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ABSTRACT

The Swietenia macrophylla King (Meliaceae) mahogany tree is widely spread in the neotro-
pics. In Ecuador, it has a wide distribution range from the coastal zone to the Amazon. The
mahogany tree is an endangered species due the overexploitation of the high commercial
value of its wood. This study is aimed to characterize the Simple Sequence Repeat (SSR) Mahogany; genetic
variability of 123 trees selected from six provinces of Ecuador. The results showed that the variability; heterozygosity;
natural mahogany population had a low level of genetic diversity (A = 6.9; Ho = 0.39; SSR

He = 0.43) and a significant heterozygous deficit inbreeding coefficient (F = 0.16). The

probability of identity (PI) of the 12 microsatellite markers was low 4.3 x 1072 and the

cumulative exclusion probability of 99.99%. Additionally, the relatedness coefficient among

individuals was —0.010 (se = 0.004). The genetic diversity among populations was moderate

(OST = 8%). In addition, the structure analysis showed two genetic groups; however, it was

possible to distinguish admixture within the entire range evaluated. These results show the

need to establish strategies that allow the recovery and increase of the genetic diversity in

natural populations, especially with the selection of trees to harvest seeds, as well as crossing
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the tree genetic pool to recombine their diversity.

Introduction

Swietenia macrophylla King belongs to the family
Meliaceae, commonly known as mahogany, aguano,
and caoba; it is native to the neotropical region of
America, and it is spread from southern Mexico to the
North of Brazil [1]. In Ecuador, the tree is spread along
the Coast and Amazon regions at a height of less than
1000 m.a.s.l. (meters above sea level).

The mahogany tree can reach 40 m in height, with
an open compact and rounded crown composed of
thick, ascending, and twisted branches, fissured and
exfoliated bark in small plates, and persistent leaves
monoecious, self-incompatible, and insect-pollinated
trees [2].

Worldwide, the species has significant commercial
value due to the color, high density, and durability of
its wood, qualities that allow them to have
a competitive advantage in local and international
markets. However, these same qualities become dis-
advantages because they have increased in the extrac-
tion and over-exploitation of mahogany, which has
had an enormous impact on its natural populations
and genetic variability throughout its habitat [3]. The
mahogany population is suffering constant pressure to
extract valuable wood in different regions of

Mesoamerica. Currently, individuals are isolated or
small forest fragments with reduced populations at
local and regional scales. Ecuador is not an exception,
even if some provinces have more individuals because
there are still forest remnants, and the agro-ecosystem
can still maintain adult trees. In such a condition, the
mahogany tree forest provides shade to crops such as
coffee and cocoa in low-input agricultural models. In
Ecuador coastal provinces, the mahogany forest has
a high degree of disturbance by anthropogenic activ-
ity. In this regard, socioeconomic conditions have
forced a change in land use, increasing the deforesta-
tion rate.

Additionally, poor regeneration of the mahogany
tree is the leading cause of the low densities of this
species. This scenario is similar in other countries
where S. macrophylla densities have gradually
decreased. This dynamic is consistent with that
reported by [3], who points out that low tree densities
(0.1-2.5 ha-1) are frequent in some Central American
countries.

In Ecuador, mahogany trees have been in the
endangered category since 2003, at it is listed in
Appendix Il of the Convention on International Trade
in Endangered Species of Wild Fauna and Flora (CITES).
Due to its current condition, it is necessary to consider
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studies on its management and ecology [4], even
establishing rapid tracking mechanisms of mahogany
wood through near-infrared spectroscopy [5].

Similarly, other species in this genus, such as
S. humilis and S. mahagony, are undergoing the same
detriment process to their natural populations [3,6].
With reducing the natural populations resulting from
deforestation and habitat deterioration, every year will
be more challenging to recover and maintain the
genetic diversity of this species in Ecuador through
conservation or improvement strategies [7]. In this
regard, tropical ecosystems in Ecuador have been
heavily disturbed, having a strong impact on provinces
as Guayas, Manabi, Los Rios, El Oro, Loja, and Napo,
where mahogany densities are constantly decreasing,
a similar tendency has been reported in Central
America [3,8] and in the Brazilian Amazon [9,10].

Considering the situation of S. macrophylla in the
tropical areas of Ecuador, it is important to carry out
genetic studies to characterize its natural population.
In this respect, biotechnological tools such as the
molecular markers, Simple Sequence Repeats (SSRs)
are useful for identifying crop varieties, evolutionary
studies, construction of genetic maps, and studies of
genetic diversity and breeding [11]. These SSR markers
are codominant, multi-allelic, and highly heterozygous
[12] and therefore ideal for genetic diversity studies in
S. macrophylla [10,13]. Currently, single-nucleotide
polymorphisms (SNPs) technology is available for the
genus Swietenia spp. [14]. RAPDs were the first mole-
cular markers used to investigate the genetic structure
of natural mahogany tree populations from Panama,
Guatemala, Costa Rica, Nicaragua, Honduras, and
México. Later, specific SSRs have contributed enor-
mously to develop strategic conservation plans
[3,10,13,15,16]. For Ecuatorian S. macrophylla, only
in vitro propagation tools are used as a conservation
strategy [7]; no further information has been reported
about genetic diversity patterns of mahogany popula-
tions. For this reason, this study aimed to determine
the genetic diversity of S. macrophylla in tropical forest
remnants and agro-ecosystems in Ecuador.

Materials and methods
Vegetative material

Leaves from 123 trees of S. macrophylla were collected
in six provinces of Ecuador: Guayas (GY), Manabi (MN),
Los Rios (LR), El Oro (EO), Loja (LJ), and Napo (NP)
(Table 1). The trees sampled were located on farms
and natural populations and georeferenced with
Global Positioning System (GPS). Tree selection was
based on diameters at breast height (DBH) greater
than 90 cm, and on the basis of their size, it was
estimated these trees to be more than 15 years old.
The leaves were taken from new shoots and stored in
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Table 1. Location of the sites where S. macrophylla was
sampled in Ecuador.
Regions

Province  Samples  Geographical coordinates

Litoral Centro  Guayas (GY) 16 2°10" 59” $80°00' 57" W
Manabi (MN) 26 1°12" 25”7 $80°22' 15" W
Los Rios (LR) 19 1°11" 02" S79°30" 20" W
Litoral Sur El Oro (EO) 18 3°16’ 00” S79°58' 00" W
Loja (LJ) 24 4°23" 00" S79°57' 00" W
Amazonia Napo (NP) 20 0°59' 20" S77°48' 57" W

a cooler at 4°C during sampling and later frozen at
—80°C in the Laboratorio de Biotecnologia, of
Instituto Nacional de Investigaciones Agropecuarias
INIAP, Estacion Experimental Santa Catalina.

DNA extraction and PCR amplification

DNA extraction followed the methodology described
by Mariac et al. [17] and [18]. Dry tissue (10 mg) was
grinded with liquid nitrogen, 50 mg of sodium meta-
bisulfite, and 1 mL of extraction buffer CTAB 4% (cetyl-
trimethylammonium bromide), and incubated in
a water bath for 2 h at 65°C and shaken every 30 min.
Then, 700 pL of Chloroform: Isoamylic Alcohol (CIA;
24:1) was added, homogenized, and centrifuged for
5 min at 13,000 rpm. The supernatant was extracted,
and 700 pL of CIA was added, and the centrifugation
step was repeated, later 700 uL of isopropanol was
added to the supernatant. Centrifugation was per-
formed for 3 min at 10.000 rpm, and two DNA washes
were performed with 250 uL of 70% ethanol; finally,
the DNA was resuspended in TE. The markers used
were sm01, sm31, sm32, sm34, sm40, sm45, sm46,
sm47, sm51 developed for genetic analysis of
Mahogany [10]. The sm22 marker did not amplify;
therefore, was excluded from this study. Polymerase
Chain Reaction (PCR) was carried out with an initial
denaturation step at 94°C for 2 min followed by 25
cycles of denaturation at 95°C for 1 min, annealing
temperature at 72 °C for 2 min and extension at 72 °C
for 10 min, and a final extension at 72 °C for 10 min.
The mix for PCR was composed of 0.19 uL of ultrapure
water, 1 L of 10X PCR buffer, 2.5 mM MgCl,, 0.16 mM
M13 700/800, 0.2 mM dNTPs, 0.01 mM SSR-M13/F
primer, 0.16 mM SSR/R primer, 0.05 U/uL Taq polymer-
ase and 2.0 ng/uL sample. PCR products were sepa-
rated by capillary electrophoresis in an ABI 3130xI
Prism Genetic Analyzer with POP-7 polymer (Life
Technologies. Foster City. CA). The allele’s size for
each SSR loci was estimated using the software Saga
GT (LI-COR).

Statistical analysis

The genetic diversity index was estimated for each micro-
satellite loci and each sample. POPGENE v 1.31 [19] and
GenAlex v.6 [20] were used to calculate the observed
number of alleles (Na), observed heterozygosity (Ho),
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and the expected heterozygosity (He). The inbreeding
coefficients for each locus were estimated by GenAlex
v.6 according to a frequency-based methodology [20,21]
and FSTAT v 2.9.3 [22]. Deviation from the Hardy-
Weinberg equilibrium (HWE) was determined with
GenePop v 4.2 [23]. The molecular analysis of variance
(AMOVA) was applied to estimate the variance compo-
nents of individuals among and within the sample’s sites
using GenAlex v.6 [20]. Cluster analysis was carried out
through the Bayesian method implemented by
STRUCTURE 2.3.3 software [24]. Different population clus-
ters (K = 1-10) were evaluated with 10 runs per K value
for each analysis. The initial burn-in period was set to
100.000 with 1.000.000 MCMC iterations under the
admixture model for each run. The AK measure obtained
with STRUCTURE HARVESTER software [25] was used to
detect the best value of K. The probability of Identity (PI)
was used to estimate the average probability that two
independent individuals will have the same multilocus
genotype [26], where Pl is the allele frequency by locus
(Pl = 2 (Zp?)? -= pi*). Additionally, the discrimination
power (D) was estimated according to D = (1-Pl) NN-172,
where Pl is the probability of identity, and N is the
number of analyzed individuals (123). 1-Pl is the exclusion
power, and [N x (N-1)1/2 is the different pairs of indivi-
duals that can be produced in the sample [27]. D allows
calculating the percentage of two genetically different
individuals. If D is superior to 95% will indicate those
individuals are genetically different [28,29]. Also, the coef-
ficient relatedness (r) among individuals was estimated
according to [30]. The PI, D, and r were estimated using
the software GenAlex 6.5 [31].

Results
Genetic diversity analysis

Nine polymorphic microsatellite markers were used to
analyze 123 S. macrophylla samples. The locus sm01
had the highest number of alleles (Na = 10). In contrast,
the loci sm31, sm32, sm34, sm46, sm47 showed the
lowest values (Na = 6). The SSR loci sm40 and sm45,
showed 7 alleles each, while the locus sm51, showed 8
alleles (Table 2). The range of observed heterozygosity
for every SSR loci was from 0.08 (sm31) to 0.55 (sm51).
Meanwhile, the expected heterozygosity ranged from
0.16 (sm31) to 0.84 (sm01). The average inbreeding
coefficient (Fis) was 0.162 (se = 0.09), indicating a het-
erozygous deficit. However, the sm34 and sm 45 loci
showed negative values indicating an excess of
heterozygotes.

The population’s genetic analysis showed that 62
alleles within 123 studied individuals. Manabi pre-
sented the highest alleles numbers with 5.8 alleles,
followed by Guayas with 4.44, while Los Rios and El
Oro showed equal and low alleles numbers (Na = 1.33).
The number of private alleles (exclusive to each

Table 2. Estimates of genetic diversity in 123 S. macrophylla
based on nine SSR loci according to Ref. [20].

Loci Na Ho He Fis

sm01 10 0.53 0.54 0.03
sm31 6 0.08 0.16 0.54
sm32 6 0.73 0.57 —-0.28
sm34 6 0.28 0.43 0.34
sm40 7 0.31 0.36 0.15
sm45 7 0.68 0.53 -0.29
sm46 6 0.19 0.37 0.48
sm47 6 0.28 0.41 0.31

sm51 8 0.45 0.55 0.19
Average 6.89 0.39 0.43 0.16

N, samples number; Na, observed number of alleles; Ho, observed hetero-
zygosity; He, expected heterozygosity; Fis, inbreeding coefficient.

Table 3. Descriptive statistics overall loci for each population
according to Ref. [20].

Population N NA PA Ho He Fis

Guayas (GY) 16 4.44 4 0.60 0.64 0.034
Manabi (MN) 26 5.78 5 0.24 0.63 0.66
Los Rios (LR) 19 133 0 033 0.17 —0.98
El Oro (EO) 18 133 0 0.33 0.17 —-0.98
Loja (L)) 24 3 1 0.44 0.56 0.20
Napo (NP) 20 2.22 4 0.39 0.46 0.12
Average 123 3.02 233 0.39 0.44 0.07

N: samples number, Na: observed number of alleles by population, PA:
privative alleles. Ho: observed heterozygosity, He: expected
heterozygosity.

province) was highest for the provinces of Manabi
with five alleles, Guayas and Napo with four, while in
Loja only one allele was present, and the provinces of
Los Rios and El Oro did not present any private alleles
(Table 3). The observed heterozygosity (Ho) ranged
from 0.24 in Manabi to 0.60 in Guayas. However, the
lowest expected heterozygosity (He) value was found
in Los Rios and El Oro provinces with 0.17 and the
highest in the Guayas and Manabi where showed
0.64 and 0.63, respectively. The mean values of
observed heterozygosity (Ho = 0.39) were less than
the expected heterozygosity (He = 0.44) (Table 3).

The average relatedness coefficient (r) among
individuals was -0.010 (se = 0.004), and only
12.2% of pair combinations show r values superior
to 0.125 (third degree of relatives). The probability
of identity was low for increasing SSR locus combi-
nations (Pl = 4.3 x 1079), indicating a chance of 1/
4,300,000,000 to find two individuals with identical
genotypes. Similarly, the discriminant power (D)
among individuals was 99.99%.

Population structure

The analysis of molecular variance (AMOVA) showed that
a high proportion of the genetic variation was distributed
within (92%) than among (8%) populations (Table 4).
The Bayesian model-based clustering indicated
the maximal AK for K = 2 (Figure. 1a). The K = 3
and 5 gave complex admixtures that did not fit the
criteria to be considered as a genetic group
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Table 4. Analyses of Molecular Variance (AMOVA) in six provinces of Ecuador, located on farm and natural populations of

S. macrophylla.
Sources of variation Degrees of freedom Sum of square Mean square Est. variance Percentage variation

15.3 0.892 8
92

Among Population 5 76.5
Within Population 117 1134.9 9.7 9.681
Total 122 12114 10.573

371
-8307

33 882

4y 935/
291
271
25/

Delta K
L(K)

-9871

-10391

3 ; ' ' - -1092

1.00
0.80
0.60
0.40

0.20

0.00

1.00
0.80
0.60
K3
0.40
0.20

0.00
1.00
0.80
0.60
0.40
0.20

0.00

1.00
0.80
0.60
0.40

P43

0.00

LT

Figure 1. Genetic cluster identified by Bayesian analysis using Structure and Harvester software. (a) AK estimates of the posterior
probability distribution of the data for a given K. Ln (K) obtained are a Structure analysis and an ad hoc quantity distribution. (b)
Estimated population structure and the genetic clusters of the six provinces of Ecuador and 123 individuals of S. macrophylla.

Guayas (GY), Manabi (MN), Los Rios (LR), El Oro (EO), Loja (LJ) and Napo (NP).

GY MN
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(Figure.1b). The two identified genetic groups clus-
tered individually from all population collecting
points except Napo province. Guayas, Manabi,
and Loja showed a high admixture (Q values <0.8).

Discussion

Forest degradation is one of the leading causes of redu-
cing genetic diversity, so much so that the coastal forests
of Ecuador are considered a priority area for their con-
servation [32].

In the present research, nine specific SSR loci
were used to study the genetic variability and struc-
ture of remnants of natural populations of
S. macrophylla still present in Ecuador. The SSR
loci showed a total of 62 alleles with an average
of 6.8 alleles but a low number of alleles by popu-
lation (Na = 3.02). This result corresponds to the
most inferior allelic richness reported for mahogany
in the American continent, indicating a severe low
genetic variability in Ecuadorian populations. Lemes
et al. [10] analyzed 10 SSR loci were identified 158
alleles in 121 individuals, with 12-25 alleles per
locus. Those authors reported the locus sm31 with
the highest number of alleles, identifying 25 alleles.
Lemes et al. [9] reported 147 alleles in 194 indivi-
duals, with 13 to 27 alleles per locus. In the most
extensive study published to date, Degen et al. [33]
report 145 alleles in 1971 individuals from nine
countries in North America, Central America, and
South America; unfortunately, that investigation
did not include samples from Ecuador. At the popu-
lation and loci level, the observed heterozygosity
was inferior to expected heterozygosity, indicating
a departure of Hardy-Weinberg equilibrium toward
a heterozygous deficit. Only two loci showed an
excess of heterozygous (sm32 and sm45) which
can be explained by selection and genetic drift
associated with human activities.

This level of heterozygosity was inferior to those
published in Southwestern Amazon in tree
S. macrophylla adults (Ho = 0.767 and He = 0.806)
and juveniles (Ho = 0.763 and He = 0.831) [34]. In
Brazilian (Ho = 0.749 and He = 0.851), American
populations (He = 0.61-0.85) and Mexican popula-
tions (Ho = 0.4 and He = 0.6) [9,33,35]. The hetero-
zygous deficit was a common trait for all those
investigations, undoubtedly, the low heterozygos-
ity highlights the fragility of this species, and the
little variability becomes a factor that will affect
the conservation of mahogany trees.

In the Ecuadorian tropics, S. macrophylla has a wide
distribution, which is reflected in its higher genetic
variability within populations (92%) and 8% between
populations. The gene flow could explain the high
intrapopulation genetic variability caused by the

dispersal of seeds caused by man to establish new
plantations of the species or by the movement of
pollinating insects such as bees, butterflies, even thrips
[36,37].

Furthermore, the current fragmentation generated
by overexploitation may not be appreciated in genetic
differences between populations; the results show that
S. macrophylia still behaves as a continuous population
and maintains the most genetic variability within the
populations. Studies in Central American countries
using RAPD techniques reported around 4% of genetic
differentiation among populations [3]. They suggest
a strong gene movement of the species influenced
by humans, who have been dispersing the species
through its entire range of natural distribution. The
intentional dispersion of the trees is due to the mor-
phological characteristics that they have presented,
these traits are very important to determine the
genetic variability of this and other species, as in
Brazil, where they evaluated the morphometric char-
acteristics in fruits and mahogany seeds, with high
potentials for their conservation and use [38-40].

Other studies carried out at a regional scale using
microsatellite markers revealed significant genetic var-
iation within populations and a moderate to a high
level of genetic differentiation between populations
[8-16].

On the other hand, tropical forest species that share
similar habitats with S. macrophylla seem to present
a different trend. For example, in Cedrela odorata, there
have been higher levels of variation reported between
populations (35%) [3]. Private alleles’ presence is one
factor that affects the genetic differentiation between
populations [41]. In this regard, out of the six
Ecuadorian populations analyzed in this investigation,
four of them showed private alleles, in Manabi
(PA = 5.0), Guayas, and Napo (PA = 4.0), and Loja
(PA = 1.0). Similarly [8], found 0-4 privative alleles.
However, the clustering-based in the Bayesian analysis
showed only two genetic groups (k = 2), indicating
a high similarity and admixtures between populations
from six Ecuadorian mahogany tree populations. The
outcrossing can explain the moderate genetics differ-
entiation [42,43]. The low value of PI (4.3 x 107°) for
nine SSR locus combinations indicates no mahogany
trees with identical multilocus genotypes.

Additionally, the discriminant power (D = 99.99%)
was superior to the critical value (95%), indicating
that the nine loci analyzed allowed 123 mahogany
trees to be distinguished from each other. Most of the
analyzed trees had a low relatedness coefficient (r);
only a few of them showed a third-degree of relatives
(with 12.5% shared loci). Similarly [10], using 10 SSR
loci, identified 121 mahogany with a combined prob-
ability of genetic identity of 7.0 x 107>, Those results
support that most of the genetic variability is distrib-
uted within populations of mahogany. The results



reported in this study indicate the dramatic loss of
genetic variation suffered by the natural mahogany
population from Ecuador as a consequence of habitat
disturbance and massive cutting down of the trees.
Then, it is critical to develop a reforestation plan
throughout the natural distribution of the
Ecuadorian mahogany. These strategies should con-
sider selecting trees from populations with the high-
est SSR variability (Guayas, Manabi, and Loja) to
harvest seeds and produce seedlings to restore the
natural population.

Conclusions

The study shows that genetic diversity is found in
individuals from Guayas and Manabi. The individuals
from Manabi and Loja are genetically similar despite
the geographical distance, which can be attributed to
an anthropic dispersion rather than a natural one.
Individuals from the Napo are genetically different
from the rest of the provinces. However, the genetic
pattern that is starting to be distinguished in the
Ecuadorian Litoral presents the need to establish stra-
tegies that allow recovering and increasing the genetic
variability, and gives the possibility that S. macrophylla
may again be a species that can be exploited in the
short term.
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