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ABSTRACT Genetic relationships among and within three species of Zootermopsis were
examined using protein electrophoresis. Results were compared with four cuticular hydro-
carbon phenotypes: Z. angusticollis (Hagen), Z. laticeps (Banks), Z. nevadensis nevadensis
(Hagen), and Z. nevadensis nuttingi Haverty and Thorne. Allozyme data supported the
position of Z. angusticollis, Z. laticeps, and Z. nevadensis as separate species and were
consistent with cuticular hydrocarbon groupings. However, the two subspecies or cuticular
hydrocarbon groupings within Z. nevadensis were not genetically distinct. If these subspecies
are not interbreeding, divergence has been recent because genetic differentiation has not
occurred. Further studies are required to determine the basis for the inconsistency between
cuticular hydrocarbon patterns and allozymes within the Z. nevadensis complex.

KEY WORDS

Insecta, Zootermopsis, speciation, chemosystematics

PHENOTYPIC VARIATION associated with eusociality
often confounds correct identification of species,
especially in Isoptera. Characters generally used to
distinguish termite species include morphological
and ecological traits of the imago and soldier castes.
As a result, several biochemical methods have been
used to study systematic problems in social insects.
These techniques include characterization of de-
fensive secretions (Prestwich 1983), pheromones,
and enzyme electrophoresis (Howse & Clément
1981). In addition, qualitative and quantitative dif-
ferences in cuticular hydrocarbon components have
been examined in a number of termite genera:
Reticulitermes spp. (Howard et al. 1978, 1980,
1982b; Clément et al. 1986), Nasutitermes spp.
(Moore 1969; Howard et al. 1988; M.ILH. et al,,
unpublished data), Zootermopsis spp. (Blomquist
et al. 1979, Haverty et al. 1988), and Coptotermes
formosanus Shiraki (Haverty et al. 1990). Differ-
ences in hydrocarbon composition among many
species of termites have been so striking that they
have been suggested to function as cues for species
and caste recognition (Howard et al. 1982b, How-
ard & Blomquist 1982).

One termite genus currently under investigation
for new taxonomic characters is Zootermopsis, a
group of primitive dampwood termites restricted
to western North America. The most recent taxo-
nomic studies of this genus, conducted >50 yr ago
(Emerson 1933, Sumner 1933), recognized three
extant species: Z. nevadensis (Hagen), Z. angus-
ticollis (Hagen), and Z. laticeps (Banks). Imagines
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and soldiers of Z. laticeps are easily separated from
Z. angusticollis and Z. nevadensis by the shape of
the lateral margins of the pronotum. In the imago,
the latter two species are distinguished primarily
by eye size and color; mandible length and head
shape separate soldiers (Sumner 1933). However,
species diagnoses based on these characters are of-
ten unreliable. Thorne & Haverty (1989) have
shown that a mandibular character (shape and po-
sition of the subsidiary tooth) can be used to sep-
arate all extant species of Zootermopsis unequiv-
ocally.

Geographically, Z. nevadensis and Z. angusti-
collis are distributed sympatrically along the Pa-
cific Coast from Baja California, Mexico, to British
Columbia, Canada. However, Z. nevadensis ex-
tends farther eastward into the continent, at least
as far as western Montana (Weesner 1965; B. L.
Thorne & M.L.LH., unpublished data). Z. laticeps is
found along waterways in southern New Mexico
and Arizona southward through the Sonoran and
Chihuahuan deserts into Mexico (Weesner 1965).
Its range does not overlap with those of either Z.
nevadensis or Z. angusticollis. Z. angusticollis and
Z. nevadensis colonize dead wood, particularly that
of the common conifers Pseudotsuga and Pinus,
whereas Z. laticeps infests only the dead, central
portions of trunks and large branches of willow,
cottonwood, and sycamore.

Haverty et al. (1988) identified four unique cu-
ticular hydrocarbon phenotypes in Zootermopsis.
Two of these were exclusive (and unique within
species) to Z. angusticollis (phenotype II) and Z.
laticeps (phenotype IV). The other two phenotypes
were observed in Z. nevadensis (phenotypes I and
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Fig. 1. Geographic distribution of populations of
Zootermopsis species designated by cuticular hydrocar-
bon phenotypes (Haverty et al. 1988); Z. nevadensis ne-
vadensis (M), Z. nevadensis nuttingi (O), Z. angusticollis
(*), Z. laticeps (¥).

III). Studies of agonistic behavior among the four
cuticular hydrocarbon phenotypes were used to
describe a new subspecies, Z. nevadensis nuttingi
(Haverty & Thorne 1989). If cuticular hydrocar-
bon phenotypes are species-specific as suggested by
Howard & Blomquist (1982), it follows that there
may be at least one unrecognized species in this
genus.

Because of the relatively high resolving power
of electrophoresis in the discrimination among
closely related sibling species (Avise 1975, Ayala
1975), we felt that Zootermopsis presented an ex-
cellent opportunity to determine genetic relation-
ships among termite species within the genus while
evaluating congruence between cuticular hydro-
carbon phenotypes and allozymes.

Materials and Methods

To determine the extent of genetic variation
throughout the range of Zootermopsis, collection
efforts were directed to sampling colonies over a
large geographic range as opposed to sampling col-
onies within a site. Specimens were obtained from
74 colonies that are designated as 16 geographic
populations throughout Arizona, California, and
Oregon (Fig. 1). Sample sites were chosen from
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various locations within each population. Three to
15 pseudergates (undifferentiated larvae of at least
the third instar) per colony were collected for elec-
trophoresis, transported live to Louisiana State Uni-
versity, and frozen at —70°C until they were elec-
trophoresed. Seventy-three colonies were assigned
to a cuticular hydrocarbon phenotype (by M.1L.H.),
and one colony sample of Z. angusticollis was as-
signed to species (and thus to cuticular hydrocarbon
phenotype) using morphology.

Standard procedures for horizontal starch gel
electrophoresis are found in Selander et al. (1971),
Harris & Hopkinson (1976), and Richardson et al.
(1986). Twenty-seven enzyme systems were sur-
veyed in four gel electrode buffer systems (see
Pashley [1983] for specific recipes). Activity was
noted in 20 of these enzyme systems; 17 presump-
tive loci were resolved and scorable. One locus,
mannose phosphate isomerase (monomorphic for
Z. nevadensis and Z. angusticollis), was not re-
solved for Z. laticeps.

Individuals from different colonies within a pop-
ulation were pooled to calculate measures of ge-
netic variability. Allele frequencies were deter-
mined for each population by first calculating
colony allele frequency, then averaging across col-
onies. This was necessary because sample size var-
ied, and pooling individuals among colonies gave
increased weight to colonies with larger sample size
and thus yielded inaccurate allele frequencies. Al-
lele frequencies were used as BIOSYS-1 (Swofford
& Selander 1981) input to generate Nei's (1972)
and Rogers modified (Wright 1978) distance ma-
trices. The unweighted pair group method of arith-
metic averaging (UPGMA, Sneath & Sokal 1973)
was used to cluster genetic distances between pop-
ulations. A cophenetic correlation coefficient (Sokal
& Rohlf 1962) indicated the goodness of fit of the
original distance matrix to the phenogram. The
integrity of the branch lengths and nodes of the
phenogram was determined by jackknifing (Lan-
yon 1985) populations. This procedure allowed re-
peated construction of the phenogram after sys-
tematically eliminating one population from the
input.

Voucher specimens of larvae, soldiers, and alates
(when available) were deposited in the Museum of
the Department of Entomology, Louisiana State
University, Baton Rouge.

Results

Within Zootermopsis, 11 loci were polymorphie:
aspartate aminotransferase (AAT), acid phospha-
tase (ACPH), alkaline phosphatase (APH), NADH
diaphorase-2 (DIA), esterase-2 (EST), glucophos-
phoisomerase (GPI), glucose-6-phosphate dehydro-
genase (G6PD), isocitrate dehydrogenase (IDH),
peptidase (PEP), 6-phosphoglucose dehydrogenase
(6PGD), and superoxide dismutase (SOD); 6 loci
were monomorphic: fumarase, malic enzyme, mal-
ate dehydrogenase, mannose phosphate isomerase,



January 1991

KORMAN ET AL.: ALLOZYMIC RELATIONSHIPS AMONG Zootermopsis SPECIES

3

Table 1. Measures of genetic variation in Zootermopsis species
Heterozygosity, £ = SE
Species No. loci No. individuals/ % Polymor- No. alleles/ -
P ’ locus, & + SE phic loci locus, # + SE Observed Expected
(direct count) (unbiased estimate)
Z. nevadensis 17 120.6 + 8.5 29.4 1.9 = 0.3 0.028 + 0.016 0.080 + 0.033
Z. angusticollis 17 352 + 2.3 52.9 1.9 = 0.3 0.076 + 0.043 0.199 + 0.055
Z. laticeps 16 202 + 2.1 12.5 1.1 =01 0.009 + 0.009 0.035 + 0.027

= A locus was considered polymorphic if the frequency of the most common allele did not exceed 0.95.

phosphoglucomutase, and xanthine dehydroge-
nase. Allele frequencies, by population, are shown
in Appendix A. Z. angusticollis exhibited the great-
est genetic variability within the genus, and Z. la-
ticeps was least variable. Heterozygosity values and
other measures of genetic variability for the three
species are shown in Table 1.

Both genetic distance measures calculated from
16 scorable loci in all species produced similar
UPGMA phenograms. Rogers modified distance
(matrix, Appendix B) produced a cluster analysis
with the highest cophenetic correlation coefficient
(0.98) (Fig. 2). The three major groupings within
the phenogram correspond to the three species of
Zootermopsis currently recognized.

Zootermopsis laticeps is the most genetically dis-
tinct of the three species and contains four diag-
nostic loci. One diagnostic locus is present in Z.
nevadensis, and Z. angusticollis contains a nearly
fixed difference for a unique allele at one locus.
There were no fixed differences among Z. neva-
densis populations.

In Z. angusticollis, geographic clusters of pop-
ulations are apparent. Northern (Trinity and Or-
egon) and southern (Monterey and San Bernardino)
populations cluster together. The two northern
populations are located in the Coast and Cascade
mountain ranges. These regions are more similar
ecologically to each other than they are to the areas
where the southern California populations (San
Bernardino and Monterey) are located. The south-
ern California sites are considerably more xeric
than the areas sampled in northern California and
Oregon. Large genetic distances between these
regions suggest that populations have little, if any,
gene exchange. Also, the high values within the
two regions suggest gene flow may be restricted.

Within Z. nevadensis, cuticular hydrocarbon
phenotypes (or subspecies) are nqt distinct genetic
entities. The Klamath and Trinity populations, both
of phenotype Il (Z. n. nuttingi), cluster with the
San Gabriel population (phenotype I, Z. n. neva-
densis), whereas the three populations of pheno-
type III are clustered together on another branch.
All subsequent phenograms produced by jackknif-
ing had corresponding cophenetic correlation co-
efficients of at least 0.98. The only population of
Z. nevadensis subject to a change in position was
San Gabriel. When Klamath was eliminated, San
Gabriel clustered with other phenotype I popula-
tions, and Trinity-III remained between this cluster

and Mendocino-I. Likewise, when Sierra Nevada
N-I was removed, San Gabriel moved into the top
cluster with other populations of phenotype I,
whereas Trinity and Klamath remained in place.
Although this indicated some minor structural in-
stability, in no case did the two populations of
phenotype III (Klamath and Trinity) cluster with
other phenotype III populations.

Discussion

Levels of Genetic Variation in Zootermopsis.
Measures of genetic variability in Zootermopsis
species are similar to values determined for other
termites as well as to average values for insects.
Clément (1981) found 52% of the loci to be poly-
morphic in European Reticulitermes species. Mean
polymorphism for the class Insecta, summarized
from published reports (Nevo 1978), is =#40%. Mean
heterozygosity (expected) for insects is 0.107 (Graur
1985), a value similar to that of Zootermopsis. Thus,
variability within this genus is similar to that of
many other groups of insects.

Observed values of heterozygosity for the three
species, however, are considerably less than the
expected values. Production of supplemental re-
productives (neotenics) that mate with other sib-
lings and enhance colony reproduction rate is com-
mon among termites. Therefore, differences in
expected and observed heterozygosities are prob-
ably the result of the inbreeding (nonrandom mat-
ing between related individuals) within Zooter-
mopsis colonies. Inbreeding may also be influenced
by the asynchronous swarming of alates from the
same nest relative to other colonies (Reilly 1987),
which causes siblings to become the founding par-
ents of a new colony.

Myles & Nutting (1988) summarized the ten-
dency to produce neotenic reproductives in a num-
ber of termite families. Their information suggests
that drywood termites (Kalotermitidae) are prob-
ably the least inbred of all termite families. Other
termite genera (such as Reticulitermes) oppor-
tunely produce many neotenic reproductives with-
in a colony. In R. flavipes (Kollar), Reilly (1987)
showed that colonies were inbred and genetically
isolated from neighboring colonies within the same
locality. Within Zootermopsis species, inbreeding
may be moderate and fall between that of the
Kalotermitidae and Reticulitermes. Production of
neotenics in this group is reported to be a result of
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Fig.2. UPGMA phenogram of distance relationships
among Zootermopsis populations; cophenetic correlation
coefficient = 0.98. Roman numerals indicate cuticular
hydrocarbon phenotypes: 1, Z. nevadensis nevadensis;
II1, Z. n. nuttingi; 11, Z. angusticollis; 1V, Z. laticeps.

reproductive stress, particularly orphaning (Myles
& Nutting 1988). Colonies, however, may also en-
hance size and reproduction potential through fu-
sion with adjacent colonies (Haverty & Thorne
1989), and the colonies that fuse might have been
established by siblings.

Congruence Between Allozymes and Cuticular
Hydrocarbon Analysis. As a major lipid class of
surface waxes in insects (Hadley 1980), cuticular
hydrocarbons provide protection against desicca-
tion as well as a potential means of chemical com-
munication within and among species (Howard &
Blomquist 1982). Phenotyping using these lipids is
based on quantitative or qualitative differences in
hydrocarbon components (Howard et al. 1982b,
1988; Haverty et al. 1990).

In Zootermopsis, behavioral assays of soldiers,
nymphs, and pseudergates showed that one cutic-
ular hydrocarbon phenotype reacts agonistically to
individuals of another phenotype (Haverty &
Thorne 1989). Therefore, cuticular hydrocarbons
are correlated with behavioral responses and may
play a role in reproductive isolation between phe-
notypes (or species). The importance of cuticular
hydrocarbons for species recognition has been fur-
ther emphasized by the discovery that some ter-
mitophiles may be capable of mimicking the cu-
ticular hydrocarbon composition of their host and
thus gain acceptance into the colony (Howard et
al. 1980, 1982a). Because hydrocarbon composition
is unique among the few termite species that have
been examined, it has been suggested that cuticular
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hydrocarbon profiles are species-specific and can
be of considerable taxonomic value (Howard et al.
1978, Blomquist et al. 1979, Howard & Blomquist
1982). It might then follow that allozymes and
cuticular hydrocarbon differentiation should show
congruent patterns.

In Zootermopsis, congruence of electrophoretic
data and cuticular hydrocarbon phenotypes is lim-
ited to species differences. Among Zootermopsis
populations of the three recognized species, fixed
or nearly fixed differences in allele frequencies sup-
port their current taxonomy. No fixed differences
in allele frequencies or consistent distance rela-
tionships among populations existed between the
two Z. nevadensis cuticular hydrocarbon pheno-
types or subspecies.

There are two possible reasons these identifica-
tion techniques are not congruent in Z. nevadensis.
First, the composition of the cuticular hydrocar-
bons may be evolving faster than the allozymes.
Toolson & Kuper-Simbran (1989) showed that sig-
nificant quantitative change in hydrocarbon com-
ponents and associated permeabilities can occur
within an isofemale line of Drosophila pseudoob-
scura Frolova within a few generations. It is pos-
sible that the two cuticular hydrocarbon pheno-
types in Z. nevadensis represent taxa in the very
early stages of speciation, and allozymes do not yet
reflect these reproductively isolated groups.

The second explanation is that cuticular hydro-
carbon phenotypes are not indicative of evolution-
ary histories. For example, although Z. laticeps and
Z. n. nuttingi are genetically dissimilar, they have
cuticular hydrocarbon mixtures that are qualita-
tively more similar to each other than to Z. an-
gusticollis or to the other subspecies, Z. n. neva-
densis. It also has been shown in various arthropods
that the quantity of these lipids can be affected by
the environment (i.e., habitat, temperature, rela-
tive humidity, and season) (Hadley 1977, Toolson
& Hadley 1979, Toolson 1982). Thus, cuticular hy-
drocarbon phenotypes in Z. nevadensis may be
differentiating along some geographic cline in re-
sponse to a selection gradient.

If environmental selection influences cuticular
hydrocarbon composition, then phenotype II (Z.
angusticollis) may be more environmentally plas-
tic because it occurs across some of the same en-
vironmental gradients as Z. nevadensis yet exhibits
only one cuticular hydrocarbon phenotype. Per-
haps the key to understanding genetic relationships
among Z. nevadensis populations lies in the cli-
matological-geological history of the area they oc-
cupy.

Although there might be a close association be-
tween cuticular hydrocarbon phenotype and ago-
nistic behavior, there is no direct evidence that
cuticular hydrocarbons facilitate reproductive iso-
lation as earlier suggested. Intraspecific agonistic
behavior between larvae or imagines of Zooter-
mopsis does not always prohibit reproductive in-
teraction. Alates of phenotypes I and III have been
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known to pair and produce progeny under labo-
ratory conditions (Haverty & Thorne 1989). In ad-
dition, Haverty & Thorne (1989) have noted con-
siderable intraphenotypic aggression displayed
toward primary and supplemental reproductives
of different colonies. Aggressive behavior alone does
not always indicate species isolation. Intraspecific
aggression occurs among colonies of an ant, Cam-
ponotus vagus Scopoli, which possesses different
proportions of cuticular hydrocarbons (Bonavita-
Cougourdan et al. 1987). In termites, intraspecific
aggression has been noted in Coptotermes acinaci-
formes (Froggatt) (Howick & Creffield 1980) and
in Coptotermes formosanus Shiraki (Su & M.LH.,
unpublished data) without any indication of re-
productive isolation. The relationship between in-
tercolony aggression and colony reproduction and
fusion is not fully understood. Additional work in
this area would aid in clarifying the association
between cuticular hydrocarbon phenotypes and re-
productive isolation.

Although our genetic data do not support two
distinct taxa of Z. nevadensis, our results should
not be interpreted to mean that cuticular hydro-
carbon phenotyping has little taxonomic value. In
fact, these data emphasize the need for future stud-
ies within Zootermopsis and perhaps other groups
of Isoptera. In particular, extensive sampling and
phenotypic-genetic studies of Z. nevadensis colo-
nies of the Klamath and Cascade Mountains would
be of considerable value because this area is the
apparent border between the two Z. nevadensis
phenotypes in northern California. Information
provided by cuticular hydrocarbon composition,
coupled with behavioral, morphological, and ge-
netic studies, may provide insight into processes of
evolution and speciation in social insects.
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