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Abstract

Cherimoya (Annona cherimola) is a Neotropical fruit tree distributed in subtropical regions of the Americas from Mexico
to Chile, typically above 900—1000 m above sea level with the highest diversity found in Mesoamerica. Cherimoya is
believed to have arrived to Spain in the 18th century and subsequently spread to other parts of southern Europe. In this
study, we analyzed the genetic structure of American and European cherimoyas using highly polymorphic SSR markers to
investigate the species’ transcontinental history. Our results confirm Central America, particularly Mexico, as the primary
source of European cherimoyas and provide new evidence clarifying dispersal routes within Europe (Italy, Portugal, and
Spain). These findings extend previous studies by directly testing the origin of the European germplasm and highlight the
role of Mexico as the main bridge in the species’ introduction to the Old World.
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Introduction

The cherimoya (Adnnona cherimola Mill.), a fruit tree in the
Annonaceae, is characterized by high sugar content and low
acidity. It is mainly consumed fresh although it can also be
processed into ice creams, smoothies, sorbets, yogurts, or
wine (Scheldeman 2002). Secondary metabolites such as
isoquinoline alkaloids or acetogenins, which posssess vari-
ous pharmacological properties, including antitumor and
insecticidal activities, have been detected in leaves, stems,
bark, and seeds (Alaly et al. 1999; Liaw et al. 2011; Cortes
et al. 2014). In fact, traditionally, crushed seeds have been
used as insecticides to fight lice and treat skin diseases in
different American countries (Scheldeman 2002). The name
“cherimoya” derives from the Quechua words “chiri” (cold)
and “muya” (seed), likely referring to the relatively cold
areas at high altitudes where it is cultivated in the Andean
region. The species is distributed from Mexico and Central
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America to South America at altitudes above 900—1,000 m
above sea level.

While early hypotheses considered a South American
origin of the cherimoya (Popenoe 1921; van Damme et
al. 2000), DNA-based studies have recently demonstrated
that A. cherimola is of Mesoamerican origin (Larranaga
et al. 2017, 2021, 2022). In addition, several of its closest
relatives, included in the Atta and other sections of Annona
(Fries 1959) and with which 4. cherimola is monophyletic
(Larranaga et al. 2019), are naturally distributed in Central
America and the Caribbean.

The pollination of A. cherimola is mediated mainly by
small sap beetles of the family Nitidulidae, although other
beetle families such as Staphylinidae, Curculionidae, and
Chrysomelidae have been reported as occasional visitors
(Petia et al. 2018). Flowers are hermaphroditic and protogy-
nous, opening first in the female stage and later in the male
stage, which requires an effective pollinator to ensure suc-
cessful pollen transfer between individuals. Nitidulid bee-
tles are attracted by floral scents reminiscent of fermenting
fruit and feed on the fleshy petals, often visiting multiple
flowers and enabling fruit set (Lora et al. 2010, 2011).

Regarding seed dispersal, 4. cherimola is consid-
ered an example of an anachronistic species, whose large
fleshy fruits likely evolved for dispersal by extinct mega-
fauna (Barlow 2000; Janzen and Martin 1982). After the
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extinction of the megafauna around 13,000 years ago, the
subsequent dispersal of cherimoya and other large-fruited
species would have depended mainly on humans (Van
Zonneveld et al. 2018). Several Mesoamerican civilizations
may have contributed to the dispersal of the cherimoya
throughout Mesoamerica in Precolumbian times (Rovira-
Morgado 2007). Thus, cherimoya was collected and culti-
vated by Mesoamerican people and, at some point, it was
dispersed to South America, using maritime trading routes,
where cultivation and diversification continued mediated by
human activity of the different Andean civilizations (Lar-
ranaga et al. 2021). Although phenotypic variation has not
yet been studied in detail, it appears lower in Mesoamerica
than in northern Peru and southern Ecuador (Scheldeman,
pers. comm.), whereas the opposite pattern is observed for
genetic diversity (Larranaga et al. 2017, 2021). This sug-
gests a bottleneck event before the formation of the popu-
lations in South America, as has already been reported for
other species of Mesoamerican origin, such as Phaseolus
vulgaris (Bitocchi et al. 2012, 2013). The existence of direct
routes and exchanges between Ecuador, Peru and Mexico
is well-documented in literature, based on shared textiles,
metallurgical or mollusk shells (Hosler et al. 1990; Anawalt
1992; Marcos 1994).

After 1492, a unidirectional relationship of exploration
and exploitation was established between America and
Europe, resulting in numerous, more or less systematic,
observations of nature and some deeper chronicles about
indigenous knowledge. Although it could also be on a close
relative, it is considered that the first known written report
on cherimoya was recorded by Jose de Acosta, a sixteenth-
century Spanish Jesuit missionary who wrote that “all the
flesh inside is soft and tender as butter and white and of an
exquisite taste and some believe that it is the best fruit in the
Indies” (Acosta 1590). However, little is known about the
dispersion of the cherimoya outside the Americas. Accord-
ing to Morton (1987), it was introduced to Spain in 1757,
and by the late 18th century it had reached Hawaii, Jamaica
and Haiti. It was present in Italy in 1797, particularly in
the Province of Reggio Calabria. Seeds from Mexico were
planted in California in 1871 and the species was present in
Madeira in 1897, and also in the Canary Islands, Algeria,
Egypt and, probably via Italy, to Libya, Eritrea and Soma-
lia. At least by 1789—1793, cherimoya trees producing fruits
were documented in the province of Malaga in the south
of Spain (Garcia de la Lefia 1879). Currently, Spain is the
world’s leading commercial producer of cherimoya, with
a planted area of 3,000 hectares and a total production of
44,231 tons of cherimoya in 2021 (Mapa 2021), followed by
other countries such as Peru, Ecuador, Portugal (Madeira),
and Mexico.
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The main objective of this study was to determine the
origin of the genetic cluster from which the cherimoya
trees present in Europe initially originated. Using a set of
highly polymorphic SSR markers, we analysed the genetic
structure and relationships of cherimoya trees sourced from
natural and managed populations across Latin America,
previously characterized in other studies (Van Zonneveld
et al. 2012; Larranaga et al. 2017, 2021) alongside newly
sampled trees from the ex situ germplasm collection of the
IHSM La Mayora originated from Spain, Madeira (Portu-
gal), and Italy, and from the Canary Islands.

Methods
Plant material and SSR data

For this study, we used part of the American cherimoya
dataset genotyped at nine microsatellite loci, previously
analyzed by Larranaga et al. (2021). Most of it is publicly
archived in the Dryad Digital Repository (Larranaga et al.
2017; https://doi.org/10.5061/dryad.0p264). This database
was resampled to minimize sampling bias using a 2.5-min-
ute raster cell size, with one sample taken randomly per cell,
resulting in a new data set of 359 trees across 8 different
North, Central and South American countries. In addition,
European samples were newly included in this study and
amplified with the same 9 loci. These samples included 8
accessions from mainland Spain, 3 from Sicily (Italy) and 24
from Madeira (Portugal) conserved at the cherimoya germ-
plasm bank of the IHSM La Mayora-CSIC-UMA (Spain)
and 4 samples from the Canary Islands (Spain) maintained
at the Instituto Canario de Investigaciones Agrarias (ICIA).
The final dataset consisted of 398 samples collected in both
America and Europe.

Genetic distances per individual and populations

To explore relationships among different individuals and
populations, we calculated several genetic distance param-
eters. Pairwise distances between individuals were obtained
using Bruvo’s distance from the poppr R package (Kamvar
et al. 2014, 2015) and visualized in a heatmap using the R
stats package (R Core Team 2021). The rows of the heat-
map were ordered using the complete clustering method,
which groups similar individuals together, facilitating the
identification of genetic clusters. At the population level,
Nei’s distance was calculated between countries and used
to construct a Neighbor-Net network using the R packages
adegenet (Jombart 2008; Jombart and Ahmed 2011) and
phangorn (Schliep 2011; Schliep et al. 2017). This method
helps to visualize the relationships and potential reticulations
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between different populations, offering insights into his-
torical gene flow and admixture events. Additionally, pair-
wise Fst distances, which measure genetic differentiation
between populations, were also calculated between popula-
tions with the adegenet R package (Jombart 2008; Jombart
and Ahmed 2011). For each population, only the two lowest
pairwise Fst distances were plotted on a map alongside the
genetic structure results.

Genetic structure

The genetic structure was calculated using the software
STRUCTURE (Pritchard et al. 2000). The program was
configured as follows: K (number of populations) ranged
from 1 to 10 using the admixed model, with 50 iterations per
K. Each run consisted of a burn-in period of 50,000 steps,
followed by 500,000 Monte Carlo Markov chain replicates
(Pritchard et al. 2009; Martin et al. 2011). To determine the
most likely number of populations (K), Delta K, was calcu-
lated as described by Evanno et al. (2005), using the Struc-
ture Selector server (Li and Liu 2018), which also allowed
to align results per population/country for one of the most
probable solutions, through clumpack (Kopelman et al.
2015). The selected solution was plotted on a geographical
map using the following R packages: rnaturalearth (South
2017), ggplot2 (Wickham 2016), scatterpie (Guangchuang
2022) and ggspatial (Dunnington 2021).
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Fig.1 Heatmap illustrating the pairwise Bruvo distances between indi-
viduals, with the arrangement determined by the complete clustering
method. To enhance the distinction among groups, a color scheme
was applied: Mexico and Central American samples were designated
with shades of red and orange tones, South American samples were
assigned green tones, and European samples were represented using
blue colours

Migration analysis

To identify potential American sources of the three Euro-
pean populations (Italy, Portugal, Spain), we performed a
Bayesian structured coalescent analysis in MIGRATE-N
(v5.x) (Beerli et al. 2019) using the Brownian stepwise
mutation model for microsatellites. Exponential priors were
specified for ® [Exp(0; mean=3; max=20)] and directional
migration rates M [Exp(0; 0.5; 5)]. We used a custom sparse
migration matrix that blocks EU—America routes and most
migrations among American populations while allowing all
Americas—EU routes and full EU<EU migration (Italy—
Portugal—Spain) to reduce parameters and runtime. MCMC
used static heating (temperatures 1.0, 1.5, 3.0, 6.0, 12.0),
burn-in =10,000, long-sample=100,000 (samples recorded
every 100), one long chain, five replicates, and autotuning
target 0.44. Putative American origins for each European
population were inferred from posterior estimates of M into
that population, considering the highest median M values
with 95% HPD intervals excluding zero.

Results and discussion

The analyses using 9 SSR loci allowed the characteriza-
tion of the genetic structure and relationships of cherimoyas
from natural and managed populations in different Latin
American countries and Europe. Figure 1 provides a com-
prehensive visualization of genetic relationships among
individuals using a heatmap, which portrays a square matrix
representing Bruvo genetic distances and ordered by com-
plete WPGMA clustering methodology. The accompany-
ing dendrogram delineates two prominent clusters, each
of which undergoes further sub-divisions. Cluster A pre-
dominantly groups samples from Central America, Mexico,
and Europe. Within this cluster, notable genetic disparities
emerge both between subgroups and in comparison to the
second cluster. Cluster B predominantly groups samples
from South America but also includes a few samples from
the other regions, where warmer, more yellowish tones
denote smaller genetic distances. Interestingly, the dis-
tinct subgroups illustrated in the dendrogram also evidence
diminished genetic distances within themselves, showcased
as diagonal “squares” with intensified yellow intensity.
These findings corroborate previous studies (Larranaga
et al. 2021) that identified pronounced genetic divergence
between individuals from Mesoamerica and South America
using the same markers. Most European samples cluster
with those from Central America and Mexico, indicating
a shared genetic proximity, although some of them show
affiliation with South American branches.

@ Springer



36 Page4of7

Tree Genetics & Genomes (2025) 21:36

A Neighbor-Net network based on Nei distances (Fig. 2)
showed clear divergence of the branches corresponding to
Honduras, Costa Rica, and Guatemala from other popula-
tions, indicating greater genetic diversity compared to the
South American populations. This suggests that these popu-
lations may have remained relatively isolated, retaining
their original genetic characteristics. The South American
cherimoya populations from Colombia, Ecuador, Peru, and
Bolivia are closely related genetically, forming a compact
group. This implies that they share a common genetic his-
tory, which is consistent with the arrival of a limited num-
ber of individuals from Central America several thousand
years ago. Mexico occupies a unique position, serving as a
genetic “bridge” between Central America, South America,
and Europe. European populations clustered closely with
each other, with the Portuguese cluster positioned close to
the Spanish one, although the second shows less genetic dis-
tance also with south American groups, reflecting historical
introduction of the species during the colonial period.
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Portugal_m

Italy

Fig.2 Neighbor-Net based on NEI distances among populations/coun-
tries of origin
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Figure 3 presents a map displaying genetic clusters iden-
tified by STRUCTURE, represented by pie charts for each
population or country of origin. Additionally, for each of
these groups, the two smallest FST distances per pairs are
depicted (red points). The results from the Delta K analy-
sis indicated prominent values for K2, K3, and, to a lesser
extent, for K7. Given that K2 and K3 offered information
similar to previous studies (Van Zonneveld et al. 2012; Lar-
ranaga et al. 2017, 2021), we opted to showcase the find-
ings corresponding to K7, which shows a high genetic
geographical structure. Within this framework, both Cen-
tral and South American populations are subdivided in an
almost geographical manner into distinct clusters, reveal-
ing some degree of admixture. Notably, Peruvian samples
exhibit membership in a cluster shared with Bolivian sam-
ples, as well as a distinct cluster, and with a minor affili-
ation, with Ecuadorian and Colombian samples. Central
American samples are also almost subdivided by country,
with Guatemalan population showing admixture between
the Honduran and the Costa Rican groups. Mexican sam-
ples notably diverge into a predominant separate cluster,
with partial affiliation to the Peruvian-Bolivian, and Costa
Rican-Guatemalan clusters. Fst values, indicative of genetic
differentiation between groups and gene flow, offer substan-
tial insights. Remarkably, the lowest genetic differences are
found within the North and South American countries, with
the exception of the connection between Mexico and Peru.
European samples largely exhibit direct affiliations with the
Mexican clusters, excluding the link between Spain and
Madeira.

Finally, Bayesian migration estimates using MIGRATE-
N consistently pointed to Mexico as the dominant source for
all three European populations. For Italy, only Mexico—Italy
had a 95% HPD excluding zero (M=1.06 [0.03-2.55]); all
other American to Italy routes had HPDs overlapping zero.
For Portugal, again Mexico was the only credible source
(Mexico—Portugal M=0.93 [0.03-2.30]), with other Amer-
ican sources centered near zero. For Spain, multiple Ameri-
can sources showed non-zero support, with Mexico—Spain
the strongest (M=2.15 [0.91-3.03]), followed by Costa
Rica—Spain (1.19 [0.14-2.41]) and a weaker but non-zero
signal from Bolivia—Spain (0.69 [0.01-1.95]); remaining
routes to Spain overlapped zero. Overall, MCMC diagnos-
tics indicated good mixing and precision for these param-
eters (e.g., acceptance ratios 0.64—0.82 and effective sample
sizes>3.4x 10”6 for Mexico—Italy/Portugal/Spain), lend-
ing confidence to the main inferences, although Italy’s small
sample size reduced estimate certainty for that population.

In summary, these results are consistent with previous
studies that proposed that 4. cherimola originated in Cen-
tral America and reached South American in pre-Columbian
times. It is interesting to note that the first descriptions of
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Fig. 3 Genetic clusters represented by pie charts for each population
or country of origin obtained by STRUCTURE (K7). Additionally, for
each population, the two smallest FST distances showed by each popu-
lation are depicted (red points). Population/country of origin are shown

cherimoya in the Americas by Spanish chroniclers were
based on observations in Central America, where the com-
mon word for cherimoya and other closely related species is
still “anona”, a term that Linnaeus (1737) used to name the
genus. The results show that the most probable route for the
introduction of 4. cherimola from the American continent
to Europe was through Mexico. These introductions likely
reached Spain and Portugal independently, or perhaps trav-
elled from Portugal to Spain, given the importance of the
island of Madeira and the Canary Islands over several cen-
turies in the Atlantic trade routes among America, Africa,
and Europe (Galan-Sauco and Cubero 2011). In Spain,
cherimoya was introduced either to mainland Spain or the
Canary Islands, with subsequent transfers between these
regions. Some sources suggest that cherimoya was present
in the Mediterranean basin as early as the sixteenth century,
although most documentary accounts place its introduction
and spread in the eighteenth century (Gispert and Garrido
2008). In Spain, its cultivation was documented in various
municipalities of Malaga (mainland Spain) such as Almay-
ate, Vélez-Malaga, and Benamocarra between 1789 and
1793 (Garcia de la Lefia 1879). Today, Spanish cherimoya
production is concentrated in the coastal areas of Malaga
and Granada. Regarding Italy, the low number of samples
prevents clear conclusions, though these data also suggest
an independent introduction. Thus, according to our results,

40°W 20°W 0 20°E

by letters: A; Mexico, B; Guatemala, C; Honduras, D; Costa Rica, E;
Colombia, F; Ecuador, G; Peru, H; Bolivia, [; Portugal (Madeira), J;
Spain and K; Italy

the cherimoya was probably introduced from Mesoamerica
to Southern Europe and these findings collectively reinforce
the notion of distinct genetic pathways and migrations, sup-
porting the historical dynamics of cherimoya population
movements between continents.
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