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Abstract: Malaysia's palm oil industry relies heavily on chemical fertilizers, leading to significant environmental concerns such as nutrient 
loss and declining biodiversity. This study aims to evaluate the impact of post-fertilizer application on bacterial communities in soil, 
particularly focusing on bulk soil and rhizosphere. Through amplicon sequencing, we investigated the response of bacterial diversity to 
unfertilized and NPK-fertilized soil treatments. Fertilizer application increased soil phosphorus, potassium, and magnesium levels, 
enhancing seedlings’ growth but reducing bacterial diversity, particularly sensitive groups such as Acidobacteria and Verrucomicrobia. 
Candidatus Solibacter and Acidothermus were consistent biomarkers for unfertilized soil, while Mizugakiibacter and Castellaniella were 
for fertilized treatment. For the inferred bacterial community functions, the unfertilized bulk soil demonstrated enhanced function related 
to carbohydrate metabolism, and the unfertilized rhizosphere exhibited functions related to energy metabolism, stress tolerance, 
bioremediation, and plant defense. During fertilized treatment, functions related to secondary metabolites were enriched in the bulk soil, 
and bacterial colonization functions were enriched in both compartments. For network analysis, the fertilizer application reduced bacterial 
network interactions and complexity. Environmental drivers, namely, pH and soil total phosphorus (TP), influenced the bacterial 
biomarkers' abundance in the bulk soil and rhizosphere. These findings demonstrate the need to optimize chemical fertilizer applications 
and identify beneficial bacterial taxa to foster sustainable agricultural practices in the palm oil industry. 
 
Keywords: Palm oil, fertilizer, bacterial communities, amplicon sequencing, oil palm seedlings. 

1. Introduction 
Oil palm (Elaeis guineensis) is Malaysia's most cultivated 

agricultural crop and has been among the country's top economic 
contributors. This crop is cultivated on 5.73 million hectares as of 
2021, with Sarawak having the second-largest area (1.61 million 
hectares) and Peninsular Malaysia having the biggest oil palm 
plantations (2.61 million hectares) (MPOB, 2022a). The Malaysian 
palm oil industry generated an average of RM 108.52 billion in 
export earnings in 2021, making it Malaysia's most profitable 
agricultural crop (MPOB, 2022b). The demand for palm oil is 

projected to increase as the world's population grows, and it is 
estimated that between 93 and 156 million tonnes of palm oil 
might be needed by 2050 (Pirker et al., 2016; Murphy et al., 2021). 
Previous studies have shown that the use of NPK (nitrogen, 
phosphorus, potassium) chemical fertilizer increased nutrient 
availability in both soil and leaves which subsequently improved 
the production of commercialized crops (Kavvadias et al., 2023; 
Wang et al., 2023). Thus, optimized fertilizer usage and strategic 
production techniques can accomplish a higher yield.  

Bulk soil is termed an area not penetrated by plant roots. In 
contrast, the rhizosphere is a zone of soil immediately 
surrounding the root of plants since plants may secrete root 
exudates to encourage the growth of microbes that can improve 
plant nutrient uptake (Vives-Peris et al., 2020; Jamil et al., 2022). 
The response of the bacterial community in soil-and-plant root 
systems, including bulk soil and rhizosphere, can vary depending 
on the amount of fertilizer applied, soil type, and plant species. 
Proteobacteria became increasingly dominant in both bulk soil 
and rhizosphere of Larix seed orchard over time after initial 
fertilization (Wang et al., 2024). After phosphorus-potassium (PK) 
fertilization, Actinobacteria demonstrated increased relative 
abundance in the bulk soil of buckwheat fields compared to post-
fertilization (Morigasaki et al., 2024). While short-term effects 
may vary, the development of plants, the makeup of the 
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microbiome, and the agricultural management practices can be 
intertwined and have long-term detrimental effects on the 
ecosystem. Prior studies via the amplicon approach have 
demonstrated that the chemical fertilizer application decreased 
bacterial diversity in the roots of wheat and rice, suggesting 
rational rate fertilizer application for environmental and 
sustainable development (Liu et al., 2020a; Sinong et al., 2021). 
NPK fertilization was also found to reduce microbial connections 
based on network analysis (Ji et al., 2023; Yang et al., 2023). 

NPK fertilization led to the enrichment of genera such as Dyella, 
Thermomonas, Massilia, and Devosia, known for promoting plant 
growth (Zhao et al., 2013; Zheng et al., 2017; O'Brien et al., 2018). 
This contradicts Sinong et al. (2021), who found that low nutrient 
input is preferable for optimizing beneficial bacterial population 
structure and promoting plant health and growth. The application 
of chemical fertilizer also enhanced the specialized functions of 
soil and root-associated bacterial communities, potentially 
impacting plant growth and health (Caradonia et al., 2019). Tang 
et al. (2023) demonstrated that soil physicochemical parameters 
drove the microbial community succession in response to the NPK 
fertilizer. However, there remains a lack of studies concentrated 
on how chemical fertilizer application influences the bacterial 
changes in the compartments of oil palm seedlings. 

Therefore, we hypothesize that: (i) post-NPK fertilizer 
application will potentially lead to increased availability of soil 
nutrients, resulting in enhanced foliar nutrient content of oil palm 
seedlings and a shift towards enrichment of bacterial populations 
and functions associated with plant growth promotion within soil-
plant compartments; (ii) the fertilizer application will induce a 
reduction in bacterial diversity in both bulk soil and rhizosphere, 
possibly due to altered nutrient availability and shifts in microbial 
interactions within soil-plant compartments. The primary 
objectives of this study were: (i) to analyze the effects of post-NPK 
fertilizer application on soil and foliar nutrient availability, bulk 
soil and rhizosphere bacterial diversity and co-occurrence 
network, and microbial functions associated with plant growth 
promotion; and (ii) to understand the role of environmental 
drivers, such as soil physicochemical properties and foliar nutrient 
contents, in shaping the abundance and composition of bacterial 
populations within soil-plant compartments. 

 
2. Materials and Methods   

Experimental Design and Sample Collection 
The experimental design and sample collection were 

conducted by Sime Darby Plantation Technology Centre (SDPTC) 
Sdn. Bhd. The crossing type of oil palm germinated seeds (Dura x 
Pisifera, Calix 600) were sown in polybags (10 × 12 inches) and 
grew in a controlled nursery environment. The polybag contained 
inland soil, which was perceived to be less fertile than coastal soil, 
but the encroachment of oil palm cultivation land has been 
extended to inland soil (Tarmizi & Tayeb, 2006; Arifin et al., 2022). 
The study was conducted in a randomized block pattern, and the 
germinated seedlings were subjected to unfertilized soil (control) 
and a fertilized treatment using commercial NPK chemical 
fertilizer (CCM25, N:P:K: Mg-14:13:9:2.5). Each type of soil had 

five replicates. According to standard agronomic practice, the 
chemical fertilizer was applied once every two weeks until the 
30th week (approximately seven months). The seedlings were 
watered daily. Destructive sampling was carried out following the 
completion of NPK fertilization at the oil palm seedlings’ ideal 
development stage of the eighth month. The seedling 
phenotypes, including height and biomass, were recorded during 
sampling. All the soil samples were flash-frozen in liquid nitrogen 
and stored at -80°C before DNA extraction. The soil and plant 
samples were homogenized and sent to an accredited MS ISO/IEC 
17025 certified laboratory (Estate Research and Advisory Services 
RISDA Estates, ERAS Lab) for further analysis, as described below. 

 
Soil Physicochemical Properties  
For soil physicochemical analysis, soil samples underwent air 

drying until constant readings were achieved. About 150 g of soil 
was used for the analysis. pH, electrical conductivity (EC), total 
carbon (TC), organic carbon (OC), total nitrogen (TN), carbon-to-
nitrogen (C/N) ratio, total phosphorus (TP), available phosphorus 
(AP), potassium (K), calcium (Ca), magnesium (Mg), sodium (Na), 
cation exchange capacity (CEC), base saturation (BS), and 
mechanical analysis (clay, silt, coarse, fine sand) were evaluated 
for the soil samples. 

The soil was suspended in distilled water (1:2.5 WV-1) to 
determine soil pH using a pH meter. By using the same ratio of 
1:2.5 WV-1, the soil-water suspension was mixed and allowed to 
stand for 30 minutes before measuring the EC using an EC meter. 
Approximately 100 grams of soil samples were subjected to 
combustion, converting them into gases, before being analyzed 
for carbon (C), nitrogen (N), and the C/N ratio using the dry 
combustion method (Matejovic, 1993) with an Elemental 
Analyzer (EA, Thermo Fisher). Total phosphorus (TP) and available 
phosphorus (AP) concentrations were analyzed using the 
vanadate-molybdate method, as described by Tandon et al. in 
1968. Soil samples, weighing approximately 10 g, underwent 
treatment with specific extractant solutions to dissolve the 
phosphorus compounds. Subsequently, the TP and AP levels were 
quantified by measuring the absorbance of colored complexes 
formed during the chemical reactions, utilizing an Ultraviolet-
Visible Spectrometer (UV-Vis, Thermo Fisher). CEC and 
exchangeable cations (Ca, Mg, K, Na) were then determined using 
ammonium acetate solution (David, 1960). Approximately 10 g of 
soil was treated with ammonium acetate solution to release the 
cations, which were then quantitatively measured using 
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-
EOS, Thermo Fisher). The soil texture, including clay, silt, coarse, 
and fine sand, was estimated using a soil hydrometer. A minimum 
of 100 g of soil was used to observe the settling rate over time in 
water before comparing it to standard classifications. All the 
parameters were evaluated using three biological replicates. The 
analyses were performed by ERAS Laboratory, adhering to the 
M.S 678 (soil) method outlined by the Standard and Industrial 
Research Institute of Malaysia (Malaysian Standard [MS], 1980). 

 
Foliar Nutrient Content Analysis 
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The leaf samples also underwent air drying until constant 
readings were achieved, and an approximation of 5 g of dried 
leaves was used for the analysis. The samples were subjected to 
the same method mentioned in the soil physicochemical analysis 
for TN, TC, C/N, P, K, Mg, and Ca. Moreover, trace elements such 
as boron (B), copper (Cu), manganese (Mn), iron (Fe), and zinc (Zn) 
were quantified. Plant tissue samples underwent preparation via 
dry ashing, following the method outlined by Heanes in 1981, 
utilizing a muffle furnace, and were determined using Inductively 
Coupled Plasma-Optical Emission Spectrometry (ICP-EOS, Thermo 
Fisher). All the above parameters were tested with three 
biological replicates.  

 
Soil-Root Fraction and DNA Extraction 
Bacterial DNA for the bulk soil and rhizosphere was extracted 

as described (Wieland et al., 2001). For the bulk soil fraction, 100 
g of non-adhering soil was collected after the seedling was 
removed from the polybag. For the rhizosphere fraction, 50 g of 
the primary roots with loosely attached soil were cut into smaller 
pieces (1-2 cm length) to increase surface area and enhance DNA 
extraction efficiency, followed by mixing in 500 ml of 0.85% NaCl 
in a shaker incubator (15 mins, 150 rpm). The washing solutions 
were centrifuged (10 mins, 10,000 rpm, 4°C) to obtain 
rhizosphere pellets. All processed samples were kept at -20°C 
before DNA extraction. According to the manufacturer's 
protocols, two hundred fifty milligrams of soil-processed samples 
were utilized to extract the genomic DNA using the FastDNA SPIN 
Kit for Soil (MP Bio, USA). The quality of DNA was determined by 
1% agarose gel electrophoresis and a Nanodrop 1000 
spectrophotometer according to the manufacturer’s protocols 
(Thermo Scientific, USA).  

 
Amplicon Sequencing and Amplicon Data Pre-Processing 
A final concentration of 1 ng/µl was used for subsequent 

analysis. The amplification of the V3–V4 region of the 16S rRNA 
gene employed forward primer 341 F (5’-
CCTACGGGNGGCWGCAG-3’) and reverse primer 805R (5’-
GACTACHVGGGTATCTAATCC-3’), both barcoded. PCR reactions 
utilized Phusion® High-Fidelity PCR Master Mix (New England 
Biolabs) with a composition of Phusion Master Mix (1X), primers 
(0.5 µM), genomic DNA (250 ng), and dd H2O to reach a final 
volume of 25 μl. The PCR program involved an initial denaturation 
at 98°C for 1 min, followed by 30 cycles at 98°C for 10 s, 50°C for 
30 s, and 72°C for 30 s, with a final extension at 72°C for 5 min. 
Sequencing libraries were prepared with TruSeq® DNA PCR-Free 
Sample Preparation Kit (Illumina, USA) and assessed for quality 
using Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent 
Bioanalyzer 2100 system. Sequencing was performed on a 
Novaseq PE250 platform, generating 250 bp paired-end reads. 

 
Paired-end reads were assigned to samples based on unique 

barcodes. The barcode and primer sequences were removed. 
Paired reads were then merged using FLASH (V 1.2.7) (Magoč & 
Salzberg, 2011). Quality filtering followed specific filtering 
conditions in QIIME (V1.7.0) (Bolyen et al., 2019) to achieve high-

quality clean tags. Chimeric sequences were removed using the 
UCHIME algorithm (Quast et al., 2013). Clean amplicon data were 
then clustered into operational taxonomic units (OTUs) with 
Uparse (V 7.0.1001) (Edgar, 2013) at a similarity threshold of 
≥97%. A representative sequence was selected for each OTU, and 
taxonomic affiliations were determined by aligning them against 
the Greengenes database (V.05/2013) for 16S rRNA sequences 
(DeSantis et al., 2006; McDonald et al., 2012). 

 
Statistical and Bioinformatic Analysis 
Operational taxonomic units (OTUs) assigned to the 

chloroplasts and mitochondria were removed. Bacterial relative 
abundance (>2%), and alpha and beta diversities were performed 
using the phyloseq R package V 1.4.1106 (McMurdie & Holmes, 
2013). The significant difference of taxa was analyzed with 
Statistical Analysis of Metagenomic Profile (STAMP) V2.1.3 using 
a two-sided Welch’s t-test (Parks et al., 2014). The alpha diversity 
of the microbiome was evaluated using richness (Chao1) and 
diversity (Shannon and Simpson) indices. The Wilcoxon rank sum 
test was employed to perform statistical comparisons between 
the treatments. Beta diversity was visualized using Principal 
Coordinate Analysis (PCoA) based on Bray-Curtis dissimilarity. 
Analysis of Similarities (ANOSIM) was used to determine the 
significant differences between the groups (Legendre & 
Gallagher, 2001).  

The Kruskal-Wallis sum rank test and linear discriminant 
analysis size effect (LEfSe) were used to identify discriminatory 
taxa and functions in the soil-plant compartments. The LEfSe 
analysis was used with default parameters (LDA>2, p < 0.05) in the 
Galaxy server (V. 1.0) (Goecks et al., 2010; Segata et al., 2011). The 
predictive functional analysis based on an operational taxonomic 
unit (OTU) was performed using Tax4Fun as described (Chong et 
al., 2020). For network analysis, correlations between bacterial 
genera (LDA>2) were calculated based on Spearman rank 
coefficient (r > ±0.7, p < 0.01) using the iGraph R package (Csardi 
& Nepusz, 2006). The network was then visualized in Cytoscape V 
3.8.3 (Shannon et al., 2003). The network analysis identified the 
bacterial keystone within the community based on high mean 
degree, high closeness centrality, and low betweenness centrality 
(Banerjee et al., 2018). Canonical correspondence analysis (CCA) 
was used to investigate the relationship between significant 
physicochemical parameters and biomarker taxa using the vegan 
R package (V 2.6-2). A variance inflation factor (VIF) of less than 
10 was set to avoid multicollinearity between variables (Oksanen, 
2015). 

 
3. Results and Discussion 

The Chemical Fertilizer Application Increased Soil Nutrient 
Availability Yet Not Directly Proportionate to Foliar Nutrient 
Contents 
Tables 1 and 2 show the impact of fertilizer application on soil 

physicochemical properties and foliar nutrient content. The 
fertilized soil showed higher levels of TP, K, and Mg, indicating 
increased nutrient availability (Table 1). Prior work also 
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demonstrates the positive impact of fertilizer application on soil 
nutrients, such as TP level (Mao et al., 2015; Ahmed et al., 2019). 
The fertilized soil also showed higher levels of acidity, EC, and BS 
(Table 1). The release of hydrogen ions (H+) during fertilizer 
reactions and the use of ammonium-based fertilizers, which may 
cause soil acidification (Gu et al., 2017; Tkaczyk et al., 2020), are 
responsible for the increase in EC (Aizat et al., 2014). 
Consequently, the fertilized soil had a lower soil pH than the 
unfertilized soil. The higher base cations (K+, Mg2+) and base 
saturation in the fertilized soil are likely a response to mitigate soil 
acidification caused by the fertilizer application (Havlin, 2005; 
Goulding, 2016). These buffering effects aid to maintain soil 
fertility and nutrient availability for plant uptake (Ng et al., 2022).   

 
Table 1. Soil physicochemical properties 

Parameter Unit Unfertilized Fertilized 

Mean S.D. Mean S.D. 

pH*  4.66 0.18 4.13 0.21 

EC* % 49.67 1.53 217.67 39.40 

TC 0.59 0.03 0.58 0.05 

TOC 0.45 0.02 0.45 0.04 

TN 0.22 0.03 0.24 0.02 

C/N 2.67 0.58 2.33 0.58 

BS* 2.50 0.01 3.39 0.22 

Clay 65.33 7.57 62.67 1.15 

Slit 13.67 2.08 13.67 1.15 

Coarse Sand 13.00 1.73 14.67 0.58 

Fine Sand 8.00 5.29 9.00 1.00 

TP* ppm 318.33 45.06 1029.00 377.13 

AP 3.00 0.00 120.33 80.09 

K* meq/ 
100g 

0.08 0.02 0.25 0.05 

Ca 0.80 0.10 0.79 0.04 

Mg* 0.14 0.02 0.40 0.05 

Na 0.06 0.01 0.01 0.03 

CEC 41.06 4.29 42.62 1.71 
Data are presented as mean and standard deviation (n = 3). An 
asterisk within the parameter column indicates a significant 
difference (p < 0.05) between treatments for two independent 
means. EC – electrical conductivity; TC – total carbon; TOC – total 
organic carbon; TN – total nitrogen; C/N – carbon to nitrogen 
ratio; BS – base saturation; TP – total phosphorus (P); AP – 
available P; K – potassium; Ca – calcium; Mg – magnesium; Na – 
Sodium; CEC – cation exchange capacity. 

 
Despite increased soil nutrient availability, the foliar nutrient 

analysis (Table 2) revealed that the fertilized soil did not 
significantly (p < 0.05) reflect higher foliar nutrient concentrations 
of P, K, Ca, Mn, Fe, and Zn. These findings suggest that the 
increased soil nutrient content did not translate into proportional 
increases in foliar nutrient concentrations. This discrepancy is 
likely due to the complex nutrient uptake, translocation, and 
utilization processes within plants. The absorption and 

distribution of nutrients in plant tissues are regulated based on 
the demands of the plants (Han et al., 2016). Nutrients in leaves 
are mobile and can be rapidly transferred from leaves to other 
plant parts, such as the stems and roots, to promote the 
development of new tissues (Kim et al., 2018). Despite the 
increased availability of soil nutrients due to fertilizer application, 
there was minimal effect on the leaf nutrient concentrations.  

 
Table 2. Foliar nutrient contents 

Parameter Unit Unfertilized Fertilized 

Mean S.D. Mean S.D. 

TN % 3.06 0.14 2.98 0.35 

TC* 43.86 0.20 45.65 1.39 

C/N 14.33 0.58 15.46 1.49 

P* 0.20 0.01 0.11 0.01 

K* 3.01 0.13 2.06 0.21 

Mg 0.26 0.02 0.28 0.04 

Ca* 1.02 0.10 0.31 0.05 

B ppm 21.33 4.16 13.33 6.51 

Cu 9.79 1.50 9.54 1.80 

Mn* 173.00 11.53 73.67 8.39 

Fe* 371.19 50.47 198.41 46.13 

Zn* 35.89 6.04 24.87 0.21 
Plant dry 
weight (DW)* 

g 
442.32 77.62 576.16 74.92 

Plant height* cm 50.67 3.06 70.33 6.81 
Data are presented as mean and standard deviation (n = 3). An 
asterisk within the parameter column indicates a significant 
difference (p < 0.05) between treatments for two independent 
means. TN – total nitrogen; TC – total carbon; C/N – carbon to 
nitrogen ratio; P – phosphorus; K – exchangeable potassium (K+); 
Mg – exchangeable magnesium (Mg2+); Ca – exchangeable 
calcium (Ca2+); B – boron; Cu – copper; Mn – manganese; Fe – 
Iron; Zn – Zinc. 

 
Beneficial Phyla for Plant Growth in Response to Soil Nutrient 
Availability 
Proteobacteria constituted the top predominant taxon up to 

43.15% of the total bacterial community, followed by 
Acidobacteria (18.79%), Chloroflexi (12.51%), Actinobacteria 
(9.34%), and Firmicutes (4.20%) (Figure 1A). The fertilizer 
application significantly increased the abundance of 
Proteobacteria in the bulk soil (Figure 1A, S1A), consistent with 
prior studies (Xu et al., 2022; Bai et al., 2022). Proteobacteria, 
particularly copiotrophic members like Pseudomonas and 
Bacillus, thrive in nutrient-rich environments such as agricultural 
soils and around plant roots (Wei et al., 2018; Angelina et al., 
2020). The flourishing of these bacteria in the fertilized soil is 
likely attributed to the nitrogen-containing fertilizers used, as 
genes associated with nitrogen metabolism were linked to the 
Proteobacteria phylum (Ren et al., 2018). This proposes that the 
current use of chemical fertilizers that contain nitrogen stimulates 
Proteobacteria to thrive in the soil. The significant increase in 
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Proteobacteria abundance (Figure 1A, S1A) in response to 
substantially higher K (Table 1) in the fertilizer bulk soil may 
promote the growth of the seedlings. Proteobacteria aid crop 
growth by producing organic acids, siderophores, biofilms, and 
plant growth hormones, enhancing yield and quality through 
improved nutrient availability and stress resistance (Bright et al., 
2022). Conversely, the chemical fertilizer substantially reduced 
the abundance of Acidobacteria in the bulk soil (Figure 1A, S1A), 
in line with other studies (Dai et al., 2018; Shi et al., 2020). This 
could be because Acidobacteria genera such as Terriglobus and 
Granulicella are oligotrophs that enable them to flourish in low-
nutrient soil (Tebo et al., 2015; Dedysh & Damsté, 2018; Noble et 
al., 2020). Given that Acidobacteria prefer oligotrophic 
environments, this suggests that fertilizing soil might harm their 
abundance. 

Whereas for the rhizosphere, the average abundance of phyla 
Proteobacteria constituted the top predominant taxon by 54% of 
the total bacterial community, followed by Actinobacteria 
(10.73%), Acidobacteria (10.39%), Chloroflexi (6.28%), and 
Bacteroidetes (5.33%) (Figure 1B). Moreover, the fertilizer 
application caused a noticeably greater abundance of 
Saccharibacteria and Actinobacteria (Figure 1B, S1B) and aligns 

with earlier research (Shen et al., 2018; Liu et al., 2020b). These 
phyla likely grew and proliferated because of the increasing 
availability of nutrients, particularly nitrogen and phosphorus 
(Figueroa-Gonzalez et al., 2020; Boubekri et al., 2021). As a source 
of carbon and energy for these bacteria in the rhizosphere, N-
containing fertilizer can also encourage plant root development, 
resulting in larger production of root exudates (Zhu et al., 2016). 
Therefore, this implies that the fertilizer application increases the 
abundance of Saccharibacteria and Actinobacteria in the 
rhizosphere because of improved nutrient availability and root 
exudation. In contrast, the abundance of Verrucomicrobia and 
Acidobacteria were significantly reduced in the fertilized soil 
(Figure 1B, S1B) and the pattern was similarly found in several 
other crops including wheat, corn, soybeans, and rice (Wang et 
al., 2015; Singh et al., 2018; Kandel et al., 2019). These phyla 
thrive in low-nutrient environments, playing crucial roles in 
nutrient cycling, plant development, and health (Feng et al., 2019; 
Kalam et al., 2020; Bünger et al., 2020). Their ability to efficiently 
use limited nutrients suggests they are oligotrophs, potentially 
enhancing plant growth in nutrient-poor soil, as seen in their 
prevalent abundance in the unfertilized treatment (Figure 1B, 
S1B).  

 
(A) 

 
 

(B) 

 
Figure 1. Relative abundance of bacterial phyla (> 2%) between unfertilized and fertilized soil in the (A) bulk soil and (B) rhizosphere 
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Reduced Bacterial Diversity Following the Chemical Fertilizer 
Application 
The chemical fertilizer application significantly reduced the 

bacterial richness and diversity in the bulk soil and rhizosphere 
(Figure 2A, B) aligning with previous studies (Wang et al., 2018; 
Liu et al., 2020a; Chen et al., 2020; Semenov et al., 2020; Xu et al., 
2020). This adverse impact, particularly on sensitive oligotrophs 
like Acidobacteria, suggests a potential early indicator of declining 
soil fertility due to agricultural activities (Feng et al., 2022). The 
fertilizer application also reduces soil organic matter, hindering 
bacterial growth while favoring antibiotic-producing bacteria and 
compromising community diversity and richness (Lin et al., 2019). 
Additionally, root exudates such as phenols and flavonoids also 
contribute to the rhizosphere’s declining bacterial richness and 
diversity, as they contain allelopathic properties, releasing 
antibacterial chemicals that reduce microbial diversity (Wen et 

al., 2022; Kakar et al., 2023). Therefore, applying fertilizer can 
decrease bacterial richness and diversity in both bulk soil and the 
rhizosphere, signaling potential early signs of declining soil 
fertility. Root exudates, with allelopathic compounds, may 
contribute to reducing microbial diversity in this context. 

Diversity loss due to nitrogen addition could also be due to the 
Resource Competition theory (Eliot, 2011). The existing evidence 
suggests that, similar to its impact on plant communities, the 
enhancement of dominant microbial species, possibly due to 
nitrogen additions, may contribute to diversity losses of 
subservient species through competitive exclusion for the 
resource (Wu et al., 2022). While the theory has been extensively 
investigated with plant diversity (Farrer et al., 2016; Wu et al., 
2022), its application to microbial diversity requires further 
exploration to alleviate the species loss caused by nutrient 
enrichment and maintain the diversity of ecosystems. 

 
(A) 

 

(B) 

 
Figure 2. Box-whisker plots depicting bacterial richness (Chao1) and alpha diversity (Shannon and Simpson) between unfertilized and 

fertilized soil in the (A) bulk soil and (B) rhizosphere at the feature level. Statistical significance p-values were assessed by the Wilcoxon 
rank sum test. *p < 0.05, **p < 0.01, ***p < 0.001 

The PCoA analysis revealed no clear grouping between the soil 
types in the bulk soil, indicating that the treatment likely did not 
affect the bacterial composition (Figure 3A). Previous research 
has suggested that soil bacteria can be resilient to disturbances 
caused by chemical fertilizers (Čuhel et al., 2019). In contrast, a 
distinct, clear separation between the soil types was found in the 
rhizosphere, suggesting that the fertilizer application may have 
significantly impacted the bacterial community (Figure 3B). 
Exposure to nitrogen fertilizer has been observed to stimulate the 
growth of microbial genera possessing identifiable pathogenic 
characteristics (Zhou et al., 2016). Consequently, plant roots may 

actively choose certain microorganisms to inhabit the rhizosphere 
(Berendsen et al., 2012). This selective process ultimately attracts 
and supports beneficial microorganisms, enhancing nutrient 
absorption and counteracting potentially harmful taxa (Dennis et 
al., 2010). These findings support previous research indicating 
that chemical fertilizer can selectively affect bacterial populations 
in the rhizosphere (Zhao et al., 2022). 
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Figure 3. Principal Coordinate Analysis (PCoA) ordination based on the Bray-Curtis dissimilarity matrix of taxonomic bacterial community 
between the unfertilized and fertilized soil in the (A) bulk soil and (B) rhizosphere. Red indicates unfertilized soil whereas blue indicates 

NPK-treated soil 

Potential Bacterial Biomarkers and Their Role in Soil Fertility 
and Plant Growth 
The research findings suggest that Bryobacter, Candidatus 

Solibacter, and Acidothermus were more abundant in the 
unfertilized bulk soil (Figure 4A). Bryobacter and Candidatus 
Solibacter are known to play a role in mobilizing phosphate and 
reducing nitrite and nitrate, respectively, which are essential for 
plant development in nutrient-poor soil (Ward et al., 2009; Zhao 
et al., 2019; Zhang et al., 2019a). The prevalence of Acidothermus 
may indicate its potential role in combating pathogens, as 
suggested by research in tobacco and oil palm crops with limited 
nutrients (Barabote et al., 2009; Svenningsen et al., 2018; Gao et 
al., 2019; Goh et al., 2020). These findings could justify the 
prevalence of these bacteria in unfertilized soil, indicating their 
potential beneficial roles in promoting nutrient cycling and plant 
defense under nutrient limitations. In contrast, Mizugakiibacter 
and Castellaniella were found to be more abundant in the 
fertilized bulk soil (Figure 4A). These bacteria are involved in 
nitrogen cycling and can act as biocontrol agents by competing 
with harmful pathogens for nutrients (Kojima et al., 2014; Lin et 
al., 2018; Yin et al., 2022). Additionally, a previous study has 
shown that Castellaniella has the potential to degrade harmful 
pollutants like polychlorinated biphenyls (PCBs) (Su et al., 2019), 
suggesting they could be useful for bioremediation. These 
findings suggest that Mizugakiibacter and Castellaniella may be 
important in promoting plant growth, defending against 
pathogens, and maintaining a healthy soil ecosystem. 

Meanwhile, in the rhizosphere, Rhizomicrobium, Acidibacter, 
Bradyrhizobium, Candidatus Solibacter, and Acidothermus were 
more abundant in the unfertilized soil (Figure 4B). These genera 
have been reported to symbiotically interact and promote plant 
growth by fixing nitrogen, producing plant hormones, and 
converting ammonium to nitrate (Antoun et al., 1998; Bárta et al., 
2017; Arocha-Garza et al., 2017; Bei et al., 2018; Halifu et al., 
2019; Liu et al., 2019). Thus, these beneficial bacteria could 
suggest a mutually beneficial relationship with the plant roots to 
support plant survival in a nutrient-limited environment. Applying 
chemical fertilizer in the rhizosphere enriched Proteobacteria 
members, including Mizugakiibacter, unidentified 
Xanthomonadaceae, and Castellaniella (Figure 4B). Previous 
studies have linked Mizugakiibacter and Castellaniella with 
nitrification and denitrification (Lin et al., 2018), while 
Xanthomonadaceae is recognized for its significant contribution 
to nitrogen, phosphorus, and carbon transformation in the soil (Li 
et al., 2017). Granulicella was also enriched by the fertilizer 
application (Figure 4B). Granulicella boosts plant growth by 
producing indole-3-acetic acid and siderophores (Kalam et al., 
2020). Additionally, it carries genes involved in exopolysaccharide 
synthesis, enhancing soil structure and water retention (Rawat et 
al., 2012; Kalam et al., 2020; Morcillo & Manzanera, 2021). These 
findings demonstrate that the enriched genera may play 
important roles in maintaining soil fertility, nutrient cycling, and 
promoting plant development.  
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Figure 4. Linear discriminant analysis effect size (LEfSe) (LDA > 4) in the (A) bulk soil and (B) rhizosphere. Red indicates unfertilized soil-

enriched taxa while green indicates fertilized soil-enriched taxa 

Inferred Functional Responses of Bacterial Community 
Associated with Soil Fertility and Plant Growth 
The fertilizer application enriched glycan biosynthesis and 

metabolism in the bulk soil and rhizosphere (Figure 5), which may 
suggest beneficial plant-microbe interactions. Rhizobacteria 
produce lipochitooligosaccharides, a glycan group, to distinguish 
between harmful pathogens and beneficial microorganisms in the 
plant-microbe relationship (Wanke et al., 2021). The enrichment 
of other secondary metabolites in the fertilized bulk soil and 
rhizosphere (Figure 5) may be linked to the increased abundance 
of Proteobacteria and Actinobacteria (Figure S1A) as these phyla 
produce various secondary metabolites such as siderophores, 
which help plants acquire iron, and indole acetic acid (IAA), a 
hormone that promotes root growth and enhances plant 
tolerance to stress (Duncan et al., 2021; Chhetri et al., 2021; Selim 
et al., 2021). These enhanced functions in response to the 
fertilizer application may improve the growth of oil palm 
seedlings, as evidenced by higher dry weight and height 
measurements (Table 2). Moreover, the constant enrichment of 
these functions in the bulk soil and rhizosphere may suggest a 
successful association between plants and beneficial microbes in 
the fertilized soil.   

Carbohydrate metabolism was enriched in the unfertilized bulk 
soil (Figure 5A). Bacteria produce extracellular enzymes such as 
phosphatase and nitrate reductase to promote plant growth as 
part of carbohydrate metabolism (Ndabankulu et al., 2022). 
However, carbohydrate metabolism enrichment was shifted from 

the unfertilized bulk soil to the fertilized rhizosphere (Figure 5). It 
may be attributed to fertilization's increased availability of 
nutrients and root exudates in the rhizosphere. Chemical 
fertilizers enhance soil microbial carbon utilization, producing 
carbohydrates, carboxylic acids, and amino acids (Haiming et al., 
2020). These products benefit plant growth, as carbohydrates 
provide structural support, carboxylic acids aid in photosynthesis, 
and amino acids serve as building blocks for plant tissue (Mallhi et 
al., 2019; Guo et al., 2021). Furthermore, the enrichment of 
carbohydrate metabolism by plant growth-promoting bacteria 
has increased plant biomass and nutrient uptake (Dhawi et al., 
2017), which could explain the higher total carbon content and 
better seedling traits (Table 2) observed in this study. 

For the unfertilized soil in the rhizosphere, amino acid 
metabolism, xenobiotics biodegradation and metabolism, 
metabolism of cofactors and vitamins, and metabolism of 
terpenoids and polyketides were enriched (Figure 5B). These 
metabolisms may be important for basic cellular functioning, 
defense mechanisms, nutrient cycling, and plant stress tolerance 
(Lewis et al., 2018). Rhizospheric bacteria enhance amino acid 
metabolism by extracting amino groups and converting them into 
ammonia, providing nitrogen for plant energy and growth. The 
xenobiotic degradation was enriched in the unfertilized soil 
(Figure 5B) as a fitness response to environmental stress. 
Xenobiotics are toxic substances, including heavy metals, 
insecticides, herbicides, and naturally occurring substances such 
as lignin and cellulose (Arora, 2020; Kathiravan & Gnanadoss, 
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2021). The bacteria can degrade them through enzymatic 
conversion into less toxic compounds or by storing them in their 
cells to prevent environmental harm (Kathiravan & Gnanadoss, 
2021; Verma & Rawat, 2021). 

Enriching cofactors and vitamins in the unfertilized rhizosphere 
(Figure 5B) may mitigate adverse effects in stressful environments 
(Lu et al., 2020; Loutet et al., 2021; Amjad et al., 2021). Based on 
the foliar physicochemical result (Table 2), significantly higher Fe 
and Zn as cofactors and vitamins in the unfertilized soil could 
potentially be utilized by the bacterial community via root 
exudation for cellular strategies (Merchant & Helmann, 2012). 
Lastly, the metabolism of terpenoids and polyketides was 
enriched in the unfertilized rhizosphere (Figure 5B), indicating 

that the bacterial community may serve in antimicrobial activities, 
plant growth promotion, yield increase, and stress alleviation 
(Piccoli & Bottini, 2013). These findings highlight the functional 
roles of bacteria in the rhizosphere in the absence of NPK 
fertilizer, particularly in nutrient cycling, plant stress response, 
and the reduction of environmental contaminants. However, 
these inferred observations are speculative because of database 
coverage restrictions and potential variations in microbial 
functions across various phases of plant growth (Aßhauer et al., 
2015; Breitkreuz et al., 2021). When evaluating Tax4Fun results, 
care should be practiced, and experimental validation is advised 
for more accurate functional evaluations.  

 

(A) 

 
(B) 

 
Figure 5. Linear discriminant analysis effect size (LEfSe) of inferred bacterial functions (LDA > 2) using Tax4Fun in the (A) bulk soil and (B) 

rhizosphere. Red indicates unfertilized soil-enriched function while green indicates the fertilized soil-enriched function 

The Chemical Fertilizer Application Reduced Bacterial Network 
Complexity 
The complexity of the bacterial networks was analyzed using 

topological data (Qiu et al., 2021; Price et al., 2021; Yang et al., 
2021). The fertilizer application reduced the bacterial network 
complexity in the bulk soil and rhizosphere compared to the 
unfertilized soil (Table 3). Chemical fertilizer addition decreased 
bacterial diversity (Figure 2A), which could further simplify the 
complexity of species co-occurrence and redundancy of bacterial 
interaction (Yu et al., 2019).  Bacteria may compete for available 
resources from fertilizer and root exudates, which causes some 

bacteria to thrive better than others (McNear, 2013). In contrast, 
the unfertilized soil encompassed more intricate bacterial 
networks in the bulk soil and rhizosphere (Table 3). This 
complexity may be linked to higher diversity (Figure 2) in nutrient-
limited ecosystems through feedback processes related to 
nutrient recycling (Aerts & Chapin, 1999). The trend of network 
complexity can be supported by the Stress Gradient hypothesis, 
where microbial interactions become increasingly important in 
response to low nutrient availability and extreme environmental 
conditions (Bertness & Callaway, 1994; Mandakovic et al., 2023). 
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Table 3. The topological properties of bacterial in the bulk soil 
and rhizosphere 

Summary 
Statistic 

Bulk Soil Rhizosphere 

C F C F 
Number of 
nodes 69 23 112 47 

Number of 
edges 68 36 267 42 

Positive 
correlation (%) 52.94 100 73.78 52.38 

Negative 
correlation (%) 47.06 0 26.22 47.62 

Avg. number of 
neighbours 1.971 3.13 4.768 1.787 

Network 
diameter 3 1 2 2 

Network radius 1 1 1 1 

Characteristic 
path length 1.284 1 1.187 1.256 

Clustering 
coefficient 0.199 0.37 0.445 0.185 

Network 
density 0.014 0.071 0.021 0.019 

Connected 
components 21 7 18 16 

C – Unfertilized, F – Fertilized  
 
The potential association between the bacterial keystones and 

the network members is further determined in the context of 
plant growth-promotion. An Acidobacteria member, 11-24 was 
the keystone taxa in unfertilized bulk soil and formed positive 
correlations with Proteobacteria members (Figure 6A), yet 
literature on this genus (11-24) is limited. At the phylum level, 
Acidobacteria breaks down various complex compounds like 
carbohydrates, amino acids, and alcohols which are subsequently 
used by Proteobacteria, aiding in the cycling of nitrogen, 

phosphorus, and sulfur in ecosystems. (Ward et al., 2009; Belova 
et al., 2018; Zhou et al., 2020; Song et al., 2021; Berza et al., 2022). 
In the unfertilized rhizosphere, a Planctomycetes member 
(Gemmata) was a key player and formed positive correlations 
with the genera belonging to the Actinobacteria, Bacteroidetes, 
Proteobacteria, and Verrucomicrobia (Figure 7). These bacterial 
phyla thrive in chitin-rich environments, which can be found in 
fungal cell walls (Zegeye et al., 2019). They play a crucial role in 
the plant's defense system by breaking down the chitin-based cell 
walls of pathogenic fungi (Esperschütz et al., 2011; Ren et al., 
2015; Kramer et al., 2016), thereby cooperating within the 
network to protect the seedlings in nutrient-poor soil.  

In the fertilized bulk soil, Paenibacillus and Nitrospira formed a 
positive correlation (Figure 6B). Paenibacillus could convert 
nitrogen into ammonia, which is further converted into nitrate by 
Nitrospira for plant utilization (Liu et al., 2019; Sakoula et al., 
2021). Nitrospira and Sporosarcina exhibited a positive 
correlation, suggesting a potential cooperative relationship within 
the nitrogen cycle. Nitrospira is involved in nitrification, whereas 
Sporosarcina plays a crucial role by producing urease, an enzyme 
essential for nitrogen cycling (Zhang et al., 2019b; Ma et al., 2020). 
These findings suggest that chemical fertilizers could positively 
impact these two genera, promoting soil health and optimizing 
nutrient cycling. Gordonia, a genus belonging to Actinobacteria, 
was found as a network keystone in the rhizosphere of fertilized 
treatment and formed a positive association with Lysinibacillus 
(Figure 8). Gordonia is involved in nitrogen fixation, converting 
atmospheric nitrogen into ammonia, whereas Lysinibacillus has 
genes related to ammonia conversion, specifically ammonia 
monooxygenase and ammonium transporter, suggesting its 
involvement in nitrification. This may imply that both bacteria 
likely cooperate in the nitrogen cycle, with Gordonia fixing 
nitrogen and Lysinibacillus converting ammonia into nitrite and 
nitrate for the plants' benefit (Gomez-Garzon et al., 2017). 
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Figure 6. Bacterial co-occurrence network of (A) unfertilized and (B) fertilized soil in the bulk soil. The connection between genera  
(LDA > 2) is visualized based on the Spearman coefficient (r > ±0.7) and significant (p < 0.01) correlation. The node size is proportioned to the number of connections (degree) and the 

edge width (weight) is proportioned to the r-value. The edge is colored blue and red for positive and negative correlation, respectively 
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Figure 7. Bacterial co-occurrence network of the unfertilized soil in the rhizosphere. The connection between genera (LDA > 2) is visualized based on the Spearman coefficient (r > ±0.7) and 
significant (p < 0.01) correlation. The node size is proportioned to the number of connections (degree) and the edge width (weight) is proportioned to the r-value. The edge is colored blue 

and red for positive and negative correlation, respectively 

 



 

30 
 
 

Regular Issue Malaysian Journal of Science 

DOI:https//doi.org/10.22452/mjs.vol44no2.3 
Malaysian Journal of Science 44(2): 18-41 (June 2025) 

 

 
 

Figure 8. Bacterial co-occurrence network of the fertilized soil in the rhizosphere. The connection between genera (LDA > 2) is visualized based on the Spearman coefficient (r > ±0.7) and 
significant (p < 0.01) correlation. The node size is proportioned to the number of connections (degree) and the edge width (weight) is proportioned to the r-value. The edge is colored blue 

and red for positive and negative correlation, respectively 
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Significant Environmental Factors Drove the Abundance of 
Potentially Beneficial Biomarkers 
The relationship between the potential biomarkers (LDA > 4) 

with significant soil physicochemical parameters and foliar 
nutrient contents was further investigated (Figure 9). In the 
unfertilized bulk soil, Acidothermus (OTU14) was positively 
correlated with pH (Figure 9A), suggesting that lower soil pH 
(Table 1) may drive the genus' abundance as proposed (Kim et al., 
2016; Ogola et al., 2021; Ren et al., 2021). The decreased soil pH 
causes Mg to be more soluble, yet appears to diverge from the 
anticipated outcome with significantly lower Mg in the 
unfertilized soil (Table 1). As proposed in Liebig’s Law of the 
Minimum, the plant’s growth will be limited by the scarcest 
nutrient (van der Ploeg et al., 1999), hence suggesting that Mg 
may be further utilized by the seedlings rather than stored in the 
soil. Additionally, Castellaniella (OTU10) in the fertilized bulk soil 
was positively correlated with soil TP (Figure 9A), suggesting that 
soil phosphorus may influence the genus's abundance. Phosphate 
helps Castellaniella (OTU10), a denitrifying bacterium, by 
stabilizing pH, boosting their activity, causing zinc phosphate to 
form, and lessening the impact of ZnO nanoparticles on 
interactions with extracellular polymeric substances. This 
positively affects the abundance and activity of denitrifying 
bacteria (Cheng et al., 2019). This may explain its dependence on 
soil TP. 

In terms of the rhizosphere, Acidothermus (OTU12) and 
Bradyrhizobium (OTU13) were strongly associated with pH in the 
unfertilized soil (Figure 9B). Acidothermus (OTU12) may be driven 
by an acidic environment and is known to break down plant 
tissues, leading to increased organic matter and nutrients 
available to plants (Ren et al., 2021; Ogola et al., 2021). 
Bradyrhizobium (OTU13) can adapt to acidic soil, despite 
generally not thriving in low pH environments (Jaiswal & Dakora, 
2019), and effectively fix nitrogen (Holland et al., 2023). It also 
produces a siderophore that improves iron availability for plants 
and inhibits pathogens (Kumawat et al., 2019; Seraj et al., 2020). 
This may explain the higher foliar Fe content (Table 2), promoting 
plant growth and defense in nutrient-deficient conditions. In 
addition, Mizugakiibacter (OTU16) in the rhizosphere was 
positively correlated with fertilized soil TP (Figure 9B), and this 
pattern was consistent with a prior study (Li et al., 2021). During 
the hydrolysis of P-containing substrates, Mizugakiibacter 
(OTU16) produces phosphatase to release orthophosphates for 
utilization by soil biota and plants. (Kojima et al. 2014; Dotaniya 
et al. 2019). This implies that their abundance was influenced by 
the availability of phosphate and may aid to solubilize phosphate 
for plant development.   
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Figure 9. Canonical correspondence analysis (CCA) shows a correlation between significant physicochemical parameters and bacterial 

biomarkers (LDA > 4) for (A) bulk soil and (B) rhizosphere. The closeness of the points indicates the similarity of the samples, the 
arrowhead of variables shows a degree of association, and the length represents strength that explains the biomarker dispersion 

observed. B – Bulk soil, R – Rhizosphere, C – Unfertilized, F – Fertilized 

4. Conclusion 
While fertilizer application increased soil nutrient availability, 

it did not necessarily produce proportional increases in foliar 
nutrient concentrations. The abundance of Proteobacteria, 
Saccharibacteria, and Actinobacteria significantly increased in 
response to the fertilizer application, suggesting their succession 
as dominant phyla due to the nutrient-rich conditions. However, 
the fertilizer application also reduced bacterial diversity in the soil 
and root systems, especially in sensitive bacterial groups like 
Acidobacteria, indicating potential early indicators of declining 
soil fertility due to agricultural activities. The consistent 
enrichment of Mizugakiibacter and Castellaniella in the fertilized 
bulk soil and rhizosphere may suggest potential capabilities to 
utilize the nutrients present in the fertilizer. Current findings also 
revealed a higher number of genera belonging to Proteobacteria 
(Rhizomicrobium, Bradyrhizobium), Actinobacteria 
(Acidothermus), and Acidobacteria (Candidatus Solibacter, 
Bryobacter) compared to the fertilized soil, suggesting that the 
unfertilized soil may represent an early successional stage in 
bacterial community development in the absence of fertilizer 
application. Moreover, the fertilizer application enhanced the 
enrichment of specific metabolic processes in bacteria, such as 
glycan biosynthesis, nucleotide metabolism, and carbohydrate 
metabolism, which likely contribute to improved plant-microbe 
interactions and plant growth in the fertilized treatment. 
Alternatively, the enriched bacterial functions in the unfertilized 
soil may suggest cellular functioning strategies.  

Regarding network analysis, the fertilizer application resulted 
in a simpler bacterial network. However, it can also promote 
positive interactions and contribute to nutrient cycling. In 
contrast, the unfertilized soil exhibits more complex networks, 
potentially associated with nutrient limitation and the 
recruitment of beneficial bacteria for growth support. The CCA 
demonstrated that the presence of Acidothermus and 

Castellaniella was positively associated with specific nutrient 
levels in the unfertilized soil, suggesting their potential role in 
nutrient cycling and plant health. Acidothermus, Bradyrhizobium, 
and Mizugakiibacter also showed associations with different 
nutrient conditions in the fertilized treatment, indicating their 
potential contributions to nutrient availability and plant growth. 
Understanding the impact of fertilizer application on the bacterial 
community composition, diversity, functionality, and networks 
will aid in promoting the seedlings’ growth. Future studies should 
focus on optimizing chemical fertilizer applications to address the 
presence of pathogens and highlight the enrichment of beneficial 
taxa for sustainable agriculture practices.  
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