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a b s t r a c t

Morti~no (Vaccinium floribundum Kunth) is a deciduous perennial shrub endemic to the
high Andes of South America. Despite a rich ethnobotanic history among indigenous
communities, morti~no remains a wild species vulnerable to extinction from the ongoing
fragmentation of its natural habitat. This study assessed the degree of genetic diversity and
population structure of Ecuadorian V. floribundum as a preliminary step towards the
establishment of effective conservation and sustainable-agriculture strategies. Morti~no
individuals (126 in total) sampled from 3 regions in the northern highlands of Ecuador
were characterized using 11 heterologous SSR markers originally developed for Vaccinium
corymbosum. Expected heterozygosity (He ¼ 0.49) revealed a moderate degree of genetic
diversity for Ecuadorian morti~no, and pairwise F statistics between sampling regions
(0.019� Fst �0.041) demonstrated low-to-moderate population differentiation. Population
structure analysis clustered morti~no germplasm into 3 groups, each representing the 3
distinct regions from where samples were collected. The geographic patterning of genetic
diversity for V. floribundum could be explained by an isolation-by-distance model, where
physical barriers along the Andean highlands reduce genetic exchange between distanced
populations. To confirm the latter, this study should extend to a wider sampling range,
covering other regions along the Andean alley where the species is found.

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

Vaccinium floribundum Kunth, also known as “morti~no,” is a deciduous perennial shrub from the Ericaceae family. Endemic
to northern South America, V. floribundum is a wild species found exclusively in the high Andes, at altitudes from 1600 to
4000 m (Luteyn, 2002). The species is remarkably resilient to drought and frost, and grows successfully in tundra-like eco-
systems (commonly referred to as paramos) where temperatures range from 8 to 17 �C (Coba et al., 2012).

V. floribundum bears round edible berries with a rich ethnobotanic history among indigenous and rural inhabitants of the
high Andes. In Ecuador, local communities consume morti~no berries in a variety of ceremonial beverages and food prepa-
rations, and use them to treat different ailments, including rheumatism and diabetes (Vasco et al., 2009; Coba et al., 2012).
).
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Phytochemical studies have also demonstrated that morti~no berries are rich in vitamins, antioxidants, anthocyanins and
other phenolic compounds with therapeutic activity against commonmetabolic disorders (Debnath, 2006; Vasco et al., 2009;
Schreckinger et al., 2010). More recently, the potential health-benefits of V. floribundum berries have increased their
commercialization potential, either as a functional food or food ingredient (Vasco et al., 2009; Schreckinger et al., 2010). V.
floribundum also plays an important ecological function in the high Andes. The high regenerative capacity of the species is
vital to the preservation of vegetation in the paramos following man-made destructive fires (Ramsay and Oxley, 1996).

Despite its commercial, cultural and ecological significance, V. floribundum remains a wild species vulnerable to extinction
from the ongoing fragmentation of its natural habitat (Coba et al., 2012). Research on the basic biology and ecology of the
species is necessary for the establishment of effective conservation strategies and sustainable-agriculture programs. Genetic
diversity and population structure studies can provide a preliminary assessment of the conservation status of this valuable
biological resource. This information can guide the development of germplasm collections which can be used for agronomic
research, the establishment of commercial breeding programs and the preservation (in-situ or ex-situ) of this species in the
face of climate change and its detrimental effects on fragile habitats.

Studies analyzing the extent of genetic diversity and population structure of V. floribundum are lacking. Accordingly,
species-dedicated molecular tools for genetic analyses are yet to be developed for morti~no. In view of these limitations, the
main objective of this study was to perform a preliminary analysis of the degree of genetic diversity and population
structure of Ecuadorian V. floribundum using simple sequence repeat (SSR) markers. To this end, we have evaluated the
transferability and utility of heterologous SSR markers, originally developed for highbush blueberry (Vaccinium cor-
ymbosum), for the genetic characterization of a collection of morti~no individuals sampled from 3 regions in the northern
highlands of Ecuador.
2. Materials and methods

2.1. Plant material

One hundred and twenty-six morti~no individuals were sampled from 9 collection-sites across 3 selected regions along the
northern highlands of Ecuador (Table 1, Fig. 1). For each individual, young leaves were collected and transported in ice to the
Plant Biotechnology Laboratory at Universidad San Francisco de Quito. All collection sites were georeferenced using a Garmin
E-Trex Legend HCx GPS system (Garmin International Inc., USA).
2.2. DNA extraction and genetic characterization via heterologous microsatellite 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 10 ng/ml.

All collected individuals were characterized using 11 simple sequence repeat (SSR) markers originally developed for
Vaccinium corymbosum L. (highbush blueberry) (Boches et al., 2005) (Table 2). Genomic DNA (10 ng) was PCR amplified in a
10 ml reaction containing 50 mM KCl, 20 mM TriseHCl (pH 8.4), 2 mM MgCl2, 0.3 mM Primer Mix (Forward and Reverse),
0.2 mMdNTPs, and 0.375 U Taq Polymerase (Life Technologies, Carlsbad, California). PCR amplification conditions consisted of
35 cycles of a 40 s denaturation at 94 �C, annealing of 40 s at 60e64 �C (depending on the primer pair employed, Table 2), and
extension at 72 �C for 40 s. All reactions were performed in a T-Personal Series Thermocycler (Biometra, Gottingen, Germany).

Following amplification, PCR products were analyzed on 6% (w/v) denaturing polyacrylamide gels at 80W 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). Band scoring was performed visually based on allele-size dif-
ference; approximate band sizes were estimated using a 10 bp DNA ladder (Life Technologies, Carlsbad, California).
Table 1
Georeferenced information for 9 Vaccinium floribundum collection-sites from 3 regions in the northern highlands of Ecuador.

Region N� Collection site ID Location Collection date Latitude Longitude Elevation (m)

Region 1 CS1 Cotacahi-Cayapas 2012 N0 18.778 W78 21.166 3323e3494
CS2 Cashaloma 2012 N0 15.551 W78 08.801 3298e3325
CS3 San Pablo 2012 N0 14.022 W78 10.615 3405e3426
CS4 Mojanda 2013 N0 05.500 W78 14.761 3596e3642

Region 2 CS5 Ilinizas 2012 S0 36.577 W78 41.126 3664e3728
CS6 P. N. Cotopaxi-Norte 2012 S0 33.846 W78 26.555 3695e3701
CS7 P. N. Cotopaxi-Sur 2012 S0 38.951 W78 30.579 3563e3594

Region 3 CS8 Sigchos 2013 S0 47.440 W78 56.048 3538e3574
CS9 Quilotoa 2013 S0 59.975 W78 55.610 4087e4109



Fig. 1. Geographical map of Ecuador indicating V. floribundum collection-sites as established by georeferenced coordinates.
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2.3. Data analysis

For each SSR locus analyzed, average number of alleles (Na), number of effective alleles (Ne), observed heterozygosity (Ho),
expected heterozygosity (He) and fixation indices (F) were determined using the GenAlEx 6.501 software package (Peakall
and Smouse, 2012). Analyses of molecular variance (AMOVA; Excoffier et al., 1992) and Mantel tests (Mantel, 1967) were
also conducted using GenAlEx 6.501. Principal coordinates analysis (PCoA) and Wright's Fst pairwise genetic distances (Fst)
were calculated using PopGenReport (Adamack and Gruber, 2014).

Population structurewas analyzed using a Bayesian approachwith the STRUCTURE 2.3.4 software package (Pritchard et al.,
2004). The number of clusters (K) was determined using the admixture ancestry model and correlated allele frequencies,
using prior information about the number of locations sampled and to which geographic region each individual belonged.
Each run was performed with 100,000 burn-in iterations and 100,000 subsequent Monte Carlo Markov Chain (MCMC) runs
with K values ranging from 1 to 10. To check the consistency of the results between runs with the same K, 15 replicates were
run for each assumed K value. The most likely number of clusters was determined using the DK method of Evanno et al.
(2005) based on the second-order rate of change of the likelihood function with respect to K.
3. Results and discussion

3.1. Preliminary assessment of the genetic diversity of Vaccinium floribundum

Since species-specific molecular markers are currently unavailable for V. floribundum, an objective of this research was to
evaluate whether simple sequence repeat (SSR) markers developed for highbush blueberry (V. corymbosum) could be used for
the genetic characterization of morti~no. All evaluated SSR markers produced allelic patterns within the size-range expected
for V. corymbosum. From 11 SSR primer pairs, only marker CA787F displayed a monomorphic allelic pattern and was thus
removed from further analyses. These results suggest that additional nuclear SSR markers for genetic screens in morti~no
could be sourced from V. corymbosum and other related Vaccinium species.

Accounted polymorphic primer pairs yielded a total of 62 alleles across the complete sample set (126 individuals), with a
range of 2e14 alleles per SSR marker (Table 2). Mean allele-number per locus (6.1) in morti~no was considerably lower than



Table 2
Heterologous SSR primers selected for the genetic characterization of 126 Vaccinium floribundum samples from 3 regions in the northern highlands of
Ecuador.

N� Locus GenBank Primer sequences T �C Allele number Allele size (bp)

1 CA421F CF810704 F: 50-TCAAATTCAAAGCTCAAAATCAA-30 60 4 168e214
R: 50-GTTTAAGGATGATCCCGAAGCTCT-30

2 NA1040 CF811165 F: 50-GCAACTCCCAGACTTTCTCC-30 61 11 186e255
R: 50-GTTTAGTCAGCAGGGTGCACAA-30

3 CA344F CF810639 F: 50-TTACCAAAACGCCTCTCCAC-30 60 2 160e166
R: 50-GTTTCTTCCTTACGCCCCTGAAAT-30

4 CA794F CF810941 F: 50-CGGTTGTCCCACTTCATCTT-30 60 14 224e255
R: 50-GTTTGAATTTGGCTTCGGATTC-30

5 CA112F CF810443 F: 50-TCCACCCACTTCACAGTTCA-30 60 5 167e182
R: 50-GTTTATTGGGAGGGAATTGGAAAC-30

6 CA787F CF810934 F: 50-TCCTCGTTCTCTCCCTCTCA-30 60 1 302
R: 50-GTTTCGCTGAAGTTGGAGTCCTT-30

7 CA855F CF811000 F: 50-CGCGTGAAAAACGACCTAAT-30 64 3 218e235
R: 50-GTTTACTCGATCCCTCCACCTG-30

8 NA41 CF811380 F: 50-TTCCTTTAGTCGCGTCATCA-30 64 8 195e210
R: 50-GTTTAAGGTCGCTACGAGACTCCA-30

9 NA800 CF811589 F: 50-CAATCCATTCCAAGCATGTG-30 61 9 196e216
R: 50-GTTTCCCTAGACCAGTGCCACTTA-30

10 NA961 CF811674 F: 50-TCAGACATGATTGGGGAGGT-30 60 3 160e190
R: 50-GTTTGGAATAATAGAGGCGGTGGA-30

11 VCC_B3 AY842445 F: 50-CCTTCGATCTTGTTCCTTGC-30 62 3 210e220
R: 50-GTTTGATGCAATTGAGGTGGAGA-30

Primer sequences were developed by Boches et al., 2005.
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values reported for highbush (22.4 alleles per locus; Boches et al., 2006) and lowbush blueberry (17 alleles per locus; Debnath,
2014). Correspondingly, expected heterozygosity (He ¼ 0.49) revealed a moderate degree of genetic diversity for the species
(Table 3). For perspective, Debnath (2014) reported a higher degree of genetic variability (He ¼ 0.86) for a collection of 36 V.
corymbosum clones, wild accessions and commercial cultivars, using only 2 markers from the set of 11 used in this study. The
narrow genetic base observed for V. floribundum could be attributed to an ascertainment bias, as SSR markers used in this
study were specifically screened and optimized to capture the allelic richness of V. corymbosum. In similar studies, SSR
markers have been shown to be less informative when used for the molecular characterization of species for which the
markers were not originally developed (Torres et al., 2008; Guadalupe et al., 2015).

The limited degree of allelic richness found for morti~no could also be accounted for the small sampling range used in this
study (i.e. 3 regions in northern Ecuador). V. floribundum can be found throughout the Andean alley, fromVenezuela to Bolivia,
and collections from more geographically-distant sites may reveal a higher degree of genetic variability for the species (Coba
et al., 2012). Likewise, observed heterozygosity estimates could have been affected by the small size of sampled populations,
as rare alleles would have a lower likelihood of being detected. In this study, mean population size per collection-site was
N ¼ 14, and varied widely from N ¼ 10 to N ¼ 18. It is important to establish, nevertheless, that a significant correlation
between population size and allelic richness was not detected (data not shown).
3.2. Genetic differentiation

Another objective of this research was to establish whether genetic diversity for V. floribundum was geographically
structured. AMOVA results indicate that the highest percentage of genetic variation is found within collection-sites (84%),
relative to among collection-sites (12%) and among regions (4%). Pairwise F statistic (Fst) values between regions
(0.019� Fst �0.041) (Table 4) and between collection-sites (0.029� Fst �0.314) imply low-to-moderate population differ-
entiation for the species (Table 5). A clear exceptionwas observed for individuals from collection-site CS9 (Quilotoa, Region 3),
which greatly differentiated (0.205� Fst �0.314) from individuals sampled at other localities.

Principle Coordinates Analysis (PCoA, Fig. 2) demonstrates the presence of two distinct genetic clusters; one exclusively
grouping individuals from collection-site CS9 (Quilotoa, represented in pink); and a second one indiscriminately grouping all
remaining samples. It should be noted that within this second (albeit less resolute) cluster, individuals sampled at collection-
sites CS8 (Sigchos, represented in purple) and CS4 (Mojanda, representedwith light bluemarker) formed distinguishable sub-
groups. At first sight, PCoA results suggest that individuals from collection-site CS9 possess unique genetic profiles which
markedly differentiate them from individuals collected at other sampling locations. However, samples from Quilotoa (CS9)
displayed a high degree of homozygosity (He ¼ 0.14) and the lowest degree of allelic-richness (Na ¼ 1.29), and a careful
inspection of raw-marker data did not indicate the presence of exclusive alleles for this population. It therefore seems more
plausible that their higher degree of genetic differentiation results from the absence of alleles commonly found in other
populations.

Incidentally, field observations (data not shown) demonstrate that individuals from collection-site CS9 were phenotypi-
cally distinct from individuals collected at other localities. These plants were smaller, spread on the ground like creepers and



Table 3
Genetic diversity parameters of 126 Vaccinium floribundum samples from 3 regions in the northern highlands of Ecuador.

Region Collection site N Na Ne Ho He F

Region 1 CS1 16.8 ± 0.20 3.40 ± 0.65 2.05 ± 0.32 0.32 ± 0.07 0.40 ± 0.09 0.13 ± 0.06
CS2 10.9 ± 0.10 3.60 ± 0.65 2.16 ± 0.28 0.46 ± 0.09 0.46 ± 0.71 0.01 ± 0.10
CS3 15 ± 0.00 3.10 ± 0.51 1.95 ± 0.26 0.35 ± 0.06 0.40 ± 0.08 0.08 ± 0.08
CS4 17.9 ± 0.10 3.70 ± 0.70 2.38 ± 0.42 0.41 ± 0.08 0.46 ± 0.09 0.06 ± 0.09

Region 2 CS5 12 ± 0.00 4.00 ± 0.73 2.71 ± 0.54 0.50 ± 0.11 0.48 ± 0.09 0.05 ± 0.12
CS6 11 ± 0.00 2.90 ± 0.48 2.05 ± 0.35 0.46 ± 0.09 0.40 ± 0.08 �0.20 ± 0.08
CS7 16.8 ± 0.20 3.70 ± 0.78 2.34 ± 0.43 0.43 ± 0.09 0.44 ± 0.09 0.02 ± 0.05

Region 3 CS8 15 ± 0.00 3.50 ± 0.76 2.11 ± 0.32 0.45 ± 0.10 0.42 ± 0.09 �0.10 ± 0.05
CS9 10 ± 0.00 1.90 ± 0.41 1.29 ± 0.17 0.09 ± 0.05 0.14 ± 0.07 0.15 ± 0.12

Globala 6.10 ± 1.32 2.79 ± 0.61 0.39 ± 0.07 0.49 ± 0.09 0.17 ± 0.03

N: Sample size; Na: average number of alleles per locus; Ne: average number of effective alleles per locus; Ho: observed heterozygosity; He: expected
heterozygosity; F: fixation index.

a Global genetic diversity indices estimated for 126 V. floribundum individuals sampled from 3 regions in the northern highlands of Ecuador.

Table 4
Pairwise Fst values of Vaccinium floribundum differentiation between 3 regions in the northern highlands of Ecuador.

Region Region 1 Region 2 Region 3

Region 1 0.000
Region 2 0.019 0.000
Region 3 0.041 0.039 0.000
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were typically barren; bearing almost no flowers or fruits. These unique phenotypic characteristics most likely represent an
obligate adaptation to harsh environmental conditions (Westberg et al., 2013; Peng et al., 2015). Samples from Quilotoa (CS9)
were collected at altitudes ranging from 4090 to 4110 m, whereas all other morti~no samples were collected at lower alti-
tudinal ranges (3300e3700m). Evidence has demonstrated that at higher altitudes plant species will favor clonal propagation
over sexual reproduction (Peng et al., 2015). This could explain why individuals from Quilotoa display a high degree of ho-
mozygosity and a low degree of genetic diversity.
3.3. Population structure

A careful inspection of pairwise Fst values between collection-sites and among regions evidences a subtle degree of genetic
structure for Ecuadorian V. floribundum. Essentially, these results imply a directional increment in the level of population
differentiation between sampling sites, going from North to South (Table 5). This subtle genetic structure was confirmed with
a Mantel test, which revealed a moderate (r ¼ 0.3) and statistically significant (P < 0.001) correlation between genetic and
geographic distances.

Marker data was used to corroborate the aforementioned observation through a model of Bayesian clustering for inferring
population structure (Pritchard et al., 2004). Amongst several hypotheses evaluated, we developed a stratification model
using an optimal number of 3 clusters (K ¼ 3), which structured collected germplasm into 3 sub-groups, each respectively
representing the 3 distinct geographical regions from where samples were collected (Fig. 3). Contrary to PCoA results, in-
dividuals from collection-site CS9 grouped with individuals from collection-site CS8; an observation that reinforces the
notion that samples from Quilotoa (CS9) do not possess unique alleles that markedly differentiate them from other
populations.
Table 5
Pairwise Fst values of Vaccinium floribundum differentiation between 9 collection-sites from 3 regions in the northern highlands of Ecuador.

Collection site Region 1 Region 2 Region 3

CS1 CS2 CS3 CS4 CS5 CS6 CS7 CS8 CS9

Region 1 CS1 0.000
CS2 0.045 0.000
CS3 0.029 0.034 0.000
CS4 0.068 0.076 0.050 0.000

Region 2 CS5 0.070 0.070 0.081 0.090 0.000
CS6 0.059 0.056 0.072 0.097 0.053 0.000
CS7 0.033 0.040 0.047 0.072 0.056 0.032 0.000

Region 3 CS8 0.105 0.102 0.102 0.083 0.057 0.093 0.083 0.000
CS9 0.272 0.314 0.296 0.226 0.274 0.285 0.205 0.240 0.000



Fig. 2. Principal coordinates analysis (PCoA) plot obtained from a dissimilarity matrix of 126 V. floribundum collected from 3 regions in the northern highlands of
Ecuador.
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In line with the Mantel test, population structure results suggest that genetic diversity for V. floribundum in Ecuador could
be structured based on an isolation-by-geographic distance model, wherein physical barriers along the Andean alley might
reduce genetic exchange between geographic regions. Given the recent biogeographic history of the Andean highlands of
northern South America, it could be hypothesized that the Ecuadorian morti~no gene pool was fragmented during the
emergence of mountainous barriers during the Miocene, giving place to these partially-isolated genetic clusters, between



Fig. 3. Population structure of 126 V. floribundum collected from 3 regions in the northern highlands of Ecuador.
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which, genetic exchange is limited (Weir, 2006). Nevertheless, to confirm this theory, this study should extend to a wider
sampling range, covering other regions, along the Andean alley, where this species can be found.
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