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ABSTRACT

Biofertilizers are a promising approach to substantially improve nutrient recovery and crop production.
Moreover, zinc (Zn) deficiency is one of the key abiotic factors limiting global rice production. However,
the effect of Zn-biochemical co-fertilization on rice production and nutrients recovery and surplus under
semi-arid environmental conditions is not fully obvious. Two years field experiment was conducted to
evaluate the effect of Zn-biochemical (nitrogen “N”, phosphorus “P”, and potassium “K”) co-
fertilization on yield and yield components, physico-chemical characteristics, and nutrient recovery
and surplus as well as farm profitability of four rice (Oryza sativa L.) cultivars treated with two Zn levels
(no Zn application, and 600 mg chelated Zn L™' as a foliar application) and six fertilization regimes (no
fertilizers application, biofertilizers, 25% NPK plus biofertilizers, 50% NPK plus biofertilizers, 75% NPK plus
biofertilizers, and 100% NPK). Biofertilizers mixture (cerealin, phosphorine, and potassiomage) were used.
The results revealed that chemical constituents, growth attributes, yield, yield components, nutrients
uptake (N, P, K, and Zn), and nutrients recovery (N, P, and K) significantly increased due to Zn foliar appli-
cation. Biofertilizers replacement for 25% of inorganic NPK combined with Zn provides the highest nutri-
ents uptake through increasing N, P, and K recovery by 57-94%, 61-128%, and 45-69%, respectively in the
four rice cultivars compared with 100% NPK treatment. This improvement in nutrients uptake and recov-
ery was attributed to decrease nutrients surplus by 64-78%, 46-53%, and 50-59%, respectively.
Additionally, Zn-biochemical co-fertilization improves growth attributes, yield, and yield components
of rice cultivars through producing more contents of chlorophyll a and b, carotenoids, total carbohy-
drates, and total amino acids than using 100% NPK alone. All previous characteristics significantly
affected by the cultivated rice variety. The net return under the treatment of 75% NPK plus biofertilizers
plus Zn foliar application was 21.5-27.5% higher than the treatment of 100% NPK. Therefore, our findings
suggest that biofertilizers replacement for 25% of inorganic NPK combined with Zn foliar application sup-
plies a financially attractive choice to substantially enhance nutrient recovery and production of rice,
while effectively reducing nutrients loss.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Rice (Oryza sativa L.) is one of the major staples, feeding more
than 50% of the universal population. Rice supplies the world’s
population with 15% and 21% of their protein and energy needs,
respectively (Rehman et al., 2012). To feed ever-rising world pop-
ulation, which is expected to reach 10 billion by the end of this
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century, an increase in rice production per unit area is direly
needed (Von Grebmer et al., 2017). However, the production of rice
is constantly decreasing in Egypt because Egyptian government is
reducing the cultivation of water-consuming crops, such as rice,
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raising concern about a deterioration of the quality of the country’s
most fertile farmland. For example, rice production in Egypt
decreased by 35%, 41%, and 37% in 2018 as compared to 2015,
2016, and 2017, respectively (FAOSTAT, 2021). Consequently, the
Egyptian rice production per unit area must be greatly increased
to compensate for this decrease in cropped area, especially in light
of the population increase, which is expected to reach approxi-
mately 50% and 100% by 2050 and 2100, respectively
(Worldometers, 2017). On other side, several authors reported sig-
nificant increase of physiochemical attributes, grain yield, and
yield attributes as well as nutrient recovery and surplus due to rice
varietal differences (Abd El-Wahab, 1998; Moonmoon et al., 2017).
Varietal improvement plays an important role in increasing rice
yields. Increases in rice production depend on the availability of
high yielding varieties (Abd EI-Wahab, 1998). Varieties differ in
their ability to impact productivity and such differences may be
due to genetically variation in used genotypes and their interaction
with environmental conditions (Khattab, 2019).

Expensive inorganic fertilizers have been utilized by farmers
to higher the crop production (Ahmed et al., 2020). This practice,
however, has led to an elevate in production costs and in many
cases caused environmental issues such as soil fertility loss,
eutrophication, groundwater nitrate contamination, soil acidifica-
tion, and greenhouse gas emissions (Penuelas et al., 2013;
Galloway & Cowling, 2021). Egypt is the largest consumer of fer-
tilizers (average of 500 kg ha~') in Africa (El Gharous & Boulal,
2016). It uses, for instance, approximately 35% of all the inor-
ganic fertilizer nitrogen (N) used in Africa during 2010-2015
(Elrys et al., 2019b). In Egypt, out of the total inorganic fertilizers
used in agriculture, rice accounts 12.3% (Heffer et al., 2009).
Moreover, more than 60% of the inorganic N fertilizer in Egypt
is applied to cereal crops, and 97.5% of that is applied to maize,
rice, and wheat only (Elrys et al., 2019b). Furthermore, the rice N
footprint (the amount of reactive N emitted into the environ-
ment by people consumption and the related production of food
and energy) in Egypt increased by 50% during the last five dec-
ades (Elrys et al.,, 2019b; Elrys et al., 2021), while the average
rice N recovery was approximately 24% (Elrys et al., 2021). Thus,
massive using of inorganic fertilizers is obviously a major limit-
ing factor. It is imperative to develop integrated approaches to
using inorganic fertilizers reasonably with the use of environ-
mentally friendly alternative resources.

Fertilizers other than inorganic fertilizers such as compost,
organic manure, and biofertilizer shall be utilized as environmen-
tally friendly alternative. Among them, biofertilizers are the most
important because of their positive influences to both plant pro-
duction and the environment (Kantachote et al, 2016). For
instance, biofertilizers from Rhodopseudomonas palustris enhanced
rice and reduced methane emissions (Kantachote et al., 2016). Mix-
ing Rhodobacter capsulatus with 50% inorganic N fertilizer resulted
in a rice grain yield statistically equivalent to 100% inorganic N fer-
tilizer (Gamal-Eldin & Elbanna, 2011). Azolla’s biofertilizer replace-
ment for 25% of inorganic N supplies a financially attractive choice
to substantially enhance N use efficiency (NUE) and production in
intensive rice cropping systems, while effectively decreasing N loss
(Yao et al., 2018). Moreover, a number of various microorganisms
have been isolated and characterized for their phosphorus (P)-
mobilizing ability (Khan et al., 2007). Furthermore, highest K
uptake was observed in plants fertilized with nutrients containing
silicate-dissolving bacteria (Jadid Soleimandarabi et al., 2017).
Hence, biofertilizers are proven powerful agents and significant
alternative supplement for sustainable rice cultivation. However,
the effect of biofertilizers mixture (N fixing bacteria, P solubilizing
bacteria, and K solubilizing bacteria) as alternatives for inorganic
fertilizers on rice production and nutrient surplus in intensive
cropping systems is not fully obvious.
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Zinc (Zn) deficiency is one of the key abiotic factors limiting glo-
bal rice production (Rehman et al., 2012). Zinc deficiency happens
mainly in alkaline and calcareous soils (e.g. in Egypt) due to high
bicarbonate (HCO3) concentration or high soil pH (Qadar, 2002).
Rice grown on soils with Zn deficiency produces low yield quantity
and quality (Welch and Graham, 1999). Zn deficiency in rice grains
considers widespread nutritional disorder influencing human
health. Zn -deficiency in plants reduces leaf chlorophyll content
and chlorophyll a: b, indicating damage to intrinsic quantum effi-
ciency of the photosystem-II (PSII) units (Chen et al., 2008).
Enzyme and protein synthesis Zn is important for activity of a
number of plant proteins. Moreover, rice cultivation is in transition
in many rice growing regions of the world including Egypt, from
flooding to alternate wetting and drying, aerobic culture, raised
beds or other systems of rice intensification. This transition
towards water-saving rice cultivation may decrease soil moisture
content, and soil variables controlling Zn availability of rice are
likely to change (Gao et al., 2006) and have a main influence on rice
production in various systems. Consequently, Zn as a key abiotic
factors limiting rice production suffers from complex problems in
Egypt, which are the actual deficiency of Zn availability due to high
soil pH in addition to the potential deficiency due to the inevitable
shift towards water-saving rice cultivation. However, the effect of
Zn-biochemical (NPK) co-fertilization on rice production and nutri-
ents recovery is still largely unknown.

To our knowledge, this is one of the first study to evaluate the
effect of Zn-biochemical (NPK) co-fertilization on yield and yield
components, physicochemical characteristics, nutrient uptake,
nutrient recovery, nutrients surplus, and farm profitability of four
rice cultivars under semi-arid environmental conditions. Two years
field experiment was conducted to tested the following hypothe-
ses: 1) Zn fertilizers would improve rice performance and reduce
nutrient surplus under semi-arid environmental conditions, 2)
substituting biofertilizers NPK mixture for 25% of inorganic fertiliz-
ers NPK would improve yield and physiochemical attributes as
well as nutrient recovery and surplus of various rice cultivars, 3)
the effect of Zn-biochemical co-fertilization would be cultivar
dependent, and 4) Zinc foliar application with substituting mixture
biofertilizers for 25% of inorganic fertilizers would be the best
treatment for increasing rice production and farm profitability,
while reducing nutrients loss.

2. Materials and methods
2.1. Experiment site

The present study was conducted in El-Ibrahimiya district,
Sharkia Governorate (30.72 °N, 31.56 °E), Egypt during two succes-
sive summer seasons of 2019 and 2020. Soil samples were col-
lected from the experimental sites at the depth of 0-30 cm
before planting to determine soil physical and chemical properties
according to (Black, 1968). The soil is classified as a clay with
organic matter content of 24 g kg~!, C:N of 11:1, total N of
1.3 g kg1, available P of 14 mg kg!, available K of 156 mg kg !,
available Zn of 1.0 mg kg~!, pH of 7.9 (Moderately alkaline), and
electric conductivity (EC) of 1.88 dS m~! as averages of both
seasons.

2.2. Experimental design and study factors

In total, 48 treatments repeated four times were implemented
in a split-split plot design. The foliar treatments were randomly
occupied in the main plots, and in the sub- and sub-sub plots,
tested cultivars and fertilizers regimes were randomly applied,
respectively. Three foliar sprays with Zn as a chelated Zn 14% EDTA
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was added at a rate of 600 mg L~!, while spraying with tap water
was used as a check treatment. Foliage applied treatments were
carried out using water (595 L ha~! per spray) at 10, 25 and 40 days
after transplanting. Furthermore, four rice (Oryza sativa L.) culti-
vars (Giza 178, Giza 179, Sakha 104, and Egyptian hybrid rice
1"EHR1”) were used. Six bio-chemical fertilization regimes (no fer-
tilizers application, biofertilizers, 25% NPK plus biofertilizers, 50%
NPK plus biofertilizers, 75% NPK plus biofertilizers, and 100%
NPK) were followed. The recommended doses of NPK (100% NPK)
were set up by adding 145 kg N ha~! as ammonium sulfate
(21 % N); 75 kg P,05 ha~! as calcium super phosphate (15.5%
P,05); and 67 kg K,0 ha~! as potassium sulfate (48% K,0) to the
soil. The recommended doses of inorganic fertilizers used in our
study are the typical doses for the commercial rice production in
the region. Before transplanting, full dose of superphosphate and
potassium sulfate were added. Three equal doses of ammonium
sulfate were applied at 10, 25 and 40 days after transplanting.
Biofertilizers mixture (cerealin biofertilizer contains Azospirillum
brasilense and Azospirillum lipoferum as N, fixing bacteria, phospho-
rine biofertilizer contains Bacillus megaterium var. phosphaticum as
phosphate solubilizing bacteria, and potassiomage as K solubilizing
bacteria “Bacillus cerculance”) were applied at 10 days after trans-
planting. The commercial biofertilizers were produced by Agricul-
ture Research Center, Giza, Egypt, and used at the recommended
dose of 210 g ha™! for each biofertilizer. The experimental unit size
was 12 m? (3 m x 4 m). Rice seeds at rate of 145 kg ha~! were
soaked in water for 24 h, then drained and incubated for 24 h.
Thereafter, seeds were manually broadcasted in the first week of
May in both seasons. Rice seedlings were transplanted at 30 days
after sowing in hills 20 x 20 cm a part (25 hills m~2). The preceding
crop was berseem clover (Trifolium alexandrinum L.) in both sea-
sons. All other agronomic practices including, irrigation, weeds,
pest and disease control were applied as recommended for the
commercial rice production.

2.3. Determination of physiochemical constituents

At heading stage, fresh leaves were collected from each plot to
determine the photosynthetic pigments (chlorophyll a “Chl. a”,
chlorophyll b “Chl. b”, and carotenoids) according to Fadeels
(1962). The contents (mg g~! FW) of these pigments were calcu-
lated according to the modified formula of (Wettstein, 1957). Total
carbohydrates were determined in the dried samples of shoots and
leaves of all treatments according to (Williams, 1984). Amino acids
were extracted from oven dry leaves using ethyl alcohol (80%, v/v).
The quantitative amino acids determination was carried out
according to (Christias et al., 1975). Grain samples were taken at
harvest from each plot and dried at 70 °C and milled to fine pow-
der. Dried samples were digested using a mixture of sulfuric acid
and perchloric acid to estimate N, P, K, and Zn. Total N and K levels
were determined using a microkjeldahl method and flame pho-
tometer device, respectively (Chapman & Pratt, 1982). Total P
was colourmetrically determined using ascorbic acid method
(Watanabe & Olsen, 1965). Zn content was estimated using atomic
absorption spectrophotometry (Williams, 1984). Grain nutrient
uptake was computed by the multiplication of nutrient content
and dry matter. Grain protein uptake was computed by multiply-
ing grain N uptake by 5.70 (Bishni and Hughes, 1979).

2.4. Calculation of nutrients surplus and nutrients recovery

Nutrients surplus was calculated as the difference between
inorganic nutrients input through fertilization and total nutrients
uptake at the final harvest (Yao et al., 2018; Elrys et al., 2019a). Fer-
tilizer nutrients (N, P, or K) recovery, indicating the increase of
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total N, P, or K uptake at harvest per unit of N, P, or K fertilizers
application rate (Varvel & Peterson, 1990):

NF — NC
R
where: NF, NC, and R refer to the total nutrient uptake from nutri-

ent fertilized plot, total nutrient uptake from unfertilized plot, and
rate of fertilizer nutrient applied, respectively.

Nutrient recovery = x 100

2.5. Rice yield and yield attributes measurements

At harvest (end of September in the two seasons), ten guarded
plants were taken at random from each experimental plot to deter-
mine plant height (cm). Also, the number of panicle m~2 and the
following yield attributes were recorded on ten panicles, i.e., pan-
icle length, number of filled grain panicle™!, number of spikelets
panicle™!, filled grain percentage, panicle grain weight, and 1000
grain weight. Moreover, the following final yield traits were
recorded from a central area of 2 m? per plot: grain yield at grain
moisture content of 14%, total yield, and harvest index (HI).

2.6. Economic analysis

Total costs of applied agricultural practices including seeds, fer-
tilizers, irrigation, power, labor, machinery and land rent were esti-
mated. The costs of all farm operations were estimated based on
the official and the actual market prices determined by Egyptian
Ministry of Agriculture. Three economic parameters were esti-
mated; total income (USD ha™!), net return (USD ha~') and return
invested (USD). The total income from grain yield was calculated
by multiplying grain yield by actual price which was 267 USD
Mg~!. Net return from production of rice was estimated as the dif-
ference between total income and total costs. Besides, return
invested was calculated by dividing total income by total cost.

2.7. Statistical analysis

The data were statistically analyzed according to Gomez and
Gomez (1984) by using MSTAT-C (Nissen, 1983) where statistical
program Version 2.1 was used for analysis of variance (ANOVA).
Combined ANOVA was performed across the two seasons after
testing the homogeneity of the experimental errors by Bartlett’s
test (Steel, 1997). Differences among foliar application treatments,
cultivars, fertilization regimes and their interactions were sepa-
rated by the least significant difference (LSD) at p < 0.05 (WG,
1980).

3. Results

3.1. Zinc-biochemical co-fertilization improves physiochemical
constituents of rice

Chlorophyll a (Chl. a), chlorophyll b (Chl. b), carotenoids, total
carbohydrates, and total amino acids significantly (all p < 0.05)
increased due to Zn foliar application (Table 1) in both seasons
and their combined. Compared with the control, these increments
were 10.7, 10.4, 6.5, 2.2, and 7.0%, respectively, as an average of
two seasons. The previous characteristics significantly (all
p < 0.001) affected by the cultivated rice variety (Table 1). The
highest contents of Chl. a, Chl. b, and carotenoids were recorded
under Giza 178 cultivar, followed by Sakha 104, Giza 179, and
EHR1 cultivars, respectively. Whilst, the highest content of total
carbohydrates and total amino acids was observed under Giza
179 and EHR1 cultivars, respectively. Furthermore, there was a sig-
nificant (all p < 0.001) effect of the fertilization regime on the pre-
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Table 1
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Influence of zinc-biochemical co-fertilization on the leaf photosynthetic pigments contents, total carbohydrate and total amino acids of the four studied rice cultivars.

Carotenoids (mg g~! FW)

Total carbohydrate (mg g~') Total amino acids (%)

Study factor Chl.a(mgg'FW) ChlLb(mgg™' FW)
Zinc foliar application (Zn)

Control 1.31B 0.48B
Zn 1.45A 0.53A
Cultivar (C)

Giza 178 1.49A 0.55A
Giza 179 1.34C 0.47C
Sakha 104 1.47B 0.54B
EHR1 1.26D 0.46D
Fertilization regime (F)

Control 0.77F 0.30F
Biofertilizers 1.28E 0.43E
25% NPK + biofertilizers 1.33D 0.49D
50% NPK + biofertilizers 1.65B 0.61B
75% NPK + biofertilizers 1.69A 0.62A
100% NPK 1.62C 0.59C
ANOVA df

Zn 1 0.039 0.004
C 3 <0.001 <0.001
F 5 <0.001 <0.001
Zn x C 3 <0.001 <0.001
Zn x F 5 <0.001 0.007
CxF 15 <0.001 0.043
Zn x C x F 15 0.155 0.704

1.24B 22.4B 75.8B
1.32A 22.9A 81.1A
1.34A 22.6B 74.2D
1.24C 233A 78.6C
1.31B 22.1C 79.5B
1.23D 22.7B 81.6A
0.71F 13.1E 42.4E
1.12E 20.2D 71.7D
1.23D 22.3C 77.5C
1.52B 26.7B 93.3A
1.59A 27.3A 93.4A
1.50C 26.4B 92.4B
0.043 0.009 0.003
<0.001 <0.001 <0.001
<0.001 <0.001 <0.001
<0.001 0.522 0.024
0.010 0.085 <0.001
<0.001 0.659 <0.001
<0.001 0.999 <0.001

Means followed by different letters in the same direction differ significantly by LSD (p < 0.05).

vious attributes (Table 1). Chl. a, Chl. b, carotenoids, total carbohy-
drate, and total amino acids were higher in all fertilization regime
treatments compared to the control treatment, where the highest
values was noted in the treatment of 75% NPK + biofertilizers, fol-
lowed by 50% NPK + biofertilizers, and 100% NPK, respectively,
whereas the lowest values were observed in the treatment of
biofertilizers alone. Compared with the treatment of 100% NPK,
the previous characteristics increased by 4.32, 5.08, 6.00, 3.41,
and 1.08%, respectively, as an average of two seasons under the
treatment of 75% NPK + biofertilizers, and by 1.85, 3.39, 1.33,
1.14, and 0.97%, respectively under the treatment of 50% NPK +
biofertilizers.

Significant (all p < 0.05) interaction influences were observed
under the effect of Zn x cultivar, Zn x fertilization regime, and
cultivar x fertilization regime for Chl. a, Chl. b, carotenoids, and
total amino acids (Table 1). However, the significant (all
p < 0.05) interaction impacts of all factors
(Zn x cultivar x fertilization regime) was noted with carotenoids
and total amino acids. Excluding control, maximum contents of
previous attributes (Fig. 1) were noted in the treatment of 75%
NPK + biofertilizers + Zn foliar application in both seasons and
their combined, while minimum contents were recorded in the
treatment of biofertilizers without Zn.

3.2. Zinc-biochemical co-fertilization increases rice growth, yield and
yield attributes

Results in Table 2 illustrate variations among the study factors
for plant height, panicle length, number of panicles m~2, number of
spikelets panicle™!, number of filled grain panicle™!, filled grain,
1000-grain weight, panicle grain weight, grain yield, total yield,
HI, and protein content. All previous characteristics except for
plant height and HI significantly (all p < 0.05) increased due to
Zn foliar application compared to without Zn application in both
seasons and their combined. The former characteristics under Zn
foliar application were 3.41, 6.38, 8.04, 10.6, 7.48, 9.42, 11.7,
15.5, 18.1, 15.6, 1.44, and 25.2%, respectively higher than without
Zn foliar application. Moreover, all previous characteristics signifi-
cantly (all p < 0.005) affected by the cultivated rice variety and fer-
tilization regime. The highest plant height was recorded under
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Giza 178 cultivar, whereas the highest panicle length, number of
panicles m~2, 1000-grain weight, grain yield, total yield, and grain
protein content were noticed under Sakha 104 cultivar, and the
highest number of spikelets panicle™!, panicle grain weight, and
HI were recorded under EHR1cultivar. Moreover, the highest num-
ber of filled grain panicle™! and the percentage of filled grain were
observed under both Giza 178 and EHR1 cultivars without signifi-
cant differences. Such as what was observed in the physio-
biochemical constituents, the highest values of all rice growth
and yield attributes were noted in the treatment of 75% NPK + bio
fertilizers, followed by 50% NPK + biofertilizers, and 100% NPK,
respectively, whereas the lowest values were observed in the treat-
ment of control, followed by the treatment of biofertilizers alone.
Compared with the treatment of 100% NPK, rice growth and yield
attributes increased by 5.88, 6.70, 4.39, 11.4, 15.2, 14.2, 174,
18.9, 15.4, 4.11, and 12.6%, respectively under the treatment of
75% NPK + biofertilizers. Whilst, these attributes increased by
61.5, 51.8, 37.2, 41.6, 46.4, 11.9, 71.2, 61.8, 62.8, 56.4, 4.5, and
83.4%, respectively under the treatment of biofertilizers alone com-
pared with the control treatment.

Furthermore, significant (all p < 0.05) interaction influences
were noted under the effect of Zn x cultivar, Zn x fertilization
regime, cultivar X fertilization regime, and
Zn x cultivar x fertilization regime for all growth and yield attri-
butes. However, number of panicles m~2, number of spikelets pan-
icle~', 1000-grain weight, and HI did not response significantly to
the interaction effect of Zn x fertilization regime. Number of pan-
icles m 2, and number of spikelets panicle ! also did not response
significantly to the interaction effect of Zn x cultivar x fertilization
regime. Likewise, maximum contents of previous attributes (Figs. 2
and 3) were observed under the treatment of 75% NPK + biofertili
zers + Zn foliar application, while minimum values were recorded
in the control treatment (Fig. 4). The response equations showed
diminishing increase in grain yield with addition of 75% NPK + bio
fertilizers under fourth cultivars with foliar application of Zn. These
interactions ascertain the view that a complementary effect could
have been taken place between the foliar application of Zn, culti-
vars and fertilization regimes were the best of this combination
was observed in foliar application of Zn with sowing Sakha 104
with adding of 75% NPK + biofertilizers (Fig. 4).
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Fig. 1. Impact of zinc-biochemical co-fertilization on chl. a (A), chl. b (B), carotenoids (C), total carbohydrate (D), and total amino acids (E) of the four studied rice cultivars.
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Table 2
Influence of zinc-biochemical co-fertilization on yield, yield components and grain protein content of the four studied rice cultivars.

Study factor Plant Panicle Number Number of Number of Filled 1000-grain Panicle Grain Total Harvest  Grain
height length of panicles spikelets filled grain grain weight (g) grain yield yield index (%) crude
(em) (cm) m>? panicle™!  panicle™' (%) weight (g) (Mg ha™!) (Mgha') protein

(kg ha™")

Zinc foliar application (Zn)

Control 85.0A 18.8B 448B 113B 107B 81.7B 17.1B 2.33B 8.73B 18.0B 48.5 A 206B

Zn 87.9A 20.0 A 484A 125 A 115A 89.4A 19.1A 2.69A 10.3A 20.8 A 492 A 258 A

Cultivar (C)

Giza 178 89.6A 19.4A 440D 123B 117A 86.2A 16.3D 2.24C 9.15C 182D 48.0 BC 216C

Giza 179 84.9C 19.5A 463B 117C 108B 859B 16.9C 2.34D 9.11C 18.8C 47.8C 222B

Sakha 104 86.7B 19.7A 520A 110D 103C 83.8C 20.0A 2.70B 10.5A 216 A 48.6B 265 A

EHR1 84.6C 18.9B 442C 127A 117A 86.4A 19.4B 2.79A 9.34B 19.0B 51.0A 224B

Fertilization regime (F)

Control 47.0F 11.0F 266E 66.3E 63.2F 70.6E 9.11E 1.31F 4.71F 10.1 E 46.6C 96.5F

Biofertilizers 759 E 16.7E 365D 93.9D 92.5E 79.0D 156D 2.12E 7.67E 158 D 48.7B 177 E

25% NPK + biofertilizers 85.5D 19.2C 429C 116C 112D 88.9C 18.2C 2.61D 8.91D 18.4C 48.5B 216 D

50% NPK + biofertilizers 101C  23.1B  574B 143B 130B 92.3B  20.7B 2.88B 11.5B 23.0B 50.0 A 294B

75% NPK + biofertilizers 108 A 239A 594A 156A 144A 93.5A 24.1A 331A 13.2A 263 A 50.7 A 322 A

100% NPK 102B  22.4C 569B 140B 125C 89.1C 21.1B 2.82C 11.1C 22.8B 48.7B 286C

ANOVA df p-value of the main effects and their interactions

Zn 1 0081 0.015 0017 0.035 0.020 <0.001 0.028 0.007 0.008 0.006 0.107 0.019

C 3 <0.001 0.004 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

F 5 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Zn x C 3  <0.001 0.011 <0.001 0.014 <0.001 <0.001 0.002 0.187 <0.001 <0.001 <0.001 <0.001

Zn x F 5 <0.001 0.005 0.239 0.920 <0.001 <0.001 0.338 <0.001 <0.001 <0.001 0.080 <0.001

CxF 15 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Zn x C x F 15 <0.001 <0.001 0.938 0.284 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Means followed by different letters in the same direction differ significantly by LSD (p < 0.05).

3.3. Zinc-biochemical co-fertilization increases nutrient recovery and
reduces nutrient surplus

Compared to control, Zn foliar application significantly (all
p < 0.05) increased grain nutrients (N, P, K, and Zn) uptake and
nutrients (N, P, and K) recovery, but decreased nutrients surplus
(N, P, and K; Table 3). Grain N, P, K, and Zn uptake, and N, P, and
K recovery under Zn foliar application treatment were 24.8, 31.5,
26.5, and 46%, and 20.7, 14.7, and 16.6, respectively higher than
without Zn foliar application. Whilst N, P, and K surplus decreased
by 67.1, 30.2, 36.9%, respectively. Moreover, the highest nutrient
uptake and lowest nutrient surplus were recorded under Sakha
104 cultivar. The highest N and P recovery was also observed with
Sakha 104 cultivar, but the highest K recovery was noted under
Giza 178 cultivar. Grain nutrients uptake, nutrients recovery, and
nutrients surplus significantly (all p < 0.001) influenced by the fer-
tilization regime. The highest nutrients uptake was observed when
biofertilizers was added with 75% NPK, while the highest nutrient
recovery and lowest nutrients surplus were recorded when biofer-
tilizers was added with 25% NPK. Compared with the treatment of
100% NPK, nutrients uptake, and nutrients recovery increased by
12.3,15.5, 14.6, and 14.9%, and 55.0, 69.2, and 46.4%, respectively
under the treatment of 75% NPK + biofertilizers, while nutrients
surplus decreased by 65.4, 45.4, and 51.0%, respectively.

In general, significant (all p < 0.05) interaction influences were
recorded under the effect of Zn x cultivar, Zn x fertilization
regime, cultivar X fertilization regime, and
Zn x cultivar x fertilization regime for nutrients uptake, nutrients
recovery, and nutrients surplus (Table 3). However, grain Zn
uptake, and P and K recovery did not response significantly to
the interaction between Zn application and cultivars, whereas P
surplus did not response significantly to the interaction between
Zn and fertilization regime. Moreover, grain K uptake did not
response significantly to cultivar x fertilization regime, and and
Zn x cultivar x fertilization regime. The treatment of 75% NPK +
biofertilizers + Zn foliar application was the best treatment for
increasing nutrients uptake (Fig. 5). The treatment of 25% NPK +
biofertilizers + Zn foliar application recorded the highest nutrients
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recovery and lowest nutrients surplus, while, the highest nutrient
surplus and minimum nutrient recovery were observed when 100%
NPK was applied lone (Fig. 6).

3.4. Zinc-biochemical co-fertilization increases farm profitability

The use of biofertilizers with 50% NPK and 75% NPK increased
the net return compared to the use of the recommended doses of
NPK alone (Table 4). The net return under the treatment of 75%
NPK + biofertilizers without Zn foliar application was 81.2, 71.2,
82.5, and 156.6% higher than 100% NPK treatment for Giza 178,
Giza 179, Sakha 104, and EHR1 cultivars, respectively, whereas
these increments were 27.5, 21.5, 21.8, and 24.8%, respectively
when Zn foliar application was done. The use of Zn foliar applica-
tion alone without fertilization reduced cash losses by 48.2, 68.5,
75.8% for Giza 178, Giza 179, and EHR1 cultivars, respectively,
whereas the net return was only 104 USD when Zn foliar applica-
tion was used alone for Sakha 104 cultivar. Excluding control, the
highest net return (2303 USD ha!) for all experiment treatments
and cultivars was recorded when 75% NPK + biofertilizers treat-
ment was added to Sakha 104 cultivar, while the minimum net
return (136 USD ha~!) was noted when biofertilizers were added
alone to Giza 179 cultivar. When we used the recommended dose
of NPK alone without biofertilizers, the highest net return was also
recorded in Sakha 104 cultivar but without the application of foliar
Zn.

4. Discussion

Zinc is involved in several physiological processes including
protein synthesis, enzyme activation, carbohydrates metabolism,
auxins, lipids, and nucleic acids. However, Zn deficiency is wide-
spread in alkaline soils (as in our study) because its availability is
inversely associated to soil pH. Moreover, lowland rice with unin-
terrupted flooding is widespread practiced in world irrigated lands.
Rice is grown in Egypt by transplanting seedlings to a paddy field.
Land preparation involves soaking, then plowing, and harrowing of
saturated soils (Farooq et al., 2007). Zinc deficiency in rice occurs
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Fig. 2. Impact of zinc-biochemical co-fertilization on plant height (A), panicle length (B), number of panicles m~2 (C), number of spikelets panicle~! (D), number of filled grain
panicle~! (E), and the percentage of filled grains (F) of the four studied rice cultivars. Data are mean of two seasons (n = 4) # SE.
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Fig. 3. Impact of zinc-biochemical co-fertilization on 1000-grain weight (A), panicle grain weight (B), grain yield (C), total yield (D), harvest index (E), and grain protein
uptake (F) of the four studied rice cultivars. Data are mean of two seasons (n = 4) + SE.
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Fig. 4. Response curve of grain yield for the four studied rice cultivars under the effect of zinc-biochemical co-fertilization. F1, F2, F3, F4, and F5 refer to biofertilizers, 25%
NPK + biofertilizers, 50% NPK + biofertilizers, 75% NPK + biofertilizers, and 100% NPK, respectively.

after transplanting and is a widespread phenomenon limiting pro-
ductivity under saturated conditions (Quijano-Guerta et al., 2002).
Significant increases in grain yield, straw and grain Zn contents
were observed with foliar application of Zn as Zn-EDTA and ZnSO,,
but the highest increase was observed with Zn-EDTA application
(Karak and Das, 2006). These findings were confirmed by our study
where rice yield and its components significantly increased when
Zn-EDTA was applied as a foliar application (Table 2). Moreover,
our study revealed that Zn foliar application increased grain Zn
content in different rice cultivars, which is consistent with the pre-
vious study of Rehman et al. (2012), who reported that under
flooded conditions in slightly alkaline sandy clay soil, an increase
by 180% in grain Zn content was recorded when foliar spray of
Zn was done. This increase in grain Zn content was attributed to
enhance leaf remobilization of Zn over grain filling (Rehman
et al., 2012). Our study revealed improvement in number of filled
grain panicle™! by 7.5% under Zn foliar application compared with
no Zn application, while the filled grains percentage increased by
7.7% (Table 2). We also found that Zn foliar application significantly
reduced nutrients surplus, but increased nutrients uptake and
nutrients recovery (Table 3). It is possible that this increase in
nutrient uptake also caused an increase in the filled grains percent-
age (Rana & Kashif, 2013; Fergany, 2018). Furthermore, Zn-
deficient crops usually have decreased leaf chlorophyll contents
(Chen et al., 2008). However, Zn foliar application significantly
increased chlorophyll and carotenoids contents in rice leaves
(Table 1). These increments are due to Zn acts as a structural and
catalytic component of enzymes, proteins, and as co-factor for nor-
mal development of pigment biosynthesis (Balashouri &
Prameeladevi, 1995).

Rice genotypes respond differently in terms of physiochemical
constituents, grain yield, yield attributes, grain protein content
and nutrients uptake. The genotypes; Giza 178 and Sakha 104 cul-
tivars produced highest photosynthetic pigments. Moreover, the
highest grain yield and its components, protein content as well
as N and P recovery were noticed under Sakha 104 cultivar. The
possible explanation for the higher grain yield, protein content
and nutrients recovery by sowing Sakha 104 than other cultivars,
was that the superiority genetic makeup of Sakha 104 rather than
the remaining three cultivars. Also, such differences were due to
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genetically variation in used genotypes and their interaction with
environmental conditions (Khattab, 2019). These results are in
accordance with those reported by Abd El-Wahab (1998), and
Moonmoon et al. (2017).

The rice crop must uptake enough N, P, and K during its growth
stage to attain optimum growth attributes and production. Inor-
ganic fertilizers have been widely utilized to increase rice produc-
tion and enhance its performance. We found that the use of
recommended doses of inorganic N, P, and K fertilizers has led to
increase the rice production and enhance all physiochemical attri-
butes under the four studied cultivars. Inorganic fertilizers are
readily soluble and hence can provide nutrients to rice crops
within a short time after addition (Sarker et al., 2017). However,
the application of large amounts of inorganic fertilizers has led to
cropland degradation and declining crop yields as well as their
negative impacts on the environment (Lassaletta et al., 2014).
Moreover, the use of inorganic fertilizers under the current tradi-
tional agricultural methods that following in developing countries
including Egypt decreases nutrients recovery while increasing
nutrients surplus (Elrys et al., 2019a) (Table 3, and Fig. 5). For
example, Djaman et al. (2018) revealed that NUE decreases with
increasing inorganic N rates, and this might be due to increase N
losses through ammonia (NHs3) volatilization, denitrification and
N leaching to the environment (De Datta et al., 1989). Likewise,
Lassaletta et al. (2014) reported that a further increase in inorganic
N fertilizers addition would lead to a disproportionately low ele-
vate in crop production with more environmental damage if the
plants NUE is not substantially enhanced. Moreover, Oladele
et al. (2019) found that moderate N rates (30-60 kg N ha™!)
increased rice yield, whereas high rates (90 kg N ha™!) could result
in increased rice height but reduced production. Furthermore, for-
mer studies have reported that decreased P-input regimes could
sustain crop production while supplying adequate available P for
crop growth for several years (Wang et al., 2016). When P fertilizer
input increased as compared with P output in crop, P fixation in the
soil increased with time due to less mobility of P nutrient (Kuo
et al., 2005). Furthermore, soil potential for K supply to crops over
the growing season depends on dissolved K on the one hand and K
release from insoluble form to dissolved forms (Jadid
Soleimandarabi et al., 2017).
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Table 3
Influence of zinc-biochemical co-fertilization on grains nutrient uptake, nutrient surplus and nutrient recovery of the four studied rice cultivars.

Study factor Grain N uptake (kg N ha™')  Grain P uptake (kg P ha~!)  Grain K uptake (kg K ha~')  Grain Zn uptake (kg Zn ha~!)  Nutrient surplus (kg ha™?!) Nutrient recovery (%)

N P K N P K
Zinc foliar application (Zn)
Control 35.1B 8.44B 2.34B 0.139B 24.4A 10.5A 13.0A 64.1B 40.8B 55.5B
Zn 43.8A 11.1A 2.96A 0.203A 8.02B 7.33B 8.20B 774A  46.8A 64.7A
Cultivar (C)
Giza 178 36.8C 8.87C 2.77A 0.171B 18.7B 9.97A 9.00C 69.8B 40.0C 62.6A
Giza 179 37.8B 9.26B 2.45C 0.165C 16.7C 9.32C 11.6B 741A  43.5B 60.6B
Sakha 104 45.0A 11.8A 2.76A 0.186A 6.65D 6.67D 8.93C 75.2A 50.7A 60.9AB
EHR1 38.1B 9.12B 2.63B 0.161D 22.9A 9.65B 12.8A 64.0C 40.8BC  56.3C
Fertilization regime (F)
Control 16.4F 4.51E 1.53E 0.094F - - - - - -
Biofertilizers 30.1E 7.81D 2.05D 0.129E - - - - - -
25% NPK + biofertilizers 36.8D 10.8C 2.50C 0.159D -226D -263D -6.5D  106A 77.1A 96.8A
50% NPK + biofertilizers 50.0B 11.8B 3.08B 0.209B —5.73C  4.63C 2.94C 79.8B 44.7B 64.4B
75% NPK + biofertilizers 54.7A 12.7A 3.60A 0.231A 24.0B 11.9B 15.1B 59.2C 33.5C 47.0C
100% NPK 48.7C 11.0C 3.14B 0.201C 69.3A 21.8A 30.8A 38.2D 19.8D 32.1D
ANOVA df p-value of the main effects and their interactions
Zn 1 0.018 0.016 0.034 0.018 0.037 0.020 0.008 0.041 0.045 0.010
C 3 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
F 5 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Zn x C 3 <0.001 0.005 <0.001 0.088 0.001 0.002 <0.001 0.001 0.460 0.0.180
Zn x F 5 <0.001 <0.001 0.022 <0.001 0.002 0.092 0.049 <0.001 0.049 <0.001
CxF 15  <0.001 <0.001 0.110 0.009 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Zn x C x F 15 <0.001 0.002 0.783 0.185 <0.001  0.025 0.006 0.004 0.046 0.009

‘0 32 Aqnowivys-i3 ‘W ‘vyvl IV ‘A4qos-13 V'3 pahos-13

Means followed by different letters in the same direction differ significantly by LSD (p < 0.05).
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Fig. 5. Impact of zinc-biochemical co-fertilization on grain N uptake (A), grain P uptake (B), grain K uptake (C) and grain Zn uptake (D) of the four studied rice cultivars. Data
are mean of two seasons (n = 4) + SE.
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Table 4
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Analysis of farm operating input costs and profitability of the four studied rice cultivars under the influence of zinc-biochemical co-fertilization.

Zn foliar application Cost and production input

Fertilization regime

Control Fi F, F3 Fa4 Fs

Giza 178

Control Total cost ($ ha™") 1436 1445 1506 1567 1628 1679
Yield (Mg ha™') 442 7.31 8.71 9.89 12.18 9.65
Total income ($ ha™') 1179 1949 2323 2637 3248 2573
Net return ($ ha ') —-257 504 817 1070 1620 894
Return invested ($) 0.82 1.35 1.54 1.68 2.00 1.53

Zn Total cost ($ ha™?) 1440 1449 1510 1571 1632 1683
Yield (Mg ha™") 49 7.79 9.93 10.77 1232 1117
Total income ($ ha™") 1307 2077 2648 2872 3285 2979
Net return ($ ha™') -133 628 1138 1301 1653 1296
Return invested ($) 0.91 1.43 1.75 1.83 2.01 1.77
Giza 179

Control Total cost ($ ha™!) 1436 1445 1506 1567 1628 1679
Yield (Mg ha 1) 3.73 5.93 6.87 10.56 12.91 10.27
Total income ($ ha™") 995 1581 1832 2816 3443 2739
Net return ($ ha™') —-441 136 326 1249 1815 1060
Return invested ($) 0.69 1.09 1.22 1.80 2.11 1.63

Zn Total cost ($ ha™") 1440 1449 1510 1571 1632 1683
Yield (Mg ha™') 4.88 8.09 9.17 11.33 12.89 11.88
Total income ($ ha™') 1301 2157 2445 3021 3437 3168
Net return ($ ha™') -139 708 935 1450 1805 1485
Return invested ($) 0.90 1.49 1.62 1.92 2.11 1.88
Sakha 104

Control Total cost ($ ha™!) 1436 1445 1506 1567 1628 1679
Yield (Mg ha™1) 4.76 8.63 9.36 11.46 14.74 11.03
Total income ($ ha™') 1269 2301 2496 3056 3931 2941
Net return ($ ha™') -167 856 990 1489 2303 1262
Return invested ($) 0.88 1.59 1.66 1.95 241 1.75

Zn Total cost ($ ha™') 1440 1449 1510 1571 1632 1683
Yield (Mg ha 1) 5.79 8.63 9.17 12.68 14.72 13.37
Total income ($ ha 1) 1544 2301 2445 3381 3925 3565
Net return ($ ha') 104 852 935 1810 2293 1882
Return invested ($) 1.07 1.59 1.62 2.15 241 2.12
EHR1

Control Total cost ($ ha™") 1436 1445 1506 1567 1628 1679
Yield (Mg ha™') 4.07 6.31 8.69 9.64 133 9.1
Total income ($ ha™') 1085 1683 2317 2571 3547 2427
Net return ($ ha’l) -351 238 811 1004 1919 748
Return invested ($) 0.76 1.16 1.54 1.64 2.18 1.45

Zn Total cost ($ ha™!) 1440 1449 1510 1571 1632 1683
Yield (Mg ha™1) 5.08 8.65 9.43 11.09 13.28 12.05
Total income ($ ha™") 1355 2307 2515 2957 3541 3213
Net return ($ ha™') -85 858 1005 1386 1909 1530
Return invested ($) 0.94 1.59 1.67 1.88 2.17 191

Fy, Fa, F3, F4, and Fs refer to biofertilizers, 25% NPK + biofertilizers, 50% NPK + biofertilizers, 75% NPK + biofertilizers, and 100% NPK, respectively.

The effect of individual biochemical (N, P, or K) fertilization on
rice yield, yield components and nutrients uptake and recovery has
been shown in several studies, and it was generally considered that
these parameters increased with added biofertilizers N, P, or K with
inorganic fertilizers. However, the response of these attributes to
mixture biofertilizers NPK and inorganic NPK fertilizers application
under different rice cultivars is still not obvious. Interaction
between biofertilizers and inorganic NPK fertilizers stimulated rice
plant growth and improved rice production and yield components.
These results clearly indicate that the over use of 100% NPK was
not in favor of rice plant and hence a certain undesirable balance
between the source and the sink might have had taken place due
to an excessive growth of plants causing lodging a possible mutual
shading effect to lower plant leaves during grain filling. This shad-
ing effect was reported to increase photosynthates losses due an
enhanced respiration by lower rice plant leaves on the expense
of photosynthates portioning towards rice grain and hence grain
yield. Shading to lower plant leaves in submerged rice was, also,
reported to introduce soil reduction conditions which decrease
the availability of nutrients and increase the toxicity of sulfur
and a number of micronutrients among them mainly manganese
(Tisdale & Nelson, 1966).
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The synergistic influence of biofertilizers and inorganic NPK fer-
tilizers is considered to be the result of elevated rice nutrient
uptake, less nutrient losses and enhanced nutrient availability
(Table 3, and Figs. 4 and 5). Nutrients recovery also influenced by
nutrients loss (Table 3, and Fig. 5). Reduced nutrients loss resulted
in a better use of available nutrients and thereby produced a higher
nutrient recovery (Ladha et al., 2005; Lassaletta et al., 2014). In our
study, the biofertilizers that partially (25, 50, or 75%) substituted
the inorganic NPK fertilizers effectively decreased the total nutri-
ent surplus (Table 3) by 53-103 kg N ha™!, 11-25 kg P ha™!, and
17-40 kg K ha~! under different rice cultivars compared with the
100% NPK treatment. This could be due to the mixture biofertilizers
containing a consortium of N-fixing, P-solubilizing bacteria, and K-
solubilizing bacteria which in addition to nutrients can provide
plants with growth-promoting phytohormones, enzymes, and
organic acids (Panhwar et al., 2012). These beneficial properties
directly affected rice physiology and enhanced the contents of
chlorophyll, carbohydrate and total amino acids in rice (Table 1,
and Fig. 1). Biofertilizers are proven to increase plants nutrient
uptake, and thus enhance various physiological attributes of plant
performances. Higher chlorophyll contents indicate a better root
system that works properly to increase plants’ performance in
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absorbing water and nutrients (Thakur et al.,, 2010). The better
biofertilizers performance with medium rate of inorganic fertilizer
addition was observed (Paul et al., 2013). Moreover, the effective
Azospirillum biofertilizer application with 80% inorganic N fertilizer
provides a better rice production (Islam et al., 2012) with several
rice varieties (Singh, 2014). Our results are consistent with the pre-
vious results of Gamal-Eldin and Elbanna (2011), who substituted
50% of inorganic N fertilizer with biofertilizer in flooded rice field
and attained grain yield statistically equivalent to 100% inorganic
N fertilizer. However, our findings revealed that substituted 25%
of inorganic N fertilizer with biofertilizers obtain rice yield more
than 100% inorganic N fertilizer. Accordingly, the increase in rice
production and yield component (including number of panicles
m~2, number of spikelets panicle™!, number of filled grain pani-
cle™!, filled grain, 1000-grain weight, panicle grain weight, grain
yield, total yield, HI, and protein content) in our study (Table 2
and Figs. 2 and 3) due to the combination of biofertilizers with
inorganic fertilizers NPK might be due to the increased availability
and utilization of necessary nutrients (N, P, and K). Moreover,
biofertilizers plus 25% or 50% inorganic NPK resulted in an equal
and higher net economic benefit (Table 4), which indicates that
substituting biofertilizers for 25% or 50% of inorganic fertilizers
supplies a financially attractive approach for farmers to substan-
tially enhance nutrient recovery and rice production. Furthermore,
the response of all former characteristics to biochemical fertiliza-
tion regimes was cultivar dependent. In our study, four cultivars
with contrasting agronomical traits were utilized to estimate the
genotypic variations in rice performance and nutrient uptake
response to biochemical fertilization regimes. Our findings
revealed significant genotypic variations between the studied rice
cultivars (Tables 1, 2, and 3). However, the cultivar of Sakha 104
achieves the highest net return under different treatments
(Table 4).

In our experiment, the combined application of fertilizers and
Zn also had a significant, positive effect on physiochemical con-
stituents, yield, and yield components, grain nutrient uptake and
recovery, and nutrient surplus of rice genotypes, (Tables 1-3, and
Figs. 1-6), which is consistent with the previous study of
Almendros et al. (2019). The positive interaction between nutrients
and Zn is due to enhancements in root uptake and the transloca-
tion of Zn due to the presence of N. Several N compounds, such
as amino acids, could be involved in the translocation of Zn from
the root into the shoot. Speciation and localization studies con-
ducted on cereal grain indicate that Zn interacts with proteins in
the grain and therefore grain proteins constitute a physiological
sink for Zn. With respect to the three-way interaction, the higher
physiochemical constituents, grain yield, yield attributes, grain
protein content, and nutrients uptake were produced by Giza 178
and Sakha 104 under Zn foliar spraying with adding 75% NPK + bio
fertilizers. The higher net return was also recorded by sowing
Sakha 104 cultivar with addition of 75% NPK + biofertilizers but
without the application of Zn. This effect could be attributed to
the superiority genetic makeup and varietal differences and direct
or indirect positive roles of Zn as well as fertilization regimes on
soil physico-chemical properties by enriching nutrients availabil-
ity, and by improving soil properties.

Finally, our findings revealed that inorganic NPK fertilizers com-
bined with NPK biofertilizers and Zn foliar application could
increase rice performance by improving nutrients recovery and
decreasing nutrient loss. According to these results, a complemen-
tary effect could be traced between the biofertilization and mineral
fertilizers (75% NPK + biofertilizers) with foliar application of Zn
with sowing Sakha 104 to maximize the grain yield and yield com-
ponents as well grains nutrient uptake and recovery, while reduc-
ing nutrient losses.
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5. Conclusions

Farmers in developing countries need fertilization techniques
that are easier, cheaper, and more efficient than using inorganic
fertilizers. The increased utilize of biofertilizers can lead to
decreased inorganic fertilizers usage and thus less environmental
pollution. In this study, we provide a comprehensive assessment
of the effect of Zn-biochemical (NPK) co-fertilization on yield and
yield components, physicochemical characteristics, nutrient
uptake, nutrient recovery, nutrients surplus, and farm profitability
of four rice cultivars under semi-arid environmental conditions.
Our findings revealed that inorganic NPK fertilizers combined with
NPK biofertilizers and Zn foliar application could increase rice per-
formance by improving nutrients recovery and decreasing nutrient
loss. According to these results, a complementary effect could be
traced between the biofertilization and inorganic fertilizers (75%
NPK + biofertilizers) with foliar application of Zn with sowing
Sakha 104 to maximize the grain yield and yield components as
well grains nutrients uptake and recovery, while reducing nutri-
ents loss. Accordingly, NPK biofertilizers replacement for 25% of
inorganic NPK with the foliar application of Zn supplies a finan-
cially attractive choice to substantially enhance nutrient use effi-
ciency and production in intensive rice cropping systems, while
effectively decreasing nutrient loss.
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