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Abstract

Chenopodium quinoa Willd. is a pseudocereal that has been cultivated in the Andean region for thousands of years. It is
an annual broad-leaved plant, 1–2 m tall with deep penetrating roots and can be cultivated from sea level upto an altitude of
3800 m. The plant shows tolerance to frost, salinity and drought, and has the ability to grow on marginal soils. Quinoa grain
is highly nutritious due to its outstanding protein quality and wide range of minerals and vitamins. The grain protein is rich in
amino acids like lysine and methionine that are deficient in cereals. The grain is used to make flour, soup, breakfast, cereal and
alcohol, while the flour is utilized in making biscuits, bread and processed food. Quinoa starch having small grains and high
viscosity, can be exploited for various industrial applications. The crop is self-pollinated with low outcrossing rates. Emasculation
and hybridization are cumbersome due to small size of the flowers, but male sterility in some cultivars and gynomonoecious
breeding system may help breeding research in this crop. Quinoa’s ability to produce high-protein grains under ecologically
extreme conditions makes it important for the diversification of future agricultural systems, especially in high-altitude area of
the Himalayas and North Indian Plains.
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. Introduction

The genusChenopodium (family Chenopodiaceae)
omprises about 250 species (Giusti, 1970), which
nclude herbaceous, suffrutescent and arborescent
erennials, although most species are colonizing annu-
ls (Wilson, 1990). Chenopodium spp. have been culti-
ated for centuries as a leafy vegetable (Chenopodium
lbum) as well as an important subsidiary grain crop
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E-mail address: atul 238@rediffmail.com (A. Bhargava).

(Chenopodium quinoa andC. album) for human and
animal foodstuff due to high-protein and a balan
amino-acid spectrum with high lysine (5.1–6.4%)
methionine (0.4–1.0%) contents (Prakash and Pa
1998; Bhargava et al., 2003a). C. quinoa Willd. is a
native of the Andean region and is a member of
subsection Cellulata of the sectionChenopodium of the
genusChenopodium. It belongs to the group of cro
known as pseudocereals (Cusack, 1984; Koziol, 199)
that includes other domesticated chenopods, amar
and buckwheat. The grain has a high-protein con
with abundance of essential amino acids, and a
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range of vitamins and minerals (Repo-Carrasco et al.,
2003). Recently, there has been growing interest in a
number of countries (especially in Europe), initiating
introduction and research work on quinoa (Galwey,
1992; Jacobsen, 2003). The aim of the paper is to review
the existing literature and explore the potential of this
crop for agricultural as well as various industrial pur-
poses, especially for India and other countries having
similar agro-climatic conditions.

2. History

Quinoa has been an important food grain source in
the Andean region since 3000b.c. (Tapia, 1982) and
occupied a place of prominence in the Inca empire
only next only to maize (Cusack, 1984). However, after
the conquest of the region by the Spaniards in 1532
a.d., other crops, such as potato and barley, relegated
quinoa to the background. However, the sporadic fail-
ure of green revolution in the Andes and enormous
destruction of other crops by droughts, once again
brought native crops, like quinoa, to the forefront as
it showed much less fall in the yields in severe condi-
tions (Cusack, 1984).

3. Distribution

Quinoa is grown in a wide range of environments in
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4. Cytotaxonomy

The domesticated species ofChenopodium are
divided into two subsections on the basis of pericarp
and perianth morphology, and crossing relationships
(Wilson, 1990). The first subsection Cellulata contains
diploid allotetraploids (2n = 4x = 36) likeC. quinoa and
Chenopodium berlandieri subsp.nuttaliae. The sec-
ond subsection Leiosperma includes domesticated and
semi-domesticated forms likeChenopodium pallidi-
caule (2n = 18) andC. album (2n = 18, 36, 54) (Wilson,
1980; Gangopadhyay et al., 2002). Detailed karyotypic
studies have been performed in many wild and culti-
vated taxa ofChenopodium spp. (Bhargava et al., in
press a). The symmetry index (TF%) in quinoa varies
from 43.9 to 47.4%, and only a single satellite pair has
been observed in all quinoa accessions studied, which
has been corroborated by fluorescent in situ hybridiza-
tion studies (Kolano et al., 2001). Our studies also
show close karyotypic similarity betweenC. quinoa
andC. berlandieri subsp.nuttalliae which is clear from
the karyotypic formulae, symmetry index and one
satellite pair of similar morphology (Bhargava et al.,
in press a).

5. Botanical description

Quinoa is a gynomonoecious annual plant with an
erect stem, and bears alternate leaves that are variously
c The
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he South American region (especially in and aro
he Andes), at latitudes from 20◦N in Columbia to 40◦S
n Chile, and from sea level to an altitude of 380
Risi and Galwey, 1989a). The distribution starts from
arino to the Salares of southern Bolivia that inclu
ountries like Ecuador, Peru and northern Argen
Jujuy and Salta provinces) (Wilson, 1990). The Ata-
ama Desert forms a break in the distribution of
rop, which continues further south into Chile.

Recently, it has been introduced in Europe, N
merica, Asia and Africa. Many European countr
re members in the project entitled ‘Quinoa—A m

ipurpose crop for EC’s agricultural diversificatio
hich was approved in 1993. The American and E
ean Test of quinoa have yielded good results
emonstrate the potential of quinoa as a grain and
er crop (Mujica et al., 2001a; Casini, 2002; Jacobs
003).
oloured due to the presence of betacyanins.
lant shows good growth in India with many cultiv
eaching upto 1.5 m in height, generally with la
umber of branches and a big leaf size (Bhargav
l., unpublished results). A well-developed, hig
amified tap-root system is present (Gandarillas
979), penetrating as deep as 1.5 m below the sur
hich protects against drought conditions. The le
xhibit polymorphism; the upper leaves being lanc

ate while the lower leaves are rhomboidal (Hunziker,
943).

The inflorescence is a panicle, 15–70 cm in len
nd rising from the top of the plant and in t
xils of lower leaves. It has a principal axis fro
hich secondary axis arise and is of two typ
maranthiform and glomerulate. An important f

ure of quinoa is the presence of hermaphro
nd unisexual female flowers (Hunziker,
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1943; Simmonds, 1965). The hermaphrodite ones are
located at the distal end and bear five perianth lobes,
five anthers and a superior ovary with two or three
stigmatic branches (Hunziker, 1943). Some cultivars
show male sterility in some or all female flowers.

The fruit is an achene, comprising several layers,
viz. perigonium, pericarp and episperm (Risi and
Galwey, 1984), from outwards to inside, and may
be conical, cylindrical or ellipsoidal, with saponins
concentrated in the pericarp. Seed size and colour are
variable (Mujica, 1994) where black is dominant over
red and yellow, which in turn are dominant to white
seed colour (Risi and Galwey, 1984).

6. Effect of temperature and photoperiod on
quinoa

Bertero et al. (1999b)showed that photoperiodic
sensitivity was negatively associated with the lati-
tude of origin of nine quinoa lines and positively
associated with minimal time taken from emergence
to visible flower buds, when temperature and pho-
toperiod responses were taken as independent (non-
interactive). However, photoperiod and temperature
parameters when taken as independent (interactive)
were not significantly related with latitudes of origin.
Furthermore, short-day treatment showed a quantita-
tively positive response for time to anthesis and total
number of leaves while maximum seed growth was
o reat-
m
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7. Crop production and management

Quinoa can be grown on various types of soils,
including marginal soils with a wide pH range
(Jacobsen and Stolen, 1993; Tapia, 1979). Although,
sowing can be done in rows, groups, mixed, broadcast
or by transplanting, row spacing of 25–50 cm is prefer-
able since it allows easy hoeing. A level, well-drained
seedbed is most suited for quinoa cultivation. Seeds
should be sown 1–2 cm deep in a fine structured, moist
seed bed (Jacobsen, 2003).

Quinoa responds well to nitrogenous fertilizers,
but high levels of available nitrogen are reported
to decrease yield due to slow maturity and intense
lodging (Oelke et al., 1992). However, recent studies
(Berti et al., 2000; Schulte-auf’m-Erley et al., 2005)
suggest that quinoa responds strongly to nitrogen
fertilization, and grain yield did not show decrease
with increasing N rates. Nitrogen application is known
to increase seed yield as well as the protein content
of the seeds (Johnson and Ward, 1993). Heavy doses
of phosphorus and potash are known to increase
vegetative growth without any increase in seed yield
(Etchevers and Avila, 1979). But, this could be due to
excess of soil potassium in the tropical Andean soils.
However,Gandaillas (1982)stated that quinoa showed
no response for either potassium or phosphorus.

Quinoa is a drought-tolerant crop having low water
requirement, though yield is significantly affected by
irrigation (Oelke et al., 1992). Excessive irrigation in
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btained under short day and cool temperature t
ent (Bertero et al., 1999a). Another study (Bertero
t al., 2000) has shown that photoperiod sensitivity
hyllochron decreased as the latitude of origin of
ultivar increased. Temperature sensitivity was h
st in cultivars originating in cold or dry climate
nd lowest for cultivars from humid and warmer
ates.Bertero’s (2001)study has indicated that me

ncident radiation affects the phyllochron in quin
adiation sensitivity was reported to be highest in

ivars from Peru, Bolivia and Southern Chile, and lo
st in those from Ecuador, which had high sensiti

o photoperiod and longest phyllochron. Experime
onducted under controlled environments have dem
trated that quinoa cultivars studied had a faculta
hort-day response for duration of emergence to fl
ring (Bertero, 2003) and the duration of all the phas
f development is sensitive to photoperiod.
he seedling stage causes diseases like stuntin
amping off, while such conditions after stand es

ishment produce tall plants with no yield improvem
Oelke et al., 1992). Maximum yields of 1439 kg/ha o
andy loam soils were obtained with 208 mm of w
rainfall and irrigation) (Flynn, 1990), but it cannot b
alled conclusive since the study was limited to a
le location and soil type. The low water requirem
hows its drought-hardy nature and makes it suit
or cultivation on large tracts of India where assu
rrigation is non-existent and farmers have to dep
n seasonal rains.

Weed control has major impact on grain yie
tmost care should be taken in regulation of sow
ates in quinoa because of slow growth during the

wo weeks after emergence, during which compet
rom rapidly growing weeds is greater. An early sow
ould enable quinoa to have a head start over w
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as the plant can attain good growth during this period.
This is more important, since there is an absence of any
recommendation or use of herbicides to control weed
populations in quinoa and generally hand weeding is
done. Pigweed, kochia, lambsquarters and sunflower
are the common weeds in North America, while our
experience has shown thatParthenium, C. album and
Sysmbrium are the commonest weeds in the North-
Indian Plains.

The drying of the plant and shedding of leaves signi-
fies the mature stage of the plant. Seeds can be threshed
by traditional methods like sticks or animals, as well as
by threshers (Risi and Galwey, 1984). A fanning mill
and gravity separator is necessary to remove trash from
the seed after combining (Oelke et al., 1992). Grains
should be totally dry before storage.

8. Diseases and pests

Quinoa is infected by a variety of pathogens, which
cause several diseases like mildews, damping off,
blight, mosaic, etc. (Table 1). Viruses are known to
infect the plant, but reports of significant damage are
absent. Downy mildew is the most severe pathogen
on quinoa and is known to cause yield reduction of
33–58%, even in the most resistant cultivars (Danielsen
et al., 2000). Danielsen and Munk (2004)tested seven
disease-assessment methods to measure downy mildew
s del
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Insect pests attacking quinoa and causing dam
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9. Economic uses

Quinoa is highly nutritive and is being used to make
flour, soup, breakfast and alcohol. It is sold either as
whole grain that is cooked as rice or in combination
dishes. It can be fermented to make beer, or used to
feed livestock (Galwey, 1989). Whole plant is also
used as green fodder to feed cattle, pigs and poultry.
In Peru and Bolivia, quinoa flakes, tortillas, pancakes
and puffed grains are produced commercially (Popenoe
et al., 1989). The use of quinoa for medicinal purposes
has been rarely reported (Mujica, 1994). The plant is
reportedly used in inflammation, as analgesic and as
a disinfectant of the urinary tract. It is also used in
fractures and internal hemorrhaging and as an insect
repellant (Mujica, 1994). These reports can open new
avenues for its use as a medicinal crop.

The starch ofC. quinoa is highly suitable for emul-
sion food products (Ahamed et al., 1996a). Quinoa
is being considered as a potential crop for NASA’s
Controlled Ecological Life Support System (CELSS),
which aims to utilize plants to remove carbon dioxide
from the atmosphere and generate food, oxygen and
water for the crew of long-term space missions (Schlick
and Bubenheim, 1996).

Quinoa flour, in combination with wheat flour or
corn meal, is used in making biscuits, bread and pro-
cessed food. The seed flour has good gelation property,
water-absorption capacity, emulsion capacity and sta-
bility (Oshodi et al., 1999). Quantitative analysis of
q has
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c 9%)
(
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uinoa flour and its comparison with other cereals
hown that quinoa flour yielded free sugars like
ose (4.55%), fructose (2.41%) and sucrose (2.3
Gonzalez et al., 1989). Ogungbenle (2003)evaluated
he sugar content and chemical composition of
our of quinoa and stated that it has high proportio
-xylose (120 mg/100 g), and maltose (101 mg/10
nd a low content of glucose (19 mg/100 g) and f

ose (19.6 mg/100 g). Thus, quinoa could be effecti
tilized in the beverage industry for the prepara
f malted drink formulations. Another study show

ncrease in the level of insulin-like growth facto
IGF-1) in the plasma of children who consumed a s
lementary portion of an infant food prepared by d
rying a pre-cooked slurry of quinoa flour (Ruales e
l., 2002). The highly nutritious quinoa flour could
sed to supplement protein deficient wheat flour, c
only used for human consumption in India.
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10. Chemistry: quality aspects

10.1. Leaves

Quinoa leaves contain ample amount of ash (3.3%),
fibre (1.9%), nitrates (0.4%), vitamin E (2.9 mg
�-TE/100 g) and Na (289 mg/100 g) (Koziol, 1992).
Prakash et al. (1993)reported that leaves have about
82–190 mg/kg of carotenoids, 1.2–2.3 gm/kg of
vitamin C and 27–30 gm/kg of proteins. Study on fresh
leaves (Bhargava et al., unpublished results) revealed
abundant moisture (83.92–89.11%), chlorophyll a
(0.48–1.82 mg/g), chlorophyll b (0.25–0.07 mg/g)
and much higher amount of leaf carotenoid
(230.23–669.57 mg/kg) than that reported earlier.

10.2. Grain

Quinoa is referred as pseudo-oilseed crop (Cusack,
1984) due to exceptional balance between oil, protein
and fats. Perisperm, embryo and endosperm are the
three areas where reserve food is stored in quinoa seed
(Prego et al., 1998). Starch is stored in the perisperm,
and lipids and protein in the endosperm and embryo.
The nutritional value of quinoa grain has long been
known to be superior to cereals and milk solids in feed-
ing trails (White et al., 1955). Results have indicated
that upto 150 g/kg unprocessed or dehulled quinoa seed
could be included in broiler feed (Jacobsen et al., 1997).
The incorporation of quinoa in poultry feeds can greatly
b
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dusting starches in cosmetics and rubber tyre mould
release agents. Quinoa starch displays A-type crys-
talline packing arrangement and annular polygonal
granules (Wright et al., 2002a). The starch gelatinizes at
about 56–58◦C (Swinkels, 1985) and shows a single-
stage swelling in the temperature range of 65–95◦C,
which along with its opaque nature makes it highly
suitable for emulsion food products. Quinoa starch also
has non-edible potential for utilization as biodegrad-
able fillers in low-density polyethylene (LDPE) films
(Ahamed et al., 1996b). This aspect needs more probes
for its effective utilization in the food, pharmaceuti-
cal and textile industry. Because of better mechanical
properties, quinoa starch can be utilized in the manufac-
ture of carrier bags where tensile strength is important.
Studies on freeze-thaw stability of quinoa starch have
shown that its paste is resistant to retrogradation sug-
gesting applications in frozen- and emulsion-type food
products (Ahamed et al., 1996a).

Grains have an average of about 4.1% fibre with a
range from 1.1 to 16.32% (Cardozo and Tapia, 1979).
De Bruin (1964)reported 3.4% fibre content that is
much higher than that of rice (0.4%), wheat (2.7%)
and corn (1.7%).

The ash content of quinoa (3.4%) (Cardozo and
Tapia, 1979), is higher than that of rice (0.5%), wheat
(1.8%) and other traditional cereals. Quinoa grains con-
tain large amounts of minerals like Ca, Fe, Zn, Cu and
Mn (Repo-Carrasco et al., 2003). Calcium and iron are
significantly higher than most commonly used cereals
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heat 550 4700
Table 3). Ruales and Nair (1992)also reported larg
mounts of iron (81 mg/kg) and calcium (874 mg/

n quinoa. It has about 0.26% of magnesium in c
arison to 0.16% of wheat and 0.14% of corn.

Several studies have revealed that the oil con
n quinoa ranges from 1.8 to 9.5%, with an averag
.0–7.2% (Table 4) that is higher than that of mai
3–4%) (Mounts and Anderson, 1983). Quinoa oil is
ich in essential fatty acids, like linoleate and lino
ate (Koziol, 1990) and has a high concentration

on and Ward, 1993)

on Potassium Sodium

6967 115 48
5600 200 15
10982 103 3
8700 115 14
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Table 4
Fat content in quinoa grain (%)

References Range Mean

De Bruin (1964) 5.5–6.7 6.2
Cardozo and Tapia (1979) 1.8–9.3 5.0
Koziol (1990) 4.3–9.5 7.2

natural antioxidants like�-tocopherol (5.3 mg/100 g)
and �-tocopherol (2.6 mg/100 g) (Ruales and Nair,
1992). Repo-Carrasco et al. (2003)have reported the
concentrations of�- and �-tocopherol as 721.4 and
797.2 ppm, respectively. The antioxidant activity of
quinoa might be of particular interest to the medical
researchers and needs more attention towards its uti-
lization as a potent antioxidant. Given the high quality
of its oil, and the fact that some varieties show fat
concentrations upto 9.5%, quinoa has been considered
as a potentially valuable new oil crop (Koziol, 1993).

There are few reports on vitamin content of
quinoa grain.Ruales and Nair (1992)have reported
appreciable amounts of thiamin (0.4 mg/100 g), folic
acid (78.1 mg/100 g) and vitamin C (16.4 mg/100 g).
Koziol (1992)gave riboflavin and carotene content as
0.39 mg/100 g and 0.39 mg/100 g respectively. In terms
of 100 g edible portion, quinoa supplies 0.20 mg vita-
min B6, 0.61 mg pantothenic acid, 23.5�g folic acid
and 7.1�g biotin (Koziol, 1992). Repo-Carrasco et al.
(2003)have also reported that quinoa is rich in vitamin
A, B2 and E.

The protein content in grain ranges from 7.47 to
22.08% with an average 13.81% (Cardozo and Tapia,
1979). Wright et al. (2002b)reported 14.8 and 15.7%
of protein for sweet and bitter quinoa, respectively.
Albumin and globulins are the major protein fraction
(44–77% of total protein) while the percentage of pro-
lamines is low (0.5–0.7%) (Koziol, 1992). The protein

quality of quinoa grain is superior to most cereal grains
including wheat (Table 5). The seeds have a balanced
amino acid spectrum with high lysine, histidine and
methionine (Van Etten et al., 1963; Koziol, 1992). The
content of essential amino acids in quinoa is higher than
in common cereals (Ruales and Nair, 1992; Wright et
al., 2002b). The high protein quality and energy value
of the grain can be utilized in poultry industry. Quinoa
is considered as one of the best leaf-protein concentrate
source (Carlsson et al., 1985) and so has the potential
as protein substitute for food and pharmacuetical
industry.

11. Saponins

Saponins are the principle antinutritional factors
present in the seed coat of quinoa. The saponin content
in seeds of sweet genotypes varies from 0.2 to 0.4 g/kg
dry matter and in bitter genotypes from 4.7 to 11.3 g/kg
dry matter (Mastebroek et al., 2000). Saponins in
quinoa are basically glycosidic triterpenoids with glu-
cose constituting about 80% of the weight. Saponin
content is affected by soil-water deficit, high water
deficit lowering the saponin content (Soliz-Guerrero
et al., 2002). Saponin content also differs in different
growing stages, low saponin is found in the branch-
ing stage and high in the blooming stage. They are
removed either by the wet method, i.e. washing and
rubbing in cold water, or by dry method, i.e. toast-
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hreonine 4.8 3.1
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ystine 2.4 2.3
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ng and subsequent rubbing of the grains to rem
he outer layers (Risi and Galwey, 1984). On commer
ial scale, saponins are removed by abrasive dehu
Reichert et al., 1986), but in this method, som
aponin remains attached to the perisperm (Becker and
anners, 1991). Saponin removal by dry meth

educes the vitamin and mineral content to some ex

cereals and quinoa (percent amino acids in total protein)
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the loss being significant in case of potassium, iron and
manganese (Ruales and Nair, 1992).

Saponins have immense industrial importance
and are used in the preparation of soaps, detergents,
shampoos, beer, fire extinguishers and photography,
cosmetic and pharmaceutical industries (Johnson
and Ward, 1993). They have the ability to induce
changes in intestinal permeability (Johnson et al.,
1986; Gee et al., 1989), which aids in the absorption of
particular drugs (Basu and Rastogi, 1967). Saponins
are also known to lower blood cholesterol levels
(Oakenfull and Sidhu, 1990). Research has proved
that quinoa saponins may have the potential to serve
as adjuvants for mucosally administered vaccines
(Estrada et al., 1998). Seeing the pharmaceutical
potential of saponins, efforts should be made towards
the utilization of quinoa saponins for this purpose.

12. Breeding approaches

The basic objective of breeding in quinoa is the
development of a variety with high grain yield accom-
panied with high protein and low saponin content.
However, it is not so easy due to self-pollinated
nature of the crop. The problem is compounded,
since the flowers are very small, as a result of which
emasculation and hybridization is very tedious and dif-
ficult. Inspite of these difficulties, mass selection and
hybridization has been practiced in quinoa (Risi and
G in
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created a phenotypic distance matrix among 76
accessions from a Peruvian quinoa core collection.
Rojas et al. (2003)analyzed the genetic diversity in
C. quinoa using three multivariate methods. Multiple
group discriminant function analysis resulted in six
statistically significant functions, which separated
the different groups. Genetic divergence for various
morphological and quality traits was assessed inC.
quinoa andC. berlandieri subsp.nuttalliae (Bhargava
et al., unpublished results) in Indian conditions. The
first principal component accounted for 39.5% of
the total variation and had inflorescence/plant, plant
height and stem diameter as the traits with highest
coefficients. Seed protein had negative values for the
first three components, but contributed to the fourth
component with highest positive value. Although,
reports on morphological diversity are abundant, but
such information on diversity in seed protein profiles
in quinoa are rare. A comparison of seed protein pro-
files of 40 cultivated and wild taxa ofChenopodium
(Bhargava et al., in press b) showed genetic similarity
of C. quinoa with C. berlandieri subsp.nuttalliae
(26.5–64.5%) andC. bushianum (39.3–76.2%). Eight
taxa of C. quinoa showed 43.8–73.9% similarity
amongst themselves that are in accordance with the
results obtained from allozyme diversity (Wilson,
1988a,b) and DNA analysis (Ruas et al., 1999).

A study of the genotype× environment interaction
(GEI) by Risi and Galwey (1991)demonstrated
that GEI differed among the variables measured.
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alwey, 1984). Various techniques of emasculation
uinoa have been suggested but these are cumbe
rocedures. An easy approach can be the utiliza
f morphological markers to distinguish the hyb

rom the parents. Seeing the emerging potential o
rop and a very limited research work on breed
spects, there is an urgent need to initiate elab
reeding programmes in quinoa (conventional as
s biotechnological) for its genetic improvement.

The plant is mainly self-pollinated, but out cross
ates upto 17.36% have been reported in qu
Silvestri and Gil, 2000). Out crossing occurs fr
uently upto a distance of 1 m and occasion
pto 20 m (Gandarillas, 1979). Risi and Galwey
1989b)assessed genetic diversity in 294 access
f quinoa using principal component and canon
nalysis. Accessions from near sea level in C

ormed a homogenous group.Ortiz et al. (1999
rain yield was strongly dependent on the vari
ut micronutrient deficiency and weed competit
ffected the varieties differently.Jacobsen et al. (199
tudied the stability of quantitative traits in 14 lin
f C. quinoa and suggested that selection for hei

nflorescence size and developmental stage c
e easily performed at an early stage of bree
rogramme. Studies on developmental stability h
uggested selection of early, uniformly maturing p
ith more branches, low saponin content and high
ield (Jacobsen, 1998) for North European condition
he size and nature of the GEI for grain yield and g
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t 14 sites across three continents (Bertero et al., 2004).
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:1 and 1:1 for grain yield and grain size, respectiv

A high level of grain saponin is a major impedim
n the diversification of this crop.Ward (2000)screene
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10 South-American quinoa accessions for saponin
content and performed three cycles of pedigree selec-
tion. The results indicated that dominant gene action
is a major component of genetic variance for the trait.
Fixed heterozygosity at loci controlling saponin con-
tent may also occur due to allotetraploid nature of the
crop.

Keeping in view the tremendous scope of this crop,
National Botanical Research Institute, Lucknow, has
initiated an extensive breeding programme, which
is a coordinated effort of various departments like
Plant Breeding and Genetics, Plant Pathology, Lipid
Chemistry, Experimental Taxonomy, Biomass Biol-
ogy, etc. The main objective is genetic improvement in
C. quinoa and development of high-yielding varieties
suited to Indian conditions. Morphological variability
and various selection parameters were assessed in
44 germplasm lines ofChenopodium spp. (Bhargava
et al., unpublished results). Phenotypic coefficient
of variation (PCV) and Genotypic coefficient of
variation (GCV) values were maximum for leaf size,
followed by dry weight/plant and 100 seed weight.
Heritability and genetic gain was high for most of
the characters. The genetic interrelationship between
grain yield and its 10 contributing traits was worked
out in Chenopodium spp. (Bhargava et al., 2003b).
Traits like inflorescence length, inflorescence/plant,
dry weight/plant and leaf size had significant positive
association with grain yield and high positive direct
path. These traits were found to be important compo-
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efforts have been made in this direction.Simmonds
(1971)extensively studied the genetics of male sterility
and reported three loci: R (red plant) r (green plant);
Ax (axil spot) ax (none), and Ms (hermaphrodite) ms
(male sterile). The plants of genotype MsMs and Msms
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ation extremely difficult. Therefore, the developm
f male sterile quinoa lines to be used as materna
nt in hybrid production has been proposed by m
esearchers as an alternative (Wilson, 1980; Risi an
alwey, 1984; Fleming and Galwey, 1995). Severa
xsertion resulting in inefficient pollination.Ward
1998) found an accession PI 510536 in the USD
RS collection, which had normal hermaphrodite
ale sterile quinoa plants. This male sterility was

ytoplasmic nature and was characterized by s
hrunken anthers and absence of pollen. It was i
sting that a dominant nuclear allele that intera
ith this male sterile cytoplasm to restore male fert
as present in this accession. The ratio between

ertile and male sterile plants, observed in F1 and F2
enerations of the crosses between male sterile, an
lants carrying restorer allele suggested either dup

ion of the restorer locus within the quinoa genom
etraploid segregation. These characters may defin
acilitate hybrid production in quinoa. Still, there

need to obtain restorer lines, which can facili
he easy production of hybrids and may overcome
xtreme difficulty in hybridization process.
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14. Tolerance in relation to stress conditions

Quinoa exhibits high level of resistance to several
predominant adverse factors, like soil salinity, drought,
frost, diseases and pests (Jacobsen et al., 2003). It can
tolerate soil pH from 4.8 to 9.5 because of mycorrhizal
associations, thus maximizing the use of scarce nutri-
ents (Tapia, 1979; Mujica, 1994) and also resists frost
before the flower-bud formation stage (Jacobsen et al.,
2005). Moreover, it accumulates salt ions in tissues,
which adjusts leaf water potential, enabling the plant
to maintain cell turgor and limit transpiration under
saline conditions (Jacobsen et al., 2001). In addition,
significant increase in leaf area at salinity level of
11 dSm−1 as compared to 3 dSm−1 control has been
noted (Wilson et al., 2002). Bhargava et al. (2003c)
obtained marginal decrease in grain yield of quinoa
on sodic soil (pH 8.5–9.0) in comparison to normal
soil, and stem diameter, inflorescence/plant and dry

weight/plant were determined as factors controlling
grain yield on sodic soil.

The drought resistance of quinoa is attributed to
morphological characters, such as an extensively
ramified root system and presence of vesicles con-
taining calcium oxalate that are hygroscopic in
nature and reduce transpiration (Canahua, 1977).
Physiological characters indicating drought resistance
is low osmotic potential, low turgid weight/dry weight
ratio, low elasticity and an ability to maintain positive
turgor even at low leaf water potentials (Andersen et
al., 1996). Vacher (1998)analyzed the responses of
quinoa to drought and found that stomatal conductance
remained relatively stable with low but ongoing gas
exchange under very dry conditions and low leaf-water
potentials. Quinoa maintained high leaf-water use
efficiency to compensate for the decrease in stomatal
conductance. and thus, optimized carbon gain with
a minimization of water losses.Jensen et al. (2000)

Table 6
Performance of some quinoa accessions at N.B.R.I., Lucknow, India (2002–2003 and 2003–2004)

Germplasm line Source Origina Altitudea (m) Seed yield (kg/ha)

C. quinoa Willd. CHEN 58/77 IPK, Germany – 4000 2108
C. quinoa Willd. CHEN 67/78 IPK, Germany Puno, Peru – 3750
C. quinoa Willd. CHEN 71/78 IPK, Germany Bolivia – 3266
C. quinoa Willd. CHEN 33/84 IPK, Germany – – 1333
C. quinoa Willd. CHEN 84/79 IPK, Germany Cuzco, Peru 3200 3441
C. quinoa Willd. CHEN 92/91 IPK, Germany Columbia – 2250
C. quinoa Willd. CHEN 7/81 IPK, Germany – – 9833
C Oruro
C La Pa
C La Pa
C Cuzco
C La Pa
C New M
C Jujuy,
C Peru
C Jujuy,
C Chile
C Chile
C New M
C Jujuy,
C Peru
C Peru
C Chile
C Peru
C La Pa
C Chile
C Oruro
. quinoa Willd. PI 614938 USDA

. quinoa Willd. PI 478408 USDA

. quinoa Willd. PI 478414 USDA

. quinoa Willd. PI 596498 USDA

. quinoa Willd. Ames 13219 USDA

. quinoa Willd. Ames 13719 USDA

. quinoa Willd. PI 587173 USDA

. quinoa Willd. PI 510532 USDA

. quinoa Willd. PI 614883 USDA

. quinoa Willd. PI 584524 USDA

. quinoa Willd. Ames 22156 USDA

. quinoa Willd. Ames 13762 USDA

. quinoa Willd. PI 614881 USDA

. quinoa Willd. PI 510537 USDA

. quinoa Willd. PI 510547 USDA

. quinoa Willd. Ames 22158 USDA

. quinoa Willd. PI 510536 USDA

. quinoa Willd. PI 478410 USDA

. quinoa Willd. PI 433232 USDA

. quinoa Willd. Ames 21909 USDA

a From germplasm database.
, Bolivia – 316
z, Bolivia 3800 466
z, Bolivia 3800 6083
, Peru 3030 3933
z, Bolivia 3700 2800
exico, USA – 9333

Argentina – 3175
3000 1683

Argentina – 1000
– 6600
– 5033

exico, USA – 8500
Argentina – 8250

– 4391
– 4700
– 4850
– 675

z, Bolivia 3800 3133
– 3575

, Bolivia 3870 9083
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studied the effects of soil drying on leaf-water
relations and gas exchange inC. quinoa. High net
photosynthesis and specific leaf-area (SLA) values
during early vegetative growth probably resulted in
early vigor of the plant supporting early water uptake,
and thus, tolerance to a following drought. The leaf
water relations were characterized by low osmotic
potentials and low turgid weight/dry weight (TW/DW)
ratios during later growth stages sustaining a potential
gradient for water uptake and turgor maintenance
under high evaporation demands.Garcia et al. (2003)
calculated the seasonal yield response factor (Ky)
for quinoa that was lower to that of groundnut and
cotton. This lowKy value for quinoa indicated that
a minor drought stress does not result in large yield
decrease.

15. Quinoa in Indian perspective

India, located between 8◦ and 38◦N and 68◦ and
93.5◦E, exhibits enormous diversity for agro-climatic
regions and edapho-climatic conditions. An increasing
population in this region of the world demands not
only an increase in food grain production but also
a shift towards environmentally sound sustainable
agriculture. Quinoa can play a major role in future
diversification of agricultural systems in India, not only
in the Himalayan region, but also in the North-Indian
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16. Concluding remarks

Quinoa’s ability to produce high protein grains
under ecologically extreme conditions makes it impor-
tant for the diversification of future agricultural sys-
tems, especially in high-altitude area of the Himalayas
and North-Indian Plains. The high nutritional quality
and multiple uses in food products make quinoa ideal
for utilization by the food industry. Other potential uses
reviewed by the industry include use of quinoa as a
flow improver in starch flour products, fillers in plastic
industry, anti-offset and dusting powders and comple-
mentary protein for improving the amino acid balance
of human and animal foods. Efforts should be made to
evolve edible varieties with high-quality components,
low saponin content, better yield and large seed
size. Making quinoa popular in India would require
dissemination of information about the crop among
the farmers as well as the consumers, proper marketing
and efficient post-harvest technologies. Quinoa has the
potential to shed its underutilized status and become
an important industrial and food crop of the 21st
century.
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