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RESUMEN 

La guayaba es un cultivo económicamente importante en países de la región 

neotropical, especialmente en Brasil, Perú, Colombia, Las Antillas, Centroamérica y 

México. Sin embargo, la distribución actual de su cultivo incluye regiones de India, 

Pakistán, China y Egipto. A pesar de su importancia a nivel global, preguntas sobre su 

origen, historia evolutiva bajo domesticación y su dispersión en América siguen sin ser 

abordadas. Ante este panorama los objetivos de este trabajo se centraron en: 1) 

Examinar y sistematizar información biológica, molecular, arqueológica e histórica sobre 

la guayaba para analizar su posible origen y difusión; 2) Determinar el patrón 

filogeográfico de Psidium guajava en su rango de distribución con el fin de brindar 

apoyo o revisar las hipótesis acerca de su historia; 3) Evaluar la distribución espacial de 

la estructura y diversidad genética de P. guajava a escala continental, con el fin de 

determinar las consecuencias del proceso de domesticación sobre los patrones de 

variación genética observados.  

Este estudio se enfocó en la recuperación, revisión y sistematización de la 

información disponible sobre evidencia ecológica, taxonómica, genética, arqueológica e 

histórica disponible sobre la guayaba, y con base en esta se desarrollaron propuestas 

hipotéticas para orientar las investigaciones sobre evolución y domesticación de P. 

guajava (Capítulo I). Para avanzar en el estudio de la historia evolutiva e identificar los 

procesos que moldearon la distribución histórica de la guayaba en América, se 

emplearon enfoques filogeográficos y demográficos usando datos de secuencias de 

cloroplasto y nucleares (ITS y gen MeNu39 de una sola copia) de 241 accesiones que 

cubren casi todo el rango de distribución de la especie en el continente americano 

(Capítulo II). Respecto a la historia reciente de la especie, se estudió la distribución 

espacial, la estructura y la historia de la diversidad genética de P. guajava en las 

Américas. Se analizaron 215 individuos de 11 países de las regiones mesoamericana, 

andina y amazónica mediante el uso de 25 loci de microsatélites nucleares específicos 

para la especie, aplicando análisis bayesianos de estructura y diferenciación genética 

(Capítulo III).  

Se encontró un amplio número de haplotipos y ribotipos. La mayoría los 

haplotipos y ribotipos más frecuentes estaban ampliamente distribuidos. Sin embargo, 

se recuperaron linajes privados para Sudamérica y Mesoamérica. Las poblaciones de 

guayaba de América del Sur mostraron valores más altos de diversidad genética y un 

mayor número de haplotipos privados, principalmente en las muestras amazónicas de 

Perú y Brasil, así como en las muestras de los Andes peruanos. Estas son interesantes 

áreas, probables escenarios de diversificación de guayaba. El análisis bayesiano de 

agrupamiento filogeográfico y ecológico (BPEC) también respaldó estos hallazgos. 
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Nuestros análisis demográficos históricos revelaron expansiones demográficas 

principalmente para el linaje sudamericano. El tiempo de divergencia estimado usando 

un reloj molecular, empleando marcadores de cloroplasto y núcleo, indican que la 

guayaba podría haberse originado en el Mioceno (~13 - ~8 Mya), divergiendo 

rápidamente en dos linajes principales: el linaje de América del Sur, el cual diversificó 

hace ~11 - ~8 Ma., y el linaje Mesoamericano diversificando hace ~5 - ~1 Ma. Por lo 

tanto, su origen no parece estar asociado a un área geográfica precisa, sino podría 

considerarse como una especie de amplia distribución. Adicionalmente, esta evidencia 

demuestra que el rango de distribución natural de la especie sería el resultado, 

primariamente, de eventos paleoclimáticos y biogeográficos y no de actividades 

antropogénicas. 

 El abordaje de genética poblacional nos permitió identificar grupos genéticos 

específicos para América del Sur y Mesoamérica. Las guayabas amazónicas de Brasil y 

Perú y de los Andes peruanos mostraron estructura. En contraste, las muestras de 

guayaba de Colombia y Venezuela se superponen con las de las Antillas. De igual 

forma, definimos un grupo Mesoamericano (Centroamérica + México). Estos patrones 

de diferenciación fueron consistentes en todas las pruebas utilizadas. Los grupos más 

contrastantes, según Structure, fueron los de los Andes peruanos, la Amazonía 

brasileña y el grupo mexicano. En el caso de la guayaba, el valor FST observado puede 

atribuirse al flujo genético limitado entre las poblaciones muestreadas, que abarcan 

diferentes regiones del Neotrópico. Sin embargo, las poblaciones del norte de 

Sudamérica, Centroamérica y Mesoamérica muestran valores de diferenciación más 

bajos y algunos individuos los tienen menos definidos (mixtos). Este escenario sugiere 

un patrón de diferenciación Norte-Sur (mayor diferenciación en el Sur), dado el 

aislamiento entre las poblaciones de guayaba en general, especialmente las de las 

regiones amazónica y andina. Por último, según el escenario demográfico más 

favorable, la primera ruta de difusión de la guayaba probablemente fue a través del 

Amazonas brasileño hacia los Andes peruanos. Por tanto, la guayaba pudo haberse 

extendido por los Andes, desde el Amazonas hasta la costa peruana. 

Se concluye que el estudio sobre la historia evolutiva de frutales perennes debe 

abordarse desde múltiples enfoques que permitan dilucidar claramente los efectos de 

los procesos naturales y de los procesos antrópicos en especies ampliamente 

distribuidas. Con base en los resultados obtenidos, se recomienda llevar a cabo 

investigaciones con un muestreo focalizado en las poblaciones andinas y amazónicas e 

incluso con poblaciones del extremo Sur de la distribución (en Argentina y Paraguay). 

Así mismo, es necesario ampliar los estudios arqueobotánicos usando estrategias 
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paleogenómicas que permitan ampliar la evidencia sobre la historia de uso de la 

guayaba en las poblaciones mesoamericanas y suramericanas. 
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ABSTRACT 

Guava is an economically important crop in tropical countries worldwide. In the 

Neotropics its cultivation is particularly relevant in Brazil, Peru, Colombia, the Antilles, 

Central America, and Mexico. But its current distribution area includes regions of China, 

Egypt, India, and Pakistan. Despite its global significance, questions regarding its origin, 

evolutionary history under domestication, and dispersal in the Americas remain 

unaddressed. Given this scenario, the aims of this study were: 1) To examine and 

systematize biological, molecular, archaeological, and historical information about guava 

to analyze its possible origin and diffusion; 2) to determine the phylogeographic patterns 

and gene flow of Psidium guajava within its distribution range for testing historical 

hypotheses; 3) to evaluate the spatial variation of genetic diversity and genetic structure 

of P. guajava at the scale of the whole Neotropics, to understand the consequences of 

the domestication process on the patterns of neutral genetic variation. 

This study started with recovering, revieing, and systematizing of available 

information concerning the natural and historical aspects about the species. A thorough 

examination of ecological, taxonomic, genetic, archaeological, and historical evidence 

regarding guava was conducted, and this work led to the formulation of hypothetical 

proposals to guide research on the evolutionary and domestication processes of P. 

guajava (Chapter I). In an endeavor to elucidate the evolutionary history and identify the 

events that shaped the historical distribution of guava in the Americas, phylogeographic 

and demographic approaches were conducted though plastid and nuclear sequence 

data (ITS and single-copy gene MeNu39) obtained from 241 accessions encompassing 

nearly the entire guava's distribution across the Americas (Chapter II). The recent 

history of guava, its spatial distribution, structure, and demographic history in the 

Americas were also investigated. A comprehensive analysis involving 215 individuals 

from 11 countries within the Mesoamerican, Andean, and Amazonian regions was 

conducted by analyzing 25 nuclear microsatellite loci through structure and Bayesian 

differentiation analyses (Chapter III). 

Many haplotypes and ribotypes were found, with the most frequent haplotypes 

and ribotypes being those widely distributed in the Americas. However, private lineages 

were recovered for South America and Mesoamerica. Guava populations from South 

America showed higher values of genetic diversity and a higher number of private 

haplotypes, mainly in the Amazonian samples from Peru and Brazil as well as in 

samples from the Peruvian Andes. These areas are interesting likely settings of guava 

diversification. Bayesian phylogeographic and ecological clustering analysis (BPEC) 

also supported these findings. Our historical demographic analyses revealed 

demographic expansions mainly for the South American lineage. The estimated 
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molecular time based on plastid and nuclear markers suggests that guava could have 

originated in the Miocene (~13 - ~8 Mya), diverging rapidly into two main lineages: the 

South American lineage, which diversified between ~11 and ~8 Mya ago, and the 

Mesoamerican lineage diversifying ~5 - ~1 Mya. Therefore, its origin does not appear to 

be associated with a precise geographic area. Guava could be considered as a widely 

distributed species. Thus, evidence suggests that current distribution of guava is 

foremost the result of paleoclimatic and biogeographic events rather than anthropogenic 

activities.  

The population genetics approach allowed identifying specific genetic groups for 

South America and Mesoamerica. The Amazonian guavas from Brazil and Peru, and 

those from the Peruvian Andes showed genetic structure and high genetic diversity. The 

guava samples from Colombia and Venezuela grouped together with those from the 

Antilles. It was also defined a Mesoamerican group (Central America + Mexico). These 

differentiation patterns were consistent across all the tests used. 

The most contrasting groups determined by Structure analysis were the Peruvian 

Andes, the Brazilian Amazon, and the Mexican group. The FST value estimated may be 

attributed to limited gene flow among the sampled populations, which span different 

regions of the Neotropics. However, populations from northern South America, Central 

America and Mesoamerica show lower differentiation values, and some individuals have 

less well defined (mixed) differentiation values. This scenario suggests a North-South 

differentiation pattern (higher differentiation in the South), given the isolation between 

the guava populations analyzed, especially those of the Amazon and Andean regions. 

Finally, according to the most favorable demographic scenario, the first route of guava 

diffusion was probably through the Brazilian Amazon to the Peruvian Andes. Therefore, 

the Amazonia is a probable primary area of guava domestication. Thus, guava could 

have spread through the Andes, from the Amazon to the Peruvian coast, and from there 

to the north of the continent. 

It is possible to conclude that understanding the evolutionary history of perennial 

fruit trees requires to be approached through an interdisciplinary perspective that clearly 

elucidate the effects of natural processes and anthropogenic influences on widely 

distributed useful plants. Based on the results of this study, it is recommended further 

research with a focused sampling strategy targeting the Andean and Amazonian 

populations, including populations from the southernmost distribution range (Argentina 

and Paraguay). Furthermore, it is necessary to expand the archaeobotanical studies by 

employing paleogenomic strategies that help to elucidate the history of guava utilization 

in Mesoamerican and South American populations. 
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INTRODUCCIÓN GENERAL 
 

Áreas de origen: biogeografía 

Establecer el área de origen y explicar los patrones biogeográficos observados para una 

especie, puede ser una tarea difícil de conseguir. El patrón de la distribución espacial 

actual de las plantas se basa principalmente en la dinámica de los procesos evolutivos, 

biogeográficos, climáticos, y ecológicos (Villaseñor, 2016). En términos generales, 

poblaciones pequeñas con limitado flujo de genes y diversas presiones de selección y/o 

deriva, presentan patrones genéticos y espaciales de diferenciación poblacional en 

contraposición a poblaciones más grandes, con flujo génico y presiones de selección 

constante, las cuales muestran patrones uniformes de variación en diferentes regiones 

geográficas. A su vez, la cantidad de variación está determinada por el tamaño efectivo 

de la población, los eventos históricos, los sistemas de apareamiento y la estructura de 

la población (Menken et al., 1995). Por lo tanto, los patrones de distribución de la 

variabilidad genética son el resultado de una variedad de parámetros poblacionales 

(Menken et al., 1995), combinados con eventos de dispersión y/o vicarianza (Avise, 

2000). En el caso de las plantas cultural y económicamente importantes, su rango de 

distribución natural puede haberse extendido como consecuencia de la transferencia de 

material debido a las actividades humanas (Schaefer et al., 2009). En este contexto, 

reunir datos sobre la historia natural y cultural de las especies con algún grado de 

domesticación es de gran importancia para comprender el alcance de la dispersión 

natural y antropogénica (Schaefer et al., 2009) y los efectos de la selección humana 

sobre diversidad y estructura genética poblacional.  

 

La domesticación y los centros de origen de plantas domesticadas 

La domesticación es un proceso co-evolutivo entre los seres humanos y otros 

organismos (Casas & Caballero, 1995; Clement, 1999b; Rindos, 1984). En plantas, 

mediante este proceso la selección humana actúa sobre los fenotipos de las 

poblaciones silvestres, promovidas, manejadas o cultivadas, resultando en un conjunto 

de modificaciones morfológicas, fisiológicas y genéticas que conllevan a una 

divergencia entre el taxón domesticado y su pariente silvestre (Purugganan & Fuller, 

2009; Rindos, 1984). Estas modificaciones, reconocidas como rasgos o síndromes de 
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domesticación, surgen como resultado de las preferencias humanas por ciertas 

características en los fenotipos silvestres, siendo la selección humana inconsciente y 

consciente las principales fuerzas que llevan a la domesticación y posterior 

diversificación de las especies vegetales. Diversos autores han propuesto que el 

proceso de selección inconsciente dirigió los primeros pasos de la domesticación a 

través del movimiento de individuos, especialmente en especies anuales, desde sus 

hábitats silvestres originales hacia entornos antropogénicos (Zohary, 2004). Este 

proceso continúa ocurriendo en la actualidad en las comunidades rurales y es posible 

estudiar cómo se lleva a cabo y cuáles son sus consecuencias ecológicas y evolutivas 

(Clement et al., 2021). En la dispersión hacia esos nuevos ambientes, los organismos 

domesticados suelen perder y desarrollar nuevas adaptaciones para sobrevivir a las 

también nuevas condiciones ecológicas (Zohary, 2004). Eventualmente, las actividades 

de selección humana conscientes pudieron dirigirse a favorecer la reproducción (casi 

exclusiva) de aquellos fenotipos que se ajustan a las necesidades y deseos de las 

personas (Abbo et al., 2018; Svizzero, 2018; Weiss et al., 2006). Este proceso suele ser 

un esfuerzo multigeneracional que implica una cuidadosa selección y cultivo de plantas 

a lo largo del tiempo (Hancock, 2012; Harlan, 1975; Hawkes, 1998). 

Las primeras investigaciones sobre dónde ocurrió la domesticación de plantas 

estuvieron regidas por la noción de centros de origen (Kantar et al., 2017). En 

perspectiva, Alphonse de Candolle (1886), quien concentró parte de sus esfuerzos al 

estudio del origen de organismos domesticados, reuniendo múltiples fuentes de 

evidencia. Afirmó en su hipótesis inicial que el centro de origen para una planta 

cultivada debería coincidir con la distribución natural y original de sus parientes 

silvestres. Durante sus investigaciones, notó una distribución desigual de especies 

cultivadas y propuso a China, el Suroeste Asiático y América tropical como tres 

principales centros de origen. Posteriormente, Nicolai Vavilov (1992) usando los 

criterios de una alta diversidad varietal, la coexistencia de ancestros silvestres con sus 

parientes domesticados y una larga historia de uso de los cultivos definió ocho centros 

de origen, puntualizados como áreas geográficamente pequeñas y asociadas con una 

"cuna de la agricultura" (Fuller et al., 2023). Estableció una diferenciación entre centros 

primarios, descritos como áreas de aparición inicial de la planta domesticada, y centros 
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secundarios de diversidad, los cuales albergan una alta diversidad de variedades 

domesticadas, pero se encuentran alejados de los centros donde se inició la 

domesticación. Con base en la propuesta de Vavilov, Harlan (1971) percibió que la 

distribución de plantas cultivadas y sus parientes silvestres era aún más compleja, 

demostrando que los centros de diversidad no constituyen necesariamente "centros de 

origen”. Fundamentó su propuesta en evidencias contemporáneas e históricas, tanto 

botánicas como culturales, y propuso áreas denominadas “centros” y “no centros” de 

origen. Los “no centros”, de acuerdo con este autor, son áreas extensas y difusas, a 

diferencia de los centros.  

Con base en los avances de estos autores, el concepto sobre centros de origen 

de organismos domesticados se ha ido refinando y precisano por generaciones 

posteriores de científicos (Gepts, 1998; Hawkes, 1983, 1998; Zohary, 1970). Doebley et 

al. (2006) reconocen 10 centros geográficos de domesticación que difieren en su 

tamaño, número y diversidad de especies domesticadas, su potencial como fuente de 

recursos alimenticios y su desarrollo independiente. Por su parte, Fuller et al. (2023) 

identifican 13 a 24 centros geográficos de origen considerando la subdivisión de los 

centros originales propuestos por Vavilov para reflejar su naturaleza multinucleada. 

Afirman además que estos centros de diversidad de plantas domesticadas típicamente, 

pero no exclusivamente, corresponden a regiones de alta biodiversidad, donde podría 

haber surgido la agricultura. Destacan la asincronía del proceso de domesticación en 

estos centros de origen dado que evidencias genómicas, genéticas y arqueológicas han 

revelado que, aunque diversas especies pueden haberse originado en una región 

amplia, este proceso pudo suceder en diferentes momentos y lugares (Fuller et al., 

2023). Durante las últimas tres décadas, los estudios sobre la historia evolutiva de las 

especies domesticadas han incorporado resultados genéticos, genómicos y 

arqueológicos, los cuales han evidenciado la complejidad del proceso evolutivo de las 

plantas cultivadas. En algunos casos este proceso se ha caracterizado por múltiples 

eventos independientes de domesticación en regiones geográficas extensas o difusas 

(Fuller et al., 2023; Kantar et al., 2017). Estas características revelan una historia de 

domesticación mucho más intrincada, con centros de origen difíciles de determinar, 

limitando así la universalidad del concepto (Kantar et al., 2017). 
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El Neotrópico como área de origen y de domesticación de plantas 

El Neotrópico alberga una gran cantidad de especies vegetales que han sido 

domesticadas por los pueblos indígenas durante miles de años por lo que, en la 

actualidad, es considerado como una importante área de origen y diversificación de 

plantas de importancia cultural (Clement et al., 2021; Meyer et al., 2012). Tres partes 

del Neotrópico: Mesoamérica, los Andes y la Amazonía son fundamentales ya que 

muchos de los cultivos alimentarios más importantes del mundo, como el maíz, las 

papas, los chiles y los tomates, tienen su origen en estas áreas (Clement et al., 2021). 

Sin duda, la diversidad climática, geomorfológica, ecológica, geográfica y su historia 

biogeográfica han influido en la existencia de ambientes contrastantes entre estas tres 

zonas (Hughes et al., 2013). Estas condiciones proporcionaron una amplia gama de 

hábitats para diferentes especies de plantas, que eventualmente representaron alguna 

utilidad para las sociedades humanas. Sin embargo, un factor clave que hace del 

Neotrópico un área importante de domesticación es la gran diversidad vegetal y de 

culturas que se encuentra en la región (Clement et al., 2021). Los pueblos indígenas 

mesoamericanos, andinos y amazónicos desarrollaron técnicas agrícolas sofisticadas, 

incluyendo la rotación de cultivos, el riego y el manejo del suelo (Casas & Blancas, 

2022; Pearsall & Piperno, 1998; Piperno, 2011; Piperno & Pearsall, 1998), que les 

permitieron cultivar estas plantas a gran escala. Esto condujo al desarrollo de sistemas 

agrícolas complejos que pudieron sustentar grandes poblaciones y producir excedentes 

de alimentos (Clement et al., 2021; Piperno, 2011). Además, los pueblos indígenas que 

habitaron (y habitan) en el Neotrópico tenían un profundo conocimiento del mundo 

natural y eran hábiles para reconocer, usar, manejar, seleccionar y cultivar plantas con 

características deseables (Casas et al., 2007; Clement et al., 2021; Hammer, 1984). 

Desarrollaron muchas de las variedades de plantas que todavía se usan hoy en día, 

incluidas variedades que son resistentes a plagas y enfermedades tienen rendimientos 

adecuados y se adaptan a diferentes condiciones de cultivo.  

La domesticación de plantas neotropicales no solo tuvo un profundo impacto en 

las sociedades humanas contribuyendo al desarrollo de civilizaciones complejas, sino 

que, además, ha tenido un gran impacto en la producción mundial de alimentos puesto 
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que varios de los cultivos desarrollados en el Neotrópico ahora se cultivan en todo el 

mundo (Clement et al., 2021).  

 

Domesticación de especies perennes: algunas particularidades 

Durante la domesticación, algunos alelos que confieren fenotipos domesticados son el 

resultado de mutaciones que ocurrieron en el pariente silvestre y/o surgieron durante el 

proceso de domesticación (Jaenicke-Despres et al., 2003). Algunos alelos representan 

variación preexistente que, bajo el proceso de domesticación, fueron favorecidos. La 

velocidad de fijación de estos alelos depende en gran medida de la intensidad de la 

selección humana, sin dejar de lado la acción continua y progresiva del resto de las 

fuerzas evolutivas [endogamia, flujo genético, deriva génica (Casas et al., 2016)]. En el 

caso de las plantas, la domesticación a menudo se ha visto como un proceso rápido 

debido a fuertes presiones de selección direccional (Fuller, 2012). Esta suposición fue 

un paradigma útil para explicar los eventos y patrones evolutivos (síndromes de 

domesticación, la distribución geográfica de la diversidad genética, etc.) que se 

encuentran en varias plantas domesticadas, especialmente en plantas anuales 

(Purugganan, 2019; Vaughan et al., 2007), las cuales tienen rasgos de historia de vida 

que favorecen este proceso tales como generaciones que no se traslapan, tamaños 

efectivos de las poblaciones grandes y tiempos generacionales relativamente cortos. 

Sin embargo, arqueólogos y genetistas han sugerido que la domesticación no es lineal 

ni rápida (Clement et al., 2021; Fuller et al., 2012; Purugganan, 2019). Esta afirmación 

es especialmente cierta en cultivos perennes, ya que suelen ser especies leñosas de 

ciclo de vida largo con fases juveniles prolongadas y, por lo tanto, largos tiempos 

generacionales (Diez et al., 2015; Miller & Gross, 2011). Bajo domesticación, los árboles 

perennes a menudo se propagan tanto asexualmente (mediante diversas técnicas 

clonales o de injerto) como sexualmente (Diez et al., 2015; McClure et al., 2014; Miller & 

Gross, 2011). Esto tiene varias consecuencias genéticas. Muchos de los individuos 

utilizados en la propagación clonal son producto de cruzas. Por lo tanto, un número 

importante de heterócigos son mantenidos en las diferentes generaciones (Gaut et al., 

2015). Esta combinación de reproducción clonal y exocruza promueve la generación de 

nuevas variaciones tanto sexuales como somáticas (Gaut et al., 2015; Miller & Gross, 
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2011) en las poblaciones perennes bajo manejo o cultivo. Por otra parte, las plantas 

perennes domesticadas tienen menos ciclos sexuales sobre los que puede actuar la 

selección, en comparación con lo que ocurre en las plantas anuales, lo que repercute 

en tasas de evolución más lentas (Miller & Gross, 2011). 

Otro factor importante en el aumento o mantenimiento de niveles altos de 

variación genética es el proceso de introgresión, ya que este es una fuente potencial de 

nuevas variaciones durante los procesos de domesticación. Este proceso podría ser 

más frecuente que lo esperado en plantas perennes, ya que muchas poblaciones de 

especies cultivadas crecen en simpatría con sus parientes silvestres y no existen 

barreras para la hibridación. En tales casos, será necesario descartar explicaciones 

como la convergencia, la retención de la condición ancestral (alelos ancestrales) y los 

múltiples eventos de domesticación (Doebley, 1992). 

 

La guayaba (Psidium guajava L.) 

La tribu pantropical Myrteae (sensu Wilson et al., 2005) dentro de la familia Myrtaceae, 

comprende ~2500 especies dentro de 51 géneros (Govaerts et al., 2019; Lucas et al., 

2007). Psidium, perteneciente a la tribu Myrteae, es el cuarto género más rico en 

especies de Myrtaceae (Govaerts et al., 2008). Actualmente se incluyen en este género 

al menos 90 especies, aunque este número puede incrementarse a 122 (Proença et al., 

2022). Las mirtáceas fueron componentes destacados en las floras del sur de la 

Patagonia durante el Paleógeno temprano (Panti, 2016). Cuatro fósiles patagónicos 

datados entre 57 y 37 millones de años atrás (Paleoceno/Eoceno) han sido asignados a 

Psidium (Panti, 2016): Psidium membranaceum Engelhardt (1891), P. araciforme Berry 

(1938), P. licciardoi Hünicken (1967) y Psidium sp. (Panti, 2016). A pesar de las 

similitudes evidentes en la forma de la lámina y el patrón de venación con las hojas de 

las especies de Psidium actuales, aún persiste incertidumbre respecto a estas 

asignaciones.  

El género Psidium presenta características complejas como lo son sus altas 

tasas de diversificación (Vasconcelos et al., 2017), su amplia distribución neotropical 

(Landrum, 2017; Richardson & Rejmánek, 2011), niveles variables de ploidía (Costa & 

Forni-Martins, 2007), y probables eventos de hibridación entre especies (Landrum et al., 
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1995). Pocos estudios se han desarrollado con el objetivo de esclarecer sus relaciones 

evolutivas. Sin embargo, estudios filogenéticos basados en regiones de ADN nuclear y 

del cloroplasto han confirmado la monofilia del género con Myrrhinium como su grupo 

hermano (Flickinger et al., 2020; Lucas et al., 2005; Nadra et al., 2018). Así mismo, los 

análisis filogenéticos y de biogeografía histórica desarrollados por Vasconcelos et al. 

(2017), identificaron ocho clados bien soportados dentro del linaje neotropical principal 

en la tribu Myrteae, uno de los cuales se denomina grupo Psidium (con categoría 

taxonómica informal), y está conformando por los géneros Psidium, Mosiera, 

Myrrhynium y una especie del género polifilético Calyptrogenia. Los patrones 

biogeográficos identificados en dicho estudio mostraron a América del Sur como el área 

más probable de distribución ancestral tanto para el linaje neotropical principal como 

para el grupo Psidium, con evidencias de movimientos desde América del Sur hacia 

Centro y Norte América. Adicionalmente, en un estudio reciente Proença et al. (2022) 

proporcionaron una revisión de la biología, morfología y ecología de Psidium, 

proponiendo un árbol filogenético, una clasificación infragenérica y una lista de 

especies. Con base en los resultados de este estudio, Psidium es considerado un 

género monofilético con cuatro clados principales reconocidos como secciones. La 

sección Psidium, a la que pertenece P. guajava (guayaba), es hermana del resto de las 

secciones del género y está ampliamente distribuida.  

Psidium presenta una distribución naturalmente neotropical que se extiende 

desde el norte de México hasta el centro-este de Argentina, incluyendo las Antillas 

(Landrum, 2017; Proença et al., 2022). Los biomas del Bosque Costero Atlántico, 

Cerrado y Caatinga en Brasil, con más de 50 especies, son reconocidos como el centro 

de diversidad del género (Landrum, 2017, 2021). Por lo tanto, las especies de Psidium 

centro y norteamericanas son consideradas como arribos relativamente recientes en 

escaka geológica, y estrechamente relacionadas con las especies suramericanas 

(Landrum, 2017), a diferencia de las especies endémicas del Caribe, consideradas 

como colonizaciones geológicamente antiguas (Landrum, 2017).  

Las especies de Psidium producen frutos comestibles, los cuales se consumen 

de forma directa o son procesados por los humanos en diversos alimentos por lo que es 

reconocido como un género de económicamente importante (Landrum, 2017). Psidium 
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guajava L. La guayaba, es la especie del género más ampliamente reconocida y 

cultivada (Landrum, 2017; Proença et al., 2022). Las hojas y frutos de la guayaba son 

comúnmente usados como alimento y medicina en el continente americano (Gutiérrez 

et al., 2008; Landrum, 2017; Patiño, 2002). Sin embargo, hoy, además de algunos 

países neotropicales como Brasil y México, también se reconoce a la India, Pakistán, 

China y Egipto como importantes países cultivadores y exportadores de esta especie, lo 

que demostra la importancia económica global de la planta (Altendorf, 2018, 2019).  

Los registros históricos de cronistas europeos del siglo XVI mencionan la 

presencia de guayabas tanto en Mesoamérica como en Sudamérica, en poblaciones 

silvestres y cultivadas, como se documenta en el trabajo de Patiño en 2002. También se 

reportó la presencia de guayabas en las Antillas (Patiño, 2002). No obstante, hallazgos 

arqueológicos más antiguo, datan la presencia de la guayaba hace aproximadamente 

entre 9490 y 6505 años antes del presente (cal. AP) en la región del suroeste de la 

Amazonia (Watling et al., 2018). También se han encontrado evidencias de la guayaba 

en asentamientos humanos en la costa peruana que datan de alrededor de 7000 años 

cal. AP (Cárdenas, 1999); Colombia, las Antillas y Centro América (ca. 2600 cal. AP; 

(Hammond et al., 1995; Kosztura, 2020; Miksicek, 1991; Newsom & Wing, 2004); en 

bosques secos de México (ca. 670 cal. AP; Smith, 1967). 

La distribución actual de la guayaba se extiende desde México y las Antillas 

hasta el noroeste de Argentina (Landrum, 2017; Proença et al., 2022). Habita 

principalmente en áreas alteradas, como bordes de caminos, pastizales y huertos, 

desde cerca del nivel del mar hasta los 1600 m de altitud (Landrum, 2017). También es 

posible encontrar guayabas ferales en áreas naturales abiertas y sobre las márgenes de 

pequeños ríos (observación pers.). Es una especie heliófila. Sus semillas necesitan un 

fotoperíodo largo (>10 h) con temperaturas que oscilan entre 20 y 30°C para alcanzar > 

90% de germinación (Sugahara & Takaki, 2004). La exposición de los árboles maduros 

a la luz solar directa garantiza una fructificación abundante con un mayor crecimiento de 

las ramas (Paull & Duarte, 2012), preferiblemente en temperaturas medias 23º a 28°C 

(Menzel, 1985). Hoy en día, las semillas de guayaba pueden ser dispersadas de 

manera efectiva por aves y mamíferos (p. ej., murciélagos, monos, ungulados, 
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marsupiales) (Gressler et al., 2006; Torres & Gutiérrez, 2018) y por algunos animales 

domésticos como las vacas (Herrera, 2013; Somarriba, 1985, 1986), y por los humanos. 

Aunque la guayaba es un cultivo económicamente importante, el origen de la 

especie, su proceso de dispersión en América, su grado de domesticación y la historia 

evolutiva bajo domesticación son en su mayoría conjeturas. Varios autores han 

sugerido algunas áreas en Suramérica como el norte de América del Sur (Aranguren et 

al., 2008; Risterucci et al., 2005), el norte de la Amazonia (Hastorf, 2006), o el noreste 

de Brasil (Clement, 1999a; Pearsall, 2008) como el área de origen para la especie, 

mientras que otros han propuesto Mesoamérica (Brand, 1939; Nakasone & Paull, 1998). 

De igual forma, hasta la fecha, ninguna investigación se ha enfocado en el estudio 

sobre el proceso de domesticación de la guayaba. 

En esta perspectiva, la guayaba representa un sistema interesante para el 

estudio sobre la historia evolutiva y de domesticación de un frutal perenne distribuido a 

escala continental. Este trabajo constituye un primer abordaje, el cual tiene como 

objetivo principal: Inferir la historia evolutiva, el proceso de dispersión y domesticación 

de P. guajava en América. Para ello, esta investigación se divide de la siguiente forma: 

El capítulo I lo conforma el artículo publicado The Taming of Psidium guajava: 

Natural and Cultural History of a Neotropical Fruit (Arévalo-Marín et al. 2021). En 

este se examina y sistematiza información biológica, molecular, arqueológica e histórica 

sobre la guayaba. Se identifican los principales desafíos que hasta ahora han limitado 

nuestra comprensión sobre la domesticación de la guayaba, y se presentan cinco 

propuestas hipotéticas que pueden guiar las futuras investigaciones sobre las siguientes 

preguntas centrales que aún no tienen respuesta: (1) ¿Cuáles son sus parientes más 

cercanos? (2) ¿Cuál es el área de origen de la guayaba como especie? (3) ¿Cuál(es) 

es(son) el(los) área(s) de domesticación de la guayaba? (4) ¿Cómo llegó la guayaba a 

su distribución actual? (5) ¿Qué papel jugaron los conquistadores europeos y sus 

animales domésticos en la dispersión y el flujo de genes de la guayaba después del 

contacto? 

El capítulo II está constituido por el artículo (aún no enviado) Evolutionary 

history of Psidium guajava (Myrtaceae) in the Americas inferred by chloroplast 

and nuclear markers, en el cual se realizó una descripción general del contexto 
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evolutivo de P. guajava en las Américas. Se investiga el área geográfica de origen de la 

especie, relaciones genealógicas y tiempos de divergencia, e historia demográfica de la 

guayaba. Los objetivos específicos de este estudio fueron: 1) proporcionar información 

detallada sobre el patrón de diversidad genética de la guayaba en las Américas, 2) 

identificar si existe una divergencia genética entre las muestras de guayaba de las 

regiones de América del Sur, Mesoamérica y las Antillas, 3) dilucidar las relaciones 

filogenéticas y los patrones filogeográficos entre los linajes de guayaba, y 4) determinar 

si la distribución de P. guajava está relacionada principalmente con eventos  

biogeográficos o procesos antropogénicos. 

El capítulo III incluye el artículo (aún no enviado) Genetic differentiation of 

guava across the Americas. En este se caracterizar la estructura genética de la 

guayaba en casi toda su distribución geográfica con base en marcadores SSR, para 

responder las siguientes preguntas: (a) ¿cuál es el nivel de variabilidad genética de la 

guayaba entre los genotipos muestreados? (b) ¿Cómo se estructura esta diversidad? 

(c) ¿Existe aislamiento por distancia entre poblaciones? (d) ¿Existe alguna evidencia de 

eventos de domesticación? 

Finalmente, en la Discusión General de esta tesis se analizan de forma integral los 

patrones naturales, biogeográficos y antropogénicos que han determinado la 

distribución espacial y genética de la especie. Asimismo, se plantean algunas preguntas 

de investigación interesantes que podrían ser desarrolladas en investigaciones futuras. 

 

Métodos para el estudio sobre el origen y el proceso domesticación en especies 

perennes 

 

Filogeografía 

La domesticación puede ser entendida como un proceso de diferenciación poblacional, 

guiada principalmente por la selección humana, que puede resultar en el favorecimiento 

de algunos linajes e influenciar diferentes grados de divergencia entre los organismos 

domesticados y silvestres y entre los organismos domesticados entre sí. Entender los 

patrones geográficos de la estructura genealógica de una especie en su distribución y 

distinguir entre eventos históricos y actuales de flujo génico, puede ayudar a discernir 
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entre el papel del ser humano y los eventos naturales que influyeron en el movimiento 

de una especie en el espacio (Parra & Casas, 2016). Para esclarecer esta historia, la 

filogeografía es una herramienta de investigación especialmente útil, pues aporta un 

cuerpo de conocimiento adecuado para el estudio de las áreas de origen y rutas de 

difusión. Esta disciplina estudia los principios que rigen las distribuciones espaciales de 

los linajes genealógicos especialmente dentro y entre especies estrechamente 

relacionadas (Avise, 2009; Avise et al., 1987). Utiliza herramientas similares a las que 

se emplean en la reconstrucción de árboles o especies buscando reconstruir 

genealogías de genes. Con ello busca generar aproximaciones históricas que faciliten la 

interpretación de los procesos evolutivos que influyeron sobre las poblaciones y que 

dieron lugar a la diversidad genética observada y su estado actual de distribución (Parra 

& Casas, 2016). No obstante, la evolución intraespecífica de genes no puede ser 

representada por árboles bifurcados ya que la inferencia cladística de relaciones 

filogenéticas requiere que las variantes genéticas no formen linajes reticulados (Schaal 

et al., 1998). Una alternativa es la construcción de redes de haplotipos las cuales 

representan de manera más acertada la presencia de haplotipos ancestrales, 

divergencias, reticulaciones y homoplasia (Aguirre-Dugua & González-Rodríguez, 

2016). 

Esta disciplina se basa también en los principios de coalescencia y de métodos 

de cómputo bayesiano aproximado para evaluar formal y estadísticamente las 

predicciones filogeográficas (De Maio et al., 2015; Domínguez, 2007). La reconstrucción 

de las relaciones entre los alelos es realizada desde el presente hacia el pasado hasta 

lograr una convergencia en su alelo ancestral; revelando la historia demográfica de las 

poblaciones a través de la estimación de factores como tamaño efectivo poblacional, 

cantidad de flujo génico, escenarios de divergencia y los efectos de la deriva génica y la 

selección (Avise, 2009; Avise et al., 1987; De Maio et al., 2015). 

 

Métodos Poblacionales  

Conocer los niveles de variación genética y su distribución dentro y entre poblaciones 

es importante para comprender el origen y evolución de las poblaciones vegetales. En 

esta perspectiva, analizar la distribución espacial de la variabilidad genética e identificar 
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los sitios de alta diversidad en poblaciones silvestres y manejadas, contribuiría a 

identificar el área en donde se originó la domesticación de una planta cultivada 

(Doebley, 1992; Doebley et al., 2006). El nivel de diferenciación y variación en las 

frecuencias génicas evidenciaría el grado de intensidad de manejo y de domesticación. 

Los análisis de genética de poblaciones se basan en el cálculo de frecuencias alélicas y 

genotípicas de las poblaciones bajo estudio, para estimar posteriormente niveles de 

diversidad genética y grado de diferenciación entre las poblaciones de una especie 

(Rendón & Núñez Farfán, 1998). Debido a que los seres humanos frecuentemente 

interactuaron con subconjuntos de la diversidad genética existente en las poblaciones 

de plantas, determinando cuellos de botella, se considera que los procesos de deriva 

génica han sido importantes en la evolución bajo domesticación. Generalmente se 

espera que la diversidad alélica en el cultivo sea un subconjunto de la que se encuentra 

en la población silvestre de la cual se derivó. Por lo tanto, si las poblaciones del 

progenitor silvestre existen en la ubicación geográfica en la que se produjo la 

domesticación, el origen geográfico de la domesticación se puede localizar en una 

determinada población o región, identificando los cuellos de botella referidos (Gross & 

Olsen, 2010; Meyer et al., 2012; Meyer & Purugganan, 2013).  

Los estadísticos tradicionales de la genética de poblaciones tales como el índice 

de fijación (F), los estadísticos de F de Wright, heterocigosidad, los alelos privados, son 

el primer paso para comprender cómo está repartida la diversidad genética. 

Posteriormente, los métodos de clasificación y asignación permiten evaluar cómo se 

distribuye la variedad genética en el espacio, proveyendo información importante para 

el estudio sobre origen y difusión de la domesticación de plantas cultivadas. Los 

primeros se caracterizan por asignar los individuos a categorías predefinidas (Manel et 

al., 2005). En tales casos se incluyen los análisis discriminantes (AD) y los análisis de 

componentes principales (ACP). Estos análisis permiten resumir la variación presente 

en los loci analizados (ACP) o caracterizar la variación genética dentro y entre grupos 

(AD). Los métodos bayesianos usan la información genética para estimar la 

probabilidad de que un individuo pertenezca a un grupo o población, con base en su 

genotipo y la frecuencia alélica, sin asumir algún tipo de población predefinida. 
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Supplementary Material 

Supplementary Data 1. Taxonomic description of the P. guajava complex 
 
Psidium guajava L. 

Shrub or tree up to ca. 12 m high, subglabrous to densely appressed pubescent 
on young growth and lower leaf surfaces, the trunk smooth, light brown to light gray- 
green, with large flaky scales; hairs whitish, yellowish, or silvery, up to ca. 0.7 mm long, 
erect or appressed; young twigs quadrangular, slightly to strongly winged, often sulcate 
(at least when dry), densely to moderately appressed-pubescent, the older twigs at first 
scaly with longitudinal striations or fibers, eventually smooth with irregular scales falling 
as patches. LEAVES elliptic, oblong, elliptic-oblanceolate, elliptic- obovate, or 
lanceolate, 4.5–14 cm long, 2.4–7.5 cm wide, 1.6–4 times as long as wide, densely to 
sparsely appressed pubescent below, subglabrous except for puberulent midvein above; 
apex acute, acuminate, to rounded; base rounded to slightly cordate; petiole 2–5 mm 
long, 1–2 mm thick, channeled, densely pubescent to subglabrous; venation 
brochidodromous distally to eucamptodromous proximally, the midvein impressed 
above, prominent below, the lateral veins 9–22 prominent pairs, ascending at angle of 
ca. 45°, nearly straight, curving toward apex near the margin and connecting with the 
next lateral, the marginal vein not clearly present or arching between the laterals, the 
tertiary veins connecting the laterals in a ladder-like to reticulate pattern; blades 
coriaceous to submembranous, drying yellow-green, gray-green, to dark reddish brown. 
FLOWER BUDS subfusiform to pyriform, 9–14 mm long, sometimes strongly constricted 
near the midpoint, the hypanthium narrowly campanulate, barrel shaped or fusiform 4–6 
mm long, the distal portion of bud more or less ovoid, sometimes strongly so with a 
conical apex, 4.5–9.5 mm long; indumentum pattern of buds with peduncles, 
hypanthium, and bracteoles sparsely to moderately appressed pubescent, the calyx 
without glabrous to sparsely pubescent (usually less densely covered than that 
hypanthium), the calyx within glabrous or densely pubescent, the petals, disk, and style 
glabrous; peduncles 1–3-flowered, 1–3.5 cm long, 1–1.5 mm thick, terete; bracteoles 
linear to narrowly triangular, 2–5 mm long. CALYX closed, tearing irregularly as the bud 
opens, persisting or falling in ca. 3 parts; petals obovate to elliptic, 13–22 mm long; disk 
4–6 mm across; stamens 280–720, 7–15 mm long; anthers 0.7–1 mm long, with 1–7(–
10) glands; style 10–15 mm long; ovary 3–6-locular; ovules 90–180 per locule, 
multiseriate. FRUIT globose to pyriform, 2–6(–8) cm long, green to yellow without, with 
pink, yellow, or white flesh, aromatic; seeds numerous, subreniform, 3–4 mm long, more 
or less smooth, the seed coat ca. 0.25 mm thick. 2n = 22. 
 
P. guineense Sw. 
Shrub or small tree up to about 6 m high, typically densely covered with reddish brown 
to yellowish gray velvety indumentum on the inflorescence and young growth but 
sometimes glabrous or nearly so, the trunk smooth to scaly; hairs simple, usually 
spreading, grayish to reddish brown, ca. 0.3–0.5 mm long; young twigs densely to 
moderately velutinous, or less often glabrous, compressed to terete in section, losing 
indumentum in about 1 year, usually not angled but sometimes grooved when young, 
vigorous shoots sometimes weakly angled, the older bark usually remaining more or 
less smooth, less often somewhat flaky or stringy. LEAVES elliptic, elliptic-oblong, 
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obovate, 4–11.5 cm long, 2–8 cm wide, 1.3–2.4 times as long as wide, usually densely 
to moderately velutinous below, glabrous to covered with hairs along the midvein above, 
the margin entire; apex obtuse, rounded, or acute; base rounded to acute; petiole 4–12 
mm long, 1.5–2 mm thick, channeled, densely to sparsely pubescent, rarely glabrous; 
venation brochidodromous to eucamptodromous distally, the midvein impressed or 
nearly flat above, prominent below, the lateral veins 5–10 pairs, ascending at an angle of 
ca. 45°, diminishing and looping near the margin to connect with the next lateral, a clear 
marginal vein not formed, the tertiary veins, connecting the laterals in a ladder-like to 
reticulate pattern; blades coriaceous, drying yellowish brown to reddish brown, 
concolorous to somewhat darker above, when dry often mottled and/or lustrous above. 
FLOWER BUDS pyriform, 8–15(–17) mm long, the hypanthium ellipsoid to obconic, 3.5–
7 mm long, the distal portion of bud ellipsoid, subglobose, or ovoid, 4.5– 10 mm long; 
indumentum pattern of buds with all external surfaces moderately to densely pubescent 
(rarely subglabrous), the calyx pubescent without, but less densely so than hypanthium, 
distally pubescent within, the petals pubescent without, the disk sparsely pubescent 
(less often glabrous), the style glabrous; peduncles terete to compressed, 9–25(–30) 
mm long, 1–2 mm wide, uniflorous or triflorous, the branches of the dichasium when 
present 2–12 mm long; bracteoles narrowly triangular, ca. 2–3 mm long, caducous at 
about anthesis. CALYX closed completely, or with a terminal, pore-like opening at the 
apex, tearing longitudinally to the staminal ring, usually in 5 parts, these sometimes 
persisting until the fruit matures, the margin of calyx pore if present sinuate or with 5 
small lobes; petals elliptic to obovate, 7–11 mm long; disk 4– 5 mm across; stamens 
180–300, 7–10 mm long; anthers 1–3 mm long, more or less introrsely dehiscent, the 
glands in the connective 1 to over 50; style 8–10 mm long; ovary 3–5-locular; ovules 50–
100 per locule, ca. 8-seriate. FRUIT subglobose to ellipsoidal, 1–3 cm long; seeds (22–
)27–250 per fruit, 3–4 mm long. 2n = 44. 
 
P. guyanense Pers. 
Tree or shrub to 1-5 m high, minutely hirtellous on young growth; hairs mainly less than 
0.1 mm long, erect, whitish to yellowish brown; young twigs minutely and sparsely 
hirtellous, sometimes appearing glabrous, drying dark reddish brown to light brown, the 
bark of older twigs smooth or flaky, often gland-dotted, the hairs persisting on first bark 
until it falls. LEAVES ovate, lanceolate, or elliptic, 6-13.5 cm long, 3-6.5 cm wide, (1.3-
)1.8-2.6(-3) times as long as wide; apex acute to acuminate; base rounded, acute or 
cuneate; petiole 3-9 mm long, 1.5-2 mm thick, slightly to deeply channeled, minutely 
hirtellous; venation brochidodromous distally, eucamptodromous proximally, the midvein 
impressed or flat above, prominent below, the lateral veins 4-7, the marginal arching 
broadly distally, 0.5-3(-5) mm from margin, the tertiary venation dendritic; blades 
sometimes submembranous at anthesis, coriaceous at maturity, drying dark reddish 
brown. FLOWER BUDS 8-12 mm long, pyriform, the hypanthium obconic to 
campanulate, ca. 3.5-5 mm long, the distal portion of bud subglobose, 4-7 mm long, 
often wider than long, sparsely hirsutilose; indumentum pattern of buds with external 
surfaces sparsely to densely hirsutilose, the calyx often less densely so than adjacent 
hypanthium, the calyx within densely hirsutilose, the disk hirsutilose to pubescent, the 
style glabrous or with scattered hairs; peduncles 1-3-flowered, 4-20 mm long, 1-1.5 mm 
wide, compressed; bracteoles caducous before anthesis, perhaps small, narrowly 
triangular, those seen narrowly elliptic, 5-7 mm long. CALYX nearly closed (with a small 
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terminal pore), or bowl-like with a large terminal pore, with a sinuate margin, tearing into 
5-lobes at anthesis, these ca. 5 mm long, 3-5 mm wide; petals obovate to suborbicular, 
6-9 mm long, glandular; disk including staminal ring 5-6 mm wide after anthesis; 
stamens 200-400, ca. 10 mm long, sparsely pubescent to glabrous; anthers oblong, 1-
1.5 mm long, with 3-5 glands in the connective; style ca. 10 mm long, the stigma peltate, 
ca. ca. 1 mm wide; ovary 3-5 locular; ovules 50-75 per locule, the placenta protruding, 
sometime reflexed with ovules pointing towards center of flower. FRUIT oblong to 
suborbicular, to 5 cm long, the fruit wall 4-6 mm thick; seeds (2.5)3-5 mm long, 44-188, 
with rounded and flat sides. 
 
P. nutans O. Berg. 
Tree or shrub 1–5 m high, glabrous or sparsely appressed antrorsely pubescent on 
distal inner surface of calyx (rarely puberulent on young growth); hairs if present 
colorless, to ca. 0.5 mm long; young twigs reddish brown to blackish brown when dry, 
smooth with numerous darker glands, the bark of older twigs lighter brown or tan, falling 
as flakes. LEAVES elliptic to obovate, 5–17 cm long, 3–12 cm wide, 1.4–2.6 times as 
long as wide; apex acute, acuminate, obtuse to rounded, often with a cuspidate tip; base 
cuneate, obtuse, rounded, oblique, or subcordate; petiole shallowly channeled, 3–10 
mm long, 1–2.5 mm thick; venation eucamptodromous proximally, brochidodromous 
distally, the midvein impressed proximally to nearly flat above, prominent below, the 
lateral veins 4–8(–10) pairs, leaving the midvein at an angle of 30–60°, nearly straight 
near midvein, arching distally towards apex, the marginal vein usually evident distally, 
arching mostly between 1–3 mm from the margin, the tertiary veins dendritic to ladder-
like in pattern; blades coriaceous, often lustrous above and below, drying reddish to 
blackish brown, often mottled above with lighter spots when dry, the margin sometime 
crenulate in part. FLOWER BUDS pyriform, moderately to strongly constricted at ovary 
summit, 7–12(–14) mm long, the hypanthium ellipsoid to campanulate, 3–6 mm long, the 
distal portion of bud ovoid to subglobose, 4–6.5(–9.5) mm long; indumentum pattern of 
buds with all surfaces glabrous or essentially so; peduncles 1–3-flowered, 0.4–2 cm 
long, flattened, 1–2 mm wide, the branches of the dichasia 0.4–1 cm long; bracteoles 
narrowly triangular, ca. 2 mm long, caduceus at or before anthesis. CALYX closed, or 
with a small apical pore-like opening, with 5 minute lobes on the margin of the opening, 
tearing irregularly at anthesis, usually in 4–5 persistent pieces 4–8 mm long, the tears 
not cutting the staminal ring, glabrous to sparsely pubescent distally within; petals elliptic 
to obovate, 0.8–1.4 cm long; disk ca. 3.5 mm across; stamens 110–240, 6–10 mm long; 
anthers 1.2–2(–3) mm long, with a few to several glands in the connective; style 9–13 
mm long, the stigma peltate, 0.5–0.8 mm across; ovary 3–5- locular; ovules 50–105 per 
locule, the placenta protruding, sometimes somewhat peltate. FRUIT globose, to 
subpyriform, 0.7–2 cm long; seeds numerous (50 in one fruit), subtriangular with 
rounded edges, 3–4 mm long. 
 
P. rostratum McVaugh 
Tree or shrub 1.8-15 m high, densely to moderately appressed pubescent to strigose on 
young growth and some floral structures, glabrescent with age, the trunk smooth, 
tannish or reddish; hairs whitish to tawny yellow, ca. 0.5 mm long; young twigs 
subterete, compressed  or obscurely quadrangular, without clear wings, densely 
appressed pubescent to glabrous, drying dark reddish black to tan, dotted with small 
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glands, the bark of older twigs scaly to smooth, generally light reddish brown. LEAVES 
elliptic, ovate, or oblong, 2.6-13.5 cm long, 2-4.8 cm wide, 1.3-2.6 times as long as wide, 
moderately strigose-pubescent to glabrous below, sparsely pubescent to glabrous 
above; apex rounded, acute, or acuminate, the tip sometimes apiculate; base rounded, 
acute, or acuminate; petiole channeled or not, 2-5 mm long, 1-1.5 mm thick, sparsely 
strigose to glabrous; venation brochidodromous (sometimes eucamptodromous 
proximally), the midvein impressed or sulcate proximally above, prominent below, the 
lateral veins 7-13 pairs, usually leaving the midvein at an angle greater than 45 degrees, 
arcing slightly upwards, up to ca. 0.25 mm wide, the marginal vein arching between the 
laterals, 1-10 mm from the margin, the tertiary veins forming a dendritic to ladder-like 
pattern between the laterals; blades submembranous to subcoriaceous, drying gray-
green to blackish green or reddish brown, often covered with numerous amber colored 
protruding glands, these largest along the midvein. FLOWER BUDS often with a rostrate 
tip (rostrum), discounting the rostrum, broadly pyriform, 10-12 mm long, the rostrate tip 
1-5 mm long when present, the hypanthium obconic, 3-4 mm long, the distal portion of 
bud globose, 7-8 mm long; indumentum pattern of buds with external surfaces sparsely 
pubescent to glabrous, or calyx and hypanthium densely puberulent without, the calyx 
sparsely to densely pubescent within, the petals glabrous or ciliate, sometimes densely 
glandular, the disc entirely glabrous or puberulent on staminal ring, the style glabrous; 
peduncles uniflorous, 0.2-4.5 cm long, ca. 1 mm wide, subterete; bracteoles caducous 
before anthesis, unknown. CALYX closed in bud, often prolonged as a rostrum 1-5 mm 
long, or open only as a small pore at the apex, tearing irregularly at anthesis, the tears 
sometimes cutting the staminal ring; petals obovate to suborbicular, ca. 1 cm long; disk 
within staminal ring 2-10 mm across; stamens ca. 600 or perhaps more, ca. 1 cm long; 
anthers ca. 1 mm long, with 0 or 1 gland in the connective, the gland reddish; style ca. 1 
cm long; ovary 3-4-locular in flower seen; ovules 15-26, radiating from an elongate, 
slightly peltate placenta. FRUIT subpyriform to subglobose, 1.5-4 cm long, the wall 2-6 
mm thick; seeds 4-12 (or perhaps more), 8-12 mm long, blackish or brown, smooth, with 
rounded with flat sides.  
 
P. rutidocarpum G. Don.  
Tree 5-11 m high, pubescent on young growth and lower leaf surfaces, the trunk 
"mottled reddish brown, peeling" (ex Smith); hairs reddish brown to whitish, usually 
curled, ca. 0.5 (-1) mm long; young twigs quadrangular, winged, moderately to densely 
pubescent, the bark falling in about 1 year, the older twigs more or less smooth or scaly, 
round, the scales gray, the inner bark dark reddish brown. LEAVES lanceolate, often 
narrowly so, 4-11 cm long, 1.4-3.4 cm wide, (2-)2.9-4.4 times as long as wide, the 
margin slightly revolute; apex attentuate-acuminate; base rounded to obtuse; petiole 
channeled, pubescent, 3-5 mm long, ca. 1.2 mm thick; venation mainly 
eucamptodromous, sometimes brochidodromous distally, the midvein impressed above, 
prominent below, the lateral veins 11-25 prominent pairs, usually impressed above, 
ascending at an angle of ca. 45 degrees, nearly straight but curving upwards near 
margin, the tertiary veins numerous (more than 10 per cm of lateral), connecting the 
laterals in more or less ladder-like pattern; blades coriaceous, drying dark reddish brown 
to dark gray-green.  FLOWER BUDS unknown but probably similar to P. guajava or P. 
guineense; indumentum pattern of buds probably with external surfaces glabrous to 
moderately pubescent, the inner suface of the calyx densely covered with reddish brown 
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hairs, the disc subglabrous; peduncles 5-23 mm long, 1-1.2 mm thick; bracteoles 
unknown.  CALYX closed in bud, tearing irregularly, usually in 3 to 5 parts, tearing to 
staminal ring, but usually not cutting into it; petals unknown; hypanthium with ca. 10 
poorly defined longitudinal ridges (in young fruits at least); disk ca. 5 mm across; 
stamens ca. 300; anthers unknown; style unknown; ovary 3-locular; ovules 25–40 ovules 
per locule. FRUIT subglobose, 1.5-2.5 cm long; seeds 65-90, ca. 2.5 mm long.
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Supplementary Table 2. Summary of the published genetic studies using dominant markers for guava genetic characterization 

Molecular marker Objetive Reference 

RAPD 

Determine the effectiveness of RAPDs in identifying cultivars.   Dahiya, Archak, and Karihaloo (2002) 

Characterize guava cultivars in Mexico. Padilla-Ramírez et al. (2002) 

Analyze molecular diversity of Indian Psidium genotypes. 
Prakash, Narayanaswamy, and Sondur 

(2002) 

Determinate genetic variability of the 82 guava genotypes in Mexico. Domínguez et al. (2005) 

Examine the diversity among Psidium guajava cultivars and two aditional 
species P. catleyanum and P. friedrichthalianum. 

Sharma et al. (2005) 

Characterize genetic diversity of guava germplasm in Colombia. Rueda et al. (2006) 

Evaluate genetic variability of 17 guava genotypes from Mexico.  Tapia Pérez andLegaria Solano (2007) 

Assess the genetic variability present in cultivated commercial varieties, 
breeding lines and unimproved cultivars. 

Bajpai et al. (2008) 

Evaluate the genetic divergence among six cultivars and 19 accessions of 
guava. 

Gomes Filho et al. (2010) 

Characterize genetic diversity of guava germplasm in Bangladesh. Ahmed, Mannan, & Hossain (2011) 

Analyze molecular variation among guava native genotypes from 
Aguascalientes, Mexico. 

Valera-Montero et al. (2016) 

AFLP 

Examine genetic diversity from 52 mexican guava germplasm. Hernández-Delgado et al. (2007) 

Evaluate the genetic diversity of Mexican guava accessions to identify potential 
parental materila for genetic improvment programmes. 

Sánchez-Teyer et al. (2010) 

Determine genetic similarity among Brasilian guava accessions. Corrêa et al. (2011) 

Characterize genetic diversity of guava germplasm in Thailand. Thaipong et al. (2017) 

RAM (random 
microsatellites) 

Characterize genetic diversity of guava trees from Valle del Cauca, Colombia. Sanabria (2006) 
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Supplementary Table 3. Summary of published guava genetic diversity values using microsatellite (SSR) markers.  
  

Sample 
provenance 

Objetive Status 
N 

Number 
loci NT Na Ho He PIC 

Reference 

N
a

tu
ra

l 
a

re
a
 d

is
tr

ib
u

ti
o

n
 

Cuba 
Characterize genetic diversity of 
guava germplasm in Cuba. 

Germplasm 
bank 

34 7 34 4.5 0.38 -   
Valdés-
Infante et al. 
(2007) 

Mexico 

Evaluate the genetic diversity of 
Mexican guava accessions to 
identify potential parental material 
for genetic improvement 
programmes. 

Germplasm 
bank 

57 6 79 13 - 
0.
75 

- 
Sánchez-
Teyer et al. 
(2010) 

Venezuela 
Characterize genetic diversity of 
natural populations of P. guajava 
in Venezuela. 

Feral 31 14 91 6.9 - 0.73 - 

Aranguren, 
Briceno, and 
Fermin 
(2008) 

Brazil 
Characterize the genetic diversity 
among P. guajava genotypes 

Cultivars and 
Feral 

28 24 70 2.7 - - - 
Coser el al. 
(2012) 

Ecuador 

Assess the genetic diversity and 
population structure of guava in 
San Cristobal (Galapagos), 
Ecuador 

Feral 
94 - 
18* 

17 - 
17.8 - 
15.2* 

0.15
3 - 

0.25
2* 

- - 
Torres and 
Gutiérrez 
(2018) 

O
u

ts
id

e
 a

n
d

 i
n

s
id

e
 n

a
tu

ra
l 

a
re

a
 

d
is

tr
ib

u
ti

o
n

 

Ecuador 

Analyze the genetic diversity and 
population structure of P. guajava 
populations on the Isabela, Santa 
Cruz and San Cristobal islands in 
the Galapagos (Ecuador) 

Feral 269 11 52 4.7 0.16 0.35 - 
Urquía et al. 
(2019) 

USA, El 
Salvador, 

Brazil, South 
Africa, 

Malaysia, 
Thailand 

Characterize diversity of guava 
accesions in the United States. 

Germplasm 
bank 

13 14 91 4.7 0.20 0.61 - 
Viji et al. 
(2010) 

India 
Evaluate genetic diversity of nine 
guava cultivars and generated 
barcodes. 

Cultivars 
(hybrids) 

9 23 147 6.3 - 0.82 0.74 
Kanupriya et 
al. (2011) 
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USA, Puerto 
Rico, El 

Salvador, 
Brazil, South 

Africa, 
Malaysia, 

Singapore, 
Thailand, 

Israel, 
Taiwan, 
Australia  

Characterize diversity of guava 
germplasm in the United States. 

Germplasm 
bank 

38 20 178 8.9 0.20 0.70 - 
Sitther et al. 
(2014)  

India and 
other 

countries 

Measure genetic diversity in 
guava germplasm at Indian 
Institute of Horticultural 
Research, Bengaluru, India 

Germplasm 
bank 

72 48 249 - 
0.17

1 
0.61

6 
0.56 

Chaithanya 
et al. (2014) 

Pakistan, 
India, Hawai, 

Mexico 

Assess the molecular variation 
and genetic structure of 51 
promising Pakistani guava 
compared with 19 others from 
different geographical regions. 

Cultivars 70 18 172 9.5 - 
0.09

1 
0.61 

Mehmood et 
al. (2016) 

India 

Determine the genetic structure 
and evaluate marker transfer to 
closely related wild species of P. 
guajava. 

Germplasm 
bank 

36 24 81 3.6 - -  Kherwar et 
al. (2018) 

India 
Characterize diversity of guava 
accesions in New Delhi, India. 

Germplasm 
bank 

33 26 64 2.3 0.22 0.22 0.23 
Kumari et al. 
(2018) 

* Data from island and continent respectively                  

N: number of individuals analyzed; NT: total number of alleles; Na: average number of alleles for locus; Ho: observed heterozygosity: 
He: expected heterozygosity; PIC: polymorphism information content.  
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Supplementary Table 4. Chronological data for guava remains (macrobotanical and pollen) from various archaeological 
sites in South America, Mesoamerica, and the Antilles based on published radiocarbon dates. The dates were calibrated, for 
calendar age ranges (2σ) and median calibrated age, using OxCal 4.4 (Bronk, 2009; Bronk and Lee, 2013) with the Northern 
Hemisphere Intcal20 (Reimer et al. 2020) or the Southern Hemisphere ShCal20 (Hogg et al. 2020) calibration curve, as 
appropriate. 

Country Area Archaeological site 
Published C14 
age years BP 

Calibrated age 
BP (2σ) 

Median 
calibrate
d age BP  

References 

Uruguay Cuareim River Pay Paso 1 Cave 10,115 ± 25 
11,835 – 11,605 
11,530 – 11,500 
11,425 – 11,405 

11,735 
Suárez (2011, 
2018) 

Brazil 

Upper Madeira River Teotonio  
8460 ± 30 to 
5720 ± 30* 

9535 - 9455 to 
6600 - 6585 
6565 – 6440 
6420 – 6410 

9490 to 
6505 

Watling et al. (2018) 

Guanabara Bay Sernambetiba 
4260 ± 65 to 
3010 ± 80* 

4875 – 4810 
4755 – 4710 

4670 – 4650 to 
3345 – 2380 
3275 – 3070 

4840 to 
3205 

Scheel-Ybert and 
Boyadjian (2020) 

Cabo Frio Corondó 1920 ± 70* 1930 – 1735 1835 
Scheel-Ybert and 
Boyadjian (2020) 

Solimões River Conjunto Vilas     
1500 to 

900† 
Shock in press. 

Peru 

Chao Valley  Piedras Negras A 6100 ± 90 
7245 – 7210 
7170 – 6740 

6975 Cárdenas (1999) 

Chilca River Valley La Paloma  
6030 ± 180 to 

4900 ± 130 

7315 – 6485 
6465 – 6455 to 
6180 – 6145 
6120 – 6070 
6065 – 6045 
6020 – 5275 
5170 – 5135 
5105 – 5070 

6890 to 
5645 

Dering and Weir 
(1979, 1981)  In: 
Piperno and 
Pearsall (1998); 
Benfer (1999)  
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Río Grande River Valley Pernil Alto  4677 ± 31† 5475 – 53185 5395 Gorbahn (2013) 

Chicama Valley Huaca Prieta   4507 ± 270  
5880 – 5825 
5755 – 4500 
4495 – 4435 

5150 Bird et al. (1985) 

Ancón-Chillon Valley Pampa 4450 ± 110 
5445 – 5400 
5330 – 4830 

5095 
Patterson and 
Moseley (1968) 

Ancón-Chillon Valley Yacth Club 
4440 ± 110 to 

3885 ± 95† 

5445 – 5405, 5330 
– 4830 to 4575 – 

4540 
4535 – 4070 
4045 – 3985 

5085 to 
4305 

Patterson and 
Moseley (1968) 

Ancón-Chillon Valley Ancón  
4200 ± 80 to 
3760 ± 95† 

4960 – 4930 
4885 – 4515 

4475 – 4445 to 
4415 – 3885 

4715 – 
4135 

Patterson and 
Moseley (1968) 

Huarmey Valley Los Gavilanes  4140 ± 160  

5265 – 5185 
5120 – 5115 
5055 – 4225 
4205 – 4155 

4660 
Bonavia and 
Grobman (1979); 
Bonavia (1996) 

Ancón-Chillon Valley Banco Verde 4125 ± 105 
4875 – 4400 
4370 – 4355 
4330 – 4300 

4645 
Patterson and 
Moseley (1968) 

Supe Valley Aspero  4060 ± 150  

4960 – 4925 
4915 – 4895 
4885 – 4140 
4125 – 4090 

4560 Feldman (1983) 

Casma River Valley Las Haldas  3960 ± 80 
4795 – 4760 
4695 – 4675 
4625 – 4150 

4410 Pozorski (1987)  
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Tablachaca River Valley La Galgada  
3820 ± 100 to 

3440 ± 80 

4520 – 4475 
4450 – 3960 

3950 – 3925 to 
3895 – 3480 

4220 to 
3695 

Pearsall (2003); 
Washburn et al. 
(2020) 

Ancón-Chillon Valley Tank Site 3810 ± 150 

4795 – 4760, 
4625 – 3820, 
3795 – 3770, 
3745 – 3725 

4205 
Patterson and 
Moseley (1968) 

Ancón-Chillon Valley 
El Paraíso, PV46-35 
PV46-35 o 
Chuquitanta 

3810 ± 150 to 
3455 ± 105† 

4795 – 4760, 
4625 – 3820, 
3795 – 3770, 

3745 – 3725 to 
3980 – 3455 

4205 to 
3720 

Patterson and 
Moseley (1968) 

Ancón-Chillon Valley Punta Grande 3760 ± 95 4415 – 3885 4135 
Patterson and 
Moseley (1968) 

Casma Valley Tortugas  3750 ± 65 
4355 – 4325 
4300 – 3905 

4115 
Ugent et al. (1986); 
Pozorski (1987) 

Casma Valley 
Pampa de las Llamas 
- Moxeke  

3735 ± 75 
4400 – 4370 
4355 – 4325 
4300 – 3880 

4095 
Pozorski (1987); 
Pearsall (2003) 

Moche Valley Alto Salaverry  3430 ± 110 
3980 – 3445 
3420 – 3410 

3690 
Pozorski and 
Pozorski (1990) 

Chilca Valley Asia 3270 ± 100 

3825 – 3790 
3765 – 3750 
3725 – 3320 
3305 – 3250 

3505 Engel (1963) 

Moche Valley Gramalote 3140 ± 30 
3450 – 3325 
3295 – 3250 

3365 Prieto (2015) 

Lurín Valley Cardal  3120 ± 90 
3560 – 3530 
3495 – 3070 

3320 
Burger and Salazar-
Burger, (1991) 
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Casma Valley Pampa Rosario  2760 ± 75 3060 – 2745 2870 
Ugent et al. (1984); 
Ugent et al. (1986); 
Pozorski (1987) 

Lurín Valley Pampa Chica 2460 ± 70 2720 – 2355 2540 
Chevalier (1999); 
Dulanto (2002) 

Moche Valley La Poza  2240 ± 30 
2340 – 2290 
2270 – 2150 

2225 Bardolph (2017) 

Nepeña Valley Samanco 2166 ± 29 

2310 – 2225 
2210 – 2190 
2185 – 2050 
2015 – 2005 

2170 Helmer (2014) 

Virú Valley Huaca Santa Clara 2010 ± 50* 2000 – 1870 1950 
Millaire (2010); 
Masur et al. (2018)  

Moche Valley MV-225  1890 ± 30 1875 – 1715 1790 Bardolph (2017) 

Moche Valley MV-224  1790 ± 15 
1725 – 1690 
1670 – 1620 

1655 Bardolph (2017) 

Virú Valley Huaca Gallinazo  1730 ± 40* 
1700 – 1655 
1640 – 1545 

1615 
Millaire (2010); 
Masur et al. (2018)  

Late Nasca La Campana   1450 ᶺ 
Beresford-Jones  et 
al. (2009, 2011) 

Moche Valley MV-83  1510 ± 15 1405 – 1350 1380 Bardolph (2017) 

Moche Valley  Galindo 1373 ± 41 
1355 – 1245 
1210 – 1175 

1295 
Pozorski (1979), 
Koons and Alex 
(2014) 

Moche Valley Cerro Chepén 
1373 ± 41 to 
1292 ± 35 

1355 – 1245 
1210 – 1175 to 
1295 – 1170 
1160 – 1130 

1295 to 
1225 

Koons and Alex 
(2014); Szpak and 
Chiou (2020) 

Casma Valley El Purgatorio   1250 to 
550 ᶺ 

Vogel et al. (2016) 

Moche Valley San José Moro 1292 ± 35 
1295 – 1170 
1160 – 1130 

1225 
Koons and Alex 
(2014); Szpak and 
Chiou (2020) 
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Middle Horizon Samaca H13 F-23   1150† 
Beresford-Jones et 
al. (2009, 2011) 

Jetquetepeque Valley Pedregal    1050 to 
480† 

Cutright (2014) 

Nasca Pajonal Alto   900† Conlee (2000) 

Jetquetepeque Valley Pedregal  766 ± 34 735 – 660 695 Cutright (2013) 

  
Magdalena de Cao 
viejo  

    450† Williams (2013) 

Colombia 

Guaviare Finca Limoncillos 2541 ± 38 
2750 – 2670 
2655 – 2610 
2600 – 2490 

2620 Kosztura (2020) 

La Miel Los Achiles 565 ± 115 
725 – 425 
395 – 385 
380 – 315 

570 

Morcote and 
Cavelier (1999); 
Morcote-Ríos 
(2006) 

Calima Ordóñez 525 ± 35 
630 – 595 
560 – 540 

540 
Romero-Picón 
(1996); Morcote-
Ríos (2006) 

Venezuel
a 

Barinas La Tigra     
1400 to 

950ᶺ 

Spencer et al. 
(1994); Iriarte and 
Dickau (2012) 

Honduras   Copán     
ca. 1100† 

Turner and 
Miksicek (1984) 

Guatemal
a Department El Petén Aguateca     

ca. 1350† 
Lentz et al. (2013) 
In Cavallaro (2013) 

El 
Salvador   Joya de Cerén     

1300† 
Slotten and Lentz 
(in press) 

Belize 

  
Cuello 2540 ± 70 2760 – 2407 

2390 – 2367 
2596 

Miksicek et al. 
(1991); Hammond 
et al. (1995) 

  
Tolok group, Cahal 
Pech 

2220 ± 150 

2705 – 2629 
2620 – 2555 
2545 – 1870 
1852 – 1841 

2219 Powis et al. (1999) 
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NW Belize Bronco   

1350 to 
1050†  

Hageman and 
Goldstein (2009) 

NW Belize 
Guijarral 

  

1350 to 
1050†  

Hageman and 
Goldstein (2009) 

NW Belize 
Chispas 

    
1350 to 
1050† 

Hageman and 
Goldstein (2009) 

Monserrat   
Trants     

2750 to 
2350† 

Newsom and Wing 
(2004); Fitzpatrick 
(2006) 

St. John     
Trunk Bay     

1150 to 
750† 

Newsom and Wing 
(2004); Wild (2013) 

Vieques   
Lujan I     

950 to 
650† 

Newsom and Wing 
(2004); Kimura et 
al. (2016)  

St. 
Thomas 

  
Tutu 720 ± 120 

910 – 840 
835 – 520 

675 
Pearsall (2002); 
Lundberg (2002) 

Hispaniol
a 

  
En Bas Saline 340 ± 70 

515 – 280 
170 – 150 

395 
Deagan (2004); 
Newsom and Wing 
(2004) 

Mexico 

Ocozocoautla Valley Santa Marta Cave 9850 ± 40 
11,395 – 11,375 
11,335 – 11,195 

11,250 
Acosta et al. (2013, 
2018) 

Tehuacán Valley Purron Cave  730 ± 30  
725 – 645 
585 – 570 

670 
Smith (1967); 
Kaplan and Lynch 
(1999) 

* Dates in the original publication in 2σ. † Data obtained from regional cultural chronology. ᶺ Date range given 
by author for unpublished radiocarbon assays.  
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Abstract 

Psidium guajava L. (guava) is a Neotropical semi-domesticated tree widely cultivated 

because of its fleshy edible fruits. Despite its cultural and economic importance, 

questions about where and when its evolutionary history originated remain unanswered. 

Previous hypotheses suggested that guava originated somewhere in South America or 

in Mesoamerica regions, but little genetic evidence has been published to assess its 

geographical origin and dispersion process. We used three plastid (ndhf-rpl32, petA-

psbj, and ycf4-cemA) and two nuclear (ITS and single-copy gene MeNu39) sequences 

data from 241 accessions covering almost the entire distribution of guava in the 

Neotropics. We employed phylogeographic and demographic approaches to determine 

processes that shaped the guava distribution in the Americas. Our data recovered 24 

(chloroplast), 42 (ITS), and 15 (Single-copy MeNu39) haplotypes and rybotypes. Several 

of the most frequent haplotypes and ribotypes were broadly distributed. However, South 

American and Mesoamerican lineages were recovered. Bayesian Phylogeographic and 

Ecological Clustering (BPEC) analysis also supported these findings. Our results 

indicate that guava could have originated in the Miocene (~13-8 Myr), rapidly diverging 

into two main lineages: the South American lineage, which diversified ~11 - ~8 Myr, and 

the Mesoamerican lineage with a diversification of ~5 - ~1 Myr. Our historical 

demography analyses revealed demographic expansions mainly for the South American 

lineage. This evidence suggests a continuous historical distribution of the species across 

the Americas, with independent evolutionary histories occurring in each region. The 

present sampling of loci did not conclusively resolve the geographic origin of guava. It is 

plausible that the area of origin was obscured by gene flow, a result of fruit movement by 

dispersers, or that it is a widely distributed species. This current study provides the first 

phylogeographical characterization of Psidium guajava in its range distribution and 

provides baseline data for further studies on the evolutionary history of this species.  

 

Keywords: crop evolution, Neotropical crops, origin and diffusion of crops, 

phylogeography 
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1. Introduction  

The evolutionary history of long-lived fruit trees is particularly complex, with their areas 

of origin being especially difficult to disentangle (Kantar et al., 2017). The genetic 

diversity preserved within a species is the result of both historical events and recent 

evolutionary processes. In this context, the genetic configuration of natural populations 

reflects the interplay of several population parameters, such as mating systems, 

effective population sizes, inbreeding, gene exchange, natural selection, and genetic 

drift (Lewontin, 1974; Slatkin, 1987; Wright, 1969), together with biogeographic 

processes of dispersion and vicariance (Avise, 2009; Avise et al., 1987). In addition, 

human activities represent a factor with significant effect on the genetic structure and 

diversity of economically and culturally relevant fruiting plant populations (Casas & 

Blancas, 2023; Clement et al., 2021). Over the last three decades, archaeological, 

genetic, and genomic data have shown the complexity of the evolutionary processes of 

cultivated plants, some of them characterized by multiple independent domestication 

events occurring throughout large or diffuse geographic regions (Kantar et al., 2017). 

Therefore, documenting the evolutionary history of these plants can be even more 

complex task since wild, feral, and cultivated populations may have coexisted and 

interacted in the same region for long time (Arévalo-Marín et al., 2021; Clement & 

Cassino, 2020; Kraft et al., 2014).  

The Neotropical areas of Mesoamerica, the Central Andes, and the South 

American lowlands are home to numerous useful plant species, including some of the 

most important crops in the world and minor crops with regional significance (Clement et 

al., 2021; Meyer et al., 2012). Genetic studies employing different types of molecular 

markers, such as nuclear and plastid sequences and microsatellites, have unraveled the 

evolutionary history of trees like cocoa (Theobroma cacao L.; Zarrillo et al., 2018), the 

peach palm (Bactris gasipaes Kunth; Clement et al., 2017), of papaya (Carica papaya 

L.; Chávez-Pesqueira & Núñez-Farfán, 2016), caimito (Chrysophyllum cainito L.; 

Petersen et al., 2012), chirimoya (Annona cherimola Mill.; Larranaga et al., 2017), and 

jocote (Spondias purpurea L.; Miller & Schaal, 2006). 

Psidium guajava L., the guava, is one of the Neotropical semi-domesticated 

(Arévalo-Marín et al., 2021) minor trees most widely cultivated because of its fleshy 
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fruits (Altendorf, 2018, 2019). It is a hermaphrodite allogamous species (Torres & 

Gutiérrez, 2018) belonging to the Myrtaceae family (Landrum, 2017). The Neotropical 

genus Psidium includes 90 accepted species, but this number could increase to 122, 

according to Proença et al. (2022). Five of these species have been proposed as 

possible wild relatives of guava: P. guineense Sw., P. guyanense Pers., P. nutans O. 

Berg., P. rostratum McVaugh, and P. rutidocarpum Ruiz & Pav. (Landrum, 2021). 

Although the biogeographical history of the species of the genus is unknown, the 

Brazilian biomes of the Atlantic Forest, the Cerrado, and the Caatinga are recognized as 

the center of Psidium diversity, hosting 50 species (Landrum, 2017). 

Currently, P. guajava occurs from Mexico and the Antilles to northwestern 

Argentina (Landrum, 2017). Despite being a genetic resource of great economic and 

cultural importance, its evolutionary history and dispersal throughout the Americas are 

unclear (Arévalo-Marín et al., 2021). Therefore, recognizing the ancestral genetic 

inheritance in guava populations is necessary since, currently, there are no known wild 

populations for the species, and the conservation of its genetic diversity is not 

guaranteed. 

In a recent review, based on natural history and archaeological and historical 

information about guava, we introduced a series of hypotheses considered useful to 

guide research on the evolutionary history of this species (Arévalo-Marín et al., 2021). 

We proposed South America as the geographic area of origin of the species, and 

species of the megafauna as the main dispersers towards other suitable ecosystems of 

South America and a subsequent dispersion towards Mesoamerica by humans (Arévalo-

Marín et al., 2021). Through this study, we provide an overview of the evolutionary 

context of P. guajava in the Americas, looking for testing the South American origin and 

the dispersion of guava from South to North. We hypothesized that (1) If South America 

were the origin region of guava, we would find there the highest genetic diversity and the 

highest number of unique genetic variants, despite the current wide distribution of 

guava, (2) we expected that Mesoamerica would harbor South American lineages and 

could have unique genetic variants derived from South American lineages. But in 

addition, we considered possible to expect (3) deepest/oldest phylogenetic divergence 

events driven by biogeographic processes through evolutionary time. This study aim: 1) 
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provide detailed insights about the phylogeographical diversity pattern of guava in the 

Americas, 2) identify possible genetic divergence between guava samples from South 

America and Mesoamerica regions, 3) elucidate the phylogenetic relationships among 

guava lineages, and 4) recognize biogeographic and/or anthropogenic, and 

demographic processes that could explain the current guava distribution. 

Using nuclear (nDNA) and plastid (cpDNA) genetic markers and covering the 

almost entire range of guava distribution, we analyzed genealogical relationships, the 

genetic diversity and structure, divergence times, and demographic history. Ultimately, 

we seek to elucidate the evolutionary history and a likely area of origin of this important 

tree species. 

  

2. Materials and Methods 

2.1 Sampling and study areas 

We studied samples of 243 guava trees. Leaf tissue samples were obtained from 84 

individuals in the guava Germplasm banks of the Instituto Nacional de Investigaciones 

Forestales, Agrícolas y Pecuarias (INIFAP) in Aguas Calientes, Mexico; 22 from the 

Tropical Agricultural Research and Higher Education Center (CATIE) in Turrialba, Costa 

Rica; and 34 from the Corporación Colombiana de Investigación Agropecuaria 

(Agrosavia) in Palmira, Colombia. Colombian and Mexican germplasm collections 

included guava landraces and modern breeding lines from each country. Mexican, Costa 

Rican, and Colombian germplasm banks also provided some accessions from Puerto 

Rico, Colombia, and Venezuela; Guatemala, Honduras, El Salvador, and Cuba, 

respectively (Table S1). Another set of 103 South American accessions from Venezuela, 

Peru (one population from the Andean region and three populations from the 

Amazonas), and Brazil (western Amazon) (Table S1). 

 

2.2 DNA extraction and sequencing 

Total DNA was isolated using a modified CTAB protocol (Doyle & Doyle, 1987). We 

chose three plastid intergenic spacers: ndhf-rpl32, petA-psbj, and ycf4-cemA 

considering Shaw et al. (2014). Guava oligos were designed for this study using the 

Primer 3 software (Table S2). Additionally, two bi-parentally inherited nuclear regions 
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(hereafter nDNA) were used, the nuclear ribosomal internal transcribed spacer (ITS), 

and a single copy nuclear gene (MeNu39) developed for the genus Metrosideros (Pillon 

et al., 2014). Sequences of P. guineense, P. cattleyanum, and P. friedrichsthalianum, 

used as outgroups, were generated in this study. Other species of Psidium also used as 

an outgroup for the ITS dating analysis were obtained from (Vasconcelos et al., 2017). 

We performed amplification by polymerase chain reaction (PCR) in an 11 μL final 

reaction volume using 3 μL Platinum Multiplex PCR Master Mix (Applied Biosystems, 

Foster City, CA, USA), 6 μL PCR grade H2O, 1.0 μL DNA template (50 ng/μL), and 1.0 

μL G/C enhancer volume to assure amplification success. PCRs were carried out in 

MultiGene OptiMax (Labnet International, Inc., Edison, NJ, USA) or a 2700 thermal 

cycler (Applied Biosystems, Foster City, CA, USA). For ycf4-cemA, ndhf-rpl32, and 

petA-psbj, we used a primer annealing temperature at 62°C for 1 min, while we used 

60ºC for ITS and MeNu39. Additional cycling conditions were implemented following 

manufacturer directions. We sequenced amplicons with a forward primer at Macrogen 

USA Maryland headquarters (https://lims.psomagen.com). Plastid and nuclear 

sequences were trimmed and aligned using the Geneious Prime v. 2019.2 software. 

Because the chloroplast is typically inherited uniparentally without recombination in 

angiosperms, the three plastid regions (ndhf-rpl32, petA-psbj, and ycf4-cemA) were 

combined for the following analyses. We coded indels as single binary characters using 

the simple indel coding method (Simmons & Ochoterena, 2000). All Sanger sequences 

showed polymorphism. 

 

2.3 Haplotype Relationships  

We obtained chloroplast and nuclear haplotypes using DnaSP v. 5.10.01 (Rozas & 

Rozas, 1999). In the case of nuclear sequences containing ambiguities, haplotypes were 

reconstructed using the coalescent-based Bayesian method PHASE v2.1 (Stephens et 

al., 2001; Stephens & Scheet, 2005). We estimated the genealogical relationships 

among haplotypes and ribotypes for each dataset using the TCS Network distance 

method implemented in PopArt 1.7 software (Leigh & Bryant, 2015), and geographical 

distributions of haplotypes were mapped using QGIS v. 3.20 Odense (QGIS.org, 2021). 
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We resolved ambiguous connections (loops) in networks of haplotypes using the 

frequency and topological criteria (Crandall & Templeton, 1993). 

 

2.4 Bayesian Phylogeographic and Ecological Clustering (BPEC)  

We used the Bayesian phylogeographic and ecological clustering (BPEC), implemented 

in the R package ‘BPEC’ (Manolopoulou et al., 2020) to determine geographical 

population clusters for P. guajava. The method explores different haplotype trees and 

migration events and provides an entire posterior distribution over phylogeographic 

clustering through the Markov chain Monte Carlo (MCMC) sampler. Additionally, under a 

coalescent-based migration-mutation model, BPEC accounts for haplotype connection 

ambiguities caused by loops, identifies missing haplotypes, and estimates posterior 

probabilities (Manolopoulou et al., 2020). This analysis assumes that population 

substructure is the result of migration events into new sites, which can be explained by 

geographical and ecological restrictions to gene flow (Manolopoulou et al., 2020). The 

clustering and migration model do not explicitly consider the geographical distance 

between clusters. It only separates observations in distinct geographical clusters. 

Therefore, it is possible for migration to result in two distant clusters (Manolopoulou et 

al., 2020). We conducted the BPEC analysis on a two-dimensional dataset (longitude, 

latitude) for all cpDNA and nDNA haplotypes. Since BPEC was designed primarily for 

non-recombinant DNA sequences, we assumed non-recombination for nuclear markers. 

For concatenated cpDNA, we set the maximum number of migrations in 3, (Max-Mig = 

3) and the parsimony relaxation parameter in 4 (ds = 4). For ITS and the single-copy 

gene MeNu39 the settings were Max-Mig = 3 and ds = 2. We ran two MCMS chains for 

5 x 107, 1 x 107, and 2 x 105 iterations for cpDNA ITS and MeNu 39, with parameters 

sampled every 1000 steps. 

 

2.5 Molecular diversity and genetic structure 

For concatenated plastid (cpDNA) and two nuclear markers (nDNA), we calculated 

standard diversity indices in the "pegas" and "ape" R package (Paradis, 2010; Paradis et 

al., 2004), including gene diversity (h), and nucleotide diversity (π), and considering the 

genetic groups found in BPEC analysis. To assess the level of geographic structure 



72 
 

among regions: South America (Brazilian and Peruvian Amazon [AMA-BR and AMA-

PER], Peruvian Andes [PER-AND], and northern South America [NSA] areas), 

Mesoamerica (Mexico and Central America), and the Antilles, we carried out analyses of 

molecular variance (AMOVA; Excoffier et al., 1992), using Arlequin 3.1.1 (Excoffier et 

al., 2005). We conducted the AMOVA using 10,000 permutations and ΦST (pairwise 

differences) to determine genetic differentiation within and among regions. 

 

2.6 Divergence time estimates 

We reconstructed phylogenetic relationships among haplotypes and ribotypes using 

Bayesian inference (BI) with BEAST v2.6.7 (Bouckaert et al., 2019). We used the 

nucleotide substitution models HKY for cpDNA and MeNu39 dataset, and TrNef + G for 

ITS under the Bayesian Information Criteria (BIC) suggested by jModelTest v.2.2.10 

(Darriba & Posada, 2012; Guindon & Gascuel, 2003). We ran independent analyses two 

times for 1 x 107 generations each time for all markers, sampling parameters every 1000 

steps.  

Based on time estimation for the Psidium group previously elucidated using pollen 

fossils (Vasconcelos et al., 2017), we used the timing of Psidium group diversification as 

a calibration point in our dating analyses. The Psidium group dating 25.62 Myr (95%CI: 

24.14-31.07 Myr; Vasconcelos et al., 2017) was used to calibrate the root of our tree, 

using a normal distribution prior. We used an uncorrelated lognormal relaxed clock to 

allow for rate variation among lineages and the Yule model as a prior for branching 

rates. We used Tracer v1.7.2 (Rambaut et al., 2018) to verify high effective sample sizes 

(ESS > 200) of each parameter; log and tree files were combined using LogCombiner 

and summarized as a maximum clade credibility tree using TreeAnnotator (Bouckaert et 

al., 2019) with a burn-in of 25%. We visualized the topologies using FigTree v1.4.4 

(http://tree.bio.ed.ac.uk/software/figtree/). 

 

2.7 Demographic History 

We conducted demographic analyses based on the phylogenetic results. We estimated 

changes in population size over time in the main lineages identified (South America and 

Mesoamerica lineages) using Bayesian Skyline Plots analysis (BSPs; Drummond et al., 
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2005) in BEAST v.2.6.7. We performed the BSPs in the piecewise-constant coalescent 

Bayesian skyline tree prior to 5 starting groups. Two MCMCs starting with a random tree 

were run for 4 and 1 x 107 generations with parameters sampled every 4000 and 1000 

steps for cpDNA lineages A and B, respectively. For ITS and MeNu39 markers, we used 

3 and 5 x 107 generations, sampling every 3000 and 5000 steps, respectively. The 

priors for these analyses were the same as those used in the BI haplotype tree 

reconstruction, as previously described.  

 

3. Results 

 

3.1 Phylogeographic patterns  

We identified 24 haplotypes for the cpDNA-concatenated data (Figure 1a-b, Table S1). 

Network haplotypes revealed three common haplotypes, H1, H3, and H15 (Figure 1b). 

Haplotype H1 was the most frequent, occurring in all sampled countries (108 samples, 

48.8% of individuals; Figure 1a). Haplotype H15, the second most frequent (37 samples, 

16.7% of individuals), was located exclusively in the South America region, specifically 

in northern South America (NSA), the Peruvian Andes (PER-AND), and the Amazon 

(BR-AMA and PER-AMA) (Figure 1a-b). Given its high number of connections and 

abundance, H1 haplotype is probably the most ancestral haplotype in our network. 

Haplotype 3 was found in both Mesoamerica (9 individuals) and South America (15 

individuals; NSA + BR-AMA and PER-AMA) and was the third most frequent haplotype, 

being present in 10% of our samples (Fig. 1a-b). Haplotypes H9 and H11 were found in 

Mesoamerica and South America, although in low frequency (1.8% and 0.9%, 

respectively; Figure 1a-b). We recovered six private haplotypes from Mesoamerican 

samples (H2, H4, H5, H6, H8, and H10; Figure 1b). Thirteen private South American 

haplotypes of low frequency were also recovered: H7, H12, H15, and H20–22 from the 

Amazon, H13–H14, and H18–H19 from NSA, and H23–H24 from the PER-AND (Figure 

1a-b), and a unique haplotype from the Antilles (H17, Figure 1b). The most polymorphic 

localities were identified in South America (Loreto in the PER-AMA and Huánuco in the 

PER-AND with six and four haplotypes, respectively (Table S1). 
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Figure 1. (a) Geographic distribution of 24 haplotypes of guava depicted in the network (H1-

H24). (b) Haplotype network based on combined cpDNA haplotypes. The small black rhombus 

represents missing haplotypes. The size of each circle is proportional to the number of samples 

(n) harboring a certain haplotype, with the smallest circles representing n=1 and the largest 

representing n=108. 

 

The ITS-aligned data set for 227 samples of P. guajava (454 phases) yielded 44 

ribotypes (Figure 2a-b). R1 was found in 64 (105 phases) of the 227 samples, being the 

most frequent and widespread ribotype (Figure 2a). We also found that ribotypes R2, 

R5, and R8 were at high frequencies (Figure 2a-b). R2 ribotype, with 88 phases (53 

individuals), is present mainly in the Mesoamerican region and includes two samples 

from NSA (Figure 2a-b). The ribotype R5 (83 phases) is present mainly in the Amazon, 

along with some samples of NSA and Mesoamerica. R8 ribotype (73 phases) is present 

in the BR-AMA, PER-AMA, PER-AND, NSA, and some samples from Mesoamerica 

(Table S1; Figure 2a-b). Other ribotypes occurring in the two regions were R7, R10, 

R12, R16, R18, and R20. We recovered 12 private ribotypes from Mesoamerica and 

none from the Antilles. We found 22 private ribotypes from South America: ten from NSA 

(H23-H25, H27, H29, and H30-34), ten from the BR-AMA and PER-AMA (H35-H44), 

and two shared for both areas (H26 and H28; Figure 2b, Table S1). 
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Figure 2. (a) Geographic distribution of 44 ribotypes of guava depicted in the network (R1-R44). 

(b) Haplotype network based on ITS ribotypes. The small black circles represent missing 

ribotypes. The size of each circle is proportional to the number of samples (n) harboring a 

certain ribotype, with the smallest circles representing n = 1 and the largest representing n = 

105. 

 

For the single-copy nuclear marker MeNu39, we reconstructed 15 haplotypes 

(denominated here with the letter M; Figure 3a-b; Table S1). Haplotype M1 was shared 

between Mesoamerica and South America (Figure 3a-b) and was the most frequent 

haplotype found in 90% of samples, being harbored in almost all provenances except El 

Salvador (Figure 3a). Haplotypes M2–M4 and M7–M9 were private to Mesoamerica 

(Figure 3b), M5–M6 (from Brazilian germplasm collection), M10–M11 (from NSA), and 

M12 and M15 (from the PER-AND) were the unique from South America (Figure 3b). 

The locality of Huánuco in the Peruvian Andes was the highest polymorphic site, with 

five private haplotypes (Figure 3a). 
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Figure 3. (a) Geographic distribution of 15 haplotypes of guava depicted in the network (M1-

M15). (b) Haplotype network based on single-copy nuclear gene MeNu39 haplotypes. The small 

black circles represent missing haplotypes. The size of each circle is approximately proportional 

to the number of samples (n) harboring a certain haplotype, with the smallest circles 

representing n = 1 and the largest representing n = 429. 

 

3.2 Spatial Structure – BPEC 

Based on cpDNA, the BPEC parsimony network identified 30 haplotypes: the 24 

haplotypes detected in this study and previously mentioned (Figure 1), and six missed 

additional haplotypes (Figure 4a). The haplotype groupings in the parsimony tree (Figure 

4a) correspond to the main lineages detected by BEAST (Figure 4a) and the two main 

subclades within lineage A and the unique divergent clade within lineage B. BPEC 

clustering assigned haplotypes to one of two phylogeographic clusters with high 

posterior probabilities (PP = 0.81 – 0.99), except the common H1 haplotype, which was 

divided between Clusters 1 and 3 (PP = 0.52 and 0.47, respectively). Cluster 1 (Figure 

4a) encloses 13 private haplotypes from South America, samples of H1 haplotypes, the 

haplotype from Antilles, and two private haplotypes from Mesoamerica (H6 and H8). The 

South American haplotypes H15, H23, and H24 had low posterior assignment 
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probabilities for the Cluster 2 (PP = 0.07 and 0.16, respectively; Figure 4a). However, 

given the higher posterior probabilities of these three haplotypes belonging to Cluster 1 

(PP = 0.92 and 0.82, respectively, Figure 4a). Clusters 1 and 2 were considered a single 

group called the South American cluster since 86% of samples were from this region. 

Cluster 3 includes the remaining private Mesoamerican haplotypes (H2, H4, H5, H10) 

and some samples from H1, henceforth the Mesoamerican cluster. The estimated 

number of migration events was two (PP = 0.82). 

BPEC analysis showed a strong association between genetic groups and 

geographic areas for nuclear markers. For the ITS, the BPEC analysis identified the 44 

ribotypes shown in Figure 2 and 10 undetected ribotypes (Figure 4b). Most ribotypes 

showed PP > 0.86, belonging to one of the three main clusters retrieved. We discarded 

an additional cluster that had very low assignment probabilities. Cluster 1 includes 22 

South American private ribotypes, six shared ribotypes (R1, R5, R7, R10, R12, R16 and 

R20) and Mesoamerican exclusive R4 and R6 (Figure 4b). The R8 ribotype, which 

brings together mainly South American individuals, was assigned to Cluster 2. However, 

because its posterior density largely overlaps with Cluster 1, we consider Cluster 1 and 

2 a single genetic cluster, henceforth the South American cluster (90% of samples from 

South America). Cluster 3 is predominantly Mesoamerican (Figure 4b), including shared 

ribotypes R2 and R18. This analysis also identified two probable migration events (PP = 

1). 

Regarding single-copy gene MeNu39, BPEC found 16 haplotypes, of which only 

one was undetected. The common and shared haplotype M1, which includes 90% of 

samples, showed membership divided among Clusters 1 and 3 with PP = 0.44, and 

0.55, respectively (Figure 4c). BPEC assigned six (M10 - M15) of the eight private South 

American haplotypes to Cluster 1 with PP = 1 (Figure 4c), and the other two haplotypes 

(M5 and M6; PP = 1) were nested in Cluster 2 (Figure 4c). All private haplotypes from 

Mesoamerica, with PP = 1, were assigned to Cluster 3 (Figure 4c). The three clusters 

will be called from now on as: South American-1 (Cluster 1), South American-2 (Cluster 

2) and Mesoamerican cluster (Cluster 3). The number of migrations estimated with this 

marker was two (PP = 1). 
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There were no loops that led to ambiguous connections between haplotypes and 

ribotypes for no markers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Clustering maps of populations based on (a) cpDNA combined, (b) ITS, and (c) single-

copy MeNu39 sequences from a Bayesian phylogeographic clustering analysis as implemented 

in BPEC. The identified clusters are shown in different colors, and their spatial coverage is 

drawn with a transparent ellipse representing the 50% highest posterior density in each run, 
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whereas the solid lines represent posterior means. Each map is accompanied by the 

corresponding haplotype network showing the coalescent relationships among haplotypes and K 

= 2 or K=3 clusters. The haplotype number ID is the same as in Figure 1B, 2b, and 3b. The color 

of each haplotype denotes its most likely cluster membership to the three different lineages, and 

the green, orange, and blue color on the edges of each circle represents if they are private 

haplotypes for Mesoamerica, the Antilles, or South America, respectively. 

 

3.3 Molecular diversity patterns  

Of the 243 samples of guavas collected, we compiled sequence data for 221 individuals 

for plastid ndhf-rpl32 (701 bp), petA-psbj (856 bp), and ycf4-cemA (744 bp) spacers, 227 

individuals for ITS, and 236 for MeNu39. The combined plastid matrix comprised 2301 

bp with 34 polymorphic sites and 10 parsimony informative sites. The aligned sequences 

of ITS and MeNu39 were 770 and 452 bp long, with 22 and 14 polymorphic sites and 19 

and 9 parsimony informative sites, respectively.  

Both cpDNA and ITS markers had higher haplotype diversity in the South 

America cluster compared with the Mesoamerican cluster (Table 1). However, 

nucleotide diversity was low in all groups analyzed. Contrary to the cpDNA and ITS, the 

single-copy gene MeNu39 showed higher haplotype diversity values for Mesoamerican 

compared to South American-1 cluster. The AMOVA analyses showed highly significant 

genetic structure among regions for all markers (Table S3). Within regions, there was 

also significant structure among populations.  

 

Table 1. Estimate of genetic variability of cpDNA, ITS, and MeNu 39 markers for P. 
guajava 

Genetic clusters N NH S h π 

cp 

South American 141 20 26 0.780 ± 0.0004 0.00130 ± 5.7e-07 

Mesoamerican 80 5 11 0.434 ± 0.0039 0.00071 ± 2.1e-07 

ITS 

South American 340 33 21 0.806 ± 0.00015 0.00586 ± 1.0e-05 

Mesoamerican 122 14 9 0.496 ± 0.00304 0.00161± 1.2e-06 

MeNu39 

South American-1 266 7 7 0.059 ± 0.00041 0.00018 ± 1.4e-07 

South American-2 2 2 1 1.000 ± 0.125 0.00210 ± 8.8e-06 

Mesoamerican 196 7 5 0.289 ± 0.00145 0.00228 ± 2.7e-06 
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N = number of samples sequenced, NH = number of unique haplotypes, S = number of 
segregating sites, h = haplotype diversity, π = nucleotide diversity, D = Tajima’s D, F = Fu’s F). 
Bold numbers indicate summary values. 

 

3.4 Divergence time estimation 

Based on cpDNA data, the most recent common ancestor (MRCA) of P. guajava 

lineages was dated 12.22 Mya (95% highest posterior density [HPD] = 5.57 – 21.79 

Mya, Figure 5). Two main lineages, A and B (Figure 5a) were retrieved within P. guajava 

and showed, agreement with the genetic groups primarily found in the BPEC analysis. 

The lineage A, dating back to 10.06 Mya (HPD: 4.07 – 19.72 Mya), splits into two 

subclades. The first subclade (A1) dates from 7.03 Mya (HPD: 2.17 – 15.04 Mya), and 

the second subclade (A2) is about 8.28 Mya, although it presents a low support value 

(Figure 5a-b). The lineage B, dating back to 5.57 Mya (HPD: 0.5 – 14.04 Mya), is a 

Mesoamerican lineage (Figure 5a-b). 
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Figure 5. (a) Chronogram of Psidium guajava haplotypes and other Psidium species based on 

the maximum credibility tree from the Bayesian dating analysis using the ndhf-rpl32/petA-

psbj/ycf4-cemA combined dataset. The numbers above the branches are time scale (Mya with 

95% HPD intervals in square brackets). Ages in geological time are shown at the base of the 

tree. (b) The haplotype networks. Color coding in a and b indicates the assignment of each 

ribotype to a genetic group related with the figure 4a. 

 

Figure 6. (a) Chronogram of Psidium guajava haplotypes and other Psidium based on the 

maximum credibility tree from the Bayesian dating analysis using the ITS-aligned. The numbers 

above the branches are time scale (Mya with 95% HPD intervals in square brackets). Ages in 
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geological time are shown at the base of the tree. (b) The ribotype network. Color coding in a 

and b indicates the assignment of each ribotype to a genetic group related with the figure 4b. 

 

The phylogenetic tree using the ITS dataset suggests a guava age between 11 

(95% HPD = 6.44 – 16,71 Mya) and 7.05 Mya (95% HPD = 3.96 – 10,79 Mya; Figure 

6a), followed by rapid diversification. Two main lineages were recovered, nesting most 

of the retrieved ribotypes. The low-supported lineages A and B, with median ages of 

diversification around 5.63 and 4.96 Mya, respectively (Figure 6a-b). Lineage A is 

formed by two main sub-clades. In the subclade A1, we find ribotypes mainly from the 

genetic group South American. Subclade A2 presents two main nodes. Node A2.1 is a 

predominantly Mesoamerican clade. Meanwhile, subclade A2.2 shows a Mesoamerican 

clade as the sister group of the South American subclade (Figure 5a-b). Lineage B is 

represented by haplotypes belonging to the South American cluster (Figure 6a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. (a) Chronogram of Psidium guajava haplotypes and other Psidium based on the 

maximum credibility tree from the Bayesian dating analysis using the single-copy nuclear gene 
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MeNu39 haplotypes dataset. The numbers above the branches are time scale (Mya with 95% 

HPD intervals in square brackets). (b) The haplotype networks. Color coding in a and b indicates 

the assignment of each ribotype to a genetic group related with the figure 4c. 

 

Based on the haplotypes of the MeNu39 marker, guava has an average age of 

13.94 Mya (95% HPD: 7.19 – 23.58 Mya: Figure 7a) and a later diversification into two 

lineages (A and B). Lineage A diversified around 10 Mya into two clades. Clade A1 

contains the widely distributed haplotype M1, the South American genetic groups, and 

Mesoamerican tip M8 as its sister lineage (Figure 7a-b). Lineage B diversified more 

recently, around 4.27 Mya, and contains the most haplotypes belonging to 

Mesoamerican genetic group (Figure 7a-b). However, due to their low statistical support, 

the diversification dates of the two lineages shown by this marker should be taken with 

caution.  

The phylogenetic analyzes of guava showed polyphyletic relationships for all markers 

since there is no concordance between the clades and the recovered genetic groups. 

 

3.5 Demography 

Lineage A showed an increase in effective population size (Ne) dating back to ~0.4 – 0.2 

and ~0.1 Myr for cpDNA and ITS, respectively (Figure 8a-b). In contrast, the BSP 

analysis showed population stability for lineage B for the same markers (Figure 8a-b). 

The single-copy MeNu 39 gene suggests a slight expansion over the last ~1.2 Myr years 

ago for Lineage A and B (Figure 8c). However, the confidence interval indicates that this 

result should be taken with caution. 
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Figure 8. Bayesian skyline plot analysis for the effective population size over time for South 

American accessions (a) cpDNA, (b) ITS, (c) single-copy gene MeNu39 for Mesoamerican and 

South American region. 
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Discussion 

Testing hypotheses about the centers of origin of Neotropical fruits has been a complex 

task because economically and culturally important perennials have been broadly 

dispersed by humans (Clement et al., 2021; Meyer et al., 2012; van Zonneveld et al., 

2018), and their cultivated populations consist of individuals derived from multiple 

geographic areas (Meyer & Purugganan, 2013). Nevertheless, the impact of geological 

and paleo-climate events on the distribution and geographical structure of these species 

is poorly understood. Our study provides a comprehensive analysis of the origin and 

possible processes that determined the current distribution of genetic diversity of guava, 

using a dataset comprising its almost entire distribution range. 

 

Phylogeographycal patterns 

According to network analyses, the most frequent guava haplotypes and ribotypes are 

broadly distributed on the continent. However, the gene genealogies of the three 

markers recovered specific relationships among guava haplotypes and ribotypes from 

Mesoamerica and South America, agreeing with the genetic clusters found in Bayesian 

phylogeographic clustering analyses (BPEC). Within population genetics, BPEC finds 

substructure only in South America with the single copy nuclear marker, which 

separates the private Amazonian M5 and M6 haplotypes from the rest of the South 

American haplotypes. Shared haplotypes and ribotypes between regions would suggest 

historical or recent gene flow between Mesoamerica, South America, and the Antilles. 

Therefore, the genetic clusters show some degree of overlapping between geographic 

distributions. This pattern also has been reported to Palicourea padifolia (Gutiérrez-

Rodríguez et al., 2011), and Capsicum annum (Aguilar-Melendez et al., 2009). 

Therefore, these results suggest an early continuous historical distribution of the guava 

across the American continent, with two independent evolutionary histories 

occurring/mainly associated to in Meso- and South America. On the other hand, South 

American populations, particularly the Andes and Amazonia, bore many private 

haplotypes and ribotypes for the chloroplast and nuclear markers, suggesting a long-

term accumulation of variation and, therefore, a possible region of private haplotypes. 
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Historical analyses 

Our phylogenetic analyses placed the most recent common ancestor of P. guajava 

between ~13 and ~7 Myr (cpDNA and nDNA, respectively) during the middle or late 

Miocene, with subsequent intraspecific diversifications (Fig. 4-6). Important 

diversification events during the Miocene have also been reported in other groups of 

plants in the Neotropics such as Chrysobalanaceae, Melastomataceae, Verbenaceae 

(Hughes et al., 2013), and Acanthaceae, Buseraceae, Clusisaceae, and Malvaceae (de 

Queiroz et al., 2017; De‐Nova et al., 2012; Dick et al., 2003). Such diversification could 

have been associated with global climatic and geological changes (Hughes et al., 2013). 

The diversification during the Miocene has been recorded in many clades of the 

Myrteae tribe (to which the genus Psidium belongs) as Eugenia and Myrcia in various 

biomes of South America as Chaco, Cerrado, Caatinga, and the Mata Atlantica. These 

regions are recognized as a center of diversity for various Myrtaceae genera, including 

the Psidium genus (De Souza Neto et al., 2022; Landrum, 2017; Lima et al., 2021). 

Unfortunately, our study does not include guava samples from the southern end of its 

distribution: the Humid Chaco areas in Paraguay and northern Argentina. However, 

since the range of distribution of the species extends to this biome (Arévalo-Marín et al., 

2021; Landrum, 2017), it would be advisable to test the biogeographic hypothesis of the 

origin of guava in the Humid Chaco (Arévalo-Marín et al., 2021).  In addition, all markers 

used in this research revealed dates long before human presence in the Americas for 

the diversification of the main guava lineages (~10 - ~5 Mya; Figures 4-6), agreeing with 

the pattern explained before. Therefore, the hypothesis about the arrival of guava in 

Mesoamerica as result those anthropogenic activities (Arévalo-Marín et al., 2021) is 

rejected. 

Additionally, the presence of single haplotypes from Mesoamerica nested within 

South American associated lineages and the opposite case would corroborate the 

hypothesis of migration and genetic flow between Meso and South America. This 

process would also dilute phylogenetic structure by interleaving haplotypes within 

geographically structured lineages. The estimated dating for diversification of guava 

lineages is also earlier than the formation of the Isthmus of Panama, which occurred 

approximately 3 million years ago (O’Dea et al., 2016). However, according to 
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geophysical, sedimentological, and molecular data demonstrate that the collision of the 

arc with South America in the Miocene generated narrower and shallower interoceanic 

seaways (O’Dea et al., 2016). These changes would have allowed successful dispersals 

of terrestrial animals and plants between the continents over these straits, as it is 

supported by several intercontinental dispersals that happened in the Miocene according 

to fossil records (O’Dea et al., 2016). These are for instance the cases of monkeys, ants, 

and palms, among others (review in O’Dea et al., 2016). Therefore, our data suggest 

that guava could have dispersed before the formation of the Isthmus of Panama. Likely, 

the diffusion and the exchange of genetic information could have been promoted 

through seed dispersal by the megafauna, flying mammals, and birds, affecting the 

pattern of genetic structure in guava. Several studies have shown evidence of plant 

material exchange between Meso and South America long before the union of the two 

continents (Cody et al., 2010; Pennington & Dick, 2004). Species of the genus Cedrela 

(Muellner et al., 2010) and Casearia (de Mestier et al., 2022) as well as species of the 

family Melastomataceae (Michelangeli et al., 2022) are some examples recorded. 

In this line of evidence, the lineage B (Figures 4-6) show an early divergence with 

little diversification, probably associated with small population size. Unfortunately, there 

are not previous biogeographic studies for other congeneric species to compare, being 

this report the first biogeographic reconstruction for a Psidium species. Regarding the 

number of migration events between South America and Mesoamerica, all markers 

revealed both, shared and exclusive independent lineages for Mesoamerica and South 

America. Such pattern indicates more than one dispersal event in different geological 

times; consistently, the BPEC analyses suggest the occurrence of two migration events. 

It is well recognized that the evolution of Neotropical plants is profoundly influenced by 

climate changes and tectonic events and that radiations are often associated with 

significant geological events (Richardson et al., 2001). Several phylogeographic studies 

show that during the Pleistocene, there were long periods of cooling and a rapid 

expansion of polar ice sheets accompanied with climatic fluctuations that included 

warmer periods which influenced the diversification of different groups of plants 

(references in Ornelas et al., 2013; Ramírez‐Barahona & Eguiarte, 2013; J. E. 

Richardson et al., 2001; Turchetto‐Zolet et al., 2013). However, these studies show that 
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not only the Pleistocene climatic fluctuations would have played an important role in the 

divergence and increase in the effective population size of plants, but also the past 

orographic processes that occurred during the Neogene in America (i.e. volcanic and 

tectonic events, mountain uplift, alteration in drainage systems) (Turchetto‐Zolet et al., 

2013). Therefore, we believe that these processes could also have influenced the 

increase in the effective population size of guava lineages according to the adaptive 

radiation model (Stroud & Losos, 2016). 

 

Guava origin 

The present sampling of loci did not conclusively resolve the geographic origin of guava. 

Even main lineages can be associated to Meso and South America, and it is plausible 

that the area of origin was obscured by gene flow, a result of fruit movement by 

dispersers. It is also possible that this result is due to the type of sampling. Our study 

was based mainly on the collection of plant material in germplasm banks, which housed 

both cultivated and feral trees, and feral individuals collected in Brazil, Peru, and 

Venezuela. Although P. guajava is widely distributed in the Americas, it is widely 

cultivated, and there are no precise records of natural populations, although these are 

likely to be found in areas in southern of Paraguay and northern Argentina in the Humid 

Chaco (Arévalo-Marín et al., 2021). Thus, we should continue to expand the sampling 

range in the future and identify and collect as many wild guava samples as possible. 

 

Conclusion 

A sound reconstruction of the origin of a perennial Neotropical tree of wide distribution, 

such as Psidium guajava, is a highly challenging task since it requires extensive 

sampling through the whole area of distribution. Nevertheless, our sample provides the 

first insight to understand the evolutionary history of this species. Bayesian 

phylogeographic clustering analyses recovered two genetic clusters within P. guava 

each one associated with a main geographic area (Mesoamerica or South America). 

However, network analyzes indicated the absence of completely divergent regional 

patterns, and shared haplotypes and ribotypes that would suggest historical gene flow 

and migration events between Mesoamerica, South America, and the Antilles. Moreover, 
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these results also suggest a continuous historical distribution of the species across the 

whole Neotropics, with independent evolutionary histories occurring in each region of the 

Americas. Likewise, ancient guava lineages would demonstrate a pre-human distribution 

in the Americas, while archaeological information available identifies a relatively late use 

of guava by Mesoamerican people. Therefore, the guava distribution was foremost 

shaped mainly by biogeographical processes rather than by anthropogenic factors. 

However, further studies with increased sampling area and molecular markers with 

higher resolution will increase clarify about the evolutionary history of this interesting 

plant species. 
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Table S1. Sampling sites, including country, locality, geographical coordinates of sample collection, geographical region, 

and cultivation status (wild and cultivated) are indicated. The number of collected individuals, successful amplifications, 

and of nuclear and plastid haplotypes and ribotypes are shown. 

 

Source 
(Germplasm 
bank or in 

situ 
collection) 

Country Locality Latitude  Longitude 
Cult. 

Status 
No. 

Samples 

No. 
successful 

amplification* 
cp ITS 

MeNu3
9 

Mesoamerica 

CATIE 
Costa 
Rica 

Cartago 9.890327 -83.6557 Cultivated 12 12 
H1, 
H3, H4 

R1, R2, 
R5, R8, 
R14, R20, 
R22 

M1, 
M8, M9 

CATIE 
El 
Salvador 

La Montañita 13.9400333 -89.7822083 Cultivated 2 2 H1, H4 R2, R11 M1 

CATIE 
Guatemal
a 

Alta Verapaz 15.8281827 -90.1927846 Cultivated 6 5 H1, H9 
R2, R8, 
R20 

M1, M2 

CATIE Honduras Ojojona 13.940869 -87.30106 Cultivated 2 2 H1, H4 
R1, R8, 
R13 

M1, M2 

INIFAP Mexico 
Aguascalient
es 

21.927489 -102.721297 Cultivated 5 5 H1, H5 R2, R10 M1 

INIFAP Mexico Campeche 18.616422 -90.992626 Cultivated 4 4 H1, H2 
R1, R2, 
R14, R22 

M1 

INIFAP Mexico Chiapas 16.767764 -92.639609 Cultivated 5 5 
H1, 
H2, H9 

R1, R2, 
R8, R13, 
R22 

M1, 
M2, M3 

INIFAP Mexico Colima 18.8258333 
-

103.8166666 
Cultivated 5 5 H1, H2 

R1, R2, 
R8, R13 

M1, M2 

INIFAP Mexico 
Estado de 
México 

18,841868 -99,769493 Cultivated 5 5 
H1, 
H2, 
H11 

R2, R5, 
R19, R20 

M1, M2 

INIFAP Mexico Guanajuato 20.0905556 
-

101.4441666 
Cultivated 5 5 

H1, 
H2, 
H6, H8 

R1, R2, 
R9, R10, 
R11 

M1, M2 

INIFAP Mexico Guerrero 18.685636 -99.562506 Cultivated 5 5 H1. H3 
R1, R2, 
R4. R5, 
R12 

M1, M4 
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INIFAP Mexico Jalisco 20.428789 -104.427889 Cultivated 5 5 H1, H3 
R1, R2, 
R5, R12, 
R15 

M1, 
M2, M7 

INIFAP Mexico Michoacán 19.403402 -102.13775 Cultivated 5 5 H1 R1, R2 M1 

INIFAP Mexico Nayarit 21.9508333 -105.160 Cultivated 4 4 H1 
R1, R2, 
R11 

M1 

INIFAP Mexico Puebla 20.193046 -98.046105 Cultivated 3 3 H1, H2 R2 M1, M2 
INIFAP Mexico Querétaro 21.170469 -99.48995 Cultivated 2 2 H4 R2, R3 M1 

INIFAP Mexico 
San Luis 
Potosí 

22.016234  Cultivated 5 5 H1, H4 
R1, R2, 
R3 

M1, M2 

INIFAP Mexico Sinaloa 25.939549 -109.147159 Cultivated 5 5 H1 

R1, R2, 
R5, R6, 
R7, R12, 
R21 

M1 

INIFAP Mexico Sonora 27.030591 -109.487185 Cultivated 5 3 H1 R2 M1 

INIFAP Mexico Tabasco 17.986888 -92.895879 Cultivated 4 4 
H1, 
H2, 
H10 

R1, R2, 
R7 

M1 

INIFAP Mexico Zacatecas 21.733601 -103.007573 Cultivated 5 5 H1, H5 
R1, R2, 
R8, R16, 
R17, R18 

M1 

South America 
INIFAP Bolivia Santa Cruz -16.7261 -64.435 Cultivated 1 1 H1 R1 M1 

INIFAP Brazil 
São Paulo 
(Jaboticaba) 

-21.2347222 -48.2858333 Cultivated 5 5 
H1, 
H7, 

R1, R5 
M1, 
M5, M6 

AGROSAVIA Brazil 
São Paulo 
(Piracicaba) 

-22.7252808 -47.6491699 Cultivated 2 2 H3 R5 M1 

Collected Brazil 
Amazonas 
(Manaus) 

-3.095222 -59.995023 
Feral/Culti
vated 

10 9 
H1, 
H3, 
H16 

R1, R5, 
R43, R44 

M1 

Collected Brazil 
Amazonas 
(Manicoré) 

-
5.329275979 

-
60.42794396 

Cultivated 24 21 
H1, 
H3, 
H16 

R1, R5, 
R10, R26, 
R28, R41, 
R42 

M1 

Collected Brazil 
Amazonas 
(Maraã) 

-2.48529397 
-

64.74743597 
Cultivated 9 9 

H1, 
H15 

R1, R5, 
R10, R36 

M1 

AGROSAVIA Colombia Atlántico 10.804112 -74.921853 Cultivated 6 6 H15 R1, R29 
M1, 
M10, 
M11 

AGROSAVIA Colombia Boyacá 5.030505 -73.2082752 Cultivated 3 3 H1, H3 - M1 
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AGROSAVIA Colombia Caldas 5.0455556 
-

75.51527778 
Cultivated 1 1 H3 R5 M1 

AGROSAVIA Colombia Cauca 3.220608 -76.415466 Cultivated 2 2 
H1, 
H18 

R2, R8, 
R16 

M1 

AGROSAVIA Colombia 
Cundinamarc
a 

4.90933 -73.9408 Cultivated 1 1 H1 R2 M1 

AGROSAVIA Colombia Risaralda 4.8891694 -75.8707416 Cultivated 1 1 H1 R32, R33 M1 

AGROSAVIA Colombia 
Valle del 
Cauca 

3.537971 -76.327617 Cultivated 14 13 
H1, 
H15, 
H19 

R1, R2, 
R8, R25, 
R31, R34 

M1 

Collected Peru 
Loreto 
(Barrio 
Florido1) 

-3.590701 -73.157125 Feral 12 12 

H1, 
H3, 
H16, 
H20, 
H21 

R1, R5, 
H7, R8, 
R12, R16, 
R35, R36, 
R37 

M1 

Collected Peru 
Loreto 
(Barrio 
Florido2) 

-3.603265 -73.132726 Feral 8 8 
H1, 
H16, 
H22, 

R1, R5, 
R7, R8, 
R16, R26, 
R38, R39 

M1 

Collected Peru Huánuco -10.0805556 -76.2222222 Cultivated 20 20 

H11, 
H15, 
H23, 
H24 

R1, R8, 
R16, R18, 
R40 

M1, 
M12, 
M13, 
M14, 
M15 

AGROSAVIA Surinam Paramaribo 5.852051 -55.203828 Cultivated 1 1 H1 R23, R30 M1 

Collected 
Venezuel
a 

Amazonas 5.5072222 -67.6138888 Feral 3 3 H16 
R5, R23, 
R28, 

M1 

Collected 
Venezuel
a 

Apure 7.1466667 -70.0233333 Feral 2 2 H1 
R5, R20, 
R23 

M1 

Collected 
Venezuel
a 

Bolívar 7.5005556 -64.5899999 Feral 2 2 H1 R23, R24 M1 

Collected 
Venezuel
a 

Guárico 9.390777 -66.580161 Feral 3 3 
H1, 
H14, 
H15 

R5, R26, 
R27 

M1 

Collected 
Venezuel
a 

Lara-Falcón 10.62 -69.4136111 Feral 1 1 H1 R1 M1 

Collected 
Venezuel
a 

Mérida 8.569174 -71.176143 Cultivated 1 1 H1 R1 M1 

Collected 
Venezuel
a 

Miranda 10.409827 -66.771195 Cultivated 1 1 H9 - M1 
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Collected 
Venezuel
a 

Monagas 8.4825 
-

62.68555556 
Feral 3 3 

H13, 
H14 

R23 M1 

Collected 
Venezuel
a 

Monagas 
(Sucre) 

9.5530556 -63.1755555 Feral 1 1 H3 R5, R25 M1 

Collected 
Venezuel
a 

Táchira 8.5911111 -71.7605555 Feral 1 1 H9 R8 M1 

Collected 
Venezuel
a 

Zúlia 10.787401 -71.709799 Feral 1 1 H15 R8 M1 

The Antilles 
INIFAP Cuba Pinar del Río 22.970207 -82.385867 Cultivated 1 1 H1 R20 M1 

AGROSAVIA 
Puerto 
Rico 

San Juan 18.38925 -66.05525 Cultivated 4 4 
R1, 
R17 

R1, R2, 
R16, R20 

M1 

Total samples 243 235    

*number of samples with successful amplification for at least one marker 
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Table S2. Plastidial sequences developed for P. guajava 
 

Primer Sequences 

ycf4-cemA_F TCTTGCGCGTACCGATTGAA 

ycf4-cemA_R TGAACCCACCTCATTTGTTGA 

ndhf-rpl32_F TCTTTCTAATTCACCGGCTCTT 

ndhf-rpl32_R ATCTCTGTCTATTTTCGTCGTGC 

petA-psbj_F CGTGTCCAAGGCCTTTTGTT 

petA-psbj_R TGGTTCATACTCCGGGTTGG 

 
 
 

Table S3. Results of independent hierarchical analysis of molecular variance (AMOVA) 

based on cpDNA, ITS, and MeNu39 sequences for P. guajava populations from 

Mesoamerica, the Antilles, and South America.  

 df 
Sum of 

Squares 
Estimated 
variance 

% Fixation indices 

 cpDNA     

No groups defined      

Among populations 12 53.251 0.2184 15.6 FST = 0.15*** 

Within populations 208 245.894 1.1821 84.4  

Total 220 299.145 1.4006   

Three groups      

Between groups 2 26.672 0.1631 11.17 FCT = 0.11 

Among pop. Within groups 10 26.579 0.1154 7.9 FSC = 0.08** 

Within populations 208 245.894 1.1821 80.93 FST = 0.19*** 

Total 220 299.145 1.1821   

 ITS 

No groups defined      

Among populations 12 227.371 0.5668 24.03 FST = 0.24*** 

Within populations 441 790.134 1.7916 75.97  

Total 453 1017.504 2.3585   

Three groups      

Between groups 2 74.899 0.0591 2.49 FCT = 0.02 

Among pop. Within groups 10 152.472 0.5289 22.23 FSC = 0.22*** 

Within populations 441 790.134 1.7916 75.29 FST = 0.24*** 

Total 453 1017.504 2.3797   

 MeNu39 

No groups defined      

Among populations 12 25.179 0.0586 20.03 FST = 0.20*** 

Within populations 459 107.467 0.2341 79.97  

Total 471 132.646 0.2927   

Three groups      

Between groups 2 12.139 0.0308 10.14 FCT = 0.10** 

Among pop. Within groups 10 13.04 0.0392 12.91 FSC = 0.14*** 
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Within populations 459 107.467 0.2341 76.95 FST = 0.23*** 

Total 471 132.646 0.3042   

**P < 0.05; ***P < 0.0001 
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GENETIC DIFFERENTIATION OF GUAVA ACROSS THE AMERICAS 
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Abstract 

Guava (Psidium guajava L.) is a Neotropical semi-domesticated fruit species of medium 

importance in the Americas and especially adapted to anthropized areas. Its main 

importance is the fresh consumption of the fruit and the elaboration of different products. 

It is source of micronutrient and medicinal benefits. To characterize the genetic structure 

of guava in almost its entire geographical distribution, we studied 215 individuals from 11 

countries in Mesoamerican, Andean, and Amazonian regions by using 25 nuclear micro-

satellite loci developed for P. guajava. Analyses of genetic provided evidence that 

Amazon guavas from Brazil and Peru, and the Peruvian Andes formed specific clusters. 

In contrast, guava samples from Colombia and Venezuela overlap with those from the 

Antilles. Similarly, we defined a Central American cluster and a Mexican cluster. These 

differentiation patterns were consistent in all tests used. We observed intermediate 

levels of genetic differentiation (FST=0.2079). The pairwise FST values suggested 

moderate to high genetic differentiation between guava populations, with the Peruvian 

Andes (PER-AND), the Peruvian Amazon (PER-AM), and the Brazilian Amazon (BRA-

AM) showing greater degree of differentiation when compared with the rest of the 

samples. We found excess of homozygosity within populations (HE = 0.78 > Ho = 0.30), 

which could be due to inbreeding. There is high genetic diversity in Mesoamerican 

(Mexico and Central America) populations, with moderate genetic structure due to 

possible historical events, and gene flow events with northern South American 

populations. Finally, we tested several diffusion scenarios with coalescent analyses, and 

the scenario with highest probability suggest that guava could have spread from the 

Brazilian Amazon to the Peruvian and from there to the northern of South America, 

Central America, and Mexico. 

 

Keywords: crop evolution, domestication, genetic resources conservation; 

microsatellites 
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1. Introduction 

Guava (Psidium guajava L.) is a Neotropical semi-domesticated fruit species of medium 

importance in the Americas (Altendorf, 2018, 2019). It is distributed from Mexico and the 

Antilles to northwestern Argentina (Landrum, 2017). The guava fruit is the most 

frequently used part of the plant. It is consumed fresh or used to make candies, dried 

fruits, jams, jellies, juices, pastes, soup bases, and syrup (Landrum, 2017, 2021). It is a 

good source of calcium, iron, niacin, pantothenic acid, phosphorus, riboflavin, and 

thiamine (Hiwale, 2015). In folk medicine, the decoction of roots, bark, and leaves is 

used to treat respiratory discomfort and help to expel the placenta after childbirth 

(Gutiérrez et al., 2008). The aqueous extracts of guava leaves are used to treat 

gastrointestinal problems such as vomiting, diarrhea, and gastric pain and to reduce 

blood glucose levels in diabetic patients (Gutiérrez et al., 2008; Hiwale, 2015). Guava 

grows in dry tropical forests and savannah-like vegetation. It also grows in disturbed 

areas (roadsides and grasslands), small agroecological environments (homegardens 

and orchards), and larger-scale production systems (Landrum, 2017, 2021). It adapts 

easily to different rainfall conditions and soil types. However, it does not tolerate flooded 

soils and is sensitive to low temperatures (Menzel, 1985). Guava cultivation has spread 

outside its natural distribution to countries such as India, Pakistan, China, and Egypt 

(Altendorf, 2018, 2019), thus reflecting the current global importance of this species.  

During post-Columbian times, guava was the fruit tree more widely recorded by 

European chroniclers of the 16th century, documenting its presence in Mesoamerica 

and South America in both wild and cultivated populations. There are also additional 

reports of its occurrence in the Greater and Lesser Antilles (Arévalo-Marín et al., 2021; 

Patiño, 2002). The European conquerors learned to use fruits and leaves of the guava 

as medicine and food (Patiño, 1963), uses that have prevailed among indigenous 

peoples until now. The oldest archaeological macro remains records place guava in pre-

Columbian contexts in Southwestern Amazonia (date between 9490 and 6505 years 

calibrated before present [cal. BP]) and the human settlements of the Peruvian coast 

(7.000 cal. BP). In Mexico, the earliest macro remains found were fruit fragments much 

more recent, dating to ca. 670 cal. BP (references in Arévalo-Marín et al., 2021).  
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Despite its economic, cultural, and historical importance, and even when efforts 

have increased to study genetic diversity and understand the history under management 

and domestication of various Neotropical fruit trees, guava has received little attention 

from genetic studies (Arévalo-Marín et al., 2021). This may be due in part to the fact that 

under domestication, perennial trees are often propagated both asexually (by clonal or 

grafting techniques) and sexually (Diez et al., 2015; McClure et al., 2014; Miller & Gross, 

2011). The result is a reduction in sexual reproduction that separates domesticated 

individuals from their wild progenitors (Gaut et al., 2015) and therefore, slow rates of 

evolution. These characteristics often make it hard to study the evolutionary history of 

the domestication of tree crops (Miller & Gross, 2011). In addition, currently, guava wild 

populations are unknown, being found mainly as tolerated or feral individuals that with 

the passage of time may form small populations (personal observations) or in cultivated 

files. 

Therefore, it is necessary to expand studies on this fruit species to obtain a clear 

image of their structure and genetic diversity, which will contribute to the knowledge 

about the domestication process and the recent impact of human practices on this 

important plant. Thus, our objective was to characterize the genetic guava structure in its 

almost whole geographical distribution based on SSR markers. The following questions 

were posed: (a) what is the level of guava genetic variability among the sampled 

genotypes? (b) How is this diversity structured? (c) Is there isolation by distance 

between populations? (d) What is the history of diffusion of this species? 

 

2. Material and Methods 

2.1 Study area 

We studied 215 individuals from 11 countries. We collected 86 guava samples from 

Brazil, Colombia, Honduras, Mexico, and Venezuela in the guava germplasm bank of 

the Instituto Nacional de Investigaciones Forestales, Agrícolas y Pecuarias (INIFAP) in 

Aguas Calientes, Mexico; 17 individuals from the Guava collection of the Tropical 

Agricultural Research and Higher Education Center (CATIE) in Turrialba, Costa Rica 

from Costa Rica, El Salvador, Guatemala, and Honduras; and 26 individuals from Brazil, 

Colombia, and Puerto Rico in the guava collection of the Corporación Colombiana de 
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Investigación Agropecuaria (Agrosavia) in Palmira, Colombia. We also included samples 

collected outside germplasm banks from the Brazilian Amazon (38 individuals), Peruvian 

Amazon (15 individuals), Peruvian Andes (19 individuals), and 14 samples from different 

localities in Venezuela. We considered samples collected in the Peruvian Andes and the 

Brazilian Amazon as tolerated or planted individuals because these were collected in 

orchards and gardens. Samples from Venezuela and the Peruvian Amazon were 

collected in areas far from plantations or crops; however, since it is difficult to distinguish 

between wild and feral guavas, each of these samples were considered as feral 

accessions. 

 

2.2 Molecular methods 

DNA was extracted from young leaves using a modified CTAB protocol (Doyle & Doyle, 

1987). Initially, all 215 individuals were genotyped using 25 nuclear microsatellite loci 

developed for P. guajava (Guavamap, 2008; Risterucci et al., 2005) We pooled together 

five primers in each of the five multiplex reactions (see Table S1 for primers and 

multiplex reactions details). PCRs were performed using the Platinum Multiplex PCR 

Master Mix (Thermo-Fisher, USA) following the manufacturer’s instructions for reaction 

assembly and program. Every reaction was driven to a 5.5 μL final volume containing 

2.0 μL Platinum Multiplex PCR Master Mix, 2 μL PCR grade H2O, 0.5 μL G/C enhancer 

volume, 1.0 μL DNA template (50–200 ng/μL), and primer concentrations between 50 to 

70 nM according to each product RFU. Multiplex reactions required an annealing 

temperature of 55°C for all primers; 40 cycles were used in every PCR reaction. When 

amplification was not successful, we repeated the PCR reactions using 0.04 μL Kapa 

polymerase (Kapa Taq HotStart), 2.0 μL Buffer Kapa, 2.0 μL PCR grade H2O, and 1.0 

μL DNA template (50–200 ng/μL). The annealing temperature and the number of cycles 

were maintained. Additional cycling conditions were implemented following manufacturer 

directions. To control for possible contamination, we used negative controls for each 

reaction. All products were verified in 2% agarose gels electrophoresis. PCRs were 

carried out in a MultiGene OptiMax (Labnet International, Inc., Edison, NJ, USA) or in a 

2700 thermal cycler (Applied Biosystems, Foster City, CA, USA). Genotyping was 

achieved using the Microsatellite plugin (v. 1.4.7) of Geneious Prime 2022 (Dotmatics, 
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NZ). Allele scoring was performed manually using as guidelines the supplementary of 

Selkoe and Toonen (2006) 

 

2.3 Null alleles, Hardy-Weinberg equilibrium, and linkage disequilibrium tests  

We tested the presence and frequency of null alleles following the method of Brookfield 

(1996) using the PopGenReport v.3.0.7 package (Adamack & Gruber, 2014) in R. We 

calculated deviations from Hardy-Weinberg equilibrium (HWE) for each locus and 

separately, for each population. Also, we calculated HWE across all samples using the 

‘hw.test’ function of the R package pegas v.1.1 (Paradis, 2010), with 1,000 Monte Carlo 

permutations. Alpha levels to determine statistical significance for Hardy–Weinberg 

proportions and independent sorting of genotypes were adjusted using the false 

discovery rate (FDR) approach developed by Benjamini & Hochberg (1995), using 0.05 

alpha level. P-values were corrected for multiple comparisons using the Benjamini-

Hochberg method (Benjamini & Hochberg, 1995). We calculated a measure of 

correlation (rbarD; Agapow & Burt, 2001) using the function ‘ia’ (Kamvar et al., 2014) in 

the R package poppr v.2.9.3, for testing overall linkage disequilibrium. Using the function 

‘genotype curve’ of the same package, we described the genotypic diversity in relation to 

different combinations of loci by a genotype accumulation curve. The curve was 

generated by sampling x loci randomly and counting the number of multilocus genotypes 

(MLG) observed. This sampling was repeated r times from 1 to n-1 loci, creating n-1 

distributions of observed MLGs. 

 

2.4 Genetic diversity and genetic differentiation 

Genetic differentiation was examined using several complementary approaches. First, 

as an exploratory method, we performed a Principal Components Analysis (PCA) to 

summarize the genetic variation based on the microsatellite data set. Subsequently, we 

performed a Discriminant Analysis of Principal Components (DAPC; Jombart et al., 

2010). DAPC is an approach that optimizes the separation of individuals into predefined 

groups using a discriminant function of the principal component (Jombart et al., 2010). 

Based on DAPC, the membership probability was calculated for the overall genetic 

background of an individual. We used the components identified in the PCA analysis as 
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predefined groups for the DAPC implementation. For implementing the PCA, we used 

the ‘dudi.pca’ function from ade4 v.1.7-22 R package (Dray & Dufour, 2007) and 

visualized it with the factoextra v.1.0.7 R package (Wickham, 2016). For DAPC, we used 

the adegenet v.2.2.10 package (Jombart, 2008) implemented in R. 

We assessed standard measures of genetic diversity for the entire dataset and 

genetics groups according to DAPC results. The number of individuals (N), number of 

alleles (A), and the expected (HE) and observed (HO) heterozygosities were calculated 

using poppr v.2.9.3 package (Kamvar et al., 2014) in R. We estimated rarefied allelic 

richness using the 'allel.rich' function of the PopGenReport v.3.0.7 package (Adamack & 

Gruber, 2014) in R. Private allele richness (AP) were calculated using a rarefaction 

approach (Hurlbert, 1971; Kalinowski, 2004) implemented in the ADZE 1.0 software 

(Szpiech et al., 2008). 

As an additional test to calculate the population assignment probability for each 

individual, we performed genetic structure analysis using the Bayesian approach 

implemented in STRUCTURE 2.3.4 (Falush et al., 2003; Pritchard et al., 2000), based 

on an admixture model with correlated allele frequencies and information on the origin of 

populations (popinfo = 1). The admixture model was tested for K-values ranging from 1 

to 8, with 10 independent runs per K value for the entire dataset. We used 1 000,000 

Markov Chain Monte Carlo iterations with a burn-in length of 100,000. To determine the 

most probable value of K, we used the Evanno ΔK method (Evanno et al., 2005) and 

mean LnP(K) (Janes et al., 2017) implemented in Structure Harvester v0.6.94 (Earl & 

VonHoldt, 2012). We used CLUMPP 1.1.2 (Jakobsson & Rosenberg, 2007) program 

with the Greedy algorithm to infer the optimal K-cluster affiliations of individuals. 

StructuRly v.0.1.0 package (Criscuolo & Angelini, 2020), in R, was used to generate bar 

graphs of STRUCTURE results. 

Wright's F statistics (Wright, 1949; FIS, FIT, and FST) were estimated using the 

methods of Weir & Cockerham, (1984). We also calculated the genetic differentiation 

among populations through a pairwise FST matrix. Both the F statistics and the paired 

FST matrix were calculated with values with 95% confidence intervals from 10,000 

bootstrapping, using the 'diffCalc' function of the diveRsity package (Keenan et al., 

2013). A Mantel test (Mantel, 1967) was used to test for isolation by distance (IBD) 
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between guava populations. We used the geographic distance matrix transform from 

coordinates in Euclidean distance and calculated using the function 'dist' in the stats 

v.4.3.1 package in R and a linearized pairwise FST matrix (FST /1 - FST) as genetic 

distance. The function 'mantel.rtest' from ade4 v.1.7-22 package was used to calculated 

the Mantel test, and scatter-plots were then generated with the R package adegenet 

v.2.2.10 package. 

We also tested the degree of genetic differentiation between clusters (determined 

here) and locations, performing the analysis of molecular variance (AMOVA) followed by 

estimating the extent of genetic differentiation with phi-statistics, both using the 

‘poppr.amova’ function in the poppr v.2.9.3 package (Kamvar et al., 2014). The 

significance of variance components was assessed using a permutation test 

implemented through the ‘randtest’ function in the ape4 v.5.7 package (Bougeard & 

Dray, 2018; Chessel et al., 2004; Dray et al., 2007; Dray & Dufour, 2007) with 999 

permutations. 

 

2.5 Demographic history of guava 

We used nuclear microsatellite data to run the Approximate Bayesian 

Computation (ABC) framework (Beaumont, 2010; Beaumont et al., 2002) implemented 

in DIYABC-RF GUI (Collin et al., 2021). We considered five scenarios (1) Mexico as a 

probable domestication area with dissemination to South America; (2) South America 

(Brazil-AM) as an probable area of domestication and a posterior dissemination to 

Mexico via Peru; (3) Two independent events of domestication (Peru-An and Mexico); 

(4) Peru-AM and Brazil-AM as independents areas of domestication and dissemination 

towards northern South America with Central America and Mexico being of admixed 

origin; and (5) domestication in northern South America and dissemination to three 

areas (Mexico and Central America, Venezuela and Antilles, and Peru and Brazil) 

(Supplementary Figure 1). The priors and conditions for each parameter can be found in 

Supplementary File 2; we considered a generation time of 10 years (probable fruiting 

time in natural conditions) (Crane & Balerdi, 2005). We conducted previous runs to 

adjust the tested scenarios and the parameters (Bertorelle et al., 2010). For the final run, 

we obtained 500,000 simulated datasets, 500 trees, and 424 summary statistics. To 
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identify the best supported scenario, we performed model check based on 500 pseudo-

observed data sets (PODs) under each scenario to assess confidence in scenario 

choice, and to estimate the class specific error rates which is the mean classification 

error rate (Collin et al., 2021; Cornuet et al., 2010; Robert et al., 2011). 

 

3. Results 

 

3.1 Null alleles, Hardy-Weinberg equilibrium, and linkage disequilibrium tests 

We removed 18 accessions and discarded the locus mPgCIR08 with more than 40% of 

missing data. We found no evidence of null alleles in our data set. All loci showed 

significant deviations from Hardy-Weinberg equilibrium (HWE) and linkage 

disequilibrium (LD) in more than one population (Table S2-S3). Because the loci in HWE 

and LD were not the same for all populations, markers were retained for further 

analyses. The genotype accumulation curve (Fig 1) shows that the set of loci teste is 

sufficient to accurately resolve the different haplotypes in our sample as the curve 

revealed that more than 100% of the genotypes could be detected with 8 markers, 

hence the loci accurately estimated the diversity of our sample (Fig 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. Genotype accumulation curve for 197 samples of P. guajava over 24 loci. The 

horizontal axis represents the number of loci randomly sampled without replacement up to n-1 
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loci, and the vertical axis shows the number of unique multilocus genotypes observed in the data 

set. The level of 100% of the unique multilocus genotype detected is indicated with a dotted red 

line. 

 

3.2 Genetic diversity and genetic differentiation 

We analyzed a total of 188 individuals of guava. The PCA provided evidence of genetic 

structure of guava across its geographical range. The first two principal components 

explained 18.5% of the total variation (Fig 2). Amazonian guavas from Brazil and Peru 

(BRA-AM and PER-AM, respectively) formed well-defined clusters. In contrast, guava 

samples from Colombia (COL) and Venezuela (VEN) overlap with those from the 

Antilles (ANT), documenting the close relationship between these regions. Given that 

the centroids of the Colombian and Venezuelan clusters do not co-occur within their 

respective standard deviation ellipses, we decided to define the Colombian (COL) and 

Venezuela-Antilles (VEN-ANT) clusters separately. Similarly, we defined a Peruvian 

Andes (PER-AND) cluster, Central American (CenAme) cluster and a Mexican (MEX) 

cluster. For subsequent analyses, we decided to discard the accessions from southern 

Brazil (BRA-SP), because the origin of these samples is uncertain (Fig 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2. Principal component analysis (PCA) of microsatellite genotype data from P. guajava 

individuals showing the clustering along principal component axis 1-2. Populations: MEX 



113 
 

(Mexico), CenAme (Central America), ANT (The Antilles), VEN (Venezuela), COL (Colombia), 

BRA-SP (Sao Paulo, Brazil), BRA-AM (Brazilian Amazon), PER-AM (Peruvian Amazon), PER-

AND (Peruvian Andes). 

 

The DAPC analysis with 7 predefined groups from the results of the PCA 

revealed a clear differentiation of guavas from the Brazilian and Peruvian Amazonia and 

the Peruvian Andes (Fig 3a). These results were consistent with the patterns obtained 

using PCA. Likewise, the Mesoamerican (MEX+CenAme) and the northern South 

American clusters (COL+VEN-ANT) appeared as an admixed population (Fig 3a). We 

performed a second DPAC analysis excluding the Peruvian and Brazilian well-

differentiated groups to depict the relationships between Mesoamerican and northern 

South American populations. This analysis showed that VEN-ANT cluster was well 

differentiated from COL, CenAme and MEX, which are more closely related (Fig 3b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3. Discriminant analysis of principal components (DAPC) a) for 8 guava populations, and b) 

for only 4 guava populations. Populations ID described in PCA Fig 2.  
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The samples from The Antilles were not considered for diversity analyses because of 

their low sample numbers. The Mexican (MEX) and Central American (CenAme) 

samples showed highest HE values (0.70 ± 0.022 and 0.70 ± 0.027, respectively). While 

the lowest HE value was found in the Peruvian Andes and Peruvian Amazon (Table 1). 

Total expected heterozygosity was 0.78 ± 0.020. When considering all the samples, total 

expected heterozygosity (HT) was 0.79 ± 0.021. The averaged observed heterozygosity 

(HO) was 0.30 and it ranged from 0.21 ± 0.023 in COL to 0.44 ± 0.062 in PER-AMA. 

Total observed heterozygosity was 0.30 ± 0.015. Inbreeding coefficient (F) averaged 

0.50 and ranged from 0.06 to 0.61 in PER-AMA and COL, respectively. The overall F 

was 0.46 ±0.025.  

 

Table 1. Genetic diversity obtained for 24 nuclear microsatellite loci for 188 

accessions of P. guajava 

 N A Ar PAr HO HE uHE F 

Species 192 351 14.25 5.14 0.30 ±0.015 0.78 ± 0.020 0.79 ± 0.021 0.46 ±0.025 

DAPC         

MEX 69 227 1.70 0.51 0.34 ± 0.024 0.70 ± 0.022 0.70 ± 0.022 0.52 ±0.028 

CenAme 18 152 1.71 0.44 0.34 ± 0.027 0.70 ± 0.026 0.71 ± 0.027 0.50 ±0.043 

VEN 18 151 1.67 0.44 0.26 ± 0.026 0.65 ± 0.046 0.68 ± 0.047 0.50 ±0.052 

COL 21 142 1.60 0.35 0.21 ± 0.023 0.60 ± 0.041 0.61 ± 0.042 0.61 ±0.044 

BRA-AMA 37 158 1.61 0.59 0.25 ± 0.026 0.60 ± 0.046 0.61 ± 0.046 0.53 ±0.044 

PER-AMA 10 83 1.50 0.62 0.44 ± 0.062 0.47 ± 0.047 0.53 ± 0.055 0.06 ±0.093 

PER-AND 19 81 1.45 0.56 0.22± 0.042 0.44 ± 0.048 0.45 ± 0.050 0.50 ±0.071 

Number of individuals (N), number of alleles (A), rarefied allelic richness (Ar), number of 

private alleles PAr), observed heterozygosity (Ho), expected heterozygosity (He), unbiased 

heterozygosity (uHE) and fixation index (F) 

 

The results of the Structure analysis were consistent with the results from PCA 

and DAPC. Evanno and Jane's methods indicated an optimal value of K = 3 and K = 5 

as the most likely numbers of genetic clusters (Fig S1). For K =3, the samples from the 

Peruvian Andes and the Brazilian Amazon show well-defined clusters (cluster 3 and 2, 

respectively; Figure 3). The admixture of these two genetic groups forms the rest of the 

South American samples and The Antilles, with the cluster associated with the Peruvian 
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Andes being more relevant (cluster 3). A Mesoamerican cluster (MEX and CenAme) is 

also identified (cluster 1). This cluster is also found in the Colombian (COL) and 

Antillean samples, although in smaller proportions than the South American genetic 

groups (Fig 4). 

The K = 4 value shows clusters defined for Colombia (cluster 1) and Mexico 

(cluster 3). The individuals from Venezuela (VEN) and the Antilles (ANT) showed a 

mixture mainly with the Peruvian Andes (PER-AM) and Amazonia (BRA-AM), and 

Colombia (COL) clusters. Central American (CenAme) samples are admixed with all 

genetic groups (Fig.4).  

For K = 5, we found five geographically well-defined genetic groups: cluster 1 

(purple) contains individuals from the Peruvian Amazon (PER-AM); cluster 2 (red), 

individuals from the Brazilian Amazon (BRA-AM); cluster 3 (yellow), individuals from the 

Peruvian Andean (PER-AND); cluster 4 (blue), individuals from Colombia; and cluster 5 

(turquoise), individuals from Mexico (MEX). Within South America, most individuals from 

Venezuela (VEN), and Antilles (ANT) show admixture with the Peruvian Amazon (PER-

AM) and the Colombia (COL) clusters. Nearly 30% of the Mexican individual trees show 

some level of admixture with the South American clusters (Fig 4). The Mexican cluster 

(MEX) is represented in some individuals of the CenAme and COL clusters. Within 

South America, most individuals from VEN, and ANT are likely outcome of admixture 

between the PER-AM cluster and the COL cluster. About 30% of the Mexican guavas 

studied show some level of admixture with the South American genetic groups (Fig 4). 

Also, the MEX genetic group (cluster 5) is represented in CenAme and some individuals 

of the COL cluster. The PER-AM cluster is highly represented in some CenAme 

individuals, although most of the samples from this region are admixed individuals 

formed by the COL and MEX clusters. 
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Fig 4. Assignment probabilities of each of the 192 guava samples analyzed to each cluster 

inferred by STRUCTURE for K = 3, 4 and 5. Each accession is represented by a vertical bar, 

and color indicates the probability of belonging to each cluster. Accessions are ordered 

according to the geographic region from southern to northern parts of the Americas. 

 

Estimates of Wright's F (Wright, 1949) among the sampling localities and regions 

indicated that guava diversity is more concentrated within populations than among 

populations; nevertheless, we found intermediate levels of genetic differentiation with 

FST=0.2079 (Table 2). FIT and FIS estimates were higher compared to FST (Table 2). All 

fixation indexes were statistically significant. These results suggest that the frequency of 

heterozygotes is lower than expected under HWE (Table 1).  

 

Table 2. Results of Wright's F-statistics estimates obtained for 188 accessions of P. 

guajava using 24 specific microsatellite loci. 

DAPC Groups FIS FST FIT 

All loci 0.5433 0.2079 0.6383 

Upper (CI95%) 0.5844 0.2319 0.6702 

Lower (CI95%) 0.5013 0.1859 0.6055 

CI95% = 95% confidence interval. 
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The pairwise FST values suggested moderate to high genetic differentiation between 

populations (Fig 6). The largest difference was observed for the Peruvian Andes (PER-

AND), Peruvian Amazon (PER-AM), and Brazilian Amazon (BRA-AM). Samples from 

Colombia (COL), Venezuela (VEN), Central America (CenAme), and Mexico (MEX). 

Mesoamerica (MEX and CenAme) and northern South America (COL and VEN-ANT) 

showed less pairwise genetic differentiation (Fig 5). 

 

 

Fig 5. FST genetic differentiation values among the 192 accessions of guava grouped by country. 

 

The Mantel test revealed no significant correlation between genetic and geographic 

matrices (R2= -0.2870773, p= 0.779), indicating a lack of isolation by distance. However, 

we found that PER-AND, PER-AM, and BRA-AM populations, which are geographically 

closer, are genetically less similar (Figure 7; Table S5). Pairwise FST could indicate 

possible long-distance gene flow between MEX, CenAme, VEN, and COL populations 

(Table Sx4-5).  

According to AMOVA the variation between samples within countries (41%, Φ = 

0.52) is higher than between countries (21,04%, Φ = 0.62; Table 3). 
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Fig 6. Test of isolation by distance (IBD) obtained through a Mantel test. The result was non-

significant 

 

Table 3. Results of the analysis of molecular variance (AMOVA) testing for 

differentiation between populations in P. guajava 

 df Sum of Squares % variance Φ-statistic p-value 

Between 

countries 6 1235.802 21.04 0.627 0.001 

Between 

samples Within 

countries 

1811 3884.253 41.64 0.527 0.001 

Within samples 188 1248.343 37.32 0.210 0.001 

Total 375 6368.399 100   

 

Approximate Bayesian Analyses Computation (ABC) analyses, implemented in 

DIYABC-RF indicated that the supported diffusion hypothesis was scenario 2 (Figure 7) 

with posterior probability of 0.999 and, non-overlapping confidence intervals. This 

scenario showed low type I and type II error rates (0.00013; Table 4). This scenario 

considers that the domestication could have started in South America, specifically in the 
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Brazilian Amazon (Brazil-AM), with dissemination to Mexico via the Peruvian Amazon 

(PER-AMA) and northern of South America (COL and VEN).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 7. Highest-probability scenario tested for diffusion of Psidum guajava in The Americas. 

 

Table 4. Class specific prediction errors for 5 scenarios tested with DIYABC-RF. Model 
performance indicated by type I (rows) and type II (columns) errors in percentage of 
times each predicted scenario was predicted  
 Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Class error 

Predicted 1 99.96 0.00 0.04 0.00 0.00 0.00035 
Predicted 2 0.00 99.99 0.00 0.00 0.00 7.97 x10-05 
Predicted 3 0.00 0.00 100.00 0.00 0.00 9.97 x10-06 
Predicted 4 0.00 0.01 0.00 99.98 0.01 0.00021 
Predicted 5 0.00 0.00 0.00 0.00 100.00 0 
 

4. Discussion 

 

4.1 Genetic diversity and genetic differentiation 

Perennial trees are typically expected to exhibit weak population structure due to several 

factors, including their extended lifespan with delayed sexual reproduction, outcrossing, 

hybridization, clonal propagation, gene flow between wild and cultivated populations, 

and dispersal mechanisms, among others (Hamrick & Godt, 1990; Loveless & Hamrick, 
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1984). Values of genetic diversity expressed as He ranged from 0.44-0.70. These levels 

are comparable to those of other perennials such as Annona, Olea, and Prunus 

(Bourguiba et al., 2020; Breton et al., 2006; Larranaga et al., 2017). However, compared 

to Psidium species, P. guava holds high genetic diversity, for example, in a single 

population in South-East Brazil the maximum HE values (HE = 0.71) are comparable to 

those of P. guineense (He = 0.74) and P. macahense (He = 0.63) (de Oliveira Bernardes 

et al., 2022). An insular Psidium species (P. galapageium) has moderate to low (HE = 

0.275-0.570) genetic diversity (Urquía et al., 2019). P. cattleianum also showed lower 

diversity values (HE = 0.117-0.326) (Machado et al., 2021). Other studies have 

demonstrated that large population sizes tend to increase genetic diversity (Cao et al., 

2014; Leimu et al., 2006). Therefore, the high levels of genetic diversity found in guava 

could be due to the larger population sizes of this species than other species of the 

genus. 

Observed heterozygosity (Ho) systematically showed lower values than expected 

heterozygosity, suggesting heterozygous deficiency due to generalized inbreeding. In 

different islands of the Galapagos (Urquía et al., 2019) and guava samples from 

germplasm bank (Sitther et al., 2014) have registered similar results. These findings 

may be explained, in part, by the self-fertilization and vegetative propagation, which can 

occur in P. guajava (Crane & Balerdi, 2005) and long-longevity in perennial trees as well 

as in their clones (Diez et al., 2015). Likewise, the Robertson’s (1964) hypothesis, could 

be useful to explain the heterozygosity decline in guava. He proposes that subdividing a 

population into several isolated groups would allow maximum genetic diversity 

(minimum global co-ancestry) to be achieved in the long term since different allelic 

variants will develop and become fixed in each group, becoming a genetic reservoir of 

variation. However, complete isolation leads to higher rates of local inbreeding with the 

possible consequence of inbreeding depression. Therefore, he also suggests that 

occasional mixing of these subpopulations would minimize the overall rate of inbreeding. 

In support of this hypothesis, we found lower rates of global inbreeding for guava. 

Likewise, Mantel's analysis suggests long-distance flow, especially between the 

populations of northern South America (COL and VEN, Table S4-5) and Mesoamerica 

(MEX and CenAme, Table S4-5), which would allow the reduction of inbreeding and its 
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effects. However, further studies are needed to examine the cause of the heterozygote 

deficiency in guava. 

On the other hand, contrary to our south-to-north decrease in diversity 

hypothesis, the genetic diversity pattern, expressed as HE is just the opposite. A 

decreasing trend in HE was observed from the North in Mexico and Central America (HE 

= 0.70) to the South in the Peruvian Andes (PER-AND = 0.44). This pattern can be 

explained by higher degrees of the mixture of guavas from different regions occurring in 

Central America and Mexico. In these areas, most of the individuals show signatures of 

a mixture of well-defined South American genetic groups. The emergence of the land 

bridge of the Isthmus of Panama, which allowed the connection of the biota of North and 

South America (Bartoli et al., 2005; Landrum, 2017; O’Dea et al., 2016), and the 

anthropic dispersion may have favored the increasing of guava genetic diversity in 

Central America and Mexico. Besides, the diversity of environmental conditions, new 

biotic interactions, and selection pressures in Mesoamerica could have contributed to 

the maintenance of genetic variants that were present in the gene pool possibly due to 

mutations that occurred after the Panama Isthmus closed. These events would explain 

an increased guava genetic diversity in response to new environmental conditions and 

challenges, a hypothesis that is testable by using niche analyses. In addition, whether 

this pattern points out towards a center of genetic diversity, or it is the result of admixture 

among clusters is a matter to be evaluated by rating explicit demographic scenarios. The 

effect of human activities on the genetic diversity of Mesoamerican populations must be 

supported by robust archaeological evidence. Therefore, archaeobotanical studies on 

the presence and use of guava in archaeological sites in Mesoamerica, and 

paleogenomics research on macro and micro remains found in Mesoamerica and South 

America, are desirable. 

In our study, the genetic differentiation of Psidium guajava populations yielded an 

FST value of 0.207, indicating a moderate differentiation, considering the wide 

geographical range across which the species is distributed. Likewise, the molecular 

variance is higher between (%) individuals/within populations than between populations 

(%). Similar findings have been reported for other perennials trees like Annona, 

Diospyros, Juglans, Mangifera, Olea, and Prunus (Bourguiba et al., 2020; Breton et al., 
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2006; Cao et al., 2014; Larranaga et al., 2017; Pollegioni et al., 2015; Warschefsky & 

von Wettberg, 2019; Xu et al., 2021). In the case of guava, the observed FST value may 

be attributed to limited gene flow among the sampled populations, which span different 

regions of the Neotropics. Similarly, the pattern of variance identified here can be due to 

outcrossing and its invasive (successional) character (Hamrick et al., 1992 and therein). 

In cultivated and invasive populations of guava, the genetic variation pattern is also 

similar, with higher genetic variance among individuals/between populations and clearly 

defined genetic groups (Fagundes et al., 2016; Kumar et al., 2020; Urquía et al., 2019). 

Regarding the genetic clustering found in our study, the most geographically 

isolated populations from South America (Peruvian Andes [PER- AND], and Brazilian 

and Peruvian Amazon [BRA-AM; PER-AMA]) belong a distinct genetic group each and 

show greater differentiation between them (FST; Figure 6) in relation to other groups. 

Populations in northern South America, Central America, and Mesoamerica show lower 

values genetic differentiation with some individuals being admixed. This scenario 

suggests a pattern of North-South differentiation (greater differentiation in the South), 

given the isolation between guava populations, and those in the Amazonian and Andean 

regions. Additionally, the populations evaluated here would have likely been exposed to 

specific evolutionary processes, considering their geographical origin's climatic and 

ecological characteristics, thus promoting a differentiation between them. Guava needs 

open areas and exposure to direct sunlight to ensure its good growth, development, and 

fruitfulness in temperatures between 20 and 30°C (Paull & Duarte, 2012; Sugahara & 

Takaki, 2004). The Peruvian Andes and the Amazon of Peru and Brazil probably have 

more rigorous environmental conditions limiting the establishment of guava populations. 

On the other hand, the pattern of genetic clustering found in guava, with well-defined 

genetic groups across Central, Meso, and South America as well as the Antilles, is 

consistent with people using a subset of the genetic pool from geographically near 

individuals. Variable admixture levels among populations may also be the outcome of 

diverse trade routes and human migrations over time (Arévalo-Marín et al., 2021), as is 

the case of Juglans (Pollegioni et al., 2015) and Mangifera (Warschefsky & von 

Wettberg, 2019).  
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According to the best-supporting demographic scenario, the first guava diffusion 

route likely was through the Brazilian Amazon toward the Peruvian Andes. Although our 

sampling does not include individuals or populations from the southwestern Amazon, 

and therefore our results do not directly support the hypothesis of this place as a 

probable area of guava domestication (Arévalo-Marín et al., 2021). This result draws 

attention given that the oldest archaeological guava macro remains were found in the 

Southwestern Amazonia, in the Teotonio archeological site in a layer dated between 

9490 and 6505 cal. BP (Watling et al., 2018). In South America, the lowlands of 

southwestern Amazonia are recognized as an important center of domestication 

(Clement, 1999; Clement et al., 2021) and the place from where crops as important as 

manioc and peanuts were dispersed towards the Peruvian dry coast (Piperno, 2011). 

Indeed, a significant number of archaeological guava remains dating from 6975 to 450 

BP have been reported in the Peruvian dry coast (see Figure 4 in Arévalo-Marín et al., 

2021). Therefore, there is also evidence that guava could also have spread through the 

Andes, from the Amazon to the Peruvian coast as the best supported scenario suggest.  

 

Conclusion 

This study allowed obtained an overview of the genetic structure of guava fruit tree in the 

Americas. The microsatellite markers and Bayesian clustering approaches allowed 

recognizing the presence of one gene pool in Mesoamerican (Mexico) and three in 

South America (Brazilian Amazon, Peruvian Amazon and Andes, and Colombia). The 

high genetic differentiation between the Brazilian and Peruvian Amazon and Peruvian 

Andes guava samples could be due to environmental differences, since guava 

subpopulations in distinct geographic settings may reflect divergent local adaptation. 

Likewise, this population split could explain high values of inbreeding found in guava. 

Niche analyses are needed to understand whether climatic events could explain these 

hypotheses, and genomic analyses would allow testing for hypotheses of local 

adaptation. On the other hand, the ABC approach identified the Brazilian Amazon to be 

the potential area of the domestication for guava, with subsequent dissemination to 

northern South America and Mesoamerica through the Andes.  Follow-up studies that 

include defined populations of feral and cultivated guavas, and focused sampling in the 
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northeastern Amazon and the Andes could help to unravel the guava domestication 

process.  
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SUPPORTING INFORMATION 

 

GENETIC DIFFERENTIATION OF GUAVA ACROSS THE AMERICAS 

 

E. Arévalo-Marín, A. Casas, H. Alvarado-Sizzo, E. Ruiz-Sanchez, G. Castellanos-

Morales, G. Fermin, J. S. Padilla-Ramírez, C.R. Clement
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Table S1. Characteristics of the 25 microsatellite loci used in the analysis of genetic diversity of guava (Psidium 
guajava) in the Americas 

 
SSR Locus Repeat Motif 

Primer sequences (5’ to 3’) Fragmen
t size 
range 

 
Forward Reverse 

 
mPgCIR1 (B) (GA)17 TAGTGCTTTGGTTGCTT GCAGGTGGATATAAGGTC 236–250 

 
mPgCIR2 (C) (GA)20 AGTGAACGACTGAAGACC ATTACACATTCAGCCACTT 202–230 

 
mPgCIR4 (D) (GA)25 TTCAGGGTCTATGGCTAC CAACAAGATACAGCGAACT 126–150 

 
mPgCIR7 (A) (CA)13AA(GAA)3 ATGGAGGTAGGTTGATG CGTAGTAATCGAAGAAATG 148–160 

 
mPgCIR 9 (B) (GA)19 GCGTGTCGTATTGTTTC ATTTTCTTCTGCCTTGTC 156–176 

 mPgCIR10 (D) (CT)12 GTTGGCTCTTATTTTGGT GCCCCATATCTAGGAAG 262–320 
 mPgCIR11 (A) (CT)17 TGAAAGACAACAAACGAG TTACACCCACCTAAATAAGA 298–314 
 

mPgCIR13 (E) AC)12(AT)4G(GA)2 CCTTTTTCCCGACCATTACA TCGCACTGAGATTTTGTGCT 240–260 
 

mPgCIR14 (B) (GA)11 TAAACACAACAAGGGTCA CAGTTTTCATATCGTCCTC 184–186 
 

mPgCIR15 (C) (GA)8GG(GA)9 TCTAATCCCCTGAGTTTC CCGATCATCTCTTTCTTT 144–172 
 

mPgCIR17 (D) (CT)23 CCTTTCGTCATATTCACTT CATTGGATGGTTGACAT 230–240 
 

mPgCIR19 (E) (CT)16 AAAATCCTGAAGACGAAC TATCAGAGGCTTGCATTA 258–280 
 

mPgCIR20 (C) (CT)14(CA)17 TATACCACACGCTGAAAC TTCCCCATAAACATCTCT 270–298 
 

mPgCIR21 (E) (AG)15GG(AG)7 TGCCCTTCTAAGTATAACAG AGCTACAAACCTTCCTAAA 150–164 
 

mPgCIR22 (C) (GT)9(GA)14 CATAAGGACATTTGAGGAA AATAAGAAAGCGAGCAGA 236–252 
 

mPgCIR25 (A) (GA)24 GACAATCCAATCTCACTTT TGTGTCAAGCATACCTTC 104–130 
 

mPgCIR26 (D) (GT)2(GA)17 CTACCAAGGAGATAGCAAG GAAATGGAGACTTTGGAG 180–198 
 

mPgCIR101 (E) (GT)10 ATGGCTGTAAGAAGCAAAAG GAAGAAATGTAGGTGCGTTC 110 
 

mPgCIR137 (A) (GA)18 GGGGAATGCAGAGATTGT AGATGATGGTCTCGCTTTT 100 
 

mPgCIR209 (C) (GA)15 CTAAAGCCACATCCAGCA CTAACATTTGCCTTCTACAGC 139 
 

mPgCIR237 (D) (GA)16 AGATTCCATCTGCGATTGT GCGGATCAAAACCTAATCT 101 
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mPgCIR243 (E) (GA)29 ACAGCAGGACACAAAGGA GCTCTGAGGTGGTTTTCAT 174 

 
mPgCIR420 (A) (CA)15 

CAACTTTGCTAGAGATGAAG
C ATGTAGTAATCGAAGAAATGGTT 239 

 
mPgCIR 437 (B) (AC)10 ACAACAGTTCTGATCCCAAA CTCGGAGACACAGAGGTCTA 153 

Colors in the table indicate the fluorophore used: blue = 6-FAM, yellow = NED, red = PET, and gree = VIC. Letters in parentheses 
indicated the mix to which each microsatellite belongs.  
 
 

Table S2. P-values of the Hardy–Weinberg equilibrium test with the FRD-based correction for each combination of 
sample and locus for country 

 

 

Chisq MEX CenAme VEN-ANT COL BRA-AM PER-AM PER-AND  

mPgCIR137 0.00 0.01 0.00 0.00 0.00 0.13 0.06  

mPgCIR25 0.00 0.18 0.00 0.00 0.00 0.30 0.00  

mPgCIR7 0.00 0.00 0.00 0.00 0.00 0.01 0.00  

mPgCIR420 0.00 0.00 0.01 0.00 0.00 0.04 0.00  

mPgCIR11 0.00 0.05 0.00 0.00 0.00 0.03 0.98  

mPgCIR 437 0.00 0.00 0.16 0.00 0.75 0.81 0.00  

mPgCIR 9 0.00 0.00 0.20 0.00 0.00 0.66 0.01  

mPgCIR14 0.00 0.26 0.96 1.00 0.00 0.91 1.00  

mPgCIR1 0.00 0.00 0.36 0.27 0.00 0.38 0.48  

mPgCIR209 0.00 0.00 0.00 0.00 0.00 1.00 0.10  

mPgCIR15 0.00 0.00 0.00 0.00 0.00 0.97 0.00  

mPgCIR2 0.00 0.00 1.00 0.00 0.97 0.94 0.00  

mPgCIR22 0.00 0.11 0.00 0.00 0.00 0.18 0.00  

mPgCIR20 0.00 0.04 0.00 0.45 0.00 0.01 0.46  

mPgCIR237 0.00 0.20 0.01 0.00 0.00 0.66 0.00  

mPgCIR4 0.00 0.00 0.03 0.00 0.74 0.89 0.30  

mPgCIR26 0.00 0.48 0.00 0.00 0.00 0.96 0.02  

mPgCIR17 0.00 0.00 0.04 0.00 0.00 0.21 0.01  

mPgCIR10 0.00 0.00 0.00 0.00 0.00 0.88 0.01  

mPgCIR101 0.00 0.00 0.00 0.00 0.00 0.20 0.96  

mPgCIR21 0.00 0.00 0.01 0.00 0.00 0.45 1.00  

mPgCIR243 0.00 0.00 0.00 0.00 0.00 0.15 0.00  
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mPgCIR19 0.00 0.00 0.00 0.03 0.00 0.94 0.00  

mPgCIR13 0.00 0.00 1.00 0.00 0.00 0.80 0.00  

MC MEX CenAme VEN-ANT COL BRA-AM PER-AM PER-AND  

mPgCIR137 0.00 0.00 0.00 0.00 0.00 0.28 0.06  

mPgCIR25 0.00 0.02 0.00 0.00 0.00 1.00 0.00  

mPgCIR7 0.00 0.00 0.00 0.00 0.00 0.01 0.02  

mPgCIR420 0.00 0.00 0.01 0.00 0.00 0.00 0.00  

mPgCIR11 0.00 0.28 0.00 0.00 0.00 0.01 0.81  

mPgCIR 437 0.00 0.00 0.01 0.00 0,68 1.00 0.00  

mPgCIR 9 0.00 0.00 0.02 0.01 0.00 1.00 0.00  

mPgCIR14 0.00 0.29 1.00 1.00 0.00 1.00 1.00  

mPgCIR1 0.00 0.00 0.02 0.08 0.00 1.00 0.18  

mPgCIR209 0.00 0.00 0.00 0.00 0.00 1.00 0.01  

mPgCIR15 0.00 0.00 0.00 0.00 0.00 1.00 0.00  

mPgCIR2 0.00 0.00 1.00 0.00 1.00 1.00 0.00  

mPgCIR22 0.00 0.00 0.00 0.00 0.00 0.14 0.06  

mPgCIR20 0.00 0.00 0.00 0.00 0.02 0.06 0.19  

mPgCIR237 0.00 0.21 0.00 0.00 0.00 1.00 0.00  

mPgCIR4 0.00 0.00 0.08 0.00 0.41 0.96 0.39  

mPgCIR26 0.00 0.35 0.00 0.00 0.00 1.00 0.02  

mPgCIR17 0.00 0.00 0.00 0.00 0.00 0.18 0.00  

mPgCIR10 0.00 0.00 0.00 0.00 0.00 0.66 0.04  

mPgCIR101 0.00 0.00 0.00 0.00 0.00 0.18 1.00  

mPgCIR21 0.00 0.00 0.00 0.00 0.00 0.27 1.00  

mPgCIR243 0.00 0.00 0.00 0.00 0.00 0.06 0.00  

mPgCIR19 0.00 0.00 0.00 0.06 0.00 1.00 0.00  

mPgCIR13 0.00 0.00 1.00 0.00 0.00 0.62 0.00  

Chisq: p-values calculated using the exact χ2-test, MC:p-  values calculated using the Monte Carlo permutation test. P-values ≤ 0.05 are 
in bold, andcells with p-values <0.05 for both HWE tests are boxed. 
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Table S3. The proportions of loci that are out of HWE for each population and standardized index of 
association (LD) 

 Hardy-Weinberg equilibrium Linkage equilibrium 

 Chisq MC Chisq.fdr MC.fdr rbarD p.rD 

DAPC clusters       

MEX 1.00 1.00 1.00 1.00 0.08 0.001 

CenAme 0.79 0.92 0.75 0.92 0.19 0.001 

VEN 0.75 0.83 0.75 0.83 0.06 0.009 

COL 0.87 0.92 0.87 0.87 0.10 0.001 

BRA-AMA 0.87 0.87 0.87 0.87 0.06 0.001 

PER-AMA 0.17 0.21 0.17 0.12 0.03 0.182 

PER-AND 0.67 0.67 0.65 0.67 0.05 0.001 

Chisq: values calculated using the exact χ2- test; MC: values calculated using the Monte Carlo 
permutation test; *.fdr indicates testing with Benjamini-Hochberg correction; significance of 
rbarD (p < 0.01) 
 

Table S4. Geographic distances Psidium guajava populations 

 MEX CenAme ANT VEN COL BRA-AM PER-AM 

CenAme 18.433242       
ANT 33.717281 19.545013      
VEN 34.810855 16.629832 12.975978     
COL 27.995193 9.698104 18.057741 8.933477    
BRA-AM 46.173604 27.769857 24.376937 13.002596 18.205155   
PER-AM 34.805722 17.086784 23.098807 10.653623 7.801922 12.847361  
PER-AND 37.295852 21.309452 30.230732 17.806803 13.618934 16.49345 7.177258 

 

Table S5. Genetic distances (FST) Psidium guajava populations 

 MEX CenAme ANT VEN COL BRA-AM PER-AM 

CenAme 2.914156       
ANT 3.51801 2.97272      
VEN 3.549929 2.811198 2.5631     
COL 3.332033 2.27193 2.893574 2.189806    
BRA-AM 3.832408 3.323951 3.193637 2.565149 2.901705   
PER-AM 3.549782 2.838305 3.139781 2.3659 2.05437 2.553138  
PER-AND 3.618882 3.059151 3.408859 2.879581 2.611461 2.802963 1.970917 
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Fig. S1. Graphical method allowing the detection of the number of groups K using a) ∆K, and b) 

LnP(K). 

a) 

b) 
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Fig. S2. Evolutionary scenarios under comparison using ABC analyses. Scenario 1: Mexico as 
a probable domestication; scenario 2: South America (Brazil-AM) as a probable area of 
domestication; scenario 3: Two independent events of domestication (Peru-An and Mexico); 
scenario 4: Peru-AM and Brazil-AM as independents areas of domestication; and scenario 5: 
domestication in northern South America. 
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CONCLUSIONES GENERALES 

 

La guayaba es una planta ampliamente utilizada por sus frutos y múltiples beneficios 

alimenticios y medicinales (Gutiérrez et al., 2008) desde tiempos pre-colombinos 

(Aranguren et al., 2008; Patiño, 2002; Valdés-Infante et al., 2007). En la actualidad, ha 

adquirido importancia en algunos países fuera de su área de distribución natural 

(Kanupriya et al., 2011; Kumari et al., 2018; Mehmood et al., 2016; Sitther et al., 2014; 

Viji et al., 2010). Los estudios sobre esta especie se han enfocado principalmente al 

mejoramiento de sus cultivos (Briceno et al., 2010; Rodríguez et al., 2010; Rodríguez-

Medina et al., 2010; Valdés-Infante et al., 2007, 2010), sobre sus propiedades químicas 

para el tratamiento de algunas enfermedades y sus beneficios nutrimentales (Gutiérrez 

et al., 2008). Pero su origen, su historia evolutiva y proceso de domesticación no han 

sido abordados.  

Reconstruir la historia evolutiva de árboles frutales frutas neotropicales ha sido 

una tarea compleja porque estas especies perennes domesticadas y semi-

domesticadas a menudo tienen orígenes difusos, y sus poblaciones cultivadas 

consisten en individuos derivados de múltiples áreas geográficas (Gaut et al., 2015; 

Miller & Gross, 2011). Por ello, la confianza en la prueba de hipótesis sobre los 

procesos que moldearon la distribución, el área más probable de origen y de 

domesticación, y las rutas de difusión y de un frutal semi domesticado requiere un 

respaldo riguroso de múltiples líneas de evidencia.  

Para el caso de la guayaba, la información arqueobotánica revisada en este 

estudio permitió establecer una cronología sobre los restos arqueológicos hasta ahora 

reportados para esta especie en América (Arévalo-Marín et al., 2021). Esta fuente de 

información indica que la costa peruana presenta un gran número de reportes de macro 

restos fechados con una antigüedad de hace 7000 años calibrados antes del presente 

(cal. AP). Sin embargo, Watling et al. (2018) ubican semillas carbonizadas de Psidium, 

probablemente guayaba, en la Amazonía brasileña con una fecha entre 9490 y 6505 

cal. AP. Restos de semillas también fueron encontrados en el norte de América del Sur, 

las Antillas y Mesoamérica (Belize), en estratos más recientes (2.600 cal. AP). En 

México, se han registrado solo 4 macro restos relativamente de 670 cal. AP.  
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Adicionalmente, hay registros de restos de polen encontrados en Uruguay y en México 

con fechas más antiguas (11.000 cal. AP), aunque su identidad no es suficientemente 

clara. Esta cronología muestra que la guayaba fue ampliamente utilizada por los 

pueblos precolombinos del continente (Arévalo-Marín et al., 2021). Pero también 

sugiere que los estudios arqueológicos llevados a cabo en Mesoamérica han sido 

insuficientes para reconstruir la historia que sugiere la evidencia genética reportada en 

este estudio.  

Sumado a lo anterior, la caracterización biológica de la especie (hábitat, 

distribución y dispersores actuales, y otros aspectos ecológicos), permitieron obtener 

las primeras propuestas sobre el origen y la dispersión de la guayaba en el continente 

americano (Capítulo I). La síntesis presentada sugiere que sistematizar la información 

sobre la historia natural y cultural de una especie bajo domesticación es relevante para 

sustentar hipótesis valiosas para las investigaciones a realizar. Estas grandes fuentes 

de evidencia pueden tener efectos significativos en los patrones de distribución y 

variabilidad genética y esclarecerlo es un reto importante para la investigación sobre 

probables áreas de origen, de domesticación y difusión de las especies cultural y 

económicamente importantes. 

 

Origen y dispersión de la guayaba 

Los resultados obtenidos en este trabajo indican que la guayaba se habría 

originado durante el Mioceno (~13-8 Millones de años [Ma]). Así mismo, las muestras 

de Psidium guajava provenientes de 9 países (México, Costa Rica, Honduras, El 

Salvador, Puerto Rico, Cuba, Colombia, Perú y Brasil) mostraron estructura genética 

que revela dos linajes principales, un linaje suramericano más antiguo y diversificado y 

un linaje mesoamericano más reciente y con menor diversificación. El presente 

muestreo de loci no resolvió de manera concluyente el origen geográfico de la guayaba. 

Es posible que el área de origen haya sido oscurecida por el flujo de genes, como 

resultado del movimiento de frutos por parte de los dispersores, o que sea una especie 

ampliamente distribuida. Contrariamente a nuestra hipótesis sobre la dispersión de la 

guayaba por humanos hacia Mesoamérica, las evidencias que se muestran en el 

capítulo II indican que la guayaba se habría dispersado a Mesoamérica mucho antes 
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del cierre del Istmo de Panamá (O’Dea et al., 2016) y de la presencia de los humanos 

en América (Ardelean et al., 2020; Becerra-Valdivia & Higham, 2020). Por lo tanto, la 

distribución actual de la guayaba, desde México hasta la Argentina y Paraguay 

(Landrum, 2017), parece deberse primeramente a procesos biogeográficos y no a 

procesos antrópicos.  

 

Diversidad y estructura genética de guayaba en el continente americano 

 La diversidad genética de la guayaba es mayor cuando se compara con otras 

especies de Psidium (capítulo III). No obstante, de acuerdo con los análisis genéticos 

usando microsatélites, la guayaba presenta una clara estructuración genética, pero, 

sorprendentemente, encontramos mayor diversidad en México y Centro América, 

seguidas estas regiones por Colombia y Venezuela (capitulo III). El flujo entre 

poblaciones de guayaba de Centro América, México y las Antillas, con el norte de 

América del Sur (Colombia y Venezuela), por el movimiento de dispersores naturales y 

humanos, podrían haber favorecido este aumento de la diversidad en Mesoamérica. Sin 

embargo, los datos arqueológicos revelan, hasta ahora, un uso más antiguo de la 

guayaba en América del Sur. Este resultado concuerda con los resultados del análisis 

de Computación Bayesiana Aproximada, el cual muestra que el proceso de 

domesticación de la guayaba probablemente habría iniciado en la Amazonia brasileña y 

se habría difundido desde allí hacia los Andes peruanos y más tarde hacia el norte de 

América del Sur y Mesoamérica. Así mismo, aunque no encontramos diferenciación 

debida a la distancia para todo el conjunto de datos, las poblaciones suramericanas de 

guayaba de los Andes y la Amazonía presentan mayores valores FST, por lo que 

probablemente condiciones ambientales podrían estar jugando un papel importante en 

la diferenciación de estas poblaciones, al contrario de las poblaciones de Venezuela, 

Colombia, Centroamérica y México que estarían manteniendo flujo a larga distancia. 

Para una mejor compresión sobre el proceso de domesticación de la guayaba, es 

necesario investigar más regiones en América del Sur. Son particularmente relevantes 

las poblaciones de Argentina y Paraguay que no fueron muestreadas en este trabajo y 

un número mayor de poblaciones en Centroamérica y las selvas del sur de México. Si 

bien nuestros resultados apuntan a la Amazonía como área probable de domesticación, 
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es necesario ahondar en esta hipótesis y descartar o corroborar eventos múltiples de 

domesticación. Por lo tanto, trabajos más detallados de las poblaciones amazónicas y 

andinas y mesoamericanas podrían arrojar mayor luz sobre los detalles del proceso. Así 

mismo, la reconstrucción de rutas de intercambio a través de la descripción de las 

migraciones humanas de Sur a Norte, datos lingüísticos, y análisis demográficos más 

específicos de la guayaba podrían ayudar a esclarecer mejor estos patrones.  

Por último, la incorporación de nuevas técnicas de investigación como la 

paleogenómica, permitiría precisar la identidad de los restos de polen registrados en 

México y Uruguay. Sin duda, la incorporación de estos enfoques serán clave en la 

determinación de el o los centros de domesticación y diversificación de la guayaba, los 

patrones manejo, cultivo, dispersión, consumo y comercio de la guayaba en diferentes 

períodos y culturas de Mesoamérica y Suramérica. 
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