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Genome sequencing has emerged as the leading discipline in the plant sci-
ences coinciding with the start of the new century. For much of the twentieth
century, plant geneticists were only successful in delineating putative chro-
mosomal location, function, and changes in genes indirectly through the use
of a number of “markers” physically linked to them. These included visible
or morphological, cytological, protein, and molecular or DNA markers.
Among them, the first DNA marker, the RFLPs, introduced a revolutionary
change in plant genetics and breeding in the mid-1980s, mainly because
of their infinite number and thus potential to cover maximum chromosomal
regions, phenotypic neutrality, absence of epistasis, and codominant nature.
An array of other hybridization-based markers, PCR-based markers, and
markers based on both facilitated construction of genetic linkage maps,
mapping of genes controlling simply inherited traits, and even gene clusters
(QTLs) controlling polygenic traits in a large number of model and crop
plants. During this period, a number of new mapping populations beyond F2
were utilized and a number of computer programs were developed for map
construction, mapping of genes, and for mapping of polygenic clusters or
QTLs. Molecular markers were also used in the studies of evolution and
phylogenetic relationship, genetic diversity, DNA fingerprinting, and
map-based cloning. Markers tightly linked to the genes were used in crop
improvement employing the so-called marker-assisted selection. These
strategies of molecular genetic mapping and molecular breeding made a
spectacular impact during the last one and a half decades of the twentieth
century. But still they remained “indirect” approaches for elucidation and
utilization of plant genomes since much of the chromosomes remained
unknown and the complete chemical depiction of them was yet to be
unraveled.

Physical mapping of genomes was the obvious consequence that facili-
tated the development of the “genomic resources” including BAC and YAC
libraries to develop physical maps in some plant genomes. Subsequently,
integrated genetic—physical maps were also developed in many plants. This
led to the concept of structural genomics. Later on, emphasis was laid on
EST and transcriptome analysis to decipher the function of the active gene
sequences leading to another concept defined as functional genomics. The
advent of techniques of bacteriophage gene and DNA sequencing in the
1970s was extended to facilitate sequencing of these genomic resources in
the last decade of the twentieth century.
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As expected, sequencing of chromosomal regions would have led to too
much data to store, characterize, and utilize with the-then available computer
software could handle. But the development of information technology made
the life of biologists easier by leading to a swift and sweet marriage of
biology and informatics, and a new subject was born—bioinformatics.

Thus, the evolution of the concepts, strategies, and tools of sequencing
and bioinformatics reinforced the subject of genomics—structural and
functional. Today, genome sequencing has traveled much beyond biology
and involves biophysics, biochemistry, and bioinformatics!

Thanks to the efforts of both public and private agencies, genome
sequencing strategies are evolving very fast, leading to cheaper, quicker, and
automated techniques right from clone-by-clone and whole-genome shotgun
approaches to a succession of second-generation sequencing methods. The
development of software of different generations facilitated this genome
sequencing. At the same time, newer concepts and strategies were emerging
to handle sequencing of the complex genomes, particularly the polyploids.

It became a reality to chemically—and so directly—define plant genomes,
popularly called whole-genome sequencing or simply genome sequencing.

The history of plant genome sequencing will always cite the sequencing
of the genome of the model plant Arabidopsis thaliana in 2000 that was
followed by sequencing the genome of the crop and model plant rice in 2002.
Since then, the number of sequenced genomes of higher plants has been
increasing exponentially, mainly due to the development of cheaper and
quicker genomic techniques and, most importantly, the development of
collaborative platforms such as national and international consortia involving
partners from public and/or private agencies.

As I write this preface for the first volume of the new series “Compendium
of Plant Genomes,” a net search tells me that complete or nearly complete
whole-genome sequencing of 45 crop plants, eight crop and model plants,
eight model plants, 15 crop progenitors and relatives, and three basal plants is
accomplished, the majority of which are in the public domain. This means
that we nowadays know many of our model and crop plants chemically, i.e.,
directly, and we may depict them and utilize them precisely better than ever.
Genome sequencing has covered all groups of crop plants. Hence, infor-
mation on the precise depiction of plant genomes and the scope of their
utilization are growing rapidly every day. However, the information is
scattered in research articles and review papers in journals and dedicated
Web pages of the consortia and databases. There is no compilation of plant
genomes and the opportunity of using the information in sequence-assisted
breeding or further genomic studies. This is the underlying rationale for
starting this book series, with each volume dedicated to a particular plant.

Plant genome science has emerged as an important subject in academia,
and the present compendium of plant genomes will be highly useful to both
students and teaching faculties. Most importantly, research scientists
involved in genomics research will have access to systematic deliberations on
the plant genomes of their interest. Elucidation of plant genomes is of interest
not only for the geneticists and breeders, but also for practitioners of an array
of plant science disciplines, such as taxonomy, evolution, cytology,
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physiology, pathology, entomology, nematology, crop production, bio-
chemistry, and obviously bioinformatics. It must be mentioned that infor-
mation regarding each plant genome is ever-growing. The contents of the
volumes of this compendium are, therefore, focusing on the basic aspects
of the genomes and their utility. They include information on the academic
and/or economic importance of the plants, description of their genomes from
a molecular genetic and cytogenetic point of view, and the genomic resources
developed. Detailed deliberations focus on the background history of the
national and international genome initiatives, public and private partners
involved, strategies and genomic resources and tools utilized, enumeration on
the sequences and their assembly, repetitive sequences, gene annotation, and
genome duplication. In addition, synteny with other sequences, comparison
of gene families, and, most importantly, the potential of the genome sequence
information for gene pool characterization through genotyping by sequencing
(GBS) and genetic improvement of crop plants have been described. As
expected, there is a lot of variation of these topics in the volumes based on
the information available on the crop, model, or reference plants.

I must confess that as the series editor, it has been a daunting task for me
to work on such a huge and broad knowledge base that spans so many
diverse plant species. However, pioneering scientists with lifetime experience
and expertise on the particular crops did excellent jobs in editing the
respective volumes. I myself have been a small science worker on plant
genomes since the mid-1980s and that provided me the opportunity to per-
sonally know several stalwarts of plant genomics from all over the globe.
Most, if not all, of the volume editors are my longtime friends and col-
leagues. It has been highly comfortable and enriching for me to work with
them on this book series. To be honest, while working on this series I have
been and will remain a student first, a science worker second, and a series
editor last. And I must express my gratitude to the volume editors and the
chapter authors for providing me the opportunity to work with them on this
compendium.

I also wish to mention here my thanks and gratitude to the Springer staff,
particularly Dr. Christina Eckey and Dr. Jutta Lindenborn for the earlier set
of volumes and presently Ing. Zuzana Bernhart for all their timely help and
support.

I always had to set aside additional hours to edit books beside my pro-
fessional and personal commitments—hours I could and should have given
to my wife, Phullara, and our kids, Sourav and Devleena. I must mention that
they not only allowed me the freedom to take away those hours from them
but also offered their support in the editing job itself. I am really not sure
whether my dedication of this compendium to them will suffice to do justice
to their sacrifices for the interest of science and the science community.

New Delhi, India Chittaranjan Kole



Compendium of Plant Genomes: Quinoa

Quinoa (Chenopodium quinoa, Willd.) is a nutrient-rich pseudo-cereal with
many desirable characteristics as a novel crop. Historically, it has been an
important grain crop, “the mother grain”, in the Andean regions of South and
central America for thousands of years. Recently, it has gained much
attention in many other parts of the world for its desirable characteristics such
as abiotic stress tolerance, its favorable nutrient profile, and absence of gluten
—making it often referred to as a “superfood”.

The interests and motivation of the authors of the work here presented in
Quinoa research are diverse, but we are all joined by the passion for this
plant. Quinoa is a dicotyledonous leafy plant with small seeds that come in
various colors. It has become a favorite research object for many, studying,
for instance, how it performs so well in harsh environments, investigating its
domestication and evaluating it for breeding purposes. To address these
research questions, it is necessary to unravel the genome information. Quinoa
is an allotetraploid plant, making genome sequencing efforts not a trivial
undertaking. However, there are now several genome sequences for quinoa
available, allowing in depth genetics and genomics studies to commence.
This book is being published as these resources only just become available
and will therefore not only describe what has been done, but also delve into
what might be possible.

The chapters in this book were contributed by experts in their respective
fields of research, starting off with an overview of the history of the quinoas
in South America and its initial cultivation thousands of years ago. Chapters
2 and 3 then provide the botanical context for domestication in South
America and North America. To set the scene for quinoa genomics, Chap. 4
will focus on quinoa cytogenetics. A detailed description of the genome scale
quinoa reference genome assembly is then provided in Chap. 5. Chapter 6
provides an overview of what is known so far regarding structural and
functional genomics. Chapter 7 discusses the broad diversity of quinoa and
how this influences breeding for future goals. Chapters 8—10 look at three
examples of current research targets: Saponins, abiotic stress tolerance, and
flowering. Finally, Chap. 11 looks at evolution in the quinoa genome and
further developments that can be anticipated.



This book provides a comprehensive reference material in Quinoa geno-
mics research for those already in the field, or new members considering
joining of the Quinoa research community.

It has been a great privilege to work with colleagues of the quinoa
community in the preparation of this manuscript and to see the wide range of
genomics researching being done in this still “novel” species. We are grateful
to all the authors for their contribution in writing chapters of high quality.
Finally, we would also like to thank the traditional owners and custodians of
this ancient grain, throughout the Americas for allowing us to study and to
develop this crop so that Quinoa can be grown and appreciated worldwide.

Stuttgart, Germany Sandra M. Schmdckel

Preface
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Mario E. Tapia

Abstract

Quinua (Chenpopodium quinoa Willd) is an
Andean food grain domesticated manly in the
highlands of the central part of the Andes in
South America by the quechua and aimara
people since at least 3,000 years. The geo-
graphical distribution of the crop covers
territories from south of Colombia to north
of Argentina and central part of Chile. The
actual technological conditions and produc-
tion areas in each country are discussed and
presented a differentiation of five main types
of quinua including, the geographical distri-
bution: the Andean valleys; the high plateau
around the lake Titicaca; the salares in Bolivia
, the sea level and the yunga or subtropical
quinua types. Suggestions for a future need of
research as well as agro industrial process
with references to the different traditional uses
from the roots, grains , leaves as stems is
describe.
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The Andean settlers cultivated, besides potato
and corn, the Andean Grains such as quinoa
(Chenopodium  quinoa  Willd),  kiwicha
(Amaranthus caudatus) and Amaranthus man-
tegazzianus and later kafliwa (Chenopodium
paliidicaule Aellen) for thousands of years
(Hunsiker 1952; Cardenas 1969; Nunez 1970;
Pulgar Vidal 1954). The Andrean Grains are
known specially for their high nutritional value
in quality proteins to replace the lack of milk.

1.1 Origin

The age of the domestication of quinoa and the
beginning of its use as a food can be dated at
least 2,000 to 3,000 years BC because of its
presence in archeological remains. Towle (1961)
mentions several archeological findings of qui-
noa, with fruitful panicles, branches and loose
grains, found in different regions of Peru and in
the coastal zone of Arica, Chile.

As Nuifiez (1970) indicates, it is not well
known how quinuas were domesticated. How-
ever, findings in northern Chile (Chinchorro
complex), suggests that quinoa was used before
3000 BC. In the area of Ayacucho (Peru), Uhle
1919 describes remains of quinua grains and
gives an even earlier date, 5,000 years BC, as the
beginning of domestication.

In a Khipu (a traditional accounting system,
based on alpaca fiber with different size knots

1

S. M. Schmdockel (ed.), The Quinoa Genome, Compendium of Plant Genomes,

https://doi.org/10.1007/978-3-030-65237-1_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65237-1_1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65237-1_1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65237-1_1&amp;domain=pdf
mailto:mario.tapia.n@gmail.com
https://doi.org/10.1007/978-3-030-65237-1_1

and different colors, which allows recording the
production of food crops in the Inca Empire) of
the sixteenth century, studied by Murra (1975),
the importance of quinoa production is noted in
the central highlands of Peru. The production of
quinoa precedes the potato production in the
khipu.

Ulloa Mogollon refers in 1586 to the use of
quinoa in the province of Collaguas (Bolivia). As
already mentioned, there is evidence that quinoa
was widely cultivated in the valleys of northern
Chile. In 1558, Cortes Hogea, first to visit the
island of Chiloe (Chile), found quinoa sowings.
In the North Argentinian territory, Pedro Sotelo
(1583) mentions these crops in the valley of
Calchaquies and in the vicinity of Cordoba.

However, it should be noted that there is little
information about religious rites with the use of
quinoa. Cardenas (1969) does not believe that
quinoa has completely replaced corn in the high-
lands, and it is not being used for religious cere-
monies. It points out the tradition that the natives
of the mountain range still have, of traveling to the
valleys to exchange quinoa for corn or salt.

It is still not understood when and from which
wild species the native domesticated quinoa
varieties or land races were obtained and more
research is necessary to provide evidence on
domestacation; however, there are important
hypotheses.

For Andean researchers, the center of origin
and domestication is the altiplano, around Lake
Titicaca, shared by countries such as Peru and
Bolivia (Gandarillas 1968; Mujica 1977). Other
scholars consider the existence of different cen-
ters of origin in the inter-Andean valleys and that
the quinoa has been taken to the altiplano of
Lake Titicaca, which is considered the great
center of diversification.

Other researchers suggest that cultivated qui-
noa would have an ancestor in Chenopodium
berlandieri, a wild species from North America;
however, there is little evidence of its use as a
crop or food in that region (Maughan 2013).

The Andean origin of quinoa is supported by
the existence of the different regional names of
quinoa. There are many regions within the native
language. Robledo, quoted by Pulgar Vidal

M. E. Tapia

(1954), specifies that the Chibchas (Colombia)
called it “pasca” and with great surprise it has
been defined that “pasca” etymologically means
the pot or food of the father.

The name “suba or supha” (Chibcha lan-
guage) is indicated by Pulgar Vidal (1954). As
the primitive name of quinoa in the Bogota area,
and the author relates it always with the Aymara
term “hupha”, which is used in some regions of
Bolivia. In the rest of the territory that is now
Colombia, the Quechua Quinoa name was gen-
erally used, but in Cundinamarca the indigenous
name was ‘“‘pasca’.

In the Aymara language, quinoa has different
names, depending on the variety: the wild quinoa
is called “cami”, while the cultivated white and
most appreciated is called “ppfique”; the red one
is called “kana llap”; the yellow one, “cchus-
llunca”; another yellowish variety is called
“ccachu yusi”; and the wild one “isualla”,
according to Latchman (1936). However, this
author confuses the quinoa with the kanihua
(Chenopodium pallidicaule Aellen) and includes
it within the quinoa varieties, calling it “cinna-
mon or cafiagua”. The same author adds that in
the North of Chile quinoa was cultivated and that
it is called in atacamefio “dahue”. Bertonio
(1879) added Aymara names for the varieties,
such as “aara”, “callapi” and “vocali”. It also
mentions a variety between colorada and negra,
la “cami hupa”.

An additional source of information to rec-
ognize the origin and distribution of this Andean
grain is the tradition that exists in the diverse
ways of consuming this grain in Colombia,
Ecuador, Peru, Bolivia, Northern Chile and
Argentina, both in the preparation of different
dishes, and drinks and processed foods. Tradi-
tional dishes are known as “lawa”, thick quinoa
soup; with fat and katawi as the preparation of
white chicha, etc. Quinoa’s tender leaves, known
as “liccha”, are used extensively in salads, and to
prepare the ashes of the roots and stem for the
preparation of the “llipta”, alkali, used to chew
coca leaves (Beyerdorf and Blanco 1984); the
names of the surplus residue of the leaves and
stems and the name of “jipi” to designate the
residues of the grains and small seeds.



1 History of the Quinuas in South America

Samples of Amaranthus with erect inflores-
cence (very similar to those of quinoa) have been
found in the area of Tarija, Bolivia. This receives
the name of “coimi”; however, indistinctly it is
also called quinua (Tapia 1979).

Quinoa has a close relative cultivated in the
highlands of Mexico as Chenopodium nuttaliae,
called ‘“huauzontle”, which resembles Andean
quinoa (Wilson 1976). Apparently, it had high
importance in times of the Aztec empire as a
food, according to the codex of Antonio Men-
doza, first Viceroy of Mexico between the years
1535 and 1550, in which the tributes are indi-
cated in grains like “huauzontle”, from each of
the 363 vassal peoples of the Aztec Empire paid
annually, to the central government, with this
grain (quoted by Hunkizer 1952) (Photo 1.1).

The first Spanish to mention the cultivation of
quinoa in the new world was Pedro de Valdivia,
who informed the Emperor Carlos I in 1591
about the crops in the surroundings of Con-
cepcion (Chile) and indicated that “the region is
abundant in all the maintenance that the Indians
plant for their sustenance as well as corn, pota-
toes, quinoa.” (Hunsiker 1952).

Photo 1.1 Ceremonial vessel of the Wari culture,
Ayacucho, Peru, ninth century, with a drawing of the
quinoa plant on the right

However, there was a strong confusion in the
seventeenth century when quinoa was not iden-
tified in all cases. The first Spaniards, for exam-
ple, always related quinoa to the pigweed that
grows as a weed in the Iberian Peninsula. BER-
NABE Cobo (1653) says “quinoa is a plant very
similar to the ‘bledos’”. Bledos were described in
Europe as annual plants with creeping stems of
the family of the Chenopodiaceae and Amaran-
thaceae, like Amaranthus blitum L. Confusion
develops as the eminent botanist Carolus Clusius,
in his Historia Rariorum Plantorum of 1601,
presents the first illustration of a species that he
called quinoa, but which is actually a plant of
Amaranthus caudatus L.

1.2 Geographical Distribution

Quinoa nowdays has been widely distributed in
the Andean countries. Cieza de Ledn (1560)
reports that in the South of Colombia, quinoa was
also cultivated in the highlands between the cities
of Pasto and Quito, and he writes: “In all these
towns, it gives little corn or almost none, because
of frost, but other species as quinua does”.

The Inca Garcilaso de la Vega, in his famous
Royal Comments, says about quinoa “in the
second place of the crops that are raised on the
face of the earth give what they call quinoa and, in
Spanish, ‘millet’, or small rice, because in the
grain and the taste it resembles something”. This
historian refers to his trip to Spain in the seven-
tenth century with the first export of quinoa grains
to the old world, which fatally failed to spread
because “the seeds arrived dead” (Photo 1.2).

The Spanish chroniclers did not always treat
these Andean Grains with the just evaluation.
The fact that quinoa resembled the “Spanish
bledo”, evoked that quinoa was considered a
plant without value (“worth a damn”). It is also
true that there were numerous confusions
between quinuas, cafiihua and amaranth, because
of the similar architecture, morhology of the
plant and the shape of the grain, and it was
called, for example, cinchona quinoa or caiihua.

In the North of Peru the cultivation of quinoa
was common, but in most fields quinoa was
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Photo 1.2 Inca Gracilazo
de la Vega, the first to
introduce quinua in Europe
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grown together with corn. Further to the South,
quinoa gained importance both in the “Callejon
de Huaylas” and in the Mantaro Valley, where it
was widely cultivated by the Huancas tribe.
Numerous sources report that the Spanish were
surprised finding in each region, the “ccolcas” or
food deposits with large amounts of quinoa
grain.

Relatives of quinoa are very common, espe-
cially in the agricultural area around lake Titicaca
and neighboring areas, as a group of Chenopo-
dium species called “ayaras or ajaras”. In the
Arequipa countryside, several species from the
Chenopodium genus can be found, known
locally as “llicchas”, which is the same name
given to the tender quinoa leaves in the Puno
highlands. These species are considered as
weeds, although their tender leaves are consumed

in green rolls called “loritos” (Tapia et al. 2014)
(Photo 1.3).

Quinoa was initially studied by archeologists,
Towle, 19. Uhle (1919) botanics as Hunsiker
(1952), Cardenas (1969), Leon (1964) followed
by nutricionists, White (1955), geographers,
Pulgar Vidal (1954) finally researched by agro-
nomists Gandarillas (1967), Rea (1944), Mujica
(1977), Canahua (2012), Rojas (2013), Gomez
(2013) and ultimately specialists in molecular
studies. Maughan (2013), Jiménez (2014).

1.3 Current Production Centers

From the North to South of the South American
continent, the following current centers of
increased production of quinoa can be identified.
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Photo 1.3 Cultivars of quinoa from the high plateau of Puno, Peru

1.3.1 Colombia

According to Acosta (1948), the cultivation of
quinoa was abundant in the past, but now almost
abandoned in the Colombian savannas, because
most of the agricultural areas of the cold lands of
Cundinamarca and Boyaca became pastures for
grazing.

Pulgar Vidal (1954) believes that quinoa can
and should be sown in the Cundinamarca area, a
name that etymologically means “the country of
frost”, and that this plant could have a safe
production.

At present, the region with the greatest culti-
vation is the province of Narifio, with the towns
of Ipiales, Pueres, Contadero, Cordova, San
Juan, Mocandino and Pasto (Pulgar Vidal 1954).

Since 1947 Professor Braulio Montenegro of
the University of Narifio has dedicated his effort
to the promotion of the cultivation of quinoa in

Colombia. In 1958, he obtained an improved
variety, the Dulce de Quitopamba that gives
yields of 1500 to 2000 kg/ha, with fertilizations
of 30 at 50 kg of nitrogen per hectare.

Romero (1976) made experimental plantings
at the Marengo Agricultural Center of the
National University in Bogota to test the pro-
duction of new varieties. He found yields of 400
to 500 g per plant with the Bolivian Sajama
variety.

1.3.2 Ecuador

In Ecuador, quinoa has persisted among peasants
in the area of Carchi, Imbabura, Pichincha,
Cotopaxi, Chimborazo and Loja (Cardozo 1976;
Tapia 1976; Romero 1976; Peralta et al. 2012).

Morales (1975) compared some 18 ecotypes
from the areas of Imbabura, Cayambe, Cotopaxi



and Chimborazo with material from Bolivia, and
highlighted the Ecuadorian ecotypes Chaucha,
Punin, Grande and Staquinua with very good
yields.

The quinoas of Latacunga, Ambato, Carchi,
Riobamba and Cuenca are of small grain, in
general of high size and quite bitter grain. It is
estimated that the total cultivated area is about
1,200 ha in all the country (Freere et al. 1975).
However, this area has increased remarkably in
the last ten years.

1.3.3 Peru

At present, Peru is the country where most
farmers cultivate and consume quinoa and where
a large number of varieties have been selected
(Tapia 1979; Mujica 1977).

In the region of the inter-Andean valleys,
quinoa is cultivated within the fields of corn and
beans, or as the border of potato crops. But it is
in the highlands, where corn does not grow,
where quinoa’s cultivation becomes more
important.

In Cajamarca it is customary to plant 6 to 10
rows of corn followed by one of quinoa, in a
system known as Chaihua. Only in the highlands
near the jalca you can see small quinoa fields in
monoculture.

Other important areas are the Callejon de
Huaylas in Ancash, the Mantaro valley and the
Jauja highlands in Junin, Andahuaylas in
Ayacucho, as well as the highlands of the
department of Cusco.

In the Mantaro valley and the upper part of
Jauja, the varieties Blanca and Rosada de Junin
are planted, with very uniform grains and low
saponin content.

In the Vilcanota valley between Cusco and
Sicuani, at altitudes of 3000 and 3600 m with
precipitation of more than 500 mm, the Yellow
of Marangani variety is cultivated, whose yields
can exceed 2000 kg/ha.

The Quinua White, variety of Junin has been
fully adapted to the conditions of Anta in Cusco
at 3700 m, there you can find the most extensive
cash crops, up to 150 ha, with yields above
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2000 kg/ha. As in the Marangani area, in Cusco,
it is recognized as the Marangani variety.

Quinoa is really important in the Altiplano del
Collao, department of Puno, above 3800 m,
where corn cannot be produced. The quinoa
cultivation plots appear in the small ravines or
lands near lagoons or Lake Titicaca. The Che-
weca variety has been selected around the
Orurillo lagoon, which produces a small, almost
sweet, very soft and special grain to make flours.
Lescano from the region of Cabanillas comes the
variety Kanccolla (del Collao), of almost sweet
grains that has high yields. The variety called
“jiura” rice of small grains, called Blanca de
Ayaviri, has white and semi sweet grains.

Finally, on the Peruvian side of the lake qui-
noa ecotype “Blanca de Juli” is grown. Other
local ecotypes include “Chullpi”, with transpar-
ent grains.

According to the General Directorate of
Statistics of Peru, the cultivation of quinoa cov-
ered more than 42,000 ha per year in 1951. This
area initially decreased, but in the last decades it
has been recovered to more than 65,000 ha. Of
this area, more than 55% is concentrated in the
department of Puno, in the South-west of the
country, in the highlands bordering Bolivia.

1.3.4 Bolivia

In the Altiplano, salty plains, and in the inter-
Andean valleys, quinoa has been maintained
above all as a self-consumption crop for the
thousands of farmers who appreciate its nutri-
tional value (Gonzales 1917; Gandarlllas 1986
Rea).

Here we must also distinguish between the
quinoa of the Altiplano with a plant of smaller
size (up to 1.60 m) and the quinuas of the valleys
that can reach 2 m or more. Around Lake Titi-
caca, the crops are concentrated in the peninsula
of Copacabana and, with higher density, between
the area of Desaguadero and Guaqui. Quinoa
cultivation decreases in frequency and extension
from the South until Oruro.

The main quinoa producing areas with some
3000—4000 ha are the provinces of Quijarro, Nor
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Lipez and Daniel Campos, of the department of
Potosi, and Ladislao Cabrera, of the department
of Oruro, where the “quinua real” produced. It
has a bigger seed size and a high content of
saponins (Bautista 1976).

The region of the salt plains of Coipasa and
Uyuni is characterized by the more xerophytic
conditions in which quinoa is cultivated. This
environment determined an adaptation of the
methods of cultivation for about two centuries.
This is the region from where quinoa is mostly
exported to Europe and the United States.

1.3.5 Chile

In this country, quinoa is grown in two very dif-
ferent ecological and geographical zones. On the
one hand, in the Chilean highlands (for example,
Isluga, Iquique) in the North of the country, the
conditions and varieties are very similar to the
Bolivian altiplano (Lanino 1076). On the other
hand, in the fields of the Concepcién area, in the
South, at sea level, with longer photoperiod, very
different ecotypes of small, flattened, somewhat
transparent (as cooked) grain are found. As an
example, we mentioned the Catentoa variety
(Junge et al. 1973).
Bazile Didier article

1.3.6 Argentina

Quinoa is grown mostly in the North-western
region of Argentinia, in small areas of about
100 m in the highlands of Jujuy and Salta in the
North. Vorano and Garcia (1977) believe that
quinoa, despite having a series of difficulties in
its use (mainly self-consumption), is an irre-
placeable species for the conditions of the
Argentine highlands (Arraguez 2017).

The cultivation of quinoa is spread throughout
the Andes, however, in the case of Peru, it can be
mentioned that there are at least 6 assembly
centers in Cajamarca, the Callejon de Huaylas, in
Junin, Ayacucho, Cusco and mostly in the
highlands of Puno.

1.4 Main Types of Quinuas

The quinuas, according to their agro ecological
adaptation, can be grouped into five major types
(Tapia 1997):

e Quinuas including dry valleys (Junin,
Ayacucho, Cochabamba) and humid valleys
(Cajamarca in Peru and valleys of Ecuador
and Colombia).

e Quinuas from the altiplano (around Lake
Titicaca). White and colored are more frost
resistant from the Suni agro-ecological zone.

e Quinuas from salt plains “salares” (South
plains of Bolivia).

e Sea level from South latitude quinoa (Chile,
Concepcion,).

e Quinuas from the Yunga agroecological zone
(Bolivia at 1,500 m).

In the book Razas de Quinuas del Peru
(Quinua Races in Peru), 24 major different
groups are distinguished according to their mor-
phology, grain characteristics, agroecological
zones of cultivation and different ways of con-
sumption (Tapia 2013). With the same approach
of classification, Quinua races of Bolivia have
been published by Gandarillas (1968) and of
Ecuador by Gandarillas et al. (1989).

Quinuas from the valley environments could
be differentiated between cultivars from dry areas
grown on irrigated land, or under rainfed envi-
roments as in Cajamarca, Cusco, Huaraz, valley
Mantaro, Ayacucho, Abancay and Cochabamba
(Bolivia). There is also the influence of increased
precipitation North of Peru, which extends into
Ecuador, and into Southern Colombia. In the area
of Nariflo, Colombia and Northern Ecuador there
is a tall ecotype, highly branched, light green
leaves and very white and sweet grain that gave
rise to the variety Narifio, cultivated in Peru
(Tapia 1982).

Quinoa from the altiplano is also produced
under variable conditions: low rainfall and
favorable weather conditions such as around
Lake Titicaca; in lands close to lagoons or ravi-
nes near rivers like Kancolla cultivar is grown,
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Blanca de Juli, and Tahuaco are native of South
of Puno. Some cultivars are adapted to the high
plains, at 3 900 m.a.s.l., for instance, Cheweca,
Ccoitu, Wariponcho, Chullpi and Witulla, with
colored panicles and that also withstand lower
temperatures.
Cultivars in the region of Puno, Canahua
(2012)
1. Janko or yurac. White
2. Chullpi or hyalines. White/transparent Good
Clado, pure.
3. witullas. Colored Red/red, purple.
Kispifio Flours, torrejas.
4. Wariponcho. Yellow/yellow for soups, flours.
5. Kcoito. White or lead/Good Turrets Flours.
Plumb, brown.
6. Pasancallas. Red, white/red. High. Manna.
Flours
7. Cuchi wila. Red/black High. Chicha Kispifio

High.

The quinuas of the salares group in the south
of Bolivia support extreme xerophytic conditions
and their initial development is possible because
they take advantage of the humidity of the holes
dug at the time of sowing. The cultivation of
quinoa in this area follows a very special pro-
duction system: after the harvest, the soil takes a

¥ \

rest for 4 to 8 years, in recent times this period is
shortened, producing negative effects due to
depletion of the fertility of the soils.

Quinoa at sea level is adapted to humid con-
ditions and with more moderate temperatures;
they are located mostly in the latitudes South of
30° S (Concepcién and Valdivia, Chile). Didier
(2014).

Finally, there is a very small group of quinuas
that have adapted to the conditions of yunga agro
ecological zone of Bolivia, at altitudes between
1,500 to 2,000 m, with the characteristic of
having the stem and perigonium orange to
mature state (Tapia 1979). Their adaptation to
subtropical climates allows them to tolerate
higher levels of precipitation and heat. There is
only one collection made in Bolivia and the
samples of this group grew adequately in K’ayra,
Cusco at 3,300 m above sea level, presenting a
long vegetative period of more than 200 days.

Quinua is also cultivated in different produc-
tion systems depending on the agroecolgical
zones. Sometimes it is grown in pure or single
crop fields, and sometimes it is grown together
with maize or potatoes, or sometimes it is grown
as a border of different crops like maize or
potatoes (Photos 1.4 and 1.5).
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Photo 1.4 Quinoa grown in suka collos or elevated land, Puno, Peru
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Photo 1.5 Cultivation of quinoa in the aynokas system, Puno, Peru

1.5 Research Advances

The initial technical meeting related to quinoa
was held in Puno, Peru 1968, called the First
International Quinoa and Kaifiiwa Convention
with the assistance of researchers from Peru and
Bolivia. The second Convention was held in
Potosi, Bolivia 1976.

From there, 12 International Andean crops
Congress have been held in the six Andean
countries (1977-2012). Also, six international
congresses dedicated specifically to Andean
grains have been organized (2001-2017). All the
proceedings of these meetings have been pub-
lished in Spanish.

Specific research done on this crop includes
the floral biology (Rea 1944), nutritional evalu-
ation (White 1944), botanical studies (Cardenes
1969 Leon), agricultural and plant breeding
(Gandarillas 1986; Mujica 2013; Gomez 2013;
Lescano 1994; Tapia 2012; Canahua 2012; Rojas
2013; Bonifacio et al. 2012).

The future development of this crop requires
to propose an integrated plan for a greater dif-
fusion, consumption and cultivation of quinoa,
coordinated by the Andean countries, as to know
in greater detail the agronomic and climatic

adaptation characteristics of the different vari-
eties of this species, that is, the agroecological
zoning of the quinoa in south America and the
potential for adaptation that has the varied
genetic material, in the germplasm banks of this
crop for other agro ecosystems.

In the altiplano conditions, the yields can be
affected by frequent frosts, especially at the
beginning of flowering. The valley varieties are
adapted to temperatures that fluctuate between 10
and 18 °C and are not tolerant to frost. The
varieties in the salt flats in Bolivia support tem-
peratures of —8 °C, alkaline soils up to pH 8.0
and salinity up to 52 mS/cm (Mujica et al. 2001).

Quinoa had been grown from 2012 in the
Peruvian coast, yields obtained are over
4,000 kg/ha under conditions of conventional
agriculture with high level of fertilization
and irrigation systems (Tapia and Lozada
2017).

1.6 Traditional Quinoa Utilization

Quinoa has been used for centuries by the
Andean peasants who have used it in their usual
diet, even considering it as an appropriate food
for food security, that is, to keep it for the years
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of low harvests that occur periodically in the
plateau.

In recent years, quinoa, especially quinuas of
colors, have received special attention by the
most renowned chefs and with this, its value and
acceptance is spreading in urban areas.

In addition, the farmers keep the tradition of
the integral use of the plant with different pur-
poses that it has tried to recover in different
events and field visits during the last 30 years.

Special mention should be given to the work
of the NGO Pratec, which in its work of recovery
of traditional knowledge has produced more than
1,500 primers, several of them dedicated to cul-
tural traditions in the cultivation of quinoa.

Currently, quinoa is used in the preparation of
soups, stews, grains, pures, desserts and drinks;
transformation into flour: in baking biscuits,
desserts, sweets, beverages, making noodles
mixed with other flours, ingredient of sausages
and meatballs, flakes; drinks, soups, sweets;
(popeadas) or Pipocas: for direct use alone or
with yogurt, ice cream, desserts and chocolate.

Quinoa, kanihua and all edible amaranthus
species together, constituted an important com-
ponent of the diet of prehispanic people in the
highlands of the Andes. Its use was common in
the Andean regions of Peru and Bolivia until the
first third of the last century (1940), when it
began its decline, when the reception of food aid
from the United States began and the massive
importation of subsidized wheat increased.

1.6.1 Preparation of the Llipt’a O

(Llujt’a)

The stems of quinoa and, sometimes, the main
root have an important traditional use, which is
maintained until today: they are used in llipt’a
(alcali) together with “chacchado”, chewing of
the coca leaf.

To obtain the llipt’a the stems and roots of
quinoa are burnt, the ash is collected and mixed
with water. Optionally milk or anise is added,
which gives a more pleasant taste. With this, a
type of circular muffin is formed, “biscuits”, about
6 cm in diameter that are put to dry in the sun.

M. E. Tapia

The ashes, which are alkaline, facilitate the
extraction of cocaine, which is an alkaloid con-
tained in coca leaves, during the chewing process
and, thereby, has a stimulating effect.

In the different parts of the Sierra del Peru,
there are several ways to prepare the llipt’a
according to the available ingredients. For
example, it can be made with banana peel ash.
But in the Southern Sierra it is considered that
the llipt’a of quinoa and kafiiwa (Chenopodium
pallidicaule Aellen) is the most pleasant and
smooth.

The stems of quinoa have a high cellulose
content, and have therefore been used in the
production of cartons or used as firewood.

In the Aymara area of Puno “ch’iwa” soup is
prepared with dry meat “chalona”, potato, peeled
barley, chufio, green beans and processed quinoa.
After boiling these ingredients, quinoa leaves are
added and boiled for a few minutes, with fresh
oregano and aji to taste (Pratec 2001).

Quinoa leaves also used for children, boiled
and milled, they are mixed with potato
pap. Quinoa is used preferentially to spinach as it
contains less oxaltes.

The rural population recommends black qui-
noa seeds to convalescent people, because of its
high protein content (19%).

An important aspect is the digestion and
absorption of the quinoa protein by the human
body. It has been found that the digestion of
whole grains is very difficult for children under
two years of age, even when quinoa has been
cooked. The utilization improves notably when
quinoa is consumed as flour. Therefore, it is
recommended to prepare quinoa and other
Andean grains for young children in porridges,
cream soups or beverages based on flours.

Quinoa is the most versatile of the Andean
foods in terms of preparation possibilities. You
can prepare all kinds of foods, such as soups,
breads, savory dishes, cakes, drinks, cookies and
much more.

The taste of quinoa can be bitter, if the
saponin has not been properly washed away.
This fact is often taken as a reason for not
wanting to consume quinoa. However, it is not
about washing or scarifying the seeds until they
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are mutilated in their structure, without nutri-
tional value due to loss of the germ and without
flavor. It is desirable to find the ideal point of
undamaged grain, where valuable nutrients are
preserved, and the bitterness is not unpleasant or
a nuisance, but allows to appreciate the own
flavor of freshly cooked quinoa.

In the traditional kitchen, the type of food that
is going to be prepared according to the ingre-
dients available at the time and place is decided.
Quinoa is a dry food, which can be kept for a
long time if the conditions are adequate, there-
fore, it is ideal for periods of scarcity and, con-
sequently, it is always necessary to have a
sufficient reserve.

e Steam cooking is used to prepare the kispifio;
also for tamales and humitas made from qui-
noa or quinoa flour.

e To make toasted flours the grain is roasted fat-
free in a clay pot.

e Fried tortillas are much appreciated, they
require fat or oil. Until about thirty years ago,
it was a sporadic form of food, nowadays it is
becoming more frequent.

e Finally, drinks are prepared such as soft
drinks and white quinua chicha. For bever-
ages, fermented or not, small varieties of
colored quinoa are used as the quinoa variety
witulla.

1.6.2 Traditional Use of Leaves

Quinoa leaves are called “llipcha” or lligch’a in
Quechua and “ch’iwa” in Aymara. “Ch’iwa
jauch’a” refers to the tender leaves of quinoa,
which are cooked and used to prepare stews and
salads. Quinoa is a close relative to spinach.
The consumption of tender leaves is frequent,
especially in the month of December until Car-
nival, (February) and is part of the traditional
Christmas dishes. When the plants have reached
about 30 cm in size, they proceed to thinning in
the field. The plants removed are consumed fresh,
preferably on the same day. The most frequent
preparations with soups, scrambled eggs, cheese

1

and spices. They can also be an ingredient of the
Quinoa Kispifio or an accompaniment of the
p’esqe (Quinoa type mazamorra).
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Abstract

Quinoa domestication studies based on seed’s
morphological traits and conducted in the
Central Andes region concluded that it
occurred somewhere around Lake Titicaca
before 3000 BC. Recent genetic studies
showed quinoa (an allotetraploid) resulting
from the fusion of two diploid species (carry-
ing the A and B genomes), one Eurasian and
one American (probably in North America),
from where a tetraploid ancestor migrated to
South America. Extant wild relatives are
found from the U.S. to South America, and
quinoa is part of a complex of domesticates
including Chenopodium berlandieri spp. jone-
sianum and nuttalliae. Quinoa domestication
in the Andes appears as a diffuse process
occurring in a wide area within the Bolivian
Highlands. Here, we pose the hypothesis and
provide evidence that quinoa was domesti-
cated twice: in the Andes and Central Chile.
The domestication syndrome in quinoa
included bigger seeds with a reduced testa
width and a range of colours, plus a wide
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array of plant architectures, panicle morpholo-
gies and reproductive partitioning. We widen
those studies including root traits and pheno-
logical adaptations to a wide climatic range.
Finally, the hypothesis that reduced testa
width can be related more to reduced restric-
tions to seed growth than to a reduced
dormancy is presented.

2.1 Introduction

Scientific interest in quinoa has grown over the last
decades. This may be related to the diffusion of
information regarding its positive nutritional
properties which lead to increased consumption
outside of the Andean region from where it origi-
nates and where consumption was restricted until
the 80s (Jacobsen 2003; Bazile and Baudron 2015).
A recent synthesis of current knowledge showed
the state of the art about the crop covering several
areas of current research (Bazile et al. 2015). Most
of it is focused on nutritional (e.g. Valencia-
Chamorro 2004; Jankurova et al. 2009; Wu 2015)
and physiological aspects, particularly those related
to responses to stress (e.g. Jensen et al. 2000; Geerts
et al. 2008; Jacobsen et al. 2009; Gonzalez et al.
2010; Hariadi et al. 2011; Orsini et al. 2011; Ruiz
Carrazco et al. 2011; Adolf et al. 2012; Cocozza
etal. 2013; Razzaghi etal. 2011, 2012; Biondi et al.
2015; Zurita Silva et al. 2015; Alandia et al. 2016;
Ruiz et al. 2016). Studies related to the molecular
and archaeological aspects of domestication have
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received less attention, partly because questions as
to when and where quinoa was domesticated are
considered as answered by many authors, who
assumed that quinoa was domesticated just once in
the Central Andes from where it became distributed
to the North and South of the region (Gandarillas
1979; Bazile et al. 2013; Martinez et al. 2015).
However, recent available evidence suggests a
more complex picture. In this chapter we will show
what is known about the genetic relations between
quinoa and related species, its genetic structure and
relationships with geographic origin, the antiquity
of quinoa cultivation and the evolution of the
domestication syndrome, what traits were affected
(but not fixed) by domestication and recent
hypotheses about where quinoa was domesticated.

2.2 Quinoa Wild Ancestors
and Relationships with Related
Species

Quinoa (2n = 4x = 36) is an allotetraploid and
there are two processes associated to its origin:
the polyploidization which gave origin to the
tetraploid ancestor of the cultivated form and
related species and domestication. The main
hypotheses about the origin of quinoa were
posed by Hugh Wilson more than 20 years ago
(Wilson 1990): a common tetraploid ancestor of
quinoa and related species originated in North
America from where one of them migrated to
South America. The polyploidization event gave
origin to at least two wild species: Chenopodium
berlandieri Moq. (distributed in North and Cen-
tral America) and Chenopodium hircinum
Schrad. (distributed in the lowlands of South
America), all belonging to subsection Favosa
(former Cellulata) of the Chenopodium genus,
section Chenopodium (Aellen and Just 1943;
Mosyakin and Clements 1996). After that, there
were at least three independent domestication
events: one in North America, giving origin to
Chenopodium berlandieri spp. jonesianum, cur-
rently extint (Smith 2006; Kistler and Shapiro
2011), another in Mexico giving origin to C.
berlandieri spp. nuttalliae (Wilson and Heiser
1979) and a third one in South America giving
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origin to Chenopodium quinoa (Wilson 1990).
This hypothesis arose from morphological stud-
ies combined with interspecific crosses and
allozyme analyses, conforming the first molecu-
lar studies conducted on the species (Wilson
1981, 1988a, b, ¢, 1990; Wilson and Manhart
1993). An alternative hypothesis was posed by
the bolivian researcher Antonio Gandarillas
(Gandarillas 1979), suggesting quinoa arose in
the Andes after a polyploidization event in South
America with Chenopodium pallidicaule (cani-
hua, a diploid domesticate from the high Andes)
as the source of one of the diploid genomes.
There are two sub-genomes in quinoa and
related species: A, originated in the Western
Hemisphere and the B genome present in Eur-
asian diploids and shared with the hexaploid
species Chenopodium album (Jellen et al. 2015).
Based on the DNA sequence of the single-copy
nuclear locus Salt Overly Sensitive 1 (SOSI)
Walsh et al. (2015) constructed a phylogeny of
34 Chenopodium species, with the aim of
exploring the origin of the genomes of polyploid
members of the group and to identify the
potential wild ancestor of domesticated species.
Four clades were identified by the study. These
clades, named A to D include diploid (A), tet-
raploid (A & B) and hexaploid (B, C & D)
species. American tetraploids are represented in
clades A and B, while Eastern Hemisphere hex-
aploids in clades B, C and D. There was high
sequence similarity within these clades, which
lead to difficulties on the resolution of the rela-
tionships among the taxa involved. This was
consistent with a recent divergence, but it also
called into consideration species delimitation, as
these limits are poorly supported by available
data. Chenopodium berlandieri and C. hircinum
were genetically indistinguishable as they also
are from the morphological point of view
(Standley 1917; Aellen 1929). A genetic dis-
tinction between the domesticated C. berlandieri
spp. nuttalliae and C. quinoa was found as a
10 bp indel in SOS1 intron 17 of C. berlandieri
spp. nuttalliae. It was not possible to elucidate
from available data whether or not that means an
independent origin of both species. Before that,
the main support for an independent origin of
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both cultivated species C. quinoa and C. ber-
landieri spp. nuttalliae was provided by Heiser
and Nelson (1974), who found that the white
seed trait is determined by different genes;
hybridization between homozygous white seeded
parents of both species produced black seeded
Fl1.

C. standleyanum Aellen, a North American
diploid, was closely associated to a clade com-
posed of tetraploids, posing it as the best A
genome donor candidate for that lineage. C pal-
lidicaule, the South American cultivated diploid,
is clearly distinct from quinoa and the other tet-
raploid species, rejecting Gandarillas (1979)
hypothesis of that species being the donor of one
of the diploid genomes. Kolano et al. (2016)
conducted a phylogenetic analysis of four plastid
regions, nrlTS and nuclear 5S rDNA spacer
region (NTS) using C. quinoa, C. berlandieri and
several of its diploid relatives. It was found that
the A (American) genome pool involved in these
tetraploids belonged to the maternal species,
while the B genome (Eurasian) to the paternal
line. The studied species with the closest rela-
tionship to the putative paternal species is C.
ficifolium Sm. (B genome), while the maternal
line remains more elusive due to the lower res-
olution of the analysis for the American diploids.
C. standleyanum, C. watsoni A. Nelson and C.
nevadense Standl. are the more likely relatives,
and it was not possible to establish whether C.
berlandieri and C. quinoa have an independent
or shared origin. C. hircinum was represented by
a single accession from Chile in Walsh et al.
(2015) and not included in Kolano’s et al.
(2016), it is probably that more coverage of this
species in future analyses will help solve some of
these unanswered questions. An advance on this
was made by Jarvis et al. (2017) who sequenced
five C. berlandieri and two C. hircinum samples
together with 15 quinoa samples, showing C.
berlandieri placed as a basal member of the
group. The C. hircinum samples located at dif-
ferent positions and the potential meaning of
these results are discussed later as part of the
hypotheses  about  where was  quinoa
domesticated.

2.3 Quinoa Genetic Structure

Quinoa is described as a crop-weed-wild species
complex (Wilson 1990) in which cultivated forms
are found together with weedy ones (usually called
ajaras in the Andes), with partial geographic
overlap with wild forms covering a much wider
geographic range as described for the species C.
hircinum sensu stricto (Wilson 1990). There have
been several attempts to organize its variability
into categories and to study the relationships
between them. One of the first classifications was
done by Hunziker (1943a) who classified culti-
vated quinoa into three varieties: rubescens,
viridiscens and lutescens, based on plant colour
and a black seeded weedy one, melanospermum.
Later, Wilson (1990) included all cultivated qui-
noa as part of C. quinoa spp. quinoa and the black
seeded type as C. quinoa spp. melanospermum.
Gandarillas (1968) distinguished 17 quinoa races
but did not analyse the relationships between
them. Tapia et al. (1980), after studying germ-
plasm from Colombia, Ecuador, Peru, Bolivia and
Chile, proposed variants according to loosely
defined morphological types linked to different
areas of cultivation and named them ecotypes.
These ecotypes were called Valley, Highland,
Salares, Subtropical and Sea Level. The Valley
type is found in the Interandean Valleys between
Colombia and Bolivia, the Highland type in the
Andean plateau between Peru and Bolivia, the
Salares type around the salt lakes in south Bolivia
and the Subtropical type in some humid valleys in
Bolivia. Finally, the Sea Level group is found at
lower altitudes in Central and Southern Chile
(south of its capital Santiago up to 47° S (Tapia
et al. 1980; Wilson 1990)). The allozyme and
morphological analyses conducted by Wilson
(1988a) found a sharp distinction between Sea
Level quinoa and its Andean counterpart, and a
less clear one within the Andes between Northern
and Southern types, but this classification only
partially matched the one established by Tapia. All
Northern Andes quinoas belong to the Valley
ecotype, but it was not possible to distinguish
between the Valley, Highland and Salares eco-
types within the Southern Andes type. Bertero
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et al. (2004) grouped 24 quinoa cultivars into four
genetic groups according to yield variation pat-
terns across environments: Valley, Northern
Highlands, Southern Highland and Sea Level, and
confirmed Wilson’s (1988a) observation of the sea
level type as the most differentiated one. The
Northern and Southern highland groups can be
linked to Tapia’s Highland and Salares ecotypes.
Rojas (2003) studied the phenotypic variability of
a ~ 1500 accessions collection belonging to a
Bolivian collection curated by Fundacion Proinpa
and distinguished seven groups originated in three
environments: mid-altitude valleys, high-altitude
valleys and highlands.

More recent DNA-based molecular studies
conducted at a national or regional level detected
a strong genetic structure. del Castillo et al.
(2007), using RAPD markers, detected three
genetic groups from over an eight population
collection which included cultivated and weedy
quinoa forms in the Bolivian highlands analysed
at the individual plant level. There was no sep-
aration between weedy and cultivated forms and
genetic groups were associated with Northern
and Central Highland, Southern Highlands and
High Altitude Valleys. Individuals clustered
according to their population within each
group. Anabalon Rodriguez and Thomet Isla
(2009) evaluated quinoa from North and Central
Chile using AFLP and morphological descrip-
tors, distinguishing between these two origins
and differentiating those from Central Chile into
two sub-groups: from the coast (Costa) and from
between 330 and 600 m of altitude (Cordillera).
Costa Tartara et al. (2012) studied 35 accessions
from North West Argentina and found variability
structured into 4 genetic groups with a strong
correspondence with eco-geographic regions.
These groups were linked to Dry Highlands, Dry
Valleys, Humid Valleys and a High altitude
Transition Zone between these last two. Costa
Tartara (2014) compared these accessions with
non-Argentinian ones from Colombia to Chile,
detecting genetic and geographical continuity
between her local groups and genotypes coming
from similar environments in the Andes. Thus,
the Highland group was related to quinoas from
South West Bolivia and Northern Chile, the Dry
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Valley one to accessions from similar environ-
ments in the Department of Sucre in Bolivia,
Humid Valleys to the Valley quinoas from Tarija
to Peru, Ecuador and Colombia, while the
Transition group was related to accessions from
around Lake Titicaca in Bolivia and Peru.
Against previous hypotheses connecting NW
Argentina germplasm to Sea Level quinoa
(Christensen et al. 2007), central Chile acces-
sions were not related to any Argentinian genetic
group. A map showing the geographic distribu-
tion of quinoa main genetic groups is shown in
Fig. 2.1. It is based on the ecotypes proposed by
Tapia et al. (1980), is consistent with the genetic
groups proposed by Bertero et al. (2004) and
considers more recent knowledge regarding
North West Argentina (Costa Téartara el al. 2012;
Curti et al. 2012, see inset). The maps also
expand the distribution of Sea Level quinoa to
the Patagonia region in South West Argentina.
The Subtropical quinoa ecotype described by
Tapia is not included in the map, it described one
accession from the Cochabamba region in Boli-
via and is currently reported as lost (M. Tapia,
personal communication).

2.4 Where and When

Domestication Occurred
2.4.1 Geographic Patterns
of Variation in Genetic
Variability

“By consensus, all scientist who have conducted
morphological, genetic and systematic studies
consider that quinoa originates in the Andes of
Peru and Bolivia” (Rojas and Pinto 2015). Nar-
rowing the geographic range, Gandarillas (1979)
proposed the area of quinoa domestication to be
located in the region between Cuzco (Peru) and
Oruro (Bolivia). What was the basis for this
assertion? One is that the Central Andes is the
main center of origin of domesticated plants in
South America (Vavilov 1992). A second factor
was the assumption that this area is the one with
the highest diversity of wild and cultivated qui-
noa populations (Gandarillas 1979).
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Fig. 2.1 (Map). Geographical distribution of extant
quinoa genetic groups. From North to South these are:
Valley (diagonal lines), Northern Highlands (dark grey),
Southern Highlands (light grey) and Sea Level (crossed
lines). The geographical distribution of three of these
genetic groups in Northwest Argentina is shown in the
inset. A difference with previous maps is that only
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Southern Highlands quinoa were supposed to be found in
North West Argentina, and that quinoa is also reported for
the first time in Argentinean Patagonia. The denomination
of Northern and Southern Highland quinoas is used
instead of Highland and Salares (Tapia et al. 1980)
because the Southern Highland group is distributed in an
area bigger than that of the Salares of South Bolivia



Considering the geographic patterns of variation
in diversity the earliest references speak of it in
terms of phenotypic diversity and more specifically
that related to the more conspicuous traits like
branching, plant and panicle colour, panicle type
and compactness, seed size and colour. These ref-
erences were many times anecdotal and not sup-
ported by quantitative data, based on a few directly
observed traits and not necessarily correlated with
similar genetic variation. Gandarillas (1979) for
example, supported his assertion on the basis of the
number of races found in a given area. The number
of collected germplasm accessions by region (e.g.
Rojas et al. 2015) can be used as a proxy of
diversity but it is a poor one if not followed by an
evaluation of the underlying variation. A more
systematic analysis was that of Wilson 1981, 1988a,
b, ¢) who used allozyme markers. One of the first
observations done by Wilson was that besides seeds
colour, it is not possible to genetically discriminate
between cultivated quinoa and ajaras (weedy forms),
in fact a higher similarity was found between cul-
tivated and weedy populations of the same region
(evidence of recurrent introgression between both
types) than between cultivated forms of different
regions (Wilson 1990 and references therein). Wil-
son detected a higher degree of allozyme elec-
trophoretic variation within the Southern Andes
complex consistent with the notion of this area as
the one with the highest diversity. Diversity was
lower in the Northern Andes group (Interandean
Valleys from Peru to Colombia) and also in the Sea
Level (Chilean) one. This supported the hypothesis
of diffusion from the Central Andes. A high degree
of homogeneity (allozyme monomorphism) was
detected in comparison with C. hircinum from the
Argentinian lowlands (Wilson 1990). The analysis
by del Castillo et al. (2007) of eight Bolivian pop-
ulations using RAPD markers detected a higher
degree of polymorphism within populations than
Wilson’s studies, but there were no differences in
diversity between the sampled ecoregions. Chris-
tensen et al. (2007) exploring a wide range of geo-
graphic origins using microsatellite markers also
detected an important degree of heterozygosity (all
microsatellite markers utilized were polymorphic
and 69% highly polymorphic when using
heterozygosity (H) values higher than 0.7 as a
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threshold for high polymorphism). Variation was
structured into two big genetic groups (Andean and
Lowland), with higher levels of diversity in the
Andean group. Within the Andean group, diversity
(expressed as the average number of alleles per
locus) was higher for Bolivian and Peruvian acces-
sions and lower for Equatorian and Argentinian
accessions, supporting the notion of higher diversity
in the Central Andes. However, these values could
be biased by the lower number of accessions used
from the last two countries. Fuentes et al. (2009)
compared accessions from the North (Andean) and
South (Sea Level) of Chile using SSR markers, and
found a higher diversity in Sea Level accessions.
Similar number of accessions were used for each
origin. Their results question the notion of the Sea
Level quinoa genetic group as one of lower diver-
sity. Spontaneous crossings between quinoa and
Chenopodium hircinum or Chenopodium album
was posed as an explanation for that diversity. In the
analysis of Northwest Argentina germplasm per-
formed by Costa Tartara et al. (2012) a geographic
pattern of variation in diversity was also found, with
higher diversity in accessions from the Dry High-
lands and Dry Valleys than in the Eastern Valleys
and Humid Highlands. It was hypothesized that the
lower level of diversity in these latter groups was
caused by a founder effect related to geographic
isolation. In her comparison of Argentinian and non-
Argentinian germplasm (Costa Tartara 2014) it was
found that around 2/3rd of total genetic variation
was found in the Argentinian accessions, and the
proportion was even higher when Sea Level acces-
sions were excluded from the analysis.

All these analyses, including either national or
regional samples, suggest that a more systematic
(including a higher number of accession but,
more important, higher geographic coverage)
evaluation of the patterns of genetic variation in
quinoa is needed before reaching a conclusion
about how it is distributed. SSR and ISSR
markers were used to characterize ~86% of the
Bolivian National quinoa germplasm collection
(Rojas and Pinto 2015). This one is the biggest
quinoa collection including ~3200 accessions
from all the countries where quinoa is tradition-
ally cultivated. Their report provides information
about the range of variation in the number of
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alleles per locus, but nothing about the geo-
graphic distribution of variation.

2.4.2 Archaeological Evidence

Evidence of the use of Chenopodium seeds by
hunter-gatherer’s societies since thousands of
years ago is abundant in the Andes from Peru to
Central Chile and North West Argentina, as is
shown in a recent review of archaeological find-
ings in quinoa (Planella et al. 2015). Seeds
showing traits related to domestication appear on
the archaeological records ~3000 BC in Junin,
Peru (Pearsall 2008). For Bolivia, the oldest
findings are from Chiripa near Lake Titicaca
dated at 1500 BC (Bruno 2008; Langlie 2008;
Whitehead 2007) and 1300 BC at La Barca site in
the Central highlands (Langlie et al. 2011). In
Argentina, findings from Pampa Grande, in the
Northwestern Salta province, are dated at 500-
700 AD (Hunziker 1943b) and the oldest findings
originated at the central provinces of Mendoza
and San Juan close to the Chilean border and
dated ~390 BC for Mendoza (Lagiglia 2001)
and 300 BC for San Juan (Burrieza et al. 2016).
Indirect evidence of quinoa use was provided
from quinoa-like stems, phytoliths and starch
grains associated to grinding stones found in
domestic contexts in the highlands of Catamarca,
North West Argentina (Babot 2011; Planella et al.
2015). Finally, seeds from the northern coast of
Chile are dated between 1600 and 600 BC at the
Chomache 1 site (Nufiez 1986), while for Central
Chile seeds showing some degree of human
manipulation have been dated between ~ 3400
BP (Planella et al. 2011) and 2960 BP (Planella
et al. 2005). These ancient seeds from Central
Chile are very small ones and were found in
places where agriculture was unlikely, and bigger
ones with clear domesticate type traits appear in
agricultural contexts later, between 1000 and
1500 BP (Planella and Tagle 2004).

Although there are reports of quinoa seeds
being found in contexts dated 5500-6000 BC in
Northern Peru (Dillehay et al. 2007), available
uncontested evidence suggests that the domesti-
cation process was ongoing before 3000 BC and
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that the crop had already reached most of its
current distribution around the beginning of the
Common Era (Planella et al. 2015). All this
evidence supports the notion that domestication
occurred somewhere in the central Andes but
does not clarify whether it was a single event or a
more diffuse process within a larger area.
Available evidence suggests the second. In a
study conducted by Maria Bruno (2008) changes
in seed size and morphology were followed at the
Chiripa archaeological site near Lake Titicaca in
Bolivia, starting 1500 years BC. A few hundred
km south, half way between Lake Titicaca and
Lake Poopo, Langlie et al. (2011) found evidence
of an ongoing domestication process dated
around 1300 BC. It involved a morphological
type which was clearly different from that studied
by Bruno. Some of the samples were similar to
the other Andean Chenopodium domesticate
canihua (Chenopodium pallidicaule) but it seems
that different sets of Chenopodium populations
were being domesticated at that time.

Further away, south of the Central Andes, the
team of Planella (Planella et al. 2005, 2011) found
Chenopodium seeds, determined as belonging to
Chenopodium quinoa, which were slightly bigger
(1 to 1,5 mm width) than the wild species C.
hircinum and with truncate margins, a trait related
to quinoa domestication. This suggests that some
populations could have been under selection at the
time of the transition to agricultural societies in the
area. Because the area of the location of the find-
ing was not suited for cultivation the authors
speculated that they could be connected by
exchanges with the current province of Mendoza,
Argentina, where fully domesticated (albeit
small) quinoa seeds were found a few centuries
later (Lagiglia 2001). This is interesting, as it
suggests that quinoa could have been indepen-
dently domesticated in Chile, though the taxo-
nomic identity awaits confirmation and these are
the only findings in the region. Sea level quinoa
lacks some traits (floury perisperm, amaranthi-
form panicles) found in Andean populations
leading Wilson (1990) to speculate that they rep-
resent an archaic form of quinoa which migrated
to the area early after domestication. It is also
possible however that they are the result of an
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independent domestication process. Sea Level and
Andean populations appear as genetically differ-
entiated in all genetic analyses starting with Wil-
son’s (1981, 1988a, b, c) use of allozyme markers
and confirmed by more recent analysis (Mason
et al. 2005; Christensen et al. 2007; Fuentes et al.
2009). Findings of synapomorphic polymorphism
at the NOR intergenic spacer (IGS) separating
Andean and Chilean germplasm pools indicate an
early differentiation (Maughan et al. 2006). This
kind of analysis requires the inclusion of Cheno-
podium hircinum samples in order to distinguish
whether that differentiation occurred before or
after domestication. This was done by Jarvis et al.
(2017) who found a C. hircinum accession from
Chile which is basal to Chilean samples but not to
Andean ones, supporting the notion of (at least)
two independent domestication events.

2.5 Traits Affected
by Domestication

The domestication syndrome is the set of traits
shared by many different cultivated species
which have been modified as a result of selection
under cultivation (Gepts 2010). The list includes
lack of seed shattering and dormancy reduction
as the most important components, plus a more
compact growth habit (reduced branching),
higher harvest indices (% biomass partitioning to
grains) and bigger harvested organs (tubers,
roots, seeds or fruits). These traits have been
evaluated partially in quinoa by comparing
domesticated with wild forms or weedy ones.
Root growth was compared between quinoa and
Chenopodium hircinum and some of the differ-
ences could be linked to domestication. “Aes-
thetic selection” is analysed as the high degree of
variation in colour and plant form observed in
quinoa seems to reflect concerns beyond those
required to grow a crop. Finally, genetic varia-
tion for duration of development and its plasticity
facilitated the geographic expansion of quinoa
and its adaptation to contrasting environments
(Bertero 2003). Section 2.5.6 is devoted to
describe the type of environmental responses
which allowed this adaptation.
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2,5.1 Seed Size and Morphology
Changes in seed size and morphology were stud-
ied by Maria Bruno (2005a, b; Bruno and
Whitehead 2003) at the Chiripa archaeological
site on the Southern border of the Titicaca lake in
Bolivia and encompassing the 1500 BC-100 AD
period. Her comparisons included both cultivated
and weedy (C. quinoa spp. melanospermum)
forms of quinoa, plus other local Chenopodium
species. Changes in seed size (as maximum seed
diameter), testa thickness (the episperm, also
named coat), coat texture, pericarp patterning and
seed margin configuration were analysed. Quinoa
seeds (strictly speaking a fruit, as it includes the
pericarp, a maternal tissue) are made of a series of
layers from the outside to the inside: pericarp,
episperm and the embryo plus perisperm (where
starch reserves are accumulated). The pericarp is
made of two cell layers, the outer one being large
and papillose. The episperm or seed coat has two
cell layers from the outside to the inside: the
exotesta and the endotegmen. The endosperm is
present only in the micropylar region and sur-
rounds the hypocotyl-radicle axis (Prego et al.
1998). The range of colours varies from cream to
purple for the pericarp and from translucent to
black for the episperm (Bioversity International
2013). The perisperm can be either vitreous (semi-
translucent) or opaque (floury). Seed coats have
smooth to slightly undulating surfaces and peri-
carps have a reticulate morphology in both quinoa
forms which helps to distinguish them from other
Chenopodium species found in the studied area.
Four types of seed margin configurations were
found: biconvex, equatorially banded, rounded
and truncate (Bruno and Whitehead 2003). All
modern quinoa have truncate margins. The flat
cotyledons of the embryo create a truncate margin
and in seeds with reduced episperm thickness the
fruit morphology is influenced by structural fea-
tures of the embryo (Bruno 2005b).

Temporal patterns of change in seed size were
not clear and did not allow to distinguish
between cultivated and weedy forms, but chan-
ges in the relative testa (episperm) thickness, the
ratio of testa width to maximum seed diameter,
distinguished both ancient from modern quinoa
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Fig. 2.2 Wild (left photo) versus domesticated (right
photo) quinoa seeds. Wild seeds (Chenopodium quinoa
spp. melanospermum) are black or dark with reticulate-

and wild from domesticated ones, with lower
values in modern and domesticated seeds. Seed
morphology was also different; all modern
domesticated seeds had truncate margins, while
weedy seeds were either biconvex, equatorially
banded or rounded. Other changes distinguish
domesticated from weedy forms; seed coat is
smooth in domesticated and reticulate alveolate
in weedy ones (Fig. 2.2). Changes in absolute
testa width values were significant besides those
in its relative value, it ranged from 1 to 20
microns in cultivated forms and from 22 to 51
microns in weedy ones (Bruno and Whitehead
2003). Changes in testa width have been attrib-
uted to selection for a more even germination
(arising from reduced seed dormancy), but this
interpretation was somehow challenged by recent
findings. An analysis of the impact of changes in
testa width conducted on two potential sources of
pre-harvest sprouting resistance, which requires
some degree of dormancy at maturity, showed
dormancy to be related to testa width in one of
the genotypes and not in the second, which
originated from the humid island of Chiloe in
southern Chile (Ceccato et al. 2015). That
genotype exhibited a high dormancy at any
sowing date tested with a reduced range (17 to 20
microns) of variation in testa width and changes
in dormancy were related to sensitivity to the
hormone abscisic acid (ABA) (Ceccato 2011).

alveolate coats (pericarp) while domesticated seed can
show a range of colours with smooth coats. Photo by R.
Curti

In summary, domestication produced a range
of variants in quinoa seed traits which distin-
guishes it from its weedy counterparts. All mod-
ern seed have truncate margins, and overlapping
sizes with weedy forms. Seed coats are smooth
and thinner (some Bolivian highland seeds have
very thin coats, within a few microns range). Seed
colour can also vary as detailed in the species
descriptors (Bioversity International 2013), most
are white or with pale while only few are black.
One limitation of Bruno’s analysis is that both
cultivated and weedy forms studied are co-
evolving units (with some degree of mutual
crossing) arising from natural or human selection
in an agricultural context. Chenopodium hircinum
was not included in that analysis and a similar
detailed study of variation in seed traits in this
putative quinoa ancestor is still needed.

2.5.2 Starch Forms

Perisperm (the reserve tissue in Chenopodium) is
translucent (vitreous) in wild quinoa and many
domesticated forms have floury perisperm. The
floury perisperm is found only in Andean forms
and absent in Sea Level ones. The main com-
ponent of quinoa perisperm and hence determi-
nant of perisperm appearance is starch, and a
particular trait of it is its high proportion of
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amylopectin (Li and Zhu 2018). Differences
between vitreous and floury perisperm could
arise from the degree or starch crystallinity,
which is related to starch chemical structure and
composition (Li and Zhu 2018).

2,5.3 Seed Shattering

Seed shattering is a common trait of all C. hir-
cinum populations studied so far (unpublished
data). On the other hand, domesticated quinoa is
able to retain their seeds until harvest although
some populations seem to lose their seeds easily,
for example, populations of quinoa Real grown
in the Southern Bolivia highlands (R. Joffre,
personal communication).

2.5.4 Plant Architecture

Wild C. hircinum plants have a highly branched
growth habit, loose and non-terminal panicles.
Plants with reduced branching, terminal and
compact inflorescences are found in domesti-
cated forms, but this is far from being a universal
trait, and that is expressed in the variants inclu-
ded as part of the quinoa descriptors (Bioversity
International 2013) (Fig. 2.3). Branching varies
from non-branched to basal branches resembling
cereal’s tillers and panicles can be compact or
lax, and terminal to diffuse. One important pan-
icle trait differentiating wild from domesticated
quinoa is panicle type. Wild quinoa, those from
the Sea Level type and many from the Central
Andes have glomerulate panicles, where glo-
meruli (short branches bearing a group of flowers
or grains) are supported by third-order branch
axes, while amaranthiform inflorescences having
glomeruli supported by second-order branches
(Bertero et al. 1996) are found only in domesti-
cated types from the Andes (Wilson 1990).

2.5.5 Roots

Root morphology and growth under contrasting
conditions of water availability were studied for
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quinoa and Chenopodium hircinum grown in
rhizotrons by Alvarez-Flores et al. (2014a, b,
2018). Quinoa samples consisted of two popula-
tions from contrasting habitats, one from a low
altitude, humid environment in Southern Chile
(38° 56" S) and a second from a very dry, high
altitude environment in Southern Bolivia (19° 51’
S), the main quinoa production area in that
country. The agricultural system in southern
Bolivia relies for initial plant growth on water
stored on deeper soil layers during a previous
fallow period which encompasses a whole rainy
season in a biennial cycle (Joffre and Acho 2008).
In this system fast growth after germination
through a dry layer facilitates access to water
stored deeper in the soil. The Chenopodium hir-
cinum sample came from a less dry environment
in the northern Bolivian highlands. The quinoa
population from southern Bolivia differed from
both the Chilean and C. hircinum population by a
faster root growth (Alvarez-Flores et al. 2014a)
and a larger root length per unit soil layer at the
deepest depth explored (Alvarez Flores et al.
2014b) and with a more even root length density
distribution between layers. Root profiles were
similar for both quinoa populations in the upper
layers and with higher proliferation than that of C.
hircinum (Alvarez-Flores et al. 2014b). However
differences between the Chilean quinoa and C.
hircinum were smaller than between both of them
and the population from southern Bolivia. When
these three populations were compared under
contrasting conditions of water availability, both
quinoa lines exhibited accelerated taproot growth
in dry soils compared with an irrigated control and
a higher plasticity in root development (and the
lowest growth reduction when experienced) in the
Bolivian accession (Alvarez-Flores et al. 2018).
The fact that some traits (i.e. root proliferation) are
higher in quinoa than in C. hircinum even when
comparing a humid origin quinoa with a semiarid
origin C. hircinum suggest that domestication was
linked to changes in root traits, but the traits found
in quinoa from south Bolivia could be related to
adaptations to a drier environment not necessarily
connected with domestication, and generaliza-
tions from these data are restricted by the low
number of populations involved. A relationship
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Fig. 2.3 Contrast in plant morphology between wild
(Chenopodium hircinum, left photo) and domesticated
(Chenopodium quinoa, right photo) plants. C. hircinum
plants can be highly branched with a diffuse inflorescence

between seed size and initial growth was found,
similar to that found in other species (Richards
et al. 2007) which led the authors to speculate that
selection for bigger seeds by farmers could have
been involved in the adaptation of quinoa to these
dry environments (Alvarez-Flores et al. 2014b).

2.5.6 Climate Adaptation

Contemporary quinoa is adapted to a very wide
range of environments and this required changes
in sensitivity of phenological development to
environmental factors in order to fit the crop cycle
within the restrictions imposed by the growing
season. These environments imposed gradients of
aridity, for example, North to South in the Boli-
vian highlands from lake Titicaca to the Lipez
region near the border with Argentina and Chile
(Geerts et al. 2006), or South to North gradients in
Sea level environments of Chile from Chiloe to
the VI region near Santiago de Chile. Gradients of
altitude are also evident in the transition from

while C. quinoa plants can show compact and terminal
inflorescences, but this is not an universal trait in quinoa
plants. Photos by D. Jarvis and R. Curti

valleys to highlands in Peru, Bolivia and North-
west Argentina (Curti et al. 2016). All quinoa
cultivars behave as short day plants at least for
some phenological phases, accelerating develop-
ment when exposed to short days, and duration of
development is also significantly affected by
temperature (Bertero et al. 1999a). There is no
evidence of a vernalization requirement. An
additional factor, at least in one Bolivian variety
is water deficit. Time to anthesis can be signifi-
cantly delayed by water deficits before that stage,
while maturity can be accelerated by a post-
anthesis water deficit (Geerts et al. 2008).

The association between both photoperiod
sensitivity of time to flowering or the minimal
duration to flowering (measured under short
days) with the latitude of origin of different
cultivars was evaluated for the Andean region.
Within that region, an increase in latitude is
linked to lower temperatures and precipitation
during the growing season. Both photoperiod
sensitivity and minimal duration to flowering
decreased with increasing latitudes (Bertero



24

2003). In a narrower geographic range, envi-
ronmental patterns of variation are associated to
changes in altitude of origin in Northwest
Argentina, where higher altitudes are associated
with lower temperatures and precipitation. Qui-
noa adaptation to these environments is expres-
sed as a strong negative relationship between
time to flowering and altitude (Curti et al. 2016),
and this variation was related to a reduction in
photoperiod sensitivity the higher the altitude of
origin. How this variation arose, either as natural
of human selection from an original genepool or
by crossing with adapted wild populations in
each new environment, is still unknown.

One particularity of quinoa, shared with other
species like soybean, is its prolonged photope-
riod sensitivity (Sivori 1945; Bertero et al.
1999b). All Andean varieties studied so far have
a short day requirement for seed filling (Bertero
et al. 1999b; Christiansen et al. 2010). This can
be adaptive in the tropical Andean highlands
short days, accelerating development at the end
of the summer, but results in a complete inhibi-
tion of seed growth when varieties from this
region are grown at higher latitudes (Bertero
et al. 2004), particularly when combined with
high temperatures (Bertero et al. 1999b). Sea
Level quinoa differs in this trait. These popula-
tions are traditionally grown under longer pho-
toperiods during summer linked to higher
latitudes (~32 to 47°S) and they can exhibit
some photoperiod sensitivity during seed filling
(Christiansen et al. 2010) but that is never fol-
lowed by the inhibition of seed growth which is a
key difference with Andean accessions, allowing
these plants to be grown in temperate climates.

2.5.7 Aesthetic Selection

It can be thought that selection for beauty is part
of the work of those dealing with ornamental
plants while edible plants are selected for prac-
tical (functional) traits. In fact, several crops, like
rice, wheat or barley are very similar in terms of
plant, seed or spike/panicle colour. The high-
lands in Peru and Bolivia, and many of the towns
within it, can look monotonous to the foreign
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observer. But a pretty different landscape appears
when faced with quinoa fields. Viewed from the
distance, a patchwork of green, yellow, red or
purple fields face the visitor (Winkel 2013). At a
closer look, these differences are expressed in
terms of leaves, stems, panicles and seed colours.
That variation is found in Andean quinoa while
sea level types are more homogeneous, with a
few red plants and the majority of them plain
green. Chenopodium hircinum leaves are homo-
geneously green, plants can have green or red
stems and very little variation is observed in
panicle colour. Seeds are systematically black.
When going to markets, this variation in colour is
also found for corn, potatoes, oca (Oxalis
tuberosa), ulluco (Ullucus tuberosus) and other
Andean tuber crops.

What does this variation mean? For a start, it
is clearly a domesticated trait not found (or not
expressed) in wild plants. Though there can be
some influence of natural selection (some
researchers claim to see a link between red stems
and cold tolerance) there is clearly a deliberate
human selection. Quinoa colour is determined by
pigments called betaxanthins and betacyanins
and the co-existence of both pigments generates
different shades that could be used to fit specific
colour requirements of products for the pharma-
ceutical, cosmetic or food industries (Escribano
et al. 2017). Anthropologist can look for con-
nections between this selection and other sym-
bolic aspects of the Andean civilization but, if
asked for an opinion, we prefer to think that this
was done for the mere search and enjoyment of
beauty.

2.,5.8 Saponin Content

Saponins are triterpenoid glucoside compounds
found in many species and present in the pericarp of
quinoa seeds which confer a bitter taste to them,
requiring seeds to be washed thoroughly before
cooking or its removal as part of post-harvest pro-
cessing (Koziol 1991; Mizui et al. 1988, 1990).
Varieties are classified as bitter or sweet according
to their taste and taste is determined by variation in
saponin content. Saponin content is a quantitative
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trait, although a locus for a major gene has also
been identified, where genotypes with a recessive
allele of the Sp gene have no detectable saponin
content (Ward 2000). Small seeded varieties with
low saponin content were identified in the Lake
Titicaca region in Bolivia and Peru and included in
a breeding program to produce a big seed, low
saponin content cultivar baptized Sajama decades
ago (Gandarillas and Tapia 1976). This variety was
aimed at eliminating or significantly reducing the
cost of quinoa processing. When released to
farmers, acceptance was low as they found these
crops to be highly susceptible to bird attack.
Breeding for low saponin content seeds was stop-
ped in the highlands, and some of the cultivars
released more recently are bitter ones (Proinpa
2003). As a consequence, all quinoa grown in
Bolivia is subject to post-harvest processing for
saponin removal. A different strategy was followed
by some European based breeding programs, in
which some low saponin content cultivars were
released  (https://www.wur.nl/en/article/Quinoa-
cultivation-in-the-Netherlands.htm).

Although there are no available comparisons
for saponin content between domesticated and
wild quinoa there is no evidence that it was one
of the traits affected by domestication, in fact
farmers appear to prefer to bear the burden of
manual saponin removal (a tedious work before
its automatization) to the risk of crop loss to birds
(Lopez et al. 2011). The Mexican domesticate
Chenopodium berlandieri spp nuttalliae has a
much lower saponin content than quinoa and is
not processed to remove saponins before cooking
(Barron-Yatfiez et al. 2009) but we cannot assume
that this is the result of human selection or of the
lack of variation for the trait in the original gene
pool of that crop.

2.6 Geographical Distribution
of the Domestication
Syndrome. An Example in North
West Argentina

The domestication syndrome does not seem to be
evenly distributed among regions where quinoa is
cultivated. For example, genotypes from the
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Central Highlands in Bolivia tend to have more
compact inflorescences, bigger grains and shorter
plants with reduced branching. But this could be
the reflection of recent selection by modern
breeders and not the result of long term human
selection before that. An analysis of seeds col-
lected from farmers in a region not exposed to
modern breeding techniques could shed light on
whether there are, or not, differences in which
traits have been selected by farmers. We have
been able to do this on a recently characterized
germplasm collection from North West Argentina.
Systematic collections were done in 2006 and
2007, and only after that, the Argentinian National
Institute of Agriculture Technology (INTA) began
a breeding program using these resources. As
described earlier in this chapter, four genetic
groups were detected based on phenotypic and
genotypic characterizations (Costa Téartara et al.
2012; Curti et al. 2012) reflecting landscape eco-
geographic structure. These groups were named
from West to East as: Highland, Dry Valleys,
Transition Zone and Humid Valleys. This reflects
gradients of precipitation (higher to the East) and
altitude (higher to the West, save for the Transi-
tion Zone separating Dry East from humid West
Valleys and where some accessions were col-
lected at ~4000 masl). The biggest contrast
appears when comparing accessions from the
geographic extremes of the distribution. Those
from the highlands have shorter lifecycles, com-
pact glomerulate or amaranthiform panicles
clearly differentiated from the rest of the plant,
reduced branching and big grains. Those from the
Eastern Valleys show longer cycle lengths and
taller plants, with longer panicles not clearly dif-
ferentiated from the rest of the plant, almost all of
the glomerulate type, plus strongly branched
growth habit and smaller seeds (Curti et al. 2012).
Another important difference is found in peri-
sperm type, floury in the highlands and vitreous
(ancestral) in the Eastern Valleys. Although some
of the differentiating traits can be explained by
climate adaptation like cycle length (Curti et al.
2016) and to some point the degree of ramifica-
tion, others suggest a differentiated human selec-
tion trajectory. These traits are panicle type and
compactness, perisperm type and seed size, being
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the Highlands the environment where most
derived traits (amaranthiform inflorescence and
floury perisperm) are found. Another significant
aspect relates to harvest index and seed colour;
some accessions from the Transition zone have
very low harvest indices, but that was also found
in some from the Highlands, which differed from
the general pattern for that group. Even more,
those from the Highlands with low harvest indices
also exhibited a mix of black and white seeds.
When asked about the use of these materials,
farmers answered that they were used to make
“Llipta”. Llipta is a mass formed by quinoa stems
ash, which is said to enhance the extraction of
alkaloids of the coca (Erithroxilum coca) leaves.
Consumption of quinoa seeds was very low in
Northwest Argentina up until few years ago and
there is a chance that its use in coca consumption
contributed to its conservation there (Costa Tar-
tara et al. 2015), but at least in some cases
selection for white seeds and higher yields was
abandoned. There is abundant evidence of genetic
exchanges between quinoa and its companion
weed (Wilson 1990; del Castillo et al. 2007,
Gonzalez Marin 2009) and selection against black
seeds was part of the domestication process
(Bruno and Whitehead 2003), a common practice
by commercial farmers today.

All this shows that the domestication syndrome
is far from being an evenly distributed trait and not
at all the result of a directional trajectory from wild
to fully domesticated forms. The lack of genetic
barriers between cultivated, weed and wild forms
is the main limitation to the fixation of domesti-
cation alleles. A more complicated question to
answer is: if the domestication syndrome is
unevenly distributed, how did this difference
originate? The Humid Valleys from Argentina are
separated by the Eastern Andean Mountain Range
from the Highlands and Dry Valleys and they lack
some of the more “advanced traits” but they are far
from isolated. In fact, a branch of the main Inca
Road (the Capac Nam), goes through the Eastern
Argentinian Andes, confirming its ancient con-
nection to the main hubs of the Andean civiliza-
tion and there is evidence of the presence of
mitmakquna (populations relocated by the Incas
for political and/or economic purposes) at this
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border of the Inca Empire (Oliveto and Ventura
2009). Network exchanges between valleys are
still active or were active until recently (Hilgert
1999). This contrasts with the high degree of
differentiation of the genetic groups detected
(Costa Tartara et al. 2012). Some climatic factors
limit the dispersal of some genotypes beyond their
ecoregion. As an example, fungal diseases make it
impossible to grow Highland origin quinoa in the
Humid Valleys (Curti et al. 2014). If traits like the
floury perisperm or amaranthiform inflorescence
evolved in the highlands, its diffusion to more
humid environments would have been strongly
restricted. Tracking the geographic dispersal of
allelic variants for agronomic factors can be a
fascinating task but, for a more thorough under-
standing of its causes, the help of archaeologists
and anthropologists would be mandatory.

2.7 Concluding Remarks and Some
Topics for Research

Quinoa can be considered a semi-domesticated
species based on the traits analysed so far. Popu-
lations with some advanced traits like reduced
branching, big seeds with reduced dormancy and
high harvest index coexist with populations with a
high degree of branching, seed shattering and low
harvest indices. This is further complicated by the
lack of a genetic barrier between cultivated, wild
and weedy forms, demanding a continuous effort
to remove black seeded plants from agriculture
fields. On the other hand introgression of genes
from wild plants could have contributed to quinoa
adaptation to new environments, increasing its
genetic diversity during crop expansion. As for
the geography of domestication, the hypothesis of
domestication in the Central Andes finds support
in available data, but recent findings suggest at
least one additional domestication could have
taken place in central Chile. Studies including a
wide geographic range are needed in order to
confirm where quinoa domestication took place.
Chenopodium domestication archaeologists
used relative testa thickness as a demarcation
criteria to distinguish domesticate from wild
forms, and interpreted changes in testa thickness
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as the consequence of selection for reduced
dormancy (Gremillion 1993; Bruno 2005a, b).
Most modern quinoa seeds have thin testas and
experiments confirmed an association between
testa width and dormancy (Ceccato et al. 2015)
but this association is not universal as the same
authors detected an accession for which changes
in seed dormancy were not related to environ-
mentally induced changes in testa width but to
sensitivity to hormones (Ceccato 2011).
Although this does not reject the hypothesis of
reduced testas as a consequence of selection for
more even germination, it shows that other fac-
tors (in this case sensitivity to the germination
inhibitor abscisic acid) can affect dormancy in
quinoa. An alternative hypothesis could be con-
sidered. Thick testas pose a restriction to seed
expansion and increases in seed size could have
been linked to reduction in testa thickness. Some
preliminary observations suggest that quinoas
with thick testas also have small seeds (e.g.
accession Chadmo, Ceccato et al. 2015) and this
hypothesis could be tested on modern varieties.

Some traits haven't been evaluated yet for their
difference between cultivated and wild populations.
This includes plant leaf area, leaf photosynthetic
rate and partitioning of vegetative growth. Alvarez
et al. (2014a) found no changes in the relative
proportions of leaf, stem and root biomass. Only
the proportion of secondary branches biomass was
higher in wild plants. Some preliminary observa-
tions on C. hircinum accessions indicate that
growth before flowering is very similar between
both quinoa and hircinum species. Branch growth
starts after the beginning of anthesis in C. hircinum.

In conclusion, research on quinoa domestication
is still incipient and focused mostly on seed traits in
the case of archaeological studies. Approaches to
the subject from the fields of crop (ej. Alvarez-
Flores et al. 2018) or seed (Ceccato et al. 2015 and
see discussion of their results in Langlie 2019)
physiology are enriching the discussion about
quinoa domestication. Molecular studies (e.g.
Maughan et al. 2006; Jarvis et al. 2017) are pro-
viding some new hypothesis about the way
domestication took place and molecular tools have
been applied to the study of ancient genetic vari-
ability in quinoa (Babot et al. 2015). It is expected
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that these transdisciplinary approaches will help
answer some of the questions raised in this chapter.
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Abstract

Pitseed goosefoot, Chenopodium berlandieri
Mogq., is a widespread allotetraploid weed
having 2n = 4x =36 (AABB subgenomes)
found throughout North America from Mex-
ico to Alaska. It is a critical genetic resource
for adaptive improvement of its South Amer-
ican cousin and descendant, quinoa (C. quinoa
Willd.). It has also been important in its own
right at various times throughout history and
prehistory, having been domesticated at least
twice in the Americas north of the Isthmus of
Panama. Botanically, C. berlandieri belongs
to Section Chenopodium Subsection Cellulata
along with its allotetraploid allies C. quinoa,
weedy South American C. hircinum Schrad.,
and a complex of putative A-genome diploids
concentrated in the semiarid southwestern
region of North America. This chapter reviews
the botanical and ecological context of C.
berlandieri and its potential as a genetic
resource for improving quinoa.
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3.1 Introduction

Pitseed goosefoot, Chenopodium berlandieri
Mogq., is an allotetraploid with 2n = 4x = 36
(AABB sub-genomes). It is the North American
free-living member of a New World allote-
traploid goosefoot complex that includes culti-
vated North  American C.  berlandieri
subsp. nuttaliae (Safford) Wilson & Heiser;
South American cultivated C. quinoa Willd.; and
free-living South American ecotypes C. hircinum
Schrad. and C. quinoa subsp. milleanum (Aellen)
Aellen or var. melanospermum Hunziker (Wilson
1990; Wilson and Manhart 1993). The distin-
guishing taxonomic characteristic of this species
complex is the fruit, consisting of an achene with
rounded margins, adhering alveolate pericarp
with a honeycombed pattern, and underlying
pitted testa. The thick black testa differentiates
pitseed goosefoot from its domesticated relatives,
which possess a thinner testa that is usually of
lighter color. The thick testa in the free-living
chenopods inhibits water uptake, thus providing
for a reservoir of dormant seed in the soil and
accounting for their germination in the wake of
human and natural influences that disturb the soil
sufficiently to scarify them.

Pitseed goosefoot is of increasing interest as a
genetic resource for improving quinoa’s adapta-
tion to low-elevation production environments
(Jellen et al. 2019). Quinoa was selected under
domestication in high-elevation environments
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(>3000 masl) in the absence of heat stress and
with pressure from a narrow spectrum of pests
and pathogens due to the extreme altitude.
Coastal quinoa, though selected and produced
near sea level in a Mediterranean climate zone,
was nonetheless relatively isolated from patho-
gens and pests of the outside world by the
extreme aridity of the Atacama Desert to the
north, by the Andean Cordillera and Patagonian
Desert to the east, and fronted by the vast
expanse of the South Pacific to the west. In
contrast, pitseed goosefoot evolved throughout
North America, with diverse ecotypes adapted to
lowland, highland, subtropical, temperate, and
desert environments.

3.1.1 Ecological Context

of C. berlandieri

The free-living forms of tetraploid C. berlandieri
have been subdivided into five North American
botanical varieties, ignoring uncharacterized
natural variation south of the Rio Grande River,
in the online Flora of North America (1993+). Of
these varieties or ecotypes, var. zschackei (Murr)
Murr ex Graebner is widespread throughout
North America; var. sinuatum (Murr) Wahl is
found in the semi-arid Southwest; var. boscia-
num (Moq.) Wahl is native to the northern Gulf
of Mexico Coast; var. macrocalycium (Aellen)
Cronquist is from the Atlantic Coast; and var.
berlandieri is found in interior South Texas.
Although Flora of North America (1993+) clas-
sified a sixth botanical variety, bushianum (Ael-
len) Cronquist, mounting evidence indicates that
this is a separate biological entity, C. bushianum
Aellen, having a distinct genome composition
and hexaploid chromosome number (Bhargava
et al. 2005, 2007).

All of the free-living forms of C. berlandieri
are found in disturbed environments, sometimes
in association with the aggressive Eurasian hex-
aploid weed C. album L. (lambsquarters). The
surest method of discriminating between the two
entities is by examining the pericarps, which are
typically adhering and alveolate in the former
and adhering or non-adhering but always non-
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alveolate in the latter. Gentle rubbing of the fruits
typically exposes the shiny and, generally, non-
pitted testas in a sample of lambsquarters.

3.1.2 Molecular Studies
of C. berlandieri

There is mounting molecular evidence for the
interrelatedness of members of the ATGC and,
from targeted and whole-genome DNA
sequencing studies, that C. berlandieri is most
likely the basal or ancestral member of the
complex. Five earlier studies by Wilson (1981,
1988a, b, ¢) and Wilson and Manhart (1993)
demonstrated using biochemical marker analyses
that the South American ATGC members are
closely related to each other and to North
American C. berlandieri and will spontaneously
cross-hybridize to produce varying degrees of
fertile progeny.

Storchova et al. (2015) provided strong evi-
dence for common ancestry of ATGC members
through Bayesian and Maximum Parsimony
phylogenetic analyses of DNA sequences from
two flowering locus T-like (FTL) introns. More-
over, they were able to discriminate between FTL
versions of the two sub-genomes and reported for
the first time that each locus showed affinity to
diploid species from different hemispheres.
Walsh et al. (2015) sequenced introns 16 and 17
of the salt overly sensitive 1 (SOSI) gene and
found similar results. Brown et al. (2015) repe-
ated these findings a third time by comparing
sequences from the amylose-synthesis gene
granule bound starch synthase I (GBSSI1 or
waxy). Kolano et al. (2016) compared nuclear
ITS sequences and found that all seven C. ber-
landieri genotypes were basally situated relative
to the six quinoa genotypes in their study.

Jarvis et al. (2017) compared whole-genome
nuclear resequencing data from five C. ber-
landieri, two C. hircinum, and 16 C. quinoa
genotypes in a bootstrapped phylogenetic anal-
ysis and showed that C. berlandieri was basal to
the South American free-living and domesticated
genotypes. An additional comparison of whole
mtDNA- and cpDNA-based phylogenies in these
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same genotype sets has reaffirmed these rela-
tionships (D Jarvis, personal communication).

3.1.3 Potential Diploid Progenitor
Gene Pools of the ATGC
in North America

Recent DNA sequencing-based studies of ATGC
members and Chenopodium diploids (Storchova
et al. 2015; Walsh et al. 2015; Brown et al. 2015;
Jarvis et al. 2017) have instituted a nomenclature
system for the two sub-genomes, with ‘A’ rep-
resenting the sub-genome most similar to a large
group of New World-native diploids and ‘B’
representing the sub-genome closest to Eurasian
diploids C. ficifolium Smith and C. suecicum
Murr. Kolano et al. (2011) previously reported a
minisatellite DNA sequence, 18-24J, that
hybridized abundantly to chromosomes of the B
genome in Chenopodium diploids, tetraploids,
and hexaploids.

Jarvis et al. (2017) demonstrated through
comparison of the QQ74 quinoa deep-sequenced
reference genome and shallow-sequenced
diploids C. pallidicaule Aellen (A sub-genome,
Andean) and C. suecicum (B sub-genome, Cen-
tral European) that there is abundant synteny and
even collinearity of scaffolded sequence contigs
between each diploid and distinct sets of orthol-
ogous quinoa chromosomes. The three afore-
mentioned  single-gene sequencing  studies
(Storchova et al. 2015; Walsh et al. 2015; Brown
et al. 2015) found that A-genome diploids were
positioned basally to a clade containing ATGC
members, while B-genome diploids were posi-
tioned basally to a clade containing ATGC
members along with sequenced taxa from the
Eurasian C. album-complex. Kolano et al. (2016)
reported that nuclear ITS sequence in most of the
ATGC members is more similar to B-genome
diploids C. ficifolium and C. suecicum than to the
A-genome diploids—a predictable result, since
only one nucleolar organizer region (NOR) locus
has been retained in most ATGC members and it
is on a chromosome carrying the 18-24 J B-
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genome-abundant minisatellite (Kolano et al.
2011).

The question of which New World A-genome
is, or is closest to, the original donor of the A
genome in the ATGC members is elusive,
although studies of cytoplasmic DNA have
confirmed that the A-genome diploid was the
female parent in the hybridization event that
occurred roughly 3.3-6.3 Mya (Kolano et al.
2016; Jarvis et al. 2017). Table 3.1 contains a
comprehensive list of known North American-
and incomplete list of South American-native
diploids presumed to carry variants of the A
genome. Kolano et al. (2016) reported that
whole-genome DNA of C. watsonii A. Nels. was
more effective in hybridizing to A-genome
chromosomes of C. berlandieri and C. quinoa
than 12 other putative A-genome diploids in
genomic in situ hybridization (GISH) experi-
ments. Among their other 12 diploids were South
American C. pallidicaule and C. petiolare Kunth
and North American C. atrovirens Rydb., C.
desiccatum A. Nels., C. fremontii S. Wats., C.
hians Standl. (probably not C. hians but more
likely C. desiccatum), C. incanum (S. Wats.) A.
A. Heller, C. leptophyllum (Moq.-Tand.) Nutt. ex
S. Wats., C. neomexicanum Standl. (collected at
a site more typical of C. arizonicum Standl. or C.
sonorense Benet-Pierce & M. G. Simpson), C.
nevadense Standl., C. pratericola Rydb., and C.
standleyanum Aellen. Morphologically, C. ber-
landieri most closely matches the North
American-native diploid members of Chenopo-
dium subsect. Cellulata, among which are
included the seven species of the C. neomexi-
canum complex (Benet-Pierce and Simpson
2017) and C. watsonii. Another diploid complex,
that of C. hians, has tremendous diversity in
California and specimens from that state were
recently subdivided into twelve taxa by Benet-
Pierce and Simpson (2019). Of additional interest
is the observation that most of these diploids and
several free-living taxa of the ATGC possess the
fishy trimethylamine-odor phenotype—a trait
that has not been observed in the B-genome
diploids C. ficifolium and C. suecicum.
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Table 3.1 Comprehensive list of North American and partial list of South American putative A-genome diploid

Chenopodium species
Chenopodium L. Species
albescens Small
arizonicum Standl.
atrovirens Rydb.

aureum Benet-Pierce
brandegeeae Benet-Pierce
cycloides A. Nels.
desiccatum A. Nels.
eastwoodiae Benet-Pierce
flabellifolium Standl.
foggii Wahl

fremontii S. Wats.

hians Standl.

howellii Benet-Pierce
incanum (S. Wats.) A. A. Heller
incognitum Wahl

lenticulare Aellen

leptophyllum (Moq.-Tand.) Nutt. ex S. Wats.

lineatum Benet-Pierce

littoreum Benet-Pierce & M. G. Simpson
luteum Benet-Pierce

neomexicanum Standl.

nevadense Standl.

nitens Benet-Pierce and Simpson
pallescens Standl.

pallidicaule Aellen

palmeri Standl.

parryi Standl.

petiolare Kunth®

philippianum Aellen

pratericola Rydb.

sandersii Benet-Pierce

simpsonii Benet-Pierce

sonorense Benet-Pierce & M. G. Simpson
standleyanum Aellen

subglabrum (S. Wats.) A. Nels.
twisselmannii Benet-Pierce

wahlii Benet-Pierce

watsonii A. Nels.

Habitat

S Texas mesquite woodlands
Upper Sonoran scrub lands

W USA, montane

W USA, montane

S California, montane

W Great Plains, sandy soils

W USA, deserts and plains
Sierra Nevada Mountains

San Martin Island, BC, Mexico
New England, granitic forest soils
W USA, montane woodlands
W USA, montane woodlands

NE California, Sierra Nevada Mountains

W USA, deserts

W USA, montane chaparral
Upper Chihuahuan scrub lands
W USA, deserts

Sierra Nevada Mountains

C California, coastal dunes
Sierra Nevada Mountains
Mogollon Plateau, igneous soils
W Great Basin, sodic clay pans
W USA, deserts and plains

E Great Plains

Andean seed crop (canahua)
Upper Sonoran scrub lands
Upper Chihuahuan scrub lands
Andean Puna zone

S Andes

USA, sandy soils

S California, montane

S California, montane
Sonoran Desert

C USA, woodlands

W Great Plains, sandy soils
Sierra Nevada Mountains

S California, montane

W USA, plains, corrals

“Fits taxonomic description of C. paniculatum Hook. (Reiche 1911)
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3.2 Descriptions of C. berlandieri
Subspecies and Botanical
Varieties

3.2.1 C. berlandieri subsp. berlandieri

var. boscianum

Variety boscianum is a locally common weed on
rock jetties, sand and gravel piles, roadsides, and
other disturbed areas where the root zone expe-
riences cyclic tidal drainage on barrier islands
and estuaries along the northwestern Gulf of
Mexico coast from Laguna Madre to Mobile Bay
(Fig. 3.1). This taxon is noteworthy for its pro-
duction of fishy-smelling trimethylamine
throughout the plant (Cromwell 1950), a trait that
is dominantly inherited in hybrids with quinoa
(personal observations). Variation for timing of
flowering and seed set, ranging from spring to
very late fall, is a characteristic of var. boscianum
populations. Occurrence of tropical cyclones is
instrumental in seed dispersal of this taxon; Jel-
len and Maughan (unpublished) encountered
populations still bearing substantial quantities of
seed in early December 2014—an exceptional
year due to the absence of landfalling tropical
cyclonic systems in the northern Gulf of Mexico.
Many of these populations contained plants that
flowered in mid-late summer, presumably in
response to shortening daylengths. On the other
hand, populations observed on Padre Island, in
extreme southeastern Texas, in April exhibited
day-neutrality and possessed only faint
trimethylamine odor.

Phenotypic variation for var. boscianum fruits
and typical habitats are shown in Fig. 3.1.
Hybrids between the boscianum ecotype and
cultivated quinoa are >90% fertile in the F,
generation (Fig. 3.2). At BYU, lines with large
and light-colored seeds, heat tolerance, and close
resemblance to quinoa panicles have been selfed
to the Fo generation. These plants have consis-
tently produced ample seed in multiple field
environments including Bolivia, coastal Peru,
northern Guyana, Morocco, the Pacific North-
west, and Great Basin of the USA.
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3.2.2 C berlandieri subsp. berlandieri
var. berlandieri

Variety berlandieri is found in locally common
populations along crop fields in sandy soils of the
lower Rio Grande Valley. It also inhabits dis-
turbed roadsides intersected by arroyos, especially
on saline or expanding clay substrates, sometimes
in the shade of locust trees, and often in associa-
tion with putative diploid C. albescens. Figure 3.3
shows phenotypic variation for fruit morphology
and typical habitats of this ecotype.

In the spring of 2018 Jellen, Maughan, and
Jarvis (personal communication) collected 30
populations of var. berlandieri across South Texas
from San Antonio to Brownsville. These plants
had a very strong trimethylamine odor, like the
northern Gulf Coast populations of var. boscia-
num; few to no bracts in their large inflorescences;
and leaves that most often had two prominent
basal lobes. In addition, the pericarps were usually
black and lacked the yellow-orange area at the
stylar base typical of var. zschackei.

3.2.3 C. berlandieri subsp. berlandieri
var. macrocalycium

Variety macrocalycium is an eastern North
American seashore (/lakeshore?) plant often found
in competition with C. album, mostly along the
Middle Atlantic and New England Coasts up
through the Canadian Maritime provinces. Its
phenotype is characterized by its relatively large
(to 2 mm diameter) fruits and large calyces that
typically spread away from the fruit, exposing it at
maturity. It is therefore an intriguing genetic
resource for potentially improving quinoa seed
size, provided that macrocalycium carries com-
plementary alleles contributing to this trait.
Figure 3.4 shows variation for fruit type in a small
collection of var. macrocalycium and also typical
habitats where it is found.

In 2008, an experimental population was
generated at BYU by crossing Ames 29207 from
the beach at Saco, Maine, with the quinoa variety
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Fig. 3.1 a Fruit morphology of 18 accessions of C.
berlandieri var. boscianum from populations collected
along the northern Gulf of Mexico Coast, from west to
east. (top row, 1 to r) BYU 1470, Matagorda, Texas; BYU
1474, Freeport, Texas; BYU 1475, San Luis Pass,
Texas; BYU 1301, San Leon, Texas; BYU 1476, Jamaica
Beach, Texas; (second row) BYU 1469, Bolivar Penin-
sula, Texas; BYU 1466, Port Arthur, Texas; BYU 1465,
Little Florida Beach, Louisiana; BYU 1455, Cypremort
Point, Louisiana; BYU 1458, Golden Meadow,

Louisiana; (third row) BYU 1460, Grand Isle,
Louisiana; BYU 17131, Metairie, Louisiana;, BYU
17134, Yscloskey, Louisiana; BYU 14112, Long Beach,
Mississippi; BYU 14113, Gulfport, Mississippi; (bottom
row) dispersal unit of BYU 1470; BYU 14114, Biloxi,
Mississippi; BYU 14115, Pascagoula, Mississippi; BYU
14111, Mobile Bay, Alabama; dispersal unit of BYU
14111. b Photographs of typical C. berlandieri var.
boscianum habitats. (I to r) Rockport, TX; Yscloskey, LA;
Coden, AL
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Fig. 3.2 Fruit morphology in an F, population derived
from an interspecific quinoa cv. ‘Real-1" X C. berlandieri
var. boscianum (BYU 937 from Galveston Bay, Texas)

‘Ingapirca’. The F; plant was large, fertile, and
vigorous; however, well over half of the F,
generation plants failed to set seeds under heat-
stress conditions in the greenhouse (25C + tem-
peratures) and those that did possessed black
seeds and wild-type (highly lax) panicle mor-
phologies. Consequently, var. macrocalycium
may not be an advantageous taxon for improving
quinoa’s heat tolerance.

3.24 C. berlandieri subsp. berlandieri
var. sinuatum

Variety sinuatum (Fig. 3.5) is present in locally
common populations along roadsides, disturbed

cross. Top row (1 to r): ‘Real-1’, BYU 937, F; hybrid.
Rows two, three, and bottom show fruits from random F,
plants in the population. (Jellen et al. 2019)

(including recently burned) fields, semi-desert
scrub and chaparral, and open grasslands
throughout southwestern North America (Flora
of North America 1993+). Within relatively
undisturbed grasslands sinuatum can comprise
fairly extensive stands, with variation for
branching pattern and plant color. In Arizona-
New Mexico, it is often found in association with
the diploid taxa C. arizonicum, C. neomexi-
canum, C. palmeri, and C. sonorense and in the
Davis Mountains of West Texas, with C. lentic-
ulare. Sinuatum is primarily a summer-fall
fruiting ecotype; its flowering is timed to coin-
cide with the mid-summer arrival of the Sonoran-
Chihuahuan Monsoon in Arizona-New Mexico-
West Texas, although the presence of spring-
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Fig. 3.3 a Fruit morphology of 18 accessions of C.
berlandieri var. berlandieri from populations collected in
South Texas. (top row, 1 to r) BYU 1801, Cotulla, La
Salle Co.; BYU 1804, Catarina, Dimmit Co.; BYU 1806,
Webb Co.; BYU 1807, Webb Co.; BYU 1809, San
Diego, Duval Co.; (second row) BYU 1814, Falfurrias,
Brooks Co.; BYU 1817, Brooks Co.; BYU 1818, Linn,
Hidalgo Co.; BYU 1819, Lasara, Willacy Co.; BYU
1820, Del Mar Heights, Cameron Co.; (third row) BYU
1822, Rio Hondo, Cameron Co.; BYU 1823, Riviera,

Kleberg Co.; BYU 1824, Corpus Christi, Nueces Co.;
BYU 1830, Beeville, Bee Co.; BYU 1832, Mustang
Hollow, Live Oak Co.; (bottom row) dispersal unit of
BYU 1802, Artesia Springs, Cotulla Co.; BYU 1833,
George West, Live Oak Co.; BYU 1834, Three Rivers,
Live Oak Co.; BYU 1836, Hidden Acres, San Patricio
Co.; dispersal unit of BYU 1836. b Photographs of typical
C. berlandieri var. berlandieri habitats. (1 to r) Horse
pasture, Kleberg Co., Texas; edge of cotton field, Hidalgo
Co., Texas; roadside under locust tree, Bee Co., Texas
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Fig. 3.4 a Fruit morphology of six accessions of C.
berlandieri var. macrocalycium. (top row, 1 to r): calyces
of BYU 1488 and BYU 1489; (second row): calyx of
BYU 803; BYU 803, Ames 29207 from Saco,
Maine; BYU 1488  from  Slaughter = Beach,
Delaware; BYU 1489 from Sea Isle City, New Jersey;
(third row): BYU 1490 from Ocean Grove, New

Jersey; BYU 14110 from Navarre Beach, Florida; BYU
17129 from Rye Beach, New Hampshire; (bottom row):
calyces of BYU 1490, BYU 14110, and BYU 17129.
b Typical habitats of var. macrocalycium: Slaughter
Beach, Delaware (left) and Sea Isle City, New Jersey
(right, with C. album)
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Fig. 3.5 a Fruit morphology of 14 accessions of C.
berlandieri var. sinuatum. (top row, 1 to r): BYU 402 from
San Diego, California; BYU 1494 from Cottonwood,
Arizona; BYU 870 from Mormon Lake, Arizona; BYU
1452 from Big Tujunga Canyon, California; BYU 1493
from Peeples Valley, Arizona; (second row): BYU 17203
from Cochise Co., Arizona; BYU 14101 from San Juan,
New Mexico; BYU 14108 from Cochise Co., Ari-
zona; BYU 1511 from White Pine Co., Nevada; BYU

1653 from the Mojave Desert, California; (third row):
BYU 17150 from Wild Rose Pass, Texas; BYU 17158
from the Davis Mountains, Texas; BYU 17212 from
Sonoita, Arizona; BYU 17242 from Pima Co., Arizona;
(bottom row): calyces of BYU 402, BYU 870, BYU
1494, and BYU 17242. b Typical habitats of var.
sinuatum (1 to r): Davis Mountains, Texas; Santa Cruz
Co., Arizona; Big Tujunga Canyon, California
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fruiting genotypes of similar subtropical varieties
berlandieri and boscianum in Southeast Texas
suggest that the existence of sinuatum popula-
tions capable of exploiting the winter-spring
rainfall cycle in relatively frost-free lowland
areas of southern Arizona and California should
be expected. The presence of populations of
fruiting var. sinuatum growing in Big Tujunga
Canyon (along with diploid C. incognitum and C.
album) and in the Santa Monica Mountains
under exceptional drought conditions in August
2014—at a time when many of the chaparral
perennials were under drought stress-induced
dormancy—indicates that this taxon could be a
tremendous breeding resource for improving heat
and drought tolerance in quinoa.

Wilson and Heiser (1979) reported low fertility
in a small number of crosses between C. guinoa
and C. berlandieri var. sinuatum. However, a
population at BYU derived from a C. quinoa cv.
‘Ollague’ X var. sinuatum (BYU 14108) pro-
duced 155/178 (89%) fertile F,’s (Fig. 3.6).

3.2.5 C. berlandieri subsp. berlandieri
var. zschackei

Variety zschackei is the most common and
widespread free-living ecotype of C. berlandieri
in North America. Its distinguishing characteris-
tic is the orange-yellow pigmentation on the
pericarp at the stylar attachment point atop the
fruit. This variety is found throughout the con-
tinent, especially in interior areas and, in the
Southwest, at higher elevations. Within the
western USA, in particular, it is a fairly common
weed of roadsides, construction sites, and pas-
tures (Fig. 3.7). Variety zschackei usually flow-
ers from late summer through fall, presumably as
a consequence of spring germination rather than
a short-day flowering response.

3.2.6 C. berlandieri subsp. jonesianum

Subspecies jonesianum is an extinct cultivated
form of pitseed goosefoot discovered in archeo-
logical middens throughout the Oak-Savannah
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and Oak-Hickory Forest regions of North
America (Smith and Funk 1985). A comparison
of chloroplast DNA from archeological and
modern samples supported the hypothesis that
this was a local, rather than an introduced,
domesticate (Kistler and Shapiro 2011). Speci-
mens had small (<1.5 mm) seed with thin, dark
testas. It was a principal food source for the
Hopewell and Early Mississippian mound
builders and a key component of the Eastern
North America (ENA) Crop Complex (Smith
2006). Two additional C. berlandieri forms have
been described together from the same archeo-
logical sites as subsp. jonesianum (Smith and
Yarnell 2009): common and similarly small-
seeded, but thick-testa specimens representing
free-living pitseed goosefoot that was likely a
weedy form harvested for greens; and a rare,
larger (to 2.4 mm diameter), orange-yellow col-
ored and thin-testa type resembling subsp. nuz-
taliae. The appearance of weedy and cultivated
pitseed goosefoot types together indicates they
likely formed a crop-weed complex—a situation
mirroring modern Andean quinoa-ajara and
Mesoamerican  huauzontle-pitseed — goosefoot
complexes (Gremillion 1993; Wilson and Heiser
1979; Wilson 1990; Wilson and Manhart 1993).
Both domesticated seed forms no longer appear
in middens that postdate 1000 B.C.E., presum-
ably due to the adoption of the Mesoamerican
maize-beans-squash complex (Smith and Yarnell
2009).

3.2.7 C. berlandieri subsp. nuttaliae

Subspecies nuttaliae includes an interesting and
phenotypically diverse assemblage of highland
Mexican leafy garden greens (quelites),
inflorescence vegetables (huauzontle), and seed
crops (chia roja), along with a companion a free-
living type, proposed C. pueblense H. S. Reed,
with which it likely has continuously hybridized
(Wilson and Heiser 1979). While huauzontle and
chenopod quelites continue to be important food
crops in central Mexico, chia roja is threatened
with extinction as a crop due to shifting patterns
of rural cultivation and societal upheaval in its
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Fig. 3.6 Representative variation for panicle morphol- (BYU 14108 from the Chiricahua Mountains, Arizona)
ogy in an F, population derived from an interspecific  cross
quinoa cv. ‘Ollague’ X C. berlandieri var. sinuatum
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Fig. 3.7 a Fruit morphology of 15 accessions of C.
berlandieri var. zschackei. (top row, 1 to r): BYU 457
from Duchesne Co., Utah; BYU 555 from Tooele,
Utah; BYU 629 from Niobrara Co., Wyoming; BYU
637 from Muddy Pass, Colorado; BYU 641 from Sanpete
Co., Utah; (second row): BYU 661 from Thistle,
Utah; BYU 718 from Colfax Co., New Mexico; BYU
862 from Fremont Co., Wyoming; BYU 880 from
Ramah, New Mexico; BYU 902 from the Laguna Mts.,

California; (third row): BYU 1007 from Kyle Cyn.,
Nevada; BYU 1312 from St. Charles, Missouri; BYU
1448 from Sherman Oaks, California; BYU 14118 from
Crystalaire, California; BYU 1672 from Burns, Oregon;
(bottom row): calyces of BYU 902, BYU 1312, BYU
14118, and BYU 1672. b Representative habitats of var.
zschackei (1 to r): La Sal Mountains, Utah; edge of farm
field, Shasta Co., California; roadside in pinyon-juniper
woodland, Sacramento Pass, Nevada
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center of cultivation in Michoacan State (De la
Cruz Torres et al. 2010). Figure 3.8 shows fruit
variation in subsp. nuttaliae.

Wilson and Heiser (1979) and Wilson
(1990) provided and reviewed evidence sup-
porting the hypothesis that subsp. nuttaliae was
domesticated independently from C. quinoa.
Molecular evidence supports this hypothesis,
given that Kolano et al. (2012, 2016) and
Maughan et al. (2006) found that C. ber-
landieri subsp. nuttaliae accessions contained
one more 5S rRNA locus (three versus two),
and some strains have one more NOR locus
than C. quinoa.

Brown et al. (2015) and Cepeda-Cornejo et al.
(2016) identified waxy (high amylopectin) lan-
draces of huauzontle. The waxy phenotype is
attained only when A- and B-genome orthologs
of GBSSI are mutated; consequently, these
would be expected to be rare phenotypes in the
absence of strong selective pressure. These
authors hypothesized that the amylose-free phe-
notypes were selected in Mexico because semi-
mature huauzontle panicles carrying waxy seeds
would cook more thoroughly in less time and at
lower temperatures than panicles containing seed
with insoluble amylose. Brown et al. (2015)
found single mutations in each sub-genome that
were responsible for all of their waxy huau-
zontles: a gbssla-tp A-genome allele carrying an
I54T substitution within the plastid-targeting
transit peptide portion of the gene; and a gb-
sslb-del B-genome allele carrying a 78-base
deletion. In contrast to vegetable huauzontle,
Andean quinoa seeds were likely selected to be
larger and plumper—traits associated with com-
plete starch—containing amylose. Brown et al.
(2015) did not find similar waxy phenotypes in
the six quinoa strains they examined, though they
did identify a nonsense gbsslb-t mutant allele in
coastal cultivar G-205-95.
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3.3 Breeding Potential
of C. berlandieri

Wilson and Heiser (1979) performed intertaxa
ATGC hybridization experiments with results
indicating that var. zschackei hybrids with C. qui-
noa are highly fertile, while sinuatum x quinoa
hybrids are of low fertility but can be backcrossed
by applying C. quinoa pollen to F; stigmas. In a
later study, Wilson and Manhart (1993) docu-
mented extensive in-field introgression in the
Pacific Northwest of the USA between cultivated
quinoa and C. berlandieri weeds growing in close
proximity. Figure 3.2 illustrates phenotypic varia-
tion for fruit morphology in a quinoa var. ‘Real-1’
X var. boscianum (BYU 937, Galveston Bay,
Texas) segregating F, population having 91% self-
fertility. Figure 3.6 shows variation for panicle
shape in a quinoa var. ‘Ollague’ X var. sinuatum
(BYU 14108, Chiricahua Mountains, Arizona)
segregating F, population having 87% self-fertility.

Given the wide range of environments in which
C. berlandieri is adapted—ranging from subtropi-
cal Mediterranean, subtropical Gulf Coastal, sub-
tropical Sonoran Desert, semi-arid temperate, and
humid forest zones—this species consequently
represents a significant genetic resource for
improving quinoa through intertaxa hybridization
and selection. This contrasts with C. quinoa, which
was selectively adapted by human domestication to
high-elevation environments in the Andes; to the
narrow, geographically isolated coastal strip of
central and southern Chile; to humid intermediate-
elevation valleys of northwestern Argentina (Curti
et al. 2012); and possibly also in antiquity to the
high plains of Argentine Patagonia. The importance
of pitseed goosefoot germplasm is magnified for
quinoa breeders in countries like the USA that are
non-participants in the Convention of Biodiversity
and Nagoya Protocol, and therefore have limited
access to quinoa germplasm.
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Fig. 3.8 a Fruit morphology of 16 accessions of C.
berlandieri subsp. nuttaliae from Mexico. Top row (1 to r):
BYU 567 from Opopeo, Michoacan; BYU 668 from
Tecoman, Colima; BYU 1669, line H-18 from ININ-
Ocoyoacac; BYU 17176 cv. ‘Red Aztec Spinach’; second
row: BYU 1670, P1640304; BYU 1668, line H-16 from
ININ-Ocoyoacac; BYU 1447, line H-3 from ININ-
Ocoyoacac; BYU 1483, PI433230; third row: BYU
1484, waxy P1433231; BYU 1485, waxy PI568155; BYU

1486, PI568156; BYU 1647, waxy line H-4 from ININ-
Ocoyoacac; bottom row: BYU 1662, chia roja from ININ-
Ocoyoacac; BYU 1663, chia roja from ININ-Ocoyoacac;
BYU 1664, chia roja from ININ-Ocoyoacac; BYU 1665,
chia roja from ININ-Ocoyoacac. Waxy phenotyping was
reported by Brown et al. (2015) and Cepeda-Cornejo et al.
(2016). b (1tor) Chia roja field near Patzcuaro, Michoacan;
green strain of garden huauzontle in Toluca, Mexico; pink
strain of huauzontle in Toluca, Mexico
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3.4 Conclusions

Chenopodium berlandieri represents a genetically
and ecologically diverse genetic resource for
quinoa improvement. It is a species that has been
domesticated multiple times as vegetable and seed
crops. It also contains a wide variety of interesting
genetic mechanisms that allow it to survive and
compete in arid, saline, hot, cold, and high-altitude
environments. It is also one of a small handful of
plants that was domesticated in the Eastern North
American Center. As such, pitseed goosefoot
should have higher priority in crop genetic
resource collection, curation, and maintenance
efforts by North American governments.
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Abstract

Chenopodium quinoa has rather a small
genome (2.973 pg/2C DNA) and 36 mostly
metacentric and submetacentric chromo-
somes. Like many other plants from the
Chenopodiaceae family, it is a polysomatic
species. Quinoa is an allotetraploid and its
diploid parental taxa, which were suggested
by GISH and molecular phylogenetic analy-
ses, belong to the two different evolutionary
lineages that are assigned as genome A and B.
Two families of rRNA gene loci, 35S and 5S
rDNA, were located on the different chromo-
some pairs for most of the analyzed Cheno-
podium species. In the quinoa karyotype, two
pairs of 5S rDNA loci and only one pair of
35S rDNA loci were detected. The nrITS
sequences were of a B-genome ancestry and
the 35S rRNA gene locus was observed in the
chromosome of the B subgenome. The chro-
mosomal localization of other repetitive
sequence, clone /2—13P containing minisatel-
lite repeats, was mainly restricted to pericen-
tromeric regions of all quinoa chromosomes;
however, the obtained hybridization signals

showed variable intensity suggesting a differ-
ence in copy number of the repeat among the
chromosomes of the karyotype. Recent anal-
ysis showed that sequences similar to the 72—
13P clone are also present in other diploid and
polyploid species from Chenopodium s.s..
Hybridization signals of retrotransposons
were enriched in pericentromeric regions of
the quinoa chromosomes and were ordinarily
excluded from the distal parts of the chromo-
somes. Two other repeats (pTaql0 and 18—
24 J) showed also dispersed distribution in
chromosomes of C. quinoa although they did
not show homology to any known mobile
elements. The amplification of the pTaql0O
repeat appears to be characteristic for cheno-
pods with the A genome. However, hybridiza-
tion signals of pTaql0 were found on each C.
quinoa chromosome. A second dispersed
repetitive sequence, 18-24 J, was present in
most analyzed Chenopodium s.s. species. In
quinoa genome hybridization signals of /8-
24 J repeat was mainly restricted to the
chromosomes of B subgenome.

The genomes of eukaryotes are composed of
multiple chromosomes. The chromosome is
composed of a linear DNA molecule and asso-
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ciated proteins that pack the long DNA thread
into a more denser and compact structure
(Heslop-Harrison and Schwarzacher 2011). The
number and structure of a chromosome comple-
ment (karyotype) is unique for each plant species
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(Heslop-Harrison and Schwarzacher 2011). In
plants, the nuclear DNA contains in addition to
single- or low-copy coding sequences also dif-
ferent classes of repetitive DNAs, which can be
found in hundreds or even thousands units in the
genome (Heslop-Harrison and Schwarzacher
2011). Repetitive DNAs are largely responsible
for the “C-value paradox” (the complexity of an
organism is not associated with the size of its
genome; Hawkins et al. 2008). To date, the sig-
nificance of repetitive DNA, with respect to
structure and function, is still poorly understood,
although biological roles have been suggested for
its specific families, for example, gene regula-
tion, recombination, the maintenance of chro-
mosome structure or a centromere function (Li
et al. 2017).

Chromosomal diversification within genera
has been a focal point of plant evolutionary
studies (Schubert and Vu 2016). There are two
prime reasons for this interest. First, a chromo-
somal change imparts a partial or complete bar-
rier to an interspecific gene exchange. Second,
chromosomal characteristics may provide clues
to the relationships of species. Several mecha-
nisms account for the high variability of number,
length and shape of chromosomes, as well as in
DNA content among eukaryotes (Schubert and
Vu 2016). Polyploidy and dysploidy are con-
sidered to be the most important mechanisms
responsible for high variation in chromosome
number in plant (De Storme and Mason 2014).
Polyploidy refers to the presence of more than
two genomes and is a driving force in plant
evolution that can induce various genetic and
epigenetic alternation leading to reorganization
of the polyploid nuclei (Leitch and Leitch 2008).
It is now believed that a polyploidization event
occurred in all angiosperms at least once in their
history and some evolutionary lineages show
evidence of several such events (Weiss-
Schneeweiss et al. 2013; Jiao et al. 2011; Soltis
and Soltis 2009). Polyploidy may induce a
variety of chromosomal, genic and epigenetic
changes that can take place quickly over a sev-
eral generations and result in diploid-like chro-
mosome pairing, segregation and gene function
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(Weiss-Schneeweiss et al. 2013; Soltis and Soltis
2009; Leitch and Leitch 2008). The shape and
size of chromosomes can be modified by struc-
tural rearrangements (e.g., reciprocal transloca-
tions, pericentric inversions, etc.) or by sequence
amplification/loss (Schubert and Vu 2016).
Chromosome rearrangements can also change the
chromosome numbers, a phenomenon -called
ascending or descending dysploidy (increase or
decrease in chromosome numbers, respectively;
Schubert and Vu 2016; De Storme and
Mason 2014).

Studying the karyotype of selected species
involves analyzing chromosome numbers, cen-
tromere position and the number and position of
secondary constrictions and other chromosomal
markers, e.g., banding patterns and the position
of various DNA sequences that are uncovered by
fluorescence in situ hybridization (FISH).
Using FISH with single-copy (BAC-clones) and
various repetitive DNA sequences (e.g., TDNA or
satellite sequences), detailed physical chromo-
somal maps can be constructed that enable evo-
lutionary patterns and processes to be determined
(Kolano et al. 2013b; Hfibova et al. 2010; Lysak
et al. 20006).

Genome Constitution
of Polyploid C. Quinoa
and Related Species

4.1

Quinoa belongs to Chenopodium sensu stricto
(Chenopodium s.s.; Fuentes-Bazan et al. 2012).
All species of this genus have the basic chro-
mosome number x = 9. The diploid Chenopo-
dium s.s. species (2n = 2x = 18) can be divided
into three evolutionary lineages: (1) American
diploids with the A genome (e.g., C. hians, C.
pallidicaule); (2) the Old World species with the
B genome (e.g., C. ficifolium and C. suecicum)
and (3) C. vulvaria, which was recovered as a
sister taxon to the rest of the Chenopodium s.s.
diploids (Kolano et al. 2015; Walsh et al. 2015).
In Chenopodium s.s., as in most plant groups,
polyploidization has a significant impact on
speciation, and several polyploid species
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representing three different polyploidy Ilevels
(tetraploid e.g., C. berlandieri; 2n = 4x = 36;
hexaploid e.g., C. album, 2n = 6x = 52 and
decaploid e.g., C. frutescens 2n = 10x = 90) have
been described (Kolano et al. 2012b; Jellen et al.
2011; Lomonosova 2005). Polyploidy is gener-
ally classified into two types—allopolyploidy,
which origin involves interspecific hybridization,
and autopolyploidy consisting of more than two
the same genomes. Whether autopolyploids or
allopolyploids are more widespread among
plants is a question that still remains unresolved
(Weiss-Schneeweiss et al. 2013). Quinoa, which
displays a disomic inheritance, is an allote-
traploid, with 2n = 4x = 36 chromosomes
(Fig. 4.1a; Ward 2000). The allotetraploid nature
of C. quinoa and the closely related C. ber-
landieri was supported by molecular phyloge-
netic studies that were based on different plastid
and nuclear markers (nrITS, 5S rDNA NTS;
Flowering Locus T-Like and Salt Overly Sensi-
tive 1) and genomic in sifu hybridization (GISH),
which enable the parental subgenomes to be
differentiated in the karyotype of a polyploid
(Kolano et al. 2016; Storchova et al. 2015; Walsh
et al. 2015). A combination of molecular phy-
logenetic analyses and GISH showed that the two
parental taxa of C. quinoa and C. berlandieri
belong to two various genome pools. One of the
parental species contributing the maternal gen-
ome was similar to extant American diploids
(genome A, maternal genome), whereas, the
second ancestral species was similar to contem-
porary species from Eurasia (B genome, paternal
genome; Kolano et al. 2016; Storchova et al.
2015; Walsh et al. 2015). The paternal species
that contributed the B subgenome for C. quinoa
resembled the present C. ficifolium or a closely
related species (Fig. 4.1b), whereas the origin of
the A-subgenome progenitor seems to be more
vague (Kolano et al. 2016; Storchova et al. 2015;
Walsh et al. 2015). The ancestral species of the A
subgenome of C. quinoa and C. berlandieri
possible resembled extant C. standleyanum, C.
incanum or C. fremontii based on molecular
phylogenetic studies (Kolano et al. 2016; Stor-
chova et al. 2015; Walsh et al. 2015). In contrast,
GISH suggested species similar to C. watsonii or
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C. nevadense for C. quinoa and C. watsonii for
C. berlandieri as the A-genome progenitors
(Fig. 4.1b; Kolano et al. 2016). B-genome
diploid (C. ficifolium or related species) was
also inferred to be one of the ancestral species of
Eurasian hexaploids (C. album, C. giganteum, C.
pedunculare; Fig. 4.1c; Krak et al. 2016; Walsh
et al. 2015; Kolano et al. 2019).

4.2 Karyotype and Chromosome
Banding

C. quinoa has 36 small and poorly differentiated
chromosomes. Metacentric and submetacentric
chromosomes whose lengths range between
approximately 1-3 pm dominate in its karyotype
(Palomino et al. 2008; Bhargava et al. 20006;
Kolano et al. 2001). Palomino et al. (2008),
basing on chromosome morphology, distin-
guished nine groups of chromosomes supporting
the tetraploid origin of quinoa genome. The
numerous small chromosomes of C. guinoa and
other chenopods make cytogenetic studies that
are based on procedures such as simple chro-
mosome staining followed by karyotype analysis
very challenging. Also, the scarcity of chromo-
some markers has made it difficult to match
chromosomes in homologous pairs. Other tech-
niques, such as chromosome banding, are useful
tools for chromosome identification and they
often permit conclusions about chromosomal
evolution to be drawn (Guerra 2000). Various
banding techniques allow to reveal a series of
consistent landmarks along the length of meta-
phase chromosomes that allow identification of
homologous chromosome pairs. Three different
banding techniques are most often used in plant
cytogenetics:  C-banding, double-fluorescent
banding (CMA3/DAPI) and silver staining
(Guerra 2000).

C-banding has been used to stain constitutive
heterochromatin in metaphase chromosomes
(Tanaka and Taniguchi 1975). In plant species
that have relatively large genomes and appre-
ciable amounts of constitutive heterochromatin
(e.g., Triticum or Avena), this technique produces
rich banding patterns that often allows
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<« Fig. 4.1 Somatic metaphase chromosomes of (a, b, d—

k) Chenopodium quinoa and (¢) C. album; a DAPI
staining (from Kolano et al. 2001); b double GISH with
gDNA isolated from the B-genome diploid C. ficifolium
(green) and the A-genome diploid C. watsonii (red);
¢ GISH with gDNA isolated from the B-genome diploid
C. ficifolium; d differential fluorescent staining with
chromomycin A3, CMA;" bands indicate large GC-rich

identification of single chromosomes and can
display morphological or karyotypic variations,
such as large chromosomal rearrangements and
aneuploidies (Jellen 2016; Gill and Kimber
1974). However, in the C. quinoa karyotype, as
in many other plants with a small genome size,
C-bands and constitutive heterochromatin are
present only in the pericentromeric regions of
chromosomes (Fig. 4.1e). Other types of hete-
rochromatin bands could be demonstrated using
a GC-specific fluorochrome—chromomycin A;
(CMA3). Double-fluorescent staining  with
CMA; and DAPI (4',6-Diamidino-2-
phenylindole dihydrochloride) allowed to dis-
tinguish GC-rich and AT-rich chromatin region
(Schweizer 1876). Two CMA;" bands were
revealed in one pair of homologous chromo-
somes of quinoa (Fig. 4.1d). These CMA;"
bands co-localized with secondary constrictions
and 35S rRNA gene loci (Kolano et al. 2001).
A similar organization of GC-rich chromatin
(colocalization with 35S rDNA locus) was also
observed in other analyzed chenopods (C. album,
C. ficifolium, C. berlandieri) and appears to be
very often observed in many other angiosperms
(e.g., Amaranthus; Kolano et al. 2001, 2013b;
Guerra 2000; Maragheh et al. 2019). Silver
staining, a marker of the transcriptional activity
of 35S rRNA genes, revealed the presence of two
distally located silver-positive bands in one pair
of quinoa chromosomes. One or two nucleoli
were observed in the interphase nuclei. However,
most frequently, one nucleoli was present
(Kolano et al. 2001). Thus, classical banding
methods have not been very effective as chro-
mosome markers and have allowed to identify
only one pair of homologous chromosomes in C.
quinoa. The elaboration of new chromosome
markers using fluorescent in sifu hybridization
(FISH) with various DNA sequences was
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regions of chromatin (from Kolano et al. 2001); e C-bands
indicate constitutive heterochromatin; f FISH with telom-
eric repeats; g GISH/FISH with gDNA isolated from C.
ficifolium (green), 35S rDNA (yellow) and 5S rDNA
(red); h FISH with the /2-13P repeat; i FISH with the r¢
clone of Tyl-copia retrotransposons; j FISH with dis-
persed repetitive sequence pTaql0; k FISH with dispersed
repetitive sequences /8-24 J. Scale bar = 5 um

necessary for better understanding of chenopod
karyotype structure and evolution.

4.3 Genome Size

Genome size (typically measured in picograms or
as the total number of nucleotide base pairs in
megabases) is one of the fundamental biological
characters of all living organisms. The DNA 1C-
value for a species is the amount of nuclear DNA
in the unreplicated haploid genome of a gamete
(Greilhuber et al. 2005). Genome size varies
approximately 2,400-fold in angiosperms, rang-
ing from 0.065 pg/1C of DNA in Genlisea
margaretae to 152.23 pg/1C in Paris japonica
(Pellicer et al. 2010; Greilhuber et al. 2006).
Chenopodium s.s. consists of plants with small or
very small genomes, which range between
0.47 pg/1C DNA (diploid C. wvulvaris) and
3.22 pg/IC DNA (decaploid C. frutescens;
Mandak et al. 2016; Kolano et al. 2015; Bhar-
gava et al. 2007). The analysis of genome size in
a phylogenetic background enabled to hypothe-
size about the direction and trends of genome
size evolution during the diversification of the
diploid species of Chenopodium s.s. The distri-
bution of genome sizes in this genus reflects the
phylogenetic grouping into three different evo-
lutionary lineages. The Eurasian diploids (gen-
ome B) have 70% larger genomes than the
diploids from the Americas (genome A). The
smallest genome size among Chenopodium s.s.
was estimated for C. vulvaria (Kolano et al.
2015).

There is very little data on the evolution of the
genome sizes of polyploid chenopods. The mean
C. quinoa genome size is 2C = 2.973 pg (Kolano
et al. 2012a). Polyploidization can generate quick
and often directional changes to the subgenomes
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of allopolyploids that often result in genome
downsizing (Leitch and Bennett 2004). This
phenomenon, reported for many polyploid
angiosperms, is usually due to the elimination of
repetitive sequences or duplicated genes (Leitch
and Bennett 2004). However, the genome size of
the allotetraploid C. gquinoa and other analyzed
polyploid chenopods (C. berlandier and C.
album) fit almost perfectly into the estimated
additive values of the hypothetical parental spe-
cies (Kolano et al. 2016; Mandék et al. 2012).
Although genome size is known to be quite
constant feature of a species there are more and
more studies showing significant intraspecific
variation in this characteristic (e.g., Tanacetum
vulgare or Arabidopsis thaliana; Schmuths et al.
2004; Keskitalo et al. 1998). An intraspecific
genome size polymorphism also exists in C.
quinoa (Kolano et al. 2012a). A statistically
significant variation in genome size was found
among the 20 accessions of C. quinoa collected
in Peru, Bolivia, Ecuador, Argentina and Chile.
The greatest intraspecific difference found
between those accessions with the largest gen-
ome size and the smallest genome size was
nearly 6%. The largest genome had the accession
from Chile (1.539 pg/1C) and the smallest was
found in the Peruvian accession (1.452 pg/1C).
The intraspecific variation in genome size found
in C. quinoa was rather small when compared to
that observed in Tanacetum vulgare (27%;
Keskitalo et al. 1998); however, it is consistent
with other studies that investigated genome size
polymorphisms in species that have small gen-
omes, such as A. thaliana (Schmuths et al. 2004).
The intraspecific polymorphism in genome size
was reported to be correlated with various eco-
logical conditions prevailing in specific areas
(e.g., altitude or latitude and longitude; Knight
et al. 2005). The cultivated populations of quinoa
groups into two main clusters—the Andean
highland and the coastal lowland from Chile
(Christensen et al. 2007). No correlation was
observed between the genome size and the geo-
graphical origin of the accessions (although the
quinoa accessions analyzed in this study belon-
ged to both the highland and lowland groups),
possible due to the relatively large variation of
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genome size revealed among the highland quinoa
populations collected on the Altiplano near Lake
Titicaca in Bolivia and Peru (Kolano et al.
2012a).

The main reasons for the intraspecific and
interspecies genome size polymorphism are
polyploidy, the presence of B chromosomes and
a different amplification of the repetitive DNA
sequences (Hawkins et al. 2008). All of the
analyzed C. quinoa accessions were tetraploid
with 2n = 4x = 36 chromosomes and there were
no B chromosomes in the analyzed accessions.
Thus, the main reason for intraspecific genome
size polymorphism could be an amplification or
reduction in the copy number of the repetitive
DNA sequences in the genomes of the analyzed
quinoa accessions (Greilhuber 2005).

4.4 Repetitive Sequence
Organization and Evolution

Angiosperms vary in the proportion of DNA
repetitive sequences in their genomes. Species
with small genomes have a relatively small
amount of repetitive DNAs, whereas in larger
genomes, such as Zea mays, at least 85% of the
genomes are repetitive sequences (Ibarra-Laclette
et al. 2013 Schnable et al. 2009). Repeti-
tive DNA elements can be divided into two
major groups based on their genomic organiza-
tion—dispersed and tandem repeats. Dispersed
repetitive  DNA elements are distributed
throughout the whole chromosomes, intermin-
gled with other sequences although some regions
of chromosomes can show reduced or increased
number of copies. The second group includes
sequences that are organized in tandem repeating
units in which the monomers are arranged adja-
cent to each other to form tandem arrays (Kubis
et al. 1998).

4.4.1 Tandem Repetitive Sequences

Tandem repetitive sequences include rRNA
genes, telomeric repeats and a very heterogenic
group of satellite DNAs (Kubis et al. 1998). C.
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quina, as many angiosperm species, has
arabidopsis-type telomeric sequence. After
probing with telomeric repeats, small but discrete
signals were observed in all chromosome ends
however the hybridization signals had various
intensities, revealing the copy number variation
among the chromosomes of the same comple-
ment (Fig. 4.11).

rRNA genes are the most extensivly studied
repetitive sequences in Chenopodium s.s. The
35S and 5S rDNA units consist of conserved
genic regions encoding for 35S rRNA (18S-
5.85-25S rDNA) and 5S ribosomal RNA (5S
rDNA) and fast evolving transcribed and non-
transcribed spacer regions that are arranged as
tandem arrays at one or more loci (Volkov et al.
2004). The coding sequences of rRNA genes as
evolutionarily highly conserved regions are most
often used as chromosome markers in cytoge-
netic analyses of non-model organisms (Weiss-
Schneeweiss et al. 2013;). On the other hand, the
non-coding sequences of rRNA genes evolve
very quickly and they are often used in phylo-
genetic analyses (Alvarez and Wendel 2003).
Combining a phylogenetic analysis with cyto-
genetic studies allows to improve the under-
standing of the evolution of 35S and 5S rDNA
loci organization. Our studies indicated that the
35S rDNA and 5S rDNA sequences are orga-
nized in a low number of loci, mostly in the
subterminal position of the chromosome arm in
Chenopodium species (Kolano et al. 2015;
Kolano et al. 2012b). An analysis of the chro-
mosomal organization of rDNA loci in a phylo-
genetic context showed that the ancestral states
for the diploid Chenopodium s.s. taxa were one
35S rDNA locus and one 5S rDNA locus per
haploid chromosome set, both located in subter-
minal positions on different chromosomes. This
pattern was also observed in several extant
diploids from Chenopodium s.s. (e.g., C. wat-
sonii or C. nevadense; Kolano et al. 2016;
Kolano et al. 2015). The number of 5S rDNA
loci increased from ancestral state (one locus) to
two in the common ancestor of the B-genome
diploids since most of them have two 5S rDNA
loci (Kolano et al. 2015). Although all of the A-
genome diploids had one locus of each rRNA
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gene, rearrangements of rDNA loci were found
in some species. The pattern of 5S rDNA loci
observed in two South American species, C.
pallidicaule and C. petiolare, is likely the results
of translocation from subterminal to interstitial
position in chromosomes. The repositioning of
the 35S rDNA locus to the chromosome with a
subterminally located 5S rDNA appears to be
most likely explanation of the chromosomal
organization of rDNA loci revealed in C. stand-
leyanum (Kolano et al. 2015, 2016).

The rDNA loci pattern in allopolyploid spe-
cies are showed to evolve quickly and often the
number of rDNA loci in an allopolyploid is not
the sum of the loci of its ancestral species
(Weiss-Schneeweiss et al. 2013). Polyploids
often show genome rearrangements that involve
the loss/acquisition of the 35S rDNA repeats or
the silencing of rDNA sites as well as interlocus
recombinations and complete or near-complete
repeat replacements (Sochorovd et al. 2017;
Weiss-Schneeweiss et al. 2013; Kovarik et al.
2004). The direction of the conversion and
homogenization of 35S rDNA can be incline
toward the one of the ancestral taxa and may vary
in the allopolyploids of the same parentage but
independent origin (Sochorovd et al. 2017,
Weiss-Schneeweiss et al. 2013; Kovarik et al.
2004).

Neither C. quinoa nor closely related C. ber-
landieri showed an additive number of rRNA
gene loci; but they both experienced a reduction
in the number of 35S rDNA loci (Fig. 4.1g). C.
quinoa has one locus of 35S rDNA in a subter-
minal position of chromosome (Maughan et al.
2006). Similarly, most analyzed C. berlandieri
accessions also exhibited only one subterminally
located locus of 35S rDNA (this species showed
limited polymorphism in 35S rDNA loci number
and some accession had two loci of 35S rDNA;
Maughan et al. 2006). In both C. quinoa and C.
berlandieri, only the 35S rDNA loci placed in
the chromosomes of the B subgenome (paternal
parent) were observed. The nrITS sequences
were also of a B-genome ancestry (Fig. 4.1g;
Kolano et al. 2016). The 35S rDNA loci from the
maternal A subgenome was lost in these two
allotetraploid (Kolano et al. 2016). A different
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pattern of 35S rDNA loci evolution was
exchibited by the Eurasian allohexaploids C.
album and C. giganteum. The number of 35S
rDNA loci in their genomes seems to be equal to
the sum of the loci of their ancestral taxa.
However, sequence analysis indicated that nrITS
was in most analyzed accessions the subject of
homogenization and that only one maternal type
of nrITS existed in this hexaploid taxa (Krak
et al. 2016; Kolano et al. 2019).

Unlike 35S rDNA, the interlocus homoge-
nization of 5S rDNA has not been yet described
for any polyploid systems that were studied
(Weiss-Schneeweiss et al. 2013; Weiss-
Schneeweiss et al. 2012). However, the number
and position of 5S rDNA loci may be changed in
the karyotype of a polyploid relative to its puta-
tive ancestral taxa (Weiss-Schneeweiss et al.
2012; Clarkson et al. 2005). The number of 5S
rDNA loci in analyzed American allotetraploids
(C. quinoa and C. berlandieri) and Eurasian
allohexaploids (C. album and C. giganteum)
seems to be additive as compared with their
ancestor species and the 5S rDNA NTS
sequences have not undergone homogenization
(Kolano et al. 2016, 2019). In the C. quinoa
karyotype, the chromosomes of B subgenome
bear the subterminal locus of 5S rDNA like in the
B-genome diploids. The second 5S rDNA locus
in the A subgenome was observed in an inter-
stitial position in place of subterminal position
observed in its hypothetical ancestor species
(Fig. 4.1g). The observed incongruence can
suggest two scenarios: (i) different species (re-
lated to C. watsonii or C. nevadense) which
possessed an interstitial 5S rDNA locus could
have been the ancestral taxon or (ii) the local-
ization of 5S rDNA was changed in chromo-
somes of A subgenome of C. quinoa after
polyploidization. In C. berlandieri karyotype the
localization of the 5S rDNA loci was unchanged
compared to its putative diploid parents (Kolano
et al. 2016).

A clone [2-13P containing minisatellite
repeats, was localized in pericentromeric regions
of all quinoa chromosomes using FISH. The
obtained hybridization signals showed variable
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intensity, thus suggesting a differences in copy
number of the repeats among the chromosomes
of the karyotype (Fig. 4.1h; Kolano et al. 2011).
The minisatelite repeats from /2—-/3P showed a
high sequence similarity to the Beta corolliflora
minisatellite pPBC1447 (Gao et al. 2000). Min-
isatellites are short, usually 10 to 100 bp, tan-
demly repetitive sequences, which are
predominantly localized in the subterminal or
pericentromeric  regions of chromosomes
(Shcherban 2015; Gao et al. 2000). Recent
analysis showed that sequences similar to the /12—
13P clone were present in the genomes of most
diploid and polyploid species that belong to all
Chenopodium s.s. lineages, while they were
absent in the remaining lineages of Chenopodium
sensu lato (Chenopodiastrum, Oxybasis, Blitum,
Dysphania, Lipandra). This suggests that the /12—
13P sequence may be specific to Chenopodium s.
s. (Orzechowska et al. 2018). In all analyzed
species hybridization signals of I12—13P were
present in pericentromeric regions of all chro-
mosomes (Orzechowska et al. 2018).

4.4.2 Disperse Repetitive Sequences

Disperse repetitive sequences primarily include
transposable elements (DNA transposons and
retrotransposons; Bennetzen and Wang 2014).
Retrotransposons that multiple their copy number
when transpose to new genome locations are
particularly abundant in plant genomes and it has
been clear for some time that these transposable
elements have the major impact on plant genome
size variation (Lisch 2013). To date, the chro-
mosomal organization of the conserved domain
of the reverse transcriptase (rf) of the LTR
retrotransposons (both Tyl-copia and Ty3-
gypsy) has been analyzed in the C. quinoa gen-
ome (Kolano et al. 2013a). The number of copies
of the particular LTR retroelement families can
differ remarkably from a few copies to thousands
of copies in plant genomes (Du et al. 2010). C.
quinoa has a relatively small genome and among
isolated retrotransposon sequences only one
family of Tyl-copy retrotransposons was highly
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amplified. All of the other analyzed r¢ clones
were present in the quinoa genome in a low
number of copies (Kolano et al. 2013a).
Previous surveys of LTR retrotransposons
divided the Tyl-copia elements isolated from
plant genomes into four major evolutionary lin-
eages (Tork, Sire, Oryco and Retrofit). Among
Ty3-gypsy retrotransposons six major evolution-
ary lineages were distinguished (Del, Reina,
Galadriel, CRM, Athila and Tat; Llorens et al.
2009). To date, four Tyl-copia lineages were
found in the quinoa genome but among isolated
clones dominate elements from Tork and Retrofit
lineages. Most of the elements from the Ty3-
gypsy superfamily that have been identified
belong to Del lineage (Kolano et al. 2013a). The
chromosomal organization of retrotransposons
varies and depends on the retrotransposon fami-
lies and the host species. The retrotransposons in
the C. quinoa chromosomes showed an uneven
distribution  (Fig. 4.1i).  Relatively  strong
hybridization signals were observed on approxi-
mately half of the chromosomes, whereas the rest
of the chromosomes had only a very weak or no
signal. The hybridization signals of retrotrans-
posons were mainly observed in the pericen-
tromeric regions of the chromosomes and were
usually not detectable in the distal parts of the
chromosomes. In the interphase nuclei, the
hybridization signals were mainly observed in the
heterochromatic regions (Kolano et al. 2013a).
Following the insertion of a retrotransposons
into a genome, nucleotide substitutions accumu-
late in the elements and they undergo fragmen-

tation over time. These sequences have
a dispersed organization in a genome, similar to
the transposable elements; however, their

nucleotide sequences show a very low or no
similarity to the transposable elements (Menzel
et al. 2008; Kubis et al. 1998). Two sequences
with disperse organization and without homol-
ogy to known retrotransposons were described in
the C. quinoa genome. One of these, pTaqlO,
was spread throughout the 36 chromosomes
(Fig. 4.1j). Discrete  hybridization  signals
(although weak) were shown in the pericen-
tromeric, interstitial or terminal localizations on
the chromosome arms (Kolano et al. 2008a).
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Hybridization signals of the pTaql0 clone were
present in the interphase nuclei, particularly in the
heterochromatic regions. Although such localiza-
tion of pTaql0 may suggested that these repeats
were present in genomes of both hypothetical
ancestors of C. quinoa, however our recent studies
suggested that pTaql0 is present only in species
with the A genome and that it is not present in the
B-genome diploids (Orzechowska et al. unpub-
lished). FISH analyses indicated that the
hybridization signals for 5S rDNA and pTaqlIO
partly overlapped, thus suggesting partial co-
localization of these two repetitive sequences in
some chromosome regions. Fiber-FISH, allowing
mapping with higher resolution, showed that in
C. quinoa chromosomes most of the 5S rDNA
arrays were free of pTaqlO repeats, except for a
part of the interstitial 5S rDNA locus where
pTaql0 and 5S rDNA repeats co-localized
(Kolano et al. 2008a). This interstitial 5S rDNA
locus is placed very close or even partly overlaps
with the pericentromeric heterochromatin, which
implies that at least part of the locus is transcrip-
tionally inactive (Kolano et al. 2008a).

Another dispersed repetitive sequence with no
homology to any known retroelements is clone
18-24 J, which is highly amplified in only half
of the quinoa chromosome complements (18
chromosomes; B subgenome; Fig. 4.1k). Similar
results were obtained in the related species C.
berlandieri and the Eurasian hexaploid C. album
(Kolano et al. 2011). Such a localization could
suggest that /8-24 J is specific to one parental
genome of these species. However, a recent
study on the /8-24 J repeat, which comprised a
putative ancestral species of C. quinoa, revealed
the presence of the 18-24 J repeat in the B-
genome diploids as well as in most of the A-
genome diploids. Moreover, this repeat was also
present in genomes of species which are more
distantly related to quinoa (C. vulvaria and
Lipandra polysperma; Orzechowska et al. 2018).
The pattern of the /8-24 J chromosomal local-
ization in C. quinoa and the related allotetraploid
C. berlandieri might be explained in two ways.
First, the level of the 18-24 J repeat amplifica-
tion in the A-genome ancestral species may have
been very low, as has been observed in the case
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Fig. 4.2 Comparison of the
endopolyploidy patterns in

quinoa seedlings; a shoot

apex; b young leaf; b
¢ cotyledons; d hypocotyl;

e differentiated part of a root;

f root apex (based on data

published in Kolano et al.

2009)

of some putative ancestral species of the A sub-
genome (e.g., C. watsonii; Kolano et al. 2016;
Storchova et al. 2015; Walsh et al. 2015; Orze-
chowska et al. 2018). On the other hand, 18-
24 J repeats may have been eliminated from the
A subgenome during the evolution of the
allopolyploid genomes, because another putative
ancestral species, C. nevadense, has shown a

02C DNA
m4C DNA
m8C DNA

m 16C DNA

high amplification of 18-24 J (Kolano et al.
2016; Storchova et al. 2015; Walsh et al. 2015;
Orzechowska et al. 2018). A preferential elimi-
nation of various repetitive sequences (retroele-
ments, TDNA) was reported for a number of
allopolyploids, e.g., tetraploid Nicotiana taba-
cum or  Melampodium  species (Weiss-
Schneeweiss et al. 2012; Kovarik et al. 2004).
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4.5 Chenopodium quinoa ls
a Polysomatic Plant

Polysomaty concern the plant organ/tissue which
consists of cells which differ in ploidy levels
(endopolyploid cells; Traas et al. 1998).
Endopolyploidy is a term that described the
outcome of the multiplication of nuclear DNA
without cell division and plays an important role
in determining cell fate and in interactions with
symbiotic and pathogenic organisms (De
Veylder et al. 2011). In single plant, different
organs can vary in patterns of endopoly-
ploidization. Some species revealed endopoly-
ploid cells in most organs, whereas in other taxa,
endopolyploidyzation is very limited and present
only in few organs. Moreover, endopolyploidy
patterns are usually correlated with plant devel-
opment (Maluszynska et al. 2012).

C. quinoa, similar to many other species from
Chenopodiaceae (e.g., C. album, Spinacia oler-
acea, Beta vulgaris), is a polysomatic plant
(Kolano et al. 2008b, 2009; Barow and Meister
2003). Endopolyploid nuclei appear very early in
quinoa plant development, already in matured
embryo radicle (Kolano et al. 2009). During
successive seedling development, the pattern of
endopolyploidization differed between organs
and changed over time (Fig. 4.2). The highest
level of endopolyploidization was present in the
hypocotyls and primary roots of quinoa seedlings
whereas in the leaves and the shoot apex the
endopolyploid cells were absent (Fig. 4.2;
Kolano et al. 2009). The lack of endopoly-
ploidization at the shoot apex, reported for many
angiosperms, could be one of the mechanisms
that protect the genetic stability of the germ line
(Maluszynska et al. 2012; Kudo and Kimura
2001). The high degree of endopolyploidyzation
in hypocotyls and primary roots possible is
connected with large amount of vascular tissue in
these organs (Kolano et al. 2009). The increase
of endopolyploidy observed in root and hypo-
cotyl during germination and seedling develop-
ment seems to be correlated with their quick
elongation and with vascular tissue development
(Alarcon and Salguero 2017; Kolano et al. 2009).
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Abstract

Chenopodium quinoa has been considered as a
future crop for its nutritional value and
tolerance to abiotic stresses. A high quality
genome assembly would greatly accelerate the
molecular breeding and the fundamental
research of quinoa. Long-read single-
molecule real-time (SMRT) technology was
applied to sequence a costal Chilean quinoa
accession. With the assistance of optical,
chromosome-contact and genetic maps, the
first chromosome-scale reference genome of
quinoa was published in early 2017. This
informative resource will significantly help to
elucidate the complex structure of the quinoa
genome and therefore to identify the genetic
loci underlying important agronomic traits.
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5.1 Introduction

Quinoa (Chenopodium quinoa Willd.), an
herbaceous species belonging to the Amaran-
thaceae, is a pseudocereal crop that originated
from the Andean region of South America
(Maughan et al. 2004; Zurita-Silva et al. 2014).
Cultivation of quinoa dates back more than
7,000 years, with the grain of the plant being a
staple food for Pre-Columbian cultures of the
Incas (Bazile et al. 2015) (Chap. 1). Quinoa has
received increasing global attention as a highly
nutritious food source in recent years (Maradini
Filho et al. 2015) (Chaps. 2 and 3). Specifically,
quinoa grain is high in vitamins (A, B1, B2, B9,
C, and E), minerals (Ca, Fe, Mg, P, and Zn),
fibre, lipids, linolenate, natural antioxidants
(polyphenols), and carbohydrates (Maradini
Filho et al. 2015; Verena et al. 2016). It is also
gluten-free, with a low glycemic index and an
excellent balance of essential amino acids (par-
ticularly methionine and lysine) (Maradini Filho
et al. 2015; Verena et al. 2016).

Quinoa and its wild relatives differ, agro-
morphologically, in their growth habit, color,
panicle shape, grain morphology (color, shape,
and size), growth cycle, and grain yield (Bazile
et al. 2015) (Chaps. 2 and 3), with more than
16,000 distinct wild varieties identified to date
(FAO 2013). It has been shown that many quinoa
varieties are able to grow and maintain yield
under high abiotic stresses (Jacobsen et al. 2003).
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The largely uncharacterized phenotypic and
genetic variation, and high-stress tolerances of
quinoa suggest that there is a valuable and large
genetic pool available for researchers to improve
quinoa for the purposes of food security and
human nutrition (Zurita-Silva et al. 2014).

Despite the potential of the species to help
alleviate food security and malnutrition concerns,
quinoa is considered to be a neglected and under-
developed crop. Conventional breeding of quinoa
commenced more than 50 years ago, but advances
have been limited (Rojas et al. 2009). Quinoa is an
allotetraploid species (2n = 4x = 36), with flow
cytometry-based methods estimating a genome
size of between 1.42 and 1.50 Gb (Kolano et al.
2012; Palomino et al. 2008). The allotetraploid
genome consists of two distinct sub-genomes
(termed “A” and “B”) (Palomino et al. 2008;
Yasui et al. 2016) (Chap. 6). Genetic tools,
including microsatellite markers, Single Nucleo-
tide Polymorphism (SNP) markers, Expressed
Sequence Tag (EST) libraries, Bacterial Artificial
Chromosome (BAC) libraries, Recombinant
Inbred Lines (RILs) and linkage maps have been
previously developed (Coles et al. 2005; Jarvis
et al. 2008; Mason et al. 2005; Maughan et al.
2004, 2012). Research utilizing these tools has
identified loci associated with important agro-
nomic traits, such as grain yield (Gomez et al.
2011), harvest index (Bertero et al. 2004), grain
saponin content (Chap. 8) and tolerance to stres-
ses such as salt, drought, heat and diseases (e.g.,
downy mildew) (Jacobsen et al. 2003; Zurita-
Silva et al. 2014) (Chap. 9).

Genetic markers are vital for modern breeding
techniques, which will enable the improvement
of quinoa genotypes (Maughan et al. 2012). The
first set of DNA markers in quinoa was reported
in 1993 with the use of Randomly Amplified
Polymorphic DNA (RAPD) markers, revealing
26 polymorphic markers among the 16 quinoa
accessions studied (Fairbanks et al. 1993). Using
Amplified Fragments Length Polymorphism
(AFLP) technology, Maughan et al. (2004)
published the first quinoa linkage map, identify-
ing 35 linkage groups, spanning 1,020 cM. The
first set of Simple Sequence Repeat (SSR) mark-
ers was developed in 2005, which included 208
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SSR markers from 31 quinoa accessions (Mason
et al. 2005). Further development of SSR mark-
ers led to the production of a new linkage map
that comprised 38 linkage groups, and covered
over 900 cM (Jarvis et al. 2008). Maughan et al.
(2012) used SNP markers to generate an
improved linkage map that contained 20 linkage
groups, and covered 1404 cM. The development
of markers of improved quality and density, as
facilitated by new sequencing technologies, will
allow for improved research and breeding out-
comes. In this regard, the development of a high-
quality reference genome assembly would further
facilitate these advances.

With modern DNA sequencing technologies,
assembling complete genomes has become more
feasible and affordable. As such, the develop-
ment of higher density molecular marker maps in
quinoa has become possible, and has allowed for
the improvement of agronomic traits, such as
those described by Zurita-Silva et al. (2014).
Besides, the introgression of new alleles from
wild quinoa species, and the domestication of
new quinoa species can both be accelerated
(Chap. 7). The increased availability of newer
sequencing technologies allowed for the pro-
duction of a preliminary quinoa genome assem-
bly (Yasui et al. 2016). This initial assembly is a
valuable resource, and has been utilized by the
research community. However, the assembly is
highly fragmented (scaffold N50 of 87 kb) and is
not complete, containing only 72% of the esti-
mated 1.5 Gb genome. As such, a more con-
tiguous and complete genome assembly is
required to assist future genetic, genomic and
evolutionary investigations of quinoa.

5.2 Quinoa Accession Pl 614886

We selected the Chilean accession PI 614886
(Fig. 5.1), also known as NSL 106399 or QQ74,
as the accession for sequencing to produce a
reference-quality assembly. PI 614886 was col-
lected from the Chilean costal region, and is
publicly available from the Germplasm Resour-
ces Information Network (GRIN; http://www.
arsgrin.gov/index.html) of the United States
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Fig. 5.1 A photo of a quinoa plant, accession PI 614886,
grown in a glasshouse at King Abdullah University of
Science and technology (KAUST), Kingdom of Saudi
Arabia. Photo credit to Dr. David Jarvis, KAUST

Department of Agriculture (USDA) Agricultural
Research Service (ARS).

PI 614886 was selected for sequencing
because it has been shown to maintain a relatively
high and consistent yield under saline and
drought conditions. These higher tolerances were
demonstrated at the International Center for
Biosaline Agriculture (ICBA) in Dubai, United
Arab Emirates. In this study, field trials were
performed over two consecutive cropping sea-
sons with 20 accessions assessed for their toler-
ances to local growth conditions (e.g., salinity and
drought) (Rao and Shahid 2012). When plants
were irrigated with highly saline water (EC,, 2.8
dS cm_l), PI 614886 was shown to be the most
tolerant and highest yielding accession (Rao and
Shahid 2012). Using microsatellite markers, PI
614886 was confirmed to be a coastal (lowland)
variety (Christensen et al. 2007).

5.3 Primary Sequencing by PacBio
SMRT Sequencing Technology

To produce a high-quality genome assembly of
quinoa, we utilized a strategy based on long-read
Pacific Biosciences (PacBio) Single Molecule,
Real-Time (SMRT®) technology. The resulting
primary assembly consisted of 4,232 scaffolds
(scaffold N50 of 1.66 Mb) (Jarvis et al. 2017).
The total assembly size was 1.32 Gb, which is in
line with previous estimates of genome size by
Palomino et al. (2008) and Kolano et al. (2012).

5.3.1 PacBio SMRT Sequencing

Technology

Plant genomes are challenging to assemble into
contiguous and complete genome assemblies.
This is due to their large genome size, high pro-
portion of repetitive regions and their polyploid
nature. Assembly strategies based on short-read
[llumina technology have become routine, and are
financially and computationally affordable for
most research groups. However, the genome
assemblies that are produced by short-read
sequencing are often highly fragmented and
incomplete. This is likely due to the inability of
Illumina short reads to adequately cover, and
distinguish between, repetitive regions in the
genome. To overcome these challenges, PacBio
developed SMRT® technology. This technology
produces long sequence reads thereby, generating
individual reads that can span repetitive regions in
the genome. Each SMRT® sequencing cell con-
tains up to one million sequencing “factories” that
are termed Zero-Mode Waveguides (ZMWs).
Each ZMW has a well with an attached DNA
polymerase. DNA sequencing libraries are added
to the SMRT® cell such that one DNA molecule
binds to the polymerase in each ZMW. The
surface-bound DNA polymerase then synthesizes
a DNA chain, incorporating labeled nucleotides.
As each fluorescently labeled nucleotide is added
to the DNA chain, illumination and signal reading
occur. SMRT® sequencing could produce reads
longer than 20 kb, generating 1 Gb data in each
SMRT® cell (RSII system).
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To perform PacBio SMRT® sequencing of a
target genome, A SMRTbell library needs to be
prepared. Following isolation of double-stranded
DNA, the DNA is capped with hairpin loops at
both ends, which allows the SMRTbell template
to be structurally linear and topologically circu-
lar. This enables the efficient loading of DNA
into ZMWs. The hairpin adaptors provide com-
mon primer-binding sites for DNA polymerase,
which reduces sequencing bias between inserts
of different sizes. The circular format of DNA
enables multiple sequencing “loops” of the same
DNA fragment, which allows for a high intra-
molecular consensus accuracy.

5.3.2 Quinoa Genomic DNA
Preparation and PacBio
Sequencing

A single quinoa plant was grown in soil in a growth
chamber with a photoperiod of 10/14 h (light/dark)
and a photon irradiance of 120 pmol m s~ until
maturity. The plant was placed in the dark for two
days prior to harvesting of leaf and flower tissues.
DNA preparation was performed according to the
“Preparing Arabidopsis Genomic DNA for Size-
Selected ~20 kb SMRTbell Libraries” protocol
(http://www .pacb.com/wp-content/uploads/2015/

09/Shared-Protocol-Preparing-Arabidopsis-DNA-
for-20-kb-SMRTbell-Libraries.pdf) and purified
twice using Beckman Coulter Genomics
AMPure XP magnetic beads. Approximately 30 g
of plant tissue was used, which produced a DNA
yield of 175 pg. Thermo Fisher Scientific Qubit
Fluorometry was used to quantify the DNA and a
sample of the DNA was inspected with pulsed field
gel electrophoresis. The DNA appeared as a high
molecular weight band of greater than 50 kb in
size, indicating that it is appropriate for use in
PacBio sequencing.

Using the PacBio RS II system, quinoa genomic
DNA was sequenced on 100 SMRT® cells with P6-
C4 chemistry by DNALink (Seoul, Republic of
Korea). From the 100 SMRT® cells, a total of
15,029,200 reads were collected, representing
78,829,079,710 bp of single-molecule sequencing
data (Table 5.1). Filtering was performed to
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exclude low quality reads and contaminants. This
was achieved by assessing the quality score for each
read (Options-filter = "MinReadScore = 0.80,
MinSRL = 500, MinRL = 100’). An error correc-
tion was then performed (CUTOFF option setting
with GENOME_SIZE 750 Mb*30). A total of
6,037,280 PacBio post-filtered reads remained,
representing a total of 75,132,015,080 bp of
sequencing data with an average read length of
12.44 kb (Table 5.1). The number of reads was
substantially decreased after filtering, while the total
size of data output was only slightly reduced
(Table 5.1), indicating that the low quality reads
were mostly short, and only account for a very small
proportion of all data.

De novo genome assembly was performed
using the SMRT®-assembly pipeline (https:/
github.com/PacificBiosciences/smrtmake)  with
the genome size set at 750 Mb. Within this pipe-
line, the Celera Assembler generated a draft
assembly using the error-corrected reads (Denisov
etal. 2008). This draft assembly was then polished
using the quiver algorithm, and the resulting
PacBio assembly was 1.32 Gb in size, consisting
of 4,232 contigs (contig N50 = 1.66 Mb) (Jarvis
et al. 2017).

The PacBio reads that were used for genome
assembly were long, with 38.4% of the reads
being at least 10 kb, with an average of
17,004 bp (Table 5.2). This represented 53.7 Gb
of data, which equates to 71.6% of the original
sequencing data from the SMRT® sequencing,
thus providing a substantial amount of coverage
of the genome size.

5.4 Scaffolding of the Assembly
with BioNano Genomics
(Optical Maps)

BioNano genome mapping was performed using
the BioNano Irys system at Brigham Young
University (Provo, UT, USA). With BioNano
mapping, DNA is labeled and then linearized on
an IrysChip for direct imaging and reading. As
the DNA sample is relatively intact, BioNano
Irys system allows for obtaining long-range
genomic spacing information. The BioNano


http://www.pacb.com/wp-content/uploads/2015/09/Shared-Protocol-Preparing-Arabidopsis-DNA-for-20-kb-SMRTbell-Libraries.pdf
http://www.pacb.com/wp-content/uploads/2015/09/Shared-Protocol-Preparing-Arabidopsis-DNA-for-20-kb-SMRTbell-Libraries.pdf
http://www.pacb.com/wp-content/uploads/2015/09/Shared-Protocol-Preparing-Arabidopsis-DNA-for-20-kb-SMRTbell-Libraries.pdf
https://github.com/PacificBiosciences/smrtmake
https://github.com/PacificBiosciences/smrtmake

5 A Chromosome-Scale Quinoa Reference Genome Assembly

Table 5.1 PacBio RS II

69

h Pre-filter Number of sub-read read bases 78,829,079,710 bp
read quality report
Number of sub-read reads 15,029,200
Sub-read length 5,245 bp
Sub-read quality 0.352
Post-filter Number sub-read bases 75,132,015,080 bp

Number sub-read reads 6,037,280
Sub-read length 12,444 bp
Sub-read quality 0.845

Table 5.2 Sub-read size

Region (kb) Number of bases/cell Number of bases Number of reads Mean sub-read length
>10~ 537,002,681 53,700,268,075 (71.6%) 3,158,132 (38.1%) 17,004
Total 750,282,020 75,028,202,002 8,280,426 9,061

sequencing reads provide a pattern of fluores-
cence that can be utilized to scaffold contigs
generated by PacBio sequencing.

To produce the material for BioNano
sequencing, quinoa plants were grown in soil in a
greenhouse for 3 weeks, and then placed in dark
for 2 days prior to harvesting. High molecular
weight DNA was then isolated from young leaf
tissue using the BioNano DNA isolation kit, with
DNA labeling performed using the BioNano
Prep DNA labeling kit. Specifically, the DNA
was digested with a single-stranded nicking
endonuclease Nt.BspQI, and was labeled with a
fluorescent-dUTP nucleotide analogue using Tag
polymerase. Nicks were ligated with Tag DNA
ligase, and the backbone of the labeled DNA was
stained using the intercalating dye YOYO-1. The
labeling of the DNA with fluorescent nucleotides
in specific sequence motifs (as dictated by Nt.
BspQI) produced identifiable and unique
genome-wide patterns. Labeled DNA was imaged
automatically using the BioNano Irys system and
de novo assembled into consensus physical maps
using the BioNano IrysView v2.5.1 analysis
software (https://bionanogenomics.com/support/
download-form/?file=http://bnxinstall.com/Irys
View/irysview.htmé&title=IrysView). This allowed
for scaffolding of the primary contigs produced
by PacBio sequencing. Single molecules longer
than 150 kb (with more than 8 labels) were used
in the final de novo assembly. The p-values were

set for the initial assembly (107%), extension of
the assembly (10_9), and chimera detection
(10719).

PacBio-BioNano hybrid scaffolds were iden-
tified using IrysView’s hybrid scaffold alignment
subprogram with a p-value of (10™%) for initial
and final alignments, and of (107"%) for chimera
detection and merging. As a result, the assembly
size of the PacBio-BioNano integrated genome
was increased from 1.32 to 1.39 Gb.

5.5 Scaffolding of the Assembly
with Dovetail Genomics
(Chromatin-Contact Maps)

To scaffold the PacBio sequences, high-
throughput short-read sequencing is often uti-
lized to revel the 3-dimentional structure of
chromosomes. In the nucleus, chromatin-DNA
segments that are physically close to each other
can be captured and used as mapping anchors
(Dixon et al. 2012; Lieberman-Aiden and Dekker
2009). After fixation of the chromosomes, DNA
segments in close proximity are likely ligated
together and sequenced in pairs, with the number
of intra-chromosome ligations negatively corre-
late with their genetic distances (Putnam et al.
2015). The “Hi-C” is a method developed to
probe the 3-dimentional architecture of the
massive genomes by constructing a spatial
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proximity map (Lieberman-Aiden and Dekker
2009). It and its related methods can reveal
chromatin contacts at multi-megabase level,
constructing genome-wide interaction maps in a
relatively high resolution.

5.5.1 Chicago Library Preparation

and Sequencing

Utilizing Hi-C data, the HiRise pipeline was
developed to de novo scaffold DNA fragments
using short-read data (such as Illumina Hiseq)
generated from proximity ligated DNA with
in vitro reconstituted chromatin (Putnam et al.
2015). Proximity ligation of DNA in its native
chromatin-bound state can be utilized to generate
DNA read pairs, which are then used to estimate
the relative distances between regions of genomic
sequence. These distance estimates are then uti-
lized to scaffold assemblies (Putnam et al. 2015).
As demonstrated in Fig. 5.2, Chicago libraries are
prepared from purified DNA that has been
reconstituted with chromatin in vitro. In this
process, formaldehyde is used to fix chromatin,
followed by restriction enzyme digestion to gen-
erate “sticky ends”, which are then filled in with
biotinylated (blue circles in Fig. 5.2) and thio-
lated (green squares in Fig. 5.2) nucleotides. The
filled in blunt ends are then ligated and the cross
links are removed. The libraries are then treated
with exonuclease to remove biotinylated nucleo-
tides. As a result, the thiolated nucleotides are at
the ends of library fragments, preventing further
digestion of molecule ends. Scaffolding can
therefore use the signals of thiolated nucleotides
as indicators of the physical positions between
DNA library fragments within chromosomes.
The same high molecular weight genomic DNA
that was prepared for PacBio sequencing was used
to prepare a Chicago library. Specifically, 2 pg of
genomic DNA (mean fragment size longer than
100-kb) was reconstituted into chromatin in vitro
and fixed with formaldehyde. Fixed chromatin was
digested with the restriction enzyme Dpnll. The 5’
overhangs were filled in with biotinylated nucleo-
tides, and free blunt ends were ligated. After liga-
tion, DNA was purified from protein, and was
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treated to remove biotin. DNA was sheared
to ~350 bp mean fragment size. Libraries were
generated using NEBNext Ultra enzymes and
[llumina-compatible adapters. Biotin-containing
fragments were then isolated using streptavidin
beads before PCR enrichment of the library. The
prepared library was sequenced on an Illumina
HiSeq 2500 in “rapid run” mode to produce 122
million 2 x 100-kb read pairs, providing a 51.6-
fold physical coverage (1-50 kb pairs).

5.5.2 Scaffolding the PacBio-BioNano
Assemblies with HiRise

HiRise is a software pipeline designed specifi-
cally for processing Chicago sequencing data to
scaffold genome assemblies (Putnam et al. 2015).
It was used to scaffold the quinoa assembly by
incorporating Chicago sequence data with the
PacBio-BioNano assembly (in FASTQ format).
Specifically, an alignment was performed
between Chicago sequence data and the input
assembly (PacBio-BioNano assembly) by using a
modified SNAP read mapper (http://snap.cs.
berkeley.edu). Chicago read pairs were sepa-
rated within input scaffolds and were analyzed by
HiRise. A likelihood model was provided to mis-
joins and to score prospective joins.

Chicago-HiRise sequencing and assembly
improved the length of the assembly scaffolds.
As a result, the longest scaffold increased from
11.56 to 23.82 Mb when compared with the
PacBio-BioNano assembly. Correspondingly, the
total number of scaffolds decreased from 4,014 to
3,486. More importantly, the N50 scaffold length
increased from 2.45 Mb to 3.84 Mb, indicating
that the Chicago-HiRise assembly had a sub-
stantially improved contiguity compared to the
PacBio-BioNano assembly (Fig. 5.3).

When very short scaffolds (< 1 kb) were
excluded, the Chicago-HiRise assembly scaffold
N50 number decreased from 216 to 70 scaffolds,
while the scaffold N50 length increased from
1.66 Mb to 5.36 Mb. Likewise, the scaffold N9O
number decreased from 1,065 to 349 scaffolds
while the N90 length increased from 0.14 Mb to
0.25 Mb.
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Fig. 5.2 The process of preparing a Chicago library
(Putnam et al. 2015). a Chromatin (nucleosomes in blue)
is reconstituted in vitro upon naked DNA (black strand).
b Chromatin is fixed with formaldehyde (thin red lines are
crosslinks). ¢ Fixed chromatin is cut with a restriction
enzyme, generating free sticky ends (performed on
streptavidin-coated beads). d Sticky ends are filled in
with biotinylated (blue circles) and thiolated (green

5.6 Validating the Reference
Genome Assembly

Short-read Illumina sequencing data was used to
validate the Chicago-HiRise assembly of the
quinoa genome by (1) mapping the sequencing
reads back to the final genome assembly and
(2) by producing a de novo short-read assembly
and comparing this assembly to the Chicago-
HiRise assembly. DNA was prepared from leaf
tissue of a single soil-grown plant using the
Qiagen DNeasy Plant Mini Kit. To prepare the
500-bp paired-end (PE) libraries, the NEBNext
Ultra DNA Library Prep Kit for Illumina was
used. Short-read Illumina sequencing was per-
formed using an Illumina HiSeq 2000 machine at
the Bioscience Core Laboratory at KAUST,

f
%
squares) nucleotides. e Free blunt ends are ligated
(ligations indicated by red asterisks). f Crosslinks are
reversed with proteins removed to yield library fragments.
Library fragments are then digested with an exonuclease
to remove the terminal biotinylated nucleotides. The

thiolated nucleotides protect the interior of the library
fragments from being digested

Saudi Arabia. Sequencing reads were processed
with Trimmomatic (v0.33) (Bolger et al. 2014) to
remove adapter sequences, leading and trailing
bases with a quality score below 20, and reads
with an average per base quality of 20 over a 4-
bp sliding window. Sequencing reads shorter
than 75 nucleotides after trimming were
removed. The remaining high-quality reads were
assembled with Velvet (v1.2.10) (Zerbino and
Birney 2008) using a k-mer of 75. The assembly
comprised 838,071,669 bp in 1,040,940 contigs
with an N50 of 2,175 bp (in 95,338 contigs),
with the largest contig being 45,571 bp.

The Chicago-HiRise assembly was validated
using the Illumina short-reads (66X coverage) and
Bacterial artificial chromosome End Sequences
(BESs) data (Poulsen and Johnsen 2004) by
determining the proportion of those two data sets
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Fig. 5.3 A comparison of assembly contiguity before
and after Chicago-HiRise. Each curve shows the fraction
of the total length of the assembly present in scaffolds of a
given length or smaller. The fraction of the assembly is

that map to the final assembly. Of the 851,664,032
Mlumina short-reads generated, 99.4% was suc-
cessfully mapped back to the final assembly with
97.7% properly paired. To further validate the
genome, a total of 2,106 BESs were aligned to the
reference quinoa genome assembly using
BLASTN. After filtering for hits with E-
values < 1 x 107'% and inserts that were too
large (> 370 kb) or too small (< 10 kb) in size, 109
scaffolds with a total of 286 Mb (representing 22%
of the genome) were validated by the BES data.
The short-read assembly was compared to the
reference assembly using BLASTN. When con-
sidering only the top two BLASTN matches for
each of the short-read contigs, a total of
59,305,355 bp (47%) of the quinoa final assem-
bly was covered by the short-read assembly.
Given the highly repetitive nature of the quinoa
genome and the limitations of short-read
sequencing, it is very likely that repetitive
regions in the Illumina assembly would have
been collapsed during the assembly process.
Thus, it is not unexpected that such a BLAST
search of the short-read assembly back onto the

indicated on the y-axis and the scaffold length in base-
pairs is given on the x-axis. The two dashed lines mark
the N50 and N90 length of each assembly. This plot
excludes scaffolds less than 1 kb in size

reference assembly would yield a much lower
overall coverage. To extend the validation fur-
ther, Multiple BLASTN hits from the short-read
assembly onto the reference assembly were
allowed. BLASTN hits with an E-value of less
than 5 x 10~* were filtered out. This increased
the total covered bases to 1,203,491,061 bp,
which represents 86.6% of the total quinoa
genome.

5.7 Pseudomolecules—
Chromosomes

To integrate scaffolds from the Chicago-HiRise
assembly into pseudomolecules, three genetic
maps were utilized. A previously published
linkage map (Maughan et al. 2004) together with
two new linkage maps (Jarvis et al. 2017) gen-
erated from genetic analysis of two mapping
populations were included.

For identification of genes underling saponin
biosynthesis (see Chap. 8) in seeds, two mapping
populations, Kurmi x 0654 and Atlas x Carina
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Red, were developed (Jarvis et al. 2017). These
populations were used to produce new linkage
maps with SNP markers. Parents and a number
of individual F5 progeny (45 for Kurmi x 0654
and 94 for Atlas x Carina Red) were sequenced
using Illumina technology. The reads from all
lines were trimmed first using Trimmomatic and
mapped onto the Chicago-HiRise genome
assembly using the programs BWA (Li and
Durbin 2010) or TopHat (Trapnell et al. 2009).
SNPs calling was performed using SAMtools
mpileup vI.1 (Li et al. 2009). Markers were
grouped using the JoinMap v4.1 maximum
likelihood algorithm. The order of markers on
resulting linkage groups of Kurmi x 0654 map
was set to be the starting order, and genetic
distances were determined by regression map-
ping in JoinMap. Genetic maps for each linkage
group were produced (Fig. 5.4). To combine the
published map with these two newly generated
maps, the Kurmi x 0654 map was again used as
a reference for anchoring marker position and
scaling. The final integrated linkage map con-
tained 6,403 unique markers, spanning a length
of 2,034 cM (Fig. 5.4). The map consists of 18
linkage groups, corresponding to the haploid
chromosome number of quinoa.

Using the integrated linkage map, the order and
orientation of scaffolds with each linkage group
were determined. Concatenation of these sorted
scaffolds allowed assembly of pseudomolecules.
The positions of the scaffold-based assembly in
coordinates of pseudomolecules assembly were
recorded in an “A Golden Path” (AGP) file.
Scaffold gaps in the AGP file were filled with 100
“N”s. The coordinates in the AGP file were used
to re-coordinate annotation files. By anchoring
565 scaffolds into the integrated linkage map with
correct order and orientation, pseudomolecules
were assembled, representing 1.18 Gb (85%) of
the total genome assembly. At this stage, the
pseudomolecules were referred as “chromo-
somes”, representing a high-quality quinoa refer-
ence genome. In contrast to the previously
published quinoa draft genome with 24,000

scaffold and 25% missing data (Yasui et al. 2016),
the current pseudomolecule-assembly of quinoa is
substantially improved.

5.8 Characterization of the Quinoa
Genome

Having produced a high-quality quinoa reference
genome, gene identification and genome anno-
tation are required in order to produce a resource
that can be utilized by the research community.
For this, characterization (“masking”) of repeti-
tive regions was first performed. Following that,
prediction and validation of gene models was
performed using Illumina RNA-seq and PacBio
Iso-seq.

5.8.1 Identification of Repetitive

Sequences

A large proportion of the quinoa genome consists
of repetitive regions of sequence, accounting for
64% of the genome (Jarvis et al. 2017). Repeat
families were independently de novo identified
and classified using the software package
RepeatModeler. RepeatModeler utilizes the pro-
grams RECON and RepeatScout for the de novo
identification of repeats within the genome. After
the classification process, the output data file
from RepeatModeler was used as a custom repeat
library by the program RepeatMasker (http://
www.repeatmasker.org) to discover and identify
repeats within the genome. Among these repeats,
the Long Terminal Repeat (LTR) transposable
element class is the predominant type, account-
ing for 36.8% of the genome (Table 5.3) (Jarvis
et al. 2017).

Other major classes of repetitive sequences
that were identified include Long Interspersed
Nuclear Element (LINE, 8.41% of the genome),
Terminal Inverted Repeat (TIR, 6%), simple
repeat (1.81%), and unclassified sequences
(10.50%) (Jarvis et al. 2017).
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markers are represented as black bands. Putative

Table 5.3 A summary of | TR transposon and their families Base pairs % of the genome
LTR transposons and their
families identified All 502,546,481 36.84
Cassandra 278,710 0.02
Caulimovirus 317,559 0.02
Copia 113,928,967 8.22
ERV1 323,293 0.02
Gypsy 394,369,811 28.46
Ngaro 109,720 0.01
5.8.2 RNA Sample Preparation apical meristems, lateral meristems, stems,
and Sequencing flowers, seeds, and seedlings), and treatments
of the Transcriptome (heat, drought, or low-phosphate stresses) (Jarvis

et al. 2017). All plants were grown in growth
To identify as much of the transcriptional spec- chambers for 3 weeks at 20 °C with 12 h daily
trum of quinoa as possible, RNA was extracted light. Drought was applied by withholding water
from different tissues (roots, leaves, petioles, from plants for 7 days. Heat was applied by



5 A Chromosome-Scale Quinoa Reference Genome Assembly 75

transferring plants to a new growth chamber with
conditions of 12 h light at 37 °C and 12 h dark at
32 °C for 7 days. To apply low-phosphate stress
to quinoa plants, a hydroponic system as
described in Conn et al. (2013) was utilized.
Seeds were sown on germination medium con-
taining 0.7% agar and grown for 3 weeks in
tanks containing nutrient solution (Conn et al.
2013). Then plants were either transferred to
tanks containing fresh nutrient solution (control)
or tanks containing nutrient solution lacking
KH,PO, (low phosphate, supplemented with a
compensatory amount of KCI) for 5 days. When
harvest, plant materials were snap-frozen in lig-
uid nitrogen, and were ground for RNA extrac-
tion. Total RNA was isolated using a Zymo
Directzol RNA MiniPrep Kit. RNA quality was
assessed using an Agilent 2100 BioAnalyzer. To
perform Illumina RNA-seq, sequencing libraries
were prepared using the NEBNext Ultra Direc-
tional RNA Library Prep Kit for Illumina. PE
sequencing (100-bp) was performed using an
Mlumina HiSeq 2000 machine at KAUST Bio-
science Core Laboratories. To perform PacBio
Iso-seq, RNA samples were purified with Beck-
man Coulter Genomics AMPure XP magnetic
beads. RNA quality was assessed with standard
agarose gel electrophoresis and Thermo Fisher
Scientific Qubit Fluorometry. RNA was frac-
tionated into 3 libraries consisting of differently
sized RNA (1 to 2 kb, 2 to 3 kb and 3 to 6 kb).
A total of 9 SMRT® cells for each RNA sample
was run on the PacBio RS II system with the P6-
C4 chemistry by DNALink (Seoul, Republic of
Korea). A total of 836,322 reads covering
2,292,247,217 bp and 699,876 reads covering
1,696,155,060 bp was produced for the shoot
and root RNA libraries, respectively. Sequencing
reads were processed with the RS_IsoSeq pro-
tocol of SMRT® Analysis (v2.2), and polished
consensus sequences were produced with the
ToFU pipeline.

RNA-seq reads and Iso-seq full-length tran-
scripts were mapped onto the reference genome
using Bowtie 2 (Langmead and Salzberg 2012)
and GMAP (Wu and Watanabe 2005), respec-
tively. The BAM2hints from the MAKER
package (Cantarel et al. 2008) was used to give

hints with locations of potential intron-exon
boundaries using the alignments.

5.8.3 Ab Initio Gene Model Prediction

The AUGUSTUS was used as the main ab initio
prediction software for the prediction of gene
models for the quinoa genome assembly (Stanke
et al. 2008). To ensure a comprehensive predic-
tion, coding sequences from Amaranthus
hypochondriacus, Beta vulgaris, Spinacia oler-
acea, and Arabidopsis thaliana (102,149 genes
in total) were obtained and concatenated for a
master list of genes. To train the AUGUSTUS
model, 50% of the genes on the master list were
used, with the other half being used for valida-
tion. Prediction-optimization was performed
twice. The intron-exon boundary hints provided
from RNA-seq and Iso-seq were used to predict
genes in the repeat-masked reference genome. To
enhance the quality of the prediction, peptide
sequences from B. vulgaris (EST form) were fed
to MAKER package. Putative function of genes
was annotated by a BLAST search of the peptide
sequences against the UniProt database. PFAM
domains and InterProScan ID to the gene models
were assigned using the MAKER package. Gene
model AUR62017258 (includes exons, introns,
UTRs) was presented as an example of the output
of the annotation process (Fig. 5.5). As shown,
Iso-seq reads (grey lines) span across the full
length of the gene, demonstrating a potential to
identify splicing variants of genes.

GC rich regions of a plant genome are likely
to be regions that have a more active gene
expression and regulation (Smarda et al. 2014;
Sumner et al. 1993). Gene density and GC con-
tent at genome level were therefore plotted
together using DensityMap (Guizard et al. 2016)
(Fig. 5.6), providing an overview of gene and
gene expression across all chromosomes. Rela-
tively more genes can be found toward the end of
the chromosomes, with areas of low gene density
in the middle of the chromosomes (centromeres
regions). The GC content was found to be similar
across all chromosomes, with no notable pattern
can be observed.
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The annotation identified a total of 57.06 Mb
of coding sequence, which covered 44,776 gene
models. The total number of genes is similar to
the gene number in upland cotton (Gossypium
hirsutum), another allotetraploid plant species (Li
et al. 2015). When comparing to quinoa’s
ancestral diploids, Chenopodium pallidicaule
and Chenopodium suecicum, the number of
genes of quinoa is approximately equal to the
sum of the gene number in the diploids—17,961
for C. pllidicaule and 21,861 for C. suecicum.
This is in keeping with the hypothesis that tet-
raploid quinoa developed from a hybridization of
the two diploids (Jarvis et al. 2017). The average
length of a gene in the quinoa annotation is
1.27 kb, with the longest gene being
15,933 bp. Among these annotated genes, 6,864
single-exon genes were identified. To evaluate
the quality of the gene prediction, Annotation
Edit Distance (AED) scores were generated with
the MAKER package. The result showed that
33,365 out of 44,776 genes had an AED of less
than or equal to 0.3, which indicates that the gene
models are well supported, as AED scores range
from O to 1, with “0” indicating a very high level
of evidence for a given annotation (Yandell and
Ence 2012).

5.8.4 Annotation Validation
with BUSCO

Genome annotation completeness was assessed
using “Benchmarking Universal Single-Copy
Orthologs” (BUSCO, available at http://busco.
ezlab.org.), a quantitative assessment method
based on evolutionarily informed expectations of
gene content (Simdo et al. 2015). With the
BLAST E-value cutoff set to 107> , out of the 956
genes in the Plantae BUSCO dataset, 97.3%
genes were identified in the quinoa gene anno-
tation (Jarvis et al. 2017). The fact that only 26
BUSCO genes are missing indicates a good
quality of both the genome assembly and the
gene annotation.

5.8.5 MicroRNA Gene Prediction

MicroRNAs (miRNA) are short (~21 nucleo-
tides), non-translated RNAs that play important
regulatory roles in gene expression of plants
(Jones-Rhoades et al. 2006). As it is found to be
involved in the processes such as development,
reproduction,and stress-response, miRNA genes
of quinoa genome were annotated. The tran-
scriptomic data generated by PacBio Iso-seq and
RNAseq was used to prepare the libraries. An
Ilumina HiSeq 2000 machine was used to per-
form the sequencing. To exclude the adapter
sequence and reads with low quality, trim galore
v0.4.0 (http://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/) was used to trim the
reads. The output data included 102,858,577
reads, with the length of each sequence being
between 19 and 26 nucleotides. Using ShortS-
tack with default settings (Axtell 2013), 523,752
loci were detected to have clustered mappings of
small RNAs. Among them, 483,702 were pre-
dicted to be from RNAi mediated processing of
small RNAs. The algorithm implemented in
ShortStack stringently detected 67 candidate
miRNA with canonical secondary hairpin struc-
tures. Only 17 out of 165 known microRNAs are
detected by the ShortStack algorithm with a high
specificity (high confidence miRNA candidates).
The stem-loop precursors of identified miRNA
were matched to known miRNA families using
Rfam scan (http://rfam.xfam.org, Rfam 12.1,
April 2016), and multiple putative miRNA loci
were found to be likely from a highly conserved,
highly expressed mirl66 (Rfam ID RF00075)
(Jarvis et al. 2017).

5.9 Analysis of Quinoa Sub-genome
Structure

To investigate the sub-genome structure of the
tetraploid C. quinoa, the genome assembly
scaffolds of C. pallidicaule and C. suesicum were
mapped onto the tetraploid C. guinoa genome
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Table 5.4 A comparison
between sub-genomes A
and B Number of scaffolds
Size

Genetic size
Physical size

Number of 18-24 J

assembly to putatively identify chromosome
relationships between the tetraploid and the
ancestral diploids. The 18 quinoa chromosomes
could be assigned to two sub-genomes A and B,
corresponding to the ancestral C. pallidicaule
and C. suesicum genomes, respectively. The sub-
genomes were assigned in scaffolds, which is
approximately 72% of the chromosome-scale
genome assembly in size. To be specific, sub-
genome A contained 156 scaffolds, consisting of
202.6 Mb while sub-genome B contained 410
scaffolds, consisting of 646.3 Mb.

To confirm the sub-genome analysis, the
presence of the 18-24 J mini-satellite marker in
the two sub-genomes was investigated. It was
previously reported that this marker was substan-
tially more abundant in C. suesicum (B sub-
genome) than in C. pallidicaule (A sub-genome)
(Kolano et al. 2011). An analysis of the sub-
genome assignment confirmed that the 18-24 J
mini-satellite marker was much more frequent in
the B sub-genome (6322), relative to the A sub-
genome (172) thereby adding support to the
assignments (Table 5.4). Furthermore, the smaller
genetic and physical size of the A sub-genome
(Table 5.4) corresponds to the smaller genome
size of C. pallidicaule (452 Mb) relative to C.
suesicum (815 Mb) estimated by k-mer analysis.

Comparative analysis between quinoa genome
and genomes of A. hypochondriacus, and B.
vulgaris is discussed in detail in Chap. 6.

5.10 ChenopodiumDB

A free-access database, ChenopodiumDB (http://
www.cbrc.kaust.edu.sa/chenopodiumdb/),  was
launched to make the genome sequences, protein

B. Li and D. J. Lightfoot

Sub-genome A Sub-genome B

156 410
202.6 Mb 646.3 Mb
946 ctM 1,087 cM
524 Mb 660 Mb
172 6322

sequences, and gene annotation of quinoa avail-
able to the public. The database also contains
sequence data for other species in genus Che-
nopodium, serving as an integrated repository for
population genetics associated with this genus.
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Abstract

Quinoa (Chenopodium quinoa Willd.), also
known as ‘the mother grain’ of the Incas, is a
pseudo-cereal crop originating from the
Andes, mainly cultivated for its seeds and
consumed in a similar way to rice and other
staple grains. Although it is primarily a
subsistence crop in Andean regions, quinoa
is gaining international importance due to the
exceptional nutritive value of its grains and its
ability to maintain yields in harsh environ-
mental conditions. As a consequence, breed-
ing programs are rapidly expending, and a
better knowledge of the structure and function
of quinoa genome is becoming increasingly
needed in order to support and fasten breeding
efforts and make quinoa more productive and
better adapted to its novel culture environ-
ments. The recent release of several novel
sequence resources such as the genome refer-
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ence sequence of coastal quinoa accession
QQ74 and the re-sequencing of several wild
and cultivated quinoas will certainly con-
tribute to this aim. In this chapter, we review
the current molecular resources available for
the structural characterization of quinoa allote-
traploid genome and discuss future prospects
for the functional characterization of genes
underlying traits of agronomic importance.

6.1 Introduction

Quinoa (Chenopodium quinoa Willd.), also
known as ‘the mother grain’ of the Incas, is a
pseudo-cereal crop originating from the Andes,
mainly cultivated for its seeds and consumed in a
similar way to rice and other staple grains. Quinoa
seeds are highly nutritious, and contain high
protein content including all essential amino
acids, high content of several minerals and health-
promoting compounds such as flavonoids (Ruiz
et al. 2014). Quinoa seeds have a good balance
between oil (4-9%), protein (averaging 16%),
and carbohydrates (64%) (Bhargava et al. 2006;
Vega-Galvez et al. 2010) and also lacks gluten,
which makes it a good food source for consumers
with celiac disease (Jacobsen 2003). Though it is
used as a cereal, it is a dicotyledonous annual
species originating from the region surrounding
the Bolivian and Peruvian Altiplano, where it was
presumably domesticated by ancient Andean
civilizations approximately 7,000 years ago
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(Dillehay et al. 2007). Quinoa belongs to the
Amaranthaceae family (formerly Chenopodi-
aceae) together with the other economically
important crops spinach (Spinacia oleracea L.)
and sugar beet (Beta vulgaris L.). Quinoa species
diversity is distributed around Lake Titicaca, with
major dispersion cores located in Bolivia and
Peru which define five main ecotypes (highlands,
inter-Andean valley, Salares, Yungas, and coastal
lowlands) (Ruiz et al. 2014).

Quinoa’s rich genetic diversity results from a
mode of production that is fragmented and
localized across the diverse eco-environments of
the Andean region: from Ecuador to southern
Chile and from sea level to more than 3,500 m
altitude in the Andean Altiplano. Cultivation of
quinoa for several thousand years in the harsh
and diverse environments of the Andes, rein-
forced by the tradition of seed exchange by local
Andean farmers, has shaped its capacity to
maintain its modest productivity on marginal
lands (low nutritive soils, under water shortage,
and high salinity conditions). The species exhi-
bits good tolerance to several abiotic stresses
including frost, high soil salinity, and drought
(Jacobsen 2003). Hence, although quinoa crop
productivity remains low compared to that of
other major crops such as wheat or maize, it has
been identified as a good candidate to enhance
food security, especially in the context of the
predicted increases in global soil salinization and
aridity (Ruiz et al. 2014). As such, quinoa is a
good model crop to study the mechanisms
leveraged by plants to cope with high salinity and
drought (Orsini et al. 2011; Ruiz-Carrasco et al.
2011; Pulvento et al. 2012; Adolf et al. 2013;
Shabala et al. 2013).

Most quinoa is produced in Peru and Bolivia,
which respectively accounted for 53% and 44%
of the global production of 148,000 tones in 2016
(www.fao.org), with other Andean countries like
Ecuador, Chile, Argentina, and Colombia
accounting for approximately 3%. Although it is
primarily a subsistence crop produced by small-
scale local farms for indigenous Andean popula-
tions, a new international market for quinoa is
rapidly expanding due to the exceptional nutritive
value of its grains and its ability to maintain yields
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in harsh environmental conditions (Maughan
et al. 2007). As a result, both research and pro-
duction have been developing steadily beyond
Andean production countries and now occurs in
more than 70 countries, including France, Eng-
land, Sweden, Denmark, Holland, Italy, Kenya,
India, and the USA (www.fao.org). However,
important breeding improvements are still needed
to transform this subsistence crop into a major
crop that can reduce dependence on other staples
like wheat and rice. Many traits needs to be
improved in order to increase quinoa production
as it expands into new environments, such as
yield related traits (seed size, grain yield), time to
flowering, plant maturity, growth habit, quality
traits (seed color, seed saponins content), and
resistance to pathogens (Maughan et al. 2007,
Zurita-Silva et al. 2014). In order to facilitate the
development of quinoa as a crop, a better under-
standing of the genetic basis underlying these
traits in quinoa is needed. In addition, as quinoa
production expands into new areas, it will be
increasingly important to understand genotype-
by-environment effects on yield and nutritional
properties (Jacobsen 2003).

Building on the work of breeding programs
initiated in the mid-1970s in Andean countries
(McElhinny et al. 2007) and in the 1980s in the
USA and Europe (Zurita-Silva et al. 2014), some
of the first genetic and genomic resources were
produced in the early 2000s—mostly molecular
markers generated to support the characterization
of quinoa species diversity and molecular map-
ping of quinoa seed quality traits. Later, the Food
and Agriculture Organization (FAO) of the
United Nations declared 2013 as The Interna-
tional Year of Quinoa (IYQ2013) (FAO 2012)
helping quinoa to gain further international sci-
entific interest. Several whole genome sequenc-
ing projects were initiated for coastal lowland
(Jarvis et al. 2017) and highland (Yasui et al.
2016; Zou et al. 2017) quinoa accessions, as well
as for several wild and cultivated quinoas and
related species. These novel resources are meant
to provide a better characterization of the
allotetraploid quinoa genome, facilitate the
identification of the molecular basis of important
agronomical traits and further enhance breeding
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programs needed for quinoa genetic improve-
ment (Jacobsen 2003; Danial et al. 2007).

In this chapter, we review the molecular
resources available for the structural characteri-
zation of quinoa genome and discuss future
prospects for the functional characterization of
genes underlying traits of agronomic importance.

6.2 Structural Genomics
6.2.1 Organization of Quinoa
Genome

Cytological studies established that quinoa is an
allotetraploid species with a basic set of 9 chro-
mosomes (2n = 4x = 36; AABB) resulting from
the hybridization between ancestral A- and B-
genome diploid species (Palomino et al. 1990;
Bhargava et al. 2006; Kolano et al. 2012a). The
allotetraploid origin of quinoa was confirmed
based on genetic, molecular, and cytogenetic
analyses using a combination of three different
types of DNA markers (chloroplastic (cp) DNA,
nuclear ribosomal Internal Transcribed Spacer
(nrITS), and 5S ribosomal DNA (rDNA) non-
transcribed sequences (NTS)) as well as Genomic
in situ hybridization (GISH) cytogenetic analysis
(Wilson 1990; Ward 2000; Maughan et al. 2006;
Kolano et al. 2012b; Storchovéa et al. 2015).
Several studies have shown that quinoa chromo-
somes are mostly inherited through disomic and
minimal tetrasomic segregations (Simmonds
1971; Ward 2000; Maughan et al. 2004). The
quinoa genome size was estimated at 1.453 Gb
(mean genome size of quinoa accessions is
2C =2.973 £ 0.043 pg) (Kolano et al. 2012a),
which is considered as a small genome compared
to most plant species (the angiosperm mean
genome size is 1C = 5.7 Gb; (Dodsworth et al.
2015). In the set of Chenopodium accessions
studied by Palomino et al. (2008), very little
correlation was found between chromosome
length (in pm) and DNA content (in pg), sug-
gesting different degrees of chromosome con-
densation between species (Palomino et al. 2008).

The small size of quinoa chromosomes as
well as their high degree of condensation and low

level of sub-genome-specific banding patterns
makes cytogenetic and conventional karyotype
analysis difficult in this species. Consequently,
beyond the species’ chromosome number, the
general distribution of heterochromatin vs.
euchromatin and distribution of a small number
of highly repetitive sequences, including the
rRNA genes, we know relatively little about
quinoa cytogenetics. C-banding of quinoa
somatic chromosomes reveals mostly isobrachial
chromosomes, organized with heterochromatin
concentrated in the pericentric region while
euchromatin extends distally to the telomeres
(Gill et al. 1991). Fluorescent in situ hybridiza-
tion (FISH) markers designed from quinoa
retrotransposons have been used to evidence
important genomic divergence among the pro-
genitors of the C. album and C. berlandieri/C.
quinoa hexaploid complexes (Karcz et al. 2005).
However, these markers were unsuccessful at
discriminating the two sub-genomes of quinoa at
the cytological level. These difficulties to obtain
a clear karyotype of quinoa is a limitation to the
study of chromosome behavior such as pairing
and recombination between homoeologous
chromosomes, which is an important measure for
the determination of species boundaries and
taxonomic classification. As a result, the taxo-
nomic identification and classification of cheno-
pods are primarily based on growth habit and
agro-ecological environment which is largely
complicated by the high phenotypic plasticity of
Chenopodium species (Aellen and Just 1943;
Wilson 1981b).

6.2.2 Molecular Tools

Understanding the origins, evolution, and phy-
logenetic relationships within quinoa accessions
is of major interest in order to better exploit the
phenotypic and genetic diversity for genetic
improvement of quinoa. With this aim, most
research reported to date has dealt with the
development of molecular markers to investigate
the genetic relationships among the different taxa
and has been reviewed in detail (Maughan et al.
2007; Zurita-Silva et al. 2014).
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6.2.2.1 Isozyme and Protein Markers
The first molecular characterization of quinoa
genetic diversity consisted of the analysis of the
allelic variation at 21 isozyme loci within 99
populations of domesticated quinoa and wild
species (C. hircinum and wild quinoa ajara)
(Wilson 1981, 1988a, b, ¢). For the first time, this
study revealed the presence of two distinctive
groups: a coastal type defining populations from
southwestern Chile, and an Andean type defining
populations extending from northwestern Argen-
tina to southern Colombia. Moreover, the Andean
ecotypes further split into northern and southern
phylogenetic groups. These data also support the
hypothesis of the center of diversity of quinoa
species originating in the Altiplano, in an area
surrounding Lake Titicaca in Bolivia and Peru
where the largest number of quinoa landraces was
found by Gandarillas (1968). Another study used
a protein-based approach for the identification of
quinoa cultivars through the characterization of
seed storage proteins which can be used in
breeding programs for improved protein quantity
and quality (Fairbanks et al. 1990).

6.2.2.2 DNA-Based Molecular Markers

Subsequently, the development of DNA-based
markers such as Random Amplified Polymor-
phic DNA (RAPD) and Amplified Fragment
Length Polymorphism (AFLP), simple sequence
repeat (SSR)-based and single nucleotide poly-
morphism (SNP) markers, have facilitated the
assessment of genetic variation among quinoa
accessions and other Amaranthaceae species.
Fairbanks et al. (1990) used 30 RAPD markers to
identify DNA polymorphisms among 16 quinoa
accessions, while Bonifacio (1995) used these
markers to confirm hybridization between quinoa
and C. nuttalliae Safford, as well as intergeneric
crosses obtained by crossing quinoa with three
Altriplex species. Another study by Ruas et al.
(1999) used 33 RAPD markers (399 alleles) in
order to investigate the genetic relationship
among 19 Chenopodium taxa, composed of 10
quinoa (two wild and eight cultivated) accessions
and 6 related Chenopodium species. The results
enabled the discrimination of the different germ-
plasm into five groups according to the species
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classification: a C. gquinoa group composed of the
eight cultivated quinoa varieties and the two wild
accessions (‘ajara’ ecotypes) suggesting little
differentiation between sympatric domesticated
cultivars and wild quinoa accessions, a second
group composed of the North American C. ber-
landieri and C. album, and a fourth and fifth
group, respectively, representing the clusters of
C. pallidicaule and C. ambrosioides species.
Later on, 230 AFLP, 6 RAPD and 19
microsatellite markers were used to create the first
linkage map of quinoa described further in
Sect. 6.2.3 below (Maughan et al. 2004). Addi-
tional RAPD studies include the characterization
of 87 cultivated and weedy quinoa individuals
(representative of eight quinoa field populations
from the Altiplano and interandean valleys of
Bolivia) using 10 markers (38 alleles) (del Cas-
tillo et al. 2007), and the characterization of 55
accessions belonging to 14 species of chenopods
(including C. berlandieri subsp. nuttalliae,
diploid, tetraploid and hexaploidy C. album and
C. giganteum species) (Rana et al. 2010).

The next molecular marker technology that
presents even greater transferability of markers
between Chenopodium species were simple
sequence repeat (SSR)-based markers. These
markers have been first developed in quinoa by
Mason et al. (2005) who identified 208 poly-
morphic SSR markers from the sequences of
three SSR-enriched genomic libraries (CA, ATT,
ATG) from a panel of 31 cultivated quinoa
accessions. Mason et al. (2005) observed a
number of alleles ranging from 2 to 13, with an
average of 4 alleles detected per locus, as well as
heterozygosity ranging from 0.2 and 0.9 with a
mean value of 0.57, and a high level (67%) of
transferability of these SSR markers between the
other cultivated Chenopodium species C. pal-
lidicaule, C. giganteum, and C. berlandieri
subsp. nuttalliae. Further studies made use of
SSR markers for the characterization of addi-
tional quinoa accessions (Christensen et al. 2007;
Jarvis et al. 2008; Fuentes et al. 2009, 2012;
Tartara et al. 2012). In their work, Christensen
et al. (2007) characterized 151 quinoa accessions
originating from Peru, Ecuador, Bolivia, Argen-
tina, and Chile using 36 SSR markers (420



6 Structural and Functional Genomics of Chenopodium quinoa 85

alleles) displaying levels of heterozygosity
ranging from 0.45 to 0.94. The authors observed
limited diversity in the germplasms from
Argentina and Ecuador while a high genetic
diversity was observed in the material originating
from the central Andean highlands. These results
identified the Altiplano as a center of diversity
and a probable point of introduction for
Ecuadorian accessions, whereas the Chilean
highland and lowland zones would be at the
origin to the introduction into Argentina. Fuentes
et al. (2009) characterized 59 Chilean quinoa
accessions and reported a higher level of genetic
diversity in the Chilean coastal lowland germ-
plasm (with heterozygosity values ranging from
0.07 to 0.90) than previously postulated. This
observation was explained by gene flow between
quinoa and the weedy populations of C. album
and C. hircinum grown in sympatry in the low-
land fields of Chile. In 2019, Salazar et al. used
15 SSR markers to characterize the genetic
diversity within 84 accessions cultivated in the
Ecuadorian Andes. Their study revealed exten-
sive allelic richness (196 alleles) and a high level
of genetic heterozygosity (HE = 0.71). A popu-
lation structure analysis derived from these SSR
markers revealed three distinct clusters among
this Ecuadorian germplasm. These clusters dis-
played little correlation with geographic origin,
suggesting that the structure of Ecuadorian
diversity wasn’t shaped through geographic pat-
terning, but rather originated from independent
genetic lineages representing ancestral landrace
populations which have been disseminated
throughout Ecuador.

In the absence of genome sequence resources,
the first single nucleotide polymorphism
(SNP) markers were developed in quinoa from
expressed sequence tag (EST) libraries described
in Sect. 6.2.3 below (Coles et al. 2005). In this
work, 51 polymorphic markers were obtained
between six quinoa accessions (the Bolivian
quinoa variety ‘Real’ from which the ESTs were
derived, two Altiplano ecotypes, ‘Chucapaca’
and ‘0654°, and three coastal ecotypes, ‘KU2’,
‘G-205-95DK’, and ‘NL-6’), comprising 38
SNPs and 13 insertions-deletions (Indels), with
an average of one SNP per 462 base-pair

(bp) and one Indel per 1,812 bp. An additional
81 interspecific SNPs were identified that
showed polymorphism between quinoa acces-
sions and C. berlandieri and were found at a
higher (2.5X) frequency than the SNPs identified
among just the quinoa accessions. All 132 SNPs
of this study were validated by reverse-strand
sequencing, and proof of concept of their utility
for germplasm characterization was demon-
strated by phenetical analysis of the five quinoa
accessions which confirmed the results obtained
in previous analysis performed with isozymes,
RFLPs, RAPDs and microsatellites markers.
Several years later, a large-scale set of 14,178
newly identified SNP markers was generated
through a genomic reduction approach and
allowed the development of 511 polymorphic
SNP assays for quinoa based on KASPar geno-
typing chemistry (Maughan et al. 2012).
These SNP assays were used to screen a diversity
panel of 113 quinoa accessions from Bolivia,
Chile, Peru, Argentina, Brazil, Europe, North and
Central America, as well as eight accessions
representing several related Chenopodium taxa
(i.e., C. berlandieri, C. hircinum Schrad., C.
ficifolium Sm and C. watsonii A. Nelson). The
genotyping results revealed a minor allele fre-
quency (MAF) of the SNPs ranging from 0.02 to
0.50 across the quinoa accessions, with an
average MAF of 0.28. The structure analysis of
the quinoa diversity panel revealed two major
subgroups corresponding to the Andean and
coastal quinoa ecotypes. These markers showed
high degree of transferability to related species,
with 34% of the SNPs amplifying all eight taxa
and 74% amplifying in six of the eight taxa.
However, due to the design of this SNP essay
which was initially developed to differentiate
between eight quinoa accessions, the authors
highlighted the limits of this genotyping platform
for phylogenetic studies at the genus level
(Zurita-Silva et al. 2014; Vidueiros et al. 2015).

The development of molecular markers for
quinoa has enabled genetic analysis of quinoa
diversity at the ecotype, population, germplasm,
and genus levels with an increasing scale of the
samples analyzed and resolution of the analysis.
Taken together, these analyses consistently
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confirmed the structure of quinoa species as two
distinct germplasm pools: an Andean highland
quinoa pool that includes its associated weedy
complex, highly diverse and considered the pri-
mary center of diversity and origin of quinoa
species, and a second pool of quinoa originating
from the central and southern Chilean coastal
lowlands and constituting a second center of
major quinoa diversity (Jellen et al. 2011).

6.2.2.3 EST and BAC Libraries

In the absence of whole genome sequencing,
ESTs and bacterial artificial chromosome
(BAC) libraries represented the first source of
genomic sequences available for quinoa.

A first set of 424 ESTs was generated from
cDNA libraries derived from two tissues (im-
mature seeds and flowers) (Coles et al. 2005).
Comparison of these sequences to public protein
databases identified 349 EST sequences with
significant homology to protein-coding genes
from related model plant species. While most of
the annotated ESTs had ambiguous or unclassi-
fied functions, several were present in relatively
high abundance and had putative functions rela-
ted to plant defense.

These publicly available EST libraries have
been used notably for the development of SNP
molecular markers (Coles et al. 2005) as reported
in the previous Sect. (6.2.2.2). Subsequently, this
sequence resource has been exploited for the
cloning and analysis of genes. In their study,
Balzotti et al. (2008) identified and characterized
the gene encoding the 11S globulin seed storage
protein in quinoa, which represents a major step
toward the understanding of quinoa seeds’
exceptional composition of protein and essential
amino acids. Another major achievement making
use of the EST sequence resource was the clon-
ing of the Salt Overly Sensitive 1 (SOS1) gene,
an potential factor contributing to quinoa salt
stress tolerance (Maughan et al. 2009). Finally,
these EST databases represent a rich source of
genomic sequence information that can be
exploited for the development of genetic markers
for various applications.

Another important sequence resource has been
the development of bacterial artificial chromosome
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(BAC) libraries. In their work, Stevens et al. (2006)
produced a BAC library of quinoa containing
74,880 clones that were made publicly available at
the Arizona Genomic Institute at the University of
Arizona, Tucson, AZ, USA. The library was con-
structed from a first pool of 26,880 clones issued
from the digestion using BamHI with an average
clone insert size of 113 kb, and a second pool of
48,000 clones issued from the digestion using
EcoRI with an average clone insert size of 130 kb.
On the basis of a calculated genome size of
967 Mb, this library was estimated to cover 9.0
equivalents of the haploid nuclear genome. The
authors demonstrated the relevance of this BAC
library for gene cloning by identifying two positive
clones representing different genetic loci encoding
the quinoa 118 seed storage protein. BAC libraries
will continue to represent an important resource for
gene cloning projects, as they provide reliable
sequence information as well as support for the
construction of physical maps of the quinoa
genome.

6.2.3 Mapping the Quinoa Genome

The first genetic linkage map of quinoa was
developed from a population of 80 F2 individuals
derived from the cross between KU-2, a Chilean
lowland cultivar, and 0654, a Peruvian Altiplano
cultivars (Maughan et al. 2004). The map was built
from 255 DNA markers (AFLPs, RAPDs and
SSRs) and resulted in 35 linkage groups spanning
1,020 centimorgans (cM) with an average density
of 4.0 cM per marker. The higher number of link-
age groups than haploid chromosome number of
quinoa (n = 18) indicates that this map was still not
saturated and several regions of the genome remain
undetected, while the predicted total length was
estimated to reach 1700 cM.

The second quinoa genetic map reported by
Jarvis et al. (2008) was developed from a
recombinant inbred lines (RIL) population con-
sisting of 82 F5 individuals issued from the cross
between KU-2 and 0654 cultivars described
above. The map was constructed using 200 SSRs
and 70 AFLPs and resulted in 38 genetic linkage
groups spanning 913 cM.
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The third quinoa genetic map was developed
from two advanced (F8) RIL mapping popula-
tions sharing a common paternal parent (0654
highland quinoa cultivar) composed of 128
individuals (Maughan et al. 2012). The linkage
analysis of 451 polymorphic SNP markers yiel-
ded 29 genetic linkage groups spanning
1,404 cM with an average of 3.1 cM per marker.
The greater completeness of this map that is
closer to the total length of the predicted quinoa
map (1,700 cM) owed to the genotyping of a
larger mapping population with a higher marker
density than the two previous studies.

This later genetic map represents an important
milestone in the process of getting the first gen-
ome sequence assembled into pseudomolecules
(Jarvis et al. 2017). Indeed, to combine scaffolds
into pseudomolecules, the genetic map of quinoa
developed by Maughan et al. (2012) was inte-
grated with two new linkage maps. These two
maps were generated from two populations seg-
regating for the presence of saponins in the
seeds: 45 individual F3 progeny from the cross
between Kurmi (sweet) and 0654 (bitter) and 94
sweet F2 lines from the cross between Atlas
(sweet) and Carina Red (bitter). The resulting
genetic map was built from 6,403 unique mark-
ers and resulted in 18 linkage groups spanning a
total length of 2,034 cM, which corresponds to
the haploid chromosome number of quinoa.

6.2.4 Whole Genome Sequencing
(WGS) of Quinoa Species

Although quinoa has a moderate genome size
compared to most plant genomes, its allote-
traploid nature, relatively high number of linkage
groups (n = 18) and high level of heterozygosity
represent a high degree of complexity for the
production of a genome sequence reference.
Despite the difficulty, two draft genome assem-
blies of the highland quinoa cv. REAL as well as
a genome reference assembly of the lowland
quinoa cv. QQ74, shallow sequencing of various

nuclear genomes, transcriptome sequencing and
cytoplasmic DNA sequence assemblies have
been produced. In this part, we will review these
different resources and how they enabled a better
characterization of quinoa genome.

6.2.4.1 Draft Genome Sequence
Assemblies

The first effort to sequence the genome of quinoa
was produced by Yasui et al. (2016) who gener-
ated the draft genome sequence (Cqu_r1.0) of the
Japanese inbred quinoa accession Kyoto-d (Kd).
The sequencing was performed using a combi-
nation of 290 Gb of Illumina HiSeq 2500 high-
throughput next-generation sequencing and
45 Gb of long-read Pacific Biosciences (PacBio)
RS II sequencing, corresponding to 196X and
31X coverage of the quinoa genome, respec-
tively. The resulting de novo genome assembly
contained 24,847 scaffolds, with a total length of
1.1 Gb, an N50 length of 86,941 bp, and 24%
missing data. A k-mer frequency distribution
curve allowed the size of quinoa genome to be
estimated at about 1.5 Gb, in good agreement
with that of 1,448 Mb from cytometry analysis
(Palomino et al. 2008). The transcriptome
sequencing and de novo assembly of 12 different
tissues of quinoa were used to support the ab ini-
tio prediction of 226,647 protein-coding sequen-
ces (CDSs) (Cqu_rl.0_cds) consisting of
190.5 Mb, while similarity searches predicted
150,029 genes among which 62,512 were func-
tionally annotated thanks to their homology to
other protein-coding genes in UniProtKB data-
base. Similarity searches against the NCBI non-
redundant (NR) protein database allowed the
inference of 668.2 Mb of transposable element
(TE) space, including 132.7 Mb (12.2% of
Cqu_rl.0) of known repeat sequences with pre-
dominance of Class I LTR elements (7.2% of
Cqu_rl.0) and novel repeat sequences accounting
for a total length of 5355 Mb (49.2% of
Cqu_rl1.0). However, the fragmented nature of
the draft sequence as well as the absence of clear
identification and sequencing of the diploid
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progenitors of the A and B sub-genomes of qui-
noa prevented the discrimination between quinoa
sub-genomes and inference of homoeology.

A second draft genome was published in 2017
by Zou et al. who sequenced an inbred line of the
highland quinoa cv. Real, which is one of the
most widely cultivated and consumed quinoas in
the world. Similar to the previous draft, the
sequencing was performed using a combination
of Illumina short-read sequencing with various
library insert sizes, and long-read PacBio
sequencing, representing 146 x and 33 X cov-
erage of the quinoa genome, respectively. The
final assembly (Cq_real_v1.0) resulted in a total
sequence length of 1,337 Mb with a scaffold N50
of 1.16 Mb with the largest scaffold being
5.4 Mb. The assembly covers 90.2% of the
expected nuclear genome size estimated through
k-mer analysis (1,482 Mb), with 90% of the
assembly falling into 1,087 scaffolds that are at
least 423 Kb in length, of which 485 were
anchored to the genetic map from Maughan et al.
(2012). The transcriptome of five different quinoa
tissues was sequenced through Illumina mRNA-
sequencing and further de novo assembled into
234,311 transcripts (>200 bp) of which 98.9%
aligned to the genome assembly with more than
95% identity. Gene annotation was performed
using a combination of ab initio prediction,
homology searches and transcriptome assembly
and resulted in the identification of 54,438
protein-coding genes models with an average
length of 3,548 bp and 4.8 exons per gene, out of
which 95.6% were assigned functions. The
authors also identified non-coding RNAs,
including 192 micro RNAs, 1,310 ribosomal
RNAs, 2,934 transfer RNAs, and 5,922 small
nuclear RNAs. The annotation of the repeat ele-
ments was performed using a combination of in
silico prediction and homology searches and
revealed 64.5% of the quinoa genome being
repetitive, 85.6% of which were transposable
elements (TEs). The most abundant transposon
families were the long terminal repeat
(LTR) transposons Gypsy and Copia, as well as
the DNA transposon CMC, making up 33.58,
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11.69, and 3.64% of the total genome content,
respectively. Moreover, the authors identified a
total of 392,764 SSRs, with motif sizes ranging
from mononucleotide to hexanucleotide and
representing 38 distinctive families. This genomic
sequence represents an important resource for the
development of molecular markers for phyloge-
netic analysis within the highland quinoa sub-
group, as well as for inference of highland
specific haplotypes and further comparisons with
coastal quinoas.

6.2.4.2 Pseudomolecule Level Genome
Sequence Assembly

The Genome Reference Sequence of QQ74
In 2017, Jarvis et al. published the first quinoa
genome reference sequence of the coastal Chilean
quinoa QQ74 (accession PI 614886). The
sequence assembly generated is a chromosome-
scale reference genome sequence, which was
produced using a combination of single-molecule
real-time (SMRT) sequencing technology from
PacBio RS II system, BioNano Genomics Irys
optical maps, and chromosome-conformation
capture from Dovetail Genomics. About 75 Gb
of PacBio sequences representing 52 X coverage
of the quinoa genome size was assembled and
integrated into hybrid scaffolds after mapping the
BioNano optical maps against the assembly.
PacBio + BioNano hybrid scaffolds were further
merged into super-scaffolds based on the mapping
of Dovetail Chicago in vitro Hi-C sequencing
reads (representing 51.6X physical coverage of
the quinoa genome) against the hybrid scaffolds
and using HiRise software. The resulting 1.39 Gb
assembly contained 3,486 scaffolds, with a scaf-
fold N50 of 3.84 Mb and 90% of the assembled
genome contained in 439 scaffolds. Of this
assembly, 1.18 Gb (85%) was anchored to the
integrated genetic map composed of 6,403 unique
markers spanning 2,034 cM across 18 linkage
groups (see Sect. 6.2.3), allowing for the con-
catenation of scaffolds onto 18 pseudomolecules
based on their order and orientation as determined
from the integrated linkage map.
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Annotation and Composition of Quinoa
Genome

Protein coding genes and micro (mi)-RNA genes
of quinoa were annotated using a combination of
ab initio prediction and transcript evidence
approaches. Transcript evidence was provided by
the PacBio isoform sequencing (Iso-Seq) and
short-reads Illumina Hi-seq 2000 sequencing of
six different tissue samples (apical meristems,
lateral meristems, whole seedlings, flowers and
immature seeds, leaves petioles, stems) for
protein-coding genes, while for mi-RNA genes,
RNA samples were isolated from roots and
shoots of hydroponically grown plants in control
conditions or exposed to low phosphate and were
sequenced on Illumina Hi-seq 2000. The anno-
tation yielded 44,776 gene models covering a
total coding region of 57,064,233 bp with an
average gene length of 1,274 bp. Additionally,
523,752 small-RNA loci were detected across the
genome, of which 483,702 were likely to be from
RNAi mediated processing of small RNAs. The
de novo identification and annotation of the
repeat elements revealed a fraction of 64% of the
genome to be repetitive, including a large pro-
portion (36%) of long terminal repeat (LTR) and
Gypsy (28%) transposable elements.

Sub-genome Evolution

In the same paper, Jarvis and colleagues (2017)
also reported the whole genome shotgun Illumina
sequencing and assembly of two diploids, C.
pallidicaule and C. suecicum from the A and B
genetic pools, respectively. These novel resour-
ces represent an improvement to other quinoa
sequencing projects, as they enabled the identi-
fication of the sub-genomes in the quinoa refer-
ence sequence by analyzing the coverage of each
diploid’s reads on the scaffolds of the quinoa
genome sequence. Nine quinoa chromosomes
were assigned to each sub-genome, with the B
sub-genome accounting for a larger proportion of
the genetic (1,087 cM) and physical (660 Mb)
sizes than the A sub-genome (946 cM, 524 Mb).
These sub-genome sizes are in agreement with
the sizes of C. suecicum (815 Mb) and C. pal-
lidicaule (452 Mb) diploid genomes estimated
from k-mer analyses. Functional annotation of

protein-coding genes and repetitive elements was
also performed in a similar way as for the tetra-
ploid quinoa, and allowed for further analysis of
sub-genome evolution. The calculation of the
rate of synonymous substitutions per synony-
mous site (Ks) between orthologous gene pairs
identified individually in quinoa, C. suecicum,
and C. pallidicuale identified a peak of ortholo-
gous gene pairs in quinoa genome for Ks ~ 0.1.
This observation reflects the duplication of genes
due to the hybridization of ancestral diploid
species as no similar peak was detected for the
diploids. Using the mutation rates calculated for
Arabidopsis thaliana and core eukaryotes, the
tetraploidization event was dated between 3.3
and 6.3 million years ago (MYA). Using a set of
5,807 homoeologous gene pairs retained in sin-
gle copy in each diploid A- and B- genome and
in the genome of the close relative B. vulgaris
(1:1:1), Jarvis and colleagues showed the high
level of synteny between the sub-genomes of
quinoa, and identified several major chromoso-
mal rearrangements that have occurred between
the A and B sub-genomes relative to the chro-
mosomal structure of the common ancestor of B.
vulgaris and quinoa. While allopolyploidization
is usually known to induce genome size changes
to the sub-genomes of the newly formed
allopolyploids as a result of the mobilization
(expansion/elimination) of repetitive or single
copy DNA sequences (Renny-Byfield et al.
2011), only limited and similar numbers of lost
genes (1,031 and 849) were observed from the A
and B sub-genomes of quinoa relative to C.
pallidicaule and C. suecicum diploids, respec-
tively. These results were in agreement with
previous cytogenetic studies of allotetraploid
quinoa which exhibited additive genome size
values compared to the presumed ancestral spe-
cies (Kolano et al. 2012a).

6.2.4.3 Reduced-Coverage Sequencing

Together with the reference genome of quinoa
published in 2017, reduced-coverage (~ 12X)
genome sequencing of 22 additional allote-
traploid samples from the goosefoot complex
were produced by Illumina sequencing, including
15 additional quinoa samples representing the
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two major recognized groups of quinoa (highland
and coastal), five accessions of the North
American C. berlandieri, and one accession each
of C. hircinum from the Pacific and Atlantic
Andean watersheds. These sequences were
mapped to the reference genome and SNP calling
was performed, allowing the identification of
7,809,381 SNPs between the different accessions
and the reference quinoa genome, including
2,668,694 SNPs that are specific to quinoa. Out
of these, 3,132 SNPs were retained for recon-
structing the phylogenetic tree in which C. ber-
landieri was found to be the basal member of the
species complex, while the Chilean C. hircinum
and the Argentinian C. hircinum samples were
found basal to coastal and highland quinoa eco-
types, respectively. These new findings suggest
that quinoa could result from two independent
domestication events, one in highland and the
second in coastal environments. This hypothesis
is in contrast to the long-held belief that quinoa
was domesticated from C. hircinum in a single
event in the Altiplano, from which coastal quinoa
was later derived. In order to confirm the mono-
vs poly-phyletic origin of tetraploid quinoa, fur-
ther phylogenetic analysis must be realized using
a deeper sampling of quinoa and C. hircinum
diversity in order to clarify whether their clus-
tering results from shared ancestry or from the
cultivation of these two species in sympatry,
especially in Chile, allowing for interspecific
hybridization and gene flow between them
(Wilson 1981; Wilson and Manhart 1993; Mujica
and Jacobsen 2006). Finally, the set of SNPs
developed in this study will be useful in further
studies assessing genetic diversity and identify-
ing genomic regions associated with desirable
traits.

In 2017, Zhang et al. performed the re-
sequencing and assembly of the genome of the
quinoa accession Riobamba using 23 Xx cover-
age Illumina sequencing, and also performed
shallow sequencing (7-8x genome coverage) of
11 quinoa accessions representing geographical
adaptation within the species, with the aim to
better characterize the nucleotide variations
(SNPs and InDel) in the quinoa genome and
develop markers to be used for population
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structure and genetic diversity analysis within a
panel of 129 quinoa accessions. These data were
used for variant calling against the de novo
genome assembly of the accession Riobamba,
and allowed the identification of 8,441,022 bi-
allelic SNPs and 842,783 InDels, corresponding
to a density of 5.81 and 0.58 variants per Kb,
respectively. InDel length showed a negative
correlation with InDel number, with a majority
(~72%) of InDels having a short size (1-2 bp),
20% of InDels having a size between 3 and 8 bp,
and almost 3% of InDels having a
size >8 bp. Out of these InDels, 85 makers were
developed and added to a set of 14 genomic
screen-derived SSRs (gSSRs) (Jarvis et al. 2008)
and 48 EST-derived SSRs (Zhang et al. 2017)
and these 147 markers (362 alleles) were used for
genotyping 129 quinoas accessions. Allelic
information at the loci of these 147 markers was
used for population structure analysis among the
129 accessions of quinoa, revealing two main
quinoa groups: a highland type from the Andes
and a coastal type from Chile. The Andean
highland type was further separating into north-
ern highland and southern highland subgroups.
Most Chilean and ‘United States, New Mexico’
accessions clustered in the coastal group and
displayed a higher level of genetic diversity
(0.38), than the highland quinoas (0.33) which
regrouped most accessions from Peru and Boli-
via. Within the highland quinoas, the genetic
diversity of the Bolivian southern highland sub-
group (0.32), was higher than within northern
highland Peruvian accessions (0.27), and
according to expectations both subgroups dis-
played lower levels of genetic diversity than the
main  highlands and  coastal  groups.
A STRUCTURE analysis additionally revealed
gene flow between the northern and southern
highland subgroups that was more frequent than
between the coastal and highland groups,
whereas the gene content of the two highland
subgroups both contributed to the genomes of
admixed individuals in highlands group. Addi-
tionally, the authors identified a set of four
accessions from both highland and coastal
groups that was shown to capture 88% of the
total allelic variation from the whole panel of
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accessions, as well as a core set of 16 accessions
sufficient to capture all 362 alleles. These core
sets of quinoas represent an important source of
information for germplasm conservation and the
development of populations for genetic studies.

6.2.4.4 Cytoplasmic Genomes
Sequencing

Chloroplast Genome Sequencing

The slow evolution and highly conserved struc-
ture of chloroplast genomes make chloroplast
sequences an ideal system for assessing plant
phylogeny (Clegg and Zurawski 1992). Within
chloroplast genomes, rbcL  (Ribulose-1,5-
bisphosphate carboxylase/oxygenase) and marK
(Maturase K) regions are among the most rapidly
evolving protein-coding genes, providing a high
degree of information on phylogeny through the
analysis of polymorphism at specific loci.

With the aim to produce molecular profiles to
discriminate between quinoa and C. album spe-
cies, Devi and Chrungoo (2017) generated
amplicons of the rbcL and matK chloroplast
regions from 11 quinoa and 8 C. album acces-
sions. Sequencing and comparison of the 19
rbcL amplicons revealed 1.26% parsimony-
informative sites with a level of sequence
diversity between species of 0.68%, whereas the
nucleotide sequence comparison of amplicons
of marK revealed 4.97% parsimony-informative
sites with 2.81% interspecific sequence diversity.
The SNPs variation within the rbcL. and marK
chloroplast regions was further validated by
allele-specific PCR across 36 quinoa and C.
album accessions. The evolutionary tree of age
separated quinoa and C. album in two different
clusters, with an estimated divergence of 2.5—
6.2 million years ago (MYA) from other
angiosperms. Furthermore, Himalayan cheno-
pods, including C. album accessions, were found
to be evolutionarily younger (10.5-4.1 MY) than
the Andean chenopods (13.1-7.2 MY), including
quinoa. The results established the paraphyletic
origin of the genus Chenopodium.

Together with the draft sequence assembly of
the nuclear genome, Zou et al. (2017) also pro-
duced the sequencing of the chloroplast genome

of quinoa cv. Real using single-molecule long
reads sequencing, resulting in a single contig
assembly of a 152,282 bp chloroplast sequence
that was further annotated. This sequence pro-
vided the first insight into quinoa chloroplast
genome, composed of four conserved regions:
two inverted repeats (IRA and IRB) that separate
a short single copy (SSC) region and a long
single copy (LSC) region, characteristic of plant
chloroplast genomes.

In 2017, (Hong et al.) sequenced and assem-
bled both quinoa and C. album chloroplast gen-
omes from Illumina sequencing, resulting in
single circular molecules of 152,099 and
152,167 bp sequences, respectively, composed
of 119 genes (78 protein-coding, 37 tRNA and 4
rRNA) each. The gene content, sequence, order,
and orientation were highly conserved between
the chloroplast genomes of the two species,
except in the region of the marK gene which
showed only 98.2% homology at the amino acid
level. Tandem repeats (TR) were in similar
number, length, and repeat unit between both
species, except for the copy number variation for
which one extra species-specific TR was found in
each species. Additionally, 44 and 53 SSRs were
identified in the chloroplast genome of quinoa
and C. album, respectively, out of which 28
SSRs were shared by both species and were
mostly detected in the LSC region, inter-genic
sequences and mononucleotides. Mononu-
cleotides were the most abundant SSRs motifs,
accounting for about 62% of the SRRs in quinoa
and 66% in C. album, with the majority repeat
sequence being A/T. This study allowed the
identification of suitable regions to be considered
as markers for elucidating the phylogenetic
relationship within Chenopodium.

Wang et al. (2017) produced an additional
chloroplast genome sequence of a quinoa iso-
lated from Jilin Agricultural University (China)
through the sequencing of PCR fragments,
yielding a sequence of 151,169 bp in length
composed of large (LSC, 83,576 bp) and small
(SSC, 18,107 bp) single copy regions, separated
by a pair of inverted repeat regions (IRs,
24,743 bp each). The sequence harbored 120
genes, including 87 protein-coding genes, 29
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transfer RNA and 4 ribosomal RNA gene spe-
cies. The authors used this sequence in compar-
ison with 72 related complete chloroplast
genomes to assess the phylogenetic relationship
between them, where quinoa was most closely
related to Chenopodium album.

Another quinoa chloroplast assembly was pro-
duced by Rabah et al. (2017) together with
chloroplast assemblies of nine other non-model
agronomical species including Cinnamon, Fig,
Guava, Pomegranate, Cashew, Mango, Lychee,
Okra, and Basil. The sequence assembly of quinoa
chloroplast sequence was composed of 152,075 bp
including 18,372 large and 25,074 small single
copy regions where 78 protein-coding genes and 17
genes with introns were identified. In their study,
the authors further identified insertions and dele-
tions in the coding sequence of rpl23 coding
region that were shared with other Amaranthaceae
and caused a frame shift and the introduction of
stop codons. They also identified an inversion
between ndhC and accD coding sequences of
quinoa plastome which isn’t shared with other
Amaranthaceae members.

Following on the nuclear genome reference
sequence published in 2017, Maughan et al.
(2019) reported the complete sequences of both
mitochondrial and chloroplast genomes from the
coastal quinoa accession PI 614886. Using the
PacBio and Illumina reads generated for the
reference genome project (Jarvis et al. 2017), the
authors assembled a single circular contig of
152,079 bp length, which was almost identical in
length with the other quinoa chloroplast assem-
blies reported above (152,075 bp in PI 5105506;
152,099 bp in PI 4332327; and 152,282 bp in
‘Real’) and slightly longer than those reported in
other closely related Amaranthaceae species
(149,635 bp in B. wvulgaris (Li et al. 2014);
150,518 bp in A. hypochondriacus (Chaney et al.
2016) and 150,725 bp in S. oleracea (Schmitz-
Linneweber et al. 2001)). The sequence annota-
tion identified 86 protein-coding, 31 tRNA, and 8
rRNA genes, and the comparison of the quinoa
chloroplast sequence with related species
revealed a high degree of sequence conservation
among chloroplast genomes of the Amaran-
thaceae species, with no additional or lacking
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genes compared to the set of genes common to
the A. hypochondriacus, B. vulgaris and S.
oleracea chloroplast genomes. No major struc-
tural difference between quinoa and the other
species was observed except for a small inver-
sion relative to Amaranthaceae members already
reported for quinoa (Rabah et al. 2017).

With the aim to evaluate the sequence varia-
tion within Chenopodium, whole genome re-
sequencing data from 13 additional quinoa
accessions, seven tetraploid accessions including
five C. berlandieri and two C. hircinum, and one
accession each of the A-genome diploid C. pal-
lidicaule and the B-genome diploid C. suecicum
were mapped onto the reference PI 614886
chloroplast assembly. SNPs and InDels calling in
each re-sequencing accession relative to the PI
614886 reference assembly revealed no major
structural variations among the chloroplast gen-
ome assemblies of quinoa, whereas more variants
were identified from the diploid species C. pal-
lidicaule (709 SNPs and 145 InDels) and C.
suecicum (1181 SNPs and 221 InDels), than in
the chloroplast genome assemblies of the tetra-
ploid species (with an average of 36 SNPs and 22
InDels). Moreover, no SNPs and/or very few
InDels were identified in the chloroplast
sequences of the three closely related coastal
quinoa accessions (Maughan et al. 2019).

Mitochondrial Genome Sequencing

In the same paper, Maughan et al. (2019) report
the first assembled mitochondrial genome for the
genus Chenopodium, which was obtained
through the assembly of previously generated
Ilumina sequencing reads (Jarvis et al. 2017)
guided by the reference mitochondrial genome
from Beta vulgaris L.12 (sugar beet) and gap-
filled with long sequencing PacBio reads. The
resulting assembly consisted in a 315,003 bp
sequence, which is shorter than the reported
mitochondrial sequences of B. vulgaris
(368,801 bp; Kubo et al. (2000), B. vulgaris ssp.
maritima (sea beet; 364,950 bp), and Spinacia
oleracea L. (spinach; 329,613 bp; Cai et al.
(2017))—the only other species in the Amaran-
thaceae with reported mitochondrial sequences.
The annotation of quinoa mitochondrial



6 Structural and Functional Genomics of Chenopodium quinoa 93

sequence revealed 30 protein-coding, 21 tRNA,
and 3 rRNA genes, which is similar to the
number of genes reported in the mitochondrial
genomes of B. vulgaris (Dohm et al. 2014) and S.
oleracea (Xu et al. 2017), and is not lacking any
genes shared by the other Amaranthaceae mito-
chondrial genome sequences, suggesting that the
sequence is likely complete. The annotation
revealed an additional copy of the 26S rRNA
gene in quinoa compared to related species,
which is possibly fragmented but still expressed.
In addition, two copies of tRNACys genes have
been identified in quinoa mitonchondrial gen-
ome: one copy homologous to the native gene
trnC1-GCA that is shared by higher plants and a
second copy homologous to the trnC2-GCA gene
from B. vulgaris, which had not previously been
identified in other higher plants (Kubo et al.
2000) and suggests that this gene is shared
among Amaranthaceae species. The mapping of
re-sequencing data (described above) against the
mitonchondiral genome of quinoa revealed
greater SNP and InDel variants identified in the
diploid species (491 and 626 SNPs and 188 and
203 InDels, respectively) than in the tetraploid
species (with an average of 90 SNPs and 83
InDels).

The variants identified from both mitochon-
drial and chloroplast genome sequences were
used in the study of the phylogenetic relation-
ships among Chenopodium species and revealed
concordant results with previous analyses based
on the nuclear genome sequences (Jarvis et al.
2017; Maughan et al. 2019). First, the ancestral
root of the phylogenetic tree from which the
AABB tetraploids are derived is formed by the
two diploid species, C. pallidicaule (A-genome
group) and C. suecicum (B-genome group), with
the A-genome ancestor being closer to the tet-
raploids. This suggests that the A-sub-genome
ancestor of quinoa was likely the maternal parent
in the tetraploidization event. Furthermore, North
American C. berlandieri accessions are posi-
tioned more basally in the tree relative to the
cultivated South American quinoa accessions
and the wild South American taxon C. hircinum,
which supports the hypothesis that the initial
polyploidization event likely occurred in the

New World. In this analysis, quinoa accessions
generally fall into two main groups: a highland
Andean group and a more distant branch con-
sisting of mostly coastal ecotypes, the Altiplano
variety ‘Pasankalla’ and the two C. hircinum
accessions. The systematic distal placement of C.
hircinum accessions on the coastal branch in all
three trees suggests these are not ancestral to the
Andean quinoas and may be representative of
either ancestral or introgressive relationships
with the coastal quinoa germplasm. Conse-
quently, cytoplasmic DNA sequencing provides
additional support for the hypothesis of separate
Andean and Pacific coastal domestication events
of South American goosefoot/quinoa.

6.3 Functional Analysis of Quinoa

6.3.1 Genes and Loci
Characterization
6.3.1.1 Seed Storage Protein Genes

One of the major qualities of quinoa as a crop lies
in its exceptionally nutritive seed characteristics,
with high protein content and excellent balance
of amino acids. The identification and charac-
terization of key genes contributing to the quinoa
seed composition such as those encoding seed
storage proteins therefore represent an important
clue for maintaining and exploiting this trait in
quinoa breeding programs. In 2008, Balzotti
et al. isolated the genomic and cDNA sequences
of two 11S genes by screening the cDNA library
developed from quinoa developing seeds (Coles
et al. 2005). The sequencing of the clones
revealed that these two genes represented
orthologous loci, 11SA and 11SB, of the quinoa
genome encoding two variants of a 11S legumin-
like seed storage protein sharing 74% homology
with the 11S globulin protein from A.
hypochondriacus. The analysis of the 11S quinoa
amino acid sequence revealed a conserved
sequence with those found in other species, and
evidenced a signal peptide of 25 amino acid
residues potentially responsible for the sub-
localization of the protein to the lumen of the
endoplasmic reticulum (ER). Furthermore, the
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quinoa 11S amino acid sequence shows a high
level of essential amino acids that are beneficial
for human nutrition, with notably
aspartate/asparagine, glutamate/glutamine, argi-
nine, serine, glycine, and leucine in abundance
(Brinegar and Goundan 1993). Gene expression
analysis revealed a higher expression of 11S
mRNA in the late maturation stages of seed
development in nine different quinoa genotypes
differing by the geographic origin and maturation
rate. The authors demonstrated that the peak of
11S mRNA expression level correlated with the
accumulation of 11S protein in the seeds and
maturation rate, which is consistent with the
pattern of storage protein accumulation during
seed development in other plant species (Naka-
mura et al. 2004). Further work is now needed to
clone, sequence, and characterize the expression
of the second major seed storage protein gene in
quinoa encoding the 2S albumin protein, which
combined with 11S seed proteins produces the
unique quantity and composition of quinoa
seeds.

6.3.1.2 Salt Tolerance Genes

While soil salinity affects almost one-third of all
arable land worldwide and causes billions of dol-
lars of damages in agriculture every year, crops
with enhanced performances under saline condi-
tions represent an important tool for future food
safety around the world (Epstein and Bloom 2005;
Qadir et al. 2014; Morton et al. 2019). Quinoa is
described as a facultative halophyte crop, with a
tolerance to salinity levels ranging between 150
and over 300 mM NaCl depending on genotypes,
which is much greater than barley, wheat, and corn
crops (Adolf et al. 2013; Ruiz et al. 2016;
Schmockel et al. 2017). With the aim to investigate
the mechanisms contributing to the considerable
salt tolerance of quinoa, Maughan et al. (2009)
made use of the available quinoa BAC library and
EST sequence resources to clone and characterize
the Salt Overly Sensitive 1 (SOS1) gene which
encodes a plasma membrane Na*/H* antiporter that
plays an important role in germination and growth
of plants in saline environments. The authors
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identified two homoeologous SOS1 loci (cqSOSIA
and ¢qSOSB) in the quinoa genome, with coding
sequence of 3,477 bp and 3,486 bp, respectively,
each structured in 23 exons. Sequence analysis
revealed a high level of similarity with SOS1
homologs of related species and identified two
conserved domains, a cation-antiporter domain
(Nhap) and a cyclic-nucleotide binding domain.
The translation of cqSOSIA and ¢qSOSIB coding
sequences predicted proteins of 1158 and 1161
amino acids, respectively, which share a high
degree of similarity with SOSI sequences from
species belonging to the Caryophyllales order. The
authors further investigated the relative expression
of SOS1 in root and leaf tissues under saline con-
ditions (450 mmol/L), which was consistently 3—
fourfold higher in leaves than in roots, as well as
more strongly up-regulated in leaves in response to
salt stress than in roots, suggesting a constitutive
expression of SOSI genes in roots and inducible
expression in leaves under stress.

Schmockel et al. (2017) used a combined
approach integrating RNA-sequencing analyses
with comparative genomics and protein topology
prediction in order to identify candidate genes
involved in salt tolerance in the genome reference
sequence of quinoa accession PI 614886. Differential
gene expression analysis in response to salinity
allowed the authors to identify 219 candidate genes
that were specific to quinoa or were overrepresented
relative to other Amaranthaceae species, and con-
tained at least one predicted transmembrane domain.
Further comparison of single nucleotide polymor-
phisms and copy number variation (CNV) in these
219 candidate genes and the response to salinity
within a panel of 21 Chenopodium accessions
(14 C. quinoa, 5 C. berlandieri and 2 C. hircinum)
allowed the identification of 15 genes that could
contribute to the differences in salinity tolerance of
these Chenopodium accessions.

6.3.1.3 Genes Involved in Drought
Tolerance

Another major beneficial trait of quinoa is its

capacity to grow and produce seeds in semi-arid

or even desert conditions such as those
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encountered in Chile, northwest Argentina, the
Altiplano of Peru and Bolivia, as well as more
recently in some Mediterranean, African, and
Asian regions. As drought events are predicted to
expand and increase in frequency and severity as
a result of climate changes, it becomes highly
desirable to understand the mechanisms of
response of quinoa to drought stress as well as
their molecular basis in order to develop quinoa
cultivars adapted to the changing environments
in the Andes and beyond. With this aim, Liu
et al. (2018) searched the quinoa genome refer-
ence for genes encoding 70-kDa heat-shock
protein (Hsp70s) which constitute a group of
conserved chaperone proteins that have been
characterized in various plants for their role in
drought stress tolerance. Sixteen Cqhsp70 genes
were identified in the quinoa genome, ranging
from 412 amino acids (aa) to 891 aa in length.
Phylogenetic analysis of these Cqhsp70 genes
with additional Hsp70 gene sequences from 16
species allowed their clustering in eight paralo-
gous pairs which evolved from independent ori-
gin, and share high degree of similarity at the
gene structure and protein motifs levels, indi-
cating that the expansion of Cqhsp70 genes
resulted from the recent chromosome-doubling
event (allotetraploidization). Furthermore, the
expression of 13 Cqhsp70s genes was evaluated
in two-weeks-old seedlings at five time-points (0,
6, 12, 24, and 48 h) after treatment with 25%
polyethylene glycol (PEG) w/v (with the aim to
induce a physiological response analogous to
drought stress) by qPCR. Results revealed ‘drop-
climb-drop’ expression patterns following
drought stress treatment for half of the genes
studied, which is similar to the response observed
in Arabidopsis homologous genes, indicating the
functional conservation of Hsp70 genes across
species. Moreover, while the majority of paral-
ogous gene pairs showed similar patterns of gene
expression in response to the stress, some clades
revealed different responses either in terms of
direction or amplitude of expression, suggesting
functional diversification of some genes after
polyploidization.

6.3.1.4 Saponins Synthesis Genes

Quinoa seeds generally contain saponins (a
mixture of triterpene glycosides). Although
saponins represent a potential benefit for plant
growth by repelling pests, they are a mostly
unwanted characteristic for human consumption
due to haemolitic effect and a bitter taste. Current
strategies to produce saponin-free quinoa seeds
are to remove them through one of the wet or dry
methods, requiring water for soaking the seeds or
specialized machinery, respectively, both of
which are expensive and time-consuming pro-
cesses. A promising alternative to these methods
will be to develop saponin-free quinoa cultivars
by exploiting the genetic diversity of quinoa
germplasms in which some genotypes present
naturally low levels of seed saponins. This
strategy, however, requires to first identify and
characterize the function of the genes regulating
the absence of saponins in this material.

With this aim, Fiallos-Jurado et al. (2016) used
acombined physiological and molecular approach
in order to identify new genes involved in the
biosynthesis of saponins in quinoa from an
Ecuadorian sweet and bitter genotypes. They first
validated that methyl jasmonate (MeJA) treatment
was inducing the synthesis of saponins in
quinoa leaves. Then, they performed a de novo
transcriptome assembly from two publicly avail-
able quinoa RNA-seq datasets which they used as
a query for the identification of quinoa ortholog
sequences of 22 genes known to be stably
expressed in Arabidopsis thaliana to be used as a
reference for qPCR analysis in quinoa, as well as
the screening of quinoa candidate saponin
biosynthesis genes. This approach allowed them
to identify the quinoa gene ortholog of At2¢28390
(MonensinSensitivity 1, MONI) as a stably
expressed gene for qPCR analysis in quinoa. The
authors also cloned three quinoa gene sequences:
CqbASI, CqCYP716A78, and CqCYP716A79
which play a role in the synthesis of saponins as
confirmed through functionally analysis in yeast.

Later, Jarvis et al. (2017) made use of two
populations segregating for the presence of sapo-
nins in the seeds (Kurmi (sweet) x 0654 (bitter)
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and Atlas (sweet) x Carina Red (bitter)) in order
to identify loci associated with the presence/
absence of seed saponins through linkage map-
ping and bulk segregant analysis (BSA). The
combined linkage and BSA analyses identified a
region on chromosome CqBI6 that distinguishes
bitter and sweet lines. Within this region, two
transcription factors genes, AUR62017204 and
AURG62017206, annotated as basic helix—loop—
helix (bHLH), showed similarity with triterpene
saponin biosynthesis activating regulator (TSAR)
genes which have been described to play a role in
saponin biosynthesis. Expression analysis of these
genes in root, flowers and immature seed tissues
using RNA-seq revealed tissue-specific expres-
sion of AUR62017206 (TSAR-like 2, TSARL2) in
quinoa roots, while AUR62017204 (TSARLI)
showed higher expression in the seeds of bitter
varieties. The authors further identified TSARLI as
a strong candidate gene for the regulation of the
presence and absence of saponins in quinoa seeds
as its sequence contains multiple and independent
mutations that co-segregate with the sweet
phenotype.

6.3.1.5 Flowering Time Genes

Quinoa is generally defined as a facultative short-
day crop species owing to the daylength in its
environment of origin as well as its capacity to
flower under various photoperiod conditions,
depending on genotypes. As cultivation of qui-
noa expands internationally beyond the Andes, a
better characterization of the genetic factors
determining the response of quinoa to varying
daylength is required in order to develop new
varieties better adapted to their novel environ-
ments. In 2017, Jarvis et al. identified two genes
in the quinoa genome that are homologous to the
flowering time (FT) regulating gene of A. thali-
ana, FT1 and FT2, a situation that is similar to
what has been described in C. rubrum (Chab
et al. 2008) and B. vulgaris (Pin et al. 2010). The
FTI and FT2 genes are present in three and two
homoeologous copies in quinoa, respectively,
with the FTI gene triplicate resulting from a
tandem duplication. Further functional studies

E. Rey and D. E. Jarvis

will be needed in order to determine whether
duplicated quinoa FT genes have specialized in
their function as is the case for the second B.
vulgaris FT gene which was shown to act as a
repressor of flowering before vernalization, while
the first F'T gene acts as a promotor of flowering
(Pin and Nilsson 2012; Dally et al. 2014).

6.3.1.6 Genes Providing Herbicide
Tolerance

In 2015, Mestanza et al. characterized the aceto-
hydroxyacid synthase (AHAS) multigene family in
the coastal Chilean quinoa cv. Regalona-Baer. The
AHAS gene encodes the first enzyme of the
biosynthetic pathway that produces the branched-
chain of valine, leucine, and isoleucine essential
amino acids. Because this gene might exist in
multiple copies in polyploid species, it might be of
particular interest to study this gene family for the
purpose of developing crop resistance to herbicides
targeting this enzyme in weedy diploid species
usually harboring only one AHAS gene copy. With
this aim, the authors performed the cloning,
sequencing and Southern blotting of the AHAS
gene, revealing six copies in the tetraploid genome
of quinoa. Comparison of the mRNA sequences
with AHAS mRNA sequences from the non-
redundant (NR) Database showed that CQAHAS!
and CqAHAS?2 variants were the most conserved
gene copies that would have been inherited each
from a different diploid parental ancestor, and
would be at the origin of the further copies arising
from duplication post-polyploidization. On the
other hand, a third copy, CQAHAS3, was hypoth-
esized to arise from a duplication through home-
ologous chromosomes pairing due to the presence
of sequence fragments sharing similarity with
CqAHASI and CqAHAS?2 genes. Further analysis
of maximum parsimony phylogenies suggested
that CQAHASI and CqQAHAS2 are functional,
while there was no evidence supporting the
expression of CQAHAS3 nor the other variants (4,
5, and 6) of the AHAS quinoa genes. Additional
gene expression studies are needed in order to
determine if the other variants are expressed in a
tissue-specific manner.
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6.3.2 Expression Profiling

6.3.2.1 (Real-Time)-Quantitative PCR

In 2011, Morales et al. developed primers in
order to follow real-time expression of several
genes potentially involved in the tolerance of
quinoa to high salinity, including SOS1, BADH,
TIP, and NHXI. The transcriptional response of
these genes to salt stress was measured in leaf
and root tissues of two quinoa cultivars from the
Altiplano Salares (Chipaya and Ollague) adapted
to saline soils and one lowland Valley quinoa
cultivar (CICA-17). Results showed stable
expression of these genes in leaves regardless of
the degree of salt stress, and with no significant
difference in expression between Salares and
Valley cultivars. On the other hand, the expres-
sion of the same genes showed significant dif-
ferences between Salares and Valley ecotypes
when measured from the root tissues, with higher
up-regulation of SOSI and BADH genes
observed for Chipaya and Ollague in response to
salt stress. The authors made the further obser-
vations of significant differences in compatible
solute accumulation between Altiplano and Val-
ley ecotypes as well as differences in recovery
after high extreme salt treatment, with superior
resilience of Altiplano cultivars compared to
Valley quinoa. Taken together, these results
suggest that quinoa tolerates salt through a
combination of salt exclusion and accumulation
mechanisms.

In the same year, Ruiz-Carrasco et al. (2011)
reported on the gene expression of two of the
same salt-tolerant candidate genes, SOSI and
NHX, using quantitative RT-PCR on four low-
land accessions originating from Chile (PRJ,
PRP, UDECY9, and BO78). Results revealed dif-
ferential expression in response to salt stress
between shoot and root tissues and between the
same tissues of different genotypes. On the
whole, SOSIA and CqSOSIB, were more
strongly up-regulated by salt stress in shoots than
in roots. However, no significant changes in
expression of these two genes were observed in
the more salt-sensitive genotype BO78 (a quinoa
from southern Chile), while a strong down-
regulation of both genes was observed in the

roots of PRP accession (a quinoa from coastal-
central Chile) in response to salt stress. The
expression of SOSI was found to be up-regulated
in salt-treated roots of PRJ accession only, a
quinoa from coastal-central Chile and the most
salt-tolerant genotype of this experiment. The
authors concluded that the tolerance of PRJ
accession might be associated with reduced Na
translocation. On the other hand, the expression
of NHXI was significantly up-regulated in
response to salt stress in shoots of all genotypes
analyzed, except for BO78, the most salt-
sensitive genotype. At the root level, NHXI
expression was up-regulated in the most tolerant
accession (PRJ), but not in the other tolerant one
(PRP), suggesting that these genotypes acquired
salt tolerance through different mechanisms of
ion (Na and/or K) uptake/exclusion, transloca-
tion, and compartmentation. The results of this
work indicate that the response to high salinity
varies between quinoa lowland genotypes, both
at physiological and molecular levels.

6.3.2.2 EST-Based Microarray

With the aim to identify genetic component
involved in the synthesis of saponins, Reynolds
(2009) annotated EST sequences expressed from
maturing quinoa seed tissues. Using Sanger and
454 sequencing technologies, a total of 39,366
unigene sequences were assembled, from which
a custom microarray assay of 102,834 oligonu-
cleotide probes was developed to assess tran-
scriptional changes in developing seeds of
saponin-containing and saponin-free quinoa
lines. The authors identified a list of 198 candi-
date genes showing significant differential
expression between ‘sweet’ and ‘bitter’ seed
tissues at two developmental stages, from which
they established a list of candidate genes by
selecting genes known to be associated with
identified  saponin  biosynthetic  pathways,
including genes that share homology to cyto-
chrome P450s, cytochrome P450 monooxyge-
nases, and glycosyltransferases.

6.3.2.3 RNA-Sequencing
In 2012, Raney investigated the transcriptomic
response to drought treatment in root samples
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from different quinoa ecotypes, the lowland
quinoa variety Ingapirca (drought-sensitive) and
a highland quinoa variety Ollague from the
Altiplano Salares (drought-tolerant), using Illu-
mina RNA-sequencing. De novo assembly of the
transcriptome generated 20,337 unique tran-
scripts, of which 462 putative gene products
showed differential expression in response to
drought stress, and 27 putative gene products
were differentially expressed between quinoa
varieties in response to drought treatment. Fur-
ther gene ontology analysis of these differentially
expressed genes indicated an overlap with genes
involved in other abiotic stress responses.
Morales et al. (2017) characterized the tran-
scriptional response of the drought tolerant Chi-
lean quinoa R49 (Salares ecotype) to drought and
irrigated control conditions through Illumina
RNA-sequencing. They performed a de novo
transcriptome assembly composed of 150,952
contigs, out of which 31,523 contigs were pre-
dicted as full-length coding sequences (CDS).
Further functional annotation of these putative
genes through sequence comparison to NCBI
proteins indicated that 15% of the gene sequen-
ces lacked homology to known proteins, a pro-
portion that is higher (19% presenting 306
contigs) within drought-induced genes (2,456
transcripts). The results of the gene ontology
(GO) annotation were used to compare GO cat-
egories that changed in response to drought in the
expression qualitative subset, with the aim to
identify a potential set of genes underlying this
quinoa-specific drought tolerance response. The
expression pattern for these drought tolerance
candidate genes obtained from RNA-seq analysis
were validated on a set of 15 unigenes selected
for their canonical response to drought stress.
With the aim to better understand the molecular
mechanisms of how salt is directed into epidermal
bladder cells (EBCs) as a potential mechanism
contributing to salt tolerance in quinoa, Bohm
et al. (2018) performed the RNA-sequencing of
EBCs collected from quinoa cv. 5020 plants
grown under control and salt-treatment conditions
and functionally analyzed bladder-expressed
transporters. Using the quinoa cv. Real draft
assembly as a reference transcriptome (Zou et al.
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2017), the authors identified 40,907 genes
expressed in their samples, out of which 6,469
(15.8%) were at least two times higher expressed
in bladder than in brushed leaf samples. The
authors additionally detected 1,659 and 1,702
transcripts that were differentially expressed in
response to salt in non-brushed leaves and in
EBCs, respectively. The expression of several
genes encoding ion transporters known to be
involved in salt tolerance was further analyzed
through RNA-sequencing data and qPCR. They
observed a low expression of SOSI gene in
bladders compared to leaf, which was consistent
with the function of bladders in Na + accumula-
tion rather than export. On the other hand, they
observed the constitutive expression in bladders
of the quinoa orthologs of the HKTI gene
encoding sodium-permeable ion channels, the
NHX]1 and CIC-c genes encoding vacuolar proton-
coupled Na + and anion exchangers, as well
genes encoding vacuolar proton pumps. The
authors hypothesized that the absence of signifi-
cant changes in expression of most transporter
genes in response to salt stress implies that bladder
cells act ‘constitutively’ in the sequestration of
salt.

6.3.3 Mutagenesis

In 2013, Gomez-Pando and Eguiluz-de la Barra
reported the mutation by gamma irradiation
(gamma rays - Gy) of dry seeds of quinoa cv.
Pasankalla using three different doses of 150,
250, and 350 Gy. In the first generation after
mutation (M;), the mildest mutation phenotypes
included delayed seed germination, reduced
seedling height, root length, and leaf develop-
ment until 250 Gy treatment, while a dose of
350 Gy resulted in complete lethality. The
spectrum of chlorophyll mutations was greatest
for M, generation derived from 150 Gy treated
plants, while the maximum frequency was
reached from 250 Gy treated plants, with chlo-
rine mutation being the predominant phenotype
observed. Additional changes in the M, genera-
tion affected branch number, pedicel length, plant
height, life cycle duration, stem and foliage
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color, and leaf morphology at both 150 and
250 Gy doses, with multiple mutations per plant
recorded in M, plants derived from 250 Gy dose.
The same spectrum of mutations was observed in
the M3 generation, along with a change in grain
color that represents a valuable trait for industrial
use. Mutant plants showing reduced life cycle
represent a valuable germplasm in order to
improve agronomic performance through a better
management of flowering time and time to
maturity of the plants to occur during an earlier
season in the year that is less prone to adverse
climatic conditions. Similarly, mutants with
reduced plant height represent an interesting trait
which could contribute to reduce plant lodging
and therefore indirectly improve yield. Repeating
the same approach, Pando and Deza (2017)
selected eight gamma ray mutant lines that
showed improved characteristics compared to the
original cultivars, including higher yield and
increased grain protein content.

In 2018, Imamura et al. performed ethyl
methane sulfonate (EMS) mutagenesis on the
quinoa variety CQ127 and subsequently identi-
fied two green hypocotyl mutant (ghy) lines in
the M3 progeny, named ghyl and ghy2, which
both had no accumulation of betacyanin pig-
ments. In order to identify the causative gene of
the ghy mutant phenotype, the authors sequenced
the DNA of bulks of wild-type and mutant M;
plants, and then applied the MutMap + method
(Fekih et al. 2013) which allows the identifica-
tion of the causal mutations through the com-
parison of the frequencies of mutant and wild-
type alleles at SNP variant loci. Results of the
MutMap + method using the quinoa draft gen-
ome allowed the identification of CqCYP76AD1-
1 as the causative gene of the ghy mutant phe-
notype. Further expression analysis indicated that
CqCYP76ADI-1 was expressed in a light-
dependent manner. Further functional character-
ization of the gene through transient expression
in Nicotiana benthamiana leaves and loss of
function associated with sequence polymorphism
in the gene sequence suggested that CqCY-
P76ADI-1 is involved in betalain biosynthesis
during the hypocotyl pigmentation process in
quinoa.

Finally, Mestanza et al. (2018) created a
mutant quinoa population with a frequency of
one mutation every 203 kilobases through 2%
EMS treatment of the quinoa Regalona—Baer
variety in order to induce mutations in acetolac-
tate synthase (AHAS) genes, which represent the
enzyme target site of several herbicides. The
screening of this population through the
sequencing of tri-dimensional overlapping pools
of M, mutant lines by next-generation sequenc-
ing (NGS) allowed to identify a mutation in the
AHAS2b gene fragment that alters the amino acid
composition (Val — Ile), but unfortunately this
mutation did not result in herbicide resistance.

6.3.4 Transformation and Genome
Editing

The capacity to transform plant species is an
indispensable technique required to enable
molecular analysis and gene function character-
ization. Yet, there are to our knowledge only few
reports describing transformation of the genus
Chenopodium, and no study reporting the
regeneration of transformants into mature plants.
Early attempts to develop a transformation
method for quinoa using various strains of
Agrobacterium tumefaciens and a common bin-
ary vector were not successful until the use of A.
tumefaciens strain A281, a ‘super-virulent’ strain
with a wide host range provided by the Ti plas-
mid pTiBo542. In 1990, Komari described the
successful transformation of quinoa cells in a
suspension culture using a combination of binary
vectors and the fragment from the virulence
region of pTiBo542, but attempts to regenerate
plants from cultured cells or protoplasts were
unsuccessful, despite extensive efforts. The
author discussed the need for further improve-
ments in techniques of tissue culture for quinoa,
before we can generate transgenic plants.

Jung et al. (1992), used electroporation of
quinoa protoplasts with viral RNAs for the study
of gene expression, but again, no regeneration of
the plants was performed.

In 2003, Solis et al. used sonication-assisted
Agrobacterium-mediated transformation (SAAT)
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(Trick and Finer 1997) to transform Chenopo-
dium rubrum, a method which showed increased
transformation efficiency in two-days seedling
plants; however, no mature plant regeneration
was attempted.

Though no transgenic quinoa plants have been
reported, successful protocols for transformation
and plant regeneration have been reported in
close relatives such as Amaranthus despite being
primarily described as a recalcitrant crop for
tissue culture and transformation (Brenner et al.
2000; Joshi et al. 2018). These include a culture-
based shoot regeneration protocol from stem
internode explants, as well as a protocol of plant
regeneration from callus tissue derived from
mature embryo and epicotyl (Jofre-Garfias et al.
1997; Swain et al. 2010; Pal et al. 2013) Fur-
thermore, Munusamy et al. (2013) have devel-
oped a tissue culture-independent genetic
transformation system for Amaranths using
mature inflorescence as an explant, which
although showing a low transformation efficiency
of 1.8%, represents a promising starting point for
further improvement of transformation in ama-
ranth as well as in quinoa.

6.4 Perspectives

As quinoa is gaining international importance,
both in terms of demand and production, a better
knowledge of its genome structure and function
will become increasingly needed in order to
support and fasten breeding efforts in various
countries to make quinoa more productive and
better adapted to its novel cultivation environ-
ments. Within this context, we identify four main
genomics areas that must develop in order to
meet the expectations of the breeding programs.

The first area to be developed is the production
of genotype specific sequence resources for the
development of molecular markers associated to
agronomical important traits. Indeed, quinoa dis-
poses of a huge phenotypic and genetic diversity
for domestication and adaption to a wide range of
environments that needs to be better characterized
in order to identify the genomic loci associated
with important agronomic traits as well as the
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allelic variation available in the natural quinoa
diversity at these important loci. Currently, only
low throughput genomic markers were developed
and characterization of genetic and phenotypic
diversity of quinoa was performed at the ecotype
scale only. Moreover, genome sequences are
available for only a small number of accessions
which all belong to the most cultivated quinoa
varieties, and therefore a large fraction of the
beneficial allelic variation available in the quinoa
diversity is likely undiscovered. In order to change
this paradigm, high-throughput technologies such
as whole genome re-sequencing or target geno-
typing (e.g., exome capture and sequencing, SNP
array...) must be leveraged in order to enable a
comprehensive genotyping of the quinoa diversity
and the identification of loci/genes associated with
important agronomic traits.

The second key area will be to build com-
parative genomics knowledge between quinoa
and other crop plant genomes. Indeed, quinoa
breeding and genomics are still at its early ages
and genetic components of important traits such
as flowering time, grain size, and plant archi-
tecture for example are still very poorly charac-
terized. However, these traits have been
extensively studied in older crops such as wheat,
rice, and maize, as well as in other economically
important quinoa relatives such as Amaranths,
beet, and spinach. Therefore, quinoa breeding
would largely benefit from a transfer of knowl-
edge gained from older crops to identify and
characterize such pathways in quinoa genome.
An important component of this work is the
definition of syntenic regions between quinoa
and related species genomes which would enable
to provide a better support for the identification
of orthologous genes between quinoa and related
species and refining the sequence homology
search to sequences supported by a shared evo-
lutionary relationship.

The third area of development is the need for
a better characterization of the different genomics
levels that might impact the expression of quinoa
genome’s function. With the recent access to a
quinoa reference genome sequence and its
annotation (Jarvis et al. 2017), it would be
interesting to investigate different levels of
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genomics functionality such as transcriptomics,
DNA methylation, and chromatin accessibility,
as well as transposable elements mobility in the
different tissues and developmental stages of
quinoa in control conditions and in response to
various biotic and abiotic stresses. Indeed, vari-
ous studies in plants have shown that alternative
splicing, for example, was shown to play an
important role in the regulation of flowering time,
environmental stress response, and resistance to
biotic stress, among others (Egawa et al. 2006;
Lee et al. 2013; Pose et al. 2013; Staiger and
Brown 2013; Bennetzen and Wang 2014). On
the other hand, transposable elements (TEs) have
been shown to be key players in generating
genomic and phenotypic novelty through a
combination of chromosome rearrangements and
altered gene regulation (Bennetzen and Wang
2014). However, still very little attention has
been paid to the repetitive sequences of quinoa,
accounting for most of the size (~65%) of its
genome. Further studies are therefore needed to
characterize the structural and functional orga-
nization of quinoa genome in order to better
understand their potential implications for quinoa
stress resilience and adaptation to various
environments.

Finally, with the identification of genetic loci
associated with phenotypic variation for traits of
interest, we will need the development of forward
genetics toolbox for the functional characteriza-
tion of quinoa agronomical important genes such
as transformation, gene editing, and plant
regeneration protocols for quinoa. In the past
decade, genome editing technology has revolu-
tionized basic research and trait development in
crop plants by modifying genomes in a rapid yet
precise and predictable manner (Bortesi and
Fischer 2015). Genome editing allows the direct
transformation of favorable alleles or gene com-
plexes into an elite genetic background, even if
these allele combinations are not occurring in the
population. Different methods have been used for
editing plants genomes including Zinc finger
nucleases (ZFNs), transcription activator-like
effector nucleases (TALENs)-based genome
editing, and the simpler and most widely used
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CRISPR/Cas9 system (Ma et al. 2016). In order
to enable the use of these techniques for editing
genes in quinoa, efforts must be applied to the
development of efficient transformation and plant
regeneration protocols in which success rate is
still limited as quinoa is a recalcitrant plant.
Advancements in transformation of quinoa will
open opportunities to identify and improve cau-
sative genes under different agronomic traits
related to domestication and yield, such as grain
size, panicle shape, and plant architecture
through genome editing in near future.
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traits relevant for breeding, such as nutritional
content or germination rates. We also outline
how a better understanding of genotypic diver-
sity and differences between the different
ecotypes of quinoa can improve breeding
programs, particularly during early stages when
the selection of suitable parents with beneficial
traits is critical. Although quinoa is currently a
minor crop with limited funding resources
available for its improvement, recent trends in
genomic and phenotypic analysis will facilitate

Abstract

Genetic and phenotypic diversity constitutes
the raw material for natural selection and
artificial selection by breeders. The diversity
observed in many crop species reflects adapta-
tion to cultivation in different regions or
selection for different end uses. Therefore,
evolutionary  and  population  genetic
approaches are highly useful to characterize
trait variation and select suitable genotypes for

breeding programs. Quinoa (Chenopodium
quinoa) gained a lot of interest in the recent
past due to its high nutritious value and stress

the characterization and utilization of the
abundant diversity present in quinoa genetic
resources and contribute to its development as a

tolerance. It has been originally cultivated in
harsh climatic regions stretching from the high
altitudes in Bolivia and Peru (altiplano) to the
lowlands in Chile (e.g., Atacama Desert),
where it is confronted with diverse extreme 7.1
abiotic environmental conditions. It therefore is
an ideal crop for using an evolutionary frame-
work to characterize its diversity. We provide a
review of current studies on quinoa diversity in
different ranges of the cultivation range with a
focus on abiotic stress tolerance and on other

crop of global importance for future food
security.

Why Does Diversity Matter
in Breeding Populations?

In his seminal work “On the origin of species”
(1859) Charles Darwin outlined the importance
of intraspecific variation for evolution, which he
introduced by the example of plant and animal
breeding. Only if individuals show phenotypic
variation, if this variation is heritable and if it
causes fitness differences among individuals,
evolution occurs. Advantageous phenotypes will
have more offspring on average and increase in
frequency. Likewise, disadvantageous pheno-
types will have less offspring and eventually
disappear. Darwin used this theory to explain the
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diversity of domesticated plants and animals
resulting from artificial selection for cultivation
in different climatic regions or various uses by
humans. New variation may originate sponta-
neously as “sporting plants” and “assume [...] a
new and sometimes very different character”
(Darwin 1859). Variation can also persist in
populations for long periods of time and may
eventually become advantageous if conditions
change, which is referred to as adaptation from
standing genetic variation (Barrett and Schluter
2007). Standing genetic variation may become
advantageous when individuals move to new
territories that differ from the home territory
(Innan & Kim 2008) or when the environment or
climate change rapidly. In contrast, adaptation
from new mutations arising in the population is
slower and it may take a long time before a new
favorable mutation arises. In both wild and
domesticated species, a high degree of genetic
diversity provides an advantage under a rapid
environmental change and strong selection due to
natural or artificial selection. For example, dis-
ease resistance (R) genes in plants are among the
most polymorphic genes in the genome (Fried-
man and Baker 2007; Monteiro and Nishimura
2018), because a high diversity increases the
chance that a new pathogen invading a popula-
tion is recognized by an allele segregating at an R
locus to trigger the immune response and react
against the pathogen. Self-incompatibility
(SI) genes are also very diverse (Schierup and
Vekemans 2008). They prevent inbreeding and
counteract the loss of genetic diversity. High
levels of diversity are frequently maintained by
balancing selection in natural populations (Delph
and Kelly 2014) or reflect differential adaptation
in subpopulations. Darwin (1859) proposed that
natural selection and artificial selection largely
follow the same rules. In artificial selection, or
breeding, individuals with a specific characteris-
tic are selected from a larger pool of variable
individuals. If selection occurs over multiple
generations the selected phenotype is ultimately
fixed in a population. Such an (admittedly sim-
ple) Darwinian view of plant breeding has
experienced a renaissance recently and an evo-
lutionary approach to describing the phenotypic
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and genetic diversity of crops is becoming
common (Turner-Hissong et al. 2020).

7.2 Diversity and Population
Structure in Quinoa

Quinoa is an ideal crop for applying an evolu-
tionary approach to characterize and utilize
phenotypic and genetic diversity for breeding
purposes. Since its domestication several thou-
sand years ago, quinoa is today cultivated pre-
dominantly in many South American countries
but increasingly also worldwide (Bazile et al.
2016). Several thousand accessions of different
geographic origins are listed in various germ-
plasm banks (Christensen et al. 2007; FAO
2010), and several studies investigated the
diversity and population structure of quinoa
accessions to better understand similarities and
differences between accessions.

7.2.1 Phenotypic Diversity

Early studies investigated diversity and popula-
tion structure on the phenotypic level. Multiple
accessions were cultivated in common garden
experiments, phenotyped and analyzed with
multivariate statistical methods. In 1983, Risi and
Galway (1989a, b) investigated 294 accessions at
Cambridge, UK. This Cambridge quinoa germ-
plasm collection is expected to represent the
existing quinoa diversity as it contains accessions
from Columbia to southern Chile and from the
entire altitudinal range. The collection was phe-
notyped for 19 continuous and discrete traits.
Accessions differed significantly for all traits and
showed correlations between some traits. Clus-
tering methods identified seven groups, which
largely reflect the different sources of the germ-
plasm material (Risi and Galway 1989a), but
further multivariate analysis (Risi and Galwey
1989b) did not reveal distinct groups. A lack of
distinct phenotypic differentiation among gene-
bank accessions may be promising for breeding
quinoa because various combinations of traits
that are advantageous for particular cultivation
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regions or end uses may already exist in gene-
bank accessions. Rojas (2003) phenotyped a
collection of over 1,500 accessions of which
most originate from Bolivia and Peru, with
additional accessions from Chile and Argentina,
for 15 traits. All traits showed considerable
variation between accessions. Cluster analysis
revealed seven clusters that largely matched the
geographic origin of the accessions.

7.2.2 Genetic Diversity
7.2.2.1 SNPs, InDels, Microsatellites,
and Other Marker
Various studies investigated the genetic diversity
and population structure in quinoa. Although
they applied different methods and used different
genetic markers and accession sets, they were
consistent in their results. Quinoa accessions
cluster genetically in two distinct groups: an
Andean highland and a Chilean coastal group
(e.g., Christensen et al. 2007; Maughan et al.
2012; Zhang et al. 2017). Furthermore, sub-
groups within these major groups (e.g., Chris-
tensen et al. 2007) or substructure within regions
of the putative geographic range of quinoa
domestication (e.g., Costa Tartara et al. 2012;
Del Castillo et al. 2007) were found.
Christensen et al. (2007) genotyped 151
accessions with various origins predominantly
from the USDA germplasm bank and the CIP-
FAO international nursery collection with 36
microsatellites. They applied two methods to
assess the population structure: a dendrogram
constructed with the unweighted pair-group
method with arithmetic averages (UPGMA) and
Jaccard’s similarity coefficients, and a principal
component analysis (PCA). Both methods iden-
tified two major groups. A highland group with
accessions primarily from Argentina, Bolivia,
Ecuador, and Peru, and a coastal lowland group
of all Chilean accessions in the sample. The
dendrogram further revealed a southern highland
group nested within the highland group with
accessions primarily from the area around Lake
Titicaca. Maughan et al. (2012) first generated a
set of Single Nucleotide Polymorphisms (SNPs)
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and then genotyped a diversity panel of 113
accessions from various origins for these SNPs.
A combination of three different methods to infer
population structure revealed again two main
groups: Andean highlands and Chilean coastal.
Zhang et al. (2017) first developed a set of 85
InDel markers and then used them together with
62 simple sequence repeat (SSR) markers to
genotype 129 quinoa accessions from various
origins. A STRUCTURE analysis and a neighbor
joining (NJ) tree clearly supported two genetic
groups, Andean highland and Chilean coastal.
A PCA also supported these two groups but
further showed two subgroups within the high-
land group. In the context of the reference gen-
ome of quinoa, Jarvis et al. (2017) also
constructed a phylogeny of 20 re-sequenced
quinoa accessions. Their phylogeny also sup-
ports the previous findings of two distinct high-
land and coastal groups.

While these studies used germplasm from the
whole cultivation range in South America, others
focused on specific geographic regions. Del
Castillo et al. (2007) investigated populations
from the Bolivian altiplano. They used two
populations from each of four defined ecological
sectors: the Northern lake area, the Central alti-
plano, the Salar region, and the Inter-Andean
valleys. A UPGMA dendrogram constructed
from random amplified polymorphic DNA
(RAPD) markers revealed two major clades. The
first contains all samples from the northern and
central altiplano. The second is split in two
clades, one with the interandean valley samples
and the other with the southern altiplano samples.
Fuentes et al. (2009) focused on accessions from
Chile. Using 20 microsatellite markers they
investigated 59 accessions from the Chilean
altiplano and coastal regions. Their combined
analysis of UPGMA and PCA shows a distinct
grouping in altiplano and coastal accessions. The
coastal accessions further show more diversity
and possibly even some further substructure.
Costa Tartara et al. (2012) used microsatellite
markers to investigate 35 accessions mainly from
the Jujuy and Salta provinces in northwest
Argentina. They found a remarkably high
diversity and also some substructure with
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Table 7.1 Selection of studies investigating genetic diversity in multiple C. quinoa accessions

Study Sample size C. Marker type
quinoa

Christensen 152 Microsatellite

et al. (2007) marker

Mason et al. 31 Microsatellite

(2005) marker

Fuentes et al. 34 Microsatellite

(2012) marker (SSR)

Jarvis et al. 22 SSR

(2008)

Maughan et al. 113 SNPs

(2012)

Coles et al. 5 EST loci/SNPs

(2005)

Costa Téartara 35 (Argentina Microsatellite

et al. (2012) only) marker (SSR)

Del Castillo 87 (8 populations, ' RAPD marker

et al. (2007)

Fuentes et al.
(2009)

Bolivia only)
59 (Chile only)

Microsatellite
marker (SSR)

Marker
count

Estimator for Genetic diversity®

genetic diversity

36 Heterozygosity 0.75 (0.45-0.94)

208 Heterozygosity 0.57 (0.20-0.90)

20 Heterozygosity 0.64 (0.12-0.87)

216 Heterozygosity 0.57 (0.12-0.90)

511 Minor allele
frequency

51 SNP frequency

0.28 (0.02-0.50)

0.0022 (1 in 462 bp)

22 Heterozygosity  0.82 (0.62-0.93)

Heterozygosity Across populations

0.165 (0.104-0.215)

0.65 (0.30-0.90);
highland 0.42 (0.14-
0.95);

coastal 0.51 (0.12-1.00)

20 Heterozygosity

“If not stated otherwise: mean and range of genetic diversity across marker

accessions clustering according to their origin.
Using 15 SSR markers Salazar et al. (2019)
investigated 84 accessions sampled across seven
provinces in Ecuador. They also reported a high
diversity in this sample and three distinct groups.
But contrary to the other studies focusing on
specific regions they could not find any correla-
tion between group and origin of the accessions
as each group contained accessions from multi-
ple provinces. They rather concluded that these
three groups represent ancestral lineages that
were used throughout Ecuador.

Several studies also estimated the genetic
diversity from marker data (for an overview see
Table 7.1). Since they differ in types and num-
bers of markers as well as in the choice of
accessions, these estimates may not be directly
comparable. However all studies suggest that
quinoa shows a fairly high level of genetic
diversity. This suggests a high potential for qui-
noa breeding and highlights the necessity for a
more thorough large-scale investigation of qui-
noa genetic diversity.

7.2.2.2 Genetic Diversity Beyond
Markers

Genetic diversity can not only be measured from
DNA sequence data, i.e., markers, but also as
gene expression variation. It has been a long
standing debate among evolutionary biologists
whether mutations in coding or regulatory regions
were more important for evolution (e.g., Carroll
2008; Hoekstra and Coyne 2007). Since changes
in both coding and regulatory regions in genes
important for domestication were identified in
various crop species (reviewed in Doebley et al.
2006), the same may be true for breeding (Turner-
Hissong et al. 2020). So far, only few studies
investigated gene expression in quinoa and even
fewer used different accessions. A study on
salinity stress responses measured the expression
of four salt response genes in three salt stressed
accessions (Morales et al. 2011). There was no
significant expression difference for any of the
genes in leaves, but some differences were
observed in roots between the Salares and valley
ecotypes. Ruiz-Carrasco et al. (2011) also looked
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at expression of genes involved in the salt stress
response in four Chilean coastal accessions after
salt treatment of seedlings. They found differ-
ences in both root and shoot tissue between the
accessions. Raney et al. (2014) sequenced tran-
scriptomes of drought stressed plants. They used
two accessions, one Inter-Andean valley and one
Altiplano Salares ecotype, and reported 6,170
differentially expressed genes between them.
Although there is so far only little evidence for
expression variation between accessions and
none on the whole genome scale due to the lack of
studies on the respective topic, the existing
genetic diversity may suggest that also gene
expression differs between accessions.

The biggest scale on which individuals of the
same species can vary genetically is their genome
size. The main source of intraspecific genome
size differences is likely due to transposable
elements (Hawkins et al. 2008). Genome size
differences were detected in quinoa. Kolano et al.
(2012) used flow cytometry to measure the
genome sizes of 20 accessions from different
regions of the cultivation range. They found
significant genome size differences between the
accessions. The difference between the smallest
(a Peruvian accession from the southern high-
lands) and the biggest (a Chilean accession from
the lowlands) genome was 5.9%. A significant
correlation between genome size and geographic
origin was not detected. However, a tendency for
larger genomes in the Chilean lowland acces-
sions was noted, consistent with similar obser-
vations in maize and teosinte (Diez et al. 2013).
Despite these substantial differences, it is not
clear at this stage, however, whether variation in
genome size affects phenotypic variation and
therefore is relevant for breeding.

7.3 Diversity for Specific
Phenotypic Traits

The clustering of quinoa accessions according to
their geographic origin in multivariate analyses
of phenotypic traits or genome-wide marker rai-
ses the question to the extent of phenotypic
variation of individual traits and the roles of local
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adaptation to the cultivation area or artificial
selection by humans in the distribution of varia-
tion among accessions. The following section
presents a selection of studies, which focused on
specific traits with substantial variation among
quinoa accessions. A better understanding of
how accessions differ for a specific trait and
which accessions express a particular phenotype
from a specific geographic range will ultimately
help to decide upon which accessions to use for
selected breeding or cultivation in specific
environments.

7.3.1 Abiotic Stress Response

As a native species from extreme environments
in South America, quinoa is tolerant to a variety
of abiotic stresses like drought, salinity, or low
temperatures (e.g., Jacobsen et al. 2003; Hino-
josa et al. 2018). Therefore, stress responses to
various types of stresses have been extensively
investigated. Several studies used accessions
originating from different areas of the cultivation
range. Such an experimental set-up allows not
only to understand the stress response itself but
also to study differences between accessions.
Possible associations between the degree of tol-
erance and the environment of origin can then be
subject to further investigation.

7.3.1.1 Variation in Salinity Stress
Response

Several experiments were conducted on salinity
stress. Adolf et al. (2012) found significant dif-
ferences in biomass and height after three weeks
of salt treatment between 14 accessions from
various origins. They further focused on a Boli-
vian accession from the altiplano and a Danish
accession with Chilean coastal origin for a more
thorough investigation of the physiological
response to salinity stress. These two accessions
showed differences in many tests, including net
photosynthetic rate and chlorophyll content
index. The analyses identified accessions with
increased salt tolerance, but no correlation with
origin was observed. Morales et al. (2011) found
differences in compatible solute accumulation,
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recovery after salt stress and root gene expression
between two altiplano Salares accessions and a
Peruvian valley accession with the Peruvian
valley accession performing worse, i.e., it was
less tolerant. Ruiz-Carrasco et al. (2011) inves-
tigated the responses to salt stress at early
developmental stages of four Chilean lowland
accessions. Overall, the southernmost accession
was most sensitive to salt stress and the perfor-
mance of the four accessions followed their ori-
gin from South to North. This study suggests that
differences in trait variation may not only be
distributed between the major genetic groups of
quinoa but also on a much smaller scale, i.e.,
within a geographic region. Ruiz et al. (2016)
investigated the physiological response to salin-
ity in three cultivars: one Salares and two coastal
lowlands. Across experiments they found differ-
ences between the cultivars. Although the Salares
ecotype did not show any better adaptation to
salinity in form of height or yield, it performed
better in physiological responses indicating tol-
erance mechanisms like sodium exclusion from
leaves or longer roots. In a recent study, Kiani-
Pouya et al. (2019) subjected 114 accessions to
six weeks of salt stress. They found differences in
fresh and dry weight between the accessions and
also found a positive correlation with epidermal
bladder cell density and size among the tolerant
accessions.

7.3.1.2 Variation in Drought Stress
Response

Raney et al. (2014) investigated drought stress
responses in the valley ecotype variety Ingapirca
from Ecuador and the Salares ecotype variety
Ollague from Chile. They examined their phe-
notypic responses and found the Salares ecotype
to be more tolerant to dry conditions. They also
investigated the transcriptomic responses under
drought stress and identified several genes sig-
nificantly different expressed under stress
between the two accessions including genes
involved in the response to abiotic stresses.
Morales et al. (2017) also reported a Salares
ecotype the most tolerant to drought stress. Their
study focused on three accessions from Chile, a
Salares and two coastal ecotypes. Compared to
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the coastal ecotypes the Salares ecotype did not
show a significant increase in electrolyte leakage
or decrease for photosystem functionality.

7.3.1.3 Variation in Low Temperature
Stress Response

Jacobsen et al. (2005) performed a set of exper-
iments to investigate the effect of frost on the
phenotype and solute content. They used one
valley and four altiplano cultivars from Peru, but
different subsets were used for each experiment.
Across the different experiments the valley cul-
tivar was affected stronger or earlier compared to
the altiplano cultivars. For example, its death rate
was twice as high and it accumulated less soluble
sugars. A follow-up study focusing on the
mechanisms behind quinoa’s frost resistance
confirmed that an altiplano cultivar was more
frost resistant than a valley cultivar (Jacobsen
et al. 2007). Bois et al. (2006) investigated the
phenotypic responses of ten accessions in several
experiments. They also used subsets of acces-
sions for some of the experiments. Altogether
they found differences between the accessions
but could not clearly relate them to origin or
ecotype.

7.3.2 Biotic Stress Response

Not only abiotic but also biotic stresses can affect
plant growth and survival. It is therefore of great
importance for plant breeding to investigate plant
responses to pathogens and to identify resistant
or less susceptible genotypes for breeding.
Downy mildew (Peronospora farinosa) is the
most damaging pathogen for quinoa leading to
substantial yield losses (Danielsen et al. 2003).
Several studies screened multiple accessions for
their resistance to downy mildew in field trials in
different countries (Kumar et al. 2006; Mhada
et al. 2014; Khalifa and Thabet 2018). They
discovered variation in resistance and could also
identify resistant genotypes, but since the resis-
tant genotypes originated from both Chilean
coastal lowlands and Peru (Kumar et al. 20006;
Khalifa and Thabet 2018) a clear correlation
between geographic origin and resistance does
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not seem to exist. Ochoa et al. (1999) investi-
gated the interaction of 60 quinoa accessions and
24 downy mildew isolates from Ecuador. They
identified different virulence groups within
downy mildew and resistance factors within
quinoa, which allowed them to classify type and
extent of disease resistance. They identified
accessions resistant to some isolates and found
that no accession was resistant to all isolates.
This study shows that not only quinoa but also
pathogens are highly variable and a resistant
accession likely is not resistant against all strains
of a pathogen.

7.3.3 Germination

Germination experiments including multiple
accessions at different temperatures were con-
ducted. Bois et al. (2006) investigated ten
accessions at temperatures ranging von 2-20 °C.
The accessions varied for the time until 50%
germination was reached and this variation
increased with lower temperatures. Across tem-
peratures the cultivars largely followed the same
ranking from fastest to slowest with the Surumi
variety always being the fastest. Although
accessions from different origins were used, no
clear correlation with origin was observed. In a
similar experiment conducted by Gonzalez et al.
(2017), where germination of ten different
genotypes at nine different temperatures between
8 and 50 °C was investigated, total germination
varied between the accessions and ranged
between 72.5 and 90.8%. They also noticed
differences in seed abortion and lack of germi-
nation among accessions.

7.3.4 Saponins

Saponins are secondary metabolites found in the
seed coat of quinoa (Kuljanabhagavad et al.
2008). Since they have harmful properties they
need to be removed before the seeds can be
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consumed. On the other hand, saponins are use-
ful as biopesticides or for therapeutic purposes
(Ruiz et al. 2017). Various studies measured
saponin content (De Santis et al. 2016; Miranda
et al. 2012) and composition (Ruiz et al. 2017) in
multiple accessions. They found differences
between the accessions but no correlation with
the region of origin suggesting either multiple
independent origins of saponin-free genotypes or
seed exchange and crosses between accessions
across the cultivation range. Recently, a possible
candidate variant in a basic helix-loop-helix
(bHLH) transcription factor possibly responsi-
ble for the sweet saponin-free genotype was
identified (Jarvis et al. 2017). A more thorough
investigation of multiple accessions will show
whether this variant is the causal mutation and
where it originated.

7.3.5 Nutritional Aspects

Quinoa seeds are highly nutritious and have
antioxidant properties. They are further charac-
terized by high protein and vitamin contents and
also contain important minerals (Vega-Géalvez
et al. 2010). It is therefore of interest to investi-
gate whether accessions differ in their nutritional
quality and to investigate the genetic basis of
these differences. In a field experiment in India
18 accessions were screened for mineral content
in leaves (Bhargava et al. 2008). These acces-
sions differed for all minerals investigated.
Among these, sodium (15 fold), chromium (18
fold), cadmium (13 fold) showed the greatest
variation. Differences in amino acid composition
and content were found between ten accessions
grown at two different sites in South America
(Gonzalez et al. 2012). Most amino acids varied
around 1.5 to twofold and histidine varied almost
two to threefold. A field trial conducted in
Southwestern Germany also revealed differences
in amino acid composition and content between
four accessions from different origins (Priger
et al. 2018).
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7.4 Implications for Breeding

The available studies of genetic and phenotypic
diversity demonstrate the high potential of plant
breeding to improve quinoa varieties. Multiple
breeding programs were established in the native
countries of quinoa cultivation, e.g., Bolivia,
Peru, Ecuador, Chile, and Argentina and, more
recently, in the United States, China, and Europe.
The history and current state of quinoa breeding
as well as the breeding methods used were
recently described in several review articles
(Zurita-Silva et al. 2014; Gomez-Pando 2015;
Murphy et al. 2018; Gomez-Pando et al. 2019).
Due to the increasing demand for quinoa, its
improvement by classical breeding is gaining
momentum and expected to lead to multiple new
and improved varieties. These efforts will benefit
strongly from multiple resources available for
quinoa. They include in particular high-quality
genome sequences of two different genotypes
(Jarvis et al. 2017; Zou et al. 2017), re-sequenced
genomes and gene expression data, all of which
facilitate genetic mapping and genome-enabled
breeding. High throughput and precision pheno-
typing methods specifically developed for quinoa
or other crops, and new low-cost genotyping
technologies will provide strong benefits for
minor crops with limited funds for research and
breeding. Examples of emerging technologies are
speed breeding for rapid advancement of breed-
ing populations (Ghosh et al. 2018; Jéhne et al.
2020), low coverage whole genome sequencing
and graph-based imputation for cost-efficient
genotyping (Jensen et al. 2020), or image anal-
ysis for the rapid characterization of particular
phenotypes (Tovar et al. 2020).

The increasingly low costs of sequencing and
the ability for high throughput phenotyping of
multiple traits will also have a major positive
impact on research of minor crops, like quinoa
for which available resources and commercial
interest is currently limited. The reference gen-
ome sequences provide a framework for the
subsequent analysis of genetic and phenotypic
variation. This includes genome-wide association
studies after genotyping or resequencing of
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multiple accessions from genebanks or of seg-
regating populations produced by crossing
genetically diverse parents as shown with the
pseudocereal amaranth (Stetter et al. 2020).
Although currently only few quinoa accessions
have been re-sequenced, several projects are
underway to re-sequence hundreds of quinoa
accessions to use these data, which attempt to
identify genes relevant for agronomic traits.

The improvement of minor crops like quinoa
will also greatly benefit from exploiting evolu-
tionary relationships to model plants like Ara-
bidopsis thaliana or to major crops like wheat. In
the latter groups, many genes that are involved in
domestication or agronomically relevant traits
have been characterized. An evolutionary com-
parison (i.e., a phylogenomic approach) of genes
that control various phenotypes like seed size,
seed shattering, plant height, or flowering time
revealed that many of them are conserved in the
quinoa genome (Lopez-Marqués et al. 2020).
These homologs are therefore potential targets
for targeted mutagenesis using either genome
editing or tilling. Although genome editing of
quinoa using CRISPR/Cas9 or related methods
has not yet been demonstrated, the individual
steps such as transformation, callus culture, and
somatic embryogenesis are possible with this
crop. However, recent genome editing methods
combine the application of plant hormones and
genome editing vectors to induce stem meristems
in somatic tissues (Maher et al. 2020). Such
protocols allow to bypass tissue regeneration
after transformation and overcome a frequent
limitation in using genetic engineering in crops
for which no robust tissue culture and regenera-
tion protocols have been developed.

Although genome editing is considered a key
technology for future plant improvement, one
needs to consider that many traits are controlled
by multiple genes. For this reason, genome
editing may contribute to improved varieties if
the major genes influencing quantitative traits
can be identified, but approaches like marker
assisted selection or genomic selection, which
utilizes total genetic variation influencing a trait,
will continue to be important for future crop
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improvement. Genomic prediction can be applied
to different steps of a breeding program from the
characterization of crossing parents in genetic
resources to the advancement of best genotypes
in later stages of breeding programs (Crossa et al.
2017). Since most quinoa varieties are still clo-
sely related to landrace varieties and not as
advanced as elite breeding material in other
crops, using genomic selection to predict the
quantitative traits in genetically diverse genebank
material (Yu et al. 2016) allows to maintain both
an overall high diversity of in quinoa breeding
populations and achieve rapid genetic gain.

The future availability of large numbers of
sequenced quinoa genebank accessions will
enable population genomics approaches to iden-
tify genomic regions that control adaptation to
the diverse and extremely harsh environmental
conditions to which quinoa became adapted since
its domestication. Genome-wide analysis of
selective sweeps (“Selective sweep mapping”)
identified candidate genes for environmental
adaptation in multiple crop species during or
after domestication (e.g., Hufford et al. 2020).
Favorable genetic variation at adaptive genes can
be subsequently introgressed into current culti-
vars. Combining genomic and phenotypic
diversity together with environmental data for
sites of origin identifies candidate genes for
environmental adaptation without requiring
large-scale multi location field trials. This
approach helped to define a small core collection
from tens of thousands soybean genebank
accessions for a targeted production environment
in Central Europe, which can then be used for
subsequent phenotypic evaluation to identify
new genetic resources for breeding programs
(Haupt and Schmid 2020). A related approach is
to use measures of genetic differentiation and
genomic signatures of past selection to identify
genomic regions, which contribute to adaptation
to different ecogeographic zones (Stetter et al.
2020). Such an approach can be particularly
powerful in quinoa because well characterized
quinoa ecotypes are adapted to different envi-
ronments (Murphy et al. 2019) and can be
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expected to exhibit genetic differentiation
resulting from local adaptation.

The high level of phenotypic and genetic
diversity of quinoa and its wild relatives provides
the potential to develop this minor crop into a
high-yielding and high-quality crop of global
importance with the help of modern phenotyping
and genome-enabled breeding technologies. In
contrast to major crops, however, some impor-
tant issues need to be resolved. First, the >

10,000 genebank accessions of quinoa are dis-
tributed over different genebanks (FAO 2010),
which makes a joint and standardized analysis of
diversity more difficult. Second, quinoa is cur-
rently not included in Annex 1 of the Interna-
tional Treaty on Plant Genetic Resources for
Food and Agriculture. For this reason, the
exchange of seeds and other plant materials is not
possible using the Standard Material Transfer
Agreement (SMTA) of the multilateral system
that was established together with the Interna-
tional Treaty. Instead, individual mutual delib-
erations and agreements between countries
according to the Nagoya Protocol are required,
which makes an efficient characterization of
quinoa more difficult. Finally, most quinoa
breeding is mostly currently out by public insti-
tutions with limited funding. For this reason,
continued support by public organizations and
private enterprises will be required to efficiently
characterize and utilize the diversity of the spe-
cies using state of the art scientific methods for
plant breeding. Only then quinoa will be able to
fulfill the promise as a future crop of importance
for food security in a rapidly changing world.
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Abstract

In quinoa, saponins are found predominantly
on the outside of the seeds. Saponins are
triterpenoid glucosides that have diverse
structures. Over 90 different saponins have
been identified in quinoa seed hulls. They are
bitter in taste and produce foam, which make
them undesirable for human consumption.
Their function in quinoa seeds is poorly
understood. In this chapter, we provide an
overview of these diverse compounds, their
structure, and biosynthesis. We provide an
overview of techniques for detection and
quantification of saponins. We discuss their
potential biological roles, from antifungal and
anti-herbivory activity to their impact on
germination and stress tolerance. Finally, we
explore traditional and commercial methods
for saponin removal from grain prior to
consumption, breeding programs to reduce
or alter saponin content, and the use of
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saponin waste as a novel bioproduct. While
there is still much more to investigate regard-
ing quinoa saponins, this work summarises the
current knowledge and provides a basis for
future studies.

8.1 Chenopodium Quinoa Contains

Saponins

Saponins are a broad class of bitter-tasting and
foaming compounds that are found in many spe-
cies including Chenopodium quinoa Willd. (qui-
noa) seeds. They are amphipathic glycosides
occurring in two major classes of the plant king-
dom, Magnoliopsida (dicotyledon) and Liliopsida
(monocotyledon) (Vincken et al. 2007), as well a
number in marine animals such as sea cucumbers
(Holothuroidea) (van Dyck et al. 2010) and star-
fish (Asteroidea) (Liu et al. 2008). Most known
saponins are plant-derived secondary metabolites,
displaying a wide range of activities, like defense
against fungi, microbes, insects and molluscs
(Abdel-Gawad et al. 1999; Sindambiwe et al.
1998; Sparg et al. 2004; Woldemichael and Wink
2001). Recent studies on the biological activity of
saponins suggest saponins have beneficial prop-
erties to health, such as anticarcinogenic and anti-
inflammatory properties (Ismail et al. 2018; Man
et al. 2010). The name saponin originates from the
Latin word “sapo”, which reflects their ability to
produce soap-like foams in aqueous solutions.
This is due to their structure of one or more
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Fig. 8.1 Triterpene aglycone
backbone
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hydrophilic glycoside moieties combined with a
lipophilic aglycone. Saponins are divided into two
major classes depending on the aglycone back-
bone: triterpenoid or steroid glycosides (Abe et al.
1993).

Saponins in quinoa are mainly triterpene
glycosides (Kuljanabhagavad et al. 2008; Madl
et al. 2006; Woldemichael and Wink 2001),
consisting of a pentacyclic C30 skeleton (sa-
pogenin, Fig. 8.1). They exist as a mixture of
derivatives of oleanolic acid (OA), hederagenin
(HED), phytolaccagenic acid (PA), serjanic acid
(SA) as the main aglycones, and others like 3[3-
hydroxy-23-oxo-olean-12-en-28-oic acid,  3p-
hydroxy-27-oxo-olean-12-en-28-oic acid, and
3B, 230,30B-trihydroxy-olean-12-en-28-oic acid,
decorated with hydroxyl- and carboxyl groups at
C3 and C28. The major sugars are arabinose,
glucose, and galactose; less common are glu-
curonic acid and xylose (Dini et al. 2001a, b,
2002; Kuljanabhagavad et al. 2008; Madl et al.

2006; Mastebroek et al. 2000; Mizui et al. 1988,
1990; Woldemichael and Wink 2001; Zhu et al.
2002). Further, the number of sugar chains on the
aglycone characterizes the saponins as mono-, bi-
or tri-desmosidic (Meyer et al. 1990). The
triterpene saponins in quinoa contain mainly
three carbohydrate units; one at C28 and two
units at C3, where they can be linear or branched
(Fig. 8.1.) (Kuljanabhagavad and Wink 2009).

8.2 Saponins Accumulate
Predominantly in the Seeds
of Quinoa

Saponins have been found in different organs and
tissues of plants (Fig. 8.2). In many plants, roots
are the major storage and synthesis organ, e.g.
Beta vulgaris (beet), Glycyrrhiza glabra
(liquorice), and Panax ginseng (ginseng) (Cheok
et al. 2014).
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Fig. 8.2 Plant tissues
containing triterpene saponins
in other plant species. The
pictures in the graphic are all
licensed under CC BY-SA 4.0
or CCO and modified by
Sophie Otterbach
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In the medicinal plant Achyrantus bidentate it
has been demonstrated that the root is the main
storage tissue of triterpene saponins, but the
leaves seem to be the biosynthetic active site and
the vascular bundle the transport organ (Li and
Hu 2009). Additionally, saponins can also be
stored at multiple storage sites, as in the case of
Medicago truncatula, where the highest amounts
of triterpene saponins were detected in the roots,
followed by leaves and seeds (Huhman et al.
2005).

In quinoa, the triterpene saponins accumulate
predominantly in the seeds. Matrix-Assisted
Laser Desorption/Ionization-Mass Spectrometry
(MALDI-MS) analyses suggest that saponins are
localized in the outer layers of the seeds, more
specifically in the external layer, the pericarp and
the two seed coat layers (Figs. 8.3 and 8.4). The
pericarp appears as a friable layer consisting
mostly of saponins (Fig. 8.4) (Jarvis et al. 2017,
Koyro and FEisa 2008; Prego et al. 1998;

Amaranthus caudatu (Rastrelli et al. 1995 )
Celosia cristata (Sun et al. 2010)
Chenopodium quinoa (Dini et al. 2001)

Gleditsia sinensis (Lian et al. 2013)
Kochia scoparia (Han et al. 2006)

Anabasis articulata (Kambouche et al.2009)
Antonia ovata (Magid et al. 2006)

Achyrantus bidentate (Li and Hu 2009)
Beta vulgaris (Mroczek et al. 2012)
Medicago hybrida (Bialy et al 2006)

Varriano-Marston and Defrancisco 1984).
Moreover, saponins have been identified in dif-
ferent tissues of quinoa, including flowers and
fruits, and to a lesser extent in leaves (Kuljan-
abhagavad et al. 2008; Mastebroek et al. 2000).
In leaves the saponin content is produced from
the onset of flowering and increases until the end
of the seed ripening, appearing in the later stages
of the plant development (Mastebroek et al.
2000). Measurements in shoots of quinoa
showed a similar peak in saponin concentration
coinciding with the beginning of the blooming,
while the content was lowest in the branching
stage and during grain filling (Soliz et al. 2002).
Saponins make up to 4% (w/w) of the seed mass
(Jarvis et al. 2017).

In quinoa, accessions with naturally low
amounts of saponins can be found (Mastebroek
et al. 2000). These accessions are classified as
‘sweet’ if the saponin levels are under 0.11% of
the dry weight and as ‘bitter’ if above (Koziol



122 S. Otterbach et al.

ID Saponin Formula Calculated Observed Error
(ppm)
1 |PA(unknown) +Na [C36H56010+Nal+ | 671.37657 671.37080 -8.6
2 |PA(unknown) +K [C36H56010+K]+ 687.35051 687.34390 -9.6
3 |AG487(Pent) +Na [CA1H64014+Na]+ | 803.41883 803.41090 -9.9
4 |AG487(Pent) +K [C41H64014+K]+ 819.39277 819.38620 -8.0
5 |PA(Pent) +Na [CA2H66015+Na]+ | 833.42939 833.42941 0.0
6 |PA+K [C42H66015+K]+ 849.40333 849.40366 0.4
7 |OA(Pent-Hex)b +Na [C47H76017+Na]+ 935.49747 935.49550 -2.1
8 |OA(Pent-Hex)b +K [C47H76017+K]+ 951.47141 951.47800 6.9
9 |PA(Hex-Pent)x2 +Na [C48H76020+Na]+ | 995.48222 995.48150 -0.7
10 |AG515(HexA-Hex-Pent) +Na [CA7H68022+Na]+ | 1007.40945 1007.40000 -9.4
11 |Hed(Hex-Hex-Pent) +K [C53H86023+K]+ | 1129.51915 | 1129.51100 | -7.2
12 |PA((Hex-Pent-Hex)/(Hex-Hex-Pent)b +Na | [C54H86025+Na]+ | 1157.53504 | 1157.53340 -1.4
13 |PA((Hex-Pent-Hex)/(Hex-Hex-Pent)b +K [C54H86025+K]+ 1173.50898 | 1173.50820 -0.7
14 |AG489(Hex-Hex-HexA-) +K [C54H86026+K]+ | 1173.52995 | 1173.52580 | -3.5

Fig. 8.3 Saponins are predominantly located in the pericarp in quinoa.

Imaging mass spectrometry analyses (analyses performed exactly as described in Jarvis et al. (2017)) detected 14
different saponins, which are predominantly located in the seed coat (C) and not in the embryo (E). Scale bar indicates
500 pm
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Fig. 8.4 Scanning Electron Microscopy picture of quinoa seed.
Scanning Electron Microscopy (SEM) picture of (a) a bitter seed containing saponins and (b) a cross-section. Perisperm

(P), embryo (E) and seed coat (C) are indicated

1992). It appears that bitter and sweet accessions
show a similar saponin content in the leaves,
with hederagenin as the major saponin. Oleanolic
acid is the main sapongenin in seeds (Mastebroek
et al. 2000).

Congruent with the notion that saponins pre-
dominantly accumulate in the seed coat, it was
found that the seed coat of bitter seeds is sig-
nificantly thicker than that of sweet seeds.
However, the origin of the saponins in quinoa
seeds remains unclear and has not been addres-
sed in the literature thus far.

8.3 Methods to Detect
and Quantify Saponins

Saponins are a large group of compounds with a
great natural diversity of their structures. The
aglycone varieties are multiplied by their com-
position of sugar chains, a number of sugar
moieties, and the branching patterns. In plant
extracts, saponins occur in a mixture of struc-
turally related forms with similar polarities,
which complicates the separation.

Detection methods for saponins can be clas-
sified into quantitative and qualitative methods.
The first semi-quantitative determination meth-
ods of saponins in plant materials were pre-
dominantly based on gravimetry or on the
exploitation of some of their chemical and bio-
logical features (Van Atta et al. 1961). The well-
known foaming property of saponins in water
and the building of stable froth makes it easy to

non-

bitter bitter

- rvr
1] "l

Fig. 8.5 Afrosimetric method (foaming test) to esti-
mate saponin content in quinoa.

Here, five seeds are placed in 1.5 mL microcentrifuge
tube with 0.5 mL of water and shaken vigorously until a
stable foam can be measured

measure saponin content (Fig. 8.5). A standard-
ized method to determine saponin content in the
seeds is the afrosimetric method (Koziol 1991),
which is fast but with some considerable disad-
vantages. The method underestimates high levels
of grain saponin and may be affected by other
surfactants in the plant material. Additionally,
saponins with one or two-branched sugar chains
do not form stable froth and, conversely, some
plants may not contain saponins and yet produce
a froth (Oleszek 2002).

A biological feature of the saponins is its
ability to cause membrane perturbation, also
referred to as hemolytic activity. This property
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can be used in a semi-quantitative erythrocyte-
assay, where saponins cause lysis of the cells. It
is thought that saponins can form complexes with
membrane sterols of erythrocytes, causing an
increase in permeability and a subsequent loss of
hemoglobin (Baumann et al. 2000). Saponins
differ in their hemolytic activity, depending on
the structure and on the hemolytic assay used.
Furthermore, quantitation of saponins can also be
performed with other biological methods
including the growth of sensitive fungus colonies
on saponin containing plants (Shany et al. 1970;
Zimmer et al. 2010).

These tests are best to be seen as an approx-
imate of the total saponin content, they are sim-
ple tests and good for a rough comparison of
saponin content, for example in breeding exper-
iments. However, standardization with saponins
is necessary to quantify the glucosides.

Non-biological methods to determine the
quantity of saponins in plant material are spec-
trophotometry and chromatography. Thin-layer
chromatography (TLC) in or two-
dimensional modes is an efficient tool for

one-
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separation of saponins and has been used to
determine saponin content of quinoa seeds in
breeding programs (Dini et al. 2002; Ng et al.
1994). However, the simultaneous analysis of
saponin standards on a plate is complicated but
necessary to minimize variations of the method.
Nowadays, TLC is only used as a supportive
separation technique for saponin analysis.

TLC-colorimetry uses colorimetric determi-
nation of saponins using crude plant extracts.
The TLC is the means of compound separation:
the bands are scraped off the plate, extracted with
alcohol, and treated with a colorant. The typi-
cally used reagents, ehrlich and vanillin, are
prone to react with the hydroxyl group at C3 of
bile acids or sterols (Nakajima 1976). This means
that also sterols are detected, which can result in
misleading information of the saponin character
in crude plant extracts.

Gas chromatography (GC) is a
quantitative method, which separates the sapo-
nins into their aglycones and sugar moieties
through acid hydrolysis (Fig. 8.6). This means
that the large mixture of saponins present in the

semi-
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Fig. 8.6 Detection of saponins using Gas Chromatography-Mass Spectrometry (GC-MS).

Overlaid chromatograms from extracts of seeds with no detectable saponins (red), high amount of saponins (green), and
accessions PI614886 (QQ74) also with high saponin content. Four main sapogenins were detected. Procedure as
described in Jarvis et al. (2017). All samples were extracted in methanol-water, hydrolyzed, and derivatized with

trimethylsilyl (TMS) agent (removing the sugar groups).
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seeds is broken down to only their aglycone
backbones. This will allow estimation of the total
amount of saponins based on the backbone, but
not identify the individual saponins. In addition,
under hydrolysis conditions, several artifacts can
be formed which makes GC-analysis compli-
cated. However, the method has been success-
fully employed in combination with mass
spectrometry (MS) or flame ionizing detector
(FID) to profile saponins in quinoa (Madl et al.
2006; Medina-Meza et al. 2016).

Separation of individual saponins is compli-
cated and time-consuming, due to their similar
polarities in plant extracts. A cascade of separa-
tion techniques (such as TLC, column chro-
matography, flash chromatography, Sephadex
chromatography, high-pressure LC (HPLC)) is
used to isolate individual saponins. Recent
studies used liquid chromatography (LC) meth-
ods with mass spectrometry (LC-MS) to identify
and quantify individual saponins.

The lack of chromophores prevents UV
detection, therefore, wavelengths of 200-210 nm
are applied for HPLC methods. These wave-
lengths are not ideal, as other components in the
plant sample may overlap. The development of
new methods like liquid chromatography-
electrospray mass-spectrometry (LC-ESI-MS)
has improved saponin determination. Additions
like tandem mass spectrometry (MS/MS) support
identification of structural information from
complex triterpene saponin samples as (Madl
et al. 2006) showed using nano-HPLC electro-
spray ionization multistage tandem mass spec-
trometry (nLC-ESI-MS/MS). This method
allowed detection of over 80 saponins in crude
extracts of quinoa seed hull. However, new
technologies, such as nuclear magnetic resonance
(NMR) should enable to elucidate saponin
structures in the future.

Those spectroscopic methods are quite time-
consuming and resource expensive, a simple and
non-invasive method is needed to detect saponin
content in seeds. Near-infrared spectroscopy
(NIRS) is frequently used for grain quality
analysis due to its speed, low cost, and lack of
requirement for sample preparation. NIRS has
been optimized to detect protein, carbohydrate,
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lipid, ash, moisture content, and amino acids in
quinoa seeds (Ferreira et al. 2015). The method
may also be applied to measure concentrations of
fiber, fatty acids, vitamins, and minerals, though
the determination of secondary metabolites has
not been successfully used in quinoa seeds yet
(Bittner et al. 2017; Czekus et al. 2019; Graf
et al. 2015).

8.4 Role of Saponins in Quinoa

Many plant species, from multiple plant families,
have developed the ability to produce saponins,
regardless of their geographical region or climate
zone and growth habit. The fact that saponins
have different concentrations in plant organs and
tissues, and that these concentrations are affected
by developmental factors, suggests that there are
differential synthesis and regulation depending
on biological activities. Due to the often toxic
nature of saponins, especially to fungi, insects,
and molluscs, saponins are generally considered
to be plant defense compounds; however, their
role is not yet fully understood.

8.4.1 Toxicity and Biological Activity
The biological activity of saponins is closely
linked to their chemical structure, which deter-
mines polarity, hydrophobicity, and acidity. The
cytotoxicity and hemolytic activity of saponins
are well known and based on the aglycone and
the linked sugar chains (Oda et al. 2000). Several
studies suggest that mono-desmosidic saponins
(C3) are more active hemolytically toward ery-
throcytes than bi-desmosidic saponins (Takagi
et al. 1986; Voutquenne et al. 2002; Wang et al.
2007; Woldemichael and Wink 2001). However,
reports show that the hemolytic activities and the
cytotoxicity of saponins are not necessarily
linked to each other, as the underlying mecha-
nism seems to be different (Gauthier et al. 2009).
Although the exact mechanism of the hemo-
lytic property is not yet clearly understood, it was
found to be correlated with their amphiphilic
properties. One hypothesis is that saponins
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interact with plasmatic membrane sterols and
form insoluble complexes, those may cause
curvature and evoke pore-like structures or result
in sterol extraction via vesiculation, which
reduces the integrity of the membrane (Baumann
et al. 2000). An alternative model describes a
prior step to complex formation with sterols,
saponins may migrate toward sphingolipid/
sterol-enriched membrane domains and interfere
with specific domains (Lin and Wang 2010).
However, these properties differ for each indi-
vidual saponin.

8.4.1.1 Antifungal Activity of Saponins
In recent years, there has been an increasing
amount of research on the antifungal activity of
various saponins (De Lucca et al. 2006; Kuljan-
abhagavad et al. 2008; Ribeiro et al. 2013; Sin-
dambiwe et al. 1998; Stuardo and San Martin
2008), which could be used as natural fungicides
in organic agriculture.

The main triterpene saponin avenacin A-1 in
Avena spp. (oats) is predominantly localized in
the epidermal cells of the root tips and released
into the surrounding soil, where it shows its
antifungal potential by providing resistance to
phytopathogenic fungi (Carter et al. 1999;
Crombie and Crombie 1986).

Total saponin content extracted from quinoa
showed inhibition of the growth of the fungal
pathogen Candida albicans at a concentration of
50 pg/mL. However, no individually tested
saponins displayed a similar effect toward the
fungi, suggesting a possible synergistic effect
between all saponins or a different compound
exhibiting the antifungal activity (Woldemichael
and Wink 2001).

In another study, alkali-treated saponins
showed the best results against the fungus
Botrytis cinerea, an important disease of grapes.
The mycelial growth and conidial germination
were significantly inhibited at 5 mg saponins/mL,
whereas untreated quinoa extract showed only
minimal activity against B. cinera. The antifungal
activity in alkali-treated saponins arises from
membrane disruption, probably due to the higher
number of hydrophobic saponin derivatives,
which may have a higher affinity toward the
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sterols molecules in the membrane (Stuardo and
San Martin 2008). San Martin et al. (2008)
obtained similar results testing alkali-treated
saponins from quinoa hulls of their molluscici-
dal activity and argues that the newly formed
hydrophobic compounds are responsible for the
membrane disturbance.

The first commercial biochemical pesticide/
fungicide based on quinoa saponins was released
in the Early twenty first century based on the
patent of Dutcheshen and Danyluk (2004).
“Heads Up”® plant protectant is based on the
triterpene bi-desmosidic glycosides of quinoa
seeds extract (HeadsUp Plant Protectant Ltd.,
Kamsack, Canada). The product is applied as
suspension directly on tuber (e.g. potato seed
pieces), legume (e.g. bean, pea), and cereal (e.g.
wheat) seeds, as a root dip or foliar spray on
tomato seedlings to prevent fungal or bacterial
growth, and viral plant diseases (USEPA 2002).
Although, the company campaigns with proof of
vigour improvement of plants (applied to seeds)
by initiating the plants own defense mechanism,
little research is available on the efficacy of the
product. Research on potato brown leaf spot
disease shows no effect of “Heads Up”®; how-
ever, a tuber yield improvement was observed
compared to other commercial products (Solei-
mani and Kirk 2012).

8.4.1.2 Anti-herbivory and Anti-

nutritional Activity

of Quinoa Saponins
Due to the potentially toxic/hemolytic properties
and perceived bitterness of saponins, these
compounds are generally assumed to play a role
in plant defense, particularly as antifeedants and
predation deterrents. Interestingly, despite the
hemolytic properties of saponins, there is little
evidence to support for direct toxicity of sapo-
nins when consumed normally by non-aquatic
animals, although saponins can be effective pis-
cicidal agents by damage respiratory epithelia in
fish (Francis et al. 2002; Roy et al. 1990).

Animal feed produced from high saponin

species such as alfalfa (Sen et al. 1998), soya,
and legumes (Cheeke and Carlsson 1978) can
impact animal growth; however, the mode of
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action is still unclear. The antimicrobial activity
of saponins may affect gut microbial communi-
ties, especially in ruminants (Francis et al. 2002).
Additional antinutritional effects may be due to
saponins reducing protein digestibility, through
the formation of stable protein-saponin com-
plexes (Potter et al. 1993) and reducing the
absorption of nutrients (Gee et al. 1997). How-
ever, the differing saponin compositions and
concentrations in different plant species make
comparisons related to the role of quinoa sapo-
nins difficult. It is suggested that the major anti-
nutritional activity of saponins is the result of
food aversion due to the perceived bitterness
(Fleming and Galwey 1995).

As for quinoa specifically, there has been
limited animal feeding trials to investigate the
effect of saponins (Martens et al. 2012). In rats,
quinoa meal had an expected negative effect on
growth (Cheeke and Carlsson 1978), while
sweet (low-saponin) quinoa was shown to have
little effect (Grant et al. 1995). Similarly, qui-
noa containing meal showed reduced growth
performance in poultry and pigs (Carlson et al.
2012; Jeroch et al. 1993). In addition, in
feeding trials of broiler chickens with feed
containing: unwashed, polished, or washed
quinoa grain, chicks fed unwashed grains had
significantly lower survival (Improta and Kel-
lems 2001). Due to the unpalatability of
unwashed grain, quinoa seed saponins are tra-
ditionally thought to be a bird deterrent,
although evidence for this in control studies is
limited. In field trials in Saudi Arabia with
saponin containing bitter and low saponin
sweet accessions of quinoa, a strong preference
for birds feeding on the sweet accessions was
observed (personal observation).

Similarly, although saponins are suggested to
be involved in deterring insect predation (Dowd
et al. 2011; Stadler et al. 1992), few studies have
examined this in quinoa, with one study showing
increased insect activity in high-saponin acces-
sions compared to low-saponin accessions
(Yébar et al. 2002). Further studies are needed to
confirm the anti-herbivory and anti-nutritional
role of saponins in quinoa directly.
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8.4.2 Germination

The localization of saponins on the outside of the
seeds may play a role in plant development and
seed germination. Avena spp. (oats) release
saponins into the rhizosphere where they might
serve as allelopathic agents, suppressing the
growth of adjoining plants (Carter et al. 1999). In
crop rotation of Medicago sativa (alfalfa) with
cotton, a 50% reduced emergence of cotton seeds
was observed (Mishustin 1955). This effect was
verified with in vitro assays of extracted alfalfa
saponins, which showed a detrimental effect on
cottonseed germination (Pedersen 1965). How-
ever, on wheat seeds, the alfalfa saponins had no
effect, but the growth of the seedlings was indi-
rectly influenced by inhibition of the root growth
(Oleszek and Jurzysta 1987). Stimulated germi-
nation was observed of barley seeds (Hordeum
vulgare) and broomrape (Orobanche minor)
when treated with the triterpene saponin soyas-
apogenol B (Evidente et al. 2011; Macias et al.
1997). However, similar effects have not been
reported for quinoa and their saponins and allow
only room for speculations on their role in ger-
mination processes.

8.4.3 Stress Tolerance

Abiotic stresses often negatively influence plant
growth; drought and salinity are two major fac-
tors limiting crop growth and production. Quinoa
is considered a drought and salt-tolerant plant
(Jacobsen et al. 2003). Whether saponins play a
role in conveying resistance to abiotic stresses is
not well understood and only a few studies focus
on secondary metabolites.

The influence of different irrigation levels was
evaluated on bioactive compounds in quinoa
seeds. The plants were tested under different
saline-water and non-saline-water irrigation
treatments (Gomez-Caravaca et al. 2012). Inter-
estingly, the saponin content in the seeds
decreased by 45% under drought conditions
compared with non-saline watered conditions and
by 50% under drought conditions compared with
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saline-water irrigation. The total saponin content is
35% higher in plants watered with saline-water
than with non-saline water. This could be inter-
preted as a stress response, but further studies are
needed to understand saponin production under
saline conditions (Gomez-Caravaca et al. 2012;
Pulvento et al. 2012). Quinoa seeds contain higher
levels of saponins when watered normally. This
observation suggests, that reduced irrigation for
quinoa plants could be beneficial to reduce the
saponin levels. As to why saponin production is
reduced under drought stress is still unclear;
however, we can speculate that increased saponins
under normal watering conditions may protect
seeds from fungal pathogens that may not be
present in water-limited conditions during grain
filling; or possibly that the synthesis of saponins is
too energetically expensive to produce under
stress conditions.

Seed priming has been shown to be beneficial
in adapting plants to abiotic stresses. This strat-
egy can invoke cross-tolerance in seeds when
previously exposed to abiotic stresses. (Bradford
et al. 1990). In a priming experiment with quinoa
seeds cv. Titicaca showed that salt stress toler-
ance was positively influenced when treated with
saponins. A concentration of 10-25% saponins
alleviated the negative effect of the salt stress
during seed germination. Despite, the salt toler-
ance of mature quinoa plants, at the germination
stage, they are prone to the salty surroundings
and less likely to establish. Priming with sapo-
nins (15%) seems to improve the germination
rate under salt stress by shortening the metabolic
phase and weakening the pericarp, acting as
biostimulant (Yang et al. 2018). These results
demonstrate a fruitful avenue for future research
in salt stress tolerance for other crops.

8.4.4 Uses of Saponins

Saponins derived from a large variety of plants
have been traditionally used for a wide range of
purposes, from soaps and detergents for washing
(such as from Yucca schidigera (Oleszek and
Hamed 2010), toxins for fishing (such as from
Serjania lethalis (Teixeira et al. 1984)), and are
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present in many traditional medicines. Industri-
ally, the foaming properties of saponins have
been used for the production of detergents,
shampoos, foaming agents for beer and fire-
extinguishers (Giiglii-Ustiindag and Mazza 2007;
Zurita-Silva et al. 2014).

The biochemical activity of saponins, espe-
cially the hemolytic activities make them poten-
tial organic fungicides, insecticides, and
antimicrobial agents. Saponins from quinoa have
been registered for use as a biochemical pesticide
and fungicide for treatment of tuber, legume, and
cereal seeds, for root and for foliar application of
tomato seedlings (USEPA 2002) due to their
apparent antifungal and anti-insect properties as
previously discussed.

The increased intestinal permeability medi-
ated by saponins may also aid drug absorption
and assist with reduction of cholesterol (Jacobsen
2003); however, the role of saponins from quinoa
for cholesterol reduction is still under debate as
the hypocholesterolemic effect was seen with de-
saponified grain meal in rat studies (Takao et al.
2005).

Additionally, a wide range of plant-derived
saponins have been linked to anti-cancer activity
(Man et al. 2013; Rao and Sung 1995), with
some quinoa derived saponins were shown to
induce apoptosis of cancer cells in cell-cultures
(Kuljanabhagavad et al. 2008; Kuljanabhagavad
and Wink 2009). Saponins may also serve as
immunological adjuvants or immunostimulators
(Campbell and Peerbaye 1992; Kenarova et al.
1990; reviewed in Rajput et al. 2007), such as
from Quillaja saponaria (Kensil et al. 1991).
Similar uses have been suggested for quinoa
derived saponins and shown promise in mice
immunization studies, where bulk quinoa sapo-
nins used as an adjunct increased systemic and
mucosal antibodies, possibly by increasing per-
meability of antigens (Estrada et al. 1998).

For these reasons, there are exciting new
prospects for the use of quinoa saponins. How-
ever, further study is required to determine the
safety and beneficial effects, either nutritionally
or medicinally, if any. More investigation into
the use of saponins from quinoa is needed to
exploit these interesting compounds.
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8.5 Removal of Saponins
from Quinoa Seeds

The bitter taste of unprocessed quinoa seeds and
potential anti-nutritional properties of saponins
necessitates the removal of these compounds
before consumption. As a large proportion of
saponins are located in the seed coat (34%)
(Chauhan et al. 1992; Jarvis et al. 2017) the
majority of saponins can be removed through
milling to reduce this layer. Dehulling and
washing decreases saponin content by up to 72%
(Chauhan et al. 1999; Gee et al. 1993; Ruales and
Nair 1993) although even following these pro-
cesses some saponins remain in the seed. Other

forms of processing such as alkaline washing and
heat treatment can also help in removal or de-
bittering of quinoa seeds by degradation of
saponins (Gee et al. 1993; Zhu et al. 2002);
however, these processes individually reduce
saponin content to a lesser extent than with de-
hulling (Gee et al. 1993).

For traditional consumers, quinoa seeds are
generally stored unprocessed, likely to help
improve storage life due to the anti-herbivory
and antifungal properties of saponins. Directly
prior to consumption, an intensive process of
roasting, hand milling, and repeated washing is
used to remove saponins (reviewed in Quiroga
Ledezma 2015) (Fig. 8.7

Fig. 8.7 Traditional quinoa processing by hand in Bolivia.
Traditionally, harvested quinoa seeds are threshed and separated from chaff by hand for storage. Prior to consumption,
several laborious rounds of washing and hand milling are required to remove saponins before cooking. Photo credit: G.

Fiene, KAUST. Community of Aroma, Boliva (2019)
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As quinoa has rapidly gained in popularity in
the last decades, worldwide production has
increased from approximately 80 mT in 2010 to
nearly 200 mT at the peak in 2015 (FAO 2019).
In response, improvements in processing grain to
dehull and remove saponins have been made to
allow increased availability to consumers.

Depending on the variety (and starting grain
saponin content), either washing (wet) or
mechanical milling (dry) methods can be used
(Bacigalupo and Tapia 1990; Quiroga Ledezma
2015). Generally, a combined wet-dry method
for saponin removal, which removes saponins
and maintains seed quality, is used to comply
with market expectations. This process is similar
to traditional methods where grain is first milled
to remove the hull and majority of saponins,
several washing steps to extract remaining
saponins, followed by centrifugation and a final
drying heat treatment to reduce the water content
of the grain prior to storage. The use of water
required for processing is estimated at >5 m>/t of
grain (Quiroga Ledezma 2015) and is contami-
nated with potentially bio-active saponins which
may pose an environmental hazard if not dis-
posed of responsibly (Jiang et al. 2018).

Although progress has been made to increase
the efficiency of quinoa grain processing and
reducing water usage, further improvements can
be made. Some “water-less” quinoa processing
machines are available on the market (such as
from Schule Miihlenbau GmbH, Germany),
which operate primarily by dehulling to remove
the majority of saponins, or through non-aqueous
extractions (Muir et al. 2008), although their
uptake of these methods is still limited.

Further research into the efficient and inex-
pensive removal of saponins is required to make
quinoa a more widely consumed crop. Addition-
ally, the purification of interesting bioactive
compounds from saponins mixtures is required
before these compounds can be used in wide-
spread industrial and medicinal products.
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8.6 Regulation of Synthesis

Triterpene saponins in quinoa derive from the
precursor isopentyl pyrophosphate (IPP, iso-
prenoid), resulting from the cytosolic mevalonate
(MVA) pathway (Fig. 8.8). These precursors are
shared with the phytosterol and steroidal saponin
synthesis pathway. The oxidation of oxi-
dosqualene is the first diversifying step in the
triterpenoid biosynthesis (Abe et al. 1993; Kali-
nowska et al. 2005). Oxidosqualene is formed
through the condensation of two units of IPP
with one unit of its allylic isomer dimethylallyl
pyrophosphate (DMAPP) yielding in farnesyl
pyrophosphate (FPP). Subsequently, two units of
FPP are condensated to squalene (30 carbon
atoms) (Moses et al. 2013) and further epoxi-
dized to 2,3-oxidosqualene catalyzed by the 2,3-
oxidosqualene cyclase (OSC) to a tetra or pen-
tacyclic structure to form dammarenes, tiru-
callanes and phytosterols, or the oleananes,
ursanes, lupanes, and taraxasteranes, respectively
(Augustin et al. 2011; Phillips et al. 2006). In
quinoa, the oleane types are the common sapo-
genins, those result from the precursor B-amyrin
which is cyclized by a specific B-amyrin synthase
(CgbASI) from 2,3-oxidosqualene. The follow-
ing oxidation step facilitated by the quinoa-
specific cytochrome P450-dependent monooxy-
genases CYP716A78 and CYP716A79 oxidize
B-amyrin at C28 to form sapogenin. In the sub-
sequent reactions, the sapogenins are further
modified by acyl-, malonyl- or methyl-
transferases (Fiallos-Jurado et al. 2016; Thim-
mappa et al. 2014). The probable last step to
form saponins is promoted by enzymes belong-
ing to the family of uridine diphosphate glyco-
syltransferases (UGTs) to glycosylate the
sapogenin at C3 and/or C28 (ester linkage)
(Augustin et al. 2011).

The seed saponin content in quinoa seeds
varies with accession, can be influenced by
environmental factors and is therefore considered
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Fig. 8.8 Pathway for MVA
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glycosyltransferases (UGTs)

triterpene
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a quantitative trait (Kenwright 1989; Risi 1986).
However, crossing experiments of bitter and
sweet quinoa varieties showed an F2-segregation
of 3:1, suggesting that bitterness is determined by
a single dominant locus (Gandarillas 1948; Jarvis
et al. 2017; Ward 2002). Recently, a reference
genome sequence of quinoa has been published
offering new insights into the regulation mecha-
nism of saponins. By means of linkage mapping
and bulk segregant analysis (BSA) in two pop-
ulations of crossing events of sweet and bitter
varieties (Kurmi (sweet) x 0654 (bitter), and
Atlas (sweet) x Carina Red (bitter)) the same
region on chromosome CgB16 was identified to
contain the locus conferring bitterness. In this
region, two neighboring genes were striking:
AUR62017204 (TSAR-like 1, TSARLI) and
AURG62017206 (TSAR-like 2, TSARL2), anno-
tated as a basic helix-loop-helix (bHLH) tran-
scription factors similar to the class [IVa bHLH
genes (Jarvis et al. 2017). In Medicago truncat-
ula were two transcription factors of the same
class reported to regulate triterpenoid biosyn-
thesis, triterpene saponin biosynthesis activating
regulator 1 (TSARI) and TSAR2. Overexpression
of these transcription factors in hairy roots
showed an increase of the transcript levels of
triterpene biosynthetic genes and accumulation
of triterpene saponins (Mertens et al. 2016).
Expression analysis in quinoa showed root
tissue-specific expression of 7TSARL2, while
TSARLI was mainly expressed in flowers and
immature seeds. The DNA binding motif for
TSAR of M. truncatula was found upstream of
several saponin biosynthetic pathway genes in
quinoa. Those genes were significantly down-
regulated in sweet accessions, correlating with
the lower expression levels of TSARLI. Com-
paring the transcripts of TSARLI in sweet and
bitter accessions revealed a spliced alternative in
the sweet accessions, showing a single nucleotide
polymorphism (SNP) that alters the intron/exon
splicing boundary. The spliced alternative of
TSARLI in sweet varieties results in a truncated
protein predicted to be compromised to form
homodimers and/or to bind DNA and is therefore
likely restricted in transcription regulation. Fur-
ther analysis of TSARLI in sweet varieties
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showed multiple, independent gene mutations
which co-segregate with the sweet phenotype,
suggesting that this gene regulates the presence
and absence of saponins in quinoa seeds.

8.7 Perspectives in Quinoa
Breeding for Altered Saponin
Content

Although increased yield remains the highest
priority for the majority of quinoa breeding
programs, both commercial and indigenous
communities also target “sweetness” or reduced
seed saponin content (McElhinny et al. 2007).
Reduction of saponin content in quinoa grain
would greatly reduce the labor and resources
used for processing grain for consumption. The
use of aqueous methods for saponin removal
produces a significant amount of saponin con-
taminated wastewater which is potentially haz-
ardous to the waterways due to the general
piscicidal properties of saponins, if not properly
disposed of. Additionally, the quantities of water
required for saponin removal limits industrial
grain processing, especially in traditional quinoa
growing areas in South America where access to
good quality water is scarce. The drought toler-
ance of quinoa is contrasted by the water usage
required for processing. Some saponin-free or at
least very low saponin varieties do exist (Koziol
1991, 1992) so there is scope for development of
reduced saponin lines (Fig. 8.9).

Complete removal of beneficial saponins in
quinoa, however, may result in increased insec-
ticide usage, bird predation, and possibly reduce
shelf-life of unprocessed quinoa due to fungal
contamination.

Further study is required to identify particular
toxic, anti-nutritional, or bitter saponins to target
breeding removal of these compounds, as well as
simple, high-throughput methods for assessing
saponin diversity in quinoa grain. Removal of
particularly pH- or heat-stable saponins may also
improve processability, reducing the need for
heat-treatment or alkaline washing pro-
cesses, while retaining some of the beneficial
saponins.
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Fig. 8.9 Histogram indicating saponin content in 334
accessions of Chenopodium quinoa. Foam height gener-
ated by vigorous shaking of 5 seeds in 0.5 mL water in a

Additionally, the wide-spread industrial, food
additive and medicinal uses of saponins from other
species warrant further investigation of the uses for
quinoa saponins for these purposes. Development
of products using quinoa saponins would turn
current waste into valuable by-products.

With recent advances in genome editing in
plants, such as via CRISPR technology (Li et al.
2015), there is scope for selectively altering
saponin biosynthesis in quinoa. Targeting of key
saponin biosynthesis and regulatory genes, pre-
viously described in this chapter, such as repli-
cating the SNP leading to inactivated or altered
expression of TSARLI in sweet varieties would
be one such approach for rapid breeding for
reduced saponin content.

However, to our knowledge, there is yet no
established protocols for the stable transforma-
tion or whole plant regeneration of quinoa,
although there are several works describing cal-
lus induction and transient transformation (Eisa
et al. 2005; Hesami and Daneshvar 2016; Komari
1990). The transformation of related species such
as amaranth (Li et al. 2012; Yaroshko et al.
2019), sugar beet (Dhalluin et al. 1992; Yang
et al. 2005), and spinach (Al-Khayri 1995;
Naderi et al. 2012) indicates that transformation
of quinoa is similarly possible. With some effort
and the large diversity of quinoa germplasm
available, it is likely that transformation tractable
varieties can be identified.

1.5 mL microcentrifuge tube was measured as an indica-
tion for saponin content in 334 Chenopodium quinoa
accessions

In the short term, the use of virus-induced
gene silencing (VIGS), such as recently done by
Adhikary and colleagues (Adhikary et al. 2019)
in Amaranth spp., may be of use to rapidly
screen for gene candidates useful for quinoa
breeding, however, how amenable the VIGS
system is to altering gene activity in developing
seeds is yet to be tested.

8.8 Conclusion

Saponins are a diverse range of bitter-tasting,
biologically active secondary compounds, gen-
erally considered to be bio-protectants. Natively,
the role of saponins in quinoa is likely to serve a
similar role, particularly due to their concentra-
tion in seed coats as a deterrent to bird predation
and limiting fungal growth. However, further
research into the role of saponins in quinoa,
especially into their impact on abiotic stress tol-
erance is required. With recent advances in qui-
noa genomics, there are good prospects for
molecular plant breeding and gene editing for
altering saponin content and diversity. Such
developments will benefit both basic research
into the role saponins play in quinoa and related
Chenopodium species, as well as further the
development of this currently underutilized crop,
particularly in the production of sweet varieties
that require less post-harvest processing.
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Investigation into potential uses of quinoa
saponins, currently being disposed of as a waste-
byproduct of quinoa processing is also required,
to help maximize the value and limit the impacts
of quinoa processing.
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Abstract

Quinoa (Chenopodium quinoa Willd.) is a
highly resilient crop, displaying high levels of
salinity and drought tolerance, although only
low levels of heat tolerance. In this chapter,
current knowledge of the response of quinoa
to abiotic stresses is discussed, focussing on
physiological responses, putative molecular
mechanisms and genetic control. Relatively
little research has been conducted into quinoa,
and even less has been done to elucidate the
genetics underpinning quinoa’s tolerance to
abiotic stresses. The quinoa genes CgSOSI,
CgNHX1, CgqBADH, CqHSP70, CqHSP20
and CgABAs are discussed, and areas requir-
ing further research at the genetic level are
highlighted. There are currently extensive
gaps in our understanding of the response of
quinoa to certain abiotic stresses, with virtu-
ally no studies covering the effects of soil
acidity, boron toxicity and nutrient deficiency.
Whilst there is significant genetic diversity
within the quinoa species, significant research
is required to understand how this genetic
variation can be harnessed. The recent release
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of a high-quality quinoa reference genome
provides a useful tool to greatly facilitate the
characterisation of genes involved in abiotic
stress tolerance and taking a genetics-led
approach should aid the rapid advancement
of our understanding of quinoa’s abiotic stress
tolerance mechanisms and lead to more effec-
tive improvement in engineering and breeding
strategies. With these improvements, quinoa
can fulfil a role urgently needed to provide
food security in arid and semi-arid regions.

9.1 Introduction

Declining freshwater resources and increasing
levels of soil salinisation are two challenges that
affect agriculture in semi-arid and arid areas.
These problems will become more widespread
and severe because of global climate change,
particularly in the Middle East and North Africa
region (IPCC 2014). Halophytic crops, such as
quinoa, have the potential to sustain agriculture
in such areas, and could be at the forefront of a
saline irrigation revolution (Koyro and Lieth
2011). Quinoa (Chenopodium quinoa Willd.) has
been cultivated in the Andes region for more than
7000 years (Dillehay et al. 2007). It is remark-
able for its high nutritional value: its seed con-
sists of ~16% protein, with, importantly, an
optimal balance of essential amino acids for
sustained human health; 4-9% oil; 64% carbo-
hydrates and vitamins (A, B2, E) and minerals

139

S. M. Schmdockel (ed.), The Quinoa Genome, Compendium of Plant Genomes,

https://doi.org/10.1007/978-3-030-65237-1_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65237-1_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65237-1_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65237-1_9&amp;domain=pdf
mailto:mark.tester@kaust.edu.sa
https://doi.org/10.1007/978-3-030-65237-1_9

140

(calcium, iron, copper, manganese, zinc) (Repo-
Carrasco et al. 2003; Escuredo et al. 2014;
Bhargava et al. 2006; Vega-Galvez et al. 2010).

Additionally, quinoa exhibits high tolerance
to certain abiotic stresses, particularly salinity
and drought. Some cultivars of quinoa have been
shown to grow in saline conditions similar to
seawater (40 dS m™ ', about 400 mM NaCl)
(Jacobsen et al. 2001; Bazile et al. 2015; Adolf
et al. 2013). There are a diverse set of ecotypes;
the five main ecotypes are variously adapted to
valley, altiplano (mountainous, up to 4000 m),
salt desert, sea level and tropic environments,
suggesting excellent genetic diversity, which
should assist in the development of superior
quinoa strains (Bendevis et al. 2014; Jacobsen
et al. 2003; Vega-Galvez et al. 2010; Bertero
et al. 2004). Quinoa’s high genetic diversity has
been confirmed by (Christensen et al. 2007) and
(Fuentes et al. 2009). However, this makes direct
comparison of studies which use different quinoa
cultivars difficult; for example, the resistance of
altiplano varieties to salinity often exceeds that
of valley varieties (Shabala et al. 2013). This
variation could explain some of the discrepancies
seen between studies. Therefore, direct compar-
ison between studies with different cultivars must
be done with caution, with the potential for
confusion regarding resistance to abiotic stress. It
would be an important step forward for the
research community to select a model cultivar for
each ecotype in order to aid comparison between
studies. However, this variation between culti-
vars will prove invaluable in the future as their
genetic variation is exploited through identifica-
tion and selection of superior genes and alleles to
develop highly resistant quinoa strains.

Despite its long history of cultivation and its
central role in agriculture in parts of South
America, quinoa is yet to undergo an intensive
domestication programme, making it a less
attractive option for commercial agriculture
(Morales et al. 2017). It has enormous potential
to become a food security crop in marginal soils,
providing a more reliable food source. To be
successful in these areas, such as Pakistan and
Bangladesh, where high temperature can be a
major abiotic stress, quinoa’s heat tolerance will
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need to be improved. Understanding and evalu-
ating the wealth of genetic diversity present
within the quinoa species will give researchers
the opportunity to optimise different quinoa
accessions to withstand the specific stresses faced
in key environments.

In this chapter, the stresses of salinity,
drought, temperature, nutrient deficiency, boron
toxicity, soil acidity and metal toxicity are con-
sidered. For each, the following themes will be
examined: the geographic extent of the stress; the
general symptoms exhibited by quinoa; the
physiological response of quinoa; the mecha-
nisms of stress tolerance and their molecular
basis; our current genetic understanding and
future research prospects and opportunities
offered by the recent release of the high-quality
genome sequence of quinoa (Jarvis et al. 2017).

The majority of research to date has focussed
on the response of quinoa to salinity, drought and
cold stresses. Many of the physiological mecha-
nisms of tolerance are still poorly understood,
and our knowledge at the molecular and genetic
level is mostly sparse. Thus, this chapter also
serves as a road map to indicate current gaps in
our knowledge.

Whilst these stresses are considered in turn, it
is important to remember that an abiotic stress
rarely occurs in isolation: salinity stress is often
accompanied by drought stress, and drought
stress often occurs alongside heat stress (Savin
and Nicolas 1996). Additionally, boron toxicity
is often observed in conjunction with soil salinity
and alkalinity (Goldberg 1997). However, the
combined effects of abiotic stresses are generally
beyond the scope of this chapter.

This review aims to amalgamate key advances
yielded by research in the field of quinoa. Whilst
relatively little research has been conducted at
the genetic level there are a few studies which
have investigated the genetics of quinoa to great
effect (Schmockel et al. 2017; Jiang et al. 2016;
Morales et al. 2017; Liu et al. 2018a; Maughan
et al. 2009). As this more penetrating approach is
increasingly employed, it has the potential to
rapidly develop our understanding and ability to
engineer quinoa to realise its long-predicted
potential.
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9.2 Soil Salinity

Soil salinity is a major constraint on global agri-
culture and impacts both food security and polit-
ical stability. Currently, an estimated 1,128 Mha,
including 20% of irrigated land, is affected by soil
salinity. The largest single area, 189 Mha, is sit-
uated in the Middle East (Wicke et al. 2011). This
area is predicted to increase because of climate
change and poor irrigation practices (Hayes et al.
2015). The impact of soil salinity has been esti-
mated to cause an annual loss of US$27.3 billion
(Qadir et al. 2014). Salinity tolerance allows
plants to continue growing and producing pho-
toassimilates under saline conditions; this is gov-
erned by a polygenic mechanism (Roy et al. 2014;
Munns 2002). Quinoa has been successfully
grown in NaCl concentrations equivalent to that of
seawater, up to 40 dS m !, or 400 mM NaCl,
making it the most salt-tolerant crop (Jacobsen
et al. 2001; Bazile et al. 2015; Adolf et al. 2013;
Munns and Tester 2008).

As detailed by Ruiz et al. (2016), there is
wide-ranging variability in the tolerance of qui-
noa ecotypes to salinity stress. For example,
seeds of the Peruvian cultivar, Kancolla, could
germinate at salinity levels of up to 57 dS m™'.
By contrast, Gomez-Pando et al. (2010) studied
182 Peruvian accessions, and only the 15 most
tolerant accessions had a germination rate above
60% at salinity levels of 25 dS m™".

Quinoa exhibits a wide range of tolerance
mechanisms, including shoot ion-independent
tolerance (osmotic tolerance), ionic tolerance
and tissue tolerance (Munns and Tester 2008;
Roy et al. 2014), but also other putative mecha-
nisms which are not seen in other crops and are
as yet unverified, such as “salt bladders” (Sha-
bala et al. 2014; Kiani-Pouya et al. 2017; Adolf
et al. 2013; Shabala 2013). Whilst these mecha-
nisms are at least partially understood, relatively
little is known about their genetic control and
only a small number of salinity tolerance genes
have been identified in quinoa.

Symptoms of salinity stress generally include
growth inhibition, accelerated development and
senescence and under prolonged exposure, death.
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Growth inhibition is the predominant factor,
from which the other symptoms follow. Abscisic
acid (ABA) is synthesised when the plant expe-
riences salt stress, causing closure of stomata
which adversely affects the rate of photosynthe-
sis. Cell expansion is limited either directly
through osmotic stress, or by ABA (Munns and
Tester 2008).

First, morphological traits will be considered,
followed by physiological and metabolic
parameters. Genetic analysis will be included
where possible, and highlighted where it is
lacking.

9.2.1 Morphology

9.2.1.1 Seed Structure

NaCl has been shown to markedly affect germi-
nation of seeds in halophytes (Debez et al. 2004).
A study by (Prado et al. 2000) found that in the
presence of 400 mM NaCl, only 14% of seeds
had germinated after 14 h, compared with the
control, where 87% had germinated. Reduced
glucose and fructose levels were found in the
embryonic axes in the presence of NaCl.

In the Peruvian cultivar Hualhuas, grown
under varying salinity conditions (up to 500 mM
NaCl), the distribution of minerals was altered,
but was highly regulated. The changes in distri-
bution did not appear to damage seed or viability.
It has been suggested that seed structure and
compartmentalisation give quinoa seeds added
tolerance to salt stress (Koyro and Eisa 2008).
The embryo is located peripherally, around the
perisperm storage tissue. The seed coat appeared
to limit the entry of Na* and C1™ into the interior,
as over 90% of the Na* and CI~ was found in the
seed coat. This might suggest that the seed coat
and perisperm are important protective barriers
for excluding Na* and CI". It might also help
maintain a high K*/Na® ratio, as whilst Na*
levels still increased, the K*/Na* ratio never went
below 1, probably aiding germination. Hariadi
et al. (2011) suggested the ability of a seed to
exclude Na* from the developing embryo was
crucial for seed viability.
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In an experiment by Ruiz-Carrasco et al.
(2011), seeds of four genotypes were grown on
agar plates with 0, 150 or 300 mM NaCl. At
150 mM NaCl, seed germination was not sig-
nificantly affected. However, at 300 mM NaCl,
the germination rate for the cultivar BO78 was
almost 0 and had dropped by 15-30% in the
other cultivars. Whilst at 150 mM NaCl root
length was not reduced, and even increased in
some cultivars, at 300 mM NaCl root growth
was inhibited by 25% in the PRJ cultivar, and by
about 70% in BO78. Shoot growth was nega-
tively affected at both 150 and 300 mM NaCl.
Thus, in this instance the root/shoot ratio was
differentially affected by salt. Interestingly, under
300 mM NaCl conditions, RT-PCR analyses of
CgSOS1 and CgNHXI showed that their
expression was also differentially expressed in
the shoots and roots, as well as between geno-
types. However there did not appear to be a
correlation between levels of CgSOSI and
CgNHX] and the length of root or shoot. Orsini
et al. (2011) reported that in vitro germination of
BO78 was delayed by 150 mM NaCl, but ulti-
mately reached the same level as the control. In
seedlings, root growth increased under 150 mM
NaCl, compared to the control. However, both
germination rate and root growth decreased
under 300 mM NaCl.

Interestingly, saponin seed priming has been
reported to improve salt tolerance in quinoa
(Yang et al. 2018). Seeds were primed in seven
solutions of different saponin concentrations.
Saponin concentrations between 10% and 25%
were most effective for alleviating adverse effects
of salt stress during seed germination. Improved
growth, physiology and yield performance were
linked with low ABA concentration, improved
water potential, higher photosynthetic rate and
stomatal conductance, and lower Na* and K* in
the leaves. A further study would be to investi-
gate which genes are differentially expressed
upon saponin treatment. If these genes can be
upregulated without saponin application then it
could improve quinoa salinity tolerance.

The high tolerance of quinoa seeds might
stem from both structural and physiological fea-
tures; however, little follow-up work has been
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done to date. The recent sequencing of the high-
quality quinoa genome should assist research
through aiding mutagenesis, knockout or RNAi
studies to investigate the genes involved in the
seed coat/Na* exclusion hypothesis and the
salinity tolerance displayed by quinoa seeds
(Jarvis et al. 2017).

9.2.1.2 Stomata

Part of the osmotic (ion-independent) response of
plants to salinity is the rapid closure of stomata,
leading to a reduction in growth rate (Munns
2002; Flowers 2004). When exposed to long-
term salt stress, the density and size of stomata
also tend to decrease (Munns and Tester 2008).
Stomata also close in response to a decrease in
leaf turgor, high atmospheric vapour pressure
deficit and by water deficit in the root zone
(Schachtman and Goodger 2008; Roelfsema and
Hedrich 2005). This is thought to be a response
to improve water use efficiency (WUE). A 54%
reduction of stomatal density at 750 mM NaCl in
the relatively salt-sensitive cultivar, BO78, was
seen, and at 300 mM NaCl, there was around a
30% reduction (Orsini et al. 2011). A study of 14
varieties of quinoa reported that, whilst stomatal
density was reduced for all varieties under saline
conditions (incremental salinity increase up to
400 mM NaCl), the degree to which this occur-
red varied between genotypes (mostly by 20-
30%, but up to around 45%) (Adolf et al. 2013;
Shabala et al. 2013).

However, a study conducted by Becker et al.
(2017) observed the opposite response. In the
cultivar Achachino, they reported the number of
stomata increased in response to salt stress.
However, the size of the stomata were smaller
and the percentage leaf area covered by stomata
was lower in salt-treated plants and stomatal
conductance was reduced. This was the sug-
gested cause for the reduction in photosynthesis,
which in turn was reflected in decreased plant
biomass and yield. Under saline conditions,
when water availability is reduced, findings have
been inconsistent, showing either increased or
decreased stomatal densities (Flowers et al. 1977,
Hetherington and Woodward 2003; Orsini et al.
2011; Shabala et al. 2012;).



9 Abiotic Stress Tolerance in Quinoa

The picture is further complicated by the
study of Prado et al. (2017). For two cultivars,
Pasankalla and CICA, there was an increase in
stomatal area and density under saline condi-
tions; in another cultivar (Wariponcho), stomatal
area decreased under saline treatment. There was
further variation between cultivars, regarding
stomatal density and area on the adaxial and
abaxial leaf surfaces. In Wariponcho, abaxial
stomata area and stomatal density was reduced
by saline treatment, and in Witulla, on the
adaxial surface. In Wariponcho, the lower
stomatal density was proposed to increase WUE.
Therefore, the stomatal area and density does not
appear to be directly related to WUE. How CICA
and Pasankalla increase their WUE under saline
conditions whilst increasing the stomatal area
needs further investigation.

The importance of stomatal number, area and
density is still unclear. Understanding the genetic
control over stomatal size and density will allow
the precise investigation of the role of stomata in
WUE and salinity tolerance, and likely also
drought tolerance.

9.2.2 Stomatal Conductance, Gas
Exchange
and Photosynthetic Rate

Stomatal conductance decreases under saline
conditions, and is regulated by the size of the
stomatal pores (Munns and Tester 2008). Ion
fluxes are associated with the rapid and reversible
opening and closing of the stomata by the guard
cells. ABA controls this process. Accordingly, an
increase in ABA, along with decreased leaf an