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Abstract

:

Drought represents significant environmental stress, and improving agriculture water management and yield is a priority goal. The effect of diminishing soil water content in the grain filling (GF) stage, throughout physiological maturity (GM), on the yield and grain quality, leaf water potential (LWP), and maximum quantum yield (Fv/Fm) in four long photoperiod quinoa genotypes was evaluated in the South-Central zone of Chile, during the 2014–2015 and 2015–2016 seasons. Five irrigation treatments (T) were established. Irrigation was carried out when the available water (AW) of the root zone reached values of 100%, 70%, 40%, 20%, and 0%. The lowest LWP values were obtained by T20 and T0 (−1.95 MPa). The ‘Morado’ genotype reached the lowest LWP at both seasons, while the highest average LWP was achieved by the ‘AG 2010’ (2014–2015) and ‘Cahuil’ genotypes (2015–2016). A global trend of Fv/Fm values was observed from GF to GM: 0.74 toward 0.79 (2014/2015), and 0.74 toward 0.82 (2015/2016). Only during the second season, Fv/Fm showed differences among irrigation treatments. Total average grain yields in the second season (2.97 t ha−1) were greater than those in the first season (1.43 t ha−1). In both seasons, the ‘Cahuil’ genotype and T100 reached the highest yields. A significative decrease in yield was observed when AW diminished. A direct relationship between seed yield and leaf water potential (ΔY/ΔLWP) was found in all genotypes, varying between 5.53 (‘Cahuil’) and 2.86 t ha−1 MPa−1 (‘AG 2010’). Total proteins, albumins, and globulins varied between seasons, with almost no differences among irrigation treatments. Only the ‘Morado’ genotype showed a slight trend to obtain a higher content of total protein in both seasons. It is possible to grow quinoa under irrigation deficit conditions between GF throughout GM, maintaining yield parameters and nutritional quality.
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1. Introduction


Drought has devastating effects on agriculture and economy [1,2], reduces the morphological and physiological traits, diminishes the leaf water potential and sap movement, and alters the xylem anatomical features in plants [3]. Drought and high temperature are also especially considered as key stress factors with high potential impacts on crop yield [4]. Due to the water scarcity that exists in a large part of the world, it is necessary to select crops that are tolerant to this condition. According to Zurita-Silva et al. [5], quinoa is characterized by its exceptional nutritional qualities, its adaptability to different agroecological conditions, and its contribution to diets, especially under food scarcity and malnutrition conditions [6,7]. Quinoa is also characterized by its high diversity of ecotypes, which depend on the edaphoclimatic conditions of the sub-centers of diversity; therefore, the ecotypes adapt to different soil and environmental conditions [8]. Additionally, quinoa is a multipurpose plant [9] as its seeds and leaves are considered as human food, animal feed, cover crops, and phytoremediation tools for environmental cleaning [10]. Therefore, the cultivation of quinoa is projected as an alternative to be incorporated in the crop rotation in different areas, especially where drought events occur and where there is a presence of salinity in the soil. Physiological, biochemical, and morphological responses of quinoa have been shown to indicate that it has a high tolerance and plasticity to various adverse abiotic conditions [10,11].



One of the most recurrent abiotic factors is drought, where quinoa has proven to be a tolerant crop [10]. Hence, in some varieties grown on different types of soil, the reduction in water availability did not imply a significant reduction in yield [12,13]. On the other hand, a high morphological and yield variability was found under different water regimes [14]. In response to the water deficit, the physiological parameters of the plants are altered; however, the quinoa plant is capable of having stable parameters, such as the leaf water potential and the chlorophyll fluorescence, maintaining a high water use efficiency [15,16,17]. According to Maxwell and Johnson [18], the measurement of the fluorescence provides information about the ability of a plant to tolerate environmental stress and how this could damage the photosynthetic apparatus. The most significant yield reduction as a result of water deficit is in the phenological state of grain filling in wheat, rice, corn, and quinoa [19,20,21]. Studies carried out on the varieties of quinoa from the coastal and highlands zones show that the yield is not affected in the variety of the coast, due to water deficit through the grain filling phenological period. However, for the highlands varieties, the yield was altered [22]. A relevant aspect in previous work is that two or three varieties are normally compared for a particular environment [22,23,24,25,26], where the majority of the research has been conducted in the highlands [27,28,29,30].



In general, quinoa displays a favorable behavior against different abiotic stresses. However, there is little information under Mediterranean conditions that relate the response of quinoa to water stress in a determined phenological period, such as grain filling [22,31]. Normally, in a mild Mediterranean environment, drought occurs late in the irrigation season corresponding with the most susceptible phenological stages of the crop [29]. The aim of this research was to evaluate the response of four long-day quinoa genotypes subjected to differential irrigation regimes from the beginning of grain filling throughout physiological maturity. The yield and quality of seeds, leaf water potential, and chlorophyll fluorescence were evaluated under field conditions in the Central Valley of Chile, where these phenological periods coincide with the drought season.




2. Materials and Methods


2.1. Experimental Site


The experiment was carried out in Chillan at ‘El Nogal Experimental Station’ (36°35′43.2″ S, 72°04′39.9″ W and 140 m.a.s.l.), which belongs to Universidad de Concepcion, located in the province of Punilla, Ñuble Region, Central Valley of Chile, in the growing seasons of 2014–2015 (first season) and 2015–2016 (second season) under field conditions. The soil in the site of the experiment is flat, with a silty loam texture belonging to the Arrayan series, a medium thermal family of Humic Haploxerands, with a medium texture, an average bulk density of 1.3 Mg m−3, field capacities ranging from 0.33 on the surface to 0.35 m3 m−3 at a depth of 1.2 m, and a permanent wilting point of 0.26 m3 m−3 on the surface varying at 0.25 m3 m−3 in depth [32], as determined by the pressure plate method [33]. The soil has good internal drainage, and the presence of a water table was not detected up to 2.0 m in depth. The study area presents an average annual precipitation of 1035 mm, concentrated between the months of May and August, and a dry period of four to five months. The weather of the area corresponds to supra-thermal warm mild Mediterranean, with a dry sub-humid humidity regime, an average annual temperature of 13.4 °C, an average maximum temperature of 29.5 °C in January, and an average minimum temperature of 3.5 °C in July [34]. Air temperature, solar radiation, relative humidity, and precipitation were recorded in a meteorological station (Data logger ThiesClima model DLx-Met, AdolfThies GmbH & Co., Göttingen, DE-NI) located onsite (Figure 1).



Cumulative thermal time or growing degree-days (GDDAcc) for each season were estimated using:


  G D  D  A c c   =   ∑   i = 1  n         T  M A X   +  T  M I N    2  −  T B    Δ t      



(1)




where the unit of   G D  D  A c c     is degree-days,    T  M A X     is the maximum daily air temperature,    T  M I N     is the minimum daily air temperature,    T B    is the base temperature (3.5 °C as indicated by Bertero [35]),   Δ t   is the time step (one day), and n is the number of days.




2.2. Experimental Design


A completely randomized block experimental design was established, with a divided plots arrangement and four replicates. The treatment in the main plot corresponded to the level of available water (AW) in the root zone, from the beginning of the grain filling stage throughout physiological maturity. Five irrigation application treatments were established when the soil in a 60 cm-deep root zone reached 100%, 70%, 40%, 20%, and 0% of AW (T100, T70, T40, T20, and T0, respectively). Equation 2 was used to determine AW:


  A W =     ∑   i = 1  2     θ i  a w c   −  θ i  p w p     Δ  Z i      ∑   i = 1  2     θ i  f c   −  θ i  p w p     Δ  Z i    × 100  



(2)




where    θ i    is the soil water content in a 0.3 m deep root zone (  Δ  Z i   ), and the superscripts indicate the actual water content (  a w c  ) measured by a neutron probe, as well as the water content at the field capacity (  f c  ) and permanent wilting point (  p w p  ) in m3 m−3. AW was calculated in a total 0.6 m deep root zone (  i = 2  ).



The sub-plot corresponded to four quinoa genotypes: Regalona, AG 2010, Cahuil, and Morado, which correspond to sea-level type cultivars. Each experimental unit consisted of 4 rows with a length of 5 m, spaced 0.5 m apart. The quinoa genotypes used correspond to long-day [35], which is important as most of the research is carried out with short-day quinoa plants [25,29].




2.3. Management of the Experiments


The trial was established on 5 October 2014, in the 2014/2015 season, and on September 20, 2015, in the 2015/2016 season. The dose of seeds was 15 kg ha−1, and once the six true leaves were reached, seedlings were thinned, leaving 12 plants per linear meter. The application of fertilizers was carried out according to the soil analysis. Phosphorus was applied and incorporated at the moment of soil preparation at 4 cm deep in the last tilling before sowing, in doses of 100 kg of P2O5 in the form of Ca(H2PO4)2 and 50 kg of K2O ha−1 using K2SO4. The application of nitrogen was 160 kg N ha−1, applied as CO(NH2)2 in two partialities: 50% in the stage of the second true leaf, and the other 50% at the beginning of the reproductive stage.



Broadleaf weeds and grasses were controlled with glyphosate (N-(phosphonomethyl) glycine) in pre-emergence, applying 0.96 a.i. L ha−1. After the emergence of the quinoa plants, all the weeds were manually controlled.



The irrigation system was installed after the emergence of the quinoa plants. The water was applied with irrigation tape with drippers every 10 cm and with an average flow rate of 5 L m−1 h−1 throughout the season from sowing until the beginning of the grain filling phenological stage, and experimental units were irrigated each time the soil moisture reached 70% of the AW at the root depth. To homogenize the soil water content before starting with the differential irrigation treatments, the experimental field was irrigated until achieving field capacity in a 1.0 m deep root zone.




2.4. Evaluations


The soil water content was measured with a neutron probe (CPN, 503-DR Hydroprobe, Campbell Pacific Nuclear International, CA, USA) previously calibrated onsite. Eighty access tubes 1.2 m deep were installed at the center of each experimental unit. The soil moisture content was determined weekly from the emergence of the plant to the grain filling stage. Once differential irrigation was initiated at the beginning of the grain filling stage, the soil moisture content was determined three times per week, at depths of 0–0.30, 0.30–0.60, 0.60–0.90, and 0.90–1.20 m.



The leaf water potential (LWP) was determined through the Scholander pressure chamber (Eijkelkamp 3000). For each experimental unit, an undamaged leaf from the upper middle third of the plant, exposed to the sun, was cut and covered immediately with a plastic bag and aluminum foil to avoid loss of water by evaporation, determining the LWP while still covered with the bag.



The behavior and performance of the photosynthetic apparatus of the plants were determined by recording the chlorophyll fluorescence, using a portable fluorometer (OS5p+, Opti-Sciences, Hudson, NH, USA). Chlorophyll fluorescence was measured in the upper leaves’ middle third of the plant. With the recorded data, the maximum quantum yield was obtained (Fv/Fm), where Fv is the difference between the maximum and minimum fluorescence after adapting the plant to darkness. The maximum fluorescence (Fm) is measured during the first saturation pulse after the adaptation of the plant to darkness. The Fv/Fm ratio estimates the maximum portion of the absorbed light that is used in the reaction centers of the photosystem II (PSII). That represents the maximum potential of quantum efficiency of the PSII, where the optimal values vary between 0.79 and 0.83, and lower values could be an indicator of some types of stress in the plant [18].



LWP and fluorescence measurements were carried out once a week on average in the first season and every two days in the second season, between 12:00 and 15:00 civil time, in all the experimental units, once 50% of the plants reached the phenological state of the beginning of grain filling. This measurement period until physiological maturity lasted 20 days in the 2014–2015 season and 30 days in the 2015–2016 season.



The harvest was carried out once 50% of the panicles had reached physiological maturity. Once harvested, the plants were left to dry in the open air until reaching constant weight (approximately 7 days), to then be threshed in stationary equipment (Bill’s Welding Pullman, WA, USA). The yield was determined by weighing the harvested seed in 1.0 linear meter of the two central rows of each experimental unit. Additionally, quantification of the total proteins, albumin and globulin, and other proteins contained in the seeds was performed as described by Fischer et al. [31].




2.5. Statistical Analysis


A combined analysis was carried out based on a randomized complete blocks design with divided plots, to which analysis of variance (ANOVA) was performed, and when significant differences were found between the treatments, the results were subjected to the multiple comparison LSD test (p = 0.05) with SAS University Edition (SAS/STAT v 9.3) (SAS Institute, Cary, NC, USA).





3. Results


3.1. Environmental Conditions


Relating temperature to the crop growth stages is important because the average temperature increments and increased frequency of extreme high-temperature events may reduce crop yields [36]. The plant growth cycles (from sowing to harvest) in the 2014/2015 and 2015/2016 seasons were 129 and 135 days, respectively. The days after sowing (DAS) to grain filling in the 2014/2015 and 2015/2016 seasons were 87 and 89 days, respectively, and the DAS to physiological maturity were 107 (2014/2015) and 116 (2015/2016) days. Differences in the weather conditions between the two seasons were observed. During the first growing season, the average maximum air temperature was 25.1 °C, while in the second season, it was 22.5 °C. In addition, the absolute TMAX in the 2014/2015 season was 34.0 °C and, in the 2015/2016 season, it was 33.5 °C. Solar radiation in the 2014/2015 season was 2584 MJ m−2 season−1 and, in the 2015/2016 season, it was 2806 MJ m−2 season−1.




3.2. Water Availability Treatments


Regarding the evolution of the water content in the soil, the established criteria for the management of available water on the soil for the treatments were reached. In both seasons, severe stress levels were reached for the treatments with 0% AW and 20% AW. It was observed that the 100% AW treatment maintained values between 95 and 100% AW in both seasons, maintaining an adequate available water level in the soil for the development of the crop. In summary, in the 2014/2015 season, five irrigations were applied in the T100 treatment, two in the T70, one in the T40, and nil in the T20 and T0. In the 2015/2016 season, seven irrigations were applied in the T100, three in the T70, two in the T40, one in the T20, and nil in the T0. For the four genotypes, similar irrigation regimes were accomplished in both seasons. The application period of the water availability treatments, from the beginning of grain filling throughout the physiological maturity stages, lasted 20 days in the 2014–2015 season and 30 days in the 2015–2016 season (Figure 2 and Figure 3, respectively).




3.3. Leaf Water Potential (LWP)


The LWP diminished throughout the period from grain filling to physiological maturity, with this decrease being more noticeable in the first season (Figure 4). The highest value of LWP was obtained at the beginning of the grain filling stage in both seasons when the soil moisture in all treatments was close to field capacity. In the 2014/2015 season, the lowest values of LWP were obtained by the T20 treatment, while in the 2015/2016 season, they were for T0, T20, and T40. In the 2014/2015 season, at the beginning of the water availability treatments (DOY 358), an average LWP of −1.04 MPa was recorded, while, at the end of the season (DOY 10), an average LWP of −1.50 MPa was measured (Figure 4). In the 2014/2015 season, the trend in highest LWP was recorded in T70 and the lowest in T0. In the 2015/2016 season, the LWP varied between −1.11 and -1.95 MPa on average, with a trend of higher LWP in the T100 treatment and lower in the T0, T20, and T40 treatments. On average, at the end of the season, in DOY 13, an average LWP of −1.58 MPa was recorded.



In both seasons, there were no interactions determined between the treatments and genotypes (p ≤ 0.05). However, there were significant differences (p ≤ 0.05) between AW treatments (Figure 4) for some LWP measurement days. However, it was not always possible to establish a direct relationship with the availability of water in the soil.



Although there were significant differences (p ≤ 0.05) between the genotypes on different dates of both seasons, a clear trend in the LWP values was not observed. It was determined that the LWP decreased in all genotypes throughout both seasons, with the ‘Morado’ genotype reaching the lowest values of LWP (−1.55 MPa). In the 2014/2015 season, the highest LWP values were achieved by the AG 2010 genotype (−1.2 MPa average). However, in the 2015/2016 season, the highest values were recorded by the ‘Cahuil’ genotype (−1.53 MPa average).




3.4. Chlorophyll Fluorescence


Figure 5 shows the maximum quantum yield (Fv/Fm) obtained by the AW treatments in both seasons. The statistical analysis revealed that there was no interaction between the AW treatments and genotypes in both seasons. In the 2014/2015 season, the Fv/Fm values of all AW treatments varied between 0.74 and 0.79, and in the 2015/2016 season, the Fv/Fm values varied between 0.74 and 0.82. The normal ranges considered for this Fv/Fm index vary between 0.79 to 0.83 [18], which would indicate that in the 2014/2015 season, values below the optimum were recorded, and in the 2015/2016 season, a better performance of the plant photosynthetic apparatus was obtained in all water availability treatments. In general, in the 2014/2015 season, there was a global trend toward lower Fv/Fm values than in the 2015/2016 season. Since DOY 362 of the 2015/2016 season, in all genotypes, the Fv/Fm values remained within the normal ranges for this index, showing that the PSII reaction centers were not damaged by stress or that they performed within normal parameters, despite the applied water stress.



In the 2014/2015 season, there were no differences (p ≤ 0.05) between the genotypes, while in the 2015/2016 season, the ‘Morado’ genotype showed a trend to values above the other genotypes (data not shown).




3.5. Seed Yield


Table 1 shows the seed yield obtained by the five AW treatments and four quinoa genotypes, in both seasons. There were statistical differences between seasons (p ≤ 0.05), recording greater yields in the second season for all treatments and genotypes examined, for which the data are presented separated by year. There were no interactions between the treatments and genotypes.



In both seasons, T100 reached the highest yields. In the 2014/2015 season, there was a decrease in the yield of 76% in T0, 54% in T20, 42% in T40, and 24% in T70, compared to T100. In terms of the genotypes, ‘Cahuil’ is that with the highest yield, differing statistically only from the ‘Morado’ genotype, which obtained a 34% lower yield.



In the 2015/2016 season, the water availability treatments maintained the yield trend; however, the magnitude of the decrease was to a smaller extent. Regarding T100, the T0 treatment obtained a decrease of 21%, T20 of 24%, T40 of 9%, and T70 of 12%. The yields of the ‘Cahuil’ and ‘Morado’ genotypes were significantly higher than those of the other genotypes. Therefore, the ‘Regalona’ and ‘AG 2010’ genotypes obtained 14% and 30% lower yields than the ‘Cahuil’ genotype did. In both seasons, the results indicate that, under greater water restriction conditions (T0 and T20), there is less grain production. In terms of the yield, the ‘Cahuil’ genotype obtained the highest yield in both seasons.



In general, seed yield decreases as LWP decreases, a situation clearly observed in the 2015/2016 season (Figure 6), but not in the first season (data not shown). Regarding LWP, it was observed that the genotype that reached the lowest values was ‘Morado’.



It was observed that the yield of the ‘AG 2010’ genotype, despite having a LWP variation similar to those of the other genotypes, was lower than those of the other genotypes. The ‘Morado’ genotype is highlighted, which had more limited LWP values (between −1.4 and −1.7 MPa) with higher yields than those of the ‘AG 2010’ genotype. Similarly, the ‘Regalona’ and ‘Cahuil’ genotypes obtained high yields associated with higher LWP values in the treatments that were not subjected to severe water stress in the phenological period of grain filling to physiological maturity.




3.6. Protein Content


Average total protein contents (TP) of 13.42 and 10.88 g 100 g−1 of seeds were determined in the 2014/2015 and 2015/2016 seasons, respectively. The TP content observed in the 2015/2016 season was 19% lower than that registered for the 2014/2015 season (Table 2).



In the 2014/2015 season, the highest TP content registered was in T40 (14.0 g 100 g−1), but not different (p > 0.05) regarding T100 and T70. However, the differences determined (p ≤ 0.05) were related to T20 and T0. The lowest content was observed in T20 with 12.5 g 100 g−1. The TP content registered for T40 did not differ from the control treatment without water stress (T100), and it was 9% higher than the treatment with less water availability (T0). Meanwhile, the highest TP content registered by genotype in the 2014/2015 season was the ‘Morado’ genotype with 13.9 g 100 g−1. The TP content reached by ‘Morado’ was 12% higher than that determined for the ‘AG 2010’ genotype, which obtained the lowest TP content. In the 2015/2016 season, the maximum TP content was registered in the T100 with 11.2 g 100 g−1, not detecting significant differences (p > 0.05) between the water availability treatments. In this season, the genotype that presented the highest TP content was ‘Morado’ (11.2 g 100 g−1) and registered differences (p ≤ 0.05) only with ‘Cahuil’, with a 5% TP higher content. In general, it was found that the TP content was higher in the 2014/2015 season, where, in turn, the yields were lower.



The average contents of albumin were 33.0 and 34.3 mg g−1 in the 2014/2015 and 2015/2016 seasons, respectively (Table 2). In the 2014/2015, no significant differences (p > 0.05) were found both between the treatments and between the genotypes. For the 2015/2016 season, a higher albumin content was observed for T100 and T40, with 43.5 and 41.5 mg g−1, respectively. The T100 treatment presented differences (p ≤ 0.05) regarding T20 and T0, treatments that obtained 35.7 and 32.3 mg g−1, respectively. The highest albumin content during the 2015/2016 season was registered in the ‘Regalona’ genotype (41.3 mg g−1), which was only statistically different than ‘Cahuil’ (p ≤ 0.05) that registered the lowest albumin content (36.3 mg g−1).



The average contents of globulin extracted were 34.2 and 40.0 mg g−1 in the 2014/2015 and 2015/2016 seasons, respectively. No significant differences (p > 0.05) were found both between the available water treatments and between the genotypes in the 2014/2015 season. For the 2015/2016 season, a higher globulin content was registered in the T100 availability water treatment (44.1 mg g−1) and the lowest content was registered in T20, with 36.7 mg g−1. However, no statistical differences (p > 0.05) were found between the available water treatments. The genotype that presented a higher content of globulins for the 2015/2016 season was ‘Morado’ with 42.2 mg g−1 and was more statistically different (p ≤ 0.05) than the ‘Regalona’ and ‘AG 2010′ genotypes were. The lowest content was registered in ‘Regalona’ with 38.6 mg g−1.



For the fraction of other soluble proteins (Table 2), average contents of 49.7 and 41.8 mg g−1 were quantified for the 2014/2015 and 2015/2016 seasons, respectively. In the 2014/2015 season, the highest content was registered in the T40 treatment, with 51.1 mg g−1. However, T40 was only statistically different (p ≤ 0.05) with T0, whose content of other soluble proteins was lowest (45.5 mg g−1). No statistically significant differences were registered between genotypes. In the 2015/2016 season, the maximum content of other soluble proteins was registered by the T70 treatment (46.1 mg g−1), and no significant differences (p > 0.05) were registered between the five AW treatments. Similarly, no significant differences were found between the four genotypes.





4. Discussion


4.1. Leaf Water Potential


The present study found that when the soil water content decreases, the values of LWP decrease, and they become negative as the water stress is greater and coincides with findings in other studies. As informed by Fghire et al. [24], in quinoa plants irrigated at 100%, 50%, and 33% of the crop evapotranspiration (ETc), and for treatment without irrigation, it was found that the LWP decreased in all treatments with water restriction. Their LWP values in the control plants (100% ETc) were significantly higher than those of the stressed plants, which reached LWP values of −3.0 MPa. Sun et al. [25] found similar values to the present study, observing that quinoa plants subjected to 9 days of water stress and then irrigated increased their LWP to values similar to those from treatments without stress. This plant response showed a recovery of the water status of the crop despite being subjected to severe drought conditions. Razzaghi et al. [37] found that the LWP in irrigated quinoa plants was constant, −0.8 MPa, and when it was subjected to a drought, the LWP values decreased to −2.1 MPa. This decrease in LWP coincides with the results obtained in the present study; nevertheless, for the same period of time in which the plants were subjected to stress, a higher value of −1.5 MPa was achieved.



Jacobsen et al. [38] indicated that as the soil dries, the LWP varies from −0.7 to −2.4 MPa from the vegetative to flowering phenological stages, and it decreases to −3.2 MPa in the stage of seed production (highlands type cultivars). These values are below those found in the present study (sea-level type cultivars). Besides the type of cultivar, the extreme weather conditions and shallow soils with low moisture retention complement the explanation of the differences found with the present research. In other studies [16,17], it was found that after 10 days without irrigation, the LWP value of the quinoa plants remained around −1.0 MPa to decrease afterward to −2.0 MPa. In the present trial, the LWP in the first 10 days of soil water availability treatment remained, on average, above −1.34 MPa (2014/2015 season) and −1.42 MPa (2015/2016 season) to, subsequently, decrease to minima of −1.50 and −1.67 MPa in the 2014/2015 and 2015/2016 seasons, respectively.



In general, the seed yield decreases as LWP decreases (Figure 6). A positive linear relationship and regression slope (ΔY/ΔLWP) was observed in all genotypes that varied between 2.86 (‘AG 2010’) and 5.53 (‘Cahuil’). The genotype that showed a lower ΔY/ΔLWP value would be more resistant to drought conditions, as when water stress occurs, the yield would not appear significantly affected. However, the decrease in yield from T100 to T0 was 21% with the ‘AG2010’ genotype, while it was only 17% with the ‘Cahuil’ genotype, 23% with ‘Regalona,’ and 21% with ‘Morado.’ These results could indicate a generalized adaptation to water stress conditions of the genotypes studied. Even though no information that relates the yield and LWP in quinoa is available, the type of response found has been informed for other crops, such as wheat [39,40].




4.2. Chlorophyll Fluorescence


The LWP values obtained in this study indicate that the plants were subjected to a certain degree of stress, which is also partly explained by the lower values of FV/FM in the first season. However, in the second season, a better performance of the photosynthetic apparatus was obtained in all treatments. This coincides with that described by other authors for quinoa [41,42,43], where the indicators of the photosynthetic capacity of the leaf were insensitive to water stress. Nevertheless, experiments with the ‘Titicaca’ variety conducted in greenhouses [20] indicated that FV/FM decreased as quinoa plants were exposed to drought. Jacobsen et al. [17] indicated that quinoa plants can photosynthesize for a long period with extremely limited irrigation, even for three days once stomata are closed. Furthermore, as a result of the low water requirement, quinoa plants would present the ability to face water scarcity and resume their photosynthetic activity after a drought period [16,17,38]. Therefore, the indices derived from chlorophyll fluorescence could be related to other parameters associated with water stress, such as LWP.




4.3. Seed Yield


In different countries, it has been reported that the yield of quinoa, without water stress conditions throughout its growth period, varies between 1.0 and 4.5 ton ha−1 of seed [6]. Under stress conditions, seed yields of 0.5−1.5 ton ha−1 have been obtained [6,7,24,26,29,44,45]. Razzaghi et al. [13] indicated a yield variation according to the type of soil, with significantly lower yields on sandy soil (2.3 ton ha−1) compared to sandy clay loam (3.3 ton ha−1) and sandy loam soils (3.0 to ton ha−1); however, no significant differences were found between full irrigated and water stress treatments. Al-Naggar et al. [14] found for five well-irrigated quinoa genotypes (820 mm of applied water per season), average yields of 2.1 ton ha−1, in Egypt. However, under conditions of severe water stress (237 mm of applied water), significant decreases in yields from 12% for the CICA-17 genotype to 56% for the QL-3 genotype was observed. In our study, from T100 to T0 treatment, seed yields decreased 71% (‘Cahuil’) to 79% (AG 2010’) during the first season; nevertheless, seed yields decreased only 17% (‘Cahuil’) to 23% (‘Regalona’) during the second season.



Several authors reported that temperature does not affect seed yield, due to the plasticity of the quinoa crop; however, they did find an effect on pollen production and on grain quality [46,47,48]. Notwithstanding, Bunce et al. [36] indicated that high temperatures can affect quinoa cultivation. Hinojosa et al. [10] mentioned several studies where high temperatures do reduce quinoa seed yield. This agrees with this study as, in the first season, higher temperatures were measured. Therefore, there was a high accumulation of   G D  D  A c c     between sowing and the beginning of the grain filling stage, and the quinoa growing process was faster. It has been shown that high temperatures accelerate the ontogenetic processes of plants [49] and is detrimental to dry matter accumulation. As a matter of fact, the T0 treatments yielded 0.57 and 2.71 t ha−1 in the 2014/2015 and 2015/2016 seasons, respectively. In the same way, T100 yielded 2.35 and 3.41 t ha−1 in the 2014/2015 and 2015/2016 seasons, respectively. Muchow et al. [49] indicated that adequate temperatures promote a long duration of growth period, which leads to a greater solar radiation intercepted by the crop, resulting in higher yields, which occurred in the second season. It was observed that   G D  D  A c c     from the sowing to grain filling stage was 1080.2 and 940.0 °C-day in the 2014/2015 and 2015/2016 seasons, respectively (Figure 7). Those thermal accumulations occurred in a similar period of time in both seasons (87 and 89 days in the 2014/2015 and 2015/2016 seasons, respectively). Nevertheless, the period between grain filling and physiological maturity was shorter in the 2014/2015 season (20 days) compared to 30 days in the 2015/2016 season.




4.4. Protein Content


The values of total protein determined in this study were less than the 14−16 g 100 g−1 reported for quinoa [50,51,52]. These differences could be explained by the high genetic variability observed in quinoa [53,54,55,56], or due to the fact that the 6.25 value has been widely used as a conversion factor for standard protein. However, Fujihara et al. [57] determined that the conversion factor of total nitrogen to protein in quinoa seeds is 5.39. Therefore, the use of the 6.25 factor could overestimate the contents of total protein and, for this reason, it does not coincide with the present study, in which the conversion factor of 5.39 was used. In studies where a closer conversion factor to that indicated [57] was used, total protein contents in quinoa seeds between 11.7 and 12.5 g 100 g−1 have been found, values close to what was obtained in this study.



There was a decrease in total protein contents in the 2015/2016 season compared to the 2014/2015 season; however, there was a higher accumulation of albumin and globulin (Table 2). This could indicate that, despite decreasing the accumulation of total proteins in the grain, a higher quantity of soluble proteins (albumin and globulin type) was synthesized. The variation in total proteins has been found in other studies [48] as well. The ‘Morado’ genotype presented the highest content of total proteins (Table 2). In the 2014/2015 season, ‘Morado’ was not statistically different than the ‘Regalona’ and ‘Cahuil’ genotypes (p > 0.05), and in the 2015/2016 season, it was only statistically different than ‘Cahuil’ (p ≤ 0.05). The trend of the ‘Morado’ genotype to obtain a higher content of total protein in both seasons (Table 2) could indicate that it has the genetic potential to produce a quantity of protein higher than those of the other genotypes studied. The quantity of total proteins reported for ‘Morado’ is similar to or higher than 11 g 100 g−1 of seed that has been reported for other quinoa genotypes [51,58].



Environmental conditions can increase or decrease the accumulation of certain metabolites in seeds, such as antioxidants, reserve carbohydrates, and proteins, as it mainly affects the distribution of molecules and assimilated elements in the plant [53,59,60]. Specifically, drought-exposed plants produce antioxidant, flavonoids, and other secondary metabolites that play roles in protecting the plant against ROS detoxifying and abnormal conditions (i.e., stress) [61,62]. In some cases, water stress can increase the accumulation of metabolites in seeds, as an ecophysiological strategy to improve nutritional conditions available to the embryo when germination occurs [60,63,64,65]. Annual species, such as wheat [60,66], sorghum [67], rice [68,69], soybean [70], and quinoa [53,71], increase the accumulation of proteins, and other metabolites in seeds have been detected under water stress conditions.



In this study, it was determined that the percentage of albumin represents 25 and 36% of the total proteins in seeds for the 2014/2015 and 2015/2016 seasons, respectively. Albumin values of 29% of the protein fraction have been informed [58]. The highest content of albumin in the second season may be a consequence of the high environmental temperature in that season (2015/2016). It could have also been a consequence of the greatest variation in the maximum and minimum temperatures and changes in the intensity of photosynthetically active radiation. Hence, future research should aim to analyze the interaction of environmental factors as a product of climate change (temperature and/or radiation) and the restriction of available water to the crop. It has been determined that heat stress due to high temperatures during the growth period in the field changes the protein composition of wheat grain, favoring the synthesis and accumulation of protein and polypeptides [72]. In quinoa, high temperatures can reduce the synthesis and accumulation of albumin, being compensated with a greater accumulation of nonsoluble proteins, which can contribute to the maintenance of cellular and biochemical functions. Or, instead of albumin, peptides of low molecular weight and free amino acids, osmotically active [53], could have been synthesized. In this manner, quinoa plants, in general, could tolerate these major temperatures [65,73].



A greater accumulation of metabolites in seeds is an ecophysiological compensation mechanism against water stress, as other parameters can be affected, such as seed yield [63,74]. For instance, in some genotypes of wheat grown under stress conditions by drought, an increase in total proteins has been detected, associated with a decrease in plant height, grain volumetric weight, peduncle length, weight of grains, grain diameter, and grain yield [66]. The accumulation of proteins in the seed, being a complex strategy, does not solely respond to the pressure of one environmental factor, such as water availability in this case [65,75]. Therefore, more specific studies are necessary to determine the stability of this response in different genotypes and environments.



In general, the differences found between genotypes in the measured parameters could be attributable to the morphological variances of each one of them. For example, ‘Regalona’ and ‘AG 2010’ genotypes are shorter plants with average heights ranging from 0.6 to 1.0 m, with vigorous vegetation. On the other hand, ‘Cahuil’ and ‘Morado’ genotypes are taller plants, with average heights ranging from 1.3 to 1.7 m. Moreover, the biomass at harvest found in the ‘Regalona’ genotype were 201.2 and 272 g m−2 in the 2014/2015 and 2015/2016 seasons, respectively. For its part, the ‘Cahuil’ genotype obtained 220.1 and 308.8 g m−2 in the 2014/2015 and 2015/2016 seasons, respectively (data not shown).



Faced with the scenario of climate change at the regional and global levels, it becomes relevant to look for alternatives that allow the diversification of agricultural systems, so that food production would be possible in spite of defying climate conditions [53,76]. The results obtained in this study have made it possible to propose an irrigation strategy, tested in field trials, that can potentially increase the content of proteins in quinoa seeds when grown with 40 to 70% of AW between the phenological periods of the beginning of grain filling throughout physiological maturity in Mediterranean-type climates. The obtained results are consistent with studies that have observed increases in fractions of proteins, amino acids, and free polypeptides in quinoa seeds grown under water deficit conditions [31,53].





5. Conclusions


Leaf water potential is a good indicator of plant water status and is related to seed yield. Even though the genotypes analyzed were under drought conditions, they showed good performance of the photosynthetic apparatus, a characteristic that can be analyzed in future research on long-day quinoa plants.



The ‘Cahuil’ genotype maintained high yields in both seasons for all soil available water content treatments, which would suggest high genotype plasticity conditions. Replenishing irrigation when there was only 40% of available water (AW) in a 60 cm deep root zone, between grain filling throughout physiological maturity, was observed to allow genotypes to have acceptable yields.



The ‘Cahuil’ genotype showed the highest stability in seed yield despite plant water status (changes in leaf water potential did not represent important decreases in yield).



High temperatures promote rapid crop development to the detriment of dry matter accumulation and, therefore, grain yield, which leads to season-to-season variation.



Future research should focus on the relationship between grain quality and irrigation strategies used. It is possible to cultivate quinoa under controlled available water content conditions from the grain filling to physiological maturity stages, without significantly altering seed production and protein accumulation in the seed, maintaining yield parameters and nutritional quality.
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Figure 1. Maximum daily temperature (TMAX), minimum daily temperature (TMIN), daily precipitation (PP) (A,B); average daily vapor pressure deficit (VPDMEAN), maximum daily vapor pressure deficit (VPDMAX) (C,D); and daily solar radiation (Rs) (E,F) measured in both seasons (2014/2015 and 2015/2016). Vertical thin lines indicate the period of application of irrigation treatments. DOY is the day of year. 
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Figure 2. Evolution of available water (AW) in five irrigation treatments (T), T0, T20, T40, T70, and T100, and four quinoa genotypes: (A) Regalona, (B) AG 2010, (C) Cahuil, and (D) Morado, between the beginning of grain filling throughout the physiological maturity stages, in the 2014/2015 season. AW and 0, 20, 40, 70, and 100 represent the levels of available water to the plant in a 0.6 m deep root zone just before irrigation. DOY is the day of year. Bars indicate ± one standard error. 
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Figure 3. Evolution of available water (AW) in five irrigation treatments (T): T0, T20, T40, T70, and T100, and four quinoa genotypes: (A) Regalona, (B) AG 2010, (C) Cahuil, and (D) Morado, between the beginning of grain filling throughout the physiological maturity stages, in the 2015/2016 season. AW and 0, 20, 40, 70, and 100 represent the levels of available water to the plant in a 0.6 m deep root zone just before irrigation. DOY is the day of year. Bars indicate ± one standard error. 
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Figure 4. Leaf water potential (LWP) at midday under five irrigation treatments (T) and four quinoa genotypes, between the beginning of grain filling throughout the physiological maturity stages, in the 2014/2015 and 2015/2016 seasons. T0, T20, T40, T70, and T100 represent the levels of available water to the plant in a 0.6 m deep root zone just before irrigation. For water availability treatments, each point represents the average of 16 measurements, and for genotypes, each point represents the average of 20 measurements. DOY is the day of year. **, measurement date indicating that significant differences were found. ns, measurement date indicating that no significant differences were found. 
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Figure 5. Maximum quantum yield (FV/FM) under five irrigation treatments (T): T0, T20, T40, T70, and T100 in 2014/2015 and 2015/2016 seasons. Each point represents the average of 16 measurements (4 quinoa genotypes and 4 replicates each). T and 0, 20, 40, 70, and 100 represent the levels of available water to the plant in a 0.6 m deep root zone just before irrigation. DOY is the day of year. **, measurement date indicating that significant differences were found. ns, measurement date indicating that no significant differences were found. 
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Figure 6. Relationship between seed yield and leaf water potential (LWP) at midday for four quinoa genotypes: (A) Regalona, (B) AG 2010, (C) Cahuil, and (D) Morado, season 2015/2016. Each point represents the yield of an experimental unit and the average of eight LWP measurements made from grain filling throughout the physiological maturity stage at the same experimental unit. 
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Figure 7. Daily growing degree-days (GDD, vertical bars) and cumulative growing degree-days (  G D  D  A c c    , in 2014/2015 and 2015/2016 seasons. DAS is days after sowing. Vertical thin lines indicate (1) sowing, (2) grain filling stage, (3) physiological maturity stage, and (4) harvest time. Sowing in the 2014/2015 season was on 5 October 2014; and sowing in the 2015/2016 season was on 20 September 2015. 
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Table 1. Grain yield for five water availability treatments (T) and four quinoa genotypes in the 2014/2015 and 2015/2016 seasons.
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Season 2014/2015

	

	

	

	




	
AW (%)

	
Genotype

	




	
Regalona

	
AG 2010

	
Cahuil

	
Morado

	
Average




	
Grain Yield (t ha−1)

	






	
T 0

	
0.56

	
0.50

	
0.81

	
0.41

	
0.57 d




	
T 20

	
1.32

	
1.21

	
1.11

	
0.66

	
1.07 c




	
T 40

	
1.50

	
1.59

	
1.25

	
1.12

	
1.37 c




	
T 70

	
1.79

	
1.94

	
2.09

	
1.32

	
1.78 b




	
T 100

	
2.47

	
2.33

	
2.81

	
1.79

	
2.35 a




	
Average

	
1.53 a

	
1.51 a

	
1.61 a

	
1.06 b

	




	
Season 2015/2016

	

	

	

	




	
AW (%)

	
Genotype

	




	
Regalona

	
AG 2010

	
Cahuil

	
Morado

	
Average




	
Grain yield (t ha−1)

	




	
T 0

	
2.82

	
2.07

	
3.04

	
2.91

	
2.71 bc




	
T 20

	
2.40

	
2.07

	
2.99

	
2.95

	
2.60 c




	
T 40

	
2.69

	
2.60

	
3.57

	
3.58

	
3.11 ab




	
T 70

	
2.79

	
2.43

	
3.48

	
3.32

	
3.01 abc




	
T 100

	
3.68

	
2.61

	
3.66

	
3.69

	
3.41 a




	
Average

	
2.88 b

	
2.36 c

	
3.35 a

	
3.29 a

	








Different letters in the column and row averages show significant differences between water availability treatments and between genotypes (p ≤ 0.05). AW and 0, 20, 40, 70, and 100 represent the levels of available water to the plant in a 0.6 m deep root zone just before irrigation from grain filling throughout the physiological maturity stage.
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Table 2. Total protein (TP) content, albumin (Alb), globulin (Glob), and other dissolved proteins (OP) in five water availability treatments (T) and four quinoa genotypes for the 2014/2015 and 2015/2016 seasons.






Table 2. Total protein (TP) content, albumin (Alb), globulin (Glob), and other dissolved proteins (OP) in five water availability treatments (T) and four quinoa genotypes for the 2014/2015 and 2015/2016 seasons.





	
Season 2014/2015




	
AW (%)

	
TP (g 100 g−1)

	
Alb (mg g−1)

	
Glob (mg g−1)

	
OP (mg g−1)




	
T 0

	
12.9b

	
30.4a

	
32.3a

	
45.5b




	
T 20

	
12.5b

	
30.4a

	
32.9a

	
50.7a




	
T 40

	
14.0a

	
35.0a

	
36.5a

	
51.1a




	
T 70

	
13.6ab

	
34.0a

	
37.2a

	
50.5a




	
T 100

	
13.8a

	
35.1a

	
32.5a

	
50.5a




	
Genotype

	

	

	

	




	
Regalona

	
13.8a

	
33.7a

	
35.9a

	
50.3a




	
AG 2010

	
12.4b

	
32.3a

	
31.3a

	
48.8a




	
Cahuil

	
13.6ab

	
33.0a

	
36.2a

	
50.2a




	
Morado

	
13.9a

	
32.9a

	
33.5a

	
49.4a




	
Season 2015/2016




	
AW (%)

	
TP (g 100 g−1)

	
Alb (mg g−1)

	
Glob (mg g−1)

	
OP (mg g−1)




	
T 0

	
11.1a

	
32.3c

	
39.4a

	
38.3a




	
T 20

	
10.5a

	
35.7bc

	
36.7a

	
39.3a




	
T 40

	
10.8a

	
41.5ab

	
39.5a

	
41.8a




	
T 70

	
10.8a

	
40.3ab

	
40.2a

	
46.1a




	
T 100

	
11.2a

	
43.5a

	
44.1a

	
43.5a




	
Genotype

	

	

	

	




	
Regalona

	
10.8ab

	
41.3a

	
38.6b

	
41.6a




	
AG 2010

	
10.8ab

	
37.0ab

	
38.7b

	
43.4a




	
Cahuil

	
10.7b

	
36.3b

	
40.3ab

	
39.7a




	
Morado

	
11.2a

	
40.1ab

	
42.4a

	
42.5a








Different letters in columns show significant differences between water availability treatments and between genotypes (p ≤ 0.05). AW and 0, 20, 40, 70, and 100 represent the levels of available water to the plant in a 0.6 m deep root zone just before irrigation from grain filling throughout the physiological maturity stage.
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