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Abstract Cattleya elongata is a rupicolous orchid species
spread throughout and endemic to outcrop islands in campo
rupestre vegetation of the Chapada Diamantina, north-
eastern Brazil. We scored nine natural populations of
C. elongata for morphological and genetic variability,
covering the whole distribution area of the species, using
allozymes and ISSR markers and morphometric multivar-
iate analyses. Genetic variability in allozimes was rela-
tively high (H. = 0.12-0.25), and unexpectedly higher
than the values based on ISSR (H. = 0.16-0.19). The
populations present moderate structuring (allozymes,
@pr = 0.14; ISSR, ®py = 0.18) and low inbreeding (al-
lozymes, Fis = 0.06). Genetic similarity among the pop-
ulations was high in both markers, in spite of the
discontinuity of the outcrops of the Chapada Diamantina.
We found no particular biogeographical pattern to the
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distribution of the genetic and morphologic similarity
among the populations of C. elongata. We found high
morphological variability with moderate differentiation
among the populations. We did not find any correlation
among genetic, morphological, and geographical distances,
and among the variability found in the morphological and
genetic markers. The differences observed between the two
genetic markers and the various morphological markers
examined here indicated that the isolated use of any single
parameter of these different populations for conservation
planning or management would not consider all of the
variability to be found in the species, as found in other
Brazilian campos rupestres plants.

Keywords Allozymes - Campo rupestre - Endemism -
ISSR - Morphometrics

Introduction

The Chapada Diamantina is an important center of diver-
sity for the Brazilian flora and one of the regions of greatest
diversity in all of South America (Giulietti et al. 1997). The
vegetation there has a very high degree of endemism and
many genera demonstrating extraordinary degrees of
diversification, but it suffers with high anthropogenic
degradation caused by substitution of native vegetation by
pasture lands and cultivation (Giulietti and Pirani 1988;
Giulietti et al. 1997). The Chapada Diamantina is located
in the northern portion of the Cadeia de Espinhaco
mountain range that stretches approximately 1,000 km
from the Serra de Jacobina in the northern part of Bahia
state to Serra do Ouro Branco in Minas Gerais state to the
south. The mountains in the highest regions of the Chapada
Diamantina (generally above 1,000 m) host herbaceous
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and sub-shrub plants growing on shallow sandy or rocky-
sandy soils, as well as herbaceous and shrub formations
growing directly on rock outcrops that are known as
campos rupestres (Giulietti and Pirani 1988). Areas of
campos rupestres are also found in southwestern and
southern Minas Gerais, Goias, and in northern Sao Paulo
states, and in the Federal District as isolated floristic
islands surrounded by cerrado (savanna) or caatinga
(dryland) vegetation (Giulietti and Pirani 1988; Giulietti
et al. 1997). The isolation of these campos rupestres
“islands” has been suggested as being responsible for their
notable diversity and high degree of endemism (Giulietti
and Pirani 1988; Borba et al. 2001; Jesus et al. 2001;
Lambert et al. 2006a, b; Pereira et al. 2007; Ribeiro et al.
2008).

According to Giulietti and Pirani (1988), the current
phytogeographical patterns seen in the Chapada Diaman-
tina (and other portions of the Cadeia do Espinhaco Range)
reflect a long history of climatic fluctuations during which
populations were alternately united and separated and
geographical barriers were formed that created physical
obstacles to gene flow—resulting in a large contingent of
endemic species. These authors also concluded that each
population has a speciation rate highly dependent on the
specific environment in which it grows, resulting in the
formation of local floras at individual sites that are extre-
mely small. Significant efforts have been made in the last
three decades to describe the flora of the campos rupestres,
but information about the reproductive biology of its
component species is still scarce, and even less is known
about their genetic variability. Borba et al. (2001) noted an
elevated genetic variability and moderate to high genetic
differentiation between conspecific populations of species
of Acianthera (Orchidaceae) in areas of campos rupestres,
indicating that geographical distribution contributes to the
genetic differentiation of populations found in the Cadeia
do Espinhaco. More recent studies with other groups of
plants (Jesus et al. 2001, 2009; Lambert et al. 2006a, b;
Pereira et al. 2007) as well as other Orchidaceae (Azevedo
et al. 2007; Ribeiro et al. 2008) have strengthened this
view. Lambert et al. (2006a, b) and Pereira et al. (2007)
identified high local genetic differentiation in groups of
populations of Cactaceae and Eriocaulaceae species,
respectively, occurring in some particular mountains of the
Chapada Diamantina. However, no investigations have yet
been undertaken using a species widely distributed
throughout all of the Chapada Diamantina.

Cattleya elongata Barb. Rodr. (Orchidaceae) is the only
species of the genus that is exclusively rupiculous, and its
distribution is restricted to the Chapada Diamantina (Cruz
et al. 2003). This species is widely distributed in the region,
occurring on mountain peaks along the main axis of this
range. This species is pollinated by bees and self-
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compatible and may hybridize with C. tenuis, probably
facilitated by habitat disturbance (Smidt et al. 2006). As
this is one of the most beautiful species of orchids in the
region, some of the populations that are relatively easy to
reach have been heavily harvested (or even decimated)
through commercial collecting activities. Studies of the
genetic and morphological variability in populations of
C. elongata were undertaken throughout its range to increase
our understanding about the degree of differentiation
observed in populations of endemic plants due to frag-
mentation of campos rupestres occurring in the Chapada
Diamantina. Most studies to date with Brazilian species of
campos rupestres have used the codominant allozyme
marker, but recently studies using more variable dominant
markers have been reported. In this study we used a
codominant (allozymes) and a dominant (ISSR) genetic
marker with the purpose of comparing the response of
these two markers in the same plant species, and we cor-
related the patterns of genetic with morphological vari-
ability found in the populations.

Materials and methods
Populations sampled

Plant material was collected from nine native populations
(180 individuals) of Cattleya elongata along Chapada
Diamantina. Populations sampled occur in the municipalities
of Ibicoara, Igatu, Lencdis, Morro do Chapéu, Mucugg,
Palmeiras, Piatd, Rio de Contas, and Seabra, in the Bahia
state, northeastern Brazil (Table 1; Fig. 1). The distance
between populations ranges from 9 (Igatu—-Mucugg) to 223
(Morro do Chapéu-Rio de Contas) km, with an average
distance of 86.5 km. All these populations are usually quite
large, having hundreds of individuals. For allozyme anal-
yses, leaf tissue was collected and stored in liquid nitrogen.
DNA was extracted from petals dried in silica gel. For
morphometric analyses, flowers of the same individuals
used in the genetic analyses were collected and preserved
in glycerined ethanol 70%. Voucher specimens are
deposited in the herbarium HUEFS.

Allozyme analysis

The study of genetic variability was carried out using allo-
zyme horizontal electrophoresis in 8.5% starch gel. Small
pieces of leaf tissue were crushed in 500 pl of grinding
buffer as described in Lambert et al. (2006a). We used the
buffer systems 1, 2, 3, and 4 of Lambert et al. (2006a),
applying the same running conditions. Eight enzymatic
systems presented good resolution and were used in the
analyses: buffer system 1—diaphorase (DIA; EC 1.8.1.4);
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Table 1 Populations of Cattleya elongata used in the genetic and morphometric analyses, occurring in the Chapada Diamantina, Bahia state,

Brazil
Population Municipality Location ISSR (N) Allozyme (N) Morphometrics (N) Voucher
IG Igatu 12°53'57"S; 41°18'40"W 15 20 20 D.T. Cruz 18
MU Mucugé 12°58'28"S; 41°20'31"W 15 20 20 D.T. Cruz 19
1B Ibicoara 13°26'04"S; 41°12'43"W 15 20 20 D.T. Cruz 20
RC Rio de Contas 13°27'49"S; 41°50'42"W 15 20 20 D.T. Cruz 45
SE Seabra 12°28'29"S; 41°40'41"W 20 20 20 D.T. Cruz 22
PA Palmeiras 12°26/50"S; 41°29'26"W 15 20 20 D.T. Cruz 23
PI Piata 13°09'04"S; 41°45'51"W 20 20 20 D.T. Cruz 44
LE Lencdis 12°34'01"S; 41°24'34"W 15 20 20 D.T. Cruz 24
MC Morro do Chapéu 11°37'33"S; 40°59'58"W 20 20 20 D.T. Cruz 25
Vouchers are deposited in the herbarium HUEFS
N Sample size
Fig. 1 Map of distribution of
the nine populations of Cattleya
elongata occurring in the
Chapada Diamantina, Bahia
state, Brazil, used in this study. e
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buffer system 2—isocitrate dehydrogenase (IDH; EC
1.1.1.42), malate dehydrogenase (MDH; EC 1.1.1.37);
buffer system 3—shikimate dehydrogenase (SKDH; EC
1.1.1.25), phosphoglucoisomerase (PGI; EC 5.3.1.9),
phosphoglucomutase (PGM; EC 2.7.5.1); and buffer system
4—esterase (EST; EC 3.1.1.1.), acid phosphatase (ACP; EC
3.1.3.2). The staining procedures were similar to but slightly
adjusted from Brune et al. (1998; DIA, SKDH, EST), Cor-
rias et al. (1991; IDH), and Soltis et al. (1983; MDH).
Genetic variability for every population was estimated
by the following parameters: proportion of polymorphic

loci (P; 0.95 criterion), mean number of alleles per locus
(A), mean number of effective alleles per locus (A.), and
observed (H,) and expected (H,) mean heterozygosity per
locus using GenAlex 6.4 (Peakall and Smouse 2006).
Deviations from the expected mean heterozygosity under
Hardy-Weinberg (HW) equilibrium were tested. A test for
linkage disequilibrium was performed using 100 batches of
1,000 iterations per batch with 1,000 dememorization steps
using GENEPOP software (Raymond and Rousset 1995)
followed by Bonferroni procedure (Rice 1989). Inbreeding
was estimated with Wright’s Fig and partitioning of genetic
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diversity among conspecific populations was estimated by
@pr. Analysis of molecular variance (AMOVA) was car-
ried out with 999 permutations to detect variation within
and among populations. Cluster analysis was performed
with the genetic distance matrix (Nei’s unbiased genetic
distance; Nei 1978) of the populations with UPGMA as
clustering algorithm in STATISTICA 6.1 (StatSoft 2003).

ISSR analysis

DNA was extracted from dried petals of 15-20 samples of
each population using cetyltrimethylammonium bromide
(CTAB) protocols (Doyle and Doyle 1987). Amplifications
were performed in 20 pl of reaction volumes containing
1x buffer, 2.5 mM MgCl,, 0.2 mM dNTPs, 0.5 mM of
primer, 1 U of Tag DNA polymerase (Invitrogen),
and DNA template. We tested 20 primers from the
ISSR Resources web site (http://www.biosci.ohio-state.
edu/ ~awolfe/ISSR/ISSR.html) and selected 8 with satis-
factory resolution for analysis: AW3 (5-GTG TGT GTG
TGT RG-3’), CHRIS (5-CAC ACA CAC ACA CAY
G-3'), DAT (5'-GAG AGA GAG AGA GAR G-3'), UBC
898 (5'-CAC ACA CAC ACA RY-3'), UBC 899 (5'-CAC
ACA CAC ACA RG-3'), UBC 901 (5-GTG TGT GTG
TGT YR-3'), UBC 902 (5-GTG TGT GTG TGT AY-3'),
and UBC 944 (5-CTC TCT CTC TCT CTC TRC-3).
Amplification was performed as follows: initial denatur-
ation at 94°C for 4 min, and then 37 cycles of 1 min at
94°C, 1 min at 46°C (primers UBC844, UBCS98,
UBC899, and UBC902) or 47°C (primers UBC901,
CHRIS, DAT, and AW3), 2 min at 72°C, with a final
extension at 72°C for 5 min. PCR reactions were visualized
on a 1.4% agarose gel electrophoresis in 1x SB buffer
(Brody and Kern 2004) stained with ethidium bromide. The
genetic variability of each population was estimated by
allele frequency, private alleles, percentage of polymorphic
loci (P; 0.95 criterion), expected mean heterozygosity per
locus (H.), and Nei’s genetic distance (“unbiased genetic
identity”; Nei 1978).

A matrix of genetic distance among populations was
obtained, and a principal coordinates analysis (PCA) was
carried out. AMOVA was carried out with 999 permuta-
tions to detect variation within and among populations. The
analyses of variability were performed using GenAlex 6.4.
A phenetic analysis using matrix of Nei (1978) unbiased
genetic distance with UPGMA as clustering algorithm was
performed in STATISTICA 6.1.

Morphometric multivariate analyses
We analyzed 29 floral morphological continuous quanti-

tative characters (Fig. 2; Table 2) in the same individuals
used in the genetic analyses. Patterns of morphological
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Fig. 2 Outline of flower parts indicating the morphological charac-
ters used in the morphometric analysis of nine populations of Cattleya
elongata occurring in the Chapada Diamantina, Bahia state, Brazil.
See Table 2 for character codes

similarity/difference were analyzed by multivariate statis-
tical methods using STATISTICA 6.1. The analyses
included discriminant analysis, canonical variate analysis
(CVA), and cluster analysis for the calculation of vari-
ability parameters and morphological structuring. CVA and
discriminant analysis were performed with population as
the categorical variable (individuals were grouped
according to the population to which they belonged). The
standardized coefficients for canonical variables resulting
from CVA were used to identify the characteristics that
most significantly contribute to the resulting patterns
observed. In the discriminant analysis we obtained a matrix
of squared Mahalanobis distances of individuals to the
centroid of the group (D2); the morphologic variability of
populations was calculated as the median of these distances
(D2m) (Goldman et al. 2004). We used the median of the
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Table 2 Morphological characters used in the morphometric analy-
ses of individuals of nine populations of Cattleya elongata, occurring
in the Chapada Diamantina, Bahia state, Brazil

Number Character

Dorsal sepal

1 Length

2 Width at 1/3*

3 Width at 2/3*

4 Largest width

5 Apex angle
Lateral sepals

6 Length

7 Width at 1/3*

8 Width at 2/3*

9 Largest width

10 Apex angle

11 Angle of curvature
Petal

12 Length

13 Width at 1/3*

14 Width at 2/3*

15 Largest width

16 Apex angle

Lip

17 Angle between lateral and mid lobes
18 Inner angle of the mid lobe
19 Length

20 Width

21 Isthmus width

22 Isthmus length

4 Width of the sepals and petal at one-third and two-thirds along their
length

squared Mahalanobis distances instead of an average
of these distances because of the non-normal distribution of
the data. Cluster analysis was carried out on a matrix of
morphological distance among populations using Maha-
lanobis Generalized Distance as the distance coefficient,
and UPGMA was used as clustering algorithm in STAT-
ISTICA 6.1.

A multiresponse permutation procedure (MRPP) analy-
sis was carried out with the PC-ORD 4.10 program
(McCune and Mefford 1999) to calculate the chance-cor-
rected within-group agreement (Ayrpp) among populations
of the studied species. The Ayrpp values may be consid-
ered comparable with the indexes of genetic differentiation
among conspecific populations (®pt) (Borba et al. 2002;
Lambert et al. 2006a, b). The average Euclidian distance
(ED) between the individuals of each population resulting
from the MRPP analysis was also utilized as a measure of
variability within populations (Borba et al. 2002; Lambert

et al. 2006a, b). The two indices of morphological vari-
ability are essentially different, as D2m is more affected by
form and ED is more affected by size of the characters
(Lambert et al. 2006a, b).

Correlation analyses between the markers

The correlation between the matrices of genetic distances
(based on ISSR and allozymes markers), between the
matrices of genetic and geographic distances in order to
test for isolation by distance, between the matrices of
genetic and morphological distances, and between matrices
of morphological and geographical distances, was tested
using the Mantel test with the method of randomization
(Monte Carlo, 1,000 randomizations) in PC-ORD 4.10. The
pair-wise geographical distances between the populations
were computed with geodetic distances on WGS84 earth
ellipsoid calculated using the INVERSE 2.0 program
(National Geodetic Survey 2002). A Spearman rank cor-
relation analysis between the morphological (ED and D2m)
and genetic (H,) variability of populations was carried out
using STATISTICA 6.1.

Results
Allozymes

Ten loci with good resolution were obtained for the eight
enzyme systems used. No characteristics were observed
that indicated the occurrence of polyploidy among the
populations, such as individuals with three or more alleles
per locus and/or heterozygosity fixed in the populations.
No disequilibrium linkage was detected in any loci. Only
10 (5.6%) of the 64 tests carried out with the fixation
indices (F) demonstrated significant deviations in relation
to that expected by the Hardy-Weinberg (HW) equilibrium.
The values of Fig (0.058) and ®pr (0.143) indicated low
inbreeding levels and moderate structuring within the
species. An elevated Fig was observed, however, in the
Ibicoara population, and moderate values in Rio de Contas
(Table 3).

Most of the loci were polymorphic in most of the pop-
ulations. The loci PGM-1 and MDH-1 were considered
monomorphic in all of the populations (0.95 criteria). The
number of alleles per locus ranged from two to five. Three
populations presented one (Seabra and Mucugé) or two
(Palmeiras) exclusive alleles. No population, however, had
exclusive fixed alleles or diagnostic loci, although some did
show elevated frequencies of alleles that were considered
rare for most of the other populations (e.g., allele MDH-2/
111 in LE and MC). Intrapopulational variability was rel-
atively high (Table 3): the percentage of polymorphic loci
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Table 3 Genetic (allozyme and ISSR) and morphological variability in nine populations of Cattleya elongata, occurring in the Chapada

Diamantina, Bahia state, Brazil

Pop.  Genetic variability Morphological variability

Allozyme ISSR

N P Alleles Priv. alleles A A. H, H, F N P Frag. Priv. frag H,. ED D2m
IG 19.0 60.0 20 0 20 14 0.190 0210 0.066 14.1 613 92 4 0.183 31.94 27.83
MU 19.1 60.0 21 1 2.1 1.3 0.200 0.173 —-0.120 13.8 53.8 87 1 0.164 29.97 24.44
IB 17.5 50.0 21 0 21 12 0.073 0.123 0.187 13.8 57.1 8 O 0.177 2597 23.51
RC 18.8 50.0 23 0 23 1.3 0.141 0.189 0.145 123 571 82 O 0.175 44.8 31.81
SE 18.9 80.0 22 1 22 12 0.169 0.166 0.054 13.0 58.0 86 1 0.175 31.16 20.27
PA 19.6 60.0 24 2 24 13 0174 0.190 0.038 13.7 61.3 89 1 0.181 23.52 24.45
PI 19.2 50.0 20 0 20 13 0.163 0176 0.013 11.8 53.8 81 0 0.166 26.45 23.60
LE 18.5 60.0 20 0 20 14 0.191 0210 0.106 134 563 86 2 0.172 31.27 21.06
MC 19.7 50.0 21 0 2.1 1.5 0289 0251 —0.128 100 52.1 80 O 0.185 33.47 27.81
Mean 189 71.1 34 - 213 1.3 0.177 0.187 0.042 129 56.8 119 - 0.175 - -

N Mean sample size per locus (allozyme) or primer (ISSR), P percentage of polymorphic loci (for allozyme, a locus was considered polymorphic
if the frequency of the most common allele did not exceed 0.95), alleles total number of alleles per population, priv. alleles number of private
alleles of the population, A mean number of alleles per locus, A, mean number of effective alleles per locus, H, observed and H, expected mean
heterozygosity per locus (Nei 1978; unbiased estimate), F fixation index, inbreeding coefficient, frag total fragments analyzed per population,
priv. frag number of private fragments of the population, ED average Euclidian distance among the individuals of each population, D2m median
of the squared Mahalanobis distances of individuals to the centroid of the group. See Table 1 for the names of the populations

(P; 0.95 criteria) ranged from 50 to 80%; the average
number of alleles per locus (A) ranged from 2.0 to 2.4; and
the average expected heterozygosity (H.) ranged from 0.12
(Ibicoara) to 0.25 (Morro do Chapéu).

The genetic distance between populations ranged from
0.004 to 0.091 and pairwise Fsr from 0.021 to 0.100, with
the lowest values being observed in the populations from
Seabra and Mucugé, and the highest in the populations
from Lencd6is and Mucugé. The dendrogram based on Nei’s
genetic distances indicated the formation of two main
groups, one composed of the populations from Lencdis and
Morro do Chapéu, and another larger group composed of
the remaining populations (Fig. 3a). This larger group was
in turn divided into three subgroups, the first formed by the
populations from Ibicoara, Rio de Contas, and Igatu; this
larger subgroup was linked to a second formed by the
populations from Mucugé, Seabra, and Palmeiras; the Piatd
population was externally united with these two.

ISSR

The eight primers utilized produced 119 loci with good
resolution. The size of the fragments analyzed ranged from
approximately 120 to 2,100 base pairs (bp). The majority
of the loci were polymorphic. The number of fragments
generated per primer ranged from 9 to 24, with an average
of 14.9 bands per primer. The AMOVA demonstrated high
variation within the populations (82%) but low divergence
between them (18%). The value of the genetic structuring
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as calculated by ®pr was 0.18. From one (Mucugeé, Seabra,
and Palmeiras) to four (Igatu) specific bands were found in
the populations, although these fragments occurred only at
low frequency. The proportions of polymorphic loci ranged
from 52.1 (Morro do Chapéu) to 61.3% (Igatu and
Palmeiras). The populations demonstrated similar mean
expected heterozygosity, with the highest value being
observed in the Morro do Chapéu population (0.19) and the
lowest in Mucugé (0.16) (Table 3).

The genetic distance between populations ranged from
0.017 to 0.153 and pairwise Fgr from 0.000 to 0.230, with
the lowest values being observed in the populations from
Mucugé and Ibicoara, and the highest in the populations
from Mucugé and Palmeiras. In the cluster analysis, the
nine populations were subdivided into three groups, and the
resulting dendrogram demonstrated a different topology
from that observed with the allozyme analysis (Fig. 3b).
One group was composed only of the population from
Palmeiras, which demonstrated high divergence in relation
to the other populations. This large group is divided into a
subgroup composed of Piatd, Leng¢dis, and Morro of
Chapéu and another subgroup composed of the remaining
populations. The first three axes of the principal coordi-
nates analysis (PCA) explained 72.76% of the observed
variability. The Palmeiras population could be distin-
guished from the others on axis 1 (37.32% of the vari-
ability). Axis 1 together with axis 2 (22.28% of the
variability) indicated a structuring of the populations into
the same three groups observed in the cluster analysis. The
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Fig. 3 Dendrogram showing the phenetic relationships among nine
populations of Cattleya elongata occurring in the Chapada Diaman-
tina, Bahia state, Brazil, with UPGMA as clustering algorithm.
Constructed using the matrix of genetic distances (Nei 1978; unbiased
estimate) based on 10 allozymic loci (a) and on 119 ISSR loci (b) and
using the matrix Mahalanobis generalized distance based on 29
morphological floral characters (c¢). Cophenetic correlation = 0.942
(a), 0.957 (b), and 0.872 (c¢). See Table 1 for the names of the
populations

PCA indicated that the relationship between the three
subgroups observed in the grouping analysis was not
stable.

Multivariate morphometric analysis

Only the first four axes were statistically significant in
the canonic variance analysis (CVA). The first axis
accumulated 51.89% of the variance and was principally
correlated with variables #10, 16, 20, and 23 (Table 2).
The second axis accumulated 14.73% of the variance and
was principally correlated with variables #1, 14, 23, and
28. The third axis accumulated 14.27% of the variance
and was correlated with variables #15, 20, and 24. Axis 4
accumulated 8.28% of the variance and was correlated
with variables 3, 15, and 27. The scatterplot of the
individual scores within these populations in the CVA
revealed on axis | the separation of the Rio de Contas
population from the others, as well as a lesser separation
of the Morro do Chapéu population from Piati, Ibicoara,
Lencdis, and Palmeiras (Fig. 4a). On axis 2, the Igatu
population was seen to be separate from the Palmeiras
and Morro do Chapéu populations; on the third canonic
axis the Ibicoara population was seen to be separate from
the Seabra population (although there was overlap on
both axes). The fourth axis demonstrated a separation of
the Morro do Chapéu population from that of Seabra
(Fig. 4b).

In the cluster analysis of the centroids of the popula-
tions, the nine populations were subdivided into three
groups (Fig. 3c). The first group was composed only of the
Rio de Contas population, which demonstrated a high
differentiation, linking externally to the large group that
was formed by the remaining populations. This large group
was, in turn, subdivided in two groups, one composed of
the Seabra and Morro of Chapéu populations, and the other
composed of the remaining populations (but with the Igatu
population linking externally with the latter). The floral
diagrams of those individuals considered to be most rep-
resentative of each population (those that demonstrated the
least distance from the centroids of their respective popu-
lations) can be seen in Fig. 5.

The populations demonstrated moderate morphological
structuring (Aprpp = 0.2454). The Rio de Contas popula-
tion had the greatest values in both analyses of morpho-
logical variability (Table 3). The average Euclidian
distances (ED) between all of the members of the popu-
lations had wide amplitudes, ranging from 23.52 (Palme-
iras population) to 44.8 (Rio de Contas population). The
median of the generalized Mahalanobis distance (D2m)
ranged from 20.27 (Seabra population) to 31.81 (Rio de
Contas population).
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Fig. 4 Representation of the scores on the four first canonical axes of
the CVA using 29 morphological floral characters in nine populations
of Cattleya elongata occurring in the Chapada Diamantina, Bahia
state, Brazil. a Canonical axes 1 and 2. b Canonical axes 3 and 4.
Percentage of variance accumulated on the axes: axis 1 = 51.89%;
axis 2 = 14.73%; axis 3 = 14.27%:; axis 4 = 8.28%. See Table 1 for
the names of the populations

Correlation analyses between the markers used

The Mantel test indicated the absence of any significant
correlation between the genetic distances obtained from
the two molecular markers, the allozymes and ISSR
(r = 0.0034, p = 0.2994); between the allozyme genetic
distance and the geographical distance (allozymes
r = 0.2499, p = 0.1730); between the genetic distance
based on ISSR and the geographical distance (ISSR r =
—0.0742, p = 0.4924); between the morphological and
geographical distances (r = 0.4827, p = 0.0794); or
between the genetic and morphological distances (allo-
zymes r = —0.1379, p =0.3298; ISSR r = —0.2321,
p = 0.1376). The Spearman correlation analyses between
genetic variability based on allozymes and ISSR (H.) with
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the morphological data demonstrated an absence of corre-
lation between genetic and morphological variability
(D2m x allozymes: r = 0.0450,p = 0.2242; D2m x ISSR:
r = 0.5000, p = 0.1704; ED x allozymes: r = 0.5166,
p = 0.1543; ED x ISSR: r = 0.2500, p = 0.5164) as well
as between the two measures of genetic variability utilized in
this study (allozymes x ISSR; r = 0.4666, p = 0.2000).

Discussion

The populations of Cattleya elongata examined here
demonstrated moderate to high levels of allozyme genetic
variability when compared with other groups of endemic
plants from campos rupestres vegetation in the Cadeia do
Espinhago Range (Jesus et al. 2001; Lambert et al. 2006a,
b; Pereira et al. 2007), but average values when compared
to other plants with similar characteristics (long-lived
perennial with narrow distribution, herbaceous, wind-dis-
persed, outcrossing plants; Hamrick and Godt 1990). In
general, these values were similar or superior to those
observed in the majority of studies undertaken in orchids
(e.g., Case et al. 1998; Chung and Chung 1999; Gustafsson
2000; Chung et al. 2004; Trapnell et al. 2004). However,
this genetic variability was less than that encountered in
other species of Orchidaceae that occur in the same vege-
tation formation (Borba et al. 2001; Azevedo et al. 2007;
Ribeiro et al. 2008), including other species of Cattleya in
the Chapada Diamantina (Borba et al. 2007a, b). The
indices of genetic variability based on ISSR were lower
than the average values encountered in plants with the
same characteristics of C. elongata (Nybom 2004),
including other orchid species (e.g., Smith et al. 2002). The
genetic markers utilized here demonstrated heterozygosity
values considerably different from the expected patterns,
with variability as measured using allozymes being supe-
rior to that observed using ISSR (Hamrick and Godt 1990;
Nybom 2004). The low observed genetic diversity values
as estimated by the ISSR markers, however, may be related
to the primer choices utilized in the present analyses (Smith
et al. 2002). A similar situation was observed with Tipu-
laria discolor (Orchidaceae), in which intra- and inter-
populational genetic variability levels measured using
ISSR markers were also found to be low (Smith et al.
2002).

The Ibicoara and Mucugé populations demonstrated the
lowest genetic variability values, while the most geo-
graphically isolated population, Morro do Chapéu, dem-
onstrated the highest values as estimated using both
markers. Stochastic events, such as genetic drift and
genetic bottlenecks, as well as a decrease (or interruption)
of gene flow can produce geographically isolated popula-
tions that show reduced genetic variability, such as that
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Fig. 5 Outline of flower parts
of the individual closest to the
centroid of each of the nine
populations of Cattleya
elongata occurring in the
Chapada Diamantina, Bahia
state, Brazil, in the canonical
variate analysis based on 29
morphological characters.

a Igatu (IG), b Mucugé (MU),
¢ Ibicoara (IB), d Rio de Contas
(RC), e Seabra (SE), f Palmeiras
(PA), g Piatd (PI), h Lengois
(LE), i Morro do Chapéu (MC)

seen in the Ibicoara population. However, this would appear
not to be the case with the Mucugé population, which is
geographically very near to other populations that demon-
strated much greater genetic variability (such as Igatu). The

Mucugg population is located at the edge of an important local
highway, which favors intense harvesting, and this population
should be monitored to avoid an even greater depletion of its
variability, which could jeopardize its viability.
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The Fis values were low in all of the allozyme systems,
with only small differences between the observed and
expected heterozygosity values in the populations. The
populational genetic structure of plants is directly related to
factors such as their reproduction systems and their
mechanisms of pollen and seed dispersal, their effective
population sizes, and their capacity to colonize new sites
(Hamrick and Godt 1990, 1996). Cattleya elongata is
pollinated by queens of Bombus (Fervidobombus) brevi-
villus Franklin 1913 (Smidt et al. 2006). Although
C. elongata is self-compatible, this species presents a mech-
anism of pollination by deception (the flowers produce no
nectar) that favors cross-pollination (Smidt et al. 2006) and
is probably responsible for the low observed Fig values.
Little is known about seed dispersal in the Orchidaceae, but
the genetic structures of the populations of some species
are known to be low, demonstrating that gene flow driven
by either seed or pollen dispersal is quite high (Tremblay
and Ackerman 2001; Trapnell and Hamrick 2004).

Cattleya elongata is distributed in disjunct populations
in the Chapada Diamantina mountains due to the discon-
tinuity of the outcrops there, and the genetic structuring
found was moderate, but higher than that normally
observed with orchid species in campos rupestres areas
(Borba et al. 2001, 2007b; Azevedo et al. 2007; Ribeiro
et al. 2008). There is an increased probability that the genes
of plants with long life cycles (due to their capacity for
vegetative propagation) will be transported to more distant
localities and thus resist genetic drift (Loveless and Ham-
rick 1984). The interpopulational variability estimated
from analysis of molecular variance demonstrated most
variation is found within the populations, and low diver-
gence between them, which is consistent with an allogamic
reproductive pattern of species with wind-dispersed seeds.
Although most of the genetic variation of the species is
found within populations, some populations presented
exclusive alleles, such as Igatu, Lengoéis, Palmeiras, Seabra,
and Mucugg, indicating their uniqueness.

The phenetic analyses based on the Nei’s distance
(1978) obtained from genetic data indicated no single
biogeographical pattern that could describe the distribution
of the genetic similarity of the populations of C. elongata.
It was to be expected that the closest populations, or those
that occupied contiguous mountain chains in the Chapada
Diamantina, would demonstrate higher genetic similarity.
The two closest populations (Mucugé and Igatu—only
26 km apart) demonstrated intermediate levels of genetic
similarity. Nonetheless, it was observed that genetic dis-
tance between populations was in general considerably
reduced, especially as evaluated by using allozyme mark-
ers. As such, it cannot be categorically stated that there is
high degree of differentiation between populations in the
same region of the Chapada Diamantina or even between
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quite different regions. In general, the Morro do Chapéu
population appears to be more similar to the Lengdis
population than to the others, indicating any decrease in
gene flow between these two populations must have only
occurred recently. These two populations diverge from the
others when evaluated using allozyme markers, but remain
in the same small group when analyzed using ISSR
markers, in spite of the fact that the Len¢dis population is
geographically closer to the Palmeiras population (which
was the most genetically divergent group in ISSR data).
This divergence of the Palmeiras population was a sur-
prising result, as this population is actually located very
close to the other populations examined here. The most
plausible explanation for this situation is that ecological
factors must be acting to diminish gene flow between this
population and the others. Additionally, reports of
hybridization of this species with C. fenuis in this region
have been reported (Cruz et al. 2003; Borba et al. 2007b).
The groupings observed here may also reflect adaptations
to different ecological conditions, because in spite of their
geographical proximity, many of these populations are
found (for example) at different altitudes. As observed for
genetic markers, the high Ayrrp value indicates moderate
morphological structuring, which was mainly due to dif-
ferentiation in characteristics such as the angle of the apex
of the lateral sepal and of the petal, the width of the
labellum, and the width of the lobe terminal. Morpholog-
ical data also demonstrated no well-defined biogeographi-
cal patterns to the distribution of morphological similarities
among the populations, although these were better defined
than those observed with the molecular markers. The
Morro do Chapéu and Rio de Contas populations, located
in the extreme northern and southern distribution limits of
this species, and the Seabra population (disjunct from the
others by lowlands) were observed to be most morpho-
logically divergent from the populations in the core area of
the species.

The differentiation of populations isolated by depres-
sions or disjunct of C. elongata, such as Morro do Chapéu
in allozymes, Palmeiras in ISSR, and Rio de Contas,
Seabra and Morro do Chapéu in morphometrics, may be
related to climate changes during the Pleistocene in the
tropical region of Brazil (Salgado-Labouriau et al. 1998),
according to the theory of refugia (Prance 1982). During
the Pleistocene climate changes, the decrease in tempera-
ture and humidity led to the reduction of forests and
favored the expansion of the distribution of plant species
from drier areas. This process could have resulted in
expansion of areas of campos rupestres vegetation, cur-
rently restricted to altitudes above 800 m (see Fig. 1), to
lowlands occupying large quartzite areas, environment
suitable for C. elongata. At the end of glaciation, with the
increase in temperature and humidity and expansion of
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forest areas, there was a retraction of the campos rupestres,
with the extinction of intermediate populations occurring at
lower altitudes, leading to allopatric fragmentation of the
species. This model has been used to explain the patterns of
species differentiation in these and adjacent formations
(Collevatti et al. 2009; Ramos et al. 2007; Feres et al. 2009;
Lage-Novaes et al. 2010) as well as the Atlantic forest in
Brazil (e.g., Palma-Silva et al. 2009), and may be a major
factor in high endemism (Giulietti and Pirani 1988) and
high differentiation in disjunct populations of species of
campos rupestres (e.g., Jesus et al. 2001; Pereira et al.
2007).

The absence of any correlations between any of the
genetic and morphological variability indices was unex-
pected. However, correlations between genetic and mor-
phological data have not been very frequently observed in
many groups of organisms (Mitton 1978; Gilles 1984;
Elisens et al. 1992; Avise 1994), including plants of cam-
pos rupestres (Borba et al. 2001; Lambert et al. 2006a, b;
Conceigdo et al. 2008). This result is apparently due to the
fact that changes at the genetic level are not always
reflected in morphological variations as mutations may
occur in many different regions of the genome (either in
coding regions or not), and DNA polymorphism markers
do not necessarily correspond to regions related to the
expression of morphological characters. Likewise, no cor-
relation was detected between genetic and geographical
distances, nor between morphological and geographical
distances, even though various disjunctions were observed
in the geographical distributions of the analyzed popula-
tions that have previously been associated with the genetic
differentiation of populations in other groups of plants
(Borba et al. 2001; Jesus et al. 2001; Lambert et al. 2006a,
b; Pereira et al. 2007; Ribeiro et al. 2008).

In spite of past anthropogenic influences in the last two
centuries, it could be seen that these populations still
demonstrated moderate levels of genetic and morpholog-
ical variability. This could easily and quickly deteriorate,
however, as there is still no control over the commercial
exploitation of this species—a situation that deserves
special attention from environmental authorities. Knowl-
edge of the level of genetic diversity of a taxon, not
simply its geographical distribution, is an important con-
sideration when planning conservation strategies for
threatened species (Hamrick 1989; Lambert et al. 2006a,
b). The differences observed between the two genetic
markers and the various morphological markers examined
here indicated that the isolated use of any single parameter
of these different populations for conservation planning or
management would not consider all of the variability to be
found in the species—a situation that has been observed
with other Brazilian campos rupestres plants (Borba et al.
2002, 2007a; Lambert et al. 2006a, b; Pereira et al. 2007;

Ribeiro et al. 2008). As such, it is fundamental that as
much information as possible be used in conservation
planning.
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