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Drought during senescence has become more common in Mediterranean climates
in recent years. Chenopodium quinoa Willd has been identified as tolerant to poor
soil conditions and drought. Previous observations have found that sufficient nitrogen
(N) supply mitigates yield losses under terminal drought conditions. However, there
is no understanding of the mechanisms behind this effect. We hypothesized that
N up-regulates both photosynthetic and photoprotective elements during drought-
induced senescence, alleviating the negative impact of drought on yield. The role of N
supply and terminal drought on photoprotection was tested using three Chilean quinoa
genotypes from different climatic zones: Faro, UdeC9, and BO78. Plants were grown
under high nitrogen (HN) or low nitrogen (LN) conditions and subjected to terminal
drought at the onset of senescence. Photosynthetic and photochemical and non-
photochemical processes were evaluated at both the onset of drought and after 15 days
of drought conditions. N supplementation modified most of the physiological parameters
related to photochemical dissipation of energy, photosynthesis, and yield in quinoa. In
contrast, water restriction did not affect photosynthesis in quinoa, and its effect on
yield was dependent on the genotype. A significant interaction N × G was observed
in photosynthesis, relative water content, protein content, Fv/Fm, and chlorophylls. In
general, Faro was able to maintain higher levels of these attributes under LN conditions
than UdeC9 and BO78. In addition, the interacting effects of N×W regulated the level of
most pigments in quinoa as well as the photoprotective induction of non-photochemical
quenching (NPQ) during senescence. During terminal drought at LN conditions, Faro
presented a larger NPQ induction under drought conditions than UdeC9 and BO78,
which was supported by a larger zeaxanthin content and de-epoxidation state of the
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xanthophyll pool. Interestingly, BO78 did not induce NPQ in response to drought-
induced senescence but instead enhanced the content of betacyanins. This response
needs to be researched in future works. Finally, we observed that LN supply reduced
the correlationship between the de-epoxidation state of the xanthophyll cycle and NPQ.
This could be an indication that N supply not only compromised the capacity for
photosynthetic performance in quinoa plants, but also affected the plasticity of thermal
dissipation, restricting further changes during drought-induced senescence.

Keywords: betacyanin, carotenoids, NPQ, thermal dissipation, lipid peroxidation, water scarcity, xanthophyll
cycle, zeaxanthin

INTRODUCTION

Plant leaf senescence can be triggered by normal developmental
programming or suboptimal growth conditions. Physiologically,
senescence is characterized by coordinated ultrastructural and
metabolic changes accompanied by massive reprogramming of
gene expression (Gan and Amasino, 1997). The most significant
change is the breakdown of chloroplasts, which comprise more
than 70% of nitrogen (N) taken up from the environment.
Yield and seed/grain quality are dependent on this chloroplast
breakdown and remobilization of nitrogen (Gregersen et al.,
2013). Drought during leaf senescence leads to a decline in
photosynthesis and production of assimilates. The consequence
of decreased photosynthetic capacity during the grain filling
period ultimately results in a decline in size and quantity of grain
(Kichey et al., 2007; Gaju et al., 2011). In the last few decades,
drought stress during senescence has become more common in
Mediterranean-type environments affecting crop yields resulting
in enormous economic losses (Ray et al., 2015).

Several studies have highlighted the influence of nitrogen
supplementation on delayed senescence (Egli et al., 1976;
Balazadeh et al., 2014), possibly as a result of a more robust
photosynthetic apparatus capable of photochemically utilizing
incident light (Balazadeh et al., 2014). Plants grown under
limiting N conditions have a lower CO2 fixation capacity. Under
high levels of light intensity, N-limited plants would have greater
light energy excess (not used in photosynthesis) that could result
in greater reactive oxygen species (ROS) production, triggering
photoinhibition (Verhoeven et al., 1997). Thermal dissipation
of excess absorbed energy at the antenna level is a rapid and
efficient protective strategy to prevent over-reduction of the
electron transport chain (Müller et al., 2001). Previous research
has suggested that during down-regulation of PSII in senescent
leaves, thermal dissipation and the xanthophyll cycle play an
important role in photoprotection to prevent photoinhibitory
damage (Lu et al., 2001; Yoo et al., 2003). Therefore, under
conditions of limiting N when photochemical processes are
extremely low, upregulation of thermal dissipation is expected.
Nonetheless, published research from different plant species
regarding N supply and photoprotection is contradictory. For
example, N fertilization was observed to have no effect on major
protective carotenoids and antioxidants in Pinus radiata (Posch
et al., 2008). In contrast, high N supply in both Coffea arabica
and wheat (Ramalho et al., 1998, 2000; Lu et al., 2003) revealed
an up-regulation of xanthophyll cycle dependence and thermal

energy dissipation. Furthermore, N fertilization can adequately
protect Coffea plants against photodamage independently of
the anticipated positive effects of N on photosynthetic capacity
(Pompelli et al., 2010).

Chenopodium quinoa Willd (Chenopodiaceae) has attracted
significant attention due to its remarkable high protein
content and balanced essential amino acid composition
(Thanapornpoonpong et al., 2008; Lutz and Bascunan-Godoy,
2017). Quinoa is a rustic crop that can grow in marginal
conditions and for millennia has been cultivated organically,
without the standard practice of fertilization and irrigation
of traditional cereals. Its adaptability to unfavorable growth
conditions has led it to be recognized as a strategic crop
by the Food and Agricultural Organization (FAO) (FAO,
2011). Among the great number of quinoa ecotypes, coastal
areas/lowlands are of particular importance as their photoperiod
adaptation response makes them highly suitable for spreading
quinoa cultivation into different climatic areas (Jacobsen and
Stølen, 1993; Jacobsen, 1997; Bendevis et al., 2014). In fact,
coastal/lowland Chilean genotypes have been used as parental
elite sources in European quinoa breeding programs (Jacobsen
and Stølen, 1993; Jacobsen, 1997). Chilean quinoa lowland
genotypes present high phenotypic variability, agronomical
performance, and tolerance to stress conditions (Berti et al.,
2000; Ruiz-Carrasco et al., 2011; Bascuñán-Godoy et al., 2016;
Morales et al., 2017; Gonzalez-Teuber et al., 2018).

One of the suggested strategies for improving quinoa crop
yield is N fertilization leading to increased foliar area, thus
improving light interception and photosynthesis (Razzaghi
et al., 2012). In water-stressed quinoa, N confers a certain
degree of tolerance-regulating abscisic acid (ABA) concentration
and stomatal closure (Alandia et al., 2016). However, the
physiological mechanisms for coping with drought under
limiting N supplementation have garnered little attention.
Further, the effect of N supply on photoprotective mechanisms
and their relationship with grain yield is still unclear.

The aim of this work was to understand how N supply
regulates the mechanisms of photoprotection, especially thermal
dissipation, during drought-induced senescence progress
using three different quinoa lowland Chilean genotypes.
We hypothesized that N up-regulates both photosynthetic
capacity and photoprotective attributes during senescence
under terminal drought. The role of the xanthophyll cycle and
thermal dissipation during drought-induced senescence were
also investigated.
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MATERIALS AND METHODS

Plant Material and Growth Conditions
Experiments were conducted from September 2015 until
February 2016 in a greenhouse located at La Serena University
(29.54◦ S, 71.14◦ E). The greenhouse was provided with
approximately 1,200 µmol m−2 s−1 PAR at noon (natural light),
and at maximum and minimum temperatures (daily ranges) of
23◦C and 17◦C, respectively, 12 h day length, and 80% relative
humidity.

Experimental Design
The experiment was run as a completely randomized design with
four factors under study: genotypes, N treatment, water treatment
and time. We used supplementary plants to prevent bordering
effect.

Genotypes (G)
Three Chilean coastal/lowland genotypes of Chenopodium
quinoa Willd (Chenopodiaceae) with similar morphological and
phenological characteristics but from different geographic and
climatic areas were utilized. Faro seeds were obtained from the
Cooperative Las Nieves, while UdeC9 and BO78 seeds were
obtained from the National Seed Bank collection at Vicuña, Chile
(INIA-Intihuasi). Seeds were collected for the genotypes from the
following locations: Faro (34.65◦ S, 71.91◦ E), UdeC9 (37.65◦ S,
71.6◦ E), and BO78 (38.51◦ S, 71.4◦ E).

Seeds of different genotypes were germinated directly in soil
in 10 L pots (22 cm tall by 28 cm diameter). The pots were filled
with equal amounts of dry soil (5 kg). The soil consisted of a
mixture of 80% sand, 20% peat, and a basal fertilization of N:
40 mg/kg, P: 96 mg/kg, and K: 690 mg/kg. The soil had volumetric
soil water content (%, vol.) of 30% at 100% pot water holding
capacity (WHC). Before the establishment of water regimes, all
plants were fully irrigated to WHC.

Nitrogen Treatment (N)
Soils were supplemented with urea to reach two N levels, high
nitrogen (HN; 0.6 g of N per pot) and low nitrogen (LN; 0.30 g of
N per pot). No additional N was applied during the experiment.
Sixteen plants (one per pot) of each genotype and N regime
were maintained at optimal soil moisture levels (100% WHC) by
irrigating with 1 L of water every 3 days.

Water Treatment (W)
Fourteen days after flowering (DAF), the HN and LN
experimental plants were sub-divided into control (C) and
drought-stressed (S) leading to four treatment groups: HNC
(high nitrogen supply, control 100% WHC), LNC (low nitrogen
supply, control 100% WHC), HNS (high nitrogen supply,
drought conditions), and low nitrogen stress (LNS) (low nitrogen
supply, drought conditions). The drought treatment was applied
by reducing irrigation by 70% (300 mL) relative to control plants
(1 L) for the remaining life cycle. Throughout the experiment, the
soil humidity was monitored and maintained at 100% of WHC in
control pots and 30% of WHC in water-stressed replicates (eight
pots per treatment). The water content of each pot was monitored

according to weight every 3 days, and additional irrigation was
applied to fulfill humidity targets. We used four pots for biomass
analysis and four for physiological measurements.

Time (T)
Photosynthesis, chlorophyll fluorescence parameters, and
pigments were evaluated at the onset of the treatment (day
0) and 15 days post-treatment (day 15). These times which
corresponded to 14 and 29 DAF represent the onset (panicle
development) and advancement of senescence (pigments shift),
respectively, in quinoa.

Variables Measured
Biomass and Grain Yield
To evaluate the effect of N on biomass production, aerial parts
and roots dry mass were determined at the beginning of the
drought treatment (day 0). Tissues were initially dried at 80◦C
over a period of 3 h, followed by drying at 60◦C until constant
weight was achieved (n = 4).

Grain yield for all treatments was determined at the end of the
growth season (180 days after sowing) based on the total weight
production of each plant (n = 4).

Gas Exchange Measurements
Gas-exchange measurements were conducted in fully expanded
leaves (third leaf from the top) from each group (n = 4) using
LI-COR 6400-40Li-6400 (Li-Cor Inc., Nebraska, United States).
Leaves were first equilibrated at a photon density flux of
1500 µmol m2s−1 for at least 10 min and 370 µmol mol−1 of
external CO2. Leaf temperature was maintained at 28◦C, and the
leaf-to-air vapor pressure deficit was between 1 kPa and 1.3 kPa.
These conditions were kept constant for the determination of
CO2 assimilation rate (Pn) and stomatal conductance (gs). The
intrinsic water use efficiency (iWUE) was calculated as the ratio
of net CO2 assimilation to stomatal conductance for water
vapor.

Protein, Relative Water Content, and Lipid
Peroxidation in Leaves
Samples were taken at 12 p.m. and leaf relative water
content (RWC) was calculated as follows: RWC = (fresh
weight − dry weight)/(turgid weight − dry weight) × 100.
Turgid leaf weight was determined after keeping the leaf in
distilled water in darkness at 4◦C to minimize respiration loss
until a constant weight was achieved (full turgor, typically
after 12 h).

Lipid peroxidation in leaves of plants from each group
(n = 4) was determined in vitro by estimating the formation
of malondialdehyde (MDA) according to the method described
by Ortega-Villasante et al. (2005). Frozen leaf tissue (0.1–
0.2 g) was homogenized in 1 mL of TCA–TBA–HCl reagent
[15% (w/v)] trichloroacetic acid, 0.37% (w/v) 2-thiobarbituric
acid, 0.25 M HCl, and 0.01% butylated hydroxytoluene. After
homogenization, samples were incubated at 90◦C for 30 min and
centrifuged at 12,000 × g for 10 min. Absorbance was measured
at 535 nm and 600 nm. Bradford Assay (Bradford, 1976) was used

Frontiers in Plant Science | www.frontiersin.org 3 July 2018 | Volume 9 | Article 994

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-00994 July 27, 2018 Time: 17:38 # 4

Bascuñán-Godoy et al. N Affects Photoprotection in Quinoa

for protein quantification in leaves using BSA as the standard
protein (n = 4).

Chlorophyll Fluorescence Measurements
Chlorophyll (Chl) fluorescence measurements were performed
using a portable fluorimeter (FMS 2, Hansatech Instruments Ltd.,
Norfolk, United Kingdom). Leaves of plants from each group
(n = 4) were dark-adapted at ambient temperature for 30 min
prior to measurement. Actinic light for measurements was of
1,200 µmol photons m−2 s−1 following Bascuñán-Godoy et al.
(2015). Fluorescence parameters were calculated as described in
Maxwell and Johnson (2000) and Kramer et al. (2004).

Betacyanins Analysis
Betacyanins were extracted in water and pigment content
determined by spectrophotometrical determination at 536 nm
with an Infinite 200 Pro spectrophotometer (Tecan, Männedorf,
Switzerland). The betacyanin content of the plant aqueous
extracts was estimated using the molar extinction coefficient for
amaranthine and an molecular weight (MW) of 726.6 (n = 4).

Pigments and Xanthophyll Cycle Analyses
Fresh leaf tissue (100 mg) from different genotypes, treatments,
and experimental time points (n = 4) was collected, flash
frozen in liquid nitrogen, and stored at −80◦C. Subsequently,
samples were ground into powder using liquid N combined
with a spatula tip of CaCO3, and lyophilized at low temperature
before analysis. Pigments were extracted with 1 mL 100% high
performance liquid chromatography (HPLC)-grade acetone at
4◦C under dim light. The extract was clarified by centrifugation
and the supernatant was filtered through 0.45 µm syringe filter.
Pigments chosen for analysis included chlorophyll a and b,
β-carotene (β-car), neoxanthin, violaxanthin, antheraxanthin,
and zeaxanthin. Pigments were measured using the HPLC
method described by García-Plazaola and Becerril (1999) with
modifications included in Sáez et al. (2013). De-epoxidation
state (DEPS) of the xanthophyll pool was calculated as follow:
DEPS = (V + 0.5A)/(V + A + Z), where V is violaxanthin,
A is antheraxanthin, and Z is zeaxanthin.

Statistical Analysis
A four-way analysis of variance (ANOVA) was conducted in
order to determine the effects of genotypes (Faro, UdeC9, BO78),
N treatments (HN, LN), water treatments (C, S) and time points
(day 0, day 15) on pigments and physiological parameters.
A Newman–Keuls method (level of significance p < 0.05) was
used as a post hoc test in order to reveal significant differences
among groups. Assumptions of normality and homogeneity
of variance were tested using the Kolmogorov–Smirnov and
Lilliefors tests. All statistical analyses were performed using
STATISTICA 6.0 software (Statsoft Inc., version 6.01).

Linear Pearson’s correlation coefficient (r) was used to
examine the correlations between yield and photosynthesis,
changes in photosynthesis, and thermal dissipation [non-
photochemical quenching (NPQ)], and NPQ and de-epoxidation
state of the xanthophylls cycle (DEPS).

1www.statsoft.com

FIGURE 1 | Relationship between grain yield and photosynthesis in three
quinoa genotypes subjected to different regimens of nitrogen and water
stress. The photosynthesis measurements were performed in fully expanded
leaves (third leaf from the top) in plants at 15 days after water treatment
imposition in plants at HNC, HNS, LNC, and LNS treatments. Symbols
represent treatments: HNC (black circles), LNC (empty circles), HNS (black
down triangles), and LNS (empty up triangles). Linear Pearson’s correlation
coefficient (r) was used to examine the correlations.

RESULTS

Effect of Genotype Treatments and Time
on Photosynthetic Traits
The regression plot of grain weight per plant against
photosynthesis indicated a positive relationship and a high
grade of linearity (Figure 1). Plant yield under LN treatment
(LNC and LNS) showed a stronger and significant correlation
with Pn (r > 0.9; p < 0.001) than under HN treatment (HNC
with p > 0005 and r = 0.5; and HNS with p < 0.05 and r = 0.68).
Regarding water conditions the correlation between yield and
Pn was only statistically significant at HNS (p < 0.05) but not
at HNC conditions (p > 0.05). At LNC and LNS conditions
correlations between yield and Pn were statistically significant
(p = 0.001). However, grain yield was consistently higher in HN
than in LN even at similar levels of Pn.

The four-way ANOVA of photosynthetic rate (Pn) revealed
a significant effect of interactions G × N (p = 0.041) and
N × T (p = 0.002) (Table 1). At day 0, three genotypes exhibited
similar Pn rates at HN (HNC and HNS plants) conditions
(Figures 2A–C), however, genotypes showed a differential
performance under LNC conditions. At both times (0 and
15 days) Faro showed significantly higher Pn than UdeC9 and
BO78 at LNC (G × N) (Figures 2A–C). Over time greater
reductions of Pn were observed in plants developed at HNC
in comparison to LNC conditions (N × T). However, drought-
stressed plants (HNS and LNS) maintained similar Pn values than
their respective controls (Figures 2D–F).

Stomatal conductivity (gs) was significantly affected by
interactions T × W (p = 0.002) and G × N × T (p = 0.017)

Frontiers in Plant Science | www.frontiersin.org 4 July 2018 | Volume 9 | Article 994

www.statsoft.com
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-00994 July 27, 2018 Time: 17:38 # 5

Bascuñán-Godoy et al. N Affects Photoprotection in Quinoa

TA
B

LE
1

|P
-v

al
ue

s
fo

r
th

e
ef

fe
ct

s
of

G
,N

,W
,T

an
d

th
ei

r
in

te
ra

ct
io

ns
de

te
rm

in
ed

by
fo

ur
-w

ay
A

N
O

VA
an

al
ys

is
on

ph
ys

io
lo

gi
ca

la
tt

rib
ut

es
:N

et
ph

ot
os

yn
th

et
ic

ra
te

(P
n
),

st
om

at
al

co
nd

uc
ta

nc
e

(g
s)

,i
nt

rin
si

c
w

at
er

-u
se

ef
fic

ie
nc

y
( iW

U
E

),
re

la
tiv

e
w

at
er

co
nt

en
to

fl
ea

ve
s,

pr
ot

ei
ns

,l
ip

id
pe

ro
xi

da
tio

n
(e

st
im

at
ed

by
M

D
A

),
th

e
m

ax
im

al
ef

fic
ie

nc
y

of
P

S
II

(F
v/

Fm
),

qu
an

tu
m

yi
el

d
of

P
S

II
(8

P
S

II)
an

d
th

e
no

n-
ph

ot
oc

he
m

ic
al

qu
en

ch
in

g
(N

P
Q

)i
n

th
re

e
ge

no
ty

pe
s

of
C

he
no

po
di

um
qu

in
oa

gr
ow

n
at

tw
o

le
ve

ls
of

ni
tr

og
en

su
pp

le
m

en
ta

tio
n

an
d

ex
po

se
d

to
15

da
ys

of
dr

ou
gh

td
ur

in
g

se
ne

sc
en

ce
.

G
N

W
T

G
×

N
G

×
W

G
×

T
N

×
W

N
×

T
T

×
W

G
×

N
×

W
G

×
N

×
T

G
×

W
×

T
N

×
W

×
T

G
×

N
×

W
×

T

P
n

0.
00

0
0.

00
5

0.
10

7
0.

00
0

0.
04

1
0.

50
3

0.
75

3
0.

42
5

0.
00

2
0.

10
7

0.
66

0
0.

86
0

0.
50

3
0.

42
5

0.
66

0

g s
0.

03
8

0.
14

0
0.

00
2

0.
00

0
0.

22
4

0.
84

3
0.

67
0

0.
28

1
0.

00
4

0.
00

2
0.

78
7

0.
01

7
0.

84
3

0.
28

1
0.

78
7

iW
U

E
0.

00
3

0.
00

2
0.

44
4

0.
00

0
0.

94
2

0.
58

1
0.

68
4

0.
04

5
0.

01
1

0.
00

0
0.

03
1

0.
91

2
0.

68
4

0.
01

1
0.

91
2

R
W

C
0.

00
0

0.
03

5
0.

00
0

0.
00

0
0.

00
7

0.
03

5
0.

46
5

0.
75

8
0.

61
6

0.
00

0
0.

43
9

0.
58

4
0.

00
1

0.
17

2
0.

12
2

P
ro

te
in

s
0.

00
0

0.
00

0
0.

21
7

0.
00

0
0.

02
7

0.
01

5
0.

00
0

0.
77

7
0.

00
5

0.
21

7
0.

88
0

0.
24

1
0.

01
5

0.
77

7
0.

88
0

M
D

A
0.

02
4

0.
22

4
0.

03
3

0.
00

0
0.

35
4

0.
17

3
0.

00
4

0.
53

1
0.

42
9

0.
03

3
0.

27
1

0.
76

1
0.

17
3

0.
53

1
0.

27
1

Fv
/F

m
0.

69
6

0.
00

0
0.

00
1

0.
82

3
0.

02
5

0.
35

7
0.

00
1

0.
83

1
0.

01
6

0.
82

3
0.

28
9

0.
74

8
0.

00
1

0.
01

6
0.

74
8

8
P

S
II

0.
00

0
0.

00
0

0.
68

3
0.

00
0

0.
97

1
0.

90
9

0.
03

9
0.

58
8

0.
00

0
0.

68
3

0.
69

2
0.

12
7

0.
90

9
0.

58
8

0.
69

2

N
P

Q
0.

00
0

0.
00

0
0.

00
0

0.
03

2
0.

86
2

0.
00

0
0.

04
0

0.
00

0
0.

92
3

0.
03

2
0.

20
8

0.
73

8
0.

04
0

0.
92

3
0.

73
8

S
ig

ni
fic

an
tP

-v
al

ue
s

ar
e

in
bo

ld
an

d
re

d.
Th

e
un

de
rli

ne
sh

ow
s

th
e

si
gn

ifi
ca

nt
in

de
pe

nd
en

te
ffe

ct
th

at
ar

e
no

ti
nc

lu
de

d
in

a
si

gn
ifi

ca
nt

in
te

ra
ct

io
n,

an
d

th
e

m
or

e
co

m
pl

ex
in

te
ra

ct
io

n
th

at
in

cl
ud

es
th

e
ef

fe
ct

of
in

de
pe

nd
en

t
fa

ct
or

s
or

m
or

e
si

m
pl

e
in

te
ra

ct
io

ns
(T

he
po

st
er

io
ri

nt
er

pr
et

at
io

n
is

on
ly

ba
se

d
on

th
e

co
m

pl
ex

in
te

ra
ct

io
ns

th
at

ne
st

s
th

e
si

m
pl

e
ef

fe
ct

,a
nd

in
de

pe
nd

en
te

ffe
ct

th
at

ar
e

no
ti

nc
lu

de
d

in
an

in
te

ra
ct

io
n)

.(
S

ee
S

up
p

le
m

en
ta

ry
Ta

b
le

S
1

fo
r

th
e

fo
ur

-w
ay

A
N

O
VA

de
ta

ils
).

(Table 1). A differential effect of water between times was
observed (T × W), and also a differential effect of nitrogen
among genotypes over time (G × N × T). At the beginning
of the experiment (day 0), LN supplied plants (LNC and LNS)
of UdeC9 showed 40% lower gs than HN supplied plants
(Figure 2E). This response contrasted with Faro and BO78,
which maintained similar gs levels within the N treatment
(Figures 2D,F). A reduction of gs levels was observed in HNS
and LNS in comparison to their controls for all genotypes
(G× N× T).

Interestingly, iWUE was dependent on two complex
interactions: G×N×W (p = 0.031) and N×W× T (p = 0.011)
(Table 1). N and W significantly affected iWUE changes over
time (N × T × W) and among genotypes (G × N × W)
(Table 1). During the progress of drought, plants developed at
HNS but not at LNS conditions significantly increased iWUE
in comparison to their controls (Figures 2G–I). Only under
drought conditions Faro and UdeC9 significantly decreased
iWUE in response to LN. In contrast, B078 maintained similar
values of iWUE independent of drought and the nitrogen
treatment (G× N×W).

Changes in Protein Amount, RWC, and
Lipid Peroxidation in Response to
N-Water Condition Treatments
Interactions G × N (p = 0.007) and G × W × T (p = 0.001)
significantly affected RWC of quinoa plants (Table 1). At time
0, N differentially affected RWC among genotypes (G × N)
(Figures 3A–C). BO78 showed higher RWC at LNC conditions
than at HNC, which contrasted with that observed for Faro
and UdeC9 that presented similar levels of RWC between
nitrogen treatments. Fifteen days of drought induced significant
reductions of RWC in UdeC9 and BO78. Faro was able to
maintain RWC, exhibiting higher levels, at both HNS and LNS
conditions, in comparison to other genotypes (G×W× T).

Protein content was significantly affected by interactions
G×N (p = 0.027), N× T (p = 0.005), and G×W× T (p = 0.015)
(Table 1). At time 0, there was a notorious effect of N on
the protein content among genotypes (G × N) (Figures 3D–F).
Whereas Faro showed similar levels of proteins at both HN (C
and S) and LN (C and S) conditions, Udec9 and B078 showed
significant reductions of the protein content in response to LN
conditions. Time differentially affected the protein content of HN
and LN plants. HN plants showed a more notorious reduction
of the protein content after 15 days in comparison to LN plants,
whose protein content was maintained over time (N × T).
Fifteen days of drought differentially affected the protein content
among genotypes, with Faro showing the highest protein content
at both HNS and LNS conditions (G× T×W) (Figure 3D).

The level of lipid peroxidation (MDA content) was
significantly affected by interactions G × T (p = 0.004) and
W × T (p = 0.033) (Table 1). Over time, changes in MDA levels
were dependent on the genotype (G × T). Whereas Faro and
B078 reached similar contents of MDA, independent of the water
treatment (G × T), UdeC9 significantly increased MDA levels in
response to drought (Figures 3G–I).
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FIGURE 2 | Effect of N supplementation and water stress treatment on photosynthetic parameters. Net phosynthesis (A–C); conductivity (gs) (D–F), intrinsic water
use efficiency (iWUE) (G–I) were taken in well-developed leaves at mid-morning at both 0 and 15 days after drought. Bars represent treatments: HNC, LNC, HNS,
and LNS. Values are mean ± SE (n = 4). Different letters represent significant differences among genotypes, N supply, water treatment, and time (p < 0.05) using
four-way analysis of variance (ANOVA). Newman–Keuls was used as a post hoc test.

Changes in Fluorescence of Chlorophyll
a Parameters During Senescence
Maximum quantum efficiency (Fv/Fm) was significantly affected
by interactions G × N (p = 0.025), G ×W × T (p = 0.001), and
N×W× T (p = 0.016) (Table 1). Nitrogen differentially affected
Fv/Fm among genotypes (G × N) (Figures 4A–C). Whereas LN
reduced Fv/Fm for UdeC9, Fv/Fm tended to be similar between
both nitrogen treatments for Faro and B078. After 15 days of
drought Fv/Fm maintenance was different among genotypes and
watering conditions (G ×W × T) (Figures 4A–C). At that time,
only Faro tended to increase Fv/Fm values in response to drought.
In addition, the significant interaction N ×W × T revealed that
after 15 days of drought, differences in Fv/Fm induced by N
vanished because of the drought (Figures 4A–C).

The use of energy (quantum yield of PSII) was significantly
affected by interactions G× T (p = 0.039) and N× T (p < 0.001)
(Table 1). PSII was greater for Faro and for UdeC9 in comparison
to BO78, but only at time 0 (G× T, p < 0.05). At that time, φPSII
was significantly higher at HN conditions (HNC and HNS) in

comparison to LN conditions (LNC and LNS) for all genotypes
(N × T) (Figures 4D–F). Nevertheless, at 15 days’ time stronger
reductions of φPSII were observed for all genotypes, independent
of the nitrogen treatment (N× T) (Figures 4D–F).

Thermal dissipation, measured as NPQ, was significantly
affected by interactions N × W (p < 0.0001) and G × W × T
(p = 0.040) (Table 1). Nitrogen differentially affected NPQ levels
depending on water (N × W). Over time drought differentially
affected NPQ levels among genotypes. At time 15, Faro and
UdeC9 increased NPQ levels in response to drought, whereas
BO78 tended to maintain its NPQ levels (G × T × W)
(Figures 4G–I).

Complementarily, the relationship between NPQ level (%)
and Pn changes (%), at times 0 and 15, was studied (Figure 5).
Most plants experienced an increase in NPQ concomitant with
a decrease in photosynthesis due to senescence and drought-
induced senescence (Figure 5). Nevertheless, BO78, which
displayed the largest reduction in Pn at HNS, did not show
changes in the percentage of NPQ. The r value for the relationship
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FIGURE 3 | Relative water content (RWC) (A–C), protein content (D–F), malonaldehide content (MDA) (G–I) changes under different treatments of N
supplementation and water stress during senescence. Results were calculated from four independent measurements of different plants. Leaf samples were taken at
mid-morning at both 0 and 15 days after drought. Bars show mean values ± SE (n = 4). Different letters represent significant differences genotypes, N supply, water
treatment, and time (p < 0.05) using four-way ANOVA. Newman–Keuls was used as a post hoc test.

between NPQ enhancement (%) and Pn reduction (%) was 0.45
(p = 0.14). However, by omitting this group (BO78 at HNS,
plotted with pink triangles), the relation was improved to r = 0.75
(p = 0.007).

Pigments Changes During Senescence
in Differentially Supplied Plants of
Quinoa
The four-way ANOVA revealed that the interaction N × W
had a significant effect on most studied pigments (Table 2
and Supplementary Tables S2, S3), including Chl a and
b, violaxanthin, antheraxanthin, neoxanthin, lutein, and β-
carotene. This means that most pigments are highly dependent
on watering conditions and nitrogen levels. Both Chls a and b
were significantly affected by interactions G × N (p = 0.019) and
N × W (p = 0.001). At day 0, both HNC and HNS plants of
Faro and UdeC9 showed similar Chls contents; nevertheless, at
LN UdeC9 significantly reduced its Chl content in comparison
to Faro (G × N). Our analysis showed that drought differentially
affected the Chl content between nitrogen treatments (N ×W).

In general, the lowest contents of Chl were observed in LNS
plants.

Betacyanins were significantly affected by interactions of all
factors (Table 2 and Supplementary Table S3). At time 0, BO78
under both HN and LN conditions showed higher levels of
betacyanin than Faro and UdeC9 (Supplementary Table S2).
No differences were observed by N supply as a single factor,
however all their interactions were significant. Time, however,
induced significant increases in betacyanins for all genotypes;
nevertheless, it was remarkably higher for BO78. Whereas at
HNS conditions (25 µg/100 g DW) BO78 reached 2.5 times more
betacyanins than at HNC conditions (10 µg/100 g DW), similar
levels of betacyanins were observed between LNS and LNC. After
the drought period, in general the highest levels of betacyanins in
HNS plants were observed for B078 (G× N×W× T).

Total xanthophyll pool size was significantly affected by G
(p < 0.01), N (p < 0.02), and W (p < 0.001) (Table 2 and
Supplementary Table S3). In general, LN and drought reduced
the xanthophyll pool size (Supplementary Table S2). Faro tended
to maintain a higher xanthophyll pool with regards to UdeC9
and BO78. The de-epoxidation state of the xanthophyll pool
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FIGURE 4 | Photochemical and non-photochemical fluorescence parameters during grain filling in three genotypes of quinoa exposed to water stress at two
levels of N supplementation. Fv/Fm (A–C) is the maximal efficiency of PSII, φPSII (D–F) is the quantum yield of PSII and NPQ (G–I) is the non-photochemical
quenching. Results were calculated from four independent measurements of different individuals. Bars show mean values ± SE (n = 4). Different letters represent
significant differences between genotypes, N supply, water treatment, and time (p < 0.05) using a four-way ANOVA. Newman–Keuls was used as a post hoc
test.

(DEPS) was significantly affected by interactions G × N × W
(p < 0.001) and G × W × T (p < 0.01). Over time, changes in
DEPS were more pronounced in Faro than in UdeC9 and BO78
(G ×W × T). In addition, the DEPS levels reached in response
to drought were dependent on the genotype and the nitrogen
treatment (G × N × W). Higher DEPS levels were observed at
LNS than at HNS for Faro and for UdeC9; however, BO78 showed
similar DEPS levels at both N conditions. The highest DEPS was
observed for Faro at LNS conditions.

Drought, as a single factor, significantly affected the amount
of carotenoids, with the exception of antheraxanthin (Table 2).
Both, DEPS and zeaxanthin increased in response to drought
(Supplementary Table S2). These changes were concomitant
with reductions in violaxanthin, and in neoxanthin, lutein, and
β-carotene for UdeC9 and BO78. Greater contents of DEPS,
zeaxanthin, and antheraxanthin were observed for Faro in
comparison to UdeC9 and BO78 (Supplementary Table S2).

For better visualization of drought effects on individual
pigments under both N conditions, the relative pigment content
was calculated as the ratio of each pigment under water deficit

to its control condition: HNS:HNC and LNS:LNC (Figure 6).
Carotenoids, zeaxanthin, and antheraxanthin showed the most
evident increase in C. quinoa (at both HNS and LNS relative to
controls). However, lutein, neoxanthin, and β-carotene showed
significant differences among genotypes. Faro exhibited the
largest changes in carotenoid levels and in DEPS under both
HN and LN conditions, whereas the UdeC9 and BO78 genotypes
remained fairly stable. This latter genotype (BO78) showed a
considerable accumulation of betacyanins in response to drought;
this was neither observed for Faro nor for UdeC9. BO78 exhibited
a 2–2.5 times increase of betacyanin levels at LNS and HNS with
respect to controls, LNC and HNC (Figure 6).

In order to investigate the role of N supply on thermal
dissipation ability, the relationship between DEPS changes and
NPQ was evaluated. This relationship was positive and dependent
on the N level only at HN (slope = 3.7; p = 0.02) (Figure 7).
Further, a significant relationship was observed at HN (p = 0.02),
but not at LN conditions (p = 0.057). This response might indicate
that subtle changes in DEPS induced greater NPQ changes at HN
than at LN conditions.
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FIGURE 5 | Relationship between percent decrease in photosynthesis and
increase of non-photochemical quenching (NPQ). Values were calculated as
percent of change of plants at 29 DAF relative to initial control plant values (at
14 DAF). Symbols represent treatments HNC (circles), LNC (crossed circles),
HNS (down triangles), LNS (up triangles), and color represents genotypes
Faro (green), UdeC9 (blue), and BO78 (pink). Mean values ± SE were
calculated from four independent measurements. Linear Pearson’s correlation
coefficient (r) was used to examine the correlations.

DISCUSSION

N metabolism plays a critical role in the maintenance of
photosynthesis as measured by net photosynthetic rates (Pn)
and grain yield in quinoa (Bascuñán-Godoy et al., 2016). To
examine the effect of N supply and terminal drought on quinoa,
three geographically different cultivars were chosen for these
experiments. In this research we examined the effect of N supply
on both the maintenance of photosynthesis and the induction of
pigment readjustment during drought-induced senescence.

N More Than Water Affected the
Relationship of Photosynthesis and Yield
in Quinoa
It has been reported that the availability of N delays leaf
senescence and leads to increased grain yield in many species
(Egli et al., 1976; Maxclaux-Daubresse et al., 2001). Quinoa
exhibited a positive relationship between grain yield and
photosynthesis (Figure 1). N supply strongly affected the
relationship between photosynthesis and yield, as at similar Pn
the HN (both HNC and HNS) plants generated higher yields
than the LN (LNC and LNS) plants. Water stress negatively
effected grain yield significantly (Supplementary Table S1),
but not Pn (Figures 2A–C and Table 1) and there was no
significant interaction between N × W observed with either Pn
or yield (Table 1). Drought had a more subtle effect than N
on their relationship (Figure 1). It was remarkable that yield
in LN supplied plants (LNC or LNS) (p < 0.001) and HNS
(p < 0.05) showed less data dispersion relative to those under
HNC conditions (p > 0.05). This may imply that yield was TA
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FIGURE 6 | Effect of water stress during senescence on carotenoids, chlorophylls, and betalains in three genotypes of quinoa grown at two levels of nitrogen
supplementation. Radar charts showing changes in the relative contents of pigments in three genotypes of Chenopodium quinoa grown at HN (A) and LN (B)
subjected by 15 days to water stress respect to control plants. Relative contents were calculated as the ratio of the relative content for each pigment to their control
sample. Values are means of n = 4. Asterisks indicate significant differences among genotypes (p < 0.05) using a one-way ANOVA.

FIGURE 7 | Relationship between the de-epoxidation state of xanthophyll pool (DEPS) and non-photochemical quenching (NPQ) at HN (A) and LN (B)
supplementation in three genotypes of C. quinoa. The pigments analyses and NPQ determinations were performed in fully expanded leaves (third leaf from the top)
from plants subjected to all treatments and times. Values were calculated as mean values ± SE from four independent plants. Linear Pearson’s correlation coefficient
(r) was used to examine the correlations. Kolmogorov–Smirnov and Lilliefors test was used for normality analysis.

more dependent of the maintenance of Pn at LN and drought
conditions than at HN and well water supplied conditions.
This could be explained because under sufficient N conditions,
processes other than Pn become relevant to grain yield, such
as the remobilization and translocations of nutrients to seeds
(Maxclaux-Daubresse et al., 2001; Masclaux-Daubresse et al.,
2010).

The N Effect on Photosynthetic Traits
Changed Trough the Senescence
Progress
Variation in Pn between genotypes’ treatments and time
(Figures 2A–C) were closely related to changes in stomata
conductivity (gs) (Figures 2D–F). N affected differentially Pn and
gs depending on genotype and day of measurement. At the onset
of treatments [day 0, 14 DAF], LN (in comparison with HN)
conditions had enormously compromised Pn and gs of BO78 and
UdeC9, but not of Faro. Examination of both the plant biomass
(Supplementary Figure S1) and protein content (Figures 3D–F)
showed that BO78 and UdeC9 were compromised greatly at

LN conditions, suggesting a higher sensitivity to insufficient
N in these genotypes compared with Faro. Faro, the most
northern genotype, typically grows under poorer soils with dryer
conditions than the mid-range UdeC9 and southern BO78. Faro
has high N use efficiency capacity (Berti et al., 2000) and greater
drought tolerance with respect to the BO78 genotype (Bascuñán-
Godoy et al., 2016). These characteristics could be behind the
remarkable photosynthetic performance of Faro during terminal
drought under LN conditions.

During the progress of senescence (15 days after water
treatment) stronger reductions were observed in gs and Pn in
plants under HNS than LNS conditions (Figures 2A–C and
Table 1). Interestingly, the iWUE measuring photosynthetic
water usage was affected significantly with N and W treatment
combinations during the progress of senescence. Our results are
consistent with those previously reported for quinoa (Alandia
et al., 2016), which indicate that plants at LNS display poorer
control over water loss than those under HNS conditions.
However, we found that water control responses were also
dependent on genotype, showing Faro and UdeC9 the higher
values of iWUE than the southern genotype (BO78).
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The results were supported by the RWC measurements
(Figures 3A–C). There was a statistically significant impact
of nitrogen and water treatment on genotypes resulting in
different RWC values (Table 1). Further, the maintenance of
RWC through the senescence progress depended on genotype
(Table 1). At both water stress conditions (HNS and LNS),
Faro presented the highest maintenance of RWC suggesting a
larger water economy relative to the UdeC9 and BO78 genotypes
(Figure 3). When examining the root mass accumulated by the
different genotypes, Faro had larger root development at LN
conditions which could increase water and nutrient uptake from
soil contributing to its maintenance of RWC (Supplementary
Figure S1). The increased root mass characteristic of Faro also
could be responsible for the larger protein level in leaves (by
changes in the ability for N uptake) compared with UdeC9
and BO78, under LN conditions (Figures 3D–F). As RuBisCO
and thylakoid proteins are the principal form of N that is
stored in leaves (Marschner, 2012) the changes in these protein
levels may be strongly influencing changes in Pn and gs. The
strong reduction of proteins through the senescence process
observed in UdeC9 and BO78 contrasted with the maintenance
of protein level in Faro. The signals responsible for Faro’s
maintenance of protein content resulting in delay senescence
are unknown, however, increased production of cytokinins with
respect to ABA have been demonstrated in rice (Reguera et al.,
2013).

The expansion of ROS that negatively impact lipids and
proteins in chloroplasts is one of the oldest and most
popular theories concerning development of senescence (Wang
et al., 2013). However, MDA (used as estimation of lipid
peroxidation) was not affected by N treatments (Table 1
and Figures 3G–I). Perhaps quinoa plants developed at LN
conditions (with poor investment in photosystem proteins)
would have reduced light energy capture capacity, thus a lower
probability of producing ROS. Nevertheless during senescence
progress terminal drought affected significant MDA content
in quinoa leaves (Figures 3G–I). Coincidentally, water and
time interaction (Table 1) significantly impacted gs, which
would result in reduced gas exchange and CO2 fixation from
the Calvin cycle. Decreased carbon fixation would reduce
the oxidation of NADP+ necessary to recycle it back to
acquire electrons from the photosynthetic electron transport
chain, thus increasing the transport of electrons to oxygen-
producing ROS. More efforts are necessary to understand the
development of ROS and antioxidant mechanisms that regulate
ROS production in quinoa under different conditions of water
and N supply.

N but Not Drought Regulated the
Photochemical Processes, While the
Interaction of N and Drought
Exacerbated Thermal Dissipation During
Senescence
For a deeper understanding of energy use/dissipation in quinoa,
fluorescence parameters were evaluated. N supply affected all
fluorescence parameters measured and different interactions

among factors were observed according to the parameter studied
(Table 1). The Fv/Fm ratio, which reflects the maximum
quantum efficiency of photosystem II, has been demonstrated
to be stable in quinoa, despite water stress (Morales et al.,
2017). Amongst the treatments and time points in the three
quinoa cultivars used in this study, the Fv/Fm ratio was
maintained higher than 0.7, which is considered an optimal value
(Figures 4A–C).

We observed that N stimulates a higher quantum yield
of PSII (φPSII, which reflects the real quantum efficiency of
PSII) and decreases the thermal dissipation (measured as NPQ).
In contrast, as senescence progressed, the drought treatment
was differentially affected with respect to φPSII and NPQ
(Figure 4 and Table 1). During senescence progress, φPSII
was reduced to similar values independent of water treatment;
however, NPQ was dependent on W and N interaction and
G × W × T. The drought treatment increased NPQ in
Faro under both HNS and LNS treatments, whereas UdeC9
was only induced under HN treatment and BO78 showed no
significant difference within W or N treatment (Figure 4). This
suggests that NPQ induction was not regulated equally by the
same factors (water nitrogen and senescence progress) among
genotypes.

We found that the enhancement of NPQ was negatively and
closely related with Pn reductions during senescence (Figure 5),
suggesting a photoprotective role in dissipating the excess of
excitation energy absorbed by PSII as heat. However, this
effect was only found in Faro and UdeC9, but not in BO78.
The lack of NPQ response in BO78 may imply that excess
energy by NPQ is not the principal pathway to reduce ROS
formation. Unlike Faro and UdeC9, which significantly reduced
the chlorophyll content through the senescence progress, BO78
(the southern genotype) maintained their low Chl levels but
accumulated betacyanin. The larger store of betacyanins in
BO78 with respect to Faro and UdeC9 was almost dependent
on N, W, and T interactions and was highest under HNS
conditions (Figure 6, Supplementary Table S2, and Table 2).
Betacyanins are water-soluble nitrogen-containing pigments with
chemotaxonomical value (Brockington et al., 2011). Despite
having comparable functions with anthocyanin, these pigments
have never been found with anthocyanins in the same
species (Brockington et al., 2011). These chromophores are
antioxidant, and function by masking photosynthetic pigments
and quenching free radicals (Gandia-Herrero and Garcia-
Carmona, 2013). Water deficiency leads to accumulation of
betacyanins in beet and Amaranthus hypochondriacus with
concomitant enhancement of the antioxidant level (Casique-
Arroyo et al., 2014). However, the accumulation of betacyanins
in BO78 cannot be attributed to an increased antioxidant
role in this quinoa genotype as there is increased lipid
peroxidation (Figure 3I) and decrease of Fv/Fm and PSII activity
(Figure 4F).

Nonetheless, betacyanins could also play an intermediary
role in the conversion of cellular nitrogen compounds (Gins
et al., 2002). Therefore, we suggest that accumulation of
betacyanins in BO78 could be a mechanism to store N under
conditions of protein degradation, such as water stress, to
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avoiding the production of toxic N-related compounds. Further
analyses are necessary to determine the role of these molecules
under drought and senescence conditions in red genotypes of
quinoa.

N and Terminal Drought Interaction
Determine the Pigment Level Related to
Thermal Dissipation in Quinoa
NPQ mechanisms are known to be dependent on the xanthophyll
cycle (Demmig-Adams, 1990; Demmig-Adams and Adams,
1992). Both NPQ and many analyzed pigments (including
chlorophylls, carotenoids, and betacyanins) were dependent on
N × W interactions (Table 2). The progression of senescence
influenced the level of the de-epoxidation state of xanthophylls
(DEPS) through increased zeaxanthin and antheraxanthin, while
the total size of the xanthophyll pool remained unchanged
(Supplementary Table S2). These results were consistent with
those reported for other woody species (García-Plazaola et al.,
2003). In Faro, the carotenoid pigments were converted from
zeaxanthin to violaxanthin. However, in UdeC9 and BO78, other
pigments may be involved in the zeaxanthin increase such as
lutein and β-carotene that were reduced on these genotypes
(Figure 6).

The role of zeaxanthin in drought tolerance in plants has
been described (Demmig-Adams et al., 1988; Zhao et al., 2014).
Transgenic tobacco lines with zeaxanthin enhancement increased
the drought tolerance of the plants (Zhao et al., 2014). In addition,
lutein has been reported to be critical for efficient chlorophyll
triplet quenching (Dall’Osto et al., 2006). We suggest that the
higher capacity of xanthophyll interconversion to zeaxanthin in
Faro, as well as lutein maintenance, was related to its heightened
photoprotection through NPQ even under LNS conditions in
contrast to UdeC9 and BO78.

When examining the DEPS versus NPQ relationship, it
was only significant for plants developed at HN but not at
LN (evaluated at p < 0.05) (Figure 7). The less pronounced
increase of NPQ as DEPS increased suggests restricted plasticity
of NPQ despite great changes in DEPS under LN conditions
(Figure 7). We suggest that at LN supply the stoichiometry
of PSII protein/pigment components could shift to maintain
NPQ at the maximum level, but reduce the plant’s ability to
further respond to environmental or/and intrinsic changes. It
is well known that NPQ comprises at least two components.
The fast relaxing component NPQf, related with zeaxanthin
synthesis in the xanthophyll cycle and protonation PsbS
protein (from the PSII harvesting complex), and the slowly
reversible component NPQs, related with dark retention of
zeaxanthin and photoinhibitory damage (Maxwell and Johnson,
2000; Bascuñán-Godoy et al., 2012). Our results suggest that
under LN conditions the NPQs fraction would explain a
higher proportion of NPQ, resulting in a reduced capacity
for enhancement of dynamic heat dissipation (NPQf). Another
interpretation could be related to a reduced proportion of N
allocation to proteins involved in energy dissipation, such as
PsbS, which is essential for inducing rapid formation of light-
inducible thermal dissipation (Müller et al., 2001). Further

work regarding the adjustment of the light harvesting reaction
center complex and photosynthetic proteins will be necessary
to understand the molecular basis of the complexities for
thermal dissipation versus photoassimilation under LN stress
conditions.

In summary, our physiological results suggest that N
supply regulates the photosynthetic attributes and photochemical
processes. The magnitude of thermal dissipation induction
during senescence was dependent on both N and water
availability. This was supported by the great interaction of N×W
on xanthophyll pigments. The effect of N in the attributes related
to photosynthesis and photoprotecction during senescence were
often dependent on genotypes. Specifically, we suggest: (i)
Faro which presented with differential root growth under LN
conditions showed attributes that allow a greater tolerance to
N and water deficit in comparison with UdeC9 and BO78
genotypes, (ii) the photoprotective induction of NPQ during
senescence and drought-induced senescence is used by green
genotypes, but not BO78, which accumulated betacyanins, and
(iii) LN supply compromised the plasticity of the photoprotective
attributes restricting further changes during drought-induced
senescence.

CONCLUSION

We conclude that N supply regulates photoprotection of
the photosynthetic apparatus during senescence and drought-
induced senescence progress. The photosynthetic capacity during
senescence was independent of the terminal drought effect.
NPQ related with the photoprotection of the photosynthetic
apparatus through heat dissipation was induced during drought-
induced senescence compared with control plants. The capacity
of thermal dissipation during drought-induced senescence was
regulated by N and water supply.

Our findings are important as exploration of different quinoa
germplasm and identification of valuable traits could be used
for screening and selecting nitrogen and water-stress tolerant
genotypes. Better understanding of quinoa genotypes would
enable crop expansion into poorer soils with limited irrigation.
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FIGURE S1 | Plant phenotype and biomass of three genotypes of Chenopodium
quinoa growing under different N regimens. (A) Four-month-old Faro (left), UdeC9
(middle), and BO78 (right) were grown at High Nitrogen (HN) and Low Nitrogen
(LN) supplies. (B) Aerial: root biomass. Top part of the bars indicating aerial dry
weight: black and grey correspond to HN and LN, respectively. Bottom part of the
bars indicating roots biomass: white with stripes or white, correspond to HN or
LN, respectively. Bars show mean values ± SE (n = 4). Photographs and samples
were taken 2 weeks after flowering (14 DAF). Different letters represent significant

differences at p < 0.05 using two-way ANOVA using genotypes (Faro, UdeC9,
BO78) and N regimen (HN and LN) as independent factors.

TABLE S1 | Statistical effect of Genotype, Nitrogen supply, water treatment and
their interactions on yield (using three-way ANOVA analysis) and the effect of
genotype, nitrogen supply, water treatment and time and their interactions on
physiological attributes (Net photosynthetic rate (Pn), stomatal conductance (gs),
intrinsic water-use efficiency (iWUE), relative water content of leaves, proteins, lipid
peroxidation (estimated by MDA), the maximal efficiency of PSII (Fv/Fm), quantum
yield of PSII (8PSII) and the non-photochemical quenching (NPQ) using four-way
ANOVA analysis.

TABLE S2 | Effect of water stress on chlorophylls, xanthophylls, de-epoxidation
state of xanthophyll cycle (DEPS), carotenoids, and betacyanins in three
genotypes of Chenopodium quinoa grown at two levels of nitrogen
supplementation. Fully expanded third leaves (from the top part of the plant) were
used for measurements. Samples were taken at mid-morning at both 0 and
15 days of drought (14 and 29 DAF, respectively). Different letters represent
significant differences between genotypes, treatments, and day of drought
treatment P < 0.05 using four-way ANOVA. Newman–Keuls analysis (level of
significance P < 0.05) was used as a post hoc test. Values are expressed in µm
g−1 DW. Values are mean ± SE (n = 4).

TABLE S3 | Effect of Genotype, Nitrogen supply, water treatment, time and their
interactions effects on pigments using four- way ANOVA analysis.
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