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Abstract Tecia solanivora (Lepidoptera: Gelechii-

dae) is an invasive species that attacks the tubers of

the potato Solanum tuberosum. It is considered a

serious pest of potato crops and stocks in all countries

where it occurs. In the present study, we sequenced

541 individuals sampled across the T. solanivora

distribution range, using the mitochondrial DNA

marker Cytochrome b (Cytb) to delimit the area of

species origin. We also analyzed the genetic structure

of T. solanivora in its putative area of origin and

described differences in haplotype diversity between

samples from different geographic origins affected by

the invasion. We observed a gap in the level of genetic

diversity between Guatemalan samples (h between

0.77 and 0.97) and those from Costa-Rica, Venezuela,

Colombia, Ecuador and the Canary Islands (h between

0 and 0.56). The number of haplotypes has decreased

over the colonization process, ending with the obser-

vation of a single haplotype in Colombia, Ecuador and

the Canary Islands. Consequently, the invasion of

South American countries by T. solanivora is likely to

have had a front-like step-wise progression, where the

most recently invaded country becomes the source of

subsequent invasion.
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Université Paris-Sud 11, 91405 Orsay Cedex, France

e-mail: magally.torres@legs.cnrs-gif.fr

S. Dupas � O. Dangles

Facultad de Ciencias Exactas y Naturales, Departamento

de Entomologı́a, Pontificia Universidad Católica del
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Introduction

The identification of the geographic source of an

invading population and the study of variations in

genetic diversity experienced by invasive species

during the colonization process are useful means to

aid our understanding of the mechanisms that allow

establishment and spread of invaders in newly

colonized areas (Sakai et al. 2001; Wares et al.

2005; Dlugosch and Parker 2008). Mitochondrial

DNA (mtDNA) has proven to be useful for deter-

mining both area of origin and population structure of

invasive species (Cognato et al. 2005; Grapputo et al.

2005; Simon-Bouhet et al. 2006; Wang et al. 2009).

mtDNA can also offer insight into the genetic

paradox of biological invasions, which asks how

populations that typically have low genetic diversity

can experience demographic success and become

invasive in a new ecological context (Kolbe et al.

2004; Golani et al. 2007; Puillandre et al. 2008;

Ahern et al. 2009). The possibility of using mito-

chondrial markers to address questions on biological

invasions is particularly important for lepidopteran

species, in which the development of nuclear molec-

ular markers, such as microsatellites, is a very

difficult task (Meglécz et al. 2007).

Tecia solanivora (Povolny 1973), Lepidoptera:

Gelechiidae, is commonly named the Guatemalan

potato tuber moth or Centro American potato tuber

moth (Zhang 1994). These vernacular names do not

allow us to delineate the exact origin of the species.

Nevertheless it has commonly been assumed that the

pest most likely originated from Guatemala (Niño

2004; EPPO 2006).

This invasive species attacks exclusively potato

tubers. The adults of T. solanivora are nocturnal and

present a sexual dimorphism (males are smaller than

females). The females usually lay eggs at the bottom

of the potato stems in the fields and on the floor or on

uncovered tubers in storerooms. The emerging larvae

feed inside the potato tubers, where they dig galleries

that lead to partial or complete tuber destruction.

Pupae can develop within the tuber, in the ground or

in bags in storerooms (Niño 2004). Environmental

conditions (especially temperature and humidity)

strongly influence the development of the insect

(Notz 1996; Torres 2003). Dangles et al. (2008)

showed that the pest has its highest rates of popula-

tion increase at fifteen degrees Celsius.

The geographic origin and domestication of the

T. solanivora host plant, the cultivated potato (Sola-

num tuberosum L.), has long been controversial,

(Bonavia 1993; Huaman and Spooner 2002). Wild

potatoes (section Petota) are widely distributed from

Chile and Argentina to Southern USA (Hijmans and

Spooner 2001), and were used for human consump-

tion across the whole of this range during the pre-

Colombian era. However, several authors trace the

origin of the potatoes presently cultivated to Andean

and Chilean landraces developed by pre-Colombian

cultivators (Grun 1990 in Raker and Spooner 2002;

Huaman and Spooner 2002). The identity of the wild

species progenitors of these Andean landraces has

long been debated, but all hypotheses focus on a

group of approximately 20 morphologically similar

wild species referred to the Solanum brevicaule

complex, distributed from central Peru to northern

Argentina. A recent study supports a monophyletic

origin of these landrace cultivars from the northern

component of Solanum brevicaule complex in Peru,

rather than from multiple independent origins from

various northern and southern members of the

complex (Spooner et al. 2005). Therefore, domesti-

cation of cultivated potatoes probably took place in

South America around 8,000 years ago. Cultivated

potatoes were transported to Central America by

Europeans after the conquest (XVI century) (Hawkes

1989 in Bonavia 1993). The presence of the Darién

Gap between Central America (Panama) and South

America (Colombia), which historically functioned

as an ecological barrier between the two sub-conti-

nents, likely impeded contact between the indigenous

peoples of Central and South America. Such a barrier

would have prevented cultural and commercial

exchanges between the two regions and would thus

have prevented the transfer of potatoes before the

coming of the Europeans.

The pest T. solanivora was reported for the first

time in Guatemala in 1956 (Gomez de Paz 2008; Niño

2004) when the Inter-American Cooperative Service

for Agricultural Development (SCIDA), which was in

charge of potato cultivation improvement, first

observed the damage caused to potato crops by a

small moth (Torres 2003). To improve local produc-

tion, between 1958 and 1962 the Guatemalan gov-

ernment created an agency for the control and

certification of seed potatoes. In 1967 and 1968 most

of the certificated potato seed produced in the
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Quetzaltenango region of Guatemala, were exported

to Central American countries, especially Honduras

and Costa Rica (Cifuentes 1980; Christiansen 1980).

In the 1970s, potato production in Guatemala

increased due to the implementation of new agro-

nomic practices and most of the potatoes produced

were exported to Central American countries (94.74

and 67.71% of the total production in 1970 and 1971,

respectively; ICTA 1977). At the same time, the

presence of T. solanivora was reported in other

Central American countries. In 1970, the pest

destroyed most of the potato crops in Costa Rica

(Murillo 1980), although it was not until 1973 that

T. solanivora was described for the first time from

moths and larvae collected in the country (Povolny

1973). In the same year, the pest was recorded in

Panama, where it caused 20% losses to the potato

harvest. It is possible that an increase of commercial

exportation was responsible for the expansion of

T. solanivora in these countries during this period.

The species was also observed in Honduras, where it

infected 350 ha in 1982. At this time there were no

records of the pest in Salvador, Nicaragua, or Mexico

(Murillo 1982). In 1989, the pest was reported in

Nicaragua (Leal and Raman 1989). In the 1980s, in

parallel with the extension of field irrigation, signif-

icant pest damage was reported in Guatemala (Ruano

et al. 1984); this was not as great as that reported in

other countries during the same period, however. The

presence of its natural enemies possibly helped to

control the pest in Guatemala (Giron 1984).

T. solanivora had never been reported in South

America before the 1980s. In Venezuela at the end of

1983, the importation of infected seed potatoes from

Costa Rica was reported (Salazar and Escalante 1984;

Torres 2003; Niño 2004). In 1985, the species

reached the border area between Venezuela and

Colombia and began to colonize the central and

southern areas of that country (Rincón and

López-Avila 2004). In 1996, T. solanivora was

reported in Ecuador in the area of the border with

Colombia (Gallegos et al. 1997). Finally, in 1999, the

presence of the species was recorded in the Canary

Islands (Niño 2004). No accurate information is

available about the geographic origin of the Canary

Island T. solanivora; nevertheless, it is thought that

the species was introduced into this country through

the importation of a bag of infested potatoes from

South America (Venezuela, Colombia or Ecuador)

(EPPO 2006). T. solanivora is now reported as a

serious pest of potato crops and stocks in all countries

where it is present (EPPO 2006).

Despite these numerous records, historical data is

partial and fragmented. The lack of observations of

the species at one time in one location does not

necessarily mean it was absent. Furthermore, nothing

is known about the original host plant of the moth.

A previous genetic study based on mitochondrial

markers established that Guatemala was part of the

area of origin of T. solanivora and showed that

invaded populations experienced an important

decrease in mitochondrial diversity (Puillandre et al.

2008). The aim of the present study is to complement

this preliminary study, whose geographic coverage

was limited (no samples from Costa-Rica and limited

coverage of potato growing areas in Guatemala and

other countries where the insect is present). This lack

of coverage impeded an accurate delimitation of the

area of origin of the species and did not allow

relationships between samples from the invaded area

and those from Guatemala to be tested. In the present

work, using the Cytb marker, we sequenced 541

individuals in order to (1) clarify the area of origin of

the species, (2) define the geographic source of

samples from invaded areas (3) describe variations in

genetic diversity during colonization process.

Materials and methods

Study sites and collection of samples

One of the difficulties in a study dealing with a wide

geographical area is to obtain samples from all the

countries involved. In the present study, we established

a standard protocol using synthetic species-specific

pheromone traps (Bosa et al. 2005) to capture spatially

distinct collections of insects from almost all the areas

where T. solanivora has been observed. In general,

these areas are located in particular countries. For

practical reasons, we will use names of countries to

designate specific samples of insects. In Central

America, the area of origin of T. solanivora probably

stretches across more than one country. We chose to

take samples in two countries likely to be in this area of

origin: Guatemala (Sierra Madre Mountains) and

Costa Rica (Central Volcanic cordillera), which could

also represent the northern and southern limits.

Inferring native range and invasion scenarios with mitochondrial DNA
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In Guatemala (Gu), we sampled 8 localities in two

regions: Huehuetenango and Quetzaltenango, corre-

sponding to the northern and southern branches of the

Sierra Madre Mountains. We sampled between 3 and

7 sites in the each of the other countries studied:

Costa Rica (CR), Venezuela (Ve), Colombia (Co),

Ecuador (Ec) and the Canary Islands (CI). A total of

541 individuals were collected, sequenced and ana-

lysed (see Table 1), of which 72 had already been

published by Puillandre et al. (2008). The samples

were preserved in 95% ethanol prior to molecular

analysis.

DNA extraction and amplification

Genomic DNA samples were extracted from the

thorax of T. solanivora individuals using the DNeasy

Tissue Kit (Qiagen). The remaining body parts were

stored in 95% ethanol. Insect genitalia were used to

confirm identification of individuals to the species

level.

A fragment of the mitochondrial gene, Cyto-

chrome b (Cytb; 770 base pairs) was amplified by

polymerase chain reaction. We designed specific

primers for the species using PRIMER3 software

(Rozen and Skaletsky 2000). PCR reactions with

Primer TsF1 (50-GCTAAYATTGARTTAGCTTTT

TAT-30) and TsR (50-AAAAATTAGRGTATCTCAA

AAT-30) were performed using a Biometra T1

Thermal cycler with an initial denaturation step at

94�C for 5 min, followed by 35 cycles of the three

following steps: denaturation at 94�C for 1 min,

annealing at 59�C for 1 min 30 s and extension at

72�C for 1 min 30 s. The final extension was done at

72�C for 5 min. Each amplification (25 ll) contained

1 ll DNA, 5 ll reaction buffer 5X, 3 ll MgCl2
25 mM, 0.6 ll dNTP 10 mM, 1 ll of each primer at

10 mM and 1 unit Taq polymerase (Promega). PCR

products were purified using the PCR clean-up

system (Promega). Fragments were sequenced on

both DNA strands on an ABI Prism 3130 automatic

sequencer using a Big-Dye Terminator Sequencing

Kit (Both from Applied Biosystems). Sequences were

deposited in GenBank (Accession numbers: GU0563

61-GU056780).

Because mtDNA geographic variation patterns can

be affected by presence of Wolbachia endobacteria,

we tested the presence of the bacteria in several

samples from different geographic locations using

primers wsp81F and wsp691R (Zhou et al. 1998).

Data analyses

Sequences were aligned manually with MacClade

4.07 (Maddison and Maddison 2000). Haplotype

diversity (h), nucleotide diversity (p) and the number

of polymorphic sites (S) within each sample were

calculated using ARLEQUIN version 3.01 (Excoffier

et al. 2005) for all samples from the supposed origin

and invaded areas.

To describe the genetic relationships between

haplotypes, a haplotype network was constructed

based on statistical parsimony (Templeton et al.

1992), using the program TCS 1.21 (Clement et al.

2000). We used a network approach because this is

considered better adapted than traditional phyloge-

netic methods to representing genealogical relation-

ships at a population level (Clement et al. 2000).

Traditional treelike methods make assumptions that

are not adequate at the population level, e.g., they

assume that ancestral haplotypes are no longer in the

population. Moreover, these methods require a large

number of variable characters to reconstruct relation-

ships, but sequence variation is usually low at a

population level (Clement et al. 2000). Network

methods have been developed based on population

genetic statistical calculations for the connections

between neighboring haplotypes, which allow the

occurrence of ancient haplotypes in a present-day

population. In our case, the network was built using

data from spatially distinct samples.

To analyze the population structure of T. solanivora

and clarify the area of origin and the region invaded by

the species, we used several different approaches.

Using molecular variance analysis (AMOVA) we

tested the population structure of the species in its

reported area of origin (Guatemala). We considered the

distribution of the species in this area to define groups

of the samples in the study: the first group brought

together the samples from the Huehuetenango region

and the second group the samples from Quetzaltenango

region. In order to estimate whether Costa Rica is part

of the native or into the invaded range, we performed

three more analyses: in the first, Guatemala, Costa Rica

and the remaining invaded countries were considered

as three different groups; in the second, we considered

Costa Rica as part of the area of origin; and in the third,

M. Torres-Leguizamón et al.
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sé

0
.5

3
S

7
8

.9
5

W
6

1
0

0
0

H
6

E
c4

R
io

b
am

b
a

E
cu

ad
o

r
1

.6
5

S
7

8
.5

6
W

1
0

1
0

0
0

H
6

E
c5

A
n

ch
il

ib
i

1
1

.0
6

S
7

8
.5

8
W

5
1

0
0

0
H

6

Inferring native range and invasion scenarios with mitochondrial DNA

123



T
a

b
le

1
co

n
ti

n
u

ed

C
o

d
e

C
o

ll
ec

ti
o

n
lo

ca
ti

o
n

s
an

d
T

u
k

ey
H

S
D

re
su

lt
s

C
o

u
n

tr
y

C
o

o
rd

in
at

es
N

N
h

p
h

p
S

H
ap

lo
ty

p
es

fo
u

n
d

E
c6

S
an

ta
A

n
a

co
to

p
ax

i
1

.5
6

S
7

9
.1

0
W

2
6

1
0

0
0

H
6

E
c7

P
u

m
am

aq
u

i
B

o
li

v
ar

0
.8

1
S

7
8

.9
2

W
2

3
1

0
0

0
H

6

E
cT

E
cu

ad
o

r
al

l
p

o
p

u
la

ti
o

n
s

(d
)

7
9

1
0

0
0

H
6

C
o

1
C

u
n

d
in

am
ar

ca
5

.2
3

N
7

3
.5

5
W

1
1

1
0

0
0

H
6

C
o

2
N

ar
iñ

o
C

o
lo

m
b

ia
1

.9
N

7
7

.5
6

W
7

1
0

0
0

H
6

C
o

3
S

an
ta

n
d

er
7

.3
6

N
7

2
.6

5
W

3
1

0
0

0
H

6

C
o

T
C

o
lo

m
b

ia
al

l
p

o
p

u
la

ti
o

n
s

(d
)

2
1

1
0

0
0

H
6

C
I1

L
o

s
R

ea
le

jo
s

2
8

.3
6

N
1

6
.6

W
6

1
0

0
0

H
6

C
I2

IC
O

D
2

8
.3

8
N

1
6

.5
6

W
6

1
0

0
0

H
6

C
I3

S
an

ta
U

rs
u

la
C

an
ar

y

Is
la

n
d

s

2
8

.4
1

N
1

6
.4

6
W

1
9

1
0

0
0

H
6

C
I4

T
ac

o
ro

n
te

2
8

.4
6

N
1

6
.4

W
2

6
1

0
0

0
H

6

C
IT

C
an

ar
y

Is
la

n
d

s
al

l
p

o
p

u
la

ti
o

n
s

(d
)

5
7

1
0

0
0

H
6

C
o

u
n

tr
y

o
f

sa
m

p
le

o
ri

g
in

(G
u

G
u

at
em

al
a,

C
R

C
o

st
a

R
ic

a,
V

e
V

en
ez

u
el

a,
C

o
C

o
lo

m
b

ia
,

E
c

E
cu

ad
o

r,
C

I
C

an
ar

y
Is

la
n

d
s)

;
n

am
e

an
d

G
P

S
co

o
rd

in
at

es
o

f
co

ll
ec

ti
o

n
lo

ca
ti

o
n

s;

sa
m

p
le

si
ze

(N
);

an
d

m
ea

su
re

s
o

f
g

en
et

ic
d

iv
er

si
ty

:
n

u
m

b
er

o
f

h
ap

lo
ty

p
es

(N
h

p
),

h
ap

lo
ty

p
e

d
iv

er
si

ty
(h

),
n

u
cl

eo
ti

d
e

d
iv

er
si

ty
(p

)
an

d
n

u
m

b
er

o
f

p
o

ly
m

o
rp

h
ic

si
te

s
(S

).
N

am
es

o
f

th
e

h
ap

lo
ty

p
es

fo
u

n
d

in
ea

ch
lo

ca
ti

o
n

ar
e

li
st

ed
.

R
es

u
lt

s
o

f
T

u
k

ey
H

S
D

te
st

ar
e

sh
o

w
n

in
b

o
ld

w
it

h
th

e
co

ll
ec

ti
o

n
lo

ca
ti

o
n

s
(d

if
fe

re
n

t
le

tt
er

s
in

d
ic

at
e

si
g

n
ifi

ca
n

t
d

if
fe

re
n

ce
s)

M. Torres-Leguizamón et al.

123



we assumed that Costa Rica was part of the invaded

area. Standard AMOVA estimate genetic structure

indices using information on the allelic content of

haplotypes, as well as their frequencies. The informa-

tion on the differences in allelic content between

haplotypes is entered as a matrix of Euclidean square

distances (Excoffier et al. 1992).

To complete our analysis, we performed a spatial

analysis of molecular variance (SAMOVA), a method

that aims to identify group structure based on genetic

data. In SAMOVA, samples are assigned to k (1, 2, 3,

n…) groups with the constraint that populations within

a group must be geographically adjacent and geneti-

cally homogeneous. (Dupanloup et al. 2002). The

clustering giving the highest Uct value is selected. The

molecular distances between pairs of sequences nec-

essary for the computations of Uct values are computed

as pairwise differences.

Finally, we calculated pairwise UST
values. The

AMOVA and the pairwise UST
values were calculated

using ARLEQUIN version 3.01 (Excoffier et al. 2005)

and the SAMOVA with SAMOVA 1.0 (Dupanloup

et al. 2002).

In order to test for differences in haplotype number

between country pairs, we conducted repeated measures

ANOVA (analysis of variance) with the different

samples from each country as error terms. We then

performed post-hoc Tukey HSD tests. To avoid heter-

oscedasticity (different variances), number of haplo-

types per sample was rank-transformed before analyses.

Tests were performed using R 2.7.1 (R development

core team 2010).

To analyze demographic changes in populations we

tested deviations of Tajima’s D, Fu’s Fs and R2

statistics from a null hypothesis, assuming that these

deviations were due to demographic rather than

selective effects. Tajima’s D (1989) is based on the

difference between two alternative estimates of the

mutational parameter h = 2Nu, where N is the effec-

tive number of gene copies in the population and

u is the mutation rate. Fu’s Fs test (Fu 1997) is based on

the probability of having a number of haplotypes

greater or equal to the observed number of samples

drawn for a population of constant size. R2 statistics

(Ramos-Onsins and Rozas 2002) are based on the

difference between the number of singleton mutations

and the average number of nucleotide differences. In

order to complete the analyses, we examined the

mismatch distribution (based in the analysis of the

distribution of pair-wise differences) using ARLE-

QUIN version 3.01 (Excoffier et al. 2005) and DnaSP

version 4.0 (Rozas et al. 2003).

Results

Genetic diversity

A 770 base pair fragment of the Cytb gene was

sequenced and analyzed from 541 individuals of T

solanivora, of which 177 were from Guatemala, the

putative native area, and 364 from the remaining

locations.

The spatially distinct collections sampled in Gua-

temala displayed high levels of haplotype and nucle-

otide diversity compared with samples taken in other

areas. Among Guatemalan samples, haplotype diver-

sity (h) ranged from 0.77 to 0.97 and nucleotide

diversity (p) from 0.007 to 0.013. A gap in genetic

diversity was observed between these Guatemalan

samples and the rest of the samples collected in other

areas: Costa Rican and Venezuelan samples displayed

lower haplotype and nucleotide diversity (h = 0.392

and h = 0.169, p = 0.004 and p = 0.0018, respec-

tively), and samples from Colombia, Ecuador and

Canary Islands shared a single haplotype H6 (Fig. 1,

Table 1). There is, therefore, a reduction in the number

of haplotypes going from the area where the species has

been established for the longest time towards the areas

where it has most recently become established accord-

ing to the literature. Sequencing of 177 individuals

from Guatemala showed 50 haplotypes, while only 15

haplotypes were found over the rest of the sampled

sites, among a total of 364 individuals. Moreover,

statistical comparisons between pairs of countries

(Tukey HSD test) showed that the mean numbers

of haplotypes between country pairs were all signifi-

cantly different except for the comparisons between

Colombia, Ecuador and the Canary Islands (Table 1).

The putative area of origin exhibited 58 polymor-

phic sites, and 30 polymorphic sites were found

among the remaining samples.

Genetic population structure

The relationships between the mitochondrial haplo-

types found over the entire distribution area of

T. solanivora are presented in the haplotype network

Inferring native range and invasion scenarios with mitochondrial DNA
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(Fig. 1). A total of 60 haplotypes were found overall

of which 45 were present exclusively in the Guate-

malan samples (Table 1). Only 5 haplotypes were

shared between Guatemala and the rest of the

sampled locations: haplotypes H1, H3, H4, H5 were

shared between Guatemala and Costa Rica; and H2

was shared between Guatemala, Costa Rica and

Venezuela. Haplotypes H1 and H2 were the most

common haplotypes displayed in Guatemala. Haplo-

types H7 and H8 were common to Costa Rica and

Venezuela.

Haplotypes H9, H10, H11, H12 and H13 were

exclusively found in Costa Rican locations. H14 and

H15 were present exclusively in Venezuelan samples.

Individuals from Colombia, Ecuador and Canary

Islands were fixed in the same single shared

Fig. 1 Cytochrome b

haplotype 95% statistical

parsimony network from

samples collected in two

regions of Guatemala:

Huehuetenango (Gu 1),

(Gu 2), (Gu 3) and

Quetzaltenango (Gu 4),

(Gu 5), (Gu 6), (Gu 7),

(Gu 8); Costa Rica (CR),

Venezuela (Ve), Colombia,

Ecuador and the Canary

Islands. Haplotypes H19 to

H60 not numbered. Circle

area corresponds to number

of individuals with a

particular haplotype.

Collection location names

are given

in Table 1

M. Torres-Leguizamón et al.
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haplotype: H6. This haplotype was also the most

commonly found in Costa Rican and Venezuelan

samples. Since we have not detected Wolbachia in

T. solanivora samples we can exclude an effect of

that bacteria on the haplotype distribution.

Although H6 was not found in any Guatemalan

samples, in the network it is closely related to

haplotype H16, which was well represented in this

area.

The diversity within Guatemala was geographi-

cally structured, with only four haplotypes shared

between the two sampled regions: Huehuetenango

and Quetzaltenango (H2, H3, H16, H17).

AMOVA performed on Guatemalan samples

showed significant variation between regions (9.26%

of the variance explained). Genetic differentiation

within samples was the major component, with

87.75% of the variation explained by the variation

between individuals. Results of the AMOVA made in

order to define the invaded area, assigned Costa Rica

to the invaded zone because significant differentiation

among groupings was observed when we included

Costa Rica into the colonized area (Table 2).

The spatial analysis of molecular variance

SAMOVA, which defines groupings based on genetic

data (Table 3), showed that the highest significant

value (UCT = 0.49002) was obtained when the sam-

ples were grouped into five clusters. In this case, the

samples from the supposed area of origin were

clustered into four groups: the first grouped together

all samples from the Quetzaltenango region (Gu4,

Gu5, Gu6, Gu7 and Gu8); the following three corre-

sponded to each sample from the Huehuetenango

region (Gu1), (Gu2), and (Gu3); and the fifth cluster

grouped together the samples from the remaining

countries (Costa Rica, Venezuela, Ecuador, Colombia

and Canary Islands). Costa Rican samples always

clustered into the invaded area group independently of

the number of clusters suggested by the SAMOVA.

Pair-wise UST
values between Guatemalan samples

showed non-significant UST
values between Quetzal-

tenango Gu4, Gu5, Gu6, Gu7 and Gu8 samples. All

pair-wise UST
values between Guatemalan samples and

those of the remaining countries were highly signif-

icant (Table 4). UST
values between these paired sam-

ples are higher as the geographical distance between

Table 2 Analysis of molecular variance (AMOVA) of Tecia solanivora Cytb sequences

Guatemala Grouping 1 Grouping 2 Grouping 3

(Huehue) (Quetzal) (GuT) (CRT)

(VeT,CoT,EcT,CIT)

(GuT,CRT)

(VeT,CoT,EcT,CIT)

(GuT)

(CRT,VeT,CoT,EcT,CIT)

Percentage of variation

Among groups 9.26 41.07 26.22 49.98

Among populations

within groups

2.99 4.58 19.70 4.42

Within populations 87.75 54.35 54.08 45.60

Variance components

Va 0.04521 0.14955 0.09595 0.21692

Vb 0.01458 0.01668 0.07208 0.01917

Vc 0.42848 0.19792 0.19792 0.19792

Fixation indices

FCT 0.09259 0.41069 0.26219 0.49980

FCS 0.03292 0.07773 0.26696 0.08832

FST 0.12246 0.45649 0.45916 0.54398

P-value

Va and FCT 0.02444 ± 0.00454 0.00000 ± 0.00000 0.01564 ± 0.00340 0.00000 ± 0.00000

Vb and FCS 0.00880 ± 0.00288 0.00000 ± 0.00000 0.00000 ± 0.00000 0.00000 ± 0.00000

Vc and FST 0.00000 ± 0.00000 0.00000 ± 0.00000 0.00000 ± 0.00000 0.00000 ± 0.00000

Huehue Huehuetenango, Quetzal Quetzaltenago, GuT Guatemala Total, CRT Costa Rica Total, VeT Venezuela Total, CoT Colombia

Total, EcT Ecuador Total, CIT Canary Islands Total
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them broadens, corresponding to the expansion of the

invasion: Guatemala-Costa Rica (UST
values ranged

between 0.38 and 0.49); Guatemala-Venezuela

(UST
values between 0.46 and 0.7); Guatemala-

(Colombia, Ecuador and Canary Island) (UST
values

between 0.66 and 0.95). The UST
values between Costa

Rica and Venezuela was lower than the UST
values

between Costa Rica and the remaining invaded

countries.

The lowest pair-wise UST
values between a Guatema-

lan sample and those from the another country were

found between Gu5 and Costa Rica ( UST
values = 0.38),

Gu5 and Venezuela (UST
values = 0.46), and

Gu5 and Colombia, Ecuador ? the Canary Islands

( UST
values = 0.66). There was a gap between the

Gu5-Costa Rica distance and the other distances that

constituted a mono-modal UST distribution curve.

Historical demography

Both Tajima’s D and Fu’s neutrality tests showed no

significant values for the samples from Guatemala

(Table 5). The same tests displayed significant neg-

ative values for the whole invaded zone including

Costa Rica. These results, which suggest population

expansion in the colonized area and a demographic

equilibrium in the native range, are supported by the

mismatch distribution analyses. The distribution for

Guatemala consisted of a multimodal curve (data not

shown). The values of the R2 test were also lower in

Table 3 Spatial analysis of molecular variance (SAMOVA)

K Group composition UCT

3 (Gu2,Gu3,Gu4,Gu5,Gu6,Gu7,Gu8) (Gu1) (CRT,VeT,EcT,CoT,CIT) 0.45870***

4 (Gu2,Gu4,Gu5,Gu6,Gu7,Gu8) (Gu1) (Gu3) (CRT,VeT,EcT,CoT,CIT) 0.48675***

5 (Gu4,Gu5,Gu6,Gu7,Gu8) (Gu1) (Gu2) (Gu3) (CRT,VeT,EcT,CoT,CIT) 0.49002***

6 (Gu2,Gu4,Gu5,Gu6,Gu7,Gu8) (Gu1) (Gu3) (CRT,VeT,EcT,CoT,CIT) (VeT1) (VeT2) 0.45356***

Gu1, Gu2, Gu3, Gu4,Gu5,Gu6, Gu7, Gu8 Guatemala 1, 2, 3, 4, 5, 6, 7, 8, CRT Costa Rica Total, VeT Venezuela Total, CoT Colombia

Total, EcT Ecuador Total, CIT Canary Islands Total

Full collection location names are given in Table 1

*** denotes P \ 0.001

Table 4 Pairwise UST
values between Tecia solanivora samples taken in its native area and in the remaining countries

Gu1 Gu2 Gu3 Gu4 Gu5 Gu6 Gu7 Gu8 CRT VeT

Gu1

Gu2 0.06NS

Gu3 0.18*** 0.08*

Gu4 0.22*** 0.13** 0.03NS

Gu5 0.16*** 0.07** 0.05* -0.003NS

Gu6 0.15*** 0.03NS 0NS 0.06NS -0.01NS

Gu7 0.17*** 0.08* 0.08* 0.01NS -0.01NS 0.001NS

Gu8 0.22*** 0.14*** 0.13** 0.04NS 0.01NS 0.05NS -0.02NS

CRT 0.48*** 0.45*** 0.47*** 0.49*** 0.38*** 0.45*** 0.46*** 0.48***

VeT 0.6*** 0.65*** 0.67*** 0.7*** 0.46*** 0.65*** 0.63*** 0.63*** 0.03**

EcT,CoT,CIT 0.83*** 0.92*** 0.93*** 0.95*** 0.66*** 0.92*** 0.89*** 0.87*** 0.13*** 0.08***

Gu1, Gu2, Gu3, Gu4, Gu5, Gu6, Gu7, Gu8 Guatemala 1, 2, 3, 4, 5, 6, 7, 8, CRT Costa Rica Total, VeT Venezuela Total, CoT
Colombia Total, EcT Ecuador Total, CIT Canary Islands Total

NS: not significant

* denotes P \ 0.05, ** P \ 0.01, *** P \ 0.001

Full collection location names are given in Table 1

M. Torres-Leguizamón et al.

123



the colonized area, as would be expected after a

recent and strong population growth event (Table 5).

Discussion

Tecia solanivora native range: historical vs

molecular data

Although T. solanivora is generally reported to be

native to Guatemala, little information is available

about whether the pest is native or invasive in the

remaining countries of Central America. Historical

data and vernacular insect names (Guatemalan potato

tuber moth or Centro-American potato tuber moth) do

not allow the exact origin of the species to be

determined. Historically, a South American origin of

the pest is very unlikely because it was never signaled

on this sub-continent before the 1980s, although other

species of the same family have been reported earlier.

Because of their geographic positions, two regions

likely to be at the northern and southern limits of the

pest origin area were chosen for sampling: the Sierra

Madre Mountains in Guatemala, and Central Volca-

nic cordillera in Costa Rica. These areas have similar

ecological characteristics that are favorable for the

development of the pest (presence of high-altitude

areas and suitable temperatures); furthermore, these

are the only two areas and countries in the region that

maintain a high level of potato production.

At present, T. solanivora attacks exclusively potato

tubers. As emphasized in the introduction, origin and

domestication of cultivated potatoes probably took

place in South America, and Europeans later trans-

ported cultivated potatoes races to Central America

after the conquest (Hawkes 1989 in Bonavia 1993).

Therefore, we hypothesize that the original host plant

of T. solanivora was a tuber producing Solanaceae,

native to Central America. In Central America the

number of potential wild Solanaceae host species is

small, and almost all are found in Sierra Madre,

Guatemala (6 species) (Hijmans and Spooner 2001;

CIP 2010). We hypothesize that the pest was associ-

ated with one of those plants and that the intensifica-

tion of potato cultivation in Guatemala may have

induced the shift of the species from wild to cultivated

Solanaceae. Molecular data is also in agreement with

the hypothesis of the pest having a Guatemalan origin

(Sierra Madre Mountains). Native populations gener-

ally display higher levels of genetic diversity com-

pared with introduced populations (Dlugosch and

Parker 2008). This is the case for T. solanivora, for

which previous results had shown that populations

from Guatemala displayed higher levels of genetic

diversity (Puillandre et al. 2008) than samples from

other areas. In the present study, all the Guatemalan

samples analyzed follow the same trend: haplotype

diversity (h) among sampled sites ranged from 0.77 to

0.97 and nucleotide diversity (p) from 0.007 to 0.013.

Out of the 60 haplotypes found from the whole

sampling effort, 50 haplotypes were found in Guate-

mala and 45 haplotypes were exclusive to this area.

The hypothesis of T. solanivora having a Guatemalan

origin is also supported by the demographic analysis,

which showed all Guatemalan populations being in

demographic equilibrium rather than in expansion

(Table 5).

Molecular data from Costa Rican samples indicates

that this country lies in the invaded range of the

species. When compared individually with samples

from Guatemala, Costa Rican samples indeed showed

a markedly lower genetic diversity (h = 0.392

and p = 0.004). In samples containing almost the

same number of individuals, genetic diversity was

always higher in Guatemalan samples, for example:

Gu1: N = 30 h = 078, CR1: N = 31 h = 0.35; Gu6:

N = 22, h = 0.78; CR2: N = 24, h = 0.56; CR4:

N = 25, h = 0.48 (Table 1). Moreover, we took

samples across almost the entire potato production

Table 5 Neutrality test for samples from Guatemala and the

remaining countries

Sample site Tajima’s D Fu’s Fs R2

Gu1 -0.71516 0.762 0.0992

Gu2 0.20057 -0.974 0.1533

Gu3 -0.10381 1.742 0.1507

Gu4 0.43511 -1.807 0.1145

Gu5 1.39383 4.693 0.2311

Gu6 0.93441 2.863 0.1603

Gu7 0.75367 0.23 0.1657

Gu8 1.08144 -0.409 0.1944

CRT,VeT,CoT,EcT,CIT -1.82332* -3.969* 0.025

Gu1, Gu2, Gu3, Gu4, Gu5, Gu6, Gu7, Gu8 Guatemala 1, 2, 3,

4, 5, 6, 7, 8, CRT Costa Rica Total, VeT Venezuela Total, CoT
Colombia Total, EcT Ecuador Total, CIT Canary Islands Total

Full collection location names are given in Table 1

* denotes P \ 0.05
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area of Costa Rica in order to cover most of the genetic

diversity of the species in this country. Such intensive

sampling was not possible for Guatemala, where we

focused our sampling effort on the northern production

zone, without sampling some secondary production

areas where one would expect to find additional

haplotypes. In Guatemala, the absence of five haplo-

types (H9, H10, H11, H12 and H13) found exclusively

in Costa Rica and of one haplotype (H6) shared by all

other samples might be explained by the non exhaus-

tive haplotype sampling in Guatemala, considering the

high genetic diversity observed in that country.

Such loss of genetic diversity in invasive popula-

tions compared to native ones has already been

observed in other species (Grapputo et al. 2005;

De Walt and Hamrick 2004; Le Roux et al. 2008;

Puillandre et al. 2008). These results are congruent

with the historical data. The pest was first observed in

Costa Rica (Murillo 1980) during a period of increas-

ing importation of potato seeds from Guatemala in the

1970s (Cifuentes 1980; Christiansen 1980).

Natural spread of the pest from Guatemala to

Costa Rica could have been limited by an ecological

gap between Sierra Madre in Guatemala and the

Central Volcanic cordillera in Costa Rica. The gap

corresponds to an area including Honduras, Salvador

and Nicaragua. The ecological conditions in this zone

are not optimal for the development of the pest, and

potato cultivation is very limited. Moreover there is

only one species of wild Solanaceae as a candidate

host plant of the pest in Costa Rica and Honduras,

and wild potato species seem totally absent in

Salvador and Nicaragua (Hijmans and Spooner

2001; CIP 2010). Despite the lack of T. solanivora

samples from Honduras, Salvador and Nicaragua in

our study, the hypothesis of Costa Rica being an

invaded zone is supported by ecological, agronomic

and historical data in addition to the genetics results.

In agreement with one of the most common vernac-

ular name of the pest (Guatemalan potato tuber

moth), we hypothesize that T. solanivora was prob-

ably introduced to Costa Rica following commercial

potato exchange with Guatemala.

Tecia solanivora population structure

in the native range

The AMOVA shows a significant differentiation

between the two regions analyzed in Guatemala

(Huehuetenango and Quetzaltenango), corresponding

to the northern and southern branches of the Sierra

Madre Mountain. Only four haplotypes out of fifty

found in Guatemala were present in both of these

sampled regions. The valley between the branches of

Sierra Madre Mountain could limit the gene flow

between these regions.

SAMOVA results and pairwise UST
values show that

samples from Quetzaltenango are not significantly

genetically differentiated from each other, a result

which contrasts with that of the Huehuetenango

samples. It is possible that the intensive commer-

cial potato exchanges into the Quetzaltenango area

allow greater population homogenization than in the

Huehuetenango region.

The haplotype network shows the presence of a

few dominant haplotypes in Guatemala. This pres-

ence of dominant haplotypes and their recent closely-

related haplotypes is associated with multimodal

mismatch distribution (a few long branches and many

short branches in the haplotype tree), a pattern that is

also consistent with population equilibrium.

Inferences on the colonization process

Molecular analysis and historical data lead us to

hypothesize that T. solanivora was introduced via

potato exportations from Guatemala to Costa Rica,

(ICTA 1977; Cifuentes 1980; Christiansen 1980).

This is in agreement with both AMOVA and

SAMOVA results, which always support clustering

of Costa Rica with the invaded country samples.

Moreover, most of the Costa Rican haplotypes are

present within the Guatemalan diversity.

The Costa Rican sample most likely originated from

the Quetzaltenango region of Guatemala UST
values are

low between Quetzaltenango Gu5 sample and those

from the invaded countries; the 5 haplotypes shared

between the two countries (H1, H2, H3, H4, H5) are

found in Quetzaltenango region while only two of

them are found in Huehuetenango region (Fig. 1,

Table 1).

As indicated earlier, there is no historical evidence

of the presence of the pest on the South American

continent before 1983. The presence of the Darién Gap,

a large swath of forest and swampland between Central

America (Panama) and South America (Colombia),

likely impeded the natural spread of the pest between

the two sub-continents. The northern South American

M. Torres-Leguizamón et al.
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Andean countries (Venezuela, Colombia and Ecuador)

appear to belong to the area invaded by the species.

During the invasion process, the pest was likely first

introduced to Venezuela via an importation of infected

seed potatoes from Costa Rica at the end of 1983

(Salazar and Escalante 1984; Torres 2003; Niño 2004).

In some invasive species, the amount of genetic

diversity present in each country can be used to infer

the order of colonization of a species (Kawamura

et al. 2006; Rollins et al. 2009). In such cases, the

level of genetic diversity declines progressively

across the introduced range of the species (Clegg

et al. 2002; Wares et al. 2005, Hawley et al. 2008).

This pattern is observed with T. solanivora: diversity

decreases from Costa Rica to Venezuela and from

Venezuela to Colombia and Ecuador (Table 1).

Furthermore, diversity found in an invaded area is

included in the diversity of the probable source

country. Four of the six haplotypes found in

Venezuela (H2, H6, H7, H8) are shared with Costa

Rican samples. Haplotype H6, the only one found in

Colombia and Ecuador, is the most common haplo-

type found in Costa Rica (found in 108 individuals

out of 139 individuals sequenced, i.e. 77.7%) and in

Venezuela (62 individuals out of 68, i.e. 91.2%).

Because of the overall lack of genetic diversity,

molecular data are not useful to clarify whether the

pests in Colombia and Ecuador originate from Costa

Rica or Venezuela. Nevertheless, historical data (the

absence of records of commercial exchanges of

potatoes between Costa Rica and Colombia or

Ecuador) and the ecological barrier between Central

and South American continents (the Darien Gap) lead

us to hypothesize that the invasion most likely came

from Venezuela. The pest invaded Colombia and

Ecuador by anthropogenic introduction due to com-

mercial exchange between these neighboring coun-

tries. Chronological data are congruent with this

hypothesis: T. solanivora was recorded in Venezuela

in 1983, in 1985 the species reached the border area

between Venezuela and Colombia (Rincón and

López-Avila 2004) and in 1996 T. solanivora was

reported in Ecuador in the Colombian neighboring

zone (Gallegos et al. 1997). The origin of the Canary

Islands T. solanivora is uncertain and needs to be

clarified using more variable molecular markers.

The UST
values are also consistent with the same

general pattern of T. solanivora invasion. The values

observed between neighboring countries were

always lower than the values between non-neigh-

boring countries in the sequence Guatemala,-[
Costa Rica,-[ Venezuela,-[ Colombia,-[ Ecuador,-[
Canary Islands. Samples from Costa Rica, Venezuela,

Colombia, Ecuador and the Canary Islands exhibit the

genetic signature of population expansion, a situation

observed in invasive populations (Wang et al. 2009).

According to our results and the chronological

data, the T. solanivora invasion of these South-

American countries appears to be a front-like step-

wise process, where the most recently invaded

country is the source of the further invasion.

The marked reduction in genetic diversity experi-

enced by T. solanivora across the invaded range has

not impeded the ecological success of this pest in

Central America, Northern Andean countries and the

Canary Islands. This paradox has been observed

several times in the past for different organisms (Sax

et al. 2007; Mooney and Cleland 2001; Frankham

2005) including T. solanivora (Puillandre et al.

2008). In the present case it suggests that the

cessation of potato importation has not been sufficient

to limit the establishment and spread of this pest

species in countries where invasion has already

started. To prevent the spread of the pest to other

South American countries and mainland Europe,

monitoring and control measures should be used in

addition to a strict blockade to importation.

In our study, mitochondrial DNA data allowed us

to delimit the area of origin of T. solanivora, and to

analyze the genetic structure of the species in its

native zone. Inferences about the colonization pro-

cess were made possible by the combined use of

genetic and historical data. The Cytb marker proved

useful for the inference of the biological invasion

scenario of T. solanivora.
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