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Abstract: Increased problems associated with side effects and bacterial resistance of chemical drugs
has prompted the research focus on herbal medicines in the past few decades. In the present
investigation, the antimicrobial activity of the various parts of Avicennia marina (AM), a mangrove
plant, has been evaluated. The plants were collected from the Jazan area of the Kingdom of Saudi
Arabia. Primary extracts of roots, stem, leaves, fruits, and seeds were made in ethanol and fractioned
in ethanol, ethyl acetate, petroleum ether, chloroform, and water. Minimal inhibitory concentration
(MIC) and minimal bactericidal concentration (MBC) of the extracts were determined against Bacillus
subtilis, Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus. It has been observed
that the chloroform extract of roots of the AM exhibited inhibitory effects against both S. aureus
(MIC = 1.5 ± 0.03 mg/mL) and E. coli (MIC = 1.7 ± 0.01 mg/mL). The ethanolic extract of the AM
roots has shown antibacterial activity against Pseudomonas aeruginosa (MIC = 10.8 ± 0.78 mg/mL),
Bacillus subtilis (MIC = 6.1 ± 0.27 mg/mL), Staphylococcus aureus (MIC = 2.3 ± 0.08 mg/mL), and
Escherichia coli (MIC = 6.3 ± 0.28 mg/mL). The leaf extract of the AM in ethyl acetate showed
antibacterial activity against S. aureus and E. coli. Antifungal activity of these extracts was also
investigated against Aspergillus fumigatus and Candida albicans. Ethanolic extract of roots and seeds
of the AM has shown antifungal activity against Aspergillus fumigatus when applied individually.
Ethanolic extract of the AM fruits has shown an inhibitory effect on the growth of Aspergillus fumigatus
and Candida albicans. It is suggested that the plant extracts of AM have tremendous antimicrobial
activity against a group of microbes, and this effect depends on both the plant part and the solvent
used for extraction. Therefore, this plant can be considered to treat various diseases caused by
antibiotic-resistant bacteria.

Keywords: Avicennia marina; antibacterial; antifungal; Pseudomonas aeruginosa; Bacillus subtilis;
Staphylococcus aureus; Escherichia coli

1. Introduction

A critical issue in the present healthcare scenario is the exponential increase in the
multidrug-resistant bacteria (MDR) against antibiotics. This increase in the MDR is one
reason for the failure of the treatments and the higher mortality percentage [1]. Therefore,
it is the need of the hour to develop such antibacterial agents that can check drug resistance
and treat the infectious disease efficiently. Fungal resistance to antibiotics is also rising,
demanding the development of new antifungal agents [2]. For example, Candida albicans
and Aspergillus fumigatus are opportunistic fungi. These fungi can produce invasive fungal
infections in any organ of humans [3]. Limited numbers of therapeutic antifungal agents are
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available for these fungi because of increased resistance mechanisms through the biofilms’
formation by the fungal strains [2].

It is well known that plant parts as a whole or their extracts in different solvents are
applied for various health ailments since time immemorial. Since natural herbal remedies
of diseases are the outcome of hundreds of years of careful evaluation of their therapeutic
efficacy and risks, side effects, and properties of these herbal based treatments are well
known. Further, the present consumers’ interest is for such natural foods that should be
effective antimicrobial agents with no side effects [4]. Mangroves are a group of trees and
shrubs that live in the coastal intertidal zone. Mangrove trees can grow under adverse
environmental conditions like low-oxygen soil, high temperature, high salinity, etc. The
distribution of mangrove forests is mainly at the tropical and subtropical latitudes [5].
Recently, many studies have directed towards investigating the biological activity of
mangroves for the treatment of various diseases. Recently, Ser et al. [6] isolated two strains
of Streptomyces from Peninsular Malaysia mangrove sediments. Bioactivity screening of
these strains showed potent antioxidant and cytotoxic activities against human cancer
cell lines [6]. Several bioactive compounds have been isolated and characterized from
mangrove plants. These belong to the categories of glycosides, tannins, terpenes, steroids,
naphthoquinones, alkaloids, and flavonoids [7]. Due to the presence of the varied levels of
bioactive compounds, research interest in mangrove plants for their therapeutic activities,
including antimicrobial effects, is increasing continuously [8].

Avicennia marina (Forssk.) Vierh., a mangrove tree belonging to the Acanthaceae family,
is mostly found in the subtropical and tropical regions of the Indo-West-Pacific area. It is
considered a representative example of mangroves that have been widely investigated for
their medicinal importance [9]. This tree withstands severe environmental stresses [10,11].
It has been reported that A. marina can tolerate a very high level of salinity and tempera-
ture [12]. The survival capability of A. marina under severe environmental conditions is
because of the presence of a large number of phytochemicals [13]. The presence of the vari-
ous categories of phytochemicals makes this plant an excellent candidate for the treatment
of various health ailments. Avicennia marina is used in the traditional medicine system for
many centuries. For example, leaves are used for the treatment of ulcers, abscesses, and
rheumatism. The leaf decoction is also used for the treatment of malarial fever and food
poisoning [14]. Ringworms, skin ulcers, and scabies are treated using barks and fruits [15].
ElDohaji et al. [16] systematically reviewed the medicinal properties of A. marina and
reported multiple health benefits. Various researchers are conducting studies on evaluating
the medicinal properties of A. marina through in vitro experimentations. Evaluation of the
antiviral activity of methanolic, ethanolic, aqueous, and n-hexane extracts of A. marina
against HIV-1 and HSV have shown that the maximum antiviral activity was with the
application of methanol extract [17]. Behbahani et al. [18] isolated luteolin-7-O-methyl
ether-3’-O-β-d-glucoside from A. marina, and they showed antiherpetic activity of AM to
this compound. It was speculated that this compound probably hinders the attachment of
HSV to the cell membrane, and, thereby, HSV entry into the cell. Additional studies on
the evaluation of the biological activity of the methanolic extract of A. marina seeds and its
column chromatography-based fractions have reported an iridoid glycoside that restricts
the replication of HIV-1 in the initial stage of infection [19]. Besides the antiviral activity,
the antibacterial activity of AM extracts was also investigated [20,21]. However, a detailed
investigation of antibacterial and antifungal activity of the extracts of different parts of
A. marina in different solvent systems has not been evaluated. Given this, the present study
has shown in vitro antibacterial and antifungal activity of fractions of ethanolic extracts of
different parts of A. marina in various solvents (water, ethanol, ethyl acetate, petroleum
ether, and chloroform) against Pseudomonas aeruginosa, Bacillus subtilis, Staphylococcus aureus,
and Escherichia coli bacterial strains and Aspergillus fumigatus, Candida albicans, and Mucor sp.
fungal strains.
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2. Results

Preliminary screening of the extracts of various parts of AM in different solvents for
antimicrobial activity revealed that only root and leaves exhibited antibacterial activity.
Antifungal activity was shown by the root, fruit, and seeds. These parts of the AM were
taken for further study.

2.1. Antibacterial Activity of Extract of the Roots of Avicennia marina

Minimal inhibitory concentration (MIC) values were used to determine the suscepti-
bilities of bacteria to drugs and also to evaluate the activity of new antimicrobial agents. As
illustrated in Figure 1, using an agar diffusion method with commercially available strips
containing an exponential gradient of antibiotic, the chloroform extract of AM roots exhib-
ited the lowest MIC for S. aureus and E. coli with concentrations of 1.5 ± 0.03 mg/mL and
1.7 ± 0.01 mg/mL, respectively that was lower than the control values (3.0 ± 0.2 mg/mL
and 3.5 ± 0.34 mg/mL, respectively). Antibacterial activity was also observed by the
application of the ethanolic extract of AM roots. The MIC values for P. aeruginosa, B. subtilis,
S. aureus, and E. coli were 10.8 ± 0.78, 6.1 ± 0.27, 2.3 ± 0.08, and 6.3 ± 0.28 mg/mL, respec-
tively with the application of ethanolic extract when compared with the control values of
4.6 ± 0.22, 5.1 ± 0.25, 3.0 ± 0.2, and 3.5 ± 0.34, respectively. No significant effects of ethyl
acetate, petroleum ether, and aqueous extracts of AM roots were reported on any of the
tested bacterial strains.

Figure 1. Minimal inhibitory concentration (MIC) values for ethanol and chloroform Avicennia marina
roots extract against P. aeruginosa, B. subtilis, S. aureus, and E. coli. Tetracycline hydrochloride was a
positive control. Aqueous, petroleum ether, and ethyl acetate extracts did not affect any of the tested
bacterial strains. Chloroform extract did not affect B. subtilis. Values are the mean of five replicates
(n = 5). Vertical bars show standard error.

2.2. Antibacterial Activity of the Leaf Extract of Avicennia marina

Among the different solvent extracts of the leaves of AM, significant antibacterial
activity was observed by applying the extract of leaves with ethyl acetate. The MIC values
for the ethyl acetate extract of AM leaves against S. aureus, and E. coli were 1.2± 0.1 mg/mL
and 1.4 ± 0.15 mg/mL, compared to the MIC values of 3.0 ± 0.21 and 3.5 ± 0.29 mg/mL,
respectively of the control. On the other hand, all ethanol, petroleum ether, chloroform,
and aqueous extracts had no significant effects on any tested bacterial strains (Figure 2).
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Figure 2. MIC values for ethyl acetate Avicennia marina leaf extract against P. aeruginosa, B. subtilis,
S. aureus, and E. coli. Tetracycline hydrochloride was a positive control. Aqueous, chloroform, ethanol,
and petroleum ether extracts did not affect any of the tested bacterial strains. Ethyl acetate extract
did not affect P. aeruginosa and B. subtilis. Values are the mean of five replicates (n = 5). Vertical bars
show standard error.

2.3. Minimal Bactericidal Concentration for Extract of the Roots of Avicennia marina

The minimum bactericidal concentration (MBC) could be used as a confirmatory
parameter for the antibacterial activity of any drug. As illustrated in Figure 3, the MBC
was reported by applying the chloroform extract of the root of the AM. The values of MBC
for the chloroform extract of AM roots against S. aureus and E. coli were 3.2 ± 0.09 mg/mL
and 2.9 ± 0.11 mg/mL, respectively in comparison to the control (6.6 ± 0.31 and 6.4 ± 0.39)
mg/mL. No MBC was observed by applying extracts of the roots of AM in ethanol,
petroleum ether, ethyl acetate, and water on the tested bacterial strains.

Figure 3. MBC values for chloroform Avicennia marina roots extract against P. aeruginosa, B. subtilis,
S. aureus, and E. coli. Tetracycline hydrochloride was a positive control. Aqueous, ethanol, petroleum
ether, and ethyl acetate extracts did not affect any tested bacterial strains. Chloroform extract did not
affect P. aeruginosa and B. subtilis. Values are the mean of five replicates (n = 5). Vertical bars show
standard error.
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2.4. Minimal Bactericidal Concentration for Extracts of Leaves of Avicennia marina

As illustrated in Figure 4, significant minimal bactericidal concentration (MBC) was
reported with the application of ethyl acetate extract of the leaves of AM. The MBC for
the ethyl acetate extract of AM leaves against S. aureus and E. coli were 14.2 ± 0.5 mg/mL
and 12.5 ± 0.32 mg/mL, as compared to the control MBC values of 6.3 ± 0.21 and
5.1 ± 0.19 mg/mL, respectively. Extract of leaves in ethanol, petroleum ether, chloro-
form, and water did not significantly affect any of the tested bacterial strains.

Figure 4. MBC values for ethyl acetate Avicennia marina leaf extract against P. aeruginosa, B. subtilis,
S. aureus, and E. coli. Tetracycline hydrochloride was a positive control. Aqueous, ethanol, petroleum
ether, and chloroform extracts did not affect any tested bacterial strains. Ethyl acetate extract did not
affect P. aeruginosa and B. subtilis. Values are the mean of five replicates (n = 5). Vertical bars show
standard error.

2.5. Antifungal Activity of Extract of Different Parts of Avicennia marina

Antifungal activity was also examined to evaluate the biological activity of AM on
different types of fungal strains, viz. Aspergillus fumigatus, Candida albicans, and Mucor sp.
Extracts of roots, fruits, and seeds were carried out using ethanol, ethyl acetate, petroleum
ether, chloroform, and water, and antifungal activity of these extracts was monitored on
three different fungal strains (Figure 5). Among the extracts of the AM root in different
solvents, antifungal activity was observed by the application of ethanolic extract on As-
pergillus fumigatus only. Ethanolic extract of the AM root did not show the antifungal effect
on Candida albicans and Mucor sp. The MIC value was lower (0.25 ± 0.01 mg/mL) than
that of the control fluconazole (0.6 ± 0.03 mg/mL). Extracts of the AM root in ethyl acetate,
petroleum ether, chloroform, and water did not show any antifungal effects on any fungal
strain (Figure 5a). Among the extracts of AM fruits in different solvents, the antifungal
effect was reported by applying the ethanolic extract that showed an antifungal effect
against Aspergillus fumigatus and Candida albicans. The MIC values of 0.26 ± 0.02 mg/mL
and 0.25 ± 0.01 mg/mL of Aspergillus fumigatus and Candida albicans, respectively, were
lower than the control values of 0.42 ± 0.2 mg/mL and 0.6 ± 0.31 mg/mL, respectively
(Figure 5b). Among the extracts of the seeds of AM in different solvents, only ethanolic
extract showed antifungal activity. This antifungal activity was limited to the A. fumigatus
with a MIC value of 0.26 ± 0.01 mg/mL lower than the control (0.45 ± 0.02 mg/mL)
(Figure 5c).
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Figure 5. MIC values for the ethanolic extract of the root (A), fruits (B), and seeds (C) of Avicennia
marina against Aspergillus fumigatus, Candida albicans, and Mucor sp. Fluconazole was used as the
control. Ethyl acetate, petroleum ether, chloroform, and aqueous extracts of root, fruit, and seeds of
Avicennia marina did not show any inhibitory effects on the tested fungal strains. Only ethanol extract
showed an inhibitory effect on A. fumigatus and C. albicans. Values are the mean of five replicates
(n = 5). Vertical bars show standard error.
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2.6. Electron Microscopic Studies

Antifungal activity for the ethanolic extract of AM fruits was further validated through
image analysis of the treated and untreated fungal colonies using the scanning electron
microscope (SEM). Micrographs of the colony of Candida albicans, treated with the ethanolic
extract of the fruits of AM, showed a ruptured, incorporated, and shrinkage fungal hypha
(Figure 6b). Contrary to this, the fungal hypha of the untreated colonies of the Candida
albicans was normal in structure and shape (Figure 6a). Similarly, the colonies of the
Aspergillus fumigatus (Figure 7b), treated with the ethanolic extract of the fruits of the
AM, showed cytolysis and loss of cell integrity, compared to that of the untreated colony
(Figure 7a).

Figure 6. Scan electron microphotographs of untreated (A) and treated (B) Candida albicans.

Figure 7. Scan electron microphotographs of untreated (A) and treated (B) Aspergillus fumigatus.

3. Discussion

Humans have bee using plants for the treatment of various infectious diseases since
ancient times. Scientific research for proving the therapeutic efficacy of a large number of
medicinal plants are undergoing. Today, medicinal plants are being used in many countries
for the treatment of different infectious diseases. The current interest in medicinal plants
as therapeutic agents has emerged in various parts of the world because of the increasing
incidence of drug-resistant bacteria and the appearance of new pathogenic bacteria strains.
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In vitro testing of a large number of plants has been carried out against different bacterial
strains, and it has been reported that extracts and pure compounds of many medicinal
plants are very effective against bacterial strains [22]. Many scientific reports have shown
potential foliar extracts of mangrove against microbial pathogens and suggested consid-
ering the mangrove plants as a valuable source for the bioactive chemicals of immense
medicinal values [23–25]. The present study has shown in vitro experimental evaluation
of the effectiveness of antibacterial activity of extracts of plant parts of A. marina (a man-
grove tree) in different solvent systems against Bacillus subtilis, Escherichia coli, Pseudomonas
aeruginosa, and Staphylococcus aureus. The antifungal activity of these extracts was also
evaluated against Aspergillus fumigatus and Candida albicans. This study reported that
the ethanolic extracts of AM roots showed antibacterial effects against all the four tested
bacteria, viz., B. subtilis, E. coli, P. aeruginosa, and S. aureus. Root extract in chloroform
showed antibacterial activity against E. coli, P. aeruginosa, and S. aureus. The root extracts in
other solvents did not show antibacterial activity on the tested bacteria. These observations
are in agreement with earlier reports showing the antibacterial activity of the alcoholic and
the chloroform root extracts of AM [26]. While the extract of leaves of AM in ethyl acetate
exhibited antibacterial activity against S. aureus and E. coli, none of the extracts in ethanol,
petroleum ether, chloroform, and water showed antibacterial activity in our study. Active
components present in the plant extracts are responsible for the differential antibacterial
activity as Avicennia marina accumulated many phytochemicals for its survival under severe
environmental conditions. The phytochemicals belong to phenolics, steroids, triterpenes,
glycosides, esters, aliphatic alcohols, amino acids, carotenoids, etc. [27,28]. The GC–MS
based analysis of the chemical composition of extracts of plants parts in different solvent
systems revealed the presence of some notable compounds like 1,2-Benzenedicarboxylic
acid, Cis-cinnamic acid, hexadecanoic acid, 2,6,10,14,18,22-tetracosahexae, 25-ethyl-27-
norcholesta-5,24(Z), 1-tetradecene, taraxasterol, hydroxymethylfurfural (HMF), and 1-
deoxy-D-altritol (Supplementary Table S1). These compounds have proven antimicrobial
activity. Khattab and Temraz [29] also reported 2-propenoic acid, 3-phenyl ester, 3-acetyl
methoxyphenyl, benzaldehyde, 3-hydroxyl-4-methoxy, and 1,2-benzenediol in the leaf
extract of A. marina and phosphonic acid and p-hydroxyphenyl in the flower extract.
Naphthofuran compounds like naphtho[1,2-b]furan-4,5-dione, 2-[2′-2′-hydroxypropyl]-
naphtho[1,2-b] furan-4,5-dione, and 3-hydroxynaphtho[1,2-b] furan-4,5-dione were iden-
tified by Sutton et al. [30]. Isoverbascoside and D-rhamnosyl verbascoside were isolated
from the leaves of A. marina [31]. Some important sterols like stigmasterol-3-O-β-D galac-
topyranoside [32], stigmasterol [33], β-sitosterol, and ergost-6,22-diene-5,8-epidioxy-3 β-
ol [34] were also identified from the aerial roots and leaves of this plant. Wu et al. [35]
extensively reviewed the worldwide mangrove species and summarized 349 metabolites
of these plants in terms of source, chemistry, and bioactivity. The presence of identified
chemical compounds in the extracts of plant parts of A. marina in different solvent systems
in our study also matched with the compounds reported earlier in other mangrove plants.
The chemical properties of the solvent used in the extraction process played a crucial role
in exhibiting the plants’ antibacterial properties. The presence of these phytochemicals
in the solvents may be correlated with the differential antibacterial activity against the
bacterial strains. Ethanolic extracts of the roots proved the most effective in almost all
the antibacterial tests, followed by the chloroform, indicating that maximum antibacterial
active ingredients of A. marina roots were extracted into ethanol. It is suggested that the in-
ability of the extracts of plant parts in other solvent systems to exhibit antibacterial activity
against tested bacterial strains maybe because these strains of bacteria might have a kind
of resistance mechanisms, e.g., modification of target sites, inactivation of enzymes, and
reduced accumulation of drug, or the quantity of the bioactive compounds is very low [36].
Since control showed no inhibition, it proves that solvents did not act as antibacterial agents.
Leaf extract of A. marina in ethyl acetate only showed antibacterial activity in our study. The
presence of phytol (a constituent of chlorophyll, which could be converted to phytanic acid)
in the leaves extract could be responsible for the antibacterial effects. Similarly, Raut and



Plants 2021, 10, 252 9 of 14

Anthappan [37] have documented antibacterial activity for the methanolic leaves extract
of the mangrove, Sonneratia alba, and the effect was obvious for both S. aureus and E. coli
among the different tested bacterial strains.

Analysis of the antifungal activity of the A. marina in our study indicated that the
extract of the roots, fruits, and seeds of A. marina showed antifungal activity against
Aspergillus fumigatus and Candida albicans. Khafagi et al. [38] has also reported antifungal
activity of both aqueous and ethanol extracts of roots, cotyledons, leaves, and stems
of Avicennia marina. Taken together, our data indicated that mangroves in general and
Avicennia marina, in particular, have potent biological activity against an extensive array of
microorganisms. These effects are primarily dependent on the plant parts and the solvent
used or the extraction process.

The most common mode of the action of different bioactive compounds that are used to
treat microbial infections is the interaction with the microbial enzyme system, interference
with nucleic acids, interference with the cell membrane and cell wall, etc. [39–42]. Benzoic
acid and phthalate, as identified in this study in the ethanolic extract of A. marina, have
been reported to have a permeability barrier provided by the cells membrane, which
is indispensable to many cellular functions, including maintaining the energy status of
the cell, membrane coupled energy transducing process, solute transport, and metabolic
regulation [43,44]. Stigmasterol, another compound of the plant extract of A. marina, has
been reported to act as a β-lactamase inhibitor, which restores susceptibility of the antibiotic
resistant bacteria to antibiotics [45]. Cinnamic acid and its hydroxylated derivatives have
also been reported to have antifungal activity through their ability to prevent fungal spore
germination and antityrosinase enzyme activity [46]. It has also been reported that the
cinnamic acids caused fungal growth inhibition by interacting with benzoate 4-hydroxylase,
an enzyme responsible for aromatic detoxification [47]. Hydroxymethylfurfural (HMF)
has also been reported in the extracts of A. marina. The HMF is a honey component where
it works as an antimicrobial agent, possibly because of its high osmolarity and acidity
(low pH) [48,49]. Johannes et al. [50] reported that hexadecanoic acid reacted with the
hydroxyl group of lipopolysaccharide, a component of the bacterial cell wall, resulting in
the conversion of lipopolysaccharide membrane structure into the asymmetric form. As
a result, the balance in the membrane lipid structure is disturbed, causing perturbance
in the cell membrane. This change in the cell membrane resulted in the cell swelling and
cytoplasm membrane damage, distended, and lysed. OH group of hexadecanoic acid has
been reported to be toxic to the cell protoplasm. It infiltrates and damages the cell wall. It
also causes denaturation of the cytoplasm protein Radiati [51].

4. Materials and Methods
4.1. Plant Material and Preparation of Extracts

Root, stem, leaves, stems, fruits, and seeds of Avicennia marina (Forssk.) Vierh. (Avi-
cenniaceae) were collected from the mangrove stand of Jazan area that is located in the
southern region of Saudi Arabia (Farasan Island, 16◦42′21′′ N 41◦59′0′′ E). The collected
material was taxonomically identified, and the voucher specimen was kept in the herbar-
ium of the Botany and Microbiology Department, College of Science, King Saud University,
Saudi Arabia (Voucher No.: 23638). These plant parts were separately washed thoroughly
with seawater to remove epiphytes, shells, and various extraneous matters. The cleaned
plant parts were packed separately in polyethylene bags and brought to the laboratory.
The collected samples were air-dried under shade. The dried plant parts were powdered
separately, and homogenous powder of each plant part was obtained. Each plant part
(100 g) was extracted with 95% 1000 mL ethanol with stirring for 72 h. Filtration of the
extract was then carried out using a muslin cloth, centrifuged at 9000 rpm for 10 min.
To obtain clear filtrate, the extract was filtered again using Whatman filter paper No. 41.
The filtrates were evaporated and dried using a vacuum rotary evaporator to obtain the
active ingredients in their solid phase. These solid active ingredients were then dissolved
in ethanol solution (ethanol: water, 4:6, v/v). The sequential separation was performed
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with petroleum ether, ethyl acetate, ethanol, chloroform, and water to yield the respective
solvent fractions. These fractions were then concentrated to get dried extract for further
analysis of biological activities.

4.2. Microbial Strains and Culture Media

Four different pathogenic bacterial strains: Bacillus subtilis (ATCC 10400), Escherichia
coli (ATCC 442), Pseudomonas aeruginosa (ATCC 27853), and Staphylococcus aureus (ATCC
29213), were used for this study. Staphylococcus aureus and B. subtilis are Gram-positive
bacteria. Escherichia coli, S. sonnei, and P. aeruginosa are Gram-negative bacteria. These
bacterial strains were procured from the Botany and Microbiology Department of King
Saud University, Saudi Arabia. Fungal strains were Aspergillus fumigatus (ATCC46645),
Candida albicans (ATCC28121), and Mucor sp. (Clinical isolates). These fungal strains were
procured from the military hospital in Riyadh, Saudi Arabia. The bacterial species were
grown in Mueller–Hinton agar (Merck, USA). Fungal species were grown in the Sabouraud
dextrose broth medium.

4.3. Preparation of Inoculums

Each strain of bacteria from the stock cultures was streaked on the agar plate. The
plate was then incubated for 24 h at 37 ◦C. Three bacterial colonies from each plate were
emulsified in sterile 0.9% NaCl (w/v) to obtain 108 CFU per mL (0.5 McFarland scale) as
inoculums. The working bacterial suspension for the disk diffusion test was prepared
through dilution with 0.9% sterile NaCl (w/v) until 107 CFU per mL was reached. Similarly,
fungal suspensions were adjusted to 107 cells/mL.

4.4. Analysis of Antibacterial Activity

Evaluation of the antimicrobial activity of plant extracts was carried out using the disk
diffusion method. Sterile filter paper disks (6 mm in diameter) were prepared and placed
in Petri dishes. Fifty micrograms of residues of plant extract were redissolved separately.
After sterilization, through a 0.22 mm Millipore filter, the plant extracts were loaded over
filter paper discs, and a final concentration of 10 mg/mL was maintained. Mueller–Hilton
agar was poured into Petri dishes. Each Petri dish was loaded with 150 µL of microbial
suspension (1 × 1016 cells/mL) and then with filter paper discs containing plant extracts of
different plant parts. One filter paper disc containing 5 mg of tetracycline hydrochloride
(European Pharmacopoeia Reference Standard, Sigma-Aldrich, St. Louis, MO, USA), and
one filter paper disc containing only the solvent (without plant extract) were also placed
on the top of Mueller–Hilton agar plates in separate Petri dishes for positive control and
negative control, respectively. The solvent for tetracycline hydrochloride was dimethyl
sulfoxide. All the Petri dishes were kept at 5 ◦C for 2 h for the diffusion of plant extract
and then incubated at 37 ◦C for 24 h anaerobically. Incubation results were monitored.

4.5. Determination of Minimum Inhibitory Concentration (MIC)

Minimum inhibitory concentration (MIC) of plant extracts that exhibiting a strong
antimicrobial activity was evaluated against different bacterial strains. Sterilized extracts
of plants parts in various solvents at a final concentration of 0.25, 0.75, 1.5, 2.5, 5.0, 7.5,
10.0, 12.5, and 15.0 mg/mL were loaded over filter paper discs. Mueller–Hilton agar was
poured into Petri dishes. Each Petri dish was loaded with 150 µL of microbial suspension
(1 × 1016 cells/mL), and then with filter paper discs containing plant extracts of different
plant parts in various solvents. One filter paper disc containing 5 mg of tetracycline
hydrochloride and one filter paper discs containing only the solvent (without plant extract)
were also placed on the top of Mueller–Hilton agar plates in separate Petri dishes for
positive control and negative control, respectively. All the Petri dishes were kept at 5 ◦C
for 2 h for the diffusion of plant extract and then incubated at 37 ◦C for 24 h anaerobically.
The MIC was determined as the minimum concentration of the plant extract that inhibits
bacterial growth.
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4.6. Determination of Minimum Bactericidal Concentration (MBC)

For the five different bacterial strains used, the MBC of plant extract was determined
following the method described previously [52]. Bacterial streaks of the Petri dishes
in which plants showed an antibacterial effect were taken from the inhibition zone of
MIC plates. These bacterial streaks were placed on TSA (tryptone soya agar) plates and
incubated at 35 ◦C for 24 h. Bacterial growth was examined in each Petri dish. The MBC
was recorded as the concentration of extract of plant parts in different solvents that showed
no bacterial growth.

4.7. Analysis of Antifungal Activity and Minimum Fungicidal Concentration

Aspergillus fumigatus (ATCC46645), Candida albicans (ATCC28121), and Mucor sp. were
grown in Sabouraud dextrose (SD) broth at 27 ◦C for 48 h. The growth of the fungal strains
was adjusted to OD600 of 0.1. Extracts of plant parts were filtered through 0.45 µm Millipore
filters. SD agar was placed on several Petri dishes. Of suspension 100 µL containing 1.0 ×
108 CFU/mL of each fungal strain was spread on several Petri dishes. Filter paper disks
(7 mm) were impregnated with 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 mg/mL extract
of plant parts. One set of the disc was kept as negative controls in which only the solvents
were used without plant extracts. One set of the disc was used as a positive control in
which fluconazole (≥98% pure, Sigma-Aldrich, St. Louis, MO, USA) was added in place of
plant extracts. The solvent for fluconazole was dimethyl sulfoxide. The inoculated Petri
dishes were incubated at 27 ◦C for 72 h. Antifungal activity was monitored by analysis of
the inhibition zone.

Minimum fungicidal concentration (MFC) was determined by adding different con-
centrations of plant extracts (0.1–1 mg/mL) were incorporated in SD broth in tubes. Of
fungal suspension 1 mL was added to each tube. Incubation was carried out at room
temperature for three days. Negative control was made in one tube that contained only
the solvents. One tune was made as a positive control in which fluconazole was added in
place of plant extracts. The lowest concentration of the plant extract inhibiting the growth
of the fungus is regarded as the MFC.

4.8. Scan Electron Microscopic Analysis

For electron microscopic analysis, samples were prepared and investigated under the
scanning electron microscope (JSM-7610F, JEOL, Tokyo, Japan), located in the Research
Center of College of Science, King Saud University, Saudi Arabia.

4.9. Statistical Analysis

Data were subjected to the statistical analysis using the one-way analysis of variance
(ANOVA). Means were separated by the least significant difference test (LSD, p ≤ 0.05)
using the SPSS 21.0 statistical program “SPSS Inc., IBM” (Chicago, IL, USA). All measure-
ments were performed five times for each treatment, and the means were reported.

5. Conclusions

Increasing resistance of the bacteria and fungi towards various antimicrobial syn-
thetic drugs poses a major concern in medical science. It is well established from the
ethnopharmacological investigations that the plants possess biologically active antimicro-
bial compounds. The present study has shown that extracts of root and leaves of A. marina
exhibited antibacterial activity. Ethanolic extract of root proved to be the most effective
against bacterial strains, P. aeruginosa, B. subtilis, S. aureus, and E. coli and fungal strains
Aspergillus fumigatus and Candida albicans. Leaf extract in ethyl acetate showed significant
antibacterial activity against S. aureus and E. coli. The antifungal activity has also been
shown by the ethanolic extracts of fruit and seeds. The extracts of this plant were effective
against S. aureus, known for its increased resistance to antibiotics. Therefore, this plant
can be used to treat various diseases caused by antibiotic-resistant bacteria. There are a
lot of potentials for this mangrove plant to treat infections caused by antibiotic-resistant
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bacteria. However, further research is required to understand the mechanisms involved in
antimicrobial activity.

Supplementary Materials: The following are available online at https://www.mdpi.com/2223-774
7/10/2/252/s1. Table S1: GC-MS based analysis of chemical composition of various plant parts of
Avicennia marina plant by the various solvents.
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