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Abstract
Pneumonia is an acute infection of the lower respiratory tract caused by various microorganisms, including the bacteria Staphylococcus aureus, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Acinetobacter baumannii, among others. This disease is a significant health challenge in Cameroon, affecting all age groups and contributing to a high mortality rate among children under five years old. The rapid rise of antimicrobial resistance is a critical global health concern, particularly impacting low- and middle-income countries. Thus, there is a pressing need to search for alternative treatments to combat bacterial drug resistance. 	Comment by user: It is too long introduction in abstract. Usually abstract starts by aim of study directly.
Medicinal plants have been used globally for centuries to treat various ailments, including respiratory conditions like pneumonia. Gnetum africanum and Callistemon rigidus are two Cameroonian plants, which are traditionally used to treat sore throats, and respiratory disorders like cough and bronchitis, digestive infections and rheumatism, among others. However, this traditional practice is yet to be scientifically validated. This study aims to evaluate the antimicrobial activity of Gnetum africanum and Callistemon rigidus extracts on selected pneumonia-causing bacteria. Extracts from the bark and flowers of C. rigidus and from the leaves of G. africanum, were obtained by successive maceration using solvents of increasing polarity, including hexane, dichloromethane, ethyl acetate, methanol and water. The inhibitory effects of the as-prepared extracts (20) were assayed against five pneumonia-causing bacteria, including Staphylococcus aureus (two strains), Klebsiella pneumoniae, Pseudomonas aeruginosa and Acinetobacter baumannii. The bacterial (S. aureus HM-468) growth kinetics were evaluated with the most active extract (CrMeOHE, methanol extract of C. rigidus bark). The yields of plant extraction ranged from 0.507 to 18.12 %. The CrMeOHE extract was the most active extract with MICs of 62.5, 125 and 500 µg/mL on S. aureus NR-46003, S. aureus HM-468 and A. baumannii NR-17784, respectively. The hexane extract of G. africanum inhibited the growth of S. aureus HM-468 with MIC value of 500 µg/mL. The time-kill kinetics of CrMeOHE extract on S. aureus HM-468 revealed a bactericidal effect. These results suggest that extracts of G. africanum and C. rigidus possess antibacterial activity and could serve as starting points for the discovery of drugs against pneumonia.	Comment by user: Repetition not in favor in academic writing	Comment by user: These abbreviation should be mentioned firstly on line 9	Comment by user: Should be clarified
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1. Introduction
Pneumonia is an acute respiratory infection that causes inflammation in the air sacs (alveoli) of the lungs (Miguères and Jover, 2008 ; WHO, 2022a). Symptoms of this disease include coughing, fever, breathing difficulties and sometimes chest pain (Vidal, 2021). When harmful microorganisms like bacteria, viruses, or fungi infect the lungs, they can multiply within the microscopic air sacs known as the alveoli, the tiny microscopic sacs where blood takes in oxygen and eliminates carbon dioxide. Bacterial pneumonia is a common form of lung infection with several disease-causing bacteria, such as Streptococcus pneumoniae, Staphylococcus aureus, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Escherichia coli (Cilloniz et al., 2016 ; Pahal et al., 2022). This disease is a major public health problem associated with high morbidity and mortality in all age groups worldwide, particularly in developing countries, where access to medical care and antibiotics may be limited (Cillóniz et al., 2020 ; Torres et al., 2021). It is also responsible for 14% of deaths in children under 5 years of age. In 2019, pneumonia caused approximately 672,000 child deaths worldwide, with Cameroon contributing 6,500 deaths to this toll (Atangana, 2020 ; WHO, 2022a). In 2019, pneumonia caused around 672,000 child deaths globally, with Cameroon contributing 6,500 of those deaths (Le Roux et al., 2024). Amoxicillin is a recommended first-line treatment for pneumonia, even though other antibiotics can be used depending on the sensitivity of the causing bacteria and the patient's allergies (Anand et al., 2025 ; WHO, 2022a). However, most of these treatments exhibit numerous side effects, including nausea, vomiting, diarrhoea, itching, among others (Hansen et al., 2019 ; Vidal, 2021). The rise of antibiotic-resistant pathogens, such as Streptococcus pneumoniae, Staphylococcus aureus, and various Gram-negative bacteria, has made treating pneumonia a significant global health challenge, increasing treatment failures, morbidity, and mortality (Mancuso et al., 2021). 	Comment by user: No need for this repitition 
	Comment by user: Mention their abbreviation form here	Comment by user: Review spaces through out the paper	Comment by user: Just write abbreviation from here onward 
Medicinal plants are crucial to drug development because they contain diverse active ingredients (phytochemicals) that serve as direct therapeutic agents or as templates (lead compounds) for synthetic new drugs (Nasim et al., 2022 ; Chaachouay et al., 2024). Medicinal plants have indeed been used for centuries to treat respiratory diseases, such as asthma, bronchitis, influenza and pneumonia. Some examples include Callistemon rigidus (Myrtaceae) and Gnetum africanum (Gnetaceae), which are traditionally used to relieve pneumonia symptoms, including cough, fever, and breathing difficulties, among others. Despite the traditional use of these plants in treating respiratory diseases, scientific evidence of their medicinal properties is missing in the literature. 	Comment by user: Needs refernce 
Despite the traditional use of these plants in the treatment of respiratory diseases, scientific evidence demonstrating their medicinal properties is missing in the literature. Therefore, this study aims to evaluate the antibacterial activity of extracts from Callistemon rigidus and Gnetum africanum against selected pathogens responsible for pneumonia, including Klebsiella pneumoniae NR-41897, Staphylococcus aureus NR-46003, Staphylococcus aureus HM-468, Pseudomonas aeruginosa NR-51337 and Acinetobacter baumannii NR-17784.	Comment by user: Repeated sentense, should be deleted 
2. Material and methods
2.1. Material
2.1.1. Plant material
The medicinal plants (Callistemon rigidus and Gnetum africanum) used in this study were selected based on their traditional use in treating respiratory symptoms. Thus, the bark of Callistemon rigidus (Figure 1) was collected on the campus of the University of Yaounde 1, Yaounde while the leaves of Gnetum africanum (Figure 2) were obtained commercially at the Messassi market in Yaounde, Centre Region, Cameroon. These two plant species were identified at the National Herbarium of Cameroon, where each specimen was deposited under identification No. 18564/SRFCam for Callistemon rigidus and No. 21165/SRF/Cm for Gnetum africanum. Subsequently, each plant part was cut into pieces and dried at room temperature, then coarsely powdered.
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Figure 1 : Photograph of Callistemon rigidus (AMM, 2025)	Comment by user: Review format
[image: C:\Users\Boni\Desktop\okok image.jpeg]
Figure 2 : Photograph of the leaves of Gnetum africanum Welw. (AMM, 2025)	Comment by user: Review formatting 
2.1.2. Microbiological material
The antibacterial activity of the selected plants was evaluated on Staphylococcus aureus NR-46003, Staphylococcus aureus HM-468, Klebsiella pneumoniae NR-41897 and Acinetobacter baumannii NR-17784 from Bei Resources (Biodefense and Emerging Infections Research Resources Repository, https://www.beiresources.org/). These bacteria were stored in tubes containing Mueller Hinton agar by slant culture at 4°C. These pathogens were maintained in continuous culture in Mueller Hinton Broth (MHB), at the Laboratory for Phytobiochemistry and Medicinal Plants Studies, Department of Biochemistry, University of Yaoundé 1.
2.2. Methods
2.2.1. Preparation of crude extracts
The extracts were prepared by successive maceration with hexane, dichloromethane, ethyl acetate, methanol, and water. To this end, 20 g of each plant powder was macerated successively in 120 mL of each solvent for 24 hours. Each preparation was stirred twice a day (morning and evening) and the macerates obtained were filtered using paper whatman number 1. Next, the filtrates were ventilated at room temperature to afford different extracts. The as-prepared extracts were weighed to calculate the yields of extraction using the following formula : 

The extracts were further stored at 4°C for the evaluation of antibacterial activity.
2.2.2. Antibacterial activity
2.2.2.1. Preparation of the inocula
Bacterial inocula were prepared according to 0.5 McFarland standard (McFarland, 1907). To this end, a 24-hours old bacterial colony on Mueller Hinton Agar (MHA) was collected using a platinum loop and placed in a tube containing 10 mL of a sterile saline solution (0.9% NaCl) and adjusted to 0.5 McFarland standard corresponding to a bacterial load of 1.5 × 108 CFU/mL, which was further diluted at 106 Colony Forming Unit/mL for the assay.
2.2.2.2. Preparation of stock solutions of extracts and the reference drug ciprofloxacin
Stock solutions of extracts were prepared at 100 mg/mL dissolving separately100 mg of each extract in 1 mL of 100% dimethyl sulfoxide (DMSO). The extract solutions were then stored at 4°C for biological assays. Ciprofloxacin, used as a reference antibiotic, was prepared under the same conditions at 50 µg/mL in distilled water acidified with HCl (0.025 N).
2.2.2.3. Preliminary screening 
An antibacterial preliminary screening of the extracts was carried out at a single concentration (1000 µg/mL). To this end, 98 µL of MHB culture was added to each well of a 96-well microplate. Next, 2 µL of each extract stock solution (100 mg/mL) was added to the corresponding wells. After that, 100 µL of a bacterial suspension at 106 CFU/mL (obtained from the 0.5 McFarland standard) was distributed into all wells except those used for sterility control (containing only MHB). The microplates were then sealed and incubated at 37°C for 24 hours. At the end of the incubation period, 20 µL of a freshly prepared resazurin solution (0.15 mg/mL) was added to all wells, followed by an additional incubation for 30 minutes under the same conditions. The positive control consisted of culture medium, inoculum and ciprofloxacin, whereas the negative control comprised only the culture media and inoculum. The inhibitory effects of the extracts was revealed by the persistence of the blue colour in the wells. From the preliminary screening, extracts that inhibited at least one bacterial strain tested were selected for the determination of the antibacterial parameters, including minimum inhibitory and minimum bactericidal concentrations (MICs and MBCs).
2.2.2.4. Determination of minimum inhibitory concentrations (MICs) and bactericidal concentrations (MBCs)
a-Determination of minimum inhibitory concentrations (MICs) 
The minimum inhibitory concentration was determined by microdilution according to protocol number M07-A09, described in the guidelines of the Clinical and Laboratory Standards Institute (CLSI, 2012). Briefly, 196 µL of MHB (Appendix 1) was added to the first wells in column A and 100 µL to the remaining wells of the plate. Next, 4 µL of a solution of each extract (100 mg/mL) was added to the corresponding wells, followed by a series of five geometric dilutions of order 2. Thereafter, 100 µL of a bacterial suspension at 106 CFU/mL (obtained from the 0.5 McFarland standard) was distributed to all wells except those of the sterility control. The concentrations of extracts and ciprofloxacin ranged from 1000 to 31.25 µg/mL and from 0.25 to 0.0078 µg/mL, respectively. The final bacterial load in each well was 5x10⁵ CFU/mL for a final volume of 200 µL. The sterility control consisted of the culture medium only, whereas the positive control comprised the culture medium, inoculum and ciprofloxacin. The negative control encompassed the culture medium and the bacterial suspension. The microplates were sealed and incubated at 37°C for 24 hours. At the end of the incubation period, the plates were treated as described in the subsection 2.2.2.3. The tests were performed in triplicate in sterile 96-well microplates. The lowest concentration at which no colour change from blue to pink was observed corresponded to the MIC (µg/mL). To further evaluate the bactericidal or bacteriostatic activity of the extracts, the minimum bactericidal concentrations were determined. 	Comment by user: Where is it ?
b. Determination of the Minimum Bactericidal Concentrations (MBCs) 
The minimum bactericidal concentrations of the extracts were determined by subculturing in MHB the preparations taken from the plates used to determine the MICs. At the end of the incubation period for the MIC determination plates, 25 µL aliquots of the inhibitory wells (not treated with resazurin solution) were aseptically removed and transferred to corresponding wells in another sterile plate containing 175 µL of MHB medium. Next, the wells were diluted eight times to eliminate the inhibitory effect of the extracts. The sterility control consisted of the culture medium only, whereas the negative control consisted of the inoculum and the culture medium. Thereafter, the plates were sealed and incubated at 37°C for 48 hours, followed by an addition of 20 µL of resazurin solution and subsequent incubation for 30 minutes at the same temperature. The lowest concentration of the extract that showed no bacterial growth, as indicated by the persistence of the resazurin colour (which remains blue), was considered to be the minimum bactericidal concentration of the extract. The tests were performed in triplicate.
 The bactericidal or bacteriostatic effect of the extracts was assessed by calculating the ratio MBC/MIC. According to Traoré et al. (2012), when the MBC/MIC ratio of an antimicrobial substance is less than or equal to four (≤ 4), it is classified as bactericidal. However, if this ratio is greater than four (>4), then the substance is considered bacteriostatic.
2.2.2.5. Bacterial growth kinetics
To confirm the bactericidal or bacteriostatic effect of the extracts, the kinetics of bacterial mortality was evaluated with the promising extracts at sub-inhibitory, inhibitory and supra-inhibitory concentrations (MIC/4 to 4 MIC).
The kinetics of bacterial mortality was studied according to the protocol described by Klepser et al. (1998) with minor modifications, including the use of opacimetry based on turbidity of cell suspensions as a function of bacterial load instead of colony counting on agar. 
Briefly, a serial dilution was performed for each promising extract to obtain final concentrations ranging from 4MIC to MIC/4. After that, 100 µL of bacterial suspension at 106 UFC/mL were distributed in wells except for those of sterility control, resulting in a loading of 5×10⁵ CFU/mL. The plates were sealed and incubated at 37 °C for 24 hours, while the evolution of the bacterial load was assayed by reading the optical densities at 620 nm at different time intervals (0, 2, 4, 6, 8, 10, 12 and 24 hours) using a TECAN Infinite M 200 microplate reader. Ciprofloxacin was used as a positive control. The assays were performed in triplicate in sterile 96-well microplates. A graph was plotted using the values of optical densities, versus incubation time and the obtained curves were used to determine the dose-response activity. Thus, the minimum time required for the start of bacterial inhibition and growth re-emergence, and the bactericidal effect of the extracts were assessed. The concentrations that induced a continuous decrease of the bacterial population were considered as minimum bactericidal concentrations.
2.2.3. Statistical analysis
The one-way analysis of variance (ANOVA) test was employed to statistically analyse data using GraphPad Prism 8.0.1 software. This was followed by means’ comparisons using the Dunnett's test with a 95% confidence level (p ≤ 0.05). P values ​​< 0.05 were considered statistically significant.	Comment by user: In Italic 
3. Results and discussion
3.1. Results
3.1.1. Yields of extraction
The yield of extraction obtained after the extraction of different organs of Gnetum africanum and Callistemon rigidus are shown in Table 1 as follows : 	Comment by user: Review spaces and formatting 


Table 1 : Yields of plant extraction according to organs and solvents.
	Plant species

	Parts of plant
	 Solvent
	Yield of extraction (%)

	

Gnetum africanum 

	

Leaves


	Hexane
	1.250

	
	
	Dichloromethane
	1.175

	
	
	Ethyl acetate
	2.007

	
	
	Methanol
	6.282

	
	
	Water
	-

	






Callistemon rigidus
	

Leaves

	Hexane
	1.570

	
	
	Dichloromethane
	2.380

	
	
	Ethyl acetate
	2.485

	
	
	Methanol
	6.282

	
	
	Water
	0.207

	
	

Bark
	Hexane
	1.160

	
	
	Dichloromethane
	1.007

	
	
	Ethyl acetate 
	0.507

	
	
	Methanol
	5.150

	
	
	Water
	3.497

	
	Flowers
	Hexane
	0.167

	
	
	Dichloromethane
	0.960

	
	
	Ethyl acetate
	1.340

	
	
	Methanol
	14.280

	
	
	Eau	Comment by user: What is this ?
	18.120


- : Not determined.	Comment by user: Review format
The yields of extraction of Gnetum africanum leaves ranged from 1.175% (dichloromethane extract) to 6.282% (methanol extract) (Table 1). The yields of extraction of C. rigidus leaves ranged from 1.570% (hexane extract) to 6.282% (methanol extract), while the values obtained with C. rigidus bark and flowers ranged from 0.507% (ethyl acetate extract) to 5.150% (methanol extract) and from 0.960% (dichloromethane extract) to 18.120% (water extract), respectively. For the extraction of G. africanum, the maceration with methanol revealed the highest extraction’s yield followed by ethyl acetate, hexane, and dichloromethane. For the flowers of C. rigidus, the maceration with water afforded the highest yield of extraction, whereas extraction with methanol showed the highest yield for the plant’s bark (Table 1).	Comment by user: From 0.207	Comment by user: From 0.167
3.1.2. Antibacterial activity
3.1.2.1. Preliminary screening of antibacterial activity
A preliminary screening for the inhibitory effects of extracts at 1000 µg/mL concentration against Staphylococcus aureus NR-46003, Staphylococcus aureus HM-468, Klebsiella pneumoniae NR-41897 and Acinetobacter baumannii NR-17784 showed various degrees of antibacterial action as summarized in Table 2.







[bookmark: _Toc205320328]Table 2 : Antibacterial activity of extracts of Gnetum africanum and Callistemon rigidus at a concentration of 1000 µg/mL
	Extracts
/Strains
	Ga   HEX F
	Ga DCM F
	Ga EtOAc
F
	Ga MeOH
F
	Ga H2O
F
	Cr   HEX F
	Cr DCM F
	Cr EtOAc
F
	Cr MeOH
F
	Cr H2O
F
	Cr   HEX E
	Cr DCM E
	Cr EtOAc
E
	Cr MeOH
E
	Cr H2O
E
	Cr   HEX Fl
	Cr DCM Fl
	Cr EtOAc
Fl
	Cr MeOH
Fl
	Cr H2O
Fl

	KP NR-41897
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	+
	+
	-
	-
	-
	-
	-

	SA NR-46003
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	+
	-
	-
	-
	-
	-
	-

	SA HM-468
	+
	-
	-
	-
	-
	+
	-
	+
	-
	+
	+
	+
	+
	+
	-
	-
	+
	-
	+
	+

	AC NR-17784
	-
	-
	-
	+
	-
	-
	-
	+
	-
	-
	+
	-
	-
	+
	-
	-
	-
	-
	+
	-

	PA NR-51337
	-
	-
	-
	-
	-
	-
	-
	-
	-
	+
	-
	-
	-
	+
	-
	-
	-
	-
	+
	-


+ : Active (MIC ≤ 1000 µg/mL); - : Not active (>1000 µg/mL); AC: Acinetobacter baumannii; Cr: Callistemon rigidus; DCM: Dichloromethane; E: Bark; EtOAc: Ethyl acetate; F: Leaves; Fl: Flowers; Ga: Gnetum africanum; H2O: Water; Hex: Hexane KP: Klebsiella pneumoniae; MeOH: Methanol; PA: Pseudomonas aeruginosa; SA: Staphylococcus aureus.

Upon preliminary screening of 15 extracts from leaves and bark of C. rigidus and 5 extracts from Gnetum africanum leaves against five bacterial strains (K. pneumoniae NR-41897, S. aureus NR-46003, S. aureus HM-468, A. baumannii NR-17784, and P. aeruginosa NR-51337), 10 extracts (CrMeOHE, CrMeOHFl, GaHEXF, CrHEXE, CrHEXF, CrDCME, CrDCMFl, CrEtOAcE, CrEtOAcF and CrH2OE) inhibited at least one bacterial strain at 1000 µg/mL and were selected for the determination of the minimum inhibitory concentrations (MICs) and minimum bactericidal concentrations (MBCs). Meanwhile, ciprofloxacin (positive control, 0.5 µg/mL) inhibited all the bacteria tested (Table 2).
3.1.2.2. Minimum inhibitory and bactericidal concentrations
Table 3 summarizes the minimum inhibitory and bactericidal concentrations of the extracts that inhibited the growth of at least one bacterial strain.























Table 3: Minimum inhibitory and bactericidal concentrations of extracts from Callistemon rigidus and Gnetum africanum
	Extraits	Comment by user: extracts
	Paramètres
	KPNR-41897
	SANR-46003
	SAHM-468
	ACNR-17784
	PANR-51337

	CrMeOHE
	MIC
	/
	62.5
	500
	125
	/

	
	MBC
	/
	/
	1000
	1000
	/

	
	MBC/ MIC
	/
	/
	2
	8
	/

	CrMeOHFl
	MIC
	/
	/
	1000
	/
	/

	
	MBC
	/
	/
	/
	/
	/

	
	MBC/ MIC
	/
	/
	/
	/
	/

	GaHEXF
	MIC
	/
	/
	1000
	/
	/

	
	MBC
	/
	/
	/
	/
	/

	
	MBC/ MIC
	/
	/
	/
	/
	/

	CrHEXE
	MIC
	/
	/
	1000
	/
	/

	
	MBC
	/
	/
	/
	/
	/

	
	MBC/ MIC
	/
	/
	/
	/
	/

	CrHEXF
	MIC
	/
	/
	500
	/
	/

	
	MBC
	/
	/
	/
	/
	/

	
	MBC/ MIC
	/
	/
	/
	/
	/

	CrDCME
	MIC
	/
	/
	1000
	/
	/

	
	MBC
	/
	/
	/
	/
	/

	
	MBC/ MIC
	/
	/
	/
	/
	/

	CrDCMFl
	MIC
	/
	/
	1000
	/
	/

	
	MBC
	/
	/
	/
	/
	/

	
	MBC/ MIC
	/
	/
	/
	/
	/

	CrEtOAcE
	MIC
	/
	/
	1000
	/
	/

	
	MBC
	/
	/
	/
	/
	/

	
	MBC/ MIC
	/
	/
	/
	/
	/

	CrEtOAcF
	MIC
	/
	/
	1000
	
	/

	
	MBC
	/
	/
	/
	/
	/

	
	MBC/ MIC
	/
	/
	/
	/
	/

	CrH2OE
	MIC
	1000
	/
	/
	
	/

	
	MBC
	/
	/
	/
	/
	/

	
	MBC/ MIC
	/
	/
	/
	/
	/

	Ciprofloxacin
	MIC
	0.031
	
	0.0625
	0.0625
	1

	
	MBC
	
	0.0625
	
	
	

	
	MBC/ MIC
	
	
	
	
	


MIC : Minimum inhibitory concentrations ; MBC : Minimum bactericidal concentrations ; AC : Acinetobacter baumannii ; KP : Klebsiella pneumoniae ; PA: Pseudomonas aeruginosa; AS: Staphylococcus aureus; Hex: Hexane; DCM: Dichloromethane; MeOH: Methanol; H2O: Water; Cr: Callistemon rigidus; Ga: Gnetum africanum; /: > 1000 µg/mL (not determined).




The incubation of nine extracts (CrMeOHE, CrMeOHFl, CrHEXE, CrDCME, CrDCMFl, CrEtOAcE, CrEtOAcF and CrH2OE) obtained from the flowers and bark of C. rigidus and one extract (GaHEXF) from the leaves of Gnetum africanum with five bacterial strains responsible for pneumonia (KPNR-41897, SANR-46003, SAHM-468, ACNR-17784, and PA NR-51337) afforded MIC values ​​ranging from 62.5 to 1000 µg/mL (Table 3). The CrMeOHE extract (methanol extract of the residue obtained after extraction of C. rigidus bark with ethyl acetate) was the most active extract with MIC values of 62.5, 125 and 500 µg/mL when tested on S. aureus NR-46003, S. aureus HM-468 and A. baumannii NR-17784, respectively, followed by the CrHEXF extract (MIC : 500 µg/mL on S. aureus HM-468). S. aureus HM-468, S. aureus NR-46003 and A. baumannii NR-17784 were more sensitive (MIC ≤ 500 µg/mL) and P. aeruginosa NR-51337 was the least sensitive bacteria (MIC > 1000 µg/mL).
According to a classification by Tamokou et al. (2017), an extract is considered highly active if its MIC < 100 µg/mL; significantly active if 100 ≤ MIC ≤ 512 µg/mL; moderately active if 512 ≤ MIC ≤ 2048 µg/mL; weakly active if MIC > 2048 µg/mL; and inactive if MIC > 10 mg/mL. Thus, the methanol extract of the residue obtained after extraction of C. rigidus bark with ethyl acetate (CrMeOHE) is highly active against S. aureus NR-46003. The CrMeOHE extract exhibited a MBC value of 1000 µg/mL when tested against S. aureus HM-468 and A. baumannii NR-17784. According to Traoré et al. (2012), an antimicrobial substance is considered bactericidal when its MBC/MIC ratio is less than or equal to four (≤ 4), while a substance is considered bacteriostatic if its MBC/MIC ratio is greater than four (> 4). Therefore, the CrMeOHE extract showed a bactericidal activity against S. aureus HM-468 (MBC/MIC : 2), whereas its activity was found to be bacteriostatic against A. baumannii NR-17784 (MBC/MIC : 8).
3.1.2.3. Time-kill kinetics
The kinetic growth of S. aureus HM-468 was assessed with the most active extract (CrMeOHE). Figure 3 illustrates the S. aureus HM-468 growth kinetics as a function of incubation time.



Figure 3 : Effects of the bioactive extract CrMeOHE on the mortality kinetics of Staphylococcus aureus HM-468.
MIC: Minimum inhibitory concentration; Cipro: ciprofloxacin (0.125 µg/mL); NC: negative control; S. aureus HM-468: Staphylococcus aureus HM-468; CrMeOHE: Methanolic extract of the residue obtained after ethyl acetate extraction of C. rigidus bark. Curves with the same symbols * are not significantly different (P ≤ 0.05, Dunnett's test). ****(P < 0.0001).

Upon incubation of S. aureus HM-468 with the extract CrMeOHE at different time interval (0, 2, 4, 6, 8, 10, 12 and 24 hours), there was a continuous decrease in the bacterial population as evidenced by the trend of the bacterial growth curves (Figure 3). The extract inhibition was found to be concentration-dependent. The minimum time elapsed to start observing bacterial inhibition was found to be 4 hours at 4MIC, 2MIC, MIC and 1/2MIC. At concentrations of 4MIC, 2MIC, and MIC, a progressive decrease in the bacterial population was observed as evidenced by the decline in the curves up to 24 hours. This result is comparable to that of ciprofloxacin (positive control), an antibiotic drug well-known for its bactericidal effect (Cirz et al., 2007 ; Sandvik et al., 2015). Therefore, the extract CrMeOHE revealed a bactericidal effect. After 10 hours of incubation of Staphylococcus aureus HM-468 with CrMeOHE (MIC, 2, and 4), there is almost no bacterial population as evidenced by the inclination of the curve that intersects the x-axis (Figure 3). The absence of bacterial growth between 10 h and 24 h of incubation time proves the absence of bacteria in culture, thus validating the bactericidal effect of CrMeOHE (as evidenced by the ratio MBC/MIC ≤ 4).


3.2. Discussion
Pneumonia is a major, common acute respiratory infection causing high worldwide morbidity and mortality across all age groups, particularly in children under 5 and older adults (Torres et al., 2021). The primary treatment for bacterial pneumonia is the use of antibiotics to kill the infection. However, the emergence of resistance developed by various pathogens poses a significant challenge to treatment efficacy ; thus, the search for effective antibiotics is worthwhile (Bouyahya et al., 2018). Medicinal plants represent a vast reservoir of active ingredients that can be useful for the development of new drugs (WHO, 2025). G. africanum and C. rigidus are a few examples of such plants, which have been used traditionally to treat sore throats, and respiratory disorders like cough and bronchitis, digestive infections, rheumatism, and hemorrhoids (Mouanji et al., 2025 ; Yang et al., 2025). 
Thus, the scientific validation of G. africanum and C. rigidus in treating pneumonia is valuable. In this study, G. africanum and C. rigidus extracts (yield range : 0.167 to 18.120%) were obtained by successive maceration in hexane, dichloromethane, ethyl acetate, methanol, and water. Methanol extract showed the highest yield of extraction. Methanol is a highly effective, versatile polar solvent widely used in extraction due to several key chemical properties. While primarily polar, methanol consists of a polar hydroxyl (-OH) group and a non-polar methyl (-CH3) group. This allows methanol to dissolve a wide range of compounds, including polar compounds and slightly non-polar or semipolar compounds, thus facilitating their transfer from the matrix to the solvent in order to optimize the amount of substance extracted (Bourgou et al., 2016). The antibacterial activity of the as-prepared extracts was performed against five bacteria responsible for pneumonia [Staphylococcus aureus NR-46003, Staphylococcus aureus HM-468, Klebsiella pneumoniae NR-41897, Pseudomonas aeruginosa NR-51337 and Acinetobacter baumannii NR-17784] and the MICs ranged from 62.5 to 1000 µg/mL.
The CrMeOHE extract (methanol extract of the residue obtained after extraction of C. rigidus bark with ethyl acetate) was found to be the most active extract with MIC values of 62.5, 125 and 500 µg/mL on S. aureus NR-46003, S. aureus HM-468, and A. baumannii NR-17784, respectively ; followed by the CrHEXF extract (MIC : 500 µg/mL on S. aureus HM-468). Overall, S. aureus HM-468, S. aureus NR-46003, and A. baumannii NR-17784 were found to be the most sensitive bacteria (MIC ≤ 500 µg/mL), whereas P. aeruginosa NR-51337 was the least sensitive bacterial strain (MIC > 1000 µg/mL). According to the classification criteria by Tamokou et al. (2017), the methanol extract of the residue obtained after extraction of C. rigidus bark with ethyl acetate (CrMeOHE) is highly active against S. aureus NR-46003. The CrMeOHE extract exhibited a minimum bactericidal concentration (MBC) of 1000 µg/mL against the S. aureus HM-468 and A. baumannii NR-17784 strains. According to Traoré et al. (2012), the CrMeOHE extract showed a bactericidal activity against S. aureus HM-468 (MBC/MIC : 2), while its action was bacteriostatic against A. baumannii NR-17784 (MBC/MIC : 8). Accumulated evidence has shown that Gnetum africanum contains various compounds, such as flavonoids, alkaloids, phenolic compounds, steroids, and saponins, among others (Bertin et al., 2021 ; Asonye et al., 2024). More recently, the presence of flavonoids, phenolic compounds, and condensed tannins was identified in Callistemon rigidus by our research group (Mouanji et al., 2025). 
It is reported that, the antibacterial activity of flavonoids is attributed to three main mechanisms, including (i) inhibition of nucleic acid synthesis (2006), (ii) inhibition of the synthesis of bacterial cell wall (Cushnie and Lamb, 2005), and (iii) inhibition of energy metabolism in bacterial cells (Eumkeb and Chukrathok, 2013 ; Xie et al., 2015). Alkaloids disrupt staphylococcal metabolism and growth through multiple mechanisms, including interfering with DNA replication, altering cell membrane integrity, and inhibiting crucial metabolic enzymes (Daurel and Leclercq, 2008 ; Yan et al., 2021). Saponins disrupt the stability and increase the permeability of bacterial cell membranes, leading to the leakage of intracellular contents (Tatli Cankaya et al., 2021 ; Li and Monje-Galvan, 2023). Thus, it is not unreasonable to speculate that the antibacterial activity of G. africanum and C. rigidus extracts results from at least one of these mechanisms of action. 
Overall, extracts from G. africanum and C. rigidus extracts revealed antibacterial activity. Nevertheless, further in vitro and in vivo studies on the mechanism of action of the bioactive extracts (CrMeOHE and CrHEXF) are warranted. Detailed in vitro and in vivo toxicity experiments are desired to support the safe use of these plants in ethnomedicine. 
5. Conclusion
This study aims to investigate the antibacterial activity of G. africanum and C. rigidus extracts on selected pneumonia-causing bacteria. As a result, C. rigidus and G. africanum extracts inhibited the growth of the tested bacteria with MIC values ranging from 62.5 to 1000 µg/mL, with methanol extract of G. africanum being the most effective extract (CrMeOHE ; 62.5 and 125 µg/mL on S. aureus NR-46003 and S. aureus HM-468, respectively), followed by the hexane extract of C. rigidus (CrHEXF ; MIC : 500 µg/mL on S. aureus HM-468). Further incubation of CrMeOHE with S. aureus HM-468 at concentration ranging from 1/2MIC to 4MIC and follow-up at different time intervals (0, 2, 4, 6, 8, 10, 12 and 24 hours) revealed a bactericidal trend of this extract at MIC, 2MIC and 4MIC. Overall, Callistemon rigidus and Gnetum africanum extracts demonstrated in vitro antibacterial activity against pneumonia-causing bacteria, suggesting that these plants could be used as starting points for antimicrobial drug discovery. Nevertheless, compound isolation, toxicity studies, in vivo and pharmacokinetic experiments, as well as mechanisms of action of these plants are desired for their successful utilization in drug discovery.
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