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ABSTRACT High levels of genetic variation in biological control agents are thought to be
necessary to ensure their successful establishment and geographical spread. Gene diversity
was studied in F, twospotted lady beetle, Adalia bipunctata (L.), descended from specimens
collected in Uzbekistan and from beetles collected in Oregon, Iowa, and Lake Michigan at
Chicago, IL. Twenty-four of 39 resolved putative loci were polymorphic and the mean ob-
served heterozygosity was 22.7 £ 4.4% at the polymorphic loci. The average expected het-
erozygosity was 24.7 = 4.9% at the polymorphic loci and 15.2 = 3.3% at all loci. The mean
number of alleles at the 39 loci was 1.9 = 1.0, and the mean effective number of alleles was
1.3 £ 0.5. These are substantial levels of diversity. Significant departures from random mating
were detected within (Fjs = 0.068 * 0.042) and among (Fsy = 0.070 * 0.012) the North
American populations but matings were random within populations when problematic loci
were excluded. Analysis of gene frequencies at 5 loci in 4 British and a French population
showed the same magnitude of gene flow as the 3 North American populations. The fixation
index between Iowa and Uzbekistan ladybirds was Fsy = 0.428 *+ 0.128. Our data do not

support an Old World origin for North American A. bipunctata in historical times.
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Adalia bipunctata (L.), the twospotted lady beetle,
is distributed in much of the Holarctic and in
South America (Hodek 1973, Gordon 1985). Old
World populations are polymorphic in color, and a
variety of melanic forms with red spots occur to-
gether with orange beetles bearing 2 black spots.
New World beetles are typically orange with black
spots, although a melanic form was described early
in the 20th century (Gordon 1985, Majerus 1994).
The adaptive significance of the melanic and or-
ange forms has been investigated in Europe and
reviewed (Hodek 1973, Brakefield 1985, Majerus
1994). Historically, coccinellid beetles were fa-
vored for studying the ecological genetics of elytral
pattern polymorphisms (Dobzhansky 1933, Mug-
gleton 1978, Brakefield 1984, Majerus 1994%.
Clines were detected, inferring the operation of
natural selection. It was suggested also that puta-
tive recessive lethals segregating in A. bipunctata
provided a means of ensuring high levels of het-
erozygosity (see Hodek 1973 and Majerus 1994,
for reviews). Breeding studies generally showed
confounding environment—genotype interactions,
multiple alleles, dominance, and, for some traits,
continuous variation. In all the foregoing studies,
therefore, the properties of color an(% pattern con-
found the unambiguous scoring of gene frequen-
cies, making these polymorphisms less than ideal
for population genetic work. Other genetic mark-
ers are necessary to undertake studies on gene flow
and adaptation.

The origin of the North American A. bipunctata
is unclear; they were first described here by Say in
1824 (Gordon 1985) and they show little, if any, of
the color polymorphisms observed in Palearctic
populations. Is the seeming absence of color poly-
morphisms a response to natural selection, or to a
paucity of genetic variation? A paucity of genetic
variation could be explained, in principle, by ge-
netic drift that may have occurred during the es-
tablishment of A. bipunctata in North America by
a small number of beetles and subsequent restric-
tion of population size as the species became
adapted to its new environments. It is often written
that a biological control agent should have ade-
quate genetic variation to ensure an initially suc-
cessful colonization and later spread (e.g., Kenne-
dy 1993). Roush (1990) and Hopper et al. (1993)
comprehensively reviewed genetic theory as ap-
plied to biocontrol. For many years discussions in
the literature focused on the relative merits of col-
lecting natural enemies from marginal or central
populations to maximize genetic variability. These
controversies, which continue today (Roderick
1992), have little empirical and no experimental
genetic data to discuss. The release of presumably
preadapted “biotypes” of natural enemies is
thought to have been critical for some established,
exotic biological control agents (Tauber and Tauber
1975). Much importance has been placed on the
problematic adaptability of introduced natural en-
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emies to their new environments (Messenger et al.
1976).

It has been argued as a matter of principle that
a substantial amount of genetic variation is neces-
sary to ensure the adaptability of an effective bio-
control species to the wide variety of habitats and
prey it may encounter (e.g., Hopper et al. 1993)
but no data were offered to support the idea. Is
this generalization true? A. bipunctata is an effec-
tive biocontrol agent that may be an appropriate
model. What levels of genetic variation exist in this
species? What are the origins of North American
A. bipunctata and how much gene flow occurs
among populations? To answer the foregoing ques-
tions, we chose to use allozyme variation as genetic
markers. To do so, first we assayed variation at allo-
zyme loci, then we compared gene diversity in U.S.
and Eurasian A. bipunctata populations, and finally
we examined gene flow among disparate North
American populations.

There are preliminary data that bear on the
foregoing questions. Using starch gel electropho-
resis, Eggington (1986) estimated gene frequen-
cies in 4 A. bipunctata populations from the Unit-
ed Kingdom and a French population. Our analysis
of her data suggested significant differentiation
among populations at 4 of 5 polymorphic loci.
Where mating is random within demes, the in-
breeding coefficient of an average beetle relative
to the total population was estimated to be Fpr =
0.061 (Wright 1978). This F statistic suggests only
a moderate degree of differentiation, considering
the wide (Glasgow to Paris) geographic separation
between populations. According to Wright's (1969)
infinite island model, assuming selectively equiva-
lent alleles at all loci measured and equilibrium
populations, Fpr of 0.061 provides an estimate of
4 reproducing migrants per population per gen-
eration. Evidence from the United Kingdom and
western Europe, then, suggests a substantial level
of gene flow among A. bipunctate populations.

Materials and Methods

Biological Material. We obtained 3 collections
of North American A. bipunctata. In Ames, IA,
beetles were collected as they emerged from over-
wintering in a large, 6 story brick and concrete
building in April 1993. A collection was made in
July 1994 of beetles washed up on the beach of
Lake Michigan at Chicago, IL. An additional sam-
ple of A. bipunctata was obtained in August 1994
in Corvallis, OR. All the North American beetles
were orange with 2 black spots on their elytra.
These North American A. bipunctata were com-
pared with beetles collected in Uzbekistan in 1990
and propagated by the U.S. Department of Agri-
culture Biological Introductions Research Labora-
tory in Newark, DE. About 90% of these USDA
beetles were black with 2 orange spots on their
elytra. Second-generation (Fy) beetles were killed
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by freezing at —80°C and stored at this tempera-
ture until used.

The numbers of A. bipunctata electrophoresed
were 56 from Iowa, 14 from Chicago, 18 from Or-
egon, and 56 from the Uzbekistan culture, for a
total of 288 haploid genomes. Voucher specimens
are deposited in the collection of J. J. Obrycki in
the Department of Entomology, Iowa State Uni-
versity, Ames.

Demonstrating Allozyme Variation. The elec-
trophoretic and staining methods were as de-
scribed for coccinellid beetles (Krafsur et al. 1992,
1995). Briefly, beetles were homogenized in 150 ul
of grinding buffer (Black and Krafsur 1985a). Two
microliters of homogenate were applied to each
well in 6.5% acrylamide gels. Vertical polyacryl-
amide gel electrophoresis was performed at 1-4°C
by using N-(3-aminopropyl)-morpholine-citrate
pH 6.5 (NAM), tris-borate EDTA pH 8.9 (TBE),
3-(N-morpholino) propane sulfonic acid (MOPS),
and Ornstein-Davis (OD) buffer systems. Enzyme
activity was demonstrated by using 34 stains, 39
putative loci thereby being identified (Table 1).

Analysis of Data. Gene frequencies (see Ap-
pendices) were analyzed by using Biosys-1 (Swof-
ford and Selander 1981) and Genestats (Black and
Krafsur 1985b). Details of the numerical proce-
dures were set forth in earlier papers (Krafsur et
al. 1992, 1995). In brief, only loci in Hardy-Wein-
berg equilibrium in samples were used for statis-
tical analysis of populations. Workman and Nis-
wander’s (1970) formulae were used for contin-
gency chi-square testing of hypotheses of homo-
geneity in allele frequencies. Methods of Weir and
Cockerham (1984) were used to compute Wright's
F statistics because they weight for sample sizes
and provide jackknife estimates of standard errors.
Three F statistics were estimated: Fyg for depar-
tures from random mating within populations, Fsr
for departures from random mating among popu-
lations, and Fyy for departures from random mat-
ing as a result of all causes. The relationship among
these statistics is (1 — Fyp) = (1 — Fig)(1 — Fgy)
(Wright 1969). Fs1 measures the effects of random
drift and differential selection among subpopula-
tions and for selectively equivalent variation at
each locus, it measures only drift. The null hy-
pothesis that Fgr = 0 can be tested by: x> = 2N
Fgr(k — 1) for (k — 1)(s — 1) df where k is the
number of alleles segregating at a locus and s sub-
populations. Fgr can be used to estimate the av-
erage level gene flow in terms of the mean number
of migrants per subpopulation per generation ac-
cording to the island model of Wright (1969). As-
suming that subpopulations are at equilibrium with
respect to drift and migration, the model is, Fsr
=1/(1 + 4Nm), from which the mean number of
migrants is, Nm =(1 — Fgy)/4Fgy. Although esti-
mates from this model are based on an island mod-
el of population structure, they have been found
to be reasonable approximations for the opposite
extreme of stepping-stone arrays (Slatkin 1987).
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Table 1. Enzyme and buffer systems for A. bipunctata
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Enzyme comEn:l'Ly'me Symbol Buffer No. loci No. .
ission no. system polymorphic

Aspartate aminotransferase E.C.26.1.1 Aat NAM 1 0
Acid phosphatase E.C. 3132 Acph NAM 2 1
Aconitate hydratase E.C. 4213 Aco OD, TBE 1 0
Adenylate kinase E.C. 2743 Adk TBE, MOPS 3 2
Alcohol dehydrogenase EC. 1111 Adh NAM, MOPS 0 —_
Aldehyde oxidase E.C.123.1 Aox NAM 1 1
Aldolase E.C. 41213 Ald NAM 1 0
Alkaline phosphatase E.C. 3131 Aph NAM 0 —
Amylase EC. 3211 Amy TBE 0 —
Arginine kinase E.C. 2.7.33 Argk NAM 1 1
Catalase E.C. 11116 Cat OD, NAM 0 —
Diaphorase EC. 1814 Dia NAM, TBE 2 2
Fumarate hydratase E.C. 4212 Fum TBE, OD 1 1
Formaldehyde dehydrogenase EC. 1211 Fdh NAM 0 —
Fructose biphosphatase E.C. 31311 Fbp NAM 1 1
Glucose-6-phosphate dehydrogenase EC. 1.1.149 Gopd NAM 1 1
Glutamate dehydrogenase EC. 1412 Gdh NAM, TBE 0 —
Glyceraldehyde-3-phosphate

dehydrogenase EC. 12112 G3pd NAM 1 1
a-Glycerophosphate-

dehydrogenase E.C.11.1.8 aGpd TBE, OD 2 0
Glycogen phosphorylase EC. 2411 Phos NAM 1 1
Hydroxyacid dehydrogenase E.C. 1.1.1.30 Had TBE, MOPS 2 2
Hexokinase EC. 2711 Hk TBE 3 2
Isocitrate dehydrogenase EC. 11142 Idh NAM 2 2
Leucine aminopeptidase E.C. 3411 Lap NAM 1 0
Malic dehydrogenase E.C. 1.1.1.37 Mdh NAM 2 2
Malic enzyme E.C. 1.1.1.40 Me TBE 1 0
Mannose phosphate

isomerase EC.53.18 Mpi TBE 1 1
Phosphoglucoisomerase E.C.53.19 Pgi TBE 1 0
6-Phosphoglucodehydrogenase EC. 11144 6pgd NAM 1 1
Phosphoglucomutase E.C.54.22 Pgm NAM, TBE 1 1
Sorbitol dehydrogenase EC. 11114 Sdh NAM 0 —
Superoxide dismutase EC. 11511 Sod oD 2 0
Trehalase E.C.3.2.1.28 Tre NAM 1 1
Triose-phosphate isomerase E.C.53.1.1 Tpi NAM 1 0
Xanthine dehydrogenase E.C. 1.1.1.37 Xdh TBE 1 0
Totals 39 24

NAM, N-(3-aminopropyl)-morpholine-citrate pH 6.5; TBE, tris-borate EDTA pH 8.9, MOPS, 3-(N-morpholino)propane sulfonic

acid; OD, Ornstein-Davis.

Fg approaches its equilibrium value rapidly (Crow
and Aoki 1984) unless pronounced founder effects
caused the initial divergence among subpopula-
tions.

There was difficulty in distinguishing some class-
es of heterozygotes at Adk, Aox, Had +2, and Pgm,
and these technical problems resulted in an excess
of homozygotes for certain allele combinations in
populations (Fys). The problem was that some al-
leles were too close together on gels to distinguish
them in heterozygotes.

Results

Gene Diversity. Thirty-nine loci were resolved
in North American A. bipunctata, of which 24
were polymorphic (61.5%), and mean diversity
among these loci, on the basis of Hardy—Weinberg
expectations, was Hg = 15.2 = 3.3%. The mean
number of alleles per locus was 1.9 * 1.0 (Table
1). Gene diversity in the North American beetles
was Hg = 17.3 = 4.2% among the 31 loci used to

compare populations (Table 2). Thus, there is
plenty of variation with which to study gene flow.

The cultured Eurasian A. bipunctata were poly-
morphic for only 11 of 30 putative loci (37%);
mean expected heterozygosity Hg = 11.4 * 3.7%,
and the mean number of alleles per locus was 1.5
* 0. There was no significant difference in Hg be-
tween the Iowa and Eurasian samples as shown by
their broadly overlapping standard errors.

Acid phosphatase-2 was not in Hardy—Weinberg
equilibrium in Eurasian beetles (x> = 1841, df =
6, P = 0.005), but this locus was hard to score
objectively because it was poorly resolved.

The distribution of single locus heterozygosities
showed 2 modes, the 1st at 0-30%, and the 2nd
at 46-70% (Fig. 1).

Gene Flow in North American A. bipunctata.
Contingency chi-square analysis showed significant
deviations from homogeneity among the 3 popu-
lations at 10 of 19 loci (Table 3) and differentiation
was particularly marked at Adk-1, Aox, G6pd, and
Had +2. Departures from random mating in pop-
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Table 2. Gene diversity at polymorphic loci in North American A. bipunctata

No. Subunit
Locus N alleles structure ne? he he F
Acph-2 49 4 Tetramer 2.2 0.469 0.546 0.141
Adk-2 88 2 Monomer 11 0.045 0.066 -0.077¢
Adk+3 56 2 Monomer 1.2 0.203 0.184 —0.094
Aox 88 4 Dimer 3.0 0.523 0.665 0214
Argk-2 55 2 Monomer 1.1 0.055 0.054 -0.019
Dia-1 70 2 Monomer 1.0 0.029 0.029 0
Dia-2 56 2 Dimer 1.0 0.018 0.018 0
Fbp-2 41 3 Dimer 2.2 0.537 0.564 0.048
Fum 56 2 Dimer 1 0.018 0.018 0
Gépd 56 3 Dimer 2.3 0.544 0.559 0.027
G3pd 56 2 Tetramer 1.2 0.179 0.164 -0.091
Had-1 55 2 Dimer 2.0 0.418 0.502 0.167
Had+2 55 2 Dimer 1.9 0.400 0.484 0.174
Hk-1 88 2 Monomer 1.0 0.045 0.044 -0.024
Hk-2 88 2 Monomer 1.0 0.011 0.012 0.040
(Hk-2)f 56 2 Monomer 14 0.304 0.284 -0.070
Idh-1 56 2 Dimer 1.2 0.179 0.164 -0.091
Idh-2 88 3 Dimer 1.1 0.068 0.069 —-0.019
Mdh-1 56 2 Dimer 14 0.304 0.284 -0.070
Mdh+2 52 2 Dimer 1.3 0.269 0.235 -0.145
Mpi 14 2 Monomer 12 0.143 0.133 -0.077
(Mpi}{ 56 3 Monomer 2.6 0.574 0.620 0.074
Pgm 54 2 Monomer 1.2 0.148 0.199 0.256
Phos 14 3 Monomer 1.3 0.286 0.253 -0.132
6pgd 55 2 Dimer 1 0.036 0.036 0
Tre 55 5 Monomer 2.8 0.527 0.646 0.197
Polymorphic loci (n = 24):
Means 2.46 1.49 0.227 0.247 0.018
SD 0.83 0.61 0.039 0.046
All 39 loci:
Means 1.90 1.30 0.140 0.152
SD 0.97 0.53 0.030 0.033

4 Effective number of alleles, n, = 1/p;, where p; is the frequency of allele I.

b Observed heterozygosity.

¢ Heterozygosity expected under random mating, h, = 1 — 3 p?2.
zygosity exp g P

4 Inbreeding coefficient, F = 1 — (h/h,).
¢x2 = 845, P < 0.004 by test of Li and Horvitz (1953).
S Except when estimated from Uzbekistan beetles.

ulations, Fyg were marked at Adk-1, Aox, Had-1,
Had +2, and Pgm (Table 4). Ten loci showed more
heterozygotes than expected in populations (-Fig),
however, suggesting that mating patterns alone
were unlikely to have caused the paucity of het-
erozygotes. Mating patterns should affect all selec-
tively neutral loci more or less equally (Wright
1978). When the problematic Adk-2, Aox, Had +2,
and Pgm were dropped from consideration, the
mean Fjg estimate no longer differed from zero
(Table 4). Significant departures from random mat-
ing among the 3 North American populations (Fgr)
were observed at 15 of 19 loci (Table 4). Fgr is the
‘fixation index’ and, for neutral alleles, is propor-
tional to the amount of drift among populations.
Its value, in ideal populations at equilibrium,
should be nearly the same for all loci, but this
clearly was not the case. We can obtain a 1st ap-
proximation of the mean number of reproducing
migrants per generation Nm from Fgr and this is
Nm = [(Fep)'-11/4 = [(0.068-1)-1)/4 = 3.4
(Wright 1969). Thus, significant genetic differen-
tiation was evident among widely scattered beetle
populations, but the same evidence showed also a
substantial level of gene flow among them.

North American Versus Eurasian A. bipunc-
tata. Gene frequencies of Iowa and cultured F,
Uzbekistan beetles were compared at the 17 poly-
morphic loci resolved in both collections. Contin-
gency chi-square tests showed the 2 populations to
differ significantly at 15 loci, and only Fum and
Idh-1 were homogeneous (Table 5). Wright's F sta-
tistics showed significant deficiencies of heterozy-
gotes within populations at Acph, Had-1, Pgm, and
Tre; and an excess of heterozygotes at 6pgd (Table
6). As might be expected of geographically isolated
populations, Fsy estimates were large, particularly
at Fbp, G6pd, Hk, Pgm, and Tre. The mean Fgy
value, 0.428 * 0.128, demonstrates a substantial
genetic distance between Iowa and the Uzbek A.
bipunctata population.

Discussion

Gene Diversity. Gene diversity in North Amer-
ican A. bipunctata, at 152 * 3.3%, is similar to
that estimated in sevenspotted lady beetle, Cocci-
nella septempunctata L., at 16.0 * 4.1% (Krafsur
et al. 1992), and in Coleomegilla maculata (De
Geer), at 18.3 * 3.5% (Krafsur et al. 1995). These
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Fig. 1. Single locus heterozygosity (h,) in A. bipunctata (h, = 1 — 3p2, where p is the frequency of allele 1 ).

predators maintain levels of gene diversity quite
similar to the levels found in other beetle families
(Hsaio 1989) and in many dipterans and lepidop-
terans (Graur 1985). It has been suggested that
these high levels of diversity are maintained by
large effective population sizes sustained over long
time periods (Graur 1985). There is, as yet, no rea-
son to believe that these diversities are directly re-
lated to the fitness of A. bipunctata to colonize
habitats (cf., Hopper et al. 1993). Colonizing spe-

cies must often go through short term genetic bot-

Table 3. Contingency chi-square tests of homogeneity
among North American A. bipunctata samples

Locus allli, (l)és X df P
Adk-2 2 21.747 2 <0.001
Adk+3 2 5.841 2 0.054
Aox 4 30.725 6 <0.001
Argk 2 6.065 2 0.048
Dia-1 2 10.693 2 0.005
Dia-2 3 5.189 4 0.268
Fum 2 8.089 2 0.175
G6pd 4 30.914 6 <0.001
G3pd 2 2.695 2 0.260
Had-1 2 10.678 2 <0.005
Had+2 2 14.858 2 <0.006
Hk-1 2 8.771 2 0.012
Hk-2 2 5.316 2 0.070
Idh-1 2 5.609 2 0.061
Idh-2 3 4.469 4 0.346
Mdh-1 2 9.791 2 0.007
Mdh+2 2 1.678 2 0.432
Pgm 2 4277 2 0.118
6pgd 2 4.158 2 0.125
Totals 191.561 50 <0.001

tlenecks in which genetic diversity becomes greatly
reduced until it is restored by immigration from
other colonies. Nor is it clear that high levels of
gene diversity at structural loci are necessary for
the numerical and geographical expansion of a col-
onizing species; for example, the elm leaf beetle,
Xanthogaleruca luteola (Muller) was first detected
in North America in Baltimore in 1834 and has
since spread throughout the continent. It shows a
mean gene diversity of 0.0025 * 0.0015 at 39 loci
(Krafsur and Nariboli 1995).

The Uzbek A. bipunctata, at Hg = 11.4 * 3.7%,
showed less variation than the Ames population,
but not significantly so. Some of the lesser diversity
can be attributed to sampling and small effective
population sizes in establishing the culture. We do
not know how many beetles contributed to the cul-
ture, and genetic drift may have strongly affected
allele frequencies.

There were some interesting differences in gene
frequencies between Ames and Uzbek beetles.
Mpi in Eurasian A. bipunctata was highly poly-
morphic, but monomorphic in Iowa. Hk-2 was
much more polymorphic in the Eurasian A. bi-
punctata than in the North American samples, but
monomorphic loci in the cultured beetles original-
ly may have been polymorphic, diversity becoming
lost through drift. Eggington’s (1986) western Eu-
ropean beetles showed much greater diversities at
Idh-1, Idh-2, Me, and 6pgd than did the North
American and cultured samples, data that tend to
support the contention that the cultured Eurasian
beetles had lost variation by drift. Additional sam-
pling is necessary to confirm the possibility that
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Table 4. F statistics for 3 North American A. bipunctata populations

Locus Fis Fgr Fir
Adk-2 0.229 0.190%%* 0.376
Adk+3 -0.111 0.044 —0.062
Aox 0.159 0.064%** 0.213
Argk -0.082 0.045 -0.033
Dia-1 —0.060 0.09] *** 0.370
Dia-2 -0.014 0.012 —0.002
Fum —0.056 0.066** 0.014
Gépd -0.007 0.07] **x* 0.064
G3pd —0.080 0.009 -0.070
Had-1 0.148 0.087** 0.223
Had+2 0.243 0.132%** 0.344
Hk-1 —0.060 0.072* 0.017
Hk-2 -0.020 0.036 0.017
Idh-1 —-0.068 0.040 -0.025
Idh-2 -0.018 -0.008 -0.025
Mdh-1 -0.058 0.080** 0.029
Mdh+2 —0.121 ~-0.001 -0.122
Pgm 0.219 0.020 0.234
6pgd —-0.045 0.025 —-0.018
Mean 0.063 0.069 0.127
Jackknife estimates over all loci
Mean 0.067 0.070 0.133
SD 0.042 0.012 0.047
Estimates less Adk-2, Aox, Had+2 and Pgm:

Mean -0.014 0.056 0.043
Jackknife estimates over all loci

Mean -0.008 0.058 0.051
SD 0.043 0.012 0.051

* P < 0.01; %, P < 0.001; *** P < 0.0001.

diversities are greater in Old World populations
than among New World populations. The issue is
important because of the much greater color poly-
morphisms in the Old World and with regard to
the origin of New World A. bipunctata.

Breeding Structure. A deficiency of heterozy-
gotes in populations (Fjs) was observed at some
loci, but more loci showed a slight excess of het-
erozygotes. If forces of mutation, selection, drift,
and migration (Hardy—Weinberg assumptions)

Table 5. Contingency chi-square analysis for Ames
and USDA Uzbek A. bipunctata populations

No.

Locus alleles @ df P
Acph 4 26.242 3 0.0001
Adk+3 12.026 1 0.0005
Dia-2 2 6.699 1 0.0096
Fbp-2 3 56.307 2 0.0001
Fum 2 1.004 1 0.3162
Gépd 3 74.888 2 0.0001
G3pd 2 10.467 1 0.0012
Had-1 2 4.108 1 0.0427
Had+2 2 10.367 1 0.0013
Hk 2 1 59.023 1 0.0001
Idh-1 2 1.077 1 0.2994
Idh-2 2 3.041 1 0.0812
Mdh-1 2 6.266 1 0.0123
Mdh+2 2 3.195 1 0.0738
Pgm 3 220.000 2 0.0001
6pgd 2 9.468 1 0.0021
Tre 5 158.133 4 0.0001
Totals 762.312 25 <0.000001

were not operating on the loci studied, F statistics
would have approached zero. To what forces may
Fig be attributed? It is hard to imagine that selec-
tion favored homozygotes. The Wahlund effect
(Hartl and Clark 1989) could well explain some
homozygote excess because the Ames beetles were
taken from an overwintering aggregation derived
from many breeding units and the Chicago collec-

Table 6. F statistics for Iowa and USDA Uzbekistan A.

bipunctata

Locus F IS F ST F IT
Acph 0.1734 0.1056%** 0.2607
Adk+3 —0.1047 0.0890*** —0.0064
Dia-2 —0.0700 0.0502%** —-0.0163
Fbp-2 0.0467 0.3596*** 0.3895
Gbpd 0.0270 0.4389*** 0.4540
G3pd —0.0891 0.0818 0.0000
Had-1 0.1718 0.0263 0.1935
Had+2 0.0826 0.0803*** 0.1562
Hk . —0.0686 0.8289 0.8172
Idh-1 —0.0732 0.0013 —-0.0718
Idh-2 —0.0185 0.0182 0.0000
Mdh-1 —0.0654 0.0465** -0.0159
Mdh+2 —0.1151 0.0212 -0.0915
Pgm 0.2586 0.9017*** 0.9271
6ped -0.1167 0.0745%** -0.0336
Tre 0.1493 0.5603*** 0.6259
Mean 0.0622 0.4139 0.4527
Jackknife estimates over loci:

Mean 0.0714 0.4284 0.4685
SD 0.0338 0.1284 0.11857

** P < 0.001; *** P < 0.0001.
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tion represented migrating beetles presumably de-
rived from highly diverse locations (Lee 1980). But
the largest factor contributing to the homozygote
excess probably was difficulty in distinguishing
some classes of heterozygotes at Adk, Aox, Had +2,
and Pgm. In the foregoing loci, some allele com-
binations can be too close together on gels to dis-
tinguish visually. If these loci are dropped from
consideration in the North American samples, the
mean Fig becomes —0.042 and mean Fgy becomes
0.045.

Spatial Components of Diversity. Clearly there
was ample gene flow among A. bipunctata from
Oregon, Iowa, and the Great Lakes. Analysis of
Eggington’s (1986) data showed a measure of ge-
netic differentiation between 5 western European
beetle collections (Fpr = 0.061), although this
variation could not be partitioned within and
among demes. There seems to be long distance
movement in a number of coccinellids, including
A. bipunctata (Lee 1980), and this tendency to mi-
grate must have a homogenizing effect on the spa-
tial components of gene diversity. Thus, genetic
adaptation, if any, to environmental heterogenei-
ties in climate and prey are constantly subject to
dilution by immigrant genotypes.

Geographically more extensive sampling, sub-
sampling of populations within regions, and larger
sample sizes are necessary to examine gene flow
within and among geographical regions in better
detail. In particular, a large number of populations
must be sampled to achieve more representative
estimates of Fgr

The genetic distance between the Eurasian A.
bipunctata and Iowa samples, as measured by chi-
square and Fgr, was particularly large. How much
did genetic drift contribute to this? A small found-
ing population size and subsequent drift during
culture propagation may have contributed much to
the difference observed between the 2 samples.
On the other hand, the occurrence of variation at
Mpi in the Eurasian ladybirds not found in the
Ames beetles argues that much of the between-
population variation is characteristic of the paren-
tal population. Eggington’s data suggests rather dif-
ferent gene frequencies in western Europe than in
North America. Is A. bipunctata an immigrant to
North America that became established in colonial
times, or has it been resident for much longer? We
cannot yet answer the question with an acceptable
degree of precision, but the allele frequency data
support very many generations of separation of
New World and Old World populations and no de-
tectable recent infusion.

There are precedents for adventive introduction
of lady beetles in historical times. Five coccinellid
species have become established fortuitously in
North America since 1900 (Gordon and Vanden-
berg 1991) and it is by no means certain that these
are the only ones. We have examined numerous
Old World and New World samples of the exotic
coccinellid beetles Hippodamia variegata (Goeze)
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and Propylea quatuordecimpunctata (L.), and
found genetic differences among populations (Fsy)
of lesser magnitude than in Adalia (E.S.K., unpub-
lished data). Sampling and analysis of additional
Eurasian beetle populations is necessary to address
adequately the question of genetic distance be-
tween New World and Old World populations.

Concluding Remarks. There is sufficient diver-
sity in A. bipunctata, assuming selective equivalen-
cy of alleles, to examine in detail questions about
gene flow among local, regional, and continental
populations. Further studies are desirable to ex-
amine the effects of migrating swarms of beetles
on breeding structure. Estimates of genetic dis-
tance (Wright 1978) should be made and these re-
quire additional sampling in the New and the Old
World. It would be interesting also to examine the
question of lady beetle population differentiation
by prey species and by the prey’s host plant. Are
there races adapted for particular prey, or does
natural selection favor a generalist approach,
where beetles are able to switch to whatever prey
species may be available?

Acknowledgments

We thank Greg Hurst (Cambridge University) for shar-
ing Eggington’s data, and Michael Majerus (Cambridge
University) for offering important information on A. bi-
punctata. Deb Nelson (Animal Plant Health Service,
Plant Pest and Quarantine, USDA, Biological Control
Laboratory, Niles, MI) kindly provided the Uzbekistan A.
bipunctata beetles, and Jeff Miller (Oregon State Uni-
versity) kindly furnished beetles. This work was support-
ed in part by USDA Cooperative States Research Service
grant 94-37312-0673. This is Journal Paper No. 16073 of
the Iowa Agriculture & Home Economics Experiment
Station, Project No. 2949.

References Cited

Black, W. C., IV, and E. S. Krafsur. 1985a. Electro-
phoretic analysis of genetic variability in the house fly
(Musca domestica L.). Biochem. Genet. 23: 193-203.

1985b. A FORTRAN program for analysis of genotyp-
ic frequencies and description of the breeding struc-
ture of populations. Theor. Appl. Genet. 70: 484-490.

Brakefield, P. M. 1984. Ecological studies on the poly-
morphic ladybird Adalia bipunctata in the Nether-
lands. I. Population bioclogy and geographic variation
of melanism. J. Anim. Ecol. 53: 761-774.

1985. Polymorphic Mullerian mimicry and interactions
with thermal melanism in ladybirds and a soldier
beetle: a hypothesis. Biol. J. Linn. Soc. 26: 243-267.

Crow, J. F., and Acki, K. 1984. Group selection for
a polygenic behavioral trait: estimating the degree of
population subdivision. Proc. Natl. Acad. Sci. U.S.A.
81: 6073-6077.

Dobzhansky, T. 1933. Geographical variation in lady-
beetles. Am. Nat. 67: 97-126.

Eggington, E. 1986. Electrophoretic variation amongst
British Coccinellidae. Unpublished thesis, Depart-
ment of Genetics, Cambridge University, Cambridge.



May 1996

Gordon, R. D. 1985. The Coccinellidae (Coleoptera)
of America North of Mexico. J. N.Y. Entomol. Soc.
93: 1-912.

Gordon, R. D., and N. Vandenberg. 1991. Field
guide to recently introduced species of Coccinellidae
(Coleoptera) in North America, with a revised key to
North American genera of Coccinellini. Proc. Ento-
mol. Soc. Wash. 93: 845-864.

Graur, D. 1985. Gene diversity in Hymenoptera. Evo-
lution 39: 190-199.

Hartl, D., and A. G. Clark. 1989. Principles of pop-
ulation genetics, 2nd ed. Sinauer, Sunderland, MA.
Hsiao, T. H. 1989. Estimation of genetic variability
amongst Coleoptera. In H. D. Loxdale and den Hol-
lander [eds.], Electrophoretic studies on agricultural
pests. Systematics Association Special vol. 39: 143—

180. Clarendon Press, Oxford.

Hodek, I. 1973. Biology of Coccinellidae. Junk, The
Hague.

Hopper, K. R., R. T. Roush, and W. Powell. 1993.
Management of genetics of biological control intro-
ductions. Annu. Rev. Entomol. 38: 27-51.

Kennedy, G. G. 1993. Impact of intraspecific variation
on insect pest management, pp. 425-451. In K. C.
Kim and B. A. McPheron [eds.], Evolution of insect
pests. Wiley, New York.

Krafsur, E. S., and P. Nariboli. 1995. Elm leaf bee-
tles have greatly reduced levels of gene diversity. Bio-
chem. Genet. 33: 91-95.

Krafsur, E. S., J. J. Obrycki, and R. V. Flanders.
1992. Gene flow in populations of the seven-spotted
lady beetle, Coccinella septempunctata. J. Hered. 83:
440-444.

Krafsur, E. S., J. J. Obrycki, and P. W. Schaefer.
1995. Genetic heterozygosity and gene flow in Co-
leomegilla maculata De Geer (Coleoptera: Coccinel-
lidae). Biol. Control 5: 104-111.

Lee, R. E., Jr. 1980. Aggregation of lady beetles on
the shores of lakes (Coleoptera: Coccinellidae). Am.
Midland Nat. 104: 295 — 304.

Li, C. C., and D. G. Horvitz. 1953. Some methods of
estimating the inbreeding coefficient. Am. J. Human
Genet. 5 : 107-117.

Majerus, M.E.N. 1994. Ladybirds. Harper Collins,
London.

KRAFSUR ET AL.: GENE FLOW IN Adalia

417

Messenger, P. S., F. Wilson, and M. J. Whitten. 1976.
Variation, fitness, and adaptability of natural enemies,
pp. 209-231, In C. B. Huffaker and P. S. Messenger
[eds.], Theory and practice of biological control. Ac-
ademic, New York.

Muggleton, J. 1978. Selection against the melanic
morphs of Adalia bipunctata (two-spot ladybird): a re-
view and some new data. Heredity 40: 269—280.

Roderick, G. K. 1992. Postcolonization evolution of
natural enemies, pp. 71-86. In Selection criteria and
ecological consequences of importing natural ene-
mies. Thomas Say Publications, Entomological Soci-
ety of America, Lanham, MD.

Roush, R. T. 1990. Genetic variation in natural ene-
mies: Critical issues for colonization in biological con-
trol, pp. 263-288. In M. Mackauer, L. E. Ehler, and
J. Roland [eds.], Critical issues in biological control.
Intercept, Andover, Hants, UK.

Slatkin, M. 1987. Gene flow and the geographic struc-
ture of natural populations. Science (Washington,
DC) 236: 787-792.

Swofford, D. L., and R. B. Selander. 1981. BIOSYS-
1: a FORTRAN program for the comprehensive anal-
ysis of electrophoretic data in population genetics and
systematics. |. Hered. 72: 281-283.

Tauber, M. J., and C. A. Tauber. 1975. Criteria for
selecting Chrysopa carnea biotypes for biological con-
trol: adult dietary requirements. Can. Entomol. 107:
589-595.

Weir, B. S., and C. C. Cockerham. 1984. Estimating
F-statistics for the analysis of population structure.
Evolution 38: 1358-1370.

Workman, P. L., and J. D. Niswander. 1970. Popu-
lation studies on southwestern Indian tribes. 2. Local
genetic differentiation in the Papago. Am. . Hum.
Genet. 22: 24-49.

Wright, S. 1969. Evolution and the genetics of popu-
lations, vol. 2. University of Chicago Press, Chicago,
IL.

1978. Evolution and the genetics of populations, vol.
4. University of Chicago Press, Chicago, IL.

Received for publication 21 August 1995; accepted 9
November 1995.




418 ANNALS OF THE ENTOMOLOGICAL SOCIETY OF AMERICA Vol. 89, no. 3

Appendix 1. Gene frequencies in lowa A. bipunctata

Locus and sample size

Al-
lele Acph  Adk-1 Adk-2 Adk+3 aGpd  Aox  Die-1 Dia-2 Fbp-1 Fbp-2 Fum  G6pd G3pd Had-1
49 56 56 54 56 56 56 56 56 41 56 57 56 55
A 0000 0.000 0000 0.000 1000 0000 1.000 0000 1000 0000 0.000 0.061 0.089 0464
B 0061 1000 1000 0102 0000 0339 0000 0991 0000 0585 0009 0500 0911 0536
C 0622 0000 0000 0898 0000 0411 0000 0009 0000 0122 0991 0439 0.000 0.000
D 0255 0000 0000 0000 0000 0250 0000 0.000 0000 0293 0000 0.000 0000 0.000
E 0061 0000 0000 0000 0000 0000 0.000 0000 0000 0.000 0000 0.000 0.000 0.000
Hy 0469 0.000 0000 0203 0000 0500 0.000 0018 0.000 0537 0018 0544 0179 0418

Hg = 0.190 % 0.045, Hy = 0.172 % 0.039. Mean number of alleles per locus = 1.89 * 0.19.

Appendix 2. Gene frequencies in Chicago A. bipunctata

Locus and sample size

Allele Adk-2 Adk+3 Aox Argk Dia-1 Dia-2 Fum Gépd G3pd
14 14 14 14 14 14 14 14 14
A 0.179 0.000 0.107 0.143 0.929 0.000 0.000 0.000 0.000
B 0.821 1.000 0.286 0.857 0.071 1.000 1.000 0.429 1.000
C 0.000 0.000 0.536 0.000 0.000 0.000 0.000 0.571 0.000
D 0.000 0.000 0.071 0.000 0.000 0.000 0.000 0.000 0.000
Hy 0.214 0.000 0.643 0.286 0.143 0.000 0.000 0.571 0.000

Hg = 0.191 = 0.049, Hy = 0.177 £ 0.042. Mean number of alleles per locus = 1.89 + 0.15.

Appendix 3. Gene frequencies in Oregon A. bipunctata

Locus and sample size

Allele  agk_o Adk+3 Aox Argk Dia-1 Dia-2 Fum Gépd G3pd
18 17 18 18 18 18 17 10 17

A 0.028 0.029 0.111 0.083 1.000 0.028 0.088 0.200 0.088

B 0.972 0.971 0.194 0.917 0.000 0.944 0.912 0.100 0.912

C 0.000 0.000 0.694 0.000 0.000 0.028 0.000 0.600 0.000

D 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.100 0.000

Hy 0.056 0.059 0.500 0.167 0.000 0.111 0.176 0.500 0.176

Hp = 0.186 = 0.042, Hy = 0.176 = 0.037. Mean number of alleles per locus = 2.05 * 0.18.

Appendix 4. Gene frequencies in cultured Uzbekistan A. bipunctata

Locus and sample size

Al-
lele Acph  Adk-1  Adk-2 Adk+3 aGpd  Aox  Dia-1 Dia-2 Fbp-1 Fbp-2 Fum G6pd G3pd Had-1
48 56 56 56 56 7 56 56 56 56 56 56 56 55
A 0000 1.000 1.000 0000 1.000 0.000 1.000 0000 1000 0.000 0.000 0000 0.000 0.600
B 0.156 0.000 0.000 0000 0.000 0500 0.000 0920 0.000 1.000 0.000 1000 1.000 0.200
C 0271 0.000 0.000 1000 0.000 0214 0.000 0080 0.000 0.000 1000 0000 0.000 0200
D 0.385 0.000 0.000 0.000 0000 028 0.000 0.000 0000 0000 0.000 0000 0.000 0.000
E 0.188 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Hg 0583 0000 0000 0.000 0000 1000 0000 0161 0.000 0.000 0000 0.000 0.000 0400

Hg = 0.127 = 0.041, Hy = 0.131 *+ 0.044. Mean number of alleles per locus = 1.57 * 0.16.
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Appendix 1. Extended.
Locus and sample size
Had+2  Hk Idh-1  1dh-2 Mdh-1 Mdh+2 Me Pgi Pgm 6pgd  Sod-1 Sod—2  Tpi Tre
55 56 56 56 56 52 56 56 54 55 56 56 56 55
0.600 0000 0000 0.000 0.170 0.865 1.000 1.000  0.000 0.000 1.000 1.000 1.000  0.009
0.400 1.000 0911 0.973 0.830 0.135 0.000 0.000 0.111 0982 0.000 0.000 0.000 0.127
0.000  0.000 0.089 0.027 0.000 0.000 0.000 0.000 0889 0.018 0000 0.000 0000 0.409
0.000 0.000 0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0418
0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.036
0400 0.000 0.179 0.054 0.304 0269 0.000 0.000 0.148 0.036 0.000 0000 0.000 0527
Appendix 2. Extended.
Locus and sample size
Had-1 Had+2 Hk-1 Hk-2 Idh-1 Idh-2 Mdh-1 Mdh+2 Pgm 6pgd
14 13 14 14 14 14 14 14 14 14
0.714 0.231 0.036 0.036 0.750 0.036 0.036 0.893 0.071 0.964
0.286 0.769 0.964 0.964 0.250 0.964 0.964 0.107 0.929 0.036
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.286 0.308 0.071 0.071 0.357 0.071 0.071 0.214 0.143 0.071
Appendix 3. Extended.
Locus and sample size
Had-1 Had+2 Hk-1 Hk-2 Idh-1 Idh-2 Mdh-1 Mdh+2 Pgm 6pgd
18 17 18 18 18 17 18 18 17 16
0.722 0.353 0.083 0.000 0.833 0.029 0.000 0.944 0.000 0.906
0.278 0.647 0.917 1.000 0.167 0.941 1.000 0.056 1.000 0.094
0.000 0.000 0.000 0.000 0.000 0.029 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.444 0.235 0.167 0.000 0.333 0.118 0.000 0.111 0.000 0.188
Appendix 4. Extended.
Locus and sample size
Had+2  Hk Idh-1  I1dh-2  Mdh-1 Mdh+2 Me Pgi Pgm  6pgd  Sod-1  Sod-2 Tpi Tre
56 56 56 56 56 56 56 56 56 56 56 56 56 56
0384 0.000 0.000 0000 0.063 0.938 1.000 1.000 1.000  0.000 1.000 1.000 1.000  0.036
0616 0170 0.946 1.000  0.938 0.063  0.000 0.000 0.000 0875 0.000 0.000 0.000 0.938
0.000 0830 0054 0000 0000 0.000 0000 0.000 0000 0.125 0.000  0.000  0.000 0.027
0.000 0.000  0.000 0.000 0.000 0000 0.000 0000 0.000 0000 0000 0000 0.000 0.000
0.000 0.000  0.000 0.000 0.000 0000 0.000 0000 0.000 0.000 0000 0.000 0000 0.000
0482 0304 0107 0000 0.125 0125 0000 0000 0000 0250 0000 0000 0.000 0.125




