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Abstract

Understanding how environmental variables influence biofilm formation becomes relevant

for managing Vibrio biofilm-related infections in shrimp production. Therefore, we evaluated

the impact of temperature, time, and initial inoculum in the biofilm development of these two

Vibrio species using a multifactorial experimental design. Planktonic growth inhibition and

inhibition/eradication of Vibrio biofilms, more exactly V. parahaemolyticus (VP87 and

VP275) and V. cholerae (VC112) isolated from shrimp farms were evaluated by Eucalyptus

and Guava aqueous leaf extracts and compared to tetracycline and ceftriaxone. Preliminary

results showed that the best growth conditions of biofilm development for V. parahaemolyti-

cus were 24 h and 24˚C (p <0.001), while V. cholerae biofilms were 72 h and 30˚C (p

<0.001). Multivariate linear regression ANOVA was applied using colony-forming unit (CFU)

counting assays as a reference, and R-squared values were applied as goodness-of-fit

measurements for biofilm analysis. Then, both plant extracts were analyzed with HPLC

using double online detection by diode array detector (DAD) and mass spectrometry (MS)

for the evaluation of their chemical composition, where the main identified compounds for

Eucalyptus extract were cypellogin A, cypellogin B, and cypellocarpin C, while guavinoside

A, B, and C compounds were the main compounds for Guava extract. For planktonic growth
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inhibition, Eucalyptus extract showed its maximum effect at 200 μg/mL with an inhibition of

75% (p < 0.0001) against all Vibrio strains, while Guava extract exhibited its maximum inhi-

bition at 1600 μg/mL with an inhibition of 70% (p < 0.0001). Both biofilm inhibition and eradi-

cation assays were performed by the two conditions (24 h at 24˚C and 72 h at 30˚C) on

Vibrio strains according to desirability analysis. Regarding 24 h at 24˚C, differences were

observed in the CFU counting between antibiotics and plant extracts, where both plant

extracts demonstrated a higher reduction of viable cells when compared with both antibiot-

ics at 8x, 16x, and 32x MIC values (Eucalyptus extract: 1600, 3200, and 6400 μg/mL; while

Guava extract: 12800, 25600, and 52000 μg/mL). Concerning 72 h at 30˚C, results showed

a less notorious biomass inhibition by Guava leaf extract and tetracycline. However, Euca-

lyptus extract significantly reduced the total number of viable cells within Vibrio biofilms from

2x to 32x MIC values (400–6400 μg/mL) when compared to the same MIC values of ceftriax-

one (5–80 μg/mL), which was not able to reduce viable cells. Eucalyptus extract demon-

strated similar results at both growth conditions, showing an average inhibition of

approximately 80% at 400 μg/mL concentration for all Vibrio isolates (p < 0.0001). More-

over, eradication biofilm assays demonstrated significant eradication against all Vibrio

strains at both growth conditions, but biofilm eradication values were substantially lower.

Both extract plants demonstrated a higher reduction of viable cells when compared with

both antibiotics at 8x, 16x, and 32x MIC values at both growth sets, where Eucalyptus

extract at 800 μg/mL reduced 70% of biomass and 90% of viable cells for all Vibrio strains (p

< 0.0001). Overall results suggested a viable alternative against vibriosis in the shrimp

industry in Ecuador.

1 Introduction

The aquaculture industry according to the Food and Agricultural Organization (FAO) is one

of the industries with the highest production growth with 9.4% per year [1]. However, it has

been affected by aquatic diseases mainly produced by various species of Vibrio [2], which gen-

erates economic losses for all crustacean-producing countries. According to the Global Out-

look for Aquaculture Leadership (GOAL) of 2019, Ecuador is the country with the largest

production and export of shrimp in the world, and, in the last decade, it has had a rapid growth

of approximately 16% [3]. Additionally, it represents 19% of the country’s exports, generating

5 billion dollars in 2021. The shrimp industry is located in the coastal zone of the country, dis-

tributed mainly in 5 provinces, with Guayas being the province with the highest production

(60%), followed by El Oro, Esmeraldas, Manabı́, and Santa Elena [4]. However, one of the

main drawbacks of the shrimp aquaculture industry is Vibrio-related infections [5]. Probiotics

are usually chosen as the best alternatives to these antimicrobial agents, and they act as natural

immune enhancers, which provoke disease resistance in shrimp aquaculture [6, 7]. However,

green chemistry constitutes nowadays a pathway for a sustainable economy and future to the

efficient and clean transformation of renewable raw materials into functional chemicals [8].

Eucalyptus and Guava leaves constitute raw and cheap materials with well-known antimicro-

bial activity [9, 10], which are not commonly used in the aquaculture industry, thus constitut-

ing a source of antimicrobial agents for a new potential sustainable economy for the

Ecuadorian market.

Vibrio spp. is a curved rod gram-negative bacterium, facultative aerobic and facultative

anaerobic rods, which has a single flagellum [11]. It is generally found in warm salty aquatic
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environments such as seawater and estuaries. This genus is also found in different conditions,

survives at 5–45˚C, and achieves substantial growth when seawater temperatures are over 14–

19˚C [12, 13]. It is an opportunistic pathogenic bacterium for marine animals as well as for

people [14]. In aquaculture, this pathogen can be a big issue causing a deadly disease for

shrimp and an opportunistic gastrointestinal infection in humans [15]. In nature, Vibrio spe-

cies can usually be found in multispecies communities that form biofilms, which gives them

greater resilience and adaptability [16]. Biofilms are microbial consortia that are enveloped

and protected by an extracellular polymeric substance (EPS) matrix, being the most common

bacterial community found in nature. Biofilms are formed due to quorum sensing (QS), which

is a communication system used by bacteria that produces changes in gene expression driven

by a message (c-di-GMP) [17]. This causes a phenotypic shift with the reduction of the motor

activity of the flagella and regulates the expression of surface proteins for the union and syn-

thesis of the extracellular matrix [18]. Although all Vibrio species are ubiquitous in aquatic eco-

systems and can establish strong biofilms, Vibrio species can also differ in the mechanisms and

regulation of their biofilm formation [19]. For example, V. cholerae biofilms are positively con-

trolled by VpsR and VpsT regulators via the transcriptional control of vps genes, where VpsR

is greater than VpsT. Meanwhile, V. parahaemolyticus biofilms are positively regulated via

expression of cps genes, which are negatively regulated by a homolog of VpsT known as CpsS.

In the absence of CpsS and CpsR (VpsR homolog), the positive cps gene expression leads to

the V. parahaemolyticus biofilm formation. Thus, V. cholerae and V. parahaemolyticus use

similar proteins, but they function in the opposite sense and to different degrees: CpsS is the

dominant negative regulator in V. parahaemolyticus whereas VpsT is a positive co-regulator in

V. cholerae [13, 19].

The main diseases that affect shrimp are the early mortality shrimp-acute hepatopancreatic

necrosis disease (EMS–AHPND), which affects shrimp postlarvae within 20–30 days after

stocking and frequently causes up to 100% mortality [20, 21], and vibriosis which mortality

can range between 70–100% but damages the shrimp´s oral cavity and appendages [5, 22].

Therefore, several Vibrio species can significantly reduce shrimp production where V. para-
haemolyticus, V. harveyi, V. alginolyticus, and V. vulnificus are commonly isolated in these

shrimp farms [23]. In addition, certain Vibrio species can emerge as a serious threat to human

health, such as V. parahaemolyticus, V. cholerae, and V. alginolyticus [24]. In Ecuador, the

prevalence of V. parahaemolyticus and V. cholerae in shrimps at retail, farms, and estuaries is

alarming and represents an eminent and serious public health risk [25, 26].

In marine biotic or abiotic surfaces under appropriate growth conditions, Vibrio sp. bio-

films can function as a source of pathogenic bacteria with 10–1000 times more resistance

against hygiene treatment than planktonic counterparts. In a study reported by Odeyemi

(2016), the authors evaluated the prevalence of V. parahaemolyticus based on 48 published

studies and reported a 48.3% of its presence in shrimp, especially in uneven seafood surface

areas where pits and edges protected biofilm communities. According to international stan-

dards, there are certain antibiotics such as chloramphenicol, tetracyclines, sulphonamides, and

quinolones, which cannot be used due to the presence of antibiotic residues in the shrimp that

could be ingested by the consumers and therefore they are not allowed in the shrimp produc-

tion [11, 27]. Some alternative strategies to control Vibrio species and their biofilm formation

is using probiotics and natural products in mature ecosystems [2, 6]. In 2018, Yatip et al. dis-

covered that extract from the fermented soybean product Natto (generally regarded as safe,

GRAS) can inhibit Vibrio biofilm formation significantly reducing shrimp mortality with V.

harveyi infection [28]. Likewise, Karnjana et al. reported that the ethanolic extract of the red

seaweed Gracilaria fisheri enhanced immune activities and inhibited the growth of V. harveyi
in shrimp suggesting a potential application of this G. fisheri extract as an efficient approach
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for treating biofilm-associated Vibrio diseases in aquacultures [29]. Furthermore, Kamble et al.

explored sulfated galactans degraded fractions of the G. fisheri evidencing a stronger antibacte-

rial activity against V. parahaemolyticus and V. harveyi through the disruption of the bacterial

cell membrane resulting in leakage of intracellular biological components and thus cell death

[30]. In addition to preventing the growth and spread of Vibrio species due to competition,

certain probiotic bacteria are also able to perform quorum quenching, which is the QS inhibi-

tion thus inhibiting biofilm formation [7]. However, when biofilms have already been estab-

lished, these strategies don´t work well. Therefore, it is important to analyze the biofilm life

cycle of the main pathogenic Vibrio species identifying the best growth conditions to further

evaluate suitable treatments against Vibrio-related biofilms.

So, the present work aimed to evaluate the biofilm formation of V. parahaemolyticus and V.

cholerae and characterize their biofilm production through different in vitro conditions. This

study characterized Vibrio sp. biofilms at different temperature conditions (24 and 30˚C), dur-

ing a range of time (24, 48, and 72 h), and at different concentrations of initial inoculum (1E

+7 and 1E+8 colony-forming units (CFU)/mL); biomass growth assays (optical density mea-

surement at 630 nm using crystal violet staining and PBS suspension); CFU counting assay;

and, fluorescence microscopy (FM) analysis. After the establishment of the best experimental

conditions for Vibrio-related biofilms, Guava (Psidium guajava L.) and Eucalyptus (Eucalyptus
globulus Labill.) aqueous leaf extracts were further evaluated as eco-alternative treatments for

V. parahaemolyticus and V. cholerae biofilms through biofilm inhibition and eradication

assays and compared to standard antibiotic treatments, more exactly tetracycline and

ceftriaxone.

2 Materials and methods

2.1 Bacterial isolates and growth conditions

V. parahaemolyticus and V. cholerae strains from the microbial collection of the Institute of

Microbiology at Universidad San Francisco de Quito USFQ (IM-USFQ), designated as

IMUSFQ-VP87, tetracycline-resistant IMUSFQ-VP275, and IMUSFQ-VC112, respectively,

were selected for the present study. These Vibrio isolates were previously recovered by Clydent

S.A. laboratory (https://clydent.com/) from diseased shrimp samples of shrimp farms located

in El Oro, Santa Elena, and Guayas provinces, and then identified through DNA sequences at

multiple loci and biochemical properties at the Clydent S.A. laboratory and IM-USFQ. These

isolates were stored at -80˚C or -20˚C, and 24 h before each assay, a new culture in trypticase

soy agar (TSA; Dipco Cı́a. Ltda., Quito, Ecuador) supplemented with NaCl 1% (w/v; see Sup-

plemental Material) was made to avoid natural mutants [31, 32]. After 24 h of growth culture

at 30˚C, bacterial cells were harvested and suspended in phosphate-buffered saline (PBS) to

obtain a cellular density equal to 1E+8 CFU per mL using 0.5 McFarland turbidity standard

and then a second dilution 1:10 was prepared to obtain another concentration of 1E+7 CFU/

mL gathering two initial inoculum concentrations for biofilm assays. The optical density of

both Vibrio inoculums was measured at 630 nm using a UV-Vis spectrometer (GENESYS™ 20

Thermo Scientific™, Waltham, Massachusetts, USA), ensuring the identical concentration in

all assays (see Supplemental Material).

2.2 Plant extract and chemical analysis

Fresh guava (Psidium guajava) leaf samples were obtained from the Sangolquı́ market, prov-

ince of Pichincha, Ecuador. Eucalyptus (Eucalyptus globulus) leaf samples were collected at

Alangası́, province of Pichincha, Ecuador. All samples were identified by Nelson Miranda,

curator at the Herbario de Botánica Económica del Ecuador of the Universidad San Francisco
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de Quito USFQ. The raw materials were washed and dried in an oven at 40˚C for 24 h. The

dry leaves were then ground and sieved to a particle size of less than 250 microns. Soxhlet

extractions at 80˚C were carried out with 10 grams of dry biomass and 300 mL of distilled

water for 3 h. Percent yield values of both plant extracts were calculated using the following

formula:

Yield %ð Þ ¼
Dried extract weight ðgÞ
Biomass weight ðgÞ

� 100:

For every plant extract, triplicate leaf samples were used for extraction and yield values of

the extracts were expressed as mean percentage ± standard deviation (SD) (n = 3).

The dry extracts were dissolved in 1 mL of methanol/water (80:20, v/v), filtered through a

0.22 μm disposable LC filter disk (RephiLe Bioscience Ltd), and analyzed with HPLC using

double online detection by diode array detector (DAD) and mass spectrometry (MS) following

a previously described methodology [33]. The system consisted of a Vanquish (Thermo Fisher

Scientific) fitted with a binary pump and DAD coupled with an LTQ-XL (Thermo Fisher Sci-

entific) controlled by Xcalibur Software (Thermo Scientific™, Waltham, Massachusetts, USA).

An Accucore Vanquish C18 column (1.5 μm, 100 × 2.1 mm) thermostated at 35˚C was used as

the stationary phase, while the mobile phase consisted of a solution of 0.1% formic acid (A)

and acetonitrile (B). The elution gradient established was: 2% B, 0–4 min; 4% B, 4–22 min;

40% B, 22–32 min; 70% B, 32–35 min; 98% B, 35–40 min, and rebalanced the column to the

initial conditions of the solvent. The flow rate was 0.2 mL/min, and the injection volume was

50 μL (see the descriptive chromatograms in S1 Fig). Double line detection was carried out in

DAD at 280, 330, and 370 nm and MS operated in positive ion mode. The dependent data

analysis (DDA) was done on the 5 most intense ions with a normalized collision energy of 35.

Spectra between m/z 100 and m/z 1500 were recorded. The Electrospray Ionization (ESI) con-

ditions were as follows: capillary temperature of 275˚C, source voltage and capillary voltage of

5Kv and -35 V, respectively, and tubelens –200. The peak tentative identification was exclu-

sively done using MzCloud (https://www.mzcloud.org/) and Global Natural Products Social

molecular networking (GNPS, http://gnps.ucsd.edu) databases as well as the scientific

literature.

2.3 Ethics statement

Voucher specimens of Guava (Psidium guajava) and Eucalyptus (Eucalyptus globulus) leaf

samples used in this study are deposited at Herbario de Botánica Económica del Ecuador of

the USFQ under the codes #35004 and #35005, respectively. The present study was conducted

under the authorization for collection of biological specimens (MAATE-ARSFC-2024-0328)

issued by the Ministry of Environment, Water and Ecological Transition of Ecuador MAATE.

2.4 Biofilm assays

The two previous inoculums were evaluated in the present assays of Vibrio-related biofilm for-

mation. Each inoculum of V. cholerae or V. parahaemolyticus was centrifuged at 10000 rpm,

for 20 min and the pellet was resuspended in sterile trypticase soy broth (TSB; Dipco Cı́a.

Ltda., Quito, Ecuador) supplemented with NaCl 1% (w/v). In each well of the 6-well plate con-

taining a sterile coverslip, 3 mL of primary biofilm inoculum was added. Also, blank or sterility

control was prepared on the same plate, which only contained a cover slip in a sterile medium

[31]. Plates containing different inoculums and Vibrio species were also incubated at two dif-

ferent temperatures (24 and 30˚C) and for different periods (24, 48, and 72 h) under static con-

ditions, replacing the medium in each well with 3 mL of fresh medium every 24 h after the
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biofilm samples were washed with 3 mL of PBS [34]. Each condition setting (Vibrio species,

initial inoculum, temperature, and growth culture period) was performed with at least six

assays, and, in each assay, five biofilm samples were separately prepared. All biofilm assays

were performed on different days.

2.5 Biomass quantification

To screen the ability of each strain of V. cholerae and V. parahaemolyticus to form a biofilm,

we evaluated biomass formation using an optical density (OD) assay with crystal violet (CV)

staining and phosphate-buffered saline (PBS) suspension, as prepared in our previous study

[31]. Briefly, each optical density assay is described below.

2.5.1 Crystal violet staining. After a certain period of growth (24, 48, and 72 h), we used

the CV method to quantify the biomass of biofilm samples as described by Peeters and col-

leagues [35] with slight modifications. Briefly, the biofilm samples on coverslips were carefully

washed four times by submerging each coverslip in a well with 3 mL of sterile PBS. Then, the

coverslips containing the biofilm sample were transferred to a clean 6-well plate and stained

with 3 mL of crystal violet 1% (v/v) for 30 min, and the excess staining was carefully removed

from the wells. 3 mL of alcohol 96% (v/v) were placed into each well for 5 min for fixation and

then each coverslip containing the fixed biofilm sample was transferred into a sterile plastic

flask with 3 mL of alcohol 96% (v/v), and vortexed at maximum velocity for 15 min to ensure

the biofilm removal of the coverslip into the alcohol solution. Finally, 200 μL of each biofilm

sample was placed in a 96-well plate and read in the ELISA Elx808 spectrophotometer (BioTek,

Winooski, USA) at 630 nm. All biofilm samples and sterility controls (coverslips in medium

with no inoculum) were included in the OD measurements on the 96-well plate. All OD mea-

surements by CV staining were adjusted by subtracting the absorbance measurements of steril-

ity controls from the absorbance measurements of biofilm samples.

2.5.2 Phosphate-buffered saline suspension. Likewise, the second set of biofilm samples

was carefully washed four times with 3 mL of sterile PBS. Then each coverslip containing the

biofilm sample was transferred in a sterile plastic flask with 3 mL of sterile PBS, and vortexed

at maximum velocity for 15 min to ensure the biofilm removal of the coverslip into the PBS

solution. For each sample, 200 μL of the previous suspension were added to a 96-well plate and

read in the ELISA Elx808 spectrophotometer at 630 nm. As previously mentioned, all biofilm

samples and sterility controls (coverslips in medium with no inoculum) were measured. All

OD measurements by PBS suspension were adjusted by subtracting the absorbance measure-

ments of sterility controls from the absorbance measurements of biofilm samples. The remain-

ing PBS suspension was used for viability quantification assays.

2.6 Viability quantification

2.6.1 Colony-forming units counting assays. To enumerate culturable sessile cells, CFU

counting assays were used. At least three individual PBS suspensions of each biofilm sample

(resuspended Vibrio sp. biofilm of the initial coverslip) were used in a serial tenfold dilution,

by adding 100 μL of sample to 900 μL of sterile PBS supplemented with NaCl 1% (w/v). Each

dilution was thoroughly vortexed and pipette tips were changed before the next dilution or

experimental step. The tested dilutions included (1E-5 –1E-7) and each dilution was plated on

TSA supplemented with NaCl 1% (w/v) by triplicate results per biofilm sample. All plates were

incubated for 24 h at 30˚C, after which colonies were counted. The experiments were per-

formed at the same time as biomass experiments; thus, three CFU assays per dilution were

available for analysis, and data was collected. For statistical analysis, the dilution with a growth

between 25 and 150 CFU was chosen according to our previous study [31].
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2.6.2 LIVE/DEAD assays. After the evaluation of CFU counting and biomass quantifica-

tion assays, all time samples (24, 48, and 72 h) were chosen to be analyzed by fluorescence

staining. After each biofilm formation assay in 6-well plates, any remaining medium in the

wells was removed and coverslips were transferred to a new and sterile 6-well plate. A working

solution of fluorescent stains was prepared by adding 1.0 mL of SYTO1 9 stain and 10 μL of

propidium iodide (PI) stain (FilmTracer™ LIVE/DEAD1 Biofilm Viability Kit, Invitrogen,

Carlsbad, California, USA), mixed in the proportion 1:100 of PI/SYTO-9, into 10 mL of filter-

sterilized water in a foil-covered container. This live/dead working solution was stored at

-20˚C. 200 μL of the live/dead working solution were added onto each coverslip (biofilm sam-

ple), gently so it would not disturb the biofilm. All samples were then incubated for 15–30 min

at room temperature, protected from light, before being rinsed with 200 μL of PBS. Finally,

after the water evaporation of the coverslips, each coverslip was then placed face up onto a

clean, dry microscope slide and a drop of mounting medium was added (ProLong Gold Anti-

fade, ThermoFisher Scientific, Massachusetts, USA). An autoclavable 22-mm diameter glass

coverslip (Dipco Cı́a. Ltda., Quito, Ecuador) was used to fix the sample in place. Samples were

stored protected from light at room temperature (25 ˚C) until epifluorescence microscopy

analysis, which was performed within the first 3 h [31, 36, 37].

2.6.3 Fluorescence microscopy. Fluorescence microscopy (FM) was carried out using an

Olympus BX50 microscope (Olympus Corporation, Tokyo, Japan) equipped with a 100x oil

immersion objective. Images were captured with AmScope Digital Camera MU633-FL

(AmScope, California, USA) and digitalized with AmScope software version 1.2.2.10. As previ-

ously described by Cabezas-Mera and colleagues [34], for counting purposes at least 12 images

were taken per sample on the 22-mm diameter glass coverslip at random locations. In addi-

tion, both V. parahaemolyticus and V. cholerae exhibited mature biofilms with multilayered

growth over time, due to this problem the biofilm sample was resuspended in 10 mL of PBS

and vortexed at maximum velocity for 5 min. Then, a 30 μL aliquot was placed on a coverslip,

thus facilitating the cell area count in each biofilm and comparing it between Vibrio species

under different growth conditions, as previously reported [38]. The total cell counts were

given per cm2 ± standard deviation (N cells/cm2 ± SD) by manually counting the number of

Vibrio cells from each field (12,880 μm2) and recalculating the average number of cells over

the total coverslip area (4.84E+8 μm2), as previously described [39]. In FM analysis, the per-

centages of dead and alive cells within images were measured through ImageJ version 1.57 by

Fiji [40] using the macros Biofilms Viability checker proposed by Mountcastle and colleagues

[37] and the plugin MorphoLibJ [41]; while, the total cells counting images were processed by

a sequence of modules forming a pipeline designed for this purpose in Cell Profiler software

[42] an open-source software version 4.2.1 (available from the Broad Institute at www.

cellprofiler.org), the applied pipeline of which can be revised in Supplemental Information.

2.7 Antimicrobial activity

After the optimization and evaluation of biofilm growth conditions, the antimicrobial activity of the

plant extracts (Eucalyptus and Guava leaves) was evaluated and compared with well-known antibi-

otics (tetracycline and ceftriaxone) againstVibrio pathogens through the microdilution method for

minimum inhibitory concentration (MIC) assays and biofilm inhibition and eradication assays. The

antimicrobial activity was evaluated by biomass quantification and CFU counting assays.

2.7.1 Minimum inhibitory concentration. The microdilution method for MIC assays

was conducted according to Wiegand and colleagues [43], under the Clinical Laboratory Stan-

dards Institute (CLSI) guidelines. In MIC assays, serial dilution was prepared to start with

80 μg/mL antibiotics (tetracycline and ceftriaxone) and 1600 μg/mL plant extracts (Eucalyptus
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and Guava leaves) powder in 190 μl of TSB (Dipco Cı́a. Ltda., Quito, Ecuador) supplemented

with NaCl 1% (w/v) in 96-well plates [44]. Then, the remaining wells of the plate were set up

with the diluted concentrations of 40, 20, 10, 5, and 2 μg/mL of tetracycline and ceftriaxone,

while 800, 400, 200, 100, and 50 μg/mL of Eucalyptus and Guava extracts within the total vol-

ume of 200 μL of TSB broth with 1%(w/v) NaCl in the 96-well plate. All wells were prepared

with a final concentration of 1E+5 CFU/mL of Vibrio inoculum, excepting negative controls,

and the 96-well plate was incubated for 18–24 h at 37˚C [43]. A row of TSB with 1% (w/v)

NaCl plus pathogen inoculum was used as culture growth control (or positive control), and a

row of wells filled with medium without inoculum was applied to sterility control (negative

control). Tetracycline and ceftriaxone (Sigma-Aldrich, St. Louis, MO, USA) were used as a ref-

erence control [33]. The MIC values were first evaluated by the unaided eye and then mea-

sured with the spectrophotometer Biotek Instruments ELx808IU at 630 nm (OD630) by

comparing the results obtained with the negative control. The MIC was defined as the lowest

concentration of antibiotic or plant extract that inhibited the Vibrio growth after overnight

incubation. All the assays were independently performed in triplicate on different days.

2.7.2 Biofilm inhibition and eradication assays. An overnight culture of the Vibrio spe-

cies was grown and an inoculum of 1E+7 CFU/mL in sterile TSB supplemented with NaCl 1%

(w/v) was prepared as previously described and 190 μL were added to the 96-well plate. Next,

the wells were supplemented with 10 μL of concentrated 20x antibiotics (tetracycline and cef-

triaxone) or plant extracts (Eucalyptus and Guava) achieving 200 μL of the final volume in

each well setting up 1x to 32x MIC values [45]. Plates were then incubated under two different

conditions at 24 h at 24˚C and 72 h at 30˚C under aerobic conditions to evaluate the biofilm

inhibition. Meanwhile, in biofilm eradication assays, 200 μL of media plus inoculum was

added in each well, as well as the negative control (only media), and the 96-well plate was incu-

bated under two different conditions at 24 h at 24˚C and 72 h at 30˚C under aerobic condi-

tions for the biofilm formation. After the establishment of mature biofilms, the TSB with NaCl

1% (w/v) was gently removed from the wells, followed by a gentle wash with PBS (pH 7.4), and

biofilm samples were then supplemented with 1x to 32 x MIC values of antibiotics or plant

extracts (Eucalyptus and Guava leaves). Plates were again incubated for an additional 24 h at

the same previous temperature (24 or 30˚C) under aerobic conditions. Again, in both biofilm

assays, a row of TSB with 1% (w/v) NaCl plus pathogen inoculum without any antibiotic or

plant extract was used as growth control (or positive control), and a row of wells was filled

with medium without inoculum and antibiotic/plant extract was applied to control of sterility

(negative control). After finishing the biofilm inhibition and eradication assays, all samples

were evaluated for the antimicrobial activity of the antibiotics and plant extracts through the

methodologies previously described (biomass quantification and CFU counting assays). Like-

wise, all the assays were independently performed in triplicate on different days.

2.8 Statistical analysis

2.8.1 Response surface methodology: Experimental design of biofilm formation. A

multilevel multifactorial model was chosen due to the difference in the number of levels

between factors to be analyzed. The present model was composed of a 2 x 2 x 2 x 3 factorial

design without midpoints. In the experiments, the levels of the factors for the formation of bio-

mass and viability varied, these were carried out according to the multifactorial model. There-

fore, only six tests were necessary to determine the influence of the factors on the formation of

biomass and viability. In the multifactorial model, there were their levels to be studied (2 Vib-
rio species, 2 temperatures, 2 initial inoculums, and 3 times). The obtained data allow us to

evaluate a second-order response surface with an adjusted model illustrating the curvature of
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the effects of the factors and their interactions (Eq 1).

y ¼ b0 þ
Xk

i¼1

bixi þ
Xk

i¼1

Xk

j¼1

bijxixj þ
Xk

i¼1

bijx
2

iþ 2 ðEq1Þ

2.8.2 Response surface methodology: Experimental design of biofilm treatment with anti-

biotics and plant extract. For the experimental design of the treatments against biofilms, the

two best conditions for biofilm formation were selected. Subsequently, the analysis of composite

desirability was carried out on the experimental design of the formation of biofilms. A multilevel

multifactor model was also performed. This model was composed of a 2 x 3 x 4 factorial design

without midpoints. In the experiments, the levels of the factors for the formation of biomass and

viability varied and so these data were carried out according to the multifactorial model. In the

multifactorial model, 2 optimal training conditions, 3Vibrio species, and 4 treatments were evalu-

ated. The obtained data allow us again to analyze a second-order response surface with an

adjusted model evidencing the curvature of the effects of the factors and their interactions (Eq 1).

2.8.3 ANOVA Multifactorial statistical analysis. All data in the present study was

obtained from at least triplicate assays done on different days. In the case of biomass growth,

CFU counting, and total cell or live/dead cell counting, each assay was performed using five

samples per assay. All data results were carried out to obtain the mean, minimum, maximum,

and standard deviation (SD). The normality data set was analyzed using the Anderson-Dar-

ling, Ryan-Joiner, and Kolmogorov-Smirnov normality tests. If the data had a non-normal dis-

tribution, nonparametric tests were used. The Johnson data transformation method

determines the best value for lambda (λ), thus obtaining the best type of transformation from

non-parametric to parametric data. Once the data were transformed, a multivariate ANOVA

analysis was performed and p-values <0.05 were considered significant. To compare the

means between the factors of each variable or condition, the Tukey and Fisher tests were per-

formed with an alpha of 0.05 (α = 0.05). Likewise, the values obtained between the factors of

each variable with p<0.05 are considered significant. Finally, an optimization analysis of the

model was carried out based on the composite desirability function to obtain the best combi-

nations of levels and variables evaluating the best growth conditions for the development of

biofilms. All data analysis was performed in Minitab version 20 [46].

2.8.4 Multi-objective optimization and general desirability function. The desirability

model states that for each response (Yi), a desirability function (di(Yi)) is necessary to consider

whether to maximize, minimize, or achieve an objective [47, 48]. This approach was originally

proposed by Harrington (1965) but further improved by Derringer and Suich (1980), where

an estimated response is transformed into an unscaled value known as desirability [49]. The

data values are assigned between 0 and 1 of these transformed responses di, which can have

many different forms. Regardless of the form, di = 0 represents a completely undesirable value

and di = 1 symbolizes a completely desirable or ideal response value.

For the desirability transformation, values can be used unilaterally to maximize or mini-

mize Yi (Eq 2), being the unilateral transformation of maximization used for the desirability

analysis; meanwhile, the two-sided transformation is applied to obtain the target value Ti for Yi
where Li and Ui correspond to the lower and upper limits of the studied response, respectively.

di ¼

0 if Ŷ i � Li
Ŷ i � Li
Ti � Li

� �s

if Li < Ŷ i < Ti

1 if Ŷ i � Ti ¼ Ui

8
>>>><

>>>>:

ðEq2Þ
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The exponent s corresponds to the weighted factor, which indicates the importance of each

response to reach the target value Ti. For s = 1, the stated desirability function increases linearly

up to Ti.
Therefore, individual desirability can be matched by employing the observed general desir-

ability function D(Yi). It is defined as the geometric average of the individual desirability func-

tions of each response di (Yi) (Eq 3), where n is the number of responses, instead of directly

using the measured (Yi) and predicted (i) response values.

D ¼ ð
Yn

i¼1

diðYiÞÞ
1
n ðEq3Þ

The optimal solutions are determined by maximizing the observed general desirability D

(Yi) through means of the Levenberg-Marquardt or NelderMead algorithm [47], considering

the control limits for each variable (S1 Table).

3 Results

3.1 Identification of chemical compounds in Guava and Eucalyptus leaf extracts

Guava (Psidium guajava) and Eucalyptus (Eucalyptus globulus) were identified as the plants

with the best antibacterial activity in preliminary analyses (data not shown). In addition, Guava

(Psidium guajava) and Eucalyptus (Eucalyptus globulus) showed yield values in the extracts of

19.6% (± 0.6) and 19.7% (± 0.4), respectively. Therefore, these plant extracts were selected, and

their chemical composition was analyzed by HPLC-DAD-MS/MS, being the tentative identifi-

cation shown in Table 1. The ESI was performed in positive ionization mode and several mole-

cules were detected in both extracts. Regarding Guava extract, the identified molecules

correspond to the predominant peaks observed in the obtained chromatogram. The first peak

at 13.78 was identified as reynoutrin or avicularin (ID1). The secondary rupture of 303 is associ-

ated with quercetin and the loss of 132 uma corresponds with a pentoside anglicone. However,

it is not possible to differentiate both alternatives with the detected rupture even when the

MzCloud provided a higher confidence for reynoutrin (94.4%) than avicularin (88.6%). On the

other hand, the 162 loss (ID3) as well as the m/z 303 is consistent with a quercetin glucoside. In

the literature, both compounds had been reported in guava leaf extracts [50, 51]. The second

compound, puerarin (ID2) is an isoflavone and was identified by MzCloud with 92.4% of simi-

larity. Two anthocyanins were identified, more exactly, cyaniding 3-O-pentoside (ID4), which

is characterized by the presence of 287 m/z, and petunidin 3-O-pentoside (ID6), which is identi-

fied by the primary product ion at 317 m/z [52]. Finally, for the identification of guavinoside

compounds (ID5, ID7, and ID10), we based on previous studies [50, 53]. Moreover, the second-

ary rupture of 259 m/z in 181 m/z and 105 m/z was identified in MzCloud as 4-benzoylbiphenyl

(85.3). The rupture of compounds with ID8 and ID9 was not identified.

Meanwhile, the identified molecules in Eucalyptus leaf extract also correspond to the pre-

dominant peaks observed in the chromatogram (Table 1). Its first peak at 14.45 (ID1) was iden-

tified as rutin with a similarity in MzCloud of 88.7%. Moreover, the neutral loss of 308 uma is

consistent with a loss of glucose and rhamnose as present in rutin. The ID2 and ID9 were iden-

tified as luteolin-7-O-betaglucuronide and resinoside by comparing similar ruptures to those

presented in Okhlopkova and colleagues’ study [54]. Moreover, resinoside A had been previ-

ously described in Eucalyptus [55]. The ID4, ID5, and ID6 compounds were identified as quer-

cetin 3-O-glucuronide, 6-O-methylscutellarin, and glycitin by similarity in the MzCloud

database with the following scores of 87.9%, 75.8%, and 90.7%, respectively. The ID7 compound

was tentatively identified as cypellogin A or B by similar ruptures in the Eucalyptus plant as
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reported by Boulekbache-Makhlouf and colleagues [56]. The ID8 compound is similar to cypel-

locarpin C (ID10), where the neutral loss of water (18 uma) produces the product ion at 469 m/

z with a further loss of 158 uma probably associated with a consecutive loss of water (leading to

451 m/z), and 140 uma producing the ion at 311 m/z. This rupture could suggest a ring with

3-hydroxyl substitution like in the gallic acid [57]. All these compounds are common in Euca-

lyptus extracts by previous studies [58, 59], as well as cypellocarpin C (ID10) was identified in

the MzCloud database with a score of 73.7%. It is important to mention that the reason for the

“low” similarity could be due to the consequence of the second rupture. Therefore, the MzCloud

peaks were mainly identified through the second rupture derived from the first one. Finally, the

chemical compounds labeled ID11 and ID3 were not identified based on their rupture patterns.

3.2 Quantification of V. parahaemolyticus and V. cholerae biofilms and

their normality assessment

The ability of V. parahaemolyticus strain VP 87 and V. cholerae strain VC 112 to develop a bio-

film was determined by comparing biomass, cell viability, and total cell and live/dead cell

Table 1. Metabolites identified in Guava (Psidium guajava L.) and Eucalyptus (Eucalyptus globulus Labill.) aqueous leaf extracts by HPLC-ESI-MS/MS in positive

ionization mode.

ID RT (min) m/z [M+H]+ Fragmentation Tentative identification

Metabolites identified in Guava (Psidium guajava L.) extract

1 13.78 435 303(100)

303-> 257(100), 165(80), 285(75), 229(50)

Reynoutrin or Avicularin

2 13.94 417 399(100), 351(30), 381(25), 297(15) Puerarin

3 14.47 465 303(100) Quercetin glucoside

4 15.31 419 287(100), 257(10) Cyanidin 3-O-pentoside

5 15.84 587 285(100), 303(20) Guavinoside C

6 16.16 449 317(100), 287(50) Petunidin-3-O-pentoside

7 16.35 545 527(100), 315(40), 273(30), 387(20) Guavinoside A isomer

8 17.0 439 261(100), 421(10), NI

9 17.3 439 369(100), 277(15), 259(10) NI

10 17.9 573 259(100), 315(60), 297(20), 555(15), 181(10)

259-> 181(100), 105(15)

Guavinoside B

Metabolites identified in Eucalyptus (Eucalyptus globulus Labill.) extract

1 14.45 611 303(100), 465(35), 593(10) Rutin

2 14.50 463 287(100) Luteolin-7-O-betaglucuronide

3 14.50 549 429(100), 379(80), 277(50), 361(45), 331(40), 531(35) NI

4 14.55 479 303(100), 317(25) Quercetin 3-O-glucuronide

5 16.42 477 301(100), 315(15), 459(10) 6-O-methylscutellarin

6 16.43 447 285(100) Glycitin

7 18.11 631 303(100), 311(75), 613(55), 329(35), 595(20) Cypellogin A or B

8 18.40 487 469(100), 311(60), 451(35)

311-> 149(100), 293(75), 167(15)

Like cypellocarpin C (see text)

9 19.31 615 287(100), 311(60), 597(35), 329(30) Resinoside–A

10 19.90 521 503(100), 485(20)

503-> 193(100), 311(40), 293(20),

167(15), 485(10)

Cypellocarpin C

11 20.44 563 545(100)

545-> 425(100), 259(95), 301(65), 379(60), 527(55), 361(50), 191(45)

NI

NI: not identified.

https://doi.org/10.1371/journal.pone.0304126.t001
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counting assays (Fig 1 and S2 and S3 Tables). An assessment of normality was also applied to

the obtained data, using the Anderson-Darling, Ryan-Joiner, and Kolmogorov-Smirnov nor-

mality test and the Johnson data transformation method. Subsequently, a reduction of the vari-

able interaction model was performed, eliminating interactions that showed a p> 0.05 (S4

Table). Finally, the same statistical analysis was repeated in the new data set.

As shown in Fig 1 and S3 Table, V. parahaemolyticus biofilms showed a higher ability to

produce biomass and culturable sessile cells (CFU counting) during the first 24 h when com-

pared to V. cholerae biofilms (p< 0.001). However, at 72 h, V. cholerae biofilms had a higher

ability to produce biomass and culturable sessile cells. Additionally, V. cholerae biofilms

showed a greater ability to produce biomass and culturable sessile cells at 30˚C when com-

pared to 24˚C (p< 0.001). Normality tests showed normal distribution after the reduction of

the model in biomass and viability tests, but a non-normal distribution in the total cell count

test, so a data transformation by Johnson’s method was performed. Consequently, a paramet-

ric statistical analysis was selected for future evaluation.

3.3 Comparison between growth conditions in Vibrio-associated biofilms

Biomass and viable cells within the biofilm were quantified demonstrating statistical differ-

ences between species at different temperatures, times, and initial inoculums (see Fig 2 and S4

Table). Multivariate ANOVA analysis showed a significant effect of the variables and the inter-

actions with a p<0.05, to determine the biomass growth and biofilm viability in both Vibrio
species (see S4 Table). Both Vibrio biofilms had a significant increase in biomass and cell

Fig 1. The response surfaces and estimated contours of the desirability value of Vibrio spp. biofilm formation

under different growth conditions to determine MIC. Response surface for the interaction between the desirability

of biofilm formation, based on the 3D plot of all combinations of four variables keeping two fixed variables (Vibrio
species and initial inoculum) and two continuous variables (temperature and time) for evaluation. (a) The desirability

of Vibrio cholerae biofilm formation with an initial inoculum of 0.05 McFarland versus temperature (24˚C and 30˚C)

and time (24, 48, and 72 h). (b) The desirability of Vibrio cholerae biofilm formation with an initial inoculum of 0.50

McFarland versus temperature (24˚C and 30˚C) and time (24, 48 and 72 h). (c) The desirability of Vibrio
parahaemolyticus biofilm formation with an initial inoculum of 0.05 McFarland versus temperature (24˚C and 30˚C)

and time (24, 48 and 72 h). (d) The desirability of Vibrio parahaemolyticus biofilm formation with an initial inoculum

of 0.50 McFarland versus temperature (24˚C and 30˚C) and time (24, 48, and 72 h).

https://doi.org/10.1371/journal.pone.0304126.g001
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viability at 24 h of growth when compared to 48 h with a p<0.001 in both species by Tukey

and Fisher tests, where the biomass and cell viability of Vibrio-related biofilms significantly

decreased by 43% and 0.5 log (see Fig 2), respectively. Interestingly, Vibrio-associated biofilms

showed a significant increase in biomass and cell viability at 72 h (see S4 Table). However, bio-

mass and cell viability had a higher growth of V. parahaemolyticus biofilm at 24˚C, while V.

cholerae biofilm showed a higher growth at 30˚C, as previously observed through desirability

analysis. It is worth mentioning that the initial inoculum was not significant for cell viability

(p = 0.45), but it was significant for biomass growth (p<0.001) with a slight augmentation of

almost 10% at 1E+8 CFU (0.5 MacFarland) in both Vibrio species biofilms, therefore it was

selected for further biofilm inhibition and eradication assays.

The statistical analysis of biofilm growth by variables comparison method with Tukey and

Fisher tests showed a significant difference between V. parahaemolyticus and V. cholerae bio-

films in the biomass assays with crystal violet staining (p<0.001; S5 Table), but the biomass

assays with PBS suspension and cell viability assay did not show any significant differences

Fig 2. Statistical analysis of the growth conditions involved in the biofilm formation of V. parahaemolyticus and

V. cholerae. The variables determined for biofilm formation of V. parahaemolyticus (VP) and V. cholerae (VC) were

temperature (24 and 30˚C), initial inoculums (0.05 and 0.5 McFarland), and time (24, 48, and 72h). The biomass of the

biofilm was analyzed by two methodologies measuring the optical density by absorbance at 630 nm with crystal violet

and PBS suspension, while cell viability analysis was evaluated by colony-forming counting assays, and biofilm

quantification was evaluated by total cell and live/dead cells assays. These results were analyzed using the Tukey and

Fisher tests methodology for growth conditions comparison, where the bars show the mean of the variables for each

result, in order to determine whether or not there is a significant difference between the variables (growth conditions).

(a) Biofilm biomass by crystal violet (CV) staining method, (b) Biofilm biomass by phosphate-buffered saline (PBS)

suspension method, (c) Biofilm viability by colony-forming (CFU) counting assays, (d) Biofilm quantification by live

cell count with Live/Dead staining, (e) Biofilm quantification by dead cell count with Live/Dead staining, and (f)

Biofilm quantification by total cell count with Live/Dead staining. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001,

—non-significant.

https://doi.org/10.1371/journal.pone.0304126.g002
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(p = 0.20–0.26), so biomass assays with PBS suspension were chosen for further biofilm inhibi-

tion and eradication assays. Likewise, in both Vibrio species, Tukey and Fisher tests confirmed

statistical differences in all biofilm samples during time in the biomass growth and cell viability

assays, in particular between 24 and 48 h (p< 0.001). Contrasting with the previous multivari-

ate ANOVA analysis, Tukey and Fisher tests did not show any significant difference for the

initial inoculum variation in the biomass growth and cell viability assays for both species

(p = 0.10–0.86). Although the temperature in the biomass assays did not evidence significant

differences (p = 0.51–0.99), Tukey and Fisher tests demonstrated a significant difference for

the cell viability assays (p = 0.02). It is interesting to observe that biomass growth trends dem-

onstrating their highest biomass growth and cell viability in the first 24 h at 24˚C (Fig 2),

where V. cholerae reached close to the same level of biomass at 72 h and 30˚C (S5 Table) when

compared to the conditions of 24 h at 24˚C, which contrasted with multivariate ANOVA and

desirability analyses.

3.4 Total cell and live/dead cells count in V. parahaemolyticus and V.

cholerae biofilms

Next, we analyzed the number of total cells and live/dead cells within biofilms among Vibrio
species under different growth conditions. As shown in S5 Table, the fluorescence micros-

copy (FM) analysis showed a significant effect between samples according to temperature,

time, and initial inoculum in both Vibrio species through the evaluation of total count, live

and dead cells within biofilm samples. When comparing species, statistical differences were

observed between Vibrio species. More exactly, V. parahaemolyticus showed a higher num-

ber of dead cells within the biofilm (9.09E+5 dead cells/cm2) and approximately 21% of the

total cells, while V. cholerae only showed 13% of dead cells (5.05E+5 dead cells/cm2) within

the biofilm (p<0.001). Although no statistical differences were found between Vibrio species

in the total count and live cells, both Vibrio biofilms evidenced significant differences in

their intrinsic growth between 24 and 48 h (p<0.001), as well as 48 and 72 h (p<0.001). Fur-

thermore, concerning temperature variation between 24 and 30˚C, both Vibrio-related bio-

film species did not show statistical differences. Interestingly, in FM analysis, the initial

inoculum of both Vibrio species for biofilm formation showed significant differences for

total cell and live/dead cells, where the initial inoculum of 1E+8 CFU (0.5 MacFarland) dem-

onstrated a higher number of live cells and consequently, a higher number of dead cells for

the initial inoculum of 1E+7 CFU (0.05 MacFarland) was observed (p<0.05). Finally, it was

also observed that V. parahaemolyticus and V. cholerae demonstrated a higher number of

total cells and live cells within the biofilms at 24 h, 24˚C, and 1E+8 CFU (0.5 McFarland), as

shown in Fig 3.

Although a thoughtful optimization of the FM analysis was performed during the present

study, the pictures of live/dead cells within the biofilms of both species did not show the best

clarity. However, the merged images showed a greater clarity of the biofilms’ development,

and the macros Biofilms Viability checker software provided a reliable assessment of the data

set. Visual differences in the percentage of dead and alive cells were detected between Vibrio
species during time, temperature, and initial inoculum. These differences are also validated by

multivariate ANOVA analysis and the optimized growth conditions were provided by desir-

ability analysis (Fig 1) through the weighted geometric mean of the individual desirability of

the results by PBS at 630 nm, CFU counting and total cell count responses (see S4 Table).

Minitab evaluation determines the optimal settings for the variables by maximizing the com-

posite desirability, showing a homogeneous distribution of dead cells within the biofilms of

both Vibrio species (see merged images in S2 Fig).
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3.5 Comparison of the four methodologies to assess biofilm development

After the statistical analysis of the data set, we compared the data accuracy of these different

and classical methodologies for Vibrio-related biofilm characterization. Therefore, multivari-

ate linear regression ANOVA was applied using CFU counting assays as a reference due to its

well-known reliability, and R-squared values were observed as a goodness-of-fit measure for

biofilm analysis. As expected, fluorescence microscopy analysis revealed the lowest R-squared

values for both Vibrio-related biofilms (R2 = 0.22–0.45), followed by biomass assays with CV

staining (R2 = 0.84–0.85), and finally biomass assays with PBS suspension (R2 = 0.86–0.92). It

is important to mention again that all assays were analyzed at least six assays with five biofilm

samples, under the same conditions, to prevent data variability, bias, and manual errors by the

researcher during biofilm analysis.

3.6 Antibacterial planktonic activity of Eucalyptus and Guava leaf extracts

As shown in Fig 4, the inhibition of the planktonic growth of Vibrio parahaemolyticus (VP87

and tetracycline-resistant VP275) and V. cholerae strains (VC112) by Eucalyptus and Guava

leaf extracts was studied using broth microdilution method during 24 h of incubation at 37˚C

and compared to tetracycline and ceftriaxone antibiotics. These assays allow us to determine

the lowest inhibitory concentration of the antimicrobial agent (minimal inhibitory concentra-

tion, MIC) and to further evaluate other extract concentrations gradually inhibiting bacterial

growth through bacterial turbidity. Visible inhibition growth of all Vibrio isolates was defini-

tively observed at 1600 μg/mL of Eucalyptus extract and 200 μg/mL of Guava extract, being

these concentrations considered as MIC values for further biofilm inhibition and eradication

assays. To better analyze the variables influencing the planktonic growth of Vibrio isolates,

Fig 3. Illustration of fluorescence microscopy analysis in the biofilm formation of V. parahaemolyticus and V.

cholerae at different growth conditions. Biofilms of V. parahaemolyticus and V. cholerae at 24 and 30˚C during time

(24, 48, and 72h) by fluorescence microscopy using Live/Dead staining assays. The illustrated biofilm samples with an

initial inoculum of 1E+8 CFU (0.5 McFarland) were used to compare the total number of live and dead cells. An

Olympus BX50 microscope with 100X magnification was used (scale bar of 5 μm), images were obtained with

AmScope software, and images were merged with Fiji-ImageJ software.

https://doi.org/10.1371/journal.pone.0304126.g003
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statistical comparison tests were conducted using the Tukey and Fisher methods between the

positive control (medium plus bacterial inoculum) and the different treatment concentrations.

Eucalyptus leaf extract evidenced statistically significant inhibition at a concentration of

50 μg/mL with an average inhibition of 35% against all Vibrio isolates (p< 0.0001) and reach-

ing its maximum inhibition at 200 μg/mL with an average inhibition of 75% (p< 0.0001).

Meanwhile, guava leaf extract started exhibiting a more significant inhibition at a concentra-

tion of 400 μg/mL with an average inhibition of 45% against all Vibrio isolates (p< 0.0001)

demonstrating its maximum inhibition at 1600 μg/mL with an average inhibition of 70%

(p< 0.0001). On the other hand, antibiotic assays exhibited greater inhibition in the growth of

planktonic Vibrio isolates as expected due to the purified active compounds, and both antibiot-

ics confirmed their MIC values at 2 μg/mL with an average inhibition of 85% against VP87

and VC112 isolates (p< 0.0001). However, as previously reported, VP275 isolate exhibited

resistance to all tetracycline concentrations but showed a MIC value of 2 μg/mL by ceftriaxone.

These results allowed us to further evaluate the antimicrobial activity through biofilm inhibi-

tion and eradication assays with these plant extracts and compared with these standard antibi-

otics using 1x MIC values as a starting point of evaluation.

3.7 Biofilm inhibition and eradication assays

Both biofilm inhibition and eradication assays were performed by the two sets of conditions

found for the V. parahaemolyticus (VP87 and VP275) and V. cholerae (VC112) following the

desirability analysis for optimal biofilm growth conditions (Fig 1), more exactly, 24 h at 24˚C

and 72 h at 30˚C, respectively, before the antibiofilm evaluation by antibiotic and plant

extracts. According to the data accuracy analysis of methodologies for Vibrio-related biofilm

characterization, CFU counting assays and biomass assays with PBS suspension were selected.

As shown by Fig 5, both antibiotics and plant extracts were able to inhibit biofilm biomass

development starting by 1x MIC values during 24 h at 24˚C, excepting tetracycline against V.

parahaemolyticus VP275 due to its intrinsic antimicrobial resistance but still showing statisti-

cal inhibition when compared to control (p< 0.0001). Meanwhile, Guava extract showed its

higher biomass inhibition (87%) at the concentration of 12800 μg/mL (8x MIC value) and 90%

Fig 4. Inhibition of growth of V. parahaemolyticus and V. cholerae strains (VP87, tetracycline-resistant VP275, and

VC112) by Eucalyptus (a) and Guava (b) extracts as well as tetracycline (c) and ceftriaxone (d) antibiotics at six given

concentrations using micro-broth dilution assay in TSB supplemented with NaCl 1% after 24 h of incubation at 37˚C.

Bacterial turbidity was measured at OD = 630 nm and MIC values were determined for each plant extract and

antibiotic against these planktonic Vibrio strains. The illustrated statistical analysis between biomass and treatment

concentrations, for each Vibrio species. Using the Tukey and Fisher variable comparison methods to create confidence

intervals for all pairwise differences in the means of the variable levels, where the bars show the average of the variables

for each outcome, in order to determine whether or not there is a significant difference between variables (Control

against treatment concentrations), more specifically * p< 0.05; ** p< 0.01; *** p< 0.001; **** p< 0.0001.

https://doi.org/10.1371/journal.pone.0304126.g004
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of inhibition in viable cells at the concentration of 25600 μg/mL (16x MIC value) against all

Vibrio sp. biofilms (p< 0.0001; see S6 Table). However, differences were observed in the CFU

counting between antibiotics and plant extracts, where both extract plants demonstrated a

higher reduction of viable cells when compared with both antibiotics at 8x, 16x, and 32x MIC

values (Eucalyptus extract: 1600, 3200, and 6400 μg/mL; while Guava extract: 12800, 25600,

and 52000 μg/mL). Concerning the biofilm growth conditions of 72 h at 30˚C, different results

were obtained as shown in Fig 6, where the inhibition of biofilm biomass formation was less

notorious by Guava leaf extract and tetracycline although still maintaining statistical differ-

ences when compared to control (p< 0.0001). When looking at the biomass formation, ceftri-

axone apparently evidenced a higher Vibrio-related biofilm inhibition when compared to the

Eucalyptus extract at all MIC values. However, CFU counting assays demonstrated that,

despite a higher biomass presence within the biofilm samples, Eucalyptus extract notoriously

reduced the total number of viable cells within Vibrio-biofilm samples from 2x until 32x MIC

values (400–6400 μg/mL) when compared to the same MIC values of ceftriaxone (5–80 μg/

mL), which was not able to reduce the number of viable cells after 1x MIC value (2 μg/mL).

Moreover, Eucalyptus extract demonstrated similar results with no significant differences in

terms of biomass and CFU reduction in biofilm inhibition assays at both sets of growth condi-

tions (24 h at 24˚C and 72 h at 30˚C), showing an average inhibition of approximately 80% at

the concentration of 400 μg/mL for all Vibrio isolates (p< 0.0001; see S7 Table).

A further antibiofilm evaluation was studied through eradication biofilm assays and

remarkably the same trend of results was observed, i.e., significant eradication values were

obtained against all Vibrio species or strains starting by 1x MIC values at both sets of growth

conditions (24 h at 24˚C and 72 h at 30˚C) when compared to control (p< 0.0001), as shown

in Figs 7 and 8. However, as expected, biofilm eradication values were substantially lower by

all antibiotics and plant extracts when compared to biofilm inhibition assays. Once again, dif-

ferences were detected in the CFU counting between antibiotics and plant extracts, where both

extract plants demonstrated higher reduction of viable cells when compared with both antibi-

otics at 8x, 16x, and 32x MIC values at both sets of growth conditions except for V. cholerae

Fig 5. Illustration of the biomass evaluation at 630 nm and colony-forming units (CFU) counting in the biofilm

inhibition assays of V. parahaemolyticus and V. cholerae strains (VP87, tetracycline-resistant VP275, and VC112) by

Eucalyptus (a and e) and Guava (b and f) extracts as well as tetracycline (c and g) and ceftriaxone (d and h) antibiotics

at six given concentrations in TSB supplemented with NaCl 1% during 24 h of incubation at 24˚C. Bacterial turbidity

was measured at OD = 630 nm and MIC values were determined for each plant extract and antibiotic against these

planktonic Vibrio strains. The illustrated statistical analysis between biomass and treatment concentrations, for each

Vibrio species. Using the Tukey and Fisher variable comparison methods to create confidence intervals for all pairwise

differences in the means of the variable levels, where the bars show the average of the variables for each outcome, in

order to determine whether or not there is a significant difference between variables (Control against treatment

concentrations), more specifically * p< 0.05; ** p< 0.01; *** p< 0.001; **** p< 0.0001.

https://doi.org/10.1371/journal.pone.0304126.g005
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(VC112) biofilms of 72 h at 30˚C (Fig 8), which demonstrated resistance against Guava extract

in both biomass and cell viability evaluation thus confirming its optimal growth conditions

previously assessed. Nonetheless, Guava extract demonstrated excellent eradication values in

biofilms of 24 h at 24˚C reducing 60% of biomass and 90% of viable cells at the concentration

of 25600 μg/mL for all Vibrio isolates (p< 0.0001; see S7 Table), while 72 h and 30˚C exhibit

its greater effectiveness with an average inhibition of 72% in biomass and viable cells at the

concentration of 51200 μg/mL against Vibrio isolates (p< 0.0001; see S7 Table). Meanwhile,

Eucalyptus extract at 800 μg/mL reduced approximately 70% of biomass and 90% of viable

cells for all Vibrio isolates (p< 0.0001). It is important to mention that no significant differ-

ence was observed in the eradication ability of Eucalyptus extract at both sets of growth

Fig 6. Illustration of the biomass evaluation at 630 nm and colony-forming units (CFU) counting in the biofilm

inhibition assays of V. parahaemolyticus and V. cholerae strains (VP87, tetracycline-resistant VP275, and VC112) by

Eucalyptus (a and e) and Guava (b and f) extracts as well as tetracycline (c and g) and ceftriaxone (d and h) antibiotics

at six given concentrations in TSB supplemented with NaCl 1% during 72 h of incubation at 30˚C. The illustrated

statistical analysis between biomass and treatment concentrations, for each Vibrio species. Using the Tukey and Fisher

variable comparison methods to create confidence intervals for all pairwise differences in the means of the variable

levels, where the bars show the average of the variables for each outcome, in order to determine whether or not there is

a significant difference between variables (Control against treatment concentrations), more specifically * p< 0.05; **
p< 0.01; *** p< 0.001; **** p< 0.0001.

https://doi.org/10.1371/journal.pone.0304126.g006

Fig 7. Illustration of the biomass evaluation at 630 nm and colony-forming units (CFU) counting in the biofilm

eradication assays of V. parahaemolyticus and V. cholerae strains (VP87, tetracycline-resistant VP275, and VC112) by

Eucalyptus (a and e) and Guava (b and f) extracts as well as tetracycline (c and g) and ceftriaxone (d and h) antibiotics

at six given concentrations in TSB supplemented with NaCl 1% after 24 h of incubation at 24˚C. The illustrated

statistical analysis between biomass and treatment concentrations, for each Vibrio species. Using the Tukey and Fisher

variable comparison methods to create confidence intervals for all pairwise differences in the means of the variable

levels, where the bars show the average of the variables for each outcome, in order to determine whether or not there is

a significant difference between variables (Control against treatment concentrations), more specifically * p< 0.05; **
p< 0.01; *** p< 0.001; **** p< 0.0001.

https://doi.org/10.1371/journal.pone.0304126.g007
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conditions apart from the biomass eradication of V. cholerae (VC112) biofilms of 72 h at 30˚C

(Fig 8). Therefore, the overall results of the present study demonstrated the higher effectiveness

of Eucalyptus extract to inhibit and eradicate Vibrio-related biofilms independently of time

and temperature conditions.

4 Discussion

The Vibrio genus possesses several pathogens that directly affect the aquaculture industry,

according to the Food and Agriculture Organization (FAO), such as the shrimp industry [2].

Nowadays, the shrimp industry is experiencing the highest growth rate with production

increasing by approximately 9.4% annually [1]. However, chemical products have been used

for decades to treat Vibrio-associated infections, leading to an increase in antimicrobial resis-

tance [60]. These Vibrio-associated infections result in economic losses of up to 3 billion US

dollars in global production, affecting all countries that produce crustaceans [23, 61]. In Ecua-

dor, the shrimp industry represents 19% of its exportation market and 5 billion US dollars.

According to the Global Outlook for Aquaculture Leadership (GOAL) in 2019, Ecuador is the

leading shrimp producer and exporter in the world [3]. As a result, shrimp production losses

have a significant impact on the Ecuadorian economy. Therefore, efforts have been made to

find an eco-friendly solution using plant extracts to counteract the problems of resistance and

environmental impact associated with antibiotic use, which is prohibited in Ecuador and other

countries, or other chemical compounds. In addition, V. parahaemolyticus and V. cholerae are

commonly found in shrimps at retail, farms, and estuaries until nowadays constituting an emi-

nent and serious Public Health risk to the Ecuadorian population and an alarming economic

threat to the shrimp industry, as evidenced by Clydent S.A. and other authors [25, 26].

In the present study, we first characterized the main variables (temperature, time, and ini-

tial inoculum) influencing the development of biofilms by V. parahaemolyticus and V. cho-
lerae. The initial inoculum was not significant for cell viability, but it was significant for

biomass growth with a slight augmentation at 1E+8 CFU in both Vibrio species biofilms, as

expected from studies with different biofilm-forming microorganisms [31, 62, 63]. However,

our results evidenced that optimized V. parahaemolyticus biofilms were obtained at 24˚C

Fig 8. Illustration of the biomass evaluation at 630 nm and colony-forming units (CFU) counting in the biofilm

eradication assays of V. parahaemolyticus and V. cholerae strains (VP87, tetracycline-resistant VP275, and VC112) by

Eucalyptus (a and e) and Guava (b and f) extracts as well as tetracycline (c and g) and ceftriaxone (d and h) antibiotics

at six given concentrations in TSB supplemented with NaCl 1% after 72 h of incubation at 30˚C. The illustrated

statistical analysis between biomass and treatment concentrations, for each Vibrio species. Using the Tukey and Fisher

variable comparison methods to create confidence intervals for all pairwise differences in the means of the variable

levels, where the bars show the average of the variables for each outcome, in order to determine whether or not there is

a significant difference between variables (Control against treatment concentrations), more specifically * p< 0.05; **
p< 0.01; *** p< 0.001; **** p< 0.0001.

https://doi.org/10.1371/journal.pone.0304126.g008
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during 24 h while optimized V. cholerae biofilms were observed at 30˚C during 72h. However,

it is important to mention that, during the realization of biofilm assays, V. parahaemolyticus
evidenced thicker biofilms during the first 24 h but V. cholerae biofilms showed more resil-

ience to the washing steps during time (72 h) which could influence the results when compar-

ing the four methodologies to assess biofilm development. Due to the observed biofilm

thickness in both Vibrio species, the fluorescence microscopy analysis through LIVE/DEAD

assays could be affected by the dye infiltration (SYTO-9 and PI) within the samples resulting

in a lower R-squared value (R2 = 0.22–0.45) for biofilm analysis. Although the LIVE/DEAD

staining assay was previously optimized (data not shown), the present methodology requires

to be combined with other methodologies, as previously observed [64, 65]. Also, this initial

characterization agreed with previous studies [17, 19], confirming that certain growth variables

could influence the Vibrio species’ dominance in the aquatic environment and Vibrio-associ-

ated biofilm infections, as well as different genetic controls of biofilm formation by V. parahae-
molyticus and V. cholerae. In the present work, it was possible to observe the differences in

biofilm regulation between V. cholerae and V. parahaemolyticus involving distinctive tran-

scriptional vps and cps genes through time and temperature [13, 19], respectively. Further-

more, several authors already reported the great diversity of Vibrio species in seafood,

including shrimp, but also in different geographical areas [66–68]. In fact, a systematic review

and meta-analysis demonstrated that V. parahaemolyticus could only be isolated around

47.5% of the 5811 seafood samples analyzed [14], evidencing the heterogeneity and prevalence

of Vibrio species among seafood. Therefore, the present work also showed the importance of

expanding surveillance on different Vibrio species among seafood types and industrial aqua-

culture areas to identify critical control points (such as temperature and time) for the seafood

production system and avoid public health impact.

Several studies have been conducted with alternative treatments to control Vibrio-associ-

ated infections using probiotic and natural-derived products. In Thailand, Yatip and col-

leagues applied extract from the fermented soybean product Natto to inhibit Vibrio biofilm

formation [28], while Karnjana and colleagues evaluated the ethanolic extract of the red sea-

weed G. fisheri suggesting its future application as an alternative treatment for biofilm-associ-

ated Vibrio infections in aquacultures [29]. While Kamble and colleagues assessed the

antimicrobial activity of sulphated galactans of G. fisheri against V. parahaemolyticus and V.

harveyi [30]. All these studies analyzed abundant and native natural products of Thailand’s

resources for their application in the shrimp industry. Likewise, Ecuador evidenced abundant

and natural products with well-known antimicrobial activity such as Eucalyptus (Eucalyptus
globulus) and Guava (Psidium guajava) [60, 69–72], which evaluated the antimicrobial activity

of Eucalyptus and Guayaba extracts against several Vibrio species (including V. parahaemolyti-
cus). However, to the authors’ best acknowledge, none of the previous studies characterized

biofilm formation of V. parahaemolyticus and V. cholerae under different growth variables nor

evaluated cell viability after biomass assays. As demonstrated in this study, the cell viability

reduction was significantly higher when compared to biomass assays and antibiotic activity,

thus illustrating the novelty of the present study. Therefore, the planktonic antibacterial activ-

ity of Eucalyptus and Guava extracts was evaluated against V. parahaemolyticus and V. cho-
lerae strains and compared to antibiotic treatments. Our results revealed that Eucalyptus

extract exhibited a significant planktonic growth inhibition on these Vibrio species at concen-

trations ranging from (50 to 200 μg/mL), being similar values to those reported by Sivaraj and

colleagues [73] for V. parahaemolyticus (31.25 to 125 μg/mL), as well as Nwabor and colleagues

[74] for Listeria monocytogenes (64 to 128 μg/mL). On the other hand, the Guava extract dis-

played a planktonic growth inhibition in the range of 400 to 1600 μg/mL in this study, which

are lower values than the values reported by Rahim et al. [75] and Hoque et al. [71], more
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exactly concentrations between 1250 and 3000 μg/mL for V. cholerae and V. parahaemolyticus.
In comparison, tetracycline and ceftriaxone exhibited higher inhibition at 2 μg/mL, as purified

compounds, in sensitive strains (VP87 and VC112) but were unable to inhibit resistant Vibrio
strains such as tetracycline-resistant VP275.

Further evaluation was performed through biofilm inhibition and eradication assays using

biomass and CFU counting methodologies. To the authors’ best knowledge, the present study

is the first study to report the biofilm inhibition and eradication assays against Vibrio species

with both methodologies, allowing thus to characterize biofilm reduction and cell viability

within biofilms. Given the absence of literature about cell viability assays, our results were

compared with those studies evaluating biomass reduction. However, it is important to note

that plant extracts revealed equal (Guava extract) or greater (Eucalyptus extract) biofilm inhi-

bition and eradication values by CFU counting evaluation when compared to tetracycline and

ceftriaxone, evidencing greater antibiofilm activities than the initial biomass evaluation and

also suggesting synergy between multiple compounds in both plant extracts. Regarding bio-

mass evaluation, Eucalyptus extract achieved a 90% of biofilm inhibition at 400 μg/mL (2x

MIC value). Although no studies were found regarding biofilm inhibition and eradication in

Vibrio species, several studies reported biofilm inhibition levels up to 95.9% with Eucalyptus

extract ranging from 250 to 393 μg/mL against other bacterial species such as L.monocyto-
genes, Escherichia coli, Staphylococcus aureus, and Streptococcus pyogenes [74, 76, 77]. Concern-

ing biofilm eradication assays, Eucalyptus extract at 800 μg/mL (4x MIC value) was able to

eradicate more than 70% of all Vibrio biofilms in agreement with Tsukatani and colleagues

where Eucalyptus extract eradicated 99% of Porphyromonas gingivalis JCM12257, S. aureus
NBRC13276, and Streptococcus mutansNBRC13955 biofilms showing minimum biofilm erad-

ication concentration (MBEC) values of 49.1 μg/mL for P. gingivalis and 393 μg/mL for S.

aureus and S.mutans [78]. However, in the same study, Eucalyptus extract at superior concen-

trations of 1572 μg/mL was only able to eradicate 21.0% of E. coliNBRC15034 biofilms [78].

Meanwhile, in the present study, the Guava extract showed a higher biomass inhibition at con-

centrations of 12800 μg/mL (8x MIC value), evidencing an average of 80% biomass inhibition

among Vibrio isolates except for VC112 at 30˚C. Further evaluation demonstrated the Guava

extract’s ability at 25600 μg/mL (16x MIC value) to eradicate an average of 70% of the biomass

in all Vibrio sp. excepting once again VC112 at 30˚C. In terms of eradication, other studies

only evaluated Guava extract against different pathogenic species, such as S. aureus [79, 80].

These studies reported eradication levels of up to 44% and 59% in S. aureus biofilms when

applying Guava extracts from 440 to 870 μg/mL and 1100 to 2100 μg/mL [79, 80], respectively.

These lower eradication values when compared to the present study could be due to the lower

applied concentrations of Guava extract as well as the nature of S. aureus biofilms virulence

mechanisms. Despite the use of different measurement methods, our MIC values agree with

the values reported by Sivaraj et al. and Nwabor et al. showing MIC values for Eucalyptus

extract of 31.25 to 125 μg/mL and 64 to 128 μg/mL [73, 74], respectively. Likewise, Rahim et al.

and Hoque et al. also reported similar MIC values for Guava extract stating concentration

ranges of 400 to 1600 μg/mL and 1250 to 3000 μg/mL [71, 75], respectively. However, little is

still known about the potential of plant extracts against Vibrio species. In fact, there is a dearth

of literature related to the cellular viability results (CFU/mL) in biofilm inhibition and eradica-

tion assays. This becomes a challenge when comparing with the existing literature and demon-

strates the importance of the present study, where the reduction in the cellular viability of

Vibrio biofilms is equal to or even greater than tetracycline and ceftriaxone antibiotics even

though the extracts are diluted in an aqueous solvent and their compounds were not purified.

Future studies should evaluate the antibiofilm activity of the identified compounds of the pres-

ent study.
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Moreover, Guava and Eucalyptus extracts contain a variety of compounds already reported

in the literature [81–83], including flavonoids, isoflavonoids, and anthocyanins. In the present

study, we found cypellogin A or B and cypellocarpin C in Eucalyptus extract in agreement

with the literature [58]. Likewise, our identification of guavinoside C, guavinoside A isomer,

and guavinoside B in Guava extract is consistent with Rojas-Garbanzo and colleagues’ study

[84]. Regarding these molecules, few specific antimicrobial assays using purified compounds

were found, reporting mainly antimicrobial activities by guavinoside-like compounds [85]. On

the other hand, other identified molecules in the present study were widely found in other

plants and already demonstrated antimicrobial properties in previous studies [86, 87]. More

exactly, puerarin, quercetin, quercetin glucoside, and rutin showed specific antimicrobial

activity against Vibrio species including V. cholerae [86, 88–90]. The antimicrobial activity

could be attributed to various mechanisms and the presence of multiple compounds in these

plant extracts could lead to synergistic effects that enhance their antibiofilm effects. The mech-

anisms involving flavonoids have been discussed by other authors [34, 91–93]. In general, fla-

vonoids can suppress nucleic acid synthesis and affect the cytoplasmic membrane as well as

other possible effects. Considering the identified flavonoids in the present study, quercetin,

rutin, and luteolin can induce a membrane disruption and even affect biofilm formation,

while quercetin and similar flavonoids can actually disrupt bacterial fatty acid metabolism [34,

92]. Similarly, anthocyanins (like cyanidin derivates found in Guava) can also affect biofilm

formation probably by their chelating properties and interfere with bacterial ATP synthesis

[92, 94]. For many other flavonoids or polyphenols, no specific data is known regarding effects

or mechanisms, but it is safe to assume that will share similar effects as observed in other flavo-

noids. The combination of these effects could weaken bacteria and lead to their lysis and

death. Moreover, considering the low resistance of bacteria to flavonoids [34, 95, 96] as well as

the increment in antibiotic effects when combined with flavonoids [93, 97], it is important to

explore further these and other natural product extracts to reduce the industrial use of conven-

tional antibiotics or other chemical compounds with great impact on the environment. There-

fore, it is important to carry out other studies to fully understand the precise mechanisms

behind the antimicrobial activity of these extracts and their ability to eliminate Vibrio-associ-

ated biofilms.

Limitations and further recommendations

In the present work, we indicate the biological activity of the Eucalyptus (Eucalyptus globulus)
and Guava (Psidium guajava) leaf extracts. However, we don’t know which of the identified

compounds is responsible for the activity. Further studies need to be done to fraction the

extracts with further activity evaluation and/or the direct biological activity evaluation of the

pure identified compounds. Moreover, future experiments could be designed to determine the

mechanism behind biological activity. Another shortcoming of the present study was the lack

of in vitro tests for toxicological evaluation on hemolytic shrimp cells and in vivo assessments

within the shrimp industry in Ecuador to verify the effectiveness and define optimal treatment

ranges against Vibrio-associated biofilms to eliminate their continuous persistence in aquacul-

ture. In addition, the CFU assays allowed to evaluate viable cells, but it cannot differentiate

between live but non-culturable cells and dead cells. Therefore, CFU alone is not enough to

assess biofilm inhibition and eradication, but it must be combined with other methodologies,

such as biomass and LIVE/DEAD assays. Likewise, future research should explore the practical

applications of these identified compounds, more exactly cypellogin A, cypellogin B, and

cypellocarpin C from Eucalyptus extract, as well as guavinoside A, B, and C compounds from

Guava extract. Several studies tried to develop alternative treatments to fight vibriosis and
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antibiotic resistance [98]. However, there is still a need to focus on their practical application.

The use of natural compounds from plant extracts is one of the most promising alternatives

for the treatment and prevention of diseases in aquaculture. These compounds are eco-friendly

allowing them to support the economy and reducing food spoilage. Overall, our results from

aqueous extracts of Guava and Eucalyptus plants suggested a viable alternative in the ongoing

quest for new alternative treatments against vibriosis in the shrimp industry serving as natural

antimicrobial agents, cost-effective, sustainable, and environmentally friendly approach in

Ecuador.
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38. Castro J, Lima Â, Sousa LGV, Rosca AS, Muzny CA, Cerca N. Crystal Violet Staining Alone Is Not Ade-

quate to Assess Synergism or Antagonism in Multi-Species Biofilms of Bacteria Associated With Bacte-

rial Vaginosis. Front Cell Infect Microbiol. 2022; 11: 1375. https://doi.org/10.3389/fcimb.2021.795797

PMID: 35071046
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89. Ivanov M, Novović K, MaleševićM, DinićM, StojkovićD, Jovčić B, et al. Polyphenols as Inhibitors of

Antibiotic Resistant Bacteria—Mechanisms Underlying Rutin Interference with Bacterial Virulence.

Pharmaceuticals. 2022;15. https://doi.org/10.3390/ph15030385 PMID: 35337182

90. Kim DH, Yu KU, Bae EA, Han MJ. Metabolism of puerarin and daidzin by human intestinal bacteria and

their relation to in vitro cytotoxicity. Biol Pharm Bull. 1998; 21(6): 628–30. https://doi.org/10.1248/bpb.

21.628 PMID: 9657051

PLOS ONE Eucalyptus and Guava eco-alternative treatments against Vibrio biofilms

PLOS ONE | https://doi.org/10.1371/journal.pone.0304126 August 13, 2024 29 / 30

https://doi.org/10.1016/j.fsi.2021.08.017
http://www.ncbi.nlm.nih.gov/pubmed/34418559
http://www.wjpsonline.org/
https://doi.org/10.1089/fpd.2019.2620
http://www.ncbi.nlm.nih.gov/pubmed/30998111
http://www.ncbi.nlm.nih.gov/pubmed/20657067
https://doi.org/10.3390/antibiotics10070761
https://doi.org/10.3390/antibiotics10070761
http://www.ncbi.nlm.nih.gov/pubmed/34201471
https://doi.org/10.1099/jmm.0.001253
http://www.ncbi.nlm.nih.gov/pubmed/32930658
https://doi.org/10.1007/s00284-020-02017-z
http://www.ncbi.nlm.nih.gov/pubmed/32394095
https://doi.org/10.1080/08927014.2020.1842877
http://www.ncbi.nlm.nih.gov/pubmed/33172298
https://doi.org/10.1186/s43094-020-00056-8
https://doi.org/10.31665/jfb.2019.5178
https://doi.org/10.31665/jfb.2019.5178
https://doi.org/10.1016/j.fm.2004.01.016
https://doi.org/10.1016/j.fm.2004.01.016
http://www.wjpsonline.org/
https://doi.org/10.1016/j.foodres.2016.12.004
http://www.ncbi.nlm.nih.gov/pubmed/28964367
https://doi.org/10.1271/bbb.66.1727
https://doi.org/10.1271/bbb.66.1727
http://www.ncbi.nlm.nih.gov/pubmed/12353635
https://doi.org/10.3390/antibiotics11010046
http://www.ncbi.nlm.nih.gov/pubmed/35052923
https://doi.org/10.3389/fmicb.2019.00829
http://www.ncbi.nlm.nih.gov/pubmed/31057527
https://doi.org/10.1016/j.copbio.2011.08.007
http://www.ncbi.nlm.nih.gov/pubmed/21925860
https://doi.org/10.3390/ph15030385
http://www.ncbi.nlm.nih.gov/pubmed/35337182
https://doi.org/10.1248/bpb.21.628
https://doi.org/10.1248/bpb.21.628
http://www.ncbi.nlm.nih.gov/pubmed/9657051
https://doi.org/10.1371/journal.pone.0304126


91. Xie Y, Yang W, Tang F, Chen X, Ren L. Antibacterial Activities of Flavonoids: Structure-Activity Rela-

tionship and Mechanism. Curr Med Chem. 2015; 22: 132–149. https://doi.org/10.2174/

0929867321666140916113443 PMID: 25245513
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