figtree/. Dioryctria abietella and Melitara prode-
nialis were used as outgroups. Clade support, shown as per-

centages on tree branches, represents posterior probabilities.

Cactoblastis cactorum haplotypes begin with the letter ‘‘C’’.

Clades are coded to roughly depict geographic regions where

haplotypes are found for C. cactorum (Argentina West purple
[dark], Argentina Northwest yellow [light] surrounded by solid

black line, Argentina Northeast green [medium shading] sur-

rounded by hatched line, and Argentina East orange [medium
shading]). It is important to note that these names are given to

the clades themselves and do not always reflect the strict

geographic occurrence of a given haplotype. The non-native

C. cactorum group (not colored) is contained within the

Argentina East clade. Haplotypes CL and CF (marked with an

*) are the only two C. cactorum haplotypes found both within

Argentina and in the non-native range

Table 1 Summary of sequencing data for C. cactorum for a 791 base region of the mitochondrial gene COI

Number of

individuals

sequenced

Number of

haplotypes

Number of

polymorphic

nucleotide sites

Nucleotide

diversity (p)

Average number

of nucleotide differences

among haplotypes

C. cactorum in Argentina 211 52 54 0.00723 5.662

C. cactorum in Florida 80 5 7 0.00285 2.233
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As ad hoc analyses, AMOVAs were used to

quantify differentiation among geographic groupings

within each sampled range accounting for pairwise

mutational differences between haplotypes (see

‘‘Materials and methods’’ above). Argentina samples

were grouped according to four geographic regions

(Fig. 1; East, Northeast, Northwest, and West), and

Florida samples were grouped according to three

geographic regions (Fig. 2; Atlantic Coast, Gulf

Coast, and Panhandle). In both Argentina and Florida

we observed a structure among haplotypes that is

correlated with geography (Table 3). A significant

portion (39%) of the genetic variation in Argentina is

explained by geographically distinct phylogroups

(Table 3). In Florida, five haplotypes from the

Argentina East clade cluster into three groups, two

of which (CK/CBN and CL/CBO) are supported with

posterior probabilities of greater than 88% (Fig. 3)

due to only a single nucleotide substitution between

the individuals of each pair. The three groups have

distinct geographic patterns (Fig. 2). One group

(haplotypes CK and CBN) is found along the Atlantic

Coast, another (haplotype CF) is restricted to the Gulf

Coast, and a third, widespread clade (haplotypes CL

and CBO) is represented throughout Florida. A

significant portion (42%) of the genetic variation in

Florida is explained by geographically distinct groups

with differing haplotype frequencies in Atlantic

Coast, Gulf Coast, and Panhandle regions (Table 3).

Haplotypes with similar sequences were spatially

autocorrelated in Argentina (Fig. 4A). Sites within

400 km show significantly positive spatial autocor-

relation, and sites greater than 500 km apart show

significantly negative spatial autocorrelation. The

distribution of C. cactorum haplotypes in Florida is

different. Alternate haplotypes are distributed length-

wise along each Floridian coast and have poor

correspondence between genetic distance and geo-

graphic distance (Fig. 4B). That is, unlike in Argen-

tina where haplotypes in specific clades are largely

restricted to a single geographic region, groups in

Florida are defined by distinct haplotype frequencies

with two haplotypes being common in multiple

geographic groups reflecting the rapid spread of this

species in the state. Because of this poor correspon-

dence between genetic distance and geographic

Table 2 AMOVA for Cactoblastis cactorum COI data that compares the partitioning of genetic variation between the invasive

populations in Florida and the native populations in Argentina

Source of variation df Sum of squares Variance components Percentage of variation P

Between Florida and Argentina 1 180.7 1.54 39 \0.0001

Within each region 289 682.7 2.36 61

Total 290 863.4 3.90

Significance of variance components assessed with 10,000 permutations

Table 3 Ad hoc AMOVA tests for Cactoblastis cactorum COI data comparing groupings within Argentina and Florida that

correspond to geographic regions identified by phylogroups in Argentina and divergent haplotype frequencies in Florida

Source of variation df Sum of squares Variance components Percentage of variation P

Argentina

Among groups 3 175.6 1.27 39 \0.0001

Within groups 207 418.9 2.02 61

Total 210 594.5 3.29

Florida

Among groups 2 30.4 0.55 42 \0.0001

Within groups 77 57.8 0.75 58

Total 79 88.2 1.30

The four groups in Argentina are East (samples from Buenos Aires, Corrientes, Entre Rios, and Santa Fe provinces), Northeast

(Chaco province), Northwest (Jujuy, Salta, Santiago del Estero, and Tucumán provinces), and West (Catamarca, Córdoba, and San

Luis); and the three groups in Florida are Atlantic Coast, Gulf Coast, and Panhandle regions

Significance of variance components assessed with 10,000 permutations
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distance we also conducted an AMOVA in Arlequin

3.1 that treated all haplotypes as equally distinct,

ignoring genetic distance between haplotypes. The

results from this analysis were consistent with the

prior AMOVA conducted for these groups and also

were significant (FST = 0.40, P \ 0.0001).

Discussion

Cactoblastis cactorum has ten-fold fewer haplotypes

in Florida (invasive range) than were found in

Argentina (native range) with less than a three-fold

difference in number of samples and nearly the same

number of sampling localities between the two

regions. The haplotypes recovered from throughout

the non-native range of C. cactorum (this study and

Simonsen et al. 2008) are most closely related to

those found near the original 1925 biological control

collection site in Argentina (Dodd 1940). These

results, therefore, are inconsistent with the possibility

of separate introductions to the US from the western

and northern portion of the C. cactorum native range.

Instead, these results support the hypothesis that the

historical biological control introduction pathway

ultimately may be the only source of invasive

C. cactorum in the US (Dodd 1940; Pettey 1947;

Simmonds and Bennett 1966).

Even though genetic diversity in the invasive

range is low and supports the documented coloniza-

tion pathway, C. cactorum also has apparently

undergone multiple introductions to Florida. How-

ever, the genetic similarities of populations founded

independently in the US suggest that all share a

similar history and common ancestry. Caribbean

islands are the most likely sources because haplo-

types found in Florida also have been found in the

islands that exported Opuntia for the US horticulture

industry (Pemberton 1995; Simonsen et al. 2008).

Simonsen et al. (2008) suspected that C. cactorum in

the southeastern US was introduced multiple times,

and our data covering many more locations in Florida

refine this inference. Simonsen et al. (2008) found

three haplotypes in the southeastern U.S. (haplotype 2

in the Simonsen et al. data = haplotype CL in our

data, haplotype 3 = CK, and haplotype 5 = CF). In

their analyses, haplotypes CL and CK were found on

the Atlantic Coast, and haplotype CF predominated

on the Gulf of Mexico Coast. The only departure

from this pattern observed in their data was two

samples from Pensacola Beach (on the Gulf Coast)

that carried the Atlantic Coast haplotype CL. Simon-

sen et al. (2008) inferred from this pattern that

multiple introductions to Florida were likely. Our

additional sampling in Florida increased the number

of sampled locations six-fold, allowing for increased

confidence in interpretation of the phylogeographic

pattern. We argue that the presence of distinct

Atlantic Coast haplotypes (CK and CBN), a Gulf

Coast haplotype (CF), and a widespread haplotype

(CL), particularly abundant in the interior of the

peninsula and in the Florida panhandle, is most

consistent with at least three independent introduc-

tions. AMOVA results indicate that 42% of the

variation in Florida can be attributed to Atlantic

Coast, Gulf Coast, and Panhandle geographic group-

ings. This geographic pattern is more consistent with

progressive northward and westward dispersal on

independent trajectories than with many, independent

introductions because with many introductions of

each haplotype we would not expect to see a distinct
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Fig. 4 Mantel correlograms of C. cactorum in its native range

in Argentina (A) and its invasive range in Florida (B). The

correlograms show the geographic distance classes at which the

COI haplotypes of are significantly positively or negatively

spatially autocorrelated (open circle) and distances classes in

which the correlation is not different from zero (closed circle)
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geographic distribution of haplotypes. Our data also

suggest that multiple introductions into Florida have

not promoted novel genetic mixing from previously

isolated lineages. On the contrary, closely related

haplotypes have distinct geographic regions.

Given our data, novel genetic combinations in the

invasive range do not provide a satisfactory explana-

tion for the genetic paradox of C. cactorum invasion

observed in the US. While we cannot rule out enemy

release as a possibility for enhancing invasion in the

US, the strong host preference of C. cactorum in the

southeastern US and the Caribbean for O. stricta

(Pemberton and Liu 2007; Baker and Stiling 2009;

Sauby 2009) suggests that this host may be more

suitable for introduced C. cactorum than other

potential hosts. Opuntia stricta is largely restricted

to coastal areas of Florida (Pinkava 2003; Sauby

2009), Alabama, and Mississippi, such that dispersal

from the Atlantic coast to the Gulf coast is more

difficult than movements along the coast. Opuntia

stricta was the predominant host in Australia where

C. cactorum had its greatest impact as a biocontrol

agent (Dodd 1940), and it has been suggested that the

limited success of prickly pear biological control in

South Africa may have resulted from the lack of more

suitable Opuntia host species (Annecke and Moran

1978). Because it appears that C. cactorum popula-

tions in North America originated through the docu-

mented colonization pathway, individuals in Florida

would be descendents of moths that began an

association with O. stricta approximately 200 gener-

ations before they colonized the US (Dodd 1940). The

rapid C. cactorum population growth in Australia

must have coincided with a new favorable chance

association on a novel host or with selection for fitness

on its new host, O. stricta. Furthermore, the invasion

data are more consistent with host suitability as a

mechanism of rapid spread than with rapid evolution

after arrival in North America. If invasive C. cacto-

rum populations could rapidly evolve greater fitness

on novel hosts, we would expect recently encountered

O. humifusa and O. pusilla to be favored host species.

Instead, C. cactorum exhibits strong preference for the

host species with which it has the longest association

outside Argentina, versus other more recently encoun-

tered suitable hosts in Florida (Sauby 2009). Host

naı̈veté could be an important factor in explaining the

rapid spread of C. cactorum throughout its invasive

range since the association with O. stricta was one

sided. That is, O. stricta plants in North America had

never experienced C. cactorum feeding until the late

1980s. Evidence is emerging that poor defenses by

O. stricta and O. humifusa may have aided in the rapid

spread of C. cactorum throughout Florida (Marsico

et al., unpublished data). Still, because O. humifusa

and O. pusilla have not emerged as preferred host

species, host naı̈veté alone does not explain

C. cactorum success. One potential explanation for

the lack of host expansion onto O. humifusa is that the

sole native cactophagous moth in Florida, M. prode-

nialis, exhibits significant association with O. humi-

fusa (Sauby, 2009), possibly presenting a competitive

barrier to C. cactorum expansion onto that host.

Finally, little is known about predators, parasitoids,

and pathogens of C. cactorum in its native and non-

native ranges, making a full assessment of enemy

release difficult. Available data have suggested that

consumers may not be limiting populations in the

native range of C. cactorum (Pemberton and Cordo

2001a; Logarzo et al. 2008), and generalist parasitoid

species on C. cactorum have been documented in

Florida (Pemberton and Cordo 2001b); however,

these limited examples do not exclude enemy release

as one viable mechanism contributing to C. cactorum

spread in North America.
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