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Abstract Brazilian orchids are currently threatened with
extinction due to habitat loss and, because of their high
ornamental value, intense collecting pressure. Genetic
diversity can play a key role in the survival of endangered
orchid species. Here we provide the first data on genetic
diversity and structure of wild populations in the genus
Cattleya, in particular C. labiata, using random amplified
polymorphic DNA (RAPD) and intersimple sequence
repeat (ISSR) markers. We studied 130 individuals, 117
belonging to Cattleya labiata and 13 from 10 other species
in the same genus. Data generated from 12 ISSR and 12
RAPD primers were used to determine genetic variability
via a model-based Bayesian procedure (Structure) and
molecular variance analysis. In addition, Shannon index,
genetic diversity and Jaccard coefficients were also esti-
mated. The marker data indicated that C. labiata has a high
level of polymorphism, and five reconstructed populations
were identified by Structure. The unweighted pair group
method with arithmetic mean dendrogram did not group
the samples by origin, which was also confirmed by
Bayesian analysis, demonstrating the complex genetic
structure of C. labiata. Other Cattleya species showed no
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relationship with any C. labiata sample. This genetic
characterization of Cattleya from northeast Brazil con-
tributes to knowledge of the genetic structure of the species
and can be used to define strategies for conservation and
breeding programmes.

Keywords Conservation - Endangered species - Genetic
variability - Molecular markers - Orchid - Population
structure

Introduction

The family Orchidaceae, one of the largest families of
flowering plants, is characterized by its high species
diversity and wide range of reproduction and distribution
strategies, which have resulted in a variety of patterns of
genetic differentiation among populations (Wallace 2003;
Niknejad et al. 2009). The family is distributed worldwide,
including on islands in Antarctica. There are almost no
regions without orchids, as a result of their success in
adapting to and colonizing almost every conceivable niche
on land (Chase et al. 2003). Around 2,000 species, in 200
genera, are estimated to occur in Brazil. The species
richness of Orchidaceae in Brazil is concentrated mainly in
the Atlantic Forest (>50 %). The genus Cattleya Lindl. is
highly important in floriculture and has been cultivated
since the 19th century. It comprises 48 species distributed
throughout mainland tropical America, usually as epiphytic
plants of wet forests. Brazil is the centre of distribution,
where more than half the species are found (Pabst and
Dungs 1975; Cruz et al. 2003).

Orchidaceae contain the highest proportion of genera
that include endangered species among all angiosperms,
with about 6 % of orchid species considered directly
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threatened (Hopper and Brown 2007). This is a result of
over-collection due to their showy and highly appreciated
flowers, combined with the difficulties of ex situ cultiva-
tion and constant threat to their natural habitats (Mello
2001; Li et al. 2002; Rodrigues 2010). In Brazil, Cattleya
species are intensively collected because of their high
ornamental value, which contributes to their risk of
extinction (Cruz et al. 2003). This risk is even higher in the
endemic Atlantic Forest because of its continuing exploi-
tation (Pereira et al. 2005). The Brazilian Atlantic Forest is
a biome of particular interest, as it is a global biodiversity
hotspot with approximately 20,000 plant species, corre-
sponding to a considerable proportion of the South
American biodiversity (Myers et al. 2000). Of these spe-
cies, C. labiata (Brazil 2008), which is native to the
northeast coast of Brazil, is the best known. Considered the
“Queen of Northeast Brazil” (Menezes 2002; Fontes
1989), it is sought after for its beauty, variety, fragrance
and cultivability, being adaptable to different sites and
substrate types.

Due to high levels of endemism and their sporadic and
wide dispersal, removal of one tree or a few plants can
seriously cripple the reproductive potential and gene flow
of an entire orchid population. For species that are already
endangered, especially those that are self-incompatible,
reductions in gene flow can rapidly reduce fitness and
adaptability (Pridgeon 1992). Knowledge about genetic
diversity is extremely valuable to the preservation of
endangered species, as loss of genetic variability may
reduce survival chances in the wild (Swarts et al. 2009;
Muiioz et al. 2010). Assessing genetic variation via mor-
phological characters is difficult due to problems associ-
ated with variability caused by plant growth conditions
(Wang et al. 2009). DNA-based molecular markers are not
influenced by the environment, and in this context,
molecular markers have been employed to study the
genetic diversity of populations of Orchidaceae species
(Qamaruz-Zaman et al. 1998; Fay and Chase 2009).

Only a few studies have used intersimple sequence
repeats (ISSRs) to address orchid genetic diversity. ISSRs
are highly polymorphic DNA markers that are present in
both nuclear and organellar DNA, and consist of repeating
units of one to six base pairs (Jarne and Lagoda 1996).
Most species characterized by ISSR markers in this family
are terrestrial (Smith et al. 2002; Wallace 2003; George
et al. 2009; Wang et al. 2009). Random amplified poly-
morphic DNA (RAPD) markers are available for many
orchid species (Lim et al. 1999; Sun and Wong 2001; Li
et al. 2002; Li and Ge 2006; Niknejad et al. 2009), with the
first study of Cattleya species having been conducted by
Benner et al. (1995). Use of RAPDs does not require prior
genomic knowledge, and is inexpensive and accessible,
especially when molecular information is scarce (Costa
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et al. 2011; Silva et al. 2012). The technique is often
criticized, however, because it usually shows low levels of
repeatability and can therefore generate spurious bands
(Sundberg et al. 2002; Ramos et al. 2008). The combina-
tion of RAPD and ISSR markers provides a quick, reliable
and highly informative system, and has been used in many
plant DNA fingerprinting and population genetic studies
(Fernandez et al. 2002; Shaw et al. 2009).

Genetic diversity and differentiation within and among
C. labiata populations remain unknown, and molecular
markers have not yet been used to characterize wild pop-
ulations of this species in northeast Brazil. Accurate anal-
ysis of genetic variation within and among the remaining
populations will provide basic information for establishing
management practices to preserve this species. Our aims
are thus to identify, classify and quantify the genetic var-
iability of C. labiata in five wild and fragmented popula-
tions from northeast Brazil using RAPD and ISSR markers.

Materials and methods
Plant material and DNA extraction

DNA was isolated from young leaves as described by
Doyle (1991). We used 130 genotypes, 117 belonging
C. labiata and 13 from ten species (Table 1). One hundred
and eleven genotypes of C. labiata were collected from
five wild populations located in northeast Brazil (Fig. 1),
and the other six samples (BVA, BVR, BVSM, UFLA 1,
UFLA 2 and SAR) were obtained from orchid collections
and commercial nurseries. Four Cattleya warneri T. Moore
specimens were collected from a natural population in the
city of Sdo José da Vitdria (Bahia State, 15°04'31.17"S,
39°20'21.54"W) (C. warnl and C. warn2) and from a
commercial nursery (CWC1 and CWC2) in Santa Barbara
(Sdo Paulo State). Six specimens (Cattleya percivaliana
Rchb. f., Cattleya maxima Lindley, Cattleya lueddeman-
niana Rchb. f., Cattleya schroeder Sander, Cattleya trianae
Linden and Cattleya warscewiczii Rchb. f.) were acquired
from orchid collections belonging to the Federal University
of Lavras (UFLA), Minas Gerais State. Three samples
(Cattleya lawrenceana Rchb. f., Cattleya wallissi Linden
ex Rchb. f. and Cattleya gaskeliana Rchb. f.) were pro-
vided by a commercial grower (Bela Vista Orchids, Assis,
Sao Paulo State).

Molecular markers

For RAPD, 11 primers (AO1, A04, A09, A10, W02, W04,
W13, W19, X01, X03 and BOl) from Operon (Operon
Technologies, USA) and 1 primer (IDT09) from IDT
Integrated DNA Technologies (Germany) were used to
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Table 1 One hundred and thirty genotypes of orchids (Cattleya sp.) from Brazil analysed by RAPD and ISSR markers

GI Species Origin GI Species Origin GI Species Origin

SE1 C. labiata PR PB9 C. labiata Natuba CEl1.13 C. labiata Maranguape
SE2 C. labiata PR PB10 C. labiata Natuba CEl.14 C. labiata Maranguape
SE3 C. labiata PR PB12 C. labiata Natuba CEl.15 C. labiata Maranguape
SE4 C. labiata PR PB13 C. labiata Natuba CEl.16 C. labiata Maranguape
SE5 C. labiata PR PB14 C. labiata Natuba CEl.17 C. labiata Maranguape
SE6 C. labiata PR PB15 C. labiata Natuba CE2.1 C. labiata Uruburetama
SE7 C. labiata PR PB16 C. labiata Natuba CE2.2 C. labiata Uruburetama
SE8 C. labiata PR PB17 C. labiata Natuba CE2.3 C. labiata Uruburetama
SE10 C. labiata PR PB18 C. labiata Natuba CE24 C. labiata Uruburetama
SEl1 C. labiata PR PB19 C. labiata Natuba CE2.5 C. labiata Uruburetama
SE12 C. labiata PR PB20 C. labiata Natuba CE2.6 C. labiata Uruburetama
SEI15 C. labiata PR PE1 C. labiata BMD CE2.7 C. labiata Uruburetama
SE16 C. labiata PR PE2 C. labiata BMD CE2.8 C. labiata Uruburetama
SE17 C. labiata PR PE3 C. labiata BMD CE2.9 C. labiata Uruburetama
SE18 C. labiata PR PE4 C. labiata BMD CE2.10 C. labiata Uruburetama
SE19 C. labiata PR PES C. labiata BMD CE2.11 C. labiata Uruburetama
SE20 C. labiata PR PE6 C. labiata BMD CE2.12 C. labiata Uruburetama
SE21 C. labiata PR PE7 C. labiata BMD CE2.13 C. labiata Uruburetama
SE22 C. labiata PR PES C. labiata BMD CE2.14 C. labiata Uruburetama
SE23 C. labiata PR PE10 C. labiata BMD CE2.15 C. labiata Uruburetama
SE24 C. labiata PR PE11 C. labiata BMD CE2.16 C. labiata Uruburetama
SE25 C. labiata PR PE12 C. labiata BMD CE2.17 C. labiata Uruburetama
SE26 C. labiata PR PE13 C. labiata BMD CE2.18 C. labiata Uruburetama
SE27 C. labiata PR PEI15 C. labiata BMD BVA C. labiata Bela Vista
SE28 C. labiata PR PE16 C. labiata BMD BVR C. labiata Bela Vista
SE29 C. labiata PR PE17 C. labiata BMD BVSM C. labiata Bela Vista
SE35 C. labiata PR PE21 C. labiata BMD SAR C. labiata Bela Vista
SE36 C. labiata PR PE22 C. labiata BMD C. gaske C. gaskelliana Bela Vista
SE37 C. labiata PR PE23 C. labiata BMD C. lawr C. lawrenceana Bela vista
SE39 C. labiata PR CEl.1 C. labiata Maranguape C. eldora C. wallissi Bela Vista
SE30 C. labiata PR PE18 C. labiata BMD UFLA 1 C. labiata UFLA

SE31 C. labiata PR PE19 C. labiata BMD UFLA 2 C. labiata UFLA

SE34 C. labiata PR PE20 C. labiata BMD C. warsc C. warscewiczii UFLA

SE40 C. labiata PR CE1.2 C. labiata Maranguape C. luedd C. lueddemanniana UFLA

SE41 C. labiata PR CE1.3 C. labiata Maranguape C. maxi C. maxima UFLA

SE42 C. labiata PR CEl.4 C. labiata Maranguape C. perciv C. percivaliana UFLA

PB1 C. labiata Natuba CEL.5 C. labiata Maranguape C. schro C. schroeder UFLA

PB2 C. labiata Natuba CEl.6 C. labiata Maranguape C. trian C. trianae UFLA

PB3 C. labiata Natuba CE1.7 C. labiata Maranguape CWCl1 C. warneri Santa Barbara
PB4 C. labiata Natuba CEL.8 C. labiata Maranguape cwC2 C. warneri Santa Barbara
PB5 C. labiata Natuba CE1.9 C. labiata Maranguape C. warnl C. warneri SIvV

PB6 C. labiata Natuba CE1.10 C. labiata Maranguape C. warn2 C. warneri SIvV

PB7 C. labiata Natuba CEl.11 C. labiata Maranguape

PBS8 C. labiata Natuba CEl.12 C. labiata Maranguape

GI genotype identification, PR Pogco Redondo, BMD Brejo da Madre de Deus, UFLA Federal University of Lavras, SJV Sdo José da Vitéria
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Fig. 1 Geographic location of 111 native orchids (Cattleya labiata)
collected from five cities in Brazil

screen for polymorphisms (Table 2). Polymerase chain
reaction (PCR) amplifications were performed using a
PTC-100 thermocycler (MJ Research), with reactions
consisting of 5 min initial denaturation at 96 °C, followed
by 35 cycles of denaturation at 96 °C for 45 s, primer
annealing at 36 °C for 45 s and extension at 72 °C for 45 s,
and one final extension step of 72 °C for 10 min.

For ISSR, 12 primers (807, 810, 814, 826, 834, 835, 841,
843, 844B, 845, 855 and HB10) obtained from IDT were
used to screen for polymorphisms (Table 2). PCR ampli-
fication was performed as follows: 95 °C for 5 min for
initial denaturation, followed by 45 cycles of denaturation
at 94 °C for 1 min, 51.5 °C (843, 845, 855), 52 °C (807,
810, 814, 835, 841, 844B, HB10) or 52.5 °C (826, 834)
for 45 s for primer annealing and 72 °C for 2 min for
extension, and one final extension of 72 °C for 10 min.
Fragments were visualized on 2 % agarose gel [1 x TBE—
89 mM Tris, 89 mM boric acid, 2.5 mM ethylenediamine
tetraacetic acid (EDTA), pH 8.3] in a horizontal electro-
phoresis system (Sunrise, Gibco BRL) run at constant
voltage of 100 V for 90 min. The gel was stained with
ethidium bromide solution (5 mg/mL) for 15 min. ISSR
and RAPD amplification products were visualized under
ultraviolet light using a Gel Doc L-Pix imaging system
(Loccus Biotecnologia, Brazil).
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Table 2 Number of polymorphic fragments (TF) generated by each
primer from 130 genotypes of Cattleya sp. from northeastern Brazil

RAPD ISSR

Primer TF Primer TF
A01 10 814 11
A04 9 844B 17
A09 9 HB10 12
Al0 11 807 10
BO1 8 810 16
IDT09 8 826 12
W02 9 834 9
Wwo4 10 835 11
W13 11 841 12
w19 11 843 15
X01 14 845 16
X03 11 855 11
Total 121 Total 151

Data analysis

Only data from intensely stained, unambiguous, clear
fragments were used for statistical analysis. RAPD and
ISSR markers were scored as present (1) or absent (0).
RAPD results were congruent with those from ISSR
markers, supporting the reliability of the technique for our
study. All data obtained were combined and used to ana-
lyse genetic parameters as recommended by Awasthi et al.
(2004) and Bhattacharya et al. (2005).

The minimum number of fragments required to conduct
the genetic diversity study was based on Oliveira et al.
(2010), and these were analysed by the bootstrap method
(Manly 1997) with 10,000 replicates using the Genes
software package (http://www.ufv.br/dbg/genes/Genes_
EUA.htm). The number of polymorphic fragments was
considered optimal when the assumed stress value was
<0.05 (Kruskal 1964).

A data matrix of RAPD and ISSR scores was generated,
and similarity coefficients were calculated using Jaccard’s
arithmetic complement index (Jaccard 1908). A dendro-
gram was constructed using the unweighted pair group
method with arithmetic mean (UPGMA) cluster algorithm.
To determine dendrogram robustness, the data were boot-
strapped with 7,000 replicates using FreeTree software
(http://web.natur.cuni.cz/flegr/programs/freetree.htm), and
TreeView (http://web.natur.cuni.cz/flegr/programs/freetree/
TreeView.exe) was used for cluster visualization. Principal
coordinate analysis (PCoA) was performed using the software
package XLSTAT (http://www xlstat.com/) based on the
calculated Jaccard’s similarity coefficients.
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Inferences regarding genetic structure within Cattleya
genotypes were made using Structure version 2.2 (Pritchard
et al. 2000; Falush et al. 2007). For our analysis, each
genotype class was treated as if it contained haploid alleles,
following the software protocol and Oliveira et al. (2010).
We estimated K, the number of reconstructed panmictic
populations (RPPs) of individuals, using values ranging
from 1 to 10 and assuming that the sampled genotypes
were from anonymous plants of unknown origin (use-
popinfo and popflag set to 0). We set up runs with a
20,000-iteration burn-in period and a Monte Carlo Markov
chain (MCMC) of 20,000 iterations, with five repetitions.
The program Structure estimates the most likely number of
clusters (K) by calculating the log probability of data for
each value of K (Santos et al. 2011). We assessed the
best K value supported by the data according to Evanno
et al. (2005).

The Shannon index (/) (Brown and Weir 1983) and
genetic diversity (H) were calculated as described by
Lynch and Milligan (1994) and Maguire et al. (2002),
using Genalex v.6.3 (www.anu.edu.au/BoZo/GenAlEx/).
The same software package was employed to conduct
analysis of molecular variance (AMOVA) (Excoffier et al.
1992; Michalakis and Excoffier 1996).

Results
Molecular markers

A total of 272 DNA fragments (151 ISSR and 121 RAPD),
all polymorphic, were generated using the 24 primers
(Table 2). Of the RAPD primers, X01 produced the highest
number of fragments (14); the most productive ISSR pri-
mer was 844B (17). Using the genetic parameters recom-
mended by Awasthi et al. (2004) and Bhattacharya et al.
(2005), we found a high correlation between marker
matrices, allowing RAPD and ISSR data to be combined to
measure the genetic parameters. Results of bootstrap
analyses are shown in Fig. 2. For the 272 polymorphic
fragments, the correlation (r) was 0.98 and the stress value
(sv) was 0.05 (Kruskal 1964). The 272 polymorphic frag-
ments generated by the RAPD and ISSR reactions from the
orchid genotypes showed excellent precision, with a high
correlation between the RAPD and ISSR data (r = 0.56;
P < 0.0001) according to the Mantel test (Mantel 1967).

Genetic similarity

Jaccard coefficients (JCs) ranged from 0.14 (C. trianae and
SE21) to 0.82 (CE2.10 and CE2.7), with average similarity
of 0.45. Within each population, JCs ranged from 0.29
(SE21 and SE28) to 0.74 (SE22 and SE23) for Poco
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Fig. 2 Correlation (r) and stress values (sv) for the number of
polymorphic fragments using RAPD and ISSR markers for 130
genotypes of orchids (Cattleya sp.) from Brazil

Redondo (Sergipe), 0.36 (PB8 and Pb20) to 0.70 (PB15
and PB16) for Natuba (Paraiba), 0.25 (PE6 and PE17)
to 0.77 (PE15 and PE16) for Brejo da Madre de Deus
(Pernambuco), 0.30 (CE1.5 and CE1.17) to 0.75 (CE1.12
and CE1.13) for Maranguape (Ceara), 0.33 (CE2.2 and
CE2.9) to 0.82 (CE2.10 and CE2.7) for Uruburetama
(Ceara), and finally, for the reference genotypes, 0.13
(Cattleya maxima and PE6) to 0.48 (CWC2 and BVA). The
mean similarity within each population was 0.56, 0.51,
0.48, 0.57, 0.60 and 0.36 for Poco Redondo, Natuba, Brejo
da Madre de Deus, Maranguape, Uruburetama and refer-
ence genotypes, respectively.

Genotypes were clustered by UPGMA using the JCs
estimated from the binary data of 130 genotypes (Fig. 3a).
The distribution of genotypes in the clusters showed the
separation of the different species, as well as the high
divergence of some genotypes belonging to natural popu-
lations of C. labiata (PE17—0.43 JC, PE19—0.43 JC,
SE28—0.37 JC, PE6—0.37 JC, SE21—0.33 JC, PB8§—
0.37 JC, CE2.2—0.35 JC, PE25—0.33 JC, CE1.5—0.35
JC). One large group contained most of the genotypes from
the Sergipe population and some genotypes from the other
populations. Another cluster grouped more than half of the
genotypes from both Ceara State populations. Genotypes
from the populations of Natuba (Paraiba) and Brejo da
Madre de Deus (Pernambuco) were randomly distributed
among the other genotypes, showing relationships with all
other populations. The C. labiata species used as a refer-
ence (UFLA1, UFLA2, BVR, BVA, BVSM and SAR)
were more similar to CE2.18 (0.63 JC), BVA (0.64 JC),
CE2.13 (0.59 JC), UFLA2 (0.64 JC), BVA (0.68 JC) and
BVA (0.65 JC), respectively, showing more similarity
between them and some genotypes from the Uruburetama
(Ceara) population. C. lawrenceana, C. wallissi and
C. percivaliana were more similar to Cattleya shcroeder
(0.39 JC), C. percivaliana (0.49 JC) and C. wallissi (0.49
JC), respectively.
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Fig. 3 (a) UPGMA

dendrogram of genetic
similarity generated from
Jaccard coefficients (b) and
reconstructed populations (RPP
1-5) defined using Structure
(Pritchard et al. 2000) for 130
orchid (Cattleya sp.) genotypes
from Brazil using RAPD and

ISSR markers
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Genetic structure and diversity

Bayesian (Structure) analysis was conducted to determine
the genetic structure among the orchid genotypes. This
clustering approach assigns individuals to RPPs based on
genotype. The Structure program estimates the most likely
number of clusters (K) by calculating the log probability of
data for each value of K, and using AK statistics described
by Evanno et al. (2005) as recommended by Barnaud et al.
(2007) and Santos et al. (2011). The best K for representing
the RPP genotypes was K = 5 (RPP1-RPP5) (Fig. 3b).

The first RPP (RPP1) included 29 genotypes, of which
23 from Ceara State had probability of membership
(q/) > 80 %. Six genotypes with g/ < 80 %, including two
reference genotypes (UFLA1 and BVR), three genotypes
from Maranguape (CE1.9, CE2.14 and CE1.16) and one
from Natuba (PB17) were also assigned to this RPP. The
second RPP (RPP2) included 48 genotypes, 34 of which
were from Po¢o Redondo, Brejo da Madre de Deus and
Natuba, and had g/ > 80 %. Of the 18 genotypes with
gl < 80 %, four were from Pogco Redondo (SE2, SE6,
SE28 and SE35), four were from Brejo da Madre de Deus
(PE1, PES8, PEl11 and PE15) and six were from Natuba
(PBS5, PB7, PB12, PB13, PB18 and PB19). The third RPP
(RPP3) clustered 26 genotypes, 19 with q/ > 80 %. The
seven genotypes with g/ > 80 % included one from
Maranguape (CE2.2), three from Brejo da Madre de Deus
(PE2, PE3 and PEI13) and three from Natuba (PB2, PB6
and PBS). The fourth RPP (RPP4) clustered 15 genotypes,
11 with g/ > 80 %, including six reference genotypes
(BVA, BVSM, SAR, UFLA2, CWC2 and CWC1). The five
genotypes with g/ < 80 % included two from Maranguape
(CE1.3 and CE1.17) and three from Natuba (PB15, PB16
and PB9). The fifth RPP (RPP5) clustered 11 genotypes of
the reference species, all with g/ > 80 % (Fig. 3b).

The multivariate ordering (PCoA; Fig. 4), to the first
two principal coordinates, explained 14.21 % of total
variability.

All the populations demonstrated similar mean genetic
diversity. The Shannon index was 0.29 for populations
according to origin, with an incrementally larger value
when using the reconstructed populations (0.30). A high
value was obtained for the 10 species used as references
(0.36). The genetic diversity was 0.19 for populations
according to origin and reconstructed population. For the
original populations of C. labiata, the maximum genetic
diversity (I and H) was associated with Natuba (Paraiba),
and for RPPs, RPP1 and RPP4. The percentage of poly-
morphic loci among populations was 62.03 % according to
origin and 67.43 % according to RPP (Table 3).

AMOVA performed between the 130 different genotypes
according to their original location showed low genetic dif-
ferentiation (15 %, P < 0.001), and when analysed according
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Fig. 4 Principal coordinate analysis of 130 orchid (Cattleya sp.)
genotypes collected from 10 localities in Brazil based on RAPD and
ISSR marker data

to RPP, genetic differentiation only accounted for 20 %
(P < 0.001) of the variation. When we analysed C. labiata
alone by origin, the genetic variation among populations was
only 13 % (P < 0.001) and by RPPs only 18 % (P < 0.001)
(Table 4).

Discussion

The high levels of polymorphism found in the genus
Cattleya in this study were also detected by Benner et al.
(1995) using RAPD markers. There was a direct relation-
ship between the number of fragments analysed and the
magnitude of correlation values obtained via the bootstrap
method. According to Kruskal (1964), the number of
fragments among the orchid genotypes showed excellent
precision to genetic analyses [272 (0.00 sv)].

This study was the first to use ISSRs in combination
with RAPD markers to assess genetic diversity in C. labiata.
None of the individual plants were genetically identical
according to the Jaccard similarity index, indicating that
the level of resolution in this study was sufficient to dis-
tinguish all genotypes. In the UPGMA dendrogram, which
was based on the Jaccard similarity index, genotypes were
not grouped by origin. These results were confirmed
by bootstrap and Bayesian analyses, demonstrating the
complex genetic structure of the species. The variation
explained by CP1 and CP2 was low (14.21 %), but the
PCoA results confirmed the difference between the refer-
ence species and samples of C. labiata.
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Table 3 Shannon index (/), genetic diversity (H) and percentage of polymorphic loci (P%) in 130 genotypes of orchids (Cattleya sp.) from
northeastern Brazil by origin and by reconstructed population (RPP) defined by Structure (RPP 1-5) software using RAPD and ISSR markers

Origin I (£SD) H (£SD) P%
Poco Redondo (Sergipe) 0.27 (£0.02) 0.18 (£0.01) 59.56
Natuba (Paraiba) 0.30 (£0.02) 0.20 (£0.01) 64.34
Brejo da Madre Grande (Pernambuco) 0.28 (£0.02) 0.18 (£0.01) 63.60
Maranguape (Ceard) 0.29 (£0.02) 0.19 (£0.01) 58.82
Uruburetama (Ceara) 0.27 (£0.02) 0.18 (£0.01) 54.78
Reference genotypes from C. labiata 0.25 (£0.02) 0.17 (£0.01) 48.53
Reference genotypes from other Cattleya species 0.36 (£0.01) 0.22 (£0.01) 84.56
Total 0.29 (£0.01) 0.19 (£0.01) 62.03
Reconstructed population
RPP1 0.29 (£0.02) 0.19 (£0.01) 60.66
RPP2 0.28 (£0.02) 0.19 (£0.01) 64.71
RPP3 0.27 (£0.01) 0.17 (£0.01) 67.28
RPP4 0.29 (£0.02) 0.19 (£0.01) 59.93
RPP5 0.36 (£0.01) 0.22 (£0.01) 84.56
Total 0.30 (£0.01) 0.19 (£0.01) 67.43

SD standard deviation

Table 4 Analysis of molecular variance (AMOVA) of 130 genotypes of orchids (Cattleya sp.) using RAPD and ISSR markers classified by
origin and by reconstructed population (RRP) defined by Structure (K = 5)

daf Est. variance Variation (%)
Origin
Among 5 5.18 15%%*
Within 124 29.18 85
C. labiata by origin
Among 4 4.24 13%%%
Within 106 27.21 87
RPPs
Among 4 7.09 207k
Within 125 28.06 80
4 RPPs (without RPP5)
Among 3 5.92 18#**
Within 115 26.72 82

df degrees of freedom
##% P < 0.001

The genotype pairs CWC1 and CWC2, donated by Santa
Barbara Orchids, and cwarnl and cwarn2, collected from a
wild Sao José da Vitoria population belonging to C. warneri,
did not group together in the UPGMA analysis. Cultivated
plants were morphologically distinct from wild plants,
mainly in characteristics such as flower number and shape,
consistent with the domestication syndrome (Wang et al.
1999). Genotypes of C. labiata from Natuba and Brejo da
Madre de Deus were present in clusters containing geno-
types from other locations, such as Poco Redondo and
Ceara, which is correlated with the geographical distribu-
tion pattern of the populations. Menezes (2002) studied
species in different habitats in northeastern Brazil and
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found that it was possible to distinguish the flowers of
C. labiata based on their geographical occurrence: those
from Ceara State populations, particularly those from
Uruburetama, had darker coloration, were smaller, and
better shape when compared with plants from populations
in the States of Paraiba and Pernambuco.

Distribution of genetic variation can be influenced by
various life-history traits, with breeding system having a
particularly significant effect (Nybom and Bartish 2000).
The majority of orchids are allogamous, being pollinated
by animals (e.g. hummingbirds, bees and butterflies).
Allogamous species, by definition, are much more variable
than those that are autogamous (Yanaka et al. 2005).
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Theoretical work has established that the time required for loss
of genetic variability is inversely correlated with effective
population size (Hartl and Clark 1989; Meffe and Carroll
1997; Hedrick 2000). It is generally agreed that C. labiata is
experiencing a drastic population decline as a result of the high
degree of fragmentation in the Atlantic Forest in northern
Brazil. C. labiata is distributed in the Atlantic Forest from
Sergipe to Ceard, and this ecological amplitude may be
associated with a high genetic variability among the geo-
graphic populations that was not found by our analysis.
According to Swarts et al. (2009), 5 % of the total genetic
variation found between populations of another orchid species
(Caladenia huegelii Rchb. f.) suggested anemochorous dis-
persion of seeds over long distances, which would facilitate
gene flow between populations. The genetic similarity
between individuals of C. labiata to those from different
regions also suggests anemochorous dispersion of its seeds
over long distances. This may also be related to their perennial
long-lived habit, which may have ensured the maintenance of
old genotypes from genetic material that was exchanged when
C. labiata was distributed uniformly along the northeastern
Brazilian coast. Another reason for this pattern could be the
special microstructure within populations that is possible due
to biotic processes (such as clonal growth or short-distance
scattering), as observed in epiphytic plants such as Laelia
rubescens Lindl (Trapnell et al. 2004).

The genetic diversity indices in our study indicate higher
levels of within-population differentiation compared with
studies of other Orchidaceae species using dominant markers.
Low genetic diversity values were found in 8 populations of
Piperia yadonii R. Morgan and Ackerman (0.06-0.05; George
et al. 2009), in 4 populations of Paphiopedilum micranthum
Tang and F. T. Wang (0.15; Li et al. 2002) and in 11 popula-
tions of Changnienia amoena S. S. Chien (0.12; Li and Ge
2006). Diversity indices are higher in orchids with epiphytic
habit, such as C. labiata, than in terrestrial orchids, as they have
different survival strategies; examples include the occurrence
of individuals with allogamous and autogamous breeding
systems and perennial plants with long lifespans (Avila-Diaz
and Oyama 2007). On the other hand, low genetic diversity
indices may be due to the dominant marker-based methods
used to estimate allele frequency, as well as phenomena such as
habitat fragmentation and high collecting pressure that promote
genetic drift and limit gene flow between populations (Li et al.
2002; Li and Ge 2006; Parab and Krishnan 2008).

The results of population genetics analysis by origin
showed that genetic variability among populations of
C. labiata was low. This variation within populations was
higher in AMOVA, and increased further when we con-
sidered RPPs. Similar results were found in the endemic
C. elongata from nine regions of northeastern Brazil, in
which low divergence was detected between populations
(18 %) (Cruz et al. 2011).

Low levels of genetic differentiation within populations
have been reported for wild orchids (Nybom and Bartish
2000; Sun and Wong 2001), which according to Li et al.
(2002; Li and Ge 2006) may be the result of habitat frag-
mentation. C. labiata has declined dramatically in recent
years as habitat destruction has reduced the number of
populations (Swarts et al. 2009). Habitat protection is the
top priority for C. labiata given the fact that its habitats
have been both destroyed and fragmented due to exploita-
tion and agricultural practice in recent decades. The popu-
lations examined in our study are not located in protected
areas, but should be made a priority in the conservation of
this orchid species. This study will assist in developing
viable strategies for the maintenance and conservation of
genetic diversity within these orchid populations.

In species featuring high levels of genetic differentiation
between populations, loss of a population can cause irre-
versible loss of genetic variation that is not shared with
other populations (Soul’e 1986; Hossaert McKey et al.
1996; Chung et al. 2003). The 130 genotypes evaluated in
this study, however, were found to form a monophyletic
group based on JCs. This genetic characterization may be
useful in regional conservation programmes, e.g. the cre-
ation of a germplasm bank. Genetic variability was rela-
tively high, and similar values were found in wild
populations of C. elongata Barb. from Chapada Diamantina
(northeastern Brazil) using ISSR markers (Cruz et al.
2011). Because genetic variation is fundamentally involved
in the survival and evolution of any species, our results
have direct implications for the conservation and man-
agement of C. labiata and its relationship with other
Cattleya species.

When grouped into discrete populations and regions,
UPGMA and AMOVA showed no significant genetic differ-
entiation among the natural populations. It would be worth-
while to develop specific microsatellite markers that may be
used to reveal fine-scale population structure and detect alleles
that dominant markers such as RAPD and ISSR cannot
identify (Selkoe and Toonen 2006). Future work should focus
on sampling more populations across the distributional range
of C. labiata to test whether such populations are genetically
distinct. Much work remains to be done to understand the
factors governing orchid species distribution and abundance.
Two courses of action are required to conserve C. labiata:
land preservation and prevention of collection from the wild.
This will require management and policing to prevent illegal
removal of orchids.

Conclusions

This study, the first report on C. labiata in northeastern
Brazil, is a contribution to the characterization of native
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genotypes. The genetic variation and genetic relationships
among wild C. labiata were efficiently determined using
RAPD and ISSR markers. The identification of C. labiata from
northeastern Brazil contributes to our knowledge of genetic
relationships and the strategies required to protect natural
populations and preserve genetic variability. For C. labiata, the
most appropriate strategy would be habitat protection.
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