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Abstract

:

Quinoa is a climate resilience potential crop for food security due to high nutritive value. However, crop variable response to nitrogen (N) use efficiency may lead to affect grain quality and yield. This study compared the performance of contrasting quinoa genotypes (UAF Q-7, EMS-line and JQH1) to fertilizer urea enriched with urease and nitrification inhibitors (NIs; 1% (w/w) thiourea + boric acid + sodium thiosulphate), ordinary urea and with no N as control. Application of NIs-enriched urea improved plant growth, N uptake and chlorophyll values in quinoa genotype UAF-Q7 and JHQ1, however, highest nitrate reductase (NR) activity was observed in EMS-line. Quinoa plants supplied with NIs-enriched urea also completed true and multiple leaf stage, bud formation, flowering, and maturity stages earlier than ordinary urea and control, nevertheless, all quinoa genotypes reached true and multiple leaf stage, flowering and maturity stages at same time. Among photosynthetic efficiency traits, application of NIs-enriched urea expressed highest photosynthetic active radiations (PAR), electron transport rate (ETR), current fluorescence (Ft) and reduced quantum yield (Y) in EMS line. Nitrogen treatments had no significant difference for panicle length, however, among genotypes, UAF-Q7 showed highest length of panicle followed by others. Among yield attributes, NIs-enriched urea expressed maximum 1000-seed weight and seed yield per plant in JQH-1 hybrid and EMS-line. Likely, an increase in quinoa grain protein contents was observed in JQH-1 hybrid for NIs-enriched urea. In conclusion, NIs-enriched urea with urease and nitrification inhibitors simultaneously can be used to improve the N uptake, seed yield and grain protein contents in quinoa, however, better crop response was attributed to enhanced plant growth and photosynthetic efficiency.
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1. Introduction


Quinoa has exceptional nutritional grain value containing high protein contents and balanced amino acids while its enduring potential for abiotic stress tolerance makes it future potential crop both for nutritional and food security [1,2,3]. Since last decade, quinoa cultivation has spread into non-native geographical areas of world due to wide diversity of its ecotypes especially photoperiod response adaptation to specific agro-climatic conditions [1,2]. Nonetheless, quinoa growth and development are affected by environmental and genetic variations. For example, among environmental factors, nutrients especially nitrogen (N) improve vegetative growth in quinoa by affecting crop leaf area and growth rate, photosynthesis and N metabolism enzymes thereby increasing grain weight and yield [4,5,6]. These growth and yield responses in quinoa are variable to N supply and genotypic specific. The nitrogen use efficiency (NUE) is tightly linked to N uptake and its utilization efficiency (NUtE) that varies among genotypes, application method and time including rate in quinoa [6,7,8,9,10]. For instance, high total plant N uptake, its apparent recovery efficiency and harvest index including biomass and seed N contents was observed for 200 kg N ha−1, however, N utilization efficiency (NUtE) and remobilization from vegetative tissues to seed was found low in quinoa [9]. Improved growth and seed yield has also been reported in response to N application [10]. Likely, delayed flowering, extended seed filling period and improved photosynthetic pigments including seed yield was observed for 150 kg N ha−1 applied in two splits at 6–8 leaves and anthesis stages, respectively, compared to three splits and control with no N [11]. Nonetheless, variable response to N fertilization for growth including relative and crop growth rates, and seed yield was observed at low N rate in two quinoa cultivars [7]. Bascuñán-Godoy et al. [6] compared three quinoa cultivars similar in phenology for NUE traits under low and high N conditions. Photosynthetic rate, protein contents and leaf dry mass correlated positively with seed yield while proline contents, NH4+ assimilation and glutamine synthetase activity were correlated negatively under both N regimes. Nonetheless, high yields were correlated positively with seed weight under low N condition. Total N uptake in quinoa also vary with duration of crop growth cycle. Quinoa genotypes with shorter (NL-6) and longer growth duration (2-Want) accumulated similar total N before anthesis while differed after anthesis. Genotype 2-Want of longer growth duration accumulated 250 kg N ha−1 compared to NL-6 genotype with shorter growth behavior had reduced total uptake of 164 kg N ha−1 [8,12]. This variable response to N uptake after anthesis was associated with its remobilization towards reproductive structures [8].



Quinoa take up N as nitrates and application of N fertilizers had been found to improve its yield, water and NUE [13,14]. Among different sources, urea is mostly commonly used N source, most of which volatilizes as NH3, lost as NO2 into atmosphere and leaches as NO3 into the soil with low NUE which rarely exceeds 33% [15].



Among several strategies, application of urea enriched with urease and nitrification inhibitors can reduce N losses and improve crop productivity, hence NUE. Urease inhibitors reduce urea hydrolysis into NH3 by slowing down the urease enzyme activity [16,17]. This inhibited activity of urease decreases pH around urea molecules and NH3 concentration in soil, thus reducing its volatilization and increases the retention of applied N in soil to improve its plant availability for longer period [18]. On other hand, enhanced retention of NH4 ions into soil for longer time induces nitrification and dentification losses associated with NO3 leaching and N2O emission [19]. These leaching and denitrification losses can be minimized by nitrification inhibitors which limit oxidation of NH4+ to NO3− by reducing the activity of nitrifying bacteria [20,21], however, retention of NH4+ by application of these inhibitors may further increase risk of volatilization [22,23]. Likely, boric acid has the potential to inhibit urease activity in soil [24]. While ammonium thiosulphate (ATS) as a good source of N and sulphur (S) for plants has the potential to inhibit both hydrolysis and nitrification without harming the soil microbial pool [25]. Therefore, rather than individual application, effective approach is to utilize these inhibitors in combination. The combined application of NIs reduces multiple losses associated with volatilization and denitrification [26,27] had been found to improve yield 5.7 and 8.0% of N uptake in rice [28], 22–36% increase in biomass and 23–32% of N uptake in pasture [29]. The combined application of different inhibitors, for instance, boric acid and 3, 4-Dimethylpyrazole phosphate (DMPP), urease and nitrification have also the potential to inhibit the N transformation synergistically [24], increase yield by 7.5% and NUE by 12.9% especially at low N dose [30,31], respectively. Nonetheless, these increases in N uptake and yield were associated with reduced losses of N and environmental footprints [24,28,29,30,31].



As uptake of N by quinoa varies with crop stage, response may be genotype specific and N application level, and no information is available for application of urea enriched with urease and nitrification inhibitors on growth, plant N uptake, photosynthetic efficiency, and yield response. Genotypes used in present study have contrasting behavior for growth including a cultivated variety, a hybrid and EMS line. Present study hypothesized that urea enriched with N inhibitors (NIs; boric acid, thiourea and sodium thiosulphate) improves its availability to quinoa plant at reduced N dose, thereby affecting crop performance and NUE.




2. Results


2.1. Plant Growth and Photosynthetic Pigments


Urea enriched with nitrogen inhibitors (35 kg N ha−1 + NI’s) improved the growth, chlorophyll values and plant N uptake in quinoa genotypes compared to control (0 kg N ha−1) and ordinary urea (70 kg N ha−1) (Table 1). There was an increase in shoot, root fresh and their dry weights, shoot and root lengths of quinoa genotypes UAF-Q7 and JHQ1 compared to control. Nonetheless, these increases in shoot dry weight, root fresh and dry weights were significantly similar to ordinary urea. Maximum and similar SPAD-chlorophyll values was found for enriched and ordinary urea application compared to control, while among genotypes, highest and significantly similar chlorophyll values were found between EMS-line and UAF-Q7 (Table 1).




2.2. Plant N Uptake and Nitrate Reductase Activity (NR)


Application of NIs-enriched urea significantly improved the plant N uptake and NR activity in quinoa genotypes compared to control and vice versa response was observed for nitrogen utilization efficiency (NUtE). Urea enriched with NI’s showed highest plant N uptake in quinoa genotypes UAF-Q7 and EMS-line compared to control with minimum uptake. NIs-enriched urea application also expressed highest nitrate reductase (NR) activity in quinoa plants as compared to control and ordinary urea showing similar NR activity (Figure 1b). Among genotypes, EMS-line exhibited highest NR activity that was significantly similar to JQH-1 hybrid (Figure 1a).




2.3. Crop Phenology


Quinoa plants applied with NIs-enriched urea completed true and multiple leaf stage, bud formation, flowering, and maturity stages earlier than ordinary urea and control treatments. However, quinoa plants applied with enriched and ordinary urea attained panicle emergence, flowering and maturity at similar time compared to control with delayed in these attributes. Among genotypes, UAF-Q7 observed delayed bud formation and panicle emergence compared to other genotypes while all quinoa genotypes exhibited true and multiple leaf stage, flowering, and maturity at same time (Table 2).




2.4. Photochemical Efficiency Traits and SPAD-Chlorophyll Values


The photochemical efficiency traits and chlorophyll were affected significantly by application of NIs-enriched urea in quinoa genotypes. Quinoa plants applied with NIs-enriched urea showed highest photosynthetic active radiations (PAR), electron transport rate (ETR), current fluorescence (Ft) and reduced quantum yield (Y) in EMS line followed by two other genotypes. Lowes values for these attributes were observed in ordi nary urea compared to control. The Ft values and SPAD-chlorophyll values were similar when ordinary and NIs-enriched urea applied in UAF-Q7 and JQH-1 genotypes, respectively (Table 3).




2.5. Seed Yield and Its Attributes


Application of NIs-enriched urea produced tallest plants in genotype UAF-Q7 that was significantly similar to ordinary urea in same genotype. Minimum plant height was found in control plants with no supplemental N. There was no difference observed for panicle length in N treatments compared to control, however, among genotypes, UAF-Q7 expressed maximum panicle length followed by JQH1 hybrid.



Application of NIs-enriched urea showed maximum 1000-seed weight in quinoa genotypes UAF-Q7 and EMS-line. However, this increase was similar to ordinary urea in JQH-1 and EMS-line. Likely, highest seed yield per plant was found for NIs-enriched urea compared to ordinary urea while minimum seed yield per plant in control plants without supplemental N. Among genotypes, highest seed yield was expressed by JQH-1 hybrid followed by EMS-line while minimum in UAF-Q7 genotype.




2.6. Seed Protein Contents


Application of NIs-enriched urea showed highest seed protein contents in harvested grains of JHQ-1 hybrid that was similar to ordinary urea in same genotype. However, minimum seed protein contents were found in UAF-Q7 genotype in control treatment (Table 4).





3. Discussion


Urea fertilizers are often used as nitrogen (N) source worldwide due to high N contents. However, it is rapidly hydrolyzed to ammonia (NH3) and carbon dioxide (CO2) in soils. Nonetheless, application of urea enriched with urease and nitrification inhibitors are well known to synchronize N supply with crop demand to increase N use efficiency [32,33]. The present study evaluated the potential of urea enriched with N inhibitors (NI’s; 1% boric acid, thiourea and sodium thiosulphate + 35 kg N ha−1) to improve crop growth, photochemical efficiency, N uptake, seed yield and protein contents in contrasting quinoa genotypes compared to ordinary urea (70 kg N ha−1) and no N as control (0 kg N ha−1). The NIs enriched urea improved the growth, chlorophyll values and N uptake in quinoa genotypes [Table 1] are associated with its increased soil availability and is also an important component of chlorophyll structure [34]. Urea enriched with N-(n-butyl) thiophosphoric triamide (NBPT) inhibitor had been reported to improve photosynthetic pigments, plant growth and seed yield in cotton owing to increased N uptake. Likely, positive relationship of leaf N with chlorophyll contents has also been reported [34,35]. Increased N uptake and dry matter with application of urea enriched with NBPT in cotton [36] also reflected in plant fresh and dry biomass of quinoa when NIs-enriched urea was applied in this study [Table 1]. Increased NR activity in quinoa of present study [Table 1] was associated with beneficial effects of thiourea in enhancing N metabolism [36]. Thiourea application is reported to improve chlorophyll contents, photosynthetic activity, starch, and soluble protein levels in plants [37] confirms diverse functions of SH group in thiourea molecule. However, variable response of quinoa genotypes to NIs-enriched urea for total N uptake seems effect of NI’s to inhibit urease and nitrification [38]. Curti et al. [8] and Gomez et al. [12] reported that quinoa genotypes had no difference in total N content before anthesis independent of their growth duration which is also evident in present study where JHQ-1 hybrid showed low N uptake [Table 1] because of dilution effect associated with higher crop growth rate of quinoa hybrid not matching with N uptake [8,12]. Usually, application of N delays the crop phenological development, however, application of NIs-enriched urea helped quinoa plants to complete different stages of crop development earlier than ordinary urea and control treatments [Table 2]. There are no evidence showing the effects of NIs-enriched urea with NI’s on crop maturity, nevertheless, delay in development stages for N applied in splits had been reported in quinoa validated in present study findings [11]. Plant height and panicle length are genetic and stable characters, however, strongly affected by environmental factors including N. No significant difference observed between these traits for enriched and ordinary urea could be attributed to similar gains in photosynthetic efficiency of these genotypes [Table 4]. Nonetheless, increase in 1000-seed weight and seed yield of quinoa plant could be attributed to total N uptake which consistently contributed to enhance photosynthetic carbon fixation by affecting sink capacity [36,39]. The combined use of urease and nitrification inhibitors in NIs-enriched urea increased plant N uptake improving its efficiency associated with reduced losses, thereby increased yield and seed proteins contents [40]. The increase in seed protein contents in quinoa of present study by application of NIs-enriched urea [Table 4] were associated with slow-release effect to enhance retention and bioavailability of NH4-N for direct uptake and its remobilization to affect protein contents in grains [41,42]. Increase in protein contents with application of NH4-N [43] and inhibitors was associated with improved plant N uptake and its remobilization had also been reported in wheat and some other crops [44,45,46]. Gupta et al. [47] suggested that plants remobilize and constitute mechanism of re-uptake of resources such as NH4+ under N limited condition to ameliorate the increased NH4+ levels derived from different physiological process after anthesis. Nonetheless, present study results are in consistent with Bascuñán-Godoy et al. [48] where positive relationship between seed N% and seed amino acid was reported under low N supply and support the hypothesis to remobilize resources under limited vs. sufficient conditions [49].




4. Materials and Methods


4.1. Experimental Details


The seed of three quinoa genotypes, EMS-line and were collected from alternative crops lab, Department of Agronomy, University of Agriculture Faisalabad, Pakistan. These three genotypes varied in growth behavior and include a cultivated variety (UAF Q-7), a hybrid (JQH-1) and EMS line. The experiment was comprised of two factors as quinoa genotypes and fertilizer treatments including no N (0 kg N ha−1) (control), 75 kg N ha−1 (recommended) [50] and 35 kg N ha−1 enriched with 1% NI (Thiourea + Boric acid + Sodium thiosulphate). Experimental design used was completely randomized with two factors factorial. The tenth seed of each genotype were sown in earthen pots each filled with 5 kg soil at field capacity level under the wire house condition with exposure to natural growing condition. After seedling establishment, three plants per experimental unit were maintained for further growth and assays. The experimental treatments were randomized completely with factorial arrangement in three replications. Other fertilizers including phosphorus and potassium were thoroughly mixed in soil before sowing using 50 kg ha−1 of single super phosphate and 120 kg ha−1 of sulphate of potash, respectively. While half of nitrogen (N) was applied at sowing and other half at flowering stage. The pots were irrigated 10 and 15 days after sowing (DAS) for optimum growth of quinoa crop and later when required.




4.2. Determination of Plant Growth, Nitrogen Uptake, Utilization Efficiency and Seed Protein Contents


After 30–40 days of sowing at bud formation stage, only one plant was randomly uprooted for measuring plant growth traits including shoot and root lengths with measuring scale. The quinoa plant shoots fresh and root fresh weights was determined and oven-dried at 98 °C for 48 h for dry weights. The SPAD chlorophyll value of upper most leaf of quinoa plants was measured at the growth stage of BBCH 18 with the help of SPAD-501, Minolta Japan. For the determination of seedling N and grain protein, 0.5 g of plant and grain sample separately was taken into the Pyrex tube and added with 10 mL of concentrated H2SO4 for digestion and allowed to stand for overnight. After which, distillation was performed by Kjeldahl apparatus and then titrated against 0.1% H2SO4 [51]. Flasks were placed on the hot plate and heated at the temperature ranging between 100–150 °C for 30 min, then 2 mL of 30% H2O2 was added upon cooling, and heated again at increasing temperature of up to 300 °C. The processes were repeated till the solution became transparent and the final volume kept 50 mLby addition of distilled water. Distillation was performed by extracting 10 mLof the digested sample and 10 mLof 40% NaOH solution was added in the tube. The 5 mLboric acid solution (4%) was added to the receiver flask with 2–3 drops of mixed indicator and 40 mLof total solution was obtained by distillation and titrated against 0.01 N H2SO4 until the original color of methyl red appeared and the values were noted. For protein contents, nitrogen values were multiplied with a factor 5.95. Plant N uptake (mg N plant−1) and its utilization efficiency (NUtE; g DW per mg N) were measured as suggested by Merigout et al. [52] and Wang et al. [53], respectively.




4.3. Measurement of Nitrate Reductase Activity


At bud formation stage, leaf samples harvested at bud formation stage were shifted to icebox and stored at −30 °C until use [54]. For enzyme assay, leaf harvest (0.25 g) after grinding was extracted with 1 mL digestion buffer (1 mM EDTA + 10 mM cysteine) using ice-cold pestle mortar. The leaf extract was filtered through cheese cloth and homogenates was transferred to 2 mL falcon tubes, centrifuged at 10,000 rpm for 10 min to collect supernatant. Enzyme extract (1 mL) was added with 0.25 mL phosphate buffer (pH 7.5), 0.1 mL KNO3, 2 mM NADH and 0.35 mL distilled water to initiate reaction. After incubation at 30 °C for 15 min, reaction was terminated by the addition of 1% sulphanilamide and 0.02% naphthyl ethylenediamine reagent of 0.5 mL of each and kept it for 30 min to settle down. The absorbance of extract was measured on 540 nm using spectrophotometer (UV 4000, ORI Germany). The NR activity was calculated following Kaiser and Lewis [55].




4.4. Determination of Phenological Traits


All the crop growth stage of quinoa were recorded at regular intervals according to the BBCH scale [56]. The first true leaves (BBCH stage 11) developed 14–15 days after sowing and multiple leaf stage (BBCH 18) was recorded 25–26 days after sowing. The bud formation stage after 35–40 days of sowing was coded as BBCH 50. The panicle emergence (BBCH 59) started after the 50–55 days of sowing and flowering (BBCH 67) in the inflorescence of quinoa plant after the 70–75 days after sowing. After flowering, the grains of quinoa start to ripened and milky stage recorded after 90–95 after sowing was coded as BBCH 81 and the maturity stage after 120–130 days after sowing as BBCH 90.




4.5. Measurement of Photosynthetic Efficiency and SPAD-Chlorophyll Value


Photochemical efficiency traits were measured at 12:00–1:00 pm in a bright sunny-day using photosynthetic efficiency analyzer (MINI-PAM-II) and chlorophyll values by SPAD-chlorophyll meter (SPAD-501, Minolta, Osaka, Japan) at panicle emergence stage (BBCH 59–60) from the upper most leaf. The data regarding current fluorescence value (Ft), electron transport rate (ETR), photosynthetically active radiations (PAR) and effective photochemical yield (Fv/Fm) was measured.




4.6. Seed Yield and Its Related Traits


At physiological maturity, height of plant and main panicle length was measured with a measuring scale. At harvesting, grains number per plant and 1000-grain yield were recorded. The grains number per plant was counted by threshing the panicles and 1000 grain weight was measured by using seed counter.




4.7. Statistical Analysis


Analysis of variance technique was performed to analyze the data statistically using Statistix 8.1 software (Hamburg, Germany) and differences among treatment means were computed by least significance difference (LSD) test at 5% probability.





5. Conclusions


The present study showed that enriching urea with urease and nitrification inhibitors (1% boric acid, thiourea and sodium thiosulphate) simultaneously have potential to reduce crop N requirements and its application can improve the N use efficiency, seed yield and grain protein contents in quinoa irrespective of genotypes. Nonetheless, better crop response at (NI; 1% boric acid, thiourea and sodium thiosulphate + 35 kg N ha−1) was attributed to photosynthetic efficiency and increased N uptake in quinoa.







Author Contributions


Conceptualization, H.u.R. and H.F.A.; methodology, H.u.R. and A.W.; software, A.A.B.; validation, H.u.R., H.F.A., N.B.A., N.M.A., H.S.A.-Z., A.A.B. and T.I.; formal analysis, H.u.R.; investigation, H.u.R. and T.I.; resources, H.F.A. and A.W.; data curation, H.S.A.-Z.; writing—original draft preparation, H.u.R.; writing—review and editing, H.u.R., A.W. and N.B.A.; visualization, N.M.A.; supervision, H.u.R.; project administration, H.F.A.; funding acquisition, H.F.A. All authors have read and agreed to the published version of the manuscript.




Funding


This project was funded by Deputyship for Research & Innovation, Ministry of Education in Saudi Arabia for funding this research work through the project number (IFPIP: 539-130-1442).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Acknowledgments


The authors extend their appreciation to the Deputyship for Research & Innovation, Ministry of Education in Saudi Arabia for funding this research work through the project number (IFPIP: 539-130-1442), and King Abdulaziz University, DSR, Jeddah, Saudi Arabia.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Martínez, E.A.; Veas, E.; Jorquera, C.; San Martín, R.; Jara, P. Re-introduction of quínoa into arid Chile: Cultivation of two lowland races under extremely low irrigation. J. Agron. Crop. Sci. 2009, 195, 1–10. [Google Scholar] [CrossRef]

	



Bazile, D.; Jacobsen, S.-E.; Verniau, A. The global expansion of quinoa: Trends and limits. Front. Plant Sci. 2016, 7, 622. [Google Scholar] [CrossRef]

	



Lutz, M.; Bascuñán-Godoy, L. The Revival of Quinoa: A Crop for Health. In Superfood and Functional Food—An Overview of Their Processing and Utilization; Elsevier: Amsterdam, The Netherlands, 2017. [Google Scholar]

	



Schulte, E.G.; Kaul, H.-P.; Kruse, M.; Aufammer, W. Yield and nitrogen utilization efficiency of the pseudocereals amaranth, quinoa, and buckwheat under differing nitrogen fertilization. Eur. J. Agron. 2005, 22, 95–100. [Google Scholar] [CrossRef]

	



Razzaghi, F.; Plauborg, F.; Jacobsen, S.; Jense, C.; Andersen, M. Effect of nitrogen and water availability of three soil types on yield, radiation use efficiency and evapotranspiration in field-grown quinoa. Agric. Water Manag. 2012, 109, 20–29. [Google Scholar] [CrossRef]

	



Bascuñán-Godoy, L.; Reguera, M.; Abdel-Tawab, Y.M.; Blumwald, E. Water deficit stress-induced changes in carbon and nitrogen partitioning in Chenopodium quinoa willd. Planta 2016, 243, 591–603. [Google Scholar] [CrossRef] [PubMed]

	



Kansomjet, P.; Thobunluepop, P.; Lertmongkol, S.; Sarobol, E.; Kaewsuwan, P.; Junhaeng, P.; Pipattanawong, N.; Iván, M.T. Response of physiological characteristics, seed yield and seed quality of quinoa under difference of nitrogen fertilizer management. Am. J. Plant Physiol. 2017, 12, 20–27. [Google Scholar] [CrossRef]

	



Curti, R.N.; Sanahuja, M.D.C.; Vidueiros, S.M.; Pallaro, A.N.; Bertero, H.D. Trade-off between seed yield components and seed composition traits in sea level quinoa in response to sowing dates. Cereal Chem. 2018, 95, 734–741. [Google Scholar] [CrossRef]

	



Kakabouki, Ι.P.; Dimitra, H.; Ioannis, R.; Papastylianou, P.; Sestras, A.F.; Bilalis, D.J. Influence of fertilization and soil tillage on nitrogen uptake and utilization efficiency of quinoa crop (Chenopodium quinoa Willd.). J. Soil Sci. Plant Nutr. 2018, 18, 220–235. [Google Scholar] [CrossRef]

	



Kakabouki, I.; Roussis, I.E.; Papastylianou, P.; Kanatas, P.; Hela, D.; Katsenios, N.; Fuentus, F. Growth analysis of quinoa (Chenopodium quinoa Willd.) in response to fertilization and soil tillage. Not. Bot. Horti Agrobot. 2019, 47, 1025–1036. [Google Scholar] [CrossRef]

	



Ebrahimikia, M.; Moeini, M.J.; Marvi, H.; Hasheminejhad, Y.; Ganjehie, M.G. Agro-physiological response of quinoa (Chenopodium quinoa Willd.) to the nitrogen application rate and split application method. J. Soil Sci. Plant Nutr. 2021, 21, 3437–3450. [Google Scholar] [CrossRef]

	



Gómez, M.B.; Aguirre Castro, P.; Mignone, C.; Bertero, H.D. Can yield potential be increased by manipulation of reproductive partitioning in quinoa? Evidence from giberellic acid synthesis inhibition using Paclobutrazol. Funct. Plant Biol. 2011, 38, 420–430. [Google Scholar] [CrossRef] [PubMed]

	



Geren, H.; Kavut, Y.; Fakültesi, M. Altınbaș—Eg. effect of different row spacings on the grain yield and some yield characteristics of quinoa (Chenopodium quinoa Wild.) under Bornova ecological conditions. Turk. J. F. Cr. 2015, 20, 59–64. [Google Scholar]

	



Shams, A.S. Response of quinoa to nitrogen fertilizer rates under sandy soil conditions. In Proceedings of the 13th International Conference of Agronomy, Benha, Egypt, 9–10 September 2012; pp. 195–205. [Google Scholar]

	



Nosengo, N. Fertilized to death. Nature 2003, 425, 894–895. [Google Scholar] [CrossRef] [PubMed]

	



Malhi, S.S.; Oliver, E.; Mayerle, G.; Kruger, G.; Gill, K.S. Improving effectiveness of seed row-placed urea with urease inhibitor and polymer coating for durum wheat and canola. Commun. Soil Sci. Plant Anal. 2003, 34, 1709–1727. [Google Scholar] [CrossRef]

	



Sanz-Cobena, A.; Misselbrook, T.H.; Arce, A.; Mingot, J.I.; Diez, J.A.; Vallejo, A. An inhibitor of urease activity effectively reduces ammonia emissions from soil treated with urea under mediterranean conditions. Agric. Ecosyst. Environ. 2008, 126, 243–249. [Google Scholar] [CrossRef]

	



Schwab, G.J.; Murdock, L.W. Nitrogen Transformation Inhibitors and Controlled Release Urea; Department of Plant and Soil Sciences, Cooperative extension service, University of Kentucky, College of Agriculture: Lexington, KY, USA, 2010. [Google Scholar]

	



Dougherty, W.; Collins, D.; Zwieten, L.V.; Rowlings, D. Nitrification (DMPP) and urease (NBPT) inhibitors had no effect on pasture yield, nitrous oxide emissions, or nitrate leaching under irrigation in a hot-dry climate. Soil Res. 2016, 54, 675–683. [Google Scholar] [CrossRef]

	



Subbarao, G.V.; Ito, O.; Sahrawat, K.L.; Berry, W.L.; Nakahara, K.; Ishikawa, T.; Watanabe, T.; Suenaga, K.; Rondon, M.; Rao, I.M. Scope and strategies for regulation of nitrification in agricultural systems—Challenges and opportunities. Rev. Plant Sci. 2007, 2, 303–335. [Google Scholar] [CrossRef]

	



Zaman, M.; Nguyen, M.L.; Blennerhassett, J.D.; Quin, B.F. Reducing NH3, N2O and NO3--N losses from a pasture soil with urease or nitrification inhibitors and elemental S-amended nitrogenous fertilizers. Biol. Fertil. Soils 2008, 44, 693–705. [Google Scholar] [CrossRef]

	



Kim, D.G.; Saggar, S.; Roudier, P. The effect of nitrification inhibitors on soil ammonia emissions in nitrogen managed soils: A meta-analysis. Nutr. Cycl. Agroecosyst. 2012, 93, 51–64. [Google Scholar] [CrossRef]

	



Zhang, M.; Fan, C.H.; Li, Q.L.; Li, B.; Zhu, Y.Y.; Xiong, Z.Q. A 2-yr field assessment of the effects of chemical and biological nitrification inhibitors on nitrous oxide emissions and nitrogen use efficiency in an intensively managed vegetable cropping system. Agric. Ecosyst. Environ. 2015, 201, 43–50. [Google Scholar] [CrossRef]

	



Gao, J.; Luo, J.; Lindsey, S.; Shi, Y.; Wei, Z.; Wang, L.; Zhang, L. Effects of boric acid on urea-N transformation and DMPP efficiency. J. Sci. Food Agric. 2020, 101, 1091–1099. [Google Scholar] [CrossRef] [PubMed]

	



Margon, A.; Parente, G.; Piantanida, M.; Cantone, P.; Leita, L. Novel investigation on ammonium thiosulphate (ATS) as an inhibitor of soil urease and nitrification. Agric. Sci. 2015, 6, 1502–1512. [Google Scholar] [CrossRef]

	



Chien, S.H.; Prochnow, L.I.; Cantarella, H. Recent developments of fertilizer production and use to improve nutrient efficiency and minimize environmental impacts. Adv. Agron. 2009, 102, 267–322. [Google Scholar] [CrossRef]

	



Kong, X.; Duan, Y.; Schramm, A.; Eriksen, J.; Petersen, S.O. 3,4-Dimethylpyrazole phosphate (DMPP) reduces activity of ammonia oxidizers without adverse effects on nontarget soil microorganisms and functions. Appl. Soil Ecol. 2016, 105, 67–75. [Google Scholar] [CrossRef]

	



Linquist, B.A.; Lijun, L.; van Kessel, C.; van Groenigen, K.J. Enhanced efficiency nitrogen fertilizers for rice systems: Meta-analysis of yield and nitrogen uptake. Field Cr. Res. 2013, 154, 246–254. [Google Scholar] [CrossRef]

	



Lam, S.K.; Suter, H.; Bai, M.; Walker, C.; Davies, R.; Mosier, A.R.; Chen, D. Using urease and nitrification inhibitors to decrease ammonia and nitrous oxide emissions and improve productivity in a subtropical pasture. Sci. Total Environ. 2018, 644, 1531–1535. [Google Scholar] [CrossRef]

	



Abalos, D.; Jeffery, S.; Sanz-Cobena, A.; Guardia, G.; Vallejo, A. Meta-analysis of the effect of urease and nitrification inhibitors on crop productivity and nitrogen use efficiency. Agric. Ecosyst. Environ. 2014, 189, 136–144. [Google Scholar] [CrossRef]

	



Khan, M.A.; Shah, Z.; Rab, A.; Arif, M.; Shah, T. Effect of urease and nitrification inhibitors on wheat yield. Sarhad J. Agric. 2013, 29, 371–378. [Google Scholar]

	



Glibert, P.M.; Harrison, J.; Heil, C.; Seitzinger, S. Escalating worldwide use ofurea–a global change contributing to coastal eutrophication. Biogeochemestry 2006, 77, 441–463. [Google Scholar] [CrossRef]

	



Rehman, H.; Basra, S.M.A.; Wahid, A. Optimizing nitrogen-split application time to improve dry matter accumulation and yield in dry direct seeded rice. Int. J. Agric. Biol. 2013, 15, 1560–8530. [Google Scholar]

	



Kawakami, E.M.; Oosterhuis, D.M.; Snider, J.L.; Mozaffari, M. Physiological and yield responses of field-grown cotton to application of urea with the urease inhibitor NBPT and the nitrification inhibitor DCD. Eur. J. Agron. 2012, 43, 147–154. [Google Scholar] [CrossRef]

	



Buscaglia, H.; Varco, J. Early detection of cotton leaf nitrogen status using leaf reflectance. J. Plant Nutr. 2002, 25, 2067. [Google Scholar] [CrossRef]

	



Bondada, B.R.; Oosterhuis, D.M. Canopy photosynthesis, specific leaf weight, and yield components of cotton under varying nitrogen supply. J. Plant Nutr. 2001, 24, 469–477. [Google Scholar] [CrossRef]

	



Garg, B.K.; Burman, U.; Kathju, S. Influence of thiourea on photosynthesis, nitrogen metabolism and yield of cluster bean (Cyamopsis tetragonoloba (L.) Taub under rainfed conditions of Indian arid zone. Plant Growth Regul. 2006, 48, 237–245. [Google Scholar] [CrossRef]

	



Zaman, M.; Zaman, S.; Nguyen, M.L.; Smith, T.J.; Nawaz, S. The effect of urease and nitrification inhibitors on ammonia and nitrous oxide emissions from simulated urine patches in pastoral system: A two-year study. Sci. Total Environ. 2013, 465, 97–106. [Google Scholar] [CrossRef]

	



Pettigrew, W. Environmental effects on cotton fiber carbohydrate concentration and quality. Crop Sci. 2001, 41, 1108–1111. [Google Scholar] [CrossRef]

	



Guardia, G.; Sanz-Cobena, A.; Sanchez-Martín, L.; Fuertes-Mendizábal, T.; González-Murua, C.; Álvarez, J.M.; Chadwick, D.; Vallejo, A. Urea-based fertilization strategies to reduce yield-scaled N oxides and enhance bread-making quality in a rainfed Mediterranean wheat crop. Agric. Ecosys. Environ. 2018, 265, 421–431. [Google Scholar] [CrossRef]

	



Artola, E.; Cruchaga, S.; Ariz, I.; Moran, J.F.; Garnica, M.; Houdusse, F.; Garcia Mina, J.M.; Irigoyen, I.; Lasa, B.; Aparicio-Tejo, P.M. Effect of N-(n-butyl) thiophosphoric triamide on urea metabolism and the assimilation of ammonium by Triticum aestivum L. Plant Growth Regul. 2011, 63, 73–79. [Google Scholar] [CrossRef]

	



Cruchaga, S.; Lasa, B.; Jauregui, I.; González-Murua, C.; Aparicio-Tejo, P.M.; Ariz, I. Inhibition of endogenous urease activity by NBPT application reveals differential N metabolism responses to ammonium or nitrate nutrition in pea plants: A physiological study. Plant Soil 2013, 373, 813–827. [Google Scholar] [CrossRef]

	



Fuertes-Mendizábal, T.; González-Torralba, J.; Arregui, L.M.; González-Murua, C.; González-Moro, M.B.; Estavillo, J.M. Ammonium as sole N source improves grain quality in wheat. J. Sci. Food Agric. 2013, 93, 2162–2171. [Google Scholar] [CrossRef]

	



Qiao, C.; Liu, L.; Hu, S.; Compton, J.E.; Greaver, T.L.; Li, Q. How inhibiting nitrification affects nitrogen cycle and reduces environmental impacts of anthropogenic nitrogen input. Glob. Chang. Biol. 2015, 21, 1249–1257. [Google Scholar] [CrossRef] [PubMed]

	



Thapa, R.; Chatterjee, A.; Awale, R.; McGranahan, D.A.; Daigh, A. Effect of enhanced efficiency fertilizers on nitrous oxide emissions and crop yields: A meta-analysis. Soil Sci. Soc. Am. J. 2016, 80, 1121–1134. [Google Scholar] [CrossRef]

	



Xue, C.; Rossmann, A.; Schuster, R.; Koehler, P.; Mühling, K.H. Split nitrogen application improves wheat baking quality by influencing protein composition rather than concentration. Front. Plant Sci. 2016, 7, 738. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, N.; Gupta, A.; Gaur, V.; Kumar, A. Relationship of nitrogen use efficiency with the activities of enzymes involved in nitrogen uptake and assimilation of finger millet genotypes grown under different nitrogen inputs. Sci. World J. 2012, 2012, 625731. [Google Scholar] [CrossRef] [PubMed]

	



Bascuñán-Godoy, L.; Sanhueza, C.; Pinto, K.; Cifuentes, L.; Reguera, M.; Briones, V.; Zurita-Silva, A.; Álvarez, R.; Morales, A.; Silva, H. Nitrogen physiology of contrasting genotypes of Chenopodium quinoa Willd. (Amaranthaceae). Sci. Rep. 2018, 8, 17524. [Google Scholar] [CrossRef] [PubMed]

	



Masclaux-Daubresse, C.; Françoise, D.-V.; Dechorgnat, J.; Chardon, F.; Gaufichon, L.; Suzuki, A. Nitrogen uptake, assimilation and remobilization in plants: Challenges for sustainable and productive agriculture. Ann. Bot. 2010, 105, 1141–1157. [Google Scholar] [CrossRef] [PubMed]

	



Basra, S.M.A.; Iqbal, S.; Afzal, I. Evaluating the response of nitrogen application on growth, development and yield of quinoa genotypes. Int. J. Agric. Biol. 2014, 16, 886–892. [Google Scholar]

	



Ryan, J.; Estefan, G.; Rashid, A. Soil and Plant Analysis Laboratory Manual; ICARDA: Beirut, Lebanon, 2001. [Google Scholar]

	



Mérigout, P.; Gaudon, V.; Quilleré, I.; Briand, X.; Vedele, F.D. Urea use efficiency of hydroponically grown maize and wheat. J. Plant Nutr. 2008, 31, 427–443. [Google Scholar] [CrossRef]

	



Wang, J.; Dun, X.; Shi, J.; Wang, X.; Liu, G.; Wang, H. Genetic dissection of root morphological traits related to nitrogen use efficiency in Brassica napus L. under two contrasting nitrogen conditions. Front. Plant Sci. 2017, 8, 1709. [Google Scholar] [CrossRef]

	



Abd-El Baki, G.K.; Siefritz, F.; Man, H.M.; Weiner, H.; Kaldenhoff, R.; Kaiser, W.M. Nitrate reductase in Zea mays L. under salinity. Plant Cell Environ. 2000, 23, 515–521. [Google Scholar] [CrossRef]

	



Kaiser, J.J.; Lewis, O.A.M. Nitrate reductase and glutamine synthetase activity in leaves and roots of nitrate-fed Helianthus annuus L. Plant Soil. 1984, 77, 127–130. [Google Scholar] [CrossRef]

	



Sosa-Zuniga, V.; Brito, V.; Fuentes, F.; Steinfort, U. Phenological growth stages of quinoa (Chenopodium quinoa) based on the BBCH scale. Ann. Appl. Biol. 2017, 171, 117–124. [Google Scholar] [CrossRef]








[image: Plants 11 00371 g001a 550][image: Plants 11 00371 g001b 550] 





Figure 1. Nitrate reductase activities in three quinoa genotypes (a) and three fertilizer treatments (b) at bud formation stage Columns show mean of three replicates, whereas bar shows standard error. Means sharing same alphabets are not significantly different at p ≤ 0.5. 
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Table 1. NIs-enriched urea effects on growth, plant N uptake, nitrogen utilization efficiency (NUtE) and SPAD-chlorophyll in three quinoa genotypes at bud formation stage.
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Quinoa Genotypes

	
Shoot Fresh Weight (g)

	
Root Fresh Weight (g)




	

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes




	
UAF-Q7

	
6.10 d

	
12.35 b

	
18.10 a

	
12.18 A

	
0.30 bc

	
0.40 ab

	
0.53 a

	
0.41 A




	
EMS line

	
9.27 c

	
4.73 d

	
11.50 bc

	
8.50 B

	
0.33 bc

	
0.10 d

	
0.40 ab

	
0.28 B




	
JQH-1

	
4.20 d

	
12.77 b

	
16.20 a

	
11.06 A

	
0.17 cd

	
0.33 bc

	
0.33 bc

	
0.28 B




	
Means N

	
6.52 A

	
9.95 B

	
15.27 A

	

	
0.27 B

	
0.28 B

	
0.42 A

	




	
HSD

	
G = 1.36, N = 1.36, G × N = 2.36

	
G = 0.10, N = 0.10, G × N = 0.18




	
Quinoa Genotypes

	
Shoot Dry Weight (g)

	
Root Dry Weight (g)




	

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1%NI

	
Means Genotypes




	
UAF-Q7

	
0.82 cde

	
1.17 abc

	
1.48 a

	
1.15

	
0.06 b

	
0.08 ab

	
0.11 a

	
0.08 A




	
EMS line

	
0.10 bcd

	
0.49 e

	
1.24 ab

	
0.90

	
0.06 b

	
0.02 c

	
0.07 b

	
0.05 B




	
JQH-1

	
0.60 de

	
1.33 ab

	
1.51 a

	
1.15

	
0.02 b

	
0.06 b

	
0.08 ab

	
0.06 B




	
Means

	
0.80 B

	
0.10 B

	
1.41 A

	

	
0.05 B

	
0.05 B

	
0.09 A

	




	
HSD

	
G = n.s., N = 0.24, G × N = 0.42

	
G = 0.02, N = 0.02, G × N = 0.03




	
Quinoa Genotypes

	
Shoot Length (cm)

	
Root Length (cm)




	

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes




	
UAF-Q7

	
16.00 e

	
23.80 b

	
24.15 b

	
21.31 B

	
5.50 e

	
6.80 de

	
11.50 a

	
7.93




	
EMS line

	
21.77 bc

	
6.67 de

	
23.50 b

	
20.64 B

	
8.30 c

	
7.05 cd

	
7.40 cd

	
7.58




	
JQH-1

	
19.60 cd

	
28.00 a

	
29.00 a

	
25.53 A

	
9.80 b

	
7.85 cd

	
8.10 cd

	
8.58




	
Means

	
19.12 c

	
22.8 B

	
25.55 A

	

	
7.88 B

	
7.23 B

	
9.00 A

	




	
HSD

	
G = 1.81, N = 1.80, G × N = 3.12

	
G = n.s., N = 0.86, G ×N = 1.49




	
Quinoa Genotypes

	
SPAD-Chlorophyll Values

	
Plant N Uptake (mg N Plant−1)




	

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 +1%NI

	
Means Genotypes




	
UAF-Q7

	
40.60

	
44.40

	
45.10

	
43.37 AB

	
1.71 d

	
3.31 c

	
6.84 a

	
3.95




	
EMS line

	
46.00

	
44.55

	
45.73

	
45.43 A

	
3.00 c

	
1.67 d

	
4.99 b

	
3.22




	
JQH-1

	
35.90

	
44.03

	
43.47

	
41.13 B

	
1.12 d

	
3.58 c

	
5.92 ab

	
3.53




	
Means

	
40.83 B

	
44.33 A

	
44.77 A

	

	
1.94 C

	
2.82 B

	
5.92 A

	




	
HSD

	
G = 2.96, N = 2.96, G × N = n.s.

	
G = n.s., N = 0.66, G × N = 1.15




	
Quinoa Genotypes

	
NUtE (g DW per mg N)

	




	

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes




	
UAF-Q7

	
0.51 a

	
0.38 bc

	
0.26 e

	
0.42 A




	
EMS line

	
0.35 c

	
0.31 d

	
0.26 e

	
0.36 B




	
JQH-1

	
0.39 b

	
0.39 bc

	
0.27 de

	
0.26 C




	
Means

	
0.39 A

	
0.31 C

	
0.35 B

	




	
HSD

	
G = 0.02, N = 0.02, G × N = 0.04








Letters among and within columns denote significant differences in means for nitrogen and between cultivars at p ≤ 0.05.
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Table 2. Influence of NIs-enriched urea on phenological development in three quinoa genotypes.
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Quinoa Genotypes

	
Days to True Leaf

	
Days to Multiple Leaf




	

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes




	
UAF-Q7

	
19.67 a

	
13.33 c

	
14.00 c

	
15.67

	
28.33 ab

	
26.33 cde

	
25.33e

	
26.67




	
EMS line

	
18.33 ab

	
19.00 a

	
15.67 bc

	
17.67

	
29.33 a

	
28.00 abc

	
26.00 de

	
27.78




	
JQH-1

	
18.33 ab

	
18.00 ab

	
13.33 c

	
16.56

	
26.67 bcde

	
27.00 bcde

	
27.67 abcd

	
27.11




	
Means N

	
18.78 A

	
16.78 B

	
14.33 C

	

	
28.11 A

	
27.11 AB

	
26.33 C

	




	
HSD

	
G = n.s., N = 1.59, G × N = 2.75

	
G = n.s., N = 1.08, G × N = 1.87




	
Quinoa Genotypes

	
Days to Bud Formation

	
Days to Panicle Emergence




	

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1%NI

	
Means Genotypes




	
UAF-Q7

	
40.33

	
40.00

	
40.33

	
40.22 A

	
59.67

	
59.00

	
56.67

	
58.44 A




	
EMS line

	
40.00

	
39.67

	
36.67

	
38.78 B

	
55.67

	
57.33

	
55.33

	
55.44 B




	
JQH-1

	
37.33

	
38.67

	
36.33

	
37.44 C

	
59.00

	
54.67

	
53.33

	
55.66 B




	
Means

	
39.22 A

	
39.44 A

	
37.78 B

	

	
58.11 A

	
55.44 B

	
55.67 B

	




	
HSD

	
G = 1.15, N = 1.15, G × N = n.s.

	
G = 1.82, N = 1.82, G ×N = n.s.




	
Quinoa Genotypes

	
Days to Flowering

	
Days to Maturity




	

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes




	
UAF-Q7

	
79.33

	
77.67

	
77.00

	
78.00

	
127.67

	
125.33

	
121.67

	
124.89




	
EMS line

	
79.33

	
78.00

	
76.00

	
77.78

	
128.00

	
124.00

	
122.67

	
124.89




	
JQH-1

	
78.00

	
77.00

	
75.33

	
76.78

	
125.33

	
126.00

	
122.67

	
124.67




	
Means

	
78.88 A

	
77.56 AB

	
76.11 B

	

	
127.00 A

	
125.11 AB

	
122.33 B

	




	
HSD

	
G = n.s., N = 1.97, G × N = n.s.

	
G = n.s., N = 3.55, G × N = n.s.








Letters among and within columns denote significant differences in means for nitrogen and between cultivars at p ≤ 0.05.
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Table 3. Effects of NI-enriched urea on photochemical efficiency and SPAD-chlorophyll values in three quinoa genotypes at panicle emergence stage.
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Quinoa Genotypes

	
SPAD-Chlorophyll

	
Photosynthetic Active Radiation (PAR)




	

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes




	
UAF-Q7

	
43.77 bc

	
46.93 ab

	
48.07 a

	
46.26 A

	
887.00 d

	
584.70 ef

	
1268.70 b

	
913.44 A




	
EMS line

	
42.33 c

	
34.90 d

	
48.30 a

	
41.84 B

	
486.00 f

	
584.70 ef

	
1445.70 a

	
838.78 B




	
JQH-1

	
35.65 d

	
47.97 a

	
47.80 ab

	
43.81 B

	
657.00 e

	
649.70 e

	
1074.30 c

	
793.67 B




	
Means N

	
40.58 C

	
43.27 B

	
48.06 A

	

	
676.70 B

	
606.30 C

	
1262.90 A

	




	
HSD

	
G = 2.42, N = 2.42, G × N = 4.19

	
G = 67.743, N = 67.743, G × N = 117.33




	
Quinoa Genotypes

	
Electron Transport Rate (ETR)

	
Current Fluorescence Value (Ft)




	

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1%NI

	
Means Genotypes




	
UAF-Q7

	
214.07 b

	
169.07 bc

	
176.97 bc

	
186.70 AB

	
471.67 bc

	
607.33 a

	
450.00 bc

	
509.67




	
EMS line

	
164.47 bc

	
139.83

	
294.43 a

	
199.58 A

	
422.00 c

	
423.33 c

	
635.00 a

	
493.44




	
JQH-1

	
126.87 c

	
148.23 c

	
184.13 bc

	
153.08 B

	
467.00 bc

	
386.00 c

	
556.33 ab

	
469.78




	
Means

	
168.47 B

	
152.38 B

	
218.51 A

	

	
453.56 B

	
472.22 B

	
547.11 A

	




	
HSD

	
G = 36.703, N = 36.703, G × N = 63.57

	
G = n.s., N = 71.709, G × N = 124.20




	
Quinoa Genotypes

	
Quantum Yield (Y)

	




	

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes




	
UAF-Q7

	
0.62 a

	
0.57 ab

	
0.42 c

	
0.54




	
EMS line

	
0.57 ab

	
0.63 a

	
0.50 bc

	
0.57




	
JQH-1

	
0.47 c

	
0.60 a

	
0.44 c

	
0.51




	
Means

	
0.55 A

	
0.6 A

	
0.46 B

	




	
HSD

	
G = n.s., N = 0.0470, G × N = 0.0814








Letters among and within columns denote significant differences for nitrogen and between cultivars at p ≤ 0.05.
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Table 4. Effects of NI-enriched urea on yield components and seed protein contents in three quinoa genotypes at maturity.
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Quinoa Genotypes

	
Plant Height (cm)

	
Panicle Length (cm)




	

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes




	
UAF-Q7

	
70 b

	
81 a

	
88 a

	
80 A

	
27

	
23

	
26

	
25 A




	
EMS line

	
41 c

	
49 c

	
43 c

	
44 B

	
15

	
15

	
13

	
14 C




	
JQH-1

	
51 c

	
49 c

	
49 c

	
50 B

	
18

	
19

	
20

	
19 B




	
Means N

	
54

	
60

	
60

	

	
20

	
19

	
19

	




	
HSD

	
G = 5.61, N = n.s., G × N = 9.72

	
G = 2.59, N = n.s., G × N = n.s.




	
Quinoa Genotypes

	
1000 Seed Yield (g)

	
Seed Yield Per Plant (g)




	

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1%NI

	
Means Genotypes




	
UAF-Q7

	
0.28 d

	
0.44 bc

	
0.53 a

	
0.42 B

	
1.16

	
2.32

	
2.92

	
2.13 C




	
EMS line

	
0.42 c

	
0.47 abc

	
0.54 a

	
0.48 A

	
2.46

	
3.17

	
3.93

	
3.19 B




	
JQH-1

	
0.48 abc

	
0.52 ab

	
0.52 ab

	
0.51 A

	
3.40

	
3.54

	
5.33

	
4.09 A




	
Means

	
0.39 C

	
0.48 B

	
0.53 A

	

	
2.34 C

	
3.01 B

	
4.06 A

	




	
HSD

	
G = 0.05, N = 0.05, G × N = 0.08

	
G = 0.60, N = 0.59, G × N = n.s.




	
Quinoa Genotypes

	
Seed Protein Contents (%)

	




	

	
CK (0 kg N ha−1)

	
70 kg N ha−1

	
35 kg N ha−1 + 1% NI

	
Means Genotypes




	
UAF-Q7

	
10.16 d

	
13.22 c

	
15.66 b

	
13.01 B




	
EMS line

	
14.66 bc

	
14.83 bc

	
15.66 bc

	
15.05 A




	
JQH-1

	
14.32 bc

	
16.44 ab

	
18.8 a

	
16.53 A




	
Means

	
13.05 A

	
14.83 B

	
16.7 A

	




	
HSD

	
G = 1.5758, N = 1.5758, G × N = 2.72








Letters among and within columns denote significant differences in means for nitrogen and between cultivars at p ≤ 0.05.
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