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a b s t r a c t

Prunus serotina subsp. capuli (Cav.) is an arboreal species with promising economic
prospects in the timber, health-food and neutraceutical markets. Despite its cultural and
commercial significance, limited information exists with regards to the degree of genetic
variation and ecological history of P. serotina in Ecuador. The main objective of this study
was to evaluate the degree of genetic diversity and population structure of Ecuadorian P.
serotina, as a preliminary step towards understanding the distribution history of this
species in Ecuador and establishing germplasm conservation programs. P. serotina samples
(217, representing 8 provinces from the Ecuadorian highlands) were characterized using 8
heterologous SSR markers derived from related Prunus species. Expected heterozygosity
across samples (He ¼ 0.71) reveals a moderate level of genetic diversity for Ecuadorian P.
serotina. Nevertheless, simple allele-count analysis indicates that Ecuadorian capuli has a
narrower degree of allelic richness relative to collections from the species’ center of origin
in North America. Furthermore, pairwise F statistics (0.0069 � Fst � 0.0319) and Nei ge-
netic distance estimates (0.02 � Ds � 0.09) indicate minimal population differentiation
within Ecuadorian capuli. However, Bayesian population structure analysis suggests a
subtle genetic contrast between germplasm from the Northern and Southern highlands.
Certainly, it is of interest to analyze whether this underlying genetic differentiation be-
tween the Northern- and Southern-Highland groups is also manifested in morphological,
agronomic or other phenotypic characters that could indicate adaptive differences to
divergent agro-ecosystems.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Prunus serotina subsp. capuli (Cav.) is a wild arboreal tetraploid species (2n ¼ 32) native to North America, but widely
distributed throughout Central and South America (Fresnedo-Ramírez et al., 2011). Historical records indicate that this species
was dispersed fromMexico to Central and South America following the Spanish conquest (Mille, 1942). In Ecuador, P. serotina
(commonly known as “capuli”) is only found along the Andean alley, which begins at the province of Carchi in the North and
ends in the province of Loja in the South (Mille, 1942).
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P. serotina has an important commercial value, particularly in North America where it remains an important source for
high-quality timber (FIA, 2013). In Central and South America, however, P. serotina berries are a valued product and capuli
trees commonly serve as windbreakers in agricultural fields (Palacios, 2011). More recently, it has been reported that the
leaves and berries of P. serotina possess phenolic conjugates with antimicrobial and antioxidant properties which can be used
to treat health disorders (Jim�enez et al., 2011). Initial surveys indicate that the presence of these compounds in a balanced diet
can help reduce the incidence of allergies, cardiovascular disease and other metabolic syndromes related to aging (Vasco
et al., 2009). Certainly, opportunities exist to transform this arboreal species into a relevant commodity with national and
international projections in the timber, health-food and neutraceutical markets.

Despite its cultural and commercial significance, limited information exists with regards to the degree of genetic diversity,
population structure, domestication patterns and ecological history of P. serotina in Ecuador. To date, investigations analyzing
the extent and geographic distribution of the genetic diversity of this species have primarily concentrated on North American
and European germplasm (Downey and Iezzoni, 2000; Pairon et al., 2008, 2010). Amongst these studies, Downey and Iezzoni
(2000) included a limited collection of Ecuadorian capuli accessions in their analyses, and have confirmed that Ecuadorian
germplasm derives from Mexican ancestry. While this information provides insights into the origin of Ecuadorian capuli, it
proves insufficient to accurately describe Ecuadorian P. serotina germplasm.

In view of the aforementioned limitations, the main objective of this study was to characterize the degree of genetic
diversity and population structure of P. serotina in the Ecuadorian highlands, as a preliminary step towards understanding the
distribution history of this species in Ecuador and establishing germplasm conservation programs. This information could
also prove useful in the development of crop improvement strategies aimed at generating novel capuli varieties which
promote their use in Andean agro-ecosystems.

2. Materials and methods

2.1. Plant material: geographic distribution and collection

A total of 217 P. serotina samples were collected at individual sites from 8 provinces across the Ecuadorian highlands
(Fig. 1). From North to South, the sampling region covered a linear distance of 362 km. Throughout the sampling region,
average daily temperatures ranged from 12 �C to 18 �C, and annual precipitation rates ranged between 500mm and 2000mm
(INAMHI, 2013). Sampling sites were selected based onprior knowledge of the presence of capuli trees, which tend to group in
small isolated clusters rather than in established cultivation fields. Collected samples were georeferenced using a Garmin E-
Trex Legend HCx GPS system (Garmin International Inc., USA). For each identified sample, young leaves were collected for
subsequent laboratory analyses.

2.2. Genetic diversity analysis via heterologous SSR markers

Total genomic DNA was isolated from young leaves using the CTAB procedure described by Kieleczawa (2006). Following
extraction, DNA quality and concentration were assessed using a NanoDrop 1000 Spectrophotometer (Thermo Scientific,
USA), and samples were diluted to a final concentration of 20 ng/ml.

Twelve nuclear heterologous SSR primer pairs were tested for their applicability in the molecular characterization of P.
serotina germplasm. These primers were originally designed to amplify microsatellite sequences for species closely related to
capuli, including peach (Prunus persica L.), sweet cherry (Prunus avium L.) and sour cherry (Prunus cerasus L.) (Pairon et al.,
2008; Downey and Iezzoni, 2000; Dirlewanger et al., 2002; Testolin et al., 2000). Genomic DNA (20 ng) was PCR amplified
in a 10 ml reaction containing 50 mM KCl, 20 mM TriseHCl (pH 8.4), 1.5 mM of MgCl2, 0.2 mM Primer Mix (Forward and
Reverse), 0.5 mM dNTPs, and 0.2 U Taq Polymerase (Life Technologies, Carlsbad, California). PCR amplification conditions
consisted of an initial denaturation at 95 �C for 5min; followed by 35 cycles of a 45 s denaturation at 94 �C, annealing of 1 min
at 48e63 �C depending on the primer pair employed (Table 1), an extension at 72 �C for 45 s; and a final extension period of
8 min at 72 �C. All reactions were performed in a T-Personal Series Thermocycler (Biometra, Gottingen, Germany).

After amplification, PCR products were electrophoresed on 6% (w/v) denaturing polyacrylamide gels at 85 W for 2.5 h,
using a Bio-RAD GT Sequencing Cell (Bio-RAD, Hercules, CA) (38 cm � 50 cm). Gel band patterns were visualized after silver
staining following the protocol described by Benbouza et al. (2006) and approximate band sizes were estimated using a 10 bp
DNA ladder (Life Technologies, Carlsbad, California). Band scoring was performed visually based on allele-size difference.

2.3. Data analyses

A co-dominant allelic matrix (derived from gel banding patterns) was used for the estimation of diversity indexes, genetic
distances and population structure. Expected heterozygosity (He), used as a measure of genetic diversity, was determined
using the TETRASAT software (Markwith et al., 2006). Ten independent runs for the calculation of He were performed using
randomized population sub-samples (n¼ 100); each including representatives from all sampled provinces. He estimates from
each iterative run were used to calculate an average He value for the entire data set as described by Hanson et al. (2008).

Analyses were performed to explore whether Ecuadorian capuli genetic diversity was structured geographically according
to provinces. To this end, Wright's pairwise Fst values between provinces were calculated based on allelic frequency



Fig. 1. Geographical map of Ecuador indicating P. serotina collection sites as established by georeferenced coordinates.

J.J. Guadalupe et al. / Biochemical Systematics and Ecology 60 (2015) 67e73 69
estimations using the Polysat Ver. 1.3.2 computational package (Clark and Jasieniuk, 2011); and Nei genetic distance estimates
(Ds) between provinces were computed using the GenAlEx 6.5 program (Peakall and Smouse, 2006). A Bayesian approachwas
also used to estimate population structure using the STRUCTURE Ver. 2.3.4 software package, using a total of 50,000 burn in
steps and 50,000 iterations of Markov Chain Monte Carlo (MCMC) repetitions (Pritchard et al., 2004). The Evanno procedure
(Evanno et al., 2005), as employed by Structure Harvester, was used to determine the optimal K value. The Evanno procedure
uses the second order rate of change of the likelihood of K, and has proven to be an efficient way to determine the optimal
number of clusters in a data set (Dent and von Holdt, 2012). Optimal alignments for the different repeats of STRUCTURE runs
were performed using CLUMPP 1.1.2 (Jakobsson and Rosenberg, 2007).
3. Results and discussion

3.1. Ecuadorian capuli is characterized by a moderate degree of genetic variation

One of the principal objectives of this study was to determine the degree of genetic diversity of Ecuadorian capuli (P.
serotina subsp. capuli Cav.) as a preliminary step towards establishing towards understanding the distribution history of this
species in Ecuador and establishing germplasm conservation programs. Since species-dedicated nuclear molecular markers
were unavailable for P. serotina, conserved SSR markers from other Prunus species were employed in this investigation. From
12 heterologous SSR primer pairs analyzed, eight successfully rendered polymorphic patterns in P. serotina, achieving a
transferability level of 67%. Collectively, all accounted polymorphic primer pairs yielded a total of 49 alleles across the
complete sample collection (217 individuals in total), with a range of four to ten alleles per locus (Table 2). Notably, whilemost



Table 1
Heterologous SSR primers selected for the genetic characterization of 217 Prunus serotina samples representing 8 provinces from the Ecuadorian highlands.

Primer Source species Sequence (50e30) Annealing
Temp (�C)

Band size
range (bp)

Reference

PceGA34 Sour cherry (P. cerasus L.) F:GAACATGTGGTGTGCTGGTT
R:TCCACTAGGAGGTGAAATG

60 140e174 Downey and Iezzoni, 2000

PS12A02 Sweet cherry (P. avium L.) F: GCCACCAATGGTTCTTC
R:AGCACCAGATGCACCTGA

62 150e178 Downey and Iezzoni, 2000

Pchpgms3C Peach (P. persica) F:ACGCTATGTCCGTACCATCTCCATG
R:CAACCTGTGATTGCTCCTATTAAAC

60 170e230 Downey and Iezzoni, 2000

Pchgms2 Peach (P. persica) F:GTCAATGAGTTCAGTGTCTACACTC
R:AATCATAACATCATTCAGCCACTGC

52 130e152 Downey and Iezzoni, 2000

FUDP98-410 Peach (P. persica) F:AATTTACCTATCAGCCTCAAA
R:TTTATGCAGTTTACAGACCG

49 146 Testolin et al., 2000

UDP96-001 Peach (P. persica) F:AGTTTGATTTTCTGATGCATCC
R:TGCCATAAGGACCGGGATGT

56.3 120 Testolin et al., 2000

BBPCT-017 Peach (P. persica) F:TTA AGA GTT TGT GAT GGG AAC C
R:AAG CAT AAT TTA GCA TAA CCA AGC

53.2 316e364 Pairon et al., 2008; Dirlewanger et al., 2002

UDP98-416 Peach (P. persica) F:TTT TCT CAG CAG CCA AAC AA
R:ATG TTT CGT GCT TCT GCT CC

56 102e106 Pairon et al., 2008; Testolin et al., 2000
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alleles were represented across all provinces, an exclusive allele (unique to individuals collected in the province of Pichincha)
was observed for marker UDP98-410.

Overall, the expected heterozygosity estimate for Ecuadorian capuli (He ¼ 0.71) reveals a considerable level of genetic
diversity for the collected germplasm, despite the limited number of alleles identified per evaluated SSR loci (Table 2). Pairon
et al. (2010) observed similar levels of genetic diversity for P. serotina in North American and European populations. In their
study, the unbiased estimate of genetic diversity (Hs) for the native range of the species in North America was 0.76, and 0.70
for the invasive range in continental Europe. However, while preliminary estimates of genetic diversity for Ecuadorian capuli
appear optimistic, these should be observed with caution. A comparison based on simple allele-count analysis suggests that
the Ecuadorian capuli range has a narrower degree of allelic richness when compared to collections from the species' center of
origin. To exemplify, Downey and Iezzoni (2000) identified a total of 54 alleles (relative to 49 alleles detected in this study) for
a smaller collection of central Mexican accessions, using four of the eight markers employed in this investigation (Table 2).
Likewise, Pairon et al. (2010) uncovered a total of 134 alleles in North American populations using 8 heterologous SSRmarkers
originally designed for other Prunus species. By extension, we can assume that the high level of heterozygosity (He ¼ 0.71)
observed for Ecuadorian capuli is likely explained by the allogamous reproductive nature of the species. After all, P. serotina
generally displays moderate-to-high levels of self-incompatibility (Forbes, 1969).

Finally, it seems adequate to speculate that the reduced degree of allelic richness observed for Ecuadorian capuli, relative
to North American germplasm, could be explained by a founding effect, wherein a limited portion of the species' genetic
variability (restricted to a particular geographical zone in North America) was introduced into the Ecuadorian highlands. A
similar process has been observed for Jatropha curcas L., for which the narrow level of genetic variation present in African and
Asian populations could be traced back to a delimited region (and a specific genetic source) in Central America (Montes et al.,
2014). Accordingly, Pairon et al. (2010) have indicated that the high degree of genetic diversity of P. serotina observed in
European populations could be ascribed to numerous introduction events of the species across two centuries of cultivation.
Certainly, guided re-introductions of this species into the Ecuadorian highlands could be employed as a means to increase the
level of genetic variation available for conservation, dissemination and local breeding programs.
3.2. Subtle separation between two potential genetic groups in the Ecuadorian highlands

Another key objective of this investigation was to establish whether Ecuadorian capuli genetic diversity was geographi-
cally structured. This knowledgewould prove useful for the establishment of dedicated core collections and the development
of ex-situ conservation strategies.

Global F statistic (Fst) results indicate that there is minimal population differentiation within Ecuadorian capuli germ-
plasm. Pairwise Fst values between provinces ranged from 0.007 to 0.032, with the highest contrasts observed between the
northern province of Imbabura and the two southernmost provinces of Azuay (Fst ¼ 0.031) and Ca~nar (Fst ¼ 0.032) (Table 3).
Pairwise Nei genetic distances (Ds) revealed a similar lack of genetic differentiation at the provincial level (Table 4). Once
again, however, the provinces of Ca~nar and Azuay consistently displayed higher genetic distance values (0.05 � Ds � 0.09)
when compared to the northern-central provinces of Carchi, Imbabura, Pichincha, Cotopaxi, Tungurahua and Chimborazo
(Table 4). Moreover, while the degree of genetic differentiation was low amongst the northern-central provinces
(0.03 � Ds � 0.06), Cotopaxi exhibited higher genetic distance values (0.07 � Ds � 0.08) when compared against Imbabura,
Pichincha and Tungurahua.

Evenwhen population differentiation is lacking at the interprovincial level, a subtle genetic structure could be inferred for
Ecuadorian capuli. Based on evidence presented earlier, there appears to be an underlying genetic contrast between the



Table 2
Comparative analysis of number of alleles produced by heterologous SSR makers in P. serotina in this and previous studies.

Primer Number of alleles reported by previous studies Observed band size (bp) Number of alleles observed in this study

PceGA34 14 in P. serotina
(Downey and Iezzoni, 2000)

140e168 10

PS12A02 12 in P. serotina
(Downey and Iezzoni, 2000)

150e160 4

Pchpgms3C 19 in P. serotina
(Downey and Iezzoni, 2000)

169e230 8

Pchgms2 9 in P. serotina
(Downey and Iezzoni, 2000)

130e153 5

FUDP98-410 8 in P. persica
(Testolin et al., 2000)

110e121 4

UDP96-001 6 in P. persica
(Testolin et al., 2000)

102e120 7

BBPCT-017 5 in P. persica
(Dirlewanger et al., 2002)

310e360 4

UDP98-416 4 in P. persica
(Testolin et al., 2000)

98e111 7

Table 3
Pairwise Fst values of P. serotina differentiation between provinces.

Carchi 0.000
Imbabura 0.017 0.000
Pichincha 0.015 0.025 0.000
Cotopaxi 0.021 0.020 0.023 0.000
Tungurahua 0.012 0.022 0.015 0.014 0.000
Chimborazo 0.013 0.022 0.015 0.013 0.007 0.000
Azuay 0.017 0.031 0.016 0.022 0.019 0.017 0.000
Ca~nar 0.020 0.032 0.023 0.022 0.016 0.017 0.011 0.000

Carchi Imbabura Pichincha Cotopaxi Tungurahua Chimborazo Azuay Ca~nar
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northern-central provinces of Carchi, Imbabura, Pichincha, Cotopaxi, Tungurahua, and Chimborazo (henceforth referred to as
the “Northern-Highlands” group), and the two southernmost provinces of Ca~nar and Azuay (henceforth referred to as the
“Southern-Highlands” group). Marker data was used to confirm the identity of these two sub-groups through a model of
Bayesian clustering for inferring population structure (Pritchard et al., 2004). Using an optimal number of six estimated
clusters (jLn00 (K)j ¼ 170), an analysis by province of origin (Fig. 2) indicates an underlying genetic contrast within Ecuadorian
capuli germplasm similar to that observed in Fst and Nei genetic distance analyses. Once again, there appears to be a
noticeable separation between capuli samples from Azuay and Ca~nar relative to the Northern-Highland provinces, as their
membership coefficient is predominantly defined by a single cluster (shown in green (in the web version)). In the future it
would be interesting to analyzewhether this subtle genetic contrast between the Northern- and Southern-Highland groups is
also manifested in morphological, agronomic or other phenotypic characters that could indicate adaptive differences to
divergent agro-ecosystems.

Overall, the lack of clear population differentiation within Ecuadorian capuli can be explained by the species recent
introduction and, most importantly, its reproductive biology. P. serotina is characteristically self-incompatible (Forbes, 1969),
and its high rates of out-crossing probably facilitated the genetic homogenization of Ecuadorian germplasm. Anthropogenic
factors, on the other hand, can help explain the subtle genetic contrast that exists between the Northern- and Southern-
Highland groups. P. serotina is primarily used in Ecuador for the consumption of its fruits (Popenoe and Pachano, 1922),
and human-driven genetic exchanges across provinces can be closely traced to the principal trading routes for this fruit along
the Ecuadorian inter-Andean alley. For instance, the strong genetic similarity between samples collected at Pichincha and
Table 4
Pairwise Nei genetic distance (Ds) values of P. serotina differentiation between provinces.

Carchi 0.00 e e e e e e e

Imbabura 0.05 0.00 e e e e e e

Pichincha 0.03 0.05 0.00 e e e e e

Cotopaxi 0.05 0.08 0.07 0.00 e e e e

Tungurahua 0.04 0.04 0.08 0.07 0.00 e e e

Chimborazo 0.05 0.06 0.04 0.02 0.04 0.00 e e

Azuay 0.07 0.07 0.08 0.07 0.06 0.06 0.00 e

Ca~nar 0.06 0.06 0.07 0.09 0.05 0.06 0.02 0.00

Carchi Imbabura Pichincha Cotopaxi Tungurahua Chimborazo Azuay Ca~nar



Fig. 2. Inferred population structure for P. serotina germplasm representing 8 provinces from the Ecuadorian highlands. The figure shows a consensus alignment
for 15 independent STRUCTURE permutations, using an admixture model with six estimated clusters (K ¼ 6) and “province of origin” as unique prior. The figure
shows assignment coefficients calculated for both, a) individuals and b) province-wide totals.
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Tungurahua (Fig. 2) is consistent with the fact that both provinces are important fruit-commercial hubs and share important
trade routes for agricultural products (Sanjin�es et al., 2006). By contrast, the province of Ca~nar is not considered a hub for fruit
commercialization in the Southern Highlands, and it is unlikely that the genetic composition of its capuli populationwould be
influenced by introductions from distant provinces in the North. This would explain its lower membership coefficient relative
to the Northern provinces (represented by the light blue cluster, Fig. 2). Correspondingly, the province of Azuay e generally
considered more active in fruit trade and commerce-displays a higher membership coefficient with the Northern provinces
(represented by the light blue cluster, Fig. 2). Other factors that could play a role in accentuating this subtle genetic contrast
between Northern- and Southern-Highland groups may include differences in specific agro-climatic and agro-ecological
conditions between the two regions. However, these factors have not been analyzed in a local context, and further studies
are required to determine whether these variables influenced the species' natural or anthropogenic distribution and adap-
tation patterns along the Ecuadorian highlands.
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