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ABSTRACT

Objective: Iris species are widely used in pharmaceutical and cosmetic applications owing to their high content of bioactive
compounds with anti-inflammatory and antimicrobial properties. This study aimed to investigate the potential antibacterial effect
of crude extracts (aqueous, 50% and 80% ethanol) of three Iris species (I. pumila, while I. reichenbachii and I. illyrica are endemic)
from Bosnia and Herzegovina against the multiresistant bacterial strain methicillin-resistant Staphylococcus aureus subsp. aureus
ATCC 33591 (MRSA strain).

Materials and Methods: The antimicrobial compounds in the crude extracts were identified using High-performance liquid
chromatography (HPLC), and their effects on the MRSA strain were tested using agar well diffusion and broth microdilution
method. The binding affinities were analysed using molecular docking simulations.

Results: We identified bioactive targeted compounds in these extracts, mainly flavonoids named isorhamnetin, hesperidin,
quercetin, fisetin, genistein, and kaempferol. Antibacterial assays showed that extracts of all three Iris species inhibited MRSA.
The binding affinity analysis showed that isorhamnetin and hesperidin had the highest affinity scores, stronger (isorhamnetin) or
the same (hesperidin) as the positive control ceftobiprole.

Conclusion: Thisin vitro and in silico study showed that Iris species represent a valuable source of bioactive compounds that can
be used against multidrug-resistant strains such as MRSA. The potential use of these agents in multiple drugs is warranted, and
further evaluation for human application is needed.

Keywords: Plant bioactive compounds, Methicillin-resistant Staphylococcus aureus, Molecular docking, Minimum inhibitory
concentration.

INTRODUCTION

Staphylococcus aureus is a Gram-positive facultative anaerobic
bacterium commonly found in the body as part of its
microbiota.! During the production of virulence factors, such
as extracellular toxins and enzymes or cell surface protein
expression, S. aureus can promote infections by becoming a
pathogenic strain.” These high lethality rates can include infec-

S. aureus. A subgroup that has developed drug resistance pri-
marily to B-lactams is methicillin-resistant S. aureus (MRSA).
Decreased affinity for p-lactams or B-lactams resistance of
S. aureus has been developed due to the presence of mecA,
which encodes penicillin-binding protein 2a (PBP2a).* MRSA
has become one of the greatest threats in clinical medicine,
resulting in difficult prediction and expensive treatment.

tions of the skin and soft tissues, endovascular infections, pneu-
monia, endocarditis, sepsis, and similar. It is one of the most
important human bacterial pathogens that can cause infection
in almost any human tissue. The treatment of these infections
can be problematic due to the presence of antibiotic-resistant

Despite intensive research and development of a new broad
range of antibiotics, there is still a need for their effectiveness
confirmation.’ The progress in combating antimicrobial resis-
tance is greatly reduced because of the effects of the pandemic.®
Thus, the incidence of the increased number of drug-resistant
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pathogens is highlighted as a primary investigation field by var-
ious pharmaceutical and scientific communities; they recog-
nised the potential in alternative treatments with the usage and
drug repurposing of plant-derived substances.? Because natu-
ral compounds constitute the majority of currently used clinical
antibiotics, numerous plant extracts are continuously important
sources of antimicrobials.>’

Worldwide, many endemic plant species have shown sig-
nificant antimicrobial activity.®!! These studies highlight the
potential of endemic plants as sources of new antimicrobial
agents. Within the Iridaceae family, Iris spp. represent the
largest genus and one of the most significant families of flow-
ering plants, ranging throughout Eurasia and North America,
with a vast diversity of species.!> Many secondary metabo-
lites that have been identified from Iris species have demon-
strated various biological properties, including antimicrobial,
antioxidant, anti-inflammatory, antitumor, and immunomodu-
latory effects.!? The unique chemical compounds that endemic
plants often produce are potential sources of novel antimicro-
bial agents that may be effective against resistant strains of
bacteria and fungi.'* Research on the medicinal properties of
endemic plants also highlights their ecological importance and
promotes conservation efforts that are crucial for maintaining
biodiversity and protecting ecosystems. >

This study explored the antimicrobial in vitro activity of dif-
ferent Iris plant extracts from Bosnia and Herzegovina, includ-
ing dwarf iris, Iris pumila L., Iris reichenbachii Heuff., and
Nlyrian iris, Iris illyrica Tomm., against methicillin-resistant
S. aureus, as well as the confirmation of their potential antimi-
crobial properties using molecular docking simulation studies.

MATERIALS AND METHODS
Preparation of Plant Extracts

Plant material from three different Iris species was col-
lected in the period of April-June 2021 in different re-
gions of Bosnia and Herzegovina (I. pumila-Kalinovik re-
gion, I. reichenbachii-Kladanj region, and I. illyrica-Neretva
Canyon). Clean and air-dried rhizomes were macerated and pul-
verised using an IKA mill and dissolved in a 1:1 volume ratio
of the solvents (distilled water, 50% ethanol, or 80% ethanol).
Following evaporation, the extracts were dissolved in absolute
ethanol and filtered through a PTFE syringe sterile filter (Lab-
Expert, Slovenia, 0.45 pm) under sterile conditions. The final
concentration of the crude extract was 330 mg/mL.

Componential Analysis of Target Compounds

High-performance liquid chromatography (HPLC) was used to
identify potential antimicrobial compounds in /ris species plant
extracts using an Agilent Infinity II 1260 HPLC system. Analy-
sis was performed at a constant temperature of 40°C during a 55
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min run. HPLC standards for the targeted compounds (fisetin,
quercetin, kaempferol, isorhamnetin, genistein, and hesperidin)
were acquired from Sigma-Aldrich, USA.

Evaluation of Antibacterial Activity

The antimicrobial properties of Iris species extracts were tested
against the multi-drug-resistant bacteria Staphylococcus aureus
subsp. aureus ATCC 33591 (MRSA strain) using agar well dif-
fusion and broth microdilution. The MRSA strain was culti-
vated on Mueller—Hinton (MH) medium overnight at 37°C as
part of the agar well diffusion method.!® The cultured MRSA
strain was used at 1-2 x 108 CFU/mL as the inoculum, ob-
taining uniform homogeneous turbidity corresponding to 0.5
McFarland.!” Then, 50 pL of each extract was added to the
wells made by drilling the plates with a sterile borer. Tests
were performed in triplicate. Clear inhibition zones were mea-
sured after incubation at 37°C for 24 h. We used several antibi-
otics as positive controls: Colistin (10 pg), Streptomycin (10
pg), Ampicillin (10 pg), and Amoxicillin (25 pg), all made
by Oxo0id™, Great Britain. The broth microdilution method!®
was used to determine the minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC). The
50 pL of liquid Mueller—Hinton Broth (Sigma Aldrich) was
added to every well in a sterile microtiter plate, except in the
wells of the first column. Subsequently, serial two-fold dilutions
of the tested Iris species extracts were added in the 165-0.32
mg/mL range. After that, 50 pL of the MRSA suspension was
added to the first eleven columns, at approx. 5x10° CFU/mL
concentration. The eleventh column contained only the stan-
dard inoculum used as the positive control, while the twelfth
column contained the negative control sterile liquid MHB. Af-
ter incubation for 16-18 h at 37°C, 30 pl of 0.015% resazurin
(Sigma-Aldrich, USA) was added to each well and left for an-
other 2-4 h of incubation. At the end of the analysis, the wells
without visible change represented the concentration of the ex-
tract above the MIC value.'® MBCs were determined by plating
well contents with concentrations higher than the MIC and in-
cubating at 37°C for 24 h aerobically. Each test was performed
twice.

Receptor-Ligand Binding Evaluation

To elucidate the potential antibacterial effect against multi-
drug bacteria, we analysed the binding affinity of determined
bioactive compounds in Iris species extracts (fisetin, quercetin,
kaempferol, isorhamnetin, genistein, and hesperidin) to the
SauPBP2a active site—the protein responsible for MRSA re-
sistance to P-lactams. The obtained affinity values were com-
pared against ceftobiprole, which is a high-affinity reference
molecule, and methicillin, which has a low affinity to the
SauPBP2a active site.”’ The three-dimensional (3D) crys-
tal structure of SauPBP2a was retrieved from the Protein
Data Bank (PDB) database (RCSB Protein Data Bank) (PDB
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ID: IMWT). The structure data files (SDF) were obtained
from the PubChem database (isorhamnetin CID:5281654; hes-
peridin CID:10621; ceftobiprole CID: 135413542; quercetin
CID: 5280343; fisetin CID: 5281614; genistein CID:5280961;
kaempferol CID:5280863; methicillin CID:6087). The SDF
ligand files were converted to PDB 3D format using Py-
MOL 2.4. (https://pymol.org/2/), whereas the preparation
of target proteins and ligands and their conversion to the
PDBQT format was performed using AutoDock Tools software
(http://mgltools.scripps.edu/downloads). Selection and deter-
mination of the catalytic binding site of SauPBP2a (amino
acid residues within chain B named Ser403, Lys406, Tyr446,
Serd62, Asn464, Ser598, Gly599, and Thr600) were based on
reference data, and also PrankWeb.2! Grid box dimensions
were based on data from the literature. Molecular docking fol-
lowed standard procedures that require AutoDock Vina 1.1.2.
software.?? To identify the molecular interactions, we used Py-
MOL 2.4.

Statistical Analysis

Mean values * standard deviation (SD) were calculated using
Microsoft Office 2019 (Excel (Microsoft Corporation, USA).
One-way ANOVA (P<0.05 and P<0.01) and Tukey’s multiple
comparison test were calculated using software STATISTICA
10; StatSoft. Inc.

RESULTS

In Vitro Antimicrobial Activity of Identified Bioactive
Compounds

HPLC revealed that targeted bioactive compounds in I. pumila,
L reichenbachii, and I. illyrica extracts (aqueous, 50% ethanol,
and 80% ethanol) were present in Iris species extracts at differ-
ent concentrations, in a range from 0.223647 to 292.6555, ex-
pressed in mg.g"! DW. Fisetin was not present in all I. pumila ex-
tracts, kaempferol, and hesperidin in I. illyrica extracts, whereas
genistein was identified only in the aqueous and 50% ethanolic
extracts of I. pumila (Table 1).

The results of the antibacterial assay (agar well diffusion
method) showed that all tested extracts of Iris spp. had antibac-
terial effects against the MRSA strain. The aqueous extract of
1. pumila had the greatest inhibitory effect against this multi-
drug-resistant strain (20.00+1.73), although the other values of
the effects of the extracts were also not negligible. The poten-
tial antimicrobial properties of the extracts were also evaluated
using MIC and MBC as parameters (Table 2). None of the
four antibiotics tested (colistin, ampicillin, streptomycin, and
amoxicillin), did not cause the growth inhibition, whereas most
extracts had MIC values between 10.31 and 20.63 mg/mL.

In Silico Molecular Docking Simulation

A molecular docking study revealed that the best binding affin-
ity (rmsd L.b. 0.000; rmsd u.b. 0.000) to the SauPBP2a site was
for isorhamnetin (-8.3), following the hesperidin (-8.1) as well
as the positive control of binding ceftobiprole (-8.1), followed
by quercetin (-7.9), fisetin (-7.8), genistein (-7.5), kaempferol
(-7.3) and methicillin (-5.3), all expressed in kcal/mol. It was
noted that all compounds had better scores than the negative
control of binding affinity methicillin.

After acquiring binding affinity results, we analysed inter-
molecular interactions of ligands with better or the same bind-
ing scores as the positive controls ceftobiprole (isorhamnetin
and hesperidin) and the target protein SauPBP2a. These data
revealed interactions between amino acid residues and selected
compounds in terms of the formation of good hydrogen bonds.
Isorhamentin formed five hydrogen bonds in total, including
three with the amino acid residue Ser403 (2.9 A: 22 A;20
A), one with Asn464 (3.2 A), and Ser462 (2.5 A). The bioac-
tive component hesperidin exhibited hydrogen bonding with
the amino acid residues: Serd494 (2.2 A), Asn500 (2.3 A),
and Gly282 (2.4 A). The positive control for binding affin-
ity, ceftobiprole, formed two hydrogen bonds with the amino
acid residues Ser598 (2.7 A) and Thr600 (2.0 A) (Figure 1).

DISCUSSION

Iris species are well known for their use in the pharmaceuti-
cal, cosmetic, and food industries, but they also have various
potential applications as antioxidant, anticancer, hepatoprotec-
tive, anti-inflammatory, and antimicrobial 21gents.13’23 Some
are widely used in traditional medicine for inflammation, bac-
terial, and viral infections, and in some cases as adjuvant ther-
apy for cancer treatment.>* These biological activities are the
result of numerous bioactive compounds present, such as xan-
thones, quinones, flavonoids and their derivates, terpenes, and
simple phenolics.>>?° In the present study, we examined the
potential antibacterial effect of crude extracts of Iris species
(I. pumila, I. reichenbachii, and I. illyrica) obtained using dif-
ferent solvents against the MRSA strain. Using HPLC, we
identified bioactive targeted compounds (isorhamnetin, hes-
peridin, quercetin, fisetin, genistein, and kaempferol). Isorham-
netin, quercetin, fisetin, and kaempferol belong to the class
of flavonoids named flavanols; hesperidin is in the flavanone
group of flavonoids, while genistein is an isoflavone. To our
knowledge, the results from our research represent the first re-
port on the phytochemical composition of three Iris species
crude extracts from the Bosnia and Herzegovina area, charac-
terised via HPLC technique. Other phytochemical studies of
Iris spp. have revealed the presence of different flavonoids in
their composition.?’
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Table 1. Compound contents of the examined extracts were determined using HPLC.

Compound content (mg/1 g DW)

Plant species The type of Fisetin Quercetin  Kaempferol Isorhamnetin Genistein ~ Hesperidin
extraction
aqueous 81.31115 48.4339 0 6.97005 0 10.35255
Iris 50 %
reichenbachi  ethapol 218.0028  18.08235  0.1995659 0.469365 0 46.45055
Heuff. 30 %
ethanol 292.65555 22.1808 0.87237 0.933755 0 76.9613
agueous 0 53.02175 10.16585 25.4444 0 15.16575
i i 0
Iris pumila L. 50 % 0 129293 0922625 2.075675 0.113647  58.0301
ethanol
80 %
ethanol 0 9.2454 0.894715 2.20035 0.132236  48.0050
aqueous 65.8556 15.81085 0 14.5912 0 0
Iris ilyirica 50 %
Tomm. ethanol 84.4289 7.905 0 2.651465 0 0
80 %
168.878735  14.96365 0 8.1085 0 0
ethanol

Table 2. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of tested extracts and control and diameter of inhibition zones*
(mm) obtained through the agar well diffusion method.

Staphylococcus aureus subsp. aureus ATCC 33591

(MRSA strain)

Plant species The type of MICe MBC- Diameter of inhibition
extraction (mg/mL) (mg/mL) zones (mm)
L. . aqueous 10.31 20.63 18.00+0.00
:j;su;fe.mhe”ba‘:h" 50 % ethanol 10.31 20.63 19.0041.00"%"
80 % ethanol 10.31 20.63 16.30+0.57 "Phi ™d
aqueous 10.31 20.63 20.00+1.73 ™ cef
Iris pumila L. 50 % ethanol 10.31 20.63 16.70+0.57 ¢
80 % ethanol 10.31 20.63 16.30+0.57 "bhi™d
aqueous 10.31 20.63 18.00£0.00
Iris illyrica Tomm. 50 % ethanol 10.31 20.63 19.00+1.00 "¢f
80 % ethanol 20.63 41.25 19.00+0.00 "¢
Amoxicillin,
initial
Control (mg/mL) concentration = NI NI N/A
0.512 mg/mL

«Same values obtained through duplicates
* Note: The data are given as mean + standard deviation (SD) of triplicate experiments. Results were subjected
to One-way ANOVA, and mean comparisons were performed using Tukey’s multiple comparison test.
Different superscripts in the column indicate significant differences (**P<0.01 and *P<0.05).

NI=No inhibition

1A

Isorhamentin i

Figure 1. Results of intermolecular bonding (H-bond yellow dots) between ligands (1 A-isorhamnetin; 1B-hesperidin; positive control 1C-ceftobiprole) and amino
acid residues of the SauPBP2a active site.
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Many in vitro or in vivo studies have pointed out that these
flavonoids have prominent antimicrobial effects?®?, whereas
some of those studies emphasised the antibacterial effect against
MRSA. For instance, some studies indicated the inhibitory ef-
fects of kaempferol and quercetin against MRSA3’, hesperidin
inhibited biofilm formation of MRSA3!, genistein was high-
lighted as a promising drug for MRSA-induced osteomyelitis.>>
These are just a few of the studies that are being conducted to
explore the potential of research-targeted bioactive compounds
against multiresistant MRSA. They are positively correlated
with our findings; potential antimicrobial effects of compounds
mentioned above were found in the Iris species examined in
this study.

A molecular docking analysis of binding affinity showed that
isorhamnetin had the highest affinity score, even higher than
the positive control ceftobiprole, whereas hesperidin had the
same binding affinity as ceftobiprole. The binding energies of
the analysed ligands were ranged from -5.3 to -8.3 kcal/mol.
Alhadrami et al. analysed the antimicrobial effect of certain
flavonoids against MRSA, i.e., the PBP2a receptor. Their re-
sults and data obtained through in silico analysis, followed
by in vitro studies on the bacterial MRSA strain, suggested
that, apart from the other compounds, quercetin, kaempferol,
and hesperidin had antimicrobial potential, whereas hesperidin
showed a synergistic effect.”’ In the present study, kaempferol
had higher binding affinity than negative control methicillin.
However, compared to the other ligands, it had the lowest score.
Ceftobiprole had a slightly better binding score than quercetin.
The study of Kalalo et al. showed that quercetin (-8,5 kcal/mol)
and kaempferol (-8,3 kcal/mol) had the potential to inhibit
MRSA.3? Both ligands, isorhamnetin, and hesperidin, inter-
acted within residues that are in the transpeptidase domain of
PBP2a protein (residues 327-668)3*, which suggests that these
compounds have the potential to bind to the PBP2a active site,
which could ultimately have an impact on cell wall synthesis.

According to the results of the agar well diffusion test, all ex-
tracts showed strong inhibitory activity against MRSA.3 The
highest antibacterial activity with an inhibition zone value of
20 mm was observed for the aqueous extract of I. pumila,
and the statistical analyses revealed that it was significantly
greater (P<0.01) than the inhibition zone values for 50% and
80% ethanol extracts of 1. pumila and 80% ethanol extract
of I reichenbachii. Additionally, positive effects against the
MRSA strain were recorded for the 50% ethanol extract of
L reichenbachii and 50% and 80% ethanol extracts of I. illyrica
(19 mm), with statistically significant differences (P<0.05)
when compared with the 50% and 80% ethanol extracts of
L. pumila. According to Gold et al., absolute ethanol has no
microbiocidal effect; therefore, its antimicrobial effect cannot
be attributed to the solvent but mostly to the components that
possess antimicrobial potential, as recorded in the literature.®
In the existing literature, there are no data on the effects of
these three species of the genus Iris on multiresistant MRSA,

but studies are available on other Iris species. A study by Hoang
et al. (2020) showed that Iris spp. of the Iridaceae family have
antimicrobial potential against S. aureus, whereby the methanol
extracts showed also the anti-biofilm formation effect.’’

CONCLUSION

Our study using in vitro and in silico methods showed that
Iris species from Bosnia and Herzegovina have the potential to
be a valuable source of antimicrobial compounds, particularly
against multiresistant bacterial strains such as MRSA. However,
further studies are needed to confirm the mechanism of action
and possible cytotoxic and genotoxic effects for initial use in
pharmacotherapy. This study can serve as a basis for exploring
the health-based properties of endemic plants from the Balkan
peninsula.
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