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A B S T R A C T   

In this work production of L-threonine by Escherichia coli ATCC® 21277™ has been studied using 
a mixture of alternative low-cost substrates, which are recognized to be a major pollution 
problem. Whey was used as the primary carbon source, whereas Red Tilapia (Oreochromis sp.) 
viscera hydrolysates constituted the nitrogen source. A Box-Behnken Design was used for opti-
mizing L-threonine and biomass production, using temperature and glucose, whey, and Red 
Tilapia (Oreochromis sp.) viscera hydrolysate contents as factors. Results indicate that biomass 
production is affected by the concentration of hydrolysate and temperature. On the other hand, L- 
threonine production is affected by concentration of whey, hydrolysate, and temperature. In this 
context, it was possible to maximize L-threonine production, but with a detriment on biomass 
production. The optimal conditions for biomass and L-threonine maximization (after 24 h) were 
identified and validated experimentally, resulting in biomass and L-threonine production of 0.767 
g/L and 0.406 g/L, respectively. This work has shown the technical feasibility of using whey and 
Red Tilapia (Oreochromis sp.) viscera hydrolysates for the production of L-threonine by E. coli 
ATCC® 21277TM. Finally, the complications associated to the use of these low-cost complex 
substrates for the production of L-threonine by E. coli, suggest that more in detail studies (i.e. at 
the metabolic level) are required in order to propose strategies to increase the process produc-
tivity, before its scale up. This is a first step in our long-term goal of developing a production 
process for i) dealing with the pollution problems caused by those wastes, and ii) strengthen the 
milk and fish industries which are important poles of the Colombian economy.   

1. Introduction 

L-threonine (THR) is an essential amino acid belonging to the aspartate family [1,2], which helps maintaining a proper protein 
balance in the body, being fundamental in the synthesis of cellular proteins and enzymes. L-threonine is commonly used in the food as 
supplement for both, humans and animals [3–5], as well as in the pharmaceutical and cosmetics industries [6,7]. It has also been used 
as substrate for the production of interesting metabolites, such as propanol [8] and L-2-aminobutyric acid [9]. THR supports the 
nervous, immune and cardiovascular systems and has a positive effect on the gastrointestinal tract and as promoter of brain activity 
[10]. The production of THR has associated limitations such as process optimization, production costs, scale-up, strain development, 
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by-product formation, extraction/purification process, among others [11–13]. In 2020, THR market was valued at US$2.05 Bn, and 
has been projected to grow at 5.47% until 2027 [14]. Microbial THR production has been researched since the 60’s, using different 
microorganisms such as Escherichia coli (E. coli) [15–18], Corynebacterium glutamicum [19,20], Brevibacterium flavum [21], where E. coli 
has been the most used [6,22]. L-threonine is mainly produced by fermentative via, from an economic point of view, on an industrial 
scale using 50 kL to 500 kL tanks [23,24]. 

Cow milk processing during cheese production generates a waste product called whey, which is composed mainly by water 
(93–95%), solids (5–7%), lactose (4.5–5.3%), proteins (0.6–1.1%), fats, salts and minerals [25]. Whey disposal has been pointed out as 
a threat to the environment and also to human health, because it poses serious pollution problems as it increases the chemical and 
biological oxygen demand in aquatic habitats [26,27]. Although there are some alternatives for an adequate whey disposal, those are 
not enough for solving the problem because of the high volumes of whey produced (between 8.5 and 9 L of whey are obtained per 10 L 
of milk processed). Therefore, new alternatives for dealing with this challenge are still welcome, especially those focused on whey 
utilization as substrate for metabolites production. For example, the production of recombinant proteins [28], D-tagatose [29], 
hydrogen [30], ethanol [31], galacto-oligosaccharides [32], THR and L-lysine [33], using whey as substrate has been reported mainly 
by the action of E. coli [28,29,34,35], Saccharomyces fragilis [36], Aspergillus oryzae and Kluyveromyces lactis [32]. 

Since 2012, the Nutrition and Food Technology Research Group at Antioquia University has been working on looking for alter-
native uses of the byproducts of the fish processing industry. As this work is part of a project seeking to assess the technical and 
economic feasibility of the production of essential amino acids, we are incorporating the use of byproducts from the agro-industry, as it 
is the case of whey and Red Tilapia (Oreochromis sp.) viscera hydrolysates (RTVH). In the case of the latter, those byproducts are 
catalogued as wastes due to its insignificant commercial value [37]. However, the amount obtained of those wastes might be high 
(between 20 and 80%) depending on the type of fish and processing level [38]. The inadequate disposal of the fish industry wastes 
constitute another important cause of environmental contamination [39]. In order to reduce such negative impact on the environment, 
different authors have proposed to treat (by chemical and/or enzymatic action) the proteins present on the fish wastes, in order to 
obtain fish hydrolysates (FH). Those FH have shown to be safe, to promote therapeutic benefits and to be nutritionally healthy, 
therefore they have a great potential to be used as ingredients in the pharmaceutical and the dietary supplements industry [40–42]. FH 
have been reported to be used as substrate in biotechnology processes for lipases production by Staphylococcus epidermidis [43] and 
proteases production by Pseudomonas aeruginosa [44]. Other microorganisms such as E. coli [45], Staphylococcus aureus and Salmonella 
enteriditis [46], have also been explored. Precisely, in this work we use RTVH and whey as substrates for THR production by E. coli, in 
order to evaluate the technical feasibility of using those as raw materials for producing important metabolites (for the food and/or 
pharmaceutical industry). This would reduce their negative impact on the environment, and at the same time, improve the economy of 
the agroindustry, by adding some value to those “wastes”. 

Microbial production of metabolites is affected by operating conditions, such as temperature, pH, agitation and culture media 
composition [47]. In this context, the composition of the culture media has a direct impact on THR production, as it incorporates basic 
nutrients such as carbon and nitrogen sources, salts, and in some cases inducers for THR production [13,48] and even microbial growth 
inducers. Studies reveal that the type of carbon source used has a direct effect on THR production [47]. However, for the case of 
complex media such as the used in this study, in the open literature, there are no precedents in the production of THR by E. coli. In this 
work, the experimental optimization of THR production by E. coli ATCC® 21277™ as a function of temperature, and carbon and 
nitrogen sources was carried out by the response surface methodology (RSM) in a three-step procedure. In the first stage, a preliminary 
phase was carried out for assessing E. coli growth, using whey and RTVH as substrates, since according to the authors’ knowledge there 
are no reports available on the feasibility of this procedure. Second, a Box-Behnken experimental design was performed for optimizing 
the bioprocess by the RSM. Finally, a validation step was carried out, where the optimal conditions obteined by the RSM were 
experimentally tested. 

List of abbreviations 

3,5-dinitrosalicylic acid DNS 
Analysis of Variance ANOVA 
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2. Materials and methods 

2.1. Strain and culture media 

Escherichia coli ATCC® 21277TM which has been reported to grow on a medium including L-isoleucine, L-proline, L-methionine and 
Thiamine and is resistant to concentrations close to 1 mg/mL of α-Amino-β-hydroxyvaleric acid [48], was modified by UV radiation for 
incrementing L-threonine production. The modified microorganism was directly bought from microbe culture collection of ATCC® in 
United States. 

The microbial growth was carried out using as reference a medium (denoted by M1) composed by 30 g/L of glucose (GLC), 10 g/L of 
(NH4)2SO4, 2 g/L of KH2PO4, 1 g/L of MgSO4, 5.4 mg/L of FeSO4, 5.4 mg/L of MnSO4, 0.3 g/L L-proline, 1 mg/L of thiamine, 0.1 g/L of 
L-isoleucine and 0.1 g/L of L-methionine [48]. The cellular growth was analyzed using different carbon and nitrogen sources in the 
culture media. Glucose (GLC), lactose (LAC) monohydrate, and Whey were used as carbon source whereas (NH4)2SO4 and RTVH were 
used as nitrogen source. In all the analyzed cases a fixed carbon/nitrogen ratio (RC/N) of 6.6 was used as shown in Table 1. These 
preliminary experiments were carried out in 250 mL flasks containing 100 mL of culture media at 37 ◦C, pH = 7 and 100 rpm. 

2.2. Optimization of the culture media 

A Box-Behnken design [49–51] of 29 replicas was developed, having the biomass production ΔX (g/L) and the L-threonine pro-
duction ΔTHR (g/L) as response variables. The analyzed factors were the concentrations (g/L) of GLC and Whey (LAC), the RTVH 
(mL/L) and the temperature (T) (◦C). Three levels were used for each factor, as it is shown in Table 2. 

Levels selection was carried out according to published literature. For example, for E. coli growth, T between 5 ◦C and 45 ◦C have 
been reported [52–54]; however, the most frequently reported value has been T of 37 ◦C [48]. Therefore, 37 ◦C was taken as the 
medium level for T, and a variation of 4 ◦C from this reference value was used for the low and high levels in order to avoid thermal 
shock [52,54]. To date, no reports were found by other authors studying the effect of pH on THR production by E. coli. However, the 
effect of pH on microbial growth on the Escherichia coli O157:H7 strain has been reported in Ref. [53], where a correlation between pH 
and L-threonine production, as well as variables such as the composition of the culture medium and temperature [2,47]. In this work, 
pH was not considered as a factor due to technical limitations. Therefore, pH was kept at 7, since this is the value reported as optimal 
for the used strain [48]. 

On the other hand, while the use of FH was reported for growing E. coli [45]; to our knowledge, there are no open literature reports 
on its use for THR production. Therefore, the lower and higher levels for factor 3 (RTVH content) were selected based on operational. 
For the case of GLC content, it has been reported that the maximum growth rate for E. coli from between 10 g/L and 20 g/L [47,55]. 
Therefore, the higher level for GLC concentration was taken as 10 g/L, as it was for Whey (LAC). 

Culture media were prepared as shown in Table 3, adjusting the (NH4)2SO4 content for achieving the desired RC/N = 6.6 [48]. Each 
experiment was carried out during 24 h in 250 mL flasks filled with 50 mL of the culture medium, 100 rpm and pH = 7 regulated with 
MOPS 100 mM. Samples were collected at 0 and 24 h. 

The effect of the different factors on the response variables was evaluated using the Analysis of Variance (ANOVA). The analysis of 
the results was carried out with the Design Expert® software, as well as the corresponding numerical optimization using the quadratic 
regression models obtained. The optimum found was experimentally evaluated by triplicate. 

2.3. Whey pretreatment 

Whey powder was treated following the procedure described by Hausjell with some modifications [28]. The whey was dissolved in 
distilled water, then sterilized in a Tuttnauer 3870ELV vertical autoclave (Tuttnauer, United States) at 120 ◦C and 220 kPa. Finally, it 
was centrifuged at 9000 rpm for 5 min at 4 ◦C and filtered, maintaining aseptic conditions throughout the process. Lactose content was 
determined using the DNS method (3,5-dinitrosalicylic acid) [56,57]. 

Table 1 
Culture media composition used in the first stage for assessing E. coli growth.  

Compound/Media Concentration (g/L) 

M1 M2 M3 M4 M5 M6 

GLC 30   30   
LAC monohydrate  30   30  
Whey*   30   30 
(NH4)2SO4 10 10 10 6.94 6.94 6.94 
RTVH**    0.13 0.13 0.13 

* Lactose concentration. 
**The reported values correspond to the atomic nitrogen content in the RTVH. 
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2.4. Preparation of the RTVH 

Red Tilapia (Oreochromis sp) viscera were kindly provided by El Gaitero company (Sopetran – Antioquia, Colombia). The viscera 
were heated to 85 ◦C for 20 min for inactivating endogenous enzymes. Then, the samples were frozen at − 20 ◦C for 24 h to easily 
remove the solidified fat by phase separation [58,59]. After that, the viscera were minced using a blender, and packed in PVC bags for 
further storing at − 20 ◦C. The enzymatic hydrolysis was carried out by Alcalase® action [60] in batches of 500 mL with a protein 
content of 8 g/L, 700 rpm, 53 ◦C and pH = 10. When the hydrolysis was completed, the Alcalase® was deactivated by heating at 85 ◦C 
during 10 min [58,59]. The hydrolysates were centrifuged at 9,000 rpm and the supernatant was filtered. The protein content was 
determined by the Kjeldahl method [61]. Amino acids were determined by UHPLC/DAD Thermo Scientific Dionex UltiMate 3000 
(Thermo Fisher Scientific, United States) with UV/VIS detector (diode array detector, DAD). Amino acids were derivatized on-line 
using o-phthalaldehyde and 9-fluorenylmethyloxycarbonyl chloride [34,62]. 

2.5. Analytical techniques 

Dry cells weight was determined by gravimetry. Liquid samples were centrifuged at 9000 rpm and dried at 80 ◦C until constant 
weight was achieved [63]. Optical density data at 600 nm (OD600) were converted using the factor 0.775 g/L⋅UA. The OD600 of the 
samples extracted during the fermentations was determined in a Genesys 10 S UV/VIS spectrophotometer (Thermo Scientific, United 
States). For further analysis, the samples were centrifuged at 14,000 rpm and 4 ◦C for 10 min [64]. Reducing sugars were quantified in 
the supernatant using the 3,5-dinitrosalicyclic acid method (DNS) [56,57]. Amino acids were measured by a Thermo Scientific Dionex 
UltiMate 3000 UHPLC equipment (Thermo Scientific, United States) [34,62]. 

Table 2 
Input information for the Box-Behnken Experimental Design.   

Levels 

Factors Low Medium High 
Factor 1: GLC (g/L) 5 7.5 10 
Factor 2: Whey (LAC) (g/L) 5 7.5 10 
Factor 3: RTVH (mL/L) 200 400 600 
Factor 4: T (◦C) 33 37 41  

Table 3 
Box-Behnken Design: Experimental results.  

# GLC (g/L) Whey (g/L) RTVH (mL/L) T (◦C) ΔX* (g/L) ΔTHR* (g/L) 

1 7.5 7.5 600 33 0.939 0.033 
2 5 10 400 37 0.934 0.069 
3 10 7.5 200 37 1.023 0.111 
4 7.5 5 200 37 1.028 0.103 
5 7.5 5 400 33 1.021 0.061 
6 10 10 400 37 0.997 0.024 
7 7.5 10 400 41 0.911 − 0.027 
8 7.5 5 600 37 0.886 − 0.008 
9 7.5 7.5 400 37 0.948 0.067 
10 10 7.5 600 37 1.046 0.095 
11 5 7.5 600 37 1.067 0.059 
12 7.5 5 400 41 0.937 0.002 
13 7.5 7.5 400 37 0.894 0.127 
14 7.5 10 400 33 1.008 0.090 
15 7.5 7.5 600 41 0.853 − 0.031 
16 7.5 7.5 400 37 1.076 0.215 
17 10 7.5 400 33 1.056 0.100 
18 5 7.5 200 37 1.056 0.219 
19 10 5 400 37 1.068 0.162 
20 7.5 7.5 400 37 1.068 0.238 
21 7.5 7.5 200 33 1.043 0.208 
22 7.5 7.5 200 41 1.039 0.136 
23 5 5 400 37 1.073 0.026 
24 7.5 10 600 37 1.032 0.179 
25 10 7.5 400 41 0.863 − 0.030 
26 5 7.5 400 41 0.916 − 0.013 
27 5 7.5 400 33 0.996 0.045 
28 7.5 7.5 400 37 1.081 0.222 
29 7.5 10 200 37 1.042 0.310 

*Reported values for ΔX and ΔTHR are calculated as the difference between concentration at t = 24 h and t = 0 h. 
Results were analyzed by ANOVA, for determining the significance of the factors on each response variable, using a confidence level of 95%. 
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3. Results and discussion 

3.1. Preliminary experiments: E. coli growth from whey and RTVH 

E. coli ATCC® 21277TM growth on culture media based on the US3580810 patent [48] was studied, incorporating different sub-
strates (as described in Table 1). Results in Fig. 1 show that when Whey is incorporated to the media (M3 and M6) biomass growth is 
promoted, reaching 0.656 g/L for the M3 case and 0.810 g/L for the M6 case at the final time (15 h). Furthermore, when RTVH is 
incorporated to the media as nitrogen source (M4, M5 and M6), independently of the carbon source, a higher biomass (X) production is 
promoted. The two highest X concentration 0.866 g/L and 0.810 g/L were reached when using media M5 and M6, respectively. These 
results allow concluding that whey and RTVH are promising substrates for microbial development. 

3.2. Culture media optimization 

GLC, Whey, RTVH and T were the factors selected for the optimization of biomass (ΔX), the threonine (ΔTHR) produced. For this, a 
Box-Behnken design was executed, leading to the experimental results shown in Table 3. 

3.3. Analysis of factors affecting biomass production (ΔX) 

ANOVA analysis shown in Table 4 suggests that the GLC and Whey do not have a significant effect on ΔX. The quadratic regression 
model obtained is presented in equation (1). Although the adjusted regression coefficient is 0.3439, the lack of fit is not significant and 
the model is statistically significant (p-value<0.05), then the model can be used in numerical optimization. 

ANOVA analysis shown in Table 4 suggests that the GLC and LAC in Whey do not have a significant effect on biomass production. 
Although the adjusted regression coefficients are low (0.3439, 0.4844 for biomass and L-threonine production, respectively), the lack 
of fit is a statistical test in which the null hypothesis is that there is no lack of fit. According to Mendenhall et al. [65], and Kutner et al. 
[66], an adjusted R2 may not be good, but if the model has no lack of fit, it can be used to make inferences within the range of variation 
of the factors used. Furthermore, the models are statistically significant (p-value<; 0.05), then the models can be used in numerical 
optimization. Additionally, the model assumptions regarding the residuals (normality, homoscedasticity and independence) were 
checked and the three of them were fulfilled for both models (see supplementary material). On the other hand, Adequate Precision 
statistic measures the signal to noise ratio. A ratio greater than 4 is desirable. The ratios of 7.79 and 8.59 for biomass and L-threonine 
production, respectively, indicates an adequate signal. These models can be used to navigate the design space [67]. 

Equation (1) shows the model representing the effect of RTVH and T on ΔX, which can be considered accurate because it fulfills the 
assumptions of normality, homoscedasticity and independency of residuals [68]. 

ΔX = − 3.08630 − 0.000170 ∗ RTVH + 0.236906 ∗ T − 0.003355 T2 (1) 

The response surface diagram for ΔX as a function of RTVH and T is shown in Fig. 2, where Whey and GLC had values of 7.5 g/L. In 
there, it is possible to observe that ΔX is favored at temperatures from 35 ◦C to 37 ◦C. Biomass growth is suppressed at 33 ◦C and 41 ◦C, 
being this higher at 41 ◦C. This might be explained by the thermal shock [54]. ΔX decreases when the RTVH content is increased. 
Therefore, RTVH content must be kept at the minimal value (200 mL/L), because higher values suppress biomass production. This can 
be explained due to the fact that in general, FH constitute a complex mixture of peptides and free amino acids, being the latter of easy 
access for the microorganism, which improves ΔX [45], by another hand, antimicrobial activity of FH has been reported [39], 
therefore, a balance is established between these two behaviors. 

3.4. Analysis of factors affecting L-threonine production (ΔTHR) 

ANOVA results are shown in Table 4, which suggest that the linear terms for Whey, RTVH and T, and the quadratic terms for Whey 

Fig. 1. Results of the first stage: effect of Whey and RTVH (lines in red) for biomass (X) by E. coli. GLC (M1), LAC (M2), Whey (M3). GLC + RTVH 
(M4), LAC + RTVH (M5) and Whey + RTVH (M6). 
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and T, must be considered. Although the adjusted regression coefficient is not so high (0.4844), the lack of fit is not significant and the 
model is statistically significant (p-value<0.05), then the model can be used in numerical optimization. 

Equation (2) shows the model representing the effect of Whey, RTVH and T on ΔTHR, which can be considered accurate because it 
fulfills the assumptions of normality, homoscedasticity and independency of residuals [68]. 

ΔTHR= − 7.51887 + 0.129937 ∗ Whey − 0.000317 ∗ RTVH + 0.405392 ∗ T − 0.008541 ∗ Whey2 − 0.005619 ∗ T2 (2) 

Fig. 3 shows the response surfaces for ΔTHR as a function of Whey and RTVH content, Whey and T, T and RTVH content. It is 
possible to observe that ΔTHR is favored by Whey values closer to 8 g/L. In case of T, ΔTHR is favored between 35 ◦C and 37 ◦C. In the 
case of the RTVH, it can be observed that there is a negative relationship between it and ΔTHR, therefore higher values of RTVH 
content than 200 mL/L decrease the ΔTHR. 

3.5. Numerical optimization 

As already discussed, the results from the experimental designed allowed obtaining quadratic, statistically significant regression 
models (p-value<0.05) for predicting biomass and ΔTHR as a function of the studied factors. For the multi-objective numerical 
optimization, more importance was assigned to the ΔTHR (level 5 vs level 3 for ΔX). Results of the optimization suggested a total of 99 
scenarios with a desirability higher than 0.8. From those, the scenario with content of 7.29 g/L of GLC, 8.16 g/L of LAC in whey, 200 
mL/L of RTVH, and a T of 35.68 ◦C was the chosen. This scenario was validated in a new experimental run. On the other hand, the 
temperature identified, being 1.3 ◦C lower than that commonly reported for L-threonine production with E. coli, i.e. 37 ◦C [15,69,70], 
this result suggest that using Whey and RTVH might lead to energy savings in the bioprocess. 

3.6. Experimental validation of the optimal 

Experimental test using the obtained optimum (with the highest desirability) was carried out by triplicate in shake flasks, adjusting 
the (NH4)2SO4 content for keeping the RC/N = 6.6. The validation results shown in Table 5 compare the experimental values against the 
optimal predicted for the THR and biomass production by E. coli. As it can be observed, ΔTHR obtained experimentally is higher than 

Table 4 
ANOVA for biomass and L-threonine production by E. coli.   

ΔX ΔTHR 

Source F-value p-value F-value p-value 
Model 5.89 0.0035 6.26 0.0008 
Whey   0.0569 0.8136 
RTVH 4.16 0.0520 11.03 0.0030 
T 7.42 0.0116 4.76 0.0396 
Whey2   4.50 0.0450 
T2 6.09 0.0208 12.76 0.0016 
Lack of Fit 0.3340 0.9579 0.7662 0.6964 
R2 0.4142 0.5765 
Adjusted R2 0.3439 0.4844  

Fig. 2. Response Surface for biomass production by E. coli, showing the interaction between RTVH and T.  
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the optimal predicted, whereas ΔX was lower during the experimental validation runs, and also the yields were calculated YX/S = 0.069 
and YP/S = 0.036. It is important to remark that the strain used in this study is a modified strain for improving L-threonine production, 
instead of biomass. Then, as THR is a secondary metabolite, its production is favored by growth deceleration. Furthermore, we have 

Fig. 3. Response surfaces for ΔTHR by E. coli showing the interaction between: a. Whey and RTVH; b. Whey and T; c. RTVH and T.  
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used inductors (methionine, isoleucine and proline) in the culture media, which might also explain why THR production is favored 
even at lower biomass (US3580810 patent [48]). It must also be noticed that during the multi-objective optimization, more importance 
was assigned to the THR (level 5) maximization regardless the resulting biomass (level 3). 

A final mention must be done for the sake of a fair comparison between results obtained in this work and previously reported works 
on the production of THR. The amount of THR obtained in this work by using the E. coli ATCC® 21277™ strain is lower than reported 
values by other authors [2,16,71], where genetically modified strains were used for improving THR production in chemically defined 
medium. In contrast, we have used a non-conventional substrate (a mixture of Whey and RTVH). To the authors’ knowledge, the only 
published work on THR production using whey as substrate has reported a concentration of 3.6 g/L [33], there are recent reports of 
higher THR production but with chemically defined culture media and non-marketable E. coli strains [15,16]. After that, no reports 
have been published in the open literature addressing the THR production from complex substrates, by E. coli. Therefore, results shown 
in this work are a starting point in our research goal towards the development of a feasible process (from the technical and economical 
points of view), for THR production using agro-industrial wastes. 

4. Conclusions 

This work has demonstrated the technical feasibility of using whey and Red Tilapia (Oreochromis sp.) viscera hydrolysates for the 
production of L-threonine by E. coli ATCC® 21277TM. In the first stage, the results showed that the use of Whey and Red Tilapia 
(Oreochromis sp.) viscera hydrolysates in the culture media enhance the growth of E. coli. In the second stage, results indicate that 
biomass production is affected by the hydrolysate content and process temperature. On the other hand, L-threonine production has 
shown to be affected by Whey and hydrolysate content, as well as by the temperature. In the third stage, it was possible to maximize L- 
threonine production, but with a detriment on biomass production. Finally, the complications associated to the use of these complex 
substrates (i.e., Whey and Red Tilapia (Oreochromis sp.) viscera hydrolysates) for the production of L-threonine by E. coli, require more 
in detail studies at the metabolic level, in order to understand and propose strategies to increase the process productivity, before its 
scale up. 
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Optimal Predicted values vs. Experimental.   
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J.F. Vélez Blandón et al.                                                                                                                                                                                             

https://doi.org/10.1099/mic.0.27481-0
https://doi.org/10.1016/j.ymben.2020.01.009
http://refhub.elsevier.com/S2405-8440(23)05952-2/sref3
https://doi.org/10.1016/j.fsi.2017.10.048
https://doi.org/10.1134/S0006297917090097
https://doi.org/10.1134/S0006297917090097
https://doi.org/10.1016/j.biotechadv.2010.07.009
https://doi.org/10.1263/jbb.101.127
https://doi.org/10.1007/s00203-004-0732-y
https://doi.org/10.1007/s10529-013-1424-y
https://doi.org/10.1016/j.jct.2017.09.022
https://doi.org/10.1007/7171_2006_065
https://doi.org/10.1016/j.biotechadv.2017.09.001
https://doi.org/10.1016/j.ejbt.2019.03.004
https://doi.org/10.1016/j.ejbt.2019.03.004
https://www.maximizemarketresearch.com/market-report/global-threonine-market/98333/
https://www.maximizemarketresearch.com/market-report/global-threonine-market/98333/
https://doi.org/10.1186/s12934-021-01546-x
https://doi.org/10.1186/s12934-020-01312-5
https://doi.org/10.1007/10_2009_57
https://doi.org/10.1007/s00253-012-4317-4
https://doi.org/10.1007/s00253-012-4317-4
https://doi.org/10.1021/acsomega.7b01597
https://doi.org/10.1016/j.enzmictec.2016.07.013
http://refhub.elsevier.com/S2405-8440(23)05952-2/sref21
http://refhub.elsevier.com/S2405-8440(23)05952-2/sref22
https://doi.org/10.1007/978-3-642-29857-8_4
https://doi.org/10.1016/B978-0-444-64046-8.00186-5
http://refhub.elsevier.com/S2405-8440(23)05952-2/sref25
http://refhub.elsevier.com/S2405-8440(23)05952-2/sref25
https://doi.org/10.1016/j.biteb.2022.101144
https://doi.org/10.1016/0960-8524(96)00036-3
https://doi.org/10.1016/0960-8524(96)00036-3
https://doi.org/10.1016/j.biteb.2019.100340
https://doi.org/10.1016/j.biteb.2019.100340
https://doi.org/10.1016/j.biortech.2020.123010
https://doi.org/10.1016/j.ijhydene.2009.10.097
https://doi.org/10.1016/j.ijhydene.2013.11.011
https://doi.org/10.1016/j.idairyj.2015.01.003
https://doi.org/10.1016/j.idairyj.2015.01.003
https://doi.org/10.1128/aem.45.2.610-615.1983
https://doi.org/10.1128/aem.45.2.610-615.1983
https://doi.org/10.1016/j.btre.2021.e00642
https://doi.org/10.1016/j.biortech.2021.125739
https://doi.org/10.1016/j.bcab.2019.101335
https://doi.org/10.1016/j.bcab.2019.101335
http://refhub.elsevier.com/S2405-8440(23)05952-2/sref37
https://doi.org/10.4172/1948-5948.1000110
https://doi.org/10.1007/s11947-009-0225-8
https://doi.org/10.1590/S1516-89132014005000004


Heliyon 9 (2023) e18744

10
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J.F. Vélez Blandón et al.                                                                                                                                                                                             

https://doi.org/10.4067/S0718-07642016000600007
https://doi.org/10.1016/j.foodres.2019.02.029
https://doi.org/10.1007/s12010-009-8632-x
http://refhub.elsevier.com/S2405-8440(23)05952-2/sref44
http://refhub.elsevier.com/S2405-8440(23)05952-2/sref44
http://refhub.elsevier.com/S2405-8440(23)05952-2/sref45
http://refhub.elsevier.com/S2405-8440(23)05952-2/sref45
https://doi.org/10.1016/j.fbio.2021.101063
https://doi.org/10.1007/s12010-008-8385-y
https://doi.org/10.1145/178951.178972
https://doi.org/10.1145/178951.178972
https://doi.org/10.1016/j.heliyon.2019.e02741
https://doi.org/10.1016/j.heliyon.2019.e02741
https://doi.org/10.1016/j.heliyon.2020.e04566
https://doi.org/10.1186/s13036-017-0059-2
https://doi.org/10.1016/j.dib.2023.109037
https://doi.org/10.1016/0740-0020(92)80046-7
http://refhub.elsevier.com/S2405-8440(23)05952-2/sref54
http://refhub.elsevier.com/S2405-8440(23)05952-2/sref54
https://doi.org/10.1016/0032-9592(95)85008-2
https://doi.org/10.1016/j.ijbiomac.2020.04.045
http://refhub.elsevier.com/S2405-8440(23)05952-2/sref57
https://www.bps.go.id/dynamictable/2018/05/18/1337/persentase-panjang-jalan-tol-yang-beroperasi-menurut-operatornya-2014.html
https://www.bps.go.id/dynamictable/2018/05/18/1337/persentase-panjang-jalan-tol-yang-beroperasi-menurut-operatornya-2014.html
http://refhub.elsevier.com/S2405-8440(23)05952-2/sref59
http://refhub.elsevier.com/S2405-8440(23)05952-2/sref59
https://doi.org/10.1016/j.procbio.2005.05.004
https://doi.org/10.1016/c2013-0-12545-7
http://www.agilent.com/chem
https://doi.org/10.1016/S1004-9541(06)60065-7
https://doi.org/10.1016/j.ymben.2004.10.004
http://latinoamerica.cengage.com
http://refhub.elsevier.com/S2405-8440(23)05952-2/sref66
https://doi.org/10.1186/s12934-019-1173-2
https://doi.org/10.36385/FCBOG-4-0
https://doi.org/10.36385/FCBOG-4-0
https://doi.org/10.1007/s43393-023-00166-3
https://doi.org/10.1134/S0003683820070066
https://doi.org/10.1007/s00253-019-09818-8

	l-Threonine production from whey and fish hydrolysate by E. coli ATCC® 21277TM
	1 Introduction
	2 Materials and methods
	2.1 Strain and culture media
	2.2 Optimization of the culture media
	2.3 Whey pretreatment
	2.4 Preparation of the RTVH
	2.5 Analytical techniques

	3 Results and discussion
	3.1 Preliminary experiments: E. coli growth from whey and RTVH
	3.2 Culture media optimization
	3.3 Analysis of factors affecting biomass production (ΔX)
	3.4 Analysis of factors affecting l-threonine production (ΔTHR)
	3.5 Numerical optimization
	3.6 Experimental validation of the optimal

	4 Conclusions
	Author contribution statement
	Data availability statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


