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Abstract: Pineapple (Ananas comosus (L) Merr) is a plant that contains the bromelain enzyme which can be found in the crown, flesh, 
stem, and leaves of the pineapple plant. The bromelain enzyme has the ability to break down the structure of protein into amino acids. 
Pineapple peels waste from processing are usually discarded and not utilized properly. This study aimed to purify and characterize the 
bromelain enzyme from pineapple variety Josapine’s peels. The production of bromelain powder in this study was done in four steps, the 
extraction of crude bromelain from pineapple peel extracts, the purification of bromelain using ammonium sulphate precipitation, 
desalting using the diafiltration process and, finally, freeze drying using a freeze dryer. The protease activity was determined using casein 
digestion unit (CDU), meanwhile the protein content was determined using Lowry’s Method. Results showed that the highest bromelain 
activity was observed in maturity index 5 in powder form with 2132.78±18.01 CDU/ml, the highest protein content was observed in 
maturity index 5 in crude extract form with 4.19±0.17 mg/ml and the highest specific enzyme activity was observed in maturity index 5 in 
powder form with 15234.14 CDU/mg protein. The agroindustry waste product, Josapine pineapple peel, has potential as a future 
alternative bromelain source. 
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1. Introduction 

The pineapple is believed to originate from Brazil. Once 
discovered, the pineapple was imported to Europe. Christopher 
Columbus and his men are thought to have tasted the pineapple 
initially. The word pineapple started to be used in English in 1938 
which refers to the organs of conifer trees (Jungle Dragon, 2024). 
The European pioneers named the fruit as a ‘pineapple’ according 
to what is known as a pinecone. The term pinecone was first 
recorded in 1694, that is to supplant the importance of the 
pineapple (Hoque et al., 2019). According to Sun, (2015), the 
pineapple or Ananas comosus L. Merr. is widely accepted to have 
come from South America, Argentina, and Paraguay. The 
pineapple is known by the people of South America just before 
Christopher Columbus arrived in 1493. The European pilgrims use 
the word pineapple to present the natural product as to have 
come from pinecones. Meanwhile, the word Ananas is the initial 
name of the natural product that comes from the word for pine 
‘nanas’ and ‘comosus’ referring to the tuft of the stem of the 
natural product (Jungle Dragon, 2024). 

Pineapple is a significant nourishment crop which is planted 
widely in the tropical and sub-tropical regions of the world. It is a 
significantly produced natural product for business in Malaysia 
and is, for the most part, utilized as organic ingredients for pastry 
or to produce canned pineapple as cuts or rings, squeezes, and 
sticks. There are five assortments of pineapples in Malaysia; these 

include the Morris, Sarawak, Gandol, Josapine and N36 (Lasekan 
& Hussein, 2018). Pineapple processing such as canning and juice 
produces wastes including pineapple peels. Discharge of 
pineapple peels during this process will produce waste and lead 
to serious environmental pollution. In artificial practices, 
pineapple waste is either used as animal feed or disposed to the 
soil as waste. Natural enzyme contained in pineapple is called 
bromelain. Bromelain is an enzyme which is believed to have 
numerous benefits and is veritably promising to the development 
of food and medicinal diligence. Bromelain can be found in several 
parts of the pineapple. The specific part from which it is extracted 
lends its name to the enzyme; thus, we have fruit bromelain and 
stem bromelain (Bala et al., 2012). Bromelain activity has been 
reported to be within a pH range of 3 to 8 and a temperature 
range of 30–70 ºC (Kumar et al., 2011;Liang et al., 2012;Ramli et 
al., 2018). The natural bromelain enzyme has been used as a meat 
tenderizer, anti-browning agent and in the processing of formulas 
for babies (Tochi et al., 2008). As a protease, it hydrolyses proteins 
in these formulas, therefore making amino acids more readily 
available to babies. Bromelain is utilized in some applications 
including cosmetic and pharmaceutical and in textile industry as 
reported by (Aehle, 2007;B.K. Bhattacharrya, 2008;Ataide et al., 
2018;Sancesario et al., 2018).  

Some successful methods have been used for bromelain 
extraction and purification. Purification of enzymes is important 
to determine the three-dimensional structure of an enzyme and 
its impact on the functionality of the enzyme (A. Illanes, 2008). 
The successful methods in bromelain purification include aqueous 
two phase systems (Ketnawa et al., 2010;Ferreira et al., 2011), 
ammonium sulphate precipitation (G & Viswanathan, 

Authors information: 
aSchool of Industrial Technology, Faculty of Applied Sciences, 
Universiti Teknologi MARA, 40450 Shah Alam, Selangor, 
MALAYSIA. E-mail: muhdyazidhalim@gmail.com1; 
sitiaimi@uitm.edu.my2 

bMalaysian Institute of Transport, Universiti Teknologi MARA, 
40450 Shah Alam, Selangor, MALAYSIA. E-mail: 
sitiroha7796@uitm.edu.my3 

*Corresponding Author: sitiroha7796@uitm.edu.my  
 
 

Received: June 8, 2023 
Accepted: June 20, 2024 
Published: June 30, 2025 
 

 
 

https://mjs.um.edu.my/


 

2 
 

Regular Issue Malaysian Journal of Science 

DOI:https//doi.org/10.22452/mjs.vol44no2.1 
Malaysian Journal of Science 44(2): 1-7 (June 2025) 

2013;Gautam et al., 2010), ethanol precipitation (Martins et al., 
2014), ion exchange chromatography (G & Viswanathan, 
2013;Gautam et al., 2010; Bresolin et al., 2013), membrane 
separation (Seguí & Fito Maupoey, 2018) and adsorption using 
functionalized Santa Barbara Acid-15 (Arumugam & Ponnusami, 
2013). 

The pineapple variety Josapine was chosen because it is 
abundantly planted in Malaysia which covers about 41.5% or 6725 
hectares. This shows that the waste produced by the pineapple 
industry is large at about 150 000 kg. Other than that, the 
pineapple variety Josapine was easily obtained aIB, 2022). The 
main reason to select the maturity index 5 and 7 is to determine 
whether there is a significant difference of bromelain activity 
among them. As a justification, the maturity index 3 and 4 is not 
chosen because their difference is too narrow while maturity 
index 5 is in the middle and maturity index 7 is overripe. Maturity 
index 1 is too young while maturity index 2 is usually selected for 
harvesting. Thus, the aim of this study was to determine the 
bromelain activity, protein content and specific enzyme activity of 
bromelain extracted from pineapple variety Josapine peel with 
maturity indices 2, 5 and 7.  
 
2. Materials and Methods   

 
Preparation of Samples 

Pineapple of the Josapine variety with different maturity 
indices of 2, 5 and 7 used in this study were purchased from a local 
market in Seksyen 6, Shah Alam, Selangor, Malaysia. Table 1 
shows the seven-maturity index of pineapple according to the 
standard specification by Federal Agriculture Marketing Authority 
(FAMA) (FAMA, 2020). The pineapple peel with maturity index 2, 
5 and 7 were cut into small pieces and crushed in a food processor 
(Model PB-3203L, Brand Pensonic, Country Malaysia) with the 
addition of water at a ratio of 1:1 to produce pineapple peel 
extract. Extraction was done in a chilled temperature (4oC). Next, 
the extract was filtered through a muslin cloth to remove the solid 
parts. The filtrate was collected and kept in a freezer (-20oC) to be 
used in further experiments (Gautam et al., 2010). 

 
Table 1. Maturity Indices of Pineapple 

Index Characteristics 
1 Young or immature. The entire surface of the skin 

or the eye is slightly oval-shaped upward, dark 
green with reddish bractea. Flesh is very solid, 
firm, and sour. Not yet ready for harvest. 

2 Early maturity stage. All eyes are quite rounder 
with glossy dark green and traces of yellow 
between eyes at the base. The bractea is whitish 
in colour and dry. Flesh is solid, firm, and sourish. 
Inedible flesh. Suitable to be harvested for 
export. 

3 Mature fruit. All eyes are green with 1-2 eyes 
yellowish green at the base. Flesh is solid, 
crunchy, and sourish. Edible flesh but not 
palatable. Suitable to be harvested for export. 

4 Underripe. An average of 25% of the eyes from 
the base of the fruit turns into yellowish-orange. 
Flesh is solid, firm, crunchy and sweet sour. 
Edible flesh. Suitable to be harvested for 
domestic market 

5 Early ripe. Almost 50% of the eyes are yellowish-
orange from the base of the fruit. Flesh is less 
spongy, yet juicy, sweet, and fragrant. The best 
level to be eaten fresh. 

6 Ripe. Over 75% of their eyes are yellowish-
orange. Flesh is a little flaccid, yet spongy, very 
juicy, sweet, and fragrant. Less suitable to be 
harvested for export but more suitable for 
domestic market. 

7 Overripe. The whole eyes are yellowish-orange. 
Flesh is flaccid, soft, very juicy, and sweet sour. 
Still edible flesh. Not suitable for any domestic 
market or export. 

 
Production of Bromelain Powder 
Purification of Bromelain Extract 
Firstly, the purification of the crude bromelain extract was 

carried out using the ammonium sulphate precipitation method. 
About 10 mL of crude bromelain extract was transferred into a 
centrifuge tube and placed in an ice bath. Then, about 6 g of 
ammonium sulphate was added pinch by pinch. Then, the sample 
was left for incubation for 1 hour until the appearance of 
precipitation is observed. Then, the cold incubated sample was 
centrifuged (Model 5420, Brand Kubota, Country Japan) at 3500 
rpm for 30 mins. Then, the pellet was collected by dissolving in 10 
mL Tris buffer, while the supernatant was removed. The purified 
bromelain was stored in a chiller for further analysis (Devakate et 
al., 2009). 

 
Desalting 
The dialysis process was performed using a diafiltrator machine. 

Firstly, about 1 L of deionised water was allowed to run into the 
diafiltrator machine for washing. Then, before running the 
sample, the initial salinity of purified extract was checked using a 
salinity meter (Model RSA0100, Brand Trans Instruments, Country 
Singapore). Then, the purified extract sample was allowed to run 
into the diafiltrator machine, until the salinity percentage reached 
0%. The purified extract sample was dialysed using the deionised 
water. After the salinity reached 0%, the dialysed sample was 
stored in a freezer for further analysis (Devakate et al., 2009). 

 
Drying of Desalted Bromelain 
Desalted bromelain was dried using a vacuum freeze dryer 

(Model Alpha 1-4 LD Plus, Brand Christ, Country Germany) which 
took 4 days for complete drying at -60oC. The desalted bromelain 
was frozen at -20oC before undergoing the freeze-drying process 
to provide a necessary condition for low temperature drying 
(Devakate et al., 2009). 
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Protein Content 
Preparation of Reagents 
Firstly, two solutions were prepared namely solution A and 

solution B. For solution A, 50 ml of 2% (w/v) of sodium carbonate 
(Na2CO3) solution was mixed with 50 ml of 0.1 N sodium 
hydroxide (NaOH) solution. For solution B, 10 ml of 1.56% (w/v) 
of copper sulphate (CuSO4.5H2O) solution was mixed with 10 ml 
of 2.37% (w/v) of sodium potassium tartarate (C4H4O6KNa.4H2O) 
solution. Then, 100 ml of solution A and 2 ml of solution B were 
mixed to prepare Lowry’s solution. To prepare the Folin-
Ciocalteau reagent, about 2 ml of Folin-Ciocalteau was mixed with 
2 ml of distilled water. 

 
Protein Assay (Lowry’s Method) 
Firstly, about 1 ml of the sample was transferred into a test tube. 

Then, about 5 ml of Lowry solution was added into the test tube. 
The test tube was vortexed and incubated at room temperature 
for 10 minutes. Then, about 0.5 mL of Folin was added into the 
test tube. Then, the test tube was incubated in the dark for 30 
minutes at room temperature. Next, the sample was transferred 
into a beaker. Afterwards, the absorbance of sample was 
measured at 595 nm using a UV-Visible spectrophotometer 
(Model Lamda 35, Brand Perkin Elmer, Country USA). The amount 
of protein content was determined using the BSA standard 
calibration curve (Ketnawa et al., 2012). 

 
Bromelain Activity 
Bromelain activity in the sample was determined using the 

casein digestion unit (CDU) method (Enzyme Development 
Corporation, 2015). Firstly, approximately 5 ml of the casein 
substrate was transferred into a test tube. The test tube was then 
immersed in a water bath at 37°C for 10 minutes. Next, about 5 
mL of trichloroacetic acid (TCA) stopping reagent and 1 mL of the 
enzyme solution were added to the blank test tube, while only 
about 1 mL of the enzyme solution was added to the sample test 
tube. The test tubes were vortexed and placed back into the 
water bath at 37°C for 10 minutes. Subsequently, about 5 mL of 
the TCA stopping reagent was added to both the blank test tube 
and sample test tube, and they were vortexed again before being 
placed back into the water bath at 37°C for 30 minutes. 
Afterwards, the blank test tube and sample test tube were 
removed from the water bath and left to cool to room 
temperature. The blank test tube and sample test tube were then 
filtered using filter paper, and the filtrate was collected in a 
beaker. The absorbance was measured at 280 nm using a UV-
Visible spectrophotometer (Soares et al., 2012). The bromelain 
activity was calculated using the formula. 

 
CDU/mg = [(Et – Eb)/Es] x 50 x (11/10) x DF 
 
Where; 
DF: Dilution Factor 
Et = Absorbance of enzyme sample tube 
Eb = Absorbance of blank sample tube 
Es = Absorbance of standard Tyrosine 

Standard Tyrosine 
A standard solution containing exactly 50µg/ ml of L-Tyrosine 

was prepared in 0.1N HCl. The absorbance of the standard was 
measured and recorded at 275 nm using distilled water for the 
blank test tube (Enzyme Development Corporation, 2015). 

 
Specific Enzyme Activity 
The specific enzyme activity in pineapple peels will be calculated 

using the following formula.  
 

Specific enzyme activity = 𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩 𝑨𝑨𝑨𝑨𝑨𝑨𝑩𝑩𝑨𝑨𝑩𝑩𝑨𝑨𝑨𝑨
𝑷𝑷𝑩𝑩𝑩𝑩𝑨𝑨𝑩𝑩𝑩𝑩𝑩𝑩 𝑪𝑪𝑩𝑩𝑩𝑩𝑨𝑨𝑩𝑩𝑩𝑩𝑨𝑨

 

 
Data Analysis 
All experiments were performed in triplicate. The data obtained 

were analyzed using the software, Statistical Package for the 
Social Sciences (SPSS). The analysis of variance (ANOVA) tests was 
performed. 
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Table 2. Activity of pineapple Josapine 

Means within each column with different superscript are significantly different at p < 0.05 

Sample Bromelain activity (CDU/ml) Protein content (mg/ml) Specific bromelain enzyme activity (CDU/mg 
protein) 

Purification 
level 

Index 2 

Pineapple peel extract 659.16±10.14d 3.72±0.11a 177.19d 1.00d 

Purified bromelain 791.66±33.18c 0.80±0.05b 989.57c 5.58c 

Desalted bromelain 1004.95±5.02b 0.21±0.01c 4785.47b 27.00b 

Bromelain powder 1440.63±63.87a 0.14±0.00d 10290.21a 58.07a 

Index 5 
Pineapple peel extract 877.89±35.71d 4.19±0.17a 209.52d 1.00d 

Purified bromelain 1574.43±24.64c 0.74±0.05b 2127.60c 10.15c 

Desalted bromelain 1728.31±63.49b 0.19±0.01c 9096.36b 43.41b 

Bromelain powder 2132.78±18.01a 0.14±0.01d 15234.14a 72.70a 

Index 7 
Pineapple peel extract 505.96±14.49d 3.84±0.14a 131.76d 1.00d 

Purified bromelain 1012.36±9.64c 1.15±0.06b 880.31c 6.68c 

Desalted bromelain 1281.75±16.32b 0.22±0.01c 5826.13b 44.21b 

Bromelain powder 1611.83±8.57a 0.13±0.01d 12398.69a 94.10a 
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3. Results and Discussion 
In this study, bromelain powder was produced in four steps. The 

production steps included the extraction of crude bromelain from 
pineapple peel extract, followed by bromelain purification using 
ammonium sulphate precipitation. Then, a desalting process was 
performed using a diafiltration machine, and, finally, freeze drying 
was done using a freeze dryer. Subsequently, the samples 
obtained from each processing step were analysed for bromelain 
activity, protein content, and specific bromelain enzyme activity. 

The bromelain activity measures the quantity of active enzymes 
present in the sample, while the protein content measures the 
total level of protein in a solution. The specific bromelain enzyme 
activity measures the enzyme purity in a mixture. The purification 
level, on the other hand, shows whether the sample became 
purer following the purification technique. 

The bromelain activity, protein content, and specific bromelain 
enzyme activity were tested for pineapple peel extract, purified 
bromelain, desalted bromelain, and bromelain powder at 
maturity indices 2, 5, and 7. Table 2 shows the bromelain activity, 
protein content, and specific enzyme activity for each sample. 

For maturity index 2, the bromelain activity, protein content, 
and specific enzyme activity of pineapple peel extract were 
659.16 CDU/ml, 3.72 mg/ml, and 177.19 CDU/mg of protein, 
respectively. This step was to isolate most of the protein present 
in the pineapple peel extract since it could affect the bromelain 
activity as well as protein content in the following steps. The value 
of bromelain activity, protein content and specific bromelain 
enzyme activity in the purified bromelain were 791.66 CDU/ml, 
0.80 mg/ml, and 989.57 CDU/mg of protein, respectively. For the 
desalted bromelain, its value of bromelain activity, protein 
content and specific bromelain enzyme activity were 1004.95 
CDU/ml, 0.21 mg/ml, and 4785.47 CDU/mg of protein, 
respectively. While the value of bromelain activity, protein 
content and specific bromelain enzyme activity in the bromelain 
powder were 1440.63 CDU/ml, 0.14 mg/ml, and 10290.21 
CDU/mg of protein, respectively. 

Similarly, for maturity index 5, the bromelain activity, protein 
content, and specific enzyme activity of pineapple peel extract 
were 877.89 CDU/ml, 4.19 mg/ml, and 209.52 CDU/mg of protein, 
respectively. The value of bromelain activity, protein content and 
specific bromelain enzyme activity in the purified bromelain were 
1574.43 CDU/ml, 0.74 mg/ml, and 2127.60 CDU/mg of protein, 
respectively. For the desalted bromelain, its value of bromelain 
activity, protein content and specific bromelain enzyme activity 
were 1728.31 CDU/ml, 0.19 mg/ml, and 9096.36 CDU/mg of 
protein, respectively. While the value of bromelain activity, 
protein content and specific bromelain enzyme activity in the 
bromelain powder were 2132.78 CDU/ml, 0.14 mg/ml, and 
15234.14 CDU/mg of protein, respectively. 

Lastly, for maturity index 7, the corresponding values of 
bromelain activity, protein content, and specific enzyme activity 
of pineapple peel extract were 505.96 CDU/ml, 3.84 mg/ml, and 
131.76 CDU/mg of protein, respectively. The value of bromelain 

activity, protein content and specific bromelain enzyme activity in 
the purified bromelain were 1012.36 CDU/ml, 1.15 mg/ml, and 
880.31 CDU/mg of protein, respectively. For the desalted 
bromelain, its value of bromelain activity, protein content and 
specific bromelain enzyme activity were 1281.75 CDU/ml, 0.22 
mg/ml, and 5826.13 CDU/mg of protein, respectively. While the 
value of bromelain activity, protein content and specific 
bromelain enzyme activity in the bromelain powder were 1611.83 
CDU/ml, 0.13 mg/ml, and 12398.69 CDU/mg of protein, 
respectively. 

The determination of bromelain activity, protein content and 
specific enzyme activity were important to know the trend loss of 
bromelain enzyme during the purification processing studied. 
Every step of the process gives different results for bromelain 
activity, protein content and specific enzyme activity. The 
purification level was estimated by dividing the specific enzyme 
activity at each purification step with that of crude pineapple peel 
extract. 

Table 2 shows that the bromelain activity was significantly 
higher in the bromelain powder at the 5% level followed by those 
in the purified bromelain, desalted bromelain, and pineapple peel 
extract of those maturity indices. Bromelain activity increased 
after the purification process. This is because only bromelain was 
purified from the pineapple peel extract. A previous study done 
by Nadzirah et al., (2012) on the extraction of bromelain form 
pineapple crown variety N36 by using distilled water as the 
extraction medium found that the bromelain activity was 
significantly higher in bromelain powder (529.77 CDU/ml), 
followed by purified (501.08 CDU/ml), desalted (485.78 CDU/ml), 
and pineapple extract (426.49 CDU/ml). Furthermore, Misran et 
al., (2019) conducted a study on pineapple variety Morris and 
found that the highest bromelain activity was observed in the peel 
(229.64 CDU/ml). Another study by Nor et al., (2015) found that 
the bromelain activity for pineapple peel variety Smooth Cayenne 
is 429.70 CDU/ml. In this study, the values of bromelain activity 
ranges between 505.96 to 2132.78 CDU/ml which was higher than 
the findings by Nadzirah et al. (2012) and Nor et al. (2015) which 
ranged between 229.64 to 529.77 CDU/ml. The different results 
obtained from this study compared to the previous findings may 
have been due to the difference in species of pineapple used. 
Different varieties of pineapples will influence the quality of 
bromelain extracted. Environmental factors such as climatic 
growth conditions, growth, ripening stage, temperature, duration 
of storage and thermal treatment may have influenced the 
bromelain activity (Ramli & Munir, 2022). Therefore, pineapple 
peel variety Josapine can provide a better source of bromelain 
enzyme compared to N36 and Smooth Cayenne variety. 

In this study, the protein content was significantly higher in the 
pineapple peel extract while specific enzyme activity was 
significantly higher in the powdered bromelain. A previous study 
done by Gul et al., (2021) found that protein content in pineapple 
variety Phu Lae (0.215 mg/ml) and Nang Lae (0.337 mg/ml). 
Another study by Misran et al., (2019) found that the protein 
content for pineapple peel variety Morris was 83.33 mg/ml. 
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Furthermore, Nor et al., (2015) found that the protein content of 
pineapple peel variety Smooth Cayenne was 1.37 mg/ml. To 
compare, the protein content obtained in this research study was 
lower than the above previous studies. The range of protein 
content obtained in this study was between 0.13 to 4.19 mg/ml 
meanwhile the protein content for the above previous studies 
was between 0.2 to 83.33 mg/ml. According to Ramli & Munir, 
(2022) the difference in the protein content is influenced by the 
variety of pineapple, climate during culture, the stage of ripeness, 
the timing of harvest, and the extraction technique. 

Lastly, regarding specific enzyme activity, (Gul et al., 2021) 
studied the specific enzyme activity of pineapple variety Phu Lae 
extract purified with 60% ammonium sulphate. The highest 
specific enzyme activity was observed in the core (105.17 
CDU/mg), followed by the crown (64.20 CDU/mg) and peel (54.69 
CDU/mg). Additionally, Umesh Hebbar et al., (2008) examined the 
specific enzyme activity of pineapple variety Kew, and the results 
showed that the highest specific enzyme activity was observed in 
the crown (49.41 CDU/mg), followed by the core (40.32 CDU/mg), 
stem (14.72 CDU/mg), and peel (10.22 CDU/mg). For comparison, 
the specific bromelain enzyme activity obtained from this 
research study was higher than reported in the previous studies. 
The range for specific bromelain enzyme activity for this research 
was between 131.76 to 15234.14 CDU/mg protein meanwhile for 
the reported above previous studies was between 10.22 to 
105.17 CDU/mg protein. According to Susanti et al., (2022) the 
differences in specific bromelain enzyme activity may due to the 
number of impurities decreasing after the purification steps. This 
shows that the level of purity value of bromelain enzyme is higher 
when the value of specific bromelain enzyme activity is higher. 

For pineapple peel extract, it has lower bromelain activity, 
specific bromelain enzyme activity and purification level 
compared to bromelain powder, but it has the highest protein 
content. High protein content indicates the presence of other 
proteins in the sample while low protein content indicates the 
presence of target bromelain in sample (Nadzirah et al., 2012) 
From the data in Table 2, the purification of enzyme through the 
drying process (powdered bromelain) yielded the highest 
purification level at 58.07, 72.70 and 94.10 for maturity index 2, 5 
and 7 respectively. The increasing trend in purification level 
showed that the samples are successfully purified at each stage. 

 

4. Conclusion 
The extraction process to produce bromelain was carried out 

consecutively. Therefore, one step might affect the following 
steps. Bromelain activity and purification level in powdered 
bromelain was significantly higher compared to those from 
pineapple peel extract, purified bromelain, and desalted 
bromelain. 
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Reproductive Biology of Pokea Clams (Batissa violacea var. celebensis, von Martens 
1897) at Langkumbe River, Southeast Sulawesi, Indonesia 
Bahtiar1a*, Muhammad Nur Findra2b, Yustika Intan Permatahati3a and Ma’ruf Kasim4a 

 
 

Abstract: Pokea clams (Batissa violacea) are bivalves that possess different reproductive patterns depending on the location. However, 
their reproductive pattern in Langkumbe River (Southeast Sulawesi, Indonesia) is unknown. This study aims to determine the sex ratio, 
gonad maturity level (GML), gonadosomatic index (GSI), fecundity and size of the first gonad maturity of the clams. The samples were 
collected randomly using iron baskets in all parts of the river and were combined together. The sex ratio, GML, GSI and size at first maturity 
were calculated using a standard formula, each of which was analyzed using the Chi-Square test, quantitative descriptive analysis as well 
as simple and non-linear regression. The results showed that the clams were gonochoric with more males than females. Male clams were 
relatively smaller and ranged from 3.28-3.75 cm in size. Furthermore, gonadal early and late development occurred in February through 
March and final gonad maturation occurred in April. Gonadal maturation and spawning occurred over a long period from March to 
October with a pattern of 1 peak spawning marked by an increase in the GSI value in the particular month. The GSI values in males and 
females were relatively the same, i.e., 36.47±16.79 and 34.80±17.71 as well as 18.37±9.46 and 18.57±8.86, respectively. Male pokea clams 
matured earlier than female with sizes of 1.4 cm or 0.23% and 2 cm or 0.50%, respectively. The reproductive potential of pokea clams in 
the Langkumbe River is high. 
 
Keywords: Batissa violacea, Langkumbe River, reproduction, Southeast Sulawesi. 

 
1. Introduction 

Batissa violacea var. celebensis von Martens 1897 (Kusnoto, 
1953) is a species of bivalves that has important economic 
potential and can be found distributed in several large rivers in 
Southeast Sulawesi among them: Pohara River (Bahtiar et al., 
2015), Lasolo River (Bahtiar et al., 2016), Langkumbe River 
(Alkadri et al., 2018) and Laeya River (Bahtiar et al., 2022a; Bahtiar 
et al., 2023a). The local community people named this species 
pokea or keha (Bahtiar et al., 2021). Clams of the same genus 
(Batissa) are widely distributed and found in the western 
(Sumatera) to the eastern part of Indonesia (Papua), the 
Philippine and the southern Pacific (Fiji Islands) (Kusnoto, 1953; 
Layugan et al., 2013; Mayor et al., 2016). 

Ecologically, these clams live immersed in a substrate that can 
be found from the texture of the substrate of mud, clay, sand and 
gravel. These clams are relatively distributed in groups and are 
only found in the estuary area, namely in the tidal area farthest 
upstream until the meeting of fresh water and seawater towards 
the sea (Bahtiar et al., 2012b). Similar to other clams, this species 
plays an important role in the ecosystems of rivers.  These clams 
are able to reduce the turbidity of waters through their filter 
feeder mechanism. This shellfish is an environmental architect 
capable of producing and stabilizing the bottom substrate of the 

water so that it can be useful for the life of other organisms at the 
bottom of the water (Vaughn et al., 2008). They are also 
economically viable, providing the community with resources to 
establish food businesses (Bahtiar et al., 2014a, 2012a, 2023b; 
Layugan et al., 2013; Mayor & Ancog, 2016) due to their highly 
nutritious and efficacious nature in healing several types of 
diseases (Bahtiar et al., 2014b; Yeni, 2012). Pokea clams also 
provide a source of living for many and are frequently being sold 
in local markets in Kendari City.  

Batissa clams are overexploited in several locations including 
the Pohara River (Bahtiar et al., 2012b) as well as Lasolo River 
(Bahtiar, 2017), Laeya River, Langkumbe River (Bahtiar et al., 
2022a); and have become an endangered species in the 
Philippines' Cagayan River (Layugan et al., 2013; Mayor et al., 
2016). The catch/production of pokea shellfish by fishermen can 
reach 155 tons in the Pohara River (Bahtiar, 2012), 1500-1750 
tons in the Lasolo River (Bahtiar et al., 2016) and 3.40-24.77 
kg/trip/boat in Cagayan River, Northern Philippines (Mayor & 
Ancog, 2016). Overexploitation potentially leads to a decline in 
the quality (low condition index and b value) and quantity (the 
number and size of clams are getting smaller) of pokea clams 
(Bahtiar, 2012; Bahtiar et al., 2015, 2016, 2022a) as well as 
severely disturbs their reproduction pattern or cycle in nature. 
Clams in areas with high ecological stress adopt reproductive 
strategies to maintain their existence in nature (Bone & Marshall, 
1982) such as prompting early gonad maturity. However, 
depending on their specific habitats, pokea clams can have 
different environments that shape food consumption and 
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regulate their activities (Bahtiar et al., 2021) 
Existing studies on reproduction cycles and activity related to 

pokea were limited and often restricted to areas within Indonesia. 
Previous studies have been conducted in various locations such as 
the Pohara River (Bahtiar et al., 2021), Batang Anai River, Padang 
West Sumatra (Puteri, 2005) and Lasolo River (Bahtiar, 2017). Still, 
sufficient report on reproduction of the clams in Langkumbe River 
is yet to be identified and established. This information is crucial 
to guide in managing clam resources in the future (Bahtiar et al., 
2022b; Camilo et al., 2017). Consequently, investigations on the 
reproduction biology of pokea clams in the river are needed. This 
study aims to determine several parameters reproduction biology 
of pokea clams in Langkumbe River, Southeast Sulawesi, 
specifically on the analysis of sex ratio, Gonad Maturity Level 
(GML), Gonadosomatic Index (GSI) and size at first gonadal 
maturity. 
 
 

 
 
2. Materials and Methods   

This study was carried out in Langkumbe River, Southeast 
Sulawesi, Indonesia, for one year from February 2017 to January 
2018 at the location of 04o21'58.1" S and 122o29'54.0" W to 
04o22'24.6" S and 122o29'54.9" W (Figure 1). Pokea clam samples 
were collected randomly and periodically every month in all parts 
of the river waters using iron baskets. A total of 10 batches were 
later brought to the laboratory and separated by sex, identified 
by the color of the gonads. Male gonads are milky white, while 
female is brown. Furthermore, the reproductive parameters of 
pokea clams observed include sex ratio, GML, GSI, fecundity and 
size at first gonad maturity. The number of samples observed to 
determine sex ratio was all the clams caught at all observation 
points. In contrast, GML, GSI, fecundity and size at first maturity 
of gonads were observed from 120 individuals from each sex. 

 

 
Figure 1. Map of study sites on Langkumbe River, Southeast Sulawesi. 

 
The sex ratio was determined by calculating the ratio of the 

number of males and females in each month. Gonad development 
was observed using a microscope with a magnification of 40x10. 
The clams were subsequently categorized into 5 (five) different 
levels based on their stage of development: inactive, 
preparatory/early, late, mature and spawning/post-spawning. 
Each sample was grouped into the respective category based on 
the gonad morphology as observed using a microscope with 
histology preparation (Bahtiar et al., 2021). Furthermore, GSI 
observation was carried out by weighing the body and gonad 
weight (Bahtiar, 2017), while size at first gonad maturity was 
assessed by measuring the widths of all clams with mature gonads 
(Bahtiar et al., 2023c). Water samples were analyzed for their 
quality at the Laboratory of the Faculty of Fisheries and Marine 

Science, Halu Oleo University. The samples were taken at the 
same time as the pokea clams, while the quality aspects observed 
were the total organic and sediment organic matter and 
chlorophyll-a content. 

 
The sex ratio of male to female pokea was determined by Chi-

square test (χ2) (Mzighani, 2005).  
The GSI value (gonadosomatic index) was calculated using the 

formula described by (Bahtiar, 2017; Bahtiar et al., 2024): 
 

GSI  = Wg
Wb

 x 100 %    (1) 

 
Descriptions:  
  GSI = gonadosomatic Index 
  Wg = weight of gonad (g) 

Wt = weight of body including Gonad (g) 
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The 50% probability of gonad maturity was determined with the 

non-linear regression analysis on the logistic curve (Bahtiar et al., 
2023c; Mzighani, 2005) using the Sigma plot 6.0 software as 
shown in the following equation: 

b
xoxe

aY
+−

+
=

1

   (2) 

Descriptions: 
Y = probability of pokea with mature gonad (%) 
e = exponential constant 
a = intercept 
b = slope 
x, xo = i-th width (cm) 
 

3. Results and Discussion 
Sex Ratio 
Pokea shells were observed to be dominatingly gonochorism 

with both male and female sexes found in each month. A 
relatively greater trend of gonochorism was found in February 
and later decreased up until January. Females were smaller in 
proportion in February and increased onwards until October. In 
general, males had the larger ratios to females ranging from 
34.51-71.16% and 19.04-45.98%, respectively. The χ2 test 
obtained a P-value of 0.23 (p >0.05) indicating that the male to 
female ratio was close to 1:1, or relatively the same. Gonochorism 
was found in the smallest clams with a size range of 3.28-3.75 cm. 
Moreover, males were dominant up to the size range of 3.28-3.75 
cm, above which females became generally more numerous 

(Figure 2). The male and female reproductive organs of pokea 
clams were found to be separated (dioecious) (Bahtiar, 2012; 
Bahtiar et al., 2021) and there was no indication of micro or true 
hermaphroditic nature compared to several other freshwater 
clams including Corbicula fluminea (Sousa et al., 2008).  Pokea 
clams were primarily gonochoritic at a size below 1.4 cm and 
progressively smaller as the shells increased. Gonochorism is 
common in several types of shellfish including Potomida littoralis 
(Şereflişan et al., 2013), Chambardia rubens (Morad et al., 2018) 
and Atrina maura (Gongora-Gomez et al., 2016). Based on the 
results, it was dominant in February and was still detected every 
month. This condition is indicative of successful spawning and 
recruitment into the population implied by the dominance of 
young clams present at the river beds. In some species of shellfish, 
an equal sex ratio of 1:1 is common but this might vary depending 
on the conditions. This deviation was showcased in different sex 
ratios found in various clam colonies or population and aquatic 
condition. The numbers of male and female pokea found in 
Langkumbe River were not significantly different although males 
were generally larger in number. This is not the case in several 
rivers in Southeast Sulawesi with high fishing pressure where 
immoderate or significant disproportionality was found between 
males and females, with the former dominating the latter as in 
Lasolo (Bahtiar, 2017) and Pohara (Bahtiar et al., 2021). Equal sex 
ratio of male and female clams was shown in studies by Mayor et 
al. (2016) and Layugan et al. (2013), Mya arenaria (Cross et al., 
2012), Cerastoderma glaucum (Tarnowska et al., 2012), Potomida 
littoralis (Şereflişan et al., 2013), Choromytilus chorus (Ruiz-
Velásquez et al., 2017), Megapitaria squalida (Álvarez-Dagnino et 
al., 2017), Mytella guyanensis (Camilo et al., 2017) and Donax 
trunculus (Hamdani et al., 2020). 

 

 
Figure 2. Sex ratio of pokea clams in Langkumbe River. 

 
Gonad Maturity Level (GML) and Gonadosomatic Index (GSI) 
The inactive phase of male and female clams occurred in 

February, followed by the early gonad development in March and 
continued to advance into the late phase in April. Furthermore, 

the gonad maturation and spawning took place over a long time, 
peaking in September and later in October. Lastly, the pokea 
shells experienced an inactive phase from November to January, 
although some were found to spawn continuously (Figure 3).  The 
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GSI of male and female pokea found during this study were 
relatively similar with values ranging from 36.47±16.79 and 
34.80±17.71 to 18.37±9.46 and 18.57±86, respectively. Changes 
in the GSI values of both sexes were simultaneous during the peak 
in August and declined sharply in October (Figure 4). The water 
quality at the sampling sites varied temporally in the course of this 
study. The TOM (total organic matter) measured was within the 
range of 0.67-9.62 mgL-1 which was higher at the beginning of this 
study and decreased from May to the end. Sediment organic 
matter (SOM) observed in the water samples ranged from 0.42-
4.51%. Similar to TOM, SOM was higher at the beginning, but 
decreased from June to September. Chlorophyll-a was measured 
at 0.42 to 2.93, which was relatively low in the middle of this study 
(August) and high at the beginning and end (Figure 5). The results 
showed that male and female pokea clams underwent a relatively 
synchronous process of gonadal maturation each month. The 
reproductive cycle was consistent with gonad development 
activity/process occurring in early February, peak reproduction in 
September, and long spawning in October-January. Moreover, 
local spawning was also found monthly in small proportions. The 
continuous reproductive cycle over a long period implies that 
pokea clams in the river observed had relatively high productivity. 
This was indicated by: 1) the large range in the GSI value observed 
suggesting that spawning occurred every month and its increase 
at certain times indicates a peak of maturity, while a drastic 
decline implies spawning (Şereflişan et al., 2013), 2) recruitment 
of the gonochorism phase found almost in the observation period 
suggests an early phase of the clam life cycle. The reproductive 
pattern of pokea clams in Langkumbe River was relatively the 
same as those found in Pohara (Bahtiar et al., 2021) and  Lasolo 
(Bahtiar, 2017). The clams experience gonadal development in 
February, peak maturity and spawning in July-October, while 
partial spawning every month was only found in one other place 
namely Pohara River. It is hypothesized that the differences in 
reproductive patterns among these rivers were due to the 
conditions of sufficient food supply in Langkumbe and Pohara 
Rivers, which allowed the clams to reproduce in the year (Bahtiar, 
2012). The gonad maturation in these rivers was relatively the 
same as several other shellfish in the tropical region with a long 

spawning period, specifically in the year, including Iphigenia 
brasiliana (Silva et al., 2013), Tagelus plebeuis (Ceuta & Boehs, 
2012), Mytella guyanensis (Camilo et al., 2017) and Geloina 
expansa (Bahtiar et al., 2023c). The spawning pattern observed in 
this study is commonly found in the tropics when the availability 
of food is sufficient, thereby providing prime environmental 
conditions for reproduction in the year (Bahtiar et al., 2023c; 
Boukadida et al., 2019). Furthermore, water quality and food 
availability play an important role in the early development of 
gonadal maturity as well as during peak spawning until the 
shellfish larvae are released (Álvarez-Dagnino et al., 2017; 
Boukadida et al., 2019). Improvements in water quality aspects 
such as the value of total organic matter and chlorophyll-a 
content were followed by gonad maturation and prominent 
release of larvae, specifically in February. Additionally, pokea 
clams had sufficient nutritional intake that increased energy 
reserves for the reproductive process. This condition was also 
observed in Pohara River which was adequately supplied with 
nutrients as marked by an increase in the amount of food due to 
the high value of sedimentary organic matter originating from the 
Aopa Swamp that entered during the rainy season, thereby 
promoting peak development and maturity (Bahtiar et al., 2021). 
It can be inferred that gonadal maturation and early spawning 
were triggered by an increase in the amount of organic matter as 
the food source of pokea clams. Food availability accompanied by 
gonadal development was also found in Gari elongate with gonad 
maturity taking place during the rainy season (Nabuab & Norte-
Campos, 2006). Similarly, food availability influences larvae 
spawning of Megapitaria squalida (Álvarez-Dagnino et al., 2017). 
Other environmental factors such as temperature and salinity 
also play major roles in gonad maturation and spawning (Hafsaoui 
et al., 2016; Hashizume et al., 2012; Khalil, 2013; Razek et al., 
2014). Differences in the development of early gonadal maturity 
and the end of spawning period, including the release of glochidia 
larvae in Pseudanodonta complanata were found to be affected 
by changes in temperature (Ram et al., 2012; Yanovych, 2015). 
This was similarly reported in Paphia malabarica with changes in 
salinity (Thomas, 2013). 
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Figure 3. Gonadal maturity level of pokea clams in Langkumbe River. Description: TA = Inactive Phase. 

 
Figure 4. Average GSI values of male and female pokea during this study. 
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Figure 5. Langkumbe River water quality over the study period. Descriptions: TOM = total organic matter, SOM = sedimentary organic 

matter.
 

 
Temporarily, the reproduction pattern of pokea clams observed 

was not significantly different from other shellfish. Maturity in 
both males and females in several shellfish developed almost 
proportionally with the tendency to experience multiple 
spawning or group synchronous spawner (Sousa et al., 2008). 
Gonadal maturity was observed in Mya arenaria before spawning 
occurred in March-October (Cross et al., 2012). Potomida littoralis 
initiates gonad maturity in January, with a peak in May and 
spawning occurring in June (Şereflişan et al., 2013). The 
development of Paphia malabarica entails gonad maturity in 
March, peak maturity in September-October, and partial 
spawning until February (Thomas, 2013). Anodontidae bivalves of 
the species Pseudanodonta complanata spawns in June-August 
(Yanovych, 2015) which is very different from Anodontites 
trapezoidal cultivated in ponds and produce eggs in the season 
(Silva-Souza & Guardia-Felipi, 2014).  Different cycles were 
demonstrated in freshwater clams such as Geloina erosa (Sarong 
et al., 2015) which showed non-concurrent spawning patterns at 
a specific time (asynchronous spawner). 

 
Size at First Gonad Maturity 
The non-linear regression analysis on the sigmoid pattern 

obtained P = 0.0001, which is α = 0.05, and a coefficient of 
determination (R2) in males and females ranging from 99.88-
99.96%. This means that the model established between gonad 
maturity and width of the pokea clams showed an appropriate 
relationship. The width of males with matured gonads was 
smaller than females at 1.4 cm and 2 cm, with a chance of gonad 
maturity amounting to 0.23% and 0.50%, respectively (Figure 6).  
Pokea clams experienced early gonadal maturation at a small size 
of 1.4-2 cm namely ±1/4 of the maximum length, with a quicker 
rate in males than females. Early gonad maturity was also found 
in Pohara (Bahtiar et al., 2021) and Lasolo (Bahtiar, 2017) rivers 
with values of 2.1-2.5 cm and 1.75-2.15 cm, respectively, all 

occurring at a small size. Other clams also exhibit early spawning 
at a small size including Paphia malabarica (1.5-2 cm) in Kerala and 
the West Coast of India (Thomas, 2013), and Cerastoderma 
glaucum (12-14 mm) on the coast of Tunisia (Derbali et al., 2009). 
In contrast, some species initiate gonad maturity at a size 
significantly larger than pokea clams such as Gari elongate and 
Geloina expansa with early maturation of male and female 
gonads at widths of 45.4 and 44.8 mm (Nabuab & Norte-Campos, 
2006) and 30-52 mm (Bahtiar et al., 2023c), respectively, as well 
as Anadara antiquata (Mzighani, 2005). Variations in the size of 
clams with mature gonads can occur within the same and 
different species (Darrigran et al., 1999). Additionally, those in the 
tropical region tend to have earlier gonad maturity than others in 
the subtropics with sizes reaching 60% (Sato, 1994) of their 
asymptotic length compared to the 30-35% of the clams in the 
tropics. Optimum temperature and availability of food in the year 
trigger clams to reach gonad maturity earlier (Galimany et al., 
2015). Alternatively, rapid maturity can also be caused by high 
environmental stress due to fishing activities. This condition is a 
manifestation of the strategy developed by living things to 
maintain the sustainability of their populations in nature.  Pokea 
clams in Langkumbe as well as other rivers (Lasolo and Pohara) in 
Southeast Sulawesi, where overexploitation along with low water 
quality and high TSS are present, also have the proclivity to adopt 
such strategy when the two conditions occur. A reproductive 
strategy namely r-type selection pattern can be developed by 
initiating gonad maturity at a smaller size with multiple 
reproduction over a year as prompted by the less stable and 
unfavorable water conditions to maintain population 
sustainability (Bone & Marshall, 1982). This study is limited 
because the main cause of early initiation of gonadal maturity is 
not known. The following factors assumed to cause this includes: 
1) adequate food availability, 2) fishing pressure or a combination 
of both, or 3) genetic tendency of pokea clams to have a small size 
when gonads mature. However, there are no previous studies 
that confirm these assumptions. 
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Figure 6. Size at first gonad maturity of male and female pokea. 
 

4. Conclusion 
Pokea clams in the Langkumbe river have high reproductive 

potential, namely: a balanced sex ratio. Although there is a 
tendency for certain sizes to be dominated by certain sexes, long 
spawning followed by partial spawning that occurs every time, 
small size at early gonad maturity, and water quality and food 
availability are sufficient to support reproduction in nature so that 
they can balance the fishing pressure that occurred. 
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Assessing Bacterial Communities in Bulk Soil and Rhizosphere Associated with NPK 
Fertilizer in Oil Palm Seedlings via Amplicon Sequencing  
Mohd Khairil Radzali1a, Amalia Mohd Hashim2ab, Ho Li Sim3c, Joyce Ding Yoon Mei4c, Julia Ibrahim5c, Miratul Hada Mohd Ali6a, 
Mohd Termizi Yusof7a, Noor Azizah Musa8c, Nuha Hassim9c and Wan Zuhainis Saad10a*  

 
 

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 

Authors information: 
aDepartment of Microbiology, Faculty of Biotechnology and 
Biomolecular Sciences, Universiti Putra Malaysia, 43400, 
Serdang, Selangor, MALAYSIA. Email: 
gs50774@student.upm.edu.my1; amalia@upm.edu.my2; 
miratulali@gmail.com6; mohdtermizi@upm.edu.my7; 
zuhainis@upm.edu.my10 

bHalal Produt Research Institute, Universiti Putra Malaysia, 
43400, Serdang, Selangor, MALAYSIA. E-mail: 
amalia@upm.edu.my2 
cSD Guthrie Technology Centre Sdn. Bhd., UPM-MTDC 
Technology Centre III Malaysia, Lebuh Silikon, Putra Square, 
43400 Serdang, Selangor, MALAYSIA. Email: 
ho.li.sim@simedarbyplantation.com3; 
joyce.ding.yoonmei@simedarbyplantation.com4; 
julia.ibrahim@simedarbyplantation.com5; 
noor.azizah.musa@simedarbyplantation.com8; 
nuha.hassim@simedarbyplantation.com9 

*Corresponding Author: zuhainis@upm.edu.my 

 
 

Received: June 8, 2023 
Accepted: June 20, 2024 
Published: June 30, 2025 
 

 
 

https://mjs.um.edu.my/


 

19 
 
 

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) 

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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(A) 

 

(B) 

 
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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(A) 

 

(B) 

 
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 
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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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The Potential of the Spatholobus littoralis Hassk Plant as an Antioxidant and Prediction 
of the Mechanism of Activity Against ROS1 Kinase Receptor in Silico  
Sri Atun1a*, Nurfina Aznam2a, Rasningtyaswati3a, Putri Verdiana Dwi Cahyani4a, Lusiana Qotimatul Izah5a, Wiwid Deswantari Danarjati6a and 
Adity Sangal7b  
 

 

Abstract: Various phenolic compounds that exhibit antioxidant, anticancer, and anti-inflammatory activities are found in Spatholobus. 
Therefore, this study aimed to determine the antioxidant potential of Spatholobus littoralis wood in vitro and predict the mechanism of 
its activity against the ROS1 kinase receptor in silico. The ground-dried wood of S. littoralis was extracted with ethanol via maceration. 
The analysis of the total phenolic content (TPC) of extracts and fractions obtained from S. littoralis wood was determined by the Folin-
Ciocalteu reagent. Similarly, the antioxidant activity was determined by the DPPH (2,2-diphenyl-1-picrylhydrazyl) and FRAP (The ferric 
reducing antioxidant power) method. The human ROS1 kinase enzyme (4UXL and 3ZBF) was used to determine the molecular mechanism 
of the interaction from the genus Spatholobus in silico. The total ethanol extract, chloroform, and ethyl acetate fraction of S. littoralis 
showed a high content of phenolic compounds and antioxidant activity. Phenolic compounds in plants of the genus Spatholubus also 
showed good activity against ROS1 kinase receptors (3ZBF and 4UXL). In conclusion, the S. littoralis plant has the potential to be developed 
for the discovery of new drugs. 
 
Keywords: Spatholobus littoralis Hassk, antioxidant, ROS1 kinase receptors, In silico. 

 
1. Introduction 

Spatholobus littoralis Hassk, known locally as Bajakah Tempala, 
is a plant that climbs on wood trees from the Phaseoleae tribe. 
This genus was discovered in 1842 by a German botanist and had 
28 species that grow in the tropical forests of Indonesia (Ridder-
Numan & Wiriadinata, 1985). Ethnopharmacologically, bajakah 
wood is used in traditional medicine in Kalimantan (Istiqomah & 
Safitri, 2021). Several studies have shown the pharmacological 
activities, such as anticancer (Aliviyanti et al., 2021), anti-
inflammatory (Nastiti & Nugraha, 2022), antidiabetic (Arysanti et 
al., 2022) antioxidant (Fitriani et al., 2020; Iskandar et al., 2022), 
and antihepatotoxic (Adhityasmara & Ramonah, 2022). 
Furthermore, the chemical content of this genus Spatholobus 
generally contains flavonoids and tannins (Fitriani et al., 2020), 
phenolics (Iskandar et al., 2022), and steroids (Astuti et al., 2014). 
A previous study reported that the flavonoid compounds 
contained in Spatholobus suberectus included flavones, 
flavanones, chalcones, isoflavanes, and isoflavones (Liu et al., 
2018; Peng et al., 2019). Some of these flavonoid compounds 
contain anti-inflammatory and inhibitory tyrosinase activity (Liu 
et al., 2018) and are cytotoxic against breast cancer cell lines 
(Peng et al., 2019), antioxidant and anticancer (Li et al., 2015). In 

silico studies on several compounds from the Spatholobus also 
showed anticancer (Tejasari et al., 2022) and anti-psoriasis 
(Prasetyorini et al., 2022) activity.  

The search for new drugs from natural ingredients is not only 
based on empirical data but also computational methods to 
predict the pharmacokinetic and toxicological properties through 
an in silico study. This method is also beneficial to understanding 
the interaction between compounds and molecular targets and 
facilitates the testing of all interactions experimentally (Fang et 
al., 2018). The strength of the binding affinity can be determined 
by the Gibbs free energy value (∆G kcal/mol) (Bajorath, 2015). 
Gibbs free energy minimizes the thermodynamic potential when 
a system reaches equilibrium at constant pressure and 
temperature. Furthermore, Gibbs energy value shows the 
spontaneity of a molecule or compound to bind to a receptor or 
target protein. A value of less than zero (0) shows that the bond 
between the compound and the target protein occurs 
spontaneously (Hill & Reilly, 2008).  

Many studies are currently using ROS1 kinase as a target for new 
drug discovery. ROS1 kinase plays an essential role in several 
cellular processes, such as apoptosis, survival, cell migration, and 
transformation in various malignancies, including colorectal 
cancer, inflammatory myofibroblast tumors, ovarian cancer, and 
lung cancer cells (Vanajothi et al., 2022). The human ROS1 kinase 
receptors used were PDB 4UXL and 3ZBF. This study was 
conducted to determine the total phenolic content of extracts 
and wood fractions of S. littoralis plant stems and test the activity 
as antioxidants using the DPPH (1,1-diphenyl-2-picrylhydrazine) 
and the FRAP (The ferric reducing antioxidant power) methods. 
The mechanism activity against ROS1 receptor kinase in silico was 
also predicted. 
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2. Method   
Apparatus and Reagent 
Glassware, analytical balance, evaporator Buchi Rotavapor R-

114, and UV-Vis spectrophotometer were commonly used in this 
work. Powder and dryed of S. littoralis, ethanol, ascorbic acid, 
chloroform, n-hexan, ethyl acetic, aquadest, 1,1-diphenyl-2-
picrylhydrazyl (DPPH, Aldrich), and gallic acid, were purchased 
and used without further purification. A hardware computer with 
Intel Xeon CPU specifications, 32 Gb RAM, 10 cores, and 500 Gb 
SSD was used. The software used AutoDock Tools 1.5.7, Pymol, 
Avogadro 2.0, LigPlot+2.2.8, and GIMP 2.0. 

 
Preparation Extract and Fraction of S. littoralis 
The wood of S. littoralis was obtained from the Pontianak, 

Indonesia market. The Faculty of Biology of Gadjah Mada 
University, Indonesia staff identified the plant, which confirmed 
that it is Spatholobus littoralis Hassk. The milled dried steam of S. 
littoralis (3 kg) was extracted exhaustively with ethanol by 
maceration for 24 hours. The extract was fractionated using 
solvents with increasing polarity, starting from n-hexane, 
chloroform, and ethyl acetate (Abubakar & Haque, 2020). 

 
Phytochemical Screening 
Phytochemical qualitative analysis of extracts and fractions 

obtained from the wood of the S. littoralis plant was carried out 
using reagents for the terpenoid, alkaloid, phenolic, and saponin 
tests. Terpenoid and steroid tests were carried out with the 
Salkowski reagent. Meanwhile, alkaloid, phenolic, and foam tests 
were carried out with Wagner reagent, iron (III) chloride, and 
saponins, respectively (Harborne, 1998). 

 
Analysis of Total Phenolic Content (TPC) 
Analysis of the TPC of extracts and fractions from S. littoralis 

wood was determined using the Folin-Ciocalteu procedure 
(Hagerman et al., 2000). The sample was reacted with Folin-
Ciocalteu reagent and sodium carbonate solution. The tube was 
vortexed and heated at 50oC for 10 minutes, and the absorbance 
of the resulting blue mixture was recorded at 725 nm against a 
blank containing only solvent. Each sample and blank were 
replicated three times (n=3). Gallic acid was dissolved in ethanol 
at various concentrations, and absorbance was measured at the 
same wavelength. TPC was calculated as gallic acid equivalent 
(GAE) from a calibration curve of the relationship between 
absorbance and concentration. 

 
Determination of Antioxidant Activity Using the DPPH Method 
The antioxidant activity of each extract and wood fraction of S. 

littoralis was determined using the DPPH (2,2-diphenyl-1-
picrylhydrazyl) method (Atun et al., 2018). In this method, DPPH 
is the source of free radicals and each sample was dissolved in 
ethanol at various concentrations. Each solution was then added 
with DPPH reagent and stored in a dark place at room 
temperature for 30 minutes. Three replications (n=3) of the data 
were collected for the absorbance which was measured at a 
wavelength of 516 nm using a spectrophotometer. Antioxidant 

activity was calculated as the percentage of DPPH that decreased 
compared to the control. In this study, antioxidant activity was 
expressed as IC50. 

 
Determination of Antioxidant Activity using FRAP (The Ferric 
Reducing Antioxidant Power) 
The FRAP test was based on the ability to reduce yellow iron 

(containing Fe3+) to blue iron complexes (containing Fe2+) due to 
its reaction with electron-donating antioxidants in an acidic 
medium. The antioxidant test method with FRAP free radicals 
used is a modification of the procedure reported by Kumar (2012). 
The sample was dissolved in ethanol at a certain concentration, 
then 1 mL was taken, 1 mL of 0.2 M phosphate buffer (pH 6.6), 
and 1 mL of 1% K3Fe(CN)6 were added, then incubated for 20 
minutes at 50° C. Furthermore, 1 mL of TCA was added after 
incubation and centrifuged at 3000 rpm for 10 minutes. After 
centrifugation, pipette 1 mL of the top layer into a test tube, and 
add 1 mL of distilled water and 0.5 mL of 0.1% FeCl3. The solution 
was left for 10 minutes and the absorbance was measured at 720 
nm. A mixture of solutions without samples was used as a blank. 
Calibration curves were prepared using ascorbic acid solutions 
with various concentrations. FRAP values were expressed in mg 
ascorbic acid equivalent/g sample. 

 
Prediction of the Mechanism of Activity Against ROS1 Kinase 
Receptors in Silico 
Phenolic compounds from plants of the genus Spathollobus 

were obtained from data on the KNApSAcK website 
(http://www.knapsackfamily.com/knapsack_core/top.php) and 
information on the composition of flavonoid compounds from the 
S. littoralis plant (Sianipar et al., 2023). However, only 14 phenolic 
compounds most commonly found in the Spathollobus were 
selected, namely dihydroquercetin, butin, (-)-epicatechin, 
eriodictyol, liquiritigenin, prunasin, afromosin, cajanin, 
formononetin, 3',4',7-trihydroxyflavone, licochalcone A, (+)-
dihydrokaempferol, plathymenin, and 6-methoxyeriodictyol. The 
3D structure was obtained from PubChem 
(https://pubchem.ncbi.nlm.nih.gov/) and stabilized using 
Avogadro 2.0. Subsequently, the 3D structure of each compound 
was created in a pdb file using the Pymol software and converted 
into a pdbqt file using AutodockTools1.5.7 software. 

The human ROS1 kinase enzyme protein structures (PDB IDs: 
4UXL and 3ZBF) were retrieved from the Protein Data Bank 
(www.pdb.org) to predict the molecular interaction mechanisms 
between phenolic compounds from the genus Spatholobus in 
silico. Proteins were separated from solvents and ligands or 
residues using Pymol software and saved in the pdb extension. 
The docking process was carried out using AutoDockTools-1.5.7 
software. Re-docking between receptors and natural ligands was 
carried out on a grid box, which can produce an RMSD (Root Mean 
Square Deviation) value < 2 Å, suggesting that the method used is 
valid (Balgaria et al, 2016). The binding energy was determined by 
the Gibbs free energy value (∆G kcal/mol) (Bajorath, 2015). A 
Gibbs free energy value of less than zero (0) shows that the bond 
between the ligand and the target protein occurs spontaneously 
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and is stable (Hill & Reilly, 2008). Furthermore, the binding energy 
(∆G kcal/mol) of each ligand is compared with the native ligand 
and positive control (ascorbic acid). LigPlot+ 2.2.8 software was 
used to determine the interaction between the ligand and 
receptor. The result was visualized using the GIMP 2.0 software 
and saved in jpg format (Forli et al, 2016).  

 
3. Results and Discussion  

Several studies reported that the wood or roots of plants from 
species of the genus Spathollobus contain high levels of phenolic 
compounds and antioxidant activity (Fitriani et al., 2020; Iskandar 
et al., 2022). This study used samples of S. littoralis wood obtained 
from traditional markets in Pontianak, Kalimantan, Indonesia. A 
total of 3 kg of S. littoralis plant wood was dried and ground. Dry 
wood powder was extracted by maceration using technical 
ethanol (95%). The extract was concentrated (around 420 g) and 
fractionated using successive solvents n-hexane, chloroform, and 
ethyl acetate. After being concentrated, the results of extraction 
and fractionation resulted in the n-hexane fraction (13.63 g), 
chloroform (104.26 g), ethyl acetate (153.57 g), and 65 g of 
ethanol extract residue. Each extract and fraction were subjected 
to phytochemical tests, phenolic content analysis, and antioxidant 
activity using the DPPH and FRAP methods. Phytochemical test 
data shows that each S. littoralis wood extract and fraction 
contains phenolic compounds, flavonoids, and triterpenoids, 
except for the n-hexane fraction, which shows negative results for 
phenolic compounds and flavonoids. 

Quantitative analysis of TPC using a spectrophotometer 
followed the Folin-Ciocalteu method (Hagerman et al., 2000). The 
sample was reacted with Folin-Ciocalteau reagent, and sodium 
carbonate was heated at 50oC for 10 minutes. The absorbance of 
each sample was measured using a spectrophotometer at a 

wavelength of 760 nm. Gallic acid was used as a standard for 
phenolic compounds. The calibration curve results obtained have 
a linear regression equation y = 0.0043x + 0.0339, with an R² value 
of 0.993. The TPC of each sample was expressed in mg Gallic Acid 
Equivalents (GAE) per gram sample. 

Inhibitory activity (%I) was calculated as the percentage 
decrease in absorbance of the sample solution compared to the 
DPPH solution without a sample. The inhibitory activity obtained 
from each sample concentration was represented in a graph, and 
the regression equation was used to calculate the antioxidant 
activity, expressed as IC50 (inhibitory activity at a concentration of 
50%). Antioxidant activity was measured using the FRAP method 
with ascorbic acid solution as a standard. The purpose of adding 
TCA is for the potassium ferrocyanide complex to precipitate. The 
addition of FeCl3 also aimed to form a green to blue complex 
(Berlin blue). Antioxidant ability was measured by the ability of a 
sample to convert Fe3+ to Fe2+. The FRAP value was expressed in 
mg ascorbic acid equivalent/g extract (Kumar, 2012). Table 1 
shows the analysis results of each extract's TPC and antioxidant 
activity of S. littoralis. 

The results of the analysis of TPC expressed as Gallic Acid 
Equivalent (mg/g sample GAE) showed that the ethyl acetate 
fraction had the highest content. The ethanol extract also showed 
a high content of phenolic compounds. Due to the mixture of 
ethanol extract with non-phenolic compounds, the TPC was lower 
than ethyl acetate. Phenolic compounds generally dissolve in 
relatively polar and semi-polar solvents. The high content of 
phenolic compounds is closely related to antioxidant activity. 
Antioxidant potential is usually associated with the molecular 
structure of phenolic compounds due to the presence of a 
conjugated π electron system that facilitates the donation of 
electrons from the hydroxyl group to radical oxidation. 

 
Table 1. Total phenolic content (TPC) and antioxidant activity of each extract and fraction of S. littoralis 

 
The antioxidant activity test using the DPPH method was based 

on the radical capture reaction formed by releasing hydrogen 
radicals from phenolic compounds, which will produce DPPH-H 
molecules in non-radical form (Molyneux, 2003). Total ethanol 
extract, chloroform fraction, and ethyl acetate fraction from S. 
littoralis wood showed IC50 values below 10 µg/mL, suggesting a 
very high activity. Ascorbic acid, a widely utilized natural 
antioxidant in various food, pharmaceutical, and cosmetic 
products, was employed as a positive control. The results of the 
analysis are consistent with the report of previous studies that 
plants from the genus Spatholobus are rich in phenolic 
compounds, such as isoflavones, flavanones, flavans, isoflavanols, 
chalcones, lignans, and others (Huang et al., 2023; Nguyen-Ngoc 

et al., 2022). The occurrence of cell damage in organisms due to 
free radicals requires chemical compounds that function as 
antioxidants in the body. Phenolic compounds from plants 
generally have strong antioxidant properties and a natural effect 
in preventing various diseases related to oxidative stress, such as 
cancer (Dai & Mumper, 2010). Furthermore, the antioxidant 
activity capacity using the FRAP method was based on the ability 
of the compounds to reduce Fe3+ ions to Fe2+. The antioxidant 
capacity was calculated from a linear calibration curve and 
expressed as ascorbic acid equivalent per gram of sample. A 
weakness of the FRAP method is that not all Fe3+ reductants are 
antioxidants, and some are not able to reduce Fe3+ (Hidalgo, 
2017). However, the results of this study showed that the data are 

No Sample extract and fraction 
wood of S. littoralis 

TPC (mg/g sample 
GAE) 

Antioxidant activity test against 
DPPH ( IC50 (µg/mL) 

Antioxidant activity using FRAP (mg 
Ascorbic Acid Equivalent/g sample) 

1 Total ethanol extract 545.10 ± 9.81 2.12 ± 0.51 313.25 ± 8.83 
2 n-Hexane fraction 78.88 ± 1.31 173.47 ± 14.06 6.54 ± 1.80 
3 Chloroform fraction 308.67 ± 2.52 1.46 ± 0.98 126.53 ± 19.16 
4 Ethyl acetate fraction 909.91 ± 1.00 2.61 ± 0.31 740.24 ± 13.24 
5 Ascorbic acid (Positive control)  1.45 ± 0.02 - 



 

45 
 

Regular Issue Malaysian Journal of Science 

DOI:https//doi.org/10.22452/mjs.vol44no2.4 
Malaysian Journal of Science 44(2): 42-51 (June 2025) 

similar. The total ethanol extract, chloroform fraction, and ethyl 
acetate fraction of S. littoralis showed excellent antioxidant 
activity, while the n-hexane fraction was weak. This is related to 
the phenolic compound content of each fraction. 

Molecular mechanism of interaction from the genus 
Spatholobus on the ROS1 kinase receptor in silico using PDB code 
proteins include 3ZBF and 4UXL, downloaded from Protein Data 
Bank (www.pdb.org). Validation of the redocking method for the 
3ZBF receptor produced a grid box with center x: 42.521; y: 
19.649; z: 3.987, with box size x=y =z =30 Å, with an RMSD (root-
mean-square deviation) value of 0.687 Å. The 4UXL receptor 
produced a grid box with center x: 42.587; y: -19.777; z: -5.719, 
with box size x=y =z =30 Å, and an RMSD value of 0.143 Å. This 
value meets the valid criteria for a docking method because the 
RMSD is <2 Å. Table 2 shows the results of the docking analysis of 
14 phenols, redocking of native ligand, and positive control 
(ascorbic acid) against the 3ZBF receptor, while the 4UXL receptor 
is in Table 3. The data include binding energy (ΔG kcal/mol), 
hydrogen bonds, and hydrophobic interactions.  

Information obtained from molecular docking includes binding 
energy and interaction of the ligand with amino acid residues of 
the receptor (Du, X, 2016). The binding energy between the ligand 
and receptor was expressed in Gibbs free energy (ΔG kcal/mol). 
The result of redocking between the 3ZBF receptor and the native 
ligand VGH {(3-[(1R)-1-(2,6-dichloro-3-fluorophenyl)ethoxy]-5-(1-
piperidin-4-yl-1H-pyrazol-4- yl) pyridine-2-amine)} shows the 
minor binding energy (-10,590 kcal/mol), which is the most stable. 
Among the 14 phenolic compounds that showed the highest 
activity, licochalcone-A had the most binding energy of -8.823 
kcal/mol. This compound also showed a higher binding energy 
than ascorbic acid which had a binding energy of -5.028 kcal/mol. 

Results from redocking of 4UXL receptor and native ligand 5P8 
{(10R)-7-amino-12-fluoro-2,10,16-trimethyl-15-oxo-10,15,16,17-
tetrahydro-2H-8,4-(methanol)-pyra-zolo[4,3-h]-[2,5,11] 
benzoxadiazacyclotetradecine-3-carbonitrile)} shows an energy 
affinity of -11,400 kcal/mol. This implies that the native binding of 
the ligand to the 4UXL receptor is relatively stable. The most 
stable energy affinity of the 14 phenolic compounds tested was 
licochalcone-A at -9,384 kcal/mol. The antioxidant activity test 
with the DPPH ascorbic acid reagent had the highest antioxidant 
activity. However, analysis using the docking method with 3ZBF 
and 4UXL receptors showed a lower binding energy compared to 
the phenolic compounds tested from Spatholobus. This result 
shows that the bond between ascorbic acid and the 3ZBF and 
4UXL receptors is due to the relatively small size compared to 
other phenolic compounds. Licochalcone A, is a phenolic 
compound that has activity as an antibacterial (Tsukiyama et al, 
2022), antioxidant, and anti-aging (Ara et al, 2023). The 
compound also showed anti-inflammatory activity through 
inhibition of COX-2 synthesis (Cui et al, 2007). 

Various factors influence the binding energy between the ligand 
and the receptor, including electrostatic interactions, Van der 
Walls forces, hydrophobic bond interactions, hydrogen bonds, 
and flexibility of the receptor structure. However, the data 
obtained showed that the greater the number of hydrogen bonds 
and hydrophobic interactions formed between the ligand and 
receptor, the stronger the bond (Du et al., 2016). Observation of 
hydrophobic interaction data between the ligand and the 3ZBF 
and 4UXL receptors (Tables 2 and 3) showed that the amino acid 
residue often present in the interaction was Leu 2026, Leu 2028, 
and Leu 2086. 
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Table 2. The Binding Energy of the Ligands, as Well as Their Interaction with the Amino Acid Residues of the Human ROS1 Kinase Receptor 
3ZBF 

No Ligands/ Compound 
Binding Energy 
(kcal/mol) 

Hydrogen bond Hydrophobic interaction  

1 VGH (Native ligand) -10.590 Glu2027 
 

Leu2026, Val1959, Leu2028, Met2029, 
Ala1978, Gly2032, Leu1951, Leu2086, 
Leu2010, Arg2083, Lys1980 

2 Ascorbic acid (positive 
control) 

-5.028 Met2029 
 

Leu1951, Leu2028, Leu2086, Leu2026, 
Ala1978, Val1959 

3 Licochalcone-A -8.823 Glu1961 
 

Leu2026, Leu2086, Leu2010, Ala1978, 
Met2029, Glu2027, Glu2030, Gly2032, 
Leu2028, Leu1951, Val1959 

4 Cajanin -8.559 Lys1980; Met2029  
 

Leu2026, Leu2086, Ala1978, Leu2028, 
Gly2032, Glu2030, Leu1951, Val1959, 
Gly2101, Asp2102 

5 6-Methoxyeriodictyol -8.244 Met2029; Gly2101 
 

Leu2026, Leu2086, Glu2030, Gly2032, 
Leu1951, Val1959, Asp2102, Leu2010 

6 Eriodictyol -8.105 Met2029; Lys1980 
Asp2102 

Leu2086, Leu2028, Gly2032, Leu1951, 
Val1959 

7 Dihydroquercetin -8.036 Met2029; Asp2033 
 

Leu1951, Gly2032, Val1959, Leu2086, 
Leu2026, Ala1978 

8 Dihydrokaempferol -8.007 Asp2102; Met2029 
Lys1980 

Leu2028, Ala1978, Leu1951, Gly2032, 
Leu2086, Val1959 

9 Plathymenin -7.928 Lys1980; Met2029 
Asp2102 

Val1959, Leu1951, Gly2032, Ala1978, 
Leu2028, Leu2086 

10 Liquiritigenin -7.924 Lys1980; Met2029 
Asp2102 

Leu2086, Leu2028, Ala1978, Leu1951, 
Gly2032, Val1959 

11 Epicatechin -7.870 Asp2102; Lys1980 
Met2029 

Val1959, Leu1952, Gly2032, Ala1978, 
Gly2101, Leu2086 

12 3’, 4’, 7’-trihidroxyflavone -7.779 Asp2102; Lys1980 
Met2029 

Leu2086, Ala1978, Gly2032, Leu1951, 
Leu2028, Leu2026 

13 Butin -7.760 Asp2102; Met2029 
Lys1980 

Leu2086, Leu2028, Ala1978, Gly2032, 
Leu1951, Val1959 

14 Formononetin -7.540 - Gly2101, Leu2026, Leu2086, Ala1978, 
Met2029, Leu2028, Gly2032, Leu1951, 
Val1959, Lys1980, Asp2102  

15 Prunasin -7.356 Met2029; Glu2027 Ala1978, Arg2083, Asp2102, Asn2084, 
Gly2101, Leu2026, Lys1980, Leu2086, 
Leu2028, Gly2032, Leu1951 

16 Afrormosin -7.171 Lys1980 
 

Leu2010, Gly2101, Leu2086, Asp2033, 
Gly2032, Leu1951, Met2029, Val1959, 
Leu2026 
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Table 3. The Binding Energy of the Ligands, as Well as Their Interaction with the Amino Acid Residues of the Human ROS1 Kinase Receptor 
4UXL 

No Ligands/ Compound 
Binding 
Energy 
(kcal/mol) 

Hydrogen bond Hydrophobic interaction  

1 5P8 (native ligan) -11.400 Met2029; Glu2027 
 

Glu2030, Ala1978, Leu2026, Leu2010, 
Leu2086, Gly2101, Arg2083, Val1959, 
Gly2032, Leu1951, Leu2028 

2 Ascorbic acid (positive control) -5.244 Leu2028; Lys1976 
Ser2088; Glu2030  

Glu2027 

3 Licochalcone-A -9.384 Glu1961 
 

Glu2030, Met2029, Leu2028, Ala1978, 
Glu2027, Leu2086, Leu2010, Leu2026, 
Val1959, Gly1952, Leu1951, Gly2032 

4 Eriodictyol -9.116 Lys1980; Leu1951 
Met2029; Asp2102 

Val1959, Gly2101, Leu2028, Leu2086 

5 Plathymenin -9.080 Asp2102; Met2029 
Lys1980 

Leu2086, Gly2101, Ala1978, Leu2028, 
Leu1951, Val1959 

6 Dihydrokaempferol -9.060 Lys1980; Met2029 
 

Gly2101, Leu2026, Val1959, Leu1951, 
Leu2028, Ala1978, Leu2086 

7 6-methoxyeriodictyol -8.996 Gly2101; Leu1951 
Met2029 

Asp2102, Val1959, Gly2032, Glu2030, 
Leu2086, Leu2026 

8 Liquiritigenin -8.961 Lys1980; Met2029 
Asp2102 

Leu1951, Ala1978, Leu2028, Leu2086, 
Gly2101 

9 Dihydroquercetin -8.912 Gly2101; Met2029 
Leu1951 

Asp2102, Leu2086, Gly2032, Glu2030, 
Val1959, Leu2026 

10 Butin -8.908 Lys1980; Met2029 
Asp2102 

Val1959, Leu1951, Leu2028, Ala1978, 
Leu2086, Gly2101 

11 Cajanin  -8.745 Lys1980; Asp2102 Val1959, Leu1951, Met2029, Leu2086, 
Gly2101 

12 3’-4’-7’-Trihidroxyflavone -8.608 Met2029; Lys1980 Leu2026, Gly2032, Leu1951, Leu2086, 
Leu2028, Ala1978 

13 Epicatechin -8.587 Leu1951; Met2029 
Lys1980 

Gly2101, Asp2102, Val1959, Gly2032, 
Glu2030, Leu2028, Ala1978, Leu2086 

14 Formononetin -8.250 Lys1980 
 

Asp2102, Leu2026, Gly2101, Leu1951, 
Leu2028, Gly2032, Glu2030, Met2029, 
Leu2086, Val1959 

15 Afrormosin -7.962 - Leu2086, Leu1951, Met2029, Glu2030, 
Val1959, Gly1954 

16 Prunasin -7.624 Met2029; Glu2027 
 

Arg2083, Lys1980, Leu1951, Gly2032, 
Leu2028, Leu2086, Ala1978, Val1959, 
Leu2026 

Phenolic compounds in plants of the Spatholobus genus 
generally have phenol groups, which allows for interaction with 
amino acids through hydrogen bonds and hydrophobic 
interactions. Figure 1 shows the visualization of the interaction of 
licochalcon-A against the 3ZBF receptor. Meanwhile, Figure 2 
shows the visualization of the interaction of licochalcon-A against 
receptor 4UXL. Hydrogen bonds are between molecules with a 
hydrogen atom bonded to an atom with high electronegativity. 

The partial positive charge in hydrogen bonds comes from the H 
atom of the ligand. However, the partial negative charge results 
from from highly electronegative atoms, such as oxygen, 
nitrogen, flour, and sulfur in the amino acid residues of the 
receptor. Hydrophobic interactions occur between non-polar 
groups and enhance protein stability by increasing the entropy of 
water molecules. 
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Figure 1. Visualization of interactions between licochalcone-A against receptor 3ZBF (Hydrogen bonds on the green line and hydrophobic 

interactions on the red line) 
 

Figure 2. Visualization of interactions between licochalcone-A against receptor 4UXL (Hydrogen bonds on the green line and hydrophobic 
interactions on the red line) 

 
Several plants of the genus Spatholobus have been widely used 

as part of crucial traditional medicine. For example, Spatholobus 
suberectus grape stems are an essential medicinal ingredient in 
traditional Chinese, Vietnamese, and Korean medicine (Huang et 
al., 2023; Nguyen-Ngoc et al., 2022). The plant was used to treat 
blood disorders, such as anemia, menstrual irregularities, and 

rheumatic diseases. Similarly, the wood of the Spatholobus 
littoralis plant was widely used in traditional medicine in 
Kalimantan, Indonesia. The main compounds found in plants of 
the genus Spatholobus are from the phenolic group, especially 
flavonoids. The results of this study are consistent with previous 
reports regarding the content of phenolic compounds and 
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antioxidant activity in plants of the genus Spatholobus. Proof 
through molecular docking using ROS1 kinase receptors (3ZBL and 
4UXL) showed that there are hydrogen bonds and hydrophobic 
interactions, and some compounds have relatively small energy 
affinities, despite being relatively more extensive when compared 
to the native ligands. 

ROS1 is a receptor tyrosine kinase that has been shown to 
undergo genetic rearrangement in various types of human cancer, 
including glioblastoma, non-small cell lung cancer (NSCLC), 
ovarian cancer, and others. This rearrangement can produce 
fusion proteins, thereby promoting cell proliferation (Davies & 
Doebele, 2013). Previous studies showed that ROS1 played a 
significant role in several cellular processes, such as apoptosis, 
survival, cell migration, and transformation in various 
malignancies including colorectal, ovarian, and NSCLC, as well as 
inflammatory myofibroblast tumors. Therefore, ROS1 has 
become a potential drug target. Several studies showed a 
relationship between compounds that act as antioxidants and 
have anticancer activity (Grigalius & Petrikaite, 2017; Milella et 
al., 2023). Several compounds found in plants of the genus 
Spatholobus show antioxidant and anticancer activity (Huang et 
al., 2023; Li et al., 2015; Nguyen-Ngoc et al., 2022) 

 

4. Conclusion  
In conclusion, S. littoralis was a medicinal plant widely used in 

traditional medicine in Kalimantan, Indonesia, containing 
phenolic compounds and high levels of antioxidant activity. 
Phenolic compounds in plants of the genus Spatholubus also 
showed high binding energy to ROS1 kinase receptors (3ZBF and 
4UXL). Observation of hydrophobic interaction data between the 
ligand and the 3ZBF and 4UXL receptors showed that the amino 
acid residues frequently included in the interaction were 
Leu2026, Leu2028, and Leu2086. 
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Bogdanov-Takens Bifurcation in SIRI Model with Multiple Reinfection of COVID-19  
Livia Owen1  
 

 

Abstract: In the presence of cases of COVID-19 reinfection, we propose a SIRI (Susceptible-Infected-Recovery-Infected) spread model of 
two COVID-19 variants. This model considers the possibility of individuals becoming reinfected with the same or different variants, 
although the risk of reinfection with the same variant remains lower due to natural immunity from previous infections. Besides analyzing 
the stability of equilibrium points, we focus on codimension-one bifurcations. Our initial numerical simulations used parameters obtained 
from real data collected through a British government survey. Our analysis revealed unstable disease-free equilibria and stable endemic 
equilibria. By varying the Case Fatality Rate parameter, we identified all codimension-one bifurcations. To further investigate the model's 
dynamics, we introduced a new parameter, the reinfection rate, and utilized AUTO software. Our research led to the discovery of 
codimension-two bifurcations, specifically the Bogdanov-Takens bifurcation. We identified the parameter domain where a stable limit 
cycle and homoclinic orbit occur in the presence of the Bogdanov-Takens bifurcation. We also simulated parameter variations that could 
trigger a pandemic resurgence. This highlights the possibility of emerging variants causing a pandemic return. 
 
Keywords: SIRI, reinfection, COVID-19, codimension one bifurcation, Bogdanov-Takens bifurcation. 

 
1. Introduction 

Since December 2019, the Coronavirus Disease 2019, commonly known as COVID-19, has been spreading and affecting the world. The origin 
of COVID-19 is believed to be in a seafood market in Wuhan, China. The World Health Organization (WHO) declared COVID-19 a pandemic 
on March 11, 2020, and there have been over 770 million reported cases of COVID-19, resulting in over 6.9 million deaths (WHO, 2023). 
Recently, in August 2023, there were reports of over 1.4 million new COVID-19 cases and 1,800 fatalities. The four major variants of COVID-
19 are Alpha, Beta, Delta, and Omicron. Omicron has subvariants such as XBB and Eris, which are still considered "Variants of Interest" 
because of their high transmission potential. The WHO designates these variants as VOI to monitor their spread. A new highly mutated 
variant named Pirola has been detected in the UK (Yale, 2023).  

During the Omicron wave, there have been instances of reinfection with the same or different variants. Individuals can contract COVID-19 
multiple times (Pinto et al., 2021; WHO, 2023). COVID-19 sequences by variant and subvariant of Omicron in each country can be viewed on 
(Our World in Data, 2023). On average, there are two predominant variants of the epidemic during a given interval, as shown in Figure 1. For 
example, as of April 12, 2021, the two prevalent varieties were the Alpha and Beta variants. One month later, the two prevalent varieties 
were the Alpha and Delta variants. On December 20, 2021, the two dominant variants were the Delta and Omicron (BA.1) variants. Currently, 
two subvariants of Omicron are predominant.  
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Figure 1. COVID-19 sequences by variant from June 7 in Australia, China, UK, United States, June 7, 2021 until April 26, 2023 (Our World in 
Data, 2023). 
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The complexity of COVID-19's spread is compounded by the 
possibility of reinfection with the same or different virus variants. 
To gain deeper insight into disease spread under these 
circumstances, we propose a SIRI (Susceptible-Infected-Recovery-
Infected) model for two COVID-19 variants. Previous SIRI spread 
model research appears in studies on TBC and herpes disease 
spread models (Sharma et al., 2017), SIRI diffusion models (Yang, 
2019; Duan, 2021), and vaccination strategies (Martins & Pinto, 
2017). Recent SIRI model research on COVID-19 spread is detailed 
in (Nurjanah, 2022), while the discrete model appears in 
(McMahon & Robb, 2020). Studies by (Wangari, 2021) and 
(Salman, 2021) examined COVID-19 reinfection using data from 
Kenya and Malaysia, respectively. Reinfection in COVID-19 
significantly impacts modeling processes. However, these studies 
considered only one disease variant and have not addressed 
multi-strain disease spread models. Our paper examines how 
public awareness affects COVID-19 spread, considering same-
strain reinfection possibilities. The study analyzes the virus's 
multi-strain spread model, helping policymakers and healthcare 

professionals understand public awareness's role in reducing 
COVID-19 transmission. 

This research develops from studies examining COVID-19 spread 
models with saturation. A discrete version appears in (Yong et al., 
2022a), and proposed government policy design appears in (Yong 
et al., 2022b). Codimension 1 bifurcation analysis and 
interpretation appear in (Yong et al., 2022a). The study uses 
public awareness level as its bifurcation parameter. From basic 
reproduction numbers, we analyze disease-free equilibria point 
stability. We derive endemic equilibrium points and analyze their 
bifurcations. The first numerical simulation uses parameters from 
British government survey data (ONS, 2023) in Table 1. These data 
indicate that recovered individuals cannot experience reinfection 
from previous variants. Consequently, our model assumes 
reinfection occurs only with the same variant or new variants. 
Beyond real-data parameters, we simulate parameter variations 
that could trigger pandemic resurgence, representing potential 
scenarios if new variants emerge. 

 
 

Table 1.  Percentage of first and second infections by period in which different variants were dominant, UK, 2 July 2020 to 23 November 
2022 (ONS, 2023) 

First infection variant Second infection variant Estimated percentage (%) of total reinfection 
Alpha Alpha 1.1 
Alpha Delta 4.4 
Alpha Omicron BA.1 9.9 
Alpha Omicron BA.2 10.6 
Alpha Omicron BA.4/BA.5 9.5 
Delta Delta 0.6 
Delta Omicron BA.1 8.2 
Delta Omicron BA.2 11.5 
Delta Omicron BA.4/BA.5 12.9 
Omicron BA.1 Omicron BA.1 0.3 
Omicron BA.1 Omicron BA.2 4.9 
Omicron BA.1 Omicron BA.4/BA.5 16.6 
Omicron BA.2 Omicron BA.2 0.3 
Omicron BA.2 Omicron BA.4/BA.5 8.5 
Omicron BA.4/BA.5 Omicron BA.4/BA.5 0.7 

2. Model 
After the recent case of reinfection, we modified the SIRS model 

to use the SIRI model due to the multi-strain variant we work with. 
This model allows individuals with recovery to become infected 
with the same or a different variant. We constructed our model 
based on the following assumptions, see Figure 2. 

We denoted two main variants of COVID-19, i.e., 𝑖𝑖 = 1 for the 
past variant and 𝑖𝑖 = 2 for the new or current variant (including all 
of the subvariants). Let  𝑆𝑆 = 𝑆𝑆(𝑡𝑡),  𝐼𝐼𝑖𝑖 = 𝐼𝐼𝑖𝑖(𝑡𝑡), and  𝑅𝑅𝑖𝑖 = 𝑅𝑅𝑖𝑖(𝑡𝑡) 
respectively, the number of susceptible individuals, infected by 𝑖𝑖-
variant individuals, and recovered individuals at time  𝑡𝑡 ≥ 0.  

We excluded the exposed individual because, according to the 
European Centre for Disease Prevention and Control, the 
incubation time for the new variant is shorter (3-4 days). 

The recruitment of individuals due to births and migrations is 
constant, Λ and also proportional to the number of recovery 

individuals:  𝜆𝜆(𝑅𝑅1 + 𝑅𝑅2) for Λ, 𝜆𝜆 > 0, and they assumed as 
susceptible individuals. 

The incidence rate is proportional to the possible contacts 
between susceptible individuals and infected individuals and has 
a denominator which increases with 𝑆𝑆.  The parameter 𝛾𝛾1  
measuring  the level of a susceptible’s cautiousness. So we have 

the incidence rate: β𝑖𝑖𝑆𝑆𝐼𝐼𝑖𝑖
1+γ1𝑆𝑆

   for some β𝑖𝑖 > 0. 

Infected individuals 𝐼𝐼𝑖𝑖 become recovered 𝑅𝑅𝑖𝑖  at the rate μ𝑖𝑖 > 0. 
The proportions of each individual leaving the population as a 

result of deaths are proportional to the mortality rate 𝛿𝛿 >  0.  
Infected individuals die at a greater rate than susceptible and 
recovered individuals, so we add the Case Fatality Rate (CFR) of 
each variant, 𝛿𝛿𝑖𝑖. 

Recovery individuals 𝑅𝑅1 can be reinfected with the same variant 
with rate α11 or by new variant with rate 𝛼𝛼12. Recovery individuals  
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𝑅𝑅2 only reinfected with the same variant with rate 𝛼𝛼22 and cannot 
be reinfected by the old variant, see Table 1.  This incidence rate 
is proportional to the possible contacts of recovery and infected 
individuals and also the reinfection rate from 𝑖𝑖 variant to 𝑗𝑗  

variant, 𝑖𝑖, 𝑗𝑗 = 1, 2.  The level of recovery’s cautiousness is 
assumed to be less than or equal to the level of susceptible’s one, 

γ2 ≤ γ1, thus we have the incidence rate: 
α𝑖𝑖𝑖𝑖β𝑖𝑖𝑅𝑅𝑖𝑖𝐼𝐼𝑖𝑖
1+γ2𝑅𝑅𝑖𝑖

 for some 𝑖𝑖, 𝑗𝑗 =

1,2, 𝑖𝑖 ≤ 𝑗𝑗.  
 

 

 
Figure 2.  Transmission diagram of COVID-19 

 
Table 2.  The model parameters with their biological meanings 

Parameters Biological meanings Estimated values  Sources 
α𝑖𝑖𝑖𝑖 Reinfection rate from 𝑖𝑖 to 𝑗𝑗 variant, 𝑖𝑖 ≤ 𝑗𝑗, (0.01,0.35) (ONS, 2023) 
β𝑖𝑖 Transmission coefficient from susceptible to infected 

individuals with 𝑖𝑖 variant. 
(0.58,0.95) (Ndairou et al., 2020) 

δ Mortality rate 0.002 (Ud Din et al., 2020) 
𝛿𝛿𝑖𝑖 Case Fatality Rate (CFR) 𝑖𝑖 variant (0.01,0.05) (Ndairou et al., 2020) 
Λ Recruitment of susceptible individuals (birth rate, etc.) 10000

59 × 365 (Agusto, 2013) 

λ Birth rate of recovery individual  (0.01, 0.2) (Ud Din et al., 2020) 
𝜇𝜇𝑖𝑖 Recovery rate of 𝑖𝑖 variant (0.5, 0,8) (Ndairou et al., 2020) 
γ1 The susceptible individual's cautiousness level (0.3,0.8) (Yong et al., 2022b) 
γ2 The recovery individual's cautiousness level, γ2 < γ1 (0.3,0.8) (Yong et al., 2022b) 

 
The above assumptions lead to the following model: 

⎩
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎧
𝑑𝑑𝑆𝑆
𝑑𝑑𝑡𝑡 = Λ + λ(𝑅𝑅1 + 𝑅𝑅2) − 𝛿𝛿𝑆𝑆 −

𝛽𝛽1𝑆𝑆𝐼𝐼1
1 + 𝛾𝛾1𝑆𝑆

−
𝛽𝛽2𝑆𝑆𝐼𝐼2

1 + 𝛾𝛾1𝑆𝑆
,

𝑑𝑑𝐼𝐼1
𝑑𝑑𝑡𝑡 =

𝛽𝛽1𝑆𝑆𝐼𝐼1
1 + 𝛾𝛾1𝑆𝑆

− 𝛿𝛿𝐼𝐼1 − 𝛿𝛿1𝐼𝐼1 − 𝜇𝜇1𝐼𝐼1 +
𝛼𝛼11𝛽𝛽1𝐼𝐼1𝑅𝑅1
1 + 𝛾𝛾2𝑅𝑅1

,

𝑑𝑑𝐼𝐼2
𝑑𝑑𝑡𝑡 =

𝛽𝛽2𝑆𝑆𝐼𝐼2
1 + 𝛾𝛾1𝑆𝑆

− 𝛿𝛿𝐼𝐼2 − 𝛿𝛿2𝐼𝐼2 − 𝜇𝜇2𝐼𝐼2 +
𝛼𝛼22𝛽𝛽2𝐼𝐼2𝑅𝑅2
1 + 𝛾𝛾2𝑅𝑅2

+
𝛼𝛼12𝛽𝛽2𝐼𝐼2𝑅𝑅1
1 + 𝛾𝛾2𝑅𝑅1

,

𝑑𝑑𝑅𝑅1
𝑑𝑑𝑡𝑡 = 𝜇𝜇1𝐼𝐼1 − 𝛿𝛿𝑅𝑅1 −

𝛼𝛼11𝛽𝛽1𝐼𝐼1𝑅𝑅1
1 + 𝛾𝛾2𝑅𝑅1

−
𝛼𝛼12𝛽𝛽2𝐼𝐼2𝑅𝑅1
1 + 𝛾𝛾2𝑅𝑅1

,

𝑑𝑑𝑅𝑅2
𝑑𝑑𝑡𝑡 = 𝜇𝜇2𝐼𝐼2 − 𝛿𝛿𝑅𝑅2 −

𝛼𝛼22𝛽𝛽2𝐼𝐼2𝑅𝑅2
1 + 𝛾𝛾2𝑅𝑅2

,

 (1) 
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3. Results and Discussion 
Firstly, we applied the following proposition regarding the System’s positiveness solution. 
 
Proposition 1.  (The System’s positiveness solution.)  Let the initial conditions:  𝑆𝑆(0), 𝐼𝐼𝑖𝑖(0),𝑅𝑅𝑖𝑖(0) ≥ 0, 𝑖𝑖, 𝑗𝑗 =  1, 2,  then  the  solutions  
𝑆𝑆(𝑡𝑡), 𝐼𝐼𝑖𝑖(𝑡𝑡),𝑅𝑅𝑖𝑖(𝑡𝑡), 𝑖𝑖, 𝑗𝑗 =  1, 2  of  system  (1)  are  non- negative for 𝑡𝑡 ≥  0.  

 

Proof 1.  Rewrite the right hand side of  d𝐼𝐼1
d𝑡𝑡

 and d𝐼𝐼2
d𝑡𝑡

 on System (1) as 
𝑑𝑑𝐼𝐼1
𝑑𝑑𝑡𝑡 = 𝐼𝐼1 �

𝛽𝛽1𝑆𝑆
1 + 𝛾𝛾1𝑆𝑆

− 𝛿𝛿 − 𝛿𝛿1 − 𝜇𝜇1 +
𝛼𝛼11𝛽𝛽1𝑅𝑅1
1 + 𝛾𝛾2𝑅𝑅1

� ,

𝑑𝑑𝐼𝐼2
𝑑𝑑𝑡𝑡 = 𝐼𝐼2 �

𝛽𝛽2𝑆𝑆
1 + 𝛾𝛾1𝑆𝑆

− 𝛿𝛿 − 𝛿𝛿2 − 𝜇𝜇2 +
𝛼𝛼22𝛽𝛽2𝑅𝑅2
1 + 𝛾𝛾2𝑅𝑅2

+
𝛼𝛼12𝛽𝛽2𝑅𝑅1
1 + 𝛾𝛾2𝑅𝑅1

� .
  

Both planes 𝐼𝐼1 = 0 and 𝐼𝐼2 = 0 are invariant manifolds since it imply d𝐼𝐼1
d𝑡𝑡

= 0 and d𝐼𝐼2
d𝑡𝑡

= 0.  

 

Since 𝑑𝑑𝑆𝑆
𝑑𝑑𝑡𝑡
�
𝑆𝑆=0,𝐼𝐼1,𝐼𝐼2,𝑅𝑅1,𝑅𝑅2≥0

= 𝛬𝛬 + 𝜆𝜆(𝑅𝑅1 + 𝑅𝑅2), 𝑑𝑑𝑅𝑅1
𝑑𝑑𝑡𝑡
�
𝑅𝑅1=0,𝑆𝑆,𝐼𝐼1,𝐼𝐼2,𝑅𝑅2≥0

= 𝜇𝜇1𝐼𝐼1, 𝑑𝑑𝑅𝑅2
𝑑𝑑𝑡𝑡
�
𝑅𝑅2=0,𝑆𝑆,𝐼𝐼1,𝐼𝐼2,𝑅𝑅1≥0

= 𝜇𝜇2𝐼𝐼2, the rates listed above are all non-negative 

over their ℝ+
𝟝𝟝  boundary planes. As a result, we have the vector fields intended inward direction from their boundaries. Starting with non-

negative initial conditions so that all of the System's solutions (1) remain positive for all 𝑡𝑡 ≥ 0. ■ 
 
The Basic Reproduction Number and The Stability of the Disease-Free Equilibrium 

The disease-free equilibrium is 𝐸𝐸0 = �Λ
δ

, 0,0,0,0� and the linearized vector field of (1) in the vicinity of 𝐸𝐸0 is 

⎝

⎜
⎜
⎜
⎜
⎜
⎛
−𝛿𝛿 −

𝛽𝛽1Λ
𝛾𝛾1Λ + 𝛿𝛿 −

𝛽𝛽2Λ
𝛾𝛾1Λ + 𝛿𝛿 𝜆𝜆 𝜆𝜆

0 −𝛿𝛿 − 𝛿𝛿1 − 𝜇𝜇1 +
𝛽𝛽1Λ

𝛾𝛾1Λ + 𝛿𝛿 0 0 0

0 0 −𝛿𝛿 − 𝛿𝛿2 − 𝜇𝜇2 +
𝛽𝛽2Λ

𝛾𝛾1Λ + 𝛿𝛿 0 0

0 𝜇𝜇1 0 −𝛿𝛿 0
0 0 𝜇𝜇2 0 −𝛿𝛿⎠

⎟
⎟
⎟
⎟
⎟
⎞

 (2) 

The eigenvalues of (2) are  

−𝛿𝛿,−𝛿𝛿,−𝛿𝛿,
𝛽𝛽1Λ

𝛾𝛾1Λ + 𝛿𝛿 −
(𝛿𝛿 + 𝛿𝛿1 + 𝜇𝜇1),

𝛽𝛽2Λ
𝛾𝛾1Λ + 𝛿𝛿 −

(𝛿𝛿 + 𝛿𝛿2 + 𝜇𝜇2) (3) 

We determine the basic reproduction number, ℛ0, by using the next generation method (Driessche, 2017), i.e.  
ℛ0 = max(ℛ01,ℛ02) (4) 

where 

ℛ01 =
𝛽𝛽1Λ

(𝛾𝛾1Λ + 𝛿𝛿)(𝛿𝛿 + 𝛿𝛿1 + 𝜇𝜇1) ,ℛ02 =
𝛽𝛽2Λ

(𝛾𝛾1Λ + 𝛿𝛿)(𝛿𝛿 + 𝛿𝛿2 + 𝜇𝜇2). 

Equation (3) is rewritten as 
−𝛿𝛿,−𝛿𝛿,−𝛿𝛿,ℛ01 − 1,ℛ02 − 1 (5) 

We conclude the following proposition for the stability of disease-free equilibrium. 
 

Proposition 2.  (The stability of disease-free equilibrium.) The disease-free equilibrium is 𝐸𝐸0 = �Λ
δ

, 0,0,0,0� is a stable node if ℛ0 < 1 and 

it is a saddle point if ℛ0 > 1.  
For condition ℛ0 = 1 will be discuss in section 3.4. 
 
One Variant Exists 
Assume 𝐼𝐼2,𝑅𝑅2 ≠ 0. The condition 𝐼𝐼1 = 0 implies 𝑅𝑅1 = 0, the dynamic of the System (1) follows the subsystem  

𝑑𝑑S
𝑑𝑑𝑡𝑡 = 𝛬𝛬 + 𝜆𝜆𝑅𝑅2 − 𝑆𝑆 �𝛿𝛿 +

𝛽𝛽2𝐼𝐼2
1 + 𝛾𝛾1𝑆𝑆

� ,

𝑑𝑑𝐼𝐼2
𝑑𝑑𝑡𝑡 =

𝛽𝛽2𝑆𝑆
1 + 𝛾𝛾1𝑆𝑆

− 𝛿𝛿 − 𝛿𝛿2 − 𝜇𝜇2 +
𝛼𝛼22𝛽𝛽2𝑅𝑅2
1 + 𝛾𝛾2𝑅𝑅2

,

𝑑𝑑𝑅𝑅2
𝑑𝑑𝑡𝑡 = 𝜇𝜇2𝐼𝐼2 − 𝑅𝑅2 �𝛿𝛿 +

𝛼𝛼22𝛽𝛽2𝐼𝐼2
1 + 𝛾𝛾2𝑅𝑅2

� .

 (6) 
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We get an equilibrium 𝐸𝐸2 = (𝑆𝑆2, 0, 𝐼𝐼22, 0,𝑅𝑅22) whose the 𝑅𝑅22-component satisfies: 
𝑎𝑎3(𝑅𝑅22)3  + 𝑎𝑎2(𝑅𝑅22)2 + 𝑎𝑎1𝑅𝑅22 + 𝑎𝑎0 = 0 (7) 

where  
𝑘𝑘 = 𝛿𝛿 + 𝛿𝛿2 + 𝜇𝜇2 
𝑎𝑎3 = (𝛼𝛼22𝛽𝛽2𝛾𝛾1 − 𝛾𝛾1𝛾𝛾2𝑘𝑘 + 𝛽𝛽2𝛾𝛾2)(𝛼𝛼22𝛽𝛽2(𝜆𝜆 − 𝛿𝛿) + 𝛿𝛿𝛾𝛾2𝑘𝑘 − 𝛾𝛾2𝜆𝜆𝜇𝜇2) 
𝑎𝑎2 = (𝛼𝛼22𝛽𝛽2)2(Λ𝛾𝛾1 + 𝛿𝛿) + (𝛼𝛼22𝛽𝛽2)((2𝛿𝛿𝑘𝑘 − Λ(𝑘𝑘 + 𝜇𝜇2)𝛾𝛾2 − 𝜆𝜆(𝑘𝑘 + 𝜇𝜇2))𝛾𝛾1 + 

(Λ𝛽𝛽2 − 𝛿𝛿(𝑘𝑘 + 𝜇𝜇2))𝛾𝛾2 − 𝛽𝛽2(𝛿𝛿 − 𝜆𝜆)) + 𝛾𝛾2(((Λ𝛾𝛾2 + 2𝜆𝜆)𝛾𝛾1 + 𝛿𝛿𝛾𝛾2)𝑘𝑘 − 𝛽𝛽2(Λ𝛾𝛾2 + 2𝜆𝜆))𝜇𝜇2 − 2𝑘𝑘𝛿𝛿(𝛾𝛾1𝑘𝑘 − 𝛽𝛽2) 
𝑎𝑎1 = −𝛼𝛼22𝛽𝛽2 ��(𝑘𝑘 + 𝜇𝜇2)𝛾𝛾1 − 𝛽𝛽2�Λ + 𝛿𝛿(𝑘𝑘 + 𝜇𝜇2)� + ��(2Λ𝛾𝛾2 + 𝜆𝜆)𝛾𝛾1 + 2𝛿𝛿𝛾𝛾2�𝑘𝑘 − (2Λ𝛾𝛾2 + 𝜆𝜆)𝛽𝛽2� 𝜇𝜇2 − 𝑘𝑘𝛿𝛿(𝛾𝛾1𝑘𝑘 − 𝛽𝛽2) 
𝑎𝑎0 = 𝜇𝜇2(Λ𝛾𝛾1𝑘𝑘 + 𝛿𝛿𝑘𝑘 − Λ𝛽𝛽2) 

and 

𝑆𝑆2 =
(𝛿𝛿 + 𝛿𝛿2 + 𝜇𝜇2)(𝛾𝛾2𝑅𝑅22 + 1) − 𝛼𝛼22𝛽𝛽2𝑅𝑅22

(𝛾𝛾2𝑅𝑅22 + 1)(𝛽𝛽2 − 𝛾𝛾1(𝛿𝛿 + 𝛿𝛿2 + 𝜇𝜇2) + 𝛼𝛼22𝛽𝛽2𝛾𝛾1𝑅𝑅22)

𝐼𝐼22 =
𝛿𝛿𝑅𝑅22(𝛾𝛾2𝑅𝑅22 + 1)

𝜇𝜇2 + 𝜇𝜇2𝛾𝛾2𝑅𝑅22 − 𝛼𝛼22𝛽𝛽2𝑅𝑅22

 

 
With a similar analysis, assume 𝐼𝐼1,𝑅𝑅1 ≠ 0. The condition 𝐼𝐼2 = 0 implies 𝑅𝑅2 = 0, we get an equlibrium 𝐸𝐸1 = (𝑆𝑆1, 𝐼𝐼11, 0,𝑅𝑅11, 0) and the 

expression for 𝑆𝑆1, 𝐼𝐼11,𝑅𝑅11 is similar with 𝑆𝑆2, 𝐼𝐼22,𝑅𝑅22 by replacing α22, β2, δ2, μ2 with α11, β1, δ1, μ1. 
 
Two Variant Exist 
The double endemic equilibrium 𝐸𝐸� = (𝑆𝑆̅, 𝐼𝐼1� , 𝐼𝐼2� ,𝑅𝑅1���,𝑅𝑅2���) exist if 

Λ + 𝜆𝜆�𝑅𝑅1 + 𝑅𝑅2� − 𝑆𝑆 �𝛿𝛿 +
𝛽𝛽1𝐼𝐼1

1 + 𝛾𝛾1𝑆𝑆
+

𝛽𝛽2𝐼𝐼2
1 + 𝛾𝛾1𝑆𝑆

� = 0,

𝛽𝛽1𝑆𝑆
1 + 𝛾𝛾1𝑆𝑆

− 𝛿𝛿 − 𝛿𝛿1 − 𝜇𝜇1 +
𝛼𝛼11𝛽𝛽1𝑅𝑅1
1 + 𝛾𝛾2𝑅𝑅1

= 0,

𝛽𝛽2𝑆𝑆
1 + 𝛾𝛾1𝑆𝑆

− 𝛿𝛿 − 𝛿𝛿2 − 𝜇𝜇2 +
𝛼𝛼22𝛽𝛽2𝑅𝑅2
1 + 𝛾𝛾2𝑅𝑅2

+
𝛼𝛼12𝛽𝛽2𝑅𝑅1
1 + 𝛾𝛾2𝑅𝑅1

= 0,

𝜇𝜇1𝐼𝐼1 − 𝑅𝑅1 �𝛿𝛿 +
𝛼𝛼11𝛽𝛽1𝐼𝐼1

1 + 𝛾𝛾2𝑅𝑅1
+
𝛼𝛼12𝛽𝛽2𝐼𝐼2

1 + 𝛾𝛾2𝑅𝑅1
� = 0,

𝜇𝜇2𝐼𝐼2 − 𝑅𝑅2 �𝛿𝛿 +
𝛼𝛼22𝛽𝛽2𝐼𝐼2

1 + 𝛾𝛾2𝑅𝑅2
� = 0.

 

has a solution for 𝑆𝑆̅, 𝐼𝐼1� , 𝐼𝐼2� ,𝑅𝑅1���,𝑅𝑅2��� > 0 or equivalently with  
𝛿𝛿𝛾𝛾1𝑆𝑆2��� + �𝛿𝛿 + 𝛽𝛽1𝐼𝐼1� + 𝛽𝛽2𝐼𝐼2� − 𝛾𝛾1(Λ + 𝜆𝜆𝑅𝑅1��� + 𝜆𝜆𝑅𝑅2���)�𝑆𝑆̅ − (Λ + 𝜆𝜆𝑅𝑅1��� + 𝜆𝜆𝑅𝑅2���) = 0 (8) 

 
Since Λ + λ𝑅𝑅1���+ λ𝑅𝑅2��� > 0, we conclude that only one positive 𝑆𝑆̅ if discriminant of (8) is positive 
 

(𝜆𝜆𝛾𝛾1)2 �𝑅𝑅1
2

+ 𝑅𝑅2
2
� + 2𝜆𝜆𝛾𝛾1(𝛿𝛿 + 𝛾𝛾1𝜆𝜆𝑅𝑅2 + Λ𝛾𝛾1 − 𝛽𝛽1𝐼𝐼1 − 𝛽𝛽2𝐼𝐼2)𝑅𝑅1 + 2𝜆𝜆𝛾𝛾1(𝛿𝛿 + Λ𝛾𝛾1 − 𝛽𝛽1𝐼𝐼1 

−𝛽𝛽2𝐼𝐼2)𝑅𝑅2 + (Λ𝛾𝛾1 + 𝛿𝛿)2 + (𝛽𝛽1𝐼𝐼1 + 𝛽𝛽2𝐼𝐼2)2 + 2𝛽𝛽1𝐼𝐼1(𝛿𝛿 − Λ𝛾𝛾1) + 2𝛽𝛽2𝐼𝐼2(𝛿𝛿 − Λ𝛾𝛾1) > 0 
 
Bifurcation Analysis 

In the following propositions, we analytically demonstrate the conditions that make transcritical or fold bifurcations occur (see Strogatz 
(2018) for the bifurcation theory). 

 

Proposition 3.  (Transcritical bifurcation) At ℛ0𝒾𝒾 = 1 or equivalently with δ𝑖𝑖 = Λβ𝑖𝑖
Λγ1+δ

− δ − μ𝑖𝑖, the equilibria 𝐸𝐸0 and 𝐸𝐸𝑖𝑖 undergo transcritical 

bifurcation.  
 

Proof 3. It is simple to get that  

i) 𝐸𝐸0 and 𝐸𝐸1 collide when δ1 = Λβ1
Λγ1+δ

− δ − μ1 or equivelently with ℛ01 = 1, and 

ii) 𝐸𝐸0 and 𝐸𝐸2 collide when δ1 = Λβ1
Λγ1+δ

− δ − μ1 or equivelently with ℛ02 = 1. 

At the transcritical point, they become degenerate equilibrium with one zero eigenvalue. 
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Proposition 4.  (Fold bifurcation of 𝐸𝐸𝑖𝑖) Let 𝐷𝐷 ≔ 18𝑎𝑎3𝑎𝑎2𝑎𝑎1𝑎𝑎0 − 4𝑎𝑎3𝑎𝑎13 − 4𝑎𝑎23𝑎𝑎0 + 𝑎𝑎22𝑎𝑎12 − 27𝑎𝑎32𝑎𝑎02 = 0 
where 
𝑘𝑘 = 𝛿𝛿 + 𝛿𝛿𝑖𝑖 + 𝜇𝜇𝑖𝑖 
𝑎𝑎3 = (𝛼𝛼𝑖𝑖𝑖𝑖𝛽𝛽𝑖𝑖𝛾𝛾1 − 𝛾𝛾1𝛾𝛾2𝑘𝑘 + 𝛽𝛽𝑖𝑖𝛾𝛾2)(𝛼𝛼𝑖𝑖𝑖𝑖𝛽𝛽𝑖𝑖(𝜆𝜆 − 𝛿𝛿) + 𝛿𝛿𝛾𝛾2𝑘𝑘 − 𝛾𝛾2𝜆𝜆𝜇𝜇𝑖𝑖) 
𝑎𝑎2 = (𝛼𝛼𝑖𝑖𝑖𝑖𝛽𝛽𝑖𝑖)2(Λ𝛾𝛾1 + 𝛿𝛿) + (𝛼𝛼𝑖𝑖𝑖𝑖𝛽𝛽𝑖𝑖)((2𝛿𝛿𝑘𝑘 − Λ(𝑘𝑘 + 𝜇𝜇𝑖𝑖)𝛾𝛾2 − 𝜆𝜆(𝑘𝑘 + 𝜇𝜇𝑖𝑖))𝛾𝛾1 + 
           (Λ𝛽𝛽𝑖𝑖 − 𝛿𝛿(𝑘𝑘 + 𝜇𝜇𝑖𝑖))𝛾𝛾2 − 𝛽𝛽𝑖𝑖(𝛿𝛿 − 𝜆𝜆)) + 𝛾𝛾2(((Λ𝛾𝛾2 + 2𝜆𝜆)𝛾𝛾1 + 𝛿𝛿𝛾𝛾2)𝑘𝑘 − 𝛽𝛽𝑖𝑖(Λ𝛾𝛾2 + 2𝜆𝜆))𝜇𝜇𝑖𝑖 − 2𝑘𝑘𝛿𝛿(𝛾𝛾1𝑘𝑘 − 𝛽𝛽𝑖𝑖) 

𝑎𝑎1 = −𝛼𝛼𝑖𝑖𝑖𝑖𝛽𝛽𝑖𝑖 ��(𝑘𝑘 + 𝜇𝜇2)𝛾𝛾1 − 𝛽𝛽𝑖𝑖�Λ + 𝛿𝛿(𝑘𝑘 + 𝜇𝜇𝑖𝑖)� + + ��(2Λ𝛾𝛾2 + 𝜆𝜆)𝛾𝛾1 + 2𝛿𝛿𝛾𝛾2�𝑘𝑘 − (2Λ𝛾𝛾2 + 𝜆𝜆)𝛽𝛽𝑖𝑖� 𝜇𝜇𝑖𝑖 − 𝑘𝑘𝛿𝛿(𝛾𝛾1𝑘𝑘 − 𝛽𝛽𝑖𝑖) 

𝑎𝑎0 =  𝜇𝜇𝑖𝑖(Λ𝛾𝛾1𝑘𝑘 + 𝛿𝛿𝑘𝑘 − Λ𝛽𝛽𝑖𝑖) 
Fold bifurcation of 𝐸𝐸𝑖𝑖 occurs when 𝐷𝐷 = 0. 
 
Proof 4.  Without loss of generality, we prove the fold bifurcation of 𝐸𝐸2. Since 𝑅𝑅𝑖𝑖 is the root of the cubic equation (7), the discriminant of it 

(10) can be computed using the Cardano formula (Wituła & Słota, 2010). If 𝐷𝐷 = 0, then the cubic equation (7) has multiple roots, and all of 
its roots are real. 

 

4. Numerical Simulation 
This section presents the codimension two bifurcation diagram, from which we can show some interesting phase portraits and time series. 

The initial parameters are given in Table 3. We vary the parameters α22 and δ2 to analyze how the new variant impacts the pandemic 
situation. 

Table 3.  The initial parameter set. 
𝛼𝛼11 𝛼𝛼12 𝛼𝛼22 𝛽𝛽1 𝛽𝛽2 𝛿𝛿 𝛿𝛿1 𝛿𝛿2 Λ 𝜆𝜆 𝜇𝜇1 𝜇𝜇2 𝛾𝛾1 𝛾𝛾2 
0.01 0.35 0.24 0.08 0.5 0.0065 0.04 0.02 0.02 0.0125 0.8 0.7 0.1 0.05 

 
We have the saddle point 𝑒𝑒0 = (3.076923077, 0, 0, 0, 0) and the stable node 𝑒𝑒2 = (0.09463959107, 0, 2.520380824, 0, 7.900874864). 

So one variant exists, for the phase portrait (see Figure 4 (Left)). 

  

Figure 4. (Left) Some orbits for the initial parameter set in Table 3 or the A parameter set. (Right) The 𝐼𝐼2-coordinate of the branch of 
continuation equilibrium as variation on parameter 𝛿𝛿2. 

 
Codimension One Bifurcation 
Using the numerical continuation AUTO, we vary δ2 and obtain a transcritical bifurcation point (between 𝑒𝑒0 and 𝑒𝑒2) and a fold (or saddle 

node) bifurcation point for 𝑒𝑒2 (see Table 4). These are the same results with Propositions 3 and 4. 
 

Table 4.  Transcritical and fold bifurcations list. 
Bifurcation Label 𝛅𝛅𝟐𝟐 𝑺𝑺 𝑰𝑰𝟏𝟏 𝑰𝑰𝟐𝟐 𝑹𝑹𝟏𝟏 𝑹𝑹𝟐𝟐 
Transcritical TR 0.469970711 3.076923077 0 0 0 0 
Fold SN 0.570633209 2.939313201 0 0.014559724 0 1.251406177 

 
Figure 4 (Right) displays the branch of continuation nontrivial equilibrium (red curve), which undergoes a fold bifurcation and a transcritical 

bifurcation with disease-free equilibrium (black line) as a variation on parameter δ2. Their stability alternates from stable (solid style) to 
unstable (dashed style), and vice versa. 
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Codimension Two Bifurcation 
In this section, we add α22 (which is the reinfection rate 

parameter of the new variant) as a new free parameter. We then 
follow the loci of the fold bifurcation and obtain the fold 
bifurcation curve. As we increase α22, we find the Bogdanov-
Takens bifurcation point  

𝐵𝐵𝐵𝐵 ≔ (δ2,α22) = (0.70518678919, 2.0727176300) 
which means there is a Hopf bifurcation near that point. After 

we found one Hopf bifurcation point, we followed its loci and 
obtained the Hopf bifurcation curve. These results are shown  in 
Figure 5 (Left). We give four examples to illustrate the dynamic 
for each region in Figures 4 (Left), 5 (Right), and 6. 

 

 

 

Figure 5. (Left) Two parameter bifurcation diagram of the nontrivial equilibrium of System (1) for 0 ≤ 𝛿𝛿2 ≤ 1,0 ≤ 𝛼𝛼22 ≤ 2.5. (Right) 
Some orbits for the B parameter set. 

The transcritical bifurcation point does not depend on 
parameter α22, since ℛ0 does not either, according to formula 
(4). For δ2 < 0.469970711, for example, in the A parameter 
sets in Figure 4 (Left), we have the disease-free equlibria 𝑒𝑒0, 
which is saddle point typed (magenta cross symbol), and the 
stable focus node 𝑒𝑒2 (blue circle symbol). We have two 
nontrivial equilibriums, 𝑒𝑒1 and 𝑒𝑒2, but 𝑒𝑒1 is negative. By passing 

through the transcritical line, 𝑒𝑒1 becomes positive. Then, 𝑒𝑒0 
and 𝑒𝑒1 switch their stability, so 𝑒𝑒0 becomes stable (magenta star 
symbol), and we obtain the new saddle point 𝑒𝑒1 (Figure 5 
(Right)). These nontrivials become closer (Figure 6 (Left)), 
collide and vanish at the fold bifurcation point. As a result, we 
only have one stable disease-free equilibria 𝑒𝑒0, as in Figure 6 
(Right). 

 

  
Figure 6. Some orbits for the C and D parameter sets. 

We are interested in seeing the dynamics near the Bogdanov-
Takens point and focusing on the nontrivial equilibrium 𝑒𝑒2. We 
present four different topological examples to illustrate the 
dynamics between the C parameter set and the D parameter set 
(see Figures 8 and 9). 

In the previous set of parameters, labeled as the E parameter set 
and illustrated in Figure 8 (Left), 𝑒𝑒2 is a stable focus node (blue 
circle symbol). However, in the F parameter set, the system 
undergoes a homoclinic bifurcation. The solution for some initial 

conditions near the homoclinic orbit (dash-dotted red orbit) will 
have a very large period (see Figure 8 (Right)).  

By increasing δ2, in the G parameter set, the homoclinic orbit 
has shrunk and become an unstable limit cycle (dashed blue 
orbit), as shown in Figure 9 (Left). After passing through the 
subcritical Hopf curve in the H parameter set, the unstable limit 
cycle collides with 𝑒𝑒2, and 𝑒𝑒2 becomes an unstable focus node 
(blue square symbol), as shown in Figure 9 (Right). 
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Figure 7. (Left) Two parameter bifurcation diagram of the nontrivial equilibrium of System (1) near the Bogdanov-Takens bifurcation 

point. (Right) The branch of periodic solution at 𝛼𝛼22 = 2.0735 as variation on parameter 𝛿𝛿2. By numerical observation, the homoclinic 
orbit occurs at 𝛿𝛿2 = 0.70518803536. 

 

  
Figure 8. Some orbits for the E dan F parameter set.  

5. Conclusion Remarks 
We developed a SIRI model to investigate the reinfection rate, 
α22, and Case Fatality Rate, δ2, of a new COVID-19 variant in 
preventing the spread of COVID-19. Our calculations yielded the 
basic reproduction number ℛ0, which revealed a stable disease-
free equilibrium for all parameter values, provided ℛ0 < 1. By 

varying α22 and δ2, we discovered a codimension two bifurcation, 
known as the Bogdanov-Takens bifurcation. Further numerical 
analysis allowed us to gain a better understanding of the behavior 
near this bifurcation point, including the identification of a 
domain of parameters containing a stable limit cycle and a 
homoclinic orbit. 

 

  
Figure 9. Some orbits for the G and H parameter set.  
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Our simulation of parameter sets A, B, C, E, F, and G 

demonstrated the persistence of a COVID-19 variation. We 
examined the manner in which a pandemic could occur based on 
initial conditions, even with a small infected population, in 
addition to analyzing infection and mortality rates. We believe 
that the codimension two bifurcation diagram could provide 
valuable insight into forecasting the impact of any future COVID-
19 variants. 
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Probing the Rotation Curve of NGC 4501 Galaxy using Two Different Models  
Israa Abdulqasim Mohammed Ali1a*, Hareth Saad Mahdi2b, Zamri Zainal Abidin3c and Danial Ahmad Ariffin Lee4c 

 
 

Abstract: Rotation curves of spiral galaxies have become an important tool for investigating their physical properties and is usually used 
as evidence for dark matter presence in their haloes. This research aims to probe the rotation curve of the spiral galaxy NGC 4501. The HI 
data of this galaxy have been collected from Very Large Array (VLA) and nonlinear fitting techniques have been used in this research for 
different components: stars, gas and halo. Particularly, kinematic analysis of NGC 4501’s rotation curve has been carried out in this 
research using two different profile models:  pseudo-isothermal profile and the Moore profile. The results of this study clearly showed 
that pseudo-isothermal model is better at reproducing the rotation curve of NGC 4501 than Moore model. The reduced chi-square, 𝜒𝜒red 

2  
of pseudo-isothermal is found to be close to one whereas Moore model does not agree with observational data. This is due to the fact 
that the pseudo-isothermal model is characterized primarily by the linearity of its behavior within the inner region together with the flat 
profile at large radii. As a result, the dark matter distribution in NGC 4501 is one that may be represented by a core halo model. 
 
Keywords: Dark matter, evolution, galaxies: individual (NGC 4501). 

 
1. Introduction 

Initial rotation curve studies of spiral galaxies showed that some 
of the matter in these objects were "missing" (See for example: 
Bosma, 1981; Sofue & Rubin, 2001; Ali et al., 2018). Since then, 
this "missing" substance has become an aspect of cosmology. A 
complex framework has been developed to explain and detail the 
characteristics of the Universe incorporating a constant (Λ) and 
Cold Dark Matter (CDM) that does not interact. The ΛCDM model 
offers an understanding of the Universe as evidenced by findings, 
like the WMAP results (Spergel et al., 2007) and the Planck results 
(Planck Collaboration et al. 2015). However, challenges persist on 
scales within galaxies as highlighted in studies, by Klypin et al. 
(1999). Moore et al. (1999). 

Studying how galaxies rotate has proven to be quite valuable, in 
understanding their kinematics and mass distribution of galaxies 
(Oort, 1927; Babcock, 1939; de Swart, 2017). Previous studies 
note that the flat rotation curve profile on the outside of a galaxy. 
This contrasts with Kepler’s Law, which predicts a decline in 
rotational velocity further away from the center. Others have 
stated that the rotational velocity should increase in the outskirts 
of a galaxy (Freeman, 1970). The observed flat rotational velocity 
implies a significant disparity between theoretical expectations 
and actual observations, specifically arising from inconsistencies 
in the distribution of light (luminous matter) compared to the 

matter distribution inferred from the rotation curve (Zwicky, 
1933; Kahn, 1959; Ali et al., 2021). Specifically, this disagreement 
may be seen in the way that rotational velocity behaves. It is 
hypothesized that the structure of galaxies must have a 
component called the dark matter halo. This is thought to have a 
mass density that might supply galaxies with a rotation curve that 
is flat. Dark matter is also necessary on larger scales in order to 
have consistency with dynamics and the creation of structures 
based on observations (Bertone,  2005).  

On the other hand, modified gravity theories were also 
suggested as an attempt to describe the behavior of the galactic 
rotation curves instead of dark matter theory. Gaining a 
knowledge of the characteristics and fundamentals of dark matter 
represents one of the most difficult and important topics in 
modern cosmological studies (Mannheim, 2006; Moffat, 2013). 

NGC 4501 (or M88) is a spiral galaxy in Coma Berenices, which is 
between 50 and 60 million light-years away. It was one of the first 
galaxies of its kind to be discovered within the Virgo Cluster 
(Binggeli, 1985). According to Mollenhoff et al., (2001), the 
spiraling arms of the galaxy exhibit an exceptionally regular 
pattern that can be tracked into the center of the galaxy. A type 2 
Seyfert galaxy displays narrow line emissions caused by ionised 
gas located at its core. A concentrated mass of gas measuring 230 
parsecs in diameter can be identified at the core of this galaxy. 
The condensation is mainly supported by the flow coming from 
the spiral arms as mentioned by Onodera et al. in 2002. Numerous 
previous studies have delved into the properties of NGC 4501 and 
similar galaxies with diverse characteristics to comprehend the 
structure of galaxies. This research provides a study of the 
rotation curve of NGC 4501 and fitting two different models to the 
observational data of HI. 
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2. Data   
Data for NGC4501 is available publicly and obtained via the Very 

Large Array (VLA) radio telescope. Observations were carried out 
on January 20th, 1991, and required 552060s of integration time. 
The spectra were collected using 63 channels at LL and RR 
polarizations with a bandwidth of 3.027 MHz, and a primary focus 
on the HI 21-cm line. The 27-antenna C configuration was used for 
the L-band observations.  

The Common Astronomy Software Application (CASA) was used 
for the image processing and data reduction tasks. The task 
‘uvconsub’ gives the HI map cube from the continuum subtracted 
instabilities. Multi scale clean with Briggs weighting produces the 
cleaned images. Beam size is 16.83"× 16.41" with PA = 140o, 
corresponding to the angular linear scales of 1.38 ×1.35 kpc at 
distance of 17 Mpc (see Figure 1). 

 

 
Figure 1. Integrated-intensity image of NGC 4501 at 21cm. 

 

3. Methodology and Results 
Rotation Curve of NGC 4501 
Using the 3DBarolo software (Teodoro & Fraternali, 2015), we 

obtained rotation curves from the HI data cube of NGC 4501. The 
software produces tilted-ring models and compares them in 3D, 
allowing for comprehensive control of observational effects, 
particularly beam smearing, which can alter the derivation of 
rotational velocities within galaxies. 

Three geometrical parameters define the model: the galaxy 
center coordinates (x0, y0), position angle (PA), and inclination (i). 
The kinematic parameters include the redshift (z), rotation 
velocity (Vrot), and velocity dispersion (σ). The systemic velocity, 
Vsys, was assumed to be 2280 km/s, and all rings were centered 
on the center of NGC 4501 as in Chung et al. (2009) (see Table 1). 
After considering these assumptions, the only fitting parameters 
that remain are i, PA, Vrot, and σ. To obtain initial estimates for 
the kinematic parameters (i and PA), 3DBarolo fitted the HI cube 
map and used the results as starting points. Two steps were used 
to determine the rotation and dispersion: an initial fit with all four 
parameters left free, followed by fixing the geometric parameters 
and performing a new fit with only Vrot and σ. 

The 3DBarolo software is a tool used for analysing galaxy 
rotation curves using VLA cube data. It surpasses methods, like 
Woods et al. (1990) Guhathakurta et al. (1988) Sofue et al. (2003). 
Nehlig et al. (2016) by incorporating 3D fitting to address 

challenges such as beam smearing of solely depending on velocity 
field maps. Its reliability, capability to detect sources and ability 
to predict conditions greatly enhance the efficiency of automated 
analysis especially when dealing with datasets. This software is an 
asset for scientists those studying galaxies, with different data 
resolutions. 

Figures 2 and 3 reveal the velocity and variations, between the 
model and actual data using a position velocity (PV) chart along 
both the major and minor axes. The rotating velocity of the galaxy 
is shown to increase linearly from its innermost core to its farthest 
regions, remains almost constant at the outside. The rotation 
curve can be described as a combination of influences, from stars, 
gas and halo components (Ali et al. 2018). 

 
𝑉𝑉total 
2 = 𝑉𝑉disc 

2 + 𝑉𝑉gas 
2 + 𝑉𝑉halo 

2                                                         (1) 
 
Using Mathematica software, the rotation curve's contribution 

from each component is calculated. We might determine the star, 
gas, and halo values that are the most correct by adding up the 
disk, gas, and halo components in all possible configurations 
before choosing the one that best fits the observed data (Tan et 
al., 2022). 

 

 
Figure 2. Velocities at different radii of NGC 4501 obtained from 
data cube with 3DBarolo, indicating the rotation curve profile. 

 

 
Figure 3. PV diagrams of galaxy NGC 4501 along major axes. The 

data are shown in grey, while the model is shown in blue. 
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Table 1. Properties of galaxy NGC 4501. 
  Parameter Value 
R.A. 
Dec. 
Adopted distance 
PA                                       
i 
Systemic velocity 
z 

12h31m59s.0 
+14∘25′10.0′′ 

17 Mpc 
         140o 

59∘ 
2280 km s-1 
0.007641 

 
Dark Halo Profile 
Researchers are expanding their study of dark matter by 

employing a broader theoretical framework in order to provide 
better tools for studying it directly. Our analysis of the NGC 4501 
rotation curve considers both core and cusp dark halo profiles, 
allowing us to find the dark matter mass and distribution. The 
cored profile used is Pseudo-isothermal. While we used the Moore 
profile for the cuspy profile. 

The density of a pseudoisothermal profile indeed approaches a 
constant density, typically denoted as 𝜌𝜌0 at the center and 
transitions to a power-law behavior at larger radii. (de Blok et al., 
2001). Simultaneously, the mass distribution adheres to a power 
law with a dependence on radius (R) of R-2 at large radii, ultimately 
approaching zero at infinity. Here are the dark matter density and 
velocity equations (Jimenez et al., 2003; Ali et al., 2021) for the 
pseudoisothermal profile: 

 
        𝜌𝜌𝐼𝐼𝐼𝐼𝐼𝐼(𝑅𝑅) = 𝜌𝜌0

1+(𝑅𝑅/𝑅𝑅c)2                                                               (2) 

 

𝑉𝑉ISO(𝑅𝑅) = �4𝜋𝜋𝜋𝜋𝜌𝜌0𝑅𝑅c2 �1 − 𝑅𝑅
𝑅𝑅c

atan � 𝑅𝑅
𝑅𝑅c
��                               (3) 

 
Where G represents the gravitational constant, ρ0 and RC are the 

central density and the core radius of the halo. The definitions of 
these parameters are exactly the same for another model. Dark halo 
density and velocity are given by Moore model (Moore et al., 
1999): 

 
𝜌𝜌𝑀𝑀𝐼𝐼𝐼𝐼𝑀𝑀𝑀𝑀(𝑅𝑅) = 𝜌𝜌0

� 𝑅𝑅
𝑅𝑅𝑐𝑐
�
1.5
�1+� 𝑅𝑅

𝑅𝑅𝑐𝑐
�
1.5
�
                                                         (4) 

 

𝑉𝑉𝑀𝑀𝐼𝐼𝐼𝐼𝑀𝑀𝑀𝑀2 (𝑟𝑟) = 8.38𝐺𝐺𝜌𝜌0𝑅𝑅𝑐𝑐3

𝑅𝑅
�ln �1 + � 𝑅𝑅

𝑅𝑅𝑐𝑐
�
1.5
��                                         (5) 

 
Baryonic Velocities 
Star Velocity 
The majority of the luminosity is taken up by stars, while the 

remainder, which is less than 10%, is made up of interstellar gas. 
As a result, the distribution of the luminosity of the star disc nearly 
represents the distribution of the luminous mass (Sofue 2013). 
The velocity of the star disc (exponential disc) is given by the 
equation below 

 

  𝑉𝑉𝑑𝑑𝑑𝑑𝐼𝐼𝑑𝑑2 = 𝐺𝐺𝑀𝑀𝑑𝑑 𝑅𝑅2

2𝑅𝑅𝑑𝑑
(𝐼𝐼𝐼𝐼𝐾𝐾𝐼𝐼 − 𝐼𝐼1𝐾𝐾1)                                                     (6) 

 

Where In and Kn are the first and second kinds of modified Bessel 

functions, respectively, measured at 1.6x, where x = 𝑅𝑅
𝑅𝑅𝑑𝑑

 . Rd is the 

disc scale length, which is measured in kpc and Md represents the 
mass of the galactic disc, which is the total mass of the flattened, 
rotating disk component within a galaxy, and it is treated as a free 
parameter in our analysis. The assumed disc scale length for NGC 
4501 is 45.53 arcsec (Möllenhoff 2001), which corresponds to 
5.75 kpc. 

 
Gas Velocity 
The gas velocity of NGC 4501 can be calculated by taking into 

account the equation shown below (Ali et al., 2018), 
 

𝑉𝑉𝑔𝑔𝑔𝑔𝐼𝐼(𝑟𝑟) = �𝐺𝐺𝑀𝑀𝐻𝐻𝐻𝐻(𝑅𝑅)
𝑅𝑅

 ,                                                                       (7) 

 
where MHI is the mass of the HI gas as determined by the 

following equation: 
 

𝑀𝑀𝐻𝐻𝐼𝐼(𝑅𝑅) = 2𝜋𝜋 ∫  𝑅𝑅0 𝑟𝑟 Σ (𝑅𝑅)𝑑𝑑𝑅𝑅                                                           (8) 
 
where Σ represents the surface density of the HI gas, calculated 

using 3D-Barolo as shown in Figure 4. The HI mass value of galaxy 
NGC 4501 galaxy can then be determined.  Therefore, the 
rotational velocity of the HI gas might be estimated as revealed in 
Figure 5. 

 

 
Figure 4. HI gas surface density of NGC 4501. 

 

  
Figure 5. HI velocity of NGC 4501. 
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4. Discussion 
In this study, the nonlinear least square approach was utilized to 

match observations with equation (1) by taking into consideration 
either the ISO model (see Eq. 3) or the Moore model (see Eq. 5). 
In order to evaluate a model, it is common practice to compare 
the actual data to the expected data from the model and find the 
correlation between the two. Consequently, we performed the 
chi-square function to evaluate rotation curve fitting. The 
parameter, 𝜒𝜒2, that needs to be minimized is (Bevington et al., 
1969): 

 

𝜒𝜒2 = ∑  𝑁𝑁
𝑑𝑑=1 �

�𝑦𝑦𝑖𝑖−𝑦𝑦(𝑥𝑥𝑖𝑖,𝑔𝑔,𝑏𝑏,𝑑𝑑)�
2

𝜎𝜎𝑖𝑖
2 �                                                       (9) 

 
Where 𝑦𝑦𝑑𝑑 and 𝜎𝜎𝑑𝑑 refer to number 𝑖𝑖 of data points and their 

associated uncertainty for the NGC 4501 galaxy, respectively. 
𝑦𝑦(𝑥𝑥𝑑𝑑 ,𝑎𝑎, 𝑏𝑏, 𝑐𝑐) represents the model function values computed at 
the radius, 𝑥𝑥𝑑𝑑 and (a, b, c) are the fit parameters. Then, we applied 
the reduced chi-square, 𝜒𝜒red 

2  to perform the goodness-of-fit test. 
A good model would give a  𝜒𝜒red 

2  value close to one.  
The rotation curve obtained in Figure 6 and the 𝜒𝜒red 

2 test in Table 
2 show that the rotation curve of pseudo-isothermal model has a 
linear increase in the inner region, but it flattens out as the radius 
gets larger. Over this, the pseudo-isothermal model is able to 
obtain the best fitting with 𝜒𝜒red 

2 equal to 0.89, which is the value 
that is closest to one and NGC 4501 has a core missing matter 
distribution. However, at radii less than 10kpc, the Moore profile 
generates a dark matter velocity that exceeds the total rotational 
velocity. Above 10 kpc to larger radii, the Moore profile constantly 
gives a lower dark matter velocity than the total rotational 
velocity. Based on our results, the Moore profile is inappropriate 
for NGC 4501. 

The expected curve falls inside the confidence bands also 

provides support for the best-fit VISO model (𝜒𝜒red 
2  value ~ 1). 

Figures 7 and 8 show the confidence bands that were calculated 
using the two different models. It shows graphically how well the 
match of the data and the best-fit curve. Confidence bands for the 
rotation velocity as a function at various points from the galactic 
centre are shown in purple here as solid purple lines, with the 
corresponding purple shaded area representing the 68% 
confidence level.  The error bars on the rotation curves seen can 
also be viewed as confidence bands, with 95% confidence that the 
curves are contained within the blue bands. The green shaded 
area, representing a 99% confidence bands, can be interpreted in 
the same way. Otherwise, one data point with an error bar in 
Figure 8 is seen to be outside these confidence limits. 

Furthermore, we estimated the mass of pseudo-isothermal dark 
matter (𝑀𝑀𝐼𝐼𝐼𝐼𝐼𝐼) to be approximately 7.4×1011 𝑀𝑀⨀. This value 
exceeds the total luminous mass (1.41×1011 𝑀𝑀⨀) of the entire 
galaxy, which includes the disk and the gas. These findings 
emphasize the significant contribution of dark matter to the 
overall mass distribution in NGC 4501 (see Figure 9). 

This research makes a contribution to the study of how dark 
matter's distribution within galaxies. Our study shows a 
remarkable consistency between the mass models and observed 
rotation curves providing evidence for the presence of dark 
matter in galaxy systems (Frusciante et al., 2012; Hashim et al., 
2015). This study stands out when compared to analyses of 
previous rotation curves. It is especially noteworthy given the 
controversy in the scientific literature concerning the distribution 
of cuspy profile (Ali et al., 2018). Since it is consistent with the 
cored profile trend, our research contributes significant new 
information to the ongoing debate on the nature of the dark 
matter distribution in galaxies, underscoring the requirement for 
a deeper and more thorough comprehension of galactic 
dynamics. 

 
Table 2. Free parameters with 𝜒𝜒red 

2 for the two dark halo profiles. 
Halo models 𝑴𝑴𝑫𝑫 (𝑀𝑀⨀) 𝝆𝝆𝟎𝟎 (𝑀𝑀⨀ kpc-3) Rc (kpc) 𝝌𝝌red 

𝟐𝟐  
Pseudo-isothermal Moore (1.25±0.12) × 1011  

(8±6.93) × 1010 
(1.16±0.38) ×107  

(1.77±6.24) ×106 
15.57  
29.34 

0.89 
4.59 

5. Conclusion 
Studying the rotation curves is a way to investigate the existence 

and characteristics of dark matter in galaxies. Using a gradient-
based nonlinear least-squares fitting method, we find that the 
best-fitting model function, ISO model, is a fits well with the 
measured rotation curve of the NGC4501galaxy, as compared to 

another model, Moore model. According to this result, a cored 
dark matter halo should be expected for the NGC4501 galaxy if 
ISO model is used to explain the dark matter distribution. 
Therefore, we can describe the structure of the NGC4501 galaxy's 
missing matter, which tends more toward a cored missing matter 
distribution with a halo mass of 7.4×1011 𝑀𝑀⨀. 
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Figure 6. The nonlinear rotational velocity of NGC 4501 by 

employing two halo models. The contributions of dark matter 
halo, star, and gas velocities are represented, respectively, in 

purple, orange, and green. 
 

 
Figure 7. Confidence level band with Pseudoisothermal model. 
 

 
Figure 8. Confidence level band with Moore model. 

 
 

 
Figure 9. Variation of dark matter and luminous matter in the 

galaxy NGC 4501 as a function of radius. 
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Carbon-Based Materials/Latex Composite from Euphorbia Tirucalli Plant for Potential 
Bone Fracture Treatment 
Supardi1a, Pranita Wardani2a, and Wipsar Sunu Brams Dwandaru3a*  
 

 

Abstract: This study aims to investigate the preparation and characterization of carbon-based materials (CMs)/latex composites from the 
Euphorbia tirucalli plant for potential bone fracture treatment. The primary objectives are to: i) determine the antibacterial property of 
the CMs/latex composites against Staphylococcus aureus bacteria; and ii) determine the tensile strength of the CMs/latex composites via 
chicken bones as the model. The CMs were prepared using a simple heating method, using an oven at a temperature of 250 oC. The 
CMs/latex composites were prepared by mixing 3 ml of the latex and CMs solutions with concentrations of 10%, 20%, and 40% in 10 ml 
of distilled water. The CMs were characterized using UV-Vis, PL, and FTIR spectroscopies. The antibacterial property and tensile strength 
of the CMs/latex composites were tested using the diffusion method and an ultimate testing machine, respectively. The results obtained 
demonstrate that the CMs had absorption and emission peaks at wavelengths of 287 nm and 499 nm, respectively, resulting in cyan 
luminescence. The FTIR test of the CMs indicated the existence of the C=C, O-H, and N=C=S functional groups. The CMs/latex composites 
produced the highest diameter of inhibition zone and tensile strength of 3.24 mm and 0.02 kN, respectively. These findings show the 
potential application of CMs/latex composites for bone fracture treatment with antibacterial properties. 
 
Keywords: CMs, CMs/latex composites, bone fracture treatment, Euphorbia tirucalli plant. 

 
1. Introduction 

Euphorbia tirucalli (E. tirucalli) has been known as an herbal 
plant, especially in Asian countries (da Silva et al., 2022). Various 
parts of the Euphorbia plant, such as its latex, stems, and twigs, 
have certain benefits, especially in traditional and/or herbal 
medicine. In various Asian countries, this plant is claimed to have 
many benefits for treating various diseases, e.g., cancer (Mali & 
Panchal, 2017). Euphorbia latex can treat fractures and accelerate 
wound healing, while the twigs can reduce bone and nerve pains 
(da Silva et al., 2022; Maver et al., 2015). The latex comes out from 
the surrounding branches that have been cut. Although latex is 
claimed to be able to treat fractures, research on this is relatively 
rare. The branches of the Euphorbia plant contain flavonoids and 
tannins, which produce anti-bacterial activity and potentially 
prevent wound infections (Pallavali et al., 2019). The latex and 
stem extracts from E. tirucalli were tested as antimicrobials 
against Staphylococcus aureus (S. aureus), Bacillus subtilis (B. 
subtilis), and Pseudomonas aeruginosa (P. aeruginosa) bacteria 
(Mali & Panchal, 2017). Moreover, converting the unused parts of 
the plant into carbon-based materials (CMs) may increase the 
applicability of the Euphorbia plant.  

CMs hold a critical role in the development of functional 
materials. CMs include graphite, graphene and its derivatives, 
fullerene, carbon nanotubes (CNTs), biochar, and carbon 
nanodots (Cdots) (Sabzehmeidani et al., 2021; Liu et al., 2020). For 
example, Cdots are 0-dimensional (0D) nanomaterials with sizes 

of 1 nm to 10 nm. They comprise carbon atoms as the core and 
functional groups such as carbonyl, carboxyl, hydroxyl, or amine 
as the surface state (Xia et al., 2019). They are favorable to be 
mass produced because they have novel properties, e.g., good 
solubility, strong luminescence, biocompatibility, and non-toxicity 
(Kaur & Verma, 2022; Ghosh et al., 2022). CMs, especially Cdots, 
can be prepared from various organic carbon precursors, viz.: 
nam-nam fruit (Dwandaru et al., 2020), Arabic gum (Thakur et al., 
2014), guar gum (Rahmani & Ghaemy, 2019), latex of E. mili (Bano 
et al., 2019), and also wastes such as watermelon peel (Liu et al., 
2016) and chicken bone (Dwandaru & Sari, 2020). Various 
preparation methods can produce CMs: Hummer’s method 
(Sabzehmeidani et al., 2021), hydrothermal (Khajuria et al., 2018; 
Bano et al., 2019; Dwandaru et al., 2019), microwave (Baipai et 
al., 2019; Pires et al., 2015; de Medeiros et al., 2019), pyrolysis 
(Weber & Quicker, 2018), and carbonization at low temperatures 
(Liu et al., 2016).  

CMs have been widely utilized for various applications, including 
biosensors, photocatalysts, drug delivery systems, antibacterial 
agents, heat and power production, and soil amendment (Zhai et 
al., 2012; Wang & Hu, 2017; Weber & Quicker, 2018). For some 
examples, Cdots have been used for antibacterials with 
conjunctions to other antimicrobial reagents, such as H2O2, 
Na2CO3, and AcOH (acetic acid) (Dong et al., 2017). Cdots can help 
antimicrobial reagents to inhibit bacterial activities. In addition, 
N-doped Cdots/hydroxyapatite nanocomposites have also been 
developed for bone repair. Adding Cdots significantly improves 
bone regeneration and repair (Khajuria et al., 2018; Shao et al., 
2017). Furthermore, C-dots can be conjugated with latex Authors information: 
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materials, such as XSBR, which can be used as nano-filters 
(Sreenath et al., 2020).  

The handling of bone fractures is typically carried out using 
plates, pins, wires, and couplers. The problem is that these objects 
are metals, foreign objects in the body. The use of plates and 
couplers requires drilling the bone. In this study, we offer another 
alternative in treating bone fractures using CMs from E. tirucalli 
as an additive for the fracture treatment. The chicken bone is used 
as a model for the bone fracture. The E. tirucalli latex is mixed 
with the CMs to form a CMs/latex composite. The characteristics 
of the resulting CMs are examined using ultraviolet-visible (UV-
Vis) spectrophotometry, photoluminescence (PL) spectroscopy, 
and Fourier transform infrared (FTIR) spectroscopy. The tensile 
strength of the CMs/latex composites applied to the chicken bone 
is examined using the universal testing machine (UTM). The 
antibacterial properties of the CMs and CMs/latex composites 
based on the diameter inhibition zone (DIZ) against S. aureus 
bacteria are also determined. 

This study explores the potential of a composite material, i.e., 
CMs/latex, for bone fracture treatment. There are limited studies 
in the related literature on applying E. tirucalli for bone fracture 
treatment. Furthermore, the combination of CMs and E. tirucalli 
latex has not been extensively investigated. By assessing the 
antibacterial properties and mechanical strength of this 
composite material, this study contributes to the development of 
bone fracture treatment. This study highlights its approach, 
interdisciplinary relevance, and potential contribution to 
advancing CMs and healthcare. It offers a novel and 
interdisciplinary investigation at the crossroads of CMs and 
medicine. It addresses the utilization of E. tirucalli-derived CMs 
and E. tirucalli latex in treating bone fractures, which has seen 
limited exploration thus far. By combining the inherent 
antibacterial properties of E. tirucalli with the advanced 

properties of CMs, we aim to develop a composite material with 
enhanced mechanical strength and antibacterial properties, 
providing a potential alternative to conventional approaches in 
bone fracture treatment.  

The antibacterial ability of the CMs/latex composites provides a 
safe treatment of bone fractures and prevents infection when 
applied to the bones. Moreover, the improved tensile strength of 
the CMs/latex composites provides a better and safer support 
and/or buffer in the healing process of the bone fracture. Hence, 
the specific objectives of this study are i) to determine the 
antibacterial property of the CMs/latex composites against S. 
aureus bacteria; and ii) to determine the tensile strength of the 
CMs/latex composites via chicken bones as the model bones. The 
CMs produced in this study, their incorporation into latex, 
antibacterial assessments, and mechanical testing on a chicken 
bone model, offer a comprehensive examination of the 
composite's potential efficacy. In this case, the chicken bones are 
used as a real-life model for bones. Of course, the chicken bones 
used in this study do not respond to the treatment, as no living 
cells exist. However, in this study we do not directly investigate 
the respond of the bones to the treatment and leave this for 
future studies. In addition to its immediate applications in 
medicine, the findings of this study could hold broader 
implications for the advancement of CMs and their tailored use in 
medical contexts.  
 
2. Method   

The latex was extracted from the E. tirucalli plant. This was 
conducted by cutting the branches of the E. tirucalli plants. The 
latex came out drop by drop from the ends of the cut branches. 
The latex was collected into a container and tightly sealed to 
prevent drying. This process can be observed in Figure 1. 

 
 

 
Figure 1. Latex collection of the E. tirucalli plant, i.e., a) cutting the branches; b) collecting the latex in a cup, c) pouring the latex into a 

sample container, and d) tightly sealing the latex in the sample container. 
 
The CMs were prepared by washing 50 grams of E. tirucalli 

branch wastes, then cutting them into small pieces. Next, the 
branches were dried in the sun for 6 hours. The branches were 
heated in a Mitseda Electric Oven at a temperature of 250 oC for 
2 hours and then mashed into powder. The powder was filtered 
to ensure that the powder size was homogeneous. The oven is 
heated to 250 °C for 20 minutes. The powder was then dissolved 

in distilled water at a ratio of 1:1, stirred, and left alone for 24 
hours. The solution was then filtered twice using a 110 µm filter 
paper. Hence, the CMs solution was produced. 

The CMs were characterized using a UV-Vis spectrophotometer, 
a PL spectrometer, and an FTIR spectrometer. The UV-Vis 
(Shimadzu 2450 Series) spectrophotometer was used to 
determine the wavelengths at the absorption peaks of the CMs. 
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The PL spectrometer was self-assembled using an Ocean Optics 
USB 4000 Fiber Optic spectrometer and a laser (405 nm) source 
to determine the emission wavelength produced by the CMs. 
Finally, an FTIR (Thermo Nicolet Avatar 360 IR) spectrometer was 
employed to identify the functional groups produced by the CMs. 

The CMs/latex composite was prepared by mixing 10 ml of 
distilled water, 3 ml of latex solution, and CMs solution with 

concentrations of 10%, 20%, and 40%. Then, the mixture was 
heated and stirred to obtain CMs/latex solution with a sticky 
texture and white color. Hence, three samples of CMs/latex 
composites were produced, i.e., CMs/latex A, B, and C for 10%, 
20%, and 40% CMs concentrations, respectively (Figure 2). 

 

 

 
Figure 2. Samples of CMs/latex composites of (a) A, (b) B, and (c) C. 

 

 
Figure 3. Chicken bones covered by (a) E. tirucalli latex and (b) CMs/latex composites. 

 
The antibacterial activity of CMs and CMs/latex composites (A, 

B, and C) was tested against S. aureus bacteria using the diffusion 
method. The bacteria were purchased from the Medical Faculty 
of Universitas Gadjah Mada, Indonesia. All equipment for the 
antibacterial test was provided by the Microbiology laboratory, 
Universitas Negeri Yogyakarta, Indonesia. The DIZ was 
determined to identify the anti-bacterial activity of the samples. 
The bacterial culture was grown on nutrient agar (NA) and 
nutrient Broth (NB) media. The bacteria were then cultured in a 
medium on a petri dish. Paper disks were immersed in the sample 
solutions for 15 minutes, and then placed on solidified NA media 
and in a sterile room at 37 oC. Three petri dishes were given 
various samples of the paper disks, i.e., CMs (A, B, and C), E. 
tirucalli latex (2 ml, 3 ml, and 4 ml), and CMs/latex composites (A, 
B, and C). This test was carried out for 24 hours, with the DIZ 
measured every 3 hours using a caliper. 

 

Finally, the latex and CMs/latex composites were applied to 
chicken bones as a simple model of treating bone fractures. This 
was conducted by drying and breaking the chicken bones around 
their middle parts. The chicken bones were then re-attached and 
covered (wrapped) by the latex and CMs/latex. This can be 
observed in Figure 3. The test on the chicken bones was 
conducted to determine the tensile strength of the latex and 
CMs/latex composites. The tensile strength test was conducted at 
the Faculty of Engineering, Universitas Negeri Yogyakarta using 
the UTM. In principle, UTM pulled the tested material until it 
broke. This produced the peak tensile force required to split the 
chicken bones wrapped by the latex and CMs/latex composites. 
Moreover, the tissue layers of the chicken bone without coating, 
chicken bone coated by CMs, and CMs/latex were also observed 
using a light microscope (Optilab Microscope). 
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3. Results and Discussion 

 
Figure 4. The (a) absorption and (b) emission spectra of the CMs. 

 
The results of the UV-Vis and PL characterizations of the CMs are 

presented in Figures 4(a) and 4(b), respectively. Figure 4(a) shows 
an absorption peak at a wavelength of 287 nm, which is attributed 
to the π → π* transition of C=C (Rahmani & Ghaemy, 2019; 
Mewada et al., 2015). Figure 4(b) shows two intensity peaks. The 
first dominant peak is at a wavelength of 499 nm, which belongs 
to the cyan wavelength range, i.e., 495 nm to 570 nm. This 
suggests that the CMs sample has a cyan luminescence in 
accordance with the luminescence shown in the inset of Figure 4 
(right picture), which is obtained by exposing the CMs solution 
with a UV/violet laser (a wavelength of 405 nm). In addition to the 

first dominant intensity peak, a second peak is produced at a 
wavelength of 678 nm. This latter wavelength belongs to the red 
emission spectrum, i.e., 620 nm to 750 nm. This second peak 
indicates the presence of chlorophyll in the CMs sample 
(Dwandaru et al., 2020; Li et al., 2017). It is possible that the 
chlorophyll from the branches of E. tirucalli still remains, although 
the branches have been heated. However, the intensity is small 
compared to the first intensity peak. The CMs solution has a 
brownish appearance under sunlight (inset Figure 4, left picture). 

 

 
 

 
Figure 5. IR spectrum of the CMs. 
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Figure 6. DIZs after 24 hours of the CMs (A), CMs/latex composites (B), and E. tirucalli latex (C). 

 
The IR spectrum of the CMs is depicted in Figure 5. The FTIR 

spectrum shows bands of C=C, O-H, and N=C=S functional groups 
at 1633 cm-1, 3446 cm-1, and 2067 cm-1, respectively. The 
functional group of C=C is in accordance with the UV-Vis result 
shown in Figure 4(a). Furthermore, the functional group of OH has 
a water solubility property that makes the CMs easy to conjugate 
with other materials, e.g., the latex.  

The CMs solution was then combined with E. tirucalli latex to 
produce the CMs/latex composites. The latter has a sticky texture 
like glue and white color following the latex (see Figure 2). 

Furthermore, higher concentrations of the CMs resulted in a 
thicker composite. In order to study the antibacterial property of 
the composites, the antibacterial tests were conducted. The 
antibacterial activities of the CMs and CMs/latex composites are 
observed against S. aureus by measuring the DIZ of the 
aforementioned samples. The DIZs after 24 hours are shown in 
Figure 6. The DIZs of the samples can be observed inside the red 
circles in the figure. The average DIZ of each sample is shown in 
Table 1.  

 
 

Table 1. The average DIZs of the samples. 

No. 
CMs Latex CMs/latex composites 

Sample 
Average ± 0.05 
(mm) 

Volume (ml) Average ± 0.05 (mm) Sample Average ± 0.05 (mm) 

1. A 1.44  
3 1.24  

A 1.37  
2. B 2.59  B 2.08  
3. C 1.90  C 3.24  

It can be observed in Table 1 that the highest DIZ of 3.24 ± 0.05 
mm is obtained for sample C of the CMs/latex composites 
consisting of 40% CMs solution. In the case of the CM/latex 
composites, the higher the concentration of the CMs, the higher 
the antibacterial activity, which is indicated by the higher DIZ 
results. This is expected as the composite of the two materials, 
i.e., CMs/latex composites, produces better antibacterial 
properties compared to the individual components, i.e., CMs and 
latex. In addition, the latex naturally has antibacterial properties 

(Mali & Panchal, 2017). This is evidenced by the average DIZ 
obtained by the latex (3 ml) of 1.24 ± 0.05 mm.  

On the other hand, the CMs samples also have antibacterial 
properties, with the highest DIZ of 2.59 ± 0.05 mm for sample B. 
All A, B, and C samples of the CMs and CMs/latex composites have 
higher DIZs compared to the DIZ of the pure latex. This indicates 
that the antibacterial property of CMs and CMs/latex composites 
performs better than that of pure latex. However, pure CMs of 
samples A and B have DIZs higher than the CMs/latex composites 
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of A and B, respectively. Only sample C of the CMs/latex 
composites has a higher DIZ compared to the pure CMs of sample 
C. This partially indicates that preparing composite materials of 
CMs/latex produces better antibacterial properties as expected. 
Therefore, the composite of CMs with the latex can significantly 
improve the antibacterial ability against S. aureus and can be 
further used as an antibacterial agent. The antibacterial 
properties of CMs can be extracted from the precursor of CMs, 
namely the branches of the E. tirucalli plant, which have natural 
antibacterial components. Furthermore, CMs are smaller in size 
compared to the latex. Hence, the former are more effective in 
inhibiting the growth of S. aureus bacteria (Muktha et al., 2020). 

S. aureus is a gram-positive bacterium that can cause various 
harms to human health, particularly in this case concerning, e.g., 
bones and joint infections (Bouiller & David, 2023) and fracture-
related infection (FRI) in orthopedic surgery (Li et al., 2023). 
Hence, this justifies the preparation of CMs/latex composites with 
antibacterial properties against S. aureus. For a comparison, the 
highest DIZ of 3.24 ± 0.05 mm of the CMs/latex composites is 
lower than the DIZ of CM core-shell/SiO2 (SiO2@C) and 
AgNP/Cdots nanocomposites of 6.7 mm to 11.2 mm and 9.80 mm, 
respectively (Khemthong et al., 2023; Wang et al., 2022). The 
difference in the values of the DIZ is most likely caused by the 
various concentrations used for each composite. Hence, 

modifying the concentration of the composite’s components may 
be conducted to increase the DIZ of the CMs/latex composites.  

Moreover, we argue that the antibacterial activity of the 
CMs/latex composites is a synergetic mechanism between the 
individual components of the composites, i.e., CMs and latex. The 
latex is essentially a complex emulsion consisting of proteins, 
starches, alkaloids, sugars, and gums with sources of carbon, 
oxygen, nitrogen, and sulfur (Bano et al., 2018). Some of these 
compounds are responsible for the antibacterial activity of the 
latex in the form of antimicrobial compounds (AMCs) and/or 
antimicrobial peptides (AMPs), e.g., proteins and alkaloids. These 
AMCs and AMPs can penetrate the bacterial cell membranes, 
especially the AMPs being hydrophobic (Gracz-Bernaciak et al., 
2021). On the other hand, many antimicrobial mechanisms can be 
attributed to the CMs, e.g., physical or mechanical destruction, 
oxidative stress via reactive oxygen species (ROS), and 
photodynamic effects (Xin et al., 2018). Hence, the synergy 
between CMs and latex improves the physical or mechanical 
penetration strength towards the bacterial cell membranes. The 
combination of AMCs, AMPs, and CMs produces mechanical 
damage to the outer membranes of S. aureus cell walls. The 
damage that is exerted upon the bacterial cell membranes 
depends on the contact interaction between the CMs/latex 
composites and S. aureus, depending on the dimensionalities of 
the composites.  

        

 
Figure 7. Tensile strength test of the latex (a) and CMs/latex composites (b) wrapped on chicken bones. 

 
A fractured chicken bone model was used to investigate the 

tensile strength of the latex and CMs/latex composites. The latex 
and CMs/latex composites are intended as an alternative to 
commonly used metal objects in the process of healing and/or 
repositioning the bone fracture. Samples of chicken bones 
wrapped in the latex and CMs/latex composites are shown in 
Figure 3. Physically, the latex covering the bone fracture has a 

white color, while CMs/latex composites have a darker grey color. 
This color difference is due to the addition of CMs in the 
CMs/latex composites. The model is tested for tensile strength 
using the UTM. The results of the UTM tests can be seen in Figure 
7. The peak tensile force of the tested chicken bones wrapped 
with the latex and CMs/latex composites are shown in Table 2. 
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Table 2. The peak tensile force of the latex and CMs/latex composites. 

No. Sample Peak tensile force of latex ± 0.0005 (kN) 
Peak tensile force of CMs/latex ± 

0.0005 (kN) 
1. 1 0.0110 0.0240 
2. 2 0.0150 0.0250 
3. 3 0.0160 0.0110 
Average 0.0140 0.0200 

The UTM test shows the force required to break the material. 
The greater the force required, the stronger the material. A strong 
wrapping is required to keep the fractured bones in good shape 
during the healing period. It may be observed in Table 2 that the 
highest average tensile force is obtained for the chicken bones 
wrapped with CMs/latex composites, with an average of 0.02 kN, 
while the chicken bones wrapped with latex have an average 
tensile strength value of 0.014 kN. This indicates that the 
CMs/latex composites have the ability to withstand higher tensile 
stress than the sample of the latex. Hence, the addition of CMs 
increases the strength of the latex as an alternative fracture 
treatment. 

Finally, Figure 8 shows the images of the chicken bone layers 
without coating [Figure 8(a)], coated with latex [Figure 8(b)], and 
coated with CMs/latex composites [Figure 8(c)]. The chicken bone 
layer without coating clearly shows elongated fibrous surface like 

threads. Hence, the texture of the surface layer appears to be 
uneven. On the other hand, the image of the chicken bone coated 
by latex shows a smooth surface, while the chicken bone coated 
by CMs/latex composites has a smooth and dense surface. This 
means that the latex and CMs/latex composites are able to cover 
the bone fibers. Moreover, the CMs/latex composites are able to 
densely cover the chicken bone layer compared to the latex. The 
CMs added to the latex fill in the gaps in the chicken bone layers 
better than the pure latex. This makes CMs/latex composites look 
denser and can cover the chicken bone better than the latex 
alone. These results also reinforce the tensile strength test 
results, where the chicken bone wrapped with CMs/latex 
composites has a greater tensile strength compared to the pure 
latex. Since the latex is a sticky emulsion, the addition of CMs 
particles makes the composites denser, hence improving the 
strength of the CMs/latex composites. 

 

 
Figure 8. Images of the chicken bone layer without coating (a), coated with latex (b), and coated with CMs/latex composites (c) with a 

magnification of 5.3X. 
 

4. Conclusion 
The CMs were successfully prepared through heating at a low 

temperature from the branches of the E. tirucalli plant. The 
CMs/latex composites have the highest DIZ against S. aureus 
bacteria compared to the latex and CMs, which shows that the 
antibacterial ability is improved if the latex and CMs are 
combined. The fractured chicken bone wrapped with CMs/latex 
composites has the highest tensile strength because CMs/latex 
have a smooth and dense surface, so that they can bind the 
chicken bone better than the latex alone. Hence, the CMs/latex 
composites can be developed as an alternative for bone fracture 

treatment. Further characterization of the CMs and CMs/latex 
composites can be conducted for future study, such as using a 
high-resolution transmission electron microscope (HR-TEM). 
Further studies can also be conducted on the application of the 
CMs/latex composites to various parts of the bones. 
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Effect of Cu and Si Wafer Substrates in Increasing Raman Signal of Surface-Enhanced 
Raman Scattering-Based Au Nanoparticles  
Affi Nur Hidayah1ab, Djoko Triyono2a*, Yuliati Herbani3b and Rosari Saleh4a 

 
 

Abstract: Surface-enhanced Raman spectroscopy (SERS) has attracted considerable research interest over the last four decades because 
of its rapid vibrational spectroscopic detection, high sensitivity, and nondestructive technique for enhancing the generally weak signal 
from Raman scattering. Here, SERS substrates were fabricated by drop-casting Au nanoparticles (NPs) onto two substrates (Cu and Si 
wafers). The AuNPs (diameter = 7.3 nm) were synthesized from an Au metal ion solution with a concentration of 4.22 × 10−4 M via 
photochemical reduction using a femtosecond laser. The SERS substrates were tested for their ability to enhance the Raman signal of 
paraquat pesticides at 10 ppm. Six vibration peaks of the paraquat pesticides at 671, 838, 1187, 1294, 1530, and 1643 cm−1 were 
successfully detected and enhanced. The results showed that the SERS substrate on the Si wafer increased the Raman signal more than 
the Cu wafer. 
 
 
Keywords: SERS substrates, Au nanoparticles, silicon wafer, copper wafer. 

 
1. Introduction 

The unique chemical, physical, optical, catalytic, and electronic 
capabilities of metallic nanoparticles (NPs) have attracted 
significant research attention because these properties are 
influenced by plasmonic oscillations. The plasmonic oscillations of 
metal NPs strongly rely on various variables, such as the material, 
size, shape, nanostructure composition, and the dielectric 
constant of the surrounding medium (Minho, Jung-Hoon & Jwa-
Min, 2019). Plasmon resonance exhibits sensitivity toward 
alterations in the refractive index of the surrounding medium, 
which can arise from the adsorption or binding of molecules onto 
material surfaces. This property renders plasmon resonance 
valuable for the development of environmental sensing 
applications, including colorimetry (Xu, Jin & Li, 2021), surface-
enhanced Raman scattering (SERS) (Israelsen, Hanson, and Vargis, 
2015), and biosensing applications (Unser, Bruzas, He & Sagle, 
2015) (Huan et al, 2021).  

 SERS has been developed as a straightforward and 
nondestructive testing method for the detection of dangerous 
chemical substances and food contaminants, e.g., antibiotics, 
melamine, and pesticides (Craig, Franca, & Irudayaraj, 2013). In 
addition, SERS has demonstrated its efficacy in detecting various 
biological entities, such as micro-RNA, DNA, viruses, bacteria, and 
cancer cells (Pilot et al., 2019). Noble metallic elements, including 

Au, Ag, and Cu, are commonly utilized in the form of metal NPs 
for SERS-substrate modification (Roguska et al., 2011). In a study 
by Wang, K G et al. (2019), AgNPs exhibited sharp and narrow 
plasmon peaks, resulting in a high intensity. This characteristic 
enabled the AgNPs to more effectively amplify the Raman signal 
compared with AuNPs. Nevertheless, Ag is highly susceptible to 
oxidation and exhibits potentially harmful characteristics that can 
adversely affect the analyte under investigation (Ferdous & 
Nemmar, 2020). AuNPs have attracted significant attention in the 
medical field because of their remarkable biocompatibility (Janina 
et al., 2010). This interest has been further fueled by the high 
plasmonic stability of Au attributed to its elevated chemical and 
physical stability (Ilyas et al., 2021) (Hidayah et al., 2022). 

The use of SERS substrates has been demonstrated to enhance 
the typically low signal strength obtained from Raman 
spectroscopy. This enhancement occurs when biomolecules, 
which are the targets or analytes for environmental pollution, 
interact with the plasmonic nanostructures on the substrate 
surface (Pérez-Jiménez et al., 2020). The plasmonic oscillation of 
metal NPs can manifest in two separate effects. Initially, the 
phenomenon of extinction or scattering results in a displacement 
of the spectral peak toward long wavelengths. It has been 
observed that plasmonic nanostructures can increase nonelastic 
optical phenomena on molecules or quantum entities through 
local field enhancement (Lia, Cushinga & Wua, 2015). Surface 
plasmons (SPs), specifically localized SPs at the metal surface, 
interact with incident photons and Raman-scattered vibrations 
emitted by analyte molecules. These interactions result in a 
substantial enhancement of Raman-scattered photons, 
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commonly known as electromagnetic enhancement (EM). 
Chemical enhancement (CM) can yield additional performance 
enhancements when the molecule establishes a chemical bond 
with the metal surface, leading to the transfer of charge, involving 
the metal and molecule. The aforementioned processes are 
considered the basis for SERS (Kahraman et al., 2017).  

AuNPs are a popular choice for SERS substrates. However, the 
shape of the NPs (Au nanospheres, nanorods, nanotriangles, 
nanowires, nanoplates, and nanocubes), substrate type (Si, glass, 
quartz, and paper), and analyte used impacts the process of 
increasing the Raman signal on an AuNP SERS substrate (Lopez-
Lorente, 2021). Numerous AuNPs that are used as SERS substrates 
are still produced using chemical reduction techniques that 
involve reducing agents, such as stainless steel (Lopez-Lorente, 
2014), trisodium citrate (Brust, 1994), NaBH4, or ascorbic acid 
(Saim, 2021). The chemical reduction approach is complicated 
and can result in chemical residues on the AuNPs, which could be 
harmful if utilized in medical applications. Thus, using a 
femtosecond laser to create AuNPs via the chemical 
photoreduction process could be beneficial because it is simpler, 
faster, and does not require chemicals. 

AuNP SERS substrates have been used to detect a range of 
analytes, including pesticides, such as phosmet (Luo, 2016), 
carbaryl (Alsammarraie, 2017), thiram (Zhang, 2014), 
cypermethrin (Li, 2019), esfenvalerate (Wang, K., 2019), pestisida 
thiabendazole (Alsammarraie, 2018) and paraquat pesticides. 
Currently, chemical reduction to fabricate AuNPs is the only 
approach used for AuNP-based SERS substrates in the detection 
of pesticides. There are several methods for performing the SERS-
substrate measurement process for detecting paraquat 
pesticides. They include combining the pesticide with AuNPs and 
dropping them onto a glass substrate (Lin, 2021), aluminum 
engraved using a laser and coating with AuNPs (Kamkrua, 2023), 
or dropping AuNPs onto glass and drying in a vacuum oven for 6 
h (Chen, 2022). No reports have been made regarding the 
production of SERS substrates on Cu and Si wafers for the 
detection of paraquat pesticides. Although the use of paraquat 
insecticide has begun to be outlawed in Europe and America, 
farmers in Indonesia continue to use it. Paraquat pesticides are 
commonly used by farmers to kill pests on coffee and oil palm 
trees (Pusat Standarisasi-Kementerian Lingkungan Hidup dan 
Kehutanan, 2020). Thus, the advancement of the field of 
spectroscopy in Indonesia is critically dependent on the 
development of a SERS substrate based on AuNPs. 

The fabrication techniques employed for the production of SERS 
substrates include spin coating (Gushiken et al., 2020), electron 
beam lithography (Chen et al., 2019), and physical vapor 
deposition (Khalil et al., 2019). Nevertheless, it might be argued 
that the aforementioned methods are highly complex, difficult, 
and costly. The quality of SERS substrates can impact SERS signals. 
The present study fabricated SERS substrates by the application 
of a drop-casting technique, which was confirmed to be rapid and 
cost-effective. AuNPs were used as the primary material, and they 
were coated onto Cu and Si wafers. The initial step in the 
production of the AuNPs involves the use of a femtosecond laser 

for photochemical reduction, commonly referred to as the green 
synthesis method. This approach prevents the use of strong 
chemical reduction agents. The AuNPs were produced by diluting 
Au salts in a water solution, placing them in a glass cuvette, and 
irradiating them using the femtosecond laser. When a 
femtosecond laser interacts with a solution of Au ions, it 
generates a strong reducing agent that can convert Au ions into 
AuNPs. This study was aimed at evaluating the impact of various 
substrate types on the enhancement of the Raman signal of 
paraquat pesticides. 

 
2. Materials and Methods   

Materials 
An AuNP solution was synthesized by reducing a solution of Au 

ions using the femtosecond laser. The Au ion solution was 
prepared by diluting potassium gold (III) chloride metal salt 
(KAuCl4; 98% purity, Sigma Aldrich) with distilled water to a 
concentration of 4.22 × 10−4 M. Furthermore, a capping agent, 
polyvinylpyrrolidone (PVP; 99.9% purity, Sigma Aldrich), was 
utilized. The PVP had a molecular weight of 40,000 incorporated 
into the solution at a concentration of 0.01 wt%. 

Paraquat pesticides (Sigma Aldrich) were selected as analytes 
for the quality testing of the present SERS substrates. The 
paraquat pesticide (1 g) was diluted multiple times to achieve a 
concentration of 10 ppm. 

 
Methods 
The AuNP SERS substrates were fabricated on two distinct 

substrates: Si and Cu wafers. The AuNPs were first produced via a 
photoreduction process with a femtosecond laser and 
subsequently placed on the wafers to create SERS substrates 
using the drop-casting method. The use of a femtosecond laser 
created NPs without chemicals or strong reduction agents, 
offering a rapid and more eco-friendly alternative to chemical 
techniques. 

To synthesize colloidal AuNPs, a solution containing Au ions was 
introduced into a quartz cuvette (10 × 10 × 45 mm), resulting in a 
total volume of 3 mL. The solution was subsequently exposed to 
a femtosecond laser, with a fundamental wavelength of 800 nm, 
power output of 2 mJ, and repetition rate of 1 kHz. The 
experiment was conducted for 15-min irradiation times. The laser 
beam was directed at a right angle to the side wall of the glass 
cuvette using an aspheric lens (numerical aperture = 0.5; focal 
length = 8 mm). The schematic representation of the 
experimental setup has been previously illustrated (Hidayah et al., 
2022). After the irradiation process, the ultraviolet–visible (UV–
VIS) absorption of the synthesized AuNPs was analyzed using a 
modular UV–VIS spectrophotometer (Maya2000 Pro) and a 
broadband light source (DH-Mini, Ocean Optics). The colloidal 
AuNPs were deposited on grids with a carbon coating (Ted Pella, 
Inc.) and allowed to dry for at least 24 h. Afterward, their 
morphology was investigated via transmission electron 
microscopy (TEM) (FEI Tecnai G2 20 S-Twin) at an acceleration 
voltage of 200 kV. 

 The SERS substrates were fabricated by drop casting the 
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colloidal AuNPs (1 mL) onto the Si wafers and Cu substrates (0.5 × 
0.5 cm) placed on a hot plate at 40°C. The hot plate was set to 
40°C to minimize coffee ring formation and alterations in the 
characteristics of the AuNPs. Prior to a quality assessment of the 
SERS substrate, normal Raman spectra of the standard paraquat 
pesticide were evaluated. The paraquat pesticide (2 μL, 10 ppm) 
was dropped onto the SERS Cu and Si substrates, which were 
dried at room temperature. SERS experiments were conducted 

using a Raman spectrometer with a 785-nm excitation source and 
gratings of 1800 grooves per millimeter (HR 550, Horiba). Figure 1 
illustrates the production of the SERS substrate and the 
measurement using Raman spectroscopy. 

 

 
Figure 1. Production of SERS substrates and Raman measurements. 

 

3. Results and Discussion  
First, the AuNPs were generated from a solution of Au ions, 

which were placed in cuvettes and exposed to a femtosecond 
laser for 15 min. This was performed prior to the production of 
SERS substrates on Si and Cu wafers. The femtosecond laser was 
used to irradiate the Au ion solution, which is a mixture of water 
(H2O) and K+[AuCl4]−. The interaction between the H2O and the 
tightly focused laser created plasmas containing reactive radicals, 
such as hydrated electrons (eaq− -), hydrogen peroxide (H2O2), and 

hydroxyl radicals (OH). The hydrogen radicals and hydrated 
electrons acted as strong reducing agents and reduced K+[AuCl4]− 
to AuNPs (Meader et al, 2017).  

The absorbance of the AuNP solution was measured, and the 
findings are illustrated in Figure 2, depicting the localized surface 
plasmon resonance (LSPR) value at 522 nm. Furthermore, the NPs 
were characterized by TEM, and the results are shown in Figure 3, 
illustrating the spherical morphology of the NPs with a diameter 
of 7.3 nm. 

 

 
Figure 2. Localized surface plasmon resonance of AuNPs. 
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Figure 3. TEM images of morphology and particle size of AuNPs. 

 
The colloidal AuNPs were subsequently coated onto the Si and 

Cu wafers, respectively, using a hot plate. The Si SERS substrate 
was characterized via field-emission scanning electron 
microscopy (FE-SEM; Figure 4). 

 

 
Figure 4. (a) FE-SEM images of the morphology and particle size. (b) Energy-dispersive X-ray spectroscopy. 

 
The experimental findings indicated that AuNPs, when applied 

as a coating on a Si wafer substrate, were larger than the NPs in 
the solution suspension. This implies that the transfer mechanism 
of the colloidal AuNPs onto the substrate, in conjunction with the 
impact of the temperature of the hot plate, resulted in the 
heightened aggregation and enlargement of the NPs. The weight 
percentage of the NPs successfully coated on the Si wafer 
substrate was 68.9%. When colloidal AuNPs are deposited on a 
substrate and evaporate, the capillary flow from the center to the 
edge within the droplets causes the NPs to aggregate at the edge 
of the droplet, leading to their cohesion (Kumar, 2020). The van 
der Waals interaction between the NPs and heating on the hot 
plate accelerated the evaporation process, leading to a faster 
aggregation of the NPs. Once the NPs were adhered to the 

substrate, the heating process continued in the thin film. The heat 
produced by the hot plate follows principles, such as the 
annealing process on thin films. This process involves heating to 
enhance the crystallinity of the film and enlarges the size of NPs 
in the thin film (Kabir, 2019). This technique results in a coffee ring 
effect, causing the particles to be more concentrated at the edges 
than in the middle (Eral, 2013). 

Standard paraquat pesticide powder (C12H14Cl2N2; Sigma 
Aldrich) was subjected to Raman spectroscopy prior to evaluating 
the quality of the SERS substrate. Six signal peaks corresponding 
to the paraquat pesticide were observed in the Raman spectrum 
(Figure 5) at the following wave numbers: 654.87, 841.87, 
1199.29, 1300.54, 1552.08, and 1655.5 cm−1. 

 
Figure 5. Raman shift of standard paraquat pesticide powder. 
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The quality testing of the SERS substrates was conducted on Si 
and Cu wafers. A droplet (2 μL) of paraquat pesticide solution was 
applied to each substrate, which was subsequently dried at room 
temperature. To assess the efficacy of the AuNPs in enhancing the 
Raman signal of paraquat pesticides, two sets of measurements 
were conducted. The first set involved an empty Si wafer 
substrate devoid of NPs and pesticides. The second set involved 

an empty Si substrate without NPs, onto which the paraquat 
pesticide (2 µL) was applied; the substrate was subsequently dried 
at room temperature. Figure 6 shows a comparative analysis of 
Raman signal outcomes from three samples: empty Si wafer 
substrates, Si wafers without NPs treated with paraquat 
pesticides, and SERS substrates treated with pesticides. 

 
 

 
Figure 6. Raman shifts of (a) only Si wafer, pesticides on Si wafer, and (b) pesticides on SERS substrate on Si and Cu wafers. 

 
The Raman spectroscopy of a blank Si wafer revealed distinct 

peaks at 500 and 1000 cm−1 (Figure 6a). No Raman peaks resulting 
from paraquat pesticides were observed for the uncoated Si 
wafer substrate and the Si wafer substrate that was not treated 
with NPs and pesticides. Here, the use of SERS substrates on Si 
and Cu wafers enhanced the detection of six distinct paraquat 
pesticide peaks. These peaks were observed at 671, 838, 1187, 
1294, 1530, and 1643 cm−1, which represent the C–Cl stretching 
vibration, C–N stretching vibration, C=C symmetrical stretching 
vibration, C–C deformation vibration, C–C deformation vibration, 
and C=N stretching vibration (Chen, 2022). This showed that the 
presence of NPs with plasmonic characteristics on the SERS 
substrate enabled the modulation and interaction of 
electromagnetic waves, Raman scattering, with the molecular 
vibrations of paraquat pesticides. Six paraquat pesticide peaks of 
the Raman shift observed for the SERS substrate exhibited slight 
deviations compared with the Raman spectra obtained for 
powdered paraquat pesticide. These deviations were attributable 
to the impact of plasmonic interactions occurring on the NPs. This 
influenced the enhancement of the incident laser source and the 
vibrational behavior of the paraquat pesticide molecules, 
contrary to the molecular vibrations of powdered paraquat 
pesticides, which were only affected by the laser source passing 
through the molecule (Liao, 2007). 

The observed enhancement in the Raman signal of the paraquat 
insecticide on the SERS Si substrate was greater than that on the 
Cu substrate. The SERS enhancement factor (EF) combines two 
multiplicative contributions from CM and EM. Thus, the 
augmentation of the Raman signal was influenced by both EM and 
CM. This experiment evaluated the efficacy of the SERS substrate 
using the paraquat pesticide as the analyte. Two distinct substrate 
types were used to assess the quality of the SERS substrate. In this 
experiment, the EM process influenced the enhancement of the 
Raman signal of the paraquat pesticides more than the CM 
because the amplification of the Raman signal was solely 
influenced by the plasmonic properties of the NPs. The plasmonic 
characteristics exhibited by AuNPs coated on a Si wafer substrate 
are governed by the surface plasmon polariton (SPP) 
phenomenon. This effect is governed by the dielectric properties 
of the substrate in which the NPs are implanted (Le Ru, 2009).  

SPP signals can be amplified using different methods depending 
on the material used. The dielectric value of the material had an 
effect on the SPP by strengthening the Raman signals. Once NPs 
are placed on the SERS substrate, LSPR and polaritons begin to 
form. Polaritons are caused by electron oscillations moving 
through the substrate material. The material can strengthen the 
electric field around the NPs owing to polaritons. Plasmon effects 
that increase electromagnetic waves are caused by SPP and the 
interaction between NPs and the dielectric constant of the 
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substrate. To determine the field on the SERS material, lasers with 
electric fields of EInc to the polariton mode were used. The Raman 
signal enhancement was affected by the factor, MLoc = 
|ELoc/EInc|, for increasing the local field strength (LFIEF). The 
electric field of the SERS ELoc substrate is changed by the 
polariton electric field, which works with the dielectric electric 
field (E1) and metal electric field (E2). The factor for increasing the 
LFIEF was determined using the following equation: 

 

𝑀𝑀 =  |𝐸𝐸1(0)|2

|𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼(0)|2
=  2|𝜖𝜖|

𝜖𝜖𝑀𝑀𝜖𝜖′′
𝐼𝐼𝑚𝑚  �𝜖𝜖� 1

𝜖𝜖 + 𝜖𝜖𝑀𝑀
�  𝜂𝜂�𝜖𝜖𝐼𝐼𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝛳𝛳𝐼𝐼𝐼𝐼𝐼𝐼, (1) 

 
where EInc is the electric field of the laser, 𝜖𝜖𝐼𝐼𝐼𝐼𝐼𝐼 is the dielectric 

where the wave arrives, 𝛳𝛳𝐼𝐼𝐼𝐼𝐼𝐼 is the angle of incidence, Im is the 
imaginary part, ϵ is the substrate dielectric, ϵ'' is the imaginary 
substrate dielectric, and ϵM is the medium dielectric (Le Ru, 2009). 
The dielectric constant of the SERS substrate impacts signal 
growth and the EF value. 

The Raman signal amplification on the Si wafer substrate 
exceeded that on the Cu substrate, mostly attributable to the 
disparity in dielectric constants. The dielectric constant of the Si 
wafer substrate (11.7) exceeded that of the Cu substrate (1.68). 
The Si wafer substrate, with its higher dielectric constant, had a 
higher influence on the plasmonic characteristics of the SERS 
substrate. The stronger plasmonic coupled and increased the 
Raman vibration of the pesticide molecules, as represented by the 
higher Raman peak compared with that of the SERS Cu substrate. 
The EF for the SERS Si substrate was 2.38 × 104, higher than that 
for the Cu substrate (1.39 × 102). The EF is determined using 
(ISERS/IRaman) × (NRaman/NSERS), where ISERS represents the 
SERS intensity, IRaman is the standard Raman intensity, NRaman 
is the analyte concentration in standard Raman measurements, 
and NSERS is the analyte concentration in SERS measurements 
(Ru, 2013). 

 

4. Conclusion 
This study effectively fabricated SERS substrate-based AuNPs on 

Si and Cu wafer substrates. The SERS substrates were fabricated 
via the drop-casting method, and AuNPs (diameter = 7.3 nm), 
synthesized from Au metal salts dissolved in water and irradiated 
with a femtosecond laser, were deposited onto both substrates. 
The quality assessment of the SERS substrate relied on its ability 
to enhance the Raman signal of the paraquat pesticides. The 
experimental findings showed that the AuNPs could enhance the 
Raman signal, leading to the successful detection of six Raman 
peaks associated with the paraquat insecticide. The SERS 
substrate on a Si wafer significantly amplified the Raman signal 
for the paraquat insecticide compared with the Cu substrate. This 
was due to the higher dielectric constant of the Si wafer than that 
of the Cu wafer. The higher dielectric constant influenced the 
behavior of the localized SPPs, facilitating the coupling of the 
Raman scattering vibrations of the paraquat pesticide molecules. 
Further investigation is required to investigate the impact of other 
substrates, in addition to Si and Cu wafers, on the amplification of 
Raman signals for analytes under examination. 
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Abstract: With the global demand for food production escalating, concerns about the long-term sustainability and environmental impact 
of traditional farming practices, particularly the application of chemical fertilizers, have gained prominence. Recognizing the importance 
of addressing these issues, this review explores the evolving dynamic between fertilizers and microbial communities, emphasizing the 
need for a more profound understanding of these interactions. The transformative impact of next-generation sequencing (NGS) 
technologies in unraveling microbial intricacies within agricultural ecosystems is highlighted as a crucial tool for advancing this 
understanding. Investigation extends to discerning the nuanced effects of both chemical and non-chemical fertilizers on soil microbiomes, 
considering variations in soil type and crop specificity. Linking these findings to the Sustainable Development Goals (SDGs), the review 
highlights the critical connection between fertilizer use, microbial diversity, and the achievement of sustainability objectives. Despite the 
potential of NGS, the review acknowledges current limitations, sparking discussions on potential technological advancements and 
methodological improvements. Emphasizing the necessity for interdisciplinary collaboration, it advocates for comprehensive insights that 
bridge gaps between microbiology, agriculture, and sustainability. In conclusion, the article synthesizes historical perspectives, cutting-
edge technologies, and sustainable development objectives to provide a holistic understanding of the intricate interplay between 
fertilizers, microbial diversity, and the imperative path toward a more sustainable agricultural future. 
 
 
Keywords: Fertilizers, microbial diversity, sustainable agricultural practices, next-generation sequencing (NGS) technologies, sustainable 
development goals (SDGs) 

 
1. Introduction 

Background 
Agriculture is the backbone of human civilization, providing 

sustenance, economic stability, and a foundation for societal 
development. Its global significance is indisputable, as it not only 
supports the basic human need for food but also fuels economies 
(Shen et al., 2023), shapes landscapes (Martello et al., 2023), and 
influences cultural identities (Zheng et al., 2023). The 
unprecedented growth of the world's population and the 
escalating demand for food resources have intensified the 
pressure on agricultural systems, necessitating innovative 
approaches to ensure sustainable food production.  

At the core of modern agricultural practices lies the pivotal role 
of fertilizers. Fertilizers have become vital tools for farmers 
seeking to enhance crop yields and meet the escalating demands 
of a growing population (Mustafa et al., 2023). These chemical 
and non-chemical formulations offer valuable nutrients to plants, 
augmenting soil fertility and addressing nutrient deficiencies. 

While fertilizers have played a critical role in boosting agricultural 
productivity, their widespread use has raised concerns about 
environmental impact, including soil acidification, greenhouse gas 
emissions, depletion of the ozone layer, and loss of biodiversity 
(Bai et al., 2020; Mustafa et al., 2023). As we delve into the 
intricate relationship among fertilizers and microbial 
communities, it becomes apparent that a nuanced understanding 
of these dynamics is essential for sustainably shaping the future 
of agriculture. This review investigates the transformative 
potential of Next Generation Sequencing (NGS) in unraveling the 
complex interplay between fertilizers and microorganisms, 
offering insights that can pave the way for achieving Sustainable 
Development Goals (SDGs) in agriculture. 

 
Rationale for the Review 
The escalating global demand for food production drives the 

imperative to reassess and optimize agricultural practices. With 
the world's population steadily climbing, the need for increased 
food yields places unprecedented pressure on the agricultural 
sector. This heightened demand necessitates a critical evaluation 
of existing farming methods to ensure both quantity and the 
quality and sustainability of our food supply. Simultaneously, the 
reliance on conventional fertilizers has sparked environmental 
and sustainability challenges that cannot be ignored. Runoff from 
these chemical inputs contributes to water pollution, adversely 
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impacting aquatic ecosystems, while the accumulation of excess 
nutrients in the soil can lead to degradation and long-term loss of 
fertility (AbdelRahman et al., 2022; Li et al., 2022a). Addressing 
these challenges requires a major shift towards more 
environmentally conscious and sustainable agricultural practices. 

Amidst these challenges, the introduction of NGS emerges as a 
transformative tool to deepen our understanding of microbial 
dynamics in agriculture. NGS technologies, including both 
shotgun and amplicon sequencing, enable researchers to 
investigate the genetic landscapes of microbial communities, 
offering unparalleled insights into their composition, diversity, 
and functional potential (Liu et al., 2021a; de Vries et al., 2023; 
Maretto et al., 2023; Tang et al., 2023). It holds the promise of 
unraveling the complex relationships between fertilizers and 
microorganisms and guiding the development of sustainable 
agricultural practices for the future (Chouhan et al., 2023). This 
review aims to investigate the synergy between fertilizer use, 
microbial dynamics, and NGS technologies, highlighting on the 
path toward achieving Sustainable Development Goals in 
agriculture. 
 
2. Fertilizers and Microbial Diversity: a 

Historical Perspective  
Historically, the relationship between fertilizers and 

microorganisms has been focused primarily on nutrient provision 
to plants. Traditional agricultural practices often treated soil as a 
mere substrate for plant growth (Thompson, 1992; Lafaille, 2017), 
with little consideration for the intricate web of microbial life 
beneath the surface. While effective in boosting crop yields, this 
limited perspective failed to account for the broader ecological 
consequences of altering microbial ecosystems. It aimed to 
replenish essential nutrients without heavily understanding the 
dynamic interplay between these chemical inputs and the diverse 
microbial communities inhabiting the soil and plant root systems 
(Russel & Williams, 1977; Inubushi & Acquaye, 2004). However, 
the traditional mindset that viewed soil merely as a medium for 
plant growth is gradually transforming into a holistic approach 
that considers the soil as a living ecosystem (Ponge, 2015).  

As agriculture evolved and intensified, the limitations of these 
traditional views became increasingly apparent that the 
indiscriminate use of chemical fertilizers led to soil degradation, 
negative impacts on microbial biodiversity, and environmental 
pollution (Feng et al., 2022; Mukhles et al., 2022; Wang et al., 
2022; Nguyen et al., 2023). The emergence of these challenges 
underscored the need for a deeper understanding of the intricate 
relationships between fertilizers and microorganisms. The 
dynamic nature of microbial communities, their symbiotic 
relationships with plants, and their roles in nutrient cycling and 
soil health became focal points for researchers seeking 
sustainable agricultural solutions (Abid et al., 2021; Iqbal et al., 
2023; Wei et al., 2023a; Zhang et al., 2023a). Acknowledging the 
complexity of these interactions is vital for mitigating the 
unintended consequences of fertilization and steering agricultural 
practices toward greater ecological resilience. 

The historical shift towards environmentally-friendly 
agricultural practices, as highlighted in the Sustainable 
Development Goals (SDGs) and underscored by scholars like 
Dubey et al. (2021) and Shahmohamadloo et al. (2021), reflects a 
growing awareness of the complex interplay between human 
activities and the environment. This departure from historical 
practices, often focused solely on maximizing yields with little 
regard for long-term ecological consequences, is now 
characterized by a commitment to biodiversity conservation, 
climate resilience, and reducing ecological footprint. Aligning 
agricultural strategies with sustainable development objectives 
underscores a historical trajectory towards a more responsible 
and conscientious approach, recognizing the importance of 
integrating sustainable practices to ensure the long-term well-
being of ecosystems and harmony between food production and 
ecological health preservation. 

 
3. Next Generation Sequencing: Revolutionizing 

Agricultural Microbiology 
The aim of sustainable agriculture relies on microbial diversity. 

These microscopic organisms, including bacteria, fungi, and 
archaea, contribute to soil fertility, nutrient cycling, and plant 
health (May et al., 2023; Xiang et al., 2023). A rich and diverse 
microbial community can enhance plant tolerance to soil salinity 
(Feng et al., 2023; Wang et al., 2023), suppress pathogenic 
organisms (Ehau-Taumaunu & Hockett, 2023; Yang et al., 2023a), 
and improve nutrient availability for plants (Arunrat et al., 2023; 
Li et al., 2023a). As the agricultural community recognizes the 
multifaceted benefits of microbial diversity, there is a growing 
shift towards holistic and regenerative practices that aim to 
maximize crop yields and foster long-term soil health. 

NGS technologies have emerged as powerful tools, propelling 
agricultural microbiology into a new era of precision and depth. 
Two primary methodologies, shotgun and amplicon sequencing, 
form the cornerstone of NGS applications in studying microbial 
communities. Shotgun Sequencing involves the random 
sequencing of DNA fragments, providing a comprehensive 
snapshot of the entire genetic content present in a sample (Doni 
et al., 2023). Amplicon sequencing, on the other hand, targets 
specific gene regions such as 16S ribosomal RNA (16S) and 
Internal Transcribed Spacer (ITS), allowing for a more focused 
analysis of microbial diversity (Liu et al., 2021a). These 
approaches help researchers to investigate the genetic 
complexities of microbial communities with unprecedented 
resolution, shedding light on the composition, functional 
potential, and dynamics of these microscopic ecosystems (Liu et 
al., 2021a; de Vries et al., 2023; Maretto et al., 2023; Tang et al., 
2023). 

By unlocking the genetic codes of diverse microorganisms 
through NGS technologies, researchers can elucidate their roles 
in nutrient cycling, plant-microbe interactions, and overall soil 
health (Windisch et al., 2021; Kim et al., 2022; Xiang et al., 2023). 
NGS aids in the identification and quantification of microbial 
species, offering insights into their functional capabilities and 
interactions. By exploring the microbial ecosystems, NGS enables 
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the comprehensive analysis of microbial diversity at a scale and 
precision unattainable by traditional methods such as PCR-
Denaturing Gradient Gel Electrophoresis (PCR-DGGE), Terminal 
Restriction Fragment Length Polymorphism (T-RFLP), and 
Fluorescent in Situ Hybridization (FISH) (Wolsing & Priemé, 2004; 
Caracciolo et al., 2005; Wenhui et al., 2007; Bokulich & Mills, 
2012). This transformative capability extends beyond taxonomy, 
allowing a deeper understanding of the functional attributes 
governing microbial contributions to agricultural ecosystems.  

The application of NGS in agricultural microbiology goes beyond 
mere taxonomic identification and explores the functional 
dynamics of microbial communities. Metagenomics, a primary 
application of NGS, enables the direct study of genomic material 
extracted from environmental samples, providing valuable 
insights into the functional potential of microbial communities 
(Tas et al., 2021). Metatranscriptomics further extends this 
capability by analyzing the actively expressed genes, allowing 
researchers to analyze real-time functional activities within 
microbial ecosystems (Mukherjee & Reddy, 2020). This 
understanding of genetic composition and functional activities 
empowers scientists to identify microbial contributions to 
nutrient cycling, disease suppression, and plant resilience 
(Chuckran et al., 2021; Mendes et al., 2023; Pande et al., 2023). 
The integration of metagenomic and metatranscriptomic data 
opens avenues for targeted interventions, allowing for the 
development of precision agricultural practices that leverage the 
specific functions of microbial communities to improve crop 
health and yield.  

The shift from traditional to NGS-based approaches represents 
a paradigmatic leap in our capacity to assess microbial diversity. 
NGS offers several advantages over outdated conventional 
methods, including higher throughput, reduced cost per base 
pair, and the ability to detect rare and novel microbial taxa (Zhao 
et al., 2020; Adhikari et al., 2021; Greay et al., 2021). The 
technology's capacity to provide quantitative data on microbial 
abundances, community structures, and functional potentials in a 
single experiment is unparalleled (Hiiesalu et al., 2012; Azarbad et 
al., 2022). NGS minimizes biases inherent in cultivation-
dependent methods, allowing for the identification of previously 
unculturable microorganisms (Chaudhary et al., 2019; Qaisrani et 
al., 2019; Sessou et al., 2023; Deinert et al., 2023). It is a 
transformative tool that broadens our understanding of microbial 
ecosystems and guides the development of targeted strategies 
for enhancing agricultural productivity and resilience toward 
sustainable practices. 

 
4. Fertilizer Impact on Microbial Communities: 

Insights from NGS Studies 
Chemical Fertilizers and Their Effects on Microbiomes 
The widespread application of chemical fertilizers in modern 

agriculture has significantly changed the dynamics of soil 
microbial communities, prompting a closer examination of their 
impacts through the NGS. Chemical fertilizers, rich in nitrogen (N), 
phosphorus (P), and potassium (K), are known to influence soil 
pH, nutrient availability, and overall soil structure (Li et al., 2020a; 

Liu et al., 2020). However, the consequences of these alterations 
on microbial diversity and function have become increasingly 
apparent with the application of NGS technologies. 

Apart from demonstrating an increase in the abundance of the 
denitrification-related gene nirK (Carrascosa et al., 2023), 
chemical fertilization exhibited an increased abundance of genes 
associated with methane oxidation, soil nitrogen degradation, 
nitrification, and anammox, emphasizing a distinct influence on 
nutrient cycling as shown by the 16S amplicon studies (Hu et al., 
2022a). The NPK fertilization also positively influenced acidophilic 
groups, such as nitrifiers and denitrifiers, based on 16S and ITS 
amplicon sequencing, and concurrently increased the alpha 
diversity of arbuscular mycorrhizal (AM) fungi in the root 
endosphere (Semenov et al., 2020; Ma et al., 2021). According to 
Hu et al. (2022b), nitrogen (N) fertilization induced the saprotroph 
fungal functional group, which may suggest its potential role in 
decomposing and absorbing organic matter from dead or 
decaying organisms using the ITS sequencing approach. 

Recent studies using shotgun metagenomic sequencing are 
further discussed and have revealed novel insights into how the 
taxonomic makeup of soil microorganisms changes when exposed 
to chemical fertilizers. High inorganic nitrogen fertilizer led to 
higher relative abundance in Bacillaceae and Carnobacteriaceae 
families, while certain bacterial families like Pseudonocardiaceae, 
Clostridiaceae, Cytophagaceae, Micromonosporaceae, and 
others were relatively less abundant (Enebe & Babalola, 2021). 
Apart from increasing soil nutrient availability, excessive K2SO4 
application in tobacco-planting soil increased copiotrophic groups 
such as Burkholderiaceae and Rhodospirillaceae families, as well 
as Ellin6067 genus, while negatively impacting oligotrophic taxa 
(Lu et al., 2022). Li et al. (2020b) found that applying NPK fertilizer 
reduced Proteobacteria and Bradyrhizobium at the genus level 
and increased Acidobacteria at the phylum level. In a separate 
study, Li et al. (2022b) reported that NPK fertilizer resulted in 
decreased Proteobacteria abundance, increased Actinobacteria 
abundance, the lowest Acidobacteria abundance, and the highest 
Chloroflexi abundance. Fadiji et al. (2020) found that using 
inorganic fertilizer (NK) led to the dominance of Dothideomycetes 
at the class level and endophytic Leptosphaeria at the genus level. 
Leptosphaeria sp. has been reported to promote plant growth by 
increasing root volume and plant tolerance to salinity and drought 
(Poveda, 2022; Zhao et al., 2024). These findings highlight the 
impact of nutrient changes on microorganisms, influencing 
specific groups that, in turn, can promote plant growth, 
emphasizing the potential for targeted approaches to enhance 
overall plant health and productivity. 

These studies uncover previously overlooked microorganisms, 
revealing details of nutrient cycling, organic matter 
decomposition, and plant-microbe interactions. By integrating 
data from diverse ecosystems and crops, these investigations 
offer a complete understanding of the intricate connections 
between chemical fertilizers and microbial communities. This 
awareness aids in refining fertilizer applications, lessening 
environmental impact, and fostering robust and productive 
farming practices. The research also takes economic factors into 



 

89 
 

Regular Issue Malaysian Journal of Science 

DOI: https//doi.org/10.22452/mjs.vol44no2.9 
Malaysian Journal of Science 44(2): 86-103 (June 2025) 

account, directing efforts toward cost-effective and sustainable 
approaches. Moreover, it addresses social considerations by 
advocating for microbiome-conscious agriculture, contributing to 
a more promising future.  

 
Non-Chemical Fertilizers and Their Influence on Microbial 
Diversity 
In contrast to chemical fertilizers, non-chemical alternatives, 

such as organic or bio-based fertilizers, have gained prominence 
in agricultural systems aiming for sustainability and reduced 
environmental impact. The impact of these non-chemical 
fertilizers on microbial diversity has become a focal point of the 
investigation, leveraging the capabilities of NGS to delve into the 
subtleties of microbial responses. 

NGS studies have facilitated a signified comparative analysis of 
the impacts of non-chemical and chemical fertilizers on microbial 
diversity. By adopting a comparative approach, researchers have 
unraveled the intricate interactions between diverse fertilizer 
types and the soil microbiome, with multiple studies highlighting 
the beneficial effects of both organic matter and fertilizers on 
agriculture. Zhu et al. (2023a) found that composting enhances 
microbial diversity, promoting the activity of beneficial genera like 
Corynebacterium and Lactobacillus, while influencing nutrient 
cycling and emissions. Composting also showcases 
Marinimicrobium and Thermobifida's crucial roles in ammonia 
assimilation, highlighting the diverse microbial contributions (Zhu 
et al., 2023b). Moreover, bark compost boosts beneficial fungi, 
including Penicillium and Inocybe, with potential benefits for 
nutrient uptake and plant health (Malewski et al., 2023) whereas 
the combination of compost and citrus rootstocks significantly 
influences rhizobiome bacterial abundance and diversity, 
correlating with essential nutrient concentrations for plant health 
and productivity (Castellano-Hinojosa et al., 2023). Sophora 
alopecuroides L., or Kudouzi in China, traditionally used for 
medicinal purposes, is also employed as an organic fertilizer, 
enhancing sugar content and promoting beneficial 
microorganisms, as indicated by Hua et al. (2023).  

Manure serves as an alternative to compost for organic 
fertilizer. Khatri et al. (2023) claim that green manure applications 
lead to higher microbial abundance, reduced disease 
development, and increased abundance of beneficial phyla, 
thereby contributing to sustainable agriculture. Erythrobacter sp. 
YH-07-inoculated organic manure enhances microbial diversity, 
suppresses Fusarium wilt, and alters community composition. 
This demonstrates its potential for disease control, as Tang et al. 
(2023) highlighted. Another finding reveals that Hanwoo manure 
positively impacts soil organic matter, crude ash, and phosphorus, 
providing a valuable alternative to chemical fertilizers (Lee et al., 
2023). Lastly, implementing reduced tillage with green manure 
for a decade enhances soil organic carbon and total nitrogen, 
maintaining almond yields and promoting sustainability, albeit 
with changes in the bacterial community structure (Özbolat et al., 
2023). These findings showcase their significant potential in 
fostering sustainable agriculture, enhancing soil health, and 

mitigating disease risks, emphasizing a promising shift towards 
eco-friendly farming practices. 

One notable trend from the comparative studies is the potential 
for non-chemical fertilizers to foster greater microbial diversity 
than their chemical counterparts. Organic amendments, for 
instance, introduce a spectrum of organic matter that serves as a 
substrate for a diverse array of microorganisms (Saunders et al., 
2012; Verma et al., 2020). This diversity, in turn, contributes to 
enhanced nutrient cycling, disease suppression, and overall soil 
health as discussed previously. The comparative insights gained 
from NGS studies not only inform on the immediate impacts of 
fertilizer choices but also provide a foundation for developing 
strategies that optimize microbial diversity in ways that align with 
sustainable development goals in agriculture (Meuniern & Bayır, 
2021; Ashraf et al., 2022).  

 
The Role of Soil Type and Crop Specificity in Shaping Microbial 
Communities 
The relationships between fertilizers and microbial communities 

are not only influenced by the type of fertilizer. However, they are 
equally shaped by the unique characteristics of soil types and the 
specific crops being cultivated. NGS studies have been 
instrumental in elucidating the complex interplay between soil 
types, crop specificity, and the dynamic microbial ecosystems 
they harbor. 

Understanding the impact of soil type on microbial communities 
is crucial, as various soils possess distinct physical and chemical 
properties that influence microbial life. NGS technologies have 
unveiled how microbial compositions respond differently to 
fertilizers in clayey, loamy, and sandy soils. High clay content in 
the soil offered enhanced physicochemical protection for 
microbial biomass pools and mitigated water stress, impacting 
the efficacy of N fertilization on soil microbial communities 
(Kallenbach & Grandy, 2011; Fierer et al., 2012; Yu et al., 2019). 
The 16S rRNA sequencing results indicated shifts in bacterial 
composition post-fertilization, which led to a decrease in the 
relative abundance of Chloroflexi, Acidobacteria, and Nitrospirae 
at the phylum level while increasing Proteobacteria and 
Actinobacteria (Liu et al., 2021b). The relative abundance of 
Gemmatimonadota and Firmicutes significantly increased with 
NPK treatments, accompanied by a decrease in Bacteroidetes 
(Chen et al., 2023). 

On the contrary, sandy loam soils demonstrate a well-rounded 
capacity for water retention, stable structure formation, 
adequate aeration, and maintenance of a moderate soil 
temperature (Lakesh et al., 2022). Fertilizer applications resulted 
in a major shift in microbial composition, with a lower relative 
abundance of Bacteroidetes and elevated levels of Proteobacteria 
and Verrucomicrobia compared to the control (Zhang et al., 
2022a). Meanwhile, fertilized sandy loam soils exhibit significant 
increases in Ambispora, Funneliformis, and Glomus, accompanied 
by a marked decline in Paraglomus at the genus level of the 
arbuscular mycorrhizal fungal community (Liu et al., 2022). These 
findings collectively highlight the multifaceted impact of 
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fertilization on microbial attributes, influencing bacterial and 
fungal communities in different soil types. 

In addition, the crop specificity of microbial communities adds 
another layer of complexity to the fertilization equation in the 
NGS studies. A study by Zhang et al. (2023b) reveals that rotating 
rice and oilseed rape crops significantly enhances soil microbes, 
particularly those associated with nitrogen, phosphorus, and 
overall soil quality. A similar study on crop rotation of peppers and 
eggplants created helpful microbes that protected bananas from 
diseases, aiding in sustainable banana farming (Hong et al., 2023). 
Compared to annually rotated crops, corn and soybean crops 
influenced bacterial communities differently, with grass cover 
crops having minimal impact, emphasizing the greater role of soil 
pH and organic matter for bacteria (Chamberlain et al., 2020).  

Biochar had different effects on wheat and mash bean soils, 
increasing specific genes in both, with wheat showing an 
additional gene increase; the crop type played a major role in how 
biochar and fertilizer influenced microbes in mash bean soils 
(Azeem et al., 2020). A study by Woo et al. (2022) found that pea 
farming clearly reduced microbe diversity compared to wheat, 
pea-wheat rotations, and fallow fields, impacting diverse fungi, 
and influencing nitrogen, water, as well as both beneficial and 
harmful fungi in the Canadian prairies. Consequently, the choice 
of fertilizer can exert variable effects on microbial communities 
based on the specific crop it is intended for (Dincă et al., 2022; 
Gupta et al., 2022; Williams et al., 2023). Integrating crop-specific 
insights from NGS studies into fertilizer management can enhance 
nutrient uptake, disease resistance, and overall crop 
performance. These studies offer a roadmap for customizing 
agricultural practices based on the intricate relationships among 
fertilizers, soil types, and crop specificity. This holistic approach 
acknowledges unique microbial dynamics in diverse 
agroecosystems, which are crucial for creating sustainable and 
resilient agricultural systems in the face of global challenges. 

 

5. Sustainable Development Goals (SDGS) and 
Agricultural Microbial Diversity 

Linking Fertilizer Use, Microbial Diversity, and SDGs 
The intersection of fertilizer use, microbial diversity, and the 

ambitious targets set by the SDGs forms a critical nexus in 
pursuing a more sustainable and equitable global agriculture 
(Figure 1). Fertilizers, both chemical and non-chemical, play a 
pivotal role in meeting the SDG mandate to eradicate hunger 
(SDG 2) by bolstering crop yields (Heidkamp et al., 2021; Saqib et 

al., 2020; Ishfaq et al., 2023). However, the implications of 
fertilizer use extend beyond mere productivity, resonating with 
several other SDGs that collectively underscore the need for 
holistic and environmentally responsible agricultural practices 
(United Nations, 2023). 

Microbial diversity emerges as a linchpin in achieving these 
broader sustainability goals. NGS studies have illuminated the 
intricate relationships between fertilizers and microbial 
communities, revealing their profound impact on soil health, 
nutrient cycling, and ecosystem resilience (Ma et al., 2023; May 
et al., 2023; Xiang et al., 2023). Recognizing the symbiotic 
alliances between plants and microorganisms facilitated by 
appropriate fertilization (Li et al., 2023b) aligns with SDG 15 (Life 
on Land), promoting the conservation, restoration, and 
sustainable use of terrestrial ecosystems (Kumawat et al., 2023). 
Moreover, fostering microbial diversity through judicious 
fertilizer management contributes to SDG 13 (Climate Action) by 
enhancing soil carbon sequestration and mitigating greenhouse 
gas emissions (Jiang et al., 2021; Zhou et al., 2022). The potential 
to reduce agriculture's environmental footprint while 
simultaneously increasing its productivity positions microbial-
conscious fertilization as a key player in the global effort to 
combat climate change. 

Furthermore, the relationship between fertilizer use, microbial 
diversity, and the SDGs extends into water resource 
management, aligning with SDG 6 (Clean Water and Sanitation). 
Proper fertilization practices that promote microbial diversity 
contribute to enhanced water retention in soils (Wang et al., 
2021; Xu et al., 2023a), reducing the risk of nutrient runoff and 
contamination of water bodies (Menzies Pluer et al., 2020). By 
mitigating water pollution and ensuring sustainable water use in 
agriculture, this integrated approach addresses a critical aspect of 
the SDGs related to clean and accessible water. Implementing 
microbial-conscious fertilization supports agricultural 
productivity and safeguards vital water resources, marking a 
significant stride towards achieving the broader agenda of 
sustainable development. 

Linking fertilizer application, microbial diversity, and SDGs 
demonstrates the need for an integrative approach to agricultural 
practices. Harnessing the insights gleaned from NGS studies, this 
linkage provides a pathway for sustainable intensification, 
ensuring that the gains in crop production are harmonized with 
environmental conservation, social equity, and the overarching 
objectives of the Sustainable Development Agenda. 
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Figure 1. An illustration showing how fertilizer applications and multi-omics studies contribute to the achievement of Sustainable 

Development Goals 
 
NGS as a Tool for Aligning Agricultural Practices with 
Sustainability Goals 
NGS is a transformative tool that dissects the complex 

relationships between fertilizers, microbial diversity, and 
agricultural ecosystems and aligns agricultural practices with the 
broader canvas of sustainability goals. In the context of the SDGs, 
NGS acts as a linchpin by providing a comprehensive 
understanding of microbial communities' responses to different 
fertilizers and their implications for sustainable agriculture. 

NGS offers a holistic view of the soil microbiome, enabling 
researchers and practitioners to identify microbial signatures 
associated with sustainable practices. By delineating the impacts 
of various fertilizers on microbial diversity, NGS facilitates the 
development of precision fertilization strategies that optimize 
crop yields efficiently while minimizing environmental harm 
(Kurzemann et al., 2020; Iqbal et al., 2022; Wyszkowska et al., 
2022). This aligns with SDG 12 (Responsible Consumption and 
Production) by reducing the need for excessive resource 
consumption, minimizing environmental degradation, and 
supporting the goal of ensuring sustainable consumption and 
production patterns for a healthier planet. 

Furthermore, NGS-driven insights contribute to achieving SDG 2 
(Zero Hunger) by fostering resilient agricultural systems. Better 
understanding the microbial dynamics in response to fertilizers 
enables the design of strategies that enhance nutrient availability, 
improve soil health, and, consequently, increase food security 
(Kurzemann et al., 2020; Nwachukwu & Babalola, 2022; Arunrat 
et al., 2023). NGS's capacity to uncover microbial contributions to 
carbon sequestration (Zhou et al., 2022) aligns with SDG 13 
(Climate Action), offering methods to reduce climate change 
through sustainable agriculture. 

Moreover, NGS contributes significantly to the pursuit of SDG 15 
(Life on Land) by shedding light on the impact of fertilizers on 
microbial diversity and its cascading effects on terrestrial 
ecosystems. The ability of NGS to uncover the intricate 
relationships between microbial communities and the 

surrounding environment enables a nuanced understanding of 
the role of these microorganisms in promoting biodiversity and 
ecosystem resilience (Wang & Xiong, 2022; Meng et al., 2023; Xu 
et al., 2023b). This aligns with the broader objective of conserving 
land ecosystems, restoration, and sustainable use (Küfeoğlu, 
2022). Through soil analysis, NGS helps farmers boost agricultural 
productivity and support ecosystem health. Integrating NGS data 
into land management strategies preserves biodiversity, prevents 
soil degradation, and promotes species coexistence. NGS is a 
powerful tool aligning agriculture with sustainability goals by 
understanding fertilizer-microbe interactions, enabling precision 
agriculture for enhanced productivity, environmental protection, 
and fulfillment of SDGs. 

 
Addressing Global Challenges Through a Microbial Perspective 
Embracing a microbial perspective in agriculture is pivotal for 

addressing the multifaceted global challenges outlined in the 
SDGs. Using NGS to explore soil microorganisms presents an 
unprecedented opportunity to address global challenges by 
gaining insights into their effects on soil health and ecosystem 
resilience. Agriculture gains a tool for fostering sustainable 
practices that simultaneously enhance productivity and mitigate 
environmental impact from the lens of microbial diversity. The 
microbial perspective contributes directly to SDG 15 (Life on Land) 
by emphasizing terrestrial ecosystems' conservation and 
sustainable use (Kumawat et al., 2023; Li et al., 2023b). Besides 
that, climate change-induced abiotic stresses exacerbate 
agricultural challenges, particularly when compounded by 
chemical fertilizer application, which degrades soil health 
(Wijitkosum, 2018; Azahari & Sukarman, 2023). Nonetheless, 
leveraging beneficial microorganisms presents a sustainable 
solution, aligning with SDG 15 by fostering soil resilience and 
enhancing plant stress tolerance, thus promoting sustainable 
agricultural practices in the face of climate change. 
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Understanding and optimizing microbial communities through 
precision fertilization strategies aligns with SDG 12 (Responsible 
Consumption and Production), optimizing the application of 
fertilizers to enhance plant growth while minimizing 
environmental impact. Precision fertilization leverages microbial 
processes, such as nitrogen fixation, to make nutrients available 
to plants, thereby reducing the reliance on synthetic fertilizers 
(Shi et al., 2021; Lin et al., 2021). This aligns with responsible 
consumption and production, lowering the environmental 
footprint of chemical input production and use. 

Moreover, a microbial perspective offers innovative solutions to 
combat climate change (SDG 13). Microorganisms contribute to 
combating climate change by enhancing soil fertility and structure 
through the breakdown of organic matter and storing carbon in 
the soil as a natural sink (Kozjek et al., 2023). Additionally, certain 
microbes, such as methanotrophic bacteria, play a crucial role in 
converting methane, a potent greenhouse gas, into less harmful 
byproducts, aiding in the reduction of overall greenhouse gas 
emissions (He et al., 2023). The understanding and harnessing 
microbial processes offer innovative solutions for managing 
greenhouse gas dynamics, contributing to global efforts to 
mitigate climate change (Hussain et al., 2022). Harnessing NGS 
technologies to decipher the microbial contributions to climate 
mitigation provides a pathway for agriculture to address global 
climate challenges proactively. By acknowledging the central role 
of microorganisms in the intricate balance of agroecosystems, the 
global community can forge a path toward achieving the broader 
aspirations of the Sustainable Development Agenda. 

 

6. Challenges and Future Directions 
Current Limitations in NGS-Based Studies 
While NGS has revolutionized our understanding of microbial 

dynamics in response to fertilizers, several challenges persist in 
NGS-based studies. One notable limitation is the sheer volume 
and complexity of generated data (Larson et al., 2023). The 
extensive datasets produced by NGS technologies present 
storage, processing, and analysis challenges, demanding 
sophisticated computational infrastructure and expertise (Larson 
et al., 2023). This computational bottleneck poses challenges for 
researchers, particularly those with limited access to high-
performance computing resources.  

Additionally, the inherent biases and errors introduced during 
the sequencing process can impact the accuracy and reliability of 
results. Amplification biases, sequencing errors, and variations in 
bioinformatics pipelines may contribute to artifacts in the data, 
necessitating stringent quality control measures (Beckers et al., 
2017; Notario et al., 2023). Addressing these technical challenges 
is vital to ensure the fidelity of NGS-generated information and to 
foster confidence in the conclusions drawn from such studies. The 
interpretability of NGS data remains a challenge. As our 
knowledge of microbial functions and interactions expands, so 
does the complexity of interpreting the functional implications of 
microbial diversity changes revealed by NGS (Toole et al., 2021). 
Integrating multi-omics data and advancing bioinformatics tools 
are essential for unraveling the functional significance of 

microbial shifts, thereby bridging the gap between taxonomic 
identification and ecological understanding. 

In addition to technical challenges, issues related to 
standardization and comparability across studies pose hurdles in 
NGS-based agricultural microbiome research. The lack of 
standardized protocols for sample collection, DNA extraction, and 
data analysis can lead to variations in results, reducing the 
comparability of findings across other related studies (Serrano-
Silva & Calderon-Ezquerro, 2018; Malczynski et al., 2021). 
Establishing a set of best practices and guidelines for NGS-based 
studies in agricultural microbiome research would enhance the 
consistency and reliability of results (Forry et al., 2023; Hiergeist 
et al., 2023). Collaborative efforts within the scientific community 
to develop and adopt standardized methodologies will build a 
more robust foundation for interpreting and synthesizing insights 
from diverse studies (Biswas et al., 2023). By addressing technical 
and standardization challenges, NGS can more effectively 
contribute to advancing our understanding of microbial responses 
to fertilizers and supporting the development of sustainable 
agricultural practices. 

As NGS continues to be at the forefront of agricultural 
microbiome research, addressing these limitations will be pivotal 
for maximizing the technology's potential and ensuring that 
insights gained contribute meaningfully to developing sustainable 
agricultural practices. The ongoing refinement of methodologies, 
improvement in computational tools, and collaborative efforts 
across scientific disciplines will shape the future directions of 
NGS-based studies in unraveling the intricate relationships 
between fertilizers and microbial communities. 

 
Potential Technological Advancements and Methodological 
Improvements 
The future of NGS studies in agricultural microbiome research 

holds promise with anticipated technological advancements and 
methodological innovations. One area ripe for improvement is 
the enhancement of sequencing technologies themselves. 
Ongoing efforts to increase read lengths, reduce error rates, and 
elevate sequencing throughput will alleviate existing challenges in 
data generation (Callahan et al., 2021; Zhou et al., 2021), making 
NGS studies more accessible and cost-effective for a broader 
range of research endeavors. Long-read sequencing platforms like 
Oxford Nanopore and PacBio offer longer read lengths than 
traditional short-read platforms (Cook et al., 2024). Error 
correction tools such as Nanocorr and Canu help improve the 
accuracy of long-read data (Hu et al., 2020; Marić et al., 2024). For 
hybrid assembly pipelines, tools such as Unicycler and St. 
Petersburg Genome Assembler (SPAdes) combine long-read and 
short-read data for more accurate assemblies (Latorre-Pérez et 
al., 2020; Xu et al., 2022). 

Moreover, the integration of multi-omics approaches is poised 
to refine our understanding of microbial responses to fertilizers. 
Coupling metagenomics with meta-transcriptomics, meta-
proteomics, and metabolomics can provide a comprehensive 
view of microbial functions, shedding light on the dynamic 
interplay between microbial communities and their environment 
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(Yamazaki et al., 2021; Qiu et al., 2023; Yang et al., 2023b). 
Moreover, integrating metagenomic and metatranscriptomic 
analyses using NGS has allowed researchers to move beyond 
taxonomic identification and understand the functional 
consequences of chemical fertilizer applications at the molecular 
level. Metagenomic studies reveal the complete genetic makeup 
of microbial communities, exposing the genes and pathways 
involved in important ecological processes. In contrast, 
metatranscriptomics captures actively expressed genes, offering 
insights into the functional dynamics of microbial communities 
(Qian et al., 2020). These advanced analyses have revealed shifts 
in gene expression associated with nutrient uptake, stress 
response, and the synthesis of secondary metabolites (Chevrette 
et al., 2022; Law et al., 2022; Tartaglia et al., 2023). Identifying 
specific functional genes involved in these processes enhances 
our ability to predict and manage the ecological outcomes of 
chemical fertilizer use.  

The integration between metagenomics and metabolomics also 
provides a comprehensive understanding of microbial 
functionality by revealing both the taxonomic composition of 
microbial communities and insights into the actual biochemical 
processes and metabolites. Zhao et al. (2023) demonstrates that 
long-term fertilization enhances soil quality by promoting the 
growth of beneficial bacteria and fungi and releasing essential 
compounds to support plant growth and maintain overall 
productivity. Additionally, Tian et al. (2023) found that mulching 
reduces NO3−-N content and influences specific genes (nxrA and 
nasA), accelerating microbial metabolism and stimulating the 
production of various metabolites linked to key biological 
processes. The P-fertilizer application resulted in a decrease in the 
diversity of bacterial and fungal genes in the soil. The fertilizer also 
affected the soil metabolite spectrum, notably influencing seven 
primary metabolic pathways related to amino acids, plant 
hormones, and secondary metabolites (Cheng et al., 2022). 
Integrating metagenomic and metabolomic approaches is crucial 
for developing sustainable fertilization strategies that optimize 
nutrient use, minimize environmental impact, and foster a 
resilient soil microbiome, translating microbial diversity data into 
actionable insights for sustainable agriculture. 

Advancements in bioinformatics tools will play a pivotal role in 
overcoming current data analysis and interpretation limitations. 
Machine learning algorithms, for instance, have the potential to 
discern complex patterns within large and intricate datasets, 
facilitating more accurate taxonomic assignments and functional 
predictions (Lee et al., 2022; Zhang et al., 2022b; Cheng et al., 
2023). Additionally, user-friendly pipelines that streamline data 
processing and enhance accessibility will democratize the use of 
NGS technologies, enabling researchers with diverse backgrounds 
to leverage these powerful tools. 

As technology continues to evolve, the integration of advanced 
studies, like NGS commonly used in medicine, along with other 
emerging technologies such as high-resolution imaging and 
remote sensing (Wang et al., 2020; Zhang et al., 2020; Wei et al., 
2023b), holds promise for gaining a more holistic understanding 
of agroecosystems. These multidisciplinary approaches will 

enable researchers to explore microbial dynamics at various 
scales, from the microscopic to the field-level, fostering a more 
nuanced comprehension of the intricate relationships between 
fertilizers, microbial communities, and sustainable agricultural 
practices. 

 
The Importance of Interdisciplinary Collaboration for 
Comprehensive Insights 
Addressing the complex challenges and unlocking the full 

potential of NGS in agricultural microbiome research requires a 
concerted effort in interdisciplinary collaboration (Chiusano, 
2015). Integrating expertise from diverse fields such as 
microbiology, agronomy, bioinformatics, and data science is 
imperative for advancing our understanding of the relationships 
between fertilizers and microbial communities. 

Microbial responses to fertilizers unfold within the broader 
context of agroecosystems, encompassing soil health, plant-
microbe interactions, and environmental sustainability. An 
interdisciplinary approach ensures that researchers can navigate 
this complexity, drawing on various disciplines' insights to 
interpret NGS-generated data comprehensively. Microbiologists 
contribute their knowledge of microbial ecology, agronomists 
provide insights into crop-specific needs, and bioinformaticians 
bring essential tools for processing and analyzing large-scale 
genomic datasets. 

Furthermore, collaboration between academia, industry, and 
policy-making entities is essential to bridge the gap between 
research findings and real-world applications (John et al., 2023). 
Industry professionals can offer practical insights into the 
scalability and feasibility of implementing NGS-informed 
strategies in diverse agricultural settings. Policymakers play a 
crucial role in translating research into actionable guidelines that 
promote sustainable and microbiome-conscious agricultural 
practices on a broader scale. 

The challenges NGS studies face in agricultural microbiome 
research are multifaceted, and their resolution demands a 
collective effort. By fostering a culture of interdisciplinary 
collaboration, researchers can harness the strengths of different 
fields, enriching the depth and applicability of insights gained 
from NGS technologies. As we look to the future, synergy 
between diverse disciplines will be pivotal for overcoming 
challenges and realizing the full potential of NGS in shaping the 
sustainable future of agriculture. 

 

4. Conclusion 
In the journey through the nexus of fertilizers, microbial 

communities, and sustainable agriculture, this review has 
unveiled findings elucidated by NGS. NGS studies have provided 
unprecedented insights into the dynamic relationships between 
chemical and non-chemical fertilizers, soil types, crop specificity, 
and microbial diversity. Through comprehensive analyses, 
researchers have deciphered fertilizer applications' taxonomic 
and functional implications, offering a deeper understanding of 
agroecosystem dynamics. These insights underscore the pivotal 
role of microbial diversity in shaping resilient and sustainable 
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agricultural systems. 
The potential impact of NGS on reshaping agricultural practices 

cannot be overstated. The depth and precision of information 
provided by NGS technologies empower farmers, researchers, 
and policymakers to make informed decisions that balance 
productivity with environmental and social considerations. NGS 
lays the foundation for a paradigm shift in agriculture from 
precision fertilization strategies tailored to specific soil types and 
crops to the development of microbiome-conscious agricultural 
policies. The technology's capacity to uncover microbial 
functions, predict ecosystem responses, and guide sustainable 
practices positions NGS as a transformative force with far-
reaching implications for the future of global agriculture. 

As we stand at the cusp of agricultural innovation, a resounding 
call to action echoes from the insights gained through NGS 
studies. It is incumbent upon the global community, including 
farmers, researchers, policymakers, and industry stakeholders, to 
embrace sustainable and microbiome-conscious agricultural 
practices. Leveraging the knowledge derived from NGS, we can 
design and implement strategies that enhance crop yields and 
prioritize soil health, biodiversity conservation, and climate 
resilience. This call to action implores us to bridge the gap 
between scientific knowledge and practical application, fostering 
a holistic approach that aligns with the principles of the SDGs. 
Through collaborative efforts, informed decision-making, and a 
commitment to stewardship of our agroecosystems, we could 
shape a productive but also sustainable, resilient, and harmonious 
agricultural future with the microbial world beneath our feet. 
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Study on Machinability Issues of Hard to Machining Inconel 718 - A Review  
Kishor K Powar1ag, Anupama N Kallol2b, Shivakumar S3c, Manjunath G Avalappa4d*, Balachandra P5e and Nikhil Rangaswamy6f  

 
 

Abstract: In the aerospace and automobile industries, there has been a recent growing demand for tough and heat-resistant materials. 
Processing these materials is difficult, primarily due to their mechanical properties, which include strong wear resistance, abrasion 
resistance, and low heat conductivity. This results in short tool lifetimes and high cutting temperatures and forces. Variations in 
machinability may be brought on by changes in material microstructures brought on by changes in chemical composition, forging 
methods, casting, and heat treatment. Because of their remarkable greater efficiency and effectiveness, Inconel 718 nickel superalloys 
are employed in numerous automotive, marine, and aviation applications. In contrast, Inconel 718's poor thermal conductivity and quick 
strain hardening made fabrication difficult and compromised the surface's machining ability. This study examines Inconel 718 machining 
problems, and the issue of dry machining and machining with nanofluids, which demonstrates advancements in research on improving 
surface quality and material removal rate by reviewing the properties of alumina (Al2O3)-based nanofluids. 
 
 
Keywords: Inconel 718, microstructure, machinability, tool wear, nanofluids. 

 
1. Introduction 

Having an alloy proportion of more than 4%, high-alloy cast irons 
fall under this category of materials. Low-alloy cast iron, which 
has a Brinell hardness range of 350–550, is defined as cast iron 
with less than 4% alloy (HB). High alloy cast iron (450-850 HB) has 
significantly higher wear, heat, and corrosion resistance 
compared to unalloyed or Cast iron with low or moderate levels 
of alloy [1-5]. Nickel, vanadium, molybdenum, chromium, and 
copper are cast iron alloys most commonly used. Based on the 
amount of alloy in these materials, they are labelled Ni-Hard, Cr-
Hard, etc. With a Rockwell C (HRC) hardness range of 58–65 and 
wear resistance, Ni-Hard is a high-alloy white cast iron.  

The result of these two factors is the material's resistance to 
corrosion. It is a nickel-based alloy commonly employed in 
aerospace applications with heat resistance and exceptional 
strength. With the alloy's extraordinary hardness and work-
hardening properties, Inconel 718 machining is becoming 
increasingly difficult. Some researchers investigated the 
machinability of Inconel 718 by studying the effects of cutting 
conditions.  

 
Cutting Condition 
The cutting situations for white cast iron and its results, such as 

average surface roughness (Ra) and cutting force (Fc), were 
predicted and optimised using Taguchi's L18 orthogonal array (Ni-
Hard). Output factor (Fc and Ra) to select the exact cutting 
parameters use “smaller-is-better" to evaluate the (Input) signal-
to- (output) noise (S/N) ratio for the machining [18,26].  

 
Figure 1. Experimental setup for turning operation of Inconel 

718 bar [25] 
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Figure 1 shows the experimental setup for turning the Inconel 

bar. Multiple researchers introduce various cutting conditions in 
Fig. 1. The cutting conditions include the Hardness of the 
workpiece, which is cast and has a hardness of 50 HRC, and after 
cooling, it has a hardness of 62 HRC. It is also in a vacuum furnace, 
with a pressure of 3 bar, and the job is tempered for a 
homogeneous microstructure. This indicates that for 
experimentation, we must prepare for cutting conditions.  

The pineapple is believed to originate from Brazil. Once 
discovered, the pineapple was imported to Europe. Christopher 
Columbus and his men are thought to have tasted the pineapple 
initially. The word pineapple started to be used in English in 1938 
which refers to the organs of conifer trees (Jungle Dragon, 2024). 
The European pioneers named the fruit as a ‘pineapple’ according 
to what is known as a pinecone. The term pinecone was first 
recorded in 1694, that is to supplant the importance of the 
pineapple (Hoque et al., 2019). According to Sun, (2015), the 
pineapple or Ananas comosus L. Merr. is widely accepted to have 
come from South America, Argentina, and Paraguay. The 
pineapple is known by the people of South America just before 
Christopher Columbus arrived in 1493. The European pilgrims use 
the word pineapple to present the natural product as to have 
come from pinecones. Meanwhile, the word Ananas is the initial 
name of the natural product that comes from the word for pine 
‘nanas’ and ‘comosus’ referring to the tuft of the stem of the 
natural product (Jungle Dragon, 2024). 

Pineapple is a significant nourishment crop which is planted 
widely in the tropical and sub-tropical regions of the world. It is a 
significantly produced natural product for business in Malaysia 
and is, for the most part, utilized as organic ingredients for pastry 
or to produce canned pineapple as cuts or rings, squeezes, and 
sticks. There are five assortments of pineapples in Malaysia; these 
include the Morris, Sarawak, Gandol, Josapine and N36 (Lasekan 
& Hussein, 2018). Pineapple processing such as canning and juice 
produces wastes including pineapple peels. Discharge of 
pineapple peels during this process will produce waste and lead 
to serious environmental pollution. In artificial practices, 
pineapple waste is either used as animal feed or disposed to the 
soil as waste. Natural enzyme contained in pineapple is called 
bromelain. Bromelain is an enzyme which is believed to have 
numerous benefits and is veritably promising to the development 
of food and medicinal diligence. Bromelain can be found in several 
parts of the pineapple. The specific part from which it is extracted 
lends its name to the enzyme; thus, we have fruit bromelain and 
stem bromelain (Bala et al., 2012). Bromelain activity has been 
reported to be within a pH range of 3 to 8 and a temperature 
range of 30–70 ºC (Kumar et al., 2011;Liang et al., 2012;Ramli et 
al., 2018). The natural bromelain enzyme has been used as a meat 
tenderizer, anti-browning agent and in the processing of formulas 

for babies (Tochi et al., 2008). As a protease, it hydrolyses proteins 
in these formulas, therefore making amino acids more readily 
available to babies. Bromelain is utilized in some applications 
including cosmetic and pharmaceutical and in textile industry as 
reported by (Aehle, 2007;B.K. Bhattacharrya, 2008;Ataide et al., 
2018;Sancesario et al., 2018).  

Some successful methods have been used for bromelain 
extraction and purification. Purification of enzymes is important 
to determine the three-dimensional structure of an enzyme and 
its impact on the functionality of the enzyme (A. Illanes, 2008). 
The successful methods in bromelain purification include aqueous 
two phase systems (Ketnawa et al., 2010;Ferreira et al., 2011), 
ammonium sulphate precipitation (G & Viswanathan, 
2013;Gautam et al., 2010), ethanol precipitation (Martins et al., 
2014), ion exchange chromatography (G & Viswanathan, 
2013;Gautam et al., 2010; Bresolin et al., 2013), membrane 
separation (Seguí & Fito Maupoey, 2018) and adsorption using 
functionalized Santa Barbara Acid-15 (Arumugam & Ponnusami, 
2013). 

The pineapple variety Josapine was chosen because it is 
abundantly planted in Malaysia which covers about 41.5% or 6725 
hectares. This shows that the waste produced by the pineapple 
industry is large at about 150 000 kg. Other than that, the 
pineapple variety Josapine was easily obtained and the price was 
affordable and cheap. Also, the pineapple variety Josapine was 
suitable for the canning industry (MPIB, 2022). The main reason 
to select the maturity index 5 and 7 is to determine whether there 
is a significant difference of bromelain activity among them. As a 
justification, the maturity index 3 and 4 is not chosen because 
their difference is too narrow while maturity index 5 is in the 
middle and maturity index 7 is overripe. Maturity index 1 is too 
young while maturity index 2 is usually selected for harvesting. 
Thus, the aim of this study was to determine the bromelain 
activity, protein content and specific enzyme activity of bromelain 
extracted from pineapple variety Josapine peel with maturity 
indices 2, 5 and 7.  
 
2. Materials and Methods   

Tool Life 
Tool The challenges encountered when machining nickel-based 

alloys include shorter tool lifespans, low metal removal rates, high 
cutting pressures, increased power consumption, swarf disposal 
issues, and reduced metal removal efficiency. It emphasises the 
importance of CVD and PVD tool coatings in addressing these 
challenges. The study also examines the quality and consistency 
achieved through high-speed complex machining of hardened D2 
tool steel using PCBN inserts. The research investigates the crystal 
and electrical structure analysis, micromechanical properties 
assessment, and resistance to short-term oxidation. Furthermore, 
it investigates the performance of coated tools in machining 
hardened H13 tool steel, nickel-based superalloys, and Ti alloys 
such as TiAl6V4 during ball nose end milling. The study includes 
tool life measurements with uncoated carbide inserts under 
varying coolant pressures and environments. 
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Figure 2a. Tool life Graph for uncoated carbide inserts [31] 

 

 
Figure 2b. Tool life Graph for uncoated Polycrystalline tool [31] 

 
Figure 2b Tool life measurements were made when cutting 

titanium alloy with Polycrystalline diamond inserts and 
conventional coolant. 

 
Tool wear 
The research investigates various types of damage and wear in 

cutting operations. Different loading scenarios were used to 
simulate wear reliably in PCBN inserts. Understanding wear 
mechanisms significantly impacting component quality is 
essential to improve tool materials, primarily by reducing flank 
wear rates. It explores high-speed complex machining (HSHM) 
with hardened D2 tool steel, using PCBN inserts. It also 
investigates the use of CBN-TiN-coated inserts for turning tough 
materials. Additionally, it examines the effects of process 
parameters such as depth of cut, tool feed rate, cutting speed, 
and cutting pressures on surface finish, tool wear, and machining 
cost. The study identifies wear processes, including 
tribochemical reactions, fracture, abrasion, material transfer, 
and plastic flow, influenced by thermal and mechanical demands 
on the tool. Additionally, the research assesses the cutting 
environment's impact on the machinability of Inconel 718, using 
performance indicators like workpiece surface roughness, insert 

flank wear, and cutting pressures when utilizing a CNC lathe. 
Turning is performed using coated carbide inserts with a 

standard of K05-K25 and a grade of WNMA 060408. The tool's 
average burn rate is relatively low at slower cutting speeds since 
the cutting zone has a low temperature. Faster tool wear-out at 
high cutting speeds leads to more severe patterns of tool failure, 
like severe notching. Better tool performance of a coating results 
from the tool being unable to operate within a particular 
temperature range. The performance of Inconel 718 with 
carbide tips was found to be inferior while cutting at a high pace. 
Due to the integrity of the surface being compromised by high 
cutting speeds, uncoated carbide tips are recommended over 
coated tips. Coated tips cannot improve high-speed 
performance. The tool-life wear diminishes below 250 m/min, 
and the maximum tool-life is found. 

Diffusion loss occurs due to heat when cutting Inconel 718 
using carbide tools. Figure 3a illustrates the wear of the tool as 
observed under the microscope. The measured levels for level 7 
consist of a depth of cut of 0.25 mm, a feed rate of 100 mm/min, 
a spindle speed of 10,000 rpm, and tools with and without 
coating. Figures 3a and 3b show the tool effect of material loss 
for both tools (uncoated and coated).  
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Figure 3a. Coated tool b) Uncoated tool [16] 

 

 
Figure 3b. Worn Tool [16] 

 
The workpiece typically only receives 10% of the heat produced 

during machining, with the remaining 90% going to the chip and 
cutting tool. Figure 3a illustrates the coated tool's minimal wear. 
The induction heat source's radiant and friction heat harm the 
uncoated tool. The used tool is shown in Figure 3b after being 

machined. Figure 3c shows that the tool chip contact duration 
was reduced on the worn inserts' rake faces when cutting with a 
high-pressure coolant supply. [31]. This impact is displayed in 
Figure 4. 

 

 
Figure 4. Variation in cutting forces with a cemented carbide tool under changing cutting parameters [3] 

 
This might be the case because when air pressure rises, oil 

vaporises faster, forming tiny droplets of aerosol that get smaller 
as air pressure increases. This little aerosol is easy to insert into 
the tool, providing a low-cost heat-removal interface that 
reduces tool wear [33]. Tool life in the machining process 
utilising a CuO-based Nano fluid was investigated by Vazquez et 
al. By using CuO Nano fluid, the tool's service life was increased 
by 604%. CuO nanoparticles exhibit an anti-wear property. This 
results in a lower frictional coefficient caused by rolling action 
and CuO deposition on worn surfaces [33,34].  

 

Effect of Contact Angle on Tool Wear 
Using Al2O3 as a nano fluid, Mathew et al. adjusted the cutting 

parameters and nanoparticle concentration during the turning 
of EN8. Speed, feed, depth of cut, and nanoparticle 
concentration were the process variables used to evaluate 
surface roughness. Surface roughness was most significantly 
influenced by feed and nanoparticle concentration, according to 
analysis of variance (ANOVA) [37]. Several experiments 
evaluated the performance of the surface roughness of the 
H3BO3 microfluid and the MoS2 nanofluid in the MQL system 
while spinning the AISI 1040. They claim that while nano and 
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microfluidic systems function nearly similarly at low speeds, 
nanofluidic systems outperform microfluidic systems at high 
speeds due to their superior lubricating and cooling abilities. 

Compared to H3BO3, MoS2 has a 30% lower surface roughness. 
This is due to reduced friction and associated effects caused by 
stable and consistent nanofluid lubrication. 

 

 
Figure 5. Residual stress on the machine surface under different cutting environments [7] 

 
The researcher examined SiC nanoparticles for EN-24 material 

with 0.5, 1, and 1.5 weight percent and discovered that 1.5 
weight percent SiC nanofluid showed the least surface 
roughness. This might be due to the cooling effect caused by the 
0.5 weight percent SiC nanofluid, which has the maximum 
thermal conductivity and lowest coefficient of friction. As a 
result, decreased tool wear and surface roughness were 
produced [40]. Surface roughness diminishes gradually with 
increasing air pressure, but it lowers quickly up to 6 bar, 

according to research by Huang et al. on the MQL system. The 
creation of tiny droplets of oil aerosol, whose size decreases with 
rising air pressure, may cause a decrease in surface roughness 
because the flow rate increases as the air pressure rises. This 
small aerosol enters the tool with ease thanks to a low-cost 
interface that removes heat and, as a result, reduces surface 
roughness [41]. Table 1 provides a thorough analysis of surface 
roughness. 

 
 

Table 1. Summary of surface roughness analysis. 

Size Nanoparticle   Process Proportion  Base fluid Remark References 
- Al2O3  Turning 0.1,0.5& 1wt. 

% 
Water By Anova, 

nanoparticle 
concentration  is the 
most influential 
factor, followed by  F, 
S & Doc 

36 

90 &100 MoS2 &         H3 
BO3 

 Turning 0.25 wt % Coconut Oil Nanofluid provides 
30% less Ra than 
Microfluid 

37 

80nm Graphite  Running 0.3 wt % Conventional 
water-soluble 
oil 

For mist application 
with nanofluid Ra 
decreased by 42 %, 
30 &, and 28%  dry 
cut 

35 

30-40nm Graphene  Turning 0,0.2,0.6,1 wt 
% 

90 %  water + 
5 % servo cut 
the oil 

Ra reduces at a 
higher %  of 
grapheme in 95 % 
water, nano fluid 
with a high 5% servo 
cutting vel. & lower  
cutting 50% FR & 
DOC 

36 
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Microstructure 
Since the initial hardness of parts created using alloy 718 SLM 

print technology is larger than that made using wrought 
techniques, post-treatment is necessary to produce the desired 
conditions and characteristics. As a pre-aging treatment, these 
post-treatments must assess the effects on microstructure, 
hardening properties, and microsegregation at 1100 °C or 1250 
°C. Printed samples are more complex than solutions composed 

of heat-treated samples because of the quantity of cooling and 
heating passes made during manufacturing. At the subgrain 
boundary, the components and leaves are thoroughly dissolved 
at 1200 °C for heat treatment. A coarsening effect on the grain 
was discovered following recrystallization during the solution 
treatment [27–36]. Figure 4 shows the Inconel 718 
microstructure after 21 minutes of machining. 

 

 

Figure 4. Inconel 718 microstructure following 21 minutes of machining with self-propelled rotary tools [31] 
 
Grain Size 
Compared to conventional material, the alloy Inconel 718 

made using SLM techniques demonstrated excellent gamma size 
and diffusion dislocation. Both alloys' microstructures were fine-
tuned, and their microhardness was raised due to the 
superalloy's higher torsion pressure. [21] 

 
Hardness 
Poor machinability and shorter tool life as a result of 

precipitated phases "Inconel 718's high hardness is also a result 
of and. Carbides form at temperatures between 600 and 670°C, 
and samples are reinforced at temperatures between 600 and 
648°C ", the highest hardness rating of which has been validated 
and demonstrated to be 360 HV. [27,28] 

Microstructure Study and Mechanical Testing 
The workpiece's microstructure affected the cutting process's 

stability and the tool wear rate during machining the hard-to-
machine titanium alloys (9Ti-6Al-4V and Ti-555). The results 
show that cutting tools wear differently while cutting the Ti-555 
alloy than when cutting with a Ti-6Al-4V insert. 

Microstructure and machining parameter research uses 
scanning electron microscopy (SEM), high-resolution 
photography as characterization techniques, transmission 
electron microscopy (TEM), and optical microscopy (OM). 

CBN tool at the cutting conditions: v = 200 m/min, f = 0.08 
mm/rev, and d = 0.2 mm result. 

2-50 nm MWCNT  Turning 0.6 vol % Cutting oil 12 % improvement 
was observed in 
surface roughness 

27 
 
 
 
 

< 80 nm Nano graphite  Turning 0,0.1,0.3, and 
0.5 wt% %. 

Water Surface roughness 
was reduced with 
increasing 
nanoparticle 
concentration. 

26 

40 nm and 20 
nm 

CuO and       
Al2O3 

 Turning 0,0.25,0.5,1 % Water-based 
oil 

minimum surface 
roughness 

24 
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Figure 5. a) View of a machined surface using SEM [32] b) optical Image of flank wear in a CBN tool [32] c) SEM observation of chip 
morphology [32] 

 
Figure 5 (A) shows a flat surface with a regular, smooth pattern 

and relatively few undulations, long scratch marks, and fine feed 
marks caused by shearing the machined work surface under the 
cutting edge, indicating a better surface finish. An acceptable 
level of surface roughness for the surface finish (Ra < 1.0 µm) 
was produced due to the exclusion of chatter formation, no chip 
entanglement, and less plastic deformation of the machined 
surface during machining. The scanning electron microscope 
(SEM) image of the challenging turned component, Figure 5 (b), 
shows the optical micrograph of the tool wear profile of the cBN 
tool at the flank face. The primary wear mechanism observed in 
hard turning is abrasion. 

 
Machinability Issues 
In terms of Inconel 718, significant developments and findings 

in its machining are discussed. Some alternatives to using 
coolants and various coating techniques have been researched 
to facilitate the switch to dry machining.  

 

Machining Issues with Inconel 718 
This study gives the significance of various cutting fluids when 

working with hard materials, which describes the characteristics 
of hard-to-machine materials and how to review and recognize 
them. Key environmental and health concerns related to using 
various coolants in the material cutting business are also 
examined. Finally, the review and discussion of the progress 
made in lowering fluid usage, reduction, or elimination. [24] By 
way of residual stresses, surface roughness, work hardening 
layers, and white layer, surface integrity (SI) issues have been 
characterized. Lowering constraints, the factors that most 
directly affect the SI of a hard-machined component are those 
related to the workpiece's material properties, the cutting tool's 
characteristics, the machine tool stiffness, and the cutting fluid 
qualities.[17]                            
  

a b 

c 
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Phase and Structural Microstructure Study 
 

 

Table 2.  Techniques used to find various output parameters of complex machining. 

 
Effect of Nanofluid 
Thermal conductivity increased by 19.74 % and 36.21% for Al2O3 and CuO nanofluid, respectively. For machining operation, a better 

heat transfer fluid was obtained at an optimum value of 0.3 volume % for Al2O3 and 0.15 volume % for CuO [22].  
 

Table 3. The percentage of Al2O3 and CuO. 

 
From table 3, the percentage of Al2O3 and CuO used in the base fluid is analyzed and is shown in Figure 6. 

Technique Remarks References 
X-ray diffraction Detailed microstructures and spots are scanned using a resolution between 11nm 

and 13nm during tool wear analysis. 
15, 20 

Scanning Electron 
Microscopy 

The surface of the sample in 3D, the grain size, the tool wear morphology, 
and the material's texture 

18 

Reference Base Fluid Nanoparticle Flow Rate Wt Ratio 
[11] vegetable oil Al2O3 100ml/h 0%, 4%, 6%vol 

[12] soluble cutting oil Al2O3 - 0%, 0.1% wt. 

[13] Oil10 (SAE 10W) CuO and AL2O3 - 0.2% to 1% and 0.5% 
to 2% 

[14] Soluble Cutting oil Al2O3 40 ml/h 0.2%,0.4%,0.6% 
wt%1wt% 

[15] vegetable oil Al2O3 2.5 mi/min 0.25,0.75and 1.25 
vol% 

[37] distilled water CuO and Al2O3 - 0.25%, 0.5%, 0.75% 
and 1.0% (wt. 
percentage) 

[36] Vegetable Oil Al2O3 40 ml/hr 0% 2% 4% nano 
additives 0.2 g 

[34] E2000 Al2O3 and MWCNT 40 ml/hr 0, 2 and 4% 

[32] water Al2O3 and  CuO - 0.05, 0.15,0.3, 0.5 and 
1 vol. %. 
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Figure 6.  Weight of CuO and Al2O3 nanoparticles used by different researchers. 

 

2. Conclusion 
According to the above literature review, studies by various 

researchers identified several issues in terms of Machining 
Inconel 718  

i. Since conductivity is low, thermal changes and 
microstructure changes make this material difficult to 
machine. Tool wear morphology, Grain size, material 
texture, and a 3D representation of the sample's surface 
were all examined using scanning electron microscopy. 

ii. Tool wear analysis, spot scan, and microstructure area 
scan were performed using X-ray diffraction. 

iii. Information about surface integrity and the formation of 
white layers is also included in the study. 

iv. Investigating how to cut Inconel 718 material quickly 
results in BUC chips  

v. Concluding that the use of coolant and dry machining has 
different effects on surface finish and MRR.  

vi. Recognizing how tool wear and surface finish are affected 
by nanofluid. 

vii. Recognizing how the nanofluid affects the surface 
roughness machining output parameter. 
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