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Abstract. In order to investigate the effect of deficit irrigation and chemical fertilizers
on yield and some physiological traits of quinoa an experiment was conducted in 2019
as split plot based on a randomized complete block design in two locations (Mashhad
and Neishabour). Irrigation included, I0: full irrigation, I1: no irrigation at emergence
stage, 12: no irrigation at stem elongation stage, I3: no irrigation at flowering stage,
I4: no irrigation at seed setting stage. Fertilizer treatments included control (no ferti-
lizer application); chemical fertilizer application according to local practices; manure
application of 10 tons; and manure application of 20 tons per hectare. In general, seed
yield, percentage of protein and seed oil in Mashhad was higher than in Neishabour.
I2 treatment had the least negative effect on relative leaf water content. Application
of chemical fertilizers, 10 tons and 20 tons of animal manure increased the percent of
seed protein by 1.43, 1.66 and 2.37 compared to the control, respectively. The highest
percentage of seed oil (5.91%) was obtained for treatment 12 in Mashhad and the low-
est percentage of seed oil (4.18%) was obtained for treatment 14 in Neishabour. The
lowest seed yield due to I1 treatment was observed in Neishabour and the highest seed
yield was related to I0 treatment with 20 tons of manure and was observed in Mash-
had. The results showed that the yield and water stress tolerance potential of quinoa
can be modified by irrigation, fertilizer source and location.

Keywords: quinoa seed quality, irrigation management, organic fertilizer, plant pig-
ment, electrolyte leakage.

INTRODUCTION

Quinoa (Chenopodium quinoa) is native to the Andes Mountains in
Bolivia, Chile and Peru, and Bolivia, Peru and Ecuador are the most impor-
tant producers (Vega-Galvez et al., 2010). Quinoa belongs to the Chenopodi-
aceae family, a genus of Chenopodium, and is considered as similar to cere-
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als. Quinoa is rich in protein, iron and calcium and is
better than wheat and rice in terms of amino acid bal-
ance (James, 2009). It is a very high nutritional value
has been compared to dry milk by the FAO, and has
been called vegetable caviar (James, 2009). Global inter-
est and attention to this plant are due to its high nutri-
tional value (Garcia et al., 2015; Nowak et al., 2016). In
general, quinoa can be less affected by frost (Jacobsen et
al., 2005), salinity (Hariadi et al., 2011; Razzaghi et al.,
2011; Ruiz-Carrasco et al., 2011), poor soils. (Jacobsen et
al., 2009) and drought (Hirich and Choukr-Allah, 2014)
than other crop species. It is believed that the presence
of several drought resistance mechanisms in quinoa has
made it suitable for arid and semi-arid regions (EI youss-
fi et al., 2012; Hirich et al., 2012). In 2018, the cultivation
area and production of quinoa in the world were esti-
mated as 178313 hectares and 158920 tons, respectively
(FAO, 2020). Quinoa is currently grown in twenty prov-
inces in Iran.

Drought stress is one of the most common and
destructive abiotic stresses across the world and limits
the growth and yield of plants, especially in arid and
semi-arid regions (Wang et al., 2014; Heuberger and
Pfeiffer 2013). Drought stress affects a combination of
physiological and biochemical processes of plants and
negatively impact the growth and yield (Zulkarami et
al., 2016). Deficit irrigation strategy is a good way to
increase water productivity in crop production under
drought conditions. This strategy is very effective in
arid and semi-arid regions that suffer from water scar-
city (Hirich and Choukr-Allah, 2014). Global warming
has affected the climate of different parts of the world,
including Iran, which has increased the salinity of the
country’s arable land. The Quinoa shows a high toler-
ance to drought, salinity and cold stress, which can be
a suitable plant for achieving sustainable agriculture and
proper nutrition according to the existing conditions
in Iran. Quinoa yield varies according to climatic con-
ditions, planting date and cultivar. Geerts et al. (2008)
reported the maximum yield under full irrigation con-
ditions as 2.04 t/ha, under deficit irrigation as 2.01 t/
ha, and under rainfed conditions as 1.68 t/ha. Stikic et
al. (2011) reported that quinoa has great agronomic and
nutritional potential, even in dryland conditions and
without fertilizer application. In their study, the grain
yield was 1.72 t/ha and the grain quality was good with
the protein content of in the range of 15.16 and 17.41
percent.

The Addition of organic matter increases the stor-
age capacity of soil water under water deficit conditions.
Studies on the addition of organic fertilizers to the soil
in arid and semi-arid regions have shown that organic

matter improves soil fertility, soil moisture content and
increases soil hydraulic conductivity (Wesseling et al.,
2009). Organic matter to soil also has a positive effect on
crop growth and yield (Gopinath et al., 2008; Ibrahim et
al., 2008). There are few studies examining soil organic
management on quinoa yield (Hirich et al., 2014), how-
ever other crops in other studies have responded posi-
tively to such treatments as well (Hartley et al., 2010;
Dadkhah, 2014).

Although quinoa has the potential for growth in
harsh environments with fewer resources availability
and high stress tolerance compared to other crops, so far
not many studies have been performed on the produc-
tion and quality of quinoa under Iranian agricultural
systems. Therefore, this study was conducted to deter-
mine the effect of deficit irrigation and organic fertiliz-
er on quantitative and qualitative yield as well as some
physiological traits of quinoa about drought stress in
Mashhad and Neishabour.

MATERIALS AND METHODS

This experiment was performed in 2019 in two
locations, the Agricultural Research Field of Toroq in
Mashhad and the Agricultural Research Field of Ayesha
in Neishabour. The climatic characteristics of these two
locations are presented in (Table 1). The experiment was
performed as split plots based on a randomized com-
plete block design with three replications in both loca-
tions. The treatments of this experiment included dif-
ferent levels of irrigation allocated as the main plot and
fertilizer treatments as the subplots.

Deficit irrigation levels included 10: full irrigation,
I1: cessation of irrigation in emergence stage, 12: cessa-
tion of irrigation in elongation of the stem stage, I3: ces-
sation of irrigation in the flowering stage, I4: cessation of
irrigation in seed setting stage (Sosa-Zuniga et al., 2017).
Fertilizer treatments also included control (no fertilizer
application), chemical fertilizer based on local manage-
ment fertilizer recommendation, 10 t/ha of livestock
manure and 20 t/ha of livestock manure. It should be
noted that the recommendation of quinoa fertilizer in
Iran includes 100 kg/ha of phosphate fertilizer, 100 kg of
potash fertilizer and 50 kg of nitrogen fertilizer. Before
the experiment, the soil sample was randomly taken
from a depth of 0-30 cm from the fields in both loca-
tions and transferred to the laboratory to determine the
soil properties (Table 2).

Sub-plots were 3 m long and 2 m wide. The dimen-
sions of the subplot were 0.6 m?. The distance between
the plots was 1.5 m and the distance between the blocks
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Table 1. Physical and chemical characters of soil in two study locations, Neyshabour and Mashhad (Soil depth 0-30 cm).

. EC 0.C Total N . . . o s
Location pH (dS.m™) SAR (%) (%) Available P (ppm) Available K (ppm) Lime (%) Soil tissue
Neyshabur 7.93 0.899 4.95 0.742 0.07 3.4 217 17.73 Loam
Mashhad 7.74 2.34 8.23 0.362 0.03 35 145 13.75 Loam

Table 2. Climate and geographical conditions of two study locations (Neyshabour and Mashhad).

Altitude above

Average annual

Annual mean Annual mean

Annual mean

Location Longitude Latitude . o daily maximum  daily minimum
sea level (m) rainfall (mm) temperature (°C) temperatures (°C) temperatures (°C)
Neyshabur 58° 50’ 36°10N 1250 240 14.7 22.5 6.8
Mashhad 59° 35’E 36°20N 950 222.3 16.5 23 9.4
Table 3. Summary of information and date of field operations tested at two locations.
. . Irrigation Irrigation Irrigation -
Rainfall Rainfall Date of Date of Irrigation
. . . date of date Stem date of .
Location Planting date  August September  chemical manure . ) date Seedling
1 e emergence  elongation  flowering
(mm) (mm)  fertilizer use * fertilizer use stage
stage stage stage
Neyshabur 27-7-19 0 0 22/06/19 22/06/19 29/07/19 11/08/19 26/08/19 08/09/19
Mashhad 4-8-19 0 0 22/06/19  22/06/19  07/08/19  19/08/19  01/09/19  13/09/19

*Chemical fertilizers including 220 kg of potassium sulfate, 130 kg of triple superphosphate and 200 kg of urea per hectare were applied.

Urea was given to two farms during the germination stage.

was 3 m. In order to prepare the ground, first reversible
plowing and then disc were used. After leveling and plot-
ting, the manure was spread on the plots based on speci-
fied amount and mixed thoroughly with the soil with
a shovel. Then 6 rows were created in each plot with a
distance of 0.25 m and quinoa seeds were planted. The
employed seed in this experiment was Titicaca cultivar
which was obtained from Agricultural Research Center
of Yazd. After planting, in order to achieve uniformity of
emergence, the first irrigation was applied equally for all
plots. The second irrigation was applied three days later.
Then, after ensuring the establishment of seedlings, defi-
cit irrigation treatments were performed according to the
mentioned developmental stages. Surface irrigation was
applied to irrigate each plot and irrigation intervals were
considered as 14 days. The water requirement of the plant
was calculated using Cropwat software. The geographical,
climatological characteristics and the date of planting,
irrigation and fertilization operations of the two studied
locations are presented in (Table 3).

Evaluation was performed by measuring traits includ-
ing relative leaf water content, soluble sugar content, total
chlorophyll, carotenoids, electrolyte leakage of ions, pro-

tein percentage, oil percentage and grain yield. For meas-
urement of relative leaf water content, ten leaf discs were
collected from the middle leaves of each experimental
unit and after weighing with an accuracy of 0.0001 g, they
were transferred to double-distilled petri dishes contain-
ing water and for 24 hours were stored in dark at 4 °C for
complete water absorption. The leaves were then removed
and were put between two filter papers to dry extra water
and then leaves weight as turgid weight was measured.
The leaves were dried in an oven at 70 °C for 48 hours and
weighed again as dry weight. Then the relative water con-
tent of the fresh leaves was determined using (Equation 1)
(Mahmood et al., 2003):

RWC = (Fw - Dw) / (Tw - Dw) x 100 1)

Where Fw is the fresh weight of the leaf, Dw is the
dry weight of the leaf and Tw is the turgid weigh t of
the leaf. The amount of plant solution sugars was read
using the sulfuric phenol method and was read by the
UV-2100 model spectrophotometer at 485 nm wave-
length (Irigoyen et al., 1992). Porra (2002) method was
used to measure chlorophyll content. For this purpose,
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500 mg of each selected leaf was homogenized in 5 ml
of 80% acetone and after centrifugation at 4 °C for 15
minutes at 13000 rpm, the supernatant was removed and
then its volume with 80% acetone was reduced to 10 ml.
The concentration of the solution was measured by spec-
trophotometer at wavelengths of 663 nm for chlorophyll
a, 645 nm for chlorophyll b and 470 nm for carotenoids.
To measure total chlorophyll, the values of chlorophyll
a and b were added together. Flint et al. (1967) method
was used to measure ion leakage. The protein content
of the samples was determined by a micro-kejldahl UK
electrothermal equipment by using half a gram of plant
samples after digestion and distillation (Helvich, 1990).
In order to extract the oil and determine its percentage,
Soxhlet and hexane solvent method was used (Carrillo et
al., 2017). Sampling was performed randomly by (1x1) m
quadrat from each plot, considering the removal of the
margin effect, to determine the final grain yield.

Analysis of variance and comparison of mean data
were performed by Duncan’s multiple range test with
SAS 9.4 software and figures were prepared by MS Excel.
Before performing the combined analysis of variance,
the homogeneity of variance of experimental errors was
tested using Bartlett test.

RESULTS AND DISCUSSION

Relative leaf water content

One of the physiological parameters responding
to dehydration is the relative leaf water content, which

shows a good correlation with drought tolerance. In
other words, changes in leaf moisture content can be
used as a short-term response to stress and a measure of
the ability to maintain resource strength under drought
stress conditions (Ahmadi et al., 2010). According to the
analysis of variance, the effects of location, deficit irriga-
tion and fertilizer as well as the interaction of location
and fertilizer on the relative water content of the leaves
were significant (Table 4). The highest relative water con-
tent was observed for full irrigation treatment (80.11%),
then no irrigation (I,) at the growth stage of stem elon-
gation (77.28%) had the highest relative water content
with complete irrigation treatment. In other words,
among the deficit irrigation levels, no irrigation at stage
I, had the least negative effect on the relative water con-
tent of leaves, so it can be said that by eliminating irri-
gation at the stage of the stem elongation in addition to
saving limited water resources, the leaf moisture content
change is not significant. In contrast, no irrigation at the
flowering stage (I) resulted in the lowest relative water
content of leaves (60.84%) (Table 5).

If drought stress persists, the relative water content
of the leaf decreases, causing a change in the cell mem-
brane and consequently an increase in electrolyte leak-
age from the cell (Fu et al., 2004). A similar relationship
was observed between the relative leaf water content and
ion electrolyte leakage in this study. It seems the plants
under water stress, by increasing the osmotic pressure,
reduce the spaces between cells and the water content
of their tissue, allowing water to move from the soil to
the cells, and as a result, their relative amount of water

Table 4. Compound analysis of various quinoa traits under deficit irrigation in different phonological stages and fertilizers (chemical and

organic) in Mashhad and Neishbour.

Leaf

. Soluble Total . Ton .
sov df relative sugar  chlorophyll Carotenoid electrolyte Se.ed Seed oil Seed yield
water content protein (%) (%)
content  content - content leakage
Location 1 949079  23.117 0.46" 0.0000™  5967.26™  25.76" 5.097  189210.217
Rep (location) 4 80.89 0.70 0.25 0.1029 66.86 0.33 0.58 35545.08
Deficit irrigation 4 1357517 3.817 5.47" 0.3463"  892.76" 6.28" 3.387  152903.93”
Location xDeficit irrigation 4 33.40™ 1.08™ 0.21" 0.1992™ 87.32" 6.93" 1.87"  20796.38"
Error a 16 81.43 0.23 0.72 0.0142 128.76 0.63 0.83 10972.53
Fertilizer 3 175937 14.417 16.73" 0.3394"  954.64" 1.00" 0.24" 67648.28"
Fertilizer x Deficit irrigation 12 19.54" 0.18" 0.22"¢ 0.0257" 30.96 ™ 0.07 ™ 0.21" 10650.94"
Location x Fertilizer 3 71.72 1.99™ 0.59" 0.0517" 89.417 0.18" 0.147  22080.36"
Fertilizer x Deficit irrigation x Location 12 9.59" 0.07" 0.16™ 0.0351"  26.85™ 0.01 0.11™  9037.06"
Error b 60 25.56 0.032 0.16 0.0054 18.45 0.035 0.065 4470.06
Cv 7.04 9.99 12.86 12.39 13.55 3.21 4.69 21.03

ns, * and **: Non-significant, significant at 5% and 1% probability level, respectively.
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Table 5. Mean comparison of different quinoa traits under deficit irrigation in different phonological stages and fertilizer treatments (chem-

ical and organic) in Mashhad and Neishabour.

Relative leaf water ~ Chlorophyll Seed yield Protein (%) Seed yield
content (%) content (mg/g) (g/m?) (g/m?)
I: Full Irrigation 80.11 ™ 3.592 34392 Control 18.12° 2534°¢
I,. NO Irrigation at emergence 71.77° 2334 176.21° Chemical fertilizer =~ 18.38 ® 322.5°
L. NO Irrigation at stem elongation 77.28¢ 3.38%® 357.2° Manure 10 t/ha 18.42 327.9°
I;: NO Irrigation at flowering 60.84 © 3.16 b¢ 34462 Manure 20 t/ha 18.55* 367.82
I, NO:Irrigation at seed setting 69.14° 3.07 ¢ 367.7 %

* Means with same letter(s) for each component indicates no significant difference based on Duncan test at 5% probability level.

Table 6. Mean comparison of interaction of location and deficit irrigation treatments effects on quinoa traits.

Location Deficit irrigation Electrolyte leakage (%) Protein (%) Oil (%)
Neishabour I: Full Irrigation 17.88 ¢ 16.52 8 5.62 <
I;. NO Irrigation at emergence 32.18 ¢ 17.59 5.66 b

L. NO Irrigation at stem elongation 19.21°¢ 18.19 4 5.42 de

I;: NO Irrigation at flowering 27.30¢ 18.14 ¢ 5.31¢

I, NO:Irrigation at seed setting 26.65 ¢ 19.09 ® 418 f

Mashhad I Full Irrigation 27.28 4 18.59 <de 5.83
I,. NO Irrigation at emergence 44.95° 19.63 ¢ 534°¢

I, NO Irrigation at stem elongation 39.00 ° 18.63 bed 5912

I;: NO Irrigation at flowering 40.60 ° 18.52 <de 5.76 ¢

I, NO:Irrigation at seed setting 41.90 18.79 be 5.40 ¢

*Means with same letter(s) for each component indicates no significant difference based on Duncan test at 5% probability level.

decreases in water shortage conditions. According to
(Ma et al., 2006), water stress reduces water potential,
relative leaf water content, transpiration, stomatal con-
ductance and ultimately yield.

Comparison of the mean of the interaction of loca-
tion and fertilizer treatment showed that in general, due
to differences in climatic parameters, the relative water
content of leaves in Mashhad (62.93%) was lower than
Neishabour (80.72%), because according to (Table 1), in
Mashhad the average rainfall was lower and the average
temperature was higher than Neishabour, which causes a
higher evaporative demand of the atmosphere. In addi-
tion, the fertilizer treatments showed significantly dif-
ferent results at the two locations. In Neishabour, appli-
cation of chemical fertilizer treatments, 10 tons and 20
tons of livestock manure increased the relative water
content by 3.7%, 5.2% and 2.1% percent, respectively,
while in Mashhad, the values of increasing the relative
water content but 2% is lower, were higher by 11.4 per-
cent for the organic fertilizer treatments, respectively.
(Table 6).

Soluble sugar content

Soluble sugars have assimilated that increase under
stress conditions and their accumulation causes osmotic
regulation and cell turgescence, and on the other hand,
protects and stabilizes membranes and proteins under
stress conditions. According to the results of analysis of
variance, all single effects, dual interactions as well as
triple interactions of location, irrigation and fertilizer
on the content of soluble sugars were significant (Table
4). Comparison of the mean of the interaction of loca-
tion, irrigation and fertilizer in (Figure 1) showed that in
general the amount of soluble sugars in Neishabour was
higher than in Mashhad. But the response of this trait
to fertilizer and deficit irrigation treatments in two study
locations was not similar. In general, fertilizer treat-
ments in all conditions increased the amount of soluble
sugars. The highest increase in soluble sugars under no
irrigation treatment was observed at the flowering stage
(I;) along with the application of 20 tons of manure in
Neishabour and the lowest increase under no irrigation
treatment was observed in stage (I,) of stem elonga-
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Fig. 1. Mean comparison of triple interaction of location, deficit irrigation and fertilizer effects on soluble sugars content. I;: no irrigation at
emergence stage, I,: no irrigation at stem elongation stage, I;: no irrigation at flowering stage, I,: no irrigation at seed setting stage.

tion and application of chemical fertilizer in Mashhad
(Figure 1). The lowest soluble sugars of 0.46 mg/g were
observed under no irrigation treatment at emergence
stage (I;) and no fertilizer application in Neishabour and
the highest soluble sugars were observed in treatments
of 10 and 20 tons of manure and no irrigation levels of
I, and I; in Neishabour (Figure 1). The increase of solu-
ble sugar the cell, which creates an increasing osmotic
pressure gradient between soil and plant and thus ena-
bles more water absorption from the soil. Accumulation
of soluble sugars inside the cells plays an important role
in osmotic regulation. It helps reduce cell water poten-
tial and keeps more water in the cell to maintain tur-
bulence under dehydration (Turner, 2018). This mecha-
nism promotes biological membrane stability, proteins,
increased photosynthesis, and drought resistance. In
tolerant plants compatible osmolytes attach to protein
surfaces and maintain their natural structure under
stress conditions, while in susceptible plants proteins
are degraded (Hoekstra et al., 2001). Increased accumu-
lation of soluble sugars in the cell under drought stress
would regulate osmotic pressure in quinoa (Bascufidn-
Godoy et al., 2016; Gonzalez et al., 2009; Muscolo et al.,
2016) and corn (Johari, 2010). However, (Gdmez et al.,
2019) reported that some genotypes showed an increase

and others showed a decrease of soluble sugars under
drought stress, which indicated the difference between
genotypes in terms of response to drought stress.

Total chlorophyll content

One of the methods for evaluating and predicting
crop tolerance to water stress is to study the amount of
changes that occur in chlorophyll (a+b) leaf synthesis
due to water scarcity. Decreased chlorophyll synthesis is
one of the general reactions of plants to water deficiency
(Gardner et al., 2017; Sadak, 2016). Analysis of variance
showed that the single effects of irrigation and fertilizer
as well as the interaction of location and fertilizer were
significant on total chlorophyll content (Table 4). Com-
parison of the mean of the single effect of deficit irriga-
tion treatment showed that the highest amount of leaf
chlorophyll after control (full irrigation) was through the
no irrigation (I,) at the stage of stem elongation (Table
5). No irrigation (I;) at the flowering stage showed the
lowest chlorophyll content of leaves (Table 6). Chloro-
phyll content in living plants is one of the important
factors for photosynthesis. Based on the severity, dura-
tion and crop growth stage, the drought effect on each
of the chlorophyll levels in plants is different. In fact,
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the decrease in chlorophyll due to water stress is relat-
ed to the increase in the production of oxygen radicals
in the cell, because these radicals cause peroxidation
and thus decomposition of this pigment (Sheteawi and
Tawfik, 2007). Water stress has a direct effect on reduc-
ing the chlorophyll index of plant leaves (Adebayo et
al., 2014; Elewa et al., 2017). Reduction of photosyn-
thetic pigments can be due to reduced synthesis of the
main complex of chlorophyll pigments, optical degrada-
tion of the b-pigment protein complex that protects the
photosynthetic apparatus, oxidative damage of chloro-
plast lipids of pigments and proteins or higher chloro-
phyllase enzyme activity and hormonal disorders (Pan-
dey et al,, 2012; Anjum et al.,, 2011). In addition, stress
interferes with the absorption of some essential ele-
ments such as iron and magnesium, which are essential
for chlorophyll synthesis (Neocleous and Vasilakakis,
2007). Lipoxygenase has also been reported to be one
of the enzymes involved in chlorophyll catabolism. This
enzyme is one of the enzymes involved in lipid peroxi-
dation during stress (Farooq et al., 2009). Schmidhalter
et al. (2006) reported that drought stress disrupts the
chlorophyll-making process by limiting the plant’s abil-
ity to absorb nitrogen. On the other hand, plant uptake
and assimilation under drought stress conditions are
largely controlled by the two main factors of leaf area
and photosynthesis per unit of leaf area. Cell wall solu-
bility, which is required for leaf elongation, prevents an
increase in leaf and in turn strongly reduces the number
of leaf chloroplasts (Banziger et al., 2000). In the general
reduction of photosynthesis pigments can be mainly due
to chloroplast structure disruption and photosynthe-
sis apparatus, photo oxidation of chlorophyll, pigments
reaction with singlet oxygen, disruption of required
materials for chlorophyll synthesis, prevention of biosyn-
thesis of new chlorophyll, activating the chlorophyll deg-
radation enzymes, and hormonal disorders.

Comparison of the mean of interaction of location
and fertilizer treatment showed that 20 tons of livestock
manure in Mashhad was associated with the highest
chlorophyll content (3.81 mg/g) and non-fertilizer appli-
cation in Mashhad had the lowest chlorophyll content
(1.78 mg/g) (Table 6). Fertilizer application increased
the total chlorophyll content of the leaves however the
rate of increase was not the same in the two study loca-
tions. Treatment of 20 tons of manure in Mashhad had
the highest increase and chemical fertilizer treatment in
Neishabour had the lowest increase in total chlorophyll
(Table 6). Because fertilizer treatments contain nitro-
gen and nitrogen is the main constituent of chlorophyll
in the plant, the application of fertilizers increases the
amount of chlorophyll. Livestock manure had a more

positive effect on chlorophyll content, probably due to
the more gradual release of nutrients in the soil.

Carotenoid content

According to the results of analysis of variance,
the single effects of irrigation and fertilizer, dual inter-
actions as well as triple interaction of location, irriga-
tion and fertilizer on carotenoid content were signifi-
cant (Table 4). Comparison of the mean of the triple
interaction showed that the levels of carotenoids in
Neishabour were higher than in Mashhad (Figure 2).
Because photosynthetic pigments strongly respond
to water stress and radiation, there is a difference
between the two study locations in this respect. Irriga-
tion and fertilizer treatments showed different effects
on carotenoid content. The highest amount of carote-
noids (1.067 mg/g) was observed for 10 tons of manure
and complete irrigation in Neishabour. The lowest
amount of carotenoids as 0.187 mg/g, was obtained for
no irrigation treatment at the emergence stage and no
fertilizer application in Mashhad (Figure 2). For most
of the fertilizer treatment, carotenoids increased, the
only exceptions were the application of chemical fer-
tilizers and 10 tons of livestock manure in Neishabour
and no irrigation (1) at the grain setting stage. When
20 tons of livestock manure and no irrigation (I;) at
the emergence stage were applied, in Mashhad, the
highest increase in carotenoid content was achieved
(Figure 2). Elewa et al. (2017) also reported a decrease
in carotenoid content in quinoa under water stress
conditions. Animal manure application increased the
carotenoid content in onions (Singh and Sharma, 2018)
and cabbage leaves (Qureshi et al., 2014). Increas-
ing the content of carotenoids as auxiliary pigments
due to the application of animal manure can be due
to increasing the amount and activity of chlorophyll
(Qureshi et al.,, 2014). Carotenoids can transfer energy
to chlorophyll a and increase the amplitude of wave-
lengths that affect photosynthesis, as well as reduce
the number of ions. Carotenoids release a lot of ener-
gy from photosystems I and II in the form of heat, or
harmless chemical reactions, and can maintain chlo-
roplast membranes (Juan et al., 2005). Water stress by
reducing the biosynthesis of photosynthetic pigments
reduces the concentration of pigments and reduces
the potential of photosynthesis and limits the initial
production. Water stress, on the other hand, disrupts
enzymatic systems that reduce the activity of reactive
oxygen species and increases lipid peroxidation, result-
ing in damage to cell membranes and pigment degra-
dation (Ruiz-Sdnchez et al., 2011).
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Fig. 2. Mean comparison of triple interaction of location, deficit irrigation and fertilizer on carotenoid content of quinoa crop. I;: no irriga-
tion at emergence stage, I,: no irrigation at stem elongation stage, I;: no irrigation at flowering stage, I,: no irrigation at seed setting stage.

Electrolytic leakage of ions

The cell membrane is one of the first organs to be
damaged under stress and its permeability is increased
and electrolyte leakage from the cell eventually causes
its death. Therefore, the stability of the membrane is
assessed by evaluating the ion permeability (Sairam et
al., 2002). According to the results of the analysis of var-
iance, all single effects and dual interactions of applied
treatments were significant on the rate of ion electrolyte
leakage (Table 4). A comparison of the mean interaction
of location and fertilizer treatment and the interaction
of location and deficit irrigation is presented in (Tables
6 and 7). In general, the percentage of ion leakage in
Mashhad was higher than Neishabour and no irrigation
at the flowering and seeding stages showed the highest
percentage of ion leakage (Table 7).

Due to the sensitivity of the flowering stage and seed
setting to water stress, increasing ion electrolyte leak-
age at these stages also confirms the sensitivity of these
stages to deficit irrigation. However, in no irrigation at
the stem elongation stage, no increase in ion electrolyte
leakage was observed. The response to fertilizer treat-
ments was not similar in the two locations. Application
of fertilizer treatments increased the percentage of elec-
trolyte leakage of ions (Table 6), but the rate of increase
was not the same in two locations and at deficit irriga-
tion levels (Table 7). Application of fertilizer treatments

at all levels of irrigation increased the electrolyte leak-
age of ions. The highest increase in ion leakage (118.7%)
was obtained in the treatment of 20 tons of manure and
complete irrigation and the lowest increase (10.06%)
was observed in the treatment of chemical fertilizer
and no irrigation at the stem elongation stage (Figure
3). Application of manure increased the relative water
content of leaves thus internal cell turgescence required
for cell growth. Such a situation decreases the cell mem-
brane stability to enable the cell growth conditions. As
cell growth is conditioned to maximum turgor pres-
sure, loosening of the cell wall, and sedimentation of at
cell wall so it seems that by increasing the application
of manure and soil physical and chemical improvement
including water holding capacity, plants less face the
drought and reduce investment to increase the mem-
brane stability (Saneoka et al., 2004).

Percentage of grain protein

Analysis of variance showed that the single effects
of location, deficit irrigation and fertilizer as well as the
dual interaction of location and deficit irrigation on the
percentage of quinoa seed protein were significant (Table
4). Comparison of the average effect of single fertilizer
treatment showed that the use of chemical fertilizers,
10 tons and 20 tons of animal manure, increased the
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Table 7. Mean comparison of interaction of location and fertilizer (chemical and organic) on quinoa traits.

Relative leaf water content

Location Fertilizer treatment (%) Chlorophyll content (mg/g)  Electrolyte leakage (%)
0
Neishabour Control 78.55 b 2254 18.98 ¢
Chemical fertilizer 81.46 3.36 b¢ 24.96 4
Manure 10 t/ha 82.66 * 3.48 be 26.52 <
Manure 20 t/ha 80.22 3.59 @ 28.11°¢
Mashhad Control 59.20 4 1.78 ¢ 28.24 ¢
Chemical fertilizer 60.39 4 3.26 ¢ 40.72°
Manure 10 t/ha 65.93 ¢ 3.33 be 40.72°
Manure 20 t/ha 66.22 © 3812 45.30 2

* Means with same letter(s) for each component indicates no significant difference based on Duncan test at 5% probability level.
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Fig. 3. Mean comparison of interaction of deficit irrigation and fertilizer on ion leakage of quinoa crop. I;: no irrigation at emergence stage,
I,: no irrigation at stem elongation stage, I;: no irrigation at flowering stage, I,: no irrigation at seed setting stage. (This analysis comprises

both locations together).

grain protein compared to the control (18.12%) by 1.43%,
1.66% and 2.37% (Table 5). Quinoa seed protein content
has been reported to be between 8% and 22% (Jancurova
et al.,, 2009). Studies have indicated that the application
of nitrogen fertilizer not only increases the growth and
yield of quinoa, but also increases grain quality (Geren,
2015). Thanapornpoonpong (2004) reported the positive

effect of nitrogen fertilizer on grain yield, grain protein
content and amino acid profile of quinoa. Kakabouki
et al. (2014) showed that manure and nitrogen fertilizer
treatments had higher values of crude protein content
compared to the control treatment. Animal manure can
provide the conditions for further growth and expansion
of the root system by enhancing the soil structure, soil
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temperature and aeration, and as a result, the expansion
and distribution of the root system increases the likeli-
hood of nitrogen uptake (Mirzakhani et al., 2009). In
fact, nitrogen availability determines the grain protein
content and quinoa responds strongly to nitrogen fer-
tilizer (Igbal and Afzal, 2014). Most of nitrogen uptake
would be used to produce the amino acids, amides,
enzymes including those enzymes that are involved in
photosynthesis. Nitrogen fertilizer increases the amount
of nitrogen entering the seed from vegetative parts com-
pared to carbohydrates, thus increases the concentration
of nitrogen in the grain and its protein percentage (El
Gendy et al.,, 2015). Other studies have shown that appli-
cation of nitrogen fertilizer has increased the amount of
nitrogen in the soil and therefore the total nitrogen in
the grain and consequently the percentage of grain pro-
tein in wheat (Limon-Ortega et al., 2008) and soybeans
(Devi et al., 2013) increased.

Average percentage of grain protein in Mashhad
was higher than Neishabour, but different levels of defi-
cit irrigation showed different effects on grain protein
(Table 7). As mentioned earlier, the average rainfall was
lower and the average temperature was higher in Mash-
had than Neishabour, which indicates that the plant
faced more water stress in Mashhad. In Neishabour, the
highest percentage of grain protein was recorded under
no irrigation treatment at seed setting stage (I,) and
in Mashhad, no irrigation (I,) at the emergence stage
showed the highest percentage of grain protein (Table
7). Protein accumulation changes in response to envi-
ronmental stresses. In addition to proteins that play an
active role in biosynthesis and metabolism, stored pro-
teins and proteins that play a protective role against
biotic and abiotic stresses accumulate in the grain,
as well (Balla et al., 2011). For example, according to
(Esmaeilian et al., 2012), water stress at the flowering
stage of sunflower increased the percentage of grain
protein. Some studies have also reported an increase
in wheat grain protein under late-season heat stress
(Labuschagne et al., 2009).

Percentage of seed oil

Analysis of variance showed that the single effects of
location and deficit irrigation as well as the dual interac-
tion effects of location and deficit irrigation interaction
between location and fertilizer showed a significant effect
on the percentage of quinoa seed oil (Table 4). Applica-
tion of deficit irrigation reduced the percentage of seed
oil, although no similar responses were observed at dif-
ferent levels of deficit irrigation in two locations (Table
7). No irrigation at the seedling stage in Neishabour

showed the highest decrease in the percentage of seed
oil, while no irrigation treatment at the stem elongation
stage (I2) showed an increase in the percentage of seed
oil compared to the control (full irrigation) (Table 7).
The highest percentage of seed oil (5.91%) under deficit
irrigation treatment at the stem elongation stage (I,) was
obtained in Mashhad and the lowest percentage of seed
oil (4.18%) was obtained in Neishabour under no irriga-
tion treatment at the seed setting stage (I,) (Table 7). The
comparison of the mean interaction of low irrigation and
fertilizer treatment showed that in general, deficit irriga-
tion treatments reduced the percentage of seed oil com-
pared to full irrigation treatment (Figure 4). Studies have
shown that quinoa seed oil is between 2% to 10% and is
similar to soybean oil in terms of fatty acid composition
(Jancurova et al., 2009; Altuna et al., 2018). Elewa et al.
(2017) also reported a decrease in the percentage of qui-
noa seed oil under water stress conditions.

Application of fertilizer treatments only in full
and no irrigation treatments at stem elongation stage
increased the percentage of seed oil, but in other lev-
els of deficit irrigation such a positive response was
not observed and even a decrease in oil percentage was
recorded due to fertilizer application (Figure 4). In this
study, there was an inverse relationship between the per-
centage of seed oil and the percentage of seed protein.
Other studies also found that with increasing nitrogen,
grain yield increased but grain oil content decreased.
Because with increasing nitrogen, nitrogenous substanc-
es increase and the materials available for fatty acid syn-
thesis decrease and thus the percentage of oil decreases
(Khan et al., 2002). Nitrogen fertilizers also delay the
maturation of the plant and lead to longer seed develop-
ment, as a result of which the seed does not reach full
maturity and the oil content decreases.

Seed yield

Water stress and fertilizer and their dual interac-
tions as well as triple interaction of location, water stress
and fertilizer on seed yield were significant (Table 4).
The response of quinoa seed yield to deficit irrigation
and different levels of fertilizer applied at the two study
locations was not similar. Comparison of the mean sim-
ple effect of low irrigation levels showed that grain yield
had the greatest decrease only in treatment I1 (cessation
of irrigation in the emergence stage). At other levels, no
significant difference was observed between treatments
in terms of response to irrigation deficiency (Table 5).
Also, the comparison of the mean of the simple effect
of fertilizer treatments showed that the treatment of 20
tons of manure per hectare had the highest grain yield
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Fig. 4. Mean comparison of interaction of deficit irrigation and fertilizer on oil percentage of quinoa crop. I;: no irrigation at emergence
stage, I,: no irrigation at stem elongation stage, I;: no irrigation at flowering stage, I,: no irrigation at seed setting stage. (This analysis com-

prises both locations together).

and the control treatment had the lowest grain yield
(Table 5). The mean of the triple interaction indicated
that the lowest seed yield was achieved for the no irri-
gation treatment at the emergence stage (I,) in Neisha-
bour and the highest seed yield was observed for the full
irrigation treatment using 20 tons of manure in Mash-
had (Figure 5). Deficit irrigation treatments reduced seed
yield, but the rate of reduction was not the same at all
levels. The highest decrease in seed yield (71.7%) com-
pared to full irrigation was observed in no irrigation
treatment at the emergence stage in Neishabour (Figure
5). Studies have shown that high photosynthesis and
a specific quinoa leaf area in the early stages of growth
allow water to be absorbed by the larger root system and
help the plant to avoid water stress at later growth stages
(Geerts et al., 2008). Therefore, no irrigation at the emer-
gence stage was not able to prevent the reduction of seed
yield and resulted in the lowest yield compare to other
levels of deficit irrigation. According to (Hirich et al.,
2014), the yield potential of quinoa varies under optimal
conditions and depends on climate, soil, planting date
and cultivar. In this study, performance fluctuations in
the two test sites and between the applied treatments
were relatively high (Figure 5). One of the reasons for
quinoa response can be the difference in soil salinity in

the two places tested. In agricultural systems of arid and
semi-arid regions, water and salinity stress are among
the main abiotic stresses that affect potential yield and
cause yield instability in quinoa (Fuentes and Bhar-
gava, 2011; Razzaghi et al., 2012). Geerts et al. (2008)
reported the maximum yield of quinoa in full irriga-
tion conditions of 2.04 t/ha and in low irrigation con-
ditions of 2.01 t/ha, while in dryland conditions quinoa
seed yield decreased to 1.68 t/ha. Razzaghi (2011) also
reported quinoa seed yield under optimal conditions of
2.3 tons per hectare. Lack of irrigation and water stress
reduced quinoa seed yield shoot dry weight and har-
vest index (Razzaghi et al.,, 2012; Gonzalez et al., 2009;
Hirich et al,, 2014). During seed filling, water deficiency
reduces seed yield per unit area by reducing photosyn-
thesis. Water stress in the seed filling stage, especially if
accompanied by an increase in temperature, accelerates
leaf aging, reduces the seed filling period, average seed
weight and yield. This is done by reducing the transfer of
photosynthetic material to the developing seeds (Saeidi
et al., 2017).

Fertilizer treatments also had different responses.
Under no irrigation treatment at the emergence stage in
Neishabour, the use of chemical and livestock fertilizers
reduced seed yield compared to no fertilizer application.
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It may be the effect of too high salinity at the beginning
due to reduced leaching at that site. In Mashhad, under
no irrigation at the seed setting stage, the application
of fertilizer treatments had no significant effect on seed
yield. However, in other deficit irrigation treatments in
both locations, the use of chemical and livestock fer-
tilizers increased seed yield (Figure 5). Because the use
of animal manure can increase the amount of available
nitrogen and because nitrogen is an important compo-
nent of the chlorophyll molecule, the more it is supplied,
the larger the leaves and higher the level of carbonation
so increasing the production of hydrocarbons leads to
higher yields. Kaul et al. (2005) reported that quinoa
strongly reacts to nitrogen fertilizer application. Nitro-
gen fertilizer increases vegetative growth, plant metab-
olism and dry matter accumulation (Gomaa, 2013).
Shams (2012) pointed to the role of nitrogen in stimu-
lating the metabolic activity of plants and reported that
nitrogen increases the amount of metabolites that play
an essential role in yield and yield components (Shams,
2012). Shams (2012) also reported an increase in grain
yield and biological yield of quinoa using nitrogen fer-
tilizer. The study of the effect of organic matter on soil
water holding capacity, especially in arid and semi-arid
conditions, on several crops showed that the addition

of organic fertilizers increases field capacity, soil water
content and soil hydraulic conductivity (Wesseling et al.,
2009; Hirich et al., 2014). Adding organic fertilizer to the
soil also has a positive effect on growth, and yield (Gopi-
nath et al., 2008; Ibrahim et al., 2008). Manure in the
soil after mineralization of organic matter, improves the
soil in terms of nutrients and increase the availability of
nutrients as a result, nutrient uptake, plant growth and
production would be improved (Hartley et al., 2010).

CONCLUSION

The quantitative and qualitative yield potential of
quinoa seeds was affected by irrigation, fertilizer source
and climatic conditions of study location. In this study,
although the average rainfall was lower in Mashhad,
overall, the yield of quinoa in Mashhad was higher than
Neishabour. This may be the inherent potential of quinoa
to tolerate water stress. This feature makes it possible to
adopt a deficit irrigation strategy to save water. Applica-
tion of deficit irrigation at different crop growth stages
induced water stress to the crop and negatively impacted
the seed quality and physiological traits of quinoa includ-
ing chlorophyll, carotenoids, ion electrolyte leakage and
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relative leaf water content. However, water stress induced
by no irrigation at the stem elongation stage was less
effective than other levels of deficit irrigation. Because it
seems that at this stage the plant has a higher tolerance
to water stress. Also, the application of manure com-
pared to chemical fertilizers, increased the water hold-
ing capacity in the soil and provided more water to the
plant due to the modification of soil organic matter.
As a result, seed yield and quality traits did not show a
sharp decrease with deficit irrigation. Finally, it can be
said that the combination of deficit irrigation, because it
seems treatment at the stem elongation stage along with
the treatment of 10 tons of manure in both locations, in
addition to saving water, showed high performance.
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