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Abstract

Knowledge on the structure and distribution of genetic diversity is a key aspect to

plan and execute an efficient conservation and utilization of the genetic resources

of any crop as well as for determining historical demographic inferences. In this

work, a large data set of 1,765 accessions of cherimoya (Annona cherimola Mill,

Annonaceae), an underutilized fruit tree crop native to the Neotropics and used as a

food source by pre-Columbian cultures, was collected from six different countries

across the American continent and amplified with nine highly informative

microsatellite markers. The structure analyses, fine representation of the genetic

diversity and an ABC approach suggest a Mesoamerican origin of the crop, contrary

to previous reports, with clear implications for the dispersion of plant germplasm

between Central and South America in pre-Columbian times. These results together

with the potential distribution of the species in a climatic change context using two

different climate models provide new insights for the history and conservation of

extant genetic resources of cherimoya that can be applied to other currently

underutilized woody perennial crops.
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1 | INTRODUCTION

A clear picture of the structure of genetic diversity is needed for an

efficient conservation of the genetic resources of any crop, which is

fundamental for guaranteeing food security for future generations.

This is becoming increasingly important in the current scenario of

global climatic change where conserving genomic pools of biological

diversity will be critical to develop new cultivars resilient to a wide

range of biotic and abiotic stresses. To date, conservation of plant

genetic resources worldwide has been concentrated on a very small

group of species that constitute most of the current human diet.

Thus, from about 7,000 plant species that have been used by

humans (Hammer, 2003) and the 2,500 that have undergone domes-

tication (Meyer, DuVal, & Jensen, 2012), currently about 30 species

contribute to more than 90% of human nutrition globally, and just

three cereals (wheat, rice and maize) account for about two-thirds of
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human dietary needs (Cassman, 1999). As a consequence, genetic

erosion is especially dramatic in neglected or underutilized species

(NUS), many of them present in developing or underdeveloped coun-

tries, with great potential for food and nutrition security (Padulosi,

Hodgkin, Williams, & Haq, 2002). Many American (sub) tropical fruit

tree species could be considered as NUS because their importance is

only relevant at the local level. Some examples include species in the

genera Anacardium, Annona, Attalea, Mammea, Manilkara, Persea,

Pouteria, Spondias or Theobroma. In those and other woody perennial

crops, cultivated genotypes are often not clearly genetically diver-

gent from those in the wild because of low selection pressure and

low regeneration rates compared to annual crops. This permits to

study not only the genetic diversity of the species but to infer

demographic histories. While genetic diversity and crop history have

been widely studied in some annual crops native to tropical and sub-

tropical America such as maize (Matsuoka et al., 2002; Vigouroux

et al., 2008), potato (Spooner, McLean, Ramsay, Waugh, & Bryan,

2005), bean (Bitocchi et al., 2012, 2013), pepper (Kraft et al., 2014),

tomato (Blanca et al., 2015; Lin et al., 2014) or quinoa (Jarvis et al.,

2017), work is scarce in American woody perennial fruit crops with

some exceptions in which limited work has been performed such as

Spondias purpurea (Miller & Schaal, 2005), Persea americana (Chen,

Morell, Ashworth, De La Cruz, & Glegg, 2009), Chrysophyllum cainito

(Petersen, Parker, & Potter, 2012) or Theobroma cacao (Thomas

et al., 2012). To fill this gap, in this work we perform a thorough

analysis of genetic diversity of cherimoya (Annona cherimola Mill.).

Cherimoya belongs to the Annonaceae, an extremely diverse

family within the Magnoliales with approximately 110 genera and

2,400 species, 900 of them found in the Neotropics (Chatrou et al.,

2012). Cherimoya fruits have excellent organoleptic and nutritive

qualities. Interest in cherimoya and other species of the Annonaceae

has increased in recent years due to the presence of acetogenins,

compounds found only in this family with cytotoxic, antitumor, anti-

malarial and pesticide properties (Alaly, Liu, & McLaughlin, 1999;

Liaw, Wu, Chang, & Wu, 2011). Spain is the most important com-

mercial producing country of cherimoyas in the world with about

3,000 ha, and commercial production is also important in Peru and

Chile and, to a limited extent, in other countries such as Ecuador,

Bolivia, Colombia, Portugal, USA, Argentina or Mexico (Gal�an Sauco,

Herrero, & Hormaza, 2014). Nowadays, the diversity of this crop is

mainly conserved in traditional agricultural systems as backyards and

living fences of rural areas in Central America, Mexico and South

America between 1,000 and 3,000 masl, with limited or none crop

management. As most other American native fruit crops, cherimoya

is mostly cultivated and fruits marketed at the local scale and has

not yet undergone intensive human selection (Miller & Schaal, 2005).

Propagation among cultivated specimens is still mainly mediated by

seeds. Other species in the genus, native to the Neotropics, with

some agronomic importance are sugar apple (A. squamosa L.), ate-

moya (Annona 9 atemoya Mabb., a hybrid between A. cherimola and

A squamosa), guanabana or soursop (A. muricata L.), custard apple

(A. reticulata L.), ilama (A. macroprophyllata Donn. Sm.), pond-apple

(A. glabra L.) or soncoya (A. purpurea Moc. & Sess�e ex Dunal).

“There are two things in Lima which all travelers have discussed;

the ladies ‘tapadas’, or concealed in the ‘saya’ and ‘manta’, and a fruit

called chilimoya (sic). To my mind the former is as beautiful as the

latter is delicious [. . .].” These words written by a young Charles

Darwin during the last stopover of the Beagle on the South Ameri-

can continent in Lima (Peru) in 1835 before heading for the Gala-

pagos islands (Darwin, 1835) suggests that at that time, the

cherimoya fruit was well known in the Andean region. The presence

of putative wild cherimoya populations in northern Peru and south-

ern Ecuador and archaeological discoveries of seeds and ancient ves-

sels resembling cherimoya fruits have resulted in the general

consideration of the Andean region as the centre of origin of the

species (Bonavia, Ochoa, Tovar, & Palomino, 2004; Popenoe, 1921).

Consequently, most efforts to preserve the genetic resources of che-

rimoya have been focused on accessions collected in South America.

However, wild populations are rarely found and the possibility that

putative wild stands in northern Peru and Southern Ecuador are

instead feral fields cannot be excluded. Moreover, the archaeological

remains of cherimoya-like structures in South America could actually

correspond to a related species, guanabana (Annona muricata)

(Pozorski & Pozorski, 1997). In addition, A. cherimola is the only rep-

resentative of the Atta section of Annona growing naturally in South

America. The rest of the closely related species within this clade are

native to Mesoamerica, the Caribbean and southern Mexico, and

cherimoya was surely already present in Central America at least in

the seventeenth century (Cobo, 1653). Interestingly, different com-

mon names are used for A. cherimola in Central and South America.

Thus, in South America, the crop is known in Spanish as “chirimoya,”

a word probably derived from a Quechua word which could mean

“cold fruit or seed” (Bonavia et al., 2004), whereas in Central Amer-

ica, the common word for cherimoya and other closely related spe-

cies is anona. In fact, Linnaeus used the vernacular Central American

designation to name the genus but referred to it as derived from the

Latin word “annona” that can be translated as “the harvest of a year”

(Linnaeus, 1737).

In the case of cherimoya, the long-term conservation of genetic

resources is far from guaranteed because most of the diversity is

currently preserved in situ in backyard gardens. As commercial prices

for fruits can fluctuate, a decline in commercial interest may lead to

the replacement of cherimoya trees by other more profitable crops,

increasing the risks of genetic erosion. Moreover, an increase in

commercial prices for cherimoya products will not necessarily pro-

mote the conservation of the existing genetic diversity because that

usually results in the production of one of few highly productive

varieties (van Zonneveld et al., 2012).

The main objective of this work was to use molecular markers

together with geographical information systems to study the spatial

distribution, structure and history of A. cherimola’s genetic diversity

across the American continent in order to establish the main hot

spots of diversity that could help to optimize the conservation of

valuable genetic resources of the species as well as inferring its cen-

tre of origin and diversification. To fulfil that objective, the following

specific questions are addressed as follows: (i) How is A. cherimola
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genetic diversity spatially distributed? (ii) What is the structure of

the cherimoya populations studied? (iii) Is genetic variation related to

geographical distance (isolation by distance)? (iv) What is the region

of origin of A. cherimola? (v) How vulnerable to climate change are

the most diverse cherimoya populations?

2 | MATERIALS AND METHODS

2.1 | Plant material, DNA extraction and
amplification

Leaves from 262 Annona cherimola trees were collected in the high-

lands of Guatemala, Honduras and Costa Rica and geopositioned in

decimal degrees. Most of the samples were collected in private or

community orchards in which usually no proper tree management

was performed. The study combined these samples with 1,503 addi-

tional DNA samples previously obtained from different Annona cheri-

mola trees from Ecuador, Peru and Bolivia (van Zonneveld et al.,

2012). The geographical distribution of the 1,765 specimens anal-

ysed, as well as the potential distribution model based on current cli-

matic conditions and these sampled points, are shown in Figure 1.

One sample of Annona pittieri Donn. Sm. from Costa Rica was used

as outgroup for the neighbour-joining construction.

DNA extraction was performed following Viruel and Hormaza

(2004). Nine microsatellites previously shown to be highly informative

in A. cherimola (Escribano, Viruel, & Hormaza, 2008; van Zonneveld

et al., 2012) were used as follows: LMCH1, LMCH4, LMCH16,

LMCH48, LMCH69, LMCH87, LMCH122, LMCH139 and LMCH144.

Each PCR contained 16 mM (NH4)2SO4, 67 mM Tris–HCl pH 8.8,

0.01% TWEEN
� 20, 3 mM MgCl2, 0.1 mM of each dNTP, 0.3 lM of each

primer, 20 ng of genomic DNA and 1 unit of BioTaqTM DNA poly-

merase (Bioline, London, UK) in a final volume of 15 ll. PCRs were

carried out in an I-cycler (Bio-Rad Laboratories, Hercules, CA, USA)

thermocycler using the following temperature program: an initial step

of 1 min at 94°C, 35 cycles of 30 s at 94°C, 30 s at 55°C, and 1 min

at 72°C, and a final step of 5 min at 72°C. Forward primers were

labelled with a fluorescent dye on the 5-end, and PCR products were

detected and sized with a Beckman Coulter Genome LabTM GeXP cap-

illary DNA analysis system. Samples were denaturalized at 90°C for

120 s, injected at 2.0 kV for 30 s and separated at 6.0 kV for 35 min.

A range of samples with the encountered alleles was used as positive

controls to guarantee size accuracy and to minimize run-to-run varia-

tion. Each PCR and capillary electrophoresis was repeated at least

twice to ensure the reproducibility of the results.

2.2 | SSR analysis

Number of alleles, expected and observed heterozygosities and allele

range per locus were calculated using ARLEQUIN version 3.5 (Excoffier &

Lischer, 2010). In addition, an AMOVA with 1,000 permutations and

FST values comparing samples obtained from the different countries

within two groups (Central and South America) were also obtained

with the same software. Effective number of alleles (number of equally

frequent alleles it would take to obtain a given level of gene diversity)

was obtained using the R package GSTUDIO (Dyer, 2014).

2.3 | Genetic diversity

Calculation of genetic diversity parameters was made using the grid-

based procedure described previously (Thomas et al., 2012; van

F IGURE 1 Geographical distribution of
the 1,765 Annona cherimola samples
analysed in this study (1,503 obtained in
South America and 262 in Central
America) and the potential distribution
model obtained, based on current bioclim
variables and resampled sampled points
[Colour figure can be viewed at wiley
onlinelibrary.com]
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Zonneveld et al., 2012). These parameters were allelic richness per

locus, expected and observed heterozygosities, and the Shannon

information index. Grid-based spatial diversity analyses were per-

formed using 10-min grid cells (18 km at the equator) as the unit of

analyses. Circular neighbourhood of 60 min diameter was applied to

every sample in order to achieve a continental work scale assuming

that each genotype is representative for the circular area of the

mentioned diameter (111 km at the equator) around it. This replica-

tion exercise resulted in a total of 50,218 data points. Raster cells

with a number of trees equal or superior to the first quartile of the

distribution of the number of trees per grid cell, that is 7 trees or 14

gene copies, were selected. For each of the retained grid cells

(1,231), genetic diversity parameters were calculated and averaged

on bootstrapped subsamples (without repetition). Calculations were

performed in R. ARCMAP 10.1 was used to map and visualize the

results and to calculate basic statistics in Excel after performing an

extraction by mask. To test for significant differences among the

Central American and South American genetic diversity variables,

Shapiro and Wilcox tests were performed in R; the first served to

test normality of the data, whereas the second was used for finding

significant differences between the two groups of accessions. WGS

84 geographical projection was used; the layer with country bound-

aries was downloaded from the DIVA GIS web page (http://www.d

iva-gis.org/Data) and the layer 1:10 Cross-blended Hypsometric

Tints was downloaded from Natural Earth web page (http://www.nat

uralearthdata.com/).

2.4 | Genetic structure

Different approaches were utilized to evaluate the genetic structure

of the A. cherimola samples analysed. First, a rooted neighbour-

joining tree was constructed based on the Dice similarity matrix

using the software NTSYSPC 2.11 (Exeter Software, Stauket, N.Y.). The

resulting figure was plotted with FIGTREE (http://tree.bio.ed.ac.uk/sof

tware/figtree/) using different tip colours to differentiate samples

from each country.

Second, the software STRUCTURE (Pritchard, Stephens, & Donnelly,

2000), which performs a Bayesian analysis assuming Hardy–Wein-

berg equilibrium and linkage equilibrium between loci within popula-

tions, was used to determine the number of possible populations

and the probability of each sample belonging to each population.

The program was run five times, setting K (number of populations)

from 1 to 10 with the admixture model and five replications per K.

Each run was implemented with a burn-in period of 20,000 steps

followed by 200,000 Monte Carlo Markov chain replicates (Martin,

Herrero, & Hormaza, 2011; Pritchard, Wen, & Falush, 2010).

Evanno0s (Evanno, Regnaut, & Goudet, 2005) algorithm was calcu-

lated to determine the optimum number of populations using an ad

hoc statistic, DK. For each STRUCTURE K, the software CLUMPP (Jakob-

sson & Rosenberg, 2007) permitted to obtain an aligned result of all

repeats that showed different clustering solutions (Cornille et al.,

2012), using the large K greedy algorithm. Samples membership

probabilities for K = 2–8 were plotted using DISTRUCT (Rosenberg,

2004) ordering samples per country and from North to South. In

addition, geographical coordinates of accessions showing more than

50% of membership to each group for the number of populations

selected (K = 3) were plotted on a map.

The R package ADEGENET (Jombart, 2008), which runs the K-means

algorithm for increasing values of K, was also used. The classification

of each individual into a determinate cluster was obtained by the

discriminant analysis of principal components (DAPC).

Total number of alleles were listed and compared between dif-

ferent groups of samples: each country (Table 3), for which the

effective number of alleles was also calculated, and genetic clusters

for K = 2.

2.5 | Isolation by distance

To test the role of isolation by distance in the genetic diversity and

structure of A. cherimola, we followed the procedure proposed in

the introduction of the ADEGENET 2.0.0 R package (Jombart, 2012) and

performed in R. A systematic resampling was executed among the

1,765 samples to reduce the aggregation of presence points (Four-

cade, Engler, R€odder, & Secondi, 2014). A raster of 10-min cell was

constructed and one randomly point selected. Genetic distance

matrixes among the 203 points were obtained with Nei (package

ADEGENET [Jombart, 2008]) and Bruvo (package POPPR [Kamvar, Brooks,

& Gr€unwald, 2015; Kamvar, Tabima, & Gr€unwald, 2014]) distances.

The latter takes into account the step mutation model. Both genetic

distances were correlated by a mantel test with the geographical

Euclidean distance among coordinate points.

2.6 | Origin and population history of Annona
cherimola

Inferences of origin and population history were carried out with the

software DIYABC (Cornuet et al., 2014) which permits to perform an

approximate Bayesian computation analysis (ABC). Six different sce-

narios were designed to test three different areas of origin as well

as different subsequent population histories and 600,000 data sets

were simulated. For the “historical model” in DIYABC, three popula-

tions were taken into account composed by accessions with mem-

bership above 50% for K = 3 obtained in 25 repetitions of STRUCTURE

and aligned with CLUMPP. They were named as Pop 1 (accessions

mainly from Central America [CA]), Pop 2 (accessions mainly from

Ecuador and Northern Peru [E-NP]) and Pop 3 (accessions mainly

from Southern Peru and Bolivia [SP-B]). Population sizes (N1, N2

and N3) were set from 10 to 10,000, and time parameters were set

according to a generation rate of 5 years, which is the average time

from seed to flower in cherimoya trees. Thus, t1 and t2 (t2 > t1)

were set from 20 to 2,000 generations, that is 100–10,000 years.

We chose a minimum of 100 years since, although cherimoya was

already present in Central America and northern Peru 500 years ago

(Cobo, 1653), its dissemination to other areas in the South American

continent could have occurred afterwards. Maximum is set to agri-

culture origins, so we assume in our scenarios the possibility of
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human intervention. Mutation rate was left with default values

10‒3–10‒4 (Ellegren, 2000).

2.7 | Modelling climate change impact on Central
American cherimoya populations

The Maxent software, which uses maximum entropy modelling to

predict species geographical distribution on the basis of its environ-

mental niche (Phillips, Anderson, & Schapire, 2006), was run. A sys-

tematic resampling was executed among the 1,765 samples to

reduce the aggregation of presence points (Fourcade et al., 2014). A

grid of 2.5% side cell of the total extension of all data points was

constructed and one point per cell selected. Resampling was

repeated 10 times generating 10 different training and test data sets,

each with 46 data points. The resulting suitability values of cheri-

moya in Latin America from running the 10 training data sets in

Maxent were averaged to develop a stable distribution model.

For the cross-validation, we calculated the mean area under the

receiver operating characteristic curve (AUC), a measure commonly

used for assessing the discriminatory capacity of species distribution

models with the use of the 10 test data sets. To further assess

model performance, we compared the Maxent test results with the

results from 10 null models obtained by the inverse distance

weighted (IDW) following Hijmans (2012). IDW is an interpolation

method for assigning values to unknown points based on a weighted

average of the values available at the known points. Background

points were resampled for the construction of both types of models.

Current 19 bioclimatic 2.5-min cell resolution variables were down-

loaded from Worldclim (http://www.worldclim.org/). To remove

highly correlated climate variables, a Pearson correlation was carried

out following Brown (2014) eliminating all variables that showed

r2 ≥ 0.8 (Shrestha & Bawa, 2014). Thus, nine variables were used as

follows: Bio1, 2, 3, 5, 12, 14, 15, 18, 19. For future climate projec-

tions, the same variables with the same resolution were used under

two scenarios of global climate models of the four published by the

Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment

Report (AR5): Representative concentration pathway (RCP) 4.5 and

8.5. RCP 4.5 is a stabilization scenario in which total radiative forcing

is stabilized shortly after 2,100, while RCP 8.5 is characterized by

increasing greenhouse gas emissions over time (Wayne, 2013). Two

global circulation models, HadGEM2-CC (HG) (Hadley Global Envi-

ronment Model 2 Carbon Cycle) (Collins et al., 2011; Shrestha &

Bawa, 2014) and MRI-CGCM3 (MG) of the Meteorological Research

Institute (Yukimoto et al., 2012) for the year 2,070, were selected.

To compare current and future projected potential distribution areas,

we converted the corresponding modelled distribution in binary dis-

tribution models (1/0) separating suitable and not-suitable areas for

cherimoya. The binary distribution models were developed with a

commonly used threshold for suitability values: maximum training

sensitivity plus specificity (Liu, Berry, Dawson, & Pearson, 2005). To

display the stable, jeopardized and new areas of cherimoya distribu-

tion in Central America and southern Mexico, current and future

models were overlaid. All operations were carried out with R using

the following packages: RASTER (Hijmans & van Etten, 2012), DISMO

(Hijmans, Phillips, Leathwick, & Elith, 2011), MAPTOOLS (Bivand &

Lewin-Koh, 2015), MAPTREE (White & Gramacy, 2012), RGEOS (Bivand

& Rundel, 2015), RJAVA (Urbanek, 2013) and RGDAL (Bivand, Keitt, &

Rowlingson, 2014). Resulting maps were displayed using the ArcGis

10.1, WGS 84 geographical projection was settled, layered with

country boundaries downloaded from the DIVA GIS web page, and

1:10 Cross-blended Hypsometric Tints layer from Natural Earth was

used.

3 | RESULTS

3.1 | SSR analysis

A total of 176 alleles were obtained, of which 172 (97.72%) were

present in Central American samples and 66 (37.5%) in South Ameri-

can samples with 110 and four unique alleles, respectively. Just four

null alleles were encountered and treated as missing data. Number

of alleles, effective number of alleles, observed and expected

heterozygosities and allelic range per locus are shown in Table 1.

The difference between number of alleles and effective number of

alleles shows that low frequency alleles are present in the popula-

tions. The AMOVA test indicated that 13.3% of the variation was

explained among Central and South American samples, just 6.9%

among countries within each group and 79.8% within countries. FST

pairwise values (Figure 2) indicated that the lowest values are

encountered between Peru and Ecuador and Guatemala and Hon-

duras, whereas the highest values were encountered between Hon-

duras and Bolivia and Costa Rica and Bolivia.

3.2 | Genetic diversity

Global genetic diversity parameters measured within the selected

1,231 grid cells are summarized in Table 2. Results obtained by

country are shown in Table 3, and one parameter (He) is shown in

TABLE 1 Values of gene copies, number of alleles, effective
number of alleles, observed (Ho) and expected (He) heterozygosities
and allelic range obtained by each of the nine SSR markers used in
this work

Gene
copies

Number
of alleles

Effective
number
of alleles Ho He

Allelic
range

LMCH1 3,524 15 2.7 0.46 0.63 38

LMCH4 3,530 17 4.25 0.63 0.77 48

LMCH16 3,530 25 4.64 0.61 0.78 70

LMCH48 3,530 21 2.44 0.42 0.59 42

LMCH69 3,530 23 4.76 0.57 0.79 44

LMCH87 3,530 18 4 0.61 0.75 44

LMCH122 3,530 26 2.37 0.45 0.58 60

LMCH139 3,528 13 4.11 0.59 0.76 28

LMCH144 3,520 18 2.58 0.47 0.61 40
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Figure 3. In all cases, the highest values were located in Honduras

and Guatemala and the lowest mainly in Bolivia and southern Peru.

All comparisons among the values for Central American and South

American samples for all the genetic diversity indexes studied were

significantly different. None of them within each group had a normal

distribution.

3.3 | Genetic structure

The rooted neighbour-joining tree constructed with the Dice similar-

ity index (Figure 4) shows a clustering of the samples by geographi-

cal origin, differentiating Central from South American samples.

Central American samples presented longer branches indicating

higher distance values. Some samples from Peru clustered near those

of Central America, while the rest appeared mixed in the rest of the

tree: in the upper part samples mainly from Ecuador and Peru and in

the lower part from Peru and Bolivia.

Up to K = 6 the cluster solutions with highest percentages from

STRUCTURE (Figure 5) and those found with DAPC (Figure 6) are very

similar. Increasing the number of clusters above K = 6 introduced

heterogeneity in the groups of South America and the correspon-

dence between the results obtained with STRUCTURE and DAPC

decreased. For K = 2, samples are divided into two populations

(Central and South America) according to their origin, with the

exception of a few samples from northern Peru. The higher the num-

ber of populations, the more separated in different populations the

samples from South America are, following, in almost all cases, a

north–south pattern. For K = 7 and K = 8 and the DAPC approach,

two populations appear in Central America (yellow and grey in Fig-

ure 6) and up to K = 4 samples from Northern Peru clustered closer

to Central American groups. The highest DK calculated with the

Evanno algorithm was obtained for K = 2 followed by K = 3. Acces-

sions with membership above 50% for K = 3 among 25 STRUCTURE

repetitions are plotted in Figure 7.

The number of alleles and the effective number of alleles

(Table 3) are clearly higher in the Honduran and Guatemalan samples

although the number of samples from those countries is lower. Inter-

estingly, for K = 2, samples collected in South America but assigned

to the Central American population (yellow South America in Fig-

ure 5) with a membership probability above 0.5 with STRUCTURE (23

samples) showed 47 alleles. This means that 23 samples carried

71.2% of all the alleles obtained in South America. A total of 64 alle-

les were found in the samples belonging to the South American clus-

ter for K = 2 (represented in blue in Figure 5).

3.4 | Isolation by distance

Results of correlations between geographical and genetic distance

matrices (mantel test) are shown in Table 4. The highest correlation

with a significant p-value is obtained when all the samples are taken

into account. When just Central American or South American sam-

ples are analysed, no correlation is found, although correlation is

obtained in Central America when Honduran and Costa Rican or

Honduran and Guatemalan samples are analysed.

3.5 | Origin and population history of Annona
cherimola

Six scenarios to test three different areas of origin and subsequent

migration histories were designed (Figure 8). The best supported sce-

nario, according to direct (p = .8900 [.6157�1.0000]) and logistic

(p = .9564 [.9274�.9855]) regression analyses, was scenario 1 (Fig-

ures 8 and S1), that is a Central American origin and migration first to

Ecuador and Northern Peru and from there to Southern Peru and Boli-

via. Alternative scenarios were poorly supported (Figures 8 and S1).

Under this scenario, t1 was estimated to be 50.5 (quartile 1:

33.2–quartile 3: 56.7) generations, that is 252 years and t2 in 803

(423–1120), i.e., 4,015 years or 2,000 BC. Type I error for scenario 1

(simulated under scenario 1) was 0.43 and 0.38 using the direct and

the regression methods, respectively. Type II error for scenario 1, sim-

ulated under scenario 2, was 0.071 and 0.07, simulated under scenario

3, 0.034 and 0.027, under scenario 4, 0.047 and 0.036, under scenario

5, 0.054 and 0.033 and under scenario 6, 0.24 and 0.22.

F IGURE 2 FST genetic differentiation values among the 1,765
accessions of Annona cherimola analysed grouped by country [Colour
figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Values of global genetic diversity indexes obtained
within the selected 1,231 cells of the grid constructed along the
geographical range of the 1,765 Annona cherimola accessions
analysed

Minimum Maximum Mean SD

Allelic richness (AR) 2.32 7.33 3.62 1.18

Shannon index (SI) 0.63 1.8 1.0 0.29

Expected heterozygosity (He) 0.38 0.80 0.55 0.11

Observed heterozygosity (Ho) 0.27 0.86 0.54 0.13
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3.6 | Potential distribution of A. cherimola in
Central America in a context of climate change

The results of the Maxent modelling under current and future cli-

mate conditions indicate that A. cherimola distribution areas in Cen-

tral America are jeopardized in Honduras and eastern Guatemala and

that the optimal areas will be reduced to higher elevations. A few

new areas suitable for A. cherimola are predicted to be gained,

mainly in western Guatemala, central Mexico and Costa Rica

(Table 5 and Figure 9). AUC values for the null IDW model were

high: 0.92 � 0.02, but the Maxent AUC results were substantially

higher: 0.97 � 0.01. Predictions for 2,070 using both climate models

TABLE 3 Number of original trees, altitude, number of grids, number of alleles, effective number of alleles, allelic richness, observed (Ho)
and expected (He) heterozygosities and Shannon index obtained within the selected 1,231 cells of the grid constructed along the geographical
extension of the 1,765 Annona cherimola collected accessions analysed per country

Number
of trees Altitude (m)

Number
of grids

Number of
alleles (% total)

Effective
number
of alleles Allelic richness Ho He Shannon index

Guatemala 43 1,660 � 356 67 106 (60.23%) 54.72 6.12 � 0.33 0.78 � 0.04 0.75 � 0.01 1.6 � 0.06

Honduras 138 1,382 � 220 98 159 (90.34%) 64.65 6.2 � 1.09 0.74 � 0.07 0.73 � 0.08 1.57 � 0.24

Costa Rica 81 1,699 � 304 52 51 (28.98%) 30.44 3.92 � 0.15 0.66 � 0.03 0.64 � 0.02 1.16 � 0.04

Ecuador 351 2,239 � 376 202 57 (32.39%) 22.38 3.08 � 0.19 0.46 � 0.07 0.5 � 0.03 0.86 � 0.06

Peru 757 2,417 � 531 541 60 (34.1%) 29.61 3.34 � 0.39 0.53 � 0.1 0.54 � 0.06 0.96 � 0.13

Bolivia 395 2,062 � 328 227 39 (22.16%) 19.28 2.66 � 0.13 0.44 � 0.05 0.44 � 0.04 0.74 � 0.05

F IGURE 3 Expected heterozygosity
values measured within the selected grid
cells after applying circular neighbourhood
to the original Annona cherimola data set of
1,765 samples amplified with nine
microsatellite markers [Colour figure can
be viewed at wileyonlinelibrary.com]
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F IGURE 4 Rooted neighbour-joining
tree based on the similarity matrix
obtained using the Dice index with the
1,765 Annona cherimola samples analysed
in this study. The country of origin of each
accession is indicated using different
colours [Colour figure can be viewed at
wileyonlinelibrary.com]

F IGURE 5 Assignation of probabilities
of each of the 1,765 Annona cherimola
samples analysed to each cluster inferred
by STRUCTURE + CLUMPP for number of
populations (K) = 2–8. Each accession is
represented by a vertical bar, and its
length indicates the probability of
belonging to each cluster. Accessions are
ordered according to country and latitude
from north to south. The percentages of
simulations are provided for the different
clustering solutions found among replicate
runs [Colour figure can be viewed at
wileyonlinelibrary.com]
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F IGURE 6 Discriminant analysis of principal components (DAPC) to infer population substructure for number of populations (K) = 2–8
using the same colours as in Figure 5. For number of populations (K) = 2, density of individuals versus one discriminant function is shown,
while for K = 3–8, two discriminant functions are shown. Individuals are represented as dots and the groups as inertia ellipses [Colour figure
can be viewed at wileyonlinelibrary.com]
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and the two representative concentration pathways (RCP 4.5 and

RCP 8.5) were similar although more areas seem to be jeopardized

according to climate model HG compared to climate model MG. In

both cases, RCP 8.5 resulted in more jeopardized areas, because this

model assumes higher emission values and, thus, more intense cli-

mate warming.

4 | DISCUSSION

This study provides a thorough analysis of the distribution and struc-

ture of the genetic diversity of an underutilized fruit tree crop,

Annona cherimola, in the Americas using a large data set covering

almost all the species distribution area. In contrast to the established

F IGURE 7 Structure genetic clusters
obtained for number of populations (K) = 3
composed by accessions with membership
above 50% among 25 repetitions obtained
aligned with CLUMPP. Each sample with a
membership probability above 0.5 is
shown in yellow (cluster 1), blue (cluster 2)
or purple (cluster 3) [Colour figure can be
viewed at wileyonlinelibrary.com]

TABLE 4 Correlations between genetic distances (Nei and Bruvo) and geographical distances (Euclidean distance) pairwise matrices obtained
with a mantel test, calculated after doing resampling of the initial 1765 Annona cherimola accessions to reduce sampling bias

Total CA SA Per-Bol Per-Ecu Hon-CR Hon-Gua

Number of trees 203 58 151 104 124 37 46

Nei

Mantel test 0.418 0.0816 0.0033 0.0644 0.00232 0.269 0.176

p-Value .001 .026 .425 .075 .438 .001 .001

Bruvo

Mantel test 0.467 0.151 0.000423 0.0665 0.0463 0.418 0.2

p-Value .001 .007 .523 .055 .043 .001 .001
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hypothesis of a South American origin of cherimoya, our results sug-

gest that the genetic diversity hot spot of cherimoya is located in

Honduras and Guatemala and that probably the cherimoya origi-

nated from this area. Until now, most germplasm conservation

efforts of this species have been focused in South America because

current knowledge assumed that the species originated in the

Andean region. Moreover, our climate change impact analyses

suggest that the cherimoya growing areas in Central America, where

most diverse populations of this species occur, are highly threatened

by climate change, stressing the necessity of implementing appropri-

ate in situ and ex situ germplasm conservation projects together

with a sustainable use of those genetic resources. Although our

study did not include samples from Mexico, as far as we are aware

this study represents the geographically most extensive genetic

diversity study of a Neotropical fruit tree species covering most of

the distribution range of A. cherimola. Our climate change impact

analysis suggests that cherimoya populations in Mexico will be also

threatened and, therefore, it is relevant to examine the genetic

diversity of the extant cherimoya populations in this country and

compare it with that of Central America.

The combination of the limited breeding that has occurred in cul-

tivated cherimoya in Central and South America with the longevity

of fruit trees lead us to assume that cultivated cherimoya is only

separated a few generations of human selection from its wild ances-

tor; this situation is shared with most other fruit tree crops that usu-

ally retain a very high percentage of the genetic diversity found in

their wild relatives (Miller & Gross, 2010). We therefore propose

that for cherimoya, the centre of crop diversity coincides with its

geographical centre of origin in line with Vavilov’s classic hypothesis

on centres of crop diversity (Dvorak, Luo, & Akhunov, 2011). Thus,

cherimoya would have originated in Central America with a sec-

ondary centre of diversity in the Andean region of South America,

which was confirmed by the ABC analysis. This hypothesis is corrob-

orated by the neighbour-joining tree that shows in its base all the

Central American samples and by the observation that most of the

total alleles found were present in Central America while just 37.5%

of them are present in South America. Only four private alleles were

found in South America and we cannot discard that they may also

be present in Central America but were not found in this study

because of the low number of Central American samples analysed

compared to the samples from South America. Additional sampling

in Central America and Mexico could corroborate this hypothesis.

Samples from Central America clustered all together in a single

population up to seven groups in the structure analysis, suggesting

weaker population subdivision than in South America. Besides,

neighbour-joining, STRUCTURE and ADEGENET analyses show that a few

samples from northern Peru are genetically closer to the Central

American samples than any other samples from South America.

Moreover, FST values were the lowest between Guatemala and Peru-

vian populations. Within South America, a clear genetic structure is

F IGURE 8 Evolutionary scenarios of Annona cherimola in the
American continent evaluated using ABC computation analysis.
Scenarios include three populations which correspond to accessions
with membership above 50% for number of populations (K) = 3
among 25 repetitions obtained with STRUCTURE and aligned with
CLUMPP (Figure 6). Pop 1 (CA) represents accessions mainly from
Central America, Pop 2 (E-NP) represents accessions mainly from
Ecuador and North of Peru, and Pop 3 (SP-B) represents accessions
mainly from South of Peru and Bolivia [Colour figure can be viewed
at wileyonlinelibrary.com]

TABLE 5 Area (km2) and total percentage of new, stable and jeopardized areas for the different RCP models 4.5 and 8.5 and future climate
conditions HG (HadGEM2-CC) and MG (MRI-CGCM3) for Annona cherimola in the plotted area (Figure 9)

Climatic model RCP model

New Stable Jeopardized

(km2) % Total (km2) % Total (km2) % Total

HG 4.5 4,390.64 1.39 186,918.40 59.36 123,573.12 39.24

MG 4.5 2,656.54 0.85 222,015.87 70.93 88,267.04 28.20

HG 8.5 5,045.21 1.59 118,232.51 37.36 193,136.61 61.03

MG 8.5 3,902.62 1.24 150,718.62 47.85 160,328.68 50.90
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also observed along a north–south direction along the Andes and no

significant correlations between geographical and genetic matrices

are encountered. A rapid expansion with multiple bottlenecks and

geneflow barriers could be the explanation. The ABC analysis results

would suggest that the arrival of cherimoya to South America could

have occurred about 4,000 years ago. On the basis of our results,

we hypothesize that natural dispersion of cherimoya in Central

America, similar to the case in other tropical species that produce

even bigger seeds (Persea americana, Manilkara zapota or Spondias

purpurea), already took place by the extinct megafauna that was pre-

sent until the Pleistocene (Barlow, 2000; Janzen & Martin, 1982)

and was then dispersed by humans to South America, first in north-

ern Peru from where it could have been further dispersed north

towards Ecuador and south towards Bolivia.

Despite the low genetic diversity, Andean cherimoya is charac-

terized by high levels of phenotypic diversity (Scheldeman, Van

Damme, Ure~na Alvarez, & Romero Motoche, 2003). The contrasting

patterns between phenotypic and genetic diversity can be explained

by the domestication paradox, which predicts that increases in mor-

phological variation in key features by human selection are often

accompanied by decreases in genetic variation at the wide genome

level (van Zonneveld et al., 2014). A similar situation to that shown

in this work has been reported for Phaseolus vulgaris, the common

bean, in which a Mesoamerican origin has also been proposed

although most of the current improved varieties have an Andean ori-

gin (Bitocchi et al., 2012, 2013).

Genetic diversity studies, especially in neglected and underuti-

lized species in which the extent of genetic diversity is still largely

unknown, are of great importance for the conservation and use of

plant genetic resources. The results obtained indicate that urgent

conservation actions are required for cherimoya because Central

American germplasm is underrepresented in ex situ collections and

climate change threatens existing populations in the cherimoya area

of origin and diversity hot spots. Additional work in cherimoya

including samples from Central Mexico, Colombia and Venezuela and

phylogeographical studies using cpDNA of this and closely related

species in the Annona genus are the next steps to provide a com-

plete picture on the movement of germplasm of this crop from its

centre of origin. Moreover, our results have implications for under-

standing the geographical patterns of genetic diversity and design

conservation strategies of other Neotropical fruit species in which

limited studies of genetic diversity have been performed. Some of

those species, such as avocado (Persea americana), sapotes (Pouteria

sapota, Manilkara zapota), red mombins (Spondias purpurea) or guava

(Pisidum guajava), are thought to be originated and domesticated in

Central America (Bost, Smith, & Crane, 2013; Chen et al., 2009; Her-

nandez-Bermejo & Leon, 1994; Miller & Schaal, 2005) but are also

present in South America probably since pre-Columbian times.

F IGURE 9 Potential distribution of stable, jeopardized and new areas for cultivation of A. cherimola obtained using all the Annona cherimola
points used in this study but just shown for Central America and Mexico under current and future climatic conditions based on the model MG
RCP 8.5 [Colour figure can be viewed at wileyonlinelibrary.com]
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5 | CONCLUSIONS

This is a case study in a particular underutilized fruit crop of the

Americas, A. cherimola, which was originated in Central America but

cultivated also in South America in pre-Columbian times. The

approach used shows the relevance of molecular studies to develop

strategies for the conservation of genetic resources of plant species,

especially in underutilized and neglected crops. Without these kinds

of studies, a substantial part of the extant genetic diversity of a spe-

cies, as shown in this case with the diversity present in the unknown

centre of origin, can be easily overlooked when implementing con-

servation actions.

ACKNOWLEDGEMENTS

This work was supported by Ministerio de Econom�ıa y Competitivi-

dad—European Regional Development Fund, European Union

(AGL2013-43732-R and AGL2016-77267-R), the BBVA Foundation

(BIOCON 08-184/09), INIA (RF2012-00010, RFP2012-00016 and

RFP2015-00009), Ibero-American Program for Science, Technology

and Development-CYTED (Natifrut project) and Vicerrector�ıa de

Investigaci�on of the University of Costa Rica (VI-801-A8-530). NL

was supported by an FPI fellowship from Ministerio de Econom�ıa y

Competitividad. MvZ was supported by the CGIAR Forest, Trees and

Agroforestry Research Program (CRP-FTA). We thank W.E. Friedman

and M. Herrero for helpful comments on the manuscript; H. Villalo-

bos, J. Aj�u, M. Dur�on, P. Quesada and A.M. Conejo for help in sam-

ple collection and preparation; D. Rizo for help in map elaboration;

E. Thomas for support with the R script for the neighbourhood analy-

sis; and Y. Verd�un for technical assistance.

AUTHOR CONTRIBUTIONS

NL and JIH conceived, designed the work and wrote the manuscript.

FJA, GF, MP and HR collected and prepared the Central American

material sampled. NL performed the experiments. NL, JIH and MvZ

analysed and/or interpreted the data. All authors discussed the

results and contributed to the preparation of the final manuscript.

DATA ACCESSIBILITY

Data available from the Dryad Digital Repository: https://doi.org/10.

5061/dryad.0p264.

REFERENCES

Alaly, F. Q., Liu, X. X., & McLaughlin, J. L. (1999). Annonaceous aceto-

genins: Recent progress. Journal of Natural Products, 62, 504–540.

Barlow, C. (2000). The ghosts of evolution: Nonsensical fruit, missing part-

ners, and other ecological anachronisms. New York: Basic Books.

Bitocchi, E., Bellucci, E., Giardini, A., Rau, D., Rodriguez, M., Biagetti, E.,

. . . Papa, R. (2013). Molecular analysis of the parallel domestication

of the common bean (Phaseolus vulgaris) in Mesoamerica and the

Andes. New Phytologist, 197, 300–313.

Bitocchi, E., Nanni, L., Bellucci, E., Rossi, M., Giardini, A., Zeuli, P. S., . . .

Papa, R. (2012). Mesoamerican origin of the common bean (Phaseo-

lus vulgaris L.) is revealed by sequence data. Proceedings of the

National Academy of Sciences of the United States of America, 109,

788–796.

Bivand, R., Keitt, T., & Rowlingson, B. (2014). Rgdal: Bindings for the

geospatial data abstraction library. R package version 0.9-1. Retrieved

from http://CRAN.R-project.org/package=rgdal (accessed 30 March

2017).

Bivand, R., & Lewin-Koh, N. (2015). Maptools: Tools for reading and handling

spatial objects. R package version 0.8-34. Retrieved from http://CRAN.

R-project.org/package=maptools (accessed 30 March 2017).

Bivand, R., & Rundel, C. (2015). Rgeos: Interface to Geometry Engine—

Open Source (GEOS). R package version 0.3-12. Retrieved from http://

CRAN.R-project.org/package=rgeos (accessed 30 March 2017).

Blanca, J., Montero-Pau, J., Sauvage, C., Bauchet, G., Illa, E., Diez, M. J.,

. . . Canizares, J. (2015). Genomic variation in tomato, from wild

ancestors to contemporary breeding accessions. BMC Genomics, 16,

257.

Bonavia, D., Ochoa, C. M., Tovar, S. O., & Palomino, R. C. (2004).

Archaeological evidence of cherimoya (Annona cherimola Mill.) and

guanabana (Annona muricata L.) in ancient Peru. Economic Botany, 58,

509–522.

Bost, J. B., Smith, N. J. H., & Crane, J. H. (2013). History, distribution and

uses. In B. Schaffer, B. N. Wolstenholme, & A. W. Whiley (Eds.), The

avocado: Botany, production and uses (pp. 10–30). Wallingford, UK:

CAB International.

Brown, J. L. (2014). SDM toolbox: A python-based GIS toolkit for land-

scape genetic, biogeographic, and species distribution model analyses.

Methods in Ecology and Evolution, 5, 694–700.

Cassman, K. G. (1999). Ecological intensification of cereal production sys-

tems: Yield potential, soil quality, and precision agriculture. Proceed-

ings of the National Academy of Sciences of the United States of

America, 96, 5952–5959.

Chatrou, L. W., Pirie, M. D., Erkens, R. H. J., Couvreur, T. L. P., Neubig,

K. M., Abbott, J. R., . . . Chase, M. W. (2012). A new subfamilial and

tribal classification of the pantropical flowering plant family Annona-

ceae informed by molecular phylogenetics. Botanical Journal of the

Linnean Society, 169, 5–40.

Chen, H., Morell, P. L., Ashworth, V. E. T. M., De La Cruz, M., & Glegg,

M. T. (2009). Tracing the geographic origins of mayor avocado culti-

vars. Journal of Heredity, 100, 56–65.

Cobo, P. B. (1653). Historia del Nuevo Mundo. Seville, Spain 1891: Socie-

dad de Bibli�ofilos Andaluces.

Collins, W. J., Bellouin, N., Doutriaux-Boucher, M., Gedney, N., Halloran,

P., Hinton, T., . . . Woodward, S. (2011). Development and evaluation

of an earth-system model—HadGEM2. Geoscientific Model Develop-

ment, 4, 1051–1075.

Cornille, A., Gladieux, P., Smulders, M. J. M., Roldan-Ruiz, I., Laurens, F.,

Le Cam, B., . . . Giraud, T. (2012). New insight into the history of

domesticated apple: Secondary contribution of the European wild

apple to the genome of cultivated varieties. PLoS Genetics, 8,

e1002703.

Cornuet, J.-M., Pudlo, P., Veyssier, J., Dehne-Garcia, A., Gautier, M.,

Leblois, R., . . . Estoup, A. (2014). DIYABC v2.0: A software to make

approximate bayesian computation inferences about population his-

tory using single nucleotide polymorphism, DNA sequence and

microsatellite data. Bioinformatics, 30, 1187–1189.

Darwin, C. R. (1835). Beagle diary (1831–1836). Retrieved from http://dar

win-online.org.uk/content/frameset?pageseq=1&itemID=EHBeagleDia

ry&viewtype=text, (accessed 30 March 2017).

Dvorak, J., Luo, M. C., & Akhunov, E. D. (2011). N.I. Vavilov’s theory of

centres of diversity in the light of current understanding of wheat

diversity, domestication and evolution. Czech Journal of Genetics and

Plant Breeding, 47, 20–27.

4128 | LARRANAGA ET AL.

https://doi.org/10.5061/dryad.0p264
https://doi.org/10.5061/dryad.0p264
http://CRAN.R-project.org/package=rgdal
http://CRAN.R-project.org/package=maptools
http://CRAN.R-project.org/package=maptools
http://CRAN.R-project.org/package=rgeos
http://CRAN.R-project.org/package=rgeos
http://darwin-online.org.uk/content/frameset?pageseq=1***%5band%5d***itemID=EHBeagleDiary***%5band%5d***viewtype=text
http://darwin-online.org.uk/content/frameset?pageseq=1***%5band%5d***itemID=EHBeagleDiary***%5band%5d***viewtype=text
http://darwin-online.org.uk/content/frameset?pageseq=1***%5band%5d***itemID=EHBeagleDiary***%5band%5d***viewtype=text


Dyer, R. J. (2014). Gstudio: Spatial utility functions from the Dyer labora-

tory. R package version 1.2 Retrieved from http://ftp.cs.pu.edu.tw/net

work/CRAN/web/packages/gstudio/gstudio.pdf (accessed 30 March

2017).

Ellegren, H. (2000). Microsatellite mutations in the germline: Implications

for evolutionary inference. Trends in Genetics, 16, 551–558.

Escribano, P., Viruel, M. A., & Hormaza, J. I. (2008). Development of 52

new polymorphic SSR markers from cherimoya (Annona cherimola

Mill.): Transferability to related taxa and selection of a reduced set

for DNA fingerprinting and diversity studies. Molecular Ecology

Resources, 8, 317–321.

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number of

clusters of individuals using the software STRUCTURE: A simulation

study. Molecular Ecology, 14, 2611–2620.

Excoffier, L., & Lischer, H. E. L. (2010). Arlequin suite ver 3.5: A new ser-

ies of programs to perform population genetics analyses under Linux

and Windows. Molecular Ecology Resources, 10, 564–567.

Fourcade, Y., Engler, J. O., R€odder, D., & Secondi, J. (2014). Mapping spe-

cies distributions with MAXENT using a geographically biased sample

of presence data: A performance assessment of methods for correct-

ing sampling bias. PLoS One, 9, e97122.

Gal�an Sauco, V., Herrero, M., & Hormaza, J. I. (2014). Tropical and

subtropical fruits. In G. R. Dixon & D. E. Aldous (Eds.), Horticulture:

Plants for people and places (pp. 123–157). Dordrecht, Holland:

Springer.

Hammer, K. (2003). A paradigm shift in the discipline of plant genetic

resources. Genetic Resources and Crop Evolution, 50, 3–10.

Hernandez-Bermejo, J. E., & Leon, J. (1994). Neglected crops: 1492 from a

different perspective. Plant production and protection, series no 26.

FAO, Rome.

Hijmans, R. J. (2012). Cross-validation of species distribution models:

Removing spatial sorting bias and calibration with a null model. Ecol-

ogy, 93, 679–688.

Hijmans, R. J., Phillips, S., Leathwick, J., & Elith, J. (2011). Dismo: Species

Distribution Modeling. R package version 1.0-12. Retrieved from

http://CRAN.R-project.org/package=dismo, (accessed 30 March

2017).

Hijmans, R. J., & van Etten, J. (2012). Raster: Geographic analysis and mod-

eling with raster data. R package version 2.3-24. Retrieved from

http://CRAN.R-project.org/package=raster (accessed 30 March

2017).

Jakobsson, M., & Rosenberg, N. A. (2007). CLUMPP: A cluster matching

and permutation program for dealing with label switching and multi-

modality in analysis of population structure. Bioinformatics, 23, 1801–

1806.

Janzen, D. H., & Martin, P. S. (1982). Neotropical anachronisms: The

fruits the gomphotheres ate. Science, 215, 19–27.

Jarvis, D. E., Ho, Y. S., Lightfoot, D. J., Schm€ockel, S. M., Li, B., Borm, T.

J. A., . . . Tester, M. (2017). The genome of Chenopodium quinoa.

Nature, 542, 307–312.

Jombart, T. (2008). Adegenet: A R package for the multivariate analysis

of genetic markers. Bioinformatics, 24, 1403–1405.

Jombart, T. (2012). An introduction to adegenet 2.0.0. Retrieved from

http://adegenet.r-forge.r-project.org/files/tutorial-basics.pdf (accessed

30 March 2017).

Kamvar, Z. N., Brooks, J. C., & Gr€unwald, N. J. (2015). Novel R tools for

analysis of genome-wide population genetic data with emphasis on

clonality. Frontiers in Genetics, 6, 208.

Kamvar, Z. N., Tabima, J. F., & Gr€unwald, N. J. (2014). Poppr: An R pack-

age for genetic analysis of populations with clonal, partially clonal,

and/or sexual reproduction. PeerJ, 2, e281.

Kraft, K. H., Brown, C. H., Nabhan, G. P., Luedeling, E., Luna Ruiz, J. J.,

d’Eeckenbrugge, G. C., . . . Gepts, P. (2014). Multiple lines of evidence

for the origin of domesticated chili pepper, Capsicum annuum, in

Mexico. Proceedings of the National Academy of Sciences of the United

States of America, 111, 6165–6170.

Liaw, C. C., Wu, T. Y., Chang, F. R., & Wu, Y. C. (2011). Historic perspec-

tives on annonaceous acetogenins from the chemical bench to pre-

clinical trials. Planta Medica, 76, 1390–1404.

Lin, T., Zhu, G., Zhang, J., Xu, X., Yu, Q., Zheng, Z., . . . Huang, S. (2014).

Genomic analyses provide insights into the history of tomato breed-

ing. Nature Genetics, 46, 1220–1226.

Linnaeus, C. (1737). Hortus Cliffortianus, Amsterdam.

Liu, C., Berry, P. M., Dawson, T. P., & Pearson, R. G. (2005). Selecting

thresholds of occurrence in the prediction of species distributions.

Ecography, 28, 385–393.

Martin, C., Herrero, M., & Hormaza, J. I. (2011). Molecular characteriza-

tion of apricot germplasm from an old stone collection. PLoS One, 6,

e23979.

Matsuoka, Y., Vigouroux, Y., Goodman, M. M., Sanchez, G. J., Buckler, E.,

& Doebley, J. (2002). A single domestication for maize shown by mul-

tilocus microsatellite genotyping. Proceedings of the National Academy

of Sciences of the United States of America, 99, 6080–6084.

Meyer, R. S., DuVal, A. E., & Jensen, H. R. (2012). Patterns and processes

in crop domestication: An historical review and quantitative analysis

of 203 global food crops. New Phytologist, 196, 29–48.

Miller, A. J., & Gross, B. L. (2010). From forest to field: Perennial fruit

crop domestication. American Journal of Botany, 98, 1389–1414.

Miller, A., & Schaal, B. (2005). Domestication of a Mesoamerican culti-

vated fruit tree, Spondias purpurea. Proceedings of the National

Academy of Sciences of the United States of America, 102, 12801–

12806.

Padulosi, S., Hodgkin, T., Williams, J. T., & Haq, N. (2002). Underutilised

crops: Trends, challenges and opportunities in the 21st century. In J.

Engels, V. R. Rao, & M. Jackson (Eds.), Managing plant genetic diversity

(pp. 323–338). Wallingford, UK: CAB International.

Petersen, J. J., Parker, I. M., & Potter, D. (2012). Origins and close rela-

tives of a semi-domesticated neotropical fruit tree: Chrysophyllum cai-

nito (Sapotaceae). American Journal of Botany, 99, 585–604.

Phillips, S. J., Anderson, R. P., & Schapire, R. E. (2006). Maximum entropy

modeling of species geographic distributions. Ecological Modelling,

190, 231–259.

Popenoe, W. (1921). The native home of the cherimoya. Journal of Hered-

ity, 12, 331–336.

Pozorski, T., & Pozorski, S. (1997). Cherimoya and guanabana in the

archaeological record of Peru. Journal of Ethnobiology, 17, 235–248.

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of popula-

tion structure using multilocus genotype data. Genetics, 155, 945–959.

Pritchard, J. K., Wen, X., & Falush, D. (2010). Documentation for structure

software: version 2.3. Retrieved from http://computing.bio.cam.ac.uk/

local/doc/structure.pdf (accessed 30 March 2017).

Rosenberg, N. A. (2004). DISTRUCT: A program for the graphical display

of population structure. Molecular Ecology Notes, 4, 137–138.

Scheldeman, X., Van Damme, P., Ure~na Alvarez, J. V., & Romero

Motoche, J. P. (2003). Horticultural potential of Andean fruit crops

exploring their centre of origin. Acta Horticulturae, 598, 97–102.

Shrestha, U. B., & Bawa, K. S. (2014). Impact of climate change on poten-

tial distribution of Chinese caterpillar fungus (Ophiocordyceps sinensis)

in Nepal Himalaya. PLoS One, 9, e106405.

Spooner, D. M., McLean, K., Ramsay, G., Waugh, R., & Bryan, G. J.

(2005). A single domestication for potato based on multilocus ampli-

fied fragment length polymorphism genotyping. Proceedings of the

National Academy of Sciences of the United States of America, 102,

4694–14699.

Thomas, E., van Zonneveld, M., Loo, J., Hodgkin, T., Galluzzi, G., & van

Etten, J. (2012). Present spatial diversity patterns of Theobroma cacao

L. in the neotropics reflect genetic differentiation in Pleistocene refu-

gia followed by human-influenced dispersal. PLoS One, 7, e47676.

LARRANAGA ET AL. | 4129

http://ftp.cs.pu.edu.tw/network/CRAN/web/packages/gstudio/gstudio.pdf
http://ftp.cs.pu.edu.tw/network/CRAN/web/packages/gstudio/gstudio.pdf
http://CRAN.R-project.org/package=dismo
http://CRAN.R-project.org/package=raster
http://adegenet.r-forge.r-project.org/files/tutorial-basics.pdf
http://computing.bio.cam.ac.uk/local/doc/structure.pdf
http://computing.bio.cam.ac.uk/local/doc/structure.pdf


Urbanek, S. (2013). rJava: Low-level R to Java interface. R package version

0.9-6. Retrieved from http://CRAN.R-project.org/package=rJava (ac-

cessed 30 March 2017).

Vigouroux, Y., Glaubitz, J. C., Matsuoka, Y., Goodman, M. M., S�anchez, G.

J., & Doebley, J. (2008). Population structure and genetic diversity of

New World maize races assessed by DNA microsatellites. American

Journal of Botany, 95, 1240–1253.

Viruel, M. A., & Hormaza, J. I. (2004). Development, characterization and

variability analysis of microsatellites in lychee (Litchi chinensis Sonn.,

Sapindaceae). Theoretical and Applied Genetics, 108, 896–902.

Wayne, G. P. (2013). The Beginner’s Guide to Representative Concentration

Pathways, Version 1.0. Retrieved from http://www.skepticalscience.c

om/docs/RCP_Guide.pdf (accessed 30 March 2017).

White, D., & Gramacy, R. B. (2012). Maptree: Mapping, pruning, and graph-

ing tree models. R package version 1.4-7. Retrieved from http://CRAN.

R-project.org/package=maptree (accessed 30 March 2017).

Yukimoto, S., Adachi, Y., Hosaka, M., Sakami, T., Yoshimura, H., Hirabara,

M., . . . Kitoh, A. (2012). A new global climate model of the meteoro-

logical research institute: MRI-CGCM3-model description and basic

performance. Journal of the Meteorological Society of Japan, 90A,

23–64.

van Zonneveld, M., Dawson, I., Thomas, E., Scheldeman, X., van Etten, J.,

Loo, J. A., & Hormaza, J. I. (2014). Application of molecular markers

in spatial analysis to optimize in situ conservation of plant

genetic resources. In R. Tuberosa, A. Graner, & E. Frison (Eds.), Geno-

mics of plant genetic resources (pp. 67–91). Dordrecht, Holland:

Springer.

van Zonneveld, M., Scheldeman, X., Escribano, P., Viruel, M. A., Van

Damme, P., Garcia, W., . . . Hormaza, J. I. (2012). Mapping genetic

diversity of cherimoya (Annona cherimola Mill.): Application of spatial

analysis for conservation and use of plant genetic resources. PLoS

One, 7, e29845.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-

porting information tab for this article.

How to cite this article: Larranaga N, Albertazzi FJ, Fontecha G,

et al. A Mesoamerican origin of cherimoya (Annona cherimola

Mill.): Implications for the conservation of plant genetic resources.

Mol Ecol. 2017;26:4116–4130. https://doi.org/10.1111/

mec.14157

4130 | LARRANAGA ET AL.

http://CRAN.R-project.org/package=rJava
http://www.skepticalscience.com/docs/RCP_Guide.pdf
http://www.skepticalscience.com/docs/RCP_Guide.pdf
http://CRAN.R-project.org/package=maptree
http://CRAN.R-project.org/package=maptree
https://doi.org/10.1111/mec.14157
https://doi.org/10.1111/mec.14157



