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RESUMEN GENERAL 

CARACTERIZACIÓN FENOTÍPICA DE Solanum demissum Lindl.1 

Solanum demissum Lindl., una especie de papa silvestre originaria de México, ha sido 

una valiosa fuente de genes por su resistencia al tizón tardío (Phytophthora infestans 

(Mont.) de Bary.) y a heladas, convirtiéndola en una especie clave en el mejoramiento 

genético de la papa (Solanum tuberosum L.). La caracterización genotípica y fenotípica 

de especies silvestres proporciona información valiosa para la identificación, 

clasificación y selección de materiales en función de sus características. En este estudio 

se caracterizaron accesiones de S. demissum resistentes al tizón tardío y se aplicaron 

estrategias de fenotipado de alto rendimiento para analizar la diversidad morfométrica 

de las hojas. En el capítulo 3 se hace referencia al estado actual y perspectivas para el 

futuro en el estudio de la especie en donde se enfatiza la importancia previamente 

mencionada. En el capítulo 4 se evidencia la diversidad existente en los caracteres 

morfométricos de las hojas, mediante el procesamiento de imágenes, en algunas 

especies de papa silvestre incluida S. demissum, y en el capítulo 5 se confirma el grado 

de resistencia al tizón tardío de más de 100 accesiones de S. demissum, encontrándose 

que el 9 % y 30 % presentó síntomas en 2020 y 2021 respectivamente. 

Palabras clave: papa silvestre, morfometría, tizón tardío, resistencia. 

1 Tesis de Doctorado en Ciencias, Universidad Autónoma Chapingo.  
Autor: Gabriela Díaz García 
Dirección: Dr. Héctor Lozoya Saldaña y Dr. Luis Antonio Díaz García 
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GENERAL ABSTRACT 

PHENOTYPIC CHARACTERIZATION OF Solanum demissum Lindl. 2 

Solanum demissum Lindl., a wild potato species native to Mexico, has been a 

valuable genetic resource due to its resistance to late blight (Phytophthora 

infestans (Mont.) de Bary.) and frost, making it a key species in potato breeding 

(Solanum tuberosum L.). Genotypic and phenotypic characterizations of wild 

species provide valuable information to identify, classify, and select materials 

based on their characteristics. In this study, accessions of late blight-resistant S. 

demissum were characterized and high-throughput phenotyping strategies were 

applied to analyze leaf morphometric diversity. Chapter 3 refers to the current 

status and future prospects in the study of the species, emphasizing the 

importance mentioned above. Chapter 4 highlights the existing diversity in the 

morphometric leaf traits through image processing in some wild potato species 

including S. demissum. In Chapter 5, the level of resistance to late blight is 

confirmed for over 100 accessions of S. demissum, with 9% and 30% showing 

symptoms in 2020 and 2021, respectively. 

Keywords: wild potato, morphometrics, late blight, resistance. 

2 Thesis, Universidad Autonoma Chapingo 
Author: Gabriela Díaz García 
Advisor: Dr. Héctor Lozoya Saldaña 



1 

CAPÍTULO I. INTRODUCCIÓN GENERAL 

Las variedades comerciales de papa (Solanum tuberosum L.) presentan escasa 

variabilidad genética y una alta depresión endogámica, por lo tanto, las 

contribuciones que especies silvestres, conservadas regularmente en bancos de 

germoplasma, pueden aportar al incremento de la diversidad genética resulta 

fundamental en la mejora de este cultivo (Bamberg & Del Rio, 2007). Las 

especies de papa silvestre se han utilizado a los largo de los años en programas 

de mejoramiento genético (Bradshaw et al., 2006), actualmente se conocen 151 

especies de papas silvestres distribuidas en 16 países del continente americano 

(Spooner et al. 2019; https://cipotato.org/potato/wild-potato-species). 

Comúnmente, estas especies son utilizadas como fuente de resistencia a 

enfermedades (Ballesteros et al., 2010), plagas (Fürstenberg-Hägg et al., 2013) 

y estrés abiótico (Bradshaw et al., 2006).  

La papa silvestre Solanum demissum Lindl. ha sido una valiosa fuente de 

resistencia al tizón tardío de la papa (Phytophthora infestans (Mont.) de Bary.) 

desde mediados del siglo XX (Ballesteros et al., 2010). y es considerada como 

una de las fuentes más importantes de resistencia a heladas (Vega & Bamberg, 

1995). Aunado a esto, la actividad antioxidante (Friedman, 2006; Hale et al., 

2008) y contenido de glicoalcaliodes detectados establece una base sólida para 

futuras investigaciones en los campos agrícola y farmacéutico (Diaz-Garcia et al., 

2023; Distl & Wink, 2009; Friedman et al., 1997). 

Por otro lado, para hacer un uso más eficiente de los recursos almacenados y 

conservados en los bancos de germoplasma, la caracterización genotípica y 

fenotípica de especies silvestres brinda información valiosa contribuyendo a la 

identificación, clasificación y selección de materiales (Singh et al., 2019). 

Particularmente, la caracterización fenotípica permite describir y establecer 

relaciones entre accesiones, además de identificar materiales prometedores para 

el mejoramiento y la conservación del germoplasma (Muli et al., 2021; Pereira-

Dias et al., 2020; Plazas et al., 2014). 

Los parientes silvestres de la papa han constituido una importante fuente de 

genes de resistencia en la generación de nuevas variedades de papa (Zoteyeva 

et al., 2012), sin embargo, la caracterización fenotípica de los mismos ha sido 

limitada debido a la baja precisión y capacidad de procesamiento del fenotipado 

tradicional, lo que ha dificultado el estudio de las grandes colecciones existentes 

en los bancos de germoplasma. 

El fenotipado de alto rendimiento permite mayor procesamiento de información, 

disminución del error y facilita la cuantificación de caracteres complejos como el 

color o la forma (Diaz-Garcia et al., 2016), abriendo un abanico de oportunidades 
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para el estudio y caracterización de materiales, brindando así información 

necesaria para selección en programas de fitomejoramiento, conservación y 

diversidad. 

El objetivo de este trabajo ha sido la caracterización fenotípica de Solanum 

demissum, para la resistencia al tizón tardío y análisis morfométrico de las hojas. 

En el capítulo 3 se aborda una revisión sobre S. demissum, contribuciones y 

perspectivas, en el capítulo 4, análisis de la variabilidad morfométrica de hojas 

en distintas especies silvestres de papa, entre ellas S. demissum, y en el capítulo 

5, la evaluación el grado de resistencia al tizón tardío de un panel de más 100 

accesiones de S. demissum en el Valle de Toluca, el centro de diversidad más 

importante para P. infestans. 
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CAPÍTULO II. REVISIÓN DE LITERATURA 

2.1 Solanum demissum 

Solanum demissum Lindl. es una papa silvestre perteneciente a la familia de las 

solanáceas (Spooner & Hijmans, 2001), de porte alto, flores de color violeta a 

morado, tubérculos blancos a bronceado, redondos a comprimidos (Hidalgo-

Gómez, et al. 2022). Es una especie hexaploide autoincompatible (2n = 6x = 72, 

4 EBN-Endosperm Balance Number) (Spooner & Hijmans, 2001) dando lugar a 

una gran variabilidad genotípica. Se encuentra distribuida en México y Guatemala 

en donde la mayor abundancia y diversidad se encuentra en territorio mexicano 

en el Eje Volcánico y la Sierra Madre del Sur, predominando el clima templado, 

sub-húmedo, con lluvias en verano de 800 a 900 mm anuales, alta humedad 

relativa y oscilación térmica, de 12° C a 20° C (Hijmans et al., 2002; Luna-

Cavazos et al., 2012; Lozoya-Saldaña, 2005; USDA Germoplasm Resources 

Information Network (GRIN, https://www.ars-grin.gov/)). 

2.1.1 Resistencia al tizón tardío 

El interés en colectar y estudiar a las papas silvestres nació a partir de la 

hambruna irlandesa de la papa ocurrida en la década de 1840 a causa de “la 

enfermedad” actualmente conocida como tizón tardío de la papa, causada por el 

oomyceto P. infestans, provocando una gran crisis alimentaria que derivó en una 

grave escasez de alimento y en la pérdida de vidas humanas debido al hambre y 

desnutrición (Fry et al., 2015; Majeed et al., 2022). Posteriormente, a través de 

varias expediciones europeas se colectaron genotipos de papas silvestres para 

cruzarlas con la especie comestible con la finalidad de obtener variedades 

resistentes (Hawkes, 1941). Solanum demissum fue mencionada por primera vez 

por John Lindley en 1848 en el artículo Notes on the Wild Potato, publicado en 

The Journal of the Horticultural Society of London, en el cual el autor describe 

accesiones colectadas en el Valle de Toluca y Michoacán (México) como plantas 

que no presenta síntomas de “la enfermedad”. Donald Reddick (1951) de la 
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Universidad de Cornell, realizó una expedición de exploración de plantas a las 

montañas de México, cuya variabilidad e indicios de resistencia al tizón tardío 

detonaron un particular interés en estudiar a las papas silvestres mexicanas 

(Enciso-Maldonado et al., 2022; Zoteyeva et al., 2012). Actualmente, se 

considera que el centro de diversidad más importante de P. infestans se 

encuentra en el Valle de Toluca y se extiende hasta Michoacán y Tlaxcala (Wang 

et al., 2017), por lo tanto, las especies mexicanas han co-evolucionado con el 

patógeno y han adquirido una resistencia natural al mismo (Alfaro, 1995). Hasta 

la fecha, se han encontrado 14 genes de resistencia al tizón tardío funcionales 

en S. demissum: R1, R2, Rpi-demf1, R3a, R3b, R4al; R4MA, R5, R6, R7, R8, 

R9a, R10; R11 (Paluchowska et al., 2022). 

2.1.2 Resistencia a otros factores 

Se ha demostrado que S. demissum presenta resistencia a plagas como el 

escarabajo de la papa de Colorado (Leptinotarsa decemlineata) y la cigarrita de 

la papa (Empoasca fabae) (Fürstenberg-Hägg et al., 2013), a infección por 

nematodos causado por Globodera pallida y G. rostochiensis (Bachmann-Pfabe 

et al., 2019), a los Virus X de la Papa (PVX) y Virus Y de la Papa (PVY) (Zoteyeva 

et al., 2012) además de mostrar respuesta de hipersensibilidad contra el virus A 

de la papa (PVA) (Tiwari et al., 2022). 

Por otra parte, S. demissum se ha categorizado dentro del grupo de parientes 

silvestres de papa como una de las especies más resistentes a heladas, 

soportando temperaturas de -2 °C (Vega & Bamberg, 1995), desencadenando, 

desde inicios del siglo XX, la obtención de híbridos a partir de cruzas entre S. 

demissum y S. tuberosum resistentes a heladas (Del Rio & Bamberg, 2020).  

2.1.3 Otras propiedades 

Los glicoalcaloides son metabolitos secundarios encontrados en papa y sus 

parientes silvestres, los cuales han sido catalogados como compuestos tóxicos 

por lo que resultan útiles en la defensa ante el ataque de patógenos (Friedman, 

2006; Kuc, 1992). Se han encontrado en S. demissum altas concentraciones de 

demissina, demissidina, tomatidina, chaconina y tomatidinol (Distl & Wink, 2009; 
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Friedman et al., 1997), compuestos que han mostrado efecto en el tratamiento 

de diferentes enfermedades ya que se han asociado a propiedades 

antiinflamatorias, antihiperglucémicas, antibióticas, anticolesterolemiantes y 

anticancerígenas (Friedman, 2006; Milner et al., 2011). 

2.2 Fenotipado de alto rendimiento 

El fenotipado de alto rendimiento (High-throughput phenotyping-HTP) o fenómica 

involucra una serie de técnicas de alto rendimiento para aumentar y automatizar 

la capacidad y precisión de la evaluación fenotípica, permitiendo mayor 

procesamiento de información, disminución del error de medición y facilitar la 

cuantificación de caracteres complejos como el color o la forma (Diaz-Garcia et 

al., 2016; Fritsche-Neto et al., 2014).  

Algunas herramientas utilizadas en el fenotipado incluyen: imágenes bi y 

tridimensionales (permiten medir la forma, el tamaño, número de hojas, color, 

etc.), sistema de imágenes de infrarrojo lejano (para estudiar las diferencias de 

temperatura y sus efectos en la tolerancia a la salinidad, la eficiencia de la 

fotosíntesis, el uso de agua, etc.), sistema de imágenes de infrarrojo cercano 

(para medir el contenido de agua y sus patrones de movimiento en las hojas y el 

suelo), sistema de imágenes de fluorescencia (para análisis de la salud de las 

plantas), sistema de imágenes por resonancia magnética (para capturar 

imágenes geométricas en 3D de las raíces) y reflectancia espectral (para 

determinar la composición química de las plantas, como: niveles de clorofila y 

otros pigmentos en las hojas, carbohidratos solubles en agua y nitrógeno en 

hojas) (Roshni & Prajwala, 2019; Tao et al., 2022). 

Los estudios de diversidad, el mapeo de genes y el mejoramiento genético (como 

el caso de selección genómica) requieren de la información obtenida gracias a 

HTP para obtener los resultados deseados (Sandhu et al., 2022). 

2.2.1 Diversidad en plantas 

Los estudios de diversidad son clave para la clasificación, conservación y 

selección de recursos fitogenéticos. La caracterización fenotípica es tan 

importante como la genotípica, ya que permite describir y establecer relaciones 
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entre grupos de cultivares y accesiones, además de identificar materiales 

potencialmente interesantes para el mejoramiento y la conservación del 

germoplasma (Furbank & Tester, 2011; Muli et al., 2021; Pereira-Dias et al., 2020; 

Plazas et al., 2014). 

La evaluación de materiales es importante para descubrir fuentes útiles y predecir 

el potencial genético y valor de mejoramiento de los materiales existentes en los 

bancos de germoplasma. La evaluación fenotípica ha sido exitosa en la 

identificación de materiales adecuados para rasgos simples, pero los rasgos 

poligénicos con fuertes interacciones genotipo-ambiente son un desafío. 

Además, muchos rasgos importantes solo se expresan en etapas específicas de 

desarrollo, en entornos particulares o en respuesta a estreses bióticos o 

abióticos, y no son fácilmente capturados o incluidos en los esquemas de 

evaluación fenotípica. Predecir el comportamiento del material en diferentes 

condiciones ambientales es difícil, por lo que desarrollar colecciones 

caracterizadas es un desafío para una gran cantidad de características y 

entornos (Wang et al., 2017). La utilización de estas herramientas de fenotipado, 

junto con el genotipado, acelerará el uso de los recursos genéticos y el desarrollo 

de cultivos alimentarios más resistentes para el futuro (Nguyen & Norton, 2020). 

2.2.2 Mapeo genético 

El mapeo genético permite identificar la ubicación de los genes asociados o 

responsables de una característica fenotípica de interés en un organismo. Utiliza 

la información y variabilidad genética para establecer relaciones entre los 

marcadores genéticos y los rasgos fenotípicos, lo que permite la identificación de 

los loci específicos o regiones en el genoma responsables de la herencia de un 

caracter dado (Peña Malavera et al., 2014; Terwilliger & Göring, 2014). 

La evaluación fenotípica es crucial en el mapeo de genes debido a que permite 

identificar y medir las características de los individuos que son determinadas por 

la combinación de sus genes y el ambiente en que se desarrollan. Para el caso 

particular del mapeo por asociación de genoma completo (GWAS), la 

identificación de una asociación entre un polimorfimo de nucleótido único (SNP) 

y un rasgo depende en su totalidad de la diversidad genotípica y fenotípica, de 
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las estrategias de fenotipado y genotipado y de la naturaleza del caracter a 

evaluar (Korte & Farlow, 2013), por lo que un fenotipado de alto rendimiento, 

preciso y eficiente, brinda mejores oportunidades para encontrar asociaciones 

positivas y confiables. En el caso de mapeo por QTL (locus de caracteres 

cuantitativos), incrementar el número de genotipos juega un papel importante en 

la detección de QTL positivos, el incremento de la precisión en el fenotipado con 

pocos genotipos no tiene efecto en la reducción de la probabilidad de detectar 

QTL falsos. HTP para el mapeo de QTL permite incrementar de forma 

significativa la cantidad de genotipos que es posible fenotipar (comparado con 

fenotipado tradicional) buscando reducir la probabilidad de falsos positivos (Lane 

& Murray, 2021). 

2.2.3 Mejoramiento genético 

El fenotipado es un proceso esencial en el mejoramiento genético de las especies 

cultivadas. Permite identificar y seleccionar individuos con características 

deseables para su uso en programas de mejoramiento, optimizando los 

procedimientos de selección y desarrollo de cultivares comerciales (Furbank & 

Tester, 2011; Morota et al., 2022). Al usar la selección fenómica en conjunto con 

adecuadas herramientas de fenotipado, la eficiencia de la selección genómica 

mejora (Krishnappa et al., 2021). 

Un componente fundamental para acelerar el desarrollo de nuevas variedades 

de cultivo mejoradas es la evaluación fenotípica rápida y precisa de miles de 

líneas de mejoramiento en condiciones de campo. La falta de plataformas de 

fenotipado que puedan identificar de manera eficiente a los individuos de grandes 

poblaciones ha sido un obstáculo importante para la mejora de cultivos. Además, 

debido a que muchas características agrícolas de importancia están 

influenciadas por las interacciones genotipo-ambiente, se requiere el fenotipado 

a escala de campo. Por otra parte, la gran diversidad genética presente en 

colecciones de germoplasma, a menudo contienen parientes silvestres con 

características novedosas, que puede dar como resultado estudios de mapeo 

genético que identifiquen marcadores genéticos útiles para el mejoramiento 
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asistido, permitiendo así la generación de variedades de manera más rápida y 

eficiente (Migicovsky et al., 2017; Tanger et al., 2017; Watts et al., 2021). 
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ABSTRACT 

To catalog and promote the conservation and use of crop wild relatives, comprehensive 

phenotypic and genotypic information must be available. Plant genotyping has the power 

to resolve the phylogenetic relationships between crop wild relatives, quantify genetic 

diversity, and identify marker-trait associations for expedited molecular breeding. 

However, access to cost-effective genotyping strategies is often limited in underutilized 

crops and crop wild relatives. Potato landraces and wild species, distributed throughout 

Central and South America, exhibit remarkable phenotypic diversity and are an invaluable 

source of resistance to pests and diseases. Unfortunately, very limited information is 

available for these germplasm resources, particularly regarding phenotypic diversity and 

potential use as trait donors. In this work, more than 150 accessions corresponding to 12 

species of wild and cultivated potatoes, collected from different sites across the American 

continent, were analyzed using computer vision and morphometric methods to evaluate 

leaf size and shape. In total, more than 1100 leaves and leaflets were processed and 

analyzed for nine traits related to size, shape, and color. The results produced in this 

study provided a visual depiction of the extensive variability among potato wild species 

and enabled a precise quantification of leaf phenotypic differences, including shape, 
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color, area, perimeter, length, width, aspect ratio, convexity, and circularity. Moreover, 

this study provided insights into the potential role of leaf size and shape variation in plant-

insect interactions, productivity, and adaptation. Finally, we discussed the application and 

utility of inexpensive but comprehensive morphometric approaches to catalog and study 

the diversity of crop wild relatives. 

keywords: wild potato, plant genetic resources, computer vision, crop wild relatives 

ABBREVIATIONS 

EFD - Elliptical Fourier Descriptor 

ICAMEX - Agricultural Research and Training Institute, Mexico 

INTRODUCTION 

Cultivated potato (Solanum tuberosum L.) was domesticated from wild Solanum species 

native to the Peruvian Andes 8000-9000 years ago (Spooner et al., 2005). Through 

polyploidization (Watanabe and Peloquin, 1989), photoperiodism changes (Hosaka, 

2003, 2004), and other diversification mechanisms (Hardigan et al., 2017), potato became 

adopted globally and it is now the third most important food crop for human consumption 

(Birch et al., 2012). Commercial potato cultivars exhibit great phenotypic diversity. For 

example, available germplasm varies in tuber shape, skin color, plant architecture, 

phenology, among others (https://www.upov.int/edocs/tgdocs/es/tg023.pdf). Despite this 

variability, most of the commercial cultivars are susceptible to late blight, a major disease 

caused by Phytophthora infestans (Mont.) de Bary and found worldwide. Late blight 

produces dark grey to brown water-soaked spots on leaf tissues, total necrosis of infected 

plants within 5 to 10 days, changes in tuber coloration, and rot (Kamoun et al., 2015; 

Dong and Zhou, 2022). Furthermore, late blight was responsible for the Irish Potato 

Famine in the mid-1800s, which led to widespread starvation, disease, and emigration, 

remaining as one of the most significant historical social crises caused by a plant 

pathogen (Majeed et al., 2022). Since then, plant breeders have looked for sources of 

resistance. 

Potato landraces and wild species are widely distributed across Central and South 

America (Hardigan et al., 2015; Hijmans et al., 2002). These materials display remarkable 
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phenotypic variation, encompassing diverse tuber colors, sizes and shapes, canopy 

architectures, and growth habits (Spooner et al., 2005). More importantly, landraces and 

wild species are excellent sources of resistance to nematodes, viruses, insects, and late 

blight (Bachmann-Pfabe et al., 2019; Dandurand et al., 2019; del Rio and Bamberg, 2020; 

Fürstenberg-Hägg et al., 2013; Ruiz de Galarreta et al., 1998). The Solanum genus 

includes more than 151 wild potato species of varying ploidy levels 

(https://cipotato.org/potato/wild-potato-species), from diploid (2n=2x=24), to triploid 

(2n=3x=36), tetraploid (2n=4x=48), pentaploid (2n=5x=60), and hexaploids (2n=6x=72), 

and are distributed across most of the American continent (Hijmans et al., 2002). In recent 

years, much of the phylogenetic relationships across Solanum species have been 

revealed through the use of genomic information (Gagnon et al., 2022; Hardigan et al., 

2015; Huang et al., 2019). Moreover, the integration of phenotypic and genotypic data 

has allowed researchers to identify marker-trait associations for tuber quality 

characteristics (Aversano et al., 2017; Sulli et al., 2017; Wolters et al., 2010), abiotic 

factors resistance (Esposito et al., 2017; Vega and Bamberg, 1995; Watanabe et al., 

2011), and pest and disease resistance(Fulladolsa et al., 2015; Huang et al., 2023; Li et 

al., 2018c; Meade et al., 2020; Sudha et al., 2016; Tiwari et al., 2015; Yang et al., 2017). 

For instance, at least 14 loci have been identified for late blight resistance (Meade et al., 

2020; Paluchowska et al., 2022; Tiwari et al., 2013), in addition to other resistance loci 

and tuber quality traits (Bhatia et al., 2023; Collins et al., 1999; Li et al., 2005). From a 

breeding perspective, potato wild relatives have become an important reservoir of novel 

allelic variation for trait introgression. For example, species like Solanum acaule Bitter, 

Solanum bulbocastanum Dunal, Solanum chacoense Bitter, Solanum demissum Lindl., 

and Solanum stoloniferum Schltdl. have been found to be highly resistant to light blight 

(Castañeda-Álvarez et al., 2015; Karki et al., 2020). Other wild species and landraces 

such as Solanum brevicaule Bitter, and Solanum microdontum Bitter are sources of 

resistance to pale cyst nematode (Globodera pallida) and abiotic stresses such frost and 

salinity (Azhar and Wani, 2021; Bachmann-Pfabe et al., 2019; Bashir et al., 2021; Nicolao 

et al., 2023). In this context, cataloging plant genetic resources is fundamental for 

predicting, assessing, and promoting the use of uncultivated or underutilized germplasm, 
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such as crop wild relatives, for plant improvement (Machida-Hirano, 2015; Spooner and 

Bamberg, 1994). 

In recent decades, genebanks worldwide have accumulated extensive ex-situ collections 

of exotic germplasm, including crop wild relatives and wild species (Ellis et al., 2020). 

Advancements in genotyping technologies have revolutionized genetic characterization, 

enabling genome-wide analyses of numerous accessions and entire ex-situ collections 

within genebanks. High-throughput sequencing, in particular, has facilitated genome 

characterization (Tang et al., 2022) and the development of core collections, which aim 

to capture the majority of genetic diversity with a reduced number of accessions 

(Wambugu et al., 2018). However, the comprehensive characterization of phenotypic 

information and the exploration of environmental interactions, vital for harnessing the 

potential of exotic germplasm and identifying species and accessions suitable for climate 

resilience, still remains challenging. Moreover, the implementation of cost-effective 

genotyping strategies relies on the availability of high-quality genome assemblies and 

appropriate genotyping pipelines (Pavan et al., 2020), which is not always the case in 

minor crops or crop wild relatives. 

Leaf morphometrics has been used to catalog genetic diversity in crop species such as 

grapevine (Demmings et al., 2019; Klein et al., 2017), tomato (Chitwood et al., 2013), 

cranberry (Diaz-Garcia et al., 2018), cotton (Andres et al., 2017) and apple (Migicovsky 

et al., 2017). Moreover, this approach has supported large-scale phenotyping efforts in 

orphan crops and crop wild relatives, including kura clover (Schlautman et al., 2020), 

Solanum pennellii (Li et al., 2018b), Viburnum (Spriggs et al., 2018), Oxalis (Morello et 

al., 2018), and Passiflora (Chitwood et al., 2018). Leaves serve as the primary 

photosynthetic organs in most plants, and in many cases, leaf-traits such as size and 

shape are highly informative and provide important insights into physiological and 

phenological states (Wang et al., 2021). In certain studies, leaf size and shape have been 

associated with distinct fruit characteristics. For example, leaf morphometry in oriental 

persimmon correlates with fruit shape (Maeda et al., 2018). In other species, like grape 

and apple, leaf color has been associated with berry flesh color (Migicovsky et al., 2017). 

While quantitative methods exist for measuring leaf size and color, the assessment of leaf 
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shapes often relies on qualitative measurements. This poses a challenge, particularly in 

plant species with multifoliate leaves, such as Solanum sp., where the absence of 

homologous landmark points complicates leaf shape comparisons (Li et al., 2017). In this 

study, more than 150 accessions corresponding to 12 species of wild and cultivated 

potato were analyzed using computer vision and advanced morphometric methods. The 

accessions analyzed here were collected from different sites across the American 

continent and represent a substantial portion of the existing diversity among wild potato 

species. More importantly, these species serve as a valuable gene reservoir of interest 

for plant breeding purposes. We used high-throughput phenotyping and morphometrics 

methods to evaluate leaf size and shape, which produced a dataset comprising 10 

phenotypic variables and more than 7000 entries (i.e., leaves). The results produced in 

this study provided a visual depiction of the extensive variability among potato wild 

species, and enabled a precise quantification of phenotypic differences, including traits 

commonly considered to be qualitative, such as color or shape. 

MATERIALS AND METHODS 

Plant material 

Seeds of 161 wild potato accessions spanning 12 Solanum species were obtained from 

the United States Potato Genebank (Peninsular Agricultural Research Station, University 

of Wisconsin-Madison) (Table S1). Accessions for these species were originally collected 

between 1940 and 2000 at different locations in Mexico, Bolivia, Peru, Argentina, 

Colombia, and Guatemala, at altitudes ranging from 1800 to 4100 masl (Figure 1). A 

Mexican S. tuberosum commercial cultivar (‘Alpha’) was also included in the study. Ploidy 

levels represented in the surveyed collection included diploids (n=23), triploids (n=1), 

tetraploids (n=27), and hexaploids (n=111; Figure 1). 

The seeds were germinated in the greenhouse using 200-hole seedling trays and peat 

moss as media, for a period of six weeks and at 25°C. Once the plants developed roots 

and at least four leaves, they were transplanted to the field at ICAMEX, Estado de Mexico, 

Mexico (latitude 19.2435, longitude -99.59135, at 2606 masl). Plants were established in 

the field using a complete randomized design with two repetitions; each experiment unit 
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comprised two plants. For every plant in the experiment, two fully mature leaves collected 

from the middle of the canopy were manually sampled for imaging. 

 

Fig. 1 The geographic distribution and ploidy of 13 Solanum accessions 

investigated in the present study. Upper-right panel zooms in into the collection sites 

for Mexican accessions. Different color points correspond to different accessions, as 

indicated in the lower-right table. EBN = Endosperm Balance Number 

Image acquisition and morphometric analysis 

Collected leaves were scanned using a flatbed scanner (Epson Perfection V39,) at 300 

dpi. Two sets of images were obtained. In the first set (Figure 2a), the leaves were 

scanned with all their corresponding leaflets attached. In the second set of images (Figure 

2b), the leaflets were detached and individually placed in the scanner for imaging, while 

recording the position of each leaflet within the leaf, from the apex to the base, and from 

left to right. Each image included a size reference and a QR code for image identification. 

Images were imported into R, thresholded, and converted into binary images using 

EBImage (Pau et al., 2010). Then, individual leaflets were selected and contours 

(outlines) were generated for downstream analysis with the R package Momocs 

(Bonhomme et al., 2014), as in (Chitwood et al., 2014). For each individual leaflet, several 

basic descriptors were computed, including area, perimeter, length, width, aspect ratio, 
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convexity, circularity, and color. Additionally, normalized elliptical Fourier descriptors 

based on 10 harmonics were calculated for each leaflet (Bonhomme et al., 2014). 

Because of the lack of common landmarks across accessions, the only variable computed 

for complete leaves (with attached leaflets, Figure 2a) was total leaf area. 

 

Fig. 2 Examples of the two sets of images produced in this study. (a) Complete 

leaves with attached leaflets. (b) Individual leaflets detached and imaged individually 

Data visualization and statistical analysis 

Leaflet contours were plotted using Momocs (Bonhomme et al., 2014) and visually 

inspected for errors. Incomplete leaves due to mechanical or insect damage, or errors 

during image segmentation were removed from the analysis. Correlations among leaf 

phenotypes were calculated using Pearson’s correlations. All basic statistical functions 

were performed in R and visualized in the package ggplot2 (Wickham, 2009). Analysis of 

variance and Kruskal-Wallis tests were conducted for normally and non-normally 

distributed traits, respectively. 

RESULTS 

Leaf size and shape exhibit discernible patterns 

More than 7500 leaflets sampled from 1129 leaves and 162 Solanum accessions were 

analyzed in this study. Leaf shape variation was surveyed in 13 Solanum species, more 

than in any other study before. This comprehensive study revealed large variation in leaf 

size and architecture, which arised from major differences in their corresponding leaflets. 
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For instance, leaflet size and shape varied as a function of its position within the leaf 

(Figure 3), which is further described below. 

 

Fig. 3 Digital representation of leaf variation in 13 Solanum species. Each leaflet 

shape was generated by averaging leaflet shapes at similar leaflet positions within the 

leaf. Leaflets are colored according to the average color estimated from scanned images 

Leaf size was determined using two different approaches. Firstly, leaf size was calculated 

from the images containing complete leaves (with their leaflets attached), thereby 

representing the true leaf area. Secondly, an alternative estimation was derived by 

aggregating the areas of individually scanned detached leaflets (Figure 4a). As expected, 

outcomes from both approaches exhibited a robust positive correlation (r2=0.95, p-value 

=2.2e-16). Nevertheless, leaf area calculated from intact leaves, on average, surpassed 

the cumulative area of all leaflets by 11.1%. This difference can be attributed to the 

presence of small interjected leaflets located between the sampled leaflets and the 

petiole. Overall, discrepancies between leaf area (using complete leaves) and area 

derived from leaflet area summation ranged from 0.9% (no interjected leaflets, reduced 

petiole), to 18%. When comparing leaf sizes (using the cumulative leaflet areas) among 

different accessions, a twofold difference was observed. For example, alpha (S. 

tuberosum) exhibited the largest leaf size (221.08 cm2), followed by accessions 161367 

(99.31 cm2, S. demissum) and 161179 (98.16 cm2, S. demissum). In contrast, the 

accessions 653799 (4.97 cm2, S. michoacanum), 230489 (6.53 cm2, S. pinnatisectum), 

and 275230 (7.97 cm2, S. pinnatisectum) had relatively smaller leaf sizes. 

The distribution of leaf area within the leaflets exhibited discernible patterns. Terminal 

leaflets consistently displayed larger sizes across all species, with accession 631212 (S. 

microdontum) having the largest terminal leaflet size (96.11 cm2), and accession 653799 

(S. michoacanum), with a 1.15 cm2 terminal leaf. Additionally, leaflet size decreased 



 45 

gradually as a function of their position along the petiole, which was expected as apical 

leaflets emerge and develop first. 

By discerning the specific position of each leaflet along the petiole, other descriptive 

variables were calculated. For example, the ratio of terminal leaflet size to non-terminal 

leaflet size was highly variable across accessions (Figure 4b). Species like S. tuberosum 

and S. pinnatisectum had higher ratios (0.84-0.73), indicating that lateral leaflets were 

approximately three quarters the size of the terminal leaflet. On the other hand, species 

like S. microdontum and S. albicans had a ratio closer to 0, indicating significantly larger 

terminal leaflets compared to lateral leaflets. Overall, these findings collectively 

underscore the influence of leaflet position on size distribution, with the apical locations 

predominantly exhibiting larger leaflets. 

Leaf shape variation 

Leaflet shape also exhibited variation depending on leaflet position. Two distinct patterns 

were observed based on the aspect ratio of the leaflets (Figure 4c). In certain species like 

S. acaule, S. albicans, S. berthaultii, and S. tuberosum, an asymptotic-like relationship 

was observed between aspect ratio and leaflet position. These species displayed larger 

aspect ratios (indicating more elongated leaflets) in their second and third leaflet pairs, 

while the aspect ratios were smaller for the first and fourth leaflet pairs, indicating more 

rounded leaflets. Conversely, species such as S. michoacanum and S. pinnatisectum 

consistently showed an increase in aspect ratio as the leaflet position progressed from 

basal to apical positions. Unlike the species with the asymptotic relationship, S. 

michoacanum and S. pinnatisectum exhibited considerably larger aspect ratios ranging 

between two and four. The circularity of the leaflets followed a similar pattern, as it was 

highly correlated with the aspect ratio (r2=0.91). 
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Fig. 4 Leaflet size and shape shows great variability across wild potato accessions. 

Variation in (a) leaf area and (b) the ratio of terminal leaflet to non-terminal leaflet. (c) 

Species variability in leaflet area, perimeter, length, width, aspect ratio, convexity and 

circularity 

Correlation among traits 

Size-related descriptors including area, perimeter, length, and width exhibited a strong 

positive correlation (r2=0.92 to 0.99). Among the three basic shape descriptors, circularity 

and aspect ratio showed a high positive correlation, while convexity exhibited no 

significant correlation with any of the traits. In general, no correlation was observed 

between leaflet size and shape (Figure 5a). However, upon conducting a more in-depth 

exploration of trait correlations across various species, distinct patterns of species-

specific significant correlations came to light (Figure 5b). For instance, although leaflet 

circularity and leaflet area showed poor correlation when considering all species together, 

they exhibited a medium to high negative correlation (r2=0.80 to 0.18) specifically within 

the S. microdontum species. Similarly, while convexity showed little correlation with other 

traits overall, it displayed a medium negative correlation (r2=-0.32 to -0.36) with traits such 

as width, aspect ratio, perimeter, and length specifically in the S. tuberosum species. 

Conversely, the opposite trend was also observed, with high correlations among all 

species except for specific ones. For example, width and length exhibited a medium 

correlation (r2=0.50, 0.60) in the S. pinnatisectum and S. tuberosum species, while for the 

rest of the species, the correlation between these traits was larger than 0.8 (average r2= 

0.93). These findings reveal the complexity and high variability of Solanum leaf size and 

shape across different species, with leaflet properties playing a major role in determining 

these characteristics. 
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Fig. 5 Correlation among shape and size traits. (a) Pearson’s correlation using non-

averaged leaflet values. (b) Species-specific variation in trait correlations. Different 

marker symbols/colors correspond to different species; red lines highlight the extend of 

the variation in the correlation coefficients for each pair of traits 

Elliptical Fourier descriptors 
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Compared with basic shape descriptors such as aspect ratio, circularity, and convexity, 

the Fourier analysis allows the description of global and local features to quantify variance 

among different shapes (Chitwood et al., 2013, 2014). This approach extracts the 

information embedded in the object outlines (leaflets) into a weighted sum of wave 

functions with varying frequencies. Then, the Fourier coefficients determine the 

contribution of each waveform to the shape under inspection. For instance, lower-order 

harmonics provide insights into the overall shape, while higher-order harmonics capture 

local variations in the outlines (Iwata et al., 1998). One notable advantage of the EFD-

based methods is its ability to separate and independently analyze symmetric and 

asymmetric variances in shape, which is a common feature in biological systems  

Leaflet shape variation was analyzed using symmetrical and asymmetrical principal 

components, which allowed for a better understanding of the results from the elliptical 

Fourier descriptor analysis (Figure 6). The first three principal components (PC) 

collectively accounted for 96.2% of the symmetric variance in leaflet variation, while the 

first three asymmetric components explained only 89.9%. Particularly, PC1 accounted for 

90% of the symmetric variance, but only 82.3% of the asymmetric variance. 

 

Fig. 6 Elliptical Fourier Descriptors. (a) Variation of harmonic coefficients. (b) Harmonic 

contributions to shape resulting from EFD analysis. Principal components (c) PC1 and 

PC2, (d, e) PC1 and PC3. (f) PCs explaining variance in leaflet shape 
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Analysis of full leaves 

Significant variation in both leaflet size and shape was observed among the accessions 

examined in this study. Leaflet position and the allocation of leaf area among different 

leaflet positions (Figure 4) were identified as major sources of variation. However, 

complete leaves, as a whole, also exhibited significant variation, not only in size as 

discussed above, but in structure (i.e. number of leaflets) and shape. For instance, 

different species and accessions displayed varying numbers of leaflets. Some had only 

one pair of lateral leaflets (S. microdontum), while others had three (S. albicans, S. 

brevicaule, S. chacoense, S. demissum, S. guerreroense, S. juzepczukii, S. 

michoacanum, S. stoloniferum, S. tuberosum), or the maximum observed, four (S. acaule, 

S. berthaultii, S. pinnatisectum). Interjected leaflets at different leaflet positions were also 

observed in certain accessions. Additionally, petiole size varied across species, and in 

some cases (e.g., S. tuberosum), accounted for a significant portion of the total leaf area. 

Comparative analysis of morphometric phenotypes in multifoliate leaves is challenging 

because of the absence of clearly defined homologous points (e.g., landmarks) across 

different leaf structures (Li et al., 2018a). Therefore, techniques like persistent homology 

have been used to quantitatively account for shape variation in complex traits, providing 

a promising avenue for analysis (Diaz-Garcia et al., 2018; Li et al., 2019; Schlautman et 

al., 2020). In this study, the set of images containing complete leaves (with attached 

leaflets, Figure 2a) was subjected to persistent homology analysis. A shape barcode 

consisting of 800 values was generated for each leaf, and principal component analysis 

was performed on the entire dataset, considering the barcodes of all the leaves. The first 

three principal components derived from persistent homology explained 44, 22, and 6% 

of the variance in leaf shape, respectively. Seventeen principal components from 

persistent homology explained 90% of the shape variance, indicating the significance of 

local and accession-specific shape features. Two analyses were conducted with the 

persistent homology data. First, a correlation analysis was performed between the 

principal components derived from persistent homology (using complete leaves) and 

those obtained from the elliptical Fourier descriptor analysis (using leaflets). Interestingly, 

a strong correlation was observed between the first principal components of persistent 

homology and EFD, likely suggesting that persistent homology applied to complete leaves 
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is sensitive to shape variation in individual leaflets. Second, by plotting principal 

components 1 and 2 of persistent homology, the accessions were partially grouped 

according to their assigned species. For example, all three S. pinnatisectum accessions 

formed a distinct group along principal component 1, while the S. berthaultii accessions 

also formed a well-defined group. However, species with a larger number of sampled 

accessions, such as S. demissum and S. acaule, showed more scattered grouping, 

indicating pronounced intraspecies leaf shape variation. 

DISCUSSION 

The leaf holds vital importance within plants, orchestrating essential physiological 

processes like photosynthesis, respiration, and transpiration. Both size and shape wield 

a profound impact on photosynthetic efficiency, intimately intertwined with agronomic 

productivity (e.g. yield) and tolerance to biotic and abiotic stressors (Nicotra et al., 2011; 

Wang et al., 2021; Zhang et al., 2021). Moreover, leaves exhibit many heritable 

characteristics, including size and shape (Karamat et al., 2021), color (Sarker and Oba, 

2020), anatomy (Feldman et al., 2017; Radenović et al., 2019), and spectral profile 

(Radenović et al., 2019), among others. In this sense, leaves are highly informative 

organs with great potential for taxonomic classification and germplasm curation. 

Characterizing leaf morphometry in wild potato species not only reveals the existing 

variability among them but also offers a comprehensive overview of the adaptability and 

functionality each species can exhibit within specific environments, and enhances our 

understanding of how plants interact with their surroundings. Comprehensive leaf 

morphometrics also holds significant implications for the conservation and classification 

of genetic resources, prebreeding, and sustainable agriculture. Finally, by understanding 

how leaf size and shape influence a plant's capacity to carry out essential processes, it 

becomes possible to make more informed decisions regarding crop management and 

optimization. 

Size and shape in adaptation 

The role of leaf size in plant adaptation to their environment and growth conditions has 

been extensively documented. It directly influences physiological functions, including light 

capture, thermoregulation, water absorption, and transpiration, while also interacting with 
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surrounding organisms (Niinemets et al., 2006; Pickup et al., 2005; Sarlikioti et al., 2011; 

Westoby et al., 2002). This feature is crucial for survival in diverse habitats and for 

addressing specific challenges. Concerning leaf boundary layer thickness, particularly in 

terms of heat exchange, heat transfer diminishes with increasing leaf size and dissection. 

Larger leaves develop thicker boundary layers, making them more susceptible to 

overheating compared to smaller leaves, resulting in higher respiratory and transpiration 

costs (Sattler, 1978; Wright et al., 2006). Smaller leaves, as seen in species like S. 

michoacanun and S. pinnatisectum, prove advantageous in warm, dry habitats with high 

solar radiation. Conversely, larger leaves, such as those in species like S. berthaultii, S. 

demissum, S. guerreroense, S. juzepczukii, and S. tuberosum, excel in environments with 

lower irradiation, cooler temperatures, and higher humidity (Ackerly et al., 2002; Falster 

and Westoby, 2003; Givnish and Vermeij, 1976; Gates, 1965; Niinemets et al., 2006). 

Additionally, a positive relationship between leaf thickness and leaf biomass is observed 

with increasing altitude, as evidenced in Fritillaria przewalskii (Ma et al., 2020). The 

influence of leaf shape and size on plant development and biomass can also impact plant 

fitness and stress responses as well (Karamat et al., 2021). When plants are exposed to 

concurrent biotic and abiotic stressors, such as drought, there is a pronounced inhibition 

of aboveground biomass, disruption of metabolic processes, nutrient assimilation 

imbalance, and delayed root growth (Nawaz et al., 2023). 

The variation in leaf size and shape is often considered a product of physiological and 

biomechanical demands imposed by different habitats. However, biotic stresses, for 

example, herbivore insects, have also played a significant role in the evolution of leaf size 

and shape, particularly in the context of physical barriers that prevent herbivory (Bright 

and Rausher, 2008; Brown and Lawton, 1991; Ferris, 2019). Deeply divided compound 

leaves, as seen in species like S. michoacanum and S. pinnatisectum, can reduce insect 

feeding efficiency, leading herbivores to prefer plants with simple or less divided 

compound leaves, such as S. tuberosum and S. microdontum (Bright and Rausher, 2008; 

Brown and Lawton, 1991; Ferris, 2019). At the same time, leaf size and shape impact 

plant choice by insects, revealing sensitivity to leaf morphology in many cases. Both 

psyllids (Diptera) and butterflies (Lepidoptera) are attracted to leaves with specific shapes 

(Prokopy and Owens, 1983). For instance, adult Pegomya nigritarsis flies (Diptera) adjust 
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egg quantities based on host leaf size, although they might rely more on chemical signals 

than visual cues (Brown and Lawton, 1991). Aphids (Homoptera) also respond to size; 

adult females of Pemphigus betae show a preference for larger leaves (Brown and 

Lawton, 1991; Dell’Aglio et al, 2016). These interactions between leaf morphology and 

insect choice underscore the importance of leaf characteristics in plant ecology and 

evolution. On the other hand, it has been observed that leaf size and shape also affect 

the individual performance of insects. The movement, mating, oviposition, feeding, and 

shelter of herbivores and their adversaries can be influenced by leaf design (Brown and 

Lawton, 1991). Surface properties of the leaf, such as roughness, wax presence, and 

pubescence, affect insects' ability to cling, move, and feed (Strong et al., 1984). For 

example, female Lithocolletis quercus moths (Lepidoptera) tend to lay eggs on larger 

leaves. In contrast, females of Perga affinis (Hymenoptera: Symphyta) cannot deposit 

eggs on hosts with broad leaves, as they need to grip the leaf edges during oviposition. 

Lepidopteran caterpillars may encounter difficulties maneuvering and feeding on the 

small and often scarce leaflets of African acacias' pinnate leaves (Brown and Lawton, 

1991). Moreover, larvae of various moth species can discern differences between basal, 

lateral, and terminal leaves of their compound leaf food plants. Basal leaflets are less 

palatable than lateral or terminal leaflets, and this relative aversion to basal leaflets may 

serve as a defense against phytophagous insects in compound-leaved plants (Gall, 

1987). 

Comprehensive phenotyping of wild species 

Germplasm banks play an essential role in the conservation and characterization of plant 

biodiversity, particularly when dealing with wild species (Smale and Jamora, 2020). These 

institutions are dedicated to the collection and preservation of plant materials with the aim 

of maintaining the genetic diversity of plants (Singh et al., 2019). The conservation of wild 

species in germplasm banks allows for their study in crop improvement, as these species 

may carry genes resistant to diseases, tolerance to extreme environmental conditions, 

and other desirable traits that can be crucial in creating more resilient and sustainable 

crops (Smale and Jamora, 2020; Wang et al., 2017). 
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Genotypic and phenotypic characterization of the materials stored in germplasm banks 

provides valuable information that not only allows for more efficient resource utilization 

but also contributes to the identification, classification, and selection of materials based 

on their characteristics (Smale and Jamora, 2020; Thormann et al., 2012). Genotyping 

enables the identification of specific genetic variants within the species. However, it is not 

always sufficient to understand the phenotypic adaptations of these plants to different 

environments, and it does not provide direct information on how these genes manifest in 

visible traits, which can be measured through phenotyping. In this regard, phenotypic 

characterization is as important as genotypic characterization, as it allows for the 

description and establishment of relationships between cultivar groups and accessions, 

as well as the identification of promising materials for germplasm improvement and 

conservation (Muli et al., 2021; Pereira-Dias et al., 2020; Plazas et al., 2014). 

Plant phenotyping is essential to understand how wild species adapt to their environment. 

While traditional phenotyping relies on manual observation and measurement, high-

throughput phenotyping uses advanced technologies such as image analysis and 

morphometrics to efficiently measure multiple traits on a large scale, enabling 

comprehensive characterization of wild species, revealing complex traits and precise 

adaptations (Diaz-Garcia et al., 2016; Wang et al., 2017). This is especially valuable when 

searching for specific traits crucial for crop adaptation. Moreover, these high-throughput 

techniques are fundamental in creating collections that more accurately and efficiently 

represent genetic diversity (Schlautman et al., 2020). 

Historically, wild relatives of potatoes have been a significant source of genes in cultivated 

potato breeding programs (Zoteyeva et al., 2012). However, the study of the large 

collections in germplasm banks has been limited due to the constraints of traditional 

phenotyping. Implementing high-throughput phenotyping in these collections would 

provide greater opportunities for characterization (Wang et al., 2017). 
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SUPPLEMENTAL MATERIAL 

Table S1. List of accessions used in this study. PI Number: US National Plant 

Germoplasm System "plant introduction number". 

Accession PI 

Number Collection Species 

631192 VIR 9786 Solanum acaule Bitter 

631193 VIR 17901 Solanum acaule Bitter 

631195 VIR 18004 Solanum acaule Bitter 

631218 VIR 4114 Solanum acaule Bitter 

653786 VIR 04250 Solanum acaule Bitter 

653787 VIR 04253 Solanum acaule Bitter 

653788 VIR 04263 Solanum acaule Bitter 

653812 VIR 09784 Solanum acaule Bitter 

653825 VIR 18010 Solanum acaule Bitter 

653826 VIR 18014 Solanum acaule Bitter 

653827 VIR 18021 Solanum acaule Bitter 

658586 VIR 18522 Solanum acaule Bitter 

631198 VIR 9814 Solanum albicans Ochoa 

631199 VIR 9813 Solanum albicans Ochoa 
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653801 VIR 07635 Solanum berthaultii Hawkes 

653802 VIR 07642 Solanum berthaultii Hawkes 

653829 VIR 23047 Solanum berthaultii Hawkes 

473378 HHCH 4498 Solanum brevicaule Bitter 

631209 VIR 7370 Solanum brevicaule Bitter 

631210 VIR 7381 Solanum brevicaule Bitter 

653800 VIR 05764 Solanum brevicaule Bitter 

653817 VIR 09798 Solanum brevicaule Bitter 

653818 VIR 09808 Solanum brevicaule Bitter 

631200 VIR 2733 Solanum chacoense Bitter 

631202 VIR 7610 Solanum chacoense Bitter 

631203 VIR 7613 Solanum chacoense Bitter 

631207 VIR 3701 Solanum chacoense Bitter 

653782 VIR 03678 Solanum chacoense Bitter 

653783 VIR 03702 Solanum chacoense Bitter 

653785 VIR 04236 Solanum chacoense Bitter 

653792 VIR 05257 Solanum chacoense Bitter 

653822 VIR 15994 Solanum chacoense Bitter 

160220 COR 14199 Solanum demissum Lindl. 

160221 COR 14200 Solanum demissum Lindl. 

160227 COR 14215 Solanum demissum Lindl. 

160230 COR 14220 Solanum demissum Lindl. 

161149 COR 14203 Solanum demissum Lindl. 

161151 COR 14209B Solanum demissum Lindl. 

161164 COR 14237 Solanum demissum Lindl. 

161165 COR 14238 Solanum demissum Lindl. 

161166 COR 14239 Solanum demissum Lindl. 

161167 COR 14240 Solanum demissum Lindl. 

161168 COR 14243 Solanum demissum Lindl. 

161169 COR 14244 Solanum demissum Lindl. 

161175 COR 14259 Solanum demissum Lindl. 
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161176 COR 14260 Solanum demissum Lindl. 

161179 COR 14265 Solanum demissum Lindl. 

161180 COR 14266 Solanum demissum Lindl. 

161181 COR 14267 Solanum demissum Lindl. 

161365 COR 14274 Solanum demissum Lindl. 

161366 COR 14283 Solanum demissum Lindl. 

161367 COR 14286 Solanum demissum Lindl. 

161686 COR 14435 Solanum demissum Lindl. 

161693 COR 14319 Solanum demissum Lindl. 

161715 COR 14379 Solanum demissum Lindl. 

161719 COR 14413 Solanum demissum Lindl. 

161729 COR 14378 Solanum demissum Lindl. 

161731 COR 14411 Solanum demissum Lindl. 

175403 EBS 17/1 Solanum demissum Lindl. 

175404 EBS 17/28 Solanum demissum Lindl. 

175408 EBS 46/33 Solanum demissum Lindl. 

175409 EBS 46/34 Solanum demissum Lindl. 

175411 EBS 14/144 Solanum demissum Lindl. 

175423 EBS 48B/36 Solanum demissum Lindl. 

186551 HAW 1077 Solanum demissum Lindl. 

186552 HAW 1079 Solanum demissum Lindl. 

186561 HAW 1117 Solanum demissum Lindl. 

186562 HAW 1118 Solanum demissum Lindl. 

195165 CPC 43.2 Solanum demissum Lindl. 

201853 BEL DEM 52 Solanum demissum Lindl. 

201854 BEL DEM 55 Solanum demissum Lindl. 

205515 CPC 14.2 Solanum demissum Lindl. 

205516 CPC 14.3 Solanum demissum Lindl. 

205518 CPC 1363.1 Solanum demissum Lindl. 

205519 CPC 1364.3 Solanum demissum Lindl. 

205625 CPC 2127 Solanum demissum Lindl. 
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218047 BB s.n. Solanum demissum Lindl. 

225652 CCC 606 Solanum demissum Lindl. 

225653 CCC 620A Solanum demissum Lindl. 

230558 EBS 18 Solanum demissum Lindl. 

230559 EBS 44 Solanum demissum Lindl. 

230578 SPB s.n. Solanum demissum Lindl. 

230579 SPB s.n. Solanum demissum Lindl. 

230589 RDD 178 Solanum demissum Lindl. 

230591 RDD 696 Solanum demissum Lindl. 

230592 RDD 886 Solanum demissum Lindl. 

275206 HAW 1295 Solanum demissum Lindl. 

275208 HAW 1601 Solanum demissum Lindl. 

275209 HAW 1657 Solanum demissum Lindl. 

275210 HAW 1608 Solanum demissum Lindl. 

275211 HAW 1782 Solanum demissum Lindl. 

310961 UGN 1514 Solanum demissum Lindl. 

310962 UGN 2448 Solanum demissum Lindl. 

338618 ROW 1 Solanum demissum Lindl. 

338619 ROW 2 Solanum demissum Lindl. 

347760 TRN 64 Solanum demissum Lindl. 

347761 TRN 88 Solanum demissum Lindl. 

347762 TRN 142C Solanum demissum Lindl. 

365381 TRN 7A Solanum demissum Lindl. 

365387 TRN 15D Solanum demissum Lindl. 

473520 EBS 2624 Solanum demissum Lindl. 

498012 TRHRG 123 Solanum demissum Lindl. 

498013 TRHRG 150 Solanum demissum Lindl. 

498014 TRHRG 167 Solanum demissum Lindl. 

498015 TRHRG 186 Solanum demissum Lindl. 

498016 TRHRG 192 Solanum demissum Lindl. 

498017 TRHRG 194 Solanum demissum Lindl. 
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498018 TRHRG 196 Solanum demissum Lindl. 

498229 OCH 14154 Solanum demissum Lindl. 

498230 OCH 14155 Solanum demissum Lindl. 

498231 OCH 14156 Solanum demissum Lindl. 

498233 OCH 14217 Solanum demissum Lindl. 

498299 HAW 1134 Solanum demissum Lindl. 

545754 TRHRG 198 Solanum demissum Lindl. 

545756 TRHRG 203 Solanum demissum Lindl. 

545758 TRHRG 204C Solanum demissum Lindl. 

545765 TRHRG 294 Solanum demissum Lindl. 

545767 TRHRG 304 Solanum demissum Lindl. 

558051 HJT 7259 Solanum demissum Lindl. 

558389 SHGRF 4261 Solanum demissum Lindl. 

558390 SHGRF 4045 Solanum demissum Lindl. 

558391 SHGRF 4062 Solanum demissum Lindl. 

558392 SHGRF 4064 Solanum demissum Lindl. 

558464 SHGRF 4048 Solanum demissum Lindl. 

558482 SHGRF 4019 Solanum demissum Lindl. 

607841 RSSV 920 Solanum demissum Lindl. 

607849 RSSV 940 Solanum demissum Lindl. 

607869 RSSV 975 Solanum demissum Lindl. 

607873 RSSV 984 Solanum demissum Lindl. 

653762 VIR 02353 Solanum demissum Lindl. 

653770 VIR 03287 Solanum demissum Lindl. 

653772 VIR 03341 Solanum demissum Lindl. 

653773 VIR 03342 Solanum demissum Lindl. 

653774 VIR 03355 Solanum demissum Lindl. 

653776 VIR 03362 Solanum demissum Lindl. 

653779 VIR 03540 Solanum demissum Lindl. 

653789 VIR 04445 Solanum demissum Lindl. 

653803 VIR 08446 Solanum demissum Lindl. 
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653804 VIR 08462 Solanum demissum Lindl. 

653805 VIR 08466 Solanum demissum Lindl. 

653828 VIR 18407 Solanum guerreroense Correll 

631201 VIR 9742 Solanum juzepczukii Bukasov 

653799 VIR 05763 

Solanum michoacanum (Bitter) 

Rydb. 

631212 VIR 5684 Solanum microdontum Bitter 

230489 ROC S-44 Solanum pinnatisectum Dunal 

275230 HAW 1424 Solanum pinnatisectum Dunal 

275234 HAW 1456 Solanum pinnatisectum Dunal 

631206 VIR 8505 Solanum stoloniferum Schltdl. 

631213 VIR 8416 Solanum stoloniferum Schltdl. 

631214 VIR 8475 Solanum stoloniferum Schltdl. 

631215 VIR 2492 Solanum stoloniferum Schltdl. 

631216 VIR 4226 Solanum stoloniferum Schltdl. 

653763 VIR 02534 Solanum stoloniferum Schltdl. 

653764 VIR 02536 Solanum stoloniferum Schltdl. 

653771 VIR 03326 Solanum stoloniferum Schltdl. 

653777 VIR 03527 Solanum stoloniferum Schltdl. 

653778 VIR 03533 Solanum stoloniferum Schltdl. 

653780 VIR 03554 Solanum stoloniferum Schltdl. 

653793 VIR 05347 Solanum stoloniferum Schltdl. 

653794 VIR 05431 Solanum stoloniferum Schltdl. 

653823 VIR 16888 Solanum stoloniferum Schltdl. 

'Alfa' 

commercial 

cultivar Solanum tuberosum L. 
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ABSTRACT 

Late blight is a major threat to potato crops worldwide. Despite the host’s genetic 

improvements, continuous evolution of the pathogen and climate change makes it 

necessary reconfirmation of genetic resistance sources. Solanum demissum has long 

been identified as a valuable source of late blight resistance genes. The aim of this study 

was to reevaluate S. demissum accessions for late blight resistance under natural 

infection in the Toluca Valley, México. Most of the accessions exhibited resistance, with 

minor variations between two consecutive growing seasons. Eighty three out of 94 

accessions that were evaluated in both years were resistant, thirty-three accessions that 

were exposed to the pathogen for only one season were also resistant. However, a 

response variation was observed in some accessions. This research characterizes and 

reconfirms the resistance of S. demissum, providing information for breeding programs 

and optimizing the use of these genetic resources. 

INTRODUCTION 

Late blight, caused by the oomycete Phytophthora infestans (Mont.) de Bary, remains 

one of the main threats to potato (Solanum tuberosum L.) crops worldwide (Akino et al., 

2014). Despite advances in genetic improvement, the continuous evolution of pathogen 

strains and changes in environmental conditions have highlighted the need to continue 

searching for sources of genetic resistance. In this context, wild potato species have 

proven to be a valuable source of late blight resistance genes (Enciso-Maldonado et al., 

2021). 

In a recent review, Blossei et al. (2022) emphasize that there are accessions from 85 wild 

potato species, distributed from the southwestern United States to central Argentina and 

Chile, compiled from 74 studies published over the last four decades, with the potential 

to provide genetic resources for enhancing late blight resistance in potatoes. To date, 

more than 70 Rpi genes have been discovered and mapped in 32 Solanum species. Most 

of these genes come from tuber-bearing species, the most notable being those of 

Mexican origin (S. bulbocastanum, S. demissum, S. edinense, S. hjertingii, S. 

michoacanum, S. pinnatisectum, S. schenckii, S. stoloniferum, S. verrucosum), Bolivian 
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(S. avilesii, S. berthaultii, S. capsicibaccatum, S. circaeifolium ssp. quimense, S. ruiz-

ceballosii, S. tarijense), Peruvian (S. huancabambense, S. mochiquense, S. 

paucissectum, S. piurae), Argentinian (S. microdontum, S. neorossii, S. venturii), 

Paraguayan (S. chacoense), from USA (S. jamesii) and a species commonly found in the 

Andes region (S. phureja) (Paluchowska et al., 2022). However, not all species have the 

same ease of use for breeding, as wild potatoes exhibit different levels of ploidy, with the 

majority being diploids, and to a lesser extent, tetraploids and hexaploids (Haverkort et 

al., 2016). In some cases, there are species with triploid, pentaploid, or multiple ploidy 

levels. Furthermore, incompatibility between species is usually attributed to insufficient 

development of the endosperm, causing the death of the embryo within the seed. For the 

endosperm to develop properly, the specific proportion must be 2:1 of maternal: paternal 

factors (Johnston et al., 1980). 

Solanum demissum Lindl. (section Petota, 2n = 6x = 72) (Spooner and Hijmans, 2001) is 

a wild species harboring valuable late blight resistance genes (Paluchowska et al., 2022), 

and has been shown to be resistant to pest insects such as the Colorado potato beetle 

(Leptinotarsa decemlineata), the potato leafhopper (Empoasca fabae), potato cyst 

nematodes, Globodera pallida and G. rostochiensis, the bacterium Candidatus 

Liberibacter solanacearum, potato X virus (PVX), and potato Y virus (PVY), as well as 

abiotic factors such as frost (Díaz-García et al., 2023). It is widely distributed in Mexico 

and Guatemala, and its greatest abundance and diversity is found in Mexican territory in 

the Volcanic Axis and the Sierra Madre del Sur, mostly between latitudes 19º and 21º 

(Fig. 1), where the climate is temperate, sub-humid, with summer rains, from 800 to 900 

mm per year, high relative humidity and thermal oscillation, from 12° C to 20° C (Hijmans 

et al., 2002; Luna-Cavazos et al., 2012; Diaz-García et al., 2023). The greatest genetic 

diversity of P. infestans is known to be found in Mexico, therefore, Mexican wild potatoes 

and the pathogen have co-evolved for millions of years in central Mexico and beyond. 

This coevolution has allowed S. demissum to develop mechanisms of resistance to late 

blight and, to date, it is known to carry 14 resistance genes to P. infestans (Rpi) 

(Paluchowska et al., 2022; Lozoya-Saldaña, 2005; Alfaro, 1995). 
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S. demissum is a species of great importance because for over a century it has been 

used in potato breeding programs worldwide to combat late blight (Turner, 2005). Being 

recognized as a naturally resistant species to late blight, it has been collected in various 

regions of Mexico and Guatemala (Rodríguez, 2015) and stored in germplasm banks 

worldwide (Ramsay and Bryan, 2011). Intensive research on potato late blight has led to 

the discovery of dominant resistance genes against P. infestans (Rpi genes), which have 

been introduced into potato cultivars (Paluchowska et al., 2022). However, due to the 

high genetic variability of P. infestans, these introduced Rpi genes from S. demissum 

were quickly overtaken by new virulent strains of the pathogen (Jo et al. 2014). The 

resistance of S. demissum to late blight can be either vertical or horizontal. Vertical 

resistance shows a high degree of resistance but to a few strains of the pathogen, 

mediated by one or a few R genes that are race-specific, exhibit Mendelian inheritance, 

and are easily incorporated to generate new resistant genotypes. In contrast, horizontal 

resistance is polygenic and nonspecific, providing protection to the plant against various 

strains of the pathogen (Enciso-Maldonado et al., 2021). 

The importance of characterizing resistance to this disease lies in its potential to optimize 

the use of these phytogenetic resources and provide valuable information for future 

breeding programs (Smale and Jamora 2020). Previously, in 2015, DS Douches 

conducted a field evaluation of a collection of 158 accessions of S. demissum to 

determine their resistance category to late blight (data available on the USDA Germplasm 

Resources Information Network [GRIN] website: https://www.ars-grin.gov/). 

Subsequently, Enciso-Maldonado et al. (2022) assessed S. demissum accessions to 

identify late blight resistance under field conditions in the Toluca Valley. Also, del Rio and 

Bamberg (2020) characterized 149 accessions of S. demissum of diverse geographical 

origin with 1403 AFLP markers and found that all accessions were possible to distinguish 

individually with these markers, suggesting that the samples are not genetically diverse. 

The Toluca Valley in central Mexico is known to be the primary center of diversity for P. 

infestans. In this location, the pathogen can undergo sexual reproduction due to the 

presence of both mating types, A1 and A2, in a 1:1 ratio, allowing for a high and complex 

genetic diversity of the pathogen. Additionally, a factor contributing to this complexity is 
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the presence of wild species of the Solanum genus. Outside the Toluca Valley, P. 

infestans spreads clonally to worldwide production regions, making it less challenging 

than in a location where it continuously recombines into new strains. Therefore, the 

Toluca Valley is a favorable site for studying the resistance of potato cultivars and wild 

relatives to late blight, as well as assessing the effectiveness of fungicide control. It is 

likely that potato genotypes resistant to late blight evaluated in this location will maintain 

their resistance in other regions (Flier et al., 2003; Grünwald and Flier, 2005; Lozoya-

Saldaña, 2005; Wang et al., 2017; Enciso-Maldonado et al., 2022). 

Since RN Salaman first discovered late blight resistance in S. edinense (a natural hybrid 

of S. demissum x S. tuberosum) (Akino et al., 2014) and crosses between S. demissum 

and S. tuberosum were initiated, expeditions to Mexico were launched in search of 

materials exhibiting resistance to late blight, the central trait of interest in this species 

(Reddick-Retires, 1951). Given that S. demissum has been the subject of study for the 

last 100 years, it is essential to determine whether there is variability in this property 

between different materials collected in various parts of the world. This approach is critical 

to maximizing the effectiveness of breeding efforts and ensuring that the potential of this 

species is fully realized in the fight against one of the most devastating potato diseases. 

The present study focuses on running field screenings of S. demissum accessions to 

evaluate their resistance to late blight in the Toluca Valley, Mexico. 

METHODS 

During two seasons, the resistance of S. demissum accessions from the US Potato 

Genebank (USPG) (Sturgeon Bay, Wisconsin, United States) was evaluated at the 

ICAMEX-SEDAGRO Experimental Station, located in the Toluca Valley, Mexico. One 

hundred and nineteen accessions were transplanted in 2020 and 108 in 2021; 94 

accessions were evaluated in both seasons (Table 1). Some accessions were evaluated 

in only one year. The seeds were sown in 200-hole trays with a seedbed substrate based 

on peat moss C1 R8089 (Kekkilä Professional) and perlite in a 1:1 ratio on May 9, 2020, 

and May 1, 2021. The transplants were established under rainfed conditions and natural 

infection by P. infestans. 
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The experiment followed a completely randomized block design with three replicates for 

both years. Each experimental unit consisted of five seedlings. A susceptible control, 

Potato cv. Agata (S. tuberosum), was included. No fungicides or irrigation were applied 

throughout the experiment. Late blight was visually evaluated once a week using a late 

blight severity scale (Henfling 1987) based on the percentage of foliar area infected. To 

quantify disease progression, the area under disease progress curve (AUDPC) was 

calculated following the method of Shanner and Finney (1977). Since AUDPC values 

differed in terms of time, they were standardized (sAUDPC) by dividing each value by the 

time elapsed between the first and last disease observations. Plants were categorized as 

highly susceptible (HS), susceptible (S), moderately resistant (MR), or resistant (R) based 

on their Maximum Disease (Dmax) values, falling within the ranges of 85.1 to 100, 35.1 

to 85, 15.1 to 35, and 0 to 15, respectively, as described by Deahl et al. (1974). Due the 

variables did not exhibit a normal distribution, they underwent non-parametric test and 

rank comparison tests using the Agricolae package in the R software (de Mendiburu, 

2023), using a probability of error of 5 % (= 0.05). 

RESULTS 

The climatic conditions in both seasons were typical and ideal for the development of both 

the host plants and the pathogen in the field (Enciso-Maldonado et al., 2022; Lozoya-

Saldaña 2005). In 2020, the average minimum and maximum temperatures were 6.0 and 

29.0 °C, respectively, and precipitation was 638.7 mm, while in 2021, the average 

minimum and maximum temperatures were 0 and 28 °C, respectively, and precipitation 

was 761.9 mm (Fig. S2). 

Accession/Year had a significant effect on maximum disease at the end (Dmax) and 

sAUDPC (Table 1). Infection initially occurred in the control cultivar on August 10, 2020 

(39 DAP) and August 11, 2021 (40 DAP). In both years, severity ranged from 0 to 100%, 

depending on the genotype. The average maximum disease severity for all accessions 

was 6.6 % and 6.0 % in 2020 and 2021, respectively. The percentages of plants 

categorized in the different levels of resistance were similar in both seasons. In 2020, 

92.4% of accessions were R; 1.7% were MR; 2.5% were S; and 3.4% were HS. 
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Meanwhile in 2021, 92.6 % of accessions were R; 3.7% were MR; 2.8% were S; and 

0.9% were HS. The virulence of P. infestans was reflected in the cv. Agatha, which was 

HS in both years. 

Most of the S. demissum accessions were categorized as R. Of the 94 accessions that 

were evaluated in both seasons, 83 accessions were resistant in both years. On the other 

hand, 33 accessions evaluated one year were also R. However, a response variation was 

observed in accessions 161719, 160220, 161367 and 161181, which were categorized 

as R in 2020 and as MR, S and HS in 2020, 2021, respectively. Whereas accessions 

161168 and 275206 categorized as S in 2020 and R in 2021 and accessions 225653 and 

607841 as HS in 2020 and R and MR in 2021, respectively. Accession 653789 

categorized as MR in both years. Finally, accessions 160208, 161169, 225711, 545764 

and 558051 were evaluated only in one year and resistance categories S, MR, HS, MR 

and HS, respectively. 

DISCUSSION 

Prior to this assessment, Douches conducted an evaluation with most of these 

accessions in a greenhouse, where he found 147 resistant accessions out of a total of 

158 accessions studied (data published in GRIN website: https://www.ars-grin.gov/). 

However, we found some discrepancies with the results obtained by Douches. He reports 

accessions 160208, 161769, and 545761 as moderately resistant, while we found that 

these accessions were categorized as S, R, and R, respectively. Similarly, accessions 

225653, 230591, 275211, and 545764 were categorized by Douches as S, while we found 

that 225653 was R in 2020 and S in 2021, 230591 and 275211 were R in both years, and 

545764 was categorized as MR. For the other hand, this is the first time that a collection 

of S. demissum of this magnitude is being evaluated at this site to identify sources of 

resistance to late blight in Toluca Valley. Before this work, Enciso-Maldonado et al., 

(2022) evaluated 97 accessions from 14 potato species in the Toluca Valley for two 

seasons, where variability in intra- and interspecific resistance response to late blight was 

observed. However, these authors included only 11 accessions of S. demissum, all of 

which exhibited complete resistance in both seasons, except for accession 653789, which 
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changed to MR in the second season. This study recorded a similar behavior, where 

some accessions were classified as resistant in one season and then changed their 

category, and vice versa (Table 1). This could be attributed to changes in P. infestans 

populations in the environment, leading to different interactions between the plant and 

pathogen due to the involvement of different effectors that influence the host in various 

ways (Martynov and Chizhik, 2020). The change in P. infestans populations is attributed 

to the existence of the A1 and A2 mating types of the pathogen in a 1:1 ratio in the field, 

promoting genetic diversity through sexual reproduction of P. infestans. This 

phenomenon is widely prevalent in the central valleys of Mexico (Enciso-Maldonado et 

al., 2022; Shakya et al., 2018; Belmar-Díaz and Lozoya-Saldaña, 2013; Flier et al., 2003). 

On the other hand, the variation in response among accessions of S. demissum can be 

attributed to the fact that, being an allopolyploid species, it exhibits significantly greater 

heterozygosity than other Mexican diploid species. This reflects allelic diversity among its 

different wild subgenomes (Hardigan et al., 2015). 

The results of this quantification allowed the identification of S. demissum accessions that 

exhibit complete resistance to late blight, as in other studies (Enciso-Maldonado et al., 

2022; Zoteyeva et al. 2012). These accessions can be valuable for potato breeding 

programs, as their resistance genes can be transferred to cultivated potato varieties (S. 

tuberosum) to develop new cultivars resistant to this disease (Rogozina et al., 2021). The 

prospects include the development of more robust commercial varieties that are less 

dependent on chemical pesticides. 

The characterization reveals the genetic diversity present in the S. demissum accessions, 

which can provide a solid foundation for further diversifying the genetics of cultivated 

potato varieties. Our work complements previous research that aims to classify the 

materials in germplasm banks (del Rio and Bamberg, 2020). In addition to characterizing 

the accessions based on their resistance levels, further efforts have been directed 

towards reclassifying them in germplasm banks. By adding information to the 

germoplasm bank database, researchers and breeders can streamline their efforts 

towards working with plant materials that possess the desired traits. This process 

contributes to the optimization of breeding programs, ensuring that only the most 
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promising and resistant varieties are cultivated and developed for future agricultural 

practices (Singh et al., 2019). 

Genetic diversification is essential for increasing crop resilience and adapting them to 

future challenges, such as climate change and new pathogen strains (Kissoudis et al., 

2016). The data collected in the characterization can be used for genome-wide 

association studies (Lindqvist-Kreuze et al., 2014). These studies can help identify 

specific genes responsible for resistance and provide a better understanding of the 

molecular mechanisms involved (Angmo et al., 2023; Wang et al., 2021; Mosquera et al., 

2016). 

The results of the characterization can also open new areas of scientific research in plant 

genetics. Scientists can study genes and metabolic pathways related to late blight 

resistance and other stress factors in S. demissum, contributing to the overall knowledge 

of plant biology and plant-pathogen interactions (Diaz-Garcia et al., 2023). 

The information obtained through this research will be included in GRIN, making it 

available to all researchers interested in using these materials. This allows for broader 

collaboration for the global benefit of agriculture and food security. 
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Fig 1. Geographic distribution of Solanum demissum. Map generated from the data of USDA- GRIN 

(https://www.ars-grin.gov/) and Hijmans et al. (2002). 
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Table 1. Maximum disease (Dmax), standardized Area Under Disease Progress Curve (sAUDPC), resistance rating. 

Accession 
ID 

collection 

2020   2021 

Dmax (%)z Dmax 
(rank)y sAUDPCx sAUDPC 

(rank)w 

Resistance 
Ratingv   Dmax (%)z Dmax 

(rank)y sAUDPCx sAUDPC 
(rank)w 

Resistance 
Ratingv 

160208 COR                         85.0 ± 0.0 329.0 a 34.8 ± 0.0 329.0 ab S 

160220 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   43.3 ± 5.8 323.5 ab 22.7 ± 0.0 326.0 ab S 

160221 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   5.0 ± 0.0 255.5 g 3.6 ± 1.3 277.5 efghi R 

160222 COR                         0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

160227 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   5.0 ± 5.0 219.7 h 0.6 ± 0.5 206.7 j R 

160229 COR                         11.7 ± 2.9 289.5 cdef 3.6 ± 1.3 275.3 fghi R 

160230 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   10.0 ± 0.0 282.5 defg 4.5 ± 0.8 287.0 defghi R 

161149 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   10.0 ± 0.0 282.5 defg 4.9 ± 0.0 291.5 cdefghi R 

161151 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

161153 COR                         0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

161154 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

161155 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   10.0 ± 0.0 282.5 defg 3.6 ± 1.3 277.5 efghi R 

161164 COR 5.0 ± 0.0 341.0 b 3.1 ± 0.0 341.0 c R   5.0 ± 0.0 255.5 g 2.2 ± 1.4 263.3 hi R 

161165 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

161166 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

161167 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   5.0 ± 0.0 255.5 g 1.8 ± 0.8 258.3 i R 

161168 COR 65.0 ± 0.0 353.0 ab 39.5 ± 0.0 358.0 abc S   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

161169 COR 20.0 ± 0.0 347.0 ab 10.9 ± 1.1 345.7 bc MR                         

161175 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

161176 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

161179 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

161180 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

161181 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   100.0 ± 0.0 333.5 a 51.3 ± 3.9 332.7 a HS 

161365 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

161366 COR 15.0 ± 0.0 344.0 b 10.3 ± 2.2 345.3 bc 0                         

161367 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   50.0 ± 0.0 325.5 ab 8.2 ± 0.8 308.3 abcdefg S 
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Table 1. (continued) 

Accession 
ID 

collection 

2020   2021 

Dmax (%)z Dmax 
(rank)y sAUDPCx sAUDPC 

(rank)w 

Resistance 
Ratingv   Dmax (%)z Dmax (rank)y sAUDPCx sAUDPC 

(rank)w 

Resistance 
Ratingv 

161686 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

161693 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   15.0 ± 0.0 303.5 abcde 8.9 ± 2.4 309.0 abcdef 0 

161715 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

161719 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   30.0 ± 0.0 319.5 abc 14.9 ± 1.1 323.0 abc MR 

161729 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   15.0 ± 0.0 303.5 abcde 9.6 ± 2.4 310.7 abcdef R 

161731 COR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

161732 COR                         0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

161769 COR                         0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

175403 EBS 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

175404 EBS 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

175405 EBS                         8.3 ± 2.9 273.5 efg 4.9 ± 1.3 290.8 cdefghi R 

175408 EBS 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

175409 EBS 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

175411 EBS 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

175423 EBS 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

186551 HAW 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

186552 HAW 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

186561 HAW 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

186562 HAW 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

195165 CPC 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

201850 BEL                         0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

201851 BEL 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

201853 BEL 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

201854 BEL 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

205514 CPC 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

205515 CPC 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         
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Table 1. (continued) 

Accession 
ID 

collection 

2020   2021 

Dmax (%)z Dmax 
(rank)y sAUDPCx sAUDPC 

(rank)w 

Resistance 
Ratingv   Dmax (%)z Dmax 

(rank)y sAUDPCx sAUDPC 
(rank)w 

Resistance 
Ratingv 

205516 CPC 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

205518 CPC 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

205519 CPC 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

205625 CPC 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

218047 BB  0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

225652 CCC 85.0 ± 0.0 357.5 ab 39.3 ± 0.0 355.0 abc S   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

225653 CCC 100.0 ± 0.0 368.0 a 52.3 ± 2.4 370.3 ab HS   6.7 ± 2.9 264.5 fg 3.1 ± 0.8 273.0 ghi R 

225711 CCC 100.0 ± 0.0 368.0 a 48.1 ± 1.6 364.3 abc HS                         

230448 ROC 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

230558 EBS 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

230559 EBS 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

230578 SPB 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

230579 SPB 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

230589 RDD 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

230591 RDD 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   3.3 ± 2.9 210.7 hi 0.6 ± 0.0 206.7 j R 

230592 RDD 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

275206 HAW 85.0 ± 0.0 357.5 ab 40.8 ± 5.5 355.3 abc S   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

275208 HAW 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

275209 HAW 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

275210 HAW 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

275211 HAW 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   5.0 ± 0.0 255.5 g 2.3 ± 0.0 263.0 hi R 

310961 UGN 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

310962 UGN 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   10.0 ± 0.0 282.5 defg 3.1 ± 0.8 273.0 ghi R 

338618 ROW 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   3.3 ± 2.9 210.7 hi 1.0 ± 1.1 211.3 j R 

338619 ROW 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

347760 TRN 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 
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Table 1. (continued) 

Accession 
ID 

collection 

2020   2021 

Dmax (%)z Dmax 
(rank)y sAUDPCx sAUDPC 

(rank)w 

Resistance 
Ratingv   Dmax (%)z Dmax (rank)y sAUDPCx sAUDPC 

(rank)w 

Resistance 
Ratingv 

347761 TRN 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

347762 TRN 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

365380 TRN 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

365381 TRN 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

365386 TRN 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

365387 TRN 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

473520 EBS 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

498012 TRH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

498013 TRH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   15.0 ± 0.0 303.5 abcde 6.2 ± 0.0 300.0 abcdefg R 

498014 TRH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

498015 TRH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

498016 TRH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

498017 TRH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

498018 TRH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

498229 OCH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

498230 OCH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

498231 OCH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

498232 OCH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

498233 OCH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

498299 HAW 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

545754 TRH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

545756 TRH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

545757 TRH                         0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

545758 TRH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

545759 TRH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

545760 TRH                         0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 
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Table 1. (continued) 

Accession 
ID 

collection 

2020   2021 

Dmax (%)z Dmax 
(rank)y sAUDPCx sAUDPC 

(rank)w 

Resistance 
Ratingv   Dmax (%)z Dmax (rank)y sAUDPCx sAUDPC 

(rank)w 

Resistance 
Ratingv 

545761 TRH                         0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

545763 TRH                         10.0 ± 0.0 282.5 defg 4.5 ± 0.8 287.0 defghi R 

545764 TRH                         16.7 ± 2.9 306.3 abcd 10.6 ± 0.8 312.7 abcde MR 

545765 TRH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   11.7 ± 2.9 289.5 cdef 5.3 ± 0.7 294.3 bcdefgh R 

545766 TRH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

545767 TRH 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

558051 HJT 100.0 ± 0.0 368.0 a 46.6 ± 1.2 363.0 abc HS                         

558388 SHG                         0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

558389 SHG 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

558390 SHG 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

558391 SHG 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

558392 SHG 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

558464 SHG 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

558482 SHG 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

607841 RSS 100.0 ± 0.0 368.0 a 50.0 ± 0.0 368.0 ab HS   26.7 ± 2.9 316.5 abc 12.3 ± 0.0 319.0 abcd MR 

607849 RSS 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R                         

607869 RSS 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

607873 RSS 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

607877 RSS       `                 0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

653762 VIR 0.0 ± 0.0 170.0 d 0.7 ± 1.2 226.0 e R   15.0 ± 0.0 303.5 abcde 2.8 ± 4.8 184.3 jk 0 

653770 VIR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

653772 VIR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   5.0 ± 0.0 255.5 g 1.8 ± 0.8 258.3 i R 

653773 VIR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

653774 VIR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   2.5 ± 2.7 188.3 ij 0.4 ± 0.5 185.5 jk R 

653776 VIR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   1.7 ± 2.6 165.8 j 0.8 ± 1.2 169.0 k R 

653779 VIR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 
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Table 1. (continued) 

Accession 
ID 

collection 

2020   2021 

Dmax (%)z Dmax 
(rank)y sAUDPCx sAUDPC 

(rank)w 

Resistance 
Ratingv   Dmax (%)z Dmax 

(rank)y sAUDPCx sAUDPC 
(rank)w 

Resistance 
Ratingv 

653789 VIR 17.5 ± 19.2 260.0 c 12.8 ± 14.1 259.8 d MR   17.5 ± 8.2 298.8 bcde 6.7 ± 4.5 292.7 cdefgh MR 

653803 VIR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

653804 VIR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

653805 VIR 0.0 ± 0.0 170.0 d 0.0 ± 0.0 169.5 f R   0.0 ± 0.0 121.0 k 0.0 ± 0.0 122.0 l R 

Control S. 
tuberosum NA 100.0 ± 0.0 368.0 a 58.9 ± 1.5 374.0 a HS   100.0 ± 0.0 333.5 a 52.9 ± 2.7 334.3 a HS 

X2         358.2   315.7                   319.3         352.3     
z Maximum disease severity reached at the end of the epidemic. Means ± standard deviation for three replications. 

y Maximum disease severity rank of the statistical analysis. 

x Standardized Area Under Disease Progress Curve, obtained dividing AUDPC value by the time lapse between the first and last disease rating for 

each accession. Means ± standard deviation for three replications. 

w Standardized Area Under Disease Progress Curve rank of the statistical analysis. 

v Plants between 85.1 to 100 % severity were considered Highly Susceptible (HS), 35.1 to 85 % Susceptible (S), 15.1 to 35 % Moderately Resistant 

(MR)and plants with values between 0 and 15 % were considered Resistant (R).
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SUPPLEMENTAL MATERIAL 

 

FigS2. Meteorological conditions along the growing cycles: A, 2020; B, 2021. 
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