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the Altiplano of the Andes (southern Bolivia, northern Chile, and
northern Argentina). The coastal lowlands ecotype is found in central
and southern Chile where it can grow at sea level; here annual rainfall
ranges from 400 to 1,500 2,000 mm and soils have a high water
retention capacity. Strong diﬀerences in salt tolerance between quinoa
varieties and landraces have been documented, both in terms of
agronomic features and physiological responses (Adolf et al., 2012;
Gómez Pando et al., 2010; Ruiz et al., 2016a).
The reduction in plant growth under salinity is due to two main
stress factors, osmotic and ionic (Hanin et al., 2016; Yamamoto et al.,
2015). Consequently, some of the most important physiological me
chanisms of salt tolerance in both glycophytes and halophytes are to a
large extent based on ion homeostasis. The latter is principally
guaranteed by Na+ exclusion via limited root uptake or exclusion from
photosynthetically active organs or both (Taji et al., 2004), cytosolic K+
retention, and vacuolar Na+ sequestration (Hanin et al., 2016), the
latter being particularly important in halophytes that, diﬀerent from
glycophytes, achieve osmotic adjustment mainly through the accumulation, and not exclusion, of energetically inexpensive inorganic ions
rather than low molecular weight organic solutes (Hariadi et al., 2011;
Orsini et al., 2011; Bonales Alatorre et al., 2013). Thus, genes encoding
transporters that mediate Na+ and K+ homeostasis, such as NHX, Salt
Overly Sensitive (SOS), and AKT are associated with salt tolerance (Apse
and Blumwald, 2007; Albaladejo et al., 2017). In Antirrhinum majus,
genes encoding cyclin dependent kinases, various transcription factors,
and ion transport proteins, as well as genes involved in abscisic acid
(ABA) and ethylene signaling pathways were also diﬀerentially
expressed in response to NaCl (Trivellini et al., 2016).
The ABA response to salt stress is one of the ﬁrst committed steps
leading to adaptation, via activating speciﬁc pathways and modifying
gene expression levels (Ismail et al., 2014), including the gene encoding
the key enzyme in ABA biosynthesis 9 cis epoxycarotenoid dioxygenase
(NCED) (Geng et al., 2013; Dong et al., 2015). The expression of genes
encoding enzymes involved in the degradation of the conjugated forms
of ABA is also regulated by ABA and environmental stresses, including
high salinity (Dong et al., 2015). In particular, free ABA levels during
dehydration and osmotic stress can be modulated by the hydrolytic
activity of β glucosidase homologues (AtBG1 and AtBG2) on inactive
ABA glucose esters (ABA GE) (Lee et al., 2006). ABA signals are
perceived by multiple cellular receptors. The predominant type of ABA
receptors is the PYRABACTIN RESISTANT1 (PYR1)/REGULATORY
COMPONENT OF ABA RECEPTOR (RCAR) localized in the cytosol and
nucleus; PYR related genes, designated PYR like (PYLs), with varying
aﬃnities for ABA and other signalling components, have been identi
ﬁed (Finkelstein, 2013). Recently, phylogenetic analyses revealed that
the PYR/PYL/RCAR gene family was substantially expanded in the
quinoa genome compared with other Amaranthaceae (Yasui et al.,
2016). ABA BINDING FACTORS (ABFs) are basic leucine zipper (bZIP)
domain transcription factors that bind ABA RESPONSIVE PROMOTER
ELEMENTS (ABREs) in the promoters of ABA inducible genes (Dong et
al., 2015). bZIP transcription factors are, therefore, involved in inducing
downstream ABA responsive gene expression and are among the target
proteins of ABA core signalling (Shinozaki and Yamaguchi Shinozaki,
2007). In Arabidopsis, the major cis acting elements that function in an
ABA independent manner during abiotic stress responses are
Dehydration Responsive Element (DRE)/C repeat (CRT; Finkelstein,
2013). Transcription factors that bind DRE and CRT elements are
designated DRE binding proteins (DREBs) and CRT binding factor
(CBF), respectively. DREB2 genes are involved in responses to drought
and high salinity (Sun et al., 2015; Shavrukov et al., 2016). Induction of
drought inducible Dehydration Responsive Protein genes are likewise
mediated by ABA (e.g. RD22, RD26, RD29; Hanana et al., 2008;
Nakashima et al., 2014).
The diamine putrescine (Put), and the higher polyamines (PAs)
spermidine (Spd) and spermine (Spm), are important plant growth
regulators involved in a wide range of biological processes (Kusano

et al., 2008). PAs also play a major role in biotic and abiotic stress
responses (Alcázar and Tiburcio, 2014). Under salt stress, they may
function as osmolytes, scavenge stress generated ROS, promote antioxidant activities, and act as signaling molecules in hormonal pathways
(e.g., ABA); they also regulate redox homeostasis, and ionic balance via
regulating plasma membrane and tonoplast proton pumps, as well as
K+ and non selective cation channels, thereby improving vacuolar Na+
sequestration and cytosolic K+/Na+ homeostasis (Minocha et al., 2014;
Pottosin and Shabala, 2014; Pál et al., 2015; Saha et al., 2015).
Ornithine decarboxylase (ODC) and arginine decarboxylase (ADC)
directly or indirectly catalyze the biosynthesis of Put, while Spd and
Spm are synthesized from Put via Spd synthase (SPDS), and Spm
synthase (SPMS), respectively, by the addition of the amino propyl
groups generated by S adenosylmethionine decarboxylase (SAMDC).
Put and PAs are catabolized by diamine oxidase (DAO) and polyamine
oxidase (PAO), respectively. PA biosynthetic genes, especially ADC2,
SPDS1, and SPMS1, are major stress induced genes and their over
expression in several crop species confers enhanced tolerance to abiotic
stress (Alcázar and Tiburcio, 2014; Do et al., 2014). In Arabidopsis,
AtDAO gene expression is induced by wounding and involved in water
balance homeostasis (Ghuge et al., 2015).
Genes likely to be involved in salinity tolerance, therefore, fall into
three main functional categories: (1) those that regulate growth by
controlling the rate of cell division (e.g., cyclin genes), expansion, and
diﬀerentiation (2) those that control salt uptake, translocation, and
compartmentalization; (3) those that have protective functions against
environmental stresses (e.g. proline, PAs, ABA) (Munns, 2005).
Although quinoa represents an interesting model species for studies on
abiotic, in particular salt, stress responses (Ruiz et al., 2016b), genome
wide transcriptomic analyses for the response to salinity have been
performed in several halophytes (Song and Wang, 2015; Wang et al.,
2015; Yamamoto et al., 2015), but not in quinoa. To date, only the ion
homeostasis genes CqSOS1a and CqNHX were cloned and their
expression levels analyzed under high salinity (Maughan et al., 2009;
Ruiz Carrasco et al., 2011), but information regarding other genes
implicated in salt stress responses is still lacking.
In this study, we compared two Chilean landraces of quinoa, one
belonging to the salares ecotype (R49) and originating from the northern
altiplano and another (Villarrica, VR) from a milder, rainier zone
(coastal lowlands ecotype), based on the assumption that the former
may be better adapted to salinity. A similar rationale has been used in
several other studies aimed at comparing quinoa genotypes (Shabala et
al., 2013; Bonales Alatorre et al., 2013; Bendevis et al., 2014; Ruiz et al.,
2016a). Plant responses to salt stress and drought share a number of
features and metabolic and signaling pathways (Golldack et al., 2014).
Thus, based on genome wide transcriptomic analyses conducted in
quinoa under drought stress (Morales et al., 2017; Raney et al., 2014)
and on our earlier data regarding growth, biochemical, and molecular
responses to salinity in Chilean landraces (Orsini et al., 2011; Ruiz
Carrasco et al., 2011; Ruiz et al., 2016a), time course changes in the
relative transcript abundance of the following genes were investigated
from 0.5 to 120 h after transfer to saline medium: (i) genes involved in
growth; (ii) ion homeostasis genes; (iii) PA biosynthetic, and oxidative
genes, and (iv) a proline biosynthetic gene. Given the paucity of
information on the salt induced ABA response in quinoa, we also
investigated ABA biosynthetic, perception, and conjugate cleavage
genes. Transcript levels of ABA responsive and other stress related
transcription factors, were also evaluated. To determine how the
predicted functions of ABA and PAs in the salt response corresponded to
the temporal kinetics of genes encoding for biosynthesis and
degradation enzymes, we quantiﬁed the levels of these growth
regulators.

2. Materials and methods

2.1. Plant material
Seeds of two quinoa (Chenopodium quinoa Wùld) landraces, R49
(salares ecotype, northem Chile) and Vùlanica (VR; coastal lowlands

ecotype, southern Cllile, e.a. 100 km frorn the coast), obtained frorn the
National Seed Bank of Chile managed by INIA Intihuasi (Vicuiia, Chile),
were surface sterilized with 70% (v/v) ethanol for 5 min followed by
10% (v/v) commercial bleach for 5 min, and then rinsed five times in
sterile water. After stratification at 4 •e for three days to synchronize
germination, seeds were sown on 13.5 cm round Petri dishes containing
autoclaved half strength MS medium (Murashige and Skoog, 1962) and
0.8% (w/v) Phytagel (Sigma Aldrich, Milano, Italy). Plates (20 per
treatment and experirnent) containing 12 14 seeds each were then
arranged vertically in growth chambers at 21 ± 1 •e under a 16/8 h
light/dark photoperiod (50 µmol m2 s-1 irradiance). To determine salt
effects on seed germination, seeds were sown directly on media
containing (or not) 300 mM N aCl; percentage germination was mea
sured at regular intervals up to 8 days after sowing. Por growth
measurements, gene expression analysis, and PA and ABA determina
tions, seedlings were transferred, five days after sowing on non saline
medium, to Petri dishes containing the sarne medium added or not
(controls) with 300 mM NaCl. Root and shoot elongation growth after
transfer was measured by marking the position of the tip of each organ
at O h and again at 5 and 12 days after transfer; the number of lateral
roots, and the angle between the youngest lateral root (closest to the tip)
and the main root were measured using the IrnageJ software (Abràrnoff
et al, 2004). lateral root density was calculated as the number of
laterals per mm primary root length. Twelve days after transfer, the
rernaining plants were harvested and root and shoot fresh and dry (after
freeze drying) biomass determined.
Por biochemical and molecular analyses, seedlings transferred to
media containing O or 300 mM NaCl were collected at O, 0.5, 2, 24 and
120 h after transfer. At each time point, sa mples of roots and shoots
were collected separately; some sarnples were immediately used for
RNA extraction while others were pooled, freeze dried, and stored at
- 20 •e for polyamine and ABA determinations. The experiments were
repeated at least eight times and samples from the sarne treatment and
time point were pooled.

2.2. Real ti me quantitative Reverse Transcription Polymerase Chain
Reaction (RT qPCR)
Total RNA was extracted from roots and shoots (three separate
extractions of 0.1 g FW each) according to Chang et al. (1993). RNA
yield and purity were checked by means of UV absorption spectra,
whereas RNA integrity was determined by electrophoresis on agarose
gel. DNA was removed using the TURBO DNA free"' (Applied Biosys
tems, California, USA) from 3 µg aliquots of total RNA The first strand
cDNA was synthesized from 2 µg of the DNase treated RNA by means of
the High Capacity cDNA Kit (Applied Biosystems) using random
prirners. The reaction mixture for the qRT PCR analysis was made in a
final volume of 25 µL containing 3 ng of cDNA, 5 pmol of each prirner,
and 12.5 µl of the Fast SYBR Green PCR master mix (Applied
Biosystems) according to the manufacturer's instructions. Elongation
Factorla (CqEFi a) was used as reference gene (Sudhakar Reddy et al.,
2016) to normalize and estimate up or down regulation of the target
genes for all qRT PCR analyses. Sequences of genes coding for
transcription factors were obtained from RARTF (http://rarge.p;c.
riken.jp/rartf/) and DATF (http://datf.cbi.pku.edu.cn/) databases and
compared with those of the quinoa drought RNA seq database (Morales
et al., 2017). Sequences for other salinity relateci genes were obtained
from the same quinoa RNA seq database (http://www.ncbi.nlrn.nih.
gov/bioproject/305752) and the NCBI database. Prirner sequences for
ABA related, (NCED, PYL, PYR, B GI, ABF3), polyamine related (ADCJ,

ADC2, SAMDC, SPDSI, SPMS, DAO), and ion homeostasis related
(CqNHX, CqSOSia, HK1) genes as well as CycD3, Jl EXPI, DREB2a,
bZIP24, and RD22 are listed in Table Sl in the online version at D01:

http://dx.doi.org/10.1016/j .envexpbot 2017.05.003
(Supplementary
materi.al). PCRs were carried out with StepOnePlus'™ 7500 Fast (Applied
Biosystems) for 30 sec at 95 •e and then for 40 cycles as follows: 95 •e for
3 s, 60

•e for 30 s.Expression levels are the rnean norrnalized expression

(MNE) values of the triplicates, calculated according to equation 2 of the
Q gene software (Muller et al, 2002). Data are presented as fold changes
in salt treated ver.ms control samples, except in Fig. 8 and Fig. Sl in the
version
at
D01:
http://dx.doi.org/10.1016/
online
j.envexpbot2017.05.003.

2.3. Gas chromatography mass spectromet:ry (GC MS) analysis of ABA
A highly reproducible extraction procedure without additional time
consuming purification steps was adapted from Miiller and Munné Bosch,
2011 allowing rapid and sensitive ABA determination from minimal
amounts of plant tissue. Approxirnately 20 mg DW of freeze dried shoots
and roots were ground in liquid nitrogen in a 2 ml Eppendorf tube, and
then extracted overnight at 4 •e with 1 ml of cold extraction solvent
(isopropanol: glacial acetic acid; 99:1) to which 100 ng of [¾JABA
(OlChemlrn Ltd., Czech Republic) were added as internal standard for
quantitative mass spectral analysis. After centri fugation (10,000 rpm for
10 min at 4 'C), the supematant was collected and the pellet was re
extracted with 0.5 mL of extraction solvent and the extraction repeated
twice. Supernatants were combined and dried completely under a
nitrogen stream and re dissolved in 300 µL of
methanol for
methylation with diazomethane according to Cohen, 1984. The sarnples
were evaporated to dryness and then taken up in 20 µL ethyl acetate
before injection into an Agilent 7890 N seri.es gas chromatograph
connected to a mass spectrometer equipped with a selective detector
(Agilent 5975, Palo Alto, CA, USA). Por the analysis, 2 µL of the
methylated sample was injected in the splitless mode into a HP lMS
capillary column (60 m x 0.25 mm, 0.25 µm film thickness, Agilent, Palo
Alto, CA, USA) using He canier gas at 1.5 ml min- 1• Injector
temperature was 270 •e and the temperature programme was 90 •e for 5
min, followed by an increase of 20 •e min - 1 to 180 •e, 5 •e min - 1 to 220 •
e, 10 •e min- 1 to 280 •e, then 8 min isothermically at 280 •c. The mass
detector was set on the electronic impact (El) mode at 70 eV, transfer line
temperature was 280 •c. ABA was determined using the Selected Ion
Monitoring (SIM) mode from ions at m/z 162, 166, 190, and 194; ABA
concent rations were calculated on the basis of m/z 190/194 using the
isotope dilution equation described by Cohen et al., 1986.

2.4. HPLC polyamine determination
Polyamine analyses were performed on freeze dried root and shoots.
The samples (about 0.02 g DW) were homogenized in 10 vols of 4%
(v/v) cold perchloric acid and centrifuged at 14,000 x g for 30 min at
4 •c. Aliquots (200 µL) of the supernatants and standard solutions of
putrescine (Put), spem1idine (Spd), and spermine (Spm) were deriva
tized with dansyl chloride (Scaramagli et al, 1999). Dansylated
derivatives were extracted with toluene, taken to dryness and resus
pended in acetonitrile. PAs were separateci and quantified by HPlC
using a reverse phase C 18 colurnn (Spherisorb ODS2, 5 µm particle
diameter, 4.6 x 250 mm, Waters, Wexford, Ireland) and a
programmed acetonitrile/water step gradient (flow rate, 1 ml min -1)
on a Jasco system (Jasco Corp., Tokyo, Japan) consisting of a PU 1580
pump, an lG 1580 02 temary gradient unit, a DG 1580 53 three line
degasser, and a FP 1529 fluorescence detector, linked to an
autosarnpler (AS 2055 Plus).
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treatment within a landrace for a single time point, and (ii) between
landraces were tested by Tukey's honestly significant difference (HSD)
post hoc test for multiple comparisons when the one way analysis of
variance CANOVA) indicated significant differences (P < 0.05) using the
SAS 9.3 (SAS lnstitute, Cary NC, USA) software.
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3.2. Basai gene expression at O h
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R49 seeds germinated more quickly than those of VR, but, by day 8,
percent germination reached 90 100 in both landraces (Fig. lA).
Germination on saline medium 8 days after sowing was reduced, by
ca. 40% relative to controls, only in VR (Fig. lA).
Under control conditions, VR roots and shoots were shorter than
those of R49 (p < 0.05; Fig. lB, C). Five days after transfer (DAT), salt
strongly inhibited root growth in R49 (92%) and slightly less in VR
(79%); shoot length was also significantly reduced by salt in both
landraces (ca. 7a>/4; Fig. lB, C). The salt inducecl reduction in the
number of lateral roots was also strong in R49 (83% inhibition relative
to controls) and less markecl in VR (60%, Fig. 1D). The angle between
the primary root and the youngest lateral root was reduced by 300 mM
NaCl to about one fourth and one half of control values in R49 and VR,
respectively (Fig. lE). At 12 DAT the root to shoot FW ratio was higher
(1.4) in VR than (0.5) in R49 likely due to higher lateral root density
(0.60 versus 0.22), and declinecl considerably (by 60 70%) on saline
medium in both landraces, while the root to shoot DW ratio increased
slightly or remainecl unaffectecl by salt (data not shown). From 5 DAT to
12 DAT, root length increased three and two fold, the number of lateral
roots by 3.8 and 3.3 times, and shoot length by only 50% and Ol/4in R49
and VR, respectively (data not shown).
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The basal levels of transcript abundance measured at the time of
transfer (O h) for all the considered genes are shown in Fig. Sl in the
online version at D01: http://dx.doi.org/10.1016/j.envexpbot.2017.05.
003. In both R49 and VR, ADCI and SPDSI were the most highly
expressed genes in both roots and shoots, and expression was much
higher in the latter than in the former. The transcript accumulation of
ADCI was two fold higher in shoots of R49 than VR, while at the root
level no differences were observed. The genes with the lowest expression
levels were � EXPI, HKT, ADC2, ODC, DAO, PAO, and SPMS. RD22
transcript levels were two to several fold higher (shoots and roots,
respectively) in VR than in R49. The expression of DREB2a was also
higher in roots of VR.
3.3. Growth related gene expression

Fig. 1. Percent germìnadon of R49 and VR seeds sown dìrectly on cootrol (C) or salme
medium containìng 300 mM NaCI (1J at 2, 4, 6, and 8 days after sowìng (A). Root length
(B), shoot length (C), number of lateral roots (D), and angle between the youngest lateral
root and the primary root (E) in R49 and VR seedlùtgs 5 days after transfer to non-salme
(C) and saline (T) medium. Bars represent the SE and asterisks indicate sìgnìficant
differences (P < 0.05) between contro! and sah-treated samples wìthin the same landrace;
n = 120.

In roots of R49, CycD3 transcript amount was significantly recluced
by salt starting from O. 5 h but gradually returnecl to control values at
120 h (Fig. 2A); in shoots this down regulation was observecl only at the
end of the experiment (120 h; Fig. 2B). In VR shoots, the down
regulation at 120 h was stronger than in R49 (ca. 9 fold vs 3 fold, Fig.
2A).
� EXPI transcript amounts in salt treated roots increased drarnatically at 120 h both in R49 and, to a lesser extent but already from 0.5 h,
in VR (Fig. 2A). In shoots, no effect or slight down regulat ion was
observed in response to salt in R49, while in VR the early up regulation
was followecl by a strong (up to eight fold) down regulation at 2 and 24
h (Fig. 2B).

2.5. Statistical analyses

3.4. Ion homeostasis genes
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Data from qRT PCR, PA, and ABA analyses represent the
means ± SE. Significant differences between (i) control and salt

In roots of R49 and VR, CqNHX expression was significantly induced by
salt only at 24 h (Fig. 3A). In shoots, salt did not significantly affect
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Fig. 8. Heatmap representation of the expressìoo profiles (Mean Ncnna llzed Expressìon, MNE) of ten selected genes at different dmes after transfer to saline medium. Darker and lighter
colour shadùtgs represent relatively hìgher and lower expressìon levels, respectively. MNE values in shoots and roots were ccmpared separately.

plays a role in conferring the ability to cope with high salinity (Ma et al.,
2004). Moreover, transgenic plants transfonned with SsNHXI (Zhao et
al., 2006) or with SbNHXI frorn Salicomia brachiata (Jha et al., 2013)
accumulateci less leaf cytosolic Na + and rnaintained higher K + /Na +
ratios than the wild type under NaCl t reatrnent. In quinoa, we previously
reported that CqNHX transcript abundance was clifferentially induced by
300 rnM NaCl in shoots and roots and between quinoa genotypes; up
regulation was observed in ali landraces, except in the one that was,
based on site of origin and other pararneters, regarded as the rnost salt
sensitive one (Ruiz Carrasco et al., 2011; Ruiz et al., 2016a). In the
present work, the rapid and stronger CqNHX up regulation by salt in
roots than in shoots of both landraces was possibly due to the fact that
less salt was accurnulated in the aerial parts as it had to be translocated
frorn the roots. If the salt induced response of this gene is part of a
genera! adaptive approach for reducing the darnaging effect of ion
accurnulation, its sirnilar expression pattern in the presently exarnined
landraces does not reveal a clifferent degree of tolerance based on this
rnechanisrn.

In Arabidopsis, AtHKTl;l has been shown to function as Na + /1( +
syrnporter and as Na + selective uniporter (Ap;e and Blurnwald, 2007);
it reduces leaf Na + accurnulation by regulating retrieval of this ion
frorn the xylern, while rnodulating K + nutrient status (Rus et al, 2004;
Katschnig et al., 2015 and refs therein). In the halophyte Salicomia,
high levels of shoot Na + concentration are achieved by complete
suppression of HKT cornbined with high S0S1 expression (Katschnig
et al, 2015). Thus, the very low gene expression level of HKT in quinoa
seedlings as cornpared with the other two ion transporters rnay be a
cornrnon rnechanisrn associated with salt accurnulation capacity in
halophytes. In S. salsa, SsHKT1 also appears to be irnportant for K +
upta.ke, especially under high salinity (Shao et al., 2008). The early,
albeit transient, up regulation of HKT transcript levels in salt treated
R49, as cornpared with the late and lower response in VR, rnay
contribute to the capacity of the salares landrace in rnaintaining a
proper K+ status under high salinity.
SOS1 is a plasma membrane Na + /H+ antiporter that rnediates Na + flux
out of the cytoplasrn and into the apoplast (Ap;e and Blurnwald,

2007). SOS1 seems involved in Na+ xylem loading (Apse and Blumwald,
2007; Shabala et al., 2013) and, therefore, in long distance transport
from roots to shoots (Shi et al., 2002). Halophytic chenopods are able to
accumulate large amounts of Na+ presumably via SOS1 mediated Na+
xylem loading (Shabala et al., 2013). Indeed, in Salicornia SOS1 gene
expression was constitutively high (Katsching et al., 2015) and enhanced
in response to NaCl (Yadav et al., 2012). Functional SOS1 analogues
have been reported to be up regulated in quinoa following saline
treatment (Maughan et al., 2009; Ruiz Carrasco et al., 2011) in accord
with high leaf Na+ concentrations (Hariadi et al., 2011; Orsini et al.,
2011). Present results show that basal expression (0 h) of CqSOS1 was
comparable in R49 and VR, suggesting a similar potential for Na+
compartmentation in the vacuole and xylem loading. The gene was,
however, up regulated by salt only in VR and in both organs, suggesting
that this mechanism is more active in the coastal lowlands ecotype. As in
Salicornia, SOS1 up regulation in VR root tissues may contribute to root
to shoot Na+ translocation, while expression in aerial parts may be
associated with Na+ eﬄux into the apoplast, thereby reducing
cytoplasmic levels of the ion (Yadav et al., 2012).

4.3. Genes related to signalling and downstream genes
The DREB proteins are important APETALA2/Ethylene Responsive
Factor transcription factors that regulate abiotic stress related genes. In
Arabidopsis, DREB2 genes are induced by dehydration, salinity, and heat
stresses (Lata and Prasad, 2011; Shavrukov et al., 2016); in particular,
DREB2A and DREB2B are involved in osmotic stress responses through
ABA independent pathways (Sakuma et al., 2002). In S. salsa, SsDREBa
and SsDREBb were shown to respond to drought and high salt stress
(Sun et al., 2015). Present results show that DREB2a was one of those
genes that showed the strongest up regulation in response to salinity.
The very early salt induced response of this gene, combined with a
higher basal expression level in VR as compared with R49 indicates that
the former is capable of a rapid adaptive response to salt stress.
The bZIP transcription factors are involved in developmental
processes as well as in ABA mediated stress responses (Liu et al., 2014).
In the woody halophyte Tamarix hispida, ThbZIP1 expression was related
to increased drought and salt tolerance (Ji et al., 2013). In response to
NaCl AtbZIP24 transcription was induced in the salt sensitive A. thaliana
and repressed in its halophytic relative Lobularia maritima. The
suppression of bZIP24 in L. maritima under salinity resulted in activated
expression of genes involved in cytoplasmic ion homeostasis (e.g.,
AtHKT1; Yang et al., 2009). It is noteworthy that bZIP was the only gene
encoding for a stress related transcription factor whose transcript levels
in roots of both quinoa landraces were unaﬀected or decreased by salt
throughout the experiment. This overall down regulation is in
agreement with its proposed role as negative regulator of adaptation to
salt stress (Popova et al., 2008) and correlates with the up regulation of
HKT and CqSOS1.
Expression of the stress responsive RD22 is increased by both
exogenously applied and endogenous ABA produced under drought and
salt stress (Shinozaki and Yamaguchi Shinozaki, 2007; Hanana et al.,
2008). The Arabidopsis gene RD26 was shown to improve drought and/
or high salt stress tolerance when over expressed (Nakashima et al.,
2014). The expression proﬁle of RD22 diﬀered in the two quinoa
landraces. In VR, as compared to R49, this stress marker gene exhibited
both a higher basal expression and a stronger and earlier salt induction,
also in absolute terms. This suggests that RD22 might be important at
the earliest stages of salt stress in the coastal lowlands landrace in whose
shoots it was the most highly expressed gene under saline conditions. On
the other hand, in R49, RD22 up regulation was maintained up to 120 h
on saline medium, perhaps indicative of a role for this gene in the longer
term adaptive response of the salares landrace.

4.4. ABA accumulation and ABA related gene expression
In many halophytic species, changes in levels of phytohormones and
in the enzymes related to their biosynthesis have been reported in
response to high salt concentration, with ABA exhibiting the strongest
changes (Kumari et al., 2015). Present results conﬁrm the salt induced
increase in the expression of ABA biosynthesis and signaling genes, and
in endogenous ABA concentrations in quinoa. Previously, changes in
ABA levels in quinoa were determined in shoot and/or root xylem sap,
and only under drought stress (Jacobsen et al., 2009; Razzaghi et al.,
2011). Present results show that levels of ABA and salt induced
responses were very similar in the two landraces.
The up regulation of genes involved in the ABA pathway (i.e., NCED,
PYR/PYL, ABF3) and accumulation of this hormone in shoots are
consistent with the observed growth reduction in salt treated plants
(Julkowska and Testerink, 2015). Although under salinity the growth
reduction in R49 and VR roots was not associated with increased ABA
content, enhanced expression of ABA related genes suggests that root
system growth and architecture are also regulated in an ABA dependent
manner. The diﬀerential accumulation of ABA in shoots and roots under
salt stress is in agreement with the fact that dehydration induced ABA
concentration is generally higher in aerial than belowground tissues (Jia
et al., 2002 and references therein). Moreover, transport of ABA from
roots to shoots may be enhanced during early adaptive responses to salt
stress, when the biosynthetic pathway of this hormone is induced
(Wilkinson and Davies, 2002). Finally, the ABA precursor pool is
reportedly very large in shoots and able to satisfy the demand for stress
induced ABA production needed for salt acclimation in this organ (e.g.,
stomatal closure, transpiration rate), whereas in roots the precursor pool
is generally limited (Zhang et al., 2006).
Although the impact of salt stress on ABA accumulation in quinoa
was diﬀerent in individual organs, the expression patterns of the
examined biosynthetic and signaling pathway genes were shared.
Amongst all those analyzed, NCED was the gene exhibiting the highest
absolute expression levels in roots and the strongest up regulation (salt
treated vs control) in both roots and shoots of salt treated quinoa
seedlings, starting very early on, as previously reported for other species
(Taji et al., 2004; Barrero et al., 2006; Geng et al., 2013; Zhang et al.,
2006). As with ABA concentrations, the dynamics of NCED transcript
accumulation were very similar in the two quinoa landraces in terms of
timing, but the stronger up regulation in VR suggests a very eﬃcient
reaction to salt stress in this landrace. Nevertheless, the dramatic up
regulation of NCED relative to other genes supports the notion that de
novo biosynthesis plays a central role in enhancing ABA levels in shoots
of both quinoa landraces, in accord with the model proposed by Barrero
et al., 2006. In roots, the up regulation of NCED under salinity may have
been compensated by activation of the ABA catabolic pathway in order
to maintain the homeostatic regulation of ABA levels and, therefore,
ensure its growth regulatory and signaling function (Wilkinson and
Davies, 2002). The observation that the β glucosidase encoding gene
BG1 did not respond to salinity suggests that turnover of ABA GE to free
ABA was not involved in the accumulation of free ABA in salt treated
shoots, although we cannot completely rule this out as the levels of
conjugated ABA were not determined. Similarly, a putative down
regulation in glucosidase activity could not account for the lack of free
ABA increase in roots. The fact that BG1 expression was not up regulated
by salt in quinoa also lends support to the notion that ABA GE is the
long distance transport form of ABA playing a role in root to shoot stress
signalling (Sauter et al., 2002).
In Arabidopsis, many of the ABA repressed genes encode ABA
receptors (Finkelstein, 2013; Geng et al., 2013). In both R49 and VR,
decreased PYR/PYL transcript levels under salinity relative to controls
accompanied by enhanced hormone biosynthetic capacity and content
conﬁrm this negative feedback loop during ABA mediated signaling.
Increased hormone production compensated by reduced perception
regulates downstream ABA induced responses, some of which can be

deleterious (Lee et al., 2015).
ABFs are amongst those transcription factors regulating gene
expression in response to abiotic stresses in an ABA dependent manner.
The involvement of ABFs in stress tolerance has been revealed via
engineering transgenic Arabidopsis lines constitutively over expressing
ABF3 and ABF4 (Kang et al., 2002). In quinoa, ABF3 was, together with
NCED, an "early response gene" in the ABA signalling pathway
under salinity. ABA triggers signaling cascades controlling the
expression of many downstream genes whose products may confer
tolerance, such as membrane localized ion transporters (Osa.kabe et
al., 2014). Here we show that CqSOSJ and, especially, CqNHX and
HKT were all up regulated by salt, pointing to a positive correlation
with up regulation of the ABA pathway.
4.5. Polyamines and e:q,ression of genes involved in PA and proline

metabolism

Present results show that salt stress induced a PA response, both in
terms of content and biosynthetic/oxidative gene expression, starting
from 2 h after transfer. The observed reduction in Put levels has been
reported in other species exposed to salinity stress; the inverse relation
ship with tissue levels of Na + or K + may be related to the purported role
of this diamine in maintaining the cation/anion balance (Llu et al.,
2008). On the contrary, tissue concentrations of Spd and, especially,
Spm tended to increase. The protective role of the higher PAs in plants
exposed to abiotic stresses is well established (Groppa and Benavides,
2008; Wen et al., 2008). Thus, over expression of SAMDC, SPDS, and
SPMS genes has been shown to enhance stress tolerance (Marco et al.,
2011) and a Put to Spm metabolic flux in response to drought has been
described (Alcazar et al., 2011 ).
The presently observed changes in PA contents led to a salt induced
increase in the (Spcl + Spm)/Put ratio, a feature that has been positively
associated with stress tolerance (Duan et al., 2008). In roots and shoots
of R49, the ratio was enhanced by NaCl t reatment at all time points,
while in VR, it increased only at 120 h after transfer to saline medium.
Although the response occurred later, the ratio in VR was significantly
higher than in R49. Previously, we showed that the extent to which the
ratio between the higher PAs and the diamine changed under salinity
may allow to distinguish between quinoa genotypes originating from
different habitats (Ruiz Carrasco et al., 2011).
In seedlings of both R49 and VR basal expression of ADCJ was the
highest of all those analyzecl, followed by SPDS, pointing to the
importance of P As for seedling growth (Minocha et al., 2014). This high
ADCI expression at O h correlated positively with the relatively high
concentration of Put Transfer to saline medium did not signifi cantly
affect, or even down regulated, transcript levels of ADCJ, as also
observed for other PA biosynthetic genes (ODC, SAMDC). By contrast,
ADC2 exhibited an early (shoots) and late (roots) up regulation in
response to salt In fact, evidence suggests that ADCI and ADC2 are
differentially affected by salinity, with ADCI being reduced relative to
controls and ADC2 st rongly up regulated in tolerant rice cultiva.rs (Do et
al., 2014). In Arabidopsis, inducibility of ADC2 by osmotic stress and its
importance in conferring drought tolerance have likewise been
described (Alcazar et al., 2010). ADC2 over expression leads, in turn, to
up and down regulation of several stress , hormone , and signaling
related genes (Pal et al., 2015). In the halophyt e Sporobolus virginicus,
Yamamoto et al., 2015 reported that PA biosynthetic genes, namely ADC
and SPDS, were salinity induced. Different from VR, SPDSI gene
expression in R49 was not affected by salt and Spd levels were scarcely
affected. On the other hand, in both landraces, the higher expression of
SPMS relative to controls was in accord with Spm accumulation
occurring late after transfer, but could not account for the early increase
in Spm levels. Up reg ulation of PA biosynthetic genes under drought
stress have been shown to be an ABA dependent response (Alcazar et al.,
2010). Consequently, PAs and ABA are integrated in a positive feedback
loop in response to abiotic stress (Pal et al, 2015). Thus, the

PA response observed in R49 and VR could be a consequence of the
early up regulation of NCED, which preceded that of the PA biosyn
thetic genes and the increase in ABA levels.
DAOs and PAOs also play a role in stress tolerance both by regulating
free PAs levels and by generating molecules (hydrogen peroxide and y
aminobutyric acid) involved in signaling and stress protection (Cona et
al., 2006; Pottosin and Shabala, 2014). In the present study, DAO up
regulation in response to salt would confirm its positive role in reducing
Put content and in producing stress protective molecules.
In addition to their osmoprotective role, organic osmolytes such as
proline play a role in contrasting oxidative stress under NaCl treatment
(Szabados and Savouré, 2010). The proline biosynthetic genes such as
PSCS are induced by salt stress (Song and Wang, 2015) and this up
regulation is ABA dependent (Strizhov et al., 1997). The presently
observed overall up regulation of PSCS transcript levels in the presence
of NaCl is coherent with salt enhanced proline concentrations previously reported for Chilean landraces of quinoa (Orsini et al., 2011;
Ruiz Carrasco et al., 2011).
4.6. Timing of salt induced events
The importance of timescale in plant responses to salinity has been
pointed out At the short term (i.e., up to 5 days), similarities between
the two quinoa landraces from contrasting environments point to a
comparable salt adaptation mechanism during which, according to
Munns, 2002, responses are essentially similar to those induced by
drought. Based on the most salient changes in gene expression (Fig. 9)
and on variations in ABA and PA contents that were common to both
landraces, the response of quinoa seedlings over time followed a
sequence of events (Table 2). Within minutes (0.5 h), the immediate
activation of the ABA dependent pathway preceded ABA accumulation.
Over hours (2 h), an ABA independent signalling pathway (DREB2A)
was also induced together with genes linked to proline and PA
metabolism. During this early phase, the down regulation of CycD3 in
roots supports the rapid need to reprogramme growth in this organ. Ali
these early events are normally triggered by primary osmotic stresses.
Within days, the continued up regulation of ABA dependent and
- independent genes as well as accumulation of ABA was observed. The
up regulation of PA genes led to a typical salt stress responsive PA profile.
The overall ABA response might also be implicated in the activation of
stress marker genes, such as RD22. Ion homeostasis is a slower response
(Munns, 2002) as shown by the fact that up regulation of genes (e.g.,
CqNHX) in most cases occurred from 24 h onwards. In accord with the
later reduction in shoot growth as compared with roots under osmotic
stress (Chaves et al., 2003), the down regulation of CycD3 appeared in
shoots at this stage. At the latest time point (120 h), the induction of
expansins may reveal a preparatory growth response for long term
acclimation by celi wall adjustment
5. Conclusions
Being a facultative halophyte, quinoa is intrinsically well adapted to
saline soil. Here we show that, at the short term, landraces from
contrasting habitats, R49 and VR, responded to high salinity under in
vitro conditions in essentially a similar manner. In fact, none of the genes
can be regarded as displaying a highly specific salt induced response in
one landrace versus the other. The common responses were more
numerous in roots than in shoots. The strongest similarity was in the
activation of the ABA pathway, especially in shoots, probably due to the
importance of rapidly regulating plant water status.
In spite of these similarities, the timing of the onset of altered gene
expression, in some cases, reflected genotype dependent constitutive,
and inducible adaptive strategies. In R49, the latter include the very
early up regulation of ion homeostasis genes, suggesting that this
landrace is better equipped to control salt uptake, translocation, and

Fig. 9. Schematic representation of the time-course changes in expression of the most representative genes from each category in salt-treated vs control shoots and roots of R49 and VR.
The size of the boxes reﬂects the relative up- or down-regulation of one landrace compared with the other. TFs, transcription factors.

Table 2
Sequence of responses to salinity common to the two landraces, based on changes in gene expression and in ABA, and PA concentrations, at diﬀerent time scales (30 min, 2 h, 1 and
5 days). *, response only at 5 days.
Time

Roots

Shoots

Minutes
Hours

Induction of ABA biosynthesis (NCED)
Growth inhibition (CycD3), activation of ABA pathway (NCED, ABF), ABAindependent transcription factor (DREB2a), proline biosynthesis (P5CS), and Put
oxidation (DAO)
Induction of β-EXP1*; up-regulation of ion transporter (CqNHX); continued upregulation of ABA biosynthesis (NCED), ABA-independent transcription factor
(DREB2a), proline biosynthesis (P5CS), Put biosynthesis (ADC2)* and Put
oxidation (DAO). Induction of stress-related gene (RD22) and Spm biosynthesis
(SPMS); reduced Put content.
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Induction of ABA pathway (NCED, ABF3)
Activation of ABA pathway (NCED, ABF), and PA biosynthesis (ADC2). Increased
ABA levels

Days

Growth inhibition (CycD3)*; continued up-regulation of ABA pathway (NCED,
ABF3), and activation of proline biosynthesis (P5CS); increased ABA levels;
reduced Put and increased Spm contents.

