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ABSTRACT

This study was undertaken to investigate the effects of plant growth-promoting rhizobacteria (PGPR) with humic 
acid (HA) as amendments on the morphological and physiological growth characteristics and yield of Sepang Oren 
sweet potato (Ipomoea batatas [L.] Lam). The experiment was conducted under glasshouse conditions at the Faculty 
of Agriculture, Universiti Putra Malaysia, for 110 days. Two factors were used in this experiment: The first factor was 
PGPR-HA inoculations (UPMB10, UPMRB9, and mixed strains) and non-inoculation-HA, and the second factor was 
the Nitrogen fertilizer levels (50, 75, and 100%). The treatments were replicated three times and arranged factorially 
in a randomized complete block design. The results showed that inoculations with PGPRs-HA (UPMRB9 and UPMB10 
strains) positively affect the plant growth significantly (SPAD measurements, number of leaves, vine length, root 
length, leaf area index, root dry weight, shoot dry weight, and root: shoot ratio) of sweet potato upon addition of 50% 
and 75% of N-fertilizer, respectively. The nutrient content of soil and plant leaf significantly increased by 12-15% 
and 14-18%, respectively, compared to the uninoculated, when applied with the same inoculation. After 30 days, the 
population of soil bacteria increased, reaching a value of 8.65 log10 CFU/g soil. The use of PGPR-HA inoculations with 
N-fertilization resulted in a considerable rise in the majority of plant and soil parameters compared to the treatments 
without PGPR inoculation. Therefore, PGPR supplemented with humic acid (HA) may be considered a viable and 
sustainable strategy for enhancing sweet potatoes’ morphological and physiological attributes. This technique can 
result in increased crop productivity and serve as a substitute for nitrogen-based fertilizers.
Keywords: Bacterial population; humic acid (HA); PGPR; soil nutrients; sweet potato yield

ABSTRAK

Penyelidikan ini dijalankan untuk mengkaji kesan rhizobakteria penggalak pertumbuhan tumbuhan (PGPR) dengan 
asid humik (HA) sebagai pindaan terhadap ciri pertumbuhan morfologi dan fisiologi serta hasil ubi keledek Sepang 
Oren (Ipomoea batatas [L.] Lam). Uji kaji dijalankan di bawah keadaan rumah kaca di Fakulti Pertanian, Universiti 
Putra Malaysia, selama 110 hari. Dua faktor telah digunakan dalam uji kaji ini: Faktor pertama ialah inokulasi 
PGPR-HA (UPMB10, UPMRB9 dan strain campuran) dan bukan inokulasi-HA serta faktor kedua ialah kepekatan baja 
Nitrogen (50, 75 dan 100%). Setiap rawatan mengandungi tiga replikasi dan disusun secara faktorial dalam reka 
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bentuk blok lengkap rawak. Hasil menunjukkan bahawa inokulasi dengan PGPRs-HA (strain UPMRB9 dan UPMB10) 
memberi kesan positif kepada pertumbuhan tumbuhan dengan ketara (ukuran SPAD, bilangan daun, panjang pokok, 
panjang akar, indeks luas daun, berat kering akar, berat kering pucuk dan nisbah akar: pucuk) ubi keledek selepas 
penambahan 50% dan 75% baja N. Kandungan nutrien tanah dan daun tumbuhan masing-masing meningkat dengan 
ketara sebanyak 12-15% dan 14-18% berbanding dengan tumbuhan yang tidak diinokulasi. Selepas 30 hari, populasi 
bakteria tanah meningkat, mencapai nilai 8.65 log10 CFU/g tanah. Penggunaan inokulasi PGPR-HA dengan pembajaan 
N menghasilkan peningkatan yang ketara dalam majoriti parameter tumbuhan dan tanah berbanding dengan 
rawatan tanpa inokulasi PGPR. Oleh itu, PGPR Bersama-sama asid humik (HA) boleh dianggap sebagai strategi yang 
mampan untuk meningkatkan sifat morfologi dan fisiologi ubi keledek. Teknik ini boleh menghasilkan peningkatan 
produktiviti tanaman dan berfungsi sebagai pengganti baja berasaskan nitrogen.
Kata kunci: Asid humik (HA); hasil ubi keledek; nutrien tanah; PGPR; populasi bakteria

INTRODUCTION

Sweet potato (Ipomoea batatas [L.] Lam) is a tuber 
crop native to Central America and the western coast 
of South America. In Malaysia, after cassava, sweet 
potato is the second-most significant root crop (Karim, 
Devarajan & Ahmad 2022; Shankar & Kaushik 2022). 
Sweet potato is one of the healthy foods recommended by 
the United Nations’ Food and Agriculture Organization 
(FAO) due to the presence of anthocyanins, β-carotene, 
minerals (Ca, Zn, K, and Mg), and vitamins B1, B2, E, 
and C (Muhammad et al. 2022). Several nations, like 
China, Vietnam, and India, prioritize the cultivation of 
sweet potatoes as their primary agricultural product. 
In Malaysia, sweet potatoes hold significant economic 
value and may be classified as cash crops, holding around 
24.93% of the country’s total planted area (Zhu & Sun 
2019). The production rate of sweet potatoes has declined 
in recent years, and this could be attributed primarily to 
the poor soil nutrient status, which consequently leads to 
lower yield (Agbede & Oyewumi 2022). 

Nitrogen (N) is a vital element in the production 
of sweet potatoes, and N fertilizers are widely utilized 
in modern agriculture to nourish plants, enhance 
production, and improve end-use quality. Ensuring 
enough nutrition is crucial for cereal crops’ optimal 
growth and productivity. Therefore, agricultural 
practitioners throughout various global areas prefer 
utilizing nitrogen-based fertilizers to augment and 
optimize crop yield (Folina et al. 2021). Excessive use 
of nitrogen fertilizer incurs higher production expenses 
and diminishes economic profits. It also engenders 
substantial environmental deterioration, encompassing 
the occurrence of acid rain, soil acidification, and 
groundwater acidification. These adverse consequences 

adversely impact soil fertility and the depletion of 
beneficial soil microorganisms. One technique for 
sustaining crop production is to use beneficial microbes 
such as plant growth-promoting rhizobacteria (Zeng et 
al. 2022; Zhao et al. 2022).

In sustainable farming, biofertilizer has been 
identified as an alternative for enhancing soil fertility 
and crop yield. In soil-integrated nutrient management, 
biofertilizers can play an essential role. N-fixers, potassium 
and phosphorus solubilizers, plant growth-promoting 
rhizobacteria (PGPR), endo- and ectomycorrhizal 
fungi, and other beneficial microscopic creatures are 
examples of microorganisms that are often utilized 
as biofertilizer inoculum (Itelima et al. 2018; Manna 
et al. 2021). In addition, biofertilizers benefit plants 
by converting and mobilizing unavailable elements to 
available forms via various biological processes (Meena 
et al. 2017). PGPR species such as Bacillus tequilensis 
and Bacillus subtilis have been found colonizing plant 
roots (Mahapatra, Yadav & Ramakrishna 2022). When 
comparing B. subtilis and B. tequilensis to other 
bacteria and how they affect plants, it is important to 
remember that different strains of bacteria have different 
traits and effects. Nevertheless, extensive research has 
demonstrated that these strains have several advantageous 
impacts on plants’ development and overall well-
being (Goswami, Thakker & Dhandhukia 2016). For 
instance, research has demonstrated that it facilitates 
the development of plants and their ability to withstand 
stress through mechanisms such as improved absorption 
of nutrients, the synthesis of phytohormones including 
indole-3-acetic acid (IAA), gibberellin, and cytokines, 
as well as the activation of systemic resistance against 
infections (Etesami et al. 2015). Furthermore, apart from 
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the strains mentioned, a plethora of different bacterial 
varieties have the potential to provide advantageous 
effects on plant development. Rhizobacteria are renowned 
for their capacity to engage in nitrogen fixation within 
the soil, facilitating plant development and production 
enhancements. In a similar vein, it has been demonstrated 
that Pseudomonas can enhance plant development 
through the production of siderophores, which facilitate 
the absorption of iron by plants from the surrounding 
soil (Mabrouk et al. 2018; Pandita 2022). Many PGPR 
inoculants have increased nutrient uptake in various 
crops, including cotton, pea, tomato, peanut, and maize 
(Egamberdiyeva & Höflich 2004). The PGPR has been 
reported to stimulate root growth and thereby increase 
root surface area for nutrient uptake and is crucial for 
promoting plant growth (Zilaie et al. 2022).

Humic acids (HA) are crucial as a medium for 
transferring nutrients from the soil to the plant because 
they can store ionized nutrients and prevent them from 
being flushed away. Humic acids keep and supply the 
plant’s water and nutrients (Wu, Li & Chen 2020). 
Direct impacts of HA on plant development have been 
thoroughly reported, including increased macro- and 
micronutrient uptake and root expansion, improved 
microbial growth by providing a carbon source that 
serves as food for microbes, and increased soil water 
retention (Tang et al. 2022). Developing a good strategy 
for combining HA and biofertilizer for agricultural 
application under open field conditions is critical for 
improving soil fertility and productivity and decreasing 
the use of inorganic fertilizer for higher crop production 
(Al-Taey et al. 2019). Initially, humic chemicals have 
primarily been examined as carbon or micronutrient 
sources or for their overall impact on microbial 
development (Benz, Schink & Brune 1998). Using 
organic elements such as HA and beneficial bacteria as 
fertilizer has improved soil health and increased broccoli 
crop output (Al-Taey et al. 2019). Adding humic acid 
and urea fertilizer (HA-N) considerably increased the 
yield of sweet potato plants by 29.6%, the average fresh 
weight per storage root, and the number of storage roots 
per plant (Chen et al. 2017). In a study conducted by 
Sadeq et al. (2023), it was shown that a concentration of 
0.1% HA resulted in a notable increase in the bacterial 
population of B. tequilensis (UPMRB9) and B. subtilis 
(UPMB10) strains. Additionally, this concentration of 
HA demonstrated efficacy in extending the shelf-life of 
both bacterial strains.

Sweet potato is one of the most important root crops 
worldwide, providing numerous raw materials for the 

agricultural industry, as well as food and feed for people 
and animals (Neela & Fanta 2019). In this study, we 
hypothesized that a combination of beneficial bacteria 
with humic acid (HA-PGPR) and optimal N-fertilizer 
would boost the growth and yield of sweet potatoes while 
enhancing the soil nutrient status in an economically 
and environmentally favorable manner. Thus, a pot 
trial was conducted with two locally isolated bacteria 
(UPMRB9 and UPMB10) with humic acid and three 
different rates of N-fertilizer (50%, 75%, and 100%) 
under glasshouse conditions. The study aimed to evaluate 
the effect of formulated biofertilizer inoculation with 
different N-fertilizer rates on the growth and yield of 
sweet potatoes. The study also determined the effect of 
applying PGPR-HA formulation on the physiological 
and morphological measurements of the sweet potato 
leaf, as well as the relationships between the soil and 
plant growth parameters. 

MATERIALS AND METHODS

PGPR STRAINS AND HUMIC ACID COLLECTION, 
PREPARATION AND CHARACTERIZATION

Locally isolated PGPRs, B. tequilensis (UPMRB9), 
and B. subtilis (UPMB10) were collected from the 
Soil Microbiology Laboratory, Department of Land 
Management, Faculty of Agriculture, Universiti Putra 
Malaysia. These PGPRs were selected due to their 
beneficial biochemical and morphological characteristics, 
including N2 fixation, phosphate and potassium 
solubilization, siderophore production, and pectinase 
production. These PGPR strains were also reported to 
increase the concentrations of N, P, and K in shoots and 
storage roots (Kapadia et al. 2021). Pure humic acid was 
purchased from Sigma-Aldrich (102098564, 53680-50G 
Swiss). Humic acid is black, has a pH of less than 6, and 
has low solubility in water (Table 1). HA is insoluble in 
acid but is soluble in alkali and in tryptic soy broth media 
(TSB) due to its higher pH (7.23).

COLLECTION AND CHARACTERIZATION OF INITIAL 
SOIL SAMPLE

Mineral soil was collected from the University 
Agriculture Park, Universiti Putra Malaysia, Selangor, 
Malaysia. The location coordinates were 30 02′ N latitude, 
1010 42′ E longitude, and 31 m above sea level. The soil 
was classified as sandy clay-textured, according to the 
United States Department of Agriculture (USDA) soil 
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classification system. Air-dried soil samples weighing 
10 g were grounded to pass through a 2 mm sieve. 
The soil sample was characterized by its physical and 
chemical properties (Table 2). The soil pH in a 1:2.5 
(weight/volume) ratio of soil and water, and the electrical 
conductivity (EC) for soil samples were determined by a 
pH meter and conductivity meter, respectively. The total 
carbon (C), nitrogen (N), and sulfur (S) were analyzed 
by dry combustion method using a CNS auto-analyzer 
(LECO Corporation, St. Joseph, MI, USA). The cation 
exchange capacity (CEC) was assessed by titration after 
being extracted by the leaching method using neutral 1 M 
ammonium acetate (NH4OAc) solution at pH 7 (Thomas 
1983). The total soil nutrients were extracted using the 
Aqua Regia method in a 0.5:1:3 (weight/volume/volume) 
ratio of soil, nitric, and hydrochloric acid, respectively. 
Later, the nutrients were determined by inductively 
coupled plasma optical emission spectroscopy (ICP-OES, 
Perkin Elmer, Boston, MA, USA). All the analyses were 
conducted in triplicate.

THE GLASSHOUSE TRIAL SETUP

The pot experiment was conducted in a glasshouse at 
the Faculty of Agriculture, Universiti Putra Malaysia, 
Selangor (298036.60 N latitude: 10173081.90 E 
longitude). Seven kg of mineral soil was filled in plastic 
pots measuring 23 cm height by 26 cm inner diameter. 
Before planting, Sepang Oren cuttings of the sweet 
potato variety (30 cm in length with 8 nodes) were 
cleaned carefully using sterilized distilled water and 

soaked in 48 h-old PGPRs-HA formulations for 6 h (Figure 
1). About 0.1 g of humic acid was mixed with 100 mL 
of TSB and the solutions were autoclaved for 15 min at 
121 °C. One full loop (approximately 1×106 CFU mL-1) 
was taken from B. tequilensis and B. subtilis cultures 
and dipped into broth media for single and mixed strain, 
before incubated under a constant shaker at 150 rpm 
for 48 h at 30 °C. Each sample was replicated thrice. 
During the planting process, 20 mL (about 109 CFU mL-

1) of PGPRs-HA formulations was introduced onto each 
plant, with 2 week intervals of inoculation. Meanwhile, 
the uninoculated plants received the same volume of 
sterile media but without bacterial inoculation. To supply 
the recommended rate of the P and K as suggested by 
Kashiani (2012), triple superphosphate (TSP) and muriate 
of potash (MOP) was used at 80 kg ha-1 P2O5 and 120 kg 
ha-1 K2O, respectively. Urea was used as the source of N 
fertilizer and was applied at three levels 50%, 75%, and 
100% N. Furthermore, N, P, and K were added at 7 and 
45 days after planting. Based on the recommended rates, 
urea was applied at 2.16 g for 50% N, 3.24 g for 75% N, 
and 4.38 g for 100% N, for each pot, respectively. About 
13.14 g of P2O5 and 14.22 g of K2O. The plants were 
irrigated regularly twice daily at 8 am and 5 pm. Soil 
samples were collected from the vicinity of plant roots 
to determine bacterial counts using the total plate count 
technique (TPC). The initial count of the bacteria before 
planting was 6.42 log10 CFU/g soil. Then, the bacterial 
count was assessed at three different time points: 30, 60, 
and 90 days after planting (DAP). Plants were harvested 
three months after they were planted.

TABLE 1. Physical and chemical properties of humic acid

Properties Humic acid

Color Black

Solubility low

Molecular formula C9H9NO6

Molecular weight 227.17

Organic C (%) 30-50

Hydrogen (%) 5

Nitrogen (%) 3

pH 3.5- 6

CEC (cmolc/kg) 70-166

Moisture (%) 15
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EXPERIMENTAL DESIGN AND TREATMENT

The experiment was arranged in a Randomized 
Complete Block Design (RCBD) with 12 treatment 
combinations. The treatment combination consists of two 
factors: The first factor was the bacterial strains, mixed 

FIGURE 1. Sweet potato cuttings soaked in PGPR-HA formulation for 6 h in (a) 
UPMB10, (b) UPMRB9, and (c) mixed strain

 

strains and uninoculated control, all amended with 0.1% 
humic acid (HA), and the second factor was the three 
levels of N fertilizer; 50, 75, and 100 %. Consequently, 
12 treatment combinations with three replications were 
obtained (Table 3).

TABLE 2. Selected physical and chemical properties of initial soil 

Properties Soil

Textural class Sandy clay loam

% Sand 67.70 

% Silt 5.50 

% Clay 27.60 

pH 5.13

EC (mS/cm) 17.78

CEC (cmolc/kg) 5.82

Total C (%) 1.75

Total N (%) 0.05

Total S (%) 0.04

Available P (mg /kg) 2.13

Exchangeable K (cmolc/kg) 0.49

Exchangeable Mg (cmolc/kg) 0.47

Exchangeable Ca (cmolc/kg) 1.68
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TABLE 3. Treatments for the pot experiment

Treatment code Description of the treatments

T1 50% Nitrogen fertilizer   + 0.1% HA (uninoculated)

T2 50% Nitrogen fertilizer   + 0.1% HA with UPMB10

T3 50% Nitrogen fertilizer   + 0.1% HA with UPMRB9

T4 50% Nitrogen fertilizer   + 0.1% HA with mixed strain

T5

T6

75% Nitrogen fertilizer   + 0.1% HA (uninoculated)

75% Nitrogen fertilizer   + 0.1% HA with UPMB10

T7 75% Nitrogen fertilizer   + 0.1% HA with UPMRB9

T8 75% Nitrogen fertilizer   + 0.1% HA with mixed strain

T9 100% Nitrogen fertilizer + 0.1% HA (uninoculated)

T10 100% Nitrogen fertilizer + 0.1% HA with UPMB10

T11 100% Nitrogen fertilizer + 0.1% HA with UPMRB9

T12 100% Nitrogen fertilizer + 0.1% HA with mixed strain

SOIL NUTRIENT ANALYSES AFTER HARVEST AND 
SWEET POTATO LEAF NUTRIENT CONCENTRATION

After harvest, a soil sample was taken, air-dried, and 
grounded to pass through a 0.2 mm sieve for the analyses 
of soil pH, base cations K, Ca, Mg, and available P. The 
Aqua Regia method (Kamali et al. 2021) was used to 
determine soil nutrients by using nitric and hydrochloric 
acids at a 1:3 ratio. The oven-dried sweet potato leaf 
was pulverized with an electric grinder and then sieved 
through a 0.5 mm sieve. The dry-ashing method was 
used to extract K, P, Ca, and Mg from sweet potato plant 
shoot using HCl and 20% HNO3, and the filtrates were 
determined using inductively coupled plasma optical 
emission spectroscopy (ICP-OES, Perkin Elmer, Boston, 
MA, USA). The Micro-Kjeldahl method was used to 
determine the total N concentration of soil and sweet 
potato leaf. This was followed by adding concentrated 
H2SO4, K2SO4, and catalyst, followed by 1 h of digestion 
at 360 °C, using block digestion (Bowman, Paul & 
Carlson 1988).

PLANT GROWTH AND BIOMASS PRODUCTION 
MEASUREMENTS

Plant-growth measurements were taken during the plant’s 
growth period. The Soil Plant Analysis Development 

(SPAD) chlorophyll meter was used to estimate the leaf 
greenness and chlorophyll concentrations through the 
dynamic chlorophyll distribution (Yuan et al. 2016). 
The number of leaves was counted based on taking the 
count of the leaves 10 cm from the tip of the vine. Vine 
and root length were measured by using a tape measure. 
After harvest, the roots were cleaned using running tap 
water. The shoot and storage root specimens were dried 
at 70 °C until a stable weight was achieved. The resulting 
dry weight was then measured using a digital weighing 
device, and the ratio of shoot to storage root (R/S ratio) 
was then calculated. Leaf Area Index (LAI) was measured 
using the LAI-2000 Plant Canopy Analyzer (Li-CoR Inc; 
Lincoln, NE, USA). 

PERCENT RELATIVE DATA

The relative data of the values were expressed as 
percentages relative to the control value for each element 
following Mosharrof et al. (2021).

where the treatment value was the PGPR-HA with 
N-fertilizer, and the control value was without PGPR 
inoculation.

Relative data (%)  = (Treatments value −  control value)
control value × 100  
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STATISTICAL ANALYSIS

All the data collected were analyzed using the Statistical 
Analysis System (SAS) 9.4. Following the analysis 
of variance procedure (ANOVA), the Least Significant 
Difference (LSD) comparison method was used to 
compare differences between treatment means at p = 0.05.

RESULTS AND DISCUSSION

EFFECT OF TREATMENTS ON SWEET POTATO GROWTH 
AND YIELD-CONTRIBUTING PARAMETERS

The treatments differ significantly (p ≤ 0.05) from one 
another in terms of SPAD readings, number of leaves, 
vine length, root length, and LAI of sweet potato 
with the higher values in treatment combinations of 
PGPRs-HA with nitrogen fertilization rates (Table 
4). The treatments UPMRB9+50%N (T3) and mixed 
strain+100%N (T12) exhibited the highest SPAD values 
of 43.32 and 43.24, respectively, which were found to 
be statistically significant at (p<0.05). Conversely, the 
treatments UPMB10+50%N (T2) and UPMRB9+75%N 
(T7) had the lowest SPAD values of 28.24 and 28.20, 
respectively. Table 4 demonstrates that the use of PGPRs-
HA inoculation and N-fertilizer in soil amendments 
resulted in a notable increase in the number of leaves, 
vine length, root length, and LAI of sweet potatoes, 
as compared to the soil that was not inoculated. Both 
treatments of UPMRB9+50%N (T3) and UPMB10+75%N 
(T6) exhibited a significantly greater leaf count, 
surpassing the uninoculated treatments by 100%. 
Treatments T3 and T6 had the most extensive vine 
length, measuring 156.2 and 154.3 cm, respectively, 
demonstrating a notable divergence from the remaining 
treatments. Nonetheless, there was no statistically 
significant difference between the UPMRB9+75%N 
treatment (T7) and the mixed strain+100%N treatment 
(T12) concerning the length of sweet potato vines, 
which ranged from 90.4 to 89.2 cm. However, it is worth 
noting that the uninoculated treatment (T1) exhibited the 
shortest vine length among all treatments. 

The treatment UPMRB9+50%N (T3) exhibited the 
largest root length (15.4 cm) and leaf area index (408.24 
cm), which were statistically different from the other 
treatments. Conversely, treatment T1 (uninoculated) had 
a considerably shorter root length, measuring 46.73% 
lower than the other treatments. The UPMB10+50%N 
(T2) and mixed strain+100%N (T12) treatments had 
considerably lower LAI values, measuring 225.39 cm 
and 234.08 cm, respectively. Treatments T3 and T6 
exhibited statistically significant increases in root dry 

weight, shoot dry weight, and root-to-shoot ratio (Table 
4), indicating notable distinctions from the remaining 
treatments. The plants subjected to UPMRB9+50%N (T3) 
and UPMB10+75%N (T6) exhibited notably elevated 
dry weights in both root (43.6 g) and shoot (29.38 
g) components, as well as higher values for the root-
to-shoot ratio (2.7) when compared to the remaining 
treatments.

Leaf number, vine length, root length, and LAI 
increased with PGPR-HA inoculation and N-fertilization 
compared to the uninoculated (Table 4). The observed 
enhancement in plant development in treatments 
infected with PGPR-HA may be attributed to the capacity 
of B. tequilensis and B. subtilis to synthesize indole 
acetic acid (IAA), siderophores, and protease activity, 
which acts as a growth-promoting hormone (Baard 
et al. 2023; Bahadur et al. 2017). According to Ekin 
(2019), applying a mixed culture of PGPR combined 
with humic acid resulted in a significant increase of 
around 140% in potato tuber production. According to 
Meng et al. (2021), humic acid as a soil amendment can 
accelerate nutrient absorption, reduce toxins, increase 
water retention, improve microbial growth by providing 
shelter and carbon sources as food for bacteria, and 
improve soil structure. Chen et al. (2017), El-Sawah 
et al. (2021), and Khan et al. (2021) conducted studies 
that demonstrated the positive effects of combining 
nitrogen application with PGPR and humic acid on 
plant development and yield. These studies found 
that this combination outperformed fertilizer alone 
and significantly improved the efficiency of nitrogen 
fertilizer production. According to Wang et al. (2022), 
combining humic acid (HA) and N-fertilizer improves 
nutrient utilization and crop yield. 

TOTAL BACTERIAL POPULATION OF SOIL AFTER 
HARVEST

The total bacterial population in the soil was affected by 
PGPRs-HA inoculation and nitrogen fertilization rates 
(Figure 2). There was a significant effect of PGPR-HA 
inoculation and nitrogen fertilization on the bacterial 
population in the soil. There were apparent changes in 
the population of the bacteria during various stages of 
crop development. Generally, the population of bacteria 
was at its highest level 30 days after planting and 
started decreasing at 60 and 60 DAP. Compared to the 
uninoculated control (7.5 log10 CFU/g soil), the inoculation 
treatments had a larger bacterial population. The highest 
population (8.65 log10 CFU/g soil) was obtained with the 
inoculation of UPMB9 with 50% N-fertilizer at 30 DAP 
and reduced with the increase of the plant age.
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The application of PGPR-HA inoculation and 
N-fertilization substantially impacted the microbial 
population density in the soil surrounding the plant roots 
throughout the plant growth stages. The overall bacterial 
population in the soil was shown to be considerably 
greater in treatments where B. tequilensis (UPMRB9) 
inoculations were applied, compared to other treatments 
across different phases of N-fertilizer application. 
The inoculation of PGPR-HA may stimulate the sweet 
potato plant to produce metabolites and hormones that 
promoted the production of the other native bacterial 
strains (Ahmad et al. 2016). The inoculation with 
B. tequilensis may accelerate root development and 
increased root exudate output (Kapadia et al. 2021). 
Moreira et al. (2022) reported that adding N fertilizer 
to the soil provides bacteria with a nitrogen supply, thus, 
enhancing their growth. 

PGPR inoculation and nitrogen fertilization 
significantly affected microbial populations in plants 
and soil (Kaur et al. 2022). The microbial population 
density in the soil around plant roots during plant 
growth was shown to be strongly impacted by the 
inoculation of PGPR-HA and the administration of N 
fertilizer. The overall population of bacteria exhibited 
high levels at 30 days post-planting but subsequently 
decreased as the plants aged, as shown in Figure 2. The 
rhizobacteria implanted likely stimulated the production 
of plant growth hormones and other metabolites, 
hence promoting the proliferation of native bacteria. 
According to Huang et al. (2014), it has been proposed 
that root exudates consist of many components such 
as sugars, amino acids, vitamins, tannins, alkaloids, 
phosphatides, and additional chemicals that have not 
yet been found. The sugars released by root exudates 
serve as easily accessible carbon and energy sources 
for the bacterial population in the soil. 

The use of a minimal amount of nitrogen 
(N) fertilizer supplies nitrogen for bacteria, hence 
enhancing their growth and development. In their 
study, Bashan et al. (2014) reported a notable impact 
of nitrogen fertilization and PGPR inoculation on 
microbial communities inside the rhizosphere soil of 
barley plants. The observed decline in population size 
after 60 and 90 days of planting may be attributed to 
competitive interactions for limited resources, such as 
nutrients and space, between the introduced inoculants 
and the native bacterial community inside the soil. The 
rhizobacteria are likely engaged in competition for 

carbon and energy resources and vying for colonization 
opportunities inside the rhizosphere (Yasmin, Othman 
& Maziz 2020).

EFFECT OF TREATMENTS ON SOIL NUTRIENTS AFTER 
HARVEST

After harvest, the soil pH was found to increase 
significantly (p ≤ 0.05) in the different treatments as 
compared to the uninoculated (Table 5). The pH values 
that exhibited the most significant magnitude were 
recorded in the UPMRB9+50%N treatment (T3) and 
the UPMB10+75%N treatment (T6). The pH values 
of 6.59 were recorded in treatments with inoculation, 
whereas the lowest was observed in treatments without 
inoculation. Significant variations in the total nitrogen 
content resulting from the treatment combinations of 
PGPR-HA with varying N-fertilizer rates were observed 
(Table 5). The soil nutrients were found to be considerably 
higher (p ≤ 0.05) in the treatments UPMRB9+50%N 
(T3) and UPMB10+75%N (T6). The lowest values were 
seen in the treatments without inoculation, specifically 
T1, T5, and T9. The T3 treatment exhibited notable 
increases in soil N, exchangeable K, and Ca levels, 
with corresponding increments of 36.84%, 44%, and 
30% compared to the uninoculated treatment. The T6 
treatment exhibited a notable increase in soil-accessible 
phosphorus (P) and magnesium (Mg), respectively, 
148.98% and 76.40% compared to the uninoculated 
treatment. There was no statistically significant difference 
between the UPMRB9+50%N (T3) and UPMB10+75%N 
(T6) treatments in relation to the availability of soil 
phosphorus. Both treatments exhibited the maximum 
soil phosphorus levels of 14.79 mg/kg and 14.49 mg/
kg, respectively. Nevertheless, there were no significant 
differences seen among the treatments, including 
mixed strain+50%N (T4), mixed strain+75%N (T8), 
UPMB10+100%N (T10), and UPMRB9+100%N (T11) 
with regards to the availability of phosphorus. In terms 
of soil K, no statistically significant changes were seen 
among the treatments UPMB10+50%N (T2), mixed 
strain +50%N (T4), UPMRB9 +75%N (T7), UPMB10 
+100%N (T10), and UPMRB9+100%N (T11). The 
UPMB10+75%N treatment (T6) exhibited the greatest 
level of exchangeable Mg, which was statistically 
significant. The value of 1.57 cmolc/kg did not exhibit a 
statistically significant difference compared to the other 
treatments, except for the uninoculated control, which 
had the lowest value of 0.89 cmolc/kg.
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TABLE 4. Means (±SE) of growth and yield- contributing parameters of sweet potato as affected by different treatments

Treatments
SPAD 

meter
Leaf number

Vine length 

(cm)

Root length 

(cm)

Leave area index 

(cm2)

Root dry 

weight (g)

Shoot dry 

weight (g)

Root: Shoot 

ratio 

T1 38.92 ± 1.04 abc 3 ± 0.7 d 77.8   ± 8.9 b 9.2   ± 0.6 de 344.15 ± 11.8 ab 22.4 ± 4.8 d 21.57 ± 1.4 b 1.0 ± 0.3 c

T2 28.24 ± 5.3 c 5 ± 0.2 abc 91.8   ± 19.7 ab 11.6 ± 0.3 bcd 225.39 ± 113 b 26.9 ± 0.6 cd 24.57 ± 2.1 ab 1.1 ± 0.08 c

T3 43.32 ± 0.5 a 6 ± 0.2 a 156.2 ± 10.5 a 15.4 ± 0.4 a 408.24 ± 34.3 a 43.6 ± 5.7 a 29.38 ± 0.4 a 2.2 ± 0.3 ab

T4 40.72 ± 0 .9 abc 5 ± 0.2 abcd 124.6 ± 8.4 ab 11.1 ± 0.4 cde 362.03 ± 3.6 ab 33.7 ± 8.5 bcd 22.47 ± 1.2 ab 1.5 ± 0.5 bc

T5 42.41 ± 1.5 ab 3 ± 0.7 cd 95.9   ± 9.6 ab 11.1 ± 0.8 cde 330.34 ± 17.5 ab 29.8 ± 0.6 bc 21.76 ± 0.4 b 0.9 ± 0.04 c

T6 40.14 ± 0.7 abc 6 ± 0.2 a 154.3 ± 17.2 a 13.5 ± 0.2 ab 340.45 ± 17.9 ab 41.8 ± 1.1 b 27.52 ± 0.3 ab 2.7 ± 0.1 a

T7 28.20 ± 5.3 c 5 ± 0.2 ab 90.4   ± 22.2 ab 10.1 ± 0.5 de 316.34 ± 1.4 ab 26.8 ± 6.6 cd 23.85 ± 2.2 ab 1.1 ± 0.3 bc

T8 40.64 ± 1.1 abc 5 ± 0.3 ab 117.5 ± 13.5 ab 10.6 ± 0.8 cde 339.74 ± 30.2 ab 39.7 ± 8.2 ab 23.09 ± 1.3 ab 1.7 ± 0.2 abc

T9 41.80 ± 1.18 ab 4 ± 0.8 bcd 105.5 ± 10.3 ab 10.7 ± 0.5 cde 314.05 ± 1.5 ab 32.6 ± 4.7 bcd 21.14 ± 0.4 b 1.5 ± 0.3 bc

T10 29.44 ± 5.6 bc 5 ± 0.3 ab 145.2 ± 13.9 ab 9.8   ± 1.09 de 337.83 ± 13.2 ab 39.3 ± 0.4 ab 22.14 ± 1.8 ab 0.8 ± 0.05 c

T11 36.34 ± 1.8 abc 5 ± 0.2 ab 136.5 ± 12.1 ab 10.6 ± 0.3 cde 366.40 ± 53.9 ab 35.4 ± 4.1 bc 12.42 ± 1.3 ab 1.1 ± 0.2 c

T12 43.24 ± 1.1 a 5 ± 0.1 ab 89.2   ± 21.9 ab 12.5 ± 0.8 bc 234.08 ± 117 b 35.8 ± 9.5 bc 23.19 ± 1.7 ab 1.5 ± 0.3 bc

Means within the same column followed by the same letter are not significantly different at p ≤ 0.05 using Least Significant Difference (LSD test). The columns 
represent the mean values ± standard error 

The higher soil pH in T3 and T6, as shown in Table 5, 
indicated that PGPR-HA inoculations were more efficient 
in increasing the soil pH than uninoculated treatments. 
This could be attributed to the higher basic cations of 
the treatments because of the PGPR-HA inoculations, 
which were primarily responsible for the neutralization 
of the soil acidity (Ashwini et al. 2022; Çığ et al. 2021). 
The pH of the soil and plant exudation may affect the 
ability of PGPR to colonize plant roots in the rhizosphere. 
Humic acid has a favorable impact on the soil and crop 
by neutralizing the pH of acidic soil, which increases the 
soil’s capacity as a buffer, reducing the impact of acidic 
precipitation on soil reactions. In addition, humic acids 
promote soil life and root growth and accelerate the pace 
of nitrification (Yang et al. 2021). Based on a scholarly 

investigation, it has been shown that the utilization PGPR 
may effectively enhance the accessibility of essential 
nutrients, including P, inside the soil. Certain PGPRs 
possess the capacity to solubilize phosphate within the soil 
matrix, leading to an augmented abundance of phosphate 
ions in the soil that may be readily accessed by plants 
(Prasad et al. 2015; Sharma et al. 2017). One potential 
explanation for the observed increase in accessible soil 
P in the soils treated with PGPR-HA compared to the 
uninoculated treatments might be attributed to this factor. 
Applying humic acid amendments with PGPR strains 
positively influenced the soil K contents (Table 5). The 
elevated K concentration in the soil may be attributed to 
the same underlying factor that has caused the increase 
in P levels in the soil. 
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Our result aligned with Abdelrahman et al. (2021), 
who found that soil inoculation with PGPR strains 
combined with NPK and humic acid spraying gave the 
highest records of all nutrient activity. The addition 
of PGPR-HA treatments had increased Ca and Mg 
concentrations in soils, particularly in the T3 treatments, 
due to both the PGPR-HA and the 50% N fertilizer rate. 
This result was similar to the findings of Ekin (2020), who 
found that sunflower plant inoculation with PGPR strain 
(B. subtilis) at different humic acid doses significantly 
increased Ca and Mg accumulation in seed by 62.9% 
and 81.1%, respectively, compared with untreated 
plants. Ashwini et al. (2022) reported that humic acid 
is the principal component of soil organic matter, and 
it affects soil factors such as nutrient solubility by 
creating complex forms with humic materials’ chemical 
components. The potential positive effects of adding 
HA to bacteria can be better understood by examining 
its role as a catalyst for enhancing microbial growth 
and activity. Incorporating PGPR-HA formulations with 

nitrogen fertilizer resulted in an augmentation of mineral 
nutrient levels within the soil and a subsequent elevation 
in pH values.

EFFECT OF TREATMENTS ON THE NUTRIENT CONTENTS 
OF SWEET POTATO LEAF

The nutrient contents (N, P, K, Ca, and Mg) in the 
leaf of sweet potato plants were also significantly 
increased (p ≤ 0.05) by the application of PGPR-HA 
inoculation and the addition of different N-fertilizer 
rates (Table 6). The shoot’s highest N, P, and K values 
of 2.88, 1.40, and 1.40%, respectively, were observed 
in UPMRB9+50% N (T3). However, the highest Ca was 
found in UPMB10+50% (T2)-treated plants with 0.67%. 
T3 did not differ significantly from UPMB10+75% (T6) 
and mixed strain +75% (T8) in terms of leaf K contents, 
while the uninoculated treatments had the lowest leaf 
nutrient contents as compared with the PGPR-HA-
inoculated plants. 

FIGURE 2.  Means (±SE) of soil bacterial population at different growth stages of sweet potato as 
affected by PGPR-HA inoculation with (a) 50% N, (b) 75% N, and (c) 100% N recommended rate

 

 

(a) (b) 

(c) 
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Higher plant nutrient contents in T3 and T6 were 
due to the presence of the beneficial microbes that are 
known to fix N, solubilize P and K, and produce IAA. 
Incorporating reduced nitrogen fertilizer rates in the 
experimental treatments contributes to the augmentation 
of the potential of the PGPR inoculations, thereby 
improving the nutritional composition of the plants. 
Savarese et al. (2022) have reported that the augmentation 
of PGPR with humic acid as an amendment can enhance 
plant physiological processes by enhancing the 

accessibility of macro- and micronutrients. Furthermore, 
the incorporation of humic acid amendment in 
conjunction with bio-inoculants, namely PGPR, was 
shown to result in a significant increase in the levels of 
N, P and K in the leaves (Ashwini et al. 2022). PGPR is 
an environmentally acceptable alternative technology 
to promote crop growth and agricultural productivity. 
PGPR application improved onion mineral nutrition, 
which led to the maximum mineral content in the leaves 
and bulb (Gupta et al. 2021; Laftah & Alabdulla, 2022).

TABLE 5. Means (±SE) of soil nutrients after harvest as affected by different treatments 

Treatments PH
N

(%)

P

Mg/ kg

K

cmol /kg

Ca

cmol/kg

Mg

cmol/kg

T1 5.33 ± 0.02 c 0.19 ± 0.01 ab 5.94 ± 0.3 d 0.50 ± 0.01 d 2.87 ± 0.009 ab 0.89 ± 0.09 b

T2 6.48 ± 0.04 ab 0.21 ± 0.00 ab 10.01 ± 0.5 b 0.64 ± 0.02 abc 3.22 ± 0.1 ab 1.33 ± 0.3 ab

T3 6.59 ± 0.02 a 0.26 ± 0.004 a 14.49 ± 0.2 a 0.72 ± 0.02 a 3.78 ± 0.2 a 1.52 ± 0.2 ab

T4 6.52 ± 0.00 ab 0.21 ± 0.004 ab 8.84 ± 0.5 bc 0.62 ± 0.01 abc 2.77 ± 0.05 ab 1.02 ± 0.01 ab

T5 5.40 ± 0.02 c 0.21 ± 0.004 ab 6.12 ± 0.2 d 0.56 ± 0.02 dc 2.87 ± 0.009 ab 1.02 ± 0.04 ab

T6 6.59 ± 0.01 a 0.24 ± 0.004 ab 14.79 ± 0.3 a 0.68 ± 0.01 ab 3.38 ± 0.08 ab 1.57 ± 0.3 a

T7 6.54 ± 0.01 ab 0.20 ± 0.004 ab 10.12 ± 0.8 b 0.65 ± 0.01 abc 2.80 ± 0.1 ab 1.40 ± 0.2 ab

T8 6.35 ± 0.08 ab 0.18 ± 0.02 b 9.54 ± 0.1 bc 0.60 ± 0.02 bc 2.81 ± 0.2 ab 1.03 ± 0.08 ab

T9 5.38 ± 0.01 c 0.22 ± 0.004 ab 5.36 ± 0.2 d 0.59 ± 0.02 dcb 2.60 ± 0.3 b 1.22 ± 0.3 ab

T10 6.42 ± 0.09 ab 0.21 ± 0.03 ab 9.14 ± 0.4 bc 0.63 ± 0.007 abc 2.79 ± 0.2 ab 1.07 ± 0.1 ab

T11 6.50 ± 0.02 ab 0.22 ± 0.008 ab 9.14 ± 0.3 bc 0.63 ± 0.009 abc 2.80 ± 0.1 ab 1.35 ± 0.3 ab

T12 6.46 ± 0.01 ab 0.23 ± 0.008 ab 8.66 ± 0.5 c 0.62 ± 0.01 bc 2.56 ± 0.1 b 1.11 ± 0.008 ab

p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Means within the same column followed by the same letter are not significantly different at p ≤ 0.05 using Least Significant Difference (LSD test). The columns 
represent the mean values ± standard error
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TABLE 6. Means (±SE) of leaf nutrient contents as affected by different treatments

Treatments N (%) P (%) K (%) Ca (%) Mg (%)

T1 0.98 ± 0.1 c 0.88 ± 0.01 d 1.68 ± 0.02 d 0.50 ± 0.05 bc 0.88 ± 0.1 d

T2 1.67 ± 0.08 bc 1.27 ± 0.1 ab 1.93 ± 0.01 bcd 0.67 ± 0.08 a 1.27 ± 0.1 ab

T3 2.88 ± 0.09 a 1.40 ± 0.06 a 2.34 ± 0.1 a 0.58 ± 0.008 ab 1.40 ± 0.06 a

T4 1.28 ± 0.1 c 1.07 ± 0.03 bcd 1.98 ± 0.003 bc 0.40 ± 0.004 c 1.07 ± 0.03 bcd

T5 1.23 ± 0.1 c 1.0 ± 0.1 cd 1.76 ± 0.01 cd 0.48 ± 0.06 bc 1.00 ± 0.1 cd

T6 2.20 ± 0.06 ab 1.21 ± 0.1 abc 2.29 ± 0.01 a 0.58 ± 0.02 ab 1.21 ± 0.1 abc

T7 1.75 ± 0.07 bc 1.17 ± 0.02 abc 2.00 ± 0.01 bc 0.52 ± 0.04 abc 1.17 ± 0.02 abc

T8 1.10 ± 0.04 c 1.28 ± 0.1 ab 2.40 ± 0.2 a 0.55 ± 0.05 abc 1.28 ± 0.1 ab

T9 1.04 ± 0.2 c 1.21 ± 0.1 abc 1.88 ± 0.01 cd 0.50 ± 0.09 bc 1.21 ± 0.1 abc

T10 1.62 ± 0.3 bc 1.24 ± 0.06 abc 2.01 ± 0.01 bc 0.55 ± 0.01 abc 1.24 ± 0.06 abc

T11 1.41 ± 0.1 bc 1.27 ± 0.1 ab 2.15 ± 0.01 ab 0.60 ± 0.02 ab 1.27 ± 0.1 ab

T12 1.30 ± 0.1 c 1.12 ± 0.1 bcd 2.02 ± 0.06 bc 0.62 ± 0.04 ab 1.12 ± 0.1 bcd

p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Means within the same column followed by the same letter are not significantly different at p ≤ 0.05 using Least Significant Difference (LSD test). The columns 
represent the mean values ± standard error

CONCLUSIONS

Based on this study, the inoculations of PGPR-HA (B. 
tequilensis and B. subtilis strains) and the optimum 
nitrogen fertilization (50 and 75%) significantly 
enhanced the availability of N, P, and K in the soil and 
plant tissue, higher plant physiological parameters, 
and higher soil microbial population which ultimately 
translated into the higher growth and yield of the sweet 
potato plant. The higher measured parameters were 
achieved by using the amendment of humic acid along 
with the inoculations, which is attributed to the synergetic 
effect of their combined application rather than using 
either alone as indicated in their sole application. Hence, 
these PGPR and humic acid combinations have the 
potential to be used as a biofertilizer for sweet potato 
plant production and to sustain soil health in sustainable 
agriculture practices.
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