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ABSTRACT

BACKGROUND: Sufficient nutrients supplying is one of the most important factors in
realizing the crops potential performance and achieving high yield, which in conventional
agriculture is provided by using chemical fertilizers.

OBJECTIVES: This study aims to evaluate the root and shoot structure of quinoa culti-
vars in response to the phosphorus and zinc sulfate fertilizers application in the Research,
Agricultural Education and Natural Resources Center of Khuzestan province.

METHODS: The statistical model was factorial based on completely randomized design
(CRD) with three factors including the use of triple superphosphate fertilizer at four
amounts (0, 6, 12, 18 mg. kg1 soil weight), foliar application of zinc sulfate in three con-
centrations (water without zinc sulfate (control), foliar application at 4 and 8 g. L concen-
trations) and three quinoa cultivars (Giza 1, Q26, Titicaca) in P.V.C pots and in three repli-
cations.

RESULT: The simultaneous effect of experimental factors on chlorophyll index and shoot
morphological traits was significant. Root length to shoot length ratio was affected by the
main effect of P,Os fertilizer and the cultivars differences, and the effect of zinc sulfate
was not significant on this trait. In most of the analysed traits, the 4 g. L' concentration of
zinc sulfate was more effective than the 8 g. L™ concentration. The total grain weight of the
three cultivars was affected by the amount of fertilizer, and the best values of this attribute
belonged to the 18 mg. kg™ triple superphosphate and 4 g. L' concentration of zinc sulfate
in Q26 cultivar. This trait (TGW) showed the most positive correlation with the plant
height, number of lateral branches, stem diameter, and chlorophyll index.

CONCLUSION: Based on the results of this experiment, the optimal application of P-Zn
ratios by reducing the antagonism effects led to the root and shoot structure development,
and increased quinoa cultivars production.
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1. BACKGROUND

Quinoa is a dicotyledonous, annual,
allotetraploid crop, which is classified
in the pseudocereals group (Salehi and
Dehghani, 2018). Introduction this crop
into the country's farming pattern can
make the country free from the import
of rice to some extent, and it can open
its place in the country's agricultural
production as a supplement along with
other products. The quinoa research top-
ics are increasing and due to the high
demand in the world for this valuable
crop, it is possible to invest in the culti-
vation development of this crop in the
country (Khoshkam, 2017). At present,
studies on quinoa fertilization are very
limited and more work has been done
on the use of animal manure for the
purpose of organic quinoa production
(Garcia et al., 2015). Phosphorus is one
of the widely consumed elements that
have many structural and catalytic roles
in plants (Jorfi et al., 2022b; Hawkes-
ford et al., 2012). Despite the need of
plants for phosphorus in the range of
highly consumed elements, its available
amount in different soils is usually low.
In many cases, there may not be a defi-
ciency in the total amount of phospho-
rus in the soil in the root area, but due to
the binding of an important part of this
element to the organic and mineral
compounds of the soil, its bioavailabil-
ity for plants decreases (Vance et al,
2003). Feeding the plant with sufficient
phosphorus creates a nutrient environ-
ment around the germinating seeds and
provides nutritional support to the plant
in the early stages of growth and devel-
opment (Bindraban et al., 2020). It also
causes the root growth and strengthen-

ing, the stems strengthening and thick-
ening, the increase in the seeds volume,
the increase in the yield and early ma-
turity of the crops, and it is involved in
the flower’s pollination (Reddy er al.,
2020). Zinc deficiency exists in a large
part of the hot and cold regions soils in
the world, and it is considered one of
the most important deficiencies of mi-
cronutrients in the world (Mostafavi
Rad et al., 2018). Calcareous soils with
high pH, little organic matter and soil
salinity, high bicarbonate in irrigation
water and unbalanced use of fertilizers
lead to a decrease in micronutrient ele-
ments. These elements improve the
general conditions of the plant and par-
ticipate in biochemical reactions as
catalysts. To increase the yield, farmers
use one of the common fertilization
methods, including soil application,
through irrigation, mixing with seeds
and foliar spraying, which foliar spray-
ing is one of the fast methods to meet
the need for fertilizer, which in this
method also saves on the use of fertiliz-
er and as a result, in addition to the pos-
itive economic aspect, the environment
is protected from chemical pollution,
which is very effective in achieving sus-
tainable agriculture. If micronutrient
elements such as zinc be available
through the leaves of the product, they
completely compensate for the deficien-
cy caused by soil, and are considered a
suitable substitute in this field (Aytak et
al., 2015). Studying the interaction ef-
fect of genotype and environment is ab-
solutely necessary and providing plans
related to the cultivation development
and increasing the production of new
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quinoa cultivars are of particular im-
portance (Birami et al., 2020). Most re-
searchers are trying to introduce culti-
vars with performance stability in lim-
ited access to nutritional elements con-
ditions (Afshari et al., 2020). The ab-
sorb nutrient’s ability is different in cul-
tivars. Compared to other experimental
environments, often one or more culti-
vars perform better than other cultivars,
which indicates the high adaptability of
that cultivar in that particular ecological
condition (Bazile et al., 2016).

2. OBJECTIVES

Considering valuable place of nutri-
ents in crop structure development, this
research was conducted with the aim of
evaluating the effect of phosphorus and
zinc elements on the chlorophyll index,
and the morphological and functional
characteristics of quinoa crop.

3. MATERIALS AND METHODS
3.1. Experimental Site and Design

The experiment was conducted dur-
ing the autumn and winter of 2018-2019
agronomic year in the Ahvaz station of
Khuzestan Agriculture and Natural Re-
sources Research Center. This research
site is located at 31° 30’'N and 48° 65'E,
at an elevation of 12 m above sea level.
The experiment was laid out as factorial
based on completely randomized design
with 3 factors and 3 replicates in cylin-
drical pots made of polyethylene. The
treatments were included: amounts of
triple superphosphate fertilizer at 4 lev-
els (0, 6, 12, 18 mg. kg™ soil), foliar
application of zinc sulfate in 3 concen-
trations (water without zinc sulfate
(control)), 4 and 8 g. L' zinc sulfate)
and 3 cultivars of quinoa (Giza 1, Q26,
Titicaca).

Fig. 1. View of the test site and treated pots (Ahvaz research station).

3.2. Crop Management

In this experiment, 108 cylindrical pots
of polyethylene with a 60 cm height and
an eight-inch diameter were prepared
(Fig. 1). The pots were kept in an open
space so that they were exposed to the
same situation as the field crops. They
were placed at a certain distance from

each other on the ground. For proper
drainage of the pots, 2 cm of coarse
sand was poured on the bottom of each
pot, then the soil was added to this lay-
er. The potting soil was prepared from a
research farm. The average of some me-
teorological indicators of the research
station is presented in table 1.
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Table 1. The average of meteorological indicators of the research station in 2018-2019

Month October November  December January February
Maximum temperature (°C) 43.1 32.3 26.5 25 26
Minimum temperature (° C) 12.1 11.1 5.6 2.9 6.1
Average temperature (° C) 28.3 19.4 15.3 14.2 15.5
Rainfall (mm) 37.8 159.3 20.5 45.1 13.8
Monthly evaporation (mm) 194.9 74.7 44.7 49.57 71.98

The required fertilizer, including nitro-
gen and potassium, was used based on
soil test results. Nitrogen fertilizer
(urea) was used as a base, and in 2 stag-
es of cluster emergence, and flowering
and a potassium fertilizer from potassi-
um sulfate source was used pre-
planting. Phosphorus fertilizer was sup-
plied from a triple superphosphate
source (46%) and was used pre-planting
in each experimental pot according to
the prescribed treatment. Triple super-
phosphate and potassium sulfate ferti-
lizer were mixed with potting soil be-
fore planting, but nitrogen fertilizer was
used with irrigation water. In this study,
three cultivars of quinoa were evaluat-
ed. Twenty seeds were planted in each
pot. The seeds were sown in a 1-2 cm
depth. Extra seedlings were thinned at
24 leaf stage. The first irrigation was
done immediately after planting. Then,
until the full establishment of seedlings
(4 to 5 leaves), irrigation was done rou-
tinely, providing 100% water require-
ments of the plant. Subsequent irriga-
tions were carried out according to the
plant's water needs so that no stress was
applied to the plant. The seeds were ob-
tained from the seed bank of the
Khuzestan Agriculture and Natural Re-
sources Research Center. Proteus pesti-
cide with 2 g. L concentration was

used to control the leaf-eating larvae of
Caradrina at 5 and 8 days after germina-
tion. Also, in the cluster emergence
stage, by observing the effects of the
pest, the pots were sprayed with dia-
zinon insecticide in 2 gL' concentra-
tions. For zinc sulfate foliar application
in the flowering stage, the desired con-
centration has been prepared, and ac-
cording to the treatment prescribed in
each pot, spraying was done in the early
hours of the day. Root extraction was
carried out after physiological maturity
and when grain moisture reached about
14%.

3.3. Measurements

After ending the growth stages, the
aerial parts of each pot were cut, and
then the necessary measurements were
performed. There were 5 plants per pot,
and the root obtained from the entire
soil in the pot was attributed to those 5
plants, and it was expressed per plant
basis in the results. In this experiment,
the following traits were measured:
Chlorophyll index (SPAD), plant
height, distance of the first lateral
branch to the soil surface, stem diameter
(SD), number of Ilateral branches
(NLB), root density (RD), root length to
shoot length ratio, total grain weight
(TGW). To measure the chlorophyll
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index from five points of leaf in the
flowering stage with a chlorophyll me-
ter device (SPAD 502) the amount of
chlorophyll was calculated. The average
of these five numbers was considered as
the desired data (Jorfi et al., 2022a). To
determine the plant height, from the tip
of the main cluster to the end of the
stem (near the soil surface) was meas-
ured in centimetres. The distance of the
first lateral branch to the soil surface
was measured in centimetres with a rul-
er (Mousavi et al., 2015). The stem di-
ameter was measured by digital calliper
in mm (Sarani et al., 2016). To deter-
mine the number of lateral branches, the
number of branches from the main axis
of the stem (below the main cluster to
the end of the stem (near the soil sur-
face)) were counted (Mousavi et al.,
2015). The root density was obtained
using the following formula (Ganjali et
al., 2010):

Equ. 1. Root density (g.cm™) = root dry
weight (g)/ root volume (cm®)

Root length to shoot length ratio was
calculated by dividing the length of the
root by the length of the shoot (Armin
and Kivanlou, 2014). To determine the
total grain weight, 5 plants (from each
pot) were sampled and harvested at ma-
turity. The harvested plants were dried
in an oven at 75°C for 48 h to record the
total grain weight per plant (Mousavi et
al., 2015).

3.4. Statistical Analysis

Statistical analysis of data was con-
ducted using Minitab software (version
16.2). Means were compared according
to the Fisher’s least significant differ-
ence (LSD) test at P<0.05.

4. RESULT AND DISCUSSION

The results of variance analysis
showed that the effect of triple super-
phosphate fertilizer on plant height, the
distance of the first branch to the soil
surface, stem diameter, number of lat-
eral branches, root density and total
grain weight was significant. The chlo-
rophyll index differences of quinoa cul-
tivars were significant at the 1% proba-
bility level. Root length to shoot length
ratio was affected by the main effect of
P,0Os fertilizer and cultivars differences,
and the effect of zinc sulfate was not
significant on this trait. Also three-fold
interaction effect of factors on studied
traits was significant (Table 2 and 5).

4.1. Chlorophyll index (SPAD)

In the examining differences of cul-
tivars, it was observed that the Q26 cul-
tivar with an average of 56.71 had the
highest chlorophyll index, and Titicaca
cultivar had the lowest value of this trait
(Table 3). In this regard, Mansouri et al.
(2021) stated that the maximum and
minimum values of this index belonged
to Q26 and Titicaca cultivars with val-
ues of 60.13 and 46.59, respectively.
Results revealed that in all three quinoa
cultivars, the chlorophyll index was en-
hanced by increasing amount of P,0s
and ZnSOy fertilizer up to a certain lev-
el. The three-fold interaction of P,Os
and ZnSO4 and cultivars indicated that
chlorophyll index ranged from 44.86 in
PoZnyp+Titicaca treatment to 63.36 in
PisZns + Q26 treatment. No difference
was found between PgZny4 + Q26 culti-
var treatment and Titicaca cultivar in
applying 12 mg kg P,Os and 4 g. L™
Z/nSO4 (P1pZns + Titicaca cultivar).
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Table 2. Variance analysis of physiological and morphological traits of quinoa

S.0.V ar  Chlerophyll Plant 1];:32111;1;31]:? :;te Stem N‘f:iff; o
index height soil surface diameter branches

Phosphorus (P) 3 20.55™ 593.06" 286" 3137 65.04"
Zinc (Zn) 2 35.08™ 400.32" 335" 2557 2.62"
Cultivar (C) 2 258.49" 2347.77" 4.65" 19.94™ 61.5"
P x Zn 6 61.21" 447.95" 3.49" 1.63" 1.04™

PxC 6 42.89™ 300.52" 2.69" 3.02" 12.74™
Zn x C 4 5.79™ 61.38"" 147 1.50° 0.38™

P x Znx C 12 46.50° 401.87 1.79" 4.15" 2.80"
Error 72 20.45 6.17 0.18 0.43 0.65
CV (%) 8.37 6.08 10.36 9.77 6.37

™ = Not significant; * =P < 0.05; ** =P < 0.01.

In three cultivars, by increasing
ZnS0O4 to 4 g. L level, this trait was
improved (Table 4). Increasing the chlo-
rophyll index in 4 g. L' ZnSO, treat-
ment compared to the control treatment
shows the positive role of this element
in improving the physiological process-
es of quinoa. Zn stimulates the trypto-
phan production, auxin growth hor-
mone, and nitrate reductase enzymes,
which increase chlorophyll in leaf area
and increase photosynthesis (Liu et al.,
2016). In stating the reason for the su-
periority of the combination of chemical
fertilizers treatment, it can be stated that
the appropriate, sufficient and gradual
supply of phosphorus and zinc elements
probably caused the quinoa crop to have
sufficient access to the elements re-
quired for the chlorophyll production,
and other elements needed in photosyn-
thesis and chlorophyll synthesis can al-
so be provided through the use of these
fertilizers.

4.2. Plant height
According to the main effect results,
applying 18 mg. kg triple superphos-

phate (Pi5) and 4 g. L' ZnSOy4 (Zny)
produced the highest plant height. There
was a significant difference between the
18 mg. kg'1 triple superphosphate and
the control mode (no fertilizer use) as
well as zinc sulfate foliar application
with a 4 g. L"' concentration and the
water without zinc sulfate treatment
(Table 3). In the optimal rates of ferti-
lizer, the root volume increases, and
with the proper root expansion, the wa-
ter and ions absorption level improve,
and the growth of the aerial part in-
creases. Also, with the proper produc-
tion of plant growth regulating sub-
stances such as auxin, the rooting ca-
pacity of the plant increases, the macro,
and micro elements absorption im-
proves, and it will increase the vegeta-
tive characteristics of the plant (Mali-
nowska et al, 2015). The results
showed that the Q26 cultivar ranked
first (47.11 cm) with a little difference
from the Giza 1 cultivar, and the Titica-
ca cultivar had the lowest plant height
(31.73 cm) (Table 3).
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Table 3. The main effect of treatments on physiological and morphological traits of quinoa

Chlorophyll Pl.ant Distance of the first -Stem Number
Treatments index height lateral branch to diameter of lateral
(cm) the soil surface (cm) (mm) branches
Phosphorus - 39.14 4.05 6.33 11
Phosphorus ¢ - 35.16 3.65 6.53 11
Phosphorus ;, - 43.18 4.24 7.06 13
Phosphorus g - 45.87 441 6.93 14
LSD (,<0.05 - 1.34 0.23 0.35 0.43
Zinc sulfate - 39.76 3.96 6.66 13
Zinc sulfate 4 - 44.58 443 7.00 13
Zinc sulfate g - 38.62 3.77 6.49 12
LSD (,<0.05 - 1.16 0.19 0.30 0.37
Giza 1 53.86 43.67 4.27 6.80 13
Q26 56.71 47.11 4.32 7.41 14
Titicaca 51.36 31.73 3.67 5.93 11
LSD (<005 2.12 1.16 0.19 0.30 0.37

The means were compared independently with the LSD test at the 5% probability level.

The three-fold interaction effect of
the factors showed that Q26 cultivar
had the highest plant height in P;g+Zny
treatment. Although this treatment did
not show a statistically significant dif-
ference with the Pj»+7Zn4/ Giza 1 treat-
ment. The lowest plant height was at-
tributed to the Titicaca cultivar in
Po+Zng treatment (24.20 cm) (Table 4).
Fluctuations in plant height are usually
the most obvious characteristic of ge-
netic conditions and changes in envi-
ronmental conditions in most crops.
Sometimes increasing the plant height is
considered an advantage in terms of
competition with other plants in a
community, and one of its results is the
new leaves formation on top of the veg-
etation. This feature puts the most use-
ful leaves in the best position in terms
of photosynthesis. Phosphorus, as the
carrier of ATP energy, participates in all
cellular interactions, interferes in cell
division and rapid growth of meristem
cells, and causes the plant to increase in
height at high levels of phosphorus con-
sumption (Yang et al., 2021).

4.3. Distance of the first lateral branch
to the soil surface

As for the distance of the first lateral
branch to the soil surface shown in Ta-
bles 3, it is deduced that applying 18
mg. kg'1 triple superphosphate produced
the highest distance of the first lateral
branch to the soil surface (4.41 cm), and
the lowest values of this trait was allo-
cated to Pg treatment. Foliar application
of ZnSO, especially at 4 g. L™ concen-
tration, produced the maximum of this
trait. High concentrations of zinc con-
sumption by influencing and disrupting
the physiological and biochemical pro-
cesses causes a decrease in crop growth
(Khavarinejad et al., 2011). In terms of
distance of the first lateral branch to the
soil surface of quinoa cultivars, the Q26
cultivar was at a higher level than the
Giza 1 and Titicaca cultivars. Based on
three-fold interaction, under control
conditions, Giza 1 and Titicaca cultivars
had the same distance of the first lateral
branch to the soil surface, but first lat-
eral branch distance of the Giza 1 culti-
var was more than the Titicaca cultivar.
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Table 4. The interaction effect of treatments on physiological and morphological traits

Traits Chlorophyll Plant Distance of the first lateral
index height (cm) branch to the soil surface (cm)
P05 ZnSQs  izal Q26 Titicaca Gizal Q26 Titicaca Gizal Q26  Titicaca
(mgkg) (gL
0 48.10 53.50 44.86 32.60 36.66 24.20 3.33 3.73 3.00
0 4 53.43  56.73 58.00 48.00 60.03 47.63 5.53 4.20 4.50
8 50.23  56.20 54.43 3936 34.56 29.16 4.30 3.40 4.50
0 56.16  60.20 55.46 3580 57.76 28.23 4.86 4.66 3.50
6 4 52.56  57.73 48.83 28.23  44.83 25.36 3.10 3.60 3.00
8 54.63  55.50 46.90 3376  36.06 26.43 3.60 3.46 3.10
0 50.26  54.63 51.30 50.40 35.73 33.20 3.30 4.20 3.90
12 4 56.30 51.10 58.90 67.53 36.06 48.13 5.13 4.03 4.70
8 55.36  58.93 48.73 33.66 56.86 27.10 4.20 4.50 4.20
0 5776  54.06 50.13 62.73  47.86 32.00 5.36 4.80 2.96
18 4 56.40  63.36 46.73 36.40 6793 24.80 5.26 7.30 2.90
8 5520 58.66 52.06 55.60 51.00 34.50 3.26 4.00 3.86
LSD p<p.05 7.36 4.04 0.69
. Stem diameter Number of lateral
Traits
(mm) branches
(mgf%g 1) (Zg“SL(Z; Giza 1 Q26 Titicaca Giza 1 Q26 Titicaca
0 4.75 7.85 4.85 10 13 11
0 4 7.18 6.86 7.29 11 13 11
8 6.11 6.11 5.99 12 11 10
0 7.06 7.70 5.97 11 11 11
6 4 5.52 7.24 5.95 11 12 11
8 6.02 7.33 6.02 11 13 11
0 8.02 6.84 5.82 16 13 12
12 4 8.97 7.80 5.85 17 14 12
8 7.15 8.04 5.11 13 14 11
0 8.65 6.39 6.06 15 16 12
18 4 6.59 9.56 5.26 15 18 11
8 5.54 7.27 7.05 15 16 12
LSD (p<p.05) 1.06 1.31

The means were compared independently with the LSD test at the 5% probability level.

The Q26 cultivar in 18 mg. kg P,0s
fertilizer and 4 g. L' ZnSO, level pro-
duced the maximum average (7.30 cm)
of this trait (Table 4). Creating a suita-
ble substrate and improving the growth
environment provided better use of cli-
matic parameters and increased the dis-
tance of the first lateral branch to the
soil surface. The importance of the for-
mation of the first lateral branch is ef-
fective on how to reduce the damage of
harvesting. The greater the distance of

the first lateral branch from the soil sur-
face, harvesting is easier and less dam-
age is done. This issue is due to genetic
diversity between cultivars and their
maturation period. These results are
consistent with the results reported by
Bagheri (2018).

4.4. Stem diameter

It is noticed from results shown in
Table 3, 12 mg. kg triple superphos-
phate application caused an increase in
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stem diameter. Increasing the Zn con-
centration to 4 g.L'1 level, led to an in-
creased in stem diameter. Regardless of
P and Zn levels, the Q26 cultivar had
higher stem diameter, and Giza 1 geno-
type ranked second. In an experiment
by Goma (2013), the phosphorus ferti-
lizer application increased the quinoa
stem diameter compared to the control
treatment. The quinoa is very sensitive
in rainy seasons and high fertilizer use,
so cultivars with a larger stem diameter
will be more resistant compared to cul-
tivars with a smaller stem diameter. The
interaction effects of elements and cul-
tivars (PxZnxC) showed that pots were
treated by 18 mg. kg’1 triple superphos-
phate and 4 g. L' ZnSO, foliar applica-
tion in Q26 cultivar achieved maximum
SD (9.56 mm), which showed differ-
ence compared to Py + Zny/ Giza 1, Py +
Zny/ Q26, and Py + Zny/ Titicaca treat-
ments (Table 4). Shirinnejad and Torabi
Mahmoudi (2019) acknowledged that
cultivars with larger stem diameter are
capable of providing more reproductive
units and allocate more dry matter to
these units, which was consistent with
results of present study.

4.5. Number of lateral branches
Consistent with main effect results,
in the 18 mg. kg‘1 P,Os treatment, the
highest mean of lateral branches num-
ber (NLB) was obtained with numerical
values of 14 branches. The lowest mean
of the mentioned trait was obtained in
the non-application of P,Os fertilizer.
The NLB of the Zng treatment was less
than the Zn, treatment, and Zng and Zn4
treatments were at a similar statistical
level. Among the tested cultivars, the

Q26 cultivar was an efficient cultivar in
the terms of NLB, and the Titicaca cul-
tivar was recognized as the weakest cul-
tivar (Table 3). The superiority of the
lateral branches number of Q26 cultivar
was consistent with the results of
Mansouri et al.'s research (2021). Ac-
cording to these researchers, the NLB of
the quinoa crop, in addition to being
influenced by nutritional elements, is
also affected by the genetics of the crop
variety. Based on interaction of factors,
Giza 1 and Titicaca cultivars obtained
maximum NLB at 12 mg. kg'l of triple
superphosphate and 4 g. L™ of ZnSO,,
which showed a significant difference
with control treatment. The Q26 culti-
var in 18 mg. kg‘1 P,Os fertilizer and 4
g. L' ZnSOy, level produced the maxi-
mum average of this trait (Table 4). It
seems that the use of triple superphos-
phate and zinc sulfate fertilizers has
stimulated the vegetative growth of the
plant and increased the amount of as-
similates available to the lateral buds
through increasing the level of photo-
synthesis. This factor has stimulated the
growth of lateral buds and the emer-
gence of more lateral branches.

4.6. Root density

The results of this research showed
the effect of experimental factors and
their interaction on root density changes
(Table 5). Based on the results of Table
6, there was no obvious difference in
terms of root density between the Py
treatment and the amount of 6 mg. kg™’
of triple superphosphate fertilizer, and
the use of 12 mg. kg of this fertilizer
improved this trait compared to the oth-

er amounts of P,Os fertilizer.
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Table S. Variance analysis of quinoa quantitative traits

S.0.V df  Root density R""Eﬁ‘g‘tgl:hr;‘t’izh""t T"vtv‘::lig;i‘i“
Phosphorus (P) 3 0.23" 0.08" 82.04"
Zinc (Zn) 2 0.07" 0.001™ 18.90”
Cultivar (C) 2 0.003" 021" 65.74"
P x Zn 6 0.04" 0.07" 1275
PxC 6 0.06" 0.08" 49.45™
Zn x C 4 011" 0.01” 7.13"
P x Znx C 12 0.08" 0.03” 19.98™
Error 72 0.0006 0.004 0.09
CV (%) - 437 9.59 7.75

™ = Not significant; * =P < 0.05; ** =P < 0.01.

In the investigation of the effect of
ZnSO4 concentrations, it was observed
that the 8 g. L' concentration of zinc
sulfate with an average of 0.61 g.cm'3
was identified as the best treatment in
terms of this trait. It seems that with the
increase in chemical fertilizers in the
phenological stages, the roots expansion
in the soil has been done well, and the
increase in the root dry weight per unit
of soil volume has followed. Examining
the differences between quinoa cultivars
showed that Giza 1 cultivar had the
highest root density with an average of
0.86 g.cm’3, and Q26 and Titicaca culti-
vars with averages of 0.58 and 0.56
were in second and third place, respec-
tively (Table 6). It seems that the genet-
ic potential of the cultivars in increasing
or decreasing the root dry weight per
unit volume of soil is the main factor of
superiority or non-superiority of quinoa
root density. The highest root density
with an average of 0.97 g.cm'3 was ob-
tained under the conditions of 12 mg.
kg' of triple super phosphate fertilizer
application and in Q26 cultivar, which
showed a significant difference with
other amounts of fertilizer, and also

with other quinoa cultivars. In Titicaca
cultivar, under the conditions of the
maximum application of triple super
phosphate fertilizer (P;g) and zinc sul-
fate (Zng) recorded the highest root den-
sity with values of 0.89 g.cm‘3, which is
compared to the PyZny treatment, in-
creased by 70.79% (Table 7). Foliar ap-
plication of zinc sulfate becomes very
important when there is an antagonistic
phenomenon for the transfer of some
materials through the root, or when a
compound is added to the soil that de-
stroys soil organisms. This feeding
method can provide elements to the
plant in the fastest time and be effective
in the growth of roots and shoots of
crops and vegetables (Miransari et al.,
2015). Based on the results of the pre-
sent study, the minimum of this trait
was obtained in the Giza 1 cultivar with
an average of 0.78 g.cm'3 under the
conditions of 12 mg. kg'1 of triple super
phosphate fertilizer application with 8
g. L' concentration of zinc sulfate and
the further increase of phosphorus ferti-
lizer (Pig) in varying concentrations of
zinc sulfate caused a decrease in root
density in this cultivar (Table 7).
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Table 6. The main effect of treatments on quinoa quantitative traits

Treatments Root denSsity Root length to shoot Total grain v&;eight
(g.cm™) length ratio (g. plant™)

Phosphorus , 0.49 0.64 2.17
Phosphorus ¢ 0.49 0.66 2.56
Phosphorus ;, 0.68 0.73 5.29
Phosphorus g 0.60 0.60 5.45
LSD (,<0.05) 0.01 0.03 0.16
Zinc sulfate 0.55 - 3.46
Zinc sulfate 4 0.52 - 471
Zinc sulfate g 0.61 - 3.51
LSD (,<0.05) 0.01 - 0.14
Giza 1 0.86 0.59 3.83
Q26 0.58 0.63 5.24
Titicaca 0.56 0.74 2.54
LSD (,<.05) 0.01 0.02 0.14

The means were compared independently with the LSD test at the 5% probability level.

4.7. Root length to shoot length ratio
The findings of the main effect of the
experimental treatments showed that the
highest root length to shoot length ratio
with an average of 0.73 was assigned to
the 12 mg. kg'1 of triple super phos-
phate fertilizer treatment, which was
significantly different from other treat-
ments. Among the cultivars studied, the
Titicaca cultivar had the highest root
length to shoot length ratio with values
of 0.74, and the lowest values of this
trait were assigned to the Giza 1 culti-
var. The Q26 cultivar with an average
of 0.63 took the second place (Table 6).
The results showed that Titicaca culti-
var had the maximum root length to
shoot length ratio with an average of
0.99 in the Pj»+Zng treatment. In this
treatment, the Giza 1 cultivar also ob-
tained the maximum of this attribute. In
the control mode conditions (Pg), in-
creasing the concentration of zinc sul-
fate resulted in a decrease in the root
length to shoot length ratio. While in
the Py, treatment, increasing the concen-
tration of zinc sulfate from zero to 8 g.

L' caused an increase this trait. In the
maximum use of phosphorus fertilizer
conditions (P;g), the 4 g. L' concentra-
tion of zinc sulfate compared to the
maximum concentration affected this
trait in all three cultivars (Table 7).
Since the higher ratio of roots to aerial
organs (absorbing organs compared to
consuming organs) determines the crop
ability to adapt the unfavorable growth
conditions, therefore, most physiolo-
gists introduce this ratio as a criterion
for selecting efficient cultivars (Hosein-
zade et al., 2013). Probably, the greater
longitudinal growth of the aerial part of
Q26 cultivar compared to other culti-
vars has reduced this ratio. The research
of Slovak et al. (2015) showed that in-
creasing the growth of the root system
in unfavorable growth conditions in
some cultivars is a mechanism to in-
crease the resistance of these cultivars
against the restriction of access to nutri-
tional elements, which was consistent
with the results of this study.
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4.8. Total grain weight

Comparing the mean showed that the
best value of TGW (5.45 g. plant'l) was
obtained in 18 mg. kg triple super-
phosphate. Also, the foliar application
of ZnSO, with 4 g. L' concentration
increased total grain weight (4.71 g.
plant™). Highly significant differences
were observed among the test cultivars.
Q26 cultivar with the mean of 5.24 g.
plalnt'1 gained maximum total grain
weight, and Giza 1 cultivar ranked sec-
ond. The weakest cultivar was Titicaca
(2.54 g. plant’l) (Table 6). Moulai and
Bagheri (2020) reported that the Q26
cultivar has the highest grain yield. The
grains of this cultivar are relatively

12

large, the length of its growth period
matches with the growing season in the
tested area, and its cultivation is rec-
ommended. Three-fold interactions of
factors significantly improved total
grain weight. Regarding Table 7, max-
imum TGW belonged to Q26 cultivar+
18 mg. kg™ triple superphosphate+ 4 g.
L' zinc sulfate foliar application. Foliar
application at the rate of 8 g. L' zinc
sulfate in different levels of phosphorus
fertilizer and cultivars reduced total
grain weight; however, the lowest value
of TGW was achieved in Pog+Zny+ Giza
1, Po+Znp+ Q26, Py+Znp+ Titicaca, and
Pes+7Zn4+ Titicaca treatments.

Table 7. The interaction effect of treatments on quantitative traits

. Root density Root length to shoot length Total grain weight
Traits 3 . -1
(g.cm™) ratio (g. plant™)
(ml;fgé_l) %g“i?)" Gizal Q26 Titicaca Gizal Q26  Titicaca Gizal Q26  Titicaca
0 0.42 0.55 0.26 0.56 0.75 0.73 0.73 1.20 0.95
0 4 0.51 0.46 0.54 0.54 0.68 0.59 2.46 3.58 5.31
8 0.64 0.41 0.64 0.50 0.80 0.60 2.30 1.85 1.11
0 0.41 0.44 0.89 0.66 0.59 0.94 2.56 7.60 1.76
6 4 0.45 0.45 0.36 0.69 0.44 0.66 2.16 2.43 1.09
8 0.31 0.56 0.53 0.67 0.71 0.58 1.69 2.49 1.38
0 0.64 0.97 0.44 0.54 0.66 0.73 7.80 2.18 1.64
12 4 0.63 0.64 0.52 0.71 0.69 0.82 9.20 2.53 8.57
8 0.78 0.73 0.82 0.88 0.57 0.99 5.80 8.35 1.60
0 0.63 0.66 0.37 0.44 0.49 0.75 4.75 8.67 1.69
18 4 0.66 0.64 0.45 0.57 0.79 0.79 2.33 14.30 2.46
8 0.66 0.41 0.89 0.40 0.39 0.76 4.25 7.65 2.90
LSD (p<p.05) 0.03 0.10 0.48

The means were compared independently with the LSD test at the 5% probability level.

The results suggest the positive role of
phosphorus and zinc elements on the
production of acceptable yield. Appar-
ently, foliar application of zinc sulfate
and consumption of phosphorus fertiliz-
er has caused more nitrogen uptake in
the plant, and thus increased the grain
weight of quinoa. Increased grain yield

due to zinc and phosphorus consump-
tion is due to root development and in-
creased uptake of elements from the
soil, increased storage materials, and
reduced source constraints that cause
transferring materials into the grain.
Other researchers have reported a posi-
tive effect of zinc and phosphorus ap-
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plication on increasing grain yield,
which is most likely due to the effect of
these elements on indole acetic acid
(IAA) (Ziaei et al., 2020).

4.9. Correlation of studied traits

Based on the results of correlation
analysis, leaf chlorophyll index showed
a significant correlation with all traits
except number of lateral branches and
root traits (Table 8). This means that the

increase in leaf chlorophyll improved
the vegetative structure of the quinoa
crop (plant height, stem diameter and
distance from the first lateral branch to
the soil surface) and total grain weight.
In one research on quinoa cultivars, the
traits identification with strong correla-
tion by grain yield was suggested as an
indicator for selecting desirable culti-
vars with high yield (Al-Naggar et al.,
2017).

Table 8. The Correlation results of studied traits

Traits 1 2 3 4 5 6 7
2 0.71"

3 0.66"  0.64"

4 0.64" 073"  0.63"

5 0.44™ 0717 0517 0.66°

6 0.17"  0.10™  0.28™ 025" 031"

7 0.15™  -0.40™  -0.07™ -0.17" -0.28™  0.19™

8 063" 079" 063"

0.64" 0737 018 -0.11™

™ = Not significant; * =P < 0.05; **=P < 0.01.

1: Chlorophyll index, 2: Plant height, 3: Distance of the first lateral branch to the soil sur-
face, 4: Stem diameter, 5: Number of lateral branches, 6: Root density, 7: Root length to

shoot length ratio, 8: Total grain weight.

In another study on the quinoa crop,
the stem diameter and plant dry weight
were reported as two traits that are very
effective in increasing grain yield, and
the selection of plants with thick stems,
more inflorescences and higher dry
weight, was suggested to increase the
quinoa yield (Bhargava et al., 2003).
The results showed that the total grain
weight had a statistically significant
correlation with all morphological and
physiological traits and there was no
significant correlation between this trait
(TGW) and root density and the ratio of
root length to shoot length. Although
the ratio of root length to shoot length
had a negative correlation with most of

the investigated traits, but this correla-
tion was not significant (Table 8).

5. CONCLUSION

It is concluded from the results of
this research that there was a positive
and direct relationship between mor-
phological and physiological indicators
of quinoa cultivars with production. Op-
timum ratios of P-Zn nutrients by in-
creasing the photosynthetic system effi-
ciency and better growth of roots and
shoots improved the production of this
crop. The 4 g. L™ concentration of zinc
sulfate improved the morphological in-
dicators. The increase in root density by
improving the root connection with soil
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particles, increased the quinoa produc-
tion. The Q26 cultivar was recognized
as the best cultivar compared to another
investigated cultivars, and the Titicaca
cultivar had an underdeveloped and
weaker root system.
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