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ABSTRACT

Rosewood (Aniba rosacodora Ducke, Lauraceae) is an Amazonian evergreen tree and a source of the purest linalool, the main
component of its essential oil, which is very valuable in the international perfumery market. After decades of over-exploitation
it is currently considered as threatened. We evaluated the genetic diversity and its distribution in four populations in Central
Amazonia. Thirty-five reliable RAPD markers were generated, of which 32 were polymorphic (91.4%). Variation was higher
within the populations (76.5%; p < 0.0001) and geographic distribution contributed to population differentiation (23.4%; p
<0.0001). The Amazon River had a small influence on gene flow (3.3%; p < 0.0001), but we identified evidence of gene flow
across the river. There were significant differences in marker frequencies (p < 0.05), in agreement with the low gene flow (Nm
= 2.02). The correlation between genetic distance and gene flow was - 0.95 (p = 0.06) and between geographic distance and
gene flow was -0.78 (p = 0.12). There was a geographic cline of variability across an East-West axis, influenced as well by the
Amazon River, suggesting the river could be a barrier to gene flow. Although threatened, these Rosewood populations retain
high diversity, with the highest levels in the Manaus population, which has been protected for over 42 years in a Reserve.
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Padrao geografico de diversidade genética em populacoes naturais de
Pau-rosa (Aniba rosaeodora), na Amazonia Central

RESUMO

O Pau-rosa (Aniba rosaeodora Ducke, Lauraceae) ¢ uma 4rvore amazonica fonte do mais puro linalol, o qual é o principal
componente do seu dleo essencial e muito valioso no mercado internacional de perfumaria. Apds vdrias décadas de intensa
exploragdo, a espécie foi levada & categoria de ameagada de extingdo. Quatro populagdes naturais distribuidas na bacia Amazonia
Central foram avaliadas quanto ao nivel e a distribui¢ao da diversidade genética. Trinta e cinco marcadores RAPD reprodutiveis
foram gerados, dos quais 32 foram polimérficos (91,4%). A diversidade foi maior dentro das populagdes (76,5%; p < 0,0001)
e a distribuicdo geografica contribuiu para a diferenciacio entre as populagoes (23,4%; p < 0,0001). A AMOVA indicou que
pode haver uma influéncia parcial do Rio Amazonas no fluxo génico (3,3%; p < 0,0001), mas foram identificadas evidéncias
de fluxo génico atravessando o rio. Houve diferencas significativas nas freqiiéncias dos marcadores (p < 0,05) ¢ o fluxo génico
estimado foi relativamente baixo (Nm = 2,02). A correlagio entre a distAncia genética e o fluxo génico foi de — 0,95 (p =
0,06) e para a distAncia geogréfica e o fluxo génico foi de — 0,78 (p = 0,12). Houve um padrio geogréfico de variabilidade ao
longo do eixo Leste — Oeste, influenciado também pelo Rio Amazonas, o que sugere que o rio poderia funcionar como uma
barreira para o fluxo génico. Apesar de ameacadas, estas populagoes de Pau-rosa possuem alta diversidade, com o maior valor
na populagio de Manaus, que vem sendo protegida por 42 anos em uma reserva.

PALAVRAS-CHAVE: RAPD, linalol, fluxo génico, floresta imida amazénica.
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INTRODUCTION

Rosewood (Aniba rosaeodora Ducke, Lauraceae) is an
evergreen perennial tree species occurring predominantly
in non-flooded areas and can reach 30 meters in height
(Ducke, 1938; Kubitzki & Renner, 1982). It has a wide
geographic range, being found across the Amazon basin in
the Brazilian states of Acre, Amap4, Amazonas, Pard, Roraima,
and in the Amazonian portions of Guyana, Venezuela,
Peru and Colombia (Ducke, 1938; SUDAM, 1972). The
highest density population is found in the Central Amazon
predominantly in the state of Amazonas (Leite e al., 1999;
May & Barata, 2004), usually less than 2 trees/ha (Loureiro
etal, 1979).

To date no consistent data is available regarding
Rosewood’s mating system and reproductive ecology. The
species appears to have an allogamous mating system, which is
common in other Lauraceae species (Gibson & Wheelwright,
1995; 1996; Moraes & Monteiro, 2002). It is insect
pollinated, with Meliponinae bees apparently most important
(Kubitzki & Kurz, 1984) and, possibly, small Thysanoptera
insects (Spironello et al., 2003; W. R. Spironello, personal
communication). Seeds are dispersed by animals, principally
by birds, such as Toucans, and secondarily by small rodents
(Spironello et al., 2003).

The Brazilian Institute of the Environment and Renewable
Natural Resources included Rosewood in the list of threatened
species (IBAMA, 1992) because it is considered an over-
exploited species being driven towards economic extinction.
This is due to excessive logging during the past half-century,
with the aim of extracting its essential oil from its wood. This
essential oil is rich in linalool, a very valuable and expense
product. Rosewood essential oil is used in the top products
of the perfume industry and has no better natural or artificial
substitute (May & Barata, 2004; Santos et al., 2004). As a
result, Rosewood is considered a high priority for collection
and 77 situ conservation in Brazil (Vieira, 1999). Although
there is considerable evidence about loss of variability in
other threatened species or those that have suffered heavy
exploitation (Frankham, 1995; Matocq & Villablanca, 2001;
Avise, 2004; Baucon et al., 2005), for Rosewood no data is
available.

An understanding of the amount and distribution of
genetic diversity within and between natural populations,
and genetic divergence among populations, is important for
defining forest management and conservation strategies in
order to sustainably use forest resources (Lindenmayer ez al.,
2000; Finkeldey & Ziehe, 2004; Baucon et al., 2005). Over
the last decade, analyses of genetic diversity and implications
for conservation strategies have employed a large range
of molecular markers, such as RFLP, AFLP, RAPD and
microsatellites (Haig, 1998; Petit ez al., 1998; Avise, 2004).

Geographic pattern of genetic diversity in natural populations of
Rosewood (Aniba rosaeodora), in the Central Amazonia

Although somewhat problematic, RAPD markers can be
important tools when appropriate care is taken to evaluate
marker consistency and to analyze the data with recognition
of their limitations (Lynch & Milligan, 1994; Perez et al.,
1998).

This study focused on natural populations of Rosewood
in Central Amazonia, especially in eastern Amazonas state,
where Rosewood is more abundant. RAPD markers were used:
(i) to define the levels of genetic diversity within and between
remaining trees sampled in four regions of natural Rosewood
occurrence;(ii) to analyze genetic diversity as a function of
geographic distribution, and (iii) to contrast diversity indexes
estimated for three intensively harvested populations versus
a fourth that was protected in a forest reserve for the last 42
years.

MATERIAL AND METHODS
PLANT MATERIAL

Fresh leaf tissue was sampled from adult plants in
traditional communities close to urban areas in the
municipalities of Maués (3° 22’ S, 57° 43’ W), Parintins (2°
37’ S, 56044’ W), Silves (2°52°S, 58° 12° W) and Manaus (2°
37’ S, 60° 11°W), Amazonas state, Brazil. The distance from
one population to another (plants from each municipality were
considered as a population) varies from 87 to 370 km (Figure
1). Rosewood occurs at low density in natural forest (less than
2 trees/ha, Loureiro ez al., 1979) and is found in many parts
of the Amazon Basin; RADAMBRASIL identified 25 points
across the basin even though it was not a priority species and
may be unreliable (Sylvain Desmouli¢re, INPA, personal
communication, 2008). Our four localities have reasonable
information on adult tree occurrence and conservation status
based on research and surveys by INPA, UFRA, EMBRAPA
and personal observations (Leite ez /., 1999; Ohashi, 1999),
especially because Rosewood distillation is concentrated today
in Maués, Parintins and Manaus (May & Barata, 2004). In
Silves there is no distillery but Rosewood is concentrated in
an area 10 km from urban center, which has been declared a
Forest Reserve by Associacio Vida Verde (AVIVE). Only in
Manaus, at Adolphe Ducke Forest Reserve, we can find survey
of adult tree density (between 3 and 4 adult trees per hectare;
Alencar & Fernandes, 1978).

When dominant markers are used sample sizes should be
as large as possible (Lynch & Milligan, 1994; Nei, 1987), but
it is hard to find Rosewood in the natural forest available. In
the Adolpho Ducke Forest Reserve, Manaus, Rosewood has
been extensively surveyed (3 — 4 tree/ha as found by Alencar
& Fernandes, 1978), since have been protected for the last 42
years permitting larger sample sizes. In this case, 37 trees were
sampled, but only 24 trees from each of the other populations
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Figure 1 - Geographic location of the cities that were used as reference to sample Rosewood trees in the Amazon River Basin, Amazonas state, Brazil: A —
Manaus (Adolpho Ducke Forest Reserve); B — Silves; C — Maués; e D — Parintins. Source: GISLAB — INPA (Landsat TM).

—with difficulty. Leaves were conditioned in plastic flasks with
silica gel and stored at =20 °C in the Plant Biotechnology
Laboratory, Embrapa Amaz6nia Ocidental, Manaus.

DNA EXTRACTION, RAPD REACTIONS AND BAND VISUALIZATION

The DNA was extracted from young leaf tissue following
Edwards ez al. (1991) and quantified by spectrophotometry
(GeneQuant pro RNA/DNA Calculator). The PCR reactions
included 30 ng of DNA, 2.50 U of 7zg DNA polymerase,
3.0 mM of MgClL, 500 nM of primer, 100 UM of each
dNTP and 0.1% BSA for a final volume of 25 uL, and
were optimized for Rosewood by Santos ¢t al. (2007). PCR
was carried out in a Perkin Elmer Gene Amp PCR System
2400 thermal cycler, programmed for one cycle of 1 minute
at 90°C followed by 35 cycles of 1 min at 92°C, 2 min at
30°C and 1 minute at 72°C, with an annealing temperature
of 35°C and a final cycle of 5 min at 72°C and 4°C until
processing. Twenty-one primers were screened and four
were used (5-AAGTCCGCTC-3’; 5-AAGACCCCTG-3’;
5'-GGCACGCGTT-3" and 3’ -AATCGGGCTG-5’).
Electrophoresis was run for 3 hours in TBE 1 X buffer, 1.5
% agarose gels stained with ethidium bromide (0.5 mg/ml)
limited to 5 V/cm. RAPD patterns were visualized under
UV light and captured with a Kodak Digital Zoom Camera
photo-documentation system and accessory software (Kodak
Digital Science DC120 Kit Gel Documentation Accessory
Kit and 1D Image Analysis Software). Only reliable markers
with reproducibility index above 80% were included in the
analysis (Santos ez al., 2007).

GENETIC AND STATISTIC ANALYSIS

In order to minimize the recognized limitations of the
RAPD methodology, especially with respect to transforming
gel fragment frequencies into allele frequencies, we assumed
each locus can be treated as a two-allele system, with only
one of the alleles per locus being amplifiable by the PCR.
Hence, these frequencies were calculated considering the

correction for dominance and that RAPD fragments from
different loci do not comigrate to the same place on a gel
(Lynch & Milligan, 1994). Also, due to this limitation of
RAPD markers, all parameters analyzed (e.g., gene flow,
variability and genetic distance) will consider that RAPD
fragments are simply DNA loci. The geographic distances
were estimated using maps and scaled images from Landsat
TM available at the GISLAB (Laboratory of Geographic
Information Systems at the National Institute for Amazonian
Research, INPA). The percentage of polymorphism for each
population and the estimates of gene flow were obtained
following Slatkin & Barton (1989) using POPGENE 1.32
(Yeh et al., 1999). Fisher’s Exact test (Raymond & Rousset,
1995) was used to detect disequilibria in the band frequencies
among populations, using TFPGA software (Miller, 1997) and
selecting the corrections options for RAPD bands (Lynch &
Milligan 1994). The distribution of genetic diversity within
and among populations was tested by Analysis of Molecular
Variance (AMOVA) using Arlequim 2.0 (Schneider et al.,
2000), which is appropriate for RAPD diversity analyses
(Excoffier et al., 1992; Huff et al., 1993; Stewart & Excoffier,
1996; Lacerda et al., 2001). Nei’s diversity index (Nei,
1973) was calculated in POPGENE, and correlated to the
number of trees (Pearson’s correlation, p < 0.005) in order
to verify any bias caused by number of trees sampled from
different populations (37 in Manaus and 24 in the other
populations).

We used AMOVA to estimate the river’s affect on gene
flow. Two groups of populations separed by Amazon river
were compared: the southern group, composed of the Maués
and Parintins populations, and the northern group, composed
of the Manaus and Silves populations (see Figure 1). The
significance level for the variance components was calculated
by conducting 1000 permutations. Nei’s genetic distance (Net,
1978) between populations was calculated and an UPGMA
dendrogram was generated using TFPGA. The similarity
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matrix obtained from NTSYS — v. 1.60 (Rohlf, 1990) was
used as the basis for Principal Components Analysis (PCA)
of the spatial distribution of genetic diversity. In order to
enhance the PCA figure and to facilitate the discrimination of
all samples from each population, we used Word’s draw tools
to add population specific symbols. Matrix correlations for
geographic distance, genetic distance (Nei, 1978) and gene
flow were calculated by Mantel’s test (Mantel, 1967), using
TFPGA with 1000 permutations.

RESULTS

A total of 51 RAPD markers were scored, of which 35
were used cause they presented better reproducibility, above
80% (Santos et al., 2007). Thirty-two of these bands were
polymorphic (91.4%). The amplified fragments ranged from
450 t0 2000 bp.

The percentage of polymorphism was as follows: Manaus
83.0%; Silves 76.5%; Maués 79.2%; and Parintins 75.0%.
The Analysis of Molecular Variance (AMOVA; Table 1)
showed that 76.6% of the genetic diversity was found within
populations and 23.4% among populations (p < 0.001), and
these estimates were not biased by the number of trees sampled
(Figure 2). When the populations from the north (Manaus
and Silves) and from the south (Maués and Parintins) of the
Amazon River were grouped and compared, differences among
populations were lower (21.0%), as was the diversity within
populations (75.7%). Differences between the southern and
the northern group explained the rest of the variation (3.3%;
p < 0.001; Table 1).

Fisher’s exact test indicated the existence of disequilibria
for marker frequencies in all the comparisons among
populations (p < 0.05). One marker (650 kb; primer 3’-
AATCGGGCTG-5’) occurred exclusively in plants from
Maués and Parintins (Figure 3), and another only in plants
from Manaus (figure not shown).
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Figure 2 - Number of sampled trees plotted against the Nei’s (1973) diversity
index (x 10) for each Rosewood (Aniba rosaeodora Ducke) population sampled
in Amazonas state Brazil.

Geographic pattern of genetic diversity in natural populations of
Rosewood (Aniba rosaeodora), in the Central Amazonia

The three Rosewood populations from the lower Amazon
River (Silves, Maués and Parintins) clustered together
and diverged from Manaus (Figure 4), in close agreement
with their geographic distance and gene flows (Table 2).
The Principal Components Analysis (Figure 5) illustrated
appropriately the same relationships, with the advantage of
allowing the observation of the dispersion of individual trees
within and among populations. In addition, the overlapping
of populations in the southern group (Maués e Parintins) is
clearer in this two-dimensional representation. Two trees of
the Silves populations clustered with Maués and Parintins,
illustrating some South to North gene flow.

Mantel’s test showed a moderate and positive correlation
between the matrices of genetic (Nei, 1978) and geographic
distance (r = 0.74; p = 0.19), and a negative correlation
between the geographic distance and gene flow (Nm) (r = -
0.78; p = 0.12). As expected, a high and negative value was
found (r = - 0.95; p = 0.06) between genetic distance and
gene flow (Table 2).

DISCUSSION

The sample size in any population genetic study should
be as large as possible for reliable statistical analysis. However,
it is not easy to find Rosewood trees in the forest, as they
are rare, especially after harvesting. There is no significant
relationship between sample size and variability in these
Rosewood populations (Figure 2), suggesting that 109 trees
from four populations is sufficient sample. Sampling error
can be reduced further by using a large and reliable set of
loci (Nei, 1987). Considering the procedures used to evaluate
marker consistency and reproducibility (Lynch & Milligan,
1994; Perez et al., 1998; Santos et al., 2007), the 32 RAPD
loci are sufficient for the current study.

DISTRIBUTION OF THE GENETIC DIVERSITY IN ROSEWOQOD
POPULATIONS

Similar to most tropical tree species with outcrossing
mating systems (Bawa, 1992), within population genetic
diversity is greater in Rosewood than among population

Table 1 - AMOVA showing the distribution of diversity within and among
four populations and two groups of populations for Rosewood (Aniba
rosaeodora).

Source of variation % variation p
Between populations 234 <00001
Within populations 76.6 <00001
Total 100.0 -
Between groups 3.3 <00001
Between populations within groups ~ 21.0 <00001
Within populations 75.7 <00001
Total 100.0

Note: *Significance of the tests
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Figure 3 - RAPD patterns generated with primer (3’-AATCGGGCTG-5’) in four
locations of Amazonas state, Brazil. The 650 pb fragment was found exclusively
in trees from Maués and Parintins, both located south of the Amazon River.
M= 1 kb Ladder (Gibco).

Table 2 - Matrix of geographic distance (GD in km) and gene flow (Nm) among
populations of Rosewood (Aniba rosaeodora).

Manaus Silves Maués
GD Nm GD Nm GD Nm
Silves 200 25
Maués 264 2.7 87 43
Parintins 370 2.4 170 3.9 135 4.4

diversity. This pattern has been reported also in previous
studies using RAPDs in tropical tree species (Cardoso et al.,
1998; Pither et al., 2003).

High variability in the tropical species of the Lauraceae
family has been associated with its dioeciousness, protogyny,
insect pollination and animal-mediated seed dispersal (Gibson
& Wheelwright, 1995; 1996; Moraes & Monteiro, 2002),
although low RAPD variability was recently reported in an
endangered woody non-tropical Lauraceae species (Zhong-
Sheng ez al., 2005).

Similar to the situation in most Amazonian tree species,
few studies have focused on Rosewood s reproductive biology
(Kubitzki & Kurtz, 1984; Spironello ez al., 2004) and there is
still no consensus on its mating system. Hence, it is difficult
to clearly explain the high variability found in this study.
Nonetheless, Rosewood’s variability is similar to that of
other Lauraceae tree species, so the high variability was not
unexpected.

Nevertheless, low genetic diversity is likely in threatened
species or those that suffered intense and predatory
exploitation historically (Frankham 1995; Matocq &
Villablanca, 2001; Baucon ez a/., 2005). Paradoxically, in
tropical species that have suffered intense exploitation [as
well as non-tropical ones reviewed by Avise (2004)], recent
studies using molecular tools have shown high diversity
values, e.g., Dinizia excelsa (Fabaceae; Dick ez al., 2003) and
Mahogany (Swietenia macrophylla King, Meliaceae; Lemes
et al., 2003). The harvester’s preference for individuals with
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Figure 4 - Dendrogram based on Nei’s (1978) genetic distance and UPGMA
of four Rosewood (Aniba rosaeodora Ducke) populations. The values over the
nodes represent the percentage of loci that supported the analysis.

greater diameter at breast height results in the removal of only
a part of a population’s diversity, and the rest remains in the
carlier stages (seedlings and juveniles). In fact, Santos (2004)
demonstrated a slight but significantly higher polymorphism
in seedlings of Rosewood in comparison to the adult stage
in the Adolpho Ducke Forest Reserve (Manaus population),
supporting such a hypothesis (but see Sezen ez 4l., 2005).
Moreover, high outcrossing rates (expected in Rosewood) and
large effective population sizes have been invoked as factors
that would maintain the genetic diversity and structure of the
population even under silvicultural management (Robledo-
Anuncio et al., 2004).

We identified the highest polymorphism (83%) in the
Manaus population and it is also more dispersed in the PCA
(Figure 5). This variability may result from the long-term
protection of the Reserve, and further detailed comparison
of molecular diversity should be undertaken in harvested
and non-harvested areas to confirm this hypothesis. On the
other hand, in Parintins, the least diverse population, genetic
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Figure 5 - Principal Component Analysis based on genetic similarity among
individuals in four Rosewood (Aniba rosaeodora Ducke) populations: Manaus
(Adolpho Ducke Forest Reserve) (e); Silves (+); Maués (o); and Parintins
(A). The PC1 axis explained 25.6% and PC2 axis explained 10.1% of the total
genetic diversity.
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erosion may have occurred as a result of over-exploitation.
However, these hypotheses require further study, since there is
no statistical evidence of differences among these populations’

diversity.

DIFFERENTIATION AND GEOGRAPHIC DISTRIBUTION PATTERN

The high divergence among populations detected by
AMOVA corroborates Figures 5 and 4, and shows a clear
geographic patterning of Rosewood populations. Note that the
Maués and Parintins populations are located on the same side
of the Amazon River (Figure 1), and grouped together in the
dendrogram (Figure 4) as well as being mixed together in the
PCA (Figure 5). This pattern suggests high gene flow between
these populations, also supported by sharing a unique RAPD
band (Figure 3). High rates of seed and pollen movement
across long distances are common in tropical tree populations
(Campbell & Peart, 2001; Burczyk et al., 2004). In fact,
Rosewood’s reproductive ecology tends towards high seed
movement (Spironello ez al., 2003; Spironello ez al., 2004).

The gene flow estimated among the Manaus population
and the others has a similar level of magnitude, certainly
because the Manaus population is slightly less genetically
distant from the population in Silves than it is from the
populations in the southern group (Maués and Parintins,
Table 2). This partially explains the divergence observed in
the dendrogram and the PCA, since increasing geographic
distance implies decreased gene flow and increased genetic
distance (Gregorius, 1987; Bossart & Prowell, 1998). In fact,
Mantel’s test result shows a moderate correlation (r = 0.74; p
=0.19) between geographic and genetic distance, supporting
the hypothesis of isolation by distance, as reported in other
tropical tree studies using both RAPD and co-dominant
molecular markers (Collevatti ez al., 2001; Degen et al.,
2001).

Note that Maués is geographically closer to Silves than it
is to Parintins (GD in Table 2), but the estimate for the gene
flow between Maués and Parintins was higher than it was
between Maués and Silves. The observed divergence between
the populations of Maués and Silves could be explained by
the existence of a barrier to gene flow. We suggest that this
barrier is the Amazon River. Initial results on seed movement
in Rosewood showed that Toucans are very effective removing
agents (Spironello ez al., 2003; Spironello ez al., 2004), but
so far no concise information about both their flight capacity
in tropical forest conditions and seed dispersal are available,
and we do not know whether these birds could cross the
Amazon River as easily as they move among trees in the forest
canopy.

On the other hand, note that two Silves trees group with
the Maués-Parintins cluster, suggesting South to North seed
dispersal (Figure 5). As reported in other studies of tropical

Geographic pattern of genetic diversity in natural populations of
Rosewood (Aniba rosaeodora), in the Central Amazonia

tree species, gene flow can occur among adult trees separated
by hundreds of kilometers or by forest fragmentation (Dick
et al., 2003; Burczyk ez al., 2004). Hence, all these apparent
correlations between genetic and seed and fruit ecology in
Rosewood are good clues but are not conclusive.

RECOMMENDATIONS FOR CONSERVATION PLANNING

Leite et al. (1999) recommended further studies on
diversity and ecology in the Rosewood population of the
Adolpho Ducke Forest Reserve, given its known history and
protected status. Since that Reserve’s populations seem to
be maintaining their natural diversity, we suggest that that
Reserve’s features should be taken into account when planning
new reserves.

Given the amount and patterning of diversity among the
populations studied here, we suggest that: (1) sampling for
breeding or conservation should include as many localities as
possible in order to capture a good number of rare alleles, which
are normally found by sampling more populations (Brown &
Marshall, 1995); (2) as many of these areas as possible need
to be conserved to guarantee future maintenance of genetic
diversity; (3) both harvested and non-harvested populations
in other areas of the Amazon forest should be studied with
more accurate molecular tools, such as microsatellite markers;
and (4) to better understand gene flow among proximate
and distant populations, ecological studies on seed dispersal
distances and seed removal in natural sites, integrated with
molecular studies and mating system analysis, are necessary to
enhance knowledge of Rosewood population biology.
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