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ABSTRACT

Chemical potassium fertilizers used to increase plant yield; nevertheless, overuse of these fertilizers is
costly and pollutes the environment. So, many farmers have turned to cheaper alternative sources of potassium,
such as foliar spraying potassium silicate or natural substitutes like feldspar with high potassium content. In this
context, two field experiments through the two following seasons of 2022/2023 and 2023/2024 were carried out
in a private farm on reclaimed sandy soils in EL-Minia City's western district, EI-Minia Governorate, Egypt, to
study the effect of different potassium sources (without addition, potassium sulfate, feldspar, and potassium
silicate) with or without inoculation by Enterobacter cloacae (E. cloacae) were arranged in a split plot design
with three replicates on vegetative growth, yield, and tuberous roots quality of cassava plants "cv. American™ as
well as soil remaining nutrients. The soil fertilized with potassium sulfate or feldspar, either alone or in
combination with bacteria enhanced vegetative growth parameters compared to those of un-fertilized soil. But
feldspar exhibited a positive effect on remaining nutrients in soil, tuberous roots yield, and quality of tuberous
root, i.e., starch, total carbohydrate, and total soluble sugar content. Moreover, the inoculation with E. cloacae
significantly increase in all vegetative growth parameters, yield, and tuberous root quality of cassava; therefore,
our findings suggest that the application of feldspar mineral combined with E. cloacae could be considered as an
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alternative for chemical potassium fertilizers for cassava production in reclaimed sandy soils.
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INTRODUCTION

Cassava (Manihot esculenta Crantz) is a perennial
plant in the Euphorbiaceae family. It is a crucial crop for food
security due to its drought tolerance and predicted high
resistance to climate change, making it suitable for cultivation
in tropical and subtropical regions (Duque and Setter, 2019).
Cassava ranks second after rice in the least developed
countries and is the fifth most significant staple crop globally,
following maize, rice, wheat and potatoes (Bechoff et al.,
2018). In 2018, global cassava production reached 279 million
metric tons (MMTSs), with Africa contributing 60% of this
total (FAO, 2020). By 2025, it is expected that sub-Saharan
Africa will contribute about 61% of the global cassava
production, reflecting a notable increase compared to previous
years, as projected by FAQO (2020). The economic
significance of cassava plants primarily stems from their
tuberous roots; variations in yield are ascribed to the interplay
between the roots and the physicochemical properties of the
soil (Nassef et al., 2024). Since the leaves of cassava are
higher in protein, various vitamins, lipids, essential minerals
and fiber than the roots, which are higher in carbohydrates,
cassava leaves are consumed in large amounts (Wasonga et
al., 2020). Moreover, cassava could be utilized as processed
food, animal feed, or starch for pharmaceuticals (Marzouk et
al., 2020). Cassava wastes can also be utilized to produce
bioethanol for use in vehicles and various industries (de
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Carvalho et al., 2018). In underdeveloped countries, cassava
has huge economic potential to lessen poverty, particularly in
regions with low soil fertility and dry climate (Yan et al.,
2021).

Potassium considers a vital macro-nutrient necessary for
the proper plant growth and development; potassium element
represents about 2.60% of weight of the Earth's crust is
composed from potassium elements, which are essential
macronutrients for the healthy growth and development of
plants (EI-Egami et al., 2024). K* is essential for a number of
physiological and biochemical processes, including osmotic
regulation, enzyme activation, charge neutralization, and
maintenance of plant cell membrane (Luo et al., 2024). K* also
controls the synthesis of starch, photosynthesis, the following
transport and metabolism of carbohydrates, the activation of
enzymes, and plants growth and improvement (EI-Egami et al.,
2024 and Nassef et al., 2024). The absence or low availability of
potassium in the soil cannot be compensated by any other
nutrient. Potassium deficiency significantly impacts plant
growth and development.

Potassium sulfate is suitable for all crops, adaptable to
a wide range of soils, enhances plant resistance, is water-
soluble, and releases K* ions that are readily absorbed by the
soil (Pahalvi et al., 2021). On the other hand, chemical
potassium fertilizers need to be applied in large quantities to
boost crop yields per unit area and compensate for declining
soil potassium levels. However, their high cost increases
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production expenses and contributes to environmental
contamination.

Natural potassium fertilizers consider a low-cost
source of K; can be used as a fertilizer for different crops
(Ciceri et al., 2019). Feldspar constitutes approximately 50%
of the Earth’s crust by mass and about 64% by volume
(Zhang et al., 2023). K-feldspar is an insoluble potassium
resource that has the largest and greatest reserves. It has high
potassium content (Chen et al., 2024). Feldspar can supply
potassium to the soil for agricultural uses (Wang et al.,
2022). Varieties of potassium fertilizer made from feldspar
can be designed to fit different types of soil, giving farmers a
flexible choice (Mohammed et al., 2024).

Potassium silicate (K2SiOs) serves as a dual source
of potassium and high soluble silicon. Silicon is considered
one of the best crucial elements in plant development,
particularly for mitigating the adverse effects of abiotic stress
(Hafez et al., 2021), which is low-cost and has a significant
impact on plant productivity (Mousa et al., 2023).

Bio-fertilizers are environmentally friendly, cost-
effective, non-toxic, and serve as bio-control agents.
Therefore, their use holds considerable potential to enhance
plant yield, reduce reliance on chemical fertilizers, and
promote sustainable agricultural practices (Ashrafi-Saiedlou
et al., 2024), in this context, using rock materials with bio-
fertilizers for improving soil fertility and productivity (El-
Saied et al., 2021 and Mohammed et al., 2024). The
application of microbial inoculants can help reduce the use
of conventional inorganic fertilizers (EI-Saied and Rashwan,
2021). Co-inoculation with K-dissolving bacteria could
dissolve potassium from K-feldspar by generating different
organic acids such as tartaric, citric, and oxalic acid,
accelerating the mineral's K release (Wang et al., 2022).
Among plant growth promoting rhizobacteria (PGPR),
Enterobacter sp is known to secrete plant growth hormones
and can be found in a variety of varied habitats. Not only has
E. cloacae been demonstrated to fix nitrogen (Wang et al.,
2023), but also have the ability to solubilize phosphate and
potassium (El-Saied et al., 2020) by releasing organic acids
including fumaric, citric, ketoglutaric, malic, and oxalic
acids (Zuluaga et al., 2023).

Therefore, using environmentally friendly bio-
fertilizers and alternative sources of potassium to reduce the
usage of chemical fertilizers for increasing cassava growth,
productivity and tuberous root quality. This was achieved by
investigating the effect of applying Enterobacter cloacae
strain LC07192 as potassium-solubilizing microorganisms in
combination with different potassium sources on cassava
under reclaimed sandy soils and estimating various
vegetative and biochemical parameters of cassava.

MATERIALS AND METHODS

1. Experimental Site and Tested Treatments

At a private farm in the western district of EI-Minia
city, EI-Minia Governorate, Egypt, two field experiments
were conducted on reclaimed sandy soils (28°14'N Latitude,
30° 15' E Longitude) during the two successive seasons of
2022/2023 and 2023/2024 to study the effect of different
potassium sources with or without inoculation on vegetative
growth, yield and tuberous root quality of cassava plants "cv.
American" as well as soil remaining nutrients.

Before planting, soil samples were taken at a depth
of 0.0 to 30.0 cm and they were then thoroughly
homogenized to study the physical and chemical features
(Jackson, 2005). An examination of the experimental
lactation's soil is illustrated in Table (1).

Table 1. Physical and chemical properties of soil sample
from experimental site through two successive
seasons of 2022/2023 and 2023/2024.

Values

Properties 2002/2023 202312024
I- Physical properties
Sand % 88.50 88.20
Clay % 3.70 3.80
Silt % 7.80 8.00
Soil texture Sandy
(Wilting point) (%) 2.88 291
Available water (%) 5.50 5.60
Saturation percent 3150 32.20
Bulk density (g cm?) 1.83 1.86
(Field capacity) (%) 8.22 8.25
(Max Water hold capacity) (%) 19.2 195
11- Chemical properties

pH soil-water suspension ratio (1:2.5) 8.13 8.12
EC (ds m™) soil:water extract (1:5) 1.04 101
CaCOs (gkg?) 91.80 91.20
Cation Exchange capacity (cmolc kg™) 4.60 4.90
Available N (mg kg) 17.20 17.35
Available K (mg kg?t) 181 183
Auvailable P (mg kg™) 6.41 6.53
Organic matter (g kg™ 1.02 1.04
Organic Carbon (g kg *) 1.06 1.07

2. Experimental Desgin

This experiment which includes eight treatments was
organized in a split plot in a randomized complete block
design with three replicates. The treatments were arranged as
follows:

A. Main plots (bio-fertilizer).

1. Un-inoculation.

2. Inoculation.

B- Sub-plots (some potassium fertilization sources).

1. without potassium fertilizer addition.

2. 476 kg ha' of potassium fertilizer in the form of
potassium sulphate (48% K-0) was added, and the total
amounts were divided into four doses.

3. 21555 kg ha of potassium fertilizer as a feldspar rock
(10.6% K30). The total amount of feldspar was added
during the preparation of soil.

4. Spraying cassava plants with potassium silicate (22%
SiOsz and 11% K;0) with a concentration of 1000 ppm six
times, starting at 45 days from planting dates in both
seasons, and repeated five times with an interval of 15
days. In addition, control plants were sprayed with distilled
water at the same times.

3. Agricultural Practices

Stem cuttings (stakes) of cassava plants were planted
in the fourth week of April in both seasons. Stakes were
obtained from the Horticultural Research Institute, Potato
and Vegetatively Propagated Vegetable Crops Department,

Ministry of Agriculture, EI-Dokki, Giza, Egypt. The

experimental plot area was 30 m?, and it had 5 rows, each 6

m in length and 100 cm in width (between rows). Cassava

stakes were planted by hand in hills on one side of the row at

a distance of 100 cm between plants. Similar-thickness
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cassava stalks measuring about 2.5-3.0 cm in diameter were
chopped into 20-25 c¢cm long stalk cuttings. These were then
planted vertically with two thirds of the cuttings burrowed
into the soil and the remaining third above ground. A drip
irrigation system was then used to irrigate immediately after
planting.

Feldspar (10.6% K,0) was obtained from Al-Ahram
for Mining Co., Ltd., Egypt, and the chemical composition
of feldspar that using in the experiment through the two
seasons of 2022/2023 and 2023/2024 is shown in Table (2).
In addition, potassium silicate (Smart Care Silica) contained
22% SiO; and 11% KO was obtained from Technogene
Group, Soliman Gohar Square, Dokki, Giza, Egypt;
potassium sulfate (48% K>O) was purchased from Evergrow
Co., Egypt.

Table 2. Some chemical constitution of feldspar used in
the experiment through two seasons of
2022/2023 and 2023/2024.

Components
SiO2 64.37%  Fe:02  0.08% Cl 0.03%
K20 10.60% P202 0.05% MnO:  0.02%
MgO7.03% 7.03% CaCOs 042% CaO 0.36%
Al:0; 15.12% Ti020.01% 0.01% NaO 1.91%
pH 821 EC(Sm?Y 055

Using Aleksandrov medium as a selective medium
for potassium solubilization, Enterobacter cloaceae strain
LC07192 shown great efficiency in phosphate and
potassium solubilizing capability based on a prior study (EI-
Saied et al., 2020). Healthy and homogenous cassava stalks
were immersed in a solution of bacterial strains using a
liquid culture of E. cloacae. The biofertilizer, applied in
liquid form, was administered three times, the first one with
planting and with a two-month interval with irrigation water.

Prior planting, 47.6 m3of chicken manure per hectare
was broadcasted and carefully mixed with the soil surface
(0-25 cm); the chemical analysis of the manure were 4.66%,
0.22%, 0.65%, 0.13%, 41%, 384.3 mg kg%, 315.5 mg kg
and 110 mg kg* for N, P, K, F, organic matter, Mn, Zn, and
Cu, respectively. 1190 kg ha? of calcium super phosphate
(15.5% P,0s) was also applied during soil preparation.

The recommended dose for cassava included 595 kg
of nitrogen ha* which was added in the form of ammonium
sulphate (20.6% N). The total amount of nitrogen was
divided into four doses. Nitrogen fertilization started a
month after planting, and then other amounts were applied
monthly. All cultural practices such as irrigation, weed and
pest control were carried out for the production of cassava,
according to the Ministry of Agriculture, Egypt.

3. Data recorded

Vegetative growth parameters: At 200 days after planting,

representative random samples of five plants were labeled in

each plot and the following parameters were estimated:

a. Plant height (cm), leaves number/plant, number of main
stems and number of lateral branches/plant, and leaf area
(cm?), which was determined as the fifth leaf number
(fully expanded leaf) from the plant top for five plants,
according to the formula of (Almeida, 2013).

b. Total chlorophyll content (mg 10g™* FW) was measured in
accordance with (Lichtenthaler and Buschmann, 2001).

Yield and its components: After ten months from the

planting date in both seasons, the tuberous roots of each plot

were harvested and collected then cleaned of suspended soil
to calculate the yield per hectare (ton). After that, these
parameters, i.e., number of tuberous roots per plant and
tuberous root fresh weight (g), tuberous roots/shoot ratio,
length and diameter of tuberous root (cm), and dry matter
percentage in tuberous root were determined for each plot.
Chemical composition of tuberous root: At harvesting
time, samples of five tuberous roots were taken from each
experimental unit to estimate starch (%) as mentioned by
(Smith and Zeeman, 2006). Total carbohydrate (%) was
determined according to (James et al., 1996) and total
soluble sugar (g 100g') was determined according to
Sadasivam and Manickam (1996). The total fiber percentage
of the tuberous root was determined as cited by A.O.A.C.
(1990). Nitrogen was determined in cassava tubers
according to method of Horneck and Miller (1998).
Phosphorus was assessed colorimetrically, and potassium
was determined by using a flame photometer according to
the method of (Munson, 1998).
Available remaining nutrients and pH: Chemical
properties (N, P, K and pH) of cassava soil post-harvest
determined according to the procedures outlined by Jackson,
2005.
4. Statistical Analysis

Data were subject to the statistical analysis of
ANOVA, and the entries means were compared according
to the least significant differences (LSD) at 5% levels, as
reported by Gomez and Gomez (1984).

RESULTS AND DISCUSSION

1. Vegetative growth characters and total chlorophyll
Effect of bio-fertilizer

There are significant differences between inoculated
and un-inoculation cassava plants regarding plant growth
and total chlorophyll in leaves in both seasons (Tables 3 and
4). Inoculated cassava plants with E. cloacae significantly
increased plant height (3.74%), leaves number/plant
(5.93%), number of main stems (32.84%), leaf area (7.47%),
lateral branches per plant (4.88%) and total chlorophyll by
(6.32%) average of the two seasons as compared to un-
inoculated plants. E. cloacae has an aptitude to produce
hormones, chiefly IAA (Yue et al., 2023), fixing nitrogen
and siderophore synthesis (Wang et al., 2023), phosphate
solubilizing properties, and potassium solubilizing capability
(El-Saied et al., 2020), which had an effect on the
parameters of vegetative growth acceleration. It is well
recognized that phosphorus and nitrogen are crucial for the
molecular structure of DNA and RNA. This leads to
enhanced protoplasm production and protein synthesis,
which in turn promotes vegetative development. This is
explained by the development of favorable conditions that
allow bacteria in the root systems to take up and transfer
nutrients and water to the green portions of the plant, as well
as by stimulating photosynthetic processes that lead to
denser vegetative growth (Feng et al., 2022). Bacterial
inoculation increases the synthesis of chlorophyll by
producing pyridoxal enzymes, which are necessary for the
synthesis of a-amino levulinic acid synthetase, a key
component in chlorophyll synthesis or the stimulation of
cytokinins (Kahil et al., 2017 and Al-Sayed et al., 2022). Via
bacterial inoculation, which accelerates the metabolic rates
required for the synthesis of these components and enhances
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the absorption and translocation of significant metal ions
(Costa-Santos et al., 2021). These results agreed with (Hasan
and Marzouk, 2020; El-Saied et al., 2021; Yousef et al.,
2023 and El-Egami et al., 2024). The results demonstrated
that comparing with un-inoculated plants; inoculated plants
exhibited improving for plant growth and total chlorophyll.
Effect of potassium fertilization sources

Results in Tables (3 and 4) display the effect of
potassium fertilizer sources on plant vegetative growth and
total chlorophyll of cassava plants grown in reclaimed soils
in both seasons. It was clear that vegetative growth and total
chlorophyll content were significantly increased by the
application of different potassium fertilizer sources
(potassium sulphate, feldspar and potassium silicate) as
compared to unfertilized plants. The best results for all plant
growth parameters and total chlorophyll in leaves were
obtained with potassium sulphate with no significant
differences between feldspar rock in most cases of plant
growth and total chlorophyll in both seasons. The plants that
received potassium sulphate had the maximum plant height
(6.13%), leaves number per plant (12.57%), number of main
stems per plant, (22.51%), number of lateral branches per
plant (11.15%), leaf area (10.67%) and total chlorophyll
content in leaves (16.00%) average of the two seasons
compared with unfertilized plants that showed the lowest
values. This means that fertilizing cassava plants grown in
reclaimed soil with potassium sulphate at 476 kg ha? or
Feldspar at 2155.5 kg ha* gave the highest values of all plant
growth parameters and total chlorophyll, with no significant
differences between them in both seasons. Cassava plant
growth primarily affects soil fertility; potassium can be
essential to many cultivated plant physiological and
biochemical processes; and K may be engaged in N-
metabolism, support the growth of more leaves, and
enhances crop production (Fernandes et al., 2017).
Application of potassium sulphate resulted in notable
growth; this is because nutrients available to the plant
through chemical fertilizers are soluble. Therefore, its impact

is immediate and direct, and it affects on plant growth
(Pahalvi et al., 2021). Chlorophyll units are the factories
where plants create their metabolites. Potassium, acting as a
cofactor, regulates the formation of total chlorophyll and the
photosynthesis process (Hou et al., 2018). In this study, the
total chlorophyll increased with K addition, it is essential for
photosynthetic processes among storage roots and
stimulating enzymes (Wasonga et al., 2020). Similar results
were reported by Abdel-Salam and Shams (2012) on potato,
Abd-El-Hakeem and Fekry (2014) on sweet potato, Abou
El-Khair and Mohsen (2016) on Jerusalem artichoke and
Hassan et al. (2020) on cassava. Data showed plants
fertilized with mineral K or feldspar-K gave the highest plant
growth and total chlorophyll as compared to unfertilized
plants.
Effect of interaction between bio-fertilizer and potassium
fertilization sources

An interaction among E. cloacae and potassium
fertilization source has a significant effect on plant growth
and total chlorophyll in the leaves of cassava grown in
reclaimed soil during two seasons. Data presented in Tables
(3 and 4) showed that inoculated cassava plants and
fertilized by potassium sulfate gave the highest value of
vegetative growth and total chlorophyll content in leaves.
Also, no significant differences per the interaction among the
same inoculated plants and fertilized with feldspar rock in
most cases of plant growth and total chlorophyll in both
seasons. On the other hand, the lowest values of all the
above-mentioned parameters were recorded by un-
inoculated cassava which was unfertilized by potassium in
both seasons. The utilization of feldspar especially in
combination with E. cloacae, might be considered as an
alternative source of potassium fertilizers and a beneficial,
cheap source of K-fertilization for agriculture in sandy soils.
Because of the metabolites' transfer from cassava leaves to
roots, there is a notable impact on vegetative development
(Natarajan et al., 2019).

Table 3. Effect of bio-fertilizer (Enterobacter cloacae), potassium fertilization sources and their interactions on plant
height, number of leaves and main stems per cassava plant in 2022/2023 and 2023/2024 seasons.

Plant height (cm) Number of leaves/plant Number of main stems/plant
Treatments 2022/2023 2023/2024 2022/2023 2023/2024 2022/2023 2023/2024
season season season season season season
Effect of biofertilizer (Enterobacter cloacae)
Un-inoculation with E. cloacae 166.23 166.02 149.15 151.61 3.54 331
Inoculation with E. cloacae 172.43 172.25 158.80 159.80 4.60 450
F_test * ** ** ** ** **
Effect of potassium fertilization sources
Without addition K 163.70 163.20 143.78 144.13 355 345
KS 172.90 174.05 159.93 164.18 4.30 4.25
FS 172.30 171.45 157.60 159.63 4.30 4.05
KSil 170.80 167.85 154.60 154.90 413 3.88
LS.D at 0.05 level 4.64 2.35 4.14 5.30 0.29 0.24
Effect of the interaction
Without K 162.10 161.50 140.25 143.00 3.25 3.15
Un-inoculation with KS 169.50 170.20 154.67 159.75 3.75 3.50
E. cloacae FS 167.00 166.80 151.50 153.90 3.65 335
KSil 166.30 165.50 150.20 149.80 3.50 325
Without K 165.20 164.90 147.30 145.25 3.85 3.75
Inoculation with E. KS 175.90 177.80 165.20 168.60 4.85 5.00
cloacae FS 175.30 176.10 163.7 165.35 4.95 4.75
KSil 173.30 170.30 159.00 160.00 4.75 4.50
LS.D at 0.05 level 6.56 3.32 5.86 749 0.40 0.35

Ns, * and ** means that non-significant, significantat 5 % and 1 % levels of probability, respectively.
Enterobacter cloacae (E. cloacae). KS = potassium sulphate, FS = feldspar and KSil = potassium silicate.
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Table 4. Effect of bio-fertilizer (Enterobacter cloacae), potassium fertilization sources and their interactions on the
number of lateral branches, leaf area and total chlorophyll in the leaves of cassava plant in 2022/2023 and

2023/2024 seasons.
Number of lateral branches/plant Leaf area (cn?) Total chlorophyll (mg 10g1 FW)
Treatments 2022/2023 2023/2024 2022/2023 2023/2024 2022/2023 2023/2024
season season season season season season
Effect of biofertilizer (Enterobacter cloacae)
Un-inoculation with E. cloacae 155.88 152.56 152.35 155.06 39.55 42.63
Inoculation with E. cloacae 166.63 164.88 160.89 161.53 42,02 45.36
F_test * **k ** *x ** *
Effect of potassium fertilization sources
Without addition K 150.50 146.88 45.32 147.83 37.35 39.87
KS 166.25 164.25 161.85 162.58 43.17 46.42
FS 166.00 163.25 161.45 163.58 42.25 45.40
KSil 162.25 160.50 157.85 159.20 40.35 44.30
LS.D at 0.05 level 221 3.45 3.48 3.82 0.97 0.92
Effect of the interaction
Without K 150.00 144.75 141.30 14550 36.50 39.74
Un-inoculation KS 160.50 158.00 158.20 158.40 41.88 44.90
with E. cloacae FS 158.00 154.50 156.40 159.75 40.60 43.10
KSil 155.00 153.00 153.50 156.60 39.20 42.80
Without K 151.00 149.00 149.35 150.15 38.20 40.00
Inoculation with E. KS 172.00 170.50 165.50 166.75 4447 4793
cloacae FS 174.00 172.00 166.50 167.40 43.90 47.70
KSil 169.50 168.00 162.20 161.80 4150 45.80
LS.D at 0.05 level 3.13 4.87 4.92 5.40 1.37 1.30

Ns, * and ** means that non-significant, significant at 5 % and 1 % levels of probability, respectively.
Enterobacter cloacae (E. cloacae). KS = potassium sulphate, FS = feldspar and KSil = potassium silicate.

2. Yield and its components
Effect of bio-fertilizer

The yield and its components of cassava plants were
affected by E. cloacae inoculation in both seasons (Tables 5 and
6). Inoculated plants had a significant effect on tuberous roots
yield and tuberous root parameters and scored the highest values
of number of tuberous roots per plant (15.93%), the tuberous
root fresh weight (3.99%), the tuberous roots/shoot ratio
(19.94%), and the total yield (20.74%) as the average of the two
seasons over un-inoculated plants. As for tuberous root length,
tuberous root diameter, and dry matter content in tuberous root,
the data indicated that inculcated plants showed the same trend
with yield and its components in both seasons. The plants
inculcated with E. cloacae recorded percentages of 8.17, 15.01,
and 5.87 for the tuberous root length, the tuberous root diameter,
and the dry matter content in tuberous root, respectively, as the
average of the two seasons over un-inculcated plants. These
results are in agreement with those stated by Zhongyong et al.
(2006), Luo et al. (2008), Shafeek et al. (2012), and Hassan et
al. (2020). They exhibited that inoculated cassava plants with
bio-fertilizers recorded a high yield and its components
comparing with un-inoculated plants.
Effect of potassium fertilization sources

The data in Tables (5 and 6) shows that the parameters
varied widely under different potassium fertilization sources and
registered significantly higher yield and its components as
compared to un-fertilized plants. Fertilizing cassava plants with
feldspar rock gave the best values for yield and its components,
such as the number of tuberous roots/plant,the tuberous root
fresh weight, the tuberous roots/shoot ratio, and the total yield,
as shown in Table (5), as well as tuberous root length, tuberous
root diameter, and the dry matter content in tuberous root, as
shown in Table (6), with no significant differences with
potassium sulphate treatment in most cases in both seasons. The
relative increases in total yield were about 28.57% for feldspar
rock and 25.18% for potassium sulphate over the un-fertilized
one, as an average of the two seasons. This means that fertilizing
cassava plants grown in newly reclaimed soil with feldspar as a

source of potassium was better than fertilizing with potassium
sulphate; an increase in yield and its components were recorded
compared to fertilization with potassium sulfate. Generally, the
application of potassium enhances crop yield by activating
enzymes and promoting photosynthesis, which leads to
increased biomass production. The reason for the increase in
tuber size may be related to potassium's ability to promote cell
division and enhance the effectiveness of the photosynthesis
process (Torabian et al., 2021). These results are consistent with
the findings of numerous other researchers in this field,
including (EI-Mageed et al., 2022). Because feldspar is released
slowly and their use as fertilizers often gives a significant yield
later (El-Saied et al., 2021), cassava is harvested after ten
months from planting, so it has an optimistic result on tuberous
roots yield and yield parameters. These results agree with those
reported by Ezui et al. (2017), Munyahali et al. (2017), Omondi
et al. (2019) and Hassan et al. (2020) on cassava. Results
indicated that fertilizing cassava plants with different potassium
treatments gave the best productivity as compared to
unfertilized plants.
Effect of interaction between bio-fertilizer and potassium
fertilization sources

The components of cassava yield were significantly
affected by the interaction between Enterobacter cloacae as a
bio-fertilizer and potassium application in both growing seasons
(Tables 5 and 6). The results indicated that fertilizing with
feldspar was the greatest effective in enhancing tuber roots yield
and its parameters when inoculated with E. cloacae as
compared to other treatments in both seasons. The highest yield
parameters, i.e., number of tuberous roots per plant (14.57),
average tuberous root weight (339.85 g), tuberous roots/shoot
ratio (2.23), tuberous roots yield (47.15 ton ha.), tuberous root
length (42.29 cm), tuberous root diameter (4.84 cm), and dry
matter in tuberous root (38.54%) average of the two seasons
were recorded with the interaction between inoculated plants
and feldspar, followed by the interaction inoculated plants and
potassium sulphate. Whereas, the lowest yield parameters were
obtained by un-inoculated cassava, which didn’t receive
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potassium. Samantray et al. (2022) reported that two distinct
mechanisms are involved in the microbial inoculation used to
extract potassium from K-feldspar through the biological
interactions of microorganisms. First, when bacteria dissolve K-

feldspar, the K-feldspar lattice deforms or disintegrates,
allowing K* ions to seep out. Second, bacteria produce glucose,
various organic acids, and exopolysaccharides, all of which aid
in the release of K* ions (Chen et al., 2024).

Table 5. Effect of bio-fertilizer (Enterobacter cloacae), potassium fertilization sources and their interactions on
tuberous roots number, tuberous root fresh weight, tuberous roots/shoot ratio and total yield of cassava

plant in 2022/2023 and 2023/2024 seasons.

Tuberous roots Tuberous root Tuberous roots/ Total yield
Treatments number/plant fresh weight (g) shoot ratio (ton ha
2022/2023 2023/2024 2022/2023 2023/2024 2022/2023 2023/2024 2022/2023 2023/2024
season season season season season season season season
Effect of biofertilizer (Enterobacter cloacae)
Un-inoculation with E. cloacae 1174 11.98 311.81 313.58 174 172 34.93 35.79
Inoculation with E. cloacae 13.70 13.80 324.49 326.06 2.09 2.06 4245 4294
F_test *%x **k **k * ** *%x *x *x
Effect of potassium fertilization sources
Without addition K 11.63 12.08 292.00 295.50 1.79 1.76 32.35 34.00
KS 13.32 13.27 326.38 328.62 2.00 197 4143 4158
FS 13.33 13.45 333.35 334.65 2.02 1.99 42.36 4291
KSil 12.63 12.75 320.94 320.50 1.85 1.83 38.62 38.96
LS.D at 0.05 level 1.03 0.63 6.24 5.72 0.07 0.08 253 2.32
Effect of the interaction
Without K 11.00 1150 285.00 291.00 1.69 1.67 29.82 31.86
Un-inoculation KS 12.33 12.15 320.50 322.00 1.76 1.73 37.63 37.25
with E. cloacae FS 12.15 1225 327.00 329.30 1.78 1.76 37.82 38.40
KSil 11.50 12.00 314.73 312.00 1.72 1.70 34.45 35.63
Without K 12.25 12.65 299.00 300.00 1.88 1.85 34.88 36.14
Inoculation with E. KS 14.30 14.38 33227 335.24 2.23 220 45.23 4591
cloacae FS 14.50 14.65 339.70 340.00 2.25 222 46.89 4741
KSil 13.75 13.50 327.00 329.30 1.98 1.95 42.79 42.28
LS.D at 0.05 level 1.45 0.89 8.82 8.09 0.10 011 3.58 3.28

Ns, * and ** means that non-significant, significant at 5 % and 1 % levels of probability, respectively.
Enterobacter cloacae (E. cloacae). KS = potassium sulphate, FS = feldspar and KSil = potassium silicate.

Table 6. Effect of bio-fertilizer (Enterobacter cloacae), potassium fertilization sources and their interactions on
tuberous root length, tuberous root diameter and dry matter in tuberous root of cassava plant in 2022/2023

and 2023/2024 seasons.
Tuberous root length (cm) ~ Tuberous root diameter (cm)  Dry matter in tuberous root (%)
Treatments 2022/2023 2023/2024 2022/2023 2023/2024 2022/2023 2023/2024
season season season season season season
Effect of biofertilizer (Enterobacter cloacae)
Un-inoculation with E. cloacae 36.64 34.95 3.78 3.88 34.28 33.68
Inoculation with E. cloacae 39.42 37.91 4.37 4.44 36.11 35.84
F_test ** * ** * * *
Effect of potassium fertilization sources
Without addition K 34.40 3252 352 3.62 3217 31.46
KS 38.85 37.46 4.37 4.40 36.32 36.06
FS 40.71 40.02 441 4.49 37.50 37.27
KSil 38.16 35.73 4.02 4.14 34.79 34.25
LS.D at 0.05 level 1.05 1.63 0.30 0.10 2.63 2.19
Effect of the interaction
Without K 3353 31.62 3.32 . 3112 3041
Un-inoculation KS 36.88 3591 3.98 401 3542 34.66
with E. cloacae FS 38.92 37.95 4.01 4.09 36.56 35.88
KSil 37.22 3431 3.82 3.99 34.02 33.75
Without K 35.26 3341 3.71 3.79 33.22 32.50
Inoculation with E. KS 40.82 39.00 4.75 4.79 3721 37.45
cloacae FS 42.50 42.09 481 4.88 38.44 38.65
KSil 39.10 37.16 4.21 4.29 35.55 34.75
LS.D at 0.05 level 1.49 2.30 0.43 0.64 3.72 3.10

Ns, * and ** means that non-significant, significant at 5 % and 1 % levels of probability, respectively.
Enterobacter cloacae (E. cloacae). KS = potassium sulphate, FS = feldspar and KSil = potassium silicate.

3. Tuberous root quality
Effect of bio-fertilizer

Tuberous root quality of cassava i.e., starch, total
carbohydrates, total fibers, and total soluble sugar, was
significantly affected by bacterial inoculation in both seasons, as
shown in Table (7). The highest values of tuberous root quality
were associated with E. cloacae inoculation, except for total
fibers, in the two growing seasons. The percentages of starch,
total carbohydrates, and total soluble sugar increased by 7.36%,
8.19%, and 33.33% for the average of the two seasons over

untreated plants. While the total fibers percentage was
decreasing by 9.24% compared to un-inoculated plants as an
average of the two seasons. Increase in nutritional quality as a
result of inoculation with Enterobacter cloacae that have not
only been shown to fix nitrogen (Wang et al., 2023) but also
have phosphate and potassium solubilizing ability (El-Saied et
al., 2020). These results agree with those reported by Hassan et
al. (2020). They found that starch and total carbohydrates in
cassava tubers were the best when inoculated cassava plants
with bio-fertilizer as compared to un-inoculated plants.
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Effect of potassium fertilization sources

Tuberous roots quality of cassava was increased by the
application of different potassium sources, except for total
fibers, in both seasons (Table 7). Application of natural
alternative feldspar was the most noticeable treatment, which
caused a significant increase in tuberous roots quality. Whereas
the plants that were fertilized with feldspar increased by 13.22%
for starch, 12.59% for total carbohydrates, and 82.97% for total
soluble sugar. On the other side, total fibers decreased by
16.89% as average of the two seasons compared to un-fertilized
plants. On the other side, fertilizing with potassium sulphate
came in second rank. While the lowest values of all tuberous
root quality were recorded with the unfertilized plants, except
total fibers recorded the highest values in both seasons. The
results clearly demonstrate that potassium fertilizers have a
significant impact on tuberous root quality. Potassium plays a
crucial role in transporting carbohydrates to tuberous roots and
aids in the conversion of carbohydrates into a starch, protein,
and various of vitamins by activating enzymes (EI-Egami et al.,
2024) as emphasized by (Hasanuzzaman et al., 2018 and
Johnson et al., 2022). Potassium is necessary for starch
synthesis in storage organs and transfer through the phloem
(Sardans and Pefiuelas, 2021). According to Arnao et al. (2021)
there is an optimistic correlation between leaf pigments and
carbohydrates. Consequently, the percentage of carbohydrates
in tuberous roots was higher, suggesting that the production of

photosynthetic pigments in leaves may be an induced factor for
the synthesis of carbohydrates. These results agree with those
reported by George et al. (2002) and Abd EI-Baky et al. (2010)
on sweet potato, Abou El-Khair and Mohsen (2016) on
Jerusalem artichoke and Omondi et al. (2019) on cassava. They
showed that fertilization plants with different potassium sulphate
or feldspar recorded the best results for tuber root quality as
compared to unfertilized plants.
Effect of interaction between bio-fertilizer and potassium
fertilization sources

Data tabulated in Table (7) indicate that tuberous roots
quality was influenced by the interaction between E. cloacae
and different potassium sources in both seasons. Inoculated
cassava plants with E. cloacae and fertilized with feldspar
have an increase in tuberous roots quality, except for total
fibers content (49.40%, 65.65%, and 0.98g 100g?) for starch,
carbohydrates, and total soluble sugar content as an average of
two seasons, respectively. While the lowest values of tuberous
roots quality except for total fibers was obtained by un-
inoculated cassava and any potassium addition, which
recorded the highest value of total fibers (2.72%) average two
seasons. There was a beneficial link between the increase in
the total soluble sugar content and potassium application with
bacterial inoculation in both seasons (EI-Egami et al., 2024
and Mutmainnah et al., 2024).

Table 7. Effect of bio-fertilizer (Enterobacter cloacae), potassium fertilization sources and their interactions on the
tuberous roots quality of cassava plants in 2022/2023 and 2023/2024 seasons.

Starch (%) Total carbohydrates (%) Total soluble sugar (g100g?)  Total fibers (%)

Treatments 2022/2023 2023/2024 2022/2023 2023/2024 2022/2023  2023/2024  2022/2023 2023/2024

season season season season season season season season
Effect of biofertilizer (Enterobacter cloacae)
Un-inoculation with E. cloacae ~ 43.77 43.59 56.70 57.76 0.63 0.63 245 249
Inoculation with E. cloacae 46.91 46.88 61.83 62.00 0.84 0.84 2.19 2.21
F_test ** ** ** ** * * *x *
Effect of potassium fertilization sources
Without addition K 41.95 42.35 54.85 56.15 0.50 0.44 257 2.58
KS 45.85 45.79 60.50 61.63 0.81 0.83 2.20 2.27
FS 48.20 47.25 62.35 62.63 0.85 0.87 212 2.17
KSil 45.36 4555 59.35 59.13 0.78 0.80 2.40 2.37
LS.D at 0.05 level 0.86 0.60 121 1.30 0.055 0.060 0.09 0.18
Effect of the interaction

Without K 41.20 41.80 54.20 55.40 0.44 0.37 2.73 2.72
Un-inoculation KS 4350 44.15 57.50 58.90 0.69 0.70 231 243
with E. cloacae FS 46.90 45.20 58.90 59.75 0.71 0.75 222 2.29
KSil 43.47 43.20 56.20 57.00 0.65 0.68 2.55 251
Without K 42.70 42.90 55.50 56.90 0.56 0.52 241 244
Inoculation with E. KS 48.20 4743 63.50 64.35 0.92 0.95 2.09 211
cloacae FS 49.50 49.30 65.80 65.50 0.97 0.98 201 2.05
KSil 47.25 47.90 62.50 61.25 0.90 0.92 2.25 2.23
LS.D at 0.05 level 1.22 0.84 172 1.84 0.063 0.085 0.13 0.26

Ns, * and ** means that non-significant, significant at 5 % and 1 % levels of probability, respectively.
Enterobacter cloacae (E. cloacae). KS = potassium sulphate, FS = feldspar and KSil = potassium silicate.

4. Mineral contents of tuberous roots
Effect of bio-fertilizer

Mineral contents of the tuberous roots of cassava were
significantly affected by inoculation with E. cloacae in both
seasons (Table 8). The relative increases of N, P, and K were
about 8.76%, 28.30%, and 16.57% (average of the two
seasons), respectively, due to the plants that were inoculated
with E. cloacae than un-inoculated plants. Increased nutrient
concentration as a result of bio-fertilizer application may be due
to the inoculation with E. cloacae that have not only been
shown to fix nitrogen (Wang et al., 2023) but also have
phosphate and potassium solubilizing abilities (El-Saied et al.,
2020), furthermore release certain chemicals that improve the

availability of additional nutrients for plants (Pahalvi et al.,
2021). Moreover, E. cloacae secrete various organic acids,
which improve potassium and phosphate solubility (Zuluaga et
al., 2023). The same results coincide with Hassan et al. (2020)
where the results reached that treated cassava plants with bio-
fertilizer recorded the highest N, P, and K contents in tuber roots
as compared to un-inoculated plants.
Effect of potassium fertilization sources

The presented data in Table (8) revealed that the mineral
contents were significantly affected due to the application of
different potassium sources as compared to unfertilized plants in
both seasons. It is worth mentioning that both applications of
feldspar or potassium sulfate had significant effects on the
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contents of N, P, and K in tuberous roots as compared to treated
plants with potassium silicate in both seasons. However,
fertilizing plants with 21555 kg ha? of feldspar recorded the
maximum relative increases in N, P, and K (10.99%, 32.69%,
and 27.97%), respectively, as the average of the two seasons
over the plants that were unfertilized. On the other side, there
were no significant differences between potassium sulphate and
feldspar treatments as for N, P, and K in most cases. While
treated plants with potassium silicate came in third rank in this
respect. Because potassium is a component of numerous
physiological, biochemical, regulatory, and metabolic processes
in plants, it may have a supporting role in the mineral contents
of cassava tuberous roots (Kafkafi et al., 2001 and Z6rb et al.,
2014). Additionally, it improved ionic equilibrium and
nutritional absorption, leading to higher nutrient content (Horst,
1995 and Kubar et al., 2019).The current results are parallel to
those stated by (Abdel-Salam and Shams, 2012 and Labib et al.,
2012) on potato and Hassan et al. (2020) on cassava where the

application of potassium sulphate or K-feldspar obtained high
N, P, and K contents in tubers.
Effect of interaction between bio-fertilizer and potassium
fertilization sources

The interaction between inoculated cassava plants
with E. cloacae and fertilizing with different potassium
sources had a significant effect on the N. P. K. contents in
tuberous roots in both seasons (Table 8). The data showed
that cassava plants that were inoculated with E. cloacae and
fertilized with feldspar as a K source exhibited an increase in
mineral contents and scored relative increases of about
21.19%, 73.33%, and 43.90% for N, P, and K, respectively,
for the average of the two seasons over the plants that were
un-inculcated and unfertilized, which recorded the lowest
contents of N, P, and K in tuberous roots in two seasons. On
the other side, there were no significant differences amongst
fertilizing with potassium sulphate or feldspar and treating
with E. cloacae in most cases in both seasons. These results
match with (Hasan and Marzouk, 2020) on cassava.

Table 8. Effect of bio-fertilizer (Enterobacter cloacae), potassium fertilization sources and their interactions on N, P,
and K contents in tuberous roots of cassava plants in 2022/2023 and 2023/2024 seasons.

N (%) P (%) K (%)
Treatments 2022/2023 2023/2024 2022/2023 2023/2024 2022/2023 2023/2024
season season season season season season
Effect of biofertilizer (Enterobacter cloacae)
Un-inoculation with E. cloacae 0.96 0.98 0 0.27 0.91 0.90
Inoculation with E. cloacae 1.05 1.07 0.33 0.35 1.05 1.06
F_tESt ** * ** * *%* *%*
Effect of potassium fertilization sources
Without addition K 0.96 0.97 0.26 0.28 0.85 0.83
KS 1.03 1.04 0.31 0.31 1.01 1.01
FS 1.05 1.08 0.34 0.35 1.08 1.07
KSil 0.98 1.01 0.29 0.29 0.98 1.00
LS.D at 0.05 level 0.048 0.054 0.024 0.045 0.085 0.036
Effect of the interaction
Without K 0.93 0.91 0.22 0.23 0.84 0.80
Un-inoculation KS 0.97 0.99 0.28 0.27 0.92 0.90
with E. cloacae FS 0.99 1.02 0.29 0.30 0.97 0.96
KSil 0.95 0.98 0.26 0.26 0.90 0.92
Without K 0.99 1.03 0.30 0.32 0.87 0.86
Inoculation with E. KS 1.08 1.08 0.33 0.35 110 111
cloacae FS 1.10 1.13 0.39 0.39 1.19 117
KSil 1.01 1.03 0.31 0.32 1.05 1.08
LS.D at 0.05 level 0.068 0.076 0.033 0.064 0.067 0.051

Ns, * and ** means that non-significant, significant at 5 % and 1 % levels of probability, respectively.
Enterobacter cloacae (E. cloacae). KS = potassium sulphate, FS = feldspar and KSil = potassium silicate.

5. Available remaining nutrients and pH
Effect of bio-fertilizer

Table (9) showed that remaining nutrients were
significantly affected by E. cloacae inoculation in both
seasons. It was illustrated that inoculation by the bacterial
strain had a positive effect on remaining nutrients compared
with un-inoculated, with available N increasing by 8.48 and
7.34%, P by 6.47 and 3.84%, and K by 4.22 and 4.15% in
the 1% and 2™ seasons, respectively. While pH decreased by
0.86 and 0.74% through two seasons, respectively. The pH
of the soil slightly decreased after adding biofertilizer. This
slight pH change may be due to the soil's higher buffering
capacity, which protects it from pH changes caused on by
the addition of bio-fertilizer (Al et al., 2022). K-solubilizing
bacteria reflected effective natural decomposing agents that
increase nutrient availability in soils (EI-Egami et al., 2024).
This results matched with (El-Saied and Rashwan, 2021)
where E. cloacae inoculation had positive effect on available
nutrient post-harvest when compared to un-inoculated
plants.

Effect of potassium fertilization sources

Application of potassium sources has significantly
enhanced available macronutrients N, P, and K (mg kg?). The
most pronounced treatment was alternative natural feldspar,
which increased the availability of nitrogen by 4.93, 3.69%,
phosphorous by 5.46, 4.63%, and potassium by 23.84, 20.86%,
through two seasons, respectively. On the other hand, pH values
slightly increased due to mineral feldspar by 0.75 and 0.50% in
comparison with unfertilized K soil in both seasons, respectively
(Table 9). Because these rocks solubilize slowly, a synergistic
effect could result from applying K rocks directly on one side
and co-inoculating bacteria on the other as shown in Table (2),
Functional groups associated with active soil reactions, such as
hydroxyl (OH) and carboxyl (COOH) groups, and
exchangeable basic cations are involved in feldspar amendment
(Al-Sayed et al., 2022).
Effect of interaction between biofertilizer and potassium
fertilization sources

For an interaction between bio-fertilizer and different
sources of potassium fertilizers, the data showed that
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inoculation with E. cloacae and soil receiving feldspar as K
fertilizer exhibited an increase in remaining nutrients (19.20,
19.23; 6.84, 6.79; and 235.50, 233.00 mg kg?) for N, P, and
K through the two following seasons, respectively (Table 9).
Further, it can solubilize rock K as feldspar through bio-
fertilizers by means of plant production, the excretion of
various soil organic acids or chelated silicon, and releasing
of additional nutrients, enabling plants to absorb them with
easily. The improved soil properties might have enabled the

release of more available nutrients, so enhancing plant
development and growth (Ali et al., 2021 and Yousef et al.,
2023). Because these rocks solubilize slowly, a synergistic
effect could result from applying K rocks directly on one
side and co-inoculating bacteria on the other (Doaa and
Ashmawi, 2022). Our results in accordance with (El-Saied et
al., 2021) where E. cloacae inoculation combined with
natural alternative fertilizers had positive effect on available
nutrient post-harvest.

Table 9. Effect of bio-fertilizer (Enterobacter cloacae), potassium fertilization sources and their interactions on the
chemical properties (N, P, K, and pH) of cassava soil post-harvest in 2022/2023 and 2023/2024 seasons.

N (mg kg?) P (mg kg™) K (mg kg™) pH
Treatments 2022/2023 2023/2024 2022/2023 2023/2024 2022/2023 2023/2024 2022/2023 2023/2024
season season season season season season season season
Effect of biofertilizer (Enterobacter cloacae)
Un-inoculation with E. cloacae 17.34 17.57 6.18 6.25 203.49 203.80 8.11 8.10
Inoculation with E. cloacae 18.81 18.86 6.58 6.49 212.08 212.25 8.04 8.04
F_tESt ** ** ** ** * ** ** *%*
Effect of potassium fertilization sources
Without addition K 17.66 1791 6.23 187.85 189.78 8.05 8.05
KS 18.15 18.30 6.43 6.38 215.04 217.77 8.08 8.08
FS 1853 1857 6.57 6.55 232.64 229.39 8.11 8.09
KSil 17.95 18.09 6.29 6.30 195.61 195.16 8.06 8.05
LS.D at 0.05 level 0.089 0.137 0.068 0.108 2.036 2.31 0.018 0.020
Effect of the interaction
Without K 17.00 17.35 6.06 6.19 181.00 184.55 8.09 8.07
Un-inoculation KS 17.40 17.60 6.24 6.27 209.65 212.54 8.10 8.11
with E. cloacae FS 17.87 17.90 6.29 6.31 229.77 225.77 8.14 8.13
KSil 17.10 17.44 6.11 6.24 193.54 192.32 8.09 8.08
Without K 18.33 18.47 6.39 6.33 194.70 195.00 8.01 8.03
Inoculation with KS 18.90 18.99 6.62 6.49 22043 223.00 8.06 8.05
E. cloacae FS 19.20 19.23 6.84 6.79 235.50 233.00 8.08 8.05
KSil 18.80 18.73 6.47 6.35 197.68 198.00 8.03 8.02
LS.D at 0.05 level 0.126 0.194 0.097 0.152 2.88 3.27 0.026 0.029

Ns, * and ** means that non-significant, significantat 5 % and 1 % levels of probability, respectively.
Enterobacter cloacae (E. cloacae). KS = potassium sulphate, FS = feldspar and KSil = potassium silicate.

CONCLUSION

It could be concluded that under same conditions,
fertilizing cassava plants with feldspar (10.6% K30O) at 2155.5
kg ha as a natural alternative potassium source and inoculating
plants with E. cloacae as potassium solubilizing bacteria
achieved most pronounced vegetative growth parameters, yield,
tuberous roots quality, as well as remaining nutrients in soil. So,
utilization of feldspar in combination with E. cloacae might be
considered as an alternative source of potassium fertilizers and a
beneficial, cheap source of K-fertilization for agriculture in
sandy reclaimed soils.
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