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HISTORY ABSTRACT
Phenol, in particular, is one of several dangerous synthetic compounds created by humans. There
were more than 80,000 chemicals produced in the US for industrial use, and many of these are
phenol and phenolic compounds that end up in the environment without being subjected to
adequate safety assessment. There are several types of bacteria that may use phenol as a carbon
source, making bioremediation of this dangerous material a promising possibility. We found that
at very high concentrations of phenol, the growth rate of Pseudomonas putida NAUN-16 was
significantly slowed down. The primary growth model modified Gompertz was utilized to obtain
the growth parameter specific growth rate. In this study, we continue the work by further
Teissier modelling the effect of substrate or phenol on the growth rate of the bacterium using several
substrate inhibition kinetic models such as Monod, Haldane, Teissier, Aiba, Yano and Koga, Han
and Levenspiel, Luong, Moser, Webb and Hinshelwood. The resultant fittings show appreciable
fitting with the exception of the Monod model. The Teissier model, as opposed to the more widely
used Haldane model, better suited the growth rate data at different concentrations of phenol as
judged by the results of the RMSE, AICc, adjustedR?, F-test, and bias and accuracy factor. The
designated values of the Teissier constants were maximal reduction rate, half saturation constant
for maximal reduction and half inhibition constant which are symbolized by timax, Ks and K; were
0.150 1/hr (95% confidence interval 0.120 to 0.180), 162.19 mg/L (95% C.1.55.58 to 268.79) and
1291.94 mg/L (95% C.I. 1067.24 to 1516.65), respectively. The value generated from curve
fitting interpolation should not be taken as the actual value and it should be warned of this as the
true fimax should be where the gradient for the slope is zero and in this case the value was
approximately 0.097 1/h at 385 mg/L phenol.
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INTRODUCTION for its removal [3]. Numerous phenol-degrading bacteria from
Nigeria have been isolated [4-7].

Man-made synthetic chemicals, in particular, pose serious health

risks. More than 80,000 chemicals were manufactured in the US
for industrial purposes, and many more were released into the
environment without proper safety testing. While it is true that
the toxicity of naturally occurring and manmade chemicals
cannot be compared, it is interesting to note that the five most
poisonous substances on Earth are all naturally occurring [1]. The
phenol industrial contaminant is between the most common,
potentially hazardous substances come in essence as a result of
industrialization[2]. Phenol contamination of Nigerian soils and
water bodies have increased over the years, resulting in concern

Inhalation and skin contact with phenol, which is extremely
irritating to the skin, eyes, and mucous membranes, are the most
common routes of phenol poisoning, which manifests itself
acutely. In humans, the signs of acute poisoning include rapid
heartbeat, shallow breathing, muscular weakness and tremors,
loss of consciousness, and coma. Abnormal breathing, trembling
and weakening of muscles, loss of coordination, convulsions,
coma, and respiratory arrest are all symptoms of acute poisoning
in humans. High acute toxicity from oral exposure to phenol has
been seen in rodents, including rats, mice, and rabbits [8—11].
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Chronic effects of phenol exposure in humans include a lack of
appetite, gradual weight loss, diarrhea, dizziness, excessive
salivation, and a dark urine color. Also noted are effects on the
blood and liver, as well as gastrointestinal disturbances. One
research indicated that following inhalation and cutaneous
exposure to phenol and a few other chemicals, the subject had
muscular soreness, weakness, an enlarged liver, and higher levels
of liver enzymes. Topical phenol administration causes dermal
irritation and necrosis. Humans exposed to extremely high levels
of phenol have also shown cardiac arrhythmias. The central
nervous system (CNS), kidneys, liver, lungs, and heart are all
negatively impacted by prolonged inhalation of phenol in
animals. Based on findings of decreased fetal body weights in
rats, the Reference Dose for phenol is 0.6 mg/kg/d. The reference
dose is an oral exposure estimate for the general population
(including sensitive subgroups) that is expected to pose no
significant risk of adverse noncancer consequences over the
course of a lifetime (with uncertainty spanning possibly an order
of magnitude). It is not a precise measure of danger, but rather a
yardstick by which to evaluate outcomes. Potential for harmful
health consequences to occur rises when exposures exceed the
reference dosage. A lack of negative health effects does not
always follow from a lifetime of exposure in excess of the
reference dosage. Since the reference dose was derived from a
study in which the dose was given via gavage, EPA has low
confidence in that study; however, the database contains several
supporting studies (subchronic, chronic, and
reproductive/developmental), so EPA has medium confidence in
the reference dose overall [8,12—16].

Workers who were exposed on the job reported small,
statistically insignificant increases in the risk of developing
specific malignancies, but the link between their exposure and
their increased cancer risk was not established. Oral
administration of phenol did not cause cancers in animals, but
dermal application of phenol may promote tumor growth and/or
be a weak skin carcinogen in mice. Despite this, the
Environmental Protection Agency has placed phenol in Group D,
"not classifiable as to human carcinogenicity," due to a dearth of
information about its carcinogenic effects in both people and
animals [17].

It is impossible to develop and optimize biological
transformation processes without access to quantitative
experimental data. Different mathematical models have been
suggested to explain the metabolic dynamics of substances when
they are exposed to either microorganism pure cultures or wild
microbial populations. One useful tool in biotechnology is the
relationship between the substrate concentration (S) and the
specific growth rate (1) of a microbial colony. In order to
characterize the relationship between growth and substrate
consumption rate, the Monod equation has been commonly
employed [18,19]. The original Monod model, however, is
useless when a substrate acts as an inhibitor of its own
biodegradation. Instead, new constant-carrying derivatives have
been developed to make substrate-related adjustments. In many
different literatures, the Haldane model is used to represent
substrate inhibition of growth or degradation rate.While other
models have been proved to be more accurate when considering
many substrate-inhibiting chemicals at once, such as phenol, this
one continues to be used. As an illustration, the Haldane model
isn't the only one out there [20], In addition to Luong's model,
additional models have been proven to be superior [21,22] and
Edward [23]. Therefore, in certain cases, the Haldane may be
superseded by the use of the comprehensive models currently at
hand. The Haldane model shouldn't be employed loosely without

rigorous statistical examination and fitting alternative models to
the existing growth or degradation rate data.

Previous research demonstrated that the primary growth models
modified Gompertz and modified logistics were very close as the
best models for fitting the growth of Pseudomonas putida
(NAUN-16) on phenol [24]. In this study, we continue the work
by further modelling the effect of substrate or phenol on the
growth rate of the bacterium using several substrate inhibition
kinetic models.

MATERIALS AND METHODS

Data from Fig 1. from the growth of Pseudomonas putida
NAUN-16 on phenol [25] was processed using the software
Webplotdigitizer 2.5 [26] which digitizes the scanned figure and
has been utilized by many researchers and acknowledged for its
reliability [27,28]. The modified Gompertz model from a
previous work on refitting of this data [24] was utilized in this
study (Eqn. 1). The ten models of inhibition kinetics are shown
in Table 1.

y=A {1 + vexp(1 + v)exp [”7'" (1+v) (1 + %) (- t)]}(_Tl)
(Eqn. 1)

Table 1. Various mathematical models developed for
degradation kinetics involving substrate inhibition of phenol on
Pseudomonas putida (NAUN-16).

Author Degradation Rate Author
Monod
HhnaxS [29]
S+ K;
Haldane
HinaxS [30]
s+ + (%)
s KL
Teissier S S
e | 100 () e () B1)
Aiba S ox (_ S )
Hmax g+ s P\ K, [32]
Yano and Koga HinaxS
S? S [33]
S+K5+(E)(1 +%)
Han and Levenspiel / \ [34]
S

) Prmrd

s sy)"
Hinax (1 - (_)) [35]
Luong S+ K Sm
Moser HiaS™ [36]
Ks +s™
Webb S [37]
tnasS (14 )
S2
S+ K+ 3
S s
Hinshelwood [38]
Yz —(1-K,P
max Ks + S( 14 )
Note
Mmax  maximal specific growth rate
Ky half saturation constant
Ki inhibition constant
S maximal concentration of substrate tolerated
K, product inhibition constant
m, n, K curve parameters
S substrate concentration
P product concentration
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STATISTICAL ANALYSIS

Statistical significant difference between the models was
calculated through various methods including the adjusted
coefficient of determination (R?), accuracy factor (AF), bias
factor (BF), Root-Mean-Square Error (RMSE) and corrected
AlCc (Akaike Information Criterion) as before [27].

FITTING OF THE DATA

Fitting of the inhibition curves using various growth models was
carried out using the CurveExpert Professional software (Version
1.6) by nonlinear regression utilizing the Marquardt algorithm.

Statistical analysis

Statistics functions such as adjusted coefficient of determination
(R?), Root-Mean-Square Error (RMSE), corrected AICc (Akaike
Information Criterion), bias factor and accuracy factor (BF, AF)
using the same set of experimental data, models with varying
numbers of parameters were compared to one another to see if
there was a significant difference in terms of fitness. The RMSE
allows number of parameters’ penalty and was calculated using
Equation 1, where # illustrates the number of experimental data,
where else p is the number of parameters calculated by the model
and experimental data and values predicted by the model are Ob;
and Pd;, respectively [39].

RMSE = Zi=1(Pdi_0bi)z
\J n-p

In linear regression, the best fitting model was determined by R?
or coefficient of determination. However, in nonlinear
regression, the R? does not give a comparative analysis where the
number of parameters between models is different. To overcome
this, adjusted R? was used to calculate the quality of the nonlinear
models. In the adjusted R? formula, 532, is the total variance of the
y-variable and RMS is Residual Mean Square.

(Eqn. 2)

Adjusted (R?) =1 — RS“;S (Eqn. 3)
—R2 —
Adjusted (R?) =1 — % (Eqn. 4)

Using the Akaike Information Criterion (AIC), one can
determine the relative quality of different statistical models for a
given set of experimental data. Instead, data sets with many
parameters or few values should use the corrected AIC, which is
AICc [40]. The AICc was calculated based on the following Eqn.
4.

Aice = 2p +nin (%2) + 20 + 1) +2(”:_1—;(_”2”)

(Eqn. 5)

AlICc provides information about the disparities in the number of
parameters and the fitting between two models. The smallest
AlICc value would indicate the best fitting between the models
[40].

Aside from AlCc, Bayesian Information Criterion (BIC) (Eqn.
5) is another statistical method that is based on information
theory. This error function penalizes the number of parameters
more strongly than AIC [41].

BIC =n. lanﬁ +p.In (n) (Eqn. 6)

A further error function method based on the information theory
is the Hannan—Quinn information criterion (HQC) (Eqn. 6). The
HQC is strongly consistent unlike AIC due to the In In » term in
the equation [42];

HQC=n><lanﬁ+2><p><ln(lnn) (Eqn. 7)

The goodness-of-fit of the models was tested using BF and AF.
In a molybdenum reduction, the Bias Factor should be equal to 1
to provide a perfect match between the predicted and observed
value. The value of the Bias Factor (Eqn. 7) that is greater than 1
signifies a fail-safe model and a Bias Factor less than 1 indicates
a fail-negative model. The value of Accuracy that > 1 signifies
less precise prediction (Eqn. 8).

(Pd;/0b;)
T) (Eqn. 8)

Bias factor = 10( ™ log

|(Pd;/0D))|
)

Accuracy factor = 10 ( ™ log (Eqn. 9)

RESULTS AND DISCUSSION

The modified Gompertz model was previously successfully used
as a primary model to model the growth of the bacterium on
phenol. There appears no or minimal lag period indicating the
cellular machinery of the bacterium has been geared towards
degradation and fast assimilation of toxic substances. This
property of Pseudomonas spp. is well known as the genus of this
bacterium is known for its ability to degrade toxic substances
ranging from pesticides, hydrocarbons to pharmaceuticals [43—
54]. In this investigation, we employed ten distinct substrate
inhibition models for Pseudomonas putida NAUN-16 growth on
phenol (Table 1). The standard substrate-based Monod model
has the issue of overlooking the unique, regulatory complex,
variable response to environmental stimuli, and the ability of
microorganisms to create different products and by-products in
intrinsic metabolism. The results of the RMSE, AlCc,
adjustedR?, F-test, and bias and accuracy factor comparisons
demonstrate that the Teissier model is the most accurate and
precise of the kinetic models considered (Table 2). The resultant
fittings (Figs 2 to 11) show appreciable fitting with the exception
of the Monod model.
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Fig 1. The growth curves of P. putida NAUN-16 on various
concentrations of phenol as modelled using the modified Gompertz
model.
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Fig 6. Resulting fitting of the specific growth data versus phenol

Fig 11. Resulting fitting of the specific growth data versus phenol
concentration according to the model of Yano and Koga.

concentration according to the model of Hinshelwood.
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Table 2. Statistical analysis of the various fitting models.

Model RMSE adjR? AICc BIC HQC BF AF

0.00 1.00
0.00 0.99
0.00 1.00
0.00 1.00
0.00 0.97
0.03 -4.78
0.02 0.06
0.01 0.69
0.04 -5.91
0.01 0.96

-18.75
-15.93
-62.50
-62.56
-44.77
-32.67
n.a.
-30.12
27.27
-1.67

-91.43
-88.61
-92.51
-92.57
-74.77
-48.01

Luong 1.00 1.01
Yano
Tessier-Edward
Aiba

Haldane

Monod

Han and Levenspiel
Moser
Hinshlewood

Webb

Note:

P no of parameters
RMSE Root Mean Square Error
AdjR? Adjusted Coefficient of determination
BF Bias factor

AF  Accuracy factor

na.  not available

1.00
1.00
1.04
0.89

1.02
1.02
1.07
1.24
1.19
1.19
1.24
1.07

1.06
0.89
1.04

AR LULUNDWWWRRTD

The designated values of the Teissier constants were
maximal reduction rate, half saturation constant for maximal
reduction and half inhibition constant which are symbolized by
Hmax, Ks and K; were 0.150 1/hr (95% confidence interval 0.120
to 0.180), 162.19 mg/L (95% C.1.55.58 to 268.79) and 1291.94
mg/L (95% C.1. 1067.24 to 1516.65), respectively. The value
generated from curve fitting interpolation should not be taken as
the actual value and it should be warned of this as the true timax
should be where the gradient for the slope is zero and in this case
the value was approximately 0.097 1/h at 385 mg/L phenol. The
equation for the Teissier using the values obtained from the
fitting is as follows;

S S
u=0.150 (l_exP (_1291_94) —exp (162.19)>

Because earlier models like Haldane's, Andrews and Noack's,
Web's, and Yano's couldn't account for the extremely rare cases
in which the growth rate turned zero at very high substrate
concentrations, newer models like Luong's, Teissier's, and Hans
Levenspiel's are created [55]. Substrate concentrations over a
specific point can have repressive and toxic effects on
microorganisms, slowing their development rate. Work on
phenol-degrading microorganisms has been at the center of the
bulk of Haldane model reports for xenobiotics-degrading bacteria
to date [7,56-62]. The Teissier model has found applications in
the modelling the degradation or growth rate of microbes on toxic
xenobiotics [7,63—74]. The Teissier has been rarely used for
modelling phenol inhibition of bacterial growth rates except in a
few cases [6,6,64,75,76].

CONCLUSION

In this work, we found that P. putida NAUN-16's growth rate was
strongly inhibited at extremely high concentrations of phenol,
and that the Teissier model, as opposed to the more widely used
Haldane model, better suited the growth rate data at different
concentrations of phenol as judged by the majority of the
discriminatory statistical results obtained.
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