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in relation to clinal distribution of
chromosome polymorphisms
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Trimerotropis pallidipennis is an American grasshopper whose South American populations are
polymorphic for pericentric inversions. Colonization of southern latitudes was by North Amer-
ican grasshoppers with basic chromosome arrangements, presumably along the Andean dry
lands of South America. In Argentina, the frequencies of some of the rearrangements are
correlated with geographical and climatic variables, following similar patterns among different
ecological gradients, and are probably maintained by geographically variable coefficients of
selection. Restriction site variation of mitochondrial DNA is used as a tool for determining the
species history in relation to the formation of clines. Populations located along an altitudinal
gradient, and others outside the cline, are analysed through phylogeographical studies. There
is no strong geographical orientation in the unrooted tree connecting all 17 mitochondrial
DNA haplotypes found. Many of them are present in most of the populations analysed,
indicating high gene flow. The fact that there is no obvious differentiation in haplotype
distribution between both extremes of the cline nor between chromosomally differentiated
populations shows that the cline is not the result of a hybrid zone and reinforces the selection
hypothesis. The estimation of the overall nucleotide divergence between the hypothetical
ancestral haplotype and the other molecules shows that T. pallidipennis haplotypes started
diverging from each other about 3 Myr ago. This result is in agreement with the time when the
Isthmus of Panamá rose (2–3 Myr ago), probably favouring the migration of many species
between both hemispheres.

Keywords: grasshoppers, inversion polymorphisms, mitochondrial DNA, natural selection,
Panamá Isthmus, phylogeography, RFLP.

Introduction

The pattern of genetic variation in natural popula-
tions of species is a result of a complex interplay of
natural selection and the species history. Whereas
natural selection will differ in its effects on indivi-
dual loci or gene clusters with epistatic effects, the
influence of history should be more or less similar
on all genetic markers (Hale & Singh, 1991). Some-
times the pattern of variation is seen as a clinal
distribution of gene or chromosome frequencies
along environmental gradients. Several models have
been proposed to explain these patterns, and in
some cases the clines are treated as hybrid zones.

South American populations of Trimerotropis palli-
dipennis (2n = 23, X0 in males), polymorphic for
three to seven pericentric inversions in four
medium-sized chromosome pairs, exhibit a clinal
distribution of inversion polymorphisms (Confalo-
nieri & Colombo, 1989; Confalonieri, 1994; Matrajt
et al., 1996). In fact, three inversions (4 AI, 7 SM2,
8 SM4) correlate simultaneously with altitude, lati-
tude and minimum temperature, and two other
inversions (6 M and 8 SM4) correlate with longitude
and humidity in such a way that the frequency distri-
bution of these chromosome rearrangements could
be predicted for previously unstudied regions
(Colombo & Confalonieri, 1996). According to
White (1973) the colonization of southern latitudes
by T. pallidipennis was probably by a North*Correspondence. E-mail: bibilu@biolo.bg.fcen.uba.ar
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American grasshopper with basic chromosome
arrangement, presumably along the Andean dry
lands of South America. From here, it would have
extended its distribution to lower altitudes (Vaio et
al., 1979), where inversion sequences appear in poly-
morphic or fixed states. Chromosome clines
observed in T. pallidipennis do not obviously fit any
hybrid-zone model and are most probably main-
tained by geographically variable coefficients of
selection (Matrajt et al., 1996).

The application of mitochondrial DNA (mtDNA)
studies to population genetics has lead to a shift
towards historical, phylogenetic perspectives on
intraspecific population structure (Avise, 1994).
Multiple alleles or haplotypes within a species can
be ordered phylogenetically, yielding intraspecific
phylogenies (gene genealogies), which can explain
the types of population structures revealed (Avise et
al., 1987).

Here we present the analysis of RFLP of mito-
chondrial DNA in T. pallidipennis as a tool for deter-
mining the species history in relation to the
formation of current clines. For this purpose we
studied the RFLPs of four populations belonging to
an altitudinal cline, and of two other geographically
isolated populations. We performed a phylogeo-
graphical study of the haplotypes found, and we

discuss the observed genealogical lineages in the
light of the different models for the origin of clines
and the hypothetical migration routes proposed for
this species.

Materials and methods

Population sampling

The locations of collection sites and sample sizes are
shown in Fig. 1 and Tables 1 and 3, respectively.
Four populations (Observatorio, Tunuyán, Uspallata
and Puente del Inca) were collected along an altitu-
dinal gradient which ranged from 827 m (Observa-
torio) to 2720 m above sea level (Puente del Inca).
The first three belong to the biogeographical region
known as Provincia del Monte belonging to the
Chaco Dominion; they are sited at lower altitudes,
with a prevalence of shrubs and a warm, dry climate.
Puente del Inca is located in the Provincia Altoan-
dina belonging to the Dominio Andino-Patagónico;
it is at a higher altitude, with scarce vegetation
consisting of shrubs and grasses and a moderate to
cold, dry climate. The Southern sample of Bariloche
(863 m) also belongs to the Dominio Andino-Pata-
gónico, but to the Provincia Patagónica with a cold,

Fig. 1 Sample locations of Trimerotro-
pis pallidipennis. PI, Puente del Inca
(2720 m above sea level); U, Uspalla-
ta (1830 m); Tu, Tunuyán (900 m);
Ob, Observatorio (827 m); B, Bari-
loche (830 m) and Q, Quilmes
(2150 m).
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dry climate and barren plains with shrubs. The
northern sample of Quilmes (2150 m) belongs to the
Provincia de la Prepuna from the Chaco Dominion.
The climate is dry and warm and the vegetation
consists mainly of low shrubs and several cactus
species (Cabrera & Willink, 1973).

All insects were collected in the field and main-
tained alive; at the laboratory they were gutted, and
in some cases dissected for chromosomal analysis,
before being frozen in liquid nitrogen and stored at
µ80°C for RFLP studies.

mtDNA RFLP detection

Total DNA was prepared from whole gutted animals
following Marchant (1988) and digested with restric-
tion enzymes, electrophoresed through agarose,
Southern blotted onto nylon membranes, and
probed using standard methods. The probes used
were three pUC18-derived plasmids, containing SacI
fragments of the Caledia captiva mitochondrial
genome and together representing the whole mole-
cule (Marchant, 1988), kindly provided by A. March-
ant. Probes were labelled with digoxigenin-dUTP by
random priming and immunodetected, following the
instructions of the manufacturer (Boehringer-
Mannheim). Because of the heterologous nature of
these probes, hybridization was carried out overnight

at 42°C and posthybridization washes were
performed in low stringency conditions (15 min in
2ÅSSC, 0.1% SDS; 15 min in 1ÅSSC, 0.1% SDS;
and 15 min in 0.5ÅSSC, 0.1% SDS; all three washes
were at 42°C).

Restriction enzyme analysis

The DNA from all animals studied was cut with the
restriction enzymes AluI, PstI, BamHI, ScaI, XbaI,
HaeIII and EcoRI. Sizes of restriction fragments
were estimated as a function of their electrophoretic
mobility following Maniatis et al. (1982) by compari-
son with various standard DNA markers: bacterio-
phage EcoRI–HindIII double digest (Promega) and
fDNA–HaeIII digests (Promega). Most individuals
could be characterized by four enzymes, XbaI, ScaI,
HaeIII and EcoRI, which showed more than one
restriction pattern to give a composite mtDNA
genotype. These composite haplotypes were desig-
nated as a sequence of four uppercase letters, where
each letter refers to a particular fragment pattern
produced by one of the four restriction enzymes. For
example, haplotype AAJX displayed pattern A of
XbaI, pattern A of ScaI, etc. (see Table 2). Restric-
tion maps were built by partial digestions which
allowed inference of the relative position of restric-
tion sites.

Table 1 Chromosome frequencies observed in all populations of Trimerotropis pallidipennis analysed for medium
chromosome numbers 4, 6, 7 and 8

4 6 7 8

SM1 A AI M A SM2 A SM3 SM4 A I

PI 0 1 0 0 1 0 1 0 0 1 0
(32)
U 0.08 0.18 0.74 0.13 0.87 0.05 0.95 0.36 0.08 0.56 2.57
(25)
Tu 0.03 0.07 0.90 0.64 0.36 0.72 0.28 0.77 0.19 0.04 6.20
(32)
Ob 0 0 1 0.59 0.41 0.82 0.18 0.27 0.73 0 7.17
(30)
Ba 0 1 0 0.11 0.89 0.05 0.95 0 0 1 0.33
(10)
Q 0.11 0.89 0 0.44 0.56 0.44 0.56 0.44 0 0.56 2.89
(18)

A, basic acrocentric; M, metacentric; SM1–SM4, submetacentric morphologies. PI, Puente del Inca; U, Uspallata; Tu,
Tunuyán; Ob, Observatorio; Ba, Bariloche; Q, Quilmes. I, mean number of inverted sequences. The number of individuals
analysed is indicated in parentheses.
PI, U, Tu: data from Matrajt et al. (1996). Q: data are from Ampimpa (Confalonieri, 1994) near to the Quilmes sample
location.
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Data analysis

A data matrix consisting of presence/absence infor-
mation for each restriction site in each mtDNA
clone was used to compute the overall proportion of
shared restriction sites between pairs of clones, and
also to estimate the mtDNA sequence divergence
for three categories: between-population and
between-haplotype divergence, and within-popula-
tion diversity. Pairwise measures of between-haplo-
type diversity were calculated using the maximum
likelihood estimator of Nei (1987) (eqns 5.38, 5.50).
Intrapopulational diversities (dx) were estimated
according to eqn (10.19) of Nei (1987), which is
simply an average of the haplotype distances of all
possible pairwise comparisons of individuals in the
population. Estimates of pairwise distances between
populations (dxy) were calculated in a similar fashion
(eqn 10.20 of Nei (1987)), except that pairwise
comparisons were made between individuals from
different populations.

The different clones were also interconnected in
an unrooted phylogenetic network by means of the
Wagner maximum parsimony, using the MIX

program of the PHYLIP package (v. 3.5c) (Felsen-
stein, 1991), kindly provided by Joe Felsenstein. The
CONSENSE program was employed to summarize all

the most parsimonious topologies in a majority-rule
consensus tree. A parsimony method was used
because it was assumed that all branches had equal
rates of change, given that they correspond to mito-
chondrial clones of the same species. This assump-
tion was further confirmed with the consistent
results obtained between maximum likelihood esti-
mators of between-haplotype diversity and the
consensus tree. The differentiation between popula-
tions was also measured by Nei’s index (1987), using
data on chromosome frequencies. These estimates
of genetic distances were used to make an unweigh-
ted pair-grouped cluster analysis (UPGMA).

Results

Chromosome analysis

Chromosome characteristics are given in Table 1.
Because testes were not available from the popula-
tion of Quilmes, data from Ampimpa are given
instead, a locality which is only 25 km from Quilmes
and almost at the same altitude and latitude. All
four populations along the altitudinal cline (Puente
del Inca, Uspallata, Tunuyán and Observatorio)
showed chromosome frequencies that correlate very
significantly with altitude (Matrajt et al., 1996).

Table 2 Restriction fragment patterns and sizes in Trimerotropis pallidipennis

Enzyme Pattern Fragment sizes (kb) Populations

AluI A 9.3, 6.2 PI, U, Tu, Ba, Q, Ob
PstI A 8.2, 7.3 PI, U, Tu, Ba, Q, Ob
BamHI A 9.5, 6.2 PI, U, Tu, Ba, Q, Ob
XbaI A 7.7, 4.9, 1.9, 0. 9 PI, U, Tu, Ba, Q, Ob

B 7.4, 4.9, 1.9, 0.9, 0.3 PI, U, Tu, Ba, Q, Ob
C 16.0 PI, U, Tu, Q
F 13.2, 3.3 Ba

ScaI A 15.6 PI, U, Tu, Ba, Q
B 8.3, 6.0, 2.0 U, Ba
H 12.0, 4.4 U
I 8.3, 4.4, 3.8 PI, U, Tu, Ba, Q, Ob

HaeIII I 12.5, 4.0 Ba
J 10.5, 4.0, 2.0 PI, U, Tu, Ba, Q, Ob

M 16.5 PI, U, Tu, Q, Ob
N 7.5, 3.2, 4.0, 2.0 Ob

EcoRI X 7.9, 6.9, 0.9, 0.6 PI, U, Tu, Ba, Q, Ob
Y 6.9, 4.8, 3.0, 0.9, 0.6 U, Tu, Q
Z 9.0, 6.9, 0.6 Ba
W 16.5 Q

PI, Puente del Inca; U, Uspallata; Tu, Tunuyán; Ob, Observatorio; Ba,
Bariloche; Q, Quilmes. Fragment patterns were arbitrarily named with an
uppercase letter (A–Z).
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Previous macrogeographical studies have revealed
that the altitude at which monomorphism for
standard sequences is reached, decreases with
increasing latitude as a consequence of minimum
temperature dependence (Colombo & Confalonieri,
1996). Bariloche (Table 1) shows the frequencies
predicted, according to Colombo & Confalonieri
(1996), by its southern latitudinal and low altitudinal
situation (41° Lat. S, 836 m, respectively): mono-
morphism for 4 A and 8 A and a very high incidence
of 6 A and 7 A standard sequences. An unweighted
pair-grouped (UPGMA) method applied to Nei’s
genetic distances (Nei, 1987) obtained from chromo-
somal frequencies confirms these observations
(Fig. 2a), because it shows that Bariloche is chromo-
somally more similar to Puente del Inca than to the
other samples of the cline. It also shows that the
other samples are grouped in agreement with their
altitudes, the most differentiated being those of both
extremes of the cline: Puente del Inca and the group
formed by Observatorio.

Mitochondrial DNA analysis

All enzymes produced detectable bands totalling in
size 216¹0.5 kb. Fragment patterns and sizes for
each enzyme are in Table 2. A total of 19 different

morphs were observed for all seven restriction
enzymes. Each revealed more than one restriction
pattern (Table 2).

Seventeen different mtDNA clones were resolved
for all six populations. The frequencies of these
composite haplotypes in each sample are indicated
in Table 3. The fragment variation could be
explained by the gain or loss of particular restriction
sites. The presence/absence data matrix for each
restriction site and all haplotypes is given in Table 4.
A total of 18 sites were studied for the polymorphic
restriction enzymes of which 14 were variable and
nine were informative for the parsimony analysis.

The haplotypes could be connected in a most
parsimonious unrooted tree. The cladistic analysis
produced 19 minimal trees of 23 steps each which
were combined in a majority rule consensus tree
resulting in a cladogram depicted in Fig. 3. This
phylogenetic network is formed by a principal clade
with haplotype BIJX occupying a central position.
This suggests that BIJX is more ancestral, an idea
supported also by its frequency distribution
(Table 3). Most of the other haplotypes are endemic
in the population where they were detected.

If the geographical origins of mtDNA clones are
superimposed on this cladogram, it can be seen that
endemic haplotypes from the most geographically
distant samples (Bariloche and Quilmes) are the
most distantly connected in the tree. Haplotypes
belonging to the altitudinal cline are distributed in
the phylogenetic network without an obvious
pattern, but with clones from Uspallata tending to
be near those from Quilmes.

The estimates of the number of nucleotide differ-
ences per site between pairs of haplotypes (dij) were
obtained by the maximum likelihood estimation
method (Nei, 1987) which gave a mean value for
sequence divergence of 4.8%, ranging from
0.6–16%. If this estimate is obtained from the mean
divergence of sequences from the hypothetical
ancestral mtDNA clone (BIJX), then the value
diminishes to 3.6%.

The extent of interpopulation variation (dxy)
(corrected for within-sample variation (dx) shown in
Table 3) was used to apply the unweighted pair-
group method, UPGMA, of cluster analysis (Fig. 2b).
The resulting phenetic tree shows clustering of
populations that is mostly in agreement with the
evolutionary relationships of clones shown by the
cladogram and with geographical distances. It is not
congruent with the chromosomal differentiation
observed among samples (Fig. 2a). Compared with
mitochondrial markers, population differentiation
for chromosomal rearrangements reflects more the

Fig. 2 Phenetic relationships between populations of
Trimerotropis pallidipennis inferred from: (a) Nei’s genetic
distances from chromosomal frequencies (Nei, 1987) and
(b) mean nucleotide divergence of mtDNA sequences
(Nei, 1987).
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climatic conditions of sample locations rather than
their geographical proximities.

Discussion

Several models have been proposed to explain clinal
distribution of genetic markers, of which the main
ones are ecological selection for broad clines and
hybrid zones for narrow ones. Fundamentally, a
hybrid zone is a cline or set of clines between two

parapatric hybridizing taxa for genes and the distin-
guishing characters they determine (Hewitt, 1988).
These clines may originate in two ways: primarily or
secondarily. In the former case, the differences
evolve in a continuous distribution, for example an
environmental gradient that favours different alleles
on either side; natural selection progressively sharp-
ens the incipient cline until it becomes a narrow
hybrid zone between two internally coadapted geno-
types (Endler, 1986). In a secondary zone, the differ-

Table 3 Mitochondrial DNA variation and intrapopulation diversity in Trimerotropis pallidipennis. Composite haplotypes
are given following the nomenclature of Table 2; the order of letters corresponds to one of the fragment patterns of XbaI,
ScaI, HaeIII and EcoRI, respectively

Popu- Sample Intrapopulation
lation sizes Haplotypes (and their frequencies) diversity (dx)

PI 14 AAJX (0.21), BIMX (0.14), CAMX (0.29), BAJX (0.21), BIJX (0.15) 0.02093
U 14 BIJX (0.29), AIJY (0.14), CHMX (0.15), CBJX (0.14), CAJX (0.14), BAJX (0.14) 0.02073
Tu 12 AIJY (0.33), CAMX (0.33), BIJX (0.34) 0.02917
Ob 9 AIJX (0.56), BIJX (0.22), AIMX (0.11), AINX (0.11) 0.00413
Ba 10 AAJX (0.30), BIIZ (0.10), BIIX (0.20), BBJX (0.10), AIJX (0.10), BIJX (0.10), F–X (0.10) 0.00972
Q 10 BIJX (0.10), AA-W (0.10), CAMX (0.10), CAMW (0.10), AIJX (0.30) 0.02691

AAJX (0.10), AIJY (0.10), CIJX (0.10)

Table 4 Polymorphic sites that define the different haplotypes of Trimerotropis
pallidipennis. Presence or absence of a given polymorphic site is indicated by 1
or 0, respectively. It was assumed that in those patterns with only one
recognition site, it corresponds to the site fixed as present in the other patterns
of the same enzyme. Designation of composite haplotypes according to Tables 2
and 3

Enzyme XbaI ScaI HaeIII EcoRI

Sites 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Haplotypes
AAJX 1 1 1 1 0 1 0 0 0 1 1 1 0 1 1 0 1 1
BIMX 1 1 1 1 1 1 0 1 1 0 0 1 0 1 1 0 1 1
CAMX 1 0 0 0 0 1 0 0 0 0 0 1 0 1 1 0 1 1
BAJX 1 1 1 1 1 1 0 0 0 1 1 1 0 1 1 0 1 1
BIJX 1 1 1 1 1 1 0 1 1 1 1 1 0 1 1 0 1 1
AIJX 1 1 1 1 0 1 0 1 1 1 1 1 0 1 1 0 1 1
CBJX 1 0 0 0 0 1 1 0 1 1 1 1 0 1 1 0 1 1
CAJX 1 0 0 0 0 1 0 0 0 1 1 1 0 1 1 0 1 1
AIJY 1 1 1 1 0 1 0 1 1 1 1 1 0 1 1 1 1 1
BIIX 1 1 1 1 1 1 0 1 1 0 1 1 0 1 1 0 1 1
BIIZ 1 1 1 1 1 1 0 1 1 0 1 1 0 1 0 0 1 1
BBJX 1 1 1 1 1 1 1 0 1 1 1 1 0 1 1 0 1 1
CAMW 1 0 0 0 0 1 0 0 0 0 0 1 0 1 0 0 0 0
CHMX 1 0 0 0 0 1 0 1 0 0 0 1 0 1 1 0 1 1
AIMX 1 1 1 1 0 1 0 1 1 0 0 1 0 1 1 0 1 1
AINX 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 0 1 1
CIJX 1 0 0 0 0 1 0 1 1 1 1 1 0 1 1 0 1 1
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ences evolve while the two populations are
geographically isolated, so that when their ranges
alter and meet, a steep cline is formed as they
hybridize (Hewitt, 1988). In this latter case, determi-
nistic forces may not be involved in the formation of
clines, but are necessary for a long continuation of
this pattern of variation.

In T. pallidipennis, selection of some sort is very
likely to be acting, because of the repetition of
patterns of variation of inversion polymorphisms
over a wide geographical area and their stability
over time (Confalonieri & Colombo, 1989; Confalo-
nieri, 1994; Colombo & Confalonieri, 1996; Matrajt
et al., 1996). If the current clines were primary
hybrid zones, selection could be acting against
recombinant genotypes based on inversion types.
However, as the populations are all polymorphic
except for some at the very extremes of the distribu-
tion of the species in arid and semiarid regions of
Argentina (Goñi et al., 1985; Confalonieri, 1994),
the width of the hybrid zone seems to be too exten-
sive, exceeding in some cases more than 1000 km
and involving almost the entire distribution of popu-
lations from southern latitudes. Therefore, we
proposed the hypothesis of geographically variable
selection maintaining the clines (Matrajt et al.,
1996).

The analysis of mtDNA site variation reported
here provides new evidence favouring this hypothe-
sis. If the clines originated as a consequence of
secondary contact, then the populations sited at

either side of the hybrid zone would possibly show
clear genetic differentiation for mtDNA, either
because gene flow would be limited by the lower
fitness of recombinants or because of historical
isolation (secondary zones) between both extremes
of the cline. Examples of this have been observed
across hybrid zones between chromosomally or
morphologically differentiated taxa in other grass-
hopper species (Shaw et al., 1980, 1987; Marchant,
1988; Marchant & Shaw, 1993; King et al., 1996).
However, in the case of T. pallidipennis there is no
obvious pattern of distribution of mitochondrial
haplotypes parallel to the chromosomal differentia-
tion of populations. Furthermore, the net percent-
age of nucleotide differentiation between
populations at the extremes of the altitudinal cline is
lower than between other samples geographically
distant but with more similar chromosomal
characteristics.

In many studies involving phylogeographical
analysis of mtDNA, one or several haplotype groups
that correspond to geographical areas of the species
distribution are frequently observed. These groups
are associated as clades in the analyses of haplotype
differentiation (Avise, 1986, 1994), and generally
have the most frequent genotype in a central posi-
tion connected with other genotypes that are not so
widely distributed — or are even endemic — and
that differ from the central haplotype in a small
number of restriction sites. Both subspecies of
Caledia captiva (Marchant & Shaw, 1993) and popu-

Fig. 3 Unrooted phylogenetic tree of the 17 haplotypes of Trimerotropis pallidipennis mtDNA. This topology corresponds
to the majority rule consensus of the 19 most parsimonious trees of length 23. The numbers on each branch indicate which
site changed (from 0 to 1 or vice versa) following the nomenclature of Table 4.
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lations of Drosophila subobscura (Latorre et al.
1992), D. melanogaster (Hale & Singh, 1991) and
Chelonia mydas (Encalada et al. 1996), among many
other examples (Avise, 1994), conform to this typical
pattern.

In T. pallidipennis, genetically related clones tend
to be geographically contiguous or overlapping.
However, although populations from the BIJX clade
tend to belong to central–southern latitudes, and
those from the CAMX–CAJX clade are restricted
to central–northern latitudes, a strong geographical
orientation is not evident. Differences in mobility of
individuals and in environmental fragmentation
appear to exert important influences on patterns of
mtDNA phylogeographical structure (Avise, 1994).
Therefore, the lack of geographical differentiation
confirms the existence of high levels of gene flow
previously inferred from allozyme data (Matrajt et
al., 1996), and reinforces the selection hypothesis.

Migration routes

Most of the species of the genus Trimerotropis
inhabit arid regions in western North America.
Trimerotropis pallidipennis is one of the few trimero-
tropines to have successfully extended its distribu-
tion to Andean South America (White, 1973) where
it shows a greater ecological amplitude, along a
wider altitudinal range, than populations from North
America (John, 1983).

Geological and palaeontological findings provide
evidence that during most of the Cretaceous (Raven
& Axelrod, 1975) and even at the end of the Jurassic
(Harrington, 1962), South America was separated
from North America and Central America by a
Pacific–Atlantic marine water barrier. In the late
Cretaceous an arc of volcanic islands apparently
allowed migration between the two areas. The
contemporary Central American land bridge arose
in the late Pliocene to early Pleistocene, about 2–3
Myr ago, and since then a direct faunal and floral
exchange has occurred. In the case of vertebrates,
there was an important migration from North to
South America, after the direct connection between
these lands was established (Simpson, 1950).

By contrast, the most important insect migrations
occurred in the opposite direction (from South to
North America) during two time periods (Halffter,
1964, 1974): the first started in the upper Cretaceous
or Palaeocene, and lasted until the Eocene; and the
second would have occurred between the Pliocene
and early Pleistocene — after the Panamá isthmus
was established. During this latter migration, many
Nearctic and Holarctic elements also invaded the

Neotropical Region by following the mountain
systems. This is called the Nearctic dispersal pattern,
that involves only species restricted to highlands
(Halffter, 1974).

The mean value of the estimated divergence time
among South American mitochondrial haplotypes of
T. pallidipennis can provide a crude estimate of the
time when colonization of South America by these
grasshoppers from northern latitudes might have
occurred. The evolutionary rate of Drosophila
mtDNA has been shown to be 60% of that of
mammalian mtDNA (Tamura, 1992). According to
this finding, if we apply a calibration of 1.2%
sequence divergence per million years (60% of the
value given by Wilson et al. (1985) for mammalian
mtDNA), haplotypes of T. pallidipennis would have
diverged from the hypothetical most ancestral one
(BIJX) at about 3 Myr ago, during the late Pliocene.
Therefore, this result agrees with the time when
highland species of insects invaded South America
— Halffter’s (1974) Nearctic dispersal pattern —
and with the hypothetical migration route proposed
for T. pallidipennis. Furthermore, it supports with
biological data (or mitochondrial RFLP characters)
other geological and palaeontological findings that
infer the time when the Panamá isthmus arose.
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