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Abstract: Platanus mexicana is a dominant arboreal species of riparian ecosystems.
These ecosystems are associated with altitudinal gradients that can generate genetic
differences in the species, especially in the extremes of the distribution. However, studies
on the altitudinal effect on genetic variation to riparian species are scarce. In Mexico,
the population of P. mexicana along the Colipa River (Veracruz State) grows below its
reported minimum altitude range, possibly the lowest where this tree grows. This suggests
that altitude might be an important factor in population genetics differentiation. We
examined the genetic variation and population structuring at four sites with different
altitudes (70, 200, 600 and 1700 m a.s.l.) using ten inter-simple sequence repeats (ISSR)
markers. The highest value for Shannon index and Nei’s gene diversity was obtained at
1700 m a.s.l. (He = 0.27, Ne = 1.47, I = 0.42) and polymorphism reached the top value at
the middle altitude (% p = 88.57). Analysis of molecular variance (AMOVA) and
STRUCTURE analysis indicated intrapopulation genetic differentiation. The arithmetic
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average (UPGMA) dendrogram identified 70 m a.s.l. as the most genetically distant site.
The genetic structuring resulted from limited gene flow and genetic drift. This is the
first report of genetic variation in populations of P. mexicana in Mexico. This research
highlights its importance as a dominant species, and its ecological and evolutionary
implications in altitudinal gradients of riparian ecosystems.
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1. Introduction

The sycamore, Platanus mexicana, is an arboreal species distributed on the slopes of the Gulf of
Mexico, the Gulf of Tehuantepec and Guatemala. It is mainly found naturally near streams and river
banks, where it is a dominant species. It is also found in cities, planted as an ornamental tree, because
of its quick growth and resistance to air pollution [1]. Riparian ecosystems have important ecological
functions such as functional connectivity, increased dispersal of plant species, mitigation of the
processes of sedimentation in riverbeds, maintaining water quality, decomposition and nutrient
cycling, and providing flood and erosion protection [2]. Riparian ecosystems are associated with
altitudinal gradients that provide significant environmental variations [3]. Nevertheless, population
genetic research relating to the riparian-altitudinal gradients are rare in the context of specific tree
species, in particular for elucidating potential effects of altitude on patterns of genetic variation.

There are no studies of genetic variation in P. mexicana related to altitudinal gradients. The altitudinal
genetic variation of riparian vegetation is affected by several factors, including ecological ones such as
landscape characteristics (altitude, stream flow), landscape fragmentation, sexual reproduction, and
flowering phenology [4,5]. Moreover, evolutionary processes such as bottlenecks, genetic drift or
barrier to gene flow have a significant influence as they enhance genetic differentiation between
populations [6]. As such, the effect of an altitude gradient on the genetic variation of a species depends
on a group of factors that result in site variation, and can even lead to local adaptation and population
differentiation [7].

Gene flow through pollen and seed dispersion is the most important factor in genetic exchange
between populations [8]. In riparian species this flow can occur in two ways: bidirectional or
unidirectional. The bidirectional movement can maintain homogeneous genetic variation in the gradient;
this was observed in Fraxinus mandshurica [3] and Euptelea pleiospermum [5]. The unidirectional
movement promotes the genetic differentiation by accumulation of genetic variation either upstream or
downstream of the altitudinal gradient; this was observed in Myricaria laxiflora whose seed movement
by hydrochory increased heterozygosity in the lower part of the gradient [9]. The evolutionary
implications in populations are not yet defined, however, it is possible that genetic impoverishment in
some extreme altitudinal gradients increases extinction risk. Additionally, if we add the effect of other
factors such as bottleneck, this risk is enhanced [10].

The reduction in population size can cause random alterations in allele frequencies (genetic drift).
The allele frequency can undergo large fluctuations in different generations in an unpredictable pattern
and can result either in fixation or loss of alleles [8]. However, organisms can be affected by the
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processes of selection due to the different environmental conditions along gradients. This is mainly
observed in populations located at the limits of the species’ distribution. Evidence of this was found in
a work with a Pinus hartwegii population, in which the effect of selection was inferred from the
number of low frequency alleles present in the subpopulations of the altitudinal gradient’s end [7,11].
The edges of distribution of a species may affect genetic variation in populations because in these
places environmental conditions are often adverse or unusual for individual establishment [7]. In the
case of P. mexicana, their populations are in a normal distribution range between 600 and 1800 m a.s.1.,
however, populations growing at altitudes of 160 to 2400 m a.s.l. have been reported [12]. In the
northeastern region of the state of Veracruz, Mexico a population of P. mexicana along the
Colipa River grows at altitudes as low as 70 m a.s.l. For this reason, the aim of this study is to analyze
the genetic variation of P. mexicana and understand its ability to respond to different environmental
conditions along an altitudinal gradient, especially in unusual conditions for the species. Since there
are no records of this species growing at such a low altitude, the study also aims to understand the
ecological and evolutionary factors that promote genetic differentiation. Inter-simple sequence repeats
(ISSR) molecular markers were used because of their high variability [13] and the lack of P. mexicana
genomic sequences. This is the first study that reports the effect of riparian altitudinal gradients on the

variation and genetic differentiation of P. mexicana.
2. Results
2.1. Genetic Diversity

Ten selected ISSR primers generated a total of 105 bands. The size range of polymerase chain
reaction (PCR) fragments was 180-1700 bp. The number of bands and the percentage of
polymorphisms varied with each primer. Primer 857 produced the highest number of bands (15),
of which 14 were polymorphic (Table 1).

Table 1. ISSR primers used to analyze genetic diversity on populations of P. mexicana
at different altitudes.

Primer Sequence Size Range No. of Bands No. of Polymorphic Bands
818 (CA)G 350-1000 12 9

824 (TC)G 350-1500 9 8
827 (AC)G 400-1400 9 8
829 (TG)sC 480-1700 7 4
835 (AG)YC  180-1400 9 7
841 (GA)YC  300-1200 9 7
845 (CTRG  250-1500 12 10
848 (CABRG  300-1500 10 9
850  (GT)TYC 300-1500 13 11
857 (ACRYG  180-1500 15 14

Analysis of the results showed significant differences in the genetic variation of the Colipa River
populations of P. mexicana with respect to its distribution on the altitudinal gradient. At 1700 m a.s.l.
Nei’s gene diversity (He), effective number of allele per locus (Ne) and Shannon index (/) exhibited
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the highest values compared to the other sites (He = 0.27, Ne = 1.47 and [ = 0.42; Table 2). The lowest
level of variability was observed at 70 m a.s.l. (He = 0.22, Ne = 1.37 and / = 0.35). There was a
gradual decrease of these parameters as the altitude of the sampled populations decreased. Comparison
between He, Ne and I among sites, revealed that both ends of the gradient display significantly
different values (He:Z = 3.13, p = 0.001; Ne:Z = 2.91, p = 0.003; I:.Z = 3.07, p = 0.002; Table 2).
Although the Wilcoxon test was not significant for the percentage of polymorphic loci, it is worth
noting that the highest value was recorded at the mid-altitude sites, 200 and 600 m a.s.l. (88.5%),
and the lowest value was recorded at 70 m a.s.l. (81.9%). The values for the number of alleles per
locus (A) were similar among sites, except between 70 and 200 m a.s.1. (Table 2).

Table 2. Parameters of genetic variation in Platanus mexicana on the Colipa River, Veracruz, Mexico.

Elevation (m a.s.l.) He %p A Ne 1
70 0.228* 81.905% 1.352° 1.378* 0.352°?
200 0.257*® 88.571° 1.543° 1.430*° 0.3962°
600 0.265% 88.571* 1.448*° 1.449%** (.402*°
1700 0.279° 87.619° 1.514*° 1475° 0.424°

He = Nei’s gene diversity; % p = percent polymorphism; 4 = number of alleles per locus; Ne = effective
number of alleles per locus; / = Shannon Index; Wilcoxon’s test (p < 0.05); different letters indicate a

significant difference between values.
2.2. Genetic Differentiation and Population Structure

The AMOVA analysis corroborated the genetic structure, the value of ®st that represents the
genetic differentiation among sites was 0.2 (p = 0.001); the main variation component (80%) was
attributable within sites. Paired AMOVA showed the existing differentiation between sites mainly
between 70 m a.s.l. and the others elevations (Table 3). A UPGMA dendrogram (Figure 1) based on
Nei’s genetic distances exhibited three groups; one formed by the intermediate sites between 200 and
600 m a.s.l., (0.034), followed by the site at 1700 m a.s.l. (0.05) and the most distant being the site at
the lowest altitude 70 m a.s.l., (0.058). The most likely number of clusters (K) in STRUCTURE was
determined using the AK method. We assumed K = 8 as the best model that explains the genetic
structure of P. mexicana population in the Colipa river (Figure 2) (See Supplementary Table S1) where
well-defined altitude groups are observed. This suggests strong intra-population genetic differentiation.
The Mantel test revealed that the pairwise ®@st are not correlated with geographic distances (r = 0.44,
Z=20.98, p=0.251) and so the hypothesis of isolation due to distance was discarded.

Table 3. Paired AMOVA between sites on the Colipa River.

Sites (m a.s.l.)  @sy
70 & 200 0.238 *
70 & 600 0.216 *
70 & 1700 0.198 *

200 & 600 0.166 *
200 & 1700  0.176 *
600 & 1700  0.169 *

* Statistically significant values (p = 0.001).
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Figure 1. UPGMA diagram based on Nei’s genetic distances for P. mexicana on the

Colipa River, Veracruz, Mexico.
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Figure 2. Population structure based on ISSR variation among sites at K = 8, implemented
in STRUCTURE, v. 2.3, where each line represents the proportional assignment of an
individual to the clusters, represented by the different colors.

2.3. Genetic Drift

The comparison of loci with allele frequencies lower than 0.05 (Wilcoxon p < 0.05) confirmed the
effect of genetic drift at the lowest site, given that it had a significantly higher number of rare-fixed
alleles relative to the sites at 200 m a.s.l. (»p =0.02) and 1700 m a.s.l. (p = 0.002, Table 4).

Table 4. Between-site comparison of allele frequency at 0.05.

Sites Compared (m a.s.l.) Valid N VA p Level
70 & 200 54 2.292338 0.021887 *

70 & 600 54 1.357806  0.174526
70 & 1700 54 2.973587 0.002944 *

200 & 600 54 1.158860 0.246514

200 & 1700 54 0.909226  0.363231

600 & 1700 54 0.909226  0.363231

Z, standard normal distribution; N, sample number; * Statistically significant values for the Wilcoxon
Matched Pairs Test, p < 0.05.
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3. Discussion
Genetic Diversity and Differentiation

Based on the obtained results genetic differences were observed in P. mexicana on the altitudinal
gradient along the Colipa River. Values of I and He were similar to one of the altitude patterns
described by Ohsawa and Ide [14] where the genetic variation was greater at higher altitudes.
According to their results this pattern has been observed in herbaceous rather than tree species due to
processes of adaptation to severe conditions, historical movements and mutation rates. However, there
is a risk of assuming that in a small basin, the historical movements or mutation rates are the cause of
genetic differentiation within the Colipa River.

Our results provide evidence of the influence of an altitudinal gradient on genetic differentiation
in the populations of P. mexicana. Although the UPGMA separates the populations into three
significantly different groups, STRUCTURE provides a more detailed analysis of intra-population
genetic structure being observed in allelic groups corresponding to each altitudinal site. The fact that
there is greater variation within sites in the Colipa River area could be the result of outcrossing with a
completely random mate. This was observed in Monimopetalum Chinense and outcrossing woody
species [15]. Population structure in P. mexicana could be attributable to a combination of bottlenecks,
genetic drift and natural selection, mainly in the lower part of the gradient.

Paired AMOVA showed that sites differ from each other with the greater differentiation being
between 70 m a.s.l. and the other sites. In contrast, the smallest differentiation occurs between
mid-altitudes, this may be the result of gene flow between sites which is reflected in the UPGMA
explaining why the middle sites are in the same group. This suggests that gene flow might play an
important role on the genetic structure observed due to the non-homogeneous values of genetic
diversity between altitudinal sites. In wind-pollinated species such as P. mexicana, gene flow is
expected to be constant in the altitudinal gradient by the influence of strong winds. In some
anemophilous species, the bidirectional movement of pollen along a river can cause homogeneity
in genetic variation. This was observed in Fraxinus mandshurica (3], Pinus oocarpa [16],
Quercus serrata [17], Larix kaempferi [18] and Picea abies [19], where gene flow was constant among
their populations. The Colipa River has a south-northeast orientation, with the southern part at the
highest elevation and the lowest part only a few kilometres from the coast where the river empties into
the Gulf of Mexico. Uphill winds could favor the unidirectional movement of pollen and explain the
higher degree of genetic diversity of P. mexicana at the top of the gradient. But even though the pollen
of P. mexicana can travel up to 2750 m, the dispersal is limited to 600 m a.s.l. [20]; this has great
influence on the genetic differentiation that the populations presented. Also, according to Premoli [4],
if the flowering phenology varies along an elevation gradient, gene flow between low-elevation and
high-elevation populations is unlikely to occur. This is an issue that has not been clarified in
P. mexicana.

On the other hand, dispersal of seeds not only causes the movement of new genotypes, but also
determines how these are distributed among different microsites and therefore might have a larger
influence on the local genetic structure [21]. In riparian species this is favored by hydrochory, as is the
case of Myricaria laxiflora whose seed movement heterozygosity increases towards the lower part of
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the gradient [9]. If such movement existed in P. mexicana, it would be expected that the values of
genetic variation would be higher than those presented at lower altitudes, but this was not observed.

In riparian species, abiotic factors such as strong winds and recurring torrential floods, affect trees
established in the lower part of a basin, this creates problems of colonization and retention [2] causing
reductions in population size mainly in fragmented populations [22]. The reduction of genetic variation
observed in P. mexicana at the lowest part of the gradient may be the result of this effect that could be
considered as recurrent bottlenecks. For example, in Picea glehnii at lower elevations in the Furano
region of central Hokkaido in Japan, Goto et al. [23] found that it was very likely that a bottleneck had
been established in this population by isolation as a result of past demographic history. However,
the methodology used in our research was unable to determine such events for populations of
P. mexicana in the Colipa River.

In peripheral populations, reduced genetic variation may also be linked to selective pressures under
harsh climatic conditions [24]. In populations near their distribution edge, natural selection is a force
differentiating those areas from the rest of distribution and conferring an adaptive advantage to certain
loci [7,25]. This could lead to the presence of low frequency alleles as an adaptation mechanism to
unfavorable environments, as it was reported in Pinus hartwegii where the effect of selection was
inferred from the number of low frequencies alleles present in a population in extreme conditions [11].
Presence of P. mexicana at 70 m a.s.l. suggests an expansion of its altitudinal distribution range on
the Colipa River. The results of our research could serve as the basis for further studies about these
Platanus populations.

4. Materials and Methods
4.1. Study Area

The study area is located along the Colipa River in the northeastern part of the state of Veracruz,
Mexico. Due to the length of the river (40.68 km) and the fact that its altitude ranges from sea level to
1700 m a.s.l., four sites were chosen along this gradient: at 1700 m a.s.l., in “Barranca del Maiz”,
Chiconquiaco Municipality (19°47'28'"N, 96°48'50"W) with a mean annual temperature of 20 °C;
at 600 m a.s.l. in “Dos Caminos”, Yecuatla Municipality (19°49'26"N, 96°47'43"W) with a mean
annual temperature of 22 °C; at 200 m a.s.l. on “Rancho La Esmeralda”, Yecuatla Municipality
(19°53'15"N, 96°44'57"W) with a mean annual temperature of 24 °C; and the site at 70 m a.s.l. on
“Rancho San Jeronimo” in the Colipa Municipality (19°58'36"N, 96°40'58"W) with a mean annual
temperature of 26 °C (Figure 3).

4.2. Collection and Preservation of Plant Material

At each site, 30 trees were randomly selected and healthy mature leaves with no signs of physical
damage were collected from them. The leaves were washed in the field in a soapy solution with 5%
bleach for five minutes, after which they were rinsed with distilled water and cleaned with cotton
batting dampened with 70% alcohol, rinsed again in distilled water and dried with paper towels.
One hundred 1 cm? squares of leaf tissue were cut per tree and stored in small plastic bags with an
air-tight seal and silica gel inside to keep them dry until their analysis [26].
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Figure 3. Location of four sampled sites of P. mexicana in the Colipa River.
4.3. DNA Extraction and ISSR Amplification

DNA extraction was done using the CTAB method [27,28], modified as follows: 0.7 g of dry leaf
tissue was ground in liquid nitrogen, and 1 mL of CTAB 2x extraction buffer (100 mM Tris—HCI
pH 8.0, 1.4 M-NaCl, 20 mM EDTA, 2% hexadecyltrimethylammonium bromide “CTAB”, 0.5% PVP,
and 0.2% B-mercaptoethanol) was added to each sample. DNA amplification was done following [29]
modified as follows: decreasing the quantity of DNA and PCR buffer; increasing the concentration
of MgCl2 and dNTPs and eliminating the use of formamide. Only the samples showing successful
amplification for the ten primers were used for further analysis. The ISSR primers used were divided
according to annealing temperature in group 1:818, 824, 827 and 829; and group 2:835, 841, 845, 848,
850 and 857. PCR reactions were performed using a total volume of 20 pL, using 10 ng DNA, 1x PCR
buffer (NH4)SO4, 3 mM of MgClz, 0.375 mM of dNTPs, 1 uM of each primer, 1 unit of Tag-DNA
polymerase (Fermentas, Waltham, MA, USA) and double distilled water. The amplification parameters
were: initial denaturation for 4 min at 94 °C; 35 cycles of 30 s at 94 °C, 45 s at the annealing
temperature (50 °C for group 1, 53 °C for group 2), 90 s at 72 °C; followed by a final extension of
8 min at 72 °C. Amplification products were separated on a 1.5% agarose gel on 1x TBE buffer,
stained with ethidium bromide and followed by photo documentation using Kodak ID 3.5.

4.4. Data Analysis

All the amplified bands were treated as dominant genetic markers. ISSR bands were scored as
1 (present) or O (absent) and this binary data was used to assemble a rectangular matrix. Allele
frequencies p and g were inferred using the Lynch and Milligan adjustment for dominant markers,
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were recessive allele is determined by q = ( N ) and dominant allele by p =1 —q [30].

NO+N1
The percentage of polymorphic loci (% p), number of alleles per locus (A), effective number of alleles
per locus (Ne), Nei’s gene diversity (He) and Shannon index (/) were calculated using the TFPGA v1.3
software [31]. To detect any differences in heterozygosity among elevations, Wilcoxon paired tests
were run in STATISTICA, v8 [32].

To estimate the genetic differences among sites along the altitudinal gradient, an analysis of
molecular variance (AMOVA) was run in GenAlEx, v. 6.41 software [33], this analysis produces
variance components estimates that are similar to the F statistics of Wright, called ®@sr. In addition,
paired AMOVAs were computed between sites to pairwise differentiation indices. To test the results of
this analysis, genetic distances were inferred with the method of Nei and Lee [34], and similarity
estimates were analyzed using Unweighted Pair Group Method with Arithmetic Averages (UPGMA)
with TFPGA, v 1.3 software [31].

A further classification was made using STRUCTURE v. 2.3 software [35]. The RECESSIVEALLELE
= 1 algorithm for dominant markers was used, where 0 = recessive allele for each locus. The number
of inferred groups was evaluated at values of K ranging from 2 to 10, a burn-in length of 50,000
followed by 10 runs at each value of K. Estimates were obtained under the admixture model using the
correlated allele frequencies and the LocPrior algorithm, which incorporates sampling location
information and is appropriate for detecting weak population structure [36]. The most likely number of
clusters (K) was determined using the AK method, as well as by examining the plateau of the
Ln Pr(X/K) [37].

To test whether the genetic structure is a result of isolation because of distance, pairwise Ost versus
geographic distances were tested for correlation using Mantel’s test [38] run in TFPGA, v. 1.3.
As another measure related to allele fixation from genetic drift, the quantity of fixed loci or those with
allele frequencies lower than 0.05 between sites were tested using Wilcoxon’s test in STATISTICA,
v. 8 [32].

5. Conclusions

Genetic differences were observed in P. mexicana along the altitudinal gradient of the Colipa River.
It is necessary to restore the ecological importance of P. mexicana to riparian ecosystems; these
ecosystems are in steady decline and sycamore is one of the most dominant species among them.
In addition, there are problems of colonization and establishment of individuals especially in the lower
part of the river. Individuals present in these areas must be resistant to adverse abiotic factors as
previously mentioned, and adapted to support this type of environment. Thus the possibility of
formation of new populations from a low number of trees in which genetic differentiation is low,
favoring the presence of rare alleles and the scarcity of other common alleles as compared to the allelic
frequency of the original population cannot be discarded. The results of this research highlight the
importance of P. mexicana as a dominant species and its ecological and evolutionary implications as a
key species of riparian ecosystems. The results presented in this report represent a basic knowledge of
the genetic variability of this species in the Colipa River region.



Int. J. Mol. Sci. 2015, 16 2075

Supplementary Materials
Supplementary materials can be found at http://www.mdpi.com/1422-0067/16/01/2066/s1.
Acknowledgments

The authors would like to thank Mexico’s Consejo Nacional de Ciencia y Tecnologia and the
Programa para el Mejoramiento del Profesorado (PROMEP) for providing funding to conduct this
research project.

Author Contributions

Conception and design: Dulce M. Galvan-Herndndez and J. Armando Lozada-Garcia. Sample
collection: Dulce M. Galvan-Hernandez and J. Armando Lozada-Garcia. Experimental and data
analysis: Dulce M. Galvan-Hernandez. Drafting of the manuscript: Dulce M. Galvan-Hernandez,
J. Armando Lozada-Garcia and Norma Flores-Estévez. Critical revision/supervision: Jorge Galindo-Gonzélez
and S. Mario Vazquez-Torres.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Gabarral, E.; Belmonte, J.; Canela, M. Aerobiological behavior of Platanus L. pollen in Catalonia
(North-East Spain). Aerobiologia 2002, 18, 185-193.

2. Trevino, E.J.; Cavazos, C.; Aguirre, O.A. Distribucion y estructura de los bosques de galeria en
dos rios del centro sur de Nuevo Leon. Madera Bosques 2001, 7, 13-25.

3. Hu, L.J.; Uchiyama, K.; Shen, H.L.; Ide, Y. Multiple-scaled spatial genetic structures of
Fraxinus mandshurica over a riparian-mountain landscape in Northeast China. Conserv. Genet.
2010, 71, 77-87.

4. Premoli, A.C. Isozyme polymorphisms provide evidence of clinal variation with elevation in
Nothofagus pumilo. J. Hered. 2003, 94, 218-226.

5. Wei, X.; Meng, H.; Jiang, M. Landscape genetic structure of a streamside tree species
Euptelea pleiospermum (Eupteleaceae): Contrasting roles or River Valley and Mountain Ridge.
PLoS One 2013, 8, €66928.

6. Pifero, D. La diversidad genética como instrumento para la conservacion y el aprovechamiento de
la biodiversidad: Estudios en especies mexicanas; In Capital Natural de México;, Soberon, J.,
Halffter, G., Lorente-Bousquets, J., Eds.; Comision Nacional para el Conocimiento y Uso
de la Biodiversidad: Mexico City, Mexico, 2008; Volume 1, pp. 415-435.

7. Lesica, P.; Allendorf, F.W. When are peripheral populations valuable for conservation?
Conserv. Biol. 1995, 9, 753-760.

8. Hedrick, P. Population genetics and ecology. In The Princeton Guide to Ecology; Lewin, S.A.,
Carpenter, S.R., Eds.; Princeton University Press: Princeton, NJ, USA, 2009; p. 737.



Int. J. Mol. Sci. 2015, 16 2076

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Liu, Y.; Wang, Y.; Huang, H. High interpopulation genetic differentiation and unidirectional
linear migration patterns in Myricaria laxiflora (Tamaricaceae), an endemic riparian plant in the
three Gorges Valley of the Yangtze River. Am. J. Bot. 2006, 93, 206-215.

Honnay, O.; Jacquemyn, H.; Nackaerts, K.; Breyne, P.; van Looy, K. Patterns of population genetic
diversity in riparian and aquatic plant species along rivers. J. Biogeogr. 2010, 37, 1730-1739.
Viveros-Viveros, H.; Tapia-Olivares, B.L.; Saenz-Romero, C.; Vargas-Hernandez, J.J.;
Lopez-Upton, J.; Santacruz-Varela, A.; Ramirez-Valverde, G. Variacién isoenzimatica de
Pinus hartwegii Lindl. en un gradiente altitudinal en Michoacan, México. Agrociencia 2010, 44,
723-733.

Nee, M. Platanaceae. In Flora de Veracruz Fasciculo 19; Instituto Nacional de Investigaciones
Sobre Recursos Bioticos: Xalapa, México, 1981.

Bornet, B.; Branchard, M. Nonanchored inter simple sequence repeat (ISSR) markers: Reproducible
and specific tools for genome fingerprinting. Plant Mol. Biol. Rep. 2001, 19, 209-215.

Ohsawa, T.; Ide, Y. Global patterns of genetic variation in plant species along vertical and
horizontal gradients on mountains. Glob. Ecol. Biogeogr. 2008, 17, 152—163.

Li, H.; Xie, G.; Blum, M.J.; Zhen, Y.; Lin, M.; Guo, P. Genetic diversity of the endangered
Chinese endemic plant Monimopetalum Chinense revealed by amplified fragment length
polymorphism (AFLP). Biochem. Syst. Ecol. 2011, 39, 384-391.

Saenz-Romero, C.; Tapia-Olivares, B.L. Pinus oocarpa isoenzymatic variation along an
altitudinal gradient in Michoacén, México. Silvae Genet. 2003, 52, 237-240.

Ohsawa, T.; Saito, Y.; Sawada, H.; Ide, Y. Impact of altitude and topography on the genetic
diversity of Quercus serrata populations in the Chichibu mountains, central Japan. Flora 2008,
203, 187-196.

Nishimura, M.; Setoguchi, H. Homogeneous genetic structure and variation in tree architecture of
Larix kaempferi along altitudinal gradients on Mt. Fuji. J. Plant Res. 2011, 124, 253-263.

Unger, G.M.; Konrad, H.; Geburek, T. Does spatial genetic structure increase with altitude?
An answer from Picea abies in Tyrol, Austria. Plant Syst. Evol. 2011, 292, 133-141.

Bricchi, E.; Frenguelli, G.; Mincigrucci, G. Experimental results about Platanus pollen deposition.
Aerobiologia 2000, 16, 347-352.

Jordano, P. Pollen, seeds and genes: The movement ecology of plants. Heredity 2010, 105,
329-330.

Jump, A.S.; Pefiuelas, J. Genetic effects of chronic habitat fragmentation in a wind-pollinated tree.
Proc. Natl. Acad. Sci. USA 2006, 103, 8096—-8100.

Goto, S.; Tsuda, Y.; Koike, Y.; Lian, C.; Ide, Y. Effects of landscape and demographic history on
genetic variation in Picea glehnii at the regional scale. Ecol. Res. 2009, 24, 1267-1277.

Hahn, T.; Kettle, C.J.; Ghazoul, J.; Frei, E.R.; Matter, P.; Pluess, A.R. Patterns of genetic
variation across altitude in three plant species of semi-dry grasslands. PLoS One 2012, 7, e41608.
Ohsawa, T.; Tsuda, Y.; Saito, Y.; Sawada, H.; Ide, Y. Altitudinal genetic diversity and differentiation
of Quercus crispula in the Chichibu mountains, central Japan. Int. J. Plant Sci. 2007, 168, 333-340.
Chase, M.W.; Hills, H.H. Silica gel: An ideal material for field preservation of leaf samples for
DNA studies. Taxon 1991, 40, 215-220.



Int. J. Mol. Sci. 2015, 16 2077

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Doyle, J.J.; Doyle, J.L. A rapid DNA isolation procedure for small quantities of fresh leaf tissue.
Phytochem. Bull. 1987, 19, 11-15.

Doyle, J.J.; Doyle, J.L. Isolation of plant DNA from fresh tissue. Focus 1990, /2, 13-15.

Xiao, L.Q.; Gong, X. Genetic differentiation and relationships of populations in the Cycas balansae
complex (Cycadaceae) and its conservation implications. Ann. Bot. 2006, 97, 807-812.

Lynch, M.; Milligan, B.G. Analysis of population genetic structure with RAPD markers.
Mol. Ecol. 1994, 3, 91-99.

Miller, M.P. Tools for Population Genetic Analyses (TFPGA) Version 1.3. A Windows Program
for the Analysis of Allozyme and Molecular Population Genetic Data; Utah State University:
Logan, UT, USA, 1997.

Data Analysis Software System, (STATISTICA) Version 8.0. Available online:
http://www.statsoft.com (accessed on 20 November 2014).

Peakall, R.O.D.; Smouse, P.E. GENALEX 6: Genetic analysis in Excel. Population genetic
software for teaching and research. Mol. Ecol. Notes 2006, 6, 288-295.

Nei, M.; Li, W.H. Mathematical model for studying genetic variation in terms of restriction
endonucleases. Proc. Natl. Acad. Sci. USA 1979, 76, 5269-5273.

Pritchard, J.K.; Stephens, M.; Donnelly, P. Inference of population structure using multilocus
genotype data. Genetics 2000, 155, 945-959.

Falush, D.; Stephens, M.; Pritchard, J.K. Inference of population structure using multilocus
genotype data: Dominant markers and null alleles. Mol. Ecol. Notes 2007, 7, 574-578.

Evanno, G.; Regnaut, S.; Goudet, J. Detecting the number of clusters of individuals using the
software STRUCTURE: A simulation study. Mol. Ecol. 2005, 14, 2611-2620.

Mantel, N. The detection of disease clustering and a generalized regression approach. Cancer Res.
1967, 27, 209-220.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



