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ABSTRACT
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life history stages provide important information on the effect of the different
forces and micro-evolutionary processes that mould diversity and genetic structure
after fragmentation. Here we assessed genetic diversity and population genetic
structure using 32 allozymic loci in adults, seeds, seedlings and juveniles of eight
populations of the micro-endemic shrub Cestrum miradorense in a highly frag-
mented cloud forest in central-eastern Mexico. We expected that due to its long
history or rarity, this species may have endured the negative effects of fragmenta-
tion and would show moderate to high levels of genetic diversity. High genetic
diversity (H. = 0.445 £ 0.03), heterozygote excess (Fir = —0.478 £ 0.034, Figs =
—0.578 + 0.023) and low population differentiation (Fsy = 0.064 £ 0.011) were
found. Seeds had higher genetic diversity (H, = 0.467 + 0.05) than the later stages
(overall mean for adults, seedlings and juveniles H, = 0.438 * 0.08). High gene flow
was observed despite the fact that the fragmentation process began more than
100 years ago. We conclude that the high genetic diversity was the result of natural
selection, which favours heterozygote excess in all stages, coupled with a combina-
tion of a reproductive system and seed/pollen dispersal mechanisms that favour
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gene flow.

INTRODUCTION

Analysis of genetic variability among different stages of the
life cycle provides vital information about the micro-evolu-
tionary forces and processes that mould diversity and
genetic structure in space and time (Alvarez-Buylla et al.
1996; Kalisz et al. 2001; Octavio-Aguilar et al. 2009). Effects
of inbreeding depression, gene drift and microhabitat selec-
tion have been found in comparisons of adults, seeds, seed-
lings and juveniles (Conte et al 2003; Lowe et al. 2005;
Farwig et al. 2008). Increased genetic diversity due to geno-
type accumulation, along with modifications of seed longev-
ity due to natural selection and damaging mutations have
been found in studies of the temporal variation of genetic
diversity in the seed bank of some species (Cabin et al
1998; Honnay et al. 2008). When analysing the seeds pro-
duced in a single year (e.g. those collected from mother
trees), the effects of gene flow and heterozygote excess on
variation of genetic diversity between adults and seeds have
been found (Eguiarte efal. 1992; Mandak et al. 2006;
Mathiasen et al. 2007). Higher genetic diversity in adults
than in their progeny has been found, particularly in long-
lived species (Tonsor etal. 1993; Gonzalez-Astorga &
Castillo-Campos 2004; Fernandez-M & Sork 2007; Mathia-
sen et al. 2007). However, it has also been reported that the

seed stage is a reservoir of genetic diversity in some species
(Alvarez-Buylla et al. 1996; Chung et al. 2003; Conte et al.
2003; Octavio-Aguilar et al. 2009).

Species with restricted distribution (e.g. endemics) tend to
have less genetic diversity when compared to widely distrib-
uted species of the same genus (Cole 2003). However, not all
endemic species have low levels of genetic variability: life his-
tory traits such as mating systems, and pollen and seed dis-
persal mechanisms can maintain genetic diversity at a
relatively high level (Loveless & Hamrick 1984; Hamrick &
Godt 1996). Honnay & Jacquemyn (2007) found that genetic
diversity of naturally rare species (i.e. species with a long his-
tory of rarity) was less affected by habitat fragmentation than
species that recently became rare (e.g. due to habitat frag-
mentation). These latter species lose much genetic diversity
due to habitat fragmentation when the fragmented habitats
cannot support the population numbers necessary for the
mutation-drift equilibrium, or when between-fragment dis-
tances do not allow the gene flow necessary to recover the
loss of rare alleles. These authors also indicate that obligate
or mainly outcrossing species are more vulnerable to the loss
of genetic variation through habitat fragmentation than self-
compatible species.

Some meta-analyses have found that the negative effect
of fragmentation varies depending on the life form and
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disturbance intensity, and that those effects may be differ-
ent in each life history stage (Lowe ef al. 2005; Leimu
et al. 2006). Aguilar ef al. (2008) found that the negative
effects on heterozygosis increase as the number of genera-
tions after fragmentation increase. These authors showed
that the negative effects of fragmentation are stronger in
an ecosystem that has been fragmented for more than
100 years than in one that has only been fragmented for
50 years.

Montane cloud forests are ecosystems with great biological
richness that include several rare forms (Rzedowski 1996)
and have suffered severe anthropogenic pressure, which has
led to increasing fragmentation and isolation, with remnant
forest patches increasing to form a matrix of vegetation
archipelagos (Challenger 1998). The species that live on these
forest remnants are ideal research subjects for the study of
ecological and evolutionary effects of fragmentation in small,
isolated and subdivided populations.

The genus Cestrum L. (Solanaceae) originates from the
Americas and contains approximately 250 species distributed
from subtropical parts of northern Mexico to northern
Argentina. Phylogenetic studies suggest that during the Plio-
cene, high rates of diversification and speciation took place
(Montero-Castro 2006), causing most of its species to
become geographically restricted along mountain ranges and
mostly in montane cloud forest, with a dozen species being
widely distributed (Nee 2001). In Mexico, 14 species are
found, and Veracruz is the state having the highest biodiver-
sity of this genus, with 10 species, of which only four are
endemic to cloud forests (Cestrum elegans, C. endlicheri,
C. fasciculatum and C. miradorense; Castillo-Campos 2003).
Phylogenetically, these species constitute one monophyletic
group that underwent speciation ca. 3.1 million years ago
(Montero-Castro et al. 2006).

Here we compared the diversity and genetic structure
among four life history stages (i.e. adults, seeds, seedlings and
juveniles) of Cestrum miradorense Francey, a naturally micro-
endemic shrub. We expected that due to its long history of
rarity, this species would show moderate to higher levels of
genetic diversity than those reported for long-lived perennials
of wider distribution that have become rare only recently
after undergoing fragmentation.

MATERIAL AND METHODS
Study species

Cestrum miradorense is a shrub of 1-5 m in height, diploid
and hermaphrodite, with terminal and axillary inflorescences
and tetramerous or pentamerous tubular flowers (1.5 *
0.03 cm long and 0.06 = 0.02 cm wide (£SD), n = 50 flow-
ers; F. Reyes-Zepeda, unpublished observations). The corollas
open during the day and are creamy-white with violet mot-
tling and are odourless; the fruits are blue-coloured berries
that turn light purple when mature and are 10-15 mm in
diameter (Nee 1986). Due to the lack of ecological and
genetic studies in the species — this being the first study — its
reproductive biology and pollinators are unknown. However,
Montero-Castro (2006) mention that Cestrum species are pol-
linated by nocturnal moths and that they have out-crossed
mating and self-incompatible reproductive systems, based on
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the fact that several phylogenetically related species to
Cestrum share these traits (Haber & Frankie 1989; Castro-
Laportte & Ruiz-Zapata 2000; Aguilar & Galetto 2004). Simi-
larly, the karyotype of Cestrum species has 2n = 2x = 16
chromosomes that are similar in size and shape, most of
which are meta- or submetacentric except for one subtelocen-
tric pair (Berg & Greilhuber 1993; Nunes et al. 2006). Mon-
tero-Castro et al. (2006) conclude that it is very likely that
C. miradorense has the same number of chromosomes (i.e.
2n = 2x = 16) as the closely related species, C. elegans.

Only eight C. miradorense populations have been found
(Fig. 1); all are small and show clumped distribution
(245 + 95 plants in 0.5 ha, n = 8 samples, one sample of
0.5 ha each, one in each population), usually growing along
riverbanks and in very humid areas. It is not known whether
seed banks are produced, but refrigerated seeds (collected in
the summer of 2005 and 2006) had 50% germination by the
summer of 2007 (F. Reyes-Zepeda, unpublished observa-
tions). Adults are able to resprout after disturbance (F.
Reyes-Zepeda, unpublished observations).

Study sites

The species distribution is restricted to an area of ca.
100 km? located in the central part of the Mexican state of
Veracruz (19°27-19°35" N, 96°56’-97°02" W; Fig. 1). C. mi-
radorense grows exclusively in cloud forests (Nee 1986), an
ecosystem that covers around 0.8% of Mexican territory
(Rzedowski 1996). The species has been found between 1250
and 1850 m a.s.l., in sites where the mean annual tempera-
tures varies between 12 and 18 °C and total annual rainfall is
between 1350 to 2200 mm (meteorological stations in Xalapa,
19°32" N, 96°55' W, 1390 m asl, and Tembladeras,
19°30” N, 97°07" W, 2960 m a.s.l.) over the last 20 years.

The fragmentation of the region’s cloud forest started
more than a century ago, and over the past 30 years the
process has intensified, causing the loss of over 70% of the
original cover due to agricultural and cattle raising activities,
as well as urban development (Challenger 1998; Williams-
Linera ef al. 2002). The only published work in the study
region found that in 1990, over a 1325-km? area, the cloud
forest cover was 426.9 km?, and by 2003 this had dropped
to 279.5 km®, meaning a loss of 34.8% cover in 13 years
(Munoz-Villers & Loépez-Blanco 2008). In digital orthopho-
tos of the study area (INEGI 1995), a highly fragmented
landscape is observed, with forest remnants of varying
shapes and sizes within a matrix of different land-use
regimes (Fig. 1). To the north of the 20-km” distribution
area of the species, only about a 10% cover remains as
undisturbed forest and it is on steep slopes of private prop-
erties within a matrix of induced pastures, urban develop-
ment and fallow lands (Williams-Linera et al. 2002). To the
south of the distribution area, there is higher forest cover
where larger forest fragments are immersed in a matrix of
coffee plantations, disturbed forest and zones of secondary
vegetation (fallow land or ‘acahuales’ in Spanish). To the
west, in a rugged mountain area, forest fragmentation is
more important due to extensive wood exploitation and
local disturbance that began in the 18th century (Gerez
1992) in the transition zone between cloud forest and
pine—oak forests.
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Fig. 1. Geographic distribution of eight Cestrum miradorense populations found in a fragmented cloud forest landscape in central-eastern Mexico. Popula-
tion location is indicated by a dot. Cofre de Perote is the highest relief of the area (4282 m a.s.l.).

Sample collection

We collected young leaves from 18-30 individuals for all
stages, except seeds, from the eight known population (696
samples in total). Samples were placed in plastic bags and
transported in containers on ice. Later, they were frozen at
—=70 °C in a Revco ultra-freezer, where they remained until
protein extraction was carried out. For each population, 10
mature fruits from 30 reproductive individuals were also col-
lected; their seeds were allowed to germinate under controlled
conditions (12-h day at 25 °C and 12-h night at 20 °C on
filter paper that was kept saturated with water). The germina-
tion percentage varied between 81 and 85% (F. Reyes-Zepeda,
unpublished observations). The seedlings obtained were
raised for 2 months under the climate conditions of the local
cloud forest and in soils collected in the same study sites
where the seeds were collected. After that time, a random leaf
sample from 30 seedlings per population (240 seedlings in
total) was taken. The genetic characteristics of the tissue sam-
pled from these seedlings were assumed to pertain to the seed
stage.

Electrophoresis

Electrophoresis was performed using horizontal starch gels of
12% w/v (Miiller-Strack 1998). Enzyme extraction was done
by grinding 100 mg of leaf tissue from each individual with
250 pl of extraction buffer, as per Whalen & Caruso (1983).
Fifteen allozymes were processed with two electrophoresis
systems: Poulik (50 mA and 200 V) and r-histidine (30 mA

and 200 V) (Table 1). Gels were stained following the proto-
cols of Wendel & Weeden (1989). The interpretation of
zymograms (banded patterns on gels) was based on the
number of chromosomes and the ploidy (2n = 2x = 16); fur-
thermore, previous knowledge of the quaternary structure
and number of loci of the enzymes studied was taken into
account (Soltis & Soltis 1989).

Statistical analyses

Multilocus genotypes were used to estimate allele frequencies
with the TFPGA 1.3 program (Miller 1997). The mean num-
ber of alleles per locus (A) was calculated, along with the
polymorphic loci percentage (95% PL), mean observed het-
erozygosis (H,) and mean expected heterozygosis (H.)
according to Hardy—Weinberg equilibrium (Hedrick 2000).
For each locus, Hardy—Weinberg deviations were estimated
with permutation tests. Linkage disequilibrium between all
pairs of loci was tested using the software package FSTAT
ver. 2.9.3 (Goudet 2001). Bonferroni correction for multiple
testing was used for final estimate of statistical significance
between comparisons of the LD test (Rice 1989). A nonpara-
metric two-way Kruskal-Wallis anova (Zar 2010), followed
by multiple comparison Tukey tests, was used to identify
differences in H, and H. among stages and populations (Zar
2010).

Genetic structure for each population and stage was esti-
mated using F-statistics (Weir & Cockerham 1984). Devia-
tions of Frr, Fis and Fsr from zero over all loci in each stage
and population were tested using 95% confidence intervals
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Table 1. Allozyme systems used in this study. Abbreviations based on IUBCN Enzyme Commission Number. *PK and L-H reference of buffer systems

(gel/electrode) from Soltis & Soltis (1989).

allozyme abbreviation enzyme commission number buffer*
6-phosphogluconate dehydrogenase 6pgd1 and 6pgd2 1.1.1.44 PK
aldolase Ald1, Ald2 and Ald3 4.1.2.13 PK
glucose-3-phosphate dehydrogenase G3pdh1, G3pdh2 and G3pdh3 1.2.1.12 PK
hexokinase Hk1 and Hk2 2.7.1.1 PK
isocitrate dehydrogenase Idh1, Idh2 and Idh3 1.1.1.41 PK
malate dehydrogenase Mdh1 and Mdh2 1.1.1.37 PK
menadione reductase Mnr1 and Mnr2 3.4.11.1 PK
phosphoglucose isomerase Pgi1 and Pgi2 5.3.1.9 PK
phosphoglucomutase Pgm1 and Pgm2 5.2.2 PK
shikimate dehydrogenase Sdh1 and Sdh2 1.1.1.25 PK
acid phosphatase Acph 3.1.3.2 L-H
anodic peroxidase Apx1, Apx2 and Apx3 1.11.1.7 L-H
diaphorase Dia1l and Dia2 1.6.99 L-H
esterase Est 3.1.1 L-H
malic enzyme Mel and Me2 1.1.1.40 L-H

made on the basis of 5000 bootstrap replicates using the
FSTAT software. A Kruskal-Wallis two-way ANova was
applied, followed by multiple comparisons Tukey tests, to
identify differences among stages and populations (Zar 2010).

The average gene flow among paired populations
N,, = (1/Fgr—1)/4 was estimated on the basis of values for
adults and seeds (Slatkin 1993). Despite the limitations of
estimating N, on the basis of Fsr (Allendorf & Luikart 2007:
222), it is considered important for genetic conservation,
especially in fragmented environments, due to their suscepti-
bility to rapid genetic changes. To determine whether there
was geographic isolation, we regressed the number of
migrants per population and the geographic distance with
the Mantel test only for adults. Using the genetic distances of
Nei (1972) and the UPGMA algorithm (unweighted pair
group with arithmetic mean; Sneath & Sokal 1973), two
dendrograms were built on the basis of genetic distances: one
for populations by nesting, in each population, the informa-
tion of the life history stages, and another for life history
stages, where each life history stage of each population was a
separate operational unit.

RESULTS
Genetic diversity

A total of 32 polymorphic loci were found in 15 alloenzymatic
systems. In all cases, there were two alleles per locus. Adult,
seedling and juvenile stages had 26 loci, while the seed stage
had 32 (Table S1). The percentage of polymorphic loci was
99.6% in most stages and populations (Table 2). Most loci
(72.2%) were in Hardy—Weinberg disequilibrium, although
this was more marked during early than late stages (adults
62.5%, seeds 90.2%, seedlings 75.5%, juveniles 76.5%; Table
S1). Linkage disequilibrium was observed in all stages
(P < 0.0001 after Bonferroni correction).

Across the range of populations, observed mean heterozy-
gosity was 0.707 £ 0.09 (range 0.521-0.822), while expected
mean heterozygosity was 0.445 + 0.03 (range 0.364-0.478).
Seeds represented the life history stage with the highest
genetic diversity (H, = 0.783 = 0.17 and H. = 0.467 £ 0.05)

when compared to adults (H, = 0.670 + 0.21 and H, = 0.429
+ 0.09), seedlings (H, = 0.693 + 0.19 and H. = 0.446 £ 0.07)
and juveniles (H, = 0.682 £ 0.19 and H,. = 0.438 £ 0.07)
(Table 2). Both observed and expected heterozygosity differed
among populations (Kruskal-Wallis test: Xzo.osj =21.7;
P < 0.001 for H, and y%y¢s7 = 23.4; P < 0.001 for H,) and
stages (120,05,3 = 14.3; P < 0.001 for H, and X20.05,3 = 12.7;
P < 0.001 for H.). Interaction between life history stages and
populations was significant (3957 = 16.7; P < 0.001 for H,
and 120,05,7 < 14.3; P <0.001 for H.). The interaction
between stages and populations showed that the between-
population variability of H, and H. means was higher in
adults (range 0.522-0.824 for H, and 0.365-0.478 for H.)
than in seeds (range 0.736-0.823 for H, and 0.455-0.478 for
H.), seedlings (range 0.639-0.815 for H, and 0.447-0.487 for
H.) and juveniles (range 0.529-0.815 for H, and 0.376-0.476
for H.). Furthermore, in three populations, H. values
increased together with life cycle development, while in two
other populations the opposite occurred (Fig. 2). The
between-population multiple comparisons showed two
groups of populations (P < 0.0001): a lower heterozygosity
group (Xico Viejo, La Liberata and Puente Acabaloyan,
H. = 0.426 + 0.04) as compared to a higher heterozygosity
group (EI Riscal, Agiiita Fria, Inecol, Santuario and Banderi-
lla, H, = 0.457 £ 0.02). The between-stage multiple compari-
sons showed that seed heterozygosity was different from the
other stages, in which there was no difference between them
(P < 0.0001).

Genetic structure

The global inbreeding mean (F;r) was —0.478 + 0.034 (range
—0.408 to —0.609), differing significantly among stages
(;{20,05,2 =56.0; P < 0.001) and from zero (P < 0.05 in all
cases). Adults were observed to have higher Fyr values than
the other stages (Fig. 3a). The local inbreeding mean (Fs)
was —0.578 £ 0.023 (range —0.540 to —0.667), which also
showed differences among stages (120_05,2 =42.3; P < 0.001)
and from zero (P < 0.05 in all cases). It was clear that Fig
values increased from seeds to juveniles (Fig. 3b). Negative
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Table 2. Genetic variability of four life history stages in eight populations of Cestrum miradorense growing in a fragmented landscape of cloud forests in
central-eastern Mexico. Ni: average sample size; P: percentage of polymorphic loci; observed (H,) and expected (H.) heterozygosity.

population stage Ni P Ho He
Xico Viejo Adults 30 96 0.522 + 0.26 0.365 + 0.12
Seeds 30 100 0.797 £ 0.20 0.465 + 0.07
Seedlings 30 100 0.699 + 0.23 0.445 + 0.08
Juveniles 28 100 0.529 + 0.25 0.376 £ 0.11
Mean + SD 295+ 1.0 99+ 2.0 0.636 +0.13 0.412 + 0.05
La Liberata Adults 30 100 0.535 £ 0.17 0.395 + 0.09
Seeds 30 100 0.763 + 0.14 0.467 + 0.03
Seedlings 25 100 0.651 £ 0.17 0.436 + 0.07
Juveniles 30 100 0.649 + 0.17 0.432 + 0.08
Mean + SD 288+ 25 100 + 0.0 0.649 + 0.09 0.433 +£0.03
Puente Acabaloyan Adults 30 96 0.596 + 0.26 0.383 £ 0.13
Seeds 30 100 0.823 +£0.14 0.478 £ 0.03
Seedlings 18 100 0.622 +£0.23 0.418 £ 0.10
Juveniles 25 100 0.687 £ 0.19 0.447 £ 0.07
Mean + SD 258 + 5.7 9920 0.682 + 0.11 0.432 + 0.04
El Riscal Adults 30 100 0.780 £ 0.15 0.465 + 0.05
Seeds 30 100 0.773 £0.13 0.469 + 0.04
Seedlings 30 100 0.685 + 0.19 0.454 + 0.11
Juveniles 30 100 0.643 £ 0.22 0.420 + 0.08
Mean + SD 30.0+ 0.0 100 £ 0.0 0.720 + 0.07 0.452 + 0.02
Agita Fria Adults 30 100 0.824 + 0.11 0.489 + 0.02
Seeds 27 100 0.790 + 0.15 0.468 + 0.05
Seedlings 30 100 0.701 £0.13 0.448 = 0.04
Juveniles 30 100 0.815+£0.14 0.475 £ 0.04
Mean + SD 293+ 15 100 = 0.0 0.782 + 0.06 0.468 + 0.01
Inecol Adults 30 100 0.652 £ 0.18 0.443 £ 0.07
Seeds 30 100 0.777 £ 0.18 0.465 + 0.06
Seedlings 30 100 0.639 £ 0.16 0.432 = 0.06
Juveniles 30 100 0.646 + 0.14 0.432 + 0.05
Mean + SD 30.0+ 0.0 100 = 0.0 0.678 + 0.07 0.443 = 0.02
Santuario Adults 30 96 0.655 + 0.18 0.433 + 0.09
Seeds 30 100 0.803 + 0.16 0.469 + 0.05
Seedlings 30 100 0.730 £ 0.21 0.454 + 0.06
Juveniles 30 100 0.680 = 0.14 0.445 + 0.05
Mean + SD 30.0+ 0.0 99 +2.0 0.717 £ 0.07 0.450 + 0.02
Banderilla Adults 30 100 0.799 £ 0.15 0.468 + 0.06
Seeds 30 100 0.736 £ 0.22 0.455 + 0,07
Seedlings 30 100 0.815 £ 0.12 0.479 £ 0.03
Juveniles 30 100 0.805 + 0.11 0.476 + 0.03
Mean + SD 30.0+0.0 100 £ 0.0 0.789 £ 0.04 0.470 + 0.01
Global variation + SD 292 +15 99.62 + 1.18 0.707 £ 0.09 0.445 + 0.03

values for both parameters indicate an excess of heterozygous
genotypes in all populations and stages (Table 3). The aver-
age population differentiation (Fsr) was 0.064 £ 0.011, differ-
ing among stages (120_05,2 =55.8; P < 0.001). The multiple
comparisons showed that the Fsr of seeds and adults differed
from all other stages (P < 0.0001), while it did not differ
between seedlings and juveniles (P = 0.999). Seeds were
observed to be the stage with a lower genetic differentiation
(Fst = 0.034 £ 0.008), while adults had the highest genetic
structure (Fsp = 0.085 + 0.015; Fig. 3¢, Table 3).

Gene flow and genetic distance

Average gene flow (N,,) estimated for paired populations was
lower in adults (N, =3.9 + 3.3) than in seeds (N, =
8.1 £+ 3.3). In the former, the lowest value was found between

180

Xico Viejo and Puente Acabaloyan populations (3.13 km
apart, N, = 1.2) and the highest value was recorded between
Aguita Fria and Banderilla populations (6.65 km apart,
N, = 16.9). In seeds, the lowest value was found between
Xico Viejo and Inecol populations (15 km apart, N,,, = 3.8)
and the highest value was recorded between El Riscal and
Banderilla populations (11.33 km apart, N,, = 18.8). The
relationship between gene flow and geographic distance
between paired populations of adults was not statistically sig-
nificant (Mantel test: P = 0.9690; r = —0.3075).

Nei’s genetic distance dendrogram among populations
showed that the western populations Xico Viejo and La Lib-
erata are separated from the central and eastern populations
Inecol, Santuario, Agiiita Fria, El Riscal and Banderilla;
Puente Acabaloyan, also in a western location, is the most
genetically distant population (Fig. 4). On the other hand,

Plant Biology 15 (2013) 176-185 © 2012 German Botanical Society and The Royal Botanical Society of the Netherlands



Reyes-Zepeda, Gonzalez-Astorga & Montana

0.50

0.48
0.46
0.44

D 042

X
0.40 Populations
0.38 -O- Xico Viejo -@ Aguita Fria
’ -OF LalLiberata & Inecol
036 - Pte.Acabaloyan 4~ Santuario

-A- ElRiscal —-A- Banderilla
0.34 -
Adults Seeds Seedlings Juveniles
Stage

Fig. 2. Interaction among expected heterozygosis values (Ho) for stages
and populations of Cestrum miradorense.
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Fig. 3. Wright's F statistics for four Cestrum miradorense life history
stages in eight populations found in a fragmented cloud forest landscape
in central-eastern Mexico. Different letters show significant differences
among classes (P < 0.001).

among stages, genetic distance revealed that seeds from all
populations formed a single group (0.0451, dendrogram not
shown).

Heterozygote excess through life history stages

DISCUSSION
Genetic diversity

Honnay & Jacquemyn (2007) suggest that habitat fragmenta-
tion affects genetic diversity of plant populations and that cer-
tain life history and ecological traits of plants can determine
differential susceptibility to genetic erosion in fragmented hab-
itats. They also propose that species with a long history of rar-
ity are less susceptible to genetic erosion than species that
recently became rare due to a decrease in population numbers
and habitat fragmentation. C. miradorense, a micro-endemic
species that lives in a highly fragmented landscape, showed
surprisingly high levels of genetic diversity; higher than the
average reported in Hamrick (2004) for 213 long-lived peren-
nial plants (P = 47.9, H, = 0.144) and very similar to that of
other widely distributed Solanaceae, such as Capsicum annuum
(P = 90.8, H. = 0.445; Hernandez-Verdugo et al. 2001).

Analysis of genetic diversity through different life history
stages showed that seeds have higher genetic diversity than
their parents, suggesting that natural selection favours hetero-
zygous genotypes (Eguiarte et al. 1993; Conte et al. 2003). The
heterozygote excess found in all stages and populations
(cf. Eguiarte et al. 1992; Gonzalez-Astorga et al. 2003; Fernan-
dez-M & Sork 2007) shows that natural selection is taking
place. Furthermore, the fact that six of the loci in seeds were
not found in seedlings, juveniles or adults (see Table S1; see
also Tonsor et al. 1993; Alvarez-Buylla et al. 1996; Mandik
et al. 2006; Honnay et al. 2008) is additional evidence of natu-
ral selection: when it acts on ecophysiological variables, natural
selection can make the genes that code certain enzymes tran-
scribe and translate differentially, due to various metabolic
requirements as the life cycle evolves (cf. Abid ef al. 2009).
This can cause some loci to appear in early stages of the life
cycle (i.e. seeds and seedlings) but not in later stages (i.e. juve-
niles and adults).

The origin of heterozygote excess has been poorly studied.
Stoeckel et al. (2006) suggest that heterozygote excess
revealed by negative Fig has several potential causes, including
self-incompatibility systems, outcross breeding and low effec-
tive population size (Ne). Studies of small or subdivided
populations found that it is common to find few reproduc-
tive individuals involved in producing the next generation —
and that there is often differential natural selection towards
heterozygous individuals to avoid the effects of genetic drift
(Lesica & Allendorf 1992; Luijten et al. 2000). C. miradorense
preliminary demographic results from 2004 to 2007 confirm
the existence of few reproductive individuals (i.e., those bear-
ing flowers and fruits) in the two populations for which
demographic data are available: Xico Viejo (29 £ 6 SD plants
out of n = 178 plants) and Santuario (66 *+ 27 plants out of
n = 324 plants; F. Reyes-Zepeda, unpublished observations).
Byers & Meagher (1992) showed that despite small popula-
tion sizes (<25 reproductive individuals), high genetic diver-
sity could be maintained, as in C. miradorense.

Several authors have found that the mating system and the
rarity status explained the highest proportion of variation in lev-
els of genetic diversity among species (Hamrick & Godt 1996;
Aguilar et al. 2008). In conditions of fragmentation, the genetic
diversity of self-compatible species is less affected by decreasing
population size than that of obligate outcrossing and self-com-
patible but mainly outcrossing species (Honnay & Jacquemyn
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Table 3. Wright's F statistics for four life history stages of Cestrum miradorense in eight populations located in a fragmented cloud forest landscape in

central-eastern Mexico.

stage

adults seeds seedlings juveniles
loci Fir Fsr Fis Frr Fsr Fis Fir Fsr Fis Fir Fsr Fis
6pgd1 -0.402 0.087 -0.535 -0.609 0.033 -0.664 —0.447 0.071 —0.558 —0.445 0.067 —-0.548
6pgd?2 —-0.406 0.088 —0.541 -0.607 0.035 -0.665 —0.450 0.071 -0.560 -0.437 0.070 -0.546
Acph -0.401 0.087 -0.536 -0.608 0.035 -0.667 —0.451 0.067 -0.556 -0.441 0.068 —0.545
Ald1 -0.404 0.087 —0.538 -0.604 0.035 -0.663 —0.447 0.071 —-0.557 -0.439 0.070 -0.548
Ald2 —-0.405 0.088 —0.540 -0.603 0.035 -0.661 —0.442 0.071 —0.553 —0.440 0.070 -0.548
Ald3 -0.613 0.033 -0.669
Apx1 -0.410 0.088 —0.546 -0.616 0.035 -0.675 -0.454 0.070 -0.564 —0.443 0.071 —0.553
Apx2 -0.414 0.084 —0.543 -0.611 0.035 -0.670 -0.457 0.068 -0.563 -0.437 0.071 -0.547
Apx3 -0.427 0.080 —0.551 -0.620 0.033 -0.676 —0.469 0.063 -0.569 —0.457 0.066 —-0.559
Dia1 -0.410 0.087 -0.544 -0.608 0.035 -0.667 -0.440 0.071 -0.550 -0.439 0.070 -0.548
Dia2 -0.605 0.035 -0.663
Est -0.411 0.084 —0.540 -0.607 0.035 —0.666 —0.456 0.067 -0.561 —0.446 0.066 —-0.548
G3pdh1 -0.400 0.088 -0.535 -0.606 0.035 -0.664 -0.453 0.069 -0.561 -0.438 0.071 -0.549
G3pdh2 —-0.402 0.087 -0.535 -0.604 0.035 -0.662 —0.444 0.072 —-0.555 —0.440 0.068 -0.546
G3pdh3 -0.616 0.034 -0.672
Hk1 -0.422 0.078 —0.542 -0.610 0.035 -0.669 —0.468 0.061 -0.563 —0.446 0.066 -0.548
Hk2 -0.610 0.034 —0.666
ldh1 -0.406 0.085 -0.537 -0.609 0.034 -0.665 —0.458 0.067 -0.562 —0.445 0.067 -0.548
Idh2 —0.400 0.087 -0.534 -0.611 0.034 -0.667 —0.444 0.069 —0.552 —0.440 0.070 —-0.548
Idh3 -0.627 0.030 -0.676
Mdh1 -0.419 0.082 —0.546 -0.610 0.032 -0.664 -0.452 0.070 -0.560 —0.445 0.069 —0.551
Mdh2 -0.405 0.086 -0.538 -0.616 0.032 -0.670 -0.443 0.071 -0.553 -0.435 0.070 -0.543
Mel -0.612 0.033 -0.666
Me2 -0.420 0.081 —0.546 —-0.605 0.034 -0.662 —0.460 0.067 -0.565 -0.449 0.067 —-0.554
Mnri -0.400 0.087 -0.534 -0.598 0.036 -0.657 —0.450 0.070 -0.558 -0.435 0.071 -0.544
Mnr2 -0.610 0.035 -0.669
Pgil -0.420 0.079 -0.541 -0.607 0.035 -0.666 -0.461 0.064 -0.562 -0.451 0.064 -0.551
Pgi2 -0.415 0.081 -0.539 -0.597 0.036 -0.656 -0.447 0.068 —0.553 —0.441 0.068 -0.546
Pgm1 —0.403 0.087 -0.536 -0.612 0.035 -0.671 -0.450 0.071 -0.560 —0.440 0.070 -0.549
Pgm2 -0.399 0.087 —0.532 -0.607 0.036 -0.666 -0.439 0.071 -0.550 -0.434 0.070 -0.542
Sdh1 —-0.406 0.086 -0.539 -0.607 0.035 —0.666 —0.456 0.068 -0.561 -0.437 0.070 —0.545
Sdh2 -0.403 0.086 -0.535 -0.607 0.035 -0.665 -0.439 0.071 -0.550 —0.438 0.070 -0.546
Mean -0.408 0.085 —0.540 -0.609 0.034 -0.667 —0.451 0.069 —0.558 —0.441 0.069 -0.548
SD 0.038 0.015 0.023 0.032 0.008 0.026 0.039 0.013 0.025 0.026 0.010 0.017
95% Confidence Interval -0.476 0.059 —0.581 -0.669 0.021 -0.715 -0.524 0.045 -0.605 —0.490 0.051 -0.579

-0.332 0.116 -0.493 -0.544 0.050 -0.615 -0.373 0.095 -0.509 -0.389 0.088 -0.512

2007). Montero-Castro (2006) reported that Cestrum species
are pollinated by nocturnal moths and have out-crossed mat-
ing and self-incompatible reproductive systems (Haber &
Frankie 1989; Castro-Laportte & Ruiz-Zapata 2000; Aguilar &
Galetto 2004). Taking into account the estimated heterozygos-
ity, gene flow and the presence of hermaphroditic flowers, it is
likely that C. miradorense has a self-incompatible and outcross
breeding system. However, research on the reproductive biol-
ogy is required to confirm this hypothesis.

Species of old or recent rarity may represent different time
scales and origins of disturbance, which affect the genetic
characteristics that species currently have. C. miradorense, is
considered an old rare species (i.e. having a long history of
rarity) because during the Pliocene, the genus Cestrum had
high rates of diversification and speciation, causing most of
its species to become geographically restricted along moun-
tain ranges and inhabiting mostly montane cloud forest

(Montero-Castro 2006). The consequent size reduction of
population numbers (and eventual bottlenecks) triggered the
development of adaptations to the new habitats that allowed
the current high genetic diversity found in C. miradorense, as
proposed for other species by Honnay & Jacquemyn (2007).
Similar results were reported in Moreira et al. (2010) for Coc-
coloba cereifera Schw. (Polygonaceae), a micro-endemic shrub
of southeastern Brazil, restricted to an area of ca. 26 km?,
that has high genetic diversity (H. = 0.507).

Fragmentation and genetic structure

It has often been reported that habitat fragmentation may have
modified species genetic structure (Honnay & Jacquemyn
2007). However, it is important to determine the time elapsed
and the number of generations that have occurred in the frag-
mented habitat. Aguilar ef al. (2008) found that only frag-

182 Plant Biology 15 (2013) 176-185 © 2012 German Botanical Society and The Royal Botanical Society of the Netherlands



Reyes-Zepeda, Gonzalez-Astorga & Montana

Fig. 4. Nei's genetic distances among eight
populations of Cestrum miradorense growing in a
fragmented landscape of cloud forest in central-
eastern Mexico.

mented systems of at least 100 years old presented significantly
stronger negative effects; whereas Lowe ef al. (2005) men-
tioned that in tropical trees, it may take decades or centuries
for the impact of fragmentation to appear, depending on fac-
tors such as breeding system, pollinator types and generation
time. In the study area, habitat fragmentation began more than
a century ago (Gerez 1992), and the longevity (L) of C. mira-
dorense varied between 14.7 and 51.8 years while the genera-
tion time (x;) was 30 years. This demographic information
was obtained, using the method described in Cochran & Ellner
(1992), from the Santuario and Xico Viejo populations during
the 2004-2007 period (F. Reyes-Zepeda, unpublished observa-
tions). This suggests that there have been at least three genera-
tions since the fragmentation process began in the central and
eastern portion of the study area, and six generations in the
western area according to fragmentation data available for
these two areas (Gerez 1992; Williams-Linera et al. 2002).

The short time elapsed since the beginning of the fragmen-
tation process also partially explains the high H. and the low
Fsr found in adults and seeds as compared to the average for
213 long-lived perennial plants (H. = 0.144; Fgp = 0.089;
Hamrick 2004). These results strongly suggest that C. mirado-
rense has been able to maintain high levels of gene flow after
fragmentation.

Some authors note that continuous habitat fragmentation
gives rise to greater between-fragment pollination activity (e.g.
Ward et al. 2005). Even though the pollinators of C. mirado-
rense are unknown, we can assume that they are nocturnal
moths, which have been consistently reported as the genus’
main pollinator (Castro-Laportte & Ruiz-Zapata 2000; Aguilar
& Galetto 2004; Montero-Castro 2006). Nocturnal moths pro-
mote intense pollen exchange, increasing the likelihood of
higher gene flow among populations (Richards 1997).

Final considerations

For a long time it was assumed that rare species had lower
genetic diversity than common ones, and that the genetic
diversity of the former was more affected by habitat fragmen-
tation (Young et al. 1996; Cole 2003). However, recent studies
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report that species with a long history of rarity are less suscep-
tible to the erosion of genetic variation than common species
or species than became rare only recently (Honnay & Jacque-
myn 2007), underlining the importance of assessing the num-
ber of generations elapsed since population fragmentation
began (Aguilar et al. 2008). We found that C. miradorense, a
micro-endemic species restricted to a ca. 100 km? distribution
area subjected to a fragmentation for more than 100 years ago,
was able to maintain high levels of genetic diversity, both at
population and life history stage levels, due to natural selection
favouring heterozygote excess, and mating and pollen/seed
dispersal systems that have allowed high gene flow.
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