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Abstract: The antimicrobial activity of plants, algae, and derived extracts has been a subject of
interest for the scientific community. Algae extracts have demonstrated their potential as a source of
natural antimicrobial agents. Because of their antibacterial capacity and low toxicity, algae extracts
have been studied as natural preservatives in food and cosmetic formulations. The use of these
extracts has the potential to minimize the use of synthetic preservatives, which may be harmful to
both human health and the environment. Nonetheless, the use of end-point techniques to calculate
the minimal inhibitory concentration instead of creating growth inhibition curves usually leads to
an absence of mathematical modeling procedures on the bacterial inhibition behavior of natural
extracts. The goal of mathematical modeling is to describe the relationship between the concentration
of an inhibitory agent (such as a drug or a toxin) and the growth rate of a population. For this
purpose, the data obtained during the growth of six different bacteria in the presence of different
concentrations of Ascophyllum nodosum (L.) extracts were recorded over 24 h. Later, the collected data
were modeled based on different classical sigmoidal models, e.g., Weibull, logistic, and Gompertz,
that were applied to define the critical growth phases and infer the kinetic parameters. The obtained
parameters led to the conclusion that the inhibition mechanisms behind the antibacterial effects of
the algae extracts are diverse towards different microorganisms. The presence of the extract led to
a diminution of the specific growth velocity in some cases such as Staphylococcus epidermidis while
in the replication of other bacteria such as Bacillus cereus, the extension of the lag phase was the
predominant inhibition mechanism.

Keywords: antimicrobial activity; Ascophyllum nodosum (L.); mathematical modeling

1. Introduction

Antimicrobial activity is an essential aspect of microbiology and public health. The
ability of antibiotics, disinfectants, and other antimicrobial agents to inhibit the growth of
bacteria and other microorganisms is critical for controlling infections and preventing, for
instance, food spoilage. There is a panoply of natural products with antimicrobial proper-
ties [1,2], and the scientific community has been focused on those products especially for
safety reasons. Macroalgae have shown great potential in several bioactive characteristics,
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including antimicrobial activity [3]. The antimicrobial capacity of Ascophyllum nodosum
extracts was formerly reported [4].

Mathematical models can be used to describe the relationship between the concentra-
tion of an antimicrobial agent and the extent of growth inhibition. Three commonly used
sigmoidal models for this purpose are the Weibull, Gompertz, and logistic models.

The Weibull model is a flexible model that can be used to describe a wide range
of survival and growth processes [5]. The Weibull model assumes that the microbial
population has a heterogeneous response to the antimicrobial agent, with a subset of cells
being more resistant than others (Equation (1)).

(Y) :K{l—EXP (—Lﬂ(é)aﬂ )

where K represents the asymptote corresponding to the maximum growth, a is the curve
slope and is related to the microbial growth velocity, and finally t5y represents the time to
achieve 50% of the asymptotic value and is related to the lag time.

The Gompertz model is a sigmoidal model that is often used to describe bacterial
growth curves. This model can be adapted to describe the effects of antimicrobial agents by
incorporating an inhibitory effect (Equation (2)). Many modifications of this model have
been proposed over the years [6].

(~KX)
YO ) 2

Y=Ym (YM
where Ym is the asymptote is the maximum bacterial population, Y0 is the initial bacterial
population, and 1/K provides the coordinates of the inflexion point.

The logistic function model characterizes the proliferation of microbial populations
based on their starting population density, duration of growth, rate of growth, and ul-
timate population density [7]. This sigmoidal model is widely used, with or without
modifications [8], to describe the growth of bacterial populations (Equation (3)).

B Ym YO0
Y= ( ((Ym —Y0) ¥ +y0) ) ©

where Ym and Y0 are the maximum bacterial population and starting bacterial population,
correspondingly, and k is the rate constant.

In the present study, the three above-described sigmoidal models were fitted to the
growth curves of six microorganisms in the presence of different concentrations of Asco-
phyllum nodosum extracts.

2. Materials and Methods

The antimicrobial activity growth curves in the presence of algae extracts used to
fit the mathematical models were published by Silva and colleagues [4]. The following
microorganisms were used: Gram-negative strains of Pseudomonas aeruginosa (ATCC 10145),
Salmonella enteritidis (ATCC 13676), and Escherichia coli (NCTC 9001) as well as the Gram-
positive strains of Staphylococcus aureus (ATCC 25923), Staphylococcus epidermidis (NCTC
11047), and Bacillus cereus (ATCC 14579).

The mathematical models and figures presented were created using GraphPad prism
8 software. The parameters were found after checking the normality of the residues by
the Shapiro-Wilk test. Fisher’s F-test (x = 0.05) was used to figure out if the constructed
models were appropriate to describe the observed data. Finally, the correlation coefficient
R? is interpreted as the proportion of variability in the dependent variable explained by
the model.
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3. Results and Discussion

The data were successfully fit to the three models, and the lowest correction factor R
achieved was 0.9423 when fitting the Gompertz model to the growth curve of P. aeruginosa
in the presence of 8 mg/mL of A. nodosum extract. The compilation of the adjusted factors
is presented in Table 1.

Table 1. Parameters estimated from the logistic, Weibull, and Gompertz equations (p < 0.05) and the
correspondent coefficient of determination R2.

Dose Logistic Weibull Gompertz
mg/ mL Ym Y() K Rz K tso a Rz Ym Y() K 1/k R2
Pseudomonas aeruginosa
0 1.372 35x 1073 0.6677 0.9947 1.3701 8.964 3.862 0.933 1.394 23x 10715 04417 2264 09988
2 09248 1.4 x 1073 0.5441 0.9958 0.9160 11.99 4415 0.9956 09505 3.6 %1072 03517 2843 0.9967
8 0.6020 33 x 107* 0.5000 0.9577  0.6608 15.19 6.009 09591 07813 6.7 x 1074 02384 4194 09423
Salmonella enteritidis
0 1.506 0.01499 0.6542 0.9856 1.512 7.049 2.846 0.9857 1.531 1.9 x 10°° 04282 2335 0.9931
1.2 1.650 0.03639 0.4133  0.9807 1.689 9.267 2.282 0.9857 1.711 56 x 1074 02673  3.741  0.9910
2 1.736 0.02597 0.5722  0.9868 1.749 7.331 2.566 0.9878 1.768 3.6 x 1075 03799  2.632 0.9944
4 - 0.01003 0.1901 0.9493 1.300 21.80 4291 0.9088 1.522 94 x107% 02568 3.894 0.9938
Escherichia coli
0 1.637 0.08039 0.3330 0.9802 1.712 9.008 1.780 0.9913 1.709 0.01460 02160  4.630 0.9918
1.2 1.822 0.06597 0.3299 0.9891 1.873 9.951 2.038 0.9963 1.917 0.007340 0.2081  4.806  0.9969
2 1.627 0.08836 0.2862 0.9812 1.746 10.31 1.701 0.9936 1.728 0.02269 0.1804 5545 0.9922
4 1.415 0.06842 0.3134  0.9765 1.494 9.719 1.788 0.9886 1.484 0.01167 0.2032 4920 0.9885
Staphylococcus aureus

0 1.800 0.05352 0.4845 0.9913 1.775 6.986 2.253 0.9954 1.600 57 x 1074 0.3597 2780 0.9467
0.4 1.500 0.1219 0.3118  0.9662 1.424 6.975 1.703 0.9883 1.424 0.01614 0.2679  3.733  0.9900
1.2 1.000 6.95 x 1073 0.6823  0.9889 0.9702 7.148 3.398 0.992 09797 73 x 10711 05040 1.984 0.9962
2 1.100 0.01168 0.5068 0.9939 1.111 8.965 2.887 0.9951 1.142 11 x107° 0.3158  3.167 0.9961

8 - 9.00 x 1073 0.1664 - - - - - - 0.001844 0.0622  16.06 -

Staphylococcus epidermidis
0 1.102 0.01376 0.3398 0.9997 1.093 12.74 2.951 0.9985 1.208 1.2 x 107* 0.1945 5.141  0.9969
1.2 04101 47 x10°* 0.6291 0.9883 0.4078 10.78 4.483 0.9855 04220 56x1072 03959 2526 0.9940
2 0.8327 0.01018 0.3218 0.9819 0.8443 13.70 2.840 0.9845 0.9372 14 x 107* 0.1771  5.645 0.9848
8 0.1585 1.4 x 1073 0.4908 0.9934 0.1583 9.527 3.046 0.9930 0.1628 1.1 x 1077 03196  3.129  0.9952
Bacillus cereus

0 1.426 62 %1073 0.7428 0.9932 1.425 7.323 3.523 0.9914 1.446 71 x10"1 04897 2.042 0.9969
1.2 1.281 48 x 1074 0.6050 0.9854 1.276 13.15 5.138 0.9818 1.325 85x107% 03900 2564 0.9927
1.2~00 1.9 x 10~* 0.4900 0.9883 1.040 17.21 7.467 0.9911 1.326 21 %1073 02581 3.875 0.9931

8 - - - - - - - - - - - - -

The results of the global analysis showed that all three classical sigmoid models can
adequately stand for the experimental data. However, the Weibull model achieved the best
overall R? value, showing that it is the most effective model for fitting the experimental data.
Previous studies have also shown that the Weibull model outperforms the commonly used
Gompertz model for fitting empirical data [9,10]. Figure 1 presents the growth curves of
the microorganisms and the corresponding parameters determined by the Weibull model.

Considering the results in Table 1, in the case of P. aeruginosa behavior in the presence
of the algae extract, it is possible to infer that the antimicrobial agent led to a decrease in
the maximum bacterial population k, ranking from 1.370 to 0.6608, but also affected the lag
time, which is the period of time during which bacteria or other microorganisms adapt to
their new environment and begin to grow and reproduce and is reflected in the factor fs.
The primary mechanism in the case of S. enteritidis and B. cereus appears to be the extension
of lag time, with the t5) parameter varying from 7.049 to 21.80 in the first case and from
7.323 to 17.21 in the second, while the k and a factors had minor variations. In the case
of S. epidermidis, the maximum bacterial density was the most important factor affected
by antimicrobial action, the k parameter varied from 1.093 to 0.1583, while in the case of
E. coli, the invariability of the parameters determined it was consistent with the lack of
inhibition observed.
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Figure 1. Growth curves of the microorganism and the corresponding parameters of the Weibull
equation e represents K, = represents ts, and 4 represents the a. Adapted from Ref. [4].

This work showed that the Weibull model can be used with advantage to describe
antimicrobial action of natural extracts.
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