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BIOCHEMICAL PHENOTYPIC AND GENETIC STUDIES OF
TWO INTRODUCED FIRE ANTS AND THEIR HYBRID
(HYMENOPTERA: FORMICIDAE)
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Abstract. — Two introduced fire ants, Solenopsis invicta and S. richteri, and their hybrid were studied
using phenotypic markers from gas chromatographic analysis of hydrocarbons and venom alkaloids,
as well as genetic markers from enzyme electrophoresis. Both methods show that extensive gene
introgression is occurring over a distance of at least 120 km at the contact zone between the two
forms in eastern Mississippi. Genetic analyses suggest that the hybrid population does not depart
dramatically from panmixia. Also, recombinant genotypes predominate in the hybrid zone, in-
dicating that F, hybrids are viable. Allele frequency clines through the hybrid zone are apparent
for four polymorphic loci. Data sets gencrated by the chromatographic and electrophoretic methods
are highly concordant in that they differentiate completely between the two forms and agree in
designating colonies from the contact zone as hybrid or parental in a high proportion (90%) of
cases. The two methods can serve as complementary tools for studying closely related but genetically
distinct populations in this, and perhaps other, groups of insects.
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Central problems in evolutionary biology
and systematics include defining the level
of reproductive isolation among related
populations, assessing the evolutionary sig-
nificance of this isolation, and reaching a
consensus as to the taxonomic status of the
populations. These problems are particu-
larly acute in poorly known or extremely
diverse groups, such as many insects, and
may often be compounded by human in-
terference with the natural ecology and dis-
persal of the organisms. At the heart of these
difficulties lie our current concepts of species
(see Hull, 1974; Ghiselin, 1975; Wiley, 1981;
Mayr, 1982), none of which seems sufficient
to embrace all situations or all manner of
data collected by taxonomists, geneticists,
and ecologists. With the advent of the newer
molecular tools for studying organic diver-
sity, there is reason to believe that fresh
insights into the origin and subsequent in-
teractions of genetically distinct popula-
tions may be gained, even if absolute con-
sensus on taxonomic issues is unlikely to
emerge.

Fire ants in the subgenus Solenopsis
(Hymenoptera: Formicidae) are new world
species that occur primarily in tropical and
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the large size of their nests and aggressive
habits of the workers, many species are ex-

ceptionally conspicuous elements of local
ant faunas. In the early part of this century
a heterogeneous group of fire ants native
to South America was introduced to North
America through the port of Mobile, Ala-
bama (Wilson, 1958; Lofgren et al., 1975),
and these ants have subsequently emerged
as significant pests in many parts of the
southern U.S. Two distinctive forms com-
prising the introduced fauna were originally
recognized as subspecific variants (Wilson,
1953, 1958), but later were accorded species
status by Buren (1972), primarily on the
basis of external morphological characters
and lack of hybridization. Solenopsis rich-
teri, introduced prior to 1920, apparently
succeeded in colonizing southern Alabama
and some areas of central Mississippi, how-
ever, the subsequent introduction of S. in-
victa in the 1930s resulted in a rapid ex-
pansion of this species and exclusion of S.
richteri from the southernmost areas of its
range (Buren, 1972). Presently, S. richteri is
confined to a very limited area in northern
Mississippi and Alabama (Buren et al., 1974;
Vander Meer et al., 1985), while S. invicta
is distributed throughout the southeast and
south-central U.S. (see Fig. 1). The distri-

poorly known, although they are reported
to be allopatric or parapatric (Buren et al.,
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Fic. 1. Approximate limit of distribution of introduced fire ants in North America and locations of samples
of S. invicta, S. richteri, and their hybrid for biochemical phenotypic and genetic analyses. (®) S. invicta for GC
analyses; (W) S. invicta for electrophoretic analyses; () S. richteri for all analyses. Dashed line indicates sampling
transect for east-central Mississippi hybrid zone. ((0) Additional hybrids used for inheritance studies.

1974), with S. richteri occupying a more
southerly (temperate) area than S. invicta.
Thus, displacement of S. richteri to the
northern limit of the range of introduced
fire ants may be related to the relative com-
petitiveness of the two forms under different
climatic regimes (Buren, 1972).

Recent gas chromatographic (GC) studies
of ants collected near the contact zone of
the two forms in Mississippi revealed in-
termediate expression of what were consid-
ered to be species-specific phenotypic pat-
terns (Vander Meer et al., 1985), suggesting
that gene introgression (hybridization) oc-
curs in this area, or alternatively, that the
two forms do indeed represent variants from
a single reproductive community. These
findings prompted the present investigation
for several reasons. First, it is desirable to
apply an independent method (gel electro-
phoresis) to determine the extent of genetic
differentiation between the two forms and
to examine more closely the possibility of
gene introgression. Such data presumably
would aid in deciding the taxonomic status

of the groups, with interpretations being all
the more compelling if the morphological,
electrophoretic, and GC data are highly
concordant. Furthermore, the degree of
concordance between the biochemical ge-
netic (electrophoretic) and biochemical
phenotypic (GC) data could be used to as-
sess the value of the latter type of data for
studying systematic problems in insects, an
unresolved issue because of their complex
and poorly understood genetic bases (e.g.,
Averhoff and Richardson, 1976; Grula and
Taylor, 1979) and the possibility that their
expression may be environmentally affected
(Nelson, 1978; Howard and Blomaquist,
1982). To our knowledge, the utility of bio-
chemical phenotypic markers for insect
taxonomic studies has not previously been
examined by reference to genetic markers.
Finally, confirmation of hybridization be-
tween the two introduced fire ants is sig-
nificant in that hybrid zones constitute in-
teresting evolutionary phenomena that may
provide insights into the nature of genetic
divergence between species as well as the
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factors which normally act to maintain their
distinctiveness (Barton and Hewitt, 1985;
Littlejohn and Watson, 1985; Kocher and
Sage, 1986).

MATERIALS AND METHODS

For purposes of ordering the experimen-
tal work and facilitating discussion in this
paper, we adhere to the currently accepted
taxonomy of the Solenopsis saevissima
species complex (Buren, 1 972), although the
validity of this phylogenetic framework is
currently controversial (see Discussion;
Trager, unpubl.). The term “hybrid” is used
to refer to the array of recombinant geno-
types containing genetic elements from both
of the parental forms (cf. Barton and Hewitt,
1985) and detectable as such by chromat-
ographic and/or electrophoretic analysis.

Collection of Samples

Our first objective was to characterize the
parental forms for both types of biochem-
ical markers (phenotypic and genetic) by
sampling in areas where only the parental
forms were likely to occur. Samples of S.
invicta for the GC analyses were collected
from seven sites: Gadsden Co., FL (2 sites);
Baldwin Co., AL (3); and Tangipahoa Par-
ish, LA (2) (Fig. 1). Fifty worker ants from
each of five colonies were collected at each
site. Ants from each colony were transferred
to glass vials containing 5-10 ml hexane.
The solvent was removed after 2-7 days and
utilized for the chromatographic analyses.
Samples of S. invicta for electrophoresis were
also collected from seven sites: Marion Co.,
FL; Alachua Co., FL; Tumner Co., GA; Wal-
ton Co., GA; Morgan Co., GA; and Jackson
Co., MS (2 sites) (Fig. 1). Several mature
winged queens were collected from each of
30 colonies at each site. These were held in
liquid nitrogen until returned to the labo-
ratory, then held in a freezer at —60°C until
electrophoresis.

Samples of S. richteri and samples from
the putative hybrid zone in Mississippi were
collected in concert for GC and electropho-
retic anatyses. For S. richteri, 10-30 winged
queens and 7-25 males were collected from
each of 59 colonies in northeastern Missis-
sippi (Prentiss, Itawamba, and Tishomingo
Cos.; Fig. 1), as described above for elec-
trophoretic samples. Worker ants from 49

K. G. ROSS ET AL.

v
of these colonies were collected in hexane
for chromatography. That only S. richteri
colonies are likely to occur in this area is
indicated by Buren et al. (1974) and Vander
Meer et al. (1985). (Independent morpho-
logical confirmation that the samples were
S. richteri was provided by J. C. Trager,
Univ. Florida, who is currently revising the
species complex.)

Winged queens and males (sample sizes
as above) were also collected from each of
59 colonies located on a 120 km north-south
transect through the putative hybrid zone
in east-central Mississippi (Lauderdale,
Kemper, Noxubee, and Lowndes Cos.; Fig.
1). The boundaries of this zone have been
tentatively defined by Vander Meer et al.
(1985) on the basis of preliminary GC data.
Worker ants from 50 of the colonies were
collected for chromatography. Colonies were
grouped according to relative position along
the transect for some of the analyses below.
Winged queens and males were sampled
from an additional 15 colonies from Floyd
Co., GA (in another putative hybrid pop-
ulation [Diffie and Vander Meer, unpubl.];
Fig. 1) for inclusion in the inheritance stud-
ies. Because of the high genotypic correla-
tions for female nestmates (r = 0.75; Ross
and Fletcher, 1985a; Ross, unpubl.), only
one queen genotype per colony was used in
most of the genetic analyses.

Gas Chromatographic Analysis of Venom
Alkaloids and Hydrocarbons

GC analyses were carried out on a Varian
3700 gas chromatograph (Walnut Creek,
CA) equipped with a flame ionization de-
tector and a 30 m x 0.032 mm ID DB-1
fused silica capillary column (J & W Sci-
entific, Inc., Rancho Cordova, CA). Helium
was used as the column carrier gas, and de-
tector sensitivity was increased by using ni-
trogen as the make-up gas. Venom alkaloids
and hydrocarbons were analyzed simulta-
neously. The oven temperature was held at
150°C for one min, then programmed to
285°C at 4°C per min. The temperature was
held at 285°C until the components of in-
terest had eluted from the column. Venom
peak assignments were based on GC and
GC-mass spectrometry of S. invicta venom
alkaloids from extirpated poison sacs. Gas
chromatograms of purified hydrocarbons
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from the two parental forms showed pat-
terns identical to those obtained from the
hexane soak. The venom alkaloids and hy-
drocarbons are present in multiple micro-
gram quantities and therefore swamp out
any potential interfering components. The
data were analyzed on a Varian Vista 401
Data Processor. :

We developed numerical indices for the
GC data to define the range of variability
present in S. richteri and S. invicta and to
specify quantitatively the biochemical sim-
ilarity of hybrid specimens to either of the
parental forms. For the hydrocarbons this
was done by first defining characteristic hy-
drocarbon peaks for the two parental forms.
Since each form has in minor amounts com-
ponents diagnostic for the other form (see
Fig. 2; Nelson et al., 1980; Vander Meer et
al., 1985), it was necessary to introduce cor-
rective factors. Of the hydrocarbon peaks
found between a retention time of 17 to 24
min, S. richteri contributed a mean of 11.6%
to the S. invicta designated region and S.
invicta contributed a mean of 7.2% to the
S. richteri designated region. Thus a hydro-
carbon index (/) was calculated from the
formula:

PS] - (PSR.0'116)
[Py — (Psg-0.116)] °
+ [Psg — (P5;-0.072)]

lyc

where Pg; and Pgy are the proportional hy-
drocarbon peak areas found within the re-
tention times assigned to S. invicta and S.
richteri, respectively (Pg, + Pgr = 1.0).

The venom alkaloids of both S. richteri
and S. invicta are 6-methyl piperidines with
2-substituted alkyl or alkenyl side chains
(Brand et al., 1972). Since the differences in
structure are in the 2-substituted side chain,
the various homologs are simply referred to
by the length of the side chain and whether
or not it has a double bond, e.g., C, 3.0 Tefers
to a 13-carbon side chain with no double
bonds, and Cs,, refers to a 15-carbon side
chain with one double bond. The propor-
tion of C,5,, venom alkaloid is rather in-
variable in S. invicta (0.423 + 0.026,
mean * SD; N = 35) while the proportion
in S. richteriis zero (Vander Meer, unpubl.).
Thus an alkaloid index (7,,) was defined
by the formula:
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Iy = (P,5.1(2.36),

where P, is the proportion of C,s,, alka-
loid. A combined index for the GC char-
acters (/) is the mean of the values for the
hydrocarbon (/,,c) and venom alkaloid
(7aL) indices, rescaled to vary between 0
and 1.0. Values of 7 for parental S. richteri
are close to 0 while values for parental S.
invicta approach 1.0 (see Results). The com-
bined index is used in this study, since no
additional information was obtained by us-
ing the hydrocarbon and alkaloid indices
separately.

Gel Electrophoresis of Isoenzymes

A preliminary screen of enzyme systems
in S. invicta (Ross et al., 1985) indicated
that the products of 26 presumptive loci
could be adequately resolved for study.
These markers, and others developed sub-
sequently (Ross, unpubl.), were used to study
the comparative biochemical genetics of S.
invicta and S. richteri. Four loci: Alpha-
glycerophosphate dehydrogenase-1 (Agp-1,
EC 1.1.1.8); Octanol dehydrogenase (Odh,
EC 1.1.1.73); Esterase-2 and Esterase-4
(Est-2,4; EC 3.1.1.1), were found to be in-
formative with regard to distinguishing be-
tween the two forms and detecting gene in-
trogression, and thus were used as genetic
markers in the present study. Complete
comparative data on the biochemical ge-
netics and population structures of the two
species will be reported separately.

Electrophoresis was carried out on 12%
horizontal starch gels using standard tech-
niques (see Harris and Hopkinson, 1976;
May et al., 1979). All four loci are strongly
expressed in the alitrunk, so only this body
part was used. The enzyme products were
best resolved using the amine-citrate buffer
of Clayton and Tretiak (1972; “C” buffer of
Ross et al., 1985). Staining followed Shaw
and Prasad (1970) and Ross and Fletcher
(1985a).

Mendelian inheritance of the electro-
morphs of Agp-1 and Est-4 was previously
confirmed by Ross and Fletcher (19854,
1985b). To show that the products of Est-2
and Odh are also encoded by single Men-
delian loci, genotype distributions for 14.8 +
4.62 (mean * SD) females from each of 132
colonies, and 13.0 + 5.66 females from each
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TasLe I. Genotype distributions for virgin queens, males, foundresses, and the male mates of foundresses at
two electrophoretic loci in eight representative colonies collected in a S. invicta/richteri hybrid zone. Genotypes
of foundresses and their single mates are inferred from offspring genotypes.

Est-2

Odh

Colony F/F F/M F/S

M/M*

M/S S/8* F/F* F/s YA

65-10
Queens 13 5
Males
Foundress
Mate 1

65-1S
Queens
Males

Foundress
Mate

65-2Q
Queens
Males
Foundress
Mate

65-1L
Queens 4
Males 8
Foundress 1
Mate

65-2G
Queens
Males
Foundress
Mate

65-2B
Queens
Males
Foundress
Mate

65-20
Queens 13
Males 6

Foundress 1
Mate

919-1E

Queens
Males
Foundress
Mate

13

8 . 11 12

9 18

19 19
11 11

* For males, these col p the cor

of 70 colonies were studied for Est-2 and
Odh, respectively. Females collected from
each colony were the progeny of single foun-
dress queens which were not, however, col-
lected with the samples. This means that
neither male nor female parents were avail-
able for genetic analyses. However, because
males are haploid and queens are singly in-

ding hemizygote genotypes.

seminated (Ross and Fletcher, 1985a; Ross,
unpubl.), colony genotype distributions can
be readily interpreted (Table 1). One of the
following patterns was observed for females
in every colony at each marker locus: 1) a
single genotypic class was present, or 2) two
genotypic classes were presentina 1:1 ratio,
with at least one of the classes (one only at
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Odh) being the heterozygote class. These
data, and the fact that males exhibited only
banding patterns expected from haploid
progeny of the foundresses (Table 1), indi-
cate that these products are encoded by sin-
gle Mendelian loci.

RESULTS
GC Phenotypes

Gas chromatographic analyses of hydro-
carbons and venom alkaloids of S. invicta
and S. richteri indicate that their biochem-
ical phenotypes are sufficiently distinct to
be used as diagnostic characters, substan-
tiating the results of earlier studies (e.g.,
Brand et al., 1972; Lok et al., 1975; Barlin
etal., 1976; MacConnell etal., 1976; Nelson
etal., 1980; Vander Meer and Wojcik, 1982;
Vander Meer et al., 1985). Under the GC
conditions used, hydrocarbon peaks eluting
from 17 to 21 min were characteristic of S.
richteri and peaks eluting from 21 to 24 min
were characteristic of S. invicta (Fig. 2), al-
though minor amounts of components di-
agnostic of the other form were always pres-
ent (see Materials and Methods). For the
venom alkaloids, S. invicta was character-
ized by an abundance of C, alkaloids ab-
sent from S. richteri venom, while possess-
ing in low amounts the C,, alkaloid
abundant in S. richteri venom (Fig. 2). For
the 35 colonies sampled from the S. invicta
range, the combined GC index (J) based on
hydrocarbons and venom alkaloids varied
from 0.85 to 1.00 (0.93 £ 0.03, mean =*
SD), while for the 49 colonies from the S.
richteri range this index varied from O to
0.06 (0.03 £ 0.01).

A colony was considered to be hybrid
when its combined index fell outside the
ranges characterizing the parental forms (i.e.,
0.06 < I <0.85). Forty-four of the 50
(88.0%) colonies sampled from the putative
hybrid zone possessed such hybrid pheno-
types. The frequency distribution for the
combined GC indices of these 44 colonies
(Fig. 3) shows that most of them possessed
biochemical phenotypes clearly intermedi-
ate between those of the parental forms
(mean I + SD for these colonies: 0.53 =
0.13). A GC trace of hydrocarbons and ven-
om alkaloids from a representative hybrid
colony is shown in Figure 2.
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Fic.2. Representative gas chromatograph traces of
venom alkaloids and hydrocarbons from S. invicta, S.
richteri, and their hybrid. The 2-alkyl or alkenyl side
chains on the piperidine alkaloids are labeled on each
chromatogram (retention times to 17 min). The hy-
drocarbon sections marked (A) and (B) define, respec-
tively, the S. richteri and S. invicta components used
to calculate the hydrocarbon index (/) (see Materials
and Methods).

Electrophoretic Markers

Four loci were found to be informative
for distinguishing between ants collected
from the parental ranges. Two of these (4gp-
1, Est-4) are diallelic lociin S. invicta, whiie
in S. richteri each is fixed for the more com-
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Fic. 3. Frequency distribution for combined GC
indices (/) of 44 hybrid S. invicta/richteri colonies sam-
pled from the hybrid zone in Mississippi. Values for
parental S. richteri range between 0 and 0.06, while
values for S. invicta range between 0.85 and 1.0.

mon S. invicta allele (see also Ross and
Fletcher, 1985a, 1985b). At the other two
loci (E'st-2, Odh), the two forms apparently
share no alleles in common and thus are
completely differentiated. S. richreriis poly-
morphic at Est-2 (two alleles), while S. in-
victa is fixed for a third distinct allele. The
product of the locus Odh stains as a double-
banded electromorph in all specimens of .S.
invicta; thus the ant is monomorphic at this
locus. S. richteri is also monomorphic at
Odh, but the enzyme product stains as a
distinct single band of lower mobility than
the S. invicta isoenzyme. One colony col-
lected from the parental S. richteri area had
50% of females heterozygous for the slow
(S. richteri) allele and another, faster allele
at Odh, suggesting that an alternate allele
occurs at an extremely low frequency (0.008)
in S. richteri. Because a homozygote for this
allele was not observed and because of poor
resolution of the banding patterns of het-
erozygotes, we cannot at present say wheth-
er the product of this alternate allele has a
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movbility identical to the S. invicta electro-
morph.

Genetic distances (Nei’s D*: Nei, 1972;
Hillis, 1984) between the seven sampled S.
invicta populations and the S. richteri pop-
ulation werg, calculated, utilizing informa-
tion from the four polymorphic and 22
monomorphic loci. The mean value of D*
(*SE) between the two forms is 0.183 +
0.003. Similar genetic distances have been
estimated between sibling species in the ant
genera Aphaenogaster (Crozier, 1977: min-
imum D =0.19), Rhytidoponera (Ward,
1980: mean D = 0.136), and Formica
(Pamilo et al., 1979: mean D =0.123 and
0.353 for two species complexes).

Electrophoretic evidence for hybrid an-
cestry of a fire ant colony exists when: 1)
individuals are heterozygotes possessing one
allele from each of the parental forms at
either Est-2 or Odh; or, 2) individuals pos-
sess alleles characteristic of one of the pa-
rental forms at one marker locus and alleles
of the other form at a different locus. Con-
sidering our minimum sample size of 10
females per colony and the fact that queens
are singly inseminated, the probability of
not detecting hybrid genotypes at either
Est-2 or Odh in any colony where they oc-
cur is less than 0.01 (binomial probability).

Electrophoretic data for colonies from the
Mississippi hybrid zone confirm that gene
introgression between the two forms is oc-
curring here. Forty-seven of 59 (79.7%) col-
onies sampled possessed female genotypes
indicative of hybridization. At the locus
Est-2 all six possible recombinant geno-
types were observed in the hybrid zone, as
were all three recombinant genotypes at the
locus Odh (see Table 1). Individuals het-
erozygous for the two parental alleles at Odh
exhibited a poorly resolved band(s) upon
staining, with mobility intermediate to that

.of the parental electromorphs. As expected,

no males exhibited this banding pattern. Al-
lele frequencies at the four marker loci for
the two parental forms and Mississippi hy-
brid population are presented in Table 2.
Of the 47 hybrid colonies detected by
electrophoresis, none exhibited multilocus
genotype arrays for females consistent with
their being F, hybrids (i.e., colonies founded
by a queen of one form mated to a male of
the other form). For 16 of the 47 raloniec
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TasLe 2. Allele frequencies at four electrophoretic loci for S. invicta, S. richteri, and a hybrid population in
east-central Mississippi. One female genotype per colony is used for the estimates (sample sizes in parentheses).
Colonies from the hybrid zone characterized as parental-types by both electrophoresis and GC analysis (N = 6)
are included in the hybrid population. Subscripts denote allelic designations at each locus.

Est-2 Agp-1 Est-4 odh
S. invicta pF=0 pF = 0.629 pa = 0.597 pF=10
(N = 210) au=10 gs = 0.371 gp = 0.403 gs=0
rs=0
Hybrid pr=0.136 pF = 0.898 pa = 0.856 pE = 0.551
(N =159) am =0.5 gs = 0.102 gp = 0.144 gs = 0.449
rs = 0.364
S. richteri pr = 0.553 pr=10 pA= 10 px = 0.008
(N =159 am=0 g =0 =0 gs = 0.992
rs = 0.447 .

(34%), female genotypes were consistent
with the foundresses having been F, hy-
brids, but the remaining hybrid colonies
must have been founded by queens which
were the products of subsequent generations
of hybridization or backcrossing with the
parental forms. Such a lack of parental and
F, genotypes is the expected outcome of
long-term random mating in a hybrid zone
(Barton, 1982). Our data indicate a suffi-
ciently high level of genetic compatibility
between the parental fire ant taxa to pre-
clude significant breakdown of F, viability,
but do not rule out some reduced lifetime
fitness for these or other recombination
products relative to the parental forms.
Comparisons of observed frequencies of
genotypes at the four polymorphic loci in
the hybrid zone with frequencies expected
under Hardy-Weinberg equilibrium reveal
no significant differences when colonies des-
ignated as ‘“pure” parental-types by both
biochemical methods are excluded (N = 52
colonies; chi-square test, all P > 0.05).
When these parental-type colonies are in-
cluded in the analysis, genotype frequencies
at two loci remain as expected, but fre-
quencies at Odh and Est-2 depart signifi-
cantly from Hardy-Weinberg expectations
(N = 59 colonies; chi-square test, P < 0.02
and P < 0.05, respectively), with deficien-
cies of heterozygotes at each locus. (Due to
the limited number and resolution of sam-
ples from the hybrid zone it is not clear
whether the parental-type colonies lie with-
in the zone of introgression and should be
included in the analysis.) The results would
seem to suggest an essentially panmictic hy-

brid population with no extreme disruptive
selection against hybrid genotypes, al-
though further studies will be required to
clarify this point (see also Hunt and Selan-
der, 1973; McDonnell et al., 1978; Kocher
and Sage, 1986).

Concordance of Data Sets and Structure
of the Hybrid Zone

Concordance between the biochemical
phenotypic and biochemical genetic data sets
is virtually complete, and both data sets
agree well with the taxonomy derived from
external morphology. Colonies sampled
from the parental ranges were unambigu-
ously assigned to the proper (morphologi-
cal) taxon using either biochemical method.
In the hybrid zone, the two methods agreed
on assignments of colonies as hybrid or pa-
rental for 45 of the 50 colonies (90.0%).
Morphological assignment of the ants from
these 45 colonies by J. C. Trager also agreed
well with the biochemical designations (hy-
brid ants are morphologically intermediate
between the parental forms; complete mor-
phological data on the parental forms and
hybrid will be published elsewhere by Tra-
ger). The high degree of concordance for the
biochemical data from the hybrid zone is
particularly noteworthy in light of some ex-
pected discordance because of Mendelian
inheritance of the allozyme markers. With
a limited number of these markers assorting
independently, some hybrid colonies will by
chance possess recombinant genotypes
characteristic of either of the parental forms,
given that hybridization has been occurring
for a sufficiently long period (the genetic data
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Fic. 4. GC and electrophoretic designations of colonies collected along a north-south transect in the S.
invicta/richteri hybrid zone in Mississippi. Ticks occur on the horizontal axis every 15 km.

presented above and GC analyses of mu-
seum specimens [Vander Meer et al., un-
publ.] suggest that this is the case). Indeed,
all five colonies for which the biochemical
results are discordant were designated as hy-
brid colonies by the GC method but exhib-
ited parental genotypes at the electropho-
reticloci. Discordance of a more problematic
nature would exist if colonies shown to be
hybrids by electrophoresis exhibited paren-
tal hydrocarbon and venom alkaloid phe-
notypes. Such colonies were not found.

The GC and electrophoretic designations
of the 50 study colonies from the hybrid
zone are depicted in relation to their posi-
tion along the collecting transect in Figure
4. Only six of the 50 colonies ( 12.0%) from
the hybrid zone exhibited both parental
phenotypes and genotypes. These results and
the genetic evidence for F, viability and ran-
dom mating indicate that this zone repre-
sents a “true hybrid zone” (Littlejohn and
Watson, 1985) rather than a zone of overlap
with some hybridization. °

Nine of 11 colonies designated as parental
by either or beth of the math~ - ~an—na
near the margins of what appeared on the
basis of previous data and field observations

to be the “pure” parental ranges (Fig. 4).
Five of the nine colonies were designated
as S. invicta and were collected within 9 km
of Meridian, MS, the presumed northern
limit of S. invicta in this area. The other
four colonies, designated as S. richteri, oc-
curred within 16 km of Columbus, MS, the
probable southern limit of this form (Van-
der Meer et al., 1985). Such results are to
be expected if the collecting transect in the
hybrid zone coincides with a north-south
cline in gene frequencies, with the pure
species genotypes dominating north and
south of the transect. Although our sam-
pling regime was not designed to investigate
the genetic structure of the hybrid zone,
when allele frequencies are plotted for groups
of colonies according to their relative po-
sition along the transect, gene frequency
clines are evident for the four polymorphic
loci (Fig. 5). These clinal patterns persist for
all loci except Odh even when the six col-
onies designated as parental-types by both
methods are excluded (Fig. 5).

A suggestive trend in the mean combined
GC indices for groups of colonies from the
hybrid zone (Fig. 6) hints that the genetic
determinants of the hydrocarbon and al-
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kaloid phenotypes may exhibit similar cli-
nal structures here. If such a pattern is con-
firmed by more detailed studies of this zone,
then these biochemical markers would ap-
pear to be sufficiently sensitive to estimate
the genetic character of individual hybrid
colonies (i.e., the relative genetic contribu-
tion from each of the parental forms).

DISCUSSION

Our biochemical phenotypic and genetic
data clearly differentiate between North
American S. invicta and S. richteri, in ac-
cord with the morphological studies of Bur-
en (1972). They also confirm that extensive
hybridization between the two forms is oc-
curring at the contact zone in Mississippi,
and probably in other areas of the North
American range as well (Vander Meer and
Diffie, unpubl.; Ross, unpubl.). The fire ant
hybrid zone in Mississippi is unique among
an increasing number of well-documented
cases of animal hybridization (see Barton
and Hewitt, 1985) in that the history of its
geographical origin and subsequent devel-
opment is becoming rather well known. For
instance, it is clear that hybridization be-
tween these two introduced taxa has result-
ed from secondary contact and that hybrid-
ization was occurring several decades ago
where contact was first established in south-
ern Alabama (based on chromatographic
analyses of museum specimens; Vander
Meer et al., unpubl.). Furthermore, the re-
sults of the present study, taken with those
of Vander Meer et al. (1985) and Vander
Meer et al. (unpubl.) show conclusively that
the hybrid zone has moved northward over
the past several decades to occupy its pres-
ent position in east-central Mississippi, since
only genetically and phenotypically “pure”
S. invicta colonies persist in southern Ala-
bama and Mississippi at this time. These
results are not consistent with the predic-
tions of one of the major models explaining
zones of hybridization, the dispersal-depen-
dent model of neutral introgression (see
Moore [1977]; Barton and Hewitt [1985];
Littlejohn and Watson [1985]; and Moore
and Buchanan [1985] for discussions of
models of hybridization). In this model,
peither a barrier to gene flow nor compe-
tition between the parental forms exists, so
that for organisms with high reproductive

Allele Frequencies
sejouenbei4 ofelly

Hybrid Zone

S. invicta S. richteri

FiG. 5. Frequencies of diagnostic S. invicta alleles
at four loci for four groups of colonies (N = 12-16
colonies/group, total N = 59 colonies) collected along
a north-south transect through the S. invicta/richteri
hybrid zone in Mississippi. Open circles represent allele
frequencies in the two terminal groups when colonies
designated as parental types by both biochemical meth-
ods are excluded. Ticks occur on the horizontal axis
every 15 km.

rates and considerable vagility, such as fire
ants (Markin et al., 1971; Lofgren et al.,
1975), secondary contact and introgression
would result in the appearance of rapidly
decaying clines (expanding hybrid zones) at
the site where contact was first established.

Two other models of hybridization in-
voke selection favoring or disfavoring hy-
brid individuals as important forces main-
taining hybrid zones (the bounded hybrid
superiority and dynamic equilibrium
models). Selection on hybrids constitutes a
substantial barrier to gene flow in these
models and leads to the appearance of tem-
porally stable, but not necessarily spatially
stable zones of introgression. In the dis-
persal-dependent model of dynamic equi-
librium, selection against hybrids is bal-
anced by gene flow from the parental
populations (Barton and Hewitt, 1981,
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Fig. 6. Mean combined GC indices () for four groups of colonies (N = 9-16 colonies/group, total N = 50
colonies) collected along a north-south transect through the . invicta/richteri hybrid zone in Mississippi. Open
circles represent mean combined GC indices for the two terminal groups when colonies designated as parental
types by both biochemical methods are excluded. Bars represent one standard error above and one below the
mean. Similar results were obtained when the venom alkaloid (/..x) and hydrocarbon (I;;c) indices were plotted
separately. Ticks occur on the horizontal axis every 15 km.

1985). Although no obvious reduction in
fitness of F, hybrids is apparent from our
data, some degree of dysgenesis could occur
in subsequent hybrid or backcross genera-
tions (e.g., Moran, 1981), so that dynamic
equilibrium cannot be discounted as an ex-
planation for the S. invicta/richteri hybrid
zone in Mississippi. The dispersal-indepen-
dent model of hybrid superiority invokes a
fitness advantage to recombinant genotypes
in habitats intermediate to those favored by
the parental forms (Moore, 1977). The
probable occurrence of hybrid swarms in
northern Alabama and Georgia which are
not bounded to the north by S. richteri (Dif-
fie and Vander Meer, unpubl.) would appear
to support this model (Moore, 1977; Barton
and Hewitt, 1985), although the recent dra-
matic movement of the Mississippi hybrid
zone may be problematic. An intriguing
notion here is that hybrid superiority in some
habitats may be related to an increase in
genetic diversity relative to the parental
forms, both of which may have suffered a
loss of diversity during colonization of North
America (as manifested in increased fre-

quencies of diploid male production and
colony mortality; see Ross and Fletcher,
19855, 1986).

A final explanation for the Mississippi hy-
brid zone invokes a wave of advance of a
competitively superior genotype, with the
hybrid zone moving in the direction of the
inferior competitor (Endler, 1977; Barton
and Hewitt, 1985). In view of the rapid
spread and ecological success of S. invicta
in North America relative to S. richteri, the
appeal of this model is obvious, although,
in common with other dispersal-dependent
mechanisms, it cannot explain persistent
hybrid populations isolated from either of
the parental forms. Future long-term ge-
netic, distributional, and fitness studies of
introduced fire ants will be necessary to
identify the forces regulating the dynamics
of the parental and hybrid populations.

As to the taxonomic status of S. invicta
and S. richteri, opinion varies, and any de-
cision is rendered more difficult by the fact
that these are introduced organisms. Ac-
cording to Barton and Hewitt (1985), these
forms would not be considered biological
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species since reproductive isolation is not
complete. On the other hand, Bigelow (1965)
and Mayr (1982) suggest that the gene pools
of different species need not be completely
isolated, so long as *‘one well-integrated and
harmoniously coadapted gene pool is pro-
tected from swamping by another” (Big-
elow, 1965). An important conclusion of the
present study is that this latter situation ap-
pears to hold for North American S. invicta
and S. richteri. Genetically “pure” S. rich-
teri populations persist to the north of the
Mississippi hybrid zone, and more impor-
tantly, pure S. invicta is found to the south
of the zone, in areas where hybrids previ-
ously occurred (Vander Meer et al., un-
publ.). Thus, substantial barriers to gene
introgression probably exist, and this sta-
bility of the parental forms suggests that the
taxa have embarked on independent evo-
lutionary paths.

The situation in South America is less
than clear, however, because of the large
diversity of forms within the subgenus Sole-
nopsis and the occurrence of many inter-
mediates between these (Creighton, 1930;
Wilson, 1952; Trager, unpubl.). It is cer-
tainly conceivable that the two taxa repre-
sent ecotypes characterized by limited ge-
netic exchange in South America, and that
possible bottlenecks experienced by both
forms upon introduction further crystal-
lized their genetic distinctiveness. Alterna-
tively, they may be fully reproductively iso-
lated in South America, but colonization of
a novel environment has effectively com-
promised the reproductive barriers. Unfor-
tunately, anthropogenic habitat alteration is
further confusing the situation in South
America by breaking down presumed eco-
logical barriers to gene flow among fire ant
populations, as also appears to be the case
for a diversity of other organisms forming
stable hybrid zones (Anderson, 1948;
Hubbs, 1955; Wasserman, 1957; Mc-
Donnell et al., 1978; Littlejohn and Watson,
1985). Detailed distributional, ecological,
and biochemical studies of the S. saevissima
species complex in South America may help
clarify the situation by ascertaining whether
gene introgression among genetically dis-
tinct populations is commonplace.

Finally, one clear outcome of our study

is that the GC methods utilized appear to
be appropriate and sensitive tools for sys-
tematic study of at least this group of in-
sects, and may be widely applicable in ar-
thropods. The hydrocarbon and venom
alkaloid data were fully concordant with the
electrophoretic data and also agreed well
with morpholdgical assignment of the spec-
imens. Electrophoresis and chromatogra-
phy can be complementary molecular tech-
niques in the sense that they investigate traits
with fundamentally different genetic bases,
those observed with electrophoresis being
discrete Mendelian traits and those ob-
served with chromatography being contin-
uous traits determined polygenically. Both
techniques should be regarded as potentially
valuable independent sources of data for
systematics and population genetics.
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