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Abstract

Salinity is today one of the most widespread con-
straints in irrigated agriculture. Thus, salt toler-
ance is an agronomically important trait receiving
increasing attention among scientists worldwide.
Quinoa is tolerant to soil salinity and other adverse
environmental factors, hence it attracts the atten-
tion of researchers as a possible crop in a changing
world scenario in which scarcity of water resources
and increasing soil and water salinization are the
primary causes of crop loss. Quinoa’s exceptional
tolerance to salinity, frost, drought and other types
of abiotic stress also makes it a model species for in-

vestigating cellular, physiological, biomolecular and
morphological mechanisms at the basis of stress
tolerance in halophytes and in plants as a whole.
There are quinoa ecotypes adapted to valley, high-
land, salt desert, sea level and tropical environ-
ments, displaying broad genetic variability in salin-
ity tolerance. For this reason, quinoa represents a
valuable resource for selection of the most suitable
material and for breeding new varieties adapted to
different environmental and geographical condi-
tions. In this chapter, scientific studies on salinity
tolerance in quinoa conducted in the last decade
by numerous research groups operating in at least
nine different countries are described. We focus
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on studies in which different quinoa genotypes are
compared for their response to saline conditions,
demonstrating that salt tolerance is a complex,
multigenic trait involving a plethora of physiological
and structural adaptations. Results available to date
regarding the effect of salinity on the nutritional
properties of quinoa are reported.

1. Introduction

Quinoa belongs to the chenopods (family Amaran-
thaceae), a group of plants comprising the highest
number of halophytic (i.e. “salt-loving”) genera.
Quinoa is considered a facultative halophyte, and
some varieties are able to cope with levels of salin-
ity as high as those present in seawater, i.e. electri-
cal conductivity (EC) of approximately 50 dS/m (cor-
responding to about 600 mM NacCl). Not surpris-
ingly, therefore, quinoa grows on saline soils, from
the Salare (salt flats) of the Bolivian Altiplano to the
coastal zones of Chile. The halophytic nature of qui-
noa has been confirmed also under experimental
(pot, hydroponic etc.) conditions. In a greenhouse
experiment, Hariadi et al. (2011) tested six salin-
ity levels for 70 days on cv. ‘Titicaca’ and observed
a significant inhibitory effect on seed germination
only for concentrations higher than 400 mM NadCl,
while optimal plant growth was obtained between
100 and 200 mM NacCl. This is in accordance with
previous results showing that yield of quinoa was
highest under moderately saline conditions (10-20
dS/m) (Jacobsen et al., 2003).

Quinoa is indeed tolerant to other types of ad-
verse environmental factors (collectively known
as “abiotic stress”), such as frost (Jacobsen et al.,
2005, 2007; Rosa et al., 2009) and drought (Bosque-
Sanchez et al., 2003; Pulvento et al., 2010; Jacobsen
etal., 2009, 2012; Fuentes and Bhargava, 2011; Raz-
zaghi et al., 2011a, b). For this reason, it is attracting
the attention of researchers worldwide both as a
possible alternative crop in the face of diminishing
freshwater resources and increasing soil saliniza-
tion, and as a model species to unravel the mecha-
nisms at the basis of stress tolerance in plants. To-
day, research on quinoa is progressing beyond salt
and drought tolerance, and includes studies on the
effects of other abiotic (e.g. heavy metals, high and
low temperatures, UV/FR radiations) and biotic
(pathogens) stress-inducing factors.

2. Genotypic differences

Cultivating quinoa is a family heritage and the Ande-
an farmers have proven to be a valuable instrument
in preserving the genetic diversity of quinoa in their
fields (Fuentes et al., 2012). This biodiversity has
been assessed by molecular methods (Christens-
en et al., 2007; Fuentes et al., 2009), and quinoa
seeds of numerous accessions are being conserved
in gene banks around the world (see Chapter 1.5
“State of Genetic Resources”).

The existence of five categories (ecotypes) of qui-
noa, adapted to different conditions, suggests that
the species must exhibit a broad genetic variabil-
ity in tolerance to adverse climatic conditions. One
approach towards evaluating and understanding
salinity tolerance in quinoa has, therefore, been to
compare different genotypes in terms of seed ger-
mination, growth and yield under saline conditions,
and to investigate the morphological and physio-
logical mechanisms responsible for these genotypic
differences.

Many of the almost 2 500 quinoa accessions avail-
able to date have been shown to differ in their re-
sponse to salinity during seed germination and later
during the growth cycle. Jacobsen et al. (2003) ob-
served that seeds of the Peruvian cultivar ‘Kancolla’
were able to germinate under conditions of salinity
close to those of seawater (i.e. up to 57 dS/m). In a
comparison between the Bolivian cultivars, ‘Robu-
ra’ and ‘Sajama’, the former was found to be more
sensitive to salinity during germination with a toler-
ance limit of 100 mM NaCl (Schabes and Sigstad,
2005). Out of the 182 Peruvian accessions tested by
Gémez-Pando et al. (2010) only the 15 most toler-
ant ones showed a high percentage of germination
(60%) at a salinity level of 25 dS/m.

Ruiz-Carrasco et al. (2011) tested the in vitro ger-
mination, growth and short-term physiological re-
sponses to salt of four Chilean coastal genotypes
originating from a latitudinal gradient going from
central to southern Chile (‘PRJ, ‘PRP’, ‘UdeC9’,
‘BO78’). The aim was to link these modifications
to the expression levels of two sodium transport-
er genes cloned in quinoa, Salt Overly Sensitive 1
(CqSOS1) and CgNHX (para. 3.3). They found a sig-
nificant reduction in germination rate only at the
highest salinity level (300 mM NaCl) and in the
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southernmost accession (‘BO78’), where also root
length was inhibited. The root/shoot fresh weight
ratio was differentially affected by salt, with the
lowest values in ‘BO78". Proline and polyamines,
known to be associated with the response to salt
stress (para. 3.2.3), as well as transcript levels of
the two genes, were also modified in a genotype-
specific manner upon exposure to 300 mM NaCl.
Overall results indicated that, of the four accessions
tested, ‘BO78’, originating from an area with rela-
tively less harsh conditions in terms of precipita-
tion, was the least salt-tolerant, suggesting a link
between drought and salinity tolerance.

Delatorre-Herrera and Pinto (2009) tested four dif-
ferent Chilean genotypes and found that with 200
mM NaCl the most affected selection was ‘Hueque’
(50% decline in germinability), while the decrease in
‘Amarilla’ was only 6%. At 400 mM NaCl, the germi-
nation rate was lower for all genotypes, particularly
those from non-saline areas, which germinated af-
ter 22 hours compared to 10 hours for those origi-
nating from a saline area, suggesting that salinity
not only reduces germination percentage but also
delays the process. Moreover, the relative contribu-
tion of the osmotic effect (i.e. drought generated by
high soil salinity) and of ion toxicity (due to exces-
sive accumulation of Na+ and Cl- in plant tissues)
was also analysed, and indicated that salinity had a
different effect on germination in different quinoa
genotypes (Delatorrre-Herrera and Pinto, 2009).
This may explain why data regarding the contribu-
tion of these effects on quinoa germination are con-
tradictory. At the same time, this genotype-specific
differential contribution of the two factors may pro-
vide a basis for breeding improved varieties adapt-
ed to particular field conditions. Thus, high osmo-
tolerance during germination may be an advantage
on drought-affected and slightly saline soils, while
tolerance to ion toxicity would be advantageous un-
der highly saline conditions.

GAmez-Pando et al. (2010) also studied the 15 most
salt-tolerant Peruvian accessions at the mature
stage and found that some genotypes exhibited a
reduction in height under saline conditions, while
others did not, or even showed an increase. The
same was observed for leaf and root dry weight
and yield. In particular, results indicated a dramatic
influence of quinoa genotype on root dry mass per
plant under saline conditions. While an 80% reduc-

Reduction (%)

tion in root dry mass relative to controls was ob-
served in one accession reflecting its low salt tol-
erance, another accession surpassed the control
in this characteristic, reflecting high salt tolerance.
Overall, low plant height, short duration of life cy-
cle, and maximum seed yield and harvest index are
regarded as desirable agricultural traits.

In a pot experiment comparing 14 quinoa varieties
in terms of biomass production, Adolf et al. (2012)
reported that two varieties belonging to the ‘Real’
type (‘Pandela rosada’ and ‘Utusaya’), adapted
to the extremely harsh climatic conditions of the
southern Altiplano of Bolivia, and a cultivar from
the southern Andes of Peru (‘Amarilla de Maran-
gani’) were the least affected varieties in terms of
relative biomass production and height at maturity
(Figure 1).

In a comparative study between quinoa and the
“model” halophyte Thellungiella halophila, Mo-
rales et al. (2011) used two genotypes of the Salare
ecotype (‘Chipaya’ and ‘Ollague’) and two geno-
types of the valley ecotype (the Peruvian ‘CICA-17’
and the Chilean ‘KU-2’). Results indicated a greater
reduction in fresh weight under saline conditions
in T. halophila than in quinoa. In fact, at 300 mM
NaCl, T. halophila averaged a tenfold decrease in
fresh weight but Chipaya and Ollague only de-
creased twofold compared with their respective
controls. Under strong salinity (450 mM NacCl), the
quinoa genotypes belonging to the Salare ecotype
maintained a relatively higher transpiration rate
than the valley ecotype, ‘CICA-17’ (approx. 50% and
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Figure 1: Name, origin (B = Bolivia, P = Peru, D =
Denmark) and reduction in biomass and height under
saline conditions relative to non-saline conditions of
several quinoa genotypes. Adapted from Adolf et al.
(2012).
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40%, respectively, of control levels). No remarkable
differences were observed, either between the qui-
noa cultivars in terms of ion accumulation and com-
patible solutes, or in leaf transcript levels of several
genes with a putative role in salt tolerance; howev-
er, gene expression profiles in roots displayed some
significant differences between Salare and valley
ecotypes (para. 3.3).

A considerable amount of evidence has, therefore,
accumulated, proving that there is wide genetic
variability in salinity tolerance in quinoa. This rep-
resents an important resource for selection and
breeding for even higher tolerance, and for culti-
vars adapted to different altitudes, latitudes, and a
broad range of soil and climatic conditions (Chris-
tiansen et al., 2010; Bendevis et al., 2013).

3. Unravelling the basic mechanisms

It is believed that halophytes and glycophytes have
a similar physiology and anatomy, but that salt-
adapted plants may make more efficient use of
the same salt-tolerance mechanisms (Shabala and
Mackay, 2011). However, it cannot be excluded that
halophytes display special salt-tolerance mecha-
nisms that differ from those of glycophytes. Com-
pared with glycophytes and even other halophytes,
it must be asked whether quinoa possesses unique
(as yet unknown) ways of adapting, and therefore
growing and completing its life cycle, under high
salinity. This is what today’s researchers are inves-
tigating and it is the reason why, in the last decade,
the number of scientific publications on this topic
with regard to quinoa alone have soared, reaching
14 in 2010-12. The topic was recently reviewed by
Jacobsen and co-workers (Adolf et al. 2013).

3.1. Morphological features
3.1.1. Seed structure

Several studies have shown that even halophytes
can be sensitive to salt stress during the stages of
seed germination and seedling emergence (Debez
et al., 2004). Understanding the mechanisms which
are responsible for the relative tolerance or sensi-
tivity of the seed, such as if and where Na is accu-
mulated, and if it affects seed viability, are impor-
tant issues. Since salinity tolerance largely depends
on the plant’s ability to preserve ion homeostasis
(Hasegawa et al., 2000), concentration and distri-

bution of other ions is also an important feature in
both seeds and adult tissues.

Koyro and Eisa (2008) reported that in the Peruvian
cultivar ‘Hualhuas’ the distribution of minerals in
seeds harvested from plants grown under various
salt treatments, including a very high concentration
(500 mM NacCl), was altered, but ultimately highly
regulated. These changes did not cause evident
damage to the seed nor did they affect seed viabil-
ity. The authors raised the question as to whether
seed structure and compartmentation could have
aninfluence on seed viability under high salinity, es-
pecially since quinoa seeds are of the campylotro-
pous type, i.e. the embryo is peripheral around the
perisperm (storage tissue) and therefore occupies
a rather external position. Although seed weight
decreased at high NaCl concentrations, dry matter
reduction was compensated for by an increase in
ash content. The salt-induced increase in ash con-
tent was due to increased Na concentration, but
also to an increase in K, Mg and Ca concentrations.
Although Na increase was very high, the K/Na ratio
never fell below 1. Thus, there was a stable accu-
mulation of K and other essential nutrients (such as
P and S) even at high levels of salinity. Indeed, the
seed-coat limited the passage of possibly toxic Na
and Cl to the seed interior (> 90% Na and Cl was
located in the pericarp). The study therefore dem-
onstrated that in the seeds of salt-grown plants, an
important tolerance mechanism was based on the
integrity of the seed-coat and perisperm as pro-
tective barriers ensuring the exclusion of Na and
Cl from, and the maintenance of a high K/Na ratio
in, the seed’s interior. Hariadi et al. (2011) likewise
suggested that seed viability was dependent on its
ability to exclude Na+ from the developing embryo
in order to avoid ion toxicity.

3.1.2. Salt bladders

A typical feature of halophytes is the presence of
specialized trichomes known as salt glands or salt
bladders. Sequestration of absorbed salt into these
structures appears to be an efficient strategy con-
tributing to salinity resistance in some drought- and
salt-tolerant species (Agarie et al., 2007; Ben Hass-
ine et al., 2009). They are presumably involved in
compartmentalizing potentially toxic ions, thereby
excluding them from the other leaf tissues, in par-
ticular from the underlying photosynthetically ac-
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Figure 2: Salt bladders on the leaf surface of quinoa.

tive mesophyll. Salt bladders may also be useful for
reducing water loss and UV-induced damage to the
photosynthetic apparatus. In chenopods, these salt
glands are known as epidermal bladder cells (EBCs),
and in quinoa they are present on the stem, and
on both upper and lower leaf surfaces (Figure 2).
In a Chilean genotype (‘BO78’), no significant differ-
ences in EBC densities in untreated vs salt-treated
plants and relatively modest ion excretion through
salt bladders were reported (Orsini et al., 2011),
suggesting that in this case EBCs may not play an
important role in limiting ion accumulation. In the
halophyte Mesembryanthemum crystallinum, EBCs
were shown to accumulate water and metabolites,
such as betalaine, malate, flavonoids, cysteine, pini-
tol, inositol and calcium oxalate crystals (Agarie et
al., 2007; Jou et al., 2007). Thus, the protective role
of EBCs may derive from the accumulation of or-
ganic compounds with ROS-scavenging or chaper-
one ability. Further studies are necessary to ascer-
tain the composition, importance and function of
EBCs in quinoa, also in relation to genotype-specific
variations in salinity tolerance.

3.1.3. Stomata

Saline conditions generally decrease transpiration
rate, but also CO, uptake, and hence photosynthe-
sis (lyengar and Reddy, 1996), through decreased
stomatal conductance (see para. 3.2.1). The ob-
served reduction in stomatal conductance in halo-
phyte leaves is assumed to be important for better
water use efficiency (WUE). This may originate from
both physiological (e.g. control over stomatal aper-

ture) and morphological (e.g. stomatal density and
size) adaptive responses to salinity. In the former
case, reversible and rapid regulation of the opening
and closing of the stomatal pore is achieved via ion
fluxes in and out of guard cells, a process that is un-
der the control of the plant hormone abscisic acid
(ABA). Early increases in ABA, and decreased leaf
and soil water potential, are indicative of osmotic
stress caused by salinity.

Gas exchange and transpiration have been shown
to decrease in quinoa under salinity (Bosque
Sanchez et al., 2003). Quinoa exposed to different
salinity levels and to the combined effect of salt
and drought stress had an increased concentration
in shoot and root ABA in accordance with its role
as a signal to close stomata and regulate stomatal
conductance (Razzaghi et al., 2011a).

Recent studies have highlighted that a morpho-
logical mechanism for controlling transpiration
and thus, WUE, under saline conditions in quinoa
is through a reduction in stomatal size, density or
both (Orsini et al., 2011; Shabala et al., 2012; Adolf
et al., 2013). A reduction of up to 50% under very
saline conditions accompanied by a reduced stoma-
tal length was reported in the relatively salt-sensi-
tive Chilean genotype ‘BO78’ (Orsini et al., 2011). In
a comparative study between 14 varieties of quinoa
differing in salinity tolerance, Shabala et al. (2013)
and Adolf et al. (2012) demonstrated that, while all
had reduced stomatal density under saline condi-
tions, this morphological parameter was affected in
different ways, depending on the genotype.

3.2. Physiological and metabolic parameters
3.2.1. Gas exchange, stomatal conductance and
photosynthetic rate

Razzaghi et al. found that when salinity increased,
soil water potential decreased and, as a conse-
guence, there was also a decrease in leaf water po-
tential and stomatal conductance in quinoa (cv. ‘Tit-
icaca’) plants that were either fully irrigated or sub-
jected to progressive drought treatment. Similarly,
50-60% reductions in leaf gas exchange and con-
ductance were reported by Orsini et al. (2011) for
the Chilean accession ‘BO78’ already under moder-
ate salinity (150-300 mM NaCl). Decreased stoma-
tal conductance reduces water loss (transpiration
rate) but also CO, entry. Stomatal conductance and
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photosynthetic CO, assimilation were analysed in
two contrasting varieties of quinoa (‘Utusaya’ and
‘Titicaca’) under salinity. ‘Utusaya’, originating from
the Salare region of Bolivia, was less affected, with
only 25% reduction in net CO, assimilation com-
pared to a 67% reduction in ‘Titicaca’ (Adolf et al.,
2013). However, stomatal conductance, and there-
fore photosynthetic rate, were low in ‘Utusaya’
even under non-saline conditions — a typical trade-
off between stress tolerance and productivity, and
an aspect that should be taken into consideration
when selecting varieties for cultivation under differ-
ent conditions and for breeding. Irrespective of the
effects of high salinity on CO, entry via stomata and
hence its assimilation, several reports have indicat-
ed that in quinoa plants grown under salinity, the
maximum photochemical efficiency of Photosystem
Il (PSII) was not affected, which suggests that PSll is
not the main target of salinity stress (Hariadi et al.
2011, Adolf et al. 2013a).

3.2.2. Osmotic adjustment, K* retention and carbo-
hydrate metabolism

LHigh salinity produces an osmotic (drought) effect,
and can lead to ion toxicity due to the over-accu-
mulation of Na* and Cl-(Munns and Tester, 2008). In
order to survive, plants must activate appropriate
mechanisms to deal with these effects. Plants ad-
just to high external salt concentrations by accumu-
lating a variety of organic molecules, the so-called
organic osmolytes also known as “compatible sol-
utes” (e.g. proline and glycine betaine), or inorganic
ions, or both (Flowers, 2004; Shabala and Mackay,
2011). This accumulation of osmolytes is hecessary
for maintaining cell turgor and enabling cell expan-
sion under conditions of increased external osmo-
lality. While some tolerant glycophytes restrict ion
movement to the shoots by limiting ion influx into
the root, thereby avoiding the risk of ion toxicity,
halophytes readily absorb, translocate and accu-
mulate ions in the aerial parts (Flowers and Colmer,
2008). The accumulated ions (mainly Na*, CI, K*) are
supposedly used for osmotic adjustment, thus facil-
itating water uptake and transport, and presumably
lowering the metabolic costs of production of or-
ganic osmolytes. Using cv. ‘Titicaca’ plants treated
with NaCl at a concentration of 0-500 mM (approx.
0-50 dS/m), Hariadi et al. (2011) showed that 80—
95% of osmotic adjustment in leaves was achieved
by means of accumulation of inorganic ions (Na*,

K* and CI). A similar situation was reported for the
Chilean genotype ‘BO78’, where an increase in oth-
er cations (Ca%, Mg*) was also observed (Orsini et
al., 2011).

Wilson et al.(2002) investigated salt tolerance and
ion accumulation in C. quinoa cv. ‘Yecora Rojo’ by
treating plants with a salt mixture (MgSO,, Na,SO,,
NaCl and CaCl,) similar to that which would occur in
a typical soil in the San Joaquin Valley of California,
where drainage waters are used for irrigation. No
significant reduction was found in plant height, leaf
area or fresh and dry weight in response to increas-
ing salinity levels. The salinity response of quinoa
was characteristic of a halophyte with a growth
increase (leaf area and dry weight) even at mod-
erate salinity levels. In both stems and leaves, in-
creasing salinity reduced the K*/Na* ratio. A similar
situation was observed in wheat grown under the
same conditions, but the decrease in the ratio was
much more dramatic with wheat than with quinoa.
In plants, high salinity induces K* efflux or impaired
K* uptake, and the consequent reduction in cellular
K* levels can be highly detrimental (Demidchik et
al., 2010). Thus, the regulation of K* homeostasis is
an important aspect of salt tolerance, and the abil-
ity to retain an optimal K*/Na* ratio is believed to
be crucial for tolerance or adaptation to salt stress
(Munns and Tester, 2008). Suhayda et al.(1992)
found a strong relationship between tissue K*/Na*
ratio and salt tolerance in barley, and suggested
this trait could be used as a selection criterion in
the breeding of salt-tolerant cultivars. Moreover,
an increase in the vacuolar Na* content must be
accompanied by a concurrent increase in cytosolic
osmolality. This is achieved not only by accumulat-
ing organic osmolytes in the cytosol, but also by
increasing K*. In salt-treated quinoa (‘BO78’) plants
exposed to high salinity, a concentration of K* three
times higher than in controls or plants exposed to
lower NaCl concentrations was reported, whereas
proline concentrations were not significantly affect-
ed, suggesting that the inorganic ion played a more
important role in osmotic adjustment than the or-
ganic osmolyte (Orsini et al., 2011).

Increases in organic osmolytes (soluble sugars,
proline, glycine betaine) have nonetheless been
reported in quinoa (Jacobsen et al., 2007; Ruffino
et al., 2010). Morales et al. (2011) reported large
guantities of betaine, trehalose and especially trig-
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onelline in ‘Chipaya’ and ‘Ollague’ cultivars, and
negligible quantities of sorbitol, pinitol and proline.
In response to salt stress, trigonelline accumulated
very high concentrations in both leaves and roots
(800-7 000 pumol/g DW, depending on the tissue
and treatment regime). This concentration far ex-
ceeds that reported in other crop species (soybean,
corn, tomato).

Osmotic adjustment is particularly important dur-
ing seed germination and seedling establishment,
because if these fail, there will be no plant! The re-
sponse of seedlings to salinity in terms of carbohy-
drate metabolism (enhanced production of soluble
sugars) seems to be a major aspect allowing quinoa
to adjust osmotically to a saline environment in its
early stages of development, an important factor
of plant salt tolerance. Prado et al. (2000) observed
changes in glucose, fructose and sucrose content
between salt-treated and non-treated seedlings.
Rosa et al. (2009) analysed sucrose—starch partition-
ing and related enzymes in salt-stressed and salt-
acclimated seedlings under low temperature. They
reported higher activities of sucrose—phosphate
synthase and soluble acid invertase in salt-stressed
plants, and an increase in soluble sugars and proline,
both of which are essential for the maintenance of
osmotic balance under saline conditions.

A reduced matric potential in the seed interior may
also counteract water loss under conditions of high
external osmolality. Koyro and Eisa (2008) suggest-
ed that increased protein levels in seeds harvested
from salt-treated quinoa plants may contribute to
lowering this potential. They also argued that the
acceleration of germination in these seeds could be
the result of enhanced water uptake through the
accumulation of Na* and CI"in the seed pericarp
and of organic solutes in the seed interior.

3.2.3. Osmoprotective and other protective mol-
ecules

Dehydrins were first reported to accumulate in cot-
ton seeds during the late stages of embryo devel-
opment (Rorat, 2006). In addition, dehydrins have
been found in nearly all vegetative tissues under
stress conditions, such as drought, cold and high
salinity (Battaglia et al., 2008; Rorat, 2006). The
ectopic expression of a wheat dehydrin has been
shown to improve tolerance to high salinity and

dehydration in the model plant, Arabidopsis thali-
ana. The mutation of a dehydrin gene in the moss,
Physcomitrella patens, causes severe impairment
of the plant’s capacity to resume growth after salt
and osmotic stress — further evidence of the role of
dehydrins in stress tolerance mechanisms. Several
dehydrin bands were detected in mature embryos
of two quinoa cultivars adapted to two contrast-
ing environments (high altitude vs sea level), with
some bands showing quantitative differences in the
two cultivars (Carjuzaa et al., 2008). More recently,
Burrieza et al. (2012) studied the effect of salt on
the dehydrin composition of mature embryos of
cv. ‘Hualhuas’, adapted to the arid and salty condi-
tions typical of the Altiplano. Western blot analysis
detected at least four dehydrins in seeds harvested
from control and salt-stressed plants; no additional
bands were detected under salinity conditions, and
only one band (30-kDa dehydrin) increased under
NaCl treatment (Figure 3).

As already mentioned, salinity stress causes a re-
duction in water availability (i.e. drought and osmo-
tic stress), leading to stomatal closure and reduc-
tion in stomatal density, and accumulation of toxic
Na* ions. Both stomatal closure and Na+ accumula-
tion impair photosynthetic activity, which can result
in the formation of reactive oxygen species (ROS).
ROS are potentially capable of causing lipid pero-
xidation in cellular membranes, DNA damage, pro-
tein denaturation, carbohydrate oxidation, pigment
breakdown and an impairment of enzymatic activi-
ty (Noctor and Foyer, 1998). Thus, oxidative stress
is a third component of salt stress, and tolerance
is strongly linked to a plant’s ability to control ROS
accumulation under stressful conditions. Although
the accumulation of organic osmolytes is regarded
as contributing to the plant’s osmotic adjustment
in a saline environment, it is now known that such
compounds also play an important role in oxidati-
ve stress tolerance. Four major classes of organic
osmolytes (amino acids, sugars, polyols and quater-
nary amines) are known; some may act as molecular
chaperons protecting PSIl against oxidative stress,
while others directly scavenge ROS (Shabala et al.,
2012). All of these classes appear to be present in
quinoa tissues (Aguilar et al., 2003; Ruffino et al.,
2010; Orsini et al., 2011; Ruiz-Carrasco et al., 2011).
In support of this hypothesis, exogenous applica-
tion of glycine betaine was shown to substantially
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Figure 3: A. Western blot analysis of dehydrins in mature embryos of quinoa. Seeds were obtained from plants grown
in 0 and 500 mM NaCl. B-E. Dehydrin in situ immunolocalization in the cotyledons (B, C) and embryo axis (D, E) ob-
served under Differential Interference Contrast (DIC) microscopy. Labelling (arrows) was mainly observed in nuclei,
specifically in chromatin. B, D : control plants; C, E : salt-stressed plants. Bar = 20 um. After Burrieza et al., 2012. ©

Springer

mitigate the detrimental effects of UV-induced oxi-
dative stress on photosynthetic efficiency (Shabala
etal., 2012).

Proline accumulation during salinity stress has been
investigated thoroughly, and the role of this amino
acid as osmoprotectant in protecting subcellular
structures and macromolecules and as signal mo-
lecule has been established (Szabados and Savouré,
2010). In accession ‘BO78’, Orsini et al.(2011) re-
ported that leaf and stem proline concentrations
increased significantly under saline conditions: at
the highest NaCl concentrations (600 and 750 mM),
the increase was approximately ten times greater
than in 0 mM NaCl. In another study, moderate sa-
linity (300 mM NacCl) induced an accumulation of
proline in 15-day old seedlings of four Chilean ac-
cessions (‘BO78’ and others); a distinction can be
made between those that exhibited a moderate
increase, and those that accumulated three to five
times more proline than control levels (Ruiz-Carra-
sco et al., 2011). In the same study, these authors
analysed changes in polyamine (PA) levels in the
different genotypes under salt treatment. PAs, of
which putrescine (Put), spermidine (Spd) and sper-
mine (Spm) are the most common in higher plants,

are aliphatic polycations regarded as plant growth
regulators also involved in stress responses (Alcazar
et al., 2010). There is evidence supporting the idea
that PAs exert a protective function during stress
(ROS scavenging, membrane stabilization, cell wall
stiffening); they also seem to have a function as ion
channel regulators (Kusano et al., 2008). An inver-
se relationship between Put and Na* or K* levels
in plant tissues is in accordance with the purpor-
ted role of this PA in maintaining the cation/anion
balance, while some reports point to the protecti-
ve role of Spd and Spm in conferring salt toleran-
ce. Results showed that the (Spd+Spm)/Put ratio
was significantly lower in ‘BO78’ than in the other
analysed genotypes, confirming the higher sensiti-
vity of this southern genotype — this is in accordan-
ce with other parameters and with its provenance
from the least stress-prone environment. Thus,
while highest proline accumulation distinguished
the most tolerant accession from the others, the
PA response, on the other hand, distinguished the
most sensitive (Ruiz-Carrasco et al., 2011).

3.2.4. Sodium loading and translocation

In their experiment with a mixed-salt solution, Wil-
son et al. (2002) showed that in quinoa, Na+ levels
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increased only three- or fourfold in aerial tissues,
while in a moderately tolerant wheat variety, the
increase was over sixfold. Recently, Shabala et al.
(2013) reported that genotypic differences in salini-
ty tolerance were associated with differences in Na*
uptake, with the most tolerant cultivars exhibiting
lower xylem Na* content. The 14 genotypes tested
could be separated into two groups, Na* includers
and Na* excluders, with the most tolerant varieties
falling into the latter group. It would therefore ap-
pear that also in quinoa, although rapid uptake and
accumulation of Na* in the leaves is required for
osmotic adjustment, ion toxicity is avoided in the
most tolerant genotypes by limiting to some extent
Na* loading into the xylem sap (exclusion mecha-
nism). Indeed, Na* exclusion has always been con-
sidered a beneficial trait in glycophytes (Munns and
Tester, 2008). In Arabidopsis, this exclusion is medi-
ated by a Na*/H* exchanger located at the plasma
membrane of epidermal root cells (Blumwald et al.,
2000) encoded by the Salt Overly Sensitive 1 (SOS1)
gene (Qiu et al., 2002). SOS1 gene expression in qui-
noa under salinity has been investigated by several
groups (Maughan et al., 2009; Morales et al., 2011;
Ruiz-Carrasco et al., 2011).

3.3. Gene expression studies

As described in previous paragraphs, capacity for
ion uptake and translocation in quinoa under saline
conditions has been investigated by measuring leaf
sap Na, K and other ions. The topic has also been
studied using molecular biology techniques, based
on the fact that pivotal genes related to Na+ trans-
port have been cloned in several species, and their
role in salt tolerance assessed (Shi et al., 2002). In
Arabidopsis thaliana, NHX1, the gene encoding a
tonoplast-localized vacuolar Na*/H* antiporter, is
regarded as being responsible for Na* compartmen-
tation (and possibly K* homeostasis) in the vacuole.
Compartmentation of Na* into vacuoles is a critical
mechanism for avoiding the toxic effects of this ion
in the cytosol, while providing additional osmoti-
cum for water uptake and turgor maintenance. The
plasma membrane SOS1 gene also controls ion ho-
meostasis in the cytoplasm under saline stress con-
ditions. Given quinoa’s extraordinary salt tolerance,
it is of interest to understand how genes associated
with Na* antiporters are regulated in this species,
as similar studies have been done in another salt-

resistant species, the perennial grass Aeluropus
lagopoides (Ahmed et al., 2013). Maughan et al.
(2009) cloned and characterized two SOS1 gene ho-
mologs in quinoa and found a high level of similarity
between these gene sequences and SOS1 homologs
in other species. Gene expression analyses of CqSO-
S1A and CqSOS1B in a cultivar originating from the
Salare of the Bolivian Altiplano showed a stronger
expression in roots than in leaves in the absence of
salinity; however, saline treatment caused an up-
regulation of both genes in leaves but not in roots —
an observation which would suggest that Na+ exclu-
sion at root level was not induced by this treatment
(Maughan et al., 2009). Gene expression analyses of
CgS0S1 and CgNHX1 in four Chilean genotypes dif-
fering in salinity tolerance confirmed that the level
of expression of these sodium antiporter genes was
different in shoots and roots, and that these genes
were differentially regulated in different genotypes
(Ruiz-Carrasco et al., 2011) (Figure 4). Transcrip-
tional changes in CqSOS1 and CgNHX1 were also
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Figure 4. Expression of CqNHX1 in roots (left) and shoots
(right) of control (C) and 300 mM NaCl-treated (T) quinoa
plants from northern (R49), central (PRP) and southern
(BO78) Chile. The salt treatment was applied 60 days
after germination in pots, and leaves were sampled 24
hours after the salt treatment. Results indicate a differen-
tial increase in CgNHX1 expression in an organ- and geno-
type-dependent manner. Under salt stress, the northern
and central genotypes (R49 and PRP, respectively) accu-
mulate CgNHX1 transcripts in the roots, while BO78 accu-
mulates more transcripts in the shoots (K. Ruiz Carrasco,
unpublished data).
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measured under salinity (450 mM NaCl) and during
recovery from saline treatment in two genotypes of
the Salare ecotype and two of the valley ecotype
(the Peruvian ‘CICA-17’ and the Chilean ‘KU-2’) by
Morales et al. (2011). Differences in gene expres-
sion levels between accessions were reported for
roots, but none were observed in leaves. SOS1 was
more strongly up-regulated in salt-stressed roots of
the Salare ecotypes, suggesting that cytoplasmic
Na+ was moving out of the roots. Up-regulation of
the gene encoding for an enzyme involved in the
biosynthesis of the compatible solute glycine be-
taine, i.e. betaine aldehyde dehydrogenase (BADH),
was observed in roots of both cultivars of the Salare
ecotype (‘Chipaya’ and ‘Ollague’) and in the valley
ecotype (‘CICA-17’), without notable differences
between genotypes.

3.4. Interaction of salinity with other environmental
factors (temperature, drought)

Plants are able to display what is known as “cross-
tolerance”, which means that if a plant is tolerant to
one type of stress it can also tolerate others (Hamed
et al., 2013). This is an important aspect to consider
when selecting or breeding for a new variety since,
in many regions of the world, particularly arid and
semi-arid ones, heat, drought and salinity occur si-
multaneously.

Gonzalez and Prado (1992) showed that at higher
temperatures the detrimental effect of salinity in
quinoa was generally less severe, and the ability of
salt-treated seeds to recover after transfer to non-
saline conditions was also temperature-dependent.
This was confirmed by Chilo et al. (2009) who re-
ported that lowering temperature and increasing
salinity delayed and reduced seed germination and
seedling growth. Rosa et al. (2009) also demonstrat-
ed that growth of quinoa seedlings was negatively
affected by low temperature (5°C), and that salt-
treated and low-temperature seedlings grown with-
out added salt exhibited the same growth inhibition
as unstressed controls. They also showed that low
temperature induced different effects on sucrose—
starch partitioning in cotyledons of salt-stressed
seedlings. These preliminary results indicate that
further investigations are needed to assess the
combined effect of temperature and salinity both
at early (germination, seedling establishment) and
later stages of quinoa growth. Adolf et al. (2014)

demonstrated in the Bolivian cultivar ‘Achachino’
that warm temperature conditions prolonged the
flowering period, but shortened the time of seed
filling compared with plants grown under cooler
conditions. The result was more seeds of smaller
size and weight in the warm climate. No differences
in seed yield were revealed between salt-treated
plants grown under the two temperature regimes
(warm and cool).

Few studies have been performed with regard to
the combined effects of drought and salt stress on
qguinoa under controlled field conditions. Razzaghi
et al. (2011b) evaluated the effect of salinity and
soil drying on radiation use efficiency (RUE?), yield
and productivity in ‘Titicaca’. Plants were exposed
to five salinity levels (within the range 0—40 dS/m)
from flower initiation onwards during the seed-fill-
ing phase; salinity treatments were divided into two
irrigation levels — full irrigation (95% of field capac-
ity) and non-irrigated progressive drought. Results
showed that there was no significant interaction
between drought and salinity on RUE, seed yield,
harvest index and water productivity (i.e. seed or
total dry matter per unit of water used). Another
field trial was conducted in southern Italy using the
same quinoa cultivar (Cocozza et al., 2012). Results
showed that, since seed yield was not compro-
mised, ‘Titicaca’ can be cultivated in drought and
salt stress conditions typical of Mediterranean-type
agro-ecosystems (for further details see Chapter
5.15).

4. Does high salinity affect the nutritional proper-
ties of quinoa?
There is little information regarding yield and qual-
ity, in particular nutritional properties, of quinoa
seeds under highly saline conditions. The Peruvian
cultivar ‘Hualhuas’ (Koyro and Eisa, 2008) and ‘Titi-
caca’, the cultivar bred in Denmark (Hariadi et al.,
2011; Jacobsen et al., 2010), could complete their
life cycle and produce seeds even at 500 mM NaCl
(approx. 50 dS/m). However, yield, number and
size of seeds, as well as C/N ratio, were lower at
high salinity levels (> 300 mM) than under control
conditions. The lowered C/N ratio was mainly the
result of an increase in protein content accompa-

1RUE (g DM MJ) was calculated for different fractions of yield
obtained at final harvest, such as seed (RUEseed), straw (RU-
Estraw) and total dry matter (RUEDM) as RUE= Yield/IPAR.
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nied by a decrease in total carbohydrates. In a field
trial conducted in southern Italy (see Chapter 6.13),
seed quality (protein, lipid, carbohydrate) was not
significantly altered by irrigation with saline water,
but fibre content was higher under saline condi-
tions, probably due to a different relative amount
of hull vs the rest of the seed (Pulventoet al., 2012).
Seeds of ten quinoa cultivars, nine from the Andean
highlands (Patacamaya site in Bolivia/Argentina,
3 960 m asl) and one from northwest Argentina
(Encalilla site, 2 780 m asl) were analysed for seed
yield, protein content and amino acid composition
when grown under drought conditions at the two
different agro-ecological sites having different soil
characteristics (EC of 2 and 7 dS/m in Encalilla and
Patacamaya, respectively). The findings revealed
that seed protein composition depended primarily
on genotype, but also on environmental factors and
their interactions, and that the essential amino acid
profile was more affected than grain yield and to-
tal protein content (Gonzalez et al., 2011). Mineral
composition and protein content of seeds harvest-
ed from plants grown under neutral (L1) and saline-
sodic (L2) soil conditions in central Greece were
evaluated in eight quinoa varieties originating from
Denmark, Chile, Brazil, the United Kingdom and
the Netherlands by Karyotis et al. (2003). Protein
concentration was significantly different between
varieties at L1 but not at L2, and was on average
20% higher at L2 than at L1, indicating a negative
correlation between grain protein and grain yield.
At L2, seed phosphorus and iron content was not
significantly different from that observed at L1,
whereas the contents of most of the other minerals
analysed (Ca, K, Mg, Zn and Mn) were, on average,
significantly higher at L1, indicating that the mar-
ginal soil properties at L2 restricted the accumula-
tion of these elements. The varieties from South
America adapted well to soil conditions of both lo-
cations and were superior in accumulating mineral
elements in seeds.

Vitamins and other molecules exerting antioxidant
properties, such as phenolics, that can scavenge
harmful radicals and reduce membrane lipid peroxi-
dation, contribute to the nutritional and nutraceuti-
cal quality of quinoa. Gdmez-Caravaca et al. (2012)
examined the effects of irrigation and salinity on the
seed phenolics content of a Danish cultivar. They
found only limited changes in these compounds
under reduced irrigation with or without salinity,

suggesting that unfavourable soil conditions do not
seem to affect the seed’s content in these impor-
tant bioactive compounds. With regard to another
important category of antioxidant molecules, pre-
liminary results have shown that the tocopherol (vi-
tamin E) profile of seeds and leaves of four Chilean
genotypes grown under saline (300 mM NacCl) con-
ditions was altered, and in some cases enhanced,
compared with controls grown without NaCl, and
that the response was genotype-dependent (An-
tognoni and Biondi, unpublished data).

Saponins have a wide range of biological activities
(antimicrobial, insecticidal, antifungal etc.) and can
be used in industry as detergents and surfactants.
They have a bitter taste — a negative characteristic
in terms of attractiveness for human consumption.
On the other hand, high saponin production may
represent an asset in quinoa as an alternative and
renewable source of saponins (Woldemichael and
Wink, 2001; Carlson et al., 2012). Under optimal
irrigation, saponin content was 30% higher under
salinity than in the absence of salinity (Gomez-
Caravaca et al., 2012). In a two-year field trial with
‘Titicaca’, Pulvento et al. (2012) reported a dose-
dependent increase in seed saponin concentration
with increasing salinity. This could be interpreted as
a stress response, but further studies are needed to
fully understand the mechanism connecting salinity
with saponin production.

Although there is not yet sufficient information re-
garding genotypic differences and salinity on the
nutritional and nutraceutical properties of quinoa
to allow conclusions to be drawn, it would appear
that these properties are, on the whole, not nega-
tively affected or are even enhanced (e.g. protein
and fibre content) under stressful conditions.

5. Conclusions

Given its halophytic nature, assessed and confirmed
by a vast array of experiments conducted under
conditions of moderate to high salinity, quinoa is
certainly the ideal crop for the increasingly salin-
ized agricultural soils worldwide. The information
accumulated in recent years and summarized here,
indicates that the broad genetic diversity of quinoa
is associated with a wide range of tolerance to high
salinity under multiple agro-ecological conditions
(drought, cold etc). Thus, while quinoa genotypes
possess a higher level of salt tolerance than all oth-
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er crop species, some genotypes are more tolerant
than others. This variation represents a precious
resource, which can be usefully exploited to select
and breed cultivars adapted to the most diverse
soil and climatic conditions. Quinoa also represents
a good model plant in which to unveil the mecha-
nisms at the basis of salt tolerance: first, because
it is the only halophyte seed crop and second, be-
cause its tolerance mechanisms may differ from
those of other species in this small group of salt-
adapted plants. Some of the information (morpho-
logical, physiological and molecular) available to
date can already aid breeders in selecting for useful
traits. Last but not least, there is a fair amount of
evidence indicating that the nutritional properties
of quinoa are not severely affected under high salin-
ity and that, in some cases, they are even improved.
This aspect corroborates the notion that quinoa is
a crop which can offer communities living in harsh
environments options to improve their livelihoods,
generate income, achieve food security and enjoy
better nutrition and health.

Acknowledgements

Financial contributions from the TWAS-ICGEB ex-
change programme (“Tolerance strategies of qui-
noa plants under salt stress” CRP.PB/CHI06-01), the
EU-IRSES programme (PIRSES-GA-2008-230862),
the EU-FP7 project SWUP-MED (“Sustainable wa-
ter use securing food production in dry areas of the
Mediterranean region”) and Fondecyt (Ministry of
Education, Chile) project no. 3130624 (to K.B.) are
gratefully acknowledged.

References

Adolf V.., G6Bling, J.W., Rosengvist, E., Liu, F., Andersen, M.N.
& Jacobsen, S.-E. 2014. Combined effects of salinity and tem-
perature on quinoa (Chenopodium quinoa Willd.) under simu-
lated climates of Bolivia and Morocco. |. Development, yield
and seed quality. Functional Plant Biology. (in press)

Adolf, V.I., Jacobsen, S.-E. & Shabala, S. 2013. Salt tolerance
mechanisms in quinoa (Chenopodium quinoa Willd.). Environ-
mental and Experimental Botany, 92: 43-54.

Adolf, V.I., Shabala, S., Andersen, M.N., Razzaghi, F. & Jacobsen,
S.-E. 2012. Varietal differences of quinoa’s tolerance to saline
conditions. Plant and Soil, 357: 117-129.

Agarie, S., Shimoda, T., Shimizu, K., Baumann, H., Sunagawa, A.,
Kondo, O., Ueno, T., Nakahara, A., Nose & Cushman, J.C. 2007.
Salt tolerance, salt accumulation, and ionic homeostasis in an
epidermal bladder-cell-less mutant of the common ice plant

Mesembryanthemum crystallinum. Journal of Experimental
Botany, 58: 1957-1967.

Aguilar, P.C., Cutipa, Z., Machaca, E., Lopez, M. & Jacobsen, S.-
E. 2003. Variation of proline content of quinoa (Chenopodium
quinoa Willd.) in high beds (waru waru). Food Reviews Interna-
tional, 19: 121-127.

Ahmed, M.Z., Shimazaki, T., Gulzar, S., Kikuchi, A., Gul, B., Khan,
M.A., Koyro, H.-W., Huchzermeyer, B. & Watanabe, K.N. 2013.
The influence of genes regulating transmembrane transport of
Na* on the salt resistance of Aeluropus lagopoides. Functional
Plant Biology, 40: 860-871.

Alcdzar, R., Altabella, T., Marco, F., Bortolotti, C., Reymond, M.,
Koncz, C., Carrasco, P. & Tiburcio, A.F. 2010. Polyamines: mole-
cules with regulatory functions in plant abiotic stress tolerance.
Planta, 231: 1237-1249.

Battaglia, M., Olvera-Carrillo, Y., Garciarrubio, A., Campos, F. &
Covarrubias, A.A. 2008. The enigmatic LEA proteins and other
hydrophylins. Plant Physiology, 148: 6-24.

Ben Hassine, A., Ghanem, M.E., Bouzid, S. & Lutts, S. 2009. Ab-
scisic acid has contrasting effects on salt excretion and poly-
amine concentrations of an inland and a coastal population of
the Mediterranean xero-halophyte species Atriplex halimus.
Annals of Botany, 104: 925-936.

Bendevis, M.A., Sun, Y., Shabala, S., Rosenqvist, E., Liu, F. & Ja-
cobsen, S.-E. 2013. Photoperiod dependent ABA and soluble
sugar responses of quinoa. Journal of Plant Growth Regulation.
(in press)

Blumwald, E., Aharon, G.S. & Apse, M.P. 2000. Sodium trans-
port in plant cells. Biochimica et Biophysica Acta-Biomem-
branes, 1465: 140-151.

Bosque-Sanchez, H., Lemeur, R., Van Damme, P. & Jacobsen, S.-
E. 2003. Ecophysiological analysis of drought and salinity stress
of quinoa. Food Reviews International, 19: 111-119.

Burrieza, H.P., Koyro, H.-W., Martinez Tosar, L., Kobayashi, K. &
Maldonado, S. 2012. High salinity induces dehydrin accumu-
lation in Chenopodium quinoa Willd. embryos. Plant and Soil,
354: 69-79.

Carjuzaa, P., Castellion, M., Distéfano, A.J., del Vas, M. & Mal-
donado, S. 2008. Detection and subcellular localization of
dehydrin-like proteins in quinoa (Chenopodium quinoa Willd.)
embryos. Protoplasma, 233: 149-156.

Carlson, D., Fernandez, J.A., Poulsen, H.D., Nielsen, B. & Jacob-
sen, S-E. 2012. Effects of quinoa hull meal on piglet perfor-
mance and intestinal epithelial physiology. Journal of Animal
Physiology and Animal Nutrition, 96: 198-205.

Chilo, G., Molina, M.V., Carabajal, R. & Ochoa, M. 2009. Tem-
perature and salinity effects on germination and seedling
growth on two varieties of Chenopodium quinoa. AgriScientia,
26:15-22.

Christensen, S.A., Pratt, D.B., Pratt, C., Stevens, M.R., Jellen,
E.N., Coleman, C.E., Fairbanks, D.J., Bonifacio, A. & Maughan,
P.J. 2007. Assessment of genetic diversity in the USDA and CIP-
FAO international nursery collections of quinoa (Chenopodium



CHAPTER: 2.3 TOLERANCE TO SALINE CONDITIONS

quinoa Willd.) using microsatellite markers. Plant Genetic Re-
sources, 5: 82-95.

Christiansen, J.L., Jacobsen, S.-E. & Jgrgensen, S.T. 2010. Photo-
periodic effect on flowering and seed development in quinoa
(Chenopodium quinoa Willd.). Acta Agriculturae Scandinavica,
Section B: Plant Soil Science, 60: 539-544.

Cocozza, C., Pulvento, C., Lavini, A., Riccardi, M., d’Andria, R. &
Tognetti, R. 2012. Effects of increasing salinity stress and de-
creasing water availability on ecophysiological traits of quinoa
(Chenopodium quinoa Willd.). Journal of Agronomy and Crop
Science doi:10.1111/jac.12012.

Debez, A., Ben Hamed, K., Grignon, C. & Abdelly, C. 2004. Salin-
ity effects on germination, growth, and seed production of the
halophyte Cacile maritima. Plant Soil, 262: 179-189.

Delatorre-Herrera, J. & Pinto, M. 2009. Importance of ionic and
osmotic components of salt stress on the germination of four
quinoa (Chenopodium quinoa Willd.) selections. Chilean Jour-
nal of Agricultural Research, 69: 477-485.

Demidchik, V., Cuin, T.A., Svistunenko, D., Smith, S.J., Miller,
A.J., Shabala, S., Sokolik, A. & Yurin, V. 2010. Arabidopsis root
K+-efflux conductance activated by hydroxyl radicals: single-
channel properties, genetic basis and involvement in stress-
induced cell death. Journal of Cell Science, 123: 1468-1479.

Flowers, T.J. 2004. Improving crop salt tolerance. Journal of Ex-
perimental Botany, 55: 307-319.

Flowers, T.J. & Colmer, T.D. 2008. Salinity tolerance in halo-
phytes. New Phytologist, 179: 945-963.

Fuentes, F.F. & Bhargava, A. 2011. Morphological analysis of
quinoa germplasm grown under lowland desert conditions.
Journal of Agronomy and Crop Science, 7: 124-827.

Fuentes, F.F,, Bazile, D., Bhargava, A. & Martinez, E.A. 2012. Im-
plications of farmers’ seed exchanges for on-farm conservation
of quinoa, as revealed by its genetic diversity in Chile. Journal
of Agricultural Science, 150: 702-716.

Fuentes, F.F., Martinez, E.A., Hinrichsen, PV., Jellen, E.N. &
Maughan, P.J. 2009. Assessment of genetic diversity patterns
in Chilean quinoa (Chenopodium quinoa Willd.) germplasm us-
ing multiplex fluorescent microsatellite markers. Conservation
Genetics, 10: 369-377.

Gdémez-Caravaca, A., lafelice, G., Lavini, A., Pulvento, C., Cabo-
ni, M. & Marconi, E. 2012. Phenolic compounds and saponins
in quinoa samples (Chenopodium quinoa Willd.) grown under
different saline and nonsaline irrigation regimes. Journal of Ag-
ricultural and Food Chemistry, 60: 4620-4627.

Gémez-Pando, L.R., Alvarez-Castro, R. & de la Barra, E. 2010.
Effect of salt stress on Peruvian germplasm of Chenopodium
quinoa Willd.: a promising crop. Journal of Agronomy and Crop
Science, 196: 391-396.

Gonzalez, J.A., Konishi, Y., Bruno, M., Valoy, M. & Prado, F.E.
2011. Interrelationships among seed vyield, total protein and
amino acid composition of ten quinoa (Chenopodium quinoa)
cultivars from two different agroecological regions. Journal of
the Science of Food and Agriculture, 92: 1222-1229.

Hamed, K.B., Ellouzi, H., Talbi, O.Z., Hessini, K,. Slama, ., Ghna-
va, T., Munné Bosch, S., Savouré, A. & Abdelly, C. 2013. Physi-
ological response of halophytes to multiple stresses. Functional
Plant Biology, 40: 883-896.

Hariadi, Y., Marandon, K., Tian, Y., Jacobsen, S.-E. & Shabala,
S. 2011. lonic and osmotic relations in quinoa (Chenopodium
quinoa Willd.) plants grown at various salinity levels. Journal of
Experimental Botany, 62: 185-193.

Hasegawa, P.M., Bressan, R.A., Zhu, J.K. & Bohnert, H.J. 2000.
Plant cellular and molecular responses to high salinity. Annual
Review of Plant Biology, 51: 463-499.

lyengar, E.R.R. & Reddy, M.P. 1996. Photosynthesis in highly salt
tolerant plants. In M. Pesserkali, ed. Handbook of Photosynthe-
sis. Marshal Dekar, Baten Rose, USA, pp. 897-909.

Jacobsen, S.-E., Christiansen, J.L. & Rasmussen, J. 2010. Weed
harrowing and inter-row hoeing in organic grown quinoa (Che-
nopodium quinoa Willd.). Outlook on Agriculture, 39: 223-227.

Jacobsen, S.-E., Jensen, C.R. & Liu, F. 2012. Improving crop
production in the arid Mediterranean climate. Field Crops Re-
search, 128: 34-47.

Jacobsen, S.-E., Liu, F. & Jensen, C.R. 2009. Does root-sourced
ABA play a role for regulation of stomata under drought in qui-
noa (Chenopodium quinoa Willd.). Scientia Horticulturae, 122:
281-287.

Jacobsen, S.-E., Monteros, C., Christiansen, J.L., Bravo, L.A.,
Corcuera, LJ. & Mujica, A. 2005. Plant responses of quinoa
(Chenopodium quinoa Willd.) to frost at various phenological
stages. European Journal of Agronomy, 22: 131-139.

Jacobsen, S.-E., Monteros, C., Corcuera, L.J., Bravo, L.A., Chris-
tiansen, J.L. & Mujica, A. 2007. Frost resistance mechanisms
in quinoa (Chenopodium quinoa Willd.). European Journal of
Agronomy, 26: 471-475.

Jacobsen, S.-E., Mujica, A. & Jensen, C.R. 2003. The resistance
of quinoa (Chenopodium quinoa Willd.) to adverse abiotic fac-
tors. Food Reviews International, 19: 99-109.

Jou, Y., Wang, Y.L. & Yen, H.C.E. 2007. Vacuolar acidity, protein
profile, and crystal composition of epidermal bladder cells of
the halophyte Mesembryanthemum crystallinum. Functional
Plant Biology, 34: 353-359.

Karyotis, T., lliadis, C., Noulas, C. & Mitsibonas, T. 2003. Prelimi-
nary research on seed production and nutrient content for cer-
tain quinoa varieties in a saline-sodic soil. Journal of Agronomy
& Crop Science, 189: 402-408.

Koyro, H.-W. & Eisa, S.S. 2008. Effect of salinity on composition,
viability and germination of seeds of Chenopodium quinoa
Willd. Plant Soil, 302: 79-90.

Kusano, T., Berberich, T., Tateda, C. & Takahashi, Y. 2008. Poly-
amines: essential factors for growth and survival. Planta, 228:
367-381.

Maughan, P.J., Turner, T.B., Coleman, C.E., Elzinga, D.B., Jellen,
E.N., Morales, J.A., Udall, J.A., Fairbanks, D.J. & Bonifacio, A.
2009. Characterization of Salt Overly Sensitive 1 (SOS1) gene



CHAPTER: 2.3 TOLERANCE TO SALINE CONDITIONS

homoeologs in quinoa (Chenopodium quinoa Willd.). Genome,
52: 647-657.

Morales, A.J., Bajgain, P., Garver, Z., Maughan, P.J. & Udall, J.A.
2011. Physiological responses of Chenopodium quinoa to salt
stress. International Journal of Plant Physiology and Biochem-
istry, 3: 219-232.

Munns, R. & Tester, M. 2008. Mechanisms of salinity tolerance.
Annual Review of Plant Biology, 59: 651-681.

Noctor, G. & Foyer, C.H. 1998. Ascorbate and glutathione: keep-
ing active oxygen under control. Annual Review of Plant Physi-
ology and Plant Molecular Biology, 49: 249-279.

Orsini, F., Accorsi, M., Gianquinto, G., Dinelli, G., Antognoni, F.,
Ruiz-Carrasco, K.B., Martinez, E.A., Alnayef, M., Marotti, |., Bosi,
S. & Biondi, S. 2011. Beyond the ionic and osmotic response
to salinity in Chenopodium quinoa: functional elements of suc-
cessful halophytism. Functional Plant Biology 38: 1-14.

Prado, F.E., Boero, C., Gallardo, M. & Gonzalez, J.A. 2000. Effect
of NaCl on germination, growth, and soluble sugar content in
Chenopodium quinoa Willd. seeds. Botanical Bulletin of Acade-
mia Sinica, 41: 27-34.

Pulvento, C., Riccardi, M., Lavini, A., d’Andria, R., lafelice, G. &
Marconi, E. 2010. Field trial evaluation of two Chenopodium
quinod'’s genotypes grown in rainfed conditions in a Mediter-
ranean environment of south Italy. Journal of Agronomy and
Crop Science, 197: 407-411.

Pulvento, C., Riccardi, M., Lavini, A., lafelice, G., Marconi, E. &
d’Andria, R. 2012. Yield and quality characteristics of Chenopo-
dium quinoa Willd. grown in open field under different saline
and not saline irrigation. Journal of Agronomy and Crop Sci-
ence, 198: 254-263.

Qiu, Q.-S., Guo, Y., Dietrich, M.A., Schumaker, K.S. & Zhu, J.-
K. 2002. Regulation of SOS1, a plasma membrane Na*/H* ex-
changer in Arabidopsis thaliana, by SOS2 and SOS3. Proceed-
ings of the National Academy of Science, 99: 8436-8441.

Razzaghi, F., Ahmadi, S.H., Adolf, V.I., Jensen, C.R., Jacobsen, S.-
E. & Andersen, M.N. 2011a. Water relations and transpiration
of Quinoa (Chenopodium quinoa Willd.) under salinity and soil
drying. Journal of Agronomy and Crop Science, 197: 348-360.

Razzaghi, F., Ahmadi, S.H., Jacobsen, S.-E., Jensen, C.R. & An-
dersen, M.N. 2011b. Effects of salinity and soil-drying on ra-
diation use efficiency, water productivity and yield of quinoa
(Chenopodium quinoa Willd.). Journal of Agronomy and Crop
Science, 198: 173-184.

Rorat, T. 2006. Plant dehydrins tissue location, structure and
function. Cellular & Molecular Biology Letters, 11: 536-556.

Rosa, M., Hilal, M., Gonzélez, J.A. & Prado, F.E. 2009. Low-tem-
perature effect on enzyme activities involved in sucrose-starch
partitioning in salt-stressed and salt-acclimated cotyledons of
quinoa (Chenopodium quinoa Willd.) seedlings. Plant Physiol-
ogy and Biochemistry, 47: 300-307.

Ruffino, A.M.C., Rosa, M., Hilal, M., Gonzélez, J.A. & Prado, F.E.
2010. The role of cotyledon metabolism in the establishment
of quinoa (Chenopodium quinoa) seedlings growing under sa-
linity. Plant Soil, 326: 213-224.

Ruiz-Carrasco, K.B., Antognoni, F., Coulibaly, A.K., Morales, A,
Lizardi, S., Covarrubias, A., Martinez, E.A., Molina-Montenegro,
M.A., Biondi, S. & Zurita-Silva, A. 2011. Variation in salinity
tolerance of four lowland genotypes of quinoa (Chenopodium
quinoa Willd.) as assessed by growth, physiological traits, and
sodium transporter gene expression. Plant Physiology and Bio-
chemistry, 49: 1333-1341.

Schabes, F.I. & Sigstad, E.E. 2005. Calorimetric studies of qui-
noa (Chenopodium quinoa Willd.) seed germination under sa-
line stress conditions. Thermochimica Acta, 428: 71-75.

Shabala, L., Hariadi, Y. & Jacobsen, S.-E. 2013. Genotypic differ-
ence in salinity tolerance in quinoa is determined by differen-
tial control of xylem Na* loading and stomatal density Journal
of Plant Physiology, 170: 906-914.

Shabala, S. & Mackay, A. 2011. lon transport in halophytes. Ad-
vances in Botanical Research, 57: 151-187.

Shabala, L., Mackay, A., Tian, Y., Jacobsen, S.-E., Zhou, D. & Sha-
bala, S. 2012. Oxidative stress protection and stomatal pattern-
ing as components of salinity tolerance mechanism in quinoa.
Physiologia Plantarum, 146: 26-38.

Shi, H., Quintero, F.J., Pardo, J.M. & Zhu, J.-K. 2002. The puta-
tive plasma membrane Na*/H* antiporter SOS1 controls long-
distance Na* transport in plants. Plant Cell, 14: 465-477.

Suhayda, C.G., Redmann, R.E., Harvey, B.L. & Cipywnyk, A.L.
1992. Comparative response of cultivated and wild barley spe-
cies to salinity stress and calcium supply. Crop Science, 32: 154-
163.

Szabados, L. & Savouré, A. 2010. Proline: a multifunctional ami-
no acid. Trends in Plant Science, 15: 89-97.

Wilson, C., Read, J.J. & Abo-Kassem, E. 2002. Effect of mixed-
salt salinity on growth and ion relations of a quinoa and a
wheat variety. Journal of Plant Nutrition, 25: 2689-2704.

Woldemichael, G.M. & Wink, M. 2001. Identification and bio-
logical activities of triterpenoid saponins from Chenopodium
quinoa. Journal of Agriculture and Food Chemistry, 49: 2327-
2332.





