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Abstract

The OIld World bollworm, Helicoverpa armigera (Hiibner), is one of the most destructive agricultural pests
worldwide. It was first recorded in Brazil in 2013, yet despite this recent introduction, H. armigera has spread
throughout much of Latin America. Where H. armigera has become established, it is displacing or hybridizing
with the congeneric New World pest Helicoverpa zea. In addition to the adaptive qualities that make H. armigera
a megapest, such as broad range pesticide resistance, the spread of H. armigera in the New World may have
been hastened by multiple introductions into South America and/or the Caribbean. The recent expansion of the
range of H. armigera into the New World is analyzed herein using mtDNA of samples from South America, the
Caribbean Basin, and the Florida Peninsula. Phylogeographic analyses reveal that several haplotypes are nearly
ubiquitous throughout the New World and native range of H. armigera, but several haplotypes have limited
geographic distribution from which a secondary introduction with Euro-African origins into the New World is
inferred. In addition, host-haplotype correlations were analyzed to see whether haplotypes might be restricted
to certain crops. No specialization was found; however, some haplotypes had a broader host range than others.
These results suggest that the dispersal of H. armigera in the New World is occurring from both natural migration
and human-mediated introductions. As such, both means of introduction should be monitored to prevent the
spread of H. armigera into areas such as the United States, Mexico, and Canada, where it is not yet established.
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The Old World bollworm, Helicoverpa armigera Helicoverpa armigera is widespread in Europe, Asia, Africa, and

(Hiibner) (Lepidoptera: Noctuidae), is one of the most damaging
pests to agriculture worldwide. Larvae have been recorded feeding
on hosts in 68 different plant families, including a wide range of
crops such as corn, soybean, sorghum, cotton, peppers, and tomatoes
as well as an assortment of ornamentals (Cunningham and Zalucki
2014). Females lay an average of over 700 eggs (Liu et al. 2004),
contributing to explosive population growth. Because H. armigera
can enter facultative diapause, they can tolerate a wide range of
temperatures and drought (Hackett and Gatehouse 1982, Liu et al.
2010). Furthermore, adults can avoid poor climate conditions be-
cause they are able to migrate more than 40 km in a single night
(Jones et al. 2015) and up to 1,000 km in a lifetime (Zhou et al. 2000,
Feng et al. 2004). This mobility is likely to have contributed to the
establishment of this species throughout most of the world.

The mobility of H. armigera has probably been an important
factor in the nearly worldwide establishment of the species.

Published by Oxford University Press on behalf of Entomological Society of America 2019.

Oceania (Hardwick 19635). It was confirmed to be present in Brazil
in 2013 (Czepack et al. 2013, Tay et al. 2013), though, it is likely
that H. armigera populations were established between 2006 and
2008 (Tay et al. 2013, Sosa-Gomez et al. 2016). Mitochondrial DNA
(mtDNA) analysis has shown that the Brazilian populations had
Eurasian and African origins through multiple introductions, prob-
ably as a result of human-mediated dispersal (Tay et al. 2017). Since
its introduction, H. armigera has spread throughout much of Brazil
(Mastrangelo et al. 2014, Sosa-Gomez et al. 2016), and its presence
has also been confirmed in Paraguay (Senave 2013), Argentina
(Murua et al. 2016), Bolivia (Kriticos et al. 2015), and Uruguay
(Arnemann et al. 2016). Larvae intercepted at U.S. and European
ports have confirmed its presence in Colombia, the Dominican
Republic, Peru, and Surinam (Gilligan et al. 2015, 2019). Given
the dispersal rate, the abundance of available host plants, and the
high fecundity of this species, H. armigera was eventually detected
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in U.S. territories, with the first find in Puerto Rico in 2014 (Smith
2014). Less than a year later, three individual H. armigera were
captured near Bradenton, Manatee County, FL, on 3 June 2015, 17
June 2015, and 9 July 2015 (El-Lissy 2015, Hayden and Brambila
2015). Although no other individuals were detected after subse-
quent surveys, it is likely that incursions will continue as the range of
H. armigera expands in the New World.

The Helicoverpa zea (Boddie) lineage is estimated to have diverged
from the H. armigera lineage about 1.4 mya with the H. armigera lin-
eage having a greater host range, contributing to its preadaptation to a
range of synthetic pesticides (Pearce et al. 2017). The broad host range
and extensive, and in some cases, excessive use of pesticides in the course
of modern agricultural practices strongly selected for pesticide resist-
ance in H. armigera (McCaffery 1998). In areas where H. armigera
co-occurs with the closely related H. zea, hybridization is likely to
spread insecticide resistance among H. zea, potentially compounding
insect damage and challenge control practices (Anderson et al. 2018).
It is crucial that biosecurity measures are in place to prevent the estab-
lishment of a population in the United States. Current measures include
monitoring for its presence in areas to which natural dispersion from
South and Central America is possible, and inspections at U.S. ports
of entry to prevent introduction through trade commodities. These
measures may be improved by knowledge of the incursion pathways of
the Puerto Rico and Florida invasions to prevent its reintroduction by
similar pathways and calculate risk analysis more accurately.

The origin of an invasive species may be determined by
comparing haplotypes in its new territory with haplotypes found
in theoretical source populations. Using this method, the origin of
H. armigera in the New World has been evaluated several times, with
the primary focus being on the source of the Brazil invasions (Tay
etal.2013,2017; Anderson et al. 2016). These genetic studies unani-
mously demonstrate that the Brazilian population consists of mul-
tiple haplotypes originating from Europe, Asia, and Africa. However,
the origins of the Puerto Rican and Floridian incursions have yet to
be determined. The present study determined the haplotype identity
and ancestry of New World H. armigera. This was accomplished by
sequencing New World H. armigera mtDNA as well as mtDNA from
theoretical source populations of H. armigera. Given the biology of
H. armigera, several phylogeographic patterns should be expected
including 1) genetic structuring and divergence should be weakly
correlated with geographic origin as dispersal through natural means
and trade homogenizes insect populations (Roderick 1996) and
2) genetic structuring and divergence should not be driven by host
preference given the polyphagous nature of this species (Mopper
1996). As such, understanding how these patterns persist or change
with time can be important for understanding biological invasion,
tracking and preventing future invasions, and generating additional
research questions.

In its ancestral range, H. armigera is highly polyphagous
(Cunningham and Zalucki 2014); however, during the early stages of
invasion into novel environments, it is unknown whether polyphagy
will persist at similar levels (Janz and Nylin 2008). Initial work in
South America has shown that H. armigera is utilizing common
crops found in the historic range such as cotton, soybean, maize,
and tomatoes; however, larvae and eggs have been found on novel
host plant species such as pequi (Caryocar brasiliense A.St.-Hil.,
Caryocaraceae) (Cunningham and Zalucki 2014, Pinto et al. 2015).
This suggests that the haplotypes introduced into the New World
are polyphagous much like elsewhere in the world and possibly
expanding in host range breadth. However, it is unknown whether
the observed polyphagy in the New World is the result of divergent
haplotypes living sympatrically and using different host plants or

whether divergent haplotypes are using the same host plants resulting
in panmictic populations. Host preference could also be influenced
by geographic location wherein a newly introduced haplotype is
found with only a single host plant species because host choice is
limited in that area. To test these alternative scenarios, association
tests were applied that analyzed whether significant correlations
could be found between these factors. Determining which of these
scenarios underlies H. armigera invasion and which host plants are
involved could be a useful tool in helping prevent future spread of
this species.

Materials and Methods

Collection and Identification of Specimens Used in
This Study

The specimens used in this study are summarized in Table 1 and
Supp Table S1 [online only]. The 171 specimens for this study
came from port interceptions, domestic survey trapping efforts,
and donations made by collaborators. The sample set comprised
149 larvae and 22 adults. Samples were obtained from Australia,
Brazil, China, Colombia, Dominican Republic, Spain, India, Israel,
Italy, Jordan, Japan, Kenya, South Korea, Morocco, Macedonia, the
Netherlands, Pakistan, Peru, the Philippines, Puerto Rico, Portugal,
Palestine, Thailand, Uganda, South Africa, and Zimbabwe. The
three specimens that were captured in Florida were also included
to determine their origins. Specimens included in the analysis were
associated with several host crops (Table 1; Supp Table S1 [on-
line only]). Larvae that were intercepted with a commodity were
assumed to have used the commodity as a host plant. A broad
geographic sampling of New World samples was included to test
whether host associations were the result of locally evolved haplo-
type—host associations. Inferences from the association tests were as
follows: 1) if haplotype and host were strongly associated across
multiple geographic sites, then a strong haplotype-host inter-
action would be inferred; 2) if a haplotype was strongly associated
with a given host at one location but strongly associated with a
different host at different location, then local adaptation would
be inferred; and 3) if neither pattern is found, then a generalist be-
havior would be inferred. Most specimens used in this study were
intercepted at U.S. ports of entry where port inspectors identified
the host plant species. The host plant species identified through
port interceptions included pea (Pisum sativum L., Fabaceae), basil
(Ocimum basilicum L., Lamiaceae), pepper (Capsicum annuum L.,
Solanaceae), sage (Salvia officinalis L., Lamiaceae), bean (Phaseolus
L. sp. Fabacaeae), oregano (Origanum wvulgare L., Lamiaceae),
waxflower (Chamelaucium Desf. sp., Myrtaceae), and cucumber
(Cucumis sativus L., Cucurbitaceae). In addition, adult specimens
associated with sorghum [Sorghum bicolor (L.) Moench, Poaceae]
and pigeon pea [Cajanus cajan (L.) Millsp., Fabaceae] were acquired
using pheromone traps. All specimens used in this study have been
preserved in 100% ethanol and are archived at the USDA-APHIS-
PPQ-S&T laboratory in Fort Collins, CO.

The identification of specimens for this study was carried
out using morphological characters, genitalic dissections, and/
or sequencing of cytochrome oxidase I (COI) DNA barcodes.
For specimens identified using polymerase chain reaction (PCR),
reactions for COI were conducted using primers LepF1/LepR1
(Hebert et al. 2003, 2004). PCR and sequencing methods are
described in the following section. Sequences of all DNA barcodes
were identified using the ‘Species Level Barcode Records’ database in
the ‘BOLD Identification System’ of www.boldsystems.org (BOLD;
Ratnasingham and Hebert 2007). In all cases, the DNA barcode
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Table 1. General specimen collection information for individuals newly sequenced and included in analyses for this study

Country of collection Number of specimens

Host species

Life stage(s)

Australia 2 Capsicum sp. Larva
Brazil 2 NA Larva
China 1 Capsicum sp. Larva
Colombia 4 NA Larva
Dominican Republic 7 Capsicum sp. Larva
Spain 10 Leucospermum sp. Adult
India 3 Chrysanthemum sp. Larva
Israel 6 Ocimum sp., Salvia sp., Grevillea sp., Rosmarinus officinalis, Larva
Leucospermum sp., Origanum sp.
Italy 1 Genista sp. Larva
Jordan 1 Cicer arietinum Larva
Japan 2 Eustoma sp., Dianthus sp. Larva
Kenya N Gypsophila paniculata, Rosa sp., Ornithogalum sp., Veronica sp. Larva
South Korea 1 Piperaceae Larva
Morocco 1 NA Larva
Macedonia 1 Capsicum sp. Larva
The Netherlands 5 Angiozanthus sp., Ageratum sp., Leucospermum sp., Ornithogalum Larva
arabicum
Pakistan 1 Helianthus sp. Larva
Peru 85 Chamelaucium sp., Origanum vulgare, Pisum sativa, Salvia officinalis  Larva
Philippines 1 Rosa sp. Larva
Puerto Rico 14 Sorghum sp. (pheromone trap), Cajanus cajan (pheromone trap), Adult and
Cucumis sativus larva
Portugal 4 NA Larva
Palestinian Territory 1 Leucospermum sp. Larva
Thailand 1 Veronica sp. Larva
Uganda 2 Rosa sp. Larva
United States, FL, Bradenton 3 NA Adult
South Africa 5 NA Adult
Zimbabwe 2 Leucospermum sp., Anigozanthos sp. Larva

Host data were not always available for specimens obtained during port interceptions. See Supp Table S1 [online only] for a detailed listing of specimens. NA

(not applicable).

identifications corroborated the morphological identifications. All
DNA sequences generated for this study were uploaded to GenBank
under accession numbers MK645053-MK645220.

DNA Extraction, PCR, Sequencing, and Sequence
Analyses

The DNA extracted for this study was taken from the best avail-
able tissue depending on the developmental stage of the specimen.
For adult specimens, one to three legs or a portion of the thorax
was used for DNA extractions. For larval specimens, one or two
segments of the abdomen were used. Qiagen DNeasy Blood and
Tissue Kits (Qiagen, Valencia, CA) were used for DNA extractions,
generally following the manufacturer’s recommended protocol.
Tissue samples were pulverized using 2.3-mm zirconia/silica beads
placed in 1.5-ml microcentrifuge tubes along with the tissue and
then agitated on high for 1 min in a mini-beadbeater (Biospec
Products, Bartlesville, OK). Immediately after grinding, 180-ul buffer
ATL and 20-pl Proteinase K were added to the tube and the tissue/
buffer slurry was incubated overnight at 56°C in an Eppendorf
ThermoMixer (Eppendorf AG, Hamburg, Germany). Thereafter,
samples were lysed with buffer ATL, column purified using buffers
AW1 and AW2, and eluted with a final volume of 50-pl buffer AE.
Cross-contamination was prevented by sanitizing all equipment and
materials between specimen dissections, and filter tips were used to
handle all liquids containing DNA. No-tissue extraction controls
(i.e., reactions performed without addition of tissue) were used for
each extraction batch/plate to control for contamination throughout

all steps. DNA concentration and purity values were estimated with
the 260/230 nm and 260/280 nm wavelength ratios for all samples
using a NanoDrop 2000 Ver. 1.6 spectrophotometer (Thermo
Scientific/NanoDrop Wilmington, DE) from 2 pul of DNA extract per
sample. Two readings were taken for each sample to ensure instru-
ment consistency.

Conventional PCR was performed on a Bio-Rad C1000 Touch
(Bio-Rad Laboratories, Inc., Hercules, CA) thermocycler to gen-
erate amplicons for downstream Sanger sequencing. The PCR
reactions for generation of amplicons used in Sanger sequencing
were performed using TaKaRa Ex Taq HS polymerase (Takara Bio,
Shiga, Japan) in total volumes of 50 pl using the manufacturer’s
recommended volumes of 10x Ex Taq buffer, ANTP mixture, and
water. We employed the two mitochondrial regions from Behere
etal. (2007) and Tay et al. (2017) such that the newly generated data
could be aligned to previously published haplotypes. The COI gene
was selected based on high levels of polymorphism and its utility
in phylogeographic studies and was amplified using the primer set
COI-FO1 and COI-RO1 (Behere et al. 2007). This COI primer set is
often used in concert with the cytochrome oxidase B gene with the
primer set CytB-FO1 and CytB-RO1 (Behere et al. 2007, Tay et al.
2017). Amplification with this primer set had a high failure rate,
with almost one third of samples failing to amplify. Due to this high
failure rate and the fact that polymorphisms were often found in
low-quality portions of the read (the 5 and 3” ends), CytB sequences
were excluded from our study. In addition, all COI sequences used
in this study was trimmed to 510 bp and not the 512 bp used by

220z 1sNBny 9| uo Jasn oSNy Jo Juawnedaq ‘S’ Aq 2561, ¥S/88E/v/Z 1 L/BIIE/ES9E/WOD dNO"DIWSPEOE//:SA)Y WOI) PIPEOJUMOQ


http://academic.oup.com/aesa/article-lookup/doi/10.1093/aesa/saz019#supplementary-data

Annals of the Entomological Society of America, 2019, Vol. 112, No. 4 391

Behere et al. (2007) and Tay et al. (2017) due to the presence of
low-quality calls in the 5 end of the read. Thermocycling conditions
included an initial denaturation step of 94°C (3 min), 32 cycles of
94°C (20 s)/50°C (20 s)/72°C (30 s), and an extension step of 72°C
(5 min). Amplification products were visualized on 1% agarose gels,
and if bands were present, purified with a Qiagen QIAquick PCR
Purification Kit (Qiagen). Following purification, PCR products
were sequenced by the University of Chicago Cancer Research
Center DNA Sequencing Facility using an Applied Biosystems
3730XL DNA sequencer (Applied Biosystems, Foster City, CA).
Primers used for PCR (Table 2) were also used for sequencing. The
electropherograms from the sequencing runs were inspected for
quality and then assembled, trimmed, and aligned using Geneious
Pro 8.1.8 (Biomatters, Auckland, New Zealand; Kearse et al. 2012).

The H. armigera COI sequences generated by Behere et al.
(2007) and Tay et al. (2017; GenBank EF116226.1-EF116258.1
and KX494879.1-KX494899.1) were used in combination with

Table 2. Helicoverpa armigera haplotypes by country

New World Europe

our sequences to produce a global COI data set. The 54 haplotypes
(Harm01-Harm54) identified by Tay et al. (2017) were aligned with
the 171 edited sequences generated from our study in Geneious Pro
8.1.8 using the MUSCLE (multiple sequence comparison by log-
expectation; Edgar 2004) algorithm. The alignments were manually
examined and all sequences were trimmed to 510 bp such that the
newly generated sequences were matched to the previously published
data without gaps or the inclusion of ambiguously coded nucleotides.
The alignment was used to assign previously published haplotype
names (Harm01-Harm54) to our sequences or to discover new
haplotypes. After haplotype names were assigned, the data set was
reduced, so that each country/haplotype combination was present
without duplication. The resulting 156 individual x 510 bp matrix
was then employed in subsequent analytical procedures described in
the following sections. For the Bayesian analyses, monomorphic loci
were removed before proceeding, which resulted in a matrix with 53
polymorphic loci.

Africa Asia Aust.

COl Haplotype BRA COL DOM PER PRI _USA ESP FRA ITA MKD NLD PRT BFA CMR GHA KEN MAR MDG SEN TCD UGA ZAF ZWE CHN IND ISR JOR JPN KOR PAK PHL PSE THA AUS NZL

Harm01

Harm02

Harm03

Harm04

Harm05

Harm06

Harm07

Harm08

Harm09

Harm10

Harm11

Harm12

Harm13

Harm14

Harm15

Harm16

Harm17

Harm18

Harm19

Harm20

Harm21

Harm22

Harm23

Harm24

Harm25

Harm26

Harm27

Harm28

Harm29

Harm30

Harm31

Harm32

Harm33

Harm34

Harm35

Harm36

Harm37

Harm38

Harm39

Harm40

Harm41

Harm42

Harm43

Harma4

Harma45

Harm46

Harm47

Harm48

Harm49

Harm50

Harm51

Harm52

Harm53

Harm54

Harm55

Harm56

Harm57

Harm58

Unique haplotypes for a region are color coded. Countries not included in previous analyses are marked in bold (20 total), as are newly
discovered COI haplotypes (5 total). Country codes not included in SuppTable S1 [Online only] are as follows: FRA (France), BFA (Burkina
Faso), CMR (Cameroon), GHA (Ghana), MDG (Madagascar), SEN (Senegal), TCD (Chad), NZL (New Zealand).
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Population Genetic and Phylogeographic Analyses

The COI data set was partitioned into continental and country source
populations to assess the origins of H. armigera to the Americas and
within the Americas as well as patterns of diversity, population struc-
ture, and any possible correlation between haplotype and host. The
program GenAlex 6.5 (Peakall and Smouse 2006, 2012) was used to
assess measures of genetic diversity and distance metrics for the data
sets. The TCS statistical parsimony algorithm (Clement et al. 2000) as
implemented in PopArt 1.7 (Leigh and Bryant 2015) was employed
to assess and visualize similarities and differences among and be-
tween the individuals sampled. Nodes on the network were labeled
with country of origin to assess geographic patterns in the data set.
Data sets were also analyzed using Geneland 4.0.0 (Guillot et al.
2005a,b, 2008, Guillot 2008, Guillot and Santos 2010, Guedj and

Guillot 2011) such that genetic, spatial, and phenotypic data could
be analyzed together. Phenotypic data for the model was a matrix
of hosts from which individuals were collected. In this way, patterns
about host plant specificity, geographic location, and haplotype could
be analyzed in a single model. The Markov chain Monte Carlo runs
in Geneland were also run without phenotypic data and/or spatial
data to see how each component of the model influenced the overall
pattern of assignment and clustering. Parameters for the Geneland
runs were as follows: 100 independent runs, 100,000 iterations
per run, every 100th iteration held in memory, 200 postprocessing
burnin, correlated allele frequencies, and a value of 360 for uncer-
tainty on coordinates when using the spatial model to allow for mi-
gration between populations, and so that individuals from the same
location did not bias the spatial model.

A Harm03
o .Harm04
) Harm57
@Harmss

® Haplogroup A

*Haplog_roup B+C

Fig. 1. Distribution of Helicoverpa armigera haplotypes. (A) Countries in which haplotypes from PCoA group A were found. (B) Comparison of the countries in

which PCoA group A haplotypes were found and haplotypes in groups B and C.
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Table 3. Listing of haplotypes, country where collected and assignments from distance-based PCoA, best-supported Bayesian partition
using a nonspatial model (ns), and the best-supported Bayesian partition applying a spatial prior

Country Haplotype PCoA group Popl (ns) Pop2 (ns) Pop3 (ns) Pop4 (ns) Assign(ns) Popl Pop2 Pop3 Assign
Australia Harm01 C NA NA NA NA NA NA NA NA NA
Australia Harm02 B 0.240 0.018 0.615 0.127 3 0.609 0.236 0.155 1
Australia Harm03 A 0.027 0.953 0.000 0.019 2 0.609 0.236 0.155 1
Australia Harm04 A 0.027 0.953 0.000 0.019 2 0.609 0.236 0.155 1
Australia Harm0$ C 0.298 0.021 0.390 0.290 3 0.609 0.236 0.155 1
Australia Harm08 B 0.276 0.021 0.481 0.223 3 0.609 0.236 0.155 1
Australia Harm10 C 0.298 0.013 0.408 0.281 3 0.609 0.236 0.155 1
Australia Harm13 C 0.365 0.013 0.252 0.371 4 0.609 0.236 0.155 1
Australia Harm18 B 0.255 0.016 0.547 0.182 3 0.609 0.236 0.155 1
Australia Harm20 C 0.273 0.018 0.447 0.263 3 0.609 0.236 0.155 1
Australia Harm28 C 0.302 0.006 0.282 0.410 4 0.609 0.236 0.155 1
Australia Harm29 C 0.329 0.018 0.279 0.374 4 0.609 0.236 0.155 1
Australia Harm30 C 0.458 0.018 0.160 0.365 1 0.609 0.236 0.155 1
Australia Harm31 C 0.332 0.011 0.281 0.376 4 0.609 0.236 0.155 1
Burkina Faso HarmO1 C NA NA NA NA NA NA NA NA NA
Burkina Faso Harm02 B 0.235 0.013 0.629 0.123 3 0.375 0.348 0.278 1
Burkina Faso Harm03 A 0.027 0.953 0.000 0.019 2 0.375 0.348 0.278 1
Burkina Faso Harm10 C 0.319 0.011 0.400 0.269 3 0.375 0.348 0.278 1
Burkina Faso Harm14 C 0.379 0.011 0.305 0.305 1 0.375 0.348 0.278 1
Burkina Faso Harmle C 0.226 0.010 0.195 0.569 4 0.375 0.348 0.278 1
Burkina Faso Harm17 C 0.324 0.013 0.245 0.418 4 0.375 0.348 0.278 1
Brazil HarmO1 C NA NA NA NA NA NA NA NA NA
Brazil Harm02 B 0.255 0.021 0.606 0.118 3 0.381 0.125 0.494 3
Brazil Harm03 A 0.027 0.953 0.000 0.019 2 0.381 0.125 0.494 3
Brazil Harm04 A 0.027 0.953 0.000 0.019 2 0.381 0.125 0.494 3
Brazil Harm10 C 0.295 0.016 0.411 0.277 3 0.381 0.125 0.494 3
Brazil Harm1$ C 0.226 0.008 0.195 0.571 4 0.381 0.125 0.494 3
Brazil Harm21 C 0.389 0.013 0.171 0.427 4 0.381 0.125 0.494 3
Brazil Harm3$ C 0.365 0.016 0.237 0.382 4 0.381 0.125 0.494 3
Brazil Harm44 C 0.447 0.023 0.152 0.379 1 0.381 0.125 0.494 3
Brazil Harm4$ B 0.226 0.018 0.627 0.129 3 0.381 0.125 0.494 3
Brazil Harm46 C 0.329 0.024 0.234 0.413 4 0.381 0.125 0.494 3
Brazil Harm$4 B 0.268 0.019 0.582 0.131 3 0.381 0.125 0.494 3
Brazil Harm$$ C 0.465 0.026 0.152 0.358 1 0.381 0.125 0.494 3
China HarmO01 C NA NA NA NA NA NA NA NA NA
China Harm02 B 0.250 0.021 0.615 0.115 3 0.570  0.183 0.248 1
China Harm03 A 0.027 0.953 0.000 0.019 2 0.570 0.183 0.248 1
China Harm06 B 0.189 0.015 0.742 0.055 3 0.570  0.183 0.248 1
China Harm10 C 0.311 0.018 0.384 0.287 3 0.570  0.183 0.248 1
China Harm1$ C 0.239 0.013 0.182 0.566 4 0.570 0.183 0.248 1
China Harm21 C 0.373 0.015 0.177 0.435 4 0.570 0.183 0.248 1
China Harm22 C 0.282 0.019 0.265 0.434 4 0.570 0.183 0.248 1
Cameroon Harm01 C NA NA NA NA NA NA NA NA NA
Cameroon Harm21 C 0.376 0.015 0.179 0.431 4 0.420 0.368 0.213 1
Cameroon Harm41 C 0.448 0.021 0.147 0.384 1 0.420 0.368 0.213 1
Columbia HarmO1 C NA NA NA NA NA NA NA NA NA
Columbia Harm$$ C 0.484 0.015 0.137 0.365 1 0.343  0.220 0.438 3
Dominican Republic HarmO1 C NA NA NA NA NA NA NA NA NA
Dominican Republic Harm14 C 0.376 0.010 0.295 0.319 1 0.374 0.160 0.466 3
Dominican Republic Harm44 C 0.453 0.023 0.148 0.376 1 0.374 0.160 0.466 3
Dominican Republic Harm5$ C 0.466 0.021 0.145 0.368 1 0.374 0.160 0.466 3
Spain HarmO1 C NA NA NA NA NA NA NA NA NA
Spain Harm09 C 0.361 0.015 0.202 0.423 4 0.378 0.338 0.285 1
Spain Harm10 C 0.276 0.019 0.415 0.290 3 0.378 0.338 0.285 1
Spain Harm15 C 0.235 0.013 0.185 0.566 4 0.378 0.338 0.285 1
Spain Harm$52 C 0.358 0.008 0.229 0.405 4 0.378 0.338 0.285 1
Spain Harm$53 B 0.282 0.011 0.574 0.132 3 0.378 0.338 0.285 1
Spain Harm$6 C 0.384 0.016 0.261 0.339 1 0.378 0.338 0.285 1
France HarmO1 C NA NA NA NA NA NA NA NA NA
France Harm03 A 0.027 0.953 0.000 0.019 2 0.438 0.326 0.236 1
France Harm33 C 0.276 0.011 0.221 0.492 4 0.438 0.326 0.236 1
France Harm48 C 0.366 0.006 0.261 0.366 4 0.438 0.326 0.236 1
France Harm$0 C 0.395 0.011 0.229 0.365 1 0.438 0.326 0.236 1
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Table 3. Continued

Country Haplotype PCoA group Popl (ns) Pop2 (ns) Pop3 (ns) Pop4 (ns) Assign(ns) Popl Pop2 Pop3 Assign
France Harm$1 B 0.215 0.031 0.629 0.126 3 0.438 0.326 0.236 1
Ghana Harm01 C NA NA NA NA NA NA NA NA NA
Ghana Harm36 C 0.339 0.013 0.229 0.419 4 0.400 0.300 0.300 1
Ghana Harm37 C 0.387 0.016 0.244 0.353 1 0.400 0.300 0.300 1
India Harm01 C NA NA NA NA NA NA NA NA NA
India Harm02 B 0.218 0.013 0.639 0.131 3 0.511 0.259 0.230 1
India Harm03 A 0.027 0.953 0.000 0.019 2 0.511 0.259 0.230 1
India Harm06 B 0.190 0.015 0.744 0.052 3 0.511 0.259 0230 1
India Harm09 C 0.348 0.011 0.219 0.421 4 0.511 0.259 0.230 1
India Harm10 C 0.305 0.015 0.387 0.294 3 0.511 0.259 0.230 1
India Harm15 C 0.240 0.011 0.182 0.566 4 0.511 0.259 0230 1
India Harm17 C 0.332 0.015 0.250 0.403 4 0.511 0.259 0.230 1
India Harm19 C 0.371 0.021 0.226 0.382 4 0.511 0.259 0.230 1
India Harm21 C 0.379 0.015 0.173 0.434 4 0.511 0.259 0.230 1
India Harm23 C 0.318 0.010 0.265 0.408 4 0.511 0.259 0.230 1
India Harm24 C 0.361 0.018 0.240 0.381 4 0.511 0.259 0.230 1
India Harm27 C 0.334 0.015 0.279 0.373 4 0.511 0.259 0.230 1
India Harm32 C 0.321 0.019 0.247 0.413 4 0.511 0.259 0.230 1
India Harm33 C 0.255 0.015 0.208 0.523 4 0.511 0.259 0.230 1
Israel Harm01 C NA NA NA NA NA NA NA NA NA
Israel Harm10 C 0.324 0.011 0.406 0.258 3 0.369 0.456 0.175 2
Italy Harm$7 A 0.027 0.953 0.000 0.019 2 0.440 0.379 0.181 1
Jordan Harm10 C 0.295 0.023 0.405 0.277 3 0.371 0.455 0.174 2
Japan HarmO1 C NA NA NA NA NA NA NA NA NA
Kenya Harm01 C NA NA NA NA NA NA NA NA NA
Kenya Harm21 C 0.371 0.015 0.189 0.426 4 0.455 0.386 0.159 1
Kenya Harm$8 A 0.027 0.953 0.000 0.019 2 0.455 0.386 0.159 1
Korea Harm01 C NA NA NA NA NA NA NA NA NA
Morocco HarmO01 C NA NA NA NA NA NA NA NA NA
Madagascar HarmO1 C NA NA NA NA NA NA NA NA NA
Madagascar Harm02 B 0.245 0.013 0.642 0.100 3 0.510 0.289 0.201 1
Madagascar Harm06 B 0.192 0.015 0.735 0.058 3 0.510 0.289 0.201 1
Madagascar Harm33 C 0.269 0.013 0.208 0.510 4 0.510 0.289 0.201 1
Madagascar Harm38 C 0.321 0.016 0.255 0.408 4 0.510 0.289 0.201 1
Madagascar Harm39 C 0.332 0.021 0.208 0.439 4 0.510 0.289 0.201 1
Madagascar Harm40 C 0.360 0.010 0.248 0.382 4 0.510 0.289 0.201 1
Macedonia HarmO1 C NA NA NA NA NA NA NA NA NA
The Netherlands HarmO1 C NA NA NA NA NA NA NA NA NA
The Netherlands Harm02 B 0.232 0.018 0.627 0.123 3 0.471 0.320 0.209 1
The Netherlands Harm$8 A 0.027 0.953 0.000 0.019 2 0.471 0.320 0.209 1
New Zealand Harm01 C NA NA NA NA NA NA NA NA NA
New Zealand Harm02 B 0.266 0.016 0.594 0.124 3 0.543 0.225 0.233 1
New Zealand Harm0$ C 0.294 0.018 0.371 0.318 3 0.543 0.225 0.233 1
New Zealand Harm47 C 0.331 0.013 0.244 0.413 4 0.543 0.225 0.233 1
Pakistan Harm01 C NA NA NA NA NA NA NA NA NA
Pakistan Harm06 B 0.200 0.015 0.737 0.048 3 0.459 0.326 0.215 1
Pakistan Harm07 B 0.187 0.015 0.735 0.063 3 0.459 0.326 0.215 1
Pakistan Harm21 C 0.376 0.010 0.179 0.435 4 0.459 0.326 0.215 1
Peru HarmO1 C NA NA NA NA NA NA NA NA NA
Peru Harm02 B 0.250 0.018 0.603 0.129 3 0.335 0.246 0.419 3
Peru Harm05 C 0.289 0.013 0.400 0.298 3 0.335 0.246 0.419 3
Peru Harm10 C 0.306 0.021 0.382 0.290 3 0.335 0.246 0419 3
Peru Harm14 C 0.360 0.015 0.339 0.287 1 0.335 0.246 0419 3
Peru Harm35 C 0.369 0.011 0.239 0.381 4 0.335 0.246 0.419 3
Peru Harm39 C 0.329 0.021 0.221 0.429 4 0.335 0.246 0419 3
Peru Harm44 C 0.448 0.023 0.155 0.374 1 0.335 0.246 0419 3
Peru Harm54 B 0.265 0.021 0.602 0.113 3 0.335 0.246 0419 3
Peru Harm$$§ C 0.456 0.027 0.158 0.358 1 0.335 0.246 0419 3
Peru Harm$7 A 0.027 0.953 0.000 0.019 2 0.335 0.246 0419 3
Peru Harm$8 A 0.027 0.953 0.000 0.019 2 0.335 0.246 0419 3
Philippines Harm01 C NA NA NA NA NA NA NA NA NA
Puerto Rico HarmO1 C NA NA NA NA NA NA NA NA NA
Puerto Rico Harm39 C 0.323 0.021 0.239 0.418 4 0.373 0.149 0.479 3

220z 1sNBny 9| uo Jasn oSNy Jo Juawnedaq ‘S’ Aq 2561, ¥S/88E/v/Z 1 L/BIIE/ES9E/WOD dNO"DIWSPEOE//:SA)Y WOI) PIPEOJUMOQ



Annals of the Entomological Society of America, 2019, Vol. 112, No. 4

395

Table 3. Continued

Country Haplotype PCoA group Popl (ns) Pop2 (ns) Pop3 (ns) Pop4 (ns) Assign(ns) Popl Pop2 Pop3 Assign
Puerto Rico Harm44 C 0.456 0.023 0.144 0.377 1 0.373 0.149 0479 3
Puerto Rico Harm$54 B 0.260 0.021 0.585 0.134 3 0.373 0.149 0479 3
Puerto Rico Harm$5 C 0.461 0.021 0.134 0.384 1 0.373 0.149 0479 3
Portugal Harm14 C 0.363 0.013 0.318 0.306 1 0.384 0.311 0.305 1
Portugal Harm44 C 0.450 0.023 0.152 0.376 1 0.384 0.311 0.305 1
Portugal Harm57 A 0.027 0.953 0.000 0.019 2 0.384 0.311 0.305 1
Palestine Harm1$ C 0.235 0.010 0.181 0.574 4 0.371 0.455 0.174 2
Senegal Harm01 C NA NA NA NA NA NA NA NA NA
Senegal Harm02 B 0.248 0.010 0.619 0.123 3 0.356 0.298 0346 1
Senegal Harm34 C 0.319 0.013 0.373 0.295 3 0.356  0.298 0.346 1
Senegal Harm35 C 0.365 0.011 0.252 0.373 4 0.356 0.298 0.346 1
Chad HarmO1 C NA NA NA NA NA NA NA NA NA
Chad Harm42 C 0.366 0.011 0.244 0.379 4 0.390 0.439 0.171 2
Chad Harm43 C 0.329 0.011 0.297 0.363 4 0.390 0.439 0.171 2
Chad Harm49 C 0.240 0.013 0.197 0.550 4 0.390 0.439 0.171 2
Thailand HarmO1 C NA NA NA NA NA NA NA NA NA
Uganda Harm01 C NA NA NA NA NA NA NA NA NA
Uganda Harm02 B 0.261 0.015 0.573 0.152 3 0.460 0.374 0.166 1
Uganda Harm03 A 0.027 0.953 0.000 0.019 2 0.460 0.374 0.166 1
Uganda Harm04 A 0.027 0.953 0.000 0.019 2 0.460 0.374 0.166 1
Uganda Harm11 C 0.316 0.016 0.423 0.245 3 0.460 0.374 0.166 1
Uganda Harm12 C 0.318 0.011 0.411 0.260 3 0.460 0.374 0.166 1
Uganda Harm14 C 0.402 0.024 0.294 0.281 1 0.460 0.374 0.166 1
Uganda Harm19 C 0.361 0.016 0.223 0.400 4 0.460 0.374 0.166 1
Uganda Harm2$ C 0.348 0.013 0.248 0.390 4 0.460 0.374 0.166 1
Uganda Harm26 C 0.332 0.008 0.268 0.392 4 0.460 0.374 0.166 1
United States, Florida Harm01 C 0.345 0.013 0.256 0.385 4 0.368 0.196 0.436 3
South Africa Harm01 C NA NA NA NA NA NA NA NA NA
South Africa Harm12 C 0.315 0.019 0.377 0.289 3 0.505 0.215 0.280 1
Zimbabwe HarmO01 C NA NA NA NA NA NA NA NA NA

Shaded cells indicate significant correspondence between the two independent methods: PCoA and nonspatial Bayesian analysis. From these analyses, two well-

supported genetic clusters are resolved, indicated in the cells as green and not green. NA (not applicable).

Results

Helicoverpa armigera Haplotype Diversity and
Population Structure

Fifty-four of the haplotypes samples in this study are identical to
those haplotypes designated by Tay et al. (2017), although our data
includes an additional 20 countries that had not been previously
analyzed. Four of the COI haplotypes are new and described here for
the first time (Table 2). The new haplotypes were found in the New
World, Europe, and Africa. Specifically, haplotype ‘Harm$55> was
found in Brazil, Columbia, Dominican Republic, Peru, and Puerto
Rico; ‘Harm$6’ in Spain; ‘Harm57” in Italy, Portugal, and Peru; and
‘Harm58’ in Kenya, the Netherlands, and Peru (Fig. 1A). Given the
ability of H. armigera to hybridize with H. zea (Laster and Sheng
1995, Anderson et al. 2018) all the new haplotypes were aligned to
the complete mitochondrial sequences for H. armigera and H. zea to
ensure that the new haplotypes did not originate from a mating of
an H. armigera male to a female H. zea. All new haplotypes matched
with numerous single-nucleotide polymorphisms (SNPs) to H. zea
and few SNPs to H. armigera demonstrating that these results are
not due to introgressed mitochondria from H. zea.

Similar to the results from Tay et al. (2017), the most common
haplotype was HarmO1, which was found in nearly every country
sampled including all three individuals found in Florida (Figs. 1B and
2). As such, it is unclear what the geographic origin of Harm01 might
have been. In an effort to resolve the origins of Harm01, and ultim-
ately, how it might have migrated to Florida and throughout much of

the world, several analyses were run leaving only the Florida Harm01
haplotype in the final matrix. To the degree that haplotype relatedness
and geographic origin can be correlated, the origin of Harm01 and
other haplotypes can be inferred (Avise et al. 1987). The assignments
from Geneland, when applying the nonspatial model, place Harm01
among a group, out of four total haplotype clusters, with a gener-
ally southern and equatorial distribution found in Australia, Burkina
Faso, Brazil, China, Cameroon, Spain, France, Ghana, India, Kenya,
Madagascar, New Zealand, Pakistan, Peru, Puerto Rico, Palestine,
Senegal, Chad, and Uganda (Fig. 1B; Table 3). However, the support
for assignment to this cluster is low at 0.39 posterior probability (PP),
with a nearly equivalent value to cluster 1 at 0.35 PP.

When applying a genetic distance-based approach in principle
coordinates analysis (PCoA), the genetic clustering was similar be-
tween methods. The haplotype Harm01 was again part of a large
worldwide group with low support of assignment as measured by
the separation of individuals across coordinate two, which only
explains 6.2% of the variance compared with coordinate one, which
explains 69.7% of the variance. More interestingly, however, is the
separation of haplotypes Harm03, Harm04, Harm57, and Harm358
from all other haplotypes. This separation among haplotype groups
was also supported in the Bayesian analysis at 0.95 PP (Table 3).
Divergence among these groups was further tested using the PhiPT
method and found to be significant (P < 0.001). Within this gen-
etic cluster, haplotypes were clearly separated along coordinate one
into 1) Harm04, 2) Harm03 and Harm57, and 3) Harm58 (Fig. 3).
As such, some inferences regarding geographic origin can be drawn
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Fig. 2. Network of CO1 sequences with country of origin. Nodes are scaled by number of individuals sharing the same haplotype. Country codes are found in

SuppTable S1 [online only].

between these groups and within PCoA cluster A and Bayesian
nonspatial cluster 2 (Fig. 1A; Table 3).

A spatial prior was applied to the Bayesian analyses of haplotype
cluster assignments to test the significance of geographic origin to
the genetic structure. The assignments were compared between spa-
tial and nonspatial models and found to differ in cluster membership
and support values (Table 3). The spatial model did not contain any
assignment values above 0.61 PP. The supported clusters found for
the genetic-only approaches were not retained when a spatial prior
was applied. This result suggests that any genetic structure that may

have been shaped by geographic isolation in the past has been largely
broken down through natural and/or human-influenced migration.
This result is also probably influenced by the limited power of the
single mitochondrial marker used in this study.

Haplotype-Host Associations in the New World

For 54 New World samples, reliable records were available
regarding the plant species that the specimen was collected from
or intercepted on (Table 1; Supp Table S1 [online only]). This plant
species association information was then integrated with the genetic
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level.

distance-based and Bayesian analyses to see whether any association
between haplotype and host could be found (Table 4).

In the Bayesian analysis, geographic location, allele frequency,
and host plant species were treated as priors to determine which
parameters were correlated with population genetic structuring. No
single parameter provided a well-supported partitioning of the data
when analyzed individually. However, when combined in a single
analysis, a geographic partitioning of the data into a Caribbean
cluster, Colombian cluster, and Peruvian cluster was well supported
(Table 4). This result suggests that haplotypes are both broadly
distributed and do not have strong host preferences but that regional
differences in crops contribute to a geographic partitioning of the
data. The best-supported data partition did not cluster by host plant
or family of host plants suggesting that New World H. armigera has
not evolved host specialization since its introduction.

The distance-based approach indicated a similar result with
all haplotypes having been found associated with pea (Fig. 4).
Interestingly, Harm55 was not found outside the New World but
clusters with PCoA group C and Bayesian genetic cluster 1 (Table 3).
In either clustering arrangement, haplotype Harm3$5 resolves with
other haplotypes in a worldwide distribution similar to Harm01 in
the PCoA analyses (Table 3).

Discussion

Genetic Structure and the Origin and Translocation of
H. armigera to the New World

As H. armigera spread across Brazil from the initial introduction, it
has been displacing the native H. zea, presumably due to superior
pesticide resistance mechanisms (e.g., Pinto et al. 2015, Pearce et al.
2017). A similar situation among H. armigera haplotypes appears to
be taking place throughout the New World and elsewhere around
the world as the haplotype Harm01 was found from nearly every
location (Fig. 1B; Table 2). This suggests that a selective sweep
may account for the ubiquity of Harm01 throughout the range of
H. armigera, including newly invaded areas. This is consistent with
the findings from other studies (Tay et al. 2013, 2017), including one
that also analyzed markers associated with fenvalerate resistance
(Anderson et al. 2016).

Given its widespread geographic distribution, the geographic
origins of Harm01 cannot currently be determined. In contrast,
because the haplotypes in PCoA cluster A (Fig. 3) are more geo-
graphically isolated and more clearly separated from other haplo-
type groups, some inferences can be drawn about their geographic
origin and translocation to the New World. Haplotype Harm03 is
found in Australia, Burkina Faso, Brazil, China, France, India, and
Uganda. Thus, this haplotype was probably translocated or migrated
from Africa, Australia, and/or Eurasia into South America, specif-
ically Brazil. The closely related haplotype Harm04 is found in
Australia, Brazil, and Uganda. Unlike HarmO1 in the New World,
these haplotypes have not spread beyond Brazil. Other authors have
suggested that if the introduction into Brazil was a result of natural
dispersal, then Africa, given its close proximity, may have been the
origin of these haplotypes (Tay et al. 2013). For haplotype Harm57,
the origin appears to be Mediterranean with collections from Italy,
Portugal, and Peru. Similarly, Harm58 seems to have a Euro-African
origin with populations from Kenya, the Netherlands, and Peru.
Kenya supplies 35% of Europe’s cut flowers, of which the majority
are transported through Amsterdam (Veselinovic 2015); however, as
Kenya grows in importance in the floriculture industry, it has begun
to trade directly with other countries (Escritt 2016), so neither scen-
ario can be ruled out as a potential source.

The HarmS57 and Harm58 haplotypes were found to be present
in Peru but not elsewhere in the New World, including Brazil. This
could indicate that a separate introduction into Peru was part of
the establishment of H. armigera in the New World (Fig. 1A). Since
2014, H. armigera has been of the most commonly intercepted pests
on pea from Peru (Gilligan et al. 2019), suggesting that H. armigera
was well established in that country sometime prior to 2014. As
such, this secondary introduction has become an important, yet
poorly described, potential source for the spread of H. armigera in
the New World. Secondary introductions increase the genetic diver-
sity of invading populations and thus may worsen future control
efforts (e.g., Walsh et al. 2018).

Patterns of Haplotype—-Crop Associations
Similar to geography, host preference does not appear to be driving
genetic structure among the rapidly expanding range of H. armigera
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Fig. 4. PCoA plot of all New World haplotypes with plant association data. Host plants are grouped by genus and numbers indicate the number of individuals
found with a given host. Points on the graph are colored coded by haplotype or closely related grouping of haplotypes.

in the New World (Fig. 4; Table 4). Nevertheless, some patterns are
notable among the broadly distributed haplotypes. The most striking
of these is the comparison between the group consisting of haplotypes
HarmO01, Harm05, Harm10, Harm14, Harm35, Harm39, and the
group containing haplotype Harm535. The HarmO1 group, which is
made up of several closely related haplotypes, has been found pri-
marily (90%) on pea, whereas the single haplotype Harm55 has
been found with pea only 50% of the time. Thus, it would seem that
Harm335 has a greater host breadth than the more genetically di-
verse cluster of haplotypes related to Harm01. Why Harm535 is only
found in the New World is uncertain, but its increased frequency
there might be related to host choice or environmental parameters
such as pesticide resistance.

When examining host plant trends worldwide, H. armigera
is found almost exclusively with food plants in New World
interceptions, whereas interceptions from elsewhere in the world are
found mostly with cut flowers (Table 1). These differences in host
plant are probably a reflection of differences in trade commodity
types from these countries and could provide some guidance on how
to implement targeted inspections in the future. This trend is also
found in the Bayesian analyses of the New World hosts, wherein a
haplotype + host + country interaction was supported. These results
should, however, be interpreted with caution as only a fraction
of possible host data was included from the broad host range of
H. armigera, and sample sizes were relatively small.

Our results indicate that H. armigera is polyphagous in the
New World and will opportunistically host on different crop plant
species regardless of haplotype as it expands its geographic range.
Identical haplotypes recovered from different host plant species
in this study provide some evidence that multiple H. armigera
haplotypes could be occurring sympatrically on host plants; how-
ever, more detailed field studies are required to confirm this finding.
As such further research on the role of hosts and environment
in structuring populations of H. armigera in newly established
habitats is justified, including the use of larger genomic data sets
and multiyear in-field surveys to improve inferences regarding
population structure, migration, and host selection. Being able
to associate haplotype/genotype with a given host(s), geographic

region, and/or environmental parameter would be a very useful
tool for targeted management practices.

Conclusions

The exact mode of H. armigera translocation to the New World is
not known. As such, the source populations of the Puerto Rico and
Florida invasions cannot be unequivocally determined. Nonetheless,
two well-supported genetic groups are currently represented in the
New World, with the origin of PCoA group A possibly being Euro-
African given the geographic distribution of Harm57 and Harm$8,
and PCoA group B + C with an uncertain origin given its worldwide
distribution. Both haplotypes are now represented in South America
and parts of the Caribbean, suggesting separate introductions into
Brazil and Peru. Regardless, the spread of both haplotype groups
throughout the New World has proceeded rapidly and with serious
losses to crop production. Additional work is needed to understand
the biological differences uniquely associated with the two divergent
haplo groups, possibly providing targeted management strategies.
Furthermore, given the introductions of multiple polyphagous
haplotypes of H. armigera into South America, and its subsequent
overlap with the range of H. zea, the New World could become
a hotspot for the evolution and eventual export of new megapest
lineages to other parts of the world.

Supplementary Data

Supplementary data are available at Annals of the Entomological
Society of America online.

Acknowledgments

We thank the USDA-APHIS-PPQ Port Identifiers and USDA-ARS Systematic
Entomology Laboratory for submitting samples used in this study. Also, we
thank Roxanne Farris, Lisa Ledezma, and the staff at the USDA-APHIS-PPQ-
S&T Mission Laboratory that provided DNA extractions. Tom Walsh and
Wee Tek Tay, CSIRO, provided helpful discussions and access to sequence
data from previous studies. The findings and conclusions in this preliminary
publication have not been formally disseminated by the U.S. Department of

220z 1sNBny 9| uo Jasn oSNy Jo Juawnedaq ‘S’ Aq 2561, ¥S/88E/v/Z 1 L/BIIE/ES9E/WOD dNO"DIWSPEOE//:SA)Y WOI) PIPEOJUMOQ



400 Annals of the Entomological Society of America, 2019, Vol. 112, No. 4

Agriculture and should not be construed to represent any Agency determin-
ation or policy. Mention of trade names or commercial products in this pub-
lication is solely for the purpose of providing specific information and does
not imply recommendation or endorsement by the USDA; USDA is an equal
opportunity provider and employer.

References Cited

Anderson, C. J., W. T. Tay, A. McGaughran, K. Gordon, and T. K. Walsh.
2016. Population structure and gene flow in the global pest, Helicoverpa
armigera. Mol. Ecol. 25: 5296-5311.

Anderson, C. J., ]. G. Oakeshott, W. T. Tay, K. H. J. Gordon, A. Zwick, and
T. K. Walsh. 2018. Hybridization and gene flow in the mega-pest lineage
of moth, Helicoverpa. Proc. Natl. Acad. Sci. USA 115: 5034-5039.

Arnemann, J. A., W. J. James, T. K. Walsh, J. V. C. Guedes, G. Smagghe,
E. Castiglioni, W. T. Tay. 2016. Mitochondrial DNA COI characterization
of Helicoverpa armigera (Lepidoptera: Noctuidae) from Paraguay and
Uruguay. Genet. Mol. Res. 15: 1-8.

Avise, J. C., J. Arnold, R. M. Ball, E. Bermingham, T. Lamb, J. E. Neigel,
C. A. Reeb, and N. C. Saunders. 1987. Intraspecific phylogeography: the
mitochondrial DNA bridge between population genetics and systematics.
Ann. Rev. Ecol. Syst. 18: 489-522.

Behere, G. T., W. T. Tay, D. A. Russell, D. G. Heckel, B. R. Appleton,
K. R. Kranthi, and P. Batterham. 2007. Mitochondrial DNA analysis of
field populations of Helicoverpa armigera (Lepidoptera: Noctuidae) and
of its relationship to H. zea. BMC Evol. Biol. 7: 117.

Clement, M., D. Posada, and K. Crandall. 2000. TCS: a computer program to
estimate gene genealogies. Mol. Ecol. 9: 1657-1660.

Cunningham, J. P, and M. P. Zalucki. 2014. Understanding heliothine
(Lepidoptera: Heliothinae) pests: what is a host plant? J. Econ. Entomol.
107: 881-896.

Czepack, C., K. C. Albernaz, L. M. Vivan, H. O. Guimaries, and
T. Carvalhais. 2013. First reported occurrence of Helicoverpa armigera
(Hubner) (Lepidoptera: Noctuidae) in Brazil. Brasil Pesq. Agropec. Trop.
43:110-113.

Edgar, R. C. 2004. MUSCLE: multiple sequence alignment with high accuracy
and high throughput. Nucleic Acids Res. 32: 1792-1797.

El-Lissy, O. 2015. Detection of old world bollworm (Helicoverpa armigera)
in Florida. (http://www.aphis.usda.gov/plant_health/plant_pest_info/owb/
downloads/DA-2015-43.pdf) (accessed 14 September 2018).

Escritt, T. 2016. African growers threaten Dutch flower power. (https://www.
reuters.com/article/us-netherlands-flowers-idUSKCNOZ21RW) (accessed
14 September 2018).

Feng, H. Q., K. M. Wu, D. F. Cheng, and Y. Y. Guo. 2004. Northward migra-
tion of Helicoverpa armigera (Lepidoptera: Noctuidae) and other moths
in early summer observed with radar in northern China. J. Econ. Entomol.
97: 1874-1883.

Gilligan, T. M., L. R. Tembrock, R. E. Farris, N. B. Barr, M. J. van der Straten,
B. T. L. H. van de Vossenberg, and E. Metz-Verschure. 2015. A multi-
plex real-time PCR assay to diagnose and separate Helicoverpa armigera
and H. zea (Lepidoptera: Noctuidae) in the New World. PLoS One 10:
e0142912.

Gilligan, T. M., P. Z. Goldstein, A. E. Timm, R. Farris, L. Ledezma, and
A. P. Cunningham. 2019. Identification of heliothine (Lepidoptera:
Noctuidae) larvae intercepted at U.S. ports of entry from the New World.
J. Econ. Entomol. 1-13. doi:10.1093/jee/toy402

Guedj, B., and G. Guillot. 2011. Estimating the location and shape of hybrid
zones. Mol. Ecol. Resour. 11: 1119-1123.

Guillot, G. 2008. Inference of structure in subdivided populations at low
levels of genetic differentiation — the correlated allele frequencies model
revisited. Bioinformatics 24: 2222-2228.

Guillot, G., and F. Santos. 2010. Using AFLP markers and the Geneland pro-
gram for the inference of population genetic structure. Mol. Ecol. Resour.
10: 1082-1084.

Guillot, G., A. Estoup, F. Mortier, and J. F. Cosson. 2005a. A spatial statistical
model for landscape genetics. Genetics 170: 1261-1280.

Guillot, G., F. Mortier, and A. Estoup. 2005b. Geneland: a program for land-
scape genetics. Mol. Ecol. Notes 5: 712-715.

Guillot, G., F. Santos, and A. Estoup. 2008. Analysing georeferenced popu-
lation genetics data with Geneland: a new algorithm to deal with
null alleles and a friendly graphical user interface. Bioinformatics 24:
1406-1407.

Hackett, D. S., and A. G. Gatehouse. 1982. Diapause in Heliothis armigera
(Hiibner) and H. fletcheri (Hardwick) (Lepidoptera: Noctuidae) in the
Sudan Gezira. Bull. Entomol. Res. 723: 409-422.

Hardwick, D. F. 1965. The corn earworm complex. Mem. Entomol. Soc. Can.
40: 1-247.

Hayden, J., and J. Brambila. 2015. Pest alert: Helicoverpa armigera
(Lepidoptera: Noctuidae), the Old World bollworm. Florida Department
of Agriculture and Consumer Services. (http:/www.freshfromflorida.com/
Divisions-Offices/Plant-Industry/Plant-Industry-Publications/Pest-Alerts/
Pest-Alert-The-Old-World-Bollworm) (accessed 14 September 2018).

Hebert, P. D. N., A. Cywinska, S. L. Ball, and J. R. deWaard. 2003. Biological
identifications through DNA barcodes. Proc. R. Soc. Lond. B Biol. Sci.
270: 313-322.

Hebert, P. D., E. H. Penton, J. M. Burns, D. H. Janzen, and W. Hallwachs.
2004. Ten species in one: DNA barcoding reveals cryptic species in the
Neotropical skipper butterfly Astraptes fulgerator. Proc. Natl. Acad. Sci.
USA 101: 14812-14817.

Janz, N., and S. Nylin. 2008. The oscillation hypothesis of host-plant range
and speciation, pp. 203-215. Iz K. ]J. Tilmon (ed.), Specialization, spe-
ciation, and radiation: the evolutionary biology of herbivorous insects.
University of California Press, Berkley, CA.

Jones, C. M., A. Papanicolaou, G. K. Mironidis, J. Vontas, Y. Yang, K. S. Lim,
J. G. Oakeshott, C. Bass, and J. W. Chapman. 2015. Genomewide tran-
scriptional signatures of migratory flight activity in a globally invasive in-
sect pest. Mol. Ecol. 24: 4901-4911.

Kearse, M., R. Moir, A. Wilson, S. Stones-Havas, M. Cheung, S. Sturrock,
S. Buxton, A. Cooper, S. Markowitz, C. Duran, et al. 2012. Geneious
Basic: an integrated and extendable desktop software platform for
the organization and analysis of sequence data. Bioinformatics 28:
1647-1649.

Kriticos, D. J., N. Ota, W. D. Hutchison, J. Beddow, T. Walsh, W. T. Tay,
D. M. Borchert, S. V. Paula-Moreas, C. Czepak, and M. P. Zalucki. 2015.
The potential distribution of invading Helicoverpa armigera in North
America: is it just a matter of time? PLoS One 10: ¢0119618.

Laster, M. L., and C. F. Sheng. 1995. Search for hybrid sterility for Helicoverpa
zea in crosses between the North American H. zea and H. armigera
(Lepidoptera: Noctuidae) from China. J. Econ. Entomol. 88: 1288-1291.

Leigh, J. W., and D. Bryant. 2015. POPART: full-feature software for haplo-
type network construction. Methods Ecol. Evol. 6: 1110-1116.

Liu, Z., D. Li, P. Gong, and K. Wu. 2004. Life table studies of the cotton
bollworm, Helicoverpa armigera (Hiibner) (Lepidoptera: Noctuidae), on
different host plants. Environ. Entomol. 33: 1570-1576.

Liu, Z., P. Gong, D. Li, and W. Wei. 2010. Pupal diapause of Helicoverpa
armigera (Hiibner) (Lepidoptera: Noctuidae) mediated by larval host
plants: pupal weight is important. J. Insect Physiol. 56: 1863-1870.

Mastrangelo, T., D. F. Paulo, L. W. Bergamo, E. G. Morais, M. Silva,
G. Bezerra-Silva, and A. M. Azeredo-Espin. 2014. Detection and genetic
diversity of a heliothine invader (Lepidoptera: Noctuidae) from north and
northeast of Brazil. J. Econ. Entomol. 107: 970-980.

McCaffery, A. R. 1998. Resistance to insecticides in heliothine Lepidoptera: a
global view. Philos. Trans. R. Soc. Lond. B 353: 1735¢1750.

Mopper, S. 1996. Adaptive genetic structure in phytophagous insect
populations. Trends Ecol. Evol. 11: 235-238.

Murua, M. G., L. E. Cazado, A. Casmuz, M. I. Herrero, M. E. Villagran,
A. Vera, D. R. Sosa-Gémez, and G. Gastaminza. 2016. Species from the
Heliothinae complex (Lepidoptera: Noctuidae) in Tucumadn, Argentina, an
update of geographical distribution of Helicoverpa armigera. J. Insect Sci.
16: 1-7.

Peakall, R., and P. E. Smouse. 2006. GenAlEx 6: genetic analysis in Excel.
Population genetic software for teaching and research. Mol. Ecol. Notes
6: 288-29S.

Peakall, R., and P. E. Smouse. 2012. GenAlEx 6.5: genetic analysis in Excel.
Population genetic software for teaching and research — an update.
Bioinformatics 28: 2537-2539.

220z 1sNBny 9| uo Jasn oSNy Jo Juawnedaq ‘S’ Aq 2561, ¥S/88E/v/Z 1 L/BIIE/ES9E/WOD dNO"DIWSPEOE//:SA)Y WOI) PIPEOJUMOQ


http://www.aphis.usda.gov/plant_health/plant_pest_info/owb/downloads/DA-2015-43.pdf
http://www.aphis.usda.gov/plant_health/plant_pest_info/owb/downloads/DA-2015-43.pdf
https://www.reuters.com/article/us-netherlands-flowers-idUSKCN0Z21RW
https://www.reuters.com/article/us-netherlands-flowers-idUSKCN0Z21RW
http://www.freshfromflorida.com/Divisions-Offices/Plant-Industry/Plant-Industry-Publications/Pest-Alerts/Pest-Alert-The-Old-World-Bollworm
http://www.freshfromflorida.com/Divisions-Offices/Plant-Industry/Plant-Industry-Publications/Pest-Alerts/Pest-Alert-The-Old-World-Bollworm
http://www.freshfromflorida.com/Divisions-Offices/Plant-Industry/Plant-Industry-Publications/Pest-Alerts/Pest-Alert-The-Old-World-Bollworm

Annals of the Entomological Society of America, 2019, Vol. 112, No. 4 401

Pearce, S. L., D. F. Clarke, P. D. East, S. Elfekih, K. H. J. Gordon, L. S. Jermiin,
A. McGaughran, J. G. Oakeshott, A. Papanikolaou, O. P. Perera, et al.
2017. Genomic innovations, transcriptional plasticity and gene loss
underlying the evolution and divergence of two highly polyphagous and
invasive Helicoverpa pest species. BMC Biol. 15: 63.

Pinto, F. A., M. V. V. Mattos, F. W. S. Silva, S. L. Rocha, and S. L. Elliot. 2015.
The spread of Helicoverpa armigera (Lepidoptera: Noctuidae) and coex-
istence with Helicoverpa zea in Southeastern Brazil. Insects 87: 1-5.

Ratnasingham, S., and P. D. N. Hebert. 2007. BOLD: the barcode of life data
system. Mol. Ecol. Notes 7: 355-364.

Roderick, G. K. 1996. Geographic structure of insect populations: gene flow,
phylogeography, and their uses. Annu. Rev. Entomol. 41: 325-352.

Senave. 2013. (Senave en alerta tras ingreso de peligrosa plaga agricola. http://
www.abc.com.py/edicion-impresa/economia/senave-en-alerta-trasingreso-
de-peligrosa-plaga-agricola-629240.html) (accessed 14 September 2018).

Smith, E. 2014. Detection of old world bollworm (Helicoverpa armigera)
in Puerto Rico. North American Plant Protection Organization,
Phytosanitary Alert System Bulletin. (http://www.pestalert.org/oprDetail.
cfm?oprID=600) (accessed 14 September 2018).

Sosa-Gomez, D. R., A. Specht, S. V. Paula-Moraes, A. Lopes-Lima, S. A. Yano,
A. Micheli, E. G. Morais, P. Gallo, P. R. Pereira, J. R. Salvadori, et al. 2016.

Timeline and geographical distribution of Helicoverpa armigera (Hiibner)
(Lepidoptera, Noctuidae: Heliothinae) in Brazil. Rev. Brasil. Entomol. 60:
101-104.

Tay, W. T., M. F. Soria, T. Walsh, D. Thomazoni, P. Silvie, G. T. Behere,
C. Anderson, and S. Downes. 2013. A brave new world for an old world
pest: Helicoverpa armigera (Lepidoptera: Noctuidae) in Brazil. PLoS One
8:e80134.

Tay, W. T., T. K. Walsh, S. Downes, C. Anderson, L. S. Jermiin, T. K. Wong,
M. C. Piper,E.S. Chang,I. B. Macedo, C. Czepak, et al. 2017. Mitochondrial
DNA and trade data support multiple origins of Helicoverpa armigera
(Lepidoptera, Noctuidae) in Brazil. Sci. Rep. 7: 45302.

Veselinovic, M. 2015. Got roses this Valentine’s Day? They probably came
from Kenya. (https://www.cnn.com/2015/03/16/africa/kenya-flower-
industry/index.html) (accessed 1 October 2018).

Walsh, T. K., N. Joussen, K. Tian, A. McGaughran, C. J. Anderson, X. Qiu, S.-
J. Ahn, L. Bird, N. Pavlidi, J. Vontas, et al. 2018. Multiple recombination
events between two cytochrome P450 loci contribute to global pyrethroid
resistance in Helicoverpa armigera. PLoS One 13: e0197760.

Zhou, X., S. W. Applebaum, and M. Coll. 2000. Overwintering and spring mi-
gration in the bollworm Helicoverpa armigera (Lepidoptera: Noctuidae)
in Israel. Environ. Entomol. 29: 1289-1294.

220z 1sNBny 9| uo Jasn oSNy Jo Juawnedaq ‘S’ Aq 2561, ¥S/88E/v/Z 1 L/BIIE/ES9E/WOD dNO"DIWSPEOE//:SA)Y WOI) PIPEOJUMOQ


http://www.abc.com.py/edicion-impresa/economia/senave-en-alerta-trasingreso-de-peligrosa-plaga-agricola-629240.html
http://www.abc.com.py/edicion-impresa/economia/senave-en-alerta-trasingreso-de-peligrosa-plaga-agricola-629240.html
http://www.abc.com.py/edicion-impresa/economia/senave-en-alerta-trasingreso-de-peligrosa-plaga-agricola-629240.html
http://www.pestalert.org/oprDetail.cfm?oprID=600
http://www.pestalert.org/oprDetail.cfm?oprID=600
https://www.cnn.com/2015/03/16/africa/kenya-flower-industry/index.html
https://www.cnn.com/2015/03/16/africa/kenya-flower-industry/index.html

