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A B S T R A C T   

In this study the effect of the carbon source on L-valine production kinetics using genetically modified E. coli was 
researched. Glucose, lactose, Whey (W) and deproteinized whey (DW) were tested as carbon sources, keeping the 
carbon/nitrogen (C/N) ratio constant. Biomass generation and substrate consumption were modeled with 
Contois and Mass Conservation models, respectively, whereas Mass Conservation Balance and Luedeking-Piret 
models were used for product obtaining. Results showed that L-valine production is partially associated to 
growth, with values of 0.485 g L-valine/(g dry cell weight.h), and a product loss effect at a specific rate (β) of 
0.019 g L-valine/(g dry cell weight.h) with W. The yield of this product increased 36 % using W concerning 
glucose or lactose as carbon sources. On the other hand, Mass Balance and Luedeking-Piret models adjust 
properly to experimental data (R2 

>0.90). In conclusion whey is a promising substrate for obtaining L-valine 
using genetically-modified E. coli.   

1. Introduction 

Whey (W) is a residue rich in carbon and nitrogen, that corresponds 
to 90 % of the milk used for cheese production, and contains approxi-
mately 55 % of the nutritional load of fresh milk [1]. Particularly, it has 
a high lactose concentration (45 g/L approximately), between 6− 10 g/L 
protein [2], in addition to minerals [3]. Around 170 million tons of W 
are produced every year worldwide [4], however, a significant number 
of cheese manufacturers lack appropriate treatments for its use, thus 
resulting in its waste into rivers or spilled directly onto the soil [5], 
which represents an important environmental issue due to its high 
chemical demand and oxygen biochemistry, which, depending on the 
type of cheese, might exceed the 40,000 and 30,000 mg O2/L, respec-
tively [6]. 

Due to its high protein content, this byproduct has been used in the 
industry of food, cosmetic, and pharmaceutical supplements [1,2]. 
However, these alternatives are not enough to absorb the amount of W 
produced and thus reduce the contaminating load that its waste causes 
[7], which makes researching on its applications a necessary course of 
action. An alternative for exploiting W is to use it as a carbon source for 
fermentation processes [8], as it is less expensive than other traditional 

carbon sources [7]. 
W has been used in fermentation processes to obtain biostimulants 

for soils and plants [9], organic acids [10], bioalcohols [8,11], and 
recombining protein production [12]. However, there are few studies 
that use W for amino acid production (AA) [13,14], more specifically, 
there are no reports of its use to obtain L-valine. 

The importance of L-valine production lies in the fact that it is an 
essential amino acid in human nutrition as it helps on the synthesis of 
biological interest peptides [15,16], in addition to being applied on 
cosmetics [17]. Currently, L-valine production is carried out mostly by 
fermentation using bacterial species such as Escherichia coli and Cory-
nebacterium glutamicum [13,18–21], a process in which the search of 
low-cost substrates is a priority. 

On the other hand, the development of kinetic models is a useful tool 
for bioreactor design and upgrade [22], meanwhile metabolic analysis 
provides important information for bioprocess improvement [23]. It 
could be possible to establish a complete analysis on the effect of the 
carbon source on L-valine production kinetics using genetically modi-
fied E. coli with these strategies. Given that metabolism for microbial 
growth and product formation is a complex biochemical process, 
experimental data are an approximation to get to know what occurs 
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within such metabolic complexity, but their best application is when 
they are used through kinetic models that allow the integration of all 
experimental information and a more holistic visualization of its 
behavior in order to understand it and extend it to other scenarios of 
growth improvement processes [24]. The goal of this research was to 
implement mathematical models that represent cell growth (Contois), 
substrate consumption (glucose, lactose, W and DW) (mass balance), 
and L-valine production (mass balance and Luedeking-Piret), to assess in 
conjunction, the effects of the different carbon sources in L-valine pro-
duction phenotyping and biosynthesis. 

2. Materials and methods 

2.1. Strain and growth cultures 

E. coli strain (CECT 877), which is innocuous, corresponds to the 
ATCC® 13005™ strain, obtained from the Spanish Type Culture 
Collection (Colección Española de Cultivos Tipo – CECT), and modified 
to favor L-valine production. Powder W was purchased from Cimpa S.A. 
S. (Bogotá, Colombia) food grade, whereas all other reactive agents used 
were analytical grade. 

Strain activation was performed in nutrient broth at 37 ◦C for 24 h. 
glycerol at 50 %, mixed with 500 μL bacterial culture in sterile micro-
tubes (known as seed tubes), that were stored at − 80 ◦C [8], were added. 
In order to ensure seed tube purity, cultures were carried out in agar 
Eosin Methylene Blue (EMB) Levine [25]. 

DW preparation was carried out by autoclaving W at 112 ◦C for 15 
min and centrifugation afterwards (5500 rpm, 20 min, 18 ◦C), to elim-
inate precipitated protein [12]. 

Only the carbon source was changed in 4 production mediums (MP) 
that were prepared, preserving carbon concentrations equivalent to 0.13 
mol C/L. The other components for 1 L were magnesium sulfate hep-
tahydrate (MgSO4*7H2O) 1.505 g, and calcium chloride (CaCl2) 0.014 g. 
Carbon source content in the mediums was: MP1- 4 g Glucose, MP2- 3.8 
g Lactose, MP3- 4.3 g W and MP4- 5.4 mL DW, which were sterilized at 
121 ◦C for 15 min. Salt solution (SS) (sterilized at 121 ◦C for 15 min) for 
1 L of water corresponds to: Disodic phosphate (Na2HPO4) 6 g, mono-
basic potassium phosphate (KH2PO4) 3 g, ammonium sulfate 
((NH4)2SO4) 0.5 g, and sodium chloride (NaCl) 0.5 g [26]. The final 
concentration of W and DW in production mediums was calculated from 
lactose initial concentration in powder W (88 % w/w) and the prepared 
DW mother solution (70 % w/v). 

2.2. Batch culture 

An E. coli colony in EMB agar was inoculated in 400 mL of nutrient 
broth, being cultured at 37 ◦C and 250 rpm in a MaxQ 4000 shaker 
(Thermo Scientific, Marietta, U.S.A) for 15− 18 h (exponential phase). 
Then, it was aseptically added to a 7.5 L bioreactor (New Brunswick 
Scientific G628-011, Eppendorf, U.S.A) containing 3.2 L of MP1, MP2, 
MP3, or MP4 (previously sterilized), and 400 mL SS. Volumes were 
adjusted so the inoculate concentration was 0.2 g dry cells/L at the 
beginning of the fermentation. Fermentation in the bioreactor was 
performed at 37 ◦C with pH control at 6.9, adjusted with NaOH (2 M); 
dissolved oxygen level was kept approximately at 20 % saturation by 
agitation speed adjustment between 300 rpm and 600 rpm [27,28] for 
24 h. Sampling was carried out every 3 h to measure optical density 
(OD) and subsequent sugar (glucose and lactose) and L-valine analysis 
after centrifugation at 10,000 rpm for 9 min at 4 ◦C. 

2.3. Analytical techniques 

2.3.1. Whey characterization 
A bromatological characterization of W was carried out using the 

AOAC [29] methods, determining humidity percentage (method 
925.10), protein (method 955.04), ethereal extract (method 963.15) 

and minerals (method 941.12), by triplicate. 

2.3.2. Biomass quantification 
Biomass quantification (X) was carried out by OD at 600 nm (OD600) 

with a Genesys 10S UV–vis spectrophotometer (Thermo Scientific, U.S. 
A) in which, OD600 measured values were correlated with the weight of 
dry cells (g DCW/L) using a calibration curve [30]. 

2.3.3. Substrate quantification 
Sugar (glucose and lactose) concentration was quantified by spec-

trophotometric techniques using the DNS method [31] with some 
modifications. 0.1 mL of sample were mixed with 0.2 mL of DNS, the 
reaction occurred at 95 ◦C for 5 min. After stopping the reaction by 
thermal impact, 1.5 mL of distilled water was added, and it was 
tempered for 5 min; wavelength was measured afterward at 540 nm in a 
Genesys 10S UV–vis spectrophotometer (Thermo Scientific, U.S.A) [32]. 
Glucose and lactose at concentrations of 0.5 at 8 g/L were used for the 
calibration curve. 

2.3.4. L-valine quantification 
L-valine was determined by HPLC following the method described by 

Cigić et al. [33] with some modifications. Samples, before being injec-
ted, went through 0.2 μm cellulose nitrate filters. An AA standard curve 
(0.5, 0.4, 0.3, 0.2 and 0.1 μmol/mL) was used for quantification 
(external standard). Analyses were carried out in an HPLC Thermo Ul-
timate 3000 system (Thermo Fisher Scientific, EE. UU.), equipped with a 
quaternary pump, an automatic injector, a column thermostat set at 40 
◦C, and a diode arrangement detector with UV detection at 338 nm to 
quantify primary AA prederivatized with ortho-phthalaldehyde and 
3-marcaptopropionic acid (3-MPA/OPA). Separation was performed in a 
Zorbax Eclipse AAA-C18 column (4.6 × 75 mm, Agilent, U.S.A), particle 
size 3.5 μm with Zorbax Eclipse AAA pre-column (4.6 × 12.5 mm, 
Agilent, U.S.A), particle size 5 μm. 

2.4. Kinetic parameter determination 

Eq. (1) is obtained considering a batch culture and constant volume, 
which has limited due to the substrate. This equation describes the in-
crease of cellular concentration. Reorganizing in terms of Eq. (1), and 
applying analytic solution, it is possible to obtain the specific growth 
rate (μ) (Eq. (2)), with μ equal to the maximum specific growth rate 
(μmax) in exponential phase. Calculation of the substrate to biomass 
yield (YX/S), biomass to product yield (YP/X), and substrate to product 
yield (YP/S) was carried out through linear regression of dry cell weight, 
glucose and product concentration data, respectively (Eq. (3)). Values 
were taken from those obtained in the exponential phase until the final 
time of the process when the highest value of the product was reached 
[34]. 

dX
dt

= μ.X (1)  

ln X = ln X0 + μ t (2)  

Yield YX/S =
dX
dS

; YP/X =
dP
dX

; YP/S =
dP
dS

(3)  

Where X is biomass concentration in dry cell weight per liter (g DCW/L), 
S is substrate concentration (glucose or lactose (g/L)), μ is specific 
growth rate (1/h). 

2.5. Kinetic models 

2.5.1. Cellular growth models 
Non-structured, non-segregated kinetic models for biomass growth, 

substrate consumption and product formation tested were worked on in 
conjunction since these processes occur simultaneously. Models used for 
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biomass correspond to the one shown in Eq. (1) and modified Monod 
(Contois model), as described in Eq. (4) [35]. 

μ = μmax .

(
S

Ks.X + S

)

(4)  

Where Ks is the saturation constant of Monod (g/L), which is achieved at 
half μmax. 

2.5.2. Substrate consumption model 
A substrate (glucose, lactose) mass balance was established based on 

biomass in the substrate (YXS), as shown in Eq. (5), considering that 
substrate is used only for growth and the amount used for the product is 
negligible [24,36]. 

dS
dt

= −

(
1

Yxs

)
dX
dt

(5)  

2.5.3. Product formation model 
L-valine production was studied with 2 different models, one based 

on product mass balance (Eq. (6)) according to biomass yield consid-
ering the product (YXP) [37], and another based on the kinetic model 
proposed by Luedekin-Piret, which corresponds to Eq. (7) [24]. 

dP
dt

=

(
1

YXP

)
dX
dt

− β.X (6)  

dP
dt

=

(

α .
dX
dt

)

− β.X (7)  

Where P is L-valine concentration (g/L), α is a product formation 
parameter associated to cellular growth (g/g). β is a product formation 
parameter non-associated to cellular growth (g L-valine/ (g DCW.h), 
which can change its sign, (+) if the product is forming, or (-) if it is 
being consumed. If product formation rate depends only on biomass 
growth rate and not on biomass as such, β = 0 [38,39]. 

2.6. Model parameter estimation and validation 

A non-linear, Least Squares method was used to estimate kinetic 
parameters of models described in Eqs. (1), (4)–(7) through the “fmin-
con” optimization function of Matlab R2016a. Models were simulta-
neously solved by ODE45 of Matlab R2016a Runge-Kutta explicit 
formula with analysis of residue dispersion. Determination coefficient 
mathematic expressions (R2) (Eq. (8)) and Mean Squared Error (MSE) 
(Eq. (9)), were used to test deviation of experimental data obtained 
concerning data from the simulation. Kinetic parameter values obtained 
from experimental results were analyzed through Duncan multiple 
comparisons [40] with a confidence level of 95 %, intending to deter-
mine whether there were or not any significant differences between the 
values obtained among the different substrates. 

R2 = 1 −

∑
(yi − fi)

2

∑
(yi − ȳ)2 (8)  

MSE =

∑NT
i=1 (yi − fi)

2

nt
(9)  

Where fi, yi, ȳ, and nt are the model data, experimental data, average of 
experimental data, and number of experimental data, respectively. 

3. Results and discussion 

3.1. Whey bromatological characterization 

Through bromatological analysis of w, these values were obtained 
for humidity, ashes, and fat, respectively: 3.12 ± 0.00; 0.07 ± 0.00; and 

1.46 ± 0.25 % (w/w). It is important to highlight that the material used 
showed a high lactose content (88.08 ± 1.93 %) and protein (4.16 ±
0.12 %). Thus, fermentation mediums prepared at an approximate 
concentration of 0.13 mol C/L, might contain protein concentrations of 
around 0.18 g protein/L, being this an extra nitrogen source in 
fermentation, in addition to be enriched with amino acids and minerals, 
which are essential for optimal growth of E. coli [4]. 

3.2. Effect of carbon source on E. coli kinetic behavior 

Fig. 1 shows the behavior of biomass, substrate and product based on 
time, during L-valine production by fermentation with E. coli using four 
different carbon sources. It can be seen that the carbon source has a 
remarkable effect on the behavior of these variables in L-valine 
biosynthesis. The maximum biomass concentration was 1.1 g/L at 15 h, 
without having any significant differences among the substrates. In all 
cases, a phase lag between 0 and 3 h was observed (Fig. 1a), and despite 
a diauxic growth and higher biomass concentration in W at 6 h, followed 
by DW, glucose and lactose are shown, no significant difference is 
evident at the end of the process (15 h) among carbon sources. Although 
glucose has been reported as superior when compared with other sub-
strates [41,42], such differences were not quite notorious in this case. 
The time to reach the stationary phase was similar in all cases. For DW, it 
was reached at approximately 13 h, followed by glucose (14 h), lactose 
and W (15 h). Culture was preserved in this stationary phase in order to 
observe L-valine production on time, considering that it is a secondary 
metabolite. Process was stopped when the substrate was depleted and 
there was no evidence of an increase in product biosynthesis. 

Growth kinetics in which W was used, a diauxic behavior was 
observed. Additionally, lactose as a carbon source was not consumed 
completely (Fig. 1b), showing a behavior very similar to that of carbon 
sources W and DW. When relating substrate depletion in the medium 
concerning L-valine biosynthesis reduction, especially for W and DW, it 
could be stated that it is an absorption/degradation phenomenon shown 
by this product [39], or also to the favoring of this medium to obtain 
other by-products that lead to L-valine consumption. These results 
shown in Fig. 1 suggest W favorability not only for growth but also for 
L-valine production. 

Calculation of substrate consumption rates for glucose, lactose, and 
W was performed between 9 and 15 h, which was the period where the 
highest decrease took place, with behavior without significant differ-
ences among the four carbon sources (p > 0.05), thus obtaining values of 
0.39, 0.38, 0.36 g/L.h, for glucose, lactose, and W, respectively (Fig. 1b), 
whereas for DW, the calculation of consumption rate was between 6 and 
12 h and showed a value of 0.39 g/L.h, the same as the consumption rate 
obtained for glucose. In the case of glucose, this was depleted, while 
lactose, W and DW reached low values without getting depleted. Similar 
results were found in studies where traditional carbon sources in the 
industry were not used [24]. 

In Fig. 1c is presented L-valine biosynthesis, which, when contrasted 
with biomass production (Fig. 1a), indicates that there is product 
biosynthesis associated to growth in the four substrates tested, as stated 
on other reports [43]. Two significantly different patterns are observed 
(p < 0.05), one for individual carbon sources (glucose and lactose), and 
other for whey (W and DW). There is an increase in individual sources 
within the first 18 h, followed by a mild reduction, while in whey, there 
is a significant increase in the first 12 h, followed by a reduction (12− 18 
h), and then a drastic drop (18− 21 h). Whey reaches productions up to 
36 % higher in L-valine concentration concerning individual carbon 
sources (lactose and glucose) in the period between 15− 18 h. However, 
after 18 h of culture, there is a reduction in product concentration, 
possibly due to the absorption/degradation process [39] mentioned 
before, or it can also occur due to formation of by-products such as 
L-alanine, L-glycine, and α-ketoglutarate [44]. 

Kinetic parameter determination performed is summarized in 
Table 1, which shows μmax and yield obtained with Eq. (2) and (3), 
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respectively. When these values are analyzed, it is noticeable that DW 
was the carbon source with the highest μmax (p < 0.05), and whey 
showed a higher yield concerning the values obtained for simple sub-
strates. Product maximum concentration values show a value in 
parenthesis that refers to the time which such maximum was achieved. 
L-valine maximum yield and concentrations were obtained for whey, 
thus indicating them as promising materials, suitable for biosynthesis of 
this amino acid with E. coli, as reported in the biosynthesis of other 
metabolites of interest by fermentative means [3]. This may occur due to 
the amount of soluble protein that both W and DW have, which, despite 
being deproteinized, may contain some residual peptides [45]. Thus, 

biomass yield in substrate (Yxs) for all carbon sources studied was 
similar according to other yield values obtained for E. coli [46], looking 
at these results, it is possible to establish that microbial growth is 
favored by all these substrates used as carbon source. 

3.3. L-valine biosynthesis metabolical analysis 

The metabolic route for L-valine biosynthesis is summarized in 
Fig. 2, in which the type of carbon source used, either glucose or lactose, 
is considered. Thus, lactose is unfolded into glucose and galactose, 
which are integrated in the metabolic path as glucose 6-phosphate to 
continue into glycolysis and its interaction with tricarboxylic (TCA) acid 
cycle through the pyruvate intermediary metabolite [42]. When 
analyzing this simplified map of the possible metabolism of the micro-
organism used on this study (E. coli), L-valine synthesis is identified, 
carbon flux deviation for biosynthesis of other amino acids such as 
threonine and isoleucine is notorious, and continues towards leucine 
biosynthesis, then valine via glutamate and 2-ketoisovalerate con-
sumption, which are the amino acids necessary for L-valine production. 
Also, there is a clear carbon flux deviation towards isoleucine from py-
ruvate, which is favored by the presence of threonine, an essential 
compound for the strain of E. coli used for this work [21]. Being threo-
nine present, the metabolic route is favored to generate 2-acetolactate, 
which is then addressed to the production of 2-ketoisovalerate, an 
essential metabolite for the production of other amino acids and meta-
bolic by-products (isobutanol, pantothenate) [47]. 

Production of branched chain amino acids such as L-valine, L- 
isoleucine and L-leucine, consists of several reactions catalyzed by 
acetohydroxybutanoate synthase enzymes (AHAS). E. coli has these 
three enzymes AHAS (I, II, and III), which differ in their regulation and 

Fig. 1. Batch fermentation kinetics with E. coli at 24 h for biomass growth (a), substrate consumption (b), and L-valine formation (c). Glucose (o); Lactose (□); W 
(Δ); DW (x). Vertical bars represent standard deviation. 

Table 1 
Kinetic parameters in E. coli fermentation with different carbon sources.  

Carbon 
source 

μmax 

(h− 1) 
Pmax (g/ 
L) 

(g L- L- 
val/L h) 

Yxs (g/ 
g) 

Ypx (g/ 
g) 

Yps (g/ 
g) 

Glucose 0.149b 0.104b 

(15 h) 
0.014b 0.255ab 0.103b 0.026b 

Lactose 0.103c 0.117b 

(18 h) 
0.018b 0.267a 0.106b 0.030b 

W 0.070d 0.197a 

(15 h) 
0.048a 0.239b 0.263a 0.066a 

DW 0.218ª 0.187a 

(18 h) 
0.041a 0.273a 0.209a 0.060a 

μmax: Maximum growth rate; Pmax: Maximum concentration of L-valine ob-
tained; YXS: biomass yield concerning substrate (g DCW/g of substrate (carbon 
source); Ypx: Product yield concerning biomass (g L-valine /g DCW); Yps: 
Product yield concerning substrate (g L-valine /g substrate); similar lower case 
letters in the same column indicates there is not significant statistic difference 
among treatments (p < 0.05). 
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biochemical properties. Thus, AHAS I is inhibited by L-valine feedback 
[18,48,49]. 

However, given the richness in amino acids that W has [6,50], and 
the complexity in the final L-valine biosynthesis path from pyruvate, a 
positive regulatory effect in enzymes could occur [51], which favored 
valine production (Fig. 1c), situation that happens in complex mediums 
and not in the minimal ones. 

On the other hand, product concentration decrease (W, Fig. 1c) could 
be explained due to E. coli capacity to catabolize it to generate succinyl- 

coA, given the glycogenic character of this amino acid [13,49], or also 
due to the biosynthetic cost of amino acids, which sets a selective re-
striction to codify amino acids and thus stay alive through time [52]. 

3.4. Simulation of cellular growth, substrate consumption, and L-valine 
production under different carbon sources used 

L-valine biosynthesis characterization under different carbon sour-
ces, cellular growth simulation, substrate consumption, and product 

Fig. 2. E. coli biosynthetic paths to L-valine production.  

Fig. 3. E. coli fermentation kinetics in batch culture, comparison of experimental data Vs model-predicted values. a: Glucose; b: Lactose c: W, and d: DW. Exper-
imental values show the following symbology: (Biomass (x), Substrate (O), Product (+). Model-predicted values show the following symbology: (Biomass (–), 
Substrate ( ̶ • )̶, Product: Luedeking-Piret (- - -), Mass balance (⋅⋅⋅). 
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formation during the batch process were carried out using MATLAB 
Software to solve the models proposed (Eq. (1),(4),(5),(6), and (7)) 
simultaneously. Fig. 3 shows the profiles of experimental and modeled 
results of substrate consumption, microbial growth and L-valine 
biosynthesis simultaneously for each substrate analyzed (glucose, 
lactose, W, and DW). When profiles for all substrates are examined, it is 
noticeable that data simulated by the models are consistent with 
experimental data. This way, it can be stated that models tested on this 
work can predict cell growth behavior, biosynthesis and product ab-
sorption/degradation, as well as the substrate consumption profile at the 
same time. 

Table 2 summarizes the values obtained from the kinetic parameters 
when applying the proposed kinetic models simultaneously. Data ob-
tained from simulation were consistent with the experimental results 
(μmax and Yxs), except in DW concerning μmax, possibly due to the 
model arrangement to plot the best simulation curve in all experimental 
data, which, in the simulation results show a specific maximum growth 
rate (μmax) of 0.109 h− 1 with glucose, 0.103 h− 1 with lactose, 0.08 h− 1 

with W, and 0.119 h-1 with DW. 
In Table 2, it is also possible to observe the constant affinity of the 

microorganism with the substrate or Monod (Ks) saturation constant. 
This value changes for glucose and W in numbers obtained with Mass 
balance models and Luedeking-Piret, being the lowest for the whey that 
showed the highest L-valine concentration value. Additionally, when 
comparing Ks values for lactose and DW, the value remained constant 
when making the simulations with the two models described for the 
product. These values match those reported in literature for this type of 
microorganism [53,54]. 

For mass balance model for P, it can be observed that Yxp is higher in 
pure carbon sources than in complex mediums (Table 2). When 
observing Fig. 3, L-valine value was higher in the two types of whey used 
than in glucose and lactose, with a similar biomass behavior in all car-
bon sources used. On the other hand, β as part of the product formation 
non-associated to cellular growth in negative values, there are high 
values in W and DW of β, given that according to L-valine production 
kinetics (Fig. 1c), the proportion in its reduction after reaching the 
maximum is considerable compared to fermentations with glucose and 
lactose, corresponding to the experimental data found. 

Results obtained when applying the Luedeking-Piret model for all 
different carbon sources can also be analyzed in Table 2. Values different 
from zero were found for the constants related to the rates associated to 
growth (α) and non-associated to growth (β) for L-valine production, 
which suggests that product biosynthesis is a process partially associated 
to growth. These results match others reported for similar models [55]. 
The rate constant associated to growth for L-valine production (α) for W 
and DW was 2–3 times higher than lactose and glucose, respectively 
(Table 2). Also, values in β were found for high W and DW, corre-
sponding to the high adsorption/degradation rate of this amino acid 
after reaching a maximum, meanwhile there is substrate depletion. 

The best model to predict product behavior is Luedeking-Piret, 
whereas, in the other parameters, they have similar behaviors. Differ-
ences among models have also been found and studied [36]. However, 
on this study, the use of two models (mass balance and Luedeking-Piret) 
shows that, statistically, there is no significant difference to predict and 
additionally, for this type of study, that depends more of the substrate 
type rather than the model type as stated by Xu [36]. 

3.5. Model validation 

Table 2 shows that R2 values are higher than 0.91 for all parameters 
obtained by Luedeking-Piret for glucose and lactose, and MSE below 2% 
in every model for all carbon sources used. These results indicate that 
cellular growth, substrate consumption, L-valine biosynthesis, and 
degradation simulated data for the carbon sources used showed good 
adjustment with experimental data concerning time. 

Additionally, another quality found in modeling was that the values 
expected in the models match the error variance, with the MSE not 
higher than 10 % (Table 2) in every model tested (X, S, and P), which 
indicates the probability that modeling for predicting and event (cellular 
growth, substrate consumption, and L-valine production) in time will 
occur with a high confidence rate [56]. Also, through the analysis of 
residue dispersion (supplementary material I and II), a linear relation 
was obtained in all the cases, with a normal distribution of residues and 
a constant variance in most cases [57]. 

4. Conclusions 

Results indicate that under minimum medium conditions, the high-
est L-valine production and μmax are obtained with DW. Mass balance 
and Luedeking-Piret models (R2 >0.90) show the best adjustment to 
experimental data, besides, to predict the three physiologies in E. coli 
(cellular growth, substrate consumption and product yield). However, 
the Luedeking-Piret model is more assertive and suitable for simulation 
and obtaining results in α and β parameters, proposing product 
biosynthesis as a process partially associated to growth in all substrates 
used. Therefore, this kind of work is promising for a green, sustainable 
and attractive conversion towards the use of this type of by-products 
(whey) to obtain L-valine as an important additive in food, pharma-
ceutical and cosmetic industry. 
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Table 2 
Parameter estimation and validation of models established for L-valine production in batch fermentation with E. coli using different carbon sources obtained by 
simulation.  

Estimated kinetic parameters Glucose R2 MSE Lactose R2 MSE W R2 MSE DW R2 MSE 

Contois (X); Mass balance (S); Mass balance (P) 
μmax (h− 1) 0.106 0.919 0.002 0.103 0.953 0.001 0.083 0.894 0.002 0.119 0.928 0.002 
Ks (g/L) 0.016 0.008 0.004 0.176 
Yxs (g/g) 0.267 0.989 0.007 0.282 0.982 0.010 0.261 0.977 0.012 0.283 0.977 0.012 
Yxp (g/g) 5.121 

0.799 0.009 
5.148 

0.849 0.008 
2.498 

0.857 0.030 
3.313 

0.884 0.024 
β (g Val/g DCW.h) 0.007 0.007 0.013 0.010 
Contois (X); Mass balance (S); Luedeking-Piret (P) 
μmax (h− 1) 0.106 

0.918 0.002 
0.103 

0.953 0.001 
0.083 

0.894 0.002 
0.119 

0.928 0.002 
Ks (g/L) 0.005 0.008 0.010 0.176 
Yxs (g/g) 0.267 0.989 0.007 0.282 0.982 0.010 0.260 0.977 0.012 0.283 0.977 0.012 
α (g/g) 0.131 0.953 0.002 0.224 0.792 0.011 0.485 0.836 0.032 0.302 0.884 0.024 
β (g Val/g DCW.h) 0.003 0.009 0.019 0.010 

Val: valine; DCW: dry cell weight; R2: Determination coefficient; MSE: Mean Squared Error. 
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