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SUMMARY

Mexican populations of Douglas-fir [Pseudotsuga menziesii (Mirb.)
Franco] constitute valuable gene pools for conservation and breeding
programs of this species. Genetic diversity and population divergence
were estimated using 18 isozyme loci and samples from 11 natural
Douglas-fir populations in México. Genetic diversity was high at the
species level (83.3 % polymorphic loci and 2.9 alleles per locus), but
low at the population level (28.3 % polymorphic loci and 1.52 alleles
per locus), particularly for populations from central México. A high
level of population differentiation was found (F, = 0.298), indicating
that each population shares only a small fraction of the genetic diversity
within the species and that genetic drift might have an important role
in shaping the structure of genetic diversity in these populations.
Genetic distances among populations in the Sierra Madre Oriental
were positively correlated with geographic distances (r = 0.849),
but the association was not significant according to the Mantel test.
Populations from northeastern México separated from all others,
whereas population Mohinora from northwestern México, joined those
from central México. These results emphasize the priority for in situ
conservation of Douglas-fir populations in central México.

Index words: Pseudotsuga menziessii, fragmentation, genetic drift,
genetic structure, in situ conservation, population differentiation.

RESUMEN

Las poblaciones mexicanas de Pseudotsuga menziesii (Mirb.) Franco
contienen acervos génicos valiosos para los programas de conservacion
y mejoramiento genético. Se estimé la diversidad genética y la
divergencia de poblaciones utilizando 18 loci isoenzimaticos en
muestras de 11 poblaciones naturales de P. menziesii en México. Se
encontré una amplia diversidad genética a nivel dela especie (83.3 % loci
polimorficos y 2.9 alelos por locus), pero reducida a nivel de poblacion
(28.3 % loci polimorficos y 1.52 alelos por locus), especialmente en
las poblaciones de la region central de México. Se encontré una alta
diferenciacién genética entre las poblaciones (F,, = 0.298), lo que indica
que cada poblacion representa una pequeia fraccion de la diversidad
genética de la especie y que la deriva genética podria tener un papel
importante en moldear la estructura de la diversidad genética en
estas poblaciones. Las distancias genéticas entre las poblaciones de la
Sierra Madre Oriental se correlacionaron positivamente (r = 0.849)
con las distancias geograficas entre ellas, pero la asociaciéon no fue
significativa de acuerdo con la prueba de Mantel. Las poblaciones del
noreste de México se diferenciaron del resto, mientras que la poblacion
de Mohinora en el Noroeste de México se agrup6 con las del centro del
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pais. Estos resultados enfatizan la prioridad de la conservacion in situ
de las poblaciones en el centro de México.

Palabras clave: Pseudotsuga menziesii, fragmentacion, deriva genética,
estructura genética, conservacion in situ, diferenciacién de poblaciones.

INTRODUCTION

Douglas-fir [Pseudotsuga menziesii (Mirb.) Franco] is
one of the most economically important timber species in
the world (Hermann and Lavender, 1999). Because of its
economical and ecological value in North America, this
species has been thoroughly studied in United States and
Canada, where it has been the focus of several domestication
programs for the last 50 years (Howe et al., 2006). The
natural range of Douglas-fir spreads down into México,
where it is a component of the mosaic of forest ecosystems
found across the mountainous landscapes. Even though
locally this species is not economically important for
timber production, the genes residing in these populations
might become important for domestication programs
elsewhere and for long-term conservation of genetic
resources, particularly in the face of climate change. They
constitute an unique component of biodiversity in México,
particularly within the temperate forest communities
(Dominguez, 1994), so maintaining its habitat is also crucial
for conserving all the associated species.

Douglas-fir is distributed along three mountain ranges
in México (Martinez, 1963; Debreczy and Racz, 1995):
Sierra Madre Occidental in the northwest, Sierra Madre
Oriental in the northeast and central México, and Sierra
Madre del Sur in the south. In contrast with its continuous
distribution in Canada and United States, natural
populations of Douglas-fir in México are small and isolated,
commonly mixed with other conifer and hardwood species
(Dominguez, 1994), thus having an extremely fragmented
and discontinuous distribution. In the past, a controversy
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about the number of Pseudotsuga species growing in
México was raised (Martinez, 1963; Little, 1979), but recent
studies suggest that all Mexican Douglas-fir populations
belong to the taxon Pseudotsuga menziesii (Debreczy and
Racz, 1995; Gernandt and Liston, 1999). The existence
of a broad phenotypic variation among populations has
been reported for morphological traits (Reyes-Herndndez
et al., 2006), shoot phenology (Acevedo-Rodriguez et al.,
2006) and seedlings growth traits (Judrez-Agis et al., 2006).
Despite the importance of these populations as valuable
pools of genetic resources for breeding programs, their
genetic structure and level of diversity are still unknown.

Determining the genetic diversity within a species and
its distribution pattern among and within populations is
important for the conservation and management of genetic
resources. This information allows establishing priorities
for conservation and, at the same time, setting up the most
appropriate sampling strategy for using and maintaining
this genetic diversity. When most genetic diversity resides
within populations and there is no significant differentiation,
conserving a few of them would be enough to save the
gene pool within the species (Brown and Hardner, 2000);
however, when the genetic diversity has a more complex
structure and populations become differentiated, the
conservation strategy becomes more complicated.

In this study, data on the level and structure of genetic
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diversity in populations of Mexican Douglas-fir are
presented. This information could be useful to set up
appropriate measures for conservation of the genetic
resources in these populations, particularly those from
central México which are under strong human and
environmental pressures. The specific objectives of the
study were a) to determine the magnitude and structure of
genetic diversity in the Mexican populations of Douglas-fir,
focusing on the level of differentiation within the central
region of México; and b) to evaluate whether the genetic
differentiation among populations follows a particular
geographic pattern.

MATERIALS AND METHODS
Populations sampled

Seed samples from a total of 170 mother trees from 11
natural populations of Douglas-fir distributed throughout
its natural range in México (Figure 1) were included in
the study. The geographic coordinates and number of
trees sampled for each population are given in Table 1.
A minimum distance of 50 m among mother trees was
maintained to reduce the possibility of relatedness; seed
lots were kept separated and identified by mother tree.
Number of sampled trees per population varied because
of differences in population size, seed availability and
germination capacity (Mapula-Larreta et al., 2007).
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Figure 1. Map of natural distribution of Douglas-fir in México, showing the approximate location of populations sampled for this

study (code numbers for populations are enlisted in Table 1).
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Table 1. Geographic location, elevation and number of mother trees (n) sampled for the natural populations of Douglas-fir
(Pseudotsuga mencziesii (Mirb.) Franco) included in this study.

Region and population Municipality and State Latitude (N) Longitude (W) Altitude (m) n
Northern region
1 Mohinora Guadalupe y Calvo, Chih. 25057 427 107° 02’ 217 3185 18
2 Jamé Arteaga, Coah. 25020’ 32” 100° 33’ 56” 2 600 17
3 Puerto Palomo Galeana, N. L. 24° 56 40” 100° 16* 127 2647 23
Central region
4 San José Capulines Mineral del Chico, Hgo. 20°11° 027 980 47 427 2855 20
5 El Salto Singuilucan, Hgo. 20° 04 317 98032377 2955 15
6 Tlaxco Tlaxco, Tlax. 19° 38’ 55” 98003’ 11” 2960 20
7 Ejido Zapata E. Zapata, Tlax. 19032’ 40” 97° 56’ 30” 2940 5
8 La Rosa Terrenates, Tlax. 19231’ 57” 97°¢ 54’ 00” 2785 26
9 La Caldera Ixtacamaxtitlan, Pue. 19030’ 25” 97052’ 10” 2900 7
10 Axopilco Altzayanca, Tlax. 19027 42” 97° 46’ 18” 2 880 7
11Apizaquito Saltillo La Fragua, Pue. 19012’ 117 97°18 417 3100 7

Tissue extraction and electrophoresis procedure

Seed was first imbibed in a 1% H,0, solution during 24 h,
stratified at 4 °C for 50 d (Mapula-Larreta et al., 2008), and
then germinated in Petri dishes with humid paper towels
within a germination chamber at 24 °C. The haploid mega-
gametophyte tissue was extracted from each seed when
the radicle was about 5 mm long, and macerated in an
Eppendorf tube, adding 100 uL of extraction buffer (USDA
Forest Service, 2003). A sample of six to seven seeds per tree
was used to infer on the genotype of mother trees.

Electrophoresis runs followed the protocols of the National
Forest Genetics Electrophoresis Laboratory (NFGEL) of the
USDA Forest Service (USDA Forest Service, 2003). Eleven
isozyme systems for which polymorphism had already
been shown for Douglas-fir in previous studies (Li and
Adams, 1989; Adams et al., 1990) were evaluated, including
diaphorase (DIA), esterase (EST), glutamate dehydrogenase
(GDH), glutamate oxaloacetate-transaminase (GOT),
isocitrate dehydrogenase (IDH), leucine amino peptidase
(LAP), malate dehydrogenase (MDH), malic enzyme (ME),
phosphoglucose isomerase (PGI), phosphoglucomutase
(PGM), and 6-phosphogluconate dehydrogenase (6-PGD).
For DIA and GOT, the staining procedure of Stuber et al.
(1988) was used.

A total of 18 loci were scored; samples of mega-
gametophyte tissue from Pinus resinosa Ait., a species
completely monomorphic for these loci, were included as
control in each gel. For those enzymes in which several
activity zones were detected, loci were identified with the
same enzyme code followed by successive numerals, starting
by the fastest migrating zone. Allele designation was done
considering for each locus the most frequent allele in the
whole sample as number 1, and those less frequent were
numbered successively according to their relative distance
from the origin.
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Estimation of genetic diversity and genetic structure
parameters

Parameters of genetic diversity, including gene frequency,
number of alleles per locus and percentage of polymorphic
loci (frequency of most common allele < 0.95) were
calculated for each population, following the procedures
of Brown and Weir (1983); in addition, observed (H ) and
expected (H) heterozygosity were estimated according to
Nei (1978), corrected for small samples. To determine the
genetic structure and extent of population differentiation,
the F-statistics (F, F,, and F ) were estimated using
BIOSYS-1 (Swofford and Selander, 1989). F, and F,
represent the deviations from expected heterozigosity in
overall and within populations, respectively, with positive
values indicating a deficiency of heterozygotes, and
negative values an excess; F, indicates the degree of genetic
differentiation among populations. Genetic flow was
estimated as the number of migrants per generation (N )
with the procedure described by Slatkin and Barton (1989),
using the following equation:

N, = (1-F,)/4F,

Genetic distances between populations were estimated
according to Nei (1978), and geographic distances
were calculated based on the geographic coordinates of
populations (Byers, 1997) obtained with a GPS instrument
during the field sampling. The significance of the correlation
between genetic and geographic distances was tested
with the Mantel test (Jorgensen et al, 2002). The genetic
distances matrix was also used for grouping populations
with the UPGMA method, using PHYLIP 3.6 (Felsenstein,
1995); to test the consistency of grouping, 500 bootstrap
samples of gene frequencies for 15 polymorphic loci were
generated using the same software.
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All genetic analyses were done first including all 11
populations sampled and then repeated after excluding
those populations (4) with a limited number of mother trees
sampled. However, since there were no major differences
between the results of both analyses, the interpretation was
based primarily on the whole data set.

RESULTS AND DISCUSSION
Genetic diversity in Mexican Douglas-fir populations

Overall, 22 loci were resolved for the 11 isozyme systems
assayed; but four of them (PGI-1, MDH-3, DIA-1 and
6-PGD1) were excluded from further analysis because
they were inconsistently stained; three of the remaining 18
loci were completely fixed across populations, and 15 were
polymorphic in at least one population, so 83.3% of the loci
were polymorphic at the species level. A total of 44 alleles
were identified in the 15 polymorphic loci, for an average
of about three alleles per locus; thus, Mexican Douglas-fir
is genetically diverse globally, as most coniferous species
elsewhere (Hamrick and Godt, 1989). At the population
level the genetic diversity was much lower, with an average
of 1.5 alleles per locus and only 28.3 % of polymorphic loci.
Moreover, a wide variation was found among populations
for these genetic parameters (Table 2). On average, genetic
diversity in these Mexican Douglas-fir populations seems
to be lower than in populations from other regions in North
America (Merkle and Adams, 1987; Li and Adams, 1989;
El-Kassaby and Ritland, 1996).

Populations from northern México showed higher
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polymorphism than those from central México (Table 2),
which are located at the margins of the species distribution
and have a higher degree of isolation and fragmentation
(Dominguez, 1994; Mapula-Larreta et al., 2007). The
level of polymorphic loci found in the central Douglas-
fir populations are similar to those reported for Picea
chihuahuana Mart. (Lediget al., 1997), Pinus maximartinezii
Rzedowski (Ledig et al., 1999), P. pinceana Gordon (Ledig et
al., 2001) and P, greggii Engelm. in México (Ramirez et al.,
1997; Parraguirre et al., 2002), or Picea breweriana S. Wats.
in California and Oregon (Ledig et al., 2005), which also
show some extent of geographic isolation, fragmentation
and reduced population sizes.

Mean expected heterozygosity (H) per population
was relatively low (0.077; Table 2) as compared to genetic
diversity values found for Douglas-fir populations in USA
and Canada (0.178 in Merkle and Adams, 1987; 0.137 in
Li and Adams, 1989). In pine species with reproductive
systems similar to that of Douglas-fir, the average H,
reported is 0.154 (Hamrick and Godt, 1996); thus, genetic
diversity for these Douglas-fir populations seems to be
rather low, even lower than that found in other Mexican
conifers as Picea chihuahuana (Ledig et al., 1997) and Abies
religiosa (H.B.K.) Schl. et Cham. (Aguirre et al., 2000).
Surprisingly, no significant differences between H and H,
were detected in any Douglas-fir population (Table 2), so
there are no indications of heterozygotes deficiency within
them, and they appear to be in a mating system equilibrium
(see discussion below on the structure of genetic diversity
within and among populations).

Table 2. Genetic diversity estimates (with standard error in parenthesis) and x’ test (Hardy-Weinberg equilibrium) for
11 natural populations of Mexican Douglas-fir, based on 18 isozyme loci.

Region and population Nt A¥ P (%)* H* H* x?
Northern region
Mohinora 17.8 (0.8) 1.8(0.2) 38.9 0.089 (0.032) 0.084 (0.029) ns
Jamé 16.6 (0.6) 1.8 (0.2) 55.6 0.175 (0.043) 0.178 (0.044) ns
Puerto Palomo 22.9(0.8) 2.0 (0.2) 61.1 0.175 (0.038) 0.178 (0.044) ns
Region mean 19.1 1.9 51.9 0.146 0.147 ns
Central region

San José Capulines 19.4 (0.4) 1.5 (0.1) 11.1 0.036 (0.014) 0.035 (0.014) ns
El Salto 14.9 (0.4) 1.3(0.1) 11.1 0.053 (0.029) 0.047 (0.025) ns
Tlaxco 19.9 (0.1) 1.3 (0.1) 11.1 0.022 (0.012) 0.022 (0.011) ns
Ejido Zapata 5.0 (0.0) 1.0 (0.0) 0.0 0.000 (0.000) 0.000 (0.000) ns
La Rosa 25.4(0.3) 2.1(0.2) 38.9 0.097 (0.023) 0.100 (0.028) ns
La Caldera 6.7 (0.3) 1.4 (0.1) 38.9 0.095 (0.042) 0.082 (0.031) ns
Axopilco 7.0 (0.5) 1.3(0.1) 27.8 0.059 (0.027) 0.054 (0.024) ns
Apizaquito 7.8(0.2) 1.2 (0.1) 16.7 0.069 (0.045) 0.066 (0.040) ns
Region mean 13.3 1.4 19.5 0.054 0.051 ns
Overall mean 14.9 1.5 28.3 0.079 0.077 ns

Average sample size (genotypes) per locus; faverage number of alleles per locus; *percentage of polymorphic loci (loci
where the most frequent allele is < 0.95); *Observed (H,) and expected (H,) heterozygosity. ns=non-significant with

P <0.05).
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Northern populations showed H_ values almost threefold
those from central México (Table 2). Jamé and Puerto
Palomo in the North had the highest H, values (0.175),
whereas Tlaxco and San José Capulines in the central
region showed the lowest (H, < 0.036). Ejido Zapata was
completely monomorphic for all loci scored; however, since
the sample size was quite low (only 5 mother trees), this
might change with a larger number of genotypes.

Genetic structure

Except for locus EST-1, a negative value of F, was found
for all loci, with an average value of -0.068 (Table 3). Thus,
under the assumption of random mating, at the sub-
population level there is a slight excess of heterozygotes and
no inbreeding. In other coniferous species having small and
isolated populations it is common to find a deficiency of
heterozygotes, and at least moderate levels of inbreeding,
as in the case of P. pinceana (Ledig et al., 2001) and Picea
breweriana (Ledig et al., 2005). In that sense, our results are
unexpected. Since we used germinated seed only, selection
against recessive homozygotes during the early stages of
embryo development as proposed in other coniferous
species (Desponts and Simon, 1987; Rajora et al., 1998)
could account for the heterozygous excess. Mapula-Larreta
et al. (2007) found a high proportion of empty seeds in these
populations of Douglas-fir, and it was partially attributed
to embryo abortion associated to self-pollination in small
populations.

Table 3. F-statistics (Wright, 1965) and gene flow (N ) based
on 15 polymorphic loci for 11 natural populations of Mexican
Douglas-fir.

Locus F, F, F, N
IDH-1 -0.077 -0.026 0.047 5.069
PGM-1 -0.115 -0.064 0.045 5.306
PGI-2 -0.137 -0.047 0.079 2.915
LAP-1 -0.374 0.161 0.389 0.393
LAP-2 -0.050 -0.011 0.038 6.329
EST-1 0.253 0.744 0.657 0.131
ME-1 -0.009 0.251 0.258 0.719
MDH-1 -0.147 -0.061 0.075 3.083
MDH-2 -0.106 -0.021 0.077 2.997
GOT-2 -0.052 -0.012 0.038 6.329
GOT-3 -0.101 0.386 0.442 0.316
GOT-4 -0.020 0.435 0.446 0.311
GOT-5 -0.029 0.399 0.416 0.351
G-PGD2 -0.056 -0.020 0.034 7.103
GDH-1 -0.089 -0.023 0.060 3.917
Mean -0.068 0.251 0.298 0.589

"Number of migrants per generation, estimated following the
procedure by Slatkin and Barton (1989).
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The average F, value was 0.251 (Table 3) indicating that
at the whole population level there is a clear deficiency of
heterozygous, with a strong trend towards allele fixation
at each sub-population. This effect is distinctive of genetic
drift acting in small populations as differentiation keeps
progressing (Falconer and Mackay, 1996). Average value
of the fixation index (F,) was 0.298 (Table 3), showing that
almost one third of the estimated genetic diversity is located
among populations. In out-breeding and wind pollinated
tree species it is common to find over 85 % of genetic
diversity residing within populations (Hamrick and Godt,
1989; Ledig, 1998), so the distribution of genetic diversity
in these Douglas-fir populations deviates strongly from
this pattern. In fact, the F, value for these populations is
about five times higher than that estimated for Douglas-fir
in other regions (El-Kassaby and Ritland, 1996).

An F_ value above 0.25, as in the present study, indicates
that a strong differentiation process among populations is
taking place, either from genetic drift or natural selection,
in combination with genetic isolation. Similar results have
been found in other Mexican conifers with restricted or
fragmented natural distribution (Ledig et al., 1997; Aguirre
et al., 2000; Parraguirre et al., 2002), so it is no surprising to
find this pattern for Mexican Douglas-fir. On average of the
15 loci, the estimated number of migrants per generation
(N,) was 0.589 (Table 3). Even though it varied up to 7.1 for
some loci, the mean value is much lower than that reported
for other Douglas-fir populations (El-Kassaby and Ritland,
1996), suggesting that genetic exchange might be strongly
limited between populations and genetic drift is likely
operating in these small populations.

Geographic pattern of genetic diversity

The average genetic distance between populations was
0.035, but it varied from 0.001 up to 0.125. The highest
genetic distances were between populations from the
northeast (Jamé or Puerto Palomo) and those from central
México. The correlation coefficient between genetic
and geographic distances was positive (r = 0.310), and
it increased drastically (r = 0.849) when the Mohinora
population was excluded from the analysis, leaving only
the populations along the Sierra Madre Oriental (Figure
2); however, the Mantel test showed that the association
between genetic and geographic distances was not
significant in any case. When only the populations from
central México were considered, the correlation became
negative (r = -0.216); thus, genetic differentiation among
these populations seems to be random with respect to their
geographic distribution, suggesting again the role of genetic
drift in shaping the structure of genetic diversity among
them.
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Figure 2. Relationship between genetic and geographic distances between pairs of populations for the 11

Mexican Douglas-fir populations included in the study.

Grouping of populations agreed with the geographic
trend observed in the correlation analysis (Figure 3a). The
two northeastern populations in the Sierra Madre Oriental
(Jamé and Puerto Palomo) separated from all others, with
high consensus values, whereas those from central México
grouped together but with lower consensus values in the
subgroups. The Mohinora population joined one of the
subgroups from central México with a rather high consensus
value; these populations shared similar allele frequencies
for most common alleles in 9 of the 15 polymorphic loci
surveyed, including three of them fixed (data not shown).
The general grouping pattern was not modified when the
populations with small sample size were excluded from the
analysis, except that the consensus value in the subgroups
from central México was higher (Figure 3b).

This grouping pattern is similar to that found using
morphological traits in a larger number of populations
from the same geographic regions (Reyes-Hernandez et al.,
2006), except for the Mohinora population. In the Reyes-
Hernéndez et al. (2006) study, as well as in others using
shoot phenology traits (Acevedo-Rodriguez et al., 2006),
Mohinora was closer to the northeastern populations than
to those from central México. The different grouping of
the Mohinora population based on morphology and shoot
phenology traits as compared with isozyme markers might
be due to differences in adaptive value of traits, reflecting
the effect of different evolution forces. It is well known that
quantitative traits, such as morphology and phenology
traits, are commonly subject to natural selection forces
whereas isozyme markers are mostly neutral to selection
(Lynch et al., 1999; Gonzalez-Martinez et al., 2002).
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CONCLUSIONS

Results of this study show that Mexican Douglas-fir has
a high level of genetic diversity and that populations from
central México are genetically differentiated from those in
the northeast. Since Mexican populations might become
an important source of genetic resources for domestication
programs of this species, conservation strategies should be
delineated to ensure their long-term survival. The marginal
distribution of populations in central México, their high
degree of differentiation, their highest risk of genetic erosion
from fragmentation or climatic change, and their potential
value for adaptation to warmer and drier environments,
gives them the highest priority for conservation of
Douglas-fir within México. Conservation strategies for
them, however, should consider the limited production of
sound seed and low recruitment capacity of new seedlings,
in addition to other biological and environmental pressures
that jeopardize in situ conservation in central México.
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