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Abstract Strains of Escherichia coli B, especially BL21, have been widely used
for overproducing recombinant proteins, ethanol, and other biomolecules. Almost
all laboratory strains of E. coli are derivatives of non-pathogenic K-12 or B strains.
While most genetic and metabolic studies have been performed with K-12 strains,
little has been done on B strains. Recently, genome sequences of two E. coli strains
of the B lineage, REL606 and BL21(DE3), have been determined, and results of
multi-omics analyses were compared between B and K-12. As compared to K-12,
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B strains show a number of phenotypes such as faster growth in minimal media,
lower acetate production, higher expression levels of recombinant proteins, and less
degradation of such proteins during purification. In this review, we summarize the
unique biological features of the B strains and overview their academic and indus-
trial applications.

1.1 Introduction

Escherichia coli, a common inhabitant of the mammalian intestines, undoubtedly
has been one of the best studied organisms and plays important roles in biological
sciences, medicine, and industry. E. coli strain B was named by Delbrück and Luria
in 1942 (Delbruck and Luria 1942), but the early history of B is less well established
whereas the origin of E. coli K-12 is clear. In any case, derivatives of E. coli B have
been serving not only as a research model for the study of phage sensitivity, restric-
tion systems, and bacterial evolution in the laboratories, but as a major workhorse
for protein expression in the biotechnological industry. However, genetic bases of
the apparent superiority of B in many industrial setups have been restricted to a
limited number of topics and the rest have been left largely undetermined.

The genomes of two derivative strains of B recently have been deciphered
through an international collaboration among scientists in Korea (KRIBB; our
group), the United States (Michigan State University and Brookhaven National Lab-
oratory), and France (Genoscope). This has opened a new possibility of examining
B through various omics technologies including DNA microarray for gene expres-
sion profiling and two dimensional gel electrophoresis followed by MALDI-TOF
identification of proteins. In this chapter, we review the current understanding of
the biological features of B strains in the context of genomic information and re-
sults of the multi-omics analyses together with their utility in scientific studies and
biotechnical applications.

1.2 Genomics of E. coli B Strains

1.2.1 Genomic Comparison of E. coli REL606 and MG1655

The first complete genome sequence of a B strain was determined by an international
consortium (Jeong et al. submitted). The strain of choice was REL606, an Ara−

clone derived from chemical mutation of Bc251 (F− mal+ λs) (Lederberg 1966).
REL606 has been long used as a founder strain for long-term evolution experiments
by Richard E. Lenski at Michigan State University (Cooper and Lenski 2000, Lenski
et al. 1991). A Sanger chemistry-based, standard shotgun approach was exploited
for the genome sequencing of REL606. KRIBB participated in the initial shotgun
sequencing and final process for genome annotation, while Genoscope led genome
sequencing to completion and automatic annotation based on MaGe (Vallenet 2006).
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Fig. 1.1 Whole-genome alignment of E. coli K-12 MG1655 (x-axis) and B REL606 (y-axis).
NUCMER script in MUMMER 3.0 was used for the generation of alignment with default pa-
rameters (http://mummer.sourcefourge.net/)

E. coli B REL606 has a single circular chromosome of 4,612,812 bp with no plas-
mid, which makes it the most compact genome among the completely sequenced
strains of E. coli. Its chromosome size is most similar to that of K-12 MG1655
(4,639,675 bp), and as shown by the whole-genome alignment plot no chromoso-
mal rearrangement was observed other than some insertions or deletions (Fig. 1.1).
When MUMMER was used as an alignment generator, the total length of aligned
regions between REL606 and MG1655 amounted to more than 96%. Average per-
cent identity of the aligned regions is 97.5%, and it further increases up to 99.09%
if it is length-weighted average.

Though overall genome organization is very similar between two strains, several
prominent factors contribute to shaping peculiarities of each genome (Fig. 1.2, see
below). First, highly divergent regions, occupying the equivalent positions on each
genome, are readily identified by the broken lines appearing on the whole-genome
alignment plot (Fig. 1.3). Most of them are related to genes involved in surface char-
acteristics (e.g., LPS core oligosaccharide biosynthesis), which are probably ones
under strong positive selection. Second, there are several horizontally transferred
genomic segments that represent genome-specific regions. Fitness island encoding
gene sets for the metabolism of aromatic hydrocarbon is a good example.

Lastly, distribution of mobile genetic elements such as prophages and insertion
sequence (IS) elements are significantly different between the two strains. Specifi-
cally, IS seems to exert most dramatic effect to its host genome, since it can deacti-
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Fig. 1.2 Genomic regions unique to E. coli B REL606 or K-12 MG1655. The horizontal axis rep-
resents the map coordinates of backbone regions common to REL606 and MG1655; vertical bars
denote locations and lengths of strain-specific regions larger than 2 kb. A H denotes the region over-
lapping predicted genomic islands (Yoon et al. 2005). Genomic regions containing prophage genes
are marked by asterisks. Abbreviations: LPS, lipopolysaccharide; HPA, 3-hydroxyphenylacetic
acid and 4-hydroxyphenylacetic acid; PA, phenylacetic acid; VSP, very short-patch

vate functional genes by insertion events, and can result in genomic rearrangement
by homologous recombination as well. For example, REL606 has a 41-kb deletion
(∼ 0.8% of the entire chromosome), probably mediated by IS1 (the most abundant
IS in B), from yecF to yedS. The deleted segment, that includes sdiA, amyA, rcsA,
vsr, dcm, and the fli cluster, produce relevant B-specific phenotypes that were pre-
viously known. Functions affected by IS transpositional inactivation include porin
expression, restriction-modification, and Lon protease (saiSree et al. 2001, Schnei-
der et al. 2002).

1.2.2 Comparative Genomics of E. coli BL21(DE3)

BL21(DE3) is a specifically engineered B descendant harboring the T7 RNA poly-
merase gene for high-level expression of recombinant proteins (Studier and Moffatt
1986). With other B-specific traits such as deficiency in proteases and amenabil-
ity to high-density culture as mentioned above, BL21(DE3) has become the most
widely used strain for biotechnological applications. Since BL21(DE3) and REL606
are very close to each other being diverged just dozens of years ago from their
common ancestor, we applied a hybrid approach that combines hybridization-based
genome resequencing by NimbleGen’s CGS (Comparative Genome Sequencing)
technology and 454 pyrosequencing by Roche GS 20 at about 10X coverage to
assemble genome sequence of BL21(DE3) using the REL606 genome (Jeong et al.
submitted). All potential mutagenic sites were confirmed by Sanger sequencing of
PCR-amplified products, and genomic rearrangement that could be only identified
by pairwise comparison between the reference sequence and de novo-assembled 454
contigs were also verified by the same method. Over 98% of the final BL21(DE3)
sequence could be covered by 454 pyrosequencing contigs, and ∼166 kb were con-
firmed by conventional sequencing.

We confirmed 415 SNPs, 16 insertions, and 28 deletions in the genome of
BL21(DE3) with respect to REL606. 79% of SNPs (326 out of 415) occur in a nar-
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row region around 4.2 Mb-position, which occupies only 1.4% of the chromosome.
Chemical mutagenesis applied to Bc251 to produce the progenitor to REL606 only
cannot accounts for such a big differences. Close inspection revealed the highly
divergent region was indeed transferred from W3110 by P1 transduction to produce
Bc251. Another P1 transduction to create BL21 replaced again most of the W3110
DNA with B DNA, which resulted in K-12-derived sequence remaining only in
REL606.

To obtain a complete genome sequence of BL21(DE3) based on 454 contigs, we
recently constructed a fosmid library and produced paired-end sequences. Scaffolds
have been made by a mixed assembly approach using fosmid end reads and verified
454 contigs, and gap closure is in progress (Jeong and Kim, unpublished data).

1.2.3 Comparative Omics Analysis of E. coli B and K-12

Recent advances in high-throughput omics technology are providing us with the
possibility of deciphering an organism’s genotype-to-phenotype relationships. Re-
cently, we have carried out comparative and integrated analysis of the genome,
transcriptome, proteome, and phenome data of B and K-12 strains that are closely
related (Yoon et al. submitted). We also reconstructed an in silico metabolic network
of B that accommodates the multidimensional omics data. From the study, we iden-
tified many important differences in cellular metabolism and physiology between B
and K-12.

Lack of flagellar biosynthetic genes and low expression of motility-related genes
make B non-motile. This is an important property of B when used as a cell fac-
tory because flagella biosynthesis is energy-intensive and is not necessary under
an industrial setup of constant agitation and generous supply of nutrients (Posfai
et al. 2006, Yu et al. 2002). Differences in the composition of the LPS core and
expression of outer membrane proteins may influence the permeability and integrity
of the cell envelope, which presumably result in alterations to screening barriers that
control import and export of materials such as antibiotics, nutrients, and proteins.
Importantly, the existence of the second T2S system and enhanced capability for
protein release qualify B strains as the first choice for extracellular production of
recombinant proteins. Information on naturally exported proteins can be useful in
developing a strategy of excretory protein production, as exemplified by the use of
OmpF fusion approach for the extracellular production of human proteins (Jeong
and Lee 2002). B strains exhibited up-regulation of many amino acid biosynthetic
genes, and showed lower expression of proteases. These characteristics are desirable
for the enhanced production of recombinant proteins.

1.3 Biological Features of E. coli B

Elucidation of biological features of a strain is always the starting point for its
biotechnological applications. B and its derivatives have been widely used for the
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production of recombinant proteins and biomolecules. B strains have also served
as research models for studies of phage sensitivity, restriction systems, mutagenic
assays, and bacterial evolution (Cooper and Lenski 2000, Herrera et al. 2002, Swartz
1996). Although the genome sequences of B and K-12 are highly similar based
on comparison of IS elements (Schneider et al. 2002), B often shows phenotypes
distinct from those of K-12 (Swartz 1996).

1.3.1 Catabolism and Acetate Metabolism

B strains have been widely used for overproduction of recombinant proteins because
they offer faster cell growth in minimal media and lower production of acetate than
K-12 derivatives. Such differences between B and K-12 strains can be attributed to
their genetic backgrounds. However, from the analysis of genome sequences of two
B strains, REL606 and BL21(DE3) (Jeong et al. submitted), we found that there
was no genetic difference in genes involved in glycolysis, TCA cycle, pentose phos-
phate pathway, glyoxylate pathway, gluconeogenesis, and acetate production among
genomes of B and K-12. Thus, it is possible that the metabolic genes are under dif-
ferent regulation of in these two groups of E. coli. Transcriptome analysis of BL21
and JM109 (B derivative) during batch fermentation with high initial glucose con-
centration (Phue et al. 2007) demonstrated that genes involved in glyoxylate shunt,
TCA cycle, fatty acid, gluconeogenesis and anaplerotic pathways were expressed
differently between the two strains, while no apparent differences were detected for
those in glycolysis and pentose phosphate pathway.

Acetate accumulation is one of the major problems encountered during high
cell density cultivation of E. coli, because it inhibits cell growth and production
of foreign proteins (Eiteman and Altman. 2006). Generally, B strains accumulate
less acetate than K-12 strains during high cell density cultivation with glucose as
a carbon source. A common explanation for low acetate accumulation by B is the
active glyoxylate shunt which is the main pathway for acetate utilization due to
the high expression of acetate operon (aceBAK). Analyses of DNA microarray and
Northern blot demonstrated that BL21 showed high activity in glyoxylate shunt,
TCA cycle, gluconeogenesis pathway, conversion of acetate to acetyl CoA, and fatty
acid degradation irrespective of glucose concentration in culture media (Phue et al.
2005). In case of JM109, a K-12 derivative, the trend was similar at low glucose cul-
ture conditions, while it was lowered at high glucose conditions. Phue et al. (2005)
suggested that insensitivity of BL21 to glucose concentration can be attributed to
absence of a regulatory mechanism and possibility of altered activity of FruR, a
transcriptional regulator of the control of carbon and energy metabolism, in BL21.
Much effort should be made to fully understand the metabolism of glucose and
acetate of the B and K-12.

1.3.2 Anabolism

Sequence differences in amino acids biosynthetic pathways have been found in
genes for L-arginine and branched-chain amino acids biosyntheses. In K-12, for-
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mation of the enzymes involved in arginine biosynthetic pathway is under feedback
inhibition by arginine, while those enzyme levels are not affected by arginine in B.
The different regulation mode is due to the differences in a single amino acid in
the arginine repressor protein (ArgR), changing from the proline residue in K-12
to leucine in B (Tian et al. 1994). K-12 contains two genes encoding ornithine car-
bamoyltransferase in arginine biosynthesis, argI and argF, while B, E. coli W, and
other species in Enterobacteriaceae have only argI or its equivalents (Legrain et al.
1976).

B is insensitive to extracellular valine while K-12 cannot grow in the presence
of valine (Yoon et al. submitted). The first reaction in the biosynthesis of branched-
chain amino acids (leucine, isoleucine and valine) is catalysed by three isozymes,
acetohydroxy acid synthase (AHAS) I, II, and III encoded by ilvBN, ilvGM, and
ilvIH respectively. It is known that valine exerts feedback inhibition on isozymes I
and III (Umbarger 1996). Thus, exogenous valine can inhibit cell growth because the
valine makes the cell unable to synthesize leucine and isoleucine, which is known
as valine toxicity. It is thus essential that the functional isozyme II is expressed for
cell growth in the presence of exogeneous valine. K-12 has a frameshift mutation in
the ilvG gene, but B has an intact ilvG mediating valine resistance.

1.3.3 Utilization of Carbon Sources

Ability to utilize a variety of substrates is quite different between B and K-12,
which can be attributed largely to genetic discrepancy in nutrient uptake systems.
Most enteric bacteria cannot grow on D-arabinose which is uncommon in the nat-
ural environments. As enzymes for L-fucose utilization can degrade D-arabinose
to dihydroxyacetone phosphate and glycoaldehyde, regulatory mutations of the L-
fucose pathway in K-12 led to growth on D-arabinose (LeBlanc and Mortlock 1971).
In contrast to K-12, B strains cannot grow on L-fucose because of the lack of
L-fuculose-1-phosphate aldolase (Boulter et al. 1974). Interestingly, B strains can
degrade D-arabinose without mutation. This is due to the possession of gene clus-
ter for converting D-arabinose to D-xylulose 5-phosphate, which appears to have
acquired through horizontal gene transfer (Elsinghorst and Mortlock 1994).

Eliminating environmental pollutants such as aromatic compounds by microor-
ganisms is a competitive alternative to the commonly used chemical processes
(Pieper and Reineke 2000). Aromatic compounds are highly abundant in soil and
water, and Pseudomonas strains and other soil bacteria can catabolize a wide range
of aromatic compounds. Unexpectedly, some E. coli strains and other enteric bac-
teria are reported to be able to degrade aromatic amino acids (Diaz et al. 2001).
E. coli B and C can grow on 3- and 4-hydroxyphenylacetic acid (HPA) but not on
phenylacetic acid (PA), while K-12 grow on PA but not on 3-HPA and 4-HPA (Diaz
et al. 2001). Recent studies that compared the genomes of B and K-12 (Yoon et al.
submitted) demonstrated that each has a different gene cluster for the catabolism
of aromatic compounds – the paa cluster for the catabolism of phenylacetic acid in
K-12 and the hpa cluster for the degradation of 3- and 4-HPA in B.
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1.3.4 Cell Surface Features

Cell envelope is the principal stress-bearing and shape-maintaining element in
E. coli, and its integrity is of critical importance to cell viability. B strains have
been widely used for mutagenic assays and toxicological studies because they show
higher membrane permeability than does K-12 (Herrera et al. 2002). Structural stud-
ies on the LPS core oligosaccharides have revealed that K-12 is devoid of the O
antigen while B lacks the O antigen plus the distal part of the polysaccharide core
of the outer membrane (Jansson et al. 1981). Sequence comparison has revealed that
the outer membrane structure of B is quite different from that of K-12 (Jeong et al.
submitted). IS elements were found to be inserted at the gene clusters for O antigen
biosynthesis: at wbbL for K-12 and between manC and wbbD for B strain. In the B
genome, the core part of LPS was further disrupted by the insertion of IS1 at waaT
encoding the UDP-galatose:(glucosyl) LPS �1,2-galactosyltransferase.

Importantly, flagellar biosynthesis genes are missing in B (Jeong et al. submit-
ted). A 38-kb region of K-12 from yecF to yedS, containing fliYZACDSTEFGHI-
JKLMNOPQR genes was deleted in the genome of B. Thus, B cannot form the
flagella and thus is non-motile.

Porin proteins control the permeability of polar solutes across the outer mem-
brane and play important roles in the nutrient uptake process (Nikaido 1996). In
K-12, though the total amount OmpC and OmpF is constant, their relative propor-
tion changes depending on the culture medium osmolality, which is controlled by
the EnvZ-OmpR regulatory system. By contrast, B strains express only OmpF in
large quantity (Pugsley and Rosenbusch 1983). This is attributed to the fact that
IS insertion in the B genome results in the deletion of the first 114 bp of ompC
and the upstream region containing micF which posttranscriptionally prevents the
production of OmpF (Schneider et al. 2002). Noxious agents such as antibiotics
and bile acids diffuse far better through OmpF because OmpF produces a larger
channel than OmpC (Nikaido 2003). Thus, ompF mutants became highly resistant
to β-lactam compounds (Harder et al. 1981). In the phenotype microarray test, we
discovered that B displayed sensitivity to various stress conditions of osmolarity,
pH stress, and antibiotics much higher than K-12 (Yoon et al. submitted).

1.3.5 Heat Shock Proteins

Heat shock proteins (HSPs) including molecular chaperones and proteases make
sure cellular proteins being in the right shape and in the right place at the right time
(Gross 1996). Thus, they are required both during stress and normal growth condi-
tions. Among the ATP-dependent proteases, B strains are naturally deficient in the
major protease Lon which degrades abnormally folded proteins. This is due to the
insertion of IS186 in the promoter region of lon (saiSree et al. 2001). Additionally,
the BL21 cells lack the OmpT outer membrane protease. Besides its major role in
protein quality control, Lon is involved in many biological processes such as cell
differentiation, pathogenicity, motility, stringent response to amino acid starvation,
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and regulation of the toxin-antitoxin module (Tsilibaris et al. 2006). Lon mutants are
viable, but display sensitivity to ultraviolet light and overproduce capsular polysac-
charide, which are the result of the elevated levels of regulatory proteins (SulA and
RcsA) that are normally degraded by Lon.

As HSPs are up-regulated by the heat-shock sigma factor σ 32 encoded by rpoH
when cells are exposed to stress condition such as temperature upshift and pro-
duction of recombinant proteins, they can be used as a stress probe for monitoring
cellular stress (Cha et al. 1999, Vostiar et al. 2004). When cellular stress levels
of BL21 and K-12 strains (JM105, HB101, and TOP10) were measured by fusing
promoters of heat-shock genes (rpoH, dnaK or clpB) to the reporter gene (gfp),
BL21 exhibited the lowest cellular stress level and expressed the highest foreign
protein (Seo et al. 2003). Possibly, lower cellular stress level of B strain is one of
the reasons for high capacity in foreign protein production.

1.3.6 Cell Cycle and Growth

Bacterial cell growth is closely coordinated with DNA replication and chromosome
segregation (Haeusser and Levin 2008). The cell cycle of slowly growing bacteria
can be divided into three time periods: (i) period B, cell division to the initiation of
chromosome replication, (ii) period C, chromosome replication, and (iii) period D,
termination of replication to cell division. From the cytometry data that measured
periods C and D of E. coli, the D period in B/r is much shorter than in K-12 strains
(Michelsen et al. 2003).

Normally, B strains grow faster than K-12 in minimal media. The widely used K-
12 strains, MG1655 and W3110, grow slowly in a pyrimidine-free medium than in
a medium containing uracil. In the rph-pyrE operon involved in de novo pyrimidine
biosynthesis of these strains, rph is frame-shifted to produce truncated RNase PH,
and the premature translation stop leads to decreased expression of pyrE encoding
orotate phosphoribosyltransferase (Jensen 1993). However, the rph gene is intact in
the B strains (Yoon et al. submitted).

1.3.7 Secretion Capacity

Bacterial extracellular proteins perform important biological processes such as as-
sembly of flagella and fimbriae, nutrient acquisition, cell-to-cell communication,
and pathogenesis. In Gram-negative bacteria, excretory proteins are much less than
in Gram-positive species because they should cross the two membranes of the cell
envelope. Laboratory E. coli strains normally does not secrete extracellular proteins
because the genes encoding type II secretion (T2S) pathway operon (gsp) are si-
lenced by H-NS (Francetic et al. 2000). B strains released more proteins according
to analyses of the extracellular proteomes of B and K-12 during flask culture (Yoon
et al. submitted) and high cell density cultivation (Xia et al. 2008). This could be at
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least partly due to an additional gene cluster for T2S in the B strains (Yoon et al.
submitted). Phylogenetic analysis revealed that the T2S system commonly found in
REL606 and MG1655 were clustered into the clade of E. coli and other genera in
the Enterobacteriaceae family, whereas the sequence of the additional T2S system
in REL606 was grouped into the branches of E. coli strains having multiple T2S
systems and families other than Enterobacteriaceae. This implies that the two T2S
systems of the B strains have evolved independently or more specifically the latter
might have been introduced.

1.4 Usage of B Strains

1.4.1 As an Academic Lab Rat

Since 1940s, K-12 and B strains have been widely used as a laboratory strain and
have had significant impact on biological sciences, medicine, and industry (Daege-
len et al. submitted, Lederberg 2004). While K-12 strains have been mainly used
for developing recombinant DNA techniques, B strains have been the subject of
physiological studies (Swartz 1996). B strains also served as hosts for the his-
torical studies of T1-T7 bacteriophages (Delbruck 1946), which led to the con-
struction of BL21(DE3) (Studier and Moffatt 1986). Due to the rapid growth in
minimal media and enhanced membrane permeability, B strains were favored by
physiologists.

A radiation-resistant mutant, E. coli B/r, was isolated after UV-irradiation (Witkin
1946), and has been used for determining cell cycle-related parameters (Helmstet-
ter 1968, Michelsen et al. 2003). Chemical composition measurements of B/r was
measured (Neidhardt and Umbarger 1996), which is essential to estimate growth
requirements such as energy distribution, reducing power (Neijssel et al. 1996) and
metabolic fluxes in a genome-scale metabolic model (Feist et al. 2007).

Due to the increased membrane permeability, B strains have been used widely
for mutagenic assays and toxicological studies. Mutants of B strain WP2 (e.g. WP2
uvrA and WP2 uvrA/pKM101) have been used as a tester strain in mutagenic assays
(Gatehouse et al. 1994) and officially included in the OECD guideline for bacterial
reverse mutation test (OECD guideline for testing of chemicals: bacterial reverse
mutation test, 1998). These mutants are sensitive to oxidizing mutagens, cross-
linking agents and hydrazines (Blanco et al. 1998, Herrera et al. 1993, Wilcox et al.
1990). The higher permeability can make B a primary choice for functional studies
by flow cytometry and fluorescence microscopy. When B and K-12 strains were
stained with several fluorochromes, B strain showed higher uptake of fluorescent
dyes and higher fluorescent intensity (Herrera et al. 2002).

Evolution experiments with microorganisms are of a great interest because they
allow one to investigate genetic and phenotypic evolution in action under the con-
trolled environment (Elena and Lenski 2003, Philippe et al. 2007). For decades,
B has served as a research model for long-term bacterial evolution. Twelve popu-
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lations derived from a common ancestor have propagated by daily serial transfer
in a glucose-limited minimal medium for more than 40,000 generations (Cooper
et al. 2003). In the experiment, all the populations have adapted to the growth en-
vironment via beneficial mutations. Critical issues in evolution are being addressed
using laboratory populations of bacteria, e.g. the dynamics of evolutionary adapta-
tion, the genetic bases of adaptation, interactions between different genotypes in a
population, and between interacting microbial species (Elena and Lenski 2003). Ap-
plication of evolutionary principle to strain development and process optimization,
which is so called evolutionary engineering, is becoming an important strategy in
the field of metabolic engineering (Sauer 2001). Recently, the efficiency of natural
selection using long-term evolution experiment is successfully exploited to improve
industrial strains (de Crecy et al. 2007, Fong et al. 2005).

1.4.2 As an Industrial Workhorse

A primary goal of the bioprocess development is the cost-effective production of
desired products such as therapeutic and industrial proteins on a large scale. B
and K-12 are preferred production hosts because of fast growth, facility in genetic
modification and cultivation, and high yields for many recombinant proteins. As
mentioned above, B and its derivatives have salient features desirable for high cell
density culture such as low acetate production even when grown on excess glucose,
faster growth in minimal media, protease deficiency, and simple cell surfaces that
enhance permeability. Thus, they have been widely used for the overproduction of
recombinant proteins, ethanol, and other biomolecules on a large scale (Choi et al.
2006).

The most popular strains, BL21 and its derivatives (Studier and Moffatt 1986),
are derived from B, thus are naturally deficient in the major protease Lon. Addition-
ally, their chromosomes are deleted from the gene for the outer membrane protease
OmpT. The absence of these proteases can lead to higher expression levels of recom-
binant proteins and less degradation of such proteins during purification. A deriva-
tive of BL21, BL21(DE3), was constructed to harbor a recombinant phage � carry-
ing the T7 RNA polymerase gene under the control of the lacUV5 promoter (Studier
and Moffatt 1986). Addition of isopropyl �-D-thiogalactopyranoside (IPTG) into
growth media is required to express the T7 RNA polymerase, which then transcribes
target genes located in a plasmid under the control of the T7 promoter. Due to its
high selectivity and activity, BL21(DE3) is extremely popular for mass-production
of recombinant proteins which are toxic to the host cells (Choi et al. 2006). Various
versions of the T7 RNA polymerase-based expression system have been developed
to use cheap and nontoxic inducers instead of IPTG or to minimize basal expression
of the cloned gene (Sorensen and Mortensen 2005).

Membrane proteins (MPs) account for more than 50% of all drug targets and are
of major pharmaceutical and biotechnological interests. Generally, a large amount
of MPs is required for their functional and structural studies. However, in many
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cases, over-expression of MPs is lethal to host cells. To overcome this difficulty, mu-
tant hosts, C41(DE3) and C43(DE3) were derived from BL21(DE3) over-producing
some membrane proteins (Miroux and Walker 1996). These two mutant hosts,
especially C43(DE3), showed reduced toxicity of expressed MPs and are widely
used for a variety of MPs. Although the genetic mutation(s) responsible for the
changes have not yet been identified, comparative genome sequence analyses of
C41(DE3), C43(DE3), and their parental BL21(DE3) revealed several interesting
genetic changes (Kwon and Kim, unpublished data). Comparative analysis revealed
that there are six SNPs in C41(DE3) and seven in C43(DE3) as compared to
BL21(DE3). Interestingly and perplexingly, only two of them overlaps between the
two strains. Also, there are two IS-mediated deletions that have been observed –
one in both C41(DE3) and C43(DE3) and the other only in C43(DE3). It is reported
that C41(DE3) and C43(DE3) are also superior to BL21(DE3) in the production of
some cytoplasmic proteins and in the stability of their cloning plasmid (Dumon-
Seignovert et al. 2004). However, it is hard to predict an expression host and system
working best for a target protein, and so, screening process is required to some
extent.

1.5 Future Prospects

Until now, most genetic and metabolic studies of E. coli have been performed with
K-12 or its derivatives. Also, a variety of omics analyses (Choi et al. 2003, Fran-
chini and Egli 2006, Han and Lee 2006, Ishii et al. 2007, Nandakumar et al. 2006,
Yoon et al. 2003) and in silico metabolic modeling of K-12 (Covert et al. 2004,
Feist et al. 2007) have been accelerated by the availability of the complete genome
sequences of the MG1655 and W3110 strains (Blattner et al. 1997, Hayashi et al.
2006). In contrast to K-12, little studies have been performed for B strains. This
can be attributed to the fact that K-12 strains are the best fit in the current recom-
binant DNA techniques and a wealth of safety information makes them preferred
recombinant organisms by the biosafety communities (Swartz 1996). Additionally,
many B derivatives as industrial hosts have been developed in private companies,
which can make some difficulties in academic and public research. However, vari-
ous features of B strains are beneficial for the overexpression of foreign proteins
and studies of E. coli physiology. B strain is now in its early stages of global
omics studies and systems biology (Xia et al. 2008, Yoon et al. submitted). With
the availability of genome sequences of B strains (Jeong et al. submitted), the omics
information on the cellular metabolism and physiology should be pivotal in better
understanding the underlying biological networks and is invaluable for designing
strains having customized genomes as well as establishing rational fermentation
strategies.
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