EXPLORING THE RESILIENCE AND OPTIMIZING THE USES OF
POTATO WILD RELATIVE SPECIES (SOLANUM SECTION PETOTA)
IN A CHANGING CLIMATE

A THESIS SUBMITTED TO THE GRADUATE DIVISION OF THE

UNIVERSITY OF HAWAI‘l AT MANOA IN PARTTAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF

MASTER OF SCIENCE
IN
TROPICAL PLANT AND SOIL SCIENCES

May 2021
By

Nathan John Fumia

Thesis Committee:
Michael B. Kantar, Chairperson
Daniel Rubinoff

Rosanna Zenil-Ferguson

Keywords: agrobiodiversity, climate change, localization, plant breeding, food security



© Copyright Nathan John Fumia



Acknowledgements

I am foremost grateful to each person who has played a role in my life up this point. Those who
fostered and those who aimed to destroy my drive each contributed to my overall growth and desire
for knowledge in crop improvement. Through this path, I thank my family and parents for the
continued support and early introduction to agricultural production. I thank each of my previous
employers for their contribution to my pursuit for knowledge in crop improvement, from
agronomics to controlled environment production, eventually leading me to plant breeding. Here I
have the utmost gratitude to my thesis advisor Dr. Michael Kantar and Tyler Jones, the Director of
Research at Hawaii Agriculture Research Center. Their unbridled support and guidance provided me
with the confidence and drive for excellence in all that I attempt. Other noteworthy contributors to
my work include committee members Daniel Rubinoff and Rosanna Zenil-Ferguson, each
supporting with specific expertise compatible to my research as well as the cooperating authors of
which I have worked: Samuel Pironon of Kew Research Center, Colin Khoury of CIAT, and
Michael Gore of Cornell University. I am thankful for the Hawaii Agriculture Research Center
(HARC-HSPA) for their financial support through the Sustainable Agriculture Fellowship. Each
person and moment in my life have granted me the capacity to improve my personal and intellectual
merits, of which I am infinitely thankful.



Table of Contents

Acknowledgements. ... 3

Chapter 1: List of Figures and Tables...................ooiiiii i, 6

Chapter 2: List of Figures and Tables.....................oooiii 7
Chapter 1: Interactions between breeding system and ploidy affect niche

breadth in Solanum.................o 8

ADSTIACt. ...t 9

Introduction. ... 10

Materials and Methods..................oo e, 13

Data Collection. ...............cooiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii i, 13

Linear Models for Climate Classes..................oocoiiiiiiiiiiiii.. 13

Phylogenetic Tree and Phylogenetic Linear Model................................ 14

Results. ... 17

Climate Regression................ccooiiiiiiiiiiiiiiiiiiiiiii i, 17

Evolutionary Climate Regression. .................ccoociiiiiiiiiiiiiiiiiiiii i 18

Discussion. ... 19

Acknowledgements. ... 23

Figures and Tables.............ooooiiiiiiiiiiii e 24

References.............oooiiiiiii 30
Chapter 2: Crop wild relatives of potato may bolster its adaptation to new

production niches under future climate scenarios.........................ooeeee. 34

ADSEIACT. ..o, 35

Introduction. ... 36



Materials and Methods. ..o e, 40

Data Acquisition. .................ccooiiiiiiiiiiiiiiiiiiiiiii 40
Climate Comparisons. ............ooouiiiiiiiiiiiiii i, 41
PWR Prioritigation Score..............ccooiiiiiiiiiiiiiiiiiiii i 42
Results.........ooooii 44
Discussion. ... 47
Climatic shift and adaptation strategies....................oooiiiiiiiiiii i 47
Agroecological Niche and Prioritization of Potato Wild Relative Species. ... .... ... 48
Use of PWR in Potato Breeding: Diploid Potato is the future..................... 49
Lamitations. ........ccooiiiiiiiii 50
Conclusion. ..., 52
Acknowledgements. ... 53
Figures and Tables..............oooiiiiiiiiiii 54
References..............oooiiii 67
Additional Work............oo 73



Chapter 1: List of Figures and Tables

Figure 1. Time-calibrated uncorrelated relaxed molecular clock phylogeny with outgroups and
cultivated varieties of potato included as generated with BEAST2....................o 24

Figure 2. Boxplot of niche diversity by breeding system and ploidy interaction in potato wild
relative species. Many species exist containing multiple subpopulations with differing biological
factors, as seen by combination of such factors on the X-axis.........cooveiiiiiiiiiiiiiiiiiii i 25

Figure 3. Dual figure with time-calibrated molecular clock phylogeny (left) with climatic niche
diversity (i.e. number of climate classes occupied) (right). On the left side, the x-axis scale bars
represent millions of years and the background coloration of the phylogenetic tree highlights widely
accepted clades of Solanum section Petota. On the right side, the number of climate classes a species
occurs in is represented by the size of the horizontal bar and measured with the x-axis scale bar and
the coloration of the horizontal bars represent species biological attributes as breeding system with

Table 1. Results from the linear model for climatic niche diversity following Gaussian distribution.
The number of discrete climate classes in which each taxon can occur is the response variable,
Climate Niche Diversity. The predictor variables are combinations of ploidy and breeding system for
each species, which were coded as dummy variable interaction terms: self-incompatible diploid, self-
compatible diploid, self-compatible asexually propagating polyploid, and unknown breeding system
asexually propagating diploid. Values of reported in column 2 are the maximum likelihood estimates
and standard error of the estimates (surrounded by parentheses).............oooooiiiiiiii 28

Table 2. Results from phylogenetic linear models for climatic niche diversity following Brownian
motion. The number of discrete climate classes in which each taxon can occur is the response
variable, Climate Niche Diversity. The predictor variables are combinations of ploidy and breeding
system for each species, which were coded as dummy variable interaction terms: self-incompatible
diploid, self-compatible diploid, self-compatible asexually propagating polyploid, and unknown
breeding system asexually propagating diploid. Values of reported in column 2 are the maximum
likelihood estimates and standard error of the estimates (surrounded by parentheses)................ 29



Chapter 2: List of Figures and Tables

Figure 1. Conceptualizing the response to climate change as a phenotype and using breeding logic
to identify parental species for crossing in specific environments to create a PWRP. This is a value
that is inspired by the breeder’s equation (Lush 1943, Lynch and Walsh 1998, Walsh and Lynch
2018, Bernardo 2020)......uuiini i, 54

Figure 2. Climate classes each potato PWR is present in followed by the climate classes of
production potato. Those climates identified by black color are those that PWR do not occur...... 55

Figure 3. Principal component analysis of environmental space of PWR under SSP 8.5 in 2070
grouped as A) top-8 overlapping PWR, B) life history traits, and C) genepool......................... 56

Figure 4. Differences in Niches by SSP, Year and GCM............ooooiiiiiiiiiiiiii 57
Figure 5. Principal component analysis of environmental space of PWR grouped by life-history trait

combinations under A) SSP 4.5 in 2050, B) SSP 4.5 in 2070, C) SSP 8.5 in 2050, and D) SSP 8.5 in

Figure 6. Principal component analysis of environmental space of PWR as top-8 overlapping
species under A) SSP 4.5 in 2050, B) SSP 4.5 in 2070, C) SSP 8.5 in 2050, and D) SSP 8.5 in 2070..58

Figure 7. Niche overlap for each PWR species using SSP8.51n 2070..............cooi 59
Figure 8. Boxplot of PWRP for each climate class under SSP 8.5 2070.............cccoiiiiin 60
Figure 9. Boxplots of PWRP for each climate class for each PWR species, at a) SSP 4.5 2050, b)

SSP 4.5 2070, ¢) SSP 8.5 2050, and d) SSP 8.5 2070.....cueiiiiiiiii i 61
Table 1. PWR species names and number of 0Ccutrences. ........oooovviiiiiiiiiiiiiiiiiiii i 62
Table 2. PCA Loadings and Correlations with BioClim Variables...............c.ooooooi 63

Table 3. Species with the top two PWRP values for each climate class. Green represents a change in
the top two or a rank change in alternative SSP and year scenarios. The presence of these species
indicate they are the most suitable parents for crossing to potato to improve abiotic stress tolerance
in the noted cliMAte ClasS. ... ...o.uiiiit i 64

Table 4. Average PWRP of each species in each climate class. The value is averaged through all four
future climate scenarios (SSP4.5 and SSP8.5 in 2050 and 2070)...........cooviiiiiiiiiiiiiiii, 65

Table 5. Volume overlap matrix in principal component space by discrete climate classes........... 66



Chapter 1: Interactions between breeding system and ploidy affect niche
breadth in Solanum

Nathan Fumia', Daniel Rubinoff®, Rosana Zenil-Ferguson’, Colin K. Khoury*®, Samuel Pironon’,
Michael A. Gore’, Michael B. Kantar!

' Department of Tropical Plant and Soil Science, University of Hawaii at Manoa, Honolulu, HI,
USA

*Department of Plant and Environmental Protection Science, University of Hawaii at Manoa,
Honolulu, HI, USA

? School of Life Sciences, University of Hawaii at Manoa, Honolulu, HI, USA
*International Center for Tropical Agriculture (CIAT), Cali, Colombia
"Department of Biology, Saint Louis University, St. Louis, MO, USA

% Royal Botanic Gardens, Kew, Richmond, UK

"Plant Breeding and Genetics Section, School of Integrative Plant Science, Cornell University,
Ithaca, NY 14853



Abstract

Understanding the factors driving ecological and evolutionary interactions of economically
important plant species is important for sustainability. Niches of crop wild relatives, including wild
potatoes (Solanum section Petota), have received attention, however, such information has not been
analyzed in combination with phylogenetic histories, genomic composition, and reproductive
systems. We used a combination of ordinary least-squares (OLS) and phylogenetic generalized least-
squares (PGLM) analyses to identify the discrete climate classes that wild potato species inhabit in
the context of breeding system and ploidy. Self-incompatible diploid or self-compatible polyploid
species significantly increase the number of discrete climate niches inhabited. This result was
sustained when correcting for phylogenetic non-independence in the linear model. Our results
support the idea that specific breeding system and ploidy combinations increase niche divergence
through the decoupling of geographical range and niche diversity, and therefore, these species may

be of particular interest for crop adaptation to a changing climate.



Introduction

Potato (Solanum tuberosum 1..) is the most important tuber crop worldwide and is the fourth most
important crop internationally (Castafieda-Alvarez et al. 2015). However, there is a lack of genetic
diversity among many crops, including S. #uberosum (Jansky et al., 2013; Khoury et al., 2014), placing
increased pressure upon crop management protocols and food security. A proven approach to
increasing genetic diversity in crop species is through the utilization of wild relatives for crop
improvement (Jansky et al., 2013; Mehrabi et al., 2019). Cultivated potato has 199 known wild
relatives, forming the So/anum section Petota, inhabiting 16 countries in the Americas, and ranging
from 38° N to 41° S (Hijmans, 2001); 72 of the most threatened and useful species to humans have
recently been prioritized for conservation (Castafieda-Alvarez et al., 2015). These 72 species are
most found in tropical highlands at 600 to 1200 m in elevation and possess phenotypes similar to

cultivated potato through the production of a starchy tuber (Hijmans, 2002).

Given the importance of maintaining the crop’s productivity, many attributes of the wild
relatives of S. #uberosum have been defined, including their ploidy, breeding system, germplasm
classification, endosperm balance number, single and multi-gene phylogenies, and geographic ranges
(Hijmans, 2001; Spooner, 2001; Spooner, 2007; Castafieda-Alvarez et al., 2015; Robertson et al.,
2011). These data can be used to discover novel beneficial characteristics present within the wild
relative germplasm such as biotic and abiotic resistances as well as to quantify trait introgression.
Furthermore, research has identified potato as one of the crops in Sub-Saharan Africa with the
highest potential to benefit from crop wild relatives for climate change adaptation, however, these
results have not been integrated with biological (e.g., breeding system and ploidy) and evolutionary
(e.g., phylogenetic tree) information (Pironon et al., 2019). Despite the wide array of information

surrounding the wild relatives of potato, one attribute continues to be under-defined - the discrete
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climate zones (e.g., niche) each species inhabits, and the factors involved (e.g., breeding system,

ploidy) in driving the evolution of the highly dynamic climatic diversity in Solanum section Petota.

Individually exploring life history traits (Wendel and Cronn, 2003; Hijmans et al., 2007,
Kohler et al., 2010; Sessa, 2019) such as the breeding system has led to contradictory conclusions
regarding these traits' influence on ecological niche (Peterson et al., 1999; Husband et al., 2008;
Robertson et al., 2010; Campbell, 2013; Grossenbacher et al., 2016; Park et al., 2017; Grant, 2020),
while exploring other traits such as ploidy (te Beest et al., 2012; Van De Peer et al., 2017; Baniaga et
al., 2020) has shown a consistent influence. For example, diversification models Zenil-Ferguson et
al. (2019) showed that ploidy is the most probable pathway to evolve self-compatibility across
Solanaceae. Therefore, there exists an important interaction between ploidy and breeding system
(Barringer, 2007; Husband et al., 2008; Robertson et al., 2010) that might impact evolutionary and
ecological processes (Sessa, 2019). Furthermore, polyploidization facilitates self-compatibility
because whole genome duplication provides security against inbreeding depression (Barringer, 2007;
Husband et al., 2008; Robertson et al., 2010; Zenil-Ferguson et al., 2019); whereas self-compatible
diploid populations often suffer from large inbreeding depression (Barringer and Geber, 2008;
Husband and Schemske, 2017). As a result, diploid populations are more reliant on self-
incompatibility to drive adaptive changes. In Solanaceae, polyploid species show higher rates of self-
compatibility (Barringer, 2007; Husband et al., 2008; Robertson et al., 2010). This clear interaction
between ploidy and breeding systems provides the opportunity to test two key hypotheses: first, that
self-compatible species rely on polyploidy in order to generate the variation they need to colonize
diverse niche space; and second, that diploid species rely on outcrossing to increase niche breadth

through gene flow.
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To identify the driving factors of ecological diversity in potato wild relatives, we investigated
two biological aspects of ecological diversity - breeding system and ploidy in 72 wild relatives of
potato. We combined species’ occurrence, climatic, biological (e.g., breeding system and ploidy), and
phylogenetic tree of Solanum taxa to test whether the niche diversity of a given species is guided by a
specific breeding system and ploidy interaction. To account for the potential decoupling of
geographical range and niche breadth (Randel et al., 2009), the measure of climatic diversity is
through the use of discrete climate-classification of each occurrence of these wild relative species.
This work supports classic ecological theory of niche divergence without the requirement of
inferring continuous species distributions from point-based climate descriptions by featuring the
relationship between two common intrinsic factors of niche expansion: (1) decreased reliance on
outcrossing reproduction of polyploid variants; and (2) increased reliance on outcrossing
reproduction of diploid variants (Roughgarden, 1972; Barton, 1996; De Bodt et al., 2005; Johnson et

al,, 2014).

12



Materials and Methods

Data Collection

Data organization and analyses were conducted using the R (R Core Team, 2020) packages “raster”
(Hijmans, 2020) and “tidyverse” (Wickham et al., 2019). We obtained 49,165 occurrence records of
the 72 Solanum species sourced from Castafieda-Alvarez et al (2015). These occurrences represent
the most threatened and useful wild relatives of Solanum tuberosum, the previously cleaned points were
further filtered for those lacking latitudinal and/or longitudinal information, resulting in a total of
37,032 total occurrence points (Castaﬁeda—Alvarez et al., 2015). Next, the Képpen-Geiger three-tier
climate class system was acquired from Rubel and Kottek (2010). The Képpen-Geiger climate class
system divides climates into five main groups that are subdivided based on seasonal precipitation
and temperature that result in 30 potential discrete classes globally (reviewed in Rubel and Kottek,
2010). The Koppen-Geiger is one of the most widely used systems for analyzing ecological
conditions and identifying primary types of plants of a latitudinal and longitudinal intersection.
Three-tier climate classes were extracted at each occurrence point. The total number of climate
classes per species was counted for each species and climate classes with three or fewer occurrences
were removed in order to avoid “by-chance” occurrences. Using discrete climate classes allows for a
single measure of both niche diversity and breadth. See github repository

“https://github.com/Nfumia/Potato_nichediversity drivers” for code and data files.

Linear Models for Climate Classes

A linear model was fitted using R package “stats” (R Core Team, 2020) to identify which interaction
of biological factors is correlated with niche diversity in Solanum section Petota. We used the number
of discrete climate classes in which each taxon can occur as a proxy for niche breadth, as these
niches vary spatially within the five broad descriptors of tropical, dry, temperate, continental, and
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polar each of which possessing 2-12 subclassifications. For example, S. stoloniferum has fifteen
discrete niches in which it occurs, but S. a/bornozii has only one, a temperate oceanic environment.
The number of discrete climate classes is the response variable for the model. The predictor
variables were combinations of ploidy (Castafieda-Alvarez et al., 2015) and breeding system
(Robertson et al., 2010; Zenil-Ferguson et al., 2019) for each species, which were coded as dummy
variable interaction terms: self-incompatible diploid, self-compatible diploid, self-compatible

asexually propagating polyploid, and unknown breeding system asexually propagating diploid.
Phylogenetic Tree and Phylogenetic Linear Models

A Bayesian molecular clock phylogeny with time-calibration of section Pefofa to outgroups of
domesticated tomato (Solanum lycopersicum) and domesticated egeplant (Solanum melongena) was
estimated using 32 plastid genomes and compared to the most recent time-calibrated phylogeny of
Sarkinen et al. (2013). Due to a lack of plastid genome availability for some species in Solanum
section Petota, only 27 of the 72 prioritized wild relative species were present in our subsequent
analyses. Furthermore, 32 species (27 potato wild relatives, 2 domesticated potato, 1 domesticated
tomato, 1 tomato wild relative, 1 domesticated eggplant) were aligned using the software MAFFT
(multiple alighment using fast Fourier transform) via maxiterate version (Katoh, 2009). MrBayes
(Huelsenbeck and Ronquist, 2001) as implemented in the Geneious software package (Kearse et al.,
2012) was used to conduct an initial phylogenetic analysis (Vallejo-Marin and O’Brien, 20006;
Newton et al., 1999). We used a chain length of 10 million generations with 25% (or 2.5 million)
burn in and a subsampling frequency every 1,000 generations. The General Time Reversible (GTR)
substitution model was employed for the Bayesian analysis with rate variation of gamma, including 4

categories.
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We used the Bayesian uncorrelated relaxed clock-model dating method as implemented in
BEAST?2 (Bouckaert et al., 2019). The uncorrelated relaxed clock-model allows for rate variation
across branches and measures for rate autocorrelation between lineages. Node ages are estimated
simultaneously in BEAST?2, and, therefore, uncertainty is incorporated into the node-age estimation.
Our Bayesian MCMC tree output was used as a starting phylogeny. The Hasegawa-Kishino-Yano
(HKY) model for DNA base pair substitution was used to better estimate the substitution rates of
transition versus transversion as well as the Felsenstein (F81) proposed four-parameter model. A
Kappa of 2.0, as estimated by BEAUti2 (Bouckaert et al., 2019), was employed. Calibration points
for the node-age estimation were sampled from Sirkinen et al. (2013) to create calibration priors: (1)
tomato — potato split circa 8 mya (95% HPD 7—10), and (2) eggplant — tomato/potato split circa
14.3 mya (95% HPD 13-16). These calibration points reflect a normal distribution with standard
deviations of 0.85 and 1.10 million years, respectively. Yule tree prior with uniform distribution was
used given all ingroup and outgroup species in this study currently petsist ex-siz# and/ ot in-situ.
Priors were manually generated for each monophyletic clade showing greater than 85% posterior
probability from the MrBayes MCMC analysis. Default priors were used for all other parameters. A
total of 100 million generations, 10 runs with 10 million generations each, were run in BEAST?2

(Bouckaert et al., 2019).

Using the time-calibrated phylogeny (Figure 1), we estimated the phylogenetic generalized
linear models’ version of the OLS models proposed in the previous section to account for potential
phylogenetic signals in the errors (Felsenstein, 1985; Hansen, 1997). This is an important step, since
it is possible that our explanatory variables are not tracking the evolutionary history of the Pezota
section and can incorrectly conclude strong correlations between the climatic classes and the life

history traits (Uyeda et al., 2018).
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These phylogenetic linear models were estimated using a maximum likelihood PGLM with
the R package “phylolm” (Ho and Ane, 2014). For all the PGLMs we assumed a Brownian motion
model of evolution (Grafen, 1989; Martins and Hansen, 1997; Revell and Harmon, 2008). Outgroup
species and cultivated potato were removed at this point due to the inability to differentiate between
cultivated and wild occurrence of the given species. This resulted in retention of 27 potato wild
relative species, comprising the four major monophyletic clades of section Pefota (Spooner et al.,

2014), for use in the PGLMs analysis.
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Results

Climate Regression

The 72 prioritized species in the Solanum section Petota examined here occurred in 17 distinct
climates with individual species distributions ranging from a single climate (e.g., S. a/bornozii, S.
chilliasense, S. lesteri) to 15 distinct climates (e.g., S. stolonzfernnz). Within this range exists a spectrum of
breeding system and ploidy combinations between and within these species and their populations,
exhibiting different extents of climate niche diversity (Figure 2). This analysis showed that distinct
breeding system and ploidy combinations existed in a different number of niches (p = 3.4 x 107),
described as the number of discrete Képpen-Geiger climate classes. Species that possess populations
that are self-incompatible diploid and self-compatible polyploid show the greatest mean climate
diversity with 11 discrete climate classes (Figure 2). Self-incompatible diploid species exhibit a
greater average niche diversity when compared to self-compatible diploid species (Figure 2).
Furthermore, diploid species possessing populations showing polyploidization demonstrate greater

sustained ecological divergence.

The maximum likelihood intercept value of ecological niche diversity is 2.81+1.01 climate
classes. Species existing as self-incompatible diploid or self-compatible polyploid have significantly
(p-value < 0.01) larger climatic niches by 3.13%0.73 and 3.62£0.79 discrete climate classes,
respectively (Table 1). However, other predictor (self-compatible diploid, asexually propagating
unknown breeding system diploid) variable slope values are not significantly different from zero,
and, therefore, they exert no measurable influence on niche diversity within Solanum section Petota.

Opverall, the model explained a moderate amount of variance with an adjusted R-square of 0.39.
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Ewolutionary Climate Regression

In the PGLMs fitted using our estimated time-calibrated phylogeny (Figure 3), we found an
estimated intercept value of 6.4311.67 (Table 2). The PGLMs confirmed the correlations of OLS
models, with self-incompatible diploid (3.9811.04) and self-compatible polyploid (2.57%0.98)
significantly increasing ecological diversity (Table 2). As with OLS, the other predictor variables in

PGLMs are not significantly different from zero.
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Discussion

Clarifying the impacts of plant traits on niche divergence is important to understanding the structure
of global patterns of biodiversity and evolution in plant lineages (Cavender-Bares et al., 2009).
Furthermore, life history traits can provide clues about the potential resiliency of plants with
increased development of wild areas leading to changes in habitat and climate for many species.
However, resilience may be tightly linked with other characteristics. In Solanum section Petota, the
interaction of two specific characters, breeding system and ploidy, explain a large portion of the
variation in niche divergence. The models presented here, OLS and PGLMs, explain 39% and 44%
(R-squared), respectively, of the climatic niche variation present within Solanum section Pefota with
two alternate ends of the biological spectrum serving as the most significant predictors. On one end,
self-incompatible diploid species exhibit the greatest significant correlation to climatic niche diversity
within potato wild relatives. Such sustained diversity is likely the result of constant capacity for
outcrossing between these species and their subsequent heterogenous design, fashioning an adaptive
and resilient population through long-distance gene flow (Loveless and Hamrick, 1984). Due to the
interaction between ploidy and breeding system, self-incompatible diploid species show niche
diversity similar to self-compatible polyploid species, confirming the dynamic nature of the Solanaceae
system (Barringer, 2007; Husband et al., 2008; Robertson et al., 2010; Zenil-Ferguson et al., 2019).
However, self-fertilizing polyploid species have a short-term advantage as they can colonize new

environments with very few individuals.

For all the Solanaceae family self-incompatible diploid has been shown to be the ancestral
state (Zenil-Ferguson et al., 2019), they also have faster net diversification compared to all self-
compatibles, both diploid and polyploid (Wright et al., 2013). The expectation given the success of

these lineages in diversification is that self-incompatible diploids should have broader niches, an
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unexpected result was that self-compatible polyploids diversified in a similar way. Evolutionarily this
may be a temporal effect, polyploids are successful in short time scales and this may explain the
success in diversification identified here, however, this study does not disentangle evolutionary
timescales. Our results suggest that self-compatible diploids appear evolutionarily transient, and the
evolution of self-compatibility appears to occur very rarely without a polyploidy event in Solanaceae.
This suggests that polyploidy is just an evolutionary byproduct of trying to become self-compatible,

allowing for rapid establishment in many new environments.

Self-compatible polyploid species have increased climatic niche diversity which, given their
increased genetic variation and plasticity through additional sets of chromosomes, make them
capable of adaptive and resilient population generation (Soltis and Soltis, 1999). Polyploidy allows
self-fertilizing section Pefofa species to maintain and derive novel diversity typically observed in
outcrossing/self-incompatible diploid populations. These differences between breeding system and
ploidy with niche diversity provide support for the use of these variable combinations as driving
evolutionary forces, with qualitative results (Figure 2) being supported by OLS (Table 1) and

PGLMs (Table 2).

Our results suggest the potential to use ecologically plastic species to enhance the
adaptability of cultivated potato lines in the face of climate change. The ultimate goal of this
investigation is increased beneficial genetic variation among cultivated potato varieties developed
through introgression of the various wild adaptations. However, the wild species have limited cross-
compatibility with S. #berosum, as evidenced in their endosperm balance numbers. Therefore, time is
needed in order to operationalize this diversity in agricultural fields, so that favorable environmental
adaptations from a subset of ecologically plastic species, can be introgressed while breaking linkages

to agronomically unfavorable traits.
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The impact of breeding system on the evolution of climatic niche diversity amongst plants is
still unclear and the So/anum section Petota system contributes important evidence for a multilayered
role where breeding system and ploidy interact synergistically with one another. In one case, self-
incompatible breeding systems play a large role in sustaining niche diversity over time (Park et al,,
2017) when species are diploid, possessing limited reproductive barriers. In contrast, self-compatible
breeding systems comparatively increase niche diversity when species are polyploid, by enhancing
their ability to reach, reproduce, establish, and adapt (Campbell, 2013) with the biological safety net
of increased “buffering capacity” through genetic variation (Wendel and Cronn, 2003). Further
investigations could focus on the decoupling of breeding system and ploidy; however, due to the
self-incompatibility conferred by S-RNases found in polyploid populations of Solanaceae this is
challenging (Robertson, 2010; Barringer, 2007; Husband et al., 2008). Furthermore, this study was
not able to completely decouple ploidy and breeding system interactions due to lack of data on
particular species’ breeding systems, exemplifying the need for more than DNA collection.
Additionally, a limitation of this analysis is the limited number of species available for PGLMs,

which was due to a lack of publicly available plastid genome sequence data.

Increasing effective genetic diversity through polyploidization has the potential to increase
the number of niches to a similar extent as would occur with an outcrossing diploid population. The
breeding system is the main driver of niche divergence in the self-incompatible diploid populations,
while only a secondary contributor in the self-compatible polyploid populations. Despite the
biological differences, the resulting niche diversity is not seen in a difference of preferred climate
type but rather the extent of climatic diversity (Figure 4). Through decoupling geographical range
size and niche breadth (Randel et al., 2009), this study tests classic theory by utilizing a highly
diverse, economically important section of plants. Our findings lend credence to the hypothesis that

these ecologically plastic responses evolved over millions of years in species with populations of self-
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incompatible diploids and self-compatible polyploids, and, therefore, these species should be

prioritized for conservation and for use to adapt our cultivated varieties to a changing climate.
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Figures and Tables

Figure 1. Time-calibrated uncorrelated relaxed molecular clock phylogeny with ontgroups and cultivated varieties of

potato included as generated with BEAST?Z.
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Figure 2. Boxplot of niche diversity by breeding system and ploidy interaction in potato wild relative species. Many

Species exist containing multiple subpopulations with differing biological factors, as seen by combination of such factors

on the x-axis.
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Figure 3. Dual figure with time-calibrated molecular clock phylogeny (left) with climatic niche diversity (i.e., number

of climate classes occupied) (right). On the left side, the x-axis scale bars represent millions of years and the

background coloration of the phylogenetic tree highlights widely accepted clades of Solanum section Petota. On the right

side, the number of climate classes a species occurs in is represented by the size of the horizontal bar and measured with

the x-axis scale bar and the coloration of the horigontal bars represent species biological attributes as breeding system

with ploidy.
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Figure 4. Pie chart of climate class proportions by breeding system/ ploidy combinations.
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Table 1. Results from the linear model for climatic niche diversity following Gaussian distribution. The number of
discrete climate classes in which each taxon can occur (i.e., a proxy for niche breadth) is the response variable, Climate
Niche Diversity. The predictor variables are combinations of ploidy and breeding system for each species, which were
coded as dummy variable interaction terms: self-incompatible diploid, self-compatible diploid, self-compatible asexually
propagating polyploid, and unknown breeding system asexually propagating diploid. 1 alues of reported in column 2

are the maximum likelihood estimates and standard error of the estimates (surrounded by parentheses).

Ordinary Least-Squares Resulis

Dependent variable:
Climatic Niche Diversity

Self-Incompatible -
Diploid 3134

(0.734)
Self-Compatible _
Diploid 0-369

(1.021)
Self-Compatible e
Polyploid (Asexual) 3.624

(0.789)
Asexual Diploid 0.883

(0.992)
Intercept (MLE) 2.813™

(1.006)
Observations 72
R? 0.426
Adjusted R? 0.392
Residual Std. Error 2493 df = 67)
F Statistic 12,4247 (Af = 4; 67)
Note: pp T p=<0.01
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Table 2. Results from phylogenetic linear models for climatic niche diversity following Brownian motion. The number
of discrete climate classes in which each taxon can occur (i.e., a proxy for niche breadth) is the response variable,
Climate Niche Diversity. The predictor variables are combinations of ploidy and breeding system for each species,

which were coded as dummy variable interaction terms: self-incompatible diploid, self-compatible diploid, self-compatible
asexually propagating polyploid, and unknown breeding system asexually propagating diploid. 1 alues of reported in

colummn 2 are the maximum likelihood estimates and standard error of the estimates (surrounded by parentheses).

Phylogenetic Least-Squares Results

Drependens variable:
Climatic Niche Diverzity

Se.]f-lr_lc-:umpahblﬂ 3,084~
Dipload

(1.05a6)
Self-Compatible -
Diploid 1.836

{1.554)
Self-Compatible 9574
Polyploid (Asexual) '

(0,973
Asexual Diploid -2.332

(1.620)
Intescept (ALE) G426

{].ﬁ?ﬂ}
Sigma: 8.088e-09

[2.967e-09,1.067e-08)
Sigma® Error 4 497
{1.650,5.933)

CObservations 27
R? 0327
Adpusted B? 0441
Residual Std. Error 4761 (df = 22)
Parametric Bootstraps 100
Nore: pp p001
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Abstract

Food production strategies and patterns are being altered by climate change. Enhancing the
adaptation of important food crops to novel climate regimes will be critical to maintaining world
food supplies. Climate change is altering the suitability of production areas for crops such as potato
(Solanum tuberosum 1..). Future productivity, resilience, and sustainability of this crop will be
dependent on breeding for climate adaptation, including through the introgression of novel traits
from its wild relatives. To better understand the future production climatic envelopes of potatoes,
and the potential of its wild relatives to contribute to adaptation to these environments, we
estimated the climate of potato in four future scenarios and overlapped the current climate of 72
wild relative species and potato with this future climate. We discovered a shift of up to 12% by
potato into novel climate by 2070 and varying magnitudes of overlap by wild relatives with potato,
primarily driven by the extent of endemism. To address the threat of change to novel climate and
with the wealth of data available for the agrobiodiversity in potato wild relatives, we systematically
developed a prioritization value inspired by the logic of the breeder’s equation for locating
potentially beneficial species possessing local adaptability, climatic plasticity, and interspecific
crossability. In doing so, 26 unique species by discrete climate combinations are found, highlighting
the presence of unique species to use in adapting potato to the local climate. Further, the 20 highest
prioritized values belong to diploid species, enforcing the drive to shift into diploid breeding by the
potato research community, where introgression of the local climate adaptability traits may be more

streamlined.
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Introduction

Potato (Solanum tuberosum 1..) is the fourth most widely cultivated crop globally and the most
important tuber for human consumption (>1 billion people annually; FAOSTAT, 2017). The tubers
of potato provide a rich and complex source of carbohydrates and essential nutrients, including
dietary fiber, vitamins, minerals, protein, and antioxidants (Bach et al. 2012). Potato thrives in a
relatively narrow climate niche, for example, tuberization has been empirically shown to diminish at
temperatures above 17 °C, negatively impacting productivity (Stol et al. 1991; Haverkort 1990,
Hijmans 2003). Future yield projections under climate change indicate a likely production decline in
major potato growing regions (Raymundo et al. 2018, Dahal et al. 2019). Changes in potato
agronomic practices (e.g., pesticides, fertilizers, and irrigation) have increased the geographic range
of production and production per unit area (Hijmans 2001, Hijmans 2003, Murchie et al. 2009,
Devaux et al. 2014). Such agronomic practices may help mitigate the impacts of climate change
induced production decline and crop improvement can champion these efforts by providing new

crop varieties that are more resilient to abiotic stresses.

Potato breeding has generally seen steady improvement with occasional flurries of activity,
one such time of rapid improvement was after the late blight epidemics of the 19th century (Jansky
and Spooner 2018). Most selections were made from open pollinated populations as specific crosses
of cultivars were rarely successful until the mid-20th century (Krantz 1924, Krantz 1946, Comai
2005, Jansky and Thompson 1990, Bradshaw and MacKay 1994). Improvement in potato yield in
the last century was mostly due to agronomics while improvements in quality traits have been
attributed to genetics. Potato is a clonally propagated, autotetraploid crop with a narrow genetic base
compared to the wild relatives (Spooner et al., 2014). These factors continue to make breeding
difficult despite recent efforts to incorporate new diversity (Jansky 2009), including introgression

with potato wild relatives (hereafter PWR). Modern cultivars of potato possess relatively little
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difference in the percentage of heterozygous loci nor the frequency of homozygous from cultivars
developed in the past two-centuries (Hirsch et al. 2013, Vos et al. 2015). Additionally, cultivar
turnover is very slow in many regions, for example with cultivars in North America being grown for
40-50 years (reviewed in Singh et al., 2019). Using PWR has helped to introduce genetic diversity
and valuable agronomic traits, most importantly disease resistance into breeding lines (Hijmans

2001; Jansky et al. 2013; Castafieda-Alvarez et al. 2015; Zhang et al. 2017).

PWR are a highly diverse set of species found in Soanum section Petota (Castafieda-Alvarez et
al. 2015). These species have a range of ploidy and meiotic behavior (disomic, polysomic, and
mixed-somic inheritance), occasionally causing meiotic problems when crossed with the crop (Key
1970). Many attributes of the PWR have been defined, including their ploidy, mating system,
germplasm classification, endosperm balance number, phylogenetic relationships, and geographic
ranges in order to operationalize their use in breeding (Hijmans 2001, Spooner & Hijmans 2001,
Spooner & Hettersheid 2007, Castafieda-Alvarez et al. 2015, Zenil-Ferguson et al., 2019). The goal
of plant breeding is to move the population mean of a given trait to a more beneficial value for the
particular human use it is intended, the speed with which this can be done is often measured using
the breeder’s equation (Lush 1943), which conceptualizes efficiency after accounting for genetic
variance and selection intensity. The framework has not been explored in the context of climate

change projections and crop wild relatives.

Global food security is threatened by climate change, impacting production and land use
change (Foley et al., 2011; Ramankutty et al., 2018; Mehrabi et al., 2020). Historic climatic events and
shifts have placed pressure on crop cultivars by creating novel abiotic and biotic stresses (Lesk et al.
2016). Future projections provide a way to create realistic assessments of means and variances of

future climate scenarios. Adaptation strategies include: (i) sourcing crop populations (e.g. landraces,
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varieties) from different global geographic regions matching future projected climate, (if) assessing
crop wild relatives for naturally evolved adaptations, (iii) defining replacement crops to be cultivated,
(iv) defining different agroecosystems for existing crops, (v) substantially changing agronomic
practices such as row spacing, irrigation and planting date, and (vi) abandoning current production
locations with human population moving to areas amenable to cutrent practices/cultivars (Burke et
al., 2009; Ramirez-Villegas and Khoury, 2013; Pironon et al., 2019; Sloat et al., 2020; Heider et al.,
2021). Despite research exploring the potential for shifts in existing production zones or towards
zones forecasted for potato production compatibility (Leemans & Solomon 1993, Hijmans 2003),
such shifts present tradeoffs through encroachment on natural ecosystems and through limiting
human livelihoods (Tanentzap et al. 2015, Smith et al. 2014). Therefore, the least disruptive option is
utilizing agrobiodiversity for adapting crops to the changing environments with conventional
breeding techniques (Borlaug 1983, Jansky et al. 2013, Dempewolf et al. 2017). Ultilizing wild relative
species, as well as landrace and heirloom varieties, provides a mechanism to alleviate the abiotic
stresses expected with climatic shifts through evolved traits including tolerance to salinity, drought,
and temperature extremes (Bailey-Serres et al. 2019, Ramankutty et al. 2018). This has led to large
redundancy and overlap in personal (e.g., breeding programs) and institutional collections (e.g.,
germplasm banks), resulting in the overcollection of some species and under collection of others

(Dempewolf et al., 2017).

Here we focus on assessing crop wild relatives for naturally evolved adaptations, which is
broadly focusing on agrobiodiversity, which has a recognized role in mitigating the threat to crops
(Dempewolf et al., 2017). The uncertainty of future climatic conditions creates a situation where
breeders must efficiently and effectively prioritize the best potential species to create interspecific
populations from and to ameliorate shift-induced stress on production. Therefore the objectives of
this study were to (i) model the shift in climatic conditions expected for potato in the future (2050
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and 2070) at a global scale, (ii) model the current climate niche of 72 PWRs, (iii) assess overlaps
between the climate niches of PWRs and the novel/future conditions expected for potato, (iv)
propose a formalized approach to prioritize PWRs for use in breeding based on their potential for
future climate adaptation in specific climatic zones (Pironon et al. 2020). Conceptually, this is similar
to envirotyping (Xu, 2016) and enviromics (Resende et al., 2020), but instead of working with

breeding populations, here crop wild relatives are explored.
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Materials and Methods

Data Acquisition

Potato production occurrences (N = 726,103) were compiled from land use census data at a ~5 arc-
min resolution in 2000 (Monfreda et al. 2008), while occurrences for the 72 PWR (N = 37,250;
Table 1) were compiled from previous gap analysis that prioritized PWR (Castafieda-Alvarez et al.
2015). Climate data were retrieved from WorldClim 2.0

(https:/ /www.worldclim.org/data/cmip6/cmip6elimate.html) for the years 1970-2000 (hereafter
“current climate”, Fick and Hijmans, 2017) at a 5 arc-minutes (~10km) resolution (Eyring et al.
2016). Future climate projections are based on the sixth assessment report (ARG) of the
Intergovernmental Panel on Climate Change (IPCC) that uses various shared socioeconomic
pathways (SSPs) for different global climate models (GCMs). Nineteen variables provided by
WorldClim were utilized to ensure full capture of mean and variance of temperature and
precipitation conditions across and between seasonal shifts for potato and each of its PWRs (Table
2). The same variables were collected for the 2050 and 2070 time periods (averages for 2041-2060
and 2061-2080, respectively) according to two shared socioeconomic pathways (SSPs) of SSP2-4.5
(considered a medium effort to curb emissions) and SSP5-8.5 (considered low to no effort to curb
emissions) and eight GCMs (global climate models). The eight GCMs were BCC-CSM2-MR,
CNRM-CM6-1, CNRM-ESM2-1, CanESM5, IPSL-CM6A-LR, MIROC-ES2L, MIROCG6, and MRI-
ESM2-0. Current and future climatic information were extracted for each potato and PWR
occurrence point using the extract function in the raster package of R. Data for the Képpen-Geiger
climate classes of PWR and life history traits were derived from Fumia et al. (2020). The Képpen-
Geiger divides climate regimes into a discrete three-tiered system (five main, 30 sub and sub-sub

tiers) based on main climate, seasonal precipitation, and temperature (reviewed in Rubel and Kottek,

40


https://www.worldclim.org/data/cmip6/cmip6climate.html

2010). Further, the regression coefficients for climate niche diversity as well as phylogenetic

relatedness were sourced for PWR from Fumia et al. (2020).

Climate comparisons

We performed principal component analysis (PCA) to identify the climate niches of the cultivated
potato at current future time points and compare to the current climate niche of its 72 wild relatives
using the 19 bioclimatic variables using the R packages ade4, grDevices, and sp. Climate niches were
built using convex polygons around the occurrence points of each species in the principal
component climatic space from PC1 (46.4% variance explained) and PC2 (22.2% variance
explained) in the joint analysis of species. The technique of convex hull was chosen for quantifying
the niche space over alternatives as it does not rely on point density (important because occurrence
point sampling is uneven in geographic space) and is conceptually simple and readily interpretable.
However, this technique is sensitive to outliers; therefore, the analyses were repeated discarding six
different selections of outliers based on Mahalanobis distances (values ranging from 5 to 10)
between each occurrence point and the centroid of the species climatic niche, as in Pironon et al.
(2019). We estimated the current and future climatic conditions of potato and the current climatic
conditions of the 72 PWRs. To estimate the impact of life history traits, species with the same
mating system/ploidy combinations were first ageregated, then polygons were drawn around the
combined data. The climatic change of potato was estimated as the percentage of the total area of
the polygon representing future climatic conditions that is not intersected by the total area of the
polygon representing current climatic conditions. We described novel climate as the expected future
climate space that is not intersected by the current climate space, indicating a climatic zone of high

insecurity facing future potato production. We then analyzed how current PWR climatic niches
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overlap with this novel climate space in order to estimate the potential contribution of each PWR to

potato’s adaptation under climate change.

PWR Prioritization Score

We developed a PWR prioritization (PWRP) score inspired by the logic of the breeder’s equation
(BE) (Lush 1943, Lynch and Walsh 1998, Walsh and Lynch 2018, Bernardo 2020). Specifically, we
conceptualized the PWR species niche overlap with future and current potato climatic conditions at
different time points as phenotypes, analogous to the response to selection, which we call climate
response potential (Figure 1). Considering this, we calculated the PWRP utilizing the format of the
BE (for full explanation of each terms relationship to the traditional BE see Figure 1):

Potato Wild Relative Prioritization = applicability * (environmental plasticity +
evolutionary history) * spread

PWRP=a * (ep + eh) *o
Instead of having a response in progeny there is a predicted response in a species over time, this
presents a potential capacity for climate adaptability and thus a higher score in a specific
environment means a higher utility as a donor species, this is represented as PIWRP. Instead of
selection intensity (phenotypic variance selected on) the proportion of a discrete niche (Koéppen-
Geiger climate class) is conceptualized as the phenotype which varies showing future potential
adaptability, represented as applicability (a). The Koppen-Geiger class system (Rubel and Kottek
2010) provides climate zones that are useful when defining the range of a particular breeding
program and knowing the discrete class provides a shorthand for localization of valuable breeding
germplasm. Therefore, applicability (a) serves as a honing value from the current occurrence of a
given PWR in a specific discrete climate class as a percentage of occurrences in that class over the

total number of occurrences of that species (Képpen-Geiger Climates, Figure 2). Further, to
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highlight the ability to localize valuable germplasm this discretizing allows for a correction of the
PWRP response to represent 0 where a species does not exist and would be unlikely to offer
phenotypic advancement to cultivated potato in that climate, to greater than 0 where the species

solely exists in that specific climate.

Instead of heritability we have a combination of the crossing potential and the plastic
response in different time periods as the correlation of individual PWR overlap with current and
overlap with future climate niche of potato. Environmental plasticity (ep) represents the correlation
between the niche overlap of PWR over the current climate of potato with the niche overlap of
PWR over the future forecasted climate of potato (adjusted for each SSP and year combination).
Due to the interspecific nature of potential crosses, we adjust the correlation between timepoints
with crossability using two aspects: (1) to adjust for the evolutionary role in climatic diversity we use
the regression coefficient for niche divergence among of PWR with different life history trait
interaction (see Fumia et al. 2020); and (2) to adjust for the evolutionary role in crossability we use
the chloroplast genome genetic distance between all PWR and . #uberosun (Fumia et al. 2020),
representing the evolutionary history (eh). The evolutionary history (eh) represents the regression output of
life-history trait influence upon climatic variation as specifically the intercept + or - the slope value
by a PWRs life-history trait combination (mating system by ploidy) (Fumia et al. 2020). Additionally
applied in ¢b is phylogenetic distance, calculated as the Bayesian predicted plastid genomic distance
from the cultivated potato (S. fuberosum) from Fumia et al. (2020), this metric could be replaced with
any metric of phylogenetic relatedness. Instead of additive genetic variance, we conceptualize this as
the variance associated with environmental plasticity (ep) and evolutionary history (eb), representing the
spread (0). Spread (6) accounts for the variation in attributes of ¢p, as determined by the standard
deviation among the different GCMs used in climate projections, and e, as determined by the

standard deviation of the regression intercept + or - the standard deviation of the slope value.
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Results

Under future projected climates there is both a clear overlap between current and future climates of
potato by mating system/ploidy and novel climate space being inhabited (Figure 3). Following the
SSP 4.5, we predict a 7.0% change in the climate niche of potato by 2050, increasing to 8.4% in
2070. Following a scenario of low effort to curb greenhouse gas emissions (SSP 8.5), we find an
8.7% change in the climate niche of potato by 2050, increasing to 12.5% in 2070. Considering global
climatic shifts, ~6-12% of the future projected climate space of potato will be novel, depending on
the climate model and emission scenario considered. The above changes in potato niche are
primarily shifts along PC1, mostly formed by temperature variables (Table 2). This novel climate
space is partially occupied by PWR species that possess self-compatible, diploid populations, which
in general have the largest ranges and exist in novel climates relative to the current extent of potato.
These self-compatible, diploid PWRs exist in the current climate primarily identified by lower PC1

(temperature) and PC2 (precipitation) values (Table 2).

The range in the size of climate space varied from the narrowest PWR (Solanum gracilifrons
Bitter) found in a single small valley near Colcabamba, Peru, to the broadest climate niche of potato,
an effect of domestication. PWRs exist in a large number of discrete climate classes (Figure 2),
ranging from narrow endemic species occurring in single climate classes (e.g., Solanum salasianum
Ochoa) to those which exist in over half of the major biomes of earth and 15 climate classes (e.g.,
Solanum chacoense Bitter). The current climatic niche of PWRs shows substantial variation between the
predicted novel climates from the general climate models (GCMs) in the future (2050 and 2070) in
the different emission scenarios (SSP 4.5 and 8.5) when overlapped with current and future niches
of potato production. As expected, there is more shift in the climate niche at the later time point

2070 and under the more severe emission scenario SSP 8.5 (Figure 4). The largest range seen among
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the examined species is the domesticated potato. The range expansion of the domestic compared to
the PWR can be observed in the number of Képpen-Geiger climate classes where potato occurs
relative to PWR species (Figure 2) as well as the total area covered within the climate spaces (Figures

3,5, and 6).

Under future projected climates there is clear overlap of novel climate space by individual
PWRs (Figure 3b). In SSP 4.5 in 2050 there was an average overlap of 47.5% by PWRs over the
future climate niche of potato, decreasing to 47.0% in 2070. In SSP 8.5 in 2050 there was an average
overlap of 47.1% by PWRs over the future climate niche of potato, decreasing to 45.7% in 2070.
PWR, specifically the top-8 identified (Figure 7), exhibit the adaptation to a higher degree of lower
PC1 and PC2. Here the species that show the most change and most potential for future use in
novel space are the species S. colombianum and S. andreanum, both possessing populations of self-

compatible diploids as well as driving the novel climate space of the secondary genepool (Figure 3c).

The matrix of prioritization values (PWRP) shows clear variation in PWR regarding utility
for breeding with potato for adaptation to climate change (Figure 8 and 9; Table 3). The species
that showed the best potential for use in adaptation to unique climates were Solanum neocardenasti,
Solanum incasicum, and Solanum pillahnatense (Table 3). However, when the end goal shifts, the species
with the highest overall PWRP when compared to all other species shifts to Solanun colombianum
(Table 4). As expected, these species are associated with the Oceanic climate (Cfb) or Subpolar
oceanic climate (Cfc), characterized by narrow annual temperature ranges (Rubel and Kottek 2010).
The next top species are found in extremely different climates. Solanum neorossi and Solanum:
neovavilovii possess high PWRP values associated with climates Subtropical highland climate (Cwb)
and Polar tundra (ET), respectively (Table 4). Furthermore, when looking at the species with the top

20 highest PWRP, all species are either diploid or possess diploid populations. Additionally, when
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considering the top two species per Képpen-Geiger climate (17 discrete climates), there are 26
unique species identified for applicability in any given climate (Table 3). Additionally, more than half
of the 80 highest valued PWRPs correspond with species identified for Temperate oceanic (24) and
Subtropical highland (21), highlighting the agrobiodiversity available for localized crop improvement
in these discrete climate niches (Table 4) where only 10% of current potato production occurs, 7.7%
and 2.4% respectively (Figure 2). Broadly useful species, identified in multiple climates as viable
options, include S. andreanum, S. brevicanle, S. chacoense, S. colombianum, S. hongasii, and S. longiconicunmr,
furthermore, PWR do not occur in every discrete climate of potato, however, the similarity of

discrete climates along PC1 and PC2 can be identified for approximate matches (Table 5).
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Discussion

Climatic shift and adaptation strategies

The projected shifts in climate envelopes introduce hurdles for the sustainable production of potato.
There are currently 370 million tonnes and 17 million hectares of potato in production (FAOSTAT
2017). If we consider the worst-case scenario for 2070 and assume production is evenly distributed
across the climate polygons, there will be a maximum of roughly 44 million tonnes, or 2.1 million
hectares, of potato that will need to be produced in a new climate given the expectation of 12% of
production potato being shifted from current to 2070. This shift is similar to other major crop
species such as sunflower (Mehrabi et al., 2019) and common bean (Ramirez-Cabral et al., 2016).
Shifting climate can be addressed through either bringing new land into production or intensifying
production on the remaining land, creating a change in the production system where adapted
cultivars will be a key component. The shift is about 10 million tonnes more than the international
production of dry beans and roughly one-third of the international banana production area
(FAOSTAT 2017). Potato future climate shifts occur along a lower PC1 (temperature) and higher
PC2 (precipitation) gradient while PWRs primarily exist in lower PC1 and lower PC2 (Figure 3, 5,
and 6) gradients. Therefore, PWRs may more likely provide the ability to ameliorate stresses
associated with lower climatic shifts along PC1 (temperature) and PC2 (precipitation). A limitation
of our analysis is the assumption that production will remain in the same location and same
production intensity. This assumption was made based on the specialized equipment and processing
facilities that accompany large scale potato production. Historically, there have been production
shifts (e.g., New York to Idaho in the United States; Lucier 1991), but such shifts require large
capital investment, often being driven by outside infrastructure and are therefore difficult to predict.

The least disruptive option for growers and processors would be to use PWR for genetic
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improvement of production cultivars to increase productivity on existing cultivated lands rather than

expanding production to new areas (Dias et al., 2016).

Agroecological Niche and Prioritization of Potato Wild Relative Species

A consideration when prioritizing agrobiodiversity is the identification of traits that are useful to
agricultural production in specific regions and agroecosystems, these can differ from those that
provide adaptability to populations in natural ecosystems (Fumia et al. 2020). In this study, the traits
influencing climate adaptability and plasticity as well as crossability to cultivated species were
combined in the prioritization, similar conceptually to envirotyping (Xu, 2016) and enviromics
(Resende et al., 2020). However, rather than finding the best cultivar for an environment here we
prioritize species with localized climate adaptation for specific climate/production niches found
throughout the world (Table 3, Figure 8 and 9). Different global regions have different potential
donor species for abiotic stress adaptation, for example, S. colombianum was identified as a useful
donor species in Af (Tropical Rainforest) and Csb (Warm-Summer Mediterranean), as it likely
contains the potential to provide adaptability to increased temperatures thus helping to alleviate
diminished tuberization and yields that have been documented under high late season temperatures
(Stol et al. 1991; Haverkort 1990, Hijmans 2003). Further, in coastal regions where increased salinity
is expected via salt-water inundation, localized adaptability from Solanum neocardenasii in Ctb
(Temperate Oceanic) could be introduced to ameliorate the abiotic stress. These examples are
generalizable to any climate where there are data, in each case a donor species can be selected for
generating locally adapted lines in an effort to curb current and future local niche stresses to
production. However, selection can be interpolated with associating climate likeness in principal
component space (Table 5). This score provides the breeder with a starting-point species identified

to have the highest plasticity, localized adaptability, and crossability based on phylogenetic distance.
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Moreover, prioritized species can be further filtered to account for known biotic resistances, similar
to sunflower prioritization (Mehrabi et al. 2019). An example would be selecting the species (S.
colombianum and S. andreanum) with the highest climate plasticity (e.g., largest climate niche) but
adjusting the selection to documented Phytophthora infestans resistance found in S. andreanum while
avoiding the overwhelming susceptibility to the disease in . colombianum (Khuitti et al., 2015). While

this study explored potato, the method can be expanded to any crop.

Use of PWR in Potato Breeding: Diploid Potato is the future

Historically, interspecific breeding, while used was limited due to the creation of populations
without local adaptability and with meiotic instability, leading to cycles of recombination to remove
linkage drag and increasing the length of time needed to introgress a trait (Jansky and Peloquin 2005,
MacKay 2005, Bradshaw and MacKay 1994). Moreover, this has led to the development of complex
crossing schemes requiring additional generations before testing (Peloquin et al., 1999; Hijmans et al.
2007; Kohler et al. 2010). One potential way to overcome this is to work with species prioritized for
local adaptation and to work at the diploid rather than tetraploid level. The top prioritized PWR are
diploid, however, cultivated potato is tetraploid with polysomic inheritance, leading to complex
segregation patterns during breeding. This means that additional resources must be expended to find
favorable genotypes (McCord et al. 2012, Little 1945 & 1958). Further, there are additional
challenges that occur in interploidy hybridization between PWR and potato, often requiring
additional steps such as ploidy reduction, bridge crosses, and re-polyploidization (Peloquin et al.
1989, Ortiz and Peloquin 1991, Serquén and Peloquin 1996, Santini et al. 2000, Jansky 2006). This
extended breeding cycle is exacerbated by the standard intensive breeding process of progeny testing
(De Jong and Tai 1991). Such challenges suggest that the move toward diploid germplasm (Jansky et

al., 2016) should be accelerated to keep within resource constraints and improve response time to
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climatic shifts, using the most promising PWR (diploid). Potato breeding is focused on clonal
selection, where extreme outliers are important because they can become a cultivar and their outlier
nature is not lost through sexual recombination. Since outlier selection is important, breeders rely
upon selecting populations that exhibit the greatest phenotypic variation, with diploid populations
often expressing larger variation than tetraploid populations (Jansky and Spooner 2018). While there
is great potential to breed in diploids more rapidly, there are also problems with increased genetic
load and inbreeding depression (Jansky et al. 2016, Bachem et al. 2019), but these could be
overcome by creating an inbred-hybrid system (Zhang et al. 2019). Using these diploid PWR as
parental species in diploid breeding programs not only increases genetic diversity but introduces
climate resilience and plasticity. Increases in the extremes of a segregating diploid population
support the production and identification of broadly or specifically eco-adapted individuals. In doing
so, interspecific hybrids may possibly be selfed to achieve homozygous climate adaptation traits and
thus, significantly decrease the resource intensity currently associated with potato breeding
programs. PWR contain species that satisfy these requirements for many different climate classes, in
prioritizing by specific class, a short list can be identified that will provide climate adaptability and
inform specific breeding designs to reach goals under different temporal constraints. An interesting
question for future work would be to identify if the timeframe for de novo domestication of wild
potatoes would be faster than introgression due to meiotic incompatibilities, particularly with respect

to climate adaptation.

L imitations

Cultivated potato is produced in irrigated and dryland systems, which are not separated in this study.
This limitation implies that the large range in climate space of cultivated potato (Figure 1) when

compared to PWR is due to a combination of changes in genetics and agronomic practices (e.g.,
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irrigation, fertilization, and pest control) which both expand the production niche. Despite this
potential overestimation of the climate niche of cultivated potato, the PWRP metric is disentangled
from niche size through the use of the correlation between current overlap and future overlap. The
interpretation of this is that when species are prioritized using this metric, they are highly likely to
hold the abiotic stress tolerance within the climate class of interest. Additionally, although this study
uses 72 wild relative species of potato, it does not incorporate the genetic diversity and potential
adaptability traits available in landrace varieties, an area ripe for future investigation (Heider et al.
2021). Lastly, PWRP is a metric to improve selection of germplasm for interspecific breeding in a
local niche but does not consider how this selection may alter the final potato product from the
current local market preference. The goal is introgression of adaptability traits while maintaining
quality traits (e.g., texture, color, nutritional value), however, how the theory meets practice requires

empirical testing within potato breeding programs.
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Conclusion

Potato has become a foundational part of the diet of millions of people across the globe. Future
cultivation is threatened by an increasingly stochastic climate, in fact here we projected that up to
12.5% of the current cultivated potato climate will shift into novel climates by 2070. This is a
tremendous threat to livelihoods and food production; however, we also identified a clear path to
future climate adaptation using PWR genetic resources. Actualizing the finding here would be aided
by moving breeding systems to diploid germplasm as suggested by Janskey et al. (2016). We have
proposed a way of prioritizing species to use in adapting production potato to local climates and
specifically finding diploid PWR species, providing support for diploid breeding for streamlined
improvement of potato towards abiotic stress adaptability. This may help develop more efficient
breeding schemes that will increase the potential of new cultivars to be pre-adapted to the

appropriate climate regimes to address the long lag time in agricultural research and development.
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Figures and Tables
Figure 1. Conceptualizing the response to climate change as a phenotype and using breeding logic to identify parental
species for crossing in specific environments to create a PWRP. This is a value that is inspired by the breeder’s
equation (Lush 1943, Lynch and Walsh 1998, Walsh and Lynch 2018, Bernardo 2020). Selection intensity is
mimicked by relevance in that a higher proportion of occurrence in a given climate (example is Cfb Oceanic climate)
results in a higher relevance to the climate response. To mimic accuracy with environmental plasticity + evolutionary
history (taking the place of additive effect of phenotypic value and genetic value) with the information that we have
available for potato wild relatives. Environmental plasticity is the phenotype of interest and mimics the traditional
phenotypic value by calculating the climate niche overlap with production potato. Evolutionary bistory plays the part of
a traditional breeding value in that it is the additive evolutionary value as opposed to the additive genetic value (using
the genetic information we do have such as ploidy/ mating system and phylogenetics always bringing it back to the
phenotype of interest: climate adaptability). This additive evolutionary value is the additive effect of life history trait on

climate diversity plus the phylogenetic relatedness. Spread takes into account the variance associated with the

environmental plasticity and evolutionary bistory.
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Figure 2. Climate classes each potato PWR is present in followed by the climate classes of production potato. Those

climates identified by black color are those that PWR do not occnr.
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Figure 3. Principal component analysis of environmental space of PWR under SSP 8.5 in 2070 grouped as A)
top-8 overlapping PW'R, B) life history traits, and C) genepool.
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Figure 4. Differences in Niches by SSP, Year and GCM.
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Figure 5. Principal component analysis of environmental space of PW'R grouped by life-history trait combinations
under A) SSP 4.5 in 2050, B) SSP 4.5 in 2070, C) SSP 8.5 in 2050, and D) SSP 8.5 in 2070.
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Figure 6. Principal component analysis of environmental space of PWR as top-8 overlapping species under ) SSP
4.5 in 2050, B) SS5P 4.5 in 2070, C) SSP 8.5 in 2050, and D) SSP 8.5 in 2070.
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Figure 8. Boxplot of PWRP for each climate class under SSP 8.5 2070.
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Figure 9. Boxplots of PWRP for each climate class for each PWR species, at a) SSP 4.5 2050, b) SSP 4.5

2070, ¢) SSP 8.5 2050, and d) SSP 8.5 2070.
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Table 1. PW'R species and number of occurrences per species.

PWR ‘Ooounmenoes
Solanum amuke 2081
Salanum acaglessum 43
Salanum oo 78
Salanum agrimanifalium 262
Solanum albimns 309
Sndanunm albornasi 5
Solanum andregnwm 455
Solanum ayoochenss 10
Salanum be rthaulti al3
Solanwn boliviense 1802
Sedarnawrs bowmbycinum 3
Snlanumbrevicule A679
Solanum buesil 66
Ealanum bulbocostanum 251
Solgnum burkarti 35
Solanum apmanguens e a3
Salanum andolle anum 69
Srdarum conieme 115
Solanum chamense 1976
Salanum chilliasense 16
Solanum chiguidenum ]
Eolanumchomatophilum 18
Sorlonum clarum laz
Salanum mivmbiannm 343
Solanwm aomvme rsonii 575
Solanwm ytumaroense 13
Snlanumdemissum 1631
a7
=
17
18
5
L
30
153
174
Sedanarm hwon hormbe e 57
Srlanuminamsicum 11
Sodanum infundibediforme 954
Srlanumiopetalum i
Solanwn kurisanwn &
ATHAT 158
Sabinum lesteri 21
Solanum lmbaniemse 54
Solanum longimniaum a7
Sorlanuim maglia 135
B61
a7
3l
L3
27
a2
15
35
Sodanumokadoe 155
Solanuim olmose e 2
Solonum avycarpwm 210
Eolanum poudseciim 76
Solanum pillchuotenss 16
Sobnum piuroe @
Lolanum polpadenim |
Solanum raphanifofum GHZ
Eanlanwm rhomboi e alatuim 100
Solonwn salasianwn 15
Salanum schendki 110
Sabnum soagarandinum 159
4475
Salonum tarn, o]
Solanwm venturi 116
Sobiumvernei a8
Salanum vernucasum 54
Solanuwm vislawimanmona kim 32
Total Eri]
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Table 2. PCA 1oadings and Correlations with BioClim 1 ariables.

Loadin, Correlati
BioClim Variables acinss ofre ations
PC1 PC2 PC1 PC2
al
bio_01 AR mEE 0309 | 0174 | 0914 | 0357
tEﬂ'.I.FlEIﬂrL'l-IE
bio_02 (mean divgnal range | (043 0305 0134 de22
bio_03 isothermality 0265 | 002 078 0045
T Al
bio_04 sriperueE 0.291 0019 | 086l -0.039
seasonality
t f
bio_05 e 0177 | 0297 0523 061
warmest month
bio_06 mia temp of -0.321 0.079 0951 0163
coldest month
bio_g7 |Cmperatuce anmual| - o0 0.074 0855 0152
range
bio_og | Tean temp of -0.197 0.152 0.385 0.311
wettest q'L'l-?LIIE'.[
t f
bio_po | TEEHEERC 0278 | 013 | -085 | 0281
driest quarter
f f
bio 10 | oolEEP e 0215 | 0242 0638 | 049
warmest q'L'l-?LIIE'.[
t f
bio 11 | TEMETPO 0319 | 012 0,946 025
coldest quarter
bio_12 (annnal precipitation| -0232 0283 0748 038
bio_13 | PECPAionof | ooo |\ poe0 | Lo 0.19
wettest month
. precipitation of .
bio_14 _ 0101 | -0394 | -0298 | -0.808
doest month
pitab
bio_15 precipriahon 007 038 | 0208 | 0674
zeazonality
T
bio 16 | PECPEROLOL |\ hoss | o118 | 0755 | -024
wettest ql'l-a.l:tl:_‘.[
bio 17 | PrEGpitaionof | 0\ os0s | 0504 | -0813
driest quarter
pitation of
bio_18 | PrECpHanen o 0152 | -0261 | -0449 | -0536
warmest q'L'l-?LIIE.[
. precipitation of - _ -
bio_19 016 026 0475 | 0549

coldest quatter
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Table 3. Top two species’ PWRP values under SSP 4.5 in 2050 for each climate class. Green represents a change
in the top two or a rank change in alternative SSP and year scenarios. The presence of these species indicate they may

be the most suitable parents for crossing to potato to improve adaptation to future climates in the noted climate class.

Eoppen-Geiger Climate Species Value
Af Tropical Solanun colombianune 0250
Rainforeat S alansnr Jongi conicin 0234
Am T pical Jolansm garda-barvigee 0417
Alonzoon Solanwm fong conicum 0361
TJ:DPrical Savanna S odanume andreamune 0039
- Dirv-3ummer Solansune howgarii 0034
A Tropical Savanna Solangm chilliarense 1646
Dov-Wintex Solansne neocardenarii 0501
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Table 4. 80 Highest valued PWRP (SSP 8.5 in 2070). The table shows the highest scoring species by climate

combinations for the worst-case scenario in 2070.
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Table 5. 1 olume overlap matrix in principal component space by discrete climate classes. This table can serve to

identify discrete niches with similar volume to assist in species selection where the local production niche is not

represented in Table 1.

Af
Am
As

Dwh

Diwd
EF
ET

Af Am As Aw BSh BSk BWh BWk C&a Ch Cic
23.65/13.01 312 6.10 000 0.00

13.01 21.65( 6.BO
3.12| 680 B.44
6.10 1082 7.91
Q00 157 257
000 028 058
000 015045
0.00 0.00 0.00
535 782612
7.90 954 6.86
Q.00 0.00 0.00
001 208 2B9
074 249 290
000 000 Q.00
762 1362 BO7
5.95 BB4 645
000 000 .00
000 .00 000
0.00 0.00 0.00
000 000 .00
Q.00 000 0.00
Q.00 0.00 0.00
000 000 .00
Q00 000 000
000 000 Q.00
Q00 000 000
Q00 000 Q000
000 000 .00
000 .00 000
0.00 0.00 0.00
000 000 .00

1062 157 0.28
791 257 0.58
1356/ 309 0.86
300 76T 405
0.8 403 15.35
065 415 2.66
0.00 2351 7.32
698 476 B.33
B24 562 B.17
0.00 000 3.04
327 561 7.B4
281 379 T
0.00 000 1.42
1216 466 373
47 413 748
0.00 069 2.32
000 022 5.3
0.00 006 B.00
0.00 000 6.44
0.00 000 0.07
0.00 016 1.62
0.00 025 5.17
0.00 000 5.

0.00 000 0.00
000 000 324
0.00 000 4.38
0.00 000 547
0.00 000 0.01
0.00 000 0.22
0.00 129 10.41

000
015
045
0.63
413
266
512

2973

Lind

196
2064
0.00

143
028
002
0.00
000
0.00
001
002

0.00
0.00
0.00
0.00
231
-3

225

B.B1
3.05
269
0.06
3.35
2148
016
133
178
113
263
3.60

LT

Q.05
148
214
156
Q.00
12
170
245
Q.00
Q.00

452

5.35 7.90
7B 9534
612 6B6
698 B
476 562
B33 B17
196 264
305 269
26.53|25.96
25964292
964 19.57
958 991
17.06/ 16.54
6l 543
1488 16.17
1270 21.04
232 232
437 447
6.15 B.00
306 473
000 000
140 124
j44 5378
165 2
000 000
2BB 21B6
209 212
118 116
000 000
0.00 Q.00
B.37 10.47

0.00
Q.00
Q.00
Q.00
Q.00
i

210

Q.66
Q.00
0.0
B28

Csa Csb Csc Cwa Cwb Cwe Dfa Db Dfc Dfd Dsa Dsb Dsc Dsd Dwa Dwb Dwe Dowed EF ET

001 0.74(/0.00 7.62
208 249 0.00(15362
289 290(0.00( BO7
327 291|000 1216
561 379|000 466
T84 T4T 142 373
260 L75(0.00/ 156
3.35| 248/0.16 133
9.5B8(17.06 5.61 14.58
9911684 5.45 1617
257 B70(5.32 359
10,65 801 1.01) 838
B01/17.11|3.27/10.12
101 5327545 116
B.3B 10.12(1.16/ 2226
B.31/1423| 5305 16.35
206 230(0.87| 187
317 4053188 251
291 526(3.55| 238
111 241224 070
000 0.00(0.00( Q.00
148 0.950.29) 0.52
232 275(1.48| 145
043 129085 031
0.00 0.00(0.00( 0.00
219 2168/ 1.35| L9
097 L7713 071

55 095042 035
000 0.00 0.00| Q.00
0.00 0.00(0.00( Q.00
504 7463565 441

595
B.B4
G458
B4T
413
748
145
1.7§|
19.70
21.04
7.78|
B.31
1422
303
16.35
2Bl

0.00 0.00
.00 0.00
0.00 0.00
0.00 0.00
0.69 022
2.32/ 531
0.28 0.02
1.15 263
2.32 457
232 447
1.15 298
2.06 317
2.30 403
0.87 1.BB
1.57/251
253096
232175

756,10
1.56 5382
0.71 544
0.00 0.00
0.70 146
1.60 4.16
0.46 212
0.00 0.00
1.12/ 353
0.63 320
0.40 257
0.00 0.00
0.00 0.00
2.31 6.02

0.00
Q.00
Q.00
Q.00
Q.06
B.OO
0.00
3.60
6.18
B.OO
.09
am
526
3.33
236
6.B3
156
5E2
1429
10.57
0.00
136

Q.00
352
4.60
492
Q.00
114

1397

Q.00 0.00 0.00
Q00 0.00) Q.00
Q.00 0.00 0.00
Q.00 0.00) Q.00
Q00 0.00) 016
644 0.07 162
Q.00 0.00 0.01
257/0.05 148
3.06 0.00 1.40
4753/ 0.00 1.24
4.45/0.00 0.20
111/ 0.00 148
241 0.00 095
224/0.00 0.29
Q.70 0.00 0.52
419 0.00 073
0.71/0.00) 0.70
344 0.00 L46
10.57)0.00| 136
16.60 1.85| .57
LB3 2.62 Q.00
0.570.00] 1.62
476/ 0.00 1.42
925 0.81 0.2
Q.00 0.00 0.00
2270.00 Q.62
447 0,00 0.4
5710.33 0.32
061 0.77) 0.00
4.52/0.56/ 0.00
1657 2.535| L45

Q.00 0.00
Q.00 0.00
000 0.00
Q.00 0.00
025 0.00
517|507
002 0.00
214 158
J4 165
3.78| 209
231 186
232 043
275129
148 083
143051
397 2B3
LoD 048
416 212
5.B8 655
476 925
Q.00 081
142 022
6.08 3.B7
3.B7/925
000 0.00
265 159
336 341
279 491
Q.00 043
0.25) 2.38
6.05 925

000
000
000
000
000
000
000
0.00
000
0.00
0.00
000
000
000
000
000
000
000
0.00
000
0.00
0.00
0.00
000
000
000
000
000
000
0.00
000

0.00
0.00
0.00
0.00
0.00
3.4
0.00
1.22

2.B8

2 3k

Q.00
Q.00
0.00
Q00
Q00
438
Q.00
170
209
212
160
0.97
177
135
o7l
216
0.65

0.00
000
0.00
Q.00
Q.00
347
0.00
243
118
116
0.66
0.55
093
042
023

132

=
284 E

Sk [ D S e
1:.\3\:: 1 L La
1 LD Ga

§

[¥]

01z
023
5.80

0.00
000
000
000
000
00
000
0.00
0.00
0.00
0.00
0.00
000
000
000
000
000
000
0.00
061
077
0.00
0.00
043
000
000
000
012
080
0.00
0.75

Q.00
Q00
Q.00
Q00
Q00
022
Q.00
Q.00
Q.00
Q.00
o0
Q.00
Q00
Q.00
Q00
035
Q.00
Q.00
114
452
0.56
Q.00
0.26
238
Q.00
Q00
Q00
023
Q.00
1482

B.21|50.58

Q.00
Q.00
0.00
Q.00
120
10.41

452
B.37
10.47
B.I28
S04
T4G
J.63
441
B4
231
a.02
13.97
1657
235
L4
6.05
935
0.00
357
4.60
5.B0
Q75
B21

66



References

Bach, S., Yada, R.Y., Bizimungu, B. ¢ a/. Genotype by environment interaction effects on fibre
components in potato (Solanum tuberosum 1..). Euphytica 187, 7786 (2012).

Bachem, C. W, van Eck, H. J., & de Vries, M. E. (2019). Understanding genetic load in potato for
hybrid diploid breeding. Molecular plant, 12(7), 896-898.

Bailey-Serres, J., Parker, J.E., Ainsworth, E.A. ¢f a/. Genetic strategies for improving crop yields.
Nature 575, 109-118 (2019).

Bernardo, R. (2020). Reinventing quantitative genetics for plant breeding: something old, something
new, something borrowed, something BLUE. Heredity, 125(6), 375-385.

Borlaug, N. E. (1983). Contributions of conventional plant breeding to food production. Science,
219(4585), 689-693.

Bradshaw, J. E., & Mackay, G. R. (1994). Breeding strategies for clonally propagated potatoes. Pofato
genetics., 467-497.

Burke, M. B., Lobell, D. B., & Guarino, L. (2009). Shifts in African crop climates by 2050, and the
implications for crop improvement and genetic resources conservation. Global Environmental Change,
19(3), 317-325.

Castafieda-Alvarez, N.P., de Haan, S., Juarez, H., Khoury, C.K., Achicanoy, H.A., Sosa, C.C,, et al.
(2015). Ex Situ Conservation Priorities for the Wild Relatives of Potato (Solanum L. Section Petota).
PLoS ONE, 10(4), ¢0122599.

Comai, L. (2005). The advantages and disadvantages of being polyploid. Nature reviews genetics, 6(11),
836-846.

Dahal K, Li X-Q, Tai H, Creelman A and Bizimungu B (2019) Improving Potato Stress Tolerance
and Tuber Yield Under a Climate Change Scenario — A Current Overview. Front. Plant Sci.

De Jong, H. & Tai, G. (1991). Evaluation of Potato Hybrids Obtained from Tetraploid-Diploid
Crosses 1. Parent-Offspring Relationships. Plant Breeding. 107. 177 - 182.

Dempewolf, H., Baute, G., Anderson, J., Kilian, B., Smith, C. and Guarino, L. (2017), Past and
Future Use of Wild Relatives in Crop Breeding. Crop Science, 57: 1070-1082.

Devaux, A., Kromann, P. & Ortiz, O. Potatoes for Sustainable Global Food Security. Pofato Res. 57,
185-199 (2014).

Dias, L. C., Pimenta, F. M., Santos, A. B., Costa, M. H., & Ladle, R. J. (2016). Patterns of land use,
extensification, and intensification of Brazilian agriculture. Global change biology, 22(8), 2887-2903.
Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B., Stouffer, R. J., and Taylor, K. E.:
Overview of the Coupled Model Intercomparison Project Phase 6 (CMIP6) experimental design and
organization, Geosci. Model Dev., 9, 1937-1958, doi:10.5194/gmd-9-1937-2016, 2016.

67


http://www.geosci-model-dev.net/9/1937/2016/gmd-9-1937-2016.html
http://www.geosci-model-dev.net/9/1937/2016/gmd-9-1937-2016.html

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: new 1-km spatial resolution climate surfaces for
global land areas. International journal of climatology, 37(12), 4302-4315.

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J. S., Johnston, M., ... & Balzer,
C. (2011). Solutions for a cultivated planet. Nature, 478(7369), 337-342.

Food and Agriculture Organization of the United Nations. FAOSTAT Statistical Database. [Rome]
:FAO, 1997.

Fumia, N, Rubinoff, D, Zenil-Ferguson, R, Khoury, C, Pironon, S, Gore, M, Kantar, MB.
Interactions between specific breeding system and ploidy play a critical role in increasing niche
adaptability in a global food crop (i review Ecography)

Haverkort, A. J. (1990). Ecology of potato cropping systems in relation to latitude and altitude.
Agricultural Systems, 32(3), 251-272.

Heider, B., Struelens, Q., Faye, E., Flores, C., Palacios, J. E., Eyzaguirre, R., ... & Dangles, O. (2021).
Intraspecific diversity as a reservoir for heat-stress tolerance in sweet potato. Nature Climate
Change, 11(1), 64-69.

Hijmans, R.J. Global distribution of the potato crop. Am. J. Pot Res 78, 403—412 (2001).

Hijmans, R.J. The effect of climate change on global potato production. 4. J. Pot Res 80, 271-279
(2003).

Hijmans, R. J., Jacobs, M., Bamberg, J. B., & Spooner, D. M. (2003). Frost tolerance in wild potato
species: Assessing the predictivity of taxonomic, geographic, and ecological factors. Euphytica, 130(1),
47-59.

Hijmans, R., Gavrilenko, T., Stephenson, S., Bamberg, J., Salas, A., & Spooner, D.M. (2007).
Geographical and environmental range expansion through polyploidy in wild potatoes (Solanum
section Petota). Global Ecology and Biggeography, 16, 485-495.

Hirsch CN, Hirsch CD, Felcher K, Coombs |, Zarka D, Van Deynze A, De Jong W, Veilleux RE,
Jansky S, Bethke P, Douches DS, Buell CR. Retrospective view of North American potato (Solanum
tuberosum L.) breeding in the 20th and 21st centuries. G3 (Bethesda). 2013 Jun 21;3(6):1003-13.

Jansky, S. H., & Thompson, D. M. (1990). The effect of flower removal on potato tuber yield.
Canadian Journal of Plant Science, 70(4), 1223-1225.

Jansky, S.H., and S.J. Peloquin (2005). Advantages of wild diploid Solanum species over
cultivated diploid relatives in potato breeding programs. Genetic Resources and Crop
Evolution 53: 669-674.

Jansky, S.H. (2006). Overcoming hybridization barriers in potato. Plant Breeding, 125, 1-12.

Jansky, S. (2009). Breeding, genetics, and cultivar development. In Advances in potato chemistry and
technology (pp. 27-62). Academic Press.

68



Jansky, S. H., Dempewolf, H., Camadro, E. L., Simon, R., Zimnoch-Guzowska, E., Bisognin, D. A,
& Bonierbale, M. (2013). A case for crop wild relative preservation and use in potato. Crop Science,
53(3), 746-754.

Jansky, S. H., Charkowski, A. O., Douches, D. S., Gusmini, G., Richael, C., Bethke, P. C., ... &
Bamberg, J. B. (2016). Reinventing potato as a diploid inbred line—based crop. Crop Science, 56(4),
1412-1422.

ansky, S. H., & Spooner, D. M. (2018). The evolution of potato breeding. Plant Breeding Rev, 41, 169-
y P P g g
214.

Key, J. M. (1970). Significance of mating systems for chromosomes and gametes in polyploids.
Hereditas, 66(2), 165-176.

Khiutti, A. L. E. X,, Spooner, D. M., Jansky, S. H., & Halterman, D. A. (2015). Testing taxonomic
predictivity of foliar and tuber resistance to Phytophthora infestans in wild relatives of potato.
Phytopathology, 105(9), 1198-1205.

Kohler, C., Scheid, O., Erilova, A. (2010). The impact of the triploid block on the origin and
evolution of polyploid plants. Trends in Genetics. 26(3): 142-148.

Krantz, F. A. (1924). Potato Breeding Methods. (Vol. 25). University Farm.

Krantz, F. A. (1946). Potato breeding methods. 111, A suggested procedure for potato breeding (No. 04; USDA,
FOLLETO 2112.).

Leemans, R., & Solomon, A. M. (1993). Modeling the potential change in yield and distribution of
the earth's crops under a warmed climate. Climate Research, 79-96.

Lesk, C., Rowhani, P. & Ramankutty, N. Influence of extreme weather disasters on global crop
production. Nature 529, 84-87 (2016).

Little, T.M. Gene segregation in autotetraploids. Boz. Rev 11, 60 (1945).
Little, T. Gene segregation in autotetraploids. II. Botanical Review, 24(5), 318-339. (1958).

Lucier, G. (1991). US Potato Statistics, 1949-89 (No. 829). US Department of Agriculture, Economic
Research Service.

Lush, J. L. (1943). Animal breeding plans. Awnimal breeding plans., (Edn 2).

Lynch, M., & Walsh, B. (1998). Genetics and analysis of guantitative traits (Vol. 1, pp. 535-557).
Sundetland, MA: Sinauer.

MacKay, G. (2005). Propagation by traditional breeding methods. In: Razdan, M. and Mattoo, A.

(eds). Genetic improvement of Solanaceae crops, Volume 1, Potato, pp. 65-81. Science Publishers,
Inc., Enfield, NH.

69



McCord, P., L. Zhang, and C. Brown (2012). The incidence and effect on total tuber carotenoids of

a recessive zeaxanthin epoxidase allele (Zep1) in yellow-fleshed potatoes. American Journal of
Potato Research 89: 262-268.

Mehrabi, Z., McDowell, M. J., Ricciardi, V., Levers, C., Martinez, J. D., Mehrabi, N., Wittman, H.,
Ramankutty, N., and Jarvis, A., 2020. The global divide in data-driven farming. Nat Sustain.
doi.org/10.1038/s41893-020-00631-0

Mehrabi, Z, Pironon, S, Kantar, MB, Ramankutty, N, Rieseberg, L. 2019. Shifts in the abiotic and
biotic environment of cultivated sunflower under future climate change. OCL, 26: 9. DOI:
https://doi.org/10.1051/0cl/2019003

Montfreda, C., Ramankutty, N., & Foley, J. A. (2008). Farming the planet: 2. Geographic distribution
of crop areas, yields, physiological types, and net primary production in the year 2000. Globa/
biogeochemical cycles, 22(1).

Murchie, E. M., Pinto, M., and Horton, P. (2009). Agriculture and the new challenges for
photosynthesis research. New Phytol. 181, 532—552.

Ortiz, R., Peloquin, S.J. A new method of producing 4x hybrid true potato seed. Euphytica 57, 103—
107 (1991).

Peloquin, S.J., Jansky, S.H. & Yerk, G.L. Potato cytogenetics and germplasm utilization. Awmerican
Potato Journal 66, 629—638 (1989).

Peloquin, S. J., Boiteux, L. S., & Carputo, D. (1999). Meiotic mutants in potato: valuable variants.
Genetics, 153(4), 1493-1499.

Pironon, S., Etherington, T. R., Borrell, J. S., Kithn, N., Macias-Fauria, M., Ondo, L., ... & Willis, K.
J. (2019). Potential adaptive strategies for 29 sub-Saharan crops under future climate change. Nazure
Climate Change, 9(10), 758-763.

Pironon S, Borrell JS, Ondo I, Douglas R, Phillips C, Khoury CK, Kantar MB, Fumia N, Soto
Gomez M, Viruel |, Govaerts R, Forest F, Antonelli A. Toward Unifying Global Hotspots of Wild
and Domesticated Biodiversity. Plants. 2020; 9(9):1128.

Ramankutty, N., Mehrabi, Z., Waha, K., Jarvis, L., Kremen, C., Herrero, M. and Rieseberg, I.H.,
2018. Trends in global agricultural land use: implications for environmental health and food security.
Annual review of plant biology, 69, pp.789-815. doi.org/10.1146/annurev-arplant-042817-040256

Ramirez-Villegas, J., & Khoury, C. K. (2013). Reconciling approaches to climate change adaptation for
Colombian agriculture. Climatic Change, 119(3), 575-583.

Ramirez-Cabral, N. Y. Z., Kumar, L., & Taylor, S. (2016). Crop niche modeling projects major shifts in
common bean growing areas. Agricultural and Forest Meteorology, 218, 102-113.

Raymundo, R., Asseng, S., Robertson, R., Petsakos, A., Hoogenboom, G., Quiroz, R., ... & Wolf, J.
(2018). Climate change impact on global potato production. Ewuropean Journal of Agronomy, 100, 87-98.

70


http://doi.org/10.1038/s41893-020-00631-0
https://doi.org/10.1051/ocl/2019003
http://doi.org/10.1146/annurev-arplant-042817-040256

Resende, R. T\, Piepho, H. P., Rosa, G. ., Silva-Junior, O. B., e Silva, F. F.; de Resende, M. D. V., &
Grattapaglia, D. (2020). Enviromics in breeding: applications and perspectives on envirotypic-
assisted selection. Theoretical and Applied Genetics, 1-18.

Rowe, P.R. (1967a). Performance and variability of diploid and tetraploid potato families. American
Potato Journal 44: 263-271.

Rubel, F., & Kottek, M. (2010). Observed and projected climate shifts 1901-2100 depicted by world
maps of the Koppen-Geiger climate classification. Meteorol, 19, 135-141.

Santini, M., Camadro, E.L., Marcellan, O.N. ¢/ a/. Agronomic characterization of diploid hybrid
families derived from crosses between haploids of the common potato and three wild Argentinian
tuber-bearing species. An. |. Pot Res 77, 211-218 (2000).

Serquén, F.C., Peloquin, S.J. Variation for agronomic and processing traits in Solanum tuberosum
haploids X wild species hybrids. Euphytica 89, 185-191 (1996).

Singh, R. P., Chintagunta, A. D., Agarwal, D. K., Kureel, R. S., & Kumar, S. J. (2019). Varietal
replacement rate: Prospects and challenges for global food security. Global Food Security, 100324.

Sloat, LL, S] Davis, ]S Gerber, FC Moore, DK Ray, PC West, and ND Mueller. 2020. Climate
adaptation by crop migration. Nature Communications

Smith, P. M., Bustamante, H., Ahammad, H., Clark, H., Dong, E., Elsiddig, A., et al. (2014).
“Agriculture, forestry and other land use (AFOLU),” in Climate Change 2014: Mitigation of Climate
Change. Contribution of Working Group 111 to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change, eds O. Edenhofer, R. Pichs-Madruga, Y. Sokona, E. S. Farahani, Kadner, K. Seyboth,
A. Adler, I. Baum, S. Brunner, P. Eickemeier, B.

Spooner, D.M., Hijmans, R. (2001). Potato Systematics and Germplasm Collecting, 1989-2000.
American Journal of Potato Research, 78, 237-268.

Spooner, D.M., Hetterscheid, W. (2007). Origins, Evolution, and Group Classification of Cultivated
Potatoes. Chapter 13, 285-307.

Spooner, D. M., Ghislain, M., Simon, R., Jansky, S. H., & Gavrilenko, T. (2014). Systematics,
diversity, genetics, and evolution of wild and cultivated potatoes. The botanical review, §0(4), 283-383.

Stol W, GHJ de Koning, A] Haverkort, PL. Kooman, H van Keulen, and FWT Penning de Vries.
1991. Agro-ecological characterization for potato production. A simulation study at the request of
the International Potato Center (CIP), Lima, Peru. CABO-DLO, Report 155.

Tanentzap, A. J., Lamb, A., Walker, S., & Farmer, A. (2015). Resolving conflicts between agriculture
and the natural environment. PLoS Bio/, 13(9), e1002242.

Vos, P. G., Uitdewilligen, J. G., Voorrips, R. E., Visser, R. G., & van Eck, H. J. (2015).

Development and analysis of a 20K SNP array for potato (Solanum tuberosum): an insight into the
breeding history. Theoretical and Applied Genetics, 128(12), 2387-2401.

71



Walsh, B., & Lynch, M. (2018). Evolution and selection of quantitative traits. Oxford University Press.

Xu Y. Envirotyping for deciphering environmental impacts on crop plants. Theoretical and Applied
Genetics. 2016;129(4):653—73. pmid:26932121

Zenil-Ferguson, R., Butleigh, J.G., Freyman, W.A., Igi¢, B., Mayrose, 1. and Goldberg, E.E. (2019).
Interaction among ploidy, breeding system and lineage diversification. New Phytologist, 224, 1252-
1265.

Zhang, H., Mittal, N., Leamy, L. J., Barazani, O., & Song, B. H. (2017). Back into the wild—Apply
untapped genetic diversity of wild relatives for crop improvement. Evolutionary Applications, 10(1), 5-

24,

Zhang, C., Wang, P., Tang, D., Yang, Z., Lu, F., Qj, J., Tawari, N., Shang, Y., Li, C., Huang, S.
(2019). The genetic basis of inbreeding depression in potato. Nazure Genetics 51, 374-378.

72



Additional Work

HARC-HSPA Sustainable Agriculture Fellowship

1. Germplasm maintenance of Stevia, Papaya, Sugarcane, Koa, Sandalwood, Coffee, Cacao
2. Lead of Stevia breeding and improvement
a. Polycross of Generation 1 (F1) and Parental Lines for creation of Generation 2
(F2)
b. Augmented Randomized Complete Block Design and Analysis of Parental
Family Lines, Generation 1, and Generation 2.
i. Two environments, about 350 varieties per environment, 10 blocks per
environment, 35 plots per block
c. Polycross of Elite Varieties found in Item 2b for creation of Generation 3 (F3)
1. Beginning stages of Controlled Environment Ttrials on Phenotypes
Photoperiod Inducing Flowering and Total Steviol Glycosides Content
from Generation 3
3. Heritability Analysis of Steviol Glycosides in Stevia family lines
4. Propagation assistance
a. Papaya — Clonal propagation
b. Koa — Air-layer propagation

c. Sandalwood — Air-layer propagation

Additional Publications

1. Pironon, S., Borrell, ].S., Ondo, 1., Douglas, R., Phillips, C., Khoury, C.K., Kantar, M.B.,
Fumia, N., Soto Gomez, M., Viruel, J., Govaerts, R., Forest, F., Antonelli, A. (2020).
Toward Unifying Global Hotspots of Wild and Domesticated Biodiversity. Plants, 9, 1128.

2. Del Valle Echevarria, AR, Fumia, N, Gore, MA, Kantar, MB. Domestication and Plant

Breeding. (in review Plant Breeding Reviews)

Lectures

1. TPSS 300 (Spring 2020): Field and Greenhouse Crop Production
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Presentations

1. EECB Evoluncheon Feedback Workshop (Spring 2021): Climate Forecasting with Principal
Component Analysis
2. TPSS Seminar (Spring 2021): Exploring the resilience and optimizing the uses of potato wild

relative species (Solanum Section Petota) in a changing climate.
Additional Training

1. Tucson Plant Breeding Institute: Module 1 (Introduction to Plant Quantitative Genetics) &
Module 2 (Advanced Statistical Plant Breeding); Dr. Bruce Walsh, Dr. Mike Gore, Dr. Lucia
Gutierrez; University of Arizona; January 6-10, 2020
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