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Quinoa stands out as an excellent crop in the Cerrado region for cultivation in the off-season or irrigated winter season.
Quinoa (Chenopodium quinoa Willd.) is a pseudocereal rich in natural antioxidants, flavonoids, and anthocyanins, and
these compounds may protect plants against biotic and abiotic stress. Water stress increases leaf temperature, and
reduces crop height, stomatal conductance, plant biomass, and yield. Here, we tested the effects of different water
regimes on the agronomic characteristics, physiology, and grain quality of different elite quinoa genotypes under field
conditions.
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| 1. Introduction

Crop development and yield are affected by different environmental factors, and water restriction is the most important
constraint on agricultural yield 2, This is a particular problem in the Brazilian Cerrado, which has a tropical climate with
an average of 1500 mm of rain, but where approximately 90% of precipitation occurs during the rainy season (from
October to April). The rainy season is followed by a dry season (from May to September), during which the relative
humidity is low, the evaporation very high, and precipitation is rare. There are three harvest periods in the Brazilian
Cerrado: (1) The main crop season, which occurs during the wet season from October to January; (2) The off-season
crop, which is grown at the end of wet season without irrigation, is planted between the months of January to March Bl
and is harvested in May during the dry season; and (3) the winter season crop, which is cultivated under irrigated
conditions, with the crop being both planted (April to May) and harvested (August to September) during the dry season.
Both the off-season and winter season require careful selection of genotypes for grain production; drought-tolerant
genotypes (DT) should be selected for the off-season crop, and high productivity per unit of applied water (PUAA)
genotypes are needed for winter crops as they are grown under irrigation. Obtaining genotypes that are better adapted to
stressful edaphoclimatic conditions in order to resist periods with water deficiency whilst maintaining the highest possible
productivity for each condition is therefore of great importance in plant breeding programs (=,

Quinoa (Chenopodium quinoa Willd.) is a pseudocereal rich in natural antioxidants, flavonoids, and anthocyanins €7,
and these compounds may protect plants against biotic and abiotic stress [&l. Water stress increases leaf temperature,
and reduces crop height, stomatal conductance, plant biomass, and yield 219,

Quinoa has been cultivated for millennia under conditions of low rainfall, as it has physiological and morphological
strategies to overcome water deficit 111, Moreover, this crop has been cultivated in different agroclimatic zones as it is well
adapted to a variety of different environments due to its high genetic diversity 4. Quinoa has mainly been cultivated in
Argentina, Bolivia, Chile, Colombia, Ecuador, and Peru, though high productivity has also been observed when planted in
Kenya as well as the Himalayas and northern plains of India 12,

In Brazil, research carried out in Embrapa Cerrados led to the selection of the genotype BRS Piabiru B!, which is the first
cultivar in use for quinoa grain cultivation that is adapted to Cerrado conditions. Although planting quinoa during the main
crop is not recommended due to the high water availability during the harvesting period (which can potentially result in
panicle seed germination Bl&)), quinoa is recommended for growth during the off-season or irrigated winter season due to
its high water use efficiency, drought tolerance, and adaptation to different environmental conditions.

| 2. Discussions on Quinoa for the Brazilian Cerrado

2.1. Productivity and Productivity Per Unit of Applied Water (PUAA)

Irrigation water use efficiency refers to the yield obtained per unit of applied water 13! and is a fundamental physiological
parameter that indicates the ability of crops to conserve water in a region under water stress due to drought resistance



and high potential productivity 24, In our study, the low WR of 150 mm resulted in lower PUAA because under severe
water restriction the quinoa genotypes cannot express their productive potential, whilst at high WRs (above 480 mm)
plants also had a lower PUAA due to an inability to absorb all supplied water and potentially an intolerance to excess
water (Table 2). Under the high WR, genotypes showed high productivity; however, the grain dry matter per unit of applied
water was low, indicating that there was no consistent relationship between crop yield and PUAA for this WR (Table
1 and Table 2). Thus, the 389 mm and 247 mm WRs showed the highest PUAA, but the highest productivity was
observed under the WR 480 mm and 389 mm. Thus, WR 389 mm can be indicated for cultivating quinoa under an
irrigated system in the Cerrado, as there is a trade-off in the relationship between productivity and water saving.

Table 1. Productivity (t ha™1) of 18 quinoa genotypes and BRS Piabiru under 4 water regimes.

Water Regime (mm)

Genotypes
480 389 247 150
CPAC1 7.82 aA 8.34 bA 4.06 bB 1.56 bC
CPAC2 8.32 aA 7.89 bA 3.94 cB 1.83 bC
CPAC3 8.02 aA 7.81 bB 6.25 aC 1.94 bD
CPAC4 8.40 aA 8.23 bA 5.21 aB 1.95 bC
CPACS5 8.17 aA 7.90 bA 5.22 aB 1.94 bC
CPAC6 8.50 aA 8.84 aA 5.68 aB 2.46 aC
CPACS8 8.64 aA 7.07 cB 4.50 aC 1.58 bD
CPAC9 8.21 aA 7.01cB 5.75 aC 2.11 bD
CPAC10 8.56 aA 8.36 bA 5.12 aB 2.61aC
CPAC11 5.66 bB 6.80 cA 5.40 aB 2.38 aC
CPAC12 8.57 aA 7.83 bA 5.82 aB 2.58 aC
CPAC13 8.85aA 9.73 aA 4.17 bB 2.60 aC
CPAC14 9.21 aA 6.51 cB 3.88 bB 1.61 bB
BRS Piabiru 7.58 aA 8.14 bA 5.40 aB 1.84 bC
CPAC16 8.51 aA 7.46 cA 4.74 aB 2.33aC
CPAC17 8.92 aA 8.44 bA 4.80 aB 3.64 aC
CPAC18 8.96 Aa 9.16 aA 4.75 aB 2.21 bC
CPAC19 7.71 aA 6.42 cB 2.53cC 1.79 bC
CPAC20 7.97 aA 7.08 cA 3.93 bB 2.09 bC

Means followed by the same lowercase letter (column) or uppercase letter (line), do not differ according to the Scott—Knott
test at a 5% probability.
Table 2. Productivity per unit of applied water (kg ha™*mm™) of 18 quinoa genotypes and BRS Piabiru under 4 water

regimes.
Water Regime (mm)
Genotypes

480 389 247 150
CPAC1 17.18 aB 22.2 aA 16.43 cB 10.41 cC
CPAC2 15.89 aB 21.0 aA 13.02 dB 13.0cB
CPAC3 18.59 aB 20.8 aB 25.29 aA 13.5cD
CPAC4 16.89 aB 21.15 aA 21.1 bA 13.03 cC
CPACS5 16.9 aB 21.0 aA 23.9 bA 12.1cC

CPAC6 17.7 aB 22.72 aA 23.0aA 16.4 bB



Water Regime (mm)

Genotypes
480 389 247 150
CPACS8 18.01 aA 18.18 bA 18.23 cA 10.52 bB
CPAC9 17.73 aB 18.01 bB 23.3aA 14.10 cC
CPAC10 17.83 aB 21.49 aA 20.6 bA 15.38 cB
CPAC11 11.1 bC 18.0 bB 21.89 bA 15.85 bA
CPAC12 18.0 aB 20.1 aB 23.56 aA 17.24 bD
CPAC13 19.83 aB 25.9 aA 19.1 bB 17.6 bB
CPAC14 12.69 aB0 16.3 bA 15.71 cA 10.1 cC
BRS Piabiru 15.79 aB 20.92 aA 21.88 bA 14.37 cB
CPAC16 17.74 aA 19.8 bA 19.18 bA 15.57 bA
CPAC17 18.58 aB 21.70 aA 19.44 bB 24.25 aA
CPAC18 18.66 aB 23.56 aA 16.89 cB 14.71 cC
CPAC19 16.08 aA 16.50 bA 11.6 dB 10.25 cB
CPAC20 17.82 aA 18.82 bA 15.94 cA 11.89 cB

Means followed by the same lowercase letter (column) or uppercase letter (line) do not differ according to the Scott—Knott
test at a 5% probability.

Quinoa plants can control the relationship between photosynthetic rate and transpiration, even with low leaf water
potentials 22, and by limiting transpiration and inducing stomatal closure, they can increase PUAA and influence
productivity under water stress 18, In our study, with a 49% reduction in water applied throughout the crop cycle there
was a 42% average yield loss over all genotypes (Table 1), indicating both drought tolerance and efficient water use, as
this grain yield was obtained using half the water normally needed to meet the demands of the crop. Quinoa seeds can be
obtained when little water is available in the vegetative stage, producing an average of 1.2 to 2.0 t ha ! with half the
required irrigation 148l On the other hand, when a low irrigation strategy was used during all phenological stages this
resulted in a 75% reduction in seed yield of the quinoa cultivar ‘Belen 2000’ 171181,

Our work obtained higher yield values than others reported in the literature, and under all WRs the genotypes with high
productivity were CPAC13, CPAC6, CPAC3, CPAC12, and CPAC17 and the genotypes with lower yield potential were
CPAC19, CPAC11, and CPAC14 129 ynder higher WR (480 mm) the genotypes did not differ, with the exception of
CPACL11, which presented the lowest productivity and low PUAA; however, CPAC11 was also the only dwarf material
used in this study (see below) (Figure 2, Table 1 and Table 2). For the 150 mm WR the CPAC17 genotype was superior
to the other genotypes, and whilst productivity was altered there were no changes in efficiency between WR 150 and WR
389 mm (Table 1), meaning that it is a suitable genotype for use in situations with limited water availability such as the off-

season.

Under high and intermediate water regimes, the highest PUAA was observed for CPAC3, CPAC6, and CPAC12 between
WR 480 and WR 247 mm (Table 2) and considering that they were amongst the genotypes with highest productivity,
these genotypes are suggested for the winter season. Specifically, CPAC6 exhibited reduced productivity only under the
247 mm WR (Table 1) and presented the highest PUAA of 26.7 kg ha™t mm™™. This value is 32% higher than the PUAA of
WR 480 mm (Table 2). CPAC13 presented higher productive potential and productivity than BRS Piabiru under a
moderate water regime (389 mm), with 9.73 t ha™* for CPAC13 and 8.14 t ha™! for BRS Piabiru, respectively.

2.2. The Effects of Water Regime and Genotype on Grain Quality Indicators

In addition to productivity indicators of grain quality such as the concentrations of flavonoids and anthocyanins and 1000-
grain weight should also be taken into account when selecting genotypes (Table 3 and Table 4, Figure S1). Our results
show that the accumulation of flavonoids and anthocyanins in quinoa plants was more influenced by genotype than by the
WRs. In particular, CPAC9 accumulated these compounds under both higher and lower water regimes and accumulated
nearly double the concentration of the other genotypes under all WRs. In addition, CPAC9 is among the genotypes with
greater productivity and PUAA under high and intermediate WRs (Table 1 and Table 2). The authors of [21], when studying
the levels of flavonoids, phenolic acids, and betaines in the Andean grains of quinoa, kaniwa, and kiwicha, found flavonoid



contents ranging from 36.2 to 144.3 mg/100 g, which are similar than those found here. In other crops such as peanuts,
depending on the genotype and drought period, concentrations of phenolic compounds in seeds may be between 60 and
220 mg/100 g 22, Further studies focusing on the biosynthesis of phenolic compounds and oxidation processes under
water stress will provide more information on the genotypic variation of phenolic content in grains 23], Grain weight is also
affected by water restriction. With a water supply of 150 mm, there was a 14% decrease in TGW for the four genotypes
analysed, similar to a previous study where TGW in irrigated plants was significantly higher (5.5 g) than in rainfed plants
(4.2 g) 118 |ndeed, when water stress is applied during the grain filling period, it generally reduces the grain yield, the
number of grains per plant, and the individual weight of the grains (241,

Table 3. Total flavonoid concentrations (mg/100 g) in grains of 18 quinoa genotypes and BRS Piabiru under 4 water

regimes.
Water Regime (mm)
Genotypes
480 389 247 150
CPAC1 81.59 cB 101.62 dA 66.21 dC 88.34dA
CPAC2 95.97 bA 97.23 dA 85.71 dA 92.21 dA
CPAC3 98.83 bA 51.54 eB 97.12 cA 113.25 cA
CPAC4 80.02 cB 98.31dA 91.64 cA 96.23 dA
CPACS5 84.07 cB 103.0 dA 74.58 dB 86.80 dB
CPAC6 83.65 cC 115.23 cA 82.81dC 100.05 dB
CPACS8 96.95 bB 110.72 dA 114.25 bA 93.58 dB
CPAC9 215.22 aB 171.32 aC 205.11 aB 226.02 aA
CPAC10 85.48 cC 110.0 dB 96.32 cC 210.81 bA
CPAC11 89.00 cB 118.59 cA 100.97 cB 113.25 cA
CPAC12 96.17 bB 120.98 cA 84.82 dB 112.51 cA
CPAC13 99.47 bA 111.33 dA 84.73 dB 102.33 dA
CPAC14 115.19 bA 119.74 cA 84.94 dB 104.71 cA
BRS Piabiru 104.15 bA 105.89 dA 101.98 cA 104.56 cA
CPAC16 105.09 bB 124.80 cA 99.48 cB 110.93 cB
CPAC17 115.73 bC 145.76 bA 97.05 cC 118.86 cB
CPAC18 88.27 cB 62.76 eC 94.25 cB 113.57 cA
CPAC19 109.63 bB 119.74 cA 102.59 cB 100.01 dB
CPAC20 119.93 bB 139.03 bA 114.40 bB 115.41 cB

Means followed by the same lowercase letter (column) or uppercase letter (line) do not differ according to the Scott—Knott
test at a 5% probability.
Table 4. Total anthocyanin concentrations (mg/100 g) in grains of 18 quinoa genotypes and BRS Piabiru under 4 water

regimes.
Water Regime (mm)
Genotypes

480 389 247 150
CPAC1 0.80 cA 0.76 dA 0.76 cA 0.80 dA
CPAC2 0.63 dA 0.68 dA 0.62 dA 0.40 cB
CPAC3 0.63dD 1.0 bB 0.83 cC 1.16 cA
CPAC4 0.59 dB 0.65 eB 0.59 dB 0.76 dA
CPAC5 0.74 cA 0.59 eB 0.54 dB 0.70 dA

CPAC6 0.60 dB 0.73 dA 0.65 dB 0.84 dA



Water Regime (mm)

Genotypes
480 389 247 150
CPACS8 0.58 dB 1.07 bA 0.55 dB 0.57 eB
CPAC9 1.72 aC 1.89 aB 1.44 aD 2.05 aA
CPAC10 1.16 bA 0.73dB 0.76 cB 0.91 dB
CPAC11 0.61 dA 0.48 fA 0.54 dA 0.61 eA
CPAC12 0.55 dB 0.68 dA 0.50 dB 0.65 eB
CPAC13 0.66 dB 0.63 eB 0.50 dC 0.73 dA
CPAC14 0.83 cB 0.82 cB 0.68 cC 0.94 cA
BRS Piabiru 0.89 cB 1.08 bA 0.61 dD 0.74dC
CPAC16 0.72 cA 0.65 eA 0.81cA 0.80 dA
CPAC17 1.03 bB 0.86 cC 0.79 cC 1.18 bA
CPAC18 0.68 dA 0.61eA 0.72 cA 0.60 eA
CPAC19 0.64 dA 0.63 eA 0.71cA 0.66 eA
CPAC20 1.13 bA 0.99 bA 1.06 bA 1.05cA

Means followed by the same lowercase letter (column) or uppercase letter (line) do not differ according to the Scott—Knott
test at 5% probability.

2.3. Low Water Availability Leads to Reduced Plant Height

The heights of the quinoa genotypes in this study ranged from 0.99 to 1.53 m, which are superior to those in literature (23],
Our results support previous studies demonstrating that a reduction in irrigation resulted in a significant decrease in plant
height by 0.55 and 0.80 m for Bolivian quinoa 28, Here, we detected a decrease in cultivated quinoa plant height under
70% irrigation deficit in relation to control plants, similar to that observed by [24. The reduction of plant size and leaf area
under stress conditions is directly related to a decline in dry mass when compared to plants maintained under adequate
soil water potential conditions [28. The low water potential of the soil limits water absorption capacity, and this quickly
suppresses the rate of cell expansion and division of growing tissues 23, Moreover, under severe water deficit stomata
close and the consequent reduction of photosynthesis results in a decrease in dry mass production 28, Plant height can
also be used as a criterion to determine the susceptibility of quinoa genotypes to drought, as the longer the cycle, the
larger the plant. Short-to-medium cycle cultivars are desirable, and would provide the possibility of more crops per year in
irrigated systems [ and enable off-season and winter planting. A shorter crop cycle also represents a method of escape
from water stress under Cerrado conditions, besides contributing to the definition of the sowing season, such that the
grain maturation occurs when the humidity is reduced, thus avoiding seed deterioration . Amongst the studied
genotypes, CPAC11 was significantly shorter. Whilst this is ideal for avoiding lodging, this genotype also showed the
lowest productivity in most WRs under the planting density we employed. This may be related to reduced cell expansion,
which results in a reduction in leaf area and, consequently, less photoassimilates for translocation to the grain B9, In
addition, water deficit affects carbohydrate utilization, altering the efficiency with which photoassimilates are used in the
growth and development of new plant organs Y. This genotype (CPAC11), however, may not have expressed its
productive potential considering that it is the only dwarf material used in this study (Figure 2) and may need a higher
planting density per square meter.

=
]=

I=
i
=
s
J=
O

Height (m)
= = =
- ° -
i i
o
Height (m)
= L =
, -
I
T
]

150 M7 359 480 ARS R b B B S e
LML Sl S Sl Sl S S Sl el
Water regime (mm) ol e R L b b L
Lrenotypes

Figure 2. Height of different quinoa genotypes under 4 water regimes. (A) Effect of 4 water regimes in plant height in 20
qguinoa genotypes. (B) Means followed by the same lowercase letter do not differ according to the Scott—Knott test at 5%



probability.
2.4. Physiological Parameters

Abiotic stresses generally result in reduced rates of photosynthesis and transpiration that can ultimately contribute to
reduced growth and productivity B9, making assessment of physiological parameters in the field an important tool in
screening for stress tolerance. For this reason, we analysed a number of physiological parameters in a subset of the
quinoa genotypes. Remote sensing of leaf temperature by thermal imaging can be a reliable way to detect changes in the
physiological state of plants in response to different biotic and abiotic stresses B4, Indeed, canopy temperature has been
used successfully in breeding programs for drought-prone environments 2283 as genotypes that maintain transpiration
will tend to have lower canopy temperature than other genotypes under the same environmental conditions in the field 24,
Here, reduced water availability led to increased canopy temperature, reflecting the stomatal closure and reduced
transpiration that we detected using gas exchange analysis. However, we were not able to detect differences between the
genotypes using this parameter (Figure S2), despite the fact that differences in transpiration were detected between
genotypes at each WR (Table 5). It may be the case that larger differences in transpiration between genotypes are
required to result in alterations in leaf temperature that can be measured using this technique.

Table 5. Stomatal conductance (gs—mol m=2 s™1), transpiration rate (E-mmol m=2 s™* Internal carbon (Cj-pmol m=2 s71),
and photosynthetic rate (A-ymol m™2 s™1) of 4 quinoa genotypes (CPAC4, CPAC9, CPAC11, and Piabiru), under 4 water
regimes (150, 247, 389, 480 mm).

Water Regime (mm)

Genotypes
150 247 389 480
CPAC4 0.034 cD 0.235 bC 0.470 bB 0.583 bA
CPAC11 0.040 cC 0.232 bB 0.358 cA 0.342 cA
» BRS Piabiru 0.058 aD 0.218 bC 0.516 abB 0.629 aA
CPAC19 0.050 bC 0.329 aB 0.552 aA 0.594 abA
CPAC4 1.45 bcD 6.15 aC 8.96 aB 9.88 aA
CPAC11 1.20 cD 4.87 bC 6.43 cA 5.67 cB
y BRS Piabiru 3.11ab 4,76 bC 8.20 aB 9.46 aA
CPAC19 1.71 bD 5.83 aC 7.27 bB 8.38 bA
CPAC 4 144.0 aC 195.3 aB 239.9 bA 241.2 bA
CPAC11 112.6 bC 198.6 aB 253.6 aA 259.2 aA
“ BRS Piabiru 129.0 abD 191.3 aC 257.0 aB 270.3 aA
CPAC19 82.5cC 198.4 aB 255.9 aA 256.9 abA
CPAC4 4.9 cD 19.0 cC 22.0 bB 28.1 bA
CPAC11 5.9 bC 20.5 bcB 22.9 bA 20.0 cB
A BRS Piabiru 9.0 aD 22.4bC 32.9aB 35.4aA
CPAC19 8.9aC 27.0 aB 329aA 34.3aA

Means followed by the same lowercase letter (column) or uppercase letter (line) do not differ according to the Tukey test
at a 5% probability.

Stomatal closure is a common response to water restriction where water deficit affects guard cell turgidity and stomatal
aperture, resulting in decreases in the rates of transpiration and assimilation of CO, and increased leaf temperature 321261
7 Gas exchange parameters such as net photosynthesis, transpiration and stomatal conductance are therefore
sensitive indicators of water deficit in plants that are useful in the evaluation of genotypes adapted for growing in
environments with limited water availability. Our data are consistent with previous studies, since the photosynthetic rate
presented a behaviour similar to that observed for stomatal conductance and transpiration, reflecting the opening and
closing of stomata under different water conditions 8, and quinoa is known to suffer both stomatal and mesophyll
limitations under drought stress 32 These results also suggest that the reduction in photosynthetic rates in the most
stressed water regimes are related to partial stomatal closure and a consequent reduction in CO, assimilation (Table 5).



Water stress is considered to be severe when stomatal conductance values are below 0.1 mol.m™2 s™1 B8] and therefore
in this study all genotypes were under severe stress in the 150 mm WR (Table 5). Similar values for stomatal
conductance and effects of water restriction in quinoa have been reported elsewhere; for example stomatal conductance
decreased from 0.213 mol.m™2 s~ under irrigation to 0.091 mol.m™2 s™1 under water deficit in one study 4% whilst an
investigation of 10 genotypes in the field without irrigation that received around 160 mm of water reported values between
1.0 and 0.18 mol.m™ s and a clear relationship between maintenance of stomatal conductance and higher
photosynthetic rate 21,

Analysis of gas exchange also revealed differences in the responses of the genotypes to alterations in water availability
and relationships with productivity. CPAC4 and CPAC11 appear most sensitive to water restriction as they presented the
lowest net photosynthesis under the 150 mm and 247 mm regimes. Interestingly though, whilst CPAC19 showed greater
photosynthesis under all water regimes, this was not reflected in greater productivity, indicating that other factors, such as
plant morphology and the capacity to use photoassimilates for grain filling also has an important impact. This is also seen
in the relationship between water regime, photosynthesis and productivity for individual genotypes; for example, the
increased photosynthesis shown by CPAC4 between WR389 and WRA480 did not translate into greater productivity,
reinforcing the importance of parameters such as PUAA for selecting genotypes under irrigated conditions (Table 1, Table
2 and Table 5).

Gas exchange measurements may not always be able to detect the deleterious effects of water restriction on chloroplast
function parameters such as the effective quantum yield of photosystem Il potentially useful tools 2. Here we detected
decreased F'v/F'm with low water availability (WR 150 mm, Figure S3); this decrease in plants stressed by drought, in
comparison with well-hydrated plants, is mainly due to the lack of CO, inside the leaf and it is under this WR that we
detected large decreases in Ci for all genotypes (Table 5). However, this parameter responded little to the median level of
stress (389 mm), despite the fact that this WR provoked changes in several gas exchange parameters (Table 5), and
furthermore we did not detect any differences between the genotypes (Eigure S3). Indeed, measurements of chlorophyll a

fluorescence tend to have low sensitivity to mild stresses, for example, 18 days of suspension of irrigation were required
to reduce Fv/Fm in two greenhouse-grown quinoa genotypes 2. In contrast to F'v/F'm, chlorophyll indices proved to be
unaffected by WR but showed differences between genotypes (Table S1), and lack of an effect of drought and flooding on
chlorophyll in quinoa has previously been reported 41, Despite the lack of an effect of stress on chlorophyll, these indices
may prove useful for selection of genotypes due to the fact that chlorophyll abundance is typically positively related to
photosynthetic potential and productivity 2. In this sense of the four genotypes analysed CPAC19 stood out due to
greater total chlorophyll and a lower chlorophyll a:b ratio that may indicate greater light absorption capacity by
photosystem || 241,

A lack of water in the soil increases the risk of the rate of transpiration exceeding the rate of water absorption and
transport, resulting in a situation of water deficit. Partial stomatal closure can reduced transpiration, but under water
stress, plants often also accumulate compatible solutes or osmoprotectors including proline, glycine, betaine, and sugars
451 The accumulation of compatible solutes reduces cellular osmotic potential, thereby permitting water absorption and
maintaining turgor pressure and physiological processes €. The accumulation of proline may therefore be an important
characteristic for the selection of drought-tolerant plants 42 and indeed seed or leaf treatment of quinoa plants with free
proline can increase growth under water stress 48 whilst a number of studies have connected compatible proline
accumulation with drought and salt tolerance in this species [28. However, whilst we detected increased proline
concentrations in quinoa in response to water stress, this only occurred under the most severe water regimes, meaning
that it could not be used to discriminate between the genotypes under water regimes that reflect Cerrado conditions (Table
S2). Despite morphological alterations, stomatal control and osmotic adjustment water restriction may eventually affect
leaf water status. Leaf relative water content (RWC) can therefore be used to indicate the balance between water supply
and transpiration 2, and in the case of F'v/F'm, we did not detect differences between the genotypes for this parameter
(Eigure _S4). However, RWC did serve to indicate the degree of stress to which the plants were subject, as the RWC

values detected below 389 mm correspond to those associated with the beginning of wilting (Figure S4, B9 and are

similar to those observed in greenhouse grown plants during suspension of irrigation 421,

| 3. Conclusions

Through experiments performed under different water regimes here we have shown that quinoa has excellent potential for
planting as an off-season and winter crop in the Cerrado region. Several genotypes presented advantages in relation to
the currently used BRS Piabiru genotype; the choice of genotype will depend on farming practices, nutritional content, and
weather conditions. CPAC13 and CPACS6 are particularly suited to growth as a winter crop under irrigated conditions, and
CPACL17 under off-season rain-fed conditions, whilst CPAC9 appears advantageous in terms of phenolic compounds in



the grains. The accumulation of flavonoids and anthocyanins in quinoa genotypes was more influenced by quinoa
genotype than by the WRs. Analysis of physiological parameters provided information regarding the mechanisms involved
in stress tolerance in different quinoa genotypes, which is essential if we are to develop strategies to maintain or increase
plant productivity in environments with water limitation. The results of this work show that the water regimes for quinoa
can be reduced without a significant reduction in grain yield. This increase in dry matter accumulation efficiency per unit of
water applied in quinoa means it is a crop that can be cultivated under Cerrado conditions, for both the off-season and
winter season, under relatively low levels of irrigation whilst obtaining high yields. This fact, coupled with proper water
management this can result in higher yield per area, which is desirable for areas under irrigated cultivation where irrigation
is a costly practice.
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