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Abstract: Bacterial cells have the ability to form biofilm onto the surfaces of food matrixes and
on food processing equipment, leading to a source of food contamination posing serious health
implications. Therefore, our study aimed to determine the effect of Eruca sativa Miller (E. sativa) crude
extract against biofilms of food-borne bacteria along with in silico approaches to investigate adhesion
proteins responsible for biofilm activity against the identified phytochemicals. The antibacterial
potential of crude extract was evaluated using agar well diffusion technique and combinations of light
and scanning electron microscopy to assess the efficacy of crude extract against the developed biofilms.
Our results showed that crude extract of E. sativa was active against all tested food-borne bacteria,
exhibiting a rapid kinetics of killing bacteria in a time-dependent manner. MIC and MBC values
of E. sativa crude extract were found to be ranging from 125 to 500 µg/mL and 250 to 1000 µg/mL
respectively. Furthermore, inhibition of developed biofilm by E sativa was found to be ranging from
58.68% to 73.45% for all the tested strains. The crude extract also reduced the viability of bacterial
cells within biofilms and amount of EPS (ranging 59.73–82.77%) in the biofilm matrix. Additionally,
the microscopic images also revealed significant disruption in the structure of biofilms. A molecular
docking analysis of E. sativa phytochemicals showed interaction with active site of adhesion proteins
Sortase A, EspA, OprD, and type IV b pilin of S. aureus, E. coli, P. aeruginosa, and S. enterica ser. typhi,
respectively. Thus, our findings represent the first demonstration of E. sativa crude extract’s bioactivity
and potency against food-borne bacteria in their planktonic forms, as well as against the developed
biofilms. Therefore, a possible mechanistic approach for inhibition of biofilm via targeting adhesion
proteins can be explored further to target biofilm producing food-borne bacterial pathogens.

Keywords: Eruca sativa Miller; food-borne pathogens; biofilms; edible plants; adhesion proteins;
extracellular polysaccharide; molecular docking; scanning electron microscopy; light microscopy
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1. Introduction

Eruca sativa Miller (E. sativa), commonly known as ‘Rocket plant’, belongs to the
Brassicaceae family and it is a popular vegetable salad in many countries. It is an important
aromatic herb commonly employed in foods and drugs. It is used in traditional medicine to
enhance fertility and sperm production, to enhance the digestive process and kidney activity,
and to fight against eye infection [1]. It has been reported to possess antimicrobial, anti-
genotoxic, anticancer, analgesic, antioxidant, anti-diabetic, anti-acne, anti-hyperlipidemic,
anti-hyperglycemic, anti-hyperuricaemic and anti-inflammatory properties [2–8]. Owing
to its antimicrobial potential, rocket plant could be used in the food manufacturing or
processing industries as a food preservative or as a nutraceutical to regulate monitor and
control the activity of food-borne pathogens.

Food spoilage by different food-borne pathogens remains a serious problem for the
food industry around the globe and poses a serious risk to human health [9]. The resistance
of food-borne pathogens to numerous unfavorable environmental conditions (salt, heat,
cold, acid) and the ability to develop biofilms on any kind of biotic and abiotic surfaces
are major aspects for food-borne pathogens to persist in food industry environments on a
variety of surfaces (ceramics, glass, stainless steel, plastic, polypropylene, rubber, and on
food products) [10]. The development of bacterial biofilms in the food industry environment
provides numerous benefits to bacteria, such as protection towards desiccation (physical
resistance), liquid streams in pipelines (mechanical resistance), disinfectants, antimicrobials,
and chemicals utilized in the industry (chemical resistance) [11,12].

Moreover, inside biofilms, bacterial cells are different from their planktonic counter-
parts in growth pattern and gene expression, which specifically regulate the development of
biofilms beneath diverse conditions [13–15]. Examples of bacteria which majorly cause food
contamination and food-borne diseases are Escherichia coli (E. coli), Staphylococcus aureus
(S. aureus), Pseudomonas aeruginosa (P. aeruginosa), Listeria monocytogenes (L. monocytogenes),
Salmonella enterica (S. enterica ser. typhi), Campylobacter jejuni (C. jejuni), Bacillus cereus (B.
cereus), etc. These food-borne pathogens are capable of forming biofilms on any type of
surfaces in food industry and can contaminate food products at any step during processing,
distribution, and storage [16]. Therefore, control of biofilms in food industry is a serious
issue, which requires the discovery of novel, natural biologically active compounds as an
alternative for currently used chemically synthesized antimicrobial agents.

In recent years, the use of antimicrobial agents derived from natural resources has been
widely accepted by consumers, as it is considered to be free from any chemical agents [17].
Furthermore, consumers continue to utilize aromatic herbs to give aroma and flavor to
food. Thus, numerous studies have been mainly focused on various types of extracts of
aromatic plants and their essential oils, which have been reported as having enormous
potential as food preservatives along with significant benefits for human health [18].

Even though the antibacterial properties of E. sativa have been reported against dif-
ferent pathogenic bacteria in their planktonic form, there are no reports on its antibiofilm
activity. Hence, the determination of antibiofilm potential of E. sativa crude extract is
absolutely an area to investigate. Therefore, this study was aimed to evaluate the effect of
E. sativa crude extract on the formation of biofilm of food-borne pathogens such as, E. coli,
P. aeruginosa, S. enterica ser. typhi, and S. aureus via different in vitro assays. Additionally,
an in silico approach was also carried out to understand the possible molecular mechanism
behind its antibiofilm potential.

2. Results
2.1. Phytochemical Screening

Phytochemical qualitative analysis of crude extract of E. sativa confirmed the occur-
rence of alkaloids, flavonoids, tannins, phenolics, terpenoids, glycosides, saponins, and
carbohydrates in E. sativa crude extract (Table 1). Identified phytocompounds with their
mass spectra details can be seen in the supplied Supplementary Figure S1 and the high-
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resolution–liquid chromatography mass spectroscopy (HR-LC/MS), which was used to
obtain a chromatogram of E sativa crude extract, is presented in Figure 1.

Table 1. Qualitative phytochemical screening of ethanol crude extract of E. sativa.

Phytochemicals Crude Extract

Alkaloids Positive
Tannins Positive

Flavonoids Positive
Phenolics Positive

Terpenoids Positive
Glycosides Positive
Saponins Positive

Carbohydrates Positive

Figure 1. A chromatogram of E. sativa crude extract obtained through HR-LC/MS analysis.
(A) Positive analysis, (B) negative analysis.

2.2. Antibacterial Activity of E. sativa

The antibacterial potential of E. sativa crude extract was determined by agar well
diffusion method against food-borne bacteria, namely S. aureus, P. aeruginosa, E. coli, and
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S. enterica ser. typhi. The crude extract was found to be susceptible against all the tested
strains. The maximum zone of inhibition was obtained against S. aureus (2.63 ± 0.32
cm), whereas the minimum zone of inhibition was obtained against S. enterica ser. ty-
phi (1.56 ± 0.15 cm) (Figure 2). Furthermore, the antagonistic ability of E. sativa crude
extract was assessed via the determination of MIC and MBC values against the food-borne
pathogens. MIC and MBC values of E. sativa crude extract was found to be ranging from
125 to 500 µg/mL and 250 to 1000 µg/mL respectively as presented in Table 2.

Figure 2. E. sativa plant and its antibacterial activity. (A) close up of plant; (B) antibacterial activity
against S. aureus, E. coli, P. aeruginosa, and S. enterica ser. typhi. All experiments were carried out in
triplicate, and data represent the mean ± SD.

Table 2. Antibacterial activity of E. sativa crude extract.

Bacterial Strain E. sativa Crude Extract (µg/mL) Chloramphenicol (µg/mL)
MIC MBC MIC MBC

S. aureus 125 250 7.812 15.625
E. coli 250 500 15.65 31.25

P. aeruginosa 250 500 62.5 125
S. enterica ser.

typhi 500 1000 125 250

2.3. Determination of Growth Pattern of Food-Borne Bacteria

To determine the inhibitory effect on the growth pattern of bacteria, a growth curve
analysis was performed in the presence of crude extract. Our results showed that crude ex-
tract had an efficient inhibition in the growth of all tested strains. Moreover, in comparison
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with control-selected bacterial strains, growth against the E. sativa extract was characterized
by an extended lag phase and a slow log phase (Figure 3).

Figure 3. Growth curve analysis of bacteria (with and without E. sativa extract). (A) Growth curve
pattern of S. aureus. (B) Growth curve pattern of E. coli. (C) Growth curve pattern of P. aeruginosa.
(D) Growth curve pattern of S. enterica ser. typhi.

2.4. Effect of E. sativa Crude Extract on Established Biofilms and on Their Adhesion Properties

The disruption of the developed biofilms and the ability of crude extract to inhibit
their adhesion ability were assessed at the MIC levels. We found that the disruption
and adhesion of biofilms were considerably efficient at MIC concentration. Furthermore,
inhibition of developed biofilms by crude extract of E. sativa was about 73.45% for S. aureus,
62.70% for P. aeruginosa, 68.17% for E. coli, and 58.68% for S. enterica ser. typhi. The crude
extract of E. sativa also reduced the biofilms adhesion with percentages of inhibition of
67.50% for S. aureus, 61.23% for E. coli, 55.86% for P. aeruginosa, and 47.59% for S. enterica ser.
typhi (Figure 4).
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Figure 4. Antibiofilm potential of E. sativa. (A) Effect of E. sativa crude extract on established biofilms
of S. aureus, E. coli, P. aeruginosa and S. enterica ser. typhi and (B) Effect of E. sativa crude extract on
adherence ability of S. aureus, E. coli, P. aeruginosa and S. enterica ser. typhi. All experiments were
carried out in triplicate, and data represent the mean ± SD.

2.5. Effect of E. sativa Crude Extract on Bacterial Cells Inside Biofilms

The 2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenyl-amino)carbonyl]-2H-tetrazolium
hydroxide (XTT) reduction assay and Lactate dehydrogenase(LDH) activity assay was
carried out to determine the bacterial cells viability inside the biofilms. The XTT assay
revealed that bacterial cells viability inside the biofilms declined efficiently with diverse
sensitivities upon the treatment of E. sativa crude extract (Figure 5A). Subsequently activities
of LDH enzyme in the bacterial supernatant were also investigated. The activity of LDH
enzyme was well detected upon the disruption of bacterial cell membrane. The LDH
enzyme activity showed that the activity of LDH enzyme in supernatant was increased
upon the treatment of E. sativa crude extract (Figure 5B). These results suggested that
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crude extract of E. sativa could efficiently inhibit the viability of biofilms of the tested
bacterial strains.

Figure 5. Results of XTT reduction assay and LDH activity assay. (A) Percentage of bacterial viability
within biofilms measured by the XTT assay at respective MICs. (B) Bacterial cell damage within the
biofilm based on LDH activity in the presence of E. sativa crude extract at their respective MICs. All
experiments were carried out in triplicate, and data represent the mean ± SD.

2.6. Microscopic Analysis of Disruption of Preformed Biofilm

Light Microscopy (LM) and Scanning Electron Microscopy (SEM) analysis of the
developed biofilm and effect of crude extract at its MIC values over glass cover slips were
recorded. In LM, a thick, knit-like mat of biofilms stained with crystal violet was observed
in control, whereas a reduction in thickness and minimum manifestation of micro-colonies
was observed in E. sativa crude extract treated biofilms (Figure 6). The ultrastructure of
biofilms developed by different food-borne pathogens presented with or without E. sativa
crude extract was analyzed under SEM. In SEM, typical multilayer biofilms growth was
observed in control samples, whereas a significant reduction in biofilm formation along
with the disruption of the bacteria’s original structure was observed in the treated samples.
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Additionally, SEM analysis also showed the bacterial cell wall with distorted and irregular
shapes when the sample was treated with E. sativa crude extract (Figure 7).

Figure 6. Micrographs of the disrupted matured biofilms of tested strains formed on glass sur-
faces by the E. sativa crude extract at their respective MICs by LM; (A,C,E,G) Growth control;
(B,D,F,H) E. sativa crude extract treatment.
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Figure 7. SEM micrographs of the disrupted matured biofilms of tested strains formed on
glass surfaces by the E. sativa crude extract at their respective MICs; (A,C,E,G) Growth control;
(B,D,F,H) E. sativa crude extract treatment.

2.7. Effect on Exopolysaccharide (EPS) Production

EPS is the main component of biofilm, which offers an ideal environment for chemical
reactions, entrapment of nutrients, and defense against adverse environmental conditions.
Our results showed that total production of EPS at MIC values of E. sativa crude extract
was significantly reduced in all the tested bacteria. Furthermore, in comparison with
control, EPS production was inhibited by 82.77% for S. aureus, 76.19% for E. coli, 70.42% for
P. aeruginosa, and 59.73% for S. enterica ser. typhi (Figure 8).
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Figure 8. Result of total EPS production inhibition (%) by different bacterial strains in the presence of
E. sativa crude extract at their respective MICs. All experiments were carried out in triplicate, and
data represent the mean ± SD.

2.8. Molecular Docking Analysis

AutoDock Vina, one of the most renowned tools for molecular docking, was applied to
foretell the binding affinity between the phytochemical constituents identified and adhesion
proteins of food-borne pathogens. Molecular docking analysis results showed that lower
binding energy of the phytochemical constituents against the targeted proteins has the
highest binding affinity towards the adhesion proteins. Binding energy of the top-rated
pose of ligand-receptor complex are presented in Table 3 and Supplementary Table S2. The
active sites covered by compounds in different ways can be observed in Figures 9 and 10.
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Table 3. Identified phytochemical constituents from crude extract of E. sativa via HR-LCMS and their
ligand-receptor binding affinities.

Compound
Number Name 1T2P 1X0U 3SY7 3FHU

1 (+/-)-3-[(2-methyl-3-furyl)thio]-2-butanone −4.3 −5.1 −4.9 −4.3

2 (10Z,14E,16E)-10,14,16-Octadecatrien-12-ynoic acid −4.9 −5.8 −6.1 −5.5

3 (6beta,8betaOH)-6,8-Dihydroxy-7(11)-eremophilen-
12,8-olide −7.2 −7.6 −7.7 −6.4

4 (S)-2-(Hydroxymethyl)glutarate −4.6 −5.3 −4.7 −4.3

5 (±)-Rollipyrrole −6.2 −6.3 −7.3 −5.5

6 1,4-Dimethoxyglucobrassicin −6.6 −8.0 −7.4 −6.8

7 1-Methoxy-1H-indole-3-carboxaldehyde −5.2 −6.4 −5.8 −5.1

8 16-Hydroxy hexadecanoic acid −4.6 −4.8 −5.2 −3.6

9 2-Deoxy-scyllo-inosose −5.1 −5.5 −5.2 −4.8

10 3,4’,5,6,8-Pentamethoxyflavone −7.0 −8.1 −7.0 −6.2

11 4-(3-Hydroxy-7-phenyl-6-heptenyl)-1,2-benzenediol −7.7 −8.2 −7.1 −5.1

12 4-Amino-2-methyl-1-naphthol −6.5 −7.2 −6.2 −5.6

13 9Z-Octadecenedioic acid −5.7 −5.7 −5.9 −4.6

14 Afzelechin −7.5 −8.5 −7.4 −6.3

15 Artomunoxanthentrione epoxide −8.3 −10.3 −9.1 −7.4

16 Corchorifatty acid F −6.0 −5.8 −6.4 −5.2

17 Evoxine −6.0 −7.8 −6.7 −5.6

18 Fraxidin −6.5 −6.8 −6.4 −5.8

19 Glucoraphanin −5.9 −6.5 −6.8 −5.9

20 Indoleacrylic acid −6.2 −7.1 −6.3 −6.3

21 Lactucin −6.9 −8.0 −7.5 −6.9

22 Linifolin A −7.7 −8.0 −7.2 −6.2

23 Methyl N-methylanthranilate −5.3 −5.9 −5.2 −4.9

24 N-(6-Oxo-6H-dibenzo[b,d]pyran-3-yl)maleamic acid −7.4 −9.1 −8.6 −6.9

25 N-trans-Feruloyl-4-O-methyldopamine −7.4 −7.9 −7.1 −6.6

26 N6-cis-p-Coumaroylserotonin −7.8 −8.5 −7.7 −6.8

27 Nopaline −5.5 −6.6 −6.0 −5.2

28 Oleamide −5.1 −5.2 −5.4 −4.0

29 Palmitic amide −4.6 −4.9 −4.9 −4.0

30 Petasitenine −7.4 −9.0 −8.4 −7.1

31 Pheophorbide a −8.1 −9.1 −8.5 −8.8

32 Pubesenolide −6.0 −7.6 −7.7 −6.1

33 Pyrafoline D −8.8 −9.4 −8.7 −7.7

34 Pyropheophorbide a −9.4 −10.0 −8.7 −8.0

35 Rutin −8.5 −9.8 −9.8 −6.8

36 Sciadopitysin −9.0 −10.8 −9.1 −8.4

37 Serinyl-Hydroxyprolinen −5.7 −7.0 −5.9 −5.5

38 Terminaline −7.4 −8.0 −7.9 −6.7

39 Thalidasine −8.1 −9.1 −8.8 −7.0

40 Trilobolide −7.2 −8.4 −7.7 −6.6
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Figure 9. Interactions of phytochemicals which have higher binding affinity with 1T2P adhesion
protein of S. aureus and 1X0U adhesion protein of E. coli. (A) Visualization of docking analysis of
pyropheophorbide a with 1T2P. (B) Visualization of docking analysis of sciadopitysin with 1X0U.
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Figure 10. Interactions of phytochemicals which have higher binding affinity with 3SY7 adhesin
proteins of P. aeruginosa and 3FHU adhesin proteins of S. enterica ser. typhi. (A) Visualization
of docking analysis of rutin with 3SY7. (B) Visualization of docking analysis of pheophorbide a
with 3FHU.

3. Discussion

For the last few years, biofilm has been a serious problem for food industry, as it
creates technological and severe hygienic concerns via cross contaminations. In food
industry, biofilm of different food-borne pathogens can develop on different food prod-
ucts as well as on any type of contact surfaces or any food processing equipment [19].
Such development of biofilm increases the chance of food-borne pathogens to spoil food,
cause contamination, and to survive in adverse environmental conditions such as low
temperatures, low pH, salinity, disinfection, and etc., which are frequent conditions in food
processing [20]. Furthermore, development of resistant bacterial cells inside the biofilm
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against the antimicrobial agents occurs due to the presence of extracellular polymeric
substances [21].

Hence, traditional sanitizers such as hydrogen peroxide, chlorine, peracetic acid, and
quaternary ammonium chloride are used to control the activity of pathogens in the food
industries. These antimicrobials are supposed to have an inadequate efficacy against the
biofilms [22]. Therefore, the development of resistance incentivizes that the utilization of
exceedingly higher concentrations of chemical antimicrobial agents which can be toxic
or carcinogenic [23]. Hence, there is an urgent need for novel antimicrobials, which can
efficiently control the biofilm growth of different food-borne pathogens in food industry.

In recent years, antimicrobial agents derived from different natural resources gained
higher interest. Amongst medicinal plants are the most important as they possess di-
verse type of phytochemicals, which can significantly target different sites or pathways
of the bacterial pathogens hence stop or inhibiting the growth of pathogens [12,24–29].
Numerous biologically active molecules from plants proffer a repository of antimicrobial
compounds and have drawn substantial research interest. Despite the fact that nature of
these compounds is identified as potent antimicrobial agents, the knowledge about the
mechanisms of their mode of action is not fully available, nor are the precise individual
molecules identified [30]. Although reports on the antimicrobial activities of medicinal
plants phytochemicals exist, detailed systematic studies on their antibiofilm potential are
scarce. Therefore, the present study, the first of its kind, aimed to evaluate the antibacterial
and antibiofilm potential of one of the medicinally important plant E. sativa against different
food-borne pathogens.

The crude extract of E. sativa was found to be effective against all the selected Gram-
positive and Gram-negative food pathogenic bacteria. Furthermore, our results showed that
the present study is supported well by the previous findings, which reported the antibac-
terial potential of E. sativa [1,2,8,31] by using the agar cup diffusion method. Kauba et al.
(2015) reported similar results with E. sativa ethanol extract against tested pathogens such
as S. typhimurium (IZ = 16.7 mm), B. subtilis (IZ = 16.6 mm), E. coli (IZ = 16.0 mm), and
B. thuringensis (IZ = 15.6 mm) [32]. Additionally, Khoobchandani et al. (2010) reported
the antimicrobial activity of crude extract of different parts of E. sativa against two Gram-
positive and three Gram-negative bacteria [33]. Among them, the highest activity was
reported by seed oil against Gram-positive bacteria compared with Gram-negative bacteria.
Additionally, Qaddoumi and El-banna (2019) reported the antagonistic activity of aqueous
extract of E. sativa towards E. coli (IZ = 19.0 mm) and S. aureus (IZ = 12.0 mm) [8]. In the
same study, antimicrobial activity of crude extract of ethyl acetate had no antimicrobial
activity towards the tested pathogens. In another study, Rizwana et al. (2016) reported the
antimicrobial activity of ethanol, methanol, and chloroform extract of E. sativa against differ-
ent Gram-positive and Gram-negative bacteria [34]. Among them, higher inhibition activity
was found with ethyl acetate and chloroform extract against S. aureus (IZ = 25.66 mm,
23.16 mm), respectively followed by methanol and ethanol (IZ = 16 mm, 14.33 mm).

A very well-known curve analysis, i.e., time-kill curve analysis has been more often
used to estimate the antimicrobial cumulative effects by monitoring the growth as well as
death by measuring the antimicrobial concentrations [35]. The antibacterial drug exerts a
time-dependent bactericidal effect when its concentration exceeds the MIC for the respective
bacteria, while the concentration-dependent antimicrobial activity is found while the
concentration of antibiotics is high at the binding site, leading to death of the bacteria [36].
According to our time-kill kinetics analyses, the crude extract of E. sativa presented rapid
time-dependent bacterial killing kinetics. All the tested food-borne pathogens had an
extended lag phase and a slow log phase when exposed to crude extract of E. sativa. The
lag phase of the bacterial growth is a response at the adaptation period by first division
of the bacterial cell, which might repair macromolecular damage caused by the ambient
from which the cell came and synthesize the cellular components required for growth.
The synthesis of macromolecules would therefore be a possible target by crude extract
of E. sativa. The E. sativa crude extract was found to be effective in disrupting biofilms
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and decreasing the adhesion for different tested food-borne pathogens at their respective
MICs value. This was additionally validated via LM and SEM. The universal crystal violet
assay in LM revealed that crude extract of E. sativa was capable of removing biofilms of the
selected food-borne pathogens. Furthermore, SEM analysis was evident in the reduction
of multilayer biofilms growth as well as planktonic cells by affecting the integrity of cell
wall. One more important thing observed during SEM analysis is that in the presence of
E. sativa crude extract, bacterial strains were not able to keep their usual morphological
structure due to the disruption of the cell wall, which causes disruption in the appearance
of bacterial cell clusters. Subsequently, the formation of biofilm starts with the initial
attachment (adhesion) of the bacterial cell to the surface and then with the help of EPS, a
typical shape of biofilm forms [10]. Moreover, quorum sensing (QS) is one more process
that is considered as an important one for the formation of biofilms in which bacterial cells
can communicate to one another via mode of different signaling molecular pathways, and
it has been widely studied for the control of biofilms [37]. However, earlier reports suggest
that inhibition of biofilm activity of plants phytochemical constituents via targeting QS
mechanism depends on the density and needs the suitable population of bacterial cells [24].
More importantly, results of our study showed that the formation of biofilm by food-borne
pathogens could be stopped at the initial step by preventing the adhesion, which might be
useful in developing a novel therapeutic approach.

Few studies have documented phytochemicals’ role in preventing biofilms by inhibit-
ing adhesion through different mechanisms. Six bacterial strains have been reported to
be inhibited from establishing biofilms when extracts of plants interacted with additional
forces like Brownian, Lifshitz-Van der Waals, sedimentation, and electrostatic interactions,
which promote bacterial attachment to surfaces [38]. In addition, to prevent the biofilm
attachment, plant extracts can also hinder the availability of inorganic as well as organic
nutrients, which are considered to be crucial for bacterial adhesion as well as bacterial
growth [39]. According to earlier reports, crude extract of Psidium guajava, both in ethanol
and in acetone, blocked Streptococcus mutans from adhering to surfaces [40]. Similarly, the
anti-adhesion potential of crude extract of several medicinal plants such as E. brasiliensis,
E. myrcianthes, E. leitonii and E. involucrate has been also reported against C. albicans [32].

In conjunction with our findings on the outcome of E. sativa crude extract on biofilm
matrix composition, these findings suggested that crude extract of E. sativa also inhibits EPS
synthesis. Overall, our data suggested that crude extract of E. sativa limits the growth of
biofilm. The EPS matrix is considered as the most distinguishing attributes of a biofilm that
make a gel like three-dimensional structure in which bacteria are mostly immobilized [41].
The E. sativa crude extract was also found to influence the bacterial cells’ viability within mi-
crobial biofilms. The XTT reduction assay confirmed that biofilm of tested food pathogens
was reduced after the treatment of E. sativa crude extract. Aside from this, crude extract of
E. sativa could also affect the cell composition of bacteria within the biofilm. Thoroughly,
in vitro analysis of the current study exhibited that crude extract of E. sativa controls the
development of biofilms of food-borne pathogens.

Furthermore, a molecular docking analysis of identified phytochemical constituents
from the crude extract of E. sativa was performed to find out a possible mode of action
associated with the recorded antibiofilm activity of crude extract in detail. This process was
analyzed to the binding affinity of phytochemical constituents to target adhesion proteins.
The adhesion of bacterial cell to a food matrix surface is the first and most important step
in the process of biofilm development of food-borne pathogens. The well-known adhesion
proteins from each tested food-borne bacteria such as Sortase A (S. aureus), EspA (E. coli),
OprD (P. aeruginosa) and type IV b pilin (S. enterica ser. typhi) were used. Subsequently,
inhibition of these adhesion proteins led to the inhibition process of biofilm development
and finally their virulence factors.

A number of the identified compounds from the crude extract of E. sativa via HR-
LCMS were reported in our previously conducted study (Unpublished data) to retain broad
ranges of antimicrobial properties [42–44]. Most of the identified compounds in this study
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via HR-LC/MS are in accordance with the previously reported chromatographic analysis
of E sativa crude extract [45–51]. They might also contribute to the inhibition of bacterial
growth and antibiofilm activity in the present studies. Hence, in light of the results obtained
in the in vitro study, it was considered worthwhile to perform molecular docking studies
that correlate both in vitro and in silico results. In the drug discovery process, docking
studies can be used at various stages, for example, to predict a ligand-receptor interaction
or to rank compounds by their binding energies [52]. Furthermore, among the identified
phytoconstituents, pyropheophorbide-a had highest binding affinity (−9.4) with 1T2P and
exhibited the suitable binding approach at the active site of Sortase A (Lys136, Asp125,
Phe62, Asp126, Asp64, Ile63, and Arg65), Sciadopitysin had highest binding affinity (−10.8)
with 1XOU and exhibited a suitable binding approach at the active site of EspA (Arg512,
Lys516, Thr398, Glu396, Tyr392, Val158, Lys515, Tyr513, and Arg512). Rutin had the highest
binding affinity (−9.8) with 3SY7 and exhibited a suitable binding mode at the active
site of OprD (Tyr97, Phe133, Leu132, Arg39, Tyr26, Gly293, Arg410, Asp295, and Arg131).
Pyropheophorbide-a again, the highest binding affinity (−8.8) with 3FHU and exhibited an
appropriate binding approach at the active site of type IV b pilin (Ala63, Thr40, Trp66, Gln72,
Val74, and Lys95). Appropriate intermolecular hydrogen bonding interactions between all
the detected phytoconstituents present in E sativa extract and the active site of Sortase A,
EspA, OprD, and 3FHU proteins were observed [53,54]. The residue Glu89, Glu17, Asp126,
Asn38, Asp126, Asp64, Asp125, Lys146, and Asp125 from Sortase A of S. aureus, Lys515,
Glu396, Tyr513, Lys516, Pro282, Pro334, Gly136, and Ala175 from EspA of E. coli, Leu132,
Asn218, Gln119, Arg39, Gly293, Arg410, and Asp295 from OprD of P. aeruginosa, and Ala63,
Gln72, Thr149, Gly84, Asp78, Thr92, and Asn94 from type IV b pilin of S. enterica ser. typhi
formed strong interactions with the antibiofilm agents with standard hydrogen binding
patterns. Thus, interaction of these key residues with antibiofilm agents might interfere
with the crucial step of biofilm formation, namely adhesion.

4. Materials and Methods
4.1. Sample Collection, Identification and Extraction Process

In this study, plants of E. sativa were grown and collected after maturity. The voucher
specimen (BVBRC146) was deposited in the herbarium of Bapalal Vaidya Botanical Research
Centre, Veer Narmad South Gujarat University, Surat, Gujarat, India. The collected plant
material was washed and dried in an oven. The dried whole plants were ground into a
fine powder with the help of an electric grinder and transfer into an airtight container for
further storage. Later, preparation of crude extract using E. sativa plants, powder (25 g) was
achieved in 85% ethanol in overnight conditions with vigorous shaking at 120 rpm at 37 ◦C.
Subsequently, overnight soaked powders were filtered using Whatman no. 1 filter paper
and the ethanolic phase collected, and sample extract were concentrated using a rotary
evaporator. Concentrated residues were dissolved in 10% DMSO (dimethyl sulfoxide) and
volume adjusted to 1 mg/mL of plant extract. The crude extract was properly mixed via
sonication and sterilized using a syringe filter of 0.25 µm filter pore size before use.

4.2. Qualitative Phytochemical Analysis

The qualitative phytochemical study of prepared E. sativa extract was carried out by
means of standard methods as reported by Arunachalam et al. (2015) [55]. The results were
represented qualitatively as positive (+) or negative (−).

4.3. Antibacterial Assay
4.3.1. Bacterial Strains

The antibacterial activity of E. sativa crude extract was carried out against some of
the food-borne pathogens such as, E. coli (MTCC 9537), S. enterica ser. typhi (MTCC
8767), P. aeruginosa (MTCC 741), and S. aureus (MTCC 96). All the selected strains of
pathogenic bacteria were acquired from the Microbial Type Culture Collection (MTCC),
India and maintained on Muller-Hinton Agar (MHA). Fresh bacterial inoculum was grown
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by inoculating a single pure colony of respective bacterial strain and the turbidity of
the bacterial cell culture were made with 0.5 Mc Farland standards (108 colony forming
units/mL) by adjusting by means of saline solution.

4.3.2. Agar Well Diffusion Method

The antibacterial activities of E. sativa ethanolic extract were determined by using the
agar well-diffusion technique on MHA. The active cultures of each bacterial strain (100 µL)
were evenly spread onto the MHA plates and wells were created at the center of the plates
with the help of a sterile gel puncture. 60 µL of E. sativa crude extract (1 mg/mL) was
inoculated into each well and incubated at 37 ◦C for 24 h. The ethanolic extract having
antimicrobial activity showed the inhibition of microbial growth and the zone of inhibition
was measured. The standard antibiotic solution of chloramphenicol (1 mg/mL) was used
as a positive control; however, DMSO (10%) was used as a negative control [56,57].

4.3.3. Estimation of Minimum Inhibitory Concentration (MIC) Values

The MIC value of E. sativa crude extract was estimated by using 96-well microtiter
plates as per the microdilution method mentioned by Clinical and Laboratory Standards
Institute (CLSI, 2014) [58]. The active culture of each bacterial strain was grown freshly from
overnight grown culture in MHB plates and the suspended active bacterial cell turbidity
were maintained or adjusted at 0.5 Mc Farland standards (108 CFU/mL). The crude extract
of E. sativa was two-fold diluted ranging from 1000 to 0.48 µg/mL (final volume 80 µL)
using DMSO at a concentration <1%. Then, active culture of each bacterial strain (80 µL)
was transferred to respective microplate’s wells and incubation was performed at 37 ◦C for
24 h. Later, absorbance of wells was measured using spectrophotometer at 620 nm. The
antibiotic standard used was chloramphenicol as a positive control, and MHB was used as
a sterility control. Consequently, the lowest concentrations (MIC) of E. sativa crude extract
were measured by evaluating the bacterial growth inhibition [15].

4.3.4. Estimation of Minimum Bactericidal Concentration (MBC)

The assessment of MBC values was performed followed by the MIC estimation. 10 µL
samples were pipetted from the 96-well plates, where there was no apparent growth of
bacterial cells and furthermore pipetted samples were spread onto MHA plates. The plates
were incubated at 37 ◦C for 24 h. The value of MBC was measured, at which there was a
minimum growth/colony of bacteria [15].

4.3.5. Effect of E. sativa Crude Extract on Growth Kinetics of Bacteria

The effect of crude extract on growth kinetics of the bacteria was investigated in the
presence and absence of crude extract in the growth medium. The active fresh cultures
of the selected bacterial strain (500 µL) were inoculated into 150 mL of nutrient broth
containing 1 mL of crude extract (1 mg/mL). A flask without the sample was kept as the
control. The absorbance was read at 600 nm at the interval of each 1 h time to check the
effect of crude extract on the growth kinetics of bacteria.

4.4. Antibiofilm Assays
4.4.1. Effect of E. sativa Crude Extract on Established Biofilms

The effect of E. sativa crude extract on the developed biofilms was estimated using
Lemos et al.’s (2018) method with certain modifications [59]. To develop biofilms, active
culture of each bacterial strain (107 cells/mL) was inoculated in 96-well microtiter plates
consisting of MHB and 1% glucose. The plates were incubated at 37 ◦C for 24 h. At the end
of incubation, planktonic cells were removed and the wells were gently washed 3 times
with normal saline solution. The crude extract of E. sativa (200 µL) (MIC) was added to
respective wells and bacterial cell were incubated at 37 ◦C for 24 h. The absorbance was
read at 492 nm at 0 h and after 24 h. The medium (MHB) with each bacterial strain was
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used as biofilm growth control. The percentage inhibition in the biofilm was calculated via
the following formula:

[(OD (control) − OD (test)/OD (control)] × 100

4.4.2. Effect of E. sativa Crude Extract on the Adherence of Biofilms

Adherence of biofilms and effect of E. sativa crude extract on these biofilms were
evaluated by using the method described by Plyuta et al. (2013) [60]. MIC levels of crude
extract along with fresh active bacterial strains (100 µL) (108 CFU/mL) were incubated in 96-
well microtiter plates at 37 ◦C for 24 h. After the incubation, planktonic cells were discarded
and all the selected wells gently washed with phosphate buffered saline (PBS) (200 µL).
Subsequently, developed biofilms along with adherent cells were stained with 0.1% crystal
violet (200 µL) and additional incubation was performed at 37 ◦C for 30 min. Thereafter,
excessive stain was gently washed off with the help of PBS solution and microtiter plates
were fixed with 95% ethanol, followed by further incubation for 15 min at 37 ◦C. The
absorbance of the treated sample was read at 590 nm using a spectrophotometer. The
percentage inhibition was calculated via the following formula:

[(OD (control) − OD (test)/OD (control)] × 100

4.5. Microscopic Analysis
4.5.1. Determination of Antibiofilm Activity Using Light Microscopy

The antibiofilm effect of E. sativa crude extract against food-borne pathogens was
evaluated using light microscopic analysis as per the method described by Musthafa et al.
(2010) [61]. In brief, the fresh and active culture of selected bacterial strains was inoculated
with freshly prepared 5 mL of MHB media containing 1% glucose. After the inoculation,
1 ml of the inoculated broth having a concentration of 108 CFU/mL was transferred to
6-well microtiter plates consisting of a 1 × 1 cm size of cover slips. Thereafter, 500 µL of
crude extract of E. sativa (final concentration = MIC) was added. Later, the entire plate
was incubated at 37 ◦C for 24 h under static conditions. After incubation, glass cover slips
were removed, gently washed with PBS, and stained with 0.1% crystal violet. Thereafter,
excessive stain was washed with the help of deionized water and allowed to dry for 5 min.
The stained cover slips were observed under a light microscope (Axioscope A1, ZEISS,
Oberkochen, Germany).

4.5.2. Determination of Antibiofilm Activity via Scanning Electron Microscopy

The biofilms of each bacterial strain were developed on 1 × 1 cm size of cover slips
with all treatments as described above and all the slides were visualized under SEM. The
developed biofilms were fixed on glass cover slips using 2.5% of glutaraldehyde at 37 ◦C
for 30 min. Afterwards, cover slips were rinsed and washed with PBS solution 3 times
and dehydrated from a graded series of 30%, 50%, 70%, 90%, and 100% of ethanol for
15 min in each. At the end, ethanol was replaced with isoamyl acetate and the samples
were freeze-dried. Coverslips were kept on the aluminum holder, covered with gold via
E-1010 ion sputter (Hitachi®, Tokyo, Japan), and observed under SEM (S-34002N SEM,
Hitachi®, Tokyo, Japan).

4.5.3. Determination of Biofilm Metabolic Activity

The viability of bacterial cells within the biofilms was determined via the colorimetric
XTT reduction test (2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenyl-amino)carbonyl]-
2H-tetrazolium hydroxide) via the previously reported procedures [62,63]. The active
culture of each bacterial strain was inoculated into MHB (200 µL) at an initial turbidity
of 0.1 at 600 nm, and grown in the presence and absence of crude extract of E. sativa for
24 h at 37 ◦C. At the end of incubation, plates were washed with sterile distilled water
thrice to take out the planktonic cells. Then, 100 µL of PBS and freshly prepared solution of
XTT-menadione were added to each well and incubated for 5 h at 37 ◦C in the dark. After
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incubation, 100 µL of colored supernatant from each well was transferred in a new 96-well
microtiter plate. The absorbance was taken at 480 nm using a microplate reader and the
percentage of surviving bacterial population was measured as follows:

[(OD (crude extract treated sample) − OD (negative control)/OD of untreated control)] × 100 (1)

4.5.4. Determination of Cell Damage within Biofilms

The lactate dehydrogenase (LDH) assay was carried out to determine the bacterial cell
damage inside the biofilms. The active culture of each bacterial strain (100 µL) with MHB
(100 µL) was added into 96-well microtiter plates and the plates were incubated for 24 h
at 37 ◦C. At the end of incubation, planktonic cells were removed by washing with PBS
thrice. The crude extract of E. sativa (MIC) (100 µL) was then added and further incubated
for 24 h at 37 ◦C. Then, supernatant was collected and utilized for the determination of
LDH activity by LDH assay kit (Sigma-Aldrich®, Bangalore, India). The absorbance was
read at 480 nm using a microplate reader. As a negative control, MHB and bacterial culture
was used.

4.5.5. Determination of Extracellular Polysaccharide (EPS) Production

The effect of E. sativa crude extract on the production of EPS matrix of all the bacterial
strain biofilm was determined via the method described by Borucki et al. (2003) [64].
The crude extract of E. sativa (MIC) and active culture of each bacterial strain (100 µL)
(108 CFU/mL) was incubated for 24 h at 37 ◦C. At the end of incubation, planktonic cells
were removed and the wells were gently washed with PBS (200 µL). The developed biofilms
via adherent cells were then stained with 0.01% ruthenium red (Sigma-Aldrich®, Bangalore,
India) (200 µL). The solution of ruthenium red (200 µL) was added into the wells without
biofilms and used as blank. Then, the reaction was followed via further incubation of
1 h at 37 ◦C. After, the reaction mixture was transferred into a new microtiter plate and
the absorbance was taken at 450 nm. The amount of dye associated with the biofilm was
calculated via taking the absorbance for the blanks, controls and treated wells.

4.6. Molecular Docking Analysis of Phytochemicals of E. sativa with Adhesion Proteins of
Food-Borne Pathogens

Molecular docking of the identified phytochemical components of the E. sativa via
HR-LCMS analysis was carried out against the adhesion proteins of tested food-borne
bacterial strains. The crystal structures of the adhesion proteins such as, Sortase A of
S. aureus (PDB: 1T2P), EspA of E. coli (PDB: 1XOU), OprD of P. aeruginosa (PDB: 3SY7), and
type IV b pilin of S. enterica ser. typhi (PDB: 3FHU) were downloaded from the Protein Data
Bank (RCSBPDB) [53,65–68]. The three-dimensional molecular structure of all 40 identified
compounds was downloaded by using PubChem database and all the molecular structures
were converted into PDB format via Open Babel Software [69]. All these compounds were
then individually docked against the receptors using AutoDock Vina. By removing the
co-crystallized ligand, selected water molecules, and co-factors from the protein to be
prepared, the associated residues with the protein were left in the file being prepared by
using auto preparation of target protein via MGL Tools 1.5.7. The graphical user interface
software was applied to set the grid box for docking simulations. The grid size was set to
126 × 126 × 126 xyz points for 3SY7, the grid size was set to 126 × 114 × 118 xyz points
for 1T2P, 130 × 130 × 130 for 1X0U, and 60 × 70 × 60 xyz points for 3FHU with grid point
spacing of 0.375 Å. The grid center for 1T2P was designated at dimensions (x, y, and z)
−30.329, −19.713, −0.455; for 3SY7 at dimensions (x, y, and z): 24.439, −13.409, 13.726; for
1X0U at dimensions (x, y, and z): 19.293, −4.237, and 86.963; for 3FHU at dimensions (x, y,
and z): 55.812, 32.879, 11.895. The grid box was cantered so as to completely enclose the
binding sites of both receptors and provide enough room for ligand translation and rotation.
As many as nine conformers could be considered for each ligand during the docking
process. For analysis of the interactions between ligands and receptors by Discovery Studio
visualizer, the conformations with the least free-binding energy were selected.
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5. Conclusions

Overall, the current study revealed that crude extract of E. sativa comprises of a wide
range of phytochemicals that possess a significant antibacterial and antibiofilm potential
against Gram-positive and Gram-negative food-borne pathogens. Such potency of E. sativa
crude extract could be due to its ability to target various physiological components, includ-
ing the macromolecules production as well as membrane destabilization. E. sativa crude
extract was also found to inhibit bacteria’s ability to form biofilms by hampering adhesion
and EPS production. Furthermore, in silico docking analysis was very much useful in
identifying novel compounds against pathogenic food-borne bacterial biofilms, which pose
a serious risk to the food industry and ultimately to human health.

Supplementary Materials: The following supporting information can be downloaded at:
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antibiofilm phytochemical constituents.

Author Contributions: Conceptualization, A.M.A., C.D. and S.A.A.; methodology, M.P., E.A.-S. and
A.O.E.; validation, A.J.S. and M.A.; formal analysis, D.M., K.M. and S.A.A.; investigation, A.J.S.,
S.A.A. and A.M.A.; data curation, E.A.-S., S.A.A. and D.M.; writing—original draft preparation,
M.P., S.A.A. and M.A.; writing—review and editing, S.A.A., K.M., A.J.S. and M.A.; visualization,
M.P., E.A.-S., A.O.E., and Z.R.A.A.A.; supervision, C.D., M.A., S.A.A., E.A.-S. and A.M.A.; project
administration, C.D., S.A.A. and M.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research has been funded by Scientific Research Deanship at University of Ha’il- Saudi
Arabia through project number RG-20151.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in
this article.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Marwat, S.; Rehman, F.; Khan, A. Phytochemistry and Pharmacological Values of Rocket (Eruca sativa Miller)—A Review. Int. J.

Hortic. 2016, 6, 1–11. [CrossRef]
2. Sastry, E.V.D. Taramira (Eruca sativa) and its improvement A review. Agric. Rev. 2003, 24, 235–249.
3. Bukhsh, E.; Malik, S.A.; Ahmad, S.S. Estimation of nutritional value and trace elements content of Carthamus oxyacantha, Eruca

sativa and Plantago ovata. Pak. J. Bot. 2007, 39, 1181.
4. Yehuda, H.; Khatib, S.; Sussan, I.; Musa, R.; Vaya, J.; Tamir, S. Potential skin antiinflammatory effects of 4-methylthiobutylisothiocyanate

(MTBI) isolated from rocket (Eruca sativa) seeds. BioFactors 2009, 35, 295–305. [CrossRef]
5. Melchini, A.; Costa, C.; Traka, M.; Miceli, N.; Mithen, R.; De Pasquale, R.; Trovato, A. Erucin, a new promising cancer

chemopreventive agent from rocket salads, shows anti-proliferative activity on human lung carcinoma A549 cells. Food Chem.
Toxicol. 2009, 47, 1430–1436. [CrossRef]

6. Saad, B.; Said, O. Greco-Arab and Islamic Herbal Medicine: Traditional System, Ethics, Safety, Efficacy, and Regulatory Issues; John Wiley
& Sons: Hoboken, NJ, USA, 2011; p. 552.

7. Teixeira, A.F.; de Souza, J.; Dophine, D.D.; de Souza Filho, J.D.; Saúde-Guimarães, D.A. Chemical Analysis of Eruca sativa
Ethanolic Extract and Its Effects on Hyperuricaemia. Molecules 2022, 27, 1506. [CrossRef]

8. Qaddoumi, S.; El-Banna, N. Antimicrobial Activity of Arugula (Eruca Sativa) Leaves on Some Pathogenic Bacteria. Int. J. Biol.
2019, 11, 10–15. [CrossRef]

9. Quinlan, J.J. Foodborne Illness Incidence Rates and Food Safety Risks for Populations of Low Socioeconomic Status and Minority
Race/Ethnicity: A Review of the Literature. Int. J. Environ. Res. Public Health 2013, 10, 3634–3652. [CrossRef]

10. Hall-Stoodley, L.; Costerton, J.W.; Stoodley, P. Bacterial biofilms: From the Natural environment to infectious diseases. Nat. Rev.
Genet. 2004, 2, 95–108. [CrossRef]

https://www.mdpi.com/article/10.3390/plants11050610/s1
http://doi.org/10.5376/ijh.2016.06.0016
http://doi.org/10.1002/biof.32
http://doi.org/10.1016/j.fct.2009.03.024
http://doi.org/10.3390/molecules27051506
http://doi.org/10.5539/ijb.v11n3p10
http://doi.org/10.3390/ijerph10083634
http://doi.org/10.1038/nrmicro821


Plants 2022, 11, 610 21 of 23

11. Flemming, H.-C.; Wingender, H.-C.F.J.; Szewzyk, U.; Steinberg, P.; Rice, S.A.; Kjelleberg, S. Biofilms: An emergent form of
bacterial life. Nat. Rev. Genet. 2016, 14, 563–575. [CrossRef]

12. Adnan, M.; Alshammari, E.; Patel, M.; Ashraf, S.A.; Khan, S.; Hadi, S. Significance and potential of marine microbial natural
bioactive compounds against biofilms/biofouling: Necessity for green chemistry. PeerJ 2018, 6, e5049. [CrossRef] [PubMed]

13. Adnan, M.; Siddiqui, A.J.; Hamadou, W.S.; Ashraf, S.A.; Hassan, I.; Snoussi, M.; Badraoui, R.; Jamal, A.; Bardakci, F.; Awadelka-
reem, A.M.; et al. Functional and Structural Characterization of Pediococcus pentosaceus-Derived Biosurfactant and Its Biomedical
Potential against Bacterial Adhesion, Quorum Sensing, and Biofilm Formation. Antibiotics 2021, 10, 1371. [CrossRef]

14. Patel, M.; Ashraf, M.S.; Siddiqui, A.J.; Ashraf, S.A.; Sachidanandan, M.; Snoussi, M.; Adnan, M.; Hadi, S. Profiling and Role of
Bioactive Molecules from Puntius sophore (Freshwater/Brackish Fish) Skin Mucus with Its Potent Antibacterial, Antiadhesion,
and Antibiofilm Activities. Biomolecules 2020, 10, 920. [CrossRef] [PubMed]

15. Adnan, M.; Patel, M.; Deshpande, S.; Alreshidi, M.; Siddiqui, A.J.; Reddy, M.N.; Emira, N.; De Feo, V. Effect of Adiantum philip-
pense Extract on Biofilm Formation, Adhesion with Its Antibacterial Activities against Foodborne Pathogens, and Characterization
of Bioactive Metabolites: An in vitro-in silico Approach. Front. Microbiol. 2020, 11, 823. [CrossRef] [PubMed]

16. Colagiorgi, A.; Bruini, I.; Di Ciccio, P.A.; Zanardi, E.; Ghidini, S.; Ianieri, A. Listeria monocytogenes Biofilms in the Wonderland of
Food Industry. Pathogens 2017, 6, 41. [CrossRef] [PubMed]

17. De Silveira, S.M.; Luciano, F.B.; Fronza, N.; Cunha, A., Jr.; Scheuermann, G.N.; Werneck Vieira, C.R. Chemical composition and
antibacterial activity of Laurus nobilis essential oil towards foodborne pathogens and its application in fresh Tuscan sausage stored
at 7 ◦C. LWT-Food Sci. Technol. 2014, 59, 86–93. [CrossRef]

18. Molina, R.D.I.; Campos-Silva, R.; Díaz, M.A.; Macedo, A.J.; Blázquez, M.A.; Alberto, M.R.; Arena, M.E. Laurel extracts inhibit
Quorum sensing, virulence factors and biofilm of foodborne pathogens. LWT 2020, 134, 109899. [CrossRef]

19. Srey, S.; Jahid, I.K.; Ha, S.-D. Biofilm formation in food industries: A food safety concern. Food Control 2013, 31, 572–585. [CrossRef]
20. Jessen, B.; Lammert, L. Biofilm and disinfection in meat processing plants. Int. Biodeterior. Biodegrad. 2003, 51, 265–269. [CrossRef]
21. Al-Shabib, N.A.; Husain, F.M.; Ahmad, I.; Khan, M.S.; Khan, R.A.; Khan, J.M. Rutin inhibits mono and multi-species biofilm

formation by foodborne drug resistant Escherichia coli and Staphylococcus aureus. Food Control 2017, 79, 325–332. [CrossRef]
22. Charlebois, A.; Jacques, M.; Boulianne, M.; Archambault, M. Tolerance of Clostridium perfringens biofilms to disinfectants

commonly used in the food industry. Food Microbiol. 2017, 62, 32–38. [CrossRef] [PubMed]
23. Richardson, S.D.; Plewa, M.J.; Wagner, E.D.; Schoeny, R.; DeMarini, D. Occurrence, genotoxicity, and carcinogenicity of regulated

and emerging disinfection by-products in drinking water: A review and roadmap for research. Mutat. Res. Mutat. Res. 2007, 636,
178–242. [CrossRef] [PubMed]

24. Nazzaro, F.; Fratianni, F.; Coppola, R. Quorum Sensing and Phytochemicals. Int. J. Mol. Sci. 2013, 14, 12607–12619. [CrossRef]
[PubMed]

25. Alreshidi, M.; Noumi, E.; Bouslama, L.; Ceylan, O.; Veettil, V.N.; Adnan, M.; Danciu, C.; Elkahoui, S.; Badraoui, R.;
Al-Motair, K.A.; et al. Phytochemical Screening, Antibacterial, Antifungal, Antiviral, Cytotoxic, and Anti-Quorum-Sensing
Properties of Teucrium polium L. Aerial Parts Methanolic Extract. Plants 2020, 9, 1418. [CrossRef]

26. Reddy, M.N.; Adnan, M.; Alreshidi, M.M.; Saeed, M.; Patel, M. Evaluation of Anticancer, Antibacterial and Antioxidant Properties
of a Medicinally Treasured Fern Tectaria coadunata with its Phytoconstituents Analysis by HR-LCMS. Anti-Cancer Agents Med.
Chem. 2020, 20, 1845–1856. [CrossRef]

27. Mseddi, K.; Alimi, F.; Noumi, E.; Veettil, V.N.; Deshpande, S.; Adnan, M.; Hamdi, A.; Elkahoui, S.; Alghamdi, A.; Kadri, A.; et al.
Thymus musilii Velen. as a promising source of potent bioactive compounds with its pharmacological properties: In vitro and in
silico analysis. Arab. J. Chem. 2020, 13, 6782–6801. [CrossRef]

28. Surti, M.; Patel, M.; Adnan, M.; Moin, A.; Ashraf, S.A.; Siddiqui, A.J.; Snoussi, M.; Deshpande, S.; Reddy, M.N. Ilimaquinone
(marine sponge metabolite) as a novel inhibitor of SARS-CoV-2 key target proteins in comparison with suggested COVID-19
drugs: Designing, docking and molecular dynamics simulation study. RSC Adv. 2020, 10, 37707–37720. [CrossRef]

29. Adnan, M.; Siddiqui, A.J.; Hamadou, W.S.; Patel, M.; Ashraf, S.A.; Jamal, A.; Awadelkareem, A.M.; Sachidanandan, M.;
Snoussi, M.; De Feo, V. Phytochemistry, Bioactivities, Pharmacokinetics and Toxicity Prediction of Selaginella repanda with Its
Anticancer Potential against Human Lung, Breast and Colorectal Carcinoma Cell Lines. Molecules 2021, 26, 768. [CrossRef]

30. Gopu, V.; Meena, C.K.; Murali, A.; Shetty, P.H. Petunidin as a competitive inhibitor of acylated homoserine lactones in Klebsiella
pneumoniae. RSC Adv. 2016, 6, 2592–2601. [CrossRef]

31. Koubaa, M.; Driss, D.; Bouaziz, F.; Ghorbel, R.E.; Chaabouni, S.E. Antioxidant and antimicrobial activities of solvent extract
obtained from rocket (Eruca sativa L.) flowers. Free Radic. Antioxid. 2015, 5, 29–34. [CrossRef]

32. De Cássia Orlandi Sardi, J.; Freires, I.A.; Lazarini, J.G.; Infante, J.; de Alencar, S.M.; Rosalen, P.L. Unexplored endemic fruit species
from Brazil: Antibiofilm properties, insights into mode of action, and systemic toxicity of four Eugenia spp. Microb. Pathog. 2017,
105, 280–287. [CrossRef] [PubMed]

33. Khoobchandani, M.; Ojeswi, B.; Ganesh, N.; Srivastava, M.; Gabbanini, S.; Matera, R.; Iori, R.; Valgimigli, L. Antimicrobial
properties and analytical profile of traditional Eruca sativa seed oil: Comparison with various aerial and root plant extracts. Food
Chem. 2010, 120, 217–224. [CrossRef]

34. Rizwana, H.; Alwahibi, M.; Khan, F.; Soliman, D. Chemical composition and antimicrobial activity of Eruca sativa seeds against
pathogenic bacteria and fungi. J. Anim. Plant Sci. 2016, 26, 1859–1871.

http://doi.org/10.1038/nrmicro.2016.94
http://doi.org/10.7717/peerj.5049
http://www.ncbi.nlm.nih.gov/pubmed/29967730
http://doi.org/10.3390/antibiotics10111371
http://doi.org/10.3390/biom10060920
http://www.ncbi.nlm.nih.gov/pubmed/32560562
http://doi.org/10.3389/fmicb.2020.00823
http://www.ncbi.nlm.nih.gov/pubmed/32477292
http://doi.org/10.3390/pathogens6030041
http://www.ncbi.nlm.nih.gov/pubmed/28869552
http://doi.org/10.1016/j.lwt.2014.05.032
http://doi.org/10.1016/j.lwt.2020.109899
http://doi.org/10.1016/j.foodcont.2012.12.001
http://doi.org/10.1016/S0964-8305(03)00046-5
http://doi.org/10.1016/j.foodcont.2017.03.004
http://doi.org/10.1016/j.fm.2016.09.009
http://www.ncbi.nlm.nih.gov/pubmed/27889162
http://doi.org/10.1016/j.mrrev.2007.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17980649
http://doi.org/10.3390/ijms140612607
http://www.ncbi.nlm.nih.gov/pubmed/23774835
http://doi.org/10.3390/plants9111418
http://doi.org/10.2174/1871520620666200318101938
http://doi.org/10.1016/j.arabjc.2020.06.032
http://doi.org/10.1039/D0RA06379G
http://doi.org/10.3390/molecules26030768
http://doi.org/10.1039/C5RA20677D
http://doi.org/10.5530/fra.2015.1.5
http://doi.org/10.1016/j.micpath.2017.02.044
http://www.ncbi.nlm.nih.gov/pubmed/28259673
http://doi.org/10.1016/j.foodchem.2009.10.011


Plants 2022, 11, 610 22 of 23

35. Foerster, S.; Unemo, M.; Hathaway, L.J.; Low, N.; Althaus, C.L. Time-kill curve analysis and pharmacodynamic modelling for
in vitro evaluation of antimicrobials against Neisseria gonorrhoeae. BMC Microbiol. 2016, 16, 1–11. [CrossRef] [PubMed]

36. Anantharaman, A.; Rizvi, M.S.; Sahal, D. Synergy with rifampin and kanamycin enhances potency, kill kinetics, and selectivity of
de novo-designed antimicrobial peptides. Antimicrob. Agents Chemother. 2010, 54, 1693–1699. [CrossRef]

37. Rutherford, S.T.; Bassler, B.L. Bacterial Quorum Sensing: Its Role in Virulence and Possibilities for Its Control. Cold Spring Harb.
Perspect. Med. 2012, 2, a012427. [CrossRef]

38. Roy, R.; Tiwari, M.; Donelli, G.; Tiwari, V. Strategies for combating bacterial biofilms: A focus on anti-biofilm agents and their
mechanisms of action. Virulence 2018, 9, 522–554. [CrossRef]

39. Sandasi, M.; Leonard, C.; Viljoen, A. The in vitro antibiofilm activity of selected culinary herbs and medicinal plants against
Listeria monocytogenes. Lett. Appl. Microbiol. 2010, 50, 30–35. [CrossRef]

40. Razak, F.A.; Rahim, Z.H.A. The anti-adherence effect of Piper betle and Psidium guajava extracts on the adhesion of early settlers
in dental plaque to saliva-coated glass surfaces. J. Oral Sci. 2003, 45, 201–206. [CrossRef]

41. Namasivayam, S.K.R.; Roy, E.A. Anti biofilm effect of medicinal plant extracts against clinical isolate of biofilm of Escherichia coli.
Int. J. Pharm. Pharm. Sci. 2013, 5, 486–489.

42. Miyazawa, M.; Maehara, T.; Kurose, K. Composition of the essential oil from the leaves of Eruca sativa. Flavour Fragr. J. 2002, 17,
187–190. [CrossRef]

43. Gulfraz, M.; Sadiq, A.; Tariq, H.B.; Imran, M.; Qureshi, R.; Zeenat, A. Phytochemical analysis and antibacterial activity of Eruca
sativa seed. Pak. J. Bot. 2011, 43, 1351–1359.

44. Hussein, Z.F. Study the Effect of Eruca Sativa Leaves Extract on Male Fertility in Albino Mice. Al-Nahrain J. Sci. 2013, 16, 143–146.
[CrossRef]
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