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In his address given at the launch of the International Year of Quinoa, FAO Director-General José
Graziano da Silva described quinoa as an important ally in the fight against hunger. In this respect, we
must capitalize on technical and scientific breakthroughs and use all the available knowledge on this
noble crop and superior source of nutrition, not only to maximize the benefits of this golden grain but
also to understand the challenges and related risks.

In 2002, in a first great endeavour, FAO published the document entitled “Quinua (Chenopodium
quinoa); ancestral cultivo andino, alimento del presente y futuro”. Only a decade after this publication,
in this era of new technologies, further research, innovations and knowledge were emerging.

In this context, and within the framework of the International Year of Quinoa, it was considered
indispensable to renew efforts to compile all the progress made in recent years towards better
understanding quinoa, through this document entitled “State of the Art Report on Quinoa around the
World”. This report aims to become a hallmark document for making better and more informed decisions
on quinoa.

FAO therefore called upon the International Cooperation Centre of Agricultural Research for
Development (CIRAD), which agreed to rise to the great challenge of conducting research and
coordinating with the authors of the chapters in this report.

Through this initiative, FAO and the Regional Office for Latin America and the Caribbean are pleased to
be fulfilling one of the Organization’s main goals, which is to distribute and share specialized information
throughout the global community.

Raul Benitez

FAO Regional Representative for Latin America and the Caribbean
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Why write a report on the state of the art of
quinoa in the world in 2013?

In 2013, the United Nations declared the
International Year of Quinoa. It gave global priority
to quinoa, fostering expectations and highlighting
challenges. The scientific studies and articles
compiled herein describe with precision the
potential contribution of quinoa and its limitations
with regard to its cultivation, and promote its
consumption in different parts of the world.

The state of the world’s quinoatracks the “footsteps”
of quinoa to determine current sectorial trends
in 2013 for this exceptional crop which, due to its
nutritional qualities, its diversity and its resistance
to drought and cold, has been identified as an
important alternative to contribute to global food
security, especially in areas where the population
has no access to adequate sources of protein, or
where there are environmental constraints to food
crop production.

In this context, the main aim of the State of the
Art Report on Quinoa around the World is to
bring together, within a single document, up-
to-date technical and scientific data on growing
guinoa so as to encourage the dissemination of this
knowledge, promote dialogue and debate amongst
partners in the development of quinoa worldwide,
and generate new expectations for the crop around
the world, in view of its contributions to food
security and the family farming economy and also
considering the inherent risks of uncontrolled

expansion. Special emphasis is given to the need
to regulate the use of plant genetic resources,
sustainability of agricultural systems and the fair
and equitable distribution of benefits from using
guinoa outside the Andean region.

This book is divided into six sections comprising
currently available data on the various topics of
interest related to growing quinoa around the
world.

In Section 1, aspects of “Botanics, Domestication
and Exchanges of Genetic Resources” are presented.
Quinoa (Chenopodium quinoa Willd.) is an annual
plant with a wide diversity of cultivars and varieties.
It is among the species domesticated around Lake
Titicaca, between Peru and Bolivia, a location
considered to be the birthplace of quinoa and
where the greatest diversity of species is conserved
in situ, together with its wild relatives. An analysis
of the current state of conservation of the genetic
resources of quinoa allows us to then understand
the importance of having instruments to regulate
the circulation of these plant genetic resources
according to their usage.

In Section 2, the “Agronomic and Ecological Aspects”
are addressed to understand the requirements for
the development of quinoa crops, with particular
attention to quinoa’s tolerance to salinity or
drought. The chapter on “Plant Breeding” provides
a historical overview of the development of modern
varieties of quinoa.
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In Section 3, we examine the “Nutritional and
Technical Aspects”. After harvesting, saponin
must be removed before human consumption.
Several chapters in this section address the high
nutritional value of quinoa in human and animal
diets, considering the grain’s gluten-free benefits
for coeliac persons and the emerging outlook for
nutraceuticals.

In Section 4, “Social and Economic Aspects”, we
address the importance of quinoa worldwide, both
from an economic perspective and in terms of the
relationships between countries. Nevertheless,
since quinoa is a staple food before being an export
product for Andean communities, the chapter on
“Marketing Diversity” presents the different ways
in which groups of producers in Andean countries
approach the market. This allows us to understand
the logic and strength of small-scale farmer
associations regarding quinoa.

In Section 5, the various chapters present updated
data on “Quinoa Crops in Andean Countries”:
Bolivia, Peru, Ecuador, Chile and Argentina.

Section 6 addresses “Experimentation and
Current Distribution” of quinoa in new producer
countries. We examine the adaptation of quinoa in
Mediterranean countries in Europe, its introduction
in Asia based on the analysis of the case of India
and Pakistan, its experimentation in Africa, the
United States of America and Brazil.

The conclusion presents global outlooks in view
of the geography and geopolitics of quinoa in an
international setting, global challenges, and the
role of quinoa in achieving the goal of zero hunger.
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Quinoa (Chenopodium quinoa Willd.), kafiiwa (Che-
nopodium pallidicaule Aellen) and other edible spe-
cies known as “kiwicha”, “achis”, “milmi” or “coimi”
(Amaranthus caudatus L). together formed an im-
portant part of the diet of prehistoric peoples in the
highlands of the Andes, from Colombia to Argen-
tina and Chile. Its use was common in the Andean
regions until the beginning of the twentieth centu-
ry, when countries in the region began to massively
import wheat.

A Chenopodiacea, Chenopodium nuttalliae, known
as “huauzontle”, was also cultivated in the high-
lands of Mexico and is very similar to quinoa (Hun-
ziker, 1952), although its cultivation area has now
become very small.

Quinoa in pre-Colombian times

Important archaeological findings reveal that these
species were formerly consumed in abundance.
Towle (1961) mentions several archaeological find-
ings of quinoa, consisting in terminal fruit-bearing
branches and loose grains, found in different re-
gions of Peru and in the coastal area of Arica, Chile.

Bollaert (1860) found quinoa seeds in ancient in-
digenous tombs in Tarapacd and Calama (Chile) and
in the Colcha-qui-Diaguita region. Latcham (1936)
found quinoa seed in an ancient indigenous burial
ground in Tiltil (Chile) and a fair amount of seeds in
Quillaga (Chile).

According to Nunez (1970), our understanding of
how quinoa and potatoes were domesticated is in-
complete, but on the basis of findings in northern

Chile (Chinchorro complex), he notes that quinoa
was used before 3000 B.C. Thanks to findings near
Ayacucho, Peru, Uhle (1919) gives an even earlier
date, 5000 B.C., for the beginning of domestication
of this plant.

In 1586, Ulloa Mogollén speaks of quinoa being
used in the province of Collaguas (Bolivia). As al-
ready mentioned, there is evidence that quinoa was
widely cultivated in the valleys of northern Chile. In
1558, Cortés Hogea, on the first to visit the Island of
Chiloé (Chile), found quinoa sowings on the island.
In the Argentine territory, Pedro Sotelo (1583) re-
fers to these crops in the Calchaquies Valley and in
the surroundings of Cérdoba.

With regard to quinoa crops further south, the Jes-
uit Father, Antonio Mechoni (1747), notes in his re-
ports that “as far south as the shores of Lake Nahuel
Huapi, the Araucanians cultivated this species”.

Quinoa was widely cultivated in association with
maize in northern Peru. Further south, it was wide-
spread in Callején de Huaylas as well as in the Man-
taro Valley, where it was largely cultivated by the
regional group Huancas and in the Ayacucho area
by the Wari people (see ceremonial vessel).

Cieza de Ledn (1560) reports that in southern Co-
lombia, quinoa is also cultivated in the highlands
between the cities of Pasto and Quito, and writes:
“Very little or almost no maize is to be found in all
these towns; because of the low temperatures only
quinoa is to be found.”

Pulgar Vidal (1954) notes that the Chibchas, as well
as other tribes from the Altiplano Cundiboyacanse
(Colombia), grew quinoa intensively. To explain the
presence of quinoa in Ecuador, it has been suggest-
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ed that the ancient inhabitants of Cuyumbe (the ru-
ins of San Agustin in Huila, Colombia), who were in
contact with the inhabitants of the Bogota plains,
helped to spread quinoa towards the south of pre-
sent-day Colombia. When they later migrated south
of the continent, they took with them their seeds,
including quinoa, sharing them with other nations.

The first Spaniard to mention quinoa cultivation in
the New World is Pedro de Valdivia. In his report to
Emperor Charles | in 1551 on crops in the vicinity
of Concepcidn (Chile), he notes that the region “is
abundant with all the bounties sowed by Indians for
their food: maize, potatoes and quinoa”. According
to numerous sources, when the Spaniards set foot
in the region they found “ccolcas” — barns — con-
taining large quantities of quinoa grain, sufficient to
feed them for several months.

Quinoa during the Colonial Period

Inca Garcilaso de la Vega, in his famous Royal Com-
mentaries, notes the following about quinoa: “the
second of the grains grown on the face of the earth
gives what they call “quinoa” and it is known in
Spanish as ‘millet” or small rice: because the grain
and colour are somewhat similar”. The historian re-
fers to the first export of quinoa grain to the Old
World when he took samples of quinoa on his long
boat journey to Spain but they failed to propagate
since “they arrived dead”.

However, considerable confusion prevailed as
guinoa was not always identified with the Cheno-
podium quinoa species. At the time, the Spaniards
associated quinoa with amaranth (Amaranthius
blitum L.), which grew in Europe and thus probably
received little attention all throughout the colonial
era. Bernabe Cobo (1663) notes that quinoa is very
similar to amaranth in the Iberian Peninsula.

Confusion arises when the eminent botanist Car-
olus Clusius, in his Historia Plantarum Rarorium
(1601), presents the first illustration of a species he
refers to as quinoa but which is actually an Ama-
ranthus caudatus plant.

Quinoa has as many names as the number of re-
gions or languages where it has been known. Quot-
ed by Pulgar Vidal (1954), Robledo points out that
the Chibchas (Colombia) called it “pasca”, a word

denoting “cooking pot or father’s meal”.

According to Pulgar Vidal, “suba” or “Supha” (Chib-
cha language) is the original name for quinoa in the
Bogota area. Vidal links these terms to the Aymara
word “hupha”, still used in some parts of Bolivia.
In the rest of the territory that is now Colombia,
the Quechua name “quinoa” became widespread,
while in Cundinamarca the indigenous name is
“parca”.

According to Latcham (1936), different names were
given to quinoa in the Aymara language depending
on their variety. Purple quinoa was called “cami”,
the best-liked white quinoa was called “ppfique”,
red quinoa was known as “kana llapi”, yellow qui-
noa was referred to as “cchusllunca”, another yel-
low variety was called “ccachu yusi” and wild qui-
noa was known as “isualla”. However, Latcham con-
fuses kafiiwa and includes it among the varieties of
quinoa, calling it “Cinderella quinoa” or “cafiagua”.
Latcham adds that quinoa was grown in northern
Chile and was known as “dahue” in the Atacamefio
language. Bertonio (1879) adds Aymara varieties,
such as “aara”, “ceallapi” and “vocali”, which are
the wild relatives of quinoa. He also mentions a
variety called “cami hupa” that was between red
and black.

The Origins of Quinoa

With regard to the origin of the domesticated spe-
cies, in his studies of quinoas in the Puno and Cusco
highlands, Toro (1964) links ancient cultivation and
the origin of the domestication of quinoa with the
current use of the words “kiuna” in Quechua and
“jupha” or “jiura” in Aymara. He sees this as evi-
dence that the Aymara and Quechua populations
were the first to domesticate the plant.

Wilson (1990) notes that it is most likely that Che-
nopodium hircimun, widely distributed in the An-
des, is amongst the progenitors of quinoa and has
evolved to domesticate quinoa as we know it today.
Mujica and Jacobsen (2006) point out that there are
at least four species of Chenopodium related to qui-
noa and widely distributed in the southern Andes
as relatives and progenitors of quinoa, and which
have evolved and domesticated quinoa as we know
it today. (Chenopodium carnosolum, C. hircinum, C.
incisum and C. petiolare).
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Figure 1. Samples of archaeological remains of quinoa compared with the current crop.
Figure 1 presents quinoas from different ages, proven via the carbon 14 method. It can be observed that the variable
percentage of “ayaras” or “ajaras” seeds (wild black quinoa grain) steadily decreases in more recent samples.

Figure 1 presents quinoas from different ages,
proven via the carbon 14 method. It can be ob-
served that the variable percentage of “ayaras” or
“ajaras” seeds (wild black quinoa grain) steadily
decreases in more recent samples.

This domestication and selection process took cen-
turies, and today the more recent varieties are rec-
ognized by their very low percentage of “ayaras” or
quinoa with dark-coloured grains.

Toro (1964) links the age of cultivation and the ori-
gin of the domestication of quinoa with the current
use of the words “kiuna” in Quechua and “jupha”
or “jiura” in Aymara, taking this as proof that the
Aymara and Quechua peoples were the first to do-
mesticate this plant.

Contemporary Research

Contemporary research on these Andean grains dates
back to the work carried out by the botanists Martin
Cardenas (1944, 1969) in Bolivia; Fortunato Herrera
(1941) in Cusco, Peru, and the theses presented at
faculties of agronomy, in particular in Cusco, but also
in Puno, Peru, Quito and Riobamba in Ecuador, Pasto
in Colombia, and Cochabamba in Bolivia.

One of the first events bringing together research-

ers from Bolivia and Peru was the organization
of the First Convention of Chenopodiaceae that
took place in Puno, organized by Universidad del
Altiplano in 1968. This was an opportunity for the
progress made by the Bolivian engineer and plant
breeder, Humberto Gandarillas, in 1967 at the Pat-
acamaya Experimental Station, Bolivia, to lay the
foundations for guidelines for future research.

This convention was followed by a second conven-
tion held in Potosi in 1976, organized by the Uni-
versity Tomas Frias and the Inter-American Institute
for Cooperation on Agriculture (IICA), with the par-
ticipation of colleagues from countries including Ar-
gentina, Chile, Bolivia and Peru.

These conventions noted that not only these spe-
cies were important in Andean agriculture, but that
other species of tubers, roots and fruits also con-
tribute to the human diet and should also be in-
cluded in future conventions.

Ten years later, the first comprehensive book on
growing quinoa and kafiwa was published in Bo-
gota, Colombia (Tapia et al., 1979). The study was
sponsored by the International Development Re-
search Centre (IDRC) of Canada, with the participa-
tion of IICA and input from specialists in Peru and
Bolivia.
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Universidad Nacional Técnica del Altiplano

These twelve congresses on Andean Crops
throughout the Andes, from Colombia to southern
Chile and Argentina (1977-2006), represented an
opportunity to present achievements as quinoa

cultivation became increasingly renowned. Vari- A N A L E S
ous projects were thus implemented, including the
Agroindustrial Quinoa Project financed by the Si- | CONVENCION DE

mon Bolivar Fund of the Government of Venezuela

in 1980, as well as various projects promoted by QUENOPODIACEAS

Andean governments with the cooperation of of- QUINUA - CARIHUA
fices such as IICA, FAO, IDRC and CAN (Andean
Community) and with the participation of regional MG W SOVIENREE | NESE. FENH

universities and national research institutes.

Table 1. List of Congresses and Conventions on Andean Crops

Event Location, year Participants Countries
| Convention, Puno, 1968 41 2
1] Convention, Potosi, 1976 116 7
I Congress, Ayacucho, 1977 122 6
1] Congress, Riobamba, 1980 754 25
1 Congress, La Paz, 1982 159
v Congress, Pasto, 1984 101
Vv Congress, Puno, 1986 699 7
Vi Congress, Quito, 1988 190 14

Vil Congress, La Paz, 1991 320 10
VIII Congress, Valdivia, 1994 210 8
IX Congress, Cusco, 1997 340 7
X Congress, Jujuy, 2001 285 6
Xl Congress, Cochabamba, 2003 290 7
Xl Congress, Quito, 2006 305 8

Articles
20
45
39

88
63
133
92
76
49

52
64
59
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After an extensive tour of the Andes, Tapia (1996)
distinguished five major groups of quinoa, based, in
particular, on their ability to adapt to different agro-
ecological conditions in the Andes:

¢ Inter-Andean valleys quinoas, in mesothermal
zones.

e Altiplano quinoas, in the highlands north of Lake
Titicaca between Peru and Bolivia and with a
short growing season.

e Salare quinoas, on the salt flats in the southern
highlands of Bolivia, comprising halophytes adapt-
ed to saline soils and with a larger grain size.

e Coastal quinoas, with dark-coloured grains and
smaller in size, grown in the centre and in the
south of Chile.

e Yunga quinoas, grown in the subtropical zone
on the eastern slope of the Andes in Bolivia.

Table 2. Humidity and temperature requirements per types of quinoa as per agro-ecological zones.

Tapia, 1996.

Agro-ecological group

Rainfall (in mm)

Minimum temperature

Inter-Andrean valleys Quinoas 700-1500 3°C
Altiplano Quinoas 400- 800 0°C
Salare Quinoas 250- 400 -1°C
Coastal Quinoas 800-1500 5°C
Yunga Quinoas 000-2000 11°C

For centuries, farmers have obtained and cultivated
traditional varieties in each of these quinoa culti-
vars, testing new selections in other environments
with varying results. Gandarillas proposed the clas-
sification of quinoa according to the area of adapta-
tion and morphotypes (Gandarillas, 1968).

More recently, Canahua et al. (2002) recognized
the existence of up to six types of native quinoa
grown in the highlands of Puno, based on farmers’
knowledge of their agronomic characteristics, such
as quality and use of the grain in the rural popula-
tion’s staple foods.

Figure 2: Quinoa cultivars on the Puno Highlands (photography by Mario E. Tapia)
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Table 3: Native varieties of quinoa grown on the Puno Highlands. Canahua et al. 2002

Quinoa cultivar Plant colour/Grain

1. White, janko or yurac White/white
2. Chulpi or hialinas White/transparent

.Witull |
3. Witullas, coloreadas, Red/red, purple

Wariponcho
4. Qoitu White or lead/lead-coloured,
brown.
5. Pasancallas Burst easily
6. Cuchi willa Red/black

This classification of the major types of quinoa is
crucial for programming the use of varieties in
planting systems depending on the agro-ecological
zones and their agroclimatic conditions (Freere, Ri-
jks and Rea, 1975).

The book published in 1989 by the United States
National Academy of Science entitled “The Lost
Crops of the Incas” also deals with quinoa and had
a major impact in the scientific community. Risi
(1994) analyses the importance of quinoa in the
context of Andean husbandry systems, suggesting
the need for an economic analysis to determine
whether the production of quinoa in countries like
Bolivia can be maintained. In fact, with the declara-
tion of the International Year of Quinoa in 2013 and
high demand for the product, quinoa prices have
risen, making the crop highly profitable even with
low vyields.

Cooperation offered by the Government of Den-
mark has supported various research programmes
on quinoa in Bolivia, Peru and Ecuador. Jacobsen
(2013) established an assessment of quinoa varie-
ties around the world.

Cold resistance Main use Secondary use

Average Broth or soup Puree or pesque
Fair Broth Puree
High Kispifio Meals, torrejas
Fair Torrejas Meals
High mana Meals
High chicha Quispifio

Quinua around the World

In 1990, Latinreco, a company funded by Nestle,
published the book entitled “Quinua, hacia su cul-
tivo comercial”, laying down a new vision of the po-
tential of quinoa as an entrepreneurial crop (Wahli,
1990).

As part of the celebrations of the 500th anniversa-
ry of the arrival of Christopher Columbus in Amer-
icain 1992, FAO published “Neglected crops: 1492
from a different perspective”, including quinoa and
other Andean grains as important food resources.
FAO has also distributed an online publication up-
dating knowledge on quinoa in 2003.

The scientific event that probably had the great-
est impact on the dissemination of this crop was
the First International Workshop on Quinoa held in
Lima in 2001, followed by three World Congresses
of Quinoa, the last of which (IV) was held in Am-
bato, Ecuador.

Table 4: World Congresses of Quinoa

| International Workshop on Quinoa 2001
Il World Congress of Quinoa 2004
Il World Congress of Quinoa 2010
IV World Congress of Quinoa 2013

Lima, Peru
Arica, Chile
Oruro, Bolivia

Ibarra, Ecuador
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A sharp increase in the dissemination and con-
sumption of quinoa was prompted in Peru by re-
gional gastronomy and cooks adopting quinoa and
other Andean crops to prepare various dishes, and
by the recognition of its potential nutritional role in
people’s diet.

In the past two decades, quinoa has gone from be-
ing a regional crop that was consumed relatively
little to becoming a very important pseudograin. It
has ventured into new national and international
markets, with increases in both annual per caput
intake (especially in Andean countries) and grain
export levels (e.g. in Bolivia). Today, export levels
exceed USD70 million in Bolivia and USD25 million
in Peru, as quinoa consumption gains popularity
across the globe.

In each of these stages of research, quinoa has
been recognized for its high genetic biodiversity
and its ability to adapt to different environments.
It is considered the “wonder grain” in global food
and nutrition, leading to the proposal by the Gov-
ernment of Bolivia that the United Nations declare
the celebration of the International Year of Quinoa
in 2013.
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Abstract

Quinoa (Chenopodium quinoa, 2n = 4x = 36) is an
Andean seed crop belonging to a complex of allo-
tetraploid taxa that includes wild, weedy and other
domesticated forms from throughout the temper-
ate and subtropical Americas. Quinoa was probably
domesticated at > 3 500 masl within the interior
basin of Lake Titicaca. Consequently, the crop un-
derwent prolonged selection in an environment
that is extremely adverse with respect to abiotic
stresses (with the exception of heat), but relatively
mild in terms of biotic stresses. Subsequently, qui-
noa cultivation spread throughout the central and
north-central Andean valleys and southwards into
the Araucanian coastal region and adjacent Patago-
nia, diversifying into its five principal ecotypes: Al-
tiplano, Salare, Inter-Andean valleys, Coastal and
Yunga. Quinoa biodiversity suffered as a result of
over 400 years of post-conquest neglect and cul-
tural stigmatization. Recent evidence from in situ
hybridization and phylogenetic studies employing
molecular genetic markers and DNA sequencing,
combined with previous reports involving isozyme
and inter-taxa hybridization studies, confirms that
allotetraploids can be considered a single biologi-
cal species. This is of fundamental importance,
because quinoa is on the brink of becoming an
international commercial crop, targeted for large-
scale production in lowland subtropical environ-

ments where disease and insect pest pressures are
currently harbouring on alternate hosts (i.e. the
cosmopolitan weeds C. album and C. murale). In
anticipation of these threats, quinoa pathologists
and breeders need to discover, transfer and deploy
defensive alleles that should already be present in
its sister taxa, particularly the ecologically diverse
North American weed, C. berlandieri.

Introduction

Quinoa (Chenopodium quinoa Willd., 2n = 4x =
36) is a South American dicotyledonous crop plant
whose seed has become an extremely popular food
product in the last 30 years, particularly in Europe
and North America, but also in the Andean region.
This is in part the result of the increased popular-
ity of vegetarian diets and the increasing number
of diagnoses of dietary gluten intolerance or coeliac
disorder, as well as increasing sociopolitical aware-
ness of, and pride in, indigenous Andean culture
and heritage in South America. Quinoa seed, when
properly handled to remove the bitter saponins in
the pericarp, has a mild flavour and can be con-
sumed in many of the same ways as cereal grains
—hence, quinoa’s classification as a pseudocereal or
pseudograin. However, compared with the highest
strains of wheat, quinoa seed has a similar protein
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content, a more favourable amino acid profile and
fewer glutinous seed proteins.

In addition to having favourable nutritional charac-
teristics, the pool of C. quinoa germplasm includes
halophytic and xerophytic ecotypes — most nota-
bly the high-quality ‘Real’ quinoas from the Salare
region of the southern Altiplano. This area aver-
ages 150 mm of precipitation annually and lies at
an altitude of > 3 700 m asl. These extreme abiotic
stress tolerance mechanisms are of interest to in-
vestigators seeking to increase crop production in
arid, saline, highland and other marginal environ-
ments. However, quinoa varieties adapted to very
high Andean elevations have had to acquire biotic
resistance to a relatively narrow spectrum of insect
pests, bacteria and fungi, most notably the downy
mildew pathogen Peronospora farinosa pv. cheno-
podii. The same could be said for quinoa varieties
from the geographically isolated lowland coastal
region of Chile. With the onset of extensive quinoa
production in new regions, and particularly in areas
of the Eastern Hemisphere where it has close rela-
tives that are widespread weeds — for example, C.
album, C. strictum and C. murale — there is a sig-
nificant threat that pathogens and pests in these
related species will find large fields of genetically
uniform (and unfortunately, susceptible) quinoa to
be especially inviting hosts.

The main purpose of this chapter is to identify germ-
plasm of greatest interest as primary and secondary
genetic resources for quinoa improvement. There
is also a review of evidence supporting the genetic
relationships among quinoa and these relatives.
Hopefully, this information will inspire international
plant genetic resource conservation organizations
to take notice of the importance of conserving qui-
noa and its closest wild relatives, and also provide
guidance in existing and future collection and pres-
ervation efforts.

History and botanical background

LSouth American quinoa domestication has been
driven by ancient and modern cultures along, and
perhaps flanking, the Andes over a period of at
least 5 000 years, such that today it includes forms
ranging from semi-weedy types to high-yielding,
high-quality commercial varieties (Jacobsen, 2003;
Mujica, 2004). Andean quinoa diversity has been

associated with five main ecotypes: Altiplano (Peru
and Bolivia), Inter-Andean valleys (Colombia, Ecua-
dor and Peru), Salare (Bolivia, Chile and Argentina),
Yunga (Bolivia) and Coastal (Chile). The germplasm
in each of these associated subcentres of diversity
is commonly assumed to have descended from a
central pool of domesticated landraces in the Lake
Titicaca basin (Risi and Galwey, 1984).

Initially, the genetic diversity centre for quinoa was
identified in the southern highlands of Bolivia (Gan-
darillas, 1979; Wilson, 1988). Subsequently, Chris-
tensen et al. (2007), using molecular approaches
(SSR markers), suggested that the genetic diversity
centre was the highland area between Peru and
Bolivia (central Andean highlands). Their molecu-
lar data also revealed relatively limited diversity of
quinoa germplasm from Ecuador and Argentina,
though this could have been an artefact due to the
small number of available accessions as well as the
potential for severe historical bottlenecks related
to limited in situ germplasm conservation in those
areas. The data from Christensen et al. (2007) indi-
cate that the most probable point of introduction
for Ecuadorian accessions was the highland region
of Peru—Bolivia, while the Argentinean strains origi-
nated in the Chilean highlands (north) and coastal/
lowland zone (south). In addition, Christensen et al.
(2007) highlighted the differences between acces-
sions from coastal/lowland Chile and those from
the northern highlands of Peru, confirming the hy-
pothesis proposed by Wilson (1988) that quinoas
from Chile are more similar to quinoas from the
southern highlands of Bolivia.

Nevertheless, Fuentes et al. (2009a), assessing ge-
netic diversity on a wide range of Chilean accessions
using SSR markers, reported that Chilean coastal/
lowland germplasm was much more genetically di-
verse than was previously believed. This finding was
consistent with a cross-pollination system in the
coastal/lowland quinoa fields with weedy popula-
tions of C. album and/or C. hircinum — most likely
the latter, since the majority of C. album is hexa-
ploid (2n = 6x = 54) and would therefore render
sterile 5x progeny, while C. hircinum shares the
same tetraploid genome as C. quinoa, agreeing well
with the difficulty experienced by coastal/lowland
quinoa breeders in obtaining pure new cultivars
in south-central Chile (I. and E. von Baer, personal
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communication). Taken together, the recent genet-
ic-based analyses consistently affirm that quinoa
itself has existed until now as two distinct germ-
plasm pools: Andean highland quinoa with its as-
sociated weed complex (“ajara” or “ashpa” quinoa,
C. quinoa sp. milleanum Aellen, also referred to as
C. quinoa var. melanospermum Hunziker); and cen-
tral and southern Chilean coastal/lowland quinoa
(kinwa or dawe to the Mapuche people living south
of the Bio Bio River), representing a second centre
of major quinoa diversity (Jellen et al., 2011). How-
ever, the more recent microsatellite-based diversity
data from northwest Argentina (Costa Tartara et al.,
2012) indicate the presence of a much wider di-
versity than previously known in quinoas from the
Precordillera and subtropical eastern lowlands bor-
dering on the Gran Chaco and Pampas. This study
also highlighted likely patterns of ancient and mod-
ern quinoa germplasm movement in the Bolivia—
Argentina—Chile region.

The recent molecular evidence suggests that ge-
netic erosion — loss of genetic diversity — has been
affected by at least four genetic bottleneck events
(Jellen et al., 2011; Fuentes et al., 2012). The first
and most severe occurred in the initial polyploidiza-
tion step, when the two diploid ancestors of qui-
noa hybridized. The second event took place when
quinoa was domesticated from its wild tetraploid
relatives through long cycles of seed exchange and
cultivation in new territories and climates. The third
can be considered a sociological bottleneck, begin-
ning more than 400 years ago during the Spanish
conquest when quinoa was culturally stigmatized
as food for the indigenous, rustic communities (Cu-
sack, 1984). The recent history of quinoa suggests
a fourth bottleneck event caused by human migra-
tion from rural zones of the High Andes to urban
centres and the coca-growing regions of the east-
ern foothills, resulting in abandoned quinoa fields
and quinoa germplasm loss (Fuentes et al., 2012).

When quinoa was originally classified by Willde-
now in 1797, it was assumed to be the only domes-
ticated species of the genus from the New World.
In 1917, other cultivated Chenopodium tetraploids
were discovered in Mesoamerica (Wilson and Heis-
er, 1979). These plants were originally classified by
Safford as C. nuttaliae and consisted of three differ-
ent cultigens: huauzontle, an inflorescence vegeta-

ble; red chia (chia roja), a seed crop; and quelite, a
semi-weedy form used as a leafy vegetable. They
have been reclassified several times, including a
period in which they were considered conspecific
with quinoa. These forms are currently classified
as part of the complex of C. berlandieri, commonly
known as C. berlandieri var. nuttaliae (Wilson and
Heiser, 1979). In addition to the nuttaliae cultigens,
C. berlandieri includes an extinct North American
domesticate, subsp. jonesianum, that is known by
well-characterized remains in a number of archaeo-
logical sites from the Oak-Hickory Savanna/Wood-
land Belt and is hypothesized to have been sup-
planted as a crop during the first millennium A.D.
by the northward-moving maize—bean—squash crop
complex (Smith and Funk, 1985; Smith and Yarnell,
2009). Kistler and Shapiro (2011) analysed chloro-
plast DNA (cpDNA) sequences from ancient North
American and modern Mexican domesticates, as
well as wild samples of C. berlandieri from eastern
and western North America. Their data demonstrat-
ed that the Eastern Woodlands strains were domes-
ticated independently from the nuttaliae types in
Mexico. Consequently, three independent domes-
tications of the allotetraploid New World “quinoa
complex” should now be widely acknowledged:
one in the Eastern Woodlands of North America, a
second in Mesoamerica, and a third (quinoa) in the
Andean region (Kistler and Shapiro, 2011).

When genetic research on quinoa began systemati-
cally at the end of the 1970s, it was commonly as-
sumed that quinoa had originated in South America
from diploids that hybridized anciently in the An-
dean highlands. Candidate species included C. pal-
lidicaule Aellen (Kafiawa), C. petiolare Kunth and
C. carnasolum Mogq., as well as tetraploid weed
species from South America, such as C. hircinum
Schard or C. quinoa var. melanospermum (Mujica
and Jacobsen, 2000). An alternative hypothesis,
originally raised by Wilson and Heiser (1979), was
that quinoa descended from the tetraploid, C.
berlandieri, in North America. However, when the
Mexican complex ofC. berlandieri was described, it
was considered conspecific with quinoa. One popu-
lar hypothesis was that C. quinoa is descended from
early tetraploids of C. berlandieri via C. hircinum
and that the domesticated Mexican tetraploids are
descended from C. berlandieri var. sinuatum. This
hypothesis was supported by diverse studies based
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on morphological, experimental crosses, isozymes
and genetic analysis (Heiser and Nelson, 1974; Wil-
son and Heiser, 1979; Wilson, 1980; Walters, 1988;
Maughan et al., 2006). If this hypothesis is correct,
it implies that the wild North American tetraploid
progenitor travelled to South America via human
migration or, more likely, by long-distance bird dis-
persal (endozoochory), probably as C. hircinum, and
was subsequently domesticated as quinoa (Wilson,
1990).

Archaeobotanical studies based on patterns of seed
morphology and frequencies of C. quinoa and its
associated weedy complex have shown interesting
perspectives to support Wilson’s hypothesis. Stud-
ies conducted by Bruno and Whitehead (2003) shed
light on some processes contributing to the devel-
opment of agricultural systems between 1500 B.C.
and 100 A.D. in the southern Lake Titicaca basin (Bo-
livia). The results of this study suggested that dur-
ing the Early Formative period, farmers maintained
small gardens where the crop and weed species
were both grown and harvested. However, around
800 B.C. the frequency of weedy seeds compared
with quinoa seeds decreased drastically, revealing
a significant change in crop management and use.
This latter observation suggests that Middle Forma-
tive period farmers became more meticulous culti-
vators of quinoa, perhaps through weeding, care-
ful seed selection and creation of formal fields for
cultivation.

With the increasing number of Chenopodium ge-
netic studies, data are progressively accumulating
regarding the probable tetraploid and diploid an-
cestors of quinoa and the correct phylogeny of its
genus. As mentioned below, evidence from cytoge-
netic studies using fluorescence in situ hybridiza-
tion (FISH) with quinoa subgenome-specific repeti-
tive sequence 18-24] indicates that this species has
one genome in common with C. berlandieri and
Eurasian C. album (Kolano et al., 2011). Sequenc-
ing of rRNA genes previously verified the close
relationship between C. berlandieri and C. quinoa
(Maughan et al., 2006). A series of ongoing recent
studies involving comparative sequencing of low-
copy nuclear genes (i.e. SOS1, GLN-1, GBSSI, FTL2)
and chloroplast sequences (i.e. trnH-psbA spacer)
indicate that quinoa’s two diploid ancestors were
from central North America and Eurasia, with the

New World ancestor being the cytoplasm donor (E.
Jellen, B. Walsh, E. Emshwiller and H. Storchova,
personal communication).

Taxonomy

A trend has been observed among South American
qguinoa germplasm programmes to collect and pre-
serve any and every wild or weedy taxon histori-
cally labelled as Chenopodium in the region — with
little regard to the taxon’s actual ability to serve as a
gene source for quinoa improvement. For example,
while the herb paico or epazote (Dysphania ambro-
sioides, formerly Chenopodium ambrosioides) has
interesting medicinal and culinary properties, it is
probably worthless as a quinoa genetic resource,
given that the two taxa have differing base chro-
mosome numbers of x = 8 versus x = 9 for paico
and quinoa, respectively. Likewise, another South
American species, traditionally classified as C. inci-
sum but synonymous with Dys. graveolens, has the
same base chromosome number as paico. Even col-
lections of exotic C. murale (now Chenopodiastrum
murale) are of dubious value in light of mounting
evidence (below) that this is merely a distant rela-
tive of C. quinoa.

Fuentes-Bazan (2012a, b) performed two macro-
scale molecular studies of the Chenopodiaceae and
Chenopodium systematics using nuclear ITS and
chloroplast trnL-F and matK/trnK sequences, and
provided evidence supporting the division of this
large and problematic genus into seven genera:
Chenopodium (including the C. quinoa and C. album
complexes); Chenopodiastrum (including C. murale
and C. hybridum); Oxybasis (including C. glaucum,
C. rubrum and C. urbicum); Lipandra (including C.
polyspermum); Blitum (including C. capitatum and
C. bonus-henricus); Dysphania (previously pro-
posed by Mosyakin and Clemants in 1996, 2002
and 2008); and Teloxys (including C. aristatum). This
taxonomic system tremendously simplifies the pre-
sent discussion of Chenopodium taxonomy, as it is
possible to focus closely on the species of greatest
interest as potential genetic resources for improv-
ing C. quinoa. A summary of revised Chenopodium
taxonomy is provided in Table 1.
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Table 1. Revised species designations of Chenopodium, incorporating the proposals of Fuentes-Bazan et al.
(2012a and b). Authoritative taxa as identified in the Integrated Taxonomic Information System (ITIS, www.
itis.gov/index.html) are indicated in bold. The list does not include taxa previously reassigned to the genera
Dysphania and Teloxys.

Chenopodium Taxon Revised Designation Habit Origin
acuminatum Willd. Weed Eurasia
albescens Small wild N. America
album L. \d,\cl)enig’sticated Eurasia
atripliciforme Murr. Wild Eurasia
atrovirens Rydb. wild N. America
auricomiforme Murr. & Thell. Wwild Australia
auricomum Lind|. wild Australia

Chenopodiastrum badachschanicum

badachschianicum Tzelev Al S, s, Ui @ e wild Eurasia
berlandieri Moq. \é\éerﬁg;tvivci ;l;:é d N. America
bonus-henricus L. Blitum bonus-henricus (L.) Rchb. Weed, wild Eurasia
borbasii Murr. Weed S. America
bryonifolium Bunge wild Eurasia
bushianum Aell. Weed, wild N. America
::;Z{:rnicum (. Wats) . Blitum californicum S. Watson Wild N. America
capitatum (L.) Ambrosi Blitum capitatum L. wild N. America
carnosolum Mog. Weed S. America
g;%lgzqrgqr'ﬁcum Rahimin. & Wild Eurasia
chenopodioides (L.) Aell. 8?{535; ;gfsz zp odjoides (L.) S. Fuentes, Weed S. America
cordobense Aell. Wild S. America
crusoeanum Marticorena wild Juan Fernandez
curvispicatum P.G. Wilson wild Australia
cycloides A. Nels. Wild N. America
desertorum J.M. Black wild Australia
desiccatum A. Nels. Weed, wild N. America
detestans T.W. Kirk Weed, wild New Zealand
erosum R. Br. wild Australia

ficifolium Sm. Weed, wild Eurasia



foggii Wahl

foliosum (Moench) Aschers.
fremontii S. Wats.
frigidum Phil.

giganteum D. Don
glaucum L.

gracilispicum H.W. Kung
hians Stand.

hircinum Schrad.

humile Hook.

hybridum L.

iljinii Gol.

incanum (S. Wats.) Heller
karoi (Murr.) Aell.

korshinskyi (Litv.) Minkw.

leptophyllum (Mogq.-Tand.)
Nutt. Ex S. Wats.

litwinowii (Paul.) Uotila
macrospermum Hook. f.
murale L.

neomexicanum Stand.

nevadense Stand|.

nitrariaceum (F. Muell.) F.
Muell. ex Benth.

novopokrovskyanum (Aell.)
Uotila

oahuense (Meyen) Aell.

obscurum Aell.

opulifolium Schrad. ex Koch
& Ziz

overi Aell.
pallescens Stand.
pallidicaule Aell.
pamiricum lljin

papulosum Mogq.

Blitum virgatum L.

Oxybasis glauca (L.) S. Fuentes,
Uotila & Borsch

(Oxybasis rubra var. humile?)

Chenopodiastrum hybridum (L.) S.
Fuentes, Uotila & Borsch

Blitum korshinskyi Litv.

Blitum litwinowii (Paul.) S. Fuentes,
Uotila & Borsch.

Oxybasis macrosperma (Hook. f.) S.
Fuentes, Uotila & Borsch

Chenopodiastrum murale (L.) S. Fuentes,
Uotila & Borsch

Blitum hastatum Rydb.

CHAPTER: 1.1 BOTANY, PHYLOGENY AND EVOLUTION

Wild

Weed

wild
Weed, wild

Weed,
domesticated

Weed, wild
Wwild

Wild

Weed
Weed, wild
Wild

Wild

Wwild
Weed, wild
Wwild

Wild

Wild
Weed, wild
Weed

Wwild

Wwild

Wwild
Weed, wild
Wild

Wwild

Weed

Wwild

Wwild

Weed,
domesticate

Wild

Weed, wild

N. America
Eurasia
N. America

S. America

Eurasia

Eurasia

Eurasia
N. America
S. America
N. America
Eurasia
Eurasia
N. America
Eurasia

Eurasia

N. America

Eurasia

S. America

Eurasia

N. America

N. America

Australia

Eurasia

Hawaii

S. America

Eurasia

N. America
N. America
S. America

Eurasia

S. America
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parodii Aell.
petiolare Kunth
philippianum Aell.
pilcomayense Aell.
polyspermum L. Uotila & Borsch
pratericola Rydb.
quinoa Willd.
rubrum L. Borsch
ruiz-lealii Aell.
salinum Stand. (Oxybasis salina?)
sancta-clarae Johow

sancti-ambrosii Skottsb.

scabricaule Speg.

standleyanum Aell.

Lipandra polysperma (L.) S. Fuentes,

Oxybasis rubra (L.) S. Fuentes, Uotila &

wild S. America
Weed, wild S. America
Weed, wild S. America
wild S. America
Weed Eurasia

wild N. America
\c?:)erﬁglsticate S CTEEE
Weed Eurasia

wild S. America
Weed, wild N. America
wild Juan Fernandez
Wild San Ambrosio &

San Felix

Maleza, silvestre América del norte

strictum Roth. Maleza Eurasia
subglabrum (S. Wats.) A. Nels. Silvestre América del norte
suecicum Murr. Maleza Eurasia
urbicum L. Oxybasis urbica (L.) S. Fuentes, Uotila & Maleza Eurasia

Borsch
vulvaria L. Maleza Eurasia

watsonii A. Nels.

Cytogenetics

Quinoa is an allotetraploid species with 2n =4x = 36
chromosomes. As discussed above, mounting evi-
dence points to C. standleyanum and C. ficifolium
as the putative progenitor-diploids that donated
the New World A- and Old World B-genomes, re-
spectively, to the tetraploid complex that includes
C. quinoa. These species presumably crossed in an-
cient times to produce a hybrid that subsequently
became fertile when its chromosomes doubled —
perhaps due to the mechanism of polysomaty (de-
scribed below) in developing floral organs (Figure 1).
The tetraploid chromosome number was observed

Maleza, silvestre América del norte

in closely related weedy and domesticated forms
of C. berlandieri and C. hircinum (Wilson, 1988c;
Maughan et al., 2006). The other cultivated South
American chenopod, C. pallidicaule, is a diploid (2n
= 2x = 18), while most of the Eurasian cultivated
or semi-cultivated chenopods exhibited hexaploid
chromosome numbers (2n = 6x = 54; C. album, C.
giganteum, C. formosanum — Kolano et al., 2012b).
Chenopodium species have in general symmetrical
karyotypes with small meta- or submetacentric
chromosomes (Bhargava et al., 2006; Palomino et
al., 2008). Thus, it is very difficult to identify the
chromosomes and study the genome organization,
so cytogenetic characterization of Chenopodium ka-
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ryotypes has been limited. A serious weakness of
C. quinoa karyotype analysis is the paucity of chro-
mosome markers. Until now only rRNA genes ap-
pear to be suitable cytological markers for quinoa
chromosomes. The 35S RNA gene loci were placed
in the terminal part of two chromosomes (Figure 2A
arrows). The 55 rDNA were organized in two pairs
of loci — one located in terminal position and the
other in interstitial position in two different chro-
mosome pairs (Figure 2A arrowheads; Maughan et
al., 2006). Similarly, only a few rRNA loci were map-
ped in the karyotype of C. berlandieri, which had
one or two pairs of 35S rDNA loci and two or three
pairs of 55 rDNA loci, depending on the accession.
All rDNA loci were localized terminally in chromo-
somes (Maughan et al., 2006). In C. quinoa and C.
berlandieri karyotypes, 35S rDNA loci co-localized
with GC-rich chromatin stained with chromomycin
A3 (Kolano et al., 2001; Kolano et al., unpublished).
Telomere sequences are the other functional tan-
dem repeats in plant genomes. Quinoa and other
studied chenopods have Arabidopsis-type telomere
repeats located exclusively in the terminal position
in each chromosome arm (Kolano, unpublished).

In quinoa chromosomes, the heterochromatin is lo-
cated around the centromeres as was shown using
C-banding (Figure 2B; Kolano et al., unpublished).
The pattern observed on C. quinoa chromosomes
after C-banding resembled the signal distribution
observed after fluorescent in situ hybridization
(FISH) with the 12-13P clone, suggesting that the
12-13P sequence constituted a major part of the
heterochromatin of C. quinoa (Figure 2C; Kolano et
al.., 2011). This repetitive sequence showed partial
homology to satellite DNA (pBC1447) detected near
the centromere of Beta corolliflora chromosomes
(Gao et al., 2000). Hybridization signals of 12-13P
were observed in each chromosome of C. quinoa;
however, the intensity of the FISH signals differed
considerably among chromosomes, indicating that
there are varying numbers of 12-13P repeats at
each locus. The 12-13P sequence also hybridized
to centromeric and pericentromeric chromosomal
regions of related North American tetraploid C. ber-
landieri and to European accessions of hexaploid C.
album; however, the relative intensity of hybridiza-
tion signals was reduced in the latter (Kolano et al.
2011).

C. standleyanum?

New
world
2n=18

Diploid New
ancestor world
2n=36

Old
world
2n=18

C. ficifolium?

Figure 1: Schematic representation of the allopolyploidization
event in the evolution of quinoa.

Figure 2: Localization of (A) 35S rDNA (arrows) and 5S rDNA
loci (arrowheads) on metaphase chromosomes of quinoa. Met-
aphase plates of C. quinoa (B) after C-banding and after fluo-
rescent in situ hybridization with (C) 12-13P and (D) 18-24J as
a DNA probe.(E) Typical flow cytometric histograms (log scale)
of nuclei isolated from hypocotyl of 3 day-old quinoa seedling.
Scale bar =5 pum.

A pericentromeric localization was also detected for
retrotransposons by performing FISH analysis with
DNA probes for different reverse transcriptase-
coding fragments of LTR retrotransposons. These
studies indicated that both Tyl-copia and Ty3-gyp-
sy retrotransposons were preferentially located in

domestication
and selection

Quinoa



CHAPTER: 1.1 BOTANY, PHYLOGENY AND EVOLUTION

pericentromeric heterochromatin of quinoa chro-
mosomes. Other dispersed repetitive sequences
isolated and characterized in the quinoa genome
were clones pTaql0 and 18-24). These two clones
showed dispersed chromosomal distribution; how-
ever, they were not homologous to known mo-
bile elements. Hybridization signals of pTaqulO
were observed as small dots spread throughout
all the chromosomes without a specific chromo-
some or subgenome distribution pattern (Kolano
et al. 2008a). The pTaql0 repeat was present also
in the C. berlandieri genome and it showed a simi-
lar dispersed chromosomal distribution — further
evidence that these two species are related, espe-
cially considering that it was not detected in chro-
mosomes of the European form of C. album. The
second dispersed repeat, 24-18J, hybridized to 18
chromosomes (one subgenome) of C. quinoa, C.
berlandieri and C. album (Figure 2D; Kolano et al.,
2011). These results support the hypothesis that C.
quinoa, C. berlandieri and C. album share at least
one common ancestor. Earlier studies based on 5S
rDNA NTS sequences also support the hypothesis
that C. berlandieri and C. quinoa are descend from
at least one common diploid ancestor (Maughan et
al., 2006). Comparison of the chromosomal distri-
butions of 18-24) homologous and rDNA suggest
that in these polyploid chenopods uniparental loss
of 35S rDNA sequences took place. In all these three
polyploids, the 35S rDNA loci were retained in the
subgenome to which 18-24J abundantly hybridized
(Kolano et al., 2011).

Chenopodium species have a rather small genome
size; however, in the species studied, the 1C nuclear
DNA content revealed a 7.9-fold variation, ranging
from 0.31 (diploid C. aristatum — now classified as
Teloxys aristata as per Fuentes-Bazan et al., 2012a,
b) to 2.47 pg in hexaploid C. album (Bhargava et al.,
2007; Palomino et al., 2008). More recent reports
estimate that quinoa has a haploid genome size
(1C value) of approximately 1.48-1.62 pg (Bhar-
gava et al., 2007; Palomino et al., 2008; Kolano et
al., 2012a), and limited intraspecific genome size
variation (5.9%) was demonstrated for this species
(Kolano et al., 2012b).

Another item of interest with regard to quinoa cy-
togenetics is that C. quinoa is a polysomatic plant
(Kolano et al., 2008b). Polysomaty was found in

many organs of quinoa seedlings. Endopolyploid
cells (cells with more than 4C DNA value) were ob-
served in roots, hypocotyl and, to a lesser extent,
in cotyledons. However they were not present in
young leaves or the shoot apex (Figure 1E; Kolano
et al., 2008b). Polysomaty was also reported for C.
album seedlings and other species from the Amaran-
thaceae family (e.g. Beta vulgaris and Atriplex rosea;
Barow and Meister, 2003; Kolano et al. 2008b).

Crop wild relatives’ conservation, breeding per-
spectives and conclusions

On the basis of accumulating data from molecu-
lar and cytogenetic studies, and in the light of the
earlier genetic and hybridization research carried
out by Wilson and co-workers, we contend that C.
quinoa and its close allotetraploid relatives should
no longer be considered, for practical purposes, as
separate biological species. Quinoa breeders intend-
ing to adapt this crop for worldwide production will
need to harness alleles for lowland subtropical- and
temperate-zone biotic and heat stresses from the
crop’s sisters — quinoa’s primary wild gene pool: C.
berlandieri and C. hircinum. Even highland Andean
quinoa breeders should seriously consider these
lowland taxa as genetic resources in anticipation of
a warming climate with heat stress and biotic stress
organisms progressively moving closer to traditional
quinoa production regions in the High Andes. In con-
sideration of the global warming threat, Andean qui-
noa stakeholders would be wise to re-evaluate their
adherence to restrictive international germplasm
exchange policies that might impede their future
ability to access heat- and biotic stress-tolerant C.
hircinum germplasm from countries such as Argen-
tina. The formalized expansion of the species con-
cept of C. quinoa Willd. to encompass: C. berlandieri
berlandieri (perhaps as C. quinoa subsp. ancestrale);
C. berlandieri nuttaliae (as C. quinoa subsp. mexica-
na); extinct C. berlandieri jonesianum (as C. quinoa
subsp. jonesianum); and C. hircinum (as C. quinoa
subsp. foetida) could encourage such thinking.

Now that quinoa’s diploid ancestor gene pools
are being defined, it is interesting to contemplate
how breeders might exploit these secondary ge-
netic resources to their advantage in the future.
The putative Old World ancestor, C. ficifolium, has
a remarkably widespread distribution throughout
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temperate Eurasia and should therefore harbour
immense diversity for genetic resistance to bi-
otic stresses. It also represents a potential genetic
“bridge” between quinoa and the tremendously
diverse C. album 2x/4x/6x species complex, given
that they share a set of chromosomes named the
“B genome”. This species complex is native or natu-
ralized on all of the inhabited continents and major
subtropical to temperate island groups.

The putative New World ancestor, C. standleya-
num, is part of a complex of diploid taxa found in
all temperate to subtropical environments of North
America. This genetic similarity was confirmed
through comparative sequencing of portions of var-
ious nuclear genes, such as SOS1, GLN-1 and GBSSI,
along with chloroplast regions including TrnH-psbA
spacer, in the following diploid taxa: C. atrovirens,
C. desiccatum, C. fremontii, C. hians, C. incanum, C.
leptophyllum, C. neomexicanum, C. pratericola and
C. watsonii (B. Walsh, E. Emshwiller, P. Maughan
and E. Jellen, unpublished). A close genetic relation-
ship was also detected between this group and two
Andean diploids, C. pallidicaule (cultivated kaniwa)
and wild C. petiolare. Considering this diversity, as
in the case of C. ficifolium, there should be an abun-
dance of allelic variation of breeding value for qui-
noa improvement in this gene pool. Possible traits
of interest include: the free-threshing (utriculate)
pericarp character of many of these taxa, includ-
ing C. standleyanum; extreme sodium tolerance
in C. nevadense; extreme drought tolerance in C.
desiccatum, C. hians, C. incanum, C. leptophyllum,
C. petiolare and C. pratericola; and extreme heat
tolerance in several of these taxa from the Mojave
and Sonoran deserts. These efforts were encour-
aged by observations made during several col-
lecting trips, particularly in the southwest United
States of America, where hybrid swarms between
4x C. berlandieri and diploids like C. incanum and
C. pratericola were encountered along sandy ar-
royos in temperatures of > 40°C in July and August.
Quinoa breeders should be mindful of introgres-
sion strategies involving initial 4x quinoa X 2x dip-
loid crosses, which restrict linkage drag to a single
genome; these approaches were very successful in
transferring genes from highly diverse diploids into
allopolyploid crops like wheat (Cox et al., 1991).
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Abstract

A sophisticated toolbox of DNA-based genetic
markers and genomic resources has been developed
andisreadilyaccessibletoquinoaresearchers. These
genomic tools include thousands of characterized
and mapped microsatellite and single nucleotide
polymorphism markers, expressed sequence tag
libraries, bacterial artificial chromosome libraries,
and several immortalized recombinant inbred
line populations, as well as second generation
recombination linkage maps. Appropriate use of
these resources should allow for the identification
and cloning of genes of agronomic importance.
Indeed, the tools necessary to identify quantitative
trait loci (QTLs) through genetic linkage analysis
are in place. Once marker-QTL associations have
been identified, they should greatly accelerate the
process of breeding elite cultivars through marker-
assisted selection (MAS). The same tools should
also facilitate the introgression of novel alleles
into quinoa from wild relatives. It is noted that the
utilization of marker-assisted breeding will greatly
improve genetic gains without the incorporation of
transgenic technology, an important consideration
since many Andean countries have an unfavourable
view of transgenic crops. Lastly, these genomic

resources readily expand our ability to understand
the diversity and evolutionary history of quinoa (and
related taxa) and should be immediately utilized
by national and regional institutions and breeding
programmes to characterize and maintain quinoa
germplasm banks — including the development of
core breeding collections.

Plant breeding in the genomic era

The ability to produce inexpensive and high-
throughput DNA sequence data, coupled with new
computational advances in bioinformatics and
statistical analysis, is dramatically changing the field
of plant breeding. Plant breeding, once described as
“an art and a science” is quickly adopting molecular
tools that dramatically accelerate and improve
the breeding process. Plant breeders of the major
agricultural species (maize, soybean, cotton etc.)
now routinely utilize molecular tools to accelerate
the selection and improvement of complex traits in
marker-assisted breeding programmes (Eathington
et al., 2007). Fundamental to this change was the
dramatic decrease in cost and time associated with
developing the genotypic data necessary to make
breeding decisions. State-of-the-art genotyping
technologies easily produce tens of thousands of
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genotypic data points in less than 24 hours (e.g.
Illumina GoldenGate™ and Fluidigm Dynamic Array
IFC™). DNA genotyping efforts that previously took
years to accomplish can now be easily delivered to
the breeder in a cost-effective manner within the
time frame of a breeding season. These dramatic
changes in cost and speed provide the opportunity
to apply these technologies to plant improvement of
all crop species, including those with only regional
status or minor significance in the world market,
comprising quinoa. The utilization of molecular
plant breeding methods not only allows plant
breeders to work with highly complex traits, but is
also essential for i) shortening the time necessary to
tailor crops to meet new crop requirements, such as
enhanced nutritional quality or agricultural changes
necessitated by climate change, ii) facilitating the
introgression of valuable traits from wild relatives
into established crop species, and iii) shortening
the time necessary to domesticate new crops from
semi-wild plant species.

Molecular markers and genetic linkage maps

New advances in plant breeding utilize the tools of
molecular genetics to accelerate selection of new
varieties — increasing selection efficiency while
reducing the time of varietal development. These
methods utilize the selection of molecular markers,
known to be linked to quantitative and qualitative
traits of interest, to avoid the problems associated
with the traditional method of selection based
solely on phenotypes. The use of molecular markers
to assist in trait selection is generally referred to as
marker-assisted selection (MAS). Marker-assisted
selection methods, including specific methodologies
such as genome-wide association study (GWAS)
applied directly to breeding populations (Kraakman
et al.,, 2004; Crossa et al., 2007) and genomic
selection (Jannink et al., 2010; Windhausen et al.,
2012), are regularly utilized to enhance breeding
efficiency in commercial and public plant breeding
programmes (Eathington et al., 2007; Moose et al.,
2008). The efficient use of these methodologies
relies on access to numerous inexpensive, reliable
and easily assayed molecular markers.

The first step towards the development of molecular
markers for quinoa was the development of a genetic
linkage map by Maughan et al. (2004). This map,
which covered an estimated 60% of the genome,

was based primarily on amplified fragment length
polymorphism (AFLP). Unfortunately, the difficulties
associated with AFLP marker technologies and the
associated transfer of this technology to laboratories
in the Developing World where quinoa is cultivated
significantly limited the exploitation of these
markers. The next step forward in quinoa marker
development was the characterization of > 400
microsatellite markers (also called simple sequence
repeat or SSR markers), reported by Masonet al.
(2005) and Jarvis et al., (2008). Microsatellites
are short repeated nucleotide motifs, usually two
to four base pairs in length, which are flanked
by conserved sequences and occur ubiquitously
throughout eukaryotic genomes (Tautz et al., 1984).
They are widely considered the genetic marker
system of choice for taxonomic questions due to
their characteristics of being highly reproducible,
informative, locus-specific, multi-allelic and co-
dominant (Morgante et al., 1993). Because they are
the mostvariabletype of DNAsequenceineukaryotic
genomes (Weber et al., 1989), microsatellites have
been extremely useful for determining taxonomic
relationships among closely related individuals
and assessing diversity within a species. While the
initial cost of developing microsatellite markers is
high, once developed, these PCR-based markers
are inexpensive to use and require less technical
expertise than other types of molecular markers (i.e.
AFLP markers). These quinoa microsatellite markers
have already been used to assess the genetic
diversity among quinoa accessions within the USDA
collection (Christensen et al., 2007) and in efforts
to genetically characterize Andean and Chilean
germplasm. Indeed, these markers clearly show
that the quinoa accessions can be broadly clustered
into two main groups: one including accessions
from the lowlands of Chile (Coastal ecotype),
and the other comprising accessions from the
Andean highlands (Altiplano ecotype) with origins
in Peru, Bolivia, Ecuador, Argentina and extreme
northeastern Chile. Fuentes et al., (2009) developed
a multiplex fluorescent set of microsatellites to
study the genetic diversity patterns of northern
and southern Chilean accessions. As expected, the
accessions clustered into the two groups — Altiplano
and Coastal. Interestingly, the Chilean Altiplano
quinoas were genetically less diverse than the
Chilean Coastal quinoas, suggesting a potential loss
of genetic diversity in the commercial growing zones
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of Chile. Tartara et al., (2012) studied the genetic
structure of cultivated quinoa from northwest
Argentina using 22 microsatellites. Aside from being
underrepresented, northwest Argentina is also the
southernmost point of quinoa distribution within
the central Andes. The accessions showed a high
level of genetic diversity which could be grouped into
four regional ecogeographical groups, consistent
with the geographic origin of the accessions: the
transition region, characterized by high altitudes;
puna, the highland plateau; eastern humid valleys;
and dry valleys.

Single nucleotide polymorphisms (SNPs) are the
most abundant type of DNA polymorphism found
in eukaryotic genomes (Garg et al., 1999; Batley et
al., 2003), and are the marker of choice in marker-
assisted plant breeding programmes (Batley et al.,
2007; Eathington et al., 2007). A single SNP can
have four alleles, but most show only two and are
regarded as bi-allelic. The high frequency of SNPs
in plant genomes is well documented (Russell et
al., 2004; Ossowski et al., 2008), with actual SNP
densities ranging dramatically depending on the
species type (auto- or allogamous), the number and
genetic diversity of the cultivars being assessed, and
whether coding or non-coding regions are being
considered. In quinoa, Cole et al., (2005) identified
38 single-base changes and 13 insertions-deletions
(indels) in 20 EST sequences analysed across five
guinoa accessions, suggesting an average of 1 SNP
per 462 bases and 1 indel per 1 812 bases. Maughan
et al., (2012) looked at SNP frequencies between
pairs of parents of five mapping populations (Pop1,
Pop39, Pop40, PopM3 and PopGO) and identified,
on average, 1 SNP per 2 214 bp. It is noted that
SNP frequencies are probably much higher than
this estimate, as the parameters used to identify
a sequence change as a true SNP were highly
conservative (read coverage > 6X, minimum allele
frequency > 20% and identity conservation = 100%).
The highest number of SNPs were identified in
PopM3, which is a cross between a Coastal Chilean
ecotype (NL6) and Peruvian valley ecotype (0654).

The high frequency of SNPs offers the possibility to
construct extremely dense genetic maps that are
particularly valuable for map-based gene cloning
efforts and for haplotype-based association studies.
Maughan et al., (2012) sequenced a genomic

reduction quinoa library to identify 14 178 putative
SNPsinfive bi-parental quinoa populations. Genomic
reduction, based on restriction-site conservation
(GR-RSC), allows for the effective sampling of
identical DNA fragments across individuals without
a priori genome sequence information (Maughan
et al., 2009b). The incorporation of barcodes into
specific DNA sequence fragments allows for the
unambiguous assignment of fragments to specific
samples in the sequence pool, thus enabling the
identification of SNPs that will segregate in specific
populations. When linked with second-generation
sequencing, genomic reduction provides a cost-
effective means to identify large numbers of high-
confidence SNPs en masse with broad application
across diverse genomes. Of the SNPs identified,
transition mutations (A/G or C/T) were the most
numerous, outnumbering transversions (A/T, C/A,
G/C, G/T) by 1.6X margin, which was in accordance
with the observation that transition SNPs are the
most frequent SNP type reported in both plant and
animal genomes (Zhang et al., 2004; Morton et
al., 2006). Of the 14 178 SNPs identified, 511 were
successfully converted into functional SNP assays
using KBioscience’s competitive allele-specific PCR
genotyping chemistry (KASPar™). A diversity screen
of 113 quinoa accessions using these 511 SNPs
clearly revealed the two major quinoa subgroups.
Minor allele frequency of the SNPs ranged from
0.02 to 0.50, with an average MAF of 0.28. Linkage
mapping of the SNPs in two recombinant inbred
line populations (KU-2 X 0654 and NL-6 X 0654)
produced an integrated linkage map consisting
of 29 linkage groups with 20 large linkage groups,
spanning 1 404 cM with a marker density of 3.1 cM
per SNP marker.

Expressed sequence tags and single nucleotide
polymorphism (SNP) markers

Additional genomic resources for the improvement of
quinoa are beginning to emerge and the usefulness of
these resources for cloning genes of interest has been
demonstrated. For example, expressed sequence
tag (EST) data sets are beginning to be deposited in
GenBank. EST sequences are partial sequences from
transcribed cDNA sequences that reflect the genes
being expressed in a given tissue type at a specific
point of development. Made publically available, EST
sequences greatly facilitate gene discovery efforts.
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Collections of these sequences can also provide
researchers with a rapid and cost-effective tool to
analyse transcriptome changes using techniques
such as microarray or RNA-seq analysis. Cole et
al., (2005) described the first set of 424 ESTs from
developing seed and floral tissue (GenBank dbEST ID
#Gl47561370-Gl47561793). Of these sequences, 349
had significant homology to protein-encoding genes
from other plant species. Putative functions related
to metabolism, protein synthesis, development
and so forth, have been assigned to many of these
EST sequences. More recently, Raney et al., (2013)
reported the results of an RNA-seq transcriptome
analysis of two quinoa accessions using four water
treatments (field capacity to drought). cDNA libraries
from root tissue samples for each variety x treatment
combination were sequenced using lllumina Hi-
Seq technology generating a de novo assembly
of the quinoa root transcriptome consisting of 20
337 unique transcripts (all transcripts are publicly
available from NCBI GenBank, SRA #SRR799899 and
SRR799901). Gene expression analysis of the RNA-
seq data identified 462 putative gene products that
showed differential expression based on treatment,
and 27 putative gene products differentially
expressed based on variety x treatment, including
significant expression differences in root tissue in
response to increasing water stress. Differentially
expressed genes were identified and bioinformatic
methods were employed to implicate specific
pathways putatively associated with water stress in
quinoa.

An excellent example of the utility of these
publically available EST libraries is the report
of the cloning and analysis of the 11S globulin
seed storage protein (Balzotti et al., 2008) and
Salt Overly Sensitive (SOS1; Maughan et al,
2009a) genes from quinoa. Balzotti cloned and
described the two 11S genes representing the two
subgenomes of quinoa (an ancient allotetraploid).
Identification and characterization of these genes
provide important clues to understanding the high
protein content and excellent balance of amino
acids in quinoa grain. Maughan et al. utilized EST
sequences and the available quinoa BAC library to
clone and characterize two homoeologous SOS1
loci (cqSOS1A and cqS0OS1B) from quinoa, including
full-length cDNA sequences, genomic sequences,
relative expression levels, fluorescent in situ

hybridization (FISH) analysis, and a phylogenetic
analysis of SOS1 genes from 13 plant taxa. Genomic
sequence analysis of two BAC clones (98 357 bp
and 132 770 bp) containing the homoeologous
SOS1 genes suggests possible conservation of
synteny across the quinoa subgenomes. Salt
tolerance is an agronomically important trait that
affects plant species around the globe. Indeed,
nearly one-third of all arable land worldwide is
affected by soil salinity (Epstein and Bloom, 2005).
The Salt Overly Sensitive 1 (SOS1) gene encodes a
plasma membrane Na+/H+ antiporter that plays an
important role in germination and growth of plants
in saline environments. Morales et al., (2011) also
reported the development of primer information
used for real-time expression of several additional
salt tolerance genes, including NHX1, TIP2 y BADH.

Quinoa bacterial artificial chromosome (BAC) library

Another important genomic tool that is available for
quinoais a 9X bacterial artificial chromosome library,
consisting of 74 880 clones (Stevens et al., 2005).
The BAC library is available for public use in the
Arizona Genomic Institute (AGI) at the University of
Arizona, Tucson, Arizona, United States of America.
The library was constructed using two restriction
endonucleases, BamH! (26 880 clones) and EcoR!
(48 000 clones) with an average clone insert size
of 113 kb and 130 kb per insert, respectively.
Approximately 1% of the clones lack inserts. The
estimated coverage of the library is based on a
calculated genome size of 967 Mbp. An average of
12.2 positive clones per probe were identified using
13 quinoa single-copy EST clones as probes of the
high-density arrayed blots. Undoubtedly, the BAC
library will continue to be an important resource for
efforts to identify specific genes and the continued
characterization of the quinoa genome, specifically
for the construction of a quinoa physical map.
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Abstract

This study reports on the current state of knowl-
edge regarding the history of Chenopodium quinoa
in four Andean countries: Argentina, Bolivia, Chile
and Peru (Figure 1). The cultural environments
in which quinoa was domesticated, adopted, ex-
changed and/or cultivated in ancient times, were
reconstructed using archaeological data and, in
particular, on the basis of archaeobotanical re-
search by many specialists in these countries, as
well as ethnohistorical sources and observations
of the cultural continuities in communities that still
produce quinoa using traditional methods.

The study begins with a review of the domestica-
tion of Chenopodium. It has been shown that the
morphological features of archaeological seeds are
the outcome of human manipulation over at least
3 000 years. This indicates that groups of hunter-
gatherers in the Late Archaic Period (8000-3000
B.C.) in the Andean region subsisted on wild Che-
nopodium and applied selection, protection, treat-
ment and transplantation processes that induced
changes in its structure resulting in the character-
istic features of domesticated quinoa.

The study then investigates archaeobotanical re-
cords from the Late Archaic to the Inca period. It

outlines the distinctive morphological attributes in
each region, the ecological conditions where qui-
noa was cultivated, the zones of origin and access
routes, the various ways it was used, and quinoa’s
role in the sociopolitical processes of the time.

Finally, the study draws attention to the benefits (or
necessity) of continuing regional research, optimiz-
ing methodologies and exchanging information and
developments among researchers seeking answers
to the many unsolved problems, including the pres-
ence of seeds not specifically identified as having
traits that could match the early stages of the do-
mestication process.

Introduction

Humans in the Americas began to domesticate the
fauna and flora some 8 000 years ago. The Andean
region was one of the most important centres for
domestication, and quinoa (Chenopodium quinoa
Willd.) was a primary crop. Since its domestication,
qguinoa has played a key role both in the livelihood
and in the social and political systems of Andean
societies. Archaeologists are gradually reconstitut-
ing this long history with a better understanding of
how quinoa was used as a wild plant by hunters and
gatherers, its domestication processes and its diffu-
sion and diversification throughout the Andes.
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While molecular genetics helps understand where
quinoa was domesticated, archaeology provides
essential chronological information about when it
was domesticated and/or introduced and incorpo-
rated into farming systems (Zeder et al., 2006). The
settings reveal why quinoa was adopted and what
role it played in the lives of the native peoples, from
everyday cooking to rites, political festivities and
community ceremonies.

Since the 1990s, archaeologists have developed
fieldwork methods to recover seeds of ancient qui-
noa via flotation or dry screening, and laboratory
tests have been done to recognize wild, domesti-
cated and other varieties of quinoa (Lépez et al., in
print). Quinoa plants bear fruits (achenes) in large
numbers. The achenes structurally withstand natu-
ral processes (drying caused by extremely arid en-
vironments) and cultural processes (accidental or
intentional charring), and quinoa seeds can, there-
fore, be recovered in a variety of settings in the An-
des. The ubiquity of quinoa reflects its importance
in the past, and the last 15 years have seen projects
implemented in Argentina, Bolivia, Chile and Peru
to understand its domestication and past consump-
tion. This study summarizes the project findings
published to date, fully aware of the amount of re-
search that remains to be done, especially in those
countries (e.g. Ecuador and Colombia) where qui-
noa growing once played a significant role but does
no longer. In all cases, further archaeobotanical re-
search is required.

Domestication of Chenopodium quinoa

It is not known exactly where and when C. quinoa,
was domesticated, but it is certain that its domes-
tication in South America was unrelated to that of
Mexican (Chenopodium berlandieri spp. nuttalliae)
and North American (Chenopodium berlandieri spp.
jonesianum) (Kistler & Shapiro 2011; Wilson 1990).
Its likely progenitors are C. hircinum, a lowland te-
traploid, or some other extinct tetraploid ancestor
in the Andes (Fuentes et al., 2009; Wilson, 1990).

During the domestication process, a wide range
of morphological changes occurred in the overall
plant and in the fruit. Changes in the plant include
infructescence compaction, loss of natural shatter
mechanisms and uniform maturation of the fruit
— all changes that facilitate production (Mujica et

al., 2001), although some varieties lack uniform
maturation (Daniel Bertero, personal communica-
tion). The overriding archaeological evidence lies
in the seeds, and the increase in their diameter is
one of the most characteristic features. Other mi-
cromorphological features are observed, including
reduction in thickness of the seed-coat or testa co-
vering the embryo and the perisperm in the seed
and preventing premature germination (Hugh Wil-
son, 1981). In wild populations, the seed-coat tends
to be thick, somewhat hard and dark in colour. This
prevents penetration of external elements that ac-
celerate the development and growth of the em-
bryo before full maturity, but also protects it from
possible dehydration and insect attack. Selective
domestication led to a reduction of seed-coat thick-
ness via a genetically recessive trait which can only
be maintained through human-made selection.
Seed-coat reduction then led to morphological alte-
ration of the fruit margins: wild forms have margins
ranging from rounded to biconvex, while domesti-
cated forms have truncated margins due to the flat-
ter morphology of their adaxial and abaxial faces,
the growth of cotyledons and the increased volume
of the perisperm. Differences also developed in the
seed-coat texture: domesticated seeds tend to have
a smooth texture, i.e. without protuberances, whi-
le wild varieties have a reticulated testa structure
(Bruno, 2006; Smith, 1992). Lastly, domesticated
forms are characterized by light-coloured pigmen-
tation due to less lignification in the epidermis, and
wild-type fruits are dark in colour because of their
hard, lignified epidermis (Wilson, 1981).

Molecular studies are currently underway in Argen-
tina and Bolivia to better understand domestication,
especially where it occurred and whether or not it
was repeated. Initial findings led to the identifica-
tion of four genetic groups: Altiplano, Dry Valleys,
Eastern Humid Valleys, and Transition area (Curti et
al., 2012). The same SSR markers (microsatellites)
were used to molecularly characterize populations
from different Andean countries in South America,
with the aim of ascertaining the links between orig-
ins and subsequent dissemination. The findings re-
vealed germplasm clusters suggesting the presence
of longitudinal corridors for the spread of quinoa
throughout the Andes (Costa Tartara et al., 2013).

Furthermore, these molecular studies have begun
to investigate the domestication syndrome (chan-
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ges that distinguish between a species and its wild
ancestor species) for quinoa (Daniel Bertero, per-
sonal communication). Study of the ratio between
testa thickness and loss of dormancy has shown, for
example, that no such relationship exists for two
germplasms (Ceccato, 2011). Nevertheless, more
germplasm samples are needed to assert or inva-
lidate this trait in a domesticated grain, observed
in domesticated species, not only in the Andes but
also in Mexico and North America.

As archaeologists, in this chapter we present data
relative to the period when the first records of do-
mesticated quinoa appeared and the beginning of
the human—Chenopodium relationship in the Andes.

Archaeological data on Pre-Hispanic distribution
of C. quinoa

Herein is a summary of published papers containing
data on the presence of quinoa in Argentina, Boli-
via, Chile and Peru. We highlight the places where
seeds have been found, the contexts in which they
were used, and data pertaining to their age.The use
of direct radiocarbon dating on the botanical mate-
rial is essential to determine the age of the quinoa
domesticated in the different regions. As explained
below, contextual dating is utilized to date seeds at
many archaeological sites in Argentina, Bolivia, Chi-
le and Peru; this may be problematic and misleading
when determining when quinoa was domesticated.

Argentina

In presenting the findings on C. quinoa in Argenti-
na, the archaeological sites are covered by region.
The first region encompasses northwest Argentina
(hereafter NWA), with sites located in the provinces
of Jujuy, Salta, Tucuman and Catamarca (Figure 1,
sector 1a), and the second region covers Cuyo and
includes the provinces of Mendoza and San Juan
(Figure 1, sector 1b).

Northwest Argentina

The first record of C. quinoa in Argentina was pre-
sented by Hunziker (1943). It came from the ar-
chaeological site of Pampa Grande (Salta), which
corresponds to the Precontact Period (500-700
A.D.). It comprises seeds recovered in a funerary
setting together with other botanical remains.
No taxonomic specifications were given concern-
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Figure 1: Andean region and geographic areas with ar-
chaeological finds of C. quinoa. 1a NWA (Argentina); 1b
Cuyo (Argentina); 2a Northern Altiplano (Bolivia); 2b
Central Altiplano (Bolivia); 2c Southern Altiplano (Bo-
livia); 3a North (Chile); 3b Coastal Centre and the Andes
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ing the C. quinoa variety found, but the author
considers the seeds to be quinoa on the basis of
a comparison with seeds cultivated in the Boliv-
ian Yungas. Some specimens were identified only
as Chenopodium sp., described as ajara (possibly
in reference to the wild state). In this same work,
Hunziker mentions quinoa seeds recovered in the
past by Ambrosetti in Argentinean prehistoric
tombs, but provides no further details.

In Salta, Muscio (2004) unearthed charred seeds of
Chenopodium sp., morphologically similar to qui-
noa in Matancillas 2 (San Antonio de Los Cobres)
and belonging to the early agropastoral groups.
Meanwhile, Lennstrom (1992) and D’Altroy et al.
(2000) also presented evidence of Chenopodium
sp. at sites in Valdez (1047-1288 A.D.), Puerta de
la Paya (1470-1536 A.D.) and Potrero de Payogas-
ta (1279-1660 A.D.). Although only the genus is
specified, the seeds are considered domesticated
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on account of their morphological traits. Since they
were ubiquitous, it was reported that this species
was produced and consumed freely following the
Inca conquest in the region. Lastly, Amuedo (2010)
records the presence of quinoa at La Paya, Kipdn,
Mariscal, Ruiz de los Llanos and Tero, chronologi-
cally located in the Regional Developments Period
(900-1450 A.D.).

In the province of Catamarca, in Antofagasta de la
Sierra, Olivera (2006) discovered Chenopodium sp.
in Cueva Cacao 1 (between 710 + 60 and 870 +
60 A.D.), while Rodriguez et al. (2006) presented
evidence of C. quinoa in Punta de la Pefia 4 (1190
1390 A.D.), where seeds, inflorescence branches
and flowering stem were all taken from a hearth.
These macroremains were recovered together
with other domestic and wild plant species and
are evidence of the high dietary consumption and,
for the first time, the existence of the association
C. quinoa/Deyeuxia eminens (the former is edible,
the second was used as a tool for toasting the
seeds). Furthermore, at Pefias Chichas 1.3, Aguirre
(2007) recorded stems of this pseudocereal with
signs of cutting — indication that it was harvested
early in that region.

Calé (2010) identified Chenopodium sp. seeds
from the archaeological site of Cardonal (Catama-
rca). On the basis of the morphological features of
a group of seeds, Calé carried out a comparison
with C. quinoa. It should be noted that, given the
uncertainty of the morphometric features of the
seeds, only the genus was identified and it was ar-
gued that it was consumed by the inhabitants of
the southern sector of the Calchaqui Valley. Last-
ly, archaeological rescue excavations performed
at the Las Champas site (Tinogasta) (1275-1435
A.D.) (Norma Ratto, personal communication) led
to the recovery of seeds including C. quinoa var.
melanospermum from a funerary context. The
ajara showed signs of boiling or soaking in water
and it is possible that ajara was consumed as part
of a burial ritual — an indirect indication of quinoa
cultivation in the region.

In Jujuy, charred grains of C. quinoa were recov-
ered at the Finispatriae site (Rio Grande de San
Juan) (800-1300 A.D.), on the border between Ar-
gentina and Bolivia. The archaeobotanical mate-
rial was found in what was once a waste disposal
area and, therefore, it can be deduced that qui-

noa was consumed by the inhabitants of the site
(Nielsen et al., 2013).

Starch grains represent the earliest findings of
this pseudocereal in northwest Argentina. Babot
(2004) recovered microremains in milling instru-
ments at the Los Viscos site (Catamarca) (320 +
230 B.C. — 1130 £ 50 A.D. — Korstanje, 2005) and
at Cueva de los Corrales (Tucuman) (50 B.C. — esti-
mated chronology). Although only the genus was
identified, with no differentiation between Cheno-
podium and Amaranthus, there was clearly a high
level of consumption of pseudocereals by hunt-
er-gatherer groups. Furthermore, in Antofagasta
de la Sierra, Babot (2004) presented evidence of
starch grains of Chenopodium sp. cf. C. quinoa in
milling tools at Punta de la Pefia 9.1 sites (520 %
60 A.D.) and Quebrada Seca 3 (levels 2b [2] dat-
ed 2550 B.C., and 2b [3] dated 2750 B.C.). At the
Morro Relincho site (Formative traits), Korstanje
(2005) found small grains of quinoa-type starch in
the sediment, inferring the possibility of quinoa
production.

Cuyo

In San Juan, in the period of the Ansilta culture
(around 500 B.C.), Lagiglia (2001) presented a list
of places where quinoa was found, including Gruta
de los Morrillos de Ansilta, Gruta Granero, Punta
del Agua de los Morrillos, La Pintada and Gruta
de Chacaycito. The seeds are merely referred to
as “quinoa” and no genus or species is specified.
In an analysis of the sites related to the Aguada
culture (500-900 A.D.), Gambier (2002) mentions
the presence of C. quinoa as a crop species, with-
out specifying which particular sites supplied this
evidence. Lagiglia (2005) later described individ-
ual contexts, as in the case of Gruta Los Morril-
los, where quinoa was retrieved from a waste site
in cave 1, while a “C. quinoa loaf’ was recovered
in cave 2, and human coprolites were found at a
lower level with traces of this pseudocereal. At the
Gruta Rio Fierro site, 25 g of C. quinoa were found
in a burial setting, while the recovery of C. quinoa
var. quinoa and C. quinoa var. melanospermum
was recorded at Gruta Rio Salado.

Regarding Mendoza, the sites related to the Atuel
Il culture (around 300 B.C. until the Spanish incur-
sion) contain a wide range of Andean pseudocere-
als. Hernandez et al. (1999-2000) presented the
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archaeobotanical records for the Agua de los Ca-
ballos 1 site (San Rafael), noting seeds of Cheno-
podium sp. In addition, Lagiglia (2001) presented
evidence of several chronologically earlier sites,
including Gruta del Indio del Rincén del Atuel (250
+ 70 B.C.), Cueva Pdjaro Bobo de Ponontrehue (60
+ 70 B.C.) and Reparo de las Pinturas Rojas (390
+ 110 A.D.), with evidence of C. quinoa var. qui-
noa and C. quinoa var. melanospermum. No fur-
ther details were provided concerning the sites
and contexts, except for Gruta del Indio, where,
years later, Lagiglia (2005) explained that C. qui-
noa was found in a basket made of pampas grass
and reeds, noting that it had been in use in Cuyo
for over 2 200 years. This site is mainly linked to
funeral functions (Gil and Neme, 2010).

Castro and Tarragd (1992), on the basis of the
presence of C. quinoa and other archaeobotanical
remains at the San Juan and Mendoza sites, pro-
posed the existence of socio-economic processes
associated with the adoption of agriculture — simi-
lar to that which occurred in Chile and northwest
Argentina during the Late Archaic Period.

Bolivia

PThe primary findings of C. quinoa are concentrat-
ed in three regions of the Bolivian Altiplano: north,
particularly around Lake Titicaca (Figure 1, section
2a), centre, in the Lake Popdo and Oruro region
(Figure 1, section 2b) and south, around the Salar
de Uyuni (Figure 1, section 2c).

Northern Bolivian Altiplano — Lake Titicaca region.

Records in this region, mainly from the Taraco pen-
insula and the Tiwanaku Valley, come only from
charred botanical macroremains. To date, they de-
rive from various contexts spanning the Formative
Period (1500 B.C. — 300 A.D.) and the Tiwanaku
Period (300-1100 A.D.)

Kidder (1956) found charred remains of plants in
niches of the “houses” of the Chiripa Mound, the
most well-known Formative site. Towle (1961) lat-
er identified them as quinoa seeds. In the 1970s,
Erickson (1976) analysed macrobotanical remains
from Chiripa for his undergraduate thesis, and
identified many seeds of the Chenopodium genus,
including the C. quinoa species. Browman (1989)
examined more samples and, given the differ-
ences in size of the Chenopodium seeds, proposed

that the larger seeds (1-2 mm) were quinoa.

Archaeobotanical studies conducted since 1992 by
Hastorf and her students in the Taraco Archaeo-
logical Project (PAT) have revealed high densities
of several species of Chenopodium (Bruno, 2008;
Langlie, 2008; Whitehead 2007). In a detailed
analysis of the morphological features of the Che-
nopodium seeds — especially the seed-coat or tes-
ta — Bruno (2006) identified domesticated quinoa
species and their wild counterpart, C. quinoa var.
melanospermum (Bruno and Whitehead, 2003).

The Taraco Archaeological Project has obtained
several direct radiocarbon dates for quinoa seeds
from the Chiripa, Kala Uyuni, Sonaji and Kumi Kipa
sites. The earliest are from Chiripa and Kala Uyuni
(around 1500 B.C.) and the most recent are dated
400 A.D. in Kala Uyuni. All these studies reveal the
presence of Chenopodium seeds alongside several
other wild species, such as gramineae, legumes
and malvaceae.

Research carried out by Bruno and Whitehead
(2003) found that, during the Early Formative Pe-
riod or Early and Middle Chiripa phase (1500-800
B.C.), agriculture was developed on a small scale,
and quinoa — as well as ajara and black quinoa —
was grown and harvested. In the Middle Forma-
tive Period (Chiripa, 800—200 B.C.), a significant
decline in the archaeological presence of ajara be-
gan, indicating changes in the management (weed
control, processing) and use of crops. This included
its use in rituals, suggesting that quinoa was an im-
portant food crop. Studies of the various contexts
in Taraco sites — from floors and niches in public
and ceremonial structures to domestic waste sites
— have shown that quinoa was both a household
and a ritual food and had a role in social and politi-
cal events during the Formative Period.

Studies conducted on sites associated with the
earliest state in the region — Tiwanaku — demon-
strate that quinoa continued to play an important
part in small farms and in the diet of highland peo-
ples at that time. The Wila Jawira project — led by
Kolata and the first archaeobotanical studies from
the urban site of Tiwanaku and other rural sites
in the Tiwanaku Valley and Lukurmata — identified
Chenopodium seeds in 93% of the samples ana-
lysed (Wright et al., 2003).
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Schultz (2010) studied the Pirque Alto site (Cocha-
bamba) — Formative Period (1800 B.C. — 300 A.D.)
and Middle Horizon Period (600-1000 A.D.) — and
recorded the presence of C. quinoa, indicating the
cultigen’s social and ideological significance.

Central Bolivian Altiplano

Langlie conducted a morphological study of Che-
nopodium seeds recovered from a hearth at the
La Barca site (Langlie, 2008; Langlie et al., 2011).
La Barca is a Wankarani site from the Formative
Period (1800 B.C. — 400 A.D.) in the department of
Oruro. The seeds examined by Langlie were quite
different from the domesticated and wild quinoa,
observed in the Lake Titicaca region.. Although
the seed-coat was relatively thin, its reticulated
texture and biconvex margins were similar to wild
black quinoa. Furthermore, it had a very promi-
nent “beak”, differentiating it from Titicaca qui-
noa. Langlie suggests that these seeds may be an
early and distinct variety of domesticated quinoa
developed in the Oruro region. A definitive iden-
tification has not been possible to date due to a
lack of similar comparative samples. Nevertheless,
their presence is indication of the diversity found
in the early stages of quinoa domestication.

Southern Bolivian Altiplano

Research conducted by Nielsen and colleagues
for the Southern Altiplano Archaeological Project
(PAAS) recovered quinoa in different settings at
numerous archaeological sites chronologically sit-
uated between 900 and 1550 A.D.

The residential areas of the elevated defensive
sites (pukaras), Churupata (1285-1380 A.D.),
Mallku Pukara (1310-1630 A.D.) and Pukara de
Sedilla, provided carbonized seeds of C. quinoa.
The seeds came from cooking stoves, and on the
basis of the diagnostic traits of pre-consumption
processing (Lopez et al., 2012), it can be inferred
that they were used after saponin extraction and
eaten as whole seed (boiled) and/or in soup.

Further archaeobotanical recovery was made in
storage areas. These are located at the defensive
sites of Lagaya (1236—-1479 A.D.), Mallku Pukara
(1310-1630 A.D.) and lJirira Vinto (1300-1400
A.D.), and in isolated places associated with
Chinuil Vinto, Cueva del Diablo (1310-1460 A.D.),
Lojo, Qhatinsho 1 (720-1630 A.D.), Oghafitaiwaj

and Paco Cueva farmlands. The identified spe-
cies of C. quinoa include seeds and leaves, stems
and infructescence rachis. With the exception of
the Lagaya site, archaeological plant material was
stored desiccated, and information is therefore
available on taxonomic varieties and the vari-
ous types of quinoa. At the Laqaya site, charred
seeds were found in a chullpa stone tower locat-
ed in the central plaza of the site. In addition to
the individual seeds, which could be analysed, a
mass of perisperm with grains and the remains of
attached quinoa grainswas recovered. The mass
had the morphology of a bowl, possibly used to
extract seeds from the silo, and its negative mould
remained after a fire in this part of the site. The ar-
chaeological context offers two possibilities as to
why quinoa was stored in this tower in the plaza:
for community consumption in the political com-
mensalism system, or for protection by the em-
bodiment of the Ayllu ancestor (represented by
the chullpa tower) and use in community celebra-
tions as part of the agricultural cycle (Lopez and
Nielsen, 2012).

The presence of C. quinoa var. quinoa is reported
at all sites near Salar de Uyuni, and, in addition, C.
quinoa var. melanospermum is reported at Jirira
Vinto, located at the foot of Cordillera Intersalar
(north of Salar de Uyuni). Considering the agricul-
tural systems in the two areas, it is believed that
the presence of ajara in Jirira Vinto may be due to
a production system in which it was not in com-
petition with quinoa and was therefore tolerated,
possibly maintained, and harvested for food con-
sumption in times of scarcity (Lopez, 2012).

It has been established that C. quinoa var. quinoa
was stored in two different stages of post-harvest
processing. The first stage was bulk storage prior
to saponin extraction, possibly with the intention
of planting in the next cropping season. Based on
fruit colour and diameter, the types recorded re-
semble quinoas known today as White or Yuraj
Real Cashlala, Pasankalla, Pink or Puca, Orange
and Black, depending on the key adopted (Lopez,
2012).The Purple and Toledo types may also be
present, but they have not been accurately iden-
tified as their features overlap with other types
(Lopez et al., 2012). The second stage involved
grains after saponin extraction, stored ready for
consumption. These grains reveal traces of parch-
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ing, indicating that they were consumed as whole
seed (boiled) and/or soup, and as pitu or toasted
grain flour (Lopez, 2012). This points to consump-
tion patterns similar to current practices. Pitu or
pito is currently consumed both during the agricul-
tural production stage (planting and harvesting),
and during transportation of products to be sold
(lama caravan trade). Toasted quinoa is consumed
in agricultural fields at the end of the working day.

Chile

For archaeobotanical findings of quinoa, Chile is
divided into northern Chile (Figure 1, sector 3a)
and central Chile (Figure 1, sector 3b). Central
Chile is then subdivided into mountains, valleys
and coastline.

Northern Chile

The first findings of C. quinoa in Chile were revealed
by Safford (1917, in Hunziker, 1943) who extracted
whole plants of the species in Arica. Meanwhile,
Uhle (1919) recovered quinoa from funerary con-
texts with mummified individuals from the Chin-
chorro culture. They were groups of fishermen,
hunters and pre-agricultural gatherers who lived
on the arid coastline before 3000 B.C. (Arriaza and
Standen, 2002). However, there were no morpho-
logical descriptions to corroborate whether or not
it was a domesticated species, although Uhle did
suggest that this quinoa was the result of contact
with the highlands. Recent archaeobotanical stud-
ies in coastal ravines demonstrate the presence of
C. quinoa at Chomache 1 (1600-600 B.C.) (Nufiez,
1986). Its presence is minimal, but is indication that
it came from the lower valleys in the interior and
from the highlands, where production was more
feasible. These early pieces of evidence suggest
that quinoa may have initially arrived on the coast
from other areas (including the southern coast of
Peru), since there are insufficient data to support
local domestication or horticulture associated with
early coastal developments (Vidal, 2007).

During the Formative Period (1000 B.C.—500 A.D.),
in the interior valleys of Tarapaca and the oases,
the presence of high-elevation crops was detected
on pampa sites, including charred quinoa seeds in
the villages of Ramaditas and Guatacondo, with
morphological traits ascribable to C. quinoa (Ri-
vera et al., 1995; Magdalena Garcia personal com-

munication). In the early Gatchi phase (1200-350
B.C.), although not confirmed formally, seeds akin
to the Chenopodium genus were recovered, but
their charred state prevented the attribution of a
more precise taxonomic category (Vidal, 2007). It
has been suggested that it was a far more dynamic
period for contact with trans-Andean areas, such
as northwest Argentina and the southern high-
lands (Nunez et al., 2002—2005).

South of Salar de Atacama, tin he Antofagasta re-
gion, Holden (1991) mentions the possible pres-
ence of a domestic variety of Chenopodium in
coprolites at the Tulan 54 and 58 sites (1400-470
B.C.). The low ratio indicates a relative lack of im-
portance in the inhabitants’ diet. McRostie (2007)
exercised greater caution, referring to charred
specimens at Tulan 54 as cf. C. quinoa. They pre-
sented the morphometric traits of quinoa, but
damage to the testa made it difficult to make a
clear categorization. Among the microremains
analysed, there is mention of “starch aggregates”
similar to patterns in the Amaranthaceae family,
together with other species corroborating the ex-
istence of links with trans-Andean areas and the
highlands, as well as pointing to the likely involve-
ment of outside groups with ritual elements.

In the highlands of Tarapaca, human occupancy in
residential areas of the Huasco Sur sites, all from
the Formative Period (900 B.C. — 900 A.D.), left
traces of wild varieties of Amaranthaceae and,
at just one of these sites, carbonized seeds of C.
quinoa as the only cultivated species recorded
(Magdalena Garcia and Alejandra Vidal, personal
communication). Given the great heterogeneity of
lifestyles at this time in the Tarapaca region, the
absence of maize and other elements led the au-
thors to propose that the Salar sector was a place
of transition between the Pica Oasis and North
Lipez, and it probably was not well connected
with the Tarapaca valleys, lacking links with other
sites in the Formative Period. Given the absence
of suitable environmental conditions for cultiva-
tion, quinoa could have originated in Bolivia and
then come from the precordillera ravines during
the Late Intermediate Period. As for the Camifia
1 site (1250-1450 A.D.) — an extensive settlement
with agglutinated structures in the Tarapaca re-
gion —there is evidence of quinoa which may have
originated in the highlands, this time in a new so-
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cio-economic context with production on the plat-
forms adjacent to the site (Garcia and Vidal, 2006).

It is, therefore, clear that there are insufficient
data to ascertain the domestication of quinoa in
these areas. Researchers share a consensus on
transverse and longitudinal mobility and the ex-
change of products and goods between the high-
lands, inland low valleys, ravines and coastline
since the Archaic Period. This may have increased
during the Formative Period, including products
for use in rituals, resulting in established cultiva-
tion in the Late Intermediate and Late Periods. It is
possible that trans-Andean contacts and contacts
with the highlands were instrumental in the pro-
cess of adopting cultigens.

Quinoa played an important role in the rituals of
the Incas. It was known as chisiya mama (mother
grain) and was used in celebrations and offerings
to mark the planting and harvesting of this valu-
able food. With the Inca incursion into Chilean
territory (1440 A.D.), these ceremonial activities
were introduced to the vanquished populations,
also bringing improvements in infrastructures for
cultivation, irrigation and storage.

Cordillera of Central Chile

In central Chile, the pre-Hispanic presence of Che-
nopodium has been confirmed at archaeological
sites in the Andean foothills and mountains of the
central valley and coast, between the basins of
the Choapa and Maule rivers. Further south, there
have been findings in the regions of Biobio, Arau-
cania, Los Lagos, and the islands of Chiloé, Mocha
and Santa Maria. Accelerator mass spectrometry
(AMS) was applied to charred quinoa seeds found
on Santa Maria Island, and it is estimated that
they were used during the period 1030-1460 A.D.
(Massone et al., 2012).

Chenopodium is the first plant resource with trac-
es of human intervention found in central Chile. It
dates back to the Archaic Period (3000-300 B.C.),
when it was used by Andean hunter-gatherers, be-
fore the acquisition of maize by farming societies
in the Early Period (from 300 B.C. to 1000-1200
A.D.). This has been established by stable iso-
tope analysis (Falabella et al., 2008). In the high
Andean region, opposite Santiago, there are two
sites (2070 and 2500 m asl) with evidence of con-

sumption of Chenopodium. Both are hunter-gath-
erer sites, without pottery, Late Archaic IV Period
(Cornejo et al., 1998), and they were temporarily
occupied during thawing and snowless seasons
from August/September to March/April. The El
Plomo site (1460-1340 B.C.) has evidence of Che-
nopodium sp. cf. C. quinoa, with similar amounts
of charred and other desiccated specimens. The
desiccated specimens do not have a radicle, their
diameters do not exceed 0.8—1 mm and their per-
isperm retain a natural ivory white colour with a
truncated/rounded margin, no testa, and a promi-
nent embryo (beak) (Planella et al., 2011). Cheno-
podium cf. C. quinoa was recovered at Alero Las
Morrenas 1 (1250-980 B.C., AMS direct dating
with seeds). All specimens were carbonized, and
taxonomic classification was, therefore, not pos-
sible in terms of variety or species. With diameters
of up to 1.4 mm, most specimens featured radicles
detached from the rest of the seed or the seed’s
extremity was swollen or bloated, probably due to
carbonization (Planella et al., 2005, 2011).

A cultigen domestication process in this moun-
tainous area is quite unlikely due to the adverse
weather conditions (restricting the possibility of
farming practices) and the limited periods of hu-
man settlement. On the other hand, it has been
suggested that the proximity to mountain passes
on the eastern slope of the Andes favoured con-
tacts and the exchange of goods, knowledge and
innovations, including early cultigens or varieties
of quinoa (Planella et al., 2011). Nevertheless, the
dates given for the above-mentioned sites are pri-
or to the dates obtained in Mendoza, Argentina,
and are notoriously earlier than the dates report-
ed on the coast and in the central valley.

Central Chile: valley and coastal areas

In the valleys of the coastal foothills of the Ber-
nardo O’Higgins and Maule regions, and in scat-
tered areas up to the Islands of Chiloe, quinwa or
dahue (Mapuche ethnonym) is still grown today.
In the O’Higgins region, there is pre-Hispanic ar-
chaeological evidence of Chenopodium at Early
Ceramic Period sites (400-1000 A.D.) (Planella
and Tagle, 1998; Tagle and Planella, 2002). In the
carbonized macroremains (diameters of 1.3-1.8
mm), it was impossible to view the diagnostic at-
tributes of the perisperm, which is always trans-
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lucent or crystalline in Coastal ecotypes (Bertero,
2007) but rarely so in Andean varieties, with some
exceptions — e.g. the humid valleys of northwest
Argentina. For this reason it is not possible to de-
termine the original diameter of the fruit. Quinoa
growing today in the coastal region of central Chile
presents characteristics or attributes associated
with archaic traits linked to wild varieties (Wil-
son, 1988). It is, therefore, argued that the crop
has remained in an original area of domestication
(Bertero, 2007). This author and colleagues, with
new contributions in their interdisciplinary line of
research on quinoa, reinforce the hypothesis that
central-southern Chile was an independent centre
of domestication, in addition to the central Andes
(Bertero et al., 2013), and they support the pro-
posal made by Planella and Tagle (2004) concern-
ing local anthropogenic manipulation of quinoa in
central Chile.

The earliest evidence of Chenopodium sp. in the
valley was found in starches recovered in a milling
instrument at the Lenka Franulic site of early pot-
ters groups (200 B.C. — 200 A.D.) (Tykot et al., 2009).
Other early sites with evidence of Chenopodium
are El Mercurio (120-150 A.D., Phase 1) in the valley
(Planella et al., 2010), and Las Brisas 3 (38 B.C.— 224
A.D.) on the coast (Rivas and Gonzalez, 2008).

Morphological analysis of archaeological speci-
mens of Chenopodium is not straightforward at
central valley and coastal sites. During the Early
Ceramic Period, diameters range between 0.8
and 1.8 mm (Planella and Tagle, 1998; Tagle and
Planella, 2002; Quiroz and Belmar, 2004). Larger
sizes are not observed until the Late Intermedi-
ate Period (1040-1450 A.D.), under the Aconca-
gua culture (diameter 1.5-2 mm) (Planella 2005).
A significant change in seed size of Chenopodium
sp. (likened to quinoa, given its equatorial band),
is also seen: from the most ancient levels at the
Early Ceramic Lonquén site (100 B.C.—900 A.D.) to
the Late Intermediate El Cebollar site (815-1075
A.D.) (Quiroz and Belmar, 2004). These data point
to an escalation in human—plant relations, possi-
bly leading to tests and domestication procedures
of Chenopodium. Belmar and Quiroz (2004) also
noted changes in average sizes at Diaguitas culture
sites in the semi-arid north, Chalinga and lllapel
valleys, for specimens dated 1210-1520 A.D., dis-
tinguishing between the pre-Inca smaller diameter

and Diaguita-Inca. During the Late Period and with
the Inca occupation in the central area (Garceau
et al., 2010; Rossen et al., 2010; Martinez, 2012),
diameters of about 2 mm are observed in numer-
ous samples of ubiquitous charred macroremains.

Rossen et al. (2010) analysed the implications of
the presence of quinoa, together with other lo-
cal crops at the fortified site of Cerro Grande de
la Compaiiia, under pre-Inca and Inca occupation
(1310-1480 A.D.). C. quinoa is present in various
contexts, which accounts for its selective storage
in gollgas (separated from maize) and its use in
residential areas. Archaeological records of quinoa
(and of maize) in pre-Inca regional sites increase
with the introduction of new mechanisms for in-
tensifying cultivation, and with its increased use
in the diet and in the political-ceremonial sphere.

In the central Andean area of Chile, the sporadic
presence of quinoa has only emerged in waste
sites of human settlements. In contrast, in the
coastal foothill valleys and “secano” lands, culti-
vation of the Coastal variety has long been a tra-
ditional activity, from the chronological depth in-
dicated or even earlier (200 B.C. — 200 A.D), with
qguinoa one of a group of cultigens associated with
maize, pumpkin, squash and bean (Planella and
Tagle, 1998, 2004).

Peru (Figure 1 sector 4)

En In 1880, Wittmack and Rochebrune first re-
ported the discovery of quinoa in archaeological
excavations. They uncovered fruits, leaves and
even C. quinoa flour in funerary contexts at Ancén
(Hunziker, 1943). Early studies by Uhle (1919) and
MacNeish (1969, in Lumbreras, 2003) in Ayacucho
record seeds identified as domesticated quinoa at
a very early date (5500-5000 B.C.). However, sub-
sequent direct dating of the archaeobotanical ma-
terial (e.g. beans) in the same context gave later
dates, suggesting that it is unlikely that the quinoa
found was as ancient as initially thought (Bowman
et al., 2005).

Dillehay et al. (2007) present evidence of Cheno-
podium at the Nanchoc Valley sites (northwestern
Peru) (Figure 1, sector 4), which, given their as-
sociation with a dated hearth, are placed chrono-
logically between 5500-6000 B.C. The specimens
are charred and dry and their identification as C.
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quinoa cannot be confirmed due to the presence
of grooves in the seed, distinguishing them from
herbarium specimens.

Pearsall (1980, 1989) measured Chenopodium
seeds from Pachamachay and Panaulauca Cuevas
(around 3000 B.C.) in Junin —sites representing the
shift from hunter-gatherers to farmers and herders
— and suggested, on the basis of their size (0.75-
1.00 mm), that these seeds were domesticated.
Nordstrom (1990) examined seeds from Panalauca
and from Pancan and confirmed that the seeds
had thin and smooth testas, meaning that they
were indeed domesticated. The seeds came from
contexts dated 3000—700 B.C. Pearsall (2008) pro-
posed that quinoa cultivation may have started in
approximately 3000 B.C.

In the Andes, west of Lake Titicaca, Eisentraut
(1998) studied archaeobotanical samples of Late
Archaic—Early Formative (5000-1000 B.C.) sites at
Quelcatani, and Formative (1500-800 B.C.) sites
at Camata. Among several wild species, domesti-
cated and wild quinoa (black quinoa) seeds were
identified. Although some domesticated seeds
came from a layer associated with the Late Archaic
Period, direct dating of a quinoa seed indicated
the Early Formative period (740 + 50 B.C.). Fur-
thermore, Murray (2005) identified Chenopodium
grains at the Jiskairumoko site as from the Late Ar-
chaic Period (around 3400-2000 B.C.). However,
direct dating indicated the Formative Period (Mark
Aldenderfer, personal communication). Neverthe-
less, due to the presence of domesticated seeds at
various Formative sites on the north coast (Rosen,
2010), the central Andes and Lake Titicaca basin,
we can speculate that the domestication process
began before 3000 B.C.

D’Altroy and Hastorf (1984) studied Inca storage
structures (qollgas) in Mantaro Valley and re-
vealed the presence of Chenopodium sp., consid-
ered as quinoa, together with other plant products
and ceramic pots — an indication as to how seeds
were stored during this time. In their study, the
authors identified the different storage methods
used (only maize, only quinoa, or all crops togeth-
er: maize, quinoa, poroto or beans). In subsequent
archaeological research spanning the Wanka peri-
ods (beginning around 1000 A.D.), Hastorf (1990,
2002), studied the organization of groups inhabit-
ing the region and how they organized the extrac-

tion of resources in the Andes. After identifying
Chenopodium sp. as possible quinoa in Mantaro
Valley, Hastorf inferred its consumption and pro-
duction with other crops. She assessed changes in
settlement patterns associated with quinoa pro-
duction, noting that production increased when
settlements moved to regions at higher altitudes,
and decreased in the other direction. She also
noted that, unlike maize, quinoa does not reveal
differences in consumption between the elite and
the workers in society. Thus, Hastorf concludes
that, while maize was the main focus of Inca pro-
duction, other resources — depending on the pro-
ductive areas — were equally important.

Conclusions

In this study of four distinct geographical and cul-
tural areas in the Andes, both differences and con-
vergences emerge in the search to understand the
history of quinoa, its economic significance and its
social, ritual and political implications.

Archaeological studies explain how wild species of
Chenopodium were consumed by hunters and gath-
erers in the Archaic Period (8000-3000 B.C.) in Peru,
Argentina and Chile. Although there is no direct evi-
dence of their activities, these populations initiated
the changes that led to the domestication of quinoa.
While many gaps remain to be filled in order to de-
termine when and where quinoa was domesticated,
available data suggest that domestication occurred
in the centre-south Andes before 3000 B.C. Indeed,
domesticated seeds have been found in these coun-
tries dating back to this period, and direct radiocar-
bon dating places archaeological quinoa at around
2000 B.C. in the Andes of central Chile.

In addition to place of origin and/or domestication,
each area had its own particular cultural niche
where the acquisition and use of this pseudocereal
took place. Once domesticated, quinoa became a
subsistence crop for societies from the Formative
Period through to the Inca Empire. There are qui-
noa remains in domestic settings, evidence that it
was an everyday part of the diet, but also in con-
texts associated with rituals, funeral and politics,
where it will have been consumed in community
events. Although it appears that it lost ground to
maize in political contexts in Tiwanaku (Goldstein,
2003) and Inka states, quinoa continued to play a
significant role in the diets of communities in cold



CHAPTER: 1.3 DOMESTICATION AND PREHISTORIC DISTRIBUTION

and arid regions.

Recent research, at local and regional level, in ad-
dition to the discovery and identification of varie-
ties never before reported, opens up new perspec-
tives for the exchange of knowledge and reassess-
ment of the role of Chenopodium in feeding native
peoples. Furthermore, these studies support the
continued cultivation of quinoa and promote its
increasing acceptance in Western diets.
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Abstract

Quinoa (Chenopodium quinua Willd.) was first do-
mesticated in Andean countries over 5 000 years ago.
Following the Spanish conquest, quinoa was rejected
and scorned as “Indian food”. Its potential was re-
discovered during the second half of the twentieth
century and, since then, the number of countries
growing quinoa has risen from 6 to 13, while 23 other
countries are in the process of actively experimenting
before launching field production in the near future.
Another 20 countries are planning to plant quinoa for
the first time in 2014. The organization of research
has had a powerful impact, creating links and strate-
gic partnerships between countries as is the case of
the worldwide CIP/DANIDA programme in the 1990s
or, more recently, with trials conducted by the Euro-
pean project SWUP-MED around the Mediterranean
Sea. By networking researchers around the world,
countries form partnerships based on affinities. One
example is the United Kingdom which has estab-
lished special contacts with India, Australia, China
and Nepal. Today, experimentation centres are to be
found in new countries that did not previously import
guinoa. Although most publications of scientific find-
ings are based on studies carried out in the Andean
countries (Bolivia and Peru in particular), research is
spreading around the world with studies conducted

in new areas such as virology, dietetics, or quinoa
processing for uses other than food. South American
countries must now face global competition for the
enhancement of quinoa varieties and must reflect
upon possible competition between countries to ac-
cess new markets. This is why some of them have al-
ready adopted the plant variety certificate (COV) sys-
tem to protect their improved varieties, or they are in
the process of applying for certificates. This paves the
way for the conservation of plant genetic resources
through recognition of local farmers’ varieties and
their use in future enhancement programmes.

Introduction

The genus Chenopodium (Chenopodiaceae) includes
some 150 species which are mostly annual herba-
ceous plants occupying large areas of America, Asia
and Europe, although some are also perennial and
arborescent. The genus is cosmopolitan, meaning
that it can adapt to any environment in the world,
but it is concentrated in temperate and subtropical
regions. Because of its great ecological plasticity and
hardiness, the genus has given rise to a large number
of species through a long process of adaptation and
diversification in order to survive in environments
with major biophysical constraints. As a result, most
of its species are major constituents of arid and/or
saline environments. Today, cultivated Chenopodium
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— especially C. quinoa — are gaining importance due
to the excellent quality of their proteins (good bal-
ance of all amino acids) and their high content of a
variety of minerals and vitamins (Vegas-Galvez et al.,
2010). Their potential contribution to global food se-
curity was recognized in the declaration of the Inter-
national Year of Quinoa (IYQ, 2013) (Small, 2013).
Furthermore, quinoa represents an alternative as a
new crop in response to global changes (Jacobsen,
2003; National Academy of Sciences, 1975; Schlick
and Bubenheim, 1996). For example, the increased
salinization levels on farmlands due to intensified
conventional farming since the 1960s leads to a
decline in agricultural production, followed by the
abandonment of degraded land depending on its
location. Quinoa’s tolerance to saline soils offers an
alternative, not only in terms of recovery of these
lands, but also by producing food of high nutritional
value. In view of climate deterioration within the
framework of global change, quinoa’s resistance to
drought raises expectations for those regions that
are strongly impacted by these factors.

Domesticated by farmers in the Andean countries,
scorned during the Spanish invasion and appreci-
ated around the world today, the history of quinoa
is both rich and complex. As for all domesticated
crops, the history of quinoa and its diversity is di-
rectly linked to human activities (Bermejo and
Ledn, 1994). The last 60 years have seen major ad-
vances in quinoa expansion and experimentation,
in its enhancement and adaptation to various envi-
ronments around the world. This chapter seeks to
explain how the quinoa cultivation area has spread
from 6 to 56 countries and why today, in 2014,
nearly 20 more countries wish to try.

Interest in quinoa (Chenopodium quinoa Willd.) goes
back a long way and it should be recognized that qui-
noa is not the sole species of the genus Chenopodium
— on the contrary, there are very close relationships
between the various species of this genus. Current
specificities tend to relate to its rapidly increasing
spread worldwide since the 1970s as grain for con-
sumers in the northern hemisphere, with the aim of
introducing it as a new crop on all continents. The
dynamics existing today affect the balance that had
been established between producers and consumers
from 1990 to 2010. Thus, the global spread of quinoa
creates new outlooks for many countries, but at the

same time profoundly disrupts the balance, as it is
necessary to maintain sustainable production, while
enabling Andean countries to cope with the upsurge
in international demand (Bazile, 2014; Jacobsen,
2011, 2012; Winkel et al.). In addition, new relation-
ships are being forged between countries — not only
to trade grain, but also to establish rules and regula-
tions on access to quinoa seeds. The current tensions
concerning the flow of genetic resources and quinoa
seeds necessitate international dialogue and global
governance, so that countries can adjust to the en-
vironmental shift already underway and modify the
agricultural model.

Although informal research networks in the past
drew attention to quinoa growing, resulting in its ex-
perimentation in various parts of the world, greater
transparency is now required to adapt activities to
international legal regulations which acknowledge
the Andean people’s role in creating and maintaining
quinoa biodiversity.

The conclusion of this chapter shows that, in facing
the challenges of learning about the quinoa plant, its
origin and evolutionary dynamics, its adaptation and
enhancement, it is essential for farmers, research-
ers and policy-makers from around the world to ex-
change information, in order to be able to move for-
ward, together with all those stakeholders seeking to
capitalize on this plant.

Globalization of quinoa: a historical fact

It is important to make an in-depth examination of
the ancient origins of the worldwide distribution of
the genus Chenopodium and the diversity of its spe-
cies, in order to properly understand the current de-
velopment of cultivated quinoa. It is a historical fact
that the use of Chenopodium leaves and seeds for
human consumption is not exclusive to the Andean
region. A species of Chenopodiaceae (classified as
Chenopodium album) was cultivated in the Himala-
yas a long time ago at altitudes of 1 500-3 000 m asl
(Hooker, 1885; 1952; Partap, 1982). When Stewart
(1869) described the complete flora of the Punjab re-
gion in northern India, the presence of three groups
of Chenopodium in the area studied was mentioned:

e Chenopodium dlbum album L. was a common
weed in the plains and also appeared at altitudes
of 2 600-4 100 m asl in the Ladack region, where
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the plant was sometimes used as a “pot herb” or
in soup.

e Chenopodium murale L. was present on the plains
where it was also consumed as a pot herb.

e Chenopodium sp. belonged to a complex of two
species (C. album and C. quinoa) grown in the
Himalayan regions of Punjab, and more precisely
at high altitudes (1 700-2 700 m asl) in the Ravi
River basin, as well as higher up in Kashmir and
Ladack. The plant was cultivated for its leaves
and used as a pot herb, but these Chenopodi-
um species were mainly grown for their grains,
which were considered superior to buckwheat
(Singh and Thomas, 1978).

Stewart’s document is of considerable historical val-
ue in understanding the phylogenic relations caused
by contact, in a certain period, between species of
the genus Chenopodium. Moreover, since plant se-
lection is guided by the intended uses, the same line
of reasoning is adopted by peoples in both the An-
dean mountains and the Himalayas. Ethnobotanical
studies by Partap and Kapoor (1985a) show that the
group of Chenopodium grains used in the Himalayas
was a minor subsistence food crop for many isolated
hill communities in the middle Himalayan range. It
has been consumed in various forms since time im-
memorial and its consumption is part of the peo-
ple’s eating habits in isolated hill communities. The
authors describe it as a summer crop cultivated in
mixed cropping systems (finger millet, rice, potatoes,
maize and beans) (Partap and Kapoor, 1987b).

The analysis carried out by Partap and Kapoor
(1985b) of the Himalayan Chenopodiaceae con-
sumed as grains shows that they were considered
domesticated forms of Chenopodium album L. Given
the great morphological diversity, the authors se-
lected four varieties recognized by local farmers to
perform an agromorphological analysis (Partap and
Upadhya, 1987b). Three of the four cultivars (black,
brown and red) had a similar morphology and only
their seed polymorphism differed. The findings pro-
duced sufficient evidence to be able to classify them
as the domesticated C. album L. species. The type
of polymorphism found in these cultivars is further
indication of their close relationship with the non-
domesticated form of C. album L. The authors pre-
sented the fourth cultivar as being very different

from the others, expressing doubts about their close
taxonomic relationships with C. album L. and C. qui-
noa Willd.

Nevertheless, Stewart’s publication also bears wit-
ness quinoa’s early role in globalization, given the
international grain trade already existing at the time:

“Within the last year, considerable stir has been
made by correspondents of the Agri-Horticultural
Society of India, regarding the introduction into the
Himalaya of the C. quinua Willd. of the Andes; and
the Society made arrangements to get a supply of
seed, which has arrived and been distributed. The
original proposition appears to have been made in
ignorance the fact that a C. is cultivated extensively
in the Himalaya, and there seems reason to doubt if
very much would be gained from the introduction of
the quinoa in these mountains, where cereals are cul-
tivated to quite as high elevations as men can occupy
throughout the year.” (Stewart, 1869)

The same Chenopodium album L. species prevalent
throughout the geographical area delineated as
Eurasia (Uotila, 1978) is now regarded as a European
cosmopolitan weed (see Chapter 6.11) for cereals, al-
though it was once a secondary crop and part of the
human diet according to prehistoric human remains
found in Tollund (Denmark) and Cheshire (United
Kingdom) (Helbaek 1950, 1954, 1958, 1960; Row-
ley-Conwy, 1982, 2000; Rowley-Conwy and Stokes,
2002). Although there is evidence that Chenopodium
album L. was an important crop in Europe —via a do-
mesticated form that was also found in the Himala-
yas — researchers and enhancers have focused their
efforts on Europe to adapt Chenopodium quinoa
Willd., a tropical species (Galwey, 1989, 1993; Risi
and Galwey, 1984, 1989, 1991; Jacobsen, 1997), to
temperate climates. In plant breeding programmes,
cultivation of this crop from the Andes highlands was
considered suited to the relatively low temperatures
of regions in northern Europe (e.g. United Kingdom
and Denmark). This reasoning was based on the
analysis of C. album as a wild species from which it
would be difficult to obtain a crop. Today, this vision
may be revised to make better use of the genetic re-
sources available and the adaptability of C. album.

Furthermore, a similar species — Chenopodium ber-
landieri subsp. Nuttaliae — is consumed in Mexico.
Considered a wild species in the United States of
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Figure 1. The origin of modern quinoa (adapted from Jellen and Maughan, 2013)

America, C. berlandieri is being studied for its po-
tential for crossing with C. quinoa so as to withstand
high temperatures. Without going into more detail
about the entire genus, it may be noted that culti-
vated Chenopodium are becoming increasingly im-
portant. Chenopodium quinoa, which offers a wide
adaptability to many harsh environments, as it is re-
sistant to salt and drought tolerant, shares its food
niche with two closely related species, cafiihua (Che-
nopodium pallidicaule) and huazontle (Chenopodium
nuttaliae), which are also used in human nutrition
(Wilson and Heiser, 1979).

A study of quinoa phylogeny highlights various
species of the genus Chenopodium, some of which
are of economic importance:

® Chenopodium quinua (2n = 36) used as a grain crop;

e Chenopodium pallidicaule (2n = 18) and
Chenopodium berlandieri subsp. nuttalliae (2n =
36) used for both grains and vegetables;

e Chenopodium album (2n = 18,36,54) used mainly
as a leaf vegetable and forage crop;

¢ Some types from the Himalayas (C. album and C.
quinua) ) grown for their grains and leaves.

Chenopodium species are well known for their uses in
cooking (see chapter 3.4), but there are also medical
applications (see chapters 3.5 and 3.6).

There are four stages in the complex process of cre-
ating quinoa from its various wild ancestors (Heiser
and Nelson, 1974; Nelson, 1968; Wilson, 1990), ex-
plaining not only its domestication, highlighting the
key milestones in its history, and giving insight into
the genetic aspects of its evolutionary dynamics
(Pearsall, 1992). The first stage in the life of quinoa
was when the two diploid ancestors hybridized to
create the first form of wild quinoa. This is how a
female relative, Chenopodium standleyanum from
temperate America, was crossed with a male rela-
tive, Chenopodium album from Eurasia (another
theory proposes C. ficifolium) through a natural
hybridization process engendering its tetraploid an-
cestor in the New World (Figure 1). C. berlandieri
and C. hircinum are tetraploid forms derived from
the tetraploid ancestor enabling domestication of
the ancestor of modern-day quinoa and generat-
ing the second stage of its evolution (Jellen and
Maughan, 2013).

A first “bottleneck” in the genetic diversity of qui-
noa may have occurred when the two diploid an-
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cestors hybridized to form wild quinoa. A second
bottleneck may have occurred when quinoa was
domesticated from tetraploid wild ancestors (Fuen-
tes, Maughan and Jellen, 2009). This could explain
guinoa’s constant ability to be crossed with other
tetraploid species (Wilson and Manhart, 1993) and
to exist in multiple forms. The importance of this
second bottleneck is directly contingent upon the
first bottleneck. This implies the presence of a rela-
tively small degree of genetic diversity suitable for
sharing with compatible wild relatives across the
board (Fuentes et al., 2009).

Seed exchanges and circulation of quinoa in Latin
America have generated five ecotypes associated
with subcentres of diversity (Fuentes et al., 2012).
Nevertheless, this third stage of species diversifica-
tion after local domestication around Lake Titicaca
came to an end following the Spanish conquest
for several reasons: loss of interest in the product
which was viewed as “food for Indians”; the Catholic
Church’s rejection of its use as a drink in cultural cer-
emonies (Mudai); changes in dietary habits due to
schooling; and new agricultural modernization poli-
cies adopted to impose the Spanish Crown’s authority
(Bazile and Negrete, 2009; Bazile and Thomet, 2013;
Thomet and Bazile, 2013). The soaring demand for
quinoa in the 1990s brought the fourth stage of its
evolutionary dynamics and its current dissemination
around the world (Bazile, Fuentes and Mujica, 2013).

Importance of quinoa biodiversity for its world-
wide distribution

The ancient process of quinoa domestication was
developed by leveraging the species’ diverse genetic
resources. They adapted to different geographical ar-
eas with specific environmental contexts, determin-
ing the overall survivability of quinoa, and creating
multiple forms within the same species throughout
the ages. Due to the special adaptations of quinoa in
different zones in the Andes, five ecotypes are rec-
ognized: Inter-Andean valleys (Colombia, Ecuador
and Peru); Altiplano (northern highlands in Peru and
Bolivia); Yunga (Bolivia); Salare (salt flats or southern
highlands in Bolivia, Chile and Argentina); and Coast-
al (coastal or sea level areas in central and south-
ern Chile, extending to at least the Island of Chiloe)
(Fuentes et al., 2012; Risi and Galwey, 1984).

Quinoa has soared remarkably since the 1980s due
to increasing regional and international demand. It
remains a staple product in Andean countries and is
increasingly appreciated in North America and Eu-
rope for its dietary properties, organic farming and
fair trade principles. To meet demand, production
has more than doubled in Bolivia, the second largest
producer after Peru, while Chile has taken initiatives
to develop and capitalize on this marginal crop. Qui-
noa has also attracted the interest of researchers in
Europe and North America for its nutritional char-
acteristics and resistance to adverse factors, and
there have been several attempts since the 1980s
to introduce quinoa at high latitudes (Lopez-Garcia,
2007; NRC, 1989). The problem is understanding
what can be grown in temperate environments?
Early attempts systematically failed using materi-
als from Peru and Bolivia (latitudes near Ecuador)
which did not reach maturity during the summer at
high latitudes. The requirements for temperate ag-
riculture are present in the Coastal quinoa ecotype
accessions from southern and central Chile.

Global recognition since 1973

The United States of America has shown interest in
quinoa grain since 1948. A pioneering crop experi-
ment using seeds from Chile was carried out in south-
ern Colorado in the early 1970s (Johnson and Crois-
sant, 1985). Although two Andean countries, Bolivia
and Peru, currently account for most of global qui-
noa production, cultivation really has been spread-
ing across all continents since the 1980s (Figures 1
and 2). The United States of America conducted qui-
noa experiments on a large scale for the first time in
southern Colorado and then gradually extended trials
to other states (Cranshow et al., 1990; Kephart, Mur-
ray and Auld, 1990; Oelke et al., 1990; Tobin, 1995).
In Canada, quinoa is grown in the Saskatchewan and
Ontario lowlands (traditionally occupied by grass-
lands or wheat cultivation), and it is estimated that
the whole of North America accounts for nearly 10%
of world quinoa production. In the United States of
America, quinoa tests are currently been carried out
on the Northwest Pacific coast using materials from
Chile; results are very promising. However, although
these developments appear significant at first sight,
they are negligible when compared to the total vol-
ume actually sold in the United States of America
and which is still imported from South America.
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Quinoa was first introduced in Europe (see Chapter
6.11) in 1978 using Chilean germplasm (University
of Concepcion, Chile), which had been collected,
selected and tested by Colin Leakey in Cambridge
(United Kingdom) and in the Loire Valley (France).
This Chilean germplasm — together with the Andean
germplasm collected in 1982 by Galwey and Risi —
laid the foundations for the breeding programme
carried out at the University of Cambridge and
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directed by Nick Galwey (Fleming and Galwey, 1995;
Galwey, 1989, 1993) (Figure 3). From Cambridge,
quinoa then spread to Denmark, the Netherlands
and other European countries (Risi and Galway,
1991). In the United Kingdom, quinoa is used as a
cover crop and is planted separately or mixed with
rapeseed. In Denmark, quinoa is widely recognized
and used by people allergic to gluten and this could
become a specific market segment.
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Tests around the world in the 1990s and 2000s

From its point of entry in Europe, Cambridge (Unit-
ed Kingdom), quinoa then spread to Denmark, the
Netherlands and many other countries (Gesinski,
2008; Jacobsen, 1997, 2003). During this period,
experiments also began in Brazil and Asia (India
and China) (Bhargava et al., 2006) (Figure 4).

In 1993, the European Union launched a project
with field trials in England (United Kingdom), Den-
mark, the Netherlands and Italy, as well as labora-
tory tests in Scotland (United Kingdom) and France
(Figure 5). However, the project that began in 1996
as a joint venture between the Danish International
Development Agency (DANIDA) and the Interna-
tional Potato Center (CIP) in Peru (Mujica et al.,
1998, 2001) was certainly the most important in the
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1990s and underlies the global expansion of quinoa.
Through this first network of international coopera-
tion to promote quinoa, field trials were set up in
other countries such as Sweden, Poland, Czech Re-
public, Austria, Germany, Italy and Greece (lliadis et
al., 1997). All these countries have expressed inter-
est in quinoa experimentation and most of them
participated in the American and European Test of
Quinoa (Figure 6), organized by the Food and Ag-

riculture Organization of the United Nations (FAO)
and coordinated by the National University of the
Altiplano (Puno, Peru), and the CIP-DANIDA project.
The aim of this project was to learn the art of quinoa
and perform multiple experiments at international
level. This initiative strengthened the research net-
work and increased the number of research centres
working on quinoa in both developing and devel-
oped countries.
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Denmark and the Netherlands have both since ex-
pressed their interest in breeding quinoa for various
environments (Jacobsen et al., 1994). They created
the first European variety, ‘Carmen’, and research
is now seeking to reduce the level of saponin on
the basis of the sweet variety, ‘Atlas’. The Univer-
sity of Copenhagen is also developing new quinoa
tests as quinoa breeding becomes increasingly im-
portant (Figure 7). Other scientific collaborative ef-
forts were fostered recently during the SWUP-MED

project (2008-2012) “Sustainable water use secur-
ing food production in dry areas of the Mediterra-
nean region”. This project is the last major step in
the spread of quinoa and brings together numerous
partners from countries in the European Union (It-
aly, Portugal, United Kingdom, the Netherlands and
Denmark) and in the Mediterranean (Turkey, Mo-
rocco, Egypt, the Syrian Arab Republic ) (Benlhabib,
2006; Pulvento et al., 2012) (Figure 8).
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Outlook since the International Year of Quinoa IYQ
2013

The early stages of expansion revealed interest
among importing countries and consumers in
adapting quinoato their environments, for example,
in the United States of America, Canada, France,
the United Kingdom and the Netherlands. Another
stage in the global spread of quinoa has begun in
recent years as part of a response to global climate
change and the salinization of agricultural land.
Expansion has spread to the Asian continent in India
(Barghava et al., 2006), Pakistan (Munir, 2011) and
China, followed by Australia and countries around
the Mediterranean Sea and in North Africa.

We are now entering another phase of quinoa
development and a turning point prompted by the
fact that new producing countries are no longer
consuming countries and/or traditional importers
(Figure 9). The current wave of quinoa development
is linked to the great adaptability of quinoa given its
high genetic diversity, its resistance to drought and
salt tolerance, its high nutritional value ensuring
food security for local populations, and its ability to
generate new sources of income for farmers.

The expansion of quinoa cultivation continues, with
more than 20 countries on the lookout for seeds
with which to experiment this year.

With each stage in the worldwide spread of quinoa,
the number of research centres studying the
crop and carrying out experiments has increased.
International cooperation has generated many
different projects, and research stations have
been set up around the world, yet remain largely
unknown because they were operational only
during project implementation.

An analysis of scientific publications over the
past 30 years highlights five subjects of particular
importance to researchers (Bazile, 2013a):

¢ Nutrition and dietetics (gluten or saponins)
e Agronomy

¢ Botany and plant physiology

¢ Food biotechnology

¢ Biochemistry

There are very few publications dealing with
policies, especially in consideration of the fact
that the challenges to biodiversity conservation
are increasingly entrusted to international laws
governing access to and use and exchange of
genetic resources and/or seeds.

The worldwide spread of quinoa is built on strong
relationships between institutions that share their
genetic material both formally, via legal provisions
(Material Transfer Agreements —MTAs), orinformally,
via research networks. The largest collection of
quinoa is still in the hands of the Andean countries
(see Chapter 1.5). However, many countries have
created their own collections: the red triangles on
the map in Figure 10 show 19 non-Andean countries.

A significant number of countries have also
developed new certified varieties and have set
up a plant variety certificate system (COV in
the UPOV system under the 1978 or 1991 Act).
Most collections were established prior to the
Convention on Biological Diversity in Rio de Janeiro
(1992) which provides for the sovereign rights of
states over their genetic resources. This means
that these countries can develop new varieties
with this germplasm without having to refer to
the accession’s country of origin (see Chapter 1.6).
Certain quinoa-breeding countries have applied
for plant variety certificates (Israel, Denmark, the
United Kingdom, the Netherlands, Canada, Peru
and Chile), but a new plant variety certificate is also
being assessed at the request of Israel (Figure 11).

The Nagoya Protocol (adopted in Japan in 2010) is
an international agreement that aims to share the
benefits of using genetic resources in a fair and eg-
uitable manner, and to support the conservation
of biological diversity and the sustainable use of its
components. This begs the question as to how this is
relevant to Andean countries in the case of quinoa.

Agriculture has always been based on access to and
exchange of seeds, never on the exclusive principles
seen today with property rights extended to cover
living organismes. It is impossible to classify agrobio-
diversity within a grid (private — public, individual
— collective) on the basis of the number of inter-
actions in connection with the circulation of seeds.
Maintaining agricultural biodiversity requires active
and continuous management. In situ conservation
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in farmers’ fields encourages the co-evolution of
peasant varieties of quinoa in response to the fac-
tors in that environment, generating a continuous
momentum of quinoa biodiversity, with the species
adapting to changes as they occur.

Conclusion

The wide genetic diversity of quinoa has made it
possible to adapt cultivation to different types of

soils, particularly saline soils and environments with
extremely variable conditions in terms of humid-
ity, altitude and temperature. This hardiness and
adaptability is a major advantage in the context of
climate change and salinization of agricultural land
worldwide (Ruiz et al., 2013). The spread of quinoa
around the world is built on strong relationships
between institutions sharing their genetic material.

However, the potential role of quinoa biodiversity
in the world is based on farmer or peasant varie-
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ties that have been maintained via agro-ecological
practices developed mainly through family farming
(Altieri, 1992). The promotion of quinoa through
enhanced varieties, standardized to comply with
norms on seeds or to “simplify” farming practices
linked to intensified conventional agriculture, will
not generate the same resilience in response to the
global change faced today. It is, therefore, neces-
sary to maintain quinoa biodiversity — an assertion
recognized and valued by organic farming (Bazile,
2014). The dynamics of the global expansion of qui-
noa cultivation may constitute a threat to farmers if
generated with a narrow genetic base.

Thus, irrespective of the possibilities offered by the
quinoa chain for the development of territories
around the world, several questions arise with re-
gard to the extension of cultivation outside the An-
dean countries, as promoted by the International
Year of Quinoa (Bazile, 2013b). This minor crop may
become widespread, but how can fair and equitable
compensation (to use the terms of the Nagoya Pro-
tocol) be guaranteed for the selection process per-
formed over generations by farmers in the Andean
countries? Furthermore, how can this be achieved
without prompting a decline in agrobiodiversity in
the new producing countries?

We are now at the end of 2013 (International Year
of Quinoa). Since the Rio Summit meeting in 1992,
several international treaties have been signed on
the management of plant genetic resources (CBD,
Nagoya, UPQV, ITPGRFA, CAN, TLC etc.). There are
many questions about and challenges for the fu-
ture of quinoa. They need to be discussed in depth,
involving all stakeholders and countries in the de-
bate for the benefit of quinoa cultivation and of the
farmers who earn their livelihood with quinoa.
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Abstract

Quinoa (Chenopodium quinoa Willd.) is a potential-
ly strategic crop that plays a vital role in food secu-
rity and sovereignty. It makes an important contri-
bution to the staple needs of the population and is
part of the ancestral and cultural heritage of Ande-
an countries. Its wide varietal diversity constitutes
an extraordinarily valuable gene pool: wide range
of colours of plant, inflorescence and seed; varying
crop cycle duration; high nutrient and agro-industri-
al value; and high saponin content of grains. Thanks
to its extraordinary genetic diversity, the crop is
very adaptable to different agro-ecological condi-
tions (soils, rainfall, temperature and altitude) and
is tolerant to frost, drought and salinity. Worldwide,
16 422 accessions of quinoa and its wild relatives
(C. quinoa, C. album, C. berlandieri, C. hircinum, C.

petiolare, C. murale and Chenopodium sp.) are con-
served in 59 genebanks distributed in 30 countries.
Genebanks in the Andean region conserve more
than 88% of the crop’s accessions. Despite this im-
mense diversity, it is not currently used to the full.
The grain and processed products available on mar-
ket are derived from a small set of landraces, which
means that the genetic potential is underutilized. In
general, countries do not have clear policies on the
ex situ conservation of quinoa germplasm collec-
tions. Within countries with the greatest diversity,
genebanks are poorly linked; and between different
countries, the links are even worse.

Each genebank operates according to the goals of
the institution, often reflecting individual interests
of researchers rather than a strategy planned to
complement the national programme. This chapter
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reviews collections of quinoa germplasm in differ-
ent countries, particularly in the Andean region, the
distribution of its genetic variability and a descrip-
tion of the infrastructure and facilities used for its
conservation. Information is also provided on char-
acterization and evaluation, procedures for regen-
eration and multiplication and the documentation
systems adopted. Lastly, the links between in situ
and ex situ conservation are discussed.

Introduction

Over the past four decades, the number of ex situ
germplasm collections has notably increased as a
result of the worldwide effort to conserve PGRFA
(plant genetic resources for food and agriculture)
resources. These collections are maintained under
very different conditions, depending on national or
international policies, institutional environment,
available expertise, facilities and budgets, and on
the level of national and international cooperation
(Engels and Visser, 2003). According to the Second
Report on the State of PGRFA (FAQ, 2010), the to-
tal quantity of samples stored ex situ throughout
the world has increased by approximately 20% (1.4
million) since 1996, amounting to 7.4 million acces-
sions stored in 1 750 genebanks. This increase in
the number of accessions and diversity means that
the highest international conservation standards
must be adopted to handle the collections.

Setting up a genebank is no guarantee that a coun-
try’s plant genetic resources will be conserved, or
that the collections will be handled in accordance
with proper conservation standards. These is-
sues were highlighted in the first and the second
report on the state of world’s PGRFA (FAO, 1996;
FAO, 2010). Genebanks are essential for the food
security and sovereignty of a nation. They are part
of a country’s ancestral and cultural heritage are
the responsibility of government and of society as
a whole. Conservation therefore requires institu-
tional support — the sustained provision of financial
resources and availability of specialized staff with
the equipment necessary to maintain germplasm
collections and carry out conservation activities.

According to Engels and Visser (2003), increasing
attention is being devoted to the regeneration of
germplasm from a collection, given the possibility
of genetic erosion over time when a bank is not

properly managed. The maintenance and regen-
eration of collections thus involve rising costs. The
economic management of a genebank involves the
allocation of budgets to specific operations on the
basis of an internal consensus regarding the costs
involved and the genebank strategy.

The management of genebanks has often developed
without proper planning. Furthermore, local germ-
plasm management conditions vary enormously,
resulting in a range of different management ap-
proaches and experiences. This is the case despite
international efforts to standardize the manage-
ment of genebanks, particularly for seed collections
(FAO/IPGRI, 1994; Engel and Visser, 2003; Rao et al.,
2007; FAO, 2013).

Quinoa genebanks and collections in the world

Quinoa seed has been classified as behaving in
an “orthodox” manner (Ellis et al., 1988). In other
words, its viability can be maintained in a predict-
able manner within a controlled range of environ-
mental conditions by reducing the seed tempera-
ture and moisture content (Ellis and Roberts,
1980). Ex situ conservation of quinoa is carried out
in genebanks that use these seed properties to
achieve the maximum storage time with minimum
physiological activity and minimum loss of viability.
Genebanks represent an efficient solution with a
low cost-benefit ratio for quinoa seed conservation.
A large quantity of seed samples may be stored in
a relatively small space (Leon-Lobos et al., 2010).
Genebank management includes a series of stages
and procedures that require staff trained in seed
processing and regular checking of seed viability
(FAO, 2013).

The FAO Second Report on the State of the World’s
PGRFA states that at international level there are
16 263 accessions of the genus Chenopodium (FAOQ,
2010), including quinoa (Chenopodium quinoa
Willd.), gaiiwa, qafiawa or qgafawi (C. pallidicaule
Aellen), paico orepazote (C. ambrosoides L.) and
other wild relatives of quinoa.

On the basis of recently updated information on
ex situ collections of quinoa and its wild relatives,
carried out with the support of FAO, Bioversity In-
ternational and experts working with quinoa collec-
tions, it is estimated that the number of accessions
of Chenopodium quinoa (see chapter 1.1), C. album,
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Figure 1. Countries that conserve quinoa germplasm collections

C. berlandieri, C. hircinum, C. petiolare, C. murale and
Chenopodium sp. conserved worldwide is 16 422
(Annex 1).

Thirty countries throughout the world conserve qui-
noa and its wild relatives in 59 genebanks (Figure 1).
These are: 10 countries in the Americas (Argentina,
Bolivia, Brazil, Canada, Colombia, Chile, Ecuador,
the United States of America, Peru and Uruguay),
11 in Europe (Germany, Austria, Slovakia, Spain,
Hungary, the Czech Republic, Portugal, the United
Kingdom, Sweden, Turkey and Romania), 5 in Africa
(Ethiopia, Kenya, Lesotho, Zambia and South Africa)
and 3 in Asia (India, Japan and Jordan) and Australia
(Annex 1).

Among the Andean countries, Bolivia and Peru are
those that retain the greatest diversity, followed by
Ecuador, Argentina and Chile. Among the remaining
25 countries in the world, Germany has 987 acces-
sions, India 294, the United States of America 229
and Japan 191 accessions of quinoa and its wild
relatives (Figure 2 and Annex 1).

Genebanks have been implemented in the Andean
region since the mid-twentieth century. Manage-
ment and conservation are preside over by agricul-
tural institutions and universities, for example in Ar-
gentina, Bolivia, Colombia, Chile, Ecuador and Peru.
Of the 16 422 accessions conserved worldwide,
14 502 (88%) are conserved in genebanks within
the Andean region.

In Bolivia six genebanks conserve 6 721 quinoa ac-
cessions (Figure 3 and Annex 1). They are located
in the Centro Toralapa (Toralapa Centre) run by
INIAF (Instituto Nacional de Innovacion Agropecu-
aria y Forestal — National Institute of Agricultural
and Forestry Innovation), in the Estacion Experi-
mental Choquenaira (Choquenaira Experimental
Station) run by UMSA (Universidad Mayor de San
Andrés — Major University of San Andrés), in the
Centro de Investigacionen Biotecnologia y Recursos
Fitogenéticos (Biotechnology and Plant Genetic Re-
source Research Centre) run by UTO (Universidad
Técnica de Oruro — Oruro Technical University), in
the Unidad Académica Tiahuanacu (Tiahuanacu
Educational Unit) run by UCB (Universidad Catélica
Boliviana — Bolivian Catholic University), in the Cen-
tro Experimental Kallutaca (Kallutaca Experimen-
tal Centre) run by UPEA (Universidad Publica de El
Alto — El Alto Public University), and in the Centro
de Investigacion y Promocion Comunal (Municipal
Research and Promotion Centre — CIPROCOM). The
quinoa germplasm with the highest number of ac-
cessions managed by INIAF with 3 178 accessions
is the National Quinoa Germplasm Collection; it is
followed by the UTO and UMSA collections which
have, respectively, 1 780 and 1 370 accessions (FAO
WIEWS, 2013).
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Figure 2. Number of quinoa accessions preserved throughout the world

In Peru, eight genebanks conserve 6 302 quinoa ac-
cessions (Annex 1). The genebanks are located in ex-
perimental stations run by INIA (/Instituto Nacional
de Investigacion Agropecuaria - National Institute
of Agricultural Research) in lllpa (Puno), Andenes
(Cusco), Canaan (Ayacucho), Santa Ana (Huan-
cayo) and Bafios del Inca (Cajamarca), and in the
Universidad Agraria La Molina (La Molina Agricul-
tural University) of Lima, the Universidad Nacional
de San Antonio Abad (San Antonio Abad National
University) of Cusco and the Universidad Nacional
del Altiplano (National University of the Altiplano)
of Puno (Mujica, 1992; Bonifacio et al., 2004; Bravo
and Catacora, 2010; Gémez and Eguiluz, 2011). The
collections with the highest number of accessions
are the Universidad Nacional Agraria La Molina,
the Universidad Nacional del Altiplano and INIA in
Puno with 2 089, 1 910 and 1 029 accessions, re-
spectively (FAO WIEWS, 2013).

In Argentina, the national genebank conservation
network holds a total of 492 quinoa accessions (An-
nex 1) conserved in the base genebank run by INTA
(Instituto Nacional de Investigaciones Agropecuaria

- National Institute of Agricultural Research) and
partly duplicated in the active genebank of North-
west Argentina and the genebank of Consulta (Ar-
gentina MNII - Mecanismo Nacional de Intercambio
de Informacion [National Information Exchange
Mechanism], 2013; FAO WIEWS, 2013). This collec-
tion is the outcome of joint efforts by the Agricul-
tural Faculty of UBA (Universidad de Buenos Aires
- University of Buenos Aires) and INTA.

In Ecuador, 673 quinoa accessions are conserved
by the National Department of Plant Genetic Re-
sources and Biotechnology in the Estacion Experi-
mental de Santa Catalina (Santa Catalina experi-
mental station) run by INIAP (Instituto Nacional de
Investigaciones Agropecuarias - National Institute
of Agricultural Research) (Ecuador MNII, 2013;
FAO WIEWS, 2013; Peralta, 2006).

In Colombia the genebank run by the Corporacion
Colombiana de Investigacion Agropecuaria (Colom-
bian Agricultural Research Corporation) in Tibaitata
conserves 28 accessions (FAO WIEWS, 2013).
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Figura 3. Number of accessions and genebanks conserving quinoa germplasm in countries of the Andean region

Of the 286 accessions conserved in Chile (Annex 1),
203 are stored in the base genebank of the Centro
Experimental Vicufia - INIA (Instituto de Investiga-
ciones Agropecuarias - Agricultural Research Insti-
tute), and the rest in the genebank of the Faculty of
Agricultural Sciences of UACH (Universidad Austral
de Chile - University of Southern Chile), in the active
genebank of the Centro Regional de Investigacion
Carillanca (Carillanca Regional Research Centre) -
INIA, in UNAP (Universidad Arturo Prat - Arturo Prat
University), and in the Baer genebank (Barriga et
al., 1994; Salazar et al., 2006; Madrid et al., 2011;
Chile MNII, 2013; FAO WIEWS, 2013). Figure 4 indi-
cates the geographical location of the 26 genebanks
in South America that store quinoa. Twenty-four of
these banks belong to countries in the Andean re-
gion.

Distribution of the geographical origin of quinoa
collections conserved ex situ

Itis essential to have access to proper information on
quinoa distribution, because it is considered a poten-
tial and staple resource for national and global food
security. By analysing the (available) passport infor-

mation held by the banks, it is possible to establish
an approximate representation of crop distribution
and determine the areas of influence of each one,
establishing where more in-depth action is required.

According to studies carried out with the Boliv-
ia national collection (Rojas, 2002; Rojas et al.,
2010), the geographical origin of the collection is
distributed from 15°42’S (Omasuyos province, de-
partment of La Paz) to 21°57’S (M. Omiste prov-
ince, department of Potosi), and from 64°19'W
(Tomina province, department of Chuquisa to 69°
09’ W (Manco Kapac province, department of La
Paz). It is found at altitudes of and 2 400—4 200 m
asl. (Figure 5).

The national quinoa collection in Bolivia houses a
large number of accessions. A total of 3 178 are cur-
rently conserved, including cultivated and wild ac-
cessions collected between 1965 and 2008 in Alti-
plano communities and Inter-Andean valleys in the
country in the departments of La Paz, Oruro, Potosi,
Cochabamba, Chuquisaca and Tarija. The collection
also includes germplasm from Peru, Ecuador, Co-
lombia, Argentina, Chile, Mexico, the United States
of America, Denmark, the Netherlands and the
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Figure 4. Geographical location of the 26 genebanks in
South America that store quinoa. Twenty-four of these
banks belong to countries in the Andean region.

United Kingdom (Rojas et al., 2010a; Rojas et al.,
2009).

Figure 5 shows that most accessions collected in
Bolivia come from the Altiplano region, mainly in
areas adjacent to the road that leads from Lake
Titicaca, La Paz, Oruro, Challapata and Uyuni, in
the case of the southern Altiplano, and also in the
areas of Salinas de Garci Mendoza, Daniel Campos
and Lipez. In the Inter-Andean valley region there
is, on the other hand, a greater concentration of ac-
cessions from Cochabamba, Chuquisaca and Potosi
than from Tarija.

In Peru, examination of the quinoa accessions
stored in the seed collections of the Universidad
Nacional Agraria La Molina and the Universidad
Nacional del Altiplano, reveals that the distribution
is mainly focused in the Inter-Andean valleys and
mountains. Quinoa accessions have been collected
from the Inter-Andean valleys at 2 200-3 500 m asl|,
mainly in the departments of Cajamarca, Ancash,
Junin, Ayacucho, Huancavelica, Arequipa, Apurimac
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Figure 5. Distribution of quinoa germplasm conserved in
INIAF, Bolivia

and Cusco. In the mountains, the accessions come
from altitudes of 3 600—4 050 m asl, from the de-
partments of Huancavelica, Arequipa, Apurimac,
Cusco and Puno.

Of the 2 089 accessions held in the UNALM qui-
noa collection, 69.78% are from the department of
Puno, 13.19% from the department of Cusco, 7.19%
from the department of Apurimac and 6.28% from
the department of Ancash. The four departments
account for more than 96% of the total number of
accessions stored in the university (Figure 6).

In Chile, quinoa accessions stored in the Intihuasi
CRI (INIA Regional Centre) base genebank come
from three main areas in the country (Figure 7). In
the north, accessions are from the municipality of
Colchane in the region of Tarapaca, and from the
provinces of Elqui and Limari in the region of Coqui-
mbo. In the centre, accessions are mainly from the
coast of the Libertador General Bernardo O’Higgins
region. In the south, accessions are from the re-
gions of Araucania and Los Lagos (Madrid, 2011).
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Figure 6. Distribution of quinoa germplasm stored in
the Universidad Nacional Agraria La Molina of Peru by
department.

Characteristics of conservation infrastructure

The storage room equipment is vital for prevent-
ing the rapid decline of quinoa seed viability and a
reduction in germination percentage. The location
and characteristics of the storage facilities where
accessions are conserved in Bolivia, Peru and Chile
are described below.

In Bolivia the national collection of Andean grains is
located in the Toralapa experimental station run by
INIAF (17°31’S, 65°41’W; 3 430 m asl), 73 km from
the city of Cochabamba, on the old road to Santa
Cruz.

This genebank has a storage room, a laboratory
and a sample conditioning room. The storage room
measures 72 m?, its walls are made of brick and
windowless, they are fully lined with expanded
polystyrene and the floor is ceramic. The average
temperature in the storage room is 15°C and the
humidity is 40%. A dehumidifier system is used to
remove moisture from the room.

The conditioning room measures 20 m?. Here,
seeds are prepared for laboratory analysis and their

Distribution of guinoa accessions stored in the
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Figure 7. Distribution of quinoa accessions stored in the
Intihuasi base genebank run by INIA, Chile (according to
Madrid, 2011)

size is checked. In the adjacent laboratory, which
measures 16 m?, the biological quality of seeds is
analysed (germination, plant health, moisture con-
tent etc.) before the accession is placed in storage.

Due to the climatic characteristics of the genebank
location and the conditions of the storage room,
it is only possible to carry out short- and medium-
term conservation under natural conditions.

This type of storage has been used since the begin-
ning of the Bolivian quinoa collection. Plastic stor-
age containers, 0.4—2 mm thick, with a double lid
and 1 000 g capacity, are used. These containers are
able to withstand temperatures of 8-20°C and rela-
tive humidity of 15-60%. They are well designed for
short- to medium-term storage (IPGRI, 1996). Un-
der these conditions, accessions may be stored and
conserved for approximately 20 years, depending
on the genetic material (Figure 8).

In order to implement long-term quinoa conserva-
tion in Bolivia, research began in 2002 to test the
use of silica gel and Borax for drying seeds, but
the results failed to achieve the moisture levels as
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Figure 8. Storage room and laboratory for the processing and germination of seeds in the Andean grains genebank
run by INIAF in Bolivia

recommended in the Genebank Standards (FAO/
IPGRI, 1994). This was mainly due to the nature of
the small-scale prototypes that were built for this
purpose (Rojas and Camargo, 2002).

In the subsequent year of research, it became pos-
sible to establish a protocol for implementation
of long-term storage (Rojas and Camargo, 2003),
in accordance with international standards (FAO/
IPGRI, 1994), and long-term conservation began
with 247 quinoa accessions comprising the “core
collection” (Rojas, 2010).

This work represents the first experience of long-
term conservation with Bolivian quinoa germplasm.
The samples are 5 g per accession and the seed
moisture content is 3—7%. These samples vacu-
um-packed and hermetically sealed in aluminium
pouches and conserved at 20°C. After 5 years of
storage (2008), the first monitoring operation was
carried out on long-term stored seed. The results
were encouraging, because the germination per-
centage remained stable at 90-98% (an improve-
ment on initial germination percentages).

In Peru the main genebanks storing quinoa contain
areas and/or rooms prepared for conservation but
without cooling equipment. The areas are gener-
ally kept closed; temperature and humidity are
low, as is typical of the climatic conditions in places
located at > 3 000 m asl. This means that the ge-
netic material can be conserved naturally for long
periods.

In the Universidad Nacional Agraria La Molina
(La Molina National Agricultural University), the
genebank is situated in two locations: one in San
Lorenzo in the department of Junin, at 3 200 m asl
(under natural conditions typical of the locality);
and the other on the La Molina campus, where
two cold chambers are available with a capacity of
19 m?® with dehumidifiers and temperature gauges.
In this case, the accessions are stored at tempera-
tures of 4-5°C and 60-70% relative humidity.

The genebank of the Universidad Nacional del Alti-
plano de Puno (Puno Altiplano National University)
is located in the Camacani Research and Production
Centre in Plateria — Puno (15°56’41”S, 69°51'30”W;
3 824 m asl). The genebank run by INIA (Puno) is lo-
cated in the lllpa Experimental Station (15°40°55"’S,
70°04'29”W; 3 815 m asl) (Bravo et al., 2010).

The Puno INIA genebank offers short- and medi-
um-term storage for the quinoa collection at room
temperature (Bravo et al., 2010). On the UNALM
campus, on the other hand, storage is short term
in both cool chambers and naturally cooled areas,
because the collections are active and continually
added to and assessed. Plastic or glass containers
are used to store the seeds in both banks.

In Chile, the quinoa collections are stored in four
banks. The base genebank of the Vicufia Experimen-
tal Centre (INIA) is located in the region of Coquim-
bo. This contains a 330-m? storage chamber under
controlled conditions that operates at — 18°C and
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20% balanced relative humidity, and uses sealed
containers. It has the capacity to store 50 000 seed
samples. The Carillanca CRI active genebank (INIA
— Instituto de Investigaciones Agropecuarias [Ag-
ricultural Research Institute]) is located in Temuco
(region of Araucania). It contains a storage chamber
that operates at -5°C and 40-45% relative humid-
ity, and uses sealed containers (Salazar et al., 2006;
Ledn-Lobos et al., 2012; Madrid et al., 2011).

The Universidad Arturo Prat genebank is located
in Iquique (region of Tarapaca), where the seeds
are stored at 4°C. The Baer genebank is located in
Fundo ‘El Hualle’ (‘El Hualle’ estate) (region of Arau-
cania). The seeds are stored in a dark environment
and at room temperature and humidity; this form
of storage does not allow the seeds to be keptin a
good condition for subsequent germination (Sala-
zar et al., 2006; Madrid et al., 2011).

Progress in the characterization and evaluation of
quinoa

Characterization and evaluation are employed to
describe the qualitative and quantitative character-
istics of accessions. On the basis of these character-
istics, it is possible to differentiate and discriminate
between accessions, determine their potential util-
ity, build core collections and identify duplicates in
the collection. The characteristics, combined with
passport data, constitute essential information for
each accession. On this basis, it is possible to estab-
lish regional, national and international databases,
networks and platforms to share the information.

In Bolivia, the national quinoa germplasm collec-
tion has been in existence for over 40 years. Dur-
ing this time, characterization and evaluation have
focused, in particular, on agromorphological analy-
sis. In 1985, the first catalogue of quinoa conserved
in the genebank was published by the Patacamaya
Experimental Station (Espindola and Saravia, 1985).
The second edition, which was published in 2001
(Rojas et al., 2001), described the genetic variability
of 2 701 quinoa accessions through 59 qualitative
and quantitative variables. Although the informa-
tion was recorded on the basis of a “Quinoa descrip-
tors”, published in 1981 by IBPGR (now Bioversity
International). The catalogue reports information
on many more variables which have been identified
in various papers published since the 1980s.

A new “Quinoa descriptors” was subsequently pro-
posed, validated by researchers from Ecuador, Peru
and Bolivia (Rojas et al., 2003). The document was
revised by more than 50 experts from 40 organiza-
tions in 10 countries, and served as a basis for pub-
lishing an updated list of “Descriptors for quinoa and
wild relatives” (Bioversity International et al., 2013).
It should be emphasized that the wild relatives of
qguinoa were included in this revised version.

In 2001, work started on evaluating the nutritional
value and agro-industrial variables. Information was
recorded on 555 quinoa accessions with the aim of
increasing their use in the production of quinoa-
based processed products. Work was also carried
out on the molecular characterization of most qui-
noa accessions (Veramendi et al., 2013). The most
notable results are set out below, grouped on the
basis of certain parameters and according to the
number of accessions evaluated (Bioversity Inter-
national et al., 2013; Rojas and Pinto, 2013).

Agromorphological variables

The morphological and agricultural variability of
quinoa germplasm observed phenotypically during
the crop cycle was studied in Bolivia. The param-
eters of some variables of interest are given below
(Rojas, 2003; Rojas et al., 2009; Rojas and Pinto,
2013; Bioversity International et al., 2013).

Growth habit. Although branching and growth hab-
it are influenced by sowing density, four different
growth habits could be identified in the quinoa col-
lection (Figure 9).

The architecture of quinoa plants is very variable —
at both varietal and intrapopulation level. This hin-
ders the adaptation and/or design of harvest mech-
anization prototypes and makes other cultivation
work very labour-intensive. For this reason, it is im-
portant to work and select varieties taking into ac-
count the growth habit. For example “habit 1” (cor-
responding to plants that do not develop branches)
and “habit 2” (with branches to the bottom third)
could be very well suited to mechanized harvesting.
“Habit 3” generally corresponds to plants of the In-
ter-Andean valleys, whose plant architecture makes
them a possible alternative for use as forage while
their genes could contribute to crop expansion ar-
eas in valleys and places with higher rainfall (Rojas
and Pinto, 2013).
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Figura 9. Quinoa growth habits: 1 Simple, 2 Branched to bottom third, 3 Branched to second third and 4 Branched
with main panicle undefined (Rojas and Pinto, 2013; Bioversity International et al., 2013)

1 Glomerulate, 2 Intermediate and 3

Figure 10.
Amarantiform (Rojas and Pinto,
International et al., 2013)

2013; Bioversity

Plant colour. Between the stages of “panicle emer-
gence” and “start of flowering”, four colours are ex-
pressed that are typical of the quinoa crop: green,
purple, mixture and red. As the grain forms and physi-
ological maturity is reached, the quinoa plants never-
theless display different colours and colour combina-
tions: white, cream, yellow, orange, pink, red, purple,
coffee, grey, black, mixtures and wild green.

Panicle shape and density. Three panicle shapes are
observed: “amarantiform”, when the glomerules are
inserted directly in the secondary axis and have an
elongated shape; “glomerulate”, when the glomer-
ules are inserted in the glomerulate axes and are glo-
bose in shape; and “intermediate”, when the panicles
express both amarantiform and glomerulate traits

Figure 11. Panicle shapes: amarantiform (left) and
glomerulate (right)

(Rojas and Pinto, 2013). The panicle may also be lax
(loose) or compact — a characteristic determined by
the length of the secondary axes and pedicels. It is
compact when both are short (Figure 10).

Grain colour and shape. When quinoa grains reach
physiological maturity, they display a wide range
of colours, including: white, cream, yellow, orange,
pink, red, purple, light coffee, dark coffee, greenish
coffee and black. A total of 66 grain colours have
been characterized in the Bolivian national quinoa
collection (Cayoja, 1996).

There are four quinoa grain shapes (Figure 12). The
cylindrical and lenticular shapes (determined by
the appearance of the endosperm) of these grains
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—

Figure 12. Quinoa grain shapes (from left to right) : 1
lenticular, 2 cylindrical, 3 ellipsoid and 4 conical (Rojas
and Pinto, 2013; Bioversity International et al., 2013)

means that they can be satisfactorily used to make
products that, due to their amylose and amylopec-
tin content, can easily be used to produce custards,
puddings and instant sauces. Similarly, depending
on the starch grain size, they can also be used for
the production of popped or puffed grains (Rojas
and Pinto, 2013).

Figure 13 shows a wide diversity of quinoa grain
shapes, sizes and colours. When the product is pur-
chased in markets and fairs, however, consumers
differentiate between three colours: white quinoa,
coffee-coloured quinoa (known on the internation-
al market as “red quinoa”) and black quinoa.

Quinoa grains are characterized by a particular
feature: after desaponification, they assume three
commercial colours. Mixtures of quinoa varieties
are consumed and there is indirect underutilization
of the crop’s genetic potential. Quinoa consump-
tion in both Andean countries and export countries
corresponds to the raw material; farmers and com-
panies normally mix a set of varieties in order to
satisfy market demand in terms of volume.

Grain diameter. Grain diameter ranges from 1.36
to 2.66 mm; there is sufficient variability to imply
it could be exploited through genetic improvement
(Rojas, 2003). Small-grained quinoa varieties come
mainly from the northern Altiplano and the Inter-
Andean valleys, the large-grained accessions mainly
originate in the Intersalare areas of Uyuni and Coi-
pasa, corresponding to the southern Altiplano in
Bolivia.

According to IBNORCA (2007), the quinoa grain
may be classified into four categories according

Figure 13. Diversity of quinoa grain shapes, sizes and co-
lours compared with the three commercial colours

to its diameter: “extra large” (> 2.20 mm); “large”
(1.75-2.20 mm); “medium” (1.35-1.75 mm); and
“small” (< 1.35 mm). The “extra large” category in-
cludes ‘Quinoa Real’, whose main characteristic is
the large size of its grains, making it very desirable
on the international market. ‘Quinoa Real’ origi-
nates in Bolivia.

Its quality and reputation are exclusively due to the
geographical environment in which it is produced,
including the natural and human factors typical of
the southern Altiplano (Rojas and Pinto, 2013).

Crop cycle. Some accessions reach physiological
maturity within 119 days, while others take up to
220 days to mature (Table 1). This characteristic
depends on the genotype. Quinoas of the Inter-An-
dean valleys are later than those of the Altiplano.
The wide range of variation in the crop cycle is en-
couraging in terms of adapting the crop to variable
weather conditions and climate change.

Grain yield per plant. Yields as high as 250 g per
plant have been recorded. This variable also de-
pends on the genotype and variables believed to
contribute to yield, such as stem diameter, plant
height, panicle length and diameter, and grain di-
ameter.

Variables of nutritional and agro-industrial value

A summary of statistical parameters estimated for
each characteristic of the nutritional and agro-in-
dustrial value of quinoa is given in Table 2. These
are expressed on a dry basis (Rojas and Pinto, 2006;
Rojas et al., 2007; Rojas and Pinto, 2008). The ac-
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Table 1. Statistical parameters of central trend and dispersion for quantitative characteristics of Bolivian quinoa

germplasm
Component Minimum Maximum Mean SD
Flower bud (days) 95 51.72 5.66
50% flowering (days) 145 93,5 12.04
Physiological maturity (days) 119 209 176.89 19.79
Harvest index 0.06 0.87 0.4 0.12
Stem diameter (mm) 10.16 26.26 17.12 2.66
Panicle length (cm) 15.4 62.8 37.41 8.09
Panicle diameter (cm) 2.86 19.42 6.85 1.66
Plant height (cm) 174.2 110,84 17.51
Grain diameter (mm) 1.36 2.66 1.96 0.23
100-g weight (g) 0.12 0.6 0.27 0.08
Saponin content (cc) 10.88 3.16 3.02
SD = Standard deviation; Source: Rojas (2003)
cessions show wide variability for most characteris-
tics studied, which is a sign of the genetic potential
of the quinoa germplasm. 150
126
The amount of protein ranges from 10.21% to =
18.39% (Table 2). These values are wider than the ” 100
range of 11.6-14.96% reported by Morén (1999), »
quoted by Jacobsen and Sherwood (2002). Al- ¢ o
though the quantity of protein is a basic aspect, § Y
the quality is specific and depends on the essential ¢ 2 =
amino acid content. The quality of quinoa proteinis % 12 5
2

higher than that of protein in cereals.

Figure 14 shows the distribution of protein content
variation frequencies in part of the Bolivian quinoa
collection. It can be seen that in most quinoa ac-
cessions, the protein content ranges from 12% to
16.9%, while in a small group of accessions (42),
the content fluctuates between 17% and 18.9%.
This latter group constitutes an important source of
genes for promoting the development of products
with high protein content.

In these accessions, the fat content ranges from
2.05% to 10.88% and averages 6.39% (Table 2).
The upper range of these results is higher than
the range of 1.8-9.3% described by Bo (1991) and
Morén (1999), quoted by Jacobsen and Sherwood
(2002), who reported that the fat content of quinoa

(10-10.9%) (18-18.9%) 0

Protein (%)

(12-12.9%) (14-14.9%) (16-16.9%)

Figure 14. Variation in the protein content of 555 quinoa
accessions

is high value due to the high percentage of unsatu-
rated fatty acids. It is hoped that these quinoa val-
ues will be useful for obtaining fine vegetable oils
for culinary and cosmetic use.

Genetic variation in starch granule size ranges from
1 to 28 . This variable makes it possible to pro-
vide agro-industrial guidelines for producing differ-
ent mixtures with cereals and legumes in order to
establish the functional character of quinoa. The
starch granule needs to be small to facilitate the tex-
turizing process. When the starch granule is small,
it is easier to insufflate, as the spaces between the
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Table 2. Characteristics of nutritional and agro-industrial value and simple statistics for Bolivian quinoa germplasm

(n =555 accessions)

Component Minimum Maximum Mean SD

Protein (%) 10.21 18.39 14.33 1.69
Fat (%) 2.05 10.88 6.46 1.05
Fibre (%) 3.46 9.68 7.01 1.19
Ash (%) 2.12 5.21 3.63 0.50
Carbohydrates (%) 52.31 72.98 58.96 3.40
Energy (kcal/100 g) 312.92 401.27 353.36 13.11
Starch grain (p)* 1 28 4.47 3.25
Invert sugar (%)* 10 35 16.89 3.69
Fused water (%)* 16 66 28.92 7.34

Standard deviation; analysis performed by LAYSAA (Laboratorio de Analisis y Servicios de Asesoramiento en Alimentos
Test Laboratory and Food Advisory Services), Cochabamba, Bolivia; *(n = 266) Source: Rojas and Pinto (2013)

granules allow for larger quantities of air to be in-
troduced and exchanged, permitting a higher gen-
eration of air bubbles (Rojas et al., 2007).

The content of inverted sugars ranges from 10% to
35%. This variable expresses the quantity of sugar
that initiates fermentation by unfolding or inver-
sion; in other words, it can be used to determine
the quality of carbohydrates. This parameter also
permits quinoa to be classified as a food product
appropriate for diabetics. The optimum percentage
of inverted sugar is 2 25%. The accessions analysed
comply with this requirement and can be used in
mixtures with flour to produce bread, cereals etc.
(provided all the external saponin is removed from
the grain).

The variable “percentage of fused water” ranges
from 16% to 66%. It measures the capacity of the
starch to absorb water when making pasta, bread
and other baked goods. The ideal value for this pa-
rameter for industrial application is > 50%. In view
of this characteristic, quinoa germplasm also con-
stitutes an important source of genes for develop-
ing this product type.

Allowing for the concept of “genetic diversity” in
the production of processed products will ensure
that the genetic potential of quinoa is used in an ap-
propriate manner. It is possible to select and obtain:
varieties with higher protein percentages (2 18% )

suitable for more attractive products; varieties with
small starch granule diameters (< 3 p) ideal for ex-
cellent, homogeneous popped/puffed grains; and
varieties with stable percentages of amylase and
amylopectin for the production of custard desserts,
jellies, instant sauces and noodles. This immense
range of ways to enjoy and use quinoa goes hand
in hand with the conservation and use of genetic
diversity.

Molecular characterization

In the Bolivian collection, between 2004 and 2008,
it was possible to characterize 86% (2 701 acces-
sions) of the germplasm, allowing the genetic fin-
gerprinting of each quinoa accession. The infor-
mation generated can therefore be used to group
and differentiate accessions which are similar at
molecular level. Seventeen microsatellite primers
and ISSR markers were used for the typing. The
polymorphic information content (PIC) for the qui-
noa collection showed values of between 0.73 and
0.95 with an average of 0.84; all the markers were
found to be highly polymorphic (Veramendi et al.,
2013). The microsatellites, QAAT074, QAAT076 and
QAAT022, were found to be the most polymorphic
and their values were higher than those reported
by Mason et al. (2005) and Maughan et al. (2004).

In Peru, the 2 089 accessions in the Universidad
Nacional Agraria La Molina were characterized
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and evaluated, using the IBPGR quinoa descriptors
(1981). The groups of characteristics are described
below:

Morphological variables

Table 3 shows the most significant morphological
characteristics recorded in the UNALM quinoa col-
lection, which allows all morphological character-
istics of variants to be identified. The plant tissue
colour chart prepared by the Royal Horticultural So-
ciety of the United Kingdom was used to record the
colours. In the grain, colours were evaluated in the
quinoa pericarp (fruit-coat) and episperm (seed-
coat).

The variables evaluated include: flowering, corre-
sponding to the number of days from seedling emer-
gence from the soil to 50% of plants with the first
flower; maturation, corresponding to the number of
days from seedling emergence until 50% of plants
have dry stems and hard pasty grains; plant height,
measured from the soil surface to the apex of ma-
ture inflorescences and expressed in centimetres.

The evaluation generally showed a predominance
of earlier, shorter accessions from the Altiplano
(Puno) and a greater predominance of later, taller
accessions in other representative locations of the
Inter-Andean valleys (Gémez and Eguiluz, 2011).
When accessions were grouped by geographical
origin (Table 4), no clear pattern of differentiation
was identified between locations, considering the
descriptors of plant height and days to flowering
and maturation. This could be the result of the ex-
change of accessions between experimental sta-
tions and farmers.

The scale proposed by Solveig and Ames (2000) was
used to evaluate the reaction of the germplasm to
mildew, which is the most important disease of
quinoa, caused by the fungus Peronospora variabi-
lis. Table 5 shows an overview of the reactions of
accessions to mildew under conditions in Valle de
Mantaro — Junin, considered an area with a high
incidence of the disease. This collection did not
show total or qualitative resistance to the fungus.
A selection was therefore carried out for partial or

Table 3. Variation in the morphological characteristics of the quinoa collection held by Universidad Nacional

Agraria La Molina (UNALM)
Morphological characteristics
Leaf colour before flowering
Colour of leaf axils

Colour of stem striae

Peru (UNALM) ***
Green, purple, mixture, red
Green, purple, red, pink

Yellow, green, purple, pink, red

Colour of inflorescence at physiological maturity

Shape of inflorescence

Density of inflorescence

Colour of pericarp - seeds (fruit-coat)

Colour of episperm-seeds (seed-coat)

Source: Gémez and Eguiluz (2011)

Greenish-yellow, yellow, yellow-orange, orange, orange-red,
red, red-purple, purple, purple-violet, violet, violet-blue,
white, grey-white, yellow-white, white-orange, grey-yellow,
grey-orange, grey-red, grey-purple, grey-green, grey-brown,
brown, grey, black

Amarantiform, glomerulate and intermediate
Compact, intermediate, lax

yellow, yellow-orange, orange, orange-red, red, red-purple,
white, white-yellow, white-orange, grey-yellow, grey-orange,
grey-red, grey-purple, grey-green, grey- brown, brown, grey,
black

yellow, yellow-orange, orange, red-purple, purple, white,
white-yellow, white-orange, white-grey, grey-yellow, grey-
orange, grey-purple, brown, black
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Table 4. Range of variation in the agronomic characteristics of plant height, days to flowering and grain maturation
in the Universidad Nacional Agraria La Molina (UNALM) quinoa collection.

Locations N° of accessions Height (cm) Flowering (days)  Maturation (days)
Ancash 131 90 -240 70-115 170 - 215
Apurimac 140 125 -240 58 -110 170-210
Arequipa 17 64 - 140 85-115 170- 220
Ayacucho 4 89-126 60 - 65 160 - 180
Cajamarca 46 77 — 165 55-110 150 - 215
Cusco 275 52-176 50-115 140 - 200
Junin- Huancavelica 6 75-141 68 - 80 160 - 190
Puno 2 1434 36-185 50-98 115-185
Puno 1 138 75 -205 46 - 80 130- 175

Source: Gomez and Eguiluz (2011)

Table 5. Range of variation in response to the presence of mildew (Peronospora variabilis) for 2 089 quinoa acces-
sions under conditions in the Valle del Mantaro - Junin, Peru.

Departments Number of accessions R'a nge of Numbgr of acc.ession.s evaluated
evaluated variation (%) with partial resistance

Puno 1466 10-100 74

Cajamarca 39 40-90 0

Arequipa 17 80-90 0

Ancash 131 20-90 14

Junin 30-60

Huancavelica 1 30

Ayacucho 40- 60

Apurimac 150 20-90 18

Cusco 275 30-90 12

Total 2089 10-100 120

Source: Gomez and Eguiluz (2011) Grain quality variables.

guantitative resistance, which made it possible to
identify some accessions worth including in the im-
provement programme based on percentage sever-
ity and reproductive development of the pathogen.

Of the 2 089 accessions from the UNALM germ-
plasm collection, 953 were characterized according
to grain size, protein and saponin content.

For the grain size, the accessions were graded on
the basis of grain size using meshes containing per-
forations with diameters of 1.4 mm (small grains),
1.7 mm (medium-sized grains) and 2.2 mm (large
grains).

The procedure used to evaluate saponin was devel-
oped on the basis of a proposal by Koziol (1990),
modified by Balsamo (2002). Koziol (1990) estab-
lished 0.11% (wet basis) as the threshold for the
detection of bitterness caused by saponins in qui-
noa. Quinoa accessions containing less saponin
may therefore be considered sweet (0.7 cm foam
height), while very bitter quinoas exceed a foam
height of 6.6 cm — the equivalent of 1.69% (dry ba-
sis) of saponin.

Table 6 shows the information generated on these
three descriptors associated with quality. The qui-
noas were grouped into sweet (0) and bitter (1)
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on the basis of their saponin content (Gémez and
Eguiluz, 2011).

The Universidad Nacional del Altiplano in Puno
has characterized 1 029 accessions using eight
phenotypic descriptors (stem colour, days to flow-
ering, type of inflorescence, inflorescence colour
and length, plant height, biomass and grain yield).
Based on these characteristics, a “core collection”
was built up comprising 103 accessions containing
native ecotypes and varieties representing a large
proportion of variation in the germplasm collection
(Ortiz et al., 1988).

The Puno INIA characterized 536 quinoa accessions
(68%) by applying the descriptors of plant colour,
type of inflorescence, frost damage and grain yield.
The results show that the plant colour (green, pink
and purple) was observed in 149 accessions. The
predominant inflorescence type is glomerulate with
380 accessions, 21 of which amarantiform and 135
intermediate. A total of 91 frost-tolerant accessions
were identified. Grain yield varies widely (Bravo et
al., 2010).

In Chile, there is currently an agronomic character-
ization for 28 accessions from the UNAP collection,
using 11 morphologicaland productivity descriptors,
(Fuentes and Bhargava, 2011). This characterization
was carried out at low altitude, in the Canchines
Experimental Station run by UNAP (20°26.562’S,

69°32.197°W; 1 005 m asl), near Iquique. The qui-
noa collection of the INIA base genebank, on the
other hand, was regenerated and characterized in
2013 and the information is currently being pro-
cessed (P. Ledn-Lobos, unpublished data).

This involved evaluation of the genetic diversity of
the 28 UNAP accessions plus 31 accessions from
low altitude areas from different genebanks, using
microsatellite markers (Fuentes et al., 2009). This
study succeeded in detecting 150 alleles among
the quinoa accessions evaluated, with an average
of 7.5 alleles per locus. Based on an analysis of the
main components, it was possible to separate the
accessions into two separate groups: one contain-
ing accessions from the Chilean Altiplano (Salare
ecotype); the other containing accessions from low
altitude coastal areas (Coastal ecotype).

Procedures for regenerating and multiplying
accessions

In general, even though the seeds are stored under
optimum conditions, there is a decline over time in
terms of quantity (due to use and distribution) and
germination rate. According to Jaramillo and Baena
(2000), aim of achieving an optimum seed sample
size is known as “multiplication”, while the aim of
restoring viability is known as “regeneration or re-
juvenation”. This routine procedure is part of the
process of managing a genebank: when accessions

Table 6. Occurrence of seeds germinated from INIAF quinoa accessions, Bolivia.

Locations N2 of accessions ( diamzltz:r - Protein (%) (0=swseae|?coln="|:)itter)
Apurimac 145 1.2-1.7 10.3-16.7 0-1
Ayacucho 3 14 13.1-13.9 1
Cajamarca 12 1.4-1.7 13.2-14.9 0-1
Ancash 127 1.2-2.2 10.3-16.5 0-1

Cusco 133 1.4-1.7 13.3-18.6 0-1

Junin 3 14 14.1-14.3 0-1

Puno 1 138 1.4-1.7 7-24.4 0-1

Puno 2 Bitter 220 1.4-2.2 7.9-23.7 1

Puno 2 Sweet 172 1.4-1.7 7.1-23.2 0



CHAPTER: 1.5 QUINOA GENETIC RESOURCES AND EX SITU CONSERVATION

fall below a threshold of quality (FAO, 2013) and
quantity, they must be regenerated and multiplied.

In the INIAF collection in Bolivia, prior to regen-
eration, monitoring is carried out by means of ger-
mination tests to establish the seed germination
rate, following the procedures established by ISTA
(1993). The latest seed germination tests were car-
ried out from 2010 to 2012 and involved 2 675 ac-
cessions. The aim was to monitor the behaviour of
quinoa accessions and plan the germplasm regen-
eration on the basis of the results. In 2010, 200 ac-
cessions were analysed: for 31% of accessions, the
germination rates were < 80; for 69% the germina-
tion rates exceeded 80% (Table 7).

During 2011 and 2012, 2 475 accessions were ana-
lysed, and it was observed that the germination
rates were < 80 for 70.11% (in 2011) and 79.40% (in

2012) of the accessions; the germination rates were
> 80% in 20.89% (2011) and 20.60% (2012) of ac-
cessions (Table 7). These results were used to plan
the regeneration process, taking into account also
the areas of origin of the accessions. As far as the
seed quantity is concerned, it has been calculated
that 60 g of quinoa is the minimum quantity that
can be used as a parameter for the multiplication
operation (Rojas and Bonifacio, 2001).

In the UNALM genebank in Peru, seed generation is
carried out every 4-5 years. This period was calcu-
lated taking into account the effect of storage con-
ditions on the viability of quinoa, which very easily
loses its viability as a result of the climatic condi-
tions under which it is stored.

The accessions are multiplied on the La Molina
campus (located in mountainous conditions at

Table 7. Occurrence of seeds germinated from INIAF quinoa accessions, Bolivia.

Seeds germinated

Year Country < 80 (%) > 80 (%) Total
Accessions Accessions % Accessions %
2010 04 Bolivia 62 31.00 138 69.00 200 100.00
2011 02 Ecuador 5 62.50 3 37.50 8 100.00
03 Peru 192 55.81 152 44.19 344 100.00
04 Bolivia 617 75.89 196 24.11 813 100.00
05 Chile 60.00 6 40.00 15 100.00
06 Argentina 90.00 1 10.00 10 100.00
07 Mexico 50.00 1 50.00 2 100.00
11 No data 18 78.26 5 21.74 23 100.00
Unidentified 3 100.00 0 0.00 3 100.00
Total 854 70.11 364 29.89 1218 100.00
2012 02 Ecuador 8 61.54 5 38.46 13 100.00
03 Peru 85 76.58 26 23.42 111 100.00
04 Bolivia 891 79.84 225 20.16 1116 100.00
05 Chile 1 100.00 0 0.00 1 100.00
07 Mexico 1 50.00 1 50.00 2 100.00
08 No data 2 100.00 0 0.00 2 100.00
09 No datao 1 50.00 1 50.00 2 100.00
10 No data 2 100.00 0 0.00 2 100.00
Unidentified 7 87.50 1 12.50 8 100.00
Total 998 79.40 259 20.60 1257 100.00
Total 1914 71.55 761 28.45 2675 100.00
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3 200 m asl) in small groups to facilitate isolation.
The main aims of multiplication are: to increase
seed quantity for subsequent adaptation and yield
studies in different locations; and to proceed fur-
ther with quality studies, sometimes including de-
structive tests.

Care is taken to avoid genetic and physical contami-
nation of accessions. Sowing for regeneration and/
or multiplication is carried out in small, manageable
groups that are interspersed with accessions of am-
aranth, corn, oats or rye; when necessary, the seeds
are cultivated in complete isolation.

Documentation systems applied in the manage-
ment of quinoa germplasm

The process of recording, organizing and analysing
conservation data is known as documentation. It is
essential for identifying the germplasm and mak-
ing decisions with regards to its management. The
value of the germplasm increases as more is known
about it — hence the importance of ensuring it is
well documented (Jaramillo and Baena, 2000).

The likelihood of accessions being used increases in
direct proportion to the availability of information
describing their characteristics and genetic poten-
tial. An accession cannot be identified as such if no
information is available. For this reason, it is impor-
tant to document the information in a systematic
manner, including the maximum amount of pos-
sible detail.

In the INIAF quinoa collection in Bolivia, germplasm
information is documented using one manual sys-
tem and one electronic system. The data sets in
which the quinoa germplasm information is or-
ganized are as follows: a) passport and collection
data; b) characterization and evaluation data; and
c) management data.

The electronic system is organized in different da-
tabases. In the pcGRIN system, provided by IPGRI
(Hoogendijk and Franco, 1999), 2 701 quinoa ac-
cessions are documented with the following infor-
mation: passport data, personnel data, geographi-
cal data, taxonomic data and characterization and
evaluation data (Rojas and Quispe, 2001).

The information is organized using Microsoft Excel
into double-entry tables; the database is interac-

tive with an information flow structure, supported
by pivot tables and menus for quick reference. De-
scriptive statistics of inventory, passport and viabil-
ity data are generated, making it possible to make
practical decisions (Figure 15).

Lastly, progress has been made with the DBGermo
system, developed by INTA in Argentina. It orga-
nizes information on passport, characterization and
evaluation data for the INIAF quinoa germplasm
collection.

In Peru, the quinoa germplasm collection held by
the Universidad Nacional Agraria La Molina has
set up a database based on the quinoa passport
and descriptive data published by IBPGR (1981).
The program NTSYS Spc2.1 (Numerical Taxonomy
System) is applied for the statistical analysis of
information.

In Chile, institutions managing genebanks and work-
ing collections record the information manually and
using computers (through the use of electronic aids
such as Excel spreadsheets). INIA genebanks imple-
ment the Grin-Global database to curate their col-
lections. INIA quinoa collection passport data are
entered in this IT system and may be consulted on-
line.

Experiences and links with in situ conservation
work

The Andes is one of the most important mountain
ranges in the world. In this ecoregion containing
many special niches and a large number of plant
associations, it has been possible for wild and cul-
tivated quinoa to develop great genetic diversity.
The plant is still found under natural conditions and
growing as a crop in the fields of Andean farmers.

In the Andean region, it is possible to find agro-
ecological areas housing quinoa with significant
diversity and variability, displaying individual char-
acteristics in terms of botanical, agronomic and
crop adaptation traits. These areas have developed
their own production systems based on the differ-
ent individual agro-ecological conditions: Salare,
Altiplano, Inter-Andean valleys, Coastal and Yunga
(Lescano, 1989; Tapia, 1990; Rojas and Pinto, 2013).

In situ conservation is defined as the maintenance
of crop genetic resources in their natural habitat and
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Figure 15. Microsoft Excel database of the INIAF quinoa collection, Bolivia

wild forms (Oldfield and Alcorn, 1987; Brush, 1991;
Friis-Hansen, 1994). Traditional systems of cultiva-
tion — the chacras or farms — by means of which
farmers traditionally conserve crop diversity, are also
considered local spaces for in situ conservation of
plant genetic resources for food and agriculture.

Traditional crop fields are a “mine of germplasm”,
where traditional varieties are maintained and
where nature does its work of natural selection in
conjunction with peasant farming traditions of seed
propagation. Traditional knowledge is a key compo-
nent of present-day agricultural biodiversity, and
rural communities are responsible for its existence
and evolution. Many factor, including knowledge of
crops, use of food, associated culinary arts, agricul-
tural management technologies and infrastructure,
and local weather, are as important as the genetic
resources themselves.

In this form of in situ conservation, farming families
play an important role, with a number of interacting
external and internal factors determining whether
or not they will decide to continue planting a par-
ticular variety (landrace) and/or crop. These local
dynamics occur in areas that are home to a wide
diversity of crops and varieties, and where the on-

going management by families of the different local
varieties will confer an evolutionary trend of adap-
tation to environmental, social and economic con-
ditions by the planted materials.

While ex situ conservation is a model operating
through genebanks that have been built up from
biological material collected during prospecting op-
erations conducted in situ and on farms, it is very
unlikely that genebanks will contain the same ma-
terial present in situ for various reasons (Wood and
Lenne, 1997).

Local diversity is constantly evolving and accessions
delivered to genebanks reflect a snapshot or image
of a situation at a particular time or period. On the
other hand, the same methodology has not always
been applied when collecting samples from differ-
ent quinoa-growing areas in widely varying geo-
graphical locations. As a result, genebanks do not
fully reflect the variability present in a given region
or country (Madrid et al., 2011).

The great genetic diversity of quinoa comes from
wide geographical diversity backed by a variety of
farming practices and systems (Bazile and Negrete,
2009; Fuentes et al., 2012). The perception and
scale of this diversity must be considered in order
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to appreciate the genetic diversity of quinoa and
to support the maintenance of crop diversity for in
situ conservation (Louafi et al., 2013), in particular
through networks promoting and generating this
biodiversity (Santonieri et al., 2011).

Support initiatives have been developed through-
out the Andes to promote in situ conservation of
qguinoa. For example, in Bolivia, the first in situ
conservation work with quinoa began in the area
surrounding Lake Titicaca in 2002. It involved the
study of varieties kept locally in traditional man-
agement systems. The results showed a reduction
of up to 70% in locally conserved diversity com-
pared with the diversity safeguarded in the gene-
bank (Pinto et al., 2006; Pinto et al., 2007; Rojas
et al., 2003b). Subsequently, preliminary findings
from case studies showed that internal and ex-
ternal factors influenced families when deciding
whether or not to continue planting quinoa variet-
ies (Alanoca et al., 2004).

As part of the ex situ—in situ relationship, annual
participative assessment studies have been per-
formed using quinoa since 2003, including gene-
bank material and local varieties. Seed diversity
fairs were organized to promote the diversified
use of quinoa (Pinto et al., 2010). Visits by farm-
ers to genebanks were promoted, and genebank
staff were encouraged to participate in various ru-
ral and urban fairs. In this way “community quinoa
and cafiahua genebanks” were set up within the
framework of the National System of Genetic Re-

sources for Food and Agriculture (SINARGEAA) and
were implemented in the communities of Antara-
ni, Patarani, Coromata Media and Rosapata near
Lake Titicaca (Rojas et al., 2012).

In 2011, a network of “farmer custodians” was es-
tablished, and “community genebanks” have since
been implemented in eight communities (Cachila-
ya, Coromata Media, Antaquira, Pucamaya, Erben-
kalla, Rosa Pata, Corqueamaya and Suruquifa) near
Lake Titicaca as part of a strategy for the participa-
tive documentation and monitoring of agricultural
biodiversity and traditional knowledge. This experi-
ence is conducted with an agricultural biodiversity
approach and focuses its efforts on understanding
and observing inter- and intraspecific diversity of
crops useful for food, medicine and other applica-
tions. It also includes the development of a new
method involving a red list for cultivated species
(Padulosi et al., 2012).

The quinoa collection that INIAF is in charge of is
linked to two microcentres of the area surrounding
Lake Titicaca, located in the community of Cachilaya
(province of Los Andes) and the community of Titi-
joni (province of Ingavi) in the northern Altiplano of
La Paz (Figure 16). In situ conservation work is car-
ried out in these microcentres, including monitoring
and characterization of the genetic diversity of crops
and varieties kept by families, taking into account lo-
cal dynamics and interactions with the surroundings.

In situ conservation in Peru is mainly carried out

Figure 16.Microcentres: Titijoni (left) and Cachilaya (right), department of La Paz, Bolivia
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in Puno, through the annual cultivation of quinoa
in Aynokasor areas, where it shares space with its
wild relatives. Traditional management practices
ensure a food supply for family and community
and effectively manage crop diversity, pests and
diseases, thanks mainly to the adoption of a rotation
system and the cultivation of the crop at different
altitudes (Ichuta and Artiaga, 1986).

Mujica and Jacobsen (2000) reported the presence
of systems where quinoa and its wild relatives are
preserved under different names, such as mandas
and laymes. Wild relatives are also found growing in
isolation on the edges of fields or in places considered
sacred (House of the Gentiles or Phiru). These species
are prized by farmers as food (leaves consumed as
a vegetable, or grain consumed roasted), for their
medicinal value or for use in ancient rituals, especially
in periods of climatic adversity.

Conclusions

Quinoa plant genetic resources are essential for
food and nutrition security and sovereignty of
peoples and they make a significant contribution
to the basic needs of humanity. They are part
of countries’ ancestral and cultural heritage,
especially the countries of the Andean region; their
conservation and sustainable use are therefore the
responsibility of society as a whole.

In Andean countries, policies for conservation
of plant genetic resources are on the whole
unclear. This is particularly the case for the ex situ
conservation of quinoa germplasm collections.
Bank activities are determined by the objectives or
interests of the institution in charge and are often
based on the individual interests of researchers.
They should receive priority in budget allocation,
because these resources must be handed down from
one generation to the next as they have a vital role in
supporting the very existence of the human species.

The genetic diversity of quinoa preserved ex situ
in different countries is relatively large considering
the number of accessions in the collections and
their ecogeographical origin. More than 88% of
this diversity is located in genebanks in the Andean
region. Although this concentration could promote
use of the resources, in reality, the extent of use of
collections is inadequate and way below potential.

Despite the effort made, not all genebanks in the
Andean region conserving quinoa have optimal
storage conditions to ensure medium- and long-
term preservation of germplasm. Technologies
must be adopted to optimize the efficient and safe
conservation of quinoa collections. It is important
to rationalize the resources invested to maintain
the collections and meet international standards
for germplasm management.

Efforts must be made to develop or adapt protocols
and procedures to optimize the management
of quinoa collections. Management of the bank
must also been streamlined: increasing the use
of germplasm; creating links between genebanks;
and making connections with potential users of
conserved germplasm.

In general, the databases where the information
generated by the banks is stored are off limits
to bank staff, and there is no online access. This
means that data are only circulated through
technical reports, scientific publications and
sometimes through germplasm catalogues. With
the exception of INIA (Chile), there are no public
Web sites with minimal information on the quinoa
accessions conserved in genebanks.

There are a limited number of initiatives linking the
activities of quinoa banks with in situ conservation
work undertaken by farm families. It is important
for ex situ and in situ work to be complementary,
because the disadvantages of one are offset by the
advantages of the other: the material preserved in
situ, in particular, contains genes that are important
for improvement.

It is necessary to develop protocols and/or lists of in
situ descriptors to record agrobiodiversity managed
in traditional farming systems, and to involve mem-
bers of the community in carrying out this work in
conjunction with local stakeholders, such as munici-
palities and other organizations.

In Bolivia INIAF is spearheading the drive to estab-
lish a national genetic resources system, with the
participation of the various stakeholders in the
country working with ex situ and in situ conserva-
tion, including farmers’ organizations.
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Annex 1. Details of countries and institutions in the world which maintain ex situ collections of quinoa
(Chenopodium quinoa, C. album, C. berlandieri, C. hircinum, C. petiolare, C. murale and Chenopodium sp.).

No

1

Countries

Bolivia

Peru

Ecuador

Argentina

Chile

Colombia

Germany

India

N° total of
accessions

6721

6302

673

492

286

28

987

294

Code
WIEWS

BOL138

BOL094
BOL100

BOL318

BOL319

BOL107
PER859
PERO14
PERO30
PER012
PER041
PERO29
PER002
PER0O7
PERO27

ECU023

ARG1191;

ARG1342

ARG1349

ARG1350
CHL028
CHLOO4
CHLOO03

CHL142
CHLOO06

COoL029

DEU146

DEU109

INDOO1
IND032
IND414

Institution
Instituto Nacional de Innovacién Agropecuaria y
Forestal - INIAF
Facultad de Agronomia UMSA
Facultad de Ciencias Agricolas, Pecuarias y Veterinaria

Unidad Académica Campesina Tiahuanacu —
Universidad Catdlica Boliviana San Pablo

Carrera de Ingenieria Agronémica — Universidad
Publica de El Alto

Centro de Investigacién y Produccién Comunal IRPANI
Estacion Experimental Agraria lllpa, Banco Base Quinua
Estacion Experimental Agraria lllpa

Estacidn Experimental Agraria Andenes

Estacion Experimental Agraria Bafios del Inca

Estacion Experimental Canaan

Estacidn Experimental Agraria Santa Ana

Universidad Nacional Agraria La Molina

Universidad Nacional del Altiplano

Universidad Nacional San Antonio Abad del Cusco

Departamento Nacional de Recursos Fitogenéticos y
Biotecnologia

Facultad de Agronomia, Universidad de Buenos
Aires; Banco Base de Germoplasma, Instituto de
Recursos Bioldgicos, Instituto Nacional de Tecnologia
Agropecuaria

Banco Activo de Germoplasma del Noroeste Argentino
(NOA)

Banco Activo de Germoplasma de La Consulta
Banco Base INIA Inihuasi
Centro Regional de Investigacion INIA Carillanca

Facultad de Ciencias Agrarias Universidad Austral de
Chile

Universidad Arturo Prat de Iquique
Ingrid Van Baer de Temuco

Centro de Investigacidn de La Selva, Corporacién
Colombiana de Investigacion

Genebank, Leibniz Institute of Plant Genetics and Crop
Plant Research

Greenhouse for Tropical Crops, Institute for Production
and Nutrition of World Crops, Kassel University

National Bureau of Plant Genetic Resources
Regional Station Shimla, NBPGR

CSK HP Krishi Vishvavidyalaya, Palampur

Acronym

BNGA

FA-UMSA
FCAP-UTO

UACT-UCB

CIA-UPEA

CIPROCOMI
INIA-BB Quinua
INIA-EEA.ILL
INIA-EEA.A
INIA-EEA.BI.
INIA-EEC
INIA-EEA.SA.
UNALM
UNA
UNSAAC/CICA

DENAREF

UBA-FA; BBC-INTA

BGNOA

BGLACONSULTA
INIA INTIH
INIA CARI

IPSV - UACH

UNAP

CORPOICA

IPK

GHK

NBPGR
NBPGR
CSK HPKV

Accessions
by Institution

3178

1370*
1780

257*

136*

262
1910
789
700
235
123
63
2089
1873
430

673

492

40

15
203
84

15

31
91

28

984

193
98
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N°totalof  Code Accessions
N° ntri Institution Acronym -
Countries accessions WIEWS stitutio ony by Institution
North Central Regional Plant Introduction Station,
9 USA 229 USA020 USDA-ARS, NCRPIS NC7 229
10 Japan 191 JPNOO3 Departm.ent qf Genghc Resources |, National Institute NIAS 191
of Agrobiological Sciences
Genetic Resources Unit, Institute of Biological,
’ S Environmental & Rural Sciences, Aberystwyth University a3 elid )
Unite
1 Kingdom 65 Millennium Seed Bank Project, Seed Conservation
GBR004 Department, Royal Botanic Gardens, Kew, Wakehurst RBG 42
Place
AUSO4S Australian Tropical Crops & Forages Genetic Resources ATCEC 27
Centre
12 Australia 36 : "
Australian Medicago Genetic Resources Centre, Sout
AT Australian Research and Development Institute LIS g
13 Ethiopia 20 ETHO13 International Livestock Research Institute ILRI-Ethiopia 20
— ZAF001 DIVI.SIOFI of Plant ar.1d Seed Fontrol, Department of PREPSC 5
14 7 19 Agriculture, Technical Service
Africa
ZAF064 RSA Plant Genetic Resources Centre PGRC 14
15 Hungary 17 HUNOO3  Institute for Agrobotany RCA 17
16 Slovakia 15 SVK001 Plant Production Research Center Piestany SVKPIEST 15

Comunidad de Madrid. Universidad Politécnica de
ESP003 Madrid. Escuela Técnica Superior de Ingenieros UPM-BGV 7
Agrénomos. Banco de Germoplasma

Instituto Nacional de Investigacion y Tecnologia

= S[pain J ESPO04  Agraria y Alimentaria. Centro Nacional de Recursos INIA-CRF 1
Fitogenéticos
Junta de Castilla y Ledn. Instituto Tecnoldgico Agrario de
257008 Castilla y Ledn. Centro de Investigacién de Zamaduefias st -
18 Kenya 6 KENO15 National Genebank of Kenya, Crop Plant Genetic KARI-NGBK 6
Resources Centre - Muguga
Plant Gene Resources of Canada, Saskatoon Research
9 it > CANOD4 Centre, Agriculture and Agri-Food Canada PGRC >
AUTO01 AGES Linz - Au.strlan Agency for Health and Food Safety BVAL 3
/ Seed Collection
20 Austria 5 - e I
Office of the Styrian Regional Government,
SR Department for Plant Health and Special Crops RUERD 2
PRT102 Banco de Germoplasma - Universidade da Madeira ISOPlexis 3
21 Portugal 4 S i) [BFelEer
PRTO1S Departamento.de Botanica e Er]genharla Bioldgica, ISA 1
Instituto Superior de Agronomia
Czech Genebank Department, Division of Genetics and Plant
22 Republic . CeBio2 Breeding, Research Institute of Crop Production 187 e
23 Uruguay 3 URY003 INIA La Estanzuela INIA LE 3
24 Zambia 3 ZMBO030  SADC Plant Genetic Resources Centre SRGB 3
25 Turkey 3 TUROO1  Plant Genetic Resources Department AARI 3
26 Lesotho 2 LSO002  Department of Agricultural Research 2
27 Brazil 1 BRAO0O3  Embrapa Recursos Genéticos e Biotecnologia CENARGEN 1
28 Sweden 1 SWE054  Nordic Genetic Resource Center NORDGEN 1
29 Romania 1 ROMO007  Suceava Genebank BRGV 1
30 Jordan 1 JOR0O6 National Centre for Agricultural Research and NCARTT 1
Technology Transfer
Total 16422 59 banks 18787

Source: Prepared with information from WIEWS 2013 and with the collaboration of experts working with ex situ collections of quinoa
* Data reported directly by the institution and not reflected in WIEWS
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Abstract

As proposed by FAO, the General Assembly of the
United Nations declared 2013 as the International
Year of Quinoa (1YQ), highlighting the potential role
of quinoa’s biodiversity in contributing to global
food security, given its high nutritional value and
tremendous potential to adapt to different agro-
climatic conditions. The declaration recognizes the
role of the Andean communities in creating this bi-
odiversity and conserving numerous local varieties
of quinoa. The cultivation of quinoa on other conti-
nents will continue to expand in the coming years,
and there will be an increasingly widespread dis-
tribution of systems of intellectual property rights
(IPR) governing varieties or genes. It is, therefore,
essential to recognize the contribution made by the
Andean communities, applying measures to guar-
antee the fair and equitable sharing of the benefits

derived from the use of quinoa’s genetic resources
and associated traditional knowledge. This chapter
addresses these issues.

Four main targets can be identified: recognition of
the Andean identity of quinoa’s genetic resources
and the associated traditional knowledge; conser-
vation of the components of biological diversity
and ecosystems; sustainable and effective use of
guinoa’s genetic resources in order to encourage in-
novation; fair and equitable sharing of the benefits
derived from the use of these resources and associ-
ated traditional knowledge.

The existing international frameworks do not ad-
dress these issues in a satisfactory way. The CBD
and the Nagoya Protocol regulate bilateral access
and benefit-sharing. However, quinoa’s genetic re-
sources are transboundary and for decades they
have been disseminated outside the Andean zone.
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The International Treaty on Plant Genetic Resources
for Food and Agriculture (Treaty) addresses these
various objectives but does not cover the many dif-
ferent non-agricultural and non-food uses of quinoa
(medicinal applications, cosmetics etc.). It also fails
to address adequately (at least so far) the in situ
conservation dimension — a critical aspect for the
fair and equitable sharing of benefits derived from
the use of quinoa with the Andean populations. In-
tellectual property rights, even those that are sui
generis, including plant variety protection (PVP)
certificates, geographical indications and collective
trademarks, mainly focus on encouraging innova-
tion. They are temporary (of limited duration and
validity) and are not recognized by all countries.
IPR mechanisms do not address the conservation
of genetic resources and alternative solutions are
required. Soft laws instruments such as the FAQ'’s
Globally Important Agricultural Heritage Systems
(GIAHS) and biocultural landscapes deals with in
situ conservation for the protection of agrarian sys-
tems that enrich biodiversity. Nevertheless, they
are unsuitable for dealing with ex situ biodiversity
conservation and the fair and equitable sharing of
the benefits derived from the use of genetic re-
sources. Although the Open Source Seed Initiative
seems to provide an interesting alternative mecha-
nism for the multiple stakeholders involved in dif-
ferent stages of production, selection, diffusion and
conservation, it lacks a legal structure which would
allow it to protect the exchange of genetic mate-
rial and prevent misapropriation. However, these
systems do not include wild crop relatives. They
focus predominantly on varieties of the cultivated
species.

Consequently, there is no single legal framework
capable at this stage of dealing simultaneously and
globally with the four areas identified. The gaps in
each of these instruments are an incentive for im-
provement. Solutions still need to be developed to
better harmonize the different existing legal frame-
works and soft laws mechanisms and/or create new
complementary ones. The rapid spread of quinoa at
global level provides an opportunity to consider the
implications of the current regulatory instruments
for genetic resources so that they can be improved
and implemented anew.

Introduction

At present, just 12% of the main crop species culti-
vated provide 75% of our food. Of these, wheat, rice
and maize provide 60% of the calories consumed in
the world (FAO, 2010).

All countries are now increasingly interdependent
for meeting their food and agricultural require-
ments. It should be noted that over the past 10
000 vyears, since the emergence of agriculture, the
world’s agrarian societies have created and devel-
oped agricultural plant genetic resources in five
main centres of origin: the Near East (barley and
wheat); southern Asia (rice); Africa (millet and sor-
ghum); Central America (maize); and South Ameri-
ca (potato and quinoa) (Bazile, 2012).

The history of the domestication of cultivated
plants that has led to their world expansion goes
back a long way and is linked to several periods
of agricultural development (Bazile, Fuentes and
Mujica, 2013). The genetic resources of cultivated
plants have been collected and exchanged locally or
via human migration for over 10 000 years. These
species are now cultivated on vast areas of land
throughout the world. Furthermore, they are con-
sidered the main crops for agricultural production
and world food security.

The genetic resources of the main crop species
have been and continue to be the focus of major
plant breeding research associated with processes
of ex situ conservation. In the case of “secondary”
food species, the creation of genetic diversity oc-
curs via a continuous process in the field. Farmers
are constantly looking to introduce new genetic
material in order to avoid low productivity of their
own varieties reproduced each year. Low quality
observed in seeds is often resulting in a decrease in
productivity due to the degeneration of the genetic
material caused by cross-pollination with other lo-
cal varieties.

To guarantee these dynamics of change, the dis-
semination of plant genetic resources is based on
principles of free access and distribution. In the
light of recent advances in biotechnology, intellec-
tual property rights (primarily patents) are being
extended to the genetic resources of living organ-
isms based on principles of ownership and exclu-
sivity. This defines the standards governing the
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movement of improved varieties produced by both
private and public breeders of new plant varieties
(Bazile, 2011).

In this context, the case of quinoa is highlighted.
It is a crop located in Andean countries, which is
spreading to numerous countries across all the
continents and has the potential to become a main
crop in world agriculture (Galwey, 1993; Jacobsen,
2003; NRC, 1989). At global level, the rapid expan-
sion of the areas where it is grown led FAO to de-
clare 2013 as the International Year of Quinoa. It is
rare for a crop of regional status, and considered as
minor crop, to obtain such world recognition. This
situation must be emphasized.

The evident change in status of this species, which
was domesticated on the shores of Lake Titicaca,
may provide a model for examining and analysing
the current legal regulatory frameworks for genetic
resources.

In fact, potato (Solanum tuberosum sp.) ranks
fourth among the world’s main food crops. Like
quinoa, potato originates from the Andes, in the
Lake Titicaca basin, where it was first cultivated
over 8 000 years ago.

Andean farmers had access to a large wild popula-
tion from which they were able to select and im-
prove the first specimens, which thousands of years
later have produced the tremendous diversity of
potato species and varieties known today.

The genetic diversity of Solanum tuberosum is di-
vided into two subspecies: the first, andigena, is
adapted to a photoperiod of 12 hours of sunlight
and is mainly cultivated in the Andean region; the
second, tuberosum, is grown throughout the world.
The tuberosum subspecies will have developed
from andigena, which was introduced in Europe
long ago and gradually adapted to the Northern
Hemisphere with its longer days.

Nowadays, approximately 5 000 local potato varie-
ties are grown in the Andes. The new potato varie-
ties are cultivated mostly in Asia and Europe and
currently account for over 80% of world production
(Alary et al., 2009). Europeans are the world’s big-
gest potato consumers — 85 kg per person in 2009
(FAOSTAT).

Although the evolution of potato’s global distribu-
tion took place in a different period, it could shed
light on the trajectory of quinoa’s current spread
across the world. When examining the existing le-
gal regulatory frameworks, potato could be a use-
ful reference to determine whether or not these
processes will be repeated. This historical insight
provides the opportunity to see how new legal
regulatory frameworks can be applied to genetic
resources (Trommetter, 2001, 2012).

At present, industrialized countries — with industrial
farming — have the majority of intellectual property
rights or legal protection for new plant varieties or
so-called improved varieties. This asymmetry with
developing countriesis due in part to the differences
in access and research capacity with regard to new
biotechnology for plant breeding. In EU countries,
there are over 1 600 varieties of potato registered
in the European catalogue and 16 481 plant variety
protection (PVP) certificates have been deposited
in the International Union for the Protection of New
Varieties of Plants (UPOV). At global level, there are
now 20 PVPs for new varieties of quinoa, of which
16 were obtained in Denmark and the Netherlands.

Introduced by the Spanish to Europe in the six-
teenth century, potato went from being just a few
tubers to becoming an essential food for countries
in northern Europe in the eighteenth century. Un-
fortunately, mildew developed as a result of the
monoculture of a small number of potato varieties.
This situation led to the great famine of the nine-
teenth century (1846—1851), causing the loss of
25% of the Irish population in 10 years.

Even today, the strategies for disseminating new
plant varieties or so-called improved varieties de-
pend on a limited genetic base (to respect uniform-
ity — one of the criteria required for a new PVP or
for registration in a catalogue of plant varieties).
This situation creates considerable risks related to
potential diseases, epidemics and the spread of
pests. These risks are exacerbated by the fact that
all the improved varieties come from a small num-
ber of parent plants (as with potato when it was in-
troduced and cultivated in Ireland).

In the twenty-first century, the agro-industry’s con-
tinued research on the potato provides an insight
into the growing dynamics of improvement and le-
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gal protection of new varieties relating to this sec-
tor. Similar dynamics are also likely to apply to qui-
noa in the short term. However, regardless of the
intellectual property rights for genetic resources,
discussion should be extended to the agricultural
models to which the IPR apply: industrial farming
versus family farming. This raises broad questions
about genetic resources in relation to other criteria,
such as identity, equity, in situ conservation and in-
novation for new plant varieties.

Those who promoted the 2013 declaration for the
International Year of Quinoa, including FAO, expect
to see a global expansion in the areas cultivated,
with an immediate increase in demand for seed
from other countries wishing to promote processes
of genetic engineering and/or varietal improvement
of quinoa. The IYQ keeps quinoa in the spotlight,
making it possible to reflect on other alternative le-
gal frameworks, without having to use the standard
conventional framework for intellectual and indus-
trial property rights. The case of quinoa provides
insight into the case of a cross-border genetic re-
source, whose uses have recently extended beyond
the agricultural and food sector. Until now, the legal
framework of industrialized countries has dictated
at international level, limiting the driving force be-
hind alternative legal frameworks. Before the sign-
ing of the Convention for Biological Diversity (Rio de
Janeiro, 1992), the global dissemination of genetic
resources, in theory, made the CBD proposal inef-
fective in terms of a bilateral framework for the ne-
gotiation of genetic resources with sovereign states
relating to the existing biodiversity on their terri-
tory. In this context, alternatives are required for
cross-border links to assess whether regional and
international levels of negotiation would facilitate
or hinder the process in relation to the specific situ-
ations or issues at stake.

Quinoa: issues to consider that go beyond food
and agriculture

The International Year of Quinoa: a new lease of life
for global expansion

In July 2011, the United Nations General Assembly
declared 2013 as the International Year of Quinoa
following the proposal presented to FAO in Rome
by the Plurinational State of Bolivia. The declaration
brought recognition to the role that this plant can

play in world food security. According to the FAO
Resolution 15/2011, approved at the United Na-
tions General Assembly in New York in December
2011, the declaration of the IYQ highlights the qual-
ity of quinoa as a natural food of high nutritional
value and the importance of the role played by the
Andean peoples in the creation and conservation of
qguinoa biodiversity. In addition, it emphasizes the
importance of traditional knowledge and agricul-
tural practices that respect and conserve nature.

On this basis, the declaration of the IYQ underlines
the fact that, in 2013, world attention should focus
on the role that quinoa’s genetic diversity can play
in terms of world food security and the eradication
of extreme poverty and hunger, thus contributing
to the Millennium Development Goals — MDGs
(PROINPA, 2011).

At global level, the crop started to spread across
all the continents in the 1980s, although two An-
dean countries, Bolivia and Peru are still the main
quinoa producers (see Chapter 1.5) (Giuliani et al.,
2012). In the 1980s, the United States of America
introduced the crop first in the south of Colorado,
and then in other states. Canada grows quinoa on
the plains in Saskatchewan and Ontario. According
to estimates, Canada and USA produce around 10%
of the world’s quinoa — that is probably more than
Ecuador, which had until now been considered the
world’s third largest producer country.

In the 1990s, FAO-RLC (FAO Regional Office for
Latin America and the Caribbean) defined one of
its institutional priorities as: the exchange of plant
genetic resources from diverse “underutilized” An-
dean food species that are considered suitable for
production in different ecosystems in North Amer-
ica and Europe. In this context, the promotion, ex-
change and dissemination of quinoa’s plant genetic
material took the form of an experiment known as
the American and European Test of Quinoa. Many
countries from all over the world took part in the
experiment through research networks that in-
cluded national research institutes and universities
(Mujica et al., 2001).

In Europe, quinoa is grown particularly in the United
Kingdom, Sweden, Denmark, the Netherlands, Italy
and France. In Asia, it is cultivated in the Himala-
yas, on the plains in north India and Pakistan where
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yields are promising. In Brazil, it is being grown ex-
perimentally as a cover crop in the Amazon Basin. In
Africa, specifically in Kenya, it has also been grown
experimentally for many years. More recently, it
has been cultivated in Mali, where the plant has
been introduced to reduce hunger and poverty.

With the quinoa boom in the 1990s and the impe-
tus from FAOQ, the crop continues to expand, par-
ticularly in the Mediterranean region. Given the
multiple exchanges and diverse uses of quinoa, the
implementation of standards to regulate the move-
ment of its genetic resources is complex, also be-
cause of the plant’s tremendous ecological rusticity
and plasticity (Ruiz et al., 2013).

A biodiverse plant with a great capacity to adap

Quinoa (Chenopodium quinoa Willd.), is an annual
plant that originates from the Andes in South Amer-
ica. Its domestication is thought to have begun
around 7 000 years ago with the continuous selec-
tion of the characteristics of individual plants from
one generation to another. Selection criteria were
linked to crop practices, as well as to organoleptic
qualities for consumption among the diverse popu-
lations in distinct territories (Mujica, 2004). This
broad process of selection and improvement from
generation to generation led to a multitude of local
varieties; dehiscence was suppressed and priority
was given to increased seed size and adaptation to
local environmental conditions (Bazile, Fuentes and
Mujica, 2013; and see Chapter 1.4).

Despite the standardization process, with the loss
of alleles during selection, even now cultivated qui-
noa exhibits a wide range of colours on different
parts of the plant. The grains may differ in terms of
stem type, panicle shape, rate of productivity, toler-
ance to abiotic stresses (drought, salinity) and dis-
ease resistance (Fuentes and Bhargava, 2011; Ruiz-
Carrasco et al., 2011).

The diversity of quinoa on the South American
continent is associated with five major ecotypes
(Bazile, Fuentes and Mujica, 2013): Altiplano (Peru
and Bolivia); Inter-Andean valleys (Peru, Ecuador,
Colombia); Salare (Bolivia, Chile, Argentina); Yunga
(Bolivia); and Coastal (Chile). All these ecotypes
originate from the same region of primary domes-
tication located near Lake Titicaca. In addition, ea-
chone can be associated to a subcentre of diversity
(Risi and Galwey, 1984; Fuentes, Bazile et al., 2012).

Many generations of farmers have been involved
in this vast quinoa selection process, which ex-
plains its tremendous genetic diversity today. Its
broad genetic diversity enables it to adapt to dif-
ferent ecological environments (highlands, valleys,
mountains, salty zones etc.), different types of soil
(in particular, saline soils), and places characterized
by wide ranges in humidity (40 to 90%), altitude
(O to 4 800 masl) and temperature (-8° to +38°C).
This capacity to adapt constitutes an advantage in
today’s context of climate change and salinization
of agricultural land.

Quinoa’s rusticity (its capacity to resist extreme bi-
otic and abiotic stresses) and ecological plasticity
are central to its potential in terms of developing
cultivation in other parts of the world. These fac-
tors are even more relevant today, when measures
to adapt to climate change must be promoted. Qui-
noa’s great biodiversity means that it has capacities
of adaptation and resistance and can, therefore, be
grown in agri-ecological systems requiring lower
levels of inputs. This coincides with the health re-
quirements for its use in medicine, cosmetics and
food. At present, quinoa is known primarily for its
nutritional qualities, because it contains proteins
(all the essential amino acids), minerals, vitamins,
linoleic acid (omega-3) and amylases, and it is glu-
ten-free. However, quinoa is also used in farming as
an animal feed, as a cover crop or as an intercrop to
stop the cycle of certain parasites. The uses of qui-
noa as a detergent, in cosmetics and medicine are
less well known. Nonetheless, all its uses must be
taken into account for the implementation of a legal
framework to regulate movement and exchange of
and access to quinoa’s genetic resources on a global
scale (see Chapters 3.4 and 3.5).

Agricultural systems with diverse legal frameworks

For a long time, Andean populations were in charge
of quinoa production. In fact, when the Spaniards
arrived, one way of making the Andean peoples
submit was to impose a cereal-based diet. That is
how quinoa was displaced and devalued, and its
production confined to the Andean peasant com-
munities. The Mapuche in southern Chile (Thomet
et al., 2010) and the Andean communities in Peru
are a good example.
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Until recently, quinoa was considered food of the
Andean peoples. It gained worldwide recognition
in the 1970s, and was particularly appreciated by
vegetarians for its dietary characteristics. For a long
time it was classified as a subsistence crop, which
explains why the Andean communities conserved
a diverse range of traditional agricultural practices,
because they could not combine them with a con-
ventional agricultural model. This agri-ecological
model is the most appropriate in a fragile environ-
ment subject to major abiotic constraints.

In Andean countries, most areas where quinoa is
cultivated use traditional varieties, also known as
peasant varieties or landraces. The Andean peas-
ants focus on groups of varieties made up of het-
erogeneous plant populations. This means that
they can cope strategically with different biotic and
abiotic risks, by alternating individuals in a popu-
lation (or landrace) on an annual basis. Seeds are
home produced and the most resistant individu-
als are selected in the field for the next generation
(seeds for the following year). This makes quinoa
management dynamic and able to face risks and
adapt to environmental, economic, social and po-
litical changes.

Traditional peasant management of the quinoa
genetic resource pool contributes to the dynamic
adaptation of quinoa varieties. These are the same
varieties that have evolved continuously in relation
to their ecosystems. Taking into account the char-
acteristics of quinoa cultivation, the joint evolution
of varieties and their environments can also include
some results of crosses with quinoa’s wild relatives
growing near the cultivated plots. The networks of
traditional seed exchange — seed paths — and the
knowledge networks associated with the varieties
have made it possible to build and maintain peas-
ant innovation processes. This can now be seen
in quinoa’s huge genetic diversity (Aleman, 2009;
Fuentes et al., 2012; Thomet et al., 2010).

The boom in global demand for quinoa in the 1990s
led to the emergence of an intensive agricultural
model and the use of only a few so-called improved
varieties. Research on varieties shifted to the field
of agronomic research (private and/or public) for
the development of pure lines, hybrids etc., all of
which had an increasingly narrow genetic base. Un-
til then, the improvement of quinoa varieties had

been based on three techniques: traditional massal
selection, controlled crossing between genotypes
and the development of commercial hybrids. The
main objectives of the research in Andean countries
were increased yields and improved disease resist-
ance, gradually extending to include adaptation to
the photoperiod (latitude), temperature and alti-
tude found in countries outside the Andean zone.

Although various countries have signed interna-
tional agreements, the transposition of these texts
into national legislation differs from one country
to another, depending on the agricultural policies
implemented previously. Despite this, agricultural
research remains public in Andean countries. Con-
sequently, the new varieties obtained are not sub-
ject to intellectual property rights when they are
released on the market. There is one exception: a
case in Chile, where the quinoa variety ‘Regalona’,
the fruit of private research (Semillas Baer), was
protected by a PVP in order to protect the rights of
the private breeder.

The current use of biotechnology in plant improve-
ment via assisted selection, involving the use of
molecular markers or genes of interest (resistance,
chemical components, nutrients etc.), is in danger
of modifying research and the legal frameworks for
the regulation and protection of future quinoa va-
rieties. The use of genes from wild quinoa relatives
(for example, from Chenopodium hircinum or C. al-
bum) is considered the next step in creating new
varieties that are part of strategies of adaptation to
climate change (drought tolerance and soil salinity).

Over the last 40 years, different varieties of quinoa
have been developed in Peru, Bolivia, Chile and Ar-
gentina, as well as in the United States of America,
Brazil, Denmark, the United Kingdom, the Nether-
lands, and India etc. All these varieties come from
the same initial pool of quinoa genetic resources
linked to the domestication of the species in the
Andes. They are “cross-border” resources, because
the area of origin of the domesticated species
covers several countries sharing these genetic re-
sources. It is important to note that the movement
of quinoa’s genetic resources began long before
the signing of the Convention on Biological Diver-
sity (Rio, 1992). The CBD establishes principles and
standards for the movement of genetic resources
and, in general, recognizes that states have sov-
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ereignty over their biodiversity. The collections of
guinoa germplasm are now spread throughout the
world (see Chapters 1.4. and 1.5.). Even though the
largest collections are in Andean countries (Bolivia,
Peru, Argentina, Ecuador, Chile and Colombia), over
20 countries across the world conserve quinoa ge-
netic resources in their ex situ genebanks. These
include: South Africa, Germany, Australia, Austria,
Brazil, Canada, Slovakia, Spain, United States of
America, Ethiopia, Hungary, India, Japan, Kenya,
Portugal, Czech Republic, United Kingdom, Sweden,
Turkey and Uruguay. They share information with
international systems such as FAO.

Since the Convention on Biological Diversity, more
stringent legal frameworks have been created for
access to genetic resources through bilateral con-
tracts and material transfer agreements (MTA). The
main objective is to guarantee the traceability of
genetic resources and define the rights and respon-
sibilities of each party in the exchange. Monitoring
research on the adaptation of quinoa in different
cropping contexts outside the Andes (e.g. ongoing
improvement of varieties in future quinoa-produc-
ing countries) and seed multiplication raise numer-
ous issues concerning systems for the manage-
ment of genetic resources. Legal frameworks and
regulations for the movement of quinoa’s genetic
resources need to recognize the role of the Andean
peoples, who were involved in the varietal improve-
ment long before these innovative processes. The
objective is to avoid appropriation or limited access
to quinoa’s genetic resources, as was the case with
the patent registered by the University of Colora-
do (subsequently abandoned due to international
pressure). The patent was for the male sterility of
quinoa discovered in the Andean quinoa popula-
tions conserved in the United States of America and
known as ‘Apelawa’.

The research to improve quinoa varieties has fo-
cused mainly in use of quinoa in food and agricul-
ture. However, major research is underway on the
by-products of quinoa as part of programmes to
reduce cancer, obesity and diabetes or to find dif-
ferent ways of adding value to saponins etc.

Issues to consider for genetic resource management

DFor more than 500 years, varieties of potato have
been part of food security strategies in many coun-

tries outside the Andes, the hub of its domestica-
tion. This is the result of the global dissemination
of plant material domesticated and selected by the
Andean peoples over thousands of years. The po-
tatoexperience highlights the fact that the Andean
peoples have received no benefits or significant
recognition for having shared this improved plant
material, which has since spread throughout the
world. New species introduced into Andean coun-
tries do not offer comparative advantages to the lo-
cal populations.

The current huge demand for quinoa has generated
a boom in consumption, primarily in industrialized
countries (some of which are new quinoa produc-
ers). This situation has brought changes to the ag-
ricultural systems in the Andes. In contrast to what
happened a few centuries ago with the potato, the
Andean populations are now active stakeholders in
defending the recognition of their contributions to
the improvement of quinoa varieties and the con-
servation of its genetic resources. They also want to
be recognized stakeholders in world trade.

International treaties recognize the sovereignty of
states with regard to their genetic resources and
the contribution made by indigenous communities
to their conservation. They set out the principles to
promote the fair and equitable sharing of the ben-
efits derived from the utilization of these genetic
resources, which are available to all the countries in
the world. At present, those seeking to spread qui-
noa cultivation are supporting experimental agro-
nomic campaigns in many countries outside the An-
dean zone. It is, therefore, of the utmost importance
to analyse how dissemination programmes can en-
sure a return (fair and equitable sharing of the use of
quinoa’s genetic resources) for the Andean commu-
nities and states as laid down in international agree-
ments (CBD/Nagoya, ITPGRFA). This also includes an
analysis of the systems of intellectual property rights
in force (patents, PVP certificates).

The UN declaration of 2013 as the International
Year of Quinoa emphasizes the role of the Andean
peoples in creating and conserving the biodiversity
of quinoa. In this context, considering the current
global boom in quinoa, several issues are raised:
Will promotion simultaneously guarantee the An-
dean peoples the fair and equitable sharing of the
benefits derived from the use of quinoa’s genetic
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Table 1: Characterization of the issues related to plant genetic resource management

Identity

Conservation

Mobilization Sustainable
utilization

Equity

Recognize the traditional ways of life of interest for the conservation of biodiversity
and the sustainable utilization of its genetic resources.

Respect, conserve and maintain the knowledge, innovations and practices of
indigenous and local communities.

Ex situ conservation: conservation of the elements that constitute biological diversity
outside their natural environment.

Insitu conservation: conservation of the ecosystemsand natural habitats, maintenance
and reconstitution of viable populations of the species in their natural environment
and, in the case of domesticated and cultivated species, in the environment where
their distinct characteristics were developed.

Facilitate the exchange of genetic resources.

Encourage different forms of innovation and synergy between formal and traditional
systems for utilization and adding value to genetic resources.

Encourage an evolutionary dynamic for genetic resources to increase the capacities
of adaptation to cope with global changes (resilience).

Draw up equitable rules for access to genetic resources.

Draw up equitable conditions for sharing the benefits derived from the utilization of
genetic resources at stakeholder and country level.

Increase the capacities for exchanging information and accessing technology for the
equitable utilization of genetic resources between countries and stakeholders with

different capacities.

resources? How should quinoa’s genetic resources
be conserved in situ and ex situ to avoid their genet-
ic erosion? What mechanisms should be set up for
the fair and equitable exchange of quinoa’s genetic
resources? How can such exchanges contribute to
the recognition of the Andean populations and to
the processes of conservation used by them for
quinoa’s genetic resources? To what extent exisitng
regulatory frameworks make it possible to enrich
quinoa’s genetic heritage?

Many different issues are at stake with regard to
the legal frameworks regulating the movement of
quinoa’s genetic resources. The existing regulatory
frameworks should be examined to determine how
they contribute to quinoa’s genetic resources in
terms of: conservation (in/ex situ), the identity of the
Andean communities (cultural recognition) and the
potential mobilization of the resources (exchange,
innovation, formal/informal). Table 1 outlines a
proposal for characterizing the different issues and
serves as a guide throughout this chapter for analys-

ing the advantages and disadvantages of the legal
regulatory frameworks currently in effect and as-
sessing which other regulatory frameworks could be
outlined to bridge the gaps in the existing ones.

Are the legal frameworks adapted to the diverse
aspects of quinoa’s genetic resource management?

In the light of global concern about the depletion
of biological diversity resulting from human activ-
ity, an international regime composed of several in-
struments was set up to guarantee the sustainable
utilization and management of biological resources.

Genetic resources, which are biological resources,
are genetic material of real or potential value to
humanity. The majority of agricultural genetic re-
sources, including quinoa’s genetic resources, are
mainly regulated by the CBD and the International
Treaty on Plant Genetic Resources for Food and
Agriculture (ITPGRFA/FAO 2001, http://www.plant-
treaty.org/). ITPGRFA governs the genetic resources
of the main food crops, listed in its Appendix 1.
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The principles of fair and equitable benefit-sharing
proposed by the CBD

LThe Convention on Biological Diversity (CBD)
adopted within the framework of the 1992 Earth
Summit in Rio de Janeiro (http://www.cbd.int/) rec-
ognizes the sovereignty of states and acknowledges
that states are responsible for the conservation of
their biological diversity and for the sustainable uti-
lization of their biological resources. Consequently,
states should establish national strategies for the
conservation of their biological diversity, and pro-
vide a framework for bilateral arrangments relating
to their biological resources.

The practices involved in accessing and exchang-
ing genetic resources are regulated via private law
agreements on sharing the benefits derived from
contractual bilateral agreements between a pro-
vider and a recipient.

This solution is based on Coase’s theory of externali-
ties (Coase, 1974): the market does not confer a val-
ue on diversity for individuals and society, so in par-
allel, no person can be easily excluded from its use
(consequently there is no incentive for an individual
to pay the costs of access to this diversity). There-
fore, a negotiation between private parties, via the
establishment of a contract granting property rights
for genetic material, is considered an effective meth-
od for reflecting the value of genetic diversity. In
addition, direct or indirect monetary incentives are
established, linked to the sharing of benefits derived
from the use of the genetic diversity.

Nonetheless, there is still considerable uncertainty
surrounding the value of the material at the time
of access to genetic resources, as well as a lack of
legal security in the event of non-compliance by
one of the parties. As a consequence, these con-
tracts are embedded within national legislation and
are part of a wider range of legal mechanisms or
agreements seeking to limit opportunistic behav-
iour (Dedeurwaerdere, 2004). These mechanisms
include, inter alia, standard contracts, mechanisms
to monitor and enforce contractual obligations (e.g.
disclosure of origin of genetic resources or certifi-
cation of origin) and prior informed consent of the
indigenous local populations.

Nonetheless, even when part of national legisla-
tion, the contractual approach for regulating ac-

cess to genetic resources and sharing the benefits
of their use is not sufficient to achieve broader re-
lated societal objectives such as social equity and
conservation and sustainable use (Dedeurwaer-
dere, 2004; Goéschl and Swanson, 2002). In effect,
the combination of (hierarchical) public regulations
and monetary incentives applied in these contracts
fails to account for the diversity and complexity of
the stakeholders’ actual motivations in exchanging
genetic resources. These regulations do not prop-
erly reflect the needs of the wide range of actors in-
volved in the use and exchange of genetic resourc-
es. In fact, they are only efficient for the category
of users and uses that are most responsive to mon-
etary incentives. The exchange of genetic resources
actually responds to a more complex set of moti-
vations, including societal motivation (global public
objectives, such as increasing knowledge, conserv-
ing biodiversity or reducing hunger) and more basic
social motivation (such as reputation, reciprocity).
In fact, stakeholders’ surveys (Dedeurwaerdere et
al., 2012) tend to demonstrate that striving for no-
toriety (by virtue of material quality, information
exchanged or publications) and/or reciprocity (ex-
change of information between stakeholders) are
among the principle motives for the conservation
and exchange of genetic resources.

Furthermore, even supposing that economic incen-
tives work properly, they will never allow for suffi-
cient investment to maintain and exchange genetic
resources, because the value of most of these re-
sources is and will remain unknown for years.

Lastly, in certain cases, using monetary incentives
for all types of exchange of genetic resources can
be counterproductive. The introduction of market
values can be a disincentive for contributing to the
collective effort to conserve the genetic resources
within local communities. Introducing monetary-
based approaches where it does not exist could
generate mistrust and suspicion (“crowding-out”
effect, described by Frey and Jegen, 2001). In other
words, the emergence of a contract can undermine
the cooperative or collective practices required for
genetic resource conservation.

Clearly, these problems seem to be even more
acute in the case of plant genetic resources for food
and agriculture, including quinoa genetic resources.
Going back to the identity dimension of our analyti-
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cal framework, Article 8j of the CBD explicitly covers
this dimension, recognizing knowledge, innovations
and practices of indigenous and local communities
embodying traditional lifestyles relevant for the
conservation and sustainable use of biological di-
versity. Nonetheless, in the CBD, the question of to
exactly what extent this would be applied is left to
the responsibility of the states. In the case of qui-
noa, the question of local identity is linked to the
Aymara, Quechua and Mapuche cultures but devel-
opment policies ultimately depend on the national
perspective, which may or may not recognize these
local groups in genetic resource management. (It
may also lead to other broader debates not directly
related to genetic resource management. In such
context, it would inevitably be difficult to imple-
ment the CBD.

With regard to conservation, the CBD applies to all
genetic resources, without exception. The specifici-
ties of agricultural genetic resources/plant genetic
resources useful for food and agriculture were not
taken into account. One of the main criticisms of the
CBD (and the Nagoya Protocol) is that the mecha-
nisms for access and fair and equitable sharing of
benefits derived from the use of genetic resources
are loosely linked to conservation. This should be
factored into national strategies. Nonetheless, the
situation for plant genetic resources for food and ag-
riculture often appears to be secondary in national
strategies, especially in the case of genetic resources
from wild biodiversity (crop wild relatives).

The challenges relating to innovation (derived
from?) genetic resources make the implementation
of national strategies even more difficult. However,
the CBD framework ensures full control of access
to quinoa’s genetic resources. Furthermore, it could
be consolidated by the implementation of national
strategies, with the support of national authorities
responsible for access to and traceability of genetic
resources. In this context, the rights and responsi-
bilities of the parties are more explicit. Conversely,
in the context of bilateral contractual relationships
between states, the supplier country could easily
block access to its genetic resources and effective-
ly prohibit all possibility of innovation. In the case
of research processes to improve and obtain new
plant varieties, the exchange of genetic resources

is and should be recurrent. Consequently, bilateral
contractual frameworks for access to these genetic
resources can be cumbersome, in addition to gen-
erating high transaction costs.

The incremental nature of the innovation process
on genetic resources for food and agriculture makes
it particularly difficult to adopt a bilateral and case-
by-case approach, in terms of both access and shar-
ing the benefits derived from the use of genetic re-
sources (Schloen et al., 2011). Besides, in the case
of quinoa, its genetic resources were circulating be-
tween stakeholders and countries long before any
ABS measures were in place. There are currently
collections of genetic resources of quinoa in differ-
ent places in the world. From a strictly legal point
of view, the exchange processes for these genetic
resources (obtained before the CBD, 1992) could be
conducted legally, without involving the countries
of origin (the zones where quinoa was domesticat-
ed) in the exchange.

Furthermore, a relatively high number of products
(not necessarily all marketable) can be derived from
the utilization of plant genetic resources for food
and agriculture. Many of these could be elaborated
or developed from multiple genetic resources. Each
genetic resource, taken individually, can contribute
to the final product at different levels and at dif-
ferent points in time. The task of monitoring the
separate contribution of each genetic resource and
determining the benefits to be shared in relation to
its individual contribution, on the basis of the terms
and conditions specified in a bilateral contract for
each genetic resource, could prove to be extremely
complicated (Schloen et al., 2011).

Despite the different limits identified, the legal
framework established by the CBD is now compul-
sory for processes involving the prospection and
collection of new genetic resources of quinoa. This
limits the potential cases of biopiracy associated
with the collection of new genetic material for ag-
ricultural, pharmaceutical, medical and cosmetic
purposes under development for quinoa. Nonethe-
less, this legal framework is ineffective when genet-
ic material is accessed from germplasm collections
located outside Andean countries.
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The legal framework for intellectual property rights
(WIPO-WTO)

e Patents (TRIPS) versus PVP (UPQV)

The legal framework for intellectual property rights
(IPR) for living organisms is based on financial in-
centives that aim to encourage biological innova-
tions. By providing legal protection mechanisms
for inventions based on genetic diversity, intellec-
tual property should encourage the use of quinoa’s
genetic resources. As mentioned in relation to the
different concepts relating to the status of genetic
resources, the agricultural sector is characterized
by the coexistence of at least two intellectual pro-
perty systems: patents and plant variety protection
(PVP). Both systems are promoted at international
level by the Agreement on Trade-Related Aspects
of Intellectual Property Rights (TRIPS) of the World
Trade Organization (WTO) and by the International
Union for the Protection of New Varieties of Plants
(UPOQV). The latter advocates a sui generis system
adapted to the self-reproductive and evolutionary
nature of plant genetic material. A product derived
from innovation, i.e. a new plant variety, is a genetic
resource in itself. A balance must be found between
protecting innovation and limiting access to genetic
resources. This balance is central to the UPOV and
does exist in the form of exemption for research.
Thus, the genetic resources of a new plant variety
protected by plant variety protection (PVP) can le-
gally be used for research purposes.

The UPQV system also provides better legal security
than the patent system: a product can have nume-
rous patents, while a new plant variety is protected
by a single PVP (Dutfield, 2011). There are far more
disputes in the patent system than in the PVP sys-
tem, and “patent thickets” arise — intricate problems
of patents dependent on other patents (Shapiro,
2000; Heller and Eisenberg, 1998), monopolization
of patents or inadvertent violations of patents.

In general, with the exception of a limited number
of countries (including the United States of Ameri-
ca), the patent system is not used to protect new
plant varieties directly. It is used to protect biote-
chnological inventions, such as genetic sequencing
or procedures that constitute the basis of plant
breeding. Irrespective of the technical differences
between the two systems, the intellectual proper-

ty system for genetic resources reveals fundamen-
tal problems that have been and are the subject
of debate in numerous publications. One of the
main criticisms directly related to the problem of
the conservation and use of genetic resources is, in
fact, that intellectual property rights only intervene
at the very end of the genetic resource value chain.
Consequently, they only function effectively as an
incentive mechanism for new plant varieties or
plant material for which the value is already known
(even partially) either from available data on cha-
racterization or assessment. Thus, intellectual pro-
perty rights provide far too few incentives for the
exchange of most components of genetic diversity
found ex situ (even less for those in situ, where the
value of genetic diversity is still unknown at the
time of its accession) (Swanson and Goéschl, 2000;
Goéschl and Swanson, 2002).

In addition, intellectual property rights are not
an effective incentive for innovation and research
— either in cases of low demand, or for countries
lagging behind in the scientific advances of cutting
edge innovation. Such countries are unable to be-
nefit from the advantages of legal protection pro-
vided by intellectual property rights. Lastly, as with
the effects of exclusion (crowding-out), described
earlier for access and benefit-sharing mechanisms,
the introduction of economic incentives can negati-
vely impact the exchange of genetic material or in-
formation during pre-competitive phases. These si-
tuations — “anticommons” — can negatively impact
cooperative and altruistic behaviour (Heller and
Eisenberg, 1998; Cassier, 2002). All these problems
are exacerbated in the agricultural sector, as agri-
cultural innovation is about coordinating research
between many different stakeholders rather than a
guestion of individual incentives.

If the private seed sector manages to function well
thanks to individual incentives, it should be noted
that the private sector depends directly and in-
directly on public research institutions and their
studies of genetic diversity. In the public sector, fi-
nancial incentives do exist, but they by no means
represent all the existing motivation factors behind
the exchange and use of genetic diversity. Similarly,
those who defend local community rights or rights
relating to the traditional knowledge associated
with biological diversity, recognize, first and fore-
most, the existence of collective rights that govern
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access, exchange and use of seeds and genetic re-
sources. They are not restricted to a framework of
individual rights, as in the case of intellectual pro-
perty rights.

e Geographical indications and collective trade-
marks

Geographical indications and collective trademarks
are also part of a system of intellectual protection
or, more specifically, industrial protection.

In the agricultural sector, in situ exploration, for
both biological material and local knowledge as-
sociated with biodiversity resources, generally ser-
ves the purpose of enhancing ex situ collections
(defining the characteristics and legal status of the
plants collected). It should therefore be asked what
role geographical indications can play (e.g. pro-
tected geographical indications or designations of
origin) to promote the conservation of genetic re-
sources, or maintain and protect local knowledge.
Geographical indications denote that a product ori-
ginates from its place of production. In the case of
plant selection, this makes it possible to add value
to a variety, not only in relation to its geographical
origin but also its genetic identity. For example, the
aim of a plant variety protection (uniform, distinct
and stable variety, close to varieties from pure li-
nes) is to obtain a phenotype independent of local
ecological conditions.

Geographical indications reveal the characteristics
of a product. These are determined by the specifici-
ties present when the geographical indication is de-
veloped and include: geology, soil, topography, cli-
mate and human factors (current techniques and/
or traditional knowledge). A geographical indica-
tion can also refer to cropping practices or proces-
sing practices that affect the quality of the product
and contribute to its distinguishing features and re-
putation. Consequently, there is a link between the
product and the geographical environment, making
it possible to distinguish the product from those
originating from other regions.

Geographical indications are also part of the TRIPS
of the WTO. Each member state is free to define ap-
propriate mechanisms for implementation within
the national legislation. Some countries, such as
the United States of America and South Africa, have
not adopted national standards for the protection

of geographical indications, but use other mecha-
nisms, including consumer protection, trademarks
or fraud control (passing off) (Kalinda, 2010).

Geographical indications are used for products of
specific geographical origin, with qualities and/or
a reputation derived from that place of origin. In
general, a geographical indication states the name
of the product’s place of origin. Geographical indi-
cations include the “appellation of origin”. This is a
special type of geographical indication used for pro-
ducts with specific qualities that must be exclusi-
vely or essentially from the product’s geographical
context of production or processing. The regulation
of geographical indications for processing products
must be approved and should also be subject to
control by nationally accredited organizations. For
example, in Bolivia, the designation of origin “Qui-
noa Real” from the southern altiplano of Bolivia has
existed since 2002 and was also recognized in the
administrative resolution N°18 (on 23/07/2002) of
the governmental intellectual property organiza-
tion (SENAPI).

The Lisbon Agreement for the Protection of Appe-
llations of Origin and their International Registration
made it possible to obtain protection for an appe-
llation of origin specified in all the contracting parts
of the agreement, following a single international
registration procedure. Currently, 28 countries are
party to the Lisbon Agreement, and Peru is at pre-
sent the only country from the Andean region. At
regional level in Latin America, the Andean Com-
munity (CAN) also protects appellations of origin in
its member countries via the Common Intellectual
Property Regime outlined in Decision 489 — CAN.

The duration and cost of protection vary from one
country to another, and it is often necessary to ob-
tain the geographical indication in the country of
origin. This hinders innovation aimed at improving
product quality; changes in the regulations could
lead to an improvement in practices and quality.

A trademark is a distinctive symbol enabling consu-
mers to distinguish the geographical origin or cha-
racteristics of a product.

A collective trademark belongs to an association.
Its members — companies, producers, public insti-
tutions or cooperatives — define rules to guarantee
that the product meets certain quality require-
ments or has specific characteristics (WTIP, 2013).
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A collective trademark should be protected inde-
pendently in each country or group of countries
seeking protection (e.g. Peru or the EU, where com-
mon protection exists). A trademark encourages
stakeholders to innovate in order to improve pro-
duct quality and represents progress. A trademark
is more dynamic than a geographical indication. It
ensures more effective value added for products,
as it recognizes the specificities that add value to
these products. Nonetheless, trademarks do not
protect genetic resources.

Today, no intellectual property rights protect gene-
tic resources and guarantee the fair and equitable
sharing of benefits derived from their use. What is
more, high costs are entailed both in registering in-
tellectual property rights and in maintaining rights
over time.

e National or regional catalogues

In France at present, for a plant variety to be autho-
rized and put on the market, it must be registered
in a catalogue of varieties and satisfy criteria of dis-
tinctness, uniformity and stability (DUS). It must
also demonstrate that it has an adequate value for
cultivation and use (VCU). The new variety must
exceed commercially available varieties for certain
criteria. The DUS criteria are the same as those for
PVP and are an intellectual property right for seeds.

In West Africa (including Mali), a catalogue of plant
varieties exists, comprising also newly obtained
plants and local varieties (populations). In many
countries, registering a variety in the catalogue is
not a precondition for selling and/or using the seed
(including in the United States of America).

Finally, if a country decides that to commercialize
and/or use a variety, it may be registered in a natio-
nal catalogue. But, once registrered in such catalo-
gue this does not mean that it automatically quali-
fies for DUS/VCU as a prerequisite for registration.
Some catalogues (e.g. in West Africa) have adopted
less stringent requirements that in DUS/VCU.

Assuming that a harvest can be sold — i.e. that a
market exists — a new variety can be registered in a
specific catalogue (catalogue for the conservation of
varieties in the European Union) of conservation va-
rieties, i.e. primitive races and agricultural varieties
naturally adapted to local and regional conditions or

threatened by genetic erosion. This catalogue was
created with the aim of conserving local and tradi-
tional varieties (genetic resources and associated
knowledge) in view of their genetic resource herita-
ge.This catalogue limits varietal improvement a priori
(improvement goes against conservation), unless the
new plant variety satisfies the DUS and VCU requi-
rements for registration in the “official catalogue of
plant species and varieties.” In this case, France has a
particularly strict legal framework.

In conclusion, the analysis of the framework for in-
tellectual property rights and of the application of
intellectual property for innovation (especially for
new plant varieties), highlights the asymmetry bet-
ween countries in terms of their research capacities
and access to global research results. The ongoing
development of new quinoa varieties depends on
access to and management of cutting edge bio-
technologies used to obtain new plant varieties.
However, a country which has access to the scienti-
fic capacity for obtaining new varieties also has the
financial means to protect varietal innovations. The
cost of a PVP or patent application is a constraint for
some countries.

Finally, intellectual property rights in relation to ge-
netic resources go beyond the legal framework of
seed production for agriculture, because new uses
in medicine and cosmetics are being developed.
Thus, DUS should be considered not only in terms
of the characterization of functions, but also for the
resulting transformations (UPOV 91, TRIPS patents).

Can FAQ’s The Treaty address all the situations ari-
sing linked to quinoa

Sustainable use and conservation of plant genetic
resources for food and agriculture are a common
concern for countries across the world. This is be-
cause all countries depend primarily on the exchan-
ge of plant genetic resources from other areas.
Concern about the continuous depletion of these
resources calls for specific measures that take into
account the special nature of these resources.

The development of The Treaty is a direct response
to this call for a specific solution. In harmony with
the CBD, it aims to achieve the conservation and
sustainable use of plant genetic resources and the
fair and equitable sharing of the benefits derived
from their utilization for sustainable agriculture
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and food security. While these objectives apply to
all plant genetic resources for food and agriculture,
the principal tool —the Multilateral System for Access
and Benefit-Sharing (MLS) — only applies to a list of
cultivated species registered in Annex 1 of ITPGRFA
and in which quinoa is not to date included.

ITPGRFA as a pluralistic legal framework

Given the limitations of the CBD’s legal framework
for access and benefit-sharing, the sector of plant
genetic resources for food and agriculture (PGRFA)
developed alternative mechanisms that are better
adapted to the specific nature of PGRFA and the
way they are used in research and development.

Considering the various aspects of PGRFA (diversi-
ty created by man, importance of diversity intras-
pecies for improvement, greater interdependence
between countries, constant need for new varie-
ties, importance of food security etc.), a collective
management mechanism has been designed to
enable access to these resources and to ensure
the fair and equitable sharing of benefits derived
from their use. The MLS indeed pools at global level
genetic material coming from contracting parties
(i.e. state governments), international and regional
institutions, and natural and legal persons. They
all agreed on the same contractual obligations for
any transfer of material coming from the MLS: the
Standard Material Transfer Agreement (SMTA). The
objective of the standardized access and benefit-
sharing provisions is to reduce transaction costs
that would occur if access and benefit-sharing
were subject to bilateral negotiations rather than
to a multilaterally agreed standard agreement. The
system also reduces the costs of redistribution by
dissociating distribution of benefits from individual
supplier countries. It also highlights the non-mone-
tary aspects of the benefits generated, which are
often expressed independently of the fact that a
product may or may not be on the market.

The Treaty adopts a “global commons” approach
rather than a bilateral approach (Halewood et al.,
2012). This international collective approach is ne-
vertheless compatible with a vision of genetic re-
sources as private goods. Genetic resources conser-
ved privately are free to be included in the Multila-
teral System and the private appropriation of plant
genetic resources from the MLS is still possible (via

a patent), although sanctioned by a fee. The fee is
designed to sanction the breaking of the facilitated
access logic agreed collectively within the MLS. The
fees are allocated to a general global fund for the
benefit of all signatory parties.

The Treaty is far from limited to the Multilateral Sys-
tem. Other provisions are equally important in the
context of this paper. Article 9 deals with farmers’
rights. It recognizes past and present contributions
of local communities and farmers to improve and
conserve plant genetic resources, and it encourages
the protection of traditional knowledge relevant to
plant genetic resources for food and agriculture.
However, implementation is limited by the fact that
it remains the responsibility of states to implement
this provision. While limited in practice, the procla-
mation of farmers’ rights does acknowledge the le-
gitimacy of the existence of a form of management
in which plant genetic resources are not considered
to be a private good or a public good (national or
international), rather a common good shared by
farmers of the world.

The effective implementation of this right genera-
tes problems and, despite some local initiatives,
there is little support from states (Andersen, 2008).
However, the Treaty is currently the only treaty that
proposes a pluralistic legal framework, recognizing
the legitimacy (despite the immense difficulties in-
volved in its effective implementation) of the diffe-
rent concepts involved in relation to the status and
management of genetic resources.

However, the fragile balance achieved by the Trea-
ty remains imperfect. The treaty’s various compo-
nents are being implemented by countries at di-
fferent rates, and there is a perception of inequity
for some signatory parties. If facilitated access to
genetic resources (promoted by the Treaty) is cru-
cial for the agricultural and food sector, one of the
main inequities perceived is that not all countries
can benefit in the same way from facilitated access
to PGRFA. Whether it is justifiable or not, greater
and exclusive emphasis on ex situ conservation is
perceived by many to mainly serve the interests of
industrialized countries and of stakeholders that
are more developed in terms of biotechnology. This
situation is exacerbated by the fact that the effec-
tive use of plant genetic resources obtained from
the MLS for commercial purposes only requires mi-
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nimal monetary compensation, which — depending
on the type of protection applied to the innovation
— may even be voluntary. The voluntary and com-
pulsory compensation payments are allocated to an
international fund.

Advantages and limitations of including quinoa in
Annex 1 of the Treaty

The species Chenopodium quinua is currently ab-
sent from Annex 1 of the Treaty. Proposing its inclu-
sion in the list is no easy task, partly because of its
specific characteristics, which are linked to its origi-
nal geographical distribution, the current distribu-
tion of its genetic resources, its different uses etc.
Therefore, an in-depth analysis of the advantages
and disadvantages of its inclusion would help iden-
tify the various situations arising. Perception varies,
depending on the specific interests of the different
stakeholder groups in relation to the species’ gene-
tic resources.

Advantages:

e Quinoa collections are spread in different coun-
tries throughout the world and international ex-
changes occur largely outside the Andean cou-
ntries. The MLS may be a way to recover some
kind of control on quinoa’s genetic resources for
which they de facto lost control on.

e Such an international legal framework makes
biopiracy more difficult or at least more risky.
Including quinoa in the Treaty‘s MLS could be an
efficient defensive measure to avoid the misap-
propriation of genetic resources.

* The Treaty allows the benefit-sharing fund to be
open to developing projects to characterize phe-
notypes, or to participative breeding program-
mes for quinoa varieties (participatory plant
breeding — PPB). Projects developed at regional
or global level may yield collective benefits and
generate new sources of financing.

Limits:

¢ Despite the undeniable advantages of the Trea-
ty, it does have certain limits and cannot res-
pond to all the situations that arise with regard
to quinoa’s genetic resources. This is largely due
to the fact that quinoa is a species with multi-
ple uses. Little is known about the exchange of

quinoa’s genetic resources for non-agricultural
and non-food purposes (e.g. pharmaceutical
and/or cosmetic). These activities are not regu-
lated under The Treaty.

e Quinoa’s countries of origin may have difficulty
understanding and, consequently, agreeing with
the implementation of the Treaty. For this rea-
son, they are opposed to quinoa’s inclusion in
Annex 1, especially considering the small amou-
nts of money available in the benefit-sharing
fund. Focusing on the financial dimension —
rather than on the non-monetary compensation
or advantages and the benefits derived from
respecting the Treaty requirements — is some-
how contradictory from a practical point of view.
However, it is a strong political argument under-
mining the treaty.

¢ Theloose interest in the implementation of Arti-
cle 6 (sustainable use of genetic resources) and
Article 9 (farmers’ rights) of the Treaty, which are
particularly adapted and relevant for promoting
the sustainable use of quinoa, may be a source
of frustration for some stakeholders. Although
not directly related to the MLS, the lack of pro-
gress in these areas means less support for the
inclusion of quinoa in Annex 1. Obviously, the
Treaty is still a relatively new instrument, and
further developments are still to come. Howe-
ver, these articles do not have the same ope-
rational character and power as Articles 10-13
concerning the MLS.

¢ The MLS is particularly adapted for genetic ma-
terial conserved ex situ in national or internatio-
nal seed banks; it is less adapted for the exchan-
ge of material conserved in situ and for genetic
material developed in plant breeding centres.

e Regardless of the Treaty’s operational dimen-
sion, unless there is a major and drastic change
in the treaty, the challenges posed by strong in-
tellectual property rights will remain outside the
scope of the treaty and will need to be addres-
sed by other international legal texts.

In conclusion, two main issues are fundamental to
the inclusion of quinoa in the MLS: the recognition
of quinoa as a cultivated species, as well as its wild
relatives, and their role in its evolutionary dyna-
mics; and the industrial use (for medicinal and/or
cosmetic purposes) of quinoa.
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Although The Treaty proposes a more pluralistic and
better adapted framework than the CBD, it does
not address all the challenges in relation to the ma-
nagement of quinoa’s genetic resources. Important
issues for quinoa’s countries of origin — e.g. recog-
nition of the Andean communities and sharing the
benefits derived from the utilization of quinoa — re-
main to be properly addressed.

Other alternatives

Following this preliminary analysis of the existing
legal frameworks, the question of “inaction” must
also be raised in order to compare this analysis with
the case of potato and its genetic resources (for
example, to date, neither Bolivia nor Ecuador, both
UPQOV member countries, have any PVPs).

Various aspects of genetic resource management
have been taken into account in the legal frameworks
provided by the CBD, the Treaty, the TRIPS and UPOV
conventions. Nevertheless, this context raises ques-
tions: can the current legal frameworks be improved
or can their implementation effectively take into
account the diverse situations not addressed un-
til now? If not, which alternative legal frameworks
would deal with these situations better?

Improving the current legal frameworks
¢ The Convention on Biological Diversity CBD

As previously mentioned, the CBD provides a global
legal framework (in terms of application). The re-
cently adopted Nagoya Protocol provides a precise
legal framework capable of responding to some of
the challenges identified concerning quinoa’s gene-
tic resources. The modalities of exchange and inno-
vation, and the importance of ex situ collections,
mean that this legal framework is not sufficiently
adapted for its current application.

Articles 10 and 11 of the Nagoya Protocol outline
potential changes that could be of interest in the
case of quinoa. Article 10 concerns cases where the
sovereignty of genetic resources is unclear or diffi-
cult to deal with. It obliges the parties to examine
the need for and the modalities of a global multila-
teral benefit-sharing mechanism to ensure the fair
and equitable sharing of the benefits derived from
the use of genetic resources and the associated tra-
ditional knowledge. It applies to cross-border situa-

tions or cases in which it is not possible to reach
an agreement or obtain prior informed consent. In
such situations, member states should examine the
need for and the modalities of a global multilateral
benefit-sharing mechanism.

A multilateral mechanism could help avoid the ex-
cessive costs of monitoring and traceability, and
its scope could be either broad or narrow. A broad
interpretation addresses the question of the tem-
poral or geographical scope of the Nagoya Protocol
(Dedeurwaerdere et al., 2012). In a narrow interpre-
tation, the multilateral mechanism covers the gene-
tic resources of the centres of origin and those of
unknown status, and even encompasses genetic re-
sources in ex situ collections in place before the CBD
came into force (Buck and Hamilton, 2011).

As with The Treaty, it is important to highlight that,
in accordance with the multilateral mechanism, the
benefits to be shared should be used to promote
and implement processes geared to the conserva-
tion of biological diversity and the sustainable use
of its component parts on a global scale. This means
that benefits are not shared with the supplier coun-
try or countries, a situation that may prevent some
countries from adopting this type of mechanism.

Article 11 envisages collaboration when the same
genetic resources are located in situ in the territory
of more than one member country. Unfortunately,
as in the case of Article 10, the language is vague
and poorly defined. There is no precise definition
for “similar genetic resources”. In the framework of
common scientific research projects, the case of the
same genetic resource from two countries would
only occur in the case of plants (characterized by
high genetic stability), and not microbial strains
(most strains of the same species are not exactly
the same or the slight genetic differences generate
different properties because of the relatively small
size of a microbe’s genome) or animals (different in-
dividuals of a race). Consequently, the article proba-
bly has a very limited field of application in relation
to agreements on access for research purposes.

In addition, questions relating to benefit-sharing
in cross-border situations remain unanswered. If
the same rule applies as in Article 10, it may not
be considered worthwhile applying it in the case of
quinoa.
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e The Treaty, Articles 6 and 9

The Treaty member countries are faced with the
challenge of successfully promoting the sustainable
use of PGRFA. This involves equitable policies for
maintenance of agro-ecosystem diversity, agro-eco-
logical research, maintenance of a broad genetic
base, participative plant breeding, and promotion
of underused crops to reduce genetic erosion and
increase food production at global level.

The responsibility of member countries is emphasi-
zed: to protect and promote farmers’ rights via the
sharing of benefits derived from the use of PGRFA,
protect traditional knowledge linked to PGRFA, par-
ticipate in the adoption of decisions on conservation
and the sustainable use of PGRFA, and guarantee far-
mers the right to exchange and sell their varieties.

One of the key elements of The Treaty is the sustai-
nable use of plant genetic resources, as specified in
Article 6. This article applies to all plant genetic re-
sources and not only those from the species listed
in Annex 1. However, all the the Treaty signatory
parties pledge to implement the provisions required
to achieve these objectives, without delegating the
responsibility solely to the states, as in the case of
Article 9, “Farmers’ Rights”, or Article 5.1, “Conser-
vation”.

Article 6 resumes de facto the key topics described
in the Global Plan of Action for the Conservation
and Sustainable Utilization of Plant Genetic Resou-
rces for Food and Agriculture, adopted at the 1996
Leipzig Conference.

These specificities on the sustainable utilization of
plant genetic resources should make it easier to im-
plement in those states party to the agreement —in
contrast to Article 9 on farmers’ rights, which is ge-
nerally a subject of major debate in negotiations, at
both national and international levels.

However, in practice, Articles 6 and 9 are frequently
associated with paragraph 9.3, related to the rights
that farmers have to save, use, exchange and sell
farm-saved seed/propagating material, subject to
national law. This article clearly follows on from pa-
ragraph 6.2, which promotes the maintenance of
agricultural systems that conserve diversified gene-
tic resources in a sustainable way. The analysis of
the objectives of Articles 6 and 9 emphasizes the
need for discussion to review and adapt the stan-

dards for the diffusion of varieties and selection
strategies, while leaving room for a participative
breeding framework.

It is also necessary to examine the protection of
traditional knowledge linked to the promotion of
the use of local varieties and underutilized species.
The benefit-sharing measures are general, and their
application depends on the definition adopted for
the fair and equitable sharing of the benefits de-
rived from their utilization. A purely commercial
approach based on economic interests creates the
risk of introducing subsidy mechanisms for the con-
servation of local varieties. Consequently, fair and
equitable benefit-sharing should investigate me-
chanisms of implementation that promote the non-
economic benefits of the sustainable utilization of
agricultural biodiversity. In this way, farmers’ access
to genetic resources could be facilitated and exten-
ded. In addition, processes could be implemented
to support farmers to exchange and mutually en-
rich their strategies for breeding/varietal creation,
taking into account, above all, their needs and their
participation in the innovation process. In this con-
text, the diverse existing legal frameworks (CBD,
ITPGRFA, UPQV, TRIPS, regional and national legis-
lation), as well as participative breeding processes,
could serve as a basis for reflection at global level.

e Recognition of traditional varieties apart from
PVPs and patents

In this analysis, it is important to underline the case
of the EU, particularly France, where intellectual pro-
perty rights are not necessarily linked to an authori-
zation for marketing, but rather to the right to pro-
hibit. Likewise, the case may arise when a variety
is authorized to be put on the market but may not
be protected by intellectual property rights. Conse-
quently, if intellectual property rights are applied on
their own, it is not possible to control all the issues
relative to the management of genetic resources and
the seed sector. In this case, “complementary” rights
should be assessed, for example, the right to intro-
duce a variety on the market with a single autho-
rization. Analysing these aspects is important and
particularly useful for understanding the utilization,
exchange and, above all, sale of traditional and local
seeds (most of which do not comply with DUS crite-
ria and do not have a sufficiently high VCU).

In France and in the majority of EU countries, a seed
from a plant variety that is not registered in the offi-
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cial catalogue cannot be sold or exchanged. Howe-
ver, it is possible to sell the harvest derived from
the utilization of varieties of seeds not registered
in the national catalogue. Varieties for conservation
are exempt because they have their own catalogue,
although their uses are limited (see previous point).
What would be the consequences if a similar sys-
tem became more widespread? What would the
risks be for farmers who only use their own seeds
from traditional varieties (with no exchange and no
marketing) or who become dependent on national
or transnational seed companies?

At national or regional level, should a legal fra-
mework be defined for licences to market agricultu-
ral inputs, including seeds? In this legal framework,
what should the criteria be for authorization or pro-
hibition? The objective is to develop licensing stra-
tegies as a function of the varieties actually utilized
in countries and which are adapted to the varieties
developed in the country. This means that all the
stakeholders involved (interested parties) should
contribute to the development of these strategies
(both farmer breeders and seed and processing
companies). In this legal framework, the case of
biopesticides in Europe is enlightening: in terms of
the criteria of homologation, biopesticides are less
effective than their chemical substitutes. Conse-
qguently, they are authorized as supplements. This
decision may be considered “not fully satisfactory”
yet it provides authorization.

It should not be permitted to consider traditional
varieties as supplementary in relation to a set stan-
dard for the new plant varieties registered in the
catalogue. It undermines the perception of local
and traditional varieties obtained by farmers and/
or their organizations.

Various negotiations are underway at CBD and
WIPO-WTO level in relation to the use of traditio-
nal varieties in breeding programmes in order to:
guarantee the traceability of exchanges of biologi-
cal material; and implement the certification of ori-
gin and a process of disclosure of origin for biologi-
cal material at the time of application for intellec-
tual property rights and, particularly, at the time of
application for patents. However, the application of
these certificates in the seed sector could be com-
plicated because there are multiple crosses, which
means that transaction costs would grow exponen-
tially. The alternative is to recognize the knowledge

that farmers have of traditional and other varieties,
as suggested in the previous section within the fra-
mework of the Nagoya Protocol and IPGRFA.

The different options available to countries for the
management of the relationship between traditio-
nal seeds and seeds from new plant varieties inclu-
de: defining the licences for market sale; and defi-
ning the conditions of seed utilization and exchan-
ge. However, the choice of these different types of
licensing will have an impact on agricultural pro-
duction in the country in question and on the possi-
ble methods of selection and development of new
plant varieties. The interests at stake in relation to
licensing for market sale and certification, therefo-
re, concern numerous materials and multiple uses.
Following the EU example, there are at least seven
types of seeds: protected varieties registered in the
catalogue; varieties registered in the catalogue that
are not protected; old varieties no longer registered
in the catalogue; traditional varieties registered in
the catalogue of conservation varieties; traditional
varieties not registered in the catalogue of conser-
vation varieties; seeds from protected farm varie-
ties; and seeds from farm varieties that are not pro-
tected and are registered in the catalogue.

For each of these varietal types, there are many
possible options that are mutually inclusive in terms
of access and utilization:

Can they be marketed? Is registration in the cata-
logue required or not? Who can market them? In
France, for example, only the owners or suppliers
of varieties registered in the catalogue can market
them. A farmer cannot sell any variety that he has
improved if it is not registered in the catalogue.

What are the conditions to ensure seed exchange
between farmers? In France, a country that has a le-
gal framework, one of the most limiting factors for
farmers is that the exchange of seeds is prohibited,
regardless of whether they are protected, unpro-
tected, traditional or local or whatever!

Who can improve plant varieties and with what ma-
terial? A priori, the entire world can improve a plant
using existing seeds, including those protected by a
PVP. However, the utilization of an improved variety
is limited. The improved variety has to be registered
in the catalogue in order to be marketed. Otherwi-
se, the variety can only be used by plant breeders
and cannot be given to other farmers (even free of
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charge), except for the purpose of developing new
plant varieties.

What conditions are required in order to be able to
produce and utilize seeds from a farm? Can they be
utilized for profit or not for profit? At global level,
the conditions for farm seed production have be-
come increasingly difficult in recent years. The EU
and France, for example, opted for the hard line of
the 1991 UPQV Convention that stipulates the obli-
gation to pay profits to breeders and also prevents
farmers from exchanging seeds, regardless of the
type of seeds. Even within the programmes to de-
velop new plant varieties, these requirements apply
to all seeds/varieties and at all levels, from farmer
to private sector. In the framework of a breeding
programme, conservation varieties can be used as
inputs. The level of investment for developing new
plant varieties (empirical or using state of the art
biotechnology) will depend on the levels of return
on the investment and then on market size and/or
the existence of public subsidies to promote them.

For farmers, the possibility of selecting seeds and
developing new varieties is essential and has been
essential for thousands of years. This analysis raises
the following questions:

Who is the selection for? Is it for oneself or for a group?

Why select? Given the absence of a commercial va-
riety adapted to a specific niche market demand,
the applicants lack the financial means to buy seeds
and expensive agricultural inputs etc.

How will the selection be organized? What if | im-
prove or obtain new varieties just for myself? If | ex-
change with my neighbours or mobilize other stake-
holders, from public or private research for breeding
purposes, do | depend on a framework linked to the
values of private marketing or to social values of in-
novation? In this context, participative breeding is an
appropriate model to link public and private stake-
holders (primarily farmers) and to share technology
in the field of genetics and molecular biology.

When plant varieties are selected by and/or with
farmers, different aspects should be considered.
Does selection involve public research or not? Do
criteria for commercialization and varietal exchan-
ge apply? These criteria relate to farmer breeders,
rather than to seeds from previous farm harvests or
obtained from reproducing their own seeds.

Farmers select on their own or within the fra-
mework of a participative programme if the avai-
lable varieties are not suitable, either because they
are too fragile or because they are poorly adapted
to their objectives. Selection is generally governed
by the user (or users). However, there are budge-
tary constraints. Selection should not be too expen-
sive in relation to expected future profits. The orga-
nization of selection for and with farmers depends
on the farmers’ objectives and the national institu-
tional constraints. In general, farmers involved in
this process are not geared towards the internatio-
nal market. In the case of participative breeding,
the work to obtain new “improved” varieties from
traditional varieties is conducted within a clearly
defined framework. The farmers may face high in-
vestment costs: cost-sharing within the framework
of a participative breeding programme; time spent
by the farmer; and mobilization of plots for the
project. The compulsory registration in a catalogue
and the strict conditions of registration mean that
at present, in France, varieties that are modified in
participative breeding projects do not comply with
the criteria for approval. Consequently, they cannot
be sold or, in theory, exchanged.

In the EU, some aspects of flexibility have been
identified, particularly in Germany, where farmers’
clubs have gained recognition. There are also simi-
lar initiatives in France (Moy, 2010). Club members
have access to varieties developed “collectively”
(this leads to a new area of analysis), a return on
the common assets of a club. As a result, this analy-
sis can make reference to the club’s common va-
rieties, which are developed collectively and with
collective rights. Thus, implementing a registry of
this type is conceivable at global level (FAO, ICRISAT
etc.). It would make it possible to identify the varie-
ties developed in these projects and their characte-
ristics. This would bring them institutional recogni-
tion without necessarily providing legal protection.

Alternative soft law regulatory frameworks for pro-
tecting genetic resources

Some alternative solutions can also be implemen-
ted or promoted by groups of stakeholders (far-
mers, rural communities, public or private resear-
chers, cooperatives, processors, traders, consumers
etc.) involved in the use and exchange of genetic
resources and in adding value to the products ob-
tained from these resources.



CHAPTER: 1.6 QUINOA AND THE EXCHANGE OF GENETIC RESOURCES: IMPROVING THE REGULATION SYSTEMS

The impact of these solutions depends on many
factors, including the involvement of numerous
stakeholders on a large scale and recognition by
other stakeholders. In fact, certain proposals are
sometimes blocked because it seems that they can-
not be applied at global level: they lack the mecha-
nisms for political influence to obtain recognition;
they reveal gaps at legal level; they do not include
all the issues relating to the management of genetic
resources or traditional knowledge, which makes
them ill-adapted to these specific cases.

¢ Globally Important Agriculture Heritage Systems
— GIAHS (FAO-UNESCO)

Globally Important Agriculture Heritage Systems (GIA-
HS) seek to promote and conserve specific ecosystems
and agricultural landscapes that have been shaped
over time by different generations of local inhabitants
(farmers, herders, fishermen etc.), who have develo-
ped original practices and techniques adapted to the
local contexts and still used today. These systems take
into account the numerous and complex interactions
between species and the human practices that contri-
bute to the development and maintenance of agricul-
tural and associated biodiversity.

GIAHS within the UNESCO World Heritage framework
has brought recognition to the sites identified, both
for the resources conserved and the associated prac-
tices, thus revealing the importance of agrobiodiver-
sity for the creation and maintenance of these agri-
cultural landscapes. However, this recognition is not
a tool for legal protection linked to the management
of plant genetic resources. This recognition attribu-
tes a value to a defined geographical area, which in
turn enables the promotion or development of agro-
tourism in these territories. In order to attribute a
value to these systems within a sustainable produc-
tion process, recognition gives a level of protection
similar to that provided by geographical indications
or collective frameworks, with the aim of obtaining
world agricultural heritage identity in the different
markets. As previously mentioned, this recognition
does not provide protection for the basic agricultural
varieties in relation to the agricultural practices that
have developed with the history of agrarian socie-
ties. Consequently, basic plant genetic resources are
not taken into consideration.

e Biocultural landscapes

In line with the GIAHS approach, the UNESCO World

Heritage Treaty in 1992 enabled the recognition
and protection of cultural landscapes that are crea-
ted by interaction between humans and the envi-
ronment, and which are an expression of the broad
and intimate relationship that people have with
their environment (UNESCO, 2013). Some cultural
landscapes are linked to specific techniques of land
use that guarantee and maintain biological diversi-
ty. Others are linked to beliefs, artistic practices and
established customs that bear testimony to man’s
exceptional spiritual relationship with nature.

UNESCO promotes three categories of cultural
landscape:

¢ Landscapes that are essentially evolving are tho-
se that have a social role and can be subdivided
into two categories: living landscapes that conti-
nue to evolve; and relic landscapes, where evo-
lutionary processes are non-existent.

e Associated cultural landscapes that result from
the association of cultural, artistic or religious
phenomena associated with the environment.

¢ Landscapes that are clearly defined and created
voluntarily by man, such as parks and gardens.

The protection of cultural landscapes makes it pos-
sible to develop new sustainable land-use techni-
gues, improving the natural values of the landsca-
pe. Therefore, they are useful for the conservation
of biodiversity.

Consequently, in the case of quinoa, cultural landsca-
pes are integrated with agro-ecosystems to varying
degrees. Therefore, cultural landscapes interact di-
rectly with human practices in relation to the use
and in situ conservation of quinoa’s genetic resour-
ces and the traditional knowledge linked to the re-
sources of biodiversity. On the other hand, they do
not depend on processes of protection, valorization
and the fair and equitable sharing of the utilization of
these resources and knowledge. Thus, cultural lands-
capes constitute a tool adapted to the partial conser-
vation in situ of quinoa’s genetic diversity.

They do not constitute tools to conserve quinoa’s
genetic diversity in its entirety, nor to guarantee fair
and equitable benefit-sharing with the countries
of origin of these genetic resources. Nonetheless,
these systems encourage recognition of the iden-
tity of the human practices developed in relation
to specific environmental conditions, and promote



CHAPTER: 1.6 QUINOA AND THE EXCHANGE OF GENETIC RESOURCES: IMPROVING THE REGULATION SYSTEMS

values (sociocultural) that are distinct from purely
monetary values.

Recognition of cultural landscapes (hence, of agro-
ecosystems) ensures maintenance of the agrobiodi-
versity developed by farmers who adopted sustai-
nable agricultural management practices over time,
and guarantees the in situ conservation of quinoa’s
genetic resources. Nevertheless, cultural landsca-
pes dedicated to conservation should be open to
new knowledge and techniques and to the exchan-
ge of genetic resources.

e Open source seed licences

The open source seed licence (OSSL [3]) is the direct
transposition to the seed sector of a concept initia-
lly developed for computer programmes. According
to the OSSL concept, plant varieties and seeds are
considered common goods in the public domain to
be shared free of intellectual property rights.

Primarily, this system incorporates the varieties de-
rived from participative and/or traditional breeding
with a broad genetic base. These are well adapted
in terms of their environment and the potential
effects of global climate change. They include the
traditional quinoa varieties cultivated in the An-
dean zone.

In an OSSL, the varieties mentioned do not have to
comply with requirements of novelty, distinction,
uniformity and stability, since they are not in the
classic circuit of intellectual protection via a PVP,
patent or regulation through registration in an offi-
cial catalogue of cultivated varieties (Deibel, 2013).

The OSSL is complemented by the concept of “co-
pyleft” [4], which prevents a third party from appro-
priating the initial variety after a slightly modifica-
tion, and on top of that, OSSL maintains the impro-
ved modified variety in the system covered by the
same rights and regulations (Kloppenburg, 2010).

The promoters of OSSL also propose a licence or
model contract in which the beneficiaries agree to
provide some free seeds produced from the varie-
ty acquired under the scheme. A licence is signed
and information on all the cropping practices used
is made public. The basis of integrating the copyle-
ft concept also requires that the genetic improve-
ments obtained should be made public. Lastly, by
virtue of this licence or contract, the main objecti-
ve of which is to free up access to varietal genetic

resources, the contracting parties agree not to use
the seeds to produce genetically modified orga-
nisms (GMOs).

Some people also propose associating the OSSL
with the philosophy of open/free data in order to
promote and preserve the traditional knowledge
associated with traditional or modern varieties and
to enable free access to the genetic sequences of
these varieties to avoid patent applications. Howe-
ver, this scheme also has its weaknesses. Mecha-
nisms should be developed to protect the OSSL
from patent registration for specific functions in
relation to plants’ genes.

If the OSSL is to function properly, a wide seed
exchange network must be created to encourage
open exchanges between local communities, so
that farmers, researchers and other stakeholders
involved in varietal improvement can have access
and work using open source licences.

In conclusion, the OSSL and the concepts mentioned
encourage the free circulation of traditional and/or
modern varieties to ensure continued innovation
and improvement. Consequently, the OSSL could be
an important tool for preventing a third party from
appropriating a variety through a patent or PVP.

It is, therefore, an open framework that simul-
taneously promotes production, seed reproduc-
tion and innovation. Consequently, it can be as-
sociated with the protection of know-how and
knowledge relating to the genetic materials that
are freely accessible.

It is important to note that the genetic resources
from the wild relatives of cultivated quinoa, as well
as the traditional knowledge associated with the
agricultural practices in the public domain, are in-
cluded in the CBD’s regulatory framework. In this
regard, the OSSL only partially includes raw genetic
resources and very few wild genetic resources.

Lastly, as in other systems, it is difficult to guarantee
the monitoring/traceability of exchanges and the
future utilization of quinoa’s genetic resources to
ensure that the OSSL functions properly and achie-
ves its fundamental objectives.

Conclusions

Questioning the management of genetic resources
based on the case of quinoa involves an examina-
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tion of the diverse situations that arise from: the
geographical origin of the genetic resources shared
between various countries; the current dynamics of
the global expansion of quinoa cultivation; and its
multiple potential uses.

The current situation relating to genetic resources
— under state sovereignty since the adoption of the
CBD in 1992 — provides a specific legal framework
for access and exchange that have a strong impact
on use and innovation.

The main conclusion drawn from this comparative
analysis is that, at the moment, there is no single
existing legal framework perfectly covering all the
issues related to the genetic resources and their
sustainable management. This calls for an examina-
tion of the complementarity of existing legal frame-
works, their potential overlaps and the possibilities
of harmonization for the future.

Different regulatory instruments apply at different
levels (local and international), for different pur-
poses (genetic resources, varieties and seeds, land-
scapes, agricultural by-products etc.). The aim of
this paper was to reflect on how the different issues
at stake can be integrated, taking into account the
limitations of these regulatory instruments.

An analysis of the norms and regulations related to
genetic resources in the agricultural sector, particu-
larly in the case of quinoa, involves identification of
the various systems for food security.

The changing conditions for access to seeds and
the options available to make the seed sector more
effective and adapted to agriculture’s diverse re-
quirements will, inevitably, also depend on nation-
al public policies for developing an effective seed
market capable of meeting the challenges of the in-
ternational year of quinoa. This includes primarily:
recognizing the work of the Andean peoples in the
selection and conservation of local quinoa varieties;
and maintaining and adding value to quinoa’s bio-
diversity for the benefit of world food security and
poverty reduction.

Inevitably, this process of reflection will involve
in-depth dialogue between all the stakeholders
(managers, users or legislators) involved in manag-
ing quinoa’s genetic resources. No single solution is
adapted to all the situations that arise. Thus, the
stakeholders will have to either consider a new le-

gal regulatory framework based on existing ones,
or develop a completely new framework, based on
compromise, with the aim of integrating the diverse
points of view concerning the management of qui-
noa’s genetic resources.
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Abstract

Quinoa farming in the Altiplano has become more
market oriented compared with its traditional role
as a subsistence crop. This has resulted in the in-
creasing marginalization of many quinoa landraces
and therefore in a loss of quinoa diversity. From
an economics perspective, the maintenance of so-
cially desirable levels of agrobiodiversity requires
the implementation of mechanisms that provide
farmers with the incentive to conserve these qui-
noa landraces. Payments for Environmental Ser-
vices (PES) are such mechanisms, but they have yet
to be developed in the context of agrobiodiversity
conservation. The aim of this chapter is therefore
to analyse the potential of payments for agrobio-
diversity conservation services (PACS) instruments,

1 “The findings, interpretations, and conclusions expressed in this paper
are entirely those of the authors. They do not necessarily represent the
views of the International Bank for Reconstruction and Development/
World Bank and its affiliated organizations, or those of the Executive
Directors of the World Bank or the governments they represent”.

in particular in the context of quinoa farming. The
impact of different PES-type approaches on quinoa
diversity conservation (cost-effectiveness) is ana-
lysed together with their interactions with collec-
tive action. In particular, the chapter focuses on two
types of reward system: competitive tenders and
fixed-price payments. Key issues addressed relate
to the design of these PES and the effect of context
on their effectiveness. Experiments were run in two
study sites — a Peruvian site where farming systems
are mainly subsistence-based and a Bolivian site
where farming systems are more commercialized —
to permit a comparison across market contexts. The
results show the following:

¢ The conservation goals and targeting rules cho-
sen for the competitive tender significantly con-
dition the scheme’s performance and as such
cost-effectiveness and equity trade-offs.

e The way a fixed-price payment is designed im-

pacts farmers’ behaviour and therefore the con-
servation outcome.
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¢ Fixed-price payments have different impacts de-
pending on the market context and on existing
collective action institutions.

Introduction

The tenth meeting of the Conference of the Parties
of the Convention of Biological Diversity (CBD) held
in Nagoya, Japan, in 2010 adopted a new Strategic
Plan for Biodiversity including the 20 Aichi Biodiver-
sity Targets, one of which (Target 13) highlights the
importance of conserving biodiversity in agricultural
landscapes (http://www.cbd.int/sp/targets). Agricul-
tural biodiversity (henceforth agrobiodiversity) is the
basis of human survival and well-being, contributing
importantly to sustainable agriculture, food security
and a wide range of ecosystem services.

Despite this, diversity at ecosystem, species and ge-
netic level is increasingly and more rapidly lost from
many production systems throughout the world
leading to genetic erosion and vulnerability (among
others, FAO, 2009). As farming systems become
more commercialized and industrialized, also as a
result of the green revolution, agro-ecosystems are
increasingly characterized by a high level of intensi-
fication with low levels of diversity (Thrupp, 2000;
Jackson et al., 2007). This is mainly because a wide
range of local plant and animal genetic resources
(PAGR) are being replaced by a small number of
commercially profitable ones, as markets tend to
create a bias towards the latter by not fully captur-
ing the total economic value of agrobiodiversity due
to the public good characteristics of many of its ser-
vices (Drucker et al., 2005; Narloch et al., 2011a).

Peasants in the Andes have a long history of farm-
ing, reaching back almost 7 000 years, and they are
used to managing great diversity in traditional food
crops, such as maize, potatoes and quinoa. Never-
theless, decreasing use of some traditional crops has
been observed in the region (Velasquez-Milla, 2011).
There is growing demand for minor crops from de-
veloping countries, as consumers in industrialized
countries seek to satisfy specific tastes, improve nu-
trition or contribute to rural development. For exam-
ple, quinoa is being heralded as an organic fair-trade
crop, thus gaining popularity among consumers in
the Western world. Quinoa farming on the Altiplano
has therefore become more market oriented com-
pared with its traditional role as a subsistence crop.

This has resulted in the increasing marginalization of
many quinoa landraces and an ongoing loss of tradi-
tional agricultural knowledge (Canahua et al., 2002;
Laguna, 2002; Rojas et al., 2004, 2009).

The loss of agrobiodiversity is expected to have
far reaching consequences, especially for the live-
lihoods of poor indigenous farming communities
(Grueére et al., 2009). Such communities play a key
role in the conservation of species, varieties or
breeds with unique adaptive traits (e.g. disease re-
sistance, drought tolerance) bred over thousands
of years of domestication across a wide range of
environments. At the same time, agrobiodiversity
conservation and use provide a mixture of ben-
efits: private benefits to the farmer (e.g. through
their largely private direct use values); local public
benefits to the farming community (e.g. through
their indirect use values, such as contributing to
risk management, agro-ecosystem resilience, main-
tenance of soil and water quality, maintenance of
indigenous knowledge and sociocultural practices);
and national and global public benefits (e.g. mainte-
nance of evolutionary processes and option values,
as well as non-use values such as existence values).
Insurance values play a role in contributing to eco-
logical stability and resilience (Baumgartner, 2007),
while option values permit the maintenance of ma-
terial resources and knowledge (Bellon, 2008). As
markets capture only a part of the value of these
resources, thus underestimating their true worth
(Grueére et al., 2009), distortions result where any
trade-offs that must be made between growth and
biodiversity conservation tend to favour the former,
regardless of the increasing scarcity of the latter
(Pearce and Moran, 1994; Drucker, 2007).

Agrobiodiversity and collective action

El The impure public goods nature of agrobiodi-
verse resources has led many poor farming commu-
nities to make use of institutions of collective action
in order to manage PAGR and complementary in-
puts (e.g. land) collectively (Eyzaguirre and Dennis,
2007). Ostrom (1990) has shown that, under cer-
tain conditions, rural communities are able to self-
organize in order to manage natural resources for
reaching common goals; while, among others, Na-
garajan et al. (2008) provide a specific example of
how the collective efforts of producer groups have
had a positive impact on minor millet conservation
in India.
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In the agro-ecological context of the Andean Alti-
plano, an interesting example of collective action
can be found associated with the traditional crop
rotation practices undertaken on community lands,
known as Suyo. A group of farmers - sometimes the
whole community - decides collectively which plots
within a communal land area are to be planted with
a certain crop species. Each farmer then individually
manages his/her piece of land according to these
group-level decisions (Canahua et al., 2002). In sup-
port of these strong collective action institutions,
communities in the Altiplano have developed com-
plementary ways of co-managing their farming sys-
tems, for example through the exchange of labour,
germplasm and agricultural equipment (VSF, 2009).
Furthermore, many farmers have arranged to receive
technical assistance and to participate in markets.

Instruments to conserve quinoa’s biodiversity: the
Payments for Environmental Services

It may, however, be questioned whether collec-
tive action institutions are enough to confront the
loss of quinoa biodiversity induced by the growing
global demand for a narrow set of quinoa varieties.
From an economics perspective, the maintenance
of socially desirable levels of agrobiodiversity re-
quires that, where significant public good values
exist, these should be recognized and mechanisms
put in place to permit the “capture” of those values
by the farmers who incur the conservation costs.
Such mechanisms would provide farmers with the
incentive to conserve that which benefits wider
society. While Payment for Environmental Services
(PES) schemes are one such mechanism and have
been hailed by some observers as “arguably, the
most promising innovation in conservation since
Rio 1992” (Wunder, 2005), there has been almost
no explicit consideration of PES in the context of
agrobiodiversity conservation and only limited con-
sideration of indigenous farmer contexts (Narloch
et al., 2011a).

Such so-called “payments for agrobiodiversity con-
servation services” (PACS), a subcategory of agricul-
ture-related PES (see Narloch et al., 2011a), would
seek to tackle market price distortions associated
with the public good characteristics of genetic
diver-sity. This may be achieved through the use of
(monetary or in kind) reward mechanisms in order

to increase the private benefits from local PAGR so
as to sustain their on-farm utilization. It is
hypothesized that the rewards associated with
PACS instruments can be designed in such a way
as to create incen-tives to act collectively in order
to contribute to the conservation goal and receive
rewards. By contrast, it is also possible that PACS
schemes, if not appro-priately designed, could
undermine existing institu-tions of collective
action in poor farming communi-ties. PES schemes
should therefore be studied and designed carefully
prior to implementation in order to be ecologically
effective, economically efficient and socially fair.

Research focus

This chapter analyses the impact of different PES-
type approaches on quinoa agrobiodiversity con-
servation (cost-effectiveness) and explores their
interactions with collective action. In particular, it
focuses on two types of reward system: competi-
tive conservation tenders and fixed payments. It
reports the results from two experimental studies
conducted with Andean farmers between 2010
and 2012. In the first study, a conservation tender
through which community-based groups (CBGs) ap-
plied for conservation contracts by defining their
participation conditions (including the required
payment level) is implemented to provide incen-
tives to farmers to protect agrobiodiversity. In the
second, framed field experiments in which farm-
ers make hypothetical decisions with regard to the
cultivation of different crop varieties are conducted
to test the effectiveness of different types of fixed-
price payments for agrobiodiversity conservation.

Key issues addressed in this chapter relate to the
design of PES as well as to the effect of the context
on PES’ effectiveness. In particular, it focuses on the
following:

e How should tender schemes be designed to pro-
vide farmers with incentives to act collectively
and undertake public good agrobiodiversity con-
servation activities?

¢ Should fixed payments (rewards) be collective or
individual? And how should collective payments
be shared within communities?

¢ Do rewards have the same impact in different
contexts?
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Experiments were run in two study sites — a Peru-
vian site where farming systems are mainly sub-
sistence-based and a Bolivian site where farming
systems are more commercialized — to permit a
comparison across market contexts (both sites are
shown in Figure 1).

Figure 1: Bolivian and Peruvian study sites on the Andean
Altiplano - Source: Narloch (2011) based on map from US
CIA (2006)

Competitive tenders to conserve agrobiodiversity
This section investigates the potential of competi-
tive tenders for conserving quinoa biodiversity using
framed field experiments. In particular, it focuses on:
(i) What should be targeted and how does targeting
impact equity? (ii) What type of pricing should be
used (discriminatory vs uniform)?

Background on competitive tenders

Competitive tenders are used to award conserva-
tion contracts to those land users who can provide
conservation services at the least cost and thus re-
quire lower compensation payments. These sorts
of reverse tender are a means by which to tackle
the existence of information asymmetries (Ferraro,
2008). Due to the competitive process, the scope
for rent-seeking behaviour is limited, as farmers

have an incentive to bid for contracts close to their
real opportunity costs (Latacz-Lohmann and van
der Hamsvoort, 1997).

Conservation tenders in general have proven to be
more efficient in generating conservation services
than fixed-price programmes, whereby a uniform
price is offered for a pre-defined conservation ac-
tivity. That said, the transaction costs of running
conservation tenders can be relatively high, since
the conservation agency has to coordinate invita-
tion, bidding, selection, contracting, verification
and delivery of payments to a number — of possi-
bly dispersed — land users. However, dealing with
groups of land users can reduce transaction costs
and foster self-organization skills in communities.
Moreover, group-level approaches may be more
appropriate in contexts where land use is based on
customary rights established on community lands
accessible to a larger group of land users.

There are a growing number of conservation ten-
der examples through which farmers apply for com-
pensation payments for setting land aside for con-
servation purposes (Latacz-Lohmann and Schilizzi,
2005). Despite the potential in terms of informing
the targeting of conservation payments by estimat-
ing possible environmental and social outcomes ex
ante, there is very limited application of tender ap-
proaches in developing countries as part of PES pro-
grammes (Jack et al., 2009). This section presents
the results of a tender implemented in the Andes
and provides insights into the design of conserva-
tion tenders.

Project implementation

A group-level agrobiodiversity conservation tender
process to award PACS contracts and payments to
farming community-based groups (CBGs) was im-
plemented. It was based on a first-price (i.e. CBGs
could only prepare one offer) and sealed-bid (i.e.
CBGs would not know about competing offers) re-
verse procurement tender (Latacz-Lohmann and
Schilizzi, 2005) approach. Representatives from
18 Bolivian and 20 Peruvian CBGs were invited to
submit proposals for the conservation of previously
identified priority landraces. The invited CBGs came
from four Bolivian and five Peruvian districts, cov-
ering different zones within the two study sites.
Whereas in the Bolivian tender the focus was on
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communities with a long history of quinoa farming,
in the Peruvian tender quinoa-based production
groups were invited.

Between March and May 2010, those CBGs inter-
ested in participating in the tender were assisted by
local extension experts in the preparation of their
bids following a consultative process with the CBG
representatives. The final bid offer included (for
each of the chosen priority landraces): (i) the total
conservation area; (ii) the number of farmers to
take part in the conservation activity; and (iii) the
bid price per conservation land unit. CBGs were
also asked to define their preferred participation
mode, choosing between accepting conservation
contracts only if all their landrace bid offers were
selected (conditional participation) and accepting
conservation contracts for any of the landraces
from which their bid offers were selected (partial
participation).

The CBGs were advised that payments would be
made in kind and representatives could freely
choose their in-kind payment type, such as agri-
cultural equipment, inputs (e.g. seeds), and con-
struction or school materials. Participating CBGs
were informed that winners would be selected on
the basis of “bid value”, i.e. those who could offer
the greatest conservation service in terms of area
and farmer numbers per conservation cost. Bids
were received from 13 Peruvian CBGs and from 12
Bolivian CBGs.

Targeting and design of the tender

The targeting of payments determines distributional
outcomes, i.e. who gets how much for what. Many
authors have highlighted the potential of PES as a
multipurpose instrument, with their design guided
by different motivations, such as reducing poverty
and local inequities (e.g. Grieg-Gran et al., 2005).
Yet, as it is widely argued that PES’s primary empha-
sis should be on conservation goals (Wunder, 2007),
it may be that socially desirable goals need to be
traded off or even that existing inequities are exac-
erbated (Corbera et al., 20073, b). Nonetheless, tar-
geting payments on efficiency grounds only, while
ignoring fairness considerations in the distribution
of payments, may erode the legitimacy and sus-
tainability of such interventions, so that social and
conservation goals are intertwined (Pascual et al.,
2010; Muradian et al., 2010). Consequently, equity

considerations are extremely relevant in the grow-
ing application of PES in communities that share
strong norms of fairness. Drawing on data from the
agrobiodiversity conservation tenders, a number of
targeting approaches are assessed with regard to
their cost-effectiveness in terms of different conser-
vation goals, as well as their equity impact.

Narloch et al. (2011b) ranked the bids with regard
to their cost-effectiveness in terms of three conser-
vation goals: (i) cultivated land area under a specific
priority landrace as a proxy for the seed production
and maintenance of genetic diversity in the field;
(i) the number of farmers conserving such lan-
draces as proxy for the maintenance of local agri-
cultural knowledge and cultural traditions; and (iii)
the number of participating CBGs as proxy for the
maintenance of informal seed exchange networks
and, hence, gene flow across communities. Com-
bined rankings were also considered, with a weight-
ing of 40% for ranks from (i), 40% for ranks from
(ii) and 20% for ranks from (iii) found to reach the
best compromise solution of balancing conserva-
tion area, farmers and CBGs.

For the selection of bid offers, an iterative process
was followed for each of the targeting approaches
under consideration, whereby the highest ranked
bids per landrace were selected, while seeking to
distribute the conservation funds as equally as pos-
sible among the landraces, until no further bids
could be selected without exceeding the budget of
USD4 000. This selection process can be subject to
alternative targeting rules, which can incorporate
different equity principles as explained in Narloch
(2011). Firstly, a discriminatory pricing rule may
be applied, whereby the payment per land unit
equals the indicated bid price, which may vary be-
tween CBGs. In line with a proportionality principle,
groups would be compensated for the costs they in-
cur under the conservation programme. Second, a
uniform pricing rule may be applied, whereby every
selected CBG would receive a payment accord-
ing to the highest accepted bid price per landrace
(Ferraro, 2008). Such a non-discrimination princi-
ple would be relevant where local resource users
consider it as highly unfair when different payments
are made for the provision of conservation areas of
the same size.

Whereas these two approaches assume partial par-
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ticipation resulting from an assessment of bid offers
on a landrace-by-landrace basis, a third approach
may be applied, accounting for the preferred par-
ticipation mode defined by the CBGs. Where CBGs
indicated conditional participation conditions,
their bid offers for the different landraces must be
assessed as a package. Such an approach may be
considered to concur with procedural fairness prin-
ciples, whereby groups set their own participation
conditions.

The combination of the aforementioned four con-
servation goals and three targeting rules results in
a set of 12 targeting approaches. As conservation
area, number of farmers and number of CBGs serve
as delivery proxies for the provision of specific con-
servation services (as explained above), they all
measure cost-effectiveness in terms of their un-
derlying conservation goals (Narloch et al., 2011b).
At the same time, the targeted number of farmers
represents collectivism as grounded in a common
goods principle, while the number of targeted CBGs
would measure the inclusiveness of the schemein a
context in which CBGs have incurred time and effort
to prepare their bids and thus may find it unfair to
not receive any compensation at all (Narloch, 2011:
chapter 7). In addition, the Gini index measures
the inequality in the distribution of the payments.
Therefore, the four performance indicator variables
used represent three different cost-effectiveness
criteria and three equity principles.

Results

Results from the bid offers received identify signifi-
cant cost-effectiveness trade-offs between alterna-
tive agrobiodiversity conservation goals and their
associated conservation services. There appears
to be a non-complementary relationship between
maximizing the conservation area and the number
of conserving farmers, since area-based targeting
approaches would result in significantly smaller
numbers of farmers and vice versa. Neither area-
based nor farmer-based targeting would be closely
connected with maximizing the number of targeted
groups. Optimizing cost-effectiveness with regard
to the conservation area or number of farmers
would also be associated with a highly unequal dis-
tribution of payments. Further trade-offs can also
be identified when taking fairness considerations
into account, namely those between efficiency and

equity (Narloch et al., 2011b).

Overall, it seems that targeting rules accounting for
uniform pricing or preferred participation mode un-
derperform compared with discriminatory pricing
rules. This is because the latter two pose a binding
constraint on the targeting of payments, whereby
generally fewer CBGs (and thus fewer farmers)
would be targeted, so that payments are distribut-
ed highly unequally and smaller conservation areas
are attainable, as explained by Narloch (2011: chap-
ter 7). This would imply that non-discriminatory or
procedural fairness principles would need to be
traded off against cost-effectiveness, as well as eq-
uity principles based on collectivism, inclusiveness
and equality (Narloch, 2011).

As a result, the conservation goals and targeting
rules taken into account in the targeting process
would significantly condition the scheme’s perfor-
mance and, as such, cost-effectiveness and equity
trade-offs. Targeting approaches based on com-
bined goals and discriminatory pricing rules (re-
flecting proportionality principles) would not only
result in the most equal distribution of payments
and relatively high number of CBGs and farmers
taking part in the conservation activities, but would
also only be related to only very modest efficiency
losses in terms of conservation area.

Fixed-price payments to conserve agrobiodiversity

This section investigates the potential of fixed re-
wards for conserving quinoa biodiversity using
framed field experiments. In particular, it focuses
on: (i) whether different contexts impact the re-
wards’ effectiveness; and (ii) the effect of each type
of reward on conservation, collective action and
how they interact with social preferences.

Background on field experiments

It has been widely acknowledged that resource us-
ers often do not behave in an economically rational
way when they face social dilemmas, so that neo-
classical theory predicting purely selfish behaviour
fails and scholars need to look beyond homo-eco-
nomicus (Gintis, 2000; Henrich et al., 2001; Anderies
et al., 2011). Behavioural economists have applied
framed, game-theory-based experiments in which
participants make hypothetical decisions in the face
of different pay-off scenarios. A framed field ex-
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periment is a conventional laboratory experiment
with the relevant subject pool, undertaken within a
field context in the resource task or information set
available to the subjects (Harrison and List, 2004).
The experimental data provide insights into social
preferences for individual and group benefits and
thus into behavioural dynamics.

In particular, the application of framed field experi-
ments can provide valuable insights into the mul-
tiple layers (individual, group and incentive level)
relevant to understanding collective action in con-
servation (Cardenas and Ostrom, 2004) and the
pathways through which conservation behaviour
is affected by external institutions. To learn about
people’s preferences and decision-making in real
resource and group contexts, research in real field
contexts is needed (Cardenas, 2000; Velez et al.,
2010). There is a growing body of literature analys-
ing cooperative behaviour in the management of
natural resources in field-framed experiments con-
ducted in developing countries (Cardenas and Car-
penter, 2008), but no application in the context of
agrobiodiversity conservation.

Experimental design and protocol

Two series of field experimental games took place in
Peru and Bolivia between 2010 and 2012. The phase
| games were held between February and April 2010.
The games were constructed to analyse the impact
of two reward systems on conservation and their
interaction with farmers’ social preferences. The re-
sults led to a second series of experiments in Peru
in September 2012 (phase Il games), which aimed
to study both the robustness of the previous results
and a third type of reward to better understand how
rewards can lead to collective action. The full experi-
mental design and results are reported in Narloch et
al. (2012) and Midler et al. (2012).

It is in this context that an (impure) public good
game was framed around decisions between dif-
ferent quinoa varieties (Narloch, 2011). Each par-
ticipant was part of a group of four players and had
a number of fixed land units (4). Over 12 rounds,
participants decided how many land units to allo-
cate to the conservation of a threatened variety. As
market prices for such varieties are lower than for
commercial varieties, the farmer incurs private con-
servation costs equivalent to 10 points. Yet, the cul-
tivation of the threatened variety is associated with

public conservation benefits (4 points) that accrue
to every group member once a certain threshold
is reached (in this case defined as the group alto-
gether conserving seven land units). Six rounds of
a baseline game were played, before introducing
economic incentives for conservation and playing
six additional rounds with one of the following:

¢ An individual reward: each farmer receives 4
points more for each land unit allocated to con-
servation.

¢ A collective egalitarian reward: each farmer re-
ceives 1 point more for each land unit allocated
to conservation in the group if the threshold is
reached. This reward corresponds to a group re-
ward shared equally within the group, with no
consideration of individual effort.

¢ A collective proportional reward: each farmer
receives 4 points more for each land unit allocat-
ed to conservation if the collective threshold is
reached. This reward corresponds to a group re-
ward shared proportionally on the basis of indi-
vidual efforts. Both collective rewards therefore
differ in the way they are shared among farmers.

The amount of each reward was determined so that
they were equivalent from a budget point of view.

The social optimum, i.e. where the group’s total ben-
efits are maximized, is reached when all the group
members allocate all their land units towards con-
servation. However, a social dilemma arises from
the participants’ private incentive not to conserve
and instead to free ride on the others. Only when
expecting the group peers to conserve a certain
number of land units would it be rational to con-
serve one or two land units and allow the threshold
to just be reached (thereby moving from no public
benefits to a situation where everyone receives 4 x
7 points in public benefits). With external rewards,
the set of optimal private strategies would include
the conservation of more land units depending on
the expectations of others’ behaviour, but there
would be no dominant strategy allowing the social
optimum to be reached. The effectiveness of the
reward and communication was then assessed by
analysing the change in level of conservation be-
tween phase | and phase Il.

Four experimental game sessions were organized in
Bolivia and 14 in Peru. Each session was organized
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Figure 2: Average group contribution over the 12 rounds, differentiated by country and type of reward

with 16-20 participants from quinoa-based farm
households in the same (or neighbouring) com-
munities, which were selected from different zones
within the two study sites so as to maximize the
representativeness of the sample. Following the
experimental game, a brief survey with questions
about household demographics, quinoa farming,
organizational affiliation and informal connections
with other households was completed.

Results
Effect of the context on conservation level

Figure 2 shows the average group contribution over
the 12 rounds, differentiated by country and type
of reward (only individual and collective egalitar-
ian). It should be noted that the first six rounds are
the baseline game - identical in every experimental
game in each community, regardless of the treat-
ment that followed.

The behaviour observed in the games indicates that
farmers are willing to conserve a certain share of
their land units and do cooperate for conservation
purposes, as can be seen in Figure 2. Interestingly,
collective action appears to result in conservation
levels that are close to the defined thresholds —
here of seven land units. Generally, it appears that,
in terms of conservation, the Peruvian groups out-

perform their counterparts in Bolivia.

Further empirical analyses (Narloch et al., 2012;
Narloch, 2011: chapter 5) provide strong evidence
for market orientation significantly decreasing the
likelihood of growing non-commercial quinoa va-
rieties in both sites. This supports the hypothesis
that growing commercialization results in lower
agrobiodiversity conservation levels. Agricultural
networks, however, seem to play only a very lim-
ited role in conservation decisions. Interestingly,
in contexts where collective action institutions are
weakened, as in the Bolivian site, the safeguarding
of non-commercial varieties seems to be mainly
driven by those farmers who still interact in more
pro-social environments and follow social norms
such as altruism and reciprocity. In contexts where
collective action is more robust, as in the Peruvian
site, farmers who value the safeguarding of threat-
ened resources per se appear to play a key role in
agrobiodiversity conservation.

Also it seems that the impact of both types of re-
ward depends strongly on the context. In the Boliv-
ian site, collective rewards do not seem to have any
effect on conservation behaviour, whereas individ-
ual rewards create a conservation-enhancing effect
in different ways. In the Peruvian site, where farm-
ing is more subsistence-based and collective action
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institutions are more developed, collective rewards
seem to directly increase conservation. Possibly, in
contexts where collective action is still relatively
engrained, group-level payments provide stronger
economic incentives to enhance conservation.

Effect of the type of reward

Figure 3 shows the average group contribution over
the 12 rounds in Peru, differentiated by the type of
reward.

The behaviour observed in the games indicates that
farmers are willing to conserve a certain share of
their land units and do cooperate for conservation
purposes, as can be seen in Figure 2. Interestingly,
collective action appears to result in conservation
levels that are close to the defined thresholds —
here of seven land units. Generally, it appears that,
in terms of conservation, the Peruvian groups out-
perform their counterparts in Bolivia.

Further empirical analyses (Narloch et al., 2012;
Narloch, 2011: chapter 5) provide strong evidence
for market orientation significantly decreasing the
likelihood of growing non-commercial quinoa va-
rieties in both sites. This supports the hypothesis

that growing commercialization results in lower
agrobiodiversity conservation levels. Agricultural
networks, however, seem to play only a very lim-
ited role in conservation decisions. Interestingly,
in contexts where collective action institutions are
weakened, as in the Bolivian site, the safeguarding
of non-commercial varieties seems to be mainly
driven by those farmers who still interact in more
pro-social environments and follow social norms
such as altruism and reciprocity. In contexts where
collective action is more robust, as in the Peruvian
site, farmers who value the safeguarding of threat-
ened resources per se appear to play a key role in
agrobiodiversity conservation.

Also it seems that the impact of both types of re-
ward depends strongly on the context. In the Boliv-
ian site, collective rewards do not seem to have any
effect on conservation behaviour, whereas individ-
ual rewards create a conservation-enhancing effect
in different ways. In the Peruvian site, where farm-
ing is more subsistence-based and collective action
institutions are more developed, collective rewards
seem to directly increase conservation. Possibly, in
contexts where collective action is still relatively
engrained, group-level payments provide stronger
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Figure 3: Average group contribution over the 12 rounds in Peru, differentiated by the type of reward
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economic incentives to enhance conservation.

Effect of the type of reward

Figure 3 shows the average group contribution over
the 12 rounds in Peru, differentiated by the type of
reward.

As can be seen in Figure 3, introducing a reward al-
ways results in an immediate increase in conserva-
tion level. This increase is higher with the propor-
tional reward than with either the individual or the
egalitarian one. As the three rewards would involve
the same cost per conservation unit for policy-mak-
ers, collective proportional rewards seem to be more
cost-effective than both other payments at the levels
chosen in this design.

The proportional reward combines features from
both the individual and the egalitarian reward. First,
it is given only when the group collectively reaches
the ecological threshold, contrary to the individual
one. The fact that individual farmers need to self-
organize to become eligible for group level rewards
may in itself foster collective action through enhanc-
ing bonding and linking social capital. As a result,
both collective rewards provide an additional incen-
tive for collective action that the individual reward
does not. Second, the proportional reward is based
on individual efforts while the egalitarian reward is
given to all farmers independently of their conser-
vation efforts. The latter may therefore increase the
incentives for free-riding as one can receive the re-
ward without actually conserving. Post-experiment
focus groups to understand farmers’ decisions dur-
ing the game suggested that participants did not
like the egalitarian reward because their peers could
“take advantage of their own efforts without do-
ing something themselves”. Farmers may therefore
have increased their conservation level less with the
egalitarian reward than with the proportional one
because they anticipated this free-riding behaviour.
(Narloch et al. [2012] provide more details on the
interactions between rewards and farmers’ social
preferences.)

To summarize, the way rewards are implemented
(collectively or individually) and the way collective
rewards are shared within a community may have
a strong impact on their effectiveness. The above
findings suggest that collective proportional rewards
perform best to increase quinoa biodiversity conser-

vation in the Peruvian context. Nevertheless, results
also show that the context (marked oriented vs sub-
sistence level farming) and existing collective action
institutions may affect the way a reward impacts
farmers’ conservation behaviour. Also, it is worth
noting that PES schemes with collective reward sys-
tems may also generate additional socio-economic
benefits. There may be reduced transaction costs
from working with groups, as opposed to individuals,
and cost-saving may then be directed towards higher
collective reward levels, which could result in differ-
ent social dynamics.

Conclusions

The above findings reveal both the potential and the
complexity of making PES work for agrobiodiversity
conservation in an effective, efficient and equita-
ble way. As is argued in this paper, such incentive
mechanisms may draw on a “domesticated” version
of payment for ecosystem services (PES). These PACS
schemes can also generate rewards for farmers not
only for undertaking conservation activities per se
but also for supporting status monitoring and PACS
scheme monitoring and verification services, there-
by allowing poor farmers to diversify their livelihood
options.

Carefully designing PACS may therefore be the key to
effective agrobiodiversity conservation, in particular
protection of ancestral varieties of quinoa. With the
growing implementation of PES schemes in the field,
there is also an urgent need for site-specific research
in order to widen the understanding of the ways ex-
ternal reward systems may affect existing resource
management practices given various market and
group contexts.

Given that, generally, threatened PAGR are located
in disadvantaged and remote rural areas in develop-
ing countries, the above PACS-based framework may
prove to be a useful part of rural development pack-
ages and a useful potential tool for policy-makers.
Under such circumstances, PACS schemes would
need to be designed in a way that takes fairness con-
siderations on board in order not to undermine the
long-term legitimacy of such programmes and thus
their robustness. As Bowles (2008) notes, “good poli-
cies are those that support socially valued ends not
only by harnessing selfish preferences to public ends
but also by evoking, cultivating, and empowering
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public-spirited motives.” Consequently, before PACS
schemes are adopted, a careful assessment should
be undertaken of existing social preferences that
are of relevance to the success of formal institutions
brought from outside the community. Participatory
approaches may also be needed during the process
to guarantee farmers’ involvement in conservation.
This is apparent as the experimental game findings
indicate that we cannot generally assume that ex-
ternal reward mechanisms would unequivocally pro-
vide resource users with the incentives to increase
their conservation efforts. Clearly, different reward
systems influence different types of resource users
in different and complex ways, and thus may differ in
their effectiveness depending on the market context.
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Abstract

The duration of development stages is one of the key
determining factors of the adaptation of a species,
conditioning adjustment to the growing season, the
distribution of photoassimilates, water and nutrient
absorption and lastly, the yield achieved. Four factors
affect the progression of quinoa development: tem-
perature, photoperiod, hydric status and radiation;
the last two variables have been barely analysed
in terms of its impact on development and there is
documented genetic variability regarding sensitivity
for the first two. Temperature is the environmental
factor with the highest relative impact on duration
of development. Sensitivity to temperature was
evaluated for the time to visible floral buds and leaf
appearance rate; variability for both variables is as-
sociated with characteristics of the original environ-
ments, being higher in environments with limited
water and low temperatures, indicating that adapta-
tion to short growing seasons is expressed through
higher earlyness, partly offset by a higher leaf ap-
pearance rate, whilst most late genotypes are found
in more humid and warmer environments. Quinoa
behaves as a short-day plant and the higher photo-
period sensitivity is expressed in valley genotypes,
grown between Argentina and Colombia. At the op-
posite extreme, those in the southern Altiplano, in-
cluding Bolivia and north-western Argentina, togeth-
er with Chilean sea-level genotypes, show little or no
sensitivity to this factor in respect of time to flower-
ing. Photoperiod sensitivity is manifested from the
early stages of development up to advanced stages
of grain filling; there is also variability in the duration
of the sensitive period.

1. Environmental control of development and in-
traspecific variability in sensitivity to environ-
mental factors

Optimizing productivity implies adjusting ontoge-
nesis (the sequence of development stages) in such
a way that the crop explores the best environmen-
tal conditions (e.g.: favourable temperatures or
proper availability of water) and when the unfavou-
rable conditions are unavoidable, minimizing their
coincidence with the more vulnerable stages of the
crop. Therefore and unsurprisingly, phenology (the
influence of environment on ontogenesis) is a most
important factor in determining genotype adapta-
tion (Lawn e Imrie, 1994). Ontogenesis can be adap-
ted to the environment through two ways: by bree-
ding through manipulation of the genes that cause
sensitivity to the environment or through manage-
ment of sowing dates and sites (Richards, 1989).

The previous paragraph stresses the importance
of variation in duration of development as a key
aspect of the adaptation of crops to the environ-
ment (Evans, 1993), and this is also valid for quinoa.
Knowledge of the environmental factors that regu-
late duration of development of crops constitutes a
key element for predicting their agronomical beha-
viour and yield in an area of known climate regime
(Miralles et al., 2001). The most relevant environ-
mental factors in controlling crop development are
temperature and photoperiod, and their relative
importance depends on the sensitivity of the plant
in each phase (Hall, 2001).



CHAPTER: 2.1 ENVIRONMENTAL CONTROL OF DEVELOPMENT

2. Importance of knowledge about development
control in quinoa

In a crop cycle, we can distinguish between separa-
te periods characterized by the initiation of specific
organs and the pattern of distribution of photo-
assimilates. These periods are known as phases or
stages, where a phase can be defined as the pe-
riod spanning two clearly-identifiable development
events. These events are often observable at the
meristematic level (in the apical or axillary meris-
tem, depending on the crop) and involve changes
in organ generation and photo-assimilate distribu-
tion. The most important events in the life cycle
of an annual crop are: emergence, floral initiation,
flowering (usually identified as the date of anthe-
sis, i.e. the appearance of anthers) and physiologi-
cal maturity. These events are used to determine
three major development phases: (i) vegetative
phase (between emergence and floral initiation),
(ii) reproductive phase (between floral initiation
and flowering) and (iii) maturity or grain-filling pha-
se (between flowering and physiological maturity)
(Ritchie, 1991). These phases can also be broken
down into sub-phases.

Since certain scales used to characterise crop de-
velopment are based on phenomena such as the
appearance of leaves, while others are based on
changes in the activity level of apical meristems,
a distinction has been made between phasic and
morphological development (Ritchie, 1991). The
first involves changes in growth stages (succession
of phases) and the second refers to the onset and
end of the generation of organs within the life cycle
of a plant (e.g. the time between the appearance of
two leaves).

The duration of the cycle or specific stages of de-
velopment is one of the most important variables
to explain genotype-by-environment interaction
patterns for yield (Bertero et al., 2004) or genetic
variability in quinoa germplasm collections (Ortiz et
al., 1998, Rojas 2003, Curti et al., 2012). The BLUPS
- estimators of genotypic effects - for sowing-matu-
rity duration showed a strong positive association
with yield (R2=0.88) and total above-ground bio-
mass (R2=0.87) and negative association with the
harvest index (HI, proportion of above-ground bio-
mass in grain, R2=0.7) in a network of experiments
conducted in the inter-tropical zone (Bertero et al.,

2004). When this analysis was conducted by envi-
ronmental group (environments that have a similar
impact on the behaviour of genotypes in terms of
yield), the duration of development showed higher
variation and better association with yield compo-
nents in colder environments, while duration were
shorter with less variation in high temperature
and short-day tropical environments (e.g. Brasilia,
Brasil and Gia Loc, Vietnam, Bertero et al., 2004).
The genetic component (genotype/ genotype-by-
environment, G/GxA) have a relatively high weight
for duration of development (1.69) vs. 0.25, 0.89,
0.44 and 0.0026 for yield, grain weight, biomass
and Harvest Index respectively, indicating better
hereditability of these traits and the possibility of
responding to selection (Bertero et al, 2004); with
even higher weights for evaluations made in more
delimited geographical regions such as North-Wes-
tern Argentina (R. Curti, com. pers.). On the other
hand, the time to floral initiation, 50% a anthesis
and maturity have the highest weight in explaining
genetic variance and discrimination on the first axis
of the main components analysis (which explains
30% of the total systematic variance) for a collec-
tion of 1,512 accessions in Bolivia, explaining 78,
87.5 and 56% of the variance, respectively (Rojas,
2003). Similar results were obtained for the Peru-
vian (Ortiz et al., 1988) and Argentinian collection
(Curti et al., 2012). An interesting aspect of this va-
riability is the tenuous association found between
phase durations, which suggests that it could be in-
dependently manipulated (Risi and Galwey, 1989).

The duration and sequence of developmental pha-
ses are the most relevant parameters in controlling
the time-dependent dynamics of leaf area gene-
ration. For instance, the number of leaves on the
main stem is determined at anthesis (Bertero et al.,
1999a, Ruiz and Bertero, 2008), the leaf area on
the main stem around anthesis and those on bran-
ches during the flowering period (Ruiz and Bertero,
2008). While there is a strong coordination between
phasic development and morphology, there is no
unique relationship, with genotypes that can con-
tinue generating leaf area for a longer period after
anthesis, with a lesser relative reduction of the leaf
area compared with genotypes of similar precocity,
and of interest regarding genotypes selection for
short crop seasons (Ruiz and Bertero, 2008). The
association between the duration of development
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phases and the start and interruption date (from
lowest to highest) in photo-assimilate distribution
to quinoa panicle and stems was quantified (Berte-
ro and Ruiz, 2010). Like other crops (e.g. Gonzalez
et al., 2003), active stem growth starts earlier than
that of panicles in quinoa, possibly conditioning the
competition between these two organs. This infor-
mation was subsequently used to define the mo-
ments for applying growth regulators to enhance
photo-assimilate distribution and yield (Gémez et
al., 2011). The distinction between developmental
stages allowed the identification of the flowering
period (between 1st anthesis and end of flowering)
as the most important in determining the number
of grains in Chilean quinoa genotypes (Bertero and
Ruiz, 2008).

3. Development scales

LDevelopment scales are important for quantifying
the effect of environment, the association of deve-
lopment with the generation of yield or crop ma-
nagement (identification of periods of tolerance to
frost or drought, application of herbicides or periods
of tolerance to weeds or application of fertilisers).
There are various scales to study quinoa develop-
ment; and a few are described below. Flores (1977)
defined five sub-periods between sowing and phy-
siological maturity separated by four events: emer-
gence, appearance of the first pair of true leaves
(marking the onset of leaf area generation), appea-
rance of inflorescence and anthesis. The duration of
the second sub-period (emergence-appearance of
first pair of leaves) has an average duration of ap-
proximately 160 °Cd (base temperature (Th) =2 °C)
and is used to model the appearance of leaves (Ber-
tero, 2001a). The length of this sub-period shows a
close association with early vigour (ability to cover
the ground and quickly reach a high growth rate),
important for genotype selection (Bertero, 2001b
and unpublished data) (Figure 1).

Jacobsen and Stélen (1993) proposed a develop-
ment scale involving 23 stages, the most relevant
events of which are panicle formation, anthesis, flo-
ral dehiscence, fruit set and maturity. Unlike other
scales, this one includes combinations of develop-
ment and growth aspects (e.g. the time when a spe-
cific panicle width is reached). Bertero et al. (1996),
based on apical meristem scale observations using
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Figure 1: Association between the duration of the emer-
gence-appearance of the first pair of green leaves (in
°Cd, bT = 2 °C) stage and initial vigour, measured as the
leaf area (FS) by plant 10 days after emergence, for 15
genotypes grown in temperate climates.

Source: Bertero, unpublished data.

stereomicroscope and scanning electron microsco-
py, generated a development scale that distinguis-
hes between amarantiform (7 stages) and glomeru-
late type (8 stages) panicles.

When the proposed scores were analyzed using a
thermal time scale (Thb= 3.7 and 6.4 °C for the ama-
rantiform and glomerulate scale respectively), they
were distributed at regular intervals between sta-
ges. In a subsequent analysis Bertero et al. (1999a)
proposed a division into four sub-periods for the
emergence-anthesis period named: Vg (between
emergence and floral initiation), Rpl (between
floral initiation and the end of leaf primordia ini-
tiation in the apical meristem), Rp2 (between the
end of Rpl and differentiation of stigmatic bran-
ches in the apical meristem (G7 on the scale of
Bertero et al., 1996)), and Rp3, between the end
of Rp2 and anthesis. More than 50% of total leaf
primordia were initiated during Rpl. Mujica et al.
(2001) proposed a scale based on 12 stages for the
American and European Quinoa Trial. Lastly, Berte-
ro and Ruiz (2008) used a scale based on external
characters (non invasive) and distinguished four
phases: emergence-visible floral bud (VFB), visible
floral bud-anthesis, anthesis-end of flowering and
end of flowering-maturity for the identification of
the critical period for yield generation. Variations
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in a few aspects of these scales were used by Gar-
cia Cardenas (2003) and Geerts (2008). The lack of
precision in the description of the events of the va-
rious scales, or the lack of availability of information
in easily accessible publications, poses difficulty in
establishing analogies between scales (e.g. for de-
termining whether, for example, the stages inflores-
cence appearance (Flores, 1977), panicle formation
(Jacobsen and Stdlen, 1993) and VFB (Bertero and
Ruiz, 2008) correspond to the same event).

4. Response of phasic development to environ-
mental factors

Quinoa is a plant with a short-day quantitative res-
ponse to photoperiod (Sivori, 1945, Fuller, 1949));
this implies that duration of some development
stages is longer when plants are grown during lon-
ger days, but reach flowering in all the range of
photoperiods explored. Furthermore, the duration
of development is sensitive to temperature and
these two factors interact to determine its duration
under field conditions (Bertero et al., 1999b). This
chapter analyzes existing knowledge for all asses-
sed stages, using the Bertero and Ruiz scale (2008),
due to its greater simplicity. Existing knowledge for
the sowing-emergence period is analyzed in detail
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Figure 2: Association between the duration of sub-periods
in development (Bertero et al., 1999a) and leaf initiation
and appearance (cv. Kanckcolla, Peruvian Altiplano). The
pictures correspond to the following stages: GO (vegeta-
tive), G1 (early reproductive), G3 (start of differentiation
of the terminal flower) and G7 (start of differentiation of
stigmatic branches) for a glomerulate type panicle. Adapt-
ed from Bertero et al. (1996) and Bertero et al. (1999a)

in chapter 2.6, hence the treatment of only a few
aspects in this chapter.

The duration of the photoperiod-sensitive perio-
ds were analyzed in a few genotypes. The juvenile
phase (period after emergence when the crop is not
in condition to allow the detection and response to
changes in photoperiod) shows variability between
genotypes and this is associated with the latitude
of origin of the genotypes (longer duration at lower
latitudes), varying between 0 and 9 days for plants
growing under a temperature of 21°C (Bertero et
al., 1999b). This is in contrasted with an estimate of
16 days at 16°C for variety Real according to Chris-
tiansen et al. (2010).

Expressed by a common base temperature of 3°C
(Bertero, 2003) this would imply a duration of
208°Cd, against a maximum of 162° Cd estimated
by the Colombian variety Narifio, and by ~ 80 °Cd,
according to the equation proposed by Bertero
(2003) which links the duration of the juvenile
phase with the latitude of origin of a variety. It’s
possible that this difference is due to the response
variables used, floral initiation in the first and an-
thesis in the second work. The end of the period
of sensitivity to photoperiod is less known. Chris-
tiansen et al. (2010) found variation in the duration
of grain filling as a consequence of plant transfers
between photoperiods, but the sensitivity period
to transfers ends ~ 25 days after sowing (Figure 2
of the article quoted for the Real variety), before
the start of anthesis. In other experiments (Bertero
et al., 1999a, Piriz et al., 2002), quinoa displayed
the capacity to respond to photoperiod changes ef-
fected after flowering, and this period appears to
stretch at least between 10 and 15 days after anthe-
sis, as observed upon analysing the impact of plants
transfer between photoperiods after anthesis on
grain filling rate.

A first look at genotypic variation in sensitivity to
the environment is shown by Figure 4. It shows the
response of development rate (sowing-maturity
days -1) to temperature for four genotypic groups
identified based on their GxA interaction patterns
for yield (Bertero et al., 2004). Rhis figure includes
results of field experiments carried out in tropi-
cal environments, but the average photoperiod
showed little variation between environments (~1
h), so that much of the presented variation is attrib-
utable to the effect of temperature.
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4.1 Sowing-emergence

Jacobsen and Bach (1998) studied the influence of
temperature on germination rate in a Chilean origin
variety selected in Denmark. They identified a Tb of
3 °C and an optimum temperature (associated with
the maximum development rate) of between 30 and
35 °C. The seeds achieve 100% germination within
30 ° Cd (Thermal time units), which implies that un-
der high temperatures and adequate humidity all the
seeds will germinate within approximately one day.
Bois et al. (2006), studied the variability in response
to temperature in 10 Bolivian cultivars and detected
variation in Tb and time of up to 50% of the germi-
nation, Tb varied between 0.24 and -1.97 °C, several
degrees lower than the figure reported by Jacobsen
and Bach (1998). Interestingly, lower temperatures
seem to characterize cultivars originally from colder
and drier climates (example, the Bolivian Altiplano
compared with the south of Chile).

The variation between cultivars is more obvious
when seeds were incubated at 2 °C, in that envi-
ronment, the time to 50% germination (T50) varied
between 45 and 67 hrs. Quinoa can be grown at the
end of winter in southern Bolivia (Joffre and Acho,
2008) that is why the impact of this variation on the
crop’s ability to adapt to lower temperatures de-
serves to be explored.
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Higher Tb values were obtained in a comparison of
four Bolivian quinoa genotypes (Boero et al., 2000)
but in this case the same ratios were estimated us-
ing polynomial type relationships, unlike the linear
relationships used in the usual approximations. An
example of this variability is observed in Figure 5,
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Figure 4: Association between the average development
rate (d-1) measured by genotypic group for the sowing -
maturity period in five cropping environments included
in the American and European Quinoa Trial (Mujica et al.,
2001). The symbols correspond to: genotypes natives to
the Inter-Andean Valleys (G1), Peruvian Altiplano (G2),
Bolivian Altiplano (G3) and Sea level (central and south-
ern part of Chile, G4) according to Bertero et al. (2004).
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Figure 5: Progression in accumulated germination as a
function of thermal time since the start of incubation
(°Cd, see base temperature values in the diagram) for
two contrasting response genotypes: Concoche, native
of Valdivia, Chile, and AMES 13745, native of Bolivia
(Christensen et al., 2007). The data corresponds to seeds
incubated at 6, 11, 15 and 19 °C.
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Figure 6: Variability in the response of development rate to temperature (a) and of duration from emergence to
visible floral bud (VFB, b) to photoperiod, in four genotypes representative of the range of responses to these factors,
evaluated under controlled conditions. The represented genotypes are: Narifio (), Colombia, Inter-Andean Valleys),
Amarilla de Marangani (H), Peru, Inter-Andean Valleys), Blanca de Juli (®) Peru, Altiplano) and Baer (M) Chile, sea
level). The response to temperature was analyzed for a photoperiod of 10.25 hours and that to photoperiod for a
temperature of 21 °C. All the genotypes show a maximum development rate at a temperature of ~20 °C, whereas
in the response to photoperiod, a threshold photoperiod of ~12 h could be observed for Blanca de Juli and a critical
photoperiod of ~14 h for Narifio. More details on the experimental procedure in Bertero et al., (1999b)

which compares the germination dynamic between
two contrasting response genotypes, one Chilean
and the other Bolivian. In this example T50 varied
between ~ 10 and 18 °Cd, between 1 and 2/3 of
values estimated by Jacobsen and Bach (1998) us-
ing similar Thbs.

4.2 Emergence-visible floral buds

This phase includes the Vg and Rp1 stages (Bertero
et al., 1999a) and therefore the entire leaf primor-
dia initiation period, both stages are affected by the
length of the day. The quantity of primodia, but not
its initiation rate (primordial day ) varied between
photoperiods in the two genotypes that were ana-
lyzed (Bertero et al., 1999a).

Regarding genetic variability for duration of this
stage two parameters that characterize responses
to temperature and photoperiod, the basic veg-
etative phase (BVP), estimator of the temperature
sensitivity (1/BVP) and photoperiod sensitivity (PS)
are the most useful for explaining the differences
between genotypes (Figure 6).

The BVP is the minimum duration of the phase,
found under short days in short-day plants, whilst
photoperiod sensitivity is the change in the dura-

tion of a phase per unit of change in photoperiod,
expressed in °Cd for variable temperature condi-
tions or in days h for constant temperatures. Both
parameters changed through a latitude gradient: a
tropical cultivar (Narifio, from Colombia) displayed
longer BVP duration and higher PS values (700 °Cd
and 65 ° Cd h'* (Tb = 1.5 ° C)) and the lowest values
were observed in cultivar Baer (380 ° Cd and 12 °
Cd h (Tb = 3.4 ° C)) from southern Chile (Bertero,
2003). Lower BVP and PS values were observed in
the early flowering cultivars from the Peruvian and
Bolivian Altiplanos, as an adaptation to the short
vegetative period experimented in these environ-
ments. Unlike other stages (see anthesis-physiolog-
ical maturity below), such as grain filling, the effects
of temperature and photoperiod can be regarded
as independent (Bertero et al., 1999b).

4.3 Visible floral bud-anthesis.

This phase is also affected by photoperiod, some-
times directly or as by photoperiods experimented
in the previous phases (Bertero et al., 1999a). This
in turn has an impact on the dynamic of leaf ap-
pearance. Although the number of primordia is
determined at the onset of this stage, the number
of leaves expanded from Rp2 until the end of the
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leaf appearance period changes with photoperiod,
through modifications in the proportion of primor-
dia which expand to form leaves (Bertero, 2003).

Photoperiod sensitivity is greater in this stage than
in the previous one (Bertero et al., 1999a) and is
reflected in the range of variation shown in Fig. 7
(from insensitivity to more than three times the
maximum value estimated by the same combina-
tion of genotypes for the emergence —VFB phase).
A regression adjusted to the relationship between
photoperiod sensitivity and latitude of origin for
the 0-20 °S range allowed the estimate of an slope
of-11.1°Cd h? lat?, compared with -1.5 °Cd h* lat™* for
the emergence period-VFB (Bertero, 2003). Prelimi-
nary evidence suggests that pollen viability might
be reduced through the effect of photoperiod (less
under long days, unpublished data).

4.4 Anthesis-physiological maturity

Perhaps the most decisive limitation to pheno-
logical adaptation to non-tropical environments is
linked to photoperiod sensitivity and the tempera-
ture experienced during seed filling. A temperature
x photoperiod interaction affects seed filling, which
is strongly inhibited by the combination of long
days and high temperatures (Bertero et al., 1999a).
While some Andean cultivars can be grown and
matured in high latitudes (Carmen, 1984, Risi and
Galwey, 1991), only limited by the duration of the
growing season, seed production is strongly inhib-
ited in mean latitudes when flowering occurs under
long days and high temperatures. In the American
and European Quinoa Trial (Mujica et al., 2001) all
temperate environments were excluded from the
analysis due to the fact that the cultivars adapted
to the tropics produced a large amount of plant
biomass but little or no grains (Bertero et al., 2004;
Correa Tedesco, 2005). An interesting point for the
adaptation to temperate climates is that this in-
hibition does not appear to occur, or has a lesser
impact (Christiansen et al., 2010) on sea level and
some highland cultivars, which can be cultivated in
these environments.

High temperatures also appear to explain the poor
adaptation of varieties from the Chilean and Bolivian
Altiplano, cultivated at an altitude of around 2,500
m in Colorado, USA., even though they performed
well at 2,800 m in other locations in the same State
(Johnson and McCamant, 1986). Making even more
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Figure 7: Association between photoperiod sensitivity
(PS) for the VFB-anthesis phase and the latitude of ori-
gin of the genotypes (same as included in Bertero et al.,
1999b). PS was estimated for plants growing in different
sowing dates in Buenos Aires, Argentina, in the 10-14.4 h
range of average photoperiod per phase for each plant-
ing date. PS is expressed in °Cd h%, fora Tb = 3 °C.

complex the interaction between photoperiod and
temperature during seed filling, plants grown under
short days before flowering present less inhibition
for photoperiod during seed filling than those from
long days (Bertero et al., 19993, Bertero et al, 2002)
(Fig. 8). An additional aspect of the effect of photo-
period on grain filling is delayed senescence (Berte-
ro et al., 2002, Christiansen et al., 2010) possibly a
consequence of alterations in the source-sink rela-
tionship linked to the inhibition of photoassimilate
partitioning (and nitrogen?) to the grain (Fig. 8).
This is manifested as a stay-green behaviour which
does not generate an advantage in terms of grain
weight or yield, since the latter is inhibited. The dif-
ference between the sample (S) and F2 (extension
of photoperiod from anthesis to maturity) appears
to be associated with differences in time to physi-
ological maturity between these treatments, while
the leaves shown in F1 (extension from floral bud
to maturity) correspond to plants which, shortly
after the beginning of samplings, were shaded by
new leaves which continued to appear on the main
stem, and the acceleration observed in senescence
can be interpreted as a consequence of this shad-
ing. With respect to S, senescence was faster than
in F2, associated with differences in maturity date.
For both F2 and S, at physiological maturity senes-
cence is associated with the start of a significant
drop in SPAD values (Fig. 8). Plants under the treat-
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Figure 8: Effect of the manipulation of photoperiod un-
der field conditions (Faculty of Agronomy, University of
Buenos Aires) on the duration of development stages.
The clear horizontal bars correspond to the duration of
the emergence-anthesis period, while the dark ones cor-
respond to anthesis-physiological maturity. Treatments
are: plants grown under natural photoperiod (T), pho-
toperiod extension from VFB to maturity (F1) and from
anthesis to maturity (F2). The upper horizontal line in-
dicates the duration of the photoperiod extension treat-
ments (16 hrs), the dotted line to temperature averages
over ten day periods and the rest to the progression of
natural photoperiod (calculated according to Charles-
Edwards et al., 1986). Sajama cultivar (Bolivian Altiplano.
F1 does not cause changes in the time to flowering, in-
dicating the insensitivity of this stage of the genotype to
photoperiod).

ment of photoperiod extension never mature, the
stems stay green and growth of new ramifications
from the inflorescence can be observed (Christian-
sen et al., 2010).

5. Response of morphological development
to environmental factors

Other development processes are those linked
to the appearance of leaves. The leaf appearance
rate (day leaves-1) is affected by temperature and
photoperiod in quinoa, even though the effects of
temperature are more relevant in relative terms
(Bertero et al., 2000) (Figure 9).

The variation in phyllochron (thermal period be-
tween the appearance of two successive leaves on
the main stem, in ° Cd) shows a similar pattern to
that of time to flowering: late flowering plants are
also those with a higher phyllocron (and therefore,
lower leaf appearance rate), while the opposite is
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Figure 9: Effect of photoperiod on the chlorophyll con-
tent (SPAD arbitrary units, Minolta 1989) during grain
filling, leaf No.13. The arrows indicate the time of physi-
ological maturity, and the treatments are the same as for
Fig. 7. Cultivar Sajama.

observed in Altiplano and Southern Chile acces-
sions. This indicates that, in short season environ-
ments, as in the Altiplano (Geerts et al., 2006) the
genotypes flower in less thermal time, but this re-
duction in available time can be partly offset.

By the production of a higher number of leaves per
time unit than varieties from warmer and more hu-
mid environments. An interesting fact is that the
phyllocron is shorter (25%) in nine varieties select-
ed in the Bolivian highlands compared to a tradi-
tional landrace variety (Bois et al., 2006), perhaps
a consequence of the selection for a higher crop
growth rate and biomass production.

However, as a general rule, early flowering plants
pay a cost in terms of yield potential due to the
shorter available time to capture resources (above
and below ground) as indicated by the positive as-
sociation between crop biomass and cycle length
(Bertero et al., 2004). The accumulation of biomass
is also a function of changes in crop growth rate
however, and the lower phyllocron could lead to a
faster generation of leaf area, greater interception
of radiation and growth, which would allow the
design of cultivars that achieve similar biomass val-
ues with shorter cycles or high biomass values with
similar cycles, as proposed for maize (Padilla and
Otegui, 2005). The partial superposition between
leaf appearance and reproductive development,
mentioned previously, is also an interesting option
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Figure 10: Response of leaf appearance rate (leaves day
-1) to temperature and photoperiod, cv. Amarilla de Ma-
rangani (Cuzco valleys, Peru). The data correspond to
experiments conducted under controlled conditions in
two photoperiods (10.25 and 16 hrs) and in the range
between 10-27 °C in greenhouses under natural radia-
tion. The estimated Tb is 3.1 °C, the optimum is 23 °C,
and phyllocron responds to the equation: phyllocron
(°Cd)=15 + 0.29 x photoperiod. More details on the ex-
perimental procedure in Bertero et al., (2000).

and, in fact, in quinoa, the generation of leaf area
and panicle growth are partially simultaneous (Ruiz
and Bertero, 2008).

6. Other factors

Another factor that appears to play a key role in
development control, at least for varieties from the
Bolivian Altiplano, is water scarcity. Geerts et al.
(2008) reported 30 (from 65 to 95) days of delay in
the time until the first anthesis with an increase in
water deficit, while a similar stress can accelerate
maturity if it occurs during seed development. This
discovery has several implications. Extended dry
periods can occur during the growing season coin-
ciding with flowering and the filling of seeds in this
milieu (Garcia et al., 2007). Flowering is more sen-
sitive to stress (Garcia, 2003), and also part of the
critical period for yield determinination (Bertero
and Ruiz, 2008, Mignone and Bertero, 2008); post-
poning flowering could act as an escape mechanism
if this means exposing flowering to a condition of
more favourable water availability after the stress.

An additional factor of complexity is the effect of
radiation on duration of development and the ap-
pearance rate of leaves (Bertero et al., 1999b,

Bertero 2001a). When models generated under
controlled conditions were used to predict the time
to VFB and the leaf appearance rate under field
conditions, a systematic underestimation of both
variables was detected when simulating the behav-
iour of crops growing at high temperatures. One of
the differences between conditions was that under
controlled conditions, a plateau is reached in de-
velopment rate for temperature values ~ at 20 °C,
which was not observed in the field (Bertero et al.,
1999b); and this “saturation of the rate of increase
in development rate” is associated with lower in-
cident radiation under controlled conditions (see
Figure 3 in Bertero et al.,, 1999b). Based on this,
a hypothesis is proposed that, in the presence of
high temperature conditions, radiation is a limiting
factor in the acceleration of development rate, in a
manner equivalent to source limitations when ana-
lyzing carbon demand for growth processes (Borras
et al., 2004). When these variables were simulated
assuming a single linear relationship between de-
velopment rate and temperature, without a pla-
teau, the systematic differences between observed
values and predictions were eliminated, and great-
er prediction accuracy was achieved. An additional
confirmation of this hypothesis was the analysis
of the relationship between time to VFB and inci-
dent radiation (generated through different plant-
ing dates in a greenhouse under high temperature
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Figure 11: Association between incident radiation (mol
PPFD m-2 d-1) and duration of the emergence-anthesis
phase, for plants growing under constant temperature
and photoperiod (27°and 16 hrs, respectively) in a green-
house. Cultivar Sajama
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and constant photoperiod) (Fig. 10) which possibly
explains the apparent long day response found in
Chilean quinoa genotypes when photoperiod was
reduced through shading (Tejeda et al. 2007, Ur-
bina et al. 2010).

Concluding remarks

The results presented in this chapter highlight the
complexity of environmental control of quinoa de-
velopment. The most studied factors are photoper-
iod, followed by temperature, covering a range of
genotypic variation, while water deficits and radia-
tion have only been partially studied in a few gen-
otypes (and then for a few development stages).
Given that the impact of factors such as water defi-
cit and radiation are usually associated with growth
process, we can speculate that the availability of
nutrients will also affect the phenology of quinoa.
We are yet to know the mechanism through which
these last factors affect development. Among the
affected phases, grain filling appears as the most
critical in affecting latitudinal adaptation, as it may
be strongly inhibited by high temperatures and/or
long days. Experiments simulating the duration of
phases and leaf appearance in field conditions have
been reasonably successful (e.g. Bertero et al.,
1999b, Bertero, 2001, Geerts et al., 2008, Lebonval-
let, 2008), even though grain filling requires a bet-
ter understanding to succeed in precisely simulat-
ing it. All this available information can be useful for
taking decisions about crop management, adapta-
tion to new environments or genetic improvement,
decisions which so far have been taken empiri-
cally. High genetic control (G/GxE) of the duration
of development may result in a high success rate
for selection and management. The genetic control
of quinoa development is yet to be addressed and
represents the next chapter in quinoa development
studies.
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Abstract

This chapter brings together knowledge of the ger-
mination and storage behaviour of quinoa seeds
in relation to three general aspects: germination
response to different factors and in situations of
stress; tolerance to pre-harvest sprouting and dor-
mancy control; and the dynamics of ageing and po-
tential longevity of seeds in storage. Quinoa seeds
demonstrate the capacity to germinate at tempera-
tures around zero degrees and show tolerance to
brief exposure to freezing in some cases. In general,
accessions from saline and arid zones are more tol-
erant to water stress and salinity, as a result of their
adaptation. Nonetheless, the distinctiveness of the
ionic and osmotic components of salinity has re-
vealed diverse responses and levels of tolerance in
accessions of different origins. Pre-harvest sprout-
ing limits the expansion of quinoa cultivation to hu-
mid regions. The study of the germination behav-
iour in accessions with dormancy made it possible
to determine the effect of different factors: environ-
mental (temperature and photoperiod), hormonal
(ABA and GA3) and structural (coat thickness), on

the level of dormancy of quinoa seeds during devel-
opment, ripening and storage. Quinoa seeds have
the capacity to tolerate water loss and maintain vi-
ability, recovering vital functions when rehydrated.
The kinetics of the reactions of deterioration lead-
ing to a loss in viability are largely determined by
the degree of water mobility in multilayers. The
reactions of deterioration include lipid peroxidation
and the formation of compounds from the Maillard
reaction. There are references to the differences in
storage tolerance for different cultivars, although
these are inconclusive in terms of the link between
longevity and the characteristics of the regions of
origin.

Introduction

Successful crop establishment requires timely sow-
ing of quality seeds (high viability and germina-
tion capacity) in adequate environmental and soil
conditions to ensure the rapid and uniform emer-
gence of seedlings. The period between sowing and
seedling establishment is particularly vulnerable to
stress (Carter and Chesson, 1996; Bennett, 2004).
For good crop adaptation in regions that differ from
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traditional areas, the factors affecting the seed ger-
mination process must be taken into account. Given
quinoa’s tolerance to aridity, low temperatures and
salinity, knowing the germination response when
seeds are subjected to these conditions will enable
the implementation of more appropriate manage-
ment practices for sowing in these conditions, as
well as for choosing the most adapted varieties and
sources.

In terms of germination capacity, seeds should ide-
ally germinate rapidly and unhindered at the time
of sowing. However, depending on the environ-
mental conditions, high germination capacity in
physiologically ripe seeds of unharvested panicles
can indicate a high risk of pre-harvest sprouting
and consequent seed deterioration (Paulsen and
Auld, 2004; Gubler et al., 2005; Kermode, 2005). In
temperate regions of cultivation, with high ambi-
ent humidity or high probability of rain during seed
ripening, dormancy is a desirable characteristic,
reducing germination capacity at the pre-harvest
stage (Bertero and Benech-Arnold, 2000; Bertero et
al., 2001). This characteristic can be used in breed-
ing programmes to adapt quinoa to humid envi-
ronments. However, if this incapacity to germinate
continues over time, it may become a problem at
the time of sowing. Therefore, dormancy control
should be studied carefully in order to anticipate
the impact that environmental conditions will have
on the level and rate of dormancy release (Ceccato
etal., 2011).

Furthermore, correct seed storage will ensure the
maintenance of seed viability at the time of sow-
ing. Longevity is the time that a seed remains vi-
able in specific storage conditions, and it depends
on the initial quality of the seed, the humidity and
temperature conditions during storage, and the
rate of ageing characteristic of the species (Ellis and
Roberts, 1980). There is considerable variation in
ageing rate and progress between quinoa varieties
(Castellion, 2008; Lépez Fernandez, 2008). There-
fore, it is important to understand the mechanisms
involved in the process of seed deterioration and
ageing, as well as the characteristics they depend
on and which determine the differences in storage
behaviour. Understanding this process will help im-
prove storage conditions and optimize the quality
of the seeds used for sowing.

This chapter brings together knowledge of germina-
tion and storage behaviour of quinoa seeds in rela-
tion to three general aspects: germination response
to different factors and in situations of stress; toler-
ance to pre-harvest sprouting and dormancy control
as an alternative for adaptation to humid environ-
ments; and the dynamics of ageing and potential
longevity of seeds in storage conditions.

1. Response to conditions of germination
1.1 Effect of temperature

Bois et al. (2006) indicate that the optimum tem-
perature for maximum germination in quinoa, at
which germination reaches 100%, occurs between
18° and 23°C. For the cultivar ‘Olav’ (selected in
Denmark from Chilean germplasm), the optimum
temperature for maximum final germination is 15°-
20°C, whereas for the germination rate it was ap-
proximately 30°Cd (degree days), with a base tem-
perature of 3°C. The thermal time requirement of
30°Cd for visible radicle protrusion in cv. ‘Olav’ in-
dicates a rapid response to temperature (Jacobsen
and Bach, 1998), although much shorter durations
were estimated for genotypes of different origins,
such as the Altiplano (Chapter 2.5).

Low temperatures can induce total inhibition in a
number of germinating seeds due to embryo death,
as described by Rosa et al. (2004). This occurs be-
cause protein synthesis and activation is affected
and the seed’s reserves have started to deteriorate
(Bove et al., 2001). Seeds from two Salare (salt flats)
accessions from the northern Altiplano in Chile
(‘Roja’ and ‘Amarilla’) were exposed to freezing at
different thermal thresholds (0°, -2° and -4°C) in the
three germination phases; subsequently, their per-
centage germination rate was assessed at 20°C. Ex-
posure to freezing during phases | and Il (imbibition
and metabolic preparation) considerably reduced
the percentage of germination in both accessions,
from almost 80% to over 95% less than the control
at -4°C during phase | (Delfino, 2008). This may be
because the application of low temperatures during
the imbibition period (4 hours) freezes the water in
the tissues, affecting the embryo and ultimately
killing the seed (Delouche, 2002). During phase I
(radicle emergence), the effect was less marked,
although there was clearly a difference between
the accessions. The accession ‘Amarilla’ was more
affected than ‘Roja’ (40% versus 15% reduction in
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germination, for the thresholds of 0° and -2°C). In
turn, both were more affected when they were
exposed to -4°C (50% and 25% reduction in germi-
nation for the ‘Amarilla’ and ‘Roja’ accessions, re-
spectively) (Delfino, 2008). According to Boero et al.
(2000), reduced germination in the field is mainly
due to the large thermal variations that occur in the
early hours of the day, when temperatures virtually
reach freezing point, and later in the day, when the
air or the first centimetre of soil can reach 40°C.

1.2 Effect of water stress

Water supply during germination is essential for the
process to be completed (Johnston et al., 1999).
Water stress can be triggered by lack of water but
also by low temperatures or high salinity. The more
difficult it is for a seed to absorb water from the
surrounding environment, the longer it takes to
reorganize the membranes and develop metabolic
processes (Tarquis and Bradford, 1992; Soeda et
al., 2005). The lower the osmotic potential of the
environment simulating saline stress, the longer it
takes to complete phase Il of germination (Jeller et
al., 2003).

The exposure of quinoa seeds from one Salare ac-
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cession (‘Amarilla’) and from a Coastal accession
from the southern coast of Chile (‘Hueque’) to a
low osmotic potential in the incubation medium, af-
fected the germination process, as shown in Figure
1 (Moncada, 2009). Solutions of PEG 8000 at low
osmotic potential slowed down seed imbibition for
both accessions. For the Salare accession, the water
contents were significantly different (p < 0.05) for
the seeds imbibed with distilled water and those
with an osmotic solution of 0.5, -1, -1.5 and -2 MPa
of PEG 8000. Remarkably, in the Coastal accession,
the water content of seeds imbibed in solutions of
-0.5 MPa was statistically equal to that of the seeds
imbibed in distilled water (p < 0.05). Significant dif-
ferences (p < 0.05) were observed between these
treatments and those with -1, -1.5 and -2 MPa.
Imbibition was slower with the -2 MPa treatment,
reaching only 20% humidity in the seeds in 24 hours
of hydration. The imbibition kinetics of seeds from
the Coastal accession (‘Hueque’) were more af-
fected by the lower osmotic potentials. For these
seeds, a 60% decrease in the relative water content
was observed in comparison to distilled water and
-2 MPa, while for the Salare accession (‘Amarilla’)
this difference was only 40% at the end of the as-
sessment period (Moncada, 2009). These results
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Figure 1: Kinetics of imbibition of quinoa seeds from Salare accessions: ‘Amarilla’ (A) and Coastal: ‘Hueque’ (B) treated
with PEG 8000 at different osmotic potentials. Values correspond to the average of five repetitions. Vertical bars indi-
cate the standard error (). Different letters indicate significant differences (p 0.05) between the curves.

Source: Moncada, 2009.



CHAPTER: 2.2 SEED PHYSIOLOGY AND RESPONSE TO GERMINATION CONDITIONS

correspond to the figures obtained by Delatorre
(2008), who recorded a reduction in the percent-
age of germination for the ‘Hueque’ and ‘Amarilla’
accessions of 50% and 26.2%, respectively, after 24
hours of hydration in a solution of PEG 8000 at -1.4
MPa.

1.3 Effect of salinity

The decrease in seed germination caused by salin-
ity results from the combined action of two types
of stress factors: the water deficit produced by the
osmotic effect of the salt in the soil solution, also
called “osmotic drought”, and the toxicity as a re-
sult of the excessive influx of ions, such as Cl- and
Na+ into the tissues (Munns et al., 1995; Zhu, 2003).
Delatorre and Pinto (2009) assessed the influence
of saline stress and its components (osmotic and
ionic factors) during the germination of accessions
of quinoa grown in the arid and saline zone of the
Altiplano or Salare (‘Amarilla’ and ‘Roja’), and the
south coast (‘Pucura’ and ‘Hueque’) of Chile, with
conditions of high humidity and no soil salinity. The
seeds were treated with different concentrations of
saline solutions (0, 0.2, 0.4, 0.8 and 1.2 M NaCl).
The osmotic effect was determined by incubating
the seeds in an isotonic solution of polyethylene
glycol (PEG 8000) with an osmotic concentration
equivalent to each saline solution. The ionic effect
in the reduced final germination was calculated
for divergence in relation to the control. The treat-
ments without salt reached 100% germination at
25°C for all the accessions. By applying 0.5 M NacCl,
final germination decreased by 53% for the acces-
sion ‘Amarilla’ (Salare), which was more resistant,
and by 89.9% for ‘Hueque’ (Coastal), the most sen-
sitive. The components of the saline stress (osmotic
and ionic) had different degrees of influence on
quinoa germination, depending on the accession.
Thus, the accession ‘Amarilla’ was the least af-
fected by both factors, particularly the ionic factor
(27%), which had a greater impact on ‘Pucura’ and
‘Roja’, as well as on ‘Hueque’, although the latter
was more affected by the osmotic factor (50%). Ac-
cording to Delatorre (2008), a delay in the germi-
nation process is another difference observed in
the treatments with salt. The imbibition of coastal
accessions is normally slower and they are more
affected by environmental salinity during the imbi-

bition process. During germination in saline condi-
tions, carbohydrate mobilization is also activated.
Bewley and Black (1994) indicate that the mobiliza-
tion of carbohydrate reserves starts once the radi-
cle has emerged. However, in embryo tissue, and
particularly in quinoa, this occurs before the testa
rupture (Prego et al., 1998). This high consump-
tion of reserves is noteworthy in Coastal accessions
(‘Hueque’) after 24 hours of incubation in a saline
solution (0.4M NacCl), correlated with higher respi-
ration rates, while in Salare accessions (‘Amarilla’)
there is greater starch availability, which is demon-
strated by lower consumption (Delatorre, 2008).

Although the cultivars from northern Chile gener-
ally demonstrate high saline tolerance, as with
the ecotypes from other latitudes (Koyro and Eisa,
2008), exceptions have been observed in the physi-
ology of adult plants (Orsini et al., 2011; Ruiz-Car-
rasco et al., 2011) and in their seed germination
(Cortés-Buguefio and Navarro-Honores, 2010).
Some local ecotypes in the central zone of Chile
show surprisingly high tolerance to ionic salinity
for NaCl. This is attributed to the fact that in some
coastal regions of central Chile, high tides flow into
the river mouths carrying salt, and as levels rise on
ancestral quinoa croplands, the soils become more
saline. Therefore, farmers have inadvertently devel-
oped greater resistance to salinity. In these coastal
zones, farmers even modify the riverbanks to make
evaporation pools and collect the dry residues in
order to sell sea salt. In central southern Chile, the
yields obtained from these seeds are equivalent to
those in the southern zone (2 tonnes/ha) and high-
er than those in the northern zone (< 1 tonne/ha)
(Martinez et al., 2007).

Chilo et al. (2009) studied the combined effect of
temperature (5°, 10° and 20°C) and salinity (0, 0.1,
0.2, 0.3 and 0.4 M of NaCl) for the varieties ‘Cica’
and ‘Real’ collected in Salta, Argentina. The rapid-
ity and later the final percentage rate of seed ger-
mination were affected in the environment with a
reduced temperature and a treatment of increased
salinity. This combination of effects completely in-
hibited germination at a temperature of 5°C and in
solutions of 0.3 M and 0.2 M of NaCl for ‘Cica’ and
‘Real’, respectively, demonstrating the high toler-
ance and suitability for cultivation in arid and semi-
arid valleys.
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2. Tolerance to pre-harvest sprouting and
dormancy control

Pre-harvest sprouting is one of the problems lim-
iting the expansion of quinoa cultivation to humid
regions. In the humid Argentine Pampas, conditions
of high relative humidity or prolonged rainfall are
common at any time of year. When these condi-
tions coincide with the germination capacity of
grains (grains with no dormancy), the seeds sprout
on the mother plant. Sprouting is a phenomenon
that occurs frequently in different regions of the
world. It causes economic losses due to a reduction
in yields, in quality for industry and/or in viability
of harvested seeds, which may even result in total
loss. Dormancy is a seed characteristic that can be
used in processes to breed or adapt a species to a
specific zone with the aim of increasing tolerance
to pre-harvest sprouting. Dormancy is understood
as the internal status of the seed that prevents ger-
mination in water, thermal or gaseous conditions,
which would otherwise be suitable for germination
(Bénech-Arnold et al., 2000).

Until recently, most of the quinoa cultivars studied
lack dormancy, and field observations confirm the
existence of a high susceptibility to sprouting in the
period just before harvest (Bertero and Bénech-
Arnold, 2000; Bertero et al., 2001). Germination
behaviour was studied in seeds from two quinoa
genotypes with dormancy (‘2-Want’ and ‘Chadmo’,
originating from Bolivia and Chiloé, Chile, respec-
tively), by combining cropping environments (sow-
ing dates), storage and incubation. The objective was
to determine the influence of the environment on
the level of dormancy of quinoa seeds and the pos-
sible mechanisms involved (Ceccato et al., 2011).

2.1 Environmental control of dormancy

As occurs in other species with a spring—summer
cycle (Benech-Arnold et al., 2000; Benech-Arnold,
2004; Allen et al., 2007; Batlla and Benech-Arnold,
2007), dormancy release in quinoa seeds is mani-
fested by a broader temperature range which allows
germination, and after harvest the germination ca-
pacity at lower temperatures gradually increases.

Spring sowing, in which grains fill out in the summer,
promotes dormancy in quinoa seeds, while sowing
dates with autumn ripening reduce dormancy. The
effect of sowing date could be due to differences

in the photoperiod and/or the temperatures ex-
perienced during the development of the mother
plant. Conditions of greater photoperiod and tem-
perature at this stage are already associated sig-
nificantly with higher levels of dormancy (p < 0.05;
Ceccato et al., 2011). Similarly, for the variety ‘Olav’,
germination at 6°C was higher with a delay at the
time of harvest, associated with the mother plant’s
exposure to lower temperatures and shorter days
(Jacobsen et al., 1999). These effects need to be as-
sessed under controlled conditions so that the ef-
fect of each factor can be quantified independently.

In addition, seed storage at relatively high tempera-
tures (25° vs 5°C) accelerates the process of dorman-
cy release in both quinoa genotypes (Ceccato et al.,
2011), as well as in C. album (37°-23°C, correspond-
ing to ambient temperature vs 4°C; Karssen, 1970).

2.2 Structural aspects: importance of seed-coat

The seed-coat can largely explain the dormancy
expressed in seeds. A perforation of the episperm
and pericarp resulted in an increase of up to 80% in
the germination capacity of seeds that developed
in the summer for two accessions of different origin
(Ceccato, 2011). Seeds of C. polyspermum respond-
ed to perforation in a similar way (Jacques, 1968)
and embryos isolated from other genotypes of C.
quinoa reached 100% germination at physiological
maturity, while whole seeds (with pericarp) did not
germinate (Bertero et al., 2001).

This effect decreased with late sowing, and seeds
that developed in winter did not respond to per-
foration. Nonetheless, they expressed a level of
dormancy that could not be induced by the coat,
revealing the presence of embryonic dormancy
in quinoa seeds (Ceccato, 2011). This reduction in
dormancy determined by the coat may result from
the influence of environmental conditions on coat
thickness and/or other coat properties.

With regard to the coat thickness, a significant re-
duction was observed with late sowing at the end
of summer—autumn compared with spring sowing
for the Bolivian accession (‘2-Want’). The Chilean
accession with a higher level of dormancy had a
significantly thicker episperm for all sowing dates,
even without variations between dates (Ceccato,
2011). The maternal environment’s influence on
the seed-coat’s characteristics is associated with
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the level of dormancy in seeds from three other
species of Chenopodium. For C. polyspermum and
C. album, the thickness of the seed-coat and seed
germination capacity are affected by the photoperi-
od experienced during their development (Jacques,
1968; Karssen, 1970; Pourrat and Jacques, 1975).
For C. bonus-henricus, the altitude at which the
plants develop increases the thickness and poly-
phenol content of the coats of harvested seeds and
reduces their percentage germination rate. The
average temperature during the 30 days before
harvest had a positive correlation with germina-
tion (Dorne, 1981). In archaeological studies, it was
found that C. berlandieri and C. quinoa had thin-
ner seed-coats associated with domestication and
it was suggested that this was linked to selection
in favour of lower levels of dormancy (Gremillion,
19934, b; Bruno, 2005, 2006). Nonetheless, a clear
association between coat thickness and dormancy
has not yet been verified for this species.

2.3 Hormonal control of dormancy

The hormonal control of dormancy is exerted
through the balance between the two most im-
portant hormones that regulate it: abscisic acid
(ABA), which increases dormancy, and gibberellic
acid (GA), which reduces it. Their impact is caused
by variations in the content, as well as the sensitiv-
ity of seeds to them (Karssen et al., 1983; Bewley
and Black, 1994; Hilhorst, 1995; Steinbach et al.,
1997; Koornneef et al., 2002; Kermode, 2005; Feur-
tado and Kermode, 2007). The application of solu-
tions that inhibit the synthesis of both hormones,
sprayed directly on the quinoa panicles during seed
development, revealed that quinoa seeds require
GA to germinate (Ceccato, 2011).

Dormancy release in quinoa could be mediated by
the reduction in its sensitivity to ABA. Its application
in an incubation medium prevented seed germina-
tion. This effect decreased during the post-harvest
period, and this occurred faster at 25°C than at
5°C, associated with an increased rate of dorman-
cy release in seeds stored at this temperature. In
a comparison of genotypes, the Chilean accession
‘Chadmo’ was more sensitive and persistent; this
is coherent with its higher level of dormancy (Cec-
cato, 2011).

In addition, the coats could act as a constraint to
the release of germination inhibitors outside the

seeds, given that a higher quantity of ABA was re-
leased into the incubation medium of perforated
seeds than in the case of whole seeds. On the basis
of these observations, a possible hypothesis is that
a variation in coat thickness in response to the ma-
ternal environment regulates the diffusion of ABA
outside the seed during incubation, and that this
mechanism helps modulate the level of dormancy
(Ceccato, 2011). Figure 2 summarizes the princi-
pal factors of dormancy control in quinoa seeds. It
shows the different factors (environmental, struc-
tural and hormonal) involved in determining and
regulating dormancy, how they interconnect and
hypotheses that arise.

3. Potential longevity and ageing

Seeds from the majority of species have the capac-
ity to tolerate water loss at varying degrees and
maintain viability during the anhydrous period, re-
covering vital functions rapidly when rehydrated.
In terms of storage, seeds that dehydrate naturally
to a water content that is in equilibrium with the
environment are classified as orthodox. They toler-
ate subsequent artificial drying up to approximately
5% water content without losing viability (Ellis et
al., 1990). The stability of these orthodox seeds has
been a crucial factor in agricultural development.

Three important fundamental factors are involved
in the control of seed longevity: water, temperature
and oxygen (Roberts and Ellis, 1989). The longevity
of orthodox seeds is quantifiable and predictable:
it increases with a reduction in water content and
temperature, within a certain range (Ellis and Rob-
erts, 1980). Predicting seed viability during storage
is important, both for the management of germ-
plasm collections and for the management of com-
mercial seed production and storage. Although qui-
noa seeds demonstrate orthodox type behaviour,
they can lose their viability in a short time, particu-
larly in conditions of high temperature and humid-
ity (Ellis et al., 1993).

In quinoa cultivars or accessions that originate from
contrasting environments — Coastal (‘Chadmo’ and
‘NL-6) or Altiplano (‘Sajama’ and ‘2-Want’)