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Abstract

Background: Invasive pest species offers a unique opportunity to study the effects of genetic architecture,
demography and selection on patterns of genetic variability. Invasive Colorado potato beetle (Leptinotarsa
decemlineata) populations have experienced a rapid range expansion and intense selection by insecticides. By
comparing native and invasive beetle populations, we studied the origins of organophosphate (OP) resistance-
associated mutations in the acetylcholinesterase 2 (AChE2) gene, and the role of selection and demography on its
genetic variability.

Results: Analysis of three Mexican, two US and five European populations yielded a total of 49 haplotypes. Contrary
to the expectations all genetic variability was associated with a point mutation linked to insecticide resistance
(S291G), this mutation was found in 100% of Mexican, 95% of US and 71% of European beetle sequences analysed.
Only two susceptible haplotypes, genetically very differentiated, were found, one in US and one in Europe. The
genetic variability at the AChE2 gene was compared with two other genes not directly affected by insecticide
selection, diapause protein 1 and juvenile hormone esterase. All three genes showed reduction in genetic variability
indicative of a population bottleneck associated with the invasion.

Conclusions: Stochastic effects during invasion explain most of the observed patterns of genetic variability at the
three genes investigated. The high frequency of the S291G mutation in the AChE2 gene among native populations
suggests this mutation is the ancestral state and thus, either a pre-adaptation of the beetle for OP resistance or the
AChE2 is not the major gene conferring OP resistance. The long historical association with host plant alkaloids
together with recombination may have contributed to the high genetic variation at this locus. The genetic diversity
in the AChE2 locus of the European beetles, in turn, strongly reflects founder effects followed by rapid invasion. Our
results suggest that despite the long history of insecticide use in this species, demographic events together with
pre-invasion history have been strongly influential in shaping the genetic diversity of the AChE2 gene in the
invasive beetle populations.
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Background

Genetic variability in a given gene is the result of a com-
plex interplay of evolutionary forces such as selection, mu-
tation rate and recombination, and demographic history
of the populations including changes in population size,
migration and divergence [1]. The evolution of insecticide
resistance in invasive pest species offers an opportunity to
study these forces where the form, target and history of
selection, as well as invasion routes are often well known
[2]. Evolution due to a strong directional selection by in-
secticides can be a rapid process [[3] and references
therein], usually involving only a few genes with pro-
nounced phenotypic influences [4,5]. Typically, mutations
that confer resistance are considered to occur at very low
frequency in the population due to fitness costs in non-in-
secticide environments [2]. Strong insecticide selection
subsequently leads to an increase in the resistance allele
frequency and a general change in the allele composition
of populations (e.g. [6]). Furthermore, a strong reduction
in genetic variation is often observed as the originally rare
mutation increases in frequency [7,8]. This reduction may
occur not only in the locus targeted by selection but also
in the surrounding areas through linkage and genetic
hitchhiking [9,10]. Alternatively, selection can act on
standing genetic variation (that is, the beneficial mutation
has relatively high frequency) leading to soft sweeps or
even maintain variability [11-13].

In addition to selection by insecticides, populations of
invasive pest species are often affected by demographic
events. For instance, genetic variation is often reduced by
population bottlenecks and allele frequencies can be dras-
tically changed by founder events [14]. Subsequent range
expansions, typically observed in species invasions [15],
can contribute to the spread of an insecticide resistance
allele across large regions without local insecticide selec-
tion [16]. However, demographic events can be difficult to
disentangle from selection as the former can lead to pat-
terns of genetic variation similar to those caused by selec-
tion [1]. These confounding effects can, in principle, be
separated by examining multiple loci since demographic
history modifies the genetic pattern of the whole genome
whereas only certain loci are affected by selection [1].

Studies of resistance genes have focused on revealing
the nucleotide substitutions that are associated with
resistance (e.g. [17,18]), while less attention has been paid
to genetic variation in the resistance genes themselves.
Yet the level and pattern of genetic variation at the gene
and population level may give a more comprehensive pic-
ture of the evolutionary forces affecting populations
[7,8,19]. Comparing populations before and after selection
(or populations differing in their exposure to pesticide
selection pressure) can provide important insights on the
origins of resistance and how selection modifies patterns
of genetic variability [10,13]. For instance, the Colorado
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potato beetle (Leptinotarsa decemlineata), an invasive in-
sect pest of potato, is well known for its ability to evolve
resistance to insecticides [20] and specific mutations at
the target site of resistance to organophosphate and pyre-
throids have been extensively investigated [21-26]. How-
ever, few studies have examined the population genetic
history of agricultural insect pest populations (but see e.g.
[13]). By examining the population genetic history of agri-
cultural insect pests, it will provide insight as to whether
insect pests appear to be preadapted to insecticide resist-
ance, or whether resistance arises from de novo mutations
under intense selection.

Organophosphates are one of the most common classes
of insecticides used worldwide. They were introduced as
insecticides in the 1930s after which their use increased
rapidly and peaked in the 1970s and 1980s [27]. Due to
intense use of OP insecticides, resistance to OPs subse-
quently appeared in various insect pest species, including
the Colorado potato beetle as early as 1964 in US [3,28,29].
OP resistance in insects can be based on several mechan-
isms; the major ones are target-site insensitivity and
enhanced detoxification of the toxicant. Also lowered
availability of the toxicant may play a role in resistance
(e.g. [5], see also [29]). Target-site insensitivity is caused by
point mutations in two ACKE genes (AChEI paralogous to
and ACKE2 orthologous to Drosophila melanogaster Ace
gene) [30] that encode for acetylcholinesterase enzymes
that function in the synapses of the nervous system. These
point mutations cause insensitivity at the target site of
insecticides action (e.g. [20]). There are at least two point
mutations in the AChE2 gene that have been associated
with OP resistance in the Colorado potato beetle [21,22].
The major resistance-conferring mutation, an amino acid
substitution from serine to glycine (S291G), seems to be
unique to this species [21]. The second mutation (arginine
to lysine, R30K), may enhance the resistance conferred by
the S291G [24].

In addition for being famous for its ability to evolve in-
secticide resistance, the invasion history of the Colorado
potato beetle is relatively well known. The beetle is
native to Mexico where it uses wild relatives of potato
(Solanum rostratum Dunal, S. angustifolium Mill.) as
host plants, and is not a pest of potato. It is thought that
Spanish settlers that migrated northwards with cattle in-
advertently carried S. rostratum, northwards. The beetle
was first described feeding on S. rostratum in 1824 in
Nebraska. The beetle became a serious pest after adap-
ting to potato (S. tuberosum) in the American mid-west
in the 1850s [31]. The first described outbreaks of the
beetle occurred in 1859 in the Midwestern US [31]. Since,
it has spread across the US and almost throughout Europe
[32,33]. Although its establishment in Europe involved a
founder event [34] which reduced neutral genetic variabi-
lity, the beetle has retained a substantial amount of genetic
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variability in life history traits [33,35]. Currently, the
Colorado potato beetle is considered to be the major
threat to potato crops worldwide. If left uncontrolled, it
can cause serious damage to potato crops [36]. The bee-
tle’s complicated and versatile life history has contribu-
ted to its success. For instance, the beetle has a very high
reproductive potential, both larvae and adults feed
on potato, and adults can survive harsh winter condi-
tions by overwintering in diapause burrowed into the soil
[29,37].

We took advantage of the knowledge on one of the
main mechanisms of OP resistance and combined it with
the invasion history of the Colorado potato beetle to
examine the origins of OP resistance-associated muta-
tions, and the selective and demographic forces on the
genetic variation in the ACKE2 gene using a population
genetic approach. In order to disentangle the confounding
effects of demography from selection, we examined gen-
etic variation at two other nuclear genes, the diapause
protein 1 (DPI) [38] and putative juvenile hormone ester-
ase (JHE) [39,40]. If there was a clear sign of intense direc-
tional selection, we would expect lower genetic variability
both at the AChE2 locus than at the other two loci and in
the invasive agricultural (US and Europe) than in native
Mexican beetle populations. We would also expect a
higher frequency of the OP resistance-associated S291G
mutation in the invasive than in the native populations.
Finally, we searched for evidence of population genetic
structure at the loci among geographic regions and inves-
tigated if nucleotide variability at the AChE2, DP1 and
JHE genes are compatible with neutral expectations.

Results

Haplotypes and the frequency of resistance-associated
mutations at the AChE gene

The AChE2 sequences from the 98 Colorado potato bee-
tles (10 populations, Europe: Finland, Russia, Estonia,
Poland, Italy; US: Colorado, Kansas; Mexico: Puebla,
Morelos, Oaxaca) yielded a total of 49 haplotypes contain-
ing 87 polymorphic sites (see Additional file 1). No indels
were observed. Of the 12 non-synonymous mutations two
(R30K and S291G) are known to be associated with OP
resistance [21,22,24] of which the major resistance-asso-
ciated mutation, S291G, was encountered in all popula-
tions examined. A third non-synonymous mutation
(Y54H) was present in Europe and in the Colorado popu-
lation. Five non-synonymous mutations (R30K, L50M,
P150S, T151S and A238D) were specific to the Colorado
population, one (S55A) to the native Kansas population
whereas the remaining four (Q3K, P41S, Y205F and
A239T) were specific to the native Mexican populations
(see Additional file 2). In general, the number of haplotypes
as well as polymorphic sites was lower in Europe than in
the US or Mexico (Table 1; see Additional file 1). Notably,
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Table 1 Genetic diversity indices for Colorado potato
beetle populations

Diversity indices

Population N H S Tr. Pr. k h n Ow
AChE2 (1037 bp)
Morelos 20 8 7 0 2 1979 0821 00019 00019
Oaxaca 20 6 7 1 2 2189 0800 0.0021 00019
Puebla 18 9 37 12 21 10288 0843 00099 0.0104
Kansas 18 13 30 7 7 10425 0948 00101 00084
Colorado 20 15 38 10 8 8542 0963 00082 00103
Russia 200 5 14 2 0 6353 0726 00061 00038
Finland 200 5 12 2 0 5795 0679 00056 0.0033
Estonia 20 6 20 4 0 7021 0858 00067 0.0054
Poland 20 6 20 5 0 7416 0790 00072 00054
[taly 200 4 14 2 0 6611 0695 00064 00038
DP1 (931 bp, including a short 58 bp intron site)
Morelos 20 14 13 3 2 4684 0947 0.0050 0.0039
Oaxaca 20 11 14 2 3 4189 0916 00045 0.0042
Puebla 18 12 22 5 7 6634 0915 00071 0.0069
Kansas 16 11 25 7 5 8192 0942 0.0088 0.0081
Colorado 20 12 34 71N 6342 0905 0.0068 00103
Russia 18 4 21 8 0 5745 0712 00062 0.0066
Finland 20 2 8 2 0 4211 0526 00045 0.0024
Estonia 10 4 12 5 0 5311 0778 00057 00046
Poland 200 4 12 5 0 5011 0753 00054 0.0036
[taly 20 4 2 8 0 7137 0763 00077 0.0064
JHE-b (583 bp)
Morelos 18 14 12 5 1 4150 0974 00071 0.0060
Oaxaca 18 11 14 5 3 4824 0928 00083 00070
Kansas 6 2 19 7 5 10133 0533 00174 00143
Russia 14 8 15 6 1 6.044 0824 00104 0.0081
Finland 12 7 7 4 0 3288 0864 00056 0.0040
[taly 0 4 6 30 2689 0644 00046 0.0036

Abbreviations: N, number of gene copies; H, number of haplotypes; S, number
of polymorphic sites; Tr., number of transversions; Pr., number of private
polymorphic sites; k, the average number of nucleotide differences; h,
haplotype diversity; m, nucleotide diversity; 6,,, Watterson’s theta estimate.

the Puebla population yielded most of the polymorphism
in Mexico (Table 1) and had many (21 of 37) private substi-
tutions. Although the Mexican Morelos and Oaxaca popu-
lations each had only 7 polymorphic sites (Table 1) they
possessed 12 private and fixed substitutions. There was only
one polymorphic synonymous site present in Europe that
was not found in the North American populations. In gen-
eral, haplotypes were not shared among populations. Only
three haplotypes (hl, h4 and h7) were common to both
Europe and the US. Three haplotypes (h1, h18, h22) were
shared between Colorado and Kansas and five (h42, h43,
h45, h46, h49) between Morelos and Oaxaca. The DPI and
JHE-b sequences (n = 91 and 39) yielded 56 haplotypes with
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67 polymorphic sites, and 38 haplotypes with 32 poly-
morphic sites, respectively (see Additional file 1). Similar
to AChE2, the number of haplotypes and polymorphic sites
was, in general, lower in Europe than in North America
(Table 1).

The frequency of the OP resistance-associated mutation
S291G was very high in the US (94.7%) and in Mexican
(100%) whereas it was only 71% in the European beetles. At
the genotypic level, 100% of genotypes carried the OP resist-
ance-associated mutation S291G in the North America
populations and 88.9% (US) and 100% (Mexico) were
homozygotes for this mutation (Figure 1). The frequency
of genotypes carrying the S291G mutation was 89% in the
European populations, and approximately half (52%) of
the beetles were homozygous. There were significant dif-
ferences in the frequencies of genotypes among European
populations (y*= 16.94, df = 8, P = 0.031). Notably, all
individuals in the Finnish population carried S291G
whereas the percentage was only 20% in the Italian popu-
lation (Figure 1). The second resistance associated muta-
tion R30K was found in only two haplotypes (h12, h23)
(see Additional file 2) in the Colorado population.

Recombination might have played a role in shaping the
genetic variation of the AChE2 locus and may explain the
high differentiation among the AChE2 haplotypes. Indeed,
GARD identified a breakpoint (Aic = 5110.7, AAic =
237.07) in the alignment between nucleotides 685 and 686
with significant topological incongruence at the p-value =
0.01 while no recombination breakpoints were identified
in DP1 or JHE-b. Separate haplotype genealogies for the
two portions of the AChE2 gene were constructed with
HapView [41] that uses the topology of most parsimoni-
ous trees (DNAPARS, PHYLIP Package) [42] with branch
lengths representing haplotype genealogies, ie. discrete
mutational steps. The portion of the gene before the
recombination breakpoint contained 37 haplotypes con-
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Figure 1 Frequency (%) of genotypes for the OP resistance-
associated mutation S291G in Colorado potato beetle
populations. N; number of individuals, RR; homozygous, RS;
heterozygous for the OP resistance-associated mutation S291G, SS:
homozygous lacking the S291G mutation.
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nected by relatively long branches in the haplotype genea-
logy (Figure 2A). The most common haplotypes in the
populations were quite different, separated by 12 muta-
tions. The US and European haplotypes did not form separ-
ate clusters but intermingled in the genealogy (Figure 2A).
The Mexican Morelos and Oaxaca populations were
highly differentiated from other haplotypes, forming a
cluster of closely-related haplotypes. The haplotypes that
lacked the OP resistance-associated mutation S291G
(h22 in US and h2 in Europe) were very different from
each other (12 mutational steps, Figure 2A). The portion
after the recombination breakpoint showed only 24 haplo-
types with the most common haplotypes in the popula-
tions being very closely related, differing by only 1 or 2
mutations (Figure 2B).

The LD analysis for AChE2 indicated that the degree of
linkage between sites was considerably lower for the
North American populations than in Europe, irrespective
of whether sites with minor haplotype frequency (<0.1)
were excluded or not (Table 2) . In general, the estimated
minimum number of recombination events was higher
for the North American populations (Rm = 1-7) than
in Europe (Rm = 1-2) with the exceptions of the two
Mexican populations, Morelos and Oaxaca, where esti-
mated Rm was 1. The degree of linkage between sites was,
in general lower in North America than in Europe for the
DP1 also (Table 2). The estimated minimum number of
recombination events was higher for the North American
populations (Rm = 1-5) than in Europe (Rm = 0). Finally,
the degree of linkage between sites of JHE-b was low in
both North American and European populations and there
were no large differences in Rm either (Table 2).

The haplotype genealogy for DPI sequences showed
quite differentiated haplotypes with long branches con-
necting them (Figure 2C). The most common haplotypes
were separated by 3-8 mutation steps. The US and
European haplotypes did not form separate clusters but
intermingled in the haplotype genealogy while the
Mexican Morelos and Oaxaca haplotypes formed a sep-
arate group as in the haplotype genealogy for the por-
tion of the AChE2 gene before the recombination
breakpoint. Although we did not have an extensive sam-
pling for JHE-b, the haplotype genealogy was similar in
structure to the DP1 haplotype genealogy (Figure 2D).

Nucleotide diversity and population genetic structure

There was genetic variation in the AChE2 gene among the
invasive Colorado potato beetle populations (Europe and
the Colorado population) (Table 1). Genetic diversity
tended to be higher in North America than in Europe for
both ACKE2 and DPI1 (Table 1; see Additional file 1 and
Additional file 3) but this was statistically significant only
for haplotype diversity (Mann—Whitney U-test, P = 0.009-
0.047). In general, genetic diversity was highest in the US
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Figure 2 Haplotype genealogies constructed with HapView. The circle size is proportional to the haplotype frequency. Each line represents a
single mutation; dark blue circles represent extinct haplotypes. (A) AChE2 haplotype genealogy based on the portion before the recombination
breakpoint recovered by GARD, (B) AChE2 haplotype genealogy based on the portion after the recombination breakpoint. Haplotype numbers
refer to the AChE2 haplotypes based on the whole sequences. Haplotypes that lack the $291G mutation are shown in bold. (C) Haplotype

genealogies for DPT and (D) for JHE-b sequences.




Piiroinen et al. BMC Evolutionary Biology 2013, 13:13 Page 6 of 13

http://www.biomedcentral.com/1471-2148/13/13

Table 2 Linkage disequilibrium, recombination estimators and neutrality tests for North American and European
Colorado potato beetle populations

Linkage disequilibrium and recombination Neutrality tests

Population n % sign. % Bonf. R, per gene Rm D D* ZnS
AChE2 (1037 bp)
Morelos 21 190 0.0 1320 1 0.010 0.048 0.090
Oaxaca 21 190 95 18.7 1 0.361 0.674 0.209
Puebla 666 206 0.6 49 4 -0.177 0.057 0211
Kansas 435 234 14 164 5 0.784 0.042 0.198
Colorado 703 83 0.0 7.2 7 —0.805 —0.408 0.144
Russia 91 70.3 539 1.6 2 2.232 0.778 0.575
Finland 66 833 379 2.5 2 2.560 1.461 0.593
Estonia 190 337 95 79 2 0933 1.583 0315
Poland 190 279 153 50 1 1.199 1.049 0350
Italy 91 69.2 253 37 2 2472 1.501 0.524*
DP1 (931 bp, including a short 58 bp intron site)
Morelos 78 12.82 1.28 80.1 5 1.010 0.714 0.140
Oaxaca 91 18.68 330 276 2 0.226 —0.306 0.135
Puebla 231 14.72 433 16.8 2 0.146 -0.523 0.153
Kansas 300 1267 2.00 109 3 0357 0.206 0.214*
Colorado 561 4.63 1.07 48 1 -1.336 —2.144* 0.179
Russia 210 17.14 4.76 09 0 -0.231 -1.110 0412
Finland 28 100.00 100.00 0.001 0 2.923 1.342 1.000
Estonia 66 3333 0.00 7.2 0 1.139 0.856 0436
Poland 66 34.85 3333 49 0 1.728% 1.461 0438*
[taly 210 55.24 4.76 15 0 0.785 1.592 0432
JHE-b (583 bp)
Morelos 66 121 1.5 544 4 0.700 1.460 0.139
Oaxaca 91 17.6 33 18.1 4 0.696 0.803 0.188
Kansas 171 0.0 0.0 0.001 0 1.357 1.692 1.000
Russia 105 352 0.0 6.6 4 1.147 0913 0317
Finland 21 238 48 14.1 2 1.637 0817 0.360
Italy 15 40.0 0.0 06 1 1.108 1.346 0.668

Abbreviations: n, number of pairwise comparisons;% sign., percentage of significant pairwise comparisons;% Bonf., percentage of significant pairwise
comparisons after Bonferroni correction; R, per gene, recombination parameter; Rm, minimum number of recombination events; D, Tajima’s neutrality
value; D*, Fu and Li's neutrality value; ZnS, Kelly’s neutrality value. Significant values in bold. *Significant when recombination was included to the
coalescent simulations.

and in the Mexican Puebla populations, and lowest, espe-
cially for the ACKE2, in the other two Mexican populations
(Table 1; see Additional file 3). Diversity did not differ
among European populations (Kolmogorov-Smirnov test,
P > 0.245 for all diversity indices and loci). As for JHE-b,
there were no significant differences in genetic diversity
between North American and European populations
(Mann—Whitney U-test, P > 0.275 for all diversity indices).
There were no significant differences in diversity indices
among genes (Kruskal-Weallis test, P > 0.249 for all diver-
sity indices). For Mexican Morelos and Oaxaca popula-
tions, diversity tended to be lowest in the AChE2 gene and
highest in the JHE-b gene (Table 1; see Additional file 3).

The AMOVA analysis on AChE2, PD1 and JHE-b
sequences showed significant population genetic structure
among regions (Europe, US and Mexico) (P = 0.015-0.024)
as well as among populations within regions (P < 0.001-
0.045) (Table 3). Among-region variation accounted for
most of the genetic variation for AChE2 (39.86%) and
JHE-b (56.93%) genes while within-population variation
accounted for most of the genetic variation for DPI
(43.75%). Although, the number of US populations ana-
lysed is lower than that of Europe, these differences are
large enough that additional sampling would be unlikely to
influence our results. No isolation by distance was detected
among European populations. Pairwise @gz values for the
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Table 3 Analyses of molecular variance (AMOVA) conducted on AChE2, DP1 and JHE-b sequences of Colorado potato

beetle populations grouped together by region (Mexico, US and Europe)

Source of variation d.f. Sum of squares Variance components Percentage of variation (%) P
AChE2

Among regions 2 484.72 3.385 39.86 0.024

Among populations within regions 7 27285 1.816 2138 <0.001

Within populations 186 612.16 3.291 38.76 <0.001
DP1

Among regions 2 350.13 2712 4161 0.023

Among populations within regions 7 140.14 0.954 14.64 <0.001

Within populations 172 490.51 2.852 4375 <0.001
JHE-b

Among regions 2 153.17 3.293 56.93 0.015

Among populations within regions 3 11.95 0.115 1.99 0.045

Within populations 72 171.08 2376 41.08 <0.001

three loci showed that, in general, the Mexican and the US
populations were genetically distinct from European popu-
lations, and Mexican populations were genetically distinct
from the US populations (Table 4; see Additional file 4).
There were few exceptions. There was no significant gen-
etic differentiation between the Colorado and the Estonian
populations for AChE2 (Table 4). And the Kansas and Col-
orado populations were not genetically different from the
Estonian and Italian populations for DPI (see Additional
file 4). In Mexico, the Puebla population was genetically
different from the Morelos and Oaxaca populations while
the latter two populations showed no significant genetic
differentiation (see Additional file 4). In the US, the Color-
ado population was genetically different from the native
Kansas population (collected from S. rostratum) only for
ACHE2. In contrast to North America, the pairwise @gr
values showed only a few significant differences among
European populations, with the Finnish population being
genetically differentiated most often. There was a high cor-
relation between Qgstatistics among populations with the
three genes (r = 0.796-0.987).

Neutrality tests

In general, European and the North American populations
were in Hardy-Weinberg equilibrium (H-W- test for
populations P > 0.05), except for the Mexican Morelos
and Oaxaca populations for AChE2, Oaxaca and Estonian
population for DPI, and Oaxaca and Russian populations
for JHE-b (P < 0.05). In general, the Mexican populations
showed no strong deviations from neutrality expectations
for all genes (Table 2; see Additional file 3). Tajima’s D and
Fu and Li’s D* were mostly close to zero or slightly posi-
tive. Neither US population showed strong deviations
from neutrality expectations, Colorado had consistently
negative and Kansas positive D and D* values. European
populations showed some deviation from neutrality
expectations, especially for the AChE2 gene: all neutrality
tests were significant for the Finnish and Italian popula-
tions while one of the tests was significant for Russia and
Estonia (Table 2). All neutrality tests for the DPI gene
were significant for the Polish population while only one
was significant for Finland and Italy. There were no strong
deviations from neutrality expectations for the JHE-b gene.

Table 4 Pairwise genetic differentiation (®s7) values for AChE2 locus between North American and European Colorado

potato beetle populations

Morelos Oaxaca Puebla Kansas Colorado Russia Finland Estonia Poland
Oaxaca 0.031
Puebla 0.754 0.752
Kansas 0.742 0.736 0.239
Colorado 0.788 0.782 0.322 0.064
Russia 0.833 0.827 0.422 0.196 0.149
Finland 0.841 0.835 0.433 0.224 0.206 0.086
Estonia 0.818 0.812 0.362 0.124 0.036 0.052 0.113
Poland 0.808 0.802 0.366 0.122 0.086 0.017 0122 0.024
Italy 0.829 0.823 0.426 0.227 0.211 -0.019 0.062 0.103 0.071

Significant Osy values are indicated in bold.
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In contrast to North American populations, most European
populations had strong positive neutrality (D and D¥)
values, indicating an excess of intermediate-frequency
variants. An exception was the DPI gene for which the
Russian population had slightly negative (non-significant)
values (Table 2). When European populations were
pooled, both Tajima’s D (1.848) and Kelly's ZnS (0.207)
were significant when recombination was included in the
coalescence simulations.

Discussion

Contrary to the expectation that the pattern of genetic
variability at the AChE2 gene would have been shaped
by intense insecticide selection, we found that all genetic
variability was associated with the insecticide resistance-
associated S291G mutation and that the frequency of
this mutation was very high both in the native Mexican
and Kansas populations and in the agricultural popula-
tion in US, though lower in Europe (Figure 1). This
lower frequency of S291G among European populations
is most likely explained by founder effects associated
with the species invasion of Europe (see discussion
below) rather than fitness costs of OP resistance in the
absence of selection [43]. All three loci showed compar-
able level of genetic variability with reduced levels of
variability in Europe compared to US. There results sug-
gest that pre-invasion history and demographic forces
have strongly influenced the evolution of the ACKE2
locus in the invasive Colorado potato beetles.

The high frequency of the insecticide resistance-asso-
ciated S291G mutation in the native beetle populations to-
gether with a high number of substantially differentiated
haplotypes (Figure 2A) suggest that the glycine form of
AChE2 is the ancestral state. This high frequency of
S291G could be related to the native beetles’ adaptation to
wild Solanaceous plants which, in general, have higher
concentrations of steroidal alkaloids than commercial
potato plants [44,45]. Steroidal alkaloids inhibit AChE
enzyme and beetle AChE has been shown to be less sensi-
tive to these alkaloids than that of other insects [44]. Thus,
most of the observed genetic variation (and the high fre-
quency of S291G) could be related to the beetle’s historical
association with alkaloids which caused a pre-adaptation
to withstand OP insecticides. Support for this possibility
comes from a study on museum samples of blowflies,
Lucilia cuprina, in which Hartley et al. [13] suggested that
rapid evolution of OP resistance (malathion) was possible
due to a high frequency of resistance alleles before the
onset of OP selection.

The unexpected high allelic variation in the AChE2
gene in addition to the ancestral origin could be due to
recombination or to multiple origins of resistance-associated
mutations as suggested in the case of Tribolium castaneum
resistance to cyclodiene insecticide [41]. The recombination
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analysis indicated several recombination events in both the
North American and European samples (Table 2) and
GARD indicated the presence of a recombination break-
point in the middle of the AChE2 fragment. The portion of
the AChE2 gene after the recombination breakpoint,
which is linked to the resistance-associated mutation
S291G, showed less allelic variability than the portion be-
fore the recombination breakpoint (see Figures 2A
and B). This either indicates that selection by OPs could
have reduced genetic variability but the variability was
subsequentially enhanced by recombination creating the
high variability among haplotypes or the portion of the
gene linked to the S291G mutation is most constrained.
The possibility of multiple origins is difficult to de-
termine since only two susceptible haplotypes have
been retained by European and North American
populations.

It should be noted that under a scenario in which a
beneficial mutation is already relatively common at the
onset of positive selection (as it is a likely case in the
Colorado potato beetle), the pattern of genetic variation
may differ markedly from the classical signature of positive
selection [8], not for example, leading to substantial reduc-
tion in genetic diversity (e.g. [12]). This may partly explain
why no clear signs of insecticide selection at the AChE2
locus were observed and most allelic variation at the
AChE?2 gene in the invasive beetle populations was asso-
ciated with the resistance-associated mutation. In contrast,
for example, in invasive olive fly, Bactrocera oleae, the
amount of genetic variation of the Mediterranean popu-
lations was reduced in areas of high OP usage with
two resistant haplotypes reaching proportions above
60% [8].

Although the S291G mutation in the ACKE2 gene has
been associated with OP resistance in the Colorado potato
beetle [21,24,45], the intensity of OP selection targeting the
S291G mutation may have not been as strong as expected.
One reason could be that AChE2 may not be the major
gene conferring OP insecticide resistance. In a recent paper
Revuelta et al. [46] found that the Colorado potato beetle
has a second ACKE gene that is homologous to the AChE1
of other insects which in some instance has been found to
be the main target of OP selection [47]. Moreover, associa-
tions between the resistance S291G mutation and the re-
sistant level of beetle populations have not been very strong
[48,49]. Nevertheless, the site-directed mutagenesis has
confirmed that the S291G mutation affects the sensitivity of
the enzyme to OP insecticides [24] and thus the AChE2
gene cannot be totally neutral.

Additionally, negative cross-sensitivity and the fact that
the sensitivity of insect AChE to various inhibitors
depends on different combinations of several other point
mutations at the locus [18] means that selection pressures
by OP insecticides and other inhibitors that target AChE
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may select for different point mutations or combinations
of mutations at the ACKE locus, adding further complexity
to the evolutionary history of the locus. For instance, kin-
etic analyses have indicated that the R30K mutation, in
combination with the S291G, enhances AChE2 insensitiv-
ity in the beetle [24], whereas a second (I392T) mutation
modifies the AChE2 to be susceptible to organophosphates
(azinphosmethyl in particular). The exact mechanisms re-
sponsible for the mutations’ resistance enhancement/
reduction are still unknown. The R30K resistance-asso-
ciated mutation was very rare in our sample (1%) and
found only in Colorado (Table 2) indicating either that the
mutation is relatively new or is counter-selected due to the
fitness costs [43]. Unfortunately, the AChE2 sequence we
amplified did not include the whole gene, including the
[392T mutation, and thus we could not examine the pres-
ence of this mutation and other possible mutations else-
where at the locus. We found another relatively common
non-synonymous mutation (Y205F) previously not-
described which was fixed in Mexican Morelos and Oaxaca
populations. It is unlikely that this mutation affects the
function of AChE2 as both tyrosine and phenylalanine
have closely similar chemical properties. It is also noted
that selection by OPs may have also targeted other resist-
ance mechanisms e.g. enhanced detoxification (reviewed
in [29]), which may complicate the situation even further.

The higher frequency of susceptible haplotypes (i.e.
serine form of AChE2) among the invasive agricultural
populations in Colorado and Europe is intriguing. It could
be explained by a relaxation of selection by the original
host plant (S. rostratum) when the beetle expanded its host
range onto cultivated potatoes. In other words, serine form
of AChE2 would be the derived form. An interesting sce-
nario, albeit still hypothetical in the light of this data, is
that the switch to commercial potato could have counter-
selected the glycine form of AChE2, whereas the later
usage of OP insecticides could have selected for the S291G
mutation restoring the frequency of the ancestral geno-
type. A historical survey of the frequency of the S291G
mutation could reveal whether this hypothesis is true.

The level of genetic variation in the AChKE2 gene
(Table 1) was about three times higher than the mtDNA
variability in the same populations [34], but similar to that
found in the other two nuclear genes, DP1 and JHE-b.
There was a high correlation between Qg statistics among
populations with the three genes indicating that all three
have been affected by similar evolutionary forces. The
North American populations were highly genetically dif-
ferentiated from each other for all three loci examined.
The agricultural population in Colorado showed high di-
versity, similar to the population in Kansas collected on
S. rostratum. The two populations also shared several hap-
lotypes for all genes analysed suggesting that the switch to
potatoes resulted in a large founder population and/or
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multiple host expansions occurred. The European popula-
tions instead showed a strong founder event with a con-
siderable reduction in the genetic variability at all loci
(see also [34]). Compared to the North American popula-
tion, European beetles have lost rare variants and rare
mutations (Table 1, Figure 2), which is typical for popula-
tions that have experienced a founder event [14]. The
bottleneck experienced during the invasion of Europe may
also explain the lack of structure among the European
populations. In addition to the founder event, the surfing
of a few variants on the wave front of the expanding inva-
sive population, reaching relatively high frequencies, could
explain the lower genetic variability in Europe [16,50].
These general conclusions are unlikely to be changed by
additional sampling. Sampling additional populations in
Europe would unlikely lead to an accumulation of add-
itional haplotypes. Although we had only one agricultural
population analysed from US, this was the most variable
population according to an AFLP and mtDNA survey
[34]. Furthermore, our results are also in agreement with
those obtained with AFLPs and mtDNA [34] where more
populations in US were sampled. Finally, the differences
in the distribution of genetic variation among and within
regions are large enough that additional sampling would
be unlikely to influence our results.

Conclusions

Examining both native and invasive pest populations can
provide important insights on the origins of insecticide re-
sistance mutations and how selection and demographic
events modify patterns of genetic variability [10,13]. Here,
we have shown that despite the long history of organo-
phosphate (OP) use in the invasive Colorado potato beetle
populations, the genetic variability in the AChE2 gene
associated with resistance to OP insecticides has been
strongly influenced by the pre-invasion history of the spe-
cies and demographic events. The high frequency of the
S291G mutation in the ACKE2 gene among native popula-
tions suggests this mutation is the ancestral state and thus,
either a pre-adaptation of the beetle for OP resistance or
alternatively ACKE2 is not the main gene conferring OP
resistance. The present high genetic variability at the
AChE2 gene could be due to the enduring relationship
with host plant alkaloids before the onset of insecticide
use and possibly due to recombination events. The genetic
diversity in the AChE2 locus of European beetles strongly
reflects founder effects followed by rapid invasion. Our
study is a snapshot of the genetic variation as it involves
only three genes. It is therefore possible that selection by
OP insecticides could show signature elsewhere in the
genome. The new omics techniques will allow to test vari-
ation as well function of genes and genes network, and
thus reveal the effects of insecticide selection at the whole
genome level.
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Methods

Study specimens

Beetles were collected from five regions in Europe: Russia
(60°43'N, 33°33’E), Finland (61°41'N, 27°15’E), Estonia
(58°23'N, 26°43’E), Poland (53°23'N, 14°32’E) and Italy (45°
33'N, 11°33’E) (in all populations n = 10) in 2003. In North
America, beetles were collected from two regions in the
US: Colorado (40°55'N, 105°07’W) in 2003 and Kansas
(38°52'N, 99°19'W) in 2010, and from three regions in
Mexico: Puebla (19°01'N, 97°57"W), Morelos (18°47'N, 99°
17W), and Oaxaca (16°43'N, 96°41’W) in 2010 (in all
populations n = 10). The Colorado population was chosen
for its high levels of genetic variation in AFLP markers
[34], and because Colorado presumably was one of the
first sites of US invasion [51]. The Kansas and Mexican
beetle populations live on the wild relatives of potato, S.
rostratum (Morelos, Oaxaca and Kansas) and S. angustifo-
lium (Puebla). They represent native populations not
adapted to use potato as a host [52] and not exposed to
insecticide selection. In Mexico, beetles are very host spe-
cific [52] and have never been found on potatoes and are
not pests of potato [31,53]. Also, the beetle samples col-
lected in Mexico (Morelos, Oaxaca, Puebla) were far from
the potato growing regions (Toluca), and thus, unlikely to
be exposed to insecticides. Also, the beetles in Kansas
were collected from rangelands, where potatoes are not
grown.

DNA analysis

Total genomic DNA was obtained from the legs of bee-
tle individuals. DNA extraction was performed using the
DNeasy Tissue Kit (QIAGEN) according to the manu-
facturer’s protocol. The purification of the lysate was
performed with a slight modification from the protocol
in which magnetic particles (MagAttract® Suspension G,
QIAGEN) were used to shift DNA through purification
phases using a Kingfisher (ThermoScientific) automated
purification system. Primers used in the amplification of
gene sequences were obtained from previously described
primers [40,54] as well as designed from the published
AChE2, DP1 and JHE Colorado potato beetle genes
available from Genbank [Genbank: 1.41180.1, X86074.1].
For primer sequences, PCR mixture and thermal cycle
programs, see Additional file 5. Exol-SAP (Amersham
Biosciences) was used to purify the PCR products. Se-
quencing reactions were performed using the BigDye®
Terminator v3.1 Cycle Sequencing Kit (Applied Biosys-
tems) and were run on an ABI 3100 automated sequen-
cer. In general, amplification success was variable. For
each of the ACKE2, DPI and JHE genes, we were able to
obtain sequence data from 98, 91 and 69 individuals of
the 100 individuals included in the study, respectively.
As for JHE, we obtained the JHE-b form of the gene [40]
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for 49 individuals and the JHE-a form for 20 individuals.
Therefore, only the JHE-b form was used in this study.

SeqScape v2.1.1 (Applied Biosystems) was used to as-
semble and align the sequences. As for AChE2, we
obtained a 1037 bp long fragment consisting of a short
noncoding region [sites 20—109; nucleotide sites were
numbered according to the published Colorado potato
beetle ACKE cDNA sequence [55] and a coding region
(sites 110—1057) spanning exon 2 to exon 5 of Drosoph-
ila melanogaster AChE [56]. As for DP1, we obtained a
931 bp long fragment consisting of exon 2 [sites 2664—
2769; nucleotide sites according to the published Colorado
potato beetle DPI DNA sequence [38]], a short
intron (sites 2770-2827) and part of exon 3 (sites
2828-3594). As for JHE-b, we obtained a 1550 bp long
fragment (sites 25-1575; nucleotide sites according to
[40]. Because the quality of the sequence data for many
JHE-b samples was poor, we included a 583 bp long
fragment (sites 58—-641) from 39 individuals (5 popula-
tions) in the analyses. No introns were observed in the
fragment of the AChE and JHE-b genes sequenced from
the beetle.

Haplotypes were inferred from genotypic data using the
program PHASE 2.1.1 [57] which is a Bayesian statistical
method for reconstructing haplotypes. Nineteen (AChE?2)
and 17 (DPI) individuals, in which the haplotypes could
not be inferred reliably by PHASE, were cloned to deter-
mine the correct phase of the variable sites. The PCR mix
and cycles were as described in Additional file 5 except
that the primers used in the amplification of AChE2 had
no M13 tails. The PCR products were purified according
to the manufacturer’s instructions using the Qiaquick®
PCR purification Kit (QIAGEN) (for AChE2) or GeneJET
Gel Extraction Kit (Fermentas) (for DPI). The ligation and
transformation were performed according to the manufac-
turer’s instructions using Qiagen PCR Cloning Kit (QIA-
GEN) and Qiagen EZ competent cells (for AChE2) or
CloneJET PCR Cloning Kit (Fermentas) with NovaBlue
Singles cells (Novagen) (for DPI). The PCR mixes used to
amplify the cloned inserts were as described in Additional
file 5 but the primers were M13 for AChE2 and pJET1.2
for DP1. The PCR cycle programs to amplify cloned
inserts are described in Additional file 5 and the PCR pro-
ducts were purified and sequenced as described above.
Sequences were deposited in GenBank, [GenBank:
GU066317 - GU066339, KC342668-KC342788].

Data analyses

The following diversity indices were calculated using
DNASP 4.10.9 [58]: nucleotide diversity (i) [59], allele
diversity (h) [59], the average number of nucleotide differ-
ences (k) [60] and the Watterson estimator theta (per site)
(Bw) [61].
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To assess whether recombination has had a significant
role in shaping genetic variation, we estimated the degree
of linkage disequilibrium (LD) by D [62] and its standar-
dized coefficient D’ [63] obtained with the program
DNASP. Statistical significance was tested between all
pairs of polymorphic sites in each population and for
European populations pooled together with the two-tailed
Fisher’s exact test [64]. A Bonferroni correction for mul-
tiple comparisons was performed [65]. The recombination
parameter, R, was estimated by Hudson’s [66] method.
The minimum number of recombination events in the his-
tory of the sample, Rm, was obtained using the four-gam-
ete test [67]. The confidence limits for Rm were obtained
by incorporating recombination in to the simulations
implemented in the DNASP (10000 replicates). Finally, we
estimated the number and the position of possible break-
points using the GARD [68] included in the on-line Data-
Monkey package [www.datamonkey.org, [69]]. The
method screens the multiple-sequence alignments for re-
combination by searching for evidence of segment-specific
phylogenies and assesses goodness-of-fit using an informa-
tion-based criterion. Departures from Hardy-Weinberg
equilibrium were tested in each population with the pro-
gram ARLEQUIN 3.1 [70]. Haplotype genealogies were
constructed with HapView [41]. The parsimonous trees
were first constructed with DNAPARS program [PHYLIP
package [42]] run from Hapview. Then a consensus tree
was constructed with CONSENSE in PHYLIP package.
This approach was adopted as phylogenetic reconstruction
methods have been shown to perform better than com-
monly used haplotype network constructing methods for
highly genetically divergent haplotype sequence data [41].

We performed a hierarchical analysis of molecular vari-
ance (AMOVA) [71] computed with ARLEQUIN to esti-
mate the level of differentiation among populations and
between regions. We grouped the populations according
to the geographic areas (Mexico, US and Europe), which
represent also the different stages of beetle’s invasion.
Population pair-wise @g7 values for each locus were
performed with ARLEQUIN (number of permutations
10000). To test whether genetic distance correlated with
geographical distance among European populations, and
whether population pair-wise @7 values correlated among
populations with genes, a Mantel test was conducted with
the program FSTAT 2.9.3 [72] using 10000 randomiza-
tions. Geographic distances (kilometers) were entered as
log transformed. @sr and Reynold’s distance values for
European populations were obtained with ARLEQUIN.

Tests of selective neutrality were analysed with the
program DNASP to assess whether the observed fre-
quency distribution of nucleotide polymorphism departs
from neutral expectations. Neutrality tests performed
included Tajima’s D [73], Fu and Li’s D* [74] and Kelly’s
ZnS [75]. The Tajima’s D test compares differences
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between the number of segregating and the average
number of nucleotide differences. It is sensitive to the
excess of rare variants (observed after a selective sweep).
Fu and Li’s D* test works in a similar manner to the D
test where D* is based on the differences between the
number of singletons (new mutations) and the total
number of mutations, thus, being more sensitive to posi-
tive selection than the D test. Kelly’s ZnS statistic tests
for the excess of linkage disequilibrium compared with
that expected under neutrality. The confidence limits
(and the P values) for neutrality test statistics were
obtained by coalescent simulations with and without re-
combination (number of replicates as above).
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