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Differentiation and gene flow among island and
mainland populations of the true armyworm,
Pseudaletia unipuncta (Haworth) (Lepidoptera:
Noctuidae)

V. Vieira, B. Pintureau, J. Tavares, and J.N. McNeil

Abstract: The genetie structure of populations of the wue armyworm. Pseudaletia wnipuncia (Haworth) (Lepidoptera:
Noctuwdae). in the Azores archipelago wus stdied using polyacrylamide-gel electrophoresis. Four enzyme systems (al-
dehyde oxidase, esterase. phosphoglucomutase, and phosphoglucose isomerase) were examined in six populations from
islands 1 the Azores (Santa Maria, Sio Miguel, Terceira, Pico, Faial, Flores) and compared with those from populi-
tions from mainland Portugal and Canada. The North American and European populations are not clearly separated
from the Azorean ones. Similarly. studies of different enzyme systems (aldehyde oxidase, esterase, malic enzyme,
sorbitol dehydrogenase, manose-6-phosphate isomerase. and phosphoglucomutase) over 2 years (1997 and 1998) at dit-
ferent umes of the year (spring, summer, and autumn) and at three different altitudes (0, 250, and 500 m above sea
level) on three different islands (Santa Maria, Sio Miguel, and Faial) uncovered no distinet differences. These results,
obtained from classically used loci, suggest that there is still some gene flow between sites or that isiand populations
have not been isolated for sufficient time to have diverged from founder populations,

Résumé : La structure génélique des populations agoriennes de la Iégionnaire uniponctuée Pseudaletia unipuncia
(Haworth) (Lepidoptera : Noctuidae), a éié éudide a I'aide d'enzymes sépardes par électrophorése sur gel de polyacry-
famide. Quatre systémes enzymatiques (aldéhyde oxydase, estérase, phosphoglucomutase et phosphoglucose isomérase)
ont €1¢ analysés chez six populations des Acores (fles de Santa Maria, S3o Miguel, Terceira, Pico. Faial et Flores) et
chez des populations portugaise et canadienne. Les populations européenne et américaine ne sont pas netltement sépa-
rdes des populations agoriennes, De la m&me maniére, I'étude de six systemes enzymatiques (aldehyde oxydases. esté-
rase. enzymes maliques, sorbitol déshydrogénases. manose-6-phosphate isomérases et phosphoglucomutases) durant
deux anndes (1997 et 1998). a différentes périodes de I'année (printemps., é1¢ el automne) et a trois altitudes différentes
(0. 250 et 500 m) sur trois fles (Santa Maria, Sio Miguel et Faial) n'a pas dévoilé de diverzences évidentes. Ces résul-
tats obtenus 4 partir de locus classiquement utilisés et en nombre suffisant, suggérent qu'il subsiste un certain flux oé-
nigue entre les populations étudides, et (ou) que les populations insulaires sont isolées depuis trop peu de temps pour

aveir pu diverger des populations fondatrices.

Introduction

Data on the movement of organisms. often essential for
ceological and evolutionary studies, may be obtained by di-
rect means (e.g.. mark—recapture: Anglade 1969: King et al.
1990) or indirecl means (e.g.. genetic markers; Caprio and
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Tabashnik 1992; Neigel 1997; Meglécz et al. 1998; Beerli
and Felsenstein 1999). Direct estimates. especially when
movement is over considerable distances. have a number of
Iimitations that include cost {in both time and money) and
the significance for the gene [low (Caprio and Tabashnik
1992: Crochet 1996). The use of indirect techniques to study
the genetic structure of populations may offer some insight
into dispersal (Caprio and Tabashnik 1992: Thorpe and
Solé-Cava 1994; Harry el al. 1998) when direct methods are
either not possible or not cost elfective.

The true armyworm. Pseudaletia (= Mythimna) unipuncta
(Haworth) (Lepidoptera: Noctuidae). is an important pest of
graminaceous crops, including pasture. in Europe, North
America, and the Azores. It s considered a seasonal migrant
in North America and Europe. establishing temporary sum-
mer populations in northern areas. where over-winter sur-
vival is not possible (Cayrol et al. 1974; Fields and McNeil
1984: Bués et al. 1986). A similar pattern has also been in-
ferred or demonstrated for a number of other noctuids. such
as Helicoverpa zea (Boddie) (Westbrook et al. 1997). Agro-
tis ipsilon (Hufnagel) (Bués et al. 1996; Showers 1997),
Peridroma saucia (Hibner) (Cayrol et al. 1974), Mythimna
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separata (Walker) (Mills et al. 1996). and Spodopiera
exempta (Walker) (Dingle 1991; Gatehouse 1997). The con-
clusion that P. wmipuncta is a seasonal migrant has been
based on indirect evidence from field studies on over-
wintering individuals (Fields and MeNeil 1984) and sea-
senal patterns of individuals caught in light and pheromone
trups (MeNeil 1987). together with parallel laboratory stud-
ies examining the effects of temperature and photoperiod on
the reproductive biology of males and females (Turgeon and
MeNeil 1983: Delisle and McNeil 1987: Dumont and MceNeil
1992) Adults subjected 1o short-day. low-temperature con-
ditions reduce the production of juvenile hormone (Cusson
et al. 1990), leading to a delay in the onset of reproduction
to facilitate migration from a deteriorating habitat (McNeil
et al. 1994, 1996, 1997).

In the Azores, P. unipuncta is present year-round (Tavares
1989 Tavares et al. 1992; Vieira et al. 1994), and wlhen
compared with North American populations in terms of be-
haviour and physiology associated with sexual maturation
(McNeil et al. 1996, 2000), these island populations appear
to be nonmigratery. Given the volcanic origin of the Azores
archipelago and its relatively young geological age (Sunta
Maria is considered the oldest island, dating from about 8
million years ago), it is clear that these P, wnipuncia popula-
tions are of continental origin, but it is not known whether
they came from North America, Europe, or both. Moreover,
the rates of gene flow between islands and continents, or
within the archipelago, are unknown, Furthermore, it is not
known whether the seasonal fluctuations in population
density that occur at different altitudes (Anunciada 1983:
Tavares 1989: Tavares et al. 1992; Vieira et al. 1994) are as-
sociated with local climatic conditions or result from the
movement of adults in search of the most appropriate habitat
at dilferent times of the year.

As electrophoresis has been used to study dispersal in
other Lepidoptera (Pashley et al. 1985; Daly 1989: Bugs et
al. 1994), we used this approach to compare (/) different is-
land populations within the Azores archipelago with those
from mainland Portugal and Canada. and (/i) genctic vari-
ability between islands as a function of season and altitude.
These comparisens will allow some conclusions (o be drawn
about the rate of gene [low.

Materials and methods

To compare P unipuncra populations from islunds and
conlinents. material was obtained [rom the islands of Santa
Maria. Sio Miguel, Terceira, Pico, Faial. and Flares in the
Azores, as well as from Aveiro and Coimbra on the main-
land of Portugal and from Normandin in Quebec. Canada.
Cultures were established using eggs obtained from mated
females collected during the summer of 1994 in black-light
traps (a minimum of 50 females assumed 1o be representa-
tive of each population). Eggs rom all females captured at a
given site were pooled and reared at 22 = 1 “C and 70 + 5%
RH under a 16 h light : § h dark photoperiodic regime on an
artificial diet (Poitout and Bués 1970). Pupue were sexcd
(Breeland 1958) and after emergence. adull pairs were ran-
domly formed in individual cylindrical cages (157 cm’) with
a food source of 8% sucrose. Eggs from each pair were
reared through one additional generation before eggs and
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3rd- and Oth-instar larvae were randemly collected from
each family and then stored at =25 °C (£2 months) until
analysis.

Analyses were carried out on individual eggs. individual
Jrd-instar larvae. and the haemolymph of 6th-instar larvae
that were homogenized, using the methodology described by
Pintureau (1987). Vieira and Pintureau 11993y, and Vieira
(2000). Vertical polyacrylumide gel electrophoresis (PAGE)
was performed on 10 enzymatic systems: esterase (EST. EC
31D, aldehyde oxidase (AQ., EC 1.2.3.]) phosphoglu-
comutase (PGM., EC 3.4.2.2)0 phosphoglucose isomeriase
(PGL. EC 5.3.1.9). alcohol dehydrogenase (EC 1.1.1.1).
alutamate-oxaloacetate transtferase (EC 2.6.1.1). glucose-6-
phosphate dehydrogenase (EC 1.1.1.49). lactate dehydrogen-
ase (EC 1.1.1.27). malate dehydrogenase (EC 1.1.1.37), and
leucine-aminopeptidase (EC 3.4.1.1). However, only four
systems produced genetically interpretuble results: EST (lou
from eggs and hemolymph of the 6th larval instar), AO.
PGM., and PGI (loci from 3rd-instar larvae).

Island populations were compared using males that were
trapped alive in pheremoene traps baited with 300 pg of Z1 1
16:Ac cantaining 0.2-0.5% ZI11-160H (Turgeon ot al.
1983). Traps were installed 1 m above ground at the edge of
permanent pastures at low (100 m), medium (250 m), and
high (500 m) altitudes on the islands of Sunta Maria. Sio
Miguel, and Faial in 1997 and 1998, The sites (from low 1o
high) were located at Padl, Almagreira, and Fontinhas on
Santa Maria, Relva, Remédios da Lagoa. and Lagoa do
Congro on Sdo Miguel, and Courelus. Flamengos, and
Caldeira on Faial, Material was collected during flights in
spring (May-June), summer (July-August). and autumn
(October-November). For any given trapping period, all
adults at every site were captured within a l-week interval,
All males were held at =25 °C until analysis. The thoracic
muscle of each male individual was homogenized in 250 uL
of Trudgill solution (Pintureau 1987) and then centrifuged
(27 000g at 5 °C for 5 min) to obtain a clear supernatant for
clectrophoresis. Only 40 uL of this supernatant wus used
for each enzymatic system. PAGE was performed using the
technigues described by Pintureau (1987), Vieira and Pintu-
reau (1993). and Vieira (2000) on six polymorphic enzyme
systems: EST, PGM. AQ. malic enzyme (ME, EC 1.1.1.40),
sorbito] dehydrogenase (SDH, EC 1.1.1.14). and manose
phosphate isomerase (MPI, EC 5.3.1.8). To compare males
and females. the same analyses were carried out on individu-
als captured in black-light traps at all sites on Sie Miguel
and Faial during the 1998 scason.

Individuals were identified according to island (Santa
Maria, Sio Miguel, or Faial). vear (1997 or 1998). season
(spring, summer. or autumn). and altitude (high. medium. or
low). Loci were designated according to criteria defined by
Vieira and Pintureau (1993): enzyme (AO, EST. ME. PGI,
MPL PGM., SDH). insect stage (egg (E). 6th-instar haemo-
Iymph (H). whole body of 3rd-instar larva (L), adult thorax
(Ty) and arabic numerals (1. 2, 3, or 4) indicaling the anodal
position of encoded bands.

Allele frequencies (genotypes were inferred from electro-
morph  phenotypes). mean number of alleles per locus
(MNA). percentage of polymorphic loci (P), observed
heterozygosity (H,, direct count). and Nei's (197%) unbiased
expected helerozygosity (H,) were estimated using the
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BIOSYS-1 version 1.7 package (Swofford and Selunder
1989). H, was calculated using Levene's correction for
small samples (Swotford und Selunder 1989). The genotype
frequencies at each polymorphic locus were compared with
those expected from Hardy-Weinberg equilibrium with the
probubility test implemented by the GENEPOP version 3
(Ruymond and Rousset 1995). According to Pashley et al.
t1985), population heterogencity can be assessed in two
ways: Wright's F statistics (Wright 1978) and contingency
77 We opted for F statistics computed with FSTAT (Goudet
1996) for populations (eight including the continental ones,
ar 52 subpopulations from three Azores islands) and for in-
dividuals and loci using Weir and Cockerham’s (1984)
method, which accounts for sampling variation. We used
weighted averaging over alleles and loci and jackknifed over
loc to provide an error estimate for each index as suggested
by Weir and Cockerham (1984). Thus. Fig values estimated
deviations from random mating within populations lor cach
locus. while Fir values measured the global deficit of het-
crozygotes (i.e., the inbreeding coefficient of the individuals
relative to the total population). Positive values of Fig and
Fp indicate a deficiency of heterozygotes, while negative
values indicate an excess. Fgp values measuring the genetic
variance among populations (see Wright 1951, 1978) were
also calculated in order to examine the genetic structure of
P.unipuncta. Whenever needed, the sequential Bonferroni
procedure was employed to control for the probability of in-
correctly rejecting one or more true null hypotheses at the
0.03 level of significance (Rice 1989),

Gene flow among populations (Nm, where N is the effec-
tive local population size and m is the average migration
rate) was estimated by the methed of private alleles (Slatkin
1985: Barton and Slatkin 1986) using the GENEPOP pro-
gram (Raymond and Rousset 1995), This estimator is the
most apprepriate when levels of gene [Tow are low (Barton
and Slatkin 1986). Nei's (1978) unbiased genetic distance
between populations was calculated with BIOSYS (Swolford
and Selander 1989),

The variances of allele frequency of seven loci in the three
island populations studied were compared using a four-way
ANOVA (island, year, scason, and altitude as principal fac-
tors) (program SAS®: SAS Institute Inc. 1985: for a descrip-
ton and interpretation of the method sce also Excoffier et al,
1992: Excoffier 2001). Data were arcsine-transformed prior
to the ANOVA. Multivariate analyses applied to the ullele
frequencies may improve the description of the population
structure (Lessa 1990), so a faclorial correspondence analy-
sis tprogram ANAMUL™ of Febvay and Bonnot 1991) was
carried out on the allele frequencies of the 52 subpopula-
tions, by altitude or by season. to examine the geographical
differentiation of £ wnipuncia. On the other hand. Fisher's
exact tests were used lo compare males and females cap-
tured in light traps on Sio Miguel and Faial.

As wilh other species (Allegrucei et al. 1997; Peterson
and Denno 1998), we investigated whether a correlation ex-
ists between genctic distances and geographical distances
separating continentul and island populations, using Mante]
tests (Mantel 1967) after log transformation of the values
(Slatkin 1993: Peterson and Denno 19985, Finally. to con-
tirm their membership of the sume population, we compared
individuals from Santa Maria showing null alieles (AO) and
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alleles only readable under rather specific conditions (ME)
with individuals from the same sites that did not show such
alleles, on the basis of seven common loci. using Fisher's
exact tests (Sokal and Rohlf 1997),

Results

Comparison of island and continental populations

Of the enzyme systems used, seven loci were interpret-
able. Comparisons of individuals from Santa Maria with and
without specific alleles yielded no evidence of genetic diver-
gence (Fisher’s exuct test. p > 0.03). Loci AO-L1 (L for lar-
vue) and PGI-L1 were entirely monomorphic, while EST-E2
(E for egg). EST-H2 (H for haemolymph), EST-H3, AO-L2,
and PGM-L1 were polymorphic. However, locus AQ-L2 ex-
hibited a single allele in populations from Santa Maria, Sio
Miguel, Flores, mainland Portugal, and Canada (Table 1),
With the exception of Faial and Pico, the mean percentage
of polymorphic loci in the Azorean populations (71.43% far
each island) is similar to that in both the Portuguese and the
Canadian populations (57.14%). The deviation from Hardy-
Weinberg equilibrium, tested at each polymorphic locus and
corrected by the Bonferroni method, is only significant lor
EST-E2 (Portugal) and EST-H2 (Santa Maria, Sio Miguel,
and Terceira) (Table 1).

The two negative F|g values calculated for EST-E2 and
AQ-L2 indicate an excess of heterozygotes (Table 2), but the
mean Fig value is positive, indicating that homozygoles are
more often in excess. The mean Fgr value (0.098) is rela-
tively distant from zero, showing that matings are not
panmictic among all the studied populations and. thus, that
these populations are partially isolated (Table 2). The overall
allelic heterogeneity (eight populations), as indicated by the
Fop values. is relatively high. Very similar values were ob-
tained from the six Azorean populations (Fgy = 0.103, conli-
dence interval (CI) = 0.045-0.188) and from a comparison
of these populations with the Portuguese mainland (Fep =
0.101, CI = 0.055-0.161) and Canadian populations (Fp =
0.105. CT = 0.043-0.190). Fgy analyses show that only about
10.2% of the total variance in allelic frequency is due to ge-
netic differences among the studied populations.

The Nm value of 5.7 obtained with the method of private
alleles suggests moderate gene flow between populations
cach generation. Nei's genetic distances between pairs of
Azorean populations (0.060 + 0.004) and between the Azo-
rean and continental populations (0.016-0.095 and 0.039—
0.068 for mainland Portugal and Canada. respectively) are
generally relatively low (Table 3).

Furthermore, the correlation between genetie distunce and
geographic distance (Mantel's test, Z = =0.238. p = 0.111)
was not significant, suggesting that gene flow between the
studied populations exists now or has existed in the recent
past and that the geographical distances do not explain the
genetic structure of P uwniponcia,

Inter-island comparisons as a function of season and
altitude

Seven polymorphic loci were used in the analyses of the
52 subpopulations observed at different altitudes over three
seasons on the islands of Santa Maria, So Miguel, and
Faial. The number of alleles per locus ranged from 3 = 0.4
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Table 1. Allele frequencies at seven Toci in eight populations (laboratory samples) of the true armyworm, Psevdaletia unipuncta. from
siX islunds in the Azores (Santa Maria, Sio Miguel. Terceira, Faial, Pico. and Flores). mainland Portugal. and Quebec. Canada,

Muinland
Santa Maria  Sio Miguel Terceira Faial Pico Flores Portugal Canada
EST-E2
69 — 0,058 — — — 0.063 0.013 —
76 — 0.096 0.167 — — 0.250 0.020 0.012
83 0.2538 0.375 0.150 0.116 0.081 0.400 0.033 0.045
90 0.452 0471 0.567 0.744 0.757 0.287 0.820 0.670
100 0.290 - 0.116 0.140 0.162 — 0.114 0:293
H, 0.839 0.300 0.600 0.442 0.486 0.825 Q23 0.636
H, 0.656 0.631 0.625 0418 0.400 0.700 0.315 0.479
Fig -0.300 0.200 0.024 -0.069 -0.233 -0.194 0.319 —().343
B, 0.152 0.013 0.132 0.262 0.081 0,744 0.000* 0.016
EST-H2
98 0.093 0.530 0.190 0.094 0.268 0.196 0.349 0.470
100 0.703 0.318 0.476 0.300 0.125 0.304 0.443 0.309
105 0.185 0.136 0.334 0.344 0.482 0.500 0.142 0.221
107 0.019 0.016 — 0.062 0.125 — 0.066 —
H, 0.185 0.152 0.286 0.300 0.571 0.536 0.528 0.500
H, 0.466 0.608 0.633 0.639 0.677 0.631 0.663 0.644
Fis 0.599 0.747 0.543 0.192 0.140 0.135 0.196 0.212
2. 0.000* 0.000 0.001* 0.026 0.715 0.464 0.012 0.317
EST-H3
98 0.045 0.031 0.013 0.038 0.067 0.083 0.011 0.039
29 0.303 0313 0.162 0.423 0.433 0.292 0.222 0.145
100 0.500 0.469 0.500 0.385 0.433 0.396 0.445 0.329
102 0.091 0.187 0.287 0.154 0.050 0.187 0.289 0.355
104 0.061 — 0.038 — 0.017 0.042 0.033 0.132
H, 0.667 0.563 0.350 0.538 0.433 0.542 0.400 0.711
H, 0.654 0.667 0.647 0.674 0.628 0.730 0.676 0.735
Fis -0.035 0.130 0.140 0.169 0.298 0.242 0.402 0.021
P 0.498 1.000 1.000 0.329 0.022 0.008 0.071 0.031
AQ-L1
100 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
AO-L2 !
71 — — 0.038 — — — — —
81 — — 0.138 — 0.048 —_— — —
90 — — 0.112 — 0.029 — — —
100 1.000 1.000 0.712 0.975 0.923 1.000 1.000 1.000
110 - — — 0.025 - — — —
H, — — 0.575 0.050 0.077 — — ==
H, — - 0.463 0.049 0.146 — — —
Fig — — -0.252 -0.026 0.469 — — —
Py — — 0.017 0.873 0.019 — — —
PGI-1.1
100 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
PGM-1.1
100 0.955 0.543 1.000 0.485 0.871 0.824 0.500 0.700
107 0.045 0.437 — 0.515 0.129 0.176 0.500 0.287
114 — — — — - — — (1.013
H, 0.091 0.571 — 0.441 0.086 0.135 0.415 0.300
H, 0.088 0.504 — 0.507 €):227 0.294 0.306 0.433
Fis —0.048 -0.151 — 0.117 0.617 (0.533 0.171 0.298
i 1.000 (.503 — 0.442 0.004 0.005 0.347 0.125
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Table 1 (concluded).

Mainland

Pico Flores Portugal Canada

Santa Maria  Sio Miguel Terceira Faial
Global
H; 0.254 (0.132y  0.255 (0.105)  0.287 (0.109) 0,282 (0.251)
H, 0.2006 (0.118) 0,344 ¢0.123)  0.339 (0.122y  0.327 (0.30%)
N 45,3 (6.6) I A 36.3 (2.0 27.9 (31
MNA 243 1061 2431057 271 10.64) 243 10.48)
# 57.14 57.14 57.14 71.43

0.236 (0.094H)

0.297 (0.106) 0

31.7 (3.9) 34,
2

0.291 ¢0.128)  0.222 (0.086)

0.309 (0.118)

0.307 (0.119)
0.327 0122

41125 520 03.0 380 (1.7
2070 (AT 43 0.6y 271 (0.7 2.57 10.601)
7143 57.14 57.14 57.14

Note: Values in parentheses show the stundard error. 4, observed heterozy gosity: H,. expected heterozygosity: £, confornuty with Hardy -Weinberg
cquihibrium, £ Wright's Hixation index, AL mean number of mdividuals studied for each locus: MNA, mean number of alleles per locus. P, mean per-

centage of polymorphic loct.

*p < 0001, indicating rejection of Hurdy-Weinberg equilibrium after correction of prabability values by the Bonferroni method,

Table 2. Estimated F statistics by polymorphic locus far eight P wnipuncra populations (labora-
tory samples) from Azores islands, mainland Portugal, and Canada,

Locus Fis Fir Fer
EST-E2 -0.038 0.094 0.128
EST-H2 0.371 0.435 0.101
EST-H3 0.192 0:212 0.024
AO-L2 —0.031 0.111 0.138
PGM-LI 0.210 0.361 0.191

Mean 0.190 0.269 0.098

SD 0.091 0.082 0.034

95% CI” 0.018-0.320 0.128-0.402 0.048-0.167

“Inferior and superior limits of Cl at 95%.

Table 3. Matrix of Nei's genetic distances for eight populations (laboratory samples) of £ unipuncita, calculated from allele frequencies

at five polymorphic loci.

Population Santa Maria Sao Miguel Terceira Fajal Pico Flores Mainland Portugal
Siao Miguel 0.081 -

Terceira 0.032 0.090 —

Faial 0.065 0.040 0.085 —

Pico 0.064 0.072 0.046 0.050 —

Flores 0.050 0.047 0.045 0.072 0.052 —

Mainland Portugal 0.083 0.032 0.084 0.016 0.063 0.095 —

Canada 0.064 0.039 0.054 0.0435 0.044 0.068 0.020

(mean = SE) (Santa Maria, 1998, autumn, medium altitude)
to 4 = (.6 (Sdo Miguel, 1998, spring, low altitude). with 3.0 +
0.1 overall. The observed helerozygosity varied between
(0.233 = 0.037 (S&o Miguel, 1998, autumn, high altitude) and
(0.5319 = 0.081 (Santa Maria. 1998, spring. medium altitude),
with an overall mean of 0.333 = 0.059. Table 4 provides the
data for each island and year. Deviation from Hardy-

Weinberg proportions was observed at each locus in some of

the 32 subpopulations studied: 12 subpopulations for AO-T2
(T for thorax), 1 for ME-T2. 20 for SDH-T2, 10 for MPI-T1,
6 for PGM-T1, 10 for EST-T2, and 21 for EST-T3. These
deviations could be caused by null alleles not detected, al-
leles subjected to low selection, or imperfect sampling.
The positive yearly and seasonal Fig values (Table §) indi-
cate a heterozygotic deficiency. However, with the exception
of loci MPI-T1 and EST-T2. an excess of helerozygotes was

detected sporadically in certain subpopulations. The global
Fer value (0.033: Table 6) was lower than that obtained in
the island-continent comparisons (Table 2) and indicates
that there is little between-year or scasonal inter-island dif-
ferentiation. The Fgp values are similar for 1997 (f¢; =
0.052, CI = 0.023-0.102) and 1998 (Fyp = 0.052, CI =
0.006-0.120).

No private allele wus detected with respect to year, but
some exist with respect to altitude within a given season,
When private alelles were recorded, Nm values suggest that
moderate gene flow exists between subpopulations. at a level
similar to that found in the island—continent comparisons.
The genetic distance between subpopulations varied little:
0.084 = 0.004 in 1997 and 0.088 = 0.004 in 1998, with
0.091 = 0,002 overall. Table 7 shows these distances after
subpopulations are grouped according to island and vear.
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Table 4. Allele frequencies at seven loci in six populations tfield samples) of £ wnipuncra from Azores islands (Santa Maria, Sio
Miguel, and Faial).

1997 1998
Santa Maria Sdo Miguel Faial Santa Maria Sio Miguel Fuaial
AO-T2
81 0.056 0.104 0.067 (0.069 0.070 00732
90 0.254 (207 0.242 (0.245 0.220 0.282
100 0.543 0.454 0.467 0.479 0.521 0.509
110 0.147 0.145 223 0.207 0.189 0.137
H, 0.492 0.432 0.389 0.564 0.403 0424
H., 0.617 0.675 0.671 0.665 (0.640 0.638
Fis 0.173 0.357 0.421 0.152 0.371 0.336
ME-T2
100 0.851 0.873 0.794 0.786 0.860 (0.831
113 0.149 0.127 0.206 0214 0.140 0.169
H, 0.259 0.208 0.240 0.294 0.211 (.189
H, 0.255 0.222 0.328 0.337 0.241 0.281
Fig -0.079 0.097 0.268 0.127 0.123 0.330
SDH-T2
100 0.379 0.446 0.333 0.466 0.575 0.375
109 0.550 0.511 0.624 0.445 0.394 0.574
118 0.071 0.043 0.043 0.089 0.030 0.050
H, 0.213 0.126 0.128 0.178 0.122 0.100
H. 0.550 0.539 0.499 0.579 0.513 0.528
Fis 0.576 0.776 0.745 0.694 0.763 0.810
MPI-T1
87 0.104 0.116 0.080 0.062 0.056 0.059
93 0.322 0.312 0.231 0.241 0.232 0.243
100 0.470 0.481 0.439 0.553 0.574 0.599
107 0.096 0.085 0.240 0.126 0.120 0.099
113 0.008 0.005 0.010 0.018 0.017 0.000
H, 0.330 0.418 0.321 0.382 0.398 0.263
H, 0.657 0.651 0.692 0.618 0.599 0.570
Fig 0.390 0.411 0.538 0.382 0.335 0.540
PGM-T1
80 0.116 0.221 0.223 0.237 0.228 0.333
100 (0451 0.418 0.487 0.411 0461 0.402
107 0.338 0.297 0.210 0.220 0.237 0.207
114 0.095 0.064 0.080 0.131 0.074 0.057
H, 0.603 0.421 0.520 0.491 0.433 0.316
H, 0.661 0.635 0.663 0.711 0.675 0.682
Fie 0.041 0.369 0.219 0.309 0.359 (0.538
EST-T2
08 0.257 0.361 0.388 0.285 (1.299 0.339
100 0.631 0.545 0.497 0.633 0.6532 0.545
105 0.111 0.094 0.115 0.082 0.049 0.096
H, 0.267 0.268 0.341 0.266 0.277 0.308
H. 0.524 0.564 0.591 0.513 0.484 0.566
Fis 0.436 0.549 0.423 0.483 0.427 0.456
EST-T3
97 0.027 0.030 0.065 0.009 0.041 0.019
98 0.2735 0.130 0.127 0.198 0.197 0.189
99 0.307 0.283 0.201 0.256 0.262 (1.285
100 D275 0.288 0.272 0.302 0.282 0.208
102 0.096 0.214 0.228 0.192 0.179 0.243
104 0.019 0.046 0.059 0.034 0.036 0.042
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Table 4 (concluded).
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1997 1998

Santa Maria Sio Miguel Faiul Santa Maria Sio Miguel Faial
106 0.000 0.010 0.049 0.009 0.003 0.015
H, 0.374 0.353 (L3525 0.390 (0.256 (.453
H, 0.745 F72 IR 0.768 0.779 (.780
Fis 0423 (.339 (1353 0.493 0.672 (0.420

Global

H, 0363 (0.053) 0.518 10.043) 0.352 (0.054 0.367 (0.030) 0.300 (0.044) 0.293 (L0477
H, (L5373 (0.060) (L.387 10.063) 0.608 (0,039 0.399 10.054 0.562 (0.065) 0.378 10.039)
N 1911 ¢4 378.6 (5.4 162.0 (3.3) 1674 (8.7 3415001 2756 2.4
MNA 3.9(0.5) 4.0 10.6) 4.0 (0.6) 4.0 (0.6 4.0 10.6) 3.9 1(0.6)

Note: Values m parentheses show the stndard error, . observed heterozygosity: A expected heterozy gosity: Froo Wright's vanion dex, M. mean
number of individuals studied fur each Tocus: MNAL mean number of alleles per locus.

Table 5. Fyp estimates by polymorphic locus and Fig estimates for different £ wnipuncta populations (field samples) from islands in
the Azores (Santa Maria, Sie Miguel, and Faial). during spring. summer, and autumn in 1997 and 1993,

Fyr
Fis AO-T2 ME-T2 SDH-T2 MPI-TI PGM-T1 EST-T2 EST-T3 Mean
1997
Santa Maria
Spring 0.237 0.010 0.013 0.011 0,017 0.046 0.035 0.046 0.027
Summer 0.325 0.004 0.003 0.007 0.001 0.006 0.005 0.009 0.005
Autumn 0.307 0.011 0.001 0.004 0.025 0.047 0.006 0.068 0.028
Intra-island 0.290 0.011 0.008 0.021 0.018 0.052 0.017 0.049 (0.028
Sio Miguel
Spring 0.283 0.006 0.013 0.083 0.043 0.050 0.009 0.021 0.035
Summer 0.391 0.051 0.057 0.146 0.048 0.145 0.026 0.032 0.072
Autumn (0.447 0.049 0.008 0.071 0.102 0.053 0.021 0.097 0.063
Intra-island 0:372 0.043 0.027 0.131 0.080 0.105 0.029 0.059 0.071
Faial
Spring 0.414 0.021 0.009 (0.384 0.055 0.043 0.030 0.006 0.075
Summer 0.282 0.060 0.015 0.229 0.041 0.213 0.079 0.037 0.096
Autumn 0.375 0.016 0.003 0.222 0.042 0.092 0.026 0.012 (0.059
Intra-island 0.392 0.037 0.010 ().328 0.071 0.153 0.047 0.022 0.097
All islands 0.351 0.042 0.028 0.190 0.060 0.119 0.035 0.050 0.077
1998
Santa Maria
Spring 0.464 0.012 0.007 0.078 0.027 0.054 0,015 0.031 0.034
Sumimer (0.487 0.014 0.000 (0.034 (0.031 0.010 0.015 0.032 (022
Autumn 0.333 0.013 0.005 0.015 0.012 0.072 0.006 0,003 00.021
Intra-island 0.434 0.026 0.008 0.243 ().029 ().089 0.015 0.032 0.064
Sio Miguel
Spring ().392 0.117 ().032 ().168 0.073 (1.038 0.030 (0.042 0.066
Summer (1.297 0.019 0.006 (.036 0.0406 (0.027 0.063 (0.033 0.034
Autumn (1326 0.020 (021 (.243 0,036 0.050 0.026 0.058 (.063
Intra-island ().336 0.070 0.027 0.228 0.113 0.049 Gl 0.067 ().095
Fatal
Spring 0.407 0.019 0.025 0.252 0.031 0.039 0.007 (.039 0.044
Summer () 466 (.007 0011 0.190 0.025 0.196 (.024 0.010 0.068
Autumn 0482 0.022 0.014 (}.289 0.010 0.130 0.020 0.004 0.072
Intra-island (1.433 0.018 0.034 0.324 0.042 0.128 0.020 0.023 (.082
All slands 0.405 0.044 0.030 0.309 0.082 0,106 0.0635 (.049 0.098

However, some subpopulations (e.g., Faial in 1997, spring,
high altitude: Sio Miguel in 1998, spring. medium altitude)

deviated from the overall means, The differences, probably

due to small sample sizes. undoubtedly contributed consider-
ably to the overall heterogeneity.
The observed differences did not indicate that the genetic
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Table 6. Estimated F statistics by polymorphic locus for 52

P umipuneta subpopulations ¢feld samples) from islands in the
Azores (Sant Maria. Sdo Miguel, and Faial) collected during
1997 and 1998.

Locus s Fi Ferp

AO-T2 0.318 0.326 0.011
ME-T2 0.158 0.164 0.007
SDH-T2 0.689 0,757 0.219
MPI-T1 0.411 0.430 0,033
PGM-T| 0.297 0.351 0.076
EST-T2 0.468 0.478 0.019
EST-T3 0.5307 0514 0.013
Meun 0418 0.450 0.053
SD 0.051 0.057 0.027

5% Cl¢ 0.322-0.513 0.347-0.561 0.015-0.113

Tnferior and <uperior limits of conlidence intervals at 95%

differentiation of the subpopulations has a geographic basis.
This was conlirmed by the results ol the four-way ANOVA
and the factorial correspondence analyses carried out on the
allelic frequencies. In the ANOVA, p values for all factors
(island, year, season, and altitude) and interactions were
>0.816. The first three discriminant axes of the factorial cor-
respondence analyses include 62.9% or 62.8% of the vari-
ability when the subpopulations are grouped according to
altitude or season. These analyses clearly showed that the
subpopulations are similar and do not separate out by origin
or season. On the other hand, there were no significant dif-
ferences between males and females collected on Sio
Miguel and Faial (Fisher's exact test, p > 0.05).

Discussion

It is clear from all of the different parameters measured in
this study that there is no significant and consistent differen-
tiation between the continental and island populations of the
armyworm P unipuncta. There are (wo possible explanations
for the low differentiation we obtained using Fyp values and
private alleles 1o estimate gene flow. It is pussible that be-
cause of the migratory nature of this species, the rate of gene
flow between sites is high enough o maintain panmictic
matings. and thus constitutes only one population. Alterna-
tively. the Azoreun populations are isolated. with very lim-
ited gene tlow from continental populations. but they have
not been separated for a sufficiently long period of time to
have differentiated genetically. This explanation has been
proposed for the diamandback moth, Plutella xviosiella (L.)
(Plutellidae). populations in the Hawafian islands {Cuprio
and Tabashnik 1992: Chang et al. 1997). and for the mon-
arch butterfly. Danaus plexippus (L) (Nymphualidae). popu-
lations in Trinidad and Tobago (Brower and Boyce 1991).

However, there are significant differences with respect to
morphology (Franclemont 1951: J.N. McNeil. V. Vieira, and
J. Tavares. unpublished data). reproductive hiology, and un-
derlying physiology (McNeil et al. 1996, 2000: Koladich et
al. 2002) between North American and Azarean populations,
Adults of Azorean origin consistently reach sexual maturity
at a younger age following emergence (about 3 vs. 7 days at
25 °C) and despite being of significantly lower body mass,
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Table 7. Matrix of Nei's genetic distances for six populations
tfield samples) of 2 wnipaneta from islands in the Azores, caleu-
luted from allele frequencies at seven pulymorphic loci,

1997 199§
Santa Sio Santa Sio
Maria Miguel  Faial Muaria Miguel
1997
Sdo Miguel 0.013 o
Fual 0.026 .016 —
1998
Santa Maria - 0.014 0.010 0019 —
Sio Miguel 0.020 0.013 0.032  0.003 —
Faial 0.022 0.010 0.015 Q010 0.019

produce more eggs than their North American counterparts.
These differences strongly retlect the differences normally
seen between migrant and nonmigrant populations (Roff and
Fairbairn 1991). Furthermore, these differences persist over
generations when individuals are resred under identical
laboratory conditions, and reciprocal crosses clearly demon-
strate a genetic basis for these traits (J.N. McNeil, unpub-
lished data). This suggests that the enzyme systems
examined in this study are associated with fundamental pro-
cesses that are essential for all individuals and thus have not
been subjected 1o the same selection pressures as those asso-
ciated with body size and reproduction. Interestingly, the
D. plexippus populations in Trinidad and Tobago are suffi-
ciently morphologically distinct from those in continental
North America to be considered a subspecies, Danais plexip-
pus megalippe, yet there are no significant differences in
mitochondrial DNA between the populations (Brower and
Boyce 1991).

In the absence of differences between continental and is-
land populations, it is not particularly surprising that there
are no evident temporal ditferences either within or between
island populations. There is considerable temporal variabil-
ity in the numbers of adults captured in light and pheromone
traps at different altitudes on Sao Miguel (Anunciada 1983:
Tavares 1989: Tavares et al. 1992: Vieira et al. 1994), sug-
gesting that adults mave up and down in response to habitat
quality. especially in summer, when the pastures at lower al-
titudes become very dry. On occasion. as on Sio Miguel and
Faial in 1998, very high adult densities have been observed
on the sides of buildings. even during daylight, Pheromane-
trap catches did not reflect the high densities observed and
most of the females examined were virgins. These aggrega-
tions could be associated with intra- or inter-island migra-
tion during the 2-3 days from emergence to sexuil
maturation. similar to the scenario described for the African
armyworm, Spodopiera exenmpra, with respect to local habi-
tat deterioration (Wilson and Gatehouse 1993 ).

Based on early descriptions of outbreaks it would appear
that £ unipuncta has been in the Azores for several centuries
(Vieira 1997, 1999). Given general wind patierns, it is possi-
ble that actively migrating individuals from either continent
were accidentally blown to the Azores. On other hand. pas-
sive transport by man cannot be excluded, in which case the
more probable source would be Europe. However, it is clear
that more specific genetic analyses will be needed to deter-
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mine whether the Azorean populations are of European or
North American origin.
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