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Foreword

As the wise and old saying goes, “it takes a village to raise a child”; it also takes a
large number of authors to develop a book like this one. Over sixty to be more pre-
cise, coincidentally close to the nearly 50 years of the International Potato Center
(CIP), which has been working with potato and sweetpotato since 1971 and 1985,
respectively. Along with maize, the potato is one of the most priceless and signifi-
cant botanical presents among all the crops that the American continent has ever
given to the entire world. And because of potato’s plasticity and ability to be planted
in the vast majority of geographies, latitudes, and altitudes occupied by mankind, it
has become one of our main staple crops.

This crop has achieved not only a global agronomic and economic footprint, but
also attained a significant social and artistic footprint, which is reflected in pre-Inca
and Inca ceramics, “The Potato Eaters” painting of Vincent van Gogh, and the “Ode
to Potato” composed by the Literature Nobel Prize winner Pablo Neruda.

Potato is one of the crops becoming more and more relevant to address food and
nutrition security, and climate change challenges globally, which is reflected in its
production in developing countries having already surpassed that from developed
countries several years ago. Indeed, the two main potato producers on a global basis
are China and India, respectively. Going forward, this trend sheds light on the main
research and development drivers to be addressed by scientists in industrial, aca-
demic, and international development domains, as well as by policy makers.

No single volume could attempt to describe, even succinctly, the tremendous
number of scientific discoveries in the vast world of potato research, nor does this
book attempt this. Instead, its aim is to give readers a solid, current, and comprehen-
sive understanding of the major contributions of diverse science disciplines related
to this fascinating crop. This book does masterfully weave together very diverse
domains of scientific prowess related to potato into one cohesive body of work.
Furthermore, it not only addresses agronomic or biological aspects of potato, it also
delves into pivotal social scientific aspects which affect not only its production and
utilization, but also covers the adoption of new technologies by farmers. The fact
that the ultimate adoption of agricultural innovations is, by and large, a behavioral
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change process warrants the blend of biological/agronomic aspects with social
science-related ones in a book of this nature.

We commend Drs. Campos and Ortiz for organizing a talented group of top
experts, not only from the International Potato Center, but equally importantly from
many academic and private organizations who share the passion for this crop, in the
diverse scientific and economic aspects addressed in this book. Furthermore, we
welcome their zeal in making this updated and well-organized body of work widely
available to readers as an open access book, therefore maximizing the readership
and impact of the book. This should be particularly welcomed by producers, proces-
sors, scientists, graduate students, and policy makers based in developing countries
who enjoy less opportunities to access updated, relevant, and comprehensive infor-
mation than their peers from developed countries.

In closing, we invite you to read this book so you can understand why the editors
and we share a strong passion and commitment to deliver the benefits of potato to as
many people in the world as feasible. We promise you will not regret the reading
journey ahead of you.

Barbara Wells
International Potato Center, Lima, Peru

Rodney Cooke
Rome, Italy



Preface

Why preparing a textbook providing the current status of several areas of knowl-
edge and research in potato? Is there a need for such a textbook? The framework to
address in a positive manner such valid questions can be articulated as follows:

The potato is the third largest crop in terms of human consumption after wheat
and rice, and it stands out over many crops since it exhibits remarkable phenotypic
plasticity and the ability to adapt to a wide array of production environments.
Indeed, it can be successfully planted and able to sustain high productivities from
the Peruvian coastline to highlands situated 5,000 m above the sea level in the Andes
and in addition across vast differences in day length such as those existing between
Ecuador and Finland. It is also cultivated in tropical regions, such as the African
highlands, the volcanic mountains of West Africa, and Southeast Asia, and in sub-
tropics, such as North India and Southern China. Moreover, potato is a main crop in
temperate environments such as the European continent, Central Asia, and several
regions of Canada and the United States.

The global pattern of potato production is rapidly changing and will remain
doing so: whereas the main production of potato has been historically associated
with developed countries, it has shifted toward developing countries, with a strong
growth in production in Asia and Africa. Indeed, the current first and second largest
producers of potato are China and India, respectively, and the production of potato
in developing countries has already exceeded that of the developed world since the
year 2005. Among the reasons explaining a lesser demand for fresh potatoes in
developed countries, particularly in Europe, the replacement of potato as a feedstuff
by cereals and the shift of diets toward low-calorie food stand out. Although
European countries such as France, Denmark and Belgium have increased potato
production over the last decade to serve the needs of the processing industry, such
increase in potato production does not offset the global reduction of potato produc-
tion in developed countries.

Unlike other staple crops such as wheat, corn, rice, and soybeans, which are
commercialized on a global basis as commodities and therefore can be subject to a
myriad of financial, commercial, and political factors which affect their price, avail-
ability, and relative scarcity, the global commerce of potato is negligible. The fact

vii
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that potatoes are mostly produced and consumed locally and regionally is very rel-
evant, particularly in developing countries, since it means that in relative terms,
potato is therefore more resilient to price volatility at global scale and it can be used
to smooth disruptions in global food supply and demand.

Finally, the potato represents not only a source of income to producers in devel-
oping countries, since it is an additional and important contributor in terms of food
and nutrient security. Potato can contribute in supplementing diets with its vitamins,
particularly vitamin C, mineral content, and high-quality protein. Current breeding
efforts to develop so-called biofortified potato varieties able to deliver high contents
of Fe and Zn will further increase its nutritive value to fight hidden hunger and dis-
eases such as anemia.

Progress in crop science is happening in a very rapid path, and there is the need
to look at the evolution of different areas of knowledge from those related to genes
and genomes to that related to value chain, market development, and utilization.
These different levels are increasingly interconnected and starting to converge,
which justifies a potato book with this multilevel perspective.

While designing this book and its content, our main focus was to develop an
updated reference for its users, built upon recent scientific progress. Because of the
speed at which new knowledge is created, and former becomes obsolete, no book
can claim to comprehensively address the current entire knowledge available in any
given crop, and particularly in potato. We aimed to strike a balanced perspective
across different topics and levels in the agri-food systems, and across the myriad
geographies where potato is an important crop, the main aspects related to the crop,
and also the way forward through which the potato can increase its contribution to
humankind, both from an income perspective and also as a provider of well-being
and food security to the millions of potato producers and consumers and their fami-
lies. Though we are cognizant about, and acknowledge, the fact that the current
main production of potato takes place in developing countries, the majority of the
insight and information provided across the diverse chapters of this book pertains to
both groups of countries. To achieve this, we were fortunate to assemble a selected,
committed group of 61 authors who represent 25 countries and 23 research and/or
academic organizations. Furthermore, 45% of the authors are not affiliated with CIP
to provide a wide, balanced, and comprehensive perspective on the many aspects
this book addresses.

The book is organized into four main themes. The first part, the global and dietary
relevance of potato, provides updated perspectives on the value this crop represents
globally, both from a production and nutrition/diet perspectives, respectively. It also
covers the increasing role that potato represents in value chains, particularly in
developing countries.

The second theme of the book provides a wide and updated perspective about the
genetic improvement of potato and related fields such as genetics, cytogenetics, its
genes and genomes, and the role of the ex situ conservation of its genetic resources.

The third theme of the book addresses several of the many agronomic aspects
needed for an efficient and effective production of potato.
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Finally, its fourth theme focuses on two aspects which are more relevant to devel-
oping than to developed countries, such as gender considerations and the role of
participatory research approaches in potato.

We trust this book will encourage more researchers, particularly young ones,
both males and females, to consider devoting their scientific pursuits to such a fas-
cinating crop as the potato and to inform decision-makers about the increasing
importance of the potato in the food security of developing countries. If such accom-
plishments take place, our work and that of the chapter contributors would be more
than fully justified.

Lima, Peru Hugo Campos
Oscar Ortiz
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Chapter 1

Global Food Security, Contributions
from Sustainable Potato Agri-Food
Systems

André Devaux, Jean-Pierre Goffart, Athanasios Petsakos, Peter Kromann,
Marcel Gatto, Julius Okello, Victor Suarez, and Guy Hareau

Abstract In the coming decades, feeding the expanded global population nutri-
tiously and sustainably will require substantial improvements to the global food
system worldwide. The main challenge will be to produce more food with the same
or fewer resources. Food security has four dimensions: food availability, food
access, food use and quality, and food stability. Among several other food sources,
the potato crop is one that can help match all these requirements worldwide due to
its highly diverse distribution pattern, and its current cultivation and demand, par-
ticularly in developing countries with high levels of poverty, hunger, and malnutri-
tion. After an overview of the current situation of global hunger, food security, and
agricultural growth, followed by a review of the importance of the potato in the
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current global food system and its role played as a food security crop, this chapter
analyzes and discusses how potato research and innovation can contribute to sus-
tainable agri-food systems with reference to food security indicators. It concludes
with a discussion about the challenges for sustainable potato cropping considering
the needs to increase productivity in developing countries while promoting better
resource management and optimization.

1.1 Introduction: The Current Situation of Global Hunger,
Food Security, and Agricultural Growth

A growing earth population and the increasing demand for food is placing unprec-
edented pressure on agriculture and natural resources. Today’s food systems do not
provide sufficient nutritious food in an environmentally sustainable way to the
world’s population (Wu et al. 2018). Around 821 million are undernourished while
1.2 billion are overweight or obese. At the same time, food production, processing,
and waste are putting unsustainable pressure on environmental resources. By 2050,
a global population of 9.7 billion people will demand 70% more food than is con-
sumed today (FAO et al. 2018). Feeding this expanded population nutritiously and
sustainably will require substantial improvements to the global food system—one
that provides livelihoods for farmers as well as nutritious products to consumers
while minimizing today’s environmental footprint (Foley et al. 2011). A critical
challenge is to produce more food with the same or fewer resources.

According to the Global Hunger Index (GHI), substantial progress has been
made in terms of hunger reduction for the developing world (Von Grebmer et al.
2017). The GHI ranks countries on a 100-point scale with 0 being the best score (no
hunger) and 100 being the worst. Whereas the 2000 GHI score for the developing
world was 29.9, the 2017 GHI score is 21.8, showing a reduction of 27%. Yet, there
are great disparities in hunger at the regional, national, and subnational levels, and
progress has been uneven.

Sub-Saharan Africa (SSA) and South Asia (SA) have the highest 2017 GHI
scores, at 29.4 and 30.9, respectively. These scores are still on the upper end of the
serious category (20.0-34.9), and closer to the alarming category (35.0-49.9) than
to the moderate one (10.0-19.9). These data show that persistent and widespread
hunger and malnutrition remain a huge challenge in these two regions. In other parts
of the developing world within the low range, are also countries with serious or
alarming GHI scores, including Tajikistan in Central Asia (CA); Guatemala and
Haiti in Latin America and the Caribbean (LAC); and Iraq and Yemen in the Near
East and North Africa (NENA) regions. Black et al. (2013) estimate that undernutri-
tion causes almost half of all child deaths globally.

The current rate of progress in food supply will not be enough to eradicate hun-
ger by 2030, and not even by 2050. Despite years of progress, food security is still
a serious threat. Conflicts, migration, and climate change are hitting the poorest
people the hardest and effectively maintaining parts of the world in continuous crisis.
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The 2017 GHI report emphasizes that hunger and inequality are inextricably linked.
Most closely tied to hunger, perhaps, is poverty, the clearest manifestation of soci-
etal inequality. Both are rooted in uneven power relations that often are perpetuated
and exacerbated by laws, policies, attitudes, and practices.

According to FAO (2002) “Food security exists when all people, at all times,
have physical, social and economic access to sufficient, safe and nutritious food to
meet their dietary needs and food preferences for an active and healthy life.” Food
security has four key dimensions: (a) food availability, (b) food access, (c) food
quality and use, and (d) food stability.

Food availability refers to the supply of food at the national or regional level
which ultimately determines the price of food. Improved availability of food is nec-
essary to reduce food insecurity and hunger but is insufficient to completely end
malnutrition, particularly because access to other services such as potable water,
sanitation, and health services is also required.

Food access refers to the ability to produce one’s own food or buy it, which
implies having the purchasing power to do so. Given that a large portion of the poor
worldwide are farmers, there remains considerable attention to promoting agricul-
ture to enhance food access. The emphasis on an agricultural pathway to increase
food access is twofold, since increased agricultural production provides income to
purchase food as well as direct access to food for consumption obtained from own
production.

Food use and quality refers to the level of nutrition obtained through food con-
sumption from a nutritional, sanitary, sensory, and sociocultural point of view.

Food stability incorporates the idea of having food access at all times thus incor-
porating issues such as price stability and securing incomes for vulnerable popula-
tions (FAO 2006a).

This widely accepted FAO definition reinforces the multidimensional nature of
food security that requires multisector approaches. Such approaches should com-
bine the promotion of broad-based agricultural growth and rural development with
programs that directly target the food insecurity as well as social protection pro-
grams focused on nutrition including a gender approach (Salazar et al. 2016).
Agricultural growth results in rural development and prosperity through a series of
multiplier effects, that is, through backward and forward linkages, due to increased
incomes. These effects typically stimulate enhanced investment in both farm and
non-farm sectors (Hazell and Haggblade 1989; Pandey 2015). Growth in rural farm
sector increases demand for goods and services produced by the non-farm sector,
further increasing purchasing power and effective demand, thus deepening growth
in non-farm sector. Further, Haggblade et al. (2007) argue that the increased income
earned in rural non-farm sector can kick off a series of reverse linkages in which
such income is invested in agriculture to further strengthen its growth and improve
livelihoods of farm households.

During the 2014 World Economic Forum, in a debate on “Rethinking Global
Food Security,” Shenggen Fan, Director of the IFPRI, argued that tackling hunger
and malnutrition is not only a moral issue but also one that makes economic sense.
The world loses 2—3% Gross Domestic Product (GDP) per year because of hunger,
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while investing US$1 in tackling hunger yields a return of US$30. Ajay Vir Jakhar,
Chairman of Bharat Krishak Samaj (Farmers’ Forum) in India, added that farmers
do not think in terms of food security at the global level, but in their own house-
holds. While policy makers tend to think in terms of global and national issues and
solutions, localized solutions and help from the public and private sectors are also
needed to support the bulk of farmers who are farming small plots of land and which
have a critical role as engines of food productivity growth and social development.
By declaring 2014 the International Year of Family Farming, the United Nations
acknowledged the importance of family farming in reducing poverty and improving
global food security. Localized, technical, and commercial solutions with the sup-
port of both public and private sectors are needed in combination with global food
security policies.

Therefore, enhancing food security requires policies that improve households’
ability to obtain food through production and better income. Growth in agricultural
productivity is key to reducing rural poverty since most of the poor depend on agri-
culture and related activities for their livelihoods. Because the potato is one of the
global crops with a most diverse distribution pattern (Haverkort et al. 2014) and is
grown in areas with high levels of poverty, hunger, and malnutrition, it can be par-
ticularly effective crop for enabling smallholder families to attain food security and
climb out of poverty. Hence, innovations based on potato science can be a signifi-
cant vehicle for targeting the poor and hungry as part of a broader set of research
and development activities.

This chapter first presents the importance of the potato in the current global food
system and its value as a food security crop. It then discusses the role of agriculture
and the potato for their contribution to food security in its different dimensions:
analyzing opportunities and challenges on how potato research and innovation can
enhance productivity and how potato agri-food systems can contribute to food secu-
rity at a global scale using natural resources in a sustainable way. A list of key
research and technology options that can contribute to sustainable agri-food sys-
tems intensification approaches is suggested. The chapter concludes with a discus-
sion about the challenges for sustainable potato cropping combining the needs to
increase productivity in developing countries while promoting better input manage-
ment and optimization. These conclusions emphasize also the need to integrate bet-
ter agriculture sustainable intensification and food security indicators.

1.2 The Potato in the Global Food System

Potato is currently grown on an estimated 19 million hectares of farmland globally,
and the potato production worldwide stands at 378 million tons (Table 1.1). The
highest concentrations are found in the temperate zone of the northern hemisphere
where the crop is grown in summer during the frost-free period. In these regions,
potato is mainly grown as a cash crop and is therefore an important source of
income. In tropical regions, the crop is significant in the highlands of the Andes, the
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African highlands, and the Rift valley, and the volcanic mountains of West Africa
and Southeast Asia, where production is both for food and cash (Muthoni et al.
2010). In the subtropics, the crop is grown as a winter crop during the heat-free
period such as in the Mediterranean region, North India, and southern China. It is
only in the tropical lowlands that potato is not a main staple, largely because the
temperatures in these areas are too high for tuber development and growth in tradi-
tional potato cultivars (Haverkort et al. 2014). Figure 1.1 illustrates the current pat-
tern of the potato distribution worldwide (You et al. 2014; FAO 2016).

Potato is now the world’s third most important food crop in terms of human con-
sumption, after wheat and rice (FAOSTAT 2013) despite the large proportion of
potato produce used for seed and as animal feed (Fig. 1.2). Consumption of fresh
potatoes accounts for approximately two-thirds of the harvest, and around 1.3 bil-
lion people eat potatoes as a staple food (more than 50 kg per person per year)
including regions of India and China.

1.3 Potato Production and Demand Trends by Region

Across global landscapes, the versatility of the potato crop coupled with notable
increases in production in many countries over the last two decades is unparalleled,
although this increase has been mainly driven by area expansion and secondarily by
yield improvements. Global statistics also indicate that potato production is shifting
towards developing countries especially with strong increase in production in Asia
and Africa, especially in East Africa (Fig. 1.3). In fact, the developing world’s
potato production exceeded that of the developed world for the first time in 2005

Fig. 1.1 Potato distribution worldwide, harvested area (You et al. 2014; FAOSTAT 2016)
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(FAO 2014). It reaffirms the increasing importance of potatoes as a source of food,
employment, and income in Asia, Africa, and Latin America.

As shown in Fig. 1.4a, Africa has registered large increases of harvested area over
the last 20 years, but despite the impressive growth, total production and harvested
areas are still much smaller compared to Europe and Asia (Fig. 1.3a). In Africa, the
increase in potato production has largely been through increase of area under pro-
duction, which more than doubled since 1994 and now exceeds that of the Latin
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America and Caribbean (LAC) region. In the tropical highlands of East Africa, farm-
ers grow potato both for food and cash (Muthoni et al. 2010). The increase of potato
production in East African countries over the last years has been impressive, sug-
gesting a higher contribution of the crop to local food systems. In Tanzania, for
instance, potato supply has almost tripled between 2000 and 2014 (FAOSTAT 2017),
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while in Rwanda potato is included in the national priority list of crops due to its role
in national food security (approximately 125 kg per capita consummed per year;
FAO 2009). As world population levels are predicted to show the greatest rise in
Africa in the coming decades, increased contribution of potato to local food systems
in this region is of considerable importance (Birch et al. 2012).

In Asia, China and India have experienced nearly a half century of steady growth
in potato production (Fig. 1.4b, ¢). Both countries also have ambitious growth targets
for future years. For some decades now, the Chinese state has been working to increase
national potato consumption, also launching a campaign since 2014 to promote both
the cultivation and the consumption of this tuber (The Wall Street Journal 2015).
China became the world’s largest potato producer in 1993 and currently accounts for
almost one quarter of global potato production and about 28% of total cultivated areas
(FAO 2015a, b). Potato in China is mainly used for food, both as a vegetable and in
processed forms, while a smaller part is also consumed as animal feed (Scott and
Suarez 2012a). Potato in India is mainly grown in the Indo-Gangetic plain, either as
monoculture or in rotation with maize, wheat, and/or rice and it is regarded as both an
important staple and a cash crop. Following the growth in production volumes, potato
yields in India have also increased significantly, at an average of 2% per year, because
of successful breeding programs, quality seed systems, and storage infrastructure that
have reduced post-harvest losses (Scott and Suarez 2011).

Looking at other Asian countries, potato is the principal vegetable in Bangladesh
and the second most important crop behind rice. Its cultivation is widely distributed
across the country where it is grown mainly as a cash crop (Scott and Suarez 2012b).
Potato production in Bangladesh has greatly expanded during the last decades,
especially after 2000 when output surged from about 1.5 million tons to more than
8 million tons in 2013 (FAO 2015a, b). This impressive growth, besides the rising
domestic demand because of population growth and the “westernization” of dietary
preferences in urban areas (Pingali 2006), can also be attributed to the introduction
of several improved high-yielding varieties and the development of cold storage
facilities which facilitated near year-round availability of potato. At the same time,
producers also gained significant price advantages (Reardon et al. 2012). In Nepal,
potato is the second most important staple food crop after rice. The potato has also
become a significant source of rural income in Pakistan where production is concen-
trated in Punjab, with spring and autumn crops accounting for 85% of the harvest.
Expansion of irrigated Pakistani land has resulted in substantial increases in potato
production (up 254% from 1990 to 2009) and area under cultivation.

Regarding potato production in LAC over the past 60 years, the annual average
potato domestic supply has increased from 7.2 million tons in the 1961-1963 period
to 19.6 million tons in 2011-2013, which represents an average annual growth rate
of 2%. By way of comparison, growth rates for potato production in ASA and AFR
averaged over 4% for a similar period, i.e. more than double those of LAC (Scott
2011). Most of the production is oriented towards human consumption (74%, main-
taining this trend throughout the period) and it highlights a relatively low processing
level of 1% (FAOSTAT 2017).
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The role that potato plays in the diets in LAC vary—from basic staple, producer/
consumers in the Andean highlands to complementary vegetable for urban house-
holds in most of South America, to a relatively expensive complimentary vegetable
in much of Central America and the Caribbean, and to a popular fast food in the
form of French fries in urban markets throughout the region (Scott 2011). Per capita
consumption of potatoes in Latin America increased slightly from 22 kg/person on
average between 1961 and 1963 to 25 kg/person between 2011 and 2013. But these
regional trends do not reflect the important differences in trends at the subregional
and country levels. Peru, is one of the countries where potato consumption has
grown significantly, reaching in 2015 a figure of 85 kg/person. This is due to various
public—private policies, rural infrastructure, expansion of supermarket trade focused
on potatoes and a strong relationship with the gastronomy sector promoting Andean
food including the native potato and its products. Brazil and Mexico have increased
their consumption, although their absolute values, 18.5 and 14.8 kg/ person respec-
tively still remain low compared to other countries in LAC. The cases of Argentina
and Colombia are showing a downward trend.

The United States is the fifth largest potato producer in the world with more than
420,000 ha harvested in 2013 and a total output of almost 20 million tons (FAO
2015a, b). Although in the United States potato is no longer the traditional staple of
the past, it is nevertheless gaining increased appreciation by nutritionists because of
its nutrient density and its contribution to a more balanced diet (Bohl and Johnson
2010). There is also a large demand by the processing industry for producing com-
modities like frozen French fries and chips for both the local and foreign markets.
Potato yields in the United States have more than doubled over the last 50 years,
rising from 22 tons ha™' in 1961 to 49 tons ha™! in 2016. This increase in yields has
been suggested to be primarily driven by improvements in management rather than
genetic improvements, since most breeding programs have traditionally focused on
quality traits such as dry matter content and storage longevity to meet the demands
of the processing industry and the consumer (Douches et al. 1996).

In Europe, Germany, France, Netherlands, the United Kingdom, and Belgium
are together the strongest potato producers in the European Union (EU), due to
potato yields higher than 40 tons ha=! in this area of northwestern Europe (Fig. 1.5)
and to the strong links of production with the dynamic European potato processing
industry. Potato is also prevalent in Eastern European countries, particularly in
Russia, Ukraine, and Poland where per capita consumption has traditionally
exceeded 100 kg annually. Although Eastern Europe constitutes the region with the
highest use of potato as animal feed globally, feed use of potato has been steadily
declining over the last 20 years and being replaced by cereals, most notably in
Poland. This decline in feed use, together with the shift of diets towards low-calorie
food and a trend to spend less time on cooking observed in Western European coun-
tries, has led to a significant decrease in demand for fresh potatoes, and therefore
potato production in the continent is falling (European Commission 2007). Despite
the aforementioned decline, some European countries like France, Denmark, and
Belgium have increased production over the last decade, due to growth of the pro-
cessing industry (French fries, crisps) and starch production (Eurostat 2017).
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Table 1.2 Potato utilization, consumption and trade indicators

Utilization Consumption | Trade
Import Export
Per capita Quantity Quantity

Food |Feed |Seed |Other | (kg year™) (000 tons) (000 tons)
Region (%) | (%) | (%) | (%) 2011-2013 2011-2013
Africa 69 4 8 19 19.2 967 830
Asia? 67 12 5 11 29.1 6,042 2,683
Europe 52 19 15 11 83.4 17,890 19,477
North America | 84 1 6 9 55.3 3,615 5,354
Latin America |73 2 8 16 23.8 2,040 439
and Caribbean
World 64 12 9 12 344 30,554 28,784

Source: FAOSTAT (2017), accessed Oct 2018
n.a. = not available, a = U.S. Department of Agriculture, 2016
#Asia + Oceania

Moreover, the competitiveness of the potato industry has established Europe as the
world’s biggest net potato exporter, amounting for more than 60% of all exports of
fresh potato and a similar percentage of global exports of French fries (Fig. 1.5).
These statistics concern mainly intra-EU trade, and also export of seed potato to
non-EU countries, primarily to Mediterranean African countries like Egypt and
Algeria (FAOSTAT 2017).

Tables 1.1 and 1.2 give a synthesis of the potato indicators by region confirming
the expansion of potato in Asia, which is now the major potato producer continent.
In Africa, the potato growth rate has also been strong with Egypt, Malawi, South
Africa, Algeria, and Morocco producing more than two-thirds of all the potatoes in
the region. In many countries of Latin America and the Caribbean, potato areas have
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Fig. 1.6 The future of potato production. Adapted from Rosegrant et al. (2017)

declined although output has risen due to improvements in productivity. Potato pro-
duction growth rate in Europe and North America has declined due to a significant
decrease in demand for fresh potatoes that was partially compensated by a large
demand from the processing industry as described before. In North America, yields
increased rapidly between 1961 and 1990 and then somehow stagnated, suggesting
yields are near their potential in the region and there may exist genetic limits. In
Europe, on the contrary, the relative larger yields growth rates occurred after 1990.

Future trends by region indicate a major production increase in Asia and Africa
as compared to other regions (Fig. 1.6). Considering some underlying assumptions
such as population growth, climate change, and economic growth pathways, the UN
projects a population decline in China and growth of per capita GDP which will
affect diet composition. Therefore, the future supply of potato in China will not
continue to grow faster than in the past. According to Rosegrant et al. (2017), it is in
India where potato supply will almost triple because of the very high population
growth, especially under certain socioeconomic scenarios.

1.4 The Potato Remains a Food Security Crop
in the Developing World’s “Nutrition Transition”

In many developing countries, and especially in urban areas, the globalization, the
emergence of fast food outlets and supermarkets and the rising levels of income are
driving a “nutrition transition” led by major shifts in the availability, affordability,
and acceptability of different types of food, especially toward more energy-dense
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foods and prepared food products. It is translated into major and rapid shifts in
dietary patterns. As an example of this nutrition transition process, demand for
potato is increasing in many developing countries in Africa and Asia (Fig. 1.3). In
South Africa, potato consumption has been growing in urban areas as part of the
staple food consumption of the middle class, although maize remains the primary
staple in rural areas. In China, higher income and increased urbanization have led to
increased demand for processed potatoes. In this context, potato plays a role in diet
diversification in many countries where family agriculture and smallholders con-
tinue to supply local markets with fresh and affordable agricultural produce. Potato
is still an important staple in rural food systems where it is produced, and emerging
food systems which are urbanized but where consumers still rely on staples such as
potatoes. In Industrial food systems, highly urbanized in Northern countries in
Europe and North America with the development of the processing industry there is
a lower dependence on traditional staples (Gillespie and Van den Bold 2017).

As mentioned by Haverkort and Struik (2015) potato used to be a “local for
local” crop and it still is in many countries because of the bulkiness and the limited
storability of the seed and ware tubers. Compared to other staples, and except for
processed potato products, fresh potato is a thinly traded commodity in global mar-
kets and is absent in major international commodity exchanges. It is therefore sub-
ject to less price volatility at global scale. Thus, potato can be relied upon to smooth
the disruptions in global food supply and demand that have an impact on other
commodity prices, such as witnessed during the 2007-2008 and subsequent food
price spikes (FAO 2009).

Potato also improves food security because it is a source of employment and
income, both of which have direct links to household food access and nutrition
(Pinstrup-Andersen 2014; Kanter et al. 2015). The comparatively short maturity
period, nutritious characteristics, employment, and income opportunity that charac-
terize potato make it a resilient crop that can secure vulnerable livelihoods under the
effects of climate change and changing market environments. Moreover, potato
yields more food more rapidly on less land than any other major crop.

Where other staple crops are available to meet energy requirements, potato
should not replace them but rather supplement the diet with its vitamins and mineral
content and high-quality protein. Potato can be promoted as a healthy and versatile
component of a nutritious and balanced diet including other vegetables and whole
grain foods. Likewise, it contributes to combat micronutrient deficiency, also
referred to as hidden hunger, which is a major global public health problem, affect-
ing an estimated two billion people globally (Bailey et al. 2015). Potato contains
interesting amount of health promoting components such as vitamin C, phenolic
compounds, and iron and has protein content comparable to that of cereal grains
(Burlingame et al. 2009). When eaten with its skin, a single medium-sized potato of
150 g provides nearly half the daily adult requirement (100 mg) of vitamin C. It is
also a good source of vitamins B;, B3, and Bg; minerals such as iron, potassium,
phosphorus, and magnesium; and contains folate, pantothenic acid, and riboflavin.
Vitamin B deficiency has both short- and long-term impacts, including poor cognitive
and pregnancy outcomes and poor child development and life outcomes. Vitamin C,
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on the other hand, is important for body metabolism and iron absorption (FAO
2009).

As an example, potato plays an important role in the food basket of most
Peruvians; it continues to make up a relatively high proportion of daily calorie avail-
ability, reflecting its importance as traditional source of energy. To enhance the
nutritional contribution of the potato in rural Andean highlands, the International
Potato Center (CIP) coordinated activities to promote innovation in potato-based
systems with the objective of contributing to food and nutrition security of rural
highland populations enhancing native potato production and promoting dietary
diversity. In rural areas of Peruvian highlands, there is a high prevalence of chronic
malnutrition amongst children (42% in children under 2 years according to INEI
Peru 2017). Native potato varieties are commonly grown in the Andes and are a
significant part of the local diets. Some of them have higher contents of micronutri-
ents (Zn and Fe) and are rich in antioxidants compared to commercial improved
varieties. Creed-Kanashiro et al. (2015) explored the relationships between agricul-
tural production characteristics and nutritional status of young children of families
in rural areas of Peru whose livelihood is based on potato production systems com-
bining native and commercial varieties. The results showed a positive relationship
between percentage of recommended dietary intake (RDI) for both Fe and Zn
intakes by children and production of native potatoes for home consumption, rais-
ing small animals for consumption and sale (e.g., guinea pigs and poultry) and the
area of production of commercial potatoes that allowed the families to improve their
incomes and diversifying the family diet.

Finally, it should be mentioned that potatoes have been related to increased risks
of obesity mainly because of their high glycemic index. Recent reviews of clinical
intervention and observational studies centered on the potato concluded that these
studies did not provide convincing evidence to suggest an association between
intake of potato and risks of obesity, Type II diabetes (T2D), or cardiovascular dis-
ease (CVD) (Borch et al. 2016). However, as part of the trend towards urbanization
and associated lifestyles, raising incomes, and greater consumption of “convenience
foods”, demand for fried potatoes is increasing. Overconsumption of these high-
energy products, along with reduced physical activity, can lead to overweight and
obesity. Therefore, the role of fried potato products in the diet must be taken into
consideration in efforts to prevent overweight and diet related noncommunicable
diseases, including heart disease and diabetes. For these reasons, even though the
potato is a nutritious staple crop, it has often been associated to a meal component
with no specific attributes in many societies, even in developing countries. This
image is reinforced by some negative myths such that potato is fattening, requires
intense use of fertilizers and pesticides for its cultivation and can contribute to soil
erosion. Negative images can be mitigated with better information about the nutri-
tional value of the potato and its importance in the diet, while promoting sustainable
and environmentally friendly production systems, thus addressing the question of
natural resource management.
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1.5 Policies and Strategies for the Development of the Potato
as a Food Security Crop

The role potato can play as a food security crop at national scale has been addressed
in some developing countries with different policies, either sectoral and crop-
specific or at the macro level. In its quest to improve food security for a rising
population, the Government of China is developing a national plan to increase
production and consumption of potato and promoting the crop as a staple instead
of a vegetable. This status can give access to important complementary policies
and resources at national and regional level and to subsidies from the central gov-
ernment. It also recognizes the double role of potato in current China. Potato is still
a major staple for poor rural areas where local governments continue to provide
subsidized inputs (e.g., clean seeds of selected varieties), while at the same time
being at the forefront of an increasing private sector-led processing industry,
accompanying rising incomes in urban populations and diversification of diets
(Scott and Suarez 2012a, ¢).

In Peru, the major center of origin of the potato, a large effort began in early
2000s to develop a competitive and inclusive native potato value chain for domestic
markets. Initially led by the International Potato Center, the initiative gathered sev-
eral private and not-for-profit actors to add value to the native potato grown by small
farmers while developing a niche market. Several new products were developed in
the process, for example selected native potato varieties for fresh consumption sold
as gourmet potatoes in innovative packages in large supermarket chains, snacks
such as colored native potato chips, and culinary innovations in the gastronomy sec-
tor featuring native potato as a central component of sophisticated dishes. The inno-
vations in the value chain continued and a second round of new products emerged,
including for example frozen native potato fries, native potato-based liquors, and
even cosmetics made from potato. Although no specific sectoral policies were
behind this initiative, the development of the native potato value chain took advan-
tage of Government policies at the macro level promoting private sector and market-
led developments and the fast growth of Peru’s economy and of the purchasing
power of the population since the beginning of the twenty-first century. While the
Government of Peru focused on public investments to promote export-oriented agri-
cultural growth, the experience with the native potato value chain has proven suc-
cessful to link small potato farmers to domestic markets and to develop a more
inclusive growth strategy of the highly diverse agricultural sector of the country
(World Bank 2017).

A final example of policies that have been adopted to promote the potato sector
in developing countries is through seed laws and regulations. Seeds are an important
input of production of the potato crop and can affect yields since they are vehicle for
important diseases. Seed degeneration due to viruses is one of the most common
constraints affecting potato productivity, and therefore large research and extension
efforts are made to improve availability and access to quality seeds for small farm-
ers. One particular aspect of potato seed is that it is vegetatively propagated. In most
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developing countries, however, seed systems were first established following
developed country standards for cereals and grains, promoting the use of certified
seed under a formal seed system. This has led to very low use (less than 10%) of
certified potato seed in most developing countries. To increase access to quality
seed by small farmers, the Food and Agriculture Organization (FAO) of the United
Nations promoted the definition of a new seed category, the Quality Declared Seed
(QDS), that relaxes some of the standards required for Certified Seeds and recog-
nizes the importance of seed producers in providing seed of enough quality through
the informal seed system (FAO 2006b). Ethiopia adopted the QDS definition in a
new seed law passed in 2016 without distinction of crops. Peru (in 2018) and
Ecuador (in 2013) have modified the seed regulation for potato to accept the use of
QDS. However, differences still exist on how countries are beginning to adopt this
category. While in Peru, the new regulation defines the category as QDS similar to
the FAO definition, in Ecuador the regulation defines the new category as “common
seed” and introduces aspects of the FAO definition for QDS.

Other countries are updating the regulations regarding seed quality assurance
systems for potato to increase availability and access of quality seed by farmers. A
broad range of changes are proposed, from relaxing some of the standards required
for certified seed to allowing the use of private inspection services to increase the
number of seed producers that can be inspected each season (e.g., Kenya). One of
the motivations of these changes is the increasing recognition of the role of the
potato crop for national food security. Some concerns have been raised, however, on
the potential consequences of relaxing seed quality standards on the incidence of
seed-borne diseases (e.g., Ralstonia solanacearum).

1.6 Food Security Challenges and Perspectives for Potato
Research and Development

1.6.1 Potato in a Global Food Security Context

The potato, because of its adaptability, its yielding capacity and its nutrition contri-
bution, and as an important component of diversified cropping systems, has a long
history of helping relieve food insecurities, and contributing to improve household
incomes in times of crisis and today’s population expansion. Among important
issues and challenges at global level, the European Association for Potato Research
(EAPR) Conference in 2017 identified three broad concerns: (1) food security and
food safety for a growing population considering consumer’s needs; (2) sustainable
and environmentally friendly production addressing the question of natural resource
management taking advantage of new technologies available such as breeding tech-
niques, biocontrol and big data management; (3) innovation in practice turning sci-
entific results into products and processes to improve the performance of agri-food
systems (Andrivon 2017).
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Potato’s support to food availability can be achieved through improved produc-
tivity, either by increasing yields or expanding production areas, combined with
technologies that reduce post-harvest losses. Newly developed potato technologies
and production concepts can potentially help create solutions in areas where there is
a huge need to increase food production. Figure 1.7 shows the global distribution of
yields and the low yield levels in most of the developing world, where observed
actual yield is usually much lower than the attainable yield. The actual yield is the
expression of a potato cultivar in a specific agro-ecological environment and
depends on availability of inputs, the economically optimal use of available inputs
given the farmers’ conditions, and externalities such as local meteorological varia-
tions and climate change as well as the technology level and the quality of crop
management. Actual yields range from below 5 tons of fresh tubers ha~!(median
yield in Uganda: Gildemacher et al. 2009) to well above 100 tons fresh tubers ha™'
(in Columbian Basin, USA: Kunkel and Campbell 1987).

The yield gap, expressed as the difference between actual yield in farmers’ fields
and the attainable yield—using best agricultural practices—leaves a great potential
for improvement considering that, in developing countries, the full expression of the
crop's yielding capacity has not yet been achieved. Much improvement is needed in
agronomic practices, quality seed production, and varieties tolerant/resistant to
abiotic and biotic threats (Birch et al. 2012). The high nutritional value of potato
mentioned above reinforces the potential of potato to respond to food security
challenges.

To reach impact on food availability, access and better use in diets, proper selec-
tion of target areas for potato research and identification of the most important con-
straints to potato production are crucial for defining priority interventions. As a step
towards achieving this and to prioritize options for potato research, CIP led an
expert survey to assess priorities for potato research across the developing world
(Kleinwechter et al. 2014), and an ex-ante evaluation of the economic relevance of

Fig. 1.7 Global distribution of potato yields (tons ha='). FAOSTAT, 2014-2016



20 A. Devaux et al.

these options (Hareau et al. 2014). Most of these research options for potato have
been defined to be relevant in numerous countries of Asia, Africa, and LAC. They
include research in potato late blight, drought tolerance/water use efficiency, seed
systems and development of farmer organizations and farmers’ links to markets
(e.g., Harahagazwe et al. 2018 for research priorities in Africa). However, the cur-
rent and upcoming contextual changes, especially considering the climate change
requires to revisit some of these issues with a new perspective. Many simulation
exercises based on IPCC (Inter-governmental Panel on Climate Change) scenarios
and biology models are underway and suggest that future potato cropping systems
could differ from those we know today with the implication that new cultivars will
be required to respond these new conditions (Andrivon 2017; Quiroz et al. 2018).

1.6.2 Research and Innovation for Sustainable Potato
Cropping

As suggested by Haverkort and Struik (2015), the future prospects of food security
challenges for agricultural production can be expressed by the formula:
P =G x E x M x S where Performance (P) is determined by Genotype or varieties
(G), the Environment or agro-ecological conditions where the crop is grown (E)—
which as mentioned above is evolving and will further change in the future—its
Management and adaptation to local socioeconomic conditions (M) and the Societal
requirements (S) driven by society’s demands for food and the need to make agri-
culture more environmentally and consumer friendly with a focus on food safety.
The societal or consumer requirements will vary according to the context. In high-
income countries, consumers are looking principally for healthy and easy to prepare
foods while in the developing world, the consumers' needs are driven by the food
and nutrition challenges and demand concerns principally food availability in both
quantity and quality. The actual performance of potato can be expressed as yield of
fresh or dry matter per unit area or yield of the finished product per unit area recov-
ered from the raw material after processing.

This Performance analysis (P = G x E x M x S), suggested originally in the con-
text of high-income countries, can be used for the developing world considering the
need in most countries to principally respond to the hunger and malnutrition
problems through a more efficient agri-food system but based on family agriculture.
Family farms are the backbone of agriculture in low- and middle-income countries
in Africa, Asia, and Latin America. For many years, the trend in the developed
world has been towards intensification to achieve more outputs per unit of land but
the sustainability of this intensification is under debate especially considering agri-
culture’s ecological footprint. In low-income countries, sustainable intensification
(SD) is a different challenge because it starts from a much lower level of inputs than
in developed countries. This is especially the case in Africa where potential for
increasing production through area expansion is diminishing, partly due to high
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population growth (Headey and Jayne 2014). For instance, Wu et al. (2018) and
Jayne et al. (2014) argue that even though Africa has a high cropping intensity gap!,
closing this gap sustainably must focus on input intensification rather than area
expansion. The relevant question is how to promote technology options that allow
for increased output quantity and quality (especially from the nutrition point of
view), while considering agriculture’s environmental impact, preserving land and
other resources in both developed and developing countries. In this context, sustain-
able intensification of potato cropping goes beyond production aspects and consid-
ers strong socioeconomic, demographic, and environmental trade-offs to optimize
performance. Institutional incentives to support innovation involving diverse stake-
holders, with emphasis on research partnerships, are also required to respond to
hard-to-find compromises that will vary between different cropping systems (Hall
et al. 2001). Multidisciplinary approaches contribute to recognize and solve practi-
cal problems at the level of the crop, the cropping system and the agri-food system
to achieve sustainable food security in its four dimensions.

The issues mentioned above indicate that sustainable potato production and effi-
cient use of resources will require future adjustments and redesigns of the cropping
and processing systems. Two main options can be considered to increase food secu-
rity, which remains a main goal for future potato research: (1) produce more with
less through better input management and optimization; (2) to produce just as much
but waste less both before and after harvest through better value chain management,
better storage, processing and marketing operations, and responding to increased
involvement and awareness of consumers (Andrivon 2017).

As an attempt to analyze how to combine and score different research and tech-
nology options according to their effect on sustainable agri-food system indicators
in developing countries and their relation to the four dimensions of food security,
Table 1.3 attached suggests a list of priority research and technology options in the
spheres of G and M. The assessment is based on the literature and the authors’
expert opinions. We scored key options using some critical indicators of sustainable
agri-food system intensification related to productivity, agriculture income, human
well-being and environmental sustainability according to Smith et al. (2017). We
scored the research and development options using a simple scale of high, medium,
and low effects according to their relation to sustainable intensification indicators
and their main contribution to one of the four dimensions of food security.

The performance of any of these technologies or development approaches will,
as expressed by the Performance equation (P = G x E x M x S), depend on external
factors both socio economic and agro-ecological. Their potential contribution to
food security will be strongly influenced by the environment (E) and the societal (S)
requirements in the local context where they are implemented—e.g., enabling envi-
ronment, policies for financial and nonfinancial services are also key components
for achieving efficient food systems.

'"Wu et al. (2018, p. 2) define cropping intensity gap as “the amount of incremental cropping inten-
sity that is possibly available if all croplands in a given region are fully intensively used.”



A. Devaux et al.

22

ndur

[BOIWAYD paseaIour
JleAnjow JyIrur asn
paas Ayipenb-ysiy

uonnqrusip
pue uononpoxd

QAT)E3oU/[RINAN * Aok * * ok paas Aypenb y3ryg
(uawaSvuvpy) uoronpoid paas oiiog
sekok sefeok sekosk sk Heksk seksk sekosk ssaulpreyq
(uz pue
sk * 94 “39) uoneoyniojorg
Kyures/jeay
* Hk Kk * Kook Hkok /IY3NOoIp 0) AOURIIO],
(sosnuia “)y31[q e[
ok ok ok otk otk “3'9) 00ouL)SISAT ASLISI(T
sopronsad
[euonippe N [euonippe
poau jyStw sdoxo | poou JySrwr sdoro
aanonpoxd Y3ty | oanonpoid y3ryg
Kk #kck | "OAIIRTOU/[RIINAN | "9ATBSOU/[BINAN Kook PIoIA YSTH
(2dSjouany) juauidojaaap £a11va puv Suipaarg
(Ire ‘1971eM Kouaroyyo sQwoout Kouaroyje Kouaroyje Kouaroyje Kouaroyje SWAISAS
‘q108) Juridiooy uononpoid IouLIR,{ osn opronsed | asn snioydsoyd asn pue] ERREIIY uononpoid ojejod jo
[eIUQWIUOIIAUD juaLnNU pue pue uaSonIN douewtograd oy QouBYUD
JO uonoNpaY | SLIO[ED UL ASBAIOU] 01 suondo yoreasar Aoy
UONBIYISUAUI SWIISAS POOJ-1ITE d[qeulRIsns 0) UONNGLIUOD JO SI0JEdIpU]
Annqus | Aenbyasn §5900Y/ Anpiqereay

SUOISUAWIP AJIINIAS POO]

(UOTBOYISUS)UT SWA)SAS POOJ-LISE d[rRUIRISNS 0} UOIINLIUOD JO SIOJEIIPUI 0} PAJB[al InjeIa] oy} pue suonerdardde sioyine ay) uo
paseq) swa)sAs uononpoid oyejod Jo soururrorad o) ySnoIy) suorsuawIp AJLINdas Pooy ddueyue 0) suondo Yoreasar A9 Jo UONEN[EAd dANEIEN)) €] J[qeL,



23

Global Food Security, Contributions from Sustainable Potato Agri-Food Systems

1

1910 MO = * $)09JJ0 WINIPIJA = 3 JOOYJO YSIH = skt

sekok

Heksk

ek

uononpar
pUB JUSWSSISSE
SISSO[ 1SQAIRY-1SO]

(8121008 puv JuaW2SPUDPY ) U EDUDUL 1SIALIDY-]SO]

sk

K3k

sk

7 UONBAOUUT UTBYO-ON[BA

(£12120§ pup JUPWEDUD ) SUIDYD-IN]DA dAISNJOUL PUD JUI1OLYJT

ek

ok

ek

sk

dk

skok

Juawadeurw
Io)em puUe [10S

sokok

Kouaronje
uononpoxd
JUSLNNU JSBAIOUT
ued AJISIQAIPOIq
ojejod JO Is[) sk

juopuadap
Korjod *

ek

*

asn A)ISIOAIPOIq pue
JuowRSeURW WIISAS00H]

JUUWDEDUDUW 22ANOS DA 2]qpuIvisng

3k

3k

ksk

ek

QImynonge
1opun Apeaife
pue[ mo[ej
JUQLIND SIS sk

I0JeM JO Jrun
12d Kyranonpoad
10y31y ‘papaau
UONBILLIT ON stk

sonjorrea oyejod Afres
JO uondNpoONUI YIm
SWR)SAS Paseq-[eaId

JO uoneoyISuUAU[

skokk

K3k

Kok

K3k

skskok

(osn 191eM
pue SN urt uorsioaid 10§
asn J0suas) soyoeoidde

armnoude [YVINS

soksk

sk

ek

*

[01UOJ ISBISIP puUL
3sad 10 sj00} onsoudeIp
pue yoddns uorstooq

(Juawa3vuvpy)

sao10v.4d Suruiinf puv $1003 110ddns u01s122(]

3k

ok

uononpod
PI9s Paseq-TouLIe,




24 A. Devaux et al.

In the sections below, some key research and technology options identified in
Table 1.3 are briefly described.

1.6.3 Potato Breeding, a Driving Force Towards More Efficient
Potato Production

For genotype development (G), priority should be given to achieve a combination of
traits to enhance stress tolerance and nutritional aspects to better respond to contex-
tual changes, especially climate and local needs. The recent development of partici-
patory breeding helps to best define the crucial trait combinations required and to
facilitate acceptance of new genotypes by growers (Schulte-Geldermann et al.
2012). With the recent findings on the potato genome sequence (PGSC 2011) and
the possibilities occurring with new breeding technologies (NBTs), potato breeding
appears as the number one opportunity to improve potato production for global food
security (Birch et al. 2012).

In many developing and in-transition countries governments have substantially
invested in breeding improved varieties. A total of about 840 improved varieties?
with various combination of traits have been released, most of which in Asian
countries like China and India (Table 1.4). CIP has considerably contributed to
global crop improvement through supporting NARS and providing access to
advanced breeding material. About 43% of total releases are CIP-related (i.e.,
NARS-bred varieties distributed/facilitated by CIP, NARS selection from CIP
crosses, NARS crosses from CIP progenitors). At the regional level, CIP-related
varieties are most prominent in Africa where 70% of total releases are CIP-related.
This points to the importance of CIP in the regions and the support many national
breeding programs require.

Table 1.4 Total and CIP-related number of releases by region

Region Year Total CIP-related®

Asia® 2015 518 180 35%
Africa® 2010 178 124 70%
Latin America® 2007 141 60 43%
Total 837 364 43%

ANARS-bred varieties distributed/facilitated by CIP, NARS selection from CIP crosses, NARS
crosses from CIP progenitors; calculations for Asia based on Gatto et al. (2018), for Africa on
Labarta (2015), for Latin America on Thiele et al. (2008)

"Bhutan, Bangladesh, China, India, Indonesia, Nepal, Pakistan, Philippines, Sri Lanka, Vietnam
‘Burundi, D.R. Congo, Ethiopia, Kenya, Madagascar, Malawi, Rwanda, Tanzania, Uganda
9Bolivia, Colombia, Ecuador, Peru, Venezuela

>The current true total number of releases is likely higher given that the most recent data available
dates back more than a decade.
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(a) Releases with abiotic traits (b) Releases with biotic traits
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Fig. 1.8 Total releases with abiotic and biotic traits in Asia between 1980 and 2014. Notes: release
is for high resistant category only. Medium and low resistant, and susceptible categories are not
shown. (Source: Gatto et al. 2018)

The development of early and high-yielding varieties with resistance to P. infes-
tans has been a longstanding potato breeding objective. Genotypes with resistance
to viruses (PVY, PLRV, PVS, PVX), nematodes (mainly Globodera and Meloidogyne
species), bacterial wilt, and a broader spectrum of cultivars tolerant to abiotic
stresses like heat, drought, and saline conditions, and focus on beneficial root traits,
can increase productivity and expand potato production to new areas.

The importance to develop and release varieties with high tolerance to abiotic
stresses and high resistances to biotic stresses has increased, as Fig. 1.8 depicts for
Asia. Especially starting in the early 2000, major traits have been bred into released
varieties likely as a result of adjusting breeding objectives aiming increasingly at
mitigating the adverse effects associated with climate change and variability.

New resilient varieties will potentially expand potato production to new areas
and produce more nutritious food under current and future stress factors. Genetic
biofortification through conventional and new breeding techniques can help to
overcome micronutrient malnutrition and support the consumption of better-quality
tubers. This crop improvement approach aims to positively influence human health,
as a complement to diet supplementation and food fortification. In recent years, CIP
has initiated the development of Fe and Zn biofortified potatoes, under the umbrella
of the HarvestPlus Program (http://www.harvestplus.org/), a global interdisciplin-
ary alliance for developing biofortified varieties of staple crops. Food security pro-
grams working to deploy biofortified crops will strongly benefit from nutritional
education efforts and awareness programs considering gender roles in the benefi-
ciary communities.


http://www.harvestplus.org/
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1.6.4 Seed Quality and Availability, the Key to Harvest Success

As sustainable potato production depends on a constantly renewed supply of
disease-free planting material, improving quality seed production and seed distribu-
tion is another strong avenue of research opportunity related to crop management
(M) in potato development. The conceptual framework underpinning the concept of
seed security contemplates different types of seed insecurity: poor seed quality, lack
of availability, limited access to high quality seed, lack of access to preferred and
adapted varieties, inefficient seed systems (FAO 2016; CGIAR/RTB 2016). As a
vegetative propagated crop, the growth, development, yield and quality of the potato
is strongly influenced by the quality of the seed tubers planted affected by their
physical, physiological and health status. More than 90% of seed potatoes in devel-
oping economies is produced in the farmer-based category and is considered to be
of poor quality (Thomas-Sharma et al. 2015). Potato seed production systems
should support the access to high quality seed potato tubers of improved varieties by
combining rapid multiplication technologies (e.g., aeroponics or sand hydroponics)
with decentralized seed multiplication, e.g., promotion of quality declared seed sys-
tems (FAO 2006b; Fajardo et al. 2010). It should be complemented with on-farm
seed maintenance (e.g., positive selection, small seed-plot technique and improved
storage) in an integrated approach (Gildemacher et al. 2011; Schulte-Geldermann
et al. 2012; Thomas-Sharma et al. 2015; Obura et al. 2016). Improving technologies
for farmer-based seed production and distribution of high quality planting material
of existing and new varieties have the potential to reach high numbers of beneficia-
ries with strong impacts on poverty reduction and food availability.

1.6.5 Potato Crop Management and Farming Practices
to Increase Productivity and Sustainability

The highly adaptable potato can fit to many types of environments (E) from sea
level to high mountain conditions where small-scale farmers predominate. Beside
temperature regime and solar radiation, there are many factors that affect its produc-
tivity as for example, soil characteristics, water use efficiency, nutrient availability
and hazards such as night frost or heat waves that may drastically impact resource
use, and thereby sustainability. The adaptation of the crop depends on the genotype
but also on the crop management practices (M) that need to evolve according to the
specific agro-ecological conditions, the socioeconomic context and the local pro-
duction systems. Crop management is context specific and should consider local
knowledge that can be improved promoting new tools and approaches.

Smart agriculture is a novel avenue for resource use optimization based on new
monitoring and decision support tools. Remote sensing and global information sys-
tem (GIS) tools coupled with decision support systems (DSS) and precision agricul-
ture technologies may contribute to increased productivity while interaction among
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biophysical and social disciplines for sustainable food production intensification
can at the same time contribute to resource use optimization. Fertilizer (N, P and K)
recommendation systems are now using field scale models as well as tractor, drone
and satellite embedded spectral sensors to monitor crop nutrient status to supple-
ment fertilization according to inter and within field variability (Goffart et al. 2008,
2017). These more sophisticated technologies are still mainly used in the high-
income countries, but massive and varied data management could foster new mod-
els to be developed and contribute to decision support systems under developing
country conditions. CIP is adapting such system to the Andean condition develop-
ing a strategy to manage late blight that combines host resistance and a decision
support system to optimize the use of fungicides. The vulnerability of the crop to
many pests and diseases, which the current global climate change can worsen,
remains one of the most severe threats for a wider potato diffusion and its sustain-
able cropping. To improve crop health, portable molecular diagnostic tools and
decision support systems for early warning and control of pests and diseases (e.g.,
for efficient fungicide use to control late blight) will contribute to better crop pro-
duction monitoring and input use efficiency. Research to develop biocontrol is very
active and considered to grow substantially in the coming decade, but there are still
few confirmed successes from the field, and specific management tools (Decision
Support Tools) are still missing (Velivelli et al. 2014). CIP and EAPR are coordinat-
ing actions in Europe and Latin America to promote biocontrol and compare the
efficiency of biocontrol agents using defined protocols (Devaux et al. 2017).

Specific intensification practices can be developed under specific cropping sys-
tems such as in the cereal-based systems in India through “Double-Transplanting
(DT)” of rice and planting early maturing potato between the two rice crops as a
valid alternative to the traditional potato-boro rice and kharif (monsoon) rice-boro
rice. This cropping pattern contributes to enhance system productivity without sac-
rificing area or productivity of either of the two crops, thus creating new opportuni-
ties for potato cultivation for small-scale producers (Arya et al. 2015).

To enhance ecological sustainability, the objective is to implement management
practices that increase the level of provision of ecosystem services such as natural
soil fertility and biological control. Natural regulation of pests and diseases is an
important element in potato agro-ecosystems. In organic farming, it has been dem-
onstrated that the development of natural antagonist associations of the Colorado
beetle, such as auxiliary insects and useful pathogens, can significantly improve
the control of such a pest for the potato crop (Crowder et al. 2010). Another exam-
ple of ecosystem management is the delivery of nitrogen through natural fixation
and mineralization, which can be enhanced by cropping practices such as cover
crops, legume-based intercropping systems and application of organic soil amend-
ments before the potato crop. Biodiversity based agricultural approaches that rely
on the design and management of on-farm agrobiodiversity to generate ecosystem
services is another avenue to reduce potato’s ecological footprint and increase
farmer’s resilience to cope with frost risks as it is the case in the Andes. The man-
agement of ecosystems at field and landscape level can provide a series of produc-
tion benefits to reduce the need for off-farm inputs. The analysis of beneficial
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microbial communities and their impact on potato plant phenotypes expressions
still needs to be developed as discussed at a EAPR-CIP workshop on biostimulant
and biocontrol agents (Devaux et al. 2017).

1.6.6 Integrating Food Security and Value Chain Development

Although potato remains a staple food in rural areas in developing countries, it is
also increasingly becoming a cash food for farmers in Asia, Africa and LAC
(DeFauw Sherri et al. 2012). The majority of potato producers are smallholders who
depend strongly on agriculture, including the potato crop, for income, food security
and employment. Potato production reaches consumers via multilevel marketing
systems, not directly from the farmer’s field. Thus, the challenge to achieve food
and nutrition security as well as prosperity for these smallholders will be obtained
or lost by the way agricultural value chains are coordinated. Value chain develop-
ment and organized markets through farmer associations, storage facilities, and bet-
ter links with traders and consumers are then required to allow potato producers to
access better value markets to get higher and steady incomes from their production.
In the recent years, research activities to improve the efficiency of the value chain
and coordination among its actors have evolved to achieve more inclusiveness in the
value chain development approaches (Devaux et al. 2018). Several factors are con-
tributing to this evolution: changes in consumer demands, new or emerging markets
with strict standards, including food safety, processing technologies, and better
access to market information. To respond to these changes and the need to make
agriculture more environmentally and consumer friendly responding to the Society’s
requirements (S), research should be characterized by an interaction between natu-
ral and social sciences and should be market-driven considering the needs and chal-
lenges of all value chain stakeholders. In a compendium about perspectives on the
status of innovation for Value Chain Development, Devaux et al. (2016) analyze the
opportunities emerging from new markets for agricultural produce and identify
challenges to smallholder participation in these markets, approaches for increasing
access to markets through strengthening value chain stakeholders’ relationships,
enhancing innovation and improving an enabling environment. Linked to the value
chain efficiency, the assessment of food losses across the value chain and the quality
of marketed potatoes also require further research efforts to optimize food avail-
ability and consumer access to quality potato products.

1.6.7 Post-harvest Management: Reducing Food Losses

As indicated above, another way to face the food security challenge is to produce
just as much, but waste less through better post-harvest management. Post-harvest
management in potato, including storage, processing and value chain efficiency, is
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a much larger problem than cereals and deserves special attention. Reduction of
food losses appears as a key opportunity. The basics of storage management have
not changed, but the implementation and application of the basics are evolving
worldwide, according to diversity in location, climate and market criteria, that will
influence storage management structures and management decisions (Olsen 2014).
In developing countries, recent studies have analyzed food loss across the potato
value chain, as for example in Ecuador and Peru, by collecting qualitative and quan-
titative data to provide a comprehensive identification and characterization of losses.
The results show that the most important losses occur in the production node, rang-
ing from 90 to 95% of the total losses in the chain. On average farmers suffer this
highest loss across the value chain ranging between 8 and 20% of their production
at or before harvest before moving on to the next node of the chain. The main causes
of losses are poor crop and harvest management, infested tubers by pest and dis-
eases, high percentage of small tubers and weather conditions: frost and heavy rains
(Delgado et al. 2017).

1.7 Concluding Remarks: Towards Future Potato Research
for Global Food and Nutrition Security

The analysis of leveraging potato agri-food systems for global food security issues
and challenges in this chapter emphasizes the need for making agricultural research
programs and food system interventions more responsive to food security dimen-
sions. The multidimensional nature of food security requires multisector innovation
in approaches that allow to use the knowledge available and transform scientific
results into products and processes to improve the performance of agri-food sys-
tems, considering the challenge to produce more food with the same or fewer
resources.

In both developed and developing countries, innovations resulting from potato
research should be incremental through a step by step improvement of an existing
structure promoting technologies adapted to the local context. This is particularly
true for smallholder family agriculture in developing countries where there is a
great need to increase potato production in a sustainable way. While this approach
has the advantage of not destabilizing an existing system, it may also suffer of a
systemic lock-in or a lack of enabling environment that keeps agriculture and food
systems on less efficient pathways as developed by Baret (2017). An example of
lock-in is the use of pesticides and their promotion by agro-chemical companies and
technical support services that influence farmers’ decision making, restraining the
use of more environmental friendly options such as decision support tools for effi-
cient pest control with a more rational pesticide use. The valuable use of varieties
tolerant or resistant to pests and diseases can also be limited by processing compa-
nies that promote varieties for their processing characteristics regardless of their
environmental footprint. In developing countries, low infrastructure quality, weak
institutions and policies create also huge limitations to the adoption of new and
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more sustainable technologies. To reach food security goals, a stronger emphasis
must be put towards promoting evidence-based policies for communicating infor-
mation and influence decision makers. It is also important to favor affordable and
better-adapted technologies that can respond to the needs of small-scale farmers
and, significantly limit negative impacts towards the environment. The research and
technology options proposed in this chapter will require policy support, financial
and nonfinancial services to have a chance to be adopted and used by local farmers.
They will also necessitate a better access to discovery and creative ideas through
better services from the potato research community at national and international
levels.

Local calibration/validation and demonstration are two essential phases towards
local end-user uptake, either involving farmers or extension services representa-
tives. Public or private investments are also required to support such actions to
enable farmers to have access to new technologies, and to be trained in their use.
With the upcoming of new communication technologies such as smartphones,
expansion of mobile broadband and access to local online platforms integrating
large amounts of local data and links to Decision Support Systems, we have yet to
fully exploit the potential of information technologies especially in developing
countries. Local farmers, especially the younger ones, are expected to be able to
have increasing access to such new adapted tools, i.e. for Late Blight management
in the Andes. But this will only be possible globally if technological innovation is
accompanied by capacity building and institutional innovation (associativity, access
to credit, communication network) in rural areas.

There is a great dichotomy between research activities in developed versus
developing countries that highlights the need for more exchange, knowledge shar-
ing, and collaboration. Since 2014, the interaction between EAPR-linked research
organizations and CIP has been looking at mechanisms to enhance partnership
between European partners and CIP involving research partners in the Southern
hemisphere to promote collaborative research activities, links between research
networks such as Euro and Latin Blight (Acuiia et al. 2017) as well as facilitating
short and long-term training with universities in Europe (Durroux-Malpartida
2014).

To reach the strongest impact on food security, potato research and development
efforts need to move towards food systems engineering, rather than focus explicitly
on technology/solution development. In this paper, we are analyzing the different
components that contribute to the performance of the potato using the key relation
P=Gx E xM x S, enabling a list of key research and technology options to guide
agriculture research and technology development toward sustainable intensification
approaches responding to farmers’ needs both for food security and better income.
The argument is that agricultural programs need to integrate better agriculture sus-
tainable intensification and food security indicators considering also other dimen-
sions such as quality, diversity of products, health impacts and climate change
effects. Multidisciplinary approaches and a better understanding of the evolving
food systems are required to recognize and solve practical problems of the whole
potato value chain to achieve sustainable food security. Policies, investments and
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services that support agricultural productivity, sustainability and expand risk man-
agement capacity are also required to give potato farmers the best chance to meet
future needs, while increasing their adaptability and resilience to foster food
security.
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Chapter 2
The Potato and Its Contribution
to the Human Diet and Health

Gabriela Burgos, Thomas Zum Felde, Christelle Andre, and Stan Kubow

Abstract Potato has contributed to human diet for thousands of years, first in the
Andes of South America and then in the rest of the world. Its contribution to the
human diet is affected by cooking, potato intake levels, and the bioavailability of
potato nutrients. Generally, the key nutrients found in potatoes including minerals,
proteins, and dietary fiber are well retained after cooking. Vitamins C and By are
significantly reduced after cooking while carotenoids and anthocyanins show high
recoveries after cooking due to an improved release of these antioxidants.

In many developed countries potatoes are consumed as a vegetable with intakes
that vary from 50 to 150 g per day for adults. On the other hand, in some rural areas
of Africa and in the highlands of Latin American countries, potato is considered a
staple crop and is consumed in large quantities with intakes that vary from 300 to
800 g per day for adults. These marked differences in the potato intake affect signifi-
cantly the contribution of potato nutrients to the human dietary requirements.

In recent years, information about nutrient bioaccessibility and bioavailability
from potatoes has become available indicating higher bioaccessibility of minerals
and vitamins in potato as compared with other staple crops such as beans or wheat.
Bioavailability refers to the fraction of an ingested nutrient that is available for uti-
lization in normal physiological functions and/or for body storage while bioacces-
sibility refers to the amount that is potentially absorbable from the gut lumen.

In addition, potatoes have shown promising health-promoting properties in
human cell culture, experimental animal and human clinical studies, including anti-
cancer, hypocholesterolemic, anti-inflammatory, anti-obesity, and antidiabetic
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properties with phenolics, anthocyanins, fiber, resistant starch, carotenoids as well
as glycoalkaloids contributing to the health benefits of potatoes.

2.1 Introduction

Diverse studies have demonstrated that potato is an important source of carbohy-
drates, resistant starch, quality proteins, vitamins C and Bg as well as potassium
(Camire et al. 2009). Potato is also a source of antioxidants that can contribute to
prevent both degenerative and age-related diseases with lutein and zeaxanthin being
present in high levels in yellow-fleshed potatoes (Burgos et al. 2009) and anthocya-
nins being present in purple and red-fleshed potato landraces (Burgos et al. 2013b)
commonly grown and eaten in the Andean highlands of Peru, Bolivia, Ecuador, and
Colombia. Potatoes also contain glycoalkaloids, which in high concentrations can
be toxic to humans but in low concentrations can have beneficial effects such as
inhibition of the growth of cancer cells (Friedman 2015). The nutritional composi-
tion of potatoes is summarized in Fig. 2.1. The concentration of energy, starch,
protein, lipids, dietary fiber, potassium, phosphorus, magnesium, iron, zinc, vitamin
C, vitamin Bg, chlorogenic acid, and glycoalkaloids has a range of variation inde-
pendent from the flesh color. Yellow-fleshed potatoes have a carotenoid concentra-
tion higher than white-fleshed potatoes while purple potatoes have a higher
anthocyanin concentration than red- or white-fleshed potatoes.

Like other plant foods, the nutritional composition of potatoes is affected by dif-
ferent pre-harvest (environment, cultural practices, maturity at harvest, biotic and
abiotic stresses, etc.) and post-harvest (processing, storage, transport, etc.)
conditions.

Potato has contributed to the human diet for thousands of years, first in the
Andean region and then in the rest of the world. Its contribution is affected by cook-
ing, the amount of potato intake, and the bioavailability of the nutrients. Generally,
the key phytonutrients found in potatoes including minerals, proteins, and dietary
fibers are well retained after cooking. Vitamins C and By are significantly reduced
after cooking while carotenoids and anthocyanins show high recovery after cooking
due to an improved release of these antioxidants from the food matrix after cooking
(Tian et al. 2016). In this chapter, the range of nutrient concentrations is expressed
on a fresh weight (FW) basis and ranges refer to both raw and cooked potatoes.
However, for calculating their contribution to the diet, only values of cooked pota-
toes are considered.

The worldwide mean potato intake is equivalent to 93 g per day (FAO 2013).
However, this value has a large range of variation. In many developed countries
potatoes are consumed as a vegetable and served as a part of a larger meal with
intakes that vary from 50 to 150 g per day for adults. On the other hand, in some
rural areas of Africa and in the highlands of Latin American countries, potato is
considered a staple crop and consumed alone in large quantities as a complete meal
with intakes that vary from 300 to 800 g per day for adults (De Haan et al. 2019).
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Energy: 96 to 123 Kcal Magnesium: 16 to 40 mg
Starch: 16t020¢g Iron: 0.29 to 0.69 mg
Protein: 176102959 Zinc: 0.29to0 0.48 mg
Lipids: 01to05g Vitamin C: 7.810 206 mg
Dietary fiber: 1.8gto2.1g Vitamin B6: 0.299 mg
Potassium: 150 to 1386 mg Chlorogenic acid: 19 to 399 mg
Phosphorus: 42 to 120 mg Glycoalkaloids: 0.7 to 18.7 mg

Fig. 2.1 Nutritional composition of potatoes per 100 g FW

Implications of the contribution of potatoes to the human diet as related to the mag-
nitude of potato intake are also described in this chapter.

Bioavailability refers to the fraction of an ingested nutrient that is available for
utilization in normal physiological functions and/or for its contribution towards
body stores (La Frano et al. 2014). Many factors affect the bioavailability of a com-
pound; these may be divided into exogenous factors such as the complexity of the
food matrix, the chemical form of the compound of interest, structure and amount
of co-ingested compounds as well as endogenous factors including mucosal mass,
intestinal transit time, rate of gastric emptying, intestinal and hepatic metabolism,
and the extent of conjugation and protein-binding in blood and tissues (Holst and
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Williamson 2008). A prerequisite for bioavailability of any compound is its bioac-
cessibility in the gut, defined as the amount that is potentially absorbable from the
lumen (Fernandez-Garcia et al. 2009). Bioavailability can be limited by a low bioac-
cessibility, which can be affected by the nature of the food matrix, location within
the plant, food processing, gastric and luminal digestion, in addition to the physico-
chemical properties of the compound itself. In this chapter, the bioaccessibility and
bioavailability of phytonutrients in potato will be reported and discussed.

The contribution of potato to human health will be described in terms of the
evidence concerning the anticancer, hypocholesterolemic, anti-inflammatory, anti-
obesity, and anti-diabetic role of potatoes.

2.2 Contribution to Diet

2.2.1 Energy

The energy provided by 100 g of boiled tubers of potatoes varies from 96.33 to
123.17 kcal (De Haan et al. 2019), which is similar to the energy provided by 100 g
of cooked rice (130 kcal) but lower than the energy provided by 100 g of wheat
(361 kcal), 100 g of cooked cassava (160 kcal) and soybeans (173 kcal) (King and
Slavin 2013). Potato has a low energy density with 100 g of boiled potatoes contrib-
uting between 4 and 6% of the requirement of energy of an adult of between 50 and
90 kg of weight (considering 1.90 as basal metabolic rate factor, FAO/OMS/UNU
2004). However, preparing and serving potatoes with ingredients with a high fat
content raises greatly the caloric value of the dish. One hundred grams of potato
chips and French fries provide 529 and 564 kcal, respectively.

In areas where potato is considered as a staple food, the amount of potato intake
is high and consequently the contribution of potatoes towards meeting dietary
requirements is much higher. In Huancavelica, a location in the Peruvian central
highlands, women have an average daily consumption of 840 and 645 g during
abundance and scarcity period of potato, respectively. In those regions, potatoes are
mainly eaten as boiled and provide between 28 and 38% of the recommended total
energy requirements for women (De Haan et al. 2019).

2.2.2 Carbohydrates
2.2.2.1 Starch

Starch is the predominating carbohydrate in potato ranging from 16.5 to
20.0 g/100 g FW (Liu et al. 2007). Biochemically, potato starch is composed of
amylose and amylopectin with the latter molecule typically making up 70—80% of
the available starch in the tuber and the remaining portion being composed of amy-
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lose (Zeeman et al. 2010). Starch can also be classified by levels of digestibility
within the human intestinal tract, i.e. rapidly digested (RDS), slowly digested
(SDS), or resistant (RS) starch (Englyst et al. 1992). RDS and SDS represent the
portion of starch digested within the first 20 and 21—120 min post-ingestion,
respectively. The remaining resistant starch (RS) is undigested and fermented
when it reaches the large intestine with the production of short-chain fatty acids
(Raigond et al. 2014). Because of the resistance of the amylose structure to diges-
tion, more of the RS component is expected to be composed of amylose rather than
amylopectin. The rapid breakdown of amylopectin to digestion is the reason that it
is more prevalent in RDS and SDS fractions (Bach et al. 2013). Potential health
benefits attributed to SDS include satiety, improved physical performance, glucose
tolerance enhancement and blood lipid level reduction in healthy individuals and
in those with hyperlipidemia (Miao et al. 2015). Possible health benefits of RS
include prevention of colon cancer, hypoglycemic effects, substrate provision for
growth of gut probiotic microorganisms, reduction of gall stone formation, hypo-
cholesterolemic effects, inhibition of fat accumulation, and increased absorption of
minerals (Sajilata et al. 2006).

Monro et al. (2009) determined the RDS, SDS, and RS concentration of freshly
cooked potatoes from nine potato varieties and found concentrations ranging from
9to 15 g/100 g FW, from 0 to 1.72 g/100 g FW, and from 0.58 to 1.05 g/100 g FW,
respectively. These authors also found that cooking and then cooling potatoes sig-
nificantly increased SDS and RS (up to 7.7 g and 1.96 g/100 g FW, respectively),
while RDS was significantly reduced to 7.3 g/100 g FW. This latter phenomenon is
referred to as starch retrogradation, which is based upon rearrangement of the mol-
ecules of amylose and amylopectin causing decreased starch digestion (Leeman
et al. 2005).

Glycemic index (GI) is a measure of the extent of the change in blood glucose
content (glycemic response) following consumption of digestible carbohydrate,
relative to a standard such as glucose (Venn and Green 2007). A higher GI value
represents a more rapid entry of a larger quantity of glucose from a test food into the
bloodstream. Based on in vivo postprandial GI, high RDS content in foods has been
significantly correlated with a high glycemic index response (Champ 2004), whereas
low RDS levels are associated with low to medium GI values (Lynch et al. 2007). A
wide variability in GI values of potatoes has been noted ranging from high to
medium to low values based on cultivar differences (Ek et al. 2012). Such variations
could partly be related to differences in the amylopectin to amylose ratio as amylose-
rich starches are digested more slowly due to their difficulty to gelatinize and swell
as opposed to starches with a high amylopectin content (Brennan 2005). Bach et al.
(2013) defined low RDS and high SDS as the optimal profile for potatoes that leads
to low GI values, and identified two genotypes with this profile. Tuber cooking fol-
lowed by cooling (forming retrograded starch) is also another way for the consumer
to obtain lower postprandial glucose levels, and thereby benefit from reduced GI
following potato intake (Fernandes et al. 2005). Lowering the dietary GI load has
been associated with body weight loss, improved blood pressure, and decreased risk
of cardiovascular diseases, whereas habitual intake of high GI foods has been linked
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to type 2 diabetes and other chronic heart issues (McGill et al. 2013). As the GI does
not take into account the typical portion size, the GI value and the quantity of car-
bohydrates are combined to generate the glycemic load (GL) value, which can bet-
ter quantify the glycemic impact of a food (Salmeron et al. 1997). Initial studies
involving potatoes were limited by the sole use of GI for their glycemic evaluation
(Crapo et al. 1977; Soh and Brand-Miller 1999), which categorized them with a
high GI. In contrast, potatoes have been generally noted to have a medium to low
glycemic impact based on the GL estimation (Lynch et al. 2007).

2.2.2.2 Sugars

Potato tubers also contain significant quantities of free sugars with glucose and
fructose as the principal monosaccharides and sucrose as the major disaccharide.
Glucose, fructose, and sucrose concentrations in raw tubers of tetraploid potatoes
range from 3.25 to 255 mg/100 g FW, from 2.5 to 153.7 mg/100 g FW, and from 43
to 159.7 mg/100 g FW, respectively (Amrein et al. 2003; Rodriguez et al. 2010).
Higher levels of glucose, fructose, and sucrose have been recently reported for dip-
loid potato group Phureja with concentrations ranging from 11.5 to 701 mg/100 g
FW for glucose, from 7.25 to 605 mg/100 g FW for fructose and from 159 to
737 mg/100 g FW for sucrose (Duarte-Delgado et al. 2016). The reducing sugars
glucose and fructose as well as free asparagine are acrylamide precursors.
Acrylamide is formed through the Maillard reaction during high temperature cook-
ing such as frying, roasting, or baking (Muttucumaru et al. 2008). Acrylamide has
been classified as “probably carcinogenic to humans” by the WHO and the
International Agency for Research on Cancer. Therefore, the reducing sugar content
in potatoes has been recommended not to be greater than 100 mg/100 g FW in order
to keep acrylamide formation on a low level (Kumar et al. 2004). Importantly, cold
storage (2—4 °C) may induce an accumulation of reducing sugars in tuber tissue
leading to undesirable browning, production of bitter flavors, and increased levels of
acrylamide with cooking (Neilson et al. 2017).

2.2.3 Protein

According to Camire et al. (2009), the protein content of potatoes generally ranges
from 1 to 1.5 g/100 g FW depending on the cultivar. De Haan et al. (2019) reported
higher levels of protein in cooked tubers of Peruvian floury landraces
(1.76-2.95 g/100 g FW). Potato protein content is generally low compared with
other major staples like maize and beans although potato yields more protein per
unit growing area than do cereals (Bamberg and Del Rio 2005). Also, the quality of
the potato protein, which reflects its digestibility and indispensable amino acid con-
tent, is very good. The biological value of potato protein—the proportion retained
for growth or maintenance divided by the amount absorbed—is high. Depending on
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the cultivar, the biological value of potato protein is between 90 and 100 and is very
similar to the biological value of whole egg protein (100) and is higher than that of
soybeans (84) and legumes (73) (Camire et al. 2009).

The levels of lysine, methionine, threonine, and tryptophan are likely to limit the
protein quality of mixed diets consumed by humans. Potatoes exceed the recom-
mended levels of these indispensable amino acids, demonstrating that potato protein
is of high quality. Compared with pasta, white rice, and whole grain cornmeal,
potatoes are the only staple food meeting the recommended lysine level. However,
sulfur-containing amino acids (methionine + cysteine) are lower in potatoes than in
the other common plant staple foods (King and Slavin 2013).

2.2.4 Lipids

Total lipids of potatoes are low and range from 0.1 to 0.5 g/100 g FW and consist
mainly of phospholipids (47%), glycol and galactolipids (22%), which are struc-
tural elements of biological membranes as well as neutral lipids (21%) such as
acylglycerols and free fatty acids (Ramadan and Oraby 2016). More than 94% of
the tuber lipids contain esterified fatty acids. The essential polyunsaturated fatty
acids with one to three double bounds consist of mainly linoleic acid (C18:2
cis-9,12, an n-6 fatty acid) and linolenic acid (C18:3 cis-9,12,15, an n-3 fatty acid)
(70-75%), precursors of a wide range of bioactive compounds generated endoge-
nously (Galliard 1973). The composition of the fatty acids of the potato lipids is
nutritionally advantageous. For example, potato consumption in the United
Kingdom was estimated to provide 10 and 13% of the dietary n-6 and n-3 polyun-
saturated fatty acid intake, respectively (Gibson and Kurilich 2013). In contrast,
potato intake provided only 4% of saturated fatty acid and 6% trans fatty acid intake,
which was largely attributed to the addition of fats and oils such as butter and mar-
garine to potato dishes.

2.2.5 Fiber

Dietary fiber represents the undigested and unabsorbed carbohydrate part in the
diet. These resistant carbohydrates may be fermented in the large intestine. Soluble
fibers lower serum lipids, whereas insoluble fibers increase stool weight (Slavin
2008). Potatoes contain dietary fiber in their cell walls, especially in the thickened
cell walls of the peel (Camire et al. 2009). Cooked potatoes without the skin provide
1.8 g fiber/100 g, FW, whereas cooked potatoes with the skin provide 2.1 g
fiber/100 g FW. Potatoes contain less fiber than whole-grain cornmeal (7.3 g/100 g),
but more fiber than white rice (0.3 g/100 g) or whole-wheat cereal (1.6 g/100 g).
Although potatoes cannot therefore be considered a high-fiber food, they can be a
significant source of fiber for individuals regularly eating potatoes, particularly in
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developed countries where fiber intake is generally far below recommended levels
(Auestad et al. 2015). In that regard, potatoes have been indicated to contribute
14.4-26.2% of daily fiber intake in men and women living in the USA based on the
National Health and Nutrition Examination Survey (NHANES) data (2009-2010).

2.2.6 Minerals

Potassium is the most abundant mineral in potato with concentrations varying from
150 to 1386 mg/100 g FW (Nassar et al. 2012). Potassium functions as an important
electrolyte in the nervous system. High intake levels of potassium can help control
high blood pressure and may decrease the risk of stroke (Bethke and Jansky 2018).
One hundred grams of boiled potatoes can contribute up to 16% of the Adequate
Intake (AI) of potassium recommended for adults (4700 mg per day).

Phosphorus and magnesium are also present in potato in moderate quantities
ranging from 42 to 120 mg/100 g FW and from 16 to 40 mg/100 g FW, respectively
(Bonierbale et al. 2010). One hundred grams of boiled potatoes can contribute up to
11% of the Estimated Average Requirement (EAR) of phosphorus and magnesium
for adults (42—120 and 265-340 mg per day, respectively). Calcium is present in
minor quantities in potato ranging from 2 to 20 mg/100 g FW; contributing no more
of 2% of the EAR of calcium for adults (800—1100 mg per day).

Iron and zinc concentrations from raw potatoes range from 0.25 to 0.83 mg/100 g
FW and from 0.23 to 0.39 mg/100 g FW, respectively (Burgos et al. 2007). Iron and
zinc concentrations are significantly affected by the growing environment.
Interestingly, Lombardo et al. (2013) reported that soil composition affects the min-
eral concentration of crops, with a sandy texture of the soil favoring the iron oxida-
tion processes to insoluble polymers and consequently reducing iron availability to
the plant.

Burgos et al. (2007) reported iron and zinc concentration in cooked potatoes
ranging from 0.29 to 0.69 mg/100 g FW and from 0.29 to 0.48 mg/100 g FW,
respectively. These values are lower than iron and zinc concentrations reported for
cereals and legumes but bioavailability of iron and zinc from potatoes may be higher
due to the presence of high levels of ascorbic acid—which facilitates iron absorp-
tion in the human body—and low levels of phytic acid, an inhibitor of iron and zinc
absorption. It has been recently demonstrated that the bioaccessibility of iron in
potato is higher than that reported in crops such as wheat and beans. Approximately
63-79% of the potato iron is released from the food matrix after in vitro gastrointes-
tinal digestion, and therefore available for intestinal absorption (Andre et al. 2015).

In the Andean highlands, where there is little access to meat and the levels of
anemia and malnutrition are high, potatoes are an important dietary source of iron
due to their high consumption. For example, in Huancavelica, in the Peruvian high-
lands, women and children consume on average 840 and 200 g of potato per day,
respectively (De Haan et al. 2019). Similarly, in parts of Rwanda and other African
countries, women consume an average of 400 g of potatoes per day. Therefore,
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improving the iron and zinc concentrations of potato and their bioavailability would
have a real impact to contribute to reduce malnutrition and improve life quality in
these and other areas where anemia and/or stunted growth are still pervasive.

The International Potato Center (CIP) has been working for the past 15 years on
potato mineral biofortification to increase the concentration of iron and zinc in this
crop. The CIP Biofortification Potato Program started from a baseline of 0.48
mg/100 g FW for iron and 0.35 mg/100 g FW for zinc. After three cycles of breed-
ing and recurrent selection, concentrations of the first biofortified potatoes reach
0.73 mg iron and 0.63 mg zinc/100 g FW. Considering 400 g of potato consumption
for women of the Andes, the consumption of biofortified potatoes would cover 41
and 37% of the EAR of iron and zinc in women.

Presently, CIP is combining the first products of its biofortification breeding pro-
gram with advanced breeding lines to release new varieties that will be able to
withstand major potato pests and diseases, tolerate heat and drought, providing high
yields, and respond to preferences of farmers and consumers.

2.2.7 Vitamins

Potatoes are a good source of ascorbic acid (vitamin C) and pyridoxine (vitamin
Bg). Vitamin C as an antioxidant plays an important role in protection against oxida-
tive stress. Vitamin C is an important free radical scavenger of reactive oxygen spe-
cies such as hydroxyl radicals, superoxide anions, singlet oxygen, and hydrogen
peroxide that can cause tissue damage resulting from lipid peroxidation, DNA
breakage or base alterations, which may contribute to degenerative diseases such as
heart disease or cancer (Bates 1997). In addition, due to its participation in the oxi-
dation of transition metal ions, vitamin C also plays an important role in enhancing
the bioavailability of non-haem iron (Teucher et al. 2004) and serves as a cofactor
in the synthesis of collagen needed to support cardiovascular function, maintenance
of cartilage, bones, and teeth, as well as wound healing (Naidu 2003).

Fresh potatoes have varying concentrations of vitamin C, which can reach
50 mg/100 g FW (Han et al. 2004) when they are freshly harvested. Significant
variation in vitamin C concentrations of potatoes occur due to genotype and envi-
ronment and genotype by environment interactions (Andre et al. 2007; Burgos
et al. 2009).

Cooking and storage reduce the concentration of vitamin C in potato tubers. In
addition, there are differences in the degree of reduction of vitamin C content
depending on the cooking types. Retention levels of vitamin C after boiling in 20
native landraces varied between 50 and 90%. The losses may be caused by: (1)
leaching into cooking water, (2) destruction by heat treatment, and (3) oxidation. It
is interesting to note that the peel forms a barrier preventing loss of nutrients during
cooking. As a consequence, boiling potato when it is peeled results in 10% more
loss of vitamin C or phenolic compounds than if it is cooked with the peel (Woolfe
and Poats 1987). Retention levels after storing under farming conditions has been
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shown to vary between 22 and 62%, depending on the variety (Burgos et al. 2009).
Retention levels of vitamin C in 12 genotypes grown in Colorado state in the USA
after 7 months of cold storage was less than 50% (Kiilen et al. 2012).

One hundred grams of cooked potatoes with vitamin C levels around 20 mg/100 g
FW can provide between 27 and 33% of the EAR of vitamin C for an adult (75 for
males and 60 for females, according to FAO/WHO 2001). One hundred grams of
cooked potatoes contains lower concentrations of vitamin C than 100 g of cooked
broccoli (68—108 mg/100 g FW; depending on the way of cooking; Yuan et al.
2009), 100 g of cooked spinach (44-79 mg/100 g FW; depending on the way of
cooking; Zeng 2013) and 100 g of raw red pepper (up to 200 mg/100 g; Wahyuni
etal. 2011). However, it is noteworthy that the final contribution of a particular food
to the total intake of vitamin C depends on the total amount consumed in the diet
and so potatoes may therefore contribute to a significant extent to the total dietary
intake of vitamin C (Love and Pavek 2008). In that respect, potatoes have been
estimated to provide over 50% of the daily vitamin C requirement in the USA and
approximately 20% of the dietary vitamin C intake in Europe (Love and Pavek 2008).

Vitamin Bg, also called pyridoxine, is a versatile cofactor for key metabolic pro-
cesses (Hellmann and Mooney 2010) that plays a major role in various cellular
reactions and also confers several health benefits for humans, which may be partly
attributed to its antioxidant capabilities (Fitzpatrick et al. 2012). It helps in main-
taining normal nerve function and plays a crucial role in the synthesis of neurotrans-
mitters such as dopamine and serotonin. Vitamin By also assists normal nerve cell
communication and acts as a coenzyme in the breakdown and utilization of carbo-
hydrates, fats and proteins. In plant, it is a potent antioxidant, critical for plant
pathogen resistance (Spinneker et al. 2007).

Potatoes are considered to be a good dietary source of vitamin Bg, with concen-
trations ranging from 0.450 mg/100 g FW to 0.675 mg/100 g FW (Moonney et al.
2013). Physical and chemical factors such as heat, light exposure, and pH also influ-
ence vitamin By content, but this vitamin is relatively stable during storage
(Fitzpatrick et al. 2012).

The mean concentration of vitamin By in cooked potatoes (0.299 mg/100 g FW)
is higher than the mean concentration of other staple crops such as maize
(0.139 mg/100 g FW), rice (0.050 mg/100 g FW), cassava (0.051 mg/100 g FW),
and wheat (0.034 mg/100 g FW) (Fudge et al. 2017). One hundred grams of cooked
potatoes can provide between 17 and 23% of the Recommended Dietary Allowance
(RDA) of B4 from an adult (1.3—1.7 mg per day).

Potato tuber contains also moderate amount of vitamin E (Chitchumroonchokchai
et al. 2017). Vitamin E is the collective name for a set of eight related tocopherols
and tocotrienols, characterized by a hydrophobic isoprenoid tail and a more hydro-
philic chromanol head (Bramley et al. 2000). In potato, significant amount of
a-tocopherol has been found in raw tubers of Andean genotypes, ranging from 68 to
517.5 pg/100 g FW (recalculated from Andre et al. 2007), whereas amounts in com-
mercial varieties varied between 15 and 75 pg/100 g FW (recalculated from Andre
et al. 2007 and Chun et al. 20006).



2 The Potato and Its Contribution to the Human Diet and Health 47

In humans, as in plants, vitamin E is located primarily within the phospholipid
bilayer of cell membranes. It reacts with and quenches free radicals in cell mem-
branes, preventing polyunsaturated fatty acids from damage by lipid oxidation.
Vitamin E deficiency has been associated with an elevated risk of artherosclerosis
and other degenerative diseases. Itis generally assumed that increases of a-tocopherol
in the diet may contribute to a decreased risk of chronic diseases (Andre et al. 2010).
The EAR for vitamin E is of 15 mg for women and men (Otten et al. 2010). The
consumption of high vitamin E containing potato tubers, such as the Andean variet-
ies, could therefore significantly increase the dietary vitamin E intake.

2.2.8 Antioxidants

Potato is one of the most important sources of antioxidants in the human diet
(Lachman and Hamouz 2005). As such, it supports the antioxidant defense that
reduces cellular and tissue toxicities that result from free radical-induced protein,
lipid, carbohydrate, and DNA damage (Andre et al. 2010). In this way, potato anti-
oxidants may reduce the risk for cancers, cardiovascular diseases, and type 2
diabetes.

Based on metabolic relationships and structural composition, there are three
major groups of antioxidants present in potato, as in most plants. The first group
consists in the aromatic phenolic compounds, which encompasses flavonoids
including anthocyanins and flavonols produced by the flavonoid pathway, hydroxy-
cinnamic acids and their derivatives produced by the phenylpropanoid pathway, and
the amino acids tyrosine, phenylalanine, and tryptophan produced by the shikimate
pathway. The second group encompasses the isoprenoid antioxidants such as the
carotenoids and tocopherols; and the third group includes antioxidants related to
ascorbate and glutathione functions in a redox system of compound-recycling that
include ascorbic acid (Lovat et al. 2016).

2.2.9 Phenolics

Phenolic compounds, also known as polyphenols, constitute one of the most widely
distributed group of dietary antioxidants in the plant kingdom, presenting more than
10,000 different structures, ranging from relatively simple phenols to complex poly-
mers such as lignans and suberins. Phenolic compounds are produced in the cyto-
plasm and are subsequently transported in the vacuole or deposited in the cell wall.
Routes to the major classes of phenolic compounds involve: (1) the core phenylpro-
panoid pathway from phenylalanine to an activated (hydroxy)cinnamic acid deriva-
tive, as well as specific branch pathways for the formation of (2) simple phenolic
acids, lignins and lignans, (3) flavonoids, (4) tannins, and (5) stilbenes (Andre et al.
2009). Their aromatic cycles can be further modified through hydroxylations,
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methylations, glycosylations, acylations, or prenylations, extending their variability
and complexity (Winkel-Shirley 2001). Phenolic acids include chlorogenic, caffeic,
ferulic, and sinapic acids. Among flavonoids, anthocyanins are natural pigments,
responsible for the red-blue color of many fruits and vegetables. Anthocyanins can
also impact the organoleptic characteristics of foods, which may influence their
technological behavior during food processing and also have implications in the
field of human health (Pascual-Teresa and Sanchez-Ballesta 2008). Flavonols repre-
sent one of the most widespread flavonoid classes in plant and include compounds
like quercetin and kaempferol that are most commonly found in their glycosylated
form, i.e., linked with glucose or rutinose. As compared to other phenolic com-
pounds, flavonol concentrations are known to be largely influenced by the environ-
mental conditions during plant growth (Lancaster et al. 2000).

Phenolic compounds are considered to be health-promoting phytochemicals as
they have shown in vitro antioxidant activity and have been reported to exhibit ben-
eficial anti-bacterial, hypoglycemic, anti-viral, anti-carcinogenic, anti-inflammatory
and vasodilatory properties (Duthie et al. 2000; Mattila and Hellstrom 2006).

2.2.9.1 Chlorogenic Acid

Chlorogenic acid has been reported as the predominant phenolic acid in raw and
boiled potato tubers (Burgos et al. 2013b). The main function of chlorogenic acid in
the plant appears to defend against pathogens. Concentrations of chlorogenic acid
as well as other hydroxycinnamic acids are significantly induced following patho-
gen invasion, and deposited to enforce the cell walls to arrest pathogen development
(Yogendra et al. 2015). In humans, these compounds consumed through diet are
increasingly considered as effective protective agents against reactive oxygen spe-
cies (ROS), which are known to be involved in aging and many degenerative dis-
eases (Liang and Kitts 2015).

The isomers of chlorogenic acid, neo-chlorogenic acid, and crypto-chlorogenic
acid, as well as caffeic acid are also found in potato tubers (Andre et al. 2007).
Potatoes contain three isomers of chlorogenic acid depending on whether the
hydroxycinnamate is attached to 3-, 4-, or 5-position of the quinic acid moiety with
5-O-caffeoylquinic acid as the principal chlorogenic acid. The 5-O-caffeoylquinic
acid (CQA) isomer is also the principal chlorogenic acid component of coffee and
apples (Stalmach et al. 2010; Clifford 1999). In vitro and ex vivo studies have dem-
onstrated a reduction in oxidation of human LDL following the consumption of
coffee suggesting that 5-O-CQA protects against in vitro oxidation of human LDL,
a key step in the formation of atherosclerotic plaques (Natella et al. 2007; Richelle
et al. 2001). 5-O-CQA has also been shown to exert anti-carcinogenic effects in
animal models (Stalmach et al. 2010).

Lachman et al. (2013) have reported chlorogenic acid concentrations of raw
potatoes ranging from 7.87 to 60.07 mg/100 g FW in nonpeeled potatoes and from
5.11t0 46.13 mg/100 g FW in their peeled counterparts, while Burgos et al. (2013b)
report a wider range of variation in the chlorogenic acid concentration of raw purple
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potatoes (ranging from 63 to 329.75 mg/100 g FW). Boiling, baking, and micro-
waving reduce the chlorogenic acid concentration of potatoes with boiled tubers
having a higher retention of chlorogenic acid than baked and microwaved ones
(Lachman et al. 2013). In a recent study conducted by Pifieros-Nifio et al. (2017),
the chlorogenic acid concentration of cooked tubers from 193 potato varieties
ranged from 19.25 to 399 mg/100 g FW. In a previous study by Burgos (2014), the
chlorogenic acid concentration in cooked tubers of purple-fleshed cultivars ranged
from 36.17 to 395.73 mg/100 g FW and in red-fleshed cultivars from 14.45 to
48.60 mg/100 g FW.

The highest concentration of chlorogenic acid reported in 100 g of cooked potato
tubers is similar to the maximum amount provided by a single cup of coffee (350 mg
chlorogenic acid; Clifford 1999) and is tenfold higher than the maximum amount
provided by whole apples (38.5 mg/100 g FW, Spanos and Wrolstad 1992).

Chlorogenic acid is only partially bioavailable and its bioactivity may be modu-
lated by the gut microbiota that can generate bioactive secondary microbial pheno-
lic metabolites such as caffeic acid that have much greater bioavailability
(Tomas-Barberan et al. 2014; Olthof et al. 2003). Chlorogenic acid may also pro-
mote a healthy gut microbiome. In a batch culture fermentation model of the colon,
chlorogenic acid was found to promote growth of Bifidobacterium bacterial species
that could be beneficial for gut health (Mills et al. 2015).

2.2.9.2 Anthocyanins

Anthocyanins are a class of water-soluble flavonoids, which show a range of phar-
macological effects, such as prevention of cardiovascular disease, obesity control,
and anti-tumor activity. Their potential anti-tumor effects are reported to be based
on a wide variety of biological activities including antioxidant, anti-inflammation,
anti-mutagenesis, induction of differentiation, inhibiting proliferation by modulat-
ing signal transduction pathways, inducing cell cycle arrest, and stimulating apop-
tosis or autophagy of cancer cells; anti-invasion; anti-metastasis; reversing drug
resistance of cancer cells and increasing their sensitivity to chemotherapy (Lin
et al. 2017).

Anthocyanins are present in the flesh and skin of several purple- and red-fleshed
potatoes such as those landraces found in the Andes, which show a wide range of
anthocyanin structures and concentrations that are largely cultivar-dependent
(Brown et al. 2003) and location-dependent (Ieri et al. 2011). Increased height
above sea level, higher annual sum of precipitation, and lower annual average tem-
peratures cause higher anthocyanin concentrations (Lachman et al. 2009).

The total anthocyanin concentration of raw and cooked purple-fleshed potatoes
ranges from 63 to 588 mg/100 g FW and from 71 to 453 mg/100 g FW, respectively
(Burgos et al. 2013a, b). Total anthocyanin concentration of cooked red-fleshed
potatoes ranges from 8.2 to 55.3 mg/100 g FW (Burgos 2014).

Giusti et al. (2014) identified five major anthocyanidins (cyanidin, petunidin,
pelargonidin, peonidin, and malvidin) in extract from purple potato and three major
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anthocyanidins (cyanidin, pelargonidin, and peonidin) in extracts of red potatoes.
The extract of purple potatoes contained four major anthocyanins: cyanidin-3-
rutinoside-5-glucoside, ~ petunidin-3-rutinoside-5-glucoside,  pelargonidin-3-
rutinoside-5-glucoside, and peonidin-3-rutinoside-5-glucoside, with petunidin and
peonidin glycosides being the most predominant. The extract of red-fleshed pota-
toes contained four major anthocyanins: cyanidin-3-rutinoside-5-glucoside,
pelargonidin-3-rutinoside-5-glucoside,  peonidin-3-rutinoside-5-glucoside, and
pelargonidin-3-rutinoside, with pelargonidin-3-rutinoside-5-glucoside being the
most predominant.

Burgos (2014) characterized the anthocyanin profile of 12 purple-fleshed acces-
sions and 6 red-fleshed accession from CIP’s genebank and found that in purple-
fleshed accessions the predominant anthocyanin is petunidin-3-(coumaroyl)
rutinoside-5-glucoside (petanin), representing from 37 to 78% of the total anthocya-
nins. It is followed by peonidin-3-(coumaroyl) rutinoside-5-glucoside, cyanidin-3-
(coumaroyl) rutinoside-5-glucoside, and minor proportions of malvidin
3-(coumaroyl) rutinoside-5-glucoside and pelargonidin-3-(coumaroyl) rutinoside-5-
glucoside. In red-fleshed accessions, the predominant anthocyanin is pelargonidin-3-
(coumaryl) rutinoside-5-glucoside, representing 41-75% of the total anthocyanins.
It is followed by peonidin-3-(coumaroyl) rutinoside-5-glucoside, pelargonidin-3-
rutinoside, and cyanidin-3-(coumaroyl) rutinoside-5-glucoside in various propor-
tions and then by pelargonidin-3-(coumaryl) rutinoside in minor proportions.
Figure 2.2 shows as an example the anthocyanin profile for two purple-fleshed
accessions (CIP 705534 and CIP 702363) and two red-fleshed accessions (CIP
703625 and CIP 702453). Pt3(c)R5G represented by the purple bar is dominant in
the purple-fleshed accessions while PI3R(c)R5G represented by the pink bar is
dominant in the red-fleshed potatoes.

CIP 705534 CIP 702363 CIP 703625 CIP 702453
PIBR  D3(cJRSG C3(c)RSG  PI3(c)RSG PI3R(cRSG  Po3(c)R5G  M3(c)RSG
N I .

Fig. 2.2 Anthocyanin profile in purple-fleshed and red-fleshed potatoes. (PI3R: pelargonidin-3-
rutinoside, PI3R(c)R5G: pelargonidin-3-(coumaroyl) rutinoside-5-glucoside, Pt3(c)R5G:
petunidin-3-(coumaroyl) rutinoside-5-glucoside, Po3(c)R5G: peonidin-3-(coumaroyl) rutinoside-
5-glucoside, C3(c)R5G: cyanidin-3-(coumaroyl) rutinoside-5-glucoside, M3(c)R5G: malvidin
3-(coumaroyl) rutinoside-5-glucoside)
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The most prominent anthocyanins present in the red- and purple-fleshed acces-
sions are acylated with hydroxycinnamic acid (Fossen and Andersen 2000). Three
different cinnamic acids were found acylating the anthocyanins in the extract of
purple and red potatoes: caffeic, p-coumaric and ferulic acid (Giusti et al. 2014).
Acylated anthocyanins are known to be stable and hence can be considered as prom-
ising natural colorants for the food industry.

The highest anthocyanin concentration reported in a dark purple-fleshed
potato (above 400 mg/100 g FW; Andre et al. 2007) is lower than in blueberries
(558 mg/100 g, FW; Hosseinian and Bea 2007), cranberries (589 mg/100 g FW;
Wada and Ou 2002), eggplant (750 mg/100 g FW; Wu et al. 2006), and purple
corn (1642 mg/100 g FW; Cevallos-Casals and Cisneros Zevallos 2003). However,
the contribution of purple-fleshed potatoes to the diet can be considerably higher
considering the high mean intake of potatoes in some areas like the Andean high-
lands where consumption may reach 500 g per day, as compared to the mean intake
of blueberries, cranberries, and eggplant (1 g per day in the United States; Wu
et al. 2006).

Kubow et al. (2017) studied the biotransformation of anthocyanins from cooked
purple-fleshed potatoes using a dynamic human gastrointestinal (GI) model that
includes stomach, small intestine, and colonic vessels. After 24 h digestion, liquid
chromatography-mass spectrometry identified 15-36 anthocyanin species through-
out the GI vessels. Genetic background of the purple potato cultivars led to major
variances in the pattern of anthocyanin breakdown and release during digestion
composition. Diminished concentrations of several anthocyanin species in the
colonic vessels indicated microbial biotransformation which is, in turn, associated
to increased bioaccessibility.

The cytotoxicity and cell viability of colonic Caco-2 cancer cells and nontumori-
genic colonic CCD-112CoN cells after 24 h exposure to colonic fecal water of
purple-fleshed potato digests has been also tested by Kubow et al. (2017). The cul-
tivar Leona showed a significant potency to induce cytotoxicity and decrease viabil-
ity of Caco-2 cells. The differing microbial anthocyanin metabolite profiles in
colonic vessels between cultivars were indicated to play a significant role in the
impact of fecal water toxicity on tumor and nontumorigenic cells.

In white- and yellow-fleshed potato tubers, flavonols predominate in the flavo-
noid profile (Andre et al. 2007). Flavonols have been extensively studied in the past
10 years as they present a range of putative health-promoting effects, including
reduced risk of cancer and cardiovascular diseases (Wang et al. 2016). Rutin in
particular has shown strong antioxidative and anti-inflammatory effects at the cel-
lular level (Habtemariam and Lentini 2015).

In potato tubers, rutin (quercetin-3-O-rutinoside) and kaempferol-3-O-rutinoside
are the most important compounds, with reported concentrations of 0—4.78 mg and
0-5.68 mg/100 g FW, respectively, in Andean raw potato tubers (Andre et al. 2007).
The influence of various cooking methods on potato flavonols has been investigated,
which revealed the stability of the concentrations through treatment (Navarre et al.
2010). The bioaccessibility of these compounds was also high (close to 100% on
average) when evaluated in a collection of 12 Andean potato genotypes (Andre
et al. 2015).
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2.2.10 Carotenoids

Potatoes contain lipophilic phytonutrients in the form of carotenoids that have
numerous health-promoting properties including decreasing risk of several chronic
diseases (Gammone et al. 2015; Wu et al. 2015). Carotenoids have been reported to
exhibit chemoprevention by a variety of mechanisms including immune system
activation, protection against oxidative stress, promotion of gap junction communi-
cation, inhibition of DNA damage, enhanced metabolic detoxification, and tumor
suppressor action and inhibition of oncogene expression (Khachik et al. 1999;
Fiedor and Burda 2014).

Potato carotenoid concentrations and profiles are related to the flesh color with
dark yellow cultivars showing approximately tenfold higher concentrations of total
carotenoids than white-fleshed varieties (Brown et al. 2005). Significant and pre-
dominant amounts of zeaxanthin and antheraxanthin are found in deep yellow-
fleshed potatoes while the carotenoid profile of yellow potatoes is composed of
violaxanthin, antheraxanthin, lutein, and zeaxanthin and that of cream-fleshed pota-
toes of violaxanthin, lutein, and f-carotene (Burgos et al. 2009).

The violaxanthin, antheraxanthin, lutein, and p-carotene concentration of raw
tubers of potatoes from the Tuberosum group ranged from 1.5 to 87.8 pg/100 g FW,
0.6 to 15.8 pg/100 g FW; 1.6 to 35.1 pg/100 g FW; and 0.1 to 2.1 pg/100 g FW,
respectively (Fernandez-Orozco et al. 2013), while the concentration of these carot-
enoids in tubers from the Phureja group ranged from 20.0 to 410 pg/100 g FW; 9.3
to 503 pg/100 g FW; 55 to 211 pg/100 g FW and 4.8 to 27 pg/100 g FW, respec-
tively (Burgos et al. 2009), and in tubers from the Andigenum group from 14.3 to
173 pg/100 g FW, 7 to 16 pg/100 g FW; 43.3 to 442 pg/100 g FW and 10.5 to
54.8 ng/100 g FW, respectively (Andre et al. 2007).

Boiling does not affect the lutein and zeaxanthin concentration of potato; how-
ever, violaxanthin and antheraxanthin concentrations of potatoes are significantly
reduced after boiling. Lutein and zeaxanthin concentrations of cooked yellow-
fleshed potatoes ranged from 73 to 253 pg/100 g FW and from 0 to 1048 pg/100 g
FW, respectively (Burgos et al. 2012) with deep yellow-fleshed potatoes being a
significant source of zeaxanthin (above 500 pg/100 g FW).

Lutein and zeaxanthin are important dietary carotenoids that are selectively
taken up into the macula of the eye, where they protect against development of age-
related macular degeneration and cataracts (Wu et al. 2015). Moreover, these com-
pounds have been reported to have other health-promoting effects, including
immune-enhancement and reduction of the risk of developing degenerative diseases
such as cancer and cardiovascular diseases (Krinsky and Johnson 2005). There is no
recommended daily intake for lutein and zeaxanthin, but many studies show a health
benefit for lutein supplementation at 10 mg per day and zeaxanthin at 2 mg per day
(American Optometric Association 2009).

The highest values of lutein and zeaxanthin reported in 100 g of yellow-fleshed
potatoes are lower compared to the amount of lutein provided by 100 g of lettuce
(540 pg; Kimura and Rodriguez-Amaya 2003), broccoli (3250 pg; Khachick et al.
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1992), parsley (5800 pg; Hart and Scott 1995), or spinach (4180 pg; Tee and Lim
1991); and lower than the amount of zeaxanthin provided by 100 g of maize at its
highest zeaxanthin concentration (3800 pg/100 g) (Brenna and Berardo 2004) and
of red paprika (2200 pg/100 g) (Miiller 1997; Minguez Mosquera and Hornero-
Meéndez 1994). However, it is important to consider that potato consumption can be
as high as 500 g per day whereas the mean intake of the above-mentioned vegeta-
bles is less than 50 g per day; hence, the overall contribution of potato-based carot-
enoids to the dietary intake can be higher. Furthermore, the contribution of a food
source to lutein and zeaxanthin intake depends on their digestive stability, bioacces-
sibility, and bioavailability in the respective food matrix. Bioaccessibility refers to
the proportion of ingested carotenoid that is released from the food matrix and
incorporated into micelles in the gastrointestinal tract, and thus available for intes-
tinal absorption (Rodriguez-Amaya 2015). Bioavailability refers to the portion of
the carotenoid that is absorbed in the body, enters in systemic circulation and
becomes available for utilization in normal physiological functions or for storage in
the human body (van Het Hof et al. 2000). The bioavailability of carotenoids from
plant foods is influenced by the species and structure of carotenoids present in the
food, composition, and release of carotenoids from the food matrix, absorption in
the intestinal tract, transportation within the lipoprotein fractions, biochemical con-
versions, and tissue-specific depositions, as well as by the nutritional status of the
ingesting consumer (Bohn 2017). Research on bioavailability of potato carotenoids
is required to have more useful and complete information regarding their nutritional
and health benefits.

Burgos et al. (2013a) evaluated the in vitro digestive stability and the efficiency
of micellarization or bioaccessibility of lutein and zeaxanthin in yellow-fleshed
potatoes. The gastric and duodenal digestive stability of lutein and zeaxanthin in
boiled tubers ranged from 70 to 95% while the bioaccessibility ranged from 33 to
71% for lutein and from 51 to 71% for zeaxanthin. A more recent study has reported
that bioaccessibility of lutein and zeaxanthin in yellow-fleshed clones range from
76 to 82% for lutein and from 24 to 55% for zeaxanthin (Andre et al. 2015).

The maximum bioaccessible lutein concentration reported in yellow-fleshed
potatoes is around 300 pg/100 g FW while the maximum bioaccessible zeaxanthin
concentration is around 600 png/100 g FW. Considering the mean potato intake in the
Andes of Peru, Ecuador, and Bolivia (500 g per day), potato tubers from the variety
with the highest bioaccessible lutein could provide 14% of the suggested level of
lutein intake for having health benefit (10 mg per day). Likewise, potato tubers of
the variety with the highest bioaccessible zeaxanthin concentration could provide
50% more than the suggested level of zeaxanthin intake (2 mg per day). In Spain,
potato was shown to contribute 13-20% towards the total dietary intake of zeaxan-
thin and was ranked as the third main contributor after citrus fruits and green
vegetables (Garcia-Closas et al. 2004). More population studies are needed, how-
ever, regarding the nutritional and health contributions of carotenoids as provided
by potatoes.
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2.3 Antioxidant Activity

Antioxidant activity (AA) describes the capacity of redox molecules in foods and
biological systems to scavenge free radicals considering the additive and synergis-
tic effects of all antioxidants rather than the effect of single compounds, and may,
therefore, be useful to study the potential health benefits of antioxidants on oxida-
tive stress-mediated diseases (Puchau et al. 2010). In that context, mixtures of
phytochemicals found in plant foods are more effective in improving antioxidant
status than isolated phytochemicals (DeGraft-Johnson et al. 2007). The antioxi-
dant activity of foods as assessed by indices such as ferric reducing ability of
plasma (FRAP) has been indicated to be a valid and reproducible determinant of
human plasma AA measurements (Rautiainen et al. 2008). Antioxidant capacities
of food staples such as potatoes could thus potentially affect the antioxidant status
of that population.

The antioxidants in potato are mainly hydrophilic (polyphenols, ascorbic acid,
anthocyanins, and flavanols) (Fig. 2.3) (Reyes et al. 2005). In white- or yellow-
fleshed potatoes, prevalent contributors of AA are chlorogenic acid, gallic acid, caf-
feic acid, and catechin (Reddivari et al. 2007a), while in purple- and red-fleshed
potatoes the major contributors to AA are anthocyanins and chlorogenic acid
(Lachman et al. 2009). Potatoes also contain lipophilic antioxidants (carotenoids
and vitamin E) (Fig. 2.4).

Because antioxidant activity of potato anthocyanins results from the synergistic
effect of each anthocyanin pigment (Hayashi et al. 2003), it is important to assess
different pigmented potato cultivars for individual anthocyanidin content, as well as
the contribution of the anthocyanidin composition to their antioxidant activity. A
high degree of hydroxylation and/or methoxylation of individual anthocyanidins
could contribute in conjunction with other phenolics to high AA (Lachman
et al. 2009).

Burgos et al. (2013b) reported that boiled potatoes of purple-fleshed potato vari-
eties have an AA ranging from 4017 to 17,304 mg Trolox equivalents (TEq)/g, FW
as determined by the 2,2-azino-bis-3-ethylbenzthiazoline-6-sulfonic acid (ABTS)
antioxidant capacity measure and from 2369 to 9754 mg TEq/g, FW as determined
by 1,1-diphenyl-2-picryl-hydrazyl (DPPH) antioxidant capacity assay. Compared to
other sources of antioxidants, potato has lower AA than strawberry, blackberry, and
blueberry as determined by the ABTS assay (around 25,030-50,000 mg TEq/g, FW,
Garcia-Alonso et al. 2004). However, as indicated above the overall contribution of
potato to the antioxidant intake of a population will finally depend in the amount of
potatoes typically consumed.

Ombra et al. (2015) reported after simulated gastrointestinal digestion, the
extracts from purple potato have high in vitro antioxidant, antimicrobial, and
anti-proliferative activities against the colon cancer cells Caco-2 and SW48 and the
breast cancer cells MCF-7 and MDA-MB-231.

After digestion of cooked tubers from purple-fleshed potatoes using a dynamic
human gastrointestinal model, Kubow et al. (2017) found an increased FRAP anti-
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HO = &

Anthocyanins R1 R2 R3
pet-3-coum-rut-5-glc OMe OH p-coumaric acid
peo-3-coum-rut-5-glc OMe H p-coumaric acid

cyan-3-coum-rut-5-glc OH H p-coumaric acid
mal-3-coum-rut-5-glc OMe OMe p-coumaric acid
pel-3-coum-rut-5-glc H H p-coumaric acid

Fig. 2.3 Chemical structure of hydrophilic antioxidants in potato
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Fig. 2.4 Chemical structure of lipophilic antioxidants in potato

oxidant activity in the colonic reactors. Metabolic microbial breakdown of antho-
cyanins over a 24 h period appeared to generate sufficient amounts of microbial
metabolites to produce an improvement in antioxidant capacity. Anthocyanins and
their metabolites can, via antioxidant activity, provide protection for intestinal cells
against oxidative stress in the gut, and hence alleviate gut inflammation, protect
against colorectal cancer, and generally enhance colorectal health.
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2.4 Glycoalkaloids

Glycoalkaloids are secondary plant metabolites that serve as natural defenses
against bacteria, fungi, viruses, and insects (Friedman 2004). They can be toxic for
humans when present in high concentrations, and can impart a bitter taste to pota-
toes. However, glycoalkaloids and hydrolysis products without the carbohydrate
side chain (aglycones) also have beneficial effects that include: lowering of choles-
terol (Friedman et al. 2003) and inhibition of the growing of cancer cells in culture
as well as tumor growth in vivo (Friedman 2015).

Although there are many glycoalkaloids, a-chaconine and a-solanine make up
95% of the total glycoalkaloids present (Friedman et al. 1997); a-solanine is found
in greater concentrations than a-chaconine, and a-solanine has only half as much
specific toxic activity as a a-chaconine (Lachman et al. 2001).

Experiments with human taste panels revealed potato varieties with glycoalka-
loid levels exceeding 14 mg/100 g FW tasted bitter (Friedman 2006). Those in
excess of 22 mg/100 g FW also induced mild to severe burning sensations in the
mouths and throats of panel members.

Glycoalkaloid levels vary greatly in different potato varieties and may be influ-
enced by factors such as light, mechanical injury, and storage. They are also influ-
enced by stress such as heat and drought during production. This raises concern for
maintaining the quality of potatoes under climate change (Andre et al. 2009), and
suggests increased attention may be needed to glycoalkaloid concentrations of
potato varieties bred for or grown in warm environments.

Glycoalkaloid concentration of raw potatoes ranges from 0.7 to 18.7 mg/100 g
FW (Friedman et al. 2003). Peeling significantly reduced the glycoalkaloid levels in
the tubers: solanine to 43.6% and chaconine to 31% (Lachman et al. 2013). Cooking
also significantly reduced the levels of glycoalkaloids (Tajner-Czopek et al. 2008),
with boiling reducing the levels of glycoalkaloids more than baking and microwav-
ing (Lachman et al. 2013).

Glycoalkaloid content in potato tubers should not exceed 20 mg/100 g FW,
because this level is dangerous for human health (Ruprich et al. 2009). The toxicity
of glycoalkaloids at appropriate high levels may be due to adverse effects such as
anticholinesterase activity on the central nervous system and to disruption of cell
membranes adversely affecting the digestive system and general body metabolism
(Friedman et al. 2003). The toxicity of glycoalkaloids is associated with the syner-
gistic interaction between two main components of glycoalkaloids: a-solanine and
a-chaconine.

However, glycoalkaloids also have anti-carcinogenic properties. Exposure of
cancer cells to glycoalkaloids produced potatoes (x-chaconine and a-solanine) or
their hydrolysis products (mono-, di-, and trisaccharide derivatives and the agly-
cones solasodine, solanidine, and tomatidine) inhibits the growth of the tumor cells
in culture as well as in vivo tumor growth (Friedman 2015). On the basis of the anti-
carcinogenic properties of these potato components, it is conceivable that the levels
typically noted in commercial potatoes might help to protect against multiple can-
cers. Epidemiological studies, however, are needed to substantiate this possibility.
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2.5 Contribution to Health

Population-based epidemiological studies have emphasized the importance of nutri-
tion to combat metabolic disorders emerging worldwide that have been associated
with diet, such as diabetes, cancer, and cardiovascular diseases. In that regard,
higher intakes of fruits and vegetables have been consistently indicated to exert
protective effects against such chronic diseases (Dragsted et al. 2006). Potato has
been underappreciated relative to other vegetables as it has been subject to contro-
versy such as being labeled as a contributor to development of obesity and diabetes
(Burlingame et al. 2009). On the other hand, potatoes contain relatively high con-
centrations of key phytonutrients that have shown bioactivities that could counteract
chronic disease development (Ezekiel et al. 2013). Potatoes have shown promising
health-promoting effects in human cell culture, experimental animals, and human
clinical studies, including anti-cancer, hypocholesterolemic, anti-inflammatory,
anti-obesity, and anti-diabetic properties. Nutritional compounds of potatoes such
as phenolics, anthocyanins, fiber, starch as well as compounds considered anti-
nutritional such as glycoalkaloids, lectins, and proteinase inhibitors are believed to
contribute to the health benefits of potatoes (Fig. 2.5). As there are many biological
activities attributed to the compounds present in potato, some of which could be
beneficial or detrimental depending on specific circumstances, long-term studies
investigating the association between potato consumption and diabetes, obesity,
cardiovascular disease, and cancer while controlling for fat intake are needed
(Visvanathan et al. 2016).

2.5.1 Anticancer Effect

Several studies have shown a reduction in proliferation of cancer cells when treated
with potato extracts. Potato antioxidants such as phenolic acids and anthocyanins,
glycoalkaloids, fiber, and proteinase inhibitors identified in potatoes have been
implicated in the suppression of cancer cell proliferation in vitro and in vivo.

2.5.1.1 Role of Potato Antioxidants

Phenolic acids and anthocyanins are potato antioxidants that have reported anti-
carcinogenic activity. Hayashi et al. (2006) reported that anthocyanins in steamed
purple and red potatoes suppressed the growth of benzopyrene-induced stomach
cancer in mice. Reddivari et al. (2007b) found that the anthocyanin fractions from
potato extracts were cytotoxic to prostate cancer cells through activation of caspase-
dependent and caspase-independent pathways. Madiwale et al. (2011) reported that
purple flesh potatoes rich in anthocyanins suppressed proliferation and elevated
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apoptosis of colon cancer cells compared with white and yellow flesh potatoes. In a
more recent study, Charepalli et al. (2015) found that extracts of purple-fleshed
potatoes suppress colon tumorigenesis via elimination of colon cancer stem cells.
Chlorogenic acid, the main phenolic acid of potato, is effective against human liver,
colon, and prostate cancer cells (Wang et al. 2011) and inhibits significantly the
proliferation of colon cancer and prostate cancer cells.
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2.5.1.2 Role of Potato Glycoalkaloids

a-Solanine and a-chaconine, the main steroidal glycoalkaloids in potatoes, are well
studied for their antitumor properties (Friedman 2015). Lee et al. (2004) found that
a-solanine exhibited growth inhibition and apoptosis induction in multiple cancer
cells such human colon (HT29) and liver (HepG2) cancer cells. Friedman et al.
(2005) evaluated the anti-carcinogenic effect of a-solanine and a-chaconine
extracted from five fresh potato varieties (Dejima, Jowon, Sumi, Toya, and Vora
Valley) and found that glycoalkaloids exerted anti-proliferative effects of the fol-
lowing human tumor cell lines: cervical (HeLa), liver (HepG2), lymphoma (U937),
stomach (AGS and KATO III) cells, and on normal liver (Chang) cells. Friedman
et al. (2005) also reported that the anti-proliferative effects of the glycoalkaloids
were concentration dependent and that o-chaconine was more bioactive than
a-solanine. Yang et al. (2006) found that a-chaconine induced the apoptosis of
HT-29 human colon cancer cells through caspase-3 activation and inhibition of
extracellular signal-regulated kinase phosphorylation.

Reddivarietal. (2010) showed that a-chaconine exhibited potent anti-proliferative
properties and increased cyclin-dependent kinase inhibitor p27 levels in two pros-
tate cancer cell lines, LNCaP and PC3. More recently, it has been reported that
a-solanine, has a positive effect on the inhibition of pancreatic cancer cell growth
in vitro and in vivo. Sun et al. (2014) demonstrated that a-solanine inhibited cancer
cell growth through caspase 3-dependent mitochondrial apoptosis and that the
expression of tumor metastasis-related proteins, MMP-2 and MMP-9, was also
decreased in the cells treated with a-solanine. Lv et al. (2014) reported that
a-solanine inhibited proliferation of PANC-1, sw1990, MIA PaCa-2 cells in a dose-
dependent manner, as well as cell migration and invasion with a toxic dose and that
the administration of a-solanine during 2 weeks in a xenograft model reduces the
tumor volume and weight by 43—61%. These studies showed beneficial effects on
pancreatic cancer in vitro and in vivo, which may be mediated via suppressing path-
ways involving proliferation, angiogenesis, and metastasis.

2.5.1.3 Role of Potato Fiber

Langner et al. (2009) reported that commercially available potato fiber extract
(Potex) exhibited anti-proliferative effects in several tumor cell cultures. The fiber
extract decreased cancer cell motility, induced apoptosis, and also caused morpho-
logical changes in tumor cells.

2.6 Anti-diabetic and Anti-obesity Effects

Potato consumption has often been associated in cohort studies with elevated risk of
type 2 diabetes (Muraki et al. 2016) and obesity (Borch et al. 2016), which has been
attributed to a relatively high glycemic index in some potato varieties and processed
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potato products containing added saturated and trans fats. A major confounding fac-
tor in such studies is typical Western dietary patterns associated with increased dis-
ease risk typically include potato consumption along with high intake of red and
processed meat, refined grains, high-fat dairy products, fried foods and sugar
(Pastorino et al. 2016). More research is needed to adjust association of food items
such as potatoes in such dietary patterns (Hu 2002). Moreover, RDS present in
cooked potatoes (especially amylose) tends to retrograde upon cooling generating
appreciable amounts of slowly digestible starch (SDS) or resistant starch (RS) that
contribute to dietary fiber content (Sajilata et al. 2006) and potentially positively
impact health by slowing postprandial glucose release from cooked potatoes (King
and Slavin 2013).

GI values below 56 are considered as low glycemic index while values above 74
are considered to indicate a high glycemic index. GI values in potato ranged from
56 to 94 for eight British cultivars (Henry et al. 2005) and from 53 to 103 for seven
Australian cultivars (Wang et al. 2014). When boiled red potatoes were served hot
to volunteers, a GI of 89.4 was found (Fernandes et al. 2005). When cooking is fol-
lowed by cooling, amylose retrogrades to produce resistant starch. The GI response
was only 56.2 when cooking was followed by refrigeration of 12-24 h.

Potato chips and French fries have been implicated by some nutrition researchers
as major contributors to obesity risk as these products contain a high fat and caloric
content. Potato servings, however, are not likely in themselves to promote obesity
as potatoes are considered to have a low energy density as they are a low-fat food
with a high-water content (Anderson et al. 2013). Potato-based foods with high
calorie fat additions have been considered as a major culprit towards obesity risk
(Camire et al. 2009).

Conversely, potatoes may have a role in controlling appetite and therefore weight
gain, by contributing to satiety. Satiety is the feeling of fullness and the loss of hun-
ger that occur after eating. Many factors influence satiety, including the rate of gas-
tric emptying and the proportion of macronutrients in the food. Foods that increase
satiety are thought to promote weight control by delaying subsequent meals and
total calories consumed (Camire et al. 2009). Compared to rice and pasta, adult
feeding studies have shown that satiating amounts of potatoes co-ingested with
meat resulted in lower energy intake and postprandial insulin concentrations; and
higher levels of ghrelin, which is a gastric orexigenic appetite-stimulating hormone
that contributes to feeding regulation (Erdmann et al. 2007). Likewise, studies
involving children showed that meat co-ingestion with boiled mashed potato
resulted in an approximate 40% lower energy intake as compared to meat consumed
together with either pasta or rice (Akilen et al. 2016). The stronger satiety of boiled
mashed potato for the calories consumed was related to similar suppression of
ghrelin postprandially relative to the other carbohydrate-rich foods despite the lower
potato meal intake. Short-term intervention studies have generally indicated that
high GI meals decrease satiety, and an increase in the return of hunger and energy
intake at a later meal as opposed to low glycemic index meals containing potatoes
(Roberts 2000).
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2.7 Anti-hyperlipidemic, Anti-hypertensive
and Anti-inflammatory Effects

A variety of animal feeding studies have shown cholesterol-lowering properties
from potato intake that have been related to its content of protein, resistant and
phosphorylated starch, fiber, glycoalkaloids (Friedman 2006), and phenolic com-
pounds (Friedman 1997). Robert et al. (2006) found that consumption of cooked
potatoes (consumed with skin) improved lipid metabolism in cholesterol-fed rats.
Rats fed a potato-enriched diet for 3 weeks had lower concentrations of plasma
cholesterol and triglycerides and reduced liver cholesterol content. Hashimoto et al.
(2006) showed that retrograded starch from two varieties of potato pulp lowered
serum total cholesterol and triglyceride concentrations. The authors indicated that
the retrograded starch promoted the excretion of bile acids resulting in a low con-
centration of serum cholesterol; and that retrograded starch inhibited the synthesis
of fatty acids at the mRNA levels of fatty acid synthase (FAS) and SREBP-Ic,
which might be related to the observed reduction of the serum triglyceride concen-
trations. Kanazawa et al. (2008) reported that gelatinized potato starch containing a
high level of phosphate reduced concentrations of serum-free fatty acids and tri-
glycerides and liver triglycerides.

Liyanage et al. (2008) have demonstrated the hypocholesterolemic effect of
potato peptides. Rats fed a cholesterol-free diet containing 20% (w/w) potato pep-
tides showed greater concentrations of serum high-density lipoprotein (HDL) cho-
lesterol and increased fecal steroid output and lesser non-HDL cholesterol
concentrations than rat fed diets containing 20% casein peptides. The results were
attributed to inhibition of cholesterol absorption, possibly via suppression of micel-
lar solubility of cholesterol. In a follow-up study, Liyanage et al. (2009) found that
potato peptides reduced the serum non-HDL cholesterol concentrations by stimulat-
ing fecal steroid excretion, accelerated by cecal short-chain fatty acids in a hyper-
cholesterolemic rat model. There is a lack of data, however, from randomized
controlled trials to demonstrate a relationship between potato consumption and
blood lipid parameters in humans.

Vinson et al. (2012) showed a significant lowering of systolic blood pressure in
humans after supplementation to hypertensive subjects in a 4-week cross-over trial
involving consumption of six to eight small purple potatoes twice daily versus no
potato intake. The blood pressure lowering effect was related to high intake of poly-
phenols associated with the pigmented potatoes. This latter intervention trial is
contrasted by an analysis from three large prospective cohort studies indicating
increased hypertension risk in association with potato intake of four or more serv-
ings per month as opposed to one serving per month (Borgi et al. 2016). A major
limitation of such trials is that co-ingestion of salt, high-salt foods, saturated or trans
fats with potatoes could have contributed to the hypertension risk as opposed to
potato per se, particularly since potatoes are typically eaten in a meal context (Miller
and Stanner 2016). In support of this contention, a 3-year longitudinal study of
Japanese people showed that adherence to a traditional Japanese dietary pattern
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exerted favorable effects on blood pressure that was partly associated with potato
intake (Niu et al. 2016).

Relatively high intake of potassium is needed to counteract the blood pressure
raising effects of a high sodium diet and so protect against hypertension (Camire
etal. 2009). An increase in consumption of potassium-rich foods has been promoted
to combat hypertension and cardiovascular disease (WHO 2012). In that regard,
intake of potassium-rich foods has been indicated to protect against stroke risk
(Adebamowo et al. 2015). As potatoes are rich in potassium and are naturally very
low in sodium content, this food could counter development of hypertension-
associated diseases. Additionally, Makinen et al. (2008) reported that a protein iso-
lated from vascular bundle and inner tuber tissues of potato enhanced the inhibition
of the angiotensin converting enzyme I, a biochemical factor affecting blood pres-
sure that contributes to hypertension.

Kaspar et al. (2011) found anti-inflammatory effects in healthy men consuming
white and pigmented potatoes with greater effects from pigmented potatoes. Potato
phenolics and glycoalkaloids have shown evidence of anti-inflammatory activities
(Kenny et al. 2013). Indigestible carbohydrates including resistant starch and fiber
have demonstrated the ability to modulate inflammatory markers in both animal
models (Vaziri et al. 2014) and human clinical trials (Jiao et al. 2015). Hence, the
contribution of resistant starch or fiber from select potato products may have also
direct impact on inflammatory stress in humans.

2.8 Potato and Its Relationship with Cardiovascular Diseases

As a key dietary source of potassium, vitamin C, and dietary fiber, potatoes contrib-
ute significantly to nutrients with defined roles in promoting cardiovascular health
(McGill et al. 2013). Boiled potatoes have been shown to have favorable impact on
several measures of cardiometabolic health in animals and humans, including low-
ering blood pressure, improving lipid profiles, and decreasing markers of inflamma-
tion (McGill et al. 2013). When eaten as a regular food item and consumed with
skin, potato intake can significantly enhance cardioprotective fiber intake that is
generally lacking in Western-type diets (Lockyer et al. 2016). Large prospective
studies in Sweden involving a 13-year follow-up showed no adverse relationship of
higher potato intake with cardiovascular risk for either morbidity or mortality
(Larsson and Wolk 2016). Similarly, a systematic review of five observational
studies carried out by Borch et al. (2016) showed no convincing evidence to support
an adverse association between unprocessed potato intake and the risk of develop-
ing metabolic disorders including obesity, type 2 diabetes, and cardiovascular dis-
ease. On the other hand, processed potato products like French fries and potato
crisps, with high lipid and trans fats content and added sodium can have adverse
effect of the heart health and so should be minimized in the diet. In that regard,
despite the lack of a relationship between chronic disease risk and potato intake in
the above comprehensive review by Borch et al. (2016), they showed that French
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fries and fried potato were associated with an increased risk for obesity and type 2
diabetes. Likewise, a longitudinal study involving 4440 subjects with an 8-year
follow-up showed no association between higher potato intake and mortality risk,
whereas participants who consumed fried potatoes two to three times/week had an
increased mortality risk (Veronese et al. 2017). Camire et al. (2009) have recom-
mended preparing potatoes with minimum lipid addition and consume potatoes
with peels to conserve their cardiovascular health promoting properties.

2.9 Concluding Remarks

Potato is an important source of carbohydrates, resistant starch, quality protein,
vitamins C and B6 as well as potassium. Potatoes are also a source of antioxidants.
Chlorogenic acid and glycoalkaloids are present in all potatoes independently of the
flesh color while deep yellow-fleshed potatoes contain high amounts of lutein and
zeaxanthin; and purple-fleshed potatoes contain high amounts of anthocyanins.
Potatoes glycoalkaloids in high concentrations can be toxic to humans but in low
concentrations can have beneficial effects such as inhibition of the growth of can-
cer cells.

The contribution of potato to the diet is affected by cooking, potato intake, and
the bioavailability of potato nutrients. Potato vitamins are significantly reduced
after cooking. However, 100 g of cooked potatoes provide around 30% of the
requirement of vitamin C and 20% od the requirement of vitamin B6. Potato carot-
enoids and anthocyanins show high recoveries after cooking due to an improved
release of these antioxidants. In vitro studies demonstrate that potato lutein and
zeaxanthin have a high bioaccessibility and that potato phenolics undergo microbial
transformation in the intestinal tract producing metabolites that may also promote a
healthy gut microbiome. Further research in humans is needed to confirm the ben-
eficial effect of potato phenolics in the gut.

In areas where potato is consumed in large quantities like in the highlands of
Latin American countries, the potato contribution to the energy, protein, iron, and
zinc intake is significant. In those areas, iron and zinc biofortified potatoes are
expected to contribute to reduce malnutrition and anemia. Nevertheless, to assess
the full potential of the biofortified potatoes, human studies are required to gain
insight on how much of the iron from biofortified potatoes are absorbed by the
human body.

Regarding its contribution to human health, potatoes have shown promising
health-promoting effects in human cell culture, experimental animals, and human
clinical studies. Potato compounds such as phenolic acids and anthocyanins, gly-
coalkaloids, fiber, and proteinase inhibitors have been implicated in the suppression
of cancer cell proliferation in vitro and in vivo and are believed to contribute to the
hypocholesterolemic, anti-inflammatory, anti-obesity and anti-diabetic properties
of potato.
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Chapter 3

Enhancing Value Chain Innovation
Through Collective Action: Lessons
from the Andes, Africa, and Asia

André Devaux, Claudio Velasco, Miguel Ordinola, and Diego Naziri

Abstract The development community has shown increasing interest in the poten-
tial of innovation systems and value chain development approaches for reducing
poverty and stimulating greater gender equity in rural areas. Nevertheless, there is a
shortage of systematic knowledge on how such approaches have been implemented
in different contexts, the main challenges in their application, and how they can be
scaled to enable large numbers of poor people to benefit from participation in value
chains. This chapter provides an overview of value chain development and focuses
on the International Potato Center’s experiences with the Participatory Market
Chain Approach (PMCA), a flexible approach that brings together smallholder
farmers, traders, processors, researchers, and other service providers in a collective
process to explore potential business opportunities and develop innovations to
exploit them. The PMCA is an exemplary case of South—South knowledge exchange:
it was first developed and implemented in the Andes, but has since been introduced,
adapted, and applied to different market chains in Africa and Asia, where it has
contributed to improved rural livelihoods. The experiences of adjusting and imple-
menting the approach in these different contexts and the outcomes of those inter-
ventions, and complementary approaches, are examined in this chapter. Lessons
learned from these experiences are shared with a goal of informing the promotion,
improvement, and scaling of value chain approaches in the future.
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3.1 Introduction

Agriculture is rapidly changing in developing countries in response to a variety of
factors that include enhanced access to technologies, increased urbanization, shift-
ing in diets, improvements in farmers’ education and health, institutional and policy
reforms, and investments in rural infrastructure. At the same time, the growing num-
ber of supermarkets—referred to as “supermarket revolution” (Reardon and
Hopkins 2006)—and the smallholder agriculture integration in changing food mar-
kets are helping to create new income opportunities and a more dynamic environ-
ment; one in which new technologies and agricultural practices can contribute to
helping smallholder farmers respond to these changes and associated challenges.
Facilitating sustainable access to high-value markets can enable poor farmers to
increase their incomes, making it an effective strategy for reducing poverty (Wiggins
and Keats 2013). But those farmers are often at a disadvantage when it comes to
producing for and doing business in high-quality food chains and ensuring compli-
ance to both public and private standards (Henson and Humphrey 2010), given their
limited access to financial and other services, and their largely poor organizational
capacity for collective marketing. Furthermore, their market connections are mostly
informal and characterized by high levels of distrust, uncertainty, and transaction
costs. This is particularly true for perishable crops, such as potatoes, which are
grown on small farms in mountainous areas. For agricultural research to benefit
such farmers and make value chains more inclusive, it must be complemented by
other efforts to improve the regulatory environment, alleviate resource constraints,
and build local capacity to respond to evolving technological and economic chal-
lenges and opportunities. It may also be necessary to act to influence the incentives
and constraints faced by market actors, so that they can communicate more effec-
tively with farmers and establish mutually beneficial and enduring business
relationships.

There are clear signs that agro-industries are having a significant impact on eco-
nomic development and poverty reduction globally, both in urban and rural com-
munities (FAO 2013). Despite the risks associated with high-value markets, changes
in and around the agri-food sector can contribute to the development of better sup-
port services for farmers, such as technology, extension, and financial products.
There is evidence that small producers with access to technical support services are
more willing to adopt new technologies and make investments to take advantage of
emerging market opportunities (Royer et al. 2016).

Traditionally, different organizations have designed and implemented different
types of interventions in agriculture and associated markets. While public agricul-
tural research and extension programs have focused mainly on increasing agricul-
tural production and productivity, nongovernmental organizations (NGOs) and
other entities have focused on commercialization and the development of inclusive
value chains. The impact of interventions in these areas has primarily been con-
strained by the lack of holistic approaches that address the challenges and opportu-
nities along the value chain while taking into consideration the needs and capacities
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of different value chain actors, from input suppliers to farmers, agro-industries, and
consumers. Accordingly, development practitioners have progressively introduced
the so-called innovation system approaches which bring together different value
chain stakeholders in recognition of the fact that systematic change occurs through
the interactions of multiple actors—both individual and institutional—and sources
of agricultural knowledge and innovation (Biggs 2008; Schut et al. 2016). However,
the practical application of agricultural innovation systems and inclusive value
chain approaches—and in particular the integration of these two approaches—is a
challenge. This has been documented by studies, such as those presenting the results
of recent work by the CGIAR! consortium and partners in Africa, Asia, and Latin
America, in which the opportunities arising from new and expanding markets for
agricultural products are analyzed and the challenges for smallholder participation
in these markets, and benefits derived from participation, are identified (Devaux
et al. 2016). In Latin America, Devaux et al. (2009) present the case of the Papa
Andina Initiative in the Andes, which used collective action to promote innovation
in the market chain through two approaches: The Participatory Market Chain
Approach (PMCA) (Devaux et al. 2009) and Innovation Platforms (Thiele et al.
2011b). Both approaches sought to promote the interaction of small-scale potato
producers with market actors and agricultural service providers, with a goal of
establishing alliances and contractual agreements in response to new market
opportunities.

This chapter offers some perspectives on value chain development and presents
the experiences of the International Potato Center (CIP) with the PMCA. This
approach, originally developed to increase competitiveness and improve the liveli-
hoods of small-scale potato producers in the Andes, has proved useful in other mar-
ket chains and in other parts of the world, such as East Africa and Asia. The chapter
unfolds as follows. We first present the experiences of implementing the approach
in the Andes, and the adjustments that have been made to it, while analyzing factors
that have influenced its implementation. We then describe and analyze the experi-
ences of replicating and validating the approach in different contexts and regions.
Finally, we discuss the lessons learned in order to inform the design of interventions
that use the PMCA approach as a research for development tool and provide insights
for its replication and adaptation elsewhere.

3.2 General Concepts of Value Chain Development

The term ““value chain” is used in different ways in literature. In this chapter, by
“value chain” we refer to a set of actors that interact to transform inputs and services
into products with attributes that consumers are willing to buy. The debate sur-
rounding value chains in recent years has been about understanding the changes that

'CGIAR is a global research partnership for a food-secure future (http://www.cgiar.org/)
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take place in some rapidly evolving markets for agricultural products, the conse-
quences of these changes for the poorest actors in the market (specifically small
producers and small-to-medium-sized companies), and effective alternatives that
governments, development organizations, and the private sector can provide to sup-
port those value chain actors. Millions of people with low-incomes—a large portion
of them women—participate in agricultural value chains as producers, traders, pro-
cessors, and retailers (Fig. 3.1). Many millions more, including the majority of the
poor in the developing world, participate in agricultural value chains as workers or
consumers. Improving the performance of agricultural value chains can thus benefit
a large number of people (Reardon and Timmer 2012; Reardon et al. 2012).

We refer to “value chain development” (which we abbreviate as VCD hereafter)
as a type of intervention aimed at reducing poverty through improved links between
companies, urban dwellers and rural producers. It has been defined as “A positive or
desirable change in a value chain to extend or improve productive operations and
generate social benefits: poverty reduction, income and employment generation,
economic growth, environmental performance, gender equity and other sustainable
development goals” (UNIDO 2011). From this perspective, many development
agencies, donors, and governments have adopted the value chain approach as a key
element of their strategies to reduce rural poverty (Humphrey and Navas-Alemén
2010). In contrast to traditional agricultural research and development (R&D)
approaches, which focus on improving the capacities of small producers to increase
their productivity or better manage natural resources, the VCD approach challenges
R&D organizations to work with diverse actors to understand how a value chain
functions and identify mutually beneficial options to improve its efficiency.

Input suppliers
Producers i
~—
-
Producer associations 4
Buyers/transporters
FYocessors Flow of good
Input suppliers
Wholesale/retail —— ~p Technical assistance,
support services
and systems

Fig. 3.1 Simple value chain (Devaux et al. 2016)
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While the globalization of markets offers opportunities to market higher value
products that simply did not exist before, these markets generally demand much
more in terms of business acumen, efficiency and attention to quality and food
safety standards than traditional product markets (Reardon et al. 2009). Participation
in value chains for more demanding markets requires small-scale producers to
deliver a regular supply of products of consistent quality in sufficient quantity at the
right time and price. The fulfillment of these conditions requires access to land,
inputs, technology, knowledge, organizational capacity, ability, and infrastructure,
which may be lacking in some communities or groups of resource-poor farmers.
Public policies are also needed to adapt government strategies to different situations
and support the participation of smallholder farmers in more dynamic value chains.
Smallholders are at a disadvantage compared to medium- and large-scale producers
when it comes to taking advantage of these transformations, since they are often
located in areas with less private and public infrastructure, are further away from
markets, produce comparatively little amounts of products than need consolidation,
and have less favorable conditions for high-yielding agriculture.

In this context, CIP, within the framework of its activities in the Andean region,
developed a more integrated, participatory approach that combines agricultural, insti-
tutional, and value chain innovations while seeking synergies. Called the Participatory
Market Chain Approach (PMCA), it is a flexible approach that tries to involve small-
scale farmers, market agents (traders, companies, and processors among others),
researchers, and service providers in a collective process to identify and explore poten-
tial business opportunities that can equitably benefit the diverse actors of a selected
value chain (Bernet et al. 2006). It was developed and applied for the first time in Peru,
to increase competitiveness in potato market chains, which are important components
of local agri-food systems, and to contribute to improving the livelihoods of small
farmers. Subsequently, thanks to CIP’s global presence, the approach was introduced
and adapted together with local organizations that applied it to different market chains
in other countries in the Andes, Africa, and Asia, in an example of South—South knowl-
edge exchange. The PMCA is most effective when it is implemented as part of a com-
prehensive strategy that includes support to farmers' organizations, business
development, policy change, and public advocacy. CIP spearheaded the development
of the PMCA and has supported the development of local capacities needed to facilitate
successful innovation processes (Devaux et al. 2013).

3.3 The Participatory Market Chain Approach: Origin
and Characteristics

The regional initiative known as Papa Andina (Andean Potato) was implemented
from 1999 to 2010 to strengthen the capacity of R&D organizations in Bolivia,
Ecuador and Peru with the overall objective of increasing competitiveness and
improving the livelihoods of small-scale potato producers (Devaux et al. 2011).
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In 2002, CIP social scientists working in the Papa Andina program and the Potato
Innovation and Competitiveness Project in Peru (INCOPA)? began to experiment
with a participatory approach known as Rapid Appraisal of Agricultural Knowledge
Systems (RAAKS) (Engel and Salomon 1997). This approach brings together
diverse stakeholders in a participatory process to stimulate collective learning, fos-
ter trust, and promote innovation. Papa Andina used RAAKS to identify market
opportunities involving small-scale farmers, together with other value chain actors,
researchers, and service providers.

The participation of traders, supermarkets, food processors, and chefs in a pro-
cess of research for development was a radical break from previous participatory
R&D efforts, which had been limited to researchers and farmers. Many researchers
felt—and some still do—that working with market agents could distract research
for development scientists from their focus, which was solving farmers’ production
problems. When the interventions were implemented, additional steps were added
to RAAKS for the development of new products, resulting in a new approach, the
PMCA, which was implemented in Peru and then validated in Bolivia in 2003. In
subsequent years, this approach was applied in different contexts and thoroughly
documented (Ordinola et al. 2009; Devaux et al. 2011).

The PMCA involves the individuals participating in a market chain and service
providers, public and private, that support the chain—such as NGOs, financial ser-
vices providers, development professionals, and researchers—in a facilitated pro-
cess for identifying and developing innovations to exploit market opportunities.
Those innovations can be technological, commercial, or institutional. The PMCA
was conceived to be implemented in three phases that last between 9 and 18 months,
according to the public and private context and the actors involved (Bernet et al.
2006; Antezana et al. 2008). However, when applied in different contexts, it became
apparent that various activities might be required to consolidate progress in strength-
ening the relationships between the market chains’ actors and follow up on techni-
cal and commercial innovations after the conclusion of the three phases.

The PMCA'’s phases (Fig. 3.2):

e Phase 1. Getting to know market chain actors and their activities through
an assessment. The PMCA is initiated by an R&D organization that takes the
lead in selecting the market chain in which it will work, identifying potential
R&D partners and conducting exploratory and participatory diagnostic research
on the chain. This phase, which can last from 2 to 4 months, concludes with a
public event to discuss the assessment’s results, generate ideas for possible inno-
vations and motivate the actors of the market chain and service providers to
participate in Phase 2.

2The INCOPA project, managed by CIP with support from the Swiss Agency for Development and
Cooperation, was created to improve potato value chain competitiveness in Peru, with an emphasis
on native potatoes grown by smallholder farmers in Andean highlands.
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Objective per Phase Role of Participants Role of Facilitator

Phase 1

To get to know the different
market chain actors, their
ideas, etc.

+ Final event

Phase 2

To analyze in a participatory
manner potential joint
business opportunities

* Final event

Interest

Leadership

Facilitation

Phase 3 '

To implement joint business Collaboration | Backstopping ‘

opportunities
* Final event

Fig. 3.2 The structure of the methodology: the three phases of the PMCA (Source: Bernet et al.
2006)

Phase 2. Joint analysis of potential market opportunities and innovations

needed to take advantage of them. Representatives of participating R&D orga-
nizations facilitate the exploration and analysis of potential market opportunities.
Actors of the value chain and service providers are organized in thematic groups
that meet between 6 and 10 times to analyze potential opportunities, including
thorough technical or market studies. A second public event takes place at the
end of Phase 2 to discuss prioritized business opportunities and to encourage new
stakeholders, with the appropriate knowledge and complementary experience, to
join Phase 3.

Phase 3. Joint development of innovations. During this final phase, the group

focuses on the development, market testing, and launch of specific innovations.
This may require work in specialized areas such as processing, packaging, label-
ing or branding tests. Companies increasingly play a leading role in this phase.
The PMCA exercise closes with a third public event in which the market innova-
tions developed are presented to a wide selection of stakeholders such as public
officials, potential donors, policy makers, decision makers from the private sec-
tor (supermarkets, processors, etc.), the public and representatives of the media.

Experiences show that the implementation of the PMCA can deviate from the

orderly sequence of phases described above. While some groups have dissolved
before producing any useful innovation, others have advanced and launched cost-
effective innovations during Phase 2. Some groups have also continued to interact
and generate innovations years after the conclusion of the PMCA exercise.



82 A. Devaux et al.

3.4 Examples of Value Chain Intervention Implemented
in Several Geographies

Since the PMCA was developed, it has been adapted and applied to foster innova-
tion in varied value chains in different countries, including the following:

e Potatoes in Bolivia, Peru, Ecuador, and Indonesia

* Dairy products in Bolivia

* Organic coffee in Peru

*  Yams in Colombia

* Sweetpotatoes, tomatoes, and peppers in Uganda

* Potatoes, sweetpotatoes, bananas, and cassava in Uganda

e Agquaculture in Nepal and Bangladesh

* Amazonian fruits in Bolivia

e Fruits and vegetables in Nepal

e Organic and traditional products (e.g., home-made pasta, goat cheese, nuts,
honey, mushrooms, tea, and dried fruits and vegetables) in Albania

Only a few of these applications have been well documented and evaluated. In
the following sections, we analyze concrete examples of applications of the PMCA
in interventions for which there is sufficient published information (Table 3.1).

3.4.1 Peru’s Native Potato Revolution

From 2001 to 2010, more than 20 public organizations, NGOs and companies col-
laborated on the INCOPA project, within the framework of the Papa Andina
regional initiative. The project focused on both commercial potato varieties and the

Table 3.1 Experiences with the PMCA around the globe

Experience Product/s Country/ies Principal sources
(1) Peru’s native potato Potato Peru Ordinola et al. (2009, 2013,
revolution 2014), Horton and

Samanamud (2013)
(2) PMCA experiences in | Coffee, milk, yam, Peru, Bolivia, | Horton et al. (2013c)

different value chains in | and potato Colombia

the Andes

(3) The revalorization of | Potato Ecuador Montesdeoca et al. (2013),
native potatoes in Ecuador Montesdeoca (2016)

(4) Building capacity for | Potato, sweetpotato, | Uganda Mayanja et al. (2012, 2013),
innovation in Ugandan tomato, and hot Horton et al. (2010)

value chains peppers

(5) The PMCA and Potato, sweetpotato, | Indonesia, Horton et al. (2013a, b),
Farmer Business Schools | vegetables, coffee, Philippines International Potato

in Indonesia and cattle Center (2017a)
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native potato varieties that indigenous farmers in the Andes have traditionally
grown and consumed. Its objective was to promote innovations in native potato
production and commercialization in order to improve the competitiveness of this
value chain for the benefit of the small-scale farmers that produce them. To this
end, CIP and partners developed and used the PMCA as an applied research and
development approach. INCOPA worked to link small-scale producers of native
potatoes with researchers, development professionals, and a range of actors in
potato market chains (supermarkets, processors, etc.) to capitalize on the biodiver-
sity of native potatoes and their culinary, nutritional, and cultural attributes. The
implementation of the PMCA was complemented by efforts to promote alliances
and coordination between value chain actors through innovation platforms, to
increase public awareness of the virtues of native potatoes and to support the for-
mulation of policies in support of these chains. The PMCA acted as a catalyst for
innovations that—together with different interventions in the technical, institu-
tional and political spheres—triggered commercial, productive, and institutional
processes that continue to this day, and contributed to what has been dubbed “Peru’s
native potato revolution” (Horton and Samanamud 2013).

In Peru, two cycles of the PMCA were implemented. The first application
focused on the commercialization of improved potato varieties, whereas the second
cycle focused on native potatoes. The exercises included the participation of not
only researchers, Ministry of Agriculture officials, and typical market chain actors
but also chefs and supermarket managers. This was the first time that such a diverse
group met to collaborate on options for promoting the potato in Peru. The “new
actors” brought new energy, perspectives, and ideas to discussions that had previ-
ously been dominated by R&D professionals.

The first application of the PMCA, which started in 2002 in Peru, gave rise to the
country’s first brand of selected fresh potatoes, Mi Papa (My Potato), which was
distributed through the wholesale market in Lima. Subsequently, a new organization,
CAPAC Peru, was created with the participants to promote the commercialization of
high-quality local agricultural products, including potatoes marketed under the Mi
Papa brand. The second application of the PMCA resulted in two new products made
with Peru’s native potatoes. T'ikapapa was launched as the first brand of gourmet,
fresh native potatoes sold in supermarkets in the Peruvian capital, Lima. Shortly after
that, Jalca Chips, an innovative potato chip product made of naturally colored (blue,
red, yellow) native potatoes, was launched. Jalca Chips, sold in duty-free shops in
Lima’s international airport, opened the way for native potatoes into high-value, pro-
cessed products markets. Both products were sold in grocery stores but were eventu-
ally replaced in the market by other brands of better quality using native potatoes,
thanks to a process of creative imitation and improvement. Since then, more than 20
comparable native potato products have appeared on the market ranging from the
ones produced by small provincial companies to the products of multinational com-
panies, some of which are exported, as illustrated in Fig. 3.3 (Ordinola et al. 2009).
In addition to the new products, important ideas for policy initiatives, advocacy,
and awareness campaigns to promote potato consumption emerged during the
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Fig. 3.3 The PMCA as a trigger for innovation in the development of new potato products in Peru.
(Source: Updated based on Ordinola et al. 2009)

second cycle of the PMCA. Perhaps the most remarkable one was the creation of a
National Potato Day in Peru. It was established in 2005 and has been held annually
since then, in both Lima and the provinces. The Minister of Agriculture (MINAGRI)
established a special commission to organize the first event, which included organi-
zations that participated in the PMCA. Today this commission continues to function
as an institutionalized network and MINAGRI allocates an annual budget for the
celebration of National Potato Day, which promotes potatoes to the Peruvian peo-
ple. This commission supported the efforts of Peruvian government officials to get
the United Nations to declare 2008 as the International Year of the Potato. After that
proposal was accepted, the commission led numerous outreach activities to promote
the celebration of the International Year of the Potato in Peru throughout 2008. The
combination of innovations in the market chain, changes in supporting policies, and
enhanced public awareness have contributed to improving the image and percep-
tions of native potatoes in Peru.

Encouraging the big players in the market During the application of the PMCA
in Peru, some of the large players in the Peruvian market participated in the initial
meetings, but then abandoned the process because they perceived the process time-
consuming and saw few benefits in the short term. As a consequence, the first inno-
vations involved mostly small processing companies and not all of their efforts were
sustainable for different reasons, such as quality issues, lack of continuity and fail-
ure to position their products. The INCOPA project and its network of public-private
collaborators backed the initiatives of the most innovative small entrepreneurs. As
these products began to penetrate the markets, the large market players returned to
learn about opportunities for developing new potato-based products. They sup-
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ported the creation of institutional arrangements to organize an orderly supply of
quality potatoes through commercial arrangements such as contracts to promote
good practices that were backed by the project.

These efforts were supported by NGOs that worked in the regions where native
potatoes are grown, and that helped producers to organize themselves so to be to
supply a product that met the market’s quality requirements. The CAPAC Peru
platform,®> which emerged as an institutional innovation through the PMCA, has
supported the native potato value chain by promoting interactions between produc-
ers and market agents (Ordinola et al. 2009). With the revamped interest of bigger
market players led to the creation of an array of new potato-based products and dif-
ferent brands of native potato chips of superior quality, which ranged from the prod-
ucts of multinationals such as Frito Lay and Grupo Gloria to those produced by
small provincial companies, in response to market’s diverse demands. The PMCA
thus “triggered” a process whereby the second and third generation of innovations
are often more important than the ones developed during the approach’s initial
application (Ordinola et al. 2013; Proexpansién 2011). Figure 3.3 illustrates this
process.

Measuring impact In the province of Andahuaylas, in Peru’s Apurimac Region, a
study was implemented to evaluate the initial scope and impact of the INCOPA
project’s intervention through the CAPAC Peru platform, using the “impact path-
way” methodological framework (Maldonado et al. 2011). In this region, INCOPA
used the PMCA to promote the exploitation of market opportunities for native
potato biodiversity and improvements in the competitiveness of the potato value
chain. For this study, 80 producers in the intervention area were selected through
stratified sampling (sampling units are grouped by geographical location), and addi-
tional 66 farmers in the same areas were identified as a counterfactual group.

The main conclusions of this case study include:

1. Potato producers in the studied area expanded and diversified their commercial
relationships, mainly due to greater demand for native potatoes locally and from
supermarkets and agribusinesses in Lima;

2. Small producers in the study area managed to develop business skills and
improved their post-harvest management to the degree that they enjoyed
increased demand from the new markets that they accessed,;

3. Potato producers in the target group belong to organizations that maintained
relationships and links with institutions which were engaged through the PMCA
process and had continued to provide technical assistance and other services that
allowed more efficient business operations;

3 Cadenas Productivas Agricolas de Calidad en el Perii (Quality Agricultural Production Chains),
known as CAPAC Pert, was a second-level, social, economic, and technology promotion organiza-
tion that provided specialized services for the development of production chains for potato and
other tubers in Peru.



86 A. Devaux et al.

4. Farmers involved in the project attained higher average incomes through better
prices (26% higher than the control group) and higher sales volumes of potatoes,
especially native potatoes.

In a subsequent case study on the participation of potato growers in Peru’s cen-
tral highlands in native potato value chains, Tobin et al. (2016) studied the social
differentiation between participants and nonparticipants within communities and
the reasons for the inclusion or exclusion of households in the value chain. His find-
ings indicate that participation in value chains is not necessarily beneficial for all
small-scale farmers. For such programs to have broad social benefits, policies and
other institutional arrangements are needed to minimize the risks associated with
participation in such value chains and to provide support for participation in other
types of less demanding markets. Since high-value markets often require more
investment and assets, they are probably not the most appropriate option for lower-
income households. Horton and Samanamud (2013) indicate that families with less
land, less education, less access to credit, and less developed social networks have
benefited less from new market opportunities. But despite these shortcomings, the
same authors found that the innovation process generated by the PMCA helped to
improve the image of native potatoes and link small-scale farmers with sufficient
capacity to dynamic urban markets for potato-based products.

If we analyze the development of native potato value chains in Peru, it is clear
that the country’s economic and policy contexts have been favorable, including gov-
ernment support and beneficial policies, the participation of a committed private
sector, a gastronomic sector willing to promote native products, and the support of
international donors such as the Swiss Agency for Development and Cooperation,
which strengthened the innovation process through training and coaching in the
implementation of the PMCA and the development of innovations. This process
made it possible to transform a situation in which native potatoes were nothing
more than a subsistence food for poor farmers in the Andean highlands, with little
prospect of market-oriented agriculture, to one in which they are now recognized as
a noteworthy and nutritious Peruvian product that deserves a price premium in
urban markets and gourmet restaurants.

More recently, CIP has built upon this achievement with support from the
International Fund for Agricultural Development (IFAD) in a project to strengthen
innovation to improve the incomes, food security, and resilience of potato producers
in Bolivia, Ecuador, and Peru. This initiative complements IFAD’s public invest-
ment projects in these three countries and has contributed to expanding the PMCA
approach in the region.
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3.4.2 Analysis of PMCA Experiences in Different Value
Chains in the Andes

From 2007 to 2010, the Andean Change Alliance (Alianza Cambio Andino)* evalu-
ated the processes and results of PMCA implementation in VCD interventions in
the Andes. Eight applications of the PMCA were initiated under the leadership of
professionals at agricultural R&D organizations in Bolivia, Colombia, Ecuador, and
Peru. None of them had previously implemented the approach, but the Alliance
provided them with training and backstopping during implementation. Out of the
eight cases initiated, five were completed, four of which were analyzed based on the
greatest learning potential with the resources available for the study (Horton et al.
2013c). Those cases are:

Case 1. Marketing high-quality coffee in San Martin, Peru

Case 2. Developing and marketing of new dairy products in Oruro, Bolivia
Case 3. Development of new markets for yams in Northern Colombia

Case 4. Conserving and marketing native potatoes in Northern Potosi, Bolivia

A summary of the results achieved and analysis of each case, according to Horton
et al. (2013c), follows.

3.4.2.1 Case 1. Marketing of High Quality Coffee in San Martin, Peru

This case study focused on a women’s group that took the lead in the development
of a local market for locally produced coffee. Members of the group acquired
knowledge and skills in coffee processing and marketing and established a new
brand of coffee for the local market. Innovations included more careful selection of
coffee beans and improvements in roasting, grinding, and packaging. The applica-
tion of the PMCA motivated the creation of more networks and relationships among
the different stakeholders. They participated in a public event to promote the region’s
coffee in 2010 that attracted local authorities, private sector players, media, and
about 500 members of the public. Success in the commercialization of coffee helped
to consolidate the women’s group and raise its visibility in public and political cir-
cles, as well as in fairs and markets for organic products. They now play a more
prominent role in the local agricultural system.

* Alianza Cambio Andino (Andean Change Alliance) was a regional program of cooperation among
organizations and businesses in Bolivia, Colombia, Ecuador, and Peru that contributed to sustain-
able livelihoods in poor communities by improving the participation of small-scale farmers in
innovation processes.
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3.4.2.2 Case 2. Development and Marketing of New Dairy Products
in Oruro, Bolivia

Alocal foundation, SEDERA, directed and facilitated implementation of the PMCA
with the aim of diversifying the production of community dairy plants. SEDERA
and a group of local farmers were successful in producing mozzarella cheese that
met local quality requirements and was marketed under the brand Vaquita Andina.
The PMCA motivated local dairy producers to diversify the types of cheese they
produce and to improve the quality and sanitary standards of their product. While
the original goal was to sell the new mozzarella cheese to local pizzerias, this did
not materialize, mainly due to its relatively high price. Instead, the main consumers
were high-income households willing to pay a premium for a locally produced
cheese. The product has been sold in a store operated by SEDERA and in some
high-end food markets, including a supermarket in Oruro. Although the economic
benefits for small producers were limited, SEDERA gained experience in analyzing
market chains and facilitating innovation processes and is now using a more market-
oriented approach to its development work.

3.4.2.3 Case 3. Development of New Markets for Yams in Northern
Colombia

In April 2008, the PBA Foundation facilitated the PMCA’s implementation in 7
market chains over a period of 13 months. Some progress was made in improving
the marketing of yams, but no new distinctive yam product was developed or mar-
keted. To sell higher quality yams at better prices, small farmers increased plant
density and improved the selection and cleaning of harvested tubers. Some ship-
ments of fresh yams to the US were made, but the Colombian farmers faced strong
competition from other Caribbean suppliers in that market. Commercial trials of
high-quality yam fiber were hampered by a lack of resources for the construction of
a pilot plant. In light of the small size of local farmers’ organizations, the PBA
Foundation worked to establish a regional network of local associations to improve
their marketing performance. An unexpected result was the organization of suppli-
ers within the local market to better coordinate the flow of products and stabilize
price. The PBA Foundation has now incorporated elements of the PMCA into its
portfolio of participatory methods.

3.4.2.4 Case 4. Conservation and Commercialization of Native Potatoes
in Northern Potosi, Bolivia

PROINPA and the Center for Agricultural Development (CAD) have worked for
years to conserve the biodiversity of potatoes and other Andean crops and to reduce
rural poverty in northern Potosi. They facilitated the development of a new product
called Miskipapa, which consisted of selected and washed native potatoes sold in
meshes. To market Miskipapa, farmers had to improve the sorting and grading of
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their harvested potatoes. Although they expressed interest, there was little support
from local government agencies. Miskipapa was sold for 3 years in supermarkets in
La Paz and Cochabamba, in the shop of a mining union, two tourist hotels and farm-
ers’ markets. However, due to limitations in both supply and demand of native pota-
toes, the economic benefits for farmers were limited. Nevertheless, greater awareness
of the crop’s value contributed to renewed efforts to conserve the region’s native
potato biodiversity. The most significant result was the experience acquired by
CAD, which changed its emphasis from enhancing production to promoting market
chain innovation.

To analyze the factors that influenced PMCA implementation and results in these
interventions, Horton et al. (2013c) used the “Institutional Analysis and Development
(IAD) Framework™ developed by Ostrom (2005) and modified Devaux et al. (2009)
and Thiele et al. (201 1a). This framework considers four main groups of factors that
can influence the implementation and results of the PMCA:

e Macro context: which includes government policies, socio-economic conditions,
and the agro-ecological characteristics of the region that can influence VCD.

e Market chain: biophysical and technological characteristics of the market chain
in which the PMCA is being applied.

 Principal actors: attributes of the relevant market chain actors and service provid-
ers involved in the PMCA process.

e Rules in use: formal and (mainly) informal norms and customs that govern the
behavior of participants.

The macro context The pro-market policies of Colombia and Peru provided a
more favorable environment for the use of the PMCA than the policies of the
Bolivian government, which emphasize the role of the state and “communitarian
socialism.” Agro-ecological environments can also have an effect on the implemen-
tation processes and results. In the Bolivian highlands, where poverty is very high
and production conditions are adversely affected by climatic risks and the reduced
use of inputs, there are severe limitations on the implementation of VCD approaches
for the reduction of rural poverty.

The attributes of the chain Successful innovation is more likely in some market
chains than in others. In the cases involving coffee in Peru and, to a lesser extent,
dairy products in Bolivia, it was possible to bring in outside expertise to improve
processing. On the contrary, in the cases of native potato and yam, the knowledge
base for commercialization and processing was more restricted. One of the reasons
was eventually because the participatory process did not involve the required diver-
sity of participants because of the location and the opportunities linked to the value
chain selected. Coffee and dairy products also presented more opportunities for
processing, branding and product differentiation than potatoes and yams. As men-
tioned in the previous section, the processing of native potatoes into colorful potato
chips has emerged as a viable enterprise that can respond to the demands of urban
consumers in Peru and, to a lesser extent, in Bolivia. However, this type of industry
is typically based in urban areas and was not considered to be a viable option for the
potato farmers in northern Potosi, Bolivia.
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The main actors The cases analyzed enabled the identification of three types of
“champions” that can be crucial for the successful implementation of the PMCA,
and for the approach’s integration into the work of R&D organizations. The first
type of champion is the facilitator who coordinates the group and supports the inno-
vation processes; the second type is a manager/decision maker, who coordinates the
VCD intervention and the implementation of the approach, including mobilization
of resources; the third is a recognized leader within the market chain. In the first
case study, for example, the facilitator, from the NGO Practical Action in Peru,
played a key role in identifying and supporting local actors and facilitating the
change processes. A senior manager of the NGO also provided strong institutional
support. And the leader of the women’s group led the development of the new coffee
brand and the creation of networks with other actors in the local coffee sector. The
leadership and investment capacity of the private sector are also crucial for the ulti-
mate success of efforts to stimulate business innovations.

The rules in use This refers to social customs, norms and rules, both formal and infor-
mal, that guide human behavior on a day-to-day basis. It is an important component in
the value chains that were analyzed, which were generally characterized by distrust and
limited communication and interaction between the different actors in the chain (such
as producers, intermediaries, processors and retailers), which of course limits coordina-
tion and collaboration. Ethnic and racial divisions and discrimination were notable in
the value chains for potato in Bolivia and yam in Colombia, as compared to the coffee
chain in Peru, where such divisions were not observed.

The rules in use (or “standard operating procedures”) of the R&D organizations are
also important. The PMCA is facilitated by individuals based at R&D organizations
that have their own mandates, program structures, cultures, norms and external rela-
tionships. The mandate and culture at public agricultural research organizations can
pose challenges for the successful implementation of the PMCA, as these organizations
may be reluctant to work with the private entrepreneurs who process and market agri-
cultural products. For example, the implementing organization in Peru, Practical
Action, had a strong tradition of working with all sectors, so it easily incorporated the
PMCA into its program to develop coffee markets in Peru. This is not always the case
with public entities that are more focused on productive and technological issues.

Another important factor for the implementation of the PMCA is the process of
training the people who will implement the approach, especially the group facilita-
tors. If not done properly, deviations or failure to implement the approach may
occur, as Horton et al. (2013c) documented. To support the training process, a guide
for trainers was produced (Antezana et al. 2008).

3.4.3 The Revalorization of Native Potatoes in Ecuador

In November of 2008, through the Andean Change Alliance, CIP began collaborat-
ing with the Potato Program at Ecuador’s National Agricultural and Livestock
Research Institute (INTAP), a local NGO, Fundacién Marco, and the Small-Scale
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Potato Producers’ Consortium (CONPAPA) on the implementation of PMCA in
Ecuador, as part of an effort to create market opportunities based on the country’s
wealth of native potato varieties.

The qualitative assessment in the first phase of the PMCA involved 29 chefs and
administrators of restaurants and hotels in different provinces of the country, in
order to determine their knowledge and attitudes towards native potatoes and iden-
tify market niches. The results showed that these varieties were largely unknown in
restaurant and hospitality sectors of the cities, where they could not be found in
markets. Nevertheless, the participants agreed that they had an interesting business
potential.

The final event of Phase 1 was thus dubbed as a “Meeting to seek for business
opportunities in native potatoes,” an activity attended by 35 participants that
included chefs, farmers, processors, representatives of local NGOs and public offi-
cials. Two interest groups were formed in the event: one on culinary research with
native potatoes and the other, considering the requirements of hotels and restau-
rants, focused on the supply of raw materials.

The participation of the chefs was central to the second phase of this PMCA
experience to promote and give visibility to native potatoes in Ecuador. That phase
culminated in a massive event organized by the Ecuador Gourmet Cooking School
to present and share variations of some of the most traditional dishes in Ecuadorian
cuisine made with native potatoes. This event raised the visibility of those varieties
and subsequent efforts focused on taking advantage of opportunities in niche mar-
kets linked to gastronomy.

In the third phase, other restaurants joined the process in order to promote the
consumption of native potatoes and visits by chefs to the farms of native potato
growers were encouraged. Those who visited farms understood for the first time the
reality of the cultivation of those potatoes, in mountainous areas with difficult
access, and accepted that native potatoes should fetch a higher price in the market
than commercial varieties. Farmers, for their part, had access for the first time to
information concerning the quality and timeliness required for supplying potatoes
to this type of market.

A year after initiating the PMCA, the Papa Nativa (Native Potato) brand was
launched at the final event of the process with the slogan “Discovering the Andean
flavor.” The product consisted of selected and washed native potatoes in a mesh. The
launch included press conferences and food fairs in the framework of the celebra-
tion of Ecuador’s National Potato Day.

Developing the product as a commercial innovation triggered technological
innovations at the farm level (fertilizer application, better seed management, pest
management) and in the presentation of potatoes in the market (moving from an
unsorted product to a selected one with a brand name). For the CONPAPA farmers’
association, this meant raising members’ capacities for postharvest handling and
commercialization, since they began selling native potatoes in diverse presentations
and linked with consumers such as restaurants and supermarkets in urban areas for
the first time.
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Although the “Papa Nativa—Discovering the Andean Flavor” brand has not
prospered in the market due to supply problems, high transaction costs, and limited
demand, the results of the PMCA were important because it showcased native pota-
toes in markets other than the local highland markets that they had traditionally
been limited to. This result captured the attention of the company INALPROCES,
which had been promoting high-quality products with social responsibility criteria
for several years. Managers of INALPROCES were inspired by CIP’s Papa Andina
experience with native potatoes in Peru and foresaw interesting business
opportunities in the production and sale of potato chips made with colorful native
varieties in the Ecuadorian market and abroad.

INALPROCES partnered with INIAP, the Minga Foundation for Rural Action
and Cooperation, CONPAPA and CIP’s Ecuador office to identify native potatoes
adequate for processing that could be produced and supplied by CONPAPA
(Montesdeoca et al. 2013). Two colorful varieties obtained by INIAP by crossing
selected native potatoes were chosen for the production of quality potato chips:
Puca Shungo (Red Heart) and Yana Shungo® (Black Heart). Their main characteris-
tic is the intense reddish or purple coloration in their flesh, which means they are
rich in antioxidants, vitamins, and proteins, and differentiates them from traditional
potatoes. In 2011, the brand of colorful native potato chips Kiwa was launched,
promoted with support from international cooperation programs as a business model
for corporate social responsibility. This business model included working in col-
laboration with a number of local actors to maintain consistent production levels
and to ensure a supply of quality seed potatoes. The model also included training
services for farmers based on the Farmers’ Field Schools methodology. The busi-
ness model promoted by INALPROCES was so successful from the beginnings
that, in 2011, the company’s work with Andean potato farmers was recognized as
the best Corporate Social Responsibility project in Ecuador by the Ecuadorian-
German Chamber of Industry and Commerce. It also won an international Award
“Taste 11 Award for Top Innovation of Anuga—2011" in Germany for the native
potato chips.

Since its launch on the market, the product has increased its sales in the domestic
and export markets, including United States, Europe, and the Middle East (Fig. 3.4).
This growth has promoted collaboration between CIP, INIAP, and CONPAPA farm-
ers to carry out activities aimed at promoting the production of quality seed of the
two selected varieties, increasing the volumes of their production and planning sales
by CONPAPA to INALPROCES.

The development of Kiwa native potato chips is one of the most noteworthy
examples of the evolution of the innovation process that, as we noted, continues and
evolves long after the PMCA has formally ended. This commercial innovation has
also catalyzed a range of technological innovations. For example, to satisfy the
demand for seed potatoes of the varieties used in the production of the Kiwa prod-
uct, these varieties were included in the seed multiplication program of the INIAP

3See technical data sheet: http://repositorio.iniap.gob.ec/handle/41000/3267


http://repositorio.iniap.gob.ec/handle/41000/3267

3 Enhancing Value Chain Innovation Through Collective Action: Lessons... 93

T

1 Riwa Kiwa  kwa hl“n r\'“d I\N\(l

190 s }W

Sy s

free i
e iten T1EC
n free _pr.lti,‘_aLul -

Fig. 3.4 Kiwa potato chips displayed at a supermarket in Saudi Arabia

high-quality seed production greenhouse. However, there are other challenges at the
production level, mainly with changes in climate and frost in the Ecuadorian Andes
that affected up to 80% of the production in some years. It is necessary to continue
with the selection of varieties that are appropriate for quality processing and more
tolerant to weather shocks. In the processing area, it is necessary to find more uses
for these potatoes, such as mashed potatoes or frozen French-fry-cut native potatoes
for export (Martin Acosta, Kiwa CEO, personal communication).

The Kiwa case is a good example of how market opportunities and desire of
social responsible business can be driving forces in the establishment and operation
of public—private partnerships for rural development. In particular, the partnership
between INIAP, INALPROCES, and CONPAPA generated concrete research
demands for the selection of varieties and specific requirements for the provision of
high-quality seed and technology transfer services. Through this alliance, CONPAPA
has strengthened the business management capacity of associated farmers and their
ability to meet the demand of INALPROCES, access technical assistance services
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from public and private suppliers, and respond to other business opportunities.
Currently CONPAPA, renamed “AGROPAPA” since 2014, produces certified seed
under contract with the Ministry of Agriculture and has increased its customer base
of fresh, quality ware potatoes in provincial markets.

Conclusions from This Case

If we apply the Institutional Analysis and Development (IAD) Framework as used
by Horton et al. (2013c) to this case, we gain several insights. Regarding the macro
context, it is clear that Ecuador’s pro-market policies were not as favorable as Peru’s
in the case of the Native Potato Revolution. One of the great challenges has been to
inspire entrepreneurship in face of a rather limited business mindset. Although
Ecuador is one of the countries with the highest records of trademarks and inven-
tions in the Andean region, these rarely translate into actual businesses and com-
mercial uptake. As a result, fewer companies are initiated and fewer employment
opportunities are created than in other countries (Wong and Padilla 2017).
Furthermore, farmers have limited access to credit for both investment and working
capital. As a matter of fact, none of the farmers involved in the PMCA had access to
credit and, when necessary, they invested their limited family savings or got per-
sonal loans.

Regarding the value chain, native potatoes were unknown by urban consumers
and it took a considerable effort to position them in that market as a fresh product
and to connect producers with restaurants or potential buyers because there was no
appropriate distribution system. Promoting native potatoes as colorful chips has
been more successful. Given the smaller size of the Ecuadorian national market
compared to Peru, the fact that the product is being placed in international markets
has contributed to its success.

In terms of the principal actors, there was support from service providers and
chefs in the initial implementation of the PMCA, but apparently, a recognized leader
in the native potato chain was missing. When INALPROCESS launched the idea of
producing colorful native potato chips, the leadership role was assumed by that
company.

If we analyze the rules in use, the native potato value chain was not well orga-
nized; there was little communication and limited interaction between the different
actors in the chain and service providers. The alliance between the private sector
company INALPROCESS and the government institute INIAP was a new experi-
ence and it needed to be constructed giving consideration to the norms at INIAP,
which has a more technological mandate than marketing and processing. Once the
Kiwa native potato chips product was launched, the working model for providing
training services and technical support by the company to help farmers respond to
market requirements did not work systematically and was not connected with other
service providers. For example, there was an unmet demand for a manual of proce-
dures and best practices in crop management, post-harvest treatments, and potato
selection, as well as clear and understandable rules and parameters to define the
price paid to the farmer for his products.
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Results: The implementation of the PMCA served to showcase native potatoes
with the collaboration of the chefs and make them known to a broader public than
the rural markets they have traditionally been sold in. The producers were able to
meet the quality and supply schedule required by the processing company respond-
ing to demanding export potato markets, which has helped them access new market
options for their potatoes.

Thanks to INALPROCESS, a colorful native potato chip product was developed
which now has a presence in national and international markets. The product
accounts today for 20% of the company’s sales. They have been able to sell the
Kiwa Native Andean Potato Chips (or Crisps) to retailers all over the world in pre-
sentations ranging from vending machine size to Club sizes, to retailers such as
Costco in Canada and SnR in Philippines. The company is planning to expand
mainly in the USA, the Middle East and Eastern Europe and to move into the
organic-certified market (Martin Acosta, CEO Kiwa, personal communication).

3.4.4 Building Capacity for Innovation in Ugandan Value
Chains

As part of CIP’s efforts to facilitate South—South collaboration, the experiences of
the PMCA in the Andes were shared with R&D professionals and actors in the value
chains of various agricultural products in Uganda between 2005 and 2007.

The capacity development strategy implemented in Uganda included a series of
complementary components. Two cross-learning visits were organized in the Andes
for specialists from that country. This exchange generated enthusiasm and interest
to apply the methodology in Uganda. Training workshops were organized at the
beginning of each phase of the PMCA implementation in Uganda, which allowed
members of the facilitating team to practice using tools in real-world situations.
Participatory learning and joint decision-making by the facilitating team and the-
matic teams strengthened teamwork and empowered the participants.

The approach was subsequently validated in potato, sweetpotato, tomato, and hot
pepper value chains in Uganda. Eight women from R&D organizations in the coun-
try led the application of the PMCA and facilitated the various meetings of the
participants. Specialists from CIP and national entities from Peru and Bolivia pro-
vided capacity building and backstopping for the Ugandan team throughout the
process (Mayanja et al. 2013; Horton et al. 2010).

Many organizations and individuals played roles in the introduction, validation
and refinement of the PMCA in Uganda, including representatives of academic and
research institutions, governmental and non-governmental organizations, the pri-
vate sector and business organizations. Institutions in each of these categories had
clear functions. The R&D institutions were responsible for introducing and facilitat-
ing the process of implementing the methodology. They also identified the actors,
including service providers, in the market chain that ended up forming the thematic
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Table 3.2 Participants in the first application of the PMCA in Uganda

R&D actors Market chain actors

Potato work group

Ssemwanga Center Tom Cris (processor)

Africa 2000 Network—Uganda Nyamarogo potato farmers

Agribusiness Initiative Trust Uganda National Sweet Potato Producers
Association (UNSPPA)

International Institute of Tropical Agriculture | Merchants from Owino market

(IITA)/Foodnet

Adapted from Mayanja et al. (2012)

groups during the implementation of the approach. These different actors worked
together to identify and exploit market opportunities. Through this process, innova-
tions were generated.

The potato chain group, for example, was led by the Ssemwanga Center for
Agriculture and Food Ltd., a consulting company with members who are also team
leaders in the Uganda branch of the Africa 2000 network, the International Institute
of Tropical Agriculture (a CGIAR center) and the Agribusiness Initiative Trust. The
core team facilitated two thematic groups that were comprised of key actors, such
as representatives of farmers’ associations, processors and traders, who worked
together in an attempt to address the challenges and opportunities identified in the
market chain (Table 3.2). The diversity of organizations involved reflects the impor-
tant role of partnerships in the promotion of innovations for market-driven develop-
ment. Similarly, different organizations participated in the thematic groups that
worked in sweetpotato and vegetable market chains.

The PMCA experience generated a series of results for participants that included
the acquisition of new knowledge, skills, social networks and the ability to innovate.
The market chain actors generated a series of viable commercial, technological and
institutional innovations. The R&D actors (outside the core team members) and
other service providers provided technical assistance, guidance and important links
to the industry that contributed to the generation of innovations. Innovations that
resulted from the PMCA included packaging and a better brand design for potato
chips destined for high value markets, orange-fleshed sweetpotato flour for the local
market, and sliced and dried hot pepper for export (Mayanja et al. 2012), some of
these market innovations such as the potato chips continue to be produced.

It is important to mention that after the conclusion of the PMCA cycle, several
activities were carried out to consolidate the progress in strengthening the relation-
ships between the market chains’ actors, follow up on commercial innovations, and
promote and institutionalize use of the PMCA by R&D organizations in Uganda
and other countries in the region. All these activities were carried out by the original
facilitators, who voluntarily supported the effort after the initial funding for the
PMCA had been exhausted. Advice and support was given to market chain actors to
help them develop and market new products and present successful proposals for
financing. Some of the original facilitators also served as trainers in workshops
organized by other development programs in Uganda (Mayanja et al. 2013).
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The PMCA was institutionalized by different entities through the implementa-
tion of projects that included the approach and promoted private sector participa-
tion. One example is the Mukono Zonal Institute for Agricultural Research and
Development, whose director used the PMCA in other value chains, such as pine-
apple. The NGO VEDCO (Volunteer Efforts for Development Concerns) and local
universities also used the approach for innovation in other market chains.

Development of Gender Guidelines for the PMCA in Uganda

During the different applications of the PMCA in Uganda, CIP researchers came to
realize that the approach lacked ways to identify, analyze and address gender and gen-
erational differences among value chain actors, which reduced the approach’s potential
for having a positive impact in terms of ensuring that participants of both genders and
all ages have equitable access to opportunities and benefits along value chains. To that
end, CIP researchers and partners in Africa and the Andes developed a series of practi-
cal tools in recent years to integrate the gender approach into the PMCA’s different
phases of analysis and intervention. These tools are being tested and validated in proj-
ects both in Africa and the Andes Region, and there is an online guide available for their
application (Mayanja et al. 2016). The guide seeks to create capacities among the facil-
itators of the PMCA to carry out a gender analysis to generate a better understanding
of the different problems that men and women face in value chain interventions. The
results of this analysis guide the development of gender strategies to promote equal
opportunities for men and women to benefit from the PMCA.

Conclusions of PMCA Application in Uganda

The context in Uganda was favorable to the development of the market chain
approach. Academic and research institutions, governmental and nongovernmental
organizations and the private sector were actively involved in the concrete imple-
mentation of the PMCA.

From the beginning, the approach was applied to different chains, due to stake-
holder interest, and its implementation was supported by different international
cooperation projects. But despite the institutionalization of the approach by some
organizations, it is important to recognize the need for adequate financing and insti-
tutional arrangements to accompany the work of the facilitators of the innovation
process and to be able to follow up on it. After completing the PMCA, it is neces-
sary to continue supporting the development process of emerging innovations and
prototypes through business development services to entrepreneurs. Unfortunately,
financing mechanisms for this type of services were not considered in the programs
of the participating institutions.

The systematic process of training representatives of the R&D organizations that
supported PMCA implementation was key to its development, and subsequent promo-
tion in different value chains. The fact that women from different organizations led the
process contributed to adjusting the approach to pay greater attention to gender issues
along the chain. A recurring theme in the application of the PMCA in different contexts
was the need to provide support to small-scale farmers to improve their productive and
business capacity to respond to changing market demands. This is part of a develop-
ment strategy that should be taken into account in national rural policies.
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3.4.5 The PMCA and Farmer Business Schools in Indonesia

Between 2008 and 2009, CIP implemented the PMCA in fresh and processed potato
value chains in West Java, Indonesia. Training and support were provided for a team
of local implementers. The process resulted in 13 different, duly documented inno-
vation processes, most of which generated new or improved processed products
(mainly chips and sandwiches) rather than marketing fresh potatoes (Horton et al.
2013a, b).

During a project review, PMCA implementers identified limited business skills
and inefficient farmer organizations as the main limitations that prevented the estab-
lishment of more effective links to the market. Farmers had little understanding of
market opportunities and inadequate access to much needed market information as
price trends and actual demand.

To address such shortcomings, CIP researchers integrated in the PMCA some
elements of the Farmers Field School approach (FFS)—a group-based process that
had primarily been used to promote integrated pest management by smallholder
farmers (Orrego et al. 2009). This resulted in a new VCD approach that was named
Farmer Business School (FBS). The FBS is a participatory action-learning process
that aim to link groups of farmers to agricultural value chains (International Potato
Center 2017a). It differs from other agricultural development approaches in that it
focuses on the equitable and effective inclusion of small-scale farmers in value
chains, instead of focusing only on farm production activities. The FBS builds farm-
ers’ capacity through a series of group learning activities based on real experiences
during a farm production/marketing cycle while promoting interaction with other
value chain actors. As a tangible outcome of FBS, participants are expected to have
actual micro/small enterprises and business initiated or strengthened upon complet-
ing the FBS learning process. A FBS guide developed by (International Potato
Center 2017b) covers five key issues:

Identification of market opportunities
Evaluation of market chains

Development of market-oriented innovations
Development of business plans

Provision of business support services

Nk L=

The FBS experience that CIP presented in Indonesia proved useful for strengthen-
ing farmers’ organizations and building business skills and capacity. It was subse-
quently adapted by the FoodSTART project to the context of the highlands of the
Cordillera region, in the Philippines, primarily to integrate it within the framework
of a broader rural development investment project of the International Fund for
Agricultural Development (IFAD) called CHARMP2. Between 2012 and 2013, the
FBS approach was piloted with 6 groups of farmers (approximately 120 people)
dedicated to commercial enterprises based on root and tuber crops, vegetables, cof-
fee and livestock. Following the initial piloting, FBS was scaled to additional 66
groups (approximately 1600 people) between 2014 and 2015, through the
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collaboration between FoodSTART and CHARMP?2. It is encouraging that, even
after the formal partnership (and any financial and technical support from
FoodSTART) ceased, CHARMP?2 continued scaling the FBS approach with addi-
tional 25 farmers groups (approximately 1000 people). FBS is still the main VCD
approach implemented by the Department of Agriculture through CHARMP?2 and
being FBS graduated has become a pre-requisite for accessing the livelihood assis-
tance from the project (DA-CHARMP?2 and CIP-FoodSTART+ 2018).

Based on the successful experience with CHARMP2, the FBS approach is cur-
rently being scaled in Asia by FoodSTART second phase (FoodSTART+) through
partnerships with four IFAD investment projects in the Philippines, India and
Indonesia. In the framework of FoodSTART+, FBS is being used as catalyst for
introducing a number of farming and postharvest innovations to participant farmers
groups: these include crop varieties, agronomic practices, processing technologies
and marketing strategies needed to develop the new food products demanded by
the market.

Comparison of the FFS, FBS and PMCA approaches Farmer field schools,
farmer business schools and the participatory market chain approaches all employ
the method of learning by doing to improve the well-being of smallholder farming
families, but in different ways. The following is a comparative analysis of the three
approaches that considers the scope and extent of implementation (Table 3.3).

This comparative analysis indicates that according to results achieved with the
FBS in Asia, it could be an appropriate approach when the main challenge is for
small-scale farmers’ groups to exploit an existing well-defined and clear market

Table 3.3 Comparison of the FFS, FBS, and PMCA approaches
FFS PMCA

Criteria FBS

Types of actors
involved

Smallholder
farmers’ groups

A diverse set of actors along
the value chain

Focus on smallholder
farmers’ groups with
interaction with other
stakeholders in the chain

Themes covered

Agricultural
production
techniques

Participation to value chains
and the promotion of
interaction and
collaboration among actors

Farmer organization and
market development themes

System of focus

Crop system

Innovation with value chain
actors to promote inclusive
businesses

Agricultural business and
value addition

Area of Strengthening | Building “social capital Strengthening farmer
intervention farmer bridges” to strengthen organization and innovation
organization interaction and processes for enhanced
collaboration among participation in value chain
multiple actors in different
areas of the value chain
Implementation | One crop cycle | Lasts as long as necessary | Covers one farming and
time frame to develop successful commercialization cycle

innovations in a value chain




100 A. Devaux et al.

opportunity. PMCA, on the other hand, has demonstrated to be a preferred approach
when the market opportunity is less defined or understood and where there are sig-
nificant potential benefits for research and innovation in the processing or marketing
stages (Devaux et al. 2011). PMCA needs commitment from research organizations
while in the case of FBS it is less the case since the engagement with other chain
actors and stakeholders is more sporadic. That said, the two approaches can be
complementary when combined as the PMCA would contribute to conduct market
research and to identify potential market opportunities to be developed. Then FBS
can be run to help farmers group to exploit these market opportunities reinforcing
farmers’ business capacities and developing technological innovations required to
respond to these opportunities.

The experience demonstrated the capacity of the actors who led the PMCA
implementation process to adapt the approach to contexts and needs and adjust it. In
Asia, the implementers developed the Farmer Business School approach to improve
farmer’s capacities to benefit from market opportunities. As indicated above, the
FBS has been integrated into the framework of broader research for development
projects, such as FoodSTART, as a tool for developing the farmers’ capacity to
access more dynamic markets, with also a gender focus, and considering the chal-
lenges of climate change. CIP and local partners are now validating the FBS in the
Andes in combination with the application of PMCA. It is a process that is still in
full development and needs to be further documented.

3.5 Lessons from Value Chain Approach Applications
in Different Contexts

From the market chain experiences in different contexts described here we can draw
lessons that can contribute to improving the design of future VCD interventions that
use the PMCA as a collective research and innovation approach. It should be noted
that in all of these cases, creative adaptations were made to the protocols set out in
the implementation guide (Bernet et al. 2006). Following the analytical framework
developed by Horton et al. (2013c), we can highlight the main factors that influ-
enced these adaptations:

* the attributes of the context, which includes the policy environment and institu-
tional framework;

¢ the attributes of the value chain;

e the characteristics of the participants and the facilitation role of the leading
organization;

e the “rules in use” governing behavior and relationships between the value chain
actors;

e and the importance of building the capacities of the professionals from R&D
institutions responsible for implementing the approach.
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The interaction of these variables and, especially the external environment of
each context determined the implementation strategy and the forces that drove each
implementation of the PMCA in the Andes, Asia, and Africa. Each of them was dif-
ferent, as were their scope and size.

Agricultural change creates opportunities for smallholders An important ele-
ment for the promotion of the PMCA is the ever-growing integration of the agricul-
tural sector into markets and value chains, which increases market opportunities for
small-scale farmers. There are more opportunities for them to move beyond the
practice of selling directly to rural consumers or traders in local markets to access
modern value chains that can open doors to other buyers, including urban traders,
processors and supermarket chains. When they have alternatives and the ability to
participate in more competitive value chains, few smallholder farmers will limit
themselves to local markets; the majority will try to sell to these new players, in
order to reap greater benefits (Reardon et al. 2012).

By applying the PMCA, facilitating interactions between farmers and other value
chain actors, and conducting market analyses, it is possible to identifying new com-
mercial opportunities and market niches in which small-scale farmers can have a
comparative advantage. In the PMCA user guide (Bernet et al. 2006), there is a tool
called “impact filter” that provides a rapid, qualitative assessment of the expected
impact of different market opportunities for the benefit of small-scale producers,
while considering social and environmental factors. This tool allows R&D organi-
zations to plan and guide interventions more effectively.

A holistic approach like the PMCA represents a new way of doing agricul-
tural R&D Instead of undertaking research and then trying to transfer the results
to farmers, this approach brings together a range of relevant actors—farmers, trad-
ers, processors, researchers and service providers—to set priorities and jointly
develop innovations that respond better to the demands of the value chain. The
approach has made it possible to achieve concrete results under different socioeco-
nomic conditions, despite the fact that most development support for farmers con-
tinues to focus on agricultural production. This situation is reflected in the
experiences analyzed in this chapter, which demonstrate a shortage of available or
accessible services to accompany value chain innovation processes. The inclusive
value chain development approach makes it clear that, in the debate on food secu-
rity, more attention should be paid to post-harvest and value chain interventions, as
opposed to focusing only on the farming sector. In the quest to improve food secu-
rity, value chain efficiency, processing productivity and post-harvest management
deserve almost as much attention as approaches to improve farm production.

Innovations take time and cannot always be programmed The PMCA triggers
innovation processes that often continue long after the PMCA has formally ended.
Second and third generation innovations tend to be even more important than the
first ones, developed during the PMCA exercise, as is confirmed by the experiences
in Peru, Ecuador and Uganda. However, this requires an investment in services and
institutional mechanisms that allow monitoring and supporting innovations that
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arise beyond the life of a specific project. The lack of accompaniment of value chain
innovations can be a limitation that reduces the scope of the innovation process. In
the case of Peru, for example, the continued support of the Swiss Agency for
Development and Cooperation allowed monitoring and accompaniment of innova-
tion process beyond the formal conclusion of PMCA implementation.

Monitoring and evaluation challenges Most of the cases studied lacked a sys-
tematic process of monitoring and evaluating value chain innovations. The fact that
these processes can take a long time, and that many innovations are developed after
the PMCA implementation, with unexpected results, makes it more challenging to
do impact analysis. In many cases, the optimal time for evaluating impacts is well
after project financing has concluded, when it is not feasible to obtain specific
financing for evaluation processes. An implementation guide and impact pathway
can be useful guidelines for the implementation and evaluation of participatory
approaches such as the PMCA and can serve as a basis for reflection and learning.
In research and development projects with limited resources and tight deadlines, it
is difficult to justify the time and resources necessary to develop actions and models
of change. For this reason, when planning participatory interventions, specific
resources should be allocated for the development of actions and models of change
that can then be refined and tested by local implementers as the innovation process
progresses.

Holistic and participatory approaches such as the PMCA are not easily
“scaled” or “transferred” How can the initiatives described here be scaled or
replicated better? The answer is not found in a particular or specific arrangement.
The processes and approaches, and not so much the forms, are what lead to effective
interactions, collaboration between actors and development of a market chain
(Wiggins and Keats 2013). What needs to be scaled, in the sense of replication and
adaptation, are the habilitation, facilitation and learning processes, supported by a
necessary architecture that includes catalysts and leadership, forums and services to
analyze and respond to specific problems and, especially, support for the farmers’
groups that are organized and trained. The catalysts can be private companies and/
or non-governmental organizations (NGOs). Both have their advantages and disad-
vantages. In the case of the private sector, the challenge is how to establish an equi-
table relationship with small-scale producers. In the case of NGOs, they will play
the role of catalyst, based on their mission, only as long as they can be financed. To
achieve the replication of successful approaches, it is important to promote innova-
tion, learning and dissemination of experiences. To date, investment in learning and
dissemination of these experiences has not reached a level comparable to that of the
promotion of practical initiatives in the field. The experiences of collaboration with
IFAD’s investment projects, first in Asia, with FoodSTART, and more recently in
South America, with the FIDA-Andes project, coordinated by CIP, has facilitated
learning from and diffusion of these experience. In that sense the experience of
FoodSTART in the Philippines is innovative and particularly encouraging as, fol-
lowing successful piloting and strengthening of the capacities of the partner’s devel-
opment project staff, the FBS approach has been institutionalized by the Department
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of Agriculture that is replicating and scaling it throughout the region. Similar out-
comes are expected from the ongoing second phase of FoodSTART.

The PMCA has proven to be adaptable to a range of contexts Although the
PMCA was developed to respond to a specific set of problems with a specific crop
in a specific place, subsequent efforts of promotion, exchange of experiences and
capacity building have contributed to its successful application to other crops that
face different challenges and opportunities in other countries and regions. In the
trajectory of its applications in the Andes, Uganda and Indonesia, the PMCA was
not simply “transferred” from one place to another. In each case, it was necessary to
adapt the approach to local circumstances and needs and to strengthen capacities to
promote and accompany innovations.

There is no “one-size-fits-all” solution to the challenges of value chains There
is no single factor of success. In each case presented here, a combination of inter-
ventions at different levels was needed to address the value chain development pro-
cesses. A set of policy measures, development programs and technical capacity
building for value chain actors are needed to facilitate innovation processes and
strengthen effective links to promote the participation of small-scale producers in
expanding markets. A comparative study of the variables that influence and deter-
mine the adaptation of participatory methodologies such as PMCA in different con-
texts would allow a better definition of the conditions needed for the replication,
adaptation and scaling of these methodologies.
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Chapter 4

Ex Situ Conservation of Potato
[Solanum Section Petota (Solanaceae)]
Genetic Resources in Genebanks

David Ellis, Alberto Salas, Oswaldo Chavez, Rene Gomez, and Noelle Anglin

Abstract Conserving the genetic diversity of potato is critical for the long-term
future of potato improvement programs. Further, it is the social and ethical respon-
sibility of the present generation to ensure future generations have the same oppor-
tunities to use, exploit, and benefit from the genetic diversity that exists today.
Genebanks and the ex situ conservation of potato genetic resources are the only way
to ensure this happens; in situ conservation plays a complementary role, but it can
never ensure that the vast diversity that exists on earth today is still there for use in
the future. Material in ex situ genebanks not only serve as a reservoir of ready-to-
use genetic material when needed but also provide invaluable tools for research now
and in the future of cultivated potato and its wild relatives.

4.1 Ex Situ Conservation of Potato

The conservation of crop diversity, such as potato diversity, outside of its natural
habitat, or ex situ, is held in botanical gardens and genebanks throughout the world.
While botanical gardens conserve diversity and display this diversity for the public to
enjoy and learn from, as well for scientific research, the overall mandate of botanical
gardens is not generally to promote the use of and share the plant diversity they hold.
In contrast, the mandate of genebanks is to provide access to the genetic resources
they hold and to promote the use of these genetic resources for training, breeding,
and research. Unfortunately, many national genebanks holding potato germplasm do
not have the capacity, resources, nor a national mandate to widely distribute their
holdings, and thus, access to potato germplasm is mostly left to the genebanks in
developing countries, United States Department of Agriculture (USDA), and the
potato genebank of the CGIAR, which holds potato germplasm at the International
Potato Center, or CIP after its Spanish acronym located in Lima, Peru.

D. Ellis (b<) - A. Salas - O. Chavez - R. Gomez - N. Anglin
International Potato Center, Lima, Peru
e-mail: d.ellis@cgiar.org

© The Author(s) 2020 109
H. Campos, O. Ortiz (eds.), The Potato Crop,
https://doi.org/10.1007/978-3-030-28683-5_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-28683-5_4&domain=pdf
mailto:d.ellis@cgiar.org

110 D. Ellis et al.

Potato genetic resources held ex situ are divided into potato wild relatives (main-
tained as seed populations) and cultivated varieties which are maintained either in
field plantings (where tubers are planted and harvested annually), seed, in vitro/clonal
material, or cryopreserved material. The same genetic material could be held in two
or more different forms in a single genebank (in vitro and cryopreserved) or between
two genebanks (seed and in vitro). What is critical for a genebank, is that the mate-
rial it holds is available in a form that can be readily used by all who need it, includ-
ing breeders, large and small-holder farmers, industry, researchers from developing
or developed countries, and for teaching and educational purposes. Thus, the wealth
of potato diversity (Figs. 4.1, 4.2, 4.4, and 4.5) held and made available by gene-
banks is an asset for humanity, as it safeguards known genetic traits which are useful
today, along with a myriad of known and unknown traits ready to be deployed to
meet the needs for the threats and challenges potato farmers face in the future.

The more uniform the crop in general, the easier it is to manage as an ex situ col-
lection. Unfortunately, cultivated potato is an incredibly diverse crop, and while vir-
tually all the potato planted and used commercially worldwide are tetraploid potato
varieties, diploid, triploid, tetraploid, and even pentaploid landrace potatoes are still
grown throughout the South American Andes. This diversity has been collected,
maintained and is available for use in breeding and research programs worldwide
from numerous genebanks. The diversity of cultivated potato is reflected not only in
its vast ploidy range but also at the species level where over 30 years ago cultivated

5. stenotomum subsp. gonfocolyx

5. stenotomun subisp. gonfocalyx 5. stenotomum subsp. gonfocalyx

Fig. 4.1 Diversity of flower color and shape in cultivated potato from CIP germplasm collection
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Fig. 4.2 Diversity of tuber shape and morphology and skin and flesh color in cultivated potato
from the CIP germplasm collection. The color card in each photograph is used for standardizing
measurement of colors of the tubers

potato was divided into seven species and nine taxa [Solanum tuberosum (C. Linneo)
subsp. andigenum (Juz. & Bukasov), S. tuberosum (C. Linneo) subsp. tuberosum, S.
xchaucha (Juz & Bukasov), S. stenotomum subsp. goniocalyx (Juz. & Bukasov), S.
stenotomum subsp. stenotomum (Juz. & Bukasov), S. xjuzepczukii (Bukasov), S.
phureja (Juz. & Bukasov), S. xajanhuiri (Juz. & Bukasov), and S. xcurtilobum (Juz.
& Bukasov); (Hawkes 1990)] (Figs. 4.1 and 4.2). More recently the taxonomy of
potato has been revised and cultivated potato has been regrouped into four species
(Solanum tuberosum, S. xjuzepczukii, S. xajanhuiri, and S. xcurtilobum; Spooner
et al. 2014). A similar taxonomic revision has occurred in the taxa of potato wild
relatives with the previous taxonomic classification of Hawkes (1990) recognizing
228 wild species in 21 series. However, the recent taxonomic classification by
Spooner et al. (2014) reduced the wild relatives of potato (Solanum section Petota)
to 107 species.
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The change in taxonomy has created a split in the ex situ potato world with some
genebanks (such as the International Potato Center (CIP)] still organizing their col-
lection based on the taxonomy of Hawkes (1990) while other major potato gene-
banks [such as the United States Department of Agriculture-Agricultural Research
Service (USDA-ARS)] adopting the taxonomy of Spooner et al. (2014). Potato
curators in all genebanks acknowledge the revision by Spooner et al. (2014) as
needed and an advance in the field, yet the groupings by Hawkes (1990) make sense
for managing an ex situ collection. Spooner et al. (2014) foresaw such challenges in
their revision of the potato taxonomy and therefore stated that due to the “compli-
cating biological factors in section Petota”, they consider their “taxonomy to be
subject to critique and modification” (Spooner et al. 2014, p 325). Two final
comments are that there is consensus that ploidy in potato is not a good factor in
delimitating species boundaries and that the use of different taxonomic names for
the same material in different major potato genebanks is a detriment to use of the
materials for the potato research community. That said, harmonizing the taxonomy
used in global potato genebanks will need to be a focus in the next decade along
with an extensive genetic comparison of potato collections to identify unique and
redundant material between genebanks.

Taxonomic differences aside, ex situ collections and genebanks continue to play
an ever increasingly dynamic role in providing the tools needed for food security in
the future. The Second Report on The State of the World’s Plant Genetic Resources
for Food and Agriculture (FAO 2010) estimates that there are over 1750 genebanks
worldwide holding approximately 7.4 million accessions; however, the report esti-
mates that only 25-30% of these accessions are genetically unique. The report lists
98,285 potato accessions conserved in 174 genebanks around the world, and using
the estimate above of the percentage of unique accessions, we can assume that there
are at most an estimated 24,500-29,500 unique potato accessions are conserved
worldwide in genebanks. In the case of potato, the accuracy of such an estimate of
unique accessions is difficult to access until a thorough rationalization-comparison
amongst the potato ex situ collections is carried out. According to this same report,
6 genebanks hold 41% of the global potato accessions: The French National Institute
for Agricultural Research (INRA) in France (11%), Vavilov Institute in Russia
(9%), The International Potato Center (CIP) in Peru (8%), The Leibniz Institute of
Plant Genetics and Crop Plant Research (IPK) in Germany (5%), USDA-ARS in
USA (5%), and The National Institute of Agrobiological Sciences (NIAS) in Japan
(3%) and 20 global genebanks hold over 1000 potato accessions each. The listed
global potato holdings collectively consist of 15% wild relatives of potato, 20%
cultivated potato, 16% research and breeding materials, 14% advanced breeding
lines, and 35% uncategorized accessions in these genebanks.

The last Global Strategy for Ex Situ Conservation of Potato (2006) analyzed 23
global potato collections which collectively maintain “nearly 59,000” potato acces-
sions. This summary states that the genebanks in Latin America contain principally
native cultivars while those in Europe and North America contain modern cultivars,
breeding materials, and wild relatives. Such generalizations oversimplify the collec-
tions and indeed, although there is specialization among the potato genebanks, most
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major collections have a good representation of both wild and cultivated
accessions.

Information about the particular attributes for each individual accession is criti-
cal for users to select which one or two of the thousands of accessions contain the
trait(s) the user needs. Unfortunately, the information on accessions in global potato
genebanks is generally incomplete and lacking the trait information users want and
need most. Further, information on qualitative, complex traits (i.e., drought, frost
tolerance, or yield) can be very specific to the physiological age at which the plant
is subjected to the stress, the location, soil type, and degree of stress and, thus, is not
always easy to list in a genebank database. Further, these complex traits require
multiyear, multilocation evaluations in order to understand the complexities of the
traits and genes associated with the trait. The USDA-ARS collection contains a
large list of descriptors and traits recorded with 137 morphological, biochemical,
nutritional, or physiological traits listed for potato (https://npgsweb.ars-grin.gov/
gringlobal/cropdetail.aspx ?type=descriptor&id=73), while CIP lists 72 descriptors
or traits for their potato holdings (http://genebank.cipotato.org/gringlobal/search.
aspx) and the European Union Genetic Resources of Potato lists 58 descriptors or
traits (http://ecpgr.cgn.wur.nl/eupotato/). All these data are accessible in English on
public internet-accessible databases, as is information from other global potato
genebanks; although far too much of the information of the potato ex situ collec-
tions is not available publicly and outside of a few genebanks, much of the available
listings from genebanks contain little information about the accessions. Fortunately,
efforts such as Genesys, the global Gateway to Genetic Resources (https:/www.
genesys-pgr.org/welcome), provides descriptor and trait information from multiple
genebanks in a single database, which facilitates use by facilitating the location and
finding information on potato accessions worldwide.

4.2 Collection of New Potato Germplasm

There are estimations that 20% of plant species are in danger of extinction (Jansky
et al. 2013) and such losses will be accelerated by climate change and habitat
destruction. Further, for some plants, a large amount of their diversity may already
only be able available from genebanks (Jarvis et al. 2011), which might be the
future for potato where the wild relative species exist only in the fragile ecosystems
of the Andes (Hijmans and Spooner 2001), where a changing climate is already hav-
ing a substantial impact. Lingering questions for ex situ and in situ management of
potato revolve around how to define diversity there is/was in cultivated and the large
secondary genepools (wild potato relatives) of potato. For conservationists, the big
question is how much of the diversity in potato is securely conserved, what diversity
has been lost or is in imminent danger of being lost, and what is the economic value,
as well as potential future value, of the potato diversity that is not securely
conserved.
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A benchmark study (Castafieda-Alvarez et al. 2015) evaluated the status of ex
situ collections for 73 species (according to Spooner et al. 2014) of potato wild rela-
tives and used environmental niche modelling (ENM) techniques to estimate poten-
tial geographic ranges of each species. Their data assigned a high priority status for
collecting 32 species of wild potato, 43.8% of the species studied, due to severe
gaps in the ex situ collections. Further, 20 more species were assigned medium
priority for collection and only three species were determined to have good diversity
representation in the ex situ collections. As part of the study, they also looked at in
situ sites which were potentially threatened including that of S. rhomboideilanceo-
latum whose native habitat in Peru is increasingly threatened by road building and
overgrazing. Potato wild relatives have made critical contributions to potato disease
resistance, enhanced yield, and improved quality in past 50 years (Jansky et al.
2013). Therefore, it should be the obligation of present day potato researchers and
breeders to do all we can to leave future potato scientists the same opportunities to
explore, use, and reap benefits from the diversity of wild potato that we have today.

The geographic range of wild potato species is broadly spread out in 16 countries
confined to the Americas (Mexico, United States, Costa Rica, Guatemala, Honduras,
Panama, Argentina, Bolivia, Brazil, Chile, Colombia, Ecuador, Paraguay, Peru,
Uruguay, and Venezuela (Fig. 4.3). For thousands of years, the ecological niches of
the Andes have been the natural habitat and the center of the genetic diversity of
wild potato species and innumerable native varieties. Long evolutionary processes
have allowed the accumulation of genetic components that are valuable resources
for the improvement of potato cultivation, such as the ability to survive adverse
biotic conditions (diseases, pests) and abiotic (drought, frost, climate change), as
well as, vast morphological differences (Figs. 4.4 and 4.5). However, this valuable
genetic diversity is threatened by “genetic erosion.” The main threats are urbaniza-
tion, alternative land use, and the destruction of natural areas. Examples include
overgrazing, the construction of new routes and villages, and the destruction of
forests.

The domestication of potato is thought to have occurred ~10,000 years ago in the
Lake Titicaca Basin on the border between Peru and Bolivia, most likely from the
S. brevicaule complex with S. candolleanum as a potential ancestor (Spooner et al.
2014). The use of these wild potato species for food is likely, yet the high glycoal-
kaloid content needed to be dealt with in some fashion to avoid toxicity. Rumold
and Aldenderfer (2016) studied early potato starch grains from tools found at a vil-
lage site in the Titicaca basin (1700-3500-year-old site) which resembled freeze-
dried samples rather than starch from fresh tubers. They hypothesize that a process
such as drying and grinding may have played a role in the detoxification of the wild
potato tubers, as in other root crops. This theory is consistent with the natural freeze
drying of tubers in the Andes today known as “chufio.” Recent supporting evidence
for use of wild potatoes for human consumption comes from S. jamesii starch grains
found among other 6000-year-old early human ruins in the Southwest US
(Louderback and Pavlik 2017). It is interesting to note that S. jamesii was still used
until recently as a food source for native communities in the area and that existing
patterns of present day occurrence of this species suggests that early humans may
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Fig. 4.3 A map of the distribution of wild potato accessions in the CIP genebank. Greens dot
indicates origin of the accession based on passport data (https://cipotato.org/genebankcip/process/
potato/potato-wild/)

have cultivated the tubers (Kinder et al. 2017). Domestication is believed to have
given rise to increased tuber size through selection and cultivation which was
associated with an increase in leaf carbon fixation and transport, reduction in gly-
coalkaloids, adaptation to long-day photoperiod, and reduced sexual fertility (Ryoko
2015).
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S. berthaultii

s. saxatilis S. chiquidenum

S. lesteri

S. stenophyllidium S. tarapatanum S. hjertingii

Fig. 4.4 Examples of the diversity found in leaf morphology, shape, and color of various wild
potato species

With domestication of early edible potato tubers, it is logical this also was the
start not only of selection and cultivation but also of movement of selected potato
tubers from one site to another. As early as 5000 years ago, maize, originating in
Mexico, was already in S. America (Grobman et al. 2012), hence there is no reason
to think that the north to south movement of food materials was not also recipro-
cated with a south to north movement of food such as cultivated potato. The move-
ment of domesticated varieties most certainly also gave rise to the movement of new
genetic material through the zone of native wild populations followed by intercross-
ing leading to increased diversity in the domesticated varieties and further selection
for adaptive traits. These same adaptive traits and the diversity associated with them
contributed to the adaptations which were selected for by early human populations
and these same traits still exist in the wild populations today and will continue to be
of critical value to breeders as long as potato improvement programs exist.
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Fig. 4.5 Examples of the diversity found in fruit morphology, shape, and color in wild potato
species

Thus collecting, movement, and exchange of potato and potato wild relatives has
occurred for millennia, yet was mainly confined to the Americans until the Spanish
conquest when potato was collected and shipped to Europe where it underwent
further selection. Wild relatives were likely also collected before the last century,
but reliable documentation of the collection of wild potato for genebanking is more
recent. Darwin, in his famous voyage of the Beagle, collected potato from the
Chilée Islands in Chile in the 1830s which he named S. maglia, now known as S.
tuberosum (Ristaino and Pfister 2016). At this time, Darwin erroneously assumed
potatoes originated from these islands due to the diversity and wide spread pres-
ence. In his journals, he referenced that the crew “stocked up on game and pota-
toes.” Fuentes (2014) references collection expeditions as yearly as the 1830-1833
by A. D’Orbigny from France in Bolivia. Perhaps the best documented collections
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are those done by the Vavilov Institute (Supreme Council of People’s Economy) in
Russia starting in 1925 by S.M. Bukasov and S.V. Juzepzuk (Loskutov 1999), after
whom the wild potato species S. bukasovii and S. xjuzepczukii were named, respec-
tively. Although detailed notes from these expeditions were never published, it is
known that many species of wild potato were collected in Peru, Bolivia, and Chile
(Ochoa 2004), and that some of this material still is maintained at the Vavilov
Institute (Prof. N. Dzyubenko, personal communication).

Collections of wild potato continued by numerous collectors from Europe, Asia,
North America, and Latin American institutions in an ad hoc manner until the early
1970s (Correll 1962; Hawkes 1990; Ochoa 1962) when CIP organized a meeting of
experts to form and develop an International Germplasm Bank at CIP in Lima, Peru.
Three Planning Conferences were held dealing with topics ranging from explora-
tion, collection, conservation, and evaluation of potato genetic resources ending
with the recommendation of collection strategies and to make the collected material
available to researchers for their use for the benefit of humanity (International
Potato Center 1973—-1974, 1976, 1979). In the last 50 years, CIP has organized or
been involved in ~300 systematic exploration missions for potato. These included
the collection of wild and native potato germplasm varieties under the direction of
C.M. Ochoa and collaborating with some 245 national and international scientists
including A. David, J.B. Bamberg., J.G. Hawkes, A.M. Van Harten, J.P. Hjerting,
W. Hondelmann, R. Hoopes, K.A. Okada, A. Salas, D. Spooner, and J.J.C. Van
Soest. These collecting missions organized from Peru, where the greatest genetic
diversity of the Solanum section Petota (Solanaceae) wild and cultivated exists,
included exploring and collecting in the 16 countries of the American continent.
Numerous accessions of each of the wild potato species were collected in the unique
ecological niches along the geographical distribution of each species. Of interest
was the rediscovery of wild species previously described, but known only as her-
barium specimens in addition to the discovery of about 20 new species (including,
S. amayanum (Ochoa 1989a, b, ¢), S. bill-hookeri (Ochoa 1988a, b), S. bombycinum
(Ochoa 1983a, b), S. chilliasense (Ochoa 1981a, b, ¢, d), S. incasicum (Ochoa
1981a, b, c, d), S. irosinum (Ochoa 1981a, b, ¢, d), S. longiusculus (Ochoa 1987), S.
neovavilovii (Ochoa 1983a, b), S. orocense (Ochoa 1980a, b, ¢), S. ortegae (Ochoa
1998), S. peloguinianum (Ochoa 1980a, b, ¢), S. salasianum (Ochoa 1989a, b, ¢), S.
sarasarae (Ochoa 1988a, b), S. simplicissimum (Ochoa 1989a, b, ¢), S. sucubunense
(Ochoa 1980a, b, c), S. tapojense (Ochoa 1980a, b, ¢), S. raulisense (Ochoa 1981a,
b, ¢, d)) which were characterized and described by Ochoa (Hawkes 1989, 1990;
Ochoa 1962, 1990, 1999; Spooner et al. 1999, 2001). These accessions are all docu-
mented with full passport data (country and location of collection) and many are
available for use globally through the CIP website (https://cipotato.org/genebank-
cip/process/potato/potato-wild/).

Most collection missions only have resources to focus collections from a single
site and rarely can make multiple visits to the same site. Therefore, collectors are at
the mercy of annual changes in rainfall and other abiotic and biotic factors that
affect flowering or tuber germination. Exceptions are the collection trips by Bamberg
and del Rio (2011) and Bamberg et al. (2003) where annual expeditions have been
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made to monitor in situ sites of S. jamesii and S. stoloniferum (formerly S. fendleri)
since 1992 with over 200 visits. The expeditions were initiated to recollect from
sites originally sampled in 1958 and 1978 to evaluate and characterize what changes
could be measured over a 40+ year period and to maximize the ex situ collection of
diversity found in this species (del Rio et al. 2001). Their research has yielded
insight into the collection from wild potato, and perhaps, upset some long-held
dogma. For example, as expected, they found more diversity using random ampli-
fied polymorphic DNAs (RAPDs) in seed collections, compared with the collection
of tubers from individual plants in S. jamesii, but the opposite phenomena was
observed for S. stoloniferum, where collection of tubers had greater diversity than
seeds (Bamberg et al. 2009). In another report (del Rio et al. 1997), they found using
RAPD markers, there were significant differences in allele frequencies between
genebank-conserved material and recollected material from the same site in all
seven comparisons of S. jamesii (diploid outcrosser), and 12 of 16 comparisons
within S. stoloniferum (tetraploid inbreeder). While in situ biologists would con-
clude that this makes sense, since the argument is that evolutionary processes con-
tinue in situ, for the authors, this meant that recollecting from the same site was not
only a good idea but also is desirable to capture new alleles (Bamberg et al. 2003).
Other observations included a comparison of “easy” (road side collection sites) ver-
sus “remote” (sites one needed to hike to) where both collection methods yielded
valuable alleles (Bamberg et al. 2010) and that patterns of geographic structure were
not valuable predictors of genetic differences in these two species inferring that
wide sampling of each population was needed to capture diversity.

4.3 International Fora for Plant Genetic Resources

The Convention of Biological Diversity (https://www.cbd.int/; CBD) is the most
significant international treaty for the access to genetic resources globally; yet, it
has had a negative impact on the collection of potato germplasm throughout the
native range of wild potato. This is due to CBD reaffirming the sovereign rights of
a nation to the genetic resources falling within the country boundaries, and hence,
the country of origin has exclusive rights over terms for accessing genetic resources,
including cultivated and wild relatives of potato, found within its boundaries. The
treaty also reaffirmed the country of origin’s right to “fair and equitable sharing of
benefits arising” from the use of their genetic resources. CBD further asserts that
nations are responsible for the long-term protection and access to genetic resources
over which they have jurisdiction. CBD also acknowledged that access to, and shar-
ing of, genetic resources, and relevant technologies, are critical for meeting food
and health needs of a growing world population. Thus, it is a country’s responsibil-
ity to not only protect but also make available for use and share in the benefits from
such use of the genetic resources it holds. Unfortunately, most countries, and the
international community generally, have been ill prepared for the responsibility of
regulating access and for ensuring the sharing of benefits by third-party use of
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genetic resources, such as germplasm related to cultivated and wild potato relatives.
Mechanisms to grant permission for the collection of plant genetic resources have
taken time to implement, and in the meantime the collecting of plant genetic
resources ceased. The challenge has been how to make genetic resources available
for use on the one hand, while on the other, to ensure equitable sharing of benefits
from the commercial utilization of the genetic resources, or derivatives thereof, by
multiple third-party stakeholders’ years later. Further, definition of the terms under
which genetic resources could be accessed and benefits shared have been defined in
the Nagoya Protocol on Access and Benefit Sharing (https://www.cbd.int/abs/,
Nagoya). All potato species, except for S. phureja, are covered by the International
Treaty for Plant Genetic Resources for Food and Agriculture (https://www.fao.org/
plant-treaty/; ITPGRFA) which provides a legal framework to distribute the genetic
material for research, training, and breeding with the acceptance of a Standard
Material Transfer Agreement (SMTA) by the recipient.

Presently, there is a lack of a defined, functional mechanism for granting permis-
sion for collecting germplasm from the wild in most Latin American nations. The
collection of potato germplasm for ex situ conservation in the countries where the
clear majority of cultivated potato landraces and wild relatives originated and exist,
has been virtually nonexistent since 2000. The exception is the United States of
America (USA), which is not a party to CBD, and hence germplasm from potato
wild relatives have continued to be collected in the USA (Bamberg et al. 2003),
although only two species [S. stoloniferum (previously S. fendleri) and S. jamesii]
are confirmed to exist within the boundaries of the USA. In 2016, a significant
change occurred when the Peruvian National Institute for Innovative Agriculture
(Instituto Nacional de Innovacion Agraria, INIA) was granted a permit for the col-
lection of potato wild relatives within Peru, and in 2017 three collection missions
were carried out collecting more than 70 populations of 14+ species (putatively S.
acaule, S. acroscopicum, S. aymaraesense, S. bukasovii, S. coelestispetalum, S.
marinasense, S. pillahuatense S. raphanifolium, S. sandemani, S. sparsipilum, S.
tacnaense, S. urubambae, S. velardei, S. yungasense) under the auspices of the
ITPGRFA. It is hoped that this will provide a model for further collections of wild
and cultivated potato within its native range.

The collection of potato in its native range should be facilitated by the inclusion
of cultivated potato (except for S. phureja) and all wild potato species in the list of
Annex 1 crops under the ITPGRFA. The ITPGRFA established a global Multilateral
System (MLS) that clearly defines the terms under which access for the use of
genetic resources and their derivatives would be granted for use in research, train-
ing, and breeding under a Standard Material Transfer Agreement (SMTA) (http://
www.fao.org/plant-treaty/areas-of-work/the-multilateral-system/the-smta/en/),
which clearly outlines benefit sharing options. Of nations where wild potato species
are native, only Colombia and Mexico are not parties to ITPGRFA, and thus, it is
hoped that further facilitated access to collecting, conservation, and use of culti-
vated and wild potato species for research, training, and breeding will commence.
For Colombia and Mexico, collecting, access, and use of native potato germplasm
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would be subject to bilateral agreements under the Nagoya protocol framework. To
our knowledge, no other collections of wild potato species for inclusion in the MLS
of the ITPGRFA have been carried out since the 1990s.

4.4 Methods of Conservation of Potato Germplasm

A major challenge for ex situ genebanks is to maintain the diversity held, often
thousands of different accessions, in a form where every accession is readily avail-
able and accessible for use at a moment’s notice. Collections of cultivated crops are
often composed of various traditional varieties, along with improved cultivars,
which often do not produce large quantities of seeds/tubers making them challeng-
ing to reproduce in field conditions. Additionally, in general, wild species are more
challenging for ex situ genebanks to regenerate than cultivated due to the multitude
of ecological niches they have become adapted to, often requiring unique environ-
mental conditions (i.e., photoperiods) to thrive and reproduce, along with some
genotypes/species, which genetically produce limited flowers, seeds, or tubers.

With the lifespan of most research grants being less than 5 years, delays in
obtaining germplasm can mean missing critical planting windows which could
result in a year’s delay or failure to meet deliverables for a project. Thus, availability
of material from the genebanks is critical. Most crop genebanks maintain their
germplasm collections as botanical seed which for the majority of plants, including
potato, stores very well and can be made available with a few weeks’ notice if ade-
quate seeds exist for that accession. Genebanks will only provide seed to requestors
if they have adequate seed in cold storage with good viability to ensure that the
material is safeguarded and there is enough seed to keep regenerating the accession.
However, unlike most crops, cultivated potato is also often maintained as clones to
preserve the unique allelic combinations in the selected material which poses addi-
tional challenges for maintenance and distribution.

Where desirable allelic combinations have not been fixed by selection, as in wild
potato germplasm, the collections are maintained as botanical seed or true-potato-
seed (TPS). A representative number of individuals (20-50) are typically collected
from a wild population and seed is regenerated and combined to form a unique
genebank accession of heterogeneous seed theoretically representative of the alleles
found in that population. The accession is then distributed as a population of 50—-100
seed where each seed represents a distinct genotype from that population. Thus,
what is distributed is a heterogeneous mix of genotypes (seed) with each genotype
representing a portion of the genetic make-up of the accession or population.
Different collections of the same species (individual accessions) may or may not
contain the same trait(s) desired by a breeder or even have this trait at the same
frequency in different seed populations distributed. For example, when assessing
late blight (Phytophthora infestans) resistance in wild potato accessions, Perez et al.
(2001) found very high uniform resistance in three accessions of S. orophilum
(100%, 98%, and 96% resistant individuals, respectively from 48 seedlings from
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each accession); whereas, in three accessions of S. wittmachii, resistance was high
in one accession but very low in another (75%, 46% and 0.02% resistant individu-
als, respectively from 48 seedlings from each accession).

Unlike the wild species, cultivated potato is generally maintained as clones;
however, in some cases seed populations of cultivated material may be just as useful
to users. One of the main advantages of maintaining cultivated potato as seed is the
overall cost and staffing required to maintain a seed collection is greatly reduced
compared to in vitro collections which require subculturing every year or two.
Further, sterile laboratory conditions with specialized equipment are not needed to
reproduce potato if maintained as seed rather than in vitro clones. Seed populations
can be produced and if adequate seed is obtained, a curator would not need to regen-
erate the accession for several decades unless the vigor of the seed decreases or the
seeds are exhausted. Additionally, seed populations would have more diversity and
new allele combinations that could lead to new trait discovery.

In contrast to maintenance of cultivated material as seed, maintenance of culti-
vated potato as a clone, preserving the unique allelic makeup of the landrace or
variety, has advantages for either direct planting or facilitating the transfer of unique
allelic combinations to breeding or research programs. Maintenance of clonal potato
collections can be in the field, greenhouse, or in vitro as tissue culture. If maintained
in the field or greenhouse, the collection is harvested, tubers stored and annually
replanted as maintaining tuber viability for longer than a year is unreliable. Field or
greenhouse maintenance of the collection also carries a risk of losing accessions
due to biotic (insects and diseases) or abiotic (hail or wind) challenges. Therefore,
many clonal potato collections are maintained in tissue culture as in vitro plantlets,
which virtually eliminates the challenges of external biotic and abiotic factors. In
vitro maintenance also facilitates international distribution of the collection as
tissue culture plants are maintained in a sterile environment, and once cleaned of
diseases, they can be certified as disease-free material for import purposes
internationally.

The cultivated potato germplasm collection at CIP originated in the early 1970s
with material collected or donated from around the world. In the early 1980s,
research was initiated to place the collection into in vitro culture. Few in vitro col-
lections have been maintained for 30 years or that have been used as extensively as
the CIP cultivated potato collection. CIP currently maintains the largest in vitro
potato collection with 8354 potato in vitro accessions (as of October 2018), the
majority of which (89.8%) are landraces (native potatoes or “papa nativas” in
Spanish) originating mainly from the Andean region, with the remaining accessions
being improved varieties and breeding lines.

Since the vast majority of potato germplasm in genebanks around the world was
collected over 20 years ago, and some, such as the collection at the Vavilov Institute
in Russia, almost 90 years ago, most potato ex situ collections would be virtually
impossible to replicate or replace today if lost. For this reason, Standards 4.9 of the
Genebank Standards for Plant Genetic Resources for Food and Agriculture (FAO
2014) clearly state that “A safety duplicate sample for every original accession
should be stored in a geographically distant area, under the same or better
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conditions than those in the original genebank.” CIP, along with other genebanks in
the CGIAR, whose collections are held in trust under the ITPGRFA, takes this a step
further with a guideline for backing up the collection in two distinct locations, one
nationally and a second backup internationally. In the case of TPS accessions, such
as the wild relatives of potato, a sealed package of seed equivalent to one to three
times what is needed for a regeneration are backed up in a remote island archipelago
in Norway at the Svalbard Global Seed Vault (https://www.nordgen.org/sgsv/,
SGSV). The SGSV was established 10 years ago and funded by the Norwegian
government with operations coordinated by the Nordic Gene Resource Centre and
the Global Crop Diversity Trust. Shipment and coordination of all seed deposits are
done by the Nordic Gene Resource Centre under a MTA which clearly states that
the objective of the vaultis “...fo provide a safety net for the international conserva-
tion system of plant genetic resources, and to contribute to securing the maximum
amount of plant genetic diversity of importance to humanity for the long-term....”
(https://www.nordgen.org/sgsv/index.php?page=welcome). Under this agreement,
the material is kept by the SGSV as a black-box safety back-up which denotes that
the depositor retains full ownership and rights to the material, with the back-up
facility holding the material only as a service of storage for the depositor. As of the
end of 2017, SGSV contained almost 900,000 samples of seed from different crops
including seed from 136 species of wild potato, five wild potato natural hybrids and
six species of cultivated potato (taxonomy according to Hawkes 1990). Under con-
ditions at the SGSV (airtight containers, properly dried seed, stored at —18 °C),
good quality TPS can survive and maintain viability for 50-100 years.
Unfortunately, there are no analogous safety backup facilities to the SGSV for
clonal material. In the case of clonal collections maintained in the field, the expense
is often too high to allow distinct duplicate field planting sites, and hence, these col-
lections are all too often not backed up and diminish over time. In the case of in vitro
collections, the collections can be safely backed-up by shipping duplicate copies of
in vitro cultures to a distant location for safety back-up. The facility backing-up the
in vitro material generally needs to have lighted controlled temperature chambers
(5—10 °C) for sustained slow growth of the material. In the case of the back-up for
the USDA National Potato Genebank in vitro collection, cultures were shipped to
the National Laboratory for Genetic Resources Preservation in Fort Collins, CO,
where they are maintained as mini-tubers at 5 °C requiring subculture and reinitiat-
ing of the mini-tubers once every 2-3 years. For other in vitro potato collections,
such as the one at CIP, the entire collection is shipped periodically (semi-annually)
to two sites, one in a geographically distinct location in the high Andean Plateau at
a CIP field station in Huancayo, Peru and the other facility outside of Peru at the
Brazilian Agricultural Research Corporation (EMBRAPA) labs in Brasilia, Brazil.
At both sites, the material is kept in slow growth conditions at 7 °C where the cul-
tures can survive approximately 2 years without subculturing. Again, as with the
seed deposits at the SGSV, these materials are stored in a black-box arrangement.
As genebanks are the stewards of the genetic resources that they maintain, with
this stewardship comes great responsibility to ensure that no known pathogens are
introduced into other countries with the distribution of germplasm creating a new
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disease problem. Vegetatively propagated crops such as potato, sugarcane, cassava,
sweetpotato, yam, banana, citrus, and strawberry can be challenging because they
must be multiplied continuously when maintained in the field to keep them in opti-
mal growth. Although field maintenance of any crop is subject to abiotic challenges,
as well as, biotic challenges such as diseases and pests, and with each multiplication
or movement from one field to another, there are ample opportunities for the intro-
duction of viruses and viroids (Sastry and Zitter 2014). Diseases caused by plant
viruses limit sustainable production of vegetatively propagated staple food crops
and in developing countries, this problem is confounded as agronomic practices to
limit disease incidence and spread is marginal if done at all. As well, the use of new
clean planting material to lessen virus titers is a luxury which most small holder
farmers cannot afford. Additionally, low virus titers in planting materials generally
display low symptom severity which makes infected plants not easily recognized as
disease containing, and subsequently problematic if used for vegetative propagation
(Bosch et al. 2007) because it can further perpetuate the diseases. Often human
actions and climate change can be linked to the spread and outbreak of disease in
conjunction with the movement and exchange of diseased plants and the interna-
tional food supply chain are drivers of new disease threats (Wilkinson et al. 2011).

Actual examples of the human spread of pathogens with potato germplasm, other
than by word of mouth, are difficult to find, yet published reports do exist to verify
the potential challenge. The recent introduction of East Africa cassava mosaic-like
viruses from African to the South West Indian Ocean islands follows human and
insect transmission of the disease (De Bruyn et al. 2012), while the spread of the
disease to Oman is likely directly related to human movement of plant material in
the 1960s (Khan et al. 2012). Spread of viruses across international borders can also
happen by insect vectors as in the case of the expansion and subsequent pandemic
of the cassava mosaic disease (CMD) in the Great Lakes region of East and Central
Africa which followed tightly the outbreaks of whitefly populations (Legg et al.
2011).

Therefore, for international distribution of germplasm from genebanks, plant
material is tested, treated to eliminate diseases and certified to be clean and free of
pathogens of phytosanitary importance as defined by import permits prior to trans-
porting across any international border. For virus-free production of TPS, regenera-
tion is carried out under strict sanitary conditions in a controlled screen house with
limited access and maintained free of insects and thus vectors for viruses. Arracacha
virus B—oca (arracacha and oca are two Andean Root and Tubers crops cultivated
and eaten throughout Peru) strain (AVB-O), potato virus T (PVT), potato spindle
tuber viroid (PSTVd), and alfalfa mosaic virus (AMYV) have been shown to transmit
virus particles to seed when pollen from an infected plant is used for pollinations
(Jones 1982; Valkonen et al. 1992; FAO/IPGRI Technical Guidelines for the Safe
Movement of Germplasm n.d.)]. Therefore, at CIP, for individual TPS production
mother plants are tested pre-flowering for these seed transmitted viruses (AVB-O,
PVT, PSTVd, and AMV) as well as for Andean potato latent virus (APLV), potato
yellowing virus (PYV), and tobacco mosaic virus (TMV). If an individual mother
plant tests positive for any of the viruses listed above, it is discarded and not used as
a pollen donor or as a maternal parent for TPS production.
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Pathogen elimination from clonal material is much more laborious, costly, and
time-consuming. This is one rationale for in vitro culture as once the plantlets are
clean, the in vitro culture methodology will maintain the investment of the phytos-
anitary cleaning. If endogenous bacteria are present in the cultures, these are usually
eliminated with antibiotics prior to the elimination of viruses. A typical and success-
ful virus elimination scheme starts with placing the in vitro cultures into thermo-
therapy (32-34 °C for 1 month), followed by isolation of 0.1-0.3 mm meristems
and then plantlet regeneration. The regenerated plants are tested for the presence of
viruses by serological, molecular, host range testing, and grafting onto indicator
plants for final assurance of virus-free status. The entire process takes 12—-24 months
for one round and longer if not successful on the first run. At CIP, this method is
highly efficient with 90% of all potato material going through virus elimination
becoming virus-free after one run. The viruses of import/export importance in
clonal material include potato virus T (PVT), potato spindle tuber viroid (PSTVd),
potato virus X (PVX), potato virus Y (PVY), potato leaf roll virus (PLRV), potato
virus S (PVS), Andean potato mottle virus (APMV), Andean potato latent virus
(APLV), potato yellowing virus (PYV), and Arracacha virus B (AVB-0O).

Advances in next-generation sequencing (NGS) hold great promise for reducing
the labor, time, and cost of disease screening in germplasm collections. One such
technology is the detection of viruses using small RNA sequencing and assembly
(sRSA) technology. This technology is being tested on potato and it is hoped to be
able to reduce the time necessary for phytosanitary cleaning of clonal potato germ-
plasm from 12-24 months to less than 6 months (Kreuze 2014). Importantly, this
technology could be invaluable in the future as new viruses or diseases of import
importance develop so that entire germplasm collections can be rescreened quickly
and efficiently ensuring the germplasm is readily available when needed.

The maintenance of in vitro potato clonal material has its advantages, including
being readily available and the maintenance of disease-free status, but it is also
undisputedly one of the most expensive long-term conservation methods available.
This is due to the need for sterile plant tissue culture facilities, climate-controlled
growth rooms, and highly trained personnel. Maintenance of clonal material as seed
is one alternative, yet to maintain the allelic combinations present in an accession,
maintenance of the clone is the only option. Cryopreservation, freezing tissue in
liquid nitrogen at —196 °C, has been used for the long-term preservation of clonal
plant genetic resources. Although research in the cryopreservation of plants has
been ongoing for over 50 years (Reed 2008) and high confidence exists with the
technology in animal and human systems (D1 Santo et al. 2012), the application of
long-term preservation of plant material, despite many successes, still has its skep-
tics. Limited long-term studies of plant material have shown largely positive and
optimistic results (Volk et al. 2008), which support the theoretical long-term cryo-
preservation of plant meristems for centuries. Potato was one of the early crop
plants used in cryopreservation research (Bajaj 1977; Grout and Henshaw 1978;
Towill 1981a, b) and there are reports of over 20 potato species having been tested
for cryopreservation using several different methods (Kaczmarczyk et al. 2011;
Vollmer et al. 2017). To date the most successful methods for potato cryopreservation
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of genebank accessions included the IPK genebank using dimethyl sulfoxide
(DMSO) droplet vitrification (Kaczmarczyk et al. 2011) with over 1000 cryopre-
served accessions and the CIP genebank using a Plant Vitrification Solution (PVS2)
droplet vitrification (Vollmer et al. 2017) method with over 2500 accessions cryo-
preserved as of the end of 2017.

Although the number of accessions or samples distributed from potato ex situ
collections tells us little about how the germplasm was used or if it was useful at all,
it does provide a measure of interest in the collections. In marketing, if a product is
not available and there is little information on the attributes and benefits of the prod-
uct, few will buy or order it. The same is true with germplasm collections, if the
germplasm is not phytosanitary cleaned, in a form which can be distributed or due
to some other factor(s), such as regulatory hurdles, is unavailable, it is not accessible
for use and hence will not be used. Unfortunately, the physical accessibility of
potato accessions from global collections is scattered with only 11/23 (~50%) of the
collections surveyed having distributed material internationally in the period from
2004 to 2006 (Global Strategy for Ex situ Conservation of Potato 2006). While this
is the only statistics found on distribution from multiple global potato global gene-
banks and it predates the International Treaty for Plant Genetic Resources for Food
and Agriculture (Carputo et al. 2013), it serves as a good example and is likely the
status today that less than 50% of potato ex situ material held in genebanks globally
are available today beyond the walls of the genebank or the borders of the nation in
which the genebank resides. This is a reflection of the state of the art of many factors
and the international regulatory environment is just one factor (reviewed above). We
have also discussed the need for phytosanitary cleaning and a propagule which can
be distributed as disease-free. TPS could be an asset and a valuable tool for gene-
banks lacking the technology for long-term maintenance in tissue culture, yet is
capable of virus screening of mother plants for TPS regeneration.

Another major limitation to the use/distribution of potato germplasm is the lack
of information publicly accessible about potato germplasm in the various gene-
banks. While Genesys (https://www.genesys-pgr.org/welcome) offers a one site
shop for information on the location of 19,066 potato accessions comprising over
175 species from 21 different countries, as of the end of 2017 it does not have infor-
mation on 3 (INIA, France; Vavilov, Russia; and NIAS, Japan) out of 5 of the largest
potato genebanks identified in the Second Report on The State of the World’s Plant
Genetic Resources for Food and Agriculture (FAO 2010). This highlights the diffi-
culty for users to find information on the accessions conserved. Even the European
Union Potato Project Database (http://ecpgr.cgn.wur.nl/eupotato/) does not contain
information on the French or United Kingdom potato collections, yet it has informa-
tion from both CIP and USA collections. If information on the holdings of the
global potato germplasm collections is not readily available, or if available but not
in a universal language, it will be impossible for most users to find information on
what is held in ex situ collections.

As mentioned above, one measure of the value of genetic resources conservation
is whether the collection is desired by the user community. Using the in trust potato
collection at CIP as an example of the value of conservation of diversity of ex situ
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collections to the breeding and research community, since 2007, CIP has received
1,399 requests for potato germplasm. A total of 48,533 samples were distributed in
the last 10 years (2007-2017), following the legal framework of the ITPGRFA. This
represents over 1,200 unique accessions per year or almost 25% of the in-trust col-
lection distributed annually. Material was sent to 96 countries with Peru, USA,
Australia, and China requesting the most potato germplasm. All material is trans-
ferred using the Standard Material Transfer Agreement (SMTA) under the
ITPGRFA. It could be expected that in the genomics era, DNA distributions would
steadily increase; however, there is no trend in this as physical genetic material
remains in high demand suggesting use in breeding programs still requires plants
for crossing. Interestingly, in a recent (2015) survey (Shirey, unpublished data), late
blight resistance and yield were the most cited traits of interest among users.

In 1997, a program was initiated to return traditional cultivars and landraces to
the native, indigenous farmers in Peru (repatriation), whose ancestors preserved the
potato diversity. For centuries, these potato farming communities have nurtured and
planted multiple, 20—40, varieties per family as an insurance policy to ensure food
availability. The rationale was that in one year one group of landraces would pro-
duce well, while in other years a different group might flourish. By conserving and
planting diversity, they sustained their livelihood. In recent times, many communi-
ties have lost important cultivars they had planted for generations, due to terrorism,
extreme weather, climate change, and/or disease/pest pressures. The CIP repatria-
tion program is an example of the broader user base of ex situ genebanks where the
in-trust collection served as a reservoir specifically for the landraces the current
generation of potato guardians of the Andes (Papa Arariwa) needed to revive their
traditional farming systems. In some cases, it allowed them to plant again the land-
races they remembered as a child. Thus, repatriation is helping to restore the diver-
sity and productivity in the traditional Andean potato farming region (Aguilar
2016). Further, the repatriation of genebank materials has benefits beyond restoring
diversity and the traditions that come with this diversity, the added benefit is the
distribution of pathogen-free stocks, which can increase productivity in a single
season by as much as 40% thereby contributing to food security and poverty reduc-
tion for these communities. In total, 89 communities in Peru have received over
6,000 samples representing more than 1250 accessions of native landraces or over
50% of Peruvian landraces held in the in-trust potato collection.

4.5 Characterizing Potato Diversity in Genebanks

Molecular markers, are considered fixed landmarks in a genome, and thus, can
reveal crucial genetic variability (Semagn et al. 2006). Markers have been used in
many crop plants to assess genetic diversity, determine population structure, estab-
lishing trait-marker associations, discover and track quantitative trait loci (QTLs),
produce genetic linkage maps, assist in selection for traits, understand the influence
of genotypes on phenotypes, and more, all to improve or understand crop plants.
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Loss of plant species in the past centuries has triggered genetic resource conserva-
tion with a need to accurately identify each accession. Molecular tools provide an
easy less laborious method to assign plant taxa, as well as, characterize certain traits
(Arif et al. 2010). To address the challenge of defining the biodiversity of a crop
such as potato, biochemical and molecular markers have been used, yet the wide-
scale use for looking at entire ex situ collections has only recently become more
feasible due to advances in next generation sequencing (NGS) which has made
genotyping projects more automated and affordable for large sample sizes.

Examples of where molecular markers have been employed to gain insight in
potato are included below. Markers such as isozymes, simple sequence repeats
(SSRs), and rapid amplified polymorphic DNA (RAPDs) have been employed in
potato for varietal identification and genetic diversity assessments (Anoumaa et al.
2017; Carputo et al. 2013; Collares et al. 2004; Ghislain et al. 2009; Hoque et al.
2013; Rocha et al. 2010; Salimi et al. 2016; Xiaoyan et al. 2016). SSR markers have
also been used to support a reevaluation of the taxonomic classification and struc-
ture of the gene pool of cultivated potato into four species (Spooner et al. 2007).
Amplified fragment length polymorphisms (AFLPs) were utilized to hypothesize
the domestication origin for cultivated potato from the northern species of the S.
brevicaule group (Spooner et al. 2005) which was contrary to previous reports.

Even though different types of molecular markers exist and have been employed
since the 1980s, single nucleotide polymorphisms (SNPs) are increasingly used pre-
dominantly due to recent advances in genome sequencing technology, the abun-
dance of SNPs in most crop plants, reduced labor required to collect the data, and
price per data point. The affordable cost and high-throughput nature of SNP mark-
ers have made them powerful tools for genetic analysis of plant species such as
potato and highly useful in breeding (Bertioli et al. 2014). Discovery of SNPs in
simple genomes is relatively easy requiring collection and evaluation of sequence
data; however, in complex genomes such as potato, SNP detection is more challeng-
ing due to repetitive segments of the genome and multiple ploidy levels (Mammadov
et al. 2012). Genome complexity reduction methods, such as genotyping by
sequencing (GBS), diversity arrays technology (DArTseq), restriction site-
associated DNA sequencing (RADseq), have been developed to aid in the discovery
of novel SNPs; nevertheless, it is often challenging to identify SNP markers in poly-
ploids such as potato, cotton, canola, and wheat (Bertioli et al. 2014; Logan-Young
et al. 2015; Mammadov et al. 2012) due to separating allelic versus homoeologous
SNPs or determining dosage in autopolyploids, both of which increase the rate of
false positives (Clevenger and Ozias-Akin 2015).

SNP arrays have been developed which allow thousands to one million genome-
wide SNP markers to be assessed simultaneously in an individual assay (LaFramboise
2009), thereby reducing the cost per marker data point. The Infinium 12K V2 Potato
Array contains 12,720 SNPs, including the SNPs from the original SOICAP Infinium
V1 8303 Potato Array with additional markers derived from the Infinium High
Confidence SNPs (69K, Hamilton et al. 2011), which were selected for improved
genome coverage, candidate genes, and regions with resistance genes. Both potato
SNP arrays have been used in numerous studies as a genomic tool to improve cultivated
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potato or gain insight on genetic attributes. The SOlCAP Infinium 8303 Potato Array
were selected from 69,011 high-quality SNPs derived from six commercial potato
cultivars “Atlantic,” “Premier Russet,” “Snowden,” “Bintje,” “Kennebec,” and
“Shepody” (Hamilton et al. 2011). These SNP markers were used to measure link-
age disequilibrium for genome-wide association (GWA) mapping and population
structure in European diploid and tetraploid germplasm (Stich et al. 2013).
Genotyping a diversity panel of 250 lines of wild species, genetic stocks, and culti-
vated potato revealed that changes in heterozygosity and allele dosage has not
occurred in over 150 years of breeding, but clear selection for alleles in biosynthetic
pathways has occurred (Hirsch et al. 2013). The SolCAP Infinium 8303 Potato
Array was used to develop linkage maps (Felcher et al. 2012), genotype populations
for QTL analysis (Douches et al. 2014), and assess variation in glycoalkaloid bio-
synthesis (Manrique-Carpintero et al. 2013, 2014). It was also used to evaluate the
genetic diversity and population structure of S. tuberosum sbsp. andigenum and S.
phureja accessions from Colombia along with identifying 23 markers associated
with nine morphological traits (Berdugo-Cely et al. 2017). In a wild species study,
relationships deduced from the SNP markers were generally complementary to
existing taxonomic classifications for 74 Solanum lines representing 25 wild taxa
and were also effective in resolving complex taxa boundaries among germplasm
with close genetic relationships (Hardigan et al. 2015).

Sequencing efforts including expressed sequence tags (ESTs) and the reference
genome for potato (Potato Genome Sequencing Consortium 2011) allowed the
development of the Infinium SOLCAP array that has provided the underpinning and
a valuable tool for looking more closely at potato diversity. Additionally, the ease of
data collection utilizing a SNP array has allowed genotyping of large sample num-
bers to finally be a reality. The CIP genebank has begun a project to genotype the
entire landrace in vitro potato collection utilizing the Infinium V2 12K SNP array
(http://solcap.msu.edu/potato_infinium.shtml) along with low density genotyping
by sequencing (GBS) of 600 wild potato accessions and over 450 cultivated pota-
toes. This data is forthcoming; however, it will provide unique fingerprints of a large
portion of the collection for users, diversity assessment in wild and cultivated mate-
rial, identification of potential duplicated material, and genetic tools for genome-
wide association studies (GWAS).

An initial assessment of the Infinium V2 SNP array was made by genotyping 250
potato accessions representing 7 taxa (Ellis et al. 2018). The genome-wide SNPs on
the array were well distributed across the 12 potato chromosomes ranging from 798
to 1647 SNPs per chromosome. Of the 12,720 SNPs included in the Infinium 12K
V2 Potato Array, the majority yielded good-quality signal intensities that were con-
verted into genotypes. SNPs that did not produce a signal in >10% of the individu-
als or could not be clustered were filtered out of the dataset along with SNPs noted
in previous studies to be poor or questionable (http://solcap.msu.edu/potato_infin-
ium.shtml). The three-cluster diploid calling yielded 77% (9800) of the total SNPs
on the array for use in subsequent analysis. In this data set only, 2.7% of the SNPs
were monomorphic with only one of the three diploid genotypic classes scored
among all the accessions of the diverse taxa used in this study. Aside from these few,
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most of the SNPs (97.3%) were polymorphic. A previous study with the 8303-array
showed similar rates with a polymorphic rate of 75% (Stich et al. 2013); yet, this
study included less taxa with only 44 genotypes. As expected, the five-cluster tetra-
ploid calling had a lower rate of monomorphic markers with only 31 of 4859 (0.6%)
of the SNPs being monomorphic; however only 39.5% of the total SNPs on the
array could be utilized because of the difficulty in clustering/scoring the three het-
erozygous classes. Heterozygosity in this data set was high in many species/geno-
types and ranged from 0.1 to 81.2% (Ellis et al. 2018).

A distance matrix was calculated from the SNP data and a phylogeny was con-
structed along with estimates on population structure (Ellis et al. 2018). Most of the
taxa did not form distinct monophyletic clades and there were mixed taxa in each
clade suggesting significant gene flow, low representation of certain taxa, and/or
misclassified accessions. Further, branch lengths among individuals were short sug-
gesting low diversity between taxa and the possibility of hybrids. S. xjuzpeczukii
(2n = 3x = 36) was the only taxa to form a distinct monophyletic clade. The acces-
sions of S. xjuzpeczukii were genetically redundant. This is interesting as these
accessions originated from three countries (Bolivia, Peru, and Argentina); therefore,
one would expect some genetic divergence. However, given that triploids are sterile
and thus represent an evolutionary dead-end they were likely spread by human
migration as clones. More of the genome needs to be evaluated (i.e., reduced repre-
sentation sequencing) in these triploid accessions to elucidate if genetic differences
among these accessions truly exists or if they are genetic duplicates before an archi-
val process begins of putatively redundant material.

The phylogeny further demonstrated that S. xchaucha, S. stenotomum subsp.
goniocalyx, and S. stenotomum subsp. stenotomum appear to be sister taxa with
ancestry to S. phureja. Similar suggestions have emerged in previous studies using
microsatellite data (Gomez, personal communication) and are supported by the
revised taxonomy of Spooner et al. (2014) where these four taxa are lumped into a
single species S. tuberosum. The phylogenetic tree also reveals putative discrepan-
cies in species designation of accessions which will need to be verified in the future
with phenotyping data. For example, multiple S. stenotomum subsp. stenotomum
(17) and S. xchaucha (9) accessions grouped with the S. fuberosum subsp. andige-
num accessions. In contrast, most of the S. stenotomum subsp. goniocalyx acces-
sions clustered together or within the S. stenotomum subsp. stenotomum group
(Ellis et al. 2018).

The analysis of the SNP data on 250 accessions from the genebank provided
valuable information on intra- and interspecific relationships among taxa and pro-
vided additional support for targeting the collection of phenotypic data of suspected
misclassified accessions. The data suggests that some of the accessions are hybrids
and that gene flow has occurred between many of the taxa. The SNP array produced
unique fingerprints with a few exceptions among this diverse panel of cultivated
potato. These fingerprints provide a legacy for quality management systems (QMS)
of the potato collection for years into the future to assure that as accessions are
handled errors do not occur, and if they do occur, fingerprints can be used to validate
genetic identity. Further, these data can be used to compare accessions between
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genebanks to determine where unique genetic material exists on a global scale and
ensure it is safely preserved for the future. Overall, the genetic analysis facilitated a
better understanding of the genetic diversity, population structure, and genetic relat-
edness of these potato taxa.

4.6 Climate Change and Genetic Resources Collections

The increased variability of the global climate, resulting in greater extremes of tem-
peratures punctuated by increased dry, wet, cold, warm, and generally unpredictable
climatic periods, will continue to have severe impacts on crop productivity and sus-
tainability. Estimates of the extent of temperature increases range between 2 and
6 °C (Jarvis et al. 2011). The warming climates will be accompanied by increased
atmospheric CO,, and although both factors will favor plant productivity of C;
plants, such as potatoes, this increased productivity will be accompanied by large
increases in biotic (diseases and pests) and abiotic (drought, heat, adverse and
unseasonable weather) challenges that could decrease plant yield and increase crop
uncertainty. Previously adapted varieties may no longer be robust in the same geo-
graphic locality due to a lack of resistance/tolerance to these biotic and abiotic fac-
tors. These factors are interrelated, stressed resistance varieties may have attenuated
resistance in different environments, resistance may be needed at different develop-
mental stages than previously required, resistance could be overwhelmed by popu-
lation sizes of pests and diseases, and new pests and diseases may appear. It must
also be recognized that one cannot look at a single factor such as how climate affects
insect vectors and thus the spread of diseases as an effect on insects will also affect
insect pollinators reducing subsequent plant populations, insect predators, and
insect populations by an extended growing season. It has been estimated that with a
2 °C rise in temperature, insects will go through one to five additional life cycles/
year. In general, bacteria will respond better to moisture fluctuations regardless of
temperature while fungi will respond to moisture fluctuations more in cooler
weather (Beed 2011).

What is needed now and in the future is genes which can be introgressed into
potato to help maintain productivity with the changing climate. Crop wild relatives
conserved in genebanks offer “an enormous and unimaginable potential” for the
discovery of valuable and desired traits (Machida-Hirano 2015). Wild relatives of
potato have been a source of disease resistance for breeding programs for over
100 years (Hawkes 1958). An example is Phytophthora infestans (causal agent of
late blight), which is the causal agent responsible for the devastation it inflicted dur-
ing the Irish potato blight in 1845-1846. It is most severe in periods of high mois-
ture with temperatures between 7.2 and 26.8 °C. It is predicted that for each degree
of warming, late blight can occur 4-7 days earlier, extending the period of infec-
tions to between 10 and 20 days. With warmer temperatures starting earlier, there is
a potential threat that late blight infestation will come earlier and earlier and last
longer into the season resulting in increased fungicide applications leading to a
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greater pressure of the evolution of resistance to the fungicides (Beed 2011). Eleven
hypersensitive-type resistance genes (R genes) have been characterized from S.
demissum, a wild relative of potato of Mexican origin, thus S. demissum has been
used extensively as a source for late blight resistance in European and North
American cultivars (Asano and Tamiya 2016; Love 1999). Other sources of resis-
tance in wild relatives of potato include S. bulbocastrum, S. candolleanum, S.
chacoense, S. pinnatisectum, and S. stoloniferon (Machida-Hirano 2015).

Warmer temperatures can affect resistance genes rendering them ineffective. In
tomato, increased temperatures caused a complete breakdown of resistance to
Ralsonia solanacearum (bacterial wilt), another severe disease in potato (Kuun
et al. 2001; Tung et al. 1992). Thus, increased temperatures affect not only the
pathogenic organisms and vectors but also the resistance genes. Therefore, multiple
forms of resistance for breeding programs may be needed and genebanks could
provide such multiple forms of resistance. Examples of potato wild relatives where
bacterial wilt resistance has been found are S. chacoense, S. commersonii, S.
phureja, and S. stonotonum (Asano and Tamiya 2016; Machida-Hirano 2015).

Increased temperatures will also favor an increase in pests including aphids,
weevils, and potato tuber moth (Asano and Tamiya 2016), and it has been stated that
temperature is likely the single most important factor in cold blooded insect behav-
ior, distribution, development, survival, and reproduction (Bale et al. 2002). Pest
resistance in potato wild relatives is associated with high levels of glycoalkaloids,
dense hairs, and trichomes found in species such as S. chacoense, S. polyadenium,
and S. tarijense (Jansky et al. 2009). Nematode populations can also be influenced
by climate as observed with the Southern root-knot nematode (Meloidogyne incog-
nita) in coffee which has expanded its range in recent years associated with chang-
ing climatic conditions (Beed 2011). Nematode resistance in potato wild relatives
can be found in S. hougasii for Columbia root-knot nematode (Brown et al. 1991)
and S. vernei and S. acuale for cyst nematode (Hawkes 1994).

In addition to biotic challenges, climatic changes also can greatly affect potato
survival and yield simply by the stresses imposed independent of effects on biotic
factors. Increases in early and late season frosts, extreme heat, delay or unseason-
able rains and other severe weather events. Tolerance to these abiotic factors is as
important as resistance to pests and diseases. S. acuale, a potato wild relative can
form a carpet of tiny plants at 4500 m.a.s.] displaying extreme frost and drought
tolerance (personal observation). Other frost tolerant species include S. demissum
and S. xjuzcepczukii. Drought tolerance can be found in S. chillonanum, S. jamesii,
and S. okadae (Watanabe et al. 2011) and S. xcurtilobum (Cabello et al. 2012).

4.7 Concluding Comments

It is fortunate that the vast majority of the diversity of cultivated potato, as well as
much of that of its wild relatives, is already safely conserved in numerous gene-
banks around the world. These resources represent an investment to ensure potato’s
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role in food security well into the future. These conserved potato genetic resources
will provide the traits and alleles needed to continue potato’s dominance on plates
around the world. Increased knowledge of the molecular and biochemical pathways
is critical to maximize not only the discovery but also the use of the needed attri-
butes in breeding programs and food systems. The benefits of these ex situ collec-
tions will continue to be delivered as the hidden characteristics, some with unknown
value today, continue to be uncovered. One cannot however sit back complacently
because as long as there is diversity which is threatened, and not securely con-
served, there will be valuable alleles, individuals, and populations that could be
critical in the future.
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Chapter 5
The Genes and Genomes of the Potato

Marc Ghislain and David S. Douches

Abstract During the last decade, genomics research has generated new insights
into potato genetics and made possible new strategies for varietal improvement. The
most commonly grown and eaten potato is an autotetraploid, highly heterozygote
crop suffering from rapid inbreeding depression. The genetic improvement of the
potato presents numerous challenges using conventional tetraploid breeding
techniques. However, novel breeding technologies are now available to increase
precision and gains for varietal improvement. The public availability of the first
potato genome sequence has created new ways to identify the genetic determinants
of key traits of the potato as well as ways to use this knowledge for speeding up
variety development. Genomic selection applied to tetraploid breeding promises to
increase prediction of progeny performance by a more efficient selection of parents.
Diploid hybrid breeding is finally making its way two decades after discovering a
suppressor gene of the self-incompatibility locus of diploid potatoes. Direct gene
transfer into existing varieties of major genes for key traits has been successful but
biotech potato development has been constrained by public perception and issues
related to the regulation of the technology. Although genome or gene editing is still
in its primary stage in potato, it has already been successful in modifying gene
expression in a controlled way, and it might face a lower regulatory burden and
easier adoption than biotech, transgenic potatoes. Concluding on an optimistic note,
we have many reasons, and evidence is starting to mount, that potato crop
improvement is finally benefiting from decades of investment in molecular genetics
and that the future hold the promises of faster releases of more robust varieties to
pest, disease, and climatic extremes, as well as nutritionally enhanced varieties to
feed an ever-growing world population.
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5.1 At the Crossroad of Potato Improvement

5.1.1 The Numerous Challenges of Tetraploid Potato Breeding

Potato breeding has a long and successful history of improved variety released after
breeding from mostly advanced breeding clones and landraces of tetraploid nature
from essentially two genepools, the short-day adapted upland Andigenum and the
long-day adapted lowland Chilotanum (Bonierbale et al., this volume; Spooner
et al. 2007). The latter group has given rise to the modern cultivar well-adapted to
the Northern hemisphere referred to as the Tuberosum group (Gavrilenko et al.
2013). In the US and Canada, variety replacement has been particularly disappoint-
ing in potato since turnover is in the range of several decades, unlike grain crops
(Walker 1994). In developing countries, there has been marked change in variety
adoption as evidenced by a study on CIP-related varieties which grew from nothing
to beyond one million hectares in 35 years (Thiele et al. 2008). A more recent study
by Gatto et al. (2018) provides further insight on the impact of CIP’s breeding
efforts, and documents that in China, the world’s largest potato producer, there are
over one million hectares planted with varieties that trace back to CIP pedigrees.
Furthermore, CIP’s genetic footprint in China reaches above 35% of all varieties
currently in use, be it through the registration of CIP advanced breeding lines as
varieties or through using CIP’s elite breeding lines as parents in crosses initiated
by Chinese breeding programs. The main bottleneck explaining the difference in
varietal turnover is market-driven mostly by processing industry in the US and
Canada, unwilling to adjust their manufacturing processes to the cooking and frying
attributes of the new varieties. Regardless, potato breeding has shown the ability to
deliver varieties with market-demanded processing qualities and new traits for
higher resilience against climatic extremes, pest and diseases threats, and with
enhanced nutritional qualities.

Phenotypic recurrent selection has been the method of choice to select for
improved potato lines starting usually with about 100,000 seedlings from 200 to
300 crosses followed by clonal selection over many years (Bradshaw 2009, 2017).
A recent review of the history of conventional potato breeding revealed many
examples of important varieties been released after 30 years or more of crossing and
clonal selection when an optimal timeline should be 13—-14 years (Bradshaw 2009;
Jansky and Spooner 2017). The main reason for such long cycle for variety develop-
ment is the quantitative nature of most important traits, the rapid inbreeding depres-
sion, and the low intensity of selection in early generations. The propagation through
tubers adds on delays due to low multiplication rate and ease of contamination with
pathogens which delay bulking enough quality seed tubers for multilocation field
selection.

The genetic base of potato varieties grown in large commercial area is relatively
narrow compared to the accessible gene pool for conventional breeding of the
potato. This is likely due to the narrow genetic base of the original tetraploid sources
from Andigenum and Tuberosum which were used as starting material for breeding.
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Ellis et al. (this volume) provide a detailed current status of the gene pool and the
germplasm of potato. Many wild potato species can be crossed with cultivated
potatoes directly or via another wild species used as a bridge (Plaisted and Hoopes
1989). However, only a fraction of useful genes from wild species have been
introgressed successfully into modern potato varieties. About 40% of the wild
species carry interesting genetic traits value for pests, diseases and abiotic stresses
(Sood et al. 2017). Major genes for disease resistance from wild relatives of the
potato were introgressed into breeding lines for late blight (S. demissum,
S. bulbocastanum), viruses (S. stoloniferum), and nematodes (S. spegazzini,
S. vernei) resistance (Bradshaw and Ramsay 2005; Bradshaw 2009; Finkers-
Tomczak et al. 2011).

The real contribution of wild relatives to modern potato varieties is likely under-
estimated due to uncertainty in pedigree information and quantitative nature of
many important traits of the potato. S. acaule, which has been a source of disease
resistance and abiotic stress tolerance but has been more used as a bridge between
wild species and the cultivated potato (Watanabe et al. 1992). From the first cross
between S. bulbocastanum bearing late blight-resistance genes and the bridging
wild species S. acaule, 46 years of crossing and selection with cultivated potato,
first diploid S. Phureja and then tetraploid S. tuberosum, were necessary to release
the late blight-resistant varieties “Bionica” and “Toluca” (Haverkort et al. 2009).
Introgression of wild species genomes into the cultivated groups has been facilitated
by unreduced (2n) gametes in diploid potatoes and was shown to be highest in group
Tuberosum because of intense breeding effort using a dozen of wild species (Plaisted
and Hoopes 1989; Hardigan et al. 2017). Wild species carry genes for wild
characteristics which are introduced as genetic drag with the disease-resistance
genes lead to the notion that there could be a tradeoff between disease resistance and
yield (Ning et al. 2017). This might have contributed to the limited use of wild
species in potato breeding.

Assuming allelic combination has to consider one positive allele from a wild
species and three neutral alleles from cultivated potato, the introgression of only ten
positive alleles from wild species is only one in a million genotypes [(1/4)" where
n = 10 genes]. This number becomes quickly without practical reach considering
epistatic effects from the cultivated potato alleles, and that each cross redistributes
the 20 or so quantitative trait loci which are priority traits of modern varieties
(Bradshaw 2017). Potato being an auto-tetraploid clonally propagated crop has also
accumulated rare mutations and epigenetic changes in alleles otherwise identical.
This complicates further the straightforward exploitation of emerging molecular
breeding approaches (Visser et al. 2014).

Increased selection intensity before clonal selection has been proposed by prog-
eny tests and full-sib family selection (Bradshaw et al. 1995, 2000). Marker assisted
selection can also screen at early stage major genes and Quantitative Trait Loci
(QTL) with large effects (Gebhardt 2013; Sharma et al. 2014). In recent years,
markers flanking major genes and QTL were developed for resistance to viruses
(Mihovilovich et al. 2014; del Rosario et al. 2018), tuber starch and yield (Schonhals
et al. 2016), and other important traits (Ramakrishnan et al. 2015). If applied at the
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early clonal generation stage and multiplexed, marker-assisted selection can be
cost-effective (Slater et al. 2013). Estimated breeding value for traits which can be
inferred from pedigree information was also proposed to accelerate the intensity of
section and result in shorter breeding cycle (Slater et al. 2014a, b). Genomic
selection is also proposed to improve combining unknown QTL at an early stage in
the breeding process (Slater et al. 2016). New high density and high throughput
polymorphic marker systems have been developed for potato (Hamilton et al. 2011;
Uitdewilligen et al. 2013; Vos et al. 2015). Using a panel of 83 cultivars of mostly
European origin, a high frequency of relatively rare variants and/or haplotypes, with
61% of the variants having a minor allele frequency below 5%, was found which
can be explained by the limited number of meiosis separating these cultivars
(Uitdewilligen et al. 2013). Recent estimates of linkage disequilibrium in modern
potato cultivar populations confirmed the relatively limited number of meiosis
separating modern cultivars and therefore limited power of Genome Wide Assisted
Studies (GWAS) for allele/gene discovery (Vos et al. 2017; Sharma et al. 2018).

Hence, ways to improve conventional potato breeding exist and are under devel-
opment but the fundamental inherent limitations of the narrow genetic base of
advanced tetraploid potato germplasm used by breeders, the rapid inbreeding
depression, and the low multiplication rate of seed tubers call for new methods and
tools to improve the potato which will be complementary to conventional tetraploid
breeding for some and an alternative for others.

5.1.2 New Potato Breeding Technologies

Potato genetic improvement has taken shortcuts many times to circumvent the lim-
ited genepool accessible by crossing and the tedious phenotypic recurrent selection.

Mutagenesis has long been used to improve yield, quality, biotic and abiotic
stress resistance, and tolerance of many crops (Maluszynski et al. 1995). According
to this review, more than 1,700 mutant varieties involving 154 plant species have
been officially released. However, the tedious process of segregating out the rare
positive mutation from the negative ones represent a bottleneck for potato crop
improvement. Nevertheless, a novel form of doing mutagenesis is making a surpris-
ing come-back for potato crop improvement as mentioned below.

Somatic hybridization has been used in potato to bypass sexual incompatibilities
between cultivated potato and wild species for about 40 years (Tiwari et al. 2018).
These authors reported successful fusion products obtained from 23 Solanum
species that were characterized for multiple traits. Numerous studies were generated
from somatic hybrids to understand the genetic architecture of important traits
including isolating important genes. However, no variety has apparently been
released from breeding somatic hybrids with cultivated potato likely due to the
limitation of tetraploid potato breeding to efficiently remove undesirable alleles.

Although direct gene transfer through transgenics has a much shorter history in
potato crop improvement than conventional breeding approaches, it has been
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highly successful, though for a limited number of traits for which natural genetic
variation was not readily available. Virus resistance was the first trait successfully
engineered in potato in the late 1980s, and a commercial cultivar was first reported
with the combined resistance to PVX and PVY (Lawson et al. 1990). Soon after, an
insect resistance was engineered and led to the production of new commercial cul-
tivars (Perlak et al. 1993). This first generation of biotech potatoes were commer-
cialized under the name of NewLeaf™ from 1995 through 2001 in the United
States and Canada, but potato processors and retailers realized soon that the
NewLeaf potatoes were going to increase their costs without a share of their ben-
efits which precipitated their decline (Thornton 2003). By 2004, none of them were
commercialized anymore. For the next decade, no new biotech potato was released.
Recently, a series of potato biotech varieties have been released with reduced bruis-
ing and browning first and then with late blight resistance, low acrylamide poten-
tial, reduced black spot, and lowered reducing sugars while others are near to be
released (see below). The opportunities for engineering new traits that bring bene-
fits to the producer and the consumer are numerous and applicable to potato
(Halterman et al. 2016). However, the public acceptance of biotech crops remains
volatile and unpredictable, and the current lack of science-based regulatory frame-
works in many potato producing countries constrain the scope of genetic engineer-
ing to products with sizable benefits to both producers and consumers unachievable
by other means.

Genome (gene) editing is the most recent and significant genetic engineering
technique targeting specific DNA sequences in the crops’ genome (Scheben et al.
2017; Yin et al. 2017). Targeted mutagenesis of specific genes for knock-out, dele-
tion, or allelic changes are now possible with a final product free of foreign
DNA. Potato has already been shown to be amenable to genome editing and even
to develop novel useful products (Butler et al. 2015, 2016; Clasen et al. 2016;
Nicolia et al. 2015; Wang et al. 2015; Andersson et al. 2017; Ma et al. 2017). The
two editing tools, TALEN and CRISPR/Cas9, must access the genome without
integration of foreign DNA since it cannot be eliminated by crossing without losing
most of the qualities of the original commercial variety. Transient expression by
PEG-mediated protoplast transfection or Agrobacterium-mediated leaf infiltration
generated the intended mutation, but the absence of a selectable agent and somatic
variation of plants regenerated from protoplasts can make these strategies labor-
intensive. Delivery of the editing reagent may be mediated by virus vectors, but
their spread and elimination pose additional difficulties. Hence, genome editing
technology offers great opportunities in potato but is still at its first stage of
development.

True hybrid potato is a new potato breeding strategy which is increasingly
been regarded as the game-changing solution to many of the pitfalls of conven-
tional tetraploid breeding. The sparking step goes two decades back with the
discovery of a self-incompatibility inhibitor gene in the wild species S. chacoense
(Hosaka and Hanneman 1998a, b). The S locus inhibitor gene (S/i) was intro-
gressed into diploid cultivated potato and shown to confer self-compatibility
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(Phumichai et al. 2005). Soon after, few breeding programs started to introgress
the SIli gene into their diploid potato lines and obtained S3 diploid lines with
80% homozygosity and good agronomic performance including yield (Lindhout
et al. 2011). In parallel, an inbred line of S. chacoense (M6) was developed to
produce recombinant inbred line populations (Jansky et al. 2014). As stated in
the title of an opinion paper by a large community of US potato geneticists and
breeders, it is proposed to “reinvent the potato as a diploid inbred-based line
crop” (Jansky et al. 2016). New sources of self-compatibility system are needed
to circumvent the use of the wild species S. chacoense. Within the diploid cul-
tivated potato germplasm, self-compatible landraces exist, though rare, but can
be used to develop inbred lines from distinct gene pools such as the Stenotomum
group and Phureja group (Haynes and Guedes 2018). Recently, an even more
promising new system has been developed by knocking out the self-incompati-
bility gene S-RNase using the CRISPR-Cas9 gene editing system (Ye
et al. 2018).

In addition to obtaining quick genetic gain by fixing major genes for disease
resistance or other important traits and exploiting heterosis by hybridization,
the hybrid variety propagation is via true seeds. The use of botanical seeds has
long been known to be an extremely interesting alternative to tuber seeds
because of it low weight, lower content of pathogens, good storability, option
for beneficial coating, and high multiplication rate. Previous work by CIP and
other potato research organizations on the concept of True Potato Seed (TPS)
aimed to complement traditional seed systems by the use of botanical seed as a
mean to propagate potato. However, its actual adoption by farmers has been
much less than originally expected. Breeding for good parental clones from tet-
raploid breeding lines led to the development of several varieties but adoption
remained conditioned to reduced or scarcity of seed tuber supply at affordable
prices (Almekinders et al. 2009). Recently, a TPS variety, Oliver F1, was devel-
oped by the Dutch breeding company Bejo Zaden B.V. (http://www.bejo.com/
magazine/bejo-introduces-its-first-true-potato-seed-variety) and is now under
deployment in some African countries where quality seed availability is rare.
Many years of breeding to develop superior parental inbred lines with disease-
resistance genes adapted to the various agroecologies and markets are needed
but the potential benefits that could be derived from true hybrid potato seeds are
immense. The next decades will tell us whether reinventing the potato as hybrid
varieties from diploid inbred parental lines will be adopted by small-holder
farmers in developing countries who are the likely first adopters of this new
technology.
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5.2 The Genome of the Potato

5.2.1 Cultivated, Wild Potato Genome Sequences Towards a
Pan-Genome

The identification of the first cultivated potato genome sequence is and will remain
a turning point in the history of potato science. Prior to its discovery, genetic markers
were associated to genetic determinants of traits breeders and geneticists had been
working on. A fraction of the genes was known while transcriptomes were describing
their expression in tissues, at different times, and under various environmental
situations. Candidate genes were tested for association with these quantitative trait
loci but for the most, genes underlying QTL remained unknown. The potato genome
sequence brought together all this genetic knowledge into a physical perspective for
the first time. Eighty-six percent of the 844 Mb genome was assembled into 12
pseudomolecules where 39,031 protein-coding genes were predicted (The Potato
Genome Sequencing Consortium 2011). The potato whose genome was sequenced
is a homozygote diploid plant obtained after chromosome doubling of a monoploid
derived by anther culture of a heterozygous diploid potato from the Solanum
tuberosum Group Phureja (Paz and Veilleux 1999). This cultivar groups are diploid
short-day adapted cultivars producing tubers lacking dormancy. They occur
throughout the eastern slope of the Andes from western Venezuela to central Bolivia
at elevation between 2000 and 3400 masl (Ochoa 1990). Other genome sequence
from cultivated potato, in particular from the Group Andigenum and Tuberosum
including modern cultivars are still missing and expected to reveal insight into the
domestication/wild species contributions to the various groups of cultivars. The
difficulties lie in the presence of four genome sequences derived by auto-ploidization
and multiple introgression of chromosome segments from wild species (Rodriguez
et al. 2010; Spooner et al. 2014). This makes assembly and phasing particularly
difficult and only recently claims of successful assembly of all four genome
sequences from modern potato cultivars were made (NRGene at http://www.nrgene.
com). The comparison of 99 Mb of genome from a potato of the group Tuberosum
with the DM potato genome sequence revealed collinearity and high sequence
identity (The Potato Genome Sequencing Consortium 2011). A year after the release
of the potato genome sequence, the tomato genome sequence was published together
with its closest wild relative and compared to the potato genome sequence (The
Tomato Genome Consortium 2012). As known from previous cytological and
comparative genetic mapping and synteny studies, the tomato genome presents very
similar chromosomal organization but nine large and several smaller inversions.
The euchromatic, gene rich regions diverge by 8.7%, whereas the intergenic and
repeat-rich heterochromatic regions diverge by 30%. The potato genome sequence
was greatly improved by ordering and reordering 93% of the previously assembled
genome into 12 pseudomolecules representing the 12 chromosomes of the potato
(Sharma et al. 2013). This genome sequence continues to be the sole publicly
available genome sequence of a cultivated potato. It is accessible through a friendly
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Fig. 5.1 Geographic distribution of SpudDB users. Filled in countries were the source of ten or
more unique visits to SpudDB (http://solanaceae.plantbiology.msu.edu/) from October 2017 to
October 2018 (Courtesy from John Hamilton, Robin Buell Michigan State University)

web genome browser hosted and maintained by the Buell Lab at Michigan State
University in United States and includes annotation datasets, phenotypic and
genotypic data from a diversity panel of 250 potato clones (Hirsch et al. 2013). This
genomic resource is actively used by potato scientists worldwide (Fig. 5.1).

The initial efforts of the potato sequencing consortium were on resolving the two
genome sequences of the dihaploid clone S. tuberosum Group Tuberosum
RH89-039-16 (RH), but these could not be fully assembled in spite of the availability
of the DM sequence. Higher level of heterogeneity was found among the two RH
genomes than between RH and DM genomes (The Potato Genome Sequencing
Consortium 2011). About 5% of the RH genome sequence (free of repetitive
sequences) were aligned with the DM genome sequence and found to be mainly
collinear with 97.5% sequence identity, whereas the two RH genome sequences
presented 96.5% sequence identity. However, when larger RH genome sequences
were obtained, loss of collinearity was frequently observed for the euchromatic
region and the three highly diverged pericentric heterochromatin haplotypes of the
chromosome 5 (de Boer et al. 2015). These findings stress the importance of
sequencing other cultivated potato genome and perform de novo assembly.

Being a diploid and polyploid crop with frequent inbreeding depression and wild
species introgression, genome sequence diversity is expected and has contributed to
the difficulties of assembling more genome sequences from the cultivated potato.

The genome sequence of a wild species, Solanum commersonii was assembled
using the potato genome sequence as reference (Aversano et al. 2015). This species
has interesting sources of resistance to important diseases of the potato and is known
for its freezing resistance and cold acclimation. The species has been used recently
in breeding potato for resistance to bacterial wilt in potato and increased levels of
resistance were observed (Carputo et al. 2009; Boschi et al. 2017). Flow cytometry
estimated a total genome size of 830 Mb. The genome appears to be slightly smaller
mainly due to differences in the intragenic regions, to have lower amount of
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repetitive DNA, and to have 126 cold-related genes not present in the
S. tuberosum genome.

Recently, the genome sequence of another wild species was resolved using the
M6 inbred clone of Solanum chacoense (Leisner et al. 2018). Flow cytometry
estimated the genome to be 882 Mb. Using a de novo assembly procedure, 508 Mb
of the genome assembly could be used to construct 12 pseudomolecules. These
were compared to those of the first published genome sequence and shown with
concordance for all of them. Interestingly, the genotype used was a 7-generation
selfed S. chacoense plant but retained residual heterozygosity on all chromosome
with three of them with significantly higher proportion. It is too early to assume that
heterozygosity in some region is due either to deleterious alleles or to regions with
reduced recombination. Genome annotation for gene-models revealed the presence
of 37,740 genes. The S. chacoense genome sequence is a new resource for identifying
important genes of key traits in population derived from M6.

The pan-genome of the cultivated potato covering traditional landraces (diploids
to pentaploids), and modern potato cultivars of the Andigenum and Chilotanum
gene pools represents today a huge endeavor due to its extraordinary diversity.
When available, it would be a powerful resource for breeders to understand the
genome structure of the cultivated potato between the core genome with genes
present in all cultivars and the dispensable genome made of genes present only in
some cultivar groups. The concept is not restricted to modern cultivars but can
include wild relatives, or higher taxonomic level (Vernikos et al. 2015). Clearly,
more genomes of wild species are also needed to be assembled to improve our
understanding of the interspecific genome variation. Ten years after the beginning
of sequencing the potato genome, it is worth noting that only one cultivated potato
genome is publicly available unlike maize or rice. This highlights the complexity of
resolving uneven heterozygosity of the two or four genomes present in wild and
cultivated potato. New sequencing technologies and genome assembly software are
about to deliver the genomes sequences from heterozygous potatoes. This is highly
desirable due to the diversity of species that have contributed to the potato.

5.2.2 The Genome Plasticity of the Cultivated Potato

Comparative analysis of genome sequences in a small panel of closely related pota-
toes revealed extensive genome plasticity in potato (Hardigan et al. 2016). This
study used a panel of doubled monoploid potatoes derived from S. tuberosum Group
Phureja landraces with limited introgression from Group Stenotomum, Group
Tuberosum, and Solanum chacoense. Large regions of the potato genome bearing
stress-related gene families are duplicated or deleted revealing a possible
evolutionary adaptation response to environmental stresses. Copy number variation
(CNV) assessed with a minimum 100-bp size revealed that about 30% of the genes
are duplicated or deleted in this panel of 12 closely related potatoes. The duplicated
regions varied from 500 bp to 575 kb, with total CNV calls per individual varying
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from 2,978 to 10,532 located preferentially in intergenic sequences in pericentro-
meric region of the chromosomes. This genome plasticity concerns >7000 genes
referred to as dispensable genes. A remarkably high level of genome heterogeneity
is found in diploid potato, which is retained through clonal propagation.

Genome heterogeneity is responsible for differential gene expression observed
among the genes of tetraploid cultivars (Pham et al. 2017). Genome-wide study of
genomic variation and transcription in a panel of six North American tetraploid
cultivars revealed the importance of preferential allele expression often associated
with evolutionarily conserved genes. Additive allele expression genes in leaves and
tubers were only slightly more abundant than preferred-allele expression genes.
This can be due to the differential presence of regulatory sequences (promoters,
enhancers) but also to structural differences (chromatin structure, epigenetic
control). Copy number was frequent; about 40% of the genes from each cultivar
were in variable copy number. Again here, copy number variation seemed to be
more recent and concerning genes involved in response to biotic and abiotic stresses.

Resequencing of the genomes of a representative sample of cultivated potatoes
revealed about 2622 genes under domestication selection, with only 14-16% shared
by the North American modern potato cultivars and the Andigenum landraces
(Hardigan et al. 2017). This relatively small original gene set suggests a relatively
short original common domestication of cultivated potato which diverged into two
geographically distinct and long-day adapted cultivar groups by the contribution of
wild species. An equally plausible interpretation is two independent domestication
events from distinct wild species. This hypothesis has been debated since the early
days of potato taxonomy at the beginning of the twentieth century opposing the
Russian and the English taxonomist schools advocating respectively multiple and
single origin of the cultivated potato (reviewed in Spooner et al. 2014). The absence
of extant wild species closely related to the ancestor species of the Southern
domestication is the weakest support to this hypothesis (Spooner et al. 2012). The
Hardigan study revealed the role of specific wild Solanum species in the evolution
of the long-day adapted S. tuberosum cultivar group and adaptation to upland and
lowland distinguishing the Andigenum and Chilotanum groups. However, both
cultivated groups presented a significant contribution from the domestication
progenitor Solanum candolleanum suggesting the differential contribution from
wild species occurred after the domestication from the S. candollearum progenitor.
Considering variants from the regions of introgression of wild species DNA, the
nuclear phylogeny resolved the Chilotanum group and modern cultivars as deriving
from the Andigenum group. This study brings closer to closure of a century-old
controversy on the independent domestication event leading to the Chilotanum
group of cultivars.
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5.2.3 New Genomic Tools for Potato Improvement

Potato genomic resources are gradually expanding since the availability of the first
potato genome sequence from an Andean potato landrace of the Phureja group
(Hirsch et al. 2014). Partial genome sequences are available from dihaploid from
modern cultivars and fully resolved haplotypes from tetraploid potato cultivars have
been recently achieved. Transcriptomes corresponding to these genome sequences
and similar ones have been produced under many important developmental and
stress conditions.

The exploitation of potato genomic resources in modern cultivar development is
mostly exemplified by the use of the Single Nucleotide Polymorphisms (SNP)
arrays developed by the potato community (Douches et al. 2014). Several generations
of SNP arrays were generated building on the original Infinium 8303 SNP array
(Felcher et al. 2012). As listed by Hirsch et al. (2014), the SolCAP array was used
to understand variation for glycoalkaloid biosynthesis in wild and cultivated potato,
genotype several diversity panels for a retrospective view of North American potato
breeding, for a taxonomic alignment, and for genetic structure of European potato
cultivars. Since then, it has been used for genetic mapping in populations derived
from a diploid inbred parent (Endelman and Jansky 2016; Peterson et al. 2016),
genetic mapping of agronomic traits (Manrique-Carpintero et al. 2015), combined
with other SNPs to extend its use to European potato breeding germplasm (Vos
et al. 2015), assess linkage decay and testing GWAS models (Sharma et al. 2018),
and test genetic identity of accessions in genebanks (Ellis et al. 2018).

5.3 From Genomes to the Genes of the Potato

5.3.1 Gene Discovery Facilitated by the Genome Sequence

Genomics-derived strategies for gene discovery have emerged with the availability
of high density markers, decrease in sequencing costs, and the increasing power of
bioinformatics.

GWAS has the potential to associate markers with regions, genes, underlying the
phenotypic variation of trait of interest, and therefore to increase the effectiveness
of potato breeding efforts. Unlike marker association studies based on biparental
populations, GWAS is not constrained by the performance of one single genotype
as the sole source of an allele of interest, and instead it exploits the power of large
populations to identify marker-trait associations. A recent review of GWAS in
potato highlighted the importance of understanding the structure (kinship) of the
population under study (Sharma et al. 2018). Potato populations made of varieties
and breeding lines have been studied to establish Linkage Disequilibrium (LD)
between adjacent makers. This is an important parameter of the population under
study because the shorter it is the higher is the significance of the association. LD
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decay in earlier studies were found to present large variation (I1-10 cM until
equilibrium) depending on the population, the locus, and the type of markers
(reviewed in Spooner et al. 2014). The first whole-genome scan of LD decay on a
large European potato cultivar population estimated LD decay to 5 cM (D’Hoop
et al. 2010), concluding that association studies can be performed at moderate
marker densities. Since the advent of SNP arrays, new GWAS have been conducted
and revealed the power of this mapping approach over the biparental mapping (Stich
et al. 2013). An extended SNP array of the 8303 SolCAP (SolSTW) was used to
genotype 569 potato cultivars with 20k SNP markers (Vos et al. 2017). Although
this study used a different estimator of LD decay than previous studies, it was found
to be in the range of 1.5 Mb for old potato cultivars and 0.6 Mb for those of the
second half of twentieth century, values which are compatible with the known
limited number of meiosis (5—10) having taken place in the development of these
European cultivar populations (Gebhardt et al. 2004; van Berloo et al. 2007). The
most recent study using the SolCAP SNP array on a large European cultivar
population of 351 tetraploid potatoes estimated LD decay in different regions (short
and long arms, and pericentromeric heterochromatin) of each chromosome (Sharma
etal. 2018). Again here, their estimates were in the range of 2.73 Mb for euchromatin
and 3.27 Mb for whole chromosomal regions. Hence, most studies of LD decay
report a modest decay of LD in European potato cultivar populations ranging from
0.6 to 20 Mb depending on the region and chromosome. Interestingly, smaller
values of 0.3 Mb in chromosome 4 to 8 Mb in chromosome 8 were estimated for a
population of 652 Andigenum cultivars (Berdugo-Cely et al. 2017). The lower
distance for LD decay in these native cultivars is expected though a much lower
distance could have been anticipated for a population from cultivar domesticated
between 8,000 BC and 11,500 BC based on fossil evidence from the dry coast of
Peru and south-central Chile (Spooner et al. 2014). It does appear that GWAS in
potato can be successful at a modest marker density conferred by current SNP
arrays in particular for traits with large QTL effects. However, GWAS alone will not
be sufficient to associate markers directly to a specific gene contributing to the trait
of interest in potato cultivar populations due to the limited number of meiotic
recombination.

Annotation of the potato genome revealed the large family of plant resistance (R)
genes discovered by motif sharing (nucleotide-binding site and leucine-rich repeat
domain, NB-LRR) with an estimated number per haploid genome of 438 (Jupe et al.
2012). By rescreening the potato genome for NB-LRR target sequences, a total of
755 R gene homolog were identified (Jupe et al. 2013). This R gene enrichment and
sequencing (RenSeq) method was applied to identify markers co-segregating with
R genes for LB resistance and rapidly clone them (Jupe et al. 2013; Witek et al.
2016; Chen et al. 2018). A derived application of this genome-wide gene discovery
is the diagnostic resistance gene enrichment sequencing (dRenSeq) which identifies
full R genes and their homologs in breeding materials (Armstrong et al. 2018).
Combined strategies to identify or clone, multiple resistance genes for diseases such
as late blight, viruses, and nematodes will speed up the development of new cultivar
with stacked resistance genes.
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5.3.2 Progress Toward Next Generation of Potato Varieties

The exploitation of the pan-genome of the potato for varietal improvement will
increase as more genomes are sequenced and traits phenotyped more accurately in
broad germplasm. However, genetic gain will continue to be low in tetraploid
breeding though faster and more predictable by the application of genomic selection.
New breeding technologies and diploid hybrid breeding can generate unachievable
genetic gains by tetraploid breeding.

Direct gene transfer in potato has been successful in generating disease resis-
tance varieties since the early days of genetic engineering (Halterman et al. 2016).
Existing widely grown varieties were genetically upgraded by addition of transgenes
conferring resistance to pest and diseases, improved processing qualities, and
consumer preferences (Table 5.1).

These transgenes produced new pest and pathogen toxins, silenced incoming
viruses or endo-genes, or new enzymes for metabolite engineering. After a short
life, the first generation of biotech potatoes were withdrawn as reported above.
However, a renewed interest of the industry lead to the release of new biotech
potatoes in the US (Waltz 2015). A long awaited released came about the same time
in Argentina with a PVY virus-resistant potato variety (Bravo-Almonacid and
Segretin 2016). With the exception of the latter, all biotech potato released so far
were developed by the private sector. Efforts towards future release of late blight-
resistant varieties have increased in the last years (Table 5.1). A 10-year research
project in The Netherlands developed transgenic and cisgenic potatoes from four
varieties with single and multiple R genes (Haverkort et al. 2016). R gene stacking
was shown to confer high levels of resistance in the filed over several seasons (Zhu
et al. 2012; Haesaert et al. 2015). One of these was even fully tested for regulatory
approval (Storck et al. 2012). This biotech variety, Fortuna, was unfortunately
withdrawn from regulatory approval because of the unfavorable European
environment. In the US, a 5-year project aimed at the release in Indonesia and
Bangladesh of late blight-resistant local varieties with three R genes (https://www.
canr.msu.edu/biotechpp/index). These three-R-gene biotech potatoes are also the
focus of a project aiming at release in sub-Saharan African countries potato varieties
with an extremely high level of genetic tolerance to late blight, the most devastating
disease in potato, caused by Phytophtora infestans, unrivalled by the genetic
tolerance achieved to date through conventional breeding(Ghislain et al. 2018).
Biotech potatoes have been field tested under natural infection for five seasons and
have not shown any lesions caused by P. infestans (Fig. 5.2).

The latter two projects are benefiting from the release in the US of the Innate
potato with late blight resistance for which the regulatory dossier is publicly
available (Clark et al. 2014). One of the important costs in regulatory dossier
development is the toxicity assessment of the new proteins for which the 3R gene
technology can build a weight of evidence instead of costly purification, stability,
and gavage testing (Habig et al. 2018). Therefore, when both projects estimated
their regulatory costs, these were found to be reasonable unlike those reported by
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Table 5.1 Traits of biotech potato from potatoes approved for food and cultivation (source ISAAA
GM crop database)

First
First approved for approved for
Trait(s) Trade name Developer food cultivation
Colorado Potato Beetle | New Leaf™ Monsanto CAN USA (1995); USA (1994),
resistance® Russet Burbank | Co. AUS JPN NZL CAN (1995)
potato (2001); PHL (2003);
KOR (2004)
Atlantic Monsanto CAN MEX USA USA (1995);
NewLeaf™ Co. (1996); AUS NZL CAN (1997)
potato (2001)
Superior Monsanto CAN (1995); USA USA (1995)
NewLeaf™ Co. (1996); MEX (1996);
potato AUS JPN NZL
(2001); PHL (2003);
KOR (2004)
Colorado Potato Beetle | New Leaf™'Y | Monsanto USA (1998); CAN USA (1997);
and PVY resistance® Russet Burbank | Co. (1999); AUS JPN CAN (1999)
potato MEX NZL (2001);
PHL KOR (2004)
Shepody Monsanto USA (1998); CAN USA (1997);
NewLeaf™Y | Co. (1999); AUS MEX CAN (2001)
potato NZL (2001); JPN
PHL (2003); KOR
(2004)
Hi-Lite Monsanto USA (1998)
NewLeaf™Y | Co.
potato
Modified starch (high | Amflora™ BASF EU (2010) EU (2010)
amylose)* Starch Potato | BASF USA (2014)
Low asparagine Innate® JR Simplot USA (2014); CAN USA (2014);
(acrylamide), low Cultivate Co. (2016); AUS JPN CAN (2016)
black spot bruise MEX MYZ NZL
(2017)
Innate® JR Simplot USA (2014); CAN USA (2014);
Generate Co. (2016); AUS MEX CAN (2016)
NZL (2017)
Innate® JR Simplot USA (2014); CAN USA (2014);
Accelerate Co. (2016); AUS MEX CAN (2016)
NZL (2017)
Low asparagine n/a (Russet JR Simplot USA (2015); AUS USA (2015);
(acrylamide), low Burbank) Co. CAN NZL (2017) CAN (2017)
black spot bruise, late | [nnate® JR Simplot | USA (2016); AUS USA (2015);
blight resistance Acclimate Co. CAN NZL (2017) CAN (2017)
Innate® JR Simplot USA (2016); AUS USA (2015);
Hibernate Co. CAN NZL (2017) CAN (2017)
PVY resistance n/a (Spunta) Technoplant | ARG (2018) ARG (2018)
Argentina

Countries are represented by three letter codes
aRefers to products phased out of the market
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Fig. 5.2 Confined field trial conducted in Uganda with transgenic potato with three R genes (dark
green plots), developed as described by Ghislain et al. (2018), and nontransgenic potato varieties
(severely damaged plots)

larger players for commodities like maize (Kalaitzandonakes et al. 2006; Schiek
et al. 2016). However, the adoption of biotech potatoes remains challenging due to
negative perception by a large part of the public unfamiliar with the challenges and
potential solutions to improve agriculture production. The long-standing opposition
to industrialization of agriculture, the concerns about multinational corporate domi-
nance, the lack of trust in risk assessment of regulatory agencies, the growing con-
flict of interest of the organic industry, and the fear of unknown manipulations of
our food, have delayed the approval and adoption of biotech crops. The release of
biotech potatoes addressing a major long-lasting threat on its production which calls
back bad memories to Europeans and North Americans, may well result in a percep-
tion change provided strong public education is developed (Hallerman and
Grabau 2016).

Gene editing in potato has already passed the stage of proof-of-concept as
reviewed above. There are yet no potato products on the market, but gene-edited
varieties will soon be released with traits governed by known existing genes whose
regulation and allele structure determine the trait value (Table 5.2).

It is important to realize that gene editing is a complement to transgenesis, not
replacement, because it is limited to the existing endogenous genes of the potato.
Disruptive news came up recently when the European Court of Justice passed a
judgment that genome edited crops should be regulated using the same regulatory
framework as the transgenic crops (Callaway 2018). This decision is reminiscent of
a previous one in 2012 when the European Food Safety Authority concluded that
cisgenic crops should be regulated as transgenic crops (EFSA 2012). This European
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Table 5.2 Traits targeted by genome editing in potato and opportunities for improving pest and
disease resistance as well as nutritional qualities of the potato

Trait Target gene Expected impact References
Heat tolerance (high | Heat-shock cognate 70 Enhanced yields of Trapero-Mozos
yield under higher (HSc70) potato grown under et al. (2018)
temperature) lowland tropics

Virus resistance (PVY
potyvirus resistance)

Eukaryotic translation
initiation factor 4E
(elF4E)

Reduce yield loss due to
PVY and enhance tuber
seed quality

Arcibal et al.
(2016)

Reduced

Vacuolar invertase (VInv)

Improved qualities of

Clasen et al.

accumulation of processed potato (2016)
reducing sugars
Reduced acrylamide | Vacuolar invertase gene Reduction of acrylamide | Zhu et al.
in processed products | VInv and the asparagine formation under extreme | (2016)
synthetase genes StAS1 cooking temperature
and StAS2
Decreased Sterol side chain reductase | Release of advanced Sawai et al.
accumulation of 2 (St-SSR2) breeding potato lines (2014)
glycoalkaloids with elevated SGA

Inbreeding tolerance

S-RNase alleles (Sp3 and
Sp4)

Generation of self-
compatible diploid potato
for developing hybrid
potato varieties

Ye et al. (2018)

LB resistance Ethylene response factor | Reduction of production | Tian et al.
StERF3; 6 susceptibility losses and reduced costs | (2015), Sun
genes; DNDI gene of production et al. (2016a, b)

VitA biofortification | beta carotene hydroxylase | Enrichment in beta Van Eck et al.
b-ch gene carotene in potato (2007)

(precursor of VitA)

decision will impact agricultural biotechnology innovation negatively not only in
Europe but also in developing countries.

Hybrid breeding in potato has already been tested by farmers in developing
countries and has received great excitement by the potato crop improvement actors
in spite of the initial skepticism (Lindhout et al. 2017). The first yield assessment of
hybrid varieties was conducted in two locations; the Netherlands and the Democratic
Republic of Congo (de de Vries et al. 2016). In the latter, the best hybrid variety
yielded three to four times the national average in sub-Saharan Africa (SSA)
countries, whereas it yielded only half of the yield of conventional varieties in the
Netherlands. A confounding factor is the type of seeds and health status that will
need to be factored out for more precise yield comparison between hybrid and
conventional potato. Nevertheless, the possibility of combining complementary
traits from the parents, obtaining heterosis from hybridization of inbred parents,
avoiding pathogen load of seed tubers, and facilitating transport of true seeds leaves
no doubt that hybrid varieties will attract a lot of interest in the developing world.
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5.4 Concluding Remarks

Despite early optimism, and unlike in other crops, the vast insight gained from its
genes and genome has not been steadily translated into substantial genetic progress
in potato, through either molecular breeding or transgenic approaches. Among the
issues behind the above, the genetic complexity of tetraploid potatoes, issues related
with public acceptance of transgenic crops, and a critical mass smaller than in other
crops stand out as the most salient ones. Regardless, we remain confident that recent
scientific developments, such as an increased focus on developing hybrid varieties
at the 2X level, are one of the main factors that will change the above-described
trend, since a main advantage of dealing with 2X instead of 4X genetics is a much
more straightforward application of molecular approaches, as demonstrated already
by the routinary use of such technologies in other Solanaceous crops such as potato,
and to a lesser extent, pepper. In addition, early reports on the use of genomic
selection in potato have demonstrated its ability to circumvent many of the pitfalls
observed when QTL were used to attempt increasing the effectiveness of potato
breeding efforts. The continuous reduction of DNA sequencing will enable
collecting sequencing data on a larger scale than before, further facilitating both the
identification of genomic regions associated with traits of economic importance,
and a better understanding of quantitative traits in potato. Regarding the use of gene
editing approaches, although they provide a much more targeted ability to modify
the potato’s genome, the full realization of its potential to facilitate the development
of varieties carrying genetic alleles not hitherto found in the germplasm available
will, by and large, depend on how the public acceptance of genetic modification
evolves, both in developed and developing countries.
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Chapter 6 )
Potato Breeding b

Meredith W. Bonierbale, Walter R. Amoros, Elisa Salas, and Walter de Jong

Abstract The breeding of crop plants is a highly effective means of increasing
agricultural productivity in a sustainable and environmentally safe way. Prebreeding
and population improvement not only capture essential genetic resources and move
desired traits along variety development pipelines but also help assure the creation
of broad and dynamic gene pools to meet future, unanticipated needs. To efficiently
meet multiple breeding objectives requires both interdisciplinary collaboration and
a grasp of a wide range of scientific knowledge and expertise. This chapter addresses
a range of topics that define and govern potato breeding, drawing from the experi-
ences of both international and regional potato breeding programs, to orient readers
to the interlinked components of population improvement and variety development.
Using a case study approach to discuss breeding objectives together with respective
implications for breeding needs, methods, and awareness-raising approaches for
impact, we detail some key research and achievements contributing to current state
of the art. Major populations under improvement at the International Potato Center
along with breeding objectives and trait levels selected are described in terms of the
agroecologies or uses they address in developing country national programs; these
are contrasted with a discussion of the Cornell University program that is oriented
to the northeastern US. A sample stage gate process, accelerated multi-trait selec-
tion schemes, heritability and heterosis exploitation, genomic selection, data man-
agement, and end user consultations are introduced in the contexts of these two
programs. The topic of this chapter is supported and augmented with further details
on subjects closely related to potato breeding, provided in chapters contributed to
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this volume by Ortiz and Mihovilovich, Ghislain and Douches, Burgos et al., and
Ellis et al. The authors hope that the content serves to orient researchers and
managers in countries with different degrees of development to plan and succeed in
impactful potato improvement programs.

6.1 Implications of Genetics, Genepools, and Biology
for Potato Breeding

6.1.1 Key Features

Commercial potato of world importance is a heterozygous, autotetraploid, clonal
crop (2n =4x =48). Modern varieties are the products of extensive breeding between
different cultivar groups and wild species. Potato varieties grown outside of South
America since the end of the sixteenth century, as well as landrace (indigenous)
cultivars grown in lowland Chile and in the high Andes are referred to as Solanum
tuberosum, within which several groups are recognized (Spooner et al. 2014).

The genetic resources available for potato improvement comprise a polyploid
series (2n = 2x = 24 to 2n = 6x = 72) with genetic features that facilitate gene trans-
fer across ploidy levels. Farmers’ landrace varieties dominate potato production in
the Andean center of origin and diversity; as cultivars they offer tremendous trait
diversity in readily useable form. Landrace cultivars, improved varieties and wild
potato species in Solanum section Petota comprise GPs (gene pools) 1 and 2,
according to the gene pool concept of Harlan and de Wet (1971) and are relatively
straightforward to use in breeding. The wild tuber-bearing potatoes (section Petota)
include some 200 species (see Spooner et al. 2014 for a review of taxonomic treat-
ments). These typically produce only small tubers, which often contain high levels
of toxic glycoalkaloids, and many require short days for tuberization. Domestication
of wild potatoes for use as food likely involved selection for increased tuber size and
reduced glycoalkaloid content, probably simultaneously in multiple locations in
Andean and coastal regions of South America (Ugent et al. 1982, 1987).

Unreduced gametes, self-incompatibility, and inter-specific reproductive barriers
played key roles in polyploidization and the maintenance of species boundaries dur-
ing the evolution and domestication of potato, and knowledge of their genetics is
useful in germplasm enhancement. Diploid potatoes are out-crossing due to a sys-
tem of gametophytic self-incompatibility (Pushkarnath 1942; De Nettancourt 1977),
which prevents inbreeding and thereby promotes intraspecific genetic variation.
Tetraploid potato, on the other hand, is self-compatible. The breakdown of the
gametophytic self-incompatibility system that operates in diploids is a common phe-
nomenon in angiosperm polyploids (Frankel and Galun 1977; Levin 1983), but the
molecular mechanism is not known (Comai 2005). Selfing results in severe inbreed-
ing depression in most potatoes. Self-incompatibility at the diploid level, and
inbreeding depression in both diploids and tetraploids, make it difficult to eliminate
unfavorable alleles or drive favorable alleles to fixation. Several genes governing
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reproductive isolation, crossability, and ploidy are further discussed in the chapter
contributed to this volume by Ortiz and Mihovilovic.

Potato varieties are maintained by clonal (vegetative, asexual) reproduction.
Potato tubers are modified stems and comprise the vegetative “seed” used to propa-
gate a variety. In potatoes with an even number of chromosomes (2x, 4x, 6x) it is
possible to produce sexual (botanical) seed which provides for the generation of
new genotypes. Once variation has been created in the form of sexual seed, any
seedling has the potential to become a new variety via clonal propagation. Although
most potatoes produce a large number of botanical seeds per fruit (~200) as well as
many fruits per plant, clonal propagation results in a low propagation coefficient
(five to tenfold per generation). Clonal breeding facilitates intentional and un-
intentional exposure of candidate varieties to pathogens. This helps breeders elimi-
nate undesirable genotypes, but also necessitates steps to reduce exposure to
detrimental viruses that are transmitted through vegetative (tuber) seed. In common
with other root and tuber crops the limited ability to phenotype and potato for desir-
able morphological or developmental features is challenged by the underground
location of the harvested product.

6.1.2 Genome Constitution and Variation

Maximum heterozygosity has been considered essential for performance of tetra-
ploid potato, with inbreeding leading to reduced vigor and yield, flower bud abor-
tion, lack of flower bud formation, and sterility (De Jong and Rowe 1971; Mendiburu
and Peloquin 1977). However, empirical research with hybrid families has sug-
gested that poor performance may be due to the expression of recessive alleles (De
Jong and Rowe 1971) or that the presence of certain alleles may be more important
for high yield (Bonierbale et al. 1993). Genomic studies have revealed that tri-allelic
and tetra-allelic single nucleotide polymorphisms (SNPs) are rare in potato cultivars
(Hirsch et al. 2013; 2014), though these might be expected in outstanding clones if
yield or vigor were associated with maximum heterozygosity. Nevertheless, when
the products of individual genes are amplified by PCR (polymerase chain reaction)
it is not uncommon to find three alleles at a locus.

Xu et al. (2011) proposed heterozygosity as the key feature enabling the frequent
occurrence of gene presence/absence variants and other potentially deleterious
mutations in the genome of the heterozygous diploid potato clone “RH.” Next-
generation (short read length) sequencing of 807 genes from 83 potato cultivars
revealed a tremendous amount of genetic variation in potato. On average, there is
one variant (SNP or indel) every 24 base pair (bp) in exons, and one variant every
15 bp in introns (Uitdewilligen et al. 2013). The average minor allele frequency of a
variant is low, though, at 0.14, and 61% of variants have minor allele frequencies less
than 0.05 (Uitdewilligen et al. 2013). Given the sequence variation, and keeping in
mind that tetraploid potato can contain up to four alleles at each locus, it is easy to
understand why so much phenotypic variation results every time two heterozygous
potato clones are crossed. Considerable effects due to dominance and epistasis are
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possible, and experience with such out-crossing polyploids has shown that the
genetic variation due to dominance and epistatic effects is large compared to that
seen in diploid crops (Gruneberg et al. 2009). This suggests that heterosis largely
determines the performance of out-crossing, clonally propagated crops, although its
basis in potato has not been fully elucidated.

6.1.3 The Cost of Increasing Genetic Variation

Most plant breeding training programs place heavy emphasis on the need to increase
genetic variation. There is value in this, of course, as wild species contain many
useful traits, genes/alleles not present in modern cultivars. But there is also a con-
siderable cost that is not appreciated by those unfamiliar with potato breeding. Wild
potato species contain countless alleles that are undesirable for potato production,
and when a cultivated potato is crossed with a wild accession, oftentimes the off-
spring is quite poorly adapted. Many further generations of crossing are needed to
eliminate the undesirable alleles, while keeping the desired ones. When embarking
on such a venture it is important to realize upfront that the process typically takes
decades. It may be possible to use molecular markers to speed the process up, by
selecting against the donor genome (and for the gene of interest) after each cycle of
crossing, but the process will still be much slower than adding a gene to cultivated
potato by Agrobacterium-mediated transformation, or by editing an existing culti-
vated allele to a desired wild species allele with CRISPR-Cas9 (https://www.
yourgenome.org/facts/what-is-crispr-cas9), once the respective target genes are
known. It is worth noting that the “adaptation gap” between wild species germplasm
and cultivated germplasm is growing over time, as breeders continually work to
improve cultivated germplasm by increasing the frequency of desirable alleles and
decreasing the frequency of undesirable ones. Despite the challenges, support for
germplasm enhancement programs that strategically bridge this gap and enable the
continuous influx of valuable genes from crop wild relatives through improved pop-
ulations and into varieties is critical to meeting the world’s growing need for food in
the face of climate change.

6.1.4 Genetic Enhancement

Potato breeding strategies frequently include research to efficiently access traits
from beyond the variety-ready germplasm base. Such trait research or pre-breeding
is expected to result in new materials, methods, tools, knowledge, and approaches
to support the breeding process rather than in finished products or varieties. Genetic
and biochemical research often provides insights and tools that enable gains in traits
toward new breeding objectives or improved program results. Pre-breeding is con-
ducted in parallel with mainstream breeding activities, such as by developing sup-
port populations that are upgraded for trait levels or improved for agronomic traits
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so that new types of diversity can be introduced from un-adapted to adapted germ-
plasm without impeding advance toward established breeding goals.

Before embarking on breeding for new traits or using uncharacterized germ-
plasm, it is important to assess and consider positive and negative correlations
among traits. Trait correlation influences the success of cross combinations and can
determine breeding progress when multiple traits are concerned. Negative trait
associations can be critical in achieving breeding progress and influence the choice
of parents as well as the selection approach that will be most successful. Embarking
on medium- to long-term population development does not result in new varieties
after a single recombination and selection cycle, but should result in better parents
that will help meet the medium- to long-term objectives of breeding programs.

Support populations are useful for enhancing diversity from un-adapted germ-
plasm to avoid introducing undesirable features into advanced breeding populations.
In the case of potato, wild and landrace relatives often carry undesired agro-morpho-
logical traits like deep eyes, small tuber size and late maturity, a requirement for
short days, or high glycoalkaloid content, in addition to untapped resistance to biotic
and abiotic factors and nutritional traits. Those undesired traits may be eliminated
from hybrid populations by backcrossing to improved types, or source populations
may be enhanced for agronomic traits before desired traits are transferred to improved
genepools. The large majority of potato’s genetic resources are diploid, and breeding
at this level results in faster genetic gains than breeding at the tetraploid level. Thus,
particularly for multigenic traits, pre-breeding in diploid source germplasm before
incorporating new traits into tetraploid breeding populations can be very effective.

Introgressing novel traits from distant wild species such as those in the tertiary
gene pool (GP3) may require the use of bridge species to circumvent interspecific
reproductive barriers, and unreduced gametes to transfer traits across ploidy levels.
When interspecific crossing is possible, backcross schemes are modified from those
used for inbred crops, such that a different genotype of the recipient germplasm
(adapted type) is used in each cycle of crossing with the trait donor or selected
hybrid to avoid inbreeding depression. This is illustrated by Gaiero et al. (2017)
who introgressed partial resistance to bacterial wilt, caused by Ralstonia sola-
nacearum, from the sexually incompatible GP3 species S. commersonii by bridge
crosses with 2x S. tuberosum Phureja Group and successive backcrosses with differ-
ent S. tuberosum Group Tuberosum genotypes. The resulting advanced backcross
progenies are now being used by several breeding programs due to the acute need
for resistance to bacterial wilt.

6.1.5 Case Study 1: Genetic Enhancement and Incorporation
of Iron Content from Diploid into Tetraploid Cultivated
Potatoes

With support from HarvestPlus (www.harvestplus.org) advocating the breeding of
staple crops for micronutrient density, CIP has sought to increase the content of iron
and zinc in potato through an inter-ploid breeding strategy. Recurrent selection in a
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base population of landrace potatoes took advantage of greater response to selection
at the diploid level, and resulted in a population of diploid potato reaching 35 ppm
iron and 30 ppm zinc from a baseline of 20 and 16 ppm, respectively. Elevated iron
and zinc contents achieved in the source germplasm were incorporated into
advanced, tetraploid populations via unreduced gametes. The resulting tetraploid
potato population had iron and zinc concentrations twofold higher than baseline
levels, which approaches the breeding targets for human populations with deficien-
cies of these minerals and high potato intake (Bonierbale et al. 2007; Section 6.3.4).
Further work remains to be done to identify clones adapted to target agro-ecologies
that maintain as favorable a package of traits as possible, including new levels of
iron or zinc concentrations in resilient, consumer-accepted table potatoes.

Analyzing biofortified populations under recurrent selection in diploid potato
germplasm, Paget et al. (2014) found moderate to high and positive correlation
between iron (Fe) and zinc (Zn) contents from cycle I (+* = 0.45) and from cycle 11
(r? =0.72), indicating that evaluation and selection for one of these traits will result
in concomitant increase in the other. Negative genetic correlations were found
between dry matter and Fe, Zn, Ca, and vitamin C contents (genetic correlation
close to zero for vitamin C in Cycle 1) when analyzed on a dry-weight basis. In
contrast, the same genetic correlation estimates were positive (but small) when ana-
lyzed on a fresh-weight basis (Table 6.1).

The genetic correlations in this example are strong enough that under multi-trait
selection the breeding population is improved simultaneously for iron and zinc
concentrations (Fig. 6.1a, b), whereas the average tuber weight of the population
decreases, and the number of tubers per plant increases (Fig. 6.1c, d). A reduction

Table 6.1 Additive genetic correlations (are in bold) and confident intervals (are in brackets) for
Fe, Zn, Ca, vitamin C, and tuber dry matter content from a multivariate analysis of Cyclel data
(Model 4) estimated on a dry and fresh-weight basis

Trait ‘ Iron ‘ Zinc ‘ Calcium ‘ Vitamin C
Cycle I (dry weight basis)
Zinc 0.45[0.32 0.64]
Calcium | 0.04[-0.23 0.34] | 0.12 [-0.15 0.39]
Vitamin C | —0.01 [-0.18 0.29] | 0.10 [-0.15 0.30] | 0.05 [-0.27 0.33]
Dry matter | —0.23 [-0.42 —0.24 [-0.41 —-0.19 [-0.36 —0.06 [-0.28
—0.06] —0.07] 0.07] 0.10]
Cycle II (dry weight basis)
Zinc 0.7210.42 0.88]
Calcium | 0.35[-0.04 0.61] | 0.57 [0.18 0.76]
Dry matter | —0.34 [-0.61 0.08] | —0.38 [-0.66 0.10] | —0.14 [-0.49
0.20]
Cycle II (fresh weight basis)
Zinc 0.61 [0.33 0.84]
Calcium | 0.07 [-0.320.52] | 0.45[-0.02 0.77]
Dry matter | 0.18 [-0.13 0.36] | 0.14 [-0.13 0.38] | 0.05 [-0.23 0.27]

From: Paget et al. (2014)
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Fig. 6.1 Box plots of ranges of trait variation through three cycles of recurrent selection in diploid
potato germplasm. (a) Iron concentration; (b) zinc concentration; (c) average tuber weight (reflect-
ing size); (d) Tuber number per plant

in tuber size was encountered during population improvement at the diploid level
even though it was considered in selection. This loss was mitigated, however, by
returning to the tetraploid level via 4x—2x crosses by which the gains in the mineral
contents realized at the 2x level were transferred to advanced populations.

6.2 Principles of Potato Breeding Methods and Approaches

The principal advantage of breeding clonally propagated crops is that each clonal
variety is fixed and simple to maintain. Genetic purity is less of an issue in vegeta-
tively—than in sexually—propagated crops. One substantial disadvantage of vege-
tative propagation though is that diseases are easily transmitted across clonal
generations during propagation; another is that potato planting material is bulky and
perishable by nature and the production of healthy material is expensive.

The single most challenging aspect of potato breeding is the identification of
superior individuals that combine as many high priority traits, and as few weak-
nesses, as possible from a given cohort of F1 progeny in a reasonable time frame.
Additional important challenges include the improvement of support populations,
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and the selection or construction of parents. The parents used for crossing are highly
heterozygous—exceptions are inbreeding lines generated by self-fertilization or
doubled-monoploid production. Each potato seed that results from a heterozy-
gous x heterozygous cross differs, at many loci, from any other seed from the same
cross. The resulting heterozygous genotypes are subject to selection after being
fixed (stabilized in genetic terms) by clonal propagation.

Polyploidy, heterozygosity, and heterosis make the identification of good parents
particularly challenging. At present, the performance of a parent can only be deter-
mined after the fact, that is, by looking at its progeny. Advances in genomic selec-
tion may make it possible to identify good parents in advance. Heterozygous
tetraploid potato genotypes harbor great allelic diversity and interactions that are
responsible for their performance as clones. As parental clones are not inbred, a
genotype can never be reconstituted after sexual crossing or self-pollination. A prac-
tical consequence of this for potato breeding is that many, many, traits segregate in
the progeny of any parent or parental combination. Directional breeding results in
incremental changes in gene frequencies among progenies.

In the course of potato breeding an “F1 clone hybrid” is generally crossed with
another “F1 clone hybrid,” and the progeny is heterogeneous and has an extreme
large segregation variance. A good parent generates a large genetic variation around
a high family mean for a given trait. Once heterogeneous and heterozygous proge-
nies are generated by crossing two potato clones, selection of clones within a given
pool of genetic variation for variety development is conceptually, if not technically,
straightforward. All the genetic advantages of clonally propagated crops can be
used for variety development, and the genotype that will finally be released is among
the progeny immediately after the initial crossing.

Inter-group crosses are important in population improvement of clonally propa-
gated crops. Gruneberg et al. (2009) have suggested that this aspect of clone breed-
ing is often neglected and may be the reason for low breeding progress in many
clonally propagated crops when compared to the improvement of sexually repro-
ducing ones. Complementary germplasm groups have not been identified in potato
but strategies to maximize heterozygosity have been proposed to increase yield in
tetraploid potatoes (e.g., Chase 1963). However, it is unlikely that the direct rela-
tionship of maximum heterozygosity and yield will extend to crosses involving un-
adapted germplasm (Bonierbale et al. 1993). Thresholds for heterosis were
suggested upon finding of increased yield and vigor in two-way hybrids (culti-
vated x wild species) with respect to crosses within the cultivated genepool, but no
additional increments in hybrids involving cultivated potato and two wild species
(3-way hybrids) (Sanford and Hanneman 1982). Thus, it is unlikely that heterotic
groups could be established in potato germplasm on the basis of genetic distance
measures or maximum heterozygosity alone.
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6.2.1 Population Improvement

Medium- to long-term genetic gain can be achieved over sequential cycles of cross-
ing and selection. Recurrent selection is defined as reselection generation after gen-
eration, with inter mating of selected plants to produce the recombinant population
for the next cycle of selection. The goal of recurrent selection is to improve the
mean performance of a population of plants; a secondary goal, but nevertheless also
important, is to maintain as much genetic variability as possible. Open recurrent
selection is a method for improving the mean performance of a population while
maintaining and increasing genetic variability by periodically introducing new
sources of traits under selection. In genetic enhancement a few cycles of recombina-
tion facilitate the breakdown of linkage blocks so that desired traits from unadapted
germplasm can be carried forward and undesirable ones left behind, minimizing the
effects of linkage drag thus shortening the time required to introgress or incorporate
new diversity into advanced populations. Depending on the stage of a population
under improvement, selections may be considered for use as varieties, or as parents
that will contribute to further gains toward complex breeding objectives. Figure 6.2
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depicts simultaneous and integrated practices of recurrent selection, genetic
enhancement, and variety selection in a potato breeding program.

In polyploid potato, more than one allele per locus can be transferred to the next
generation in gametes, and thus, in contrast to diploids, the genetic variation due to
dominance influences the response to selection in population improvement as long
as the population is not in equilibrium. In tetraploid potato, a population is usually
not in equilibrium after recombining parental material in controlled crossings, and
1/3 of the dominance variance is exploitable for selection progress when selection
takes place on the female and male side [for further details see Wricke and Weber
(1986) and Gallais (2004). The exploitation of the dominance variance in popula-
tion improvement, in combination with faster genetic gains in diploids than in tetra-
ploids, and the inheritance of 2n gametes as described by Ortiz (1998) provide great
diversity and flexibility for potato improvement.

6.2.2 Crossing Parents

The choice of parents is an important step in any breeding program, especially for
medium- and long-term breeding progress. The identification and number of crosses
to perform at a given breeding stage is a factor of the knowledge available on poten-
tial parents (i.e., trait constitution and breeding value), the breeding objective, and
facilities and resources available for crossing and selection. As mentioned above,
the polyploid and highly heterozygous nature of potato mean that dominance and
epistatic effects contribute considerably to clone performance, and for this reason,
little is known about the value of a parent or specific cross combination until it has
been tested.

Parental value can be assessed strategically through the conduct of progeny tests
in appropriate breeding designs, the evaluation of pedigrees, or empirically through
observation of selection ratios. Even when hundreds of crosses are made, it is often
observed that the best clones trace back to very few crosses. Thus, it is desirable to
predict which genotypes will be the best parents, since if this is known, efforts can
be concentrated on the generation and the evaluation of the most promising combi-
nations. Regardless of how much information is available to support the choice of
parents, a practical approach is to sow around 200 seeds of every cross to be evalu-
ated, and then sow more seed or emphasize the parents of those combinations that
performed well in future years.

Parental value is a function of the genetic constitution of a trait donor. Complex
traits are often comprised of several components, and defining those that contribute
reliably to influence trait values is a prerequisite to successful identification of par-
ents. Accurate evaluation of progeny is the most effective means to identify superior
progenitors of inherited characteristics. Sprague and Tatum (1941) introduced the
concepts of general combining ability (GCA) and specific combining ability (SCA)
to distinguish between the average performance of parents in crosses (GCA) and the
deviation of individual crosses from the average of crosses (SCA).
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Studies of combining ability make it possible to identify parents (those with
good GCA) that will perform well in most crosses, and also facilitate the develop-
ment of superior hybrids through the use of parents with high SCA. Genetic analy-
ses to measure combining ability further allow breeders to estimate genetic effects
and parameters such as trait variance, covariance, correlations among traits, herita-
bility, and the relative importance of additive and dominance variation. GCA repre-
sents mainly additive and additive x additive types of genetic variance. Thus, when
a potato clone is selected as having good GCA, it means that the algebraic sum of
the additive and additive x additive epistasis effects it passed on to its offspring
produced a favorable result in excess of the average of all the offspring tested. GCA
has a conceptual implication that each line being evaluated is tested against a large
random sample of some specified population (Plaisted et al. 1962). In actual tests
for GCA, however, the testers (usually males) often represent only a limited sample
of a population.

6.2.3 Mating Designs

The term “mating design” refers to the mating of parents in a systematic plan of
crosses to determine genetic parameters and/or parental value. These procedures are
particularly useful for the identification of plants that will be the most effective
parents in pre-breeding or recurrent selection programs. However, systematic mat-
tings can be difficult to achieve because of sterility and incompatibility encountered
during crossing. Mating designs have been classified according to the number of
factors to be analyzed, the parents, and modalities of combination. Some mating
designs are used more extensively than others, but each has its advantages and dis-
advantages depending on the reference population under consideration and the
information desired. Following are descriptions of some of the most important
designs for identifying superior progenitors to help assure genetic gains in a potato
breeding program. Figure 6.3a—c, illustrates some of these mating designs.

Diallel Analysis is the best way to determine the combining ability of parents. It
consists of the analysis of a set of crosses produced involving “n” lines in all pos-
sible combinations, a so-called diallel cross. The diallel mating design has been
used extensively in potato germplasm enhancement and can be very useful if prop-
erly analyzed and interpreted. The analysis of diallels provides information on GCA
and SCA of parents and their crosses and makes it possible to determine if recipro-
cal crosses give equivalent results.

The most commonly used methods of diallel designs are those proposed by:

e Griffing (1956), by which general and specific combining abilities are
estimated;

e Gardner and Heberhart (1966), by which the variety and heterosis are evaluated;
and

e Hayman (1954), in which information regarding additive and dominance effects
for a characteristic and the genetic values of the parents is used.
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One of the most used is Griffing’s Method 2, which estimates GCA and SCA)
relating mainly to additive and non-additive gene effects (dominance and epistasis).

6.2.3.1 Partial Diallel

Analyses involving “n” parents in all possible combinations become unmanageable
as the number of lines (n) increases. On the other hand, if only a small number of
parents are tested, the estimates of combining ability tend to have a large sampling
error. These difficulties led to the development of sampling crosses produced by
large numbers of parents, without affecting the efficiency of the diallel technique. In
a normal diallel, each line is involved in (n — 1) crosses. Kempthorne and Curnow
(1961) presented the concept of the partial diallel design in which only a random

[TP=1]

sample of crosses, say of size’s, is analyzed where “s” is less than n —1.

6.2.3.2 Line x Tester Design

The Line x Tester Design also provides information about the GCA and SCA of
parents, and is also helpful in estimating various types of gene effects. The cross-
ing plan of this design is as follows:

“I” lines are crossed to “¢” testers so that [ x ¢ full-sib progenies are produced;

These progenies, with or without parents (i.e., testers and lines), are then tested in a
replicated trial using a suitable experimental design, say randomized block design.

If there are three testers and seven lines, there are 7 x 3 = 21 crosses. For evaluation,
the 21 crosses along with 10 parents, for a total of 31 entries, might be tested in
a randomized complete block design with four replications. For this case, uni-
form planting material must be produced to enable inclusion of parental clones
and progeny in the same trial.

6.2.3.3 Design II

In mating Design II (or Factorial Design), described by Comstock and Robinson
(1948), the genetic information is similar to that obtained with Diallel Analysis.

Different sets of parents are used as males and females. If a set of eight parents
is included in the design II, 16 crosses will be obtained. This design is advantageous
when not all clones to be tested are male or female fertile.

6.2.4 Breeding Values

The estimated breeding value (EBV) of an individual can be calculated on the basis
of pedigrees and performance in the course of a breeding program, and does not rely
on the conduct of mating designs. Using appropriate statistical analysis, breeding
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value predicts how useful each individual would be as a parent; it expresses the abil-
ity of a parent to pass on superior trait levels to its offspring and is used for ranking
breeding performance of an individual as a parent relative to the population average.
The use of information on the individual and all relatives greatly increases the accu-
racy of selection in a breeding program (Lynch and Walsh 1998).

The calculation of breeding value goes beyond the typical estimation of geno-
typic or parental values with models based on fixed effects, by enabling the estima-
tion of random effects of a mixed model. Mixed linear models are able to model
different covariance structures and thus provide an improved representation of the
underlying random and error components of variance (Oakey et al. 2007). The
application of mixed models to estimate breeding values uses pedigree information
to model and exploit genetic correlation among relatives and applies flexible vari-
ance—covariance structures for genotype-by-environment interaction to accurately
predict performance (Piepho et al. 2008). The improved accuracy afforded by the
use of all data in a breeding program with mixed models allows the analysis of
repeated measures, unbalanced design experiments, spatial data, and multi-
environment trials.

Breeding value has been successfully applied in several crops (sugarcane, euca-
lyptus, soybean, maize, and even potato). Slater et al. (2014) illustrate selection in
potato based on breeding values. They conclude that using best linear unbiased
prediction (BLUP) and pedigree to estimate breeding values can result in increased
genetic gains for low heritability traits in auto tetraploid potato. Theory and appli-
cability of breeding values in quantitative trait improvement are illustrated in
Bernardo (2002) Relevant statistical packages that fit linear mixed models to large
data sets using the Residual Maximum Likelihood (REML), approach, such as the
Asreml-R reference manual (Butler et al. 2009) provide powerful software for the
use of breeding values in plant breeding.

In animal breeding, EBVs are the basis for marketing breeding parents and they
provide breeders with critical information for selection decisions. In applying
EBVs, it is important to achieve a balance between the different groups of traits and
to place emphasis on those traits that are important to the objective population,
markets, and environment. It is not feasible, nor always desirable to seek high EBVs
for all traits in a single progenitor. In fact, a comprehensive range of EBVs has the
advantage that it is possible to avoid extremes in particular traits and select for ani-
mals/genotypes with balanced overall performance. The method is particularly use-
ful in non-inbred populations and potato breeders should pay careful attention to
this analytical approach.

6.2.5 Early Versus Late Generation Selection

In early generations it is possible to select for highly heritable traits for which accu-
rate assessment of a genotype can be carried out on one or a few plants, but for more
genetically complex traits, and for traits where interplant competition is an issue, it
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is necessary to evaluate clones in multi-plant plots planted as blocks under homog-
enous field conditions. The aim is an unbiased comparison of genotypes within
blocks. The number of plants per plot and the number of replications or blocks
depends on the breeding stage. The low propagation coefficient of potato (about ten
depending on the propagation method used) limits the amount of planting material
available at each stage of selection and is one reason that potato breeding is rela-
tively slow (at least 8—10 years and usually more, from crossing until variety
release). Large numbers of genotypes can be assessed for simple traits in early
stages when small amounts of seeds are available; while more complex traits are
assessed in later stages when larger quantities of seeds are needed for replicated tri-
als, though less genetic diversity is represented.

Multistage selection can be managed in subsequent steps from early to later
stages, or with indices that use a weight assigned to each trait. In practice, some
characters are selected sequentially especially where there is clearly a lowest accept-
able value (tuber size, shape, and color as well as pest and disease resistance), while
others are selected simultaneously by aggregating characters into an index (often an
intuitively formed index such as score values of overall performance.

6.2.6 Case Study 2: The Use of a Selection Index in Potato
Breeding

An early-generation (seedling stage) selection method was applied at CIP for the
identification of families and individuals that tuberize well under long days and high
temperatures. Five groups of families generated by intercrossing CIP’s best
advanced parents from two populations and long day-adapted varieties underwent a
greenhouse test during summer, applying two photoperiods: natural short days of
12 h and simulated long days using lamps to extend the photoperiod to 16 h. Four
plant morphology prototypes were identified according to patterns of above- and
below-ground growth including branching, stolon, and tuber formation (Fig. 6.4).
Individual plants of each family were evaluated at harvest taking into account
parameters including breeder’s preference, a tuberization score based on the four
patterns, tuber uniformity and physiological disorders including sprouting tubers,
knobbiness, chain tubers, and cracking.

A selection index (SI) was built assigning a weight to each of these parameters,
three for breeders’ preference (BP), two for tuberization score (TS) and tuber uni-
formity (TU), and one for physiological disorders: sprouting (Sp), knobbiness (Kn),
chained tubers (Ch), and cracks (Cr)

SI, = BP,(3)+TS,(2)+TU, (2)+Sp, + Kn, +Ch, +Cr,
Families with a high frequency of progenies exceeding an estimated selection index

of 54 were selected. Seven of these selected families and three unselected were used
in validation studies under field conditions.
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Fig. 6.4 Plant morphology and growth patterns observed among families in early generation
screening for adaptation to warm, long day environments. (a) Typical morphology under 12:12 h
light:dark regime; (b) Typical morphology under 16:8 h light:dark regime; (¢) Above-ground mor-
phology of representative plants with growth patterns I, I, III, and IV; Below-ground morphology
of representative plants with growth patterns I, II, III, and IV

6.2.7 Stability and Adaptation

Breeding programs typically breed for several locations rather than just one. Hence
field evaluations that underpin selection must simulate a range of environments. For
this reason, within limits of the propagation coefficient, clones are tested in plots
within homogenous blocks at several locations over several years. The objective of
multilocation trials is to assess promising genotypes with respect to narrow and
broad adaptation. In practical potato breeding, “broad adaptation,” the ability to
perform well in a range of environments, appears essential for a clone to have any
meaningful commercial success.

The wide range of quality preferences and the numerous pests and diseases
addressed by potato breeding programs dictates the exposures required for selec-
tion. Decentralized selection is generally required by a program with multiple target
environments and is best designed to address sets of traits that can logistically be
assessed together in target environments or sites that represent them well. Along the
course of selection, a combination of on-station and on-farm trials are usually
performed.

National programs requesting potato breeding materials from CIP are provided
with germplasm from different selection stages depending on their capacity to eval-
uate clones and the relative suitability of advanced germplasm to their production
targets. Advanced clones and parents are available as in vitro plantlets. The geno-
types provided meet multiple selection criteria for the given target environment, as
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assessed in similar testing sites. Upon receipt they are propagated and subject to
multilocational trials before use as parents in national programs or testing as
varieties.

6.2.8 Case Study 3: Breeding and Variety Development
in Bangladesh

Breeding for stable yields and multiple disease resistance at CIP takes advantage of
germplasm collections, broad-based advanced populations, and environmental
diversity in Peru. One such population is the advanced lowland tropics virus resis-
tant population, which is adapted to dry arid regions where virus pressure is high.
With support from GIZ/BMZ and follow-up support from USAID, CIP provided 35
potato breeding lines of this population as in vitro plants to the Tuber Crop Research
Centre of the Bangladesh Agricultural Research Institute in 2009. After local evalu-
ation over a period of 7 years, a salt tolerant variety (BARI Alu-72) and a heat toler-
ant variety (BARI Alu-73) adapted to Bangladesh were released.

When distant environments can only be partially simulated in CIP’s breeding
program, samples of true seed families (TSF) from good parents can be distributed.
TSF are available for national programs with the capacity to carry out early genera-
tion selection as well as variety identification trials. One advantage in working with
TSF is the considerable reduction in time-to-release compared to that required when
receiving advanced clones. Conducting selection with true seed in target environ-
ments can save 6 years or more, i.e., time that would otherwise be required for CIP
breeders to conduct selection from the same TSF at their trial sites and recommend
elite clones as in vitro plants.

When national programs test CIP germplasm as TSF, valuable information is
returned to CIP regarding family performance (i.e., frequency of selected clones
in each family), and this serves to refine the concept of adaptation and best bet
materials for that location. National programs that invest in identifying parents
based on local performance, and then utilize these parents for crossing and recur-
rent selection, benefit from knowing which breeding materials will serve those
best and are likely to experience significantly faster genetic gains over the
medium to long term.

6.2.9 Case Study 4: Collaborative Breeding in Vietnam

Advanced germplasm from CIP’s lowland tropic virus resistant (LTVR) and late
blight heat tolerant (LBHT) breeding populations developed in Peru were dis-
patched to Vietnam in the form of in vitro plants from 2005 to 2010. The materials
were used in two ways: (i) for direct variety testing, and (ii) in cross-breeding to
improve adaptation to local conditions.
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Results of the collaboration demonstrated both the direct utility of clones from
Peru in Vietnam—through the identification of two outstanding clones recom-
mended for variety testing, and the advantage of local breeding, yielding, after three
rapid cycles of recurrent selection, a new generation of elite clones with higher
yields than the elite clones provided from Peru. The yield increase from local breed-
ing and selection was realized in a considerably less time (9 years) than would have
been required for the development, introduction, and testing of a new cycle of elite
clones from CIP (at least 12 years) (Fig. 6.5a, b).

There are several advantages of testing early generation potato progenies at more
than one location. Information from contrasting environments can be combined if
the breeder tests a clone at two or more locations; those few clones that are broadly
adapted can be identified early in the selection process. In addition, if one location
experiences low disease pressure, daughter tubers from that site can be used to pro-
vide clean planting material for the next generation of selection. The healthy seed
plot provides for an assessment of performance in the absence of major production
constraints, while various pressures can be applied at additional sites. Alternatively,
a protected environment (e.g., quarantine screen house) can be used to maintain a
healthy copy of each selected genotype, but unlike the maintenance of a healthy
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Fig. 6.5 Collaborative approach for potato breeding in Vietnam. (a) Two avenues for decentral-
ized evaluation and improvement; (b) Frequency distributions for yield of selected potato clones in
three cycles of recurrent selection conducted in Vietnam
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seed plot, this typically does not allow for significant production of seed to support
evaluation along the breeding cycle.

Rapid and real-time exchange of information on selection percentage between
breeders and selectors helps inform breeders on the future crossing plans most likely
to meet the requestor’s needs. This simple data can confirm the breeders’ concept of
GCA and suitability of test environments with respect to the targeted ones. Breeders
can use the information returned from selectors regarding percentage of selection in
controlled cross families to exploit heterosis through cross combinations. Selection
of parents and cross prediction can probably be improved by systematic collection of
data on the percent of clones selected in families by the assignment of parents with
good GCA or mutual SCA to complementary gene pools. This would benefit both
CIP’s and the national programs’ breeding efforts, if it resulted in increased fre-
quency of high-yielding clones with needed traits, or potentially, in yield jumps.

6.2.10 Importance and Relation of GCA and Heterosis
in Potato

Heterosis was examined in a new tetraploid potato hybrid population obtained by
crossing members of two advanced breeding populations developed at CIP for
adaptation to the highlands (B3) and subtropical lowlands (LTVR). Significant posi-
tive heterotic values ranged from 18 to 60% for mid-parent heterosis and from 16 to
162% for best parent heterosis or heterobeltiosis. Positive heterotic values were
found for tuber yield and tuber number in each environment. Significant GXE inter-
action on heterosis showed a differential effect of the environment on the magnitude
of heterosis expression.

The expression of heterobeltiosis within B3 and LTVR confirms the effective-
ness of the population breeding method on maintaining a broad genetic base
(Mendoza and Sawyer 1985). Mid-parent heterosis can be the result of the combina-
tion of good levels of GCA of parents and some level of SCA of the cross. A recipro-
cal recurrent selection scheme (RRS) has been initiated to benefit from intercrossing
between best parents of two complementary populations, B3 and LTVR (RRS), also
known as recurrent reciprocal half sib selection, is a form of recurrent selection used
to improve both GCA and SCA of a population for a character or characters.

6.3 Potato Breeding Procedures Overview

6.3.1 Hybridization

Heterozygous parents are recombined in controlled biparental combinations or by
use of bulk pollen to create new variation in the form of sexual seed. The crossing
block is established after selecting the parents to be used as females and as males,



182 M. W. Bonierbale et al.

and the “planting on a brick method” or modifications of it can be practiced to
encourage flowering and fruit set over a period of about 10 weeks. In the “brick
method,” potato tubers are placed on bricks partially buried in the soil. The tubers
sprout and stems are allowed to grow. After some time the soil around the base of
the full-size plant is washed away with a spray of water, which exposes emerging
stolons and small tubers, but does not disrupt the root system that has penetrated in
and around the brick. Thereafter, stolons and tuber that emerge from the base of the
plant are removed. Potato has a complete flower with five anthers and a stigma that
becomes receptive as pollen is shed from open flowers. Emasculation is practiced to
prevent selfing when genetic studies will be performed, when parental value will be
assessed in progeny tests and for best control of pedigrees (record-keeping).

Crossing at CIP is enhanced by flowering induction. Under long day conditions
most potato clones flower to some extent. Typically, S. tuberosum Phureja Group
flowers under both long and short-day photoperiods. Clones of Group tuberosum,
however, usually will not flower under short days. In addition, there are many
clones, especially those of early maturity, that rarely flower under any conditions or
that flower sparsely and over a very short time period. For these reasons it is often
desirable to induce flowering. This can be done by either of two methods: “grafting”
or “planting on a brick.” In the grafting method shoots of potato are grafted onto the
stems of tomato plants. In both methods the idea is to prevent potato from develop-
ing beyond the vegetative flowering phase to the tuberization-senescense phase. In
addition to these mechanical methods, other traditional flowering-enhancing prac-
tices may be followed such as long-day lighting, sprays of 40 ppm gibberellic acid
at 4-day intervals, and heavy nitrogen fertilization. Temperature and humidity are
also important. Ideal temperatures are 20 °C day and 16 °C night. Humidity should
be 80% or higher. Procedures and crossing techniques for potato breeding as prac-
ticed at CIP are documented at https://research.cip.cgiar.org/potatoknowledge/pro-
ceduretechniques.php. A modification of “planting on a brick” using peat pots is
shown. The open source software CIPCROSS (see Section 6.3.3) can be used to
document all aspects of the crossing block, including pedigrees, storage, and inven-
tory using bar coding for accuracy and efficiency.

6.3.2 Selection Schemes

Selection of potato varieties from botanical seed is conducted in several steps.
Figure 6.6 shows how the crossing of two parents might be followed by five sequen-
tial steps in time (one selection step conducted with seedling plants and four subse-
quent selection steps conducted with cloned plants from tubers of the seedling
genotypes). This scheme is an oversimplification since many crosses or families are
developed simultaneously and many seeds of each family are subject to evaluation
and selection at the same time, while here only three seedlings in each of 11 families
are shown.
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Fig. 6.6 Multilocation Clonal selection Scheme. (Modified from Gruneberg et al. 2009)

In principle, if the true seed plant could be cloned in large quantities and the
population could be assessed with adequate accuracy, it is theoretically possible to
select the “best” genotype in the first year, since maximum variation is present at the
start of each selection cycle and no genetic changes are realized during it. In prac-
tice though, the individual genotypes selected in early stages of each clonal selec-
tion cycle are subject to propagation via tubers to permit adequate plot size and

replication for later-stage assessments.

The overall selection scheme should consider the vulnerability of clonal planting
material to disease. At least some tubers of every clone should be planted in a
disease-free location, or time and resources should be allocated for the eventual
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elimination of pathogens from successful clones before they can be distributed
among geographic regions.

Many breeding programs use only one location at the early selection stage, pre-
ferring to evaluate in favorable conditions such as on station, while also producing
healthy seed for use in later selection stages. This location should be as free from
virus pressure as possible to help keep seed clean over the years. For example, the
New York breeding program makes all evaluations for the first 2 clonal years in a
single location, going to a second location (for an unreplicated evaluation of yield)
in the third clonal generation, and multiple locations (for replicated yield trials)
starting in the fourth clonal year. Typical numbers of genotypes per cycle in this
program are: 20,000 seedlings in year 1, 18,000 four hill plots in year 2, 1500
twenty-hill plots in year 3, and 250 hundred-hill plots in year 4.

Nevertheless, the first clonal generation can be evaluated at more than one loca-
tion if sufficient clonal seed can be produced. For simultaneous evaluation at up to
three locations in the first clonal generation, true seed families (TSF) are first con-
verted to tuber families (TF) so that at least four copies of each genotype from each
family are produced. Methods for evaluating TF include (1) planting three to five
tubers of each genotype in a single row at a single location or (2) equivalent samples
of each tuber family are evaluated in two or more locations, using one tuber per
genotype and location. Multilocational testing of first clonal generation tuber fami-
lies can be done with, or without the identification and labeling of individual geno-
types. Detailed procedures for the production of tuber families followed at CIP are
illustrated at: https://research.cip.cgiar.org/potatoknowledge/tuberfamilies.php

6.3.3 Data Management and Analytical Tools

Standardized information on the performance of progenies and selected clones
across environments is necessary in order for breeders to efficiently make decisions
about selection and variety release. The methods of data generation and processing
that are utilized in plant breeding have radically changed in recent years. With the
advancement of new high throughput technologies, data have grown in terms of
quantity as well as complexity. However, the significance of the information that is
hidden in newly generated experimental data can often be deciphered only by
linking it to other data, collected previously and/or by others. Collaboration that
makes it possible to connect disparate data sources and analyze them in meaningful
ways with other researchers requires robust but practical data management solu-
tions. CIP has developed an on line Global Trial Data Management System: https://
research.cip.cgiar.org/gtdms/. Three key components are CIPCROSS, HIDAP, and
Field Book Registry.

CIPCROSS is a botanical seed inventory tracking system for clonal crop breed-
ing that enables tracking of breeding materials from crossing blocks and botanical
seed inventories through to seed distribution. CIPCROSS is open source software,
available online, and comprises two main tools: (a) The Crossing Management
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System (CIPCROSS Tool v1.1 for Pocket PC) used the main development platforms
Visual Basic 2008 for Windows Mobile OS and Microsoft SQL Server Compact 3.5
for Windows Mobile software. This tool facilitates the barcode labeling of parents
and crosses, storing the information in a database and generating automated reports
and (b) The Botanical Seed Inventory System (CIPSIS Tool v1.1) was designed as
an easy-to-use web application. It uses PHP, Yii Booster, Bootstrap, CSS, Java
Script, HTML and MySQL database programming languages. This tool facilitates
the recording and accessing of information on the location of botanical seed in the
storage facility, documentation of germination tests, updates on seed stocks, infor-
mation about crosses and breeder’s name. The system helps breeders develop, inte-
grate, and organize their information in a database, avoid typing mistakes and saving
work time (24 person—hours are saved per 14,250 labels). The Roots & Tubers Base
centralized data repository facilitates access to the information with queries and
filters for advanced searches (Fig. 6.7—Users can download these tools through the
web page of “The Global Trial data Management System from CIP” https://research.
cip.cgiar.org/gtdms/)

a

Crossing Management System (CIPCROSS) Botanical Seed Inventory System Global Roots &
(CIPSIS) Tubers Base
Crossing plan
elaboration
Template 1 3 Template 2
N\ 5 ‘L =

Planting of

parents
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D Virus Test)

Pollination

i Maceration : Integration of
g of Berries — Information and

Decision-making

Fig. 6.7 CIPCROSS workflow: (a) The Crossing Management System (CIPCROSS Tool v1.1 for
Pocket PC); (b) The Botanical Seed Inventory System (CIPSIS Tool v1.1) and ¢) Global Roots &
Tubers Base as a centralize data repository; (¢) Global Roots & Tubers Base as a centralize data
repository
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Data collection in potato breeding requires capacity to use and share standard
protocols for the selection of clones from seedlings through to observational trials
and on to preliminary and advanced yield trials, each accompanied by field books
and structures for data collection, analysis, and reporting.

The highly integrated data analysis platform called HIDAP was developed by
CIP’s breeding program and Research Informatics Unit to facilitate and unify data
collection, quality control, and data analysis for clonally propagated crops. HIDAP
provides a single platform for use by potato and sweetpotato breeders. It supports
compliance with Open Access, open standards such as the potato and sweetpotato
crop ontologies and linkages with relevant corporate and community databases such
as CIP’s BioMart (https://research.cip.cgiar.org/gtdms/biomart) and SweetPotato
Base (www.sweetpotatobase.org). HIDAP builds on the statistical platform R. This
includes the R shiny tools, the knitr package, the Agricolae package also developed
by CIP (https://cran.r-project.org/web/packages/agricolae/agricolae.pdf), and more
than 100 other R packages. The R shiny package enables implementation of interac-
tive web pages that are usable online and offline. The knitr package enables the
creation of reproducible reports. Numerous statistical analyses can be performed
using R and R functions developed at CIP. The software is available for download
at https://research.cip.cgiar.org/gtdms/hidap/.

HIDAP is connected to the institutional pedigree and corporate database at CIP
facilitating the tracking of clones and families generated through breeding. This
connectivity enables verification and maintenance of the identity of clones across
the different selection stages and tracing of pedigrees in selection and breeding. The
HIDAP network enables researchers to share field books with colleagues, regional
breeding programs, and/or partners. To use this network, users must register and
create a login account. Once logged in, the user can share, download, and receive
field books for different selection stages in a user-friendly interface. A download
count helps to keep track of users and uses of this tool.

The Field Book Registry (https://research.cip.cgiar.org/cipfieldbookregistry/)
facilitates updating field books in real time and viewing their status in the database.
The data generated in CIP’s potato breeding program is stored in the “Global Roots
& Tubers Base” utilizing the free BioMart software https://research.cip.cgiar.org/
gtdms/biomart/. This database has been structured for storage of phenotypic, geno-
typic, pedigree, geographical, and environmental data. Through the metadata and
the search function using filters, the user can retrieve data from the experiments
conducted by CIP or partner programs using CIP materials. The availability of the
data is managed in conjunction with Dataverse following CGIAR open access
guidelines (Fig. 6.8).

The use of the database and software tools enables analysis of phenotypic and
genotypic data. A key goal is the identification of effective models that predict phe-
notypic traits and outcomes, elucidating important biomarkers and generating
important insights into the genetic underpinnings of heritability.
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Fig. 6.8 Flowchart of CIP’s breeding information system: Standardized evaluation protocols and
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6.4 Setting Objectives for Potato Breeding

Successful breeding relies fundamentally on having a clear set of prioritized breed-
ing objectives. Key enabling information and tools for setting breeding objectives
include: knowledge of the opinions and needs of stakeholder groups, knowledge of
the production constraints and cropping systems of target populations and environ-
ments, and standardized means to measure and describe traits. Knowledge of the
strengths and weaknesses of predominant varieties provides an important baseline
for setting breeding objectives.

Having a good understanding of desired end-user traits requires ongoing, inter-
disciplinary communication and collaboration. This helps increase the chances that
a new variety meets actual needs and is thus adopted, as well as minimizing the
chance that new varieties (and the traits that define them, their management and
marketing or use) might marginalize or disadvantage social or gender groups such
as poor farmers or women, who often have access to different resources than men
do. There is also a need to consider social and economic dimensions and client
demography such as market access, youth, and urban/rural factors. A CGIAR
system-wide initiative is currently underway to assess and encourage breeding that
responds to social diversity including often-neglected or marginalized groups with
emphasis on gender (http://www.rtb.cgiar.org/gender-breeding-initiative/?lang=en).

Potato breeding is characterized by having a large number of objectives, which
include traits specific to the intended market and use of the crop (end-user traits), as
well as traits related to productivity and protection against local diseases and insect
pests (grower traits).
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6.4.1 Targeting of New Potato Varieties

Building on CIP’s experiences of a global breeding program that developed two
agro-ecologically adapted populations (one for highland tropics and one for sub-
tropical lowlands), increased attention is now given to prioritizing packages of traits
for which relative values are determined with stakeholders in a more decentralized
manner. This involves the cross-disciplinary estimation of trait values at global,
regional, and local scales, the development of corresponding variety or product pro-
files with stakeholder involvement, and the setting of breeding priorities to meet
those via selection decisions.

6.4.2 Case Study 5: RTB Priority Setting

An example of assessing trait values can be seen in the priority setting exercise con-
ducted by the Root, Tubers and Bananas (RTB) Program of the CGIAR (http://www.
rtb.cgiar.org/resources/impact-assessments/) Kleinwechter et al. (2014). Through a
global survey carried out from 2012 to 2013, the RTB program sought to rank pro-
duction constraints of each RTB crop (i.e., cassava, yam, banana, sweetpotato, and
potato) and research options to alleviate them. This exercise was led by agricultural
economists specialized in impact assessment. It provided an overview of problems
affecting the potato sector and potential solutions including, but not limited to,
breeding. The potato survey (Hareau et al. 2014) provided respondents with a list of
91 research options, organized around the areas of crop improvement, crop and
resource management, seed management, genetic resources, value chains, posthar-
vest utilization, and marketing, as well as socioeconomic research and extension.

Five of the top ten ranked research options for potato were directly related to
breeding. Breeding for late blight resistance, drought tolerance, earliness, and high
yield ranked second, third, fourth, and eighth of the 91 options provided, while the
generic “germplasm enhancement” ranked seventh. An ex-ante assessment of the
selected potato technologies revealed significant differences in terms of net present
value (NPV) and internal rate of return (IRR) on investments across the different
research options. Late blight- and virus-resistant varieties had the largest expected
net benefits ($US 4.7 billion and $US 3.9 billion), and high rates of return of 87%
and 104%, respectively, in the high-adoption scenario.

6.4.3 Case Study 6: Adjusting and Ranking Priority Traits
in New York (NY) State

Staff of the breeding program in New York State U. S. meet many times each year
with stakeholders, in both formal and informal settings, to continually discuss what
the program’s priorities should be. The frequent interaction helps stakeholders feel
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comfortable expressing their views, and allows the program to detect changes in
industry priorities more quickly, as breeding goals always change with time.

Two examples can illustrate how stakeholder feedback has changed the NY pro-
gram over the past 5 years. (1) NY growers recently made repeated requests to
develop earlier maturing potatoes, to solve a problem the NY breeding program had
unwittingly helped create. NY breeders have always put a high priority on yield, and
selection for yield tends to select for later maturity. Unfortunately, a suite of late
maturing varieties also shortened the timeframe in which NY growers could harvest
their crop. The NY program now pays much more attention to maturity, and is pre-
pared to select potatoes with lower yield if they mature early. (2) Potato chip facto-
ries recently began to ask for smaller chipping potatoes, as more and more of their
product is now sold in small bags. In response, the program now selects smaller
potatoes than it (or regional chipping factories) would have been willing to process
in the not-so-distant past.

One approach that the NY breeding program has found useful when prioritizing
traits is to compare what stakeholders ask for (“what stakeholders say”) with the
attributes of widely grown varieties (“what stakeholders do”). When there is an
apparent disparity between words and action, there is an opportunity for deeper
understanding. Fifteen years ago growers in NY kept asking for new varieties with
resistance to common scab. What made the request unusual is that growers already
had several resistant varieties to choose from, and that the variety they grew most
each year was highly susceptible. What the NY program eventually realized is that
the popular scab susceptible variety had two quality attributes—outstanding fry
color out of cold storage and high specific gravity—that were far more important to
the chip factories than the scab resistance growers kept asking for. As a result, NY
re-ranked selection criteria, placing fry color and specific gravity above resistance
to common scab.

6.4.4 Product Profiles

A product profile establishes a set of targeted attributes that a new plant variety
or animal breed is expected to meet for successful release in a given market seg-
ment. Attributes must be understood as traits reaching a specified level; this level
being defined either in absolute or relative terms (Ragot et al. 2018). Thus, a product
profile may list yield (25 tons/ha or more; or 15% over variety V1 across a range of
soil fertility conditions), tolerance to potato leaf roll virus (same as or better than
variety V2), or dry matter content (no less than 18%, or no less than variety V3). The
development of product profiles may best be done in collaboration with, for exam-
ple, pathologists, agronomists, or nutritionists, as well as user communities who can
contribute specific knowledge, tools, and approaches for setting trait levels, which
in turn become the breeding targets within a profile.
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6.4.5 Tools and Metrics

CIP’s potato breeding program targets low input conditions by relying heavily on
endemic disease pressure, poor soils and a series of intentional exposures to stress
for screening and selection. The product profiles incorporate quantitative breeding
objectives for productivity, protection, and utilization traits with emphasis on resil-
ience, the setting of quantitative breeding objectives relies on knowledge of baseline
variety characteristics and available genetic resources, the expected effects of
changes in trait levels, and means to measure gains toward them.

Metrics for disease resistance: One special tool used by CIP is an interval scale
for expressing potato resistance to late blight that indicates resistance levels required
for satisfactory control of the disease in agro-ecologies with varying degrees of
pathogen pressure. The use of this interval scale facilitates setting quantitative resis-
tance breeding objectives in a robust manner within a breeding program’s trait
improvement framework. The late blight susceptibility scale of Yuen and Forbes
(2009) enables assessment of resistance levels with a reduced coefficient of varia-
tion among trials as compared to other semi-quantitative metrics like AUDPC or
rAUDPC. The scale uses reference cultivars in regression analysis and helps breed-
ers to measure and describe resistance of genotypes independent of environment or
inoculum level, which can vary from site to site and year to year. This approach
gives breeders a simple numerical metric for quantitative traits that is useful for set-
ting baselines, breeding goals, and calculating genetic gains.

Application of the susceptibility scale to setting breeding targets is based on the
understanding that a variety with level 5 (more susceptible) would be sufficiently
tolerant to provide the same level of protection in low-pressure agro-ecologies as a
variety with level 2 (less susceptible) would provide in a agro-ecology with high
disease pressure. The use of this scale is illustrated in Field assessment of resistance
in potato to Phytophthora infestans at https://research.cip.cgiar.org/potatoknowl-
edge/lateblight.ph.

Metrics for nutritional traits: To help reduce the health burden of iron and zinc
deficiencies, quantitative targets for levels of these two elements in potato (a biofor-
tification breeding goal) were set through collaboration between potato breeders at
CIP and nutritionists of Harvest Plus. Consideration was given to (1) nutritional
status of the target population, (2) dietary increments of iron and zinc known to be
effective from other approaches (i.e., food fortification or nutrient supplementa-
tion), and (3) features affecting feasibility of nutrition impact such as consumption
(potato intake), heritability, bioavailability, and retention of these minerals in potato
prepared for use as food.

Nutritionists consider that dietary increments of 0.4 and 0.2 mg/day of iron and
zinc, respectively, can have a positive biological effect on the health status of popu-
lations at risk of micronutrient malnutrition associated with deficiencies in these
minerals. The provision of these increments through biofortified varieties is feasible
when mineral concentration of a variety, consumption levels, bioavailability, and
retention in the diet are sufficient. This food-based approach to reducing micronutri-
ent malnutrition relies on variety change but not on modification of consumption
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patterns, i.e., high versus low potato intake. Logically, a population that consumes
twice as much potato as another one would ingest twice as much iron from that
source. And the percent of the Estimated Average Requirement (EAR) of the nutri-
ents it provides would be double.

Quantification of these features for a given varietal and dietary context assumes
conservative estimates of 10% and 25% bioavailability of iron and zinc, respec-
tively, from potato, and that minerals are not lost in cooking. Figure 6.9 illustrates
how different levels of iron and zinc concentrations in potato (referred to as biofor-
tification levels: Base line, 1, 2, and 3, where base line represents current potato
varieties) contribute to the EAR of iron and zinc for women of fertile age who
consume 100, 200, or 400 g of potato per day. For reference, women in parts of
Rwanda consume over 500 g of potato per day (Personal communication, Harvest
Plus), while women in parts of Peru, may consume 800. The iron and zinc levels
included in potato product profiles for populations of the Andes or the central
African highlands are 45 mg/kg Fe and 35 mg/kg Zn (just over biofortification level
2 in Fig. 6.9) which can be expected to provide 50% of the EAR of both minerals
for women consuming 400 g potato a day. This is a considerable increment over the
baseline, but has been assessed as feasible by CIP’s breeding program after evaluat-
ing genetic diversity, estimating heritability, and realizing significant gains (subsec-
tion 6.1.5) in cultivated potato germplasm. Achievement of such genetic gains
would only provide 12—-15% of the EAR for women who consume 100 g of potato
per day or less, as in much of the subtropical lowlands of Asia. The inclusion of a
biofortification breeding target to increase Fe or Zn intake from potato by 0.4 or
0.3 mg/day, or reach 50% EAR for this market segment, would require greater
genetic gains than presently estimated to be feasible by the interploid breeding strat-
egy undertaken by CIP. Nevertheless, high iron and zinc potatoes have been
requested by the national programs of both India and Bangladesh. In such cases, a
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Fig. 6.9 Influence of Fe and Zn concentration and intake of potato on the estimated average
requirement for women of fertile age. (a) Definition of baseline (non-biofortified) and incremental
concentrations (biofortification levels 1, 2, and 3) of iron and zinc in potato tubers. (b) Percent of
EAR for iron for women of fertile age met by consuming 100, 200, or 400 g/day of potatoes with
concentration levels 0, 1, 2, and 3
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food systems intervention seeking overall increments of micronutrients from co-
staple crops should be considered.

Biofortification targets between level 2 and 3 in Fig. 6.9a have been set as part of
the product profiles for table potatoes oriented to tropical highland agro-ecologies
and populations with significant levels of anemia, who also consume potato as a
main food or staple crop. The value of nutritional traits can be assessed with the
disability adjusted life years (DALY metric). DALY is ordinarily used to assess the
impact of public health burdens like human disease or illness. It extends the concept
of potential years of life lost due to premature death to include equivalent years of
“healthy” life lost by virtue of being in a state of poor health or disability. In so
doing, mortality and morbidity are combined into a single, common metric
(Meenakshi et al. 2007).

6.4.6 Setting of Breeding Priorities

Once product profiles are defined, breeding programs can proceed to refine trait lists
and allocate resources to address those that are most feasible. While goals and pri-
orities are important for breeding programs and the institutions that host and spon-
sor them, the list of traits a breeder can work with is limited, and in this light, he/she
will select a subset of those in the profile for the day-to-day efforts of the program.
Breeders may also be aware of a few “must have” traits that do not come up in
stakeholder consultation, and since the inclusion of any trait in a breeding effort
(whether to change or even maintain trait levels) requires investment, and thus has
a cost, these should be made explicit and, ideally, added to the product profile.

Experience and knowledge of existing germplasm are applied to identify the set
of attributes to be addressed in breeding. For each attribute, a quantified description
of the desired result (maximize, reach specified level, maintain a certain minimum
level, etc.) and a unique rank or priority is assigned. Ranking represents the relative
effort required to develop the set of traits that will enable the new variety to respond
to the opportunity or constraint identified in the targeting exercise and taken on by
the breeding program. Relative effort required to address each objective are deter-
mined by the proximity of the program’s genetic materials to the needed level of
each trait, and the genetic control and relationships among various traits.

6.4.7 Selection Decisions in Potato Breeding

Because potato is highly heterozygous, a large number of traits segregate every time
a cross is made. Every offspring receives a unique combination of desirable alleles
at some loci and undesirable alleles at others. No offspring is ever “perfect.” An
issue of considerable practical importance, therefore, is deciding which phenotypes
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(clones; genotypes) are worth keeping, and which should be discarded at each stage
of the selection scheme.

Selection decisions are the decisions a breeder makes to use, advance, or discard
a selection unit (plant, progeny, progenitor, clone, experimental variety), guided by
the breeding priorities, using specific decision-making tools (e.g., assessments of
the targeted traits, estimates of breeding value, presence/absence of specific mark-
ers, selection indices, combining ability).

In early stages of selection, when the number of plants of each genotype is small,
it is important to select stringently only for highly heritable traits. Meaningful
assessments of yield, on the other hand, can only be performed in later stages. As
selection progresses, and the individuals not meeting breeders’ criteria have been
eliminated, it becomes especially important to keep product profiles in mind, i.e., to
select not just on the basis of individual traits, but on the suite of traits that collec-
tively define a product, with attention to specific traits at specific stages of the selec-
tion scheme.

6.4.8 Case Study 7: Profile and Selection Decisions
Jfor Chipping Potato for Northeast USA

As nations develop there tends to be a shift in potato consumption, away from fresh
and more towards processed potatoes, primarily as chips or French fries. Varieties
intended for fries or chips ideally have higher levels of starch, so that they absorb
less oil when fried. In addition, if potatoes need to be stored in the cold for a long
time—typically to ensure a year-round supply of raw product—then it is useful if
they are resistant to cold-induced sweetening, as the presence of high levels of glu-
cose and fructose will cause potato slices to turn dark brown when fried.

To improve resistance to cold-sweetening, the New York program has adopted a
low-tech approach that could be adopted anywhere. The essence of the approach is
this: store potatoes at a temperature where only a small percent will fry to a light
color. Intercross those that do, and after 5 years or so, once the population has
reached a point where many progeny fry well, lower the cold storage temperature by
0.5-1.0 °C the following year. Intercross the few that fry well under the new, colder
regime, and repeat the process. Recurrent selection has proven very effective at
improving fry color in the New York program; many clones now fry well out of
3-9 months of storage at 6 °C. Ideally the breeding program will fry from slightly
colder storages than those currently in use by regional industry, to help drive down
the temperatures that industry can use over time. In general, the colder the storage,
the longer that potatoes can be stored.

The two most important attributes in chipping potatoes are starch content
(strongly correlated with specific gravity) and fry color, followed by tuber shape
and size. About 70% of the New York breeding program effort is dedicated to devel-
oping new chipping varieties.



194 M. W. Bonierbale et al.

The New York program practices very little selection on seedling tubers, as the
performance of plants grown in pots correlates poorly with performance of plants
grown in the field. When the first field generation is harvested, the principal selec-
tion criteria are for tuber yield, tuber shape, and size (all visually assessed). The
ideal chipping potato is round and the size of a baseball. Clones with low yield, or
shapes and sizes too far from baseballs, are not selected.

The New York breeding program chips (out of cold storage) every clone that
survives 1 or more years of selection in the field, discarding all that do not chip as
well as, or better than, the industry standard chipping variety “Snowden.” Absolute
fry color can vary from season to season, although the ranking of fry color between
clones does not vary greatly.

In the USA a specific gravity of 1.080 is deemed the minimum for processing.
Nevertheless, because starch content can vary considerably from season to season
(warm nights result in lower starch content than cool nights, all other things being
equal), in New York the level of starch is always evaluated relative to that in the
widely grown chipping variety, “Atlantic.” The specific gravity of Atlantic is typi-
cally above 1.090 in New York, but in some seasons it is less. The New York breed-
ing program will not continue to evaluate a chipping clone whose gravity averages
0.010 or more less than Atlantic, and prefers clones to average 0.005 or fewer points
less. New York begins to evaluate specific gravity after a clone’s second year in
the field.

Replicated, multisite yield trials begin in the fourth field year, where clones that
yield less than 90% of Atlantic are discarded. Clones that exhibit considerably more
internal or external defects than “Atlantic” or “Snowden” in yield trials are also
discarded, regardless of their yield, fry color, or specific gravity. Clones that survive
several years of field trials are then evaluated on commercial farms, and processed
in commercial chipping plants, where growers and chipping plants make the final
decisions about which clones merit release as new varieties.

6.4.9 Selection Decisions: Marker-Assisted Selection
6.4.9.1 How the New York Program Uses Molecular Markers

Even though current NY breeder WDJ was trained as a molecular geneticist, the
New York breeding program does not make extensive use of marker assisted selec-
tion, primarily because there are not yet many publicly available markers linked to
traits of high priority.

One of the two markers currently used in New York is 57R (Finkers-Tomczak
et al. 2011), tightly linked to the H1 gene, which confers resistance to race Rol of
Globodera rostochiensis. Developing potatoes resistant to race Rol has been the
highest priority of the New York breeding program for the past four decades; almost
every cross made in NY has at least one Rol-resistant parent. All offspring that
survive 2 years of visual selection for appearance and yield in the field (about 200
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clones, out of 20,000 initially planted) are screened with 57R over the winter. The
vast majority of clones lacking the marker are discarded, the only exceptions being
those that look especially promising for other high value traits (e.g., excellent chip
color combined with high specific gravity).

RYSC3 (Kasai et al. 2000) is the other marker currently used in New York. This
marker is tightly linked to Ry,,,, which confers immunity to potato virus Y (PVY),
and like 57R, is used to screen clones that have survived 2 years of selection in the
field. At present the presence/absence of the RYSC3 marker is just one of many data
points NY uses to make a decision about each clone, with other data points includ-
ing chip color, specific gravity, resistance to common scab, and visual assessments
of yield and tuber appearance.

Although markers tightly linked to potato virus X (Gebhardt et al. 2006), wart
(Gebhardt et al. 2006), verticillium wilt (Bae et al. 2008), Columbia root-knot nem-
atode (Zhang et al. 2007), the pale cyst nematode (Sattarzadeh et al. 2006), and late
blight resistance genes (e.g., Colton et al. 2006) have been reported, none of these
traits are important enough in New York to influence selection decisions, and thus
none of these markers are used routinely.

6.4.10 Breeding Objectives at CIP

Priority setting exercises (Fuglie 2007; Hareau et al. 2014), complemented by
evolving requests from national programs for elite germplasm and candidate variet-
ies, both contributed to CIP’s profiles for new potato varieties tailored to the con-
trasting agroecologies, cropping, and food systems its program addresses. Two key
products conceived in a recent exercise were (1) “Agile Potato” for intensification
and diversification of cereal-based systems of Asia and, (2) mid-elevation tropical
highlands late blight resistant potato.

CIP’s major breeding populations are oriented to develop table and processing
varieties for sustainable potato production in tropical highland and lowland areas
faced with either of two basic sets of biotic and abiotic constraints: those encoun-
tered in the tropical and subtropical highlands, where late blight, cyst nematodes
and frost are limiting, and farmers are increasingly faced with drought; and warmer,
drier production areas, that are challenged by viruses, bacterial wilt, drought, root
knot nematode and other pests, Increasing requests to support production in mid-
elevation tropics of Sub Saharan Africa and Asia as well as temperate regions of
Asia have led to the inclusion of heat tolerance and long day adaptation into our
breeding objectives, requiring the introduction of new germplasm, screening meth-
ods, and trial sites. Present emphasis is on: earliness to enable potato’s full potential
to contribute to incomes and productive cropping systems; heat and drought toler-
ance to enable expansion to mid-elevation regions nearer to population centers, at
the same time helping farmers adapt to climate change, and; nutritional value with
specific attention to iron and zinc biofortification. CIP aims to reach new thresholds
for these traits, while maintaining and broadening levels of disease resistance
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achieved in the past, and also responding to regional preferences for culinary char-
acteristics and market opportunities.

6.4.10.1 Case Study 8: Agile Potato for Asia
Product Profile

The “Agile Potato” project seeks to develop potato varieties for fresh and processing
use in short crop production windows of Asia. The product profile includes
70-90 day maturity; resistance to multiple viruses (PVY and PLRYV, with PVX
resistance desirable); stress tolerance (heat, drought, and salinity); resistance to late
blight; and market-oriented quality (high dry matter and chip processing). The
expectation is that varieties with short crop duration that resist disease, require less-
frequent seed replacement, thrive in warm seasons, and store well under rustic con-
ditions, can readily be inserted into diverse cropping patterns dominated by rice or
wheat. Agile potato varieties would fit into cropping windows currently left fallow
in the cereal-based systems of subtropical lowland and temperate regions of Asia.
They should help increase system productivity through intensification as well as
help meet growing demand for processed potatoes, thus contributing to income gen-
eration and employment. Breeding to meet this profile is backed up by trait research
to enhance and accelerate breeding methods, and inter-disciplinary research to pro-
mote fast-track systems for variety identification and release. With this profile, CIP
seeks to develop strategies for sustainable intensification of farming systems, raise
awareness and expand consumer demand for potato while diversifying cereal-based
diets with potato as a nutritious co-staple or vegetable food. A gamut of research on
ecological and socioeconomic consequences of intensification is also planned in
order to identify appropriate indicators of sustainability and monitor effects of ben-
efits to intended sectors, including the poor whose livelihoods would be affected by
the proposed intervention.

The target is to select 70—80 day heat-tolerant potatoes with competitive yields
and more than 18% dry matter and resistance to potato viruses for subtropical low-
lands of Southwest Asia. Commercial varieties and elite selections from previous
cycles of the lowland tropics virus resistant population (LTVR) are comparators for
performance in representative or target selection sites. In the following figures we
show a group of selected early clones that performed significantly better than past
generations and local varieties for yield and quality at 70 days after planting in
warm environments, yielding in a range of 20—40 tons/ha, compared to the best
local varieties such as Unica and Reiche (Fig. 6.10) and adequate dry matter content
over 18% under the abiotic stress conditions of lowlands (Fig. 6.11).

Dry matter (DM) content is an important component to be taken into account in
the breeding process especially when selection is focused on lowland tropical areas.
In addition to the loss of fresh weight yield of tubers associated with high tempera-
tures, the DM content of tubers are also reduced by 1% as the air temperature rises
by 1 °C over a temperature variation average of 15-25 °C. This is due to the rapid
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Fig. 6.10 Scatter plot showing yield of selected clones in a new generation of LTVR population
that surpass levels of varieties and clones from previous generation grown under hot conditions of
San Ramon, Junin, Peru, and harvested at 70 days after planting

decline of photosynthesis (Midmore and Rhoades 1988). This tendency of decrease
in DM of clones in the LTVR population can be appreciated in Fig. 6.11, showing
decreasing DM contents with decreasing altitude and thus increasing temperature of
the evaluation sites. However, breeding by recurrent selection for yield as well as
DM content in this population has maintained this important trait at between 11 and
19% even in the warmest season, and 15-21% in the high humid jungle site of San
Ramon, Peru. This means that genetic diversity is sufficient to permit selection for
heat tolerance and genotypes with good yield and adequate DM content can be
identified in LTVR in spite of the critical negative correlation between temperature
and DM in potato.

Crossing with long day adapted parents and evaluation under simulated long day
conditions in Peru permitted the identification of LTVR families and advanced
clones with adaptation to higher latitudes, for example of Vietnam where day
lengths are intermediate, and Uzbekistan and Tajikistan where they are long com-
bined with high summer temperatures. The same screening approach also helped
provide pressure for improving the earliness (70-80 days) of LTVR at low latitudes.
The compensatory effect of temperature on day length provided by warm mid-
latitude conditions of southern Peru has also been key in breeding for early maturity,
which can also be referred to as a relaxed requirement for short days. The
identification of a moderate frequency of genotypes as well as superior parents with
good performance under higher latitudes suggests that the LTVR breeding strategy
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Fig. 6.11 Variation for dry matter content of potato selections in LTVR population across environ-
ments. Three hundred LTVR clones were grown in ten hill plots in six locations in Peru and evalu-
ated for dry matter content within 10 days of harvest

is likely to be successful in developing the agile potato for both of its target environ-
ments—subtropical lowland and temperate low and mid-elevation regions of Asia.

Source Population LTVR

From the 1980s through the late 1990s, CIP endeavored to strengthen its lowland
tropics (LT) population with multiple virus resistance developing the lowland trop-
ics virus resistant population (LTVR). Development of the broad-based LTVR pop-
ulation used an open-recurrent selection strategy to incorporate foreign elite and
advanced clones into its lowland tropics adapted breeding population. Lowland
tropical environments were characterized as having day lengths of 10—14 h, mini-
mum night-time temperatures of 18-20 °C, mean maximum temperatures greater
than 25 °C and mean annual soil temperatures at 50 cm depth of 22 °C or more.
LTVR population combines the heat tolerance and early bulking ability of
S. tuberosum germplasm bred under the summer conditions of the northern
Hemisphere (Cubillos and Plaisted 1976) on one hand, with virus resistance from
native Andigenum Group germplasm and long day adapted Andigenum Group
germplasm, namely Neotuberosum, on the other (Plaisted 1987; Mendoza 1990).
The Neotuberosum and Andigenum Group germplasm contributed major genes for
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extreme resistance to potato virus Y (PVY) and potato virus X (PVX) (Mufioz et al.
1975; Gélvez et al. 1992). Early generation screening was routinely performed to
discard PVX and PVY susceptible individuals in any trial in which LTVR families
were evaluated.

Testing sites included CIP’s experimental stations in Peru (see Section 6.4.6)
which are relatively dry, humid, hot, and hot and humid lowland environments.
Experiments comparing the yield stability of diverse clones across these locations
revealed that hybrids from S. tfuberosum x Neotuberosum crosses performed sig-
nificantly better than those from S. tuberosum x S. tuberosum or
S. tuberosum x Andigenum Group. It is possible that the higher level of heterozy-
gosity together with prior selection of the divergent parental materials for adapta-
tion accounted for the better performance of crosses between S. tuberosum and
Neotuberosum clones (Mendoza and Estrada 1979). These authors also reported
that S. ruberosum x neotuberosum hybrids are adapted to hot and humid conditions
and able to produce tubers at 60-70 days after planting, albeit under short days.
These hybrids made a strong contribution to the LTVR population, and thus may
account in part for its adaptation to warm conditions. The subsequent cycles of
genotypic recurrent selection led to the selection of a number of multiplex PVY
and/or PVX extreme resistant progenitors (Mendoza et al. 1996) some of which
have since been shown to also possess good GCA for yield and dry matter content.
Multiplex refers to the genetic constitution of a polyploid individual having more
than one copy of an allele, in this case RRrr or RRRr, assuring the transmission of
resistance conferred by a major gene to nearly 100% of its cross progeny. In parallel
to population improvement and parental line development, high yielding clones
with excellent tuber quality were selected during each recurrent selection cycle.

A second stage of the breeding process aimed to incorporate foreign elite and
advanced clones by means of an open-recurrent selection strategy. Assessment of
genetic parameters in a North Carolina Design II estimated heritability for resis-
tance to PLRV infection to be 0.54-0.69. Higher estimates were obtained when
greenhouse-reared infective aphids were used to conduct controlled inoculations
with sprouted tubers before tuber families were planted in the field, suggesting that
controlled inoculations minimize errors or escapes because of a more even distribu-
tion of inoculum. Additive genetic effects were shown to contribute the most to
resistance variability (74%), followed by dominance effects (10%) and addi-
tive x environment (location) effects (5%), suggesting that breeding advances could
be expected in further cycles of recurrent selection (Salas 2002).

Multilocation Testing and Selection Decisions

A stage plan can be used to communicate selection decisions made in early and late
stages of breeding. The stage-gate process portrays stepwise decisions with thresh-
olds for each characteristic that govern decisions to keep or discard individuals in
the course of a given breeding cycle. In this process, the “gates’ describe the collec-
tion of thresholds or criteria that must be met if a clone is to pass from one stage of
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selection to another along the clonal selection scheme outlined in Fig. 6.12, presents
a stage plan for selection in the LTVR population to meet the Agile Potato profile.

Yield and processing quality traits of LTVR clones generated during open-
recurrent selection were evaluated in replicated experiments in a range of lowland
environments of Peru. Dry matter content was consistently higher in the cool arid
lowlands of the coast under irrigation (average = 21%) than in the warm humid area
of the central jungle (average = 19%), highlighting the detrimental effect of high
temperatures on this trait. As expected, significant G x E interaction was encoun-
tered for dry matter content, but also for glucose content and chip color. High yield-
ing clones with good table or processing quality combining virus resistances and
heat tolerance have been released by national programs and public institutions in
target countries. Varieties of LTVR origin include: Tacna, Costanera, Unica, Reiche,
Maria Bonita, and Maria Tambefia released in Peru; Kinga, Meva, Kinigi,
Muziranzara, Muruta, Yayla Kizi, Baseko, Enfula, Chamak, Dheera, and IRA-92 in
Africa; and Raniag, which was named in the Philippines. Evidence of the wide
adaptation of bred materials from this population is provided by the success of the
variety “Tacna” in the lowland subtropics of China where it is known as “Jizhangshu
8” and planted on an estimated 133,215 ha in 2015 from which 70,533 ha in Hebei,
26,000 ha in Shanxi, 22,667 in Inner Mongolia, and further 3000 has in the increas-
ingly drought-prone northwest province of Gansu with more than 3000 ha (Gatto
et al. 2018). Additional evidence of broad adaptation comes from the variety Unica
that is now grown in at least six countries.

Breeding Priorities

Following CIP’s multidisciplinary conceptualization of the agile potato, the potato
breeding program refreshed its strategy by setting priorities for combining the
needed traits in subgroups of the LTVR population. The inclusion of resistance to
PVY in the LTRV population and selection for highland tropical as well as subtropi-
cal lowland conditions to enable seed production has had a cost in terms of earliness
even after three to four cycles of recurrent selection. The infusion of Tuberosum
germplasm and selection under heat and mid-long days, for plant type and stability
from early generations is strategy to improve earliness in the LD (long day) and HT
(heat tolerant) groups. In this interest, tuber quality becomes an issue and attention
is needed to keeping dry matter high and glycoalkaloids, which provide a bitter
flavor to potato and can be toxic, low.

Often unrecognized and rarely controlled, the accumulation of viruses in seed
and ware tubers is perhaps the most serious constraint to economical potato produc-
tion in the tropics. Breeding for resistance to the world’s most important potato
virus PVY is possible due to the availability of major genes (Ry,q,, Ry,;,) that confer
extreme resistance, and for which selectable markers are available. On the other
hand, developing effective levels of resistance to PLRV is one of the more challeng-
ing components of the Agile Potato profile. Most sources of resistance to PLRV are
quantitatively inherited and provide partial resistance to infection and/or accumula-



201

drgoid ore04 918y Ay 100w 0) uonendod YA 1T 9y ur uonaafas 10y ueyd a8eI§ 719 "SI

6 Potato Breeding

AKyrenb a1qe ] «
Suissaooig iy «
_ 1< oouereadde 1aqny « Suumew Apreg «
VOL® T 10]0d 3u1k1} poon « adeys PI ‘WILaI 1000 12qN] o {wnsoxRqny)
NG PIRIA ANqEIS . SIEEE) pue ozIs A)IULIOJIUN 10QN] o Suojqo Suoj  Suojqo BN ERET)
7> 10]00 .wEwt. moco . IO SFERD 0 ¢ dzIsIQNL — punoi ‘adeys 1aqn], «
o %8I SIND _ = %SIZINA adeys pue PIRIA 10§ YOO POOD)
Sw mm SVOL - GT > SpIo[ey[e0dK]S [e10], [ONU0d A} Z P[AIA o 9zIS AJuLIoyrun 1aqny, « 2df)ouas/1oqn) ¢ > Joquiny 4 JUB)SISOI SNIIA o
jsoArey sAep (8 %81 <IN - G < ssourrey . $< dzIsIqny . 8 ¢ > Joqmy Aur] siuared d1)
12 [0NU0d A < PAIA  « asia shop G ERNEREEN ST o ‘b= Jued/aqn) Joquiny « ‘uadeyssijy mEEsoﬂ.Q *
: 08 1€ [0nUOd 9} < PIALA AAd G Z 1031A JUB[J « : ) : 1898801
Juaaeg SB[ B JUBISISAY SIIA o € —gadKyuerg . wonaapRs dURIA0)
10/puE U0 PDUBAPY {5151 poyan o) JApesou Arvu upad §So438 apoiqe pue
1O 3SEI[IY P UONIIS uone.IRUIN) [eUO[) PAIY], UOPEIIUIL) [BUO[D PUOIIS UONBIIUIL) [BUO]D) ISIL] saIIuIe{ J9qn [, (P 0L) ssaurpaed daoxdury
S[BLI] P[OIA. S[BLL], P[OIA. s[eLL, suonen[eAq UONEILIIUAPT
PoouBApY Areurrjorg uoneAIdsqO s3urjpaag juared
yeey o S[ENPIAIPUL 0000T
JURI0[0) “JUBISISAI Q0ur)sISaL 2Suls Surpasg SONALIBA o:wou
XAd PUE AAd SUOPIIIS STUIA 10} sal[lwey Ew_wmu‘_ oIy
Suumyew Ajres Bl Surueardg < 00S 1 paas oniy, 13daduo)
POIUEAPY 00€ uonddas Aey jonpoad MaN

“SIUOP MNIA 0€




202 M. W. Bonierbale et al.

tion of the virus. Despite moderate heritability, the frequency of resistant clones in
advanced populations has been low. Thus, a relatively high priority is given to incor-
porating a new, highly heritable source of high levels of resistance to PLRYV, desig-
nated Rl recently identified in Andigenum Group germplasm into advanced
populations that already carry extreme resistance to PVY at high frequency.

New sources of PLRV resistance, namely, accessions LOP-868, HUA-332 and
OCH-7643, confirmed following mass selection in S. tuberosum Andigenum Group
germplasm held at CIP, were shown to have exceptionally high GCA for this trait
(Mihovilovich et al. 2007). Further characterization of these sources has been the
basis of supporting trait research, the benefits of which are expected to boost levels
and frequencies of PLRV resistance in the LTVR and other potato populations.
Using a population of dihaploid individuals derived from LOP-868, Rl was
mapped to potato chromosome V, with high heritability demonstrated to be due to
its multiple resistance mechanisms and a duplex allelic conformation of a major
dominant gene in the donor accession (Veldsquez et al. 2007). A PCR based marker
(RGASCS850) located 2 cM from the gene has been developed to facilitate the intro-
gression and tracking of this major gene in advanced breeding populations
(Mihovilovich et al. 2014). This marker has been incorporated into a multiplex PCR
system for assisted selection of PLRV and PVY resistance using previously avail-
able information on Ry,,, from Kasai et al. (2000).

Table 6.2 presents the attributes, profile and breeding priorities contributing to
the Agile Potato program and outlines some of the key research that supports the
objective. Breeding priorities represent the relative effort dedicated to each attribute
of the profile, given present status of the LTVR population.

Multi Trait Selection for Increased Earliness and Tolerance to Abiotic Stress

Most recently, emphasis in improving CIP’s LTVR population toward the agile
potato has targeted increased earliness and tolerance to abiotic stress. A new earlier
maturing and abiotic stress tolerant generation that combined superior LTVR pro-
genitors with tuberosum varieties was generated. Accelerated selection based on
multilocation trials and simultaneous screening for abiotic stress (heat, drought and
simulated long days) in divergent and stressful environments as well as screening
for PVY resistance was implemented in Peru. The scheme requires only 4 years of
selection and evaluation from the true seed progeny generation until the identifica-
tion of advanced clones (see Fig. 6.6).

Evaluation and Selection Sites

CIPs proximity to significant agroecological diversity in Peru is an asset for the
identification of patterns and trends of potato genotypes’ response to environments.
Potato is grown in coastal, high jungle and highland ecologies ranging from sea
level to 3500 masl, providing wide variation in weather patterns including tempera-
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Table 6.2 Agile potato profile, breeding objectives, and supporting research

Attribute Product profile Breeding priority
1. Yield 1.>25 tons/ha 1. Earliness
2. Earliness 2.70 day maturity 2. High and stable

3. Table quality

4. PVY resistance
5. PLRV resistance
6. Heat tolerance
7. Good storability
8. Late blight

resistance

9. PVX resistance
10. Water

3. TBD (flavor appealing to consumers, more than
17% dry matter, <20 ppm glycoalkaloid content)
4. Extreme resistance to PVY

5. Tuberization at >22 °C night temperature;
bulking under warm day temperatures

6. Drought tolerance-TBD (ratio of fresh tuber
yield to applied water expressed as kg/ha/mm)

7. Bacterial wilt resistance-TBD % plants wilted
to degree x and % latent infection

yield across day
lengths

3. PLRV resistance
4. Heat tolerance

5. Flavor and dry
matter

6. PVY resistance

7. Water productivity
8. Storage quality

productivity 8. Resistance to PLRV as high or higher than 9. Chip quality
11. Cold chipping | Granola 10. PVX resistance
ability 9. TBD (x days to sprouting, low rottage, low 11. Bacterial wilt
12. Bacterial wilt | water loss at given temperature) resistance
resistance 10. Late blight resistance <6 on susceptibility

scale

11. 20% selections with chip color score 1-2 after
cold storage; dry matter >18%

12. Extreme resistance to PVX

Supporting research:

Earliness: implement protocol and validate markers to develop MAS for bulking-based maturity.
Complete GWAAS for day neutrality in subset of Trait Observation network panel across environ-
ments

Introgress and increase frequency of Rl,,, using MAS for PLRV resistance

Implement proximal sensing phenotyping for drought tolerance (water productivity). Develop
inexpensive assay for glycoalkaloid contents

Validate pre-bred S. commersonii source of bacterial wilt resistance in Kenya and Ethiopia
Refine genome estimated breeding values (GEBV) for early bulking and heat tolerance extend
pilot study of genomic selection for early bulking to LTVR in Asia

Optimize field trials and statistical analysis to make full use of trial data; genetic gains and heter-
otic groups at tetraploid and diploid levels

ture, humidity and rainfall. Most environments have short daylengths of around
11-12 h but the southern extreme at 17°S, provide daylength of about 14 h, which
considering high summer temperatures approach threshold conditions for long day
adaptation. Three experiment stations (San Ramon, Huancayo and La Molina) and
additional sites accessed by local agreements (Table 6.3 provide evaluation condi-
tions representative of the tropical lowland and highland potato environments tar-
geted by agile potato. Indeed, potato seed for the subtropical lowlands is often
produced at higher, vector-free, locations, requiring adaptation of the same variety
to both highland and lowland conditions. Moving potato populations through the
biotic and abiotic stresses present among these sites, and particularly the combina-
tion of temperature and day length, permit the identification of potato genotypes
with wide adaptability and stability for yield.
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Table 6.3 Location and conditions of major selection sites used for potato breeding by CIP in

Peru
Latitude | Altitude Main traits
Location | Season | Climate | (°S) (masl) | Geography | assessed Agroecology
San Winter | Warm, |11 800 Central Heat Subtropical
Ramon humid jungle tolerance; lowland
(SR), glycoalkaloid | humid
Junin accumulation
La Molina | Spring- | Warm, |12 133 Central Yield, drought | Subtropical
(LM), summer | semi- coast and heat lowland arid
Lima arid tolerance,
processing
Tacna Summer | Hot, 18 500 Southern | Drought, soil | Subtropical
(Tac), saline coast salinity and lowland arid
soils adaptation to
long days
Huancayo, | Winter— | Cold 11 3200 Central Yield Tropical
Junin autumn highland | potential, highland cold
processing
quality
Oxapampa | Spring | Rainy, |10 1000 Central Late blight Tropical
warm high jungle highland
humid
Majes Spring— | Warm, |16 1300 Southern | Drought Subtropical
summer | arid coast tolerance, lowland arid
glycoalkaloid
accumulation

Trait Research in Support of the Agile Potato

Proximal sensing for efficient development of the agile potato: Remote sensing
technologies are increasingly being used to assess crops by breeders and physiolo-
gists. These technologies have the potential to simplify evaluation of large breeding
populations and improve selection efficiency over traditional field measurements.
Different vegetative indices combined together may, for example, improve yield
prediction (Rodriguez Junior et al. 2014). CIP’s work in this area has aimed to
explore genetic variation for the canopy temperature differential (CTD) and
Normalized Difference Vegetation Index (NDVI) measurements and their relations
with tuber yield components using 27 segregating families of the LTVR population
under water stress, toward identifying families with tolerance to drought at early
stages of selection. A high negative correlation (—0.66) of NDVI with Harvest
index-fresh weight was observed, as were a high positive correlation (0.74) with
plant wilting, a moderately high (0.50) correlation with plant vigor under drought
conditions, and a significant negative correlation (—0.5) of CTD with tuber yield
(tons/ha). Remote sensing techniques may provide a way to save resources and
accelerate genetic gains through the early identification of families with tolerance to
abiotic stress in a breeding program.
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Trait research for understanding of complex, underground development. In
breeding for a short vegetative cycle, CIP emphasizes bulking-based maturity, as
opposed to foliar maturity or senescence. Tuber bulking results from two basic pro-
cesses, tuber initiation and tuber growth (Radley et al. 1961). Like Andigenum
Group potatoes, most varieties and clones from CIP’s program yield significantly
before physiological maturity, and development and harvest date cannot be assessed
on foliar senescence alone. Indeed, if CIP-bred varieties are harvested when foliage
has senesced, they will generally be well beyond the optimum time for harvest.
Timing and duration of bulking vary with location, environmental factors, and
genetics. Early tuber initiation and growth are necessary for acceptable production
in areas or varieties in which potatoes are often harvested prior to physiological
maturity.

To help provide early-maturing, resilient potatoes to farmers in medium and high
latitudes of Asia, a panel of 162 CIP breeding lines was characterized for bulking
behavior under four environmental conditions in field plots in La Molina, Peru. The
environmental conditions for this study were: simulated long (16 h), and short
(12 h) day lengths, in each of two seasons—cool winter and hot summer. The traits
evaluated in the four field plots include yield (number and weight of tubers on two
harvest dates) and dry matter content, in addition to which tuber induction was
assessed by the cutting method of Ewing (1992). Tuber bulking ratio was calculated
as the number of medium-sized and large tubers over the total number of tubers
(tiny + small + medium + large) multiplied by the ratio of tuberized plants.
Phenotypic assessment according to CIP’s Protocol for tuber bulking maturity
assessment of elite and advanced potato clones (https://research.cip.cgiar.org/pota-
toknowledge/bulking.php) enabled the classification of genotypes by maturity
through cluster analysis according to Evanno and Regnaut (2005), and thereby, the
identification of clones for which tuberization and bulking were more or less influ-
enced by heat and photoperiod, including a small set of selections classified as day
neutral.

Genotyping of the panel with version 1 of the SolCAP infinium array (8303
single nucleotide polymorphism (SNP) markers) enabled the identification of
genomic regions and SNP markers influencing potato tuberization and bulking
related traits affected by photoperiod and high temperatures. Prerequisites for this
genome-wide association study (GWAS) included the calculation of the population
membership matrix and SNP-based kinship relationship matrix and the estimation
of linkage disequilibrium (LD decay to > = 0.2 over 0.3 Mb) for the panel. GWAS-
associated SNP jointly explained up to 60% of the phenotypic variation for the vari-
ous traits, Therefore, MAS could be efficiently used for pre-screening of seedlings
before further field evaluation, and contribute to shift the mean of the selection
population for adaptation to warm, long day environments.

The same information was also used in a pilot study of genomic selection (GS).
The underlying concept in GS is to model the entire complement of quantitative
trait loci (QTL) effects across the genome to produce a genomic estimated breeding
value (GEBV) from which progenitors or clones can be selected after genotyping.
This pilot study tested several models proposed by Endelman (2011) to assess the
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feasibility of applying GS to improve selection of parental clones for early tuberiza-
tion and bulking under long day-length. Prediction accuracies of >0.3 can be
regarded as sufficiently high to merit implementation of GS (Heffner et al. 2010).
Sufficiently high values were attained for tuberization induction, stolon length,
bulking ratio at 75 and 90 days, and marketable tuber number at 75 days. As all
markers are simultaneously fitted to capturing most of the trait heritability, GS can
be expected to help reduce the length of selection cycles aimed at improving traits
for which accurate phenotyping can be performed.

6.5 Prospects for True Hybrid Potato Breeding

Several countries and institutions have conducted research proposing the production
of potato by sexual or botanical seed. Since the vegetative (tuber) planting material
of clonally propagated potatoes is typically called seed potato, the term true potato
seed (TPS) was introduced for tetraploid potato varieties produced from botanical
seed. TPS aimed to overcome difficulties associated with production of vegetative
seed including slow multiplication rate, accumulation of pathogens, and the bulky
and perishable nature of tuber seed (Kidane-Mariam et al. 1985; Golmirzaie et al.
1994; Almekinders et al. 2009). As potato is a cross-fertilizing crop developed from
heterozygous parents that do not “breed true,” TPS is heterogeneous and thus vari-
able for a large number of characteristics. While this variability is the source of
variation for a clonal variety program, it is generally undesirable in varieties per se.

True hybrid potato breeding, on the other hand, aims at developing uniform true
seed (TS) hybrid varieties from complementary superior inbred stocks developed at
the diploid level. It would combine the advantages of TPS, (large numbers of
disease-free propagules), diploid breeding (simplified genetics), and homogeneity
(by way of combining inbred instead of heterozygous parents) in a new potato
breeding system akin to that of maize.

Preliminary reports of productive diploid hybrids (de Vries et al. 2016), and the
advantages of “re-inventing potato” as an inbred line-based crop (Jansky et al. 2016)
make this effort one of the most intriguing developments in potato breeding over the
past decade. Diploid inbreeding-tolerant potatoes would allow for considerably
more systematic incorporation of new genes and traits, such as by backcrossing to
fixed genotypes, as well as the possibility of substantial yield gains by crossing
between well-defined heterotic groups. Working with diploid potatoes would also
greatly facilitate the use of desirable recessive alleles. In principle, the low multipli-
cation rate of clonally propagated potato can be circumvented by moving to diploid
hybrids, where true seed from inbred X inbred crosses can produce vast numbers of
genetically identical offspring in a short period of time.

Several steps need to be taken before diploid potato inbred line breeding might
become routine. Most important is eliminating the self-incompatibility system, so
that inbred lines can be readily developed. Recently, the dominant self-incompatibilty
locus inhibitor allele (S/i) identified in certain self-compatible (SC) variants of the
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diploid wild potato Solanum chacoense (Hosaka and Hanneman 1998) has been
used to overcome self-incompatibility (SI) and develop SC inbreds directly from the
original source or by introgression to SI 2x cultivated germplasm (Phumichai and
Hosaka 2006; Jansky et al. 2014). Additional research may be needed in order to
manage SC as a trait in potato breeding, to improve the vigor of potato seedlings and
to assure male fertility in diploid male parents.

Investment in inbreeding seems to be greater so far in the private than in the
public sector. Nevertheless, some public breeding programs including CIP’s have
begun to seek some of the advantages that this novel strategy can offer to breeding
and genetics for potato improvement. CIP has undertaken research to develop (1) a
self-compatible) 2x breeding platform for broadening the genetic base of potatoes
by hybridization across genepools, and (2) inbred genetic stocks for gene discovery
and trait capture. Initial stocks and experience gained in the process of this research
will contribute to longer term goals of developing complementary superior diploid
inbred parental lines that will produce uniform, heterotic true seed 2x varieties
when combined by crossing.

6.6 Variety Testing and Seed Links

6.6.1 How the Breeding Program Is Integrated with Seed
Production in the State of New York in the United States

In addition to a public sector breeding program, the state of New York also main-
tains a public sector nuclear seed farm (the Uihlein Farm, in Lake Placid NY),
which produces clean seed for commercial seed growers in the region. Each year the
NY breeding program identifies up to five promising selections—typically clones
that have been evaluated for at least 6 years in the field—and sends them to the
Uihlein Farm. The Uihlein Farm first tests each clone for viruses, removing any that
are present, and then, after a few years, depending on the multiplication scheme
chosen, offers minitubers or limited-generation field grown tubers of these selec-
tions for sale.

Over time the breeding program has learned that it is important not to discuss
promising clones with local industry until seed will soon be, or already is, available.
If a clone elicits excitement, and growers ask for seed yet find none, they quickly
lose interest, and it is very difficult to rekindle interest once seed does become avail-
able. When a clone is discussed before seed is available from the Uihlein Farm, the
breeding program strives to provide up to 1000 kg of seed for commercial ware and
chipstock growers to evaluate on their farms in the interim.

The NY seed farm bears some risk in this arrangement, as the breeding program
typically discovers, over the course of additional years of evaluation, serious weak-
nesses in some of the clones being multiplied, rendering the clone unmarketable. On
the other hand, the NY seed farm also benefits when it can be the first supplier of a
new variety.
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6.6.2 Regional Trials for Variety Assessment

Procedures, interfaces and responsibilities for trialing elite potato clones for variety
release vary in degree of organization or formality across and sometimes within
Countries.

As the aim of plant breeding is to produce new, improved varieties, breeders
should be aware of and anticipate meeting the several steps required for variety
recognition, release and registration.

Depending on program structure and target territory) and the complexity of the
selection criteria, potato variety breeding typically involves a minimum of 67 years
(and often more) of crossing and selection work, followed by a year or 2 of early
testing to identify superior clones. The next step is the entry of candidate varieties
into official variety registration recommendation trials. Programs in which breeding
is done in the territory of release are more straight-forward in this respect than inter-
national programs in which additional time is required for quarantine exchange and
bulking of seed in a new location. Depending on access to infrastructure and com-
munication about objectives, this can take 2-5 years. The public and private sector
differ in this respect since while public programs generally provide elite materials
as true seed families or a small number of in vitro plants for research and breeding
that may lead to local selection, breeding companies provide a reasonable quantity
of seed of known varieties along with support and incentives for their testing and
release.

6.6.3 Case Study 9: Regional Trials for Potato Variety
Development in the United States

Northeast Regional Potato Trials—trialing system is a network for testing elite
clones as candidate varieties. At present public-sector potato breeding in the US is
divided into four regions—east, central, west and south. Each region has a regional
trialing network, in which the agronomic performance of advanced clones is evalu-
ated across a wide geographical range. The trial serves both to identify those rela-
tively uncommon clones with broad adaptation, which are most likely to become
commercially acceptable, and to identify varieties that may serve the needs of nar-
row geographic areas that have no breeding program of their own. Taking the east-
ern US as an example: the system consists of four public sector breeding programs—2
based in Maine, one in North Carolina, and 1 in New York—and 11 evaluation sites,
2in NY and 1 each in Maine, North Carolina, Pennsylvania, Florida, Virginia, Ohio,
Maryland and occasionally the Canadian provinces of New Brunswick and Prince
Edward Island. Evaluators at each site rate clones using standardized scoring scales
for yield, specific gravity, shape, internal and external defects, maturity, texture of
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tuber skin, and overall appearance, and upload the data to a common web portal
(potatoes.ncsu.edu/NE.html). The originating breeding programs use the data to
help make selection decisions, while regional evaluators use it to help inform local
growers about which new varieties will perform best in their region. Breeders and
evaluators also meet once a year to discuss, in person, the performance of clones in
the trial the preceding year, and to make incremental adjustments in how the trial
data is collected, analyzed and reported. Over the past decade separate national
programs in the US, focused on chip and french fry variety development, have built
upon the standardized framework of the eastern region trial network, with that data
housed at potatoesusa.mediusag.com.

6.6.4 How Does the New York Program Decide When
to Release a Variety?

In many countries a new potato variety cannot be legally grown until it has been
formally evaluated in registration trials, found to be distinct, uniform and stable
(DUS), and shown to have “value for cultivation and use.” Decisions on all of
these characters are made by an independent regulatory body, not the originating
breeder.

In contrast, in the United States there is no legal requirement for comparable
tests before a potato variety can be grown. (Although there is a requirement for DUS
data, if a US breeder wants to procure plant breeders rights.) While some US uni-
versities have panels of breeders that evaluate candidate varieties, and can deny
release of a variety by a colleague, others, like Cornell University in New York,
have no formal potato variety release process at all.

Is either of these approaches preferable? Coauthor Walter de Jong is comfort-
able to operate in an unregulated environment. In his view the uniformity and
stability tests are essentially meaningless for a clonally propagated crop. In addi-
tion, while he recognizes that evaluating distinctness is important to prevent any-
one from re-releasing varieties developed by others, as long as two highly
heterozygous autotetraploids have been crossed, all offspring will be distinct, as so
many loci segregate. In other words, it is trivial to create a distinct potato. Variety
release decisions in New York are made, instead, by gauging stakeholder interest.
Prior to formal release, seed growers are permitted to grow candidate quantities
under an evaluation license. When a candidate variety reaches a threshold, typi-
cally 10 ha or more of seed across all seed growers, and the seed growers ask for
the variety to receive a formal (nonexperimental) name, it is released. One specific
situation where the New York program will not release a variety, even if there is
industry interest, is if tuber glycoalkaloids are too high (>20 mg/100 g tuber fresh
weight).
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6.6.5 Case Study 10: All India Coordinated Crop Improvement
Project and Release of Kufri-Lima from LTVR
Population

In India, state and national systems for verity testing and release coexist, and to
some degree depend on each other, and these policies serve as a model for other
countries in south Asia. Formal testing of a candidate variety by the All India
Coordinated Crop Improvement Projects (AICCIP), and the subsequent recommen-
dation of the variety for release by the AICCIP are required before variety can be
released by the Central Sub-Committee that permits notification and thereby enables
seed production and trade. In the case of potato, a minimum of 3 years of multilo-
cational trials and assessment for Value for Cultivation and Use (VCU) take advan-
tage of 16 locations across the country. These locations use standardized design and
data templates and report on performance as well as meteorological conditions.
Experiments are designed for Rabi (winter) season for irrigated areas such as
Central, Northern, and Eastern regions (Indo-Gangetic Plains). Plateau regions
(700-1200 masl) and hilly regions (1500-3000 masl) are represented in the multi-
locational trial series.

A new variety should be suitable for specified agro-climatic and soil conditions,
have an ability to withstand typical stress conditions, and have tolerance/resistance
to pests and diseases. It should also show distinct advantages over the existing
equivalent released varieties, a process facilitated by standard formats for data col-
lection. The breeders or Principal Investigators and Zonal Co-ordinators attend the
meeting to provide wider information on the variety. The Director of Crop
Development Programme is invited to provide information on the response of farm-
ers to promotion and demonstration trials if they were conducted. The release pro-
posal proforma requires the breeder to ensure availability of enough seed stock for
seed multiplication on at least 10 ha.

An interesting feature of the All India trials project is that it reports on potato
varieties as components of cropping systems, and not only on potato as a commod-
ity. The pertinent proforma includes information on the productivity and profitabil-
ity of potato and each of different crops in intercropping systems. Long-term
experiments address issues of nutrient cycling and crop management that offer valu-
able methodology and possibly valuable data sets and recommendations for CIP’s
concern for the resilience of its Agile Potato proposition, proposing intensification
of cereal-based systems with attention to sustainability.

Recent emphasis of collaboration between CIP and the Central Potato Research
Institute (CPRI) of India have been on identifying early-maturing, heat tolerant, virus-
resistant varieties suitable for intensifying and diversifying rice-based production sys-
tems. CIP introduces elite clones as in vitro plants as well as true seed from crosses
between parents with good GCA for features of performance in subtropical lowland
environments for used in breeding or direct identification of varieties for the vast Indo-
Gangetic Plains and hilly regions of southwest Asia. The release of Kufri-Lima in
October 2017, bred as CIP397065.28, is an exciting result of this collaboration. Potato
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virus are a serious problem for farmers in India, particularly in Gujarat, Rajasthan,
Madhya Pradesh, Chhattisgarh, Odisha, West Bengal, and East Uttar Pradesh, where
temperatures are higher in the winter season. Crop losses due to viruses range between
20 and 50%, and farmers from these areas traditionally need to import seed from
Northern India (Punjab). “Farmers usually have to wait until temperatures drop to plant
potatoes, but because of its tolerance to heat, Kufri Lima can be planted a full 20-30
days earlier than other local varieties.” Earlier planting means earlier harvests, giving
Kufri Lima farmers the ability to sell their potatoes at a premium price before other
varieties hit the market. Farmers can expect to be paid 40-50% higher prices than those
who harvest potatoes during the normal season. Heat tolerance and early maturity
mean that Kufri Lima farmers can invest their earnings into a second winter harvest
helping them to improve the overall productivity of the cropping system, while
virus resistance may enable seed production closer to home. https://www.potatopro.
com/companies/central-potato-research-institute-cpri.

Kufri-Lima was introduced to CPRI as CIP397065.28 in 2006 after initial selec-
tion in Peru. It was evaluated for adaptation, quality, and resistance to degeneration
along with several other selections from the LTVR population with the support of
ICAR (International Council of Agricultural Research), Central Potato Research
Institute, GIZ/BMZ and USAID.

6.6.6 Variety Release and Registration

Keen awareness of timelines, procedures and actors involved in decisions on the
release of varieties from elite clones and of policies and practices that permit or
enable seed production is essential for the uptake of new varieties and subsequent
benefit of their component and composite traits. Country specific systems for vari-
ety testing, release and dissemination of seed to farmers are governed by sets of
national laws, scientific guidelines, norms, and standard practices which together
can be termed “Regulatory Frameworks.”

Registration is often required for seed to be multiplied and marketed in a country
or territory or for exportation outside the territory. Release is intended to make a
newly developed variety available to the public for general cultivation in the regions
for which it is adapted. Even though they are not directly responsible, breeders
should be aware of the designated service responsible for recommending the regis-
tration of new varieties in their target locations, as well as the Basic information
required for application. Additional efficiencies can be realized when breeding pro-
grams are aware of and contribute to the availability of Basic material required for
application and variety release. Knowledge of the agency with which a reference
sample has to be deposited, up to date reference to the format for information required
and the quantity of seed to be available at time of release vary be country or state.
Depending on the territory in question, the designated service responsible for approv-
ing the registration of new varieties is usually a ministry or department of agriculture,
which may have crop specific rules and regulations for variety development. In India
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and Bangladesh, for example, potato is among the crops for which a special category
called “notified” is required for varieties to enter seed production schemes.

Additional policies, processes and agencies are those responsible for demonstra-
tion or promotion trials for pre-released and released varieties where required;
maintenance of certification standards; and the production and storage of founda-
tion seed and provision of seed of new varieties. Policy regulating seed trade is of
less direct concern, though also important to breeding programs. An excellent refer-
ence for procedures and policy for variety testing and release can be found at http://
www.coraf.org/wasp2013/wp-content/uploads/2013/07/ECOWAS_VAR_
REGIST_MANUAL_SEP_081.pdf.

6.6.7 Regional Frameworks for Variety Release

Beyond national seed regulatory systems, several regional frameworks are being
developed or implemented across countries. Advantages of regional frameworks
include improved access by farmers to seed of improved varieties at affordable
prices, avoidance of repetitive national testing, making seed trade easier, faster, and
less expensive for introduction of new varieties, timely availability of quantity and
high quality of seed and choice of variety needed. Regional frameworks encourage
individual countries to adopt national seed legislation and establish national variety
catalogues that contribute to growers’ awareness of new varieties. Regional registra-
tion can result in a larger market share for varieties and reduced time and cost for
national variety release when second and third country releases are simplified by
admissibility of available performance trial data.

Fast track options for variety registration at regional level rely on policies and
communication practices that recognize prior registration in one member country
and one season testing as sufficient for variety release in a second one. Similarly
relevant are federal and state or provincial procedures that complement each other,
enabling the benefits of new varieties to be realized across states or countries.
Mechanisms are also needed whereby release proposal on the basis of data from
state and farmers’ field trials could be used for the zonal release of a variety, across
an agro-ecological zone that covers more than one state or one country (Tripp et al.
1997). These same authors conclude that adjustment to seed regulatory frameworks
is necessary because of significant changes in national seed systems, including:
reductions in budget for public agricultural research; the failure of many seed para-
statals; increasing concern about plant genetic diversity; pressure for the establish-
ment of plant variety protection; the increasing contributions of commercial seed
enterprises; and the emergence of innovative local level variety development and
seed production initiatives.

A report of test cases in Africa supported by Syngenta documented the inclusion
of three new potato varieties in the COMESA (Common Market for Eastern &
Southern Africa) regional catalogue in 2016 (https://www.syngentafoundation.org/
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sites/g/files/zhg576/f/seeds_policy_regional_variety_release_test_cases_317.pdf).
Notably, these are the first non-maize varieties to be included in the region’s list.

6.7 Concluding Remarks

Potato breeding is at a crossroad. Gene editing and large scale genotyping are at
hand, and true hybrid breeding appears feasible, even for this complex polyploid
and traditionally clonally propagated crop. Together with pre- and post-Mendelian
methods, these advances promise to help accelerate genetic gain to nourish a grow-
ing population, help preserve the environment, and confront economic and climate
constraints. Sustained breeding and supporting trait research will assure potato’s
role in a more comprehensive and integrated agriculture in which quality and resil-
ience, in addition to the historical emphasis on yield, are major goals. Community
efforts including the development of cross-species tools and research aimed at
understanding the principles underlying crop performance will be needed to meet
growing demands on agriculture. The programs illustrated here use crop ontologies
to support understanding of traits and attempt to exploit heterosis, inter-ploidy
breeding, and accelerated selection schemes to reach their goals. Beyond this,
research on root systems, G x E interaction and photosynthetic efficiency merit
attention. The lengthy 12-20 years required to develop and release a new potato
variety, coupled with climate variability, call for intensified research on selection
strategies and choice of breeding method. The use of marker-assisted and genomic
selection, the possibilities offered by inbreeding coupled with gametophyte selec-
tion and hybrid development, “big data” and efficient real-time phenotypic data
collection and analysis are most compelling at present. Finally, collaboration across
sites and disciplines and the utilization of statistical models for assessing genotypic
adaptation and breeding value are critical to the efficient development and deploy-
ment of better potato varieties.
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Chapter 7
Genetics and Cytogenetics of the Potato

Rodomiro Ortiz and Elisa Mihovilovich

Abstract Tetraploid potato (Solanum tuberosum L.) is a genetically complex,
polysomic tetraploid (2n = 4x = 48), highly heterozygous crop, which makes genetic
research and utilization of potato wild relatives in breeding difficult. Notwithstanding,
the potato reference genome, transcriptome, resequencing, and single nucleotide
polymorphism (SNP) genotyping analysis provide new means for increasing the
understanding of potato genetics and cytogenetics. An alternative approach based
on the use of haploids (2n = 2x = 24) produced from tetraploid S. fuberosum along
with available genomic tools have also provided means to get insights into natural
mechanisms that take place within the genetic load and chromosomal architecture
of tetraploid potatoes. This chapter gives an overview of potato genetic and cytoge-
netic research relevant to germplasm enhancement and breeding. The reader will
encounter findings that open new doors to explore inbred line breeding in potato and
strategic roads to access the diversity across the polyploid series of this crop’s
genetic resources. The text includes classical concepts and explains the foundations
of potato genetics and mechanisms underlying natural cytogenetics phenomena as
well as their breeding applications. Hopefully, this chapter will encourage further
research that will lead to successfully develop broad-based potato breeding popula-
tions and derive highly heterozygous cultivars that meet the demands of having a
resilient crop addressing the threats brought by climate change.

7.1 Introduction

The most grown potatoes are tetraploid (2n = 4x = 48), but farmers in the Andes
grow diploid (2n = 2x = 24), triploid (2n = 3x = 36), and pentaploid (2n = 5x = 60)
cultivars (Watanabe 2015). The basic chromosome number of these tuber-bearing
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Solanum species is 12. Diploid cultivars along with tetraploid cultivars are used in
potato breeding through ploidy manipulations with haploids and 2n gametes (or
gametes with the sporophytic chromosome number), and chromosome engineering
using aneuploidy (Ortiz 1998). Improvement of cultivated potato is challenged by
its high heterozygosity (Bradshaw et al. 2006; Hirsch et al. 2013) and complex
polysomic tetraploid inheritance (Howard 1970; Ortiz and Peloquin 1994; Ortiz and
Watanabe 2004). The tetraploid Solanum tuberosum has four homologues, which
include 12 unique chromosomes each, thus showing tetrasomic inheritance
(Bradshaw 2007). Epistasis and heterozygosity are key for succeeding in 4x potato
breeding because multi-allelic quantitative trait loci showing high-order genic inter-
actions, while additivity also contributes to quantitative traits with high
heritability.

The genetics of tetrasomic potato depends on four sets of homologous chromo-
somes (instead of two as in diploid potato). Three genotypes (AA, Aa, aa) are
expected after selfing a heterozygous diploid (Aa), while the selfing of a comparable
tetraploid (AAaa) gives five different genotypic classes in its offspring: AAAA (qua-
druplex), AAAa (triplex), AAaa (duplex), Aaaa (simplex), and aaaa (nulliplex).
Double reduction—related to tetrasomic inheritance—occurs when two chromo-
somes in a gamete derive from two sister chromatids; i.e., the sister chromatids end
in same gamete. Quadrivalent formation, a single crossing over between the centro-
mere and the locus to allow sister chromatids to attach to two different centromeres,
that these centromeres with sister chromatids move to the same pole in anaphase I,
and sister chromatids go the same pole in anaphase II are necessary for double
reduction. The probability of double reduction to occur is noted as a, which is

equalto ﬂ, where ¢ is the quadrivalent frequency, e is the frequency of equa-

tional separation that depends on the gene—centromere map distance, and a is the
S 1 . .
frequency of non-disjunction (ofteng). Chromosome segregation arises when

a # 0,thus indicating that a locus of interest lies close to the centromere; while
. 1 1 . . . . o
if & = —or— then chromatid segregation or maximal equational division (MED),

respectively, occurs. MED is rarely found because of the requirements for its occur-
rence (Burham 1984). DNA-aided marker analysis confirmed the occurrence of
double reduction and that it increases with distance from the centromeres (Bourke
et al. 2015). As noted by Gélvez et al. (2017), the potato reference genome and
transcriptome, research on both gene expression and regulatory motif, plus rese-
quencing and SNP genotyping analyses, provide new means for increasing the
understanding of potato genetics. For example, DNA resequencing allows assem-
bling a genome reference for each cultivar or landrace, which may provide useful
knowledge regarding structural differences between the various potato groups. In
this regard, the resequencing of diversity panel including wild species, landraces,
and cultivars demonstrated that a limited gene set accounts for early improvement
of the potato cultigen, while distinct loci seems to be involved on the adaptation
S. tuberosum group Andigenum (upland potato) and S. tuberosum groups Chilotanum
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and Tuberosum (lowland potato) populations (Hardigan et al. 2017). Signatures of
selection in genes regulating pollen development/gametogenesis reduced fertility.
Introgression of truncated alleles of wild species, particularly S. microdontum, was
noted in long day cultivars, thus showing how wild tuber-bearing Solanum species
are key sources of variation for breeding.

7.2 Haploids and Disomic Inheritance

Tetraploid potato shows significant inbreeding depression (De Jong and Rowe
1971) because polyploidy and heterozygosity mask deleterious recessive mutations
and buffer genomic imbalance (Comai 2005; Henry et al. 2010; Tsai et al. 2013).
These characteristics led to an alternative breeding approach based on the use of
haploids (2n = 2x = 24) produced from tetraploid S. tuberosum. The homozygosity/
heterozygosity of methylated DNA may be, however, involved in inbreeding depres-
sion/heterosis in self-compatible diploid potatoes because DNA methylation may
suppress gene expression (Nakamura and Hosaka 2010).

The induction of haploid plants is generally referred to as “haploidization.”
There are two main pathways by which haploid formation can be induced in potato:
androgenesis and gynogenesis. Androgenesis is through in vitro culturing of whole
anthers or free microspores on a nutrient rich medium to induce plantlet regenera-
tion from single gametic cells or haploid calli (Veilleux 1996), while gynogenesis is
haploidization via the “maternal” or seed parent’s genome. Potato haploids are rou-
tinely obtained by gynogenesis, a process in which specific S. tuberosum Group
Phureja (2n = 2x = 24) selections, known as “haploid inducers,” contribute the pater-
nal gametes for pollination of the desired haploid progenitor. The formation of a
haploid embryo begins when the egg is either induced into parthenogenesis
(Hermsen and Verdenius 1973) or when the zygote experiences spontaneous abor-
tion of the pollen donor’s set of chromosomes (Clulow et al. 1991). Evidence for the
latter has been the identification of Phureja-specific molecular markers in aneu-
ploids (2n = 2x + 1 = 25) among the offspring of some haploid induction crosses
(Clulow et al. 1991; Clulow and Rousselle-Bourgeois 1997; Samitsu and Hosaka
2002; Straadt and Rasmussen 2003; Ercolano et al. 2004). Ortiz et al. (1993a) sug-
gested that the genetics of the ability to induce haploids is relatively simple.

Putative haploids are identified firstly by the lack of a dominant morphological
marker for anthocyanin pigmentation on developing embryos (embryo spots) or on
seedling shoots (nodal bands). This marker that allows early haploid selection is
present in homozygosis in certain pure S. tuberosum Group Phureja clones or has
been bred to homozygosity in its derived hybrids. The ploidy of the resultant seed-
lings is confirmed by counting chromosomes in mitotically dividing root cells
(Sopory 1977), counting chloroplasts in stomatal guard cell pairs (Singsit and
Veilleux 1991) or through flow cytometric analysis (Owen et al. 1988). The haploid-
inducing clones often used owing to their relatively superior haploid-induction fre-
quency and homozygosity for the seed marker “embryo-spot” are the following
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Table 7.1 Haploid induction ability of “IVP 35,” “IVP 101,” and “PL-4”

Character® “IVP 35~ “IVP 1017 “PL-4”
Number of haploids per 100 berries 69 62 96
Number of haploids per 1000 seeds 52 85 103

*Pooled data per haploid inducer from 13 seed parents

Group Phureja clones: “IVP 35,” “IVP 487, and “IVP 101" (Ross 1986). “IVP 101”
has been derived from the cross [(G609 x “IVP 48”) x (“IVP 10” x “IVP 17)]. G609
is a haploid from Group Tuberosum cultivar “Gineke” that combines its own haploid
induction ability with a high degree of male fertility, profuse flowering, and vigor.

The efficiency of haploid production is determined by both, production ability of
the tetraploid seed parent and induction ability of the diploid pollinator (Hougas
et al. 1964; Frandsen 1967; Hermsen and Verdenius 1973). However, interaction
between seed parents and pollinators were also noted (Frandsen 1967). Despite this
interaction, haploid induction ability of “IVP 101" has proved to be higher than
“IVP 35” and “IVP 48” (Hutten et al. 1993). By the end of the 1990s a promising
haploid inducer named “PL-4” (CIP596131.4) was selected at the International
Potato Center (CIP, Lima, Perti) as a transgressive genotype from the cross between
“IVP 357 x “IVP 101~ due to its highest haploid inducer ability, degree of flower-
ing, shedding and pollen viability relative to its parents (M. Upadhya and R. Cabello,
CIP, unpublished data). Historical data accumulated from 2001 to 2009 from hap-
loid induction crosses between 37, 4x breeding lines with both “IVP 101" and
“PL-4" showed that the latter produced twice the amount of seeds without embryo
spot (putative haploids) of “IVP 101.” A more comprehensive study to determine
the haploid inducer ability of “PL-4" relative to their parents was performed during
2015 and 2016 at CIP. This involved haploid induction of 13, 4x breeding clones
with the three haploid inducers. Haploid confirmation was made by counting chlo-
roplasts in stomatal guard cell pairs and flow cytometric analysis in seedlings grown
from seeds without embryo spot. “PL-4"" produced a significantly higher number of
haploids than its parents. Meanwhile, “IVP 101" outperformed “IVP 35” in number
of haploid per 1000 seeds (Table 7.1). There were also differences in haploid pro-
duction ability between seed parents (Table 7.2). Two breeding clones, CIP
300056.33 and CIP 392820.1, showed the highest number of haploids.

7.2.1 Further Research and New Evidence on Haploid Origin

Previous research in potato haploids originated by gynogenesis detected aneuploids
(2n=2x+ 1 =25 and 2n = 2x + 2 = 26) instead of the expected 24-chromosome
karyotypes with concurrent appearance of Group Phureja-specific molecular mark-
ers (Clulow et al. 1991, 1993; Waugh et al. 1992; Wilkinson et al. 1995; Clulow and
Rousselle-Bourgeois 1997; Ercolano et al. 2004). Moreover, there was one case in
which translocation of a Group Phureja chromosomal segment to the Group
Tuberosum genome was detected by genomic in situ hybridization (GISH; Wilkinson
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Table 7.2 Haploid production ability of 13, 4x breeding clones from CIP potato breeding program

Breeding Number of haploids per 100 Number of haploids per 1000
CIP-number* | code berries seeds
CIP LR00.014 141 169
300056.33
CIP 300072.1 | LR00.022 68 101
CIP LR00.027 82 58
300093.15
CIP C01.020 40 63
301023.15
CIP C91.640 75 141
388615.22
CIP 388676.1 | Y84.027 40 32
CIP 390478.9 | C90.170 2 2
CIP 390637.1 |93 76 107
CIP 391931.1 | 458 11 17
CIP 392780.1 | C92.172 9 21
CIP 392820.1 | C93.154 258 175
CIP WA.104 39 30
397073.16
CIP WA.077 100 68
397077.16
Average 72 76

“Pooled data per breeding clone from three haploid inducers

et al. 1995). The cause, frequency, and nature of these introgressions remain
unknown, though they may affect performance of the haploids (Allainguillaume
et al. 1997). A similar phenomenon has been observed in CenH3-based haploid
induction in Arabidopsis thaliana (Ravi and Chan 2010; Ravi et al. 2014; Tan et al.
2015). In this system, mis-segregation of the haploid inducer chromosomes leads to
genome elimination. In a fraction of the haploid progeny, one or few of the haploid
inducer chromosomes were retained, resulting in aneuploid progeny. This DNA
introgression was identified readily by low-pass sequencing and single nucleotide
polymorphism (SNP) analysis (Tan et al. 2015). These findings added evidence that
DNA introgression from a haploid inducer is expected to involve large contiguous
segments, and often whole chromosomes. Lately, K.R. Amundson et al. (unpub-
lished) surveyed a haploid segregating population for aneuploids by low-pass
sequencing. The population was previously developed at CIP for tetraploid genetic
mapping of a major gene controlling Potato leaf roll virus (PLRV) resistance in the
Group Andigena cultivar “Alca Tarma” (Veldsquez et al. 2007). They identified 19
haploids (11.4%) that displayed elevated relative sequence read coverage of a single
chromosome consistent with 25-chromosome karyotypes in root tip metaphase
spreads in these putatively aneuploid clones. By sequencing parental genotypes to
higher depth (40-66x) and identifying homozygous SNP between “Alca Tarma”
and either of the two haploid inducers, “IvP-101" or “PL-4,” plus assuming to have
sired each haploid (Veldsquez et al. 2007), they found nearly 0% haploid inducer
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SNP for all chromosomes of these aneuploids. Thus, the additional chromosomes
observed likely did not originate from the haploid inducer genome, but were mater-
nally inherited. This lack of Group Phureja SNP in haploids was previously reported
in another study that employed DNA markers (Samitsu and Hosaka 2002). The
production of aneuploid gametes is a common property of polysomic polyploids
(Comai 2005), and “Alca Tarma” was not an exception. Admusson et al. (unpub-
lished) concluded that for haploid inducers “IvP-101" and “PL-4,” either the mecha-
nism of haploid induction does not involve egg fertilization or genome elimination
in “Alca Tarma” was very efficient.

7.3 Relevance of Haploids in Plant Breeding and Genetics

Haploids showed disomic inheritance, which means that each chromosome paired
with its homolog, thus providing means for simplifying genetic research in potato.
They can also be efficiently used for research on chromosome pairing and natural
mutation accumulated at the tetraploid level. Initially, potato haploids were envi-
sioned as a tool to simplify the breeding of S. tuberosum cultivar production by
reducing tetraploid germplasm to a diploid breeding level (Chase 1963). A second
early reason for the production of haploids was to acquire a “genetic bridge”
between the various genomes of Solanum species. Ploidy barriers between the cul-
tivated and wild Solanum species could be circumvented by crossing haploids to the
wild diploid Solanum spp. and novel hybrid germplasm incorporated back into tet-
raploid breeding programs through 4x x 2x crosses using 2n gamete formation, or
by colchicine-doubling of the novel diploid hybrid (Ross 1986). In addition to their
use in breeding, diploid potato hybrids represent a powerful tool for genetic analysis
due to its much simpler segregation ratios compared to tetraploid cultivated pota-
toes (Ortiz and Peloquin 1994). Thus, diploid potato has been used to determine the
inheritance of economically important traits such as tuber shape (De Jong and Burns
1993; Van Eck et al. 1994b), tuber flesh and skin pigmentation (De Jong 1987; Van
Eck et al. 1994a), and tuber skin texture (De Jong 1981). The genetic basis of some
physiological mutants has also been analyzed with the use of diploids (De Jong
et al. 1998, 2001). Haploids have been convenient for trait mapping (Kotch et al.
1992; Pineda et al. 1993; Freyre et al. 1994; Simko et al. 1999; Naess et al. 2000;
Veldsquez et al. 2007) and in the development of an online catalogue of amplified
fragment length polymorphisms (AFLP) covering the potato genome (Rouppe van
der Voort et al. 1998). On the other hand, many breeders have extracted haploids
from superior parents and also maintain a diploid gene pool composed of hybrids
between haploids and diploid wild species carrying specific quality and host plant
resistance genes not found in cultivars (Carputo and Barone 2005; Ortiz et al. 2009).

Currently, there are some ongoing efforts towards genetically restructuring
potato as a diploid inbred line-based crop (Jansky et al., 2016; Lindhout et al. 2011).
Here, the vision is a diploid potato crop composed of a series of inbred lines that
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capture the favorable genetic diversity available in the potato cultigen. This diploid
genepool with a broad suite of traits represent a va