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ARTICLE INFO ABSTRACT

Keywords: Menaquinoe-7 (MK-7) is the most potent form of vitamin K with numerous benefits for human health such as
MK-7 reducing the risks of cardiovascular diseases and osteoporosis in addition to having antitumor characteristics.
Menaquinone-7 Therefore, MK-7 production via bacterial fermentation has been studied intensely in the last few decades.
Vitamin K

Biofilm reactor
Bacillus subtilis
Modeling

Recently, biofilm reactors were implemented to enhance production levels in our lab. The specific objective of
this study was to mathematically model the findings in batch biofilm reactors and thus further deepen our
understanding of the conditions governing fermentation to pave the path to scaling up the production to pilot
scale fermenters. The modified logistic equation was used to correlate substrate consumption with fermentation
time and to model the substrate consumption in the four batch fermentations. Results indicated that this
modified logistic model fits well with the experimental data for substrate consumption. Therefore there was no
need for the other more complex models. Furthermore, this successfully modified-logistic equation was inserted
into the Luedeking-Piret model to estimate MK-7 production based on substrate consumption, because of the
typical MK-7 profiles in batch fermentations. There is sufficient evidence in the literature that MK-7 biosynthesis
follows a mixed-metabolite pattern in Bacillus subtilis natto. Similarly, the modified-Gompertz model was used
also for the same purpose. Results indicated that the modified Luedeking-Piret model fits more accurately for
MK-7 production (R? = 0.971, 0.943, 0.970, and 0.959) compared to the modified-Gompertz (R? = 0.914,

0.943, 0.949 and 0.860).

1. Introduction

Shortly after the discovery of vitamin K (Dam, 1935), two major
forms of vitamin K were identified (Widhalm et al., 2012). One is called
phylloquinone, which is the plant form and found in most leafy green
vegetables (Booth, 2012; Binkley et al., 1939). The other type is vitamin
K2 type found in animal and microbial sources. Vitamin K2 includes 15
(most commonly 9) subtypes which are called menaquinones and are
found in food sources such as red meat, egg yolk, and cheese as well as
predominantly in microbial sources (Mahdinia et al., 2017a). Mena-
quinone-7 (MK-7) is the most potent microbial-produced form of vi-
tamin K with extraordinary benefits for human health (Schurgers et al.,
2007; Howard and Payne, 2006; Gast et al., 2009; Geleijnse et al., 2004;
Yamaguchi, 2006). Extracting the vitamin from food sources is not
practical; therefore, microbial fermentation on an industrial scale is the
only feasible way to produce MK-7 (Berenjian et al., 2015).

Bacillus subtilis natto (Berenjian et al., 2011a, 2012, 2013, 2014),
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Bacillus licheniformis (Goodman et al., 1976) and Bacillus amylolyquifa-
ciens (Wu and Ahn, 2011) are the most common strains studied for this
purpose. Solid State Fermentation (SSF) and Liquid State Fermentation
(LSF) strategies have been investigated for MK-7 production with B.
subtilis natto (Singh et al., 2015; Wu and Ahn, 2011); yet, both SSF and
static LSF strategies with no robust agitation and aeration, face serious
scale-up, and operational issues (Pandey, 2003; Mahdinia et al., 2017a).
Pellicle and biofilm formations that create these issues are on the other
hand beneficial for the MK-7 biosynthesis (Ikeda and Doi, 1990).
Switching to LSF strategies with agitation and aeration creates the
platform for more efficient scale-up strategies, but decimates the pel-
licle and biofilm formations. With the opportunity to use biofilm re-
actors to harness the biofilm formations and keep these benefits and at
the same time have robust agitation and aeration, biofilm reactors were
constructed with suitable Plastic Composite Support (PCS) and strain
combination and growth conditions and medium compositions were
optimized using the Response Surface Methodology (RSM) (Mahdinia
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et al., 2018a, 2018b, 2018c, 2018d).

However, there is a need to mathematically model the MK-7 pro-
duction and substrate consumption in these batch biofilm reactors to
further elucidate the larger scale fermentation strategies (Mahdinia
et al., 2018e). Logistic function model is originally utilized to model
biomass growth. Then, Luedeking-Piret and Gompertz equations were
used to correlate product formation to biomass growth and substrate
consumption and also to model substrate consumption in relation to
biomass production. Coban and Demirci (2016) used modified versions
of Gompertz and logistic models to predict lactic acid production and
glucose consumption in lactic acid fermentation by Rhizopus oryzae.
Also, logistic model was applied to calculate batch kinetics of microbial
growth for polysaccharide production (Mohammad et al., 1995).
Moreover, Mohammad et al. (1995) described pullulan production with
the modified-Luedeking—Piret model and modified-Gompertz model.
Similarly, Cheng et al. (2010) modified logistic, Gompertz, and Lue-
deking-Piret models to explain pullulan fermentation by using a color
variant strain of Aureobasidium pullulans in biofilm reactors. Results
indicated that the modified Gompertz models proposed in the study
demonstrated its flexibility to fit all biomass production, pullulan pro-
duction, and sucrose consumption. Mahanama et al. (2012) also as-
sumed the Luedeking-Piret model in correlation with biomass growth
on solid state substrate to explain MK-7 biosynthesis by B. subtilis natto
in tray fermenters. In this study, however, direct correlation of MK-7
production with substrate consumption is targeted for batch biofilm
reactors as a further step towards scaling-up MK-7 fermentation in
agitated liquid state fermenters.

2. Materials and methods
2.1. Microorganisms and media

Bacillus subtilis natto (NF1) was isolated from commercial natto, as
previously described (Mahdinia et al., 2017b). For biofilm formation in
the biofilm reactor, Plastic Composite Supports (PCS) were used as
described by Mahdinia et al. (2017b). The fermentation media con-
sisted of 10 g of soytone (Difco, Detroit, MI), 5 g of yeast extract (Difco),
45 g of glycerol (EMD Chemicals, Gibbstown, NJ) and 0.6 g of K,HPO,
(VWR, West Chester, PA) for the glycerol-based medium and 3 g of
soytone (Marcor, Carlstadt, NJ), 5g of NaCl (EMD), 2.5g of K,HPO,
(VWR) and 152.6 g of glucose (Tate & Lyle), 17.6 g of casein (tryptone)
(Marcor) and 8 g of yeast extract (Biospringer), per liter of deionized
water, as concluded by our previous studies (Mahdinia et al., 2018c).

2.2. Biofilm reactors

Sartorius Biostat B Plus twin system bioreactors (Allentown, PA)
equipped with 2-L vessels (1.5-L working volume) were utilized. Sterile
4N sulfuric acid (EMD) and 4N sodium hydroxide (Amresco, Solon,
OH) along with antifoam B emulsion (Sigma-Aldrich, Atlanta, GA) were
added automatically to maintain pH and suppress foaming as needed.
The PCS tubes type SFYB (50% Polypropylene, 35% soybean hulls, 5%
soybean flour, 5% yeast extract, 5% bovine albumin and salts) were
manufactured and implemented (Ho et al., 1997) and biofilm reactors
for glycerol and glucose-based media were operated at optimum con-
ditions as described in previous studies (Mahdinia et al., 2018a, 2018b).

For biofilm formations to form on the PCS grids, bioreactors were
set up with grid-like fashion PCS formations. Then, sterile medium was
added to the bioreactors and refreshed for four times (Mahdinia et al.,
2018a). Growth parameters (temperature (30-45 °C)), pH (6 —8) and
agitation(100-234 rpm) and medium compositions were used as de-
termined in our previous studies (Mahdinia et al., 2018a, 2018b, 2018c,
2018d).
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2.3. Analysis

2.3.1. MK-7 analysis

Fermentation broth sample (3ml) was mixed with 2:1, v/v n-
hexane:2-propanol mixture to extract the MK-7 content (Berenjian
et al., 2011b). N-hexane:2-propanol (2:1, v/v) with 1:4 (liquid:organic,
v/v) was used for MK-7 extraction from the broth. The mixture was
vigorously shaken using a vortex mixer for 3 min and then the organic
phase was separated and evaporated under forced air flow at ambient
temperature. Then, dried pellets containing the MK-7 were dissolved in
methanol in a Biosonic ultra-sonication water bath (Cuyahoga Falls,
OH) for 15min at ambient temperature. After the pellets were com-
pletely suspended in methanol, the mixtures were filtered through
0.2 um PTFE filters (PALL Life Sciences, Port Washington, NY). MK-7
concentrations in the samples were then analyzed by High Performance
Liquid Chromatography (HPLC) using UV-Vis light as described in
previous studies (Mahdinia et al., 2017b; Shahami et al., 2017).

2.3.2. Substrate analysis

Samples of the fermentation broth were centrifuged at 9000 x g for
5min (Microfuge 20 Series, Beckman Coulter Inc., Brea, CA) and then
filtered through 0.2 um cellulosic filters (PALL). Then, with no dilution,
the cell-free broth was analyzed by HPLC as described the previous
studies (Mahdinia et al., 2018a).

2.3.3. Statistical and mathematical analysis

Growth and medium main effects along with the 2nd order and two-
way interaction effects were obtained using Minitab 17.0 ANOVA
(Minitab Inc., State College, PA) with statistical model and regression
analysis with Box-Cox transformation optimal A (A equal to 1 or 0.5). A
confidence level of 95% was implemented throughout the analysis
procedures to distinguish significant parameters (Rahimi et al., 2017a,
2017Db).

2.4. Mathematical models

MATLAB software package (R2017a, MathWorks, Natick, MA) was
used to carry out mathematical calculations and fits. Modified Logistic
equation was applied for modeling the substrate consumptions.
Modified Gompertz and modified Luedeking-Piret equations were de-
rived and used to model MK-7 productions. Models for MK-7 produc-
tions and the model for substrate consumptions were developed using
the average results of optimum growth conditions and medium com-
positions obtained in previous studies (Mahdinia et al., 2018a, 2018b,
2018c, 2018d). Table 1 depicts the nomenclatures used in this study.

2.4.1. Modeling for substrate consumption

Bacterial cells utilize the substrate available to them to grow, re-
produce, and maintain, and besides these, biosynthesize numerous
metabolites. The substrate consumption curves, in which substrate
concentrations are plotted versus time of fermentation, usually exhibit
sigmoid patterns including a lag phase followed by an exponential
phase and finally a stationary phase. Although sigmoid functions such
as the logistic equation (Eq. (1)) have been originally developed and
modified for modeling growth curves (Zwietering et al., 1990); yet
further-modified versions of the Logistic equation have been developed
for substrate consumptions (Kargi, 2009):

_ds _ ks(l_i)
S

dt o @)

In Eq. (1), k is the specific substrate consumption rate. Integrating
Eq. (1) while considering Sy—q)= S, and if 7>> 0 then defining
Si=r) = % and finally S;-.) = 0,the following equation is obtained:

So
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Table 1
Nomenclatures used in this study.
Symbol Name Value Unit Equations
ks Specific substrate consumption rate h™ (1),(2),(4)
kp Specific MK-7 production rate h~!
Kp-m Max specific MK-7 production rate h! 5)
ksa Specific substrate consumption rate for glycerol growth 0.030 h~?!
Kp-ma Max specific MK-7 production rate for glycerol growth 0.133 h?
ks Specific substrate consumption rate for glucose growth 0.062 h™!
Kp-mp Max specific MK-7 production rate for glucose growth 0.179 h~?!
ksc Specific substrate consumption rate for glycerol medium 0.054 h™
Kp-mc Max specific MK-7 production rate for glycerol medium 0.175 h~
ks Specific substrate consumption rate for glucose medium 0.059 h™
kp-mp Max specific MK-7 production rate for glucose medium 0.120 h~!
S Substrate concentration (glycerol or glucose) g/L (1-4)
So Initial substrate concentration g/L (1),(2), 4
So-a Initial glycerol concentration for glycerol growth 43.2 g/L
So-B Initial glucose concentration for glucose growth 140.3 g/L
So-c Initial glycerol concentration for glycerol medium 45.6 g/L
So-p Initial glucose concentration for glucose medium 128.4 g/L
P Product concentration mg/L (3),(5)
Py Initial product concentrations 0 mg/L
Pn Max product concentration mg/L (5)
Poa Max product concentration for glycerol growth 12.1 mg/L
Pns Max product concentration for glucose growth 18.5 mg/L
Pinc Max product concentration for glycerol medium 14.7 mg/L
Punp Max product concentration for glucose medium 20.5 mg/L
t Time h (1-5)
T Time of max specific substrate consumption rate h (2),(4)
Ta Time of max specific substrate cons. rate for glycerol growth 72 h
T Time of max specific substrate cons. rate for glucose growth 48 h
Tc Time of max specific substrate cons. rate for glycerol medium 48 h
D Time of max specific substrate cons. rate for glucose medium 48 h
e Constant 2.710 (2),(4),(5)
A Lag time for MK-7 production h (5)
Aa Lag time of MK-7 production for glycerol growth 24 h
A Lag time of MK-7 production for glucose growth 12 h
Ac Lag time of MK-7 production for glycerol medium 12 h
Ap Lag time of MK-7 production for glucose medium 0 h
a First Modified-Leudeking-Piret constant mg/g 3),®
B Second Modified-Leudeking—Piret constant mg/g/h 3),4)
aa First Modified-Leudeking-Piret constant for glycerol growth — 0.250 mg/g
Ba Second Modified-Leudeking—Piret constant for glycerol growth 0.00065 mg/g/h
ag First Modified-Leudeking-Piret constant for glucose growth —0.088 mg/g
Be Second Modified-Leudeking-Piret constant for glucose growth 0.00041 mg/g/h
ac First Modified-Leudeking-Piret constant for glycerol medium — 0.089 mg/g
Bc Second Modified-Leudeking-Piret constant for glycerol medium 0.00301 mg/g/h
ap First Modified-Leudeking—Piret constant for glucose medium —0.138 mg/g
Bo Second Modified-Leudeking—Piret constant for glucose medium 0.00010 mg/g/h

In Eq. (2), Sy is the initial substrate concentration, 7 is the time of
fermentation when specific substrate consumption rate (k;) is maximum
and ¢ is the time elapsed in fermentation. This integrated form (Eq. (2))
is the Logistic equation for substrate consumption independent of bio-
mass concentrations. Such an equation is capable of presenting a sig-
moidal curve of substrate (in this case glycerol or glucose) concentra-
tions throughout fermentation period with empirical representation of
the lag, log and stationary phases.

2.4.2. Modeling for production

The product (MK-7) biosynthesis in this study is described by two
models. First is the Luedeking-Piret model. In this regard, product
biosynthesis rate is considered dependent upon both instantaneous
substrate concentration S and substrate consumption rate dS/dt in a
linear fashion:

3)

where a and § are empirical constants that vary dependent on fer-
mentation conditions and are determined to best-fit the experimental
values.

Thus, a good estimation of the product biosynthesis would be to
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insert Eq. (1) and Eq. (2) into Eq. (3) and integration using MATLAB
with the assumption of Py—g = Py = 0 we have:

4

The Luedeking-Piret equation was originally developed to explain
fermentation kinetics of glucose to lactic acid secretion based on in-
stantaneous rate of bacterial growth and to the bacterial density
(Luedeking and Piret, 1959). However, modifying it so that production
rate correlates directly to instantaneous substrate consumption rate and
substrate concentration was attempted here; since the Luedeking-Piret
equation is effective in modeling mixed-metabolite products such as
organic acids or in this case MK-7 (Leh and Charles, 1989).

On the other hand, a modified-Gompertz function that was pre-
viously successful in modeling bacterial cellulose was also evaluated in
this study as well (Cheng et al., 2010):
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where B, is the maximum product (MK-7) concentration in each batch,
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kp—p is the maximum specific production rate in each batch and 4 is the
lag time for production.

3. Results and discussions

Models for glycerol or glucose consumptions and MK-7 production
were constructed using the repeated data obtained from four batch
fermentation runs under optimum growth parameters in glycerol-based
medium, growth parameters in glucose-based medium, medium com-
ponents in glycerol-based medium and medium components in glucose-
based medium (Mahdinia et al., 2018a, 2018b, 2018c, 2018d). These
four batch fermentation results included different ranges of pH, tem-
perature, agitation and media components in glycerol and glucose-
based media. All models were developed in a way to reflect relevant
biological parameters such as specific growth rate, specific production
rate, lag time, etc. Using these terms, the models were implemented to
fit the experimental values of substrate and product concentrations
during the fermentations. In order to evaluate the models, R-squared
(R?) values, Root-Mean-Square Errors (RMSE) and Mean Absolute Er-
rors (MAE) between modeled values and experimental values were
obtained. Moreover, experimental vales were plotted versus the corre-
sponding values from the models and the slope of the best fitted trend-
line was obtained. The constant values k, k;, T, 4, « and § were em-
pirically assumed to best fittings.

3.1. Substrate consumption models

Modified-logistic model as described in Eq. (2) was used to obtain
predicted fits for glycerol and glucose concentrations in the four bat-
ches. These values along with the experimental values were plotted
versus time (Fig. 1). The modified-logistic model fitted to the

50
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Table 2

Model validations for substrate consumptions.
Model RMSE (g/L) MAE (g/L) R? Slope
Modified-Logistic for glycerol growth 2.7 2.4 0.953 1.08
Modified-Logistic for glucose growth 5.1 4.1 0.991 1.02
Modified-Logistic for glycerol medium 2.4 1.8 0.981 1.07
Modified-Logistic for glucose medium 5.1 3.5 0.989 1.03

® RMSE was calculated as the square root of the sum of differences between
predicted substrate concentrations and observed values.

® MAE was calculated as sum of absolute differences between predicted
substrate concentrations and observed values.

® R? was calculated as proportion of the variance in the observed substrate
concentrations predictable from the modeled values.

® Slope was calculated as the slope of the trending line drawn over observed
substrate concentrations plotted versus predicted values.

experimental values well (R> > 0.953) and since this model is a very
simple and parsimonious one, unlike previous studies, there was no
need to look into more complex models such as the Gompertz model
(Cheng et al., 2010c). Also, it is shown in Fig. 1 that the glycerol con-
sumption in the glycerol growth plot is unlike the other three graphs. In
this case, glycerol was not depleted at all (Fig. 1A), whereas substrate
completely depleted in the other cases by the fourth or fifth day of the
fermentations (Fig. 1B, C, and D). It is obvious from Fig. 1 that the
consumption pattern is unique for glycerol growth optimization run,
possibly, because the medium is much richer in nutrients compared to
others (Mahdinia et al., 2018a). Thus, T = 72h was more proper for the
glycerol growth case while 7 = 48h was used for the other cases simply
because maximum specific substrate consumption rates occurred
sooner in those cases perhaps because in the rich and complex glycerol
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% I MAE 4.108
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Fig. 1. Experimental values and fitted Modified-Logistic models for substrate concentrations in batch fermentations for glycerol growth optimization (A), glucose
growth optimization (B), glycerol medium optimization (C) and glucose medium optimization (D).
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medium, metabolism was significantly slower in general. Concordantly,
the specific substrate consumption rates applied for Fig. 1A is con-
siderably lower (k = 0.030) than the values for Fig. 1B, C, and D, which
were very close (0.062, 0.054 and 0.059, respectively). Table 2 in-
dicates that for glucose consumptions, RMSE (5.1 and 5.1 g/L) and the
MAE values (4.1 and 3.5 g/L) are significantly higher than the amounts
for glycerol consumptions (2.7, 2.4 and 2.4, 1.8 g/L, respectively); yet,
the R? values for glycerol consumptions (0.953 and 0.981) are also
lower than those of the glucose consumption models (0.991 and 0.989).
In other words, although RMSE and MAE values for glycerol con-
sumption model are lower than glucose model, glucose consumptions
are modeled more accurately by the models. This is simply because the
amount of glucose consumed are over or nearly 3 times the amount of
glycerol and therefore the RMSE and MAE values are not directly
comparable. Nonetheless, all models for substrate consumptions are
very accurate (R> > 0.953) and were sufficient to be applied for MK-7
production models.

3.2. MK-7 production models

Experimental MK-7 concentrations and the model values from the
modified-Luedeking-Piret and modified-Gompertz models for all four
batches were plotted as shown in Fig. 2. As it is depicted in Fig. 2A, B,
and C for glycerol and glucose growth and glycerol medium fermen-
tations, the modified-Gompertz models showed better fit to the ex-
perimental values compared to the glucose medium fermentation
(Fig. 2D). The reason is more obvious in Table 3 where R? = 0.836 was
obtained for Fig. 2D, whereas for others, the R? values were sig-
nificantly higher (0.914, 0.943 and 0.950). The RMSE, MAE, and slope
comparisons also indicate a significant difference. The RMSE for Fig. 2D
is equal to 2.5 g/L for the modified-Gompertz model, but those values
for Fig., 2A, B, and C are equal to 1.0, 1.4 and 1.0 g/L respectively.
Same as MAE values where 2.0 g/L is compared to 0.9, 1.3, and 0.8 g/L
and slope, where 1.44 is compared with 0.87, 0.97, and 0.88. The RMSE
and MAE values are true comparisons because there are no differences

MK:7 Concentration (mg/t)

®  Dperimentsl Dats = Gomperts model
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in the scale of the MK-7 concentration in the fermentations. Such a lack
of accuracy for Fig. 2D is perhaps coming from the low maximum
specific production rate and is also evident when the lag time is ob-
served which is equal to zero in this case. It means that the MK-7 is
being biosynthesized form the very beginning of the fermentation,
which is simply not true and some lag time always exist, even in biofilm
reactors (Ercan and Demirci, 2013).

On the other hand, the modified-Luedeking—Piret equation was fair
to all four models. Once again, lower RMSE (0.6, 1.5, 0.8, and 1.5mg/
L) and MAE values (0.4, 1.2, 0.7, and 1.3 mg/L) meant higher R? values
(0.971, 0.943, 0.970, and 0.959), which therefore suggest more accu-
rate models. In general, modified-Luedeking—Piret equation was more
accurate than the modified-Gompertz equation in modeling MK-7 pro-
duction as evident from R? values (0.971 vs 0.914, 0.943 vs 0.943,
0.970 vs 0.943 and 0.959 vs 0.863 for modified-Luedeking—Piret vs
modified-Gompertz, respectively). This is naturally because the mod-
ified-Luedeking-Piret equation and the Luedeking-Piret equation in
general are more competent and even specific to modeling mixed-me-
tabolites such as the MK-7 in this case (Luedeking and Piret, 1959).
Also, the modified-Luedeking-Piret equation possesses three fitting
parameters (o, 3, and t) whereas the modified-Gompertz equation only
has one (A). Thus, although modified-Gompertz model is a more par-
simonious model, it is not accurate and, therefore, effective for mod-
eling MK-7 biosynthesis. The reason for the modified-Gompertz model
to have a very low precision in the case of the glucose medium opti-
mization batch data (R?>=0.863) is due to a low k,, value. The max-
imum specific production rate in this case was substantially lower than
the other counterpart batches. Visually, it is also obvious that the slope
at the turning point of the product profile is smoother and therefore the
specific rate was lower. If the production rate was as high as expected
by the model, its precision would be higher because the model is tuned
with all four batch cases and not just glucose medium optimization
results. Also, it can be noted that the modified-logistic model was not as
accurate in modeling product profiles as compared to substrate con-
sumption. This is due to the fact that the logistic model was originally
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Fig. 2. Experimental values and fitted Modified logistic, Modified-Gompertz and Modified-Leudeking—Piret models for MK-7 production in batch fermentations for
glycerol growth optimization (A), glucose growth optimization (B), glycerol medium optimization (C) and glucose medium optimization (D).
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Table 3

Validation for MK-7 productions.
Model RMSE (mg/L) MAE (mg/L) R? Slope
Modified-Leudeking-Piret for glycerol growth 0.6 0.5 0.971 1.00
Modified-Gompertz for glycerol growth 1.0 0.9 0.914 0.93
Modified-logistic for glycerol growth 0.6 0.5 0.971 1.00
Modified-Leudeking-Piret for glucose growth 1.5 1.2 0.943 1.00
Modified-Gompertz for glucose growth 1.4 1.3 0.943 0.96
Modified-logistic for glucose growth 0.8 0.6 0.983 1.02
Modified-Leudeking-Piret for glycerol medium 0.8 0.7 0.970 1.00
Modified-Gompertz for glycerol medium 1.0 0.8 0.949 1.01
Modified-logistic for glycerol medium 1.0 0.8 0.954 1.00
Modified Leudeking—Piret for glucose medium 1.5 1.3 0.959 1.00
Modified-Gompertz for glucose medium 2.5 2.0 0.863 1.19
Modified-logistic for glucose medium 0.8 0.6 0.983 1.02

® RMSE was calculated as the square root of the sum of differences between predicted MK-7 concentrations and observed values.
® MAE was calculated as sum of absolute differences between predicted MK-7 concentrations and observed values.

® R? was calculated as proportion of the variance in the observed MK-7 concentrations predictable from the modeled values.

® Slope was calculated as the slope of the trending line drawn over MK-7 substrate concentrations plotted versus predicted values.

developed for population growth or resource consumption modeling
purposes. Thus, while it can be used for products such as MK-7, since
the product is a function of substrate consumption, the indirect effects
naturally reduces the effectiveness of the modified-logistic model.

4. Conclusions

In this study, substrate (glycerol and glucose) consumptions and
product biosynthesis (MK-7) in four batch fermentations were modeled.
RMSE, MAE, R? and slopes for predicted values versus experimental
values were obtained to evaluate models. For substrate consumptions, a
modified-Logistic equation was implemented and the accuracy of the
models were high enough to overrule any needs for more complex
models (R? values of 0.953, 0.981, 0.991, and 0.989). The modified-
Logistic models were inserted in the modified-Luedeking-Piret equation
and integrated, then with a modified-Gompertz equation, MK-7 pro-
ductions were modeled. Results indicated that naturally, the modified-
Luedeking-Piret equation (R? values of 0.9705, 0.943, 0.970, and
0.959) was more accurate in modeling the MK-7 production compared
to the modified-Gompertz model (R? values of 0.914, 0.943, 0.9425,
and 0.863). Thus, considering typical MK-7 profiles in batch fermen-
tations, there is no doubt that MK-7 biosynthesis follows a mixed-me-
tabolite pattern in Bacillus subtilis natto. The next step in boosting MK-7
fermentation in liquid state would be scaling up the process to pilot
scale fermenters. This can be challenging as many factors and condi-
tions change in the transition from the 2-L biofilm reactors used in our
recent studies to 100-L or larger pilot-scale fermenters. In this regard,
these accurate mathematical models obtained in this study and perhaps
applying secondary models such as neural network or root square
models to these findings in future studies, would be valuable in pro-
viding prevision of the scale up process.
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