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Bovine mastitis, caused mostly by Staphylococcus species, has gained global importance owing to the increas-
ing prevalence of multi-drug resistant bacteria, which comprise a risk to food security and public health. In
this study, the antibacterial, anti-biofilm and quorum quenching activities of six leaf extracts of Combretum
molle R.Br. ex G. Don prepared using different solvents were assessed against clinical isolates of Staphylococ-
cus aureus and two Staphylococcus ATCC strains (S. aureus ATCC 29213 and S. epidermidis ATCC 35984). The
antioxidant and anti-inflammatory activity and cytotoxicity of the extracts was also evaluated. The antibacte-
rial and anti-biofilm potential of the extracts was determined via serial microdilution and crystal violet and
INT assays. Quorum quenching activity was ascertained via inhibition of violacein production in Chromobac-
terium violaceum ATCC 12472. The antioxidant activity was determined using in vitro chemical assays. The
15-lipoxygenase enzyme inhibition and the nitric oxide inhibition assays were utilized to ascertain the anti-
inflammatory activity of the extracts. The tetrazolium-based colorimetric (MTT) reduction assay was used to
determine the cytotoxicity of the extracts against Vero African green monkey kidney cells. The antibacterial
activity of the extracts was moderate to good, with minimum inhibitory concentration (MIC) values of
0.02�0.63 mg/mL. The extracts had promising biofilm inhibition (�50 %) against four of the test strains. The
effects of the extracts on the metabolic activity of the test strains showed � 50 % inhibition in most of the
test strains at the different test times. All extracts had moderate to excellent quorum quenching activity at
different concentrations with an inhibition ranging between 32.81- 96.32 %. The methanol and cold water
extracts had the best antioxidant activity against the 2, 2-diphenyl-1-picrylhydrazyl (DPPH) and 2, 20-azino-
bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radicals with IC50 of 7.79 and 2.34 mg/mL, respectively.
The hot water extract (AQH) had the best anti-inflammatory activity in terms of 15-lipoxygenase enzyme
inhibition with 85.26 % inhibition, while the methanol extract had the best nitric oxide inhibition in LPS-
induced RAW 264.7 macrophages with inhibition of 96.75 % at 100 mg/mL. Selectivity index values of the
extracts were as high as 50. Combretum molle, therefore, offers promising potential as a source of antibiofilm
and anti-quorum sensing agents with the ability to disrupt microbial virulence factors. Additionally, the
extract had good antioxidant and anti-inflammatory properties, supporting further research into its use in
preventing and treating bovine mastitis.

© 2023 Published by Elsevier B.V. on behalf of SAAB.
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1. Introduction

Bovine mastitis is an inflammation of the mammary parenchyma
and is usually caused by an infection with microorganisms in the
udder, or from the environment, which includes manure, dirty stalls,
hands of milking personnel and milking equipment (Vasudevan et al.,
2003; Alberta Milk, 2019). Mastitis infection can be either clinical,
with apparent signs, or subclinical which is asymptomatic, but con-
tributes to vast financial losses in the dairy industry (Petrovski et al.,
2006; Viguier et al., 2009). Mastitis, which affects all milk-producing
mammals, is a major problem in the dairy sector, with poorly man-
aged mastitis infections resulting in a loss in milk production,
reduced milk quality, and in some cases, death (Gemechu et al.,
2019).

In South Africa, there has been a decline in milk producers over
the past 10 years (Karzis et al., 2018) and this may be associated
with the prevalence of mastitis infections affecting productivity
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and management. Between 2002 and 2006 in South Africa, a 7.3 %
and 5.9 % increase in subclinical and clinical cases of mastitis
respectively was recorded, while the financial loss worldwide
resulting from these cases is estimated to be 35 billion USD (Karzis
et al., 2018). Banga et al. (2014) reported that in South Africa, the
cost due to losses associated with mastitis varies between USD
25.88 to 94.55 per cow per year when the bulk somatic cell count
increases by 1 % depending on the cow breed and production sys-
tem. Somatic cells (SC) in milk comprise a combination of milk-
building cells and leucocytes which are present in milk and help in
determining the quality of the milk. The increase in the production
of SC in milk can reduce the quality of milk (Alhussien and Dang
2018).

Mastitis-causing organisms produce tenacious infections, and
Staphylococcus and Streptococcus species are the most common.
Staphylococcus aureus is an intracellular bacterial species that often
forms abscesses in the udder parenchyma that can lead to chronic
infection and could develop drug resistance (Kobayashi et al., 2015;
Abera 2020; Pedersen et al., 2021). Most staphylococci isolated from
bovine mastitis cases can exist as biofilms by binding to milk fat glob-
ule membranes, causing an interaction between the organism and
the antigen determinant of the host cell, thereby enhancing the viru-
lence ability of the organism which could lead to antimicrobial resis-
tance (Ali-Vehmas et al., 1997; Sserunkuma et al., 2017; Phophi et al.,
2019).

With the current prevalence and increased rate of antibiotic resis-
tance, there is a strong interest in developing an alternative mode of
treatment for various animal diseases, and the use of medicinal plants
in ethnoveterinary medicine in the treatment of various animal dis-
eases has been reported in different cultures and countries (Mussarat
et al., 2014; Chitura et al., 2018; Khunoana et al., 2019; Adeniran et
al., 2020; Khan et al., 2021). There has been a concomitant increase in
the investigation of traditional medicinal plants for combating drug
resistance strains, including plants with antibiofilm and quorum
quenching effects (Rani and Khullar 2004; Erhabor et al., 2019;
Ugboko et al., 2020; Kebede et al., 2021). Detailed reviews of medici-
nal plants used in ethnoveterinary medicine in South Africa have
been documented (McGaw and Eloff 2008; Maphosa and Masika
2010; McGaw et al., 2020).

Combretum molle belongs to the Combretaceae family, species of
which are commonly used in traditional medicine in most African
countries. Combretum molle has been associated with treating inflam-
matory conditions, fever, general body swellings and as a dressing for
wounds (Anato et al., 2018a, 2018b; Garba et al., 2018; Rademan et
al., 2019). Combretum molle is also used to treat gastric ulcers, stom-
ach pains and other abdominal disorders (Anato et al., 2018a). It has
been used in traditional medicine in Ethiopia in cleaning milking
equipment to avoid milk spoilage (Regassa and Araya, 2012). Combre-
tum molle has a wide range of pharmacological activities, including
anti-inflammatory (McGaw et al., 2001), antibacterial (Regassa and
Araya 2012; Mogashoa et al., 2019), antioxidant and anti-prolifer-
ative activities (Rademan et al., 2019). C. molle was selected in this
study based on its traditional uses and its known pharmacological
effects. The aim of this study was to determine the antibacterial activ-
ity of different solvent extracts of C. molle against six Staphylococcus
species isolated from clinical cases of bovine mastitis as well as two
ATCC reference strains. The antibiofilm, quorum quenching, antioxi-
dant, anti-inflammatory, and cytotoxic effects of the extracts were
also determined.

2. Materials and methods

2.1. Plant collection and extraction

The leaves of C. molle were collected in the Pretoria National
Botanical Garden, Pretoria, South Africa. The plant material was
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cleaned and then dried in a well-ventilated room at room tempera-
ture for two to four weeks. A herbarium voucher specimen was pre-
pared and deposited at the H.G.W.J. Schweickerdt Herbarium (PRU
130,494), University of Pretoria, South Africa. The dried plant mate-
rial was milled to a fine powder and kept in glass jars in the dark until
required. The finely ground plant material was extracted (Eloff,
1998a) using solvents of varying polarity. Methanol, ethanol, acetone,
dichloromethane: methanol (1:1), and water (cold and hot) were
used for extraction in a ratio of 1:10 (w:v) of plant material to sol-
vent. The mixtures were soaked at 25 °C for 48 h and filtered through
Whatman No 1 filter paper. The supernatant was poured out into
weighed labelled glass vials. The extraction process was repeated
twice to fully extract the plant material. The solvent was evaporated
in a B€uchi Rotavapor (Labotec (Pty) Ltd.) under reduced pressure at
40 °C until left with a residue that was dried completely under
a stream of cold air. The percentage yield was calculated using the
formula:

Percentage yield ¼ Mass of extract=Mass of powdered plant materialð Þ � 100

2.2. Culturing bacterial strains

Mueller Hinton agar (MHA) and Mueller Hinton broth (MHB) were
used for the assessment of the minimum inhibitory concentration
test while Luria Bertani (LB) broth was used for the anti-quorum
sensing assay. Tryptic Soy agar (TSA) and Tryptic Soy Broth (TSB)
were used in the biofilm assays respectively. Six clinical isolates of
Staphylococcus aureus from bovine mastitis cases (Ethics permission
number V121�16, University of Pretoria) and two Staphylococcus
ATCC strains (S. aureus ATCC 29213, S. epidermidis ATCC 35984) were
collected from the Milk Laboratory, Department of Production Animal
Studies, Faculty of Veterinary Sciences, University of Pretoria were
used in this study. The bacteria were grown in MHA (Fluka, Spain)
and kept at 4 °C. The bacterial cultures were cultured in MHB for at
least 18�24 h at 37 °C in an incubator.

2.3. Antibiogram assay

The susceptibility and resistance of the bacterial isolates were
tested against ten antibiotics using a variation of the disk diffusion
method with measured zones of inhibition (Bauer et al., 1966).
These included beta-lactams (penicillin G 10 IU, ampicillin 10 mg,
cloxacillin 5 mg, amoxycillin 30 mg, ceftiofur 30 mg), tetracyclines
(oxy-tetracycline 30 mg), cephalosporins (cephalexin 30 mg, cefur-
oxime 30 mg, cephalothin 30 mg), aminoglycoside (kanamycin
30 mg) and rifampin (40 mg). Standardized bacterial suspensions
of the microorganisms equivalent to 0.5 McFarland standard corre-
sponding to 1 £ 108 CFU/mL were prepared in normal saline. Ster-
ile cotton swabs were used to streak the suspensions of the
microorganisms on agar plates (each comprising 25 mL MH agar).
Antibiotic discs (Oxoid) were dispensed on inoculated agar plates
which were incubated for 18 to 24 h at 37 °C. The experiment was
done on six isolates of S. aureus. After incubation, the zones of inhi-
bition were measured according to the performance standard of
the Clinical and Laboratory Standards Institute for antimicrobial
disk susceptibility tests for bacteria isolated from animals (CLSI,
2020).

2.4. Determination of minimum inhibitory concentration

The minimum inhibitory concentration (MIC) of the extracts was
determined following the method of Eloff (1998b). The extracts were
tested at a starting concentration of 2.5 mg/mL (from a stock concen-
tration of 10 mg/mL) and the experiment was carried out in tripli-
cate.
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2.5. Anti-biofilm assay

2.5.1. Inhibition of biofilm formation
The inhibition of biofilm biomass formation was evaluated via the

protocol described by Sandasi et al. (2010). Biofilms were allowed to
form for 24 h (T24) and 48 h (T48). After this the crystal violet stain-
ing (CVS) assay was performed to assess the biofilm biomass or cell
adhesion. The extracts were tested at a final concentration of 1 mg/
mL from a stock of 2 mg/mL and the respective controls at 0.5 mg/mL
from a stock of 1 mg/mL.

2.5.2. Crystal violet staining assay
Firstly, the wells were carefully emptied and washed at least three

times with sterile distilled water to remove any unattached cells. The
plates were then oven-dried for 45 min at 65 °C, and the adhered
cells were stained with 100 mL of 0.1 % crystal violet solution for
15 min at room temperature while covered with the microtitre lids.
The plates were washed at least five times with distilled water to
rinse off any excess unabsorbed stains. Afterwards, the biofilm bio-
mass reduction/inhibition was evaluated semi-quantitatively by re-
solubilizing the crystal violet stain bound to the adherent cells with
150 mL of 100 % ethanol. The absorbance of the plates after careful
shaking was read at 590 nm using a microplate reader (EpochTM
Microplate Spectrophotometer). The mean absorbance (OD590) was
determined, and results were expressed as percentage inhibition
using the equation below (Sandasi et al., 2010).

% inhibition

¼ ODnegative control � ODmedia control
� �� ODsample � ODsample control

� �� �

ODnegative control � ODmedia control
� � � 100

2.5.3. Assessment of biofilm metabolic activity/viability of biofilm cells
The effect of the extracts on bacterial metabolic activity to deter-

mine biofilm cell viability was determined following the modified [2-
(4-iodophenyl)�3-(4-nitrophenyl)�5-phenyl-2H-tetrazolium] (INT)
reduction assay (Sandasi et al., 2010; Klan�cnik et al., 2014). The INT
(Sigma Aldrich) was prepared with sterile distilled water to obtain
1 mg/mL. After biofilm formation at different times (0, 24 and 48 h),
extracts were added, and the plates were further incubated for 24 h
at 37 °C. Following incubation, the plates were washed thrice to
remove unattached or dead cells. INT (100 ml) was added to all the
wells of the plates which were covered and incubated for 30 min in
the dark. Afterwards, the absorbance was measured at 490 nm. Per-
centage inhibition or reduction of the biofilm metabolic activity by
the samples was calculated (section 2.5.2).

2.6. Anti-quorum sensing assay

2.6.1. Inhibition of violacein production
The anti-quorum sensing activity of the extracts was performed

using 48-well microplates following the protocol described by
Blosser and Gray (2000) and Ahmad et al. (2015) with slight modifi-
cations. The bacterial suspension was prepared by inoculating a sin-
gle colony of Chromobacterium violaceum ATCC 12472 from an agar
plate into 10 mL LB which was incubated in an orbital shaker (140 X
g) at 30 °C for 24 h prior to each experiment. Inhibition of violacein
production was attained by pipetting 1 mL overnight cultured C. vio-
laceum into a 200 mL sterile flask and diluting with 100 mL of Luria-
Bertani (LB) standardized (correlating to approximately 1.5 £ 108

CFU/mL) by measuring the absorbance of the diluted culture at
590 nm compared to McFarland No. 1 standard. After this, 0.5 mL of
LB media was transferred into all wells of a 48-well plate after which
0.5 mg of extracts and positive controls (gentamicin, ciprofloxacin,
and amphotericin B) were added to their respective wells to obtain
final concentrations ranging from 1.25 to 0.04 mg/mL and 0.25 to
230
0.008 mg/mL respectively, except for wells designated as blanks (cul-
ture and media). Then 0.5 mL of standard overnight culture was
added to wells, the plates were sealed with parafilm and incubated in
an orbital shaker (140 X g) at 30 °C for 24 h. The MIC values were
interpreted as the lowest concentration of samples with no growth
inhibition and no pigmentation (purple), while the minimum quo-
rum sensing inhibitory concentration (MQSIC) was measured as the
presence of growth (turbid) and no purple pigmentation.

2.6.2. Quantification of violacein
The quorum quenching activity of the extracts was determined

using the protocol of Blosser and Gray (2000). The production of vio-
lacein by C. violaceum ATCC 12472 was measured to evaluate the
anti-quorum sensing potential of the extracts. After measuring the
inhibition of violacein, the plates were sealed and centrifuged at
4000 x g for 20 min to pellet the bacteria containing violacein (to sep-
arate the bacteria). The supernatant was discarded, and the bacterial
pellet was resuspended in 1 mL 100 % dimethyl sulfoxide (DMSO).
Supernatant (200 ml) was transferred into wells of a 96-well micro-
plate and absorbance was measured at 595 nm. The percentage viola-
cein inhibition was calculated using the following formula:

% Violacein inhibition ¼ ODcontrol � ODtestð Þ=ODcontrol½ � � 100

2.7. Anti-inflammatory activity

2.7.1. 15-Lipoxygenase inhibitory assay
The anti-inflammatory activity was investigated by assessing the

lipoxygenase inhibitory activity of extracts (Adebayo et al., 2015).
The Tris�HCl buffer was prepared by dissolving 6.57 g of Tris pow-
der into 800 mL of distilled water, and HCl was gradually added to
the mixture to obtain a pH of 7.4 and was used in the various recon-
stitutions of the extracts and positive control. The substrate was
prepared by mixing 43.2 mL of linoleic acid + 129.6 mL of 100 %
ethanol + 600mL of Tween-80 + 200 mL of buffer together. One hun-
dred mL of aliquoted 1 mg/mL 15-lipoxygenase (15-LOX) enzyme
was added to 900 mL buffer (stock). Xylenol orange (18.75 mg) was
mixed with 90 mL of methanol and 10 mL 300 mM sulphuric acid,
while 3.79 mg of ferrous sulphate was mixed with 90 mL of
methanol + 10 mL 300 mM sulphuric acid. A 200 unit/mL solution of
15-LOX was prepared and kept on ice while preparing for the assay.
Plant extracts were prepared (10 mg/mL) in DMSO and reconsti-
tuted to 2 mg/mL in the buffer. Quercetin, the positive control, was
prepared to 10 mg/mL in distilled water and then reconstituted to
1 mg/mL in buffer. The buffer solution (20mL) was added to all wells
after which the extracts were added only to the first well and seri-
ally diluted. After this, 40 mL of the enzyme was added to all wells
and incubated for 5 min at 37 °C. Then 40 mL of the substrate was
added to all wells except for the wells designated as blanks and fur-
ther incubated for 20 min. After 20 min incubation, 100 mL of
freshly prepared FOX mixture was added and incubated for 30 min.
Before reading the plates, 40 mL of the substrate was added to
the blank wells. Using a microplate reader, absorbance was mea-
sured at 560 nm, and the results were calculated using the following
formulae:

% Enzyme activity

¼ Absorbance sampleð Þ � Absorbance blankð Þ
Absorbance Negative controlð Þ � Absorbance blankð Þ � 100

% Enzyme inhibition=100-enzyme activity

2.7.2. Determination of nitric oxide (NO) production in LPS-induced
RAW 264.7 macrophages

RAW 264.7 macrophages purchased from American Type Culture
Collection (ATCC TIB- 71, USA) were used in this study and
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maintained in Dulbecco’s Modified Eagle’s medium (DMEM) supple-
mented with 10 % foetal bovine serum (FBS, Gibco, Sigma) and 1 %
penicillin (100 units/mL) and streptomycin (100 ug/mL) (Celtic
Molecular Diagnostics) at 37 °C in a 5 % CO2 atmosphere (HERA cell
150, Thermo Electron Corp., USA). The RAW 264.7 cells were seeded
at a density of 4 £ 104 cells/well into each well of columns 2 to 11 of
sterile tissue culture-treated 96 well plates (NEST, Whitehead Scien-
tific), and incubated for 24 h at 37 °C in 5 % CO2. Then media was aspi-
rated from all the wells and replaced with fresh medium. The cells
were treated with lipopolysaccharide (LPS, Sigma) at a concentration
of 1 ug/mL in the presence of different concentrations of the extracts
(1.6 to 100 ug/mL) and incubated for 24 h.

2.7.2.1. Measurement of nitrite. The nitric oxide assay was performed
according to Yoon et al. (2009). The amount of nitrite, a stable metab-
olite of nitric oxide (NO) was measured using Griess reagent (Sigma)
and the concentration of nitrite in the culture media was used as an
indicator of NO production. Briefly, 100 uL of cultured media after
24 h incubation (Section 2.6.2) was transferred into a new plate and
100 ul of Griess reagent (Sigma) was added. The mixture was incu-
bated for 15 min in the dark at room temperature. Then absorbance
was measured at 540 nm using a microplate reader (Biotek, Synergy
HT). The wells in column 1 and 12 containing only media with Griess
reagent were used as the blank in every experiment. The amount of
nitrite in the media was calculated from a sodium nitrite (NaNO2)
standard curve. The experiment was done in duplicate and repeated
2 times. The percentage of NO inhibition was calculated relative to
the untreated LPS induced cells.

2.7.2.2. Assessment of cell viability. The 3-(4, 5-dimethylthiazolyl-2)�
2.5-diphenyltetrazolium bromide (MTT) colorimetric assay was used
to measure effects on macrophage proliferation and cytotoxic level of
the plant extracts using the method described by Mosmann (1983)
with slight modification (McGaw et al., 2007). The mitochondrial
reduction of MTT to formazan was used as an indicator of cell viabil-
ity. Briefly, after 24 h of incubation with 1 mg/mL LPS in the presence
of different concentrations of the extracts and doxorubicin (Pfizer
Labs), the medium was removed from all the wells. RAW 264.7 cells
were washed with 200 mL pre-warmed phosphate-buffered saline
(PBS) and then 100 mL of fresh media was added. MTT was added (30
mL of a stock solution of 5 mg/mL in PBS) to all the wells and the cells
were incubated for 4 h at 37�C in 5 % CO2. After this, the medium was
aspirated from all the wells and DMSO was added to solubilize the
formazan salt precipitate and absorbance was measured at a wave-
length of 570 nm and a reference wavelength of 630 nm using a
microplate reader. The percentage viability of cells treated with
extracts and positive control was calculated relative to that of the
untreated cells (Mosmann, 1983).
2.8. Antioxidant activity
2.8.1. The 2, 2-diphenyl-1-picrylhydrazyl (DPPH) free radical
scavenging assay

Antioxidant activity was carried out through radical scavenging
activity of the test substances estimated using the quantitative DPPH
assay described by Ahmed et al. (2014). Sterile distilled water (40 mL)
was measured into 96-well microplates, and 40mL plant extracts dis-
solved in methanol was added to the first column and serially diluted.
Trolox and vitamin C (ascorbic acid) were included as positive con-
trols. To each well of the microplates, 100 mL of DPPH was added and
absorbance was monitored at 517 nm at different time intervals. The
percentage scavenging activity was calculated using the formula
below:

% DPPH scavenging activity ¼ A0� Asð Þ=A0½ � � 100
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2.8.2. The 2, 20-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) electron reduction assay

The free radical discolouration assay using ABTS exposed to the
extracts was performed in 96-well microtitre plates (Ahmed et al.,
2014). To each well of the microplates, 40 mL each of sterile distilled
water and the plant extracts were added and serially diluted. Trolox
and vitamin C (ascorbic acid) were again included as positive con-
trols. One hundred mL of ABTS solution was then added. The mixture
was allowed to react for 6 min and absorbance was read at 734 nm.
The percentage scavenging activity was calculated using the formula
above:

% DPPH scavenging activity ¼ A0� Asð Þ=A0½ � � 100

2.9. Cytotoxicity

The MTT assay was used to measure cytotoxicity of the extracts as
described in section 7.2.2 using Vero African green monkey kidney
cells (Mosmann, 1983). The amount of MTT reduction was measured
immediately by reading the absorbance using a microplate reader at
a wavelength of 570 nm with a reference wavelength of 630 nm. The
wells in column 1, which earlier contained medium and MTT but
without cells were used to blank the plate reader. The LC50 values
were calculated using linear regression as the concentration of test
compound resulting in a 50 % reduction of absorbance compared to
untreated cells.

2.10. Statistical analysis

The IC50 (concentration at which 50 % inhibition occurred) and
LC50 (50 % lethal concentration) values were determined using linear
and non-linear regression curves. Statistically significant differences
between experimental groups and controls were evaluated by two-
way analysis of variance (ANOVA) with Dunnett’s test for multiple
comparisons of the means of the extracts to those of the controls.
Where *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, values
were considered statistically significant.

3. Results and discussion

3.1. Antimicrobial effects of extracts of Combretum molle

Two of the Staphylococcus aureus isolates (SA3 and SA4) were sus-
ceptible to all the antibiotics tested (Table 1). SA5 was resistant to
four of the ten antibiotics, while SA6 was only resistant to penicillin
and was mildly susceptible to three other drugs. The SAA was resis-
tant to four antibiotics, showed mild sensitivity to two and was sensi-
tive to four antibiotics. The SEA was only resistant to penicillin.
Ogbuadike et al. (2023) reported that the isolates SA3 and SA4 were
resistant to ampicillin while SA4 showed mild sensitivity against ami-
kacin. The reference antibiotics used in this study were gentamicin
and ciprofloxacin and the test strains were sensitive to these antibiot-
ics.

The yield of the Combretum molle extracts prepared using solvents
of different polarities differed (Table 2), with acetone and methanol
extracting the highest quantities. According to Mogana et al. (2020),
a strong antimicrobial possesses a MIC of �0.50 mg/mL. The antibac-
terial activity of the extracts in this study was moderate to good, with
MIC values ranging from 0.02 to 0.63 mg/mL (Table 2). The acetone
extract of C. molle had the best broad-spectrum activity against all
tested organisms (MIC = 0.08 - 0.16 mg/mL). The aqueous cold extract
had the best inhibitory activity against SA4 (MIC = 0.02 mg/mL) when
compared to gentamicin (MIC = 0.13 mg/mL).

The antibacterial activity of C. molle has been reported previously
using agar or disk diffusion methods. However, these tests are quali-
tative and may not give accurate results of the antimicrobial effects



Table 2
Minimum inhibitory concentration values (mg/mL) of Combretum molle extracts.

Extracts % yield Bacterial strains and isolates

SA1 SA2 SA3 SA4 SA5 SA6 SAA SEA

MeOH 31.62 0.52§0.18 0.26§0.09 0.31§0.00 0.21§0.09 0.31§0.00 0.16§0.00 0.31§0.00 0.02§0.00
Acetone 35.5 0.08§0.00 0.16§0.00 0.16§0.00 0.16§0.00 0.16§0.00 0.16§0.00 0.08§0.00 0.16§0.00
Ethanol 27.5 0.16§0.13 0.21§0.09 0.31§0.00 0.11§0.05 0.11§0.05 0.16§0.00 0.08§0.00 0.16§0.00
DCM:MeOH 24.9 0.11§0.05 0.16§0.00 0.31§0.00 0.16§0.13 0.16§0.13 0.16§0.00 0.16§0.13 0.07§0.08
AQC 22.7 0.63§0.00 0.63§0.00 0.42§0.18 0.02§0.00 0.47§0.18 0.31§0.00 0.21§0.17 0.11§0.08
AQH 21.8 0.13§0.05 0.31§0.00 0.31§0.00 0.12§0.17 0.26§0.09 0.31§0.00 0.11§0.08 0.16§0.00
Gentamicin � 0.02§0.00 0.004§0.00 0.004§0.00 0.13§0.00 0.03§0.00 0.004§0.00 0.004§0.00 0.004§0.00
Ciprofloxacin � 0.004§0.00 0.004§0.00 0.004§0.00 0.004§0.00 0.004§0.00 0.004§0.00 0.004§0.00 0.004§0.00

Dichloromethane: methanol (DCM:MeOH) Aqueous cold and hot extracts (AQC and AQH), S. aureus isolates from cases of bovine mastitis (SA1�6), S.
aureus ATCC 29213 (SAA), S. epidermidis ATCC 35984 (SEA), not applicable (-).

Table 1
Antibiogram result of ten different antibiotics against the test organisms.

Bacterial isolates Antibiotics tested

EFT PEN AMP AMC OB OT CFX/K KF RAX CXM

SA1 S R S S S S S S S S
SA2 S S S R S M S S M S
SA3 S S S S S S S S S S
SA4 S S S S S S S S S S
SA5 R R S S S S R S R S
SA6 S R S S S M M S M S
SAA M R S S R S R R S M
SEA S R S S S S S S S S

EFT = ceftiofur; PEN = penicillin G; AMP = ampicillin; AMC = amoxicillin and clavulanic acid; OB = cloxacillin;
OT = oxytetracycline; CFX/K = (cephalexin and kanamycin); KF = cephalothin; RAX = rifampin; CXM = cefur-
oxime; S = sensitive; M = mild sensitivity; R = resistant; SA = S. aureus isolates from cases of bovine mastitis
(SA1�6), SAA = S. aureus ATCC 29213, SEA = S. epidermidis ATCC 35984.
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of plant extracts with high molecular weight compounds (Bubonja-
Sonjie et al., 2020). In 2011, Saidu and Abdullahi reported on the anti-
bacterial efficacy of the aqueous, ethanol and methanol extracts of C.
molle against Staphylococcus aureus strain 0E5 and other bacterial
strains using the agar diffusion method, with MIC values ranging
between 0.31 and 2.5 mg/mL. Amare and Tadesse (2016) reported
the effect of four leaf and seed extracts of C. molle against organisms
isolated from bovine mastitis using the agar disk diffusion method,
with MIC results ranging from 4 mg/disc to 0.25 mg/disk. Kinde et al.
(2015) also investigated the stem bark extract of C. molle against
some clinical isolates of S. aureus from bovine mastitis, and the
extract at different concentrations showed antibacterial effects
against the test isolates with the average zone of inhibition between
12 and 19.5 mm at 10 %, 5 %, 2.5 %, 1.25 % and 0.625 % concentrations.
The current study supports prior reports of the antibacterial efficacy
of C. molle leaf extracts, highlighting their promising MIC values
against drug-resistant S. aureus isolates from clinical cases of bovine
mastitis.

3.2. The antibiofilm potential of Combretum molle extracts via
inhibition of biofilm biomass (anti-adhesion)

Staphylococcus aureus is a well-known biofilm producer and is
commonly associated with chronic bovine mastitis infections. The
crystal violet assay measures the total biofilm biomass, comprising
extracellular polymeric substances produced during biofilm forma-
tion that connect or bind to the bacterial cells. The anti-biofilm activ-
ity of various substances against Staphylococcus spp. isolated from
bovine mastitis has been widely investigated. Felipe et al. (2019)
investigated the effect of chitosan against isolates associated with
chronic mastitis, and the growth of the bacteria was limited by
50.58 %. Similarly, Gonzalex-Ortiz (2014) reported on the effect of
wheat bran against S. aureus causing mastitis. In their report, the
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plant inhibited the formation of biofilm at 0.5 % (5 mg/mL). Available
literature revealed no previous reports on the antibiofilm (ABF)
potential of C. molle against mastitis-causing organisms.

The effects of the six different extracts on the development and
adhesion of biofilms of the tested mastitis-causing organisms are pre-
sented in Table 3. All extracts with greater than 50 % inhibition were
considered to have a strong ABF activity. All extracts showed strong
inhibition of biofilm formation against SA1 at all test times except
AQc at T48. All extracts except AQh showed good inhibitory activity
against SA2 at T0 with inhibition ˃50 %. The AQc extract alone inhib-
ited �50 % biofilm biomass formation against SA3 at T0, T24 and T48,
also against SA4 at T0 and T24 with inhibition �50 % respectively.
Biofilm biomass production in SA5 was inhibited with �50 % at T0
alone by all extracts except the AQh. All extracts had good to moder-
ate biofilm formation inhibition against SA6 with the AQh extract
alone inhibiting biomass formation with inhibition �50 % at T0 and
T24 respectively. The acetone, ethanol, and AQh extracts, alone inhib-
ited the formation of biofilm biomass with �50 % against SEA at T24,
and T48 respectively. The acetone, ethanol and AQc extracts had the
best biofilm formation inhibition against SAA. In general, the extracts
were more easily able to prevent biofilm formation (with better
activity at T0) than to disrupt mature biofilm (T48).

3.3. The antibiofilm potential of Combretummolle extracts assessed via
p-iodonitrotetrazolium violet (INT) metabolic activity

The viability of the bacterial cells after incubation with test
extracts on preformed biofilm as well as on the planktonic cells was
ascertained using the INT assay. This was used to interpret the bacte-
ricidal effect of the plant extracts on the biofilm metabolic activity.
The different extracts of C. molle were tested on planktonic cells as
well as on preformed biofilm cells to determine their effects on the
respiratory activity and the bacterial cell viability of the test bacterial



Table 3
Antibiofilm activity of Combretum molle extracts at different times (T0, T24 and T48).

Samples Hour % Inhibition

SA1 SA2 SA3 SA4 SA5 SA6 SAA SEA

MeOH T0 *** *** ** * *** *** *** **
T24 *** ** *** ** * ** * **
T48 *** * *** * * ** ** ***

Acetone T0 *** *** * * *** *** *** **
T24 *** * *** ** * ** ** ***
T48 *** * *** * * ** *** ***

Ethanol T0 *** *** * * *** ** *** **
T24 *** * *** ** * ** ** ***
T48 *** * *** *** * ** *** ***

DCM:MeOH T0 *** *** *** *** *** *** *** ***
T24 *** * ** ** * ** ** **
T48 *** * ** * * ** ** **

AQc T0 *** *** *** *** *** *** *** *
T24 *** ** *** *** * *** *** ***
T48 * * *** * * ** ** **

AQh T0 ** * * * * *** * *
T24 *** ** *** ** * ** * ***
T48 *** * ** * * ** ** ***

Gentamicin T0 *** *** *** *** *** *** *** ***
T24 *** ** *** *** ** *** * ***
T48 *** ** *** * * *** * *

Ciprofloxacin T0 *** * *** * *** *** * ***
T24 *** *** *** *** *** *** * ***
T48 * *** *** *** * *** * ***

Amphotericin B T0 *** *** *** *** *** * * ***
T24 *** *** *** *** *** *** * ***
T48 ** * *** * * ** * **

***: strong biofilm inhibitors (�50 % inhibition). **: moderate to poor antibiofilm
activity (< 50 % inhibition), *: no activity (0 % inhibition), AQh: hot aqueous extract,
AQc: cold aqueous extract.

Table 4
Metabolic activity of the different extracts of Combretum molle.

Samples Hour Bacterial strains and isolates

SA1 SA2 SA3 SA4 SA5 SA6 SAA SEA

Methanol T0 *** *** *** *** *** *** *** ***
T24 -* *** *** *** * * *** **
T48 -* *** * *** * * * ***

Acetone T0 *** *** *** *** *** *** *** ***
T24 -* * *** ** * * * ***
T48 -* * * * * * * ***

Ethanol T0 *** *** *** *** *** *** *** ***
T24 -* *** *** ** * * *** ***
T48 -* ** * ** * * * ***

DCM:MeOH T0 *** *** *** *** *** *** *** ***
T24 -* ** *** * * * * ***
T48 -* *** * *** * * * ***

AQC T0 *** *** ** *** *** *** ** ***
T24 -* * *** * ** * *** ***
T48 -* *** * � * * * ***

AQH T0 ** *** *** *** *** *** *** ***
T24 -* ** *** *** ** *** *** **
T48 -* ** * *** * * *** **

Gentamicin T0 -* *** *** *** *** *** *** ***
T24 -* *** *** *** *** *** *** ***
T48 -* *** * *** ** ** * ***

Ciprofloxacin T0 *** * *** ** *** *** ** *
T24 *** * *** ** ** *** *** ***
T48 *** ** * *** * *** * **

Amphotericin B T0 -* *** *** *** *** *** *** ***
T24 -* *** *** ** ** *** *** ***
T48 *** * * *** ** * * ***

***: strong biofilm inhibitors (� 50 % inhibition). **: moderate to poor antibiofilm
activity (< 50 % inhibition), * no activity (0 % inhibition), AQh: hot aqueous extract,
AQc: cold aqueous extract, DCM: MeOH: dichloromethane: methanol, SA1- 6: S.
aureus clinical isolates, SAA: S. aureus ATCC 29213, SEA: S. epidermidis ATCC 35984.
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strains after treatment with different extracts and at different times.
The results of the metabolic activity assay are shown in Table 4. The
extracts and positive controls were tested at a starting concentration
of 1 mg/mL and 0.25 mg/mL respectively. At T0 all extracts disrupted
the metabolic activity of SA1 by causing a reduction in the cell viabil-
ity with �50 % inhibition. The methanol extract had the best effect on
metabolic activity against SA2 at T0, T24 and T48 with �50 % inhibi-
tion of the viable cells. All extracts followed a similar trend of inhibi-
tion of the metabolic activity in SA3 at T0, T24, and T48. The AQh and
methanol extracts inhibited the metabolic activity of SA4 at all tested
times. The AQc and AQh extracts had comparable results against the
inhibition of the bacterial cells of SA5. The SA6 was only inhibited by
the AQh extract at both T0 and T24 with an inhibition rate �50 %. The
acetone, ethanol, DCM: MeOH and the AQc extracts could inhibit the
metabolic activity of SEA at T0, T24 and T48. Only the AQh extracts
inhibited biofilms at all tested times. Most of the extracts had similar
or better inhibition of biofilm metabolic activity with the positive
controls. Biofilm metabolic activity of mastitis-causing bacteria
enhances the multiplication and spread of the infection and may
result in a reoccurrence of the infection which encourages antibiotic
resistance.

3.4. Anti-quorum sensing (QS) potential of the Combretummolle
extracts

Bacterial communication is very important in biofilm formation as
it is a mechanism to regulate microorganisms that control different
virulence factors (Gonz�alez-Ortiz et al., 2014; Al-Haidari et al., 2016).
Hence, the different extracts of C. molle were investigated against C.
violaceum in comparison to three antibiotics (Table 5). Amphotericin
B, an antifungal agent reported by the Drugbank online (2005) to
have no effect on bacterial cells, showed good violacein inhibition
and death of the studied bacterial strain in this study. C. violaceum
can regulate bacterial genes, causing an increase in cell population
density, as well as regulating the metabolic activity of the free-living
cells which in turn can cause microbial biofilm formation and
increase the expression of virulence factors (Abdelhakim et al., 2017).
Earlier studies revealed that some medicinal plants could interfere
with virulence genes leading to quorum sensing (Al-Haidari et al.,
2016; Adeyemo et al., 2022). Although there are no previous reports
on the anti-quorum sensing activity of C. molle, some species in the
Combretaceae family have been reported to possess quorum quench-
ing ability (Asfour 2018; Vandeputte et al., 2010).

The extracts of C. molle had good to moderate violacein inhibition
at different concentrations (Table 5). The methanol, acetone, and eth-
anol extracts had the best violacein inhibition at all tested concentra-
tions (2.5 - 0.08 mg/mL) with inhibition values ranging between
69.37 and 95.07 %. The different extracts not only inhibited the pro-
duction of violacein, but also had a bactericidal effect on the strain, at
0.63 and 0.31 mg/mL respectively. The quorum quenching effect of
the extracts, although not as significant as that of the positive con-
trols, was promising.

3.5. Lipoxygenase inhibition and antioxidant potential of Combretum
molle extracts

The hot water extract of C. molle had the best lipoxygenase inhibi-
tory activity (85.26 %) which was higher than that of the positive con-
trol (quercetin 82.88 %) (Table 6). Antioxidants can destroy reactive
oxygen species and disrupt the free radical chain of reaction before
they cause damage to the cells (Hakiman and Maziah 2009; Gupta,
2015). The DPPH and ABTS non-enzymatic antioxidant assays were
conducted. The antioxidant potential of the different extracts of C.
molle expressed as IC50 against the DPPH and ABTS radicals is pre-
sented in Table 6. The different extracts had good to moderate antiox-
idant activity against the DPPH and ABTS radicals with IC50 values



Table 5
Percentage inhibition of violacein production in Chromobacterium violaceum by Combretum molle extracts.

Extracts
Concentrations (mg/mL) MIC

(mg/mL)
MQSIC
(mg/mL)

0.08 0.16 0.31 0.63 1.25 2.5

MeOH 77.26§0.01 82.49§0.01 83.69§0.02 94.53§0.00 94.92§0.00 95.28§0.00 0.31 0.08
Acetone 76.04§0.03 81.82§0.02 87.37§0.04 92.51§0.01 92.48§0.06 92.87§0.00 0.63 0.08
Ethanol 69.37§0.04 65.79§0.02 73.86§0.02 92.17§0.00 93.28§0.00 95.07§0.01 0.31 0.08
DCM:MeOH 45.98§0.13 61.02§0.11 72.87§0.01 93.05§0.00 93.28§0.00 94.89§0.00 0.31 0.08
AQc 45.33§0.21 70.38§0.03 80.13§0.01 94.99§0.00 95.95§0.00 96.12§0.00 0.31 0.16
AQh 32.81§0.03 32.47§0.18 62.47§0.01 78.94§0.03 95.77§0.00 95.90§0.00 0.63 0.16
Ciprofloxacin 95.31 96.08 96.16 96.24 96.24 96.32 0.03 0.03
Amphotericin B 94.99 96.06 96.16 96.24 96.29 96.29 0.03 0.03
Gentamicin 75.03 90.82 94.27 95.18 96.29 96.27 0.25 0.03

MQSIC= Minimum quorum sensing inhibitory concentration, MIC= Minimum inhibitory concentration, AQh: hot aqueous extract, AQc: cold
aqueous extract.

Table 6
Anti-lipoxygenase (% inhibition) and antioxidant activity (IC50 in mg/
mL) of extracts of C. molle.

Extracts LOX DPPH ABTS

MeOH 64.08§0.001**** 7.79§2.48 6.78§2.27
Acetone 57.85§0.02**** 10.60§1.45** 5.48§2.86
Ethanol 63.42§0.004**** 8.19§3.22 4.16§2.90
DCM:MeOH 61.18§0.001**** 10.35§4.62** 3.94§1.64
AQc 67.30§0.01**** 15.39§3.45**** 2.34§0.38
AQh 87.26§0.02**** 21.51§3.12**** 5.89§1.85
Quercetin 82.88§0.05 � �
Trolox � 3.47§2.26 3.02§2.26
Vitamin C � 2.83§0.20 1.20§0.20

- = not tested, AQh: hot aqueous extract, AQc: cold aqueous extract.
Statistical analysis was performed with Dunnett’s multiple compari-
sons test using two-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001.
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ranging from 7.79 - 21.51 and 2.34�6.78 mg/mL respectively. The
cold water extract showed good scavenging ability (2.34 mg/mL) of
the ABTS radical when compared to that of the positive control (Tro-
lox, 3.02mg/mL).
3.6. Inhibition of nitric oxide (NO) production by C.molle

The production of nitric oxide is implicated in or prolongs inflam-
matory diseases (Wayne and Coleman, 2001). The% inhibition of NO
and the viability of the cells following exposure to C. molle extracts
are presented in Table 7. The extracts showed inhibition or reduction
of NO production against the LPS-induced RAW 264.7 macrophage
cells at different concentrations. The cold-water extract at 100 mg/ml
and 50 mg/mL, had the best NO inhibition (88.17 % and 86 %) with
80.05 % and 80.89 % cell viability respectively. At 12.5 mg/ml, the
methanol extract had the highest NO inhibition (75.26 %) and cell
Table 7
Percentage inhibition of nitric oxide production (and cell viability in b
cells.

Extracts Con

100 50

MeOH 79.65§0.00 (73.58§1.90) 77.25§0.00 (83.20
Acetone 80.45§0.00 (66.03§1.7) 77.47§0.00 (79.28
Ethanol 75.22§0.00 (68.05§1.7) 35.27§0.00 (74.99
DCM:MeOH 71.70§0.00 (67.15§1.8) 71.78§0.00 (74.89
AQc 88.17§0.00 (80.05§2.0) 86.00§0.00 (80.89
AQh 85.11§0.00 (63.03§1.6) 81.93§0.00 (72.62
Quercetin/(MTT) 96.15§0.8 (31.52§3.3) 94.53§4.9 (54.99§

AQH: hot aqueous extract, AQC: cold aqueous extract.
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viability of 89.46 %. Also, the MeOH, acetone and cold water extracts
had better NO inhibition at this concentration when compared to the
control (quercetin). At the lowest concentration (1.6 mg/mL), only
the cold water extract could inhibit NO production by 18.57 %, with
cell viability of 86.82 %.
3.7. Cytotoxicity of Combretum molle extracts

An extract is considered non-cytotoxic if the LC50 is � 0.02 mg/mL
(Zirihi et al., 2005). The metabolic activity or the change in cell popu-
lation or change in mass of a cell can be used to measure cytotoxicity
(McGaw et al., 2014). The acetone, ethanol, and DCM: MeOH extracts
were least toxic to Vero cells (LC50 � 1) (Table 8). The selectivity
index (SI), defined as the ratio of toxicity (LC50) to antibacterial activ-
ity (MIC), helps to differentiate activity of the plant in relation to
potential toxicity (Adamu et al., 2014). Extracts with SI greater than
one are more active to the target organism than they are toxic to
cells, which is promising for further development of safe plant-based
therapeutic preparations (Makhafola et al., 2012). All extracts had
good to moderate SI values (Table 8) ranging 1.59 to as high as 50,
with the acetone extract having the best SI values against most of the
test organisms and thus the most promising potential for further
development as a treatment against S. aureus infections.
4. Conclusion

Antimicrobial resistance is a growing threat to human and animal
welfare, and alternative or complementary measures are needed to
reduce the impact of this phenomenon. Mastitis, caused by a variety
of pathogens including Staphylococcus aureus, is a significant eco-
nomic problem in the dairy industry, resulting in adverse effects on
animal welfare and food security. In this study, S. aureus strains iso-
lated from clinical cases of bovine mastitis had varying degrees of
rackets) by Combretum molle extracts in RAW 264.7 macrophage

centration (mg/mL)

12.5 1.6

§2.4) 75.26§0.00 (89.46§2.4) 0.00 (92.49§2.4)
§1.9) 68.22§0.00 (87.25§2.3) 0.00 (98.93§2.7)
§2.1) 0.00§ (88.87§2.5) 0.00§0.00 (101.85§2.7)
§1.9) 16.26§0.7 (91.55§2.5) 0.00 (98.37§2.5)
§2.2) 71.92§0.00 (93.28§2.4) 18.57§0.00 (86.82§2.3)
§1.8) 61.20§0.00 (89.60§2.2) 0.00 (98.25§2.6)
4.6) 64.66§5.6 (81.1 § 4.4) 43.91§3.5 (99.00§9.3)



Table 8
LC50 values against Vero cells and selectivity index (SI = LC50/MIC) of the extracts of Combretum molle.

Extracts LC50 (mg/mL) Bacterial strains and isolates (SI)

SA1 SA2 SA3 SA4 SA5 SA6 SAA SEA

MeOH 1 1.92 3.85 3.23 4.76 3.23 6.25 3.23 50
Acetone 1 12.5 6.25 6.25 6.25 6.25 6.25 12.5 6.25
Ethanol 1 6.25 4.76 3.23 9.09 9.09 6.25 12.5 6.25
DCM:MeOH 1 9.09 6.25 3.23 6.25 6.25 6.25 6.25 14.29
AQH 1 7.69 3.23 3.23 8.33 3.85 3.23 9.09 6.25
AQC 1 1.59 1.59 2.38 50 2.13 3.23 4.76 9.09
Doxorubicin 0.01§0.00 � � � � � � � �

- = not tested, AQH: hot aqueous extract, AQC: cold aqueous extract.
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resistance to a panel of antibiotics, with nearly all of them being
resistant to penicillin. Leaf extracts of Combretum molle had promis-
ing antibacterial activity against these isolates as well as standard
ATCC strains, while lacking noteworthy toxicity to mammalian cells.
The ability of C. molle extracts to inhibit both quorum sensing and
biofilm formation provides further evidence of the potential of C.
molle to reduce development of bacterial resistance. Water extracts
of C. molle generally had good in vitro antioxidant and anti-inflam-
matory activity, which are additional useful properties, as oxidative
stress and inflammation are commonly associated with bacterial
infections. The bioactivity of the extracts also supports the use of the
plant in traditional medicine against infections and inflammation.
Further work aims to explore C. molle extracts and active fractions in
combination with other bioactive plant extracts towards the formula-
tion of affordable, non-toxic herbal products for the management of
bovine mastitis. Phytochemical investigations to unravel the chemi-
cal complexity and identify possible active compounds of C. molle leaf
extracts are also underway.
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