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Abstract
Background

Ocotea usambarensis, |ately reclassified as Kuloa usambarensis (Engl.) Trofimov & Rohwer, and Secamone africana are extensively utilized
medicinal plants in Bushenyi district, southwestern Uganda. These plants traditionally complement the conventional drugs in the treatment of
various ailments including malaria, cough, measles, anemia, syphilis, gonorrhea, and diarrhea. The purpose of this study was to evaluate the
phytochemical content and antibacterial activity of extracts from the two plants against common pathogenic bacteria; Escherichia coli,
Streptococcus pneumoniae and Staphylococcus aureus.

Methods

The stem bark and leaves of the two medicinal plants were harvested from Kalinzu Forest Reserve and subsequently air dried at ambient
temperature. Phytochemical extraction was performed using cold maceration, decoction, and infusion procedures with ethanol, ethyl acetate, and
water respectively serving as solvents. The extracts from the stem bark and leaves of O. usambarensis and leaves of S. africana were subjected to
qualitative and quantitative phytochemical profiling following standard analytical protocols. The antibacterial properties of the plant extracts
against E. coli, S. pneumoniae and S. aureus were assessed basing on the zones of inhibition, minimum inhibitory concentration (MIC), minimum
bactericidal concentration (MBC) and total antibacterial activity. ANOVA and Tukey’s post hoc multiple comparison tests were used to determine
statistical differences among zones of inhibition of different extract concentrations (7.812-100mg/ml).

Results

The extracts from the two plants contained a diverse spectrum of phytochemical components, including flavonoids, phenols, saponins, and tannins
among others. Extracts from both plants demonstrated inhibitory effects on the growth of E. coli; S. aureus, and S. pneumoniae. All extracts were
bactericidal at a concentration of 500mg/ml although, a few extracts had bactericidal concentrations as low as 31.25mg/ml.

Conclusion

The diversity of phytochemicals and in vitro antibacterial activity results against E. colj, S. aureus and S. pneumonia of the extracts of O.
usambarensis and S. africana, validate the usage of the two plants in herbal remedies.

Introduction

Traditional medicinal therapies, including the use of medicinal plants have continuously evolved along human history [1]. Ancient records reveal
medicinal plant usage since 2600 BC in Egypt, 100 BC in China and 100 AD by the Greek physicians [2]. Traditional medicines have played a crucial
role not only in human healthcare but in veterinary applications too. They were the earliest remedies employed to treat diseases in domestic
animals [1, 3]. The advancement of contemporary medical science is significantly indebted to pharmaceuticals originally sourced from plant and
animal materials [1].

The increased incidence of diseases such as COVID-19 and cancer, for which there is lack of specific curative treatments, along with the limited
accessibility and high cost of conventional drugs, as well as shortage of professional healthcare workers, have collectively driven a surge in the
demand for and use of traditional remedies [4]. Consequently, the 21st century has witnessed an overwhelming rise in the reliance on traditional
medicine, with approximately 80% of the global population [5] and 90% of the population in rural areas of Uganda [3] relying on these treatments for
disease prevention, detection, and management. Traditional medicine encompasses a variety of practices, including spiritual therapies, plant,
animal and mineral-based remedies. Among these, plant-based remedies are the most widely utilized [6] and the World Health Organization (WHO)
endorses their integration into national healthcare systems [7].

Plant-based remedies present a golden opportunity in combating antimicrobial resistance to conventional drugs [8]. Unlike most allopathic
medications, which have narrow anti-pathogenic spectra, phytochemicals present in medicinal plants exhibit synergistic effects and wide anti-
pathogenic activities [9]. Although there is substantial evidence that higher plants are excellent sources of antibiotics and other therapeutic agents,
and have for long been used to treat a variety of ailments, only approximately 15% of them have been formally examined for bioactivity [10]. O.
usambarensis and S. africana are among the higher plants of medical importance in Uganda whose bioactivities are insufficiently studied.

0. usambarensis is a medium to large evergreen tree typically reaching a height of about 15-30 meters. The tree features a stout, straight trunk that
can extend up to 10 meters, with a diameter ranging from 2 to 3 meters, and is often buttressed at the base [11]. This species predominantly thrives
in mountain forest ecosystems known as Ocotea forests. Its ecological niche is primarily situated within the wet forests of African countries,

Page 2/26



including Kenya, Tanzania, the Democratic Republic of Congo, Rwanda, northern Malawi, northern Zambia, and Uganda. In Uganda, O. usambarensis
is mainly found in Bwindi Impenetrable, Kalinzu and Kasyoha-Kitomi Forests [12].

Local communities in African countries including Uganda believe that the stem bark and roots of O. usambarensis contain therapeutic compounds,
thus use these parts in traditional medicine [13]. The roots and stem bark are used for deworming and for the treatment of malaria, fever, backache,
headache, stomachache, and tumors. When the roots and stem bark of O. usambarensis are blended with meat soup, Brucea species, and Myrica
salicifolia, they serve as a remedy for abscesses, coughs, and measles. Externally, the pounded barks of the roots and stem are applied to treat
swellings, boils, and wounds [11, 14]. These uses indicate antimicrobial, antiparasitic, and antitumor properties of O. usambarensis. Previous
studies have demonstrated the cytotoxic activity of O. usambarensis against various human cancer cell lines, as well as its antifungal activity
against Cladosporium cucumerinum [15].

S. africana on the other hand is a small climbing shrub characterized by twining stems approximately 4.5 meters in length [16]. It is extensively
distributed across the dense tropical forests of Africa, including the Kalinzu Forest Reserve, Bwindi Impenetrable Forest and Budongo Forest
Reserve in Uganda. S. africana is widely recognized for its medicinal properties and usage in the treatment of a variety of diseases[16, 17]. In
Uganda, it is traditionally employed as a therapeutic agent for malaria, syphilis, constipation, menstrual pain, pediatric swelling, and antenatal
conditions [18]. Ethanol and aqueous extracts of S. africana have demonstrated significant inhibitory effects on worm motility in addition to notable
anti-plasmodial and anthelmintic activities against Ascaris suum[18].

Despite the substantial evidence demonstrating the cytotoxic activity of O. usambarensis against cancer cells, its antifungal properties, and the
antiplasmodial activity of S. africana, there is limited empirical evidence for their phytochemical composition and antimicrobial efficacy against
common pathogenic bacterial species. This study focused on qualitative and quantitative profiling of the phytochemical constituents of O.
usambarensis and S. africana, as well as their antimicrobial activity against common bacterial species. The findings of this study provide critical
evidence essential for informing decisions about the antimicrobial medicinal application of O. usambarensis and S. africana, and support the
potential integration of these plants into conventional healthcare systems.

Materials and methods
Collection of plant materials

Plant material samples for laboratory analysis were collected from Kalinzu Forest Reserve, a natural tropical rainforest situated in the Bushenyi
district, Kalinzu forest is approximately 10 kilometers west of Ishaka Town along the Mbarara-Kasese Highway in southwestern Uganda, at
coordinates 0°17'S and 30°07'E (Fig. 1). This forest is located atop an escarpment on the eastern edge of the Great Albertine Rift Valley and spans
an area of 147 square kilometers, adjacent to Queen Elizabeth National Park and the Imaramagambo Forest. Kalinzu Forest is among the most
biodiverse forests in Uganda, with more species diversity than anywhere else [19]. The forest was purposively selected as the source of plant
samples due to the availability of the specific plant species of interest for the study in addition to its status as the primary source of the two
medicinal plants (O. usambaraenis and S. africana) for the local inhabitants of Bushenyi district.

Selection of plant parts

Survey respondents from three selected sub-counties (Kyamuhunga, Bumbaire, and Nyakabirizi) in Bushenyi District provided information on the
medicinal uses of 0. usambarensis and S. africana. Based on their responses, the leaves and stem bark of O. usambarensis and the leaves of S.
africana were the most utilized plant parts. As such, these parts were selected for subsequent phytochemical and antibacterial activity analyses.

Plants selection and identification

From a highly conserved area in Kalinzu Forest Reserve, O. usambarensis and S. africana plants were identified with the assistance of a field
botanist. Mature and healthy specimens of O. usambarensis and S. africana were selected, ensuring that the chosen plants exhibited no dead
stems and were free from visible pests and diseases [20]. The geographical coordinates of each sampling site were recorded using a handheld
Global Positioning System (GPS) device, facilitating the creation of a detailed map (Fig. 1). Formal identification of the plant materials was done by
Dr. Eunice Apio Olet, a plant systematic specialist at Mbarara University of Science and Technology. Voucher specimens of the plant species
studied were deposited in the national herbarium at Makerere University for further confirmation and allocation of the voucher numbers;
MHU51301(0. usambarensis) and MHU51302(S. africana).

Collecting and processing of plant samples

The stem bark of 0. usambarensis was cut using a sterile panga following the vertical alternate strip bark two quarters procedures [10]. The stem
bark was then carefully detached from the cambium by cutting square wounds from two opposing ends of the tree's circumference, taking only the
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outer and middle bark ensuring the inner bark remained intact. The harvested stem bark samples were placed in labeled zip lock bags. Sterilized
prunning shears were used to harvest the leaves of S. africana and the leaves of the trees from which the stem bark of 0. usambarensis was
extracted. The collected leaves were immediately placed in separate zip lock bags labelled with the plant name, collection date, and GPS location.
Excess air was expelled from the bags, and water was sprinkled inside the bags to keep the collected plant samples moist [21]. All the samples
were rinsed with distilled water to get rid of any residual dirt, air dried for a month and subsequently ground for phytochemical extraction.

Phytochemical extraction

Phytochemical extraction was done using three solvents: water, ethyl acetate and ethanol. The solvents were selected due to their different
polarities [22] to facilitate optimal extraction of both polar and non-polar phytochemical compounds. The inclusion of water was particularly
imperative given that it is a major constituent of local herbal concoctions [23], thereby rendering its extraction efficiency highly relevant to the study.
Phytochemicals were extracted from 200 g of powdered samples of the leaves of S. africana and the stem bark and leaves of O. Usambarensis
following three extraction protocols: cold maceration, decoction, and infusion. Cold maceration extracted phytochemicals from the stem bark and
leaf samples of both medicinal plants using ethyl acetate and ethanol as solvents for a period of 24 and 72 hours, respectively [24, 25]. The
decoction technique was utilized for extracting phytochemicals from the stem bark of O. usambarensis, using water as the solvent for 15 minutes
[26]. The infusion technique extracted phytochemicals from the leaves of both S. africana and O. usambarensis, with water as the solvent for 45
minutes [27]. The extracts were filtered through Whatman No. 1 filter paper, and the filtrates were concentrated using a rotary evaporator at 70°C,
followed by air-drying. The air-dried extracts were transferred into tightly stoppered labelled sterile glass bottles and stored in a refrigerator at 4°C
until further analysis.

Qualitative and quantitative phytochemical profiling

Qualitative screening for alkaloids, anthraquinones, anthocyanins, cardiac glycosides, chalcones, flavonoids, phenols, phlobatannins, saponins,
steroids, tannins, terpenoids, quinones and polyphenols in the ethanol, water and ethyl acetate extracts was done following standard methods
described by [28, 29]. Quantification of total phenolic, flavonoid, saponin and tannin contents in the various plant extracts was done by Folin-
Ciocalteau [30], aluminium chloride colorimetric [31], vanillin—sulphuric acid assay [32] and vanillin assay [33] methods respectively.

Antibacterial activity of individual plant extracts and extract combinations

Individual extracts and extract combinations of 0. usambarensis and S. africana were examined for their antibacterial properties. The individual
extracts assessed included the ethanol extracts from the stem bark of O. usambarensis (S,), leaves of O. usambarensis (S,), and leaves of S.
africana (S3); aqueous extracts from the stem bark of 0. usambarensis (S,), leaves of 0. usambarensis (Ss), and leaves of S. africana (Sg); and ethyl
acetate extracts from the stem bark of O. usambarensis (S;), leaves of O. usambarensis (Sg), and leaves of S. africana (Sy). Following the promising
antibacterial activities observed in individual extracts, various combinations were prepared by mixing 1 gram of each respective plant extract and
the composite examined for antibacterial efficacy and potential synergistic effects. The combinations included S,S,, S;Sg, S5Sq, S1S5, S1S7, S3Ss,
SgSs, S,Sg, and S3Ss.

Standardization of test bacteria stock cultures and culture media

Standard cultures of bacteria strains from the American Type Culture Collection (ATCC), particularly E. coli, S. pneumoniae, and S. Aureus were used
in antibacterial activity experiments [34]. Standard stock cultures of E. coli and S. Aureus were sub cultured on Muller Hinton Agar (MHA) and
incubated at 37°C for two days [35] while S. pneumoniae was cultured on the Chocolate Agar [36]. Fresh primary cultures of bacteria were
preserved in a refrigerator at 40°C for use in antibacterial activity studies. The standard cultures were diluted separately in sterile distilled water to
achieve the necessary cell density of 1.5 x 108 cells/ml for comparison with the 0.5 McFarland turbidity standard.

The 0.5 McFarland turbidity standard was prepared by reacting 0.05ml of 1.175% Barium chloride dehydrate solution to 9.95ml of 1% sulphuric acid
solution[37]. Media preparation strictly adhered to manufacturer's instructions as follows: 38g and 37g of the Muller Hinton Agar and Brain Heart
Infusion Broth respectively were separately weighed and suspended separately in one litre of distilled water. The obtained mixture was heated with
continuous agitation until vigorous boiling and sterilized by autoclaving at 121°C for 15 minutes [38]. To prepare the Chocolate Agar, 36.0g of the
powder was suspended in 500ml of distilled water. The Chocolate agar-water mixture was also heated to boiling, mixed thoroughly and sterilized by
autoclaving at 121°C for 15 minutes. The mixture was cooled to 50°C and 500ml of separately autoclaved Hemoglobin solution was added to obtain
a final volume of 1 litre [39]. Portions of 25ml of the sterile Muller Hinton Agar and Chocolate Agar were separately poured on sterile glass petri
plates and left to solidify. The prepared media were then incubated for 12 hours to test for sterility. Sterile media plates were stored in a refrigerator
until further use in antibacterial activity investigations.

Rationale for selection of the bacteria

Page 4/26



Three bacterial strains used in the study included E. coli ATCC 25922, S. pneumoniae ATCC 49619 and S. aureus ATCC 25923 which are standard
laboratory cultures whose susceptibility on commonly used antibiotics is already established. These bacteria species are also responsible for wide
range of human diseases. For instance, E. coliis a suitable test microorganism as a representative of the pathogenic enteric bacteria since it is one
of the causative agents of gastrointestinal infections and represents the critical priority group of antibiotic resistant bacteria [40]. S. aureus
represents the high priority category of antibiotic resistant bacteria [40] and the leading cause of bacteremia, skin and soft tissue infections with
high resistance to a number of antibiotics. S pneumoniae, a member of the medium priority group, is a common colonizing bacterium in the
respiratory tract accounting for 20-43% of bacterial infections and a primary cause of respiratory diseases worldwide responsible for over one
million deaths every year [41]. Moreover, S. pneumoniae and S. aureus have been widely used in antibacterial activity studies as representatives of
Gram-positive bacteria [42] while E. colirepresents the Gram-negative group of bacteria[43].

Agar well diffusion assay

The Agar well diffusion assay experiment was employed in assessing the antibacterial activity of the individual extracts from the two plants; O.
usambarensis and S. africana and selected combinations [10, 44]. To prepare the plant extract stock solutions (1000 mg/ml), 2.0g of the individual
extract or combination were dissolved in 2ml of the respective extraction solvent. The stock solutions were subsequently subjected to serial
dilutions to achieve the following concentrations: 500 mg/ml, 250 mg/ml, 125 mg/ml, 62.5 mg/ml, 31.25 mg/ml, 15.625 mg/ml, and 7.8125 mg/ml.

The test microorganisms were inoculated onto the surface of the sterile MHA (for S. aureus and E. coli) and Chocolate Agar (for S. pneumoniag).
The spread plate technique was employed to ensure a uniform distribution of the inoculum across the agar surfaces. Using a sterile 1 ml cork,
borer, wells of 8 mm diameter, were created in the culture media on each glass plate. A volume of 200 pL of individual plant extract or combinatory
extract solutions, at known concentrations of 1000 mg/mL, 500 mg/mL, 250 mg/mL, 125 mg/mL, 62.5 mg/mL, 31.25 mg/mL, 15.62 mg/mL, and
7.8125 mg/mL, was introduced into each well. Ciprofloxacin solution at a known concentration of T mg/mL served as an antibacterial positive
control, distilled water, ethanol and ethyl acetate for the solvent controls and an empty well as a negative control for the antibacterial assay. The
MHA plates and Chocolate Agar plates (in 5% carbon dioxide) were incubated at 37°C for 24 hours. The experiments were carried out in
quadruplicates and upon completion of incubation, the diameters of zone of inhibition were measured using a ruler and recorded in millimeters.

Minimum Inhibitory Concentration (MIC)

The Minimum Inhibitory Concentrations (MIC) of the plant extracts against the three strains of bacteria were ascertained by macro broth dilution
method [44]. Individual plant extracts and combinations stock solutions (1000mg/ml) were prepared. Using a micropipette, Tml of Brain heart
infusion broth was placed into seven sterile glass Bijou Bottles labeled 500mg/ml, 250mg/ml, 125mg/ml, 62.5mg/ml, 31.25mg/ml, 15.62mg/ml
and 7.81mg/ml respectively. This was followed by pipetting a known volume of the stock solution (1ml) into the Tml of Brain heart infusion broth in
the Bijou bottle labeled 500mg/ml and mixed thoroughly to make an overall extract dilution of 500mg/ml. Similarly, other lower dilutions of
250mg/ml, 125mg/ml, 62.5mg/ml, 31.25mg/ml, 15.62mg/ml and 7.81Tmg/ml were obtained in the brain heart infusion broth. Every diluted extract in
triplicates, separately received 10ul of the standard microorganism inoculum (E. colj; S. pneumoniae and S. aureus) and incubated at 37°C for 24
hours. Thereafter, Bijou bottles were removed and visually inspected for turbidity. The lowest extract concentration at which there was no visible
growth was taken to be the MIC. To determine the MICs of the selected extract combinations, the procedure was repeated separately using the
plant extract combinations instead of the individual extracts.

Minimum Bactericidal Concentration (MBC)

The bacteria inoculants without visible growth after determination of the MIC were sub-cultured separately on fresh MHA (for E. coliand S. aureus)

and Chocolate Agar (for S. pneumoniae) at 37°C for 48 hours. The lowest concentrations of the plant extracts that did not yield any colony on the
MHA and Chocolate Agar after incubation for the two days were the MBCs. The absence of growth from sub cultured dilutions was indicative of
bactericidal activity [45].

Total Antibacterial Activity (TAA) of plant extracts

Total Antibacterial Activity (TAA) of the extracts was determined by dividing the mass of extract yielded per gram of dry plant powder by the
minimum inhibitory concentration of the extract against the selected microorganisms [46] as shown in the equations below.

Mass of extract yielded from 1g of dry plant powder (mg/g) = Mass of extract yield (mg)
Mass of powder (g)

The Total Antibacterial Activity was then calculated using the formula:

TAA (ml/g) = Mass of extract from 1gram of powder (mg/g)

Minimum Inhibitory Concentration (mg/ml)

Fractional Inhibitory Concentration Index of plant extract combination effect
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The Fractional Inhibitory Concentration Index (3 FICI) was used to investigate the combination effect of selected plant extracts on bacterial strains
[47]. The Fractional Inhibitory Concentration Index (3 FICI) was calculated as the sum of the Fractional Inhibitory Concentration (FIC) of the two
individual extracts using the formula:

S FICI = FIC (A) + FIC (B)

Where FIC (A) and FIC (B) are the Fractional Inhibitory Concentrations for plant extracts A and B respectively calculated using the formulae:

FIC (A) = MIC (A+B) in combinatiott

MIC (A) Alone

FIC (B) = MIC (A+B) in combination

MIC (B) Alone

The combination effect was interpreted from the fractional inhibitory concentration index as follows; Synergy was defined by > FICI < 0.5. The
S FICI between 0.5 and 1.0 was interpreted as additive interaction, Y FICI between 1.0 and 4.0 as indifferent and antagonist by > FICI > 4.0[48].

Data analysis and presentation

Descriptive Statistics (mean and standard deviation of zones of inhibition) and inferential statistical tests were carried out in the Statistical Package
for Social Scientists (SPSS) version 26. Quantitative phytochemical data was presented graphically using GraphPad Prism Version 5[49]. The data
on zones of inhibition of the different extracts and extract combinations against the bacterial strains was subjected to one-way ANOVA and Tukey’s
multiple comparison tests. All tests were performed at 5% level of significance.

Results and discussion

Percentage yield of extracts from O. usambarensis and S. africana

The percentage yields of aqueous, ethanol and ethyl acetate extract from the stem bark and leaves of 0. usambarensis and leaves of S. africana
ranged from 2.450-20.745% (Table 1). The individual solvents produced varying ranges of extracts (ethanol = 9.975-20.745%, water = 2.450-
14.625%, ethyl acetate = 5.100-8.265%) attributed to differences in their polarities [50]. Polar solvents such as ethanol and water are capable of
extracting secondary metabolites with polar properties such as flavonoids, glycosides, tannins, anthocyanins, terpenoids, saponins as well as
phenolic compounds with low molecular weights and moderate polarity [51]. Non-polar solvents such as ethyl acetate however, mainly dissolve
lipophilic compounds including waxes, coloured pigments and sterols [52]. The substantial extract yields achieved with ethanol and water (Table 1)
are suggestive of significant proportions of phytochemicals present in the two plants to be of moderate to high polarity.

Further comparisons of the two solvents reveal higher percentage yields of phytochemical in ethanol than water. Similarly, previous studies have
reported higher phytochemical extract diversity in ethanol than water [53]. Due to the intermediate polarity of ethanol (0.654) coupled with high
penetration potential of plant cell membranes interacting with both hydrophilic and hydrophobic parts of the plant cells, ethanol is a versatile
solvent with a broader spectrum of phytochemicals extraction of both polar and non-polar compounds. Water is highly polar (1.000) and more
selective for polar and hydrophilic compounds [54] which narrow its phytochemical extraction potential. Ethanol is also more volatile than water
[55]enabling concentration of extracts at lower temperature giving ethanol a higher retention capacity of temperature-sensitive phytochemicals than
water.

The variation in phytochemicals among parts of the same plants as observed in this study with the stem bark of 0. usambarensis producing higher
percentage yields of the extracts in the three solvent than the leaves maybe attributed to differences in functionality and the ages of the plant
tissues [56]. Unlike the leaves, whose main function is synthesis, some stems serve as storage sites, transport routes and defense barriers against
biotic and abiotic stress. The stem functions coupled with the frequent replacement of leaves, give the stem bark an upper hand for accumulating
phytochemical compounds over time. These findings align with results of previous studies that reported the stem as the most phytochemically
enriched part of the plant with the order stems > leaves > flowers > roots [57].

Variations in extraction temperature and time may also be responsible for the differences in extract yields observed. Higher temperatures coupled
with longer extraction time, render plant tissues more soft and allow extend contact between the plant tissue and the solvent increasing the
diffusion of phytochemicals through the cell membrane into the solvent [58]. Elevated temperatures may account for the higher percentage yield of
the aqueous leaf extract of S. africana obtained through hot water infusion compared to ethyl acetate extracts of the same plants attained at room
temperature by cold maceration. Similarly, the longer extraction time (72 hours) allowed for maceration could explain the higher percentage yield of
stem bark extracts of O. usambarensis compared to the extract yield of stem bark of the same plant by decoction done for 15 minutes [59]. Genetic
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variances can as well account for the different extract yields obtained from the two plants using similar plant parts, same extraction solvent and
method [60].

Table 1

Percentage yield of 0. usambarensis and S. africana stem bark and leaf extracts
Sample Mass of powder(g) Mass of Percentage yield
Extract extract (g) (%)
S, 200 41.49 20.745
S, 200 19.95 9.975
S;3 200 37.33 18.665
S, 200 18.53 9.265
S5 200 4.90 2.450
Se 200 29.25 14.625
S; 200 16.53 8.265
Sg 200 10.78 5.390
Sy 200 10.2 5.100
KEY: S;-S5: - ethanol extracts [stem bark of O. usambarensis(S;); leaves of O. usambarensis (S,); leaves of S. africana (S;)], S;-S¢: - aqueous
extracts [stem bark of 0. usambarensis (S,); leaves of 0. usambarensis(Ss); leaves of S. africana (S¢)], S;-So: - ethyl acetate extracts (stem bark
of 0. usambarensis (S;); leaves of 0. usambarensis (Sg); leaves of S. africana (S,)]. Phytochemical profile of extracts from the stem bark and
leaves of 0. usambarensis and leaves of S. africana

Qualitative phytochemical profile

The leaves of S. africana and leaves and stem bark of O. usambarensis were screened for flavonoids, phenols, saponins, alkaloids, cardiac
glycosides, glycosides, terpenoids, tannins, anthocyanins, anthraquinones, chalcones, phlobatannins, quinones, steroids and polyphenones as
shown in Table 3. The distribution of the phytochemicals may be related to their functions in plant systems and biochemical reactions. For instance,
all the plant parts studied had flavonoids, saponins, tannins, terpenoids and quinones.

Given that the leaves and some stem barks are active photosynthetic and respiratory organs, the presence of quinones in these parts maybe related
to their active role as electron carriers for the two biological systems [61]. Similarly, flavonoids and saponins protect plants against UV radiations,
microorganism and herbivores [62, 63]. Due to their location on the plants, leaves and the stem barks are exposed and are vulnerable to UV
radiations, microorganism attack and herbivory activity dictating the presence of protective bioactive compounds such as flavonoids and saponins
to accord these parts the necessary protection. Tannins, terpenoids and cardiac glycosides are not much different from saponins and flavonoids in
terms of their functions. They also offer plants antibacterial, anti-inflammatory, antioxidant services in addition to protection against other
pathogens, harmful insects, herbivores and abiotic stress such as high temperature, functions needed in all parts of a plant, hence their presence in
the all parts studied [64]. Cardiac glycosides are also confined to the angiosperms and widely present in family Apocynaceae and Lauraceae to
which S. africana and O. usambarensis belong [65]. The presence of these phytochemicals in the extracts of O. usambarensis and S. african,
corroborate the use of these plants in herbal medicine among Ugandan communities.

Phenols and cardiac glycosides were present in all the extracts of S. africana and O. usambarensis except in the ethyl acetate acetate extracts of
the two-plant species. Ethyl acetate might have failed to extract the phenols and cardiac glycosides due to its lower polarity and limited hydrogen
bonding capacity compared to water and ethanol. These properties render ethyl acetate less suitable for dissolving and extracting phenols and
cardiac glycosides which are typically more polar and depend on hydrogen bonding for their solubility [66]. Alkaloids and anthocyanins were
however absent in extracts of the leaves of S. africana and leaves and stem bark of O. usambarensis (Table 3). Despite their protective roles, some
plant families do not produce alkaloid and they occur in about 20% of known plants [67]. The two-plant species studied may be among the species
that are genetically incapacitated from producing alkaloids. Alternatively, alkaloids may be produced in other parts of these two species such as the
roots or seeds as earlier reported for Sophora flavescens [68]. The observed absence of anthocyanins among all the extracts could as well be
attributed to a genetic inability of the plant species to produce them [69]. The two plants may also contain betalains instead of anthocyanins given
that the two phytochemicals have antagonistic pathways and never occur in the same plant [70]. Despite the wide distribution of steroids among
plants [71] with a wide range of solubility values that enable their extraction with both polar and non-polar solvents [72], the ethyl acetate leaf
extract of S. africana (Sy) tested negative. Given that the solvent was able to extract, the same compounds from O.usambarensis, their absence in
the ethyl acetate extract of S. African may be due to low quantities below the detection limit or any other factor that we could not explained from

Page 7/26



the settings of our study. All extracts from the leaves of S. africana (S;, Sq and Sy) tested negative for anthraquinones pointing to the possible
absence of these compounds from the species. Moreover, anthraquinones exist in limited groups of angiosperm families such as Fabaceae,
Liliaceae, Polygonaceae, Rhamnaceae, Rubiceae and Scrophulariaceae [73]. Previous attempts with other species of the family Apocynaceae to
which S. africana belongs, equally revealed negative results for anthraquinones [74, 75]. Chalcones were absent in ethanol extracts of the stem bark
and leaves of O. usambarensis, aqueous and ethyl acetate extracts of leaves of O. usambarensis and S. africana. This could be attributed to the
conversion of chalcones into flavonoids by the enzyme chalcone isomerase[76].

Table 3

Phytochemical profile of the leaf and stem bark extracts of O.
usambarensis and S. africana

Phytochemical S, S S S S5 S S; Sz S
Alkaloids - - - - - : - - _
Flavonoids + + + + + + + + +
Phenols + + + o+ o+ o+ o+ - -
Saponins + + + + + + + + +

Cardiac glycosides  + + + + + + - B, _

Glycosides + - - - + - - - -
Terpenoids + + + o+ o+ o+ o+ - +
Tannins + + + + + + + + +

Anthocyanins - - - - - - - - R

Steroids + + + + + + + + -
Polyphenols + + + + + + + + +
Anthraquinones + - - - - : + - _
Chalcones - - + + - - + - -
Phlobatannins + - + + + - + + _
Quinones + + + + + + + + +

KEY: +: - Present, - - Absent, S ; -S 3: - ethanol extracts [stem bark of O. usambarensis(S;); leaves of 0. usambarensis (S,); leaves of S. africana
(S3)], S4-Sg: - aqueous extracts [stem bark of 0. usambarensis (S,); leaves of O. usambarensis(Ss); leaves of S. africana (Sg)], S;-Sq: - ethyl acetate
extracts (stem bark of O. usambarensis (S;); leaves of 0. usambarensis (Sg); leaves of S. africana (Sg)].

Quantitative Phytochemical Composition of extracts of O. usambarensis and S. Africana

The quantities of phytochemical compounds varied among the aqueous, ethanol and ethyl acetate extracts of O. usambarensis and S. africana
(Fig. 2). The total phenolic content varied significantly varied among the extracts of O. usamabaransis and S. Africana (p < 0.001) (Fig. 2A). The
aqueous and ethyl acetate stem bark extract of 0. usambarensis (S, and S; respectively) had the highest amount of total phenolics. The total
phenolic content was however below detectable limits in the ethyl acetate leaf extracts of O. usambarensis (Sg) and S. africana (Sg). In conjunction
with the qualitative results, the variations in total phenolic contents among extracts could as well be accounted for by the solubility of phenols
which varies with the families to which the phenols belong [77] and differences in polarities of extraction solvents [78]. Differences in physiological
states of the plant parts at the time of collection coupled with their respective functions may explain the variations observed in the phenolic content
of the extracts of the stem bark and leaves of 0. usambarensis in the same solvent [79]. The results could also be explained by the extraction
temperature and duration [80]. For instance, the aqueous extract of the stem bark of 0. usambarensis (S,) was extracted by decoction at higher
temperature which could have increased the rate of diffusion and solubility of the phenolic compounds from the crude extract into the extraction
solvent.

Generally, the total flavonoid content was higher in the aqueous and ethyl acetate extracts than ethanol extracts (Fig. 2B). Total flavonoid content
was highest in ethyl acetate leaf extracts of S. africana (Sy) and lowest in the ethanol extract of the stem bark of O. usambarensis (S;). This could
be explained by factors such as genetic variation between the two plants and the amount of sunlight received by the plant parts as well as the
polarity of extraction solvent used [81]. Flavonoids absorb UV wavelengths and protect plant parts against exposure to UV radiation. Therefore,
leaves which are usually more exposed to sunlight have higher flavonoid content to accord then more protection than the stem bark. The highly
polar water and non-polar ethyl acetate extracted more flavonoids than ethanol depicting presence of very highly polar and non-polar flavonoids in
the two plants. This could account for the high flavonoid content in the water and ethyl acetate extract than in the ethanol with moderate polarity.
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Being a large group of secondary metabolites that occurs in significant amounts in many plant species [82], considerable quantities of total
saponins in the range of 25-90 pg/mg were obtained in the extracts (Fig. 2C). Although saponins are known to be polar compounds and mainly
extracted by water and alcohols [83], the ethyl acetate extracts in this study, had the second highest amounts of saponins after the aqueous
extracts. Relatedly, previous fractionation experiments recovered more saponins in the ethyl acetate fraction than other solvent fractions [84]. The
higher quantities of saponins recorded in the aqueous extracts than the other two solvents may be attributed to the relatively higher temperature at
which the aqueous extracts were obtained using the decoction method. For instance, an increase in temperature from 30°C to 70°C increased the
solubility of gypsophia saponin in water from 7.4 g/100 ml to 18.0 g/100 ml [83]. Given that the samples from the two plants were obtained from
the same location /environment, the variations in saponin quantities among extracts of the two plants obtained with the same solvent can only be
attributed to their genetic differences [85].

Despite the fact that tannins were present in all ethanol, aqueous and ethyl acetate extracts of 0. usambarenis and S. africana, the content was
more pronounced in the leaf than stem extracts (Fig. 2D). The leaves are more exposed to various environmental stresses such as herbivory,
pathogenic infections and harmful UV radiations requiring more protection than the stem. As such, the higher tannin content gives the leaves more
protection by making them unpalatable and through its antimicrobial properties [86]. The presence of tannins in the two plant extracts gives them
the antimicrobial and antioxidant properties which support their medicinal usage [86]

Antibacterial activity of the extracts from leaves and stems bark of O. usambarensis, leaves of S. africana and their combinations against E. coli, S.
pneumonia and S. aureus

Antibacterial Zones of Inhibition

The phytochemical composition of any plant extract has an impact on the plant’s bioactive potential including aspects such as its antibacterial
activity [87]. The ethanol, aqueous and ethyl acetate extracts and extract combinations of O. usambarensis and S. africana all inhibited the growth
of E. coli; S. aureus and S. pneumoniae demonstrating their antibacterial activity on both Gram-positive and Gram-negative bacteria. The
antibacterial properties of the extracts are attributed to phytochemical compounds such as flavonoids, phenols, saponins, terpenoids, tannins,
quinones, and steroids among others detected in the extracts of the two medicinal plants [88]. These phytochemicals have been previously reported
to possess antibacterial, antiviral, antifungal and antioxidant properties which are vital for human health [88, 89]. The phytochemical compounds
disrupt the bacterial cell structure and increase its permeability and leakage of the cell constituents, alter the bacterial cell wall and membrane,
inhibit protein synthesis in the bacteria, lead to ATP loss, intracytoplasmic damage and pH disturbance. They also inhibit peptidoglycan synthesis
and impair the bacterial membrane structure by modifying its surface hydrophobicity [90].

The antibacterial activities of the plant extracts increased with increase in concentration against the three strains of bacteria used in this study with
the maximum zones of inhibition attained at 1000mg/ml and the minimum zones of inhibition at 31.25mg/ml. This is because as the concentration
of the plant extracts increase, the concentrations of phytochemical compounds with antibacterial activities increase. Similar studies have reported
related findings, portraying positive correlation between antibacterial activity and plant extract concentration [91].

Various extracts including the ethanol and aqueous leaf extracts of S. africana as well as the aqueous and ethyl acetate extracts of leaves and the
stem bark of 0. usambarensis had high antibacterial activities against S. aureas at concentrations of 7000mg/ml and 500mg/ml. The highest
antibacterial activity against S. aureas was attained with the aqueous extract of the leaves of 0. usambarensis (S5) (Table 4). This could be due to
the presence of high diversity of phytochemical compounds such as terpenoids, tannins, steroids, quinones, flavonoids, phenols, and saponins
among others in the respective plant extracts. The availability of flavonoids, tannins and phenols which have been proved to have antibacterial
activity against S. aureus including the resistant strains [92, 94] in the various extracts from the two plans explains the sensitivity of S. aureus.
Studies involving the treatment of S. aureus with tannins and phenols show that these phytochemicals change the properties of its cell membranes.
Phenols and tannins exert their activity on S. aureus in three ways, that is bacterial cell membrane attachment, cell membrane fluidity modification
and cell membrane structure disruption [95, 96]. Flavonoids on the other hand, act on S. aureus by disrupting the membrane structure and inhibiting
the efflux pumps and beta lactamases [94].

S. aureus exhibited intermediate to low sensitivity against most plant extract combinations (Table 9) which could be attributed to indifferent or
antagonistic effects of the combinations [97]. The intermediate activity of the plant extract combinations compared to the activity of individual
extracts of the two-plant species can be attributed to the fact that the concentration of each individual extract in a combination was lower than the
concentration of single individual extract acting against S. aureus or reactions between the extracts produced weaker compounds [98].
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Table 4

Mean + SD Zone of inhibition of individual extracts O. usambarensis and S. africana and extract combinations against S. aureus

Mean t SD Zone of inhibition of S. aureus

Extract

S

S,S,

S3S¢

SgSs

S,Sg

S3S5

ANOVA

P_
value

1000mg/ml

14.67
0.582

22.67 £0.58
b
22.00+1.00
b

20.00+1.00
b

20.67 £0.58
b

26.67 £0.58

C

26.00+1.00

o]

18.67+0.58
b
29.00+1.00
Cc
18.67 +1.53
b

17.00+1.00
ab

17.00+£1.00
ab

21.67£0.58
b
36.00+1.00
d

20.67 £0.58
b

19.67 +0.58
b

16.33+0.58
ab

15.50 +
0.712b

=0.001

500
mg/ml

13.33+
1.532b

16.00 +
1.002

11.33+
0.58°

17.00
1.002

16.67
0.582

2533+
0.58"h

16.00 +
1.002b

15.67
0.582c¢

11.33+
0.58 20

16.00 +
1.00 @°

15.00 +
1.7322de

15.67 +
1.1552de

18.00
1.00 2¢

29.67 +
0.58!

17.33
0.58 @

14.00 +
1.00

13.00 ¢
1.00 2bf

11.67 +
0.58 a9

=0.001

250
mg/ml

11.67
1.532

12.67
1168

10.00
1.002

15.67
0.58°¢

14.67
0.58°¢

1433+
0.582¢

13.00+
1.002°¢

12.67
0.582¢

9.000 *
1.00P

11.33 ¢
0.58 abe

11.33 ¢
0.582b

14.00 +
1.00@¢

14.67 +
1.532¢

24.67 +
0.58°¢

15.67
0.582¢

11.33+
1.162d

12.00
0.002¢

10.00 +
1.002b

=<0.001

125
mg/ml

9.333 ¢
0.58°

10.67
1.532

7.000 +
1.00°

15.00
0.00°¢

13.00
1.00°

10.67 +
0.582

8.667 +
0.58ab

8.000 +
1.002P

7.000 +
1.002b

8.333+
1.162b

8.333 ¢
1.16 2

13.00
1.00 @°

10.00 +
1.00 2

22.33 ¢
0.58

0.0

9.333+
0.58

9.667 +
0.582

10.33%
0.582

=0.001

62.5mg/ml

6.667
1.155¢

8.000
1.00 ¢

0.0

11.33%
0.589

11.00
1.009

5.333 ¢
0.58f

6.000 +
1.00 ¢f

0.0

0.0

7.000 +
1.00 ¢f

7333+
0.58

0.0

7.000 +
1.00 ¢f

17.67 +
1.53

0.0

8.333 %
0.58°¢

8.667 +
0.58¢9

8.333 ¢
0.58 ¢€h

=0.001

31.25mg/ml

0.0
6.000 +

1.0025"
0.0

9.667 + 0.58

0.0

0.0

4.667 +0.58

0.0

0.0

0.0

0.0

0.0

0.0

14.00+1.00

0.0

7.667 £0.58

7.333+£0.58

0.0

=0.001

15.625mg/ml

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

7.812mg/ml

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Ciprofloxacin
17.33 ¢
1.155
26.00+1.00
21.00+1.00
32.67+0.58
32.00+1.00
35.33+0.58
20.33+0.58
24.67 £0.58
21.00+1.00
28.67+0.58
19.00£1.00
25.67 £0.58
30.00+1.00
26.00+1.00
22.67+0.5
18.00+1.00
29.67 +0.58

28.00+£1.00

a7jjn columns: mean values sharing a superscript letter are not significantly different (p > 0.05) as based on Tukey’s multiple comparison test,

bolded values are above and significantly differently from those of Ciprofloxacin (p < 0.001). S;-S: - ethanol extracts [stem bark of O.

usambarensis(S;); leaves of 0. usambarensis (S,); leaves of S. africana (S3)], S4-S¢: - aqueous extracts [stem bark of O. usambarensis (S,); leaves

of 0. usambarensis(Ss); leaves of S. africana (Sg)l, S;-So: - ethyl acetate extracts (stem bark of O. usambarensis (S;); leaves of O. usambarensis

Sg); leaves of S. africana (Sy)]. *:- No ANOVA p-value.
8 9
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All extracts and combinations at concentrations of 1000mg/ml, 500mg/ml and 250mg/ml inhibited the growth of E. coli (Table 5). The ethanol
extract of the stem bark of O. usambarensis (S;) showed exceptional antibacterial activity by inhibiting the growth of E. coli at the lowest
concentration of 31.25mg/ml. Although majority of the extracts required high concentrations to show sensitivity against E. coli some extracts and
combinations including the ethanol extract of the stem of 0. usambarenis (S,), aqueous extract of leaves of S. africana (S6) and the ethyl acetate
extracts of the stem bark (S;) and leaves (Sg) of O. usambaraensis showed greater activity on E. colithan Ciprofloxacin, the standard drug. These
results depict the presence of bioactive compounds with antibacterial activity against Gram-negative bacteria including E. coli[99, 100]. Some
extract combinations; the ethanol and aqueous extracts of leaves of 0. usambarensis (S,S,), ethanol and aqueous extracts of leaves of S. africana

(S5S¢) had higher activities compared to individual extracts against E. coli which could be attributed to cumulative effects of the constituents in the
extracts of the combinations [101].
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Table 5
Mean * SD Zone of inhibition of individual extracts of O. usambarensis and S. africana and extract combinations against E. coli

‘ Mean + SD Zone of inhibition of E. coli

‘Extract 1000mg/ml  500mg/ml  250mg/ml 125mg/ml 62.5mg/ml 31.25mg/ml 15.625mg/ml 7.812mg/ml  Ciprofloxacin

S 20.00 + 12.67 + 11.00 + 9.667 + 6.667 + 5333+ 0.0 0.0 19.67 +0.58
1.00? 1.532 1.00° 0.58¢ 0.58¢ 0.58

S, 20.00 * 16.00 + 1433+ 11.67 + 1033+ 0.0 0.0 0.0 26.00 % 1.00
1.002 1.00° 1.53b 0.58¢ 0.58f

S, 25.00 * 19.00 + 16.00 + 12.00 + 1033+ 0.0 0.0 0.0 28.00 % 1.00
1.00° 1.00° 1.00° 1.00°¢ 0.58¢

S, 18.00 + 17.33+ 14.67 + 13.00 + 11.00 + 0.0 0.0 0.0 32.00+1.00
1.002 1.532 0.58° 1.00¢ 1.00f

Ss 2233+ 16.00 + 12.00 + 12.00 + 8.000 + 0.0 0.0 0.0 35.00 £ 1.00
0.58° 1.002 1.002b 1.00¢ 1.009

Se 24.33% 19.00 + 13.00 + 11.33+ 8.000 + 0.0 0.0 0.0 22.00 £ 1.00
0.58° 1.00? 1.002b 0.58° 1.00¢

S, 2533+ 20.80 + 14.67 + 12.67 + 0.0 0.0 0.0 0.0 15.00 £1.00
0.58° 1.002° 0.58° 1.00°¢

Sg 22.00+ 20.67 + 18.67 + 14.67 + 10.67 + 0.0 0.0 0.0 19.00 +1.00
1.002¢ 0.58? 0.58 0.58¢ 0.58f

Sg 19.67 + 11.00 + 9.667 + 7.000 * 6.000 + 0.0 0.0 0.0 22.67+0.58
0.582 1.002 0.582¢ 1.00f 0.58¢

S,S, 25.33% 21.67 10.00 + 7.667 % 0.0 0.0 0.0 0.0 19.67 £0.58
1.53¢d 0.582d 1.002b 0.58¢f

S:Sg 33.67 19.67 + 13.33+ 0.0 0.0 0.0 0.0 0.0 36.00 % 1.00
0.58° 0.582 0.58@be

SsSq 32.67+ 18.67 + 12.67 + 9.000 * 8.333+ 0.0 0.0 0.0 37.00+1.00
0.58f 3.0552b 0.582b 1.00¢df 1.155¢fd

S:Ss 16.33 + 13.67 + 0.0 0.0 0.0 0.0 0.0 0.0 24.67+1.53
0.582b 0.582

S$:S, 34.33+ 26.33 ¢ 13.67 + 11.00 + 0.0 0.0 0.0 0.0 35.670.58
3.79f 0.58 0.58P 1.00°®

S5Se 35.67 27.00 + 13.33 ¢ 0.0 0.0 0.0 0.0 0.0 30.67 £ 0.58
0.58¢f 1.00° 0.582

SgSs 16.00 + 11.67 + 10.00 + 8.000 * 6.000 + 0.0 0.0 0.0 26.67+1.53
1.002 0.582d 1.002d 1.009f 1.0049

S,Sg 12.67 £ 11.67 + 10.00 + 8.667 + 6.667 + 0.0 0.0 0.0 28.3310.58
0.582b 0.582 1.002 0.58¢fe 0.58¢

S4Ss 18.67 + 16.00 + 11.33+ 8.333 ¢ 7.000 + 0.0 0.0 0.0 28.33+0.58
1.532 1.002¢ 0.582b 1.155¢f9 1.00dh

ANOVA  =<0.001 <0.001 <0.001 <0.001 <0.001 <0.001 * * *

value

al|n columns: mean values sharing a superscript letter are not significantly different (p > 0.05) as based on Tukey’s multiple comparison test,
bolded values are above and significantly different from those of Ciprofloxacin (p < 0.001). S;-Ss: - ethanol extracts [stem bark of O.
usambarensis(S,); leaves of 0. usambarensis (S,); leaves of S. africana (S3)], S4-S¢: - aqueous extracts [stem bark of O. usambarensis (S,); leaves
of 0. usambarensis(Ss); leaves of S. africana (Sg)l, S;-So: - ethyl acetate extracts (stem bark of O. usambarensis (S;); leaves of O. usambarensis
(Sg); leaves of S. africana (S)]. *: - No ANOVA p-value.

Like S. aureus and E. coli, all individual extracts and extract combinations showed antibacterial activity against S. pneumoniae at extract
concentrations of 1000mg/ml and 500mg/ml with mean zones of inhabitation ranging from 11.67-29.00mm (Table 6). This could probably be a
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result of the high concentrations of bioactive compounds such as flavonoids and quinones with previous reports of antibacterial activity on various
bacterial strains, S. pneumoniae inclusive [102]. At concentration below 250mg/ml however, S. pneumoniae was generally resistant with inhibition
zones below 16.00mm. Therefore, the plant extracts and their combinations at concentrations of 1000mg/ml and 500mg/ml had the capacity to
cause significant antimicrobial susceptibility to S. pneumoniae just like standard ciprofloxacin while at lower concentrations, the extracts lost this
activity. The higher activities of some extract combinations such as S3S5 against S. pneumoniae than ciprofloxacin justify the use of more than one
plant for development of herbal medicine by traditional healers and herbal medicine practitioners. Generally, the leaf extracts of O. usambarensis
and S. africana had stronger inhibitory activity against S. pneumoniae compared to the stem bark extracts. The stem bark and leaves carry out
different functions in the plant accounting for the variation in their phytochemical composition and antimicrobial activities.
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Table 6

Mean * SD Zone of inhibition of individual extracts O. usambarensis and S. africana and combinations against S. pneumoniae

‘ Mean + SD Zone of inhibition of Streptococcus pneumonia

‘ Extract
Sy

S,

S,S,
S$;Sg
S5So
;S5
S;S;
S3Se
SgSs
S,Sg
S3Ss

ANOVA

P_
value

1000mg/ml

22.00+
1.0002

21.33¢
0.582

22.67
5.862

26.67
0.58?

16.00 +
1.00d

23.67
0.582

19.00 +
1.002¢

13.67
0.58¢

22.00+
1.00°

18.67 ¢
0.58ade

27.00+
1.002¢

29.00+
1.00°¢

19.33 ¢
0.582d

17.67 +
0.582de

26.00 +
1.002b¢

18.67 +
1.53abde

17.00 £
1.002de

21.67+
1.53°

=0.001

500mg/ml

13.33+
0.58P

16.33
0.58¢

19.00 +
1.0004

21.33¢
0.584

12.67 +
0.58P

17.33 %
0.58¢¢

11.67 ¢
0.58P

11.67 %
0.58P

12.00 ¢
1.000°

15.33 +
0.58bcf

16.33
1.53¢

18.67 +
0.58¢d

13.67 ¢
0.58P

15.33 ¢
0.58bc9

17.33 ¢
0.58¢d

13.00 +
1.000bh

16.00 +
1.000¢°

18.33+
0.58¢d

=<0.001

250mg/ml

9.667 +
0.58°

13.00
1.00°¢

16.00 +
1.00f

17.67 £
0.58f

11.00+
1.00°

13.00+
1.00°

9.000 +
1.00°9

8.000
1.00°¢

8.000
1.00°¢

13.33+
0.58¢f

0.0

13.00+
1.00°¢

11.33+
0.58°

12.67
0.58°

13.33 %
0.58°

10.67 +
0.58¢d

11.67 £
0.58¢°h

15.33 ¢
0.58¢fc

=0.001

125mg/ml  62.5mg/ml

8.000 +
1.00¢

11.67 £
0.58¢

11.67 £
1.539

15.67 +
0.58

7.667 +
0.58d

10.67 +
0.58¢9

8.333+
2.52de

7.333 +
0.58¢

0.0

6.333 +
0.58d

0.0

10.00 +
1.00f9d

0.0

0.0

0.0

00

8.667

0.58d

12.67
1.539

=0.001

0.0
9.00

1.00¢
8.667 +

0.58¢

0.0

0.0

0.0

0.0

0.0

0.0

4333+

0.58f

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

=0.001

31.25mg/ml
0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

15.62mg/ml

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

7.81mg/ml
0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Ciprofloxacin ‘

36.33+0.58
29.67 £0.58
36.00+1.00
33.67£0.58
16.00+1.00
27.33+0.58
28.33 ¢
1.155
13.33+0.58
16.67 +1.53
17.67 +0.58
29.67 £0.58
32.67£0.58
25.33+0.58
18.33+0.58
27.33+0.58
29.00+1.00
28.67 £0.58

19.67+0.58

a1 |n columns: mean values sharing a superscript letter are not significantly different (p > 0.05) as based on Tukey’s multiple comparison test,

bolded values are above and significantly different from those of Ciprofloxacin (p < 0.001). S;-Ss: - ethanol extracts [stem bark of O.

usambarensis(S,); leaves of 0. usambarensis (S,); leaves of S. africana (S3)], S4-S¢: - aqueous extracts [stem bark of O. usambarensis (S,); leaves
of 0. usambarensis(Ss); leaves of S. africana (Sg)], S;-Sy: - ethyl acetate extracts (stem bark of 0. usambarensis (S;); leaves of 0. usambarensis

(Sg); leaves of S. africana (Sg)]. *: - No ANOVA p-value.

Minimum Inhibitory Concentration (MIC)
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The extracts from the two-plant species were active against the three species of bacteria studied with MICs ranging from 31.25 to 500mg/ml
(Table 7). The activities of the extracts of the two against Gram positive and Gram-negative bacteria depicts the presence of broad-spectrum
antibacterial compounds with activities against both types of bacteria. Gram-positive and Gram-negative bacteria [103]. The Escherichia coliand
Staphylococcus aureus were more sensitive to the plant extracts than Streptococcus pneumoniae whose inhibition required relatively higher
concentrations of the same extracts. This points to the possibility that phytochemicals in the two-plant investigated are more effective against E.
coliand S. aureus than S. pneumoniae [46, 104]. Similar findings were reported by Elisha et al. [46] where Gram Negative E. coli was more sensitive
to plant extracts than the Gram-positive bacteria. Although there were some minor variations in the minimum inhibitory concentrations of the
extracts from the plants attributed to differences in concentrations of the different phytochemicals, the two plants worked almost in a similar
manner because screening of phytochemicals responsible for the antibacterial activity[103], produced similar results.

Table 7

The Minimum Inhibitory Concentration (MIC) of individual extracts of O. usambarensis
and S. africana and their combinations

Minimum Inhibitory Concentration (mg/ml)

Extract  Escherichia coli  Staphylococcus aureus  Streptococcus pneumoniae
S, 31.25 62.50 125.00
S, 62.50 31.25 62.50
S 62.50 125.00 62.50
S, 62.50 31.25 125.00
S5 62.50 62.50 125.00
Se 62.50 62.50 125.00
S; 125.00 31.25 125.00
Sg 62.50 125.00 125.00
Sy 62.50 125.00 250.00
S,S, 125.00 62.50 62.50
S;Sg 250.00 62.50 500.00
S5Sq 62.50 125.00 125.00
S:S5 500.00 62.50 250.00
$:S, 125.00 31.25 250.00
S3Sq 250.00 250.00 250.00
SgSs 62.50 31.25 250.00
S,Sg 62.50 31.25 125.00
S3S5 62.50 62.50 125.00

Key: S 1 -S 3: - ethanol extracts [stem bark of O. usambarensis(S;); leaves of O. usambarensis (S,); leaves of S. africana (S;)], S4-S¢: - aqueous
extracts [stem bark of O. usambarensis (S,); leaves of O. usambarensis(S); leaves of S. africana (Sg)], S;-So: - ethyl acetate extracts (stem bark of
0. usambarensis (S;); leaves of O. usambarensis (Sg); leaves of S. africana (S)].

Minimum Bactericidal Concentration (MBC) of individual extracts of O. usambarensis and S. africana and their combinations

The individual extracts from both plants and the combinations investigated were bactericidal to the three strains of bacteria studied with MBCs
ranging from 31.25 to 500mg/ml (Table 8). Similar bactericidal findings have been reported against E. coli, Pseudomonas aeruginosa, S. aureus and
Listeria monocytogenes with gallic and ferulic acids that caused irreversible changes in membrane properties of these pathogens [105]. The ethyl
acetate leaf extracts of the two plants species had the lowest MBCs demonstrating their high antibacterial potential compared to the other extracts.
The high amounts of tannins and flavonoids and moderate amounts of saponins recorded in the ethyl acetate leaf extracts of the two plants may be
responsible for their bactericidal properties [103, 106, 107]. These findings further demonstrate the high antibacterial potency of the leaf extracts
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compared to the stem which may be attributed higher phytochemical content in the leaves [108]. Given that leaves are renewable parts of a plant,
the antibacterial activity results of leaves of O.usambarensis and S. africana present a sustainable means of utilizing the two plant medicinal plants
without damaging the bark [109].

Table 8

The Minimum Bactericidal Concentration (MBC) of individual extracts of O.
usambarensis and S. africana and their combinations

Minimum Bactericidal Concentration mg/ml

Extract Escherichiacoli  Staphylococcus aureus  Streptococcus pneumoniae
S, 500.00 250.00 125.00
S, 125.00 125.00 62.50
S;3 125.00 500.00 500.00
S, 250.00 500.00 125.00
S5 500.00 500.00 250.00
Se 250.00 125.00 250.00
S; 62.50 62.50 62.50
Sg 31.25 31.25 62.50
Sy 31.25 31.25 31.25
S,S, 250.00 500.00 500.00
S:Sg 250.00 125.00 500.00
S5Sq 250.00 125.00 250.00
S5 500.00 250.00 250.00
$:S; 250.00 125.00 500.00
S3Se 500.00 250.00 250.00
SgSs 250.00 500.00 250.00
S,Sg 500.00 500.00 250.00
S,S: 125.00 500.00 125.00

Key: S 1-S 3: - ethanol extracts [stem bark of 0. usambarensis(S,); leaves of O. usambarensis (S,); leaves of S. africana (S;)], S4-S¢: - aqueous
extracts [stem bark of 0. usambarensis (S,); leaves of 0. usambarensis(S;); leaves of S. africana (S¢)], S;-S: - ethyl acetate extracts (stem bark of
0. usambarensis (S;); leaves of 0. usambarensis (Sg); leaves of S. africana (S)].

Total Antibacterial Activity (TAA) of extracts of the stem bark and leaves of 0. usambarensis and leaves of S. africana

Total Antibacterial Activity (TAA) of the extracts of the two plants were calculated to measure the antibacterial efficacy of plants taking into
consideration their respective antibacterial activities and quantities of extracts obtained from the plants [46]. TAA depicted that the plants extract
had varying effectiveness on the three pathogens. Three out of the nine extracts (S1, S8 and S9) registered higher efficacy on E. colj, the Gram-
negative bacteria than the Gram-positive species, S. aureus and S. pneumonia (Table 9). Pauw & Eloff [110], reported similar results for plant
extracts obtained from five orders of trees (Celastrales, Rosales, Myrtales, Sapindales and Proteales) from Southern Africa. Makhafola [111] also
found E. colito be more sensitive to extracts from Ochna species than Gram-positive bacteria. These findings reveal the promising potential of O.
usamarensis and S. Africana as sources of antibiotics against resistant bacterial strains since Gram negative bacteria have previously showed
antibiotic resistant traits [112]. Five plant extracts (S,, S3, S5, Sg and S;) had equal TAA attained against E. coli and one of the Gram-Positive
bacterial species (S. aureus or S. Pnuemonia) portraying the presence of broad-spectrum phytochemicals in the two-plant species capable of
producing antibiotics for a wide range of bacterial strains regardless of their Gram-staining properties [90].
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Table 9

Total Antibacterial Activity (TAA) of extract of the stem bark
and leave of 0. usambarensis and leaves of S. africana

Total Antibacterial Activity (ml/g)

Extract E. coli S. aureus S. pneumonia
S 6.638x10°  3.319x10°  1.660 x10°
S, 1.596x10°  3.192x10°  1.596 x 10°
S3 2986x10°  1.493x10°  2.986x10°
Sy 1.482x10°  2965x10°  7.412x107"
Ss 3920x10°" 3.92x10°"  1.960x107"
Se 2.350x10°  2340x10°  1.170x10°
S; 6.612x107"  2.645x10°  6.612x 107"
Sg 8.624x107"  4314x10°7 4.312x107"
So 8.160x10°" 4.080x10°" 2.040x107"

KEY: S;-S;: - ethanol extracts [stem bark of 0. usambarensis(S;); leaves of O. usambarensis (S,); leaves of S. africana (S;)], S4-Se: - aqueous
extracts [stem bark of O. usambarensis (S,); leaves of 0. usambarensis(Ss); leaves of S. africana (Sg)], S;-Sq: - ethyl acetate extracts (stem bark of
0. usambarensis (S;); leaves of O. usambarensis (Sg); leaves of S. africana (S)].

Fractional Inhibitory Concentration (FIC) of plant extract combinations of O.
usambarensis and S. africana

Fractional Inhibitory Concentrations of combinations of the extracts from the two plants mainly depicted indifferent or antagonistic interactions
without any synergism (Table 10). Similar findings were reported by Odds [113] whereby the plant extract combinations registered 98.2% indifferent
action. Extract combinations with indifferent actions did not work any better than the individual extracts. On the other hand, the antagonist
combinations had lower efficacy than individual extracts. These findings could be due to plant extracts containing many bioactive compounds and
the chemical reactions between the two combined extracts resulting in products with weaker antibacterial activity. Antagonism could also be
caused by the bioactive compounds in one of the extracts in the combination inhibiting the components the other extract [114]. Based on these
findings, combining extracts for these the two plants (0. usambarensis and S. Africa) against the three pathogens does not seem to produce
promising results and it is not recommended. The only combination (SgSs) that produced an additive effect against S. aureus was obtained by
combining the aqueous and ethyl acetate leaf extracts of O.usambarensis (S5 and Sg respectively). This could be due to accumulated polar and
non-polar bioactive compounds extracted by the highly polar solvent (water) and ethyl acetate with low polarity. The polar and non-polar
components should have complemented each other leading to a summation effect [115].
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Table 10

Fractional Inhibitory Concentration of plant extract combinations of O. usambarensis and
S. africana against E. coli, S. aureus and S. pneumoniae

Microorganisms  Extract A ExtractB FIC(A) FIC(B) JFIC Combination
Effect

S2 S4 2.00 1.000 3.00 Indifferent
S1 S8 8.00 4.00 12.00 Antagonistic
S5 S9 1.00 1.00 2.00 Indifferent

E. coli S1 S5 16.00 8.00 24.00  Antagonistic
S1 S7 4.00 1.00 5.00 Antagonistic
S3 S6 1.00 1.00 2.00 Indifferent
S8 S5 1.00 1.00 2.00 Indifferent
S2 S8 1.00 1.00 2.00 Indifferent
S3 S5 1.00 1.00 2.00 Indifferent
S2 sS4 2.00 2.00 4.00 Indifferent
S1 S8 1.00 0.5 1.50 Indifferent
S5 S9 2.00 1.00 3.00 Indifferent
S1 S5 1.00 1.00 2.00 Indifferent
S1 S7 0.50 1.00 1.50 Indifferent

S. aureus S3 S6 2.00 4.00 6.00 Antagonistic
S8 S5 0.25 0.5 0.75 Additive
S2 S8 1.00 0.5 1.50 Indifferent
S3 S5 0.5 1.00 1.50 Indifferent
S2 sS4 1.00 2.00 3.00 Indifferent
S1 S8 4.00 4.00 8.00 Antagonistic
S5 S9 1.00 0.5 1.50 Indifferent

S. pneumoniae S1 S5 2.00 2.00 4.00 Indifferent
S1 S7 2.00 2.00 4.00 Indifferent
S3 S6 4.00 2.00 6.00 Antagonistic
S8 S5 2.00 2.00 4.00 Indifferent
S2 S8 2.000 1.00 3.00 Indifferent
S3 S5 2.00 1.00 3.00 Indifferent

Key: Combination effect scale: 3 FIC = < 0.5: - Synergistic, > 0.5-1: - Additive, > 1-4: - Indifferent, > 4: - Antagonistic. S ; -S 5: - ethanol extracts [stem
bark of O. usambarensis(S,); leaves of 0. usambarensis (S,); leaves of S. africana (S)], S;-S¢: - aqueous extracts [stem bark of O. usambarensis
(S4); leaves of 0. usambarensis(Ss); leaves of S. africana (Sg)], S;-So: - ethyl acetate extracts (stem bark of O. usambarensis (S;); leaves of O.
usambarensis (Sg); leaves of S. africana (So)].

Conclusion

The percentage extract yield varies according to the plant species, plant part being extracted and the extraction solvent used during the
phytochemical extraction process. Ethanol and water showed significantly higher phytochemical extraction efficiency than ethyl acetate in this
study.

0. usambarensis and S. africana contain a high diversity of phytochemical compounds including flavonoids, phenols, saponins, cardiac glycosides,
glycosides, terpenoids, tannins, anthraquinones, chalcones, phlobatannins, quinones, steroids and polyphenonesdid which are responsible for the
antibacterial activity of their extracts and responsible for the medicinal use of the two-plant species by the local communities.
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0. usambarensis leaf and stem bark extracts, and S. africana leaf extracts have in-vitro antibacterial activity against S. pneumoniae, S. aureus and
E. coli. This implies that the plant part extracts contain broad spectrum of bioactive compounds which not only inhibit the growth but with
bactericidal properties against both Gram-positive and Gram-negative bacteria.

Although a few extract combinations showed positive effects, majority had indifferent or antagonistic interactive effects. As such, combination
results for these two plants are not good and it is better to use each plant separately.

The leaves of 0. usambarensis had higher Total Antibacterial Activity (TAA) than the stem bark. This reduces the risk of over exploitation of the
plant for herbal medicine since plant leaves replenish faster than the stem bark.

Abbreviations

ANOVA Analysis of Variance

MUST Mbarara University of Science and Technology
GPS Global Positioning System

S, 0. usambarensis ethanol stem bark extract

S, 0. usambarensis ethanol leaf extract

S5 S. africana extract

S, O. usambarensis aqueous stem bark extract

S5 0. usambarensis aqueous leaf extract

S¢ S. africana aqueous extract

S, 0. usambarensis Ethyl acetate stem bark extract
Sg 0. usambarensis Ethyl acetate leaf extract

Sy S. africana ethyl acetate extract.

MIC Minimum Inhibitory concentration

MBC Minimum Bactericidal concentration

TAA Total Antibacterial Activity

FICI Fractional Inhibitory Concentration Index
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Figure 1

Map of Bushenyi district showing the location of Kalinzu forest and sampling sites. Generated using QGIS 3.34.1.
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Figure 2

A) Total phenolic content; B) Total flavonoid content; C) Total saponin content and; D) Total tannin content in the extracts of the stem bark and
leaves of 0. usambarensis and leaves of S. africana. S;-S: - ethanol extracts [stem bark of 0. usambarensis(S,); leaves of O. usambarensis (S,);

leaves of S. africana (S3)], S4-Sg- - aqueous extracts [stem bark of O. usambarensis (S,); leaves of O. usambarensis(Ss); leaves of S. africana (Sg)],
S;-Sq: - ethyl acetate extracts (stem bark of O. usambarensis (S); leaves of O. usambarensis (Sg); leaves of S. africana (Sy)]
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