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Abstract

Pinus tropicalis Morelet, the tropical pine, is an endemic endangered species restricted
to the western part of the Cuban. We investigated the genetic diversity and population
structure using cpDNA sequences. A total of 160 individuals from 7 natural populations
were collected. Ten haplotypes were distinguishable based on nucleotide substitutions
and indels in the sequences of the trnT-trnL spacer and trnL intron. Strong genetic
differentiation at both the gene level (Gst = 0.50) and nucleotide level (Nst = 0.78) was
found among populations. of the . Analysis of molecular variance (AMOVA) revealed the
genetic structure of P. tropicalis (Ost = 0.52; P < 0.05). The partitions created by
AMOVA, when the population were divided into four region: North-Eastern (Galalon),
Central (Vifales and Pilotos), North-western (La Jagua, San Juan, Bartolo, Mina Dora)
showed that the significant differentiation was due to the high differentiation among
geographical regions (dct = 0.499; P < 0.05) rather than the differentiation within the
regions (dsc = 0.077; P > 0.05), indicating that the gene flow via pollen is limited among
geographically distant populations. The minimum-spanning network and neighbour-
joining trees of haplotypes showed a strong geographical association among
haplotypes, suggesting that historical events have played a major role in the current
pattern of cpDNA variation. All the analyses hypothesize that population from the
Central (Pilotos) could have served as the ancestral-Miocene refugia, the Galalon
population was distantly related to the Central and North-western populations being a
unique population at nuclear and cpDNA,; therefore, this population should be
considered as an Evolutionary Significant Unit (ESU).

INTRODUCTION

Genetic variation in natural populations is a major concern of evolutionary
biologists because the amount and distribution of genetic variation is likely to affect the
evolutionary potential of species and/or populations. In the last three decades, an
enormous amount of data on genetic diversity in natural plant populations has
accumulated, and correlations between genetic diversity and various attributes of
species such as endemism, mating system and geographic distribution have been
examined (Hamrick and Godt, 1989). Although such genetic data have been collected
for a wide variety of wild plant species, data on tropical to subtropical and non-
continental species are relatively limited (Hamrick and Godt, 1996b). Insular endemic
plants have attracted the attention of many evolutionary biologists (Stuessy and Ono,
1998) because they often have unique characteristics that differ from their continental
congeners relatives and because remarkable adaptive radiation is often found in insular
endemic taxa (Fransisco-Ortega et al, 1997). In addition, island species are considered



to be more prone to extinction due to the genetic paucity in populations (Frankham,
1997). Island populations tend to have a lower level of genetic diversity than do
continental populations, and from the viewpoint of conservation biology, it is therefore
meaningful to examine genetic variation in island endemic species.

Tropical pine (Pinus tropicalis Morelet.) is an endemic insular species distributed
naturally in Pinar del Rio and in Isla de la Pinos in the western part of Cuba. Pinus
tropicalis and P. resinosa represent relic species of the Eurasian lineage of Diploxylon
pines (section Pinus) in North America (Geada et al, 2002), and their occurrence in
diverse climates in America implies independent entries, probably at Early Paleogene to
Late Cretaceous for the ancestor of P. tropicalis and at Miocene for P. resinosa in
northeastern U.S. and Canada (Axelrod, 1986). Therefore, P. tropicalis signifies an
endemic-aged taxon among the existing pines, but very little is known about the genetic
variation in its natural populations (Price et al, 1998).

Despite the large range of distributions in Pinar del Rio, the natural populations in
Isla de Pinos have disappeared (Census of the Academia de Ciencias de Cuba, 1998).
Historically, it was distributed in the northern part of Pinar del Rio at lower elevation, but
is currently only found as discrete populations located in mountainous areas at high
altitudes in the northeastern, central and northwestern regions, where populations seem
to be more continuous. Interest has recently been shown in the tropical pine because of
its economical and ecological importance and because of its declining abundance over
much of its range. The decline in its abundance is a consequence of the overexploitation
of timber, invasion and plantation of Pinus caribaea var. caribaea and encroachment of
grasses associated with fire exclusion. These phenomena seem to have altered the size
and genetic structure of the natural populations and pose a serious threat to the
development of mature woodland. As a result, most of the stands of P. tropicalis have
been decimated; however, studies on the genetic variability of tropical pine have been
limited to only few inherited quantitative traits. Knowledge of the genetic variation in this
species is important for developing appropriate strategies for in situ conservation and
regeneration of forests and also for determining whether genetic diversity will be lost
through sampling for ex situ conservation, which is possible in other species (Hamrick
and Godt, 1996a). In addition, for conservation planning for a single-species, it is
important to identify the component of evolutionary lineages in order to retain maximum
genetic diversity and in order to incorporate information on historical population
processes (Moritz, 1994).

Objective: In this study, we sequenced two noncoding regions of cpDNA, trnT-trnL
spacer and the trnL intron, and used them as markers to estimate the phylogeographic
pattern and the genetic variation of P. tropicalis. Because the cpDNA does not
recombine and paternally inherited in pines (Ennos, 1994) distinct lineages may be
represented in data, including information about the dispersal of pollen and seed.

MATERIALS AND METHODS

Study sites and sampling: The seven natural populations of P. tropicalis in Pinar del
Rio, Cuba were surveyed in roder to evaluate the genetic diversity of the endemic plant.
One population in the northeast of Pinar del Rio (Galalon), two populations in the central
region (Pilotos and Vihales), and four populations in the northwestern region (La Jagua,
Bartolo, San Juan and Mina Dora) (Figure 1). Needle samples were collected from
individual trees of the populations La Jagua, Pilotos, Galalon, Bartolo and Mina Dora,



and used seedlings from germinated seeds of the remaining two populations we
collected. Total DNA was isolated by the CTAB method (Doyle and Doyle, 1990).

Sequence analysis: The trnT-trnL spacer and trnL intron were amplified by PCR
using the universal primers described by Taberlet et al (1991). PCR products were
directly sequenced after purification using a GENECLEAN KIT [l (BIO101). DNA
sequencing was performed using an ABI 310 Genetic Analyzer (Perkin Elmer) with an
ABI BigDye Terminator Cycle Reaction Kit following the manufacturer’s instructions. The
sequences were aligned visually. Because the chloroplast genome is haploid and does
not undergo recombination, it can be viewed as a single locus, and the two regions were
thus combined in order to derive a haplotype of each individual. A neighbour-joining tree
was generated with the identified haplotypes using MEGA ver. 2 (Kumar et al, 2001).
The minimum spanning network was constructed with the option implemented in
ARLEQUIN version 2.000 (Schneider et al, 2000).

Population genetic analysis of the cpDNA sequence variation: Inter- and intra-
population genetic diversities were quantified in two: at the nucleotide levels using
nucleotide diversity within populations (ns) and overall populations (nt) and the
coefficient of nucleotide differentiation Nst= (w1 - ns/nt), was estimated. At the gene level
using gene diversity within a population (Hs), the gene diversity in the entire population
(HT) and the coefficient of gene differentiation (Gst) were estimated, and the UPGMA
tree was generated based on Nei's genetic distance (1978) among populations using
the program GDA (Lewis and Zaykin 2001). The significance of genetic differentiation
between populations and that among regions were tested by molecular analysis of
variance (AMOVA) using ARLEQUIN version 2.000 (Schneider et al, 2000). The
statistical molecular variance of ®¢cr (among regions, ie, between northeastern, central
and northwestern regions), ®sc (among populations within regions), and ®st (among
populations) were estimated. The mean divergence time (T) and the 95% confidence
intervals between the populations were estimated using nucleotide divergence between
populations (Dxy) and the substitution rate per site per year (r) calculated by Geada et al
(2002) using the method of Haubold and Wiehe (2001).
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Figure 1. Location of Pinus tropicalis populations and haplotypes frequencies per populations.



RESULTS AND DISCUSSION

CpDNA sequence analysis

CpDNA sequences of the two non-coding regions and in all of the individuals from
the five populations were determined. Differences of one length differences in the trnT-
trnL spacer, with sizes of 456 to 466 bp, caused by the insertion/deletion of a 10-bp of
5- AGAAGGGGAG - 3’ were detected. No length variation was detected in the trnL
intron, and the length total of sequences was 524 bp. Four nucleotide substitutions were
detected from the completed aligned sequences of the trnT-trnL spacer and trnL intron
(980-990 bp). The sequences have been deposited in the DDBJ database under the
accession numbers AB097059-AB097066 for the trnT-trnL spacer and AB097067-
AB097074 for the trnL intron.

Eight haplotypes were identified according to the numbers of substitutions and
indels (Table 1). Haplotypes I, Il and VIII were derived from haplotypes I, IV and VII,
respectively, differing solely by the repeat motif (5- AGAAGGGGAG - 3’). Haplotype |
was predominant in the population Galalén. Haplotype IV was present in the populations
La Jagua, San Juan, Mina Dora and Bartolo. Haplotype Ill was found at low frequency
only in the population La Jagua, while haplotype V was found in the populations San
Juan, Mina Dora, Bartolo and Vifales. The haplotype VI was found in the populations
Vifales and Pilotos, while haplotypes VII and VIII were found only in the population
Pilotos.

Table 1. Distribution of the coDNA haplotypes among populations

Position Populations
Haplotype _ Total
tg’;T'tﬂ‘SSp%i%r Zg'{ '”ggg LJ Ga Ba MD Pi Vi SJ
I A G A C 9 9
| A G * A C 1 1
1] A A * T T 2 2
v A A T T 9 7 6 16 22
V C A T T 5 5 17 4 10
Vi A A T C 15 3 15
Vi A G T C 7 7
VI A G * T C 2 2

Note. The asterisk represented the absence of minisatelitte (-(-AGAAGGGGAG-) in the haplotype
sequence

To improve the accuracy of the estimation of genealogical relationships among
haplotypes, a minimum spanning network was constructed by linking sequences in a



hierarchical manner based on mutational changes between them (Figure 2). Within the
minimum spanning network, the most closely related chlorotypes were linked by single
mutations. The network showed that haplotypes VI and VIl were in the interior nodes of
the network, serving as linkers to haplotype | with haplotypes IV. According to the
network, each haplotype can be detected by one step of mutation. Likewise, the
neighbour-joining tree generated from the haplotype sequences (Figure 2) showed two
well-defined groups, one of them for haplotypes I, IlI, VIl and VIII and the other for
haplotypes IlI, 1V, V and VI. Within the first group, haplotypes Il and | were separated
from haplotypes VII and VIII, while within the second group, haplotype VI was the first to
diverge followed by the divergence of haplotypes Ill, IV and V.

Population genetic analysis of coDNA sequence variation

Genetic variation varied among populations, the population Galalén showing the
lowest level of gene diversity (0.203) and the population La Jagua showing the next-
lowest level of gene diversity (0.411) but with no nucleotide diversity (= = 0.00000),
because the two present haplotypes in each population varied only in the repeat motif.
The populations Vihales, San Juan, Bartolo, Mina Dora and Pilotos showed higher value
of gene diversity (0.268, 0.442, 0.530, 0.533 and 0.539, respectively) and nucleotide
diversity (0.00027, 0.00045, 0.00053, 0.00054 and 0.00049, respectively). Most of the
genetic variation was restricted to the northwestern and central populations. The
nucleotide diversities, nr and ns, were 0.00124 and 0.00026, respectively, whereas the
gene diversity, Hr and Hs, were 0.762 and 0.417, respectively, indicating that there was
a high nucleotide and gene differentiation among the populations (Nst = 0.79 and Gst =
0.45). The UPGMA tree generated from pairwise Nei’s distance among populations
(Figure 3) showed that the Galalon population was distant to the other populations, while
the central populations (Pilotos and Vifiales) occupied the basal position followed by the
northwestern populations (La Jagua, San Juan, Bartolo and Mina Dora). The nucleotide
divergence based on combined sequences was calculated to be 0.00247 + 0.0013
between La Jagua and the other populations and 0.00168 + 0.0012 between the central
populations (Pilotos and ViAales) and the northwestern populations. Using these values,
the age of population differentiation was estimated to be 33 MYA with 95% confidence
intervals of 10 MYA and 45 MYA between La Jagua and the populations and 5 MYA
with confidence intervals of 1 MYA and 18 MYA between central and northwestern
populations.

Significant (P < 0.01) genetic differentiation was detected among populations by
AMOVA (Table 2). Of the total molecular variance, 52% was attributed to population
divergence and 48% was attributed to individual differences within populations. When
the total variance was partitioned into three geographical regions, ie, northeastern
(Galalén), northwestern (La Jagua, Bartolo San Juan, and Mina Dora) and central
(Vinales and Pilotos), the 58% of the total molecular variance was attributed to the
differences among regions (®ctr = 0.5841; P < 0.01), 39% was found to individual
differences within population (®st = 0.607; P < 0.01), and 3% was attributed to
populational differences within regions (®sc = 0.0570; P > 0.05). As a result, significant
genetic differentiation was found only among regions and within populations. This
indicates that individuals of each population in the northwestern region and central
region were more similar to their co-members than to individuals of other populations.



Table 2. Analysis of Molecular Variance (AMOVA)

Sources of Variation d.f Variance Component  ®-statistics (P)
Among populations 6 0.2148 (V,) dst=0.5202 (P <0.01)
Within populations 100 0.1981 (Vp)
Among regions 2 0.2951 (V,) dcr =0.4997 (P <0.01)
Among population 4 0.0120 (Vy) ®sc = 0.0570 (P> 0.05)

within regions
Within populations 100 0.1981 (Vo) ®dst=0.6070 (P <0.01)

Total 106 0.5052

Genetic structures of populations

Allozymes studies have demonstrated that species with a restricted discontinuous
distribution or an endemic endangered species often has a low level of genetic diversity
relative to the levels of genetic diversity of widespread species with similar life histories
(eg, Hamrick and Godt, 1989; Hamrick et al, 1992; 1996a). On the other hand, Hamrick
and Godt (1996a,b) reported that pines often maintain relatively high levels of genetic
variation at the nuclear level (ie, allozymes) and display little genetic differentiation
among populations. However, the values of genetic variation found in natural
populations of P. tropicalis in cpDNA (Hr = 0.762 and Hs = 0.417) are similar to those
found in widespread pines such as P. pinaster (Ribeiro et al, 2001; 2002) and P.
sylvestris (Provan et al, 1998) as well as those found in Californian closed-cone pines
(Hong et al, 1993) and P. resinosa (Walter and Epperson, 2001) with limited
distributions. Alternatively, polymorphism can be determined in terms of nucleotide
diversity (m), which is the heterozygosity at the nucleotide level (Nei and Kumar, 2000).
This value is expressed as 2Ny = 0 under a mutation and drift equilibrium, indicating
‘genetic health’ of a population (Fu and Li, 1999). There have been few studies on
nucleotide variation of organelle DNA in out-crossing, long-lived plants at populational
levels (Matos and Schaal, 2000), and such plants are expected to have lower values of
nucleotide diversity and nucleotide differentiation among populations (Dvornyk et al,
2002). However, we observed a high level of nucleotide diversity in P. tropicalis (nr =
0.00124 and ns = 0.00026), similar to the values reported for P. radiata and P. muricata
(Hong et al, 1993) and Pinus montezumae-complex (Matos and Schaal, 2000). Hong et
al (1993) found that nucleotide diversities within populations of P. radiata were as low as
0.002 and were from 0.0011 to 0.0033 in P. muricata, while Matos and Schaal (2000)
calculated the nucleotide diversities in P. hartwegii and P. montezumae to be in the
range of 0.0018 to 0.0025.



Although strong gene differentiation was found in the cpDNA of P. tropicalis, this
value is not surprising for Pinus; for example, strong differentiation was found in P.
muricata with Gst = 0.87 (Hong et al, 1993) and in P. resinosa (6 = 0.56) (Walter and
Epperson, 2001). Gst in P. ponderosa was calculated to be 0.67 (Latta and Mitton,
1999), and Gsrin Douglas-fir was estimated to be 0.20 (Hong et al, 1995). Nevertheless,
lower values of differentiation have been reported among seven populations of P. flexilis
(Gst = 0.013) (Latta and Mitton, 1997), P. attenuata and P. radiata (Gst = 0.00 - 0.011)
(Hong et al, 1993), P. pinaster (Gst = 0.023 and 0.038) (Ribeiro et al, 2001; 2002), P.
resinosa (Gst = 0.12) (Echt et al, 1998), P. albicaulis (Gst = 0.046) (Richardson et al,
2002), P. banksiana (Gst = 0.020) and P. contorta (Gst = 0.018) (Dong and Wagner,
1994). In contrast, no genetic differentiation was found among populations of Canadian
Douglas-fir (Viard et al, 2001) and P. torreyana (Waters and Schaal, 1991). Therefore,
genetic diversity and population structure vary considerably within and among species
(Hamrick et al, 1992). The chief differences among pines involve geographic range,
degree of spatial isolation of populations, and successional stage of their habitats.

Our analyses demonstrated that the genetic structure in the cpDNA variation of the
tropical pine is strongly correlated with the geographical distribution of its haplotypes,
which somehow characterized each region and populations. Templeton et al (1995)
suggested that three factors mainly cause significant spatial/temporal association of
haplotype variations: restricted gene flow, past fragmentation events and range
expansion events. Schaal et al (1998), on the other hand, reported that geographical
structure of the genetic variation in a population of plants is mainly the result of isolation
and genetic drift, while gene flow between populations counteracts differentiation.
However, those factors are not mutually exclusive alternatives but under certain
conditions create to some degree a geographical and/or genetic structure of populations
(Templeton, 1998).

In the model of isolation by distance (Slatkin and Maddison, 1990), restricted gene
flow prevents newly arisen mutations (ie, haplotypes) from spreading, and these
mutations will reside as “private” alleles or haplotypes of the original populations. On the
other hand, the ancestral haplotype is older than its mutation offshoots, and must
therefore exist at higher frequency and be more widely distributed. This explains the low
frequency and limited distribution of haplotypes Il, 1ll and VIII as well as their external
positions in the minimum-spanning network (Figure 2). Past fragmentation events will
lead to the fixation of some distinctive haplotypes in each population, particularly
because of the reduction in the effective population size and the effect of genetic drift.
We believe that these factors have been involved in the current cpDNA distribution
pattern of P. fropicalis. It is likely that past fragmentation events occurred during the
Miocene-Pliocene (Lopez, 1982) and subsequently restricted gene flow among distantly
located populations. Range expansion events might have played a minor role in the
present distribution of P. tropicalis, because no haplotypes were shared among
geographically distant populations and the ancestral haplotypes reside in a restricted
area.
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Figure 2. Relationships among haplotypes and populations. Left: Minimum-spanning network of the
haplotypes detected in P. fropicalis using the trnT-trnL spacer and frnL intron. The asterisks represent the
absence of minisatelitte -AGAAGGGGAG- in the haplotype sequence. Right: UPGMA tree generated on
the pairwise distance among populations based on Nei’s distance 1978.

The network of haplotypes provides insights into the migration history and
distribution of genetic variation in P. tropicalis. According to our results, haplotypes are
tightly clustered in the network and in concordance with the geographical region, without
any missing intermediate haplotypes. This can be interpreted as isolation by distance
rather than a past fragmentation events (Schaal et al, 1998). The presence of only two
haplotypes in the northwestern populations is also evocative of an ancient major
bottleneck or that those populations could be originated from one ancestral haplotype
probably from Pilotos. Although the current northwestern populations are geographically
distant, they might have been a full-size population at chloroplast levels until
Pleistocene. The contact among those populations can be maintained by strong winds
with a preferential southwest direction (Samek and Del Risco, 1990).

Historical factors

Pinar del Rio is Cuban Jurassic-Cretaceous orogen whose constitution and
evolution differ from the other Greater Antilles and is acknowledged as an edaphically
distinct unit (Lewis and Draper, 1990; Kerr et al, 1999). The pine forests are the
paraclimax sensu Texun (Borhidi, 1996) vegetal formation in Pinar del Rio that is like
one formation whose succession was broken or stopped by particular edaphic factors,
especially by the impossibility of maturation of the soils (Samek and Del Risco, 1990).

According to palynological data (Areces, 1987) and sequence data (Geada et al,
2002), the ancestor of the P. tropicalis entered Cuba during Oligocene from the north of
Pinar del Rio. The paleogeography of this area during Oligocene-Early Miocene (Kerr et
al, 1999) shows that Pinar del Rio was divided into two emerged land areas: 1) the
northeastern area including the Bahia Honda unit (ie, where Galalon is located) and
small a section of the current central Pinar del Rio (ie, where Pilotos is located) and 2)
and the Alturas de Pizarra, but isolated from each other by the sea. Thus, the



establishment of P. tropicalis in Alturas de Pizarra could not have been possible until
Late Pliocene (Borhidi, 1996; Areces, 1987). One possible scenario is that the founder
population of P. tropicalis resided in the central-north part of Pinar del Rio, as suggested
by Samek and Del Risco (1990), and the current Pilotos population may represent a
relic population of the ancestral one (see the minimum spanning network.). Not only the
haplotype network but also the higher degree of haplotype diversity in Pilotos supports
the idea of this population being a founder rather than the notion of it being a population
formed by an admixture of haplotypes of west and east. However, the only available
information is reduced to the recognition of morphologically diverged groups in the
natural population of P. fropicalis, the northeastern populations (including Pilotos) and
the northwestern populations (Lépez, 1982; Padilla, 1999). The ancestral population
could have had a wide-ranging of distribution, expanding from the central to northeast
area (see Figure 1; Samek and Del Risco, 1990, pp.13). According to that, La Jagua
and Pilotos populations were continuous during Miocene and up until late Pliocene.
However, the further formation of Sierra del Rosario mountain system constituted a
natural barrier, preventing a homogenizing effect of gene flow and allowing genetic
divergence between the two groups of populations, Galalén in the northeastern area and
Pilotos in the central area. Moreover, during Pleistocene, with invasion of Pinus caribaea
and the complete emergence of Sierra de Cajalbana restricted more the east-west
exchange between populations and imposed a strong bottleneck, thus leading to the
fixation of different haplotypes in each population. For example, haplotypes Il and | are
present only in the population Galalén, while Haplotypes VI, VII and VIII were found only
in Pilotos.

The land connection between Alturas de Pizarra and northeast of Pinar del Rio at
the end of Pliocene favoured the migration and colonizations of new areas in the
northwest. The current pattern of variation in cpDNA in the northwestern populations is a
result of the expansion of P. caribaea to low-to-middle elevations, which confined P.
tropicalis to the most remote and extreme sites, particularly during Pleistocene. Habitat
fragmentation and disturbance due to cleaning invasion of meadow grass and
anthropogenic activities during the last four centuries could also have resulted in
reductions in population sizes and could have led to genetic isolation; however those
effects were less pronounced in long-lived species with a long generation time. Thus,
cpDNA reflects the very ancient historical events (ie, founder or bottleneck) rather than
actual events.

CONCLUSION

The results presented here, clearly show that Pinus tropicalis populations are
highly genetic structured due to mainly the strong geographical distribution of the
genetic variation in terms of haplotypes diversity. The specie retains a large diversity at
gene as well as nucleotide levels. The historical factor, during the formation of Pinar del
Rio province and the marine introgressions during the Quaternary have a crucial
importance in the current pattern of diversity. On the other hand, the limited gene flow
among the populations has also helped to enforce this phytogeographic pattern. The
population of Galalén was identified as unique population, thus could be treated like an
Evolutionary Significant Unit.
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