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ABSTRACT It is assumed that geographic isolation of Dendroctonus Erichson species populations or
their plant hosts determines genetic structure. This structure can be analyzed with respect to the
biogeographic pattern that describes the species in a region. The Trans-Mexican Volcanic Belt
(TMVB) is located between the Neartic and Neotropical regions and is a center of diversification and
endemism of trees in the genus Pinus L. Dendroctonus mexicanus Hopkins is polyphagous within Pinus
species and has a continuous geographic distribution across the TMVB. We explored whether the
population genetic structure of D. mexicanus is reflective of the distribution pattern of the Dendroc-
tonus species that occur in the TMVB. Twelve gene loci were analyzed by isozyme electrophoresis
in 17 populations found on pines from the Leiophyllae subsection. Allele frequencies, average het-
erozygosity, heterozygosity by locus, deviations from Hardy-Weinberg equilibrium (HWE), F-
statistics among populations, and average genetic flow were calculated. Genetic structure was de-
termined using the relationship between Fgp versus geographic distances among populations. Genetic
relations among populations were established by neighbor-joining and principal components analysis
by using Nei’s genetic distances. Dendrogram reliability was assessed by bootstrap analysis and
cophenetic correlation coefficient by using the Mantel test. Results show that heterozygosity of D.
mexicanus is similar to other scolytids. A high proportion of loci were out of HWE by homozygous
excess, which may be explained by multiple factors. The scarce number of fixed alleles, the allele
variation pattern, pairwise genetic distances, and F-statistics suggest a model of isolation by distance

for D. mexicanus in the TMVB resulting from recent dispersal events.
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The diversification of bark beetles is associated with
the origin of the gymnosperms and angiosperms (Se-
queira et al. 2000) and with the way in which the
species share resources in space and time (Sturgeon
and Mitton 1982). The study of genetic structure in
both geographic and phylogenetic contexts is funda-
mental to understanding the differentiation processes
affecting populations of these insects. It is assumed
that geographic isolation of Dendroctonus Erichson
per se and the use of different hosts have been the
determining factors in the differentiation of their pop-
ulations (Anderson et al. 1979, 1983; Namkoong et al.
1979; Stock and Guenther 1979; Stock et al. 1979, 1984;
Stock and Amman 1980; Higby and Stock 1982; Stur-
geon and Mitton 1986; Roberds et al. 1987; Langor and
Spence 1991). Although these studies have docu-
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mented significant genetic differences among popu-
lations, it has been difficult to discern whether these
differences are a result of geographic isolation or pro-
cesses of local adaptation to hosts.

Genetic differentiation of Dendroctonus popula-
tions apparently is a complex process, where local
adaptations to particular hosts, the geographic distri-
bution of the insects and their hosts, as well as the
distinct geomorphologic histories of the areas where
insects are distributed determine different levels of
allopatry or sympatry of populations that affect the
genetic structure in space and time. Examples of this
complexity are found in studies of genetic differenti-
ation in Dendroctonus ponderosae Hopkins conducted
in small areas of its geographic range, which extends
from southern British Columbia in Canada to Baja
California in Mexico (Stock and Guenther 1979; Stock
and Amman 1980, 1985; Higby and Stock 1982; Stock
et al. 1984; Sturgeon and Mitton 1986; Langor and
Spence 1991). The geographic distribution of this spe-
cies is embedded in different geomorphological areas
whose ecological and historical conditions are distinct,
which makes it difficult to compare the genetic com-
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position of populations from different locations. In
addition, this insect colonizes 11 species in the genus
Pinus L. that overlap in geographic distribution (Far-
jon and Styles 1997, Kelley and Farrell 1998). In some
regions where multiple host species coexist, D. pon-
derosae is capable of using several of them. In this
situation, it is difficult to associate observed genetic
differences with specific factors that might contribute
to these differences.

Specialization in the use of hosts may be an impor-
tant factor influencing the differentiation of phytoph-
agous insects (Thompson 1994). The importance of
specialization has been investigated in Dendroctonus
by assessing the correspondence of the generalist or
specialist nature of the species and their molecular
phylogeny (Kelley and Farrell 1998). Geographically
distinct populations of Dendroctonus brevicomis Le-
Conte from the eastern and western portions of their
distribution have been reproductively isolated by use
of geographically separated varieties of Pinus pon-
derosa Douglas ex Lawson (Kelley et al. 1999). Levels
of genetic differentiation were compared between
Dendroctonus jeffreyi Hopkins and D. ponderosae,
which are sister species that differ in diet breadth (D.
jeffreyi only colonizes Pinus jeffreyi Balfour, whereas
D. ponderosae colonizes numerous species of Pinus but
not P. jeffreyi). Slight genetic differences were found
among populations of these species colonizing differ-
ent hosts in the same locality, but marked differences
were found among geographically separated popula-
tions, particularly among populations of the specialist
species (Kelley et al. 2000). Although these results
suggest the degree of specialization of these species
and the pattern of geographic distribution of their
hosts influence isolation of the populations, they also
indicate that the balance among dispersion, gene flow,
and geographic isolation is a fundamental component
affecting their differentiation.

A different way of analyzing the effect of geo-
graphic isolation of populations on genetic structure,
which is not in conflict with the generalist or specialist
condition of the taxa, is recognizing a priori the indi-
vidual distribution and overlapping patterns that de-
scribe the distributions of species within a genus
across a predetermined geographic region. These pat-
terns of distribution are a reflection of how species
share geographic space and are the result of the com-
bined actions of various factors such as competition
and type of habitat as well as ecological and historical
factors of the geographic region (Brown and Lomo-
lino 1988). Thus, once the pattern of geographic dis-
tribution of the species in a region is determined, and
the biotic and morphotectonic history of the region is
known, it is possible to analyze the effect of geo-
graphic isolation on the spatial genetic structure at a
mesoscale level (Guisan and Hofer 2003).

The geographic distribution pattern of the genus
Dendroctonus in Mexico (Fig. la) suggests that the
Trans-Mexican Volcanic Belt (TMVB) has been a cor-
ridor for its species (Salinas-Moreno et al. 2004), de-
spite that for their host genus Pinus, it has been a
center of diversification and endemism (Farjon and
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Styles 1997). In the TMVB, Dendroctonus mexicanus
Hopkins presents a nearly continuous geographic dis-
tribution over a wide elevation range (1,600-2,800 m)
(Fig. 1b); coexists with Dendroctonus adjunctus Bland-
ford, Dendroctonus approximatus Dietz, Dendroctonus
frontalis Zimmermann, Dendroctonus parallelocollis
Chapuis, and Dendroctonus valens LeConte; and is a
generalist species that colonizes nearly all known Pi-
nus spp. in the region (Salinas-Moreno et al. 2004).

In this study, we examine the hypothesis that the
population genetic structure of D. mexicanus reflects
the distribution pattern of the Dendroctonus species
that occur in the TMVB. In particular, we use isozyme
analysis to determine whether the genetic structure of
D. mexicanus exhibits a model of isolation by distance
in a east-west direction as is predicted from the anal-
ysis of the overlapping patterns of distribution of Den-
droctonus species in the TMVB (Salinas-Moreno et al.
2004).

Materials and Methods

Study Area. The TMVB is the most recently formed
mountain chain of the Mexican territory; it is situated
between the 19° and 21° N latitude, dividing Mexico in
half (Fig. 1c). The TMVB is considered a transitional
area between Neartic and Neotropical regions. The
western portion of this region dates to the Mid-Cen-
ozoic, whereas the eastern region dates to the Late
Cenozoic. Its southern part is separated from the Si-
erra Madre del Sur by the depression of the Balsas and
its northeastern portion extends toward the Sierra
Madre Oriental across a series of small mountain
ranges (Ferrusquia-Villafranca 1998). Internally, the
TMVB is formed by a series of plains extending from
the Pacific Coast to the Atlantic, interrupted by moun-
tains and volcanoes. It includes the highest mountains
of Mexico, which are of Plio-Pleistocene origin, and
which reach elevations between 4,090 and 5,650 m.
The predominant elevation of the TMVB ranges be-
tween 1,500 and 2,500 m.

Study Species. D. mexicanus occurs in all mountain
systems from Mexico, colonizes 24 of the 42 Pinus
species reported in the country (Farjon and Styles
1997), and has three to six generations per year, de-
pending on temperature and elevation (Cibridan-Tovar
et al. 1995). In the TMVB, D. mexicanus has four
overlapping generations per year and predominantly
colonizes Pinus spp. from the Leiophyllae, Oocarpae,
and Pseudostrobi subsections, which have discontin-
uous distributions in this region (Salinas-Moreno et al.
2004).

Collection and Electrophoresis. Seventeen geo-
graphically distinct populations of D. mexicanus from
the TMVB were studied (Fig. 1d). The distances be-
tween populations varied from 6.9 (San Rafael-Amec-
ameca) to 361 km (Chimalhuacan-Milpillas), and the
elevation of collection sites ranged from 2,200 to 2,980
m. All samples were taken from pines in the Leiophyl-
lae subsection, particularly Pinus leiophylla variety
leiophylla Schiede ex Schlechtendal & Chamisso.
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Adults were removed directly from pines, trans-
ported to the laboratory in liquid nitrogen, and later
transferred to —70°C. Species identification was based
on external morphological characters, chromosome
number, and morphology of the seminal rod of the
male genital capsule (Perusquia 1978, Wood 1982,
Salinas-Moreno et al. 1994). One thousand seven hun-
dred beetles were analyzed using enzyme electro-
phoresis on horizontal starch gels (12.5%) by using the
methods of Richardson et al. (1986). In total, 16 en-
zymes were assayed, but only esterase (EST.3.1.1.1),
acid phosphatase (ACP.3.1.3.2), glutamate-oxaloac-
etate-transaminase (GOT 2.6.1.1), isocitrate dehydro-
genase (IDH 1.1.1.42), leucyl-amino-peptidase (LAP
3.4.11), malate dehydrogenase (MDH 1.1.1.37), and
malic enzyme (ME 1.1.1.40) were used for analysis
because they displayed clearly resolved band patterns.

Analysis. Allele frequencies were calculated by sex
for each population and 95% confidence intervals
were obtained with the approximation of a normal
distribution by means of the following relationship:

pE Zys VP —p)lon.

Heterozygosities by locus were transformed to log,,
for analysis of variance (ANOVA) to test for differ-
ences among populations (Barker et al. 1986).

Because the number of individuals analyzed dif-
fered and was relatively low in some populations, the
genotypic frequencies of each locus were compared
with those expected by Hardy-Weinberg Equilibrium
(HWE) by using a test of exact probabilities instead of
chi-squared distribution (Elston and Forthofer 1977).
The nonparametric sequential test of Bonferroni was
used to avoid a type I error in interpretation of the
exact probabilities (Rice 1989). The magnitude and
the direction of deviations from HWE were quantified
by the index of fixation (Fig).

Geographic variation of allele frequencies of the
polymorphic loci among populations was analyzed
statistically with jackknifing of Fgr-specific locus es-
timations across all populations (Weir and Cockerham
1984). A one-tailed t-test was used to test the hypoth-
esis that Fgp # 0.

To assess genetic structure, F-statistics of Weir and
Cockerham (1984) were estimated. To test the signif-
icance of the F-statistics, standard errors of the esti-
mated averages were obtained with the jackknife
method across loci, and 95% confidence intervals were
determined using bootstrap analysis (Felsenstein 1985).

Indirect estimates of gene flow (Nm), the mean
number of migrants exchanged among populations per
generation was calculated using the expression Fgy. =
1/(1 + 4 Nm(n/n — 1)?) (Chakraborty and Leimar
1987). To examine whether the genetic structure de-
scribes an isolation by distance pattern, linear regres-
sion of least squares between Fgr/1 — Fyp (using Ogy)
and geographic distances among the populations was
determined (Rousset 1997). Ordinary linear regres-
sions were carried out with untransformed and log-
transformed geographic distance values.

Because the significance of this relationship cannot
be evaluated with ordinary regression methods, the
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nonparametric Mantel test was used to determine
whether the correlation between the matrix of geo-
graphic distance (Gd, transformed and untrans-
formed) and the matrix of Fgp values [sensu Fgp/ (1 —
Fgr)| was significantly greater than the correlation
between the matrix of geographic distance and the
randomized matrix of the Fgr values (Manly 1997).
Elements of the observed Fgr matrix were standard-
ized to obtain a mean of zero and a variance of one.
The randomized matrices were generated by row and
column permutation. The randomization was per-
formed 5,000 times to establish a 95% confidence in-
terval (Manly 1997).

Deviation from a slope of zero was determined by
regression on the reduced major axis (RMA) (Ker-
mack and Haldane 1950). The standard error for the
RMA slope deviation was estimated by the relation-
ship SE = bgya V(1 — 72/n), where * is the coeffi-
cient of determination, and n is the sample size. Asym-
metric 95% confidence intervals were established by
the relationship LC = by ((B + 1)Y2 + (B)'?),
where B = ((1 — r*)/n — 2), and t is the Student’s
t for n — 2 df (Clark 1980, McArdle 1988).

To determine whether particular loci contribute
more than others to the microgeographic model of
spatial variation, a jackknife method was conducted
on gene loci. The corresponding RMA functional re-
gression was calculated, excluding each locus in each
of the runs. In total, 12 slopes was obtained. The
equivalence of these slopes with respect to the total
RMA slope was established by the relationship T, =
[log b, + log by| / ((1 — %) /nl + (1 —+2,)/n*)""2,
which is an approximation of the Student’s t, with 2 +
2/ (variety (T,) — 1) df (McArdle 1988).

Genetic differences among population pairs were
calculated using Nei’s distance (Nei 1972). The neigh-
bor-joining method was used to construct the corre-
sponding dendrogram. The reliability of the groupings
was evaluated with a bootstrap analysis.

Finally, a principal components analysis by using
pairwise genetic distances was conducted to detect
more complex models of genetic structure among the
populations (Legendre and Legendre 1998). This
method facilitates the detection of nonhierarchical
aspects of variation at a microgeographic level and
allows observation of the relationship among popula-
tions in a multidimensional space. A minimum span-
ning tree was superimposed on the spatial scenario
described by the populations as a way of testing
whether the proximities among the populations were
adequately preserved by the multidimensional repre-
sentation (Legendre and Legendre 1998).

Analyses were performed using GDA, version 1.0
(Lewis and Zaykin 2001); NTSYS-PC, version 2.02j
(Rohlf 1998); and PHYLIP, version 3.5¢ (Felsenstein
1997).

Results

There were no significant differences in allelic fre-
quencies between males and females; therefore, these
data were combined in subsequent analyses. More-
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Table 2. Summary statistics (means and SE in parentheses) describing genetic variation in 17 populations of D. mexicanus from the TMVB
Po Mean sample size Mean no. of alleles % polymorphic Mean heterozygosity

P across loci per locus loci Direct count HW expected
Chapa de Mota 51.5 (3.6) 2.0 (0.2 83.3 0.296 (0.063) 0.380 (0.058)
Villa del Carbén 63.4 (5.6) 2.0 (0.2) 833 0.268 (0.051) 0.375 (0.057)
Jiquipilco 610 (4.7) 2.0 (02) 83.3 0.270 (0.062) 0.357 (0.059)
El Caminante 93.8 (8.9) 2.0 (02) 833 0.301 (0.052) 0.381 (0.057)
Valle de Bravo 99.5 (7.7) 2.0 (0.2) 83.3 0.279 (0.046) 0.381 (0.057)
San Rafael 131.3 (17.1) 2.0 (02) 83.3 0.291 (0.057) 0.378 (0.057)
Chimalhuacdn 54.3 (3.0) 2.0 (0.2) 83.3 0.291 (0.056) 0.378 (0.057)
Amecameca 154.2 (22.1) 2.0 (0.2) 83.3 0.289 (0.040) 0.343 (0.055)
Ajusco 90.7 (7.1) 2.0 (02) 83.3 0.287 (0.045) 0.414 (0.060)
CICS-IPN 84 (9.1) 2.0 (02) 833 0.291 (0.053) 0.389 (0.060)
La Charanda 89.9 (5.3) 2.0 (02) 833 0.302 (0.054) 0.407 (0.058)
Milpillas 94.8 (6.8) 2.0 (0.2) 83.3 0.300 (0.051) 0.409 (0.058)
El Mirador 73.8 (4.5) 2.0 (0.2) 83.3 0.296 (0.059) 0.369 (0.060)
Cerro del Timbe 99.5 (6.9) 2.0 (0.2) 83.3 0.298 (0.058) 0.390 (0.060)
San Juan Tumbio 1048 (5.4) 2.0 (0.2) 83.3 0.303 (0.050) 0.401 (0.059)
El Pedregal 77.3 (6.7) 2.0 (02) 833 0.295 (0.060) 0.408 (0.060)
Agua Blanca 96.9 (7.4) 2.0 (02) 833 0.287 (0.077) 0.364 (0.061)

A locus was considered polymorphic if the frequency of the most common allele was 0.95 or less.

over, examination of external morphological charac-
ters, chromosome number, and the shape of the sem-
inal rods confirmed our species determination. The
number of insects analyzed varied both by enzyme
and by population (Table 1). For the seven enzymatic
systems studied, 12 presumed gene loci were found, of
which 10 were polymorphic (EST-1, EST-2, EST-3,
ACP-2, GOT, IDH-2, LAP, MDH-1, MDH-2, and ME)
by using the criterion that the frequency of the most
common allele was <95%. The loci ACP-1 and IDH-1
were monomorphic, and both were fixed for the same
allele in all populations.

Genetic Variability. Allelic frequencies for the loci
analyzed from 17 populations are shown in Table 1.
The average sample size across loci per population
ranged from 51.5 individuals in Chapa de Mota to 154.2
in Amecameca. The average number of alleles per
locus was similar for all populations (2.0), as was the
percentage of polymorphic loci (83%) (Table 2). The
average heterozygosity of each locus was variable and
statistically significant among the 17 populations (F,
= 27420 > Fopie 2. 16, 155 = 1.938; P < 0.05). The
average heterozygosity, both by direct count and by
HWE, showed heterogeneous behavior, although the
range of variation for both measures was small among
the samples. The Villa del Carb6n population exhib-
ited the lowest average observed heterozygosity (H,
= 0.268), whereas the San Juan Tumbio population
exhibited the highest (H, = 0.303). In the case of
expected heterozygosity, Amecameca exhibited the
lowest value (H, = 0.343) and Ajusco the highest value
(H, = 0.414).

The relationship between the expected heterozy-
gosity and the longitudinal position of the populations
in the TMVB showed a statistically significant corre-
lation (15,5 = 0.5610 > 7'_iicar(2)15 = 0.482; P> 0.05);
the highest expected heterozygosity was found in the
western populations of the TMVB. The same pattern
was seen in the observed heterozygosity; however, the
statistical significance was slightly below the critical
value (r = 0.469 < r;5 = 0.482; P > 0.05).

The average heterozygosity by direct count
(0.268 < Hep < 0.303) and the expected heterozy-
gosity by HWE (0.343 < Hypw < 0.414) for D. mexi-
canus lie within the range of values found in other
scolytid species in the genera Dendroctonus, Ips De-
Geer, and Conophthorus Hopkins (Table 3).

Hardy-Weinberg Equilibrium. We found by exact
test 121 significant deviations in gene frequencies (P <
0.05) from HWE of 170 comparisons made over all loci
and all populations (Table 4). The sequential Bonfer-
roni adjustment of P values showed that these HWE
deviations could not be the result of chance alone. The
proportion not in HWE by population varied from 60%
in the populations of Villa del Carb6n, CICS-IPN, La
Charanda, and Chimalhuacén to 90% at Ajusco and
San Juan Tumbio. The loci EST-3, ACP-2, and MDH-2
were those most often found outside of HWE, given
that they were found in HWE in only two of the 17
populations. However, MDH-1, GOT, and EST-2 were
shown to be in equilibrium in 10 (58%), eight
(47.05%), and seven (41.17%) populations, respec-
tively.

The majority of the deviations from HWE in the
populations were due to a deficiency of heterozygotes
(102 tests); only a small fraction showed excess of
individual heterozygotes (19 tests). Excess of het-
erozygotes was only observed in eight populations for
the LAP enzyme, four populations for GOT, three
populations for EST-2, two populations for MDH-2,
and one population for IDH-2 and MDH-1.

Geographic Variation. Geographic analysis of allele
frequencies shows that the Fgr value varied widely
among alleles of the same locus, and among loci (Table
5); however, of all the comparisons, including that of
the mean, only the Fgp variations for EST-1, EST-3,
MDH-2, and ME were statistically significant at the 1%
level.

The allele frequencies show distinct geographic
tendencies. For example, the frequencies of the fast
allele (B) (rapidly migrating allele) of the EST-2,
EST-3, and MDH-1 loci diminish in an east-west di-
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Table 3. Levels of allozyme variation reported for populations of Dendroctonus, Ips and Conophtorus

Species H, P No. Loci No. Populations Reference

Dendroctonus

D. brevicomis 0.363 £ 0.135 100 5 1 Namkoong et al. (1979)

D. frontalis 0.354 £ 0.019 100 5 6 "

D. frontalis 0.166 =+ 0.006 45 6 5 Anderson et al. (1979)

D. psuedotsugae 0.288 + 0.014 50 1 2 Stock et al. (1979)

D. ponderosae 0.084 £ 0.004 13 15 6 Stock and Guenther (1979)

D. ponderosae 0.124 + 0.003 25 15 4 Stock and Amman (1980)

D. frontalis 0.351 = 0.005 86 5 3 Florence and Kulhavy (1981)

D. jeffreyi 0.136 = 0.008 34 17 4 Higby and Stock (1982)

D. ponderosae 0.146 = 0.003 33 17 8 "

D. terebrans 0.123 + 0.003 73 8 4 Anderson et al. (1983)

D. ponderosae 0.119 = 0.002 29 18 15 Stock et al. (1984)

D. ponderosae 0.334 = 0.006 100 5 5 Sturgeon and Mitton (1986)

D. adjunctus 0.225 + 0.057 72 18 1 Bentz and Stock (1986)

D. approximatus 0.218 = 0.059 61 18 1 "

D. brevicomis 0.233 =+ 0.056 67 18 4 "

D. frontalis 0.217 = 0.064 61 18 1 "

D. ponderosae 0.156 * 0.059 50 18 2 "

D. pseudotsugae 0.228 *+ 0.061 72 18 3 "

D. rufipennis 0.236 * 0.063 67 18 4 "

D. simplex 0.182 £ 0.055 61 18 3 "

D. terebrans 0.249 =+ 0.065 61 18 1 "

D. valens 0.189 = 0.052 67 18 2 "

D. micans 0.053 = 0.034 27 15 1 Stock et al. (1987)

D. frontalis 0.324 + 0.005 85 8 4 Roberds et al. (1987)

D. ponderosae 0.108 = 0.002 30 14 8 Langor and Spence (1991)

D. adjunctus 0.320 =+ 0.005 69 13 4 Zxniga et al. (unpublished data)

D. micans 0.026 =+ 0.050 6.25 16 1 Kegley et al. (1997)

D. punctatus 0.075 = 0.050 375 16 1 "

D. jeffreyi 0.004 * 0.003 28 21 10 Six et al. (1999)
Ips

L calligraphus 0.114 + 0.010 71 7 4 Anderson et al. (1983)

L confusus 0.073 = 0.027 55 20 3 Cane et al. (1990)

L grandicollis 0.085 =+ 0.025 60 20 1 "

L hoppingi 0.095 = 0.039 50 20 2 "

L latidens 0.099 * 0.025 65 20 1 "

I lecontei 0.173 * 0.040 65 20 2 "

I paraconfusus 0.095 + 0.023 65 20 2 "

I pini 0.159 = 0.032 80 20 2 "
Conophtorus

C. banksianae 0.047 =+ 0.006 50 10 9 de Groot et al. (1992)

C. coniperda 0.084 = 0.007 57 10 11 "

C. resinosae 0.040 = 0.005 51 10 9 "

H, (£SE) is the mean expected heterozygosity. P represents the percent of polymorphisms.

Table 4. Probabilities that the observed gene frequencies in 17 populations of D. mexicanus in the TMVB conform to those expected under
Hardy-Weinberg equilibrium, using the exact test

EST-1 EST-2 EST-3 ACP-2 GOT IDH-2 LAP MDH-1 MDH-2 ME
Chapa de Mota 0.099 0.285 0.000 0.004 0.606 0.027 0.000 0.009 0.014 0.001
Villa del Carbén 0.004 0.039 0.001 0.004 0.136 0.272 0.077 0.052 0.000 0.000
Jiquipilco 0.000 0.000 0.014 0.006 0.327 0.078 0.000 0.187 0.000 0.000
El Caminante 0.017 0.009 0.103 0.093 0.013 0.002 0.000 0.001 0.099 0.000
Valle de Bravo 0.000 0.006 1.000 0.038 0.001 0.001 0.045 0.153 0.000 0.000
San Rafael 0.002 0.000 0.001 0.034 0.000 0.000 0.000 0.136 0.012 0.868
Chimalhuacdn 0.126 0.004 0.029 0.020 0.000 0.150 0.000 0.039 0.001 0.076
Amecameca 0.167 0.078 0.016 0.010 0.057 0.015 0.000 0.054 0.003 0.017
Ajusco 0.000 0.003 0.001 0.003 0.000 0.009 0.164 0.026 0.000 0.043
CICS-IPN 0.003 0.231 0.000 0.000 1.000 0.000 0.290 1.000 0.007 0.000
La Charanda 0.000 0.139 0.000 0.000 0.086 0.010 0.848 0.075 0.043 0.000
Millpillas 0.000 0.565 0.000 0.001 0.001 0.660 0.038 0.680 0.018 0.000
El Mirador 0.153 0.024 0.000 0.009 0.222 0.194 0.009 0.039 0.014 0.000
Cerro del Timbe 0.000 0.143 0.000 0.002 0.007 0.000 0.000 0.027 0.343 0.000
San Juan Tumbio 0.000 0.008 0.015 0.001 0.312 0.000 0.000 0.019 0.038 0.000
El Pedregal 0.001 0.332 0.019 0.000 0.008 0.000 0.102 0.257 0.000 0.000
Agua Blanca 0.000 0.000 0.004 0.370 0.024 0.030 0.576 0.000 0.000 0.289

Significant values are given in bold.
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Table 5. Locus-specific and overall Fg values across 17 popu-
lations of D. mexicanus in the TMVB

Locus Fsr SE P
EST-1 0.127 0.036 gHEE
EST-2 0.011 0.005 ns**
EST-3 0.145 0.033 gHAE
ACP-2 0.079 0.027 ns**
GOT 0.013 0.004 ns**
IDH-2 0.096 0.004 ns**
LAP 0.005 0.004 ns**
MDH-1 0.097 0.039 ns**
MDH-2 0.258 0.044 gHAE
ME 0.218 0.051 gHEE
Overall 0.104 0.007 ns**

Significance of variation among populations was determined by
one-tailed t-test of independence, **P < 0.05, ***P < (.01.

Table 6. Estimates of F-statistics calculated separately for each
locus for 17 populations of D. mexicanus in the TMVB

Locus Fis Fir Fgr (0)
EST-1 0.390 0.466 0.125
EST-2 0.208 0.217 0.011
EST-3 0.347 0.443 0.146
ACP-2 0.281 0.339 0.080
GOT 0.202 0.213 0.013
IDH-2 0.314 0.380 0.095
LAP —0.053 —0.047 0.005
MDH-1 0.120 0.204 0.095
MDH-2 0.315 0.493 0.259
ME 0.323 0.469 0.215
Mean (SD) 0.236 + 0.042 0.314 * 0.053 0.100 =+ 0.027
95% CI 0.152-0.309 0.210-0.407 0.0-0.157

Means and SE were obtained by jackknifing across loci. Confidence
interval was obtained by bootstrapping across loci.

rection, whereas the fast allele (B) for EST-1 and
MDH-2 loci increase. The ACP-2 and IDH-2 loci show
another tendency; the frequencies of the fast alleles
(B) diminish in the populations located in the central
part of the TMVB and increase in frequency consid-
erably toward the eastern part of this area. However,
the fast allele (B) of the ME locus reaches a high
frequency in the populations in the central part of the
TMVB and a low frequency in the populations of
the east and west regions. Finally, the fast allele (B)
of the LAP and GOT loci are homogeneous through-
out the TMVB.

Genetic Structure. Table 6 shows the F-statistics of
the polymorphic loci, their standard errors, 95% con-
fidence intervals, and significant deviations from zero.
The data show important deviations from random
pairing in the populations of D. mexicanus. The Fig (f)
value was variable by more than a factor of three
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across the loci. Positive values were observed in nine
of 10 loci analyzed, of which EST-1, EST-3, IDH-2,
MDH-1, MDH-2, and ME were statistically different
from zero (P < 0.05). The LAP enzyme showed a
negative value, which was also significantly different
from zero (P < 0.05).

The Fir (F)-statistic was less variable across loci,
with its values differing by a factor of two. Positive
values were found in nine out of 10 loci analyzed
confirming an excess of homozygotes within popula-
tions. Finally, Fg;. (6) showed values for MDH-2 and
ME that were statistically different from zero between
the loci and across populations even though the mean
was not different from zero.

A comparison of the magnitude of statistical values
showed that the Fig values were greater than the Fgp.
values. On average, the former was two times greater
than the latter, which indicates that the largest part of
the Fyr values is explained by the variation observed
within populations (23%) and not by differences
among them (9.9%).

Based on the mean value of Fgr. (6), the average
number of migrants per generation (Nm) among the
populations was 1.992 (Table 7). The regression be-
tween Fgp g/ (1 — Fgp () and geographic distance
shows that the populations of D. mexicanus in the
TMVB describe a model of isolation by distance (Fig.
2a,b). The line of ordinary regression and RMA be-
tween these variable explains ~20% of the total vari-
ation, if it is assumed that the populations are located
in linear habitats, and 30%, if they are located in bi-
dimensional habitats.

Slopes of the RMA regression lines were greater
than those of the ordinary linear regressions, and they
were included within the 95% confidence limits (CL)
(Table 7). The slopes of both the ordinary regression
and of the RMA indicate the estimated number of
individuals that have migrated per generation as de-
scribed by a linear or bidimensional model of habitats,
is far greater than the estimated average for all the
populations, by using the relationship Nm = 1/4 (n/
n—1)2[(1/Fgp — 1)] (Table 7). Likewise, estimation
of individual migrants using ordinary linear regres-
sions is greater than those that result from the slopes
of the RMA (Table 7).

Genetic Differentiation. Genetic distances be-
tween pairs of populations are presented in Table 8.
Valle de Bravo and El Caminante were genetically
most similar (Dy.; = 0.003), whereas Valle de Bravo
and El Mirador were genetically most dissimilar (Dy.;
= 0.182). The mean genetic distance was 0.079 =
0.001.

Table 7. Equations of ordinary linear regressions slopes (b,) and SE, reduced major axis slopes (bgya). and confidence intervals (CL),
regression coefficients (%), and number of migrants per generation (Nm) based on slopes of 17 populations of D. mexicanus in the TMVB

Linear RMA s Nm
Regressio SE CL
gression y =byx +by y = bryax + bo Linear RMA Linear RMA
Fgr (6) versus Gd y =0.003x + 0.0670 0.0045 y = 0.006x + 0.1638  0.0053 < bgya <0.0067  0.223  0.230 333 166
Fgr (0) versus log Gd  y = 0.040x — 0.0793  0.00501 y = 0.071x — 0.2253  0.0063 < bgyx <0.0078 0318  0.324 25 14
Fsr (0) (avg) 1.992
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Fig. 2. Scatterplots showing the relationship between Fgy (4, from Weir and Cockerham (1984) and geographic distance
untransformed (a) or In transformed (b) between populations of D. mexicanus in the TMVB. Regression statistics are shown

in each graphic.

The majority of bootstrap values located at the
nodes were >50% (Fig. 3b). Two large groups were
clearly defined, one formed by the populations lo-
cated in the western region of the TMVB (La Cha-
randa, Milpillas, Cerro del Timbe, San Juan Tumbio, El
Mirador, and El Pedregal), and the other composed of
populations located in the central and eastern part of
this region.

The populations of this second group describe three
subgroups, which are defined by their geographic
closeness. The correlation between genetic distance
and geographic distance was significant (ryaner =
0.4435, P = 0.004), which confirms that the popula-
tions in this mountain system describe a model of
isolation by distance (Fig. 3a). Likewise, the relation-
ships of the populations in the multidimensional space
show that the model of isolation by west- east distance
prevails among them. Populations located in the cen-

ter and east of this region apparently show a pattern
of north-south differentiation (Fig. 3c). The first three
principal components of the analysis explained 100%
of the observed variation, specifically the first com-
ponent explained 78.89% of variation, the second com-
ponent 16.05%, and the third component 5.06%.

Discussion

Genetic Variability. Comparisons of heterozygosity
and average polymorphism within Dendroctonus with
that found in other taxonomic groups show that the
values of these estimators are, with the exception of
Dendroctonus micans (Kugelann), among the highest
reported within Coleoptera, other insects, and inver-
tebrates in general (Powell 1975, Nevo 1978, Nevo et
al. 1984, Ward et al. 1992). Quantitative comparisons
between the average heterozygosity of D. mexicanus
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Table 8. Nei’s genetic distance (Nei 1972) above the diagonal and geographic distance (km) below the diagonal among 17 populations of

D. mexicanus in the TMVB

ChM  VC Jiq EC VB SR Ame Chi Aju CIC Cha Mil EM CT SJT EP AB
ChM 0.013 0.016 0.041 0.048 0104 0.052 0.083 0.046 0.064 0.056 0.055 0.087 0.088 0.082 0.083 0.051
vC 123 0.038 0.044 0124 0.060 0102 0.068 0.081 0.08 0.085 0.116 0.098 0.094 0.095 0.039
Jiq 28.7 0.053 0150 0.075 0122 0.088 0.097 0102 0104 0.131 0114 0.111 0.107 0.052
EC 39 458 . 0.003 0.095 0.049 0.097 0.034 0.042 0.097 0.094 0177 0155 0.140 0.129 0.055
VB 98.8 97.5 74 80.6 0107 0.046 0100 0.037 0.042 0102 0100 0.182 0.157 0.141 0.132 0.056
SR 109 959 99.8 712 1485 0.057 0.036 0.054 0.063 0.072 0145 0.139 0.136 0.117 0.100
Ame 121.5 107 106 731 1445 .. 0.015 0.043 0.063 0.057 0.083 0.122 0119 0127 0.107 0.098
Chi 1155 102 106 745 1505 6.9 159 0.044 0.058 0.077 0.120 0.109 0.108 0.100 0.064
Aju 719 599 54.7 21.5 979 50.6 52.7 54. 0.020 0.035 0.033 0.095 0.093 0.080 0.075 0.061
CIC 104 899 85.9 545 125 273 19.7 27.9 33.4 0.059 0.146 0.146 0.130 0.117 0.045
Cha 265 274 256.5 2795 2045 349 3535 349 338 0.010 0.022 0.025 0.025 0.024 0.083
Mil 275 2805 2655 2865 212 358 361 356 336 338 X 0.038  0.032 0.041 0.070
EM 216 2235 2075 2305 1575 3005 305 301 281 276 49.7 58. 0.009  0.010 0.026 0.127
CT 2175 2255 211 236.5 1695 3085 3125 3095 289 289 55 63 24.8 0.011 0.121
SJT 2335 2415 224 249 1775 3185 3225 319 298 298 32 413 173 . 0.014 0.107
EP 1925 1985 181.5 2035 1305 274 277 273 252 253 76 835 269 46.3 45.5 0.128
AB 1225 131 1177 146 869 215 219 218 198 198 1435 1515 939 95 109.5 716

Chapa de Mota (ChM), Villa del Carbén (VC), Jiquipilco (Jiq), El Caminante (EC), Valle de Bravo (VB), San Rafael (SR), Amecameca
(Ame), Chimalhuacan (Chi), Ajusco (Aju), CICS-IPN (CIC), Charanda (Cha), Milpillas (Mil), El Mirador (EM), Cerro del Timbe (CT), San

Juan Tumbio (SJT), El Pedregal (EP), Agua Blanca (AB).

and that of other Dendroctonus as reported previously,
by using the T method of Tukey and the adjustment
of Tukey-Kramer for unequal sample sizes (Zar 1996),
indicated that the observed differences in average
heterozygosity among species are not statistically sig-
nificant (g = 0.041 < gy 05124 = 419).

High Dendroctonus genetic variability may be ex-
plained by greater heterozygosity in epidemic popu-
lations than endemic populations (Roberds et al.
1987), by development on trees with thick bark (Stock
and Amman 1985, Sturgeon and Mitton 1986, Langor
and Spence 1991, Amman and Stock 1995), or by
development in the mid-bole of the tree (Florence
and Kulhavy 1981). However, some studies have
shown that hosts are heterogeneous resources with
respect to chemical, physical, and biological charac-
teristics, and their traits are difficult to associate with
the variability of the insects (Powell 1967, Raffa and
Berryman 1982, Safrayink 1983, Langor 1989, Langor
et al. 1990). Thus, it is necessary to develop precise
experimental designs that elucidate how much of the
variation observed in Dendroctonus is intrinsic to the
species and how much is a response to pressures of
differential selection associated with microhabitat.

Hardy-Weinberg Equilibrium. HWE deviation
found in D. mexicanus by heterozygote deficiency
agrees with that observed in D. frontalis (Florence and
Kulhavy 1981), D. ponderosae (Stock and Gunther
1979, Stock and Amman 1980, Sturgeon and Mitton
1986, Langor and Spence 1991), and D. jeffreyi (Six et
al. 1999). Additionally, the magnitude of the Fyy and
F g statistics, although not statistically different from
zero, suggests that deviations from HWE are due to
the presence of a certain degree of endogamy in the
populations of D. mexicanus. Similar results have been
found in D. frontalis, D. ponderosae, and D. jeffreyi
(Stock and Gunther 1979, Stock and Amman 1980,
Florence and Kulhavy 1981, Sturgeon and Mitton
1986, Langor and Spence 1991, Six et al. 1999).

There are several potential explanations for these
deviations, none of which are mutually exclusive.
First, heterozygotes could be emerging before ho-
mozygotes. Second, there could be a differential ge-
netic contribution of males and females in the overall
population. Third, there could be null alleles present
that do not produce enzymatic activity. Fourth, there
may be selection against heterozygotes; however, this
explanation seems unlikely given that if there were
selection against heterozygotes, we would have ob-
served a preponderance of one homozygous class over
another, which was not the case. Finally, there may be
nonrandom mating or a Wahlund effect (the reduc-
tion in the observed frequency of heterozygotes from
that expected because of lumping of subpopulations;
Sturgeon and Mitton 1986). The latter effect could be
the consequence of two phenomena, that is, an effect
of genetic sampling due to short dispersal of the in-
sects, the possibility of overlapping generations.
Again, neither of these explanations is mutually ex-
clusive.

Dispersal studies have shown that many insects find
their hosts within the neighborhood of the emergence
site (short dispersal of <1 km), whereas others fly long
distances at random to find a suitable host (long dis-
persal of >1.5 km) (Byers 1995). This evidence sug-
gests that beetle subpopulations inside of the same
forested area could be responding to different selec-
tive pressure or genetic drift. Additionally, when pop-
ulations are at endemic levels and susceptible hosts are
limited, the possibility of overlapping generations may
increase, particularly in species such as D. mexicanus
that have multiple generations and in which multiple
broods per generation are produced. This increases
the potential for inbreeding, as genetic relatives are
more likely to mate when resources are scarce and
beetles are colonizing the same (reinfesting) or
nearby trees (Ramirez-Delgado 1994).
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Fig. 3. (a) Scatterplots showing the relationship between genetic distance (Nei 1972) and geographical distance

(kilometers) between populations of D. mexicanus in the TMVB; r = 0.443, P = 0.004. (b) Neighbor-joining tree based on
isozymes using the Nei (1972) distances of 17 populations of D. mexicanus in the TMVB; r = 0.91, P = 0.004. (c) Principal
component analysis of 17 populations of D. mexicanus in a multidimensional space.

The geographically distinct populations sampled in
this study are single samples of insects that inhabit a
wider forested area. Additionally, they were at en-
demic levels after recent outbreaks, which increases
the probability of overlapping generations, inbreed-
ing, and alteration of the distribution of their geno-
typic composition. These situations can explain, inde-
pendent of high gene flow, the excess of homozygous
and the exclusive genetic variation observed within
populations; both phenomena are consequences of a
Wahlund effect.

Genetic Structure. The general tendency of the
lines of ordinary regression and RMA shows that pop-
ulations whose geographic distances are small exhibit

high levels of genetic differentiation and pairs of pop-
ulations with large geographic distances exhibit low
levels of differentiation. Although these results indi-
cate that the model of isolation by distance cannot be
completely explained by the relationship between Fg .
and geographic distance, the Mantel test indicates that
the relationship is significant, and not a result of
chance.

Few isozyme studies have been conducted on sco-
lytids that explicitly relate geographic organization of
genetic variation with historical events (founder ef-
fects, bottlenecks, and so on). However, recent phy-
logeographic studies using isozymes and rapid ampli-
fication of DNA ends or mitochondrial markers in D.
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brevicomis (Kelley et al. 1999), D. jeffreyi (Six et al.
1999), D. ponderosae (Kelley et al. 2000), Ips typogra-
phus (L.) (Stauffer et al. 1999), Pityogenes chalcogra-
phus (L.) (Ritzengruber 1990), and Tomicus piniperda
(L.) (Carter et al. 1996) suggest that the genetic struc-
ture of these species results from historical and bio-
geographic events. For example, phylogeographic
analysis of L typographus clearly shows that the actual
genetic structure of this species has been determined
by glacial and postglacial events, which occurred dur-
ing the Plio-Pleistocene in Europe, and is associated
with the fragmentation of its habitat (hosts) and bot-
tlenecks its populations have experienced (Stauffer et
al. 1999).

Paleoclimatic evidence indicates that the glacial
events of the Plio-Pleistocene in the TMVB did not
have an important effect on the contraction of the
areas of distribution of the coniferous forests in this
region (Bryant and Holloway 1985, Millar 1998). Thus,
the scarce number of fixed alleles, the geographic
pattern of allele frequencies, and the F values suggest
that the genetic structure of isolation by distance of D.
mexicanus in the TMVB results from dispersal events.
Indeed, the estimations of the number of individuals
that have migrated per generation among populations
from TMVB indicate that gene flow is higher between
them. The robustness of this tendency is consistent,
given that all the RMA regression lines, by systemat-
ically excluding one locus, show the same behavior
and none of them alone determine the relationship
between gene flow and geographic distances (datanot
shown).

The study of distribution range of Dendroctonus in
Mexico supports the idea that isolation by distance is
the result of dispersal events. The distribution pattern
of the genus in the TMVB suggests that its species,
including D. mexicanus, uses this mountain system as
a broad corridor with few barriers for its dispersal
(Salinas-Moreno et al. 2004). In addition, our results
suggest that geographic distribution of hosts has had
little effect on genetic structure of D. mexicanus, be-
cause the beetles used in this study were collected
from distinct pines belonging to the Leiophyllae sub-
section, which exhibit a discontinuous distribution in
the TMVB (Farjon and Styles 1997). Likewise, theo-
retical studies using meta-analysis found for phytoph-
agous insects that the balance between dispersal and
geographic isolation has a greater effect over genetic
differentiation of populations than geographic distri-
bution of hosts (Peterson and Denno 1998, but see Van
Zandt and Mopper 1998).

Genetic Differentiation. The genetic differentia-
tion observed among populations of D. mexicanus in
the TMVB, the absence of exclusive alleles, and the
absence of new electromorphs support the model of
isolation-by-distance observed. The separation of the
eastern and western populations of D. mexicanus in the
dendrogram, and the small differences in genetic dis-
tance found among alleles suggest that independent of
the geographic history of the TMVB, we are dealing
with genetically homogenous populations of recent
origin. Additionally, the analysis of principal compo-

ANNALS OF THE ENTOMOLOGICAL SOCIETY OF AMERICA

Vol. 99, no. 5

nents and the tree of minimum distance indicate that
observed differences among populations are small and
cumulative in a west-east direction, whereas geo-
graphically close populations describe a coherent pat-
tern of association determined by their geographic
location.

The magnitude of Nei’s genetic distance among
most divergent populations suggests the existence of
cryptic species. However, we suspect that genetic and
morphological differences observed among these pop-
ulations are not sufficient to consider them as two
genetically distinct groups. Other studies conducted
with enzymatic markers on geographic populations of
D. brevicomis, D. frontalis, D. jeffreyi, D. ponderosae,
Dendroctonus pseudotsugae Hopkins, and Dendrocto-
nus terebrans (Olivier) have described similar geo-
graphic patterns as that of D. mexicanus (Anderson et
al. 1979, 1983; Namkoong et al. 1979, Stock and Guen-
ther 1979, Stock et al. 1979, 1984; Higby and Stock 1982;
Roberds et al. 1987; Six et al. 1999). For example, in
some of these studies significant genetic difference
among some populations of these species were ob-
served, but the values of genetic distance found sug-
gest that these differences have resulted from rela-
tionships among the dispersion potential of the insect
and geographic isolation. Additionally, interpopula-
tion crosses carried out with some Dendroctonus spe-
cies from allopatric and sympatric populations, and
from distinct hosts in the same locality demonstrate
that the observed genetic differences are labile
(Langor 1989, Langor and Spence 1991), a situation
contrary to that which occurs with genetic differences
observed among geographically isolated populations
or cryptic species.
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