Ukrainian Journal of Natural Sciences Ne 9
Yrpainceruil okypHan npupodHuuux Hayk Ne 9

Ukrainian Journal of Natural Sciences
Ne O
YkpaiHCbKUH XKypHaA IPUPOOHUINX HAYK
Ne 9

ISSN: 2786-6335 print
ISSN: 2786-6343 online

UDC 579.663
DOI https://doi.org/10.32782/naturaljournal.9.2024.2

OPTIMIZATION OF CULTURE MEDIA FOR INDUSTRIAL CULTIVATION
OF THE RECOMBINANT STRAIN ESCHERICHIA COLI BL21

I. M. Bobyr!, V. L. Bondarenko?, O. S. Iungin?

This study presents a comprehensive analysis of scientific literature published between 2019 and 2024,
indexed in Web of Science and Scopus databases. The review focuses on identifying optimization
strategies for culture media to enhance the industrial cultivation of Escherichia coli BL21 strain for

the production of recombinant proteins. This strain is widely used in industry due to its lack of certain
proteases, making it ideal for producing stable protein products. The research highlights key factors
influencing protein expression and biomass growth, including carbon and nitrogen sources, trace
elements, additional components, and pH levels. Altering these key factors can increase cell yield
and product quality. The analysis revealed that optimizing the culture medium composition through
the use of alternative carbon and nitrogen sources can significantly improve bacterial cell growth
and impact the quantity and quality of the recombinant protein. Alcohols such as mannitol and glycerol,
sugars like lactose, as well as sugar-containing by-products from the food industry can be used as
alternative carbon sources (blackstrap molasses, corn-steep liquor and whey). Additionally, complex
compounds like lignocellulose can be utilized. Many alternative carbon sources can also provide nitrogen.

The use of alternative carbon and nitrogen sources, on the one hand, can reduce the cost of recombinant

protein production and thus affect bioeconomy, but on the other hand, can influence metabolic pathways
for the assimilation of other elements and alter the duration of growth phases, which is crucial for

industrial microbial cultivation. Optimization of the culture medium has complex consequences, and this
process should be considered holistically.

Key words: Escherichia coli BL21, media optimization, alternative carbon source, alternative nitrogen
source, recombinant protein.

! Chief technologist PrdSC «Indar,

Master Degree student

(Kyiv National University of Technologies and Design, Kyiv)
e-mail: ibobyr@ukr.net

ORCID: 0009-0006-2394-8189

2 Laboratory Technologist, Kyiv City Clinical Hospital Ne 6,
Master Degree student

(Kyiv National University of Technologies and Design, Kyiv)
e-mail: bondarpulemet@gmail.com

ORCID: 0009-0002-4107-8368

3 PhD, Associate Professor, Associate Professor at the Biotechnologies, Leather and Fur Department
(Kyiv National University of Technologies and Design, Kyiv)
e-mail: olgaungin@gmail.com

ORCID: 0000-0001-8876-6075

17



Ukrainian Journal of Natural Sciences Ne 9
Yrpainceruil okypHan npupodHuuux Hayk Ne 9

OIITHMI3ALISA ITIOXKHBHHUX CEPEOBHIIL AASTI IPOMHCAOBOI'O
KYABTHBYBAHHSI PEKOMBIHAHTHOTI'O IIITAMY ESCHERICHIA COLI BL21

I. M. Bobup, B. A. Bouaapenko, O. C. IOHrin

B pobomi gidobparkeHo KOMNIEeKCHUT aHai3 0aHUX HAyKo8oi Aimepamypu, onybaikogaHoi e nepiod
Mk 2019 i 2024 pokamu, 8i0obparkeHoi 8 BUOAHHSX, WO IHOekcytombest 8 basax darux Web of Science
ma Scopus. Ozns0 aimepamypu 30cepedrKeHo Ha 8USHAUEHHT MOXAUBOCM el ONMUMI3AULL NOAHUBHO20
cepedosuwa 0151 NPOMUCT08020 KYabmuasysarHs wmamy Escherichia coli BL21 3 memorw ompumaHHs,
pexombiHaHmHux 6inKig. BKa3aHUT tumam WUpoKo 8UKOPUCMOBYEMbCSL 8 npomuciogocmi. BidcymHicmo
8 UbOMY Wmami NegHUX npomeas pobums Uiozo i0ealbHUM THCMPYMEeHMOoM Ok OMPUMAHHSL CMABITbHUX
6inrkosux npodyrxmis. JocnioseHHs 38epmae yeazy Ha KaoU08l paKmopu, U0 8NauU8aroms Ha eKCnpecito
6inkie ma npupicm b6iomacu, eKaUAUU OXKepeaa KapboHy ma HimpozeHy, MiKpoesremeHmu ma 0ooam-
K08l KOMNOHEeHMU, A MaKoxX 3HaueHHst pH noxusHozo cepedosuwya. Pesysiomamom 3MiH Yux KaAoUosux
paxmopie e ni08UWEHHS KITbKoCMi KAIMuUH ma sikocmi npodykmy. B pe3yavmami aHanisy aAimepamypu
8CMAHOB/IEHO, WO ONMUMI3AUISL CKAAOY NOAUBHO20 Cepedosuia Uepes BUKOPUCMAHHS AIbMepHAMUSHUX
osKepen KapboHY ma HIMPOEHY MOXKe 3HAUHO nidsuWUMU 8posKaill KAimuH wmamy baxmepii ma enau-
8amu Ha sIKicmb ma KLIbKICMb PeKOMOIHAHMHO020 OLKY. K anbmepHamueHi Oxkepena KapboHy MOKYmb
6ymu 8UKOPUCMAHL CNUPMU — MAHIMOJ, 21IUEPUH, UYKPU — 1AKMO30, A MAKOXK UYKPOBMICHI CNONYKU,
WO € 8I0X00aMU XAPU080i NPOMUCIOBOCMI (NAmMoKa, KYKYpYOo3saHUll excmparxm, cupoeamra). Kpim moeo,
MOIKNUBE BUKOPUCMAHHSL KOMNJIEKCHUX CNOAYK — Ji2HIHYet0103U. dacmo anbmepHamusHi oxkepena Kap-
60HY MOXKYMb cayzysamu i OxKepesramu HimpozeHy. BukopucmanHs anemepHamugHux oxepes KapboHy
ma HIMpozeHYy Moxe, 3 00H020 6oKY, 6YmMu 00HUM 3 BI0EKOHOMIUHUX haKmopie 30euleeeHHsl BUPOOHU-
umea pekombiHaHmMHuUx 6L1KI8, a 3 IHUL020 OOKY, MOIKe enau8amu Ha MemabosUHI ULISXU 3AC80EHHS
THWLUX efleMeHmie, ma 3MIHI8AMU mpueaticmes as pocmy KYabmypu, U0 8AlkKAUSO 3A NPOMUCTO8020
KYJbMUBYBAHHS. MIKPOOp2aHiZmy. ONmumizayiss NOXKUBHO20 cepedosUULd MAE KOMNIIEKCHI HACIOKU,

i came max HeobxiOHO posansdamu yell npoyec.

Knrouoei cnoea: Escherichia coli BL21, onmumisauyis cepedosuwya, alomepHamueHe 02Kepesio 8y2eyio,
anbmepHamugHe OKepeso asomy, peKomMoiHaHmMHUll 6i10K.

Introduction of culture media for industrial cultivation

Escherichia coli (E. coli) BL21 is a widely of the recombinant strain Escherichia coli
utilized bacterial strain for heterologous BL21, published between 2019 and 2024 in
protein expression. It’s a derivative of the E. coli peer-reviewed journals indexed in the Web of
B lineage and has been engineered to lack sev- Science and Scopus databases.
eral proteases, enzymes that break down pro- Material and methods
teins. This characteristic is crucial for main- The search of scientific literature published
taining the stability of the target protein being between 2019 and 2024, indexed in Web
produced. Due to its favorable characteristics, of Science and Scopus databases for this
such as ease of cultivation, high growth rate, review was conducted using the following
and the ability to express a broad spectrum primary keywords: «Escherichia coli BL21»,
of proteins, E. coli BL21 has become an «recombinant protein expression», «culture
indispensable tool in biotechnology. medium  optimization», and «ndustrial

The efficiency of protein expression in E. cultivation» in Google scholar and Connected
coli BL21 is significantly influenced by the papers publication resources. Additionally,
composition of the culture medium. Optimization supplementary keywords such as «nutrient
of the culture medium composition can lead to composition», «metabolic engineering» and
a substantial increase in protein yield, improved «fermentation parameters» were used.

quality, and reduced production costs. In order to select relevant publications, the
A considerable body of research has been following search strategies were used:
dedicated to the optimization of culture 1) Phrase searching - keywords were

media for E. coli cultivation. These studies enclosed in quotation marks to search for
have demonstrated that the composition of exact matches;

the culture medium can significantly impact 2) Use of Boolean operators AND, OR, and
protein expression, including yield, solubility, NOT to combine keywords and refine the search;
activity, and complexity. 3) Use of the wildcard character (*) to

The aim of this study is to analyze substitute for one or more unknown characters
scientific publications on the optimization within a keyword.
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Results

Escherichia coli BL21 is a widely used bac-
terial strain for various biotechnological appli-
cations, including protein production and bio-
fuel synthesis. Some of the key factors that
influence protein expression in E. coli BL21
include carbon sources, nitrogen sources,
trace elements, and pH. Studies have shown
that supplementing defined media with yeast
extract can reduce lag phase and increase bio-
mass production (Shukla & Mishra, 2021).
Optimization techniques like Plackett-Burman
and Box-Behnken designs have been used
to identify significant factors, such as yeast
extract and mineral concentrations, lead-
ing to increased enzyme production (Duan et
al., 2020). The choice of expression system,
including promoter strength and plasmid
copy number, significantly impacts recombi-
nant protein production (Lozano Terol et al.,
2021). Balancing these factors is essential
to maximize soluble protein expression while
minimizing metabolic burden. Optimized
media and expression systems can result in
higher protein yields, improved stability, and
enhanced product specificity, which are cru-
cial for industrial-scale production of recom-
binant proteins in E. coli BL21(Shahzadi et al.,
2021).

Carbon sources. Manipulating carbon and
nitrogen sources can increase recombinant
protein production in E. coli BL21 (Lozano
Terol et al., 2019). Traditionally, glucose and
ammonium salts have been the primary car-
bon and nitrogen sources used for E. coli cul-
tivation. However, exploring alternative car-
bon and nitrogen sources can offer several
advantages, such as reduced cost, improved
sustainability, and the potential to enhance
recombinant protein production. One prom-
ising alternative carbon source is glycerol, a
byproduct of the biodiesel industry. Glycerol
has been shown to support robust growth of
E. coli BL21 and can be utilized as a carbon
source for the production of various recombi-
nant proteins. Furthermore, the use of glyc-
erol as a carbon source has been reported to
improve the quality and yield of recombinant
proteins in E. coli. (Lozano Terol et al., 2019)

Besides, Hohmann et al. (2024) investigated
glycolate as a sole carbon source, observing
that E. coli BL21 required extensive adapta-
tion time but eventually reached growth rates
comparable to other strains.

Lactose, another inexpensive and renew-
able carbon source, has also been explored
as an alternative to glucose for E. coli BL21
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cultivation. Lactose-based media can induce
the lac operon, leading to improved recombi-
nant protein production in E. coli BL21 strains
engineered for lactose utilization. Moreover,
combining lactose with other carbon sources,
such as glucose or glycerol, can enhance bac-
terial growth rates and biomass production.
Lactose, employed at a concentration of 10%
(w/v), served as the carbon source to opti-
mize recombinant truncated SpA expression
in E. coli.

Previous research has shown that
modifying the signal peptide, which guides the
translocation of recombinant proteins across
the cell membrane, can significantly improve
the secretory production of these proteins in
E. coli BL21. Continuous biomanufacturing
processes utilizing E. coli often encounter a
decline in productivity after approximately
four to five days of cultivation, with the specific
timeframe influenced by dilution rate. Glucose
is a commonly employed carbon source for
E. coli cultivation and is frequently paired
with isopropyl B-D-1-thiogalactopyranoside
(IPTG) for protein induction in these systems
(Kittler et al., 2020). Khani & Bagheri (2020)
proposed skimmed milk as an alternative
to IPTG for inducing protein expression,
reporting high levels of recombinant protein
production and improved bacterial growth
rates. Supplementation of critical amino
acids (AAs) improves uptake rate of glycerol
and lactose in wild type E. coli BL21(DE3) in
defined medium. A feeding strategy of mixed
glycerol-lactose feed along with supplement of
critical AAs enhances recombinant production
of pramlintide multimer. High cell density
cultivation of E. coli using mixed glycerol-
lactose feed and critical AAs supplement
resulted in final cell density of 52.2 £+ 0.90 g
L-1 (Kumar et al., 2021)

Autoinduction using lactose as an inducer,
combined with glycerol, glucose, and glycine
as carbon sources, significantly enhanced
nanobody expression compared to traditional
LB medium and also reduce impurities and
toxicity compared to IPTG (Rezaei et al., 2020).
Surprisingly, acetate, typically considered det-
rimental, proved effective as a carbon source
when coupled with yeast extract, resulting
in high yields of a sweet protein (Leone et
al., 2015). The choice of carbon and nitrogen
sources greatly impacts protein production,
with complex medium supplemented with glyc-
erol showing promising results. Additionally,
genetic manipulation of acetate metabolism,
particularly the deletion of the ackA gene,
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led to a fivefold increase in protein yield and
reduced acetate accumulation (Lozano Terol et
al., 2019). These findings highlight the impor-
tance of optimizing carbon sources and strain
engineering to enhance recombinant protein
production in E. coli BL21. Optimizing carbon
sources, including glycerol, glucose, and lac-
tose, can significantly enhance protein yield
(Rezaei et al., 2020). The choice of expression
system, including promoter strength and plas-
mid copy number, impacts protein production,
with a balance needed to maximize soluble
protein expression (Lozano Terol et al., 2021).
While glucose-fed continuous cultivations
show a productivity drop over time, glycer-
ol-fed systems demonstrate a «Lazarus effect»,
recovering productivity after approximately
150 hours of induction (Kittler et al., 2020).
This phenomenon may enable stabilization of
continuous E. coli cultivation. Additionally,
galactose utilization in E. coli BL21(DE3) might
cause fluctuating productivity due to its weak
induction properties (Li et al., 2021). In glu-
cose and yeast extract combination the strain
reached maximum viable cell count of 11.8 log
CFU ml-1 and biomass yield of 5.25 g L-1 at
the end of 24 hours. The next best combina-
tion with malic acid and yeast extract showed
cell count of 9.25 log CFU ml-1 and biomass
yield of 4.13 g L-1 at 24 h time. Mannitol was
identified as an effective carbon source that
could increase the production of CypA protein
in E.coli BL21 recombinant strain cultivation.
Interestingly, it was shown that glutamate
can serve as an alternative for both carbon
and nitrogen source for high production of
recombinant proteins in E. coli BL21(Chiang
et al., 2022). More complex compounds could
be used as well like, for example, the study
(Wang et al., 2021) successfully demonstrated
the production of bovine and human a-casein
proteins in E. coli using lignocellulosic sugars
as the carbon source. This proof-of-concept is
a promising starting point for producing high-
value food or feed proteins from bulk residual
biomass like lignocellulose, supporting a sus-
tainable bioeconomy.

Nitrogen sources. While these studies
focused on carbon sources, Nagappa et al.
(2022) showed that common microbiology
rich media (tryptone, peptone, yeast extract,
and casamino acids) can effectively replace
commercial amino acid sources in cell-free
expression systems. However, amino acid
composition of cell culture media affects trace
metal tolerance and cholesterol synthesis in
E. coli BL21 (Rawat et al., 2023). The change

in amino acid composition affected not only
the expected pathways related to cell cycle
and amino acid response, but also had an
unexpected impact on genes involved in zinc
transport. Among potential nitrogen sources
that could be used for recombinant strain E.
coli BL21 are peptone, tryptone, cheese whey,
corn steep liquor. The use of some byprod-
ucts such as blackstrap molasses, corn-steep
liquor and cheese whey, as an alternative for
carbon and nitrogen sources of medium, were
found to enhance the cell growth. In the study
(Carranza-Saavedra et al., 2021) deprotein-
ized whey as a source of carbon and nitrogen
provided the highest specific growth rate of
recombinant E. coli. Deng et al. (2022) achieved
high-level expression of nitrile hydratase in E.
coli BL21 through systematic optimization of
fermentation conditions.

Trace elements and supplements. To ensure
efficient cultivation and maximize the yields of
desired products, researchers have explored
various strategies to optimize the growth con-
ditions and medium composition for E. coli
BL21. Specifically, the supplementation of
trace elements and other key nutrients has
been identified as a critical factor in support-
ing the growth and productivity of E. coli BL21
cultures (Basiony et al., 2022). These micronu-
trients play essential roles in cellular metabo-
lism, enzyme activity, and overall physiologi-
cal function. Specifically, trace elements such
as iron, magnesium, calcium, and zinc serve
as cofactors for various enzymes, while vita-
mins like thiamine, riboflavin, and biotin act
as co-enzymes, co-substrates, and regulators
of metabolic pathways (Ge et al., 2023).

The appropriate selection and supplemen-
tation of these micronutrients can have a sig-
nificant impact on the growth, viability, and
productivity of E. coli BL21. For instance,
insufficient levels of iron can lead to reduced
cell growth and impaired respiration, as the
metal is a critical component of enzymes
involved in electron transport and energy pro-
duction. On the other hand, optimizing the
concentration of iron and other trace elements
in the medium has been shown to enhance cell
viability and improve the secretion of recom-
binant proteins, as these micronutrients pro-
vide the necessary support for efficient growth
(Corless et al., 2020). Interestingly, the unin-
tentional introduction of trace elements into
the media lends further credence to this idea.
Thus, trace impurities in the reagents used to
prepare M9 minimal medium affected physio-
logical activities of E. coli, such as cell growth,
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substrate consumption, and byproduct forma-
tion (Soma et al., 2023).

One prominent study has demonstrated the
potential of an integrated modeling approach
to rationally optimize the bioprocess conditions
for E. coli BL21 cultivation (Yeoh et al., 2020).
The researchers developed a comprehensive
model that coupled the kinetics of the cell
factory with the computational fluid dynamics
of the bioreactor, allowing them to capture the
spatiotemporal distributions of bioproduction.
Through this model-driven approach, the
researchers were able to perform full-factorial
predictions to identify the optimal operating
conditions that yielded a bioconversion
efficiency of 94% when using ferulic acid as
the precursor, which represents one of the
highest reported values for recombinant
E. coli (Yeoh et al., 2020). In addition to these
model-based optimization strategies, recent
studies have also explored the role of specific
trace elements and supplements in enhancing
the viability and productivity of E. coli BL21
cultures. The study (Sapavatu & Kakkerla,
2023) found that a rich media combined with
the trace element zinc sulfate was effective for
achieving high cell density growth and high
expression of the target protein (CRM197) in
recombinant E. coli. Vitamins as well as metals
could be used for media optimization. Addition
of plant extracts and liposomal vitamin K1
can stimulate protein synthesis (Motronenko
et al., 2020). Most defined media formulations
for E. coli cultivation already include a basic
vitamin mix (often referred to as vitamin
B complex) to support general growth and
metabolism. However, the specific impact of

individual vitamins on recombinant protein
yield and quality in E. coli BL21 is still needed
to be studied.

Besides nutrient availability, pH and
buffering capacity also play a role in cell
and product yields. Optimal pH conditions
are essential for enzyme activity, protein
folding, and overall cellular homeostasis.
Deviations from the optimal pH can lead to
reduced growth rates, decreased protein yield,
and even cell death. The ideal pH range for
E. coli BL21 is typically between 6.8 and 7.2.
Augmenting the buffering capacity of M9
minimal medium resulted in approximately
a twofold enhancement of heterologously
expressed protein yield in E. coli BL21(DE3)
cells (Azatian et al., 2019). The protein yield
was correlated with the ability of the medium
to resist changes in pH over time, with the
most buffered media producing the highest
yields.

Conclusions

This study demonstrates the critical role
of culture medium optimization in enhancing
recombinant protein production in E. coli
BL21. The possible carbon sources for media
optimization could be lactose, glycerol and
mixture of those two. The supplement of
cas-aminoacids as nitrogen source and
protein inducers could have valuable
effect in industrial environment. Besides,
an important thing is to control pH level
and buffer capacity. The findings provide
valuable insights for developing efficient both
academic and industrial applications, while
also highlighting certain limitations that
must be considered.
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