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Abstract. In this study, we analyzed the genetic variation of quetzals (Pharomachrus mocinno) throughout their
geographic distribution to determine conservation targets. This species is found in patchy isolated cloud forests from
Mexico to Panama. A multidimensional scaling and UPGMA analysis of a 286 RAPD fragment set resolved 3 genetic
groups: cluster 1 (Mexican localities), cluster 2 (Guatemala, Nicaragua and El Salvador) and cluster 3 (Panama). The
mean genetic diversity estimated by the Shannon index was 0.38, 0.22 and 0.32, for clusters 1, 2, and 3, respectively. The
genetic differentiation among clusters was statistically significant. The highest percentage of genetic variation (70.86%)
was found within populations using an AMOVA analysis. Our results suggest that within the quetzal species, there are
3 genetic groups that should be considered as independent conservation targets and included in a global Mesoamerican
conservation program.
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Resumen. En este estudio, analizamos la variaciéon genética del quetzal (Pharomachrus mocinno) a lo largo de su
distribucién geogréfica con la finalidad de determinar prioridades de conservacion. Esta especie se encuentra desde
Meéxico hasta Panama en bosques de niebla fragmentados y aislados. Un andlisis escalar multidimensional y un UPGMA
de un conjunto de 286 fragmentos de RAPD resolvieron 3 grupos genéticos: grupo 1, localidades mexicanas; grupo 2,
Guatemala, Nicaragua y El Salvador, y grupo 3, Panama. La media de la diversidad genética estimada con el indice de
Shannon fue de 0.38, 0.22 y 0.32, para los grupos 1, 2 y 3, respectivamente. La diferenciacién genética entre grupos fue
estadisticamente significativa. El andlisis de AMOVA detect6 que el porcentaje mds alto de variacion genética (70.86%)
estd dentro de las poblaciones. Nuestros resultados sugieren que dentro de la especie de quetzal, existen 3 grupos genéticos
que deben ser considerados como prioridades de conservaciéon independientes y ser incluidas en un programa global
mesoamericano de conservacion.
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Introduction

The destruction and fragmentation of natural habitats
and the overexploitation of particular species have been
identified as the main threats to wild populations (IUCN,
2008). These processes cause the decline and isolation of
remnant populations, modifying their genetic attributes
through processes that eventually may lead to local
extinctions (Frankham et al., 2002). The identification
of conservation priority units is one of the main goals
of conservation genetics. The efforts to define these
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conservation targets have been focused mainly on 2
contrasting levels. The first one is the determination of
conservation priority units at the species level, which
requires information on population genetics and ecology
to evaluate its evolutionary potential (Ryder, 1986). The
second level is the delineation of key conservation areas
by considering the global threatened category of the
species that compose the community, including ecological
traits such as restricted-range species, the habitat usage
determined by the species behavior and the temporal
species assemblages (Eken et al., 2004). Both approaches
are not mutually exclusive, but the species level could
support a community level proposal (e.g. Juutinen et al.,
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2008; Poulin et al., 2008). At the level of species, Moritz
(1994a, 1994b) emphasizes the use of genetic criteria to
define conservation priorities (King and Burke, 1999;
Young, 2001). The Management Units (MUs) and the
Evolutionary Significant Units (ESUs) are 2 of the most
convincing methods to define priority conservation units
(Moritz, 1994a, 1994b). MUs are defined as a population
or a group of individuals with high allelic differences,
regardless the evolutionary history given by these alleles.
In contrast, the ESUs are populations showing exclusive
genetic properties (e.g. mtDNA haplotypes detected in
a single locality) and explained by historical isolation,
and visualized as monophyletic clades in a population
phylogenetic tree.

In animals, mitochondrial DNA (mtDNA) is a robust
marker for the detection of historical processes (Rhymer
et al., 2005), but it is not an appropriate marker to find
MUs due to its relatively low resolution at the intraspecific
level (Qui-Hong et al., 2004). In order to find MUs
within the genetic groups studied via mtDNA, there are
more appropriate molecular markers that serve to infer
recent population history and contemporary gene flow
between fragmented subpopulations.  Among these
molecular markers are microsatellites, restriction fragment
length polymorphisms (RFLP), and random amplified
polymorphic DNA (RAPD).

RAPD markers are suitable for most taxa because they
detect high allelic variation, which is useful to address a
variety of ecological and evolutionary issues (Aagaard
et al., 1998; Semerikov et al., 2005). However, these
markers are not able to detect codominance, impeding the
resolution of heterozygous genotypes, and require a careful
control of PCR conditions for repeatability (Williams et
al., 1990; Haig, 1996; Parker et al., 1998; Ferreyra et al.,
2007). Their random character limits the ability of RAPD
to describe evolutionary histories of populations because
these fragments are not necessarily from the same regions
of the genome, even though they appear to be the same size,
a phenomenon known as PCR-based size homoplasy.

Despite all these restrictions, RAPD markers are
very useful in diverse types of studies such as population
genetics (e.g. Susini et al., 2007; Wei et al., 2008),
taxonomy (Williams and Clair, 1993), hybridization
(e.g. Facey et al., 2007; Milne and Abbot, 2008), gene
mapping and gene isolation (e.g. Huei-Mei et al., 2007),
and ecology of isolated populations (e.g. Schliiter et al.,
2007; Wood and Gardner, 2007). In the particular case of
birds, RAPDs have detected greater genetic diversity than
other molecular markers (Nusser et al., 1996; Haig et al.,
1996, 2001).

The Resplendent Quetzal (Pharomachrus mocinno) is
an emblematic case of an endemic threatened species. This
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bird is endemic to Mesoamerica and its habitat ranges from
southern Mexico to western Panama. However, this pattern
of geographic distribution is discontinuous with different
levels of connectivity among remnant populations. The
forest destruction that has occurred in the last few decades
can explain the current quetzal distribution and its small
population sizes (Solérzano et al., 2003). This situation
placed quetzals in the IUCN category of “lower risk near
threatened” (IUCN, 2008).

Recently, to help in quetzal conservation, Solérzano
et al. (2004) found 2 ESUs defined as monophyletic
groups according to genetic variation found in mtDNA
(Solérzano et al., 2004). The northern ESU corresponded
to the traditional subspecies P. m. mocinno that includes
individuals from Mexico, Guatemala, El Salvador
and Nicaragua, and the southern ESU consisted of P
m. costaricensis including individuals from Panama.
However, mtDNA did not resolve internal grouping
within these 2 ESUs, and a higher resolution of genetic
groups within P. mocinno would strengthen conservation
proposals. To identify conservation targets of quetzal, we
analyzed the same samples used by Soldérzano et al. (2004)
using RAPDs, expecting to find more genetic resolution
within this species throughout its distribution.

Materials and methods

Study species. We used the same 25 blood samples collected
by Solérzano et al. (2004). All sampling sites represent
quetzal breeding habitats and are located between 1800 to
2300 masl. In these forests, the climate is very humid with
dense clouds and a mean annual rainfall of 4500 mm and
mean temperature of 16°C (Solérzano et al., 2000).
During the quetzal breeding season (February to May)
of 2000 and 2001, 500 pL of blood from the major brachial
wing vein of each captured individual was sampled. All
samples were stored at ambient temperature in buffer
solution (Hillis et al., 1996) and permanently stored at -
70° C in the laboratory. These samples represent 5 of the 7
countries in which this species occurs (Fig. 1). According
to the 2 ESUs identified by Sol6rzano et al. (2004), in this
study we have the following localities represented: ESU
P.m. mocinno (northern populations): Mexico [EIl Triunfo
Biosphere Reserve (ET), N = §; Finca Santa Cruz (FC), N
= 1; and Northern Mountains (NM)], N = 1; Guatemala
[Sierra de las Minas Biosphere Reserve (SM), N = 3 and
Biotopo Quetzal (BQ)], N = 1; El Salvador [National Park
Montecristo (PM)], N = 1; and Nicaragua [Southwest
Nicaragua (PA)], N = 1. ESU P. m. costaricensis (southern
populations): Chiriqui (BG), N = 9; 1 male quetzal of
unknown origin (UN) but putatively from Guatemala was



Revista Mexicana de Biodiversidad 80: 241- 248, 2009

243

8g°

82° 79°

18°

MEXICO

15°

12°

P. m. costaricensis
P. m. mocinno

Location e

1

NICARAGUA

i

AR

100 200 Kilometers

91° 88°

85°

B82* 79%

Figure 1. Geographic distribution of quetzals. The symbols represent quetzal breeding zones in cloud forests and the black-lined
polygons represent potential areas visited by quetzals during the migratory season. The triangles represent the subspecies Pharomachrus
mocinno mocinno, and circles represent P. m. costaricensis. In Mexico, the sampling localities were Northern Mountains (NM), El
Triunfo biosphere reserve (ET), and Finca Santa Cruz (FC); in Guatemala they were Biotopo Quetzal (BQ) and Sierra de las Minas
biosphere reserve (SM), in El Salvador was National Park Montecristo (PM), in Nicaragua was Southwest Nicaragua (PA), and in
Panama was Chiriqui (BG). For the number of samples collected in each locality see the Materials and methods.

included in this study (Fig. 1).

Genetic analyses. Total genomic DNA was isolated using
standard protocols for proteinase K-SDS digestion and
phenol-chloroform extraction, and then precipitated with
ethanol (Sambrook et al., 1989). The DNA pellet was
diluted in 30 uL. of H,O and stored at -70°C.

We tested 60 primers of 10 base length from primer
sets OPA, OPB and OPC from Operon Technologies Inc.
(Alameda, California USA). These 60 primers were tested,
carefully observing the same PCR conditions, quantifying
10 ng of total genomic DNA for all PCR reactions. All
PCR reactions were conducted in the same PTC-100 MJ
Research thermocycler (GMI Inc. Ramsey, Minnesota
USA) to reduce the variation of temperature ramping rate
and avoid unspecific PCR fragments. For each primer, all
25 samples were amplified in the same PCR run to avoid
variation between runs. From these assays, we eliminated
36 primers because they did not show repeatability of
their fragments in experimental assays. The other 24
primers were selected because they consistently showed
clear, discrete and reproducible bands in all 25 samples

of quetzal.

All PCR reactions contained 1X PCR buffer (20mM
Tris HCI, PH 8.4 and 50mM KCI), 2mM MgCl,, 0.1 mM
of each dNTP, 5 pM of random primer, 1.5 U of TaqPol
(Operon Technologies Inc., Alameda, California), and 10
ng of total genomic DNA in a total reaction volume of 25
pL. PCR parameters were 94 °C for 2 min, followed by 44
cycles of 94 °C for 1 min, 36 °C for 1 min, and 72 °C for
2 min. All PCR assays included a negative control (assay
with all chemicals components but without DNA template
to check for contamination). The PCR products were
separated on 1.2 % agarose gels with 0.5 X TBE buffer
containing 0.5 pg/ml of ethidium bromide and run at 200 V
for 1.5 h. In all runs a DNA ladder of 123 bp was included
to size the bands produced by each primer. The gels
were visualized in a Stratagene 400 transilluminator UV
light. The gels resulting from reactions with each primer
were photographed on Polaroid 667 film. Photographs
were interpreted to obtain the banding pattern of each
individual.

RAPD bands are scored as dominant markers, which
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means that they are di-allelic with a band present or absent,
which is scored as the 2 alleles of a locus; thus the loci
are inferred as bands showing a particular size. Therefore,
to calculate average similarity and measures of genetic
distance using RAPD banding patterns it is necessary to
use statistical analysis modified for dominant markers
and assuming a Hardy Weinberg departure. To estimate
genetic distances among samples, multivariate analysis
is frequently applied to construct spatial relationships
among populations (e.g. Clark and Lanigan, 1993; Wolfe
and Liston, 1998; Semagn et al., 2000). Here, we first
computed genetic distances among samples using the
method implemented in POPOGENE V. 1.32 (Yeh and
Yang, 2000) that is based on modified distances of Nei
(1973, 1978). This matrix was analyzed in a multivariate
program for clustering the samples (McCune and Mefford,
1999) based on an UPGMA method and a bootstrap
analysis was incorporated to estimate the robustness of
the branches of the dendrogram. Additionally, we used
a multivariate analysis to estimate the similarities of
allelic frequencies and derive a spatial model from Jaccard
distances and to plot a graphic representation of the spatial
relationships among all samples (McCune and Mefford,
1999).

In the clusters detected with the analyses described
above, we proceeded to estimate the mean genetic diversity
expressed by the Shannon Index (H = -} (Poc2Pi,
Williams et al., 1990) over all loci. Additionally, we
estimated the mean Ht, Hs and Gst for grouped data,
considering each cluster as a different genetic group and
assuming Hardy Weinberg disequilibrium using POPGENE
V. 1.32 (Yeh and Yang, 2000). The differentiation index
(@sT) between clusters was estimated with Arlequin V. 3.1
software (Excoffier, 20006), regarding RAPDs as a type of
RFLP data. We estimated the variance distribution among
the clusters (groups) found in the UPGMA analysis,
applying a molecular analysis of variance (AMOVA)
(Excoffier, 20006).

Results

Two hundred and eighty-6 RAPD markers were scored
for 25 quetzal individuals. The number of RAPD bands
amplified varied from 7 (OPA20, OPB6 and OPC15) to
17 (OPB2 and OPC7) among the 24 primers used. These
primers amplified bands with sizes ranging from 246 to
3690 bp (Table 1). None of the samples exhibited identical
banding patterns, and as a result we obtained 25 different
genotypes. Seventeen bands amplified from the operons
A10,B2,B6,B7,B12,B14,B15, C2 and C7 were obtained
in most samples of P. m. mocinno and in the individual
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BG-20 of P. m. costaricensis.

The UPGMA dendrogram formed 3 genetic clusters
supported with high bootstrap values (Fig. 2). Cluster 1
grouped individuals from 3 Mexican localities and the
quetzal of unknown origin; cluster 2 joined individuals
from Guatemala, El Salvador, and Nicaragua, and the
individual BG-20 from Panama (Fig. 2); and cluster 3
contains individuals only from Panama. These 3 clusters
were maintained in the multivariate analysis (describing
the spatial distribution of data), but the individual BG-20
from Panama was joined to cluster 3 (Fig. 3). The results
of this analysis found that axis 1 explained 55.4% of the
variation, axis 2 explained 8.12%, and axis 3 explained
6.15%; the differences among the 3 eigenvalues were
significant (P < 0.05).

Across the species range, 94% of the bands were
polymorphic. While cluster 1 showed 86% of polymorphic
loci, cluster 2 showed 40% of polymorphic loci, and cluster
3 had 74% of polymorphic loci. The Shannon diversity
index varied among primers ranging from 0.01 diversity
(OPA2, Cluster 1) to 0.50 (OPAB6, OPC17, Cluster 2).
Clusters 1 and 3 showed higher mean genetic diversity than
cluster 2 (Table 1). The genetic diversity calculated for
grouped data (each cluster representing a distinct group)
found a total diversity of Ht = 0.25 for the 3 groups, and
the mean diversity for the groups was Hs =0.20. The mean
genetic differentiation among grouped clusters had a Gst
= 0.19. The paired genetic differentiation (#sT) between
these clusters was significant: cluster 1 and cluster 2 (osT
=0.32), cluster 1 and cluster 3 (#sT = 0.47), cluster 2 and
cluster 3 (osT =0.31). The AMOVA analysis showed that
24.13% of the variance occurs among populations within
clusters (groups), 70.86% within populations, and 5.01%
among the 3 clusters.

Discussion

RAPD markers prove to be a valuable tool for
estimating genetic diversity and for the identification of
conservation targets among quetzal populations throughout
Mesoamerica. We support the use of RAPDs to evaluate
genetic diversity, to identify clustering within species, and
to estimate genetic similarities as have been shown in other
studies that used RAPDs to analyze intraspecific genetic
diversity. Solérzano et al. (2004) analyzed the genetic
variation of quetzals using mtDNA, which resolved into
2 monophyletic groups that were interpreted as a result
of a historical isolation. In contrast, 3 genetic clusters
were identified with the RAPD banding patterns, which
would reflect recent patterns of gene flow and the ecologic
effects of recent forests fragmentation caused by human
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Table 1. The 24 RAPD primers, and the number and size of the bands amplified in quetzals. The genetic diversity within
the three genetic clusters identified in quetzals was estimated by the Shannon index

Locus Sequence 5°-3° Range size bp Total/ bands Genetic diversity
Clusters
1 2 3
OPA2 TGCCGAGCTG 492-2214 8 0.01 0.43 0.18
OPA5 AGGGGTCTTG 369-1476 12 0.20 0.42 0.39
OPA4 AATCGGGCTG 369-1722 11 0.27 0.51 0.38
OPA9 GGGTAACGCC 615-1845 12 0.20 0.45 0.29
OPA10 GTCATCGCAG 246-1968 15 0.22 0.29 0.32
OPAl6 AGCCAGCGAA 369-1599 9 0.15 0.47 0.26
OPAIS8 AGGTGACCGT 246-1599 12 0.09 0.43 0.32
OPA19 CAAACGTCGG 123-1107 12 0.11 0.39 0.32
OPB1 GTTTCGCTCC 369-1599 11 0.47 0.39 0.36
OPB2 TGATCCCTGG 246-2091 17 0.28 0.29 0.34
OPB6 TGCTCTGCCC 861-1845 7 0.27 0.38 0.43
OPB7 GGTGACGCAG 246-1599 15 0.08 0.50 0.33
OPB12 CCTTGACGCA 246-1476 15 0.18 0.34 0.27
OPB14 TCCGCTCTGG 369-1722 11 0.29 0.37 0.32
OPB15 GGAGGGTGTT 369-1845 14 0.22 0.43 0.35
OPB17 AGGGAACGAG 123-1722 15 0.25 0.35 0.17
OPC2 GTGAGGCGTC 369-1722 10 0.30 0.39 0.42
OPC5 GATGACCGCC 492-1722 10 0.39 0.41 0.35
OPC6 GAACGGACTC 246-2214 13 0.16 0.26 0.35
OPC7 GTCCCGACGA 492-2214 17 0.12 0.25 0.26
OPC11 AAAGCTGCGG 246-1599 12 0.18 0.48 0.35
OPC13 AAGCCTCGTC 738-2214 11 0.41 0.42 0.33
OPC15 GACGGATCAG 861-3690 7 0.33 0.36 0.24
OPC17 TTCCCCCCAG 615-1845 10 0.17 0.50 0.44
Mean 0.38 0.22 0.32
activities. debate and there is no one entirely satisfactory for all taxa

The 3 clusters detected in this study have a
geographical concordance with genetic distinctiveness,
indicating that they can be considered as conservation
priorities. However, given the small sampling size this
suggestion must be taken with caution. Undoubtedly, the
sampling size is a key factor in conservation studies even
that it has not been pointed out as a fundamental sign to
make conservation decisions (e.g. Moritz 1994a, 1994b).
Considering that many endangered species are represented
by small population sizes, it is very important to consider
a high allelic richness found in a given geographical area,
allelic richness not shared with other geographical areas,
or low allelic diversity exclusive of a certain geographical
area.

The definition of universal biological criteria to
determine conservation priorities within species is under

(e.g. Moritz, 1994a, 1994b; King and Burke 1999; Young,
2001; Juutinen et al., 2008). Here, we propose that these
3 groups should be considered as a reference to implement
a conservation program of quetzals across Mesoamerica.
In addition, each locality within clusters 2 and 3 must be
interpreted as areas of conservation priority because they
have distinctive mitochondrial haplotypes (Solérzano et
al., 2004).

In quetzals, RAPDs showed high differentiation across
all loci. This result contrasts with findings in other bird
species such as the Yuma clapper rail (Rallus longirostris),
where 1338 bands were amplified but only 1 % of them
were polymorphic (Nusser et al., 1996). This high
variation still present in quetzal populations suggests that
in the recent past quetzals had large population sizes that
have declined or were fragmented recently due to a high
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rate of habitat loss, as was inferred in
other bird species (Haig et al., 1996,
2001).

RAPD data showed a strong
partitioning of genetic diversity into 3
clusters (Figs. 2 and 3), and AMOVA
results indicate that more variation is
found at the individual level than among
populations. Hence, for conservation
goals the concept that the source of
genetic variation is represented at the
individual level should be considered
as a criterion for conservation concern.

These 3 genetic clusters (Figs. 2
and 3) most likely originated via recent
ecological and genetic processes that
were interrupted by recent high forest
loss across Mesoamerica, leading to
isolation and local extinction of remnant
quetzal populations (Solérzano et al.,
2003). Therefore, it is necessary that
the conservation programs for quetzals
include the maintenance of biological
connectivity (possibility to maintain
gene flow) among the different groups
in order to enhance the possibilities
for the preservation of high genetic
diversity within P. mocinno. In Figure
1 the black polygons enclose the
potential forests that could maintain
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such connectivity.

To preserve the integrity of the species, it is necessary
to create a system of natural corridors incorporated into the
national systems of protected areas through the evaluation
of the current quetzal habitats among remaining quetzal
populations. The proposed corridors should be represented
by lower montane and temperate forests, located at lower
altitudes than the nesting habitats, since these forests are
used by quetzals during the migratory season (Solérzano
et al., 2000). In Mexico, we should create and maintain
natural corridors among the remnant quetzal populations
located within different mountain chains including the
Northern Mountains (NM) and southern Sierra Madre (ET,
and FC) to preserve the basic biological processes. Our
results highlight the necessity to create a Mesoamerican
program to design a global strategy to create natural
corridors that maintain the connectivity among the remnant
cloud forests, together with an internal political program to
protect the quetzals.

RAPD markers were also useful for the identification
of the potential provenance of individuals of unknown
origin. In this study, we included 1 male sample of
uncertain origin reportedly captured in Guatemala and
obtained from Mexican authorities following the arrest
of an animal dealer in southern Mexico. As the mtDNA
haplotype of this male sample was shared between Mexico
and Guatemala it was impossible to determine its exact
origin (Soldrzano et al., 2004). However, with the RAPD
analysis, the potential Guatemalan sample was seen to
cluster with the individuals from Mexico and not with
individuals from Guatemala, thus verifying the origin of
the male bird and exposing the dealer’s poaching activities
in Mexican territory.

In conclusion, we propose 3 genetic clusters as
independent Mesoamerican conservation priorities that
supplement the 2 recently determined ESUs corresponding
to each of the 2 quetzal subspecies based on mtDNA
sequences (Solérzano et al., 2004). We found that within
the subspecies P. m. mocinno (northern ESU, defined by
Solérzano et al., 2004) there are at least 2 groups, 1 of them
found in Mexico, and the other 1 clustered in Guatemala,
El Salvador, and Nicaragua. In contrast, mtDNA indicated
that the Guatemala and Mexico groups were genetically
identical (Solérzano et al., 2004), but here they are
separated.
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