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Abstract

Olive leaf extract (OLE) has been increasingly recognized as a natural and effective antimi-
crobial against a host of foodborne pathogens. This study attempts to predict the minimum
inhibitory concentration (MIC) of OLE against Listeria monocytogenes F2365 by utilizing the
asymptotic deceleration point (PDA) in a logistic model (LM), namely MIC-PDA. The experi-
mental data obtained from the inhibitory rate (IR) versus OLE concentration against L.
monocytogenes were sufficiently fitted (R? = 0.88957). Five significant critical points were
derived by taking the multi-order derivatives of the LM function: the inflection point (P1), the
maximum acceleration point (PAM), the maximum deceleration point (PDM), the absolute
acceleration point (PAA), and the asymptotic deceleration point (PDA). The PDA ([OLE] =
37.055 mg/mL) was employed to approximate the MIC-PDA. This MIC value was decreased
by over 42% compared to the experimental MIC of 64.0 mg/mL, obtained using the conven-
tional 2-fold dilution method (i.e., MIC-2fold). The accuracy of MIC-PDA was evaluated by
an in vitro L. monocytogenes growth inhibition assay. Finally, the logistic modeling method
was independently validated using our previously published inhibition data of OLE against
the growths of Escherichia coliO157:H7 and Salmonella enteritidis. The MIC-PDA (for
[OLE]) values were estimated to be 41.083 and 35.313 mg/mL, respectively, compared to
the experimental value of 62.5 mg/mL. Taken together, MIC-PDA, as estimated from the
logistic modeling, holds the potential to shorten the time and reduce cost when OLE is used
as an antimicrobial in the food industry.
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Introduction

Bacterial minimum inhibitory concentration (MIC) is defined as the lowest concentration of
the antimicrobial agent assayed to prevent the visible growth of a bacterium after overnight
incubation [1]. MIC values are used to assess the susceptibilities of bacteria to a particular drug
or an antimicrobial compound [2]. They are commonly obtained by 2-fold serial dilutions of
the antimicrobial agent in broth and assayed using 96-well microtiter plates, i.e., the MIC-
2fold, for example, in the case of olive leaf extract (OLE) against Listeria monocytogenes [3], a
major foodborne pathogen. However, the MIC-2fold method is usually time-consuming and
costly. It tends to overestimate the MIC values [4,5], caused by the large value-span between
the last two concentration points (at the higher end of the data range).

OLE is derived from the leaves of olive trees. It has been used in traditional medicine for its
various health benefits due to its high content of phenolic compounds [6]. The potential appli-
cation of OLE has been recently recognized as a natural antimicrobial agent [3,7,8], either used
as an additive in foods [9] or more commonly incorporated into food packaging, such as films
[10-13] to enhance food safety. The parameters that control the qualities of these antimicrobial
films, such as thickness, density, etc., are closely correlated with the MIC value in the food
packaging industry [14], implying a higher MIC value would lead to a higher cost of the prod-
uct. Most importantly, high OLE levels (> 20 mg/100 g) could cause strong bitterness and
pungent perception in foods [15]. Masking agents, such as sugar or salt, are often added to
mask these undesirable flavors, introducing unnecessarily elevated amounts of sugar or
sodium. Extensive research has established a probable link between over-consumption of
sugar and sodium and increased risk in cardiometabolic disease, hypertension, insulin resis-
tance, fatty liver, obesity, and dental caries [16-18]. Therefore, a higher OLE level resulted
from a greater MIC (than necessary) would cause adverse nutritional and health effects. Con-
sequently, finding a practical and reasonable MIC value is critical for the viable and broad
applications of OLE to be realized and expanded in the food industry.

According to Liu et al. [3,8], the inhibitory rate (IR) for OLE against L. monocytogenes
resembled a sigmoidal growth trend as the OLE concentration increased, closely following a
logistic model (LM) [19] rather than an exponential correlation. Although the logistic function
and its variants have found uses to address microbial growth dynamics in a habitat of finite
resources in food [20,21], referred to as the Verhulst model, the significance of its derivatives
remains to be examined and exploited by the microbiology community. They (the logistic
function and its derivatives) have been utilized in other research fields, including the mathe-
matical characterization and understanding of the recent COVID-19 outbreak in Italy [22].
They have also been applied to evaluate the callus growth kinetics and the accumulation of sec-
ondary metabolites of Bletilla striata, a traditional Chinese medicinal plant [23], and simulate
the growth of Centrolobium tomentosum fruits in Brazil for economic reasons [24]. Five mean-
ingful critical points associated with growth kinetics have been reported for LM function: the
absolute acceleration point (PAA), the maximum acceleration point (PAM), the inflection
point (PI), the maximum deceleration point (PDM), and the asymptotic deceleration point
(PDA) [25,26]. These mathematically derived critical points separate the LM (0 < x < 00) into
several phases and can be applied to describe the stages of varying biological significance (dif-
ferential growth rate, acceleration, and deceleration) [26]. Among these points, the PDA can
be of particular relevance and holds the potential to be used to evaluate the level to which the
bacterial growth reaches sufficiently close to the asymptote (LM generally has an upper hori-
zontal asymptote), so that the following experimental data points can be ignored [24,25].

Thus far, the applications of LM have been primarily limited to investigating the behavior
of the growth function (population, fruit growth, callus, or virus proliferation) as a function of
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time [22-25]. To our best knowledge, correlating these critical points with a broad range of
biological observations, including MIC determination, remains primarily unreported in the
literature. In this work, we explore the feasibility of investigating the inhibitory behavior of
olive leaf extract (OLE) exerted against L. monocytogenes F2365 using a logistic function and
the calculated critical points.

The objectives of this work were to: (1) predict a MIC value for OLE against L. monocyto-
genes F2365 using the asymptotic deceleration point (PDA) derived from the LM, i.e.,
MIC-PDA; (2) delineate the underlying mathematical significance for the inhibitory process;
and (3) evaluate the accuracy of MIC-PDA by conducting conventional inhibitory assays at
similar OLE concentration.

Materials and methods
Materials

L. monocytogenes strain F2365 was from the Eastern Regional Research Center (ERRC) collec-
tions. Brain Heart Infusion (BHI) broth was purchased from Sigma-Aldrich Inc. (St. Louis,
MO). Olive leaf extract (OLE) was a gift from EuroMed, Inc. (Barcelona, Spain).

Inhibitory assays of OLE against L. monocytogenes

A single colony of L. monocytogenes F2365 was inoculated in 5 ml Brain Heart Infusion (BHI)
broth and incubated overnight at 37°C with controlled agitation at 200 rpm. A 1:1000 dilution
of the overnight culture with BHI broth was used for the inhibition study. The inhibitory activ-
ities of OLE against L. monocytogenes F2365 were assessed by a two-fold serial broth dilution
method using 96-well microtiter plates, as described previously [3]. Briefly, eight OLE concen-
trations (128.0, 64.0, 32.0, 16.0, 8.0, 4.0, 2.0, and 1.0 mg/ml) were generated by two-fold serial
dilutions using BHI broth. Fifty microliters (50 puL) of OLE at each concentration and 50 uL of
diluted L. monocytogenes F2365 overnight culture, total 100 pL, were mixed into each well of
the plate. After 24 h incubation, the ODgyo was measured using a spectrophotometric micro-
plate reader (BioTek Instruments, Inc., Winooski, VT) at 37°C with 0.05 linear agitation, as
programed by the Gen 5 software (v. 3.00.19). Eight replicates (on the plate) were set up for
each OLE concentration condition.

Inhibitory rate (IR) of OLE against L. monocytogenes

The inhibitory rate (IR) of OLE against L. monocytogenes was calculated using the ODgq data
at varying OLE concentrations from our previous work [27]. Some modifications were made
base on the published method [28], as indicated below in Eq 1:

IR = <1 o ODGOO(EG) — ODGOO(OLE)
ODﬁoo(PC) - ODGOO(NC)

) x 100% (1)

Where PC, NC, and OLE stand for the positive control (L. monocytogenes overnight cul-
ture), the negative control (BHI broth only), and OLE only (at each corresponding OLE con-
centration, specified in Section “Inhibitory assays of OLE against L. monocytogenes”)
absorbance value, respectively. EG denotes the experimental group (at each OLE
concentration).

Logistic regression modeling and calculations of critical points

A scattered plot of the IR values (from Eq 1) versus OLE concentration was generated and
then fitted with a logistic function, Eq 2 [25] with slight modifications using Origin (v. 2019b,
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OriginLab Inc.) software.

o

1 + exp(—B — yx) 2)

Y

Where x stands for OLE concentration ([OLE]), y, the corresponding IR value, and o, the
asymptotic value (100.00% in this case). p and y are the parameters fitted for IR in a logistic
relationship with OLE concentration. The correlation of determination, R%, was calculated
during the regression fitting by Origin software.

Taking first-, second-, third-, and fourth-order derivatives of Eq 2 yielded critical points
and their values for the IR function versus changing OLE concentration. These critical points
were termed as inflection point (PI), maximum acceleration point (PAM), maximum decelera-
tion point (PDM), absolute acceleration point (PAA), and asymptotic deceleration point
(PDA), similar to those of the Eucalyptus camaldulensis Dehnh. tree growth model [25]. At
these points, the logistic function (IR) gradient (derivative) is equal to zero as a function of
change in OLE concentration. The first-order derivative function of Eq 2, ¥/, returned no criti-
cal point as it is also a logistic function, which never reaches zero (as x —o0). The second-
order derivative function, ¥/, produced the inflection point (PI, Eq 3) with the following val-
ues:

B o
xPI:_;;yPI:§ (3)

The third-order derivative, y'/, prompted values for PAM and PDM, calculated below (Egs
4 and 5):

__Ln(2—|—\/§)+[3. o

XpaM = Y ’yPAM_3+\/§ (4)
_ Ln(2-V3)+B. o«

xPDM_ Y 1yPDM_3_\/§ (5)

The fourth-order derivative, y"’/, generated PI, PAA, and PDA values, as detailed in Eqs 3,
6 and 7, respectively.

. __Ln(5+2\/6)+[3_ o« ©)
PAA v 5 Ypaa 6+2v6
Ln(5—2V6) +B a
Xppa = _¥3 Yeoa = o = (7)
Y 6 —2v6

Inhibition assay using OLE concentration close to MIC-PDA

The inhibitory activity of OLE against L. monocytogenes F2365 at close to the MIC-PDA
(37.055 mg/mL) was evaluated using the assay as described above, in Sections “Inhibitory
assays of OLE against L. monocytogenes” and “Inhibitory rate (IR) of OLE against L. monocyto-
genes”. Briefly, 50 pL of diluted (74.0 mg/mL) from the OLE stock solution (dissolved in BHI
at 250 mg/mL) and 50 uL L. monocytogenes F2365 (diluted 1000X in BHI) overnight culture
were mixed into each well of the plate, making the final OLE concentration ~37.0 mg/mL in
each well. Total eight wells (at the same OLE concentration) were used. The positive control
contained 50 pL of L. monocytogenes overnight culture and 50 uL BHI broth (instead of OLE).
The negative control included 100 uL BHI broth only. The blank was a mixture of equal
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volume (50 pL) of OLE (at 74.0 mg/mL) and BHI. The OD¢g was measured after 24 h incuba-
tion, as described above, and the IR was calculated using Eq 1.

Statistical analysis

Statistical analysis was performed using Excel (v. 365) and Origin (v. 2019b, OriginLab Inc.)
software package where P < 0.05 was considered significant.

Results and discussion

Experimental data of IR versus OLE concentration

Fig 1A shows the experimental data obtained for IR as a function of OLE concentration using
the conventional 2-fold dilution method, agreeing with the result of Liu et al. (2017 and 2018).
In addition, the data approached a sigmoidal-shaped curve rather than a linear correlation,
suggesting that the distribution of IR versus OLE concentration in the inhibitory activities
against L. monocytogenes resembled a logistic function. Subsequently, a logistic regression pro-
cedure was employed to fit the experimental data to depict and predict the critical points and
phases of the inhibitory process.

The B and y values in Eq 2 were estimated to be -1.9366 and 0.11413, respectively, by the
logistic regression routine in Origin software. The resulting R* (correlation of determination)
value was 0.88957, indicating a reasonably close fit [29] between the experimental data and the
logistic model (LM) used. This established mathematical relationship makes it possible to esti-
mate the OLE concentration reliably against L. monocytogenes at a desired IR value and vice
versa.

Critical points of the logistic function

Fig 1B-1E show the first-, second-, third-, and fourth-order derivatives of the logistic function
(Eq 2). The critical points, designated as PI (xo, o), PAM (xpanms> Ypam)> PDM (Xppms> YpDM)>
PAA (xpaa, ypaa), and PDA (xppa, ¥ppa), are as indicated. The second-, third-, and fourth-
order derivatives yielded critical values of the OLE concentrations (x-axis) to be 16.968,
5.4293, 28.507, -3.1178, and 37.055 mg/mL, respectively. The corresponding IR values (y-axis)
were calculated to be 50.000, 21.132, 78.868, 9.1752, and 90.825%. The PAA point was of little
significance for a negative value (-3.1178 mg/mL) was attained in this work.

The remaining four critical points represented five phases of the changes that occurred in
IR as affected by increasing OLE concentration. As shown in Fig 1B ('), the first-order deriva-
tive produced no critical point. The second-order derivative (y, Fig 1C) returned the critical
point PI (xo, o), i.e., the inflection point, corresponding to the OLE concentration (16.968
mg/mL) at half (50.000%) of the total IR. PI signifies the most rapid IR increase at this OLE
concentration. After the inflection point, the rising rate of IR declines, approaching the limit-
ing value.

PAM (Fig 1D), the maximum acceleration, and PDM, the maximum deceleration at
increasing OLE concentration, were obtained by taking the third-order derivative of Eq (2)
(y'"", Fig 1D). Their determination revealed that the IR rose rapidly before the PAM value (in
the 1 phase), increased gradually from PAM to PI (same as (xo, o)) (the ond phase), then
declined quickly to PDM (the 3" phase). The fourth-order derivative (y/'/, Fig 1E) identified,
once again, the inflection point (PI, the 4™ phase), the absolute acceleration point (PAA, also
fell in the 1st phase), and the asymptotic deceleration point (PDA) formed the 5th phase. The
significance of PDA implied that the IR became increasingly insensitive to the growing OLE
concentration (x —oo) after this point. The OLE concentration was estimated to be 37.055
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Fig 1. Logistic modeling (LM) of inhibitory rates (IR) versus OLE concentration against L. monocytogenes F2365.
(A) the experimental data (blue balls) and the logistic regression curve (solid black line, p = -1.9366; y = 0.11413, and
R?=0.88957); (B) the first-order derivative ('); (C) the second-order derivative (y') generated PI, x, (= 16.968 mg/
mL) and y, (= 50.000%); (D) the third-order derivative (y'") produced the maximum acceleration point (PAM (5.4293
mg/mL, 21.132%)) and the maximum deceleration point (PDM (28.507 mg/mL, 78.868%)); (E) the fourth-order
derivative (y'"") yielded inflection point (PI (16.968 mg/mL, 50.000%)) and asymptotic deceleration point (PDA
(37.055 mg/mL, 90.825%)).

https://doi.org/10.1371/journal.pone.0263359.g001

mg/mL at the asymptotic deceleration point (PDA), and an IR value of 90.825% was obtained
(Eq 7). Therefore, it is reasonable to use PDA as the criterion to predict the minimum inhibi-
tory concentration (MIC) of OLE against L. monocytogenes.

Evaluation of MIC-PDA by inhibition assay (MIC-2fold)

To evaluate the accuracy of MIC derived from PDA calculations (MIC-PDA), we performed
in vitro L. monocytogenes growth inhibition assays at the OLE concentration close to the
MIC-PDA value (~37 mg/mL). Table 1 compares the inhibitory rate (IR, %) obtained by the
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Table 1. Comparison of inhibitory rate (%) against L. monocytogenes F2365 at similar OLE concentration
(MIC-PDA).

[OLE], mg/mL IR, % Method
37.055 90.825 PDA estimation
37.0 101.8 0.7 Inhibition assay

https://doi.org/10.1371/journal.pone.0263359.t001

two methods. At an identical OLE concentration, the experimental IR (101.8 + 0.7%) was
~10% higher than the value estimated from PDA (90.825%). We attributed this discrepancy to
the experimental errors introduced in the dilutions of OLE and propagated in subsequent
assays. Additionally, possible variations in the ODgoo measurements resulted in an over-esti-
mation of IR (> 100%). Contrarily, the asymptotic value was set at 100.00% (Eq 2) for the cal-
culation of MIC-PDA, strictly limiting the IR values to be below 100.0% as [OLE] —oc.
Incidentally, the LM (Eq 2) yielded an IR value of 12.602% in the absence of OLE ([OLE] =
0.0), i.e., the equivalent of the positive control (Eq 1) rather than 0.0%, as determined by the
inhibition experiments (Sections “Inhibitory assays of OLE against L. monocytogenes” and
“Experimental data of IR versus OLE concentration”). Non-zero y (the IR in this case) is an
inherent property of the logistic function. As defined by Eq 2, y never reaches 0.0 regardless of
the x value unless o is also 0.0, meaning no inhibition effect exists. Nevertheless, this work
demonstrated that the logistic modeling procedure was particularly applicable for the presence
of an antimicrobial agent ((OLE] > 0.0 mg/mL) to exert a measurable inhibition effect
(IR > 0.0%).

Validation of the logistic modeling method in OLE inhibition of
Escherichia coli O157:H7 and Salmonella enteritidis

To further validate the logistic modeling method, as described in this work, we applied the
logistic function (Eq 2) to fit our previously published OLE inhibition data against two Gram-
negative strains, Escherichia coli O157:H7 and Salmonella enteritidis. The resulting parameters
(Eqgs 3-7) are presented in Table 2, compared to the MIC data obtained by 2-fold dilution inhi-
bition assays [3,8]. Similar to the case of OLE inhibition against L. monocytogenes, as studied
in this work, the PDA-derived MIC values, 41.083 and 35.313 mg/mL, respectively, were

Table 2. Results from the logistic modeling of OLE inhibition against Escherichia coli 0157:H7 and Salmonella
enteritidis using previously published growth inhibition data and comparing with the experimental MIC values*
(Liu et al., 2017).

Derived parameters E. coli O157:H7 S. enteritidis
B -2.0106 -1.7686

Y 0.10474 0.11500

R 0.98090 0.96621
MIC-PDA (mg/mL, xpp4) 41.083 35.313

IR (%, Yppa) 90.825 90.825
MIC* (mg/mL, Liu et al., 2017) 62.5 62.5

IR* (%, Liu et al., 2017) 95 100

IR (%, positive control, when [OLE] = 0.0) 11.809 14.572

PI ((x0 o), (mg/mL, %)) 19.196, 50.000 15.379, 50.000
PAM ((xpam> ypam), (mg/mL, %)) 6.6228,21.132 3.9269,21.132
PDM ((xppm> YppMm)> (Mmg/mL, %)) 31.770, 78.868 26.830, 78.868
PAA ((xpaa> ypaa), (mg/mL, %)) -2.6905, 9.1752 -4.5555,9.1752

https://doi.org/10.1371/journal.pone.0263359.t002
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significantly lower than the experimentally measured MIC at 62.5 mg/mL. The IR level for
these bacterial strains was calculated to be 90.825% when the OLE concentration reached
MIC-PDA. The two-fold dilution inhibition assay method appeared to overestimate the MIC
in all three bacterial growth scenarios. The logistic modeling reasonably estimated the MIC
values for all bacterial strains whose inhibition behavior by OLE followed a logistic function.

The logistic modeling (Eq 2) of the data for E. coli O157:H7 and S. Enteritidis was per-
formed by assuming a complete inhibition (o = 100.00%), contrasting our previously experi-
mentally determined IR of 95% for E. coli O157:H7 [3] compared to 100% for S. Enteritidis
and L. monocytogenes. Indeed, all derived MIC-PDA, PI (x), PAM (x), and PAA (x) values
(Table 2) were higher for E. coli O157:H7 than those for S. Enteritidis and L. monocytogenes.
These estimated parameters supported the observations that OLE was less effective in inhibit-
ing E. coli O157:H7 than against S. Enteritidis and L. monocytogenes.

Consistent with the LM results of L. monocytogenes in Section “Evaluation of MIC-PDA by
inhibition assay (MIC-2fold)”, Table 2 showed the IR of 11.809 and 14.572% for E. coli O157:
H7 and S. Enteritidis, respectively, in the absence of OLE ([OLE] = 0.0 mg/mL), i.e., the posi-
tive control. Once again, Eq 2 and subsequent calculations were more suitable for studying the
effective action of an antimicrobial (e.g., [OLE] > 0.0 mg/mL) against a bacterial strain (when
IR > 0.0%).

Conclusions

A logistic relationship was established (R* = 0.88957) for the experimental data of L. monocyto-
genes F2364 inhibitory rate (%) as a function of OLE concentration. Taking multi-order deriv-
atives of the logistic function (accomplished by the commercial software package, Origin)
yielded four meaningful critical points, i.e., PI, PAM, PDM, and PAD, and five phases. The
asymptotic deceleration point (PAD) proved to be of particular significance as it (MIC-PDA)
approximated the minimum inhibitory concentration (MIC) of OLE and agreed reasonably
well with the MIC value obtained from the experimental inhibition assays. This work demon-
strated combined approaches to yield MIC, i.e., estimation by taking the derivatives of a logis-
tic function fitted with the inhibition data and direct determination by inhibition essays. We
further independently validated the modeling method by applying the logistic function (Eq 2)
to previously published data of OLE against two Gram-negative bacterial strains, Escherichia
coli 0157:H7 and Salmonella enteritidis. The resulting PDA-derived MIC values (MIC-PDA),
41.083 and 35.313, respectively, were significantly lower than those experimental MIC values,
62.5 mg/mL, similar to the case of OLE inhibition of L. monocytogenes studied in this work.
Moreover, the LM results supported the observation that OLE was less effective against E. coli
O157:H7 than S. enteritidis and L. monocytogenes. This logistic modeling procedure may be of
particular interest in those cases when the observed variables follow a logistic relationship and
help understand the biological events involved.
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